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Nucleophilic carbene-catalysed oxidative esterification reactions
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Abstract

The first synthetically useful protocol of broad scope for the oxidative esterification of aldehydes with equimolar amounts of primary
and secondary alcohols at room temperature catalysed by N-heterocyclic carbenes is reported.
� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Proposed mechanism of nucleophilic carbene-catalysed
aldehyde esterification.
The most common strategy for the synthesis of carbox-
ylic acid ester derivatives under mild conditions involves
the stoichiometric activation of the parent acid as an acyl
halide, anhydride or activated ester (in situ or otherwise)
amenable to subsequent nucleophilic substitution.1 An
interesting and potentially valuable alternative transforma-
tion in which there has been a recent resurgence in interest
is the (catalysed) oxidative esterification of aldehydes under
mild conditions.1b,2

N-Heterocyclic carbenes (NHCs)3 derived from thiazoli-
um ions have been shown to catalyse the oxidative esterifi-
cation of aldehydes with simple alcohols.4 Deprotonation
of thiazolium salt 1 gives rise to carbene 2, the addition
of which to benzaldehyde 3 gives the Breslow intermediate
4,5 which in the presence of a suitable oxidant6–12 can be
diverted from the benzoin condensation pathway through
the formation of 2-benzoyl thiazolium ion13 5 which is
capable of transferring its acyl group to an alcohol nucleo-
phile to regenerate the catalyst (Scheme 1).14–16

While these carbene-catalysed oxidative esterifications
are of mechanistic interest, their synthetic utility is cur-
tailed by narrow substrate scope: only primary alcohols
and simple aromatic aldehydes give acceptable isolated
yields.6–12 In addition, the general requirement for the
use of the alcohol as solvent and the employment of stoi-
chiometric amounts of base and excess oxidant render the
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process unsuitable for either the efficient use of more com-
plex coupling partners or application on industrial scale.
We therefore set out to examine this reaction with a view
towards its development into a synthetically useful and effi-
cient coupling methodology.

Our investigation began with the oxidative esterification
of benzaldehyde with methanol as solvent catalysed by
thiazolium salt 8 (5 mol %) in the presence of catalytic
loadings of base and one equivalent of acridine as the oxi-
dant at ambient temperature (Table 1). This initial experi-
ment afforded ester 6 in moderate yield (entry 1). We were
encouraged to subsequently find that a more efficient oxi-
dative esterification could be carried out in THF using just
one equivalent of the alcohol without requiring elevated
reaction temperatures (entry 2).
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Table 2
Evaluation of substrate scope

O

R 12 (1.0 equiv.)
       8a (5 mol%)
    NEt3 (7.5 mol%)

O

R OMe

THF (3.0 M)
MeOH (1.0 equiv.)

Entry Substrate Product T

(�C)
t

(h)
Yielda

(%)

1

OMe

13

OMe

21

OMe rt 24 97

2

OOMe

14

OOMe

22

OMe 40 24 83

3

OCl

15

OCl

23

OMe rt 40 80

4

O

MeO
16

O

MeO
24

OMe 60 48 48

5

O

Cl 17

O

Cl 25

OMe rt 40 46

6

O

18

O

26

OMe
40 40 77

7

O

19

O

27

OMe rt 24 54b

8

O

20

O

28

OMe 40 48 16

a Refers to isolated yield after chromatography.
b Determined by 1H NMR using 2,5-diphenylfuran as an internal

standard.

Table 1
Catalytic oxidative aldehyde esterification: initial studies

O

Ph       [O] (1.0 equiv.)
catalyst (5 or 10 mol%)
 NEt3 (7.5 or 15 mol%)
            rt, 18 h
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O

Ph

6

OMe
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N SBn
Br

N
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N
N
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Me

N

N
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Ph

OH7

Ph

Me

solvent (3.0 M)
MeOH (1.0 equiv.)

N

S

Cl

N

N

thiamine (B1)

H2N

OH

I

Entry Cat. Loading
(mol %)

[O] Solvent Yield of 7a

(%)
Yield of 6a

(%)

1 8a 5 9 MeOH 0 31
2 8a 5 9 THF 10 41
3 8a 5 10 THF 0 <1
4 8a 5 11 THF 0 71
5 8a 5 12 THF 4 85
6 8b 5 12 THF 5 83
7 B1 5 12 THF 0 <1
8 8c 5 12 THF 0 1
9 8d 5 12 THF 0 0

10 8e 5 12 THF 0 4
11 8f 5 12 THF 5 2
12b 8a 5 12 THF 0 84
13c 8a 5 12 THF 0 50
14d 8a 2 12 THF 0 5
15d 8a 10 12 THF 0 81
16d 8a 10 12 MTBE 0 71
17d 8a 10 12 EtOAc 0 81
18d 8a 10 12 CH2Cl2 3 66

a Determined by 1H NMR spectroscopy using either (E)-stilbene or 2,5-
diphenylfuran as an internal standard.

b In the presence of DMAP (5 mol %) co-catalyst.
c NEt3 used at 100 mol % levels.
d 1.0 M reaction concentration, 18 h.
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The detection of significant levels of benzoin in this
experiment prompted us to explore the use of alternative
oxidants under otherwise identical conditions. While the
N-methyl acridinium ion 10 proved ineffective, use of either
phenazine (11) or azobenzene (12) allowed the formation of
6 in good to high (85%) yields, respectively (entries 3–5). A
4-methyl analogue of catalyst 8a (i.e., 8b) provided similar
levels of performance (entry 6); however, thiamine (B1) and
triazolium ion-based pre-catalysts 8c–f proved essentially
inactive under otherwise identical conditions (entries 7–
11). This latter finding was somewhat surprising given the
general utility of triazolium ion-based systems in a variety
of organocatalytic transformations reported recently.3
With the optimal NHC pre-catalyst and oxidant in hand
we subsequently examined the effect of an added nucleo-
philic co-catalyst (entry 12), catalyst/base loading (entries
13 and 14), concentration and solvent polarity on the effi-
cacy of the process without identifying any one factor
which improved the yield significantly.

Attention now turned to the question of reaction scope
with respect to the aldehyde component (Table 2). Gratify-
ingly, aromatic aldehydes incorporating either electron
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donating or electron withdrawing substituents were found
to be compatible with the methodology at ambient temper-
ature (entries 1, 3 and 5–8)—only the strongly deactivated
substrates 14 and 16 required elevated temperatures of
40–60 �C (entries 2 and 4). Interestingly, o-substituted
aldehydes provided the corresponding methyl esters in
(reproducibly) higher yields than their p-substituted
counterparts, the reason for which is unclear at this time.
Cinnamaldehyde (18) and 2-naphthaldehyde (19) could
also be esterified under the influence of thiazolium ion
catalysis, however, aliphatic aldehydes such as hexanal
(20) proved problematic, furnishing 28 in low yield.

The use of alternative alcohol nucleophiles was also
investigated. We were pleased to find that the oxidative
esterification was not confined to primary alcohols—
isopropanol could be smoothly coupled with benzaldehyde
to give 29 in good yield at ambient temperature.17 Synthet-
ically relevant allyl and benzyl esters 30 and 31 could also
be similarly prepared (Table 3).

In summary, we have studied the oxidative esterification
of aldehydes catalysed by N-heterocyclic carbenes. Optimal
conditions18 were identified under which aromatic and a,b-
unsaturated aldehydes could be coupled efficiently with
either a primary or secondary alcohol in the presence of
a stoichiometric oxidant. Both activated and deactivated
aldehydes can be esterified, however aliphatic aldehydes
give poor results. Thiazolium catalysts proved superior to
their triazolium analogues and can be employed at low
loadings in conjunction with a single equivalent of the alco-
hol nucleophile at ambient temperature for the first time.
We would contend that this convenient methodology rep-
resents a significant step forward for a process that had
been regarded as little more than a mechanistic curiosity
previously—and allows the possibility of the development
Table 3
Variation of the alcohol coupling partner

O

Ph 12 (1.0 equiv.)
      8a (10 mol%)
    NEt3 (7.5 mol%)

O

Ph OR

THF (3.0 M)
ROH (1.0 equiv.)

3

Entry Product Yielda (%)

1

O

29

O 87

2

O

30

O 76

3

O

31

O 55

a Refers to isolated yield after chromatography.
of related synthetically useful coupling processes using
alternative nucleophiles. Investigations along these lines
are currently underway in our laboratory.
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