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I. Interactions with n-Donors
Comments

Patterns 1 and 2 (σ-Complexation and σ-Dissociation)

Intermolecular

1. σ-interaction with n-donors

2. non-redox process

3. generation of Zr-

   (ate complexation)

4. σ-dissociation generally 

    unfavorable

5. similar intramolecular

    processes possible

LnCp2Zr Y+
σ-complex.

σ-dissoc.
LnCp2Zr Y

+-

Ex. Cp2ZrCl2
Na-Hg

"Cp2Zr" Cp2Zr(PMe3)2

II. Interactions with π-Bonds
Patterns 3 and 4 (π-Complexation and π-Dissociation)
Intermolecular

1. not an option for d0

    complexes

2. π-dissociation generally

    unfavorable

3. similar intramolecular

   processes possible

LnCp2Zr LnCp2Zr
Y

X
LnCp2Zr

π-complex.

π-dissoc.
+

Ex. Cp2ZrBu2 "Cp2Zr"
PhC CPh

Cp2Zr
Ph

PhPMe3

Patterns 5 and 6 (Hydrozirconation and Dehydrozirconation)

Intermolecular

XCp2Zr H C C C C
HXCp2Zr

ClCp2ZrH R
R

ClCp2Zr
H

+

+

1. both processes kinetically 
    favorable
2. similar intramolecular
    processes possible
3. similar reactions of alkynes
    as well as heteroatom- 
    containing X=Y and X≡Y
    possible

hydrozirconation

dehydrozirconation

Ex.

Patterns 7 and 8 (Carbozirconation and Decarbozirconation)

Intermolecular

XCp2Zr R C C C C
RXCp2Zr

+
carbozirconation

decarbozirconation

Ex.

1. carbozirconation generally
    more favorable than
    decarbozirconation
2. either bimetallic activation
    or "strained" zirconacycles
    generally needed
    (cf. Patterns 7' and 8')
3. allyl rearr. and homoallyl-
    cyclopropylcarbinyl rearr.
    ....examples of intramolecular
    carbozirconation
4. similar reactions of alkynes
    as well as heteroatom- 
    containing X=Y and X≡Y
    possible

Intramolecular

XCp2Zr R
XCp2Zr R

C C

XCp2Zr

XCp2Zr

XCp2Zr

XCp2Zr

Ex.

carbozirconation

decarbozirconation

allyl rearr.

homoallyl-
cyclopropylcarbinyl
rearr.

Patterns

X

Y

X

Y

2 PMe3
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Patterns 7' and 8' 1. both forward and reverse
    processes favorable
2. corresponding processes
    with Cp2Zr=CR2 possible
    but few known examples
3. similar reactions of 
    heteroatom-containing
    X=Y and X≡Y possible

III. Interactions with σ-Bonds

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

Cp2Zr

Intermolecular

XCp2Zr Y C C C C
YXCp2Zr

ClCp2ZrOR

+

+

heterozirconation

deheterozirconation

Ex.

Patterns 9 and 10 (Heterozirconation and Deheterozirconation)

Intermolecular

1. oxid. add. not an option for

    d0 complexes

2. few authentic examples of 

    intermolecular processes

Intramolecular

H

Cp2Zr
Ex.

carbozirconation

decarbozirconation
Cp2Zr+

Cp2Zr RC CR
Cp2Zr

+

R
R

Ex.

C C C C
ORClCp2Zr

LnCp2Zr LnCp2Zr
Y

Xoxid. add.

red. elim.
+

Patterns 11 and 12 (Oxidative Addition and Reductive Elimination)

X Y

Patterns 13 (σ-Bond Metathesis Including Transmetallation) 1. both directions can be
    favorable
2. transmetallation 
    if Y or Z is a metal

Intermolecular

LnCp2Zr X Y Z LnCp2Zr Y X Z

σ-bond
metathesis

+ +

Ex. Cp2ZrCl2  +  Me3Al ClCp2ZrMe  +  ClAlMe2

LnCp2Zr
Y

X
+ W Z

Et
Cp2Zr + EtH

β-H abstraction

Patterns 14 and 15 (Migratory Insertion and  Migratory Deinsertion)
Intramolecular

1. Intramolecular process only
2. preceded by complexation
3. X=Y and X≡Y can react
    similarly

Cp2Zr X

R

Y

Cp2Zr X

R

Y

δ+δ-
Cp2Zr X

R

Y

δ+δ-
Cp2Zr X

Y

R

Cp2Zr X

R
+-

Y

migr. insert.

migr. deinsert.

X
LnCp2Zr

Z

Y

W

�
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MgBr

ZrCp2

H

R

EtMgBr

R

Et
ZrCp2X

R

Et
MgBr

ZrCp2

R

R
MgBr

Et

EtMgBr

R

ZrCp2

R

R

cat. Cl2ZrCp2

EtZrCp2X

+

+

Et2ZrCp2
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C C

Zr

C C

ZrH C

C C

Zr

π-Complexation
(Dewar-Chatt-Duncanson) Hydrometallation Carbometallation

d2 Cp2Zr(II) but

not d0 Cp2Zr(IV)
d0 Cp2Zr(IV)

d0 Cp2Zr(IV)

(d2 Cp2Zr(II))
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O

Et
Cp2Zr

O

Cp2Zr
O

Et

Cp2Zr
O

Cp2Zr
O

Cp2ZrBu2

β-H abstraction

carbometal.
decarbometal.

β-elimination
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LnM1 X1 X2 M2Ln

LnM1
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M2Ln

δ+
δ-
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X1

X2
M2Ln

+ -

LnM1
X1

X2
M2Ln

δ+

δ-

LnM1
X1

X2
M2Ln

+

LnM1 X2 X1 M2Ln+

ate complexation

dynamic polarization
transmetallation

resting state
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Cp2
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Ph
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Cp2
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ZrCp2
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nBu2ZrCp2

+ _

Et2ZrCp2

>98% stereoselective

(E)- or (Z)-PhCH=CHMe

Ph2ZrCp2

2

�
���� ��*� *��	

�
��"��� ��� �����

��
��
�
	�
���� ��
����
 ��������� "�
�
�� �����



��� ������� ���� ����3#������ �� ������� �����3#����� ����)���)�" -
��
 ��# �� �������&
���� �# �
� ����������� �� ��� $� ����� �  �� 5��
 ���� ���������# 
������� A�������
��������" ����� ������3#������ �� ��������" �� �� �
� �#��
���� �� �C���$��$� ��
6,�62� #���� � 9" :� 	*�
��� ����
�
5��
 �� 	74 ��2
" ���# ������3#������ �� $����$��" -
��
 ��# �� �������� �� �������"


�� ���� �����)�� �22"2 �� 4� ����3#������ �� $����$�� 
�� ���� �����)��� %�������� ��
�
� ������� ��� ��
�� �������� ����������" ��� ������ ����� ��� �� ����������� ���
��
���� �� �� �� �� ���� �� �� �� � 6� 	*�
��� ����
�

+� ��������� ��� ���
������ �� ���
���
��� �����������

C C

MR

Cp2Zr
H

X
C C

C C

C C

RX

RH

Cp2ZrIV

C

C

Cp2ZrIV

C

C

MR

C C HXCp2Zr

C C
HXCp2Zr

Cp2ZrII

Cp2ZrII

C

C

C

C

Transmetallation ( Pattern 13) Cp2ZrX2 Cp2Zr(X)R Cp2ZrR2

Hydrozirconation ( Pattern 9)

Oxidative Addition ( Pattern 11)

Cp2ZrIILn

Cp2ZrIV(X)R

Cp2ZrIV(H)R

π-Complexation ( Pattern 3)

Cp2ZrIILn

_

_

Complexation ( Pattern 1) Cp2ZrIILn

m L
Cp2ZrIILn+m
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H

ZrCp2Cl

R1

(H)R2

ZrCp2Cl

H

AlR3Li

R1

(H)R2

H

ZrCp2Cl

R1

(H)R2

H

AlX2

R1

(H)R2

ZrCp2ClCp2ZrCl2
tBuMgCl

Cp2ZrCl2  +  Me3Al MeZrCp2Cl  +  Me2AlCl

+  ClAlX2 +  Cl2ZrCp2

+  Cl2ZrCp2 +  AlR3  +  LiCl

X = Cl or alkyl�
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RC CH

RC CMe
A

ZrCp2Cl

R

H ZrCp2Cl

H

R

H ZrCp2Cl

Me

R

H ZrCp2Cl

Me

ZrCp2Cl

ZrCp2Cl

ZrCp2Cl

ZrCp2Cl

B

Me

H ZrCp2Cl

R

HZrCp2Cl

HZrCp2Cl

HZrCp2Cl

HZrCp2Cl

HZrCp2Cl

HZrCp2Cl +

> 98% terminal
> 98% E

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

HZrCp2Cl

xs. HZrCp2Cl

R = 2o-alkyl >95% pure
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PhCH2O Ph

OEt

OEt

C C CH
CHMe2

OMe
Ph

OEt

OEt
OEt

Cl R

MeO
R

ClC CR

Cp2Zr R
Cl

Cp2Zr

.
Ph

OMe

Cp2Zr

EtO EtO

Cp2ZrC CR

Cl

Cp2Zr
OMe

R

Cp2Zr
OCH2Ph

Ph

Cp2Zr OEt

OEt

OEt

H

CHMe2

Cp2Zr(Bu)2

Cp2Zr(Bu)2

Cp2Zr(Bu)2

[76]

[77]

[79]

Cp2Zr(Bu)2

[78]

Cp2Zr(Bu)2

[80]

Cp2Zr(Bu)2

[81][82]

Cp2Zr(Bu)2

[82]
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2 BuLi

Cp2Zr
Et

HBu

Cp2Zr
Et PhCH CHPh

PMe3

PhC CPh

Cp2Zr

Cl

Cp2Zr

Me3P

Cp2Zr
C

C

Ph H

H Ph

C

C

Ph

Ph

R

PMe3 Cp2Zr

Me3P

Cp2Zr

Me3P

C

C

Ph H

H Ph

R

Cp2ZrCl2

[28]

[28] [34]

Cp2ZrCl2
tBuLi

tBuLi, PMe3

[90]

R = H, Et, Hex, Cy, Ph
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Type I

C-Zr Bond Formation + C-Zr Bond Cleavage

Ex.
hydrozirconation

(Pattern 5) (Pattern 13)
iodinolysis

Type II

C-Zr Bond Formation + C-Zr Bond CleavageRZrCp2Ln Interconversion +

Ex.

transmetal.
(Pattern 13) (Pattern 13)

β-H abstr. carbometal.
(Pattern 7)

deuterolysis
(Pattern 13)

Cp2ZrCl2

Organic Synthesis via Organozirconiums
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Stoichiometric Transmetallation Involving Zr

Class 1

Class 2

Catalytic Transmetallation Involving Zr

RMXm +

YMXm

YZrCp2Ln

+

RZrCp2Ln

YZrCp2Ln

YMXm

RMXm

cf. Sect. 1.3.1 EN of  M ≤ EN of Zr

EN of  M ≥ EN of Zrreverse of Class 1

RZrCp2Ln

cat. YMXm+RZrCp2LnClass 3 Pd-catalyzed cross-coupling

Class 4 RMXm + Zr-catalyzed carbometallation

Class 5 cat. RMXm + cat. YZrCp2Ln

cat. YZrCp2Ln

Zr- and Al-cocatalyzed
alkene polymerization
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HgCl2

R1
ZrCp2Cl
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Me3Si
ZrCp2Cl
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ClB
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ClAlR2

ClSnBu3

R1
AlR2

HgCl

D

D

R1 O
B

O

Me3Si
SnBu3

+ Cl2ZrCp2

+ Cl2ZrCp2

90% retention

+ Cl2ZrCp2
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ZrCp2ClH

R

ArX

X

H

R1H

X
H

R

Ar

H

H

H

H

H
R

R1

R

H

H

R1

ZrCp2ClR3

R2

ArI

X

R1X

ZnCl2

ZnCl2 R1

ArR3

R2

R3

R2 R1

R

R1H

H

cat. NiLn or PdLn

cat. PdLn

cat. PdLn

cat. PdLn,

cat. PdLn,

[12]

[11, 102]

[103]

[10, 102]

[12]

[12]

cat. PdLn, ZnCl2
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R1

H

Me

R

ArX

I

H

Me

R

H

Me

R

SiMe3

XZn SiMe3

R

Me

H

R

Me

H

SiMe3

ClZn
AlMe2

H

Me

RX

X

X Ar

RC CH
Me3Al

I2

XMgCH2SiMe3

Me

HR

R

Me

H

Me

H

COR1

R

Me

H

Ar

R

H
ArR

Me

R1ZnX(MgX)
cat. NiLn or PdLn

cat. NiLn

cat. PdLn

cat. PdLn

cat. NiLn or PdLn, ZnX2

ClCOR1

cat. PdLn

cat. PdLn

[12]
[107]

[108]

[107]

[107]

[12]

[103]

[106]

cat. NiLn or PdLn

[104, 105]

(R1 = alkyl)

cat. Cp2ZrCl2

cat. PdLn, ZnX2
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R
ZrCp2Cl

R2

Et3SiO

O

O

OZ1

ClCp2Zr C5H11

OZ2

CO2MeClCp2ZrO

OZ1

C5H11

OZ2

CO2Me

R2

Et3SiO

O

R1

O

OZ1

CH2OH

C5H11

OZ2

Et3N
MeSO2Cl

O

OZ1

C5H11

OZ2

[112, 113]

cat. Li2CuMe2(CN),

1.

cat. NiLn
2. CH2O
3. H2O

68%

49%

cat. NiLn

1.

2. H2O

Z1 = CH2Ph,  Z2 = SiMe2
tBu 89%

[16, 17]
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R
ZrCp2Cl

R
ZrCp2Cl

H

H

AlCl3

AlCl3

R
AlCl2

R
AlCl2

H

H

R R'

O

R R'

O

H

H

HZrCp2Cl

HZrCp2Cl

R'COCl

R'COCl

�
���� ���%� ����	
��� �� �
%	��	�	��� %���
	
�� �� ���	  � �
�
���� 

	����
	��	
����



�
� ��)�������� �� � ��- ����� �� ���#�+���������� ����)���)�� 
�� �������� ����
��
��)����������� �� �
�� ���� �9 �96�� .�� ������� ����������� �� �
� �#��
���� �� 	�
&�����&
������ �� ����-���
# ��� �� 1��� ������ ��)����������� 
�)� ��� �� �� ���������� �� �����&
������ ���������������" �� �
�-� �� *�
��� ���: ���9"��:��
$�����# ������� �� �
� �������� �� ���#�+���������� ����)���)�� -��
 ����
#��� ��� )������

������#� �������� ��������� �� �"!&�����+���������� ��������� ���6�" ��������� ���������
�� �)�� 3������" ������" ��� �������� 	*�
��� ���6
�
����
�� ����� �� �����#�+���������� ����)���)�� ������� �� �������� -��
 3������ ��� �"�&

�����������3���� ��� &��3���� ���������� �� ��� ��" �� -��� �� �
��� �� ��� �� ���������
����"���� 	*�
��� ��!�
� �
��� ���)� �� ��& �� ��&������� ������� �'��)������" ��� ���
&
������� ������� ��� ��� ������

��� ��������� ��� ���
������ �� ���
���
��� �����������

CHO ZrCp2Cl
THF

Cp2Zr O

Cl

H

H

Ph

OH OH

+
-70 to 0 oC

+

(90%, anti/syn = 81/19)

�
���� ���&� ����
��� �� 	����$�
�������� ��
��	
���� 
� 	���������

OEt

OEt
OEt

OEt

OEtCp2Zr

OEt

RCHO
OH

R
EtO OEt

OEt
OEt

R

OH

H+
OH

R
O

RCHO
Lewis acid

[117]

[118]

Cp2ZrBu2
[117]
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ZrCp2

O
R1 R2

H+

ZrCp2

ZrCp2

ZrCp2

O
R OR1

ZrCp2

N
RRCN

H+

H+

R1

R2
HO

R

O

O

R R1

R2
OH

R

O

R

O

R1

R2
OH

R1R2CO

RCOOR1

1. R3CN

1. R1COR2

2. H+

2. H+
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RHC
TiCp2

Cl

AlMe2

TiCp2

Cl

AlMe2

Me

R

C CHR
R1

R2

ZrCp2

Cl

AlMe2R

Me

RHC
ZrCp2

Cl

AlMe2

C C C
R

Me

R1

R2

R1COR2

R1COR2 [120]

R1COR2

[121]

R1COR2

[121]
No reaction
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CHO

O

Ph2CO

MeC N

Ph2MeCO
ZrCp2BPh4

O

N
ZrCp2BPh4

O

Me2C

Hex

OH

MeZrCp2BPh4
+ -

+ -

+ -

+    HexZrCp2Cl

10% AgAsF6
CH2Cl2

(94.5%)

[122]

[61]

[122]
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TMS
ZrCp2Cl

BDPSO ZrCp2Cl

TMS Ph

OH

BDPSO
OH

1.  Et2Zn
2.  OHC(Me)C=CHMe

[125]
85%

1.  ZnBr2 (20%)
2.  PhCHO

[124] 89%
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O

Ph

R1
O R1

O
ZrCp2

R

R
R1

O
ZrCp2

R
R1

OZrCp2Cl

 AgClO4

H
R1

O
ZrCp2

R

H
R1

OZrCp2

R

H

Ph
OH

, cat. AgClO4

CH2Cl2,  22 oC, 10 min

2.

1.  Cp2Zr(H)Cl, CH2Cl2
22 oC, 10 min

RZrCp2Cl RZrCp2
+

+

++

RZrCp2Cl

+
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CO
R C

O

ZrCp2Cl
NBS

Br2

H2O2

NaOH

MeOH

RCHO

RCOBr

RCOOH

RCOOMe

RZrCp2Cl
25 oC

1550 cm-1 5.8 ppm

δ− δ+

dil. HCl
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R

RC CH

BDPSO ZrCp2Cl

R ZrCp2

NSiMe3

Cl

ZrCp2ClH

R H

I2
R

C N

CHOH

R H

BDPSO CHO

S
N

OMe

HH

1. BuNC
2. AcOHHZrCp2Cl

1. HZrCp2Cl
2. Me3SiCN

[135]

[136]

1.  BuNC
2.  HOAc

several steps

curacin A

[125]
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Ph

Ph
Ph

HCl

H

Ph

H

Ph

Cp2ZrCl2

�
���� �� %� &�
�	
��� �� 

���	�������$�
���	
�� 	�� 
���
 ��%
	
�
� ����

��� 
�	�
��� 
� %��� $�
���
�	������
���������
	����% $�
���	
��� ���
����� �� �����2�%	
�� �������



��������� �
�-� �� *�
��� ��!:" -
��
 ��� ������� )������ �"2&������ ��� �"2&��#��� ��
� �����& ��� ���������������� ������ ��!6��
.� )��- �� �
� ����
��� �� ��������# ��������� ��������� �
�� ������������� �������

��,��" �� -�� �� �������� �� ��� -
��
�� ������+�������� ��������� -���� ���� �������
������� ��������# ��������� ���������� ����� ���� �
� ������#������ �������� ���������
���)�" �
��� -�� H��� ��� ���
 �������� �� ����-
�� '����������� �#��
���� ��������� ��
�� �6:2 ��,�� 	*�
��� ��!6
� �
� ��� �� �& ��� �&
������������
���� ��� �� ��)���� �����&
���# ��������� ��������� �� ��������� �#��
���� ������# ��,�� 	*�
��� ��,�
�

�$� ��������� ��� ���
������ �� ���
���
��� �����������

XCp2Zr C

R1

O
- +

XCp2Zr

O

C
R1

XCp2Zr C

R1

NR2- +
XCp2Zr

N

C
R1

R2

XCp2Zr C

R1

CR2-
XCp2Zr

C
C

R1

R2

-

Novel reaction

Previously known
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Cp2Zr

R2
R1

R1C CR2

2 MC CR3
MCp2Zr

R2
R1

R3

R1

H

R2

R3

ZrCp2

MeLi
PMe3

R1

H

R2

ZrCp2Ln

R3

H

MCp2Zr

R2

R3

R1

PMe3

3N DCl

3 N DCl

I2

I2

I2

R1

(D)H

R2

H(D)

R3

(D)H

R1

H

R2

I

R3

H

R1

H

R2

R3

R1

H

R2

D

R3

D

R1

H

R2

D

R3

H

R1

I

R2

R3

-78 to 23 °C
3-7 h

M = Li or MgBr

R1, R2, R3 = C group or H

 3 N HCl
(3 N DCl)

+
by-product

Cp2ZrCl2
1. 2 EtMgBr, -78 °C

2. , 23 °C

  2 MeOH
-78 to 23 °C
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Li SiMe3

SMe Cp2Zr SiMe3

SMe

Cl
PhMgBr

Cp2Zr SiMe3

SMe

Ph

Cp2Zr SiMe3

Ph

SMe

H+

Ph SiMe3Cp2ZrCl2
95 oC
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OctCH C CH2

Oct

H

Me

Ph

H

Hex

ZrCp2Cl

H

Li

Br

Me

Ph

LiC CCH2Cl

LiC CCH2Cl

Br

Li

H

Hex H

H

Oct
OctZrCp2Cl

1. LiCH(Cl)SiMe2Ph

2. HCl

2. HCl2. HCl

2. HCl

1.

1.

OctCH2SiMe2Ph

1.

2. HCl

1.

C CMe
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Cp2Zr
ClC CR
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Cl
R RCp2Zr

Cl
Cp2ZrEt2
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Cl

CHOMe

Cl

Li CHOMe

SO2Ph

Li CHPO(OEt)2

Cl

Li

CH(Me)
Cl

CN
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O

Ph3Si

Li O

Ph

Li
O
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R1

R2
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nPrC CH

R2

nPrC CAlMe2

R2

ZrCp2Cl
R1

ZrCp2ClR1

O

MAO

MeC CMe

 C  C

Me2
Al

Cl
Zr
Cp2

nPr

Me

R1

R2 H

ZrCp2Cl

C
ZrCp2BPh4

O

C
Me

Me

Me

R1

R2 H

ZrCp2Cl

I2
 C  C

I

I

nPr

Me

[151]

5% Ph3CB(C6F5)4
+ -

[153]

MeZrCp2BPh4

+ -
+ -

MeZrCp2Cl

MeZrCp2Cl
No carbozirconation

[122]

[121]
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RC CZ

Me3Al

C C
AlMe2

Z

Me

Rcat. Cp2ZrCl2

Z = H, C, Si, Al, Zn, etc.
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(d), 93%

(a), 76%, 74% ee

(c), (d), 78%

(b), 71%, 72% ee

(a) (b)

>98% ee

(a) (1) Me3Al, 2% (-)-(NMI)2ZrCl2, CH2Cl2, 23 oC; (2) O2; (b) 

(1) Me3Al, 2% (-)-(NMI)2ZrCl2, CH2Cl2, 23 oC; (2) I2, Et2O; (c) 

TsCl, pyridine; (d) 3-butenylmagnesium bromide, cat. Li2CuCl4, THF

vitamin E, vitamin K, phytol

 5 mol%  4, CH2Cl2, IBAO

 0 oC-23 oC

( )n

( )n

n =  2, 3
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C CC C
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RCp2Zr

Z

Cp2Zr

I2

R
Z

R
(D)H
(D)H

Z

Z

O R

Cp2Zr

R
I
I

Z

RCp2Zr

Z

R

Z

Cp2Zr

Cp2Zr

SiMe3

SiMe3

O

Cp2Zr

CO

RCp2Zr

Z

ZrCp2

SiMe3

Cp2Zr

Cp2Zr +

R, Z = Carbon and/or heteroatom group.

Bu2ZrCp2

(65%)

1.  CO
2.  I2

H3O+ 
(or D3O+)

[22, 29]
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X
R
R

Et

Et

X ZrCp2

R

R

ZrCp2

H

H

ZrCp2

H

H

Cp2Zr

Et

Et

YCl2

H3O+

3N HCl

X Y

R

R

X
H
H

R

R

H

H

O

H
H

Et

Et

Bu2ZrCp2

[29, 176]

[176]
R = C or Si group.  X = (CH2)n (n = 0-3).
Y = Me2Sn, PhP, PhAs, S, etc.

Bu2ZrCp2 1.  CO

2.  I2

> 95% trans 65% (> 95% trans)

Bu2ZrCp2

~80% cis

Cp2ZrBu2

(80%)

[24]

[31]

[31]
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Cp2Zr

R

RC CR

Cp2Zr
Et

Ph

Cp2Zr
Et

RC CR

Cp2Zr
Et Me3Si

Cp2Zr
Et

Cp2Zr
Et

BuBu

Cp2Zr

R

R
R

R

Cp2Zr

SiMe3

Cp2Zr

R
R

Cp2Zr
R

Cp2Zr
Et

Cp2Zr
Et

Cp2Zr
Et

Et

Cp2Zr
Et

Et

Cp2Zr
Bu

Bu

Type I

Cp2ZrEt2
[51]

[190]

Type II

Cp2ZrBu2

[30]

[32]

Type III

Cp2ZrBu2
[29]

+ (?)

Type IV

Cp2ZrBu2
[24, 29]

Type V

Cp2ZrBu2
[30]

+ +

70% (2:1:1)

Kinetically favored cross-selective cyclization

Thermodynamically favored cross-selective cyclization

Homo-selective cyclization

Cross-selective cyclization (the original alkene is released)

Random non-selective cyclization
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Bn

BnN ZrCp2BnN

N
H Bn

H
H

O

BnN O

N
H Me

O
H

H

Bu2ZrCp2 1. CO

2. I2
(50%)

1.  Bu2ZrCp2
2.  CO
3.  10% HCl steps

(47%) (-)-dendrobine

[191, 192]

[193]
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R
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R
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R
R
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Cp2Zr
O
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RR

Cp2ZrEt2

R1CHO
and/or

[190, 194]

[190, 195]

[190, 196]

[190]

[190]
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Br
Br

Cp2M Cp2M Cp2M

Br
Br

Br2

1. Mg
2. Cp2MCl2

1. Mg
2. Cp2MCl2
3. Br2

M = Zr or Hf [197]
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?

[191, 192]
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σ-Bond metathesis mechanism
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ZrCp2Cl

SnBu3 R1SeBr R

SeR1

SnBu3

R1 = Ph, p-ClC6H4
 0 oC

R

SR'

SnBu3

  R = Ph, CH3OCH2, p-CH3C6H4

THF, rt rt, 0.5 h

57 58 (38-65%)
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R1S-Cl

p-CH3C6H4, CH3

R   = CH3OCH2

R1 = Ph, p-ClC6H4, p-CH3C6H4

R

TeBu

SnBu3

R = H, Bu, C6H13, Ph

60 (60-81%)

1. BuTeBr, THF, 0 °C

2. NaBH4
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2. CuBr•SMe2 (3 x 5 mol %)
N O

O

R

O

(10-75%) 35-80% de (R = Ph)

1.      Cp2Zr(H)Cl, THF

N O

OO

Ph

C6H13 N O

OO

Ph

C6H13 N O

OO

Ph
2.

H

H
OHPh

(64%) >97% de (10%) 86% de

1. Cp2Zr(H)Cl, solvent

CuBr•SMe2, BF3•Et2O

[solvent = THF, DME, CH2Cl2, or oxetane]

BF3•Et2O

N O

OO

R

PhCHO3.

65
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C6H13 N O

OO

Ph

Zr+

(C5H5)(C5H5)

Me

R
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R1

X R R R

R1

O RO
O

R1

R1O
R ZrCp2Cl

O

CuI, DMF, 0oC

R ZrCp2Cl

O

CuI, DMF, 0 oC

when R = Ph(CH2)4,

69; not observedX = Br, OTs

R1 = H

68

(59%)

�	���� �����  ��+��	� �
 �	 ��
� �����	��
��	� ���� +��+���
��� �
������

SeEt
THF

CO

3 mol % CuI

H

SeEt

ZrCp2Cl

H

SeEt

H

SeEt

ZrCp2C
O

Ph X

Ph
O

Cp2Zr(H)CleO MeO MeO

72 (70%)
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Z

(CH2)n ZrCp2

Z

(CH2)n

Z

O

n = 1 or 2

Z = C, Si, Ge or Sn group

Cp2ZrCl2
n-BuLi (2 equiv.) 1) CO

2) H3O+
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Ph

E
E

∆ (+70 °C)
dimer

+
+ alkylation products

E = COOCH3

������ ��-� ��������� ��� ���
����� �	 ���
���������
��
���
��� 
�������



������� (���
������	
	��
� �	�������

'���� ��������� �� %���������
���
��� 
�������	 ���� ��������� �� �
�����
���
���

�������	 
��� � �������� ����� ��	� ����
���	 ���� ��� 
������� ����� �� ��� �
�����
��
��
��� 
������� ��		�		�	 �	��� 
������� ������������  &
���� *�#/!� ��
����� ���	� ����

���
����%����� 
�������	 ��� ��
���������� ����� ��� �� ��� ��������� �� 	�������
����� �����	 "#8�$� '�����	��� �� ��� ����� �� ���
���
����%��������%����������

�������	 �� �������� 
��� ��%���������� ��� ���
���� 
��� ��
�		 �
������� �� �������
�� (* �' ��	 ���� �������� �� ���� � 
�
��
 ������� �� ������������ ������ �������� ��� %��
��������
���
������%���������� 
������ ���
�	 
������ 
��� �
�������� �� ���	 ��� ���
�

��� �������� �� 	��	������� �
�������	 "#8�$� ���	� ��� 
������ ��	 ��� 
��� ������� 	�
�

�		 �	 � ������� �� ������
 	�����	�	�

��!� �����	��
�
����� 	� �����	� �������	�

H3C ZrCp2

Cl

O

HC CH
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O
H3C
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Cl
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Ph
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Cl
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CH3
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 H3O+

 H3O+

H3C
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HO
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OH
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O
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H3C CH3
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(CH3)2
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R

Cp2Zr

O
R

ZrCp2

O
R

inert dimer

 toluene/THF

R = CH2C(CH3)2

(1 : 1)
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O

OH

Ph

22

34

79

58

60

25

9

+
additive

Ag salt Lewis acidyield (%) yield

CH2Cl2

������ ����� ��������� �	 �$%�����

R

O

ZrCp2

Cl

1) ZnCl2/CH2Cl2
0° C

R

O

2) H2O

R

OH������ ���!� *����$�������� ���
�����
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 �����	��
�
���� ���
�	��� �� ��������� ���� !�
"� #
�
��

H3C

OBn

H3C

OTBDMS

n-C4H9

Ph(CH2)2

Ph

R ZrCp2

O

Cl
R1 H

O BF3 · OEt2

BnO(CH2)4

Ph(CH2)2

Ph

Ph

Et

Ph

Ph

Ph(CH2)2

A

A

A

A

A

B

B

B

B

B

B

B

R

CH2Cl2
R

O

OH

R1
R

OH

O

R1

Entry
Yields (%) b

Conditions a

2

3

4

5

6

7

8

9

10

11

12

49 c 29 c

p-MeOC6H4 62 c 18 c

(E)-PhCH=CH 59 c

74 f

(E)-CH3CH=CH 22 f 53 f

69 f

43 f

48 f

65 f

60 f

1

53 c, d

77 c, e

a A ; Alkene or alkyne : Cp2ZrHCl : R1CHO : additive = 4 : 2 : 1 : 2.  B; Alkene or 

alkyne : Cp2ZrHCl : R1CHO : additive = 1 : 1.5 : 2 : 2.  

b Isolated yield.  

c Based on aldehyde.  

d syn/anti = 5.4.  

e syn/anti = 3.5.  

f  Based on alkene or alkyne.

+ +

isomeric a-ketol

isomer

n-C6H13

R1

''

''

''

''

*���� ���� �$+���� 	����������
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���� �������� �� �� ����
���� �� ��� .����
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��� %�����
	���� �
���� "(/$� ��� ����
���� 
�����	�	 ��� ��� �������� ���
���� "(#$� -� ��� ���	��
� ��
H� ���!8  (/ ���A!� ��� ���
���� ���
���	 	��
�� �� ������� ����������� �� ��G  9( �!
�� ���� ��� ������� %����� �� (8 A �����  &
���� *�#*!� �� ������ �����������  */ �'!� ���
������� %����� �	 �������� �� *8 A ����� �� � 	���� ������  ; �!� ��
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��� 
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�������� �� �� �� ����
���� 
�����	� ��� ��� ���
����	 �� ����� ����������	 "(($� ��� ���
����
���
���	 �� ������� ����������� �� (: � �� ���� ��� ������� %����� �� =: A ������ �
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� ���

��,� �����	��
�
����� 	� �����	� �������	�

R ZrCp2

O

Cl
R1 H

NR2

+ R
R1

O

NHR2
������ ����� ��������� �	 �$����� %�������

Cl
n-C8H17 ZrCp2

O

C6H5 H

NC6H5

Yb(OTf)3

Yb(OTf)3/TMSOTf (1 : 1)

Yb(OTf)3/TMSOTf (1 : 5)

Yb(OTf)3/TMSCl (1 : 1)

BF3 · OEt2[a]

Sc(OTf)3

TiCl4
AlCl3

C6H5

n-C8H17
NHC6H5

O

+

23[b](53)[c]

64

51

 catalyst in THF, 24 h

20 mol % catalyst  yield (%)

 ambient temperature

63

[a] Stoichiometric amount. [b] Ambient temperature, 72 h
[c] 50 °C, 8 h.

23
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 �����	��
�
���� ���
�	��� �� ��������� ���� !�
"� #
�
��

t-Bu

R2

C6H5

C6H5

C6H5

C6H5

C6H5

C6H5

C6H5

C6H5

R ZrCp2

O

Cl

N
R2

R1

R R1

C6H5

C6H5

C6H5

C6H5

cy-C6H11

t-Bu

R
R1

O

NHR2

Entry  Yield (%) a

n-C8H17 641

p-CF3C6H4  542                   "

3                   " p-CH3OC6H4 65

o-CH3OC6H4 374                   "

5                   " 1-Naphthyl 41

6                   " p-CF3C6H4 51

p-CF6H4 557                   "

5910

11 41

a Isolated yield.

+

< 10

 Yb(OTf)3/TMSOTf (1:1)
20 mol%

THF, rt, 24 h

8                   "

9                   "

'' ''
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�� � �����	��
�
����� 	� �����	� �������	�

n-C8H17

O

ZrCp2

Cl
Ph

N
Ph

p-NO2PhOH

2,4-(NO2)2-
       PhOH

THF, rt, 24 hr

PhOH b

HCl (gas)

CF3SO3H

aq. HCl (36%)

aq. HClO4 (60%)

Ph

HN
Ph

O

n-C8H17

2.0 equiv.

+

1.0 equiv.

1

2

3

5

pKa

7.2

4.0

0.3

–7

Yield (%) a

17

62

24

70

a Isolated yield based on imine.  
b 1.0 equiv.

picric acid

6

7

–16

–10

72

55

804

Entry pKa Yield (%) aEntry

Brønsted acid

8

10.0 9

20 mol%

Brønsted acid Brønsted acid

*���� ��!� 8�9����� �
��$
�����
�� ���
������

R

Ph

c-C6H11

Yield (%) aEntry

1

2

3

p-CH3OPh

p-NO2Ph

80

80

574

a Isolated yield based on imine.

49

n-C8H17

O

ZrCp2

Cl R

N
Ph

THF, rt, 24 hr R

HN
Ph

O

n-C8H17

2.0 equiv.

+

1.0 equiv.

 HCl (g)/THF
0.2 equiv.

*���� ���� 4�� �:���� !�� �"10!�  4�� �"$
�����
�� ���
�����
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�
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HN
Ph

O

n-C8H17

N
Ph

n-C8H17

O

ZrCp2

Cl

HO

THF, rt, 24 hr

HO

o-isomer 67 %
p-isomer 58 %
m-isomer 12 %

 1.3 equiv.

+

 1.0 equiv.

No catalyst !

������ ���+� ;��
����� �	 ������������ ���
����������������

N Ph

O

H

NPh

O

H

N
Ph

O
N

Ph

O

H

H

N Ph

O

H

NPh

O

H
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PdCl2(PPh3)2

R

O

ZrCp2

Cl

O

Pd(OAc)2
BF3 · OEt2

HO
R

O

O

O

R

+

conditions A

conditions B

1,2-addition

1,4-addition
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����
��
��������
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�
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n-C8H17 ZrCp2

O

Cl

O

R1 R3

R2 R4

PdCl2(PPh3)2

O

O

O

n-C4H9

O

CH3 Ph

O

Ph CH3

O

O

Ph

Ph CH3

O CH3

O

Ph

CH3

HO

R1 R3

R2 R4

O
n-C8H17

O

5 mol %

toluene
rt, 20 h

+

 21 %

 77 %

 75 %

95 %

91 %

(a mixture of 1,2-/1,4- =1/1.2)

recovery of complex 
mixtureenone

 87 %
 81 %

76 %

������ ��� �
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���� �
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 ���������� #"�

n-C8H17 ZrCp2

O

Cl

O

R1 R3

R2 R4

Pd(OAc)2
BF3 · OEt2

O

O

O

n-C4H9

O

CH3 Ph

O

Ph CH3

O

O

Ph

O

O

Ph

CH3

Et2O-THF

O

R1 R3

R2

R4
n-C8H17

O

Ph CH3

O CH3

10 mol %

0 °C, 12 h

+

 60 %

 47 %

 60 %

97 %

 96 %

96 %

 78 %

recovery of

 70 %

enone

98 %

������ ���&� �� /#
"�1
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 iv)

iii) acyl transfer,  iv) reductive elimination

O

OZrCp2Cl

Pd
n-COC8H17

L

Pd(0)
 i)
 ii)

 iii)

 i) electron transfer,  ii) Pd-allyl complex formation

Pd(II)

1,2- or 1,4-product

n-C8H17COZrCp2Cl (n-C8H17CO)2Pd

(n-C8H17CO)2

n-C8H17COZrCp2Cl

������ ����� ��������
 
�
�� 	�� ��� ���������
���� �
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OZrCp2Cl

Pd
PPh3

CO-n-C8H17

Pd
CO-n-C8H17

PPh3

OZrCp2Cl

A B������ ����� <������
 
���������
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n-C8H17 ZrCp2Cl

O
O

PdCl2[(R)-BINAP]

(R)-MOP

Pd(OAc)2

Pd(OAc)2

Pd(OAc)2

(R)-MOP

(R)-MOP

(R)-MOP

(R)-MOP

PdCl2(PPh3)2

PdCl2(CH3CN)2

HO
n-C8H17

O

[Pd(η3-C3H5)Cl]2

toluene

Pd catalyst Phosphane a Yield (%) b ee (%) c

(R,R)-CHIRAPHOS

19

(+)-NMDPP

88 

14

66 

81 

a Pd/P=1/2. 
b Isolated yield. 
c Determined by HPLC using Chiralcel AD column after derivatization to
   benzoyl ester.

Pd2(dba)3 Æ CHCl3

90 12 

86 64 

70 64 

48 56 

chiral phosphane,
+

 5 mol% Pd catalyst

(R)-product
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���� 	�������� �	 ��  �"$�6�$�����
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Ph

O

Ph

O

O

O

Yield (%) ee (%)

36 67

92 38

91 

84 

17

Yield (%) ee (%)

6

O

88 66
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ClCp2ZrO
Pd

X

P

OMe

Pd

X

P

MeO
OZrCp2Cl

X = COn-C8H17

Favored Disfavored
C D

(R)-product (S)-product

������ ����� ������������ �	  �"$2/� �������

+ R1

R2

O

R ZrCp2

O

Cl
R1 R

O R2

O

Pd catalyst

R = alkyl
������ ����� ��$
�����
��
���
����� �	 �6�$�������
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B: Pd(PPh3)4

A: PdCl2(PPh3)2
or

R ZrCp2

O

Cl

R1

R2

O

R R1 R2

CH3 Ph A

B

CH3 t-Bu A

B

Ph BnO(CH2)2 A

B

A

B

Ph t-Bu

t-Bu n-Bu A

B

Ph n-Bu A

B

A

B
A

B

Ph n-Bu A

B

R1 R

O R2

O

+

THF/Et2O (1:2)
rt, 12 h

    Pd
 catalyst Yield (%) a

n-C8H17

64 (1/5)

45 (1/3)

71 (1/3)

77 (1/2)

59 (1/2)

83 (1/1)

82 (1/1)

95 (1/2.5)

73 (1/3.5)

73 (1/3)

70 (1/3)

51 (1/3)

54 (1/2.8)

40 (1/4)

78 (1/3.6)

71 (1/3)

(E/Z) bEntry

1

2

3

4

5

6

7

8

9

a Isolated yield based on ynone. 
b Determined by 1HNMR.

85 (1/2.4)

68 (1/2.4)

''

''

''

''

''

'' ''

'' ''
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 Pd(acac)2

n-C8H17 ZrCp2

O

Cl

H3C

Ph

O CH3HO

PhO

n-C8H17

PdCl2(CH3CN)2

H3C
n-C8H17

O Ph

O
THF-Et2O (1/2)
rt, 12 h

+ +

47 % 46 %

Pd catalyst

<5 %

������ ���+� �6�$3���
���� ���
���� �	 �� �6�$������

R

O

ZrCp2

Cl

Pd(II)
(RCO)2Pd

(RCO)2

R2
O

R1 R

O

ZrCp2

Cl

Pd
R1
OZrCp2Cl

R2

L COR

Pd(0)

i) and ii)

iv)

iii)

1,4-products

i) electron transfer, ii) Pd-allenyl complex formation,
iii) transmetalation, iv) reductive elimination
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ZrCp2Cl

O

n-C4H9

n-C4H9

O

Ph

PdCl2(PPh3)2

Pd
Ph
OZrCp2Cl

n-C4H9

L

O n-C4H9 PhClCp2ZrO

n-C4H9

n-C4H9

O

O

n-C4H9

O

Phn-C4H9

Ph

O
O

n-C4H9

n-C4H9

+

63 % 20 %

THF/toluene
48 h

������ ���-� ��������� �	 � 
�
����������� 
��������

OAc
R

R ZrCp2

O

Cl R R1

O

R

O
R

R1–X

or+
Pd catalyst

or
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CH3

OAc

CH3

Cl

CH3

CH3

Cl

Ph

O

Cl

Yield (%) bProductRX

n-C8H17

O

n-C8H17

O

n-C8H17

O

n-C8H17

O

n-C8H17

O
Ph

n-C8H17

O

O

Ph

O
n-C8H17

O

CH3

OAc

CH3 OAc

n-C8H17

O
CH3

Ph OAc

Br

I

Cl

O

n-C8H17

O

n-C8H17

O

Ph

n-C8H17

O

CH3

CH3

6

1.7 : 1

56

1 : 5

80

1 : 1

32

1.2 : 1

27

60

86

62

3 : 1

91 

38 c

65 d

Entry

1

2

3

4

5

7

8

9

10

10 : 1 e

a Reaction conditions; 100 °C in toluene. 
b Isolated yield. 
c 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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R ZrCp2

Cl

O

X

X

Br CuI

OTs CuI

Br CuI · 2LiCl

Br CuBr

Br CuBr · SMe2

Br CuI

Br CuCl

R

Cl CuCl

THF

DMF

DMF

THF

DMF

DMF

DMF

DMF

R

OSolvent
+

10 mol% Cu(I)

0 °C, 1 h

SolventCu(I)  Yield (%) b

88

91

77

78

trace

78

84

a 1.5 equivalents of acylzirconocene chloride were used. 
b Isolated yields based on allylic compounds.

Entry

1

2                "

3                "

4                "

5                "

6                "

7                "

n-C8H17

44

8
(E)

n-C5H11n
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R ZrCp2

O

Cl
H3C Br

CH3

H

O

Ph(CH2)2

CH3

CH3

R

O H

R

O

H3C CH3

HCuI (10 mol%)

0 °C, DMF
+

10 h

29 % 62 %R = n- C8H17

18 % 29 %

+
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O

Ph(CH2)2

R ZrCp2

O

Cl

Br
R'

H

Me

H

Me

H

H

R

Ph(CH2)4

RCOZr

R'
R

O

R'
R

O
O

R
+

0 °C, DMF

 CuI (10 mol%)
+

55 b

R'

61 b

52 b

47 b

24 a 48 a

< 5 a

0

0

0

0

1.5

3.0

0.5

0.5

0.5

0.5

65 a

Yield (%) Yield (%)propargyl

a Isolated yield based on propargyl halide. 
b Isolated yield based on acylzirconocene chloride.
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O
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O
O

(CH2)4Ph

0 °C, DMF

59 % yield
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Ti(O-i-Pr)2

TiCp2

(ref. 1c)

(ArO)2TiCl2 + Na(Hg)

Cp2TiCl2 + Na or Mg

Cp2Ti(CO)2

"Ti(OAr)2"
(Ar = bulky aryl)

"TiCp2"

(ref. 7)

Ti(O-i-Pr)4 + 2 i-PrMgCl (ref. 9)

Cp2TiCl2 + CO + reductant (ref. 4)

(ref. 6)

Cp2TiCl2 + 2 EtMgBr

TiCp2

Cp2Ti(PMe3)2

SiMe3

SiMe3

Cp2TiCl2 + PMe3 + Mg (ref. 5)

SiMe3

SiMe3

+ Mg (ref. 8)Cp2TiCl2 +
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R1

R2
Ti(O-i-Pr)2

R2

R1

R1

R2 Ti(O-i-Pr)2X

E

R1

O

Ti(O-i-Pr)2(OR)

R1 Ti(O-i-Pr)2X

R

R
Ti(O-i-Pr)2

R1

R2

R

R1

R X

R1

R Ti(O-i-Pr)2X

R1 Ti(O-i-Pr)2X

R

R1

O

OR

R

R

R

R

Ti(O-i-Pr)2

ii)

1

E+-X-

i)

iii)

1

or
1

or

(   )niv) (   )n

1
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Ti(O-i-Pr)2

R1

R2

R1

R2

R1

R2 El2

El1
Ti(O-i-Pr)2

(1)

1) El1

2) El2

+

(2)

Ti(O-i-Pr)4 i-PrMgCl
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Ti(O-i-Pr)2

Me3Si

H13C6

SiMe3

C6H13

Me3Si

H13C6 H

H Me3Si

H13C6 D

D

1

H+ or D+

(2)

94%,  Z/E > 99: 1

or

96% d2

&2�� !�#'

Ti(O-i-Pr)2

R1

R2

R1

R2
P-R

R1, R2 = Me, Et, t-Bu 60-72%

R = Ph, Cl

(2)

RPCl2
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X

Ti(O-i-Pr)2

R3 R4

R2

R1
R3

XH

R4R2

R1

XH

R3

R4

X = O, NR5

E+

+

R3R4C=X
Ti(O-i-Pr)2

R1

R2

E

E

R2
R1
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C6H13

Me3Si

C6H13

Me3Si

Pr

NHBn

Pr

C6H13

I

Me3Si

Ti(O-i-Pr)2

NHBn

C6H13

Me3Si

NBn

R

Ti(O-i-Pr)2

NBn

R

NBn

Me3Si

C6H13
Et

NBn
Me3Si

C6H13
Et

O

R = Et or Pr

76%

100% regioselective

83%

74%
67%

H+ I2

CO CO2
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Me3Si

R TiX3

Me3Si

R I

H H

Ti(O-i-Pr)2

Me3Si

R

SiMe3

R

1

[97:3]

R = TBSO(CH2)2-

(1.25 equiv)

84%

(1.25 equiv)

s-BuOH I2
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Ti(O-i-Pr)2

Me3Si

H13C6

Ti(O-i-Pr)2

Bu3Sn
Ti(O-i-Pr)2

Ph

Me

EtO

Ti(O-i-Pr)2

Me3Si

THPO

Ti(O-i-Pr)2

t-BuO2C

H13C6

Ti(O-i-Pr)2

t-BuO2C

Me3Si

OEt
93

7

E+:

14exclusive >98

< 286

10

90

2

98

E+:

PhCHO c-C6H11CHO PhCHO

EtCHO PhCHO

PhCHO
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Me3Si

H13C6 TiX3

H

Me3Si

H13C6 I

H

Me3Si

H13C6

H

Me3Si

H13C6

H

OH

Me3Si

H13C6

H

O

Me3Si

H13C6

H

Me
CO2Et

CO2Et

O

O
BrO

Me
CO2Et

CO2Et

O

O

74% [97:3]

53% [98:2]
84% [98:2]

84% [98:2]

82% [>99:<1]

cat.

cat.

[97:3-98:2]

Li2Cu(CN)Cl2 I2

PhCHO

Li2Cu(CN)Cl2

Li2Cu(CN)Cl2
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Ph

OH

(D)H

Me3Si
Me

PhH

Me3Si
Me

Me3Si

Ti
O-i-Pri-PrO

Me

Me

Me3Si

Ph

OH

H

Me3Si
Me

PhH

Me3Si
Me

Me3Si

Ti
O-i-Pri-PrO

Me

Me3Si
Me

[61:39]

88%

single isomer

[76:24]

73%

1

Diastereo-
isomers

2) H+ (D+)1) PhCHO

single isomer

•
•

•
•
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Cl R

Ti(O-i-Pr)2

R

Cl(i-PrO)2Ti R

Ti(O-i-Pr)2

Cl R

CHO

D D

D R

R
HO

I

OCO2Et

R =

1

85%

87%

 R = C8H17

1

93%, >95% d3

D+

Cl(i-PrO)2Ti
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H

O

Bu
O(i-PrO)2Ti

H

Bu

H O

Bu(i-PrO)2Ti

BuHO
E

H

1

n

H3O+ or I2

n

n

n = 1, 50%
n = 2, 78%

n = 1, 64%
n = 2, 67%

E = H: E = I:

n
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Me3Si

Ti(O-i-Pr)2

OHC
O

O

HO

Me3Si

O

O

OTBS

El

SiMe3

OTBS OTBS

94% diastereoselective

H+ or I2

El = H, 72%; I, 62%

>98% regioselective

1
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Me3Si

OR*O

H
Ph

Ph

O

Me3Si

Ti(O-i-Pr)2
R*O

O

Me3Si I

R*O

O

OH

Et

1

Regioselectivity >97:<3.

2) I2

R*O- =

1) EtCHO

93% ds = 97: 3
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Me

O-i-Pri-PrO

Me3Si

Ti

N

Et

Ph

Me

Et2O-THF

H+(D+)

Me3Si Et
Me

HN Ph

Me

H(D)(1:1)

*

*
**

67% ds = 95:5

*
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Ph N
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94% d.s. = 91: 9
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Ti
SiMe3Me3Si

i-PrO O-i-Pr
I I

SiMe3Me3Si

Si
SiMe3Me3Si

MeO OMe

SiMe3

S S
SiMe3Me3Si

1) BuLi
2) Si(OMe)4

68%
33%

85%

I2 1

S2Cl2 &2�� !���'

C6H13

Me3Si

C6H13

Me3Si

Ti(O-i-Pr)2

SiMe3

C6H13

OBnX
XOBn

1

1)

2) H+, D+ or I2
X = H, 76%
X = D, exclusively d2
X = I, 64%
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CO2Bu-t

C6H13

H13C6

SiMe3

t-BuO2C

C6H13

SiMe3

SiMe3

C(O)NEt2

CO2Bu-t

H13C6

Bu
Bu

SiMe3

H13C6

OBn OBn

O

O
Ph

59%93%

60%83%81%

77%
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Bu

Bu

Bu
Bu

C7H15

OH

OH

Bu

Ti(O-i-Pr)2

Bu

Ti(O-i-Pr)2

Bu
Bu

O-

Ti(OR)2
+

Bu

C7H15

O

Bu

O

O

C7H15

O

C7H15

O1
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t-BuO2C

H13C6

H13C6

Ti(O-i-Pr)2  

t-BuO2C
H13C6

H13C6

SO2Tol
TiX3

t-BuO2C

H13C6
C6H13

t-BuO2C
H13C6

H13C6

t-BuO2C
H13C6

H13C6

H13C6

H13C6

H(D)

I

OO

Ph

+

98%d

X3 = (O-i-Pr)2(O2STol) 
56%

1

57%

49%

PhCHO

I2

H+(D+)
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H13C6

t-BuO2C

SO2Tol

H13C6

H(D)

CO2Bu-t

SO2Tol

(i-PrO)2Ti

H13C6

TolSO2

CO2Bu-t

SO2Tol

Ti(O-i-Pr)2  

CO2Bu-t

SO2Tol

H13C6

H13C6

TolO2S

CO2Bu-t

SO2Tol

Ti(O-i-Pr)2  

H13C6

TiX3

CO2Bu-t

SO2Tol

SO2Tol

+2+

50% (78%d)

1

H+(D+)
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Ti(O-i-Pr)2  

CO2Bu-t

C6H13

H13C6

(i-PrO)2Ti

H13C6

C6H13

CO2Bu-t

t-BuO2C
H13C6

C6H13

t-BuO2C
H13C6

C6H13

TiX3

SO2Tol

SO2Tol
SO2Tol

Ti(O-i-Pr)2  

path a

+

path b

[4+2] cyclo-
addition

Ti(O-i-Pr)2  

CO2Bu-tH13C6

H13C6
SO2Tol

insertion
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t-BuO2C

H13C6

TolO2S

t-BuO2C

H13C6

H(D)

Ti(O-i-Pr)2

t-BuO2C

H13C6

t-BuO2C

H13C6

TiX3

H+ 

74%

or D+

91%d
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CONEt2

H7C3

H7C3

Ti(OR)3

H7C3

H7C3

Ti(O-i-Pr)2

OCO2Et

CONEt2

H7C3

H7C3
CONEt2

OH

Ph

H7C3

H7C3
CONEt2

OCO2Et

Ti(O-i-Pr)2
+

75% E/Z >95:5

PhCHO
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Bu

Bu

Ti(O-i-Pr)2

Bu

Bu

Bu Bu
Ti(OR)3

Bu Bu
H(D)

OCO2Et
Ti(OR)3

Bu
Bu

or even 0 °C!

97%d

-50 °C

-50 °C → r.t.

47%

H+(D+)

1
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SiMe3

C6H13

Me3Si

H13C6

Ti(O-i-Pr)2

SiPhMe2

Me3Si

H13C6

D

SiPhMe2

D

SiPhMe2

+

94%   97-99%d2

D+

1•
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Ti(O-i-Pr)2

Me2PhSi

SiPhMe2

Me2PhSi

Me2PhSi

HO Pr-i

SiPhMe2

ds = 77:2395% 

i-PrCHO H+1•
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Me3Si
Ti(O-i-Pr)2

Me3Si

Bu Bu

1

Me3Si D
D

Bu
Bu

87% (94%d, 94%d)
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R

X

R
(i-PrO)2Ti

X

(i-PrO)2Ti R
X

1

X = Cl, Br, OAc, OCO2Et, OP(O)(OEt)2, OTs, OPh

&2�� !�#�'

��� �
��
�	�� �������	����� �������	
� �������� 
� ��� �����	
� ��� ��������� ��� �����	
�
���
�� ��� ��������	
� 
� ������	���	��� ����	�� �����	
��� ��
���" ���� ��

	�	�� ����
������ �
 �����	
���	��� �
��
���� &2�� !�##'�

OAc

EtO2CO
OAc(i-PrO)2Ti

EtO2CO

OAc

OH

Ph

76%  (d.r. 77 : 23)

5
5
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PhCHO
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Br TiBr(O-i-Pr)2
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Ti(OR)3

Ti(OR)3
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OH

OCO2Et

76% 6  :  94
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Et
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OCO2Et

OCO2Et
OCO2Et

OH

OCO2Et
Ti(OR)3

>99: 1 regioselective

1
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E:Z = 87:13
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OCO2Et

R'
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Cl

R

R R(RO)3Ti
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NCS

R

H (D)
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N
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Bn N
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H

R'

OH
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NBn Boc

N

R
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(RO)3Ti

Ti(O-i-Pr)2

O
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c-Hex.
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when R1 ≠ H, R2 = H

X = Cl, Br, OAc, 
      OCO2Et, 
      OP(O)(OEt)2, 
      OMs
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D H
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Me3Si
H

Bu
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Me3Si

H OP(O)(OEt)2
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Me3Si

H N-NHBoc
Boc

Bu
Me3Si

HPh

OH

Bu
Me3Si

Bu3Sn H

94% ee

80%,

96.7% ee

1

88% ee87%, 89% ee

53% ee

86%
erythro/threo = 55:45

>86% ee from the 
phosphate of 92% ee
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73%,

Br2D2O

BocN=NBoc
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Bu3SnCl
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(R'O)3Ti Me
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Me3Si

Me OCO2Et
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Me3Si

Cl Me

R
Me3Si

Me
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90–93%, 94%,

1

81–82% ee

Ph

OH
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R = (CH2)3CHMe2

85% ee

72%,
erythro/threo = 55:45
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O
O OMe

TrO OTr
O

OMe
TrO OTr

2 Cp2TiCl,
66%
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O

O OPMB
OH

O
O

O OPMB

OH

PMB  =  p-MeOC6H4CH2

2 Cp2TiCl,
88%
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O
O OMe
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TrO OTr
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Cp2TiCl,

1,4-C6H8,
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C7H15
O

OH

C7H15
O

OSiMe3

C7H15

OH

OH

C7H15

OSiMe3

OH
C7H15

Me3SiO OH

C7H15

OH OH

+

+

4%                              69%

Cp2TiCl,

tBuSH

61%                             6%

Cp2TiCl,

tBuSH
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����� ��� ���
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O

OPh

O

OBn
H

O

O
H

Ph
OBn

HO

2 Cp2TiCl,

THF, 70%,
ds=83:17

O
H

H

OH
H

H

2 Cp2TiCl,

THF, 81%

Ph O

O

OPh

HO
2 Cp2TiCl,

THF, 71%

ds=1:1 ds=100:0
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�
 ���&�  �
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CHO

O OH

OH

2 Cp2TiCl,

THF, rt,
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tBu

2 Cp2TiCl,

OHO
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O

R'
R

R'
R OTiIVCp2Cl

R'
R OTiIVCp2Cl

H

R'
R OH

H

base*HClbase

M  =  Mn,  Zn, Mg

1/2  M

Cp2TiIVCl2

Cp2TiIIICl

1/2  MCl2

1/2
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R3

O

NR2

R1O

N

R3

R2

R1

2 [TiCl]

2 [TiOCl]

2 [TiCl3]

4 R3SiCl

2 R3SiOSiR3

2 Zn

2 ZnCl2
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Cl

NN

HOOH

HH

Ph

OH
+    PhCHO

84%  ee

10 mol% CrCl3, L, 
Me3SiCl, Mn,
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L =
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O

R

R'
R OTiIVCp2Cl

R'
R OTiIVCp2Cl

H

R'
R OH

H

base*HClbase

R'=CH3, R=CH2CH2Ph

base  =  2,4,6-collidine,
1.5 eq.

1/2  M

Cp2TiIVCl2

Cp2TiIIICl

1/2  MCl2
R'

5 mol% Ti,
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O
ClCp2TiOIV

ClCp2TiIVO
COOtBu

COOtBu
Cp2TiCl,

5 mol%

ClCp2TiIVO OH
COOtBu2     collidine*HCl,

Zn,

-  2   Cp2TiCl,
- ZnCl2

-  2     collidine

Cp2TiCl,

5 mol%

OTiClCp2

OtBu

80%

�	�
�
 ����#�  �
����������
���!�
 �

�
��� 
� �%������
���
�
 ���&���� �������
��

O
OH

CO2
tBu

10 mol% (tBuCp)2TiCl2,

Zn, Coll*HCl,

CO2
tBu 90%, ds = 94:6
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��� �� 
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���������
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� �� ��
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�
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O
ClCp2TiO ClCp2TiO

H

Cp2TiCl,

5 mol%

5-exo-trig

ClCp2TiO

H

TiCp2Cl

HO

H

2     collidine*HCl,
Zn,

-  2   Cp2TiCl,
- ZnCl2

-  2     collidine

Cp2TiCl,

5 mol%
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H

H

OTiCp2Cl

OTiCp2Cl

OTiCp2Cl

OTiCp2ClH

H

most favoured

H

H
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O Cp2TiCl,

5 mol%,
(see scheme 12.18)

CO2
tBu

H

ClCp2TiO

H

ClCp2TiO
CO2

tBu
Cp2TiCl,

5 mol%,
(see scheme 12.16)

H

ClCp2TiO

OTiCp2Cl

OtBu

2     collidine*HCl,
Zn

-  2   Cp2TiCl,
- ZnCl2

-  2     collidine H

HO
CO2

tBu

51%, single isomer

�	�
�
 ����'�  �
����������
���!�
 ��
���� 
��
�� ����
�����

O

single isomer

CO2
tBu

H

HO
20 mol% Cp2TiCl2,

Zn, Coll*HCl,

CO2
tBu 69%, ds>95:<5

�	�
�
 ������ �����
��� �����
��� �� � 
�
����&�
�
�
�
 ������ &� � 
��
�� ��
���� ����
����




�� �@� 
	 ��	������
 ����� ��� 	�����
�
���
�����
�
�� 
�������
�� 	����
 �� ���� �� ���
���%

� ��

��� ��
��  
�� � �
��������=$4> ������%� �	 	�� � 
� .����� �!�!!�

9����

�� �� ��� 
����
������ �����1	� ������� ������� 
	 ���	 �%���
	�
 
� ��� ��

����
����
�� 	���� ���	� � � 

�	��������
� ��

���	 ��� 
�
�
���� �����
 
�� �� ��� ��
���
�� ��
��� �
�������� ������%� ��� 

�	�����	�����
�
�� �� ��� ��	�
�� �����
�� ��� ��	� �� ����
������
 �� ��� �
���
 	����� �� ��� �
���
��� 9���� ����
� �������� �� ��� �
���
����%����
���
� �����
����
� ���
���	 ��� �����
� ��
	 �
�
���
�� ���� 	
���� ������
	�
� 
�����
������
�� ����	 ���  �� ��� ��� ���
���� 
�	
�� �� ��� ����������

���� �
���
	� �� ���
���
���
�
��� 

�������
��
�� 
� ��� 	���
� 
�������
�� �� ��� ������	�  
�� ��� ���
 ���%

�� ���
�
���
 	����
 �� ���� �� 
�������  
�� ��� 	��	����� 
� ���
��	 

	���� ���� ��� 
�
�
�� �
�
�

�� 	
��� 
� �� ��� ���%� ������ ���	� ���
�
��� ��
���
�� ����	��� ���� ��� ���
����� �� ���
�
�������� ������% �� ���
��	 �� ��� 	��	����� 

	���� ���� ��� �
�

�� 	
�� �� ��� ������	�
��	 �� �� ���
���
� 0%��
���
�� �� ��� �%���	
�� �
�������� �� �
�������� ��
 �����������


���� ������%�	 �!�� 	����	��
 ���� �
���
	 
��
��
 ���� �������	  ���
 �� 	�
����� ���
��
	 �����	�� $� ����������������	�  �
�� ���� �������� ���� �	�
  
�� ����� 	����		� ���
��
���
�� 
	 �������
 �����
 ��� ������ ��
���
�� ����	��� �� ��� ���
����� �� ���	� ����
���%�	 
	 ��� ���
��	 
� 	��

�	 �� ��������� ��
��	 ��
 ���� ��� ���	����������
� 	�����
����	� 0��%

� �  �	 ���	�� �	 ��� 	��	������ �	 	�� � 
� .����� �!�!#� �����	� 
� 
	
���

�� ����		
��� ���� =�>�������

�� 
� � � 	���	 ��
 ��� ��	����� 	���������
	��� ��
��� �
��������
 ���
��� ��� �� �	����
	��
 �� 	�����	
	 �� �������
� 	�����	 ����
���
� ��

 �&���

��� ��	���	 �� 
���	�
���
��	 �� � ������ �� �
�������� ������%�	 	�� � 
� .�����
�!�!& ��� 	�����
��
 
� ����� �!�!�
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O

TiCp Cp
Cl

chiral
chiral[ClCp2Ti]O

weak
contact

strong
contact
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O
OEtEtO EtO

OEt

OHcatalyst, Zn,
 1,4-C6H8,

Collidine*HCl
1
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TiCp2

+
O

Ti O R

HCp

Cp R

OH

R

(
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 ����	� ��� ��������	��
����	� �� ��� �

�
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TiCp2

EtCHO

THF

Et

OH

Et

OH
HMPA /THF = 3 /1

-30 °C

syn /anti = 5 /95

syn /anti = 88 /12
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Ph

O

Cl

CO2

R

TiCp2

Ph NHPh

PhN C O

CH3CN

Bu3SnCl

O

CO2H

R

Ph

O

Ph

NHPh

NHPh

O

Bu3Sn

R = H

R = H

R = Me or H

R = H : 85 %
R = Me : 83 %

81 %

70 %

60 %

90 %

71 %

R = Me

R = H

R = Me

������ ���*� %����
�� 	

�

�
��������	� ���
	���� "���	��
�
����	���
���

Cp2TiCl 
iPrMgCl

– 50 °C
TiCp2

E X

7a : X = COMe 
7b : X = NMe2

E = ClCO2Me, ClCONMe2

O

6

������ ���+� !���	� ��� �����	��
����"� 
	�����	� 	
 �������� ����"���"�� 
�	� �	��������

O

O  Cp2TiCl2

O

O

TiCp2

80 %

2 DIBALH

O
OH TMSOTf������ ����,� &�����	
��
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��������	� 	
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(H2C)n

n = 1 or 2

Cp2TiCl2

2 iPrMgCl
(H2C)n (H2C)n

R
H

OH

TiCp2

RCHO

������ ������ �

�
��������	� 	
 �
������� 
�	� ���
�� ������ �� �������	���

TiCp2

RCHO

R

OH
H

Cp2TiCl2

2 iPrMgCl

n = 1 or 2
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�
��������	� 	
 �
������� 
�	� ��"���
���� ���
	������� ��� ���
	�������

Cp2TiCl 
iPrMgCl

– 50 °C, THF
Cp2Ti

HO tBu

tBuCHO

8 (de ≥ 95 %, 69 % yield)

1) Cp2TiCl, iPrMgCl

2) E

X

O

E = ClCO2Me, ClCONMe2 9 (62 %) : X = OMe

10 (62 %) : X = NMe2
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�
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�	� �	�(������ ��������

(H2C)n (H2C)n(H2C)n
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X R

2) Cp2TiCl

1) BuLi, HMPA X R

Cp2Ti

X

R

OH

11

anti + (syn)

anti /syn 86/14 100/0 100/0 66/34

EtCHO

X SiMe3 SiMe3 OPh SPh

R Me SiMe3 Me Me

������ ������ )�����	��
�*�� ����

�
�����	���� ���������

OSiMe3 OSiMe3

TiCp2

Me3SiO

R

OH

a b, c

Me3SiO

R

OCb

O

R

OCb

R'

OH

OH

R

OCb

R'

OH

(a) Cp2TiCl (preformed), iPrMgCl, -20 °C; (b) RCHO; (c) NaHCO3 aq;

d

ef

(d) PhNCO, r. t.; (e) R'CHO, TiCl4, CH2Cl2; (f) DIBALH, Et2O, -78 °C.
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RTi

(R = H, Me)

12

Ti R

13

(R = H, Me)

Ti R

tBu

tBu

14

(R = H)

Ti R

15

(R = C9H19)

Ti R

16

(R = C9H19, Me2C=CHCH2CH3

Ti R

17

(R = C9H19)

2

(
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�
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Cp2Ti

O

O
PivO

PivO
OPiv

OPiv

O

Sug
O

OH

O
PivO

PivO
OPiv

OPiv

O

Cp2TiCl, 
iPrMgCl
–50 °C

18

> 98 % de
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Cp2Ti

X
Cp2Ti

X

Ph

OH

anti + syn

anti /syn 60/40 100/0 94/6

PhCHO

X Cl Br I
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Cp2TiCl2 / Me3Al (4 : 1)
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R
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R Ph

OH
R = H, Alkyl, Ph 
X = Cl, Br, OR

PhCHO
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R
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R
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CpTiCl3 +

diacetone-glucose              
       (DAGOH)

   Et3N,    
   Et2O

19

19
0 °C –78 °C

20

re-addition

+ DAGOH
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tBu
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93
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Cp

R* = DAGO

+
–78 °C

46–68 % yield
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CH3(CH2)8

R

OH

Cl
Ti

O O Ph

Ph
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O

(+)-tartaric acid
1) PhMgX

2) CpTiCl3

21

21
0 °C

22

–78 °C
si-addition 67–95 % yield
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Ti(OiPr)4M

R

Ti(NEt2)4M
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M = Li, MgX
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(allyl)TiLn
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OH
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OH

R2

30 31

R1 = C6H13, R2 = C5H11 86:14 98:2 13:87 4:96

84:16 98:2 50:50 1:99R1 = Ph = R2

TiLn  /  30 : 31 ratio

26 27 28 29
Ti(OiPr)3 Ti(OiPr)4 Ti(NMe2)3 Ti(NMe2)4
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TiLn
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iPr
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96 : 4

88 : 12
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H

Me

Me

Ph

Me

Ti(OPh)3Ti(OPh)3
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OH

87 % de

1) s-C4H9Li /

2) Ti(OiPr)4

1) BuLi,           
    TMEDA
2) Ti(OiPr)4
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2) ClTi(NEt2)3
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2 iPrMgCl Ti(OiPr)2+
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X

Ti(OiPr)2 Ti(iPrO)2
R

X

Ti R
X

(iPrO)2

X = Cl, Br, OAc, OCO2Et, OTs, OPh, OP(O)(OEt)2

Ti(OiPr)4
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X

X = OCO2Et

2 iPrMgCl

TiX(OiPr)2

TiX(OiPr)2

Et

OH

OH

Et
+

6 : 94

Ti(OiPr)4

EtCHO
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X
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Ph

(iPrO)2 +
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N
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R
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N
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EtCHO EtCHO

R Et
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R

N
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OH
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R = CH2OTBSR = Me
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OSiMe3

TiCp2
O

R

OH

OSiMe3

R

OH

Cp2TiCl2
a, b c

d

e

57–82%

(a) 1 equiv. iPrMgCl, 25 °C, THF; (b) –15 °C, 1 equiv. iPrMgCl, 1 equiv. H2C=CH–C(OSiMe3)=C

(c) RCHO, –15 °C, 10 min; (d) aq NaHCO3; (e) 2 M HCl

R = alkyl (Et, n-C5H11, iPr, tBu) : exclusively anti

R = Ph : anti /syn = 70/30
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R2
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TMSOTf

TiCp2

R1

R2

O

O

n

Cp2TiCl2

DIBALH, r. t.
n

–40 °C, 4 h

(CH2)n

62–79%

n = 1–4

R1 = R2 = H, Me
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O O Ph

Ph
O

Ph
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PhCHO
Ph

OH

(+)-tartaric acid

21

21
0 °C

22

–74 °C
  93% yield 
(S)- 95% ee
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Br Ti(OiPr)4

Et2O

(iPrO)2Ti

Br
RCHO

R

OH

+
–50 °C to –40 °C

2 iPrMgCl

R = Alkyl, Aryl

–40 °C
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Cp2TiCl2 + Cp2Ti(CH2R)2

∆

Cp2Ti R

R = Ph, Me3Si

Cp2TiCl2 + Li2 Cp2Ti
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∆
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Cp2Ti
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H2C CH2 Cp2Ti

R - Cp2Ti CH2

R

2 Cp2Ti[P(OEt)3]2
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29

Reagent: Cp2Ti[P(OEt)3]2 (3 eq).  Conditions: THF, r.t. (15 min) then reflux (30 min).

R = Bn2CH: 77%
R = BnPhCH: 65%

- Cp2Ti(SPh)2
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Cp2Ti
Cp2Ti[P(OEt)3]2

, THF, reflux, 6 h

+

R
SPh

SPh

SiPri
3

R= Me2CH: 78%; E : Z = 12 : 88

SiPri
3R R

SiPri
3

Me

SiPri
3

16%

R= Me(CH2)5: 85%; E : Z = 24 : 76 12%

R
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Reagent: Cp2Ti[P(OEt)3]2 (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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Thioacetal Product

Reagent: Cp2Ti[P(OEt)3]2 (3–4 eq).  Conditions: THF, r.t. (1–5 h) then reflux (1–3 h).  
Concentration of the thioacetal: 0.1–0.01 M.
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Thioacetal Product

Reagent: Cp2Ti[P(OEt)3]2 (3–4 eq).  Conditions: THF, r.t. (2 h) then reflux (1–2 h).  
Concentration of the thioacetal: 0.03 M.

Yield
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Cp2Ti[P(OEt)3]2

Cp2Ti[P(OEt)3]2

36    88%

35    80%

37    61% (Overall yield)

a)

b)

a)

b)

a) Reagent: Cp2Ti[P(OEt)3]2 (4 equiv.).  Conditions: THF, r.t. (4 h) then reflux (1 h)

Concentration of the thioacetal: 0.03 M.  b) Conditions: THF/MeOH, 40 oC, 24 h.

38    61% (Overall yield)
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Me Me

O

TiCp2
O

O

MeH

H

OH

1) BuLi, toluene, 0 oC

2) AlMe2Cl, 20 oC 

3) Cp2TiMeCl, 20 oC

HMPA (PyH)

THF

CO, 20 oC

THF

43    65% 45    57%

HCl, -20 oC

THF

44
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Cp2Ti

Me Me
Cp2Ti

Me

I

Me

I Cp2Ti
Me

I Me
I

Me Me Me Me

- Cp2TiI2 - Cp2TiI2

I2

+

46 47
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2 Cp2Ti[P(OEt)3]2

Cp2TI

R1

R2

R3

R
R2

R3

RS R1

SR

- Cp2Ti

- Cp2Ti(SR)2

R3

R2

R1 TiCp2
R1 SR

SR

or

49 50 48

52 51
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CH3(CH2)5 S

S
CH3(CH2)5

PhS

PhS

S

S
(CH2)5CH3

(CH2)5CH3

PhS (CH2)7CH3

PhS

CH3(CH2)7

Organosulfur Compound Product

Reagent: Cp2Ti[P(OEt)3]2 (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.

YieldOlefin

93%

86%

72%

E : Z = 87 : 13

E : Z = 96 : 4

E : Z = 79 : 21

76%

ratio of isomers = 60 : 40

E : Z = 82 : 18

E : Z = 85 : 15

E : Z = 98 : 2

1

2

3

4
a
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Cp2Ti CH2

R1 R2

O

R1 = alkyl, OR3

R2 = H, alkyl, OR3, NR3R4, SR3, SeR3, SiMe3.

Cp2Ti

O
R2

R1
R1 R2 Cp2Ti O+ +

53 54
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R1 X

O
Cp2Ti

Me

Me

toluene R1

OTiCp2X

55: X = Cl

56: X = RCOO

57

R1 R2

O OHR2CHO#��
	
 ������ ���������
�� ������ � �������

�� �	� �������� �� �������
������ ����
 
��	
���� �	������
 �� ����
��	������
�

R1

O

R2

1) Zn(cat. Pb), TiX4, (TMEDA)

X

X

R1 R2

2)#��
	
 ����"� $������� �����������  ����!�
��� � $/�0�12�1��$�� 
�
����



���"��

*�+%���
������ �� ������%� ��	������

"� ����� �
���� �������������#�������� ��� 
� 
	�
�	�� ����� ��	���� ������� ��� ���	��
��� ����	����� ��#� ��� ����������� ���
���� �����	 ��#������� ���
����� �	� ������ ��	
��� �	�����	������ �� ��	
���� ���
����� �� ������ ��
�������� �������� 4������ ��� ���
������� �	� �����	��� ���� ��
�������� ������� 
� �	������� ���� �������������#����������

	�
�	�� 
� ������ ���������� 
������ ���������������������� ��� ��
�������� �������
&��� $����� �'�:(  �:!� �������������#��������� ���
����� ��� ���� 
� 
	�
�	�� �	��

�(( ���! ����	
��
 �� �
	��
�� ������� ��������
 �
	� ���������" �� ������ ����


O O O

O
Ph

O

O

O
Ph

O

Ph Ph

Me N
Ph

O

Me

Me N
Ph

Me

Cp2Ti
Cl

AlMe2

Cp2Ti
Cl

AlMe2
[39a]

[39b ]

[39d]

[12b]

[12b]

Cp2Ti

Ph PhPh Ph

O
[44]

Cp2Ti CH2 ZnX2

O

O

O

[45]O

1

2

3

4

5

6 Cp2TiMe2 / toluene,

60-65 oC / 12-26 h

Cp2TiMe2 / toluene,

60-65 oC / 12-26 h

/ toluene-THF, 0 oC - r.t. 30 min

96%

97%

98%

80%

83%

Et2O, r.t. 30 min

/ toluene
quant

/ toluene-THF, 0 oC - r.t. 30 min

Carbonyl compound Reagent / conditions Product Yield Ref.

7 Cp2TiMe2 / THF,

65 oC / 20-26 h
79%

����
 ���"� $������� ���	���������  ����!��� ��������������	������� ���� �
��
�



�()�� �
	��
�����
�� ����
� ��	�	��


 ��� ����	�� ����	
��


CRMe2AlC

Cp2TiCl2 - Me3Al

CMeRC
Me2Al

ClCp2Ti

AlMe2Cl

Cp2Ti

Cp2Ti
Cl

Cl
Cp2Ti

Cl

R

R2BrMg

R1

RMgX

Cp2Ti
R

R1

R2 Cp2Ti

- RH

58

59

R1

R2

CMeR
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1

2

3

4

[17]

[17]

[ 49]83%

Cp2Ti

[50]81%

Carbonyl compound Reagent / conditions Product Yield Ref.

53%

75%

O

O

H H

, Me2C=C=CH2

/ benzene, rt, 12 h

Cp2Ti

, Me2C=C=CH2

/ benzene, rt, 12 h

O
PrMeC=C(AlMe2)TiCp2Cl

O

OMeO

MeO

MeO

OMeO

MeO

MeO

Cp2Ti SiMe3

/ THF, 0 oC - rt

Me

Me

Me

Me

Me

Pr

H

H
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[20]

[21b]

[22]

[25a]

O

O O O

Me SPh

O

Ph

Me SPh

SiMe3

O Et

Ph Ph

O

Ph

Ph

CO2Me
CO2Me

MeO
CO2Me

H

H

Cp2Ti

Cp2Ti

Cp2Ti

SiMe3

SiMe3

Me3Si

Cp2Ti
[25c]

[25d]

1

2

3

4

50%

86%

Carbonyl compound Reagent / conditions Product Yield Ref.

83%

53%

5

6

/ toluene, 23 oC, 10h

/ toluene, 
r.t. (4 h) - 55 oC (15 h)

E : Z = 3.9 : 1.0

ClCp2TiCH=CHMe,

HAliBu2 / toluene,

-40 oC - r.t. 30 min

Cp2Ti(CH2Ph)2

/ toluene, 45 - 55 oC,

16 - 26 h

/ toluene, 60 oC

2

/ toluene, 50 oC
67%

95%
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S

S
(CH2)4CH3

(CH2)4CH3

CH3(CH2)4 (CH2)4CH3

O

O

O

Ph SPh

PhS

O
Ph

CH3(CH2)6

EtO

SPh
PhS SPh

SPh

CH3(CH2)6 OEt

O

PhS SPh

O
SiMe2Ph

SiMe2Ph

PhS

PhS

Ph Ph

MeO

Ph Ph

O

MeO SPh

SPh

Ph OBu

O

Ph

OBu

Thioacetal Product

Reagent: Cp2Ti[P(OEt)3]2 (3–6 eq), Thioacetal (1.1–2 eq).  Conditions: THF, r.t. - reflux.

YieldCarbonyl Compound

1

2

3

Ref.

[51]

[52]

[53]

[54]

88%

75% [51]

(E : Z = 63 : 37)

88%

81%

74%

63% [53]4

5

6

60

61

62

63
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O SPh

O

OEt

SPh

O

O

O
MOMO

O
O

Me

H

H

BnO

BnO

H

SPh

Me OBn

Me
Me

PhS

H

PhS S

PhS O

O

OEt

O

O

Me

H

H

BnO

BnO

H
Me

H

S

 Cp2Ti[P(OEt)3]2 (3-4 eq)

68% [57]

67% [56]

 Cp2Ti[P(OEt)3]2 (4 eq)

 Cp2Ti[P(OEt)3]2 (4 eq)

THF, r.t. (3 h)

THF, reflux (1 h)

66   52 - 67% [59]

THF, r.t. (5 h)

64

65
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R1 R2

X X

O

R3 R4
2)

R1 R4

R2

R3

1) Low-valent titanium reagent

Zn(cat. Pb)/TiCl4/TMEDA: R1 = Alkyl; R2 = H; R3 = Alkyl, RS; R4 = OR, SR, OSiR3, NR2 

Cp2Ti[P(OEt)3]2 (29): R1 = Alkyl; R2 = Alkyl; R3 = Alkyl; R4 = H, Alkyl, OR [61, 62]
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Cp2Ti CH2
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RM: PhAs, PhP, EtP, t-BuP, EtOP

RM
R

R

- Cp2TiCl2

68: M = P

69: M = As
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Cp2Ti
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HCl (g)

- Cp2TiCl2, - NH3
N

R1
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(CH3)2CHC N

Me
Me

Me
Me

Me

Me

Me

Me

R = Me: 68%
       Et : 69%

74

75

Me
Me

#��
	
 ���'�� ����������� �� �����
 �
��� ��� ��������
 �� �	� �������� �� ������������ ����


��	 �������
�



��� ��	
��� ���
����� ����	���� 
� �������	�)����� �� ����������� ���� ��� ���������
��&..( �
����� 	���� ���� ����	��� ��#���� �� 
	����� ��� ���C������ ������ �	 ����
���� ���	������������� &$����� �'�8'(  ::!� ��� 
	����� �

��	� �� ������� ��
������������
�� �����	��� �	�� ��� ��#�� ��
�������� ���� �	�������� �	�� ��� ��	
��� ���
��� ����	 ���
��	������ �� �����������
����� �
�

������

��
 �
������ �� �������	 ����
�
 ��	��
�
� ���� /�����
�

$���� ��� ��
	���)����� ��� ��	����	� �� ��� ���	��� �	��
 	����
�� ����� �� ��#����� �����
���� ��	
��� ���
����� 	���� ���� ���	���� �� � ������	 �������� ����������������������
����	���� �	�� �����������
����� �	 ������������������ 	����� ���� ��� �A��������� �� �
���	��� �� ��	� � ��8����)��������������������� ��� ,��	������ �� �� ����	�� ��#�������
����� �� �	 '����������)������� �� &$����� �'�89(  =9�:;!� ��� ��	������ �� ��� �)����
���������
����� 
� ��� 	������� �� �����������E)��� ������ ���
��� ���� 
��)����	���
��� ���� 
��� �������  ''!�

.� ��� 
	������ �� �	�������
���
���� �	 '��������������
�	������ ����������
���������� ���
����� �� �	� 
	������ 
� �	������ ��� �� ���� ����	���� �����������������

�)"�� �
	��
�����
�� ����
� ��	�	��


 ��� ����	�� ����	
��


Cp2Ti
Me

Me R2 R1

C
Cp2Ti

R1 R2
- CH2

Me

Me

+

CH2 R3C CR3

Cp2Ti

R1 R2

R3

R3

TiCp2 2

PhC CPh

Cp2Ti
Ph

Ph HCl

Ph

Ph

76

7778

#��
	
 ���''� ��������� �� ������������ ����
 �� �	� �������� �� �������������#������� ���� �
��
 
��	
��#���
�

SPh

SPh
R1
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R2

R2

TiCp2
H

R1

TiCp2

CR2R2C Cp2
Ti

R2

R2H

HR1

R1

R2

R2

2 Cp2Ti[P(OEt)3]2

β-Hydride Elimination

- Cp2Ti(SPh)2

- Cp2Ti

Reductive Elimination

R1 = PhCH2, R2 = Et; 71% (E,E:E,Z = 98:2)

R1 = Me2CH, R2 =Pr; 76% (E,E:E,Z = 100:0)
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RCN

Cp2Ti

tBu
or   Cp2TiMe2

Cp2Ti N

R

HN

N
Cp2Ti

R

R

Cp2Ti CH2

RCN

1) HCl, 2) H3O+

R R

H2N NH

R R

H2N O

81

82

83

Na2SO4 10H2O

#��
	
 ���'"� �	� �������� �� ��������������	������� 
��	 �������
�
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Cp2Ti
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or
Cp2Ti N
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PMe3

(DMAP)

R1

N
Cp2Ti

PMe3R2 R3

E

R2CN

E = O, NR4

Cp2Ti
N

N
R2

R1

Cp2Ti
N

E
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R3
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+
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Cp2Ti[P(OEt)3]2
CN

H2O

or MeI / H2O

Ph

R

O

R = H; 68%
R = Me; 74%

TiCp2

Ph
SPh

SPh

Ph

Cp2Ti N

Ph

N
TiCp2
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