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ABSTRACT

Copper(II) as the catalyst in a cross dehydrogenative coupling (CDC) reaction has been demonstrated for the synthesis of benzylic esters using
aldehydes and alkylbenzenes as coupling partners.

The upsurge in interest in the transition metal catalyzed
reactions via the cleavage of an ubiquitous C�H bond has
been creating a renaissance in the construction of a diverse
array of C�C and C�X (X = heteroatom) bonds.1 The
two most popular approaches are chelation assisted C�H
bond functionalization2 and the cross dehydrogenative
coupling (CDC).3 This field of synthesis has advanced to

suchanextent that even theotherwise inert sp3C�Hbonds
could now be functionalized.3,4 The CDC approach is
attractive because it does not require substrate prefunctio-
nalization and it is atom economic.1d,5 As evident from the
literature, CDC has been widely investigated for the for-
mation ofC�Cbonds3a,6 albeit the concept has rarely been
explored regarding C�O bond formation. The relevance
of C�O bonds in organic chemistry has resulted in the
emergence of various transition metal based methodolo-
gies via C�H bond activation.7 In this regard the ester
functionality has been the common target. Some recent
metal catalyzed CDCbased transformations for the synthe-
sis of esters involve acid and cyclic ethers where the
functionalization occurs selectively at the sp3 carbon atom
R to the ethereal oxygen.8Focusingon the protocols for the
synthesis of benzylic esters, besides the traditional methods,
a number of CDC based approaches employingmetal cata-
lysts such as Ru,9 Rh,10 Ir,11 and Pd12 have been developed.
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Most of these transition metal catalyzed formations of
benzylic esters invoke the concept of a hydrogen borrow-
ing13 or hydrogen autotransfer process14 where benzylic
alcohols serve as a precursor. The othermethodology that
has recently been developed uses the advantage of metal-
free conditions for the synthesis of benzylic esters via
oxidative C�Obond formation at the sp3 benzylic carbon
of various alkylbenzenes with carboxylic acids.15

Extensive use and exploration of copper in C�H activa-
tion is a promising area in organic synthesis because of its
high efficiency as a catalyst.16 The use of various copper
salts in combinationwith peroxides as an oxidant is known
to work effectively in facilitating functionalizations at the
relatively inert sp3 carbon.3a,17 However, most of these
methodologies concentrate on C�H bond functionaliza-
tion at the sp3 carbon atom R to heteroatoms. A direct
functionalization at the relatively nonactivated alkylben-
zenes has rarely been explored. To date, there is no
precedence of copper catalyzed methodology with alkyl-
benzenes and aldehydes as precursors for the synthesis of
benzylic esters via a CDC approach. With this motivation
we initiated our investigation by reacting benzaldehyde
(1 equiv) (a) with toluene (5 equiv) (1) in the presence
copper(I) bromide (20 mol %) and aqueous TBHP
(1 equiv) at 80 �C which provided the expected (1b) ester
but in a mere yield of 22%. The hydrated copper(II)
acetate provided a superior yield (48%) compared to other
Cu salts such asCuBr2, CuCl, CuCl2, andCu(OTf)2 tested.
The use of a decane solution of TBHP instead of aqueous
TBHP improved the yield up to 65%. Interestingly, an
identical yield was observed using 10mol% of the catalyst
when TBHP in decane (5�6 M) was used. A complete
disappearance of the substrate (1a) was observed with an
isolated yield of 74% when the oxidant quantity was
increased by 2-fold at a temperature of 100 �C. A further
decrease in catalyst loading (5 mol %) had an adverse
effect on product yield. No desired product was obtained
when oxidant H2O2 was used instead of TBHP. The
control experiments carried out with either a copper

Table 1. Substrate Scope for Benzylic Estersa,b

aReaction conditions: aldehyde (1 mmol), alkylbenzene (5 mmol),
Cu(OAc)2 3 2H2O (0.1 mmol), TBHP (2 mmol), 100 �C, time 1.5�7 h.
bReactions were monitored by TLC. Confirmed by spectroscopic
analysis. Yield of isolated pure product reported.
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catalyst or TBHP alone did not serve the purpose, as no
desired product could be detected.
Encouraged by the outcome of the above experiments,

the suitability of this protocol was examined toward the
synthesis of benzylic esters employing various alkylben-
zenes with a set of aldehydes as coupling partners. The
optimized conditions were initially applied to the coupling
of toluene (1, Table 1) with a set of aromatic aldehydes
(a�e, Table 1) having both electron-donating (b and c) and
electron-withdrawing (d) substituents. It was observed
that, under the present conditions, toluene smoothly un-
derwent reactions with various aldehydes to afford the
desired benzylic esters (1a�1d) in good to excellent yields
as shown in Table 1. Reaction with p-phenyl benzaldehyde
(e) gave a fairly good yield of the corresponding benzylic
ester (1e). As evident from the results in Table 1, the
electronic effects of the substituent in the aryl ring bearing
the aldehyde functionality played a role in controlling the
product yields. With electron-donating substituents (b�c,
Table 1), high yields of the benzylic esters (1b�1c, Table 1)
were obtained in a shorter span while those with electron-
withdrawing substituents (d, Table 1) proceeded a bit
sluggishly providing moderate yields. To further unravel
the potentiality of this approach, other target alkylben-
zenes, viz. p-xylene (2), o-xylene (3), and mesitylene (4)
(Table 1), were examined, all of which possess more than
one benzylic carbon. A query arises as to whether their
reactions would provide mono, bis, or tri esters. However,
the most appealing outcome in all their reactions were the
selective formation of the corresponding monoester with
the other alkyl (methyl) groups remaining intact besides
undergoing a smooth reaction with their corresponding
coupling aldehyde partners. Specifically, the reaction of
p-xylene (2) when treatedwith a diverse array of aldehydes,
viz. aromatic (a�b, e�h, Table 1) aliphatic (i), hetero-
atomic (j), and R�β unsaturated (k), provided satisfactory
results (Table 1). The formations of the benzylic esters
(2a�2k, Table 1) were unaffected by the influence of any
groups present within the aldehydic moiety. This meth-
odologywas also equally successful toward themonoester-
ification of o-xylene (3) and mesitylene (4) with various
aldehydes as shown in Table 1. Noteworthy, the reactivity
trends observed for these di- or trialkylatedbenzenes with
aromatic aldehydes were the same as was observed with
toluene (1). Next we turned our attention to study the
reactivity of benzylic C�H of 2,4-dichloromethylbenzene
(5, Table 1) with aromatic aldehydes (a, b, and l, Table 1).
In all these cases the reactions proceeded rather sluggishly
to afford the desired products (5a, 5b, and 5l) in moderate
to good yields depending on the substituent present in the
aldehydes. The slow reactivity of 2,4-dichloromethylben-
zene (5) could be attributed to the reluctance of the methyl
group toward the C�O bond formation with Cu/TBHP.
The reaction of ethylbenzene (6, Table 1) with p-methoxy-
benzaldehyde (b) proceeded smoothly to form the C�O
bond selectively at the 2� benzylic carbon to form the
corresponding benzylic ester (6b, Table 1). This observa-
tion shows that benzylic carbon ismore susceptible toward
an oxidative C�O bond formation rather than another

alkyl (1�) position. The use of benzylic alcohols such as
p-methoxybenzyl and p-nitrobenzyl alcohols (as latent alde-
hydic functionality) with alkylbenzenes is expected to give
the aforementioned unsymmetrical esters. However, when
p-methoxybenzyl and p-nitrobenzyl alcohols were treated
separately with toluene (1) under the present experimental
conditions, only self-coupled symmetrical benzylic esters,
viz. 4-nitrobenzyl-4-nitrobenzoate and 4-methoxybenzyl-4-
methoxybenzoate, were obtained and no traces of unsym-
metrical esters benzyl-4-nitrobenzoate and benzyl-4-
methoxybenzoate could be found. Thus, the presentmethodol-
ogy ismost suitable for thepreparationofunsymmetrical esters.

To probe the mechanism of the reaction, several control
experiments were performed. During the reaction of ben-
zaldehyde (a) with p-xylene (2), along with the desired
product (2a), formation of p-methylbenzyl alcohol was
observed with a trace amount of benzoic acid (oxidation
of benzaldehyde). p-Methylbenzyl alcohol formed by the
oxidationofa combinationofp-xylene (2) withCu/TBHP.18

Thus ambiguity appears in whether the esterification oc-
curred via a reaction of in situ generated benzyl alcohol with
benzaldehyde (a) by an oxidative process19 or by the radical
coupling of the in situ generated benzoic acid (from
benzaldehyde) with p-xylene (2) as has been reported.15 To
ascertain the exact coupling partners a crossover experiment
was performed in which p-methoxybenzaldehyde (b) and
benzoic acidwere reactedwithp-xylene (2) under thepresent
experimental conditions (Scheme 1). No formation of
4-methylbenzyl benzoate (2a) and exclusive formation of
4-methylbenzyl-4-methoxybenzoate (2b) ruledout theusual
esterification of acid and alcohol (generated in situ from
p-xylene) or the radical pathway between acid and
alkylbenzene.15 This reaction, rather, occurs via the cou-
pling of aldehyde and the in situ generated alcohol (from
alkylbenzene) via a hemiacetal intermediate12,19 as shown in
Scheme2.Nokinetic isotopeeffect (KH/KD∼1)wasobserved
when the reactionof deuteratedbenzaldehydewas carried out
with toluene (1) suggesting that hydride transfer is not the
rate-determining step. Considerable rate retardation asso-
ciated with the poor yield of product in the presence of a
radical scavenger such as 2,2,6,6-tetramethylpyridine
N-oxide (TEMPO) suggests inhibition of oxidation at the
benzylic carbon leading to the formation of alcohol which is
possibly the rate-determining step.18

Scheme 1. A Crossover Experiment
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In conclusion we have developed a new and efficient
catalytic approach for the synthesis of benzylic ester from
aldehydes and alkylbenzenes. This reaction proceeds via
benzylic sp3 C�H bond activation of alkylbenzenes in the
presence of an inexpensive copper catalyst and TBHP
combination. Exclusive formation of monoesters was

observed for polyalkylated benzenes indicating a high
degree of selectivity. This methodology provides an ave-
nue to the synthesis of various unsymmetrical benzylic
esters from diverse alkylbenzenes and aldehydes. Hence
this protocol is yet another novel addition to the existing
methods.
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Scheme 2. Proposed Mechanism of the Oxidative Esterification
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