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ABSTRACT: A novel oxidative N-heterocyclic carbene-
catalyzed reaction pathway has been discovered. Alkyl and
aryl enals undergo β-hydroxylation via oxygen atom
transfer from electron-deficient nitrobenzenes, followed
by trapping of the resultant acyl azolium by the solvent.
The proposed mechanism involves a single electron
transfer event to initiate the reaction followed by radical
recombination. This represents a profound mechanistic
departure from the established two-electron disconnects in
NHC catalysis.

Over the past decade, N-heterocyclic carbene (NHC)
catalysis has received considerable attention from the

synthetic community.1 The advent of NHC catalysis embodied
acyl anion reactivity exemplified by the benzoin and Stetter
reactions.2 The presence of a nearby leaving group or a
reducible functionality opened the door to NHC-based redox
catalysis.3 The use of α,β-unsaturated aldehydes as substrates
for NHC catalysis is particularly illustrative (Figure 1): they

have been demonstrated to undergo the asymmetric Stetter
reaction (eq 1),4 β-protonation/esterification by the redox
pathway (eq 2),5 or trapping with an exogenous aldehyde,6

imine,7 or nitroalkene8 from the homoenolate-type position (eq
3). Direct oxidation of enals has also been accomplished under
NHC catalysis (eq 4).9 All of these previously described NHC-
catalyzed reactions presumably operate via a two-electron

manifold.10 We hypothesized that it may be possible to access a
new single-electron pathway through the judicious choice of a
single-electron oxidant (eq 5), which would enable an entirely
new class of reactions.11 Herein we disclose our results.
In our previous studies of the aza-Breslow intermediates, we

found that they exhibit a well-behaved, readily reversible
oxidation at −0.49 eV, suggestive of a single-electron cycle.12

Using this as an approximation for the reactivity of the oxo-
Breslow intermediate, we screened a number of potential one-
electron oxidants (Table 1). While exploring electron-deficient

pyridine N-oxides, we were surprised to find that the use of 4-
nitropyridine N-oxide (2a) as an oxidant with a carbene catalyst
and cinnamaldehyde in methanol afforded the corresponding β-
hydroxy ester 3a in 40% yield. The remainder of the mass
balance is unsaturated methyl cinnamate (4a).
Initially, we hypothesized that oxygen transfer arose from the

N-oxy substituent of 2a. After screening a variety of pyridine N-
oxides, we found that only nitro-containing N-oxides provided
the product. We then explored nitrobenzenes and found that a
variety of sufficiently electron-deficient nitrobenzenes are
capable of effecting the β-hydroxylation. Nitrosoarenes and
over-reduced products were observed in the reaction mixture,
implicating the nitro group in the oxygen transfer step.13,14 The
reduction potential of the nitrobenzene derivative plays a
critical role in the reactivity, with potentials greater than −0.49
V being required for oxidation of the Breslow intermediate.15
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Figure 1. Background.

Table 1. Oxidant Screen
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We believe that this explains the low conversion with
nitrobenzene (Ered° = −0.486 V).16

The scope of the reaction proved remarkably broad (Table
2), with the reaction being tolerant of aryl, heteroaryl, and alkyl

substitution at the β position of the enal. Strongly electron-
deficient systems lead to lower yields, with increased amounts
of β-protonation byproducts. Aliphatic substrates behave
particularly well under these conditions, affording some of
the highest yields. Indeed, the chemistry is even tolerant of β,β-
disubstitution, affording tertiary alcohols as products in
reasonable yields.
We then turned our focus to the asymmetric variant of the

reaction (Table 3). Through a chiral catalyst screen, we found
that our previously developed O-silyl-protected NHC scaffold
5g provides the product with the highest selectivity.17 The use
of mixed solvents provides an increase in enantioselectivity. A
20:1 mixture of carbon tetrachloride and methanol proved
optimal, delivering β-hydroxy ester 3a in 45% yield with 92%
ee. The nitrobenzene oxidant also plays a role in the selectivity,
with 4-nitropyridine N-oxide providing the best results.
The scope of the asymmetric reaction was then explored

(Table 4). Both aryl and aliphatic enals are tolerated. In most
cases, the remainder of the mass balance is the corresponding
α,β-unsaturated methyl ester. Control experiments confirmed
that unsaturated esters do not form from elimination of the β-
hydroxyl group. We were pleased to find that electron-rich and
electron-deficient enals participate in the reaction. The reaction
of 4-nitrocinnamaldehyde provided 3d in 20% yield, presum-
ably as a result of rapid β-protonation that outcompetes
oxidation. In all other cases, no β-protonation was observed. A

Table 2. Scope of the Racemic Reactiona,b

aReactions were conducted with 1.0 equiv of 1 and 1.5 equiv of 2.
bIsolated yields after chromatography are shown.

Table 3. Optimization of the Asymmetric Varianta

entry NHC oxidant solvent
yield
(%)b

ee
(%)c

1 5b 2a MeOH 39 −25
2 5c 2a MeOH 36 −7
3 5d 2a MeOH 15 66
4 5e 2a MeOH 22 0
5 5f 2a MeOH 42 −8
6 5g 2a MeOH 51 31
7 5g 2a DCM/MeOH (20:1) 36 79
8 5g 2a toluene/MeOH (20:1) 30 87
9 5g 2a trifluorotoluene/MeOH

(20:1)
44 88

10 5g 2a CCl4/MeOH (20:1) 45 92
11 5g 2d CCl4/MeOH (20:1) 34 84
12 5g 2e CCl4/MeOH (20:1) 32 76
13 5g 2f CCl4/MeOH (20:1) 12 16

aReactions were conducted with 1.0 equiv of 1a and 1.5 equiv of 2.
bIsolated yields after chromatography. cEnantiomeric excess was
determined by HPLC analysis on a chiral stationary phase.

Table 4. Scope of the Asymmetric Reactiona

aSee footnotes a−c in Table 3. bThe reaction was conducted in
PhCF3/MeOH (20:1).
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variety of aliphatic enals participate in the reaction. Notably,
enals 1j and 1o bearing a potential leaving group at the γ-
position and a protected amine, respectively, are competent
substrates.
Mechanistically, we believe that this reaction proceeds first

by formation of the Breslow intermediate II (Scheme 1), which

undergoes a subsequent single-electron oxidation by the
nitrobenzene to furnish Breslow-centered radical cation IIIa
and nitrobenzene-derived radical anion IIIb. These radicals can
then combine through a homoenolate-centered radical and an
oxygen-centered radical to form intermediate IV, which
subsequently collapses to expel an NHC-bound alkoxide and
nitrosobenzene V. The NHC-bound alkoxide then reacts with
methanol to liberate the catalyst and generate β-hydroxy ester
VI. The α,β-unsaturated methyl ester VIII may form via
deprotonation of intermediate III followed by a second
abstraction of a single electron to furnish α,β-unsaturated acyl
azolium VII, which is then intercepted with methanol.18

We entertained a few alternative mechanistic hypotheses. We
first wondered whether the reaction proceeds by an initial
epoxidation of the enal followed by an NHC-catalyzed epoxide
opening.3a,19 However, control experiments in the absence of
the NHC catalyst led to no observable epoxidation, and the
enal was fully recovered (Scheme 2, top). Another mechanism
we considered involved initial two-electron oxidation of the

Breslow intermediate to the α,β-unsaturated acyl azolium
followed by 1,4-addition of hydroxide to furnish the β-hydroxy
ester. We believe this pathway to be unlikely, as subjecting
phenylpropiolaldehyde to a mixture of NHC, hydroxide, and
methanol afforded no β-hydroxy ester (Scheme 2, bottom).20

We also consider this pathway to be unlikely because we never
observed any amount of the β-methoxy product that one would
expect from solvent addition to the α,β-unsaturated acyl
azolium. Finally, we considered the possibility that the
homoenolate effects a nucleophilic attack on the oxygen of
the nitro group. The nitro group as an electrophilic source of
oxygen is rare in the literature, reacting only with very strong
nucleophiles such as the Grignard reagent in the Bartoli indole
synthesis.21 Furthermore, there is strong evidence that this
reaction proceeds via single electron transfer.22

We then investigated the stereochemical course of the
reaction when using cis- and trans-enals. If the reaction
proceeds via a radical mechanism and the radical recombination
is slower than bond rotation, the cis- and trans-enals should
provide the same major enantiomer via interconversion of
presumed intermediates Xa and Xb (Scheme 3). At ambient

temperature, cis- and trans-olefin isomers gave opposite major
enantiomers. However, at 65 °C we observed enantiomeric
convergence, supporting the notion that the reaction proceeds
via a discrete radical intermediate.23−25

In conclusion, we have discovered an NHC-catalyzed
reaction that proceeds via a radical pathway. Crucial to the
success of this reaction is the proper choice of oxidant. An
asymmetric reaction has been developed utilizing a chiral NHC
bearing a bulky silyl-protected tertiary alcohol, which delivers
aldol adducts by a route complementary to established
methods.
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