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ABSTRACT: Intermolecular haloesterification is an important class
of transformations. The resulting products are valuable building
blocks. However, it is often necessary to use super-stoichiometric
amount of acid in order to compensate the low reactivity. Herein, we
report a zwitterion-catalyzed intermolecular bromoesterification using
acid and olefin in an equimolar ratio. Mechanistic study revealed that
the charge pair in the zwitterion works synergistically in activating both NBS and carboxylic acid.

Electrophilic halofunctionalization of olefins is an important
class of organic transformations in which two function-

alities can be introduced across C−C bonds in a vicinal
relationship. The residual halogen handles can readily be
converted into other functionalities using conventional
methods. Haloesterification is one of the most studied
reactions in electrophilic halogenation because the resultant
products are valuable in various aspects.1 Both intra- and
intermolecular versions have been studied extensively. Intra-
molecular haloesterification (i.e., halolactonization) of olefinic
acids to give lactones is comparably more efficient than that of
the intermolecular version in most cases. It is believed that the
nucleophilic carboxylate groups could interact with olefins
reversibly and increase the reactivity of olefins toward
electrophilic halogenations by increasing the olefin’s HOMO
energy.2 Thus, tethering the olefins and carboxylic acids would
preorganize them, and the halolactonization would be
facilitated because of the decreased entropy.3

Compared to halolactonization, intermolecular haloester-
ification of olefins, which involves the use of three molecular
entities (electrophilic halogen source, olefin, and carboxylic
acid), is generally less efficient. Various strategies have been
used to enhance the reaction efficiency. Neutral organo-
catalysts have been widely utilized to catalyze intermolecular
haloesterification reactions. Examples with catalysts such as
1,4-diazabicyclo[2.2.2]octane (DABCO),4 isoselenazolones,5

tetramethylguanidine,6 amidines,7 DHQD2(PHAL),
8 phos-

phoric acid,9 and indole10 are documented. Another strategy
involves the use of highly electrophilic brominating agents such
as N,N-dibromo-p-toluenesulfonamide (TsNBr2),

11 tribromoi-
socyanuric acid,12 and bromide/bromate mixture.13 The use of
electrochemical oxidation in this type of transformation was
also reported.14 Very recently, the challenging catalytic
asymmetric iodoesterification of olefins was accomplished
using binuclear zinc complexes as the chiral catalysts.15 In
many circumstances, however, superstoichiometric amount
(e.g., >2 equiv or as a cosolvent) of carboxylic acids is still
needed to compensate the low reaction efficiency. Thus, a

catalytic system that enables an effective preorganization of
reaction partners and avoids the use of excessive substrates
remains highly desirable.
Zwitterions are an emerging class of organocatalysts.16,17

Unlike many bifunctional organocatalysts that are often
constructed based on neutral functional components such as
Brønsted bases/acids, Lewis bases, or dihydrogen bonds,18

zwitterions consist of separated positive and negative formal
charges, while the molecules are overall neutral.19 However,
catalysis using zwitterion remains underexplored. Very
recently, our group has successfully developed the amide/
iminium zwitterionic catalysts for transesterification and
dehydrative esterification.20 We speculated that the bifunc-
tional zwitterionic catalysts could be applied to the
intermolecular bromoesterification of olefins, where both
bromine sources and carboxylic acids could be activated
within the catalyst scaffolds. Herein, we report the application
of novel bifunctional amide/phosphonium type zwitterions in
catalyzing intermolecular bromoesterification using equimolar
of olefins and carboxylic acids with N-bromosuccinimide
(NBS) as the brominating agent.
At the outset of the investigation, intermolecular bromoes-

terification of styrene (2a) was studied using equimolar
amounts of benzoic acid (1a) as the nucleophilic carboxylate
source and NBS as the electrophilic bromine source (Table 1).
In the absence of catalyst, no product was detected after 20 h
(entry 1). To our delight, zwitterionic catalysts (±)-4a and
(±)-4b derived from 4-dimethylaminopyridine (DMAP) and
4-pyrrolidinopyridine20 gave moderate catalytic performance
(entries 2 and 3). Replacement of the pyridinium moiety in
(±)-4a by phosphonium (i.e., zwitterion (±)-4c)21 gave the
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desired product 3a in fairly good yield (63%) (entry 4).
Zwitterion 4d, which was found to be effective in catalyzing the
medium ring size bromolactonization,22 was ineffective in
catalyzing the reaction (entry 5). The catalytic performance of
zwitterion (±)-4c was also found to be superior to other
conventional catalysts such as Brønsted bases (DABCO, Et3N)
(entries 6 and 7), Lewis bases (Ph3PS, P

nBu3) (entries 8 and
9), Brønsted acid (CF3COOH) (entry 10), and Lewis acid
(BF3·OMe2) (entry 11). This illustrates the unique role of
zwitterion (±)-4c as an organocatalyst in the intermolecular
bromoesterification. Followed by a brief solvent screening (see
the Supporting Information), CHCl3 was found to be the
optimum (entry 12).
Substrate scope of this catalytic reaction was then examined.

The scope of bromoesterification of benzoic acid (1a) with
various olefins 2 is summarized in Scheme 1. In general, the
reaction proceeded smoothly to give desired bromobenzoate 3
in good yield. Styrene-type olefins were first examined in this
reaction (2a−2l). High reaction efficiency was observed with
electron-rich styrenes (2b−2e). Sterically hindered olefin 2d
was also tolerated in this reaction. In comparison, electron-
deficient styrenes (2f−2h) returned relatively in lower yields.
Various disubstituted styrenes were also found to be
compatible with this catalytic protocol (2i−2l). Excellent
yields of products were also obtained for simple cyclic olefins

(2m−2o). Quantitative yield of 3o was obtained, presumably
due to the highly electron-rich nature of dihydropyran 2o. For
particular substrates (2a and 2n), the catalyst loading could be
lowered to 5 mol % without deterioration of the reaction
efficiency. In addition, as exemplified with 2m, the reaction was
readily scalable (gram-scale) with even lower catalyst loading
(1 mol % of (±)-4c), and 3m was obtained in good yield
(80%).
Subsequently, the scope of bromoesterification of various

carboxylic acids 1 with styrene (2a) was studied, and the
results are summarized in Scheme 2. Benzoic acids 1 with

Table 1. Conditions Optimizationa

entry catalyst solvent yield (%)b

1 none PhMe 0
2 4a PhMe 30
3 4b PhMe 41
4 4c PhMe 63
5 4d PhMe 10
6 DABCO PhMe 39
7 Et3N PhMe 20
8 Ph3PS PhMe <5
9 PnBu3 PhMe <5
10 CF3COOH PhMe <5
11 BF3·OMe2 PhMe <5
12 4c CHCl3 75c

aReactions were carried out with benzoic acid (1a) (0.2 mmol),
catalyst (0.02 mmol), styrene (2a) (0.24 mmol), and NBS (0.24
mmol) in solvent (1.0 mL) for 20 h at 25 °C in the absence of light.
bNMR yield using CH2Br2 as the internal standard.

cIsolated yield.

Scheme 1. Substrate Scope with Different Olefinsa

aReactions were carried out with benzoic acid (1a) (0.2 mmol), 4c
(0.02 mmol), olefin 2 (0.24 mmol), and NBS (0.24 mmol) in CHCl3
(1.0 mL) for 20 h at 25 °C in the absence of light. The yields were
isolated yields. bThe reactions were conducted with 0.01 mmol of
catalyst 4c. ctrans-β-Methylstyrene was used as the substrate. dcis-β-
Methylstyrene was used as the substrate.

Scheme 2. Substrate Scope with Different Carboxylic Acidsa

aReactions were carried out with carboxylic acid 1 (0.2 mmol), 4c
(0.02 mmol), styrene (2a) (0.24 mmol), and NBS (0.24 mmol) in
CHCl3 (1.0 mL) for 20 h at 25 °C in the absence of light. The yields
were isolated yields.
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different electronic demands were examined and the reactions
were found to be insensitive to electronic properties of the
benzoic acids, giving 3p−3t in good yields. It is worth noting
that 3q was furnished in excellent yield (90%) even when the
sterically hindered 2,6-dimethylbenzoic acid was used as the
reaction partner. Reaction using acetic acid also smoothly gave
desired product 3u.
During the catalyst study, an interesting phenomenon was

observed which provided clues on the reaction mechanism. It
was found that further increase of the catalyst loading beyond
10 mol % resulted in a deterioration of the catalytic
performance (Table 2, entries 1−5). Since catalyst (±)-4c

bearing a Brønsted basic anionic toluenesulfonamide, a
stoichiometric amount of (±)-4c might lead to a low effective
concentration of benzoic acid (1a) due to the acid−base
neutralization. On the basis of this rationale, it was
hypothesized that a certain concentration of free carboxylic
acid was essential in the catalytic cycle. Subsequent experi-
ments of catalytic reactions were carried out using a
stoichiometric amount of zwitterion (±)-4c together with
additional benzoic acid (1a) to replenish the effective
concentration of free benzoic acid. Addition of 2 equiv of
benzoic acid (1a) rescued the reaction yield back to 70%
(entry 6), while the use of 5 equiv of 1a led to excellent yield
(entry 7). The improvement did not originate from BzOH
alone (entry 8). We suspect that carboxylic acid was not only
acting as a nucleophile component but also assisting the
catalysis.

1H NMR studies between the reaction components were
performed, and both carboxylic acid and NBS could interact
independently with zwitterionic catalyst (±)-4c (Figure 1).
When benzoic acid (1a) and (±)-4c were mixed in an
equimolar ratio, simultaneous downfield shift of tosyl protons
of 4c and upfield shift of the aromatic protons of benzoic acid
(1a) were observed, attributed to the occurrence of acid−base
reaction between them (Figure 1b−d). The change of
chemical shift of the α-proton in the phosphonium of
(±)-4c (H3) suggested the possibility of nonclassical hydrogen
bonding (NCHB)23 interaction between the phosphonium and
the benzoate. In contrast, for the equimolar mixture of (±)-4c
and NBS (Figure 1d−f), considerable chemical shifts of the
protons (H4) in NBS (upfield), the tosyl protons in (±)-4c
(downfield) and the α-proton (H3) of phosphonium in 1a

(downfield) were observed. This might indicate an interaction
mode involving (1) the coordination of the tosylamide in
(±)-4c to the electrophilic Br in NBS and (2) the NCHB
interaction between the α-protons of phosphonium in (±)-4c
and the carbonyl group in succinimide. An equimolar mixture
of benzoic acid (1a), (±)-4c, and NBS was also analyzed
(Figure 1a). As indicated by the slight change in the chemical
shift of protons, the acid−base complex between 4c and 1a
(Figure 1b) was interrupted by the existence of NBS. This
might suggest that (±)-4c was competing with both benzoic
acid (1a) and NBS.
A possible catalytic cycle is proposed based on the current

experimental observations (Scheme 3). We rationalized that
zwitterion (±)-4c could interact with carboxylic acid 1a and
NBS under equilibration to give species C (also evidenced
from mass spectrometry, see the Supporting Information for
details) with the exclusion of a succinimide molecule. This
process could be achieved via: (1) protonation of (±)-4c by 1a
to give species A followed by the reaction with NBS or (2)
bromination of (±)-4c by NBS to give species B followed by
protonation of the succinimide anion. Species C, which
contains electrophilic Br through the N−Br bond and
nucleophilic carboxylate anion by NCHB interaction within
the scaffold, could possibly facilitate the electrophilic addition
of olefin 2a via species D, yielding desired bromoester product
3a. The un-ionized carboxylic acid was speculated to be a
proton source to facilitate the formation of succinimide or a H-
bond donor to activate species D as for Br+ transfer to olefin.
In summary, we have developed an intermolecular

bromoesterification of olefins using bifunctional zwitterionic

Table 2. Effect of the Loading of 4c and BzOHa

entry 4c (equiv) BzOH (equiv) yield (%)b

1 0.02 1 66
2 0.05 1 75
3 0.1 1 75
4 0.5 1 61
5 1 1 27
6 1 2 70
7 1 5 94
8 0 5 5

aReactions were carried out with benzoic acid (0.2 mmol), catalyst,
styrene (0.24 mmol), and NBS (0.24 mmol) in chloroform (1.0 mL)
for 20 h at 25 °C in the absence of light. bIsolated yield.

Figure 1. NMR experiments.
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catalysts bearing a cationic phosphonium and an anionic
sulfonamide. The template effect provided by the zwitterion
allowed efficient bromoesterification using an equimolar
mixture of reactants. Further investigations on using the
zwitterionic catalysts in other reactions including asymmetric
haloesterification are underway.
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