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ABSTRACT

N-Heterocyclic carbenes catalyze the oxidation of allylic, propargylic, and benzylic alcohols to esters with manganese(IV) oxide in excellent
yields. A variety of ester derivatives can be synthesized, including protected carboxylates. This one-pot tandem oxidation represents the first
organocatalytic oxidation of alcohols to esters. Saturated esters can also be accessed from aldehydes using this method. Through the utilization
of a chiral catalyst, the acyl −heteroazolium intermediate becomes a chiral acylating agent, which can desymmetrize meso -1,2-diols.

The development of mild and efficient oxidation methods
remains an important goal in chemistry.1 Tandem oxidation
strategies hold particular interest2 due to their potential to
access higher oxidation states in one reaction flask and to
generate and functionalize challenging substrates in situ. A
seminal report by Corey detailed the two-step oxidation of
allylic alcohols to esters in the presence of sodium cyanide
and manganese(IV) oxide.3 Gilman4 and Taylor5 further
developed this process independently into one-pot tandem
oxidation reactions to generate esters and amides. Although
efficient, the major limitation of these oxidations is the large

excess of cyanide used in the reaction. Iodine has also been
reported to oxidize alcohols to esters,6 although this method
requires superstoichiometric amounts of a toxic oxidant. We
have been interested in utilizing N-heterocyclic carbenes
(NHCs) to promote the oxidation of aldehyde C-H bonds.7

Herein, we report the tandem oxidation of allylic alcohols
to esters with manganese(IV) oxide catalyzed by NHCs (eq
1). Importantly, the acyl heteroazolium intermediate presents

the opportunity to create a chiral environment around the
activated carbonyl, lending this method to asymmetric
applications.

Our proposed pathway for this tandem oxidation is
outlined below (Scheme 1). Initial oxidation of the alcohol
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(1) by manganese(IV) oxide provides in situ generation of
aldehyde2. The deprotonation of the heteroazolium salt
generates the N-heterocyclic carbene (I), which then adds
to the carbonyl to yield tetrahedral intermediateII. This
secondary alcohol is rapidly oxidized to acyl heteroazolium
III by manganese(IV) oxide.8 It should be noted that no
generation of homoenolate equivalents9 (IV) is observed. The
implication from these observations is that the secondary
alcohol generated in situ (II) presumably undergoes oxidation
faster than deprotonation of the carbinol carbon to afford
IV. Acylation10 of the nucleophilic alcohol (3) by activated
esterIII completes the oxidation to an unsaturated ester (4)
and regenerates the NHC catalyst in the presence of base.

Our investigation began by surveying heteroazolium salts
as potential catalysts. Cinnamyl alcohol was used as the
initial substrate with methanol as the nucleophile and solvent
(Table 1, eq 2). The two alcohols were stirred in the presence
of DBU, manganese(IV) oxide, and catalytic quantities of
the NHC precursor. This oxidation sequence is particularly
sensitive to azolium structure. In our hands, thiazolium,
benzimidazolium and imidazolium saltsA-D gave no
product or incomplete conversion (entries 2-5).11 However,
with simple triazolium saltE,12 we were delighted to isolate
methyl cinnamate (5) in a 93% yield (entry 6) with no dimer

product. Reducing the catalyst loading (2 mol %) resulted
in good yields but longer reaction times (entry 7).

With heteroazolium saltE identified as an effective
precatalyst, we surveyed potential substrates using 1-butanol
as the nucleophile (Table 2). A variety of activated alcohols
are smoothly oxidized to the respective unsaturated esters
in excellent yields.13 The use ofR-substituted allylic alcohols
gave comparable yields (entry 2) but required longer reaction
times and increased catalyst loading. Propargyl substrates
afford the ynoate ester without complications resulting from
undesired conjugate addition reactions (entry 5). These
conditions also accommodate heteroaromatic systems (entry
6) as well as alkyl (entry 7) and ester (entry 8) functional
groups. It is interesting to note that the ethyl ester of12does
not undergo NHC-catalyzed transesterification in the protic
media of the reaction.14 Substituted benzylic alcohols were
the most reticent to undergo oxidation (entries 9 and 10),
and electron-rich alcohols such as 4-methoxybenzyl alcohol
showed no reactivity in this system, yielding onlyp-
anisaldehyde. The slow rate of the second oxidation step with
benzylic systems (i.e.,II-III, Scheme 1) may be due to the
destabilizing interaction between the aromatic ring and the
heteroazolium core that would be generated if the acyl
heteroazolium species were formed. However, the success
with naphthyl systems (entries 3 and 4) should suffer similar
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Scheme 1. Proposed Mechanistic Pathway for Tandem
Oxidation

Table 1. Survey of Heteroazolium Saltsa

entry azolium mol % time, h yield, %

1 20 mol % DBU only 24 0
2 A 20 24 0
3 B 20 24 0
4 C 20 24 0
5 D 20 24 40
6 E 10 12 93
7 E 2 48 83

aAll reactions were performed with 1:1 NHC/DBU, 15 equiv of MnO2, 0.2
M in MeOH at 23°C.
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unfavorable interactions and provide high yields of the
desired esters. Experiments to investigate this divergence in
reactivity are currently ongoing.

In addition to allylic and benzylic substrates, hydrocin-
namaldehyde was oxidized to the corresponding methyl ester
19 using catalytic amounts of the NHC precursor and DBU
(Scheme 2). The alcohol resulting from addition of the NHC

is sufficiently activated to undergo oxidation to the acyl
triazolium intermediate. The excellent yield of this reaction
demonstrates the feasibility of this process as a method to
access not only unsaturated but also saturated esters.

A modification of the reaction conditions allows the use
of the nucleophilic alcohol as a reagent rather than as a
solvent. With 5 equiv of the nucleophilic alcohol in toluene,
a full equivalent of DBU is added to aid proton transfer
during acylation because using catalytic amounts of DBU
results in reduced yields. A variety of alcohols can be
employed to trap the acyl triazolium intermediate (Table 3,

eq 4). The hindered nature of the acylating agent is evidenced
by the fact that primary alcohols were the most reactive as
nucleophiles, with the use of methanol resulting in the highest
yield (entry 1). Secondary alcohols such as 2-propanol (entry
2) are effective nucleophiles in the reaction, andtert-butanol
(entry 3) affords no product.15 This approach allows for the
efficient synthesis of carboxylate derivatives such as 2,2,2-
trichloroethyl (Troc),16 2-methoxyethyl (ME),17 and 2-(tri-
methylsilyl)ethyl (TMSE)18 cinnamyl esters (entries 4-6).

A promising feature of this tandem oxidation reaction is
the in situ generation of a chiral activated ester, presumably
in the form of the acyl heteroazolium intermediateIII. An
application for this chiral acylating agent is the desymme-
trization of meso-diols. Initial results for the selective
acylation ofcis-1,2-cyclohexane diol (Table 4, eq 5) yielded
modest levels of enantioselectivity that decreased with time,
presumably due to base-catalyzed acyl transfer19 of the
product (Table 4, entries 1 and 2). The use of a milder base
such as a proton sponge (entries 3 and 4) supresses acyl
transfer and allows for the isolation of21 in >60% yield
with ∼60% ee.

A survey of solvents for this desymmetrization indicates
that methylene chloride provides the best combination of

(15) See Supporting Information for details.
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Table 2. Examination of Activated Alcohol Scopea

a See Table 1 for reaction conditions.b25 mol % of NHC/DBU.c50 mol
% of NHC/DBU.

Scheme 2. Oxidation of Hydrocinnamaldehyde

Table 3. Variation of Nucleophilic Alcohola

entry nucleophile product yield, %

1 methanol 5 95
2 2-propanol 15 89
3 tert-butanol - 0
4 2,2,2-trichloroethanol 16 82
5 2-methoxyethanol 17 82
6 2-(trimethylsilyl)ethanol 18 74

a Reactions run at a 1 mmol scale using 15 mol % of NHC, 1.15 equiv
of DBU, 5 equiv of ROH, 15 equiv of MnO2, 0.2 M in toluene at 23°C.
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yield and selectivity (entry 7). A variety of chiral triazolium
salts were screened in this reaction. TriazoliumG20 in the
presence of both potassium carbonate and a proton sponge

provides the highest selectivity and reactivity with20 and
cinnamaldehyde (entry 7). When this reaction is conducted
at -30 °C, chiral triazoliumG catalyzes the oxidation of
cinnamaldehyde and subsequently selectively acylatescis-
1,2-cyclohexane diol in 58% yield and 80% ee (entry 12).21

This strategy of accessing activated acylating agents from
aldehydes and an oxidant only in the presence of an
N-heterocyclic carbene has potential applications with nu-
cleophiles that undergo fast background reactions with acid
chlorides or anhydrides.

In conclusion, a tandem oxidation of allylic and benzylic
alcohols to esters has been developed using N-heterocyclic
carbenes as catalysts. This operationally simple one-pot
process avoids the use of cyanide and delivers esters in good
to excellent yield using a simple triazolium salt as the
precatalyst. Saturated esters can also be prepared by the
oxidation of saturated aldehydes in the same manner. An
asymmetric desymmetrization can be achieved using a chiral
heteroazolium salt. Studies utilizing N-heterocyclic carbenes
as catalysts in oxidation reactions are ongoing.
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Table 4. Desymmetrization ofcis-1,2-Cyclohexane Diola

entry catalyst conditions yield, % ee, %

1b F toluene, 23 °C 53 20
2b G toluene, 23 °C 47 41
3 F proton sponge, toluene, 23 °C 66 52
4 G proton sponge, toluene, 23 °C 62 60
5 G proton sponge, 4-CF3-Ph, 23 °C 39 63
6 G proton sponge, THF, 23 °C 53 54
7 G proton sponge, CH2CI2, 23 °C 78 59
8 H proton sponge, CH2CI2, 23 °C 76 23
9 J proton sponge, CH2CI2, 23 °C 57 20

10 K proton sponge, CH2CI2, 23 °C 76 37
11 G proton sponge, CH2CI2, 0 °C 67 65
12 G proton sponge, CH2CI2, -30 °C 58 80
13 G proton sponge, CH2CI2, -40 °C 38 73

aReactions performed with 30 mol % of K2CO3, 15 mol % of 18-crown-6,
1 equiv of proton sponge, and 0.25 M solvent.bReaction performed with
1.5 equiv of K2CO3, 20 mol % of 18-crown-6, and 0.25 M solvent. Proton
sponge) N,N,N′,N′-tetramethyl-1,8-naphthalenediamine.
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