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Abstract: Chiral N-heterocyclic carbenes (NHCs)
mediate the enantioselective addition of 2-phenyl-
phenol to unsymmetrical alkylarylketenes, delivering
a-alkyl-a-arylacetic acid derivatives with good levels
of enantiocontrol (up to 84% ee). Enantiodivergent
stereochemical outcomes are observed using 2-phe-
nylphenol and benzhydrol in the NHC-promoted
esterification reaction using a triazolium precatalyst

derived from pyroglutamic acid, consistent with dis-
tinct mechanistic pathways operating within these
processes.
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Introduction

Enantiomerically pure a-alkyl-a-arylacetic acid deriv-
atives possess a wide spectrum of biological activi-
ties.[1] A variety of methodologies have been devel-
oped for their preparation in enantiomerically en-
riched form,[2] although only relatively limited strat-
egies for their catalytic asymmetric synthesis have
been developed. One such approach to their prepara-
tion involves the asymmetric addition of alcohols to
unsymmetrical disubstituted ketenes mediated by a
chiral catalyst.[3,4] Historically, asymmetry in these re-
actions can be achieved through the use of a stoichio-
metric chiral alcohol,[5] with pantolactone typically
giving excellent levels of diastereoselectivity.[6] Prace-
jus first showed that brucine and quinine derivatives
promote the addition of methanol to methylphenylke-
tene with good enantioselectivities (up to 76% ee at
�110 8C),[7] while Simpkins has also shown that qui-
nine derivatives generate good enantioselectivities
(up to 94% ee at �78 8C) for thiophenol addition to
alkyltrialkylsilylketenes.[8] Fu and co-workers have
demonstrated that planar chiral heterocycles 2 and 3
catalyse the addition of methanol (up to 80% ee in
the presence of di(tert-butyl)pyridinium triflate at
�78 8C)[9a] and phenols (up to 94% ee at room tem-
perature), respectively, to a range of alkylarylketenes
(Figure 1).[9b]

A number of mechanistic proposals have been put
forward to account for these types of transforma-
tions.[10] It is widely accepted that the catalytic effect
of amines in ketene esterification reactions can be un-
derstood through two mechanistic extremes, with an
initial reaction step involving either formation of an
amine alcohol complex and subsequent base-catalysed
addition of the alcohol to the ketene carbonyl to gen-
erate an ion pair (pathway 1, Figure 2), or nucleophil-
ic attack of the amine to the ketene carbonyl to gen-
erate a zwitterionic enolate (pathway 2, Figure 2).
Both reaction manifolds have attracted support, with
Pracejus favouring the former for the brucine-cata-
lysed esterification of methylphenylketene,[7] and Fu
also favouring a similar pathway for asymmetric
ketene esterifications with phenols promoted by 3.[9b]

Extensive calculations by Houk and co-workers also
favour this mechanism for the stoichiometric asym-
metric addition of chiral alcohols such as pantolac-
tone to ketenes.[11] However, Fu preferred the Lewis
base mechanism for ketene-catalysed esterification
with methanol using catalyst 2 in the presence of pres-
ence of di(tert-butyl)pyridinium triflate.[9a]

In recent years N-heterocyclic carbenes (NHCs)
have been identified as organocatalysts in a diverse
series of reactions.[12] The majority of these processes
use NHCs to promote umpolung,[13] conjugate umpo-
lung or homoenolate reactivity,[14] enolate formation
from a-functionalised aldehydes,[15] 1,2-additions,[16]
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redox reactions,[17] oxidations,[18] ring expansions,[19] or
acyl transfer reactions.[20] As part of a research pro-
gramme aimed at developing catalytic Lewis base-
mediated reaction processes,[21,22] we, simultaneously
with Ye, have explored the ability of NHCs to pro-
mote the formal [2+2] cycloaddition of ketenes with
N-tosyl- or N-Boc-imines respectively.[23] Further stud-
ies by the Ye group have extended NHC-mediated
catalysis employing ketenes to ketene dimerisation,[24]

formal [4+2]cycloadditions,[25] and b-lactone synthe-
sis with a-oxoaldehydes.[26] A further recent publica-
tion from the Ye group concerning the ability of
NHCs to promote the catalytic asymmetric addition
of benzhydrol to a range of alkylarylketenes (34–95%
ee) through a proposed Lewis-base mediated mecha-
nism[27] prompts us to disclose our complimentary

studies concerning the ability of chiral NHCs to pro-
mote the enantioselective addition of phenols to
alkyl ACHTUNGTRENNUNGarylketenes (Figure 3).

At the onset of our studies, we chose to focus upon
the ability of phenols, rather than alcohols, to partici-
pate in the NHC-mediated esterification of ketenes.
Given the established precedent for deprotonation of
phenols with an imidazolinylidene NHC, consistent
with their expected acid/base properties,[28,29] plus Fu�s
proposal of Brønsted acid-mediated catalysis for the
esterification of ketenes with phenols using planar
chiral 3, it seemed feasible that a similar pathway
may be followed using NHCs.[7] Interestingly, a
number of NHC-mediated reaction processes have
previously employed aliphatic alcohols and phenols as
a reaction component, including the redox esterifica-
tion of a,b-unsaturated aldehydes[17] and alkynyl alde-
hydes.[30] NHCs also promote transesterification reac-
tions[20a–e] and kinetic resolution processes,[20f–h] in
which a Lewis base-promoted mechanism has gener-
ally been assumed.[31] However, Movassaghi et al.
have proposed that NHC-catalyzed amidation of
esters with amino alcohols proceeds through the
NHC acting as a carbon-centred Brønsted base, re-
sulting in nucleophilic activation of the alcohol for an
initial transesterification event, followed by a rapid
O- to N-acyl transfer reaction.[32,33]

Despite these differing mechanistic proposals,
Rovis et al. have elegantly demonstrated that phenols
can perform the enantioselective protonation of
NHC-generated azolium enolates and subsequent
esterification, generating a-chloro esters in excellent
ee (84–93% ee) from a,a-dichloro aldehydes (Fig-
ure 4).[17e] This transformation is thought to proceed
via an azolium enolate 11 and subsequent protona-
tion/phenoxide trapping, and as such is mechanistical-
ly similar to a possible Lewis-base promoted ketene

Figure 1. Catalytic asymmetric esterifications of alkylarylke-
tenes with MeOH and 2-t-BuC6H4OH by Pracejus and Fu.

Figure 2. Accepted mechanisms for amine catalysed addition of alcohols to ketenes.
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esterification using NHCs and a phenol, although the
azolium enolate intermediate would be generated in
an alternative manner.

Given these mechanistic questions and established
literature precedents, we were intrigued to determine
if NHCs could promote asymmetric catalysis of the
reaction of alkylarylketenes with phenols, and to com-
pare both the level and sense of enantioselectivity in
these reactions with that established by Ye for the ad-
dition of benzhydrol to ketenes. We delineate herein
our efforts within this area.

Results and Discussion

Preliminary Catalyst Screening

Initial studies sought to demonstrate the feasibility of
inducing asymmetry in the NHC-mediated addition of
phenols to ketenes, and screened the ability of a
range of chiral NHCs to catalyse the asymmetric addi-
tion of 2-phenylphenol to ethylphenylketene 13 as a
model system for reaction optimisation. Background
experiments showed that 2-phenylphenol does not
add to ethylphenylketene 13 to generate ester (� )-14
at a synthetically viable rate, although ester formation
is catalysed by base – addition of KHMDS (9 mol%)
to 2-phenylphenol promoted full conversion of ethyl-
phenylketene to ester (� )-14. Initial experiments
used a series of C2-symmetrical imidazolium salts 15–
17 (10 mol%) as precatalysts, with deprotonation
using KHMDS (9 mol%) used to prepare the corre-
sponding NHC in situ. Subsequent addition of ethyl-
phenylketene 13 and 2-phenylphenol at ambient tem-
perature gave good conversion to the desired ester
product, but only low enantioselectivity (up to 23%
ee) was observed. Further catalyst evaluation
screened a series of triazolium salt precatalysts using
identical conditions. Only modest enantioselectivity
(31–55% ee) was observed with triazolium precata-
lysts 18–21, although it is noteworthy that precatalysts
19 and 20 of opposite absolute configuration but bear-
ing N-phenyl and N-mesityl substituents both gener-
ate preferentially (R)-14 in 31% and 36% ee, respec-
tively.[34] In this initial screen, the most promising
level of enantioselectivity was obtained using the oxa-
zolidinone-derived triazolium salt 6, giving (R)-14 in
70% ee (Scheme 1). The absolute configuration of
(R)-14 was confirmed through reduction with LiAlH4

Figure 3. Comparison of Ye�s NHC-catalysed asymmetric ketene esterification using benzyhdrol (Lewis base catalysis) and
this work using phenols.

Figure 4. Rovis� NHC-mediated asymmetric synthesis of a-
chloro esters using phenol.
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to afford (R)-2-phenylbutan-1-ol (70% ee) and com-
parison of its specific rotation with the literature.[35]

Reaction Optimisation

Having identified triazolium salt 6 as a promising pre-
catalyst candidate, optimisation of the enantioselectiv-
ity of this process initially focused upon variation of
the phenol component using either KHMDS or NaH
in toluene. Under standardised conditions, phenol
gave only modest enantioselectivity, while screening a
range of 2-substituted phenols incorporating electron-
donating, electron-withdrawing, alkyl or phenyl sub-
stituents showed that 2-phenylphenol was optimal,
giving the corresponding ester (R)-14 in up to 84% ee
using NaH as base (Table 1).

Further optimisation focused upon modulation of
the stereodirecting group within the triazolium skele-
ton as well as base and solvent variation (Table 2).
Evaluation of triazolium salts 28 and 29 using
KHMDS generated products with marginally im-
proved ee to 6 (entries 2 and 3), while with NaH salt
6 proved optimal (entry 4), resulting in triazolium salt
6 being used for further reaction evaluation. Using 6
and KHMDS in toluene the ee of this process proved

Scheme 1. Screening of azolium salts for stereoselectivity in the formation of phenol esters from ketenes. [a] Determined by
HPLC analysis

Table 1. Probing the effect of phenol and base upon stereo-
selectivity in the NHC mediated ketene esterification pro-
cess.

Entry ArOH Base Ester ee

1 PhOH KHMDS 22 39%[a]

2 PhOH NaH 22 18%[a]

3 2-MeOC6H4OH KHMDS 23 60%[a]

4 2-MeOC6H4OH NaH 23 54%[a]

5 2-i-PrOC6H4OH KHMDS 24 42%[a]

6 2-i-PrOC6H4OH NaH 24 45%[a]

7 2-CF3C6H4OH KHMDS 25 20%[b]

8 2-i-PrC6H4OH KHMDS 26 60%[b]

9 2-t-BuC6H4OH KHMDS 27 42%[b]

10 2-t-BuC6H4OH NaH 27 55%[b]

11 2-PhC6H4OH KHMDS 14 70%[a]

12 2-PhC6H4OH NaH 14 84%[a]

[a] Determined by HPLC analysis.
[b] Determined by reduction to the corresponding alcohol

and subsequent Mosher�s ester analysis and comparison
with authentic racemic standards.
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independent of NHC concentration from 20 to
50 mM, although using THF or CH2Cl2 resulted in de-
creased product ee (entries 6 and 7). Further base var-
iation showed that poor enantioselectivity was ob-
served using NEt3, presumably reflecting a dominant
base-catalysed process. It proved practically easiest to
use KHMDS as a base to evaluate the effect of re-
duced azolium salt loadings, with an optimal ee of
84% observed (entries 11 and 12). Slightly reduced ee
was observed with an excess of 2-phenylphenol
(entry 12) in contrast to the beneficial effect of excess
phenol observed in the asymmetric synthesis of a-
chloroesters from a,a-dichloroaldehydes employing
chiral NHCs employed by Rovis.[17e]

Further mechanistic investigations showed that ini-
tial deprotonation of salt 6, presumably generating
the corresponding NHC quantitatively in situ, is nec-
essary for optimal enantioselectivity in this process.
After initial NHC generation, reversal of the order of
addition of ketene 13 and 2-phenylphenol results in
effectively equal enantioselectivity (72% and 70% ee,

respectively). However, addition of KHMDS to a
mixture of salt 6 and 2-phenylphenol, or initial depro-
tonation of 2-phenylphenol with KHMDS and addi-
tion of salt 6, followed by ketene 13, results in mark-
edly reduced enantioselectivity (30% and 38% ee, re-
spectively).[36] As deprotonation of 2-phenylphenol
(1.1 equiv.) with KHMDS (9 mol%) and addition of
ethylphenylketene 13 results in quantitative formation
of ester (� )-14, the reduced stereoselectivity of these
latter processes may reflect a competitive non-stereo-
selective reaction pathway involving catalysis promot-
ed by 2-phenylphenolate.

Product stability experiments indicate that no trans-
esterification products are observed upon retreatment
of (R)-14 with phenol and the NHC derived from 6,
although partial epimerisation was observed upon re-
treatment of (R)-14 with the NHC derived from 6
(10 mol%) and KHMDS (9 mol%) for 2 h (70% ee to
64% ee). However, monitoring the reaction conver-
sion and product enantiomeric excess upon genera-
tion of (R)-14 from ethylphenylketene using 6 and
KHMDS showed that, even at 5 mol% catalyst load-
ing, the reaction is effectively complete (>95% con-
version by 1H NMR spectroscopic analysis) within
10 min, with the ee of the product essentially invariant
of reaction time up to the standard reaction time of
two hours.[36] It is notable that the reaction time in
this ketene esterification reaction is markedly en-
hanced in comparison to that employing precatalyst 4
and benzhydrol (typically >20 h at �40 8C).

Further studies showed that asymmetric induction
in this reaction shows an inverse correlation with tem-
perature. Optimal enantioselectivity [giving (R)-14]
was observed at room temperature employing 6, with
low but opposite stereoinduction [giving (S)-14] ob-
served below �308C (Figure 5). A related phenomen-
on involving inversion of configuration of the product
esters with reaction temperature has been noted by
Pracejus in the alkaloid-catalysed addition of alcohols
to ketenes, with these results postulated to result not
from a change in mechanism, but from a mixture of
entropic and enthalpic effects on the stability of dia-
stereoisomeric transition states.[37,38] This temperature
effect is opposite to that noted by Fu, who observed
optimal ee at low temperature (~�70 8C) for the
Lewis base-mediated asymmetric addition of metha-
nol to alkylarylketenes,[9a] which presumably reflects a
fast, uncatalysed background reaction at room tem-
perature and an asymmetric Lewis base-promoted re-
action at low temperature.

Reaction Generality

Having fully evaluated reaction conditions and re-
agents for the model reaction, the generality of this
procedure was evaluated. For experimental simplicity

Table 2. Probing the effect of base, solvent, and catalyst
upon stereoselectivity.

Entry Catalyst (mol%) Solvent Base (mol%) ee[a]

1 6 (10) toluene KHMDS (9) 70%
2 28 (10) toluene KHMDS (9) 77%
3 29 (10) toluene KHMDS (9) 75%[b]

4 6 (10) toluene NaH (9) 84%
5 29 (10) toluene NaH (9) 78%[b]

6 6 (10) THF KHMDS (9) 55%
7 6 (10) CH2Cl2 KHMDS (9) 14%
8 6 (10) toluene NEt3 (9) 6%
9 6 (10) toluene Cs2CO3 (9) 66%
10 6 (10) toluene NaHMDS (9) 74%
11 6 (5) toluene KHMDS (4.5) 84%
12 6 (2) toluene KHMDS (1.5) 82%
13 6 (5) toluene KHMDS (4.5) 76%[c]

[a] Determined by HPLC analysis.
[b] (S)-14 was preferentially formed.
[c] 5 equiv. of 2-PhC6H4OH was used.
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a standard reaction protocol using 5 mol% of azolium
salt 6 and KHMDS (4.5 mol%) in toluene at room
temperature was adopted (Table 3). These results
demonstrate that structural variation of both the
C(2)-alkyl and C(2)-aryl substituent of the ketene is
readily tolerated, generating the corresponding ester
products in good isolated yield (65–91%) and 58–84%
ee (entries 1–7). However, 2-substitution within the
aryl moiety of the ketene gave products with marked-
ly reduced ee, an observation that parallels the results
of Ye[27] (entry 8).

Enantiodivergent NHC-Mediated Esterification

The stereochemical outcome of the NHC-mediated
transformation detailed herein is intriguing. Esterifi-

cation of ethylphenylketene using the NHC derived
from 6 and 2-phenylphenol generates an (R)-config-
ured ester product 14 in the same enantiomeric series
to that observed by Ye et al. using the NHC derived
from precatalyst 4 with benzhydrol, despite their re-
spective stereodirecting groups having the opposite
stereochemical sense (Scheme 2, reactions 2 and 3).[39]

Fascinated by this stereochemical outcome, the ability
of the NHC derived from precatalyst 4 to deliver
asymmetry in the esterification of ethylphenylketene
with 2-phenylphenol was evaluated, giving (S)-14 in
60% ee.[40] This result indicates that enantiodivergent
reaction pathways are observed with precatalyst 4 in
the esterification of ethylphenylketene using benzhy-
drol and 2-phenylphenol (Scheme 2, reactions 1 and
2). Taking the recognised mechanistic pathways avail-
able for ketene derived esterification processes into

Figure 5. Variation of product ee with temperature for the NHC-promoted esterification of ethylphenylketene.

Table 3. Generality of the asymmetric addition of 2-phenylphenol to alkylarylketenes.

Entry Ar R Product (yield [%]) ee[a,b]

1 Ph Et 14 (79%) 84%
2 Ph n-Bu 30 (79%) 58%
3 Ph i-Bu 31 (65%) 72%
4 4-MeOC6H4 Et 32 (70%) 70%
5 4-FC6H4 Et 33 (75%) 74%
6 4-MeC6H4 Et 34 (91%) 76%
7 4-ClC6H4 Et 35 (86%) 58%
8 2-ClC6H4 Et 36 (76%) 33%

[a] Determined by HPLC analysis.
[b] The absolute configurations of 30–36 were assigned by analogy to that proven unambiguously for (R)-14.
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consideration (Figure 2), the enantiodivergent out-
come of this process mediated by precatalyst 4 may
simplistically derive from a change from one mecha-
nistic pathway to the other upon using benzhydrol or
2-phenylphenol. We subsequently evaluated precata-
lyst 6 in the asymmetric esterification reaction of eth-
ylphenylketene with benzhydrol. In our hands, and in
contrast to 2-phenylphenol, benzhydrol undergoes a
significant uncatalysed background reaction with eth-
ylphenylketene at room temperature, giving ~50%
conversion to ester (� )-37 at room temperature in
toluene within 2 h. Attempted asymmetric esterifica-
tion with benzhydrol using the NHC derived from
precatalyst 6 under a range of conditions, including
cooling of the reaction temperature and modulation
of the base from KHMDS to Cs2CO3 led to essentially
racemic product at temperatures from room tempera-
ture to �788C. In our hands, the optimal ee using pre-

catalyst 6 was observed employing an inverse addition
protocol using KHMDS as the base, generating (R)-
37 in a modest 24% ee at �40 8C (Scheme 2, reaction
4). These results are consistent with asymmetric in-
duction in these NHC-promoted transformations op-
erating according to different molecular recognition
events that are catalyst and substrate dependent.

In conclusion, chiral NHCs can efficiently promote
the asymmetric addition of 2-phenylphenol to a range
of alkylarylketenes, generating a-alkyl-a-arylacetic
acid derivatives with good levels of enantioselectivity
(up to 84% ee) using precatalyst 6 and KHMDS.
Enantiodivergent stereochemical outcomes are ob-
served with the use of 2-phenylphenol and benzhydrol
in the NHC-promoted esterification reaction using
precatalyst 4, consistent with distinct mechanistic
pathways operating within these processes with this
catalyst. A Brønsted acid/Lewis base-mediated mech-
anistic switch is tentatively proposed to account for
the observed enantiodivergence in these pathways.
Current studies are focused upon probing fully the
mechanism of this transformation as well as develop-
ing alternative applications of enantiomerically pure
NHCs in asymmetric catalysis.

Experimental Section

General Experimental Procedure for the Synthesis of
2-Phenylphenol Esters from Ketenes

A 0.5 M solution of KHMDS in toluene (0.045 mL,
0.0225 mmol, 4.5 mol%) was added to a suspension of tri-ACHTUNGTRENNUNGazolium salt 6 (8.6 mg, 0.025 mmol, 5 mol%) in toluene
(2 mL) under an argon atmosphere and the mixture was
stirred for 20 min at room temperature. A solution of the
corresponding ketene (0.5 mmol, 1 equiv.) in toluene (8 mL)
was added, followed by 2-phenylphenol (88 mg, 0.52 mmol,
1.04 equiv.), and then the reaction mixture was stirred for
2 h at room temperature before concentration. The residue
was purified by column chromatography to give the corre-
sponding ester.

Preparation of (R)-2-Phenylphenyl 2-
Phenylbutanoate (14)

Following the general procedure, ester (R)-14 was obtained
as a colourless oil after chromatography (petrol-Et2O
90:10); yield: 0.125 g (79%). 1H NMR (300 MHz; CDCl3):
d= 7.36–6.97 (14 H, m), 3.49 (1 H, t, J=7.6 Hz), 2.06–1.94
(1 H, m), 1.77–1.66 (1 H, m), 0.75 (3H, t, J= 7.4 Hz);
13C NMR (75 MHz; CDCl3): d= 172.7, 148.2, 138.7, 137.7,
135.5, 131.3, 129.3, 129.0, 128.8, 128.5, 128.4, 127.7, 126.6,
123.1, 53.8, 27.0, 12.4; IR (thin film): nmax =2968, 1753, 1478,
1265, 1137, 738, 699 cm�1; MS: (Cl): m/z= 119.1 (100), 317.1
(50, M+H+); HR-MS (Cl+): m/z= 317.1546, C22H21O2 re-
quires: 317.1542 (1.4 ppm). The enantiomeric excess of 14
was determined by HPLC analysis using a Chiralpak AD-H
column (10% i-PrOH in hexanes, flow rate=1.0 mL min�1):

Scheme 2. Comparison of ketene esterification reactions
using precatalysts 4 and 6.
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tR(S) 5.17 min and tR(R) 8.43 min, 84% ee ; [a]20
D : �33.2 (c 1,

CHCl3).
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