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The mechanism of the catalytic, asymmetric α-bromination
of acid chlorides is probed through a series of crossover ex-
periments, ion-pairing tests, and kinetic resolution studies to
shed light on the factors that contribute to, and limit the pro-
duction of, optically-active α-bromo esters. In order to under-
stand better the observed sense of induction, as well as the
high degree of enantiomeric excess exhibited by these prod-

Introduction
We have previously documented a versatile catalytic,

asymmetric process for the α-chlorination of acid halides
employing cinchona alkaloid derivatives as catalysts in con-
junction with various stoichiometric bases.[1] In the interest
of fully understanding this methodology, we went on to
conduct in-depth mechanistic studies and explore the utility
of the products through substitution experiments.[2] We
found that although the chiral α-chloro ester products were
produced in high enantioselectivity and good chemical
yields, their utility as synthetic intermediates was somewhat
compromised by the fact that, at times, displacement of
chlorine is difficult, resulting in sluggish reactivity and race-
mization. This led us to consider alkyl bromides, which are
generally believed to be the most synthetically useful of the
halides, and which often react through a pure SN2 mecha-
nism during nucleophilic displacements under mild condi-
tions.[3] In addition, the brominated products themselves
can be of interest, as with halomon (1a) and bromophycol-
ide A (1b, Figure 1), two natural products displaying effec-
tiveness against several human tumor cell lines.[4]
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ucts, extensive molecular modeling is employed on the rel-
evant transition states. Finally, the usefulness of the α-bromo
ester products is demonstrated by their simple derivatization
into chiral epoxides.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Figure 1. Examples of brominated natural products.

With a firm understanding of the chlorination mecha-
nism in hand, we turned to the design of an analogous cata-
lytic, asymmetric α-bromination of acid chlorides. As the
research progressed, we realized that there were interesting
mechanistic differences between the chlorination and bro-
mination reactions. For example, our initial bromination
conditions only worked well on a small scale.[5] Increasing
the scale of the reaction, however, resulted in exponential
loss of yield and enantioselectivity (ee). The chlorination
reaction, on the other hand, displays no such erosion upon
scale up. It became clear to us that in order to solve this
scalability problem, we needed to understand in detail these
mechanistic differences. This full account reports on the
series of crossover experiments, ion-pairing tests, and ki-
netic resolution studies developed to explore, and provide
insight into, the mechanism of our α-bromination reaction,
and how it contrasts with our asymmetric α-chlorination.

Reaction Overview
We postulated that the general reaction sequence

(Scheme 1) proceeds from the acid chloride starting mate-
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rial 2, to a zwitterionic enolate intermediate formed by the
action of our catalyst 3 and a stoichiometric base. We be-
lieve that this transient, chiral nucleophile abstracts Br+

from the brominating agent 4, producing an ion-paired in-
termediate 5 that undergoes transacylation to produce the
desired product 6 and regenerate the catalyst 3 for another
cycle. The resulting optically enriched α-bromo esters are
produced in high ee and moderate to good chemical yields.

Scheme 1. Tandem catalytic, asymmetric bromination/esterifica-
tion.

As discussed previously, the initial bromination condi-
tions had to be optimized to eliminate problems with loss of
selectivity and yield upon scale up. These formerly reported
optimization procedures involved: (1) development,
through de novo design, of a more selective catalyst (a pro-

Scheme 2. Halogenating agent�s effect on intermediate lifetime.
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line cinchona alkaloid conjugate, 3b) to replace benzoyl
quinine (BQ, 3a, Figure 2); and (2) substituting ortho-
brominating agent 4b for para-brominating agent 4a
(Scheme 1),[6] in conjunction with changing the stoichio-
metric base from heterogeneous carbonates to homogen-
eous Hünig�s base for aliphatic acid chlorides, or NaH solu-
bilized by catalytic amounts of 15-crown-5 for arylacetyl
chlorides.

Figure 2. Catalysts tested.

1. Catalyst Optimization

Although we had previously used BQ (3a) as a successful
catalyst system,[7] it was evident to us that our catalyst was
not sufficiently optimized for this application. We decided
to turn to molecular mechanics (MM) to guide our substi-
tution of the cinchona alkaloid core, a method that has
served us well in the past.[8] Amino acids were a class of
compounds we identified as possible modifiers for this de
novo catalyst. Replacing the benzoyl group in BQ (3a), with
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(R)-Boc-prolyl (3b) showed considerable promise in our
MM study, revealing an increase in the gap between the low
energy re- and si-face exposed confirmation relative to BQ,
thus predicting improved selectivity.[6] This prediction was
borne out experimentally (as 3b gives an average of ten per-
cent higher ee in our bromination reaction at increased
scale).

2. Brominating Agent Development

Observations made during our early experiments led us
to suspect that some racemization was occurring during the
reaction process since stoichiometric bases such as NaH or
K2CO3 were employed. If this were true, the species most
susceptible to racemization would likely be the acyl ammo-
nium intermediate (5, Scheme 1). Comparing our α-bromi-
nation reaction to its analogous α-chlorination led us to
realize that 5 may be longer-lived in the α-bromination reac-
tion as the phenolate counterion of the para-brominating
agent 4a must “wheel around” to capture the acyl ammo-
nium salt. However, in the chlorination reaction, trapping
would be more rapid because the phenolate oxygen is in the
ortho position relative to the active site of the chlorinating
agent, and thus perfectly positioned for transacylation. This
longer-lived acyl ammonium intermediate in the α-bromi-
nation reaction would therefore be subject to racemization
by adventitious bases (Scheme 2).

As reported in our earlier publication,[6] this theory led
us to synthesize brominating agent 4b (Scheme 1), an ortho-
polybromoquinone, in an effort to solve the racemization
problem. Our initial hypothesis appears to be supported, by
the fact that 4b gave products with improved enantio-
selectivities upon testing.

Optimization Results

In a typical optimized procedure, phenylacetyl chloride
(2a) was added to a stirred suspension of NaH and 10 mol-
% each of 15-crown-5 and catalyst 3b in THF at –78 °C. A
THF solution of 4b was then slowly added, and the reaction
was stirred at –78 °C for 5 h before being quenched with
methanolic HCl. Workup and column chromatography led
to α-bromo ester 6a in 55% yield and 99% ee (Table 1). A
number of other arylacetyl chloride substrates were scre-
ened using the same procedure, and resulted in similar
yields and good to excellent ee values (Table 1).

A limitation of the methodology, and also an interesting
mechanistic clue, are seen when strong electron-with-
drawing groups are present on the aromatic ring. For exam-
ple, when p-nitrophenylacetyl chloride is subjected to the
standard reaction conditions, substantial racemization is
observed. The reaction proceeds in 31% yield with little or
no selectivity [Equation (1)]. This loss of ee may be due to
the increased acidity of the proton α to the carbonyl, and
is also consistent with our mechanistic hypothesis.
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Table 1. Catalytic, asymmetric α-bromination of arylacetyl chlo-
rides.

[a] Reactions run with 10 mol-% catalyst 3b, 0.609 mmol acid chlo-
ride, 0.522 mmol NaH, and 0.435 mmol 4b at –78 °C for 5 h in
THF; % yield based on brominating agent after chromatography.

(1)

The reaction of aliphatic acid chlorides is similar to that
of the arylacetyl chlorides. Addition of the acid chloride to
a solution of one equiv. Hünig�s base and 10 mol-% catalyst
3b in THF at –78 °C was followed by the addition of a THF
solution of brominating agent 4b. The reaction was then
stirred at –78 °C for 5 h before being quenched with meth-
anolic HCl. Standard workup and column chromatography
on Florisil® led to α-bromo esters in fair yield and good to
excellent ee. For example, butyryl chloride (2g) was sub-
jected to the above conditions to give 6g in 44% yield and
99% ee. A number of other aliphatic substrates were also
screened, as summarized in Table 2.

This optimized procedure has led to considerably im-
proved scalability. While our original methodology pro-
duced good results on a small (≈ 25 mg) scale, enantio-
selectivities were seen to rapidly decay upon scale up.[5] Un-
der our optimized conditions, we have conducted reactions
on scales of up to 1 g without loss of selectivity or yield.[6]

Throughout the development of these optimized pro-
cedures, intriguing mechanistic questions continued to
come to light, not the least of which is exactly why this
reaction differs so significantly from the corresponding α-
chlorination. The following sections outline our investi-
gations into these questions.
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Table 2. Catalytic, asymmetric α-bromination of aliphatic acid
chlorides.

[a] Reactions run with 10 mol-% catalyst 3b, 0.522 mmol acid chlo-
ride, 0.435 mmol 4b, and 0.435 mmol Hünig’s base at –78 °C for
5 h in THF. % Yield based on brominating agent after chromatog-
raphy. [b] dr given in lieu of ee, β center not assigned.

Crossover Experiments

One issue that intrigued us concerns the extent to which
free phenolate ions dissociate from the acyl ammonium salt
after the halogen transfer step. For example, when we per-
formed an asymmetric halogenation using 2a as substrate

Scheme 3. Crossover experiments.
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and a 1:1 mixture of 4a and 7, we found only products 8
and 9 at all levels of conversion (Scheme 3). In general, the
brominating agent 4a is about 10 times as reactive as the
chlorinating agent 7 in THF solvent at –78 °C. No cross-
over products, which would arise from phenolate/acyl am-
monium salt dissociation, were observed in the experiment,
as determined by a fairly sensitive mass spectrometry assay
and NMR spectroscopy.[9]

Ion Pairing and Dissociation

How may we address experimentally the role that ion
pairing and/or dissociation plays in racemization? Because
we postulate that long-lived ion-paired (or dissociated ion)

Scheme 4. The effect of a hindered brominating reagent.
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intermediates may lead to racemization, a bulky brominat-
ing agent (especially one that can transfer bromine fast but
transacylate slowly) should therefore lead to lower selectivi-
ties. For example, the reagent 4c, derived from 2,6-di-tert-
butylphenol,[10] would lead to the ion-pair intermediate
shown in Scheme 4. The steric hindrance of the two ortho
tert-butyl groups should slow down the rate of transacyl-
ation considerably, allowing the acyl ammonium salt to ac-
cumulate in solution and therefore racemize.

Upon conducting the experiment, we found that bromi-
nating agent 4c provided little or no desired product in a
standard reaction employing NaH as the stoichiometric
base. Presumably, whereas bromination from the unhin-
dered para position may occur readily, transacylation is pre-
vented, precluding product formation and catalyst turnover.

What then about the possibility of an added “co-nucleo-
phile” that can take the place of the 2,6-di-tert-butylphenol-
ate as a transacylating agent? In fact, to our surprise, run-
ning the standard reaction in the presence of 1 equiv. of
sodium pentachlorophenolate does indeed produce a satis-
factory yield of product 10 by promoting transacylation
and catalyst turnover (Scheme 5). However, if our hypothe-
sis about ion pair lifetimes is correct, the enantioselectivity
of the product should be diminished, as a new ion pairing
between the ammonium salt and pentachlorophenolate
must presumably be established before product formation
can take place (Scheme 6). The intervening time may be

Scheme 5. Nucleophilic capture of a reactive intermediate.

Scheme 7. Kinetic resolution study.
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thus long enough for racemization to take place. In fact,
our hypothesis is confirmed by experiment, as the resulting
product is virtually racemic.

Scheme 6. Ion-pair swapping.

To ensure that this reaction (Scheme 5) is not occurring
via an alternate mechanism where pentachlorophenolate
would catalyze the formation of crossover product 10 by
forming a pentachlorophenol enolate, a simple control was
set up without the chiral catalyst BQ (3a). No crossover
product 10 was observed [Equation (2)].

(2)

The question of why this racemization occurs so readily
can be addressed by further experimentation. Racemic α-
bromophenylacetyl chloride was treated with tribromo-
phenol in the presence of BQ and Hünig�s base. The prod-
uct 8 was recovered in a racemic form in all tests. The lack
of any kinetic resolution effect in this reaction suggests that
only a small difference in energy exists between the dia-
stereomeric acylammonium intermediates (Scheme 7).[11]
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Scheme 8. Reactivities of halogenating agents.

Window of Reactivity

The issues of ion-pair swapping and transacylation dis-
cussed above demonstrate that it can be illustrative to com-
pare the reactivity of our various quinone-based halogenat-
ing agents. The effects of differing carbon–halogen bond
strengths, coupled with quinone ring substituents and ge-
ometry combine to produce a spectrum of reactivity. Under
no circumstances is fluorine transfer observed when qui-
none (11) is employed,[12] while chlorine transfer is well es-
tablished, and bromine transfer is even faster. Iodine trans-
fer, however, occurs only with very low efficiency;[13] a fact
that results from the extreme reactivity (and poor selectiv-
ity) of the iodinating agent 12 that readily transfers iodine
to the solvent medium (Scheme 8).

Computational Studies

In order to gain further insight into the factors contrib-
uting to our observed sense of induction and degree of en-
antiomeric excess, we turned to molecular modeling. In our
previous work on catalytic, enantioselective β-lactam for-
mation we had employed such studies with great success,
obtaining results that were in good agreement with experi-
mental results, and which shed additional light on the reac-
tion mechanisms involved.[14] Particularly, we felt that the
application of modeling here might help explain the de-
crease in enantioselectivity observed when a employing
para-brominating agent.

To investigate how catalyst 3a may be inducing selectivity
in its reaction with phenylketene and brominating agent 4b,
the low energy si- and re-transition states, TS1 and TS2,
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were computed (Figure 3).[15] All calculations were carried
out using the Gaussian 03 program[16] and MCMM
searches were performed with Macromodel 7.1.[17] The short
carbon–bromine bonds of the enolate, and the correspond-
ingly longer carbon–bromine bonds of the quinone, are
consistent with halogen transfer occurring late on the reac-
tion coordinate, which is in turn consistent with a highly
enantioselective reaction.[18] The most striking feature of
the late transition states TS1 and TS2 is stabilization of
the developing phenolate through polarized Oδ–···Hδ+–Cδ–

hydrogen bonding. Of specific interest in this regard are the
bridging contacts between the phenolate oxygen and quinu-
clidine nucleus (printed in blue).[19] Based on calculated
Mulliken charges,[20] the quinuclidine hydrogens involved in
this interaction hold the highest Lewis acidity. In a similar
fashion, the ketene enolate appears to be stabilized by fa-
vorable contacts with the proximal hydrogen atoms of the
catalyst’s quinuclidine ring, as judged from the relatively
short O–···H contact distances[21] (printed in red).

A closer look at TS2 reveals a second factor leading to
the 1.6 kcal/mol energetic preference for si-addition. A re-
pulsive van der Waals contact between the enolate α-hydro-
gen and the C–H hydrogen α to the benzoyl group of the
catalyst (printed in purple) destabilizes TS2. The measured
length of this unfavorable contact is 2.0 Å, which lies well
within the sum of the independent hydrogen radii (2.2 Å).
These unfavorable steric interactions are lessened in TS1,
suggesting a lower energy barrier for si-addition. In fact,
the calculated enantioselectivity of 87% ee, derived from
the computed IMOMO energies, is in close agreement with
the experimental value of 88% ee for BQ-catalyzed bromi-
nation of phenyl ketene with brominating agent 4b.
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Figure 3. Low energy enantioselective si- and re-transition states TS1 and TS2 for the benzoylquinine 3a catalyzed bromination of
phenylketene by halogenating reagent 4b.[22]

Figure 4. Low energy enantioselective si- and re-transition states TS3 and TS4 for benzoylquinine 3a catalyzed bromination of phenyl
ketene by halogenating reagent 4a.[28]

In light of the above result, a similar study was per-
formed for para-dibromo-substituted 4a in its reaction with
catalyst 3a and phenyl ketene (Figure 4). Transition states
TS3 and TS4 can be seen to share similar geometries to
those found in TS1 and TS2.[23] The preference for TS3 can
be explained by two distinct interactions. TS3 benefits from
a 3-point hydrogen-bond network between the proximal
quinuclidine ring hydrogen atoms of the catalyst and the
enolate oxygen (printed in red).[24] In contrast, TS4 pos-
sesses only one such favorable hydrogen-bond contact
(printed in red). Also, like TS2, TS4 suffers from a destabi-
lizing van der Waals contact (2.37 Å) between the ketene
enolate phenyl ring and the methoxy ether oxygen of the
catalyst�s quinoline ring (printed in purple). With the above
in mind, and further application of computed IMOMO en-
ergies, the model predicts a product with (S)-stereochemis-
try and 98.9% ee. While the sense of induction predicted
is correct, the experimentally observed enantiomeric excess
(78%) is significantly lower than that obtained via compu-
tation.
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Molecular Dynamics Study

The aforementioned discrepancy between predicted and
observed selectivities, and the overall lower enantio-
selectivity obtained with brominating reagent 4a (as op-
posed to that obtained with 4b) can be explained by the
competition between epimerization of the acyl ammonium
intermediate and phenolate transacylation. Following this
rationale, and taking into account the respective transition
state geometries, we anticipated that the time required for
transacylation should be greater for a phenolate generated
from 4a than one generated from 4b. To explore this pos-
sibility, a series of stochastic dynamics simulations were
performed using preferred transition states TS1 and
TS3 as starting geometries (Figure 5 and Figure 6, respec-
tively).[25]

We monitored trajectories for the reactions of 4a and 4b
with a prototype ketene enolate. In particular, the phenolate
anion of 4a was found to require more than twice as much
time (8.5 ps vs. 3.6 ps for 4b) to obtain a ground-state geom-
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Figure 5. Trajectory plot of the time required for the phenolate anion of 4b to obtain an O···C=O distance suitable for transacylation.
The horizontal line overlaid on the plot represents the average distance of the phenolate oxygen from the acylammonium carbonyl carbon.
The first data point at which the average distance for transacylation is obtained during the 30 ps simulation is marked by a vertical line.

Figure 6. Trajectory plot of the time required for the phenolate anion of 4a to obtain an O–···C=O distance suitable for transacylation.
The horizontal line overlaid on the plot represents the average distance of the phenolate oxygen from the acylammonium carbonyl carbon.
The first data point at which the average distance for transacylation is obtained during the 30 ps simulation is marked by a vertical line.

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 1091–11001098
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etry [one having O–···C=O distances suitable for transacyl-
ation (4.20 Å and 4.29 Å, respectively)], than the phenolate
derived from 4b.[26] One contributing factor to this rate dis-
parity is the positioning of the phenolic oxygen, ortho in 4b
and para in 4a. Another, less obvious, strike against 4a is
that transacylation by its phenolate appears to be further
slowed as a result of F-strain generated by the bromine
atoms ortho to the oxygen.[27]

When these computational studies and molecular dy-
namics calculations are taken together, a complex picture
of the halogenation reaction emerges, one supported by our
experimental findings. While the enantioselectivity of a
given product is determined initially by interaction with the
catalyst, the final enantiomeric excess is strongly influenced
by the interplay of a dynamic process, one balancing epi-
merization (leading to product racemization) against trans-
acylation.

Terminal Epoxide Formation by Bromine
Displacement

As mentioned previously, the displacement of bromine
by a variety of nucleophiles is readily accomplished as the
reaction proceeds through a pure SN2 mechanism under
mild conditions. A practical use for our α-bromo ester
products is the facile synthesis of optically active, terminal
epoxides. Chiral epoxide chemistry has been a topic of in-
tense interest for a generation, and some of the most no-
table advances in asymmetric catalysis have been made in
this area.[28] That being said, several challenges remain.
Among the most notable is the catalytic, asymmetric syn-
thesis of terminal epoxides. Jacobsen has addressed the
problem from one angle by a catalytic, asymmetric hydro-
lytic resolution of chiral epoxides.[29] Our strategy is sim-
ple – a reduction of the optically enriched α-bromo ester is
followed by simple, base-promoted cyclization to the epox-
ide.[30]

As a proof of principle, we performed this reaction se-
quence on the α-bromo ester 13. After conversion to the
corresponding alcohol 14 by NaBH4, displacement of bro-
mine, by an intramolecular cyclization to form the chiral
epoxide 15 was accomplished by treatment of the alcohol
with KOH under ambient conditions.[31] The reaction pro-
ceeded in approximately 80% yield and with full retention
of enantioselectivity [Equation (3)].[32]

(3)

Conclusions

We have reported numerous reactivity, crossover, and
ion-pairing experiments, supported by relevant computa-
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tional and molecular mechanics studies that were employed
to shed light on the mechanism of our α-bromination reac-
tion. The utility of the corresponding α-bromo ester prod-
ucts as synthetic intermediates was demonstrated by the
synthesis of a terminal chiral epoxide with no loss in
enantioselectivity.

Experimental Section
Representative Bromination Procedure for Arylacetyl Substrates

1,3,6-Tribromo-2-naphthyl (S)-2-Bromo-2-phenylacetate (6a): A
solution of phenylacetyl chloride (2a) (0.609 mmol) in 1 mL THF
was added dropwise to a stirred suspension of catalyst 3b
(0.044 mmol), 15-crown-5 (0.044 mmol), and sodium hydride
(0.522 mmol) in 3 mL THF at –78 °C. Next, a solution of 4b
(0.435 mmol) in 3 mL THF was added dropwise over 5 min. The
resulting solution was stirred for 5 h at –78 °C. The reaction mix-
ture was then quenched with methanolic HCl (4 drops of HCl in
3 mL methanol) and extracted three times with Et2O. The organic
layers were combined, dried with MgSO4, and purified by column
chromatography (100% hexanes) to yield 6a in 55% yield. White
crystalline solid (analytical sample was recrystallized from hex-
anes): m.p. 114 °C. [α]25 = +45 (c = 0.01, CHCl3). 1H NMR
(CDCl3): δ = 8.0–7.9 (m, 3 H), 7.7–7.6 (m, 3 H), 7.4 (m, 3 H), 5.7
(s, 1 H) ppm. 13C NMR (CDCl3): δ = 164.78, 143.52, 134.63,
133.64, 133.64, 131.61, 130.77, 130.26, 129.82, 129.71, 129.21,
129.16, 129.01, 128.93, 122.03, 116.15, 45.77 ppm. IR (CH2Cl2): ν̃
= 1775 cm–1. C18H10Br4O2 (577.86): calcd. C 37.41, H 1.74, Br
55.31, O 5.54; found C 37.38, H 1.79, Br 55.28, O 5.55.

Representative Bromination Procedure for Aliphatic Substrates

1,3,6-Tribromo-2-napthyl (S)-2-Bromo-3-phenylpropanoate (6k): A
solution of dihydrocinnamoyl chloride (2k) (0.522 mmol) in 1 mL
THF was added dropwise to a stirred solution of catalyst 3b
(0.044 mmol) and Hünig’s base (0.435 mmol) in 3 mL THF at
–78 °C. Next, a solution of 4b (0.435 mmol) in 3 mL THF was
added dropwise over 5 min. The resulting solution was stirred for
5 h at –78 °C. The reaction mixture was then quenched with meth-
anolic HCl (4 drops of HCl in 3 mL methanol) and extracted three
times with Et2O. The organic layers were combined, dried with
MgSO4, and purified by column chromatography (100% hexanes)
to yield 6k in 48% yield. White crystalline solid (analytical sample
was recrystallized from hexanes): m.p. 130 °C. [α]25 = –0.56 (c =
0.01, CHCl3). 1H NMR (CDCl3): δ = 8.0 (m, 2 H), 7.9 (m, 1 H),
7.6 (d, 1 H), 7.3 (m, 5 H), 4.8 (dd, 1 H), 3.7 (dd, 1 H), 3.4 (dd, 1
H) ppm. 13C NMR (CDCl3): δ = 166.00, 143.54, 136.32, 133.771,
132.01, 131.60, 130.74, 130.34, 129.73, 129.13, 128.80, 127.53,
122.01, 117.16, 116.21, 43.68, 41.06 ppm. IR (CH2Cl2): ν̃ =
1776 cm–1. Anal Calcd for C19H12Br4O2 (591.91): calcd. C 38.55,
H 2.04, Br 54.00, O 5.41; found C 38.51, H 2.09, Br 54.02, O 5.38.

Supporting Information (see also the footnote on the first page of
this article): Contains general procedures for the synthesis of α-
halo esters, brominating agents, and catalysts; compound charac-
terization data; and reaction conditions for all crossover experi-
ments and mechanistic studies.
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