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Foreword

The time is apt for synthetic chemists to fully enter the world of organozirconium
and organotitanium chemistry. While Pd, Cu, and Ni catalyzed reactions have been
embraced by synthetic practitioners and the long-standing hydrogenation catalysts,
Rh and Ru, are being increasingly accepted for other uses, Zr and Ti reagents,
with, of course, the notable exceptions of the polymerization catalysts, have not
broken the barrier to widespread application for small molecule synthesis, espe-
cially in industry. Aside from reagent availability and sensitivity, perhaps part of
the explanation lies in the inability of the chemist trained in the Corey retrosyn-
thetic analysis mold to adapt their thinking to what are, compared to more classical
paths, the less rational dissection based on organozirconium and organotitanium
reactions. This volume, edited with dedication to content and care in presentation
by Ilan Marek and encompassing forefront topics by the most active researchers in
the field will, with reading and revisit, provide persuasion to irreversibly change
this perspective and to traverse the borders to new exciting synthetic chemistry.

In a masterly introductory chapter, Negishi and Huo set the stage for zircono-
cene chemistry, providing historical aspects which chronologically attribute the var-
ious discoveries by numerous chemists in this field, including the major contribu-
tions from the Negishi laboratories and the systematic studies of hydrozirconation
by Schwartz and his students, since the first report in 1954 of the structure of
Cp,Z1Cl, by Wilkinson. In a innovative series of tabulated highlights, Negishi
and Huo teach the generalizations and reactivity patterns of Zr(IV) and Zr(II),
the most synthetically useful species, and provide X-ray structural and mechanistic
insight wherever available. They also delineate what is currently feasible with Zr
reagents (e.g. transmetallation) and where additional work may lead to new syn-
thetic value (e.g. radical and photochemical reactions). The defined subsections
(e. g. m-Complexation, Carbonylation, o-Bond Metathesis) allow the reader, both ex-
pert and novice, to quickly focus on given areas and easily pursue the relevant
chapter for details. The discussion is concise, mechanistically friendly to the syn-
thetic organic chemist, and, whenever appropriate, comparative (e.g effect of Li,
Mg, Zn, and Al in Zr-catalyzed cyclic carbometallation) thus providing a most use-
ful overview of the topics in this volume.

Takahashi and Li (Chapter 2) focus on the preparation and reactions of zircona-
cyclopentadienes which, for a quarter of a century since their discovery in 1974 by
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Watt and Drummond, were considered to be inert for C-C bond forming reactions.
However, by the expedient of transmetallation to Cu, Ni, Zn, Li, and Al, methodol-
ogies for the stereoselective synthesis of olefins and dienes, as well as unusual het-
erocycles, aromatics and their ring-annulated products are now available which are
beginning to make impact on material science, e.g. synthesis of pentacenes and
polyphenylenes. Takahashi and Li provide evidence that, with further develop-
ments in transmetallation and handling the zirconacycles outside of the Schlenk
tube techniques, synthetic utility will increase and new catalytic reactions will be
developed.

In a fascinating chapter (Chapter 3) with considerable promise for synthetic
chemists, Dixon and Whitby describe the insertion of carbenoids (a-halo-o-lithio
species) into organozirconocenes. Setting the appropriate background of the me-
chanistically analogous rapid insertion of the isoelectronic carbon monoxide and
alkylisonitrile (which complements the Pauson-Khand reaction), the authors sys-
tematically review the status of various halocarbenoids from which result synthetic
methods for functionalized olefins, dienes, dienynes, among other organic mole-
cules. The focus on the most extensively studied insertion of allyl carbenoids
into zirconacycles leads to illustrations of tandem processes with initial demonstra-
tion of application to natural product synthesis. Appropriate mechanistic specula-
tion on very new processes suggests that this area offers a promising future for
synthesis.

Lipshutz, Pfeiffer, Noson, and Tomioka (Chapter 4) assume the formidable task
of providing a seven-year update of the advances in the hydrozirconation-transme-
tallation sequence in organic synthesis. At the outset, as expected from an experi-
mental organic group, a discussion of practical aspects of the commercial
CpZr(H)Cl (Schwartz reagent) are presented and, similarly graciously, the difficul-
ties of control of its reactions in appropriate air- and moisture-free atmosphere are
stressed. Similarly expected is the emphasis on synthetic utility of the reactions,
which involve acyl- and allylzirconocenes and, most prominently, the cross-cou-
pling reactions following transmetallation to Cu, Zn, B, and Ni. This survey invites
the chemist to view anew various processes which were learned retrosynthetically
by more traditional pathways, e. g. carbocyclization, equivalency of acylzirconocenes
as acyl anions and demonstrates in instructive schemes the impact that not only
zirconium chemistry but other transition metal-catalyzed reactions have made on
bioactive molecule and natural product synthesis. More specialized systems, e.g.
vinyl tellurides, selenides, and phosphonates, are also effectively prepared. Recent
reports (e.g. reduction of tertiary amide to aldehyde using the Schwartz reagent)
and the promise of catalytic hydrozirconation will continue to fuel this area in
the future.

In useful and minor overlap with Chapters 3 and 4, the review (Chapter 5) on
progress in acylzirconocene chemistry by Hanzawa points to the extensive mechan-
istic investigation of this class of Zr reagents but lack of synthetic application.
Following discussion of the stability and ease of handling of the RCOZr(Cl)Cp,
reagent, its umpolung reactivity is delineated in general synthetic procedures for
a-ketols, a-aminoketones (including Bronsted acid catalysis), selective 1,2-addition
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products of enones (including the first results of demonstration of enantioselectiv-
ity). The closing sections on Pd- and Cu- catalyzed reactions of acylzirconocenes to
give ketones appear to promise scope and the use of unsaturated acylzirconocenes
as ketone o,p-dianion equivalents offer stimulus that the promise of this area may
be imminent.

With Chapter 6 by Hoveyda concerned with a critical review of chiral Zr catalysts
in enantioselective synthesis, synthetic utility goes into high gear. A plethora of
successful or highly promising asymmetric reactions (inter alia, inter- and intra-
molecular alkylations, kinetic resolution of unsaturated exocyclic allylic ethers,
hydrocyanation, Strecker, aldol, Mannich, and cycloaddition reactions) attest to
the excitement in this young area of research. Synthetic applications abound
already from simple functionalized chiral pieces to heterocycles and complex
macrocyclic natural products. Connections to other modern protocols, e.g. ring-
closing metathesis, provide additional innovative synthetic value. In a unique
feature of this chapter, Hoveyda makes the admirable effort to delineate, for
each topic, comparison with catalytic asymmetric reactions, which are promoted
by non-Zr catalysis. Thus the preparation of optically pure acyclic allylic (Sharpless
epoxidation) and homoallylic (Yamamoto, Keck, Tagliavini protocols) alcohols are
contrasted and compared. A provocative section on Zr-catalyzed enantioselective
C-H bond formation closes this review of a field for which more practical and
rapid developments are anticipated.

gem-Metallozirconocenes, a field that sprung forth from the discovery of the
Tebbe reagent and was fueled by the bimetallic Al — Zr (Schwartz) and Zn — Zr
(Knochel) contributions is reviewed (Chapter 7) by Dembitsky and Srebnik with
the major concentration being given to the chemistry of bimetallic Al, B, Li, Ga,
Ge, Sn, Zn, and Zr species. An early section on the preparation of stable planar
tetracoordinate carbon Zr/Al compounds sets the tone for this review in which
availability of structural information of Zr derivatives rather than as yet synthetic
application is recognized. In the latter aspect, the use of gem-borazirconocene spe-
cies for the construction of dienes, trienes, and allenes appears to be in a developed
state and incorporates a useful method for o-aminoboronic ester synthesis. In ad-
dition, their application to the preparation of simple natural products and hetero-
cycles invites further study to achieve a more general status. Other gem-bimetallic
species, e.g. Ga-Zr, lead to structurally interesting but unusual systems while the
application of Zn-Zr derivatives provide simple organic molecules, which may be
readily obtained by more standard methods. This statement is not meant to detract
from undertaking further studies of scope and limitations in this evolving area.

Cationic zirconocenes, especially as they find significant value in glycoside bond
formation, are reviewed (Chapter 8) by Suzuki, Hintermann, and Yamanoi. With
an acknowledgement to the value of the rich mechanistic background of this
area due to cationic zirconocene polymerization catalysis, the authors focus on
the Cp,ZrCl,/AgX combination as reagent, intermediate, and catalyst. In turn, gly-
cosylations of simple sugars, terpenes, and nucleosides, are discussed, culminating
in a major section dealing with the construction of highly complex glycosylphos-
phatidylinositols, constituting plasma membrane anchors on the cell walls of
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parasitic protozoa which effect parasite survival and infectivity. A useful section on
the generation, modification, and tuning of the Cp,ZrCl,/AgX reagent is included.
Simpler cationic Zr- mediated reactions, inter alia, addition to aldehydes and epox-
ides, the generation of ortho-quinodimethides, Diels-Alder, Mukaiyama, and an in-
triguing dioxolenium ion alkylation and epoxy ester to orthoester rearrangement
are presented which augers well for the future of this promising area.

Sato and Urabe introduce their chapter (Chapter 9) on the use of Ti(II) alkoxides
in synthetic chemistry by a useful table of available reagents and a classification of
the reactions of the combination Ti(OiPr,)-iPrMgX into four categories. Utility is
evidenced in the synthesis (some stereoselective) of tetrasubstituted alkenes, allenyl
alcohols, B-alkylidenecycloalkylamines, allylic and homoallylic alcohols and
amines, aromatics (metallative Reppe reaction), among other functionalized organ-
ics. Particularly unique appears to be the intramolecular nucleophilic acyl substitu-
tion mediated by Ti(OiPr,)-iPrMgX which leads to bicyclo[3.1.0Jhexane systems,
furans, and fused heterocycles, including an alkaloid total synthesis. Another,
equally intriguing reaction which can be equated with Pauson-Khand and the stoi-
chiometric metallo-ene process is the intramolecular alkene—acetylene coupling, a
reaction which also has found application in natural product synthesis. The devel-
opment of the inexpensive and easily operational Ti(OiPr,)-iPrMgX reagent in
many interesting selective reactions which cannot be carried out with conventional
metallocene reagents suggests that new transformations of synthetic value will be
forthcoming.

In Chapter 10, Rosenthal and Burlakov summarize recent work on the specific
reactions of titanocenes and zirconocenes with bis(TMS)acetylene. Similar to the
classes of Zr derivatives reviewed by Dembitsky and Srebnik (Chapter 7), the
potential of the derived complexes in organic synthesis is at an early stage of devel-
opment. Thus the reagents, of the type Cp,M(L)(n,-TMSC,TMS), prepared with
Schlenk tube techniques, undergo reactions with acetylenes, alkenes, diacetylenes,
conjugated and unconjugated dienes, carbonyl compounds, imines, among others
to give metallocyclopentadiene and other, structurally intriguing, complexes. The
main synthetic organic application appears to be in polymerization reactions and
the synthesis of unusual poly-enes, -ynes, and diyne thiophenes. The advantages
of Cp,M(L)(n,-TMSC,TMS) over the widely used Cp,ZrCl,/n-Buli system should
stimulate further research on the reactions of the former type reagents.

The discovery in 1989 by Kulinkovich of the reaction of in situ generated alkene-
titanium complexes with esters leading, by a two carbon-carbon bond forming pro-
cess, to cyclopropanols has spawned a new area of low-valent titanium chemistry
which is summarized in Chapter 11 for the active synthetic chemist by de Meijere,
Kozhushkov, and Savchenko. Using extensive tabular surveys, the review begins
with the scope and limitations of the cyclopropanol synthesis from esters, diesters,
and lactones, the authors emphasize the significance of ligand exchange of the in-
itially derived alkenetitanium complex to derive different substitution on the cyclo-
propane ring, selective cyclopropanations of dienes and trienes, enantioselective
synthesis of bicyclo[3.1.0]hexane systems, and applications in the context of hetero-
cycles. The discovery in the de Meijere laboratories of the low-valent Ti amide to
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cyclopropylamine variant is elaborated in the other main section of this chapter,
showing scope in terms of cyclopropane ring substitution, enantioenrichment
using Ti bis(TADDOLate) reagents, and other reactions some of which parallel
the ester to cyclopropanol conversion. Variation by replacement of Grignard by or-
ganoZn reagent, and addition of metal alkoxides gave rise a promising variant. The
review closes with sections on applications to natural product and materials synth-
esis and useful transformations of the synthetized cyclopropanols and cyclopropy-
lamines. Although stoichiometric or semi-catalytic in Ti(OiPr), (5-10 mol%), these
reactions appear to be operationally simple, use low-cost reagents, proceed in good
yields and with high chemo- and stereo-selectivity, and therefore appear primed for
new synthetic applications.

As reviewed in Chapter 12 by Gansiduer and Rinker, the general context of the
emerging area of reagent-controlled radical reactions, titanocene complexes are
most promising systems for epoxide opening processes. Originating with the
work of Nugent and RajanBabu who demonstrated the concept of electron-transfer
opening the strained epoxide reductively with stoichiometric amounts of low-valent
metal complexes, this field is evolving to provide new methods for deoxygenation,
reductive opening to alcohols, and 3-exo and 5-exo carbocyclizations. In recent
work, especially in the authors’ laboratories, a protocol has been devised involving
protonation of Ti-O and Ti-C bonds allowing reasonable catalytic turnover. This
leads to the development of preparative chemistry for tandem epoxide-opening—
a,B-unsaturated carbonyl trapping, including intramolecular versions, to give initial
indications of diastereo- and enantio-selective control of these radical processes.
This work clearly constitutes the beginning of another new area of titanocene
chemistry.

In Chapter 13, Szymoniak and Moise summarize the progress in the area of al-
lyltitanium reagents in organic synthesis, an area pioneered by the work of See-
bach and Reetz. This review delineates, following the historic and convenient
grouping for allyltitaniums into three classes according to ligands (with two Cps;
with one Cp, and without Cps), achievements of the last 10-15 years. As a highlight
in the first category, while the addition to n’-allyltitanocenes to aldehydes and ke-
tones to give homoallylic alcohols in excellent yields and (for aldehydes) with high
anti stereoselectivity is now well appreciated, other reactions such as intramolecu-
lar reactions to cyclobutanes and carboxy alkylation and amidation of cyclohepta-
triene appear to be of unique synthetic value. Furthermore, combinations of allylTi
and Mukaiyama-aldol or aldol-Tishchenko reactions constitute new diastereoselec-
tive routes to polypropionates. The contrast between the useful n’-allylTi deriva-
tives, the corresponding n'-species, although readily available, have not enjoyed
wide application nor are their enantioselective reactions known. In the one Cp li-
gand group, the work of Hafner and Duthaler of highly enantioselective and prac-
tical asymmetric allyltitanation using tartrate-derived (TADDOL) ligands and their
application to prepare useful chiral building blocks and natural products is sum-
marized. AllylTi reagents without Cp ligands, in spite of being very reactive, are
chemo- and highly diastereoselective in reactions with aldehydes and ketones al-
lowing the development of diastereo- and enantio-selective homoaldol additions.
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Based on the Kulinkovich reagent (Ti(OiPr),/iPrMgCl), a new route to allyltita-
niums has been devised by Sato and coworkers and this has allowed the synthesis
of chiral allylTi reagents which, by reaction with aldehydes and imines provide di-
verse polyfunctional chiral building blocks. Thus, while a number of versatile and
dependable Ti-based allyl-transfer reagents are now available, the development and
employment of chiral allyltitaniums appears to be poised for new application.

Perhaps appropriately in view of the current high profile of Grubbs metathesis
chemistry, the topic of titanium-based olefin metathesis by Takeda constitutes
the last chapter (Chapter 14) for the volume. The report in 1979 by Tebbe of the
first olefin metathesis between titanocene-methylidene and simple olefins was,
in retrospect, less significant for synthetic chemists than its reaction with esters.
Nevertheless, early tandem carbonyl olefination-olefin metathesis sequences in
complex molecule synthesis appeared, as documented by Takeda. Following
discussion of limitations due to steric effects and unavailability of higher homo-
logues of titanocene-methylidene, potentially useful reactions of thioacetals with
Cp,Ti[P(OEt);], and subsequent metathesis (apparently via titanacyclobutane inter-
mediates) to carbo- and hetero-cyclic products are described and tabulated. Possibly
related reactions (e. g. reaction of 6,6-dihalo-1-alkenes with Ti(II) species to afford
bicyclo[3.1.0]hexanes offer new grounds for exploration while carbonyl, especially
ester, thioesters, and lactone, olefination constitutes an established synthetic
method. Ti-based reagents generated by reduction of gem-dihalides with low-valent
metals for alkylidenation of carbonyl compounds (a half-McMurry reaction), also
noted as a general methodology has, as judged from the synthetic literature,
reached full potential. Similarly, reactions with alkynes and nitriles offer early in-
dications of new routes to dienes and pyridine and diimines, respectively. Perhaps
with further definition of conditions, new synthetic tools from Ti-based olefin me-
tathesis chemistry will be developed.

Sixty years ago, organic chemists were struggling with the preparation and obser-
vation of properties of organolithiums; today, metallation chemistry is routinely
executed on gram and multi-ton scale. Since chemists are recognized for their in-
tense level of curiosity and pride in experimental achievement, the real or apparent
intricacies associated with the preparation and use of Zr and Ti reagents that ap-
pear to be bizarre, unavailable, and/or relegated to the Schlenk tube will be over-
come. May this volume be a hallmark in this quest.

Victor Snieckus
Queen’s University
Kingston, ON, Canada
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Preface

Although more than a century has passed since the first preparation of titanium
and zirconium species, modern organic synthesis continues to benefit from the
unique versatility of these organometallic derivatives.

This special feature arises from the combination of the transition metal behavior
such as the coordination of a carbon-carbon multiple bond, oxidative addition,
reductive elimination, B-hydride elimination, addition reactions and the behavior
of classical o-carbanion towards electrophiles.

My primary purpose in editing this book was to bring together, in a single
volume, the remarkable recent achievements of organo- titanium and zirconium
derivatives and to give a unique overview on the many possibilities of these two
organometallic compounds such as reagents and catalysts, which are characteristic
for their enduring versatility as intermediates over the years.

In this multi-authored monograph, fourteen experts and leaders in the field
bring the reader up to date in these various areas of research. A special emphasis
was placed on the practical value of this book by the inclusion of key synthetic
protocols.

I gratefully acknowledge the work done by all authors in presenting their recent
and well-referenced contributions. Without their effort, this volume would not have
been possible. It is their expertise that will familiarize the reader with the essence
of the topic. Finally, I express my great gratitude to my wife, Cecile, whose per-
sistence, encouragement and comprehension made possible the editing of this
book.

Technion-Israel Institute of Technology Ilan Marek
April 2002
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1
Synthesis and Reactivity of Zirconocene Derivatives

Ei-ichi Negishi and Shouquan Huo

1.1
Introduction and Historical Background

Zirconium (Zr) occurs in the lithosphere to the extent of 0.022 % [1]. Although it is much
less abundant than Ti (0.63 %), it is roughly as abundant as C. Despite some technical dif-
ficulties in the production of pure Zr compounds, requiring separation of Hf-containing
contaminants, it is one of the least expensive transition metals. Some of its fundamental
properties are listed in Table 1.1

The most common oxidation state for zirconium compounds is +4, as suggested by the
electronic configuration of Zr. There are, however, a significant number of Zr(II) com-
pounds, such as Cp,Zr(CO), and Cp,Zr(PMe;), [2], where Cp = n’-CsH;. Alkene- and al-
kyne-ZrCp, complexes are often viewed as Zr(II) complexes, although they can also be
considered as zirconacyclopropanes and zirconacyclopropenes, respectively, in which Zr
is in the +4 oxidation state. It appears best to view them as resonance hybrids of 1 and 2
and to use 1 and 2 interchangeably, as deemed desirable (Generalization 1).

Atomic Number 40

Atomic Weight 91.22

Electronic Configuration  [Kr}4d*5s?

Isotopic Composition N7r (51.46%), ' Zr (11.23%), **Zr (17.11%)

MZr (17.40%), *°Zr (2.8 %)

Magnetic Property Nzr (I = 5/2)
The others are magnetically inactive.

Electronegativity 1.4 (Pauling®), 1.22 (Sanderson”)

* Pauling, L., The Nature of the Chemical Bond, 3 Ed., Cornell
University Press, Ithaca, N.Y.,, 1960, p. 93.

b Sanderson, R.T, Inorganic Chemistry, Van Nostrand-Reinhold, Table 1.1. Some fundamental
New York, 1967, p. 72. properties of Zr



2| 1.1 Introduction and Historical Background

. X Scheme 1.1.  Alkene- and alkyne-ZrCp, complexes
:||"Zr"Cp2 — [IZI"VCpg CpoZr, _ZrCps (1 and 2), and 3 as an example of a Cp,Zr(lll)
X complex.

1 2 3

There have been relatively few Zr(III) compounds, and Zr(I) compounds are fewer
still [2]. The dimer of Cp,ZrCl (3) [2] is an example of a Zr(IlI) complex. Although
very interesting from the viewpoint of structural chemistry, it has displayed few synthe-
tically useful transformations. It even appears that its formation is something to be
avoided in the use of Cp,Zr derivatives for organic synthesis. In fact, few Zr(III) com-
pounds and reactions thereof have been shown to be synthetically useful. Thus, synthetically
useful Zr compounds have been almost exclusively Zr(1V) and Zr(1I) compounds (General-
ization 2).

Although there are many different types of Zr(IV) and Zr(II) compounds, roughly
75—80% of the currently known well-characterized organozirconium compounds are zircono-
cene derivatives [2]. They are even more dominant in the application of Zr to organic synthesis
(Generalization 3). For this reason, essentially all the Zr compounds discussed in this
chapter are ZrCp, derivatives.

Zirconocene derivatives are usually derived from Cp,ZrCl,, first reported by Wilkinson
[3] in 1954, and analogues thereof. Zirconocene dichloride was one of the first organozir-
conium compounds to be reported in the literature, and so organozirconium chemistry is
almost half a century old. Some zirconocene and other Zr compounds may have been
used as catalysts in the Friedel—Crafts reaction or Ziegler—Natta-type polymerization be-
fore the discovery of hydrozirconation in the 1970—1971 period by Wailes and Weigold
[4,5]. However, it was the development and systematic investigation of hydrozirconation
by Schwartz [6—9] in the mid-1970s that marked the birth of the application of organozir-
conium chemistry to organic synthesis. Aside from the synthesis of alkyl- and alkenylzir-
conocene chlorides by hydrozirconation and subsequent protonolysis, halogenolysis, and
oxidation, however, only a very limited range of C—C bond-forming reactions, such as car-
bonylation, were initially known [6—9].

The discoveries of the Ni- or Pd-catalyzed cross-coupling with alkenylzirconocene
chlorides [10—12] and the Zr-catalyzed alkyne carboalumination [13] in the 1977—-1978
period by Negishi, along with Schwartz’s conjugate addition [14—17] and acylation [18]
promoted or catalyzed by Cu, Ni, Al, etc., in the late 1970s significantly expanded the
scope of organozirconium chemistry in organic synthesis. The Zr-catalyzed carboalumina-
tion, often referred to as the Negishi carboalumination, is particularly noteworthy since Zr
is used as a component of catalysts. In all of the other reactions mentioned above, Zr is
used stoichiometrically. Together with the concurrent but seemingly independent develop-
ment of the zirconocene-based alkene polymerization, mainly by Kaminsky [19—-21], the
Zr-catalyzed carboalumination established the synthetic value of Zr as a catalyst compo-
nent.

Systematic and extensive explorations of “Cp,Zr(II)” chemistry in the 1980s by Negishi
[22—33], Takahashi [34,35], Buchwald [36—44], and others substantially expanded the
scope of synthetic organozirconium chemistry. Related investigations by many others,
including some pioneering works of Bercaw [45,46], Erker [47—49], and others, are
also noteworthy. Although the foundation of “Cp,Zr(II)” chemistry was firmly estab-
lished in the 1980s, it is still a rapidly growing area, as eloquently demonstrated by var-
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ious chapters in this book. The use of Zr in organic synthesis nevertheless lags far be-
hind that of Pd at present. Even so, it may already rank among the most widely used
transition metals along with Cu, Ni, Rh, Ru, and Ti.

1.2
Fundamental Patterns of Transformations of Zirconocene Derivatives

Scheme 1.2. Some struc- 201 R

tural parameters and the / 7

available coordination sites ﬂ\ el o 0 . Cl

of Cp,ZrCl,. 1340 —= ( Zr‘) ~—104° . ngj -
el e
231A <

The arrows indicate the available
coordination sites.

Zirconocene dichloride (Cp,ZrCl,) and its derivatives represented by the general formula
Cp,ZrXY are 16-electron d° Zr(IV) complexes with one valence-shell empty orbital avail-
able for coordination. They are therefore fundamentally Lewis acidic (Generalization 4).
The absence of a valence-shell filled nonbonding orbital suggests that their intrinsic nucleo-
philicity or Lewis basicity might be relatively low (Generalization 5), and the currently avail-
able data indeed support this generalization. It is not unreasonable to state that most of
the reactions of 16-electron zirconocene derivatives are triggered by interaction of the
empty Zr orbital with electron donors.

Just like any other valence-shell empty orbital, the empty Zr orbital may interact with
any proximal electrons, including (i) nonbonding electron pair donors, abbreviated here
as n-donors or n-electron pair for simplicity, (i) m-bonds or m-electrons, or (ili) o-bonds or
o-electrons. Such interactions may be intermolecular or intramolecular. Some of the signif-
icant examples are listed in a generalized manner in Scheme 1.3.

Although some other two-electron processes may exist and may be found in the future,
the 15 Patterns shown in Scheme 1.3 should cover most of the known two-electron pro-
cesses. The following additional discussions of these patterns might be useful in dealing
with them.

First, the 15 Patterns in Scheme 1.3 represent 15 elementary processes showing primar-
ily the relationships between the starting and ending species. These elementary processes
may or may not be the same as experimentally observable reactions that may bear the
same technical terms of transformation. For example, the Zr-catalyzed ethylmagnesation
of 1-alkenes with EtMgBr [50] (Scheme 1.4) might be considered as an example of Pattern
7. A mechanistic investigation has established a three-step catalytic cycle consisting of (i)
decomposition of Cp,ZrEt, to give ethylenezirconocene by B-H abstraction (Pattern 13),
(ii) carbometallative ring-expansion (Pattern 7') and (iii) transmetallation (Pattern 13),
and (iv) second B-H abstraction (Pattern 13) [51,52].

Second, m-complexation (Pattern 3) is best interpreted in terms of the Dewar—
Chatt—Duncanson synergistic bonding model (Scheme 1.5). The m-compound and
Cp,Zr must provide two electrons each. This process is therefore not available to d°
Cp,Zr(IV) complexes. These d° Cp,Zr(IV) complexes can nevertheless participate
in similar synergistic interactions involving o-bonds between Zr and H (Pattern 5) or C
(Pattern 7) (Scheme 1.5). Since the parent d* Cp,Zr(Il) is not readily accessible, m-com-
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Patterns

Comments

I. Interactions with n-Donors

Patterns 1 and 2 (o-Complexation and o-Dissociation)
Intermolecular

o-complex. -+
LnCp2Zr + &Y ———— L CppzZr-Y
o-dissoc.
Na-Hg Mej
Ex. Cp,yZrCl, "CpoZr" CpoZr(PMes),

Il. Interactions with x-Bonds

Patterns 3 and 4 (r-Complexation and w-Dissociation)
Intermolecular

X m-complex. X X
LnCpoZrO + ||i = LnCpoZr 1 ~— LaCpoZr -{;
[4) y m-dissoc. Y Y
PhC =CPh Ph
Ex. Cp,ZrBus, "CpoZr" Cpozr
PMes Ph

Patterns 5 and 6 (Hydrozirconation and Dehydrozirconation)
Intermolecular
«_ - hydrozirconation XCpzZk5 H
XCpfr-H + C:C —— _c_c—
20 7 dehydrozirconation ro

Ex. CICpZzrtH + ~#>R

H
CiCpyzr R

Patterns 7 and 8 (Carbozirconation and Decarbozirconation)
Intermolecular
N\ /

XCpoZr-R + C-=C
O / \

_carbozirconation XCpoZks R

“decarbozirconation ¢~ ¢

Ex.
Intramolecular

carbozirconation =~ XCpyZro R
XCpoZr-R e —— [
0 decarbozirconation C-
allyl rearr.
Ex. XCpZZ@//> - XszzP>
homoallyl-
cyclopropylcarbinyl
XCpZZ%/\ rearr.
| XCpoz2
/
Scheme 1.3. Basic patterns of interaction of the empty orbital of

Cp,Zr derivatives with various electron donors.

1.
2.
3.

4.

3.

o-interaction with n-donors
non-redox process
generation of Zr

(ate complexation)
o-dissociation generally
unfavorable

. similar intramolecular

processes possible

. not an option for d°

complexes

. n-dissociation generally

unfavorable
similar intramolecular
processes possible

. both processes kinetically

favorable

. similar intramolecular

processes possible

. similar reactions of alkynes

as well as heteroatom-
containing X=Y and X=Y
possible

. carbozirconation generally

more favorable than
decarbozirconation

. either bimetallic activation

or "strained" zirconacycles
generally needed
(cf. Patterns 7' and 8')

. allyl rearr. and homoallyl-

cyclopropylcarbinyl rearr.
....examples of intramolecular
carbozirconation

. similar reactions of alkynes

as well as heteroatom-
containing X=Y and X=Y
possible



Patterns 7' and 8'

CpZZrﬂ

Ex. cpzr{| + RC=CR

+ —

carbozirconation

decarbozirconation

szzl';j\
R
R
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CpZZrij

Patterns 9 and 10 (Heterozirconation and Deheterozirconation)

Intermolecular

XCpoZr-Y
0

Ex. CICp%rOR

/7

\
+ C:=C
/

\ %
+ C-=C
s \

Ill. Interactions with o-Bonds

Patterns 11 and 12 (Oxidative Addition and Reductive Elimination)

Intermolecular

LnCpoZrO
6

+ X-Y

oxid. add.

red. elim.

~ deheterozirconation

heterozirconation XCpyZks Y
| |

CICp2Zt;, OR

L,C ZX
r
nCP2 v

| |

Patterns 13 (o-Bond Metathesis Including Transmetallation)

Intermolecular

Lnsz(Z{ -X

o-bond

+Y-Z

Ex. CpZZrCIz + M93A|

Intramolecular

X,
LCP2ZirY

w' Z

Ex.
Et

Patterns 14 and 15 (Migratory Insertion and Migratory Deinsertion)

Intramolecular

Y

Scheme 1.3.

- [-H abstraction
CpZe, ™ P abstraction

H

| 5_8 5+ migr. insert.
CpoZr-X —= CppZr-X ——m—
o ‘

y

N\

(continued)

metathesis

migr. deinsert.

Lnsz%r Y + X-Z

CICpyZrMe + ClAIMe,

LnCp2Z X
r. |
nCP2 Y

Ro 7/

Cpozr-X*
Y

CpZer

R

[

W-z

+ EtH

R

o+ O
CpoZr -X —= CppZr-X

Y

1. both forward and reverse
processes favorable

2. corresponding processes
with Cp,Zr=CR; possible
but few known examples

3. similar reactions of

heteroatom-containing
X=Y and X=Y possible

1. with electronegative

groups, forward process
unfavorable and reverse
process favorable

2. metallozirconation

possible, but few known
examples

3. similar reactions of

alkynes as well as
heteroatom-containing
X=Y and X=Y possible

=

oxid. add. not an option for
d° complexes

2. few authentic examples of
intermolecular processes

. both directions can be
favorable

2. transmetallation

if Y or Zis a metal

=

N =

preceded by complexation
. X=Y and X=Y can react
similarly

w

. Intramolecular process only
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cat. Cl.ZrCp, R Scheme 1.4. Mechanism
R.~» + EMgBr ——M —— W/\ MgBr of the Zr-catalyzed ethyl-
Et magnesation of alkenes.

R
R_» + EZrCpX— = . \,/\ ZrCpaX
Et
R

1 zce

>/ X RW:MgBr

EtZZGCg _— [: ZI’sz / H\/
R @ZGCz
Y MgBr
Et
x-Complexation Hydrometallation Carbometallation

Dewar-Chatt-Duncanson)

oS O a9

2 Cpyzr(ll) but
not d° Cp,Zr(1V)

d® Cpozr(1V)

d® CpazZr(1V) (d? Cp2Zr(1))

Scheme 1.5. Frontier orbital interactions in m-complexation, hydrometallation, and carbometallation.

S
/\/O G
CngrBU2 szzr\
0 o/\/
\ﬁ—H abstr@ {3-elimination
Et [e) Et
<r F Cpozs decarbometal. Cngr@
Cp%r carbometal. 2 O\/\ @)
N \/\

Scheme 1.6. Four-step mechanism for oxidative addition of allyl ethers to Cp,Zr complexes.

plexation represented by Pattern 3 is not readily observable, and the formation of n-com-
plexes of zirconocene must be more involved than shown in Pattern 3 [53].

Third, in analogy with the discussion presented above, oxidative addition represented by
Pattern 11 may not be readily observable, and oxidative addition must also proceed mostly
through more complex processes, such as that shown in Scheme 1.6 [31]. More readily
observable are various types of o-bond metathesis reactions of d° Cp,Zr(IV) species
(Pattern 13).
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Fourth, interactions between two coordinatively unsaturated metal compounds, includ-
ing 16- and 14-electron transition metal complexes as well as 6-electron main group metal
compounds, deserve special comments. They display a strong tendency to produce both
homo- and cross-dimers and oligomers through two three-center bonds in an effort to
generate coordinatively saturated stable species. There are some synthetically interesting
consequences of such interactions, three of which are shown in Scheme 1.7 [54]. If ligand
exchange through o-bond metathesis (Pattern 13) leads to a thermodynamically more fa-
vorable pair, then the formation of these will be observed (transmetallation). If, on the
other hand, one metal is significantly more electronegative than the other, ate complexa-
tion may result. More dynamic interactions (dynamic polarization), in which one or more
three-center bonds are formed and cleaved, are also interesting. In a singly-bridged form,
one metal center is more Lewis acidic or electrophilic than in its original form, while the
other is more Lewis basic or nucleophilic than in its original form. This has provided an
intricate but very significant mode of activation of the C—Zr bond, and intermolecular acy-
clic carbozirconation appears to require this bimetallic activation [S5—58] (Generalization 6).
As is clear from Scheme 1.7, ate complexation represents the extreme form of polarization
and activation mentioned above. If M'L, corresponds to ZrCp,R, the "M'L, moiety in the
ate complex in Scheme 1.7 would be a 14-electron d’ *ZrCp,R species. This has indeed
been proposed as an active species in alkene polymerization [59] and in some reactions
with carbon electrophiles, such as aldehydes [60,61] and epoxides [62—64]. However, it ap-
pears likely that these species largely exist as further loosely ligated 16-electron ZrCp, de-
rivatives.

Fifth, the polarization discussed above provides an entry into non-concerted polar reac-
tions of zirconocene derivatives. One of the early examples of non-concerted polar organo-
zirconium reactions was provided by a Cp,Zr-catalyzed stilbene stereoisomerization [28].
A later study revealed a stereoselective but non-stereospecific formation of zirconacycles
[65], which was in sharp contrast with a closely related but strictly stereospecific
cyclization [49] (Scheme 1.8). The non-stereospecific processes were shown to involve
dipolar zirconate species [65]. While the majority of the currently known reactions of ZrCp,
derivatives appear to be concerted, one should nevertheless be aware of these non-concerted
ionic processes involving either *ZrCp, or ZrCp, species (Generalization 7). The radical and
photochemical reaction of organylzirconocene derivatives is still very much underdevel-
oped at present.

L,,%I1—X1 + X2 —Ié)/IZL,,

\6+

i X1\ + X1\ -
LM MR, LMo, MLy
~o X2 - X2
. 1. 6- /
resting state\ L I\o/ﬂ X el /ate complexation
n n

Scheme 1.7. Chemical conse- X2~
quences of interactions between 1_y2 1 rp2 / S+

N Ly Xs + X'-M L, . -
two coordinatively unsaturated dynamic polarization
metal complexes. transmetallation

7
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Ph Ph "Bu,ZrCp,  Ph Scheme 1.8. Polar
\—/ _ = stepwise vs. concerted
Ph interactions of
Ph >\\ Ph / Cp,Zr complexes with
2 tZGCz Ph @j_‘_ Ph n-bonds.
al CpaZt? i: ZrCps
Ph Ph
Ph Ph

ZGCg

(B)- o (2)-PhCH=CHMe Me“é

>98% stereoselective
Ph

EtoZrCp, — [:ZGCz

Ph/\/ Ph :: | .
- / Zr YPh
PhoZrCpp—— (\/W ZrCps Cp2
A Ph  Ph Ph
=— 1 X
Zr YPh
Cp2

1.3
Synthesis of Organic Derivatives of ZrCp,

In this section, attention is mainly focused on the conversion of ZrCp, derivatives with-
out any additional carbon substituents into those containing one or more carbon sub-
stituents besides Cp. Carbozirconation (Pattern 7), for example, is viewed as an organo-
zirconium interconversion reaction and is discussed later. In cases where the originally
present carbon groups mainly serve as ligands to be displaced, however, the transforma-
tions are discussed here. Of the 15 Patterns shown in Scheme 1.3, o-complexation
(Pattern 1), m-complexation (Pattern 3), hydrozirconation (Pattern 5), oxidative addition
(Pattern 11), transmetallation and other o-bond metathesis reactions (Pattern 13) are
available and have been used for the synthesis of organic derivatives of ZrCp, (Scheme
1.9). It is clear from Scheme 1.3 that their reverse processes can provide routes for the
decomposition of organic derivatives of ZrCp,. In principle, heterozirconation (Pattern 9)
can also generate organic derivatives of ZrCp,, but few examples are known and so it is
omitted here. It should nonetheless be kept in mind that its reversal (Pattern 10) is
readily observable and is useful as a method of decomposition.

1.3.1
Transmetallation

Transmetallation represents the most widely applicable method for the preparation of
ZrCp, derivatives. In view of the relatively low electronegativity (EN hereafter) of Zr
(EN 1.2—1.4), however, transmetallation as shown in Scheme 1.9 may be expected to
be favorable only with organometals containing highly electropositive metals, such as
Li (EN 1.0) and Mg (EN 1.20). Indeed, facile and complete dialkylation of Cp,ZrCl,
may be readily observed with these metals. With organolithiums, however, the reaction
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Transmetallation ( Pattern 13) CpoZrXs MR Cp2Zr(X)R _MR CpoZrRa
Hydrozirconation ( Pattern 9) \ /
c=cC I
XCpoZr—C—C—H
H I
CpZr{ | —C=C—
X\ “c=c
XCpoZr H
Oxidative Addition ( Pattern 11) RX
Y — CpozrV(X)R
CpQZr”L,, RH
——————  CpzV(H)R
n-Complexation ( Pattern 3) \ /
C = C ~N A ~ C re
/%» Cpoz | ~—— Cpozr'— 1|
CpoZr'L, |
—C=C— c” c
~— -~ Cppz"l —— cpuzr'-Ill
C. C
|
mL
Complexation ( Pattern 1) CpeZr'L, ———————  Cp.Zr'Loum

Scheme 1.9. Several fundamental patterns for the formation of C-Zr bonds.

can proceed past dialkylation to produce trialkylated derivative, which may be accompa-
nied by the replacement of one Cp group [66]. With some sterically hindered Grignard
reagents, clean monoalkylation is possible, as in the synthesis of iBuZrCp,Cl in

94-95% yield [67,68] (Scheme 1.10).

With Al (EN 1.5), only monoalkylation of Cp,ZrCl,, which may be complete or partial,
has been observed [55,56]. No dialkylation of Cp,ZrCl, has been observed. Depending on
the ligands and other reaction conditions, one carbon group can be transferred either

from Zr to Al or from Al to Zr [69] (Scheme 1.10).

B
CpZZrC|2 M

+ ZrCpoCl

4—{ ZrCp,Cl

Cp2ZrClo + MegAl —_ MeZrCpoCl + Me,AICI
R! H X =Clor alkyl R’ H
Scheme 1.10. \/7< + CIAIX, ,y >=—=( + CloZrCpo
Some examples (H)R? ZrCpoCl (H)R? AlX;
of the synthesis of
monoorganylzir- R H R! H
conocene chlorides — + ClZrCpp —————~ >:< + AIR3 + LiCl

by transmetallation. (H)R? AlRsLi (H)R? ZrCpoCl
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13.2
Hydrozirconation

Hydrozirconation converts alkenes and alkynes into alkyl- and alkenylzirconium deriva-
tives, respectively [6—9]. The most widely used reagent is HZrCp,Cl, which can be pre-
pared by the treatment of Cp,ZrCl, with various aluminum hydrides, such as LiAlH,
[4], LiAIH(OtBu); [4], and NaAlH,(OCH,CH,0CH;), [18], as well as by the treatment of
iBuZrCp,Cl with aluminum chlorides followed by trapping of the Al-containing by-prod-
uct [70]. The low solubility of HZrCp,Cl in common organic solvents provides a simple, if
tedious, means of its purification by filtration under an inert atmosphere. In less demand-
ing cases, in situ generation of HZrCp,Cl and its equivalents by the treatment of Cp,ZrCl,
with LiAlH, [71,72], NaAlH,(OCH,CH,0CH,), [71], LiBEt;H [71,73], and tBuMgCl
[67,68,71] provides convenient alternatives. However, these alternative procedures may
be associated with various difficulties, and solutions to some of these difficulties have
also been provided. Among such attempts are conversion of Cp,ZrH, formed as an un-
wanted by-product into HZrCp,Cl by washing with CH,Cl, [72] and promotion of the
H-transfer hydrozirconation with iBuZrCp,Cl with various metal compounds [68]. Despite
these efforts, further refinements of the alternative procedures are desirable.

HZrCp,Cl

e

P P

=
>i M >ﬁ ZrCpoCl
=\
(J

HZrCp,Cl >K
ZrCpoCl
HZrCp,Cl
- Q ZrCpoCl
HZrCp,Cl R H > 98% terminal
RC=CH— 2 > >98% E
H ZrCpoCl

R Me Me R
HZrCp.Cl > + =
—  H ZrCpoCl H ZrCpoCl
/ A p2 B p2

RC=CMe A/B : R = Et (55/45), n-Pr (69/31), i-Pr (84/16), t-Bu (>98/2)

\ xs. HZrCp,Cl R Me

=
R=2%akyl H ZrCp,Cl

>1 HZrCp,Cl >ﬂ_/ZGCgCl

Scheme 1.11.  Synthesis of monoorganylzirconocene chlorides by hydrozirconation.

>95% pure
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Hydrozirconation with HZrCp,Cl is thought to involve a concerted four-center process,
as shown in Scheme 1.5. It involves a clean syn addition, placing Zr at the least substituted
carbon atom. This may involve migration of Zr along an alkyl chain (Scheme 1.11). Mi-
gration of Zr in alkenylzirconocene chlorides is confined to the two-carbon alkenyl moiety
[7]. The use of an excess of HZrCp,Cl permits generation of >95 % regioisomerically pure
(E)-2-alkenylzirconocene chlorides [74] (Scheme 1.11).

Monosubstituted alkenes and certain alkynes can undergo hydroalumination with
iBu;Al in the presence of a catalytic amount of Cp,ZrCl,, providing a convenient alterna-
tive to hydrozirconation [75].

1.3.3
Oxidative Addition

Oxidative addition and reductive elimination in the manner observed with late transition
metals, such as Ni and Pd (Patterns 11 and 12), have rarely been observed with Zr, even
though some such claims may have been made (cf. Generalization 7). In the first place,
generation of genuine 14-electron Cp,Zr(II) has rarely been clearly established. Even if
it were to be generated as a transient species, it is not clear whether it would be capable
of undergoing intermolecular oxidative addition in preference to intramolecular C—H ac-
tivation and other possible side reactions. It is much more likely that effective “oxidative
addition” occurs through some indirect processes involving 16-electron species. One of
the earliest examples, if not the earliest, of such indirect oxidative addition equivalents
is shown in Scheme 1.6 [30]. The reaction has since been developed into a preferred
method for the preparation of allyl- [76—78], allenyl- [79], alkenyl- [80—82], and alkynylzir-
conocene [82] derivatives (Scheme 1.12). As discussed above, these reactions may not
qualify as genuine oxidative addition processes. However, conversion of organic halides

Cp,Zr(Bu) P
PhCH,0™ ™ “Ph — o . CpaZr P
[76] OCH,Ph
/\(OEt Cp»Zr(Bu), CpQZr/ \>
|
OFt [77] Eo EtO
OEt
/\ﬁOEt Cp,Zr(Bu), N
Et —  CpozZr OEt
o) (78] !
OFEt
‘CHMe, Ph CHMe,
Ph-C=C—CH Cp2Zr(Bu)2 oz
OMe [79] P2 r\OMe H
JL szZI’(BU)Q
cl R [80] CngF\CI R

OpeZiBU oy R
. [81](82] ‘OMe
Scheme 1.12.  Synthesis of mono- B
organylzirconocene derivatives by CIC=CR Cp2Zr(Bu)z sz;rC:CR
oxidative addition. o [82] Cl

Meo/\/ R

mn



12

1.3 Synthesis of Organic Derivatives of ZrCp

and related electrophiles into the corresponding organozirconium derivatives must in-
volve two-electron reduction of the organic electrophiles. In this sense, the use of this
term appears to be appropriate.

1.3.4
n-Complexation (Oxidative m-Complexation)

n-Complexation (Pattern 3) may also be termed oxidative complexation. If the products are
viewed as zirconacyclopropanes, the latter is particularly appropriate. In the conversion of
alkenes into the corresponding zirconacyclopropanes, the alkenes must undergo two-elec-
tron reduction, and Zr must consequently undergo two-electron oxidation. The required
Cp,Zr(I1) species were initially generated by reducing Cp,ZrCl, and related Cp,Zr(IV) de-
rivatives with Na/naphthalene [83], Mg/HgCl, [84], and Na/Hg [85]. However, in situ treat-
ment of Cp,ZrCl, with two equivalents of nBuLi was shown to generate (1-butene)ZrCp,,
which effectively served as a “Cp,Zr” equivalent [24,29]. This reagent has been widely used
for a variety of purposes, including the oxidative addition reactions shown in Schemes 1.6
and 1.12, and has often been called the Negishi reagent. Together with a few other related
derivatives, including Cp,Zr(CO), [84] and Cp,Zr(iBu)(tBu) [86], the reagent has provided
a very convenient method (Negishi—Takahashi protocol) for the generation of “Cp,Zr”
equivalents as well as zirconacycles and other zirconocene derivatives that can be derived
from them [87—89]. Conversion of dialkylzirconocenes into the corresponding zirconacyclopro-
panes has been shown to be a non-dissociative concerted process [53,90]. Consequently, free Cp,Zr
is not generated at any time (Generalization 8). Another potentially useful “Cp,Zr” equi-
valent is (Me;SiC=CSiMe;)ZrCp, [91], which has been shown to be superior to (1-bu-
tene)ZrCp, in some cases.

Ph
PhC=CPh !
Cp,ZrCly PMes C

_ 28 CpQZr =l
2 Buli / [28] MeP C‘J

Ph
Cngr/\( Cpgzrj\ Ph. H Ph. H

B0 H Et\ _ c
PhCH-CHPh ¢ 77} PMes Cpezr—I
[28] H/C\Ph [34] Me3P H/ \Ph
Z R
P BuLi, PMes R
CpoZrCly CpoZr \( szZr*W
| [90] |
Cl Me3P

R = H, Et, Hex, Cy, Ph

Scheme 1.13.  Synthesis of alkene- and alkyne-ZrCp, complexes by B-H abstraction of dialkylzirconocenes
in the presence of m-compounds (Negishi-Takahashi protocol).
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2 PhLi PMe =
CpoZrCly L L Cp2ZrPhy R Cp;Zr@
Et,O [36] PMe;
H MeMgBr Bu
HC=CBu PMe
szzri; — szzr)\/ Bu M opzr
Cl H (38] PMe;

Scheme 1.14. Alkyne- and Benzyne-ZrCp, complexes by f-H abstraction of diorganylzirconocenes in the
absence of m-compounds (Erker-Buchwald protocol).

£ . Mg)7 A\
_ CpZZr
2\

CpoZrCl /j C
p2ZrCly CpoZr.. ~—— CpaZr_
Py,PhN.— N.Ph N-Ph
CpoZrCly N S S I Cp2|Zri’<l
(93] Py Ph
co Ph/\ Ph
CpoZrPhy CosZr——Ph —— Ph
P24l jO [49] CpoZr< o
Scheme 1.15.  Synthesis of other three-membered zirconacycles.
. Me Ph
. SiMe,Ph - Qi 7 Me
PhMe,SiLi PhMe;,SiL Sis !
CpazZrCly — 227 Cpzr TR Cpazro-CHe _si-Ph
Cl . CpoZrl
PhMe,Si ‘H CH,
phc=cph N Ph Do P Ph

CpoZr._ SiMePh DD _SiMePh

Scheme 1.16.  Synthesis of zirconasilacycles by p-H abstraction.

Another major protocol for the generation of three-membered zirconacycles was ini-
tially devised by Erker [47—49] and was extensively developed by Buchwald [36—44]
(Erker—Buchwald protocol) (Scheme 1.14). No alkenes or alkynes are used as temporary
ligands in this protocol. Unless hydrozirconation is used to generate the initial organyl-
zirconocene derivatives, even final alkene or alkyne ligands are not usually derived
from the corresponding m-compounds. Thus, the synthetic values of the two representa-
tive protocols are quite different and often complementary to each other.

In addition to the methods discussed above, transmetallation and migratory insertion
also provide useful routes to three-membered zirconacycles (Scheme 1.15).

One interesting recent addition is a silene—zirconocene complex proposed in the reac-
tion shown in Scheme 1.16 [94].

Although 16-electron three-membered zirconacycles are generally unsuitable for X-ray
analysis, their complexes with phosphines, such as PMe;, or some ethers, such as
THF, have often yielded crystalline compounds suitable for X-ray analysis. Thus, their
existence and identity have been firmly established.
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1.4
Reactivity of Organylzirconocene Compounds

In the preceding section, several synthetically important methods for the formation of
C—Zr bonds that can be used for the preparation of organylzirconocene compounds were
discussed. Since essentially all organic compounds are Zr-free, Zr must now be removed in
a productive manner through C—Zr bond cleavage in order to complete organic synthesis
with organylzirconocene compounds. Thus, C—Zr bond formation and C—Zr bond cleav-
age are two minimally required components in the use of organozirconium compounds in
organic synthesis. Conversion of 1-alkynes into the corresponding (E)-l-iodo-l-alkenes by
hydrozirconation and iodinolysis is a typical and synthetically useful example of such
two-component processes. More often than not, some organozirconium interconversion
processes are inserted between the formation and cleavage of the C—Zr bonds. Of the var-
ious elementary processes shown in Scheme 1.3, carbozirconation (Pattern 7) and decarbo-
zirconation (Pattern 8) invariably involve interconversion of organozirconium compounds.
o-Bond metathesis or transmetallation (Pattern 13) would be an interconversion process if
X and Y are carbon groups, and migratory insertion (Pattern 14) and migratory deinsertion
(Pattern 15) would also be interconversion processes in cases where X is C. It should be
noted that any of the other transformations in Scheme 1.3 may also participate in organo-
zirconium interconversion processes by virtue of one or more carbon groups being bonded
to Zr besides Cp. For example, hydrozirconation of an alkene with HZrCp,Me may be
viewed as an organozirconium interconversion process. It is various different combinations
and permutations of a relatively limited number of different types of elementary processes
shown in Scheme 1.3 that give rise to a large number of organozirconium reactions of synthetic
use, but they all can be classified into the following two types (Scheme 1.17) (Generalization 9).

Organic Synthesis via Organozirconiums

Type |
C-Zr Bond Formation | + C-Zr Bond Cleavage
HCp,ZrCl H Iy H
Ex. RC=CH . R)\( ZrCpoCl . R)\(l
hydrozirconation H iodinolysis H
(Pattern 5) (Pattern 13)
Type ll

C-Zr Bond Formation | + | RZrCpaL, Interconversion| + C-Zr Bond Cleavage

Ph
szzrj\ 4—Ph/\
CpoZr
‘y

- Et
2 BuL
Ex. CpoZiCl, ———U= . Cpzr 5~

|
transmetal. Bu H B-H abstr. Et carbometal. Et
(Pattern 13) (Pattern 13) (Pattern 7)
DCI-D,0 Ph Et
deuterolysis \D(\[
(Pattern 13) D

Scheme 1.17. Two types of organic synthesis by organozirconium derivatives.
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1.4.1
Formation of Carbon—Hydrogen and Carbon—Heteroatom Bonds

The Zr atom of the C—Zr bond has been replaced with H, D, and several non-metallic
heteroatoms, such as Cl, Br, I, and O. Although some reactions of RZrCp,Cl, where R
is an alkyl or alkenyl group, with SO, and NO [95,96] are known, very little is known be-
yond them about the formation of C—S, C—N, C—P, and other C—heteroatom bonds con-
taining Group 15 and 16 atoms.

1.4.1.1 Protonolysis and deuterolysis

Cleavage of Zr—C o bonds occurs readily on treatment with H,O or dilute acids, while the
Zr—Cp bond usually survives mild protonolysis conditions. The use of D,0 or DCl/D,0
permits the replacement of Zr with D. Deuterolysis provides a generally reliable method
for establishing the presence of Zr—C bonds. Protonolysis or deuterolysis of Zr—Cg;’
bonds proceeds with retention of configuration [97]. In the hydrozirconation of terminal
alkynes, deuterium can be introduced at any of the three positions in the vinyl group in a
completely regio- and stereoselective manner, as shown in Scheme 1.18. Although rela-
tively little is known about the mechanistic details, the experimental results appear to
be consistent with concerted o-bond metathesis (Pattern 13) between C—Zr and H-X
bonds.

(D)HZrCpoCl R H(D) H* (or D*) R H(D)
RC=CHD) ———~ = — =
(D)H ZrCpoCl (D)H H(D)
Scheme 1.18. Synthesis of non-deuterated, partially deuterated, and fully deuterated vinyl derivatives via
hydrozirconation of terminal alkynes.

1.4.1.2 Halogenolysis

Cleavage of alkyl—Zr bonds has been achieved with I,, Br,, and PhICI, to produce the cor-
responding alkyl iodides, bromides, and chlorides, respectively [6—9]. In cases where alke-
nyl groups are present, NBS and NCS are preferred reagents for brominolysis and chlo-
rinolysis, respectively. Todinolysis and brominolysis of both Zr—Cg,’ and Zr—Cg,’ bonds
have been found to proceed with retention of configuration. Halogenolysis of some homo-
allyl derivatives is hampered by skeletal rearrangement [6—9]. These results are summar-
ized in Scheme 1.19. These reactions can also proceed by concerted o-bond metathesis
(Pattern 13).

15
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I, CCly - | R H
—_— 2 >7<
Bro /
RZrCp,Cl —— RBr

R H
\_PhiCl g, . NBS —(

H Br
tBu >DH Br, +Bu ‘DH H ZrCp,Cl A j
b g \_NCS -
HD ZrCpoCl HD Br >—<
H Cl
NBS
—//_\—2GC20| /g
85%
NBS h
thszCl Br + D</Br
49% 37%

)\M ZGCgCI )\A ~Br

Scheme 1.19. Synthesis of alkyl and alkenyl halides via halogenolysis.

1.4.1.3 Oxidation

Alkylzirconocene derivatives can be converted to alcohols with H,0,/NaOH, tBuOOH, or
m-chloroperbenzoic acid (m-CPBA) [98]. These reactions appear to involve migratory inser-
tion processes (Pattern 14) similar to those observed with organoboranes (Scheme 1.20).
On the other hand, oxidation with O, may be a radical process.

R R
' +
RZrCp,Cl &, Cp> Zr O -, szzr O L ROH Scheme 1.20.
M,= H or Na OR' OR' Synthesis of alcohols by
R' = H, Bu-t, OCAr oxidation of RZrCp,Cl.

1.4.2
Formation of Carbon—Metal Bonds by Transmetallation

Stoichiometric transmetallation of organolithiums and Grignard reagents with halozirco-
nium compounds, as discussed in Section 1.3.1, laid the foundation of organozirconium
chemistry. In addition, transmetallation has also provided a powerful means of substan-
tially expanding the scope, synthetic or otherwise, of organozirconium chemistry. Some
of the earliest studies along these lines were carried out by Schwartz, which dealt with
stoichiometric transmetallation reactions of RZrCp,Cl generated by hydrozirconation
with halometal compounds containing relatively electronegative metals (Class 2 in
Scheme 1.21). Those metals that have been used in this reaction include Cu [14], Hg
[99], B [100], Al [70,75], and Sn [101]. After discrete transmetallation, the newly formed
organometals display their own reactivities, as exemplified by conjugate addition of orga-
nocoppers (Section 1.4.3.1.2) and acylation of organoaluminums (Section 1.4.3.1.3).
More intricate and potentially more attractive are catalytic transmetallation processes in-
volving Zr, which may be classified into three categories shown as Classes 3—5 in Scheme
1.21. This area was mainly initiated and developed by Negishi in the 1970s. The initial
discovery of the Ni-catalyzed cross-coupling [10] was soon followed by that of the Pd-cat-
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alyzed cross-coupling by Negishi himself [11] and of the Ni-catalyzed conjugate addition
by Schwartz [14—17]. Another breakthrough was the discovery of the Zr-catalyzed carbo-
alumination [13]. Interestingly, it has become increasingly clear, albeit only in recent
years, that the essentially concurrent but independent chemistry of the Zr- and Al-cocata-
lyzed alkene polymerization of Kaminsky [19—21] and the Zr-catalyzed carboalumination
share some key features.

Under catalytic conditions, discrete and complete transmetallation in one direction or other, i. e.
M—Zr or Zr—M, is not a critical requirement. Thus, the thermodynamics of the transformation
is relatively insignificant. Far more critical is the kinetics of the transformation (Generalization
10). This is particularly true in dynamic bimetallic systems (Scheme 1.7), where essentially
thermoneutral transmetallation between C—Zr and other C—M bonds is involved. In such
cases, the electronegativity (EN) of M is relatively insignificant, and metals of widely differ-
ent electronegativities ranging from Mg (EN 1.2) or possibly even Li (EN 1.0) to B (EN 2.0)
can participate in catalytic reactions with Zr, even though metals of intermediate electrone-
gativity, such as Al (EN 1.5), appear to be of maximum synthetic utility.

A few examples of the discrete formation of organometals from organozirconiums
(Class 2) are shown in Scheme 1.22, but many other examples of various classes of trans-
formation are discussed throughout this chapter.

Stoichiometric Transmetallation Involving Zr

Class 1 RMX,, + YZrCpoL,

RZrCpsL, | + YMXm

of. Sect. 1.3.1 ‘ EN of M<EN of Zr ‘

Class2 | RZrCpol,| + YMX,

reverse of Class 1

RMX,, + YZrCpsl,

EN of MzENonr‘

Catalytic Transmetallation Involving Zr Examples

Class 3 RZrCpsL, | + cat. YMX, Pd-catalyzed cross-coupling
Class 4 RMX, + | cat. YZrCpol,, Zr-catalyzed carbometallation

Class5 cat. RMX, + |cat YZrCpslL, g{éean”ed ngl;;‘;?ff;{éid

Scheme 1.21.  Stoichiometric and catalytic transmetallation involving Zr.

D D
WZGCQCI _ HgClz | ><i/LHgC| 90% retention
D [99] D
CIB'O]©
1 . 1 O
R \/\ZGCZCI o~ R ~ B :@ + ClpZrCpy
[100] [e)

1 1
R I Z2CpoCl _ClAR, R S SAR, + ClZrCps
[75]

MeSSi\/\/\ZGCgcl % MeaSi\/\/\SnBus + ClZrCp;

Scheme 1.22.  Conversion of organylzirconocene chlorides into organometals containing electropositive
metals via transmetallation.
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1.4.3
Formation of Carbon—Carbon Bonds

Of the 15 Patterns of transformation of organylzirconocene derivatives shown in Scheme 1.3,
only carbozirconation (Pattern 7), reductive elimination (Pattern 12), and migratory insertion
(Pattern 14) can, in principle, permit C—C bond formation. Moreover, reductive elimination of
d° diorganylzirconocene derivatives is neither well-documented nor promising. Thus, chemists are
currently left only with carbozirconation and migratory insertion of organylzirconocene deriva-
tives as tools for C—C bond formation (Generalization 11). This, of course, is a stiflingly
severe restriction, which must nevertheless be dealt with by synthetic chemists. On the
one hand, each of these patterns must be duly respected and maximally utilized. On
the other hand, other synthetic possibilities with Zr not involving these two patterns
need to be explored. In reality, however, a search for new patterns permitting C—C
bond formation may prove to be challenging and difficult, if not impossible. A much
more realistic strategy has been to resort to transmetallation (Pattern 13), as discussed
above, and this has very significantly expanded the scope of organozirconium chemistry
in organic synthesis. Yet another strategy is to structurally modify organylzirconocene
derivatives to generate more electrophilic, e.g. R"ZrCp, X, or more nucleophilic, e.g.
*MR™ZrCp,L,, species. Use of the former has been quite successful in recent years.
Although still very limited, radical, photochemical, and electrochemical reactions of orga-
nozirconium compounds may prove to be fruitful. The development of organozirconium
chemistry not involving organylzirconocene derivatives would also be desirable.

Despite many limitations, the various alternative strategies mentioned above that do
not involve either carbozirconation or migratory insertion of organozirconiums have
made more conventional patterns of organometallic C—C bond formation, such as
cross-coupling, carbonyl addition, and conjugate addition via organozirconium derivatives
very useful, as discussed below. As the C—C bond-forming reactions must be the main
subjects of most of the subsequent chapters, only a very brief discussion outlining their
use is presented in this section, with a considerable bias towards the author’s own contri-
bution.

1.4.3.1 Polar carbon—carbon bond-forming reactions

1.43.1.1 Cross coupling

Monoorganylzirconocene derivatives, i.e. RZrCp,Cl, rarely react with organic halides and
related electrophiles in the manner of RLi or RMgX, although their reaction with acyl halides
is an exception (Generalization 12). In this respect, the discovery and development of
the Zr version of the Negishi coupling [10—12] in the 1970s was a significant turning
point. Although catalysis with Ni is effective in many cases, Pd catalysts have been
shown to be more widely applicable and often superior to Ni catalysts. Another signif-
icant finding, first reported in 1978 [12], is the Zn effect. Thus, the addition of a cata-
lytic amount of a Zn salt significantly accelerates some of the otherwise sluggish Pd- or
Ni-catalyzed cross-coupling reactions. Some of the seminal results are summarized in
Scheme 1.23. Together with the Al and Zn versions of the Negishi coupling summar-
ized in Scheme 1.24, these cross-coupling reactions have provided the most generally
applicable and reliable method for the stereo-, regio-, and chemoselective synthesis
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ArX Arl 5 |
cat. NiL,or PdL,R H cat. PdL, zncl, RS R

N T /2 RHN
X H X

):< R2 R1

" R'" R H
R: 1“ ot PdRL,, >:g_<H R2  R' cat PdL, znCl, >:S—<
H o zcpCl fntoz Mo N g ziopol (12 R
cat. PdL, R M \ cat PdL,, ZnCl, R
= X B —— —
[103] " 12] H>_«;R1

Scheme 1.23. Pd- or Ni-catalyzed cross-coupling reactions of alkenylzirconium derivatives by Zr-to-Pd
(or Ni) transmetallation.

ArX
R H  cat NiL,or PdL,, ZnX, R'ZnX(MgX)
cat.NiL,orPdL, R H

)= [12] —( (A=
Me Ar X [107] M R, (R' = alkyl)
R H /\7< RC=CH
>:$_< cat. PdL,, ZnX, MesAl XMgCH,SiMe3 "
Me —

[12] \ ) cat. Cp2ZrCl cat. NiL, H
x>~ R % . R” /o8 Me>:& SiMes
RM/ cat. PdL, >:< 2 >:< oizn \/\)\ |
Me X[103A]\r Me  AlMe, Me | \_cat PdL, F{M
[107]

cat. NiL, or PdL, Me
R \H\/ Ar / XZn o ~__ SiMes H
[104, 105] cat. PdL
R CICOR! Pdbs R M S
cat. PdL [107] i IVies
— e

[106] M
Me  COR'

Scheme 1.24. Synthesis of alkenylalanes by Zr-catalyzed carboalumination of alkynes followed by Pd- or
Ni-catalyzed cross—coupling.

of a wide variety of alkene-containing compounds. It should be noted that the alkenyl-
alanes in Scheme 1.23 are usually generated by the Zr-catalyzed carboalumination of
alkynes, as discussed in Section 1.4.3.3.2. For further details, the references cited in
these schemes and reviews [109—111] may be consulted.

1.43.1.2 Conjugate addition

Organylzirconocene derivatives do not show any useful reactivity toward ao,f-unsaturated
carbonyl compounds, but the reaction can be promoted by the addition of CuOTf [14]. The
initial version was stoichiometric in Cu [14], but a Cu-catalyzed version was subsequently
developed [112,113]. Adaptation of the Ni salt + DIBAH catalysts for cross-coupling [10] to
conjugate addition led to the Ni-catalyzed conjugate addition of alkenylzirconocene chlo-
rides [16,17] (Scheme 1.25).

19
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(@]
o 9
K\Y R2

cat. Li,CuMe,(CN),EtsSiO

R~
ZrCp,Cl \
P2 [112, 113] Et,SI0 R
1. CICpQZr\/\( C5H11
o cat. NiL,, 0z2 o
2. CH0 CH,OH
é 3. H,0 2
v [16, 17] S CsHi
0Z' 0z! 0z2 68%
MeSO,Cl
0 1.CICpoZr s ~_~_COMe O | EtsN
@:;/\/VCOZMG cat. NiL,,
Y \(C5H11 2. H,0 v CsH14
(oY4 2 oz! 2
a9% 97 Z' = CHoPh, Z2 = SiMe,'Bu 89w 7

Scheme 1.25. Cu- or Ni-catalyzed conjugate addition reactions of alkenylzirconocene derivatives by
Zr-to-Cu (or Ni) transmetallation.

1.43.1.3  Acylation with acyl chlorides

Alkylzirconocene derivatives react with CH;COCI to give the corresponding ketones, but
alkenylzirconocene derivatives fail to produce ketones [18]. Both alkyl- and alkenylzircono-
cene derivatives can be readily converted to the corresponding monoorganylaluminum
dichlorides by transmetallation with AICl;, and the resultant organoalanes can react satis-
factorily with acyl chlorides to give ketones [18].

R HZrCp,Cl o~ Z1CpoC AClL . aicl, Reod 0
R R
H H H o
HZrCp,Cl AICl R'COCI
Ro— P R)\(ZGCgCl R)\(AICIZ RANASY R)\HkR,
H H H

Scheme 1.26. Acylation of organoalanes generated in situ by Zr-to-Al transmetallation.

1.43.1.4 Carbonyl addition reactions
Although some organozirconium compounds, such as MeZr(OBu); [114], are known to
react with ketones, organylzirconocene derivatives are generally unsatisfactory nucleo-
philes in carbonyl addition reactions. There are, however, a few classes of organylzircono-
cene derivatives that react readily with aldehydes and ketones, including those containing
(i) allyl and (ii) a-metalloalkenyl groups.

Allylzirconocene derivatives are reactive toward aldehydes, presumably because of the
availability of six-centered transition states permitting an anti-selective synthesis of homo-
allyl alcohols (Scheme 1.27) [115].
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The development of a new route to allylzirconocene derivatives has prompted further
investigations in this area [76—79]. Its elegant application to the synthesis of (—)-macro-
necine is noteworthy [116]. More recent investigations have led to an assortment of inter-
esting transformations, as shown in Scheme 1.28 [117,118].

Closely related to the reaction of allylzirconocene derivatives with aldehydes are various
carbonyl addition reactions of 1,3-dienezirconocene complexes [119], including additions
to even ketones, esters, and nitriles (Scheme 1.29).

Another class of organylzirconocene derivatives capable of reacting with ketones are 1,1-
dimetalloalkanes and -alkenes containing Zr and Al, as well as their Ti and Zn analogues
[120,121] (Scheme 1.30). These serve as Zr- or Ti-carbene complex equivalents, but mech-
anistic details are not clear.

(90%, anti/syn = 81/19)
\ /\/,JE] / )
~

CpZIZr ~Ox
Cl H

Scheme 1.27. Addition of allylzirconocene derivatives to aldehydes.

RCHO )\(\
OEt CppziBu, N OF i) R \ [117]

OE OEt CHO F1o- OoHt
t CpoZr RCH
OEt OEt \_Lewis acid OH OFt

18] )\<]L OEt

Scheme 1.28. Addition of y,y-bis(ethoxy)allylzirconocene derivatives to aldehydes.

=

1rReN R~ R
PRI LN OH
R1 R2 2. H* 0 R2
R'R2CO /COZ . H* Y R'
- rCps OH
/ N 1.
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\E:Zrcpz RCOOR /
_ RCN R H /—&

<\EZGC2>\ - N 4

ZGCg

YOG
z (@)

I
I O T

ZGCg o]
“_1.R'COR? R' — R

HO
2. H* R2 (6]

Scheme 1.29. Addition of 1,3-dienezirconocene complexes to carbonyl compounds and nitriles.
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JAMe2 gicoRe R AMe picope gi _R
RHC_ _CI - — ¢l [121] RZ/C:C:C\M
TiCps RKC_CHR Me TiCps ©
AlMe, [120] o~ R AlMe
v 1 2 2 2 1 2
RHC :CI R COR R — el _RCOR" No reaction
N - [121]
ZrCpy Me ZrCpy

Scheme 1.30. Reactions of a-titana- or a-zirconaorganoalanes with carbonyl compounds.

Ph,MeCO , -

PhoCO 'ZtCpoBPh,
+ - /—'
MeZrCpBPhs”  [122] o
© MeoC
— e-C- -
/ N MeC=N - Meb=N. e BPh,
[122] o)
10% AgAsFg OH Scheme 1.31. Addition of
CHO CHxCl» Hex cationic organylzircono-
©/\/ + HexZrCpCl—— cene derivatives to alde-
[61] . hydes, ketones, and
(94.5%) nitriles.
1. ZnBr, (20%) OH
ZrCp,Cl 2. PhCHO
TMs ™ P2 TSP
[124] 89%
1. EtoZn
2. OHC(Me)C=CHMe
BDPSO”~ " " ZrCp,Cl BDPSO AN
[125]
85% OH

Scheme 1.32. Addition of organylzirconocene derivatives to aldehydes promoted or catalyzed by Zn
compounds.

More recently, two promising methods for promoting carbonyl addition reactions
of organylzirconocenes containing “ordinary” organic groups have been devised. One
is to generate and use highly electrophilic R*ZrCp, X, presumably exploiting their
high affinity towards the nucleophilic O end of the carbonyl group [60,61,122] (Scheme
1.31).

The other is to convert organylzirconocene derivatives to the corresponding zinc
derivatives in situ and to carry out their addition to aldehydes [123—125] (Scheme 1.32).

1.43.1.5 Reactions with epoxides

Activation of C—Zr bonds as electrophiles with Ag salts has also been applied to the reac-
tion with epoxides (Scheme 1.33) [62—64]. In fact, the reaction has been shown to involve
isomerization of epoxides to aldehydes and is therefore very closely related to that shown
in Scheme 1.31.
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Scheme 1.33. Reaction 1. CpoZr(H)Cl, CH.Cl,
of cationic organylzir-
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conocene derivatives /\/\ Ph W Ph
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1.4.3.2 Carbonylation and other migratory insertion reactions

Aside from two-center (Patterns 1 and 2) and three-center (Patterns 3, 4, 11, and 12) pro-
cesses, most of the processes shown in Scheme 1.3 are four-center processes involving
either addition (Patterns 5—10) or o-bond metathesis (Pattern 13). In this context, it
should be noted that addition is simply a four-center metathesis in which one molecule
happens to be multiply-bonded. In addition to these metathetical processes, there is yet
another fundamentally important four-center metathetical process termed migratory in-
sertion and deinsertion (Patterns 14 and 15). It should be clear from Patterns 14 and
15 shown in Scheme 1.3 that distinction between insertion and deinsertion is only a re-
lative and semantic issue. In the current discussion, a process involving cleavage of the
C—Zr bond is termed migratory insertion, while the reverse process is termed migratory
deinsertion.

The fundamental significance of migratory insertion as a process permitting C—C bond
formation was discussed earlier. Despite its potential significance, however, the current
scope of organozirconium migratory insertion chemistry is surprisingly limited. Neverthe-
less, the author is inclined to believe that the area is still in its infancy and that its growth
potential is very high. At the time of publication of the first monograph on organozirco-
nium chemistry [1] in 1974, the only migratory insertion of organylzirconocene derivatives
was evidently that of Cp,ZrMe, with CO to produce Cp,ZrMe(COMe), which was carried
out by Wailes et al. but had remained unpublished. Following the discovery of the carbon-
ylation of organozirconium compounds, a more systematic developmental study was car-
ried out by Schwartz [97,126] in the mid-1970s (Scheme 1.34). It should be clearly noted

dil. HCI RCHO
/ H20;
o= o+ _———~ RCOOH
Scheme 1.34. Formation of acyl- co NaOH
4. Yy RZrCpo,Cl ——— R-C-ZrCp,Cl
zirconocene derivatives by carbon- 25°C i (") - NBS RCOBr
ylation and their conversion into 1550 cm~! 5.8 ppm
aldehydes, carboxylic acids, and em PP Bra RCOOMe

derivatives thereof. MeOH
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that the acyl group generated by migratory insertion acts as an acyl anion equivalent, as indi-
cated by the formation of aldehydes upon protonolysis. This is precisely opposite to the protono-
lysis of acylmetal derivatives containing Pd or other late transition metals, which gives carboxylic
acid derivatives and metal hydrides (Generalization 13). Detailed studies on the carbonyla-
tion of n’-(MesCs),ZrH, [127,128], Cp,ZrMe, [129,130], and some zirconacycles [45,48]
by Bercaw and Erker during the 1976—1980 period clarified many specific aspects of
the reaction.

The synthetic utility of the carbonylation of zirconacycles was further enhanced by the
development of a pair of selective procedures producing either ketones or alcohols [30]
and has been extensively applied to the synthesis of cyclic ketones and alcohols, most ex-
tensively by Negishi [22—27,29—33,65,87,131—134], as detailed below in Section 1.4.3.3.4.
The preparation of a,f-unsaturated aldehydes by carbonylation with CO is not very satis-
factory. The use of isonitriles in place of CO, however, has provided a useful alternative
[135], and this has been applied to the synthesis of curacin A [125]. Another interesting
variation is the cyanation of alkenes [136]. Further developments and a critical comparison
with carbonylation using CO will be necessary before the isonitrile reaction can become
widely useful. The relevant results are shown in Scheme 1.35.

The recent discovery of the reaction shown in Scheme 1.36 [137] has nicely rounded off
Scheme 1.37 by providing one previously missing equation. The structure of the zirconate
product proposed to account for the observed results has recently been confirmed by X-ray
analysis [138]. The synthetic utility of the reaction has been significantly enhanced by the

1. BuNC
HZrCp,Cl R 2.AcOH R
RC=CH ———— )= —— )=
H  zcpcl  [139] H CHO
1. BuNC
M 2. HOAc M
BDPSO =N ZrCpoCl W BDPSO = CHO
several steps
OMe
HV "H curacin A
1. HZrCp,Cl NSiMe3
2. Me3SiCN I _
N ———— R zicps RN
[136] g

Scheme 1.35. Reactions of organylzirconocene derivatives with isonitriles to give aldehydes and nitriles.

CpoZrCl, Ph
Ph Ph

3 LiC=CPh ([ —
. ‘ . ~ HCI P 7
LiCpoZr(C= CPh); ——  LiCpzZr{] — =

Ph H H

Scheme 1.36. Formation of tris(alkynyl)zirconates and their migratory insertion reaction to give zirco-
nacyclopropene-containing zirconates. Synthesis of Z-conjugated enynes.
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Scheme 1.37.  Common patterns in the migratory insertion of zirconocene complexes with CO, isonitriles,
and metal alkynylates.
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Scheme 1.38. Migratory insertion reaction of alkynylzirconacyclopentene derivatives.

reactions shown in Scheme 1.38, which can produce various 1,5-dienes and 1,5-enynes in
a regio- and stereocontrolled manner [139].

In view of the plethora of migratory insertion reactions that organoboranes undergo
[140], it was of interest to see whether organozirconium compounds would also undergo
similar migratory insertion reactions. Aside from the carbonylation reaction discussed
above, there was just one such reaction of somewhat questionable synthetic potential as
of 1985 [141] (Scheme 1.39). The use of a- and y-haloorganolithiums led to several migra-
tory insertion reactions of potential synthetic utility [142] (Scheme 1.40).
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Li ~ SiMe3 cl PhMBr Ph 055G Ph "
SMe  CpyZr__SiMe CpoZrY _SiMe SLLN
CpoZrCl, . Up2 \r 3 P2 Q/ 3 Cpszt” SiMes
SMe SMe SMe

Scheme 1.39. Migratory insertion reaction of a-silyl-a-thiomethylzirconocene derivatives.

1. LIC=CCH,Cl 1. LICH(CI)SiMe,Ph

=C-= OctCH»SiMesPh
OACH=C=CHz e\ /T ano - OctCHSMe:

Li Me OctZrCp,Cl Li
1.5 1. =
Qct A\ Me Br” Ph / N Br OCt>_<j
H

H Ph 2. HCI 2. HCI
Hex H 1.LIC=CCH,cl  Hex
H  ZrCpyCl 2. HCI H C=CMe

Scheme 1.40. Migratory insertion reactions of organylzirconocene derivatives with a- or y-haloorgano-
lithiums.

CIC=CR N =~
CpoZrEty — ~ CpZer =R oz @R __ Cpozr R
paZe i

Scheme 1.41. Synthesis of cyclobutenylzirconocene derivatives by the reaction of zirconacyclopropane
derivatives with 1-chloroalkynes.

Li Li-CHOMe  Li-CHOMe  |i—CHPO(OEt),

CI7 NN cl SOzPh Cl Scheme 1.42. Additional exam-
ples of a-hetero-substituted or-

) CN PhsSi Ph NC R ganolithiums used in migratory
Lling(Me) Li o Li~ (O? Li R2  insertion reactions of organyl-

zirconocene derivatives.

The use of haloalkynes for generating a-haloorganylzirconocene derivatives provides an
interesting variation [143] (Scheme 1.41). Many additional reagents containing a- and/or
y-halogens and related heteroatom groups may be used to devise related migratory inser-
tion reactions, as indicated by the recent examples shown in Scheme 1.42 [144—148].

1.4.3.3 Carbozirconation and related carbometallation reactions

As genuine examples of reductive elimination of diorganylzirconocene derivatives in the
manner of those of diorganylpalladiums and similar complexes containing late transition
metals might be considered to be rare, among those Patterns shown in Scheme 1.3, car-
bozirconation (Pattern 7) and migratory insertion (Pattern 14) would represent those Pat-
terns of concerted C—C bond formation in which C—Zr bonds participate directly. More-
over, the synthetic scope of migratory insertion of organozirconium compounds is still
rather limited with the exception of that of carbonylation. The other protocols will have
to be extensively further developed for widespread use among synthetic chemists. In con-

Ph”" SiMes
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trast, various types of both stoichiometric and catalytic carbozirconation reactions have
been extensively developed, and some, such as the Zr-catalyzed carboalumination, have
already been accepted as standard synthetic methods.

It has recently been established that carbozirconation with organylzirconocene derivatives
evidently requires dipolar (and mostly bimetallic) activation and/or small-ring zirconacycles, espe-
cially three-membered ones, that can undergo cyclic carbozirconation (Generalization 6') [149].
One of the recent examples has been shown to involve both bimetallic and cyclic organo-
zirconium species [150]. These reactions can be either stoichiometric or catalytic in Zr.

1.4.3.3.1 Stoichiometric acyclic carbozirconation

Virtually all known acyclic carbozirconation reactions involve activation through dynamic
polarization or ate complexation as shown in Scheme 1.7. Some of the representative ex-
amples are shown in Scheme 1.43. The reaction of allylzirconocene derivatives [151]
shares similar regiochemical features with the Zr-catalyzed allylalumination [22,152]
and appears to be mechanistically closely related.

MeZrCp,Cl . )
"PrC=CH _— No carbozirconation
Me»>
MeZrCp,Cl  "Pr Al o npro
"PrC=CAMe, — ..~ >C=C_ Cl c-C
[121] Me Zr Me I
Cp2
. R Me Me
Me|ZGCgBPh4 MeC=CMe C-C

(o) - e

Q [122]
R! /—(2 5GC20I MAO R _’/—\:<ZI’CD20|
R2 H

Me _ ZrCp,BPhy
0

R2 == [151]
.-
Scheme 1.43. Examples g1 SrCPZCI 5% Ph3CB(CgFs)4 /—\_<ZGC2CI
of stoichiometric R2——=— [153] 1 =
. . R2 H
carbozirconation.

1.43.3.2 Zr-catalyzed carboalumination of alkynes

As mentioned earlier, the Zr-catalyzed carboalumination of alkynes [13,56] (Scheme 1.44)
most probably represents the first example of Zr-catalyzed synthetic reactions suitable for
controlled and selective synthesis of natural products and other organic compounds of low
structural symmetry. The reaction is characterized by (a) generally high yields, (b) essentially
100% syn-stereoselectivity, (c) about 95% regioselectivity for the methylalumination of 1-al-
kynes, (d) compatibility with heterofunctional groups, such as halogens, alcohols, and amines
(Generalization 14) [154]. In some cases, however, heterofunctional groups can lead to
side reactions, including synthetically useful cyclobutenation [155—157] and anti-carbome-
tallation [158] (Scheme 1.45). Once alkenylalanes are generated, they can be subjected to a

MesAl
cat. CpoZrCly R\ Z

Scheme 1.44. Zr-catalyzed carboalumination RC=CZz . C:C\
of allynes. y Z-H,C,Si,ALZn eleMe  AMes
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Scheme 1.45. Stereoisomerization and skeletal rearrangement of alkenylalanes formed via Zr-catalyzed
carboalumination.
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2 —
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Scheme 1.46. Reactions of alkenylalanes and alkenylaluminates obtained via Zr-catalyzed carbo-
alumination with carbon electrophiles.

wide variety of known reactions of organoaluminum compounds, including the Pd- or Ni-
catalyzed cross-coupling (Scheme 1.24). Some of the more conventional C—C bond-form-
ing reactions of alkenylalanes are shown in Scheme 1.46.

Many dozen complex natural products have been synthesized in a highly selective man-
ner by the use of Zr-catalyzed carboalumination of alkynes. Although most of them are
not mentioned here due to space limitation, those that have been reported by the author’s
group over the past few years alone include freelingyne [160], coenzyme Q, [159], and
B- and y-carotenes [163], which were synthesized with unprecedented efficiency and selec-
tivity.
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The available data clearly indicate that the Zr-catalyzed carboalumination is multi-mechan-
istic and that the mechanism is strongly dependent on a number of parameters, such as R of
R;AlL the number and nature of other substituents including Cl, and the solvent used (General-
ization 15). For methylalumination with Me;Al and Cp,ZrCl,, an acyclic, bimetallic, and
Zr-centered four-centered concerted process (Eq. 1 in Scheme 1.47) is the most plausible
one [56]. However, use of the Me,AlCl/Cp,ZrCl, reagent system appears to proceed by an
Al-centered reaction (Eq. 2 in Scheme 1.47) [55,56]. Moreover, it has recently been shown
that the reaction with Et;Al and Cp,ZrCl, proceeds via cyclic intermediates and produces
cyclic products as discussed later, whereas that with Et,AlCl and Cp,ZrCl, must be an
acyclic process similar to that shown in Eq. 2 in Scheme 1.47 [150].

_Me _Ci Me
MesAl + ClyZrCps MesAl ZrCp,Cl MeoAl ZrCpz
o cl cl
Rc=cH RCTCH R H o Eq. 1
— Me-ZrCp, Cl > + — + ClxZrCpa
Cl—AlMe Me ZrCpa-Cl Me AlMe
Cl-AlMe,
RC=CH
-G RC=CH \y. & &3
MezAICI + CloZrCp, ———=  MexAl | ZrCp,Cl ———— Me-Al Cl—ZrCpCl
Cl Me Cl
R H Eq. 2
—_— )=< + CIZZGCg
Me AlMeCl

Scheme 1.47. Dichotomous mechanisms of Zr-catalyzed methylalumination.

1.43.3.3 Zr-catalyzed asymmetric carboalumination of alkenes

Since the discovery of the Zr-catalyzed carboalumination of alkynes in 1978 [13], several
attempts have been made to achieve a related carboalumination of alkenes with Me;Al
and Cp,ZrCl,, but all have resulted in disappointingly low yields of the desired products.
A recent investigation has revealed that the desired reaction does take place with high con-
version, but that the products are depleted through their competitive dehydrometallation
to give 1,1-dialkyl-1-alkenes [164]. Unexpectedly, the use of bulky chiral zirconocene deriva-
tives, in particular (—)-bis(neomenthylindenyl)zirconocene dichloride, (—)-(NMI),ZrCl, (4)
[165], facilitated the desired carboalumination, giving not only good vyields, typically
70—90%, but also respectable enantioselectivities, typically 70—80% ee [164] (Generalization
16) (Scheme 1.48 and Table 1.2). This reaction represents an as yet very rare example of a
catalytic C—C bond-forming reaction involving one-point binding that leads to reasonably
high ee values. Although its mechanistic details are still largely unclear, it is thought to
involve an acyclic concerted four-centered C—Zr bond addition to alkenes, in which bime-
tallic polarization [54,57,58,150] is important.

MezAl (1 equiv)  Me
Scheme 1.4§. Zr-czjlta- RN 4 (1-8 mol %) AlMe,
lyzed enantioselective R (R
methylalumination of
alkenes.

(-)-(NM|)ZZTC|2
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Table 1.2.  2-Alkyl-substituted 1-alkanols via Zr-catalyzed alkylalumination—oxidation

——Me;Al— —— EtAl ——

Substrate Yield, % % ee Yield, % % ee
I RCH=CH, (R = n-alkyl) 88 72 63-75 90-93

i-BuCH=CH, 92 74 77 90
PhCH,CH=CH, 77 70 69 93
¢-HexCH=CH, 80 65 - -
HO(CH,),CH=CH, 79 75 88 (protonolysis) 90
Et,N(CH,),CH=CH, 68 71 56 95

The corresponding reaction of Et;Al and other higher alkylalanes in non-polar solvents was
shown to be a cyclic process producing aluminacyclopentanes with low ee, but a complete mech-
anistic switch from cyclic to acyclic was observed by changing from non-polar solvents to chlori-
nated alkanes, such as CH,Cl,, CICH,CH,CI, and CH3;CHCI,. Although the chemical yields
might be somewhat lower than for methylalumination, ee values of 90—95% have been observed
[166] (Scheme 1.49 and Table 1.2). This reaction is also thought to proceed by an acyclic con-
certed process (Generalization 16’).

EtsAl 4 Oct R O, Oct OH
/ OH
hexanes
Oct. - (65%, 33% ee)
~ EtzAl, 4 0, Scheme 1.49. Zr-catalyzed
NPT Ot v A —— OCt%\OH cyclic and acyclic asym-
CH3CHCl, H “Et ™~ H™ Et metric ethylalumination of
(63%, 92% ee) alkenes.

It has recently been shown that some of the sluggish reactions, such as those with styrene
and w-alkenol derivatives, can be significantly accelerated by the addition of H,O0, MAO
(methylaluminoxane) [167], and IBAO (isobutylaluminoxane) [168], and that the ee values
can be improved by several % (Generalization 17). Some of the earlier results discussed
above have also been reviewed recently [169,170].

Although the application of carboalumination to the synthesis of natural products is
still in its infancy, a few preliminary results shown in Scheme 1.50 [167,168,171,172] sug-
gest that it promises to become a major asymmetric synthetic reaction, provided that (i)
the singularly important case of methylalumination can be made to proceed with
=90% ee, and (ii) satisfactory and convenient methods for enantiomeric and diastereo-
meric separation/purification can be developed. In this context, significant increases in
ee in the synthesis of methyl-substituted alkanols from around 75 % to 90—93 % achieved
through some strategic modifications are noteworthy (Scheme 1.50) [168]. Shortly before
the discovery of the Zr-catalyzed enantioselective carboalumination, a fundamentally dis-
crete Zr-catalyzed asymmetric reaction of allylically heterosubstituted alkenes proceeding
via cyclic carbozirconation was reported, as discussed later in this section.
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Scheme 1.50. Asymmetric synthesis of natural products by Zr-catalyzed asymmetric alkylalumination of
alkenes.

1.4.3.3.4 Stoichiometric bicyclization of enynes, diynes, and dienes by cyclic carbozirconation

Simple molecular orbital considerations suggested that zirconacyclopropanes and zircona-
cyclopropenes could, in principle, undergo ring-expansion through cyclic carbozircona-
tion, as shown in Scheme 1.51. The reaction of the putative benzyne-ZrCp, with stilbenes,
as shown in Scheme 1.8 [49], may well represent one of the earliest examples, if not the
earliest, of such reactions. Another major breakthrough was the development of the enyne
bicyclization—carbonylation tandem process, which could proceed in a “pair“-selective and
regioselective manner to give a single desired product in high yields [22,29], whereas the
corresponding intermolecular reaction could, in principle, produce a mixture of up to ten
products. The subsequent development of nBu,ZrCp,, commonly referred to as the Ne-
gishi reagent, as a “ZrCp,” equivalent [24] has further promoted the development of
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the “Cp,Zr(II)” chemistry discussed below. In view of the enormous current scope of this
area and the fact that some later chapters also discuss this area, only a very brief discus-
sion is presented here. The enyne bicyclization—carbonylation tandem reaction has been
applied to the synthesis of some complex natural products, including pentalenic acid
[131]. The following discussion may also be supplementary to some of the author’s re-
views on the topic [23,27,33,87—89].

The enyne bicyclization—carbonylation tandem reaction has often been compared with
the Pauson—Khand reaction involving Co [173] and other related reactions of late transi-
tion metals, some of which have become catalytic and even enantioselective [174]. On the
other hand, the Zr-promoted enyne bicyclization—carbonylation tandem reaction has lar-
gely remained stoichiometric in Zr and racemic, although some promising results on its
catalytic version have also been reported [175]. These are two major deficiencies that
need to be rectified. It should not be overlooked, however, that the Zr reaction offers
many advantageous features not readily shared by the Pauson—Khand and related reac-
tions of late transition metals. Thus, the Zr reaction is not only readily adaptable to the
bicyclization of diynes [24,29,176], dienes [31,177,178], and related heteroatom analogues
[179], but can also be readily stopped at the stage of zirconabicycles, from which many different
types of organic compounds may be derived (Generalization 18). This is exemplified by the
syntheses of cyclic conjugated dienes [24,29,176], including a series of oligocyclic and
polymeric conjugated dienes reported by Tilley [180—184], and stereodefined exocyclic
alkenes [22,29,185], including key intermediates for the syntheses of phorbol [186],
iridomyrmecin [132], and 7-epi-B-bulnesene [187]. The synthesis of dendrobine [188]
through diene bicyclization—carbonylation is another example that cannot be readily
achieved with the Pauson—Khand reaction. Conversion of 1,6-heptadiene into a highly
unexpected trans-fused 3-zirconabicyclo[3.3.0joctane [31,65] is also noteworthy in this
context.

1.43.3.5 Stoichiometric intermolecular cyclic carbozirconation of three-membered zirconacycles

In the preceding section, at least three critical assumptions were initially made in the
development of the reactions shown in Scheme 1.51. The first was the generation of
hypothetical 14-electron Cp,Zr(II). Subsequent studies have shown that, in essentially all
cases, such a 14-electron species has most probably never been directly observed and that all
“Cp,Zr(11)” equivalents, including 1-butene-ZrCp, [24,29] are 16- or even 18-electron species
(Generalization 19). The second assumption was the formation of three-membered zirco-
nacycles as intermediates by the reaction of “Cp,Zr(II)” equivalents with alkenes, alkynes,
and other m-compounds. This has proved to be correct, as already discussed in some detail
in Section 1.3.4. Although there are several different protocols, the Negishi—Takahashi
protocol involving the reaction of in situ generated dialkylzirconocenes with -compounds
as a route to various three-membered zirconacycles [89], and the Erker—Buchwald proto-
col, in which the desired three-membered zirconacycles are generated directly by f-H ab-
straction without the use of m-compounds [189], have emerged as two convenient routes. A
variant of the former involving the use of bis(trimethylsilyl)acetylene as a temporary m-li-
gand is also promising and has been shown to be advantageous in some cases [183,184].
The third assumption was the carbometallative ring-expansion leading to the formation of
five-membered zirconacycles. In the reactions of enynes, diynes, and dienes, this was
merely assumed [22,23,46]. The availability of structurally well-defined three-membered
zirconacycles since the mid-1980s [25,36—38] permitted detailed studies of their reactions
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Scheme 1.51.  General patterns and hypothetical mechanisms of cyclic carbozirconation of three-
membered zirconacycles.

R
HeO* T H
R ~ |29, 176] NH

/~=—R BuoZrCp» =
X\/: R X:@ZGCz

YCl _
R = C or Si group. X = (CHy), (n = 0-3).F ~_ YOk x@v

Y = Me,Sn, PhP, PhAs, S, etc. [176]

Et = Et

—_— X
CngfBUg Et — szzr ﬂ, H
[24] H _~
Et (80%)
H
/ Bu,ZrCps O‘:Zr oo 1. CO
\ [31] 5 2 2.
H

(6]
l2

> 95% trans 65% (
H

Z Bu,ZrCpy
N

H

Scheme 1.52. Cyclic carbozirconation of three-membered zirconacycles with alkenes and alkynes.

\%

95% trans)

33



34

1.4 Reactivity of Organylzirconocene Compounds

with various m-compounds, including such aspects as “pair“-selectivity and regioselectivity,
which were largely avoided in the preceding section.

As mentioned earlier, a random and statistical cyclization with two different and regio-
defined m-compounds would produce a synthetically unattractive mixture of ten different
zirconacycles. In reality, however, there are a few factors that can be exploited to produce a
single desired zirconacycle. A systematic investigation has revealed that there are several
discrete types of five-membered zirconacycle formation, as shown in Scheme 1.53 [88,89] (Gen-
eralization 20). In the Type I reaction, the cross-selective cyclization is kinetically favored.
Presumably, little ethylene is displaced during the reaction. Type I reactions cannot be
readily observed with ZrCp, complexes with 1-butene. In contrast, Type II cyclization
must be thermodynamically controlled, as 1-butene is readily displaced by a number of
“better” m-ligands. It is predicted, however, that the cross-combination of the two m-com-
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Ph N
= '
——  CpoZr

/7 80] P gy

Et
CpoZrBuy, —— CpZZrﬂ/ <\\
O )
\4> Cpgzll' )
[32] "Et

Type Il Homo-selective cyclization R
Et R Et
RC=CR == /
Cp2ZrBu; —— Cp22r<]/ - CpZr_ | o+ szer ?)
[29] R "Et
R

Type IV Cross-selective cyclization (the original alkene is released)

. SiM
EtMGaSl = I\e3
CpoZrBus —— CpoZr T CpoZr
P2 2 P2 24, 29] P2

Type V. Random non-selective cyclization
Et Bu

L Bu Et Bu

-

Cp2ZrBuy —— CpQer/W szer:E;Cngr@‘ +Cps r@,/
E "'Bu

t
70% (2:1:1)

Scheme 1.53. Types of cyclic carbozirconation of three-membered zirconacycles with alkenes and
alkynes.
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pounds may, in many cases, be thermodynamically favored when the two m-compounds
and “ZrCp,” are present in a 1:1:1 molar ratio. In the two cases shown in Scheme
1.53, two factors may contribute to high levels of cross-selection. The zirconacycle contain-
ing two 1-butene molecules must be thermodynamically disfavored, as it cannot partici-
pate in the Zr-alkene m-stabilization. That containing two styrene molecules or the conju-
gated diene may be at least as stable or perhaps more stable than those shown. However,
their formation must necessarily be accompanied by the formation of the aforementioned
unfavorable product, as long as the reactant ratio is restricted to 1:1:1. Under such con-
straints, the best compromise may be the observed cross-selective cyclization under ther-
modynamically controlled conditions. If the formation of one of the homodimeric prod-
ucts becomes overwhelmingly favorable, however, homo-selective cyclization may occur
(Type III cyclization). Thus, intramolecularity and favorable tether length must indeed
be responsible for the observed high cross-selectivity in the enyne bicyclization (Type
IV cyclization). Finally, if two m-compounds are similar in chemical properties, non-selec-
tive cyclization should be expected under thermodynamically controlled conditions. Some
other types of cyclization may also be observed.

High regioselectivity and stereoselectivity have been observed in many of those cases in which
the products are regio- and /or stereodefined. In the absence of overriding factors, alkyl substitu-
ents prefer to be f to Zr, whereas aryl and alkenyl substituents, in particular, prefer to be o to Zr
(Generalization 21). In cases where there are two carbon-bound substituents, they usually
prefer to be trans to one another, presumably to minimize steric interactions. This must
be an overriding factor favoring the trans fusion shown in Scheme 1.52. The observed cis
fusion for the bicyclo[4.3.0]nonane system has been shown to represent a kinetic prefer-
ence [178]. However, there is no myth associated with trans fusion, and the preferred
stereochemistry is only a reflection of a thermodynamic preference, as is nicely demon-
strated by the predominant cis fusion in some zirconatricycles [191—193] (Scheme 1.54).

One important aspect of the Cp,Zr-promoted cyclization that has slowly emerged through a
number of experimental observations is its ready reversibility through decarbozirconation (Pat-
tern 8'), presumably involving an interaction between the empty Zr orbital and the Cy—Cg
bond of the five-membered zirconacycle (Generalization 22). The unexpected transformation
shown in Scheme 1.55 [29] was one of the earliest eye-opening results that led to the de-
velopment of a very convenient and satisfactory general protocol for “pair“-selective syn-
theses of various types of five-membered zirconacycles without the use of expensive
and potentially toxic phosphines (Scheme 1.56) [190,194,195].

S~ Bu,ZrC
BnN Bt I ZrCps BnN 0
[191 , 192] S - 12 S
$ $OE (50%)
O
1. BuoZrCpo H
2. CO H H
J/ 3. 10% HCI steps O
“N (193] N (>N
Bn H Bn T Hove
(47%) (-)-dendrobine

Scheme 1.54. Syn fusion in Zr-promoted bicyclization of diallylamines.
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SiMes SiMej
— /Z c MeCN
ZrCp> rCp2  —ar

Scheme 1.55. First observation of reversible cyclic carbozirconation of three-membered zirconacycles.

R1
CpoZrEt, R
RIC=N R
= Cpazr
R [190, 195] N=> g
RC=CR ~-R R
Cpozr| ——— Cppzr R R
[190] RICHO R =
N L epezd and/or  CppZr,
[190, 196] 0 Rt o)
R1
PMe R
e o
[190] MesP R

Scheme 1.56. Displacement of ethylene from zirconacyclopentenes by m-compounds.

A few other interesting and potentially important consequences of the reversible formation of
five-membered zirconacycles include stereo- and regioselective skeletal rearrangement, as exempli-
fied by Scheme 1.57 [197], and 1,3-C=C bond and Zr migration (Scheme 1.58) [191,192],
supporting the associative mechanism for alkene displacement (Generalization 22’).

Until recently, the structures of the five-membered zirconacycles had been proposed on
the basis of NMR data and identification of the final organic compounds, especially the
products of deuterolysis, iodinolysis, and carbonylation. Determination of their structures
by X-ray analysis proved to be more difficult than that of three-membered zirconacycles, lar-
gely because attempts to obtain their stable 18-electron derivatives led to ring-contraction to
give three-membered zirconacycles, as in the last example in Scheme 1.56. This difficulty
was overcome by the use of bulky Cp derivatives that permitted the formation of stable, crys-
talline, 16-electron, five-membered zirconacycles such as 5 [198] and (tBu,CsH;),Zr(CH,),
(6) [199] (Scheme 1.59).

1. Mg
2. szMClg
Br 3. B, Brj/
B
' M = Zr or Hf [197] Br "
1. Mg
2. CngClz Br2
opzwé — szM{j - szh/@/
: “y “u; Scheme 1.57. Skeletal rearrangement

of a,a’-dialkylzirconacyclopentanes.
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1 R?

<4\ + EZGC2 ZrCps ~ZrCpy
2 7
R > R
R3 R RS Pr R3
|
P
== Bu,ZrCps — Z(Cpa
[191, 192]
(73%)

Scheme 1.58.  Zirconium and alkene migration of diene-zirconocene complexes.

Scheme 1.59. Zirconacyclopentanes
characterized by X-ray analysis.

1.43.3.6 Zr-catalyzed C—C bond formation by cyclic carbozirconation and ¢-bond metathesis of
zirconacycles

Most probably, Zr-catalyzed C—C bond formation by cyclic carbozirconation was first ob-
served in 1978, when the Zr-catalyzed reaction of alkynes with Et;Al was reported [13,56].
An acyclic carbozirconation mechanism similar to that of methylalumination was initially
considered [56].

A recent study has, however, unraveled a most intricate four-step catalytic cycle in-
volving a bimetallic cyclic carbozirconation (Scheme 1.60) [150]. The stoichiometric
conversion of EtZrCp,Cl and Et;Al into the five-membered bimetallic complex and its
subsequent stoichiometric reaction with an alkyne to give an aluminacyclopentene and
EtZrCp,Cl were the two key experimental findings.

R

R
RC=CR Rm R«Z_>
\/szzr\ . AIEt\<

2 Et3Al N
CpeZrCly === Cp,zr 4 AiEt, szZr\CI
Cl
>\ ~Ohl /<
Scheme 1.60. Mechanism of HZC'/I kEt EtzAl
Zr-catalyzed ethylalumination CpZZr\+ A|Et2
Cl

of alkynes.
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On the one hand, this mechanistic study represents the culmination of many preceding
studies. On the other hand, this, together with several other recent developments, repre-
sents a new generation of organozirconium chemistry characterized by (i) Zr catalysis, (ii)
bimetallic and multimetallic systems, in which bi- and multimetallic interplay is signifi-
cant, and (iii) significant roles of various o-bond metatheses.

An earlier breakthrough along these lines was the clarification in 1991 of the three-step
catalytic cycle shown in Scheme 1.4 [51] for the Dzhemilev ethylmagnesation of alkenes
[50], which also initially appeared to be a straightforward acyclic carbometallation reaction.
Unlike Grignard reagents, alkyllithiums do not induce a similar catalysis, even though
they are capable of producing zirconacyclopropanes, which can then produce zirconacyclo-
pentanes. Some insights into a possible catalyst poisoning have recently been provided
[66]. Ethylzinc derivatives alone cannot participate in the Zr-catalyzed ethylmetallation,
but the desired ethylzincation takes place smoothly once the initial catalytic amount of
Et,ZrCp, is generated by the reaction of EtMgBr and Cl,ZrCp, (Scheme 1.61) [200]. Pre-
sumably, EtMgBr does not participate in the catalytic cycle of the reaction.

The differences in catalytic reactivity between Li, Mg, Zn, and Al are summarized in Table 1.3
(Generalization 23), and the trend indicated in the table is readily understandable on the
basis of the current knowledge of Cp,Zr chemistry.

CpoZrCly, + 2 EtMgBr—— CpoZrEt, + 2 MgBrCl
‘L EtH
R ™ zner Cpo2r ] R__
- h
Eth:)/ R oo ng R
EtCpoZr ™~ Et,Zn 2

R Another cycle [ R Scheme 1.61. Ethylzincation of
w/\ ZnEt  ---ooeooootes - < ﬁ Zn alkenes catalyzed by Cp,ZrCl,-
2

2EtMgBr.

Table 1.3. Comparison of Li, Mg, Zn, and Al in the Zr-catalyzed cyclic carbometallation

Metal Catalytic process observable or not Possible explanation and other comments

Li Catalysis not induced Cp displacement and ate complexation

Mg Monometallic cyclic carbozirconation ¢f. Monometallic cyclic carbozirconation
occurs mechanism in Scheme 1.4.

Zn Monometallic cyclic Et,Zn is capable of sustaining the catalytic
carbozirconation occurs; cycle shown in Scheme 1.61 but incapable of
EtMgBr needed as catalyst generating Et,ZrCp,

Al Bimetallic cyclic carbozirconation Only monoethylation of Cl,ZrCp, occurs,

but a novel monoalkylative and bimetallic
activation of f-CH bond possible
(Scheme 1.60).



1 Synthesis and Reactivity of Zirconocene Derivatives

As is clear from the mechanisms, these reactions cannot occur with methylmetals.
Their extensions beyond ethylmetallation are possible, but are prone to various side reac-
tions [201,202]. In contrast to the widely observable Zr-catalyzed carboalumination of al-
kynes discussed earlier, the alkyne version of the Zr-catalyzed ethylmagnesation has not
been widely observable, the only successful examples being those of conjugated diynes
[203]. In this context, further investigation of the Zr-catalyzed carbozincation of alkynes
reported as early as 1983 [204,205] appears to be very desirable.

In the Zr-catalyzed cyclic carbometallation discussed above, a tandem process consisting
of (i) transmetallation and (ii) f-H abstraction provides the “missing link” in the catalytic
cycle. In a series of recent examples reported by Takahashi [206—208] and Hoveyda
[209—214], the “missing link” has been provided by a process consisting of (i) f-elimina-
tion or deheterometallation (Pattern 10), (ii) transmetallation, and (iii) f-H abstraction
(Scheme 1.62). Some of these reactions have been developed into enantioselective C—C
bond-forming processes, as discussed below.

OPh

R )
R™N"0ph 2Cp2

> Y
EtoZrCp——- EZGCg

| ZrCp,OPh
>\ R ,/<
ZGC2
H

Scheme 1.62.
Mechanism of the R

I
Zr-catalyzed y-ethylation jEt/\

of allyl ethers.

1.43.3.7 Zr-catalyzed asymmetric C—C bond formation by cyclic carbozirconation
The Zr-catalyzed enantioselective carbomagnesation of ordinary terminal alkenes does not
appear to have been reported. In a related Zr-catalyzed cyclic carboalumination, low ee
values of =40% were observed (Scheme 1.49) [166]. On the other hand, allylically hetero-
substituted alkenes, such as allyl ethers, allyl alcohols, and allylamines, have been converted to
allylically ethylated terminal alkenes, most probably through cyclic carbozirconation, as shown
in Scheme 1.63 [209—211]. With 10 mol% of (EBTHI)ZrCl, (7) [EBTHI = ethylenebis(te-
trahydroindenyl)], the desired products were obtained in 65—75% vyields with =90% ee by
using EtMgCl (Generalization 24). The corresponding reactions of higher alkylmagnesium
derivatives give the desired products in only 35—40 % yield, and no methylation is pos-
sible unless a mechanistic switch similar to that shown in Scheme 1.49 can be induced.
As attractive as the favorable results are, the current scope is practically limited to allylic
ethylation of allylically heterosubstituted alkenes. Kinetic resolution of allyl ethers also
proceeds with high ee [212—214].

Some related studies by Whitby [215] and Mori [216] are also promising, but all
favorable results have so far been obtained with allylically heterosubstituted alkenes
(Scheme 1.64).
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DR

Zr

i %\%
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(EBTHI)ZrCly (7 OH Hz?) L;Zr \
s
JS)/ H MgCl
65%, >97% ee Et V7
H H
Scheme 1.63. Zr-catalyzed enantioselective y-ethylation of allyl ethers.

_/

EtMgCI Et
4mol% 8 MeSSMe %ﬁq
@ 8

90%, 81% ee

e OH
BuMgCl
N/ 9 0, <>
cat. 9
BN /= " [218] BaN ) <F o
zr,
41%, 93% ee <5 o~~
_
9

Scheme 1.64. Zr-catalyzed enantioselective carbomagnesation of allylamines.

1.4.4
¢-Bond Metathesis of Zirconacycles

In some of the preceding sections, the significance of interactions between three-mem-
bered zirconacycles with m-bonds (Pattern 7' in Scheme 1.3 and Scheme 1.51) has been
amply demonstrated. More recently, their o-bond analogues (Pattern 13) and variants in-
volving five-membered zirconacycles, as shown in Scheme 1.65, have been recognized as
important fundamental processes in organozirconium chemistry.

In general, o-bond metathesis itself does not lead to C—C bond formation. However, it can
provide kinetically favorable paths for generating and interconverting organozirconium com-
pounds, which can then be used for the formation of C—C and other types of bonds (General-
ization 25). Indeed, it is rapidly growing into an important new branch of organozirco-
nium chemistry. The significance of transmetallation as a method for C—Zr bond forma-

w72z //\
CpoZro_y = Cper. 2
My,
CpQZrQC)'( —— CpZr Z

X Scheme 1.65. o-bond metathesis of zirconacycles.



1 Synthesis and Reactivity of Zirconocene Derivatives

tion and for the formation of other carbon—metal bonds was discussed in Sections 1.3.1
and 1.3.2, respectively. Conversion of C—Zr bonds into other carbon—heteroatom bonds
appears in many cases to proceed through o-bond metathesis, even though mechanistic
details are often unclear. In this section, attention is focused on the transformations
involving zirconacycles depicted in Scheme 1.65. Such transformations may be either
stoichiometric or catalytic in Zr.

The reaction of Et;Al with Cp,ZrCl, was studied by Sinn as early as the mid-1960s [217].
Depending on the reactant ratio, three to four different products were obtained (Scheme
1.66). One of the bimetallic and pseudocyclic compounds (10) has recently been shown to
serve as an active intermediate in the Zr-catalyzed carboalumination of alkynes (Scheme
1.60) [150]. The same investigation has further clarified the mechanism of the formation
of 10, which involves o-bond metathesis of ethylene-zirconocene with CIAIEt,, as shown in
Scheme 1.67 [150]. Thus, the formation of 10 from Et;Al and Cp,ZrCl, reported by Sinn in
1966 [217] may well represent the first example of a transformation proceeding via o-bond
metathesis of three-membered zirconacycles. The formation of 11 from PhC=CPh and
H,Z1Cp, reported in 1972 [218] can also be interpreted in terms of a mechanism involving
o-bond metathesis of a five-membered zirconacycle (Scheme 1.68) [23].

In these early studies, however, the concept of o-bond metathesis most probably did not
exist, and the results were presented just as observed facts. Mainly in the 1990s, a wide
variety of o-bond metathesis reactions of both three- and five-membered zirconacycles
were reported. In Scheme 1.4, the reaction of the five-membered zirconacycle with
EtMgBr via o-bond metathesis followed by another o-bond metathesis (B-H abstraction)
produces the ethylmagnesation product along with ethylene-zirconocene [51]. Some repre-
sentative examples of o-bond metathesis reactions of three-membered zirconacycles are
shown in Scheme 1.69. These are examples of stoichiometric o-bond metathesis reactions
from which the products have been identified.

Cl Et Et

B ol
CpoZrClo+ EtzAl  —— szzl’\ /AlEt2:~ szzri /A|Et2
Cl Cl
CpoZrClo+ 2 EtsAl —— / B
p2 2+ 3 szzr\aAlEb )
10 Et3A|\QI+
~-AlEtp /X-/Zl'Cpg
Cngl’C|2+ 3 EtAl —— CpoZr-- + CpoZr-
. 1+ AE cit -
Scheme 1.66. Reaction of C(Ima'jogiri)tz AlEt (minor)
Cp,ZrCl, with Et;Al
Et
Cl
| N _CH
Cpazr| Aty + AFlas  H,C Zl ,\ZEt —q
cl O Y e AIE i
CpZZr\é.I, AlEt, AT) Cpezr\a/ 2 CpQZr\él/AIEtz

Bt Tas
CpoZr(H)CI CeDe : faster and cleaner
* Cp2Zr + AlEts

HZC:CHg Cl

10

Scheme 1.67. Mechanism of the formation of chloroaluminazirconacyclopentane 10 by the reaction of
Cp,ZrCl, or EtZrCp,Cl with Et;Al.
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Ph Ph
ZGC2
H2ZrCpy Ph  Ph
PhC=CPh \—/
ZrCpsy
DZGC2
Ph = Ph
_ Ph. Ph Ph Ph
PhC=CPh H2ZrCp, ﬂ
%Phﬂ—Ph ——— Ph=C H._Ph
CpQZrQIZGCzH CpQZr,‘ ZGCz
H 11

Scheme 1.68. A suggested mechanism for the formation of 11 through o-bond metathesis of
zirconacyclopentadienes with H,ZrCp,.

R R R R
s O
CpaZro + ¢ (219] Cp22r..’x,.z CDQZr‘X,Z
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z \ AlMe; AiBu, AlMe, ZrCp, ZrCpp
X ‘ cl H C=CR Cl C=CR
R R\

7 teane

2 1220
Cpozio +y P20 cpzf Y
R =C or MeO

Z | BMe, BE, B(OEY), AEt, GaMe;
x‘ OMe OEt OEt OEt OMe

<] Z — [
CpaZro + 4 [221] CpQZr\X z

z | siBu; SiPh; GePh; SnBus  SnBu
X ‘ cl Cl Cl OSnBus

Ph Ph Ph

; < Rots =% Ar Et

WL\M Cl B R . Me—~( + Cpozr
MgCl e p2
CpQZrovéun [222] CpZZr\Bun gC Cp2Zrx _H . j/
Et
X X
Cp22r¢ ZrCpy ~— szzrﬂ: ZrCpz
X X

N
CpoZro + X2ZrCpy [223]

X = Me [223a], Cl [223b]

Scheme 1.69. Various examples of o-bond metathesis reactions of three-membered zirconacycles.
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It is anticipated that many of the catalytic “Cp,Zr(II)” reactions that might have been
considered to proceed via oxidative addition and reductive elimination, such as hydrosila-
tion [224] and hydrogenation [225], may actually proceed via a couple of o-bond meta-
theses, i.e. transmetallation and B-H abstraction, as exemplified by the two contrasting
mechanisms for the hydrosilation of alkenes (Scheme 1.70).

Although o-bond metathesis of five-membered zirconacycles with EtMgBr [51] (Scheme
1.4) and H,ZrCp, (Scheme 1.68) has been implicated, there are as yet very few well-estab-
lished examples. The reaction of zirconacyclopentanes with alkyllithiums is interesting
since it involves (i) the displacement of one of the two Cp groups, and (ii) the generation
of a bimetallic species, the NMR spectroscopic data of which are consistent only with a
fluxional structure as shown in Scheme 1.71 [66].

In many other reactions of zirconacycles catalyzed by transition metal complexes
containing Cu, Ni, Pd, etc., o-bond metathesis (transmetallation) must undoubtedly be
involved, but such products have not generally been identified. Partly for this reason,
they are not discussed here. Readers are referred to the chapter by T. Takahashi.

Oxidative addition - reductive elimination mechanism [224]

. SiHPh .
Et H,SiPh, CouZ _SiHPh, ™R CouZt H2 PhaHSI H

cozr | AN T \_<R — L<R

o-Bond metathesis mechanism

R
H,SiPh, cpozr]
AN R
R " SiHPh,
szzrj Cp2Zr SiHPh,

>\ Zr HS'|:|;hz<

W&th ;P
R

Scheme 1.70. Dichotomous mechanisms suggested for Zr-catalyzed hydrosilation of alkenes.

R R
o2 ~UR Y
V4 —_— o + LiC
Scheme 1.71.  ¢-Bond metathesis reac- Cpe <:|: [66] CpZr_Li P
tion of zirconacyclopentanes with alkyl- R ‘—\ R

lithiums. R
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1.4.5
lonic Reactions of Organozirconates

The great majority of the reactions discussed so far are considered to proceed through con-
certed processes, in which an empty valence-shell orbital of Zr plays a major role. In some
cases, however, cationic zirconocene derivatives have been implicated as intermediates
(Sections 1.4.3.1.4 and 1.4.3.1.5). More recently, some reactions that are best interpreted by
invoking zwitterionic zirconate intermediates have been observed (Generalization 26). Electron
transfer from an organic ligand to a 16-electron Zr permits generation of a carbocationic
center, which can then undergo those reactions that are characteristic of carbocations, such
as isomerization and rearrangement. One of the earliest indications along these lines was
observed in the reaction of stilbene with n-Bu,ZrCp,, which did not produce the desired
zirconacyclopentane derivative presumably because the steric hindrance was excessive. In-
stead, the Z-to-E isomerization of stilbene was observed, which was clearly catalyzed by
zirconocene derivatives [28]. Some non-concerted process must have taken place, but
the reaction was neither radical nor photochemical. Subsequent studies have shown
that stereoisomerization can take place even in the formation of zirconacyclopentanes
[65] (Schemes 1.8 and 1.72). These results are in contrast with the related but stereospecific
transformations shown in Scheme 1.8 [49]. In the formation of a monocyclic zirconacyclo-
pentane derivative, the rate of Z-to-E isomerization is so high that the E-isomer is the only
observable product. In the transformations shown in Scheme 1.72, the initial stereospeci-
ficity is =90 %, but the more stable isomer dominated to an extent of about 90 % in both
cases after 48 h at 23 °C. A detailed mechanistic study has pointed to an intricate ionic me-
chanism involving a zwitterionic zirconate containing a B-carbocation (Scheme 1.8).

H Ph
Ph Bu22GC2 1
<:/\\ ZrCps CO 7 0
H H
Ph slo
| v H Ph H o Ph

< Bu»ZrCpy 1.CO <:|':>:
<I\ 202 —5 7, L ©
H

Scheme 1.72. Stereoisomerization observed in the Zr-promoted bicyclization of dienes.

Tl

It has since become increasingly clear that zwitterionic zirconates may be generated in
many other reactions and may lead to unexpected and interesting chemical consequences,
as suggested by the results and interpretations shown in Scheme 1.73. It should be noted
that the empty orbital and electrophilicity of Zr must lead to zwitterionic species contain-
ing zirconates and carbocationic centers. Further systematic investigations in this area ap-
pear to be desirable.
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Cpozr{] + (PhCEC)—ZSiMeg 226]
Ph Ph
= . VA
CpZZrOA SiMe, CpoZr SiMe,
e
Ph Ph

Cﬁzmp2 + (Phc=c);PBut

zwitterionic zirconate

Ph
e
CDQZr —
T Ph
Ph
- —
—— | CpoZr
SiMe»
Ph
Ph
But
[ ;[ \IP
z° “pp

zwitterionic zirconate

[227]
Ph Ph
| | [LpBut
PBut ——
VAR Zr
Cr2\| Cp2 2
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Scheme 1.73. Skeletal rearrangement of zirconacycles via dipolar zirconates.
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2
Zirconacyclopentadienes in Organic Synthesis

Tamotsu Takahashi and Yanzhong Li

2.1
Introduction

Five-membered metallacycles are mainly prepared by coupling a low-valent metal complex
and two molecules of unsaturated compounds, such as alkenes, alkynes, ketones, alde-
hydes, imines, nitriles, and so on [1,2]. Since the resulting metallacycle contains two re-
active bonds, various interesting transformations can be performed. Metallacycles of
early transition metals such as Zr, Ti, and Hf show similar reaction patterns, but with
some different limitations and scope. In this chapter, we focus on the reactions of zirco-
nacyclopentadienes and related compounds. The first zirconacyclopentadiene was pre-
pared in 1970 [3]. Since then, many groups have reported the formation of zirconacyclo-
pentadienes, which have mainly been prepared from diphenylacetylene [3,4]. It is interest-
ing to note that no systematic carbon—carbon bond-forming reactions of zirconacyclopen-
tadienes were developed for more than 20 years. Only one report appeared in 1983, which
was presented as an insertion reaction of an alkyne [5]. Therefore, zirconacyclopentadiene
was considered as being inert with regard to carbon—carbon bond-forming reactions.
However, in 1994, transmetalation of zirconacyclopentadienes to copper opened up a
new area in carbon—carbon bond formation [6]. Numerous transmetalations of zirconacy-
clopentadienes to Cu [7], Ni [8], Zn [9], Li [10], and Al [11] have since been developed and
various further transformations in organic synthesis have been reported.

2.2
Preparation and Reaction of Zirconacyclopentadienes

2.2.1
Preparation of Zirconacyclopentadienes

The first reported zirconacyclopentadiene was 2,3,4,5-tetraphenyl-1-zirconacyclopenta-
diene (1a), prepared from two molecules of diphenylacetylene and a low-valent zircono-
cene [3]. The low-valent zirconocene species was produced by the reaction of Cp,ZrCl,
with sodium/naphthalene (Eq. 2.1).
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Eq. 2.1. Preparation of tetraphenylzirconacyclopenta- Ph
diene using Cp,ZrCl, and Na/naphthalene. . Ph
2 Ph—==—Ph
CpoZrCly CpoZr.
Na, Naphthalene Ph
Ph
1a

There are several methods for generating low-valent zirconocene species in situ.
Although the conventional method has been the reduction of Cp,ZrCl, with Na/Hg or
Mg/Hg, more convenient methods have since been developed for the preparation of
symmetrical zirconacyclopentadienes such as Cp,ZrBu, 2 [the so-called Negishi reagent
(Eq. 2.2)] [12].

R
2 n-BuLi H 2 R'—=—R? L
CpoZrCly CpZZr---‘ ——  CpoZr, L,
AN
Eq. 2.2. Preparation of Negishi Reagent
zirconacyclopentadienes "CpoZr” equivalent
using the Negishi reagent. 2 1

For unsymmetrical zirconacyclopentadienes, Cp,ZrEt,, which we developed as an
equivalent to the zirconocene—ethene complex (3), is a very useful reagent [13]. Two
different alkynes couple selectively via zirconacyclopentenes (4) (Eq. 2.3).

R! R!
I o2 R? R2
2 EtMgBr R—=—R 3_=—= R =
Opg2iCt, =+ | Cpyzr--{| | szzfgj > CroZ
RS
3 4 R*

Eq. 2.3. Preparation of unsymmetrical zirconacyclopentadienes using Cp,ZrEt,.

In order to prepare very clean unsymmetrical zirconacyclopentadienes, the use of
ethene is a prerequisite [14] (Eq. 2.4). An excess of ethene stabilizes the intermediates
such as zirconacyclopentane 5a and zirconacyclopentene 4. Such a transformation from
a metallacyclopentane to a metallacyclopentene was first demonstrated by Erker in the
case of the hafnium analogues [15].

1 1
R R2 R R2
2= Rl——R? = Ré—=—=—R* =
CpyZrBuy —— Cp22r<:| CpoZr, CpoZr. .
R?
5a 4 R

Eq. 2.4. Preparation of unsymmetrical zirconacyclopentadienes using ethene.
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2.2 Preparation and Reaction of Zirconacyclopentadienes

Hydrozirconation of alkynes with the Schwartz reagent, Cp,Zr(H)Cl (6), and subse-
quent methylation is also a general method (Eq. 2.5) [16].

R1
2
H R'—=—R? R R el Rl RZ 3 4 R

R>———R =

cppzl —— = = ~ - oz
cl CpoZi, H Cpe2f, H B3

cl Me MeH R*

6 7 8

Eq. 2.5. Preparation of zirconacyclopentadienes using the Schwartz reagent.

Thermolysis of diphenylzirconocene (9) affords the zirconocene—benzyne complex (10),
which can provide zirconaindene complexes (11) (Eq. 2.6) [17].

R!
R1 — R2 R2
— —
CpoZrPhy CpZZr---|© CpoZr
Eq. 2.6. Preparation of
9 10 Ll zirconaindene complexes.

Rosenthal’s reagent, Cp,Zr(Me;SiCCSiMe;) (12), which can be prepared from bis(tri-
methylsilyl)acetylene and either Cp,ZrCl,/Mg [18] or Cp,ZrBu, [19], has also proved use-
ful (Eq. 2.7).

. MegSi—==—SiMes, Mg 1
pQZrCIZ " R
THF N TMes Rl R? | __R?
Cp22r----|| CpoZr .
P— . 2
CpyziBu, _MeSST="5Mes 7 TuF SiMe, g R
THF "

Eq. 2.7. Preparation of zirconacyclopentadienes using Rosenthal’s reagent.

The regiochemistry can be controlled by the nature of the substituents. With a tri-
methylsilyl-substituted acetylene, the trimethylsilyl groups are placed in o positions of zir-
conacyclopentadienes with excellent selectivity (Eq. 2.8) [20]. With a phenyl-substituted
alkyne, regioselective reactions are usually observed, although in some cases a mixture
of two isomers may be formed.

Me3Si
Ap— Bu
2 M63$|TBU =
Cp2ZrBu, CpaZr
THF Bu ) . - h
MeSi Eq. 2.8. Regioselective formation of a zircona-

cyclopentadiene using a trimethylsilyl-substituted
1b acetylene.
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222
Hydrolysis

The simplest reaction of zirconacyclopentadienes is their hydrolysis. It is characteristic for
organo-early transition metal compounds; the metal—carbon bond is easily hydrolyzed
with acids to give free organic compounds. Similarly, deuterolysis of zirconacyclopenta-
dienes, rather than protonolysis, affords deuterated compounds as expected (Eq. 2.9).
The position of the deuterium is indicative of the position of the metal—carbon bond
in the organozirconium compound.

R R
R
H* (D" R
% MO oH™S
R (D)H =~ R
R R
Eq. 2.9. Hydrolysis or deuterolysis of zirconacyclo-
pentadienes. 13

Hydrolysis of zirconacyclopentadienes provides, in a stereocontrolled manner, 1,2,3,4-
tetrasubstituted dienes 13. In particular, unsymmetrical diene derivatives 14 can be pre-
pared by this method (Eq. 2.10) [14].

R!
2 2 3
oz < R H* R R
r —————-
P2 = R3 R1 / \ R4
Eq. 2.10. Hydrolysis of unsymmetrical zircona- R4
cyclopentadienes. 14

Table 2.1 shows several examples of the coupling of two different alkynes on zircono-
cene and the resulting hydrolysis products using ethene gas according to Eq. 2.4.

Protonolysis with weak acids such as ethanol gives mono-protonated dienylzirconocene
compounds 15a (Eq. 2.11), which can be converted into substituted diene derivatives
16 [21].

Et

Et

Et Et 7 \ Et

e EIOH  CppZr™™
Pact ~ " EOH

= St Z > Et  cuCl, cat. Pd(PPh)s

Et Et

1c 15a 16: 84%

Eq. 2.11. Protonolysis of a zirconacyclopentadiene with ethanol.
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Table 2.1. Cross-coupling reactions of alkynes on zirconocene

1% alkyne 2" alkyne Yield (%) % dimer of 1 % dimer of 2"
R——R? R——R* alkyne® alkyne®
I Pr——Pr I Et———Et I 97 I 0 I <1
Pr——FPr Bu——Bu 94 <1 0
Pr——="Fr Ph——Ph 83 2 0
Ph——Ph Pr——"Fr 90 0 1
Pr——Pr Ph——H 77¢ 0 0
Me;Si——Bu Ph——Ph 88 3 0
Ph——Ph MezSi——Bu 92 1 0
MesSi——Me Ph———Ph 96 <1 0
Ph———FPh MezSi——Me 95 Trace 0
Ph——=——=-"PFh Ph——H 93¢ 0 Trace
Ph——=—H Ph——=——-"Ph 71¢ 0 0

* Yields were determined by gas chromatography after hydrolysis of the reaction mixture.
® Maximum yield of dimer is 50 %.

¢ Two isomers in a 20:1 ratio.

4 Two isomers in a 18:1 ratio.

As the second protonation of zirconacycles with weak acids such as methanol is much
slower than the first, selective reactions can easily be performed (e.g. protonation with
methanol, followed by iodination of the corresponding vinyl zirconium derivative with
complete control of the selectivity; see Eq. 2.12) [22].

Et Et
e g o b B _F
Cpzd, | - CpoZr S Y Om
MeO Et
4a 15b 17: 99%
Ph
)l HOS PN
iy HCI i >89% chemoselectivity
ii
Ph : 809
Ph 18: 80%
e
CpoZr Ph
\ ) MeOH | Ph
4b = i .
i) I H 99% chemoselectivity Eq. 2.12. Chemoselective reac

tion of zirconacyclopentenes with
19: 97% MeOH and .
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The first protonation occurs much more rapidly at the sp’ carbon attached to zirconium
than at the sp” carbon. Reaction at the sp’ carbon attached to the zirconium in the
zirconacyclopentene is very slow with methanol. As regards the second protonation of
the organozirconocene, even the sp’ carbon does not react with MeOH (Eq. 2.13) [23].

Coze! MeOH Me  MeOH Conz _OMe
: d Z — e UP2LT

Eg. 2.13. Protona‘tm?n of an or}gano- PaZ \Me Cp2 r\OMe / \OMe
zirconocene containing two sp” carbons

with MeOH. 20 21: 100% 22
2.2.3

Halogenolysis

Halogenolysis of zirconacyclopentadienes affords 1,4-dihalodienes (Eq. 2.14) [20]. Solvent
effects on halogenolysis are remarkable. Indeed, whereas the iodination of zirconacyclo-
pentadienes in THF with 2 equivalents of I, affords mainly the monoiodinated diene,
the diiododiene can be the major product in CH,Cl,. For example, 2,3,4,5-tetraethylzirco-
nacyclopentadiene reacts with 2 equivalents of I, in THF at room temperature to give the
monoiodinated 3-iodo-4,5-diethylocta-3,5-diene 23 in 70 % yield along with only an 18 %
yield of 3,6-diiodo-4,5-diethylocta-3,5-diene 24 (Eq. 2.14).

£t Et Et
Et
= 2eql e Y Ny B
szZr _ - +
gt THR .  HZgy ANy
Et Et Et
Eq. 2.14. Reaction of a zirconacyclo- o
pentadiene with I, in THF. 1c 23:70% 24: 18%

When the same iodination reaction is carried out in CH,Cl, at room temperature, the
diiodination product 24 is obtained in 73 % yield as the major product, accompanied by an
18 % vyield of the monoiodination product 23 (Eq. 2.15) [20].

Et E Et Et
t
= 2eqly e Ny E
CpaZr, H +
Et CHClprt 7 “Et A |
Et Et Et
Eq. 2.15. Reaction of a zirconacyclo- N
pentadiene with |, in CH,Cl,. 1c 23:18% 24. 73%

Transmetalation of zirconacyclopentadienes to copper will be discussed later. However,
it is noteworthy here that when the iodination is carried out in THF in the presence of
2 equivalents of CuCl, the product of diiodination (24) is obtained in 95 % yield without
any trace of the monoiodinated adduct 23 (Eq. 2.16) [24].

Et Et Et
~ 2eqlp . Et
CpZZr _ H + 17
Et & [N~
Eq. 2.16. Selective formation of the Et THF, CuCl Et Et
diiodination product from a zircona- Et Et

cyclopentadiene using CuCl. 23: 0% 24: 95%
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2.2 Preparation and Reaction of Zirconacyclopentadienes

This transmetalation of zirconacyclopentadienes to copper is very effective. Table 2.2
shows several examples of diiodination reactions of zirconacyclopentadienes performed
in the presence of CuCl.

Table 2.2. Diiodination of zirconacyclopentadienes using CuCl®

Zirconacyclopentadienes CuCl (n eq.) I, Monoiodide Diiodide
(%) (%)
I P pr 1 I 2 0 79
=
CpoZr . 1d
Et
Et
i 1 2 0 6
M638I Me 6
B~
CpoZr P 1e
Ph
Ph
Ph 1 2 0 94

* All the reactions were performed at room temperature.
® When the zirconaindene complex was prepared in benzene, the diiodide was cleanly formed without CuCl.

Selective mixed halogenation of zirconacyclopentadienes is attractive from a synthetic
point of view. Indeed, the successive treatment of zirconacyclopentadienes with N-chloro-
succinimide (NCS) followed by iodine, N-bromosuccinimide (NBS)/I,, or NCS/NBS selec-
tively affords chloroiododienes, bromoiododienes, and chlorobromodienes, respectively
(Eq. 2.17) [25].

Pr
Eq. 2.17. Selective mixed

Pr Conz
== NC pg r
CpoZr. .
Pr TH Xci 7
halogenation of a

1h 25 26:96%  irconacyclopentadiene.
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Iodine cannot be used as the first halogenating agent for this tandem halogenation re-
action since halogen exchange occurs to give diiodides rather than mixed halogenated
dienes. It is interesting to note that with unsymmetrical zirconacyclopentadienes such as
2,3-diphenyl-4,5-dimethylzirconacyclopentadienes (1f), the initial chlorination with NCS
occurs selectively at the methyl-substituted carbon attached to zirconium. The subsequent
iodination with I, occurs at the other carbon, i.e. that bearing a phenyl substituent.
However, such excellent selective halogenation is substituent-dependent (Eq. 2.18) [25].

Me Me

Me
Me
oz NCS O Me b orpeMe
— |
Ph  THE  CpaZ—Z“py, N7 en
Ph

Eq. 2.18. Selective Ph

mixed halogenation of Ph - ane
an unsymmetrical 1f 27 .28' 90%
zirconacyclopentadiene. A single product

224
Formation of Heterocycles by Substitution Reactions

An important area of progress in zirconacyclopentadiene chemistry has been the hetero-
atom transfer developed by Fagan and Nugent, leading to five-membered heterocycles
(Eq. 2.19) [26].

R
R R
cpaze e . &0+ cpazix
Eq. 2.19. Heterocycle R THF = R
formation from zircona- R
cyclopentadienes
by heteroatom transfer. E = PhP, Me,Sn, Cl,Ge, PhB, PhAs, PhSb, PhBi, Br,Si, S, Se

Heteroatom transfer in metallacyclopentadienes was first developed in the context of co-
balt chemistry in the mid-1970s [27]. Cobaltacyclopentadienes were converted into various
five-membered heterocyclic compounds such as pyrrole and thiophene, and into six-mem-
bered heterocyclic compounds such as pyridine and pyridone derivatives. In the case of
zirconacyclopentadienes, the heteroatom compound must bear at least two halide substi-
tuents, since the “Cp,Zr” moiety is re-converted to the stable Cp,ZrX,. Indeed, this is the
driving force behind the heteroatom transfer of zirconacyclopentadienes.

The reaction of zirconacyclopentadienes with Group 14 compounds such as Me,SiCl,,
Me,GeCl,, and Me,SnCl, should be discussed here. GeCl, readily reacts with both mono-
cyclic and bicyclic zirconacyclopentadienes (Eq. 2.20) [26].

R
R
~ I, O
cpozd GeCly “eé [+ cpzich
P —
R THF Cl R
R

Eq. 2.20. Reaction of zirconacyclopenta-
dienes with GeCl,. 29
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2.2 Preparation and Reaction of Zirconacyclopentadienes

Neat SiBr, was found to react with 2,3,4,5-tetramethylzirconacyclopentadiene (1i) at
150°C, but only 28 % of the silol 30 was obtained (Eq. 2.21) [26].

Me M Me

e 150°C, 2d Me
Cpoz! | + SiBr Brel
= Br' \=

Me Me
Me Me

Eq. 2.21. Reaction of tetramethylzirco-
1i 30: only 28%  nacyclopentadiene with SiBr,.

Me,SiCl, does not react with either monocyclic or bicyclic zirconacyclopentadienes
(Eq. 2.22) [7g,7h].

R
R
2 CuCl .
CpaoZr. : + Me,SiCl, No Reaction
R Eq. 2.22. No reaction between zircona-
R cyclopentadienes and Me,SiCl,

Steric constraints and size-mismatching of Me,SiCl, with zirconacyclopentadienes are
the main reasons for the lack of reactivity. When the steric factor is reduced, in other
words, when MeHSiCl, is used as a silyl electrophile, the reaction proceeds at room tem-
perature to give 88 % of the corresponding silols after 24 h. Moreover, the reaction of
H,SiCl, with 2,3,4,5-tetraethylzirconacyclopentadiene (1c) generates the corresponding
silol 31a in 92 % yield within 5 min. (Eq. 2.23) [28]. This result clearly shows the impor-
tance of the steric factor in this heteroatom transfer.

Et Et
o Ft 5 min ot
CpoZr. _ + H,SiCl, H,Si .
Et Chiloroform, r.t. Et
Et Et E . .
q. 2.23. Reaction of a zircona-
e 31a: 92% cyclopentadiene with H,SiCl,.

For the preparation of substituted silols such as 31b, it can be circumvented by using
dilithiated dienes obtained from diiododienes prepared as described above. As various
kinds of diiododienes are available in high yields (vide supra), this method should be
very useful (Eq. 2.24) [24].

Pho Ph - "
cpzt, 2l PN Bl PP Megsicl, P
7~ cucl Liz Me,Si_ _

" Me Me Et:0 Me Vo
° Me Me

Me
11" 31b: 95%

Eq. 2.24. Preparation of a silol from a zirconacyclopentadiene via a diiododiene.
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Phosphole formation from zirconacyclopentadienes is useful for preparing novel or-
ganic materials. As shown in Eq. 2.25, this method can provide monomers (32 and 33)
or oligomers for electropolymerization reactions [29].

R = 2-thienyl S / \ S
R \ / P \ /
PhPB Ph
coaze T | 32:73%
THF
R
R = 5-(2-thienyl)-2-pyridyl S /7 \_/ \ %
\Y
\_/ —N P N VaRW,
Ph
Eq. 2.25. Preparation of phospholes from zirconacyclopentadienes. 33: 55%

23
Carbon—Carbon Bond Formation

2.3.1
Transmetalation

As mentioned above, for more than 20 years after the first preparation of zirconacyclopen-
tadiene, no systematic carbon—carbon bond-forming reactions were investigated. The
major reason was the low nucleophilicity of the zirconacyclopentadienes. Indeed, such
was the reputation of zirconacyclopentadienes in the 1980s that they were referred to
as “dead-end compounds”. This statement clearly emphasizes the assumption that zirco-
nacyclopentadienes were completely inert with regard to the creation of carbon—carbon
bonds. In this context, transmetalation of zirconacyclopentadienes to copper and subse-
quent carbon—carbon bond formation represents a milestone in zirconacyclopentadiene
chemistry.

2.3.1.1 Transmetalation to Copper
Addition of CuCl to a solution of a 2,3,4,5-tetraethylzirconacyclopentadiene in THF at
room temperature leads to the precipitation of a yellow solid (34a) (Eq. 2.26) [6].

Et - Et Et
Et Cl
oz 2 cucl Bt | 22 A H
N Cu ~ \ =
E Et 2.5 DMPU &t
Et Et ' Et
34a: yellow solid 35: 96%

Eq. 2.26. Transmetalation of a zirconacyclopentadiene to Cu.
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2.3 Carbon—Carbon Bond Formation

Although not completely characterized, this yellow solid was assumed to be a dicopper
diene derivative. In order to dissolve the yellow precipitate, DMPU (dimethylpropylene
urea) was required. The dicopper diene species 34a is unstable in solution and gradually
decomposes to undefined compounds. Therefore, all reactions involving transmetalation
to copper are performed in situ in a one-pot or one-step process.

As described above, when CuCl is regenerated in the reaction, the process can be cata-
lytic in copper. In other cases, a stoichiometric amount (2 equiv.) of CuCl is used. Al-
though CuCN shows similar reactivity, CuBr and Cul are not so effective as compared
to CuCl. Allylation; benzene, naphthalene, and anthracene formation, as well as acylation
are representative examples, which are described below.

2.3.1.2 Transmetalation to nickel

The aforementioned dienyl dicopper derivatives show the characteristic reactivity of orga-
nocopper compounds. However, one limitation to the use of copper is that an electron-
withdrawing group is usually required for reaction with alkynes. In order to develop an
insertion protocol for alkynes bearing electron-donating groups, transmetalation of zirco-
nacyclopentadienes to nickel was investigated.

When 2,3,4,5-tetraphenylzirconacyclopentadiene was treated with NiCl,(dppe) under re-
flux, the 2,3,4,5-tetraphenylnickelacyclopentadiene-dppe complex 36 was obtained as a red
solid in 78 % isolated yield, along with Cp,ZrCl, (98 % yield by NMR) (Eq. 2.27) [8a]. This
complex was the same as that prepared from NiCl,(dppe) and 1,4-dilithio-1,2,3,4-tetraphe-
nyl-1,3-diene [30]. In the case of NiCl,(PPhs),, a similar transmetalation can proceed.
Using this method, benzene and pyridine formation and CO insertion have been devel-
oped [8a,8D,46].

Ph Ph
Ph  NiX(dppe) <"
cpaz__ (dppeINi{__ +  CpZiCl,
Ph Ph i ,
Ph Ph 98% NMR yield

36: red solid, 78% isolated yield

Eq. 2.27. Transmetalation of a zirconacyclopentadiene to Ni.

2.3.1.3  Transmetalation to lithium

As the electronegativity of zirconium is greater than that of lithium according to Pauling,

the transmetalation of zirconacyclopentadienes to lithium sounds strange. Indeed, an or-

ganic moiety on lithium is usually transmetalated to zirconium. However, as reported in

the transmetalation of zirconacyclopentane (5b) to magnesium, if there is some compen-

sation of the energy and if the step is in equilibrium, such transmetalation in the opposite
CaHi7

direction can occur (Eq. 2.28) [31].
CgHi7
Cp22r<j + EtMgBr Bng/)/ + CPsz"‘“

5b 37: 80% 3

Eq. 2.28. Transmetalation of a zirconacyclopentane to Mg.
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Actually, while zirconacyclopentadienes alone do not react with CO at —78°C, the ad-
dition of BuLi allows the reaction to proceed, thereby leading to cyclopentenones 42
(Eq. 2.29) [10]. A similar transmetalation to Li has been proposed for zirconacyclopentanes.

R
R
i R c X
== n-Buli . /= + p2,Zr
Cpng / — szlzr _ Li =— Bu Lioz n
R Bu R
R R R
38 39
I
R R R co R
R R
H CpaZr™ X
o~ ongo@( —— "
R Bu R LA SR
Eq.2.29. Transmetalation R R A
of zirconacyclo-
pentadienes to Li. 42 a1 40

2.3.1.4 Transmetalation to zinc

It is well known that alkenylzirconocenes are transmetalated to zinc and conveniently
undergo further palladium-catalyzed cross-coupling reactions [7k,8a,32]. Although the
transmetalation of zirconacyclopentadienes to zinc is not yet well developed, some
interesting reactions that take place in the presence of ZnCl, have already been described
(Eq. 2.30) [9].

Ph
Cl Ph
Ph Ph ZnCl,
. Pd(PPh
Eq. 2.30. Transmetalation of a zirconacyclo- R cat. Pd(PPhs)q
pentadiene to Zn. 1j 43: 85%

2.3.1.5 Transmetalation to aluminum

As yet, there are not many examples of this. As a representative example, the reaction of
zirconacyclopentadienes with aldehydes in the presence of AlCl; affords cyclopentadiene
derivatives. In this case, the aluminum abstracts the oxygen atom from the aldehyde moi-
ety (Eq. 2.31) [11]. Aluminacyclopentadiene might be the intermediate in this reaction.

R R
R R
= R'CHO \
CpoZr. / R
R AiCl R
Eq. 2.31. Transmetalation of zirconacyclopenta- R
44: R=Pr, 92%

dienes to Al
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2.3.1.6 Transmetalation to other metals

Transmetalations of zirconacyclopentadienes to other metals have to be found and the
products can be expected to show some characteristic carbon—carbon bond formation.
For example, evidence for the transmetalation of zirconacyclopentadienes to Co has
been described (Eq. 2.32) [33]. The most attractive feature of the transmetalation of zirco-
nacyclopentadienes is the formation of dimetallo-diene species, the reactivities of which
are completely dependent on the metal.

Ph
P CpCol,(PPhs) Ph ' Pi‘\
CpoZe __ |4—CoCp
Ph Ph Ph
Ph Eq. 2.32. Transmetalation of a zircona-
45 cyclopentadiene to Co.
232

Coupling Reactions
2.3.2.1 Coupling with allyl halides

The first carbon—carbon bond-forming reaction of zirconacyclopentadienes involving a
copper transmetalation was the double allylation reaction shown in Eq. 2.33 [6].

R R R
cpzr, Ro2 0 R OB, o R
P24,

PSR catCutl  Nuv~Fag  )CO R

: R

A i) 1

35: R = Et, 96% 46: R = Et, 76%, trans only

Eq. 2.33. Double allylation of zirconacyclopentadienes catalyzed by CuCl.

Here, both carbons attached to the zirconium react with allyl chloride in the presence of
a catalytic amount of CuCl. In a subsequent step, the formed tetraenes (35) cyclize with
Cp,ZrBu, to give the corresponding zirconacyclopentanes, which, by a carbonylation reac-
tion at low temperature and subsequent treatment with iodine, afford the 8-5 fused-ring
ketones (46) in good yields. In this case, the six carbons C3—C8 are fixed in a plane and
hence the two terminal double bonds can coordinate simultaneously to the zirconocene
and lead to the zirconacyclopentane compounds. This cyclization to an eight-membered
ring can be attributed to the system of two conjugated dienes within the tetraenes. It is
noteworthy that 1,9-dodecadiene is not cyclized with Cp,ZrBu, to produce an eight-mem-
bered ring compound.
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When the electrophile contains two allyl halide moieties, two carbon—carbon bonds are
formed, resulting in cyclized compounds 47 and 48, as shown in Eq. 2.34 [7f].

Ci R!
P _ R!
or CIW\CI R2
1 2
R R! cat. CuCl R
N 47: R'=R%=Et, 66%
CpoZr _ ,
g2 R cl R!
X/C' R’
2
cat. CuCl R
R2
Eq. 2.34. Preparation of cyclized compounds by
double allylation of zirconacyclopentadienes. 48: R'=Ph, R’=Et, 66%

2.3.2.2 Coupling with benzyl halides

In a similar way to allyl chloride, benzyl halides also react smoothly with zirconacyclopen-
tadienes in the presence of CuCl. An interesting reaction is shown in Eq. 2.35, whereby
the benzo-type eight-membered ring compound 49 can be prepared [7j].

La OGS
b Pr Br Pr
CpoZr. .
Eq. 2.35. Preparation of an eight- Pr 2 CuCl Pr
Pr

membered ring by the reaction of a pr
zirconacyclopentadiene with
bis(bromomethyl)benzene. 49: 92%

2.3.2.3 Coupling with alkynyl halides

Yields of the coupling products with alkynyl bromides are relatively low as compared
with those obtained with allyl chloride or benzyl chloride. One reason for this is the
instability of the product. The dienediynes 51 are slowly cyclized under the influence of
light to give pentacyclic dimers 52 (Eq. 2.36), one of which has been characterized by
X-ray analysis.

The second reason for the lower yields is the high reactivity of the intermediate.
Two molecules of the alkynyl bromide react in a stepwise manner with the zircona-
cyclopentadiene. When one alkynyl halide molecule couples with the zirconacyclopenta-
diene, the intermediate bears a metalladienyne moiety (as in 50), as shown in Eq. 2.36
[34].

The remaining alkenyl copper moiety in 50 can react intramolecularly with the
carbon—carbon triple bond to give metallofulvene derivatives 53. However, the coupling
of the intermediate with the second molecule of alkynyl halide would seem to be
faster than the cyclization reaction. Therefore, the dienediyne is obtained as the major
product.
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R R o R
R Leu R R—==—Br — \R
U
CraZh Cu._~ - VY
R R Cu R
R R R
34 50
R
R
hv
R By R
R R R R
51 52: R=Et, R'=Pr, quantitative
R
R\ R
EE— — ——» further reaction
Cu R
R
53

Eq. 2.36. Coupling reaction of zirconacyclopentadienes with alkynyl bromides.

The coupling with alkynyl iodides in the presence of CuCl and DMPU proceeds quite
differently from that with alkynyl bromides. Although the first step of the coupling is
the same, the subsequent Cu/I exchange reaction of the intermediate is different. As
the final product, iododienyne 54 is obtained in high yields, as shown in Eq. 2.37 [35].
In the case of alkynyl bromides, Cu/Br exchange does not proceed. Therefore, the alkenyl
copper moiety couples with the second alkynyl bromide molecule.

Et Et Et
Et 2eq BuU—=—1 — I
Ve
Et 2 eq CuCl, 3 eq DMPU B BB

=
CpoZr., _

Et
54: 91%

Eq. 2.37. Coupling reaction of a zirconacyclopentadiene with an alkynyl iodide.

Similar coupling and iodination reactions are observed with thienyl iodide, as shown in
Eq. 2.38 [35]. Thus, carbon—carbon bond formation occurs with the first molecule of thie-
nyl iodide, and subsequent Cu/I exchange occurs with the second molecule.

Pr O_ Pr, Pr
Pr 2eq /) 1 |

== S TN
CpoZr. . —

Pr 2 eq CuCl, 3 eq DMPU NS P

Pr
Pr

55: 90%

Eq. 2.38. Coupling reaction of a zirconacyclopentadiene with thienyl iodide.
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2.3.2.4 Coupling with alkenyl halides
As shown in Eq. 2.39, 1,1-dihaloalkenes react with zirconacyclopentadienes to afford

fulvene compounds (56) [7p].

Pr Pr
__Pr _ " 2cucrzsDMPU Pr
CpoZr. + Br -
—
Pr /_< THF, 50°C, 12h Vi Br Pr
Pr Bu BU
56: 80%

Eq. 2.39. Coupling reaction of a zirconacyclopentadiene with a 1,1-dibromoalkene.

After treatment of zirconacyclopentadienes with 2 equivalents of CuCl at room tempera-
ture, the addition of a halogenating agent such as NBS at —78 °C leads to the formation of
octatetraenes 57a [7m]. This reaction involves slow bromination of the diene-dicopper
compounds and coupling with the alkenyl bromide moiety (Eq. 2.40).

Pr Pr  Pr

T 2CuCl, 3DMPU, rt. Pr Pr
CpoZr.
P\ " Pr pr 57a:54%

Pr i) 1 eq NBS, -78°C
Pr Pl Pr
CuCl
Pr
P~ Cu o
Pr ! r

P Pr Pr O Pr. Pr
Pr. Z~Cu NBS Z > Br Pr o S o
pr Y P Y cu \CuCu/

Pr Pr Pr Pr

34b 58 59

Eq. 2.40. Preparation of a cyclooctatetraene from a zirconacyclopentadiene.

A more direct coupling affording an eight-membered ring is that of bicyclic zirconacy-
clopentadienes with diiododienes. As shown in Eq. 2.41 [36a], in the presence of the stan-
dard 2.1 equivalents of CuCl and 3 equivalents of DMPU, bicyclic zirconacyclopentadienes
react with bicyclic diiododienes to produce similar eight-membered ring compounds. This

SiMe; SiMe, Me3Si SiMe;
2.1 eq CuCl, 3 DMPU
= S
o [ zcp, + : o 0 o
Z THF, 50°C
SiMeg SiMeg Me,Si SiMey
1k 59 57b: 56%

Eq. 2.41. Preparation of a tricyclic cyclooctatetraene from a bicyclic zirconacyclopentadiene and

a diiododiene.
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reaction is dependent on the size of the side ring of the bicyclic zirconacyclopentadiene.
Simple zirconacyclopentadienes do not afford the desired eight-membered ring com-
pounds. Even bicyclic zirconacyclopentadienes with a six-membered side ring do not
react. This is due to the direction of the C—Cu bonds in the dienyldicopper compound
and its matching with the direction of the C—I bonds in the diiododienes. Bicyclic zirco-
nacyclopentadienes with a four-membered ring also afford cyclooctatetraenes [36b)].

2.3.2.5 Coupling with aryl halides
In the presence of CuCl and DMPU, zirconacyclopentadienes react with iodobenzene to
give phenyldienes or diphenyldienes in high yields (Eq. 2.42) [35].

Pr Pr P P
r
< Phl, 50°C N I PP
CpoZr. —
Cu._~ \# Pr
Pr 2 eq CuCl Pr

Pr 2.5 6q DMPU Pr Pr

1i 61 62: 96%

Eq. 2.42. Reaction of a zirconacyclopentadiene with iodobenzene.

An application of this reaction to aromatic ring extension is noteworthy. As shown in
Eq. 2.43, zirconacyclopentadienes couple with diiodobenzene (63) to afford naphthalenes
64. When tetraiodobenzene (65) is used, octasubstituted anthracene derivatives 66 are
obtained [7c].

Et Et
o E I 2 CuCl Et
onal - C
—
Et | 3 DMPU Et
Et Et
63 64: 89%
Et Et Et
o E ! [ 4CuCl Et Et
vl - OO
Et | | 6 DMPU Et Et
Et Et Et
65 66: 62%

Eq. 2.43. Reactions of a zirconacyclopentadiene with diiodobenzene and with tetraiodobenzene.

2.3.2.6 Combination of coupling reactions

As described above, the coupling of zirconacyclopentadienes with diiodobenzene affords
six-membered aromatic rings (Eq. 2.43), while coupling with bis(bromomethyl)benzene
gives eight-membered rings (Eq. 2.35). A combination of the aryl coupling and benzyl cou-
pling, in other words the coupling of zirconacyclopentadienes with o-iodo(chloromethyl)-
benzene, produces benzo-type seven-membered ring compounds (68). Benzoyl halide
moieties also show a similar type of reactivity, as shown in Eq. 2.44 [70].
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Bu Bu By
L -BY [ 2.CuCl Bu
CpoZr. . + cl
Bu
67 68: 93%
Et Et Et
cogd S Et l 2 CuCl Et
P2l *a
Et 3 DMPU Et
Et le) o
69 70: 62%

Eq. 2.44. Formation of seven-membered rings from zirconacyclopentadienes and o-iodo(chloromethyl)-
benzenes.

233
Addition Reactions to Carbon—Carbon Triple Bonds

Addition reactions depend on the metal used for the transmetalation of the zirconacyclo-
pentadiene. After transmetalation to copper, an addition reaction occurs to the car-
bon—carbon double bond or to a carbon—carbon triple bond bearing electron-withdrawing
groups (Michael addition reactions). On the other hand, transmetalation to Ni allows the
use of carbon—carbon triple bonds bearing electron-donating groups.

The addition reactions of zirconacyclopentadienes to carbon—carbon triple bonds can be
classified into two types: (a) 1,1-addition reactions, and (b) 1,2-addition reactions, which
furnish benzene derivatives as shown in Eq. 2.45.

1,1-addition reaction

= y —= @ —
szzf _
71

1,2-addition reaction

=~ —
CpZZr / + -
Eq. 2.45. 1,1-Addition and
72

1,2-addition of zirconacyclopenta-
dienes to alkynes.
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2.3.3.1 1,1-Addition to carbon—carbon triple bonds

1,1-Additions of metallacyclopentadienes to carbon—carbon triple bonds are rare, and only
a few examples are known (Eq. 2.45) [37]. The 1,1-addition of zirconacyclopentadienes is
quite different from other carbon—carbon bond-forming reactions described in this chap-
ter. This reaction does not require transmetalation of zirconacyclopentadienes to other
metals. Thus, in the absence of any added metal halide, zirconacyclopentadienes react
with propynoates to give cyclopentadiene derivatives. This reaction requires the use of
at least 2 equivalents of the propynoate (Eq. 2.46).

Me excess Me
<M H=-cok M CO,Et
CpoZr’
.
Me Me
Me Me Eq. 2.46. 1,1-Addition of a zircona-
1l 71a: 93% cyclopentadiene to a propynoate.

The first propynoate molecule undergoes a carbon—carbon bond-forming reaction with
the zirconacyclopentadiene. The second molecule of the propynoate then donates a proton
to the zirconacycle to open the ring. Further intermolecular Michael addition to the result-
ing carbon—carbon double bond produces the cyclopentadiene compounds. Investigations
using deuterated propynoate were clearly indicative of the reaction mechanism shown in
Eq. 2.47.

R R R
<" D—=—CO.,R R/ “zrcp, D—==—COR
opa2r E:
R R
R o OR
73
R R /cozn R
— = R RO R .
R z R )—O-Z—=—COR COR
i — Cp» — =
R R DD R
D COZR R R
74 75 4l

Eq. 2.47. Reaction pathway of 1,1-addition of zirconacyclopentadienes to propynoates.

2.3.3.2 1,2-Addition to carbon—carbon triple bonds: Formation of benzene derivatives
Reactions of zirconacyclopentadienes with dimethyl acetylenedicarboxylate (DMAD) pro-
ceed to give benzene derivatives in high yields, as shown in Eq. 2.48 [7b,7k].

Et Et
= Et 2 CuCl Et. COgMe
CpoZr + Me0,C—=——CO,Me
Et Et CO,Me
Et Et
72a: 95%

Eq. 2.48. 1,2-Addition of a zirconacyclopentadiene to DMAD.
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Generally speaking, two mechanisms may be considered for the formation of benzene
derivatives from metallacyclopentadienes. These are the concerted mechanism (Path A)
and the insertion (addition) mechanism (Path B), as shown in Eq. 2.49.

Ln
M
Path A ﬁ
/ 76 \
Path B
x\ — /
— LM | 72
o
77

=
CpoZr .

Eq. 2.49. Two possible reaction
paths from zirconacyclopenta-
dienes to benzene derivatives.

There are several examples of the concerted mechanism. However, no report of an in-
sertion of a carbon—carbon triple bond into a metallacyclopentadiene had appeared prior
to discovery of this reaction. At low temperatures, during the reaction of zirconacyclopen-
tadienes with DMAD, the formation of trienes (79) is observed upon hydrolysis. This
clearly indicates that the benzene formation involves the insertion (addition) reaction of
DMAD. As shown in Eq. 2.50, the alkenyl copper moiety adds to the carbon—carbon triple
bond of DMAD and elimination of Cu metal leads to the benzene derivatives 72. Indeed,
a copper mirror is observed on the wall of the reaction vessel.

R R MeOZC COgMe
R MeQ,C—=—CO,Me — R
= R CuCl Cu” ™™ o2 2 Cu |
CPZZr P Cu._ .z Cu _ R
R R
R R R R
1 3 78
H+
e
R R
MeO,C, R R CO,Me R R CO,MeCO,Me
Cu o —
A Cu R \ R CO.Me H = H
MeO,C Cu R R
R R
80 72 R=Et, 78%
79

Eq. 2.50. Reaction mechanism of benzene formation from zirconacyclopentadienes and DMAD in the
presence of CuCl.

It is interesting to note that benzene derivatives are also obtained in the presence of
only a catalytic amount of CuCl. In this case, copper metal deposition is obviously not ob-
served. This means that there must be more than two routes from zirconacyclopenta-
dienes to benzenes.
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As for the third alkyne, at least one electron-withdrawing group is needed for the
formation of benzene derivatives. The main path of this reaction is the addition of the
alkenyl copper moiety to the carbon—carbon triple bond. Therefore, with copper chloride,
alkynes bearing electron-donating groups cannot be used. This is a critical problem in
benzene formation using CuCl. This problem can be solved by using NiX,(PPh;),. Alkyl-
substituted alkynes such as 3-hexyne and 4-octyne react with zirconacyclopentadienes in
the presence of NiX,(PPh;), to give benzene derivatives 72b, as shown in Eq. 2.51 [8a].

Et Et
Et Et———Et Et Et

Et NiXo(PPhg), Et Et ‘
Et Et Eq. 2.51. Preparation of a benzene

derivative from a zirconacyclopentadiene
72b: 73% in the presence of NiX,(PPhs),.

With NiX,(PPhs),, alkynes bearing either electron-donating or electron-withdrawing
groups can be used for the formation of benzenes. The mechanism of the reaction in
the presence of NiX,(PPh;), is not yet clear. A study using NiCl,(dppe) showed the forma-
tion of nickelacyclopentadienes, as described in Section 2.3.1.2. After the formation of
nickelacyclopentadienes, both the concerted and insertion mechanisms are possible.

2.3.3.3  Benzene formation from three different alkynes

Transition metal mediated or catalyzed benzene formation reactions have been reported
using various metals. However, the use of three different alkynes is difficult [38]. In
many cases, a mixture of several benzene derivatives is obtained. In 1974, Wakatsuki
and Yamazaki used three different alkynes with Co complexes [27Db], but isomers were
formed and a tedious chromatographic separation was necessary. The first selective cou-
pling of three different alkynes in high yields was reported in 1995 using a combination of
unsymmetrical zirconacyclopentadienes and CuCl, as shown in Eq. 2.52 [7k].

Me;Si SiMe;
M MeO,C—==—CO,Me Me CO,Me
Cpolr. _
Ph 2 Cucl Ph COMe ,
Ph Ph Eq. 2.52. Benzene formation from
three different alkynes using CuCl
e 72¢: 56% via a zirconacyclopentadiene.

The zirconacyclopentadiene prepared from unsymmetrical trimethylsilylpropyne and
diphenylacetylene reacts with DMAD in the presence of 2 equivalents of CuCl and 3
equivalents of DMPU to give the corresponding benzene derivative 72¢ in 56 % yield as
a single product in a one-pot reaction. Some other examples are shown in Table 2.3.

In transition metal mediated or catalyzed reactions, high selectivity can be achieved, in
many cases through the assistance of some functional groups. The selective coupling of
three different alkynes bearing similar substituents is a difficult goal to achieve. In
other words, selective coupling of three alkyl-substituted alkynes, such as 2-butyne, 3-hex-
yne, and 4-octyne, presents a considerable challenge. To this end, benzene formation from
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Table 2.3. Benzene formation from three different alkynes

1% Alkyne 2" Alkyne Product Yield (%)°
Et———Et Ph———Ph Ph 95(63) |
Ph COOMe
Et COOMe
Et
MezSi———Me Ph———Ph SiMe, (56)
Me COOMe
Ph COOMe
Ph
Bu——Bu Et———Et Bu 90(71)
Bu COOMe
Et COOMe
Et
Et—=——Et Me,Si—==-Bu SiMes 83(74)
Bu COOMe
Et COOMe
Et
Et———Ft Ph—=—=-H Ph 85(66)
H COOMe
Et COOMe
Et

* GC yields. Isolated yields are given in parentheses.

three different alkynes via zirconacyclopentadienes in the presence of Ni complexes has
proved valuable.

Unsymmetrical zirconacyclopentadiene 1m, prepared from 2-butyne and 4-octyne,
reacts with 3-hexyne in the presence of NiCl,(PPhs), to give a single product (72d), as
shown in Eq. 2.53 [8a].

Me Me
< Me Et—=—Ft Et Me
CpoZr _
NiXx(PPh
Eq. 2.53. Benzene formation from three Pr Pr 2(PPhale Et Pr
different alkynes using NiX,(PPhs), via a Pr
im 72d:63 %

zirconacyclopentadiene.

This result clearly shows that the positions of three alkyl groups such as Me, Et, and Pr
can be completely controlled in this reaction.
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2.3.3.4 Applications of benzene formation

Benzo-type heterocyclic compounds can be prepared by this method. There have
been many examples of this type of reaction using various metals, as shown in
Eq. 2.54 [7q].

R!
R—— Rg? i
o CpeZBuy ST\ RE =g R /2
R1 — /\R2 P2 = \Rz —_— Y\'
- ; NiXo(PPhg)s s R?
R or CuCl ]!
81 in
Y = §i, Ge, Sn

72e: 50-91%

Eq. 2.54. Benzo-type heterocycle formation from zirconacyclopentadienes.

Metalated benzene derivatives can also be prepared by the reaction of alkynyl lithium
reagents with zirconacyclopentadienes (Eq. 2.55) [39].

Et Et Et
L Et Etj¢[Et Etj¢[Et
CpaZr __ +  Ph—=—Li — —
Et M Et D Et
Et Ph Ph
72f 729
M = Li or ZrCp, 66%, D = 98%

Eq. 2.55. Metalated benzene formation from a zirconacyclopentadiene.

Further carbon—carbon bond formation on the benzene ring is possible and the
reaction can be catalytic when an Ni metal oxidation step is introduced, as shown in
Eq. 2.56 [40].

R R P R'
74
S R R————X R
CpoZr -
= R 10mol% R R'
R NiXa(PPhs), R
R = alkyl, R’ = alkyl Eq. 2.56. Benzene formation from zirco-
82: 50-55 % nacyclopentadienes catalyzed by Ni.

Pentacene is a useful compound in materials science, in particular for use in
solar batteries, superconductors, and laser emission materials, etc. Unfortunately,
however, pentacene is not soluble in organic solvents. As shown in Eq. 2.57, a combina-
tion of the aforementioned benzene formation reaction and alkynylation of phthalate
leads to alkyl-substituted pentacenes, which are very soluble in various organic solvents
[41].
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Pr Pr Pr
Pr CO,Me
__ ZCp,
Pr COMe ~
Pr Pr Pr Pr
72h 83: 97% 1o
Pr Pr
BoSouN OOO
Pr CO,Me Pr CO,Me
Pr Pr
84: 81% 85: 90%
r Pr Pr
90O Ul
COzMe
Eq. 2.57. Formation of a substituted pentacene. 86: 33%

Dibromoterphenyl compounds (72i) can be prepared from zirconacyclopentadienes.

They polymerize in the presence of a Ni catalyst to afford polyphenylene derivatives 87,
as shown in Eq. 2.58 [42].

Br Br

0 ®

CO,Me 5 mol% NiCly(PPhg),
MeO,C COMe ~ o
Y, Tz : 2 D O 2 moft bpy
7 CuCl COMe  3eq.2n
O DMF, 50°C
Br Br
1p 72i P
AN
Y.

OO

MeO,C  CO.Me

87: 74-94%

Eq. 2.58. Polyphenylene formation from zirconacyclopentadiene-containing precursors.
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As shown in Eq. 2.59, zirconacyclopentadienes can be inserted into such a polymer
chain (1q) from the beginning. The polymer can then be converted into polyphenylenes
88 in good yields [43]. Silyl-bridged diynes react with Cp,ZrBu, to afford a macrocyclic tri-
mer (89), as shown in Eq. 2.60 [43].

C5H11 Can CoHyt  CsHis

Q O Mec)zccucI COMe Q O O

MeO,C COsMe

1q 88: 29%

Eq. 2.59. Reaction of a zirconacyclopentadiene in a polymer chain with DMAD.

Me Me Cpa
ncpzzrn
T M
M92 Me2 (
S
Me Me
ir
sz
MeZS| SiMe;
MeQS| SIM62
MeZSI SiMe, Eq. 2.60. Formation of
a macrocyclic trimer from
89: 93% a zirconacyclopentadiene.

2.3.3.5 Addition of azazirconacyclopentadienes to carbon—carbon triple bonds.

Formation of pyridine derivatives

Pyridine formation, by the reaction of a metallacyclopentadiene with a nitrile, has been
extensively investigated in the case of cobalt [1f]. When pyridine derivatives are prepared
from two different alkynes and a nitrile, specific substituents are needed for the selective
coupling reactions. In most cases, a mixture of two isomers (91 and 92) is obtained, the
formation of which can be rationalized as shown in Eq. 2.61 [1f,27a,44].

R1

R! R
1 1 1
. . R HoN R | x R . N R
LnCo, + -_— |
= R2 N~ R2 R o R2
R2 R2 2
R Eq. 2.61. Reaction of cobalta-

20 91 92 cyclopentadienes with nitriles.
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This selectivity can only be achieved with the assistance of functional groups on the
alkynes. Thus, if an alternative selective procedure that was independent of the nature
of the alkyne substituents were to be available, it would be synthetically very useful. In
order to develop such a new procedure for the formation of pyridine derivatives, azazirco-
nacyclopentadienes, prepared from an alkyne and a nitrile, are important. As shown in
Eq. 2.62, treatment of an azazirconacyclopentadiene with an alkyne in the presence of
NiCl,(PPh;), gives a pyridine derivative as a single product [8b]. Preparative methods
for azazirconacyclopentadiene derivatives will be discussed below.

R R
! 2
SR R—R? R R
CpaZr( _ — I
N" g NiClx(PPhg), R2 =
Eq. 2.62. Reaction of azazirconacyclopenta- N" R
dienes with nitriles. 93 91

2.3.3.6 Addition to carbon—carbon double bonds

In a similar way to the addition of zirconacyclopentadienes to DMAD, their addition to
methyl maleate gives cyclohexadiene derivatives. It is noteworthy that the two COOMe
groups are cis in the starting material and trans to one another in the product, as
shown in Eq. 2.63 [7Kk].

MeO,.C COzMe

Et MeO,C  CO,Me &t
Et 2 \—=/ z Et Et ~COMe
cpzr, Cu | _
—= Cu
2 CuCl —/ Et Et 'COMe
Et 3DMPU 2
Et Et Et
94

Et
95: 75%

Eq. 2.63. Addition of a zirconacyclopentadiene to an alkene.

Et EtO,C  Et
|
s Et __ COEt S AE
P24, c —
Rt 2 CuCl U e
Et Et
96
Et Et
Et " Et
eo— Et Et0,C Et
97 71b: 97%
(o]
(o) Ph
~ " ! Ph
CpoZr. .
Eq. 2.64. Reactions of Ph Ph 2 CuCl I Ph

zirconacyclopentadienes with
alkenyl iodides. 98: 78%
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2.3 Carbon—Carbon Bond Formation

This result reveals that the reaction proceeds in a stepwise manner with rotation about
the C—C single bond in the intermediate to produce the more stable product.

A combination of addition to an activated carbon—carbon double bond and the coupling
reaction with alkenyl iodides produces cyclopentadienes or spiro-anellated cyclopenta-
diene derivatives 98, as shown in Eq. 2.64 [7i,7n].

2.3.4
Insertion Reactions of Carbon Monoxide and Isonitriles

Zirconacyclopentadiene shows a different reactivity towards CO as compared with zirco-
nacyclopentane and zirconacyclopentene. Zirconacyclopentane and zirconacyclopentene
readily react with CO at low temperature to give cyclopentanone and cyclopentenone,
respectively. The different reactivity of zirconacyclopentadienes can be explained by
comparing the reactivity of the Zr—Cg,, bond with that of the Zr—C,; bond. Insertion
of CO into the Zr—Cy,; bond proceeds readily at low temperature and therefore
zirconacyclopentane and zirconacyclopentene, which contain Zr—Cg,; bonds, react
directly with CO as shown in Eq. 2.65 [45]. Zirconacyclopentadienes, on the other
hand, do not.

Zirconacyclopentane
CpoZr C r P
-78°C
101 102
Zirconacyclopentene
SiMes SiMeg SiMes SiMe,
== CO CpoZr A —_— CPZZ'I' — 0
Cp22r —_— O ’
-78°C o
4c 103 104 105
Zirconacyclopentadiene
R
cogd R co R
P24,
7~ ~g -78°C °©
R
R R
106

Eq. 2.65. Different reactivities of zirconacycles towards CO.

The first successful reaction of zirconacyclopentadienes with CO is shown in Eq. 2.29.
However, this reaction gives cyclopentenones rather than cyclopentadienones. In order to
form cyclopentadienones from zirconacyclopentadienes by CO insertion, transmetalation
to Ni is very effective. Thus, in the presence of NiCl,(PPh;),, zirconacyclopentadienes
react with CO to afford cyclopentadienones, as shown in Eq. 2.66 [46].
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Eq. 2.66. Formation of a cyclopentadienone from a Bu Bu
zirconacyclopentadiene. L Bu co Bu
CpoZr, /
gy NiCly(PPhg), Bu
Bu Bu
18 106a: 73%

Usually, an isonitrile can be inserted without transmetalation. As shown in Eq. 2.67,
Majoral et al. have isolated and characterized by X-ray analysis the intermediate involved
in isonitrile insertion into zirconaindene complexes [47].

PPh,
L g — U
ZrC
PPh, P2 s

Zr
Cpo Mess'\/N . N—ZrCp,

107 108: 76% 109
Eq. 2.67. Reaction of a zirconaindene with an isonitrile.

In particular cases, such as with sterically hindered substituents in the a-positions of
the zirconacyclopentadiene, the addition of CuCl is effective (Eq. 2.68) [46].

Pr
Pr
N_
CpQZr

Pr
CuCl Pr

Eq. 2.68. Reaction of a zirconacyclopentadiene
with an isonitrile. 1h 110: 63%

235
Carbon—Carbon Bond Cleavage Reactions

Cleavage of the B,B-carbon—carbon bonds of zirconacyclopentanes and zirconacyclopen-
tenes is very often observed. This cleavage reaction is useful for the preparation of various
zirconacycles. As examples, various transformations of zirconacyclopentenes involving
B,B-carbon—carbon bond cleavage are shown in Eq. 2.69 [13,48].

Reactions of zirconacyclopentenes with nitriles involving carbon—carbon bond cleavage
offer an effective preparative method for azazirconacyclopentadienes [48], which, in turn,
are of key importance in the selective preparation of pyridine derivatives from two
different alkynes and a nitrile (vide supra). Zirconacyclopentadienes are more stable
than zirconacyclopentanes or zirconacyclopentenes. In fact, 2,3,4,5-tetraethylzirconacyclo-
pentadiene does not undergo the f,p-carbon—carbon bond-cleavage reaction. Only with
zirconacyclopentadienes bearing sterically bulky groups, as shown in Eq. 2.70 [49], is
the B,B-carbon—carbon bond cleavage observed, thereby replacing the unsaturated system
(Eq. 2.71) [50].
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CpoZiCly

i} 2 EtMgBr

i) R
R'CN
szZr\)I /——* sz2<:[

szzr

\/
N 4 \ PMe,
CpoZr )\/[ ‘._L/ Cp22r---l |
Me2P R
112

Eq. 2.69. Reactions of zirconacyclopentenes involving ,8-C—C bond cleavage.

SiMej SiMe; t-Bu t-Bu
- R < R R R

~ ~T

CpoZr _~~ CpoZr Pt CpoZr noanr CpLZr. o
R Ph R Ph

SiMe; Ph tBu Ph

1t 1u 1v 1w

Eq. 2.70. Zirconacyclopentadienes which undergo the B,3-C—C bond-cleavage reaction.

SI\MS;;BU /\/OSiMes Me3Si _ Bu - Me,Si . Bu
CpaZr_~p~ CpoZr -
~ Bu  Bu SiMe; ~ MesSiO
SiMey
1x 113 114: 85%

Eq. 2.71. B,B-C—C bond-cleavage reaction of a zirconacyclopentadiene.

The migration of organic groups on metals to a-halogenated groups has been developed
by Negishi and used by Whitby in zirconium chemistry [51]. A similar type of migration
in the case of zirconacyclopentadienes is also possible, as shown in Eq. 2.72, which affords
zirconacyclohexadiene derivatives [52].

R SiMe3 R R
= Li Cl —
CpoZr. _ : CpoZr / R'
R
R' Me3Si R'

Eq. 2.72. Migration reaction of zirconacyclopenta-
115 dienes.
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2.3.6
Elimination Reactions

In this section, two types of elimination are discussed:

- Eliminations of functional groups from zirconacycles with the zirconium metal still
attached to the organic molecule.
« Elimination of the zirconium itself from the product.

2.3.6.1 Elimination of an alkoxy group or halogen

Elimination of an alkoxy group or of a halogen in the case of zirconacyclopentenes has
been investigated in combination with the B,B-carbon—carbon bond-cleavage reaction.
As shown in Eq. 2.73, an OR group or a halogen at a B-position is eliminated and trapped
by the zirconium metal center [53].

R R R
R _~_OR R R
= ~= S
Cpgr{j CPZ? Cpfé
RO
116
4 4d Allylzirconation of alkynes
R R R
R ) R R
OR
CpoZr. = ___;T——. CpZng)\//L(\ CPQZ{A(
= OR' OR' x
117
e Vinylzirconation of alkynes
R R R
R _~_~ R
=
cpz! ~ B cpzd CoZr R
Br
af 118
TBSO TBSO, _R .
R R .
—=r R R R
+
szzf---” R cpzr, | — A, ’>
Cp22|l'
TBSO
4g 119 120

Eq. 2.73. Elimination of OR or halogen from zirconacyclopentenes.
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2.3 Carbon—Carbon Bond Formation

In the case of zirconacyclopentadienes, there have not been many examples, but a simi-
lar elimination can proceed, as shown in Eq. 2.74 [53c].

MeQ MeO
CpoZrBuy =
MeO MeO
121 1y 122 123: 72 %

Eq. 2.74. Elimination of OR from a zirconacyclopentadiene.

2.3.6.2 Reductive elimination

Reductive elimination of a zirconacycle to give a four-membered ring is very rare. Only
one example has been reported in the case of o-alkynylated zirconacyclopentenes, as
shown in Eq. 2.75 [54].

Ph
” Ph y Ph
PMe.
Ph 3 p. A 2 Ph 7
Cppze! or ZrCp,
MeO,C—=—=—CO,Me PMeg
4h 124 125: 84%

Eq. 2.75. Reductive elimination of an a-alkynylated zirconacyclopentene.

The formation of cyclobutadiene derivatives from zirconacyclopentadienes can be
accomplished as follows (Eq. 2.76) [55].

R . R. R R FF R
< i) Iy N
CpoZr. —_— — | ]
= R ii) CuCl A R R/ R
R 126 R R
l 127: R=Pr, 78%
R . Meo,c~  comMe  R_B
17 %--"COZMe
Cuo = . R “uCO,Me Eq. 2.76. Formation
R of cyclobutadienes
from zirconacyclo-
128 129: R=Et, 50% pentadienes.

Monoiodination of a zirconacyclopentadiene with one equivalent of iodine followed
by the addition of one equivalent of CuCl gives the dimer of the cyclobutadiene and
the Diels—Alder product in the presence of methyl maleate. This indicates the formation
of a 1-iodo-1,3-dienyl copper compound and the subsequent elimination of Cul to give
a cyclobutadiene equivalent. Direct reductive elimination of zirconacyclopentadienes
affording cyclobutadienes has not yet been observed.
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Cyclobutene formation via zirconacyclopentenes can be catalytic, as shown in
Eq. 2.77 [56).
10 mol% szZI’Etg C6H13
CeHig—=—Cl

3 EtMgBr

Eq. 2.77. Formation of a cyclobutene catalyzed by Zr. 130: 61%

237
Rearrangement

When an alkynylsilyl group is present at the a-position of zirconacycles such as zircona-
cyclopropene, zirconacyclopentene, or zirconacyclopentadiene, an unusual rearrangement
proceeds to give zirconacyclosilacyclobutene derivatives 132, as shown in Eq. 2.78 [57].
The zirconacyclosilacyclobutene fused complex 132 and the zirconacyclohexadiene silacy-
clobutene fused complex 137 have been characterized by X-ray analysis.

R M_e2
A CpoZiEt, PN\ si 21,
MeSi{ —= 2 . %TL Ph—==—==—ph
\n R=Ph  cpzr Ph 133
131 132 Me,
I+ - Ph SI
Cpo2rEt, H* (0% )=§Q\
HorD
R=Bu HorD Ph
Bu 134
==_ .. Me. Me.
\SIMeZBu Bu ___si 2 Bu ___Si 2
= 50°C ) D* )
Cpa2r - Bu Bu
H H
zr D
4 135 136
Etes Et
Et TS—gipn, T-SiPh,
PhSi/ i»cz\a—'e"“x—— I
N N THF P2f\__
Et i R A R
131a 1z 137

Eq. 2.78. Rearrangement reactions of zirconacycles bearing an alkynylsilyl group.

In line with the known similarity between the chemistry of Si and P, alkynyl phos-
phorus species undergo a similar rearrangement (Eq. 2.79) [58].

CpsZ ]
[ P2 r<© Ph . Ph
10 Bu Bu
\ g
=), OO o e f
Zr

Cp Ph H Ph

138 139: 65% 140
Eq. 2.79. Rearrangement reaction of zirconacycles containing an alkynyl phosphorus group.
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2.4 Conclusion

2.4
Conclusion

For a long time, zirconacyclopentadiene was considered to be inert towards car-
bon—carbon bond formation. However, through transmetalation to Cu, Ni, Zn, Li, and
Al, various kinds of carbon—carbon bond-formation methodologies have been widely de-
veloped. One major advantage of this chemistry is that zirconacyclopentadienes can be
conveniently prepared in situ, in high yields and with excellent selectivities, from two dif-
ferent alkynes. Combination of the selective formation of zirconacyclopentadienes and the
chemistry of Cu, Ni, Zn, Li, or Al provides useful tools in organic synthesis. In the near
future, it can be expected that more metals will be used for the transmetalation reactions
of zirconacycle derivatives and some catalytic reactions will hopefully be developed.

Typical Experimental Procedures

Synthesis of (3E,5E)-4-Ethyl-5-propyl-3,5-nonadiene (see Eq. 2.10, representative procedure
for preparation of zirconacyclopentadienes) Under dry nitrogen, a 50 mL Schlenk tube
was charged with Cp,ZrCl, (6 mmol, 1.75 g) and THF (30 mL). The mixture was cooled
to —78°C (dry-ice/methanol bath), whereupon nBulLi (1.7 m in THF, 12 mmol, 7.1 mL)
was added dropwise by means of a syringe. The reaction mixture was stirred at —78°C
for 1 h under nitrogen and then ethene gas was introduced for 1 h. Thereafter, the reac-
tion mixture was allowed to gradually warm to room temperature. 4-Octyne (5.0 mmol,
0.74 mL) was added, and the resulting mixture was stirred for 1 h at room temperature
under a positive pressure of ethene gas. 3-Hexyne (5.0 mmol, 0.57 mL) was then added
to the solution. The mixture was heated at 50 °C under an atmosphere of dry N, instead
of ethene gas, and was stirred for 1 h. The cross-coupling intermediate, 1,1-bis(cyclopen-
tadienyl)-2,3-diethyl-4,5-dipropylzirconacyclopentadiene, was formed in 98 % yield (by
NMR). The reaction mixture was quenched with 3 ¥ HCI and extracted with diethyl
ether (3X70 mL). The combined extracts were washed sequentially with water, aq.
NaHCO; solution, brine, and water, and then dried over MgSO,. The solvent was evapo-
rated in vacuo to leave a light-brown liquid. Distillation provided (3E,5E)-4-ethyl-5-propyl-
3,5-nonadiene as a colorless liquid (0.80 g, 82 %).

General Procedure for the Formation of Benzene Derivatives (see Eq. 2.48) At 0°C, di-
methyl acetylenedicarboxylate (284 mg, 2 mmol) and CuCl (198 mg, 2 mmol) were
added to a solution of zirconacyclopentadiene (1 mmol) in THF, prepared in situ accord-
ing to the known procedure [12]. The reaction mixture was then allowed to warm to room
temperature and was stirred for 1 h. After hydrolysis with 3 ~ HCI, the mixture was
extracted with diethyl ether. The combined extracts were washed sequentially with
water, ag. NaHCOj solution, brine, and water, and then dried over MgSO,. Concentration
in vacuo followed by flash-chromatography eluting with a mixture of hexane and diethyl
ether (10 %) afforded benzene derivatives.

Typical Procedure for the Preparation of Benzene Derivatives from Three Different Alkynes
using NiCl,(PPh;), (see Eq. 2.53) To a solution of a zirconacyclopentadiene (1.0 mmol)
[4] prepared from two different alkynes in THF (20 mL), the third alkyne (1.5 mmol)
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and NiCl,(PPh;), (0.74 g, 1.0 mmol) were added at room temperature. The mixture was
stirred for 1 h, then quenched with 3 ~ HCI and extracted with hexane. The combined
organic extracts were dried (MgSO,) and concentrated in vacuo. Column chromatography
on silica gel (hexane) afforded the desired products.

Typical Procedure for the Preparation of Silacyclobutene Derivatives (see Eq. 2.78) To a
solution of Cp,ZrCl, (1.25 mmol, 0.365 g) in THF (10 mL) at —78 °C (dry-ice/methanol
bath) in a 20 mL Schlenk tube, EtMgBr (2.5 mmol, 0.90 M solution in THF, 2.78 mL)
was added dropwise by means of a syringe. After the addition was complete, the reaction
mixture was stirred at —78°C for 1 h. Bis(phenylethynyl)dimethylsilane (1 mmol) was
then added and the mixture was allowed to gradually warm to room temperature. After
the reaction mixture had been stirred at room temperature for 1 h, it was quenched
with 3 N HCI, and the resulting mixture was extracted with diethyl ether (3 X 70 mL).
The combined extracts were washed with water and brine, and then dried over MgSO,.

Evaporation of the solvent in vacuo gave the desired products.
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3
Elaboration of Organozirconium Species by Insertion of Carbenoids

Sally Dixon and Richard J. Whitby

3.1
Introduction

The use of stoichiometric zirconium chemistry for the synthesis of organic compounds
has developed rapidly over the past 15 years. The starting points for most synthetic appli-
cations of zirconium chemistry are hydrozirconation of alkenes or alkynes with Cp,ZrHCl
[1] to give organozirconocene chlorides, and co-cyclization of alkenes and/or alkynes with
a zirconocene equivalent (“Cp,Zr”) to afford five-membered zirconacycles [2,3]. Further
elaboration of these intermediates through carbon—carbon bond-forming reactions is im-
portant, but they are rather unreactive towards conventional electrophiles [4]. In marked
contrast, carbon monoxide is observed to insert rapidly into Cp,ZrMe, at —130°C [5]. In
order to understand the exceptional reactivity of carbon monoxide, we note that a key char-
acteristic of organozirconocene complexes is the generally preferred 16-electron config-
uration of the metal. In reactions with carbenes (such as CO), the remaining empty orbital
on zirconium is able to accept an electron pair to form an 18-electron ‘zirconate’ species 1,
which may undergo a 1,2-rearrangement to form a new carbon—carbon bond as in 2
(Scheme 3.1). The product of insertion of the carbene retains a carbon—zirconium
bond, making the reaction ideally suited to iterative methods. The close analogy to
more familiar organoboron chemistry is worth noting [6].

(:C .
R! _| C—R!
. C:=CO,CNR
CpoZ CpoZr—R' CpoZi’ ’ :
P2 r\RQ E— Palr e P2 r\RZ RIR2CLiX
RZ
1 2

Scheme 3.1. Carbene insertion into organozirconocenes.

In this chapter, we provide the necessary background concerning the formation of zir-
conacycles, then briefly review the insertion of carbon monoxide and isoelectronic isoni-
triles into organozirconocenes. We then describe in more detail the insertion of a-halo-a-
lithium species (R'R’CLiX, ‘carbenoids’[7]), which may be viewed as taking place accord-
ing to a conceptually similar mechanism.
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3.1.1
Formation of Zirconacycles

A wide variety of five-membered zirconacycles 8 may be formed by the formal co-cycliza-
tion of two m-components (3 and 6; alkene, alkyne, allene, imine, carbonyl, nitrile) on zir-
conocene (‘Cp,Zr’) (Scheme 3.2) [2,3,8]. The co-cyclization takes place via the n*-complex 5
of one of the components, which is usually formed by complexation of 3 with a zircono-
cene equivalent (path a) (‘Cp,Zr’ itself is probably too unstable to be a true intermediate)
or by oxidation on the metal (cyclometallation/B-hydrogen elimination) (path b). Two addi-
tional routes to zirconocene n*-complexes are by the reverse of the co-cyclization reaction
(i-e. 8 reverting to 5 or 9 via 7), and by rearrangement of iminoacyl complexes (see Section
3.2.2 below). The “direct complexation” method (path a) is generally only useful for intra-
molecular co-cyclizations (see below), or when the two m-components are the same, or
when dimerization of one component is unfavorable. Co-cyclization of the intermediate
7 is generally slow relative to the loss of one of the m-components (to revert to 5 or 9)
and so, even when the starting n*-complex 5 is formed by a path that avoids self-condensa-
tion, exchange to form 9 with the liberation of 3 takes place and, consequently, mixtures of
the desired zirconacycle 8 and zirconacycles resulting from the dimerization of 3 or 6 are
formed. Intermolecular co-cyclizations may be successful when cycloreversion of 7 invari-
ably gives 5 and not 9. This may be because the n?-complex 5 is much more stable than 9
(e.g. zirconocene n’-imine complexes, zirconocene ethylene, some zirconocene alkyne
complexes), or because the m-component 3 is very unstable (e. g., when 3 would be a ben-
zyne). Examples are the formation of zirconacyclopentenes or -pentanes 11 from zircono-
cene ethylene 10 (Scheme 3.3), and of zirconaindanes 13 via a zirconocene benzyne com-
plex 12 [9—11].

X
I 'CpyZr X o
p\ZL Cpzrlll | Y= Vi
path a 6 P AN
¢ szzf\/ =—= CpZr, j
Cp2 path b -6 7 X
2. X
R) (XI -RH CPZZr_Hn 7 8
H) ' 5 +3)|-3
4 Y
Cpozr |,
Scheme 3.2. Formation of zirconacycles. 9
CZGCz % R—==pR' R R
or DZGCz — ﬁZGCz
B o
’ 0°C
CpaZr, -CoHg 10
Et 11
OMe gpz OMe OMe Chy
I'"Me A Z By zZr
e ZrCpy |
Scheme 3.3. Formation of H -CHy

monocyclic zirconacycles. 12 13 Bu
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3.2 Carbonylation and Isonitrile Insertion

Various sources of the zirconocene fragment have been used for intramolecular co-cy-
clization, of which the most popular is zirconocene(1-butene) 14, generated in situ by re-
duction of zirconocene dichloride (Cp,ZrCl;)) with two equivalents of n-butyllithium
(Scheme 3.4) [12]. The procedure is applicable to the formation of a wide range of carbo-
cyclic and heterocyclic systems 16 [2,3,13,14]. As regards the intramolecular co-cyclization
of dienes, only the formation of five- and six-membered rings works well, although larger
rings may be formed when the chain contains a nitrogen or when there are steric con-
straints. Co-cyclizations of substrates containing multiply-substituted alkenes (tri- or tetra-
substituted) are generally not successful. Enyne co-cyclization readily leads to five- to
seven-membered rings, while diyne co-cyclization is amenable to the formation of four-
membered to large rings. Ether or alkoxide substituents are compatible, except when f
to a carbon—zirconium bond in the intermediate 15. Carbonyl groups are usually not
compatible with the cyclization although, when remote from the metal, amide groups sur-
vive. The use of zirconocene ethylene or zirconocene dichloride reduced in situ with mag-
nesium metal (with or without HgCl, as an activator) sometimes has advantages, particu-
larly for the use of substrates containing terminal alkyne or allylic or propargylic ether
functionalities [15,16].

n-BulLi (2 eq)
CpsZrCly, ——— CpQZIr/\/\ D Cp22r—(\

78 °C, THF Bu H -BuH
15min
14
zz—R'
e
“\~\H2 l\/\/
R
- ZrG
N P2 Scheme 3.4.
T>R? Co-cyclizations using
15 Negishi's reagent.

3.2
Carbonylation and Isonitrile Insertion

3.2
Acyclic Organozirconocenes

Carbon monoxide rapidly inserts into the carbon—zirconium bond of alkyl- and alkenyl-
zirconocene chlorides at low temperature with retention of configuration at carbon to
give acylzirconocene chlorides 17 (Scheme 3.5). Acylzirconocene chlorides have found
utility in synthesis, as described elsewhere in this volume [17]. Lewis acid catalyzed
additions to enones, aldehydes, and imines, yielding o-keto allylic alcohols, a-hydroxy
ketones, and a-amino ketones, respectively [18], and palladium-catalyzed addition to
alkyl/aryl halides and a,B-ynones [19] are examples. The acyl complex 18 formed by the
insertion of carbon monoxide into dialkyl, alkylaryl, or diaryl zirconocenes may rearrange
to a n’-ketone complex 19 either thermally (particularly when R' = R* = Ph) or on
addition of a Lewis acid [5,20,21]. The rearrangement proceeds through the less stable
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18-out isomer. The n’-ketone complexes 19 undergo insertion of m-components to form
zirconacycles 20 [20,21].

o) R’
Aor X R’
R co )I\ 1 ,& AIR.CI 0 I O~/_R2
CpoZr, , — | Cpazr, R — CpoZr_ 0 [— CpoZr. — CpoZr,
R R2 R2 \|\R2 N
out in R
17R% =Cl 19 20
18 R? = alkyl, aryl

Scheme 3.5. Carbonylation of organozirconocenes.

The synthesis of analogous iminoacyl complexes by isonitrile insertion into linear alkyl-
zirconocene chlorides is also known. In an overall regiospecific hydrocyanation of alkenes,
iminoacyls 21 derived from tBuNC or Me;SiCN (as the Me;SiNC isomer) may be treated
with I, to rapidly generate an imidoyl iodide and subsequently the nitrile 22 (Scheme 3.6)
[22]. Less hindered iminoacyl complexes (e.g. R = Bu, Cy) may be hydrolyzed to afford
aldehydes 23 [23].

cl > NR? |
. RZNG 2 _N
ZrCpy, —» —_— Z
RIS 1HP2 R ZCpCl  R2 - By, SiMey RN
21 22
AcOH aq
Rm i
' R1/\)
Scheme 3.6. Isonitrile insertion into organozirconocene chlorides. 23

3.2.2
Zirconacycles

In the carbonylation of zirconacycles 24 [24], the initially formed n’-acyl complex 27 ra-
pidly rearranges to the n’-ketone complex 29, presumably because 27 is locked in the
acyl-out form (cf: 18 in Scheme 3.5). In the case of carbonylation of saturated zircona-
cycles, the n?-ketone complex 29 is rather stable and protonation soon gives the alcohol
31 (Scheme 3.7). Prolonged exposure to CO affords the saturated ketone 33, probably
through displacement of the n?-ketone ligand by CO. Higher yields of the saturated ketone
33 are generally obtained by work-up of 29 with iodine [25]. Carbonylation of zirconacyclo-
pentenes 24 (1 atm CO, 20°C, 16 h) generally gives cyclopentenones 33 in high yield [2,3].
It has been observed with certain zirconacyclopentene substrates that carbonylation for a
short time followed by work-up with electrophiles affords the saturated ketones 35, imply-
ing the intermediate formation of the allyl-zirconocene tautomer 34 of 29 [26,27]. The gen-
erality of this process is not yet clear.

Isonitrile insertion into zirconacycles to afford iminoacyl complexes 28 is fast, but rear-
rangement to n’-imine complexes 30 is slow. In the case of tBuNC, the rearrangement
does not occur. Amines 32 are formed on protonolysis of the n*-imine complex. The
n-imine complexes 30 readily undergo insertion of m-components (alkenes, alkynes, ke-
tones, aldehydes, imines, isocyanates) to provide a wide variety of products 37 via zircona-
cycles 36. The overall sequence gives a nice demonstration of how a number of compo-
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// X
G::ZGCg L» _ZrCpe —_— C@Zﬁ%pg

X=0,NR

24 25X=0 27X=0
26 X = NR / 28 X = NR
‘e, ————— ZGC2 —_—
H -CpoZr(CO),

31X=0 20X=0 33
32 X = NR x_NR | 30X =NR
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QX = X |2 | e
ii) H,0
34 E 35

Scheme 3.7. Carbonylation and isonitrile insertion into zirconacycles.

nents may be assembled sequentially on a zirconocene template. A variety of isonitriles
(R = Ph, Bu, Cy, Me;Si) may be used, the most useful of which is trimethylsilyl cyanide;
insertion of the latter as its isocyanide isomer gives primary amines [28—31].

33
Insertion of 1-Halo-1-lithio Species into Organozirconocenes

The success of the described carbonylation and isonitrile insertion reactions for exploita-
tion of organozirconium species in carbon—carbon bond formation is attributed to the car-
benic character of carbon monoxide and isonitriles, which facilitates initial donation of an
electron pair to the 16-electron zirconium atom. Compounds containing a lithium atom
and a nucleofugal group on the same carbon (R’R*CLiX, 39), for which we use the term
“carbenoid” introduced by Kébrich, can be expected to show similar reactivity [7,32—35].
Initial attack on the 16-electron zirconium atom to form an 18-electron metallate complex
40 may be followed by a 1,2-rearrangement [36] with loss of halogen to give a new orga-
nozirconocene 41 (Scheme 3.8). The mechanism predicts clean inversion of configuration
at the carbenoid carbon.

R® )
VAT X je |7
R Li 39 )Rzz LiX )<
CpQZr\R 5 CpQZr —_— CpQZr
H2
40 4

Scheme 3.8. Insertion of a carbenoid into a carbon—zirconium bond.

In an important communication of 1989, Negishi reported [37] the first insertions of o-
and y-haloorganolithium reagents into acyclic zirconocene chlorides. Recently, this work
has been extended to a wide variety of carbenoids and organozirconium species, including
zirconacycles, to provide a variety of new synthetic methods. These are described below.
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3.3.1
Insertion of 1-Halo-1-lithioalkenes into Acyclic Organozirconocene Chlorides

Scheme 3.9 illustrates the potential for synthesis of highly functionalized, stereodefined
alkenes 45 from insertion of 1-halo-1-lithioalkenes 42 into organozirconocene chlorides.
Alkenyl carbenoids 42 may be generated by halogen/lithium exchange at low temperature
or by deprotonation of alkenyl halides. The latter process may be carried out with in situ
trapping by the organozirconocene, thereby reducing the need for very low temperatures.

R® L .
R1\ ,CI LI+ 1 R1
1 - ZrC R
. Z'R R342 X r2 Q P2 Lx RA . R2
P2 r\CI —_— \2\ —_— IZGC2 —_— Z"E
RS R® Gl R®
43 44 45

Scheme 3.9. Insertion of an alkenyl carbenoid into an organozirconocene chloride.

3.3.1.1 Insertion of 1-chloro-1-lithio-2,2-disubstituted alkenes

Insertion of 2,2-disubstituted alkenyl carbenoids into alkyl- or alkenyl-zirconocene chlor-
ides occurs in high yields [37,38]. Insertion of the carbenoids arising from in situ deproto-
nation of the stereodefined (E)- or (Z)-1-chloro-2-methyl-1-octenes 46 into alkyl- or alkenyl-
zirconocene chlorides gives mixtures of isomeric products 47 showing between 86 % inver-
sion and 26 % retention of configuration at the alkenyl carbenoid center (Scheme 3.10) [38].
The poor stereocontrol appears to contradict the clean inversion of configuration at the car-
benoid carbon required by concerted 1,2-rearrangement of the intermediate 43 (Scheme
3.9). However, mechanistic studies established that interconversion of the (E)- and (Z)-alke-
nyl carbenoids occurs at a rate comparable with that of insertion into the organozircono-
cene chloride, and hence that this is responsible for the loss of stereochemistry. A similar
loss of stereochemical integrity of 2,2-disubstituted-1-halo-1-lithioalkenes, generated by de-
protonation of the corresponding alkenyl halides, has been described and was attributed to
“metal-assisted ionization” [39—41] (Scheme 3.11). Theoretical calculations show that the
ground-state structure of alkenyl carbenoids is best represented as 48, and that isomeriza-
tion to 50 through the intermediate 49 has a relatively low activation energy. p-Alkyl substi-
tuents should favor formation of the intermediate 49, both by inductive electron donation
and Dby the relief of steric strain. As described below, f-monosubstituted alkenyl carbenoids
do not isomerize at a significant rate relative to that of trapping by organozirconocenes.

¢ A i. LITMP, -90 °C PCeFha
. i Li - N
b S ZCpy nCeHm%CI MHCMQ
ii. HCl aq
46 (E) or (2 47

Scheme 3.10. Insertion of 2,2-disubstituted alkenyl carbenoids into organozirconocene chlorides.

X.

Li WX 1 L
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3.3 Insertion of 1-Halo-1-lithio Species into Organozirconocenes

3.3.1.2 Insertion of 1-chloro-1-lithio-2-monosubstituted alkenes

Unlike the insertion of 2,2-disubstituted alkenyl carbenoids, the insertion of 2-monosub-
stituted alkenyl carbenoids is found to be stereospecific in accordance with Scheme 3.9
(R* or R> = H) [38]. The carbenoids (Z)- or (E)-1-chloro-1-lithio-1,3-butadiene (51 and
52) may be generated in situ from (E)- or (Z)-1,4-dichloro-2-butene, respectively, by elim-
ination of hydrogen chloride followed by a-deprotonation of the thus formed alkenyl
halide using two equivalents of lithium 2,2,6,6-tetramethylpiperidide (LiTMP) (Scheme
3.12). Inversion of configuration at the carbenoid carbon during 1,2-metallate rearrange-
ment stereospecifically yields the organozirconocenes 53 and 55 [42]. Protonation affords
terminal conjugated (E)- or (Z)-dienes or (E,E)- and (E,Z)-trienes 54 and 56 in a single pot
from terminal alkenes or alkynes, respectively. The carbenoid-derived double bond is
formed in ~ 9:1 E:Z and >20:1 Z:E isomeric mixtures, respectively, these ratios being
determined by the initial elimination of hydrogen chloride from the starting (E)- or (Z)-
1,4-dichloro-2-butenes.

2 LiTMP o
CI% —>W

cl M
cl 51=~9:1Z:E w s
RN X
-90 °C, 15 min 3 M = Z1CosCl
5 rCps
.
% H/H20E54M H(=9:1E:2

1
R/\/ZGCg

M
-90 °C 15 min -
R R

o] . X cl .
\/\L 2 LiTMP W
cl L T .0 I_: 55 M = ZrCp,Cl
52520011 E: Z 2 56M=H(>20:12:F)

Scheme 3.12. Stereospecific insertion of 1,3-butadienyl carbenoids.

The only other alkenyl carbenoid with a proton trans to the halide that can readily be
generated by deprotonation is the parent 1-lithio-1-chloroethene 57 [43] (Scheme 3.13). In-
sertion into organozirconocenes arising from hydrozirconation of alkenes and alkynes,
followed by protonation, affords terminal alkenes and (E)-dienes 59, respectively [38].
The latter provides a useful complement to the synthesis of 54 in Scheme 3.12 since
the stereocontrol is >99 %.

Cl
Cl i
) io 57 Li ) ZrCpoCl H*H,0 -
R P2 — > — T

Scheme 3.13. Insertion
58 59 of vinyl carbenoid.

Access to non-terminal (E,Z)-dienes and (E,Z E)-trienes 61 is provided analogously
through deprotonation of (E,E)-4-alkyl-1-chloro-1,3-butadienes followed by insertion of
the resultant carbenoid 60 into alkyl- and alkenyl-zirconocene chlorides (Scheme 3.14)
[38]. The corresponding internal (Z,Z)-dienes and (Z,Z,E)-trienes are also readily obtained
by insertion of -alkynyl carbenoids 62 [44] into alkyl- and alkenylzirconocene chlorides,
respectively (Scheme 3.14). Reduction of the triple-bond moiety in the products 63 to af-
ford the cis-alkenes is well known [45—47].
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2 R
R N\CI (I;| = al
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Scheme 3.14. Insertion of 1,3-dienyl- and 1-en-3-ynyl-carbenoids.

To complete the range of geometric isomers of terminal and non-terminal dienes and
trienes available, systems nominally derived from inaccessible (Z)-alkenylzirconocenes
are desirable. Fortunately, insertion of the various carbenoids discussed above into
mono- or bis(alkynyl) zirconocenes 64 and 65 affords dienyne products 66 [38], which
are readily reduced to the desired (E,Z,Z)-trienes (Scheme 3.15) [45—47]. Insertion of
the B-alkynyl carbenoid 62 allows a convenient access to (Z)-enediynes 67.

1 ™ Cl
R'———Li RU RN

i X
(1 or 2 eq) / 52 or 60 Li L
CpaZiCly —————m Gp{ el N
THF, 0°C X en s 2
66 R
64 X =ClI
65 X =C=CR
X
1 Z
" I
Scheme 3.15. Insertions into alkynylzirconocenes. 67 R?

3.3.1.3  Further elaboration of carbenoid insertion products

A key feature of the elaboration of organozirconocenes by insertion of a carbenoid is that
the product retains the carbon—zirconium bond functionality of the substrate. Several
useful elaborations are shown in Scheme 3.16 for the case of the organozirconium prod-
uct of the insertion of alkenyl carbenoids 52 or 60 [38].

cl
ZCp2 i BuNC CHO

NBS or Iy
RN RN T N
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\/ Y\Ra \
/\/_(_/ Pd(0) Pd(0) R
R g R2

X
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=
Scheme 3.16.  Further elaboration of alkenylzirconocene chlorides.

3.3.1.4 Insertion of 1-lithio-1,2-dihaloalkenes into acyclic organozirconocene chlorides

A useful synthesis of alkynes and particularly of terminal (E)-enynes results from the
insertion of the readily formed (E)-1,2-dichloro-1-lithioethene (68) into organozircono-
cene chlorides (Scheme 3.17). An intermediate (E)-2-chloroalkenyl zirconium species
69 undergoes anti-elimination of zirconocene dichloride to yield terminal alkynes 70
38].
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Li
R
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Scheme 3.17. Insertion/elimination of (E)-1,2-dichloro-1-lithioethene.

3.3.1.5 Insertion of 1-halo-1-lithioalkenes into zirconacycles

Symmetrical 2,2-disubstituted-1-lithio-1-chloroalkenes mono-insert cleanly into zircona-
cycles to give trisubstituted olefin products in high yield following protic work-up of the
ring-expanded six-membered zirconacycle (Scheme 3.18; R' = R” = alkyl) [48]. The inser-
tion of non-symmetrical 2,2-disubstituted alkenyl carbenoids has not yet been reported.
A wide range of 2-monosubstituted alkenyl carbenoids (51, 52, 60, 62) arising from in
situ deprotonation of alkenyl chlorides can be successfully inserted into zirconacyclopen-
tanes and -pentenes with the expected inversion of configuration at the carbenoid carbon
[49,50].

Li 1 1
R \%\CI R R
P4
2 ZR? + R?
oz (L TT o, (T
71 72

Scheme 3.18. Insertion of alkenyl carbenoids into zirconacycles.

Insertion of (E)-1-lithio-1,2-dichloroethene (68) into zirconacycles is followed by elimi-
nation of Cp,ZrCl to afford a terminal alkyne 73 and/or the product 74 of further cycliza-
tion (Scheme 3.19) [51]. The alkyne 73 is the sole product with saturated zirconacycles,
whereas unsaturated zirconacycles give mostly 74.

Li
i, ¢ ; 5 =
G::ZVCPZ _— . and / or C]:>=
ii. NaHCO3aq X
73 74

Scheme 3.19. Insertion of (E)-1,2-dichloro-1-lithioethene into zirconacycles.

33.2
Insertion of Allenyl Carbenoids

3.3.2.1 Insertions into acyclic organozirconocene chlorides

Negishi first observed the insertion of the y-halolithium species 75 obtained by deproto-
nation of propargyl chloride into octylzirconocene chloride; protonation of the product af-
forded the allene 79 (Scheme 3.20) [37]. The overall effect is insertion of an allenyl carbe-
noid. The o-halolithium equivalent 76 is conveniently generated by addition of two equiva-
lents of base to 2-chloroallyl chloride [52] and affords the same products. The organome-
tallic product 77 of allenyl carbenoid insertion is either in equilibrium with the propargyl
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form 78 or exists as a n’-allenyl /propargyl species, of which 77 and 78 are extreme repre-
sentations. We would expect 77/78 to be reactive towards carbonyl compounds, but this
has not yet been reported.

. o r /)\LCI_ - ZCp,Cl ZrCp,Cl
= 2 = J/ — R/\ - z
“ R V( szz(l; R 77 R™ 78
Cpgz< o lH*/HZO
cl H
¢ 2 LiTMP c /\
c R
2\/CI —»\/ szz,rSR
76 Li L cl i 79

Scheme 3.20. Insertion of allenyl carbenoids into organozirconocene chlorides.

A more complex cumulenyl carbenoid 80 may be generated in situ from 1,4-dihalobut-
2-ynes and two equivalents of base (Scheme 3.21). Insertion into organozirconocene chlor-
ides gives allenyl zirconium species 81, which are regioselectively protonated to afford
enyne products 82 [38]. The stereochemistry of the alkene in 82 stems from the initial
elimination of hydrogen chloride to form 80.

H 2
LITMP (2 eq) Cp Zr ZrCpyCl
= 90 °C, 15 min 2 H,0 //
Cl 4 Li —» R
R! ' 25:1E:Z
1 R
81 82

Scheme 3.21. Insertion of 1,2,3-butatrienyl carbenoids into organozirconocene chlorides.

3.3.2.2 Insertions into zirconacycles

1-Lithio-3-chloro-1-propyne (75), 1-lithio-1-chloroallene (76), and 1-lithio-3-methyl-3-
chlorobut-1-yne (83) insert efficiently into zirconacycles to afford n’-propargyl/allenyl
complexes 84 (Scheme 3.22) [53,54]. Protonation affords the allenes 85 and/or alkynes

Cl
/ F‘175 R'=H I
= 1 = — 1| MeOH,
CE>2GC 0> orsam’-me A | ton, 1t R'
S 2 - e -2 R - . 85
Cl\/ Cps S
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i) RRCHO, BF4.Et,0 &
-78 oC _— I't 3 ~ 86
iy NaHCO3; aq (R1 H)

R1
R\ R'
— R? R! R2
or + —
G: OH x. [—OH
87 SR 88 go O
R

Scheme 3.22. Tandem insertion of allenyl carbenoids and electrophiles into zirconacycles.
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86, the former being obtained exclusively with saturated zirconacycles or when R' = Me.
Lewis acid induced addition of aldehydes occurs to give either 87 from saturated zircona-
cycles or 88 from unsaturated zirconacycles, but in many cases the cyclized compound 89
is formed as the major or exclusive product [54].

333
Insertion of Allyl Carbenoids into Organozirconium Species

3.3.3.1 Insertion into acyclic organozirconocene chlorides

Allyl chlorides are readily deprotonated a to the halide by strong bases to give allyl carbe-
noids, which insert into organozirconocene chlorides to afford allyl- or pentadienyl-zirco-
nocene chlorides (Scheme 3.23). These allylmetallic species are reactive towards carbonyl
compounds, and so an efficient three-component coupling results [50].

R2 Cl 3
/ R%.__OH
CpoZr
LR Al P i. R3CHO
CP2ZIr R —_— AN Ng ————— o~
Cl LDA, -78 °C . ii. NaHCO; aq <R
R R2

Scheme 3.23. Tandem insertion of allyl carbenoids and aldehydes into organozirconocene chlorides.

3.3.3.2 Insertions into zirconacycles

The most extensively studied application of carbenoid insertion into organozirconocene
species is the insertion of allyl carbenoids into zirconacycles and subsequent elaboration
of the thus formed allylzirconocenes with electrophiles (Schemes 3.24—3.26)
[48,53,55—60).

Deprotonation of a variety of allylic systems 90 in the presence of zirconacyclopentanes
and -pentenes affords n’-allyl zirconacycles 91 in quantitative yield (Scheme 3.24) [53]. The
leaving group (X) on the allyl fragment may be halide, tosylate, or carbamate, whereas
phenoxide or alkoxide give low yields (<25 %). When the group X substantially stabilizes
the carbanion (X = SPh, SO,Ph, P*Ph;), insertion does not occur. The allyl fragment
tolerates a variety of substituents at the 2-position (Me, CH,SiMe;, CH,Cl, OCH,0OMe)
(Scheme 3.24) [55]. Protonation affords products 92 as the terminal, internal, or a mixture
of both alkene regioisomers, depending on the substrate and conditions. Allylzirconium
species 91 are reactive towards carbonyl compounds and give homoallylic alcohol products
94 and 97 with aldehydes and ketones, respectively, in very high overall yield for a four-
component coupling (Scheme 3.24). The carbon—zirconium bond remaining after ad-
dition of the carbonyl component may be halogenated to give 95 and 98. The addition
of aldehydes requires a Lewis acid (BF;-Et,O normally works best, but TiCl, and SnCl,
are also effective). Addition of ketones fails in the presence of BF;-Et,0. The remarkable
switch in stereochemistry of the alkene formed between addition of aldehyde/BF;- Et,O
and ketone/A may be rationalized in terms of the transition states 93 and 96. The
Lewis acid mediated addition of aldehydes takes place through an open transition state
93, in which the stereochemistry of the n’-allyl moiety in 91 is retained in the product
alkene. The observed lack of remote diastereocontrol (<3:1) between the ring-junction
stereocenters and the introduced hydroxy group is also accounted for. The geometry about
the double bond in 97 results from allylzirconocene reaction with ketones via a postulated
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cis-decalin-type transition state 96. It is significant that cis-decalins become more stable

than trans-decalins when the bonds to a bridgehead atom become long [61].
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Scheme 3.24. Tandem insertion of allyl carbenoids and electrophiles into zirconacycles.

The tandem zirconocene-induced co-cyclization of dienes or enynes/insertion of allyl

carbenoid/addition of electrophile is a powerful method for assembling organic struc-
tures. Two illustrations of its application are the synthesis of the dollabelane natural prod-
uct acetoxyodontoschismenol 99 [57,62,63] and the one-pot construction of linear terpe-

noids 100 (Scheme 3.25) [59,64].
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Scheme 3.25. Synthesis of acetoxyodontoschismenol and terpenoids.

OAc

Acetoxyodontoschismenol




98

3.3 Insertion of 1-Halo-1-lithio Species into Organozirconocenes

A variety of other powerful electrophiles add to the allylzirconium species 91, as shown
in Scheme 3.26. Such reactions include the Lewis acid catalyzed addition of aryl, alkyl, or
alkenyl acetals, derived from aldehydes, but not from ketones, and the addition of imi-
nium species that lack p-hydrogens [56,58].

NR, /j
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& Z Ph ) R?
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Scheme 3.26. Insertions of electrophiles into cyclic allylzirconocenes.

334
Insertion of Propargyl Carbenoids into Zirconacycles

Closely related to both allyl carbenoids and the allenyl carbenoids discussed above, propar-
gyl carbenoids 101 are readily generated in situ and insert into zirconacycles to afford spe-
cies 102 (Scheme 3.27), which are closely related to species 84 derived from allenyl carbe-
noids [65]. Protonation affords a mixture of allene and alkyne products, but the Lewis acid
assisted addition of aldehydes is regioselective and affords the homopropargylic alcohol
products 103 in high yield. Bicyclic zirconacyclopentenes react similarly, but there is little
diastereocontrol from the ring junction to the newly formed stereocenters. The n’-propar-
gyl complexes derived from saturated zirconacycles are inert towards aldehyde addition.

R1
R2CHO, Vi
BF3-Et,O
E— N OH
R2
102 103

Scheme 3.27. Insertion of propargyl carbenoids into zirconacycles.

335
Insertion of a-Substituted Alkyl Carbenoids

A wide variety of alkyl carbenoids, for example 104—112 (Fig. 3.1) may be generated
by deprotonation using a strong base. In the absence of an activating/stabilizing group,
bromine—lithium exchange at low temperatures provides access, for example, to 113 or
the more stable special case 114. Most of these carbenoids insert into both organozircono-
cene chlorides, obtained by hydrozirconation of alkenes or alkynes, and zirconacycles. The
chemistry has not yet been investigated in depth and the account below focuses on the
most synthetically useful transformations developed to date.
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Figure 3.1. Alkyl carbenoids. 113 114

3.3.5.1 Insertions into acyclic alkenylzirconocene chlorides. A convergent route to functio-
nalized allylzirconocenes

The high reactivity of allylzirconium species towards electrophiles has been described for
cyclic complexes (Section 3.3.3.2). A versatile convergent route to allylzirconocene re-
agents 115 has been demonstrated by the insertion of alkyl carbenoids 104—106 and
108—110 into alkenylzirconocenes (Scheme 3.28) [50,66,67]. The allylzirconocene 115 pos-
sesses some 1’ character, or at least the two n'-forms are expected to rapidly interconvert.
Consequently, the ends of the allyl moiety (R' ¢f. R” and A) need to be sufficiently different
such that good regioselectivity of electrophile addition may be realized. Hydrolysis yields
>95% 116 (c¢f. 117) as the (E)-alkene, the only exception being the case where A = SiMe;
and R? = H, which gives an approximately 1:1 E:Z mixture along with 11% of the alkenyl
silane product 117. Addition of aldehydes to allylzirconocenes 115 derived from OR-,
SiMe;- and CN-substituted carbenoids (104—106 and 108) gives the adducts 118—121.
In the case where A = SiMe, and R” = H, the y-regioisomer 118 is formed with excellent
(F)-anti-selectivity, particularly in the presence of BF;-Et,0. When A = SiMe; and R* =
Me or Pr, the a-adduct 119 is formed, again with excellent (E)-anti-stereocontrol. When
A = OR, the anti-y-adduct 120 is formed, but with only around 2:1 E:Z control of the al-
kene geometry. Surprisingly, the addition of BF;-Et,0 switches the stereochemistry in

A -
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R R3
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118 A=SiMe; (>10:1 E: 2), 119 A =SiMe,, R? = Me, Pr. (>10:1 anti: syn)
120A=0R(=2:1E: 2 121 A=CN,R?=H, Me (1 : 1 anti: syn)

Scheme 3.28. Convergent synthesis and elaboration of functionalized allylzirconocenes.
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favor of the (E)-syn form. With A = CN, R' = H or Me, the (E)-a-adduct 121 is formed, but
with no anti:syn control. The lack of anti:syn control, and the exclusive formation of a-ad-
ducts may be due to the nitrile-substituted allylzirconocene existing in the nitrogen-bound
form 122. The sulfonate- and phosphonate-substituted allyl zirconocenes 115 (A = SO,Ph,
P(O)(OEt),) do not react cleanly with aldehydes.

Insertion of alkyl carbenoids into alkenylzirconocenes is not a generally useful route to
allylzirconocenes because the two ends of the allyl fragment are not sufficiently differen-
tiated to give good regiocontrol upon reaction with electrophiles. An exception is the in-
sertion of the cyclopropyl carbenoids 114, where zirconium is localized on the cyclopropyl
carbon in the allylzirconocene 123 produced (Scheme 3.29). Protonation provides a useful
route to alkenylcyclopropanes 124, and reaction with aldehydes affords alkylidenecyclopro-
panes 125 [50]. Alkenylcyclopropanes and alkylidenecyclopropanes are valuable intermedi-
ates in organic synthesis.
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Scheme 3.29. Synthesis of alkenyl- and alkylidiene-cyclopropanes.

3.3.5.2 Insertions into zirconacycles

Many alkyl carbenoids insert into saturated and unsaturated zirconacycles to afford zirco-
nacyclohexanes and -hexenes 126, which give the expected products 127 upon hydrolysis
(Scheme 3.30) [48,50,68]. There should be comparable scope for further elaboration of the
six-membered zirconacycles, as has already been established for the five-membered ana-
logues. Yields are generally high, one exception being the insertion of lithiated chloroace-
tonitrile into saturated zirconacycles, where double insertion predominates [50].

)\ NaHCO
ZIiCpy — 2 = =
O:; P2 o ZrCpa .

126 127
X =Cl, A=H, Ar, SiMes, SiMe,Ph, SPh, OEt, CN, PO(OEt),

X = OC(O)N'Pr,, A = H, Me, Ph

X =Br, A = alkyl

Scheme 3.30. Ring-expansion of zirconacycles with alkyl carbenoids.

Lithiated chloromethyltrimethylsilane is a remarkably stable carbenoid [69] and shows
exceptional reactivity in insertions into the alkenyl—zirconium bonds of unsaturated zir-
conacycles. It is the only known carbenoid that will insert into zirconacyclopentadienes
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that are substituted a to the zirconium (Scheme 3.31) [70,71]. The thus formed zircona-
cyclohexadienes 128 are valuable precursors of heteroaromatic compounds such as phos-
phinines (phosphabenzenes) 129 [71].

Et SiMeg Et Et
Et Et SiMe Et
; = 8 =
: ZrCp, Cl Li PClg I
Et e Xy ZCp2 > P
Et Et Et
Scheme 3.31. Synthesis of phosphinines. 128 129

3.3.5.3 Insertion of benzyl carbenoids into zirconacycles

A wide range of benzyl chlorides can readily be metalated using lithium diisopropylamide
(LDA) [72—75] and insertion of the thus formed carbenoids into zirconacycles is mechan-
istically interesting [68]. Insertion into saturated bicyclic zirconacycles gives initially a 1:1
mixture of the diastereoisomeric zirconacyclohexanes 130 and 131, as would be expected
for the stereospecific insertion of a racemic carbenoid into a racemic zirconacycle (Scheme
3.32). However, after several hours at room temperature or a few minutes at 60 °C, com-
plete isomerization to the more stable diastereoisomer 130 is observed. Quenching with
water or D,0 gives the expected products 132. Yields are high and a wide range of aro-
matic and heteroaromatic groups are tolerated, an exception being electron-poor systems,
such as in p-nitrobenzyl chloride. A possible mechanism for the isomerization of 131 into
130 proceeds via the zirconium hydride 133 formed by a reversible f-hydrogen transfer to
the metal. Strong evidence for the intermediacy of 133 comes from the insertion of a
second benzyl carbenoid to afford 135, in which the regiochemistry of the alkene is
defined. If the second insertion occurred via the zirconacycloheptane 136, a mixture of
regioisomeric alkenes would be expected. Presumably, the zirconium center in 133 is suf-
ficiently less sterically hindered than that in 130/131 that it is selectively trapped by the
carbenoid despite its low concentration (below the detection limits of NMR). It is notable
that aqueous work-up is unnecessary in the formation of 135, and indeed work-up with
deuterium oxide gives no deuterium incorporation.
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Ph, OMe, Cl, Me), m-Cl-CgH,, 3-pyridyl,
2-thiophenyl, 2-(5-Me-furyl)
A = CHy, -(CHy),-, SiMey, C(CH,OMe),

Scheme 3.32.  Mono- and bis-insertion of benzyl carbenoids into saturated zirconacycles.
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Insertion of benzyl carbenoids into zirconacyclopentenes follows a different, but me-
chanistically related path (Scheme 3.33). When the zirconacyclopentene is fused to a
five-membered ring (137a), zirconacyclohexenes 138 are formed as a 1:1 mixture of dia-
stereoisomers. The ratio of the diastereoisomers does not change upon prolonged storage
or on heating, implying that there is no equilibrium with the zirconocene hydride species
140. Hydrolysis gives the expected product 139 in high yield. In comparison, monocyclic
zirconacyclopentenes 137c and those fused to a six-membered ring (137b) directly form
the products 141 of p-hydride transfer/a-elimination in high yield, presumably via 140.
Possibly, the constraint of the fused five-membered ring in 138a prevents the B-hydride
transfer.
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3.3.5.4 Insertion of halo-substituted carbenoids into zirconacycles

a,o-Dihalolithium species 111 are readily formed by in situ deprotonation of 1,1-dihalides
with LDA and insert efficiently into zirconacycles, but the initially formed zirconacyclo-
hexanes 142 further rearrange to form cyclopentanes 143 (Scheme 3.34). The rearrange-
ment of 142 to 143 is analogous to the rearrangement of 27 to 29 during carbonylation
(Scheme 3.7). Quenching 143 with water or deuterium oxide affords the expected prod-
ucts 144 [76]. When the carbenoid substituent R* bears protons B to zirconium in 143,
warming to room temperature prior to quenching affords an alkylidenecyclopentane
(e. g. 145) in high yield. Insertion of a,o-dihalolithium species 111 into zirconacyclopen-
tenes occurs similarly, but the intermediate analogous to 143 is an allylzirconium and
quenches with little regioselectivity.
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3.3.6
Insertion of Metalated Epoxides into Organozirconium Species

Metalated epoxides 146 [77,78] have been used as nucleophiles, but more commonly are
implied intermediates in the formation of carbenes. A stabilizing aryl, alkenyl, alkynyl,
nitrile, or silyl group R® (Scheme 3.35) is required for their formation by deprotonation
[79—83], although unstabilized systems may be generated by tin/lithium exchange [84].
Insertion of metalated epoxides into organozirconocenes by 1,2-rearrangement of an
“ate” complex 147 should give the B-alkoxyzirconocene species 148, which may then un-
dergo stereospecific syn-elimination to afford an alkene 149. The overall process is com-
plementary to the insertion of alkenyl carbenoids described in Section 3.1.
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Scheme 3.35. Insertion of metalated epoxides into organozirconocenes.

3.3.6.1 Insertion of 1-nitrile-1-lithio epoxides into acyclic organozirconocene chlorides
Although various metalated epoxides efficiently insert into acyclic organozirconocenes,
only the insertion of lithiated epoxynitriles into alkenylzirconocenes has been properly in-
vestigated [85]. Single products 152 are formed from symmetrically pB,-disubstituted
lithiated epoxynitriles 151 (Scheme 3.36). Insertion of the lithiated epoxides formed by de-
protonation of stereodefined (E)- and (Z)-mono-f-substituted epoxynitriles 153 and 156 is
not stereospecific. The (Z)-epoxides 153 give an approximately 9:1 mixture of 155 and 158,
whereas the (E)-epoxides 156 give approximately 1:1 mixtures. In the case of 156 (R* =
Ph), an approximately 8:1 mixture of 155 and 158 is produced. The lack of stereospecificity
is due to configurational instability of the lithiated epoxynitriles combined with preferen-
tial trapping of the (Z)-lithio epoxide 154 [85].
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3.3.6.2 Insertion of 1-silyl-, 1-nitrile, and 1-aryl-1-lithio epoxides into zirconacycles

Insertion of phenyl, trimethylsilyl, and nitrile-stabilized metalated epoxides into zircona-
cycles gives the product 160, generally in good yield (Scheme 3.37). With trimethylsilyl-
substituted epoxides, the insertion/elimination has been shown to be stereospecific,
whereas with nitrile-substituted epoxides it is not, presumably due to isomerization of
the lithiated epoxide prior to insertion [86]. With lithiated trimethylsilyl-substituted epox-
ides, up to 25% of a double insertion product, e.g. 161, is formed in the reaction with
zirconacyclopentanes. Surprisingly, the ratio of mono- to bis-inserted products is little af-
fected by the quantity of the carbenoid used. In the case of insertion of trimethylsilyl-sub-
stituted epoxides into zirconacyclopentenes, no double insertion product is formed, but
product 162, derived from elimination of Me;SiO™, is formed to an extent of up to 26 %.

]
o

R1

2 2
CI)ZGCz 159 R Oi\j\n
o 1

R' = Ar, SiMeg, CN.

160

OLi R?

MesSi | .uH
2 SR? -Me,SiOLi & D,0
—_— — :
. ZCps . Z1CPs N DD Scheme 3.37. Insgmorj
of metalated epoxides into

Bu Bu 162 Bu zirconacycles.

3.3.7
Regiochemistry of Carbenoid Insertion into Zirconacycles

For application in organic synthesis, the regiochemistry of insertion of carbenoids into un-
symmetrical zirconacycles needs to be predictable. In the case of insertion into mono- and
bicyclic zirconacyclopentenes where there is an a-substituent on the alkenyl but not on
the alkyl side, we have already seen that a wide variety of metal carbenoids insert selec-
tively into the zirconium—alkyl bond [48,59,86]. For more complex systems, the regiocon-
trol has only been studied for the insertion of lithium chloroallylides (as in Section 3.3.2)
[60]. Representative examples of regiocontrol relating to the insertion of lithium chloroal-
lylide are shown in Fig. 3.2.

H H
2.2 H Z S
4 2 _
<:E>Zg3p2 A - ZrCpy BnN - ZrCp, BnN - ZrCp,
164

1

163 165 166
H Ky H
“) S 0 n-CgHi3 @ e
A ZrCp, AL ZCp2 \CZGCz A ZrCp,
H H &' R'=Meor Ph H
167 168 169 170

A = C(CH,OMe), and/or C(CH,OCMe,OCH,) and/or NR
Figure 3.2. Regiochemistry of allyl carbenoid insertion.
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It is observed that insertion into a zirconacyclopentene 163, which is not a-substituted
on either the alkyl and alkenyl side of the zirconium, shows only a 2.2:1 selectivity in favor
of the alkyl side. Further steric hindrance of approach to the alkyl side by the use of a
terminally substituted trans-alkene in the co-cyclization to form 164 leads to complete se-
lectivity in favor of insertion into the alkenyl side. However, insertion into the zirconacycle
165 derived from a cyclic alkene surprisingly gives complete selectivity in favor of inser-
tion into the alkyl side. In the proposed mechanism of insertion, attack of a carbenoid
on the zirconium atom to form an “ate” complex must occur in the same plane as the
C—Zr—C atoms (lateral attack; 171; Fig. 3.3) [87,88]. It is not surprising that an a-alkenyl
substituent, which lies precisely in that plane, has such a pronounced effect. The differ-
ence between 164 and 165 may also have a steric basis (Fig. 3.3). The alkyl substituent
in 164 lies in the “lateral attack” plane (as illustrated by 172), whereas in 165 it lies
well out of the plane (as illustrated by 173). However, the difference between 165 and
163 cannot be attributed to steric factors; 165 is more hindered on the alkyl side. A similar
pattern is observed for insertion into zirconacyclopentanes 167 and 168, where insertion
into the more hindered side is observed for the former. In the zirconacycles 169 and 170,
where the extra substituent is p to the zirconium, insertion is remarkably selective in favor
of the somewhat more hindered side.

Cp
171
Lateral Attack 172 173

Figure 3.3. Direction of carbenoid attack on zirconacycles.

For the regiochemical results that cannot be explained using steric arguments (165, 167,
169, 170), the observed selectivity correlates with the largest coefficient of the Highest
Occupied Molecular Orbital of the zirconacycle, rather than of the Lowest Unoccupied
Molecule Orbital, suggesting that the carbenoid may be attacking as an electrophile. As
discussed in Section 3.1.1 and Scheme 3.11, o-lithio-a-halo species behave as electrophilic
carbenoids or even as powerful electrophiles [35]. Reaction pathways proceeding through
concerted insertion into the carbon—zirconium bonds and transition state 174, or electro-
philic attack on the carbon—zirconium bond and intermediate 175, are reasonable
(Scheme 3.38).

t
kaa R H A
Li -} -ci y, , R
S - LiCl
P2 zrcp, | Zr'Cpy ZrCp,
174 175

Scheme 3.38. Alternative mechanisms for carbenoid insertion into organozirconocenes.

An alternative explanation is that the regioselectivity of insertion (180 vs. 181) is deter-
mined by the rate of 1,2-metallate rearrangement, the formation of the regioisomeric “ate”
complexes 176 and 177 being fast and reversible (Scheme 3.39). Interconversion of 176
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3.4 Conclusion

and 177 could take place by loss/re-addition of the carbenoid, but more likely is due to
reversible loss of cyclopentadienide anion [89] to afford the common tetrahedral inter-
mediate 178. It is also possible that 178 rearranges directly to afford 179, which adds cy-
clopentadienide to afford the product 180.

Cl
kR Fast R
R__Cl 7Cp,

=T o o o ZCp,
Li \ y
e g é o R 180
ZrCpy \ ZrCp ? Zr%)p
\ Cp 178 179
R._Cl / -
.7 - »/+Cp Slow ZrCp;
=L ZrCpo -
R R
177 QI 181

Scheme 3.39. Alternative explanation for the regiochemistry of carbenoid insertion.

3.4
Conclusion

The insertion of carbenoids into metal—carbon bonds to form new organometallic re-
agents is a little explored but potentially extremely valuable transformation. It may be
viewed as both an ideal component for the development of tandem reaction sequences,
particularly using zirconacycles, and a convergent route to versatile organometallic re-
agents (e.g. alkenyl- and allylmetallics). In this chapter, we have described the area in
which it is best developed, i.e. zirconium chemistry. Although the field is young, and
only the first exploratory steps have been taken, we believe that the results already achiev-
ed promise much for the future.

Acknowledgements

We thank the students and postdoctoral fellows whose efforts and enthusiasm led to the
work from our group described herein. We also thank the organizations that generously
support our work in this area (EPSRC, Pfizer, GlaxoWelcome (now GSK), and Zeneca
(now AstraZeneca)).

Typical Experimental Procedures

Insertion of an alkenylcarbenoid into an alkenylzirconocene chloride. Preparation of (3Z,5E)-
1,3,5-dodecatriene (as in Scheme 3.12) To a stirred suspension of Cp,Zr(H)Cl (0.260 g,
1.00 mmol) in THF (12.0 mL) was added 1-octyne (0.091 g, 0.83 mmol). The mixture was
stirred at 20 °C for 1 h to give a clear yellow solution of the alkenylzirconium compound.
After cooling to —90°C, (Z)-1,4-dichloro-2-butene (0.135 g, 1.08 mmol) was added fol-
lowed by a solution of lithium 2,2,6,6-tetramethylpiperidide [LiTMP, preformed from
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2,2,6,6-tetramethylpiperidine (TMP, 0.305 g, 2.16 mmol) and BulLi (0.86 mL, 2.5 m in hex-
ane, 2.16 mmol) in THF (2.0 mL)]. The reaction mixture was stirred at —90 °C for 15 min.,
then hydrolyzed by the addition of 2 m aq. HCI (8.0 mL). After extraction with diethyl
ether (12 mL), the organic layer was washed with 2 M aq. HCl (2 Xx 10 mL), dried
over MgSO,, and concentrated under reduced pressure. The residue was purified by col-
umn chromatography (silica; 40—60 petroleum ether) to afford (3Z,5E)-1,3,5-dodecatriene
(0.104 g, 76 % yield) [38].

Tandem zirconacycle formation, allyl carbenoid insertion, and aldehyde addition. Synthesis of
5-[(1R,2S)-2-methylcyclopentyl]-1-phenylpent-3-en-1-ol (as in Scheme 3.24) To a stirred
solution of zirconocene dichloride (0.293 g, 1 mmol) in THF (5 mL) under argon at
—78°C was added dropwise n-BuLi (0.8 mL of a 2.5 M soln. in hexanes, 2 mmol). After
20 min., a solution of 1,6-heptadiene (0.096 g, 1 mmol) in THF (3 mL) was added and
the reaction mixture was allowed to warm to room temperature over a period of 2 h.
After cooling to —78°C, allyl chloride (0.084 g, 1.1 mmol) followed by LiTMP [1.1
mmol, generated from TMP and Buli in THF (2 mL) at 0°C] were added dropwise,
and after 15 min. the reaction mixture was allowed to warm to room temperature.
After cooling to —78°C once more, benzaldehyde (0.12 g, 1.1 mmol) and BF;-Et,0
(0.16 g, 0.14 mL, 1.1 mmol) were added and the solution was allowed to warm to room
temperature over a period of 1.5 h. The reaction was quenched by the addition of metha-
nol (3 mL) and aq. NaHCO; solution (15 mL) and the resulting mixture was stirred at
room temperature for 15 h. Extractive work-up and chromatography (silica; 10—15%
diethyl ether in 40—60 petroleum ether) gave the title alcohol as a colorless oil (0.220 g,
90 %) [90].

Convergent formation and reaction of an allylzirconocene. Synthesis of 1-phenyl-2-hexyl-4-
methoxy-3-buten-1-ol (as in Scheme 3.28) 1-Octyne (94 mg, 0.85 mmol) was added to
a suspension of Cp,Zr(H)Cl (253 mg, 0.98 mmol) in THF (3.5 mL) and the mixture
was stirred at 20 °C for 1 h. It was then cooled to —100 °C, whereupon a solution of meth-
oxymethyl phenyl sulfone (206 mg, 1.11 mmol) in THF (4.0 mL) was added. This was
followed by the slow addition of a solution of LiTMP [preformed from TMP (157 mg,
1.11 mmol) and Buli (0.44 mL, 2.5 M in hexanes, 1.11 mmol) in THF (2.5 mL) at
0°C]. After warming to —60 °C over a period of 1 h, benzaldehyde (180 mg, 1.70 mmol)
was added and the resulting mixture was allowed to warm to room temperature, stirred
for 3 h, and hydrolyzed with satd. aq. NaHCO; solution (10 mL). The products were
extracted into diethyl ether (3 X 6 mL), and the combined organic layers were washed
with brine (2X 10 mL), dried over MgSO,, and concentrated under reduced pressure.
The residue was purified by column chromatography (silica gel; 20% ethyl acetate in
40—60 petroleum ether) to afford 1-phenyl-2-hexyl-4-methoxy-3-buten-1-ol (156 mg,
70 % yield) as a mixture of three stereoisomers [66].
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4
Hydrozirconation and Further Transmetalation Reactions

Bruce H. Lipshutz, Steven S. Pfeiffer, Kevin Noson, and Takashi Tomioka

4.1
Introduction

Hydrometalation reactions, which take place across carbon—carbon double and, especially,
triple bonds provide extremely versatile and extensively utilized routes to valuable organo-
metallic intermediates for synthetic purposes. While syn additions of alanes [1] and, in par-
ticular, of boranes [2] have a rich tradition of continuing service in this regard, there are
processes (most notably cross-coupling reactions) that are best conducted via related tran-
sition metal derivatives. Moreover, depending on the nature of the substrate, tolerance to
functionality present in the educt may not allow the use of more electron-rich metal
hydrides. Given the widespread occurrence of zirconium in Nature, along with the
ready availability of the “Schwartz reagent”, Cp,Zr(H)Cl [3], it is perhaps not surprising
that there has been extensive usage of this species, which effects hydrozirconations of
C—C multiple bonds. Although this 16-electron neutral hydride had been known since
1970 [4], it was a series of papers by Schwartz [5] a few years later which triggered an
avalanche of subsequent reports based on the facility with which Cp,Zr(H)Cl adds to
most alkenes and alkynes. The reagent Cp,Zr(H)Cl can be obtained commercially from
several vendors [6], although the quality can vary substantially, often as a function of
time spent on the shelf and the care with which it is handled and stored. The best results
can be expected when it is stored and weighed out in a dry-box environment. Larger
amounts of material are best divided into smaller batches for individual usage over time.

Several alternative procedures now exist for the in situ preparation of “Cp,Zr(H)Cl”,
which, owing to the nature of the respective starting materials, must necessarily contain
salts as by-products [3,7]. While such seemingly innocuous materials can on occasion have
a deleterious effect on the desired hydrozirconation [8], in many situations an in situ
protocol can help to avoid the vagaries of quality control for this air- and moisture-
sensitive reagent. In contrast to hydrogen-transfer hydrozirconation of alkynes with
iBuZrCp,Cl, which normally proceeds well, the corresponding reaction with monosubsti-
tuted alkenes is sluggish [9]. Recently, reactions involving this class of substrates have
shown promise when conducted in the presence of catalytic amounts of a Lewis acid
(e.g., AlCl;, Me;Sil, PdCl,(Ph;P),) [10] (Procedure 1, p. 139).

Patterns for addition of the Schwartz reagent to multiple C—C bonds in terms of regio-
and stereochemistry are well-established for most substituents, as is the fundamental
chemistry of the newly formed Cg,—Zr and Cy;—Zr bonds. Conversion to halides and
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alcohols are among the most useful processes involving such derivatives [11]. Nonethe-
less, many new transformations of carbon—zirconium bond containing intermediates
have recently emerged, several of which are discussed herein.

Although the chemistry of in situ generated C—Zr bonds is useful in several contexts,
the facility with which such bonds undergo transmetalations to other organometallics has
greatly expanded their popularity within the synthetic community. Among the most im-
portant of these processes is the observation that once a C—Zr bond has been established
by an initial hydrozirconation across an alkene or alkyne, the resulting intermediate alkyl
or vinyl zirconocene readily participates in, for example, group 10 (Pd or Ni)-catalyzed
coupling reactions with a host of substrates. Likewise, ligand-exchange phenomena, lead-
ing, for example, to organocopper complexes or organozinc intermediates, have opened
additional avenues for applying hydrozirconation to synthetic targets.

Because of the level of activity associated with organozirconium chemistry, where the
accent is firmly on the increase of molecular complexity at carbon, many reviews have
been written on this subject [12]. The practical aspects of existing methodology, along
with several detailed procedures, have recently been compiled by Negishi and are soon
to appear [13]. An outstanding overview of hydrozirconation, as well as subsequent trans-
metalation processes, up until ca. 1995 by Wipf highlights much of the progress made
since the disclosures of Schwartz two decades earlier [14]. In this contribution, we report
on developments that have taken place since the Wipf review, focusing on new technolo-
gies and/or applications that are initiated by hydrozirconation of an alkene or alkyne. On
occasion, however, the addition of H—Zr across a site of unsaturation involving a hetero-
atom can lead to a synthetically worthwhile development. Such was the case in the recent,
atypical reactivity pattern observed with Cp,Zr(H)Cl in its net conversion of a tertiary
amide to an aldehyde (Scheme 4.1) [15]. Although both aldehydes and ketones are readily
reduced by the Schwartz reagent, esters are usually inert and hence amides would be ex-
pected to be even less prone to hydride addition. Since over-reduction to the correspond-
ing alcohol is not observed, the likely pathway involves reduction of an iminium ion
intermediate followed by hydrolysis to the aldehydic product. This sequence is further
supported by the fact that on quenching a reaction mixture with H,'®0, significant incor-
poration of the labeled oxygen into the aldehyde carbonyl is observed (Procedure 2, p. 140).

o 0
/©)J\NEt2 CpoZr(H)Cl | X H
MeO THF, 15-30 min MeO™ F
(99%)
CpoZr(H)CI J } H.0
Cp2z,lr|\0 szzf\o cI© i .
“z,/k\ﬁla/éo T m}\,},/%’ R \ll\l/Cle

Scheme 4.1. Reduction of a tertiary amide with the Schwartz reagent.

m
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4.2
Hydrozirconation/Quenching

The cis-addition of the Schwartz reagent across an alkyne remains as one of the most
frequently used routes to functionalized alkenes. Both terminal and, as has been estab-
lished more recently, differentially substituted alkynes, ultimately give rise to more highly
functionalized products. The regiochemistry of addition to disubstituted acetylenes, in
particular when heteroatoms are attached to one of the acetylenic carbons, is an especially
interesting and important question. Several recent studies have addressed the issue of
selectivity in this context. Addition across an alkyne bearing a methyl moiety, which
has been known for years to favor placement of zirconium at the least hindered site
[5b], still provides an extremely valuable access to fragments of natural products having
such a substitution pattern. The synthesis of reveromycin B is one case in point (Figure
4.1). Here, Theodorakis and Drouet converted spirocycle 1 to (E)-vinyl iodide 2, which
could then be used in a Stille coupling with vinyl stannane 3 (Scheme 4.2) [16].

hydrozirconation... ...followed by
a Pd(0)-catalyzed

C/\/ﬁ\o cross-coupling
HO5 0
: = =

Figure 4.1. Retrosynthetic analy-
reveromycin B sis of reveromycin B.

C H
Wo 1) Cp,Zr(H)C, tt, 8 h WO 2N
N X SN0
Me

s 0= > Bu
B Vo 2) 1, CCly Me
1 2 (53%)
|
Bu3Sn.
3 I Me
. CO,TMSE
OTIPS 4
; N Z
c\/\Q’ CO,TMSE [PA(CHACN),Cl]
BU Vo OTIPS DMF/THF 1:1

(52%) TMSE = Me3SIiCH,CH,-

Scheme 4.2. Hydrozirconation—I, quenching en route to reveromycin B.

In the highly competitive arena surrounding the Pfizer compounds CP-263,114 and CP-
225,917 (Figure 4.2), Nicolaou and co-workers employed a hydrozirconation—iodination
sequence to produce vinyl iodide 4 [17]. Lithium—halogen exchange and subsequent con-
version to enone 5 sets the stage for a Lewis acid assisted intramolecular Diels—Alder re-
action affording polycyclic 6 as the major diastereomer (Scheme 4.3).
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D 0}
hydrozirconated

x

hydrozirconated
alkyne O alkyne
NSNS { NN TN /
~CO.H ~COozH
(-)-CP-263,114 (+)-CP-225917

Figure 4.2. Structures of (—)-CP-263,114 and (+)-CP-225,917.

1. CpoZr(H)CI
TBS/ H PhH, rt OTBS
TBSO. Z — TBSMI —
2. 15

3. Dess-Martin oxidation

OTBS

TBSO
PMB
PhMe, -80 °C, 1 h
TBS _— -
“CaH
ChAI o g

Scheme 4.3. Formation of vinyl iodide 4 en route to polycyclic enone 6.

Acetylenic ethers 7 can be hydrozirconated, and subsequent iododezirconation leads
to (E)-iodo enol ethers 8 (Scheme 4.4) [18]. These species undergo efficient Sonogashira
couplings to give (E)-enynes, which are ultimately converted to stereodefined dienol
ethers. These dienes have proven useful in studies of diastereoselective cycloaddition
reactions with singlet oxygen, where R in 8 is a nonracemic auxiliary (e.g., menthyl)
(Procedure 3, p. 140).

1) CppZr(H)CI
THF N 1-hexyne Bu Lindlar —
RO—= > Y —04m38— T —— =%
2l Pd(PPhg), Cul RO reduction RQ
7 8 (45%) Et3Nr't":LNH2 (100%) (53%)

Scheme 4.4. Hydrozirconation of alkynyl ethers 7.

In a series of papers, Huang et al. have reported the conversion of intermediate vinyl
zirconocenes to an array of functionalized (E)-olefins [19—35]. Quenching in THF at
room temperature with an arylselenenyl bromide leads to high yields of vinyl selenides,
which may be further manipulated to give chain-elongated materials. An analogous con-
version can be effected with TMS-substituted alkynes, although more vigorous conditions
are required to replace the C—Zr bond with selenium (Scheme 4.5). Yields remain com-
parable, nonetheless. The regiochemistry associated with this addition is such that zircon-
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ium adds to the carbon bearing the silyl group, an observation initially made by Erker [36].
Products of general structure 9 are formed readily, with both the selenide and the silane
being amenable to replacement (e. g., the aryl selenide by copper-catalyzed couplings with
Grignard reagents, and the silicon by displacement with electrophiles; vide infra). This
makes 9 tantamount to synthon 10 (Figure 4.3) [21] (Procedure 4, p. 140).

__ SiMe; ArSeBr, 60 °C R\_<SiMe3
_ =
ZrCpyCl THF, 5 h SeAr

- 9 (81-90%
R = n-CgHy3, CH,OMe, Ph ¢ ? Scheme 4.5. Trapping of a vinyl zircono-

Ar = Ph, p-CH3CgHs, m-CHzCgHa cene with an aryl selenenyl halide.

_ _©
9 = l\__@)

10 Figure 4.3. Synthetic equivalent of 1,1-dimetallo reagent 9.

From the same zirconocene intermediates, Huang and co-workers have prepared vinyl
sulfides [24,35] and sulfones [26] through use of the appropriate quenching agents
(Scheme 4.6). Treatment of vinyl zirconocenes with an equivalent of a disulfide in THF
at 60 °C affords, after work-up and purification, (E)-vinyl sulfides in good isolated yields.
Vinyl sulfones, which as a class are generally useful as Michael acceptors and Diels—Alder
dienophiles, are obtained in about two hours upon treatment of (E)-vinyl zirconocenes
with various sulfonyl chlorides in THF at 40 °C.

R——R’
(R" = H or SiMes)

l CpoZr(H)CI, THF, rt

R\=<R1 (R?S),, THF _N R2S0,CI, THF R
SR? 60 °C ZCpCl 40°C,15-3h SO,R?

(75-88%) (0-78%)
R = CH,OMe, Ph, n-Bu R = Ph, n-Bu, MeOCHy,
R'=H TMSCH, HOCHy,
RZ = Ph or Bn BrCH,

R'=H

Scheme 4.6. Formation of vinyl sulfides and sulfones. R? = Ph, p-Tol, Me

When the sulfone moiety is part of an aryl acetylene, the Schwartz reagent
adds quickly and regiospecifically at ambient temperatures, placing the Cp,ZrCl residue
in the B-position (Scheme 4.7) [31]. Most curious is the overall trans addition of
Cp,Zr(H)Cl, which may reflect double hydrozirconation followed by elimination to
give the thermodynamically favored adduct. When the aryl group in the educt is replaced
by an alkyl group, a mixture of regioisomers is formed initially, from which the (E)- and
(Z)-vinyl sulfones are obtained in a ca. 3:1 ratio. With aryl acetylenic sulfoxides, in con-
trast to the situation with the analogous sulfones, the Schwartz reagent adds exclusively
in a cis fashion, with zirconium being placed in the o-position (Scheme 4.8). Alkyl aryl
sulfoxides give mixtures of regioisomers with no apparent selectivity (40—44 % Zr o and
56—60% Zr B) (Procedure 5, p. 140).
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CpoZr(H)C! Ph D,0 Ph
Ph SOLAr >=\ —_— D>=\
THF, t, 5 min  C/CP2Z SOAr SOAr
(Ar = Ph, p-CH3CgHa, p-CICeH) (68-73%)
ZrCp,Cl
T Nsoar
CpoZr(H)CI Ar
b= so,a 2 ?—( . >—<502
THF, rt, 5 min B SOAr D
u
C|Cp22r (74%; E:Z=3.0:1)
Scheme 4.7. Variations in the regiochemistry of the hydrozirconation of alkynyl sulfones.
Ph OPh
CpoZr(H)CI Ph___ SOPh |2 Ph OPh  Pd(PPhg), =
Ph—==—SOPh > \——< S —— \
THF, 1t 21l — P N
-OTs Bu
(68%) (54%)

Scheme 4.8. Hydrozirconation and electrophilic quenching of alkynyl sulfoxides.

43
Hydrozirconation: Ring-Forming and Ring-Opening Reactions

Having established that hydrozirconation of a terminal alkene occurs far faster than
reduction of an epoxide by Cp,Zr(H)Cl, Taguchi, Hanzawa, and co-workers [37] were
able to exploit these features to construct rings from substrates possessing both oxirane
and alkene functionalities. Epoxy olefins of general structure 11 (Scheme 4.9) react to
give terminal zirconocenes, which, in the presence of a stoichiometric amount of
BF; - OEt,, afford cyclopentane methanols 12. Based on extensive NMR analyses of prod-
ucts and their derivatives, the stereochemical course of the reaction could be conclusively
delineated as proceeding by clean inversion at the reacting oxirane center. No reaction
took place in the absence of the Lewis acid, and only the 5-exo mode of opening was
observed.

1) CpyZr(H)CI OH
R, QH CH,Cly, 1t Rl Y
P AN — > R
o s 2) BF3Et,0 w2 )
Scheme 4.9. Lewis acid-assisted intramole- R
cular trapping of an alkylzirconium chloride. 11 12 (50-77%)

The analogous process involving allylic epoxides is more complex, as issues such as the
stereochemistry of substituents on the ring and on the alkene play major roles in deter-
mining the course of the reaction [38]. Addition of the Schwartz reagent to the alkene
only occurs when an unsubstituted vinyl moiety is present and, in the absence of a
Lewis acid, intramolecular attack in an anti fashion leads to cyclopropane formation as
the major pathway (Scheme 4.10). cis-Epoxides 13 afford cis-cyclopropyl carbinols, while
trans-oxiranes 14 give mixtures of anti-trans and anti-cis isomers. The product of f-elimi-
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2 Ry,
Rb.' ‘\\R intramolecular R
—> R ZICpCl — >
cyclization

R® H
expected regicisomer H OH
R, + Ry, R3
R’ S RY e
R AR RZ RS R =S
R1/Q>{l 14a, anti-trans 14b, anti-cis
R® 4lzcp,cl
13, cis
14, trans R, R R? -elimination !
—> R1/ ; H _— R1 = R3
R2
R3 ZrCp,Cl
15

internal isomer

Scheme 4.10. Intramolecular cyclization or B-elimination of hydrozirconated allylic epoxides.

nation, 15, is observed in all cases and results from the regioisomeric addition of
Cp,Zr(H)Cl to the vinyl moiety. Mixtures of (E)- and (Z)-isomers associated with minor
products 15 are to be expected.

4.4
Acyl Zirconocenes

Insertion of carbon monoxide into C»—Zr bonds occurs readily at ambient temperatures
or below to produce a,f-unsaturated, reactive acyl zirconocene derivatives [27—29]. Early
work by Schwartz demonstrated the potential of such intermediates in synthesis [5d],
as they are highly susceptible to further conversions to a variety of carbonyl compounds
depending upon manipulation. More recently, Huang has shown that HCI converts 16 to
an enal, that addition of a diaryl diselenide leads to selenoesters, and that exposure to a
sulfenyl chloride gives thioesters (Scheme 4.11) [27,28]. All are obtained with (E)-stereo-
chemistry, indicative of CO insertion with the expected retention of alkene geometry.

R Br
1) Cp,yZr(H)CI 0 0
I | CHZCIQ | IZGC2 (p-BrCaH4Se)2 S
2)Cco Cl |
16 (74%)
R = H, SnPh; p-CICgH4S-CI | HCl
\j
Cl h 0
0 /©/ PhaSn
| S |
(75%) (81%)

Scheme 4.11. Formation and reactions of acyl zirconocene 16.
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In the case of nonracemic homopropargylic ether 17, hydrozirconation/carbonylation
was followed by exposure of the intermediate to molecular iodine (Scheme 4.12) [39].
The (E)- and (Z)-forms of the acyl iodide presumed to be formed in situ were seemingly
in equilibrium under the reaction conditions and intramolecular attack followed by deal-
kylation afforded (S)-(+)-parasorbic acid.

1) CpaZr(H)CI o
_ 0OBn 2)Cco =
= — (S)-(+)-5,6-2H-pyran-2-one
3) kL (parasorbic acid)
17 (62%)

Scheme 4.12. Facile synthesis of parasorbic acid.

Extensive studies by Taguchi and Hanzawa have extended the utility of acyl zircono-
cenes through the discovery of a myriad of new reactions [40—45]. These “unmasked”
acyl anions add directly to aldehydes to afford acyloins in the presence of a Lewis acid
(Scheme 4.13). Of several Lewis acids studied (e. g., ZnCl,, AgBF,, TiCl,, etc.), a stoichio-
metric amount of BF;-OEt, in CH,Cl, at 0°C proved to be the most effective. Hindered
aldehydes (e. g., pivaldehyde), ketones, and acid chlorides are not reactive under these con-
ditions. Whether the process proceeds via a Lewis acid activated aldehyde or acyl zircono-
cene, or by 1,2-addition of the acyl anion in transmetalated form, has yet to be deter-
mined. Related reactions with imines generate o-amino ketones [41], although with
these educts BF;-OEt, proved unsuccessful as an activating Lewis acid, as did AICl,
and TMSOTT. Success was realized using Yb(OTf); in conjunction with either TMSCI
or TMSOTS (1:1). Use of THF as solvent (rather than CH,Cl,, CH;CN, DMF, or DME)
is crucial for the success of these reactions with imines (Procedures 6,7, p. 141).

PhCH=N-Ph 0 R'CHO, BF3 « Et,0 Q

0
M _pn

R1

R ‘\( 20 mol% R™ "ZrCp, CH,Clp, 0 °C R)Kf
NHPh Yb(OTf)3 : TMSOTY (1:1) c OH

(64%; R = n-CgH17) THF, i, 24 h (22-69%)

Scheme 4.13.  Conversion of an acyl zirconocene to a-hydroxy and a-amino ketones.

Several palladium-catalyzed processes have also been developed for carbon—carbon
bond formation based on acyl zirconocenes. Both alkylations and acylations take place
using aryl, benzylic, and allylic halides, thereby producing ketones as products
[40,43,44]. Yields are highly variable, with the best results being obtained with allylic ace-
tates as coupling partners (Scheme 4.14). Homocoupling in the case of an aryl iodide or
benzylic bromide is a significant side reaction, and alkyl halides cannot be used as elec-
trophiles. Traditional n-allylpalladium complexes are likely intermediates, as the product
ratio resulting from either isomer 18 or 19 is essentially the same.

The selection of the palladium catalyst is a major factor in reactions of acyl zirconocenes
with a,f-unsaturated ketones [43]. Interestingly, the use of Pd(OAc), (10 mol%) and a stoi-
chiometric amount of BF;-OEt, in Et,O/THF favors Michael addition of the acyl zircono-
cene, thereby leading to 1,4-diketones (Scheme 4.15). Switching to a catalytic amount of
PdCl,(PPhs), in toluene at room temperature promotes the 1,2-addition mode, leading to
allylic alcohols. Multiple substituents at the B-site (i. e., f,p-disubstituted enones) not only
prevent conjugate addition, but even inhibit 1,2-addition of the acyl zirconocene (i. e., no

117



118 | 4.4 Acyl Zirconocenes

Cl e Ph
o T ZCOoR! 0

T 0
~-Ph -— RJJ\Z c —
5 mol % Pd(PPhg)s L Ir P2 Pd(PPh3),Cl N

HO" R!
100 °C, PhMe, 20 h
(65%; R = n-CgHy7) (21-95%)

5 mol % Pd(PPhg)y, AN Ore 5 mol % Pd(PPhg)s, Phi
100 °C, PhMe, 20 h CHz 4g 100 °C, PhMe, 20 h
HaC M 0nc
o o 19
R)J\/\/CHs * R)J\/“Ct—h R/k© R)kg/
CHs
(56%, from 18; ratio of products 1: 1) (32%) (15%})

(80%, from 19; ratio of products 1.2 : 1)

Scheme 4.14. Palladium-catalyzed couplings of acyl zirconocenes.

O condmons AorB 0 Ph Q Ph
CgH47-n
-CBHW ZGC2 | or M g7
n-CaH 17 H
HO” "Me H O

conditions A (95%) conditions B (96%)
A: 5 mol % PdCIx(PPhs),, PhMe, rt, 20 h
B: 10mol % Pd(OAc)s, BF 3 OEt, (1 equiv), Et,O/THF {2:1),0°C, 12 h
Scheme 4.15. Pd catalyst-dependent chemoselectivity of an acyl zirconocene.

reaction takes place). Unsaturated esters (e.g., methyl cinnamate) are inert to these re-
agents.

A procedure for effecting 1,2-additions of acyl zirconocenes with control of asymmetry
at the newly formed tertiary alcohol has been reported by the Hanzawa and Taguchi
school [42]. Rather than triphenylphosphane, Hayashi’s MOP ligand [46] was employed
together with 5 mol% of either PdCl,(PPh;), or Pd(OAc), in toluene. The (R)-configura-
tion of the monodentate binaphthyl ligand favors the (R)-configuration in the product
alcohol (Scheme 4.16). Cyclic enones gave ee values in the range 38—67 %, while acyclic
enones led to significantly lower levels of enantiocontrol. A m-allylpalladium complex
(Figure 4.4) has been postulated as the species responsible for the observed induction.

0 Rj OH
RJ\ZrC 0, > '

& Pd(OAc), (R)}-MOP 0 Scheme 4.16. Asymmetric 1,2-addition
PhMe, rt, 20 min of acyl zirconocenes to cyclohexenone.

OMe o
ClICp2ZrQ § Q

Pd‘L* = CICpQng(O)C,""pd_p,. Figur'e 44 Proposed inter-
e @ mediate in Pd-catalyzed

asymmetric 1,2-additions of
= (R)-MOP acyl zirconocenes.

2
RC,
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Pd(acac), or Pd(PPh3)4 or
PdCIx(CH3CN), PdCIx(PPh3),
THF : Et,O (1:2) o THF : Et,0 (1:2)
rt, 12 h R/‘k rt, 12 h
£Cp2 0
Cl
PN Ph
Bu-n (CH)»0OBnN
Y Y
O Bu-n (CH5)»,0BnN
M MR
p
HO Ph 0O
(46-47%) (59-83%)

Scheme 4.17. Catalyst-dependent reactions of acyl zirconocenes with ynones.

Ynones represent yet another substrate class with which acyl zirconocenes react under
the influence of a palladium catalyst. Here, enediones are formed in good yields, although
mixtures of (Z)- and (E)-isomers are to be expected (Scheme 4.17) [40]. The favored geo-
metrical form is Z, although ratios only of the order of 2:1 to 5:1 are common. Either
Pd(PPh;), or PACl,(PPh;), can be used as the catalyst at a 5 mol% level. Remarkably,
alternative sources of palladium, such as Pd(acac), and PdCl,(CH;CN),, redirect the
course of the reaction in favor of the 1,2-addition mode (yields 46—47 %). Apparently,
PPh; must be present in the catalyst to bring about the favored 1,4-addition. Other
PPh;-free catalysts, such as PdCl,-dppe and (dba);Pd,-CHCI; were ineffective, as were
Ni(COD),, Ni(acac),, and Ni(PPhs),. The alkyne must be fully substituted for the process
to occur. An electron-transfer mechanism has been proposed, which proceeds via an
allenyl zirconium enolate, although in what capacity the PPh; directs this course remains
obscure.

4.5
Allylic Zirconocenes

Hydrozirconation of allenic systems preferentially leads to allylic zirconocenes, which are
highly reactive and thus very useful organometallic reagents. Allenic sulfides react in the
expected fashion to give the (E)-y-thiophenylallylzirconocene chloride 20 (Scheme 4.18)
[47]. These intermediates, upon introduction of an aldehyde or methyl ketone, give predo-
minantly the anti isomer (ratios from 82:18 to > 97:3). Exclusive 1,2-addition was observ-
ed by Suzuki et al. in the case of an a,f-unsaturated aldehyde. As long as the steric de-
mands of the two substituents attached to the ketone carbonyl are significantly different,
synthetically useful levels of selectivity can be achieved.

/~sPh  Cp2r(H)CI aIc RCHO or HQ R
_— P2 SPh | ——— ;
7 RCOCH, R>\;_-/\
20 SPh
(R'=H, Me)

Scheme 4.18. Hydrozirconation/1,2-additions of allenyl sulfides. (75-94%)
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4.5 Allylic Zirconocenes

Intermediate allylic zirconocenes react with terminal alkynes when activated by methyl-
aluminoxane (MAO) to regioselectively afford 1,4-dienes [48]. Enynes also participate and,
as with the former substrates, lead mainly to branched rather than linear arrays. With
simple acetylenes, the extent of this preference was determined to be based on the nature
of the group attached to the alkyne. Both aromatic and secondary alkyl residues give
> 20:1 selectivities of 21 to 22, while a primary alkyl moiety leads to only 4:1 branched
to linear product ratios (Scheme 4.19). With enynes, the presence of a substituent X in
23 greatly affects the regiochemistry of addition, although the (E) or (Z) nature of the
starting enyne is completely retained throughout the sequence (Scheme 4.20). When X
= Me, the regioselectivity is very highly in favor of internal addition of the allylic fragment
to the allene (>95% isometric purity). With X = H, however, mixtures of both regio-
isomers (1:1) and stereoisomers (i.e., (E) and (Z), from either an initially all-(E)- or all-
(Z)-enyne) are formed, the latter observation indicating a serious loss of stereointegrity.

1) MAO

Cpazr(HICI Rl—=—= R P~r

y /\R ClCpaZr -~ R — M . Jl/\/\
J 2) H30+ R1 R1

21 22

R'= aromatic = 21:22=>20:1
Scheme 4.19. MAO-catalyzed allylmetalations of alkynes 2° alkyl 21:22 = >20:1
with allylzirconocenes. 1° alky! 21:22= 441

X=Me A
—> RN R
X (74%, >95% stereoselective)

— 4 MAO
R + ClCp2Zn_ -~ R
Z R
Ww

23; X = H, Me R’
e 0

>

s Z 1
Scheme 4.20. Formation of polyenes from enynes and allylic R

zirconocenes. (41%) (40%, 1.4:1)

When applied to halo-alkynes 24, the same MAO-catalyzed process leads to excellent
yields of the linear 1,4- or “skipped” enyne product 27 (Scheme 4.21), again depending
upon substituents R [49]. When 24 bears an iodo substituent, the reaction is faster than
with the corresponding bromide or chloride. a-Elimination to give the carbene 26, via car-
benoid 25, would then encourage migration of the aryl substituent (R), ultimately leading
to the observed product. >C labeling experiments strongly support this pathway. By
contrast, alkyl iodoalkynes appear to be converted to products without any positional
change of the alkyl groups. Thus, to account for these observations, either a 1,2-shift of
the allyl moiety or addition of the allylic zirconocene across the alkyne in the opposite
sense must occur, thereby leading to an eventual p-elimination.
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CICPYZI -~ R MAO

(30 mol%) ZrCpoCt AN
+ — = R
Ar——= 78 50 "C S R Y R
(X=Cl,8Br,1) thenrt

24 25 26 27
Scheme 4.21.  Synthesis of “skipped” enynes.

4.6
Cross-Coupling Reactions

Constructions of polyenic natural products have benefited considerably from initially
formed vinylic zirconocenes, whether used directly as nucleophiles in couplings with
vinylic halides, or following conversion to halides for subsequent use as electrophilic part-
ners (vide supra). The antibiotic lissoclinolide represents an excellent example where hy-
drozirconation—Pd-catalyzed couplings have been used to great advantage [50]. The strat-
egy followed by Negishi and co-workers is outlined retrosynthetically in Figure 4.5. Sub-
units 28 and 29 were both prepared from propargyl alcohol and were incorporated as
three-carbon fragments in the product (Scheme 4.22). Vinyl iodide 29 underwent a Sono-
gashira coupling with propargyl alcohol, the product from which was converted into the
next partner, dibromide 30. Zirconocene 28 selectively coupled with the trans-bromide to
afford 31, thus setting the stage for carboxylation and silver ion induced lactonization. The
key trans-selective (>98 %) coupling of 28 with dihalide 30 is the first such example of the
use of a zirconium reagent for this purpose.

hydrozirconation
jth i-BuZ,
with F-BuZrCp2Cl e} [Pd-catalyzed coupling]

H

AU A
i

/ OH
[ Pd-catalyzed coupling ]

hydrozirconation
with i-BuZrCp,Cl
Figure 4.5. Retrosynthetic

disconnections for lissoclinolide. lissoclinolide

TBSQ _

1) -BuZrCp4ClI
i-BuZrCp,Cl

2) I
H
1 o
BSO N zicp,Cl TBSOTNE| —— TBS

l
Pd(PPhs)q steps
28 (90%) 29 (89%) (92%

28, Pd(PPhy), Br
F Br TBSO
TBSO _ -— Q
X AAOTES cat DIBAL Z~Br
31 30

(91%, >98% stereoselectivity)

Scheme 4.22. Use of hydrozirconation en route to lissoclinolide.
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4.6 Cross-Coupling Reactions

Vinyl zirconocenes have figured prominently as nucleophiles in the cross-coupling
reactions of 1,1- and 1,2-dimetallo reagents. Interestingly, acetylenic tellurides react
with Schwartz’s reagent in THF at ambient temperatures with completely opposite re-
giocontrol to that observed with alkoxy alkynes (vide supra) [51—55]. Oh and co-workers
[53,54] showed that no loss of alkene geometry occurred when R' # R” in 32, suggest-
ing complete retention in the newly formed C—Te bond (Scheme 4.23). Intermediate 1,1-
dimetallo derivatives 33 can readily be quenched with protons or deuterons to give (Z)-
vinyl tellurides. Introduction of a tellurenyl iodide as an alkyltellurating agent affords
the corresponding mixed ketene telluroacetals (34), which are otherwise difficult to
prepare. Products 34 are isolable and readily handled, but decompose in solution over a
period of days.

Cp2Zr(H)Cl R'Te R? BuTe-I R'Te R?
R'Te——R? >:/ - >:/
CICpoZzr BuTe
32 33 34 (57-70%)
HCI
R'Te L R?
Scheme 4.23. Synthesis of vinyl H
tellurides. (80-92%)

A more extensive and detailed study of these reactions (i. e. 32 to 33) was carried out by
Dabdoub et al., who found that two equivalents of Cp,Zr(H)Cl are needed for complete
consumption of acetylenic tellurides 35 (Scheme 4.24) [51]. Solubilization of Cp,Zr(H)Cl
in the reaction medium (THF) is apparently not a sufficient indication of educt consump-
tion when only 1.1 equivalents are employed (e. g., following a proton quench, 58 % of the
product 37 and 41% of the acetylenic telluride 35 were recovered). Furthermore, care
must be taken to avoid Cp,ZrH,, potentially present following the Buchwald route [3]
to Cp,Zr(H)Cl, since Cy,—Te bond reduction can occur to a significant extent in the pres-
ence of this dihydride or of residual LAH.

CpoZr(H)CI (2 equiv) BuTe R BuTe-l BuTe
BuTe—=——R > = —_— —
THF CiCppZr BuTi

35 36 37 (70-79%)
(R =H, Pr, Bu, Ph, etc.)
Scheme 4.24. Preparation of 1,1-vinyl ditellurides.

While intermediates of type 36 maintain olefin integrity upon quenching with protons
and alkyltelluro halides, reactions with selenenyl halides produce mixtures of (E)- and (Z)-
1,1-dimetallo products which are inseparable by chromatography (Scheme 4.25) [51]. On
quenching with I,, however, the alkene geometry is retained in the major product. Bromi-
nation, akin to selenenylation, unfortunately affords geometrical isomers, typically in a
ratio of 55:45. When unsubstituted acetylenic telluride 38 is used, the regiochemistry of
hydrozirconation is still such that a 1,1-dimetallo species is generated (Scheme 4.26)
[51,52].
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BuTe—==-R
CpoZr(H)CI (2 equiv)
THF
BuTe. R P BuTe BuTe-l BuTe
>=/ -— )_/ -— —
I CICpyZ BuT

(major)

(73-81%) (70-79%)
NV H,0 \R1Sesr
BN
B uTe)_)? B r>_)2 B uTe>_/? B UT}J R'Se
— + = — — + —
B BuTe H RS BuT?j
E

Zz E

(77-80%) (80-92%) (61-69%)
Scheme 4.25. Reactions of 1,1-dimetallo species 36.

o CpoZr(H)CI (2 equiv) BuTe, BuTe-l BuTe.
BuTe—= - r>—/ —_— 2—/
38 THE CICp,Zi BuT:

(79%)

Scheme 4.26. Hydrozirconation of an unsubstituted acetylenic telluride.

Hydrozirconation of unsubstituted (arylseleno)- or (alkylseleno)ethynes has also been
extensively investigated, initially by Huang [22,23,30,33] and more recently by the same
Brazilian school [51]. In general, acetylenic tellurides add Cp,Zr(H)Cl more rapidly
than do the corresponding selenides. Both groups have found the 1,2-dimetallo inter-
mediate 39 to be the initial, sole product of hydrozirconation when R is bulky. Again,
two equivalents of the Schwartz reagent are critical for complete conversion. The only
other regiospecific case, although proceeding with opposite regiochemistry, has been
that of the aryl-substituted acetylenic derivative 40. Thus, all alkyl-substituted alkynyl
selenides, while favoring the 1,1-dimetallo configuration, give mixtures of olefinic prod-
ucts. Nonetheless, simple proton quenching produces (Z)-vinyl selenides in good yields,
species that are of considerable value in synthesis (Procedures 8-11, p. 141f)).

RSe, BuTel RSe H
RSe—==—H v ZrCICp, TeBu
— L J 10,
(R=Ph, n-Bu) CpoZr(H)CI (2 equiv) 39 (66-81%)
THF -
BuSe—=——Ph BuSe _ Ph BuTel . BuS:>=/Ph
CpZCIZr; BuT
40 i i (63%)

Scheme 4.27. Synthesis of 1,1- and 1,2-dimetallo vinyl chalcogenides.

Cross-coupling reactions of vinyl zirconocenes of general structure 41, mainly using
group 10 metal catalysts, can be smoothly effected to give a variety of vinyl selenide-con-
taining materials, which are amenable to further elaboration through nickel-catalyzed
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Grignard displacements (Scheme 4.28). The 1,2-dimetallo reagent 41 can be halogenated
to give the (E)-B-halovinyl selenides 42, while Negishi coupling of a vinyl zirconocene with
43 leads to (E, E)-derivatives 44, and ultimately to arylated butadienes 45 [22,30]. With
alkyl-substituted selenoalkynes (e. g., 46; Scheme 4.29), Pd(0)-catalyzed couplings of inter-
mediate 47 provide entry to stereodefined enynes 48 and a-alkylated vinyl selenides 49,
while AgClO,-catalyzed 1,2-additions lead to allylic alcohol derivatives 50.

ArSe—=—"ro—H Ar,
CpoZr(H)CI x
THF, 0°C 45 (75-82%}) Ar
X
== ArSe Ar'MgBr
o or NBS — .
Ase _ [2ONBS arse 43 Sear ? | Ni(PPhgl,Cly
X 0°C ZrCp,Cl Pd(PPhs)s SeAr
42 (X =81} 4 (X=Br, |} 44 (65-83%)

(81-87%)
Scheme 4.28. Reactions of selenenylated vinyl zirconocenes 41.

£t
Ph—=—I"PhOTs K:{i
Pd(0), THE

Ph

48 (R = Bn, Ph, CHxOMe)
(70-85%)

Cp2Zr(H)C! SeEt Pd(0), ZnClz
R—==—Sekt > = - l¥<8eEt
R1

46 THF, it ZrCpoCl RIX, THF

47 49 (R' = Bn, Me, Ph)
(62-85%)
PhCHO . k<3eEt
AgCIOq4 (cat) CHPh
OH
50 (R = Bn, CH20Me)
Scheme 4.29. Couplings of 1,1-dimetallo reagent 47. (68-76%)

As an alternative to hydrozirconation of acetylenic tellurides or selenides, Dabdoub and
co-workers have more recently described the first additions of the Schwartz reagent (one
equivalent) to acetylenic selenide salts 51 (Scheme 4.30) [52]. Subsequent alkylation at
selenium produces 1,1-dimetallo intermediates 52, which are cleanly converted in a
one-pot process to stereodefined products 53. It is noteworthy that ketene derivatives 52
are of (E)-geometry, the opposite regiochemistry to that which results from hydrozircona-
tion of acetylenic tellurides (vide supra). This new route also avoids the mixtures of regio-
isomers observed when seleno ethers are used as educts. The explanation for the stoichio-
metric use of Cp,Zr(H)Cl in these reactions, in contrast to the requirement for two
equivalents with seleno ethers, may be based on cyclic intermediates 54, in which
Li—Cl coordination provides an additional driving force. Curiously, attempted hydrozirco-
nation of the corresponding telluride salt 55 under similar conditions was unsuccessful
(Scheme 4.31) (Procedure 12, p. 143).

In terms of their synthetic use, (E)-vinyl tellurides 56 easily undergo Li/Te exchange
upon treatment with nBuli at —78 °C (Scheme 4.32). The resulting vinyllithium has con-
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1} n-Buli Cp2Zr(H)CI eli
Re=—t  ———> [R = Se‘Li+] _— [ — ]
e
) 51 ZrCp2Cl
I CqHgBr
\J
PE<SEC4H9 n-BuLi F\_<SeC4H9 C4HgTeBr __ SeC4Ho
) -—
Li TeCsHg ZrCpCl
| o 53 (71-82%) 52
\J

SeCqHg __Se—Li
PE( E = H, CO2Et, CHO, x(i e
E CH(OH)C4Hg, COzH A
Cp Cp

54

(65-91%)

Scheme 4.30. Hydrozirconation of a lithium alkynylselenolate anion 51.

- Teli
Te Li ] +  Cp2Zr(H)CI —%» =
ZrCpoCl

Scheme 4.31. Unsuccessful hydrozirconation of lithium alkynyltellurolate anions 55.

[rR—=

55

R‘l
TeCyHg
56
(R = n-Bu; R! = SeC4Hg)

n-Buli
THF, 0 °C

p\_<R1 CICO,Et K(Fv co, &(R1

CO,Et Li CO,H
(65%) (70%)
C4HgCHO L DMF Ho0
/ \\
R! R! F\_<R1
MS/QH g :CHO H

OH
(68%) (70%) (91-95%)

Scheme 4.32. Transformations of stereodefined vinyl tellurides 56.

siderable potential for many C—C bond-forming reactions, all of which occur with strict
retention of regio- and stereochemical integrity [52,56].

Acetylenic stannanes, which were first shown to undergo regioselective hydrozircona-
tion to afford 1,1-dimetallo reagents 57 in 1992 [7a], have been converted to the derived
selenides, sulfides, and tellurides, 58, 59, and 60, respectively [57]. Simply exposing 57
to either a selenenyl bromide or sulfenyl chloride is sufficient to induce coupling with
the more reactive vinyl zirconocene component, thereby allowing for subsequent Stille
couplings of the intact vinyl stannane unit (Scheme 4.33). Moreover, as noted previously

125



126

4.6 Cross-Coupling Reactions

Cp2Zr(H)CI R___ SnBus R'SeBr R___ SnBug

R—=—=—SnBus
THF, rt ZrCp,Cl 1, 0.5 h SeR!

57 58 (38-65%)
1. BuTeBr, THF, 0 °C

2. NaBH4 R's-Cl | 0°C R =CH30CH,

R' = Ph, p-CICgH4
p-CH3CeHj, CHz

R SnBug R___ SnBug
TeBu SR’
60 (60-81%) 59 (68-80%)
R =H, Bu, CgHy3, Ph R = Ph, CH30CH,, p-CH3C¢H4

R = Ph, p-CICgHa, p-CH3CgHa

Scheme 4.33. Formation and reactions of 1,1-dimetallo species 57.

[24,25], vinyl sulfides can be further elaborated using RMgX under Ni(0) catalysis. Huang
and co-workers have also shown that quenching the same intermediate 57 with an aryl
sulfinyl chloride leads to o,p-unsaturated sulfoxides bearing a triaryl- or trimethylstannyl
moiety at the o-site [58] (Procedure 13, p. 143).

Hydrozirconations of both vinyl and acetylenic boranes by Srebnik et al. led to 1,1-dime-
tallo reagents, which offer the benefits as coupling partners of alkyl- and vinylboranes, re-
spectively [59—62]. Initial trials were conducted with B-alkenylborabicyclo[3.3.1]nonanes,
but these led to unstable dimetallics. Replacement of the 9-BBN fragment with the pina-
colborane-derived analogue produced stable dioxaborolanes 61 (Scheme 4.34).

<R_/_/(P/€< Crazrrlct Q_/_<?K<
B—O 2 B—O
— ——— e

ZrCpCl
Scheme 4.34. Generation of the gem-borazirconocene 61. 61

Addition of the Schwartz reagent across alkynyl boranes also occurs at room tempera-
ture [59,60,62]. The more reactive C—Zr bond, perhaps a reflection of the greater electro-
positivity of zirconium compared to boron, selectively participates in palladium-catalyzed
couplings, with the vinylborane fragment remaining untouched (Scheme 4.35). Temaro-
tene, a synthetic retinoid of interest, could be prepared in a very straightforward manner
based on two successive Pd(0)-initiated couplings [60].
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i CpaZr(H)IC o Ph B—0
Ph——= B< > ¥< —?——> E(
ZrCpoCl H
Pz (86%)
d(PPha)a |—®—002Me
COoMe
Ph. _ Me Br '
Ph - Q
CB< e ®
temarotene O Pd(PPh3)4
CO2Me
(7 8%) (79%)

Scheme 4.35. Sequential couplings of a gem-borazirconocene.

4.7
Zirconium to Copper

Since the original report by Schwartz in 1977 in which a vinyl zirconocene was shown to
deliver a vinyl ligand in a 1,4-sense to an enone in the presence of a Cu(I) salt [63], many
modified procedures have been reported based on this type of transmetalation. Several of
these appeared in the early to mid-1990s, as discussed in reviews by Wipf [14], and in-
volved the use of either stoichiometric or catalytic quantities of copper to effect both alky-
lations and conjugate additions of initially formed alkyl and vinyl zirconocenes. In gen-
eral, ligand-exchange phenomena between zirconocenes and cuprates tend to be far
more facile than metathesis events involving copper salts. Moreover, the resulting cup-
rates generated by this exchange are usually more reactive than their corresponding orga-
nocopper (RCu) analogues, a feature often manifested in the temperatures required for a
given type of reaction. Most recently developed reactions, however, rely predominately on
the catalytic use of Cu(I) salts, mainly due to expediency and to avoid build-up of transi-
tion metal containing waste materials.

Gilman cuprates (R,CulLi) were found by Huang et al. to be effective in couplings with
alkenyl(phenyl)iodonium salts [64], as reported earlier by Ochiai (Scheme 4.36) [65]. In
this case, however, the precursor alkynyl(phenyl)iodonium salts, popularized by Stang
[66], could be initially hydrozirconated to give intermediates 62, treatment of which
with R,Culi (R = Me, Et, nBu) followed by quenching with a halogen source afforded
stereodefined olefinic products 63. The fact that the cuprate selectively displaces the iodo-
nium species rather than effecting transmetalation of the vinyl zirconocene is a most in-

1. Me,Culi
< > — proTs PRt _I'PROTs -60 to -40°C e
THF, rt ZrCp,Cl 2.NBSorly, 1t H X
62 63
(57%) X =1

Scheme 4.36. Hydrozirconation of alkynyl(phenyl)iodonium salts. (54%) X =Br
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teresting result, although precedents for such cuprate-based transmetalations are usually
associated with higher-order cyanocuprates rather than lower-order reagents [67]. The
overall utility of the process lies in the synthetic equivalence of intermediates 62 to the
idealized 1,1-difunctional reagent 64 (Figure 4.6) (Procedure 14, p. 143).

62

R__®
©

Figure 4.6. Synthetic equivalent of 1,1-dimetallo reagent 62. 64

Conjugate additions of alkyl zirconocenes to unsaturated oxazolidinones 65 take place,
according to Wipf and co-workers, in the presence of 15 mol% CuBr - SMe, (Scheme 4.37)
[68]. In reactions with the phenylglycine-derived auxiliary (R = Ph), the highest diastereo-
selectivities were obtained when the reactions were performed in THF, although only in
the presence of one equivalent of BF;-OEt,. Alternative nonracemic auxiliaries, such as
Oppolzer’s sultam (66; Figure 4.7) [69] dramatically reduced the de. The initially formed
enolate, postulated as existing in its (Z)-configuration as zirconium chelate 67 (Figure
4.7), reacts with benzaldehyde through a six-membered cyclic transition state to give ex-
clusively the syn product. The role of the Lewis acid was postulated to be one of assistance
in the formation of chelate 67 by (reversible) abstraction of chloride, which is followed by
rapid 1,4-addition, predominately from the side opposite to the phenyl substituent.

P 1. Cp2Zr(H)Cl, solvent \/\/\/:\)]\N)ko
/

2. CuBrsSMe; (3 x 5 mol %)

BF3°Et,0 R’
o O (10-75%) 35-80% de (R = Ph)
/\)LNJLO 65
S
R

[solvent = THF, DME, CH,Cl,, or oxetane]

o o
P 1. CpuZr(H)Cl, THF ) CSHHMN)LO
2. e )
A~A R PH
PH (64%) >97% de (10%) 86% de
CuBre<SMe,, BF3°Et,O
3. PhCHO

Scheme 4.37. Diastereoselective aldol reactions of an alkyl zirconocene.

(CsHs) /(CsHsl

;er
Me O O
NW |
g CsHmMN 0
0 R
0, )_/
Ph Figure 4.7. Acylated Oppolzer's
65 66 sultam 66 and proposed Zr-chelate

intermediate 67.
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The addition of any one of several dialkyl chlorophosphates to an arylalkyne-derived
vinyl zirconocene in the presence of catalytic amounts of CuBr in THF leads to the cor-
responding vinyl phosphonate in high yields (78 -92 %; see, for example, Scheme 4.38)
[25]. Here, alkyl-substituted acetylenic starting materials do not react beyond the initial
hydrozirconation stage. Vinyl phosphonates may be readily converted to acyloins by oxida-
tion to the diol followed by base-induced cleavage.

Cl Cl
Cp,ZrH)CI (-PrOYPOCI
7 N — > _ _— __
= THF, rt CuBr .
al : H; ZrCp,Cl HZ PO(OPr),
Scheme 4.38. Generation of a vinyl phosphonate via an initial hydrozirconation. 91%)

As described by Hanzawa, Narita, and Taguchi, cross-coupling reactions of acyl zirco-
nocenes with allylic halides mediated by 10 mol% of a copper(I) salt occur smoothly at
0°C (Scheme 4.39) [70]. While CuX (X = CI, Br, I, CN) are all satisfactory catalysts,
CuBr - SMe, surprisingly proved ineffective. Either THF or DMF can be used as the solvent
for these reactions. Allylic systems, including halides and pseudohalides, participate, al-
though allyl chloride was found to be the least efficient substrate (44 %). In no case
were products of double-bond migration observed, which highlights the mildness of
these reaction conditions relative to those reported previously for the reaction involving
Pd(0) catalysis [42]. Substituted allylic bromides led to mixtures resulting from attack at
the a- and y-sites, the latter prevailing (Scheme 4.40). Propargylic bromides reacted in a
similar mode, affording exclusively allenic ketones 68 (i. e., 69 was not observed), further
testament to the general synthetic utility of acyl zirconocenes as unmasked acyl anions
(Scheme 4.41) (Procedure 15, p. 143).

o
10 mol % Cu(l
X b e~ metecdd P R
2rCpeCl DMF or THF I 5
R = Ph(CHy)s, X=B8r,1,Cl,OTs 0°C, 1h not observed

(E)-Ph(CHy),CH=CH

Scheme 4.39. Copper-catalyzed alkylations of acyl zirconocenes.

0
Me R/U\Zrc o o H o H
P2
ME)\(\BF - N Me .
H Cul, DMF, 0°C Me Me “Me
(29%) (62%)

Scheme 4.40. Regiochemistry associated with the prenylation of an acyl zirconocene.
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@)
M 0 0 Ox-F 0 Ry
R™ “ZrCp.Cl A
— X p2 . M
Z R R R
R Cul, DMF, 0°C R
1 Ri
X =Br, OTs 68 69; not observed
)
R)]\ZGCZCI
Cul, DMF, 0 °C
(59%)
Scheme 4.41. Coupling of an acyl zircono- when R = Ph(CHyp)4,
cene with propargylic systems. Ri=H

Hydrozirconation of an acetylenic selenide forms a 1,1-dimetallo reagent 70, which can
undergo insertion of carbon monoxide into the C—Zr bond (Scheme 4.42). Huang and
Sun have used Cul to catalyze couplings between the acyl zirconocenes 71 thus obtained
and acetylenic halides, leading ultimately to vinyl alkynyl ketones 72 bearing a seleno
ether moiety on the olefinic a-carbon [71]. Unlike most routes to such compounds,
which tend to require high temperatures and high CO pressures [72], these couplings
occur at room temperature and atmospheric pressure on the order of 30 minutes (at
0.20 M) in THF. Overall yields are good (58—72 %).

20 CpoZr(H)ClI MeO SeEt CcO MeO SeEt
\—=SeEt _>:< —
THF H ZrCpoCl H ZrCp,C

MeO SeEt Ph———X

Scheme 4.42. CO insertion into a vinyl o
zirconocene. 72 (70%)

Vinyl zirconocenes, obtained by hydrozirconation of acetylenic silanes, can be quenched
with an arylselenium bromide to give a 1,1-dimetallo intermediate that is amenable to
further elaboration (Scheme 4.43) [73]. Copper-catalyzed couplings with Grignard reagents
displace the selenide, while acylation of the vinyl zirconocene forms enones under the in-
fluence of CuBr-SMe, [21]. o-Silyl-o,p-unsaturated ketones with isomeric purities of
>97 % can be realized in high yields using a variety of acid chlorides. Further acylation
chemistry involving the vinylsilane can also be effected on these initial products by
using an equivalent of AlCl; in CH,Cl, at low temperatures.

gem-Borazirconocene alkanes [61] (Scheme 4.34) are valued Michael donors toward
unhindered unsaturated ketones, esters, and nitrites in the presence of 10 mol %
CuBr-SMe, [74,75]. For example, the 1,1-dimetallo species 73 adds to cyclopentenone
to give a 9:1 ratio of anti to syn isomers in high yield (Scheme 4.44). The possibility of
converting the resulting alkylborane to the derived secondary alcohol with basic peroxide
renders 73 an equivalent of the alcohol a-anion 74 (Figure 4.8).
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CpoZr(H)Cl T™S PhSeBr TMS
R—=—TMS > }:{ —_— FS:—<

CH,Cly, 1t ZrCp,Cl THF, 60 °C H SePh
(80%) R =Bu
o}
ozbg,lc'
Ol cat Cu(l)
CuBrSMe, E}_’:"FQBF{
(15 mol %) '
35°C
R TMS B ™S
H NO, U>=<
H Et
Scheme 4.43. Preparation and reac- NO,
tions of a silylated vinyl zirconocene. (89%) R = Ph (80%)
O

Bu/erszCI 0

CuBr-SMe, (10 mol%),
O/B\O + é > Bu
then satd. ag. NaHCO,

&‘m

73 (94%) 1.9 syn:anti

Scheme 4.44. Copper-catalyzed 1,4-addition of a gem-borazirconocene.

Figure 4.8. 1,1-Dimetallo reagent 73 as a synthetic equivalent of 74. 74

Copper bromide has been used by Srebnik and co-workers to homocouple vinyl zirco-
nocenes 75, thereby providing access to 2,3-dibora-1,3-butadienes (e. g., 76; Scheme 4.45),
which retain their original geometrical relationships [76]. These dimerizations readily take
place at room temperature; the products are stable to both air and moisture and can be
purified by column chromatography on silica gel. Prolonged heating of the product at
150 °C was found not to lead to decomposition or even isomerization. Similarly, precur-

; Cp22r(H)CI QB§< CuBr
— »

T OTHR H 2Cp,Cl it

/B\ 75

0
H 76 (67%)

Scheme 4.45. Generation of 2,3-dibora-1,3-butadienes by homocoupling of vinyl zirconocenes.
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i &’
% 10 mol % CuBrSMe .
MeSi -0 + - -

ZrCp,Cl S
77 78
(0]
(n = 3) rac-chokol A precursor steps

(n = 2) rac-chokol G precursor [
“"Irﬁn\OH

Scheme 4.46. Conjugate additions of 1,1-borazircono alkenes en route to chokol A and G precursors.

sors to both racemic chokols A and G could be fashioned by an initial 1,4-addition of
trimetallic 77 to cyclopentenone 78 followed by Suzuki couplings with alkylating agents,
the products from which could readily be converted to the target structures (Scheme 4.46)
[77].

4.8
Zirconium to Zinc

Since the early disclosure by Negishi that zinc halide salts accelerate Pd(0)-catalyzed cross-
couplings between vinyl zirconocenes and various halides [78], several methods have been
developed that extend the utility of this metathesis process from a zirconium chloride to a
zinc chloride (79; Scheme 4.47). Alternatively, routes to more reactive diorganozinc inter-
mediates, e. g., using Me,Zn, convert readily available zinc derivatives to mixed species 80,
which selectively couple with various electrophiles [14].

o RZnCl o
\/\ZGCQC| __0_r> \/\Zn-R(R')
R'2Zn 79:R=Cl Scheme 4.47. Transmetalation of a vinyl zircono-
80; R'= Me cene to a vinyl zinc reagent.

Panek and Hu examined the generation and subsequent Negishi couplings of substi-
tuted vinyl zinc chlorides with both (E)- and (Z)-vinyl iodides [79—81]. Addition of the
Schwartz reagent to an internal alkyne (e.g. 81) could be achieved in THF or benzene,
although mild heating was required (Scheme 4.48). Moreover, two equivalents of
Cp,Zr(H)Cl were needed to achieve 100 % conversion as well as regiospecificity in favor
of the least hindered site. Addition of anhydrous ZnCl, (3 equivalents) in THF, followed
by the iodide and a source of Pd(0), led to excellent yields of either (E,E)- or (E,Z)-dienic
products. Couplings with (E)-vinyl iodides (e.g., 82) were found to be best conducted
using Pd(PPhs), (5 mol%), while those with the (Z)-isomers proved most effective
using Pd(0) generated in situ from PdCl,(PPh;),/DIBAL. Heteroatoms were found to be
readily accommodated in these schemes (e. g., as in 83). The versatility of this approach
toward dienic portions of natural products has been further demonstrated in Jacobsen’s
recent synthesis of the antitumor agent FR901464 (Figure 4.9) [82].
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OMe OMe OMe

: Zr(H)CI ? ?
Ph\/‘\/ _CpZtC | e 2 - ZCPL nCh e A - 2C!
THF, 50 °C, 1h THF

81

BocHN
QMe  BocHY Y~
8 g cat Pd(PPhs), PhMe,Si
82

S

i

PhMe,S] <30 min

Scheme 4.48. Synthesis of a
functionalized (E,E)-diene. 83 (76%)

Figure 4.9. Structure of FR901464. FR901464

A synthesis of the hexaenediyne xerulin 84, a naturally occurring inhibitor of cholesterol
biosynthesis, has been accomplished by Negishi and co-workers [83]. One key disconnec-
tion in 84 was envisaged as corresponding to a Pd(0)-catalyzed coupling of the precursor
vinylic bromide 85 and the highly unsaturated zinc reagent derived from vinylic zircono-
cene 86 (Scheme 4.49). Hydrozirconation of enediyne 87 gave the required intermediate
86, which indeed underwent transmetalation with ZnCl, (0.6 equivalents) and coupling to
afford 88 in outstanding yield. A final Sonogashira reaction—lactonization sequence devel-
oped earlier by this group [84] completed the scheme.

m\ N _//%\\_
xerulin (84) \g:\LO = 85 Br

2. cat Pd(0), Cul

1. TBAF
TBS TBS

TBS
Y e NN = cat Pd(0) cIc Zr/\/\/ = ~
ZnCl, P 7

88 (95%) 86 87
Scheme 4.49. A cross-coupling strategy toward xerulin.

/" cooH (70%) N

Once hydrozirconation—transmetalation of terminal alkynes has been effected using
Me,Zn at low temperatures in toluene [85,86], the resulting mixed zinc species react
with aldehydes to give racemic allylic alcohols (Scheme 4.50). The normally unreactive di-
substituted zinc intermediates are able to participate in such 1,2-additions by virtue of the
presence of the Lewis acidic zirconocene by-products of the transmetalation. A nonrace-
mic version of this reaction has been developed by Wipf and Ribe [87], in which a more
hindered version (89) of van Koten’s thiol ligand [88] (10 mol%) imparts excellent levels of
enantioselectivity (64—99 % ee). Wide variation in the alkyne is tolerated, although super-
ior ee values are to be expected with aryl as opposed to aliphatic aldehydes. Other likely
choices for ligands on zinc, such as amino alcohols (90 [89] and 91 [90]; Figure 4.10),
and thioacetate 92 [91], led to mixed results. Curiously, kinetic studies established that
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. CpoZr(H)Cl MesZn
= — R/\/Z"CPZCI —_— - R/\/ane
CH,Clp, 22°C -65°C, toluene
R'CHO/*, -30°C -30"\& R'CHO
A
OH OH

Scheme 4.50. 1,2-Additions of mixed
R/\)*\R, R/\/'\R.

vinyl zinc reagents to aldehydes.

NMey -
oH EH—P ) NMe; P Me
N o©OH OH A NBu
89 90 91 92

Figure 4.10. Non-racemic ligands screened in 1,2-additions of vinyl zirconocenes to aldehydes.

the enantioselectivities are not simply based on an acceleration of the addition of a zinc
reagent ligated by 89. The presence of both zirconium and zinc in the reaction, however,
unfortunately precludes any meaningful interpretation of such data (Procedure 16, p. 144).

The side chains in the antibiotics asukamycin and manumycin A (Figure 4.11) have
been fashioned utilizing a 1,2-addition—dehydration sequence involving vinylic zinc inter-
mediates. By transmetalating a vinyl zirconocene to give its mixed zinc analogue 93, Wipf
and Coish carried out 1,2-additions with aldehydes at 0 °C to afford divinyl alcohols 94 and
95, respectively (Scheme 4.51) [92]. Activation with (CF;CO),0 followed by 1,4-elimination
in each case led to the all-(E)-conjugated trienes suitable for future incorporation into the
targeted natural products (Procedure 17, p. 144).

NN Xy
I O
H OH
HN
o O
asukamycin manumycin A

Figure 4.11. Structures of asukamycin and manumycin A.

Suzuki and co-workers have described a novel reductive coupling of allenes and alkynes,
starting with hydrozirconations to give allylic and vinylic zirconocenes 96 and 97, respec-
tively [93]. Following transmetalation of these to give the derived zinc chlorides, a zinca-
Claisen rearrangement of 98 ensues upon gradual warming to ambient temperatures
(Scheme 4.52). The sole product in most cases is the a-adduct, otherwise unattainable
in a selective manner, which is generated as a mixture of (E)- and (Z)-isomers via the se-
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Scheme 4.51. Synthesis of trienes related to asukamycin and manumycin A side chains.

2Cp,Zr(H)Cl
- ZrCpoCl
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CH20|2
96 97
ZnCl,
Scheme 4.52. Coupling of an allylic zirconocene R'WR

with a vinylic zirconocene.

quence shown in Scheme 4.53. Isomerization from the kinetically formed intermediate is
unusually rapid and complete, unlike in the cases of the corresponding organolithium or
Grignard species [94]. Apparently, the presence of MgX, inhibits the y to a interconversion.
An application to the side chain of vitamin E has been reported, in which the stereochem-
istry of the newly formed alkene in 99 is of no consequence, while that at the sp’ center is
created with remarkable selectivity (93:7, 99R:100S; Scheme 4.54) (Procedure 18, p. 144).

Zr M .
z1  "Na g0, P MM o/ o |
Y = = " R'
R' R’ R
R ! R
R R
[Z1] = ZrCp,Cl 98 v-adduct

isomerization
(inhibited by MgX5)

M_M _R  HO R
Y |
Scheme 4.53. Proposed mechanism R,Lru/ R.J\,ﬂf
of a zinca-Claisen rearrangement. a
CpoZr(H)ClI ZnCl cat TsOH

y‘NOMOM + ///\OTr 2

: MeOH

A s
HO & >"omom N Ho/\l/Wowlom
99 (E:Z 42: 1) 100 (E:Z 1:2.4)

Scheme 4.54. Stereoselective synthesis of vitamin E precursor 99.
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4.8 Zirconium to Zinc

Hydrozirconation—transmetalation to zinc, when carried out in THF, can be used to
prepare allylic amines 101 (in N-protected form) by straightforward 1,2-additions to aldi-
mines (Scheme 4.55) [95—98]. When carried out in dichloromethane, however, a different
reaction pathway is followed, as reported by Wipf et al. [99]. Over time (ca. 16 h), the initial
1,2-adduct (Scheme 4.56), necessarily in anionic form, reacts with the solvent at reflux
temperature to give a chloromethylated zinc derivative 103, which serves in a Simmons-
Smith-like capacity to cyclopropanate the alkene to give 104. The products 102 (44—84 %
overall yields) could be formed more rapidly by the inclusion of CH,I, (5 equivalents) in
the same reaction medium, and show an anti relationship in all cases. The stereochemical
outcome is unexpected in view of the usual tendency for a heteroatom to direct cyclopro-
panation in a syn-selective manner [100]. Considerable functional group tolerance is a no-
teworthy feature, and even internal alkynes participate, thereby leading to trisubstituted
amino cyclopropanes. N-Phosphinoylimines were used in all examples given the ease
with which they can be hydrolyzed with acid (1 ~ HCl/MeOH).

R\ = R THF ~ 1. CpoZr(H)CI CH,Cl, R' R
W ‘—40 o R-// + 2. MeyZn - \4\/
NHP(O)Ph, 3 ROH=NP(O)Phy | 2 NHP(O)Ph,
101 102

Scheme 4.55. Solvent dependence in reactions of vinyl zinc reagents with aldimines.

R-\/\(R R\<]\/R

/N\ > ~
CICH—2zii “fPhz clzr” PPhy
o] o]

alkkyne ——» — 102

pd

103 104
Scheme 4.56. Proposed intermediates leading to cyclopropylamines 102.

By altering the order in which the above reagents are introduced, Wipf and Kendall
discovered that homoallylic amines could be diastereoselectively produced instead of
the expected aminocyclopropanes (Scheme 4.57) [101a]. Thus, after alkyne hydrozirco-
nation—Me,Zn-mediated transmetalation, addition of CH,I, prior to the imine followed
by stirring at room temperature led to good yields of the protected amines with a pre-
ference for the anti isomers. A chairlike transition state 105 (Figure 4.12), following
insertion of the methylene group, can account for the observed stereochemical pre-
ference. Aryl imines afford lower anti selectivities than do aliphatic imines [101D].
This trend is consistent with the closed transition state 105, as bulkier pseudoaxially
oriented aryl substituents on the phosphinoylimine carbon would be expected to de-
crease the diastereoselectivity (Procedure 19, p. 145).

;. ﬁlg%rrsH)m NHP(O)Ph, NHP(O)Ph,
n-Bu—== 2 > A+ p Calls
3. CHyly
4. PhCH=NP(O)Ph, = X
CH,Cl,, 1t

(71%) 85 : 15 anti . syn
Scheme 4.57. Homoallylic amine formation resulting from a change in the mode of addition of reagents.
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Figure 4.12. A chair-like transition state favoring anti-homoallylic amines. Oxu
\T%Z

=17/ R
I-Z| Flk )

105

4.9
Zirconium to Boron

As discussed earlier in Wipf’s review [14], Cole and co-workers have developed procedures
by which alkyl and vinyl zirconocenes react with monohalo- or dihaloboranes to give the
corresponding transmetalated boranes [102]. More recently, Srebnik and co-workers have
described hydroborations of alkynes catalyzed by the Schwartz reagent (5 mol %) using
pinacolborane, which adds cleanly with excellent regio- and stereoselectivity (98:2
(E):(Z2)-vinyl boranes as products; Scheme 4.58) [103]. With alkenes, hydroboration can
likewise occur under similar conditions, although Rh(PPh;);Cl (1 mol %) has proven
superior to Cp,Zr(H)Cl as catalyst.

cat CpoZr(H)ClI
or cat CpoZr(H)ClI
t Rh(PPh3)3Cl CH.CI
0 cat Rh(PPh;)3 / 2Clp O/K<

R/\/B\O R/\/B\O

O O
Zr: 9-72%; Rh: 92-99% j:oBH j:oBH (75-95%)

Scheme 4.58. Zirconium- and rhodium-catalyzed hydroborations of alkenes and alkynes with pinacol-
borane.

An unexpected change in the course of the above reaction was noted on going from
CH,Cl, to CCl, as solvent. Instead of the anticipated hydroboration of an alkene, a poly-
halogenated alkane was obtained (Scheme 4.59) [104]. This Kharasch-like reaction [105],
which normally requires elevated temperatures, proceeds in the presence of Cp,Zr(H)Cl
(5 mol%) and pinacolborane (22—25 mol%) at room temperature. In general, the CCl,
residue is attached at the terminal carbon of the alkene. Yields in most cases are modest
(41—87%). Internal alkenes react to give mixtures of diastereomers. A free radical
mechanism, if involved, does not concern the starting alkene, as neither galvinoxyl nor
BHT were found to inhibit the reaction. Hydrides of both zirconium and boron are
required, as has been established by several control experiments. On completion of the

Cl

™S X T™S CCla

cat CpoZr(H)ClI (61%)

O
BH, CCly, rt
O
— CCl3
Scheme 4.59. Unusual addition

of CCl, to alkenes catalyzed by Cl
both Zr and B.
(87%)
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4.10 Zirconium to Nickel

reaction, the boron-containing species was identified as B-chloropinacolborane by compar-
ison of its "B NMR spectrum with that of an authentic sample. Zirconium was found to
exist as Cp,ZrCl, (Procedure 20, p. 145).

4.10
Zirconium to Nickel

Previous methodologies involving nickel-catalyzed 1,4-additions of vinyl zirconocenes,
first described by Schwartz in 1977 [106] and improved to the level of an Organic Synthesis
procedure in 1993 [107], have been viewed in particular with an eye towards prostaglandin
synthesis. According to Negishi [108], an alternative coupling with aryl halides works
well using catalytic amounts of Ni(PPh;),, and this is amenable to vinyl zirconocenes
derived from ethoxyacetylene, which give B-alkoxystyrenes. Until recently, missing
from the repertoire of electrophilic partners were adducts containing sp’-based leaving
groups. Recently, Lipshutz and co-workers have used benzylic chlorides as substrates
for couplings with numerous in situ formed vinyl zirconocenes under the influence of
Ni(0) (Scheme 4.60) [109]. Aromatic rings with varying degrees of substitution appear
to exert no influence on the efficiency of these reactions, which take place at room tem-
perature. Pd(0) can be used in place of Ni(0), although heating to 50°C for the same
duration was needed under otherwise identical reaction conditions. In especially elec-
tron-rich cases, typified by the vitamin K and ubiquinone [110] subunits 106 and 107,
respectively, significant homocoupling of these moieties was observed. Thus, the stan-
dard protocol involving Ni(0) generation by nBuLi reduction [111] of Ni(PPhy;),Cl,/
2PPh; was supplanted by the use of the combination Ni(COD),/2PPh;. On changing
the Ni(0) source, the yield increased from 31% to 66% in the case of the desmethyl
CoQj; precursor 108. Similar couplings can be anticipated between vinyl zirconocenes
and heteroaromatic systems that also bear a chloromethyl substituent (e.g. 109) [112],
thereby furnishing allylated aromatic and heteroaromatic rings in a highly stereocon-
trolled fashion (Scheme 4.61) (Procedure 21, p. 145).

@\/ TIPS = Ni(O) @\/\/\/

x
|+ COpClzr” X OTIPS
FsC © P2 THF, rt FsC N

(83%)
OMe : OMe N X OMe
: N O
i MeO H 2 MeO
OO ' Meo cl 10 % Ni(PPhg), MeO N ﬁ/\)H
OMe i OMe THF, 1t OMe H 2
106 107 108 (66%)
Scheme 4.60. Ni(0)-catalyzed couplings of vinyl zirconocenes with benzylic chlorides.
abh athNi©) Y
NG b CpzZie NINNOTBDPS N OTBDPS
THF, rt
Cl
109 (87%)

Scheme 4.61. Ni(0)-catalyzed coupling of a vinyl zirconocene with a chloromethylated heteroaromatic.
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By means of nickel-catalyzed couplings of vinyl zirconocenes, Schwaebe et al. succeeded
in obtaining fluorinated materials using a-bromo esters as electrophiles (Scheme 4.62)
[113]. The yields achieved, albeit modest (24—65 %), were far better using Ni(0) than
those obtained in experiments based on several palladium(0) sources (no product observ-
ed). Isopropyl esters appear to be crucial, as competing 1,2-addition occurs with both ethyl
and n-butyl analogues. Curiously, t-butyl esters were found to completely inhibit both
modes of reaction of the zirconocene.

o P Cat a1

(53 %)
Scheme 4.62. Ni(0)-catalyzed coupling of a vinyl zirconocene with an a-bromo-o,a-difluoro ester.

4.11
Summary and Outlook

The chemistry discussed herein, a “progress report” of sorts, provides additional testi-
mony to the already well-recognized value that the Schwartz reagent brings to the art
of organic synthesis. So long as Nature continues to supply a wealth of alkene and poly-
ene-containing molecules that possess biopotencies of interest to medicine, it is likely
that chemists worldwide will continue to refine existing methods and devise novel technol-
ogies for realizing such structural motifs. Hydrozirconation, based mainly on Cp,Zr(H)ClI,
can clearly play a pivotal role in this planning, owing to the stereo- and regiocontrol
elements offered by this mild metal hydride. Whether based on intermediates that contain
a carbon—zirconium bond, or alternative organometallics derived from zirconocenes via
transmetalation, the sheer breadth of possible products emanating from an initial hydro-
zirconation is impressive by any yardstick. It is also interesting to note that much of the
recent chemistry concerning the Schwartz reagent brings the (organo)chalcogens (S, Se,
and Te) into focus, as each atom adds yet another option for furthering molecular com-
plexity.

Future reports in the area of hydrozirconation chemistry may include as yet undiscov-
ered ways whereby zirconium—heteroatom bonds can be used to good advantage, in
which Cp,Zr(H)Cl may serve as a selective reductant for various functionalities. Practical
procedures yielding more reactive reagents equivalent to Cp,Zr(H)Cl (e. g., Cp,Zr(H)OTf)
[114] would be welcomed for sterically hindered substrates that are otherwise reluctant to
react with the parent reagent, and as a means of altering the normally observed reaction
patterns [115]. Additional advances including general methods for effecting catalytic hy-
drozirconation transmetalations involving other metals would also be most useful.

Typical Experimental Procedures

1. Hydrozirconation of 1-decene with iBuZrCp,Cl in the presence of 2 mol% AICI; [10] The
solvent was removed from an ethereal solution of tBuMgCl (2 M, 1.1 mL, 2.2 mmol) under
reduced pressure at room temperature. To the residue were added benzene (5 mL) and
Cp,ZrCl, (642 mg, 2.2 mmol), and the reaction mixture was heated for 1 h at 50°C.
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4.11 Summary and Outlook

The formation of iBuZrCp,Cl in 94 % yield was observed by "H NMR spectroscopy. To this
were added AICI; (5.5 mg, 0.04 mmol) and 1-decene (0.38 mL, 2.0 mmol) and the result-
ing mixture was stirred at 50°C for 3 h. Analysis by "H NMR spectroscopy indicated the
formation of n-C;,H,,ZrCp,Cl (3 = 5.80 for Cp) in 87 % yield, along with 5% of Cp,ZrCl,
(d = 5.91). Treatment of the product with iodine (1.14 g, 4.5 mmol) in THF (10 mL) at 0 to
23°C, followed by standard extractive work-up and bulb-to-bulb distillation (0.5 mmHg,
70—75 °C) afforded 451 mg (84 %) of 1-iododecane.

2. General procedure for reduction of tertiary amides to aldehydes using the Schwartz reagent
[15] The substrate is taken up in anhydrous THF (5 mL) under argon. This solution is
then added to 1.5—-2.0 equiv. of Cp,Zr(H)Cl at room temperature under argon, which eli-
cits the desired conversion within 15—30 min. Subsequent work-up of the concentrated
mixture by short-path silica gel chromatography (hexanes/ethyl acetate) affords the de-
sired aldehydes in near quantitative yields.

3. Hydrozirconation/halogenation of an acetylenic ether; (1R,2S,5R)-(E)-2-iodoethenyl 2-iso-
propyl-5-methylcyclohexyl ether [18] In a flame-dried flask under nitrogen and protected
from light were placed Cp,ZrCl, (4.96 g, 17.0 mmol), THF (68 mL), and SuperHydride™
(LiEt;BH, 16.0 mL, 1.0 m in THF). The mixture was stirred for 1 h, whereupon
(1R,25,5R)-ethynyl 2-isopropyl-5-methylcyclohexyl ether, a menthol-derived alkynyl ether
(1.53 g, 8.49 mmol) was added. After 15 min., iodine (2.37 g, 9.34 mmol) was added
and the reaction mixture was stirred for 10 min. under protection from light. It was
then diluted with ethyl acetate/hexane (~50 mL), the organic phase was washed with sa-
turated aqueous NaHCOj; solution (2 X 30 mL), and the combined aqueous layers were
extracted with ethyl acetate/hexane. The combined organic layers were washed with
10% aqueous Na,SO; solution and saturated aqueous NaCl solution, dried over anhy-
drous sodium sulfate, and concentrated in vacuo, and the residue was purified by flash
chromatography (pentane; Et;N-pretreated silica) to afford a clear colorless oil (1.17 g,
45%); Ry = 0.45 (hexane); [a]p = —27 (¢ = 0.3, CDCly).

4. Hydrozirconation/selenenylation; (E)-[(2-phenylethenyl)seleno]benzene [20] A mixture
of Cp,Zr(H)Cl (0.8 mmol) and phenylacetylene (0.8 mmol) in THF (4 mL) was stirred
at room temperature for 20 min. A solution of PhSeBr (0.8 mmol) in THF (3 mL) (pre-
pared in situ) was then added by means of a syringe and the mixture was stirred at
room temperature for 10 min. It was then diluted with light petroleum and stirred for
a further 5 min., after which the supernatant was filtered through a short plug of silica
gel. After evaporation of the solvent from the filtrate, the residue was purified by prepara-
tive TLC on silica gel using light petroleum or diethyl ether/light petroleum as eluent to
yield the product (84 %).

5. {[(12)-1-(Phenylmethylene)-2-heptynyl]sulfinyl}benzene [32] To a freshly prepared sus-
pension of Cp,Zr(H)Cl (1.5 mmol) in THF (6 mL) at room temperature under nitrogen,
a solution of [(phenylethynyl)sulfinyl]benzene (1.36 mmol) in THF (0.5 mL) was added by
means of a syringe. The reaction mixture was then stirred for about 30 min. until the pre-
cipitate completely dissolved. To the resulting clear green solution were added Pd(PPh;),
(0.07 mmol) and 1-hexynyl(phenyl)iodonium tosylate (1.36 mmol), and the mixture was
stirred for 2 h at ambient temperature. It was then washed with saturated aqueous



4 Hydrozirconation and Further Transmetalation Reactions

NH,CI solution (8 mL) and the product was extracted into diethyl ether. The combined
extracts were dried with anhydrous MgSO,, filtered, and concentrated in vacuo. The resi-
due was purified by preparative TLC (silica gel; hexane/AcOEt, 10:1) to give the product
(54%).

6. Standard procedure for the reaction of acyl zirconocenes with benzaldehyde [45] To a sus-
pension of Cp,Zr(H)Cl (507 mg, 2.0 mmol) in CH,Cl, (8 mL) was added 1-octene
(0.62 mL, 4.0 mmol), and the resulting mixture was stirred for 30 min at ambient tem-
perature. After the mixture had been stirred under an atmosphere of CO for 2 h, benzal-
dehyde (0.10 mL, 1.0 mmol) and BF;-OEt, (0.24 mL, 2.0 mmol) were added at —20°C and
the resulting mixture was stirred at 0 °C for 1 h. It was subsequently treated with aqueous
NaHCO; solution and extracted with diethyl ether (3 X 15 mL). The combined ethereal
extracts were washed with saturated aqueous NaCl solution, dried over anhydrous
MgSO,, and concentrated under reduced pressure to give a crude oil, which was purified
by flash column chromatography (silica gel; hexane/ethyl acetate, 20:1 — 15:1 — 10:1) to
give 1-hydroxy-1-phenyl-2-decanone (193 mg, 79 %).

7. Experimental procedure for acyl zirconocene generation and addition to imines [41] A
suspension of Cp,Zr(H)Cl (1.3 equiv.) in CH,Cl, (4 mL) containing 1-octene (2.6 equiv.)
was stirred at ambient temperature for 0.5 h and then the mixture was treated with carbon
monoxide for 2 h (a CO balloon). The CH,Cl, was subsequently evaporated in vacuo, and
THF (6 mL) was added to the residue. To this solution was added a solution of N-phenyl-
benzenamine (1 equiv.), Yb(OTf); (20 mol %), and TMSOTf (20 mol %) in THF (3 mL) at
0°C and the resulting mixture was stirred at ambient temperature for 24 h. The reaction
mixture was subsequently treated with saturated aqueous NaHCOj; solution and extracted
with ethyl acetate. After standard work-up, the product was purified by column chroma-
tography on silica gel (hexanes/ethyl acetate, 80:1) to give 1-phenyl-1-(phenylamino)-2-de-
canone in 64 % yield.

8. General procedure for the synthesis of telluroselenoethenes from acetylenic selenides
[57] To a suspension of Cp,Zr(H)CI (0.51 g, 2.0 mmol) in THF (6.0 mL) under nitrogen,
a solution of the appropriate butylselenoacetylene (1.0 mmol) in THF (2.0 mL) was added
by means of a syringe. The reaction mixture was stirred at room temperature for 20 min.
to 3 h, depending on the substrate, until complete transformation of the starting material
was indicated by TLC monitoring of the reaction on SiO, using hexane as eluent. The
clear yellow solution obtained was cooled to 0 °C, whereupon a solution of butyltellurenyl
bromide (2.0 mmol; prepared separately) was added by means of a syringe. Stirring was
continued for an additional 15 min., and then the mixture was transferred to an Erlen-
meyer flask and diluted with ethyl acetate (10 mL), 95% ethanol (5 mL), and water
(10 mL). Butyl bromide (0.32 mL, 3.0 mmol) followed by NaBH, (0.09 g, 3.0 mmol)
were added to transform the dibutylditelluride to the corresponding telluride, which is
more easily removed by distillation. After this treatment, the product was extracted
with ethyl acetate (5 X 20 mL). The combined extracts were washed with water (5 X
20 mL) and dried over anhydrous MgSO,, and the solvent was evaporated under reduced
pressure. The dibutyltelluride was removed by distillation of the crude product in a kugel-
rohr apparatus. The residue was purified by flash chromatography using hexane as eluent
to furnish the telluroselenoethene as a yellow liquid.
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9. General procedure for the synthesis of (Z)-vinylchalcogenides from acetylenic chalcogen-
ides [51] To a suspension of Cp,Zr(H)CI (0.51 g, 2.0 mmol) in THF (6.0 mL) under nitro-
gen, a solution of the appropriate acetylenic chalcogenide (1.0 mmol) in THF (2.0 mL) was
added by means of a syringe. The reaction mixture was stirred at room temperature for
20 min. to 3 h (for selenides) or 10 to 30 min. (for tellurides), depending on the substrate.
Complete consumption of the starting material was confirmed by monitoring the reaction
by TLC on SiO, using hexane as eluent. The reaction mixture was subsequently treated
with water (2.0 mL), diluted with ethyl acetate (150 mL), and washed with a saturated solu-
tion of ammonium chloride (3 X 50 mL). The organic phase was dried over anhydrous
MgSO, and the solvent was evaporated under reduced pressure. After purification by
flash chromatography using hexane as eluent, the products were obtained as yellow oils.

10. General procedure for the synthesis of telluroselenoethenes from acetylenic tellur-
ides [51] To a suspension of Cp,Zr(H)Cl (0.51 g, 2.0 mmol) in THF (6.0 mL) under nitro-
gen, a solution of the appropriate butyltelluroacetylene (1.0 mmol) in THF (2.0 mL) was
added by means of a syringe. The reaction mixture was stirred at room temperature for
20 min. to 3 h, depending on the substrate. Complete consumption of the starting material
was confirmed by monitoring the reaction by TLC on SiO, using hexane as eluent. The
dark-red solution obtained was cooled to 0°C, whereupon a solution of butylselenenyl
bromide (2.0 mmol; prepared separately) was added by means of a syringe. Stirring was
continued for an additional 15 min., and then the mixture transferred to an Erlenmeyer
flask and diluted with ethyl acetate (10 mL), 95% ethanol (5 mL), and water (10 mL).
Butyl bromide (0.32 mL, 3.0 mmol) followed by NaBH, (0.09 g, 3.0 mmol) were added
to transform the dibutyldiselenide to the corresponding selenide, which is more easily
removed by distillation. After this treatment, the product was extracted with ethyl acetate
(5 X 20 mL). The combined extracts were washed with water (5 X 20 mL) and dried
over anhydrous MgSO,, and the solvent was evaporated in vacuo. The dibutylselenide
was removed by distillation of the crude product in a kugelrohr apparatus (70 °C/
0.6 mmHg). The ketene telluroseleno acetal was purified by flash chromatography using
hexane as eluent to give a yellow liquid.

11. Representative procedure for the synthesis of (E)-vinylic tellurides [52] A 50 mL two-
necked, round-bottomed flask equipped with a stirrer bar was charged with Cp,Zr(H)Cl
(0.5 g, 2.0 mmol), and then evacuated and purged with nitrogen. Dry THF (8.0 mlL)
was injected and 1-pentyne (2.0 mmol) was added. The mixture was stirred for 20 min.
to yield a clear yellow solution, which was then cooled to —78 °C. In parallel, dibutyl di-
telluride (0.369 g, 1.0 mmol) was placed in a round-bottomed flask containing a stirrer
bar. The flask was evacuated and purged with nitrogen and THF (10 mL) was introduced
by means of a syringe. The resulting solution was cooled to 0 °C, whereupon a solution of
bromine (0.16 g, 1.0 mmol) in benzene (ca. 10 mL) was added. The dark-red solution was
stirred for 10 min. and then transferred dropwise by means of a syringe to the aforemen-
tioned solution of the vinyl zirconocene, which had been pre-cooled to —78°C. After stir-
ring for 1 h at —78°C, the resulting mixture was placed in a separating funnel, diluted
with ethyl acetate (150 mL), and washed with water (3 X 70 mL). After drying the organic
phase over anhydrous MgSO,, the solvents were evaporated in vacuo and the residue was
purified by distillation in a kugelrohr apparatus (60 °C/0.4 mmHg) to yield (E)-1-(butyltel-
luro)-1-pentene (86 %).
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12. General procedure for the synthesis of ketene telluro(seleno) acetals via alkynylselenolate
anions [56] To a solution of the requisite freshly distilled terminal alkyne (1.0 mmol) in
THF (5.0 mL) under a nitrogen atmosphere, butyllithium (1.0 mmol, 0.5 mL, 2.0 M in
hexanes) was added at 0°C and the solution was stirred for 15 min. The mixture was
then allowed to warm to room temperature, whereupon elemental selenium (0.079 g,
1.0 mmol) was added. After complete consumption of the selenium, solid Cp,Zr(H)Cl
(0.257 g, 1.0 mmol) was quickly added. The resulting mixture was stirred for 15 to
30 min., depending on the substrate, butyl bromide (0.21 mL, 2.0 mmol) was then
added, and the reaction mixture was stirred at room temperature for an additional 1 h.
Thereafter, a solution of butyltellurenyl bromide (1.0 mmol), prepared separately, was
added by means of a syringe. Stirring was continued for an additional 30 min., and
then the mixture was transferred to an Erlenmeyer flask and diluted with ethyl acetate
(10 mL), 95 % ethanol (15 mL), and water (100 mL). Butyl bromide (1 mL) was added, fol-
lowed by NaBH, (until the solution turned pale yellow), to transform dibutyl ditelluride to
the corresponding telluride, which is more easily removed by distillation. After this treat-
ment, the product was extracted with ethyl acetate, the organic phase was washed with
water and dried over anhydrous MgSO,, and the solvent was evaporated in vacuo. Dibutyl
telluride was removed by distillation of the crude product in a kugelrohr apparatus. The
residue contained the ketene telluro(seleno) acetal, which was obtained as a yellow liquid
after purification by flash chromatography using hexane as the eluent.

13. Representative procedure for the synthesis of (Z)-o-selenenylvinylstannanes [34] A mix-
ture of Cp,Zr(H)Cl (1.1 mmol) and (3-methoxy-1-propynyl)tributylstannane (1.0 mmol) in
THF (5 mL) was stirred at room temperature for 20 min. A solution of PhSeBr (1.0 mmol)
in THF (4 mL) (prepared in situ) was then injected into the resulting solution and the
mixture was stirred at room temperature for 30 min. It was then diluted with light petro-
leum and stirred for a further 5 min., after which the supernatant was filtered through a
short plug of silica gel. After evaporation of the solvent from the filtrate, the residue was
purified by preparative TLC on silica gel to yield (1Z)-tributyl-[3-methoxy-1-(phenylse-
leno)-1-propenyljstannane (60 %).

14. Representative procedure for the coupling of an alkenyliodonium tosylate with a Gilman cup-
rate; (E)-(2-bromoprop-1-enyl)benzene [64] To a stirred suspension of Cp,Zr(H)Cl (0.360 g,
1.4 mmol) in THF (6 mL) was added phenyl(phenylethynyl)iodonium tosylate (0.476 g,
1 mmol). Following the addition, the mixture gradually turned into a clear solution at
room temperature. Using a syringe, this solution was added dropwise to a stirred solution
of Me,Culi (2 mmol) in THF (4 mL) at —60°C, and the reaction mixture was subse-
quently kept at —40°C for 8 h. NBS (1.068 g, 6 mmol) was then added portionwise
and the reaction mixture was allowed to warm to room temperature. It was stirred for
2 h, and was then quenched with water and extracted with diethyl ether (4 X 15 mlL).
The combined extracts were filtered and concentrated, and the residue was purified by
preparative TLC (light petroleum as the eluent), to give the product (0.107 g, 54 %) as a
yellowish oil.

15. General experimental procedure for the copper-catalyzed alkylation of an acylzirconocene
[70] A solution of the acylzirconocene (1.5 mmol) in DMF or THF (10 mL) was first pre-
pared by a sequence of reaction of 4-phenyl-1-butene (1.5 mmol) with Cp,Zr(H)Cl
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(1.5 mmol) in CH,Cl, (5 mL) at ambient temperature for 0.5 h, insertion of CO by stirring
at ambient temperature for 2 h using a CO balloon, concentration of the solution to dry-
ness in vacuo and redissolution of the residue in THF or DMF. To the solution of the acyl-
zirconocene chloride thus obtained was added a solution of the requisite allylic or pro-
pargylic halide (1 mmol) in THF or DMF (2 mL) at 0°C. After the addition of Cu(I)
(10 mol%) at 0°C, the mixture was stirred for 1—10 h at the same temperature. The reac-
tion mixture was then filtered through a short dry silica gel pad and the filtrate was con-
centrated to dryness to give a crude oil. Purification by column chromatography on silica
gel (hexane/ethyl acetate) gave the pure product.

16. (S)-1-(4-Chlorophenyl)hept-2-en-1-0l [87] A suspension of Cp,Zr(H)Cl (0.21 g,
0.81 mmol) in dry CH,Cl, (2 mL) under N, was treated with 1-hexyne (94 uL,
0.81 mmol) at room temperature. The mixture was stirred for 5 min., and then all volatiles
were removed in vacuo. The resulting light-yellow solid was dissolved in dry toluene
(2 mL), the solution was cooled to —65 °C, and then treated with Me,Zn (2.0 M in toluene,
0.41 mL, 0.82 mmol). To this mixture was added the ligand 2-[(1R)-1-(dimethylamino)pro-
pyl]benzenethiol (16.6 mg, 0.085 mmol). After a period of 1 h, during which the mixture
was slowly warmed to —30 °C, a solution of 4-chlorobenzaldehyde (115 mg, 0.81 mmol) in
dry toluene (2 mL) was added. The reaction mixture was stirred overnight (12 h) before
being quenched with saturated aqueous NaHCOj; solution. The solution was extracted
with EtOAc (3X), and the combined extracts were washed with brine, dried (anhydrous
MgSO,), and filtered through a pad of SiO,. After concentration of the filtrate, the residue
was chromatographed on SiO, (hexanes/EtOAc, 9:1) to yield 151 mg (83 %) of the product
as a colorless oil.

17. (3E,6E)-Tris(1-methylethyl)silyl 5-hydroxy-7-(tributylstannyl)-3,6-heptadienoate [92] To
a suspension of Cp,Zr(H)Cl (1.56 g, 6.05 mmol) in dry, degassed CH,Cl, (37 mL) at
0°C was added a solution of freshly distilled triisopropylsilyl 3-butynoate (1.60 g,
6.66 mmol) in CH,Cl, (24 mL). The mixture was allowed to warm to room temperature
over a period of 20 min., during which it became homogeneous and orange. This solution
was then cooled to —78 °C, whereupon a solution of Me,Zn (2.0 M in toluene, 6.03 mmol)
was added. After 5 min., the —78 °C bath was replaced with a 0°C bath and the reaction
mixture was stirred for an additional 30 min. A solution of 3-tributylstannyl-2-propenal
(1.89 g, 5.48 mmol) in CH,Cl, (27 mL) was then added and the mixture was stirred at
0°C for 3 h. Saturated aqueous NH,CI solution (1 mL) was added and the mixture was
allowed to warm to room temp. over a period of 15 min. Na,SO, (~2 g) was then
added to the resulting suspension and the mixture was stirred for 10 min. and then fil-
tered through Celite (~5 g) with CH,Cl, (ca. 150 mL). Concentration of the filtrate in
vacuo followed by dilution with hexanes (~20 mL) gave a suspension, which was filtered
through Celite (~5 g; elution with 250 mL of hexanes/ethyl acetate, 80:20). Concentration
of the filtrate, followed by flash chromatography (100 g of silica gel; hexanes/ethyl acetate,
93:7) of the crude product afforded 2.35 g (73 %) of the dienyl alcohol as an oil.

18. (2)-1,1’,1”-({[7-(Methoxymethoxy)-2-methyl-4-heptenyl]oxy}methylidyne)tris(benzene) [93]
A suspension of the Schwartz reagent was prepared by adding CH,Cl, (1.0 mL) to
Cp,Zr(H)Cl (603 mg, 2.34 mmol) at —78 °C. A mixture of 3-(trityloxy)-1-propyne (193 mg,
0.648 mmol) and 5-(methoxymethoxy)-1,2-pentadiene (116 mg, 0.906 mmol) in CH,Cl,
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(2.5 mL) was then added. After gradual warming to 25 °C, the resulting red solution was
chilled to 0°C, and to this was added ZnCl, (0.69 m in diethyl ether, 1.3 mL). After 2 h
at 25 °C, the mixture was diluted with diethyl ether and poured into cooled, saturated aque-
ous NaHCO; solution. The biphasic mixture was extracted with EtOAc (3X) and the com-
bined organic extracts were washed with saturated aqueous Na,SO, solution, dried over
anhydrous Na,SO,, and filtered through a Celite pad. Evaporation of the volatiles and
purification of the residue by preparative TLC (hexane/EtOAc, 9:1) gave the product
(231 mg, 83 %).

19. N-(2-Ethenyl-1-phenylhexyl)-P,P-diphenylphosphinic amide [101] A suspension of
Cp,Zr(H)Cl (195 mg, 0.756 mmol) in CH,Cl, (2 mL) was treated at room temperature
with 1-hexyne (95.0 uL, 0.827 mmol). After 2 min., the yellow solution was cooled to
—78°C and treated with Me,Zn (2.0 M solution in toluene, 375 uL, 0.750 mmol).
The mixture was allowed to warm to room temperature over a period of 5 min.
CH,I, (100 pL, 1.24 mmol) was then added and the mixture was stirred for 2 min.
and then treated with a solution of N-(diphenylphosphanyl)benzaldimine (76.0 mg,
0.249 mmol) in CH,Cl, (1 mL). The reaction mixture was stirred at room temperature
for 12 h, and then quenched with saturated aqueous NH,Cl solution, diluted with
EtOAc and saturated aqueous NaHCO; solution, and filtered through Celite. The
organic phase was washed with H,0 and brine, dried over anhydrous MgSO,, filtered
through a pad of Florisil, and concentrated in vacuo. The residue was chromatographed
on deactivated SiO, (hexanes/EtOAc, 1:9, containing 1% Et;N) to yield 71 mg (71 %) of
the anti and syn products as an 85:15 (separable) mixture of diastereomers.

20. General procedure for the addition of CCl, to alkenes catalyzed by Cp,Zr(H)Cl and pina-
colborane [104] The alkene (1.0 mmol) was dissolved in CCl, (0.5 mL) at 25°C and
pinacolborane (28.2 mg, 0.22 mmol) was added dropwise. The solution was stirred for
3 min. and then transferred via a cannula to a flask containing Cp,Zr(H)Cl (12.9 mg,
0.05 mmol). The reaction mixture was stirred for 24 h at 25°C and then quenched
with wet diethyl ether (2 mL) to obtain the corresponding addition products. The resulting
mixture was washed with water (3 X 5 mL), and dried with anhydrous Na,SO, (1.0 g). The
products were isolated by column chromatography on silica gel eluting with hexanes/
diethyl ether (95:5).

21. General procedure for the preparation and Ni(0)-catalyzed couplings of vinyl zirconocenes
[109] A suspension of the alkyne (0.75 mmol) and Cp,Zr(H)Cl (0.75 mmol) in THF
(2 mL) was stirred under argon in the dark until a clear solution was obtained (ca.
30 min.). In a separate flask, the benzylic chloride (0.60 mmol) was slowly added to a so-
lution of Ni(PPhs), (0.030 mmol) in dry THF. After stirring for 5—10 min., this mixture
was added to the vinyl zirconocene solution via a cannula. The resulting mixture was stir-
red at room temperature for 1.5 h, after which GC analysis showed that the benzylic chlor-
ide had been completely consumed. Hydrogen peroxide (0.09 mL of a 30% solution in
water) was then added, and the mixture was stirred for 10 min. and then filtered. The fil-
trate was quenched with 5% aqueous HCl and extracted with EtOAc (4X). The combined
organic layers were washed successively with water and brine, dried (anhydrous MgSO,),
and concentrated in vacuo. Column chromatography of the residue on silica gel afforded
the desired (E)-allylated aromatic.
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5
Acylzirconocenes in Organic Synthesis

Yuji Hanzawa

5.1
Introduction

Over the past two decades, a variety of reactions using organozirconocene complexes as
catalysts or as stoichiometric reagents have been developed for the purpose of creating car-
bon—carbon bonds. The frequent use of such organometallics has established their relia-
bility as reagents or as catalysts, not only in polymer chemistry but also in fine organic
chemistry. However, among the organozirconocene complexes, use of acylzirconocene
complexes in organic synthesis has been infrequent despite their ready availability from
organozirconocene compounds. Although there have been extensive mechanistic studies
on the formation and reactivity of acylzirconocene complexes related to carbon monoxide
reduction, very little synthetic application of the complexes to carbon—carbon bond forma-
tion has been reported. This chapter deals with the synthetic use of acylzirconocene com-
pounds (mainly acylzirconocene chloride complexes) in carbon—carbon bond formation.
Therefore, for detailed discussions on the mechanistic studies of the formation of acylzir-
conocene complexes and their structural or spectral properties, the reader is referred to
other pertinent review articles [1].

5.2
Synthesis and Stability of Acylzirconocene Complexes

Acylzirconocene chloride derivatives are easily accessible in a one-pot procedure through
the hydrozirconation of alkene or alkyne derivatives with zirconocene chloride hydride
(Schwartz reagent) [Cp,Zr(H)Cl, Cp = cyclopentadienyl] and subsequent insertion of
carbon monoxide (CO) into the alkyl— or alkenyl—=zirconium bond under atmospheric
pressure (Scheme 5.1) [2].

Although this migratory insertion of CO into a carbon—zirconium bond accounts for
the majority of acylzirconocene complexes that have been reported, the CO insertion

@)
alkenes 1) Cp2Zr(H)Cl J\
or R |2GC2
alkynes 2) CO (1 atm) cl
Scheme 5.1.  Formation of acylzirconocene acylzirconocene

chlorides. chloride
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5.3 Reactions of Acylzirconocene Complexes

into the carbon—zirconium bond and the stability of the generated acylzirconocene com-
plex are dependent on the organoligand of the zirconocene derivative [3]. Thus, a di-
methylzirconocene complex [Cp,Zr(CHs),], for example, reacts with CO under high pres-
sure (20°C, 40—80 atm) to give the unstable species Cp,Zr(COCH;)(CHj;), which rapidly
loses CO at 1 atm [3]. It has been reported that insertions of CO into n-alkyl— and alke-
nyl—zirconium bonds can be achieved with almost equal efficiency and rate, and that the
insertion of CO into a cyclohexyl—zirconium bond is even faster [4]. The stability of the
acylzirconocene chlorides at ambient temperature is remarkable, preserving their integrity
and retaining CO even under reduced pressure. This stability should provide new possi-
bilities; in other words, the easy handling and preparation of the complexes should render
them a new type of reagent for organic synthesis.

53
Reactions of Acylzirconocene Complexes

5.3.1
Historical Background

R-CBr Scheme 5.2. Conversion to carboxylic acid derivatives.

A pioneering study on the reactions of acylzirconocene chlorides by Schwartz et al. re-
vealed that the acyl group of the acylzirconocene chloride can be converted, depending
on subsequent procedures, into aldehydes, carboxylic acids, esters, or acyl halides
(Scheme 5.2) [2]. Acid hydrolysis of the acylzirconocene chloride produces an aldehyde,
while the acyl bromide can be obtained by treatment with N-bromosuccinimide (NBS).
Oxidative work-up, such as treatment with aqueous H,0, followed by acidification or
treatment with bromine in methanol gives carboxylic acids or methyl esters, respectively.
These conversions were the first practical applications of acylzirconocene chlorides to
organic synthesis. Subsequently, these acylzirconocene chloride based transformations
have been applied to an efficient preparation of optically active butenolides from propargyl
alcohols (Scheme 5.3) [5] and to the preparation of silaaldehyde (Scheme 5.4), which is
difficult to prepare through other means [6].

Transfer of the acyl group from the acylzirconocene chloride to aluminum (transmetala-
tion) by treatment with aluminum chloride has been reported to give an acylaluminum
species in situ, and the possibility of the acylaluminum acting as an acyl anion donor
has been suggested (Scheme 5.5) [7]. However, the acyl anion chemistry through this trans-
metalation procedure appears to be limited since only protonolysis to the aldehyde proceeds
in good yield, which could be achieved by direct hydrolysis of the acylzirconocene chloride.
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Conversion to Ketone— and Ketene—Zirconocene Complexes and Reactions Thereof

5.3.2.1 Ketone—zirconocene complexes

The sequential double migratory insertion of CO into acyclic and cyclic diorganozircono-
cene complexes through acylzirconocene and ketone—zirconocene species provides a con-
venient procedure for preparing acyclic and cyclic ketones (Scheme 5.6) [8]. Thus, the bi-
cyclic enones from enynes can be obtained through CO insertion into zirconacyclopen-
tenes followed by a subsequent rearrangement (Scheme 5.7). The scope and limitations
of this procedure have been described in detail elsewhere [8d]. This procedure provides
a complementary version of the well-known Pauson—Khand reaction [9].

Q o)

N
1 BN ‘
R'>zrcp, CO R zicp, ,,,-FU ZrCpz
\'\__RZ (\_—Rg ’\‘-_RZ
OZrCpzH 0

R | HaO* R
Scheme 5.6. Double - ) :
migratory insertion. ~--R ~._R?

The migratory insertion of CO into a carbon—zirconium bond forming a keto-
ne—zirconocene complex has been studied in detail using diphenylzirconocene
(Cp,ZrPh,) [8c]. Upon heating of the initially formed (benzoyl)phenylzirconocene com-
plex [Cp,Zr(COPh)(Ph)] at +70°C, intramolecular migration of the remaining phenyl
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-2 CpazrCl z
/\/ n-BuLi (2 equiv.) =
(CHz\)n/\ (CHz)n ZrCpy

S

2o CH 0
3

n=1or2
Z = C, Si, Ge or Sn group

Scheme 5.7. Preparation of bicyclic enones.

group to the benzoyl carbon yields a benzophenone—zirconocene complex (Scheme 5.8).
The reaction of the benzophenone—zirconocene complex with dimethyl maleate proceeds
with partial loss of the stereochemistry to give a mixture of stereoisomers of the oxazirco-
nacyclopentane complex [10], while reaction with alkyl halides yields the alkylation prod-
ucts through a radical mechanism [11]. These transformations point to the possible use of
the acylzirconocene complex in carbon—carbon bond-forming reactions.

Ph
A (+7O OC) szzr/o

/
CpoZr._.O \F —— dimer
\Pfh ph
E, _,E/ \ R-X
Ph Ph
. ZI/O Ph+ /SiPh /O—C.)Phg
P2 £ CpaZr, . Cpazr + R — alkylation products

X
E

Moo

E = COOCHjs

Scheme 5.8. Formation and reactions of benzophenone—zirconocene complex.

Acylzirconocene chlorides react with organoaluminum reagents to produce aluminum-
stabilized ketone—zirconocene complexes in 60—90% yields (Scheme 5.9) [12]. The
formation of the complexes has been suggested to proceed by a stepwise mechanism
(path A) involving initial transmetalation followed by Lewis acid promoted intramolecular
migration of an alkyl group to the acyl ligand. However, the possibility of a direct reductive
alkylation of the acyl ligand in the acylzirconocene chloride (path B) could not be strictly
ruled out by a labeling experiment. The coordination of the ketone complexes to the
dialkylaluminum chloride ligand prevents dimerization. The aluminum-coordinated ke-
tone complexes react with acetylenes to regioselectively afford oxymetallacyclopentenes,
and with ethylene to give oxymetallacyclopentanes. Treating the ketone complexes with
ketones such as PhCOMe yields diolates, which can be hydrolyzed to give a 1,2-diol
(Scheme 5.9).
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(CHa)2
oA CH
A(CH)g I i
/ HaCy ~ZrCps o’/ Cl
O 1
path A CHa \ZGCg
HaC™ ~ZrCpy HaC™ Ch,
cl Al(CH3)3 (CHa)2
" ~CHj3 ketone-zirconocene
path B com
plex
H3C Zl’sz
Cl
(HsC)-Al HO
HC=CH woy o O MO
— "ZrC HaC
G FOP2 THaC
_ | 70 %
(HaC)2Al
Heo._ S mor M
ZrCpa  ——= H.C
G O Fod, [ O
=0 HsC™ 5y OH
Ph 50 %

Scheme 5.9. (CH;);Al-mediated formation of a ketone—zirconocene complex and reactions.

5.3.2.2 Ketene—zirconocene complexes

Clear formation of ketene—zirconocene complexes upon treatment of acylzirconocene
chlorides with a hindered amide base indicates that the carbonyl group of the acylzirco-
nocene chloride possesses usual carbonyl polarization (Scheme 5.10). However, these zir-
conocene—ketene complexes are exceptionally inert due to the formation of strongly
bound dimers [13a]. Conversion of the dimer to zirconocene—ketene—alkylaluminum
complexes by treating with alkylaluminum and reaction with excess acetylene in toluene
at 25 °C has been reported to give a cyclic enolate in quantitative yield. Although the ke-
tene—zirconocene—alkylaluminum complex reacts cleanly with acetylene, it does not react
with ethylene or substituted acetylenes [13b]. Thus, the complex has met with limited suc-
cess as a reagent in organic synthesis.

R

O ——
R NaN[SI CH3 3]2
CpQZr/LH/ >\/R Cp2zr{ ?rgJ
CpQZr //Q P2

ketene-zirconocene

R = CH,C(CHg)2 complex inert dimer
Hs
CpoZr—C HC=CH R
AI(CH 7C = o
=K w2~
ON O>\ toluene/THF —
Al” .
(CHs)2 R D cyclic enolate

Scheme 5.10. Generation and reaction of a ketene—zirconocene complex.
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5.4 Reactions of Acylzirconocene Chlorides as “Unmasked” Acyl Group Donors

Although the chemistry described in Sections 5.3.2.1 and 5.3.2.2 indicates an attractive
feature of the acylzirconocene chloride complex for carbon—carbon bond formation,
application to the synthesis of metal-free organic molecules has not been extensively
studied.

5.4
Reactions of Acylzirconocene Chlorides as “Unmasked” Acyl Group Donors

5.4.1
Introductory Remarks

The acyl-metal [RC(O)M, M = metal] species as a donor of an “unmasked” acyl group
is an important reactive intermediate [14] since the direct introduction of an acyl
group in a nucleophilic manner can be carried out without using the so-called
“umpolung” procedure [15]. Thus, extensive research has been conducted concerning
the generation and reaction of acyl-metal compounds. In particular, acyl-metal species
involving main group metals (M = Li, Zn, etc.) have been studied by many research
groups, and an attractive feature of the reactivity of these species has been established
(Scheme 5.11) [16]. However, their use as “unmasked” acyl anion donors in organic
synthesis is hampered by their limited stability and/or the extreme reaction conditions
required. Thus, the generation and reactions of the acyl-lithium species, for example,
have been carried out in the presence of electrophiles under very low temperature condi-
tions (=110 to —130°C). As well as the acyl-main group metal species, acyl-transition
metal complexes have also long attracted our attention in organic synthesis because of
their intrinsic usefulness as “unmasked” acyl anion equivalents (Scheme 5.11). In this
context, acylate complexes of nickel, iron, and cobalt have been reported to be efficient
“unmasked” acyl anion donors [17]. However, there is a serious drawback to their use as
reagents due to the severe toxicity of the starting metal carbonyl required for the genera-
tion of the acyl-transition metal species, and hence only a limited number of synthetic
applications has been reported. In addition to the acyl-transition metals complexes de-
scribed, acyl-samarium, -chromium, and -tin compounds show attractive reactivity as
acyl group donors [18].

RM CO
O 0 o
- R™ ™M RO R™ "ZrCp;
M(CO), . Cl
) M: main group metal "unmasked"
RLi or acyl anion Scheme 5.11.  Acylmetal as an
transition metal “unmasked” acyl anion donor.

To replace the aforementioned acyl-main group and acyl-transition metal complexes, the
natural course of events was to search for a stable and easy-to-handle acyl-metal complex
that reacts as an “unmasked” acyl anion donor. Thus, the salient features of acylzircono-
cene chlorides as “unmasked” acyl anion donors remained to be explored. In the follow-
ing, mostly carbon—carbon bond-forming reactions with carbon electrophiles using acyl-
zirconocene chlorides as acyl group donors are described.



5 Acylzirconocenes in Organic Synthesis | 155

5.4.2
Reaction with Aldehydes

Synthetic routes to a-ketol through the reactions of an “unmasked” acyl anion with car-
bonyl compounds are not numerous. The first practical application of an acylzirconocene
chloride as an “unmasked” acyl anion donor was reported in the reaction with aldehydes
in 1998 (Scheme 5.12 and Table 5.1) [19].

O o)

additive
”‘Cus)k?rCPz ’ Ph)LH CHClp  MCetis ‘\/Ph
Cl
Ag salt yield (%) Lewis acid yield
AgBF4 22 BF3 - OEt, 79
AgAsFg 34 ZnCl, 58
TiClg 60

TiCl(O-Pr), 25

Scheme 5.12. Formation of a-ketol. AlCl3 9

The reactivity of acylzirconocene chlorides towards carbon electrophiles is very low, and
no reaction takes place with aldehydes at ambient temperature. In the reaction described
in Scheme 5.12, addition of a silver salt gave the expected product, albeit in low yield
(22—34%). The yield was improved to 79 % by the use of a stoichiometric amount of
boron trifluoride etherate (BF;-OEt,) (1 equivalent with respect to the acylzirconocene
chloride) at 0°C. Other Lewis acids, such as chlorotitanium derivatives, zinc chloride, alu-
minum trichloride, etc., are less efficient. Neither ketones nor acid chlorides react with
acylzirconocene chlorides. In Table 5.1, BF;-OEt,-mediated reactions of acylzirconocene
chlorides with aldehydes in CH,Cl, are listed.

The steric bulk of the alkyl group of the aldehyde severely impedes the reaction, and no
reaction takes place with pivaldehyde. Isomeric a-ketol is occasionally isolated as a side
product (entries 1, 2) or as a major product (entries 3, 7), while the reactions of o,p-unsa-
turated acylzirconocene chlorides do not give the isomeric a-ketol products (entries 8—12).
Although the precise mechanism for the formation of the isomeric a-ketol is not clear, it
has also been reported in the reaction of acylsamarium with aldehydes [18c]. Reactions of
a-alkoxy aldehydes with acylzirconocene chlorides preferentially give the 1,2-syn product
(syn/anti ratio ranging from 3.5 to 5.4) (entries 4, 5). Treatment of acylzirconocene chlor-
ides with ZnCl, at 0°C without adding an aldehyde affords the a-ketol derived from the
acylzirconocene chloride (Scheme 5.13). This might suggest that transmetalation with
ZnCl, giving an acylzinc derivative is partly involved. The facile isomerization of acylzinc
to an oxy-carbene intermediate and formation of the a-ketol product through self-coupling
have been suggested [16q].

o} 1) ZnCly/CH,Cly 0
0°C
R/\\\)ersz S

|
2) H.0
Scheme 5.13.  ZnCl,-mediated reaction. cl ) He OH




156 | 5.4 Reactions of Acylzirconocene Chlorides as “Unmasked” Acyl Group Donors

Table 5.1. o-Ketol formations.

o) o o) OH
BF3 : OEtg R R?
R)L?rCDZ ’ R1)J\H CH,Cl R)H/ "R
cl Zre OH o)

isomeric a-ketol

Yields (%) b

Entry R Conditions a R! lsormer
1 n-CeHi3 A Ph(CHy)» 49 ¢ 29¢
2 " A p-MeOCgHy 62c  18¢
3 " A (E)-PhCH=CH —  59¢

. OBn
4 A M /j\ﬁf 53¢,d  —
OTBDMS
5 " A o /j\ff 77¢c,e  —
6  BnO(CHy), B Ph 74 f —
7 B (E)-CHsCH=CH 22f  53f
8 "‘C4H9\/\Jﬁ1 B Ph 69 f —
9 Ph(CHz)o = > B Ph 43 f —
10 B Et 48 —
1 P, B Ph 65 f —
12 B Ph(CHy), 60 f —

a A ; Alkene or alkyne : CppZrHCI : R'CHO : additive =4 : 2: 1 : 2. B; Alkene or
alkyne : Cp,ZrHCI : R'CHO : additive =1:1.5:2: 2.

b Isolated yield.

¢ Based on aldehyde.

d syn/anti=5.4.

e syn/anti = 3.5.

f Based on alkene or alkyne.

Thus, the involvement of one of the following three possible mechanisms has been sug-
gested: (i) nucleophilic addition of the acylzirconocene chloride to the Lewis acid activated
aldehyde, (ii) nucleophilic addition of the cationic species of the acylzirconocene chloride
formed by an Ag(I) salt or a Lewis acid, or (iii) transmetalation of the acylzirconocene
chloride with the Lewis acid and subsequent nucleophilic addition.
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5.4.3
Reactions with Imines

5.4.3.1 Yb(OTf);/TMSOTf-catalyzed reactions

An extension of the strategy described for the reaction with aldehydes (Section 5.4.2) to
imine derivatives might be expected to yield a-amino ketone compounds (Scheme
5.14), which are the constituents of a variety of biologically important molecules.

o

. R’
R)J\ZGCg * )J\ RJ\/
ICI NHR?

Scheme 5.14. Formation of a-amino ketones.

However, the use of a stoichiometric amount of a Lewis acid, such as BF;-OEt,, TiCl,,
TMSOTH, or AlCl;, in the reaction of N-benzylideneaniline with an acylzirconocene chlo-
ride fails to yield an a-amino ketone (Scheme 5.15). Lanthanide Lewis acids, which have
been reported to be efficient in the Mannich-type reaction of imine derivatives with ketene
silyl acetal [20], are efficient catalysts for the intended reaction [21]. In the presence of
Yb(OT{); (20 mol%), the reaction proceeds slowly at ambient temperature in THF (72 h)
to give the a-amino ketone in 23 % yield (Scheme 5.15). At higher temperature (50 °C), the
a-amino ketone is obtained in 53 % yield in a short period (8 h). However, under the heat-
ing conditions, a longer reaction period (> 8 h) tends to yield a contaminated reaction
mixture. Using the catalytic system (20 mol%, Yb(OTf);/TMSOT{, 1:1), which has been
reported to be an efficient catalyst for ene reactions of imine derivatives [22], the reaction
proceeds at ambient temperature in 24 h to give the o-amino ketone in 64 % yield. A
higher ratio of TMSOT{ to Yb(OTf); (5:1) is less efficient, while the use of TMSCI as a
substitute for TMSOTY gives the product in a comparable yield (63 %). The use of scan-
dium triflate [Sc(OTf);] (20 mol%) in place of Yb(OTf); leads to similar efficiency. In
the Yb(OTf);/TMSOTf-catalyzed reactions, use of THF as the solvent is crucial since the

O
i )NLCGHs catalyst in THF, 24 h )K(NHC H
. 6Hs
n-CgHy7 %GCz CeHs™ 'H ambient temperature ey

¢] CeHs
20 mol % catalyst yield (%)
BF3 - OEty[a] —
TiCly —
AICl3 —
Sc(OTf)3 23
Yb(OTf)3 23[b](53)[c]
Yb(OTf)s/TMSOTf (1 : 1) 64
Yb(OTf)3/TMSOTI (1 : 5) 51
Yb(OTf)3/TMSCI (1 : 1) 63

[a] Stoichiometric amount. [b] Ambient temperature, 72 h
[c] 50 °C, 8 h.

Scheme 5.15. Lewis acid-catalyzed formation of an a-amino ketone.
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Table 5.2. Yb(OTf);/TMSOTf (20 mol%, 1:1)-catalyzed reactions of acylzirconocene
chlorides with imines.

R2 20 mol% o
j\ N’ Yb(OTf)s/TMSOTf (1:1) J\( R’
R 3092 * R1)l THF, t, 24 h : NHR2
Entry R R? R2 Yield (%) a
1 n-CgHi7 CeHs CeHs 64
2 " p-CF3CeHa CeHs 54
3 " p-CH30CgH, CeHs 65
4 " 0-CH30CgH,4 CgHs 37
5 " 1-Naphthy! CeHs 41
6 " CeHs p-CF3CeHa 51
7 " CeHs p-CFgH4 55
8 " cy-CeH1 CeHs <10
9 " t-Bu CeHs —
10 <:>_/ﬂ1“ CeHs CeHs 59
11 tHBu r‘;‘ " " 41

a Isolated yield.

use of a different solvent either retards the reaction (CH,Cl,, CH;CN) or renders it com-
plex (DMF, DME). Thus, Yb(OTf);/TMSOTI (20 mol%, 1:1) in THF is the catalyst system
of choice for the reactions.Results of the Yb(OTf);/TMSOTf (20 mol%, 1:1)-catalyzed
reactions of imine derivatives with acylzirconocene chlorides in THF are listed in
Table 5.2. The reaction of the acylzirconocene chlorides is restricted to derivatives of
N-benzylideneaniline. Indeed, imine derivatives derived from cyclohexanecarbaldehyde
or pivaldehyde with aniline give products in yields of less than 10% (entries 8 and 9,
Table 5.2).

Although the reactivity of acylzirconocene chlorides towards imine derivatives under
Yb(OTf);/TMSOTT (20 mol%, 1:1)-catalyzed conditions is not necessarily very high, the
direct access to a-amino ketone derivatives indicates the usefulness of acylzirconocene
chlorides as “unmasked” acyl anion donors.
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5.43.2 Brensted acid-catalyzed reactions with imines
The reactions of acylzirconocene chlorides with imines also proceed under Brensted acid-
catalyzed conditions, even with aqueous acids (Table 5.3) [23].

In the reactions of N-benzylideneaniline with acylzirconocene chlorides catalyzed by
phenol derivatives, the yield of the a-amino ketone increases markedly with increasing
acidity of the phenol derivative (entries 1—3). Addition of a catalytic amount of a Brgnsted
acid besides the phenol derivative, such as CF;SO;H, HCI (g), 35% aq. HCI, or 50%
aq. HCIO,, gives the product a-amino ketone in good yield (entries 5—8). These rather
surprising results open a new application of acylzirconocene chlorides, since the ease
of their hydrolysis to aldehydes in aqueous acidic media is well known [2]. An N-phenyl
group is necessary to perform the reaction. Under 20 mol% HCI/THF (0.5 M solution)-
catalyzed conditions (Table 5.4), the imine derived from cyclohexane carboxaldehyde
and aniline gives the a-amino ketone in 57 % yield (entry 4), which could not be obtained

Table 5.3. Bronsted acid-catalyzed reactions.

i N,Ph 20 mol% HN'Ph
Bransted acid
n-CeHi7~ "ZrCpz 4 PhJ n-CgHy7
cl THF, rt, 24 hr Ph
2.0 equiv. 1.0 equiv. o

Entry Bronstedacid pK; Yield (%) a Entry Bronstedacid pK; Yield (%) a

1 PhOH b 10.0 9 5 aqg. HCI (36%) -7 70

2 p-NO-PhOH 7.2 17 6 CF5SO3H _16 70
2,4-(NOp)- 7 aq. HCIO, (60%) -

3 phon 40 62 q. 4(60%) —10 55

4 picric acid 0.3 24 8 HCI (gas) 80

a Isolated yield based on imine.
b 1.0 equiv.

Table 5.4. 0.2 equiv. HCl(g)/THF (0.5 m)-catalyzed reaction.

O _Ph 0.2 equiv. _Ph
P |N HCl (gyTHF ~ HN
nCeHi “ZCpe b I T

s THF, i, 24 hr R mCelz
2.0 equiv. 1.0 equiv. ©
Entry R Yield (%) a
1 Ph 80
2 p-CH3OPh 80
3 p-NO,»Ph 49
4 ¢c-CeH14 57

a Isolated yield based on imine.
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by means of the Yb(OTf);/TMSOTf-catalyzed reaction. This observation suggests that the
protonation of imine derivatives has a significant effect on the reaction.

It is interesting to note that the reaction of N-salicylideneaniline, which possesses a free
phenolic hydroxyl group at the ortho position in the benzylidene portion, with the acylzir-
conocene chloride gives the a-amino ketone in 67 % yield in the absence of any additive
(Scheme 5.16) [23]. Similarly, N-(p-hydroxybenzylidene)aniline reacts with the acylzircono-
cene chloride to give the a-amino ketone in 58 % yield. The reaction of N-(m-hydroxyben-
zylidene)aniline, however, gives the a-amino ketone in just 12 % yield. Neither N-(o-MeO-
benzylidene)aniline nor N-(p-MeO-benzylidene)aniline gives an appreciable amount of
product in the absence of additive.

.Ph _Ph
)OJ\ Ho lN N talyst ! HQ " CgH
AN o catalyst ! n-Ggry7
n-CgHi7~ "ZrCpy 4 |\ |\\
Cl Z THF, rt, 24 hr = )
1.3 equiv. 1.0 equiv.

o-isomer 67 %
p-isomer 58 %
m-isomer 12 %

Scheme 5.16. Reactions of hydroxylated benzylideneanilines.

These results also indicate that the protonation of the imine group is important for the
reaction. In the 0-OH and p-OH isomers, resonance between the protonated imine and
quinoido species would contribute in facilitating the protonation of the imine portion
(Scheme 5.17). In the m-OH isomer, however, no such resonance contribution is possible.
Thus, the poor additive effect of phenol in the reaction of N-benzylideneaniline with the
acylzirconocene chloride (entry 1, Table 5.3) might imply less efficient protonation of the
imine, as in the case of the m-OH isomer (Scheme 5.16).

S)
iffe} _0,
N/ H - “H
Ph-No - lo Ph—N |
| N=Ph N-Ph
H, /) H, —
LT o=
Ph
HN=
o@
i)
=Ng e
Ph

Scheme 5.17. Intermolecular protonation of p- and m-isomers.
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5.4.4
Reactions with a,f-Unsaturated Ketones

5.4.4.1 1,2- and 1,4-Selective additions to a,p-enone derivatives

Michael-type reaction of an “unmasked” acyl anion by utilizing acyl-metals is a practical
procedure for the preparation of 1,4-dicarbonyl compounds and many acyl-metals have
been examined for this purpose [17]. The reactions of acylzirconocene chlorides with cy-
clohexenone in the presence of a palladium catalyst proceed efficiently to give acylated
products (Scheme 5.18). Importantly, the regioselectivity (1,2- or 1,4-selectivity) can be effi-
ciently controlled by the choice of the catalytic system. The triphenylphosphane ligand
tends to selectively afford a 1,2-addition product [PdCl,(PPh;), (5 mol%) in toluene at am-
bient temperature (conditions A)], while the presence of an equivalent amount of a Lewis
acid [Pd(OAc), (10 mol%)/BF; - OEt, in Et,0/THF (2:1) at 0 °C (conditions B)] yields a 1,4-
addition product (Michael-type product) [24]. Other Lewis acids, such as ZnCl,, MgBr,,
and EtAICl,, can also efficiently promote the 1,4-addition. The bidentate bis(phosphane)
ligand gives less satisfactory yields and regioselectivities. Among nickel complexes,
Ni(acac), shows a similar efficiency to Pd(OAc),. Other Ni complexes [NiCl,(dppf),
NiCl,(PPh;),, and Ni(PPh;),] are ineffective. Cu(I) is also a catalyst of choice for the
1,4-selective addition of acylzirconocene chlorides to o,p-enones, although a higher tem-
perature (40 °C) is required [25].

(0]
HO
PdCly(PPhs), R
o) ) conditions A
R)J\%GCg . i‘) 1,2-addition
|
C Pd(OAc)» Q
BF5 - OEt,
conditions B R
Scheme 5.18. Regioselective O
1,4-addition

nucleophilic acylation.

The Pd-catalyzed regioselective reactions of acylzirconocene chlorides with o,p-enone
compounds are quite general, and most products are obtained with good to excellent
regioselectivities and in high yields (Schemes 5.19 and 5.20). The reaction of cyclopente-
none gives a complex mixture under conditions A (Scheme 5.19), while the 1,4-product is
obtained in good yield under conditions B (Scheme 5.20). B,p-Disubstitution of o,p-unsa-
turated ketones retards the formation of not only the 1,4-adduct but also the 1,2-adduct.
Concomitant formation of a small amount (< 5%) of diketone derived from coupling of
the acylzirconocene chloride under both reaction conditions (A and B) and the fact that
Pd(PPh;), can be used as a catalyst indicate the participation of the Pd(0) complex in
the catalytic cycle (Scheme 5.21). The unreactivity of a,f-unsaturated esters, y,d-unsatu-
rated ketones, and saturated ketones indicates that an o,f-unsaturated ketone skeleton
is essential.
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0 o]
O ) 3 5 mol % HO n-CgH17
P R R” PdCIx(PPhg), R3
I'l-CgH17 ZI’sz + |
& toluene |
R*” "R*  r,20h R2~ “pRé
0

(0]
e 0 /
n—C4H9 =
75 %

81 %

e é
/CH

21 % / recovery of complex
Ph/u\/\CH enone mixture
91 %
Scheme 5.19.
/\/U\/ PdCl,(PPhs),-catalyzed
1,2-selective acylation
7% Conditions A
(a mlxture of1 2-/1,4-=1/1.2) (Conditions A).
10 mol %
o Q. PdOAd, B3
R®  BF;-OEt, R
n-CgHi7~ ~ZrCpz + R | —8 ¥ - o
Cl Et,O-THF n-Ggh17
RZ R4 4
0°C, 12h o

o)
O
70% >\
o)
SN

60 %

O /U\/A

9%

47 %
0]

n-C4Hg

X7

97 %

2
Hs/u\/\ Ph

96 %

/

CHs
96 %

Ph/\j\% -

78 %

Ph/\j\%/

60 %

CHjz
98 %

CHs

(0]
Ph/U\%CHS

recovery of
enone

Scheme 5.20. Pd(OAc),/

BF; - OEt,-catalyzed
1,4-selective acylation
(Conditions B).
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Thus, (i) electron transfer from Pd(0) to cyclohexenone, for example, (ii) Pd—allyl com-
plex formation, (iii) transmetalation forming an acylpalladium complex, and (iv) reductive
elimination of Pd(0), would give either a 1,2- or a 1,4-acylation product [26] (Scheme 5.21).
The role of the triphenylphosphane ligand in the regioselective formation of a 1,2-acyla-
tion product may be explained by the preferred formation of a stereochemically less
crowded intermediate complex A (Scheme 5.22) and subsequent reductive elimination
of Pd(0).

Pd(ll
n-CgH17COZGC20| 4()> (n-CgH17CO)2Pd

&\/ (n-CgH17CO)2
i Pd(0) Y
1,2- or 1,4-product

OZGCgcl
. H-COC8H1 7

@pd\L

n-CgH17C0OZrCp2Cl i)

i) electron transfer, ii) Pd-allyl complex formation
iii) acyl transfer, iv) reductive elimination

Scheme 5.21. Catalytic cycle for the regioselective acylation.

OZrCp,Cl OZrCp,Cl
,CO-H-CgH17 ,PPh3
,Pd\ }‘/Pd\
PPh3 CO-n-CgH17
Scheme 5.22. Isomeric complexes. A B

Although the mechanism responsible for the alteration in the regioselectivity on
changing the palladium catalyst from PdCl,(PPh;), to Pd(OAc),/BF;-OEt, remains to
be clarified, BF;-OEt, might exert an electronic or a steric effect by coordinating to the
assumed acyl m-allyl complex intermediate.

5.4.4.2 Enantioselective 1,2-selective addition to a,f-enone derivatives

In the reactions of acylzirconocene chlorides with a,B-enone derivatives described in Sec-
tion 5.4.4.1, the triphenylphosphane ligand exerts a significant influence on regioselectiv-
ity, favoring 1,2-selectivity. This leads to an enantioselective version of the 1,2-acylation
through the use of a chiral phosphane ligand [27]. In this way, the first enantioselective
additions of an “unmasked” acyl anion to carbonyl compounds have been achieved, and
the results of Pd(II)-catalyzed reactions of an acylzirconocene chloride with cyclohexenone
in the presence of chiral phosphane ligands are shown in Table 5.5. All these reactions
were carried out by utilizing 5 mol% of palladium catalyst and a chiral phosphane ligand
(Pd:P = 1:2).
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Table 5.5. Enantioselective formation of an (R)-1,2-product.

(0]

i 5 mol% Pd catalyst
n-CgH17 ZI’szC| +

chiral phosphane,

toluene (R)-product
Pd catalyst Phosphane a Yield (%) b ee (%) c

PdCI,[(R)-BINAP] — 19 _
Pd(OAc), (R,R)-CHIRAPHOS 14 —
Pd(OAc), (+)-NMDPP 81 —_
Pd(OAc), (R)-MOP 88 66
PdCl>(PPh3), (R)-MOP 90 12
PdCIy(CH3CN), (R)-MOP 86 64
[Pd(n3-C3Hs)Cll2 (R)-MOP 48 56
Pdo(dba); 2 CHCIj (R)-MOP 70 64

a Pd/P=1/2.

b Isolated yield.

¢ Determined by HPLC using Chiralcel AD column after derivatization to
benzoyl ester.

As can be deduced from the results described in Section 5.4.4.1, chiral bidentate
bis(phosphane) ligands such as (R)-2,2'-bis(diphenylphosphanyl)-1,1'-binaphthyl [(R)-
BINAP] [28] and (2R,3R)-bis(diphenylphosphanyl)butane [(R,R)-CHIRAPHOS] [29], are
ineffective in the reaction. A chiral monodentate phosphane ligand, (R)-2-(diphenylpho-
sphanyl)-2'-methoxy-1,1'-binaphthyl [(R)-MOP] [30], shows considerable efficiency in
chiral induction to give the (R)-product (66 % ee, 88 % yield). No significant differences
between (R)-MOP and its derivatives (BnO-, iPrO-, or TBDMSO-(R)-MOP) [30] were ob-
served in the chiral induction. Interestingly, utilization of the (R)-MOP ligand significantly
increases the yields of the products and the reaction rate compared to those achieved
using the triphenylphosphane ligand. This ligand effect of (R)-MOP enables isolation of
a 1,2-acylation product (67 % ee, 36 % yield) from cyclopentenone (Scheme 5.23), which
gives a complex mixture under the Pd(OAc),/PPh; conditions (Scheme 5.19). The use
of acyclic a,p-unsaturated ketones is ineffective in the chiral induction, although excellent
chemical yields and regioselectivities are obtained (Scheme 5.23).

Based on the discussed acylpalladium n-allylic complex (Scheme 5.22) and the reported
X-ray structure of the (R)-MOP—Pd m-allylic complex [31], the acylpalladium—(R)-MOP
m-allylic complex C (Scheme 5.24) is proposed for the formation of the (R)-product.
Complex D, which would give the (S)-product, suffers from steric compression between
the MeO-naphthyl ring and the acyl group, while there is no such steric interaction in
complex C. Thus, reductive elimination of Pd(0) from C would preferentially yield the
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Yield (%)  ee (%) Yield (%) ee (%)

N
=

é 36 67 N

88 66

2 e
S

Scheme 5.23. 92 38
(R)-MOP-Pd-catalyzed
reactions.

CICp»ZrQ

X
@JPd-P«,,g

C D
Favored Disfavored

0ZrCpCl

(R)-product <— — (S)-product

X = COn-CsH17
Scheme 5.24. Complexation of (R)-MOP ligand.

(R)-product. Although there is still room for further improvement of the enantioselectivity,
this first example of an enantioselective reaction with o,p-unsaturated ketones reveals the
potential of acylzirconocene chlorides as “unmasked” acyl anion donors.

5.4.43 1,4-Selective addition to a,p-ynone derivatives

a,B-Ynones also act as good Michael acceptors with acylzirconocene chlorides. The Pd-cat-
alyzed reactions lead to 1,4-selective acylation and offer a facile access to cyclopentenone
derivatives (Schemes 5.25 and 5.28) [32].

) 2
j\ Pd catalyst % R
R |2GC2 + R! \\ R1)J\/J‘\¢W/R
Cl R? o)
Scheme 5.25. Pd-catalyzed
reactions of o,B-ynones. R = alkyl

The PdCl,(PPh;),-catalyzed (5 mol%) reaction of n-nonanoylzirconocene chloride
with 1-phenylhept-2-yn-1-one leads to selective formation of the 1,4-acylation product
in 85% yield with a slight preference for the Z-isomer (E/Z = 1/2.4). A trace amount
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Table 5.6. Pd-catalyzed reactions of a,f-ynones with saturated acylzirconocene chlorides.

A: PACI,(PPhg),
O R2 or

L Rl F B: Pd(PPhg), o
R 2G4 j/ R‘MWR
o] o 'rl;!-|1F2/Eht20 (1:2) o
Entry R R R? Cafglyst Yield (%) a (E2)b
1 n-CgHy7 Ph n-Bu A 85 (1/2.4)
B 68 (1/2.4)
2 " CHs t-Bu A 71 (1/3)
B 77 (1/2)
3 " CHs Ph A 64 (1/5)
B 45 (1/3)
4 . Ph BnO(CHy)2 A 59 (1/2)
B 83 (1)
5 " Ph t-Bu A 82 (1/1)
B 95 (1/2.5)
6 " t+Bu n-Bu A 73 (1/3.5)
B 73 (173)
7 <:>—/ S n-Bu A 70 (113)
B 51 (1/3)
8 <:>—g A 54 (1/2.8)
B 40 (1/4)
9 >‘/\/‘L A 78 (1/3.6)
B 71 (1/3)

a Isolated yield based on ynone.
b Determined by "THNMR.

(< 5%) of the diketone generated by homocoupling of the acylzirconocene chloride
(entry 1, Table 5.6) is also present. Pd(PPhs), is also an efficient catalyst for this transfor-
mation.

In all cases, low Z-stereoselectivity of the product and a quite general 1,4-regioselectivity
are realized. It is notable that the regioselectivity is unaffected even in the reactions
of a,B-ynones that possess a bulky substituent at the p-sp carbon (entries 2 and 5). Use
of Pd(acac), or PdCl,(CH;CN), as a catalyst retards the reaction, and the 1,2-adduct is
obtained in 40—47 % yield together with a small amount (5—15%) of the 1,4-adduct
(Scheme 5.26). Attempts to use other catalysts [PdCL,DPPE, (dba);Pd,-CHCI;,
NiCl,(PPhys),, Ni(PPhs),, Ni(acac),, and Ni(COD),] have resulted either in recovery of
the starting material or in the formation of a complex mixture.
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O P Ph @) P Ph O Ph
Pd catalyst g
n-CgH )]\ZrC + MO~ n-CgH17 ~ s HaC™ 7 Gz
sir fPe THF-Et,0 (1/2) nd oH 3
cl o t,12h 3 o

<5 <yo
Pd(acac), PdCIy(CH3CN),

47 % 46 %

Scheme 5.26. 1,2-Selective reaction of an o,f-ynone.

The regioselectivity seen with o,f-ynones is in remarkable contrast to that observed in
the reactions of o,p-enone derivatives, for which excellent 1,2-regioselectivity has been
achieved by the use of PdCl,(PPh;), as a catalyst (Section 5.4.4.1) [24]. Ethyl phenylpropio-
late and oct-4-yne do not react with acylzirconocene chlorides, while 1-phenylpropynone,
a terminal acetylene derivative, gives a complex mixture. Activation of the triple bond by
an electron-withdrawing ketone carbonyl group and the absence of an alkynyl hydrogen
are prerequisites for the reaction to proceed. In accordance with the facts that
PdCl,(PPh;), and Pd(PPhs), can be used as efficient catalysts, and that a trace amount
of diketone is generated through homocoupling of the acylzirconocene chloride in the
PdCl,(PPhys),-catalyzed reaction, a mechanism analogous to that of the Pd-catalyzed reac-
tions of a,B-unsaturated enones with acylzirconocene chlorides (Scheme 5.21) can be as-
sumed, as shown in Scheme 5.27. However, the role of the triphenylphosphane ligand in
inducing the 1,4-selectivity is not clear in the present case.

1,4-products

iv)
(RCO), »
Pd(ll) / >:.:¢OZGCzCI
el Pd(0 1
_— (RCO),Pd (0) ol A
cl

Rl R” "~ ziCp,
Cl

i) electron transfer, ii) Pd-allenyl complex formation,
iii) transmetalation, iv) reductive elimination

Scheme 5.27. Catalytic cycle for the reactions of o,p-ynones.

The reactions of o,p-unsaturated acylzirconocene chlorides with o,f-ynone compounds
under identical conditions give cyclopentenone derivatives in a one-pot sequence
(Scheme 5.28). Thus, from a PdCl,(PPhs;),-catalyzed reaction of an o,p-unsaturated acyl-
zirconocene chloride with an a,f-ynone in THF/toluene for 12 h at ambient temperature,
a cyclopentenone derivative is obtained in 37 % yield together with the 1,4-addition product
(31 % yield). Prolonged stirring (48 h) of the reaction mixture increases the yield of the cyclo-
pentenone derivative up to 63 %. The formation of a cyclopentenone derivative is considered
to be the result of a secondary process of the enolate intermediate, occurring through either
an enolate-assisted Nazarov reaction [33] or an intramolecular Michael addition.
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0
O nC4H
o) %Ph nCafly P T
/\)J\ HCaHd o Ph Z
n-C4Hg™ ™S ZrCp,Cl O +
PdClo(PPhs), =
n-C4Hg
THF/toluene n-C4Hg
J 48 h 63 % 20 %
-C4H
roa 9>:,:\\02GC20| n-C4Hg
P4 Ph |
N n'C4H9
© n-CaHg CICp,zr0” ~Ph

Scheme 5.28. Formation of a cyclopentenone compound.

5.4.4.4 Pd-catalyzed coupling reactions

Cross-coupling reactions of acyl-metal species with organic halides have attracted our at-
tention for the synthesis of unsymmetrical ketone derivatives. The cross-coupling reac-
tions of acylzirconocene chlorides with organic halide or allylic acetate derivatives are car-
ried out by utilizing a palladium catalyst (Scheme 5.29) [34]. Among the palladium cata-
lysts examined, PdCl,(PPhy;), is the catalyst of choice. Other catalysts, such as (Ph;P),Pd,
PACL,(PPh,),/DIBAL-H, (CH,CO,),Pd/PPh,, and PACL,(DPPE), give lower yields of the
products. The results of PdCl,(PPhs), (5 mol%)-catalyzed coupling reactions of n-nona-
noylzirconocene chloride with organic halides and allylic acetates in toluene at 100°C
are presented in Table 5.7.

e R1-X
or Pd catalyst @] )
R™ "zZrC * —— or R

Scheme 5.29. Pd-catalyzed cross-coupling of acylzirconocene chlorides.

Coupling with an allylic halide, e. g. methallyl chloride, gives a mixture of the B,y-unsa-
turated ketone and the isomerized o,p-unsaturated ketone (1.7:1) (entry 6). The isomeri-
zation can be suppressed (to give a 10:1 ratio) by lowering the reaction temperature to
50°C, although a longer reaction time is required (entry 6). Allylic acetate species are
superior reactants to allylic halides. However, the formation of B,y- and a,f-unsaturated
ketones cannot be suppressed (entries 7—10). The reactions of the isomeric allylic acet-
ates, giving mixtures of products in almost identical ratios, suggest that the nucleophilic
attack of the acyl anion occurs through a common palladium complex intermediate
(entries 9 and 10). Aryl, benzyl, and alkyl halides are poor coupling partners (giving
only ~30 % yield) (entries 1 and 2), and vinyl halides are unreactive. a,f-Unsaturated acyl-
zirconocene chlorides also react with allylic acetates under the same reaction conditions,
although the yields are lower than with saturated acylzirconocene chlorides.
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Table 5.7. PdCl,(PPh;),-catalyzed cross-coupling reactions of n-nonanoylzirconocene chloride. a

Entry RX Product Yield (%) b

I O

O
27
I'I-CgH17

©/\Br
o o]
3 ©)J\CI n-CgHi7 38c
0 CeH |
‘ Ph/\)l\m e 17\[1/‘\/%% 65 d

6 THa M i 60
%\/CI n-CgH1 n—CgH17 &

17:1
; CH, 10:1e
OAc 3:1 86
O )O
8 Phx""0Ac n-Cus)J\/\/ P n-CgHy7 ‘\K“ 91
1:5

OAc

O
(6]
/
CHs n—CsH17)I\/\/ 3 n-CgHy7 L CH3
1:1 3

10 CH3/\/\OAC 1.2:1 80

a Reaction conditions; 100 °C in toluene.

b Isolated yield.

¢ Decarbonylated ketone was formed in 11 % yield.
d Reaction conditions; rt for 48 h.

e Reaction conditions; 50 °C for 48 h.
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5.4.45 Cu-catalyzed cross-coupling reactions

In the Pd-catalyzed cross-coupling reactions of acylzirconocene chlorides with allylic ha-
lides and/or acetates (Section 5.4.4.4), the isolation of the expected B,y-unsaturated ketone
is hampered by the formation of the a,f-unsaturated ketone, which arises from isomeri-
zation of the B,y-double bond. This undesirable formation of the a,p-unsaturated ketone
can be avoided by the use of a Cu(l) catalyst instead of a Pd catalyst [35]. Most Cu(I)
salts, with the exception of CuBr-SMe,, can be used as efficient catalysts. Thus, the reac-
tions of acylzirconocene chlorides with allyl compounds (Table 5.8 and Scheme 5.30) or
propargyl halides (Table 5.9) in the presence of a catalytic amount (10 mol%) of Cu(I)
in DMF or THF are completed within 1 h at 0°C to give the acyl—allyl or acyl—allenyl
coupled products, respectively, in good yields.

Table 5.8. Cu(l)-catalyzed coupling reactions with allyl halides. a

(o]
10 mol% Cu(l) R
)L + oy N =
R™~ZiCp, * X7 Solvent \(f)(\/
cl 0°C,1h
Entry R X Cu(l) Solvent Yield (%) b
1 n-CgHy7 Br Cul DMF 91
2 ! OTs Cul DMF 77
3 " Cl CuCl DMF 44
4 " Br Cul - 2LiClI THF 88
5 " Br CuBr - SMe, THF trace
6 " Br CuBr DMF 78
7 " Br CuCl DMF 84
n-CgHyine =
8 n\@rrr Br Cul DMF 78

a 1.5 equivalents of acylzirconocene chloride were used.
b Isolated yields based on allylic compounds.

)Ok CHs Cul(10mol%) © H )0 H
+ NS )WC}‘% + %
R” "~ ZrCp, Hsc)\ﬁ Br o DMF T R
Cl H 0h CHs, HsC CHs
R =n- CgH17 29 % 62 %

o)

% 29%
Ph(CHZ)Z/\)J\Hr‘ 18 %

Scheme 5.30. Cu(l)-catalyzed coupling reactions with prenyl bromide.
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Allyl tosylate is also an excellent reactant (entry 2, Table 5.8), while allyl acetate is not
under Cu(I)-catalyzed conditions. Not only saturated acylzirconocene chlorides, but also
a,B-unsaturated acylzirconocene chlorides give coupling products in good yields (entry
8, Table 5.8). Prenyl bromide also reacts with acylzirconocene chlorides under identical
conditions to give a mixture of regioisomers (Scheme 5.30). However, a longer reaction
time (10 h) is required for the completion of the reaction as compared to the reaction
of allyl bromide (1 h).

Table 5.9. Cu(l)-catalyzed reaction with propargyl halides.

0 . o o %
R)LZGCg . R./\Br Cul (10 mol%) V . %R
& 0°C,DMF R o R
RCOZy allenyl ketone zjigérbon [
Entry R R /gFOPargy' Vield () Yield (%)
alide

1 Ph(CHy)4 H 1.5 65a <5a

2 H 3.0 24a 48a

3 H 05 55b 0

4 o Me 05 61b 0

5 Ph(CHg)g/\)J\JH H 0.5 52b 0

6 Me 05 47b 0

a Isolated yield based on propargy! halide.
b Isolated yield based on acylzirconocene chloride.

The formation of an allenyl ketone as the sole product can be achieved by using an ex-
cess (2 equiv.) of propargyl bromide (entries 3—6, Table 5.9). Use of an increased amount
(3 equiv.) of the acylzirconocene chloride in the reaction with propargyl bromide and/or
tosylate yields a significant amount of a 1,4-dicarbonyl compound derived from Mi-
chael-type addition of the acylzirconocene chloride to the initially formed allenyl ketone
(entry 2, Table 5.9). The Michael-type addition of acylzirconocene chlorides to allenyl ke-
tones under Cu(l)-catalyzed conditions has been confirmed by an independent experi-
ment (Scheme 5.31).

0]
o 0 0
oncH )J\/ + )J\ Cul (10 mol%) )J\/i(CHzMPh
(CHz)4 Ph(CH2)4 (,Z;IFsz 0°c,DMF Ph(CH2){
59 % yield

Scheme 5.31.  Cu(l)-catalyzed Michael-type addition to an allenyl ketone.
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Acetyl chloride reacts with an acylzirconocene chloride under Cu(I) catalysis in DMF to
give the corresponding enol acetate as a mixture of E,Z-isomeric forms in 40 % yield
(Scheme 5.32). This suggests the generation of a metal enolate species through an oxyme-
tal carbene and subsequent 1,2-migration of the hydrogen atom. A similar reaction has
been observed in the generation of acylzinc from acyl chloride and Zn in ethyl acetate
[16q]. Attempted Cu(I)-catalyzed reactions of acylzirconocene chlorides with alkyl-,
vinyl-, homoallyl-, and aryl halides did not afford the coupling products.

o OCOCHS
10 mol% Cu(l
+ CHacocl omol% Cufl

DMF

n—CgHﬂ)L ZrCp; n-CyH5~

Cl E/Z mixture

Scheme 5.32. Formation of an enol acetate.

The transmetalation of alkyl or vinylzirconocene complexes with copper has been re-
ported to be an efficient procedure for carbon—carbon bond formation [36]. Thus, trans-
metalation of the acylzirconocene chloride to copper to give a transient “acyl-Cu” species
might have been involved. Copper-catalyzed carbonylative coupling of (E)-o-(ethylselanyl)-
vinylzirconocene chloride derivatives with alkynyliodonium tosylates has been reported to
be a mild method for the preparation of vinyl alkynyl ketones in good yields (Scheme 5.33)
[37]. The reaction proceeds via an acylzirconocene chloride species, formed in situ, and
the subsequent Cu(I) (3 mol%)-catalyzed coupling reaction with the alkynyliodonium de-
rivative gives the corresponding a-ethylselanyl-substituted vinyl alkynyl ketone derivative.
This carbonylative coupling reaction is completed in a short period of time (0.5 h) in THF
at ambient temperature. For these coupling reactions, the hypervalent iodine reactant is
recommended since the use of the alkynyl halide as a coupling partner requires a longer
reaction time, leading to a lower yield of the product. The stereochemistry of the a-(alkyl-
selanyl)vinylzirconocene chloride is maintained during the coupling reaction. Thus, the
(E)-a-(ethylselanyl)vinylacylzirconocene chloride generated in situ is a synthetic equivalent
of an a-cationic acyl anion (Scheme 5.34).

Cp2zr(H)Cl R SeCzHs cul 3mol%) [ R SeCyHs

R—— SGCQHs —
H ZrCpz  cO (1 atm) H ZCpy
R——X R SeCzHs
H — — g X=ha|c:)gren
o hypervalent iodine

Scheme 5.33. Preparation of vinyl alkynyl ketones.

R SGCQHs R

@

H zc W )o© i

P2 % Scheme 5.34. Formal electronic charge of o-(ethylsela-
o da nyl)vinylacylzirconocene chloride.
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5.4.4.6 Generation of seleno- and telluroesters

The acyl anion chemistry of acylzirconocene chlorides has also been applied to the stereo-
selective preparation of (E)-o,p-unsaturated selenoesters and telluroesters (Scheme 5.35)
[38]. Although no carbon—carbon bond was formed, this reaction reflects the synthetic
interest in (E)-a,B-unsaturated selenoesters and telluroesters, which are well-known pre-
cursors of acyl radicals and acyl anions, respectively.

) o}

H ArM-hal H >_)k
— ZiCp; — MAr

R &l room temp R?

M = Se yield ~80 %

Scheme 5.35. Formation of acyl-Se and
Te yield ~60 %

acyl-Te compounds.

5.45
Cationic Acylzirconocene Complexes

Cationic n*-acylzirconocenes [Cp,Zr(COR)(L) "] have been reported to show attractive reac-
tivity [39]. A cationic n’-acylzirconocene can be generated in quantitative yield by treating a
cationic zirconocene complex [Cp,Zr(R)(L)*] (R = alkyl or alkenyl) with carbon monoxide
(<23°C, 1 atm) (Scheme 5.36). The cationic acylzirconocene complexes undergo regiose-

+ CHs  co +@ R— <oj

+

Cpa2r T o0 cph-O

" 0 .

t = t/ —
Cpgz/_< co Cpozic_0 R

I + /O
N cpozr-Q /R
X R =
R
Como )"
o \ Cl'H,0 0 o | co
(@) _
Cngr (6] N \ Hgo
R R
\ | R 0
Scheme 5.36. 0
Reactions of cationic ~ TMSO \ | |
N R R

acylzirconocene
complexes. R
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5.5 Reactivity of a,f-Unsaturated Acylzirconocene Chlorides toward Nucleophiles

lective insertion of terminal and internal alkynes at 23 °C to afford p-ketoalkenyl com-
plexes in nearly quantitative yields. The regioselectivity has been rationalized on the
basis of steric/electronic effects. The difference in reactivity between cationic n’-acylzirco-
nocenes and neutral acylzirconocene chlorides is illustrated by their reactions with unac-
tivated alkynes (as described in Section 5.4.4.3). The utility of these complexes has been
exemplified by the formation of a,f-unsaturated ketones, 1,4-divinyl ketones, y-lactones,
and furans (Scheme 5.36). The high insertion reactivity of the cationic zirconocene
complexes can be ascribed to the high Lewis acidity of the cationic Zr(IV) centers,
which promote coordination and activation of the inserting substrates.

5.5
Reactivity of a,B-Unsaturated Acylzirconocene Chlorides toward Nucleophiles

There are three possible active sites in a,f-unsaturated acylzirconocene chlorides with
respect to nucleophiles, namely the B-unsaturated carbon, the acyl carbon, and the
Zr—chlorine bond. The reactions of o,f-unsaturated acylzirconocene chlorides with
nucleophiles indicate bimodal reactivity (nucleophilic or electrophilic) at both the acyl
and B-carbons (Scheme 5.37) [40].

Scheme 5.37. Possible sites

Nu/\ o 0 0
_ ® o f nucleophilic attack and
R/\)k;g% = R1/\)e and/or R1/\)® of nucleophilic attack an
| ©

p bimodal charge of a,p-un-
“)c
© saturated acylzirconocene
Nu Nu E F chlorides.

Reactions of a,B-unsaturated acylzirconocene chlorides with stable carbon nucleophiles
(sodium salts of dimethyl malonate and malononitrile) at 0 °C in THF afford the Michael
addition products in good yields (Scheme 5.38). Direct treatment of the reaction mixture
with allyl bromide in the presence of a catalytic amount of Cul - 2LiCl (10 mol%) in THF at
0°C gives the allylic ketone in a one-pot reaction. This sequential transformation implies
the electronic nature of o,p-unsaturated acylzirconocene chloride to be of type E as shown
in Scheme 5.37.

R2CX, O
HO(0:0) o)
(0]
~ AN Sexome [ RECX, O D)
R ™" "ZrCp — 88 7%

Z1Cpp R P~ 71y . (> 95 %D)
Cl & _~_Br Rrecx, o
1_ 10 mol %
R! = Ph(CHy), cu-aLict R o
R< =H, X = COOCH3 81 %

Scheme 5.38. Michael reaction of a,B-unsaturated acylzirconocene chlorides.

A higher-order cyanocuprate, R,Cu(CN)Li,, reacts with o,p-unsaturated acylzirconocene
chlorides at —78°C in THF to afford saturated ketones without giving a Michael-type
product (Scheme 5.39). Treatment of the reaction mixture with D,0 gives the a,p-dideut-
erated ketone (of undetermined stereochemistry), and generation of a ketone a,f-dianion
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equivalent [41] in the reaction medium has been suggested. Thus, the reaction of higher-
order cyanocuprate indicates a formal reactivity of a,B-unsaturated acylzirconocene chlor-
ides as described by F in Scheme 5.37. Other organometallic reagents (MeLi, Me,Culi,
and MeMgBr) give either a lower yield of the Michael-type product or a complex mixture
(Grignard reagents). The addition of an excess of an organic halide to the reaction mixture
(o,B-unsaturated acylzirconocene chloride and R,Cu(CN)Li,) affords the B-alkylated ketone
derivative.

0 H(D) O 5
M RecueNL R R (%)
RS "ZiCp, R R Ph(CH),  CHs 69
¢ HO (D:0) HD) e
TBDPSO(CHp)s CHs 58
CHs O o
CHa)sCu(CN)Li o
(CHg)2Cu(CN)Liz R1)\HKCH3 By
then CHsl H(D) o

o 1_
68 % R'=Ph(CHy)2 ketone o B-dianions

Scheme 5.39. Reactions with higher-order cyanocuprate.

Reaction of saturated acylzirconocene chlorides with (CHj3),Cu(CN)Li, gives the second-
ary alcohol (73%), and D,0 work-up of the reaction mixture gives the a-deuterio
alcohol. This observation suggests the formation of a ketone—zirconocene complex
(Scheme 5.40; see also Section 5.3.2.1). Thus, for the reaction of o,f-unsaturated acylzir-
conocene chlorides with R,Cu(CN)Li,, initial formation of an unsaturated keto-
ne—zirconocene complex followed by 1,3-rearrangement of the zirconocene moiety to
an oxazirconacyclopentene, which is a ketone a,f-bis-carbanion equivalent, has been
proposed (Scheme 5.41).

The assumed structures of the ketone—zirconocene and oxazirconacyclopentene
complexes have not been established spectroscopically due to the excess of cuprate reagent
present. However, as discussed in Section 5.3.2.2, (i) direct nucleophilic addition to the

(CHa)2CU(CN)Liz | Ph(GH,), Ci H,0 or D,0 PN(CH2)4 o
Ph(CHa)4 éGCz Hi” 210, HG HD)
73 %
(> 95 %D)

Scheme 5.40. Reaction of a saturated acylzirconocene chloride with higher-order cyanocuprate.

/\)OL (CH3)2Cu(CN)Li; /i&?
Ph(CHp)s” ™" ~ZrCp, Ph(CHy)s~ " ~ZrCp,
1,3- H(D) O
rearrangement Cp2Zr-Q H,0 or D,O Ph(CHy) oH
Ph(CHz)s~ N7 CH; 2)2 Lo 3

Scheme 5.41. Reaction of an «,B-unsaturated acylzirconocene chloride with higher-order cyanocuprate.
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5.6 Conclusion

acyl carbon or (ii) nucleophilic substitution of chloride followed by migration of alkyl to an
acyl ligand would be involved in the formation of the ketone—zirconocene complexes. It
has been reported that the transmetalation of an allylic zirconocene species with higher-
order cyanocuprate generates an allylic cuprate reagent [42]. Thus, an acyl cuprate, which
is known to react with o,p-enones to give a Michael-type product, might be involved. How-
ever, the addition of excess cyclohexenone to a mixture of a saturated acylzirconocene
chloride and R,Cu(CN)Li, at —80 °C does not give the Michael-type product. Comparison
of the reactivity of stable carbon nucleophiles towards o,f-unsaturated acylzirconocene
chlorides with that of R,Cu(CN)Li, towards the same substrate clearly demonstrates the
dichotomous reactivity at both the - and acyl carbons in a,f-unsaturated acylzirconocene
chlorides (E and F, Scheme 5.37).

5.6
Conclusion

Recent chemical accomplishments based on acylzirconocene chloride complexes indicate
the potential utility of this reagent, not only as a nucleophilic donor of an “unmasked” acyl
group but also as a characteristic dichotomous reagent in carbon—carbon bond-forming
reactions. Although there have been many reports on the reactions of acylmetal com-
plexes, the ready availability, stability, and notable reactivity of acylzirconocene complexes
— especially acylzirconocene chloride complexes — merits their recognition as useful re-
agents. Further research on the reactivity of acylzirconocene species is anticipated to lead
to the discovery of new synthetic applications.

Representative Experimental Procedures

Preparation of n-heptanoylzirconocene chloride and reaction with benzaldehyde
(Scheme 5.12) To a suspension of [Cp,Zr(H)Cl] (2.0 mmol) in CH,Cl, (8 mL) under
argon was added 1-hexene (4.0 mmol) and the mixture was stirred for 0.5 h at ambient
temperature. After stirring the mixture under an atmosphere of CO at ambient tempera-
ture for 2 h, benzaldehyde (1.0 mmol) and BF;-OEt, (2.0 mmol) were added at —20°C,
and the resulting mixture was stirred at 0°C for 1 h. It was then treated with aqueous
NaHCO; solution and extracted with diethyl ether. The combined ethereal extracts were
washed with saturated aqueous NaCl solution, dried over MgSO,, and concentrated
under reduced pressure to give a crude oil. Purification by flash chromatography on silica
gel gave 1-hydroxy-1-phenyl-2-octanone in 79 % yield.

Preparation of n-nonanoylzirconocene chloride and Yb(OTf);/TMSOTf (1:1)-catalyzed re-
action with N-benzylideneaniline (Scheme 5.15) 1-Octene (2.0 mmol) was treated with
[Cp,Zr(H)C]] (1.3 mmol) in CH,Cl, (4 mL) at ambient temperature for 0.5 h under
argon atmosphere, and then the mixture was further stirred under an atmosphere of
CO (1 atm) at ambient temperature for 2 h. The solution was subsequently concentrated
to dryness in vacuo and the residue was redissolved in THF (6 mL).

To the resulting solution of n-nonanoylzirconocene chloride (1.3 mmol) in THF (6 mL)
was added a solution of N-benzylideneaniline (1 mmol), Yb(OTf); (20 mol%), and
TMSOTT (20 mol%) in THF (2 mL) at 0°C, and the mixture was stirred at ambient tem-
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perature for 24 h. It was then treated with aqueous NaHCO; solution and extracted with
ethyl acetate. The combined organic layers were washed with saturated aqueous NaCl so-
lution, dried over MgSO,, and concentrated under reduced pressure to give a crude oil.
Purification by chromatography on silica gel gave 1-phenyl-1-phenylamino-decan-2-one
in 64 % yield.

Pd-Catalyzed 1,2-selective reaction of n-nonanoylzirconocene chloride with cyclohexanone
(Scheme 5.19) A solution of n-nonanoylzirconocene chloride in CH,Cl,, prepared
from [Cp,Zr(H)CI] (1.5 mmol) and 1-octene (2.0 mmol) as described above, was concen-
trated to dryness in vacuo. The residue was treated with dry toluene (15 mL), cyclohexa-
none (1 mmol), and PdCl,(PPhs), (5 mol%) at ambient temperature and the resulting
mixture was stirred at the same temperature for 20 h. After extractive work-up as
described above, the residual oil was purified by column chromatography on silica gel
to give 1-n-nonanoyl-2-cyclohexen-1-ol in 81 % yield.

Pd-Catalyzed 1,4-selective reaction of n-nonanoylzirconocene chloride with cyclohexanone
(Scheme 5.20) To a solution of n-nonanoylzirconocene chloride (1.5 mmol) in diethyl
ether (10 mL)/THF (5 mL), prepared as described above, were added cyclohexenone
(1.0 mmol), BF;-OEt, (1.0 mmol), and Pd(OAc), (10 mol%) at 0 °C, and the resulting mix-
ture was stirred at this temperature for 12 h. After extractive work-up as described above,
purification by chromatography on silica gel gave 3-n-nonanoylcyclohexanone in 60 %
yield.
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Abbreviations

Acac acetylacetone

BINAP 2,2-bis(diphenylphosphanyl)-1,1’-binaphthyl
DIBAL-H diisobutylaluminum hydride

DME ethylene glycol dimethyl ether

DMF N,N-dimethylformamide

dppe 1,2-bis(diphenylphosphanyl)ethane
dppf 1,1'-bis(diphenylphosphanyl)ferrocene
NBS N-bromosuccinimide

Tf triflyl = trifluoromethanesulfonyl
TBDMS tert-butyldimethylsilyl

THF tetrahydrofuran

TMSCI chlorotrimethylsilane

TMSOTf trimethylsilyl trifluoromethanesulfonate
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6
Chiral Zirconium Catalysts for Enantioselective Synthesis

Amir H. Hoveyda

6.1
Introduction

Asymmetric catalysis is a vital and rapidly growing branch of modern organic chemistry.
Within this context, Ti- and Zr-based chiral catalysts have played a pivotal role in the
emergence of a myriad of efficient and enantioselective protocols for asymmetric syn-
thesis. In this chapter, a critical overview of enantioselective reactions promoted by chiral
Zr-based catalysts is provided. Since an account of this type is most valuable when it
provides a context for advances made in a particular area of research, when appropriate,
a brief discussion of related catalytic asymmetric reactions promoted by non-Zr-based
catalysts is presented as well.

6.2
Zr-Catalyzed Enantioselective C—C Bond-Forming Reactions

The development of catalytic C—C bond-forming reactions that proceed under mild
conditions in an enantioselective fashion (>95 % enantiomeric excess) remains a critical
and challenging objective in modern chemical synthesis [1]. As discussed below, Zr-con-
taining chiral catalysts can promote uniquely efficient and highly enantioselective
additions of carbon nucleophiles (such as alkylmetals and cyanide) to C=0 and C=N
bonds; these transformations may be used in the preparation of a wide range of medicin-
ally important agents (e.g., non-proteogenic amino acids). Moreover, Zr-based metallo-
cenes facilitate additions of alkylmetals to C=C bonds [2]; this attribute distinguishes
these catalysts from most other classes of chiral catalysts, as although processes that
involve alkylmetals and C=0 bonds are relatively common, reactions of alkyl metals
with alkenes does not easily occur under most circumstances [3]. In addition to the signif-
icance of C—C bonds and addressing the need for efficient and selective methods to gen-
erate them, alkene alkylations are important partly because the product of the asymmetric
addition of an alkylmetal to an alkene is a chiral alkylmetal entity that can be further func-
tionalized.
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6.2.1
Zr-Catalyzed Enantioselective Alkylation of Alkenes with Grignard Reagents

6.2.1.1 Intermolecular catalytic asymmetric alkylations

Chiral C,-symmetric ansa-metallocenes, also referred to as bridged metallocenes, find
extensive use as catalysts that effect asymmetric C—C bond-forming transformations [4].
In general, bridged ethylene(bis(tetrahydroindenyl))zirconocene dichloride ((ebthi)ZrCl,)
1 or its derived binaphtholate ((ebthi)Zrbinol) 2 [5] and related derivatives thereof have
been extensively utilized in the development of a variety of catalytic asymmetric alkene
alkylations.

(R-2
(A)-(ebth) ZrCi, (A)-(ebthi) Zrbinol

Work in the author’s laboratories, which began in 1990, involving the zirconocene-
catalyzed addition of Grignard reagents to alkenes (carbomagnesation), resulted in the
development of catalytic transformations that are carried out at ambient temperature to
afford synthetically useful products with excellent enantiomeric purities. As illustrated
in Table 6.1, in the presence of 2.5—10 mol% non-racemic (ebthi)ZrCl, (or (ebthi)Zrbinol)
and EtMgCl as the alkylating agent, five-, six-, and seven-membered unsaturated hetero-
cycles undergo facile asymmetric ethylmagnesation [6].

Table 6.1. (ebthi)Zr-catalyzed enantioselective ethylmagnesation of unsaturated heterocycles®

Entry  Substrate Product ee (%) Yield (%)

ﬁ \\\‘

>97 65

Q

2 >95 75
IR
&
nnonyl
HN
nonyl
3 H (|3H3 95 73
/ [ ¥
e
92 75

* Reaction conditions:
10 mol % (R)-1, 5.0 equiv.
EtMgCl, THF, 22 °C
for 6-12 h. Entry 1 with
2.5 mol% (R)-1.
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The rate of catalytic ethylmagnesation of the terminal alkene functions of the reaction
products is sufficiently slower, so that unsaturated alcohols and amines can be isolated in
high yield (the second alkylation is generally not diastereoselective). The author’s group
has utilized the stereoselective ethylmagnesation shown in entry 1 of Table 6.1 as a key
step in the first enantioselective total synthesis of the antifungal agent fluvirucin
(Sch 38516) [7]. As illustrated in Scheme 6.1, further functionalization of the Zr-catalyzed
ethylmagnesation product through three subsequent catalytic procedures (Ti-catalyzed
hydromagnesation, Ni-catalyzed cross-coupling, and Ru-catalyzed oxidation) delivers the
requisite carboxylic acid synthon in >99 % ee. This synthesis route underlines the utility
of the Zr-catalyzed carbomagnesation protocol: the reaction product bears an alkene and
an alcohol function and can thus be readily functionalized to furnish a variety of other
non-racemic intermediates.

0.4mol % (8)-(ebthi)Zrbino! {"}
¢ EtMgCl, ~70 tumovers

=
Mo
OH
57
1. 3mal % Cp,TiCl,,
n-PrivigCl;
Me AN 10O
3 mol % (PPhg);NiGl 1. fluvirucin (Sch 38516)

B 72%
2. 5mol % TPAP;
NMO, H,0 65%

Scheme 6.1. Demonstration of the utility of (ebthi)Zr-catalyzed ethylmagnesation in the enantioselective
synthesis of the macrolactam aglycon of fluvirucin.

The catalytic cycle proposed to account for the enantioselective ethylmagnesations is
illustrated in Scheme 6.2. Asymmetric carbomagnesation is initiated by the chiral
zirconocene—ethylene complex (R)-3, formed upon reaction of dichloride (R)-1 with
EtMgCl [Eq. 6.1; the dichloride salt or the binol complex (R)-2 may be used with
equal efficiency] [8]. Coupling of the alkene substrate with (R)-3 leads to the formation
of the metallacyclopentane intermediate i. In the proposed catalytic cycle, reaction of
i with EtMgCl affords zirconate ii, which undergoes Zr—Mg ligand exchange to yield
iii. Subsequent B-hydride abstraction, accompanied by intramolecular magnesium alkox-
ide elimination, leads to the release of the carbomagnesation product and regeneration
of 3 [9].

¢ o 2EMgCl
Zr\c |

(Eq. 6.1)

(A1

An important aspect of the carbomagnesation of six-membered and larger heterocycles
is the exclusive intermediacy of metallacyclopentanes, in which the C—Zr bond is formed
a to the heterocycle C—X bond (Scheme 6.2). Whether the regioselectivity in the zircona-
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cycle formation is kinetically non-selective and rapidly reversible and only one regioisomer
is active in the catalytic cycle, or whether formation of the metallacycle is kinetically selec-
tive (stabilization of electron density upon formation of C—Zr bond by the adjacent C—X)
[10], has not been rigorously determined. However, as will be discussed below, the regio-
selectivity with which the intermediate zirconacyclopentane is formed is critical in the
(ebthi)Zr-catalyzed kinetic resolution of heterocyclic alkenes.

/ H  EtMgCl ®
2equiv /, Nzp e~ ~ g/ MgCl
.Gl EtMgCI A S~
Bag — zr——\\ SO>Q AN
NS i &4
il

G/ (R)»-3
MgCI(X)
w e HEAN ) )
H, 2zrL Zi

/ [ ‘~~ o

j omg_ R \ CiMg !H<

L = ebthi E X? X

X =0, N(H)n-nonyl ii

Scheme 6.2. Catalytic cycle proposed for the (ebthi)Zr-catalyzed ethylmagnesation of unsaturated
heterocycles.

Why does the (ebthi)Zr system induce such high levels of enantioselectivity in the
C—C bond-formation process? It is plausible that the high enantioselection arises
from minimization of unfavorable steric and torsional interactions in the complex
formed between 3 and the heterocyclic substrate (Fig. 6.1). The alternative mode of ad-
dition, illustrated in Fig. 6.1, would lead to costly steric repulsions between the alkene
substituents and the cyclohexyl group of the chiral ligand [6]. Reactions of simple termi-
nal alkenes under identical conditions give little or no enantioselectivity. This is presum-
ably because in the absence of the alkenyl substituent (of the carbon that bonds to Zr in
i), the aforementioned steric interactions are less significant and the alkene substrate re-
acts indiscriminately through the two modes of substrate—catalyst binding represented
in Fig. 6.1.

- 23
= N
Figure 6.1. Substrate—catalyst interactions favor a specific (H)—S Q (R-3
mode of alkene insertion into the zirconocene-alkene
complex. Favored Disfavored

These alkylation processes become particularly attractive when used in conjunction with
powerful catalytic ring-closing metathesis protocols [11]. The requisite starting materials
can be readily prepared catalytically and in high yields. The examples shown in Scheme
6.3 demonstrate that synthesis of the heterocyclic alkene and subsequent alkylation can be
carried out in a single vessel to afford unsaturated alcohols and amides in good yields and
with >99 % ee (GLC analysis) [12].
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2mol %, THF;
EtMgCl,
10mal % (R)-(ebth)Zrql,
73% yield

NN

>99% ee

PCy,
Cla,,

A P
cr !’“=\_.__< (R)-(ebthi)Zr-birol
Cyz oh 10mol %, H3

c
2 mol % N EtMgCl | (P
\/\N/\/\/\ — - - i
Ts CHCh, 45 C N THF,70°C NHTs

68% yield Ts 77% yield
>98% ee

Onepat process (CH,Qy—>THF; 4570 °C); 54% yiekd; >98% ee T

Scheme 6.3. Zr-catalyzed enantioselective ethylmagnesation and metal-catalyzed alkene metathesis make
effective partners. In the two cases shown here, the alkene substrate is synthesized and enantioselectively
alkylated in the same vessel.

Catalytic alkylations in which higher alkyls of magnesium are used (Table 6.2) proceed
less efficiently (35—40 % isolated yield) but with similarly high levels of enantioselection
(>90% ee) [9]. A number of issues relating to the data illustrated in Table 6.2 merit com-
ment. (1) With 2,5-dihydrofuran as the substrate, at 22 °C a mixture of branched (4 or 6)
and n-alkyl products (5 or 7) is obtained. When the reaction mixture is heated to 70 °C, the
branched adducts 4 and 6 become the major product isomers. In contrast, with the six-
membered heterocycle, reactions at 22°C are selective (entries 3 and 6, Table 6.2). (2)
With nBuMgCl as the alkylating agent, high levels of diastereoselection are again observed
(entries 4—0).

The aforementioned observations have significant mechanistic implications. As illustrat-
ed in Egs. 6.2—6.4, in the chemistry of zirconocene—alkene complexes derived from longer
chain alkylmagnesium halides, several additional selectivity issues present themselves. (1)
The derived transition metal—alkene complex can exist in two diastereomeric forms, ex-
emplified in Eqs. 6.2 and 6.3 by (R)-8 anti and syn; reaction through these stereoisomeric
complexes can lead to the formation of different product diastereomers (compare Eqs. 6.2
and 6.3, or Egs. 6.3 and 6.4). The data in Table 6.2 indicate that the mode of addition
shown in Eq. 6.2 is preferred. (2) As illustrated in Egs. 6.3 and 6.4, the carbomagnesation
process can afford either the n-alkyl or the branched product. Alkene substrate insertion
from the more substituted front of the zirconocene—alkene system affords the branched
isomer (Eq. 6.3), whereas reaction from the less substituted end of the (ebthi)Zr—alkene
system leads to the formation of the straight-chain product (Eq. 6.4). The results shown
in Table 6.2 indicate that, depending on the reaction conditions, products derived from
the two isomeric metallacyclopentane formations can be formed competitively.

Detailed studies in these laboratories have shed light on the mechanistic intricacies of
asymmetric catalytic carbomagnesations, allowing for an understanding of the above
trends in regio- and stereoselectivity [9]. Importantly, these mechanistic studies have indi-
cated that there is no preference for the formation of either the anti or the syn
(ebthi)Zr—alkene isomers (e.g. 8 anti vs. 8 syn); it is only that one metallocene—alkene
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diastereomer (syn) is more reactive. These mechanistic studies have also indicated that
zirconacyclopentane intermediates (i in Scheme 6.2) do not undergo spontaneous elim-
ination to give the derived zirconocene-alkoxide; Zr—Mg ligand exchange is likely to be
a prerequisite for alkoxide elimination and formation of the terminal alkene.

4 F Major P j§
r—\( e A g . (Eq. 6.2)
Na) H \A Ho/=

(R)-8 syn 0 6
2 equiv. g/ H @I “é'e
(R OO ‘Zr_\( Minor Y IR A N (Eq63)
— X L ~ Et H
: t SOVAN HO””
(R)-8 anti o 9

H
-------- > /j..‘-“\/a (Eq. 6.4)
HO
\ (R)-8 anti 7

6.2.1.2 Intramolecular catalytic asymmetric alkylations

Intramolecular variants of the above Zr-catalyzed enantioselective alkylations have also
been reported. As illustrated in Scheme 6.4, Mori and co-workers have reported that treat-
ment of a variety of unsaturated amines leads to enantioselective formation of the corre-
sponding cyclic amines in modest yields, but with high enantioselectivities [13]. Whereas
diastereoselectivity is low in the formation of five-membered ring products (e.g. 10 — 11
+ 12, Scheme 6.4), asymmetric generation of the six-membered ring analogues proceeds
with excellent levels of enantio- and diastereocontrol (e. g. 14, Scheme 6.4). There are sev-
eral noteworthy features of this class of C—C bond-forming reactions. (i) The Zr-catalyzed
processes generate quaternary carbon centers enantioselectively [14]. (ii) Surprisingly, re-
actions involving two terminal alkenes are significantly less efficient and enantioselective.

Intramolecular diene cyclizations involving allylic alcohols and ethers have been under
investigation in these laboratories; representative examples are shown in Scheme 6.5 [15].
The reactions are generally less efficient than when Cp,ZrCl, is used as the catalyst, pre-
sumably as a result of the greater steric bulk of the tetrahydroindenyl ligand. However, as
exemplified by the reaction of 17 (Scheme 6.5), both the olefinic and (remarkably) alde-
hyde products are formed with high enantioselectivity and olefinic product 18 is generated
diastereoselectively. Catalytic asymmetric cyclization of 20, unlike its reaction with
Cp,ZrCl,, is non-diastereoselective (1:1 vs. 4:1).

The above intramolecular diene cyclizations are likely to proceed through a similar set
of reactions as shown in Scheme 6.2 for the intermolecular variants. Thus, as depicted in
Scheme 6.6, formation of the zirconacyclopropane at the less hindered terminal alkene
(— 1ii), generation of the tricyclic intermediate iii, Zr—Mg exchange through the inter-
mediacy of zirconate iv, and p-H abstraction and Mg alkoxide elimination in v may lead
to the formation of the observed product. Additional kinetic and mechanistic studies
are required before a more detailed hypothesis can be put forward.



Scheme 6.4.
Zr-catalyzed enantio-
selective intramole-
cular diene cyclization
delivers N-containing
heterocycles having
quaternary carbon
stereogenic centers.

Scheme 6.5.
Zr-catalyzed enantio-
selective intramolecu-
lar diene cyclizations
with allylic alcohol and
ether substrates afford
carbocycles bearing
quaternary carbon
stereogenic centers;
the unexpected
formation of the
aldehyde product 19
is noteworthy.

Scheme 6.6.

Proposed mechanism
for asymmetric
Zr-catalyzed diene
cyclization; this
represents the intra-
molecular variant of
the catalytic carbo-
magnesation shown
in Scheme 6.2.
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6.2.2
Zr—Catalyzed Kinetic Resolution of Unsaturated Heterocycles

The high levels of enantioselectivity obtained in the asymmetric catalytic carbomagnesa-
tion reactions (Tables 6.1 and 6.2) imply an organized (ebthi)Zr—alkene complex interac-
tion with the heterocyclic alkene substrates. When chiral unsaturated pyrans or furans are
employed, the resident center of asymmetry may induce differential rates of reaction, such
that after ~50 % conversion one enantiomer of the chiral alkene can be recovered in high
enantiomeric purity. As an example, molecular models indicate that with a 2-substituted
pyran, as shown in Fig. 6.2, the mode of addition labeled as I should be significantly
favored over II or III, where unfavorable steric interactions between the (ebthi)Zr complex
and the olefinic substrate would lead to significant catalyst—substrate complex destabiliza-
tion.

\Zr——\

%@5

Rz -8

1 R,=H, R, =alkyl HI R=akyl Figure 6.2. Model accounting for preferential association of
II Ry=akyl R;=H one pyran enantiomer with the (R)-(ebthi)Zr complex.

Table 6.3. (ebthi)Zr-catalyzed kinetic resolution of unsaturated pyrans®

Entry  Substrate Conversion Mol % cat.  Unreacted subs.
% config., ee (%)
l

| 60 | 10 | R, 96

| = Me
2
Me
2 e 60 10 S, 41
6
e N a R = MgCl 56 10 R, >99
k 2 b R = TBS 60 10 R, >99
-
R
4 M(/(\@ 58 20 R, 99
Me,
x OR
2

w
<

a R =MgCl 63 10 R, >99
b R =TBS 61 10 R, 94

* Reaction conditions: 10 mol% (R)-1, 5.0 equiv. of EtMgCl, 70 °C, THF. Mass recovery in all reactions is
>85%.
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Table 6.4. Zirconocene-catalyzed kinetic resolution of 2-substituted medium-ring heterocycles®

Entry Substrate Conversion Time Unreacted subs.
(%) config., ee (%)

Q/f | 58 | 30 min | R, >99

Me

2 A\ 63 100 min R, 96
(e

60 8h R, 60

 Reaction conditions: indicated mol% (R)-1, 5.0 equiv. of EtMgCl, 70 °C, THF. Mass recovery in all reactions
is > 85 %.

As the data in Table 6.3 indicate, in the presence of catalytic amounts of non-racemic
(ebthi)ZrCl,, a variety of unsaturated pyrans can be effectively resolved to furnish these
synthetically useful heterocycles in excellent enantiomeric purities [16]. A number of im-
portant issues relating to the catalytic kinetic resolution of pyrans are noteworthy. (1) Re-
actions performed at elevated temperatures (70°C) afford recovered starting materials
with significantly higher levels of enantiomeric purity as compared to processes carried
out at 22°C. For example, the 2-substituted pyran shown in entry 1 of Table 6.3, when
subjected to the same reaction conditions but at 22 °C, is recovered after 60 % conversion
with 88 % ee (cf. 96 % ee at 70 °C). (2) Consistent with the models illustrated in Figure 6.2,
6-substituted pyrans (Table 6.3, entry 2) are not resolved effectively (the C-6 substituent
should not interact strongly with the catalyst structure; see Figure 6.2); however, with a
C-2 substituent also present, resolution proceeds with excellent efficiency (entry 3). (3)
Pyrans that bear a C-5 substituent are likewise resolved with high selectivity (entry 4).
In this class of substrates, one enantiomer reacts more slowly, presumably because its as-
sociation with the zirconocene—alkene complex leads to sterically unfavorable interactions
between the C-5 alkyl unit and the coordinated ethylene ligand.

As the representative data in Table 6.4 indicate, the Zr-catalyzed resolution technology
may be applied to medium-ring heterocycles as well; in certain instances (e.g. entries 1
and 2), the starting material can be recovered with outstanding enantiomeric purity. Com-
parison of the data shown in entries 1 and 3 of Table 6.4 indicates that the presence of an
aromatic substituent can have an adverse influence on the outcome of the catalytic resolu-
tion. The fact that the eight-membered ring substrate in Table 6.4 (entry 4) is resolved
more efficiently may imply that the origin of this unfavorable effect is more due to the
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conformational preferences of the heterocycle than the attendant electronic factors
(a phenoxy group is a better leaving group than an alkoxy unit).

The availability of oxepins that bear a side chain containing a Lewis basic oxygen atom
(entry 2, Table 6.4) has further important implications in enantioselective synthesis. The
derived alcohol, benzyl ether, or methoxyethoxymethyl (MEM) ethers, in which resident
Lewis basic heteroatoms are less sterically hindered, readily undergo diastereoselective un-
catalyzed alkylation reactions when treated with a variety of Grignard reagents [17]. The
examples shown below (Scheme 6.7) demonstrate the excellent synthetic potential of
these stereoselective alkylations.

1. (R)<{ebth)Zrbinal

\ (10 mot %)
>99% ee, 38% yied  C H >96% o6, 93% yield iH >
), y RN
23 (5)24 (S)-25 Me
\ BnO
Me%\/MgBr I
[ opn ——— 7 < OH
P 22°C, THF, 24 h SN,
(9)-27 77% yiekd (S)26
Me 1. Co(CO)g, hex. | 2. NMOH,0
3n, 22 °C CH,Cly, 22°C

>98% ea, 78% yield

BnO
28 OH

Scheme 6.7. Chiral medium-ring heterocycles, resolved by the Zr-catalyzed kinetic resolution, are subject
to highly diastereoselective alkylations that afford synthetically useful compounds in optically pure form.

Thus, catalytic resolution of the TBS-protected oxepin 23, conversion to the derived al-
cohol, and diastereoselective alkylation with nBuMgBr affords (S)-25 with >96 % ee in
93 % yield. As shown in Scheme 6.7, alkylation of (S)-27 with an alkyne-bearing Grignard
reagent (— (S5)-26) allows for a subsequent Pauson—Khand cyclization reaction to provide
the corresponding bicycle 28 in optically pure form. With regard to the ease with which
these diastereoselective alkene alkylations take place, it is important to note that the asym-
metric Zr-catalyzed additions with longer chain alkylmagnesium halides (see Table 6.2)
are more sluggish than those involving EtMgCl. Furthermore, when catalytic alkylation
does occur, the corresponding branched products are obtained; with nPrMgCl and
nBuMgCl, isoPr and secBu addition products are formed, respectively [9]. Therefore, the
uncatalyzed alkylation reaction complements the enantioselective Zr-catalyzed protocol.

Zirconocene-catalyzed kinetic resolution of dihydrofurans is also possible, as illustrated
in Scheme 6.8 [18]. Unlike their six-membered ring counterparts, both of the heterocycle
enantiomers react readily, albeit through distinctly different reaction pathways, to afford —
with high diastereomeric and enantiomeric purities — constitutional isomers that are
readily separable (the first example of parallel kinetic resolution involving an organome-
tallic agent). A plausible reason for the difference in the reactivity pattern of pyrans and
furans is that, in the latter class of compounds, both olefinic carbons are adjacent to a
C—O bond: C—Zr bond formation can take place at either end of the C—C n-system.
The furan substrate and the (ebthi)Zr-alkene complex (R)-3 interact such that unfavorable
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steric interactions are avoided, leading to the formation of readily separable non-racemic
products in the manner illustrated in Scheme 6.8.

§ #~No

(W ///__) . .

o o 96% ce, 49% yield
(R)-29

/@ EtMgCl
—_—
P oma %) @I A3 o e

(R P, [ X A
AR - wH
70°C H/Q N = R, >95% eo, 49% yield

— Hi
S\ P 95:5de

~ (R)-3 ~Ph (R,S)-30

Scheme 6.8. (ebthi)Zr-catalyzed kinetic resolution of dihydrofurans.

Subsequent to these studies by the author’s group, Whitby and co-workers reported that
enantioselective alkylations of the type illustrated in Scheme 6.6 can also be carried out
with the non-bridged chiral zirconocene 31 [19]. Enantioselectivities are, however, notably
lower when alkylations are carried out in the presence of 31. For example, this new chiral
metallocene affords 29 and 30 (Scheme 6.5) with 82% and 78 % ee, respectively.

o~
31

6.2.3
Zr-Catalyzed Kinetic Resolution of Exocyclic Allylic Ethers

As depicted in Egs. 6.5—6.7, kinetic resolution of a variety of cyclic allylic ethers is effected
by asymmetric Zr-catalyzed carbomagnesation. Importantly, besides six-membered ethers,
seven- and eight-membered ring systems can readily be resolved by the Zr-catalyzed pro-
tocol.

20 mol %
(R)-(ebth)Zrbinol ’
_— 98% ee @ 55% conversion (Eq. 6.5)
5 equiv EtMgCl y
Me 70°C Me
(racemic)

Ph OPh

10 mol %
-(ebth| )Zvinol

QBn

>99% ee @ 60% conversion (Eq. 6.6)
5 equiv EtMgCI

70°C

15 mol % s
F:) (ebthi)Zrbinol
81% ee @ 59% conversion (Eq. 6.7)
5 equiv EtMgCl

70°C
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The modes of addition shown in Figure 6.3 are similar to those shown in Figure 6.2
and are consistent with extant mechanistic work [6,9]; they accurately predict the identity
of the slower reacting enantiomer. It should be noted, however, that variations in the ob-
served levels of selectivity as a function of the steric and electronic nature of substituents
and the ring size cannot be predicted based on these models alone; more subtle factors
are clearly at work. In spite of such mechanistic questions, the metal-catalyzed resolution
protocol provides an attractive option in asymmetric synthesis. This is because, although
the maximum possible yield is ~40 %, catalytic resolution requires easily accessible race-
mic starting materials and conversion levels can be manipulated so that truly pure
samples of substrate enantiomers are obtained.

0\ 5& 0,
—x Zr— Z:L—@
O Figure 6.3. Various modes of

Addition pathway avaiable to Additon pathways avaiabe to addition of cyclic allylic ethers to
the faster-reacting enantiomer the slower-reacting enantiomer an (ebthi)Zr-alkene complex.

The synthetic versatility and significance of the Zr-catalyzed kinetic resolution of exocyc-
lic allylic ethers is demonstrated by the example provided in Scheme 6.9. The optically
pure starting allylic ether, obtained by the aforementioned catalytic kinetic resolution, un-
dergoes a facile Ru-catalyzed rearrangement to afford the desired chromene in >99% ee
[20]. Unlike the unsaturated pyrans discussed above, chiral 2-substituted chromenes are
not readily resolved by the Zr-catalyzed protocol. Optically pure styrenyl ethers, such as
that shown in Scheme 6.9, are obtained by means of the Zr-catalyzed kinetic resolution,
allowing for the efficient and enantioselective preparation of these important chromene
heterocycles by a sequential catalytic protocol.

P

cu,,_é{o"a
o TN

10 mol % Q " chya Ph

x Me  (Rr(ebth)Zrbino! P ~ Me 6 mol %
- > —_—
EtMgCl 999 ethylene atm,
ee
60% conv. o5 81% >99% ee

Scheme 6.9. Tandem Zr-catalyzed kinetic resolution and Ru-catalyzed ring-opening/ring-closing
metatheses afford chiral chromenes with high optical purity.

To examine and challenge the utility of the two-step catalytic resolution—chromene
synthesis process [21], the author’s group undertook a convergent and enantioselective
total synthesis of the potent antihypertensive agent (S,R,R,R)-nebivolol [22]. As illustrated
in Scheme 6.10, the two key fragments (R,R)-34 and (R,S)-36, which were subsequently
joined to afford the target molecule, were prepared in optically pure form by the catalytic
resolution technology discussed above. Importantly, efficient and selective methods were
established for the modification of the chromene alkenyl side chain. These studies led to a
broadening of the utility of the initial methodological investigations. They demonstrated
that, although the carbocyclic system may be used as the framework for the Zr- and the
Mo-catalyzed reactions [23], the resulting 2-substituted chromene can be functionalized in
a number of ways to afford a multitude of chiral non-racemic heterocycles [24]. Another
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interesting feature of this total synthesis is that, whereas the preparation of (R,R)-32 re-
quires the use of the (R)-(ebthi)Zr catalyst, the synthesis of (R,S)-36 is carried out by cata-
lytic kinetic resolution with the (S)-(ebthi)Zr complex. Thus, the procedure of Buchwald
[5k] was used to resolve rac-(ebthi)Zr to obtain (R)-(ebthi)Zrbinol and (S)-(ebthi)Zrbiphen
to accomplish this total synthesis in an efficient manner [25].

10 mol % TBS
eb!hl)ZrbmoI
iPr Pr

rac-32 “Me (R.A)- 32 Me .98% og T‘ [l
40% yield CFSQ\O,JoV*\
CFj,
oTBS oF b, 4md%
,-“‘o
| ethylene (1 atm)
o CeHs
(R.A)-34
>98% ee,
97% yield
QH OH
H H
as above P/C@/\/Nm
—»
F
(S, R,R, R)}-nebivold
rac35 “Sye (R.S)-36 (R, F{) -34

Scheme 6.10. Tandem Zr-catalyzed kinetic resolution and Mo-catalyzed conversion of styrenyl
ethers to chromenes is used in the first enantioselective total synthesis of the antihypertensive agent
(5,R,R,R)-nebivolol.

As the representative examples in Scheme 6.11 illustrate, similar stragies may be ap-
plied to the corresponding alkenyl ethers (vs. styrenyl ethers) [26]. The Zr-catalyzed kinetic
resolution/Ru-catalyzed metathesis protocol thus delivers optically pure 2-substituted di-
hydrofurans that cannot be accessed by resolution of the five-membered ring heterocycles
(see Scheme 6.8). It should be noted, however, that the efficiency of the Zr-catalyzed re-
solution is strongly dependent, and not in a predictable manner, not only on the presence
but the substitution of the acyclic alkene site of the diene substrate. The examples shown
in Scheme 6.11 clearly illustrate this issue.

Cys
X

10 mol % PCYa

/@ (R)-{ebthi)Zrbinol ML/H\ @ 10 mol % (U\/
EtMgCI, 70 °C i amethyene, 07
CH,Cl,, 22 °C
>98% ee, 44% yeld >98% ee, 89% yield
JI O J\ O KE O O
Ko >25 g1 =6 Ko >25 kg1 <5

Scheme 6.11. Tandem Zr-catalyzed kinetic resolution and Ru-catalyzed conversion of the resulting
optically pure ethers in the enantioselective synthesis of dihydrofurans. The efficiency of the catalytic
resolution requires the presence of the pendant acyclic alkene and depends on its substitution.
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Related catalytic enantioselective processes It is worthy of note that the powerful Ti-
catalyzed asymmetric epoxidation procedure of Sharpless [27] is often used in the pre-
paration of optically pure acyclic allylic alcohols through the catalytic kinetic resolution
of easily accessible racemic mixtures [28]. When the catalytic epoxidation is applied to cyc-
lic allylic substrates, reaction rates are retarded and lower levels of enantioselectivity are
observed. Ru-catalyzed asymmetric hydrogenation has been employed by Noyori to effect
the resolution of five- and six-membered allylic carbinols [29]; in this instance, as with the
Ti-catalyzed procedure, the presence of an unprotected hydroxyl function is required.
Perhaps the most efficient general procedure for the enantioselective synthesis of this
class of cyclic allylic ethers is that recently developed by Trost and co-workers, involving
Pd-catalyzed asymmetric additions of alkoxides to allylic esters [30].

6.2.4
Zr-Catalyzed Enantioselective Alkylation of Alkenes with Alkylaluminum Reagents

The zirconocene-catalyzed enantioselective carbomagnesation accomplishes the addition
of an alkylmagnesium halide to an alkene, where the resulting carbometallation product
is suitable for a variety of additional functionalization reactions (see Scheme 6.1). Excel-
lent enantioselectivity is obtained in reactions with Et-, nPr-, and nBuMgCl, and the cata-
lytic resolution processes allow the preparation of a variety of non-racemic heterocycles.
Nonetheless, the development of reaction processes whereby a wider variety of olefinic
substrates and alkylmetals (e.g. Me-, vinyl-, phenylmagnesium halides, etc.) can be
added to unfunctionalized alkenes efficiently and enantioselectively remains a challenging
goal in asymmetric reaction design.

As illustrated below (Scheme 6.12), reports by Negishi and Kondakov, in which Erker’s
non-bridged chiral zirconocene 37 [31] was used as the catalyst, represent an impressive
step towards this end [32]. A range of alkylaluminum reagents can be added with high
efficiency and excellent enantioselectivity (>90 % ee). A remarkable aspect of this work is
that through a change in reaction medium (1,1,1-trichloroethane is used as solvent),
catalytic alkylations proceed through carbometallation of the alkene (direct addition of
the cationic alkylzirconium species to the alkene, followed by Zr—Al ligand exchange),
rather than involving the formation of a metallacyclopentane; under conditions where
zirconacyclopentanes serve as intermediates, the selectivities are lower. Another notable
aspect of the Negishi work is that the use of the Erker system appears to be imperative:
when (ebthi)Zr is employed as the catalyst, alkylations are not nearly as efficient or
stereoselective. As is also shown in Scheme 6.12, Waymouth and Shaughnessy have
illustrated that cationic chiral zirconocenes, formed upon treatment of the dimethyl com-
plex 38 with B(C¢Fs);, also promote asymmetric carboaluminations, albeit with lower
levels of selectivity [33].

In 1997, Whitby reported that treatment of 2,5-dihydrofuran with Et;Al in the presence
of 5 mol% 31 leads to the enantioselective formation of 39 (Scheme 6.13), rather than the
product obtained from catalytic carbomagnesations (40) [34]. This outcome can be
rationalized on the basis of Dzhemilev’s pioneering report that with Et;Al, in contrast
to the mechanism that ensues with EtMgCl (see Scheme 6.2), the intermediate alumina-
cyclopentane (i) is converted to the corresponding aluminaoxacyclopentane ii. To ensure
the predominant formation of 39, catalytic alkylations must be carried out in absence
of solvent.
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C|’£\
L
8 mol%
Me A - MeY\/\G-I
j:\/ 1equiv MegAl, CI(CHy),Cl, Yo fle

2°C; 0,

74% ee, 92% yield
8 mol % 37

Z - OH
g\/ 1 equiv EtAl, CI(CH,),Cl, ©/\B/\

22°C; O
93% ee, 69% yield
.
Me™™ | ~m
° 38
2.5 mol %
Scheme 6.12. Enantioselective carbo- Me 2 +25 mol % B(CsFs) Me
aluminations of unactivated alkenes are Y\/ : - Y o
promoted by neutral (37) and cationic Me Tequ "’;33;"(3(0%)20" Me Me
102

(38 + B(C4Fs)3) chiral Zr complexes. 58% ee, 63% yield

]
Clrzr‘o| 31
o 5 mol % EtA%/\g M
o 5] 7 ”
)y --212° . —  H7:
Et3Al, no solvent, Z S \o/AlEt

2°C )
- ; ..
Scheme 6.13. Zr-catalyzed enantioselec- " 02
tive alkylation with neat Et;Al can H
. o > Me W
lead to an alternative reactivity pattern not formed /H>/\ H:

(formation of 39 rather than 40). Son 40 SoH 39

An important observation in the area of Zr-catalyzed carboaluminations of alkenes is
that made by Wipf and Ribe that addition of water leads to substantial acceleration of
the C—C bond-forming process [35]. Thus, as illustrated in Scheme 6.14, whereas catalytic
alkylation of the silylated alkene 41 does not afford any of the desired product, upon
addition of one equivalent of water, 42 is formed in 85 % yield with 80% ee. As is also
depicted in Scheme 6.14, carboaluminations of unsaturated alcohols are less efficient
(— 43, but better than reactions without water), while those involving alkenes that bear
an a-branched substituent are less selective (— 44). Another impressive example of rate
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acceleration by water is the formation of 45 (73 % yield with 89 % ee); the Zr-catalyzed
alkylation of styrene in the absence of water has been reported by Negishi to proceed
to only 30 % conversion after 22 days at 22 °C [32]. In a subsequent paper, Wipf reported
on a water-accelerated tandem Claisen rearrangement—catalytic asymmetric carboalumi-
nation that furnish various aromatic alcohols efficiently and with appreciable optical
purity; the example shown in Scheme 6.14 is illustrative (46 — 47) [36].

Zr.
[l o]
37
5mol %
TBDPSO L TBDPSO,
NN —_— VY\OH
4 4 equiv MesAl, 42 Me
1equivH;0, =20 °C;  gnor oo g5% yield
CHCh,12h (no reaction without H,0)
2. air
HO O\/\O ©\/\O
"o . H y H
43 We a4 e 45 Me
86% ee, 45% yield 55% ee, 94% yield 89% ee, 73% yield

1. 5mol % 37, 4 equiv

?:'1,_?3/'\" 1 squiv o0, o Scheme 6.14. Zr-catalyzed
A 2C2,0°C, 12h v H enantioselective carboalumination
—_— H
46 2.0, Me a7 is significantly accelerated in the

presence of equimolar amounts of
water.

75% ee, 75% yield

Related catalytic enantioselective processes In addition to the research summarized
above, several other important developments have been reported relating to metal-cata-
lyzed alkylation of alkenes (other than unsaturated carbonyls or allylic esters). Selected
data regarding catalytic enantioselective alkene alkylations are shown in Egs. 6.8—6.10.
Marek and Normant (Eq. 6.8) have reported on a (—)-sparteine-catalyzed addition of n-al-
kyllithiums to styrenyl alkenes that bear neighboring Lewis basic directing groups [37].
Since the opposite antipode of sparteine is less readily available, this interesting approach
has limited synthetic utility. Nakamura has shown that strained alkenes are enantioselec-
tively alkylated in the presence of dialkylzincs and chiral Fe-based catalysts [38]. In
addition, Lautens has reported that certain bicyclic alkenes undergo Pd-catalyzed asym-
metric carbometallations followed by metal alkoxide elimination to give products such
as that shown in Eq. 6.10 [39]. Unlike the Zr-catalyzed asymmetric alkylations, the latter
two transformations require highly strained alkenes to proceed effectively.
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5mol % (Eq. 6.8)
P N NMep ———— o Ph/Y\NMeg
nBuli, hexane,Q °C s
u

82% ee, 70% yield

Me Me Mg Me
3 mol % FeCly,
h 3md % (R)-ol-binap ﬁ
e — (Eq. 6.9)

7_< Et,Zn, THP, toluene
~78 to 25 °C
B 88% ee, 89% yiekd
5 mo! %

CloPd(MeCN),,
5 mol % (R)-binap Et
(Eq. 6.10)
EtyZn, CH,Ch, 22°C

89% ee, 91% yield

6.2.5
Zr-Catalyzed Enantioselective Allylation of Aldehydes

A case of the addition of an allylstannane to aldehydes has been reported by Tagliavini to
proceed with appreciable enantioselectivity (Scheme 6.15) [40]. A notable feature of the
Zr-catalyzed transformations is that they proceed more rapidly than the corresponding
Ti-catalyzed processes reported by the same research team (see Scheme 6.16). Further-
more, C—C bond formation is significantly more efficient when the reactions are carried
out in the presence of 4 A molecular sieves; the mechanistic rationale for this effect is not
known. It should be noted that alkylations involving aliphatic aldehydes are relatively
low-yielding, presumably as the result of competitive hydride transfer and formation of

the reduced primary alcohol.
20 mol %

o2t
Me AN e

4A molecularsieves,
CH,CL,0°C, 6h 87% ee, 58% yield
(71% ee, 53% yield

) . after 24 h without sieves)
Scheme 6.15. Zr-catalyzed enantioselective

-
addition of allylstannanes to aldehydes /\i/\ L\
i i i > PR > Ph =

is more facile than the corresponding
Ti-catalyzed processes. 90% ee, 34% yield 91% ee, 81% yiekd  93% ee, 79% yield

\z T(OiPr)2
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Related catalytic enantioselective processes A number of impressive advances in the area
of catalytic asymmetric allylmetal additions to carbonyls have been reported [41]. As illus-
trated below, procedures developed by Yamamoto (Eq. 6.11) [42] and Keck and Tagliavini
(Eq. 6.12) [43] indicate that both Ti- and B-based chiral Lewis acids can effect C—C bond-
forming reactions efficiently and with excellent enantioselectivity. A more recent example
due to Carreira (Eq. 6.13) involves the use of the less reactive allyltrimethylsilane [44]. An-
other related advance is that due to Yamamoto; the Ag(binap) complex thus promotes
highly asymmetric and efficient additions of allylstannane to a range of aromatic and
aliphatic aldehydes (Eq. 6.14) [45]. The more recent report by Nakajima and co-workers,
involving a non-metal-based catalyst (Eq. 6.15) is also worthy of note [46]. As far as stereo-
chemical control in this general class of transformations is concerned, a number of other
stoichiometric reactions have been reported that provide outstanding levels of enantio-
selectivity. Reaction technologies reported by Brown [47], Mukaiyama [48], Riediker [49],
Corey [50], Hafner and Duthaler [51], Roush [52], Hoffman [53], and Denmark [54]
serve as notable examples [55].

QiPr O COzH o

F3
Q
S0P,
opr 07 0 OH Me
©/\o 10-20 mol % Fs w (Eq 6.11)
Me

SiMe, EICN,-78°C 88% ee, >98% yield

L,
R0 OO Rﬂ/\ (Eq. 6.12)

/\/S‘ Buy

R=Ph; L =(OPr)2 (10 mol %); 95% ee, 88% yield
R=n-octyl, L=Cl, (20 mol %); 97% ee, 83% yiekl

OH
10 mol % (8)-binol, 10 mol % TF,

D><° DO (Eq. 6.13)

Ph A~ Mes Meen, 0 °C, 20 h Ph
93% ee, 92% yield

OH

i\ o 5 mol % (S)-binapeAgOTf
) s [yk/\ (Eq. 6.14)
O A~SNB THE, 209G, 8 h d
93% ee, 94% yield

l/\@

Me 0 (Eq. 6.15)
Me. A ,O@
N |
OH
O 10 mol % !
o o
/\/SnBu;;

PN, CH,CL, ~78 °C 88% ee, 85% yiek
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6.2.6
Zr-Catalyzed Enantioselective Imine Alkylations with Alkylzinc Reagents

Based on mechanistic considerations developed in the course of a study of Ti-catalyzed
cyanide additions to imines [56], recent work in these laboratories has resulted in the
development of Zr-catalyzed enantioselective additions of alkylzinc reagents to imines.
Application of this class of transformations delivers optically-enriched or pure amines,
a class of compounds that are of great significance to medicine and biology. Screening
of parallel libraries was used to establish conditions for an effective set of protocols, in-
cluding the optimal metal center (Zr), solvent, reaction temperature, and amine protect-
ing group [57]. Interestingly, as the representative examples in Scheme 6.16 illustrate,
these screening studies indicated Zr(OiPr), to be the most appropriate metal center,
with dipeptide Schiff base 49 serving as the chiral ligand that leads to optimal reactivity
and enantioselectivity; the corresponding Ti salt leads to significantly less efficient and
enantioselective reactions. An efficient Zr-catalyzed alkylation of arylimines in the
presence of 0.1—10 mol% chiral peptidic ligands and Et,Zn has thus been established
(¢f. 48 — 50 in Scheme 6.16). These transformations afford the corresponding amines
with >90% ee and in >66 % isolated yield. As illustrated in Scheme 6.16, oxidative re-
moval of the o-anisyl protecting group furnishes the derived optically enriched arylamines
(— 51).

0.1 mol % 49,
\N 20 mol % Zr(O/Pr) #HOIPr
©/\ OMe 5 equivEtZn, 01022 C; O/\
48
93% ee, 82% yield

Scheme 6.16. Zr-catalyzed I:A 4 equiv fhl(OAc)Z'
enantioselective addition of | chiral ligand: > e?ﬁﬁz(;: 0.22°C
alkylzinc reagents to imines N\)L ’ Hhe
utilizes peptidic ligands NHBU Et
and can be used to prepare NHAC
a variety of aromatic amines
in high optical purity. 51 75% yield

With aryl imines that bear electron-withdrawing or electron-donating substituents,
Schiff-base dipeptides such as 49 prove to be less effective (amine formation with elec-
tron-withdrawing groups and <10% conversion with electron-rich units). When Et,Zn
is used in such cases, the imine substrate is reduced to afford the achiral amine product;
when other dialkylzinc reagents are employed (e. g. Me,Zn), <2 % conversion is detected.
The facile reduction of substrates with Et,Zn may be due to f-H elimination of the metal-
Et complexes, thereby generating active metal hydrides, which, in turn, promote amine
reduction. The observed inefficiency of alkylzinc reagents that do not bear a f-H
(Me,Zn) or have less active f-H’s (n-alkyl,Zn) supports this hypothesis. It was speculated
that the corresponding amine-based peptide ligand (e.g. 54) may be the actual active cat-
alyst. Thus, only in cases where it can be efficiently generated (i.e. in the presence of
Et,Zn) does the asymmetric alkylation proceed smoothly. Once again, based on a mecha-
nistic hypothesis and because of the modularity of the chiral Schiff-base peptide structure,
a variety of candidate ligands were screened. As the data in Scheme 6.17 illustrate, it was
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established that the amine-based chiral ligands provide appreciable efficiency as well as
enantioselectivity in the presence of all dialkylzincs, regardless of whether or not they
bear an active B-H.

The more recently reported Zr-catalyzed asymmetric alkylation of aliphatic imines is
shown in Scheme 6.18 [58]. Several important principles merit specific mention. (1)
The catalytic asymmetric protocol can readily be applied to the synthesis of non-aryl im-

10 mol % 54, Et

/@ANQ 10 mol % Zr(OiPr)a*HO Pr A N
. H
OM 3 equiv Et,Zn, 0 to 22 °C, /©/\
0 © MeO OMe

toluene
91% ee, 72% yield

10 mol % 54,
N 10 mol % Z{O P asHOIPr
g\ OMe 15equiv MeoZn, 0 to 22 °C,
touene 84% ee, 98% yield

10 mol % 54, CeHi7
Sy 10 mol % Zr(QiPr)y*HO Pr H
©/\ Me 6 equiv (CgH17)2Zn, 4°C, ©/\H e

tol
oluens 98% ee, 63% yield

chiral ligand: vie Ve
M
N NHBu

Scheme 6.17. With the peptidic amine ligand 54, a variety of alkylzinc reagents can be added to imines in
a highly enantioselective and efficient manner in the presence of Zr(OiPr),-HOIPr.

10 mol % 55,
10 mol % Zr(Oi-Pr), ~HO/ Pr
EtZn + Cﬁ:\ * HN 6 equiv (@kyl),Zn 0 “C522°C, C/\
Me toluene
97% ee, 62% yield
10 mol %55, Ph  Et
h 10 mol % Zr(Oi-Pr), HOI-Pr k/\
EtsZn + + HoN ﬁ
2 6 equiv (alkyl)oZn, 0 °C—22 °C; Me
OMe foluene 94% ee, >98% yield
10 mol % 55,
Me 10mol % Z{OiPY eHOPr M
Zn V/\) i
("’B)\/\’)z ’ * HN 11 B SV (alkyl)Zn, 0 “C~22 °C V/\ N
toluene Me
97% ee, 80% yield
chiral ligand: Me. _Me o
H
MeO.
OH =\Ph
55

Scheme 6.18. Three-component Zr-catalyzed asymmetric alkylation of imines by alkylzincs leads to the
formation of optically enriched amines not accessible by alternative methods such as catalytic hydroge-
nation.
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ines to generate homochiral amines that cannot be prepared by any of the alternative
imine or enamine hydrogenation protocols. (2) The catalytic amine synthesis involves a
three-component process that involves in situ formation of the imine substrate followed
by its asymmetric alkylation. This procedure is especially important vis-a-vis aliphatic sub-
strates, since significant decomposition occurs upon isolation of aliphatic imines of the
type needed here. The three-component Zr-catalyzed asymmetric imine alkylation,
which is also readily applicable to the preparation of arylamines, not only provides an ef-
fective solution to the problems associated with the instability of aliphatic imines, but also
suggests that such a procedure may be used to synthesize libraries of homochiral amines
in a highly efficient and convenient fashion. It should be noted that peptide-based ligands
such as 54 and 55 can readily be prepared from inexpensive and commercially available
amino acids and salicyl aldehydes through simple procedures that can also be carried
out on solid supports.

Related catalytic enantioselective processes Numerous other catalytic asymmetric proto-
cols for enantioselective alkylations of imines have been reported (Scheme 6.19) [59]. In
1991, Tomioka utilized amino ether 56 to obtain optically enriched amines with up to
64 % ee [60], and later Denmark used the same p-methoxy group to effect enantioselective
alkylation in the presence of 20 mol% (—)-sparteine (57) [61]. In spite of the significance
of these studies, the relatively low selectivity, high catalyst loading, and the unavailability
of (+)-sparteine makes these approaches less practical. More recently, Tomioka and co-
workers have reported enantioselective additions of Et,Zn to various activated imines pro-
moted by phosphane 58 and Cu(OTf), [62]. These transformations benefit from excellent
enantioselection and low catalyst loading. However, all examples involve Et,Zn and 58 is
prepared by a somewhat lengthy sequence (thirteen steps) [63].

Mezh:©

omMe 56 o OMe

T ome T
i M

J mBuli, PrO, =78 °C /k

P Ph Bu
60% ee, >98% yield

N OMe
20 mo! % '\/Q/
H:
/\/\Bu

nBuL: Et20, 78 °C

79% ee, 91% yiekd

[e]
/g(Me 1 mol % Cu(OTH), Me
N HN
Scheme 6.19. Asymmetric catalytic )l EtoZn, toluene, 0 °C *
Ph PhNEt

additions of imines with non-Zr-based
complexes. 94% ee, 97% yiekl
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6.2.7
Zr-Catalyzed Enantioselective Cyanide Addition to Aldehydes

Maruoka and co-workers recently reported an example of a Zr-catalyzed cyanide addition
to an aldehyde [64]. As is also illustrated in Scheme 6.20, the reaction does not proceed at
all if 4 A molecular sieves are omitted from the reaction mixture. It has been proposed
that the catalytic addition proceeds through a Meerwein—Ponndorf—Verley-type process
(¢f- the transition structure drawn) and that the crucial role of molecular sieves is related
to facilitating the exchange of the product cyanohydrin oxygen with that of a reagent
acetone cyanohydrin. The example shown is the only catalytic example reported to date;
the other reported transformations require stoichiometric amounts of the chiral ligand
and Zr alkoxide.

PN 20mol % Zr(OrBu)
Me,
>< + 2 equlv CN
i, H
Me Me

Ph + 4A mol sieves
20 mol % NG H

(premixed at 22 °C) /\)\o
Ph " Ph H

CHoClz,40°C, 156 h

72% ee, 51% yiekd
(<5% conv without sieves)

Ph ne e Scheme 6.20. Zr-catalyzed
\/\g\:—/;)/M cyanide addition to an aldehyde
ZI is facjlitated by the presence
Ly of 4 A molecular sieves.

Related catalytic enantioselective processes A number of catalytic asymmetric cyanide ad-
ditions to aldehydes have been disclosed by various laboratories, and a related review ar-
ticle focusing on this class of C—C bond-forming reactions appeared in 1992 [65]. Inoue
and co-workers have published a series of papers that involve the use of dipeptide Schiff
bases, such as 59 in Scheme 6.21, as chiral ligands to promote HCN addition to various
aldehydes [66]; both Ti- and Al-catalyzed processes were developed by these workers [63e].
Related ligands involving amino alcohol Schiff bases have also been used by Oguni and
co-workers to effect this transformation [67]. A highly selective and efficient, not to
mention mechanistically intriguing, example was reported by Corey and Wang in 1993,
in which, as illustrated in Scheme 6.21, a combination of 60 and 61 was employed [68].
Control experiments indicated that the presence of both 60 and 61 was required for
high ee and yield and it was proposed that while 60 serves as a Lewis acid to associate
with and activate the aldehyde substrate, 61 binds and delivers HCN. Nakai and co-work-
ers have used the combination of binol and Ti(OiPr), to promote enantioselective
cyanohydrin synthesis (Scheme 6.21) [69]. Belokon [70] and Che [71] have also successfully
utilized salen-derived chiral ligands 62 and 63 (Scheme 6.21) to obtain non-racemic
cyanohydrins with high optical purities. Most recently, Shibasaki and co-workers reported
a related Al-catalyzed process requiring the presence of chiral ligand 64; these Al-catalyzed
enantioselective reactions are proposed to involve bifunctional catalysis [72]. Shibasaki
has used his version of the asymmetric cyanohydrin synthesis in the total synthesis of
epothilone A [72b].
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Me. Me
O Pl
O SN Me
O 2
'OH el
NH
MeO\O/\ 59 10 mol %
10mol % Ti(OEt)s, HCN, -40 °C, toluene
CN
7)\@ T
egsgins

Ph | Ph Pl bh Ho,
O/\n 60 10moi% 61 12mal % N
TMSCN, 78 °C, EtCN/CH,Cl,
94% ee, 94% yield
L
ST HOP2

HO, H
OO TMSCN, -0 °C, CHoCla 74

n-octp” o n-octyl CN

64% ee, 71% yiek

MeO.
62 e

MeO x
\©/\o Bu #u 10 mol %

10mal % Ti(OiPr)y, H, O, TMSCN,
22 °C, foluene 92% ee, >98% conv

85% ee, 71% yield

Bu,
O )
OH
2 N
/@Ao 63 Bu 20 mol %
Me 20 mol % Ti(O/Pr), TMSCN,

~78°C, CH,Cl,

88% ee, 82% yield

S
Me—<\ |
Scheme 6.21. Representative N | o 64 10 mal %
non-Zr-catalyzed asymmetric Me” " 10mol % EtzAICI, BusPO, TMSCN,
additions of cyanide to alde- ~40°C, CH,Cl, N

hydes. >98% ee, 97% yielkl
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6.2.8
Zr-Catalyzed Enantioselective Cyanide Additions to Imines (Strecker Reactions)

Catalytic asymmetric cyanide addition to imines constitutes an important C—C bond-
forming reaction, as the product amino nitriles may be converted to non-proteogenic a-
amino acids. Kobayashi and co-workers have developed two different versions of the Zr-
catalyzed amino nitrile synthesis [73]. The first variant is summarized in Scheme 6.22.
The bimetallic complex 65, formed from two molecules of 6-Br-binol and one molecule
of 2-Br-binol in the presence of two molecules of Zr(OtBu), and N-methylimidazole,
was proposed as the active catalytic species. This hypothesis was based on various
NMR studies; more rigorous kinetic data are not as yet available. Nonetheless, as depicted
in Scheme 6.22, reaction of o-hydroxyl imine 66 with 5 mol% 65 and 1-1.5 equiv.
Bu;SnCN (CH,Cl,, —45 °C) leads to the formation of amino nitrile 67 with 91 % ee and
in 92% isolated yield. As is also shown in Scheme 6.22, electron-withdrawing (— 68)
and electron-rich (— 69), as well as more sterically hindered aryl substituents (— 70)
readily undergo asymmetric cyanide addition.

RG® j O 2/:3 )
: i OO e el

65 NMI = N-methylimidazole

HO : HO
N 5mol % 65 HN:©

)] + BusSnCN —————
CH2Cla, —45 °C Ph CN

66 67 91% ee, 92% yield
HO, HO HO.
O O JO
o Scheme 6.22. Zr-catalyzed
CN oN < N enantioselective cyanide
cl 68 MeO 69 & 70 addition to imines in the
8

8% ee, 90% yield 76% ee, 97% yield 80% ee, 89% yield presence of Bu;SnCN.

Ph

To enhance the efficiency of the cyanide addition, these workers subsequently reported
a three-component asymmetric synthesis of amino nitriles that avoids the use of the
previously mentioned undesirable stannane [74]. Thus, as illustrated in Scheme 6.23,
treatment of the requisite aniline and aldehyde with HCN (toxic but cheap and suitable
for industrial use) at —45°C in the presence of 2.5 mol% 65 leads to the formation
of 67 with 86 % ee and in 80 % yield. As was mentioned above in the context of catalytic
asymmetric three-component alkylations of imines (see Scheme 6.18), the in situ pro-
cedure is particularly useful for the less stable aliphatic substrates (¢f 71-73,
Scheme 6.23). The introduction of the o-Me group on the aniline is reported to lead
to higher levels of asymmetric induction, perhaps because with the sterically less demand-
ing aliphatic systems, the imine can exist as a mixture of interconverting cis and trans
isomers.
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As is also illustrated in Scheme 6.23, the optically enriched amino nitriles can be
converted to the corresponding a-amino esters through a four-step sequence (74— 75).
Unlike the aforementioned imine alkylations with alkylzinc reagents, methylation of
the phenolic OH is required, since the corresponding o-methoxy aniline is less reactive
and affords significantly lower enantioselectivities; similar observations are made when
aniline is used.

HO.
- O
5 mol % 65 HN
+ HCN ——————
He CHxCb,—45°C pp~" “cn 67
86% ee, 80% yield

HO. HO.
CN 71 We72 gy CNMe 73

PhCHO +

94% ee, 85% yield 94% ee, >98% yield 88% ee, >98% yield
HO
Scheme 6.23. Three-component 1. Mel, K2CO3
Zr-catalyzed enantioselective cyanide Me HN 2. Hy0;, NaGH Me  NHp
additon to imines in the presence Me > )\/L
Me N 3 CAN Me COMe
of HCN and subsequent four-step 4. MeOH, HCI
procedure for synthesis of & . 75
k . 38% yiek
the corresponding amino esters.

Related catalytic enantioselective processes Several non-Zr-catalyzed versions of asym-
metric cyanide additions to imines have been reported by a number of research groups;
representative examples are shown in Scheme 6.24. The original breakthrough by Lipton,
involving catalysis by 77 [75], was followed by two different versions from Jacobsen’s
laboratories involving peptidic and salen-based chiral ligands (e. g. 78) [76]. A Ti-catalyzed
variant has been developed in these laboratories, whereby peptide Schiff-base systems
such as 79 promote efficient and highly enantioselective C—C bond formations [77].
Another non-metal-catalyzed variant was reported by Corey, in which bicycle 80 serves
as the catalyst [78]. Finally, Shibasaki and co-workers recently disclosed that 81, equipped
with a Lewis acidic Al site and nucleophilic phosphane oxides, can serve as a bifunctional
catalyst to furnish amino nitriles with high optical purities [79,80]. Interestingly, mecha-
nistic studies have shown that the Ti complex of peptide 79 probably serves as a bifunc-
tional catalyst [53], and Corey has suggested that catalysis by 80 involves association of
the guanidine functionality with a cyanide anion while the imine substrate is activated
by H-bonding with the adjacent amine group of the guanidinium structure. Regarding
the various amine protecting groups, the diphenylmethylene group, used in these labora-
tories and by Lipton and Corey, is effectively removed by inexpensive protic acids at the
same time as cyanide hydrolysis; a similar strategy has been employed by Shibasaki in
dealing with the N-fluorenyl moiety. Allyl and benzyl groups, as used by Jacobsen, are
removed at a higher cost (Pd catalysis is required), but represent a more atom-economical
synthesis approach than the aforementioned protections. Another advantage of the diphe-
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6.2 Zr-Catalyzed Enantioselective C—C Bond-Forming Reactions

nylmethylene group is that, unlike the benzyl and allyl amines, its protection as an amide
is not required for the purpose of isolation. A similar advantage exists for the o-hydroxy-
phenyl group used by Kobayashi in the Zr-catalyzed asymmetric cyanide addition to

imines.
H
rN\n/NHg
= NH
I = L
Ph_ . H 77 /k
PR HN” “Ph
2 mol % H
HCN, MeOH,-75°C ©/\CN
97% e, >98% yield
o)
BnHN. N J\
7 H H | 78
0 N\ 2 mol %
N N CF
HO. 3
| . LI
)l\ NS0
+Bu 0" By /'\c
Ph N
HCN ‘
toluene, ~75 °C; acylation 95% ee, 74% yield

@th L q
| /\ona H_ Ph
10 mol % O/\CN

TMSCN, PrOH, +4 °C, toluene

97% ee, 82% yield

- 80
Ph <NIN>—Ph N ph

e
| N 10 mol %
CN
HCN, —-40°C, toluene ©/\

86% ee, 6% yield

O orn, 9mol % x
NI A C

TMSCN, PhOH, 40°C

=)
>
> =

95% e, 92% yield

Scheme 6.24. Representative
asymmetric additions of cyanide
to imines promoted by non-Zr
catalysts.
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6.2.9
Zr-Catalyzed Enantioselective Aldol Additions

Erker and co-workers reported in 1990 that in the presence of the chiral Zr complex 82,
shown in Eq. 6.16, 1-naphthol adds to ethyl pyruvate with an appreciable level of enantio-
selectivity [81]. Higher optical purities were reported at lower temperatures, and interest-
ingly, as later reported by Wipf for Zr-catalyzed carboaluminations of terminal alkenes
(Scheme 6.14), addition of water leads to improvements in selectivity and reactivity [82].

|
OH o C"“'/ZKCI 5 mol % HO Me OH
OO My e G o
Mo I CHyCly, =10 °C

without Hz0 80% ee, 85% conv, 5h
with 27% H,O  89% ee, 90% conv, 24 h

More recently, Kobayashi and co-workers reported on Zr-catalyzed additions of ketene
and thioketene acetals to a range of aromatic and aliphatic aldehydes (Scheme 6.25)
[83]. As in the Erker study, the presence of protic additives proved critical here as well.
As the example in Scheme 6.25 illustrates, the addition of larger amounts of iPrOH im-
proved the yield and ee; it was reported that in the absence of the alcohol additive “much
lower yield and enantioselectivities” were attained. The proposed catalytic cycle, depicted
in Scheme 6.25, provides a plausible rationale for the role of the additive: Si transfer is
facilitated by iPrOH to regenerate the chiral catalyst. Finally, it is worthy of mention

I
984

SZrO )

w0
G G

| H

Me ™S . -
PhCHO + Yo 10mal % - Ph OMe
mé Me 20 mol % iPrOH, mé Me

toluene, 0 °C 78% ee, 94% yield
50 mol % PrOH, 97% ee, 89% yield
toluene, 0 °C

- P

Et 20 mol % iPrOH,

OH
OTMS H
10mol % 83 /\/ﬁ)\
PhACHO + =g st

92% ee, 81% yield;

toluene, 0°C

| Me OTMS !

QIZF' o i ] QZV/O )
Scheme 6.25. Zr-catalyzed e OTMS o
addition of silyl ketene acetals OO Jif
to aldehydes requiring added ! Me
iPrOH, which is proposed to OH ©O /PrOH
facilitate silyl transfer and PrOTMS + 83 + H
release of the active catalyst after P OMe
each C-C bond formation. Me Me
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that other binol derivatives, bearing H, Cl, or Br at the 2- and 2’ -positions, give rise to less
enantioselective reactions than 83.

MeXMe 84 My\ne
(0] [0 o] 2mol % ™SQ 07 ™0
BugSn/\/u\H + Aoms BusSIT S ~

92% ee, 80% yield

MS TMs P

o

>Lo)o\/l\ 85 5mol % >|\OM/OKH/OBn

>99% ee, 80% yield

=

89% ee, 30% yield

Me Me o

Me  _Ph
1’ , KHMDS, H,0

THF, 20 °C

88% ee, 29% yield

»\"’Q OH Ph

HO by
o} 2.5mo % CH

OAO m 5mol % EtyZn
+
H THF, 4A molecular sieves, —40 °C

Ph
87 Ph

92% ee, 83% yield,
30:1 ds

OH O OMe

OAO+® 88 1md %

THF,-80°C
98% ee, 95% yield,
97:3 ds

Scheme 6.26. Representative catalytic asymmetric aldol additions not promoted by Zr-based complexes.



6 Chiral Zirconium Catalysts for Enantioselective Synthesis

Related catalytic enantioselective processes [84] As the examples in Scheme 6.26 show, a
wide variety of catalytic asymmetric aldol additions have been reported that can be consid-
ered as attractive alternatives to the Zr-catalyzed process summarized above. The Ti-cata-
lyzed version due to Carreira (84) [85], the Cu-catalyzed variant of Evans (85) [86], and the
protocol reported by Shibasaki (86) [87] have all been used in syntheses of complex mole-
cules. More recently, Trost (87) [88] and Shibasaki (88) [89] have developed two additional
attractive asymmetric catalytic aldol protocols. Other related technologies (not represented
in Scheme 6.26) have been described by Morken [90] and Jorgensen [91].

6.2.10
Zr-Catalyzed Enantioselective Mannich Reactions

Several versions of Zr-catalyzed additions of ketene acetals and derivatives to imines (Man-
nich reaction) have been reported in the past few years. An early disclosure by Kobayashi
and co-workers is summarized in Scheme 6.27 [92]. Thus, through the use of 10 mol% of
the chiral complex 89 or 90, a range of a,a-disubstituted B-amino esters was efficiently
generated with 7887 % ee. The catalyst structure was proposed on the basis of spectro-
scopic studies; it should be noted that the presence of N-methylimidazole (NMI) is critical
to obtaining appreciable enantioselectivities; binding of NMI to the Zr center has been
suggested (see 89 and 90, Scheme 6.27). As the results in Scheme 6.27 indicate, reactions
with 90 are more efficient than those with 89 and deliver similar levels of selectivity; the
higher Lewis acidity of the Zr center in 90 has been proposed to account for the observed
difference in reactivity. As is also shown in Scheme 6.27, removal of the o-hydroxyphenol
unit can be effected in two steps in high yield (91 — 92).

MI
. NO" OO

‘o b
Jee
(F;C)B Br(CF3)
M}_{TMS 10(2)mol % 89 (90)
M o Me

CH,Cly, ~45(~78) °C, 16 h Md Me

87% ee, 70% yield
(87 % ee, >98% yiek)

@[OH : :OH : :OH

NH O NH O NH
OMe SEt Bu OMe
Me e Me e Me e
Cl cl

87% ee, 70% yield 78% ee, 88% yield 80% ee, 47% yield
(83% ee, >98% yield) (84% ee, 97% yield) (83% ee, 65% yiekl)

H 1. Mel, K2CO3 NH
Ph Me 2. CAN Ph OMe
Me Me Me

a1 92 83%yield

Br{CFy)

Scheme 6.27. Zr-catalyzed enantioselective Mannich reactions; when more electron-withdrawing chiral
ligands are used, enantioselectivity and reactivity levels are enhanced. Deprotection is carried out in two
steps.
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In a related publication, Kobayashi and his team reported on Zr-catalyzed asymmetric
Mannich reactions that utilize the more electron-rich oxygenated ketene acetals shown in
Scheme 6.28 [93]. A noteworthy aspect of this study was that the levels of syn/anti diaste-
reocontrol proved to be dependent on the nature of the alkoxide substituent: whereas the
B-TBS acetals predominantly afforded the syn isomer, the OBn derivatives afforded a larger
amount of the anti isomer. As before, the presence of an additive, this time 1,2-dimeth-
ylimidazole (DMI), proved to be important with regard to the level of n-facial selectivity.
The phenol activating group can be removed by the same procedure as reported pre-
viously, with essentially identical degrees of efficiency (see Scheme 6.27).

T
O

10 mol % 93

Ph/a/‘k@Pr
TBS

95% ee, >98% yield
96% anti

91% ee, >98% yield  80% ee, 68% yield
57% anti 87% anti

30 mol % DM, toluene, —78 °C, 16 h

W
92% ee, 68% yield
82% syn (@45 °C)

©f’

98% ee, 72% yield
92% syn

Scheme 6.28. Zr-catalyzed enantioselective Mannich reactions of functionalized ketene acetals deliver
high enantio- and diastereoselectivity.

Yet another version of the Zr-catalyzed Mannich process developed by the Kobayashi
group is summarized in Scheme 6.29 [78]. In this instance, the chiral catalyst (94) is
proposed to bear a single binol molecule, where the 2,2’-dibromobinol proves to be the
superior choice. Once again, protic additives, particularly H,O, prove to be beneficial
(see Scheme 6.29). This particular class of catalytic C—C bond formations is not limited
to tetrasubstituted ketene acetals; as illustrated in Scheme 6.29, less substituted thioace-
tals prove to be effective reaction partners as well.

00
‘":;Zr(o Bu)o (IOH
OO, L.,

M T™MS
+ 3:8 10mol % PH/%‘\OMe
"Jr Me OMe 20 mo! % iPrOH, Mé  Me
P toluene, —45 °C 69% ee, >98% yiekd
20mol % H,0, 95% ee, 94% yield
toluene, 45 °C

Scheme 6.29. Zr-catalyzed
enantioselective Mannich reac-

™S

. (C 10 mol % 95 h/—\)j\
J S 20 mol% H,0, P sa

toluene, 0 °C 79% ee, 60% yield:

tions with chiral 2,2’-Br,(binol)
proceed with a higher level

of enantioselectivity in the
presence of water.
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Most recently, Wulff and co-workers reported an intriguing case of Zr-catalyzed asym-
metric Mannich reactions, in which VAPOL (95) was used as the chiral diolate ligand
(Scheme 6.30) [94]. As in the earlier Kobayashi procedures (Schemes 6.27 and 6.28),
the reactions were performed in the presence of catalytic amounts of NMI. An impressive
aspect of the Wulff study, as shown in Scheme 6.30 (— 96), is that even at 100 °C excep-
tional levels of selectivity are attained. The presence of Me substituents on the phenol ac-
tivating group also proved crucial; based on extensive modeling work, it was concluded
that substrates bearing appropriate substituents fitted better in the catalyst’s chiral pocket.
Finally, as shown in Scheme 6.30, excellent enantioselectivities were observed with elec-
tron-rich (— 97), electron-poor (— 98) and sterically demanding (— 99) imines. As illus-
trated by deprotected B-amino esters 100—102, a single-step deprotection could be used to
remove the aromatic activating unit.

Ct
95% ee, 90% yield

H t 2-20md % zr(OPr), Me
" H
e
95
HO.
O 2-20 mol % M NH O
Me  OTMS &l\
Me + P| OMe
= - % —
PhJ' Wan 10 mol % NMI, 2-3h ud e gg
20mol % 95,25 °C  98% es, >98% yield
20 mol % 95,100 °C  >98% ee, 91% yield
5mol % 95,100 °C  >98% ee, 90% yield
2mol % 95,100 °C  >98% ee, 95% yield
Me Me Me
i :OH i :OH i iOH
Me NH O Me NH O Me NH ©
OMe Mom O OMe
Mg Me Mg Me Mé Me
97 o0 98 99
93% ee, 83% yield

>99% ee, 85% yield
(Conditions: 2mol % 95, 2 mol % Zr(QiPr)y, 1 mol % NMI, 2-3 h, CH,Ch, 100 °C)

Deprotection of amines:

NH, O NH, O NH, O
s, O, Ol
Mé Me Meé M Mé Me
ci 100 MeO ¢ 101 e 102
59% yield 79% yield 64% yield

(Conditions: 5 equiv CAN, 1 N HNO3, MeCN/H,0, 010 25°C, 3.5 h)

Scheme 6.30. Zr-catalyzed enantioselective Mannich reactions with chiral VAPOL ligands; remarkably,
reactions remain as enantioselective at 100 °C as they are at 25 °C. Deprotection to give the f-amino ester
is carried out in a single step.

Related catalytic enantioselective processes Representative examples of other catalytic
asymmetric Mannich additions are depicted in Scheme 6.31. In 1997, Tomioka demon-
strated a Li-catalyzed synthesis of functionalized p-lactams that proceeds through a cata-
lytic enantioselective Mannich reaction (promoted by 103) [95], and a year later Lectka
and his team published a series of reports concerning additions of silyl ketene acetals
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to a-imino esters as catalyzed by the chiral Cu complex 104 [96]. Then came a paper by
Sodeoka on a Pd-catalyzed variant, in which the bis(palladium) complex 105 was proposed
as the active catalyst. [97] In contrast to all of the above metal-catalyzed approaches, List
recently put forward a three-component catalytic asymmetric Mannich reaction that is ef-
fected by optically pure proline (last entry, Scheme 6.31) [98]. Finally, it should be noted
that an attractive alternative for the catalytic asymmetric synthesis of a-hydroxy,f-amino
carbonyls (cf. Scheme 6.28) can be found in Sharpless’ catalytic asymmetric aminohydrox-

ylation protocols [99].
OMe
i p S
/_{ 103 Me &
MeO Me 20 mol %

Ease N

75% ee, 80% yield

y(iPr)NLi, toluene, ~78 °C
Ar =p-Tol

COL
sendl

NHT:
AL, O™ 104 s2mas o 1

* )\ .
EtO H Ph toluene, 0 °C \’H\/U\Ph

(]
96% ee, 92% yield

Ar =p-Tol
\O/ \P
Ar2 Ar2 NHAr O
O PIO
105 5 mol % h
P' DMF, 28°C
Ar = pOMePh 83% ee, 87% yield
NHAr O Scheme 6.31. Repre-
35 mol % L-prohne sentative examples
e
of non-Zr-catalyzed
“DMs0,22°C Ar = p-Tol i aly
OaN =p enantioselective
94% ee, 50% yield Mannich reactions.
6.2.11

Zr-Catalyzed Enantioselective Cycloadditions

6.2.11.1 Cycloadditions with carbonyl dienophiles

Collins and co-workers have performed studies in the area of catalytic enantioselective
Diels—Alder reactions, in which ansa-metallocenes (107, Eq. 6.17) were utilized as
chiral catalysts [100]. The cycloadditions were typically efficient (~90% yield), but
proceeded with modest stereoselectivities (26—52% ee). The group IV metal catalyst
used in the asymmetric Diels—Alder reaction was the cationic zirconocene complex
(ebthi)Zr(OtBu) - THF (106, Eq. 6.17). Treatment of the dimethylzirconocene [101] 106
with one equivalent of t-butanol, followed by protonation with one equivalent of
HEt;N -BPh,, resulted in the formation of the requisite chiral cationic complex (107),
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which was used to catalyze the [4+2] cycloadditions of acrylate and acrolein derivatives
with cyclopentadiene.

®

2 2

\ Me 1 g ' \ Lote

\Me .t@uc: S, 7 ~The G)BF’h4 (Eq. 6.17)

S 2. Et,NH BPh, (1 equiv) ANSON

N S S
3.THF
106 107

As illustrated in Scheme 6.32, in the presence of 5 mol% of 107, the [4+2] cycloaddition
of acrolein and cyclopentadiene proceeds efficiently to afford the desired cycloadduct in
93% vyield with 53% ee as a 5:1 mixture of endo and exo isomers. Spectroscopic
("H NMR) experiments indicate that the preferred orientation for binding between acro-
lein and the chiral metallocene is as shown. Accordingly, it has been proposed by Collins
that acrolein binds to the chiral zirconocene complex such that the vinyl group is oriented
away from the sterically hindered alkoxide unit in order to avoid steric interactions with
the bulky t-butoxide ligand. It is plausible that, as can be seen in the transition structures
illustrated in Scheme 6.32, approach of cyclopentadiene in the endo mode leads to un-
favorable interactions between the diene and the t-butoxy ligand, thus leading to modest
levels of diastereoselectivity (5:1 endo:exo). Molecular models indicate that any significant
steric influence of the chiral ligand on the stereochemical outcome (both absolute and
relative) of the cycloaddition is unlikely; the observed low levels of enantioselection
(53% ee) may thus be the result of inefficient stereochemical induction by the chiral
ebthi moiety [102].
P2
— 3 ...-o/“< @

Reo=ly
ENON

(o]
\H 5 mol % ‘ Endo Addition
107 = - Hi
I * @ - - 73 + 7 0
-

e L i “E.
ér--' H i 53% ee; 5:1 ds
O 93% yield

W)
-
S 5o addton

Scheme 6.32. Stereoselective cationic (ebthi)Zr-catalyzed [4 + 2] cycloaddition involving an unsaturated
aldehyde.

In reactions in which methyl acrylate is used as the dienophile (Scheme 6.33),
cycloadditions occur with lower levels of enantioselection (23% ee, as compared to
53% observed for acrolein), but with significantly higher degrees of diastereoselectivity
(17:1, endo:exo). Improved levels of endo selectivity are observed in the case of the
methyl ester (Scheme 6.33); this is perhaps because, at least in part, the dienophile
p-system is oriented towards the t-butoxy ligand, where the steric influence of the
bulky substituent is expected to be more pronounced. As before, formation of the
endo isomer may occur to a greater extent, since the transition structure that leads to
the exo isomer would involve energetically unfavorable interactions between the diene
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and the transition metal t-butoxy ligand. Collins and co-workers proposed the
catalyst—substrate mode of association depicted in Scheme 6.33 on the basis of previous
reports concerning the preferred stereochemistry of Lewis acid association with car-
boxylic esters [103].

5 mol % Exo Addition
Moo @ 107 L .
_ e Z + 4 CO,Me

£ L COzMe
..... X

27% ee; 17:1

> Endo Addition

Scheme 6.33. Stereoselective (ebthi)Zr-catalyzed cycloadditions involving a cationic zirconocene and an
unsaturated ester.

Collins and co-workers have also reported on an enantioselective catalytic Diels—Alder
cycloaddition, in which zirconocene and titanocene bis(triflate) complexes were used as
catalysts [104]. The influence of the solvent polarity on the observed levels of stereoselec-
tivity is noteworthy. For example, as shown in Scheme 6.34, with 108 as the catalyst,
whereas in CH,Cl, (1 mol% catalyst) the endo product was formed with 30% ee (30:1
endozexo, 88% yield), in CH;NO, solution (5 mol% catalyst) the enantioselectivity was
increased to 89% (7:1 endo:exo, 85% yield). Extensive 'H and 'F NMR studies further
indicated that a mixture of metallocene—dienophile complexes was present in both
solutions (~6:1 in CH,Cl, and ~2:1 in CH;NO,, as shown in Scheme 6.34), and that
most probably it was the minor complex isomer that was more reactive and led to the
observed major enantiomer. For example, whereas nOe experiments led to ca. 5%
enhancement of the CpH proton signals of the same ring when H,, in the minor complex
was irradiated, no enhancements were observed upon irradiation of H, in the major
complex.

These recent results illustrate for the first time that metallocene-based chiral Lewis
acids can serve effectively in providing [4+2] cycloaddition products with excellent levels
of enantiofacial selectivity. Perhaps more importantly, the reported NMR studies and the
observed dramatic solvent effect should pave the way for future endeavors in the rational
design of better chiral metallocenes.

>
30Tl
\:m — —
EON
A S e |0 4
g 5mol % @’ ‘®0>__O
CH3NO; o UO\ N\) o
OTf Ho\_
X ) i 89% ee;7:1d
Major (less reactive) Minor (more reactive) * :

Scheme 6.34. Stereoselective cycloadditions with (ebthi)Zr(OTf), as the chiral catalyst.
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6.2.11.2 Cycloadditions with imine dienophiles

Kobayashi and his team have utilized a catalytic system similar to that used in their devel-
opment of a Zr-catalyzed Mannich reaction (Schemes 6.27—6.29) to develop a related cy-
cloaddition process involving the same imine substrates as used previously (Scheme 6.35)
[105]. As the representative examples in Scheme 6.35 demonstrate, good yields and
enantioselectivities (up to 90% ee) are achieved. Both a less substituted version of the
Danishefsky diene (— 110) and those that bear an additional Me group (e.g.— 111)
can be utilized. Also as before, these workers propose complex 89, bearing two binol
units, to be the active catalytic species.

RGS
'OH "
Ho. _OH +10mol % Z(OBu)s @O
O,
j@ oS i OO +30mol % NMi ~
+ r 109 20 mol %
/h‘ MM&; - PH
Ph

toluene, —45 °C, 16 h 110
82% ee, 86% yield

: :OH H OH
M
N7 e C:N B Me @:N ~ Me

i 112 113
89% ee, 79% yield 80% ee, 92% yield 78% ee, 47% yiekl

89 NM = Amethylimidazole

Scheme 6.35. Zr-catalyzed enantioselective addition of Danishefsky dienes to o-hydroxyphenylimines;
the structure of the purported chiral catalyst (89) is also shown.

Related catalytic enantioselective processes A wide variety of other catalytic systems gen-
erally offer more selective methods for carrying out [4+2] cycloadditions [106]. Related
asymmetric cycloadditions have been reported, in which, similar to Collins’ work, oxazo-
lidinones serve as dienophiles. For example, Narasaka (Eq. 6.18) [107], Corey (Eq. 6.19)
[108], Evans (Eq. 6.20) [109], and Kobayashi (Eq. 6.21) [110] have published systems that
offer similar, or often higher, levels of relative and absolute stereoselectivity. It should
be noted that enantioselective Diels—Alder cycloaddition is far from being a “generally
solved problem”. The high enantioselectivities reported in the literature, although ex-
tremely important, only concern a specific, relatively small, and highly reactive class of
dienes and dienophiles [111]. In brief, considering the importance of [4+2] cycloadditions
in organic chemistry, future research in this area should continue to provide notable con-
tributions to the field of asymmetric synthesis.
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j>LQT|Cl2
PH

o 9 P?‘/(p:
Me/\)I\N)kO 10 mol%
(- 91% e, 87% yield

@ ,0°C 49:1 endo:exo

Ph Ph

o cn=asozr\1\Al,N3020F3
\)J\\%J the 10 mol% A o
°C A 95% ee, 92% yield
' I\/O >50:1 endo:exo

~.. . Cu o),
_tomoke” * |% z
\:@ 96% ee, 87% yield

@ =80 °C 33:1 endo:exo

OH Me
*Yb(OTf)3, 4A MS {E
20 mol% 7,
Me I Me
. > 8% e, 66% yild
@ ,0°C A 7:1 endoexo

(Eq. 6.18)

(Eq. 6.19)

(Eq. 6.20)

(Eq. 6.21)

As far as catalytic enantioselective cycloadditions to imines are concerned, the only
non-Zr-catalyzed process is a Cu-catalyzed protocol reported by Jorgensen (Eq. 6.22)
[112]. It should be noted, however, that high enantioselectivities are attained only with

highly substituted versions of the Danishefsky diene.

OQ Ar =p-Tol
PAr,

+ 10 moal %
wPAr,  CuCO,*MeCN

Me

T M
C/“(Ts ™ OO T
5 mol %
+ M
E10, e\)\{\gw Fp—— E10,C
Me T

84% ee, 70% yield

(Eq. 6.22)
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6.2.12
Zr-Catalyzed Enantioselective Alkene Insertions

Inspired by the ability of cationic ansa-zirconocene complexes to effect stereocontrolled
alkene polymerization reactions, Jordan has recently reported the stereoselective insertion
of simple alkenes into both the (ebi)Zr(n’-pyrid-2-yl) and (ebthi)Zr(n’-pyrid-2-yl) systems
[113]. As shown in Scheme 6.36, treatment of rac-(ebi)ZrMe, 114 with nBu;NH'BPh,” in
the presence of 2-picoline affords the (ebi)Zr(n’-pyrid-2-yl) complex 115 (the derived
B(C¢Fs) derivatives may also be prepared and are in fact reported to be more convenient
to use).

When 114 is treated with a variety of alkene substrates, facile insertion into the aza-
zirconacycle takes place (— 115). The derived azazirconacyclopentanes are formed with
various, but generally high, levels of diastereoselection, depending on the nature of alkene
substituents. As illustrated in Scheme 6.36, the non-racemic (ebthi)Zr(n’-pyridyl)" com-
plex has been shown to participate in an asymmetric and catalytic C—C bond-forming

reaction.

[ «\Me nBuaNH BPh,, [ \@ Nz/ \>

115 BPh4
| S 3mol % 115 ~
mo
Me” N e | NFBu
® 0O Me N

Scheme 6.36. A Zr-catalyzed enantio- nBusNH BPhy e
selective alkene insertion reaction. 50 psi H, 58% ee, 6.2 tumovers
6.2.13

Zr-Catalyzed Enantioselective Additions to Meso Epoxides

An interesting recent report by Shibasaki deals with a Zr-catalyzed process whereby var-
ious cyclic and acyclic alkenes are directly converted to their corresponding p-cyanohy-
drins, presumably via an intermediate epoxide [114]. One catalytic enantioselective version
has been reported, as shown in Eq. 6.23. This promising initial result augurs well for fu-
ture developments of this synthetically useful transformation.

pegc

N
<j> 20mo|%2r(onau)4 _ d
20mol% H,0 (Eq. 6.23)

2 equiv TMSOOTMS 62% e, 85% yield
2 equiv TMSCN ’

CI(CH,),C1,50°C, 48 h
2. KF, MeOH
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Related catalytic enantioselective processes [115] Two catalytic procedures for asymmetric
addition of cyanides to meso epoxides have been reported [116]. One is the result of work
carried out in these laboratories, shown in Eq. 6.24, promoted by Ti-peptide chiral com-
plexes, while the other, developed by Jacobsen and Schaus, is a Yb-catalyzed enantioselec-
tive reaction that is effected in the presence of pybox ligands (Eq. 6.25) [117]. Although the
Shibasaki method (Eq. 6.21) is not as enantioselective as these latter methods, it has the
advantage that it accomplishes both the epoxidation and subsequent desymmetrization in
a single vessel.

3
o HMe\;tMe

M

RS ORI

H
t-BuO Me HO' NC,‘ T™S
20mol% F y
(Eq. 6.24)

20 mol % Ti(OiPr),, TMSCN, foluene, 4°C

89% ee, 65% yiekd

)

P
r N 7
N + 10 mol % YbCli3

N NG, ™S
PR 12mol%  Ph y (EqQ. 6.25)
TMSCN, CHClg, —45 °C T

91% ee, 83% yield

6.3
Zr-Catalyzed Enantioselective C—N Bond-Forming Reactions

In 1992, Nugent reported an intriguing Zr-catalyzed asymmetric addition of silyl azides to
meso epoxides (Scheme 6.37) [118]. This C—N bond-forming reaction is promoted in the
presence of the chiral amine triol 116 and trimethylsilyl trifluoroacetate. The discovery
was based on the notion that a tightly bound multidentate ligand would be most effective
for transfering chirality. Various Lewis acidic additives were then screened for their ability
to enhance the reactivity. The result was the development of an efficient asymmetric
method that delivers various cyclic and acyclic azido silyl ethers with appreciable levels
of enantiocontrol; representative examples are shown in Scheme 6.37. More recent de-
tailed mechanistic studies have led to the proposal of a bimetallic transition structure
(see Scheme 6.37) that resembles that suggested by Jacobsen for his Cr-catalyzed variant
of the same process (see below). Thus, as shown in Scheme 6.37, one Zr center serves as
the Lewis acid to activate the epoxide towards nucleophilic attack, and the other transition
metal center associates with an azide, delivering it to the adjacent activated substrate [119].

Related catalytic enantioselective processes Subsequent to the Nugent studies, Jacobsen
and co-workers published a series of papers outlining the details of a highly efficient
and enantioselective Cr-catalyzed addition of TMSN; to meso epoxides (Scheme 6.38)
[120]. Enantioselectivities are comparable to those reported by Nugent, but the Jacobsen
method requires lower catalyst loadings and has been demonstrated to be most effective
in catalyzing the kinetic resolutions of a wide range of chiral epoxides [119b].
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HOj/Me
Mo~ 116

oH JOH

20mol%  Me Rgsq N3
20 mol % Zr(Q Bu), <:§
e
5 mol % MegSiOCCF3

1.1 equiv iPrMe,SiN, 9B% e, 86% yield
1,2-dichlorobutane,
48h,0°C

R3SiQ, RGSO

. ), N3 RgSng‘ N3
Mﬁe

87% ee, 59% yield 89% ee, 79% yield 83% ee, 64% yield
(reactions perfomed at22°C)

desymmetrization of meso epoxides proceeds ef-
ficiently and with high levels of asymmetric in- H e v’ TH
duction.

Scheme 6.37. Zr-catalyzed enantioselective t l‘/\o”!}\?

Bu

Q

%,
O oz e
TMSN,, E0,22 °C, 18 h

88% ee, 80% yiekd

R:;SQ% 5 RsSIO RaSQ
Scheme 6.38. Cr-catalyzed asymmetric Me  Me :

addition of silyl azides to meso epoxides.  82%ee, 65% yield 81% ee, 72%yleld 94% ee, 80% yield

6.4
Zr-Catalyzed Enantioselective C—H Bond-Forming Reactions

Much progress has been made in the ansa-metallocene-catalyzed hydrogenation of al-
kenes. Both Zr- and Ti-based catalytic systems have been used for this purpose; terminal,
1,1-disubstituted, as well as trisubstituted alkenes have been used as substrates. By far the
most successful hydrogenations involve trisubstituted alkenes, for which enantioselectiv-
ities in the range 83—99 % ee have been reported. Initial studies in this area were carried
out by Waymouth and Pino, in which the polymerization catalyst (ebthi)ZrX,/MAO was
used in the presence of H, to effect alkene hydrogenation [121]. Pino and Waymouth
recognized that, in certain instances, alkene polymerization proceeds sluggishly because
hydrogenation of the metal-alkyl intermediate takes place significantly faster than alkene
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insertion, leading to the formation of hydrogenated monomers in large excess (as com-
pared to the corresponding alkene oligomers and polymers).

The marked difference in reaction efficiency that arises when different sources of me-
tallocene are employed in the (ebthi)Zr-catalyzed hydrogenation is illustrated in Table 6.5.
The mechanism by which MAO converts the zirconium(IV) salts to the active zirconium
hydride species remains unclear [122]. However, it has been proposed that a chlorine atom
may form an n’-bridge between aluminum and zirconium when the dichloride salt is
used, thereby preventing formation of the active cationic metal center.

As already mentioned, and as illustrated in Table 6.6, an important prerequisite for effi-
cient cationic (ebthi)Zr-catalyzed hydrogenation is that the alkene should not be able to
polymerize in a facile manner. Whereas with 1-decene as the substrate, only 28 % of
the hydrogenation product is obtained (Table 6.6, entry 1; the remainder of the product
is the derived polymer), 2-methyl-1-pentene affords 97 % of the hydrogenation adduct

Table 6.5. Hydrogenation of styrene as a function of the zirconium catalyst precursor.

Catalyst precursor Gas P, Yield
(kPa; atm) %
I(ebthi)ZrMeZ | H, I 2.0-10% 20 I 93 |
(ebthi)Zr-binol D, 1.7-10% 17.5 89
(ebthi)ZrCl, H, 2.0-10% 20 0

Table 6.6. Hydrogenation of alkenes with (ebthi)ZrMe,/MAO as precatalyst.

Entry Substrate P, (kPa; atm) Conv (%) Yield (%)
|1 | A ocyl | 10% 10 | 95 I 28 |
2 /\@ 2-10% 20 94 93
3 Me 2-10% 20 100 97
NMe
4 Me\/\/\Me 96
10% 1 50
(combined)
NMe 4
Me

3.
5 Me\/\© 2-10% 20 20 20
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Table 6.7. Enantioselective hydrogenation and deuteration of alkenes catalyzed by (R)-(ebthi)Zr-binol and
MAO (at 25 °C).

Substrate Gas Cat (mol%) Yield (%) ee (%) Product config.
. |o | P P
/\@ D, 6.0-107 61 65 R
Ph H, 2.2-107 95 36 R

Ao

(Table 6.6, entry 3). In a competition experiment, trans-2-hexene was found to be hydro-
genated much faster than its corresponding cis isomer (entry 4).

The data in Table 6.7 illustrate that when the non-racemic (ebthi)Zr system is used to
catalyze the hydrogenation of prochiral alkenes, moderate levels of enantiofacial differen-
tiation are observed (23—65 % ee). Enantioselective deuteration of pentene occurs in low
yield but shows noticeable enantioselection (23 % ee). The same reaction with styrene
proceeds in 61 % yield and with moderate enantioselectivity (65 % ee). Hydrogenation of
2-phenyl-1-pentene proceeds in excellent yield but with poor control of stereochemistry
(95 % yield, 36 % ee).

A notable aspect of the (ebthi)ZrX,-catalyzed hydrogenation and deuteration of alkenes
is that these reactions occur with an opposite sense of stereochemistry as compared to
similar oligomerization reactions. Thus, as the example in Scheme 6.39 illustrates, the
prochiral n-face that is hydrogenated is the opposite face to that on which carbon—carbon
bond formation takes place in the related polymerization process.

preferred n-face

g/\Me
1pentene  digomerzation M e =/ 3
Scheme 6.39. Variations in
enantiofacial selectivity ] o
in reactions catalyzed by 1-pentene deut____»eraton D\)\/\Me =\
(ebthi)Zrbinol/MAO. Pr

Waymouth has suggested that (ebthi)Zr-catalyzed hydrogenation occurs from the oppo-
site m-face to that which undergoes polymerization because a sterically demanding poly-
mer chain would prefer to associate with the zirconocene catalyst in the manner shown
in Scheme 6.40. Thus, the pendant groups on the alkene substrate may be oriented
such that steric interactions with the ebthi ligand are minimized. This mode of cata-
lyst—substrate interaction necessitates that the reacting alkene adopts a side-on approach
towards the (ebthi)Zr system in the oligomerization or polymerization processes. In con-
trast, in the hydrogenation of alkenes, illustrated in Scheme 6.40, the small hydrogen
atom may readily adopt the side position below the tetrahydroindenyl ligand, allowing
the larger alkene to approach the metal hydride from the sterically more accessible
front face.
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Polymerization Hydrogenation

S == ==
\,\_ﬂ_:/’* . \ wH 2
&) b &%} § A %\R

Side Approach Side Approach Frontal Approach  Frontal Approach Scheme 6.40. Transition 'stru'ctures
Side View Front View Side View Front View proposed for the polymerization

— - and hydrogenation of alkenes by
(ebth) 27,/ MAO.

Tetrasubstituted alkenes are among the most challenging substrates for catalytic hydro-
genation reactions. Towards this end, Buchwald and co-workers recently reported efficient
and highly enantioselective Zr-catalyzed hydrogenations of a range of styrenyl tetrasubsti-
tuted alkenes (Scheme 6.41) [123]. Precedents based on efficient polymerization reactions
promoted by cationic zirconocenes led these workers to consider similar catalyst species,
derived from dimethylzirconocene 107, for this purpose.

3 .aMe
e

Me ‘) 107 Me
2O
e Me
8 mol % [PhMe,NH] [(BCgFs)4]™
1700 psi Hz, toluene 93% ee, 87% yield,
>98% cis
Me Me
©:§__Ph Cb/Me Scheme 6.41. Zr-catalyzed enantioselec-
tive hydrogenation of tetrasubstituted
99% e, 89% yield, 92% ee, 82% yied, alkenes leads to the formation of two
98% cis >98% cis contiguous stereogenic centers with high
@1000 psi H,, 8 mol % loading @2000 psi Hy, 5mol % bading  enantioselectivity.

Related catalytic enantioselective processes Although great progress has been achieved in
the area of metal-catalyzed hydrogenation reactions [124], examples of catalytic asym-
metric hydrogenations of tetrasubstituted alkenes are rare. One other example, reported
by Pfaltz and co-workers, is depicted in Eq. 6.26 (81 % ee, absolute stereochemistry of
the product not determined) [125].

@
CFy

©
Ny B
- %

Me
R Me (Eq. 6.26)
Me

50 bar Hy, CH,Cl,
e

81% ee, 91% yield
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6.5
Summary and Outlook

The studies summarized above clearly bear testimony to the significance of Zr-based
chiral catalysts in the important field of catalytic asymmetric synthesis. Chiral zircono-
cenes promote unique reactions such as enantioselective alkene alkylations, processes
that are not effectively catalyzed by any other chiral catalyst class. More recently, since
about 1996, an impressive body of work has appeared that involves non-metallocene Zr
catalysts. These chiral complexes are readily prepared (often in situ), easily modified,
and effect a wide range of enantioselective C—C bond-forming reactions in an efficient
manner (e.g. imine alkylations, Mannich reactions, aldol additions).

Nevertheless, much important research lies ahead. The list of important processes that
do not as yet have a catalytic variant is still long. There are also unique organic transfor-
mations that are catalyzed by Zr salts but as yet do not have an asymmetric version [126].
If the above research is an indication, the catalytic enantioselective variants of many of
these exciting transformations will soon be disclosed in our leading journals. Another
challenge in this area remains the difficulty encountered in preparing chiral zirconocene
catalysts, particularly since many of the reactions promoted by this group of chiral cata-
lysts cannot be effected by the non-metallocene variants. Thus, the development of
more practical, but equally or even more selective and efficient variations of existing meth-
ods should not be viewed as any less significant.

In conclusion, the research summarized above bears further testimony to the impres-
sive advances made in asymmetric catalysis and synthesis during the past ten years. It
also underlines the remarkable significance of this area of research not only to chemistry
but to medicine and biology. The next few years will be exciting to watch indeed.
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7
gem-Metallozirconocenes in Organic Synthesis

Valery M. Dembitsky and Morris Srebnik

7.1
Introduction

Many of the most important achievements in organic chemistry in the last 20—25 years
have been associated in some way with the use of transition metal complexes. Among
these complexes, an increasingly important place is occupied by zirconium compounds,
which have a number of unique properties enabling them to be used as highly reactive
reagents in organic synthesis [1-9].

The aim of this review is to summarize the available methodologies for synthesizing
gem-metallozirconocene alkanes 1 and alkenes 2, as well as their use in organic chemistry.
These compounds are already well investigated, and they offer the potential to synthesize
new classes of organometallic reagents and a wide variety of organic compounds in a
highly stereoselective manner [1,5,7—11]. The carbon—metal bond in gem-metallozircono-
cenes undergoes a broad range of transformations, making these reagents useful in or-
ganic synthesis [1,5,8,12,13].

Ry ZIC;X R, 7ZrCp,X

>_<

R, ML, R ML,
1 2

The impetus for the development of gem-bimetallics was initially to discover alkylidene-
transfer reagents akin to Tebbe’s reagent [14]. Schwartz prepared bimetallic alumi-
num-—zirconocene derivatives by the hydrometallation of various vinyl metallic com-
pounds [15—17]. Knochel has developed zinc—zirconium gem-bimetallics by hydrozircona-
tion of vinylzincs and has used them as alkylidene-transfer reagents [18]. More recently,
other gem-bimetallics have been developed that exhibit different reactivities of the two car-
bon—metal bonds. Thus, Normant and Marek have reported the allylmetallation of vinyl
metals to afford zinc—magnesium and zinc—lithium gem-bimetallics, which react selec-
tively with various electrophiles such as ClSnBu;, H,0, etc. [19, and references cited
therein]. However, selective and sequential cleavage of the two carbon—metal bonds
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with two different electrophiles presents a greater challenge. Knochel has prepared a se-
ries of zinc—boron gem-bimetallics by reacting zinc with a-haloboronic esters. He takes
advantage of the different reactivities of the two carbon—metal bonds to synthesize var-
ious polyfunctionalized ketones [20]. Lipshutz has developed reagents based on tin and
zirconium, which are obtained by the hydrozirconation of stannylacetylenes [21]. By selec-
tive cleavage of the carbon—zirconium bond with water, these reagents offer an efficient
means of preparing a-alkenyl stannanes. Pelter has devised methods for the preparation
of gem-boriolithio alkanes [22,23].

The gem-bimetallic compounds stabilize highly strained unsaturated compounds, allow-
ing their use in selective carbon—carbon bond-forming reactions [6,8]. These complexes
also increase the reactivity of unactivated molecules, enabling them to participate in
non-traditional transformations [7,9]. A general route has been developed that allows a
wider variety of unsaturated fragments to participate in these reactions. The use of
these gem-metallozirconocenes in organic synthesis has led to the development of novel
routes to a number of polyfunctionalized organic molecules [1-9].

This chapter is intended to highlight the synthesis and use of geminal bimetallic com-
pounds such as gem-metallozirconocenes, but we will concentrate on the chemistry of alu-
minum, boron, lithium, gallium, germanium, tin, zinc, and zirconium.

7.2
1,1-Aluminiozirconocene Complexes

Alkylidene-bridged gem-aluminiozirconocene complexes 3 and 4 are obtained by addition
of an organometallic hydride to a metallated double bond [24]. It was found that alu-
minum—zirconium complexes could be obtained by two different routes: the addition
of an organoaluminum hydride to an alkenylzirconium complex or the addition of
Cp,Zr(H)Cl to an alkenylaluminum derivative [25]. In both cases, the direction of addition
to the double bond, as revealed by "H NMR analysis, is apparently dependent on the steric
bulk of the substituents at the double bond (Scheme 7.1). The reaction of diisobutylalu-
minum hydride with the n-hexenylzirconium complex gives a 5:1 mixture of products
with the alkylidene-bridged species 3 predominating. Dimethyl-n-hexenylaluminum re-
acts with Cp,Zr(H)Cl to give a 3:2 mixture of addition products, the major isomer
being 4.

The carbometallation of 1-pentyldimethylalane with AlMe; and Cp,ZrCl, or
Cp,Zr(Me)Cl in a 1:1 ratio has been studied by van Horn et al. [10]. In both cases, the
reaction gives the bimetallic derivative 5 in high yields (Scheme 7.2) [11].
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7.2.1
Synthesis of Stable Planar Tetracoordinate Carbon Zr/Al Compounds

In 1874, van't Hoft [26] and Le Bel [27] independently surmised that tetracoordinate car-
bon is surrounded by substituents in a tetrahedral geometry. This perception marked the
very beginning of modern organic chemistry, which is increasingly being determined by
stereochemical argumentation. Some time ago, attempts were made to synthesize stable
planar tetracoordinate carbon compounds [28—30].

Planar tetracoordination at a carbon atom, which is stabilized through interaction with
two different metal centers, has been realized in a dimetallic zirconium—aluminum com-
plex. Thus, hydrozirconation of phenyl(trimethylsilyl)acetylene yielded the B-CH agostic
alkenylzirconocene chloride complex 6. This compound was then reacted with 1 molar
equivalent of trimethylaluminum in toluene solution at ambient temperature to give
the intermediate 7. Acid/base reaction between the acidic agostic p-alkenyl hydrogen
bond and the zirconium-bound methyl group gave a reactive (u”-alkyne)metallocene com-
plex, which was trapped by the in situ formed dimethylaluminum chloride to give
Cp,Zr(u-n',n'-Me;SiCCPh) (u-Cl)AlMe, (8) in 90 % yield (Scheme 7.3) [31]. According to
its X-ray data, complex 8 contains a planar central five-membered metallabicyclic ring

Me;Si Ph
CpZIZr— """ H
Cl
6 l AlMe3
Me;Si Ph
Cpy2i=-----H
Me
+
ClAlMe,
7 i
l-cm
SiM03
Cp
I X _Ph
Cp—Zr s
Cl 1}1-Me
Me
Scheme 7.3
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system (Zr—Cy4,—C;5—Al—Cl) with very unusual bonding parameters, which have been
studied [31].

Other synthetic methodologies have been developed by Albrecht et al. (Scheme 7.4) [32].
In situ generated (u*-alkyne)metallocene complexes 9 may be trapped with a variety of
Lewis acidic main-group organometallics as scavengers, thereby forming compounds
Cp,Zr(u-n"n'-R;-C1-C2)(u-X)AIR, 10 (Scheme 7.4). The highly reactive (alkyne)metallo-
cene complexes 9 are generated by reaction of either dimethylmetallocene or oligomeric
12 with aluminum alkynyl compounds 13. Phosphane-stabilized (alkyne)metallocene
complexes 14 react with Lewis acids to form a Lewis acid—phosphane adduct and the un-
saturated (alkyne)zirconium species 9, which is also stabilized. Compounds 10, generated
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by the addition of Lewis acidic organometallics to 9, exhibit a remarkable feature: a carbon
atom (C-2) that shows four strong bonding interactions to neighboring atoms all lying per-
fectly in one plane. The synthesized complexes 10 containing planar tetracoordinate car-
bon centers are listed in Table 7.1. The crystal structures of three derivatives of bimetallic
complexes of Al/Zr are represented in Figs. 7.1, 7.2, and 7.3.

Table 7.1. Compounds 10 containing planar-tetracoordinate carbon.

Compound R R; R, X Yield (%)
10a Ph SiMe; Me Cl 90
10b Ph Me Me CCPh 93
10c c-CeHyy Me Me c-CeHyy 52
10d tBu Me Me CCtBu 66
10e SiMe; Me Me CCSiMe, 83
10f Ph Ph iBu H 62
10g (C1=C2)(CH,), iBu H 70
10h (C1=C2)(CH), iBu H 48
10i Me Me Me Me 43
10j Ph Ph Me Me 88
10k (C1=C2)(CH,), Me Me 68
101 (C1=C2)(CH), Me Me 78
10m (C1=C2)(CH,), Et Et 78
10n H Ph Me Cl 67
100 H Me H Cl 41
10p H c-CeHyy Me Cl 27
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Figure 7.1. Crystal structure of the
1,1-bimetallic complex Cp,Zr(u-n":n?-
CC(CH,)) (-H)Al(i-Bu), 10 (X = H;

R, = cyclo-CgH1p; R, = iso-Bu,). Adapted
by the authors.

Figure 7.2. Crystal structure of the
bimetallic complex Cp,Zr(u-n'mn?-
Me,SiCCPh) (u-H)AIMe, 10a (X = Cl;
R = Ph; R, = SiMe;; R, = Me); the
planar-tetracoordinate carbon atom is
C15. Adapted by the authors.

Figure 7.3. Another projection of the molecular structure
of the 1,1-bimetallic compound 10 (X = C=CPh;

R; = Ph; R, = Me) with the double hydrocarbonyl-bridged
Cp,Zr(u-C=CPh) (u-CPh=CMe)AlMe , complex exhibiting
a planar-tetracoordinate carbon atom within the central
metallacyclic ring system. Adapted by the authors.
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73
1,1-Boriozirconocene Complexes

During the last ten years, the chemistry of 1,1-boriozirconocene complexes has been stud-
ied. Both hydrozirconation and hydroboration reactions are well established, and are
widely applicable to a wide variety of vinyl and acetylene derivatives [1]. Alkenylboranes
and alkenylzirconium compounds can also be readily prepared. Therefore, hydrometalla-
tion of the corresponding alkenyl metals should offer a convenient method for preparing
gem-boriozirconocenes [24].

7.3.1
gem-1,1-Boriozirconocene Alkanes

gem-Boriozirconocene alkanes may be prepared by either hydrozirconation of alkenyl-
boranes or hydroboration of alkenylzirconium compounds. Compared with alkenylzirco-
nium compounds, alkenylboranes are more stable and more easily accessible. Further-
more, alkenylboranes allow for much broader scope in terms of the boron ligands
that can be used, such as various alkanes, diols, and amino alcohols. This makes a
wide variety of alkenylboranes readily available. As a result, hydrozirconation of alkenyl-
boranes was selected as the procedure for preparing gem-boriozirconocene alkanes. Initi-
ally, alkenyl-borabicyclo[3.3.1]nonanes (alkenyl-9-BBN) were chosen as the substrates for
hydrozirconation. This is because the cyclononyl moiety in the alkenylborane derivatives
is relatively unreactive. The organic substituents are readily transferred while the 9-BBN
moiety is retained. Moreover, 9-BBN is one of the most readily available hydroborating
agents and provides extremely high regioselectivities in the hydroboration of unsaturated
hydrocarbons. Hydrozirconation of various 5-alkenyl-9-BBN derivatives 15 proceeded
smoothly in dichloromethane, affording the expected gem-boriozirconocenes 16 (Scheme
7.5) [33].

However, these compounds proved to be unstable and difficult to characterize. The
authors reasoned that the source of the instability was likely to be the trialkylboron moiety.
Boronates are more stable than trialkylboranes since the lone-pairs of electrons on an
oxygen atom can donate to the empty orbital of a boron atom. The corresponding gem-
boriozirconocenes should also be more stable. Thus, hydrozirconation of the alkenyl-

Cp2Zr(H)Cl R
R
~, LR

CHCl, 0°C Cpp it
l 16
15 Cl

R = nBu, Bu, 3-Cl-propyl,
cyclopentyl, 1-Me-propyl,
Scheme 7.5 3-Ph-propyl, Ph
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boronic esters 17 afforded clear yellow solutions of the gem-boriozirconocenes 18
(Scheme 7.6) [34]. As expected, compounds 18 and 20 based on boronic esters are
fairly stable, and can be kept for a week in CDCl; without significant changes in their
'"H NMR spectra.

Zheng et al. [1] postulated that the driving force for placing Zr and B on the same car-
bon might stem from interactions between the zirconium and oxygen or boron and chlor-
ine atoms. However, an X-ray analysis of 22 revealed that there are no intra- or intermo-
lecular interactions between any of these atoms [35]. Compound 22 was also unambigu-
ously characterized by '"H-'H double quantum filtered COSY [36] and *C-'H heteronuc-
lear chemical shift correlation NMR spectroscopy [37,38]. Considerable differences in
the chemical shifts of the diastereotopic Cp groups were found in both the 'H and "*C
NMR spectra. The NMR study unequivocally showed that the methine proton was at-

R—\LB'OE CpaZr(H)CI R}B,OE
\
o} 81-96% P

17a-h Cl 18a-h

18a: R = (CH,),CH,

18b: R = (CH,),Cl

18c: R = CH(CH,)CH,CH,
18d: R = CH(CH,),

18e: R = C(CH,)s

18h: R = (CH,)Ph

R 0 Cp2Zr(H)Cl R o)
o Cp, Zd o)
|
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0
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P B
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Scheme 7.6
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tached to the a-carbon, and that two protons were attached to the p-carbon, which indi-
cated that the zirconium atom was placed on the terminal carbon of the alkenyl chain
in the hydrozirconation step.

Hartner and Schwartz [24] studied “long-chain” alkylidene-bridged heterobimetallic
complexes and found that the addition of Cp,Zr(H)CI to neohexenylborane 23 gave the
new boron—zirconium complex 24 (Scheme 7.7).

Cp,Zr(H)C1 + —_— 4

Scheme 7.7

73.2
Use of gem-Borazirconocene Alkanes in Regioselective Synthesis

Mixed 1,1-bimetallics that undergo sequential and selective reactions at each of the car-
bon—metal bonds have attracted much attention lately in that they potentially offer a
high degree of control in carbon—carbon bond-forming reactions [19]. Thus, Knochel
has prepared a series of zinc—boron and copper—boron 1,1-bimetallics and has taken ad-
vantage of the different reactivities to synthesize various polyfunctionalized ketones
[20,48]. Lipshutz et al. have developed reagents based on tin and zirconium [21,49].
Other mixed 1,1-bimetallics based on zirconocene have also been reported [11,15,18,50].
They react in the same way as Tebbe’s reagent, but with greater selectivity in some in-
stances. Pelter has been exploring the chemistry of 1-lithioboranes [22]. Prior to these
studies, the chemistry of 1,1-bimetallic compounds had not been previously explored
[33—35,39—47,51—54].

The different reactivities of the carbon—boron and carbon—zirconium bonds toward
electrophiles are a consequence of the different bond polarities and the different electro-
negativities of boron and zirconium. Moreover, zirconium is a transition metal, while
boron exhibits intriguing transition metal-like chemistry [55]. It is thus reasonable to pre-
sume that the combined use of boron and zirconium in organic chemistry should be
synergistic, affording products and chemistry not attainable with the individual organo-
metallics alone.

The alkenylboronic esters were synthesized according to a literature procedure [56].
Hydrozirconation of alkenylboronic esters with zirconocene hydrochloride, Cp,Zr(H)CI,
prepared by Buchwald’s procedure [57], took place smoothly in CH,Cl,, providing in
each case the corresponding borazirconocene 1,1-alkane 18 [34]. Addition of propargyl
bromide and a catalytic amount of copper(I) cyanide was accompanied by the disappear-
ance of the yellow color associated with these compounds and by carbon—carbon bond
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formation with exclusive cleavage of the C—Zr bond. a-Allenic boronic esters 25 were iso-
lated in good yields (Scheme 7.8) [58—60].

a-Allenic boronic esters 25 are also allylboranes [61,62]. Addition of an aldehyde to these
boryl allenes affords the corresponding 1,3-dienyl allylic alcohols 26. Allylboration with 25
works exceedingly well with aromatic aldehydes, except in the case of the reaction with m-
hydroxybenzaldehyde. The low yield in the latter case may be due to the known sensitivity
of allylboranes to proton sources [63]. The reaction is slower with aliphatic aldehydes, and
the yields are somewhat lower too. The predominant isomer of the newly formed double
bond is in all cases the (Z)-isomer.

Addition of an o,p-unsaturated aldehyde to 25 leads to trienes 27 or 28, depending on
the reaction conditions (Scheme 7.8). The geometry at the newly formed double bond
(Cs—Cq) is predominantly Z in both 27 and 28.

Iodination of terminal allenes has been reported to occur on the end carbon of the al-
lenic system to give cis/trans mixtures of 1,2-diiodo adducts [64—66]. Reaction of a nucleo-
phile with these adducts proceeds solely with displacement of the allylic iodine [65]. Iodi-

ZrCp,Cl
B/O

|
O

18

CuCN, 10 mol%l =

R=#nBu Br

R=1Bu

R = 3-Cl-propyl

R = 1-Me-propyl >, < OH
R = cyclopentyl R|CHO

— 3 Phe o_ 0 —> R _—
R = 3-Ph-propyl B \/—‘N].H\RI
R_A_~ 26

Scheme 7.8

27

R{CH=CHCHO 25 \Hzi)z
reactions were OH
carried out pH 10
overnight
R{CH=CHCHO o
OH reactions were 82%
P run for 48 h
R,
OH
R 6 5
X Ry
28



7 gem-Metallozirconocenes in Organic Synthesis

R =n-Bu o_ .0

R =¢tBu DZO, B

R = 3-Cl-propyl o_ .0 R A
R = 1-Me-propyl B \/SA
R = cyclopentyl R M 32 D

R = 3-Ph-propyl

R = phenyl 31 ZrCp,Cl § H202, O

OH
RJY\
33 D

Scheme 7.9 (R = C5H1 1)

nation of 25 produced diiodo adducts 29 (Scheme 7.9). In situ reaction of 29 with sodium
acetate did not lead to the expected allylic acetates, and only compound 30 was isolated
[66—68]. The assignment of the allenic structure is wholly consistent with 'H and "*C
NMR chemical shifts reported in the literature [69,70]. The reaction works well with
both hindered and non-hindered 18 (Scheme 7.8) [71—74].

Hydrozirconation of 25 gave the novel bimetallic 31. This is an interesting system in
that it is both an allylborane and an allylzirconocene [75]. Although allylboranes are
very reactive compounds [63], reaction with deuterium oxide occurred exclusively at the
C—Zr bond and was accompanied by allylic rearrangement. Quenching of the reaction
mixture with D,O gave a single product 32, arising from cleavage of the C—Zr bond. Oxi-
dation of 32 led to the deuterated homoallylic alcohol 33 (Scheme 7.9).

733
Halogenation of gem-Boriozirconocene Complexes

Zirconium, with an electronegativity of 1.4, is considerably more electropositive than
boron, with an electronegativity of 2.0, and the carbon—zirconium bond is more polar
than the carbon—boron bond. As a result, organozirconium compounds are much
more reactive towards electrophiles than are organoboranes. For instance, the car-
bon—zirconium bond in organozirconium compounds is readily cleaved by water below
ambient temperature [76], while protonolysis [77] of organoboranes requires forcing con-
ditions, typically being performed at 120°C. Therefore, selective cleavage of the car-
bon—zirconium bond in boriozirconium compounds should be readily achievable.
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From a mechanistic viewpoint, cleavage of the carbon—metal bond by halogenation may
proceed with either retention or inversion of the configuration at carbon, depending on
the structures and the reaction conditions [78]. Halogenation of organozirconium com-
pounds has been reported to proceed with retention of configuration [2]. On the other
hand, the carbon—boron bond in organoboranes is less reactive towards halogens [79].
The presence of a base is essential for the halogenolysis of organoboranes. The reaction
proceeds by an Sg2 mechanism [80]. Since halogenolysis of organozirconium compounds
is a very facile process, without any need for a base, the carbon—boron bond in borazir-
conocene bimetallics should not be affected under the conditions used for cleavage of
the carbon—zirconium bond. The expected products, a-haloboranes, are generally stable.
Although the boron—zirconium bimetallics 16 based on trialkylboranes are unstable,
selective cleavage of their carbon—zirconium bonds does afford a-bromoboranes 34
(Scheme 7.10) [33].

Brz
}B—?H—CHZ-R -_—> }B—CH—CHZR
-350C |

Zr(C)Cp, b Br 5,
16 +
Cp,Zr(Br)Cl Scheme 7.10

The use of N-bromosuccinimide resulted in very complex mixtures and not the expected
a-haloboranes. Apparently, the succinimide moiety may have acted as a base, causing var-
ious side reactions [81—85]. However, a-haloboronic esters are much more stable than
a-halotrialkylboranes. Halogenation of boriozirconocene bimetallics 18 based on boronic
esters proceeded very smoothly, affording the expected o-bromoboronic esters 35
(Scheme 7.11) [52].

R 0 NBS R 0

B\ —_— }B E

CCpzd O BY ©
18 35

R = #nBu, /Bu, 3-Cl-propyl,
cyclopentyl, 1-Me-propyl,
3-Ph-propyl Scheme 7.11

It should be pointed out that, compared to a-bromoboronic esters, f-bromoboronic
esters are much less stable. For instance, dibutyl (2-bromoethyl)boronate readily under-
goes P-elimination, even under solvolytic conditions [87]. Therefore, the reaction of 18
with NBS also reaffirms the regioselectivity of the hydrozirconation step. The reaction
is highly general and works equally well for the preparation of a-chloro- and a-iodoboronic



7 gem-Metallozirconocenes in Organic Synthesis

esters using N-chlorosuccinimide and N-iodosuccinimide, respectively. a-Haloboronic
esters have also been obtained by hydrogen halide additions to alkenyl boronic esters
and borane additions to 1-alkenyl halides. However, the regioselectivities of these addi-
tions are not always satisfactory. For instance, the hydroboration of 1-chloro-l-butene
with BH; gave an 85:15 mixture of the products of o- and p-addition of the boron moiety
[88]. To the best of our knowledge, regioselective additions of dibromoborane or catechol-
borane to vinyl halides, which might provide convenient conversions to a-haloboronic
esters, have not been reported, whereas the addition of hydrogen iodide to dipropyl
vinylboronate gave the a- and B-iodoboronic esters in a 60:40 ratio [89]. In contrast to
these results, the preparation of o-haloboronic esters from alkenyl boronic esters has
obvious advantages, including regiospecificity and the possibility of obtaining a-chloro-,
a-bromo-, or a-iodoboronic esters in a one-pot reaction using the respective N-halosucci-
nimides. In addition to the above results, it was found that the carbon—zirconium bond
in 18 (Scheme 7.11) could be readily cleaved by bromine in dichloromethane or iodine
(neat).

The first example of a stable 1,1-bidentate Lewis acid based on boron and zirconium has
been reported [35]. The synthesis of 22 is outlined in Scheme 7.12. Treatment of hex-1-yne
with HBBr, -Me,S followed by conversion of the dibromoboronic ester to the correspond-
ing alkenyl boronic acid and esterification with propane-1,3-diol provided the alkenyl
boronic ester. Hydrozirconation of this compound with 3 equivalents of the Schwartz
reagent, Cp,Zr(H)Cl [57], afforded the desired product 22 in 86 % yield.

21

3 eq Cp,Zr(C)H
CH,ClL, rt 0.3 h

7Zr(C)Cp,

Styrene /\/\)\ (8)
B

Polystyrene «—— I /\J
o

22

/\/\)\B/
|
i
Scheme 7.12 37
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Figure 7.4. Crystal structure of the
1,1-bimetallic complex of boron and
zirconium 22. Adapted by the authors.

The reactive nature of compound 22 is illustrated by the series of transformations
shown in Scheme 7.12, in which its Zr—C bond reacts selectively with electrophilic
reagents to produce a-haloboronates 36—38. Compound 22 also catalyzes the polymeri-
zation of styrene. The polymers thus obtained had weight-average molecular masses in
the range 75000—100000 with polydispersities of 1.8—2.1. An X-ray analysis of 22 con-
firmed it to be a four-coordinate Zr complex with two cyclopentadienyl rings, chlorine,
and the aliphatic C-1 carbon atom as the ligands (Fig. 7.4).

7.3.4
Diastereoselective Hydrozirconation

Although asymmetric synthesis is one of the most interesting and challenging problems
for organic chemists, no attention has been paid to asymmetric hydrozirconation. Srebnik
et al. [1], in continuing studies on the synthesis and utility of gem-boriozirconocenes,
decided to explore this possibility. Alkenylboron compounds, the substrates for hydrozir-
conation, have the obvious advantage of much latitude in the choice of boron ligands. A
multitude of optically active monoterpenes, 1,2-diols, and amino alcohols are readily avail-
able, and these can be efficiently converted to optically active alkenylboron compounds. It
was expected that hydrozirconation of optically active alkenylboron compounds would af-
ford optically active gem-borazirconocene alkanes with a high degree of diastereoselectivity
and therefore optical induction. The protonolysis or deuterolysis of alkenylzirconium
compounds has been reported to occur with retention of configuration [3,90]. Electrophilic
carbon—zirconium bond cleavage in alkylzirconium compounds has also been shown to
occur with retention of the configuration at carbon [2,3]. It has been suggested that the
cleavage process involves a closed transition state. Therefore, in the process of deuteroly-
sis, the oxygen atom of deuterium oxide coordinates to the zirconium atom through its
vacant low-lying valence orbital, allowing front side attack of deuterium on the car-
bon—zirconium bond.
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Treatment of the optically active gem-borazirconocene alkanes with deuterium oxide fol-
lowed by alkaline oxidation affords the corresponding optically active 1-deuterio primary
alcohols. The enantiomeric excess of the resulting primary alcohols represents the diaster-
eoselectivity of the asymmetric hydrozirconation (Scheme 7.13). Based on the cost and
availability of optically active ligands, three types were explored: monoterpenes, 1,2-
diols, and 1,2-amino alcohols. Hydrozirconation of optically pure 1-alkenyl boranes 39
provided optically active 1,1-bimetallics 40.

hydroboration
M MB*
39
1. D0 * B*
VWOH -— \/\/Y
2. H02/OH ZJszCl
41 D 40

Scheme 7.13

Selective cleavage of the carbon—zirconium bond in 40 with deuterium oxide, followed
by alkaline oxidation of the carbon—boron bond, afforded the optically active 1-deuterio
primary alcohols 41 (Scheme 7.13). Monoterpene derivatives of alkenylboranes 39 did
not undergo complete hydrozirconation. They gave low chemical yields and low incor-
porations of deuterium. The 1,2-diol and 1,2-amino alcohol derivatives of 39 underwent
complete hydrozirconation and provided alcohols in relatively high chemical yields and
with high deuterium incorporations. Neither class of compound gave high diastereo-
selectivities. However, the alkenyl oxazaborolidines, in addition to providing products
in high chemical yields and with excellent incorporation of deuterium, also gave the
best enantioselectivities. The (1R,2S)-ephedrine derivatives were superior to the diastereo-
meric (1R,2R)-pseudoephedrine derivatives. The N-neopentyl derivative was particularly
outstanding [53].

Oxazaborolidine 1-alkenyl boranes 43 were obtained by heating a mixture of the alkenyl
boronic acid with a 1,2-amino alcohol [91] for 10 h in refluxing toluene with azeotropic
removal of water. Hydrozirconation of optically pure 1-alkenyl boranes 43 (1 equiv,
0.5 M) with Cp,Zr(H)Cl provided optically active 1,1-bimetallic 42 (Scheme 7.14). Selective
cleavage of the C—Zr bond in 42 with D,0 (1.5 equiv.), followed by alkaline oxidation of
the C—B bond, as verified by 'H NMR analysis, gave deuterated alcohol 44. Although the
mechanism of this new type of asymmetric reaction is not yet understood, the assign-
ment of structure 43 is consistent with the approach of Cp,Zr(H)Cl from the less
hindered face of the double bond. The pseudoephedrine derivative reagents, in which
the double bond is more symmetrically disposed, give lower selectivities in the hydro-
zirconation step.
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7.35
Preparation of Diborabutadienes by Zirconocene-Mediated Coupling

Hydrozirconation of 1-alkynyl pinacolboronates with Cp,Zr(H)Cl provides gem-boriozirco-
nocenes 45. Treatment of 45 with CuBr gives the homocoupled (1E,3E)-2,3-dibora-1,3-
dienes 46 in good yield (Scheme 7.15) [92]. The zirconocene-induced coupling was studied
using a series of 1-alkynyl pinacolboronates 47. In this case, two regioisomers 48 and 49
were detected (Scheme 7.15).

7.3.6
Amination of Boriozirconocene Complexes

It has been found that appropriate aminating reagents can react with gem-borazirconocene
alkanes to provide a-aminoboronic esters in reasonable yields. There is increasing interest
in o-aminoboronic acid derivatives since these compounds are effective inhibitors of many
serine proteases [93—95]. Previous routes [93] to these compounds rely on hydroboration,
homologation with chloromethyllithium, and coupling with lithium hexamethyldisilyla-
mide [LiN(SiMes),]. Newly developed gem-boriozirconocene alkanes have the potential to
provide a convenient and efficient alternative to other metals; organozirconocene com-
pounds readily undergo carbon—carbon bond-forming reactions, including cross-coupling
with organic halides [96—99], alkene and alkyne insertions [11,100], addition of cationic
organozirconium complexes to oxiranes [101] and aldehydes [102], and conjugate addition
to a,B-unsaturated ketones [103—106].

The use of organozirconium compounds as carbanion equivalents is greatly facilitated
by trans metallations to the more reactive aluminum [11,100], copper [104—106], nickel
[96—98], and palladium [99] derivatives. Copper-catalyzed carbon—carbon bond-forming
reactions of alkyl- and alkenylzirconocene compounds have been particularly well studied,
and have found considerable application in organic synthesis [107,108].

a-Aminoboronic esters have mainly been synthesized according to Matteson’s method
[93]. More recently, an alternative access to a-aminoboronic esters has been reported [109],
based on lithiation and catalytic hydrogenation, although this method is limited to the pre-
paration of the pyrrole-related compounds.

Of the various electrophilic aminating reagents available for reaction with organometal-
lic compounds, O-sulfonylhydroxylamines offer several advantages. They are readily avail-
able from easily accessible starting materials in a number of high-yielding steps [110,111].
One reagent, O-mesitylsulfonyl hydroxylamine (MSH), has been shown to be superior to
the others in terms of solubility in organic solvents and reactivity as an electrophilic ami-
nating reagent [112]. A recent investigation of amination involved hydrozirconation of an
alkene followed by reaction of the resulting alkylzirconocene chloride 50 with MSH
(Scheme 7.16) [2].

The amination of styrene, however, led to two products (1-phenyl-1-ethylamine and 2-
phenyl-l-ethylamine) in a 1:3 ratio [113], indicating that the hydrozirconation was not com-
pletely regioselective [114,115]. Since it is well known that hydrozirconation of trisubsti-
tuted alkenes places zirconium at the least hindered carbon of the chain by a process in-
volving zirconium migration, this class of alkenes was not investigated [5,116]. On the
other hand, hydrozirconation/amination of 3-methyl-1,2-butadiene gave an allylic
amine. Reaction of the latter could either occur at the terminal carbon or proceed with
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allylic rearrangement. Examination of its "H NMR spectrum revealed two non-equivalent
methyl groups on a double bond. Amination had thus occurred at the terminal carbon,
without allylic rearrangement, providing access to this important group of compounds.
In the present methodology, only the alkyl group of RZrCp,Cl is transferred, and hence
it is more efficient than the reactions involving R;B reagents, in which one group is
lost, or those involving R,Zn reagents, the yields from which are low and mixtures are
usually obtained [117,118].

Having successfully aminated the alkylzirconocene chloride, the reaction was extended
to borazirconocene 1,1-alkanes. In fact, amination of gem-borazirconocene alkanes 18 with
MSH has proven to be a facile process [119]. Thus, when MSH is added to the gem-bime-
tallics in THF at ambient temperature, the amination is complete within 20 min (Scheme
7.16).

Compound 51 was found to be unstable and difficult to purify, as described in the lit-
erature [93—95]. Therefore, 51 was not isolated, but was instead converted to the stable
pinacol 1-acetamido-l-hexylboronate derivative 52. However, the acylated derivative 52
could not be purified by column chromatography as it was destroyed on silica gel and par-
tially decomposed on alumina. Fortunately, we found that it dissolves in basic aqueous so-
lution (pH > 11) and can then be extracted into diethyl ether when the pH of the aqueous
layer is 5—6. Finally, pure 52 was obtained by repeated washing with weak acids and
bases. It should be mentioned here that exposure to a strongly acidic solution, which
also dissolves compound 51, results in its decomposition. Compared with other routes,
the present two-step method involves mild reaction conditions (THF, ambient tempera-
ture) and a simple work-up procedure. It should prove very useful in providing an alter-
native access to a-aminoboronic esters, an important class of inhibitors of serine pro-
teases.
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7.3.7
(E)-1,1-Bimetallic Boriozirconocene Alkenes

A new class of gem-bimetalloalkenes based on dioxaborolanes and zirconocene has also
been synthesized and investigated by Srebnik et al. [54].

The chemistries of Cy,~Zr and Cy,—B bonds differ considerably and this feature
should allow a sequential route to substituted alkenes. Furthermore, cleavage of the
Cypp—Zr and Cgp,—B bonds generally occurs with retention of geometry [3,120]. Thus,
gem-borazirconocene alkenes offer the possibility of synthesizing a multitude of stereode-
fined compounds. The area of mixed gem-bimetalloalkenes is being actively explored. In
addition to the bimetallics prepared by Lipshutz [21], Knochel [48], and Marek and Nor-
mant [8], other mixed gem-bimetalloalkenes containing aluminum and zirconium [121],
aluminum and hafnium [122], tin and boron [123], silicon and aluminum [124], and sili-
con and zirconium [125] have also been described.

G G
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X =1, Br, Cl succinimide CuCN, THF 54
90%
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As representatives of this class of compounds, one hindered and one non-hindered gem-
boriozirconocene alkene were prepared [54]. Hydrozirconation of a 1-alkynyldioxaborolane
with Cp,Zr(H)Cl in either 1,4-dioxane or THF proceeded readily by a syn addition to give
the essentially pure (E)-1,1-bis-metallic boriozirconocene 45 [12]. This bis-metallic com-
plex 45 was also reacted with various electrophiles, thereby generating the alkenylboron
derivatives 53—57 as shown in Scheme 7.17.

Vinylboronates are generally less reactive than vinylzirconocenes towards various elec-
trophiles and hence selective reactions of the latter should be possible. It was found
that selective cleavage of the carbon—zirconium bond in 45 by N-halosuccinimides pro-
vides (o-haloalkenyl)boronic esters 53 in excellent chemical yields and with complete re-
gioselectivity (Scheme 7.17) [54]. An X-ray crystal structure determination of 45 confirmed
the configuration of the four-coordinate Zr complex, with two cyclopentadienyl rings, Cl,
and C(sp,) as the four ligands (Fig. 7.5) [54,126].

Figure 7.5. Crystal structure of the 1,1-bimetalloalkene
boriozirconium complex 45 (R = tBu). Adapted by the
authors.

7.3.8
Hydrolysis of (Z)-1-Alkenylboronates

As an example of the selective reactivity of borazirconocene alkenes, their hydrolysis was
examined [1]. The carbon—zirconium bond is more reactive than the carbon—boron bond
towards various electrophiles, and so hydrolysis can be expected to occur with preferential
cleavage of the former bond. Since hydrolysis of alkenylzirconocenes is known to proceed
with retention of configuration [4,127—129], a direct utility of 45 is the preparation of (Z)-
1-alkenylboronates 57 (Scheme 7.17) [12]. Though the gem-dimetalloalkenes can be iso-
lated, in the present case it is not necessary. The desired (Z)-l-alkenylboronates can be ob-
tained in a one-pot procedure by hydrozirconation followed by hydrolysis with excess H,0.
The reaction sequence is operationally simple and is compatible with various functional
groups such as halides, acetals, silanes, and silyloxy protecting groups [12].

Stereospecific syntheses of temarotene (a retinoid) [130] and of chokols A and G (fun-
gitoxic sesquiterpenes) [131—133] have been developed using 1,1-boriozirconocene com-
plexes 45.
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The ability to form carbon—carbon bonds in a controlled manner around an alkene is
the subject of continuing intense research [49,134—136]. These compounds are stable
and, due to the considerably different reactivities of the C—Zr and C—B bonds, allow
for selective and sequential reactions with a variety of electrophiles. Temarotene 58 is
a retinoid of interest [137] because it shows no sign of hypervitaminosis A and it is
not teratogenic, presumably due to the lack of a polar group [138,139]. The published
synthesis of temarotene-type compounds is long and leads to mixtures of diastereo-
isomers, from which the desired product is eventually isolated [140—142]. However,
the synthesis of temarotene 58 by the method of Srebnik et al. [130] is straightforward,

as outlined in Scheme 7.18.
o~
1. nBuLi, ipro-B.

o /
R = » R—=——8
2. HCYEtO -78°C
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RiX
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H R,
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Scheme 7.18 58

The stereoselective synthesis of rac-chokols A (61) and G (62) from the same precursor
gem-boriozirconocene 59 involves a conjugate addition to 2-methylcyclopentenone to
give the common intermediate 60. The latter is then transformed through a series
of reactions to provide the chokols in overall yields of 16% and 17%, respectively
(Scheme 7.19) [131].
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7.3.9
Synthesis of Cyclic Boriozirconocenes

The formation of cyclic boriozirconocenes 63 has been observed by treating 1-alkynyl-6-
alkenyl diboronates 64 with Negishi’s reagent (Scheme 7.20) [133]. Hydrolysis of 63
with HCI in Et,O gave the 1-alkenyl-1-alkyl diboronate 65 in 80 % yield.
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7.3.10

Bimetallic Boriozirconocene Complexes with Planar Tetracoordinate Carbon

The anti van't Hoft/Le Bel compounds 68 and 69 were obtained by treating the trimethyl-
phosphane-stabilized zirconocene acetylene complexes 66 with tetraethyldiborane in pen-
tane. The reaction is proposed to proceed through a two-step sequence. In the first step,
the trimethylphosphane ligand is removed from the starting complex to give the metallo-
cene acetylene species 67. This very reactive intermediate adds one equivalent of the Lewis
acid to form the products 68 and 69. If the starting complex contains an asymmetrically
substituted acetylene, mixtures of the two regioisomeric products are observed, as would
be expected on the basis of the outlined mechanism (Scheme 7.21). A remarkable feature
is that hydroboration reactions of the acetylenes with tetraethyldiborane, which are known
to be very fast even below 0°C, are not observed in any case. The reactions are performed
in pentane solution at ambient temperature. The zirconium compounds are converted to
the corresponding complexes 68 (crystal structure shown in Fig. 7.6) and 69 within several
days, in yields in the range 70—88 % [143].

The reaction of the trimethylphosphane-stabilized bis(trimethyl)silyl zirconocene 66
(R;y = R, = SiMe;) with (HBEt,), not only gives the anti van’t Hoff/Le Bel compound
69, but also the dimeric species {Cp[u-(n':n*-CsH,)]ZrC(SiMe;)=C(H)(SiMes)},, which
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Figure 7.6. Crystal structure of the bimetallic
complex Cp,Zr(Me;SiCCSiMes) (u-H) (BEt,) 68
(Ry = R, = SiMes). Adapted by the authors.
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Figure 7.7. Crystal structure of the bimetallic
complex CpZr(PhCCPh) (u-H) (BB[4.2.1]N) 71.
Adapted by the authors.

was recently described by Rosenthal et al. [7,9] as a side product. On heating the zirco-
nium complex 66 (R; = R, = Ph) in toluene in the presence of 9-bis(borabicyclo[3.3.1]
nonane) (BBN) 70 to 80—90°C for eight hours, complex 71 is formed in 83% yield.
Besides the fact that 71 contains a square-planar carbon atom, this compound exhibits
another remarkable feature. The borane unit shows a rearranged skeleton, identified as
9-borabicyclo[4.2.1]nonane, the so-called iso-BBN (Scheme 7.22). The X-ray crystal struc-
ture of 71 is shown in Fig. 7.7.
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7.4
1,1-Lithiozirconocene Reagents

Reaction of N-(2-bromoallyl)-N-prop-2-ynylamines 72 with tert-butyllithium, followed by
reaction with zirconocene methyl chloride and subsequent cyclization gives 1,1-lithio-
zirconioalkenes 73 via 74 and intermediate 75 (Scheme 7.23) [144,145]. Treatment of
the lithiozirconium complex 73 with deuterated sulfuric acid leads to the trideuterated
pyrrolidine 76.

——H BuLi Paam———— B
Ph—N  Br —> Ph—N Li
74
72 Cp,Zr(Me)Cl
——Li
Ph—N 75 D
)
Zr Ph—N
v’ op D
76 73%
D,S0,
Li
=\ _C
Ph—N 7 P
73
Scheme 7.23
7.5

1,1-Stanniozirconocene Reagents

7.5.1
gem-Stanniozirconocene Alkanes

Treatment of alkylidene-bridged zirconium—aluminum species with HMPA activates the
C—Al bond of the alkylidene unit, making it susceptible to electrophilic attack [146]. Li-
gand-based activation of the C—Al bond can also be used to convert alkylidene-bridged zir-
conium—aluminum reagents to other bimetallic species. Thus, treatment of 3 with HMPA
followed by addition of a weakly electrophilic metal salt can give rise to a new heterome-
tallic species. Slow addition of a solution of R;SnCl in toluene to a solution of 3 and 1
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equivalent of HMPA in toluene at —40 °C, followed by stirring at room temperature for
4 h, furnishes gem-stannylzirconocene alkanes 77 (Scheme 7.24) in 60—100% yield
(depending on R or R;; compounds 77a—c).

R] Rl
A 1. HMPA /\
CpZrx AliBu —_—
> \Cl/ ’ 2. R3SnCl szzr\Cl SoRs

3 77
77a. R = CH3, R| = (CH2)C(CHa)s, 75%
77b. R = Ph, R| = (CH2)C(CH3)3, 82%

Scheme 7.24 77c. R = CH3, Ry = (CH)4CH3, 58%

7.5.2
Transmetalation Reactions

The addition of Cp,Zr(H)ClI to trialkylstannylacetylenes leads to the novel 1,1-dimetallo
reagents stanniozirconocenes 78 (Scheme 7.25) [21,147]. Compounds 78 can be subjected
to sequential manipulations of each metal; formally, they represent stereodefined 1,1-dia-
nion equivalents. Displacement reactions can also be carried out with cuprates derived
from 78, although CuMe,(CN)Li, is not a wise choice for this subsequent event since
the transmetalated 79 is not selective in transfering a vinyl ligand (Scheme 7.25) [148].
By switching to CuMe(2-thienyl)(CN)Li,, the mixed cuprate 80 is able to transfer the
vinyl ligand using unactivated primary triflates, as well as allylic and benzylic halides
[149].

Although 1,1-bimetalloalkenes of tin and selenium (o-selenenylvinylstannanes) may be
very useful species as dilithioethene equivalents or as cation—anion synthons, to the best
of our knowledge there has only been one report on their preparation and reactivity, and
we have been unable to find any report concerning the synthesis of 1,1-bimetalloalkenes
of tin and tellurium. Recently, Huang et al. [150] reported that the hydrostannylation of
alkynylselenides gave (E)-1,1-bimetalloalkenes of tin and selenium under the catalysis
of tetrakis(triphenylphosphane)palladium, and that these could be converted to trisubsti-
tuted alkenes. The stereo- and regioselective preparation of vinyl tellurides via alkenyl zir-
conocenes [151], the hydrozirconation of acetylenic tellurides [152], and the stereoselective
preparation of ketene telluroacetals (1,1-bimetalloalkenes of tellurium and zirconium)
have also been described [153]. New synthetic routes to 1,1-bimetalloalkenes of tin and
either tellurium or selenium (81) involving the use of stanniozirconocene complexes
have been reported [154].

A novel and highly efficient synthesis of 1,1-diiodo-, 1,1-dibromo-, and mixed (Z)- or (E)-
l-iodo-l-bromo-l-alkenes using the 1,1-heterobimetallic reagents obtained by hydrozircona-
tion of stannylacetylenes has also been described [155]. The hydrozirconation and halo-
genolysis steps were carried out at room temperature in THF under a nitrogen atmo-
sphere. It is noteworthy that the developed route is compatible with various functionalities
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such as hydroxyl groups or alkyl halides. The reactions are clean, and neither alkynyl
halide nor over-halogenated products, for example, RCHICI; or RCHBrCBr;, can be de-
tected. The results summarized in Scheme 7.26 show the generality of this new route
to trisubstituted 1,1-dihaloalkenes, in which the two carbon—halogen bonds are formed
in a one-pot reaction yet are expected to be formed in a stepwise manner as the reactions
of the C—Zr bond with electrophiles [21,147] are normally much faster than the reactions
of the C—Sn bond. In accordance with these previous results, the new compounds 83a—c
were isolated after iodinolysis of the C—Zr bond using I, (1.07 equiv.) in THF at room
temperature. In contrast, attempts to induce similar reactions of zirconated vinylstannane
intermediates with Br, did not result in a clean or useful process. Reaction of 78 with 1.1
equivalents of Br, in CCl, was not chemoselective, showing competitive bromonolysis of
the C—Zr and C—Sn bonds. Even the treatment of intermediates 78 with 0.9 equivalents
of Br, in CCl, at —78 °C afforded a mixture of products containing the desired (Z)-85c or
their (E)-isomers, the 1,1-dibromo-1-alkene 82, and the (Z)-vinylstannane 85a (Schemes
7.25 and 7.26).
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7.5.3
Preparation of Halogenated Alkenes

Compound 85a is formed by proton entrapment during aqueous work-up following the
above reaction. The observed products (Scheme 7.26) indicate that Sn/Br exchange in
84 is somewhat faster than Zr/Br exchange in 78 (k; > k,), whereas in 78 the Zr/halogen
exchange always occurs exclusively [the (Z)-vinyl bromide is never obtained]. Using NBS
(1.05 equiv.) in THF/CH,Cl, at —78 °C to room temperature, it was possible to overcome
these problems and compounds 85 were isolated in excellent yields (Scheme 7.26).

With compounds 86 and 87, halogenolysis of the C—Sn bond was accomplished using a
different halogenating agent to that used in the first step, thereby generating compounds
of types 88 and 89 with complete stereocontrol. By treating 87a—c with I, in THF at 0°C, it
was possible to obtain the isomerically pure (Z)-l-iodo-l-bromoalkenes 89a—c in very high
yields after column chromatography. In initial attempts to prepare the (E)-isomers, reac-
tions of 85b with Br, in CCl, were carried out at room temperature, 0°C, and —78 °C. Mix-
tures of the isomers (E)-88 and (Z)-89 along with the dibromo compound 82 were obtain-
ed under all these conditions. The observed results were rationalized in terms of an addi-
tion—elimination process in the initially formed compound 88. This side reaction was
completely suppressed by performing the brominolysis with NBS in a THF/CH,Cl, mix-
ture. Under these conditions, the (E)-isomers 88a—c were obtained exclusively and could
be isolated by PTLC in the yields indicated in Scheme 7.26. Irrespective of mechanistic
assumptions concerning the stereochemistries of halogenations of alkenylmetal com-
pounds, the stereochemistries of 89a—c and 88 could be assigned by 'H and *C NMR.
The vinylic proton signal is seen at 8 = 6.45 for compounds 89a,b and at = 7.65 for
compound 89c, whereas it appears at d = 6.79—6.81 for isomers 88a,b and at & = 7.87
for 88c.

R SnBu; K R SnBu; K R x 85a.X=H

(E)-produc't% \‘(Z)-products Dihalo-

86a. R = 1Bu, 94% R SnBu; R SnBug
86b. R = 1-CL.P o 87a. R =nBu, 98%
. R=1-Cl-Propyl, 93% — —
860, R = Phenyl. o 87b. R = 1-Cl-Propyl, 96%
' i H I H Br 87c¢. R = Phenyl, 97%
NBS (2.5 eq)
THF/CH,Cly Io/THF, 0 9C
-780C to 0 0C
88a. R = nBu, 76% R Br R ' goar- nBu, 90%
88b. R = 1-Cl-Propyl, 72% >-:< >“<— 89b. R = 1-Cl-Propyl, 93%
88c. R = Phenyl, 79% H 1 H Br 89c. R =Phenyl, 87%

Scheme 7.26 88 89
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A synthesis of potentially useful 1-iodo-1-bromo-l-alkenes has thus been developed that
offers complete stereocontrol. These methods have also proven to be highly efficient for
the preparation of 1,1-diiodo-1-alkenes and 1,1-dibromo-1-alkenes, which are very useful
synthetic intermediates (Scheme 7.26) [155].

The preparation of (Z)-vinylstannanes by hydrozirconation of stannylacetylenes has
been reported [21]. Earlier, a simple, efficient procedure for generating (Z)-vinylstannanes
from acetylenic precursors 90 had also been developed (Scheme 7.27) [156—158].

The standard procedure involves a hydrozirconation process utilizing THF as solvent, in
contrast to the original Schwartz conditions, which require the use of benzene as the re-
action medium [2]. These reactions are essentially stereospecific, high yielding, and, due
to the greater solubility of Cp,Zr(H)Cl in THF, rapid. A survey of representative examples
is given in Scheme 7.28. From this sampling, the most obvious limitation of the method is
related to the propensity of this hydride source to reduce aldehydes and ketones in com-
petition with the hydrozirconation [2,57]. Otherwise, the mild nature of these conditions
allows tolerance of an assortment of desirable functionalities [159—161]. A typical syn-
thesis is given in Scheme 7.27.

1. CppZr(H)Cl
THF, t, 15 min 1k H

R———SnBy; ——> ==
90 2. H,O R SnBu,
R = CH,CH,0Bn
1. CppZr(H)CI
THF, 1t, 15 min H ZxCp,Cl I H I
R———SnByy —» — —_— —
90 R SnBu, 0oC R SnBu;
78 86 909
via Pd, Cu } { 1.RLi
chemistry { 1 2.RX
\J
(poly)olefinic compounds
Scheme 7.27 91 -98

Lastly, it should be appreciated that there is a regiochemical issue associated with the
addition of Cp,Zr(H)Cl across unsymmetrical acetylenic stannanes. The long carbon—tin
bond (ca. 2.2 A) [162], the sensitivity of the hydrozirconation reaction to steric effects [2],
and the polarizability of the carbon—tin bond would suggest that the Cp,ZrCl moiety is
attached at the position bearing the trialkyltin group. This was readily confirmed by
quenching studies with D,0 and I, [163]. Although in this case the subsequent protona-
tion step makes this question irrelevant, it is well worth recognizing the 1,1-dimetallo
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nature of the intermediates 78 involved [18,164]. In view of the significant differences in
reactivity between vinylstannanes and vinylzirconocenes, e.g. toward cuprate transmetal-
lations [165—167], species such as 78 can be regarded as stereodefined 1,1-vinyl dianions,
the sequential introduction of two distinct electrophiles (E; and E,) at which is controlled
by the chemistry of each metal. For example, acetylenic stannane 90 can be converted into
iodide 86 by virtue of the selective halogenation of intermediate 78. Various manipulations
of these compounds, e.g. using Pd° and Cu(l), are currently being examined and the
relevant results will be reported in due course. The conversion of stannylacetylenes to
(Z)-vinylstannanes by hydrozirconation (Scheme 7.27) is presented in Scheme 7.28.

SnBuz 91 84%

H—=——SnBuz ------ >
H,C—==SnBu; oore . \_SuBus 92 92%
Ph—=—=—SnBu; - > Ph  SnBus 93 85%
H;CO H3;CO

H7'%SnBu3 ------ > H——'K;San 94 99%
PhCH,0— SnBus 95 90%
= SnBu; -—-- > PhCHZO/_\‘:/

Ph O  SnBu; 96 94%
Ph——/_\O—:——SnBu3 ------ > ./ \—/

1BuPh,SiO
BuPh,SiO SnBu; 97 95%
= —SnBu; - > PN ’
)==—SmBu, . - BusSn 93 979,
BuMe;SiO —
BuMe,SiO =

Scheme 7.28
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7.5.4
Bicyclization of Enynes

Treatment of a stannylenyne/enene compound with a low-valent zirconocene derivative
results in a bicyclization reaction leading to the 1,1-stanniozirconocene complex 99

(Scheme 7.29) in moderate yield [168]. The product of carbonylation of 99 can be readily
converted to 100 and 101 in high yields [169].

</?SnMe3

l n-BuLiCl,ZrCp,

SnMe3 SnMe3
—
ZrCp, _PE_, = "H
Me
99
l SnMe3
60-63% O
CO (1.1 atm) L
H30+ I
(D (o
100 101 Scheme 7.29
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7.5.5
Zirconium-Promoted Bicyclization of Stannylenyne Derivatives

Conversion of silylenynes 102 [6] into the corresponding SnMe; derivatives 103, followed
by a Zr-promoted bicyclization, leads to the gem-stanniozirconocene derivatives 104. Car-
bonylation gives 105, and subsequent iodinolysis of 105 gives 106 in good yield (Scheme
7.30). The formation of 106 proceeds with > 98 % stereoselectivity, thus allowing the
synthesis of carbacyclin 107 [170,171].

1
/ 103

R — .
2 — SlMe3 n-BuLi l ClzZGCz

Ry \

102a. R, =nBu, R, =H R
102b. R, = By, R, = Me 2 =

SnMe3

102¢. R, = Me, R, = nBu ZrCp,
R,
104
co /
SnMe; I
R, I R,
0O —> O
Ry Ry
105 106
nCsHy, /
0QH
H
HOOC _ . OH
H

Scheme 7.30 107
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7.5.6
Bicyclization of Diynes

Zirconacyclopentadiene complex 109, containing carbon atoms that are gem-dimetallated
by zirconium and tin, was prepared by the oxidative coupling of “Cp,Zr” with distannyl-
diyne compounds [172]. Complex 109, bearing trimethylstannyl groups, was characterized
by X-ray diffraction analysis and its structure was compared with those of zirconacyclo-
pentadiene analogues bearing tert-butyl or trimethylsilyl groups. The five-membered zirco-
nacycle ring of 109 has a planar conformation. The C—Zr—C angle in 109 is smaller than
those in the corresponding trimethylsilyl- and tert-butyl-containing ligands (Fig. 7.8).
When the zirconacycle 109 bears tert-butyl groups at carbons C; and Cg, it becomes
twisted and there is torsion in the angles Zr—C;—C,—C; and C,—C,—C,—Cg. Another fea-
ture is the C;—Zr—Cg angle of the five-membered zirconacycle ring (Fig. 7.8). In analogy
to the formation of gem-stanniozirconocenes (see Scheme 7.29), a gem-germaniozircono-
cene complex akin to 109 (Scheme 7.31) can also be formed.

Figure 7.8. Crystal structure of the novel zirconacyclo-
pentadiene complex, 8,8-bis(cyclopentadienyl)-7,9-bis-

(trimethylstannyl)-8-zirconabicyclo[4.3.0]nona-1(9),6(7)-
die ne 109. Adapted by the authors.

Me;Sn—=—=—(CH,),—=—=—SnMe;
108

+
Cp,ZrCl

2 nBuLi
THF, -78 oC

SIIM€3

=
— Cp,
SnMe3
109

Scheme 7.31
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7.6
1,1-Galliozirconocene Complexes

Recently, a variety of reactions according to the general synthetic route shown in Scheme
7.32 were carried out, which facilitated a study of hydrocarbonyl-bridged gallium/zirco-
nium compounds [173,174]. Two representative examples of these unusually structured
R,Ga(u-R',u-R*)ZrCp, complexes will be described and discussed with regard to their
structural properties [175].

The o-hydrocarbyl-bridged gallium/zirconium complexes were prepared by Buchwald’s
method using (n?-cyclohexyne)(PMe;)zirconocene 110 [176] as the starting material
(Scheme 7.32). Trimethylgallium was employed as a Lewis acid to abstract the Lewis
basic trimethylphosphane ligand from 110 and to subsequently serve as a coupling com-
ponent to react with the in situ generated reactive (n’-cyclohexyne)ZrCp, intermediate
111. A fourfold molar excess of Me;Ga had to be used. The Me;Ga - PMe; adduct formed
was removed in vacuo along with the solvent and some unused trimethylgallium to give
the dimetallabicyclic (n*-cyclohexyne)ZrCp,/Me;Ga addition product 112 in almost quan-
titative yield. The same synthetic pathway was found on using (n’-1,2-didehydrobenze-
ne)(PMe;)ZrCp, 113 [176] as an alternative starting material. The reaction of 113 with ex-
cess trimethylgallium cleanly gave a near quantitative yield of the stable dimetallabicyclic
Cp,Zr(u-n"n*-C¢H,) (u-CH3)GaMe, complex 115 via the very reactive (n°-1,2-didehydroben-
zene)metallocene intermediate 114 [177,178].

C
/@ GaMes ] P

GaMe Cp—7r
Cpx —_— Cp22r—|© - 3’ P l
PMe3; - Me3Ga-PMes H-C Ga—Me
111

|
Me
112

110

Cp
/@ GaMe3 |
CpZx’

GaMe3 Cp—Zr
N CpZr— | |
PMe; - Me3Ga-PMe; H-C Ga—-Me
|
114

113 Me
115

Scheme 7.32
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Figure 7.9. X-ray crystal structure of the
Ga/Zr complex 112. The carbon atom C-2 is
planar tetracoordinate. Adapted by the
authors.

Crystals of complex 112 suitable for an X-ray structure determination were obtained on
cooling a solution in pentane to —30°C. The structure determined is shown in Fig. 7.9.
The most remarkable structural feature of 112 is that the gallium center is connected
to the zirconium through two different o-carboxylic bridges. One of them contains the
cyclo-C¢Hy system, which is n'-bonded to gallium and n-coordinated to zirconium. It is
noteworthy that carbon atom C-2 is planar tetracoordinate. It is connected to four neigh-
boring atoms in the o-plane, specifically to carbon atoms C-1 and C-3 and to both metal
centers [175].

The C,—C; distance is 1.572 A [179—183], whereas the C,—C,; bond is much shorter at
1.314 A [173,174], which is within the range of a C(sp?)—C(sp®) carbon—carbon double
bond [184]. The Zr—C(2) bond length is 2.423(5) A. This is slightly longer than expected
for an ordinary Cp,Zr—C(sp’) single bond [185], but still shorter than the average
Zr—C(Cp) separation. The C,—Ga distance is 2.096 A [186,187], which is also slightly
longer than usually observed for gallium—carbon o-bonds {trimethylgallium has a
Ga—C(sp®) bond length of 1.967(2) A [188—191]; this compares nicely with the Ga—C,
and Ga—Cj distances found in 112 of 1.968(7) A and 1.979(7) A, respectively}. The bond-
ing geometry at C, is as expected for a typical example of an electronically stabilized pla-
nar-tetracoordinate carbon derivative. It is indicative of a three-center two-electron me-
tal—carbon—metal o-interaction [the corresponding bond angles of the coplanar o-coordi-
nation at C-2 are 119.5(4)° (C,—C,—C;3), 100.3(3)° (C;—C,—Ga), 79.3(1)° (Ga—C,—Zr), and
61.1(3)° (Zr—C,—C)]. The planar-tetracoordinate bonding situation at the carbon atom C,
is probably further stabilized by a m-conjugative interaction normal to the o-ligand plane
and involving the C,—C,—Zr moiety (Fig. 7.10).

The reaction sequence leading to 120 is probably initiated by a ligand metathesis be-
tween the alkynylgallium reagent 116 and gallido/zirconocene chloride (and not by a sim-
ple hydrozirconation reaction) [192—194]. The (hydrido)(alkynyl)ZrCp, species 118 seems
to be unstable under the reaction conditions and may undergo reductive elimination. The
resulting reactive (n'-alkyne)zirconocene intermediate 119 then undergoes addition of the
ClGaMe, formed in the initiating step to give the thermodynamically preferred dimetallo-
bicyclic product 120 through intermediate reactions involving compounds 117-119
(Scheme 7.33). The overall reaction sequence is another example of a novel synthetic path-
way to this general type of planar-tetracoordinate carbon complexes [30,122,179,180].
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Figure 7.10. Two projections of the molecular
structure of the heterodimetallic complex
Cp,Zr(u-n'mn?-CgH,) (u-CH;)GaMe, 115; carbon atom
C-2 is planar tetracoordinate. Adapted by the authors.
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Scheme 7.33
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7.6.1
Exchange Reactions of Galliozirconocene Complexes

Some exchange reactions of complexes 112 and 115 have been studied. From the X-ray
crystal structure analyses, it appears that trimethylgallium is rather loosely bound to
the (n’-aryne)- and (n’-cyclohexyne)metallocene building blocks in the dimetalla-bicyclic
complexes 112 and 115, respectively (Scheme 7.34). Therefore, it was tempting to inves-
tigate whether it was possible to reverse the reactions depicted in Schemes 7.32 and 7.33
using these specific examples to carry out thermally induced exchange reactions.

The complex Cp,Zr(u-n'n*-C¢Hg)(u-CH;)GaMe, 112 reacts readily with norbornene at
room temperature to give trimethylgallium and the metallacyclic product 121. The norbor-
nene/(n’-cyclohexyne)ZrCp, addition product was tentatively identified on the basis of its
spectroscopic data [194].

Complex 115 reacts analogously with ethene. At ambient temperatures, trimethylgal-
lium is rapidly liberated. At the same time, the remaining (n?-aryne)zirconocene fragment
takes up 1 equivalent of ethene to form the metallaindane system 122. Compound 122
was identified by comparison with an authentic sample [194]. Prolonged exposure of
the reaction mixture to ethene eventually led to the formation of 123.

Acyl-bridged gallium compounds are very rare [30]. In this respect, this heavy Group 3
metal behaves quite differently to its lighter counterpart in the analogous aluminum
compounds. Complexes 112 represent noteworthy exceptions to this observed difference
in coordination behavior. It appears that here the heterodimetallic Zr/Ga complexes
112 are structurally and behaviorally similar to their respective Zr/Al analogues
[121,122,180,182]. In these compounds, the tendency to form a stable planar-tetracoordi-
nate geometry at the carbon C, of the p-n":n*-RCCR’-type bridging o-hydrocarbyl ligand

¢ Zb
CpZr
Cp— 7|I -— + GaMe;
H—,C ('}a—Me
Hy Me
121

Cp —
o) H,C=CH, BC=CH, AN
p—Zr — CpZr B —— Cpazr
-Me;Ga -
H_: (I: (I}a—Me 3 PhCH,CH3
Hy Me 122
115

Scheme 7.34

123
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within the dimetallabicyclic framework seems to be so pronounced that it even helps to
overcome the frequently observed reluctance of the element gallium to form o-hydrocar-
bonyl bridges [187,189,190,195,196].

7.7
1,1-Germaniozirconocene Complexes

In analogy to the formation of gem-stanniozirconocenes (see Scheme 7.29) [197], gem-
germaniozirconocene complex 124 can also be formed (Scheme 7.35).

szGeM%

l n-BuLiCp,ZrCl,

GeMe3
=
7rCp,
124
H30+/ \Hal2
GeMe3 GeMe;
o) = “Hal
Scheme 7.35 Hal

7.8
1,1-Zinciozirconocene Reagents

The methylenation of aldehydes and ketones using transition metal carbene complexes
125 or related 1,1-bimetallic organometallics 126 (R; = R, = H) constitutes an excellent
preparation of alkenes and has found many applications in organic synthesis
[198—210]. Extension of this method to alkylidenation reactions is possible in many
cases, but it is often complicated by the instability of the organometallic reagents 125
and 126 (R, and/or R, _ H) and often shows only a moderate (E)/(Z) stereoselectivity
(Scheme 7.36) [11,15,16,24,211—226]. In the course of recent studies concerning the reac-
tivity of 1,1-bimetallic reagents of zinc and magnesium (127), it was found that a more
general synthesis of these reagents, which were prepared by allylzincation of alkenylmag-
nesium halides, would be desirable (Scheme 7.36) [48,50,227]. Based on the work of
Schwartz [17,202—204] with Cp,Zr(H)Cl [2,25,44,57,228,229], it was found that the hydro-
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zirconation of alkenylzinc halides 128 with Cp,Zr(H)Cl proceeds smoothly in CH,Cl,,
leading to 1,1-bimetallic reagents that can be tentatively represented as 129.

7.8.1
Preparation of Polyfunctionalized Alkenes

The preparation of polyfunctionalized alkenes and allenes using 1,1-bimetallics of zinc
and zirconium has been reported [50]. Addition of a suspension of Cp,Zr(H)Cl in
CH,(Cl, to a solution of an alkenylzinc halide 128 [128a: R; = Hex, R, = H; 128b: R, =
Ph, R, = H; 128c: R, = (CH,),Cl, R, = H; 128d: R, = (CH,);,CN, R, = H; 128e: R, =
(CH,);CH(Bu)CH,COOH, R, = H; see Scheme 7.36] in the same solvent instantaneously
affords a yellow solution of the relatively unstable 1,1-bimetallics of zinc and zirconium
129a—f;, to which an aldehyde or a ketone must be immediately added (Scheme 7.37) [18].

NMR spectroscopic characterization or X-ray analysis of these reactive intermediates
were precluded by their instability. However, the hydrolysis of 129a (R; = Hex) affords
n-octane, and its decomposition results in the formation of a mixture of octane and octene
(ca. 3:1 ratio). It should be noted that attempts to perform this reaction in other solvents
such as THF, diethyl ether, or toluene led only to trace amounts of the product. The ad-
dition of phosphanes such as PPh; or Me,PhP, which typically stabilize zirconium bime-
tallics, was found to completely inhibit the olefination reaction. A variety of functionalized
[MeO,C(CH,);CHO, PivO(CH,),CHO, MeS(CH,),CHO; Scheme 7.38] and unfunctiona-
lized [Pent-CHO, ¢-Hex-CHO, Ph(CH,),CHO; Scheme 7.38] aldehydes produced the de-
sired (E)-alkenes in acceptable yields (43—89 %) and with satisfactory (E)-stereoselectivities
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(75—98% (E)) (Scheme 7.38). No olefination of esters such as ethyl benzoate could be
achieved with this reagent, not even by performing the reaction in the presence of pyri-
dine as a base [234].

Remarkably, the hydrozirconation can be applied to functionalized alkenylzinc reagents
bearing an ester, chloride, or cyano functionality (Scheme 7.37) [230]. The functionalized
bimetallic species 129c—e gave significantly lower yields (55—64 %) but excellent stereose-
lectivities (>94 % (E); Scheme 7.39). Although the (E)/(Z) ratio was always reproducible,
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ZnBr

ZrCp,C1
Bu CO,Et
129¢

Scheme 7.39

the yields of the reaction were found to be dependent on the quality of the Schwartz re-
agent, Cp,Zr(H)Cl [2,44,228,229]; its preparation by the method of the Buchwald [57] gave

Pent-CHO

PhCH,
> \/\Pent
E/Z=98:2, 89%
c-HexCHO X ¢ Hex
—_—
Cl
E/Z=98:2,64%
H
¢-HexCHO X ¢ Hex
_—
CN
E/Z=94:6, 55%
c-HexCHO 2" ¢ Hex
CO,Et

Bu
EIZ=97:3, 58%

the best results (Schemes 7.37—7.39).

When cyclohexenyllithium [231] is transmetalated by ZnBr,, the product readily under-
goes addition of Cp,Zr(H)Cl, thereby providing the intermediate bimetallic 131. Reactions
with aliphatic and aromatic aldehydes lead to the exo-alkylidenecyclohexanes 132a,b in
yields of 76—83 % (Scheme 7.37).

Alkynylzinc bromides 133 are also cleanly hydrozirconated with Cp,Zr(H)Cl leading to
1,1-bimetalloalkenes of zinc and zirconium (134), which react smoothly with aldehydes to

afford allenes in satisfactory yields (Scheme 7.40) [232,233].
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7.9
1,1-Dizirconocene Complexes

Norton and Orpen [235] demonstrated that non-crowded alkynes react with Cp,ZrMe,/
(PhMe,NH)BPh, in a 2:1 ratio at —30°C to give the gem-dizirconioalkene tetraphenyl-
boron complex 135 in 70 % yield (Scheme 7.41). The first step involves alkyne insertion
into [Cp,ZrMe(NMe,Ph)]" to give the alkenyl compound 136 [235]. Rapid o-bond meta-
thesis with the alkyne then liberates the alkene 137 and affords the transient alkynyl
complex 138. The Lewis base (Cp,ZrMe,) reacts with 138 to give a transient dizirconocene
intermediate, thought to be the p-alkynyl-u-methyl complex 139. Insertion of the alkynyl
triple bond into a zirconium-—zirconium bond in 139 leads to the complex 135. The
formation of the dideuteriated alkene and CH;D on treating 135 with D,0O shows that
this complex contains u-methyl- and p-alkenylidene ligands, which bridge two Cp,Zr frag-
ments (Scheme 7.41).

The reaction of nBu,ZrCp, with 2 equivalents of PhC=CPh provides the novel bicyclic
gem-dizirconium complex 140 [236] (Scheme 7.42). Protonolysis of complex 140 with 3 ~
HCI gives bibenzyl in 88 % yield, while its deuterolysis with D,0 provides tetradeuterio-
bibenzyl 141 with 92 % deuterium incorporation. The dual path nature (142 versus 140)
of the reaction of “Cp,Zr” with alkynes is an important factor in designing Zr-promoted
cyclizations of alkynes, enynes, and diynes.

273
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Scheme 7.41

When zirconocene(1-butene) [5] was reacted in situ with p-tolylchloroacetylenes, the
first zircono-zirconacyclopropenes were obtained in high chemical yields [237].

Two isomeric 1,1-bis(zirconium) complexes, 143a and 143b, were obtained in a 3:1 ratio
by transmetallation of gem-aluminiozirconium complexes 3 (Schemes 7.1 and 7.43) [15].
Indeed, when gem-aluminiozirconium complex 3 [24] was treated with 1 equivalent of
hexamethylphosphoramide, red-brown crystals (31 % yield) were isolated.
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7.10
Conclusion

gem-Metallozirconocene alkanes and alkenes are unique reagents for preparing new
classes of bimetallic complexes. Sequential reactions of the zirconium—carbon and me-
tal—carbon bonds allow for easy functionalization. Much of the work in organometallic
chemistry over the past few years has focused on the development of new or improved
methods for the in situ functionalization of alkenes and alkynes. The hydrozirconation
of double and/or triple bonds with Cp,Zr(H)Cl allows the convenient preparation of a
wide range of functionalized organozirconocenes. The chemistry summarized in this
chapter shows that various geminal bimetallic complexes have been used in a wide variety
of carbon—carbon bond-forming reactions. This review has also described the develop-
ment of a new zirconocene-based methodology for applications in organic synthesis, in-
cluding the total synthesis of natural products. Applications of gem-metallozirconocenes
in organic synthesis have been particularly underlined in the case of gem-boriozirconio-,
stanniozirconio-, zinciozirconio-, and bis(zirconio)alkene derivatives. The scope and lim-
itations, as well as mechanistic details of most of the reactions discussed above need to
be further delineated.

Typical Experimental Procedures

Preparation of Boriozirconocene Complex 16 (Scheme 7.5) [33] To a stirred ice-cooled sus-
pension of the Schwartz reagent (0.26 g, 1 mmol) in dry CH,Cl, (1 mL) was added a solu-
tion of B-hexenyl-9-BBN 15 (0.20 g, 1 mmol) in dry CH,Cl, (1 mL). The resulting cloudy
mixture became a clear yellow solution in 1 h at 0°C (or 10 min at ambient temperature),
indicating the formation of 16.

General Preparation of 1,1-Bimetallic gem-Boriozirconocene 20 (Scheme 7.6) [34] A sus-
pension of Cp,Zr(H)Cl (0.35 g, 1.36 mmol) in dry CH,Cl, (2.8 mL) was stirred at ambient
temperature under an atmosphere of argon. (E)-Pinacol 1-hexenylboronate 19 (0.9 mL of a
0.5 M solution in CH,Cl,; 0.45 mmol) was then added. The reaction mixture was stirred
for 40 min, during which it became a clear, green-yellow solution. Evaporation of the
solvent left a yellow oily residue, which was extracted with dry hexanes (4 Xx 6 mlL).
Pumping off the hexanes from the filtrate afforded 20 as a green oil (R = nBu)
(0.203 g, 96 %).

Synthesis of 1,1-Bimetalloalkenes 45 (Scheme 7.17) [12] To a stirred suspension of
Cp,Zr(H)Cl (0.74 mmol, 0.191 g) in dry THF at 25°C under an atmosphere of argon
was added 2-(3,3-dimethyl-1-butynyl-4,4,5,5-tetramethyl)-1,3,2-dioxaborolane 47 (1.2 mL
of a 0.5 M solution in THF; 0.60 mmol). The reaction mixture was stirred for an additional
30 min., whereupon it became clear and green-yellow in color. Addition of an excess
of H,O led to the deposition of a precipitate. After stirring for a further 30 min., the
THF was evaporated and the reaction mixture was extracted with hexanes (3 Xx 10 mL).
Evaporation of the solvent afforded the essentially pure (Z)-1,1-bimetalloalkene 45 as a
colorless oil.
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Synthesis of 8,8-Bis(cyclopentadienyl)-7,9-bis(trimethylstannyl)-8-zirconabicyclo[4.3.0]nona-

1(9),6(7)-diene 109 (Scheme 7.31) [172]

To a solution of bis(cyclopentadienyl)zirconium

dichloride (585 mg, 2.0 mmol) in THF (10 mL) at —78 °C was added dropwise a solution
of n-butyllithium in hexane (2.4 mL, 4.0 mmol). After the reaction mixture had been stir-
red at —78°C for 1 h, a solution of 1,8-bis(trimethylstannyl)-1,7-octadiyne (863 mg,
2.0 mmol) in THF (2 mL) was added at the same temperature. The temperature was
then allowed to rise to ambient, and the mixture was stirred for a further 3 h. The solvent
was then removed under reduced pressure and the product was extracted with toluene.
The extracts were filtered and the filtrate was concentrated and kept at 0°C to afford
the product 109 (723 mg, 55 % yield).
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8
Cationic Zirconocene Species in Organic Synthesis

Keisuke Suzuki, Lukas Hintermann, and Shigeo Yamanoi

8.1
General Introduction

8.1.1
Definition of Cationic Zirconocenes in this Review

Cationic zirconocenes are very reactive species. If we are writing about cationic zircono-
cenes in organic synthesis, the term does not necessarily mean a discrete cation in a
crystalline or dissolved, well-defined salt. Usually, the zirconocene precursors in the reac-
tions to be discussed are neutral complexes, and they first need some kind of in situ
activation before they display cation-type reactivity. From this arises a difficulty in defining
the scope of our review. Thus, as cationic reagents are not directly added to the reaction
mixture, it becomes a question of mechanistic interpretation as to whether cationic zir-
conocene chemistry is taking place or not. The case of [Cp,Zr(OTf),(thf)] serves as a
typical example. Whereas it has been shown by X-ray structure determination that this
is a neutral complex with covalently bound triflates [1], even a weak donor (e.g. solvent,
substrate) will cause ionization in solution; the resulting cationic species is very reactive
and can, for example, catalyze Diels—Alder reactions (Section 8.5.3). The reagents formed
from Cp,ZrCl, and one or two equivalents of a silver salt (AgClO, or others), originally
introduced as activators for glycosylation with glycosyl fluorides [2], display cation-like
reactivity, but as yet nothing is known about their structure or ionization state.

In general, we have therefore considered examples in which typical conditions for the
generation of cationic zirconocenes have been used, and where a common reactivity
pattern expected for such species has been observed. In terms of the Cp,ZrCl,/AgX
reagent, the coverage is almost comprehensive. The vast field of zirconocene-catalyzed
polymerization reactions has been excluded, as this topic is rather specialized (although
very broad indeed) and the polymerization reactions do not serve for the selective syn-
thesis of single target molecules. Before moving on from the issue of polymerization,
we want to stress the importance of such reactions in industry, and the wealth of mecha-
nistic research that has been performed in connection with the cation-type zirconocene
polymerization catalysts [3].
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8.1.2
Conditions for the Generation of Cationic Zirconocene

Halide abstraction: Complexes of the general formula Cp,ZrY, (Y = non-nucleophilic
counterion) can be prepared by halide abstraction from Cp,ZrCl, with AgY. The struc-
turally characterized species [Cp,Zr(OTf),(thf)] was obtained with AgOTf in THF [1].
The complex is not ionized in THF and CH,Cl,, but partially dissociates in MeNO, or
Me,CHNO, [4]. On controlled addition of water to a solution in THF, the triaquo complex
[Cp,Zr(OH,)3](OTf), - THF crystallizes [5] or, under slightly different conditions, the dinuc-
lear complex [(CpZr),(u*-OH),(H,0)¢](OTf),-4THF is formed by protonolysis of one Cp
ligand. The perchlorate salt of the latter complex cation is also known [6]. The species
Cp,Zr(BF,), is unstable and decomposes to Cp,ZrF, and BF; [7]. Other fluoroanions,
such as PF;~, SbF;~, or AsF;~, may also undergo fluoride abstraction reactions, albeit
less easily.

Protonation of zirconium-methyl complexes: The complexes Cp,ZrY, can also be
prepared by reaction of Cp,ZrMe, with the corresponding acid HY. This method has
been applied to the synthesis of Cp,Zr(OTf), (free of coordinating solvent) from
CF;SO;H and Cp,ZrMe, [4]. Very reactive species are obtained when one or two equiva-
lents of the acids (HNR3)[B(CFs),] [8,9] or [H(Et,0),]BARF (BARF = tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate) [10] are used.

Alkyl or hydride abstraction: The Lewis acid B(C¢Fs); [11], as well as the trityl salt
(Ph;C)[B(C4Fs),] [12], can abstract a methyl group from Cp,ZrMe, and related zircono-
cenes to form cationic [Cp,ZrMe]|". In the former case, the methyl group ends up in
the anion MeB(C¢Fs);™; in the latter it is incorporated into MeCPh; (cf: Scheme 8.2).

Single electron transfer to dialkylzirconocenes: Single-electron oxidation of dialkylzirco-
nocenes, e.g. with a ferrocinium [13] or silver salt [14,15], induces the following reaction
leading to a cationic zirconocene [13]:

Cp,ZrR, + [FeCp’y]BPh, = [Cp,Zr(R)(thf)]" BPh,  + 0.5 R—R + FeCp’, (1)

Reaction with MAO: The additive MAO (methylaluminoxane, —{Al(Me)—0O}—,) is special
in that it may be involved in several ways in the generation of a cationic zirconocene
species. It can either serve as a methylating agent (conversion of Zr—Cl to Zr—Me), or
as a Lewis acid in abstracting methyl groups and/or halide. In the generation of polymer-
ization catalysts from Cp,ZrCl, and MAO, a sequence of halogen—alkyl exchanges and
methyl abstraction is involved. The active species generated is thought to have the
schematic composition [Cp,ZrMe] [Me—MAO]™ [3].

8.1.3
Structure and Reactivity of Cationic Zirconocenes

However transient and elusive cationic zirconocenes may be, they are real and some of
their salts have been isolated and characterized, both spectroscopically and by X-ray
crystallography. None of these cations is ever completely free; they are either coordinated
by an additional ligand (typically a solvent molecule) or they interact with their counter-
ions, no matter how non-coordinating these may be [16]. Scheme 8.1 shows the typical
reactivity pattern of a solvent-stabilized cation [Cp’,ZrR(solvent)]" (A; Cp’ = n°-CsH,Me)
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[13]. Addition of hydrogen results in hydrogenation of the alkyl group, releasing the
corresponding hydrocarbon, and a cationic hydride [Cp,ZrH(solvent)]” (B). Mechanisti-
cally, one may view this as a o-bond metathesis, but certainly not as an oxidative
addition—reductive elimination sequence because a d’ species is involved. The zirconoce-
nium hydride B undergoes insertion of an alkyne or an alkene (hydrometalation) to yield
an alkenylzirconium (C) or alkylzirconium (D) cation, respectively. In turn, the alkyl-
zirconocene species D can undergo insertion of an alkyne (carbometalation) to give
a new zirconocene-alkenyl cation (E). All these species can be isolated as complex
salts with the counterion BPh, . Hydride B is also a catalyst for ethene polymerization

[13].
+ ’,Q - + /Oj R
Cp'oZr, Cp'22r>=<—/
D E
R
JOI .
Cp 22r\ — PhMe Cp'QZr\ P2 H
Bn H
A B C
CHo=CH>
I P Y o

Scheme 8.1. Reaction pathways of cationic zirconocene complexes.

The above reactions are rather slow because the insertion reactivity is directly related to
the rate of dissociation of the THF ligand, which is also present as the solvent. The most
reactive cationic complexes are therefore base-free, i.e. they do not contain coordinating
solvents or ligands. Logically, anion coordination is a problem in such systems. lon pair-
ing reduces the reactivity of the cationic zirconocenes, but in the presence of B(CyFs), ,
RB(C¢Fs);~ (R = H, Me), or BARF", this interaction is only weak.

Scheme 8.2 shows pathways to and reactions of base-free zirconocene cations. The
methyl-zirconocene cation F associates with additional Cp,ZrMe, to give a methyl-bridged
dinuclear species G [17], and the anion Me—B(CFs);~ bridges to zirconium through a
methyl group in H [11], but on hydrogenation the cationic hydrido complex I is formed
in which there are only weak contacts with the anion (via C—F bonds) [18].

The aforementioned reactive cationic zirconocene species can react with chlorinated
solvents by chloride abstraction. However, an even more pronounced property of cationic
zirconocenes is their ability to abstract and bind fluoride. Cationic complexes
[Cp,ZrMe(thf)]" are unstable with BF,” and PF¢~ counterions [14], and the reaction of
Cp,ZrCl, with AgBF, directly affords Cp,ZrF, [7]. The use of Cp,ZrCl,/AgClO, as an
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+

Me
CpoZiMe, 492 = R

[CpoZrMe]*[B(CeFs)al Zr—CHg—2r [B(CeFs)al”
F (PhaC)*[B(CoFs)al” ng o
(Ph3C)* [B(CeFs)al”
(L=Cp) G
LngMeg
B(CeFs)3
N P
H
+ o
%)ﬂe H2 \Zf “““ FF
zr. H h
~ A — N
(G—B(CeFs)s ~ ~CHa F F
HoH H_B\ F
H I F5C6 CGFS

Scheme 8.2. Synthetic access to base-free cationic zirconocenes.

activator for glycosyl fluorides (cf. Section 8.2), notably in non-coordinating solvents such
as PhMe, PhH, and CH,Cl,, may involve precoordination of a cationic zirconium species
to the C—F bond followed by formation of a Zr—F bond. The chemistry of organometallic
fluoro complexes of the d-block metals has been reviewed [19].

8.1.4
Availability

The usual precursor Cp,ZrCl, is a commercially available crystalline solid that is slightly
sensitive to moisture and light. Some monosubstituted (ligands RCsH,; R = Me, iPr, nBu,
tBu) and polysubstituted zirconocenes (Me,CsH;, MesCs) as well as the indenyl- and the
2-methylindenyl complex, all of which are homoleptic, are also commercially available.
Many chiral, enantiomerically pure zirconocenes are known [20]. In order to induce an
asymmetric reaction, chiral zirconocenes have to be prepared, of which the most common
are [(EBTHI)ZrCl,) {EBTHI = n'’-ethylene-1,2-bis(tetrahydroindenyl), see Scheme 8.47
for the corresponding bis(triflate)} and Erker’s [(NMI),ZrCl,] (NMI = n’-neomenthylin-
dene) [21] (see Scheme 8.37). The [(EBTHI)ZrCl,] complex is commercially available as a
racemate or in enantiomerically pure form (for a resolution procedure, see the supple-
mentary material of [22]), and the precursor [(EBI)ZrCl)] is available as a racemate.

8.1.5
Reactions Involving Cationic Zirconocenes

In the following sections, we discuss reactions in which cationic zirconocenes are involved
as reagents, intermediates, or catalysts. As already mentioned, polymerization reactions
will not be considered. Section 8.2 deals with the use of the Cp,ZrCl,/AgClO, system
(or similar combinations) as an activator in glycoside synthesis. In Section 8.3, nucleophi-
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8.2 Glycosylations with Cp,ZrCl,/Silver Salt Activators

lic alkylation reactions of aldehydes and epoxides are presented, in which cationic zirco-
nocene species serve as Lewis acidic activators. Section 8.4 covers carbometalation of
alkynes and alkenes with organozirconocene species, which can be stoichiometric or
catalytic in zirconium, whereas in Section 8.5 catalytic reactions are discussed, in
which cationic zirconocenes act in a similar manner to classical Lewis acids through
coordination rather than being involved in organometallic steps. Finally, in Section 8.6,
miscellaneous reactions are collected.

8.2
Glycosylations with Cp,ZrCl,/Silver Salt Activators

8.2.1
Cp,ZrCl,/Silver Salt as a New Activator of Glycosyl Fluorides

The combination Cp,ZrCl,/AgClO, (1:1) was introduced as a very potent activator of gly-
cosyl fluorides in 1988 [2,23]. Reactions are very fast in CH,Cl,, even at —20 °C. The first
examples involved the glycosidation of mycinose with various alcohols (Scheme 8.3). In
order to obtain high B-selectivity with this sugar, which bears a 2-methoxy group, the
reaction had to be performed in benzene [2].

ROH
o) 5 Cngl’C'g + 5 AgCIO, 0
ACO%F AcO OR
omePMe MS 4A, PhH omMeOMe
rt, 10-30 min

R = -CH,Cy 92% (o/B=1:16)
R=Cy 89% (/B =1:16)
R='Bu 59% (B)

Scheme 8.3. Glycoside formation from glycosyl fluorides with a metallocene activator.

The related hafnocene reagent Cp,HfCl,/AgClO, (1:1) shows similar reactivity, but
these congeners sometimes show different selectivity/reactivity for a given set of donor
and acceptor. There has also been a report in which different chemoselectivity was ob-
served for the two reagents (vide infra, Scheme 8.7). When basic functional groups such
as tertiary amines are present in the glycosyl component, the Hf reagent is superior to
the Zr reagent [23].

The utility of both the zirconocene and hafnocene reagents was subsequently shown in
a synthesis of mycinamicin IV (Scheme 8.4) [24]. In attempted glycosylations with tradi-
tional activators, an intramolecular cyclocondensation of the aglycon occurred instead of
glycoside formation, probably due to the glycosylation of the sterically hindered acceptor
being very slow. By virtue of their fast glycosylation kinetics, metallocene-based reagents
circumvented this problem and gave the desired B-glycosides. Interestingly, the second
glycosylation step, for which the Zr reagent is used, is not hampered by the presence
of the amino group in the aglycon.

An even more reactive activator of glycosyl fluorides is generated by employing a 1:2
ratio of the metallocene and silver salt in benzene [25]. The zirconium reagent proved
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Scheme 8.4. Glycosylations in the synthesis of mycinamicin IV. Mycinamicin IV

very effective in a-selective glycosylations with mannosyl fluorides. A screening of several
silver salts showed that clean reactions took place with AgClO,, AgOTf, and AgBF,, but
with AgPF, and AgSbF side reactions occurred due to the high reactivity of the in situ
formed species. Most favorable for a-selective mannosylation were the combinations
Cp,Z1Cl,/AgClO, (1:2) and Cp,ZrCl,/AgBF, (1:2) in benzene (room temp., 20 min)
[25]. In the latter case, the actual in situ reagent may be BF;, formed by fluoride abstrac-
tion from the BF,  anion. In line with this, a control experiment using the activator
BF;-Et,0 gave similar results [25], and the reaction of Cp,ZrCl, with 2 equivalents of
AgBF, has been reported as a synthetic method for generating Cp,ZrF, [7].

The aforementioned metallocene activators of glycosyl fluorides can be applied to glyco-
sylations of monosaccharides as well as to those of oligosaccharides. Especially in the lat-
ter case, they often give better coupling results than other glycosyl fluoride activators. In
the following section, we highlight the use of the zirconocene reagent with several sub-
strates, and provide examples of the synthesis of complex molecular systems.

8.2.2
Applications in Synthesis

8.2.2.1 Application to glycoside and nucleoside synthesis

Toshima et al. achieved an o-stereoselective glycosidation using 2,6-anhydro-2-thioglycosyl
fluoride as the donor (Scheme 8.5). Among other activators, the Cp,ZrCl,/AgBF, reagent
(1:2) was tested and proved to be the best suited for the glycosylation of cyclohexylmetha-
nol in high yield and with high stereoselectivity (a/p = 98:2) [26].
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9 0.6 CpoZrCl, S
AcO E 1.2 AgBF, Q
AcO AcO
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Scheme 8.5. o-Selective glycoside formation from an anhydro thioglycosyl fluoride.
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MS 4A, CH,Cly, —30 °C BzO _ R
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R=0Bz 55% (38R/3S=1:13

Scheme 8.6. Synthesis of terpene-glycosyl conjugates.

e

The zirconocene-promoted glycosylation was applied in the total synthesis of antitumor
monoterpene glycosides by Konda et al. [27] (Scheme 8.6). Glycosylation of linalool and
its 8-benzoyloxy derivative with a glycosyl fluoride proceeded in the presence of
Cp,ZrCl,/AgClO, (1:2) to give the corresponding B-glycosides as mixtures of epimers in
moderate yield.

Castillon et al. reported a series of interesting transformations of a 2-fluoro-2-methoxy-
ribopyranosyl fluoride derivative, a 1,2-dielectrophilic synthon, with several nucleophiles
in the presence of either the zirconocene or hafnocene activator [28—30] (Scheme 8.7).
In the presence of Cp,ZrCl,/AgClO, (1:2), the reaction with Dbis(trimethylsilyl)uracil
gave a mixture of epimeric nucleosides (a/p = 87:13) in good yield, but the corresponding
hafnocene reagent was even higher yielding with the same substrates [28].

When the 2-fluoro-2-methoxyribopyranosyl fluoride was subjected to conditions of
benzyl glycoside formation, the zirconocene reagent (Cp,ZrCl,/AgClO,, 1:2) facilitated
the expected glycosylation, and also substituted the fluorine in the 2-position. It is then
puzzling to note that the hafnocene reagent (Cp,HfCl,/AgClO,, 1:2) displayed a different
chemoselectivity, inducing a Friedel—Crafts-type cyclization to a chromane skeleton. Two
products differing only in one acetal group (methoxy vs. benzyloxy) were formed in high
yield [29].

In the reaction with 6-bromo-2-naphthol, no simple glycosides were obtained, but a
mixture of tetracyclic compounds in yields of 32 % and 44 %, respectively (zirconocene ac-
tivator). The hafnium reagent gave the same products in a similar ratio (21% and 44 %
yield) [30].
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Scheme 8.7. Nucleoside synthesis, glycoside synthesis, and aromatic alkylation with a dielectrophilic
donor.

8.2.2.2 Application to glycosylphosphatidylinositol (GPI) anchor and inositol phosphoglycan
(IPG) synthesis

Glycoconjugates on the cell surface of parasitic protozoa of the Trypanosomatidae (includ-
ing, e. g., African and American trypanosomes and Leishmaia spp.) influence parasite sur-
vival and infectivity. Many glycoconjugates are attached to the plasma membrane by
means of glycosylphosphatidylinositol (GPI) anchors. All GPI anchors (from several dif-
ferent species) that have been characterized to date share an identical ethanolamine-phos-
phate-6-a-p-Man-(1—2)-a-p-Man-(1— 6)-a-p-Man-(1—4)-a-p-GlcNH, - (1— 6)-p-myo-inosi-
tol backbone, suggesting that this sequence may be retained in all GPI anchors.

In a synthesis of a partial structure of the GPI anchor of Trypanosoma brucei, three of
the four glycosylations were realized with the zirconocene activator (Cp,ZrCl,/AgClO,,
1:1; Scheme 8.8). First, the coupling of a 1-p-myo-inositol acceptor with a disaccharide
donor gave a mixture (93 %) of the desired o-linked trisaccharide and its B-isomer in a ratio

289



290 | 8.2 Glycosylations with Cp,ZrCl,/Silver Salt Activators

BnO_ OBn AcO OB
HO OBn BnQ O
AcO Ogn PMBO OBn RO
BnO O
ACC&A OBn CpsZiClp, AGCIO, BRO
0 Q -
BnO F MS 4A, Et,0
N3
Cp,ZrCly, AgCIO, BnO OBn
MS 4A, Et,0 BnO (e}
BnO _OBn %nO a/p =9:1
0 OR
n N
0 BnO BnO
BnO o OBn
(0] (o) (0]
BnO F BnO
BnO N3l BnO OBn
R=Ac 0 OBn
3steps (oo OH PuSH ol 08y
BnO Q
BnO
o AcO OBn
BnO Q
BnO
F
Cp2ZrCly, AgCIO,4
AcO' OBn MS 4A, Et,0
BnO
Bnoéﬁ 99%
Br?(go u/[s_151
QH BnO
O:E—OCchHgNHg
OOH
HO _OH HO o BnO BnO
o E o HO
HO— BnO
HOq HO / N3l BnO OBn
HO HO e 0 OB
o PMBO O

GPI anchor of Trypanosoma brucei

HO_OH

0oL,

0=P-OH

o)
_tooocwHy
OCOC3Hz7

Scheme 8.8. Glycosylations in the synthesis of a GPI anchor.
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of 3.7:1. In the later sequence, two additional a-selective couplings proceeded in 76 % (a/p =
9:1) and almost quantitative yield (o/f = 15:1), respectively, the second to yield a heptaosyl
core that was subsequently converted to the GPI anchor of Trypanosoma brucei [31—33].
Garegg et al. worked on an inositol phosphoglycan (IPG) that constitutes a partial
structure of the GPI anchor [34]. On the way to this IPG, reaction of a glucosyl fluoride
with a sec-alcohol acceptor, sterically biased by the presence of two flanking o-pivalyloxy
groups, gave a reasonable yield (48%) of the oa-glycoside in the presence of the
Cp,ZrCl,/AgOTf reagent (1:1.5 equivalents). Only traces of the p-isomer were detected

(Scheme 8.9).
E ’ io
0 @)
BnO N . O CngrC|2, AgOTf PivO
Al d v oo oFi PIVO OPiv
v MS 4A, Et,O o

HO
OBn 0°C,17h BnO—rl]
AllO
O 8%
OBn

Scheme 8.9. Glycosylation of a sterically hindered, electron-poor inositol derivative.

Brimacombe and co-workers also reported glycosylations of some myo-inositol deriva-
tives promoted by cationic zirconocene species in the synthesis of substrate analogues
of early intermediates in the biosynthetic pathway of GPI anchors [35,36]. Glycosyl fluo-
ride and the acceptors were treated with 4 equivalents of Cp,ZrCl,/AgClO, (1:1) and sub-
sequently one equivalent of tetramethylurea to give the corresponding a-glycosides with
moderate stereoselectivity (Scheme 8.10).

OBn
OB BnO 0
/‘é;‘w 8O Cp,ZiClp, AgCIO, BnO .\ Bno. oR
BnO o) nO OR tetramethylurea 3
BhO F + HO OBn o] OBn
Na PMBmOBn MS 4A, E,O PMBOmOBn
0 °C, overnight
R=CgH17 R=CgH17 51% ((X/B=221)
R =CigHss R=CigHas 70% (o/p = 3:1)

Scheme 8.10. Glycosylation of an inositol derivative.

Martin-Lomas et al. used a zirconocene-mediated coupling en route to an inositol-
containing pseudo-hexasaccharide, which showed structural overlap with GPI and was
designed to contain all the structural features that had been proposed for the type A
inositolphosphoglycans (Scheme 8.11). The glycosylation was performed using the
Cp,Z1Cl,/AgOTf combination in a ratio of 1:2 (2 equivalents) to give, with excellent
yield and selectivity, the required p-disaccharide [37]. The activation of the glycosyl fluoride
in the presence of a thioglycoside is an example of the orthogonal glycosylation that can be
achieved with the zirconocene reagent. Such selective activation of a glycosyl fluoride
in the presence of a thioglycoside has previously been described with the hafnocene
reagent [38].
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N HO Ph/%o o
0 OBn BnO 9]
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Scheme 8.11.  Use of orthogonal activation strategies in the synthesis of a disaccharide donor.

8.2.2.3 Diverse oligosaccharide syntheses

Lipoteichoic acid (LTA), which is a characteristic and widespread cell-surface constituent
of gram-positive bacteria, is an amphiphile consisting of two covalently-bound distinct
parts, i.e., a glycolipid and a hydrophilic poly(glycerol phosphate).

In the context of a synthesis of LTA, Kusumoto et al. reported that the glycosidation re-
action of a gluco-donor and a glycolipid acceptor using Cp,ZrCl,/AgClO, (1:2) in toluene
at —5°C preferentially afforded the a-glycoside (a/B = 3:1), whereas the anomeric selec-
tivity was slightly lower when SnCl,/AgClO, was used (a/p = 2.3:1) [39] (Scheme 8.12).

OBn

BnO Q
BnO IOCOC15H31

HOGO __A_0COC 5Has 0OBn
BnO 0
. Cp,ZtCly, AGCIO, BnO 5 OCOC,5H34

R PhMe, =5 °C O~ A\ 0COC1sHs

OTroc
BnO\mZEB/n (no_\ Q OBn OTroc

o0

Scheme 8.12. Synthesis of glycolipids. 67% (0/B=3:1)

Nicolaou reported, in relation to a total synthesis of the NodRm-IV factors, that the
coupling of a glucosamine derivative with a glycosyl fluoride mediated by Cp,ZrCl,/
AgClO, (1:1) leads to a disaccharide with a B-glycoside linkage, as expected from the
directing effect of the N-phthalimido group [40]. This protocol also involved the addition
of an equivalent of the sterically hindered base 2,6-di-tert-butyl-4-methylpyridine (Scheme
8.13).

OMP
PhthN CpoZrCl,, AgOTS OTBPS
AcQ O o O
+ . PMBO PMBO OMP
2,6-di-tert-butyl-4-methyl- PhthN PhthN
OTBPS pyridine, MS 4A, CH,Cl,
HO o 0-25°C,16h 56%
PMBoéS/OMP

PhthN

Scheme 8.13. Disaccharide synthesis in the presence of a sterically hindered pyridine.
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Danishefsky recently reported a second-generation synthesis of the hexasaccharide
MBr1 (globo-H) breast tumor antigen, in which Cp,Zr(OTf), was used in the glycosyla-
tion of a disaccharide acceptor to give an a-trisaccharide in high yield and with high
selectivity (Scheme 8.14) [41]. From an experimental point of view, several aspects are
worth noting in this example. First, 0.45 equivalents (based on Zr) of the isolated complex
[Cp,Zr(OTf),] was used, rather than an excess of the in situ generated reagent. Given that
the reaction solvent contained THF, one can conclude that the commercially available
complex [Cp,Zr(OTf),(thf)] might be an alternative reagent for future use. Second, an
equivalent of the sterically hindered base 2,6-di-tert-butylpyridine was added during the
glycosylation. Third, on optimizing the procedure, the solvent mixture toluene/THF
(5:1) was found to give the a-glycoside in the highest yields and with the best selectivity

(10:1).
BnO _OBn HO _OBn OBn
o . 9 o 0
PMBO&\_ BHO&/&,O&&O
BnO B0 O

BnO F

BnO _.OBn
0 80% a, 8% P
PMBO e
Cp2Zr(OTf), BnOg oBn OBn
2,6-di-tert-butylpyridine Bnog&ﬁoégpoﬁ/\
PhMe/THF 5:1 BnO BnO 3

-20—-7°C,72h
88% (a/p=10:1)
Scheme 8.14. o-Selective trisaccharide synthesis.

In the synthesis of a part of the gp 120 glycoprotein, galactosylation of a disaccharide
acceptor containing two free hydroxy groups was achieved regioselectively using the
Cp,ZrCl,/AgOTf reagent to afford a major p-(1—4)-linked trisaccharide in 81 % yield
[42] (Scheme 8.15).

AcO _OAc OTBS
] HO Q
Acogg/s: " Ho/éﬁ/o OAc
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Cp2ZrClp, AgOTH OTBS
Q o o
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4-methylpyridine C PhthN A=
MS 4A, Et,0 c
81% OPNP

Scheme 8.15. B-Selective trisaccharide synthesis.
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8.2.2.4 Cycloglycosylation

Ogawa and co-workers reported a successful cycloglycosylation using the Cp,ZrCl,/
AgClO, (1:2) activator (Scheme 8.16). In addition, all glycosylation reactions in the syn-
thesis were performed with the same reagent, denoted as in situ generated Cp,Zr(ClO,),.
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Scheme 8.16. Synthesis of a cyclolactohexose.
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The linear lactohexaose cyclization precursor was built up in a [2 + 2 + 2] strategy by two
consecutive a-selective glycosylations using the same disaccharide donor D, and this was
followed by a final cyclization. The o-selectivities in the intermediate steps were only mod-
erate (a/p = 2.9:1 in both cases), but the cyclization to the trigonally shaped protected cy-
clolactohexose proceeded in 74 % yield and gave a single isomer [43]. Similar strategies
allowed the syntheses of cyclolactooctaose and cyclolactodecaose, again featuring the zir-
conocene perchlorate activator [44].

8.2.2.5 Glycoconjugate synthesis

Zirconocene-promoted glycosylation was also applied in glycopeptide synthesis by Tsuda
and Nishimura [45]. A disaccharide glycosyl donor was attached to the unprotected threo-
nine residue of a tripeptide (stereochemistry not given, but probably natural) in the pres-
ence of Cp,ZrCl, and AgClO, (1:2) in CH,Cl, to afford the corresponding o-glycoside in
64 % yield (Scheme 8.17).

Ph

AcO OAc o o
)I\ H OBn
AcO N T)J\ N
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0
AcO _OAc O
AcO
CpoZrClp, AgCIO4 (1 : 2) AcO Ng
n o)

MS 4A, CH,Cly o h 9
-20 - -10°C, 3 h

- : BnO)J\N N N ©8n

H Ho L

Scheme 8.17. Glycosylation of a threonine residue in a tripeptide. 64%

Among structurally diverse glycoprotein oligosaccharides, those containing repeating N-
acetyl-lactosamine structures attract much attention in connection with various biological
events, most notably as onco-differentiation markers.

In the stereocontrolled synthesis of O-linked glycan, which contains a repeating lactosa-
mine unit, Ogawa and co-workers set up the protein—carbohydrate link by glycosylation of
a serine derivative in the presence of Cp,ZrCl,/AgClO, (Scheme 8.18). The desired a-glyco-
side was formed together with the corresponding p-isomer in 84 % yield (o/p = 3.33) [46].

BnO _OMCA
BnO ~OMCA -1 [5 3.33
g&m NHFmoc  ¢p,71Cl,, AgCIO, (1 : gﬁ
+ HO
BnO S ~"SCOOAIl  CICH,CH,CI. 23 °C % NHFmoc
8 \/\COOAII

Scheme 8.18. Glycosylation of a serine residue. 84%
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8.2.2.6 Conclusions on the use of the zirconocene/silver perchlorate activator: Modification
and tuning of the reagent

Addition of a bulky pyridine base: Some workers have added an equivalent of 2,6-di-tert-
butylpyridine or 2,6-di-tert-butyl-4-methylpyridine to the glycosylation mixture. While the
reasons for this addition have not been discussed, one can note that according to a spec-
ulative equation for the glycosylation reaction:

ROH + RF + AgClO, + Cp,ZrCl, = ROR + HCIO, + AgCl + Cp,ZrFCl  (eqn. 2)

One equivalent of a strong acid is liberated, which might be trapped by the pyridine
base. However, in most other reported examples, such an addition of base was not neces-
sary. The actual products of this reaction, other than the glycoside and silver chloride, are
not known. Species such as Cp,ZrCIF and Cp,ZrF, are known, however, and have been
described as mononuclear [19].

Excess of reagent: In the original communication, 5 equivalents of both Cp,ZrCl,
and AgClO, were used to bring about glycosylation [2]. This excess ensures a fast
reaction, which is often the key to success in a situation of competing pathways. On
the other hand, the metallocene/silver salt (1:2) activator is often used in lower quantities,
down to 0.5 equivalents. This shows that each zirconium can bind two equivalents of
fluoride.

In situ reagent vs. triflate complex: The solvent-free complex Cp,Zr(OTf),, which is
obtained by acidolysis of Cp,ZrMe, with triflic acid [4], has been used as an activator in
a glycosylation reaction [41]. It is probable that similar species are formed on mixing
2 equivalents of AgClO, (or other silver salts) with Cp,ZrCl, in the course of the glycosy-
lation reaction. The question thus arises as to whether it is preferable to use in situ activa-
tion methods or isolated complexes. The complexes in question are sensitive to moisture,
and therefore handling and storage may be problematic. However, similar considerations
apply to most of the silver salts used for activation. It seems that the direct use of com-
mercially available [Cp,Zr(OTf),(thf)] in glycosylation reactions might offer advantages
in terms of a straightforward experiment set-up, but with this complex no glycosylation
has been demonstrated to date. For anions of low nucleophilicity other than triflate, no
readily available zirconocenium complexes are known, and therefore the in situ methods
for glycosylation are obligatory anyway.

823
Activation of Glycosyl Sulfoxides

It has recently been shown that the Cp,ZrCl,/AgClO, (1:2) reagent is also an activator
of glycosyl sulfoxides bearing electron-rich ether protecting groups. Glycosylations of
primary, secondary, and tertiary alcohols have proved successful. In reactions with a
gluco donor, the regioselectivity of glycoside formation was found to change from o to
B with increasing steric hindrance of the acceptor, whereas with a manno donor o-glyco-
sides were consistently obtained in excess. The exact o/f ratio was also strongly influenced
by the configuration of the donor. An example of disaccharide synthesis was also provided
(Scheme 8.19) [47].



OMe
OMe
MeO o(vx)n ° MeQ 2
ﬁ/leo o as above MeO

8 Cationic Zirconocene Species in Organic Synthesis

OMe BnOH OMe
MeO 0 CpoZrCly/AgCIO, (1 : 2) MeO o
MeO 0O MeO
MeO S CH,Cl,, MS 4A MeO OBn
Ph —20°C >t
oorf 80% (/B = 4.4 : 1) from B-sulfoxide

79% (o/B = 1 : 1.15) from o-sulfoxide

OMe

BnO

S\/ OBn
aor B Ph 82% (a/f = 20.5 : 1) from B-sulfoxide
67% (o/B = 5.8 : 1) from a-sulfoxide
OBn
OBn OH CpoZrCly/ BnO 0
o AgClO, (1:2) BnO
0] BnO
BnO s©OPh + B85 0
BnO Al CH4Clp, MS 4A BnO O
OMe  _o0°c 5t Allo
A”OOMe
Scheme 8.19. Glycosylation reactions with a glycosyl sulfoxide. 72% (0/p=29:1)
8.3

Nucleophilic Additions to Aldehydes and Epoxides

8.3.1
Silver-Mediated 1,2-Addition of Alk(en)ylzirconocene Chlorides to Aldehydes [48]

Alkyl- and alkenylzirconocene chlorides [Cp,Zr(R)Cl] are readily accessible by hydrozirco-
nation of alkenes and alkynes with the Schwartz reagent [Cp,Zr(H)Cl] [49]. These organo-
metallic species are not sufficiently reactive to cleanly add to aldehydes and ketones or to
open epoxides. However, nucleophilic addition of alkenylzirconocenes to aldehydes is
strongly accelerated by a catalytic amount of AgClO, [50] (Scheme 8.20). The perchlorate
is more effective than other salts, the order of reactivity being: AgClO, > AgOTf >
AgSbF¢ > AgPF¢ >> AgBF,. Alkylzirconocene chlorides also give the addition products,
but the reaction is slower and the yields are rather sensitive to the steric hindrance of the
aldehyde [50].

o)
Bu Ph/\/U\H OH

Cp2Zr(H)Cl —/
Bu P Pe ( ) Cp\zr /\)\/\
CH,Cly, rt, 10 min Cp” cl cat. AgCIO, Ph Bu
) ) 5 mol%: 90% (10 min)
Scheme 8.20. Hydrozirconation—carbonyl 1 mol%: 90% (30 min)

addition sequence. 0.1 mol%: 84% (2.5 h)
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8.3 Nucleophilic Additions to Aldehydes and Epoxides

Later, it was found that AgAsF, is even more effective in promoting the addition
reactions to aldehydes. Very high yields were obtained with both alkyl- and alkenyl-
zirconocenes [51]. The use of AgAsF, is not only beneficial in terms of reactivity,
but is also safer in view of the potential explosive properties of AgClO, [52] (Scheme

8.21).
ZBu
Cp H
:Zriol —
Cp =——Bu
CHZC|2
Scheme 8.21. Improved carbonyl

addition results with AgAsFg.

RCHO Bu
Cp\Zr/\/ Bu 10 mol% AgAsFg
- ~
Cp~ Cl , 10 min OH
A
Cp Bu as above R Bu
: Zr\/\/ e, RN
Cp Cl OH
B
Aldehyde RCHO Yield of Alcohol
A B
PhCH,CH,CHO 95% 91%
CyCHO 99% 96%
PhCH(Me)CHO 98% 91%
'BuCHO 89% 88%

A mechanism involving the generation of a cationic alk(en)ylzirconocene (I; X = R’)
through chloride abstraction by silver(I) has been postulated (Scheme 8.22). This cationic
intermediate is capable of activating the carbonyl group towards addition (II). Irrespective
of whether an alk(en)yl group is added intra- or intermolecularly, a new cationic species is
generated (either by R’-transfer or Cl-abstraction from III) and the reaction thus proceeds
in a zirconium-catalyzed manner [50].

cp_+.X
Cp_ Cp Szr
Priq Cp ClOo4
(o] X
A I
R "R e}
: Clo4~
Cp, R Cp /Cp 4
/Zr\ + /Zr\
Cp j\ X
I R™H X=ClorR'
11
Scheme 8.22. Mechanism of silver-mediated carbonyl addition.
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8.3.1.1 1,3-Diene synthesis from aldehydes

A useful application of the silver-mediated additions is 1,3-diene synthesis by three-carbon
elongation of aldehydes [48,51,53]. The bimetallic reagent 3-trimethylsilyl-1-propenylzirco-
nocene chloride (A; Scheme 8.23) reacts with aldehydes under the influence of a catalytic
amount of Ag” to give the intermediate zirconocene-alkoxide B, which then undergoes
a Peterson-type 1,4-elimination of TMS alkoxide to stereoselectively afford (E)-dienes
(E/Z > 96:4) (Scheme 8.23). A Wittig reaction yields the same products without stereo-
selectivity (ca. 1:1 mixtures of E- and Z-isomers).

SiMes j\
CpoZr(H)C Cp-. /__/, R™H

" SiMes e By
5 mol% AgCIO4
A
X
O, Zl’Cpg
heat to reflux
R)\/\/SiMeg RN
CH,Cl,
E/. 96:4
B (X = Cl, ClOy) (E2)
82% (rt, 1 h; then reflux) 87% (rt, 30 min)
OBn
PR xR Py
90% (rt, 30 min) 78% (tt, 20 min)

Scheme 8.23. Stereoselective diene synthesis.

The elimination from the zirconium alkoxide B (Scheme 8.23) to give the 1,4-diene also
proceeds through cationic activation. An independently prepared sample of pure B (X =
Cl) would not undergo elimination unless a catalytic amount of AgClO, (or TMSCIO,,
which is the probable chain carrier in this elimination reaction) was added. If AgAsF,
is used as the promoter for the reaction sequence, only the first (addition) step takes
place and no elimination to the diene is observed [51].

o-Quinodimethanes constitute a special type of 1,3-dienes. Scheme 8.24 shows an exam-
ple in which silver-mediated addition of alkylzirconocene chloride to an aromatic aldehyde
produces a zirconocene alkoxide ready for 1,4-elimination. Generation of the quino-
methane is achieved using BF;-OEt, (AgAsF, alone would not cause elimination) and
the generated quinomethane is trapped by the added dienophile [51].

0 CO,Et
CC: (
CO,Et
SnBUs 5 Mol AgAsFg . COqEt 2
2

Cp_ o~ CHLClp BF3-Et,0 CO,Et

PriQ
Cp Ci SnBU3 87%

Scheme 8.24. Silver-mediated carbonyladdition, followed by 1,4-elimination and cycloaddition.
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8.3 Nucleophilic Additions to Aldehydes and Epoxides

8.3.1.2  Homologation of aldehydes

By the hydrozirconation of ethoxyethyne (A; Scheme 8.25) or (Z)-1-methoxy-1-buten-3-yne
(B), two useful reagents for the two- (I) or four- (II) carbon homologation of aldehydes are
generated in situ [54]. Silver-mediated addition to several aldehydes followed by acidic hy-
drolysis gives the homologous unsaturated aldehydes in good to excellent yields. By repe-
tition, long-chain polyenals can be obtained; starting from cyclohexanecarbaldehyde, three
consecutive four-carbon homologations gave the corresponding hexaenal with yields of
90 %, 80%, and 61 % for the individual steps.

OEt
=——OEt CpaZr, (o) R/M o
cl 1) R4
A | H °
CpaZr(H)CI cat. AgCIO, 80-94%
2) HyO*
~ oMe /:/_\ OMe A XA N
//_\ CpoZr, 0
cl 61-90%
B i

Scheme 8.25. Homologation of aldehydes to enals and dienals.

8.3.2
Nucleophilic Ring-Opening of Epoxides by Alkylzirconocene Chlorides

Like the 1,2-addition of organozirconocene chlorides, the nucleophilic ring-opening of
epoxides is not usually feasible with the reagents alone. However, it has been found
that an intramolecular cyclization of an alkylzirconocene possessing an oxirane ring oc-
curs upon the addition of a stoichiometric amount of AgClO,, and that this is even higher
yielding with BF,-OEt, (Scheme 8.26) [55].

HO
o — CpoZr(H)CI O activator (1 eq.)
_— ZrCp,Cl Ph
CHyCly, 1t
A Q,
Ph Ph gClOy4 47%

Scheme 8.26. Intramolecular epoxide opening.

833
Nucleophilic Reactions of Organozirconocene Chlorides with Epoxides

What will happen in the intermolecular reaction of organozirconocene chlorides with
epoxides in the presence of an activator? The experiment was performed by Wipf and
Xu [56]. The products of this reaction bear the alk(en)yl group and the oxygen atom
from the epoxide on the same carbon, showing that no simple epoxide ring-opening
takes place (Scheme 8.27). The strongly Lewis acidic Cp,RZr" generated by chloride
abstraction from Cp,ZrRCl with AgClO, initially induces an epoxide opening followed
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by a 1,2-hydride shift. The resulting aldehyde then undergoes a nucleophilic attack of R to
give an alkoxyzirconocene cation, which then abstracts a chloride from Cp,ZrRCl to re-
generate Cp,Zr ' R. The occurrence of this rearrangement of an epoxide to the correspond-
ing aldehyde was confirmed upon exposure of an epoxide to the Lewis acid generated in
situ from Cp,ZrCl, and AgClO, (c¢f. Section 8.5.2).

OH

o)

\/k]

TBSO" XX ZrCp2Cl TBSO/\M(\
AgCIOy (5 mol%)

10 min

92% (dr=1:1)

\)<jo OH
BU/\/ ZrCp,Cl Bu/\Ar/\
AgCIO, (5 mol%)

59% (dr=1:1)

Mechanistic Scheme

+
Cpa(RIZS g
o \I/\Ru
L~ g OZr(R)Cp2
(@]
P
H
CpoZr(R)CI N H\ ,
+ CpoZiR i R
AgCIO, + 0
Cpz(R)Zr
R
R
OZrCp,Cl

R\‘/\ R
+.0
CpoZr
CpoZr(R)CI

Scheme 8.27. Silver-mediated reaction of alkylzirconocenes with epoxides.

The reaction between an epoxy ester and an alkenylzirconocene chloride, again in the
presence of the activator AgClO,, takes a different course (Scheme 8.28) [57,58]. Assis-
tance by the ester group leads to intramolecular ring-opening of the epoxide, and the
resulting dioxolenium ion is stereospecifically alkylated by intramolecular transfer of
the alkenyl ligand from zirconium, thereby forming an acetal [57]. Depending on the
structure of the epoxy ester, another mode of reaction is possible, which involves the trans-
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fer of the alkoxy ligand instead of the alkenyl ligand to the cation center, in which case
orthoesters are the products, c¢f. Section 8.5.1.

i /_\ oA

0"+~0 o o
gpg /\._/ +
No N R N o-ZCP2
Cl)l
CDZZI’\/\Rl
XL
+
Oj)o CpZZr\/\R,
R R'
(@) S
O>(O\/ Scheme 8.28. Internal
transfer of an alkenyl
. Cp2 roup to a dioxolenium
W ’Zr\ g P
0 Cl ion.

Some examples of the dioxolenium ion alkenylation reaction are shown in Scheme 8.29
[58]. The use of AgClO, on Celite (easier to handle than pure AgClO,) and triphenyl phos-
phite was stated to improve the reproducibility in these reactions. At present, the method
is not applicable to alkylzirconocene chlorides.

o}
0 =R + CpyZrHCl EO” ~P 5 AR
7 ovk(f Q0
EtO )_/
o P(OPh)s (5 mol%) i
AgCIO /Celite (5 mol%) SoH
CHoCly
R =C4Hg (73%)
R = (CH2)30Bn (69%)
R = CH(Me)OBn (31%)
Scheme 8.29. Results of the dioxolenium ion alkylation. R = (CH3),OPiv (66%)

8.4
Carbometalation of Alkynes and Alkenes

Cationic zirconocene species efficiently activate alkenes toward carbon—carbon bond for-
mation via carbometalation, as has been demonstrated in studies of alkene polymeriza-
tion. Today, some zirconocene catalysts are available that allow single additions of
metal-alkyls (mainly aluminume-alkyls) to alkenes or alkynes, thereby forming stable
alkyl- or alkenyl-metals that do not undergo any further oligomerization. On the other
hand, carbozirconation with Cp,ZrRCl in the presence of stoichiometric or catalytic
amounts of activators has also been realized.
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8.4.1
Carbometalation of Alkynes

8.4.1.1 Methylalumination

In 1978, Negishi et al. reported highly regio- and stereoselective methylalumination of al-
kynes with Me;Al using a zirconocene catalyst [59]. The involvement of cationic zircono-
cene species in the activation of carbon—carbon triple bonds was suggested in a reaction
mechanism featuring electrophilic activation by aluminum (Scheme 8.30).

MegAl

cat. CpoZrCl R H(R)
R———H(R) Pall

al
MegAl +  CpozZiCly w———— MegyAl_ ZrCp,Me
Cl

R———R R——R

Scheme8.30. Carboalumination 'S+ 5—
of alkynes with AlMe;/Cp,ZrCl,. Me—ZrCp,--Cl--AlMe,ClI

The method enables conversion of substituted alkynes to (E)-2-methyl-1-alkenylalumi-
num species, and, by subsequent iodinolysis, to the corresponding iodoalkenes with reten-
tion of the double-bond configuration. Depending on the substitution pattern of the start-
ing alkyne, many useful products emerge from this reaction, which themselves can serve
as building blocks for transition metal-mediated or -catalyzed coupling reactions [59—62].

A remarkable feature of the methylalumination reaction is that the addition of water to
the reaction mixture has an accelerating effect. An in situ generated aluminoxane species
(similar to MAO) is most probably responsible for this effect. The methylalumination
then proceeds at —23 °C without any loss of regioselectivity [63].

8.4.1.2 Other alkylaluminations

Attempts to use the isobutyl group in the carbometalation of alkynes only give rise to hy-
drometalated products, but ethyl and n-propyl groups can be successfully transferred from
the corresponding dialkylaluminum chlorides. The regioselectivity in these reactions is
lower than that for the methyl transfer. Indeed, the reaction mechanism may be different
from that of methylalumination [62].

Despite the formal similarity of the reaction, the mechanism of Cp,ZrCl,-catalyzed
ethylalumination [64] with AlEt; is different from that of either methylalumination with
AlMe; or ethylalumination with Et,AlCl [62]. The involvement of dimetallic species was
confirmed by NMR spectroscopy as well as deuterolysis (Scheme 8.31). The proposed
mechanism features an interesting zwitterionic bimetallic species, in which the zirconium
center is cationic. A highly instructive treatise on the mechanistic pathways of carbome-
talation is presented in [65].

An allylaluminum species, which was generated by the reaction of allyl Grignard re-
agent with diisobutylaluminum chloride, was found to react with terminal alkynes in
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3 Et3Al Bu Bu Bu
CpoZrCly (10 mol%) Bu _ DCl ==
Bu———2Bu 'AIEt D(>98%)
DO
hexane 2 D(>98%)
23°C,6h
92%

Mechanistic Scheme:

/ \—
Cp2ZrCl, + 2 EtzAl —_— CpQZr\a,AIEtg + EtAICI

-~ EtH
R—=—R R
_ R—=—-R A
CpoZr. + AlEt, CpoZr _— R 4
Cl _ CpaZr , AlEt,
Cl-AlEty cl

Dl _
D,0 { D
D

Scheme 8.31. Ethylalumination with AlEt;, catalyzed by zirconocene dichloride.

Bu H Bu H
szZl’Clg
s~ AMe;  + Bu—= o H + H o
o — —
a b

95% (a/b =75 : 25)
Scheme 8.32. Addition of an allyl group from aluminum to an alkyne.

the presence of zirconocene dichloride to give the carbometalated products [66]. Analo-
gous reaction with crotylaluminum revealed that the carbon—carbon bond is established
mainly between the less hindered o-position of the organoaluminum and the internal car-
bon of the alkynyl triple bond, although some regioisomers are also formed, the amount
of which depends on the actual alkyne used (Scheme 8.32).

8.4.1.3 Allylzirconation

Allylzirconation of alkynes with allylzirconocene chloride reagents (obtained by hydrozir-
conation of allenes) takes place in the presence of a catalytic amount of methylaluminox-
ane (MAO) [67,68]. MAO presumably abstracts chloride to form an allylzirconocene ca-
tion, which coordinates to the alkyne triple bond. The subsequent migratory insertion
is regioselective, as it is found that the new bond is mainly formed between the a-carbon
of the allylzirconium species and the internal carbon of a terminal alkyne (Scheme 8.33).
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x
e ~_OTBPS
l CpsZr(H)CI S OTBPS
Cpa(ChZr -~y ~_-OTBPS n-CgHy7 xH (D)

—| 1. MAO (30 mol%)

CeH
ek == 2. Hy0 (or D20) 65
94% (>98 : 2 regiosel.)

CeHs
Scheme 8.33. Allylzirconium addition to alkynes, mediated by MAO.

Some attack at the terminal carbon of the alkyne also takes place, and the regioselectivity
of the reaction depends very much on the steric bulk of the alkyne substituents.

When 1-iodoalkynes are coupled with allylzirconocene chlorides in the presence of a
catalytic amount of MAO, disubstituted alkynes are formed (Scheme 8.34). At first
sight, this might appear to be a simple substitution reaction (i.e., involving an addi-
tion/elimination sequence), but the product is in fact formed by a 1,2-rearrangement of
an intermediate zirconocene carbenoid generated by allylzirconation of the 1-iodoalkyne
[69]. Evidence for this was provided by an experiment with *C-labeled iodoalkyne, in
which it was shown that the naphthyl group migrates during the reaction sequence.

CPa(CZr_~_~_OTBPS
1. MAO (30 mol%) z 7 OTBPS
+ [
4 2. H;0 (or D,0) OO
9@ -
13C-labeling experiment:
P
Z
A 13, [2] g
+ - . —
Ar/u\/\/ R Ar)j\/\/ R
Cpa(ChZr R

Scheme 8.34. A carbometalation—1,2-shift sequence.

8.4.1.4 Alkylzirconation
Whereas zirconium-catalyzed alkylalumination of alkynes is at present limited to some
simple alkyl groups, it has been found that carbozirconation with Cp,Zr(R)Cl considerably
expands the scope of the alkylmetalation of alkynes. The reactions are initiated by catalytic
amounts of additives (typically Ph;C[B(C4Fs),]), which probably serve to generate cationic
zirconocene species. Regioselectivity in favor of attack at the more highly substituted car-
bon is observed [70,71] (Scheme 8.35).

Internal alkynes, which usually show low reactivities, are carbometalated to give trisub-
stituted alkenes in high yields by applying this methodology. Unsymmetrical internal
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TBPSO™ "X
Cp,Zr(H)CI TBPSO
e~ ZHCNCpp — 1. PhaCHB(CeFs)al”
TBPSO _l & mot)
A J 2. H,0 MeO
MeO

MeO 88% (94:6 regiosel.)

MeO

R‘l
Cpa(ChZr—Caftrs PRy B(CoFs)al ‘
(10 mol %) CeHia
+

CH.Clp O H
O=+ "

86% (a/b = 94:6)
MeO

a:R'=0OMe, R?=H
Scheme 8.35. Regioselective alkylzirconation of alkynes. b: R'= H, R? = OMe

alkynes bearing one ortho-substituted aryl group undergo regioselective alkylzirconation to
give trisubstituted alkenes upon protonolysis (Scheme 8.35).

Bicyclic compounds are obtained in a sequence of intramolecular migratory insertions
(i.e. alkenylzirconations of alkenes!) and an intermolecular carbometalation (Scheme
8.36). Starting with a chlorotriene, oxidative addition of the Negishi reagent (Cp,Zr), fol-
lowed by migratory insertion, gives an alkylzirconium species, which adds to a phenyl-
alkyne in the presence of MAO. A final migratory insertion affords the product as a mix-
ture of cis- and trans-fused bicycles [72].

¢l CpoZrCl, Ph—= H
X + 2 Buli szzlr MAO Ph
PhMe cl H* or D*
H(D)

71% (0/fp=3:1)
Scheme 8.36. Formation of a bicycle by an insertion—carbometallation—insertion sequence.

8.4.2
Carbometalation of Alkenes

Syntheses of isolable organometallic species by carbometallations of alkenes are difficult
because many side reactions can occur, namely f-hydride elimination and chain propaga-
tion. As a consequence, only a few examples have been reported to date, mainly concern-
ing reactions in which the initial carboalumination product is trapped through fast intra-
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molecular cyclization [73—75]. However, it is notable that a successful asymmetric carbo-
alumination of alkenes has been developed, using a chiral zirconocene as catalyst.

Reactions of various terminal alkenes, some of them bearing heteroatom substituents,
with Me;Al and a catalytic amount of Erker’s chiral neomenthylindene-zirconocene
dichloride provide, after oxidation with O,, 2-methyl-1-alkanols in high yields with up
to 85 % ee [76] (Scheme 8.37).

1. AlMes, (NM1),ZrCly (8 mol%)
R~ RoH
CoHaCly :
2.0,

up to 85% ee
(R = i-Bu; 92%, 74% ee€)

E,%Z',_m = (NMI),ZrCl,
AY
Cl

Scheme 8.37. Enantioselective methylalumination in the synthesis of isoalkyl alcohols.

The method can also be applied to ethylalumination with AlEt;, in which case 2-ethyl-1-
alkanols are obtained with >90% ee [77] (Scheme 8.38).

1. AlEts, (NMI)2ZrCl; (8 mol%) n-CaH
n—CBHW\/ 8 17\I/\OH

CH3CHClIy Et

2.0,

63%, 92% ee
Scheme 8.38. Direct enantioselective ethylalumination.

The zirconocene-catalyzed enantioselective methylalumination is accelerated by the
addition of water to the reaction mixture. Styrene derivatives in particular, which are
unreactive under the aforementioned conditions, readily undergo methylalumination at
—5°C. The reaction of water and AlMe; most probably yields aluminoxanes. MAO was
also shown to accelerate the reaction, although less markedly [78] (Scheme 8.39).

1. Al-reagent
(NM1),ZrCly (5 mol)

TBPSO._~_~ TBPSO~~"oH
CH3CHCl, !
2. air

85%, 80% ee

Al-reagent:  AlMej; (4-5 eq.) + HoO (1 eq.)
or
AlMej (4 eq.) + MAO (1.2 eq.)

Scheme 8.39. Asymmetric methylalumination reaction accelerated by addition of water.

Asymmetric carbometalation has proved less successful with the [(EBTHI)ZrCl,] cata-
lyst; this may be due to deactivation of the catalytically active cationic species by the for-
mation of a rather stable yu-AlMe; adduct, which does not occur with the [(NMI),ZrCl,]
catalyst system [75].
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8.5
Cationic Zirconocene Complexes as Lewis Acid Catalysts

Lewis acids based on zirconocene have been employed as catalysts in several reactions.
The metallic species used have mainly been the bis(triflate) and the Cp,ZrCl,/AgClO, re-
agent.

8.5.1
Epoxy Ester to Orthoester Rearrangement

The rearrangement of isopent-3-enyl epoxy esters with Cp,ZrCl,/AgClO, yields ABO
esters (2,7,8-trioxabicyclo[3.2.1]octane; Asymmetric Bicyclo-Octane esters), which are base-
stable protecting groups for carboxylic acids [57,79,80] (Scheme 8.40).

CpoZrCly (10 mol%)

0 O
AgCIO4 (1 mol%
R® O : 0]

CH,Cl,
ABO-ester

Examples:

0} CbzHN O OTBPS H o

\ o]
EtO\n/\/Tg Ho‘/—eog\ Mg\ Q‘—éoog\
0 0 CbzHN o Boc
96% 92% 96% 90%

O
o} __— Fi/\)I\O}Oo
RM% ”\‘

C"Zr’O

2 \ %
o R«\»@f

Scheme 8.40. Synthesis of ABO esters; selected examples. Mechanism of formation of ABO esters
and tetrahydrofurans.

CpoZr*Cl

0
AN AP

— CpyzZr+Cl

Compared to the well-known OBO esters [81], the ABO esters are more stable towards
protic acids but less stable towards the Lewis acid Cp,ZrCl,/AgClO,, which isomerizes the
ABO orthoester to a tetrahydrofuranyl ester. Selective deprotection is therefore possible
(Scheme 8.41).

By the same type of epoxide rearrangement, other bicyclic and tricyclic orthoesters can
be synthesized [80]. However, the orthoesters are only the kinetic products and, if not
sufficiently inert, can further rearrange under reaction conditions to more stable tetra-
hydrofuran derivatives (c¢f. Scheme 8.40). In many cases, the tetrahydrofurans are the
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only products isolated. This is especially true for a,f-unsaturated systems, where the inter-
mediate dioxenium ion is stabilized by conjugation (Scheme 8.42).

The rearrangement is stereospecific. Inversion of configuration occurs at the epoxide
carbon, which is attacked by the ester carbonyl [79] (Scheme 8.43).

Several reaction conditions concerning the nature of the silver reagent were tested.
Usually, anhydrous AgClO, was used as the initiator for the catalytic reaction, but
AgAsF was found to work equally well. When the monohydrate AgClO,-H,0 was used

o
PPTS, MeOH/H,0
I‘@i 2 /\/U\ /\E\OH + B (93%)

0°C, 2 min

A (OBO)

1:1 mixture  — >w, /\)J\
0 CpoZrCly (50 mol%) 93-94%
_/—Q o AGCIO, (50 mol%)
(o] /\)J\ + A (91%)

CHoClp, 22°C, 1 h

B (ABO)
Scheme 8.41. Selective deprotection of ABO and OBO esters from an ABO/OBO mixture.

1. CpaZrCly (10 mol%)
AgCIO,4 (1 mol%)

o] CHyCly, 0°C, 4 h 0
o) 2M12, ) / o
Ph/\)J\o/\J\l . PhM(OX

2. LiOH, HxO/THF

70% (1 mmol scale)
82% (rac.;17 mmol scale)

CpoZrCly (10 mol%)

0 o)
o)
o AgCIO; (1 mol%) A /Co
Ph/\)j\o/\/Q ph/\/%o + Ph/\/lko

not detected 82%

Cp2ZrCl; (10 mol%)

o
o AgCIO, (1 mol%) o) t
0 /%
o 0
Ph/\)\ow 30 min, 0 °C, 67% Fn o * e~

o o CpoZrCly (10 Mol%) 0
AgCIO, (1 mol%)
&Oxﬁph e~ Aco
90%

Scheme 8.42. Synthesis of orthoesters by rearrangement of epoxides.

CpoZrCly (10 mol%)

o /\/k? AgCIO, (10 mol%) TBPSO O
AN

CHaCly, 0 °C, 92%
OTBPS

Scheme 8.43. Stereospecificity of the epoxide to orthoester rearrangement.
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as the initiator, the reactions required a longer time to reach completion, but gave similar
yields. High reactivity was observed with AgBARF. The reaction shown in Scheme 8.43 was
catalyzed by 5 mol% Cp,ZrCl, and 2 mol% AgBARF even at —78°C (6 h, 93 % yield) [79].

852
Epoxide to Aldehyde Rearrangement

This epoxide to aldehyde rearrangement was postulated to be the first step in the silver-
mediated reaction of alkylzirconocene chlorides with epoxides, in which the aldehyde is
subsequently alkylated by the alkylzirconocene species (cf. Scheme 8.44) [56]. In a control
experiment, it was shown that zirconocene dichloride (1 equivalent or less) and silver
(catalytic amounts) do indeed induce the rearrangement of an epoxide to an aldehyde
very quickly.

CpoZrCly (10 moi%)
Q AgClO4 (2 mol%)

/A~ Ph/\(O '
PH CH,Cl,, 20 °C H Scheme 8.44. Epoxide to aldehyde
10 min, 72% rearrangement.
853

Diels—Alder Reaction

The complex [Cp,Zr(OTf),(thf)] is a catalyst for the Diels—Alder reactions of o,p-unsatu-
rated aldehydes or ketones and dienes (isoprene, cyclohexadiene, cyclopentadiene) at the
1 mol% level, giving accelerations of between 10* and >10° compared to the corresponding
thermal reactions [82,83] (Scheme 8.45). The isomer ratio of the reaction products (endo/exo
or regioisomers) is higher in catalyzed than in thermal reactions. However, because the zir-
conocenium triflate is also a catalyst for the polymerization of 1,3-dienes, the Diels—Alder
reaction is sometimes completely suppressed in the case of less reactive dienophile-diene
combinations.

OTf
Zrs -(thf)
o K Dot
Z Rﬁﬁ (1 mol%)
A R
CD,Cly, 25 °C R
6 h-18 h o)

R =H, Me

Scheme 8.45. Simple Diels—Alder catalysis by zirconocenium triflate.

The advantage of this catalyst, as compared to classical Lewis acids such as AlCl,, is the
low catalyst loading required. Also, solvents and reactants do not need special drying, as
the catalyst is not notably deactivated by adventitious water.

Diels—Alder reactivity was also reported for a cationic zirconocene alkoxide (A; Scheme
8.46) at a 10 mol% level for the substrate combination methyl acrylate/isoprene [84].
Whereas the regioselectivity (para/meta = 96.2:3.8) in this process compared favorably
to that with traditional Lewis acids (AICl; in C4Hg; regioselectivity = 95:5), the activity
was quite low. The substrates methyl acrylate and cyclopentadiene (Scheme 8.46; R =
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OMe) completely reacted within 1 h at room temperature at a much lower catalyst loading
(2 mol%) to provide the cycloaddition product in 72 % yield (endo/exo = 11:1) [84].

=4 Q BPh,~ i
Zry 2 mol% catalyst 4
%r‘O‘Bu @ . ﬁ R Y

. CH2C|2 o R
A BPhy
Ot
Zr{o Bu
(thf) Catalyst R Conditions  Result
B A OMe 25°C,1h 72%, endo/exo=11:1
B H -78°C,3h 93%, endo/exo=4.8 : 1

2R/28=1:3.21 (52.4% ee)

Scheme 8.46. Diels—Alder catalysis by cationic alkoxyzirconocene complexes.

The asymmetric version of the reaction utilizes Brintzinger’s ethylene-bis(tetrahydroin-
denyl) (EBTHI) ansa-metallocene approach [85]. Whereas complex B (Scheme 8.46) is still
a catalyst for the Diels—Alder reaction, only low inductions are observed at room tempera-
ture. On cooling to —78°C and using more reactive starting materials, a maximal induc-
tion of 52.4 % ee was attained [86].

Asymmetric Diels—Alder catalysis was more successful with dication-like versions of
the Zr-EBTHI system, and using conformationally better defined acyl-oxazoline dieno-
philes. The bis(triflate) [Zr(EBTHI)(OTf),] (Scheme 8.47) induced high levels of ee
(>90%) in the cycloaddition to cyclopentadiene at low temperatures, especially in the
polar solvent 2-nitropropane [87].

0Tt
;
~OTf

o] o (5 mol%) N (0]
A0 O o4,

Me,CHNO,, ~78 °C, 24 h

z

95% ee (endo), endolexo = 15
85-95% vield

Scheme 8.47. Asymmetric Diels—Alder catalysis by an ansa-metallocene triflate.

NMR studies at low temperature provided evidence for the formation of a mono-cationic
oxazoline—zirconocene complex in which the substrate is a bidentate ligand and one
triflate is still coordinated to the zirconium [4].

A very reactive Lewis acid is obtained when the complex [(EBTHI)Zr(Me),] is converted
in situ to a dicationic species by protonation with the acid H-BARF (BARF = tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) in the presence of the Diels—Alder substrate oxazolidi-
none [88] (Scheme 8.48). The dicationic species is stabilized through coordination by the
oxazolidinone and by diethyl ether (derived from the acid etherate employed). The catalyst
loading in the Diels—Alder reaction could be lowered to 1 mol% (Zr) and the reaction still
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went to completion within 1 h at —78°C to yield the product with 94 % ee, whereas com-
plete conversion of the same substrate required 8 h with 5 mol% of the bis(triflate) cata-
lyst, giving 92 % ee [87]. The enantioselectivity was generally better at lower catalyst load-
ings (88 % ee at 10 mol%; 94 % ee at 5 mol%,; 95 % ee at 1 mol%), while the endo/exo ratio
of the product remained constant at 22:1. 2-Nitropropane was again the preferred solvent,
but the reactions also proceeded in CH,Cl,, albeit with lower ee values (79 % at 5 mol% Zr;
91 % at 1 mol% Zr) and with an endo/exo ratio that depended on catalyst loading (15:1 at
10 mol% [Zr], 22:1 at 1 mol% [Zr]) [88].

wMe
Zr‘Me

(1 mol%)

o © [H(Et,0)2][B(CH3(CF3)2)al
\)L /U\ 2 2(2 moel%s) 3)2)a (\N (0]
= N o 4 @ Ol&o

/ Me,CHNO,, 78 °C, 1 h

94% ee, endolexo = 22.4
84% yield

Scheme 8.48. Accelerated Diels—Alder catalysis with BARF counterions.

8.5.4
Cationic Diels—Alder Reaction

When the epoxy-isobutenyl ester of crotonic acid is treated with the Cp,ZrCl,/AgClO,
Lewis acid, the epoxide is opened by intramolecular assistance of the ester carbonyl
group, giving a dioxolenium cation (Scheme 8.49). This species is a highly electrophilic
Diels—Alder dienophile that reacts with a range of dienes. THF deactivates cationic zirco-
nocene species and is therefore not tolerated as a solvent [89].

0Zr(CI\Cps |
SO
7 o 1) H0 o
F OJQ -7
g Z | _ OH
5 Cp2ZrCly (10 mol%) /( - 2) LiOH .
x ~

AgClO4 (2 mol%)
CHyCl3, 0°C, 7 h - -

Examples:
o o o]
/CH\OH f:(k OH MOH Ab/ ﬂb
T ™ COOH COOH
83% 51% 83% 70% 74%
single isomer single isomer endolexo=30: 1 endo/exo=8:1

Scheme 8.49. Cationic Diels—Alder reaction.
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8.55
Catalytic Mukaiyama Aldol Reaction

Catalytic activity in the Mukaiyama silyl aldol reaction has been reported for the com-
plexes [Cp,Zr(OTf),(thf)] [83,90], [Cp,Zr(OT1),] [91], and [Cp,Zr(OtBu)(thf)]BPh, [92].
Both TMS enol ethers and TMS ketene acetals were used in combination with aldehydes,
and in the case of [Cp,Zr(OTf),(thf)] some examples with ketones were also reported
(Scheme 8.50). While these reactions proceeded quite rapidly and required only low cat-
alyst loadings (as little as 0.5 mol% [Cp,Zr(OTf),(thf)] could be used), they showed only
slight or modest diastereoselectivity [90—92]. The results obtained for the zirconium-cat-
alyzed Mukaiyama aldol reaction are somewhat ambiguous since it has been shown by
Bosnich and co-workers that in the related catalytic reaction with [Cp,Ti(OTf),] the actual
catalyst is not the metal Lewis acid, but in situ formed TMSOT{ [93]. The interference of
TMSOTF (or analogous silyl species) in catalytic Mukaiyama aldol reactions has previously
been noted for other Lewis acids [94]. A mechanistic study addressing the zirconium sys-
tems was performed with the catalyst [Cp,Zr(OTf),] and catalysis by TMSOTf was indeed
shown to be interfering [91]. Sterically hindered aldehydes react via the silyl pathway,
whereas sterically unhindered or aromatic aldehydes react by a pathway that appears to
be mainly Zr-catalyzed. The rate-limiting step in the catalysis is the regeneration of the
bis(triflate) by reaction of a Zr-aldolate with TMSOTY; the latter may thus accumulate
and act as a catalyst. Although the viability of zirconocenes as catalysts for this reaction
has been demonstrated, the outlook for asymmetric catalysis is not ideal with the
currently known systems. The use of enantiomerically pure [(EBTHI)Zr(OTf),] as the
Lewis acid resulted in ee values of <20% [91].

CpoZr(OTf)a(thf)] (0.5 mol%)
oTMS o [Cpe 2
25 °C, CD3NO, O R OTMS

Ph/& + RJKR' Ph)l\)(R

R=H R = Ph, Cy, 'Pr, 'Bu (< 7 min)
R'=Me R =Et(10min), Pr(2 h), 'Bu (> 19 h)

[Cp2Zr(OTH),] (10 mol%)

: O OTMS
OTMS 0 ~78°C, IPINO,
Meo)ﬁ + HJ\H MeO R
R th Yield syn/anti
BnOCH,CH,- 5 90% 1:1.35
BnOCMe,- 5 88% 157 11
Bu 1.5 95% 2.07:1

Scheme 8.50. Examples of catalytic Mukaiyama aldol reactions.
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8.5.6
Silyl Ketene Acetal to a-Silyl Ester Isomerization

The isomerization of an O-silyl ketene acetal to a C-silyl ester is catalyzed by a cationic
zirconocene—alkoxide complex [92]. This catalysis was observed as a side reaction in
the zirconocene-catalyzed Mukaiyama aldol reactions and has not yet found synthetic
use. The solvent-free bis(triflate) [Cp,Zr(OTf),] also catalyzes the reaction in nitromethane
(no reaction in dichloromethane), but in this case there may be competitive catalysis by
TMSOTIS (cf. the above discussion of the catalysis of the Mukaiyama aldol reaction) [91]
(Scheme 8.51).

[Cp2Zr(O'Bu)(thf)]BPh,
(10 mol%)
OTMS CHClp, 25 °C T™MS 0

/ OMe or: / OMe

[Cp2Zr(OTH)o]
(10 mol%) Scheme 8.51. Catalytic O to C
MeNO,, 0°C, 2 h migration of a silyl group.

8.6
Miscellaneous Reactions

Molander et al. described a sequential cyclization—silylation of dienes that was induced
by the cation-like permethylzirconocene complex [Cp*,ZrMe(u-Me)B(C¢Fs)3] [95] (Scheme
8.52).

[Cp*2ZrMe(u-Me)B(CeFs)a]
(2-5 mol%)

/\/Y E></SiH2Ph
PhSiHg, 0 °C, 4 h

82%

Scheme 8.52. Cyclization—silylation of 1,5-dienes.

Buchwald et al. realized asymmetric hydrogenation of tetrasubstituted alkenes with a
cationic zirconocene catalyst prepared by the protonolysis method (Scheme 8.53). The re-
actions were quite slow with these highly substituted alkenes, but some very good enan-
tiomeric excesses were obtained [96].

Me [(EBTHNZrMe,] (5 moi%) Me

(PhMeoNH)[B(CgFs)] (5 mol%)
CO- -
H, (69 bar)

"aromatic hydrocarbon solvent"
t, 39 h

94% (98% ee)
Scheme 8.53. Asymmetric hydrogenation with cationic ansa-metallocene.
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8.7
Conclusion

Cationic zirconocenes serve as useful reagents in such diverse fields as alkene polymeri-
zation, carbohydrate chemistry, asymmetric catalysis, and so on. Reagents that were ori-
ginally developed for polymerization reactions (MAO, ansa-metallocenes, non-nucleophi-
lic borate counterions) have now found use in organic synthesis and are being employed
for carbometalation reactions, hydrogenation, and Diels—Alder catalysis.

We may expect that the future will see many additional uses of cationic zirconocenes in
organic synthesis, in which their Lewis acidic character, coupled with the special proper-
ties of zirconium (oxophilic, fluorophilic) and its d°-electron configuration (leading, for
example, to weak back-bonding) will come into play.

Typical Experimental Procedures

Caution: AgClO, is potentially explosive and should be used with due care. It may often be
replaced by AgOTf or AgAsF.

General procedure for metallocene-mediated glycosylation reaction [25] A slurry of pow-
dered 4 A molecular sieves (100 mg), Cp,HfCl, (0.113 mmol), and AgClO,
(0.227 mmol) in CH,Cl, (or benzene) (0.4 mL) is stirred for 10 min. A solution of the ap-
propriate alcohol (0.226 mmol) in CH,CI, (0.5 mL) is then added and the reaction flask is
cooled to —20°C. A solution of glycosyl fluoride (0.113 mmol) in CH,Cl, (1 mL) is added,
and the reaction mixture is stirred, while the progress of the reaction is followed by TLC.
Standard work-up and purification by chromatography gives the glycoside product.

These conditions were optimized for Cp,HfCl, activation, but are also applicable to the
zirconocene version of the reaction. In the original procedure, a large excess of the metal-
locene dichloride and silver salt was employed to enable the rapid glycosidation of sensi-
tive substrates, but this is not usually necessary.

Carbonyl additions: AgAsFg-catalyzed addition of alkenylzirconocene chlorides to aldehydes
(¢f- Scheme 8.21) [51] A solution of 1-hexyne (93.1 mg, 1.11 mmol) in CH,CI, (3 mL)
was added to the Schwartz reagent (Cp,Zr(H)Cl, 270 mg, 1.05 mmol) at —78 °C with stir-
ring. The temperature was allowed to rise to 25 °C and the reaction mixture was stirred for
an additional 10 min. A solution of 3-phenylpropanal (83.1 mg, 0.619 mmol) in CH,Cl,
(3 mL) was then added, followed, after 5 min., by AgAsF; (20 mg, 0.068 mmol). The re-
sulting brown suspension was stirred for 10 min. Work-up with NaHCO; and EtOAc, fol-
lowed by preparative TLC (hexane/EtOAc, 4:1), gave 129 mg (94.5 %) of a colorless oil.

Carbometalation reactions; alkylzirconation of an alkyne mediated by (Ph;C)[B(CsFs),] activa-
tion (cf. Scheme 8.35) [70] To Cp,Zr(H)CI (196 mg, 0.76 mmol) at 25 °C was added a so-
lution of 1-hexene (54.7 mg, 0.65 mmol) in CH,Cl, (2.4 mL), and the mixture was stirred
at 40 °C for 1 h. The resulting yellow solution was cooled to 0 °C, whereupon a solution of
4-ethynyl-1,2-dimethoxybenzene (61.1 mg, 0.377 mmol) in CH,Cl, (2.3 mL), followed by
(Ph;C)[B(CeFs)4] (17.5 mg, 0.019 mmol) were added. After stirring for 30 min. at 40 °C, the
reaction was quenched by the addition of MeOH (0.5 mL) and satd. aq. NaHCOj; solution
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(0.5 mL). After dilution with Et,O and drying with Na,SO,, filtration through SiO,/Celite
gave a crude material, which was purified by preparative TLC (hexane/acetone, 4:1) to
yield 85.4 mg (95%) of 4-(1-hexylvinyl)-1,2-dimethoxybenzene and the regioisomeric
1,2-dimethoxy-4-oct-1-enylbenzene in a ratio of 91:9.

Catalytic orthoester rearrangement (synthesis of ABO esters) [79] General procedure for the
synthesis of amino acid orthoesters from epoxy esters: A solution of the epoxy ester (1 mmol)
in CH,Cl, (4 mlL) is treated with Cp,ZrCl, (28.8 mg, 0.1 mmol) and AgClO, (4 mg, 0.02
mmol). The reaction mixture is stirred for 4 h at room temperature, poured into satd. aq.
NaHCO; solution, and extracted with EtOAc (3 X 10 mlL). After drying (Na,SO,), the
combined organic layers are filtered through SiO, and concentrated. The residue is pur-
ified by column chromatography (EtOAc/hexanes, 1:1).

The required epoxy esters are obtained by reaction of the free acid (0.96 mmol) with 3,4-
epoxy-3-methylbutanol (1.1 mmol), DCC (1.1 mmol), and DMAP (0.048 mmol) in
CH,Cl,/DMF (9:1, 10 mL, 1 h at 0°C and 2 h at r. t.). Alternatively, they can be synthesized
from acid chlorides using 3-methyl-3-butenol and triethylamine (1:1:2 ratio; CH,Cl,,
0°C), followed by epoxidation with m-chloroperbenzoic acid (1.2 equivalents, CH,Cl,,
0°C).

Abbreviations

BARF tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
Bn benzyl

Bz benzoyl

Cp* n’-pentamethylcyclopentadienyl

Cp’ n’-methylcyclopentadienyl

EBI ethylene-1,2-bis(n'’-indenyl)

EBTHI ethylene-1,2-bis(n'%-tetrahydroindenyl)
Fmoc fluorenylmethyloxycarbonyl

Lev levuloyl (-COCH,CH,COCHj;)

MCA monochloroacetyl

MP para-methoxyphenyl

NMI n’-neomenthylindene

Phth phthaloyl

PMB para-methoxybenzyl

PNP para-nitrophenyl

TBPS tert-butyldiphenylsilyl

TBS tert-butyldimethylsilyl

THF tetrahydrofuran

Troc 2,2,2-trichloroethoxycarbonyl
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Titanium(ll) Alkoxides in Organic Synthesis

Fumie Sato and Hirokazu Urabe

9.1
Introduction

The generation of divalent titanium complexes and their utilization in organic synthesis
have attracted considerable interest over a number of years [1—3]. The divalent titanium
complexes or their equivalents that have been widely used for this purpose are summar-
ized in Fig. 9.1, where the starting materials from which they are derived are also shown
[1,2,4—9]. Among these complexes, (n>-propene)Ti(OiPr),, readily prepared from Ti(OiPr),
and 2 equiv. of iPrMgX (1), was introduced most recently as an equivalent of “Ti(OiPr),”,
and it has been shown that it can be used in place of or in conjunction with other reagents
shown in Fig. 9.1. Moreover, this reagent facilitates several important new synthetic trans-
formations that are not viable using other reagents. As the combination of Ti(OiPr), and
iPrMgX is very inexpensive as compared to other types of reagents, it is a most economical
titanium(II) reagent [1]. Moreover, since the reagent does not bear any special ligands,
such as cyclopentadienyl groups, phosphines, or sterically demanding aryloxy groups,
other than the ligating propene and isopropoxy groups, the work-up and isolation of
the product after the reaction can be carried out easily and economically. The reagent 1
is therefore a highly practical divalent titanium reagent applicable to large-scale synthesis.
This chapter is largely focussed on the synthetic reactions mediated by 1; the reactions
mediated by other relevant Ti(II) reagents are mentioned where appropriate.

"TiCpy" Cp,TiCly + Na or Mg (ref. 1c)
Cp2Ti(CO), Cp2TiCly + CO + reductant  (ref. 4)
CpoTi(PMes)s  Cp,TiClo + PMeg + Mg (ref. 5)
"Ti(OA")," (ArO),TiCl, + Na(Hg) (ref. 6)
(Ar = bulky aryl)
||+ Ticp, Cp,TiCly + 2 EtMgBr (ref. 7)
SiMeg SiMes
[IlTicp, Cp2TiClp + |‘| +Mg (ref. 8)
SiMeg SiMes

Figure 9.1. Compilation of representative
Ti(ll) reagents. ’ “““ Ti(O--Pr)s  Ti(O-i-Pr)4 + 2 i-PrMgCI (ref. 9)
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9.2 Generation of (i°-alkyne) Ti(OiPr), and its Utilization in Organic Synthesis

The synthetic reactions mediated by 1 can be classified into four categories (i)—(iv)
(Scheme 9.1). The first of these is the generation of titanium—alkyne complexes by
the reaction with alkynes and their further synthetic utilization. The second is the genera-
tion of allyl-, propargyl-, or allenyltitaniums by reaction with allyl or propargyl alcohol
derivatives, respectively, and their use as allylating or propargylating (or, possibly, alleny-
lating) reagents. The third is the intramolecular nucleophilic acyl substitution reaction
of unsaturated esters promoted by the reagent. The fourth reaction is the intramolecular
coupling of dienes, enynes, diynes, and related substrates to afford titanabicyclic
compounds and their further manipulation. These four types of reactions, (i)—(iv), are
described in order.

R'.__E
e ™Y

R ; R / R2” Ti(O-1-Pr)pX
| — jj\/Ti(o-i-Pr)2 "

R? R—= R?

| ] R\ Ti(O-i-Pr)oX R R.__Ti(O-i-Pr),X
ii) | — j/ or | | or
l I ]r

R” "Ti(O--Pr)px R

Ti(O-i-Pr)»(OR)

/
Ti(O-i-Pr),
\

Scheme 9.1.  Four categories of reactions medlated by 1.

9.2
Generation of (n*-alkyne)Ti(OiPr), and its Utilization in Organic Synthesis

Treatment of an internal alkyne with Ti(OiPr),/2 iPrMgCl (referred to as 1 as described
above; this combination of reagents produces the actual titanium(II) species in situ) gen-
erates (n’-alkyne)Ti(OiPr), (2) by exchange of the coordinated propene in (n*-propene)-
Ti(OiPr), with the alkyne substrate (Eq. 9.1) [10]. In this transformation, the nature of
the alkyl group of the Grignard reagent is the key: the use of iPrMgX is critical and
nPrMgX, sBuMgX, and tBuMgX cannot be used for this purpose [11]. The alkyne com-
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plexes thus generated react in situ with a variety of electrophiles, including two different
electrophiles in consecutive order as formulated in Eq. 9.1. The reaction thus opens up
a one-pot access to a variety of di-, tri-, or tetrasubstituted alkenes starting from alkynes.
While several acetylene—metal complexes, such as Cp,Zr—, Cl,Nb—, and Cl,Ta—acetylene
complexes as well as those derived from other Ti(II) reagents shown in Fig. 9.1, are
known to serve as 1,2-bis-dianion equivalents [12], the advantage of the present method
lies in the fact that it requires very inexpensive starting materials and very simple
laboratory operations.

Ti(O-i-Pr)4 + i-PrMgClI
1

b Ti(O-i-P Eq. 9.1
R <\” (O r)2> . R (Eq. 9.1)
Ti(0--Pr)y ——— j[
||| ~— e 5 T

- @)

R2

Hydrolysis of the titanium—acetylene complex generated in situ provides the
corresponding alkene with exclusively the cis configuration, thus providing a convenient
one-pot method for preparing cis-alkenes from acetylenes. For example, Eq. 9.2 shows
the synthesis of cis-vinylsilane [10], which was, in fact, utilized in the synthesis of inter-
mediates to epothilone, since the reagent exhibits excellent functional group compatibility
and selectivity [13]. Deuteriolysis of the reaction product provides one of the most conve-
nient and practical routes to cis-dideuterioalkenes from the corresponding alkynes, as ex-
emplified in Eq. 9.2. Other acetylene—titanium complexes could be successfully formed
from a variety of acetylenes, including diynes [14] and stannylacetylenes [15]. Reaction
of acetylene—titanium complexes 2 with dichlorophosphines affords phosphirenes, as
shown in Eq. 9.3 [16]. It should be noted that, when the same reaction is carried out
with Cp,Ti—acetylene complex instead of 2, the reaction is often sluggish and the yield
of the product is lower.

SiMe3

1 Me38i
Il . Ti(0-i-Pr),
H13Ce
CeH13
@ (Eq. 9.2)
H*orD* MesSie _H  MesSie D
X o
Hi3Cs™ H Hi13Ce”™ D
94%, ZIE>99:1 96% dy
R’ RPCl, R’
jDTi(O-i—Pr)g j]:P-R
2 2
R R (Eq. 9.3)

(2)
R', R2 = Me, Et, t-Bu
R =Ph, CI

60-72%
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9.2 Generation of (n>-alkyne) Ti(OiPr), and its Utilization in Organic Synthesis
y g Yy

The titanium—acetylene complexes react with carbonyl compounds such as aldehydes
and ketones [10,15,17,18] and imines [19—21] to afford oxa- and azatitanacycles, respec-
tively, as formulated in Eq. 9.4. The remaining titanium—carbon bond in the oxa- and aza-
titanacycle intermediates thus produced can react with one more electrophile (E¥). For a
titanium complex arising from an unsymmetrical acetylene, the reaction may form two
regioisomers. However, the titanium—acetylene complexes derived from silylacetylene
[10], stannylacetylene [15], phenyl alkyl acetylene [10], propargyl alcohol derivatives
[17,18], and acetylenic esters [22] show a fairly high to excellent degree of regiocontrol
in such addition reactions. Figure 9.2 shows the position at which the carbon—carbon
bond formation takes place and the selectivity of the carbonyl addition observed for several
representative acetylenes, although the regioselectivity is somewhat dependent on the
steric requirement of the carbonyl compounds. Scheme 9.2 shows reactions of an acety-
lene complex with imines [19], including some subsequent applications to heterocycle
formation [20,21]. Alternatively, formation of the imine—titanium complex followed by
reaction with acetylene gave the same products [23].

Ti(O-i-Pr
R RSRYC=X | R! {O-+Pr)2
j];Ti(O-i-Pr)g R X
R2 X =0, NR® A
R* R (Eq. 9.4)
., R._E XH
E R3 R! R3
T e Rt "
R R4
XH R2” “E
M63Si
o MegSie_ |
CeH13 Pr
NHBn CGH13
100% regioselective NHBn
H+\83% l2
\Bn / 76%

Me,Si o MesSie___Ti(O-iPr),
j])Ti(o-i-Pr)2 L\NBn
CeHis R=EtorPr CeH1g

R
67%
co / 74% Coz\
(0]
Me3Si _ Measi
ENBn jﬂ(NBn
CeH13 CgH13 Scheme 9.2. Addition to
Et Et imines.

Addition of the (1-silylalkyne)titanium complex to carbonyl compounds and imines oc-
curs at the B-position to the silyl group, as shown in Fig. 9.2. However, the reaction with
sBuOH takes place exclusively at the carbon—titanium bond « to the silyl group to give the
(B-silylalkenyl)titanium species, as in Eq. 9.5 (values in square brackets denote the regio-
selectivity) [24], where the vinyl—titanium bond is visualized by the outcome of the iodi-
nolysis. The overall reaction can therefore be regarded as the hydrotitanation of silylace-
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7 86 <2
MesSi » BusSN Ph. MesSi »
jDTi(o-i-Pr)2 Ti(0-i-Pr)s jDTi(o-i-Pr)2 Ti(0-i-Pr),
HisCe™ ™ Me™ ™
93 exclusive 14 THp >98
Et0” “OEt °
E*:  PhCHO PhCHO ¢-CgH11CHO PhCHO
90 98
tBuO,C » tBuOC. »
jj\/Ti(O—i—Pr)g jj\/Ti(O—i—Pr)g
H13Ce MesSi
N 10 \2
E*:  EtCHO PhCHO

Figure 9.2. Regioselectivity for various acetylene complexes.

tylenes. As this regioselection is not attainable by other existing hydrometallation reac-
tions, this new hydrotitanation method would seem to be an indispensable tool in organic
synthesis. The resulting alkenyltitanium species readily undergoes reaction with a variety
of carbon electrophiles, as shown in Scheme 9.3.

SIMe3 1 Megsi
[ — jDTi(o-i-Pr)2
(1.25 equiv) R
R
R = TBSO(CHy)»-
_ _ (Eq. 9.5)
s-BuOH Megslj[H |2 Megslj[H
(1 .25 equiv) R TiX3 R |
84% [97:3]
MesSi-_H COEt MesSi
H13C¢ COEt Me H1306
Me Li,Cu(CN)Cl, 2 74% [97:3]
84% [98:2] cat.
Me3Si (u\/r\o
o @ HigGe™ " TiXs L 760
/ [97:3-98:2] \LiiCu(CN)Clg
LioCu(CN)Cl, )
MesSi- _H cat. l PhcHo ~ MeaSin H
Scheme 9.3.  Synthetic ap-
plication of alkenyltitanium H13C¢ MesSi. H HisCe
reagent (yields are based on ® O
the parent silylalkyne; ratio 0 H13Ce o
in square brackets refers to 53% [98:2]
regioselectivity). 84% [98 2] 82% [>99:<1]
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9.2 Generation of (n>-alkyne) Ti(OiPr), and its Utilization in Organic Synthesis
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The titanium—acetylene complex generated from an (E)- or (Z)-enyne and 1 reacts with
aldehydes, ketones, and imines at the remote olefinic carbon in a regioselective and
stereospecific way to give the corresponding allenyltitanium compound, hydrolysis of
which affords allenes in a similarly regioselective and stereospecific manner (Scheme
9.4) [25]. In addition to the simple hydrolysis, the resulting allenyltitanium can react
with a second electrophile, such as another aldehyde, with excellent regioselectivity to af-
ford a stereodefined adduct. As both reactions with electrophiles are highly stereoselective,
an expedient method for the construction of multiple stereogenic centers from readily

MeSSiﬁ Megsi—\\_Me

Mg
|1 |
FPrQ  O-i-Pr PrQ  O-i-Pr
Ti Ti
/Q\—/Me /Q\f
Me;Si — Me;Si —
Me
1) PACHO | 2) H* (D%) \
OH OH
X—[61:39] *_[76:24]
(D)H Ph H v~ “Ph
MesSi ® 8% MesSi Me o,

J
H Y P

Me ] Me
Me3Si Diastereo- Mej3Si Scheme 9.4. Stereospecific
single isomer isomers single isomer preparation of allenyl
alcohols.
Ti(O-i-Pr)»
Cl——R —— -
el R
}CHO
——R
HO
R= % ™" 85%
CI(i-PrO),T—=—R — e "S0COEt 87%
1 Ti(O-iPr; p» D D
/é\ D R
Cl(i-PrO),Ti R R = CgHy7

Scheme 9.5. Reaction of a

93%, >95% d3 haloalkyne.
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available enynes has been opened up. Particularly noteworthy is the asymmetric construc-
tion of multiple stereocenters by carrying out the first reaction with an optically active
imine to control the three stereogenic centers in an asymmetric manner, as will be
shown later (see Eq. 9.9).

The reaction of haloalkynes with one equivalent of 1 affords alkynyltitanium com-
pounds by B-elimination from the (n*-haloalkyne)Ti(OiPr), intermediate, as shown in
Scheme 9.5, thus providing an easy access to functionalized alkynyltitaniums [26].
When this reaction is carried out in the presence of excess 1, a tri-titanated alkene of
the type shown in Scheme 9.5 is generated in excellent yield. This is an interesting
method for generating the permetallated terminal alkene [27].

Although terminal acetylenes themselves do not form stable titanium—acetylene com-
plexes upon reaction with 1, the reaction with terminal alkynes having a keto group at
the 8- or y-position induces an intramolecular cyclization, apparently via the above tita-
nium—acetylene complex to afford the four- and five-membered cycloalkanols, as
shown in Eq. 9.6 [28].

B (i-PrO),Ti Bu  (-PrO)Ti—Q_ Bu
Y AR WS
n H H
0 n n
Ho B (Eq. 9.6)

H3O* or I, E
H n

E=H:n=1,50%E=1: n=1,64%
n=2,78% n=2,67%

Because of the recent importance of asymmetric synthesis, the preparation of optically
active compounds based on the reactions of alkyne—titanium complexes has been pur-
sued. The use of alkyne—titanium complexes having chiral alkoxy ligands on the titanium
moiety has met with only limited success [11]. The substrate-controlled method has
proved to be more promising, as shown in Eq. 9.7. Thus, when the titanium complex
generated from a propargyl ether was treated with optically active glyceraldehyde, very
high stereo- and diastereoselectivities as well as a high regioselectivity (see Figure 9.2)
were recorded [18].

SiMes Me3Si
I . Ti(O-i-Pr),

OTBS oTBS

Q’P MesSi OTBS
OHC/:\/O H* or I
o)
HO ><
o]
>98% regioselective

94% diastereoselective
El =H, 72%; |, 62%

(Eq. 9.7)
El
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It is also possible to carry out a substrate-controlled reaction with aldehydes in an asym-
metric way by starting with an acetylene bearing an optically active ester group, as shown
in Eq. 9.8 [22]. The titanium—acetylene complexes derived from silyl propiolates having a
camphor-derived auxiliary react with aldehydes with excellent diastereoselectivity. The
reaction thus offers a convenient entry to optically active Baylis—Hillman-type allyl alco-
hols bearing a substituent p to the acrylate group, which have hitherto proved difficult
to prepare by the Baylis—Hillman reaction itself.

Measi . Me-Si
I MeSi HGipy, VECHO CaoIN A
_— (O-I-Fr)2 N
R*O 2) I, R*O OH
X Et
R'0” O 0o o (Eq. 9.8)
93% ds=97:3
H Regioselectivity >97:<3.
R'O- = OPh
T3
Ph

Equation 9.9 shows a remarkable example of the simultaneous asymmetric construction
of three stereogenic centers by the aforementioned reaction of an enyne—titanium com-
plex (see Scheme 9.4) [25], using imines derived from optically active phenylethylamine
as the electrophile.

Me
Pro_ O-i-Pr J/*\Ph '\/"i
i Et H*(D") HN>Ph
Megsi/é\:\ Et,O-THF MGSSi\/\g_/*\ Et (Eq. 9.9)
Me (1:1) H(D) Me

67% ds =955

Intramolecular addition of acetylenic imines having a chiral amino substituent was
found to proceed with high diastereoselectivity, providing optically active B-alkylidene-
cycloalkylamines, as shown in Eq. 9.10 [29].

SiMes SiMes
4 . 1 H>O .
SN >Ph N7 Ph (Eq. 9.10)
H

94% d.s.=91:9

Besides the above electrophiles, the acetylene—titanium complexes react regioselectively
with other acetylenes providing the corresponding titanacyclopentadienes. An example of
a homo-coupling reaction is shown in Eq. 9.11 [30], which also displays some synthetic
applications [30,31]. Especially noteworthy is the highly regioselective cross-coupling reac-
tion of unsymmetrical internal and terminal acetylenes, which is illustrated in Eq. 9.12
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[32]. Based on the reaction shown in Eq. 9.12, a variety of conjugated dienes, including
those bearing functional groups as shown in Figure 9.3, have been synthesized [32]. It
should be noted that functionalized conjugated dienes are frequently found as partial
structures of naturally occurring products and are also useful intermediates in organic
synthesis. However, their synthesis is not necessarily an easy task, and often requires a

multi-step procedure.

1 l2 . .
|‘| - Messi@fSiMes — Me38|—</_\>—S|Me3
I

SiMes i-Pr0 O-iPr
85%
1) BuLi
S2Cl2 2) Si(OMe)s
Messi—/  H—sivte, Messi—@—SiMes
S-S MeG OMe
33%
68%
SiMe; MesSi
[ — Ti(O-i-Pr)s
CgH
CeHi3 63
OBn .
1) ///\/ Me3s‘j@(\)o8n
2) H*, D*orl, CGH13
X =H, 76%
X =D, exclusively da
X =1,64%
Bu SiMe;
Bu \f H13C5\f
I/OB” I/OBn
81% 83%

SiMes O\ O  SiMe;

+BUO,C o
N "N

CegH13 SiMej

77% 93%

Figure 9.3. Dienes prepared by acetylene coupling reaction.

(Eq. 9.11)

(Eq. 9.12)

CO,Bu-t
H13Ce

CeH13

60%

C(O)NEt
H13Ce

COzBu-t
59%
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A titanacyclopentadiene generated from an acetylene having an ester group at a suitable
position reacts intramolecularly with this functional group, as exemplified by Eq. 9.13.
Here, both carbon—titanium bonds of the titanacycle participate in the reaction to effect

ring-closure [33].

Bu Bu
]
| — Ti(O-i-Pr),
Bu Bu
Bu
Bu Ti(OR)*
C7H1s
o)
o

\
\L C7H1s

O/Pr
}LC7H15
; C7H1s

65%

(Eq. 9.13)

As well as undergoing carbonyl addition, titanacyclopentadiene intermediates generated
from two unsymmetrical acetylenes have been shown to react with ethynyl para-tolyl sul-
fone to afford an aryltitanium compound of the structure shown in Scheme 9.6 [34]. The
reaction may proceed according to path a or path b, as shown in Scheme 9.7. In path a,
the first step should be regioselective [4+4-2] cycloaddition of the titanacyclopentadiene with
the sulfonylacetylene to afford the bicyclic titanacycle, at least in an equilibrium concen-

+BUO,C FBuO-C
2 1 HisCe
[ —— Ti(O-i-Pr),
CegH
H13Ce 618 H1sCe +BuO,C
H+(D+> H1306\©/H(D)
Hi3Ce  57%
f—BUOgC t—BUOgC
=—50,Tol H13Cs TiXs lo H1SCG\©/|
H13Ce H13Cs  56%

X3z = (O-i-Pr)»(02STol)

Scheme 9.6. Metalative Reppe reaction.

PhCHO H13Cs

Ph

4

Hi3Ce 49%

!
98%d
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i-PrO),Ti +BuO,C Ti(O-i-Pr)s

(
CO,Bu-t
H43C SO, Tol
Hi3Ce SO,Tol O, °7° ?
[4+2] cyclo- -
addition CeHis
COQBU-t CGH13
path a

H13Cs
Ti(O--Pr), + |‘|
H43C )
CeHi3 SO.Tol path b 18Y6  CO,Bu-t ’ éBuOQC -
- 13Cs 3
insertion | (Ti(O-i—Pr)2 —
Hi3Cs™ ™=
('s0;Tol St

Scheme 9.7. Proposed reaction course for the metalative Reppe reaction.

tration. Then, the carbon—titanium bond of the titanacycle rearranges to a suitable posi-
tion such that 1,2-elimination of the sulfonyl group is feasible. Finally, the sulfonyl group
is eliminated to shift the equilibrium towards the formation of the aryltitanium com-
pound. Alternatively, path b involves regioselective insertion of the sulfonylacetylene
into the titanacycle followed by elimination of the sulfonyl group. The resulting aryltita-
nium compounds react with electrophiles such as H,0, D,0, I,, or an aldehyde to afford
the corresponding benzene derivatives, as shown in Scheme 9.6. It should be noted that
this reaction facilitates a highly chemo- and regioselective trimerization of three different
kinds of unsymmetrical alkynes. The reaction also opens up, for the first time, a direct
synthesis of aryltitanium compounds from three acetylenes and a metal subunit. Thus,
this reaction should be referred to as a metalative Reppe reaction as compared to the con-
ventional Reppe reaction [35].

Other representative reactions are shown in Eqs. 9.14 and 9.15, which involve the
synthesis of aromatic sulfones from an acetylene and 2 equivalents of ethynyl tolyl sul-

CO,Bu-t
+Bu0,C H1Co 2
1 N
R Tose ||
H13Ce SO_Tol SO, Tol SO, Tol
. . COQBU‘t
-PrO),Ti
( )2 CO,Bu-t H13Cq
H13Ce ®)
A —SO;Tol (Eq. 9.14)
SO,Tol o
TolSO, ToIOQS) Ti(O-i-Pr),
CO,Bu-t CO,Bu-t
H13Ce H#D*) H1Ce
SO, Tol SO, Tol
TiXs H(D)

50%  (78%d)
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fone, and that of a bicyclic aromatic compound starting from a monosulfonylated diyne.
(Other synthetic reactions based on intramolecular coupling reactions of bis-unsaturated
compounds mediated by 1 are discussed in Section 9.5).

Tol0,S
oo, be
-BuO,
1 t—BUOgC é
Il — jDTi(o-i-Pr)2
H43C
H13Ce 18ve
(Eq. 9.15)
TiXs H(D)=~—91%d
t—BUOgC: i : H* t—BUO2Cﬁ>
H13Ce or D* H1SCG

74%

Titanium—acetylene complexes react with allylic or propargylic halides or acetates
through regioselective titanacycle formation and subsequent B-elimination [36,37]. The
reaction therefore provides a convenient method of preparing 1,4-alkadienes, including
those bearing functional groups as exemplified in Eq. 9.16 [38].

H7Cs H7Cs_Ti(0-i-Pr)
o _~__CONEt, 2
:[DTI(O-I-Pr)z + /\( - J CONEt,
H/Ca OCO,Et H-Cs
{oco,Et
Ph (Eq. 9.16)

H7Cq j@o\ms PhcHO 703~ oy
CONEt
H7C3 \/CONEtg H7Ca \/ 2

75% E/Z >95:5

Titanated vinylallenes generated from the coupling of acetylenes and propargyl carbo-
nates [38] undergo facile, unidirectional electrocyclization to give cyclobutene derivatives
under extremely mild reaction conditions as shown in Eq. 9.17 [39].

Bu
Bu , Bu /\00023 Bu THOR
| — jj\/Ti(o-i-Pr)2 - I(OR)s
Bu -50 °C
Bu

(Eq. 9.17)
Bu

Bu
B
. Bu TiOR); H*(D*) °V H(D)
97%d
50 °C —r.t.
oreven 0 °C!

47%
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Besides the acetylene—acetylene coupling reactions shown above, acetylene—allene [40]
and allene—allene coupling reactions [40] are also feasible (Eqgs. 9.18 and 9.19). These
reactions provide convenient methods for the synthesis of stereodefined olefinic skeletons.
As an addendum, the coupling of vinylsilane with acetylenes was effected by 1 to give
stereodefined homoallylsilanes, as shown in Eq. 9.20 [41].

SiPhMe,  SiMes  Megsi___Ti(0-+Pr),
A e
Cobirs 13C6 SiPhMe,
e MesSii D (Eq. 9.18)
H13Cs
SiPhMe,
94% 97-99%d,
Me,PhSi Me,PhSi
SiPhMe, i
1 i-PrCHO H*
— Ti(O-i-Pr), —
Me,PhSi (Eq. 9.19)
SiPhMe;
HO” > Pr-i
95% ds =77:23
Mej;Si 1 MesSi
7| —_— Ti(O-i-Pr),
Me3Si-__D
Bu—— Bu D 3 D (Eq. 9.20)
Bu

Bu
87% (94%d, 94%d)

9.3
Preparation of Allyl- and Allenyltitanium Reagents and their Synthetic Utility

Preparation of allyltitaniums of the type (allyl)Ti(OiPr); from the corresponding allyl-
lithium or -magnesium compounds and CITi(OiPr); by transmetallation and their subse-
quent synthetic utilization have attracted considerable interest because of the advanta-
geous reactivity of the allyltitaniums as compared to other allylmetal complexes in
terms of chemo-, regio-, and diastereoselectivity [3]. The preparation of certain allyllithium
or -magnesium reagents, however, is not necessarily easy, which would seem to limit the
utility of this method.

The titanium reagent 1 reacts with allyl alcohol derivatives, such as halides, acetates,
carbonates, phosphates, or sulfonates to afford allyltitanium complexes of the type (n'-al-
lyl) TiX(OiPr),, as shown in Eq. 9.21 [42]. As a variety of allylic alcohols are easily obtained,
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this reaction provides highly efficient and practical access to a variety of allyltitaniums,
including those that are difficult to prepare by the transmetallation method outlined
above.

(i-PrO),Ti
= R 1 \>,\‘\(R
/ﬁ/

X
N XY (Eq. 9.21)

X
—~ (-PrO),Ti /\/\/R
X = Cl, Br, OAc, OCO,Et, OP(O)(OEt),, OTs, OPh

The following synthetically attractive features of the reaction are apparent. The reaction
allows the preparation of allyltitaniums bearing functional groups, thus providing easy
access to functionalized compounds (Eq. 9.22).

WOAC 1 E102CQ
L (FPrO)Ti OAc
E10,cO 2 \/\6/)5

PHCHO \/C/\/\OAC
Ph =

OH  76% (d.r.77:23)

(Eq. 9.22)

Seven-, eight-, and nine-membered cyclic allyltitanium reagents can readily be gener-
ated from the corresponding cyclic allylic halides or carbonates [43]. The resulting tita-
nium reagents, in turn, react stereoselectively with aldehydes and imines, as exemplified
by the eight-membered case shown in Eq. 9.23, thus providing a new and selective access
to medium-ring carbocycles bearing a side chain at the allylic position.

©/ Br 1 ©/TiBr(O-i-Pr)2 EtCHO

OH oH (Eq. 9.23)
Et O/\Et
85% 95: 5

Alkylidenecyclopropane derivatives can readily be prepared by the reaction of 1 with
vinylcyclopropyl carbonates and subsequent trapping of the resulting allyltitaniums
with aldehydes or ketones (Eq. 9.24) [44]. It should be noted that, in this case, the
carbon—carbon bond formation occurs at the less substituted allylic terminus, and not
at the more substituted end of the titanium reagent, the latter being the position at
which addition to substituted allyltitanium reagents is usually observed.

Penta-2,4-dienyltitanium complexes, including those bearing a functional group, can
readily be prepared from 1 and penta-1,4-dienyl carbonates. In turn, these react regiose-
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| Ti(OR)3
OCOzEt 1 |Xﬁ (ORls
i E{CHO ¢ (Eq. 9.24)
| OH Et
76% 6 : 94
CocozEt 1 COCOZEt
OCO,Et OCOEt
Me,CO E; 2 Eq. 9.25
/I\ (Eq )
OH
83% >99: 1 regioselective
E:Z=87:13

lectively with aldehydes and ketones to afford the corresponding penta-1,4-dien-3-yl carbi-
nols in a highly specific manner, as exemplified by Eq. 9.25 [45].

Reaction of the allyltitaniums with D,0 and NCS proceeds with excellent regioselectiv-
ity, and thus a new one-pot method for converting allyl alcohol derivatives to 1-alkenes
having D and ClI at the allylic position is opened up (Eq. 9.26) [46].

R
H* or D* /\~/R'
R ! 1 R'
/\FR I H (D) (Eq. 9.26)

OCO,Et (RO)Ti R NCS

R
/A{/R'
Cl
The preparation of chiral allyltitanium reagents having a stereogenic center and their
utilization in asymmetric synthesis have been pursued. As shown in Eq. 9.27, chiral allyl-

R s R\‘/\ R ~ ~
CICOEt + BnNBoc Bn'N'Boc B
OH path a

(Eq. 9.27)
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titaniums having an amino substituent at the stereogenic center can be prepared from
optically active 4-amino-1-alken-3-ol derivatives. In turn, these can be made to react
with aldehydes at either the o- or y-position to the amino group by selecting ethyl carbo-
nate (path a) [47] or cyclic carbamate (path b) [48] as the leaving group. The diastereoselec-
tivities of both reactions are good, and so this protocol provides a new entry to the prepara-
tion of e-aminoalkanols and B-vinyl-y-aminoalkanols.

The allyltitanium reagent derived from optically active acrolein 1,2-dicyclohexylethylene
acetal reacts with carbonyl compounds or imines in a regioselective way to provide the
corresponding addition product, which has the structure shown in Scheme 9.8 [49,50].
These results indicate that the allyltitanium reagent serves as a propionaldehyde homo-
enolate equivalent. Although the degree of chirality transfer observed for the reaction
with carbonyl compounds was low and is not indicated in the scheme, the reaction
with imines was found to proceed with a high degree of chiral induction. Thus, a chiral
homoenolate equivalent that reacts highly selectively with a variety of imines, including
acyclic and cyclic aldimines and cyclic ketimines, has been developed for the first time.

O _\\C'HeX.

//\<Olc-Hex.
l 1

'Oj:c-Hex.
|
(FPrO),Ti" ™0 ~c-Hex.
R?
¢ ’\{ c-Hex L
§ N 1
(1PrO),Ti Oy O ex: R C'Hex-/%#io )
O” Nc-Hex. I ’T‘ H
L _ R2
l R'R?CO j
2-NH
HO R=-NH H
R1’)\/\/O ~c-Hex. R1>\/\’OIC-HeX'
R2 Hol HO™ScHex.  scheme 98, A i
c-Hex. . cheme 9.8. Asymmetric
ds = up to 99% addition to imines.

The synthesis of optically active compounds by the diastereoselective reaction of allylti-
tanium reagents with chiral electrophiles has also been reported. The reaction of allyltita-
nium reagents with chiral imines proceeds with excellent diastereoselectivity, as shown in
Eq. 9.28, thus providing a new method for synthesizing optically active homoallylic
amines with or without a B-substituent [51,52].

Ph

o Ph

N
X | /'\
i ,. Me. ) NE™, (Eq. 9.28)
(-PrO),Ti \/\/Me o
H:
Me
92% ds =94:6




9 Titanium(Il) Alkoxides in Organic Synthesis

In contrast to the allyltitaniums derived from acrolein cyclic acetals, such as 1,2-dicyclo-
hexylethylene acetal shown in Scheme 9.8, those derived from acrolein acyclic acetals react
with ketones and imines exclusively at the y-position. As shown in Eq. 9.29, the reaction
with chiral imines having an optically active 1-phenylethylamine moiety proceeds with
high diastereoselectivity, thus providing a new method for preparing optically active 1-
vinyl-2-amino alcohol derivatives with syn stereochemistry [53]. The intermediate allyltita-
nium species has also found use as a starting material for a carbozincation reaction [54].

Ph Ph
A/OB” ! (ROMTI OB + N° Ty Fa. 9.29
OBn iBu Bu ™ (Eq. 9.29)
OBn
60% ds = 84:16

The reaction of alka-2,3-dien-1-yl carbonates with 1 resulted in a similar oxidative addi-
tion to afford 1,3-dien-2-yltitanium complexes, as shown in Eq. 9.30. Subsequent iodinoly-
sis provided one-pot access to 2-iodo-1,3-dienes, which are otherwise tedious to prepare [55].

-PrO)oTi
o~ CoHig 1 ( )2 \>,\\'(09H19

7 7
OCO,Et { OCO,Et
H,0
H (D)
or D-O
_ AN Gt (Eq. 9.30)
(RO)3T 92% yield >98% E

|
- )\/\CgHw

98% yield >98% E

The reaction shown in Eq. 9.31, in which CH,=CHCH,TiX; is generated from 1 and
(CH,=CHCH,)RC(CO,Et),, indicates that the RC™(CO,Et), anion is equally effective as
a good leaving group as halide, acetate, or carbonate. By taking advantage of this
reaction, the allyl moiety could be used as a protecting group for the acidic hydrogen of
malonic esters [56].

ST
N — T
R™ "CO.Et CO,Et (Eq. 9.31)
R “COLEt - 90%

R = PhCHy, CoH1e, -(CHp)4-,
CH2=C(M€)CH2CH2-

The titanium reagent 1 reacts with propargyl alcohol derivatives to provide synthetically
useful propargyl- or allenyltitanium compounds, as shown in Eq. 9.32 [57], which have
hitherto been synthesized by a transmetallation reaction via the corresponding propargyl-
lithium or -magnesium compounds [58]. As a variety of propargyl alcohols can easily be
prepared, this direct method opens up a highly practical route for preparing a variety of
homopropargyl or allenyl derivatives by their reaction with electrophiles, as illustrated
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in Eq. 9.33 [57]. When stannyl chloride is used as the electrophile, propargyl- or allenyltin
compounds are obtained [59]. The generation of a propargyltitanium reagent followed by
its intramolecular trapping with an incipient carbonyl group leads to cycloalkanols [60].
Propargyltitanium reagents derived from pinacol acetals of ynals react selectively with
aldehydes at their allenic position to give allenyl adducts, which, upon acidic treatment,
spontaneously give various furans [61].

R1 1 1 X)
\(x Rﬁj}m

R2

, JTi .
X = Cl, Br, OAc, i-PrO”" "O-i-Pr
OGOt (Eq. 9.32)
OP(O)(OEt),,
OMs R1>= =<R2 R1 ).(
. —— " _Ti(O-1
(-PrO)sTi H NP,
X when R' = H, R2 = H
OCO,Et OCO,Et
. 1
MesSi — Me;Si
(RO)3Ti (Eq. 9.33)
OCOEt OCO,Et
CsH41CHO
00 gy, L
TN
OH > SiMes

89% ds =80:20

The reactions of 1 with secondary propargyl phosphates (Scheme 9.9) and tertiary
propargyl carbonates (Scheme 9.10) proceed with excellent stereoselectivity, although the
sense of stereoselectivity is different in the two cases, thus providing a practical and general
method for synthesizing chiral allenyltitaniums starting from easily accessible optically
active propargyl alcohol derivatives [62—65]. The subsequent reactions of the allenyltita-
nium species with electrophiles shown in Schemes 9.9 and 9.10 also proceeded with
good to excellent stereoselectivities. Thus, efficient access to optically active homopropargyl
alcohols [62], acetylenes (having a deuterium at their propargyl position) [63], propargyl
halides [63], a-hydrazinoalkynes [64], and propargylstannanes [65] has been achieved.

As shown in Eq. 9.34, 3-alkoxy-2-propyn-1-yl carbonates were shown to react with 1 to
afford titanated alkoxyallenes, which, in turn, react regiospecifically with aldehydes to pro-
vide the corresponding y-addition products [66].

]
o= ==
OCO,Et (Eq. 9.34)

Ti(OR)3 /O
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MeSSi Megsi
N TN
H H —I/Br

D
87%, 88% ee 91%, 89% ee
T D0 / Br,
, _ MesSi 5
MesSi 1 |X(-PrO)Ti \Bu| PhCHO N .
N S ’
\/Bu . ) ~h Ph H
“ Mes;Si
H ‘OP(O)(OEt 3
(O)(OEY)2 86% OH
96.7% ee erythro/threo = 55:45
94% ee
BocN=NBoc j \\B%SnCI e
MesSi i
3 \/Bu Megsl\/Bu
H” 'N-NHBoc BusSn” H
Boc
. 80%,
73%, 53% ee >86% ee from the

phosphate of 92% ee

Scheme 9.9. Chirality transfer from chiral allenyltitanium reagents.

Me3Si
\/ R 1 TMS>=._ .‘\\\R
Me” “OCO,Et 'O)aTi Me

2 (RO)3Ti

87.2% ee
R = (CH5)3CHMe»

Ho0 (DZO/ \ NCS N’hCHO

Me;3Si Me3Si Me3Si
3 Nn TN NoR,
Me” "H(D) cl’ Me Me” ¢~
OH
72%,
90-93%, 81-82% ee 94%, 73% ee erythro/threo = 55:45
85% ee

Scheme 9.10.  Chirality transfer from chiral allenyltitanium reagent.

9.4
Intramolecular Nucleophilic Acyl Substitution (INAS) Mediated by 1

Intermolecular nucleophilic acyl substitution is a fundamental carbon—carbon bond-
forming reaction. In spite of its high synthetic potential, however, its intramolecular ver-
sion, that is, intramolecular nucleophilic acyl substitution (INAS) is rather rare because of
the intrinsic difficulties involved in carrying it out. One difficulty associated with the INAS
reaction is that a reactive nucleophilic species must be generated in the presence of car-
bonyl functionality, and at the same time this nucleophile is expected to react only with
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the carbonyl group in an intramolecular fashion, and not intermolecularly with the one
present in the reaction product. Organometallics such as zinc and boron species lack
the nucleophilicity to undergo INAS reactions, while organolithiums and -magnesiums
are generally too reactive.

It is well recognized that organotitanium compounds do not react with esters or carbo-
nates due to their low nucleophilicity [3]. However, INAS reaction of unsaturated esters or
carbonates mediated by 1 proceeds smoothly, as shown in Egs. 9.35 [67], 9.36 [68,69], 9.37
[70], and 9.38 [70,71]. The m-alkene or -acetylene titanium intermediates shown in these
equations have highly strained titanacyclopropane or -propene structures, respectively,
and the relief of the strain associated with the INAS reaction might operate as a driving
force [1d,9a,9b,9¢]. As the initial products generated in these INAS reactions are organo-
titanium compounds, the ensuing reaction occurs readily either in an intramolecular
manner with an electrophile present in the products (Eqs. 9.35 and 9.36), or intermolecu-
larly with an added electrophile (Eqs. 9.37 and 9.38). The reaction thus offers efficient and
practical access to cyclopropanols (Egs. 9.35 and 9.36), bicyclo[n.1.0]alkanols (n = 3, 4, 5)
(Eq. 9.36), as well as cyclic and acyclic a,f-unsaturated ketones and lactones (Egs. 9.37 and
9.38), starting from readily available materials.

Ph

o) 1 N0 (FPrO)TH*
| iPrO),Ti —
k”o)LPh VPR oM ey °
A </ 0
(Eq. 9.35)
L o OH
O-Ti(O-Pr), O-Ti(O-i-Pr)2 y+ Ph.,
— Ph = O —
OH
o} Ph
85% ds =>97:3
/4 Ti(O-i-Pr) H*
( 2 <1:/\Ti(OR)3 S O?
o — o)
OMe ( OMe
55%

, o FPIQ O-FBY

Megsl\/\/u\ 1 T ’/O_I‘
O-i-Pr E\\i
Me3Si
(Eq. 9.37)

o
I .
Me;;&%
(FPrO)Ti o/
67%
Me3Si Mej3Si

PhCHO

69%
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OFEt
s )OJ\ 1| , o)\o
O OEt — (/-PrO)gTi}\/ﬁ// —
n
n=1o0r2 R n
B OFEt ]
(ProyT oH § (Eq. 9.38)
0 H* o)
R% (or D7) R)ﬁ
n n
and/or and/or
[ COEt COEt
(FPrO),Ti o (DH OH
R " R "

INAS reactions of carbonates of 3,5-dienyl alcohols (i.e., involving a conjugated diene
moiety) [72] and 3,4-dienyl alcohols (i.e., having an allene moiety) [73] also proceed
smoothly to furnish the corresponding B,y-unsaturated esters. The reaction of 4-silyl- or
4-stannyl-3,4-dienyl carbonate having axial chirality proceeds with excellent chirality
transfer, as exemplified in Eq. 9.39, thereby affording a novel access to optically active
a-substituted B,y-unsaturated esters [73].

R
R>: " ] ] WH
. — 5 | —
¥ B (PrO)TY s A
OCOgEt 07 Okt

89% ee (Eq. 9.39)

OH

Ti(OR)s R = SiMe,Ph  57%, 88% ee
R =SnBu; 55%, 86% ee

R R
H \\COQEt HZO H .\\COZEt
W W OH

Ring-closure to give small rings is also feasible, but in certain cases other types of
reactions are observed, such as that shown in Eq. 9.40 [74,75].

(D)
(D) 1 1 EtO,C_Me HyaC o]
1)1 13Lg
D) R A . ) o (B 9:40)
Et0,C CO.Et 2)H*D*) 186 — 2) H*(D*)
R = COEt R =Me Me
45% 68%

Asymmetric cyclopropanol formation has been achieved with olefinic acylsulfonamides,
which act like olefinic esters. Thus, their reaction with 1 provides a method for synthesiz-
ing cyclopropanols in an optically active form. As represented by Eq. 9.41, alkylation of
Oppolzer’s camphor sultam and reaction of the resulting unsaturated acylsulfonamides
with 1 provides optically active bicyclic cyclopropanols having exclusively the structure
shown in the equation [76].
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L0~ LX) ey

CsHyqy-i 80%
>98% ee
ds = >95:5

The INAS reaction of w-vinyl amides proceeds as shown in Eq. 9.42 to afford cyclopro-
pylamine derivatives [77]. The reaction with cyclic imides derived from w-vinylamines,
furnishing acylaminal derivatives, was also found to proceed smoothly (Eq. 9.43) [78].

7/ (olefin)Ti(O-i-Pr), Ti(O-i-Pr)»
0 f’ «/O
NRR' olefin <NRR‘
(Eq. 9.42)
q\/‘ri(o-i-Pr)ZOMe (}
o .
R'RN NRR
| Ti(O-i-Pr),
0 (olefin) Ti(O-Fi-Pr), é
N \ N
olefin
0 (Eq. 9.43)

40%

The newly developed INAS reaction outhned above makes it possible to connect the car-
bon—carbon bond intramolecularly at an almost unprecedented position, and, moreover,
the reaction products bear a functional group enabling further manipulation, such as a
ketone, enone, lactone, cyclopropanol, or cyclopropylamine group. The reaction thus
allows a new synthetic design in organic synthesis. The synthesis of N-heterocycles,
including optically active ones, starting from readily available starting materials strongly
indicated the utility of the reaction, as depicted in Eq. 9.44 [79,80]. Efficient total synthesis
of allopumiliotoxin 267A, which is one component of the toxic skin secretion of certain
neotropical frogs and displays significant cardiotoxic activity, was accomplished using
this N-heterocycle-forming reaction as the key step (Eq. 9.45) [79].

0
RYCOZMe ; R%%H
Ne=R 77 o N R

Bn~
COZH or or (Eq. 9.44)

R
he -

NH; HO

R
amino acid YCO2M8 1 RW
B~ N
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H
N'BOC 3 steps N 2 steps
—_— C(SMe)s
COzH “,
H H OH
1) i-PrMgCl
2) 1 Eq. 9.45
67% ( )
(H1

Allopumiliotoxin 267A

The reaction also allows an efficient and practical synthesis of optically active 5-[(tert-
butyl)dimethylsilyljoxy-2-cyclohexenone starting from readily available starting materials,
as shown in Eq. 9.46 [81,82]. 5-[(tert-Butyl)dimethylsilyljoxy-2-cyclohexenone [82,83] and
its analogues having additional substituents [84] or a different ring size (a seven-mem-
bered counterpart) [85] show a useful dichotomy in their stereoselectivities towards
organocopper reagents. This makes them useful as effective chiral building blocks for
the synthesis of substituted cyclohexane compounds, including cis-cyclohexa-3,5-diene-
1,2-diols [86] and natural products such as penienone, penihydron [82], palitantin [87],
and the A-ring precursor of 1a,25-dihydroxyvitamine D; [88,89] and its 19-nor derivatives
[90].

FeCly
OH then
OTBS 1 AcON
I 2 coet — . ﬁ conNa @\ (Eq. 9.46)
OTBS
98.3% ee oTBS 98.3% ee

The reaction shown in Eq. 9.47 demonstrates a short synthesis of y-[(trityloxy)methyl]-a-
alkylidene-y-butyrolactones having stereodefined mono- and disubstituted exo-alkylidene

. 0
1) RC=CLi,
0 .
AL BFeERO oo 1
OTr  2) Buli, o B OTr
CICO.Et R—=—
y O
H:0 , g O (Eq. 9.47)
(RO),Ti e / \&&&
o OTr
o >80%
R 0
Iy [
oTr \ o
>70% R

OTr
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moieties starting from commercially available glycidyl trityl ether [91]. These lactones have
been utilized as versatile building blocks and as intermediates for synthesizing chiral
natural compounds.

As shown in Eq. 9.48, optically active a-alkylidene lactones having an iodoalkyl sub-
stituent were prepared from the corresponding optically active epoxy alcohol by means
of the Sharpless epoxidation. These represent precursors of optically active functionalized
cyclopentanes and cyclohexanes, respectively, as shown in the equation [92].

Bu

1) BuC=CAIEt,, Il
MesAl TBSO OCO,Et
2) Buli,

| E
CICO,Et OBn

(Eq. 9.48)

39% from the epoxide
Bu._ o

BuzSnH
Et3B cat.

OBn

in the absence of Et,AICI  76% 90 : 10
in the presence of Et,AICI  86% 10 : 90

9.5
Intramolecular Coupling of Alkenes and Acetylenes

In Section 9.2, intermolecular reactions of titanium—acetylene complexes with acetylenes,
allenes, alkenes, and allylic compounds were discussed. This section describes the intra-
molecular coupling of bis-unsaturated compounds, including dienes, enynes, and diynes,
as formulated in Eq. 9.49. As the titanium alkoxide is very inexpensive, the reactions in
Eq. 9.49 represent one of the most economical methods for accomplishing the formation
of metallacycles of this type [1,2]. Moreover, the titanium alkoxide based method enables
several new synthetic transformations that are not viable by conventional metallocene-
mediated methods.

R
~Z
\/Q\R'

X

(Eq. 9.49)
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Intramolecular coupling mediated by 1 can be applied to a variety of bis-unsaturated
compounds. Thus, 1,6- or 1,7-dienes, enynes, and diynes, including those having a
heteroatom in the tether portion, afford the corresponding titanabicyclic compounds, as
exemplified in Egs. 9.50 and 9.51 [93—97]. The resulting titanium compounds may be pro-
tonated, deuterated, or halogenated, as shown in Egs. 9.50 and 9.51, or they may be used
for carbon—carbon bond elongation through their reactions with aldehydes or allyl
bromide, which stop cleanly at the mono-addition stage, as shown in Egs. 9.50 and
9.52. Their reactions with electrophiles usually proceed with excellent regio- and stereose-
lectivity, thus offering a convenient method for the preparation of five- and six-membered
cyclic compounds. Intramolecular coupling of diynes followed by intramolecular double
addition to the ester moiety, which is located at a suitable position with respect to the
titanacycle, has proved possible, as described in Eq. 9.13 [33].

SiMes SiMes
R /~F 1 R><ﬁ  H,Dhorl
R S —_— R Ti(O-i-Pr), or
CO (1 atm)
R = BnOCH,- or H
ph - CHO
_ (Eq. 9.50)
SiMes SiMes S'Me,i
R R R
i or O or OH \_-Ph
R R R Me
X =H, 97% 56% 66% ds = 96: 4
X =D, 90% [>99% d5]
X=1,87%
SiMe SiMes TMes
R A 1 R _— H*orD* R X
— Ti(O-i-Pr);
RS R = R X (Eq. 9.51)
SiMes SiMeg SiMe,
R = BnOCH,- X=H,97%
X =D, 87% [>99% d,]
SiM83 SiM83 SiMe3
B CgH17
Ti(0-i-Pr), C8M17CHO
Z Li;Cu(CN)Cl, OH
CsHi1 CsHi1 CsHqyy  (EQ. 9.52)
91% 9:1 47%

regioselective
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The above bicyclization could be extended to functionalized diynes, permitting the pre-
paration of lactams or lactones having a fused exocyclic conjugated diene, a representative
example of which is shown in Eq. 9.53 [98].

o) SiMes o SiMes o Mes
~z L e T Tio-Prs - N ()
BnN —_— n i(O-1-Pr)2 n
S =~ (D) (Eq. 9.53)
SiMes SiMeg SiMes

80%, 99%d, 99%d

Stereoselective cyclization controlled by a substituent remote from the reaction center is
often difficult to achieve. However, 1-mediated cyclization of the substrates illustrated in
Eq. 9.54 proceeds in a highly stereoselective manner when the hydroxy group is converted
to a magnesium alkoxide prior to cyclization [99,100]. The effect of the alkoxide group is
much more favorable than that of the corresponding TBS ether.

SiMeg 1) if X = H, SiMes

/Cj\% FPrMgCl H* /(f
Eq. 9.54
XO A 2) 1 XO Me (Eq )

X=TBS 51:49 73%
H 90:10 70%

The cyclization of dienynes was found to proceed equally well, as shown in Eq. 9.55, and
the resulting intermediate titanacycle reacts regiospecifically with aldehydes at the remote
position of the most likely allyltitanium system [101].

SiMes SiMes
R F 1 R
— Ti(O-i-Pr),
R AN R
EIZ =937 S
R = BnOCH,-
. (Eq. 9.55)
Q CHO SiMes
R><:/Q OH,_—g5:15
R
exclusively E

75%
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The intramolecular cyclization of 1,2-dien-7-ynes and 1,2-dien-6-ynes regiospecifically
affords the corresponding titanacycles, which react with protons, carbon monoxide, alde-
hydes, or imines to give single products, as shown in Egs. 9.56 and 9.57 [102]. As the for-
mation of titanacycles and their subsequent reaction with externally added reagents such
as carbon monoxide (Eq. 9.56) or an aldehyde (or imine) (Eq. 9.57) proceeds with excellent
chirality transfer, this represents a new method for synthesizing optically active cyclopen-
tane derivatives from optically active allenes [102].

__SiMe; SiMes
CcO
<:\/ L Ti(O-iPr)y ———
X
'%{.\H h
SiMes Me3Si
=< 86% ee
SiMe, Sittes (Eq. 9.56)
ElI*
O - 0
Ti(O-i-Pr)2 £y
MesSi MesSi” “H
El=H 68%, 86% ee
El=D 67%
SiMeg
Z 1
LCsHyp ——
_'_\H H SiMe3
=83% ee Cah7CHO
VR
CsH
SiMes 95:5 H, o
CgHir” OH
Ti(O-Pr)s — 84%, 80% ee (Eq. 9.57)
CsH .
e i Pr H SiMes
Optically active Ph” N
upto0°C!
VRN
>97:<3 ph.., CsH14
H” NHPr

71%, 81% ee
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9.5 Intramolecular Coupling of Alkenes and Acetylenes

If the alkenes and acetylenes that are subjected to the reaction mediated by 1 have
a leaving group at an appropriate position, as already described in Eq. 9.16, the resulting
titanacycles undergo an elimination (path A) as shown in Eq. 9.58 [36]. As the resulting
vinyltitaniums can be trapped by electrophiles such as aldehydes, this reaction can be
viewed as an alternative to stoichiometric metallo-ene reactions via allylic lithium, magne-
sium, or zinc complexes (path B). Preparations of optically active N-heterocycles [103],
which enabled the synthesis of (—)-a-kainic acid (Eq. 9.59) [104,105], of cross-conjugated
trienes useful for the diene-transmissive Diels—Alder reaction [106], and of exocyclic
bis(allene)s and cyclobutene derivatives [107] have all been reported based on this method.

SiMe; SiMe;

~ TP, —— TIOR)s

/ |
OCO,Et
1 -
(path A) \’hCHO

SiMe3 SiMe3

= Ph
<f (Eq. 9.58)
" 0C0,Et OH

67%
\\ y
SIMeg SIMeg I/ PhCHO
% Cﬁ
(path B)
PhO PhO_ | Ti(O-+Pn),
/ ]
le.,, OMe [ >, OMe
N N
Bn OMe Bn OMe
_/ _/  _cOoH (Eq. 9.59)
I e R
[ > OoM O\
N g € N CO.H
Bn OMe H
56% a-Kainic acid

The utility of this metallo-ene-type reaction has also been demonstrated by the reaction
of 1,6- or 1,7-enynes bearing a chiral 1,2-diphenylethylene acetal moiety as the leaving
group. The reaction was found to proceed with excellent chiral induction to give optically
active cyclopentane and cyclohexane derivatives, respectively, which was followed by
reaction of the resulting vinyl titaniums with electrophiles, as exemplified in Eq. 9.60,
s.p. 348 [108].
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Intramolecular alkene—acetylene cyclizations of 2-en-7-ynoates and 2-en-8-ynoates pro-
ceed readily to give different products depending on the nature of the ester moiety
[109,110]. Thus, cyclization of tert-butyl enynoate affords the titanacycle, which, in turn,
reacts regioselectively with electrophiles at the titanated ester portion to afford cyclopen-
tane or cyclohexane derivatives having stereodefined side chains (Eq. 9.61, s. p. 348) [110].
Methyl or ethyl esters having the same structure also lead to the titanacycles, but this is
followed by a second ring-closure, itself initiated by the reaction with an electrophile,
eventually giving bicyclic ketones as shown in Eq. 9.62, s.p. 349. The cyclization of 2,7-
dienoates providing bicyclic ketones is also feasible, and this reaction has recently been
used to good effect in the preparation of carbacyclin (Eq. 9.63, s.p. 349) [111].

Application of the above method to chiral 2-en-7-ynoates derived from optically active 8-
phenylmenthol led to asymmetric ring-closure to give bicyclic ketones bearing an angular
substituent, with high ee values, as shown in Eq. 9.64, s.p. 349 [112].

In contrast to the reactions of olefinic esters discussed above, 7-en-2-ynoates, i.e. acet-
ylenic esters, exhibit an interesting alternative cyclization behavior, as shown in Scheme
9.11 [109,110]. Deuteriolysis of the reaction mixture at low temperature gave the expected
bis-deuterated monocyclic compound, indicating the intermediacy of a titanacycle species.
However, when the reaction mixture was simply allowed to warm to as much as 0°C, a
product having a bicyclo[3.1.0]hexane skeleton was obtained in excellent yields. The initi-
ally formed titanacycle may be converted to the titanium—carbene complex and/or the
a,a-bis-titanated ester, as evidenced by their deuteriolysis (to give an a,a-bis-deuterated
ester) and smooth alkylidenation with diethyl ketone (to give the unsaturated ester).
The synthesis of d-sabinene has been achieved by using this reaction as the key step [110].

The construction of ring systems through a tandem inter- and intramolecular coupling
of two unsaturated compounds is also possible using the reagent 1. Thus, as exemplified
in Eq. 9.65, s. p. 349, this transformation provides an efficient method for preparing cyclic
compounds [113].

=
X
CO,Et
-50 °C l 1
Ti(0-i-Pr),
¢ Ti(0-i-Pr), COLEt
0°C o
CO,Et and/ Ti(O-i-Pr),
or /
EtO
EI*
H*, D Et,CO
El £l
El El CO,Et
COEt COEt
El_H o1 Et” Et
Scheme 9.11.  Cyclization of =H 91% El=H 74%

7-en-2-ynoates. D 99%d, D 78%, 99%d, 58%
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SiMe3 SiM83
Pz
= 1 N
«_COEt - @T'(O"'Pr)z
CO,Et
MesS} SiMes (Eq. 9.62)
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. QTIX(; o
CO,Et !
El El
El*=sBuOH El=H 80%
EtCHO EtCH(OH)- 78%
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9.6 Concluding Remarks

9.6
Concluding Remarks

There are already numerous synthetic reactions, and applications thereof, based on titano-
cene (“Cp,Ti"”) and zirconocene (“Cp,Zr”) reagents. However, most of the reactions dis-
cussed in this chapter are not merely extensions of these known reactions. Indeed, they
show novel selectivity or reactivity, they allow transformations that have proved unsuccess-
ful with conventional metallocene reagents, and they facilitate reactions that have not
been reported previously. The other advantageous features of the titanium alkoxide system
are as follows. The starting material, Ti(OiPr),, is very inexpensive as compared to other
metallocene reagents. The experimental operation is very simple: the actual reactive tita-
nium(II) species can be generated in situ in the presence of substrates. The work-up of
reactions is also very convenient because, upon hydrolysis, the titanium species either
completely migrates to the aqueous layer or forms an insoluble precipitate of inorganic
salts, which are readily separated from the organic products by extraction or filtration, re-
spectively. These points are amply illustrated in the following representative procedures.
Finally, we hope that this family of titanium alkoxide-mediated transformations will be-
come increasingly utilized by synthetic chemists and will be the subject of ongoing devel-
opment.

Typical Experimental Procedures

Generation and Reaction of Acetylene Complexes (Section 9.2): (E)-1-Cyclohexyl-2-[(trimethyl-
silyl)methylene]-1-octanol [10] To a stirred solution of 1-(trimethylsilyl)-1-octyne (0.14 g,
0.75 mmol) and Ti(OiPr), (0.22 mL, 0.75 mmol) in diethyl ether (8.0 mL) was added a
1.25 M solution of iPrMgCl in diethyl ether (1.2 mL, 1.5 mmol) at —78 °C to give a yellow
homogeneous solution. This solution was warmed to —50 °C over a period of 0.5 h, during
which it became brown in color. After stirring at the same temperature for 2 h, cyclohex-
anone (0.054 mL, 0.53 mmol) was added at —78 °C and stirring was continued for 1 h at
—75 to —70°C. The reaction mixture was then quenched with water (0.8 mL), allowed to
warm to room temperature, and filtered through a short pad of Celite. The filtrate was
dried over MgSO, and then concentrated in vacuo to give an oil. "H NMR analysis of
this crude sample showed the presence of the title alcohol and its regioisomer in a
ratio of 96:4. Purification on silica gel afforded the title compound (0.12 g, 83 %) having
the same isomeric composition.

Generation and Reaction of Allyltitanium Reagents (Section 9.3): 2-(4-Bromophenyl)-1-phenyl-
3-buten-T-ol [42] To a solution of 1-(4-bromophenyl)allyl ethyl carbonate (285 mg,
1.0 mmol) and Ti(OiPr), (0.296 mL, 1.0 mmol) in diethyl ether (5 mL) was added iPrMgBr
(1.20 M in diethyl ether, 2.0 mmol) at —50 °C. The resulting yellow solution was stirred at
—50 to —40°C for 1.5 h, in the course of which it became brown. Benzaldehyde (74.3 mg,
0.70 mmol) was then added at —40 °C and the mixture was allowed to warm to 0°C over a
period of 30 min. After the addition of aqueous 1 ¥ HCI (5 mL) at this temperature, the
mixture was allowed to warm to ambient temperature. The organic layer was separated
and the aqueous layer was extracted with diethyl ether (10 mL). The combined organic
layers were washed with saturated aqueous NaHCO; solution (5 mlL), dried over
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MgSO,, and concentrated under reduced pressure. The resulting residue was purified by
column chromatography on silica gel to give the title compound (176 mg, 83 %). Its 'H
NMR analysis showed that the diastereomeric ratio was >97:3 and that the stereochem-
istry of the major isomer was 1RS,2SR.

INAS Reaction of Esters of Acetylenic Acids (Section 9.4): (S)-1,2-Dibenzyl-4-[(trimethylsilyl)-
methylene]piperidin-3-one [79] To a stirred solution of (S)-2-{benzyl-[4-(trimethylsilyl)-3-
butynyl]amino}-3-phenylpropionic acid methyl ester (393 mg, 1.0 mmol) and Ti(OiPr),
(0.385 mL, 1.3 mmol) in diethyl ether (10 mL) was added iPrMgCl (1.34 M in diethyl
ether, 1.94 mL, 2.6 mmol) at —78 °C. The resulting mixture was gradually warmed to
—50°C over a period of 1 h and then stirred for 2 h at —50 to —40°C. After the addition
of saturated aqueous NaHCOj; solution (0.8 mL) at —40 °C, the mixture was allowed to
warm to ambient temperature. NaF (3 g) and Celite (3 g) were added and the result-
ing mixture was stirred for 30 min. at room temperature and then filtered through a
pad of Celite. The filtrate was concentrated in vacuo to afford the crude product, which
was purified by passage through a short silica gel column to afford the title compound
(273 mg, 75 %).

Cyclization of Bis-Unsaturated Compounds (Section 9.5): (E)-1,1-Bis[(benzyloxy)methyl]-
3-methyl-4-[(trimethylsilyl) methylene]cyclopentane [93] To a stirred solution of 4,4-bis-
[(benzyloxy)methyl]-1-(trimethylsilyl)- 6-hepten-1-yne (0.41 g, 1.0 mmol) and Ti(OiPr),
(0.37 mL, 1.26 mmol) in diethyl ether (10 mL), iPrMgCl (1.08 M in diethyl ether,
2.55 mL, 2.75 mmol) was added dropwise at —78°C under argon. After stirring for
30 min., the solution was warmed to —50 °C over a period of 30 min. and kept at this tem-
perature for a few hours. The reaction was subsequently terminated by the dropwise ad-
dition of 3 N HCl (2 mL) at —78 °C. The organic layer was separated and the aqueous layer
was extracted with diethyl ether and hexane. The combined organic layers were washed
with aqueous NaHCO; solution and brine, dried (MgSO,), and concentrated to an oil,
which was chromatographed on silica gel to afford the title compound (0.40 g, 97 %).
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Organometallic Chemistry of Titanocene and
Zirconocene Complexes with Bis(trimethylsilyl)acetylene
as the Basis for Applications in Organic Synthesis

Uwe Rosenthal and Viadimir V. Burlakov

10.1
Introduction™

Suitable complex fragments that are both coordinatively and electronically unsaturated are
often required to realize stoichiometric and catalytic reactions of organometallic com-
pounds with different substrates. These core complexes coordinate to the substrates, acti-
vate them, and move them in the direction of the desired products. This general mechan-
ism is nicely illustrated by the manifold reactions of Group 4 metallocene complexes, such
as the complex fragments titanocene “Cp,Ti” and zirconocene “Cp,Zr”, which are consid-
ered as generally unstable 14-electron compounds displaying a d* configuration (M(II)).
They possess one lone electron pair and two vacant valence orbitals. In terms of their re-
activity, they can be compared to carbenes. The possible interactions between occupied
and unoccupied orbitals account for the fact that these metallocenes “Cp,M” react with
a variety of unsaturated compounds to form metallacycles, which then have the potential
to undergo diverse conversions with further substrates. A crucial question in this context
is what kind of ligand can be used that sufficiently stabilizes the metallocene fragment,
yet can be quantitatively released under mild conditions to generate the unstable and
very reactive core complex.

10.1.1
Established Titanocene and Zirconocene Sources

Some systems are known to generate titanocene “Cp,Ti” or zirconocene “Cp,Zr” very well.
A range of combined Cp,MX,/reducing agent systems, as well as some well-defined
complexes Cp,ML,, have frequently been used [1]. Selected examples of such systems
are a mixture of Cp,ZrCl, with nBuli, which forms via Cp,Zr(c-nBu), the complex
Cp,Zr(m-n-butene) (Negishi), and a mixture of Cp,ZrCl, with EtMgCl, which forms via
Cp,Zr(o-Et), the complex Cp,Zr(n-ethylene) (Takahashi). In some cases, these complexes

*) In this article the following abbrevations are used:
Cp: cyclopentadienyl, Cp”: pentamethylcyclopentadienyl, ebthi: ethylene-bis(tetrahydroindenyl), Me: methyl,
Ph: phenyl, tBu: tertiary butyl.
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10.1 Introduction

have been stabilized by additional ligands as, for example, in Cp,Zr(PR;)(n-n-butene)
(Binger) or Cp,Ti(PMes)(m-ethylene) (Alt). Other complexes, such as Cp,Ti(PMe;), (Alt)
and Cp,Zr(n-1,3-butadiene) (Erker), have also frequently been used. These complexes
are summarized in a number of excellent reviews and various informative contributions
in textbooks [1]. The applicability of these systems and their success in certain reactions
often depend on their preparative accessibility, on the selectivity of the conversions, and
on the inertness of the temporary ligand. From this point of view, all of the above
mentioned systems have certain disadvantages. Nevertheless, they are frequently and suc-
cessfully used in organic synthesis, sometimes without any knowledge of the elementary
organometallic reactions involved. To study these basic steps of stoichiometric and catalyt-
ic reactions, there is a need for appropriate complexes that react cleanly with substrate
molecules and that can give an indication of the scope and limitations of the desired
chemistry. Due to the existence of the aforementioned reviews, this contribution does
not cover and repeat the general and well-known facts, but is instead oriented towards
unusual reaction steps that are of potential interest in organic synthesis. The results de-
scribed in this chapter come mostly from novel titanocene and zirconocene reagents with
bis(trimethylsilyl)acetylene.

10.1.2
Novel Titanocene and Zirconocene Reagents with Bis(trimethylsilyl)acetylene

In recent years, stable and well-defined bis(trimethylsilyl)acetylene complexes [2] of the
type Cp,M(L)(n*-Me;SiC,SiMe;) have emerged as novel reagents [3] for group IV metallo-
cene fragments: M = Ti, without L (1) [2a,2d]; M = Zr, L = THF (2a) [2c; M = Zr, L =
pyridine (2b) [2e,2j]; M = Zr, L = acetone (existing in equilibrium with the zirconacycle
2¢) [2f]; the pentamethylcyclopentadienyl complexes 3 [2b,2d] and 4 [2i], and the rac-
ethylene-bis(tetrahydroindenyl) complexes 5 and 6 [2h].

SiMe,3 SiMe;
SiMe Me,Si
cp,Til| Cp,2Zr A Cp,Zr. Cp,2Zr
\O SiMe, \N SiMe;
Sile, O ¢ \>
1 2a 2b 2c
i iM
SIMe3 Si e3 2 fiMes 7 iMe3
., F ,
cp~Ti] cprzri | ,Ti& ZrY
S SiMe; 3 SiMe;
SiMe, SiMe;
3 4 rac-5 rac-6

Figure 10.1. Novel titanocene and zirconocene reagents incorporating bis (trimethylsilyl)acetylene.
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For one example in this series, the complex Cp,Zr(pyridine)(Me;SiC,SiMe;)
(“Rosenthal’s complex”; 2b), it was pointed out very recently that it “offers a number of
compelling advantages over the widely used Cp,ZrCl,/nBuli system and should signifi-
cantly expand the scope of zirconocene-based coupling reactions” [2j].

By using different Cp ligands (Cp, Cp’, ebthi), additional ligands (THF, pyridine,
acetone), and metals (Ti, Zr), a fine-tuning of the reactions of these complexes has
been feasible. Additional influences are exerted by, e. g., the substituents on the substrate,
the stoichiometry used, the solvents, and other reaction conditions. Complexes of this type
have also been prepared and used in connection with a multitude of substrates, and in
many cases the products differ markedly from those obtained with conventional metallo-
cene sources.

In their resonance forms, the complexes are considered as acetylenic m-complexes
(+2 oxidation state) or as metallacyclopropenes (+4 oxidation state), which lead to coupling
reactions of the alkyne (insertion into the metallacyclopropene) or to a substitution of the
alkyne by the substrate.

dissociation association
SiMe; SiMe;
Csz—l | ~— Cpm{|
SiMe; SiMe;
- alkyne + subsstrate
SiMe;
[CpoM] Cp,M N SiMe,
S
(A)
+ substrate
S - alkyne
+ substrate + substrate
CpoM(S) Cp2M< ~———— Cp,M(S)

(B)
Scheme 10.1.  Co-reactions of the bis(trimethylsilyl)acetylene (A) or reactions of the substrate (B) at the
metallocene as the basis for an associative or dissociative mechanism.

These are the two general possibilities for applications in organic synthesis: co-reactions
of the alkyne with substrates (A) or reactions of the substrate (B) alone in the coordination
sphere of the metal. The special feature of bis(trimethylsilyl)acetylene in reactions of these
well-characterized complexes is its ability to stabilize the metallocene core and its ten-
dency to suppress coupling reactions of the alkyne. In principle, this was found in earlier
studies of reaction mixtures, firstly by Fagan and Nugent in 1988 [4] and later by Living-
house in 1989 [5]. Investigation of the elementary organometallic steps of reactions of
these complexes with substrates can provide basic information for applications in organic
synthesis.
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10.2 Reactions of Titanocene and Zirconocene Sources

10.1.3
Mechanistic Considerations

The reaction behavior of complexes Cp,M(L)(n*-Me;SiC,SiMe;) (M = Ti, without L;
M = Zr, L = THF, pyridine, acetone) is in all cases best explained by the easy displace-
ment of the silyl-substituted alkyne. This can happen directly from the alkyne complex
(dissociative mechanism) or, after coupling with the alkyne, from the formed metallacycle
(associative mechanism). For M = Zr, strong indications have been found for an associative
mechanism (see Section 10.3), while for M = Ti the substitution can also proceed disso-
ciatively via a free titanocene [7,8a]. Interestingly, the same difference between titanium
and zirconium was found by Basolo and Rausch in relation to CO substitution in com-
plexes Cp,M(CO), by R;P with the formation of Cp,M(PR;)(CO): M = Ti, dissociative;
M = Zr, associative [6]. In the case of the titanocene alkyne complexes, the dissociative
route has been additionally supported by the recent reports of the first examples of free
titanocenes by Lawless [7] and Mach [8a], who used the complex with bis(trimethylsilyl)-
acetylene [n°-CsMe,(SiMe;)],Ti(n*-Me;SiC,SiMe;) to generate the free titanocene [n’-
CsMe,(SiMe;)],Ti. Interestingly, it is impossible to prepare this complex starting from
[n°-CsMe,(SiMe;)],TiCl, by reduction with magnesium because coupling reactions of the
substituted Cp ligands predominate [8b]. This nice example illustrates very well the poten-
tial of choosing the route via the bis(trimethylsilyl)acetylene complexes.

10.2
Reactions of Titanocene and Zirconocene Sources

Group 4 metallocenes are important as catalysts in the stereospecific polymerization of
alkenes. Consequently, alkenes have been the most extensively studied substrates in reac-
tions with metallocenes.

In the context of “modern acetylene chemistry”, which serves a variety of implementa-
tions, for example new materials, special polymers, nanostructures, and supramolecular

= ==X i

e =0 _—

— ==N— ——

] l 1
Y Y
—0 —N=—r———N— —_——0
E——— | ———N—N=—+ ——— =N
'

'H

} ' ’

— = E— = etc. etc.

Scheme 10.2. Combination of different functional groups to generate further substrates for investigation.
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structures, substrates with C—C triple bonds have been increasingly well investigated.
This includes mono-alkynes as well as linear and branched di-, oligo-, and polyynes.

Heteroalkenes themselves, or in combination with triple or double bonds, provide a
broad variety of substrates. By combination of different functional groups, a more or
less formal construction set for different substrates becomes available.

On the basis of these considerations, it is possible to classify and to understand the
potential of metallocene-assisted reactions for organic syntheses. Additionally, it is pos-
sible to investigate which functional groups are tolerated in a considered reaction.

As mentioned above, the broad chemistry of titanocene and zirconocene has been
described in many reviews [1].

This work is focused on unusual reactions of the novel metallocene reagents
Cp,M(L)(n*-Me;SiC,SiMe;), which often give very clean organometallic elemental reac-
tions, as the basis for applications in organic synthesis.

10.2.1
Acetylenes —C=C—

Internal RC=CR Symmetrically disubstituted acetylenes such as tolane PhC=CPh react
with complex 1 by substitution of the bis(trimethylsilyl)acetylene with formation of the
metallacyclopentadiene 7 [2a,2d].

Me;Si Me;Si

SiMe,
Cp,Ti Cp,Ti Cp,Ti Cp,Ti
SiMe; SiMe;

Me,Si

7 8a 8b 8c

R ISiMe3
Me;Si Me3Si
V SiMe, *Ne=C
— |: B -
Cp*,Ti H szM szzr'—CEC—;TGCz
; ( H I-I\C'/’c\
] SiMe,
Me;Si
9 10 11 12

Figure 10.2. Products obtained with acetylenes.

Using the unsymmetrically substituted acetylene Me;SiC=CPh, the kinetically favored
substituted complex 8a is formed initially, cycloreversion of which gives the symmetrically
substituted and thermodynamically more stable product 8b. Due to steric reasons, the
other conceivable symmetric product 8c is not formed [9]. Such metallacycles are typically
very stable compounds and are frequently used in organic synthesis, as shown by the de-
tailed investigations of Negishi and Takahashi [1m]. Bis(trimethylsilyl)acetylene complexes
are a new and synthetically useful alternative.
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Terminal RC=CH Monosubstituted acetylenes of the type RC=CH can also react with
complex 1 by substitution of the bis(trimethylsilyl)acetylene with formation of metallacy-
clopentadienes. Due to the C—H acidity, the reaction of RC=CH (R = Me;Si, C;H,,
CyoH,;) with complex 3 to give permethyltitanocene-1-alkenyl-acetylides 9 is more impor-
tant [10]. The formation of such complexes involves substitution of Me;SiC=CSiMe; by
RC=CH, oxidation of the formed Cp’,Ti(n’-RC,H) to the titanocene-hydrido-acetylide
[Cp ,Ti(H)(C=CR)], and subsequent insertion of a further molecule of RC=CH to yield
Cp',Ti(n'-(E)-CH=CHR)(n'-C=CR) (9). Mach has recently shown that such complexes un-
dergo a photochemical coupling reaction of the alkenyl and acetylide groups to give the
1,4-disubstituted but-1-en-3-yne titanocene complexes Cp’,Ti(3,4-n>-RC,CH=CHR)
[11a]. These complexes catalyze the rapid dimerization of terminal acetylenes to give
2,4-disubstituted but-1-en-3-ynes (head-to-tail dimers) [11].

Unsubstituted HC=CH Reactions of titanocenes and zirconocenes with unsubstituted
acetylene have been thoroughly investigated by Alt, mostly using the complex
Cp,Ti(PMes), [12]. Complex 1 yields trans-polyacetylene from unsubstituted acetylene
in pyridine, whereas complexes 2—4 are less active catalysts in this reaction [13].
Detailed NMR investigations have shown that in the reaction of complexes 1 and 2a
with acetylene at low temperature, the corresponding disubstituted metallacyclopenta-
dienes 10 are formed besides trans-polyacetylene. Warming these reaction mixtures
leads, in the case of titanium, to an unusual coupling of one Cp ligand with the diene
unit with the formation of a dihydroindenyl system 11 [14]. In the case of zirconium,
a dimeric complex with a bridging diacetylide group and an agostic 1-alkenyl ligand
{Cp,Z1[C(SiMe;)=CH(SiMe;)]},[u-0(1,2)-C=C] 12 is formed [14] (Fig. 10.2). Both com-
plexes are important with regard to deactivation processes of the catalyst in the polymer-
ization of acetylene.

PMe, _ PMeg /PMe;,
cp,Ti P H=H Cp,Ti ~  Cp,Ti
PMea - PMea \/ \/
H
H
+H== Hl - PMe,
H

A,

Cp,Ti
\H
j H

trans-—[-Hc—-cH ‘—_cp T|=<|- H ~— szTn?H

Scheme 10.3. Mechanism of the polymerization of acetylene proposed by H.G. Alt [12].
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SiMe, H
+ H=—4H
Cp,Ti ——————>  CpTi—
N - Me,Si————SiMe, P2l “
SiMe, H
(U] H (iv)
AN H
H |
A H” “H(R)
szTl\
H v)
+H—=—=—H(R) + H-——H
(i)
H
/ "
trans- —[—HC=CH-}; - szTiIH _h szTi—|
. H
' (iii)
I
H” “HR
®) H” “H(R)

Scheme 10.4. Suggestions for an alternative mechanism for the polymerization of acetylene.

The combination of these findings with the aforementioned results of Beckhaus,
Rosenthal, and Mach may also be interpreted in terms of an alternative mechanism
for the polymerization of acetylene, which differs from that of Alt [12] (Scheme 10.3).
In the absence of coupling, as in 11, or of twofold C—H activation as found in 12,
the steps after substitution of Me;SiC=CSiMe; by HC=CH and formation of
Cp,Ti(n?-HC,H) are: (i) oxidative addition to give the hydrido-acetylide Cp,Ti(H)(C=CH),
(ii) insertion of a further molecule of HC=CH to yield Cp,Ti(—CH=CH,)(—C=CH),
(ili) coupling to give Cp,Ti(3,4-n*-HC,CH=CH,), (iv) substitution of vinylacetylene
HC,CH=CH, by HC=CH with formation of Cp,Ti(n’*-HC,H) and Cp,Ti(H)(C=CH),
(v) insertion of HC,CH=CH, into the newly formed Cp,Ti(H)(C=CH) to yield
Cp,Ti(—~CH=CH—-CH=CH,)(—C=CH), coupling to give Cp,Ti(3,4-n>-HC,CH=CH—
CH=CH,), and repetition of this sequence (Scheme 10.4). Thus, by an iterative process
consisting of substitution, oxidative addition, and coupling, trans-polyacetylene is also
obtained. These mechanistic suggestions, which are based on an adaptation of results
relating to the dimerization of a terminal acetylene [11b] to the unsubstituted acetylene,
can be combined with the various steps of Alt's mechanism.

10.3
Alkenes >C=C<

The manifold chemistry of alkenes with titanocenes and zirconocenes has been re-
viewed in detail in some of the above mentioned contributions [1]. The reactions of the
metallocene sources 1—6 with alkenes have only been investigated with regard to the
specific question as to whether or not complexes or coupling products could be
obtained.
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Internal RCH=CHR 2-Hexene MeCH=CHC;Hj, is not isomerized by complex 1 to 1- or
3-hexene, nor is its cis:trans ratio changed. No olefin complexes or coupling products
are obtained. The corresponding zirconocene complexes 2 likewise did not show any
isomerization activity [15].

Terminal RCH=CH, 1-Hexene C,;H,CH=CH, is isomerized by complex 1 in accordance
with the factors influencing the thermodynamic stability of cis- and trans-2-hexene [15].
At the end of the reaction, the alkyne complex 1 was recovered almost quantitatively.
No alkene complexes or coupling products were obtained. The corresponding zirconocene
complex 2a did not show any isomerization activity. Propene CH;CH=CH), reacts with
complex 6 with substitution of the alkyne and the formation of zirconacyclopentanes as
coupling products, the structures of which are non-uniform [16].

Unsubstituted H,C=CH, Upon reaction with complexes 2a or 6, ethene gives zirconacy-
clopentanes such as 13 and 14 [16]. The formation of these compounds proceeds at low
temperature via zirconacyclopentenes 15, which disproportionate at room temperature
to the starting alkyne complex and complex 14. The latter is formed quantitatively in
the reaction of 15 with ethene.

13 14
R R
_— _—
Cp,Ti Cp,Ti
= =
R R
16a 16b 17
Cp,

Me,Si SiMe;,

[\
MesSi—™ N, ~SiMe,
Cp,

=
N,
W

Figure 10.3. Selected
examples of products
obtained with ethene and
18a 18b non-conjugated diynes.
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10.4 Diacetylenes
10.4.1 Non-Conjugated C=C—X—-C=C

Coupling reactions of non-conjugated o,w-diynes have been systematically classified by

Tamao [17].
/ 1\
R

exo - exo

or

M M
2M
= w ’
Scheme 10.5. System for different coupling
reactions of non-conjugated diynes proposed
by K. Tamao [17]. exo - endo

For titanocene and zirconocene derivatives, Negishi [la] and Nugent [1b] were the
first to establish this chemistry. Reactions of complex 1 with various a,w-diynes
RC=C(CH,),C=CR give, after substitution of the bis(trimethylsilyl)acetylene and subse-
quent intramolecular cyclization, bicyclic titanacyclopentadienes 16 [18a]. The spacer
length determines the stability of the obtained product. Using other systems, Farona
succeeded in synthesizing tricyclic compounds starting from RC=C—CH,—C=CR and
zirconocene [18b]. The obtained titanium compounds, such as 16a/16b, are stable for
n = 2 and 4, but decompose for n = 5 to undefined products. For n = 4, the initially
obtained complex rearranges by C—C cleavage of the C-ligand and intramolecular cou-
pling to give the stable tricyclic n*,n’-dihydroindenyl titanium complex 17 [18a], which
is similar to the aforementioned complex 11 and to compound 56 (vide infra).

Tilley established a new zirconocene-coupling route to poly-, cyclodi-, tri-, and tetramers,
as well as to large functionalized macrocycles [2j,19]. Well-defined cyclooligomerizations
of some phenylene-bridged diynes such as Me;SiC=C(C¢H,),C=CSiMe;, n = 2—4;
Me;SiC=CCeH,— CsH;N—CsH;N—CoH,C=CSiMe, and Me;SiC=C—CsH;N—CsH;N—
C=CSiMe; yielding dimers 18a and trimers 18b with high regioselectivities were achieved
using complex 2b Cp,Zr(pyridine)(Me;SiC,SiMe;) [2j].
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10.4.2
Conjugated C=C—C=C

The nature of the products obtained from the reactions of 1,4-disubstituted 1,3-butadiynes
with metallocene sources 1—6 depends strongly on the Cp ligands, the metal, the stoichio-
metry, and the reaction conditions used [3]. Generally, after elimination of the bis(tri-
methylsilyl)acetylene, different modes of complexation ensue. Cleavage of the butadiynes,
reverse coupling with the formation of other butadiynes, or different coupling reactions
of two butadiynes in the coordination sphere of one metal or between two metals may
be observed as the fundamental follow-up reaction types. With complexes 3 and 4,
these reactions do not proceed, but the permethylmetallocene cores may be generated
by using the chlorides Cp",MCl, and magnesium. In these cases, different types of com-
plexation or coupling reactions of the pentamethylcyclopentadienyl ligand with the buta-
diynes are observed. In view of the fact that the main products of these reactions have
been summarized in several reviews [1r,3], herein we give only a summary of the more
general aspects of this chemistry.

Complexation of 1,3-butadiynes In the reactions of complex 1 with various butadiynes,
binuclear complexes with intact C, units between the two metal centers are found. The
former diynes are transformed to “zig-zag butadiene ligands” or p-n(1-3),n(2-4)-trans,-
trans-tetradehydrobutadiene moieties between two metallocene cores. The bond type in
19 is unknown for the corresponding zirconocene complexes.

Besides this 2:1 complexation of the titanocene, a 1:1 complexation [3,20] may also be
observed by employing a different stoichiometry. The butadiynes RC=CC=CR with R
= tBu and Ph generate the novel five-membered titanacyclocumulenes (metallacyclo-
penta-2,3,4-trienes; n*-butadiyne complexes) 20 [3,21a]. For R = tBu, this structural
type could also be realized with M = Zr [3,21b]. The corresponding five-membered
hetarynes had been hypothesized as reactive intermediates by Wittig in the early 1960s
[22a]. More recently, such 3,3-didehydrothiophenes and -pyrroles have been discussed
by Wong, who was able to trap the first compound following reactions with several alkenes
[22b,22¢].

Metallacyclocumulenes  Five-membered metallacyclocumulenes 20 are very unusual. They
are the smallest discrete cyclocumulenes to be isolated and structurally characterized. The
structures of titana- and zirconacyclocumulenes show an almost planar arrangement of
the metallacycle, containing three C—C double bonds, of which the central one is elon-
gated. This elongation is ascribed to the intramolecular interaction of this bond with
the metal center, which stabilizes this type of complex [21].

The distances and angles (70—74° at C-a and 147—150° at C-B) in the metallacycle cor-
respond closely to those calculated for organic cyclocumulenes such as cyclohexa- and cy-
cloheptatrienes [23]. According to other theoretical calculations, titana- and zirconacyclo-
cumulenes are thermodynamically more stable than the isomeric bis(c-acetylide) com-
plexes [24]. The calculated data are in good agreement with the obtained experimental va-
lues. All four carbon atoms of the former diyne are viewed as having p orbitals perpendic-
ular to the plane of the cyclocumulene. The sp-hybridized internal C atoms possess addi-
tional p orbitals in that plane, which are used to establish a coordination of the relevant
bond to the metal center.
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Reactions of the metallacyclocumulenes Some reactions of the metallacyclocumulenes are
suggestive of an equilibrium between a n*-complex (metallacyclocumulene) and a n?-com-
plex 21 (metallacyclopropene) [25]. Evidently, the two forms present in the equilibrium
mixture can even react with each other to afford an unsymmetrical complex 22, in
which a titanacyclopentadiene is anellated to a titanacyclopentene [25]. The formation
of 22 can be rationalized in terms of the insertion of the internal double bond of the ti-
tanacyclocumulene into the titanacyclopropene. Additionally, the symmetrical titanium-
substituted radialene 23 is generated in the same solution [26]. This can be thought of
as the product of a formal dimerization of two titanacyclocumulene molecules. Interaction
of the metallacyclocumulenes 20 with additional titanocene or zirconocene sources 1—2c
gives either complexes with intact diynes 19 or results in C—C single-bond cleavage to give
twofold o,m-alkynyl-bridged metal(III) complexes 24. Conversions with nickel(0) com-
plexes show a marked dependence on the substituents R. For M = Ti or Zr and R =
Ph, m-complexes of the corresponding metallacyclocumulenes are formed, which can be
regarded as Ni(0)-olefin complexes 25 with two Ph,P ligands [27]. These compounds
are especially significant for two reasons. On one hand, the homobimetallic analogues
of these compounds can be viewed as intermediates in the reaction leading to the two dif-
ferent 2:1 complexes (cleavage and complexation reaction). On the other hand, they pro-
vide unequivocal proof of the metallacyclocumulene structure of the n*-complex. Mean-
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while, m-complexes of other metals with such metallacyclocumulenes have also recently
been described [28].

Coupling reactions of 1,3-butadiynes The reaction of bis(trimethylsilyl)butadiyne with zirco-
nocene leads to a coupling product of two diyne entities at the core complex with forma-
tion of a seven-membered zirconacyclocumulene 26 (zirconacyclo-hepta-2,4,5,6-tetraene)
(Fig. 10.4). Under analogous conditions with titanocene and employing two equivalents
of the diyne, a regioselective coupling of the diynes to titanacyclopentadienes 27 is observ-
ed, which places one alkynyl group in a position o and the other in a position f to the
metal. Both complexes react selectively with sulfur monochloride to give an identically
substituted thiophene 28 [29] (Fig. 10.5).

Ph
R Ph
Ph Ph
R A
// Ph I I H H H
=
== H o J H H
R H H H
H H Ph H
// Ph  Ph Ph
Ph
Figure 10.5. Selected
R

organic products
obtained from 1,3-
28 29 30 31 butadiynes.

In addition to the previously described coupling of two diynes at a single metal center,
there are examples of coupling reactions of two diynes between two metallocene frag-
ments (complexes 22 and 23). Acidolysis of complex 22 gives the trans-3,4-dibenzyli-
dene-1,6-diphenyl-1-hexen-5-yne 29 [26]. The corresponding reaction of complex 23
(Fig. 10.4) does not lead to the expected radialene 30, which seems to be unstable,
but forms, after an H-shift, the cis-3,4-dibenzylidene-1,6-diphenyl-1-hexen-5-yne 31
(Fig. 10.5) [26].

Single-bond cleavage in 1,3-butadiynes Only a change in the stoichiometry can alter the
reaction course; thus, cleavage products are favored if two equivalents of the metallocene
are reacted with certain diynes. The generated products are, from a formal point of view,
twofold o,m-alkynyl-bridged metal(III) complexes. These were known previously, but had
been synthesized by a different route. C—C single-bond activation accompanied by cleav-
age has provided a novel route to these compounds starting from 1,3-butadiynes. This
type of cleavage reaction is favored for M = Zr as compared to Ti, an observation that
is supported by theoretical calculations [30]. Additionally, the substituents R attached to
the butadiynes RC=C—C=CR exert a strong influence, as exemplified by the trimethyl-
silyl group, which significantly activates the inner C—C single bond due to its f effect.

Photochemical investigations When a solution of the complex Cp,Ti(o-C=CtBu), is irra-
diated, NMR spectroscopic monitoring shows that a titanacyclocumulene is first gener-
ated, and that this species then reacts with a further equivalent of titanocene to yield
the dinuclear complex with p-n(1-3),n(2-4)-trans,trans-butadiene units between the two
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metallocene cores 19 (Fig. 10.4) [27]. This reaction cannot be used preparatively to synthe-
size the corresponding titanacyclocumulene, as this compound is only a non-isolable
intermediate under these reaction conditions. By taking into account all these results,
a general reaction scheme is deduced, whereby both the cleavage and the coupling to
1,3-butadiynes can be rationalized as a logical sequence of events [3,24].

R R
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| | Csz%
) \ / )
R R

"Cp,M" AN
CpM=| —— Cp.M Y MCp,

/ R R \
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Scheme 10.6. General scheme for alkynyl coupling and 1,3-diyne cleavage reactions via metallacyclo-
cumulenes.

CpoM

According to this scheme, both the cleavage and the coupling proceed via metallacyclo-
cumulenes, in which the intramolecular coordination of the inner double bond is ulti-
mately replaced by an intermolecular coordination. These intermediates then rearrange,
depending on the metal M and the substituents R, to afford products in which either
an intact or a cleaved C, linkage is present. The individual energy levels of these and com-
parable complexes, as well as of the proposed intermediates, have been determined by
thorough calculations, and the results confirm the relative thermodynamic stabilities as
observed experimentally. Thus, these theoretical results emphatically support the postu-
lated reaction course.

Photocatalytic C—C single-bond metathesis Cleavage of symmetrically substituted buta-
diynes in combination with a subsequent alternating recombination of the fragments
constitutes a C—C single-bond metathesis.

SiMe; 'Bu SiMe;

I | || 1) 4 "Cp,Ti*, hy | |
+ _ 2
2) oxidation
Scheme 10.7. Titanocene-mediated, photo- || H ”
catalyzed C—C single-bond metathesis with
1,3-disubstituted butadiynes. SiMe; Bu ‘Bu
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It is of special note in this context that the first C—C single-bond metathesis reaction
ever published has very recently been described using paraffins and immobilized TaH
catalysts [31]. If an equimolar mixture of the butadiynes tBuC=C—C=CtBu and
Me;SiC=C—C=CSiMe; is treated with an excess of the “Cp,Ti” reagent and the mixture
is then irradiated, the unsymmetrically substituted diyne tBuC=C—C=CSiMe; is ob-
tained after oxidative work-up, along with the symmetrically substituted starting diynes
[32]. The observed reaction does not proceed without titanocene. Without irradiation,
higher temperatures are required and a considerable increase in decomposition reactions
is observed. The reaction thus represents the first titanocene-mediated, photocatalyzed
C—C single-bond metathesis in homogeneous solution. With regard to the metal, this
metathesis cannot be conducted catalytically since an excess of the diyne would favor
coupling reactions and the coupled complexes would predominate in the product mixture
(see above). The course of reaction can be formulated in such a way that the titanocene
reacts with tBuC=C—C=CtBu to give the binuclear complex with an intact C, backbone,
and with Me;SiC=C—C=CSiMe; to give the o,m-alkynyl-bridged cleavage product.

SiMe;
[r———
/ . hv
CpaTi{ TiCPy | Cp,TIC=CSiMe,
Y4 SiMe,
Me3Si
’ hv Z Stic
* == Cp,Ti P
P2t
‘Bu /
1
Bu
7 TiCp, hv ! .
Cp,Ti / ~—— szTICEC Bu
—_—eee
'Bu

Scheme 10.8. Proposed mechanism for C—C single-bond metathesis through monomeric titanocene(lIl)
monoacetylides.

Under the influence of light, both 2:1 complexes are subsequently cleaved to the ex-
tremely unstable monomeric Ti(III) complexes [Cp,Ti(c-C=CtBu)] and [Cp,Ti(o-
C=CSiMe;)], which then dimerize to either the respective starting complexes or, in the
desired way, to a differently substituted binuclear complex. The reverse reaction can
also be realized.

Permethylzirconocene and 1,3-butadiynes The unstable monomeric Ti(III) complexes
[Cp,Ti(o-C=CR)] seem to play a key role in the reaction sequence of our metathesis pro-
cess. For this reason, the stable M(IV) complexes Cp",M(0-C=CR), (M = Ti, Zr; R = Ph,
tBu, SiMe;) were synthesized, reduction of which, as is well-known for the analogous Cp
complexes, was expected to lead to the target compounds. However, on performing these
studies, it became apparent that for M = Zr and R = Ph, SiMe;, these complexes rear-
range very easily in sunlight to give the zirconacyclocumulenes 32 [20].

Compounds 32 could also be prepared by the reduction of Cp*,ZrCl, with magnesium
in the presence of the butadiynes RC=C—C=CR (R = Me, Ph, SiMe;). The corresponding
titanacyclocumulenes could not be prepared by either of the described methods. For
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Figure 10.6. Products obtained from permethyltitanocene and permethylzirconocene with 1,3-butadiynes.

Cp’,Ti with R = SiMe;, under the same conditions, the titanacyclopropene 33 was formed.
Attempted exchange reactions starting from complexes 3 and 4 and the butadiynes failed,
probably due to steric reasons. Manifold C—H activation of the methyl groups of the pen-
tamethylcyclopentadienyl ligand and C—C couplings with particular diynes have been ver-
ified for M = Zr, R = tBu (34); M = Ti, R = tBu (35), and M = Ti, R = Me, Ph (36) [20].
These reactions depend on the metal M used and the substituents R. They are, however,
worthless with regard to the synthesis of metallacyclocumulenes and cannot be applied in
catalytic C—C single-bond metatheses. On the other hand, some consecutive reactions of
the coupling products of permethylmetallocene complexes with butadiynes are very inter-
esting. The products obtained were unexpected, but nevertheless very useful for further
synthesis. The zirconacyclocumulene (n* complex) 32 with R = SiMe, takes up two mo-
lecules of CO,, thereby forming the cumulenic dicarboxylate 37 [20]. The titanacyclopro-
pene (n” complex) 33 inserts only one molecule of CO, with the formation of a titanafur-
anone 38. The insertion of a second molecule of CO, into complexes 32 can also be pre-
vented by employing the sterically demanding tBuMe,Si substituent on the diyne. In this
case, complex 39 was obtained. The stabilities and reactivities of five-membered metalla-
cyclocumulenes appear to be strongly influenced by steric factors. These may originate
from the steric demand of the Cp or Cp* ligand, the size of the metal, or the substituents
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attached to the diyne. Complex 36 seems to be in equilibrium with 40, which can insert
CO, to give 41.

Another coupling product, 42, has been obtained by thermally induced replacement
of the coordinated alkyne in the permethyltitanocene source 3 by the butadiyne
tBuC=C—C=CtBu [33, 34].

Figure 10.7. Examples
of the functionalization
45 46 of permethyltitanocene.

In this reaction, complex 35 has to be regarded as an intermediate, since a direct
conversion of 35 into 42 is also possible. Further functionalizations of these complexes
with simple reagents such as hydrogen chloride, bromine, or dihydrogen afford the
novel and easily applicable chiral derivatives 43—46 [34].

All the chemistry ensues from the reduction of the commercially available permethyl-
titanocene  dichloride Cp”,TiCl, by magnesium, which, in the presence of
tBuC=C—C=CtBu, gives the coupled alkyne compound 35, and, in the presence of
Me;SiC=CSiMe;, the complex 3. Subsequent thermolysis of 3 in the presence of
tBuC=C—C=CtBu yields the coupled complex 42. Both complexes 35 and 42 react
smoothly with two equivalents of HCI to yield the olefinic dichloride 43a (X = Cl). The
two protons are added either to the triple bond of 35 or to the two methylene groups
of 42. Importantly, complex 35 reacts quantitatively with molecular hydrogen to give
the novel, intramolecularly coordinated titanocene—olefin complex 44. This compound
can also be obtained from 43a by removal of the chlorine with magnesium. The reaction
of 44 with HCI produces the paraffinic dichloride 45 in only a low yield; instead, complex
43 is formed, accompanied by hydrogen liberation. This implies that hydrogen addition
to the double bond is less favorable than hydrogen elimination. Addition of a stoichio-
metric amount of elemental bromine to 44 affords the olefinic dibromide 43b (X = Br).
Complex 43a (X = Cl), however, is unstable towards an excess of hydrogen chloride.
NMR monitoring showed its slow conversion to a mixture of [Cp*TiCl;] and
{n’-CsMe;[—CH,CH (tBu) CH=CHCH (tBu)CH,—]}TiCl;]. The bromine analogues of
these two complexes 46 are produced as side products in the formation of complex 43b.
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10.5
Dialkenes

10.5.1
Non-Conjugated C=C—X—-C=C

1,5-Hexadiene H,C=CHCH,CH,CH=CH, is isomerized at room temperature by
complex 1 to (E,E)- and (E,Z)-2,4-hexadiene [15]. At the end of the reaction, the alkyne
complex 1 can be isolated almost quantitatively and no alkene complexes or coupling
products are obtained. In contrast, the corresponding zirconocene complex 2a does
not show any isomerization activity. Complex 1 isomerizes 1,4-cyclohexadiene to 1,3-cyclo-
hexadiene at 60 °C, but this is accompanied by hydrogen transfer yielding benzene and
cyclohexene as a competing reaction. For the corresponding zirconocene complexes 2a
and 2b, a lower isomerization activity is found due to the more favored hydrogen-transfer
reaction.

10.5.2
Conjugated C=C—C=C

1,3-Cyclohexadiene is isomerized by complex 1 at 60°C to 1,4-cyclohexadiene, again
with hydrogen transfer as a side reaction [15]. In contrast to the isomerization of aliphatic
alkenes, the isomerization of cyclohexadienes seems, in principle, to be reversible. This
is a specific feature of cyclohexadienes, since in acyclic systems or larger cycles the
conjugated isomer is more stable than the non-conjugated one. The corresponding zirco-
nocene complexes 2a and 2b give only the hydrogen-transfer reaction and no isomeriza-
tion.

trans-Stilbene PhCH=CHPh does not react with complex 6, whereas cis-stilbene is
quickly isomerized to trans-stilbene. 1,1-Diphenylethylene Ph,C=CH, does not react at
all with complex 6 [16].

10.6
Double Bonds to Heteroatoms >C=X(—)

10.6.1
Carbonyl Compounds C=0

No defined complexes could be isolated from reactions of complex 1 with acetone
Me,C=0. Complexes 2a and 2b react with acetone to give the zirconafuranone 2c,
which is an interesting zirconocene precursor in view of its extremely good solubility in
hydrocarbon solvents and because of its ability to dissociate into the alkyne complex
[2f]. It is also possible to cleanly substitute the bis(trimethylsilyl)acetylene unit so as to
obtain the complex 47, or, alternatively, to substitute the acetone with formation of the
zirconafuranone 95 (Fig. 10.14) [2f].

No products could be isolated from the reaction of 1 with formaldehyde, whereas with
2a or 2b the dimeric zirconafuranone 48 was formed [35].

Complexes such as 2 and 6 also insert into cyclic ketones, lactones, and carbonates to
form complexes 49—51 [36].
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Figure 10.8. Products obtained with carbonyl compounds and phenylacetylene.

10.6.2
Imines C=N

Other substrates with C=N double bonds frequently used in organic synthesis, such as
aldimines and ketimines, will be considered in Section 10.7.5.

10.7
Selected Combinations of Functional Groups

More or less formal combinations of the aforementioned functional groups allow us to
extend the concept and application of these basic organometallic reactions to more com-
plicated organic substrates. Additionally, these investigations can provide more informa-
tion about which groups are tolerated in a particular reaction situation as well as to
find new reactions for organic synthesis.
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10.7.1
C=C-C=C

In analogy to the aforementioned reactions of alkylacetylenes, phenylacetylene reacts with
complex 3 to give Cp*,Ti(n'-(E)-CH=CHPh)(n'-C=CPh) (9) [10]. In the corresponding re-
action starting from complex 4 and phenylacetylene, no elimination of the alkyne is ob-
served, but the complex Cp",Zr[C(SiMe;)=CH(SiMe;)](n'-C=CPh) (52) is formed [14].
This is in good agreement with the reactions of acetylene discussed above.

10.7.2
c=Cc-Cc=0

When dimethylacetylenedicarboxylates are treated with titanocene and zirconocene
sources, the reactions depend strongly on the system used as well as on the substituents.
The complex Cp,Ti(CO), reacts with MeO,CC=CCO,Me under drastic conditions with
elimination of CO through the coupling of two triple bonds to give the expected titanacy-
clopentadiene of type 7 [37a]. Using 2b and tBuO,CC=CCO,tBu, elimination of the alkyne
and coupling of one triple bond and one ester carbonyl group is observed (complex 53).
Under the same conditions, a stoichiometric reaction with Me;SiO,CC=CCO,SiMe;
results in an unusual 1,3-migration of an Me;Si group from oxygen to carbon with the
formation of the dimeric complex 54 [37D].

10.7.3
C=C-C=N

Reaction of the unsymmetrical substituted acetylene Me;SiC=CPy with 1 yields, after sub-
stitution of the alkyne, the kinetically favored unsymmetrical substituted complex 55a as
well as the symmetrically substituted, thermodynamically more stable product 55b [38].

Py Me;Si Py
SiMe, Py
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55a 55b 55¢ 56
SiMe;
Ph Ph 7
/0 mH Ph
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\O e | (o]
Ph THF 0—2ZrCp,
Ph %H
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Figure 10.9. Selected examples of products obtained with pyridyltrimethylsilylacetylene and carbonyl
compounds.
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Due to steric reasons, the symmetrical product 55c is not formed. On standing in solu-
tion, complex 55a undergoes the same unusual coupling of one Cp ligand with the diene
unit with formation of a dihydroindenyl system 56 [38], as was described above for acet-
ylene [14].

Complex 6 reacts with HC=CPy in a similar manner as described above {akin to
the reaction of complex 4 with HC=CPh to form the complex Cp’,Zr[C(SiMe;)-
=CH(SiMes)](n'-C=CPh) (52)}, giving a complex with an agostic interaction, rac-
(ebthi)Zr[—C(SiMe;)=CH(SiMes)](n'-C=CPy) [14].

10.7.4
C=C-C=0

Complex 1 reacts with benzaldehyde with elimination of bis(trimethylsilyl)acetylene to
produce the titanadioxacyclopentane 57 [39]. With benzophenone or formaldehyde, no
products are isolated [35].

The reactions of complex 2a with ketones and aldehydes show a strong dependence on
the substituents. With benzophenone, substitution of the silyl-substituted acetylene leads
to the n’-complex 58, which is additionally stabilized by a THF ligand. This complex can
serve as an interesting starting material for other reactions. With benzaldehyde and
acetophenone, the typical zirconadihydrofuran 59, akin to 2, is obtained from a coupling
reaction. This complex is unstable in the case of benzaldehyde and dimerizes, after elim-
ination of bis(trimethylsilyl)acetylene, to yield 60. In this respect, it is similar to the above
discussed complex 2c, since both of them show a tendency to eliminate the bis(trimethyl-
silyl)acetylene. The reaction of methacrolein with complex 2a depends strongly on the
solvent used [40].

OH Me
x cpzzl_<‘,‘Ph
SiMe; Me | NC
Py Ph
Me
61 62 63 64
h
L Y P
N N~ »Ph
/ Ph VA
CpoM Cp,Zr
P2 \N (372 \N
/ Ph
Ph PH H
Ph
65 66 67 68

Figure 10.10. Products obtained with methacrolein, ketimines, and aldimines.



10 Organometallic Chemistry of Titanocene and Zirconocene Complexes

In THF, insertion into 2a with the formation of complex 61 is found, whereas in
n-hexane, elimination of the bis(trimethylsilyl)acetylene leads to the formation of 62.
With acids, the dialkene 63 is liberated from complex 61.

10.7.5
C=C-C=N

Various phenyl-substituted ketimines and aldimines react with metallocenes 1 and 2, in a
manner that depends on the substituents present [41]. In all cases, elimination of the al-
kyne is observed. Complex 2b reacts with PAN=CMePh to give the n’-complex 64, which
is stabilized by an additional pyridine ligand [41a]. In the reactions of 1 or 2a with the
ketimine HN=CPh,, hydrogen transfer generates complexes 65. Two molecules of the
aldimine PhN=CHPh are coupled by 2a to give the cyclic diamido complex 66 [41D].
The corresponding complex 67 is formed using complex 6 [2h]. With the aldimine
MeN=CHPh and complex 2a, a similar complex eliminates methane with the formation
of complex 68 [3a].

2-Vinylpyridine reacts with complexes 2 and 6 with the formation of complexes 69 and
70, respectively; these are mono-azadienes, in which the aromaticity of the pyridine ring
has been lost [42].

/ CO,CH,SiMe;

Figure 10.11.  Overview of products obtained with 2-vinylpyridine.

375



376

10.7 Selected Combinations of Functional Groups

These complexes show an interesting chemistry, e.g. they undergo coupling with
ethene to give zirconacyclopentane 71 or with water to give zirconoxane 72, or they can
undergo insertion of carbon dioxide with formation of the complexes 73 and 74. In all
of these reactions, the pyridine moiety is restored. With acids, complex 73 liberates the
corresponding carbonic acids 75 or esters 76.

10.7.6
N=C—-C=N

1,4-Diazabutadienes RN=CHCH=NR react with complexes 1 and 2 with liberation of the
alkyne and formation of the corresponding diazadiene complexes 77 [43].
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Figure 10.12. Selected examples of products obtained with 1,4- and 2,3-diazabutadienes.

This is a general and new method for obtaining 1-metalla-2,5-diazacyclopent-3-enes of
titano- and zirconocenes in high yields.

10.7.7
C=N-N=C

In the analogous reaction of differently substituted azines RR*C=NN=CRR’, the products
depend strongly on the metal used (Ti and Zr) as well as on the substituents R and R’ [43].
With R = R’ = Me and M = Tij, substitution of the alkyne by the azine and subsequent CH
activation of the complex 78 is observed. With R = Ph and R’ = H, the acetylene is also sub-
stituted and, through a reductive coupling of two azine molecules, the binuclear Ti(III)
complex 79 is formed. Using the zirconocene 2a, and with azine substituents R = Ph
and R’ = H, no substitution of the alkyne is observed, but one of the C=N double bonds
of the azine inserts into the Zr—C bond of the starting complex to yield complex 80.
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With R = R’ = Ph and using complexes 1 or 2a, the central N—N single bond of the azine is
cleaved by both metals. In this case, the bis(imido) complexes 81 were formed, treatment of
which with complexes such as CpCo(C,H,), can give heterobimetallic bis(alkylideneamido)-
bridged complexes such as 82. Mach has used this concept for the reaction of methyl-sub-
stituted titanocenes with acetoneazine. With 3, monomeric Ti(III) complexes 83 and, after
activation of the methyl groups, coupled products such as 84 could be obtained [44].

10.8
Miscellaneous

Ketoximes and aldoximes Ketoximes and aldoximes are uniquely substituted C=N systems
that react differently with titanocene and zirconocene. Aliphatic and alicyclic O-silylated
ketoximes R,C=N-—OSiMe; react with complex 1 with elimination of the alkyne and
N—O bond cleavage to give imido-silanolates 85 [45].

1
R\c _R? H SiMe,
Y \N Ph MeSSi\C_c /SiMe,
Cp,Ti Cp,Ti Cp,2r CppZrées--emen. | H
2 \0 2 N zl Site, 2 \
Neim /N Ph 0 N
B G R
85 86 87 88

SiMe, SiMe,

Me,Si Measi%
Cp.
szTl\ ) chzﬂ—-N szz/r<—N O—ZI’Z—NFQ

\ \
S,
R N—2Zr—0
\2\ @_// Cp,
R

89 90 91 92

Figure 10.13. Products obtained with ketoximes, aldoximes, and selected heterocyclic compounds.

The corresponding aldoxime PhCH=N—-OSiMe; reacts with complex 1 to give titano-
cene nitrile complexes and the titana-diazacyclopentene 86 [46].

Lactams Lactams represent a special type of C=N system due to the tautomerization be-
tween the lactam (keto amine) and lactim (hydroxyimine) forms. The lactim form is much
more favored for cyclic than for non-cyclic amides of carbocyclic acids. In the reaction of
complex 2b with N-methyl-e-caprolactam, a simple ligand exchange reaction occurs and
complex 87 can be isolated. With B-propiolactam, the alkenyl-amido complex 88 is formed,
which indicates an agostic interaction. The reaction of complex 1 with e-caprolactam gives,
after elimination of the alkyne and of molecular hydrogen, complex 89 with a deproto-
nated lactam in a n’-amidate bonding fashion [47].



378

10.8 Miscellaneous

Heterocyclic compounds Heterocyclic C=N systems, such as benzoxazole and related thia-
zoles, react with complex 2b to yield the ring-expanded adducts, e. g. complexes 90 and 91,
by formal C—X (X = O, S) bond cleavage and coupling with the alkyne. In the case of
benzisoxazole, the alkyne is not coupled but eliminated, and ring-enlargement of the ben-
zisoxazole leads to the N-bridged dimer 92 [48].

Carbon Dioxide O=C=0 The reactions of the metallocene sources 1—6 with carbon diox-
ide depend strongly on the metal and ligands used. Complex 1 gives, by elimination of half
of the alkyne, the dimer 93, which forms the titanafuranone 94 after aerial oxidation [49].

SiMe;

o._ .
Cp*zTi—o—c(o,_:.TICp 5

93 94 95 96

P SiMe; Me,Si Ph : o
— — o
H COOH H COOH SiMe,
97a 97b 98 99

Figure 10.14. Products obtained with carbon dioxide.

Complex 2 reacts with CO, to give 95 by quantitative coupling of the alkyne [50]. Only
elimination of the alkyne and no coupling was observed in the reaction of 3 with carbon
dioxide, which gave the carbonate-bridged complex 96 along with Cp*,Ti(CO), [51].
These reactions are interesting because they provide, after hydrolysis, regioselectively un-
saturated carbonic acids 97 from unsymmetrical substituted alkynes, e.g. PhC=CSiMe;,
and carbon dioxide. Insertion at the Me;Si-substituted carbon atom is typical for tita-
nium and zirconium with most of the ligands used, i.e. Cp and Cp", and gives the cor-
responding a-cinnamic acid 97a [9]. By using the rac-ebthi system, the same regioselec-
tivity was found in 98. By using the meso-ebthi ligand, insertion occurred at the C—Ph
carbon bond leading to complex 99, acidic treatment of which gave 97b [52]. These
results show that insertions of carbon dioxide into metallocene alkyne complexes are
governed by both the substitution pattern of the alkyne and the steric environment
around the metal center.
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Alkynylsilanes C=C—SiH Acetylene exchange in complexes 1 and 3 by the alkynylsilanes
RC=CSiMe,H (R = tBu, Ph, SiMes, SiMe,H) yields complexes in which an agostic inter-
action between the Si—H bond and the metal center is indicated for complex 100, but not
for 101 [53].

R
Cp+,Ti |
SiMe,H
100 101
Ph HMe,Si
SiMe,H Ph
== ==
CpaM Cp,M
= =
Ph Ph
HMe,Si HMe,Si
104a 104b 105a 105b

Figure 10.15. Products obtained with alkynylsilanes containing Si—H groups.

This depends mostly on the differing degrees of bulkiness of the Cp and Cp* ligands.
With complex 2a, analogous zirconocene complexes 102 are isolated, in which there is
also such an Si—H metal interaction. Upon coordination by an additional THF ligand,
this agostic interaction disappears, as in 103. With PhC=CSiMe,H and 1 or 2a, the cou-
pling products 104a and 104b are also formed. Interaction of 1 or 2a with the difunctio-
nalized substrate HMe,SiC=CSiMe,H results in a flip-flop coordination (complex 105).
The titanocene and zirconocene complexes, with intramolecularly coordinating alkynylsi-
lanes, can serve as suitable model compounds for studying the intermolecular interaction
of similar alkyne complexes with silanes, which are used in catalytic reactions such as the
hydrosilylation of aldimines and ketimines and the dehydrogenative polymerization of si-
lanes [54]. The above products allow study of the influence of different Cp ligands and
metals on the catalytic activity of the complexes.

Triynes —C=C—C=C—C=C— The permethyltitanocene core is complexed by triynes
RC=C—C=C—C=CR through the central triple bond and the n*-complex 106 is formed.

The corresponding permethylzirconocene moiety is complexed by triynes
RC=C—C=C—C=CR through two triple bonds in a n*-fashion and complex 107 is obtain-
ed. Detailed NMR investigations have revealed a “sliding” of the permethylzirconocene
along the triyne backbone 108 [55]. This result is important because it shows there to
be a lot of species in the mixture; this is the reason for the low selectivity in some reac-
tions.

379
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Figure 10.16. Different complexation modes of triynes and “sliding” along the triyne backbone.

Tetraynes —C=C—C=C—C=C—C=C- and (—C=(),Si(C=C—), The reaction behavior of
titanocene and zirconocene towards linear octatetraynes RC=C—C=C—-C=C—C=CR is
very similar to that found for the 1,3-butadiynes [56]. Two equivalents of complex 1
react with Me;SiC=C—-C=C—-C=C—-C=CSiMe; to form 109.

Four equivalents of complex 1 react with tBuC=C—-C=C—-C=C—-C=CtBu to give com-
plex 110 with an intact C4 chain. Under the same conditions, the corresponding zir-
conocene complex 2a forms complex 111 through twofold C—C single-bond cleavage.
If two butadiyne moieties are separated by a para-phenylene unit, as in
RC=C-C=C-C¢H,—~C=C—C=CR, the titanium complex 112 is obtained. Depending
on the stoichiometry, the two zirconocene complexes 113 and 114 can also be obtained
[56b)].

Reactions of the branched tetraalkynylsilanes 115 (RC=C),Si (R = tBu, Ph, Me;Si) with
the metallocene sources 1 or 2a lead, through twofold migration and C—C coupling of the
alkynyl groups, to a novel type of dinuclear carbon-rich spiro-complexes 116 [57].

The conversions proved to be independent of the metal, the substituents, or the stoi-
chiometry employed. Similar products 117 have recently been found by Takahashi follow-
ing reactions of dialkynylsilanes (RC=C),SiR, with zirconocene complexes [58].



10 Organometallic Chemistry of Titanocene and Zirconocene Complexes

'Bu
SiMe; By /
| | /\ZGCz
/ Tisz szZr\//
Cp,Ti
é TiCps Pt / //
Cp,Ti 7
7 “rice, iy 2
| | Cp,Ti Y szzr\//
SiMes 'Bu 'Bd
109 110 111
By 'Bu ’ / Bu
7 tic /\Z’CPZ
cp,Ti > P2 —» ZrCp, CPZZr\/
: 2
7 TiCp, // N~
Cp,Ti CpoZr, ~— ZrCp,
2 4 Cp,Zr.
P2 ~— //
'Bu !
Bu Bd
112 113 114

Figure 10.17. Products obtained with linear tetraynes.

Hexaynes (C4H3) (C=C—C=C—); Tris(butadiynyl)benzenes such as 1,3,5-(RC=C—C=C);-
C¢H; give the complexes 118 when six equivalents of titanocene are used. Treatment
with three equivalents of zirconocene gives the tris(cyclocumulene) 119, and treatment
of the latter with three additional equivalents yields the threefold C—C cleaved product
120 [59].

Together with the aforementioned results for tetraynes, these complexes show the
possibility of extending the reaction pattern from 1,3-butadiynes to more complicated
molecules.
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Figure 10.18. Products obtained with tetraalkynylsilanes and hexaynes.

Fullerene  The reaction of 1 with an equimolar amount of fullerene-60 in toluene at room
temperature gives the first fullerene complex of titanium Cp,Ti(n?-Cq) 121 [60]. An X-ray
diffraction study of this complex has shown that it has the structure of a titanacyclopro-
pane derivative, which should have a high potential for further derivatization of the full-
erene.

=< R

121 Figure 10.19. Complexation of fullerene-60 with titanocene.
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10.9
Summary and Outlook

The results presented herein show the high synthetic potential of complexes of the type
Cp,M(L)(n*-Me;SiC,SiMes) (M = Ti, L = —, 1; M = Zr, L = THF, 2a; pyridine, 2b; acetone,
2c) as well as of the corresponding substituted complexes Cp*,M(n*-Me;SiC,SiMe;) (M =
Ti, 3; Zr, 4) and rac-(ebthi)M(n*-Me;SiC,SiMe;) (M = Ti, 5; Zr, 6) as novel reagents for
group IV metallocene fragments. The complexes obtained from addition and substitution
reactions of these compounds with the functional groups of several substrates have pro-
vided a lot of information concerning the applications of titanocene and zirconocene in
organic synthesis. The elementary steps and reactions to give other species open the
door for further subsequent reactions leading either to organic compounds or to more
complicated organometallics, allowing the evaluation of a broad range of other chemistry.

As mentioned above, these novel metallocene sources have a number of compelling
advantages over the widely used Cp,ZrCl,/nBuli and some other systems [1]. These
can be summarized as follows [2j]:

« The complexes can readily be prepared in large quantities direct from the commercially
available dichloride complexes, Cp,MCl,.

« They are stable at room temperature, and can be stored for long periods under an inert
atmosphere.

« They allow close control over the stoichiometries of reactions, even at elevated tempera-
tures.

« The side products of the reactions, e.g. bis(trimethylsilyl)acetylene, THF, pyridine, ace-
tone, etc., are soluble and volatile and are thus easy to remove.

« They allow coupling reactions in a broad variety of solvents, in particular non-polar
solvents such as pentane.

« They can induce chemo-, regio-, and stereoselectivity in the coupling reactions in the
presence of certain functional groups.

Typical Experimental Procedures

All operations were carried out under inert atmosphere (argon) using standard Schlenk
techniques. Prior to use, solvents were freshly distilled from sodium tetraethylaluminate
under argon. Deuterated solvents were treated with sodium or sodium tetraethylalumi-
nate, distilled, and stored under argon.

SiMes
THF
L,MCl, + Mg + Me,SiC=CSiMe; — ™  L,MT|
- MgC|2
SiMeg
1 M=Ti,L =Cp
3 M=Ti, L =Cp*
Scheme 10.9. Synthesis of titanocene (1, 3, rac-5) and zirconocene 4 M=27r, L = Cp*
(4, rac-6) complexes with bis (trimethylsilyl)acetylene without additional rac-5 M=Ti, L, = ebthi
ligands. rac-6 M=27Zr, L, = ebthi
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Synthesis of the titanocene source Cp,Ti(n*-Me;SiC,SiMe;) (1) A mixture of Cp,TiCl,
(1.00 g, 4.02 mmol), finely divided magnesium turnings (0.10 g, 4.11 mmol), and
bis(trimethylsilyl)acetylene (0.92 mL, 4.06 mmol) in THF (25 mL) was stirred at room
temperature under argon for 3 h. Thereafter, the dark solution obtained was filtered
and the filtrate was concentrated to dryness in vacuo. The residue was redissolved in
n-hexane (20 mL) and this solution was filtered again. Cooling of the filtrate to —78°C
resulted in the deposition of golden-yellow crystals of Cp,Ti(n*-Me;SiC,SiMe;) (1),
which were separated from the mother liquor by decantation and were dried in vacuo
at room temperature. The yield was 0.71 g (51%); m.p. 81—-82°C (dec.) under argon
[2a,2d].

Synthesis of the zirconocene source Cp,Zr(THF)(n’-Me;SiC,SiMe;) (2a) A mixture of
Cp,Z1Cl; (2.10 g, 7.18 mmol), finely divided magnesium turnings (0.18 g, 7.41 mmol),
and bis(trimethylsilyl)acetylene (1.62 mL, 7.15 mmol) in THF (25 mL) was stirred at
room temperature under argon for 3 h. It was then concentrated in vacuo until a nearly
dry material remained. This solid was collected on a G3 frit and washed with THF/pen-
tane (1:3, 15 mL) and then extracted with this solvent mixture (50—60 mL). The extract
was concentrated to dryness in vacuo, to leave the orange complex 2a (2.50 g, 75 %);
m. p. 139—141°C (dec.) under argon [2c].

Synthesis of the zirconocene source Cp,Zr(pyridine)(n’-Me;SiC,SiMe;) (2b) (Scheme
10.10) Rosenthal’s route [2e], starting from 2a: A solution of Cp,Zr(THF)(n*-Me;SiC,SiMe;)
(2a; 1.32 g, 2.85 mmol) in THF (20 mL) was stirred at room temperature and treated with
pyridine (0.25 mL). After 1 h, the resulting dark-red solution was filtered and the filtrate
was concentrated to dryness in vacuo. The residue was extracted with n-hexane at 50 °C
and on cooling the extract the product crystallized. The yield of very pure complex 2b
was 0.89 g (66%); m.p. 125—126°C (dec.) under argon [2e]. Direct synthesis of 2b
starting from Cp,ZrCl, through the preparation of complex 2a in situ gives less pure
samples.

Tilley’s route [2j], starting from Cp,ZrCl, and proceeding via the Negishi reagent or
via Cp,Zr(THF)(n’-Me;SiC,SiMe;) 2a: To Cp,ZrCl, (5.00 g, 17.1 mmol) and
bis(trimethylsilyl)acetylene (2.91 g, 17.1 mmol) in THF (100 mL), n-Buli (21.4 mlL,
34.2 mmol) was added dropwise at —78°C. The resulting mixture was stirred for
10 min. at —78°C and was then allowed to warm to room temperature over a period of
2 h. Pyridine (1.38 mL, 17.1 mmol) was added and the solution was concentrated in
vacuo to a volume of 20 mL. Pentane (250 mL) was then added, and the solution was
filtered, concentrated to half of its original volume in vacuo, and then cooled to —80°C
to induce crystallization. The yield of complex 2b was 6.844 g (85 %).

Synthesis of the zirconocene source rac-(ebthi)Zr(n?-Me;SiC,SiMe;) (6) A mixture of rac-
(ebthi)ZrCl, (1.00 g, 2.34 mmol), finely divided magnesium turnings (0.07 g,
2.88 mmol), and bis(trimethylsilyl)acetylene (0.42 mL, 1.85 mmol) in THF (25 mL) was
stirred at 45°C under argon for 2 h. The initially colorless solution gradually turned
green. After removal of the solvent in vacuo, redissolution of the residue in n-hexane, fil-
tration of the resulting solution, and repeated removal of the solvent, 0.89 g (72 %) of the
dark-green complex rac-(ebthi)Zr(n?-Me;SiC,SiMe;) (6) was obtained; m.p. 137—142°C
(dec.) under argon [2h].
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Cp,ZtCl, + Mg + Me;SIC=CSiMe,

THF | -MgCl,
SiMe; SiMe,
A\ -
Rosenthal Cp,2r + pyridine CpyZr.
\ o SiMe; ——m \N SiMe,
O - THF /: \>
2a 2b
Tilley + Me;SiC=CSiMe, - C4Hg
Et
CpQZr——-W
Negishi -2 LicCl -C4Hqo

CpoZrCl, + 2 n-Buli

Scheme 10.10.  Synthesis of zirconocene complexes (2a and 2b) with bis(trimethylsilyl)acetylene
containing additional ligands following the routes used by Rosenthal and Tilley.

Substitution and formation of the titanacyclocumulene 20 (Fig. 10.4) To a solution of
Cp,Ti(n?-Me;SiC,SiMes) (1; 1.385 g, 3.97 mmol) in n-hexane (3 mL) was added a solution
of 1,4-di-tert-butyl-1,3-butadiyne (0.645 g, 3.97 mmol) in n-hexane (7 mL). After standing
at room temperature for 2 h, the green solution was freed of small amounts of a dinuclear
complex (19; M = Ti and R = R’ = tBu) by filtration and the product was allowed to
crystallize at —40 °C. Greenish crystals of the titanacyclocumulene (20; M = Ti and R
= R’ = tBu) were formed, which were washed with cold n-hexane and dried in vacuo.
The yield was 0.482 g (36 %), m.p. 172—173 °C under argon [21a].

Coupling of >C=N— and formation of the zirconacycle 67 (Fig. 10.10) A solution of
N-benzylideneaniline (0.14 g, 0.76 mmol) in THF (10 mL) was added to a solution of
rac-(ebthi)Zr(n’-Me,SiC,SiMe;) (6; 0.20 g, 0.38 mmol) in THF (15 mL). The resulting
mixture was stirred for 10 min. at 40 °C, during which a color change from green to violet
occurred. After the solution had been stirred for 1 h at room temperature, the solvent
was removed in vacuo and the foamy solid residue was redissolved in boiling diethyl
ether. Crystals of the zirconacycle 67 were deposited overnight at room temper-
ature, from which the mother liquor was decanted off. The crystals were washed with
cold n-hexane and dried in vacuo to give 0.24 g (86%) of the zirconacycle, m.p.
>280°C [2h].
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Coupling of —C=C—C=C— and reaction with SCl,: formation of the thiophene derivative 28
(Fig. 10.5)  (a) To a solution of Cp,Ti(n*-Me;SiC,SiMe;) (1; 0.727 g, 2.09 mmol) in n-hex-
ane (3 ml) was added a solution of 1,4-bis(trimethylsilyl)-1,3-butadiyne (0.811 g,
4.17 mmol) in n-hexane (7 mL). After filtration and leaving the filtrate to stand at room
temperature for 5 h, red-brown crystals were obtained (0.691 g). The mother liquor was
decanted off and placed in a refrigerator. After 1 d, a second crop (0.261 g) of the complex
had crystallized. The crystals were washed with cold n-hexane and dried in vacuo. The
yield of the titanacyclopentadiene 27 was 0.952 g (80.5%); m.p. 162—163°C under
argon [21a]. (b) To a solution of the titanacyclopentadiene (0.265 g, 0.47 mmol) in THF
(10 mL) was added sulfur monochloride (0.04 mL, 0.5 mmol). The red mixture was stirred
at 55 °C for 6 h, the red-brown solution obtained was concentrated to dryness, and the re-
sidue was extracted with n-hexane (4 X 3 mL). The combined extracts were purified by
flash chromatography on activity grade III alumina (8 X 2 cm) to yield 0.089 g (49.7 %)
of the tetrasubstituted thiophene 28 as a pale-yellow liquid [29].
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11
Titanium-Mediated Syntheses of Cyclopropanols
and Cyclopropylamines

Armin de Meijere, Sergei 1. Kozhushkov, and Andrei 1. Savchenko

1.
Introduction

Among the wide variety of organometallic compounds, the relatively inexpensive and
safely handled non-transition-metal derivatives, in particular organolithium, organomag-
nesium, organozinc, and organoaluminum reagents, are definitely the most widely
used in organic synthesis [1]. The majority of synthetically useful transformations of
these reagents, including carbon—carbon bond-forming reactions, may sometimes
undergo a dramatic change in their rates or even modes when conducted in the presence
of a transition metal compound [2—9]. The use of the latter, especially of group IV transi-
tion metal derivatives, sometimes not only allows one to modify the reactivity of non-
transition organometallics, but also to perform new kinds of transformations due to a
structural reorganization of the carbanionic moiety. Among group IV metal derivatives,
titanium catalysts or mediators, such as titanium chlorides, titanium alkoxides, and
titanocene derivatives, are especially attractive for practical use as they are the least expen-
sive of reagents and are conveniently handled. In the form of the Sharpless epoxidation
[10—15] and the McMurry coupling reagents [16—21], chemo- and stereoselective reac-
tions of carbonyl compounds [22—24] as well as alkene metathesis reactions [25], tita-
nium derivatives have found numerous synthetic applications, all of which have been
reviewed.

This chapter compiles the synthetic applications of an important class of rather novel
low-valent titanium reagents, which are formed in situ from titanium alkoxides and
organometallic compounds, especially organomagnesium halides. Their application
leads to cyclopropanols from carboxylic esters (lactones) and to cyclopropylamines from
N,N-dialkylcarboxamides, respectively [26], processes that have been developed in the
last 14 years. These discoveries have led to synthetically extremely useful transformations
of organic compounds that could not even have been thought of in classical organic chem-
istry, yet are well on their way to being routinely applied in modern organic synthesis. The
increasing importance of these reactions is demonstrated by their first successful applica-
tions in the syntheses of natural products and of compounds with potentially useful
properties, which are also discussed herein.



11 Titanium-Mediated Syntheses of Cyclopropanols and Cyclopropylamines

11.2
Reaction Modes of Titanium Alkyl Derivatives Possessing B-Hydrogen Atoms

Alkyl derivatives of titanium and other transition metals having p-hydrogen atoms are
known to be prone to p-hydride elimination reactions as their most characteristic transfor-
mation [23,27—32], which occurs particularly readily when two or more alkyl groups are
bound to the metal. This leads to the formation of the corresponding alkanes, along with
polyalkenes and low-valent titanium derivatives [33—38]. The latter intermediates, which
may be formed by a bimolecular disproportionation, are essentially 1,2-dimetalloalkylene
derivatives [35]. This thermal decomposition of alkyltitanium derivatives may also occur by
B-elimination of the metal hydride [3,39—42]. This mechanism includes a ligand dissocia-
tion step from 1 with formation of a coordinatively unsaturated dialkyltitanium derivative,
followed by elimination of the metal hydride from one of the alkyl groups in 2 with
concomitant transfer of the resulting alkene to the vacant coordination site to form an
alkenealkylhydrido complex 3 (Scheme 11.1). Re-addition of a ligand to 3 accompanied
by reductive elimination of an n-alkane eventually leads to the alkenetitanium complex
4 (Scheme 11.1) [27,43—47].

R
~ r~ Ho AR
L,Ti — LyqTi —  LyTi e f
—  -L — —
R R R
1 2 3
L R A
Scheme 11.1.  Thermal decom- —_— LTi---ee- I -~ L,Ti 4
position of alkyltitanium derivatives —RCH;CH,H
by p-elimination of metal hydride. 4A 4B

The question as to whether a transition metal complex of type 4 is best described as an
alkene m-complex 4A or as a metallacyclopropane 4B, which is of practical importance, has
been addressed in several computational studies on the relationship between alkene
n-complexes and three-membered rings [48—52]. It has been concluded that the titanium
complexes of type 4 are best represented as titanacyclopropanes, i.e. by resonance
structure 4B, if one is willing to accept the notion that 4A and 4B are limiting resonance
forms [52].

The first isolable alkenetitanium complex, the bis(pentamethylcyclopentadienyl)-
titanium—ethylene complex 5, was prepared by Bercaw et al. by reduction of bis(penta-
methylcyclopentadienyl)titanium dichloride in toluene with sodium amalgam under an
atmosphere of ethylene (ca. 700 Torr) or from {[(n-CsMes),Ti],(u-N,),} by treatment with
ethylene [42]. X-ray crystal structure analyses of 5 and of the ethylenebis(aryloxy)trimethyl-
phosphanyltitanium complex 6 [53] revealed that the coordination of ethylene causes a
substantial increase in the carbon—carbon double bond length from 1.337(2) A in free
ethylene to 1.438(5) A and 1.425(3) A, respectively. Considerable bending of the hydrogen
atoms out of the plane of the ethylene molecule is also observed. By comparison with
structural data for other ethylene complexes and three-membered heterocyclic com-
pounds, the structures of 5 and 6 would appear to be intermediate along the continuum
between a Ti(Il)-ethylene (4A) and a Ti(IV)-metallacyclopropane (4B) (Scheme 11.1) as
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limiting structures [42]. No crystal structure analysis, but a full NMR spectroscopic
characterization has been reported for the interesting bis-spirocyclopropanated titanacy-
clopropane 7, which is readily formed upon reaction of Cp,Ti(PMe;), with bicyclopropyli-
dene [54].

Ph
MesP_ O
5 ; 3 .
m*CaMeg),Ti] o, O}+{7 bh CpTi
5 Ph 6 7
11.3

Preparation of Cyclopropanols

11.3.1
From Organomagnesium Precursors

The first synthetically useful reaction of titanium complexes of type 4, leading to the for-
mation of two new carbon—carbon bonds, was developed by Kulinkovich et al. [55]. They
found that treatment of a carboxylic acid ester with a mixture of one equivalent of
titanium tetraisopropoxide and an excess of ethylmagnesium bromide at —78 to —40°C
affords 1-alkylcyclopropanols 9 in good to excellent yields (Scheme 11.2) [55,56]. This
efficient transformation can also be carried out with sub-stoichiometric amounts of
Ti(OiPr), (5—10 mol%) [57,58]. In this case, an ethereal solution of two equivalents of
EtMgBr is added at room temperature to a solution containing the ester and Ti(OiPr),.
Selected examples of this transformation are presented in Table 11.1 (for more examples,
see ref. [26a]).

1) EtMgBr (2 equiv.)
Ti(OFPr)4 (5—-10 mol%)

Et,0, 18-20 °C R! OH Scheme 11.2. Ti(OiPr),-catalyzed pre-
R'CO,R? paration of 1-alkylcyclopropanols 9 from
2) HO/H* carboxylic acid esters and ethylmagnesium
8 10-99% 9 bromide. For details, see Table 11.1.

Mechanistically, this reaction can be rationalized as depicted in Scheme 11.3. It is
assumed that two equivalents of the Grignard reagent react with Ti(OiPr), to form the
thermally unstable diethyltitanium intermediate 11, which rapidly undergoes p-hydride
elimination (see Scheme 11.1) and reductive elimination to yield ethane and the reactive
intermediate titanacyclopropane 12. The putative titanacyclopropane 12 then acts as a 1,2-
dicarbanionic equivalent in that it performs an overall twofold alkylation of the alkoxycar-
bonyl group. This most probably occurs by insertion of the ester carbonyl group into one
of the titanium—carbon bonds to give an oxatitanacyclopentane 13, followed by ring-con-
traction, most probably initiated by attack of an alkoxide moiety from a titanium or mag-
nesium alkoxide or even attack of another molecule of ethylmagnesium bromide on the
titanium, with concurrent loss of the alkoxide group from the former carbonyl carbon
atom to yield the titanium cyclopropanolate 14 or an analogue with one ethyl group on
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CaHe RO),TI] _ ~RICOR?
7/ 12 \< 8
2 EtMgBr 2 -PrOMgBr
, onti? N T OR?
Ti(Oi-Pr), (ROLTI (R'O);TiN
10 13 R’

11 (R = i-Pr or RY) , ‘/
’% ( 9

R'O),Tix

1 1
ROH & TnOH H0 RS OMIBr oy 0 1<_(RO)2T|//—\\>—R1
A v d— R R0 O
X 2
(R=iProrR®) 9 + ROMgBr 14 (R' = i-Pr or R?) 15

Scheme 11.3.  Mechanistic rationalization of Ti(OiPr) 4-catalyzed cyclopropanation of carboxylic acid esters.

Ti (Scheme 11.3). The latter reacts with one or two more molecules of the Grignard re-
agent to reform the intermediate 11 — completing a catalytic cycle — and to give the mag-
nesium cyclopropanolate that is eventually hydrolyzed to 9. Alternatively, attack of an alk-
oxide or ethylmagnesium bromide moiety on the titanium in 13 could induce ring-open-
ing to a titanium homoenolate 15, which could close the three-membered ring and yield
14 by intramolecular nucleophilic attack on the carbonyl group (Scheme 11.3).

This mechanism has recently been probed by carrying out density functional theory
calculations at the B3LYP/6-31G* level of theory [73]. Addition of an ester to titanacyclo-
propane 12 was found to be fast, exothermic, and irreversible, while the cyclopropane-
forming step was concluded to occur directly from 13 to 14, to be rate-determining,
and to determine the experimentally observed cis diastereoselectivity (see below).

This cyclopropanol formation proceeds smoothly with alkenyl- (except ethenyl) [74],
cycloalkyl- [58—60,72], and arylcarboxylates [56,58], as well as with carboxylates containing
a - [65,75] or y-halogen [66], an acetal [71,76], and quite a number of other functional sub-
stituents, including dialkoxyphosphonyl groups [69] (see Table 11.1).

Diesters and even triesters have been converted to bis- and tris(cyclopropanol)s, respec-
tively. Dimethyl succinate gave the bis(cyclopropanol) derivative 17 in 80 % yield, while
triethyl trans-cyclopropanetricarboxylate (18) yields the tris(cyclopropanol) 19 (90 %)
(Scheme 11.4; selected examples in Table 11.2) [77,78]. Higher homologous dicarboxylic
acid diesters are likewise smoothly converted with ethylmagnesium bromide in the pres-
ence of Ti(OiPr), to provide the corresponding bis(cyclopropanol)s [71,78].

EtMgBr

Ti(Oi-Pr),

MeO,C
2YNSCo,Me
80%
16

EtMgBr
CO,Et Tl(O/-Pr)4

A, 90%

Scheme 11.4. Conversion of di- and EtO,C CO,Et ““‘ ,,,,

triesters to bis- and tris(cyclopropanol)s
[77,78]. 18 19
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Table 11.1.  1-Alkylcyclopropanols 9 from carboxylic acid esters and ethylmagnesium bromide in the
presence of titanium tetraisopropoxide (see Scheme 11.2).

Entry  Starting Ester  Conditions” Product Yield Ref.

R? [mol% Ti(OiPr) ] R (%)
|1 | Me I A I Me | 74 | [55,56] |

Et B [4—10] Me 84 58]

2 Me A Et 82 [55,56]
Me B [5—10] Et 79 [57]

3 Me A n-CsHy, 93 [55,56]
Me B [4—10] n-CsHy, 94 [57,58]

4 Me A iPr 88 [55,56]
Me B [4-10] iPr 88 58]

5 Me B [22] cPr 99 [59,60]

6 Et B [20] 1-(trans-4-nPr-c-Hex) 95 [61]

7 Me B [10] CH=C(Me), 23 [62]

8 Me B [10] (CH,),,CH=CH, >90 [63]

9 Et A Ph 93 [55,56]
Et B [4-10] Ph 64 58]

10 Et B [22] -~ 93 [64]

11 Me B [10] BrCH,CH, 86 [65]

12 Et B [10] CICH,CH,CH, 85 [66]

13 C ¢Pr,NCH, 28 [67]

14 iPr B [14] 1-C1,H,,CH(OiPr) 70 [68]

15 Me A E v 67 [69]

Il::(Ol Pr),
16 Me B [20] 99 [70]
N~cph,
17 Me B [10] 0 84 [71]
)
Me

18 Et B [24] 81 [72]
(K,

* A: Ester (1.0 equiv.), Ti(OiPr), (1 equiv.), EtMgBr (3 equiv.). B: Ester (1.0 equiv.), Ti(OiPr), (0.05—0.5 equiv.),
EtMgBr (2—4 equiv.). C: MeTi(OiPr);, EtMgBr (3 equiv. each).
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Table 11.2.  Bis- and tris(cyclopropanol)s from di- and tricarboxylic acid ethyl esters and ethylmagnesium
bromide in the presence of titanium tetraisopropoxide.

Entry Conditions” Product Yield Ref.
[mol% Ti(OR),] (%)
| 1 | A [20] | OH 68 (R = Me) | 78] |
M 64 (R = Et)
HO 85 (R = iPr)
2 A [20] 90 (n = 1) 78]
90 (n = 2)
85 (n = 5)
3 A [22] 51 [59]

4 A, B [50]° HO““\V/\/\/A‘"“OH 10 [79]

* A: Ti(OiPr),; B: CITi(OiPr);.
" The reaction was carried out in the presence of 1,7-octadiene using iPrMgBr.

EtMgBr
R 9
0 Ti(Oi-Pr), W
Scheme 11.5. Transformations of differently (O R 2 OH

5 60-70%
substituted -, y-, and d-lactones 20 to 1-hydro-
xyalkylcyclopropanols. For details, see Table 11.3. 20 n=1-3; R=H, Me 21

In the recently reported reaction of differently substituted B-, y-, and d-lactones 20 [80],
20 mol% of Ti(OiPr), proved sufficient to obtain the corresponding B-, y-, and d-hydro-
xyalkyl cyclopropanols 21 in 60—70 % yield (Scheme 11.5, Table 11.3, entries 1—3). How-
ever, 36 mol% of the titanium reagent was found to be necessary to obtain N-protected
(aminohydroxyalkyl)cyclopropanols (Table 11.3, entries 5 and 6) from the corresponding
2-N-Boc- and 3-N-Cbz-2-butyrolactones in yields of 65% and 70 %, respectively.

1,2-Disubstituted cyclopropanols 22 can be prepared from esters and appropriately
2-substituted ethylmagnesium halides in the presence of titanium tetraisopropoxide
[56,81,82]. In the absence of any chelating substituents in the substrate, the products
22 are formed with high diastereoselectivity, i. e. the two substituents on the 1,2-disubsti-
tuted cyclopropanol preferentially end up in a mutually cis relationship (Scheme 11.6;
selected examples in Table 11.4) [81,83]. However, the sequence of events in the formal
reductive bis-alkylation of an alkoxycarbonyl group with 2-substituted titanacyclopropane
intermediates is not at all clear [77,83]. In the presence of certain titanium bis(TADDOL-
ate)s 24, generated in situ from chlorotriisopropyloxytitanium and the corresponding
TADDOL, 2-phenyl-1-methylcyclopropanol (25) is obtained from ethyl acetate and (2-phe-
nylethyl)magnesium bromide (64 %) with an enantiomeric excess of up to 78 % [81].

395
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Table 11.3.  Cyclopropanediols 21 from substituted B-, y-, and 8-lactones 20 and ethylmagnesium bromide
in the presence of titanium tetraisopropoxide [80].

Entry Conditions
[mol% Ti(OiPr),]

Lactone

Product Yield
(%)

L L I | o P
Me 0 )\/?
Me OH
o)
2 A [20] I:):O HO 60—70
OH
0 HO
3 A 20] Me © )/\/P 60—70
Me OH
o)
4 A [20] C):o 60—70
OH  OH
O HOVW
5 A [36 o] 65
H
Oﬁ/NCbz
H HO
6 A [36] o OH 70
CbzN
H

R3CH,CH,MgBr (2-3 equiv.)

Ti(OKPr), (5-10 mol%)

R'CO,R2 HOA
R‘]
8 22
o PhCH,CH,MgBr
)J\ (2 equiv.) Ho,,,,A
OEt 24 (0.3-1 equiv.) Me Ph
23 (15,2R)-25

H Ar Ar

Et
(AR5R)-24 = (

(up to 78% ee)

Scheme 11.6. Routine and enantiose-
lective preparation of 1,2-disubstituted
cyclopropanols from esters and
2-substituted ethylmagnesium halides.
For details, see Table 11.4.
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Table 11.4. 1,2-Disubstituted cyclopropanols 22 from carboxylic acid esters 8 and 2-substituted ethyl-
magnesium halides in the presence of titanium tetraisopropoxide or chlorotitanium triisopropoxide.

Entry Starting  Product Conditions® Yield Ref.

Ester R R [mol% (%)

R Ti(OR),] (d.r. ZJEY)

|1 I Me | Me I Ph A | 62 | [56] |

2 Et Me Me B [4—10] 57 [58]
3 Me Me Me A 67 [61]
4 Et Me nBu B [10] 75 62]
5 Me Me Me C° [10] 90 78]
6 Me H n-CeH3 C [10] 72 [81]
7 Me Me Ph C [10] 83 [81]
8 Me Et Et A 74 [56]
9 Me Et Ph B [10] 73 [62]
10 Me n-CeHys nBu A, B [10] n.r.d [84]
11 Me 1n-CHys n-CH, e [10] 88 (81]
12 Me c-Pr Me B [10] 57 (2.2:1) [62]
13 Me w\/& Et C [50] 61 [85]
14 Me PhCH,CH, Me C* [10] 83 [81]
15 Et Ph Me A 62 (56]

Me Ph Me B [10] 27 (1:1) [62]
16 Et Ph Ph A, B[4-10] 31 58]
17 Me Me,C=CH Me B [10] 24 62]
18 Me Me;SiCH, Ph A 44 [63]
19 Me (-PrO);P AN R A 71 69]

O

20 Me Q{ (iPr);SiOCH,CH,  C [catal] 77 [79]
21 Me Br(CH,); MeO,C(CH,), D 16 [62]

* A: R*CH,CH,MgBr, Ti(OiPr), (3 equiv. each, stoichiometric method). B: R*CH,CH,MgBr (2—4 equiv.),
Ti(OiPr), (0.05—-0.5 equiv., catalytic version). C: R*CH,CH,MgBr, CITi(OiPr); (3 equiv. each).
D: MeTi(OiPr);.
b d.r. = diastereomeric ratio, quoted only when reported in the original paper.
¢ Reaction was carried out by addition of alkyl halide to the mixture containing magnesium turnings.
4'n.1. = not reported.
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11.3.2
Via Ligand-Exchanged Titanium-Alkene Complexes

As noted above (see Scheme 11.1), a titanacyclopropane 4B is just the dominating reso-
nance structure of a titanium—alkene complex. It is thus quite understandable that
such titanacyclopropanes 12 formed from dialkyltitanium diisopropoxides (Scheme
11.3) can undergo ligand exchange with other added alkenes. The consequence of such
a ligand exchange was first identified by Kulinkovich et al. and was applied in the devel-
opment of an alternative economical method for the preparation of 1,2-disubstituted
cyclopropanols [83]. In a first attempt, (E)-1-methyl-2-phenylcyclopropanol (25) was ob-
tained in 42 % yield by the addition of two equivalents of ethylmagnesium bromide in
diethyl ether to a boiling ethereal solution of styrene (2 equiv.) and a catalytic amount
(0.05 equiv.) of titanium tetraisopropoxide (Scheme 11.7) [83]. Apparently, the titanacyclo-
propane intermediate 12 formed from ethylmagnesium bromide and Ti(OiPr), undergoes
rapid ligand exchange with styrene to give the phenyl-substituted titanacyclopropane 26,
which subsequently reacts with ethyl acetate to give 25.

2 EtMgBr 2 -PrOMgBr CoHe
Ti(O#-Pr), $—4 (FPrO),Ti L
10 1
2 Ph
[(i-PrO)Ji(] - (i-PrO)zTi----H] L?
12 V4

_ _ MeCO,Et Ph
|:(/-PrO)2T| <L :| 429 HO““\V Scheme 11.7. Ligand exchange of
Ph °

titanacyclopropanes 12 with added
26 25 alkenes [83].

In contrast to styrene, when 1-heptene and some other alkenes are added to the reaction
mixture, ligand exchange with the parent titanacyclopropane intermediate 12 in the pres-
ence of only catalytic quantities of Ti(OiPr), is insufficiently rapid to afford the corre-
sponding 1,2-disubstituted cyclopropanols in satisfactory yields. Cha et al. [79,85,86], as
well as Sato et al. [87], have independently found that upon treatment of esters with an
excess of an organomagnesium compound in the presence of close to equimolar amounts
of titanium tetraisopropoxide as well as one equivalent of various terminal alkenes,
1,2-disubstituted cyclopropanols with substituents stemming from the respective
alkene can be obtained in moderate to good yields (Scheme 11.8; selected examples in
Table 11.5) [87—96]. The best results have been achieved using isopropyl- [87], butyl-
[89], cyclopentyl-, and cyclohexylmagnesium halides [79,85,88].

In a formal sense, overall transformation of an ester with the titanium reagent gener-
ated in situ by ligand exchange with an alkene to give a 1,2-disubstituted cyclopropanol
may be considered as a hydroxycyclopropanation of the alkene 29 [79,85,87—100]. With
the exception of norbornene [79], only terminal alkenes have been hydroxycyclo-
propanated in this way (Table 11.5). The presence of other remote functional groups,
such as di- and trisubstituted alkenyl [79,85,96,97], bromo [79], hydroxy [90], silyloxy
[79,85,86,91,97,98], alkoxy [98], acetal [92], dialkylamino [86,99,100], and acyloxy groups
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R1
MgBr
R i
/\RC + XT{OiPr);  —= (i—PrO)zTi<(
X =Qij- 2
27 (X = OF-Pr, Cl, Me) 28 R
R% R¢ o

\—/ 5
Scheme 11.8. Preparation of 29 R3 RS/U\ORG R3 R
substituted cyclopropanols — - . ) OH
by ligand exchange. For details, ™~ (HPrO)Ti

see Table 11.5. 30 R4 31 R4

[87], is tolerated. Thus, the triene 32 can be selectively cyclopropanated at the terminal

monosubstituted double bond to give the 1,2-disubstituted cyclopropanol 33 with the

two alkyl groups having a mutually cis orientation (Scheme 11.9) [79].
g &
OTIPS

O
T Ao
23

c-CeHqMgCl

4.5 iv.
(4.5 equiv.) MOH
i(Of- i -Pr)SioO
Scheme 11.9. Selective cyclopropanation of Ti(OFPr), (1 equiv.) (-Pr)s

the triene 32 [79]. 42% 33

Table 11.5. Substituted cyclopropanols 31 from carboxylic acid esters and alkenes via ligand-exchanged
titanium intermediates generated from Grignard reagents and XTi(OiPr); (X = OiPr, Cl, Me).

Entry  Starting Ester  Grignard Alkene Condi- Yield (%) Ref.

Reagent tions®
R R® (equiv.) Product (mol%) (cis:tmnsb)

ol Lo | | oo das s Ll
O‘Mga Me (>98:2)
(4.5) « OH

2 Me Et  RMgBr Ph (10)
(2—4.5); P V A 42 (83]
R = Et, n-Pr, Me %OH A 30-—78° [89]
iPr, nBu (10-100) (>98:2)

>
[o~]

3 Me  Et . , 49 (79]
O’MgC‘ 4 (>98:2)
ZRA 3

(4.5) Me” OH

OH
Me
4 Me Et EtMgBr A 26 [90]
4) OTi(i-PrO);
HO
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Table 11.5. Continued.

Entry  Starting Ester  Grignard Alkene Condi- Yield (%) Ref.
Reagent tions”
R g (equiv.) Product (mol%) (cis:trans”)
IS IMe |Et I | ./\/\/\IA,B |81 |91|
O—MgCl (i-Pr);SI0 \ (>98:2) .
Me

(#5) (i-Pr),Si0
\/V,,,OH

<:>—MgCl B~
A B 64 79]

(4.5) Me (>98:2)

B r/\/V"'OH
Me
O
7 Me Et OH A B 37 [79]

(4.5)
O I
M
8 Me Me EtO~p.__ € A 54 [69]
O N 31
EO po-R=0 (3:1)
OEt
i-Pr SiO\/\/\
|:>—MgC1 (P X
9 Et Bt A B 65 [91]
(*+3) (i-P1),Si0 (>98:2)
E{ "OH
7
OH
10 Et Et iPrMgBr Et A 71 [94]
*) OH Me "OH
(-PrO);Ti0 (o~
11 n- Et EtMgBr A 41 [90]
Ci7Hss 4) / q
HO OH
n-Cy7Hss

2 on B () - A >56 [88]
Curbls HOM
OH
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Table 11.5. Continued.

Entry  Starting Ester  Grignard Alkene Condi- Yield (%) Ref.
Reagent tions”
4 R¢ (equiv.) Product (mol%) (cis:trans”)
Ly 1 Ll | . s b Lol
i © e aposio AN ooy
(4.5) OH 46
H (n=4)
«, (>98:2)
OSi(i-Pr),
o . .
O—MgCl (l PI‘)3SION
14 Q 5) OH AB 33 [79]
H (>98:2)
OSi(i-Pr), OH

15

OMgCl (i-PrhSiON
Me (4.5)

H AB 58 [91]
£ O (80) (>98:2)
N
OSi(i-Pr),

" @)

CZJz/\;

o}
16 tBu Me  iPrMgCl - B (150) 82 (7:93)  [95]
(2.9) 77 SiMe; A.m\t—Bu
Me;Si OH
17 f’\(v)ﬂ Me  iPrMgCl OH B (150) 62 (88:12)  [95]
2.9 <
2 ( ) é\SlMe3 M
Me,Si

iPrMgCl .
18 Br) Et :z.r9)g P sine, P\O’H\ B (150) 42 (77:23)  [95]
1(a : Me,Si

Br
¢ O_MgCl > Sn(n-Bu),
19 y o Me (3.9) OTBDMS B (110)  51¢ [96]
& ) SnBu,
/0
—

* A: Ti(OiPr)y; B: CITi(OiPr);.

® ¢is and trans are with respect to the relative positions of the alkyl substituents.

¢ Yield of the crude crystalline product is given.

4 As the respective cyclopropanols were found to be unstable, they were isolated as trimethylsilyl or
t-butyldimethylsilyl ethers following protection under standard conditions.
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Functional substituents on the terminal alkene may have a significant influence on the
stereochemistry of the hydroxycyclopropanation [74,85—87,90,97]. For example, homoallyl
acetate 34 (R' = Me, R = R® = R* = H) gives the corresponding 2-(2'-hydroxyethyl)-
1-methylcyclopropanol 35 with a slight excess of the trans diastereomer (trans/cis =
58:42) in excellent yield (93 %) (Scheme 11.10 and Table 11.6, entry 1) [87]. Other homo-
allyl esters yield the corresponding 1-substituted 2-(2'-hydroxyethyl)cyclopropanols with a
much higher preference for the (E)-diastereomer (E/Z up to >97:3). These reactions have
been classified by the authors as intramolecular nucleophilic acyl substitution (INAS) re-
actions, although the possibility of an initial transesterification of the starting compounds
catalyzed by titanium tetraisopropoxide [101] has not been excluded by any experimental
evidence.

3 220 -PrMgBr 9 R*
RUR I Ti(OFPr), OH
MO R! — HO™ R “R2 Scheme 11.10. INAS reaction of homo-
R4 allyl acetates of type 34. For details,
34 35 see Table 11.6.

Table 11.6. 1,2-Disubstituted cyclopropanols of type 35 from homoallyl and 3-butenyl carboxylates of type
34 by intramolecular nucleophilic acyl substitution (INAS) reaction (see Scheme 11.10).

Entry R R R R Grignard Conditions Yield Ref.
Reagent (mol%)” (%)
(Equiv.) (cis:trans®)
|1 | Me I H | H | H I iPrMgBr (4) A (200) | 93 (42:58) | 87] |
2 Me Et H H iPrMgBr (4) A (200) 33 (59:41)  [87]
up to 0°C
A (200) 70 (5:95)
up to 20°C
3 Me H H  Me iPrMgBr(4) A (200) 74 (>3:97) [87]
4 n-CsHy, H H H iPrMgBr (4) A (200) 95 (12:88)  [87]
5 iPr H H H  iPrMgBr(4 A (200) 88 (12:88) [87]
6 1-Propenyy H H H  iPrMgBr (4 A (200) 78 (7:93)  [87]
7 Ph H H H  iPrMgBr (4 A (200) 85 (>3:97) [87]
nBuMgCl (5) B (50) 78 (1:7) [85a]
HO Et ,
8 \/\Y iPrMgBr (4) A (200) <5 87)
Me OH

* A: Ester (1.0 equiv.), Ti(OiPr), (2.0 equiv.), iPrMgBr (4.0 equiv.), Et,0, —45 to —40°C, 1 h or —40 to 20°C,
2 h, then 20°C, 2 h. B: Ester (1.0 equiv.), CITi(OiPr); (0.5 equiv.), nBuMgCl (5.0 equiv.), Et,O, r.t., 1-2 h.
b ¢is and trans are with respect to the relative positions of the alkyl substituents.
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This hydroxycyclopropanation of a terminal double bond also works perfectly well in an
intramolecular situation, e.g. with terminally alkenyl-substituted esters, to yield substi-
tuted 1-hydroxybicyclo[n.1.0]alkanols [85a,85b,100], aminobicyclo[n.1.0]alkanols [85c],
and heterocyclic analogues [99a,99b,100], in which five- and six-membered rings are
formed (Table 11.7).

Sato et al. developed an interesting enantioselective synthesis of bicyclic cyclopropanols
37 from N-acylcamphorsultam derivatives 36. Products with enantiomeric excesses of up
to 98 % were obtained (Scheme 11.11) [102].

-PrMgBr

(4 equiv.) HO.,,
- NP & TiOHPN, R
O, ee 2 98%

36 7 37
R Yield (%) Dlastere.omenc
Ratio
PhCH, 86 99:1
n'CsH13 58 95:5
t-BuMe,SiO(CH,)s 84 95:5
i-Bu 80 95:5
) ) ) +-BuO,CCH, 56 92:8
Scheme 11.11.  Enantioselective synthesis of Me,C=CHCH, 87 95:5

bicyclic cyclopropanols 37 [102].

Table 11.7.  Substituted cyclopropanols by intramolecular hydroxycyclopropanation of a terminally
alkoxycarbonyl-substituted alkene (selected examples).

Entry  Starting Unsaturated  Grignard  Conditions"  Product Yield (%) Ref.

Ester Reagent [mol% (d.r)
(Equiv.) XTi(OiPr)3]
|

| nBuMgCl | B [50] | OH I 55 (n = 0) | [85a] |
//“'4_\_(302Me (3-9) B [50] 62 (n=1)

5
= N,

B [50] 11(n=2)
H

~CO,Me uQH
2 ¢ nBuMgCl B [50] 70 (2:1) [85a]

’hl,,/% (5) H

Me,f-BuSio OSiMe,t-Bu
- COMe HO
3 \ iPrMgBr A [130] 80 [99]
N = _
(2.6) (n=0,1)

n Cosussst \ N
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Table 11.7. Continued
Entry  Starting Unsaturated  Grignard Conditions”  Product Yield (%) Ref.
Ester Reagent [mol% (d.r)b
(Equiv.) XTi(OiPr)d]
|4 I CO,Me | iPrMgBr | A [130) | HO | 9% (n = 0) | [99] |
= (2.6) 74 (n=1)
V. —
N~ \
n
Ph CO,Me HO (75 (7?):)27) [99]
5 Ph iPrMgBr A [130] Ph n=
NN (2.6) 76 (92:8)
— pPh-_-N n=1
/
. HO
6 MeO,C iPrMgBr A [130] N 86 [99]
N (2.6) N\—Ph
OSiMe,-Bu
Me,#-BuSiO Ph
) Ph OH Ph 77 (66:34)  [100]
7 N\ iPrMgBr A [200] (n=0)
CO,Me (4.0) 73 (89:11)
n (n=1)
Ph HO
8 CO,Me iPrMgBr A [200] 83 (61:39)  [100]
Ph
(4.0)
>
9 iPrMgBr A [200] on 88 [100]
CO,Me (4.0)
Mo, ¢ H
10 iPrMgBr A [200] 98 [100]
(4.0)
11 iPrMgBr A [200] 94 [100]
Bn—N, CO,Me (+0) Bn—N OH
2 (2.6) A [130] [99]
N

* A: Ti(OiPr),; B: CITi(OiPr);.

b Diastereomeric ratio given only when reported in the original literature.
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1-Substituted cyclopropanols were also obtained, albeit in moderate yields, upon reac-
tion of esters such as methyl pentanoate with 1,4-bis(bromomagnesium)butane (38) in
the presence of titanium tetraisopropoxide. This corroborates the formation of a titanacy-
clopropane—ethylene complex 40 from an initially formed titanacyclopentane derivative
39 (Scheme 11.12) [103]. Apparently, an ester molecule readily displaces the ethylene
ligand from 40, and a subsequent insertion of the carbonyl group into the Ti—C bond,
a formal [2; + 2,] cycloaddition, leads to the oxatitanacyclopentane 42, the precursor to
1-butylcyclopropanol (43).

Ti(Oi-Pr)
BrMg(CH,),MgBr —— (i-PrO)zTi<j—> (i-PrO)zTi%//

38 39 40

BUCOMe (i‘PfO)gTil\> . Bu_ OH
T— (i-PrO)gTi\/jr — K
. B
~ CHz=CH, o=( o T 47
OMe OMe
4 42 43

Scheme 11.12.  Mechanistic test for the formation of a titanacyclopropane-ethylene complex 40 from a
titanacyclopentane derivative 39 [103].

1.4
Preparation of Cyclopropylamines

11.4.1
From Organomagnesium Precursors

A very useful and highly versatile preparation of cyclopropylamines has been developed by
de Meijere et al. [62,69,104—111]. N,N-Dialkylaminocyclopropanes 47 with up to three ad-
ditional substituents are readily obtained from carboxylic acid N,N-dialkylamides 44 and
ethyl- as well as substituted ethylmagnesium halides in the presence of titanium tetraiso-
propoxide or, even better, methyltriisopropoxytitanium. These transformations also proved
to be possible using sub-stoichiometric amounts of the titanium reagent, but the yields
are significantly higher using stoichiometric amounts. In some cases, extended reaction
times and/or slightly elevated temperatures can also lead to better yields. Particularly
high yields are obtained from N,N-dialkylformamides (Scheme 11.13, and selected exam-

O 3 4 /) R!
R°CH,CHR*MgB O
1)1\ 2 — (FPrOYTI ™ Y 0
R NR; THOHPY), {'NR;
R3 4

44 45 :
Scheme 11.13.  Preparation of ~ 1
N,N-dialkylaminocyclopropanes (:O R' + RS R )
47 from carboxylic acid N,N- (FPrO).Ti /™ NRS — \VLNRz

dialkylamides 44. For details, 46 U - [TIO(OI-Er)Z]" .
see Table 11.8. R3 R* 20-74% R 47
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ples in Table 11.8). Yields are consistently lower from amides with bulky substituents next
to the carbonyl group or on the nitrogen, but even the sterically crowded N,N-di-tert-bu-
tylformamide can be converted to di-tert-butylcyclopropylamine (Table 11.8, entry 8), albeit
in only 20% vyield [104]. The diastereoselectivities in the formation of 2-substituted and
1,2-disubstituted N,N-dialkylcyclopropylamines are generally lower than those achieved
in generating the corresponding cyclopropanols from esters.

As far as the mechanism is concerned, this transformation of carboxamides to cyclopro-
pylamines differs in some important details from that of esters to cyclopropanols. Due to
the poorer leaving group ability of the dialkylamino group in the oxatitanacyclopentane
intermediate 45, which is initially formed by insertion of the carbonyl group of the
amide into the titanium—carbon bond of a titanacyclopropane, this intermediate does
not undergo ring-contraction like the corresponding oxatitanacyclopentane 12 derived
from an ester (see Scheme 11.3). Instead, 45 undergoes ring-opening to an iminium-tita-
nium oxide zwitterion 46, which cyclizes to the cyclopropylamine 47 with loss of an oxo-
titanium diisopropoxide species (Scheme 11.13).

In the presence of titanium bis(TADDOLate)s such as 51 and 52 (25 mol%), generated
from titanium tetraisopropoxide and the corresponding TADDOL, as well as chlorotri-

Table 11.8. N,N-Dialkylcyclopropylamines 47 from N,N-dialkylcarboxamides 44 and ethyl- as well as
substituted ethylmagnesium bromides in the presence of titanium tetraisopropoxide (selected examples).

Entry R R? R R Yield (%) Ref.
(d.r)
|1 | Me Bn H | H | 60 I [104] |
2 Et Bn H H 63 [104]
3 nPr Bn H H 52 [104]
4 nPr Bn nBu H 35 [104]
5 H Bn H H 73 [104]
6 H —(CH,)s— H H 74 [104]
7 H —(CH,),0(CH,),— H H 74 [104]
8 H tBu H H 20 [104]
9 H Bn Me H 63 (1:1) [104]
10 H Bn nBu H 52 (1:2.3) [104]
11 Me Bn Et H 47 [62]
12 QM/C\/“L :
po-F Me Et H 42 (10:1) [69]
0
13 H Bn —(CH,),— 34 [62]
14 Me Me nBu H 38 (>25:1)  [108]
15 H Bn CH,=CH-— H 42 (>25:1)  [108]
16 —CH,CH,— —CH,CH,—, Bn H H 21 [108]
17 —(CH,)4— —(CH,)4—, Me H H 33 [108]
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methylsilane (1 equiv.), cis- and trans-2-ethenyl-1-dibenzylaminocyclopropanes 49 and 50
could be prepared from dibenzylformamide 48 and 1-buten-4-ylmagnesium bromide in a
ratio of 1:7 [111]. The latter was obtained with an enantiomeric excess of up to 56 %
(Scheme 11.14; the absolute configuration was not determined; c¢f. also Scheme 11.6).
With a sub-stoichiometric amount of the titanium reagent present, but with no trimethyl-
silyl chloride, the yields of 49 and 50 were only 6 % and 41 %, respectively, with the ee for
50 being only 24 %.

NMQBF
(2.2 equiv.)
Me;SiCl (1 equiv.) >
o 51 or 52 (0.25 equiv.) ~ ’/
+
H 'NBny  1HF 0520°C, 15h
NBn2 NBn2
48 49 (1SR,2RS)-50
51 8%8l  59% (ee = 46%)
52 7%8 51% (ee = 56%)

0
(4R,5R)-51 = (Mex

tB
Ti (4F1',5R)-52=(
Me O

Hph Ph

Scheme 11.14.  Preparation of enantiomerically enriched trans-2-ethenyl-1-dibenzylaminocyclopropane
50 [111]. ¥ Enantiomeric excess not determined.

Since benzyl groups can be removed from N,N-dibenzylcyclopropylamines by catalytic
hydrogenation over palladium catalysts, primary cyclopropylamines are accessible by this
methodology. Thus, the theoretically interesting tricyclopropylamine [106,107] could be
prepared from benzylcyclopropylformamide by a sequence of reductive cyclopropanation
of the formyl group, hydrogenolytic debenzylation, N-formylation, and repeated reductive
cyclopropanation [106,107].

MeTi(O-Pry + R-S-MIBr

53 54
/R CH, R
Scheme 11.15.  Formation of the reactive titana- (i'PrO)ZTi\ —L (-PrO),Ti <r
cyclopropane intermediate 56 from methyltita- Me
nium triisopropoxide and a Grignard reagent. 55 56

Improved yields of cyclopropylamines 47 could be obtained by using methyltitanium
triisopropoxide (53) instead of titanium tetraisopropoxide [108], as well as by adding the
Grignard reagent to the mixture of the amide and the titanium reagent at ambient rather
than low temperature (Schemes 11.15 and 11.16, and Table 11.9) [67,69]. In principle,
methyltitanium triisopropoxide requires only one equivalent of the alkylmagnesium
halide to generate a dialkyltitanium diisopropoxide intermediate 55, and in this particular
case B-hydride elimination can only occur at the non-methyl substituent so that methane
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Table 11.9.

N,N-Dialkylcyclopropylamines 47 from N,N-dialkylcarboxamides 44 and ethyl- as well as

substituted ethylmagnesium bromides 27 in the presence of methyltitanium triisopropoxide.

Entry R R R R Yield (%) Ref.
(d.r)
I 1 | Bn | H H H 95 | [67,109] |
2 Bn H Me H 89 (1:1.1) 67]
3 Bn Et H H 70 [67,109]
4 Bn Pr H H 62 [67,109]
5 Me —CH,CH,CH,— H 28 [62,108]
6 Bn H CH,=CH H 98 (1:7) [67]
7 Bn BnOCH, Et H 48 (1:5) [109,110]
8 Bn BnOCH, iPr H 42 (13) [110]
9 Bn iPr H H 44 67,109]
10 iPr H H H 86 [67]
11 Bn H Ph H 98 (1:2.3) [67]
1 Bn H tBuO(CH,), H 59 (1:2) [67]
13 Bn H 0/—\0 H 92 (1:1.5) [67]
s 1.
14 (CHy)s H Ph H 92 (1:1.5) [67]
15 Bn CICH,CH, H H 49 [109]
16 Bn BnOCH,CH, Me H 33 (13) [109]
17 Bn \/i'“ CH,=CH H 61 [67]
OMe
18 Bn BnCH,0 BnOCH,CH, H 40 (1:3) [109]
n
19 Me Ph\P/—/ CH,=CH H 83 (1:3) [67,69]
Ph N
-
20 Me MeO\PI) Ph H 82 (1:1.4) [67,69]
Med \\O
21 Bn H —CH,CH,CH,— 89 [67]
2 Me H CH,=CH H 57 (17:1) [108]
23 Me H BnOCH,CH, H 54 (1.1:1) [108]
24 Bn H THPO(CH,), H 34 (2.1:1) [108]
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Table 11.9. Continued.

Entry R’ R g R Yield (%) Ref.
(d.r.)
|25 | Me | H I ,CPh, | H | 53 (1.8:1) | [108] |
W
26 —(CH,)s— Ph H H 73 [67]
27 Et H H H 83 [67]
28 Bn H H 85 [67]
o)
0
29 Me H —CH,CH,— 72 [67]
30 Bn H —CH,CH,— 87 [67]
31 Bn H —CH(CH,)CH,— 87 [67]

is liberated selectively. This is an advantage — and likewise for the production of certain
cyclopropanols from esters — with valuable, e.g. functionally substituted, Grignard re-
agents, since one does not sacrifice one equivalent of the reagent as an alkane in the for-
mation of the corresponding titanacyclopropane 56 (Scheme 11.15). By using an excess of
the alkylmagnesium halide, in spite of the presence of the sacrificial methyl substituent
on the titanium reagent, the yields based on the carboxamide substrate can be increased
to as high as 92—98 % (Table 11.9, entries 1, 6, 11, 13, and 14). This is particularly ben-
eficial in cases where the carboxamide is more precious than the Grignard reagent. This
modification has also been successfully applied in the intramolecular reductive cyclopro-
panation of N,N-dialkylcarboxamides, in which the Grignard reagent 27 was generated in
situ from w-bromocarboxamides and metallic magnesium (Table 11.9, entry 5).

H4

F{3\)\MgBr
27

(1 equiv.) R!
j\ MeTi(OFPr)g R®

Scheme 11.16. Preparation of N,N-dialkylcyclo- 5
propylamines 47 in the presence of methyltita- R NR3 (1.2 equiv.) 4
nium triisopropoxide. For details, see Table 11.9. 44 28-98% R a7

It is remarkable that even cyclobutylmagnesium bromides react cleanly with titanium
alkoxides to yield reactive titanacyclopropane intermediates that reductively cyclopropa-
nate N,N-dialkylformamides. This constitutes the first synthesis of the highly strained
N,N-dialkylbicyclo[2.1.0]pent-5-ylamines (Table 11.9, entries 29—31).

The reductive cyclopropanation with in situ generated titanacyclopropanes can also be
applied to alkyldiformylamines 58, which are easily prepared from inexpensive formamide
(57). Both formyl groups are converted to cyclopropyl groups, and the alkyldicyclopropyl-
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amines 59 are obtained in yields ranging from good to very good (Scheme 11.17) [67]. This
new method for the preparation of dicyclopropylamines compares favorably with the pre-
viously published [112] reductive amination of cyclopropanone alkyl silyl acetals with pri-
mary amines, as the reagents used in this current protocol are commercially available and
are far less expensive.

o 1} NaOMe o o EtMgBr
JJ\ (0.5 equiv.) /U\ J\ (4 equiv.) A /A
H™ "NH, MeOH H™ °N" H MeTl(O/-Pr)
2) RX, PhMe R (2.4 equiv.) R
57 58 59
RX R % %
(MeQ),S0O, Me 70 67
(Et0),S0O, Et 71 82
n-BuOMs n-Bu 74 53
All-Br All 52 0
BnBr Bn 97 57

Scheme 11.17.  The twofold reductive cyclopropanation of alkyldiformylamines 58 [67].

11.4.2
Via Ligand-Exchanged Titanium-Alkene Complexes

In view of their versatile new synthesis of dialkylcyclopropylamines from N,N-dialkylcar-
boxamides through titanacyclopropane intermediates generated from Grignard reagents
and XTi(OiPr); (X = OiPr, Me) [104,108], de Meijere et al. also turned their attention to
the additional synthetic potential of titanacyclopropane intermediates generated by ligand
exchange [69,105,113]. This approach was also applied by Cha et al. [86,96,114] to a whole
range of alkenes, and has since been established as an efficient method for the formal
dialkylaminocyclopropanation not only of mono-, but also of some disubstituted alkenes
and cycloalkenes (for selected examples, see Table 11.10).

The optimized protocol has also been applied to a wide range of open-chain and cyclic
dienes (for selected examples, see Table 11.11) [113]. The latter generally give higher yields
than non-terminal alkenes and cycloalkenes, except for strained ones such as N-benzyl-
pyrroline, cyclopentene, and norbornene (Table 11.10, entries 20—22).

Surprisingly, reactions with substituted 1,3-dienes such as isoprene, 4-methyl-1,3-pen-
tadiene, and myrcene all gave the alkenyldibenzylaminocyclopropanes derived from
putative attack on the more highly substituted double bond of the conjugated diene
unit, and not the expected products that would have been formed by attack on the
least substituted double bond (entries 1—4, Table 11.11). As these expected products
could not be detected in any case, and as control experiments with 2,3-dimethylbuta-
diene and 2,5-dimethyl-2,4-hexadiene did not yield any cyclopropylamines, it must be
concluded that the alkenyldiisopropyloxy-titanacyclopropane 60, with the least substi-
tuted double bond of the conjugated diene attached to the titanium, is kinetically —
and possibly thermodynamically — favored. The formamide 48 then undergoes cycload-
dition with this alkenyltitanacyclopropane 60 through a metallaene reaction with a six-
center transition state to yield an oxatitanacycloheptene 61. This intermediate can cyclore-
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Table 11.10.

N,N-Dialkylcyclopropylamines 47 from N,N-dialkylcarboxamides and alkenes via ligand-
exchanged titanium intermediates obtained from Grignard reagents and XTi(OiPr); (X = OiPr, Cl, Me, OR).

Entry  Alkene, Starting Amide Product Yield (%) Ref.
(d.r)
R
AN R 5
+ Bn,NCHO y
1 R=H R=H 66 (1:3.2) [105,
113]
2 R = 4-OMe R = 4-OMe 45 (1:1.2) [113]
3 R = 2-CF, R = 2-CF, 13° (1:4) [113]
4 R = 3-CF, R = 3-CF, 56 (1:11) [113]
5 R = 4-CF, R = 4-CF, 18° (0:1) [113]
o] o)
s Lt BaNcHO [M 4 (14 113)
NBn,
7 anN\/\ + R,NCHO 447 (R = Me) (1:5) [113]
N Bn,N R 39° (R = Bn) (1:4)
2
8 Me;Si + Bn,NCHO . 38" (n = 0) (0:1) [113]
R 2 Me;Si ‘ﬁ»‘?)ANBnZ 28* (n = 1) (0:1)
(i-Pr),Si0 Me, 61 (R =H) (122)  [85,
9 A/ R 68 (R = Me) (6.3:1)  114]
+ Me,NC(O)R 56 (R = n-Pr) (5.3:1)
OSi(i-Pr);
(i—Pr)3SiO—-\_/ N Br
10 ( 60 (7.6:1) [85]
Et,NC(O)(CH,)sCH:Br & g
/_)>\NEt2
OSi(i-Pr),
(i-P);Si0 Y/ (\X
11 7\ _40 \) 69 (X = CH,) (7.3:1) [85,
+ X N 77 (X = 0) (3.1:1 114
A br (X = 0) (3.1:1) ]
OSi(i-Pr),
/\(\/y + NMe,
12 (i-Pr);SiO 3 /_1_)><Me n.r’ [115]
Me,NC(O)Me )3

OSi(i-Pr),

M
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Table 11.10. Continued.

Entry  Alkene, Starting Amide Product Yield (%) Ref.
(d.r)
I 13 I /\(\/y Me n.r’ [115] |
+ \
(i-Pr),SiO 3 ~Bn
MeBnNC(0)-n-CsH, \ n-CsHyy
OSi(i-Pr);
EtO, /—/ thp NEG
14 + Bt,NCHO ElO u/\vi 367(160) (69}
EtO \\O
MeSiT  + EuN
15 /\<_] 68 (1:6.5) [96]
Q 0 ;
EtZNW Me,Si
16 n-Bu3Sn/§ + Et,CHO n-Bu,Sn,,, NEt, 57 [96]
Y 0 NEt,
17 ( +m vl/ﬁ 68 [96]
n-Bu;Sn o7 NE, Y
n-Bu;Sn
(i-Pr);SiO M\e
N
18 f 2 21 (n [96]
/_)>[% " 79 (n
OSi(i-Pr);
/=\_ +Bn,NCHO NBn,
19 Me Et | 26 (1:2:6) [113]
20 BnN<j| + Bn,NCHO /\:D—Nan 87 (105D,
113]
28 (n = 0) [113]
21 + anNCHO NBn2 28 (VL = 1)
n n 33(n=73)
22 % + Bn,NCHO b\Nan 43 (<2:98) [806]

* Not optimized.
 n.r. = Not reported.
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Table 11.11.  2-Alkenyl-1-(N,N-dibenzylamino)cyclopropanes formed from N,N-dibenzylformamide (48)
and titanium-diene complexes generated in situ by ligand exchange.

Entry  Alkene Product Yield (%) Ref.
(d.r.)
|1 | R | | 56 (R = H) (1:2.7) | [113, |
)\4 Bn NHA"\ 59 (R = Me) (>98:2) 116]
2 R

2 64 (1:5.3) (113,
— 116]

Bn,N
3 S 27 (1:3) [113,
116]

Bn,N
4 — = 51 (>98:2) [113,
M 116]

Bn,N
5 NBn, 54 (1:1.5:1.5) (113,

e

6 P /\/\Ph anwph 9 (1:0) [113]
~

(n = 0): [113]
NBn, No conversion
. (n = 1): 58 (2:98)

Q)
8 Ii><] wNan trace [113]
m B"zNM 11 (<2:98) [113]
+

2.2 (>2:98)

anN\m\Nan

vert to an iminium-allyltitanium oxide 1,8-zwitterion 62, which can then only cyclize to a
cyclopentenylamine or to the observed, more highly substituted cyclopropylamine 63
(Scheme 11.18) [116].

The formation of the same cyclopropylamine from 2-methyl-1,3-pentadiene as from
4-methyl-1,3-pentadiene (entries 2 and 3 in Table 11.11) can most probably be attributed
to initial isomerization of the former to the latter under the conditions employed. The fact
that the conjugated 6-methyl-1,3,5-heptatriene yields only the 2,3-dialkenylcyclopro-
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NBn,
. %8 NB NB
:NBn, n
)%O — C’(/O\ —_— Cl C;j:_ — R""'ﬁ\‘Nan
(O Ti(O/-P [ x
R TOPI (0P, o \)r\Tl(O/-Pr)z
60 61 62 63

Scheme 11.18.  Aminocyclopropanation of the more highly substituted double bond in a conjugated
diene: a mechanistic rationalization [116].

pylamine (entry 5) arising from attack at the central double bond of the triene is in full
accord with the notion that the reacting species are actually the less substituted titana-
cyclopropanes of type 60 and that the transformation to the oxatitanacycloheptene of
type 61 occurs as a metallaene reaction [116].

In the analogous reactions of 1-ethenylcycloalkenes 64, only the endocyclic double bond
is involved in the aminocyclopropanation to furnish the (n+3)-(dialkylamino)-1-ethenylbi-
cyclo[n.1.0]alkanes 66. It is noteworthy that the yield of 66 steadily increases on going
from the larger seven-membered ring 64d to the smaller four-membered ring 64a, so
that the best yield is obtained for the most highly strained 1-ethenylbicyclo[2.1.0]pent-
5-ylamine 66a (Scheme 11.19) [67,117].

¢-CgHgMgCl
- o (2.4-3.6 equiv.) R2N¢,,‘ a—
. L MeTi(OFPr), (1.2 equiv.) {
) H™ "NR; 1k 25G, 161
n—-2 ’ ’ )2
64 65 n R Yield (%) 66
a 2 Bn 76
b 3 Me 72
¢ 4 Me 63 Scheme 11.19.  Aminocyclopropana-
d 5 Me 58 tion of 1-ethenylcycloalkenes 64.
¢-CsHgMgCl H
] CITi(OiPr),
NEt, 64% ij_
67 68
0-C5HgMgCl H
)J\N A~ GITI(O#Pr), @
L 93% Me N\
69 e ph 70
\ ¢-CgHgMgClI R
R TiOLPY), n R Yield (%)
n n a 1 H 84
Bn—N THF, 020 °C N b 2 H 67
>=o 12h én c 1 Et 65 Scheme 11.20. Intramolecular
H , aminocyclopropanations of
71 72 d_1 iPr 7”7 terminal alkenes [86,118].
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Versions of these aminocyclopropanations of terminal alkenes can also be applied
intramolecularly. Terminally ethenyl-substituted N,N-dialkylcarboxamides such as 67
yield 1-(dialkylamino)bicyclo[n.1.0]alkanes such as 68, while (w-alkenylamino)carboxa-
mides such as 69 and 71 lead to 1-alkyl-2-azabicyclo[n.1.0Jalkanes such as 70 and 72
(Scheme 11.20) [86,118], and N-allylamino acid N,N-dialkylamides furnish bicyclic dia-
mines (see below).

In the hydroxycyclopropanation of alkenes, esters may be more reactive than N,N-
dialkylcarboxamides, as is illustrated by the exclusive formation of the disubstituted
cyclopropanol 75 from the succinic acid monoester monoamide 73 (Scheme 11.21)
[91]. However, the reactivities of both ester- as well as amide-carbonyl groups can be
significantly influenced by the steric bulk around them [81,91]. Thus, in intermolecular
competitions for reaction with the titanacyclopropane intermediate derived from an
alkylmagnesium halide and titanium tetraisopropoxide or methyltitanium triisoprop-
oxide, between N,N-dibenzylformamide (48) and tert-butyl acetate (76) as well as between
N,N-dibenzylacetamide (78) and tert-butyl acetate (76), the amide won in both cases and
only the corresponding cyclopropylamines 77 and 79, respectively, were obtained
(Scheme 11.21) [62,119).

(iFPNsSIO  ¢-CgHoMgCI (5 equiv.)  HQ 0
C’ )J\/\ﬂ/ é CITi(OFPr)5 (0.8 equiv.) d“"“\/l(
0, 2
74 58% 75
OSi(i-Pr)g
o EtMgBr (2.4 equiv.)
)i . )OL J< TI(OKPr), (2 equiv.) A + 76
H™ "NBn, O THF, 25°C, 2 h NBn;
48 76 64% 77
o o BuMgBr (4 equiv.) w76
)J\ + )J\ J< MeTi(Oi-Pr); (1 equiv.) Et NBn,
NBn, o THF, 20 °C, 8 h
78 76 90% 79 (E/Z=2.1:1)

Scheme 11.21. Competition between aminocyclopropanation and hydroxycyclopropanation reactions
[91,119].

11.4.3
From Organozinc Precursors

As diorganylzinc reagents are less nucleophilic than organomagnesium compounds and
can easily be prepared with a variety of functional groups, including ester moieties [120],
their potential application in the preparation of functionalized aminocyclopropanes would
appear to be very promising. In a first attempt it was found that, in the presence of
methyltriisopropoxytitanium, diethylzinc reacts with dibenzylformamide (48) under con-
ditions commonly employed for alkylmagnesium halides, to give N,N-dibenzylaminocy-
clopropane (77), albeit in only 21 % yield [67]. A systematic study of this reaction revealed
that the yield could be significantly improved by the addition of alkali metal alkoxides, and
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an optimum yield of 89 % was achieved by using 2 equiv. of NaOiPr and 2 equiv. of Et,Zn
(Scheme 11.22) [119].

Et,Zn
0 MeTi(O-Pr); (1 equiv.)
H” “NBn NBny
ag 02 THF,20°C,8h 77

Base Additive Et,Zn (equiv.) Yield (%)

(equiv.)

None 2 21
NaOi-Pr (1) 2 52
NaOEt (2) 2 82
NaOi-Pr (2) 2 89 Scheme 11.22. Reactions of diethylzinc with
NaOi-Pr (2) 1 82 dibenzylformamide {8 irf the presence of
NaO#-Pr (2) 05 43 methyltriisopropoxytitanium and an added

alkoxide base [119].

However, it was found that under the conditions optimized for diethylzinc, the reduc-
tive cyclopropanations of N,N-dialkylcarboxamides could not be carried out with differ-
ently functionalized organozinc reagents. Nevertheless, monoalkylation of dichlorotita-
nium diisopropoxide with a diorganozinc reagent 80, followed by treatment with methyl-
magnesium chloride to substitute the second chlorine atom in 81 with a methyl group,
provided the titanium intermediates of type 82. These exhibit essentially the same reactiv-
ity pattern as the titanium intermediates generated from Grignard reagents, and trans-
form N,N-dialkylformamides to yield the correspondingly substituted dialkylaminocyclo-
propane derivatives 83. The reagent 82 can also be prepared directly from 80 and
dimethyltitanium diisopropoxide (Scheme 11.23 and Table 11.12) [119].

FG ClLTi(OHPr)
/_}"’77 “ThE  (OFPN,CITI

Zn
\_\.,, -78°C,1h \_(\THFG
(rFa Me,Ti(O/-Pr),
80 &HF 81 FG = Functional Group
O
-20°C o
MeMgClI Me HJLNR Scheme 11.23. Preparation
THF . 7 2 of various functionally
(FPrO),Ti R2N/A\(~’anG substituted aminocyclopro-
=78 °C, 10 min 20°C, 8h panes from diorganozinc
T FG reagents 80 and N,N-
82 83 dialkylcarboxamides [119].

This new protocol provides easy access to various functionally substituted amino-
cyclopropanes, including cyclopropylamino acid derivatives [119], although the yields
and diastereoselectivities obtained with this approach leave room for further improve-
ment.
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Table 11.12. Functionally substituted N,N-dibenzylcyclopropylamines 83 from N,N-dialkylformamides
and organozinc precursors (see Scheme 11.23).

Product Conditions” Yield (%) E/Z Ratio
s T To T
Bn,N CO,-Bu B 40 1.2:1
A\/\ A 36 1.2:1
Bn,N CO-Bu B 24 1.1:1
A\/\/ A 21 1.1:1
CO,-B
Bu,N L
A\/\ A 19 1.1:1
Bn,N cl B 27 1.2:1
A/\/ A 61 1.2:1
BN a B 65 1.2:1
2
AV\/\ A 57 1.1:1
Bn.N cl B 61 1.1:1
2
A‘/ B 60 2.0:1
CO,-B
Bn,N i
Av B 63 1.3:1
CO,-B
Me,N 2Bu
60 1.8:1

CO,t-Bu

Q
y

* A: Zn(CH,CH,FG), (1.5 equiv.), CL,Ti(OiPr), (1.3 equiv.), MeMgClI (5 equiv.), THF, —78 to 20°C, 8 h.
B: Zn(CH,CH,FG),, Me,Ti(OiPr),, MeMgCl (1 equiv. each), THF, —30 to 20°C, 8 h.

11.5
Applications in Natural Product Syntheses and Syntheses of Compounds with Potentially
Useful Properties

Several applications of cyclopropanols and cyclopropylamines prepared by the described
methodology in the syntheses of natural products as well as compounds of practical
use, e.g. for the construction of a cyclopropane ring present in a given target molecule
[59,60,92,121] or a key intermediate [65,66,75,122], have been reported since the discov-
eries of these transformations. For example, dialkyl carbonates can be converted to cyclo-
propanone hemiacetals 86 in moderate yields using titanacyclopropane intermediates gen-
erated by ligand exchange with terminal alkenes [91,97]. The best yields of 86 were obtain-
ed with the cyclic ethylene carbonate 85 at —10 to 0°C. At higher reaction temperatures
(even ambient), the yield decreased considerably (Scheme 11.24) [97].
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PNN0S(Pg 6-CoHgMgC! HO\SA““/\OSi(i -
3 3 3

84 + CITi(O/-Pr)g (0]
o) TI[°C] Yield (%)
[ =0 OH 20 17
O 0 47 Scheme 11.24. Conversion of
85 86 -10 43 ethylene carbonate (85) to
35 the cyclopropanone hemiace-
- 5 tal 8697

11.5.1
Transformations of Cyclopropanols with Retention of the Cyclopropane Ring

This methodology offers the best means of preparing the key precursors to bicyclopro-
pylidene (89) [59,60] and its bis-spirocyclopropanated analogue 92 [59], since methyl
cyclopropanecarboxylate (87) and ethyl dispiro[2.0.2.1]heptane-7-carboxylate (90) are vir-
tually quantitatively converted to 1-cyclopropylcyclopropanol (88) and 1-(dispiro[2.0.2.1]-
hept-7-yl)cyclopropanol (91), respectively (Scheme 11.25) [59]. The same approach has
successfully been applied for the preparation of other strained bicyclopropylidene deriva-
tives [72,121].

EtMgBr oH 1) PhyP-Bry, Py

Ti(OFPr) 2) +BuOK

D_002Me _4» —_— D_q
~0Q°,
87 99% 88 57%
EtMgBr OH 1) PhsP-Br,, Py
Ti(OFPY) 2) +-BuOK
COMe —— —<]
~99% 50%
90 N

Scheme 11.25. Preparation of the key precursors to bicyclopropylidene (89) and its bis-spirocyclopro-
panated analogue 92 [59].

Thus, in a novel synthesis of hypoglycine A (96), hydroxycyclopropanation of ethenyl-
acetaldehyde diethyl acetal (93) followed by formal dehydration of the cyclopropanol 94
via its tosylate intermediate gave the methylenecyclopropane species 95, a key precursor
to the target amino acid (Scheme 11.26) [92].

-PrMgBr

/\)O\Et )Oj\ (2 equiv.) OEt
= Ot " OBt Tiorpy OEt
4 OH
(1 equiv.)
93 23 94

;;15;:0? OEt , steps CO,H Sche-me 11.26. N9ve| syn-
OFt el NH thesis of hypoglycine A (96)
—— 1
o | ” 2 by hydroxycyclopropanation
46% over 3 steps 62% of ethenylacetaldehyde diethyl
95 96 hypoglycine A acetal (93) [92].
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A carbonyl group in the B-position of a cyclopropanol tosylate fragment, as in 99,
facilitates the elimination so that it occurs upon treatment of the tosylate 99 with a
primary or secondary amine. An ensuing Michael addition of the amine to the a,f-un-
saturated ketone 100 then yields the p-(1-aminocyclopropyl)ketone 101, the product of a
formal substitution of the hydroxy group in the cyclopropanol precursor to 99 (Scheme
11.27) [123].

o EtMgBr 1) p-TsOH
o_ 0 (2.5 equiv.) O/ \o OH 2) p-TsCl, Py
OEt O
Ti(OFPr), 70% over 3 steps
Et,O/THF
97 98
O QTs 1R2 NR'R?
R'A™NH Q /A Q Scheme 11.27.  Straight-
—_— )X\/ —_
CeHs forward transformation of the
~100% cyclopropanol 98 into amino-
99 100 101 -
cyclopropane derivative 101
R', R2=H, Ph, Alkyl [123].

11.5.2
Transformations of Cyclopropanols with Cleavage of the Cyclopropane Ring

Cyclopropanols are prone to ring-opening reactions. The wide variety of such ring-open-
ing reactions and their applications in the preparation of synthetically useful organic com-
pounds has been reviewed [124]. The main ring-opening mode of cyclopropanols, under
both basic and acidic conditions, leads to the formation of differently substituted saturated
and unsaturated ketones. For instance, synthetically useful a-methyl ketones [88] have
been prepared by the regioselective cleavage of 1,2-dialkylcyclopropanols upon treatment
with potassium hydroxide [125]. N-Bromosuccinimide is usually the reagent of choice for
brominative ring-opening of 1-substituted cyclopropanols leading to 2-bromoethyl ketones
[65,124]. Bromine in aqueous MeOH has been used for the regioselective conversion of
1,2-dialkylcyclopropanols to 2-bromoethyl alkyl ketones [88], and the pyridine—bromine
complex, which is commonly employed to prepare differently substituted 1,8-dibromo-
3,6-octanediones [78], proved to be also applicable to the bromination of the acid-sensitive
functionally substituted cyclopropanol 98 [93]. The resulting B-bromo ketones can easily
be dehydrobrominated, thereby furnishing the corresponding vinyl ketones [66,76,78,93]
or a-methylene ketones [84]. Several natural products have been prepared using this
type of ring-cleavage reaction as a key step.

A convenient new approach to 3,11-dimethylnonacosan-2-one (107), a component of
the sex pheromone of the German cockroach Blattella germanica, using 1,2-disubstituted
cyclopropanols as key intermediates has been elaborated [88]. The construction of the
branched chain of 107 was based on the regioselective base-induced cleavage of 1,2-
disubstituted cyclopropanols 103 and 106 to give the corresponding o-methyl ketones
104 and 107 [88]. The key intermediates 104 and 106 were prepared by hydroxycyclopro-
panation of the alkenes 102 and 105 with ethyl stearate and ethyl acetate, respectively
(Scheme 11.28).

An efficient total synthesis of the Sceletium alkaloid (—)-mesembrine 112 has been
accomplished in seven steps and 19% overall yield from the functionally substituted
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Scheme 11.28. 1,2-Disubstituted cyclopropanols as key intermediates in a new access to
3,11-dimethylnonacosan-2-one (107) [88].

nitroalkene 111 by applying a domino [4+2]/[3+2]-cycloaddition sequence as a key step
for the construction of the quaternary carbon center in the target molecule [75]. The pre-
cursor nitroalkene 111 was prepared in four steps (41 % overall yield) from 1,5-dibromo-
pentan-3-one (110), for which the previously reported approach [65] to 1,5-dihalopentan-3-
ones based on the transformation of alkyl 3-haloalkanoates with the Ti(OiPr),/EtMgBr
reagent and subsequent ring-opening bromination of the substituted cyclopropanol, in
this case 109, with N-bromosuccinimide, was applied (Scheme 11.29).

EitMgB i
abr
/\)OL TI(OLPY), D(\/Br NBS h
Br OEt OH
82% Br Br
108 109 (2 steps) 110
OMe
MeO
4 steps 7 steps Me\N
= | = H OMe
41% O 0 9%
O
111 (E/l2)=1:15 Me Me 112 (-)-mesembrine

Scheme 11.29. Total synthesis of the Sceletium alkaloid (—)-mesembrine 112 [75].

The transformation of ethyl 4-chlorobutyrate with the Ti(OiPr),/EtMgBr reagent also
proceeds with high yield (85 %) to give 1-(3-chloropropyl)cyclopropanol (114), which, by
ring-opening bromination with bromine and subsequent dehydrobromination, gave the
vinyl ketone 115 as a key intermediate in the synthesis of the pyrazole alkaloid withasom-
nine 117 by selective bromination of 116 and subsequent nickel-catalyzed cross-coupling
with phenylmagnesium bromide (Scheme 11.30) [66].
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0 EtMgBr OH  4ypr, Q
EtO Ti(OiPY), 2) NEt,
85% 80%
113 Cl 114 ClI 115 ClI
1) Br,
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Sspe N
Scheme 11.30.  Synthesis of the el — 2 Z:-O
pyrazole alkaloid withasomnine 117, - N 30% Y, N
with cyclopropanation of ethyl 4-chloro- N ° N
butyrate (113) as an initial step [66]. 116 117 withasomnine

The transformation of an ester group into a vinyl ketone moiety has also been used
for the preparation of the anti-diol 122 as a key intermediate in the synthesis of the
11lo-hydroxyvitamin D; [76]. To obtain 122, the ester 118, which is easily accessible
from 1-(+)-malic acid ester, was used as the chiral enantiomerically pure starting material
to give, by reaction with ethylmagnesium bromide in the presence of titanium tetraiso-
propoxide, the cyclopropanol derivative 119. After appropriate manipulations of the pro-
tecting groups on the 1,2-diol unit, the cyclopropanol derivative 120 was transformed
into the vinyl ketone 121. Diastereoselective reduction of the latter with Me,NBH(OAc);
gave the key intermediate 122 in high yield (Scheme 11.31).

CO,Me  EtMgBr
/__/\ Ti(OFPY), y  OH

o_.0 E— o_.0
X e X
118 119
1) NBS
= PhCOY CHCL  PhCO Y Y
46% HO OH 2) base HO O
Scheme 11.31. The trans- 120 81% 121

formation of an ester

group in 118 into a vinyl ~ Me4NBH(OAc); py, CO/\_/Y\ _» o
ketone moiety in the - 8 : —=_ 1lo-hydroxyvitamin Dy

preparation of the anti-diol 93% HO  OH
122 [76]. 122

An interesting application of a 1,2-disubstituted cyclopropanol in a seven-membered
ring-annelation methodology has been developed by Cha et al. [82]. The cyclopropanol
124, obtained from methyl 1-cyclopentenecarboxylate (123) and 4-(triisopropylsilyloxy)-
butylmagnesium chloride, was converted to a 1,2-dialkenylcyclopropanol bis-silyl ether,
which, by a subsequent facile Cope rearrangement, afforded the cycloheptadiene-anne-
lated cyclopentane derivative 125 in 32 % overall yield (Scheme 11.32).
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> Scheme 11.32. Transformation of methyl

-

4) A CeH lj Y 1-cyclopentenecarboxylate (123) to
N 53% 6SiMe2t-Bu cycloheptadienyl-annelated cyclopentane
124 OSi(i-Pr), 125 derivative 125 via cyclopropanol 124 [82].

11.5.3
Transformations of Cyclopropylamines

Among the biologically interesting cyclopropylamines, one of the important targets was
3-azabicyclo[3.1.0]hexylamine 130, a key component of the commercial antibiotic trova-
floxacin [126]. In fact, N-protected 2,5-dihydropyrroles 126 were found to undergo rapid
ligand exchange, especially with the titanacyclopropane generated from cyclohexylmagne-
sium halides and XTi(OiPr); (X = OiPr, Me), and the resulting intermediates were found
to react efficiently with N,N-disubstituted formamides 127 to give the tris-protected exo-
6-amino-3-azabicyclo[3.1.0lhexanes 128 in up to 87 % yield [105b,113]. The unprotected
diamine 130 was obtained by catalytic hydrogenation under appropriate conditions
(Scheme 11.33) [113].

The structurally related 1-amino-substituted azabicyclo[3.1.0Jhexanes 132 were prepared
by intramolecular cyclopropanation of N’-allylaminoacetic acid N,N-dimethylamides 131
as diastereomeric mixtures (Scheme 11.34) [127].

¢o-CgHy4MgBr NRR?
— O (2.5 equiv.)
O + J‘J\ 253 o
N H NR-R MeTi(O/-Pr),
R! 127 (1.2 equiv.) 'Ejp
126 R R2 R®  Yield (%) 128
Bn PMB PMB 37
Bn Bn PMB 67
PMB Bn Bn 68
Bn Bn Bn 87

(PMB = p-methoxybenzyl)

NBn
2 Hy PdC e
MeOH/AcOH
— -
~100% Scheme 11.33.  Aminocyclopropanation of
N ° N N-protected 2,5-dihydropyrroles 126

Bn H and debenzylation of the exo-6-amino-3-
129 130 azabicyclo[3.1.0]hexane 129 [105b,113].
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OBn  clag,3d OH * OBn
R R R
133-R 134-R 135-R
Ri Overall Yield (Boc),0 (Boc),0
in 133 . o
Starting from 133-R (%)  |{NEt; DMAP  65-82% NEts, DMAP
H 74 NHBoc  Pd/C, H, NHBoc
Me 58 PQ/ %/
OH  80-100% OBn
Bt 7 R R 137-R
n-Pr 74 136-R 1) KMnO,, NaCOH
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n-Bu 54 m NHBoc
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BnO(CH,), 48 P<002Me
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Scheme 11.35. i i

Preparation of various protected substituted T-aminocyclopropanecarboxylic acid (ACC)
derivatives 138-R from N,N-dibenzylamino(benzyloxymethyl)cyclopropanes 133-R [109,110].

NBn, NHBoc NHBoc
<r 1) Pd/C, Hy, MeOH 1) KMnO,, NaOH <(
| 2) Boc,0, NEt, J 2) CHyN,/EL,O |
( 78% 70% /
HO,C
Bno 139 Ho 140 141
] ) MeTi(Qi-Pr), O 1) NaOH, Br,
EtMgBr dioxane O
EtOH/HCI 2) CH,NL/Et,O 100% NH
NBn, 84% NBn, ) Pd/C, Hy, MeOH
142 143 52% 144 145

Scheme 11.36. Preparation of 3,4-methano-y-aminobutyric acid 141 and 4-spirocyclopropane-y-butyro-
lactam (145) [109,110,119b].
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Applying only a few simple operations, the dibenzylaminocyclopropanes 133-R, pre-
pared as described above from N,N-dibenzyl-a-benzyloxyacetamide in 33—48 % yield (see
Scheme 11.16 and Table 11.9), have been transformed into N-Boc-protected methyl esters
of amino acids 138-R containing a cyclopropane moiety (Scheme 11.35) [109,110]. Several
such analogues of natural amino acids, also referred to as methanoamino acids, exhibit
important biological activities [128].

Similarly, the N-Boc-protected 3,4-methano-y-aminobutyric acid 141 and the 4-spiro-
cyclopropane-y-butyrolactam 145 have been obtained in overall yields of 55% and 44 %,
respectively (Scheme 11.36) [109,110,119b).

Upon flash vacuum pyrolysis or under silver nitrate catalysis, a variety of 2-ethenyl-sub-
stituted cyclopropylamines 146 cleanly undergo a vinylcyclopropane to cyclopentene rear-
rangement [129] and afford high yields (up to 95%) of 4-aminocyclopent-1-enes 147,
some of which have unprecedented substitution patterns (Scheme 11.37) [130].

Analogously, under similar conditions, the (n+3)-(dimethylamino)-1-ethenylbicyclo-
[n.1.0]alkanes 66 (see Scheme 11.19) undergo ring-enlargement to (n+1)-dimethylaminobi-
cyclo[n.3.0]alkenes 148 (Scheme 11.38) [117]. As was demonstrated for 148 (n = 2), this ther-
mal rearrangement can be brought about more cleanly by heating the starting material 66 in
decalin at 220 °C for 1 h (90 % yield). The overall sequence starting from a cycloalkanone and
proceeding via a 1-ethenylcycloalkene to yield bicyclo[n.3.0]alkenes 148 constitutes a new
cyclopentene annelation methodology. Through quaternization with methyl iodide followed
by Hofmann elimination, compounds 148 may be transformed into mixtures of fused
cyclopentadienes 150 and 151 in 64—78 % overall yield (Scheme 11.38) [117,131].

R' R2 R® R* VYield (%)

3
R? e 02’(’:0 o R R H H H Me 9
= H H H B
1072-10"% Torr NR " o
R 4 Me H H Bn 90
NRz R ® H H Bn 54
146 147 H Ph Ph Bn 27

8(3-Isopropylidene)propyl
Scheme 11.37. Vinylcyclopropane to cyclopentene rearrangement of 2-alkenyl-substituted cyclopropyla-
mines 146 [130].

Me,N, — FVP H NMe, Mel
3 500 °C m Et,0
—5 o
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4 72
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+ -
H NMesl 1) Ag,0 (1 equiv.)
H,0, 20 °C, 5 h
e ——————- +
- 2) 10850;0, 20 Torr @ {;n_? Scheme '|t1.38. IVinyltcyclo-
149 7 Yield o0 @ . oy Propane to cyclopentene
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2 gg 3 38 42 (dimethylamino)-1-ethenyl-
4 76 6 bicyclo[n.1.0]alkanes 66
5 89 5 15 57

[117).
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11.6
Conclusion

Monocarbanionic organometallic reagents in the presence of stoichiometric or sub-stoi-
chiometric (semi-catalytic) quantities of certain titanium derivatives may act as dicarbanio-
nic equivalents in reactions with electrophiles. The key step in the transformation of a
monocarbanionic into a 1,2-dicarbanionic organometallic is a disproportionation reaction
of a dialkyltitanium intermediate to form a titanacyclopropane derivative. These highly
reactive organometallic compounds apparently exhibit the properties of reagents with
two carbon—metal o-bonds and are able to react as equivalents of 1,2-dicarbanionic moi-
eties with the carbonyl groups of carboxylic esters and N,N-dialkylcarboxamides to give
cyclopropanols and N,N-dialkylcyclopropylamines, respectively. They can also undergo
ligand exchange with alkenes to afford new titanacyclopropanes, which may subsequently
react as 1,2-dicarbanionic equivalents. In the recently reported systematic evaluation of
several titanium alkoxides and aryloxides [132], chlorotitanium triisopropoxide and/or
methyltitanium triisopropoxide were found to be the reagents of choice for the ligand-ex-
change modification, whereas the original Kulinkovich protocol proved to be insensitive to
the nature of the titanium alkoxide. In many cases, these titanium-mediated reactions of
non-transition organometallics proceed in good yields and with high chemo- and stereo-
selectivity. These features, in conjunction with the simplicity of the experimental proce-
dures and the low cost of the reagents, make these reactions favorable for an ever increas-
ing range of applications in organic synthesis.

Typical Procedures

1-Cyclobutylcyclopropanol [133] To a well-stirred solution of ethyl cyclobutanecarboxylate
[134] (56.47 g, 0.441 mol) and titanium tetraisopropoxide (26.3 mL, 88.2 mmol, 20 mol%)
in anhydrous diethyl ether (200 mL), ethylmagnesium bromide (0.980 mol, 276 mL of a
3.55 M solution in Et,0) was added over a period of 3 h. The temperature was maintained
at between 20 and 25 °C with a water bath. After the addition was complete, the mixture
was stirred for an additional 0.5 h at the same temperature, then cooled to —5°C,
whereupon the reaction was quenched by the careful addition of ice-cold 10 % aqueous sul-
furic acid (500 mL) while the temperature was maintained between —5 and 0°C with an
acetone/dry ice bath. The mixture was stirred at 0 °C for an additional 1 h and then the
aqueous phase was extracted with Et,0 (100 mL). The combined ethereal phases were
washed with saturated aq. NaHCO; solution (2 X200 mL) and brine (200 mL), dried,
and concentrated at water-pump pressure at 20°C to give 48.92 g (99 %) of 1-cyclo-
butylcyclopropanol. The spectroscopic data of the product were identical to those reported
in the literature [135].

2-(2,2-Diethoxyethyl)-1-methyl-1-cyclopropanol (94) [93] To a gently boiling solution of
vinylacetaldehyde diethyl acetal (7.73 mL, 44.4 mmol), ethyl acetate (4.42 mL,
44.4 mmol), and Ti(OiPr), (6.53 mL, 22.2 mmol) in anhydrous Et,0 (30 mL), a solution
of nBuMgBr (133.2 mmol) in Et,0 (110 mL) was added dropwise over a period of 3 h.
After the addition was complete, the reaction mixture was stirred for an additional 1 h
and then poured into 10% aqueous NaOH (150 mL). The aqueous layer was extracted
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with Et,0 (4 X 50 mL). The combined organic solutions were dried (MgSO,) and, after
evaporation of the solvent under reduced pressure, the crude product 94 was purified
by column chromatography on Al,O;. Yield 6.69 g (80 %). The spectroscopic data of the
product were identical to those reported in the literature [92].

1-Acetonyl-1-hydroxycyclopropane ethylene acetal (98) [123] A solution of ethylmagnesium
bromide (62.5 mmol) in a mixture of anhydrous THF (10 mL) and Et,0 (30 mL) was
added to a solution of acetoacetic ester ethylene acetal 97 (4.36 g, 25 mmol) and Ti(OiPr),
(1.42 g, 5 mmol) in THF (60 mL) kept at 15—20 °C over a period of 2 h. The reaction mix-
ture was stirred for an additional 1 h and was then treated with saturated NH,CI solution
(30 mL) and extracted with Et,0O (3 X 50 mlL). The combined ethereal extracts were
washed with brine (50 mL) and dried (Na,SO,). The product was distilled under reduced
pressure (b. p. 79—81°C/2 Torr); yield 3.18 g (80 %). Its spectroscopic data were identical
to those reported in the literature [71].

(1R,2R,5S)-3-Benzyl-1-dimethylamino-2-(tert-butyldimethylsilyloxymethyl)-3 -azabicyclo-
[3.1.0]hexane (132) [127b,c] To a well-stirred solution of 2-(allylbenzylamino)-2-(tert-bu-
tyldimethylsilyloxy)- N, N-dimethylpropionamide (131; 2.15 g, 5.7 mmol) and methyltita-
nium-triisopropoxide (2.06 g, 8.6 mmol) in anhydrous THF (150 mL), cyclohexylmagne-
sium bromide (34 mmol, 35 mL of a 0.98 M solution in Et,0) was added dropwise at
room temperature. After the addition was complete, the mixture was stirred for an
additional 4 h and then poured into ice/water (100 mL) and stirred for an additional
1 h. Et,0 (100 mL) was added and the aqueous phase was extracted with Et,0 (3 X
50 mL). The combined ethereal phases were washed with saturated NaHCO; (100 mL)
and brine (100 mL), dried, and concentrated at atmospheric pressure. The product was
purified by column chromatography on silica gel (hexane/Et,O, 2:1); yield 1.834 g
(89%), endo/exo = 2:1. '"H NMR (endo): 5 = 7.28—7.18 (m, 5 H), 4.21 (d, ] = 13.5 Hz,
1 H), 3.9 (dd, J = 4.3, 19.6 Hz, 1 H), 3.71 (dd, ] = 4.8, 10.6 Hz, 1 H), 3.31 (d, | =
13.5 Hz, 1 H), 3.02 (t, ] = 45 Hz, 1 H), 2.72 (d, ] = 8.9 Hz, 1 H), 2.47 (s, 6 H), 2.36
(dd, J = 4.0, 8.9 Hz, 1 H), 1.33—1.26 (m, 1 H), 1.04 (t, ] = 4.3 Hz, 1 H), 0.91 (s, 9 H),
0.61 (dd, J = 4.3, 8.6 Hz, 1 H), 0.07 (s, 6 H); °C NMR: & = 139.8 (C), 128.5 (2 CH,)),
1285 (2 CH,), 128.0 (CH,), 65.3 (CH,), 62.5 (CH), 58.7 (CH,), 54.2 (CH,), 42.0
(2 CHy), 26.0 (3 CH,), 23.3 (CH), 18.3 (C), 14.7 (CH,), 1.1 (3 CH,). 'H NMR (exo):
d = 7.30—7.22 (m, 5 H), 4.00 (d, J = 13.9 Hz, 1 H), 3.88—3.85 (m, 2 H), 3.78 (d, ] =
13.9 Hz, 1 H), 3.06-3.01 (m, 2 H), 2.61 (d, J = 7.8 Hz, 1 H), 2.21 (s, 6 H), 1.64—1.57
(m, 1 H), 0.94 (s, 9 H), 0.89—0.85 (m, 1 H), 0.66 (dd, ] = 3.5, 8.5 Hz, 1 H), 0.08
(s, 3 H), 0.07 (s, 3 H).

3-Benzyl-6-exo-(dibenzylamino)-3-azabicyclo[3.1.0Jhexane (128) [105b,113] To a stirred
solution of N-benzylpyrroline (126; 1.49 g, 9.37 mmol) and Ti(OiPr), (2.84 g,
10.0 mmol) in anhydrous THF (5 mL), methylmagnesium chloride (10.2 mmol, 3.4 mL
of a 3 M solution in THF) was added dropwise over a period of 5 min at 0—5 °C. A solution
of N,N-dibenzylformamide (48; 2.25 g, 10.0 mmol) in anhydrous THF (10 mL) was then
added in a single portion. The resulting solution was allowed to warm to ambient
temperature and was stirred for a further 10 min. Cyclohexylmagnesium bromide
(21.4 mmol, 14 mL of a 1.53 M solution in THF/benzene, 3:1) was then added dropwise
by means of a cannula over a period of 50 min at ambient temperature, and the resulting
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mixture was heated under reflux for 15 min. Water (2 mL) was subsequently added to the
still hot reaction mixture, which was then diluted with pentane (15 mL). The colorless
precipitate obtained was removed by filtration and washed with pentane (50 mL). The
resulting solution was concentrated under reduced pressure and then filtered through
silica gel (60 g) eluting with pentane/EtOAc (1:1). The solvents were removed under
reduced pressure to furnish 3.25 g of almost pure 128 (according to its 'H NMR
spectrum), which could be further purified by kugelrohr distillation (170°C/10™* Torr)
to give 3.0 g (87%) of 128 as a pale-yellow oil. 'H NMR: & = 1.34 (br. s, 2 H), 2.29
(br. s, 1 H), 2.36—2.40 (br. d, ] = 8.5 Hz, 2 H), 2.96 (d, ] = 8.8 Hz, 2 H), 3.63 (s, 2 H),
3.73 (s, 4 H), 7.20—7.35 (m, 15 H, 3 Ph); *C NMR: & = 25.6, 44.9, 54.4, 58.8, 59.1, 126.7,
126.8, 127.9, 128.1, 128.4, 129.5, 138.9, 139.5.

Benzyl-N,N-dicyclopropylamine (59) [67] To a well-stirred solution of benzyl-N,N-di-
formylamine (58; 816 mg, 5.0 mmol) and methyltitanium triisopropoxide (2.88 g,
12.0 mmol) in anhydrous THF (50 mL), ethylmagnesium bromide (20.2 mmol, 11.2 mL
of a 1.80 M solution in Et,0) was added dropwise at room temperature. After the addition
was complete, the reaction mixture was stirred for a further 16 h and then water (5 mL)
was added. The resulting mixture was filtered, the precipitate was washed with Et,O
(50 mL), and the combined ethereal phases were dried with K,CO; and concentrated
under reduced pressure. Column chromatography (50 g of silica gel, 20 X 2.5 cm column,
hexane/Et,0, 10:1, R¢ = 0.38) gave 59 (534 mg, 57 %) as a colorless oil. 'H NMR: 8 =
0.37-0.50 (m, 8 H, CH, Cpr), 1.80—1.89 (m, 2 H, CH Cpr), 3.85 (s, 2 H, CH,),
7.25—7.36 (m, 5 H, Ph); >C NMR: 8 = 6.2 (4 CH,, Cpr), 35.7 (2 CH, Cpr), 60.4 (CH,),
126.7, 127.8, 129.9 (CH), 137.5 (C). IR: v = 3087, 3011, 2921, 2819, 1494, 1454, 1355,
1218, 1176, 1022, 754, 702 cm ™.
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Addendum

In order to keep this chapter as up to date as possible, several new contributions that
have appeared in the literature since the original manuscript was submitted are compiled
here.

Early attempts to convert aliphatic nitriles into primary cyclopropylamines, in the same
way as N,N-dialkylcarboxamides 44 are transformed to N,N-dialkylcyclopropylamines 47
under the action of Grignard reagents and Ti(OiPr),, were unfruitful [136]. However,
Szymoniak et al. have found that the addition of a Lewis acid such as boron trifluoride
etherate is necessary to activate azatitanacyclopentene 153 resulting from insertion of
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the nitrile 152 into the titanium—carbon bond of the initially formed reactive titanacyclo-
propane intermediate (Scheme 11.39) [137]. Under the action of BFj;, the ring-contraction
of 154 occurs readily and, after basic work-up, the unprotected primary cyclopropylamines
155 are isolated in good yields (Table 11.13) [137].

MgBr
1 i
Rs:(;/ ) Ti(OHPr), BFg-Et,0
equiv. (1.1 equiv.) N 2 2 iv.
¥ — | (#PrO)TiC R (2 equiv)
RZ_CEN Etgo, 20 OC, 1h EtZO, 20 °C
1
152 R 153 0.5h
“BF5
I H,N_ R?
INZTo2 \
(-Pro),TiZ R =
R1
R1
154 155

Scheme 11.39. Preparation of primary cyclopropylamines 155 from aliphatic nitriles 152 [137]. An intra-
molecular version of this reaction has also very recently been reported [127¢].

Table 11.13. Cyclopropylamines 155 from aliphatic nitriles 152, Grignard reagents, and Ti(QiPr), in the
presence of BF;-OEt, (see Scheme 11.39).

Entry  Grignard Reagent Starting Nitrile 152 Product Yield (%)
R R? (d.r9)

L1 . I[}VHQ |
Bn

H,
2 H n-CoHyg 70
n-CoHyg
3 H C N,
yclohexyl d_@ 52
4 n-C4H, Bn z NH; 57 (64:36)
Et Bn
NH,

5 H BnO(CH,), ﬁ 54
OBn
6 Ph(CH,), Bn N,ArNHz 51 (68:34)

Ph n

wi

o)

* d.r. = diastereomeric ratio
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Surprisingly, aromatic nitriles were found not to yield 1-arylcyclopropylamines under
these conditions. However, this deficit is compensated for by a complementary method
developed by de Meijere et al. using diethylzinc in the presence of methyltitanium triiso-
propoxide and lithium isopropoxide (Scheme 11.40). While aliphatic nitriles 152 gave pri-
mary cyclopropylamines 155 in only 12—16 % yield with this reagent mixture, aromatic
nitriles 156 and 158 furnished 1-arylcyclopropylamines 157 and 159 in moderate
(28—40 % for substituted benzonitriles 156) to good (70 % for 3-cyanopyridine 158) yields
(Scheme 11.40) [138].

CN Et,Zn NH, R Yield (%)
R MeTi(OiPr), R "H 42
LiO#Pr (2 equiv.) Me 40
THF,20°C,8h OMe 55
156 157 -
Et22n
MeTi(OFPr);
CN  LioiPr (2 equiv.)
: =
Scheme 11.40. Synthesis of T-arylcyclo- = | ———— I NH,
propylamines from aromatic nitriles by \N Lit (1 e(juw.) \N
reaction with diethylzinc in the presence THF,20°C, 8 h
of MeTi(OiPr); and NaOiPr [138]. 158 81% 159

Progress has also been reported in applying titanium-mediated cyclopropanation reac-
tions as a key step in the preparation of natural products. For example, racemic stigmo-
lone (8-hydroxy-2,5,8-trimethylnonan-4-one) 163, a pheromone of the myxobacterium
Stigmatella aurantiaca, has been synthesized in 67 % overall yield by the titanium-
mediated hydroxycyclopropanation of 2-methyl-5-hexen-2-ol 161 with ethyl isovalerate
160 followed by base-induced ring-opening of the resulting 2-(3-hydroxy-3-methylbutyl)-
1-isobutyl-1-cyclopropanol 162 (Scheme 11.41) [139].

EtMgBr (5 equiv.)
/\/\F Ti{(OFPr), (1 equw)
W Etzo reflux

85%

KOH, MeOH
:M reflux
Scheme 11.41. Two-step 79%
(=]

synthesis of (4/—)-stigmo-
lone 163 [139]. 163 (+/-)-stigmolone

An elegant six-step synthesis of enantiomerically pure (S)-cleonin 170 [140], a key com-
ponent of the antitumor antibiotic cleomycin, starting from (R)-serine has been elaborated
by Taddei et al. [141]. The methoxycarbonyl group of the protected serine ester 165 was
converted to a hydroxycyclopropyl moiety by the Kulinkovich reaction. Oxazolidine ring-
opening in the resulting 166, followed by PDC oxidation and Pd-catalyzed removal of
the Cbz protecting group, gave enantiomerically pure (S)-cleonin 170 in 26 % overall
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yield starting from (R)-serine (Scheme 11.42) [141]. This methodology has also been
successfully applied in the preparation of several non-natural cyclopropyl-substituted

glycines [141].

' EtMgBr (2.5 equiv.)
l}lHCbz 2,2-dimethoxypropane Cbz\N)( Ti(Oi-Pr), (0.5 equiv.)
MeO. . OH BFg-Et,0 ! Et,0, 20 °C
\n/\/ MeO. _A_ O 2
o) 95% then reflux, 12 h
164 O 165 64%
Ch
Z\N__\_’ PPTS, MeOH  Cbz. PDS,DMF  Cbz,
HOQ ¢ L, 20°c12h HQ 20°C,12h  HOQ NH
a/\/ a/\/OH {YOH
83% 75% 5
166 167 169
HCOONH,, -PrOH
Pd/C Ho NHz
microwave heating ﬁ OH
85% 0
170

Scheme 11.42.

References

[1] For recent reviews, see:
(a) J. M. Brown, S.K. Arm-
strong, in Comprehensive Orga-
nometallic Chemistry, Vol. 11
(Eds.: E.W. Abel, F.G.A. Stone,
G. Wilkinson), Pergamon, Ox-
ford, 1995, pp. 129—158. (b) B.J.
Wakefield, Organomagnesium
Methods in Organic Chemistry,
Academic Press, San Diego,
1995. (c) V. Snieckus, M. Gray,
M. Tinkl, in Comprehensive Or-
ganometallic Chemistry II, Vol.
11 (Eds.: E.W. Abel, F.G.A.
Stone, G. Wilkinson), Perga-
mon, Oxford, 1995, pp. 1-92.
(d) W.E. Lindsell, in Compre-
hensive Organometallic Chemistry
II, Vol. 6 (Eds.: E. W. Abel,
F.G.A. Stone, G. Wilkinson),
Pergamon, Oxford, 1995,
pp. 57—128. (e) B.]. Wakefield,
Organolithium Methods, Aca-
demic Press, New York, 1988.
(f) J. L. Wardell, in The Use of

First stereocontrolled synthesis of (S)-cleonin [141].

Organometallic Compounds in
Organic Synthesis, Vol. 4 (Ed.:
F.R. Hartley), Wiley, Chiche-
ster, 1987, pp. 1-157. (g) G.
Salem, C.L. Raston, in The Use
of Organometallic Compounds in
Organic Synthesis, Vol. 4 (Ed.:
F.R. Hartley), Wiley, Chiches-
ter, 1987, pp. 159—306.

(h) A.J. Pearson, Metallo-organic
Chemistry, Wiley, Chichester,
1985. (i) F. Bickelhaupt,
Angew. Chem. 1987, 99,
1020—1035; Angew. Chem.

Int. Ed. Engl. 1987, 26,
990—1004.

[2] Book reviews: (a) D. Seebach,
B. Weidmann, L. Widler, Mod-
ern Synthetic Methods: Transition
Metals in Organic Synthesis
(Ed.: R. Scheffold), Otto Salle
Verlag, Frankfurt a. M., 1983;
pp. 217—-354. (b) P.]. Harring-
ton, Transition Metals in Total
Synthesis, Wiley, New York,

1990. (c) J.P. Collman, L.S.
Hegedus, J.R. Norton, R.G.
Finke, Principles and Applica-
tions of Organotransition Metal
Chemistry, University Science
Books, Mill Valley, CA, 1987.
(d) S.]J. Davies, Organotransition
Metal Chemistry: Application to
Organic Synthesis, Pergamon
Press, Oxford, 1982. (e) M.
Bochmann, in Comprehensive
Organometallic Chemistry I,
Vol. 4 (Eds.: E.W. Abel, F.G.A.
Stone, G. Wilkinson), Perga-
mon, Oxford, 1995, pp.
273—432.

[3] H. Felkin, G. Swierczewski,
Tetrahedron 1975, 31,
2735-2748.

[4] E. Erdik, Tetrahedron 1984, 40,
641—-657.

[5] K. Betschart, D. Seebach,
Chimia 1989, 43, 39—49.

[6] S.H. Pine, Org. React. 1993,
43, 1-91.



11 Titanium-Mediated Syntheses of Cyclopropanols and Cyclopropylamines

[7] T.]. Donohoe, Contemporary
Org. Synth. 1995, 1-18.

[8] R.R. Schrock, G.W. Parshall,
Chem. Rev. 1976, 76, 243—268.

[9] U.M. Dzemilev, O.S. Vostri-
kova, G. A. Tolstikov, Usp. Khim.
1990, 59, 1972—-2002; Russ.
Chem. Rev. 1990, 59,
1157—-1184.

[10] K. B. Sharpless, Chem. Brit.
1986, 22, 38.

[11] D.J. Berrisford, C. Bolm,

K. B. Sharpless, Angew. Chem.
1995, 107, 1159—-1171; Angew.
Chem. Int. Ed. Engl. 1995, 34,
1059—-1070.

[12] D. Seebach, R. E. Marti,

T. Hintermann, Helv. Chim.
Acta 1996, 79, 1710—1740.

[13] V. V. Dunina, I. P. Beletskaya,
Zh. Org. Khim. 1992, 28,
2368—2447; Russ. J. Org. Chem.
(Engl. Transl.) 1992, 28,
1913-1971.

[14] V. V. Dunina, I. P. Beletskaya,
Zh. Org. Khim. 1992, 28,
1929—-1999; Russ. J. Org. Chem.
(Engl. Transl.) 1992, 28,
1547—-1600.

[15] V. V. Dunina, I. P. Beletskaya,
Zh. Org. Khim. 1993, 29,
806—878; Russ. J. Org. Chem.
(Engl. Transl.) 1993, 29,
673-725.

[16] J. E. McMurry, Chem. Rev.
1989, 89, 1513—-1524.

[17] D. Lenoir, Synthesis 1989,
883—-897.

[18] J.-M. Pons, M. Santelli, Tet-
rahedron 1988, 44, 4295—4312.

[19] J. E. McMurry, Acc. Chem.
Res. 1983, 16, 405—411.

[20] H.N. C. Wong, Acc. Chem.
Res. 1989, 22, 145—152.

[21] J. E. McMurry, Acc. Chem.
Res. 1974, 7, 281—-286.

[22] R. O. Duthaler, A. Hafner,
Chem. Rev. 1992, 92, 807—832.

[23] M. T. Reetz, Organotitanium
Reagents in Organic Synthesis,
Springer, Berlin, 1986.

[24] M. T. Reetz, Top. Curr. Chem.
1982, 106, 1-54.

[25] U. Klabunde, F.N. Tebbe,
G.W. Parshall, R. L. Harlow,

J. Mol. Catal. 1980, 8, 37—51.

[26] Reviews: (a) O.G. Kulinko-
vich, A. de Meijere, Chem. Rev.
2000, 100, 2789—2834. (b) B.
Breit, J. Prakt. Chem. 2000, 342,
211-214. () F. Sato, H. Urabe,
S. Okamoto, Chem. Rev. 2000,
100, 2835—2886. (d) F. Sato,
H. Urabe, S. Okamoto, Synlett
2000, 753—775.

[27] P.]. Davidson, M. F. Lappert,
R. Pearce, Chem. Rev. 1976, 76,
219-242.

[28] C. Ferreri, G. Palumbo,

R. Caputo, in Comprehensive
Organic Synthesis, Vol. 1 (Eds.:
B. M. Trost, I. Fleming), Perga-
mon Press, Oxford, 1991, pp.
139-172.

[29] M. L. Steigerwald, W. A.
Goddard III, J. Am. Chem. Soc.
1984, 106, 308—311.

[30] J. P. Collman, L.S. Hegedus,
J.R. Norton, R.G. Fiude, in
Principles and Applications of
Organotransition Metal Chemis-
try, 2nd edn., Universal Science,
Mill Valley, CA, 1987.

[31] J. Dvorak, R.J. O’Brien,

W. Santo, J. Chem. Soc., Chem.
Commun. 1970, 411—412.

[32] M. Tamura, J. K. Kochi, Bull.
Chem. Soc. Jpn. 1971, 44,
3063—-3073.

[33] D.F. Herman, W.K. Nelson,
J. Am. Chem. Soc. 1953, 75,
3877—3882.

[34] M. L. Cooper, ].B. Rose,

J. Chem. Soc. 1959, 795—802.

[35] E. Heins, H. Hink, W. Ka-
minsky, G. Oppermann,

P. Raulinat, H. Sinn, Makromol.
Chem. 1970, 134, 1-22.

[36] D.B. Ludlum, A. W. Ander-
son, C.E. Ashby, J. Am. Chem.
Soc. 1958, 80, 1380—1384.

[37] C. Beermann, H. Bestian,
Angew. Chem. 1959, 71,
618—623.

[38] H. De Vries, Rec. Trav. Chim.
1961, 80, 866—878.

[39] G.D. Cooper, H.L. Finkbei-
ner, J. Org. Chem. 1962, 27,
1493—-1497.

[40] J. X. McDermott, G. M.
Whitesides, J. Am. Chem. Soc.
1974, 96, 947—-948.

[41] M. Akita, H. Yasuda, K. Na-
gasuna, A. Nakamura, Bull.
Chem. Soc. Jpn. 1983, 56,
554—558.

[42] S.A. Cohen, P.R. Auburn,
J. E. Bercaw, J. Am. Chem. Soc.
1983, 105, 1136—1143.

[43] G.M. Whitesides, J.F.
Gaasch, E. R. Stedronsky, J. Am.
Chem. Soc. 1972, 94,
5258-5270.

[44] E. A. Cotton, Chem. Rev.
1955, 52, 551—594.

[45] G.E. Coates, M. L. H. Green,
K. Wade, in Organometallic
Compounds, Vol. 2, Chapter 7,
3rd edn., Methuen and Co.,
London, 1968.

[46] I.1. Kritskaya, Usp. Khim.
1966, 35, 393—426; Russ. Chem.
Rev. 1966, 35, 167—186.

[47] G. W. Parshall, J.I. Mrowca,
Adv. Organomet. Chem. 1968, 7,
157-209.

[48] J. W. Lauher, R. Hoffman,

J. Am. Chem. Soc. 1976, 98,
1729—-1742.

[49] M.J.C. Dewar, G.P. Ford,
J. Am. Chem. Soc. 1979, 101,
783—791.

[50] B. Akermark, M. Almemark,
J. Almlsf, J.-E. Bickvall,

B. Roos, A. Stegdrd, J. Am.
Chem. Soc. 1977, 99,
4617—4624.

[51] T. A. Albright, R. Hoffmann,
J. C. Thibeault, D. L. Thorn,

J. Am. Chem. Soc. 1979, 101,
3801—3812.

[52] M. L. Steigerwald, W. A.
Goddard 111, J. Am. Chem. Soc.
1985, 107, 5027—5035.

[53] M. G. Thorn, J.E. Hill, S.A.
Waratuke, E.S. Johnson, P.E.
Fanwick, I. P. Rothwell, J. Am.
Chem. Soc. 1997, 119,
8630—8641.

[54] J. Foerstner, S.I. Kozhush-
kov, P. Binger, P. Wedemann,
M. Noltemeyer, A. de Meijere,
H. Butenschén, Chem. Com-
mun. 1998, 239—240.

[55] O.G. Kulinkovich, S.V. Svir-
idov, D. A. Vasilevski, T. S. Pri-
tytskaya, Zh. Org. Khim. 1989,
25, 2244-2245; J. Org. Chem.



432

References

USSR (Engl. Transl.) 1989, 25,
2027-2028.

[56] O. G. Kulinkovich, S.V. Svir-
idov, D. A. Vasilevski, A.1. Sav-
chenko, T.S. Pritytskaya, Zh.
Org. Khim. 1991, 27, 294—298;
J. Org. Chem. USSR (Engl.
Transl.) 1991, 27, 250—253.

[57] O.G. Kulinkovich, S.V. Svir-
idov, D. A. Vasilevski, Synthesis
1991, 234.

[58] O. G. Kulinkovich, D.A. Va-
silevskii, A.I. Savchenko, S.V.
Sviridov, Zh. Org. Khim. 1991,
27, 1428—1430; J. Org. Chem.
USSR (Engl. Transl.) 1991, 27,
1249-1251.

[59] A. de Meijere, S. Kozhush-
kov, T. Spaeth, N.S. Zefirov,

J. Org. Chem. 1993, 58,
502—505.

[60] A. de Meijere, S.I. Kozhush-
kov, T. Spith, Org. Synth. 2000,
78, 142—151.

[61] G. Sasnouski, V. Bezborodov,
R. Dziaduszek, J. Dziaduszek,
Mol. Cryst. Lig. Cryst. 1999, 332,
2737-2743.

[62] V. Chaplinski, Dissertation,
Universitit Géttingen, 1996.

[63] V.1. Dolgopalets, S. M.
Volkov, M. A. Kisel, A.N.
Kozhevko, O. G. Kulinkovich,
Zh. Org. Khim. 1999, 35,
1469—1471; Russ. J. Org. Chem.
(Engl. Transl.) 1999, 35,
1436—1438.

[64] S.I. Kozhushkov, T. Hau-
mann, R. Boese, A. de Meijere,
Angew. Chem. 1993, 105,
426—429; Angew. Chem. Int.
Ed. Engl. 1993, 32, 401—403.

[65] S. V. Sviridov, D.A. Vasilevs-
kii, O.G. Kulinkovich, Zh. Org.
Khim. 1991, 27, 1431—1433;

J. Org. Chem. USSR (Engl.
Transl.) 1991, 27, 1251—-1253.
[66] O. G. Kulinkovich, N.V. Ma-

salov, V. 1. Tyvorskii, N. De
Kimpe, M. Keppens, Tetrahe-
dron Lett. 1996, 37, 1095—1096.

[67] H. Winsel, Dissertation, Uni-
versitit Gottingen, 2000;

H. Winsel, S.V. Sviridov, A. de
Meijere, unpublished results.

[68] T. A. Shevchuk, O.G. Kulin-
kovich, Zh. Org. Khim. 2000, 36,
515—-520; Russ. J. Org. Chem.
(Engl. Transl.) 2000, 36,
491—495.

[69] H. Winsel, V. Gazizova,

O. Kulinkovich, V. Pavlov,
A. de Meijere, Synlett 1999,
1999—-2003.

[70] 1. L. Lysenko, O.G. Kulinko-
vich, Russ. J. Org. Chem. (Engl.
Transl.) 2001, 37, 1238—1243.

[71] D. A. Vasilevskii, S.V. Sviri-
dov, O. G. Kulinkovich, Zh. Org.
Khim. 1991, 27, 2132—-2134;

J. Org. Chem. USSR (Engl.
Transl.) 1991, 27, 1885—1887.

[72] T.S. Kuznetsova, E. B. Aver-
ina, O.V. Kokoreva, A.N. Ze-
firov, Yu. N. Grishin, N.S. Ze-
firov, Russ. J. Org. Chem. (Engl.
Transl.) 2000, 36, 205—-210.

[73] Y.-D. Wu, Z.-H. Yu, J. Am.
Chem. Soc. 2001, 123,
5777—5786.

[74] T. Chevchuk, J. Ollivier,

J. Salaiin, Tetrahedron:
Asymmetry 1997, 8, 1005—1009.

[75] S.E. Denmark, L.R. Marcin,
J. Org. Chem. 1997, 62,
1675—1686.

[76] B. Achmatowiz, P. Jan-
kowski, J. Wicha, Tetrahedron
Lett. 1996, 37, 5589—5592.

[77] D.S. Yufit, J. A. K. Howard,
S. 1. Kozhushkov, R. R. Kostikov,
A. de Meijere, Acta Cryst. C
2001, 57, 968—969.

[78] O.G. Kulinkovich, V. V. Ba-
gutskii, Zh. Org. Khim. 1997,
33, 898—-901; Russ. J. Org.
Chem. (Engl. Transl.) 1997, 33,
830—834.

[79] J. Lee, H.]J. Kim, J.K. Cha,
J. Am. Chem. Soc. 1996, 118,
4198—4199.

[80] M. Taddei, A. Esposito, J. Org.
Chem. 2000, 65, 9245—9248.

[81] E.]. Corey, S.A. Rao, M. S.
Noe, J. Am. Chem. Soc. 1994,
116, 9345—9346.

[82] J. Lee, H.J. Kim, J.K. Cha,
J. Am. Chem. Soc. 1995, 117,
9919-9920.

[83] O.G. Kulinkovich, A.I. Sav-
chenko, S.V. Sviridov, D. A. Va-

silevski, Mendeleev Commun.
1993, 230—231.

[84] A.1. Savchenko, S.V. Sviri-
dov, O. G. Kulinkovich, Zh. Org.
Khim. 1994, 30, 333—335; Russ.
J. Org. Chem. (Engl. Transl.)
1994, 30, 353—355.

[85] (a) J. Lee, C. H. Kang, H.].
Kim, J.K. Cha, J. Am. Chem.
Soc. 1996, 118, 291—292. (b)
G.P.-]. Hareau, M. Koiwa, S.
Hikichi, F. Sato, J. Am. Chem.
Soc. 1999, 121, 3640—3650.

(c) M. Koiwa, G.P.-]. Hareau,
D. Morizono, F. Sato, Tetrahe-
dron Lett. 1999, 40, 4199—4202.

[86] J. Lee, J.K. Cha, J. Org.
Chem. 1997, 62, 1584—1585.

[87] A. Kasatkin, F. Sato, Tetrahe-
dron Lett. 1995, 36, 6079—6082.

[88] O. L. Epstein, O.G. Kulinko-
vich, Tetrahedron Lett. 1998, 39,
1823—-1826.

[89] O.L. Epstein, A.I. Sav-
chenko, O.G. Kulinkovich,
Tetrahedron Lett. 1999, 40,
5935—-5938.

[90] A.1. Savchenko, O.G. Kulin-
kovich, Zh. Org. Khim. 1997, 33,
913—-915; Russ. J. Org. Chem.
(Engl. Transl.) 1997, 33,
846—848.

[91] S.Y. Cho, J. Lee, R. K.
Lammi, J.K. Cha, J. Org. Chem.
1997, 62, 8235—8236.

[92] O. G. Kulinkovich, A.I. Sav-
chenko, T. A. Shevchuk, Zh.
Org. Khim. 1999, 35, 244—247,
Russ. J. Org. Chem. (Engl.
Transl.) 1999, 35, 225—-228.

[93] T. A. Chevchuk, V.E. Isakov,
O.G. Kulinkovich, Tetrahedron
1999, 55, 13205—13210.

[94] T. A. Shevchuk, O.G. Kulin-
kovich, Zh. Org. Khim. 2000, 36,
1160—1162; Russ. J. Org. Chem.
(Engl. Transl.) 2000, 36,
1124—-1126.

[95] (a) R. Mizojiri, H. Urabe,

F. Sato, Tetrahedron Lett. 1999,
40, 2557—2560. (b) R. Mizojiri,
H. Urabe, F. Sato, J. Org. Chem.
2000, 65, 6217—6222.

[96] K. Lee, S.-I. Kim, J.K. Cha,
J. Org. Chem. 1998, 63,
9135-9138.



11 Titanium-Mediated Syntheses of Cyclopropanols and Cyclopropylamines

[97] ]. Lee, Y.G. Kim, ]. G. Bae,
J.K. Cha, J. Org. Chem. 1996,
61, 4878—4879.

(98] ].S. U, J. Lee, J.K. Cha,
Tetrahedron Lett. 1997, 38,
5233-5236.

[99] (a) S. Okamoto, M. Iwakubo,
K. Kobayashi, F. Sato, J. Am.
Chem. Soc. 1997, 119,
6984—6990. (b) M. Shirai,

S. Okamoto, F. Sato, Tetrahe-
dron Lett. 1999, 40, 5331—-5332.

[100] A. Kasatkin, K. Kobayashi,
S. Okamoto, F. Sato, Tetrahe-
dron Lett. 1996, 37, 1849—1852.

[101] J. Otera, Chem. Rev. 1993,
93, 1449—1470.

[102] R. Mizojiri, H. Urabe,

F. Sato, Angew. Chem. 1998,
110, 2811—2814; Angew. Chem.
Int. Ed. Engl. 1998, 37,
2666—2668.

[103] O.G. Kulinkovich, S.V.
Sviridov, A.I. Savchenko,
Metalloorg. Khim. 1990, 3,
881—882.

[104] V. Chaplinski, A. de Meijere,
Angew. Chem. 1996, 108,
491—-492; Angew. Chem. Int. Ed.
Engl. 1996, 35, 413—414.

[105] (a) C. M. Williams, A. de
Meijere, J. Chem. Soc., Perkin
Trans. 1 1998, 3699—3702.

(b) A. de Meijere, S.V. Sviridov,
unpublished results.

[106] A. de Meijere, V. Chaplinski,
H. Winsel, M. A. Kuznetsov,

P. Rademacher, R. Boese,

T. Haumann, M. Traetteberg,
P.v.R. Schleyer, T. Zywietz,

H. Jiao, P. Merstetter, F. Ger-
son, Angew. Chem. 1999, 111,
2582—2585; Angew. Chem. Int.
Ed. Engl. 1999, 38, 2430—2433.

[107] A. de Meijere, V. Chaplinski,
F. Gerson, P. Merstetter, E.
Haselbach, J. Org. Chem. 1999,
64, 6951—-6959.

[108] V. Chaplinski, H. Winsel,
M. Kordes, A. de Meijere,
Synlett 1997, 111—114.

[109] M. Kordes, Dissertation,
Universitdt Géttingen, 1999.

[110] M. Kordes, H. Winsel, A. de
Meijere, Eur. . Org. Chem.
2000, 3235—3245.

[111] B. Stecker, Forthcoming
Dissertation, Universitit Gottin-
gen, 2001.

[112] M. L. Gillaspy, B. A. Lefker,
W. A. Hada, D.]J. Hoover, Tetra-
hedron Lett. 1995, 36,
7399—-7402.

[113] (a) A. de Meijere, V. Cha-
plinski, A. Kourdioukov, Ger.
Offen DE 19,647,615 (Cl.
C07C211/35, 20 May 1998,
Appl. 19,647,615 18 Nov 1996),
C. A. 1998, 129, 16045. (b) A. de
Meijere, C. M. Williams, A.
Kourdioukov, S.V. Sviridov, V.
Chaplinski, M. Kordes, A.1.
Savchenko, C. Stratmann, M.
Noltemeyer, Chem. Eur. J. 2002,
submitted.

[114] J. Lee, J.S. U, S.C. Black-
stock, J.K. Cha, J. Am. Chem.
Soc. 1997, 119, 10241—-10242.

[115] Y. Takemoto, S. Yamagata,
S.-i. Furuse, H. Hayase,

T. Echigo, C. Iwata, Chem.
Commun. 1998, 651—652.

[116] G.M. Williams, V. Cha-
plinski, P.R. Schreiner, A. de
Meijere, Tetrahedron Lett. 1998,
39, 7695—7698.

[117] T. Voigt, Diplomarbeit,
Universitit Gottingen, 2001.

[118] G. Tebben, Forthcoming
Dissertation, Universitit Gottin-
gen, 2001.

[119] (a) S. Wiedemann, Forth-
coming Dissertation, Universitit
Géttingen, 2001. (b) S. Wiede-
mann, I. Marek, A. de Meijere,
Synlett. 2002, submitted.

[120] (a) M.]. Rosema,

S. Achyutha Rao, P. Knochel,
J. Org. Chem. 1992, 57,
1956—1958. (b) R. F. W, Jack-
son, D. Turner, M. H. Block,
Synlett 1996, 862—865. (c) Re-
view: P. Knochel, R.D. Singer,
Chem. Rev. 1993, 93,
2117-2188.

[121] For reviews on bicyclopro-
pylidene and triangulane
chemistry, see: (a) A. de Mei-
jere, S.I. Kozhushkov, A.F.
Khlebnikov, Zh. Org. Khim.
1996, 32, 1607—1626; Russ. J.
Org. Chem. (Engl. Transl.) 1996,

433

32, 1555—1575. (b) A. de Mei-
jere, S.I. Kozhushkov, A.F.
Khlebnikov, Top. Curr. Chem.
2000, 207, 89—147. (c) A. de
Meijere, S.1. Kozhushkov, Eur.
J. Org. Chem. 2000, 3809—3822.
(d) A. de Meijere, S.I. Koz-
hushkov, T. Spith, M. von See-
bach, S. Lshr, H. Niiske,

T. Pohlmann, M. Es-Sayed,

S. Briise, Pure Appl. Chem. 2000,
72, 1745-1756. (e) A. de Mei-
jere, S.I. Kozhushkov, Chem.
Rev. 2000, 100, 93—142. (f)

A. de Meijere, S.1. Kozhushkov,
in Advances in Strain in Organic
Chemistry, Vol. 4 (Ed.: B. Hal-
ton), JAI Press Ltd., London,
1995, pp 225—282. (g) N.S.
Zefirov, T.S. Kuznetsova, A. N.
Zefirov, Izv. Akad. Nauk 1995,
1613—1621; Russ. Chem. Bull.
(Engl. Transl.) 1995,
1543—1552.

[122] O. G. Kulinkovich, Polish
J. Chem. 1997, 71, 849.

[123] M. V. Raiman, N. A. Il'ina,
O. G. Kulinkovich, Synlett 1999,
1053—1054.

[124] (a) D. H. Gibson, C. H.
DePuy, Chem. Rev. 1974, 74,
605—623. (b) I. Ryu, S. Murai,
in Methods of Organic Chemistry
(Houben-Weyl) (Ed.: A. de Mei-
jere), Thieme, Stuttgart, 1997,
Vol. E 17¢, pp. 1985—2040.

[125] (a) A.IL. Savchenko, Disser-
tation, Belarussian State Uni-
versity, Minsk, 1995. (b) A.1.
Savchenko, Zh. Org. Khim.
2001, 37, 1240—1241.

[126] (a) K. E. Brighty, WO Patent
91/02526, 1991; EU Patent
413455, 1991, C. A. 1991, 115,
232216. (b) US Patent
5,164.402, 1992, C. A. 1993,
119, 117227. () K. E. Brighty,
M.J. Castaldi, Synlett 1996,
1097—-1099.

[127] (a) B. Cao, D. Xiao, M. M.
Joullié, Org. Lett. 1999, 1,
1799—1801; ibid 2000, 2, 1009.
(b) M. Gensini, Forthcoming
Dissertation, Universitit Gottin-
gen, 2002. (c) M. Gensini, S.1.
Kozhushkov, D. S. Yufit, J. A. K.



434

References

Howard, M. Es-Sayed, A. de
Meijere, Eur. J. Org. Chem.
2002, submitted.

[128] (a) J. Salaiin, M. S. Baird,
Curr. Med. Chem. 1995, 5,
522—542. (b) J. Salaiin, Top.
Curr. Chem. 2000, 207, 1—67.

[129] For reviews on the vinylcy-
clopropane to cyclopentene
rearrangement, see: (a) T. Hu-
dlicky, D. A. Becker, R.L. Fan,
S.1. Kozhushkov, in Methods of
Organic Chemistry (Houben-
Weyl) (Ed.: A. de Meijere),
Thieme, Stuttgart, 1997, Vol. E
17¢, pp. 2538—2565. (b) T. Hu-
dlicky, R.L. Fan, J. W. Reed,

K. G. Gadamasetti, Org. React.
1992, 41, 1-133. () J. E. Bald-
win, in The Chemistry of the
Cyclopropyl Group (Ed.: Z. Rap-
poport), Wiley, Chichester,
1995, Vol. 2, pp. 469—494. (d)
J. E. Baldwin, J. Comput. Chem.
1998, 19, 222-231.

[130] C. M. Williams, A. de Mei-
jere, J. Chem. Soc., Perkin Trans.
11998, 3699—-3702.

[131] Among these bicycles, di-
and tetrahydropentalenes 150,
151 (n = 3) are of special
interest and have previously
been prepared by other routes:

(a) R. Kaiser, K. Hafner, Angew.
Chem. 1970, 82, 877—-878;
Angew. Chem. Int. Ed. Engl.
1970, 9, 892—893. (b) A. de
Meijere, L.-U. Meyer, Chem. Ber.
1977, 110, 2561-2573. (c) A.
Pauli, H. Meier, Chem. Ber.
1987, 120, 1617—-1620. (d) H.
Meier, A. Pauli, P. Kochhan,
Synthesis 1987, 573—574.

[132] J.C. Lee, M.]. Sung, J.K.
Cha, Tetrahedron Lett. 2001, 42,
2059—-2061.

[133] A. de Meijere, M. von See-
bach, S.I. Kozhushkov, R.
Boese, D. Bliser, S. Cicchi,

T. Dimoulas, A. Brandi, Eur. J.
Org. Chem. 2001, 3789—3795.

[134] Ethyl cyclobutanecarboxy-
late is commercially available
(at a cost of ca. 120 US$ per 25
g) or can be prepared in two
steps from allyl bromide and
diethyl malonate. See: D. H.
Hunter, V. Patel, R. A. Perry,
Can. J. Chem. 1980, 58,
2271-2277.

[135] J. Barluenga, J. L. Fernan-
dez-Simon, J. M. Concellon,

M. Yus, Synthesis1987,584—586.
[136] Under typical conditions for
the preparation of N,N-dialkyl-

cyclopropylamines [104], ni-

triles gave primary cyclopropyl-
amines in at best 15 % yield:
(a) N. V. Masalov, H. Winsel,
O.G. Kulinkovich, A. de Mei-
jere, unpublished results.

(b) H. Winsel, Diplomarbeit,
Universitit Gottingen, 1997.

[137] (a) P. Bertus, J. Szymoniak,
Chem. Commun. 2001,
1792—1793. This idea was
prompted by a similar observa-
tion made for the reductive cy-
clopropanation of ketones with
the Cp,Zr(ethylene) reagent,
previously reported by the same
group: (b) P. Bertus, V. Gandon,
J. Szymoniak, Chem. Commun.
2000, 171—172. (c) V. Gandon,
P. Bertus, J. Szymoniak, Eur. J.
Org. Chem. 2000, 3713—3719.

[138] S. Wiedemann, I. Marek,
A. de Meijere, to be published.

[139] O. L. Epstein, O.G. Kulin-
kovich, Tetrahedron Lett. 2001,
42, 3757—-3758.

[140] For a previous synthesis of
racemic cleonin, see: L. Wess-
johann, N. Krass, D. Yu, A. de
Meijere, Chem. Ber. 1992, 125,
867—882.

[141] A. Esposito, P. P. Piras,

D. Ramazzotti, M. Taddei, Org.
Lett. 2001, 3, 3273—3275.



Titanium and Zirconium in Organic Synthesis. Edited by Ilan Marek
Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-30428-2 (Hardback); 3-527-60067-1 (Electronic)

12
Titanocene-Catalyzed Epoxide Opening

Andreas Gansiuer and Bjérn Rinker

12.1
Introduction

Over the past three decades, radicals have been increasingly utilized as reactive inter-
mediates in organic synthesis [1]. Their ease of generation, high functional group toler-
ance, and predictable behavior in many transformations have led to numerous develop-
ments of novel methods for the efficient formation of C—C bonds. Most of these methods
involve typical free-radical reactions, for which the usual selectivities are substrate-con-
trolled [2]. Reagent-controlled radical transformations have emerged more recently [3].
In this context, epoxides, which can readily be prepared by a number of methods [4],
are a very interesting class of radical precursors. They can easily bind to radical-generating
Lewis acidic electron-transfer reagents and therefore allow reagent-controlled formation of
radicals and subsequent reagent-induced radical reactions. To date, titanocene complexes
have proven to be the most promising reagents in this context [5]. In this chapter, we
present current results in this field and focus on the recently developed catalytic reaction
conditions.

12.2
Stoichiometric Opening of Epoxides by Electron Transfer

Due to their high reactivity, epoxides have been used in a plethora of synthetic applica-
tions, most notably in nucleophilic substitutions. The strained three-membered ring
can, however, also be successfully employed as an electron acceptor in reductive ring-
opening by low-valent metal complexes. The general concept behind this type of transfor-
mation has been outlined by Nugent and RajanBabu and is illustrated in Scheme 12.1 [5].
The overall transformation can thus be regarded as an analogue of the well-established
opening of cyclopropylcarbinyl radicals to give butenyl radicals [6].

. —q —_— N

Scheme 12.1.  Opening of epoxides with low-valent metal . M-Oi]

*O\/.
complexes. M
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In the case of epoxides, B-metaloxy radicals are formed. These constitute interesting
intermediates for organic synthesis because they can either be further reduced to give
B-metaloxy metal species or can be used in typical transformations of radicals.

The participation of p-metaloxy metal species in this context was first discussed by
Kochi, Singleton, and Andrews in 1968 [7] in relation to their deoxygenation of styrene
and cyclohexene oxide by chromium(II) reagents, as shown in Scheme 12.2.

()O CrCly O/OCrC'2 CrCly

OCrCly
(:g + (CrCl)20 Scheme 12.2. Deoxygenation of cyclohexene

CrCl oxide with chromium(ll) chloride.

The proposed mechanism includes a reductive epoxide opening, trapping of the inter-
mediate radical by a second equivalent of the chromium(Il) reagent, and subsequent
B-elimination of a chromium oxide species to yield the alkene. The highly potent
electron-transfer reagent samarium diiodide has also been used for deoxygenations, as
shown in Scheme 12.3 [8].

0} Sml,, (H3C)oNCH2CH,0H,
oL B - S
THF-HMPA, 1, Scheme 12.3.
24h, 95% Deoxygenation of epoxides
(B):(9 ~3: with samarium diiodide.

The mixture of (E) and (Z) isomers obtained is indicative of a radical ring-opening me-
chanism because the initially formed intermediate is trapped with low stereoselectivity to
yield two diastereomeric samariumoxy samarium species, which undergo elimination to
give the alkene isomers. In order to exploit the carbanionic reactivity of the dimetallated in-
termediate in C—C and C—X bond-forming reactions, it is necessary to produce a thermally
stable organometallic compound. This goal was first achieved by Bartmann in 1986 by the
use of radical anions of biphenyl [9]. Cohen [10] and Yus [11] have applied this methodology
in the synthesis of more complex molecules. An example is shown in Scheme 12.4.

o 1.) Li, DTBB (5 mol%), OH OH
OMOM THF, -78°C, - OMOM
> 2) PhCHO, -78°C, Ph/k/k/
3.) H,0,-78 to 20°C,
69%

Scheme 12.4. Opening of epoxides in the presence of aromatic radical anions.

According to calculations by Houk and Cohen, the first intermediate in these reactions
is the radical anion of an epoxide [12].

The B-metaloxy radical was first exploited for synthetic purposes in C—H and C—-C
bond-forming reactions by Nugent and RajanBabu through the use of titanocene(III)
chloride as an electron-transfer reagent [5]. They established that the f-titaniumoxy radi-
cals formed after electron transfer can be reduced by hydrogen atom donors, e. g. 1,4-cy-
clohexadiene or tert-butyl thiol, that they add to a,f-unsaturated carbonyl compounds, and
that they can react intramolecularly with olefins in 5-exo cyclizations.
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It should not be forgotten, however, that titanocene(IIl) complexes are also excellent
reagents for the deoxygenation of epoxides, as demonstrated independently by Schobert
[13] and by Nugent and RajanBabu [5d]. An example of a reaction yielding a highly
acid-sensitive product in reasonable yield is shown in Scheme 12.5.

L O 2 Cp,TiCl, O
Scheme 12.5 Dgoxygenatlon in TrOmTr 6% TrO/\Q/,O\'\?GTr
the presence of titanocene chloride.

Another interesting application of the deoxygenation reaction is shown in Scheme 12.6.
Sharpless epoxides are transformed to enantiomerically pure allylic alcohols [14]. It should
be noted that the disadvantage of the loss of one-half of the allylic alcohol, as in the case of
kinetic resolutions of allylic alcohols, is not a problem when this protocol is employed.

OH
Scheme 12.6. Synthesis of enantio-

><O\C:/\OH 2 Cp,TiCl, ><O\|i/\/
o OPMB 88% o OPMB
merically pure allylic alcohols with

titanocene chloride. PMB = p-MeOCgH4CHz

Transformations exploiting typical radical reactivity have been used in a number of syn-
thetic applications. These are discussed first, before attention is turned to the development
of the catalytic reaction conditions. The reductive opening of epoxides usually yields the
less substituted alcohol through formation of the higher substituted radical. In analogy
to the calculations of Cohen and Houk [12], one may envisage a titanocene(IV)-bound ep-
oxide radical anion as the intermediate. The observed regioselectivity of epoxide-opening
could then be explained in terms of the avoidance of substantial steric interactions be-
tween the ligands and the bulkier substituent of the epoxide. Thus, the more highly sub-
stituted B-titanoxy radical would be formed. This selectivity is complementary to that of
the Bartmann ring-opening [9]. Although one might also envisage a reversible epoxide
opening to give the more stable radical, this typical Curtin—Hammett scenario [15]
seems unlikely as the selectivity of epoxide opening is independent of the radical trap
employed. An example of a reduction of an epoxide is shown in Scheme 12.7.

TiCl 0
Scheme 12.7. Reductive O CpTiCl TrO % ,\?Tr
B ) - TrO oY, ’\?Tr OMe
epoxide opening with OMe 1,4-CgHg,
55%

titanocene chloride. OH

When the epoxide is 1,2-disubstituted, steric and electronic effects are responsible for the
preferential formation of one product. In this context, benzyl radicals are always produced
irrespective of the substitution pattern of the epoxide. For these intermediates, the more
reactive tert-butyl thiol is the hydrogen atom donor of choice. Chelation of titanium can
be used to good effect for regioselective epoxide opening, as shown in Scheme 12.8 [5d].

More recently, Doris et al. have described the reductive ring-opening of o-keto epoxides
[16]. In this manner, f-hydroxy ketones can be obtained in high yields. The synthesis of
enantiomerically pure compounds can easily be realized. The titanocene(IlI) reagents
are distinctly superior to samarium diiodide, which is also known to induce this trans-
formation.
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O Cp,TiCl P
(<I/C7H15 P2t H\/C7H15 C7His
+ (\‘/
OH

BuSH OH OH OH
4% 69%
(0] Cp.TiCl H
p2 11,
C7H1s C7His . C7His
OSiMe; BuSH OSiMeg MesSiO  OH Scheme 12.8. Chelation as a
means for controlling the re-
61% 6% gioselectivity of epoxide opening.

The formation of C—C bonds is generally considered to be more important than the for-
mation of C—H bonds. It is therefore not surprising that these reactions have attracted
more attention. Of special importance in organic synthesis are 5-exo cyclizations [17],
and the titanocene-mediated reactions are a valuable tool for carrying out these transfor-
mations. Three examples are shown in Scheme 12.9.

HO.
2 Cp,TiCl, o
THF, 70%, k
ds=83:17 PhY "O H
OBn
OH

H

2 Cp,TiCl,
THF, 81% \

o

H
| 2 Cp2T|CI o
TTHE 1%
Ph™ ~O ) .
Scheme 12.9. Titanocene-mediated 5-exo
ds=1:1 ds=100:0 cyclizations.

The observation of a stereoconvergent cyclization by Roy et al. [18], as shown in the third
example, is of special interest from a synthetic point of view because it exploits the config-
urational lability of radicals in a favorable manner. The other examples, i.e. Nugent and
RajanBabu’s cyclization of a carbohydrate-derived epoxide [5Sd] and Clive’s quinane syn-
thesis [19], amply demonstrate the usefulness of the titanocene-initiated epoxide opening.

The cyclization of the radicals is not restricted to carbon—carbon multiple bonds as
radical traps. An intriguing cyclization utilizing aldehydes as radical acceptors has been
reported by Fernindez-Mateos et al. [20]. The reaction shown in Scheme 12.10 constitutes
a rare example of a highly efficient 3-exo cyclization.

9

2 Cp,TiCl,
THF, nt,

95% Scheme 12.10. Titanocene-mediated highly

efficient 3-exo cyclization.
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Although intermolecular additions to a,f-unsaturated carbonyl compounds have not
been used as often, these transformations are also attractive from a synthetic point of
view for the synthesis of d-lactones or 8-hydroxy esters. An example is shown in Scheme
12.11 [5d.

Control of diastereoselectivity has so far remained difficult, however.

CO,'Bu
Cobhes 2 Cp,TiCl, 2
HO—/g/ 2> 00,Bu HO C7H1s
OH

73%, mixture of isomers

Scheme 12.11.  Intermolecular addition to «,B-unsaturated carbonyl compounds.
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12.3.1
Titanocene-Catalyzed Reductive Epoxide Opening to Alcohols

In the stoichiometric applications of titanocene complexes, no attempt to use ligands
other than simple cyclopentadienyl has yet been reported. In principle, the use of more
complex titanocenes [21] is very interesting because a simple means of exerting reagent
control in radical reactions would be at hand. Reagent control can be exercised either at
the stage of radical generation or during the ensuing reaction of the generated radical,
or indeed in both steps. Intriguing goals in this context are enantioselective ring-openings
of meso epoxides through electron transfer, ligand-controlled diastereoselective 5-exo cycli-
zations, and diastereoselective addition reactions to a,f-unsaturated carbonyl compounds.
Clearly, the stoichiometric use of titanocene complexes that have to be prepared by multi-
step syntheses is not attractive for these purposes.

Therefore, we decided to initiate a program directed towards the development of a tita-
nocene-catalyzed epoxide opening [3c]. Since titanocene dichloride is formed in the stoi-
chiometric reaction after the protic quench, the challenge to be met is the regeneration
of the redox-active species in situ, the fundamental requirement for a catalytic reaction.
This underlying problem is depicted in Scheme 12.12.

Solutions to similar problems of achieving catalytic turnover [22] in McMurry couplings
[23], Nozaki—Hiyama reactions [24], and pinacol couplings [25] have been reported by
Furstner and by Hirao. The key step in these reactions is the in situ silylation of titanium
and vanadium oxo species with Me;SiCl and reduction of the metal halides by suitable
metal powders, e.g. zinc and manganese dust, as shown in Scheme 12.13.

This method was later applied to samarium diiodide initiated reactions [26] and to tita-
nocene-catalyzed pinacol couplings [27]. The first examples of enantioselective reactions
using Me;SiCl as a mediator for catalysis have very recently been reported by Cozzi et
al., as shown in Scheme 12.14 [28].

In the case of the epoxide openings, Me;SiCl is not an appropriate reagent for the cleav-
age of a titanium alkoxide because of the high oxophilicity of silicon. This results in the
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O
’
/o MClp R 7A
R
Cp,Ti''Cl
M
H
RJ\/OH Cp.Ti'VCl, R—7~_-OTiVCpCl
R' R'
ag
H
RJ\/OTi'VCpZCI
R
base base"HCI A © Scheme 12.12. Planned
titanocene-catalyzed
M = Mn, Zn, Mg reductive epoxide opening.
R3
2 ZnCl, 0
. NRZ
27n %/ 2[TiCl] 41\
O” "R

2[TiClg]

2 RySIOSiRs ,\\ \
2 [TiOCl] R
4 RsSICI ®R1
N Scheme 12.13.  Fiirstner’'s McMurry

R? reaction that is catalytic in titanium.
OH
10 mol% CrClg, L H
cl PhCHO — =2 8= £
I + PCHO == e ,SiCl, M, Ph X
67% 84% ee
L=

OH HO
=N N=

H" H
{j Scheme 12.14. Cozzi's catalytic enantio-

selective Nozaki—Hiyama reaction.

formation of silylated chlorohydrins from the epoxide. Therefore, we decided to investi-
gate buffered forms of hydrochloric acid as mediators for catalytic turnover. This concept
relies on the stability of radicals under protic conditions. On closer examination of the
intermediates in the stoichiometric reaction (Scheme 12.12), a number of characteristics
of the acid to be employed become apparent:
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1. the acid must not be strong enough to open epoxides through Sy1 or Sy2 reactions;

2. the acid must be strong enough to protonate alkoxides so as to enable turnover; the pK,
values of typical alcohols in water are in the range 15—18;

3. the acid must not oxidize the stoichiometric reductant or the titanocene(IlI) complex;

4. the base liberated must not complex and deactivate any titanium species in the pro-
posed catalytic cycle.

With these conditions in mind, we decided to investigate amine hydrochlorides as med-
iators [29]. Since pyridine hydrochloride is known to open epoxides to give the correspond-
ing chlorohydrins [30] in chloroform, the employed acid must be weaker than pyridine
hydrochloride but should be at least three orders of magnitude more acidic than typical
alcohols to ensure quantitative protonation. Therefore, the acid should have a pK, of
6—12 in water. Among the acids investigated, collidine and lutidine hydrochlorides proved
to be excellent mediators for achieving catalytic turnover in the presence of manganese
dust as the stoichiometric reductant [31]. Zinc dust, on the other hand, performed dis-
tinctly less well. Presumably, the zinc dichloride formed during reduction of titanocene
dichloride acted as a Lewis acid, complexing and slowly opening the epoxide. Since the
reaction is sensitive to moisture, we prefered to use collidine hydrochloride as the acid
because it is distinctly less hygroscopic than lutidine hydrochloride. Under the optimized
conditions, the desired product was obtained in good yield. Compared to the stoichio-
metric conditions [5], the amount of titanocene is reduced at the expense of employing
stoichiometric amounts of collidine. A stoichiometric amount of the reductant is utilized
in both cases. The resulting catalytic cycle is shown in Scheme 12.15.

o]
|
/2 MCly R 7A
CpgTi'lCl
5 M
T 5 mol% Ti
%%\/OH Cp.TiVCl, Pyl %7'\/0Ti'VCpQCI
Q)
H
RJ\/OTi'VCpZCI
L
base base*HCI A ©

R'=CH3, R=CH,CH,Ph
Scheme 12.15. Titanocene-

catalyzed reductive epoxide  base = 2,4,6-collidine,
opening. 1.5¢eq.

The catalytic system preserves the attractive features of the stoichiometric reaction, i.e.
the high regioselectivity of epoxide opening and the exceptional functional group toler-
ance. Thus, electrons are transferred with high selectivity from manganese to titanium
and not from manganese to the organic substrates. Among the groups tolerated are
aromatic ketones, tosylates, halides, and aliphatic aldehydes.
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The opening of a, B-epoxy ketones, as recently reported by Doris et al., can also be car-
ried out with catalytic amounts of titanocene dichloride [16]. Thus, the relatively sensitive
B-hydroxy ketones are also readily tolerated under the catalytic conditions.

12.3.2
Titanocene-Catalyzed Additions to a,p-Unsaturated Carbonyl Compounds

With an operating catalytic cycle for the reductive opening of epoxides at hand, we decided
to investigate the preparatively more important formation of carbon—carbon bonds. Inter-
molecular addition reactions to o,f-unsaturated carbonyl compounds have been described
for the stoichiometric process of Nugent and RajanBabu [5]. The general concept behind
the catalytic conditions is outlined in Scheme 12.16.

ClezTIOIV ClegTIIVO COOIBU
O  cpyTiCl, PN
—_— : = ~COO'Bu
5 mol%
OTiCICp; t
2 collidine*HCl, OH COO'Bu
Cp,TiCl, Cicp,TiVO  # ~0OBu Zn,
5 mol% -2 Cp2T|C|,
- ZnCl,
- 2 collidine
80%

Scheme 12.16. Titanocene-catalyzed addition to o,B-unsaturated carbonyl compounds.

As in the reductive ring-opening, titanocene—oxygen bonds have to be protonated.
Here, a titanium enolate, which is generated after reductive trapping of an enol radical,
has to be protonated, in addition to a simple titanocene alkoxide. As before, 2,4,6-collidine
hydrochloride constitutes a suitable acid to achieve catalytic turnover, but here zinc dust
turned out to be the reductant of choice [31c]. The features of the stoichiometric reaction
are preserved under our conditions. Acrylates and acrylonitriles are excellent radical accep-
tors in these reactions. Methyl vinyl ketone did not yield the desired addition product.
Under the standard reaction conditions, a-substituted acceptors are readily tolerated,
but B-substitution gives the products only in low yields.

The problem of diastereoselectivity in additions to cyclic radicals arising from the
opening of bi- or tricyclic epoxides, e.g. cycloheptene oxide or norbornene oxide, has
been addressed only recently [32]. In the former case, reasonable selectivities can be ob-
tained with titanocene dichloride (trans:cis = 76:24), but excellent selectivities are observed
with bis(tert-butyl)titanocene dichloride (trans:cis = 94:6), as shown in Scheme 12.17.

Q 10 mol% (‘BuCp),TiCly, Q,OH
o)
Zn, Coll*HClI, “>C0,BuU

/\COZtBu 90%, ds = 94:6

Scheme 12.17. Control of diastereoselectivity in intermolecular additions.
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In the case of norbornene systems, complete exo selectivity was observed by Giese et al.
[33] during radical additions carried out by the mercury method. In the titanocene-cata-
lyzed epoxide openings, Cp,TiCl, gives an exo:endo ratio of 4:1 [34], whereas (tBuCp),TiCl,
gives a 53:47 mixture [35]. Thus, the reagent control of the titanocene leads to a complete
loss of the substrate-induced selectivity.

12.3.3
Titanocene-Catalyzed 5-exo Cyclizations

Probably the most important applications of radicals in organic chemistry are 5-exo cycli-
zation reactions. Numerous applications of this exceptionally useful transformation, in-
cluding several elegant syntheses of natural products, have been reported [17]. Although
a general concept for a catalytic reagent-controlled cyclization is still lacking, such a
method would clearly be very useful for the design of novel transformations.

As a first step towards this goal, we managed to develop a titanocene-catalyzed 5-exo
cyclization of radicals derived from suitably unsaturated epoxides. The mechanism of
the cyclization is depicted in Scheme 12.18 [31].

CICp,TiO CICpTiO %
(0] )
CpoTiCl, . _exo-tri
&/\/\ P2 N 5-exo-trig @
5 mol% H
. TiCp:Cl 2 collidine*HCl, B
Cp2TiCl, CICp,TiO = Zn, HO =
5 mol% - 2 CpoTiCl,
H - ZI"IC|2 H
- 2 collidine

Scheme 12.18. Titanocene-catalyzed 5-exo cyclization.

The key step in achieving catalytic turnover is protonation of the titanium—oxygen and
titanium—carbon bonds, which is readily achieved by employing collidine hydrochloride
as a protic acid. An interesting feature of the cyclization shown above is its diastereocon-
vergent nature. From a diastereomeric mixture of the epoxides, the cyclization product is
obtained as essentially a single isomer. Unfortunately, this is not always the case, as
shown in Table 12.1 [36].

Models accounting for the observed selectivities can be obtained from simple analysis of
transition structures, according to the work of Spellmeyer and Houk [37]. These authors
have calculated the transition states for cyclizations of radicals to be those shown in
Scheme 12.19, but with a hydrogen atom being replaced by the CH,0TiCp,Cl group.

The presence of this bulky group leads to a higher diastereoselectivity than in the un-
substituted case because interactions of the alkene with the titanocene group lead to the
exclusive formation of one diastereoisomer, presumably through the most favored transi-
tion structure shown in Scheme 12.19, in which steric interactions should be minimized.

We are currently employing substituted titanocene complexes to achieve reagent-con-
trolled cyclizations.
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Table 12.1. Titanocene-catalyzed formation of [3.3.0] systems. For the sake of clarity, only the major
isomer is shown.

Substrate Product Yield, Selectivity
I 66, >98:<2
68, 58:42
62, 86:14
H .
OTiCp.Cl H OTiCpCl

He; A /\\\

most favoured

H OTiCpCl JoTicp.Cl

== H Scheme 12.19. Transition state models
for cyclization based on the work of
Spellmeyer and Houk.

Alkynes are interesting radical acceptors for cyclization reactions because the products
contain double bonds that can be subjected to further transformations. In the case of
terminal alkynes, the desired products can be obtained in high yields as single isomers.
With non-terminal alkynes as acceptors, the alkene products are generated as mixtures
of (E)- and (Z)-isomers in high yields but with low selectivity [36].

12.3.4
Titanocene-Catalyzed Radical Tandem Reactions

A very attractive feature of radical chemistry is the generation of a novel radical after cy-
clization or any other radical translocation. This feature allows the inclusion of a second
carbon—carbon bond-forming event and can, in principle, be extended even further. The
resulting tandem reactions [38] can be extremely useful for the construction of complex
molecules. Impressive early results have been reported by Stork in applications directed
towards the synthesis of prostaglandins [39]. Our catalytic conditions also allow the reali-
zation of tandem reactions. An example including a mechanistic proposal is shown in
Scheme 12.20.
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] CICp.TiO.
o Cp2TiCl, ZC0O,Bu
~ 5 mol%,

(see scheme 12.18) H

. OTiCpoCl
. COQIBU _

CICp,TiO _/— - . :4/_<otBu
5 mol%,

(see scheme 12.16)

2  collidine*HCI,
Zn

- 2 CpTiCl,
- ZnCly
- 2 collidine

51%, single isomer

Scheme 12.20. Titanocene-catalyzed radical tandem reactions.

The key features of the catalytic cycle are trapping of the radical generated after cycliza-
tion by an o,p-unsaturated carbonyl compound, reduction of the enol radical to give an
enolate, and subsequent protonation of the titanocene alkoxide and enolate. The diaster-
eoselectivity observed is essentially the same as that achieved in the simple cyclization
reaction. An important point is that the tandem reactions can be carried out with alkynes
as radical acceptors. The trapping of the formed vinyl radical with o,B-unsaturated
carbonyl compounds occurs with very high stereoselectivity, as shown in Scheme 12.21.

O

= HO. t
Z 20 mol% CpsTiCly, / COBu

Zn, Coll*HClI,
H

N t
Z” "COzBu 69%, ds>95:<5

single isomer

Scheme 12.21. Selective formation of a tetrasubstituted olefin by a tandem radical reaction.

Thus, our radical tandem reactions offer highly stereoselective access to tri- and tetra-
substituted alkenes that are otherwise difficult to prepare.

12.3.5
Catalytic Enantioselective Epoxide Opening

Using the catalytic system described above, the enantioselective opening of meso epoxides
could also be pursued. Although many excellent examples of ring-opening of meso epox-
ides by Sy2 reactions have recently been reported, the reaction planned here is concep-
tually different [40]. In the Sy2 reaction, the path of the incoming nucleophile has to
be controlled. In the titanocene-catalyzed reaction, the intermediate radical has to be
formed selectively. If an intermediate similar to that invoked in the Bartmann ring-open-
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ing [9] is postulated here, the selectivity-determining interaction should be that of the
epoxide radical anion with a titanocene(IV) complex, as shown in Scheme 12.22.

weak A ;; strong

contact | contact
! ] chiral Chiral[ClcF&Ti]

Cp—Ti-Cp

Cl

Scheme 12.22. Concept for enantioselective meso epoxide opening by electron transfer.

According to the introductory remarks, reagent control is thus exercised in the radical-
forming step. Thus, two diastereomeric radicals are initially formed due to the chirality of
the titanocene complex. The diastereoselectivity of the ensuing reaction may also be con-
trolled by the ligand sphere of the titanium. After protic cleavage of the titanium—oxygen
bond, enantiomeric products are formed. This admittedly very simple mechanistic inter-
pretation paves the way for the rational design of the cyclopentadienyl ligands. To achieve
efficient differentiation in the steric interaction of the catalyst with the meso epoxide, the
ligand should be able to interact with the substrate in regions distant from the initial bind-
ing site, i.e. the epoxy group. Thus, efficient chirality transfer from the periphery of the
titanocene complex to regions of the substrate distant from the binding site of the catalyst
has to be achieved. Examination of the extensive literature on titanocene and cyclopenta-
dienyl complexes [21] suggested that ligands derived from terpenes would be suitable for
this purpose. In ansa-metallocenes, which have recently been used with great success, the
chirality is centered around the metal. Chirality transfer to the periphery of these com-
plexes is not obvious in studies of molecular models and from the crystallographic struc-
tures. Epoxide 1 was chosen as the substrate, as shown in Scheme 12.23, because it is
readily accessible from (Z)-butenediol in two steps and the absolute stereochemistry of
the ring-opened product can be established by synthesis of authentic samples from
malic acid [41].

O catalyst, Zn, OH
EtO._ A\ OFEt 1,4-CeHg, EtO\/'\/\OEt
1 Collidine*HCI

Scheme 12.23. Enantioselective test reaction for catalyst optimization.

The results of investigations of a number of titanocene complexes shown in Scheme
12.24 are summarized in Table 12.2.

Table 12.2. Reductive opening of epoxide 1 with various titanocene complexes.

Cat, mol % cat yield [%] (R) : ()

|2,10 ISS |78:22
3,10 45-51 60-76 : 40-24
4,10 76 3:97

5,10 72 3.5:96.5
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(5 CI\T!CI@Q
Je A

Scheme 12.24. Titanocene catalysts used for enantioselective ring-opening of 1.

Brintzinger’s complex 2 [42] (10 mol%) performed poorly in terms of both the enantio-
selectivity of the epoxide opening (56 %) and the product yield (55 %). The titanocene com-
plex 3 [42] obtained from (1R,2S,5R) menthol gave variable results due to its sensitivity to
traces of moisture (ee = 20—52 %). Clearly, the axially positioned cyclopentadienyl group is
not ideal.

A satisfactory result was obtained with the ligand 4 [43], which was synthesized from
neo-menthol and contains an equatorial cyclopentadienyl group. The enantioselectivity
of the opening attained synthetically useful levels (97:3) and the isolated yields were rea-
sonable. Complex 5 [44], incorporating a ligand derived from phenylmenthone, also per-
formed well. An enantioselectivity of 96.5:3.5 was observed. Phenylmenthol has already
been extensively and successfully used as a chiral auxiliary [45].

These results suggest that both 4 and 5, after reduction to the redox-active species, con-
tain a chiral pocket well-suited for the steric differentiation of the enantiotopic groups of
meso epoxide 1. The corresponding bis(tert-butyl) ether epoxide represented a more diffi-
cult example due to the increased steric demand of the bulky groups. With 4, an enantio-
selectivity of 92.5:7.5 was obtained, whereas 5 gave a lower ratio of 87.5:12.5. An interest-
ing and demanding problem is presented by the opening of bicyclic meso epoxides, e.g.
cyclopentene oxide, and trapping of the resulting radical with an acrylate, e.g. tert-butyl
acrylate. Besides the enantioselectivity of epoxide opening, the diastereoselectivity of the
C—C bond-forming step has to be controlled. Complex 4 proved to be the most selective
catalyst, giving reasonable enantioselectivity while preserving high diastereoselectivity, as
shown in Scheme 12.25. Titanocene 5 gave lower selectivities.

CO,Bu
o 2
. COMBu  tomoieazn,  HQ
ﬁ 1,4-CgHs, b
Collidine*HCI

72%, 82% ee

Scheme 12.25. Ring-opening of cyclopentene oxide in the presence of 4.
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12.4 Conclusion

A comparison of the structures of 4 and 5, both in the crystalline form and in solution,
has been carried out [46]. The results obtained suggest that the structures are essentially
the same in both states of aggregation and that crystal structure data can therefore be used
for catalyst optimization.

124
Conclusion

The opening of epoxides by electron transfer has led to a number of synthetically useful
reactions. To date, the stoichiometric reagents showing the most promising selectivities
are titanocene(IIl) reagents introduced by Nugent and RajanBabu [5]. The recent emer-
gence of a reaction catalytic in titanium has increased the usefulness of this reaction
even further [31,36,41,45]. The key step in the catalytic protocol involves protonation of
titanium—oxygen and titanium—carbon bonds. This novel approach has for the first
time allowed the use of substituted titanocenes in influencing the diastereoselectivity
and enantioselectivity of radical reactions. It remains to be seen how general this approach
of reagent control in radical chemistry is going to be.
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Typical Experimental Procedures

2-Methyl-4-phenylbutan-1-ol (Scheme 12.15) To a suspension of collidine hydrochloride
(236 mg, 1.50 mmol) in dry THF (10 mL) was added 2-methyl-2-phenylethyl oxirane
(165 pL, 1.00 mmol), 1,4-cyclohexadiene (0.425 mL, 4.25 mmol), titanocene dichloride
(12.5 mg, 0.05 mmol), and manganese (82 mg, 1.50 mmol). After stirring for 16 h, excess
manganese was removed by decantation and MTBE (50 mL) was added. The organic layer
was washed sequentially with H,O (30 mL), 2 ~ HCl (30 mL), H,0 (30 mL), satd. aq.
NaHCO; solution (30 mL), and H,0 (30 mL), and dried (MgSO,). After removal of the
volatiles, the crude product was purified by flash chromatography on silica gel (25%
MTBE/75 % PE) to give 144 mg of the desired product (88 %).

tert-Butyl 1-(hydroxymethyl)cyclohexylpropanoate (Scheme 12.16) To a mixture of colli-
dine hydrochloride (394 mg, 2.5 mmol), the epoxide (120 pL, 1.0 mmol), zinc dust
(100 mg, 1.5 mmol), and tert-butyl acrylate (370 pL, 2.5 mmol) in dry THF (10 mL) was
added titanocene dichloride (12.5 mg, 0.05 mmol) and the resulting mixture was stirred
for 60 h. After the addition of MTBE (50 mL), the mixture was washed sequentially
with H,0 (30 mL), 2 N HCI (30 mL), H,0 (30 mL), satd. aq. NaHCO; solution (30 mL),
and H,0 (30 mL), and dried (MgSO,). After removal of the volatiles, the crude product
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was purified by flash chromatography on silica gel (25 % MTBE/75 % PE) to give 193 mg
of the desired product (80 %).

(3-Methyl-hexahydropentalen-3a-yl)methanol (Scheme 12.18) To a mixture of collidine
hydrochloride (394 mg, 2.50 mmol), the epoxide (152 mg, 1.0 mmol), and zinc (131 mg,
2.0 mmol) in dry THF (10 mL) was added titanocene dichloride (12.5 mg, 0.05 mmol) and
the resulting mixture was stirred for 61 h. After the addition of MTBE (50 mL), the
mixture was washed sequentially with H,O (30 mL), 2 ~ HCl (30 mL), H,0 (30 mL),
satd. aq. NaHCO; solution (30 mL), and H,O (30 mL), and dried (MgSO,). After removal
of the volatiles, the crude product was purified by flash chromatography on silica gel
(159% MTBE/85% PE) to give 102 mg of the desired product (66 %).

tert-Butyl 3-(S)-(2-(R)-Hydroxycyclopent-1-yl)propanoate (Scheme 12.25) To a suspension
of collidine hydrochloride (394 mg, 2.5 mmol) in dry THF (10 mL) was added cyclopen-
tene oxide (87 uL, 1.0 mmol), 1,4-cyclohexadiene (94 upL, 1.0 mmol), t-butyl acrylate
(290 pL, 2.0 mmol), 4 (53 mg, 0.1 mmol), and zinc dust (131 mg, 2.0 mmol). The
green suspension was stirred for 22 h and then poured onto MTBE (50 mL). The organic
layer was washed sequentially with H,O (30 mL), 2 x HCI (30 mL), H,0 (30 mL), satd. aq.
NaHCO; solution (30 mL), and H,0 (30 mL). After drying (MgSO,), the volatiles were
removed in vacuo and the residue (294 mg) was microdistilled (140 °C, 10 mbar). Purifi-
cation by chromatography on silica (CH/EE, 9:1) gave 154 mg of the desired product as a

colorless oil (72%); [a]p™® = —19.6 (c = 1 in CH,Cl,).
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13
Synthesis and Reactivity of Allyltitanium Derivatives

Jan Szymoniak and Claude Moise

13.1
Introduction

The reactions of allylmetal reagents with carbonyl compounds and imines have been
extensively investigated during the last two decades [1]. These carbon—carbon bond-
forming reactions possess an important potential for controlling the stereochemistry in
acyclic systems. Allylmetal reagents react with aldehydes and ketones to afford homo-
allylic alcohols (Scheme 13.1), which are valuable synthetic intermediates. In particular,
the reaction offers a complementary approach to the stereocontrolled aldol process,
since the newly formed alkenes may be readily transformed into aldehydes and the
operation repeated.

of homoallylic alcohols by
addition of allylmetal ‘
compounds to aldehydes. anti syn

OH OH
hesis | Ru~ ML, _RCHO L
Scheme 13.1.  Synthesis WAV R X + R N
R R

Allylmetals of the crotyl-type based on B, Si, and Sn have been widely used to achieve
stereocontrolled transformations, for example for constructing polypropionate stereose-
quences [2]. Allyltitanium reagents have also attracted great attention since the pioneering
work of Seebach [3] and Reetz [4], considerable progress in this field being accomplished
over the past ten years. A number of allyltitanium derivatives have been prepared from
cheap and available starting materials. It has been demonstrated that the replacement
of the main group counterion of allyl carbanions by titanium increases the selectivity,
which can also be adjusted by judicious choice of the ligands at the titanium. Thus, allyl-
titanium reagents react in situ with electrophiles under mild conditions, often with high
chemo-, regio-, and stereoselectivity. Some reviews partially cover the preparation, proper-
ties, and synthetic uses of these versatile reagents [5].

In this chapter, allyltitanium reagents are grouped according to ligands, but above all for
the sake of simplicity and for historical reasons. They are divided into three groups: those
possessing two cyclopentadienyl ligands (allyl bis(cyclopentadienyl) titanium reagents,
Section 13.2), those with one cyclopentadienyl ligand (allyl mono(cyclopentadienyl) tita-
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13.2 Allyl Bis(cyclopentadienyl)titanium Reagents

nium reagents, Section 13.3), and those without any cyclopentadienyl ligand ((allyl)TiX;,
Section 13.4). The chapter covers the main developments in the field of allyltitanium
chemistry, with an the emphasis on the results from the last years.

13.2
Allyl Bis(cyclopentadienyl)titanium Reagents

The Cp (n°-CsHs) and Cp* (substituted Cp) ligands are effective electron donors, aromatic
and non-labile, that confer low Lewis acidity as well as thermal and hydrolytic stability to
early transition metal compounds. In particular, titanocene complexes (Cp,TiL,) [6], read-
ily available from titanocene dichloride, are ubiquitous in the organometallic chemistry of
early transition metals. On the other hand, the allyl ligand exhibits two modes of binding,
n' and n’, of which the former is sterically preferred, while the latter is electronically
preferred. Both n'-allyltitanocene(IV) and n’-allyltitanocene(III) complexes (1 and 2 in
Scheme 13.2) have been synthesized and used as allylating reagents.

R
R ~_TiCpX _
TiCp2
1 2 Scheme 13.2. 1'- and n’-allyltitanocene complexes 1 and 2.
13.2.1

Preparation and Properties of n’-Allyltitanocenes

n’-Allyltitanocenes can be prepared from Cp,TiCl, by the action of allyl Grignard reagents
[7] or by hydrotitanation of conjugated dienes [8]. The development and widespread syn-
thetic use of n’-allyltitanium compounds has mostly relied on this last method, which is
convenient and offers the possibility of preparing n’-allyltitaniums bearing functional
groups. The method was discovered in 1966 by Martin and Jellinek [8]. They reported
that the reaction of conjugated dienes with Cp,TiCl, and 2 equivalents of an alkyl
Grignard reagent possessing a f-hydrogen produces n’-allyltitanocenes, as illustrated in
Scheme 13.3.

i Cp,TiCly R
i )
2 'PrMgCl 3711 Scheme 13.3. n3-AIIyItitanocenes from 1,3-dienes,

TiCp2  cp,Ticl,, and a Grignard reagent.

A series of n’-allyltitanium compounds has been prepared, and their m-structures have
been confirmed by spectroscopic methods and X-ray analysis [9]. In these complexes, the
alkyl substituents at C-1 and C-3 preferably occupy the syn position with respect to the H
(or R) at C-2 due to steric reasons. The proposed mechanism for their formation is
outlined in Scheme 13.4 [8].

A sequence of reduction of Cp,TiCl, to Cp,TiCl, subsequent transmetallation, and p-hy-
drogen elimination gives Cp,TiH. The hydrotitanation of dienes with Cp,TiH occurs with
total regioselectivity to afford the sterically favored complex 3 (with a syn orientation of Me
at C-3, as in Scheme 13.3). Moreover, the most symmetrical complex, that is the one in
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CpoTi
CpeTiCl + AMgX —» CpTicl —AMOX (T
H

\i\ oA (~)

T ~— [Cp2TH]

TiCpg
3

Scheme 13.4. Proposed CpoTi R

mechanism for the hydro- \\\.)\ > (N

titanation of 1,3-dienes.

which the environments of C-1 and C-3 of the allyl are as similar as possible, is formed
preferentially (i.e. 4 rather than 5 in Scheme 13.5).

N %0 R/\\\-/\

4
\7L>\ ROV
Scheme 13.5. Regioselective formation of the most N \

. . Ti
symmetrical n’-allyltitanocene complex. 5 Cp2

The regioselective formation of n’-allyltitanocenes is clearly attractive for further syn-
thetic applications.

13.2.1.1 Reactions with aldehydes and ketones

Fourteen years after the aforementioned findings, Sato [10] and Teuben [11] indepen-
dently discovered that n’-allyltitanocenes have nucleophilic properties, and that they
can be employed as effective allyl-transfer reagents toward various electrophiles. The
reactions with aldehydes and ketones proceed under mild conditions (Et,0 or THF,
r.t., 0.5—1 h) to furnish homoallylic alcohols in excellent yields (70—95%) [10—13].
a,B-Unsaturated carbonyl compounds undergo exclusive 1,2-addition [10]. Good compat-
ibility with other functional groups (except for C=N) is observed. Cp,TiCl, can be par-
tially recovered by hydrolyzing the reaction mixture with aq. HCI followed by aerial oxi-
dation (oxychlorination of Cp,TiCl to Cp,TiCl,). n’-Allyltitanocene complexes react with
aldehydes and ketones in a regiospecific way, at the more substituted y-carbon of the
allyl (Scheme 13.6) [10].

OH R

R 1) RCHO
\)\ 2) HCl R
Scheme 13.6. Regioselective addition of N ) aq

n*-allyltitanocenes to aldehydes. TiCp,

Moreover, the reaction with aldehydes occurs with good to excellent anti stereoselectiv-
ity, typically 100:0 to 9:1 for R’ = alkyl or alkenyl, and 9:1 to 7:3 for R’ = phenyl [10,12].
The diastereoselectivity even increases when using Cp-substituted crotyltitanocenes

453



454

13.2 Allyl Bis(cyclopentadienyl)titanium Reagents

(RCp,Ti(crotyl), R = Me, iPr) [13]. Both the regio- and the diastereoselectivity in the allyl-
titanation reactions of aldehydes can be explained in terms of a six-membered chair-like
transition state (Figure 13.1).

OH
O =
- H
N — CP\TQ\/"R\ NG
Ticp, R .

Cp H
Figure 13.1. The origin of regio- and diastereoselection in the allyltitanation of aldehydes.

A change in the allyl hapticity (n’ to n' slippage) leading to the less substituted tita-
nium—carbon o bond accounts for the observed y-regioselectivity. The anti diastereoselec-
tivity stems from a pseudo-equatorial orientation of the aldehyde group. The diastereo-
selectivity of the reaction can be reversed through the use of a more coordinating co-
solvent such as HMPA (Scheme 13.7) [14]. This reversal of anti to syn diastereoselec-
tivity can be rationalized in terms of an open transition state.

OH
Et/\r\
syn/anti=5 /95
)\/ E{CHO
N

\
TiCpg

THF

OH

HMPA /THF =3 /1

-30°C Et N Scheme 13.7. Reversal of anti
to syn diastereoselectivity by
syn/anti =88 /12 using HMPA as a co-solvent.

13.2.1.2  Other electrophiles and diene precursors
The opportunity of employing various electrophiles and functionalized diene precursors
greatly enhances the synthetic potential of n’-allyltitanocenes. Besides aldehydes and ke-
tones, carbon dioxide [11,15,16], acid chlorides [17], imines [11], nitriles [11], isocyanides
[11], and organotin halides [18] react to afford the corresponding allylated products after
hydrolysis. Examples are given in Scheme 13.8.

In all cases, complete y-regioselectivity has been noticed. The reaction with R;SnCl
represents a convenient method for preparing allyltin derivatives of the type shown in
Scheme 13.8. The reaction with sterically less hindered acid chlorides gives tertiary alco-
hols as by-products. More recently, methyl chloroformate [19] and dimethyl carbamoyl
chloride [20] have been employed as electrophiles. These reactions allow the direct conver-
sion of 1,3-dienes into f,y-unsaturated esters or amides. Interestingly, the nopadiene-de-
rived complex 6, which proved to be inert towards CO,, reacts regio- and stereoselectively
with CICO,Me and CICONMe, to afford the unique B-pinene derivatives 7a and 7b
(Scheme 13.9) [19,20].

n’-Allyltitanocenes react with acetals in the presence of a Lewis acid to provide homo-
allylic ethers [21]. The intramolecular reaction involving tethered dienyl acetals also takes
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R
CO, CO,H R=H:85%
o R=Me:83 %
A i
Ph Cl Ph 81 %
R =Me
NHPh
S
R Ph” ~NHPh _ /w/l\Ph 70 %
)\/ o
2N EE— o]
TiC
P2 CHsCN _ 60 %
R=MeorH R=H
O
PhN=C=0 9
Z NHPh 907
R=H
Scheme 13.8. Examples of \)\HJJ
allyltitanation employing various BuSnCl BusSn X 71 %
electrophiles. R =Me
O
Cp.TiCl |
i o
PngCI k/TIsz E X
g “s0°C &
6
) 7a: X = COMe
E = CICO,Me, CICONMe, 7b - X = NMe»

Scheme 13.9. Regio- and stereoselective formation of B-pinene derivatives from nopadiene.

place (Scheme 13.10) [22]. The reaction provides a convenient access to small and medi-
ume-sized vinylcycloalkanes (n = 3—6) and to bicyclic fused compounds.

)\/\/ﬁ3 szTICIZ J\/\/43
Z o) T oDBALH

TICD2
Scheme 13.10. Intramole- N OH = TMSOTH
cular crotyltitanation of
a tethered acetal promoted
by TMSOT. (80%)

Not only acyclic but also cyclic dienes can be employed to form n’-allyltitanium com-
plexes. The complexes derived from 1,3-cyclopenta- and 1,3-cyclohexadiene undergo
highly stereoselective addition with aldehydes (Scheme 13.11) [23].
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= CpTiCl, RCHO " C)<j/\R
O | e e )n\;g 2

n=1or2

Scheme 13.11.  Allyltitanation of aldehydes from cyclic dienes as precursors.

The complexes derived from 1-vinylated cyclopentene and cyclohexene undergo com-
pletely regio- and stereoselective reactions, as indicated in Scheme 13.12 [23].

y X CpeTiCl, y ( RCHO y 7
e re—— _ >
(HC)n | zemigor | Q0 0 (HC)n a
H

n=1or2 OH

Scheme 13.12. Allyltitanation of aldehydes from 1-vinylated cyclopentene and cyclohexene.

A similar result obtained with nopadiene is presented above (Scheme 13.9). Linear and
cyclic trienes furnish alkenyl-n’-allyltitanium complexes, which can react with aldehydes
to produce dienyl alcohols (Scheme 13.13) [24].

Cp,TiCl
P Y Voo Nog Pidgct P~ a N
-50°C, THF T
X
/ji\/\/ BaCHO
HO Bu
8 (de = 95 %, 69 % yield)
(0]
1) Cp,TiCl, PPrMgClI X
2)E
E = CICO,Me, CICONMe, 9 (62 %) : X = OMe

Scheme 13.13.  Allyltitanation of
aldehydes from conjugated trienes.

10 (62 %) : X = NMes
Starting from 2,4,6-octatriene and pivaldehyde, the conjugated homoallylic alcohol 8 is ob-
tained as the sole product. Cycloheptatriene-derived complexes react with aldehydes and
CO, to afford mixtures of the isomeric 1,3- and 1,4-cycloheptadienyl carbinols or acids, re-
spectively. Interestingly, analogous reactions with methyl chloroformate or dimethyl carba-
moyl chloride produce the conjugated dienyl ester 9 or amide 10 as unique products [19,20].
Hetero-substituted n*-allyltitanocenes have also been studied. Functionalized n’-allyltita-
nium complexes (X = SiMe;, OPh, SPh) have been prepared by transmetallation of
Cp,TiCl with the corresponding allyllithiums, and were found to react regiospecifically
with propionaldehyde to give functionalized homoallylic alcohols 11 (Scheme 13.14) [25].
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OH
1) BuLi, HMPA EtCHO :
X R ’ X R X, A~
2) Cp.TiCl |
CpoTi R
1

anti + (syn)

X SiMe; SiMe;  OPh SPh

R Me SiMeg Me Me

anti/syn 86/14 100/0 100/0  66/34

Scheme 13.14. Functionalized n’-allyltitanocene reagents.

Silyltitanation of 1,3-dienes with Cp,Ti(SiMe,Ph) selectively affords 4-silylated n’-allyl-
titanocenes, which can further react with carbonyl compounds, CO,, or a proton source
[26]. Hydrotitanation of acyclic and cyclic 1,3-dienes functionalized at C-2 with a silyloxy
group has been achieved [27]. The complexes formed undergo highly stereoselective addi-
tion with aldehydes to produce, after basic work-up, anti diastereomeric B-hydroxy enol
silanes. These compounds have proved to be versatile building blocks for stereocontrolled
polypropionate synthesis. Thus, the combination of allyltitanation and Mukayiama aldol
or tandem aldol-Tishchenko reactions provides a short access to five- or six-carbon poly-
propionate stereosequences (Scheme 13.15) [28].

/TiCpg
b, c
'l 2, XH — X - R
OSiMes OSiMe, MesSiO  OH

OH OH OCb MesSIO  OCb

et

R

OH O Ocb

(a) CpTiCl (preformed), PPrMgCl, -20 °C; (b) RCHO; (c) NaHCOj3 ag;
(d) PANCO, . t.; (e) R'CHO, TiCl4, CH.Cl,; (f) DIBALH, Et,0, -78 °C.

Scheme 13.15.  Polypropionate building blocks via the stereoselective allyltitanation—Mukayiama aldol
sequence.

This strategy has recently been extended to optically active stereosequences, either by
using a chiral protective group (carbamate) as an inductor, or by using (S)- or (R)-
BINOL-TiCl, as the catalyst for the Mukayiama reaction [29].
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13.2.1.3  Asymmetric reactions with n’-allyltitanocenes

Efforts have been made to apply n’-allyltitanium chemistry to the asymmetric synthesis of
homoallylic alcohols and carboxylic acids. The synthesis and reactions of chiral n’-allyl-
titanocenes with planar chirality, or containing Cp ligands with chiral substituents, have
been reported [6¢,15,30—32]. The enantiofacial selectivity in the allyltitanation reactions
has been examined for the complexes 12 [15], 13 [30], 14 [31], 15, 16, and 17 [32] depicted
in Figure 13.2.

Ol % "

(R = H, Me) (R=H)

(R =H, Me)

12 13 14

R CgH1g, MeZC CHCHQCH:;

15 16

Oj

Kt

(R = CgHjyg)

17

Figure 13.2. Chiral n’-allyltitanocene derivatives.

Reactions of aldehydes with complexes 13—17 provide optically active homoallylic alco-
hols. The enantioselectivities proved to be modest for 13—16 (20—45 % ee). In contrast,
they are very high (= 94% ee) for the (ansa-bis(indenyl))(n’-allyl)titanium complex 17
[32], irrespective of the aldehyde structure, but only for the major anti diastereomers,
the syn diastereomers exhibiting a lower level of ee (13—46 % ee). Complex 17 also gives
high chiral induction (= 94 % ee) in the reaction with CO, [32], in contrast to complex
12 (R = Me 11% ee; R = H 19% ee) [15]. Although the aforementioned studies of enan-
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tioselectivity induced by the optically active n’-allyltitanocenes are interesting from a me-
chanistic point of view, their synthetic utility seems rather limited. Indeed, a stoichio-
metric amount of a precious, optically active titanocene dichloride is needed, although
this may be partially recovered after the reaction. Some other asymmetric reactions involv-
ing n’-allyltitanocenes have been carried out. n’-Tiglyltitanium complexes bearing o- or f-
glucopyranosyl auxiliaries have been prepared from the corresponding anomeric carbohy-
drate dienes [33]. The reactions of these complexes with different aldehydes give rise to
varying diastereofacial selectivities, depending on both the complex and the aldehyde. A
matched pair of a chiral aldehyde ((—)-myrtenal) and the B-glucopyranosyl complex 18
gives de > 98 % (Scheme 13.16).

PivO iPrMgClI PivO
: (0] = - (@)
PivO Py NN 0C PivO Py \///_\\/
18 CpoTi
O
Sug l

> 98 % de

Scheme 13.16. Matched effect in the asymmetric allyltitanation results in a high diastereofacial selectivity.

Asymmetric reactions of a nopadiene-derived n’-allyltitanocene complex with aldehydes
have been studied [34]. In several cases, new terpenoid chirons have been prepared with de
= 95%. Reactions of the n’-tiglyltitanocene complex with a series of chiral aldehydes
resulted in modest facial selectivities [35]. Complex structural effects on selectivity have
been observed.

13.2.2
Preparation and Reactions of n'-Allyltitanocenes

These o-complexes have been less extensively studied than the n’-allyltitanium derivatives.
n'-Allyltitanocenes can readily be prepared from the corresponding magnesium com-
pounds by reaction with Cp,TiCl, or by reaction of preformed n*-allyltitanium complexes
with but-2-enyl halides [36]. Crotyl-type reagents, which are accessible only in the E-iso-
meric form, add to aldehydes with an anti selectivity (Scheme 13.17).

OH
Ny PhCHO
)//\/ e Cpngi/\/\ —>/\‘/\Ph
CpoTi X

anti + syn

X‘CI|Br|I

anti/syn

60/40 ‘ 100/0 ‘ 94/6

Scheme 13.17. Preparation of n'-crotyltitanocenes and addition to benzaldehyde.
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The stereoselectivity proved to be dependent on the nature of the halide ligand X and was
found to be complete for X = Br. Reversal of the diastereoselectivity from anti to syn has
been accomplished by adding Et,O-BF; [37]. The predominant syn selectivity in the
presence of this Lewis acid is consistent with a non-cyclic antiperiplanar transition state.

More recently, two interesting reactions leading to n'-allyltitanocenes have been de-
scribed. Takeda and co-workers reported that allyl sulfides undergo an oxidative addition
reaction with a “Cp,Ti” equivalent, prepared by the reduction of Cp,TiCl, with 2 equivalents
of n-Buli [38]. The thus formed allyltitanocenes Cp,(SPh)Ti(allyl) add to aldehydes with
an anti selectivity (anti/syn = 97:3) and in good yields. Taguchi and Hanzawa developed
an efficient procedure for generating n'-allyltitanocene species from non-allylic starting
materials, namely vinyl halides, vinyl ethers, and carboxylic esters [39]. The reaction uses
a Cp,TiCl,/Me;Al (1:4) reagent system and is likely to proceed through the formation of a
titanacyclobutane followed by B-elimination of the halogen or alkoxy group (Scheme 13.18).

JL CpTiClp/ MegAl (4 : 1) R _
CpZTi<f>< - e Cpﬂ./\(
R X 70 °C I

WX X R

R =H, Alkyl, Ph ‘

X =Cl, Br, OR OH
|:1JI\/k Ph PhCHO

Scheme 13.18. n-Allyltitanocene complexes from vinyl derivatives.

Enantioselective reactions involving n'-allyltitanocenes are almost unknown. An at-
tempt to realize an asymmetric transfer of the allyl group has been reported by Reetz
[40], who employed a chiral titanium precursor with two different Cp groups and a stereo-
genic center at the metal (CpCp'™(C4Fs)Cl) [41]. However, the addition of the derived al-
lyltitanium reagent to aldehydes was found to proceed with a low chiral induction (ee up to
11 %) in this case.

13.3
Allyl Mono(cyclopentadienyl)titanium Reagents

Although allyltitanocenes have emerged as highly diastereoselective reagents, no highly
enantioselective and/or practically useful chiral allyltitanocene has so far been reported.
Since 1989, Hafner and Duthaler have made important progress in the field of asym-
metric allyltitanation. They have introduced new chiral allyl monocyclopentadienyltita-
nium complexes that add to aldehydes with an impressive enantiocontrol [42]. Thus,
high enantiofacial discrimination has been achieved with a markedly differentiated ar-
rangement on titanium: a single Cp ligand and a rigid alkoxy chiral inductor.

The first successful enantioselective allyltitanium reagent bearing a carbohydrate has
been obtained, as shown in Scheme 13.19. The reaction of CpTiCl; with commercially
available 1,2:5,6-di-O-isopropylidene-a-p-glucofuranose (diacetone glucose, DAGOH) in
the presence of Et;N afforded cyclopentadienyl chlorotitanate 19 [42], which was isolated
and fully characterized (X-ray diffraction) [43]. Complex 19 can be stored either as a stock
solution in diethyl ether or toluene, or as a crystalline solid after precipitation with hexane.
The reaction of 19 with allylmagnesium chloride gave the allylic reagent 20, which was
added in situ to aldehydes at —78°C to afford homoallylic alcohols with good yield and
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CpTIC|3 +

diacetone-glucose
(DAGOH) B

EtsN,
Et,O

(Toluene)

MgCl ‘ , oH

A Ti RCHO
19 T DAGO/§\ODAG W R/\/\ + DAGOH
/ re-addition 58-85 % yield
20
R ee (%)
Ph 90
vinyl 86
Et 93
iPr 90
Bu 88

Scheme 13.19. Enantioselective allyltitanation of aldehydes with allyl TiCp(ODAG)s,.

very high enantioselectivity (re side addition; about 90 % ee) (Scheme 13.19). Both the
chiral inductor and CpTiCl; could be recovered and recycled to give 19. Allyltitanium re-
agents with different acetal protection of their glucose ligands gave similar stereoselectiv-
ities as 20. CpTi(ODAG) complexes analogous to 20 and bearing substituted allyl groups
(R on C3 = vinyl, Ph, Me) also proved to be highly enantioselective toward aldehydes
(Scheme 13.20) [42b,42c]. Finally, reactions of 20 with ketones, which had to be carried
out at higher temperature (0°C), gave lower enantiomeric excesses (ca. 50 % ee).
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CpTi(OR")2 IO OH
R1/\) + Rz) o Rr2”” Y\
R* = DAGO R
46-68 % yield
R! | R? ee (%)
. : Scheme 13.20. Enantioselective
vinyl i
Phy .gﬂ gg allyltitanation of aldehydes with
Me iPr 83 substituted allyl TiCp(ODAG),

reagents.

The above interesting approach to the asymmetric allyltitanation reaction does, how-
ever, have a limitation. Thus, 1-glucose is much more expensive that the p-form and, con-
sequently, homoallylic alcohols of the opposite configuration cannot easily be obtained by
this method. In an attempt to induce the opposite si face selectivity, other acetonide deri-
vatives of monosaccharides from the xylose, idose, and allose series were tested [42b,42c].
The enantiofacial discrimination was, however, much lower than that with DAGOH and
both re and si face selective additions to aldehydes were observed.

Bidentate chiral auxiliaries have since been examined. While camphane-2,3-diol and -
binaphthol gave disappointing results, tartrate-derived (TADDOL) ligands were found to
be very promising as chiral inductors [44]. Particularly interesting results were obtained
by using complex 21, readily available from natural (R,R)-(+)-tartaric acid (Scheme 13.21).

>

Ti..,
EtO,Cy wCOoEt 1) PhMgX CI/ E) “0  ph
(+)-tartaric acid —> —— >  PpPp Y
— > o_ O i DB Ph
>< 2) CpTIC|3 Ph '-.,O
Et3N/E120 O\K
21

-

Ti.,, OH
A~ MaCl S
o) RCHO N

n 2 > / _RcHO
0°C FF’,':]"" Ph —78°C
siaddition 6795 % yield

"o
0 \K
22

R ‘ ee (%)
Ph 95
CH3(CHy)s 97
iPr 97
Bu 97

Scheme 13.21. Enantioselective allyltitanation of aldehydes with a chiral tartrate-derived reagent.
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The corresponding allylic reagent (R,R)-22, prepared by transmetallation with an allylic
Grignard compound, adds to aldehydes with excellent enantioselectivity (= 95% ee),
which is higher than that obtained with 20. The marked influence on enantioselectivity
is exerted by the steric bulk of substituents (Ph) on the carbinol groups. The enantiomeric
excess of 95% in the reaction of 22 with PhCHO decreased to just 12% ee when the
Ph groups were replaced by Me groups [44]. Most notably, the replacement of DAGO
in complex 20 by TADDOL in complex 22 reverses the selectivity (si and re face additions,
respectively). The opposite selectivities seen with 20 and 22 make these chiral allyl-
transfer reagents complementary. Moreover, since the (S,S)-tartrate-derived reagent
((S,S)-22) is also available, it can be used instead of 20 to prepare the same enantiomer.
The tartrate-bearing reagents 23 can be employed to transfer substituted allyl groups
[42b,44]. As depicted in Scheme 13.22, the predominant or sole product (= 95% e,
= 95% de) in the reactions of 23 with benzaldehyde is the anti diastereomer, obtained
by selective si face attack of the substituted allyl terminus. Aliphatic aldehydes give similar
results.

R,bk/\/CI

| ¥

AN M@ AT T

i.
o 0. Ph /k/\
21 o (0] / PhCHO Ph XN
., Ph -74°C E
NSB Lior P o ?
u
"Schlosser" conditions O\K
R B R ‘ ee (%)
~ T 23
Me 98
Ph 98
SiMe3 98
OEt 92

Scheme 13.22. Substituted allyl tartrate-derived reagents.

Like other allyltitanation reactions, the method is thus restricted to the preparation
of branched regioisomers with the anti configuration. In fact, the NMR spectra of the
substituted allylic reagents 23 showed fast 1,3-shifts, favoring the (E)-isomer with tita-
nium o-bonded to the less substituted carbon. The reactions with chiral aldehydes led
to generally high diastereofacial selectivities. Finally, some insight into the mechanism
of the asymmetric induction was gained from the correlation of X-ray and Ti NMR
data. Asymmetric distortion of the titanium coordination geometry has been suggested
to be essential for enantioselective discrimination [44a].

Easy to prepare and highly selective tartrate-derived reagents may be successfully em-
ployed for synthesizing chirons and useful building blocks. In a recent series of papers,
Cossy et al. have reported new routes to enantiopure subunits and biologically active mol-
ecules based on enantioselective allyltitanation [45]. By using the reagents (R,R)- and
(S,5)-22, enantiomeric alcohols of high optical purity (93—98 %) were prepared from
a,B-acetylenic aldehydes [45a]. Similarly, optically active 1,2-diol units were synthesized
from a-alkoxy-substituted aldehydes [45b]. Syn- and anti-diols were obtained with excellent
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selectivities (93—95 % de) from unprotected chiral p-hydroxy aldehydes [45¢]. Enantioselec-
tive allyltitanation was used as the key step in the total syntheses of (+)-sedamine [45d]
and of the lactone units related to compactin and mevinolin [45e]. The complexes
(R,R)- and (S,5)-22 were also employed for the desymmetrization of meso dialdehydes,
which were further transformed to chiral lactones [45f].

13.4
Allyltitanium Reagents without Cyclopentadienyl Groups

13.4.1
Synthesis by Transmetallation and Selective Allylation Reactions

Allyltitanium compounds of the type (n'-allyl)TiX; (X = OR, NR,) were extensively studied
in the early 1980s, mainly by Seebach [3,46] and by Reetz [4,47]. They can be obtained
by transmetallation of allylic Li-, Mg-, or Zn-based organometallics with Ti. The (n'-allyl)-
Ti(OR); complexes are more easily prepared from CITi(OR); and Mg or Li reagents
[48]. Analogously, the allylic aminotitanium complexes (n'-allyl)Ti(NR,); are accessible
by titanation of the Li or Mg allylic precursors with CITi(NR;); [47—49]. Moreover,
allyltitanium ate complexes such as 24 and 25 (Scheme 13.23) can be generated by the
addition of allylmagnesium or -lithium reagents to Ti(OiPr), and Ti(NEt,),, respectively
[49,50].

/=/_ Ti(OPr)M __TiNEG)M

R
24 25

Scheme 13.23.  o-Allyltitanium ate complexes
M = Li, MgX

bearing alkoxy and amino groups.

Although allyltitanium compounds lacking cyclopentadienyl ligands are quite reactive,
this does not affect their chemo-, regio-, or stereoselectivity. The ability of these reagents to
discriminate between aldehydes and ketones has been tested in competition experiments.
Notable examples are depicted in Table 13.1 [4,50a].

Table 13.1. Ketone vs. aldehyde chemoselective addition of allyltitanium derivatives.
O o

OH OH
(allyhTiLn
R1J\H * Rz)l\ - = R1)\/\ + RZ#\/\
30 31

TiLn / 30 : 31 ratio

TiOPYs  [TiOPH] TitNMey)s [TitNMep)s]
26 27 28 20

R' = CgHys, R2=CsHy1 | 86:14 98:2 13:87 4:96

R'=Ph=R? 84:16 98:2 50:50 1:99
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Whereas alkoxytitanium reagents (allyl) Ti(OiPr); (26) and [(ally]) Ti(OiPr),]- MgCIl" (27)
are aldehyde-selective (30:31 ratio > 1), aminotitanium reagents (allyl)Ti(NMe,); (28) and
[(ally]) Ti(NMe,),]~ MgCl™ (29) are ketone-selective (30:31 ratio < 1). The case of amino-
titanium reagents 28 and 29 represents a rare example of chemoselectivity in favor of
carbanion addition to ketones. Particularly high aldehyde/ketone or ketone/aldehyde che-
moselectivities are achieved with the ate complexes 27 and 29, respectively. Allyltitanium
complexes without Cp groups also show chemoselectivity towards dicarbonyl compounds
as well as carbonyl compounds having additional functional groups. They add selectively
to enones in a 1,2-fashion and usually faster than to the saturated analogues [4,5a].

Crotylmagnesium derivatives, as mixtures of regio- and stereoisomers, react with the
alkoxy- and aminotitanium reagents to provide E-configured allyltitanium compounds
in a stereoconvergent manner. Their addition to various aldehydes and ketones occurs
with moderate to good anti diastereoselectivity. The effect of the substrate and the ligand
structure on stereoselectivity has been examined, and although no general rule can be
advanced, some significant trends are apparent in Table 13.2 [46a,48a,49].

Table 13.2. Substrate- and ligand-dependent diastereoselectivity in the crotyltitanation reaction.

LnTi
0 : HO Rs
RC Rs ;@ H R\ x
R”T “Rg
anti + (syn)
Re Rs TiLn anti/ syn Re Rs TiLn  anti/ syn
Ph  H TiOPh); 85:15 Ph  Me Ti(OPh); 88:12
Ph H Ti(OiPr)g 80:20 Ph Me Ti(NEty)3 85:15
iPr  H Ti(OPr); 88:12 'Bu Ph  Ti(OPh); 96:4
ipr H Ti(OPh); 96:4 iPr Me Ti(OPr); 88:12

The phenoxytitanium reagent (crotyl) Ti(OPh); is often more selective than other alkoxy-
or aminotitanium reagents. Higher selectivities are observed with aliphatic than with aro-
matic aldehydes. Most significantly, highly diastereoselective addition to ketones can be
achieved using these reagents; this is in contrast to other allylmetals, which are much
less stereoselective or only slightly reactive toward ketones. Allyltitanium triphenoxide
adds to the substituted epoxides regioselectively at the more substituted carbon to afford
the corresponding alcohols in good yields [51].

Allyltitanium reagents bearing heteroatoms such as S, Si, P, etc. have also been reported
[5a,5b,46a]. The silylated reagents react regioselectively at the y-carbon atom, whereas both
y- and a-regioselectivities are observed for the sulfur-substituted derivatives. Hetero-substi-
tuted allyltitanium reagents generally show very high anti stereoselectivity (Scheme 13.24).

Titanated allyl carbamates are reported to react regio- and stereospecifically with alde-
hydes [52]. An elegant and synthetically useful method based on diastereoselective and en-
antioselective homoaldol reactions has been developed (Scheme 13.25) [53].
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0 OH
! — /'\/\
R) * Megsi/\/\ Ti(OPr, Li* RN
éiMeg
R = Ph, n-CgH13, 'Pr anti: syn=99:1
Scheme 13.24. Addition of silylated o-allyltitanium ate complexes to aldehydes.

Me OH
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O__N(PY), M
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2) Ti(O'Pr)4 WTi(OiPr)[
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NN =H R)\/\
oCb i 0och
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1) 8-C4HgLi / ACHO
sparteine \H o ]
2) Ti(O'Pr)4 WT'(O'Pr)4LI
OCb
Scheme 13.25. Diastereoselective and enantioselective homoaldol reactions using titanated allyl
carbamates.
HO CHs;
i o) 2
A /\(TIS-NEtZ)fS M
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s gy TT e
N 2) CITi(NEty)3 N
N
Me CH3 CH3 Mé CH3
32
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Scheme 13.26. Highly enantioselective homoaldol addition with a chiral titanium N-allylurea reagent.

Generally speaking, since the a-carbon of a substituted allylic fragment is a stereogenic
center, chirality may be transferred to the carbonyl compounds. Thus, very high diaste-
reofacial selectivity has been obtained in the reaction of 32 with isopropyl methyl ketone
due to a rigid transition state (Scheme 13.26) [54].
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13.4.2
Allyltitaniums from Allyl Halides or Allyl Alcohol Derivatives and Ti(ll) and their
Synthetic Utility

Despite the high level of selectivity obtained with (n'-allyl)TiX; reagents, their synthetic
limitations remain due to their method of preparation, which involves allylic lithium or
magnesium precursors. Alternative direct syntheses from carbon—carbon unsaturated
organic molecules and a titanium reagent have recently extended the synthetic utility of
allyltitanium compounds. The renaissance in this field is mainly due to the impressive
development of Ti(II) chemistry in the mid-1990s. Therefore, this section will be limited
to the most relevant findings to avoid redundancy with Chapter 9 of this book.

The versatile Ti(II) chemistry available using preformed (alkene)Ti(OiPr), species was
opened up by the discovery of the Kulinkovich cyclopropanation reaction [55]. Since
1995, Sato and collaborators have developed a wide range of elegant and synthetically use-
ful reactions based on the Ti(OiPr),/iPrMgCl reagent [56]. In particular, it was reported
that the Ti(II) complex (n’-propene)Ti(OiPr),, preformed from Ti(OiPr), and 2 equivalents
of iPrMgCl, reacts with allylic compounds, such as halide, acetate, carbonate, phosphate,
sulfonate, and aryl ether derivatives, to afford allyltitanium compounds as depicted in
Scheme 13.27 [57].

TiOPr), + 2PMgCl  ——— J ..... TiI(OPY),

X X

J ----- Ti(OPrz | (PrO)aTi N _ X
a

X = Cl, Br, OAc, OCO,Et, OTs, OPh, OP(O)(OEt),

Scheme 13.27. Preparation of allyltitanium compounds from allylic derivatives.

The reaction proceeds through ligand exchange and a subsequent p-elimination akin to
the oxidative addition of “Cp,Zr” to allylic ethers [58]. In this way, allyltitanium com-
pounds can be obtained from readily available allylic alcohol derivatives and inexpensive
Ti(OiPr),. The method allows the preparation of functionalized allyltitaniums bearing
functional groups such as ester or halide (Scheme 13.28).

. Et0,CO
OAc TiOPr, 27
“ —— (PrO)Ji OAc
5 2 PrMgCl NN
Et0,CO
/@OAC
Ph _
\; PhCHO
OH
76 %

(anti:syn = 77:23)

Scheme 13.28. Functionalized allyltitanium compounds from allylic derivatives.

467



468

13.4 Allyltitanium Reagents without Cyclopentadienyl Groups

Reactions with seven- to nine-membered cyclic allylic carbonates or halides give the cor-
responding cyclic allyltitanium compounds. These reagents add to aldehydes and imines
with moderate to excellent diastereoselectivities [59]. The allyltitanium compound gener-
ated from 1-vinylcyclopropyl carbonate reacts regioselectively with aldehydes and ketones
at the less substituted carbon atom to provide alkylidenecyclopropane derivatives, as
shown in Scheme 13.29 [60]. The regiochemical outcome of the reaction can be rationa-
lized by assuming an equilibrium between two allyltitanium species that favors the less
strained tertiary structure.

TiX(O'Pr),
X /= Ti(OPr), | | TiX(O'Pr),
—_— —_—
K_ 2'PrMgCl
X = OCO.Et EtCHO

OH Et
.
X - X\Or”
6 : 94

Scheme 13.29. Regioselective conversion of 1-vinylcyclopropyl carbonate into alkylidenecyclopropane
derivatives.

Asymmetric reactions have also been developed. The reactions of allyltitaniums with
chiral aldimines derived from optically active 1-phenylethylamine afford optically active
homoallylic amines with excellent diastereofacial selectivities. Thus, the Cram syn addition
products are obtained highly predominantly when using crotyltitanium reagent 33, as ex-
emplified in Scheme 13.30 [61].

Ph JFi
_ >,< N)\ H
(IPrO)2T|\/\/Me . )| \/\/\
Et :

33 :

92% (94% de)
X =Cl, Br, |

Scheme 13.30. Addition of crotyltitanium reagents to a chiral aldimine.

Various chiral allyltitaniums having a stereogenic center in the allyl moiety have been
prepared by the Sato method and these have been reacted with aldehydes and imines
[62]. An interesting example concerns chiral allyltitanium compounds bearing an
amino substituent at the stereogenic center, which could be prepared from optically active
4-aminoalk-1-en-3-ol derivatives. These reagents add to aldehydes highly diastereoselec-
tively (de = 90 %) and in a regioselective manner depending on the allylic precursor deri-
vative. Whereas the allyltitaniums formed from the carbonate precursors gave rise to the
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formation of B-vinyl-y-amino alcohols 34, those formed from cyclic carbamates afforded
predominantly 1,5-amino alcohols 35 (Scheme 13.31).

OH
RN
V2R

OCO,Et Bn"  Boc 7

o]
J ----- Ti(O'Pr), J ----- Ti(O'Pr),
_ Z
EtO,COT{(O'Pr), f
R Y\) \‘/\ Ti(OPr)z
N_ _O
N, Bn”
Bn” “Boc \n/
o]
EtCHO ‘ EtCHO
Z OH
R _~ Et R —
N, OH N
Bn Boc Bn® H
34 35
88% (91% de) 82% (95% de)
R = Me R = CH,OTBS

Scheme 13.31.  Regiocontrolled addition of chiral allyltitanium derivatives to aldehydes.

Allyltitanium complexes derived from a chiral acetal have been reacted with carbonyl
compounds and imines [63]. While the chiral induction proved to be low with carbonyl
compounds, high induction was observed with imines. This complex represents the
first chiral homoenolate equivalent that reacts efficiently with imines. Finally, the reac-
tions with electrophiles other than carbonyl compounds and imines, namely a proton
source, NCS, and I,, furnished the corresponding alkene, chloro, and iodo derivatives
in good yields [64].

13.5
Conclusion

The last decade has seen significant progress in the field of allyltitanium chemistry.
A broad range of allyltitanium compounds, including functionalized derivatives, is now
available. They can be prepared through several synthetic methods from structurally
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diverse organic precursors. The versatility of these compounds as allyl-transfer reagents
has recently been demonstrated. Allyltitaniums have proved to be mild and selective, par-
ticularly in their addition to carbonyl compounds, which generally proceeds with high
chemo-, regio-, and stereoselectivity. Furthermore, the opportunity of employing efficient
chiral titanium reagents as well as other electrophiles further increases the synthetic po-
tential of the allyltitanation reaction. It can be anticipated that allyltitanium derivatives
will be useful reagents for the practising synthetic chemist in the forthcoming years.

Typical Experimental Procedures

All manipulations should be carried out in dry flasks under argon. Syringe techniques are
best employed.

Preparation of 2-trimethylsilyloxy-n*-crotyltitanocene and in situ reactions with aldehydes
(27]

OH OSiMe;
d T
OSiMe; ——> R
) b
CpeTiCl, 22 2% & oH © 57-82%
TiCpa
—_— Ve
e R

R = alkyl (Et, n-CsHy1, Pr, Bu) : exclusively anti
R = Ph : anti/syn = 70/30

(a) 1 equiv. 'PrMgCl, 25 °C, THF; (b) —15 °C, 1 equiv. 'PrMgCl, 1 equiv. H,C=CH-C(OSiMe3)=(
(c) RCHO, —15 °C, 10 min; (d) ag NaHCOg3; (e) 2 M HCI

Scheme 13.32. Preparation of 2-trimethylsilyloxy-n*-crotyltitanocene and stereoselective reactions with
aldehydes.

At room temperature, iPrMgCl (2 mL, 2 M solution in THF) was added dropwise by
means of a syringe to a stirred suspension of Cp,TiCl, (1.00 g, 4.03 mmol) in THF
(25 mL). After stirring for 15 min., the resulting green solution of Cp,TiCl was cooled
to —15°C. Solutions of iPrMgCl (4 mmol) in THF (2 mL) and of silyloxydiene (6 mmol)
in THF (ca. 1 mL) were then slowly added simultaneously by means of syringes to give a
violet reaction mixture. After stirring for 5 min., the neat aldehyde (4.5 mmol) was added
by means of a syringe at —15 to —10°C. After a further 10 min., either acidic or basic
work-up was performed to afford the corresponding B-hydroxy ketone or p-hydroxy enol
silyl ether, respectively.

Acidic work-up: The reaction mixture was quenched with 2 m HCl (4 mL) and air was
passed through the stirred solution for 5 min. The solution was then diluted with
Et,O/hexane (4:1, 120 mL) and the precipitate of Cp,TiCl, was recovered by filtration
(0.7 g, 70%). The organic layer was washed with small portions of H,0, dried
(MgSO,), and concentrated in vacuo. A second small portion of Cp,TiCl, was separated
by filtration through a thin layer of Celite. The filtrate was concentrated in vacuo to pro-
vide the crude B-hydroxy ketone, which was further purified by flash chromatography.
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Basic work-up: The reaction mixture (—10 °C) was poured into a separatory funnel con-
taining cold Et,0 (120 mL), and treated with ice-cold satd. aq. NaHCOj; solution (30 mL).
The Et,O layer was separated and the aqueous layer was extracted with further cold Et,O.
The combined organic phases were washed with H,0, dried (MgSO,), and concentrated in
vacuo. The residue was treated with Et,O/hexane (1:1, 30 mL) and the small residual
amount of titanium derivatives was removed by filtration through a frit. The bulk of
the Cp,TiCl, could be recovered by acidifying the aqueous layer. After concentration of
the organic filtrate in vacuo, the crude B-hydroxy enol silyl ether was purified by flash
chromatography on a short silica gel column.

General procedure for the intramolecular crotyltitanation of acetals [22]

The crotyltitanium complex was prepared in situ at room temperature by treating
Cp,TiCl, (1.00 g, 4.03 mmol) with two equivalents of DIBALH (2 Xx 4 mL, 2 M solution
in THF) and dienyl acetal (4 mmol). The solution was then cooled to —40 °C, whereupon
TMSOTT (0.8 mL, 4 mmol) was slowly added and the resulting mixture was stirred for 4 h
at —40°C. The cold mixture was then quenched with satd. aq. NaHCOj; solution and ex-
tracted twice with diethyl ether. The combined organic phases were washed with water,
dried over MgSO,, and concentrated in vacuo. Chromatographic purification (hexane/
diethyl ether, 1:1, v/v) afforded 1-alkoxy-2-vinylcycloalkanes in 62—79% overall yield
(Scheme 13.33).

R? R?
R1\)\/\M/Z’> il R]\)\/\(\,)/E">

N

“0 DIBALH, . t. D “0

TiCp2
R' R2 OH
— o TMSOTS
n=1-4 \) —40°C, 4 h
R'=R2=H, Me (CHo)n
62—79%

Scheme 13.33. Intramolecular crotyltitanation of acetals.

Enantioselective allyltitanation of aldehydes with a chiral tartrate-derived titanium complex [44]

At 0°C, a solution of allylmagnesium chloride (0.8 M in THF, 5.3 mL, 4.25 mmol) was
added dropwise under argon to a solution of (R,R)-21 (3.06 g, 5 mmol) in diethyl ether
(60 mL) over a period of 10 min. After stirring for 1.5 h at 0°C, the slightly orange sus-
pension was cooled to —74 °C, whereupon a solution of benzaldehyde (403 mg, 3.8 mmol)
in diethyl ether (5 mL) was added over a period of 2 min. Stirring at —74 °C was continued
for 3 h. The reaction mixture was then treated with 45 % aqueous NH,F solution (20 mL),
stirred for 12 h at room temperature, and filtered through Celite. The filtrate was extracted
with diethyl ether (2 Xx 50 mL) and the combined organic phases were washed with
brine, dried with MgSO,, and concentrated. The solid residue was stirred with pentane
(50 mL). Subsequent filtration furnished 1.68 g of white crystalline (4R)-trans-2,2-di-
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methyl-a,a,0’,o’-tetraphenyl-1,3-dioxolane-4,5-dimethanol (ligand). Chromatography of
the residue from the filtrate (CH,Cl,/hexane/diethyl ether, 4:4:1) finally afforded 521 mg
(93 %) of (15)-1-phenyl-3-buten-1-ol (95 % ee), as determined by capillary GLC.

o ph
(+)-tartaric acid - Phu., “'Ph
Ph "O
00—
21 i
Ti.., OH
M N ey
21 PhCHO A
_ Ph. ey _— Ph
0°C i ; . Ph -74°C
93% yield

o
o\_,g (S)- 95% ee
2 i

Scheme 13.34. Enantioselective allyltitanation of aldehydes.

Typical procedure for the preparation of allyltitanium derivatives from allyl halides via oxida-
tive addition, and in situ reaction with aldehydes [57,59]

To an equimolar mixture of Ti(OiPr), and 3-bromo-1-propene in diethyl ether, 2 equiv.
of iPrMgCl was added at —50°C. After the reaction mixture had been stirred for 1 h at
—50 to —40°C, the aldehyde was added at —40°C and the reaction mixture was stirred

) Br
- 2/PrMgCl g RCHO
Br 4 Ti(OPr)y ———————— (PrO),Ti —_—
AT ‘ Socwa0c ORINN oo R)\/\
Et,0

R = Alkyl, Aryl

Scheme 13.35. Preparation of allyltitanium derivatives from allyl halides and reaction with aldehydes.

for a further 0.5 to 1 h. Hydrolytic work-up (1 m HCI, then extraction with diethyl ether),
followed by chromatographic purification on silica gel afforded the corresponding homo-
allylic alcohol in good yield (77—94 %). An analogous procedure was also applied to allyl
alcohol derivatives.
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14
Titanium-Based Olefin Metathesis and Related Reactions

Takeshi Takeda

14.1
Introduction

Titanium carbene complexes L,Ti=CR'R’ are a useful class of titanium-based reagents.
These organotitanium species react with unactivated non-polar carbon—carbon multiple
bonds as well as polar multiple bonds, such as carbonyls and nitriles, and are thus useful
tools in organic synthesis [1]. Alkenes form titanacyclobutanes upon treatment with tita-
nium carbene complexes. Since the main degradation process of the titanacycle is genera-
tion of a new olefin and a new carbene complex, the net reaction of a titanium carbene
complex with an alkene can be regarded as an olefin metathesis. An analogous reaction
of the carbene complexes with carbon—oxygen double bonds provides a powerful tool
for Wittig-like carbonyl olefination. This chapter focuses on the use of titanium carbene
complexes in olefin metathesis and related synthetically useful reactions that involve
the formation of four-membered titanacycle intermediates.

14.2
Reactions of Titanium Carbene Complexes with Carbon—Carbon Double Bonds

14.2.1
Olefin Metathesis

A combination of the cleavage of the sp>—sp” double bonds of a pair of alkenes and the
reconstruction of a pair of new alkenes (Scheme 14.1) is a useful synthetic method for the

construction of carbon frameworks.
[EEEE—— .

Scheme 14.1. Metathesis between two olefins. /7 \

This reaction is invariably catalyzed by transition metal compounds and its mechanism
is of special interest. The first explanation for this transformation is based on the so-called
“pairwise mechanism”, in which two olefins coordinate to a transition metal center to
form a transient cyclobutane-like intermediate [2]. However, this idea was later replaced
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by the metal carbene mechanism (Scheme 14.2), in which an intermediate metallacyclo-
butane 1 is produced by the cycloaddition of a metal carbene 2 to an olefin 3 [3].

=

II + " —_— | | —_— +
M « M — Scheme 14.2. Reaction of a metal carbene
2

3 1 complex with an olefin.

The term “olefin metathesis” originally implied the interchange of sp” carbon atoms
between two olefins, as shown in Scheme 14.1. Since the elucidation of its mechanism,
the reaction of a metal carbene with an olefin, in which the double bonds of the metal
carbene and olefin are cleaved and a new metal carbene and a new olefin are constructed,
the process illustrated in Scheme 14.2 has been referred to as olefin metathesis [1d].

Catalysts and reagents for this transformation include a wide variety of transition metal
compounds. Among them, organotitanium species constitute an important class of
reagents. In the early stages of these studies, titanium species prepared by the treatment
of titanium tetrachloride or bromide with organoalanes (R;Al) or organoaluminates
(LiAIR,) were investigated as catalysts for ring-opening metathesis polymerization
(ROMP) [4] of cyclic olefins such as cyclobutenes [5], cyclopentenes [5a,6], and norbor-
nenes [7] (Scheme 14.3). Since the discovery of the Tebbe reagent, the reactions of acyclic
olefins with structurally well-defined organotitanium compounds have been investigated
for their potential in organic synthesis.

0 CHn fir,  —  —fHC=CHCHa
\_j M Scheme 14.3. ROMP of cyclic olefins.

14.2.2
Formation of Titanocene-Methylidene and its Reaction with Olefins

In 1978, Tebbe and co-workers reported the formation of the metallacycle 4, commonly
referred to as the Tebbe reagent, by the reaction of two equivalents of trimethylaluminum
with titanocene dichloride. The expulsion of dimethylaluminum chloride by the action of
a Lewis base affords the titanocene-methylidene 5 (Scheme 14.4) [8].

Lewis base
CpsTiCl, + 2AIMes —— 3 Cp2Ti\/CI\,AIMe2 — » CpyTi=CH,
- AMe,Cl, CH, 4 - AMe,Cl 5

Tebbe reagent

Scheme 14.4. Formation of titanocene-methylidene from the Tebbe reagent.

Aluminum-free titanocene-methylidene can be generated by thermolysis of titana-
cyclobutanes 6, which are prepared by reaction of the Tebbe reagent with appropriate
olefins in the presence of pyridine bases [9]. Alternatively, the titanacyclobutanes are
accessible from titanocene dichloride and bis-Grignard reagents [10] or from m-allyl titano-
cene precursors [11]. The a-elimination of methane from dimethyltitanocene 7 provides a
convenient means of preparing titanocene-methylidene under almost neutral conditions
[12] (Scheme 14.5).
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R’ A
Cp2TiO< —_— CpoTi=CH,
R2 R
6 - =<
R2
A
Scheme 14.5. Formation of titanocene-methyli- CpsTi(CH3)» —_— Cp,Ti=CH,
dene from titanacyclobutanes and dimethyltitano- -CH,4

cene. 7

Tebbe and co-workers reported the first olefin metatheses between titanocene-methyli-
dene and simple terminal olefins [13]. They showed cross-metathesis between isotopically
labeled isobutene and methylenecyclohexane to be catalyzed by titanocene-methylidene.
This process is referred to as “degenerate” olefin metathesis as it does not yield any
new olefin (Scheme 14.6). The intermediate titanacyclobutane has been isolated and char-
acterized [14], and its stability [15] and mechanism of rearrangement [16] have been inves-
tigated.

HaG,
,C=C13H2
HsC
Cp,Ti=CH, >
Cp,Ti—C'3
HsG

A
HsC
Scheme14.6. Titanocene- ’Q <:>=CH2

methylidene-catalyzed - 13
metathesis between two - CpoTi=CH,
olefins. Cp,Ti—C'3

One of the synthetically useful titanium-based olefin metatheses is the reaction of
titanocene-methylidene with terminal allenes 8. Productive olefin metathesis occurs
when titanacyclobutanes are treated with 8 (Scheme 14.7) [17] and the resulting a-alkyli-

R4
CH2= '=<
R 8 R
Cp-Ti E—— CpoTi=CH, —_—
p2 <>< )
R =
- CH~X
R2
Cpng R4
| —>  CpT==
Scheme 14.7. Olefin metathe- - CH,=CH R3
. . . R3 R4 —Lh2
sis of titanocene-methylidene 9 10

with substituted allenes.
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denetitanacyclobutanes 9 can be employed as precursors of titanocene-alkenylidene 10,
which is suited for further transformations (see Section 14.3.2).

Tandem carbonyl olefination—olefin metathesis utilizing the Tebbe reagent or dimethyl-
titanocene is employed for the direct conversion of olefinic esters to six- and seven-mem-
bered cyclic enol ethers. Titanocene-methylidene initially reacts with the ester carbonyl of
11 to form the vinyl ether 12. The ensuing productive olefin metathesis between titano-
cene methylidene and the cis-1,2-disubstituted double bond in the same molecule pro-
duces the alkylidene-titanocene 13. Ring-closing olefin metathesis (RCM) of the latter
affords the cyclic vinyl ether 14 (Scheme 14.8) [18]. This sequence of reactions is useful
for the construction of the complex cyclic polyether frameworks of maitotoxin [19].

opzTi((;Anvle2 Hot Ho
BnO Y Y Y \n/
—_— BnO
THF, 25°C, 7% 12
szTi\/C?AIMeg szTi{C?An\Ae2
25 °C, then reflux, 71% THF, reflux

\|'iCp2

13

Scheme 14.8. Formation of cyclic enol ethers by carbonyl methylenation—olefin metathesis.

Despite the successful reactions mentioned above, olefin metathesis utilizing titano-
cene-methylidene is not necessarily regarded as a useful synthetic tool. Indeed, the
steric interaction between the substituent at the carbon o to titanium and the bulky
cyclopentadienyl ligand disfavors the formation of the titanocene-alkylidene 15. Hence,
cleavage of the titanacycle affords only titanocene-methylidene and the starting olefin
(Scheme 14.9).

R
CpoTi—~/
CpsTi R CpsTi 15
p2 |I| N E — e P2 3 .
R R =\
R

Scheme 14.9. Reaction of titanocene-methylidene with internal olefins.

On the contrary, if a highly strained cyclic olefin such as the cyclopropene 16 [20] or the
norbornene derivative 17 [21] is employed, the titanacycle is cleaved to form the corre-
sponding titanocene-alkylidene 18 or 19. This reaction is clearly enhanced by the conco-
mitant release of intrinsic strain energy (Scheme 14.10).



14 Titanium-Based Olefin Metathesis and Related Reactions

CpsTi=CH, + X — [ — szTi%
Cp2T|

479

16 18
X
CpsTi=CH, + /2 CpaTi CpsTise
Poli=tiz + CO.R > COR ™ > CO,R
CO,R CO.R COLR
17 19

Scheme 14.10. Reaction of titanocene-methylidene with strained cyclic olefins.

14.2.3
Formation of Titanocene-Alkylidenes and their Application to Olefin Metathesis

Another approach to synthetically useful olefin metathesis involves the utilization of
higher homologues of titanium-methylidene 15, as shown in Scheme 14.11. If the result-
ing titanium carbene complex 20 is more stable than the starting alkylidene complex 15,
this reaction can be employed for the generation of various titanocene-alkylidenes and as a
method for the preparation of unsaturated compounds.

R
Cp.Ti=/
CpeTi R CpsTi— 20
J + || [ B +
R R' R R' /—\
15 R F

Scheme 14.11.  Reaction of titanocene-alkylidenes with olefins.

The major obstacle to this approach is that there are few reagents capable of generating
higher homologues of titanocene-methylidene. Although the procedure is not straight-
forward, the titanacycle 21 formed by the addition of diisobutylaluminum hydride to
the double bond of (1-propenyl)titanocene chloride 22 serves as a titanocene-propylidene
23 equivalent in carbonyl olefination (Scheme 14.12) [22].

H AIBu,
CH=CHCH
CpeTi, ’ CpoTiIC AlBU Op, P
PiNGr B2 Aligucl
22 21 23

Scheme 14.12. Formation of titanocene-alkylidenes from alkenyltitanocene chlorides.

The alkyl-substituted titanium carbene complex 18 reacts with norbornene 24 to form a
new titanacycle 25, which can be employed for the ROMP of 24 (Scheme 14.13). The
titanacycle generated by the reaction of the Tebbe reagent with 24 is also used as an
initiator for the same polymerization [23]. These preformed titanacyclobutanes also
initiate ROMP of various other strained olefin monomers [24].

An alternative means of preparing alkylidene complexes of titanium is by the o-elimi-
nation reaction of dialkyltitanocenes (Scheme 14.14) [25]. The limitation of this method
is that only dialkyltitanocenes having no B-hydrogen, such as 26 or dicyclopropyltitano-
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AN
TR L -
25
Scheme 14.13. ROMP
initiated by the titanocene-
alkylidene 18.
A
CpyTiCl, + 2RCHoLi ———3 CpoTi(CHoR)y, — CpgTi4\ R
26 -RCH;3
R = Ph, Me;3Si

A
CpeTiCle + 2[>—1li —— CpTH<] ), —> cp =]
27 et

Scheme 14.14. Preparation of titanocene-alkylidenes from dialkyltitanocenes.

cene 27, can be employed for the preparation. Indeed, if a f-hydrogen is present, an elim-
ination might take place during thermolysis of the dialkyltitanocene. The titanocene-alky-
lidenes thus prepared are also used for the ROMP of norbornene [26].

14.2.4
Preparation of Titanocene-Alkylidenes from Thioacetals and their Application to
Olefin Metathesis

The organotitanium compounds produced by desulfurization of the diphenyl thioacetals
of aldehydes 28 with the titanocene(Il) species Cp,Ti[P(OEt);], 29 react with
carbon—carbon double bonds to form the olefin metathesis-type products. Thioacetals
28 may be transformed into terminal olefins by desulfurization with 29 under an
ethene atmosphere (Scheme 14.15) [27]. This reaction is believed to proceed through a
titanacyclobutane intermediate, formed by cycloaddition of the titanocene-alkylidene
with ethene.

2 CpoTi[P(OEt)3]2

SPh 29 ~ HLC=CHa  gp,

PN R™STicp,  —— — = R
R™ "SPh  cp,Ti(SPh), R - CpsTE=CH,

28

R =BnoCH: 77%
R = BnPhCH: 65%

Reagent: Cp,Ti[P(OEt)s]> (3 eq). Conditions: THF, r.t. (15 min) then reflux (30 min).

Scheme 14.15. Olefin metathesis of titanocene-alkylidenes generated from thioacetals with ethene.



14 Titanium-Based Olefin Metathesis and Related Reactions | 481

The reactions of titanium-alkylidenes prepared from thioacetals with unsymmetrical
olefins generally produce complex mixtures of olefins. This complexity arises, at least
in part, from the concomitant formation of the two isomeric titanacyclobutane intermedi-
ates. However, the regiochemistry of the titanacyclobutane formation is controlled when
an olefin bearing a specific substituent is employed. Reactions of titanocene-alkylidenes
generated from thioacetals with trialkylallylsilanes 30 afford y-substituted allylsilanes
31, along with small amounts of homoallylsilanes 32 (Scheme 14.16) [28].

Cp2Ti[P(OE)3]2

SPh CpoTh
R\)\Sph o R\)’:I\/SiPris >

A~SPY3 THE, reflux, 6 h

30
) Me
o :
RM/SIP% . RMSiPrla
31 32
R= Me,CH: 78%; E: Z=12:88 16%
R= Me(CHy)s5: 85%; E: Z=24:76 12%

Scheme 14.16. Transformation of thioacetals into y-substituted allylsilanes.

Another synthetic application of olefin metathesis using a thioacetal-titanocene(II) sys-
tem is the ring-closing olefin metathesis (RCM) of carbene complexes possessing an ole-
fin moiety, e.g. 33 (Scheme 14.17). The success of the RCM apparently depends on the
substituents at the carbon—carbon double bond (i.e. the substituent(s) on the resulting
carbene complex 34).

gﬁg Cp,Ti[P(OEt)3]» —Tisz TIsz
R?2 —_— R2 —>
R1_ R3 1

R1 RS CP2T|=(
33 34

Scheme 14.17. RCM of titanocene-alkylidenes generated from alkenyl thioacetals.

Thioacetals having a terminal or 1,2-disubstituted double bond are transformed into the
corresponding cycloalkenes upon treatment with titanocene(II) species first at room tem-
perature and then at elevated temperature. On the other hand, only a small amount of
cycloalkene is produced under the same reaction conditions from thioacetals having a tri-
substituted double bond (Table 14.1) [29,30].

This RCM has proven to be a useful synthetic method for the construction of a variety of
heterocycles. Mono and bicyclic unsaturated ethers and sulfides are obtained from alkenyl
thioacetals having an ether or sulfide linkage (Table 14.2) [30].

Nitrogen heterocycles can also be prepared by the RCM of unsaturated amines having a
diphenyl thioacetal moiety (Table 14.3) [31].
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Table 14.1. Preparation of carbocyclic compounds from alkenyl thioacetals.

Thioacetal Product Yield
PhS
1 PhS Ph/\/ﬁ %
Ph
S
PhS
2 PhS Ph/\/\@ 67%
Ph N
PhS
3 PhS Ph/\/\@ 8%
Ph N
PhS
4 PhS Ph N \@/ 87%
Ph
PhS
PN
5 PhS 50%
Ph =
PhS Bh

6 PhS 81%

Ph

g

Reagent: Cp,Ti[P(OEt)3]> (3 eq). Conditions: THF, r.t. (1-2 h) then reflux (1 h).
Concentration of the thioacetal: 0.1-0.015 M.
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Table 14.2. Preparation of cyclic ethers and sulfides from alkenyl thioacetals.

Thioacetal Product Yield
SPh
N0\ o)
SPh o
2 SPh @ 65%
OW —
PhS Y
~ Ph
3 Phs)\/\o/\(\/ Cj/\ o
Ph o
PhS y
— Ph
4 Phs)\/\s/\f\/ Cj/\ 50%
Ph S
Reagent: Cp,Ti[P(OEt)3]» (3—4 eq). Conditions: THF, r.t. (1-5 h) then reflux (1-3 h).
Concentration of the thioacetal: 0.1-0.01 M.
Table 14.3. Preparation of cyclic amines from alkenyl thioacetals.
Thioacetal Product Yield

1 N/\)\Sph 77%

-

n

®
2 \/\N/\)\Sph
Bn

e
3 YN/\)\SPh 61%

—
N
1
Bn
N
1
Bn
N
A N
1
Bn Bn
SPh =
4 WN/\)\SPh 73%
N
|
Bn

35%

1
Bn

Reagent: Cp,Ti[P(OEt)3]» (3—4 eq). Conditions: THF, r.t. (2 h) then reflux (1-2 h).
Concentration of the thioacetal: 0.03 M.
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An interesting application of the cyclization of alkenyl thioacetals is the stereoselective
preparation of olefinic diols. Thus, oxidative cleavage of the silicon—carbon bond [32] in
the ring-closed metathesis products, i.e. cyclic allylsilanes such as 35 and 36, affords
(2)-alk-2-ene-1,5-diols 37 and 38 (Scheme 14.18) [33].

CpsTi[P(OEt =
/ — Me
z O’SI\)\SPh a) /0 Ph

Me
35 80%
KF/KHCOa/Hz05 OH
. Z Ph
b)
HO™ 37 &1% (Overall yield)
SPh _
CpoTi[P(OEt
Me\l'\/Ie SPh p2Ti[P(OEt)3]2 Ve
A —_— ~,
/\/Sl*o a) Me/ 0
36 88% NN
KF/KHCO3/Hz05 OH

_— ~
b)
HO

38 61% (Overall yield)

a) Reagent: Cp,Ti[P(OEt)3]> (4 equiv.). Conditions: THF, r.t. (4 h) then reflux (1 h)
Concentration of the thioacetal: 0.03 m. b) Conditions: THF/MeOH, 40 °C, 24 h.

Scheme 14.18. Stereoselective preparation of olefinic diols from alkenyl thioacetals.

From a mechanistic point of view, the titanocene(Il)-promoted intramolecular cyclopro-
panation of gem-dihalides possessing a terminal double bond is interesting. Although the
products of ring-closing metathesis, i.e. cycloalkenes, are produced in certain cases, the
treatment of 6,6- and 7,7-dihalo-1-alkenes (e.g. 39 and 40) with titanocene(II) species af-
fords bicyclo[3.1.0Jhexane and bicyclo[4.1.0]heptane derivatives 41 and 42, respectively
(Scheme 14.19) [34].

Br
Ti[P(OE
Cp2Ti[P(OEt)s]2 Ph(CHy)
B o
Ph(CHy): X THF, 0°C, 1h
39 a1 73%
cl
cl CRoTilP(OEYsl, Ph(CHZ)a\(j Ph(CHZ)SO
— +
=
Ph(CH2)3 THF, rt. 15h
40 42 20% 42%

Scheme 14.19. Titanocene(ll)-promoted intramolecular reaction of alkenyl gem-dihalides.
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14.2.5
Other Transformations of Titanacyclobutanes

Titanacyclobutanes also serve as useful synthetic intermediates; the titanacycle 43, pre-
pared by the intramolecular reaction of the alkenylidene complex 44, affords the a-dike-
tone 45 and the other functionalized cyclic compounds by further transformations
(Scheme 14.20) [35].

— Me Me
—_— H 0,
1) BulLi, toluene, 0 i \_TiCp,Cl HMPA (PyH)
\ 2) AlMe,Cl, 20 °C \AIMez THF N\ %
3) Cp,TiMeCl, 20 °C
44
Me Me
CO, 20 °C - O~Ticp, HCI,-20°C
— (X —TiCp, ——— > e
THF THF
43 65% 45 57%

Scheme 14.20. Transformation of titanacyclobutanes into functionalized carbocycles.

Although the reaction of a titanium carbene complex with an olefin generally af-
fords the olefin metathesis product, in certain cases the intermediate titanacyclobutane
may decompose through reductive elimination to give a cyclopropane. A small amount
of the cyclopropane derivative is produced by the reaction of titanocene-methylidene
with isobutene or ethene in the presence of triethylamine or THF [8]. In order to ac-
celerate the reductive elimination from titanacyclobutane to form the cyclopropane,
oxidation with iodine is required (Scheme 14.21) [36]. The stereochemistry obtained
indicates that this reaction proceeds through the formation of y-iodoalkyltitanium
species 46 and 47. A subsequent intramolecular Sy2 reaction produces the cyclopro-

pane.
) | ! Me
CpsTi 2 ) CpoTi
—>  Cp.Ti + |
M Me Me 1 Me
Me
46 a7
¢ -CpgT“g ¢ -CpgT“g
Scheme 14.21. Formation

of cyclopropanes by the

oxidative cleavage of titana- A A
M Me Me*

cyclobutanes. € Me
An unusual reductive elimination can ensue from titanacyclobutanes possessing an
alkenyl group at the carbon o to the titanium atom. Thus, alkenylcarbene complexes
48, prepared by the desulfurization of P,y-unsaturated thioacetals 49 or 1,3-bis(phe-
nylthio)propene derivatives 50 with a titanocene(II) reagent, react with terminal olefins
to produce alkenylcyclopropanes 51 (Scheme 14.22, Table 14.4) [37]. This facile reductive
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elimination might be attributed to the labile allylic carbon—titanium bond of the titanacy-
clobutane 52.

2 Cp2Ti[P(OEt)3]2

SR SR [
- R1/\A .
R‘MSH or ,‘?S/§)\F€1 Tice
49 50

- Cp2Ti(SR)2
48

R2
3/&
R CpaoT} R . sz
- R - 3
R® - CpoTi R
52 51

Scheme 14.22. Formation and reductive elimination of alkenyltitanacyclobutanes.

Table 14.4. Preparation of alkenylcyclopropanes from f,y-unsaturated thioacetals and
related compounds.

Organosulfur Compound Olefin Product Yield

s’j
"\ (CH,)5CH3
1 Ws N (CHy)sCH; 72%

ratio of isomers = 60 : 40

S/j )\ w
2 CHg(CH 86%
CH3(CH2)5/§)\S 3(CH2)3

E.:Z=96:4 E:Z=82:18
PhS ~
3 PhS NS )\ ©/\/\/<( 93%
E:Z=87:13 E:Z=85:15
PhS
a
4 ~ = A 76%
Phs/\)\(CHz)7CH3 CH3(CHy)7
E:Z=79:21 E:Z=98:2

Reagent: Cp,Ti[P(OEt)s]> (2 eq), olefin (2-10 eq). Conditions: THF, r.t. (4 h).
a Prepared in situ by the reduction of 1,2-dibromoethane with magnesium.



14 Titanium-Based Olefin Metathesis and Related Reactions

14.3
Reactions of Titanium Carbene Complexes with Carbon—Oxygen Double Bonds [38]

14.3.1
Methylenation of Carbonyl Compounds

A reaction that is mechanistically related to olefin metathesis is the Wittig-like olefination of
carbonyl compounds, which proceeds through the formation of oxatitanacyclobutane 53
and subsequent elimination of titanocene oxide 54 (Scheme 14.23). The Tebbe reagent
[39], titanacyclobutanes [9a,39d], and dimethyltitanocene [12,40] are used as precursors of
titanium-methylidene for methylidenation. This carbonyl olefination using titanium-
based reagents has several advantages over conventional methods, such as the Wittig reac-
tion [41], related reactions of phosphonate carbanions [42], and Peterson olefination [43].
Because of the low basicity of the reagent, it can be employed for the olefination of highly
enolizable ketones. Moreover, base-sensitive or sterically hindered aldehydes and ketones
can also be efficiently converted to terminal olefins. The most striking feature of titano-
cene-methylidene is that it can be employed for the olefination of carboxylic acid derivatives
(Table 14.5).
o) R?
CpoT=CHy 4 — % N 1)]\ , * CpTi=0
R™ “R2 CpsTi R "R
53 54

R' = alkyl, OR®
R? = H, alkyl, OR®, NR®R*, SR?, SeR?, SiMes.

Scheme 14.23. Reaction of titanocene-methylidene with carbonyl compounds.

Reactions of titanocene-methylidene generated from titanacyclobutanes with acyl chlor-
ides 55 [46] or acid anhydrides 56 [47] lead initially to the titanium enolates 57 (Scheme
14.24), which then afford aldols upon treatment with the carbonyl compounds. On the
other hand, five-membered cyclic anhydrides are methylenated with dimethyltitanocene
(Table 14.5, entry 7) [45].

. Me
Scheme 14.24. Formation 0 Cp2T|O<Me OTiCpoX R2CHO O OH
of titanium enolates _— JE—
by the reaction of titana- R'” "X toluene R’ R! R?
cyclobutanes with
55: X = Cl 57

acyl chlorides or acid
anhydrides. 56: X = RCOO

Another titanium-based reagent for the methylenation of carbonyl compounds is that
prepared from dibromomethane/zinc/titanium tetrachloride and related systems (Scheme
14.25) [48]. These systems transform a wide variety of carboxylic acid derivatives to term-
inal olefins in the same way as titanocene-methylidene does.

X 1) Zn(cat. Pb), TiXs, (TMEDA) JL
<x 0 o R “R?
Scheme 14.25. Carbonyl olefination utiliz- 2) )]\
. . R1 RZ
ing a CH,X,/Zn/TiCl, system.
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Table 14.5. Carbonyl methylenation utilizing titanocene-methylidene precursors.

Carbonyl compound Reagent / conditions Product Yield  Ref.
O~ AN o
pgTI ‘AlMeg
1 ©/ P ci Ph 96% (39l
© / toluene-THF, 0 °C - r.t. 30 min
Q N\
CpoTi, ,AlMe, JL
2 Me)LN’Ph i Me I}I’Ph 97% [39b]
Mo / toluene-THF, 0 °C - r.t. 30 min Me

|
3 Ph\é P2\ Ph o8%  [39d]

Et,0, r.t. 30 min

Q I=CH, - ZnX
4 )]\ Cp2T=CH, - 20X, JL quant  [44]
Ph Ph / toluene Ph Ph
O O . O
5 Cp,TiMe, / toluene, | N 80% [12b]
60-65°C/12-26 h 2
O
6 Cp2TiMe, / toluene, 83% [12b]
60-65°C/12-26 h
O
7 o CpoTiMes / THF, o) 79% [45]
65°C /20-26 h
O
14.3.2

Alkylidenation of Carbonyl Compounds

As noted above, titanocene-alkylidenes can be prepared using various methods and start-
ing materials. Like the methylidene complex, higher alkylidene complexes are useful for
the transformation of carbonyl compounds to highly substituted olefins. Ketones and al-
dehydes are converted into substituted allenes by treatment with titanocene-alkenylidenes
prepared by olefin metathesis between titanocene-methylidene and substituted allenes
(see Scheme 14.7) [17]. Titanocene-alkenylidene complexes can also be prepared from
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Cp2TiCly - MesAl Me,Al AMeCl
MeAICSCR  —— 3 C=CMeR —— 3  Cp,T—=-=CMeR
CICp,Ti
58
R1
¢l RMgX cl BMg R R"  .RH R
/ / <
Cp.Ti —>» Cp.Ti —_— SN, CpgTi=-;/
\ A CpgTI R
Cl R \ R?
59
Scheme 14.26. Preparation of titanocene-alkenylidene complexes.
Table 14.6. Allenation of aldehydes and ketones.
Carbonyl compound  Reagent / conditions Product Yield  Ref.
Cp2T|<></\ H
o,
/ benzene, rt, 12 h

Me

Me
CpgTIO</\
2 g A g 75%  [17]

/ benzene, rt, 12 h

O 2\
PrMeC=C(AIMe,) TiCp.Cl Me 83% [49]

4 Cp2T|vS|Meg 81%  [50]
/ THF, 0°C - 1t 'ﬁ,”
MeO H
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the 1,1-dimetalloalkene 58 [49] or the alkylalkenyltitanocene 59 [50] (Scheme 14.26), and
may be successfully applied in the allenation of aldehydes and ketones (Table 14.6).
Alkylidene complexes of titanium generated by productive metathesis between titano-
cene-methylidene and highly strained cyclic olefins react with carbonyl compounds to
form the olefination products (Table 14.7, entries 1 and 2) [20,21]. This process has
been applied to the synthesis of (+)-A”'?-capnellene [21]. Higher homologues of di-
methyltitanocene are employed for the benzylidenation (entry 4) [25a] and cyclopropylide-
nation (entry 5) [25¢]. On heating with carbonyl compounds, these reagents produce phe-
nyl-substituted olefins and alkylidenecyclopropanes, respectively, via the corresponding
titanocene-alkylidenes. Tris(trimethylsilyl)titanacyclobutene, prepared by the reaction of
bis(trimethylsilylmethyl)titanocene with bis(trimethylsilyl)acetylene, is a useful reagent
for the conversion of various carbonyl compounds into alkenylsilanes (entry 6) [25d].
It is suggested that the olefination takes place through the titanocene-trimethylsilyl-

Table 14.7. Carbonyl olefination utilizing titanocene-alkylidenes.

Carbonyl compound  Reagent / conditions Product Yield Ref.

0 !}( Ph
1 CpeTi W 83%  [20]
h)LPh

P / toluene, 23 °C, 10h Ph

1 |

) b

o )i CpeTi /IED 53%  [21b]
CO-Me / toluene, MeO Y =z

COzMe rt. (4 h) - 55 °C (15 h) " Come E:7=39:10

O CICp,TiCH=CHMe, T
3 g HAIBu, / toluene, (j/\ 50% [22]
O

-40 °C - r.t. 30 min
Ph

CpoTi(CHaPh)s |
4 / toluene, 45 - 55 °C, 86%  [25a]
16-26h
° m opeTf ])2 67%  [25¢]
o~ ~0 / toluene, 50 °C 0

MesSi.  ,SiMes

(e} q SiMe3
6 L CP2T\gite /E 95%  [25d]
Me”™ “SPh ’ Me” “SPh
/ toluene, 60 °C
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methylidene and/or its alkyne complex. Although bis(trimethylsilylmethyl)titanocene
itself effects the same transformation, the reaction requires very high temperature
(>100°C) [25b].

Titanium carbene and vinylcarbene complexes formed by the desulfurization of thio-
acetals react with carbonyl compounds to afford alkenes and dienes (Table 14.8) [51].
Since thioacetals are stable under acidic as well as basic reaction conditions and are readily
accessible from various starting materials, carbonyl olefination utilizing the thioacetal-
titanocene(II) system enjoys a wide range of synthetic applications. Allylsilanes are
obtained using thioacetals bearing a trialkylsilyl group (e.g. 60) [52]. Olefinations of
carbonyl compounds using orthothioesters 61 and 62 afford enol ethers and alkenyl
sulfides, respectively [53]. Titanocene-cyclobutylidene is produced from 1,1-bis(phenyl-
thio)cyclobutane 63, and its reaction with ketones, esters, and thioesters affords alkyl-
idenecyclobutanes [54].

Table 14.8. Carbonyl olefination utilizing a thioacetal-titanocene(ll) system.

Thioacetal Carbonyl Compound Product Yield Ref.
0 (CH2)4CHg
1 )\/O 88% [51]
CHy( CHZ‘;)I\CHz 4CHs W\CH 4CHg
PhS ?
2 75% [51]
Ph)\SPh @:‘(/0 ~ "Ph
(e}
PhS
3 SiMe,Ph o = 81% [52]
hS)\/ Miea | D SiMe,Ph
60
)S\Ph 0 MeOQ.
4 /\)l\/\ /\J\/\ 63% [9]
61
SPh O EtO
5 s _.SPh  88% [53]
PhS” “SPh CH3(CH2)§" "OEt CHg(CHp)
62 (E:Z=63:37)
PhS SPh 0 OBu
6 74% [54]
Ph)LOBu Ph)ﬁj
63

Reagent: Cp,Ti[P(OEt)3]» (3—6 eq), Thioacetal (1.1-2 eq). Conditions: THF, r.t. - reflux.
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Owsph Cp2TilP(OE)3]2 (4 eq)

o)
SPh > I X
THF, r.t. (5 h) — /
OEt
OFEt

6 0 67% [56]
Ph)S\/\ )O CpaTilP(OE)al, (4 eq) \
PhS s ~ = s
THF, rt. (3 h)
65 68% [57]

66 52-67% [59]

Scheme 14.27. Intramolecular carbonyl olefination utilizing a thioacetal-titanocene(ll) system.

Intramolecular carbonyl olefinations of esters using phosphorus-containing carbanions
are generally unsuccessful because, except in the case of certain five- and six-membered
cyclic compounds in which the double bond formed is stabilized through n-conjugation,
these reactions afford acylation products [55]. This difficulty has been overcome by the use
of a thioacetal-titanocene(Il) system (Scheme 14.27). Enol ethers of cyclic ketones and
dihydrothiophenes are obtained by the intramolecular carbonyl olefination of alkyl w,w-
bis(phenylthio)alkanoates (e.g. 64) [56] and (S)-[3,3-bis(phenylthio)propyl] thioalkanoates
(e.g. 65) [57], respectively. Although the preparation of simple monocyclic enol ethers
by the titanocene(II)-promoted intramolecular reaction of w,w-bis(phenylthio)alkyl alkano-
ates is rather complicated owing to the concomitant formation of oligomers [58], this in-
tramolecular carbonyl olefination has been successfully applied to the synthesis of J-ring
of ciguatoxin 66 [59].

Titanium-based reagents generated by the reduction of gem-dihalides with low-valent
metal species are widely used for the alkylidenation of carbonyl compounds (Scheme
14.28). As in the case of methylidenation, the system gem-dibromide/TiCl,/Zn/TMEDA

1) Low-valent titanium reagent R2

5% )ﬁ/m
L 1
R1 R2 10) R

2 R?

R3” “R*

Zn(cat. Pb)/TiCl/TMEDA: R" = Alkyl; R? = H; R® = Alkyl, RS; R* = OR, SR, OSiR3, NR;

Cp2Ti[P(OEt)s], (29): R' = Alkyl; R? = Alkyl; R® = Alkyl; R* = H, Alkyl, OR [61, 62]

Scheme 14.28. Carbonyl alkylidenation utilizing gem-dihalides and low-valent titanium reagents.
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transforms carboxylic acid derivatives such as esters, thioesters, amides, lactones, and silyl
esters into the corresponding heteroatom-substituted olefins [60]. A similar transforma-
tion can be accomplished by the combined use of Cp,Ti[P(OEt);], (29) and gem-dichlorides
[61]. The advantage of this modification is that esters and lactones may be converted into
trisubstituted enol ethers. This procedure has also been applied to the dichloromethylena-
tion and chloromethylenation of ketones using carbon tetrachloride and chloroform, re-
spectively [62].

14.4
Reactions of Titanium Carbene Complexes with Triple Bonds

14.4.1
Reaction of Titanium Carbene Complexes with Alkynes

Similarly to alkenes, alkynes react with various titanium-methylidene precursors, such
as the Tebbe reagent [13,63], titanacyclobutanes [9b, 64], and dimethyltitanocene [65] to
form the titanium-containing unsaturated cyclic compounds, titanacyclobutenes 67
(Scheme 14.29). Alternatively, 2,3-diphenyltitanacyclobutene can be prepared by the reac-
tion of the complex titanocene(II) bis(trimethylphosphine) with 1,2-diphenylcyclopropene
[66]. Substituent effects in titanacyclobutenes [67], the preparation of titanocene-vinylke-
tene complexes by carbonylation of titanacyclobutenes [68], and titanacyclobutene-vinylcar-
bene complex interconversion [69] have been investigated.

Scheme 14.29. Formation of _ R’
titanacyclobutenes by the CpeT=CH + R'C=CR? — Co TIi:E
reaction of titanocene-methyli- THF 2 R2
dene with alkynes. 67

Titanacyclobutenes are useful intermediates for the synthesis of various organic com-
pounds. The titanium atom in titanacyclobutane can be replaced by phosphorus [70,71]
or arsenic [71] to form phospha- 68 and arsa-cyclobutanes 69, respectively (Scheme 14.30).

R R
. szTlijE v MGk > AV
Scheme 14.30. Transformation R - Cp,TiCly R
of titanacyclobutenes into
phospha- and arsa-cyclobu- RM: PhAs, PhP, EtP, t-BuP, EtOP 68:M=P
tenes. 69: M = As

The mode of reaction of titanacyclobutenes with carbonyl compounds is largely depen-
dent on steric factors (Scheme 14.31) [72]. Ketones and aldehydes tend to insert into the
titanium—alkyl bond of 2,3-diphenyltitanacyclobutene, and homoallylic alcohols 70 are
obtained by hydrolysis of the adducts 71 [65a,73]. On the contrary, when dialkyl-substi-
tuted titanacyclobutenes are employed, the reaction with aldehydes preferentially proceeds
through insertion into the titanium—vinyl bond. Thermal decomposition of the adducts
72 affords conjugated dienes 73 with E-stereoselectivity as a result of a concerted retro
[4+2] cycloaddition [72].
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R1

R2 HCI
Ph )oj\ /o Ph R! R2
1 + —>  Cp,Ti —
CpngzEPh R R PN Ph s OH
PH Ph
71 70
R? 1
R 0 { R
+ —>» Cp,Ti R —» RA_~
Cpngle 1 Rz)LRs P2 \O = R1
R R2 -Cpng—O 2
R® R
72 73

Scheme 14.31. The two modes of reaction of titanacyclobutene with carbonyl compounds.

In marked contrast to the above results, double nitrile insertion into both the tita-
nium-—alkyl and titanium—vinyl bonds occurs to form the diazatitanacycles 74. Treatment
of these titanacycles with dry hydrogen chloride affords the tetrasubstituted pyridine de-
rivatives 75 (Scheme 14.32) [74]. On the other hand, 2,3-diphenyltitanacyclobutene reacts
with various nitriles to afford the products of mono-insertion, which afford the corre-
sponding unsaturated ketones upon hydrolysis [73,74].

R? (CH3)2CHC=N
> Cpng\

|

—»
R1
Me
Me
R1
HCI (9) 1
—_— | AN R
- Cp2TiCly, - NH
Peiitiz, - Me NI NMe R - Me: 68%
Me Me Et:69%
75
Scheme 14.32. Preparation of tetrasubstituted pyridines by the reaction of titanacyclobutenes
with nitriles.

Methylenative dimerization takes place when terminal alkynes are treated with the tita-
nocene/methylidene/zinc halide complex generated from titanocene dichloride and
CH,(Znl),. The process is believed to involve the formation of a titanacyclobutene inter-
mediate [75].

The formation of highly substituted titanacyclobutenes utilizing titanocene-alkylidenes
has been investigated (Scheme 14.33). Alkylidenetitanacyclobutenes 76 are produced by
the reaction of titanocene-alkenylidene complexes with alkynes [76]. The alkenylcyclopro-
pane 77 can be synthesized by thermolysis of dicyclopropyltitanocene in the presence of
diphenylacetylene, which is assumed to proceed through formation of the titanacyclobu-
tene 78 [25¢].
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3n= 3
Me I(ng CpsTi RSC=CR A \
ot X - L ) e
R2” "R R1” O R2 |
-CH2=( RiNge 76

PhC=CPh
Tic i | —_— Ph/ﬁ/<]
pZ_(q )2 szT

Scheme 14.33. Formation of titanacyclobutenes by the reaction of titanocene-alkylidene precursors with
alkynes.

2 Cp.Ti[P(OEY)s] R2C—==-CR? H Cp2

SPh \/\ Ti R2
Rl I NTic - > <\
\)\SPh - CpTi(SPh)s P2 R1)\H
R2
80
B-Hydride Elimination H‘Tisz Reductive Elimination RL =
> Rl - Z R
N\RZ - CpoTi \/\RC\
R2 p2
79

= PhCHy, R? = Et; 71% (E,E:E,Z = 98:2)
R' = Me,CH, R? =Pr; 76% (E,E:E,Z = 100:0)

Scheme 14.34. Stereoselective preparation of conjugated dienes by the titanocene(ll)-promoted reaction
of thioacetals with alkynes.

The carbene complexes generated by desulfurization of thioacetals with the titanoce-
ne(Il) species react with internal alkynes to produce the conjugated dienes 79 with
high stereoselectivity (Scheme 14.34) [77]. The process appears to involve syn-elimination
of f-hydride from the alkyl substituent that originates from the carbene complex after the
formation of titanacyclobutene 80.

14.4.2
The Reaction of Titanium Carbene Complexes with Nitriles

Since the hybridization and structure of the nitrile group resemble those of alkynes, tita-
nium carbene complexes react with nitriles in a similar fashion. Titanocene-methylidene
generated from titanacyclobutane or dimethyltitanocene reacts with two equivalents of a
nitrile to form a 1,3-diazatitanacyclohexadiene 81. Hydrolysis of 81 affords f-ketoena-
mines 82 or 4-amino-1-azadienes 83 (Scheme 14.35) [65,78]. The formation of the azati-
tanacyclobutene by the reaction of methylidene/zinc halide complex with benzonitrile
has also been studied [44].

In the presence of trimethylphosphine or 4-dimethylaminopyridine, titanocene
vinylimido complexes 84 are produced by treating the in situ generated titanocene-methy-
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B RCN .
u CpoTi

,j or CpyTiMe; ——3 Cp,Ti=CHy, ——3 L
CpaTi

R
1) HCI, 2) H30* HaN O
R S
—>
RCN N= R R
— CpoTi — 82
Pe Nt Na»SO4 -10H,0
a I H,N  NH
81 RXR
83
Scheme 14.35. The reaction of titanocene-methylidene with nitriles.
Bu
CpgTi:| PMes oo Ti—N
o+ RICN —> I
R
CpgTi(C?An\Ae2 (DMAP)
E
R2 RZ
e LR R2)LR3 - T:Mea‘ RZCN N
PRES A
CpsTi, e — —>  Cp.Ti
N= E=0,NR* R1/§ N=
R! R'
85 84 86

Scheme 14.36. Formation and reactions of titanocene vinylimido complexes.

lidene with nitriles. These titanium species are reactive towards organic molecules
having a multiple bond, such as ketones, imines, and nitriles (Scheme 14.36) [79]. Func-
tionalized ketones are produced by hydrolysis of the resulting six-membered titanacycles
85 and 86.

The reaction of titanocene-alkylidenes generated from thioacetals with nitriles followed
by hydrolysis affords ketones. Like the reaction of titanocene-methylidene, this reaction
may proceed via the azatitanacyclobutene 87 and/or the vinylimido complex 88, which
reacts with an organic halide to form an a-substituted ketone [80] (Scheme 14.37).

CN C T|—N
SPh Co,TiP(OEY ) o P2
SPh ——— J/\ P2 e
Ph
Ph
N H20 Q
>
. N STice, 5 Pha_~
Ph or Mel / H,O R R =H; 68%
R = Me; 74%
88

Scheme 14.37. Preparation of ketones by the titanocene(ll)-promoted reaction of thioacetals with nitriles.
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14.5
Conclusion

The potential synthetic utility of titanium-based olefin metathesis and related reactions is
evident from the extensive documentation outlined above. Titanium carbene complexes
react with organic molecules possessing a carbon—carbon or carbon—oxygen double
bond to produce, as metathesis products, a variety of acyclic and cyclic unsaturated com-
pounds. Furthermore, the four-membered titanacycles formed by the reactions of the
carbene complexes with alkynes or nitriles serve as useful reagents for the preparation
of functionalized compounds. Since various types of titanium carbene complexes and
their equivalents are now readily available, these reactions constitute convenient tools
available to synthetic chemists.

Typical Experimental Procedures

Ring-closing metathesis of [2,2-bis(phenylthio)ethylldimethyl-(1-phenylbut-3-enyloxy)silane
(89) and subsequent oxidation [33]

Cp.Ti[P(OEt
Ph Me Mo SP P2 [zé )al2 _ HyOp Ph
/H\O'Si\)\SPh ——> Me~g —_— = OH

/ ~O7 Ph  KF, KHCO
Me i 3
Z 89 OH 90

Scheme 14.38. Ring-closing metathesis of [2,2-bis(phenylthio)ethyl]dimethyl-(1-phenylbut-3-enyloxy)-
silane (89) and subsequent oxidation to (Z)-5-phenylpent-2-ene-1,5-diol (90).

A 1-L round-bottomed flask, equipped with a magnetic stirring bar, a thermometer, and
a rubber septum, was charged with titanocene dichloride (3.74 g, 15 mmol) and finely
powdered 4 A molecular sieves (0.75 g). The stirred mixture was heated to 100°C by
means of a heating bath for 1 h under reduced pressure (2 mmHg). After cooling, the
reaction vessel was flushed with argon, and then magnesium turnings (0.40 g,
16.5 mmol; purchased from Nacalai Tesque Inc., Kyoto, Japan) were added. THF
(60 mL) and triethyl phosphite (5.1 mL, 30 mmol) were successively injected through
the septum. During the addition of triethyl phosphite, the reaction mixture was cooled
in a water bath to maintain the temperature below 30 °C. After stirring for 3 h at room
temperature, the resulting solution of Cp,Ti[P(OEt);], (29) in THF was treated with a so-
lution of the silane 89 (2.25 g, 5 mmol) in THF (107 mL), and the reaction mixture was
stirred for 4 h at room temperature and then refluxed for 1 h. After cooling to room tem-
perature, it was diluted with hexane (300 mL). The insoluble materials were removed by
filtration through Celite and washed with hexane (150 mL). The filtrate and washings
were concentrated under reduced pressure, and the residue was redissolved in hexane
(300 mL). The insoluble material was again removed by filtration through Celite and
washed with hexane (150 mL). After removal of the solvent from the filtrate and washings,
triethyl phosphite and the polar by-products were quickly separated by column chromato-
graphy (silica gel deactivated with 5% H,0; hexane/AcOEt, 100:1). A mixture of the crude
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cyclic ether thus obtained, KF (1.45 g, 25 mmol), and KHCO; (1.15 g, 11.5 mmol) was
dissolved in THF/MeOH (50 mL of each). Hydrogen peroxide (30%, 23 mL) was then
added dropwise to this solution over a period of 15 min. at 40 °C, and the reaction mixture
was stirred for 24 h. After cooling, the organic materials were extracted with AcOEt. The
combined extracts were washed with brine, dried (Na,SO,), and concentrated under re-
duced pressure, and the residue was purified by PTLC (hexane/AcOEt, 1:1) to give (Z)-
5-phenylpent-2-ene-1,5-diol (90) (0.576 g, 65 %).

Cyclobutylidenation of (S)-isopropyl 3-phenylpropanethioate (91) [54,81]

PhS, SPh R CPZTZZ(OE”S]Z SPy
Ph N
0o
63 2) /\)]\ ) 92 Scheme 14.39. Cyclobutylidenation
Ph SPr! of (S)-isopropyl 3-phenylpropane-
91 thioate (971).

To a solution of the titanocene(II) reagent 29 in THF (42 mL) in a 300-mL round-bot-
tomed flask, prepared from titanocene dichloride (6.54 g, 26.3 mmol), magnesium turn-
ings (0.766 g, 31.5 mmol), triethyl phosphite (8.96 mL, 52.5 mmol), and finely powdered
4 A molecular sieves (1.31 g) according to the procedure described above, was added a so-
lution of 1,1-bis(phenylthio)cyclobutane (63; 2.29 g, 8.40 mmol) in THF (14 mL). The re-
action mixture was stirred for 15 min. and then a solution of (S)-isopropyl 3-phenylpro-
panethioate (91; 1.46 g, 7.00 mmol) in THF (21 mL) was injected dropwise over a period
of 10 min. The reaction mixture was refluxed for 1 h, then cooled, whereupon 1 M aq.
NaOH solution (150 mL) was added. The insoluble materials produced were removed
by filtration through Celite and washed with diethyl ether. The aqueous layer was
separated and extracted with diethyl ether. The combined ethereal extracts were dried
(Na,SO,), filtered, and concentrated. The residual liquid was purified by column chroma-
tography (silica gel, hexane) to afford 1.33 g (77 %) of (1-isopropylthio-3-phenylpropan-
1-ylidene)cyclobutane (92).

References

[1] (@) R.H. Grubbs, S.H. Pine,
in Comprehensive Organic

1999, p. 361. (d) F.Z. Dérwart,
Metal Carbenes in Organic
Synthesis (Ed.: B.M. Trost), Per-  Synthesis, Wiley-VCH, Wein-
gamon Press, New York, 1991, heim, 1999.

Vol. 5, p. 1115. (b) J.R. Stille, in [2] N. Calderon, E.A. Ofstead,
Comprehensive Organometallic J.P. Ward, W. A. Judy, K. W.
Chemistry 11 (Eds.: E. W. Abel, Scott, J. Am. Chem. Soc. 1968,
F.G.A. Stone, G. Wilkinson), 90, 4133.

Pergamon Press, Oxford, 1995, [3]].L. Hérisson, Y. Chauvin,
Vol. 12, p. 577. (c) N. A. Petasis, = Makromol. Chem. 1970, 141,

(Eds.: E. W. Abel, F. G. A. Stone,
G. Wilkinson), Pergamon Press,
Oxford, 1995, Vol. 12, p. 1209.
[5] (@) G. Dall’Asta, G. Mazzanta,
G. Natta, L. Porri, Makromol.
Chem. 1962, 56, 224. (b) G.
Natta, G. Dall’Asta, I. W. Bassi,
G. Carella, Makromol. Chem.
1966, 91, 87. (c) G. Dall’Asta, G.
Motroni, J. Polym. Sci. A-11968,

in Transition Metals for Organic ~ 161.
Synthesis (Eds.: M. Beller, C.
Bolm), Wiley-VCH, Weinheim,

[4] J. S. Moore, in Comprehensive
Organometallic Chemistry 1T

6, 2405. (d) G. Dall’Asta, G.
Motroni, L. Motta, J. Polym. Sci.
A-11972, 10, 1601.



[6] G. Natta, G. Dall’Asta, G.
Mazzanti, Angew. Chem. Int. Ed.
Engl. 1964, 3, 723.

[7] (@) W. L. Truett, D. R. Johnson,
I.M. Robinson, B. A. Monta-
gue, J. Am. Chem. Soc. 1960, 82,
2337. (b) H. G.G. Dekking, J.
Polym. Sci. 1961, 55, 525. (c) T.
Tsujino, T. Saegusa, J. Furu-
kawa, Makromol. Chem. 1965,
85, 71. (d) S. Kobayashi, T.
Saegusa, J. Furukawa, Kogyo
Kagaku Zasshi 1967, 70, 372.

8] F.N. Tebbe, G.W. Parshall,
G.S. Reddy, J. Am. Chem. Soc.
1978, 100, 3611.

[9] (a) K. A. Brown-Wensley, S.L.
Buchwald, L. Cannizzo, L.
Clawson, S. Ho, D. Meinhardt,
J-R. Stille, D. Straus, R. H.
Grubbs, Pure Appl. Chem. 1983,
55, 1733. (b) E. V. Anslyn, R. H.
Grubbs, J. Am. Chem. Soc. 1987,
109, 4880.

[10] (a) J. W. Bruin, G. Schat, O.S.
Akkerman, F. Bickelhaupt, Tet-
rahedron Lett. 1983, 24, 3935. (b)
B.J.J. van de Heisteeg, G.
Schat, O.S. Akkerman, F.
Bickelhaupt, J. Organomet.
Chem. 1986, 308, 1.

[11] E. B. Tjaden, G.L. Casty, M.
Stryker, J. Am. Chem. Soc. 1993,
115, 9814.

[12] (a) N. A. Petasis, S.P. Lu, E. .
Bzowej, D.-K. Fu, J.P. Stas-
zewski, I. Akritopoulou-Zanze,
M. A. Patane, Y. H. Hu, Pure
Appl. Chem. 1996, 67, 667. (b)
N.A. Petasis, E.I. Bzowej, J.
Am. Chem. Soc. 1990, 112, 6392.
(c) N.A. Petasis, S.-P. Lu,
Tetrahedron Lett. 1995, 36, 2393.

[13] F.N. Tebbe, G. W. Parshall,
D.W. Ovenall, J. Am. Chem.
Soc. 1979, 101, 5074.

[14] T.R. Howard, J. B. Lee, R. H.
Grubbs, J. Am. Chem. Soc. 1980,
102, 6876.

[15] D. A. Straus, R. H. Grubbs,
Organometallics 1982, 1, 1658.
[16] T. Ikariya, S.C.H. Ho, R. H.
Grubbs, Organometallics 1985,

4, 199.

[17] S.L. Buchwald, R. H. Grubbs,

J. Am. Chem. Soc.1983, 105,5490.

14 Titanium-Based Olefin Metathesis and Related Reactions

[18] K. C. Nicolaou, M. H. Post-
ema, C.F. Claiborne, J. Am.
Chem. Soc. 1996, 118, 1565.

[19] K. C. Nicolaou, M. H. D.
Postema, E. W. Yue, A. Nadin, J.
Am. Chem. Soc. 1996, 118,
10335.

[20] L. R. Gilliom, R. H. Grubbs,
Organometallics 1986, 5, 721.
[21] (a) J.R. Stille, R. H. Grubbs,
J. Am. Chem. Soc. 1986, 108,
855. (b) J.R. Stille, B.D. San-
tarsiero, R. H. Grubbs, J. Org.

Chem. 1990, 55, 843.

[22] F. W. Hartner, J. Schwartz, J.
Am. Chem. Soc. 1981, 103, 4979.

[23] L.R. Gilliom, R. H. Grubbs,
J. Am. Chem. Soc. 1986, 108,
733.

[24] (a) R.H. Grubbs, W. Tumas,
Science 1989, 243, 907. (b) F. L.
Klauvetter, R. H. Grubbs, J. Am.
Chem. Soc. 1988, 110, 7807. (c)
T.M. Swager, R. H. Grubbs, J.
Am. Chem. Soc. 1988, 110, 807.
(d) T.M. Swager, D.A. Dough-
erty, R. H. Grubbs, J. Am. Chem.
Soc. 1988, 110, 2973.

[25] (a) N. A. Petasis, E.I. Bzowej,
J. Org. Chem. 1992, 57, 1327. (b)
N. A. Petasis, I. Akiritopoulou,
Synlett 1992, 665. (c) N.A. Pe-
tasis, E.I. Bzowej, Tetrahedron
Lett. 1993, 34, 943. (d) N. A.
Petasis, J.P. Staszewski, D.-K.
Fu, Tetrahedron Lett. 1995, 36,
3619.

[26] N. A. Petasis, D.-K. Fu, J. Am.
Chem. Soc. 1993, 115, 7208.

[27] T. Takeda, E. Nishio, Y. Kato,
T. Fujiwara, A. Tsubouchi, un-
published results.

[28] T. Fujiwara, M. Takamori, T.
Takeda, Chem. Commun. 1998,
51.

[29] T. Fujiwara, T. Takeda, Synlett
1999, 354.

[30] T. Fujiwara, Y. Kato, T. Ta-
keda, Tetrahedron 2000, 56,
4859.

[31] T. Fujiwara, Y. Kato,

T. Takeda, Heterocycles 2000, 52,
147.

[32] K. Tamao, N. Ishida, Y. Ito,
M. Kumada, Org. Synth. Coll.
Vol. VIII 1993, 315.

[33] T. Fujiwara, K. Yanai, K.
Shimane, M. Takamori,

T. Takeda, Eur. J. Org. Chem.
2001, 155.

[34] T. Fujiwara, M. Odaira, T.
Takeda, Tetrahedron Lett. 2001,
42, 3369.

[35] R.D. Dennehy, R.]. Whitby,
J. Chem. Soc., Chem. Commun.
1990, 1060.

[36] (a) S.C.H. Ho, D.A. Straus,

R.H. Grubbs, J. Am. Chem. Soc.

1984, 106, 1533. (b) M.]. Burk,

D.L. Staley, W. Tumas, J. Chem.

Soc., Chem. Commun. 1990,
809.

[37] (a) Y. Horikawa, T. Nomura,
M. Watanabe, I. Miura, T. Fuji-
wara, T. Takeda, Tetrahedron
Lett. 1995, 36, 8835. (b) Y. Hor-
ikawa, T. Nomura, M. Wata-
nabe, T. Fujiwara, T. Takeda, J.
Org. Chem. 1997, 62, 3678.

[38] S. H. Pine, Org. React. 1993,
43, 1.

[39] (a) S.H. Pine, R. Zahler,
D.A. Evans, R.H. Grubbs, J.
Am. Chem. Soc. 1980, 102, 3270.
(b) S.H. Pine, R.]. Pettit, G.D.
Geib, S.G. Cruz, C.H. Gallego,
T. Tijerina, R.D. Pine, J. Org.
Chem. 1985, 50, 1212. (c) S. H.
Pine, G.S. Shen, H. Hoang,
Synthesis 1990, 165. (d) L.
Clawson, S.L. Buchwals, R. H.
Grubbs, Tetrahedron Lett. 1984,
25, 5733.

[40] (a) N.A. Petasis, S.P. Lu,
Tetrahedron Lett. 1995, 36, 2393.
(b) N.A. Petasis, Y. H. Hu,
D.-K. Fu, Tetrahedron Lett. 1995,
36, 6001.

[41] A. Maercker, Org. React.
1965, 14, 270.

[42] W.S. Wadsworth, Jr., Org.
React. 1977, 25, 73.

[43] D.]. Ager, Org. React. 1990,
38, 1.

[44] J.]. Eisch, A. Piotrowski,
Tetrahedron Lett. 1983, 24, 2043.

[45] M.]. Kates, J. H. Schauble,
J. Org. Chem. 1994, 59, 494.

[46] J. R. Stille, R. H. Grubbs,

J. Am. Chem. Soc. 1983, 105,
1664.

499



References

[47] L. F. Cannizzo, R. H. Grubbs,
J. Org. Chem. 1985, 50, 2316.

[48] (a) K. Takai, Y. Hotta, K.
Oshima, H. Nozaki, Tetrahedron
Lett. 1978, 2417. (b) K. Takai, Y.
Hotta, K. Oshima, H. Nozaki,
Bull. Chem. Soc. Jpn. 1980, 53,
1698. (c) J. Hibino, T. Okazoe,
K. Takai, H. Nozaki, Tetrahedron
Lett. 1985, 26, 5579. (d) T. Oka-
zoe, J. Hibino, K. Takai, H.
Nozaki, Tetrahedron Lett. 1985,
26, 5581. (e) L. Lombardo, Tet-
rahedron Lett. 1982, 23, 4293. (f)
L. Lombardo, Org. Synth. 1987,
65, 81. (g) K. Takai, T. Kakiuchi,
Y. Kataoka, K. Utimoto, J. Org.
Chem. 1994, 59, 2668.

[49] T. Yoshida, E. Negishi, J. Am.
Chem. Soc. 1981, 103, 1276.

[50] N. A. Petasis, Y.-H. Hu, J.
Org. Chem. 1997, 62, 782.

[51] (a) Y. Horikawa, M. Wata-
nabe, T. Fujiwara, T. Takeda, J.
Am. Chem. Soc. 1997, 119, 1127.
(b) T. Takeda, M. Watanabe, N.
Nozaki, T. Fujiwara, Chem. Lett.
1998, 115.

[52] T. Takeda, M. Watanabe,

M. A. Rahim, T. Fujiwara,
Tetrahedron Lett. 1998, 39, 3753.

[53] M. A. Rahim, H. Taguchi, M.
Watanabe, T. Fujiwara, T. Ta-
keda, Tetrahedron Lett. 1998, 39,
2153.

[54] T. Fujiwara, N. Iwasaki, T.
Takeda, Chem. Lett. 1998, 741.

[55] P.J. Murphy, S.E. Lee,

J. Chem. Soc., Perkin Trans. 1,
1999, 3049.

[56] M. A. Rahim, H. Sasaki,

J. Saito, T. Fujiwara, T. Takeda,
Chem. Commun. 2001, 625.

[57] M. A. Rahim, T. Fujiwara,

T. Takeda, Synlett 1999, 1029.

[58] M. A. Rahim, T. Fujiwara,

T. Takeda, Tetrahedron 2000,
56, 763.

[59] T. Oishi, H. Uehara, Y. Na-
gumo, M. Shoji, J.-Y. Le Brazi-
dec, M. Kosaka, M. Hirama,
Chem. Commun. 2001, 381.

[60] (a) T. Okazoe, K. Takai, K.
Oshima, K. Utimoto, J. Org.
Chem. 1987, 52, 4410. (b) K.
Takai, Y. Kataoka, T. Okazoe, K.
Utimoto, Tetrahedron Lett. 1988,
29, 1065. (c) K. Takai, O. Fuji-
mura, Y. Kataoka, K. Utimoto,
Tetrahedron Lett. 1989, 30, 211.
(d) K. Takai, M. Tezuka, Y. Ka-
taoka, K. Utimoto, Synlett 1989,
27.

[61] T. Takeda, R. Sasaki, T. Fuji-
wara, J. Org. Chem. 1998, 63,
7286.

[62] T. Takeda, Y. Endo, A.C.S.
Reddy, R. Sasaki, T. Fujiwara,
Tetrahedron 1999, 55, 2475.

[63] F.N. Tebbe, R.L. Harlow, J.
Am. Chem. Soc. 1980, 102, 6149.

[64] (@) T.R. Howard, J.B. Lee,
R. H. Grubbs, J. Am. Chem. Soc.
1980, 102, 6876. (b) J. D. Mein-
hart, E. V. Anslyn, R. H. Grubbs,
Organometallics 1989, 8, 583.

[65] (a) N.A. Petasis, D.-K. Fu,
Organometallics 1993, 12, 3776.
(b) K. M. Doxsee, J.].]J. Juliette,
J. K. M. Mouser, K. Zientara,
Organometallics 1993, 12, 4682.

[66] P. Binger, P. Miiller, A. T.
Herrmann, P. Philipps, B.
Gabor, F. Langhauser,

C. Kriiger, Chem. Ber. 1991,
124, 2165.

[67] R.]J. McKinney, T. H. Tulip,
D.L. Thorn, T.S. Coolbaugh,
F.N. Tebbe, J. Am. Chem. Soc.
1981, 103, 5584.

[68] J. D. Meinhart, B.D. Santar-
siero, R. H. Grubbs, J. Am.
Chem. Soc. 1986, 108, 3318.

[69] K. M. Doxsee, J.].]. Juliette,
J. K. M. Mouser, K. Zientara,
Organometallics 1993, 12, 4742.

[70] K. M. Doxsee, G.S. Shen, J.
Am. Chem. Soc. 1989, 111, 9129.

[71] W. Tumas, ]. A. Suriano, R. L.
Harlow, Angew. Chem. Int. Ed.
Engl. 1990, 29, 75.

[72] K. M. Doxsee, J. K. M. Mou-
ser, Tetrahedron Lett. 1991, 32,
1687.

[73] J. D. Meinhart, R. H. Grubbs,
Bull. Chem. Soc. Jpn. 1988, 61,
171.

[74] (a) K. M. Doxsee, J. K. M.
Mouser, Organometallics 1990,
9, 3012. (b) K. M. Doxsee, L.C.
Gerner, J.].]. Juliette, J. K. M.
Mouser, T.].R. Weakley, H.
Hope, Tetrahedron 1995, 51,
4321.

[75] J.J. Eisch, A. Piotrowski,
Tetrahedron Lett. 1983, 24, 2043.

[76] (a) J.M. Hawkins, R. H.
Grubbs, J. Am. Chem. Soc. 1988,
110, 2821. (b) R. Beckhaus,

J. Sang, T. Wagner, B. Ganter,
Organometallics 1996, 15,
1176.

[77] T. Takeda, H. Shimokawa, Y.
Miyachi, T. Fujiwara, Chem.
Commun. 1997, 1055.

[78] (a) K. M. Doxsee, J.B. Farahi,
J. Am. Chem. Soc. 1988, 110,
7239. (b) J. Barluenga, C. del P.
Losada, B. Olano, Tetrahedron
Lett. 1992, 33, 7579.

[79] (a) K. M. Doxsee, J.B. Farahi,
J. Chem. Soc., Chem. Commun.
1990, 1452. (b) K. M. Doxsee,
J. B. Farahi, H. Hope, J. Am.
Chem. Soc. 1991, 113, 8889. (c)
K. M. Doxsee, ]. K. M. Mouser,
J. B. Farahi, Synlett 1992, 13.

[80] T. Takeda, H. Taguchi, T.
Fujiwara, Tetrahedron Lett. 2000,
41, 65.

[81] T. Takeda, Y. Kato, T. Fuji-
wara, unpublished results.



	Foreword
	Contents
	Preface
	Index
	Synthesis and Reactivity of Zirconecene Derivatives



