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BINOL-derived bifunctional sulfide catalysts for asymmetric 
synthesis of 3,3-disubstituted phthalides via bromolactonization 
Megumi Okada,a Kazuma Kaneko,b Masahiro Yamanakab and  Seiji Shirakawa*a 

Efficient enantioselective synthesis of 3,3-disubstituted phthalides 
possessing a chiral quaternary carbon center was achieved via 
catalytic asymmetric bromolactonization that utilized BINOL-
derived bifunctional sulfide catalysts. Transformations of the 
bromo group in optically active phthalide products were also 
performed to demonstrate the utility of this novel synthetic 
protocol. 

The phthalide structure appears in many important natural 
products and biologically active compounds, which is why 
phthalides are recognized as some of the most important 
lactones (Scheme 1).1 There have been numerous attempts to 
build this structural motif, which includes the asymmetric 
synthesis of chiral phthalides.2 A catalytic asymmetric synthesis 
of 3,3-disubstituted phthalides possessing a chiral quaternary 
carbon center ranks among the most important challenges in 
modern organic synthesis. Catalytic enantioselective fluoro- 
and chlorolactonizations of substrate 1 were recently 
developed as effective methods to produce 3,3-disubstituted 
phthalides.3,4 Unfortunately, a catalytic asymmetric method for 
the bromolactonization of 1 has remained elusive, despite great 
expectations for the synthetic utility of the resultant bromo-
substituted phthalides 2 for use in further transformations.5 In 
the course of our recent study into the development of chiral 
bifunctional sulfide catalysts (S)-3 for bromolactonization to 
produce chiral 3,4-dihydroisocoumarins,6 we became 
interested in the construction of 3,3-disubstituted chiral 
phthalides via the asymmetric bromolactonization of 1 with our 
sulfide catalysts (Scheme 1).7,8 Our previously developed 
bifunctional sulfide (S)-3 possesses a urea moiety, but has 
shown poor selectivity for the present reaction. However, 
redesigned sulfide catalysts (S)-4 bearing a hydroxy group 
improved the enantioselectivity. Herein, we report our efforts 

to enantioselectively synthesize 3,3-disubstituted phthalides 2 
using chiral bifunctional sulfide catalysts. Transformations of 
the bromo group in optically active phthalide products 2 were 
also performed to demonstrate the potential utility of the 
present synthetic protocol. 

 
Scheme 1 Important chiral phthalides and our synthetic 
approach. 
 
 Our initial aim was to find an effective catalyst for the 
asymmetric bromolactonization of 1 (Table 1). An attempted 
reaction of 1a with N-bromophthalimide (NBP) in toluene-
CH2Cl2 under the influence of a urea-type bifunctional sulfide 
catalyst (S)-3a,9 which is an effective catalyst for different 
enantioselective bromolactonizations,6 at –78 °C for 24 h 
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afforded the target phthalide product 2a in a high yield, but with 
poor enantioselectivity (53:47 er, entry 1). This result prompted 
us to examine different types of chiral sulfide catalysts. To our 
delight, the reaction with a relatively simple bifunctional sulfide 
(S)-4a possessing a hydroxy group gave product 2a with good 
enantioselectivity (88:12 er, entry 2). To clarify the role of the 
hydroxy group in bifunctional catalysts (S)-4, we also examined 
a reaction with hydroxy-protected mono-functional catalyst (S)-
5a. As expected, the reaction with mono-functional catalyst (S)-
5a produced 2a in a low level of enantioselectivity with opposite 
configuration of the major isomer (43:57 er, entry 3). These 
results suggested that the bifunctional design of sulfide 
catalysts (S)-4 bearing a hydroxy group is essential in order to 
obtain a high level of enantioselectivity. Encouraged by these 
results, a fine-tuning of the sulfide moiety on the catalyst (S)-4 
was performed to improve the enantioselectivity. The higher 
enantioselectivities of product 2a were observed in the reaction 
using catalysts (S)-4b (R = i-Pr, 94:6 er, entry 4) and 4c (R = t-Bu, 
93:7 er, entry 5), which possess a more bulky alkyl group on the 
sulfur. Although we generally performed the reaction for 24 h, 
the actual reaction was almost completed within 6 h (entry 6). 
The introduction of substituents at the 3-position of a 
binaphthyl unit on the catalyst did not improve the 
enantioselectivity (catalysts (S)-6a–c, entries 7–9). It should be 
noted that the present reaction efficiently proceeded even 
without a catalyst (entry 10). 
 
Table 1 Catalyst optimizationa 

 
Entry Catalyst Yieldb (%) erc 
1 (S)-3a 99 53:47 
2 (S)-4a 92 88:12 
3 (S)-5a 97 43:57 
4 (S)-4b 98 94: 6 
5 (S)-4c 95 93: 7 
6d (S)-4b 92 95: 5 
7 (S)-6a 90 85:15 
8 (S)-6b 92 94: 6 

9 (S)-6c 99 86:14 
10 nonee 98 (50:50) 

a Reaction conditions: 1a (0.10 mmol), NBP (0.12 mmol), 
catalyst (10 mol %, 0.010 mmol), toluene (1.5 mL)-CH2Cl2 (0.5 
mL), –78 °C, 24 h. b Yield of isolated product 2a. c Determined 
by HPLC analysis on a chiral stationary phase. d Reaction time = 
6 h. e The reaction was performed without a catalyst. 
 
 Next, we examined the effects of brominating reagents to 
gain mechanistic information of the present 
bromolactonization with bifunctional catalyst (S)-4b (Scheme 2). 
The enantioselectivity of product 2a significantly depends on 
the structure of the brominating reagents. Reactions with 
brominating reagents possessing 5-membered ring structures 
gave product 2a with high levels of enantioselectivity (88:12–
94:6 er). The reaction with dibromoisocyanuric acid (DBI) 
possessing a 6-membered ring structure provided 2a with a 
moderate level of enantioselectivity (71:29 er). On the other 
hand, acyclic brominating reagent, such as a N-
bromoacetamide (NBA), produced 2a with a low level of 
enantioselectivity (66:34 er). Additionally, the reaction with 
bromine (Br2) provided 2a as a racemate.10 These results 
suggest that the corresponding imide anions generated from 
brominating reagents are involved in the stereo-determining 
steps in the present reaction system. 

 
Scheme 2 Effect of brominating reagents. 
 
 The assumed catalytic cycle for the present attempts at 
bromolactonization using bifunctional sulfide catalyst (S)-4b 
appear in Scheme 3. In that scheme, when the chiral sulfide 
catalyst (S)-4b is mixed with NBP, bromosulfonium phthalimide 
is formed (A in Scheme 3). The position of the phthalimide anion 
is fixed by the hydrogen-bonding interaction with a hydroxy 
group of the catalyst. The alkene portion of substrate 1 is then 
activated by the bromosulfonium moiety to form a cyclic 
bromonium ion intermediate (B in Scheme 3). Simultaneously, 
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a carboxylic acid moiety of 1 is also activated by the phthalimide 
anion, which serves as a Brønsted base, to provide a well-
organized transition-state (TS). Highly enantioselective 
lactonization then occurs to provide target product 2 with the 
regeneration of catalyst (S)-4b. Based on our previously 
reported associative TS model involving succinimide anion as 
the stereo-determining cyclization step,6 a plausible TS model 
for the (S)-4c-catalyzed bromolactonization with N-
bromosuccinimide (NBS) was proposed via DFT-computed 
molecular modeling (B’ in Scheme 3).11 The sulfide and naphthol 
moieties of (S)-4c capably arrange the positions of the 
bromonium ion generated from carboxylic acid 1 and the 
succinimide anion via sulfide/bromonium interaction and the 
exhaustive hydrogen bonding network, respectively. The 
proposed TS model thoroughly explains the crucial role of the 
naphthol moiety of (S)-4, which was revealed in the control 
experiments (entries 1–3 in Table 1). 

 
Scheme 3 Proposed catalytic cycle and transition-state 
structure. 
 
 With the effective bifunctional sulfide catalysts (S)-4 in hand, 
we studied the substrate generality of the bromolactonization 

of 1 to produce various 3,3-disubstituted phthalides 2 (Scheme 
4). In general, good to high levels of enantioselectivity were 
observed in the synthesis of 3-arylphthalides (2a–h). 
Unfortunately, 3-alkylphthalides such as 3-methylphthalide 2i 
and 3-butylphthalide 2j were obtained with only low levels of 
enantioselectivity. 3-Arylphthalides possessing substituents on 
the aromatic ring at the phthalide core could also be obtained 
with good to high levels of enantioselectivity (2k–n).12 

 
Scheme 4 Scope and limitation. a a Reaction conditions: 1 (0.10 
mmol), NBP (0.12 mmol), (S)-4b (10 mol %, 0.010 mmol), 
toluene (1.5 mL)-CH2Cl2 (0.5 mL), –78 °C, 24 h. b The reaction 
was conducted on a 10-fold scale (1a: 1.0 mmol). c The reactions 
with 1b, 1c, 1l, and 1n were performed using catalyst (S)-4c. 
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 To show additional utility of the present method for the 
asymmetric synthesis of 3,3-disubstituted phthalides, we 
examined transformations of the bromo groups in optically 
active bromolactonization products 2 to form other functional 
groups (Scheme 5). The bromo group of 2a was removed via 
reduction with tributyltin hydride under radical conditions to 
provide 7. Allylation with allyltributyltin was also performed to 
obtain 8. Introductions of heteroatom substituents were also 
possible via nucleophilic substitutions, and product 9 possessing 
a thiophenyl group was synthesized via a reaction with 
thiophenol. It is noteworthy that these reactions proceeded 
with no loss of enantioselectivity. 

 
Scheme 5 Conversions of product 2a. 

Conclusions 
In summary, we have successfully achieved the highly 
enantioselective synthesis of 3,3-disubstituted phthalides 
possessing a chiral quaternary carbon center via catalytic 
asymmetric bromolactonization using BINOL-derived 
bifunctional sulfide catalysts. The importance of the hydroxy 
group on the chiral sulfide catalysts to recognize the imide anion 
generated from brominating reagents was clarified based on 
the results of control experiments. The great utility of the 
present synthetic protocol was demonstrated in 
transformations of the bromo group in optically active 
phthalide products. Further applications of bifunctional sulfide 
catalysts to other asymmetric reactions are currently under way 
by our research group. 
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Efficient enantioselective synthesis of 3,3-disubstituted 
phthalides possessing a chiral quaternary carbon center was 
achieved via catalytic asymmetric bromolactonization using 
BINOL-derived bifunctional sulfide catalysts.

Page 6 of 6Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
5 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

L
O

U
IS

IA
N

A
 A

T
 L

A
FA

Y
E

T
T

E
 o

n 
3/

25
/2

01
9 

7:
53

:1
9 

A
M

. 

View Article Online
DOI: 10.1039/C9OB00417C

http://dx.doi.org/10.1039/c9ob00417c

