
Nickel-catalyzed Tishchenko reaction via hetero-nickelacycles

by oxidative cyclization of aldehydes with nickel(0) complexw

Sensuke Ogoshi,*a Yoichi Hoshimotoa and Masato Ohashiab

Received (in Cambridge, UK) 21st December 2009, Accepted 22nd February 2010

First published as an Advance Article on the web 25th March 2010

DOI: 10.1039/b926866a

A Ni(0)-catalyzed Tishchenko reaction which can be applied to a

variety of aliphatic aldehydes (11, 21, 31) and aromatic aldehydes

was developed. The reaction might proceed via a hetero-

nickelacycle intermediate.

The Tishchenko reaction was discovered more than one

hundred years ago, and its use continues to this day. The

Tishchenko reaction is an atom-efficient method for the

synthesis of homo-dimer esters of simple aldehydes that have

numerous applications in the food and perfume industries.

The reported catalysts of the Tishchenko reaction could be

classified into three categories based on the reaction mechanism:1

Lewis acid catalysts, metal alkoxide catalysts and late transition

metal catalysts.1b However, unfavorable common side reactions

have been reported: the aldol reaction for Lewis acid catalysts,

benzoin condensation for metal alkoxide catalysts,1a and

decarbonylation for late transition metal catalysts. In general,

decarbonylation is an unfavorable side reaction of hydro-

acylation that proceeds via an acyl metal intermediate. The

Tishchenko reaction can be regarded as the hydroacylation

of aldehydes.2 In the course of our research on hetero-

nickelacycles,3 we found that nickel-catalyzed hydroacylation

of alkynes with aldehydes might proceed via oxidative cyclization

of an alkyne and an aldehyde with nickel(0) followed by b-H
elimination and reductive elimination (eqn (1)).3f In this

reaction, decarbonylation can be circumvented because no

acylnickel intermediate is generated during the reaction.

Moreover, Stone reported the formation of the corresponding

nickelacycle by oxidative cyclization of (CF3)2CQO with

nickel(0).4 Thus, it is logical that a nickel complex might

act as a catalyst for the Tishchenko reaction via oxidative

cyclization (eqn (2)). Herein, we report a highly efficient,

nickel-catalyzed homo-dimerization of aldehydes.

ð1Þ

ð2Þ

As a ligand for the Tishchenko reaction of PhCHO, PCy3 was

examined, because PCy3 can form an Z2-aldehyde nickel

complex5 and can promote oxidative cyclization with alkenes,

alkynes and dienes.3a,d,f Although the reaction occurred to

give benzylbenzoate (1) in 90% yield, at the end of the

reaction, a red crystal had precipitated (Table 1, C1).6

The reaction of 1 with Ni(cod)2 and PCy3 did not give C1 at

all. Thus, C1 might be generated by the reaction of PhCHO

with Ni(cod)2 and PCy3, which suggests that PCy3 is not an

efficient ligand for the Tishchenko reaction.7 In the presence of

2 mol% of Ni(cod)2/IPr at 60 1C for 6 h, the reaction

proceeded to give 1 quantitatively. IPrCl was more effective

for the reaction. Even in the presence of 1 mol% of Ni(cod)2
and IPrCl, 1 was obtained quantitatively.

The reaction was applied to various aryl aldehydes to give

the corresponding esters in excellent yields (Table 2, 2–8).z
Both 2-naphthaldehyde and 2-furaldehyde also underwent the

Tishchenko reaction to give the expected esters (9 and 10).

However, aryl aldehydes having either a sterically hindered

group or an electron-withdrawing group required a higher

reaction temperature or a larger amount of catalyst (4, 5 and 7).

Primary, secondary and tertiary aliphatic aldehydes were

available for this reaction (11, 12, 13 and 14). The reaction

product of the primary aldehyde 11 is an industrial chemical

used for antiperspirant and perfume.8 To date, a variety of

catalysts of the Tishchenko reaction have been reported.

However, few catalysts are effective for both aliphatic aldehydes

and aryl aldehydes. Moreover, this reaction can catalyze the

Table 1 Ni-catalyzed Tishchenko reaction of PhCHO

L Ni/L (mol%) T/1C Time/h Yield (%)

PCy3 10/20 100 24 90a

IPr 2/2 60 6 >99
IPrCl 2/2 60 1.5 >99

1/1 60 3 >99

a A red crystal of C1 precipitated.
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dimerization of enolizable aldehydes that, in general, readily

undergo aldol reaction under the Tishchenko reaction

conditions.9

In the presence of 20 mol% of Ni(cod)2 and IPrCl, the

Tishchenko reaction of 2-naphthaldehyde (2-C10H7CHO) was

monitored by NMR (Scheme 1). At �60 1C, the resonances of

the carbonyl hydrogen and the carbon of the aldehyde ligated

to nickel(0) were observed at d 4.7 in 1H NMR and d 109.3 in
13C NMR, which indicates that 2-C10H7CHO coordinates to

the nickel(0) center in Z2-mode.3a,10 Moreover, the resonance

at d 4.7 disappeared in 1H NMR spectra of the reaction with

2-naphthaldehyde-d1 (2-C10H7CDO) at �60 1C. The ratio of

the integration of the aldehyde hydrogen toward the isopropyl

group of IPrCl indicates that two aldehyde molecules coordinate

to nickel(0). The reaction mixture was allowed to warm to

25 1C to give 9 quantitatively. Moreover, the reaction rate

constant was zero order in [2-C10H7CHO]. These observations

suggest that the rate-determining step is either oxidative

cyclization, b-H elimination or reductive elimination. In order

to gain more information about the rate-determining step of

this reaction, the labeling experimental of 2-C10H7CHO and

2-C10H7CDO was conducted. In the presence of 3 mol% of

Ni(cod)2/IPrCl, the reaction of 2-C10H7CHO (or 2-C10H7CDO)

was monitored at 60 1C by means of 1H NMR spectroscopy.11

The rate constants of disappearance of 2-C10H7CHO (kH)

and 2-C10H7CDO (kD) are 3.55(3) � 10�4 and 1.87(1) �
10�4 mol m�3 s�1, respectively, showing a primary kinetic

isotope effect (kH/kD = 1.9). This indicates that either

b-hydrogen elimination or reductive elimination is the rate-

determining step because no primary kinetic isotope effect is

expected during oxidative cyclization.12

A plausible mechanism is shown in Scheme 2. The coordination

of an aldehyde to nickel(0) occurs very rapidly to give a

bis(Z2-aldehyde)Ni(L) (A), which corresponds to C2 in

Scheme 1, followed by oxidative cyclization to give an

oxa-nickelacyle intermediate (B). b-H elimination followed

by reductive elimination might give an ester with simultaneous

coordination of an aldehyde to nickel(0) to regenerate A.

Table 2 Ni(0)/IPrCl-catalyzed Tishchenko reactiona

a GC yield, isolated yields are in parenthesis. b NMR yield.

Scheme 1 Ni-catalyzed Tishchenko reaction of 2-C10H7CHO.

Scheme 2 A plausible mechanism.
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In conclusion, we demonstrated the Tishchenko reaction

catalyzed by a nickel(0) complex, in which the oxidative

cyclization of two aldehyde molecules with nickel(0) is an

important key reaction step. The reaction can be applied to a

variety of aliphatic aldehydes (11, 21, 31) and aromatic

aldehydes. The reaction rate constant is zero-order in the

aldehyde concentration. The observed primary kinetic isotope

effect suggests that the rate-determining step is b-hydrogen
elimination or reductive elimination. Thus, this reaction shows

the high potential of the nickel catalyst for the Tishchenko

reaction.

This work was supported by a Grant-in-Aid for Scientific

Research (No. 21245028) and Encouragement for Young

Scientists (B) (No. 21750102) from MEXT.
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1 (a) L. Kürti and B. Czakó, in Strategic Applications of Named
Reactions in Organic Synthesis, Elsevier Academic Press,
Burlington, 2005, pp. 456–457; (b) T. Seki, T. Nakajo and
M. Onaka, Chem. Lett., 2006, 35, 824–829, and references therein.

2 (a) F. Kakiuchi and S. Murai, Activation of C–H Bonds: Catalytic
Reactions, in Topics in Organometallic Chemistry. Activation of
Unreactive Bonds and Organic Synthesis, ed. S. Murai, Springer,
New York, 1999, vol. 3, ch. 3; (b) C. H. Jun, E.-A. Jo and
J.-W. Park, Eur. J. Org. Chem., 2007, 1869; (c) Decarbonylation
can be suppressed in an intramolecular reaction: S. H. Bergens,
D. P. Fairlie and B. Bosnich, Organometallics, 1990, 9, 566.

3 Isolated examples of hetero-nickelacycles proposed as a reaction
intermediate: (a) S. Ogoshi, M. Oka and H. Kurosawa,

J. Am. Chem. Soc., 2004, 126, 11802; (b) S. Ogoshi, M. Ueta,
T. Arai and H. Kurosawa, J. Am. Chem. Soc., 2005, 127, 12810;
(c) S. Ogoshi, M. Nagata and H. Kurosawa, J. Am. Chem. Soc.,
2006, 128, 5350; (d) S. Ogoshi, K. Tonomori, M. Oka and
H. Kurosawa, J. Am. Chem. Soc., 2006, 128, 7077; (e) S. Ogoshi,
H. Ikeda and H. Kurosawa, Angew. Chem., Int. Ed., 2007, 46,
4930; (f) S. Ogoshi, T. Arai, M. Ohashi and H. Kurosawa, Chem.
Commun., 2008, 1347; (g) M. Ohashi, O. Kishizaki, H. Ikeda and
S. Ogoshi, J. Am. Chem. Soc., 2009, 131, 9160; (h) T. Tamaki,
M. Nagata, M. Ohashi and S. Ogoshi, Chem.–Eur. J., 2009, 15,
10083.

4 (a) M. Green, S. K. Shakshooki and F. G. A. Stone, J. Chem. Soc.
A, 1971, 2828; (b) J. Browning, M. Green and F. G. A. Stone,
J. Chem. Soc. A, 1971, 453; (c) A. Greco, M. Green,
S. K. Shakshooki and F. G. A. Stone, J. Chem. Soc. D, 1970, 1374.

5 D. J. Walther, J. Organomet. Chem., 1980, 190, 393.
6 The molecular structure of C1 was assumed to be a cubic tetra-
meric structure as shown in Scheme 1 by X-ray crystallography.
However, we could not accurately obtain its structure due to the
disorder of the positions of oxygen and nickel and the disorder of
the PCy3 moiety.

7 The formation of C1 in nickel-catalyzed reactions employing
carbonyl compounds or alcohols was observed. Thus, the complex
C1 would be a dead-end complex in catalytic reactions of carbonyls
compounds or alcohols.

8 More than 30 patents have been reported for the use of 11 in
cosmetics during the past 10 years.

9 A limited number of catalysts can catalyze the Tishchenko reaction
of enolizable aldehydes: T. Ooi, K. Ohmatsu, K. Sasaki, T. Miura
and K. Maruoka, Tetrahedron Lett., 2003, 44, 3191.

10 Resonances carbonyl carbon and hydeorgen of Z2-aldehyde are
shifted significantly upfield: Y. H. Huang and J. A. Gladysz,
J. Chem. Educ., 1988, 65, 298, and references therein.

11 For details, see ESIw.
12 The value of the observed kinetic effect is plausible for either b-H

elimination or reductive elimination. (a) E. J. Alexanian and
J. F. Hartwig, J. Am. Chem. Soc., 2008, 130, 15627; (b) J. Zhao,
H. Hesslink and J. F. Hartwig, J. Am. Chem. Soc., 2001, 123, 7220;
(c) I. Saura-Llamas and J. A. Gladysz, J. Am. Chem. Soc., 1992,
114, 2136; (d) R. A. Michelin, S. Faglia and P. Uguagliati, Inorg.
Chem., 1983, 22, 1831; (e) L. Abis, A. Sen and J. Halpern, J. Am.
Chem. Soc., 1978, 100, 2915.

3356 | Chem. Commun., 2010, 46, 3354–3356 This journal is �c The Royal Society of Chemistry 2010

Pu
bl

is
he

d 
on

 2
5 

M
ar

ch
 2

01
0.

 D
ow

nl
oa

de
d 

by
 L

oy
ol

a 
U

ni
ve

rs
ity

, C
hi

ca
go

 o
n 

04
/1

0/
20

13
 1

9:
11

:0
9.

 

View Article Online

http://dx.doi.org/10.1039/b926866a

