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Abstract: A novel asymmetric hydrogenation of vinylthioeth-
ers was developed using a ruthenium (1) NHC complex. This
method provides an efficient approach to optically active 1,5-
benzothiazepines featuring stereocenters with C—S bonds.
Excellent enantioselectivities (up to 95 % ee) and high yields
(up to 99 %) were obtained for a variety of substrates bearing
a range of useful functional groups. Moreover, this method-
ology could be directly applied to the synthesis of the
antidepressant drug R-(—)-thiazesim.

Asymmetric hydrogenation of functionalized olefins is
a reliable and powerful method to access useful chiral
molecules and has been widely applied in both academia
and industry.! Compounds containing vinyl groups directly
connected to C, N, O, P, or B substituents such as a-
dehydroamino acids, acrylates, enamides, enamines, enols,
vinylphosphonates, or vinylboronates have been broadly used
as substrates in the construction of stereocenters bearing C—X
bonds (Scheme 1a).?! In stark contrast, much less success has
been achieved in the asymmetric hydrogenation of vinyl-
thioethers or other sulfur-functionalized alkenes, even though
this method would provide a straightforward approach to
access stereocenters bearing a C—S bond which commonly
exists in natural products and synthetic molecules (Scheme
1b).F! Particularly, organosulfur compounds make up an
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Scheme 1. Construction of chiral X-substituted carbons by asymmetric
hydrogenation.
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important fraction (ca. 20%) of marketed pharmaceuticals,
with many of the top-selling drugs in 2012 containing at least
one C—S bond. In 2007, Feringa and co-workers reported
the first enantioselective hydrogenation of alkyl-
(vinyl)thioethers although ee values of only up to 60 % were
obtained.’! In 2008, the Pfaltz group reported the hydro-
genation of 2-phenyl-4H-thiochromene giving 73 % conver-
sion and 91 % ee.l) Our group previously realized the hydro-
genation of thiophenes and benzothiophenes to the corre-
sponding reduced heterocycles with 32-99 % yields and up to
98% ee.l! One challenge observed during the reduction of
these sulfur-containing molecules is the catalyst deactivation
by coordination of the sulfur atom to the transition metal.*!
Considering the widespread application of asymmetric hydro-
genation and the significance of organosulfur compounds, the
development of efficient and divergent asymmetric hydro-
genation processes applicable to vinylthioethers and other
sulfur-substituted alkenes to access chiral organosulfur com-
pounds is highly valuable.

Optically active 1,5-benzothiazepine, which contains
a seven-membered ring bearing a sulfur-substituted stereo-
center, is a versatile pharmacophore in the field of pharma-
ceutical research.””! Thiazesim and diltiazem are representa-
tive drugs featuring this motif (Scheme 2a).”! Although much
effort has been devoted to access this building block, methods
using asymmetric catalysis are quite limited. Typically multi-
step strategies are employed with an initial addition of a sulfur
nucleophile to a Michael acceptor or an epoxide constructing
the stereogenic center being followed by a cyclization to
afford the ring structure.'”’ Recently, Matsubara and co-
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Scheme 2. a) Selected examples of drug molecules featuring the 2,3-
dihydro-1,5-benzothiazepinone core. b) Ru(NHC),-catalyzed asymmet-
ric hydrogenation of 1,5-benzothiazepinones.
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workers reported a facile formal cycloaddition approach to
produce chiral 2,3-dihydro-1,5-benzothiazepinones catalyzed
by a benzotetramisole catalyst.''l Undoubtedly, the explora-
tion of new catalytic strategies to construct diverse optically
active 1,5-benzothiazepine derivatives would be highly desir-
able for drug discovery. Based on our previous studies in the
field of asymmetric hydrogenation of heterocycles,"'? we
envisioned that an asymmetric hydrogenation of the vinyl-
thioether motif in 1,5-benzothiazepinones may provide
a direct method to access these important compounds through
the construction of a stereocenter possessing a C—S bond
(Scheme 2b). In addition to employing hitherto seldom
sulfur-containing compounds, this process would also repre-
sent a rare example of asymmetric hydrogenation of seven-
membered heterocycles.”

After a preliminary investigation, we found a straightfor-
ward route to rapidly access unsaturated 1,5-benzothiazepi-
none 1a from commercially available 2-aminothiophenol and
phenylpropiolic acid (see the Supporting Information for
details). An initial test reaction was then conducted with this
unprotected substrate (1a) under 100 bar H, in n-hexane at
room temperature using our previously developed ruthenium
N-heterocyclic carbene (NHC) catalyst prepared in situ from
[Ru(cod)(2-methylallyl),] (cod = cycloocta-1,5-diene), (R,R)-
SINpEt-HBF,, and KOrBu.™ Unfortunately, no reduced
product was observed, presumably due to catalyst deactiva-
tion arising from the free amide group in 1a (Table 1, entry 1).
The N-Boc-protected substrate 1b (Boc = tert-butoxycar-
bonyl) was then submitted to the same hydrogenation
conditions but was still unreactive, possibly due to detrimen-
tal electronic bias (entry 2). We were, however, pleased to

Table 1: Optimization of the reaction conditions.!

oY =S Y

if’t 52

(RR) SINpEt-HBF4

NHC-HX, KOtBu
[Ru(cod)(2-methylallyl),]

(RR) INpEt HCl

Entry NHC-HX R T Yield ee
[°c [%]" (%]

1 (R,R)-SINpEt-HBF, H (1a) 25 0 -

2 (R,R)-SINpEt-HBF, Boc (1b) 25 0 -

3 (R,R)-SINpEt-HBF, Me (1c) 25 70 92
4 (R,R)-INpEt-HCI Me (1c) 25 73 85
5 (R,R)-SINpEt-HBF, Me (1c) 35 60 85
6 (R,R)-SINpEt-HBF, Me (1c) 10 45 95
74 (R,R)-SINpEt-HBF, Me (1¢c) 25 93 93
gldel (R,R)-SINpEt-HBF, Me (1¢) 25 99 93

[a] General conditions: [Ru(cod) (2-methylallyl),] (0.01 mmol), KOtBu
(0.025 mmol), and NHC-HX (0.02 mmol) were stirred at 70°C in n-
hexane (0.5 mL) for 16 h, after which the mixture was added to Ta—c
(0.0 mmol) in n-hexane (1.5 mL), and hydrogenation was performed at
100 bar H, for 24 h. [b] Yield of isolated product. [c] Determined by
HPLC on a chiral stationary phase. [d] n-hexane (3.0 mL). [e] The reaction
time was prolonged to 36 h.
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find that when the N-methyl-protected substrate 1¢ was used,
the corresponding 2,3-dihydro-1,5-benzothiazepinone 2c¢
could be isolated in 70% yield with 92% ee (entry 3). The
use of the unsaturated NHC derivative (R,R)-INpEt-HCl
resulted in a similar yield but a lower enantioinduction
(entry 4). Reaction at a higher temperature (35°C) led to both
lower yield and lower enantioselectivity, possibly due to the
enhanced poisoning propensity of sulfur-containing com-
pounds (entry 5). A reaction conducted at the lower temper-
ature of 10°C afforded the product with a slightly better ee
but with lower conversion (entry 6). Other solvents such as
toluene and t-amyl alcohol led to lower enantioselectivities,
while ethereal solvents such as THF, Et,O, and DME led to
decomposition of the starting material. Better conversion was
observed when the reaction mixture was diluted (entry 7).
Finally, prolonging the reaction time could increase the yield
of the product to 99 % while maintaining an ee value of 93 %
(entry 8).

With the optimized conditions in hand (Table 1, entry 8),
we examined the substrate scope of the reaction as shown in
Schemes 3 and 4. Hydrogenation of the N-4-methoxybenzyl-
protected substrate 1d gave the corresponding product in
70% yield with 93% ee (Scheme 3). The influence of
electronic nature of the substituents on the aminothiophenol
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Scheme 3. Substrate scope of unsaturated 1,5-benzothiazepinones 1c—
i. General conditions: [Ru(cod) (2-methylallyl),] (0.02 mmol), KOtBu
(0.05 mmol), and (R,R)-SINpEt-HBF, (0.04 mmol) were stirred at 70°C
in n-hexane for 16 h, after which the mixture was added to 1c—i

(0.20 mmol) in n-hexane, and hydrogenation was then performed
under 100 bar H, at 25°C for 24-48 h. Yields of isolated products are
given. ee values were determined by HPLC analysis on a chiral sta-
tionary phase. PMB =4-methoxybenzyl.
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Scheme 4. Substrate scope of unsaturated 1,5-benzothiazepinones 1j—
u. General conditions: [Ru(cod) (2-methylallyl),] (0.02 mmol), KOtBu
(0.05 mmol), and (R,R)-SINpEt-HBF, (0.04 mmol) were stirred at 70°C
in n-hexane for 16 h, after which the mixture was added to 1j-u

(0.20 mmol) in n-hexane, and hydrogenation was performed under
100 bar H, at 25°C for 24-48 h. Yields of isolated products are given.
ee values were determined by HPLC analysis on a chiral stationary
phase.

ring was investigated. Electron-rich substrates provided the
corresponding  2,3-dihydro-1,5-benzothiazepinones  with
excellent enantioselectivities and yields (Scheme 3, 2e.f),
while the electron-poor substrate 1g provided 2g in compa-
ratively lower ee of 90 % and 69 % yield. Notably, fluoro- (1h)
and chloro-substituted substrates (1i) were also tolerated
under these conditions providing the corresponding products
with excellent enantioselectivities and good yields. In addi-
tion, the absolute configuration of 2i was determined to be §
by X-ray crystallographic analysis."¥! The configurations of
the other products were assigned by analogy.

We then further explored substrates derived from various
substituted propiolic acids as shown in Scheme 4. Introducing
electron-donating groups and electron-withdrawing groups at
the meta- or para-positions of the phenyl group had minimal
influence on the reactivity and selectivity, providing the
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desired 2,3-dihydro-1,5-benzothiazepinones 2j—o with excel-
lent enantioselectivities (87-95% ee) and in good yields (70—
93% ). The halogenated substrates 1 p-r were tolerated, giving
the corresponding products 2p-r in 86-92 % ee and 56-82 %
yield. Only trace amounts of dehalogenated products were
detected by NMR analysis for both substrates 1q and 1r.
Furthermore, the ester functionality in substrate 1s presented
no problems in this hydrogenation process, and the corre-
sponding product was produced in 94 % yield and 89 % ee.
These functional groups (OMe, F, Cl, Br, and ester groups)
provide an excellent opportunity for further modification of
the 1,5-benzothiazepinone products. The disubstituted sub-
strate 1t was successfully reduced to give 2t in 92% ee and
71% yield. Moreover, 2-naphthyl-substituted substrate 1u
was hydrogenated with excellent enantioselectivity and good
yield. We also tested several 1,5-benzothiazepinones derived
from aliphatic propiolic acids; however, poor results were
obtained under the current catalytic conditions.

To demonstrate the synthetic utility of this process, further
derivatization and application were carried out (Scheme 5).
Firstly, 2d was conveniently deprotected under strongly
Brgnsted acidic conditions, affording the unprotected 2,3-
dihydro-1,5-benzothiazepinone 2a in almost quantitative
yield without any loss of enantiomeric excess (Scheme 5a).[*!

) Ph Ph
S S
(0] H [¢]

2d 2a
93% ee OMe 99% yield, 93% ee

a

F3CCO,H, F3CSO3H

CICH,CH,CI, 60 °C, 10 h

b) Ph Ph

[Ru(cod)(2-methylallyl),] S
(S,S)-SINpEt-HBF4, KOtBu @[
n-hexane, 25 °C, 100 bar H, & 0

_N —N
N

N\ 2v
R-(-)-thiazesim
78% vyield, 93% ee

Scheme 5. Applications of the asymmetric hydrogenation reaction.

The remarkable functional group tolerance of this hydro-
genation methodology allowed us to directly apply the
unsaturated 1,5-benzothiazepinone 1v containing a tertiary
amine moiety, affording the seven-membered heterocyclic
antidepressant drug (R)-(—)-thiazesim 2v with 93 % ee and
78 % yield using (S,S)-SINpEt-HBF, as the ligand precursor
(Scheme 5b). The absolute configuration of thiazesim 2v was
confirmed by comparing the optical rotation with the known
literature value (see the Supporting Information for details).
As far as we know, the present methodology provides the
most straightforward process for the asymmetric synthesis of
thiazesim to date.['*!!]

In summary, we have described a novel enantioselective
hydrogenation of cyclic vinylthioethers to access optically
active 2,3-dihydro-1,5-benzothiazepinones. Using a rutheni-
um(IT) NHC catalyst, a series of unsaturated 1,5-benzothi-
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azepinones were smoothly hydrogenated, producing the
desired products with excellent ee values (up to 95% ), high
yields (up to 99 %) and good functional group tolerance.
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