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A new methodology, using fluoride ion as a nucleophilic
catalyst, was applied for the synthesis of enantiopure 1,4-
benzothiazepine from cyclic sulfenamide and electron-
deficient acetylene, with high efficiency and atom economy.

Among compounds containing the sulfur—nitrogen bond,
sulfenamides are not very popular compared to sulfinamides or
sulfonamides. Recently, the chemistry of sulfenamides has
received growing attention due to their ease of synthesis' and
the particular reactivity of this functional group. Indeed, because
of the difference in electronegativity, the sulfur atom is
considered electrophilic. Moreover, because of the presence of
lone electron pairs on both atoms, the nitrogen atom is defined
as a “supernucleophile” according to the a-effect.?

Consequently, their potential in organic synthesis* and their
industrial applications have been recognized. For instance, the
ability of sulfenamides to form radicals was used to accelerate
the vulcanization of rubber. Recently, new reactions involving
sulfenamides have emerged: asymmetric sulfenylation® of
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aldehydes and aminosulfenylation® of unsaturated aldehydes;
oxidation reactions in the presence of NCS;’ carbonylation® or
coupling reactions with boronic acids® using transition metal.
Also of interest is the medicinal applications of sulfenamides:
the prodrug omeprazole inhibits the acid-secreting gastric (H*/
K™)-ATPase involving a sulfenamide as a key intermediate; "'
the water-soluble sulfenamide prodrug carbamazepine;'' the
formation of sulfenamide in enzymes to protect their active site
cysteines.'?

As part of a program aimed at developing cyclic sulfenamide
reactivity,'* we sought an asymmetric synthesis of 1,4-ben-
zothiazepines,'* precursor to 1,4-benzothiazepine-1,1-dioxides,
which both exhibit a large range of biological activities.'?

Our initial proposal (Scheme 1) was triggered by the
conjugate addition of the nitrogen atom of sulfenamide 1a to
the electron-deficient dimethyl acetylenedicarboxylate 2 (DMAD).
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TABLE 1. Optimization of Synthesis of 1,4-Benzothiazepine 3a from 1la

entry catalyst (mol%) solvent® Temp (°C) time (h) 3a (% yield)
1 — CH;CN 20 to 80 14 0
2 PdCl,(PPh;), or RuCl;+3H,0 (5) DMF 40 14 0
3 DPPP (20) CH,Cl, 20 14 12+6(21)
4 DPPP (100) CH;CN or toluene 60 14 16 + 6 (21)
5 PMe; (100) CH,Cl, 40 14 35
6 PPh; (100) CH,Cl, 40 14 70
7 PPh; (25) CH;CN 60 4 14
8 DABCO (20) CH;CN 60 14 21
9 CsF (10)” CH;CN 20 24 0
10 CsF (200)” CH;CN 20 4 60
11 CsF (200)” CH;CN 60 0.5 73
12 CsF (200) CH;CN 60 0.5 79
13 CsF (200) CH;CN¢ 60 0.5 88
14 CsF (100) CH;CN¢ 60 0.5 92
15 CsF (25) CH;CN¢ 60 0.5 81
16 CsF (10)>¢ CH;CN¢ 60 2 86

“ Unless otherwise indicated, all reactions were performed at 0.1 M concentration using 2 equiv of DMAD. ” 1.1 equiv of DMDA. ¢ Concentration =

0.02 M. “ Slow addition of DMAD over 30 min.

SCHEME 2. Plausible Mechanisms for the Formation of 3a
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Subsequent intramolecular 1,3-shift of the sulfur atom would
afford the desired seven-membered ring 3a.'®

However, no reaction occurred when sulfenamide 1la was
submitted to DMAD in acetonitrile by heating (Table 1, entry
1) or in the presence of Lewis acids (entry 2).

To overcome this problem, we turned to the well-known
reactivity of zwitterions 4 generated by nucleophilic addition
of phosphine or tertiary amines, as catalyst, to activated
unsaturated compounds (Scheme 2; X = PR3, NR3; Y = TPR;,
*NR3).!” These zwitterions could be able to attack the electro-
philic sulfur atom of sulfenamide to lead to intermediate 5. After
an addition/elimination reaction, 1,4-benzothiazepine 3 could
be obtained.

Our initial reaction began with diphenylphosphinopropane
(DPPP) as catalyst.'® The expected 1,4-benzothiazepine 3a was
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45, 1469.
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1035. (c) Nair, V.; Menon, R. S.; Sreekanth, A. R.; Abhilash, N.; Biju, A. T.
Acc. Chem. Res. 2006, 520. (d) Ye, L.-W.; Zhou, J.; Tang, Y. Chem. Soc. Rev.
2008, 1140.
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obtained in only 12% yield (Table 1, entry 3) in addition to a
21% of noncyclized product 6 (8/2 E/Z mixture)."> A slight
improvement was obtained using a stoichiometric amount of
DPPP (entry 4). Other phosphines were also tested (entries 5—7).
However, only PPh; (1 equiv) gave satisfactory 70% yield
compared to the dramatically lower yield obtained when using
a catalytic amount.® An insertion of the phosphine into the S—N
bond, affording a pentavalent phosphorus intermediate, could
explain these poor results.?’

The tertiary amine DABCO also initiated the formation of
3a with a low yield of 21% (entry 8).

Our attention was next turned to the possibility of using
fluoride ion as a nucleophilic catalyst (Scheme 2; X = F7; Y
= F). Indeed, CsF is able to react with DMAD 2, in DMF-
water biphasic medium, to afford adduct 7 (Z major), after
protonation of anion 4 (X =F; Y = F).?? Reaction of 4 with
sulfenamide 1a, followed by an addition—elimination process
of intermediate 5 as reported®® provided 1,4-benzothiazepine
3a with regeneration of the fluoride anion.

Our first attempt using CsF catalytically (Table 1, entry 9)
had disappointing results. The reaction turned black very rapidly
indicating polymerization of DMAD. On the other hand, 2 equiv.
of CsF furnished 3a in 60% yield thus validating our concept
(entry 10).>* At 60 °C, the reaction was found to proceed with
73% yield in only 30 min (entry 11). With an increased amount
of DMAD (entry 12), a good yield of 79% was obtained. A
great improvement was observed when the reaction mixture was
diluted (Concentration = 0.02 M) which also allowed us to use
a catalytic amount of CsF in the presence of a slight excess of
DMAD. After optimization (entries 13—16), 3a was isolated
in an excellent yield of 86% using 10% CsF with slow addition
of DMAD (1.1 equiv) by syringe pump.

The reaction was next generalized to sulfenamide 1b bearing
a cyclohexyl substituent (Table 2, entry 1) or an aromatic

(19) The molecular structure of 3a was confirmed by X-ray crystallographic
analysis (see Supporting Information). Interestingly, two conformations were
positioned in the unit cell: either the iso-propyl group is in a pseudoequatorial
or is in a pseudoaxial disposition, as in the molecular structures of sulfenamides
1a and 1c.
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1989, 1493.
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(24) 3a was obtained in 99% ee (Chiral HPLC, Daicel AD).
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TABLE 2. Syntheses of 1,4-Benzothiazepines 3, 10 Catalyzed by
CsF

R Ts
N
2
/ R
S 2
3,10, 11
entry R! R? product % yield"
1 Cy (1b) CO,Me (2) 3b 60
2 Ph (1¢) CO,Me (2) 3c 79
3 3-Br—Cg¢H, (1d) CO,Me (2) 3d 65
4 i-Pr (1a) CN (8) 10a 73
5 Cy (1b) CN (8) 10b 55
6 Ph (1¢) CN (8) 10c 51
7 3-Br—Cg¢H, (1d) CN (8) 10d 85
8 i-Pr (1a) SO-Bu (9) 11a 0
9 3-Br—Cg¢H4 (1d) SO,t-Bu (9) 11d 0

“ All reactions were performed with 10% of CsF in CH;CN at 60 °C
(0.02 M concentration) with slow addition of DMAD over 30 min (1.1
equiv) of acetylene derivative.

SCHEME 3. Proposed Mechanism for the Formation of 3,
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substituent (Table 2, entries 2—3).% Dicyanoacetylene®® 8 also
were used in this reaction as electron-deficient acetylene and
afforded corresponding benzothiazepines 10a-d (Table 2, entries
4—7) in moderate to good yield. On the other hand, no reaction
occurred with di-z-butylsulfonylacetylene®” 9 (Table 2, entries
8—9) and the starting material was recovered.

Although fluoroalkene 7 was always detected in the crude
product by 'H NMR (<5%) when CsF was used as catalyst,
we could consider another mechanism, leading to the same
compound 3, also involving the fluoride anion as nucleophilic
catalyst (Scheme 3): reaction of fluoride ion with the sulfena-
mide to generate sulfenyl fluoride 12; then conjugate addition
of amide anion to the electron-deficient acetylene to provide
carbanion 13, which cyclizes into 1,4-benzothiazepine with
regeneration of the fluoride anion.

(25) Theringexpansionon the benzylic position was notobserved: Voskressensky,
L. G.; Akbulatov, S. V.; Borisova, T. N.; Varlamov, A. V. Tetrahedron 2006,
62, 12392.

(26) This compound was prepared from DMAD in two steps: Hopf, H.;
Witulski, B. In Modern Acetylene Chemistry; Stang, P. J., Diederich, F., Ed.;
VCH: Weinheim, 1995; p 60.

(27) This compound was prepared from dichloroacetylene in two steps: (a)
Riera, A.; Cabré, F.; Moyano, A.; Pericas, M. A.; Santamaria, J. Tetrahedron
Lert. 1990, 31, 2169. (b) Riera, A.; Marti, M.; Moyano, A.; Pericas, M. A.;
Santamaria, J. Tetrahedron Lett. 1990, 31, 2173. Bis(arylsulfonyl)acetylenes were
not used due to their instability at room temperature: (c) Pasquato, L.; De Lucchi,
O.; Krotz, L. Tetrahedron Lett. 1991, 32, 2177.
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SCHEME 4. Synthesis of Disulfide 14
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To investigate the proposed mechanism, the reaction between
sulfenamide 1a and a stoichiometric amount of CsF in aceto-
nitrile was performed.”® In the presence of water, unstable
sulfenyl fluoride 12 should be transformed to corresponding
disulfide 14.%° Indeed, this compound was isolated in 20% yield
(precipitation in the reaction mixture) when a large amount of
water was added (Scheme 4).° The structure of disulfide 14
was confirmed by reduction of sulfenamide 1a with NaBH, into
sulfide 15, followed by aerial oxidation.

To the best of our knowledge, we have demonstrated for the
first time the use of fluoride ion as a nucleophilic catalyst.*'
This new methodology was applied for the synthesis of
enantiopure 1,4-benzothiazepines with high efficiency and atom
economy. Isolation of disulfide provided reasonable evidence
for a sulfenyl fluoride as the key intermediate.* Further studies
with other electrophiles are currently underway.

Experimental Section

Typical Procedure for the Preparation of Benzothiaze-
pines 3, 10 (Table 1, entry 16, 3a as Example). CsF (4.6 mg,
0.03 mmol) was dried under vacuum in a flame-dried round-bottom
flask. The sulfenamide 1a (100 mg, 0.30 mmol) and acetonitrile
(12 mL) were added. The resulting suspension was heated at 60
°C and a solution of dimethyl acetylenedicarboxylate 2 (41 uL,
0.33 mmol) in acetonitrile (3 mL) was added over a period of 30
min by syringe pump. The reaction mixture was stirred at 60 °C
for 2 h. After filtration of the suspension and evaporation of the
solvent, the crude product was purified by column chromatography
on silica gel using pentane/Et;O (8/2) as eluent to yield the
corresponding benzothiazepine 3a (122 mg, 86%) as yellow crystals.
Ry: 0.20 (pentane/Et,O: 8/2); Mp 123—125 °C; 'H NMR (CDCls,
500 MHz) 6 7.19 (d, J = 8.4 Hz, 2H, Ar of Ts), 6.98—7.07 (m,
3H, He, H7, Hy), 6.90 (d, J = 8.4 Hz, 2H, Ar of Ts), 6.68 (dd, J =
7.6 Hz, J = 1.5 Hz, 1H, Hy), 4.52 (d, J = 10.8 Hz, 1H, Hs), 3.84
(s, 3H, MeCOy,), 3.82 (s, 3H, MeCOy,), 2.53—2.58 (m, 1H, CH of
i-Pr), 2.26 (s, 3H, Me of Ts), 1.34 (d, J/ = 6.4 Hz, 3H, Me of i-Pr),
0.63 (d, J = 6.8 Hz, 3H, Me of i-Pr); 3C NMR (CDCls, 125.7
MHz) 6 165.8 (C=0), 164.5 (C=0), 143.3 (Ar of Ts), 138.8 (Cs,),
135.3 (Ar of Ts), 133.6 (Cy), 132.4 (Ce), 129.2 (Cy,), 129.1 (2C,
Ar of Ts), 129.0 (Cy), 128.6 (C3), 127.8 (Cy), 127.6 (2C, Ar of Ts),
126.6 (C5), 73.7 (Cs), 53.7 (MeCOy), 53.2 (MeCO,), 28.5 (CH of

(28) The same reaction in CD3;CN was followed by 'F NMR but, due to
problems of solubility, no characteristics signal has been found.

(29) The corresponding thiosulfinate was not observed.

(30) Fifty-five percent of starting material 1a was recovered.

(31) However, the fluoride ion has been reported as catalyst, in a desilylation-
defluorination sequence: Uneyama, K. J. Fluorine. Chem. 2007, 128, 1087.

(32) It was not possible to trap anion 4 (Y = F) with another electrophile.
Indeed, no reaction occurred when DMAD and phenyl-N-tosylimine were
submittted to CsF in CH3CN (rt to 80 °C).
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i-Pr), 21.6 (Me of Ts), 20.8 (Me of i-Pr), 20.6 (Me of i-Pr); HRMS
(ESI) Calcd for Cp3HysNOgS, (MHT) m/z 476.1202, found 476.1216;
IR (cm™"): 2950, 1727, 1581, 1435, 1362, 1267, 1164; Anal. Calcd
for Co3HosNOgS,: C, 58.09; H, 5.30; N, 2.95; S, 13.48, found C,
58.08; H, 5.39; N, 3.26; S, 13.60. The ee was 99% by HPLC (Daicel
AD-H column, 1 mL/min, 90/10 n-heptane/propan-2-ol, 1 = 254
nym, tg = 23.2 min, ts = 30.4 min); [a]*’p = —620 (c 0.0025,
CHCly).
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