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Nickel-catalyzed Tishchenko reaction via hetero-nickelacycles
by oxidative cyclization of aldehydes with nickel(0) complex
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A Ni(0)-catalyzed Tishchenko reaction which can be applied to a
variety of aliphatic aldehydes (1°, 2°, 3°) 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:'
Lewis acid catalysts, metal alkoxide catalysts and late transition
metal catalysts.'” However, unfavorable common side reactions
have been reported: the aldol reaction for Lewis acid catalysts,
benzoin condensation for metal alkoxide catalysts,l” 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.”> In the course of our research on hetero-
nickelacycles,® 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)).3"(‘ 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),C=O0O with
nickel(0).* 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.
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As a ligand for the Tishchenko reaction of PhCHO, PCy; was
examined, because PCy; can form an m’-aldehyde nickel
complex® and can promote oxidative cyclization with alkenes,
alkynes and dienes.>*?*/ 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).

The reaction of 1 with Ni(cod), and PCy; did not give C1 at
all. Thus, C1 might be generated by the reaction of PhCHO
with Ni(cod), and PCys, which suggests that PCys is not an
efficient ligand for the Tishchenko reaction.” In the presence of
2 mol% of Ni(cod),/IPr at 60 °C 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),
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).1
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.® 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 P\CHO

o

cat. NI(COd)zlL

toluene-dg
L Ni/L (mol%) T/°C Time/h Yield (%)
PCy; 10/20 100 24 90
IPr 2/2 60 6 >99
IPrCl 2/2 60 1.5 >99
1/1 60 3 >99
CV3P PCy;
|—/;o
2 Ni ‘
‘ Ni—__
/ PC
N|—O Yo
IPrCl cyP” c1

“ A red crystal of C1 precipitated.
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Table 2 Ni(0)/IPrCl-catalyzed Tishchenko reaction”

0 Ni(cod),/IPrCI (x mol%) O H H

PN M X

R H toluene, 60 °C R (o] R

Mo oo

3h (1 mol%) 3 h (1 mol%)

> 99% (99%) > 99% (99%)
O H H
[*agea eyl
3h (1 mol%) 4
mol%) 24h (3 1%
> 99% (99%) 7% (o)
O H H
Bu o Bu /@)k x©\
OMe
k{
Bu 5 Bu 2h(2 mol%)

> 99% (95%)

9 H H
Me0OC 8 COOMe

3h (2mol%, 80 °C)
> 99% (99%)

Q H H
AN (o} —
@o*ﬁ?

10

2h (2mol%, 80 °C)
> 99% (99%)

Fegasy

4h (10 mol%)
> 99% (82%)

Seaave

F3

2h (3 mol%) 4h (2mol%)
94%" (82%) 56% (62%)
1h (1 mol% 1h (2 mol%

> 99% (96%)

QO H H Q9 H H
O)’J\())QO %Oxﬁ
13
1h (1 mol%) 1h (1 mol%)
> 99% (99%) > 99%

> 99% (94%)

% GC yield, isolated yields are in parenthesis. ° NMR yield.

dimerization of enolizable aldehydes that, in general, readily
undergo aldol reaction under the Tishchenko reaction
conditions.’

In the presence of 20 mol% of Ni(cod), and IPrCl, the
Tishchenko reaction of 2-naphthaldehyde (2-C,oH,CHO) was
monitored by NMR (Scheme 1). At —60 °C, the resonances of
the carbonyl hydrogen and the carbon of the aldehyde ligated

j\ 20 mol% Ni(cod),/IPrCl i H H
R™ "H toluene-ds, -60 °C to 25 °C R® 0" R
R = Napthyl quant

a2

<G e,

Scheme 1 Ni-catalyzed Tishchenko reaction of 2-C(H,CHO.

to nickel(0) were observed at 0 4.7 in '"H NMR and 6 109.3 in
13C NMR, which indicates that 2-C;oH,CHO coordinates to
the nickel(0) center in n*-mode.>*'® Moreover, the resonance
at § 4.7 disappeared in "H NMR spectra of the reaction with
2-naphthaldehyde-d; (2-C,(H;,CDO) at —60 °C. 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 °C to give 9 quantitatively. Moreover, the reaction rate
constant was zero order in [2-C;oH,CHO)]. 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-C;,H;CHO and
2-C;0H7,CDO was conducted. In the presence of 3 mol% of
Ni(cod),/IPrCl, the reaction of 2-C;oH;CHO (or 2-C;,H,CDO)
was monitored at 60 °C by means of '"H NMR spectroscopy. '
The rate constants of disappearance of 2-C;(H,CHO (ky)
and 2-C;oH,CDO (kp) are 3.55(3) x 107* and 1.87(1) x
10~ mol m™> s~!, respectively, showing a primary kinetic
isotope effect (ky/kp = 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.'?

A plausible mechanism is shown in Scheme 2. The coordination
of an aldehyde to nickel(0) occurs very rapidly to give a
bis(n-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.

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 (1°, 2°, 3°) 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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