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If chelation control were not considered, no stereoselectivity would be observed.

most electrophilic

step 1
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O
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OBn
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L Ph
O

− Pd0L2

reductive elimination

1. lithium acetylide (0.5 M THF solution, 2.8 eq)
    THF, −78 ºC, 92% (dr = 3:1)*
2. PhI (1.2 eq), Pd(PPh3)4 (5 mol%)
    CO (14 atm), CO2 (14 atm)
    Et3N (1.2 M), 100 ºC, 79%

1-1 1-2

O

O

O

OBn

* Major diastereomer was used at the next step.

O

O

OBn

OPh

O

Nicolaou, K. C.; Wu, T. R.; Sarlah, D.; Shaw, D. M.; Rowcliffe, E.; Burton, D. R. 
J. Am. Chem. Soc. 2008, 130, 11114−11121.
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1-9’ 1-9 (major) 1-10 (minor)

lithium acetylide
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(1-9 : 1-10 = 3 : 1)
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+ L
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Discussion
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Discussion : cascade reaction

OH

Inoue, Y.; Taniguchi, M.; Hashimoto, H.; Ohuchi, K.; Imaizumi, S. Chem. Lett. 1988, 81.

Pd0(PPh3)3 (2 mol%)
CO (10 atm), CO2 (10 atm)

Et3N (1 M), 100 ºC, 8 h

79%

+ PhI

1-30 (1 eq) (1 eq)
O

O

Ph

Other palladium catalysts are also effective in this system: Pd0(PPh3)4 (45% yield), PdIICl2(PPh3)2 (48% yield)
1-31

OH

PhI (1 eq)
PdIICl2(PPh3)2 (2 mol%)

CO (10 atm)
Et3N (1 M), 100 ºC

GLC* yield (Figure 1)1-30

O

O

Ph
1-31**

• effect of CO2

OH

O

Ph
1-32

OH

PhI (1 eq)
PdIICl2(PPh3)2 (2 mol%)

CO (10 atm), CO2 (10 atm)
Et3N (1 M), 100 ºC

isolated yield (Figure 2)1-30 1-33

O

OO

H

O

Ph

O

O

Ph
1-31

GLC (190 ºC)

** It was assumed that catalytic amount of CO2 was generated via the water-gas shift reaction:
    CO + H2O            CO2 + H2

• 1-30 was converted to carbonate 1-33 in the presence of CO2.
• It was found that isolated carbonate 1-33 was completely converted to 1-31 in gaseous phase (190 ºC).

1-25’’ 1-25’’’
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O
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PdII

O
H
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OBn
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O
H

1-26

1-27 1-28 1-28’

1-28’’ 1-28’’’ 1-2
O

O

OBn

O

O

Ph Pd0

1. original reaction

2. elucidation of the reaction mechanismref 1

O

O

OBn

O

OO

O

PhH 1-25 (E)

step 2

+

1-29

+

*gas and liquid chromatography

sp2

sp3

formation of
π-allyl complex

− CO2

formation of
oxa-π-allyl complex

large A1,3 allylic strain

soft
nucleophile

delocalization
of electron
to ketone

(electron density
ketone < lactone)

3



resultaentry

1

2

3

4

5

solvent

a) GLC yield

base

Et3N

DMF

CH3CN

CH3CN

CH3CN

-

Na2CO3

K2CO3

Li2CO3

Et3N

48%

18%

20%

trace

69%

CO (10 atm), CO2 (10 atm)
conditions

1-32

• effect of solvent

1-33 (66%)

Figure 1

OH

O

Ph conditions
Et3N (1 M), 70 ºC, 1 h: 68%

benzene (1 M), 100 ºC, 8 h: 21%

O

OO

H

O

Ph

conditions

see Table 2
O

O

Ph
1-311-33

O

OO

H

O

Ph

Summary

OH OH

O

Ph
1-321-30 1-33

O

OO

H

O

Ph

O

O

Ph
1-31

PhI
Pd0 

CO (10 atm)

• Acetylenic ketone 1-32 was converted to carbonate 1-33.
• Et3N accelerated the formation of 1-33 (also see right table ).
• Palladium catalyst was not involved in this step.

• Carbonate 1-31 was converted to 1-29 with the extrusion of CO2.
• Pd was not necessary in this reaction in a harsh conditions.

Et3N-mediated 
reaction

CO2 (10 atm) Pd0, 100 ºC

or
150 ºC (neat)

or
(gaseous phase)

OH

PhI (1 eq)
PdIICl2(PPh3)2 (2 mol%)

CO (10 atm), CO2 (10 atm)
solvent (1 M), base (1.5 eq)

100 ºC, 8 h

see Table 11-30
O

O

Ph
1-31

• Inorganic bases, which can be used in the carbonyl Sonogashira coupling, were not effective in 
this reaction. Thus it was sugggested that Et3N acted not only as a base, but also a nucleophile.

Table 1

G
LC

 y
ie

ld
 (%

)

time (h)

1-32

1-31

Figure 2

iso
la

te
d 

yie
ld

 (%
)

time (h)

1-31

1-33

• relationship between 1-33 and 1-31

resultentry

1

2

3

conditions

Pd0(PPh3)4 (2 mol%)
CO (10 atm)

Et3N (1 M), 100 ºC, 1 h

Pd0(PPh3)4 (2 mol%)
CO2 (10 atm)

Et3N (1 M), 100 ºC, 1 h

neat, 150 ºC, 20 min

73%

75%

100%

Table 2
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4. insight into the reaction mechanism of the decarboxylation from carbonate (last step)
4-1. palladium catalyzed pathway

4-2. thermal degradation of carbonate at harsh conditions

neat, 150 ºCO

O

a
b

O

H

O

Ph

In palladium catalyzed pathway, stereocenter highlighted in 1-2 was retained.

O

O

Ph

b
a

Stereocenter in carbonate 1-33 would be inverted or partially racemized.

O
N

(S)
O

R

O

O
N

O

R

O

loose SN2

− CO2

− CO2

SN1

O

O

OBn

O

O

Ph

1-2

O

O

OBn

HO

1-9

PhI (1.2 eq)
Pd0(PPh3)4 (5 mol%)

    CO (14 atm), CO2 (14 atm)
    Et3N (1.2 M), 100 ºC

79%

δ−
δ+

1-34

O

O

a
b

O

H

O

Ph

1-35

O

H

O

Ph

O

O

b
a

O

O

Ph

a
b

O
N

(R)

OO

O

H

O
R

(R)-1-36-X

O
N

(R)

OO

O

H

O
R

δ−
δ+

O
N
R

O
HO

O
O

stabilized benzyl cation

positive charge stabilized by
adjacent aromatic ring

4-3. experimental resultsref2

OH

a
b

1-30 1-33
(isolated)

loose SN2

− CO2

1-31
(inversion)

1-31
(racemization)

1-38-X

1-39-X

(S)-1-37-X

rac-1-37-X

Starting material
(R)-1-36-Me : 85%ee
(R)-1-36-F11 : 90%ee
(R)-1-36-Br  : 85%ee

Product
(S)-1-37-Me : 92% (85%ee, 99% inversion)
(S)-1-37-F11 : 89% (74%ee, 93% inversion)
(S)-1-37-Br  : 62% (85%ee, 78% incersion)

CH2Cl2, 60 ºC

R =
X

− CO2

SN1
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Answer

2-1

O

O

O

OAc
TESO

O

O

TESO
OAc

OO
O H

O

TESO
OAc

OO
O H

Cp
TiIII

Cp

Cl

Cl
TiIII

Cp

Cp

Cp
TiIII

Cp

Cp

Cl
TiIII

CpCl

Cp
TiIV

Cp Cl

Cl Mn0

2

O

Cp2TiCl2 (2 eq), Mn (10 eq), THF
then 2-1, 80% (dr = 7:1)

2.

2-1

2-4
11-O-debenzoyltashironin

O

OAc
TESO

O

Cl
Cl

Ti

Cp2TiCl2

P
NMe2

Me2N NMe2

O

HMPA

1. 48 wt% aq. HBF4 (3 eq)
    MeOH, 40 ºC, 86% (dr = 2:1)*
2. H2 (1 atm)
    Pd/C (10 wt% Pd on carbon, 50 wt%)
    MeOH, 90%
3. SmI2 (2 eq), HMPA (2 eq)
    THF, −78 ºC, 93%2-3

2-2 (70%)   +   2-3 (10%)

* Judged from 1H NMR. 
* It cannot be determined which diastereomer is the major one.

O

O

HO

OH

OH

O

− MnIICl2
THF

2
Cp

TiIII
Cp Cl

O

(Cp2TiIIICl)2 Cp2TiIIICl•THFCp2TiIVCl2

Cp
TiIII

Cp

Cl

Cl
TiIII

Cp

Cp
O

(Cp2TiIIICl)2•THF

THF

− THF

THF

Cp2TiIIICl•THF

single electron
transfer (SET)

reactivity: 
aldehyde > lactone

O

TESO
OAc

OO
O H

Cp

Cl
TiIV

Cp
1/2 Mn0

− 1/2 MnIICl2
O

TESO
OAc

OO
O H

Cp
TiIII

Cp
Toward 2-2

Tong, J.; Xia, T.; Wang, B. Org. Lett. 2020, 22, 2730−2734.

O

TESO
OAc

OO
O H
TiIV

CpCp

ligand
exchange

 coor-
dination

11

O

TESO
OAc

OO
O H

Cp
TiIII

Cp

Cp

Cl
TiIV

CpCl

2-1’ 2-9

2-10 2-11 2-12

2-13

2-5 2-6

2-7

2-8

O

O

O

TESO
OAc

OO
O H
TiIV

CpCp

2-14

O

in equilibrium
via 2-12 ref3**

Discussion: titanocene-mediated
                     pinacol coupling

ref 4*

*  see section 3-3. Table 1. entry 1
** see appendix
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Cp
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Toward 2-3

Cp2TiIIICl•THF

THF

O

TESO
OAc

OO
O H

Cp

Cl
TiIV

Cp

Cp
TiIII

Cp

Cl

O

TESO
OAc

OO

Cp
TiIII

Cp

Cl

Cp

Cl
TiIV

Cp

H

O

O

O

AcOTESO

H
Cp

Cp
TiIV

Cl

H

Cp

Cl
TiIV

Cp

O

2-2 (cis, major)

2-19

O

O

OH

AcOTESO

H
H

HO

2-3 (trans, minor)

O

O

OH

AcOTESO

H
H

HO

2-3

O

O

HO OH

OHO

O

O

OH

HO OH

OHO

OH

OHO
OHO

H
HO

step 2

step 1

OH

OHO
OHO

R1

R2

2-25: R1 = H, R2 = OH
2-27: R1 = OH, R2 = H

OH

OHO
OHO

H

OH
+

OH

OHO
OHO

HO
H

H HH H
syn-pentane
interaction

O

2-162-15

2-11 2-17 2-18

2-20 2-21

2-22 2-23 2-24

2-25 2-26 2-27

2-28 2-29

work up

work up

+ H
aq. HBF4

MeOH
methanolysis

of acetyl group
− TESF

+ H
strain release

± H ± H
epimerization

[Pd-H]

H
H

H

H

H

[Pd-H]

± H

from 2-2

chelation
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Discussion: titanocene-mediated pinacol coupling

Cl
ClTiIV

2-5: Cp2TiIVCl2
(d0, 16 e-)

ClTiIII

2-6: (Cp2TiIIICl)2
(d1, 17 e-)

Cl
TiIII

ClTiIII
O

2-8: Cp2TiIIICl•THF
(d1, 17 e-)

THF

Keq

2 2Mn0/Zn0

• Cyclic voltammetry showed that (Cp2TiIIICl)2 (2-6) and Cp2TiIIICl•THF (2-8) are in equilibrium in THF.ref1

• Keq was independent of the metal (Mn0, Zn0) used.
      Keq = [(Cp2TiIIICl)2]/[Cp2TiIIICl]2 = 3×103 M−1

  The distribution of TiIII species in solutionwill be calculated as follows:
      0.005 M: [(Cp2TiIIICl)2] = 0.14 mM, [Cp2TiIIICl] = 0.22 mM
      0.1 M    : [(Cp2TiIIICl)2] = 0.048 M, [Cp2TiIIICl] = 0.004 M

1. Nugent reagent (Cp2TiIIICl)

2. revelation of the reducing titanocene speciesref1

Ph

O

HCp2TiIIICl +
Ph

O

H

TiIVCp2Cl

Ph

O

H(Cp2TiIIICl)2 + Ph

O

H

TiIVCp2Cl

Cp2TiIIICl

Ph

O

H

TiIVCp2Cl
2

Ph

O
H

TiIVCp2Cl

H
O

Ph

ClCp2TiIV

k1

k2

k3

Ph

O

H
2

Cp2TiIVCl2, Zn0

THF Ph Ph
HO

H

H

OH

Kinetic traces were recorded for the decay of TiIII at λ = 800 nm for PhCHO (0.015 M) in THF 
solutions of Cp2TiIVCl2/Zn0 (1, 2, and 5 mM) at 20 ºC.

+

(eq 2-1)

(eq 2-2)

(eq 2-3)

From kinetic measurements, k1 and k2 were determied as follows, respectively: k1 < 2 M−1s−1, k2 = 70 M−1s−1.

OH

OHO
OHHO

HO

SmIII2, HMPA

SET OH

OHO
OHO

OH

H

LnI2SmIII

SmIII2

SET
OH

OHO
OHO

OH

H

LnI2SmIII

OH

OHO
OHO

H

LnI2SmIII

OH

OHO
OHO

OH

OHO
OHO

H

OH
step 3

work up

O

2-4

HO

OH

OH

O

step 4

2-30 2-28 2-31

2-4’2-332-32

(L = HMPA, THF)

2-34 2-35

2-34

2-34

2-8

2-6

2-36

2-36 2-8

2-36 2-37

(see 2-26 to 2-27)

± H
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TiIV

Cp
TiIII

Cp

Cl

Cl
TiIII

Cp

Cp

2-8: (Cp2TiIIICl)2

Cp
TiIII

Cp

Cl

Cl
TiIII

Cp

Cp
O

2-7: (Cp2TiIIICl)2•THF

THF ligand exchange

Cp
TiIII

Cp

Cl

Cl
TiIII

Cp

Cp
O

HPh

3. more detailed mechanism

Cp2TiIVCl2

Mg0 (4.5 eq)
PMe3 (excess)

THF Cp2TiII(PMe3)2*

* In solution 2-39 is in equilibrium with Cp2TiII(PMe3) + PMe3, 
with 2-39 favoured at room temperature.

2-39

2-40
purple crystals

Cp2TiII(PMe3)2

2-39

Cp2Ti O

Ph

PMe3

Ph
Ph Ph

O

THF-d8, rt
then −20 ºC

(1 eq)

TiIV

2-40
C6D6 solution

Cp2Ti O

Ph

PMe3

Ph O
Cp2TiIV

O

Ph

Ph
Ph

C6D6, 10 min
then concentration 2-41

R

O
2 R R

HO

OH

Cp2TiIVCl2  (1.1 eq)
Mn0 (8 eq)
THF, rt, 1 h

entry

1*

2

3

yield (dl:meso)

10% (2:1)

81% (9:1)

91% (85:15)

R R
HO

OH
dl meso

Ph

O
Cp2TiIVCl2  (1.1 eq)

Mn0 (8 eq)
THF, rt, 16 h

n
O

HO OH

n

Ph
HO OH

n

Ph

cis trans
R

R = Ph

R = Ph

R = F

entry

1*

2*

3

yield (cis:trans)

50% (cis only)

80% (1:1)

67% (3:1)

R

n = 1

n = 2

n = 3

* Zn0 (8 eq) was used.

These results supported the chelation mechanism in the titanocene mediated pinacol coupling in THF (see page 6-7).

Titanoxirane 2-40 was an intermediate in the titanocene-mediated pinacol coupling.

cf: redox potential
Mg0: Eo = −2.36 V vs. SHE
Mn0: Eo = −1.18 V vs. SHE
Zn0: Eo = -0.76 V vs. SHE
Cp2TiIIICl: Eo = −0.8 V vs. Fc+/Fc

This result suggested that dimeric titanocene (Cp2TiIIICl)2 would be the species responsible for the reduction of 
PhCHO. Thus half-open type dimeric species (Cp2TiIIICl)2•THF 2-7 and 2-38 would be a tentetive structure.

2-38

2-5

Ph H

O
(1 eq)

3-1. synthesis of titanoxiraneref2,3

3-2. pinacolized product from titanoxirane

3-3. necessity of Mn0 and chelation control ref4

X-ray structure of
2-40

Cp2TiIV
O

O
R

R Cp2TiIV
O R

O
H

R

TS for dl TS for meso
* Solid (Cp2TiIIICl)2 instead of {Cp2TiIVCl2, Mn0} was used.

Table 1 Table 2
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2-1

O

OAc
TESO

O
O

O
O

O

OH

AcOTESO

H
H

HO

2-3 (trans)

O

O

HO H

AcOTESO

HO
H

2-2 (cis)

conditions
A: Cp2TiCl2 (2 eq), Mn (10 eq), THF

then 2-1 (THF solution), 12 h
B: Cp2TiCl2 (2 eq), Zn (10 eq)*, benzene

then 2-1 (benzene solution), 7 days

* Manuscript could be read that Zn dust was used, but in Supporting information, it could be read that Mn was used.

conditions A: 80% (2-2 : 2-3 = 7:1)
conditions B: 84% (2-2 : 2-3 = 0:1)

4. effect of the solvent

Above results showed that the choice of the solvent had an great influence on the stereoselective outcome.  This 
difference can be attributed to the polarity of the solvent.

2-1

O

O

O

OAc
TESO

O

O

TESO
OAc

OO
O H

O

TESO
OAc

OO
O H

Cp
TiIII

Cp

Cl

Cl
TiIII

Cp

Cp

Cp
TiIII

Cp

Cp

Cl
TiIII

CpCl

Cp
TiIV

Cp Cl

Cl Zn0

2

− ZnIICl2
THF

2
Cp

TiIII
Cp Cl

O

(Cp2TiIIICl)2
2-6

Cp2TiIIICl•THF
2-8

Cp2TiIVCl2
2-5

Cp
TiIII

Cp

Cl

Cl
TiIII

Cp

Cp
O

(Cp2TiIIICl)2•THF: 2-7

THF

− THF
single electron
transfer (SET)

ligand
exchange

 coor-
dination

O

TESO
OAc

OO
O H

Cp
TiIII

Cp

Cp

Cl
TiIV

CpCl

O

TESO
OAc

OO
O H

Cp

Cl
TiIV

Cp

2-1’ 2-9

2-10 2-11

2-3 (trans, single diastereomer)

ref 5

O

TESO
OAc

OO

Cp
TiIII

Cp

Cl

Cp

Cl
TiIV

Cp

H O

2-18

O

TESO
OAc

OO

Cp

Cl
TiIV

Cp

H O

2-42

O

O

O

AcOTESO

H
Cp

Cp
TiIV

Cl

H

Cp

Cl
TiIV

Cp

O

2-19

O

O

OH

AcOTESO

H
H

HO
work up

minimize
dipole

in non-polar
solvent
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Ph

H O
O

O

H

O

O

OBn

HO
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20% probability level
(ORTEP)

enantiomer
20% probability level

(ORTEP)

2-1

O

O

O

OAc
TESO

O

O

TESO
OAc

OO
O H

2-1’

enantiomer
50% probability level

(ORTEP)

O

O

OBn

O

O

Ph

1-2
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2-43-(R)

Cp2Ti (R)
O

PMe3

Ph
2-43-(S)

Cp2Ti (S)
O

PMe3

Phtoluene-d8
219 to 295 K

1H NMR

temperature dependence of the C5H5 of 2-43
1H NMR (300 MHz, toluene-d8)

Appendix
1. Interconversion of the enantiomers of titnoxirane 2-43ref3

2. X-ray structures (disorder not corrected)

At 295 K, there is a single Cp peak, indicating that 
titnoxiranes 2-43-(R) and 2-43-(S) are in a fast enantiomer 
interconversion.
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OH

OH
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