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ABSTRACT: A highly efficient and enantioselective
Bronsted acid catalyzed conversion of epoxides to thiiranes
has been developed. The reaction proceeds in a kinetic
resolution, furnishing both epoxide and thiirane in high
yields and enantiomeric purity. Heterodimer formation
between the catalyst and sulfur donor affords an effective
way to prevent catalyst decomposition and enables catalyst
loadings as low as 0.01 mol %.

A. s a unique class of three-membered heterocyclic com-
pounds, thiiranes are of significance in both synthetic and
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Figure 1. Reaction design.

medlcmal chemistry." Due to their ring strain (ca. 18.6 kcal/
mol),'” they can readily undergo various ring-opening reactions
to yield useful sulfurous compounds.” Thiiranes can also
polymerize or copolymerize with other monomers to produce
sulfur-rich and high refractive index polymers (HRIP).” They are
often prepared to compare thelr biological activity with that of the
corresponding epoxides,”* and several thiiranes have been
successfully identified as potent Al adenosine receptor agonists
and selective gelatinase inhibitors."™® For the preparation of
enantiopure thiiranes, known methods generally rely on
stoichiometric amounts of enantioenriched starting materials,
chiral reagents, or auxiliaries.” A catalytic enantioselective
approach has remained elusive until today. Here we report a
highly efficient and enantioselective TRIP catalyzed synthesis of
thiiranes from epoxides via kinetic resolution using thiolactames
as sulfur donors.’

The conversion of epoxides to thiiranes with appropriate
thionating agents has been known for almost 80 years and remains
one of the most common and convenient approaches for the
synthesis of thiiranes." The initial documentation can be dated
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Table 1. Reaction Optimization”

o s (R)—TROIP o S
/Q . RJLN'H (5 mol%) H,/'& . H'/,Q
PH 'l?' solvent, t Ph Ph
()-1a 2a-h 1a 3a
S s S s
OO ® N NJLNH \NJLN/ HNJLNH Ph‘NJ\NH
o< /9 : 2 H H
OO ooy 2a 2b 2d
S
R=2,46- (/-Pr)3-CsH2 )L ©/\j @i: m
(TRIP)
entry 2 solvent T (°C) time (h) conv. (%)b s©
1 2a EtOAc 25 24 50 5
29 2a EtOAc 25 96 - -
3 2a EtOAc 0 48 20 7
4 2b EtOAc 25 120 19 6
5 2¢ EtOAc 25 6 55 10
6 2d EtOAc 25 24 54 9
7 2e EtOAc 25 8 S5 9
8 2f EtOAc 25 2 55 20
9° 2f EtOAc -20 12 465 25
10° 2f THF -20 12 50 37
11° 2f CH,Cl, -20 12 48 45
12° 2f CHCl, -20 12 50.5 86
13¢ 2g CHCl, -20 24 30 12
14° 2h CHCl, -20 24 <1 -
15/ 2f CHCl, -20 12 50 85
16%¢ 2f CHCl, -20 48 50 85
179" of CHCI, -20 96 47 48

“Reaction conditions: 1a (0.1 mmol), 2 (0.55 equiv), (R)-TRIP (5
mol %), in 1.0 mL of solvent. ’Calculated based on er values and in
good agreement with NMR conversion. “The selectivity factor was
calculated according In(1 — C)(1 — eegy)/(1 — C)(1 + eegy).
Wlthout catalyst. “2f: 0.0S equiv. 71 mol % of TRIP. £0.1 mol % of
TRIP. "0.01 mol % of TRIP.

back to a patent described in 1936 by Dachlauer and Jackel, in
which thiourea and alkaline isocyanates were utilized as a sulfur
donor.” Since then, toward increasing the reaction efficiency, this
transformation has been extensively studied and a number of
Lewis acid and Brensted acid catalysts have been disclosed.”” We
hypothesized that this transformation may proceed enantiose-
lectively in the presence of suitable chiral bifunctional Brensted
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Table 2. Reaction Scope™

2f (0.5 equiv.)
:0: (R-TRIP(0.1mol%)  H, O: \ , H, S
R CHCl; 20 °C, 2 d; R R’
(rac)-1 thenrt, 5h (R-1 (R)-3
entry product conv.(yield) (%)° er (1)° er (3)° s entry product conv.(yield) (%)° er (1)° er (3)° s
H s . H s
1 3a 50.5 (47) 97:3 96:4 83 9 i 49.5 (47) 94.5:5.5 95545 61
H s H s
2 51.0 (46) 97.5:2.5  95.5:4.5 76 10 ) 49.5 (48) 96:4 97:3 107
AcO 3b 3j
H g . H s
S 3¢ 53.0(48) 99.7:03 93565 86 11 3K 49.0 (48) 94.5:5.5 96535 80
Me
H
LS Cl H s
4 F 3d S1.0(43) 7:3 95:5 6 12¢ al 47.5 (47) 92:8 96.5:3.5 71
H
b s
Me H" s
s S1.7(51) 97.5:2.5  94.5:5.5 66 i
Br 3e 13 48.0 (48) 92.5:7.5  96:4 69
Me’ Me 3m
H
- S
H s
6 af 50.0 (50) 96:4 95.5:4.5 68 H
Ph 14 an 50.8 (47) 92:8 90.5:9.5 24
H
- S
H” s
7° 3 49.0 (49) 946  95.5:45 62
NC 15¢ s 52.9 (49) 77:23 74:26 5
{e]
H
MeO <5 P
: : g 14
8 an 49.3 (47) 96.5:3.5 97525 145 16 n-CeHug 7:247) 0416 e8.12

“Reaction conditions: epoxide (0.5 mmol), 2f (0.5 equiv), (R)-TRIP (0.1 mol %), in 5.0 mL of dry CHCI,, =20 °C. ®Conversions were calculated
based on er values and are in ngOd agreement with NMR conversion; isolated yields of thiiranes 3 are given in parentheses. “Er was measured by
chiral GC or HPLC analysis. “The selectivity factor was calculated according In(1 — C)(1 — eegy)/(1 — C)(1 + eegy). “4 days. #1 mol % of TRIP

was used, 3 days.

acid catalysts such as chiral phosphoric acids."® In principle, one
enantiomer of the starting epoxide could be selectively converted
into the corresponding thiirane, thus providing both the
remaining epoxide and the thiirane in enantioenriched form
(Figure 1,1)."" However, the activation of epoxides in asymmetric
Bronsted acid catalysis has been challenging. Due to their high
reactivity, the acid catalysts are prone to be alkylated by the
epoxides, leading to catalytically inactive species.'” Recently, we
introduced a novel activation strategy in asymmetric catalysis
based on the heterodimeric self-assembly between chiral
phosphoric acid catalysts and carboxylic acids."”” Such an
association was demonstrated to be an effective approach to
protect the catalysts from the undesired catalyst alkylation. We
envisioned that this strategy might also be applicable to the
present transformation, as both thiourea and the produced urea
can be expected to heterodimerize with the phosphoric acid, thus
affording full protection to the catalyst throughout the reaction.
Accordingly, the approaching epoxide could then disrupt the
hydrogen-bonding of the heterodimer, leading to its nucleophilic
opening with the S-nucleopbhile via bifunctional activation (Figure
1, 10).
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Initial studies were conducted by using thiourea (2a) as a sulfur
donor and (R)-TRIP as the catalyst (Table 1). Indeed, this
phosphoric acid did promote the reaction and the epoxide and
thiirane products can both be obtained with a significant
enantiomeric ratio (both 75:25 er, s = S, entry 1). Importantly,
while we have previously shown that TRIP is prone to be alkylated
by epoxides, the catalyst remained intact, even after the thiourea
was completely consumed.'*” Without catalyst, no product could
be detected after 4 days (entry 2). Lowering the temperature
slightly increased the enantioselectivity, but the reaction became
sluggish (entry 3). To increase both the reactivity and
enantioselectivity, we turned our attention to other sulfur donors.
While the reaction with alkylated thiourea 2b was even slower
than with thiourea (entry 4), cyclic derivative 2c exhibited much
better reactivity and selectivity (entry S), and thiourea 2d also
gave similar selectivity (entry 6). This encouraged us to test the
performance of a number of thioamides and thiolactams (e.g,
2e—2g),'* upon which 2f was found to give quite promising
results in terms of both reactivity and enantioselectivity (entry 8).
By lowering the temperature to —20 °C, the selectivity factor
could be further increased to 25 (entry 9). Different solvents were

DOI: 10.1021/jacs.6b01960
J. Am. Chem. Soc. 2016, 138, 5230—-5233


http://dx.doi.org/10.1021/jacs.6b01960

Journal of the American Chemical Society

Communication

Scheme 1. Proposed Catalytic Cycle (a) and Relevant "H—"3C-
HMBC-Cross Peaks of Intermediates C (b)
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examined at —20 °C (entries 9—12), and excellent selectivity was
achieved in chloroform (s = 86, entry 12). In this case, both
epoxide and thiirane were isolated with high enantioselectivity
(97:3 and 96:4 er respectively). For comparison, thiolactam 2g
was much less efficient (entry 13). The use of the N-alkylated
thiolactam 2h resulted in a complete loss of reactivity and full
degradation of the acid catalyst (entry 14), confirming the notion
that the heterodimerization is important for reactivity and
stereoselectivity. In fact, thiolactam 2f is a very effective sulfur
donor and the catalyst loading can be reduced to 0.1 mol %
without affecting the enantioselectivity (entries 12, 15—16).
Remarkably, even ata catalyst loading as low as 0.01 mol %, a good
selectivity factor (s = 48) can still be observed, giving the thiirane
product in 95:5 er (entry 17).

Under the optimized reaction conditions, the scope of this
transformation was examined next (Table 2). The reaction was
found to exhibit wide applicability and worked well with a variety
of aryl epoxides, affording the corresponding thiiranes in high
yields and enantioselectivity. Different functional groups, both
electron-donating and -withdrawing, are well tolerated (entries
2—7), although higher reactivity was observed with the electron-
rich substrates (e.g., entry 1 vs 7). Meta-substituted substrates are
also suitable (entries 8—11), and an excellent selectivity factor was
obtained with the 3-methoxy-substituted one (s = 145, entry 8).
The reactions of ortho-substituted and 2,4,6-trimethyl sub-
stituted substrates were slower, but still highly enantioselective
(entries 12 and 13). A 1,2-disubstituted epoxide, dihydronaph-
thalene oxide, also proved to be a suitable substrate (entry 14).
Notably, aliphatic substrates also smoothly underwent this
transformation albeit with lower enantioselectivity (entries 15
and 16). Interestingly, the reaction of the linear epoxide was found
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to be much more selective than that of the branched one (entry 16
vs 15).

By comparing optical rotations with literature values, the
absolute configurations of the recovered epoxide 1a and thiirane
3a were both determined to be (R). This result is in agreement
with a mechanism involving an Sy2 attack of the sulfur atom at the
benzylic carbon, which thus leads to the inversion of this
stereocenter.”""* Based on this finding and our mechanistic
investigations, a catalytic cycle is proposed (Scheme 1). Initially,
the TRIP catalyst binds with the sulfur donor 2f to form
heterodimer A (TRIP-2f, K, = 48 + 1 M™!)."* Then, the catalyst
directs the attack of the sulfur donor onto the benzylic carbon of
the incoming styrene oxide, resulting in ring opened intermediate
B, which will undergo a ring closure reaction to form spirocyclic
intermediate C. The epoxide ring opening step is relatively fast, as
an in situ "H NMR analysis at —20 °C showed ~45% conv. of 1ain
5 h. The epoxide rin% opening is assumed to be the
enantiodetermining step.'® Intermediate C could be charac-
terized as a 1:1 mixture of diastereomers by two-dimensional
NMR methods. A cross peak in the "H—"*C-HMBC connected
the two rings via a quaternary carbon (5(**C) = 101.5 and 101.9
ppm, Scheme 1b)."” Additionally a "H—""N-HMBC experiment
showed the presence of a secondary amine (§(**N) = —285 ppm,
Ysu = 89 Hz)." Interestingly we could observe a chemical
exchange between intermediates B and C in EXSY-NMR-
measurements (for further details, see Supporting Information).
Opening of the oxathiolane ring generates intermediate D, as a
result of a formal shift of the dihydroquinoline moiety from sulfur
to oxygen (from B to D). The ratio between all the intermediates
does not change over the reaction course in the NMR
measurement suggesting that they are probably all in equilibrium.
Subsequent ring closure releases the thiirane and the acid catalyst
together with the lactam byproduct, which is expected to bind to
the acid catalyst forming heterodimer E (K, = 1751 + 50 M™")."*
Replacing the lactam by reagent 2f will regenerate the active
heterodimer A. Therefore, both A and E equilibrate rapidly in
solution and contribute to the catalyst protection. The full
conversion to the product at lower temperatures takes longer than
the formation of the intermediates, which leads to the conclusion
that the reaction from D to E is the overall rate-determining step
of the transformation. When the reaction is warmed up to rt,
intermediates B, C, D are all quickly converted into product,
almost reaching completion in 30 min.

In conclusion, a highly enantioselective catalytic trans-
formation of epoxides to thiiranes has been disclosed. The
reaction provides two useful products, epoxide and thiirane, both
in high yield and high enantiomeric purity. This chiral phosphoric
acid catalyzed reaction exhibits high reaction efficiency and
proceeds well with catalyst loadings as low as 0.01 mol %, further
illustrating that our heterodimerization strategy is an effective
approach to protect the acid catalyst in certain labile systems.
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