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ABSTRACT: In the presence of a Ni(0)/NHC catalyst, an
equimolar mixture of aliphatic and aryl aldehydes can be
employed to selectively yield a single cross-coupled ester.
This reaction can be applied to a variety of aliphatic (1°, 2°,
cyc-2°, and 3°) and aryl aldehyde combinations. The reac-
tion represents 100% atom efficiency and generates no
waste. Mechanistic studies have revealed that the striking
feature of the reaction is the simultaneous coordination of
two aldehydes to Ni(0).

Ester compounds are a fact of daily life, and the need for them
will never lessen. Thus, it is worthwhile to provide an envir-
onmentally benign method to synthesize esters." One of the most
promising methods is the Tishchenko reaction, which is a direct
catalytic conversion of simple aldehydes to esters (eq 1).* Since
its discovery in 1887, a variety of catalysts, such as Lewis acid and
transition-metal catalysts, have been elaborated to develop the
reaction. Nevertheless, this reaction has not been accepted as a
common method for ester synthesis because of a crucial limita-
tion: there is no selective crossed Tishchenko reaction that can
prepare a single cross-coupled ester selectively from among the
four possible esters that could be formed from two different
aldehydes (eq2). In fact, some groups have attempted to prepare
a single cross-coupled ester from amon§ the four possible esters,
but it has never been accomphshed3 The highest selectivity
reported to date has been 0.71,’8 where the selectivity is defined
as AB/(AB + BA + AA -+ BB) using the labels in eq 2. For the
development of a selective crossed Tishchenko reaction, a new
catalyst that can discriminate between two different aldehydes
must be discovered and developed.
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We have reported a nickel(0)/N-heterocyclic carbene®
(NHC)-catalyzed Tishchenko reaction that can dimerize both
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(i) Nickel-catalyzed reaction via nz-coordination of two aldehydes at the
same time.
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Figure 1. Proposed mechanisms for the Tishchenko reaction.

aliphatic and aryl aldehydes via a reaction path that is totally
different from that proposed for either Lewis acid or transition-
metal catalysts (Figure 15 A striking feature of the reaction
mechanism for the nickel(0)-catalyzed reaction is that two
aldehyde molecules are incorporated in all of the key reaction
intermediates. Thus, the reactivity of these intermediates was
expected to be more sensitive than other catalysts to the
environment surrounding the formyl group of the aldehydes.
This expectation was supported by the fact that the reaction rate
of a homocoupling reaction of aliphatic aldehydes was much
faster than that of aryl aldehydes in the nickel(0)/NHC-cata-
lyzed reaction.® These observations convinced us that the nickel-
(0)/NHC catalyst meets the criteria for a possible new catalyst
for the cross-coupling reaction of aldehydes, as mentioned above.
This paper is the first report of a selective crossed Tishchenko
reaction. The results of mechanistic experiments are included.
To confirm the potential of nickel(0) as a catalyst for the
crossed Tishchenko reaction, the reactlon conditions for the
homocouphng reaction were applied.® The reaction of CyCHO
(A") with an equimolar amount of PhACHO (B') in toluene at
60 °C in the presence of 2 mol % Ni(cod), and IPrCl gave one
cross-coupled ester, CyCOOCH,Ph (A'B'), predominantly in
58% yield, with the concomitant formation of PnCOOCH,Cy
(B'A"), CyCOOCH,Cy (A'A"), and PhCOOCH,Ph (B'B") in
4, 12, and 18% yield, respectively, and the selectivity was
moderate (0.63). It should be emphasized that two aldehydes
were employed in a 1:1 ratio. Encouraged by this result, we
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optlmlzed the reactlon conditions.” Heating an equimolar mix-
ture ofA with B' in the presence of 2 mol % Ni(cod), and SIPr
gave A'B" with the highest selectivity (94% yield, 0.94 selectivity;
Table 1, entry 1).

Once the optimized conditions for the desired reaction had
been established, we turned to an investigation of the scope and
limitations. A wide variety of combinations of substrates were
examined, and the results are summarized in Table 1. Treatment
of A" with an equimolar amount of B' or one of its disubstituted
derivatives B* and B> resulted in the formation of the corre-
sponding cross-coupled esters (A'B'—A'B?) in excellent yields
with excellent selectivity (92—94% yield, 0.92—0.94 selectivity;
entries 1—3). Although a decrease in selectivity was observed in
the reaction of A" with 2,4,6—trimethy1benzaldehyde (B*) (57%
yield, 0.64 selectivity; entry 4), B® having bulky substituents
at the 3 and 5 positions gave excellent results (89% yield,
0.89 selectivity; entry 5). An electron-rich substrate (B®) and
naphthaldehyde derivatives (B’ and B®) afforded the cross-
coupled esters with excellent selectivity (0.87—0.98; entries
6—8).% Next, the cross-coupling reactlons of various aliphatic
aldehydes (1° 2°, and 3°) with B® were examined (entries
9—11), as B® afforded the highest selectivity in the reaction with
Al (entry 8) As expected, the corresponding cross-coupled
esters (A’B®*—A*B®) were obtained as almost single products
(0.93—0.99 selectivity). Recent attention to 1-naphthylmethyl
esters has focused on their utility, for example, as an identification
group | to pursue the productlon of dendrimers’ and antidiabetic
drugs.'® Although A* and A® can be employed in the reaction
with other aryl aldehydes with no loss of selectivity (entries 12
and 13), a significant decrease in selectivity was observed in the
case of A* It is noted that the aliphatic aldehyde (A) tends to
become the carboxylic acid part and the aryl aldehyde (B) the
alcohol part. This tendency was also observed in previous
reports.>*® One of the advantages of this catalyst system is its
simplicity in the isolation of the products. In most cases, simple
distillation can be used to isolate the products from the reaction
mixture using a Kugelrohr distillation oven.

Plausible mechanisms are described in Figure 2. The forma-
tion of Clgg would occur prior to the formation of C1,p. Some
theoretical studies have demonstrated that a more electron-
deficient 71 component can coordinate to nickel(0) in the 7
mode more efficiently because of a strong back-bonding
interaction.'' Aryl aldehydes, which generally are more elec-
tron-deficient than aliphatic aldehydes, coordinate to nickel(0)
to give Clgg. In fact, at —60 °C, the exclusive formation of
Clp-p, was observed by NMR spectroscopy in the reaction of A"
(5 equiv) and B’ (5 equiv) with Ni(cod), and SIPr in toluene-
dg.” However, even at 25 °C, broadening of the resonances of the
formyl hydrogen of A' and B’ was observed. Thus, under the
reaction conditions, the exchange of a coordinated B and a
noncoordinated A generating C1,5 would take place much faster
than the formation of homocoupled ester BB from Clgp. After
the formation of C1,p, there might be two possible paths for the
nickel(0)-catalyzed crossed Tishchenko reaction: via a dioxa-
nickelacycle intermediate'” (path 2A) or an acylnickel inter-
mediate'® (path 2B). In path 2A, oxidative cyclization of the
aldehyde moieties in C1,5 would give dioxanickelacycle C243,
after which f-hydrogen elimination and reductive elimination
would yield the cross-coupled ester AB."*'> On the other hand,
in path 2B, oxidative addition of the C—H bond of A in Clzp to
Ni(0) would generate Ni—H complex C4,p. Insertion of the
C=0 bond of B into Ni—H would then give rise to CS5p, after

Table 1. Nickel-Catalyzed Crossed Tishchenko Reaction of
Aliphatic Aldehydes (A) with Aryl Aldehydes (B)*

cat. Ni(cod),/SIPr O HH
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R O R'
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AB , Conv.of BS  Yield” ,

Entry Condition ) %) Selectivity
HH

1 2/40/4 >99  94(84) 0.94
A'B!

2 OJ\ Kﬁj\ 440i4  >99  92(88) 092
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215012 66 64(47) 0.98

9 /ﬁ\/lo /5012 61  61(66) >0.99
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10/23/12 81 75(65) 0.93

10123112 83 73(65) 0.94

O HH
12 /‘:l\’lokﬁj\ 4140/4 90  82(66) 0.94
'Bu
13 OXQ’ 44014  >99  88(83)  0.88

Algt Bu

# Aldehydes (0.40, 1.00, or 2.00 mmol), Ni(cod),/SIPr (0.040 mmol),
and toluene (2 mL) were reacted at the indicated temperature. ’ Catalyst
loading (mol %)/temperature (°C)/time (h). © Conversmns (%) of B
and selectivities were determined by GC analysis. “Yields (%) of AB
were determined by GC analysis; isolated yields are given in parentheses.
“IPr was employed IMes was employed.
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Figure 2. Plausible mechanisms for the nickel-catalyzed crossed Tishchenko reaction. (A) Reaction path via a dioaxanickelacycle intermediate formed
by oxidative cyclization. (B) Reaction path via an acylnickel intermediate formed by oxidative addition.

Table 2. Labeling Experiments for the Nickel-Catalyzed
Crossed Tishchenko Reaction of A" with B’

0 Y 4 mol% Ni(cod),/SIPr
X * o —_—
Toluene, 50 °C

XY

eapce

A B’ A'B7
Experiment X Y k' KIE(N)® Selectivity

I H H 12.9(1) - 0.94

I H D 10.9(1) 12 0.93

1 D H 6.4(3) 2.0 0.83°

v D D 6.7(1) 1.9 0.857

“Rate constant (10> mol m > s~ ") for the production of the ester in
experlment N, where N is the roman numeral label for the experlment

¥ Kinetic isotope effect, estimated as KIE(N) = k;/ky. © The yields of (A'-
d,)B’, B7(A'-d,), (A'-d,)(A'-d,), and BB’ were 71, <1, 2, and 13%,
respectively. “The yields of (A'-d,)(B’-d,), (B7-d1)(A1-d1), (A
dl)(Al-dl), and (B7-d1)(B7-d1) were 77, <1, 3, and 10%, respectively.

which reductive elimination would result in the formation
of AB.

To gain insight into the reaction mechanism, mechanistic
studies were conducted utilizing the combination of A' and B”.
In order to explore the change in the concentration of each
component, the crossed Tishchenko reaction of A' with B’
(Table 1, entry 8) was monitored by GC analysis.” The rate
constants for disappearance of A (ka-cross) and B” (kp_cross) are
zeroth-order with respect to the concentrations of A" and B’,
respectively. Moreover, the rate constant for production of A'B”
(kl) was almOSt equal to kA cross and kB -Crosss i €., kA Ccross ~ kB cross
AkA~13x10 *molm *s !

These results indicate that the coordination of the aldehydes
to nickel(0) is not the rate-limiting step in the reaction. In
addition, the reaction exhibits first-order dependence on the
Ni(0)/SIPr catalyst. Moreover, we conducted labeling experi-
ments to estimate the kinetic isotope effects (KIEs).'® The
measured KIEs are as follows; KIE(II) = 1.2, KIE(III) = 2.0,
and KIE(IV) = 1.9 (see Table 2).” In these experiments, deute-
rium was exactly incorporated into the X and/or Y positions
without loss of enrichment. In addition, scrambling of the deuterium

in A'(B7-d;) was not observed at all when A'(B’-d;) was
subjected to either the catalytic conditions (50 °C, 3 days) or
more harsh conditions (100 °C, 2 h).” The observed KIE(III) is
in the range of a primary KIE, clearly suggesting that the cleavage
of the C—H bond in A" or the Ni—H bond significantly
contributes to the reaction rate. Thus, in path 2A, the rate-
limiting step might be either the 5-H elimination or the reductive
elimination. However, the value of KIE(II), which is in the range
of a normal secondary KIE, should not be observed in the -H
elimination step. Therefore, the rate- 11m1t1ng step in the path 2A
might be the reductive elimination.'” In path 2B, the oxidative
addition or the insertion could be the rate-limiting step. How-
ever, KIE(II) is consistent with neither of these possibilities. In
the oxidative addition step, a KIE should not be observed for the
aryl aldehyde. In the insertion step, an inverse secondary KIE
should be observed because of the hybrldlzatlon change of
the formyl carbon of the aryl aldehyde from sp> to sp>."* Thus,
path 2A is more likely, and a very rapid pre-equilibrium process
involving Clpp and C34p prior to the reductive elimination
might exist. In fact, no decarbonylation was observed in our
system, although it was reported that decarbonylation occurred
in the transition-metal-catalyzed Tishchenko reaction via an
acylmetal intermediate such as C4,p."

The observed values of KIE(IIT) and KIE(IV) were almost the
same, which suggests that the rate of the cross-coupling reaction
relies mainly on the reactivity of the aliphatic aldehyde A". This
rationalization is also consistent with the decrease in selectivity
observed when the deuterium was incorporated into A" (Table 2,
entries 3 and 4). Because cleavage of a Ni—D bond (from C3,p
to AB in path 2A) generally requires a higher energy than for the
corresponding Ni—H bond, the formation of AB is retarded and
the ratio of BB increased.

In conclusion, we have demonstrated a selective crossed
Tishchenko reaction for the first time by employing nickel(0)
as a catalyst. This reaction can be applied to various combinations
of aliphatic aldehydes with equimolar amounts of aryl aldehydes,
and the corresponding cross-coupled esters are obtained in a
highly selective manner.® Mechanistic studies revealed that all of
the key intermediates might include two aldehyde molecules and
that the reaction rate is controlled by the aliphatic aldehyde. We
believe that the present study is the first step in a selective crossed
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Tishchenko reaction of two aldehydes, and the study will
contribute to the further development of the environmentally
benign synthesis of esters.
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