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We report the first example of highly enantioselective synthesis
of structurally diverse chiral dithioketals via asymmetric
sulfenylation of various types of S-based nucleophiles, catalyzed
by a cheap cinchona alkaloid derivative, dihydroquinine.

There is an ever-increasing interest in catalytic enantioselective
synthesis of optically active organic sulfur compounds, because
of their wide occurrence in natural and various biological
systems. Intriguingly, all of the 10 top selling drugs in 2012
contain sulfur.? In addition, sulfur-based compounds constitute
an important class of chiral ligands, auxiliaries and synthetic
intermediates in organic chemistry.® Despite ongoing processes
in the synthesis of chiral secondary and tertiary thiol
derivatives,* very limited attention is paid to the
enantioselective synthesis of optically active dithioketals.
However, besides their synthetic applications,® an increasing
number of researches reveal that the dithioketal motifs have
promising potential for the research and development of new
biopharmaceutics.® In this context, as well as the importance of
chirality in medicinal research,’ it is highly desirable to develop
efficient methods to chiral dithioketals.

Recently, along with achievements in the asymmetric
synthesis of chiral ketals,® attention has been paid to the
development of catalytic enantioselective methods to chiral
dithioketals.® In 2010, Gulea et al pioneered thio-Diels-Alder
reaction of dithioesters with dienes, catalyzed by a chiral
bisoxazoline/Cu(ll) complex, with up to 82% ee achieved in
one example (Scheme 1).% Later in 2013, Jargensen et al made
a breakthrough in this context, who developed a highly
stereoselective synthesis of highly functionalized heterocycles
with a chiral dithioketal moiety via trienamine catalysis
mediated cycloaddition of dithioesters and unsaturated enals.®”

Inspired by their pioneering work, together with our efforts
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in enantioselective construction of S-containing tetrasubstituten
carbon stereocenters,'® we considered the synthesis of optic
active dithioketals via chiral Brgnsted base catalyzed
asymmetric sulfenylation of S-based active methine compounds
A merit of this approach is the powerfulness in the synthesis ¢
acyclic dithioketals with various substituents on both sulfu.
atoms, complementary to the thio-Diels-Alder reactio”
described above.
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Scheme 1. Strategies to optically active dithioketals.

Pioneered by Jargensen et al,**® asymmetric sulfenylation he

been established as a powerful strategy for the enantioselective
C-S bond formation.'* However, sulfenylation of S-containir i
methine reagents has not been realized, and is not so simple as
it first appears. Since the S-based methines are ambic nt
nucleophiles that may attack electrophiles in a C- or S-
nucleophilic way (Scheme 1). ldeally, the deprotonati..
activation of a methine reagent to react with an electrophil’
sulfur source furnishes the desired dithioketal. However, if th.
sulfur of methine reagents attacks the incoming electrophil.
sulfur to form a sulfonium salt I, side reaction may occur tu
form side products such as the corresponding ketone.'? Whi!.
side reaction caused by S-nucleophilic attack has not bee.
mentioned in literature reports as for asymmetric reaction~
based on S-based nucleophiles,13 we do observe severe SiG:
reaction in the reaction of 3-thiooxindoles with some higmy
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active electrophiles.? Therefore, how to suppress the undesired
reaction whilst achieving high yield and enantioselectivity is a
conceivable challenge. Based on our efforts in bifunctional
acid-base catalysis,** we speculated the cooperation of a H-
bond donor with Brgnsted base might be helpful in inhibiting
the side reaction, as H-bonding interactions between a suitable
H-bond donor with S-based methines might facilitate the
deprotonative activation,’*® which in turn favor the C-
nucleophilic reaction path.

With this hypothesis, we first tried to develop sulfenylation
of 3-thiooxindoles 1, with our continuous efforts in
enantioselective synthesis of 3,3-disubstituted oxindoles.*®
Noticeably, owing to the wide presence of this prominent
structural motif in drugs and pharmaceutically active
compounds, the diverse synthesis of 3,3-disubstituted oxindoles
was of current interests.'® During condition optimization, the
undesired S-nucleophilic pathway indeed proved to be
troublesome, when we tried to lower reaction temperature to
improve enantioselectivity, as shown in Table 1 (For detail of
the reaction condition optimization, please see Sl).

Table 1 Reaction optimization

M, with the addition of MS 13X, the enantioselectivity coula . .
further improved to 91% (entry 6). Ultimately, using 5 mol% ¢~
dihydroquinine C4, along with the addition of MS 13>
allowed 3a to be obtained in 78% vyield with 93% ee,
accompanied by trace amount of isatin (entry 7). Conuu:
experiments revealed the importance of a suitable H-bon.'
donor in restraining the undesired S-nucleophilic pathway
whilst achieving high enantioselectivity. For example, when tf 2
hydroxyl group of dihydroquinine C4 was changed to methoxys,
the methylated dihydroquinine C5 not only resulted in por -
enantioselectivity, but led to the obvious increase in isati®
generation (entry 8 vs 6).

Table 2 Scope of oxindole-dithioketals

Cl Cl
o &
Catalyst (10 mol%) S sph O
+ N—-SPh
o O

N ot °
o N N

H H

H
1a (0.1 mmol) 2a (1.2 equivs) 3a 4a

= R
OMe
N N
S R L/
| | O

o
N _PY,
I AL
c2 C3:R=vinyl

Solvent (0.1 M), - 70°C

C4:R=ethyl
ey ca o sohent 0 D00 o0y da e
1 Cl  THF 84 68 3 2
2 C2  THF 84 20 15 n
3 C3  THF 12 46 43 51
4 C3 CHCl, 12 82 79 8
5 C4  CHCl, 12 88 81 7
6° C4  CHClL 24 82 91 7
v C4  CHLCL 36 8 93 trace
8° C5 CHCl, 24 70 7 20

#solated yield. ” Determined by HPLC analysis. ¢ 0.05 M with 60 mg MS 13X.
40.05 M with 60 mg MS 13X, 5 mol% of C4.

Bifunctional catalyst C1 or C2, which we employed for
amination’® and Michael addition reaction'® using 3-
thiooxindole, respectively, all afforded side product isatin 4a in
significant amount, along with desired product 3a in low yield
and ee value (Table 1, entry 1-2). Quinine C3 catalyzed the
reaction in a much faster rate to give 3a in 43% ee, together
with isatin in 51% yield (entry 3). Afterward, the solvent effects
to improve the reaction outcome, using C3 as the catalyst were
examined. Unexpectedly, the performance of quinine C3 was
significantly improved when using CH,ClI, as solvent, which
promote the reaction to give 82% vyield and 79% ee, with the
yield of isatin decreasing to 8% (entry 4). Further exploration
revealed that dihydroquinine C4 could give a better result
(entry 5). When the concentration decreased from 0.1 M to 0.05

2| J. Name., 2012, 00, 1-3

RZ\S { s

Ru(\:[gzo . EéNSR C4 (5 mol%) N S, S-r

\F N o) CHoClp, MS 13X,-70°C, 36 h R N o
R aRe= Ph; 2b: R = Bn s R
1 (0.25 mmol) (0.30 mmol)

Entry R R R 2 3 Y(i;!;ja (E%)
1 H p-CICeH, H 2a 3a 78 93
2 5-OMe p-CICeH, H 2a 3b 73 96
3 6-OMe p-CICeH4 H 2a 3c 70 87
4 7-Cl p-CICeH, H 2a 3d 85 91
59 57-Me, p-CICeH, H 2a 3e 87 58
6 H p-MeCgH,4 H 2a 3f 70 88
7 H 0-FCeH, H 2a  3g 57 90
8 H 2-Naphthyl H 2a 3h 67 87
9 H Bn H 2a 3i 84 91
10 H Allyl H 2a 3j 56 83
11 H p-CICeH, Me 2a 3k 97 90
12 H p-CICsH, Bn 2a 3l 98 94
13 5-F p-CICsH, Bn 2a 3m 97 91
14 5-Me p-CICeH, Bn 2a 3n 99 L

15° H p-CICeHa Bn 2b 30 70 81
cl
Q oz
SO .
o Lo o
Meo N =2 J X-ray of 3c

2 Isolated yield. ® Determined by HPLC analysis. ¢ 3 d. ¢ -60 °C, 3 d.

Based on these screenings, simple and cheap dihydroquinir :
C4 was chosen as the optimal catalyst. Accordingly, thc
substrate scope with respect to differently substituted 3-
thiooxindoles was examined by running the reaction in CH Cl,
at -70 °C, in the presence of MS 13X. As shown in Table ~
whatever the nature of the substituent on the 5, 6 or 7-positio~
of the oxindole framework of 1, the reaction of both _-
alkylthiooxindoles and 3-arylthiooxindoles could all fini<
within 36 h, giving the corresponding products 3 in high o
excellent ee value (up to 96%). When less active sulfenylatin
reagent N-benzylthiosuccinimide 2b was used, substantic'
amount of side product isatin formed, so the reaction had to be
conducted at elevated temperature (-60 °C), to afford tf 2
desired product 3m in 70% yield, albeit with compromised &. v
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ee value. The absolute configuration of adduct 3c was assigned
to be S by X-ray analysis, and that of other dithioketals were
tentatively assigned.

To our delight, our protocol was not limited to the synthesis
of oxindole dithioketals, other S-containing methine
compounds with a cyclic framework all afforded desired
products in high to excellent enantioselectivity, in spite of great
difference in reactivity (Table 3). The 2- and 3-benzofuranone
derived dithioketals 6a-b  were obtained in high
enantioselectivity, and chromanone derived 6¢c was prepared in
94% ee value but the reaction should be run at 0 °C. 2-Indanone
and 1-indanone derived dithioketas 6d-h were synthesized in up
to 95% ee value. The absolute configuration of dithioketal 6f
was assigned to be R by single-crystal X-ray diffraction
analysis. Cyclopentanone derivative 6i was also provided in
high ee, but the corresponding reaction should be conducted at
room temperature for 4 d. Dithioketal 6j derived from a-
tetralone was furnished in 97% ee as well. Moreover, this
protocol could be extended to the synthesis of acyclic
dithioketals, as evidenced by the synthesis of 6k in excellent
yield, albeit with moderate enantioselectivity.

Table 3 Scope of other types of dithioketals.*®
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crystal X-ray diffraction analysis. To the best of our knowlec. .,
dithioketals bearing a SCF3; group had not been reported before
which might be interesting targets for medicinal research.

Table 4 Scope of dithioketals featuring an SCF, group.2®

(o]
2
)R\ N—SAr €4 (10 mol%) Pho Ar
1 _Ph + S !
R S j<S
o) CH,Cl,, MS 13X, -60 °C to rt R OR2
5 (0.25 mmol) 2c: Ar = p-CICgH,4 6
PhS gar o It PhS sar
* SPh
* SPh
o » SAr o
o O SAr 0o
6a, -60 °C, 1d 6b, -60 °C, 1d 6c,0°C, 4d 6d, -60 °C, 1d
95%, 87% ee 85%, 95% ee 97%, 94% ee 85%, 91% ee
o o} o o
Me
SPh msph /@55,5% \©5§,3Ph
“SAr cl “SAr Br “SAr “SAr
6e,-60°C, 1d 6f,-60°C, 1d 6g, -60 °C, 1d 6h,-60°C, 1d
95%, 95% ee 96%, 90% ee 93%, 92% ee 95%, 94% ee
cI12
o o) i -
SPh
SPh Ar " -
é’ SAr PhS" SAr . $ ,
6i,rt, 4d 6j,0°C, 4d 6k°, -40°C, 1d o

80%, 86% ee 80%, 97% ee 94%, 70% ee X-ray of 6f

2 |solated yield. ® Determined by HPLC analysis. ¢ with C7 as catalyst and
THF as solvent (for detail, see SI).

Interestingly, our method could be utilized for the synthesis
of dithioketals featuring an SCF; group, as shown in Table 4.
Recently, the efficient introduction of an SCF; group into
organic molecules had received increasing attention,™” as the
high lipophilicity and electron-withdrawing effect of the SCF;
group might bring about beneficial effects on the
pharmacokinetics of drug molecules. Inspired by the excellent
work of Rueping, Shen and others in the electrophilic
trifluoromethylthiolation,*® we tried the synthesis of optically
active dithioketals using N-SCF; succinimide 7 as the
electrophilic SCF; reagent, which proved to be less reactive
than non-fluorinated electrophilic S-source 2a-c, so the reaction
should be performed at -20 °C for six days. Under this
condition, a number of structurally different dithioketals 8a-k
featuring an SCF3; group were obtained in high to excellent ee
value, albeit with mediate yield in some cases, due to the
incomplete consumption of starting material. The absolute
configuration of adduct 8k was assigned to be R by single-

This journal is © The Royal Society of Chemistry 20xx

[e]

R? R3

c4 V ~
J me s N-SCF, (10 mol%) S scr,
R s’ R1J<R2
o] CH,Cly, MS 13X, -20°C, 6 d
5 (0.25 mmol) 7 (0.30 mmol) 8
p-CICgH, .
SCF, PhS scr,

o) o)
E:ﬁ%(sph E:E&S%
o SCF, “SCF,

8c, 48%, 95% ee

o [¢]
cl SCFs  MeO SCF3

8h, 60%, 93% e

oy (T
N

Bn
8a° 65%, 85% ee

0
SPh o
L SCF,

Br

8b° 65%, 83% ee 8d, 64%, 92% ee

8e?, 64%, 93% ee 8f, 71%, 93% ee 8g, 70%, 93% ee

o] § B
MeO: : f SPh R . = 7 B -
MeO 'SCFy N o g >

8k, 68%, 94% ee

o o
“SCF, “SCF,

8i, 60%, 92% ee 8j, 68%, 94% ee X-ray of 8k

2 Isolated yield. ® Determined by HPLC analysis. © 2 d. ¢ With 30 mol% or
catalyst C4, 3 d.

In summary, we have developed the first high!
enantioselective  synthesis of dithioketals via catalytic
asymmetric sulfenylation. The use of simple and chez .,
dihydroquinine as catalyst, along with the broad substrate scof .
makes our method attractive for the synthesis of chira’
dithioketals in rich structural diversity, which may >
interesting targets for medicinal research. Importantly, our
work also reveals that the ambident nucleophilicity of S-base 1
nucleophiles may cause severe side reactions in developing
asymmetric reactions, an untrodden issue, due to the undesire .
S-nucleophilic way to form a sulfonium salt ion I, bu®
bifunctional acid-base catalysis may be a good solution to tack
this issue. Further studies into the reaction mechanism and *".c
development of new reactions to optically active dithioketai.
are now in progress in our laboratory.
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