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Abstract Highly regioselective 5-exo bromolactonizations of stilbene-
type carboxylic acids bearing electron-withdrawing substituents are
achieved for the first time via the use of chiral bifunctional sulfide cata-
lysts possessing a urea moiety. The chiral phthalide products are ob-
tained in moderate to good enantioselectivities as the result of 5-exo
cyclizations.
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Catalytic asymmetric reactions with modularly de-
signed organocatalysts are recognized as one of the most ef-
fective methods to produce important chiral molecules in
highly enantioenriched form.! Various types of chiral or-
ganocatalysts have been designed and applied to highly ste-
reoselective transformations over the past two decades.
Among these organocatalysts, chiral amines and phos-
phines are some of the most widely utilized catalysts in cat-
alytic asymmetric synthesis. By comparison with an inordi-
nate number of reactions using chiral amine and phosphine
catalysts, examples of efficient asymmetric reactions with
chiral sulfide catalysts have remained limited and under-
developed.?? In this context, we became interested in the
design of effective chiral sulfide catalysts and successfully
developed bifunctional catalysts (S)-4 for highly enantiose-
lective bromolactonizations with stilbene-type carboxylic
acids 1 (Scheme 1).4-6 In previous work, we selectively syn-
thesized 3,4-dihydroisocoumarin products 3 via 6-endo cy-
clization under optimized reaction conditions with selected
substrates, and 5-exo products 2 were not formed.® During
the course of an extension of the substrate scope for the
asymmetric bromolactonization of 1, we found that 5-exo
cyclization products 2, which possess a phthalide structure
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as an important structural motif,”# could be selectively ob-
tained in reactions with stilbene-type carboxylic acids 1
bearing electron-withdrawing substituents (Scheme 1).
Herein, we report catalyst-controlled regio- and stereose-
lective 5-exo bromolactonizations of compounds 1 with bi-
functional chiral sulfides (S)-4.
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Scheme 1 Bifunctional-sulfide-catalyzed asymmetric bromolactoniza-
tions of stilbene-type carboxylic acids 1

Asymmetric bromolactonization of 1a possessing a tri-
fluoromethyl group was selected as a model reaction in an
attempt to develop an effective catalyst for the 5-exo-selec-
tive cyclization. Yeung reported that the 5-exo cyclization
product 2a was preferentially obtained in the bromolacton-
ization of 1a, with or without catalysts, in low to moderate
regioselectivities (2a:3a =2:1 to 4:1).> Our original aim was
to improve the regioselectivity via the use of bifunctional
sulfide catalysts (S)-4 (Table 1). An attempted reaction of 1a
with N-bromosuccinimide (NBS) in CH,Cl, under the influ-
ence of phenylurea-type bifunctional catalyst (S)-4a at 0 °C
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Table 1 Catalyst Optimization?

CC
OH catalyst
Z (10 mol%)
+ —_—

1a o Br

Ar

1 CH,Cl,
oﬁ;O 0°C,24h
NBS
(1.2 equiv)

: o :
s : s

‘ (5)-4 (S)-5
(S)-4a: Ar'=Ph (S)-5a:R=H .
(S)-4b: Ar' = 3,5-(MeO),CgH3 (S)-5b: R = Me !
(S)-4c: Ar' = 3,5-(F3C)oCeH3

. (5)-4d: Ar' = 4-0oNCgHy

Entry Cat Regioselectivity(2a:3a)® Yield of 2a (%)° er of 2ade
1 (5)-4a 5.3:1 76 76:24
2 (5)-4b 3.2:1 67 75:25
3 (5)-4c 7.1:1 84 82:18
4 (5)-4d 8.5:1 86 82:18
5 (5)-5a 2.3:1 59 49:51
6 (5)-5b 1.1:1 39 50:50
7 nonef 1.8:1 7 (50:50)

2 Reaction conditions: 1a (0.10 mmol), NBS (0.12 mmol), catalyst (10 mol%,
0.010 mmol), CH,Cl, (2.0 mL), 0°C, 24 h.

b Regioselectivities were confirmed via 'H NMR analysis of the crude reaction
mixture.

¢Yield of isolated product 2a.

4 Determined by HPLC analysis on a chiral stationary phase.

¢ Enantioselectivities of product 3a were low (lower than 59:41 er).

fThe reaction was performed without a catalyst.

for 24 hours provided bromolactonization product 2a in a
good yield but with moderate levels of regio- and enanti-
oselectivity (Table 1, entry 1). Encouraged by this result, a
fine-tuning of the urea moiety on catalyst (S)-4 was per-
formed to improve the regioselectivity. Although the intro-
duction of an arylurea possessing electron-donating groups
on the catalyst (4b) caused a reduction in regioselectivity
(Table 1, entry 2), catalysts bearing electron-deficient aryl-
ureas (4¢ and 4d) improved the levels of both the regio- and
enantioselectivity (Table 1, entries 3 and 4). A higher level
of regioselectivity was observed in the reaction with cata-
lyst (S)-4d (Table 1, entry 4). To establish the importance of
the urea moiety on catalysts (S)-4, we also examined the re-
actions with related BINOL-derived catalysts (S)-5a and 5b.
Although these catalysts promoted the bromolactonization
of 1a, the 5-exo cyclization product was obtained only in
low levels of regio- and enantioselectivity (Table 1, entries 5
and 6). Additionally, the reaction without a catalyst pro-
ceeded slowly under the reaction conditions with low

regioselectivity (Table 1, entry 7). These results clearly sug-
gested that the urea moiety of catalysts (5)-4 was essential
for obtaining good levels of regio- and enantioselectivity in
the present 5-exo bromolactonization.®

We also examined the effect of different brominating
reagents under the influence of optimized catalyst (S)-4d
(Table 2). The levels of regio- and enantioselectivity for
product 2a depend significantly on the structure of the bro-
minating reagent. Reactions with brominating reagents
possessing 5- and 6-membered ring structures generally
gave the target 5-exo cyclization product 2a in good to high
levels of regioselectivity and with moderate to good levels
of enantioselectivity (Table 2, entries 1-4). On the other
hand, N-bromoacetamide (NBA), an acyclic brominating re-
agent, gave product 2a with lower levels of regio- and enan-
tioselectivity (Table 2, entry 5). Interestingly, the 6-endo cy-
clization product 3a was obtained in good regioselectivity
when the reaction was performed with bromine (Br,) as the
brominating reagent, although almost no enantioselectivity
was observed (~50:50 er) (Table 2, entry 6).1° Among these
brominating reagents, the highest level of regioselectivity

Table 2 Effect of Different Brominating Reagents?
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Entry X-Br Regioselectivity (2a:3a)® Yield of 2a (%) er of 2a%¢
1 NBS 8.5:1 86 82:18
2 NBP 13:1 90 71:29
3 DBH 15:1 89 80:20
4 DBI 18:1 92 82:18
5 NBA 3.3:1 71 70:30
6 Br, 1:11 8 (77) 50:50

2 Reaction conditions: 1a (0.10 mmol), brominating reagent (0.12 mmol),
catalyst (S)-4d (10 mol%, 0.010 mmol), CH,Cl, (2.0 mL), 0 °C, 24 h.

b Regioselectivities were confirmed via "H NMR analysis of the crude reaction
mixture.

¢Yield of isolated product 2a.

4 Determined by HPLC analysis on a chiral stationary phase.

¢ Enantioselectivities of product 3a were low (lower than 59:41 er).

fThe yield in parentheses refers to the isolated yield of product 3a.
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for 2a was observed with dibromoisocyanuric acid (DBI),
and the highest levels of enantioselectivity were achieved
with NBS and DBI (Table 2, entries 1 and 4).!

With the optimum catalyst (S)-4d and reaction condi-
tions in hand, we next studied the substrate scope for the 5-
exo-selective bromolactonization of 1 (Scheme 2).!> Both
NBS and DBI were examined as possible brominating re-
agents that could provide generality for each substrate.
First, we investigated the effect that an electron-withdraw-
ing group (EWG) at the para-position of 1 exerted on an ar-
omatic ring (Ar). The application of stilbene-type carboxylic
acids 1 bearing a variety of EWGs produced highly regiose-
lective reactions and products 2a-d in moderate to good
levels of enantioselectivity. In general, the reactions with
DBI provided higher levels of regioselectivity with slightly
lower levels of enantioselectivity than those of the reac-
tions with NBS. The reactions of compounds 1 possessing
EWGs at the meta- and ortho-positions were also examined,

XA NBS (9-4d
v (10 mol%)
. oH + or  _\10moPe) o

CH;Cl
DBI 2Cl
o 0°C,24h

1 (1.2 equiv)

and products 2e-g were obtained with high levels of regio-
selectivity. On the other hand, the reactions with simple
substrate 1h (Ar = Ph), without an EWG, produced bromo-
lactonization products 2h and 3h with low levels of regiose-
lectivity, and 6-endo cyclization product 3h was the major
product even under the optimum reaction conditions for 5-
exo cyclization. It should be noted that a completely regio-
selective reaction to produce 3hin a highly enantioselective
manner was achieved with catalyst (S)-4a under low reac-
tion temperature conditions.® These opposite trends in re-
gioselectivity can be explained by the nature of the sub-
strates (Figure 1). When the reaction was performed with a
simple substrate, 1Th (Ar = Ph), 6-endo cyclization was fa-
vored due to stabilization by the cationic nature of the ben-
zylic carbon of the phenyl group (A in Figure 1). On the oth-
er hand, the introduction of an EWG on the aryl moiety (Ar)
destabilized the cationic nature of the benzylic carbon. As a
result, 5-exo cyclization was favored slightly more than 6-

o
with NBS with DBI with NBS
2a:3a=8.5:12 2a:3a=18:1 2b:3b = 16:1
86% (2a) 92% (2a) 81% (2b)

82:18 er (2a) 82:18 er (2a) 84:16 er (2b)

o
with NBS with DBI with NBS
2d:3d = 25:1 2d:3d = >50:1 2e:3e = 12:1
86% (2d) 96% (2d) 86% (2e)

84:16 er (2d) 81:19 er (2d) 73:27 er (2e)

(o]
with DBI with NBS with DBI
2b:3b = 24:1 2c¢:3c=13:1 2c:3c = 42:1
83% (2b) 78% (2c) 94% (2c)
78:22 er (2b) 81:19 er (2c) 73:27 er (2¢c)

NO,
O 2f
with DBI with NBS with DBI
2e:3e = 41:1 2f:3f = >50:1 2f:3f = >50:1
95% (2e) 89% (2f) 87% (2f)
65:35 er (2e) 86:14 er (2f) 83:17 er (2f)

iwith (S)-4a and NBS,
2h:3h = 1:>50

029 o] ! 94% (3h) 1 0 2
with NBS with DBI with NBS withDBI | 91:9er(3h) | _withNBS with DBI
2g:3g= >50:1 29:3g=>50:1 2h:3h=1:22% 2h:3h=1:1.1%  _g5°C 48h ' 2iBi=4.8:12 2i:3i=12:1
74% (2g) 90% (2g) 29% (2h) 46% (2h) | inCH,ClyMeCy | _ 70% (2i) 78% (2i)
84:16 er (29) 83:17 er (29) 80:20 er (2h)  80:20 er (2h) | (Ref. 6) 1 74:26 er (2i) 77:23 er (2i)

FsC
with NBS with DBI with NBS
2j:3j = 10:1 2j:3j = 13:1 2k:3k = 10:1
72% (2]) 85% (2]) 80% (2k)
79:21 er (2j) 77:23 er (2j) 86:14 er (2k)

MeO’
with DBI with NBS with DBI
2k:3k = 19:1 21:31 = >50:1 21:31 = >50:1
91% (2k) 56% (21) 30% (21)
85:15 er (2k) 75:25 er (21) 75:25 er (21)

Scheme 2 Substrate scope. ? Enantioselectivities of products 3 were low (lower than 59:41 er).
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endo cyclization (B in Figure 1). This trend for the produc-
tion of 5-exo bromolactonization products 2 was enhanced
by the reactions using urea-type bifunctional sulfide cata-
lysts (S)-4, due to the formation of a well-organized inter-
mediate (C in Figure 1).5 The substituent effects on the oth-
er aromatic ring (Y) of 1 were also examined to produce 2i-
1 (Scheme 2). Even with the introduction of EWGs to anoth-
er aromatic ring (Y), the reactions proceeded with good lev-
els of regioselectivity to give 2i and 2j. The products 2k and
21 possessed electron-donating groups and were obtained
in good levels of regio- and enantioselectivity.

\EWG,

3o | = 2
— o -
--|S/ 5-exo
o B[/‘,)l S+
O MNH A=)
\ o
NH--O N, o Y
Ar \l\;)‘;’o__Hl

Figure 1 Cyclization steps

In summary, we have successfully achieved hitherto un-
known, highly regioselective 5-exo bromolactonizations of
stilbene-type carboxylic acids 1 bearing EWGs under the
influence of urea-type chiral bifunctional sulfide catalysts
(S)-4. The target chiral phthalide products 2 were obtained
with moderate to good levels of enantioselectivity. The bi-
functional design of catalysts (S)-4 with a urea moiety was
essential in obtaining good levels of regio- and enantiose-
lectivity for the reported 5-exo bromolactonization.
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