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Fluoroboric acid adsorbed on silica-gel (HBF4-SiO,) has been found to be a new and highly efficient
heterogeneous catalyst for thia-Michael addition to o,B-unsaturated carbonyl compounds under
solvent-free conditions. In the case of 1,3-diaryl-2-propenones, the reactions are best carried out in
MeOH. The rate of thia-Michael addition was dependent on the steric hindrance at the B-carbon of the
a,p-unsaturated carbonyl substrate as well as surrounding the thiol moiety and was exploited for
selective thia-Michael addition during intermolecular competition between two enones with a common
thiol and between two aryl/alkyl thiols for a common enone. The methodology finds application for one-

Thiol pot syntheses of 2,3-dihydro-1,5-benzothiazepines.
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Thia-Michael addition to o,p-unsaturated carbonyl compounds
is an important transformation. It is a key step in biosynthesis!
and in the synthesis of bioactive compounds? and provides a
means to protect the olefinic double bond of «,B-unsaturated
carbonyl groups.?® The resultant 2-sulfido carbonyl compounds
undergo copper(I)-induced? or oxidative thermolytic?® elimination
of the sulfur moiety for easy regeneration of the o,p-unsaturated
carbonyl groups. The B-sulfido carbonyl compounds serve as start-
ing materials for B-acylvinyl cation* and homoenolate® equiva-
lents. Thus, there have been significant efforts towards the
development of methodologies for thia-Michael addition.®

In continuation of our efforts’ to develop newer and better
methodologies for thia-Michael addition reactions, we were influ-
enced by the tight legislation on maintenance of greenness in syn-
thetic pathways and processes, that is, to prevent generation of
waste, avoid use of auxiliary substances (e.g., solvents, additional
reagents) and minimise energy requirements.® Catalysis plays a
critical role in the design, development and implementation of
green chemistry® and solid acids are leading contenders as envi-
ronmentally friendly catalysts.'®

We have been engaged recently in developing heterogeneous
catalysts derived from clays, silica and silica-supported protic acids
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for various organic transformations.'’ In this investigation, we
present HBF,-SiO,'? as a new, highly efficient and reusable hetero-
geneous catalyst for thia-Michael addition reactions to o,B-unsat-
urated carbonyl compounds (Table 1).

Excellent results were obtained in each case. The rate of the
thia-Michael addition was influenced by the electronic and steric
factors associated with the thiols and the o,B-unsaturated car-
bonyl compounds. The reactions with aryl thiols were, in general,
faster compared to those of aryl alkyl and alkyl thiols. Compari-
son of the reactions of 1a with 1b, and those of 1d with 1e-g
reveals that the introduction of an alkyl/aryl substituent at the
B-carbon of the o,B-unsaturated carbonyl compounds decreases
the rate of the reaction. An excellent result was obtained during
the reaction of an o,B-unsaturated carboxylic acid (entry 33) that
is susceptible to polymerisation in the presence of an acid
catalyst. There has been only one previous report of thia-Michael
addition of such substrates.!®> Reactions of B-substituted o,p-
unsaturated acid/ester 1j-1 with 2a afforded 87%, 77% and 74%
yields, respectively (Table 1, entries 35-37). The catalyst can be
recovered and reused after reactivation without loss of the cata-
lytic activity.

The difference in the reaction rates encouraged us to test the
efficiency of this catalyst for a few representative intermolecular
competition studies (Scheme 1). A 75:25 (GCMS) selectivity was
observed during the reaction of an equimolar mixture of 1a and
1b with 2a and exemplified the control of selectivity by the steric
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Table 1 (continued)

Entry Enone Thiol Time (min) Yield 3°<4 (%)
28 1g 2a 45 85f
29 1g 2b 60 82f
30 1g 2c 45 88f
31 1g 2e 60 88f
32 1g 2i 180 77"
33 (0] 1h 2a 15 82
OH
34 0) 1i 2a 10 788
OMe
HO,
35 )9 oz 240 87"
ph” i
MeO
36 9 : 240 77
Ph” 1k
HO

37 >=):O 2a 240 78n
11

@ The o,B-unsaturated carbonyl compound (2.5 mmol) was treated with the thiol
(2.75 mmol, 1.1 equiv) in the presence of HBF4-SiO, (1 mol %) at room temperature
(~25 °C, except for entries 10, 25-27, 34, 35 and 37) under neat conditions (except
for entries 28-32).

b Isolated yield of the corresponding thia-Michael adduct obtained after chro-
matographic purification.

¢ All the products were characterised by analysis of the spectral data (IR, 'H and
13C NMR and MS).

4 All new compounds gave satisfactory elemental analysis.

€ The reaction was carried out at 80 °C.

f The reaction was carried out in methanol.

& The reaction was carried out at 0 °C.

" The reaction was carried out at 50 °C.

influence of the substituent at the B-position of the o,B-unsatu-
rated carbonyl compound. The different steric factors of the thiol
moiety in controlling the selectivity were demonstrated during
the reaction of 1a with equimolar mixtures of 2a and 2i (73:27
selectivity in favour of 2a) and 2g and 2h (65:35 selectivity in
favour of 2g), respectively.

We next planned to elaborate the applicability of this method-
ology in the selectivity of thia- versus aza-Michael addition
reactions. Thus, various chalcones were treated with 2-
aminothiophenol (2j) and 4-aminothiophenol (2k) in the presence
of HBF4-SiO, (Table 2). In each case, selective thia-Michael addi-
tion to the o,B-unsaturated carbonyl moiety took place to form
the corresponding adduct 4. In addition, no competitive imine
formation was observed.'

The chemoselective formation of the thia-Michael adducts in
excellent yields during the reactions of 1,3-diaryl-2-propenones
with 2j gave us impetus to extend this protocol for the synthesis
of benzothiazepines (Scheme 2).'>

We were delighted to observe that the cyclodehydration of the
intermediate thia-Michael adducts 4 occured efficiently leading to
the corresponding 2,3-dihydro-1,5-benzothiazepines 5 in high
yields in a one-pot reaction under reflux in MeOH (Table 3).

In conclusion, we have reported HBF,-SiO, as a highly efficient
heterogeneous reusable catalyst for chemoselective thia-Michael
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Scheme 1. Selective thia-Michael addition reaction during intermolecular
competition studies.

Table 2
HBF4-Si0,-catalysed thia-Michael addition of 2j and 2k to 1,3-diaryl-2-propenone®
Entry 1,3-Diaryl-2-propenones Thiol Time Yield 4°¢
(min) (%)
(0]
J 7O
R! R2

1 R'=R?=H 2j 45 83

2 R'=H; R*=Cl 2j 45 88

3 R'=Cl; R2=H 2j 40 86

4 R' =H; R?=NO, 2j 45 90

5 R! = H; R? = OMe 2j 75 81

6 R'=0OMe; R2=H 2j 75 87

7 R'=R*=H 2k 60 82

8 R!'=H; R?=NO, 2k 45 84

9 R'=Cl; R®=H 2k 45 87
10 R! = H; R? = OMe 2k 60 80
11 R'=0Me; R>=H 2k 60 81

2 The 1,3-diaryl-2-propenone (2.5 mmol) was treated with the thiol (2.75 mmol,
1.1 equiv) in the presence of HBF4-SiO, (1 mol %) at room temperature (~25 °C) in
MeOH (3 mL).

b Isolated yield of the corresponding thia-Michael adduct 4 obtained after chro-
matographic purification.

¢ All the products were characterised by analysis of spectral data (IR, 'H and '3C
NMR and MS).

addition to o,p-unsaturated carbonyl compounds.'® The methodo-
logy finds application in a one-pot synthesis of 2,3-dihydro-1,5-
benzothiazepines.
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Scheme 2. One-pot synthesis of 2,3-dihydro-1,5-benzothiazepines 5.

Table 3
HBF,-SiO,-catalysed one-pot synthesis of 2,3-dihydro-1,5-benzathiazepines by
reaction of 1,3-diaryl-2-propenones with 2j°

Entry 1,3-Diaryl-2-propenone Time (h) Yield 5°€ (%)
(0}
(J 7O
R R2
1 R'=R?>=H 4 81
2 R1 H; R? = Cl 5 89
3 =Cl; R?= 4 82
4 R1 =H; R2=N02 5 88
5 R! =H; R =OMe 6 89
6 R!=0OMe; R>=H 6 87

? The 1,3-diaryl-2-propenone (2.5 mmol) in MeOH (3 mL) was treated with 2j
(2.75 mmol, 1.1 equiv) in the presence of HBF4-SiO, (1 mol %) under reflux.

b Isolated yield of the corresponding 2,3-dihydro-1,5-benzothiazepine 5 obtained
after chromatographic purification.

¢ All of products were characterised by analysis of spectral data (IR, 'H and '3C
NMR and MS).
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strirred suspension of silica-gel (26.7 g, 230-400 mesh, Sisco Research
Laboratories Pvt. Ltd, India) in diethyl ether (75 mL) was treated with 40% aq
HBF, (3 g) for 3 h. The mixture was concentrated and the residue dried under
vacuum at 100 °C for 72 h to afford HBF,4-SiO, (0.5 mmol g~ !). Representative
experimental procedure for thia-Michael addition to an o,B-unsaturated ketone. 3-
Phenylthiocyclohexanone 3aa (Table 1, entry 1): To a magnetically stirred
mixture of 2-cyclohexen-1-one (1a) (0.24 g, 2.5 mmol) and thiophenol (2a)
(0.30g, 2.75 mmol, 1.1 equiv) was added HBF;-SiO, (0.05 g, 0.025 mmol,
1mol %) and the reaction mixture was stirred at rt (~25-30°C) until
completion of the reaction (5 min: TLC, IR). The reaction mixture was diluted
with Et,0 (2 mL), filtered through a plug of cotton (to separate the catalyst),
and the cotton plug was washed with Et,0 (2 x 1 mL). The combined ethereal
filtrates were concentrated, adsorbed on silica gel, charged on a column of
silica gel (60-120 mesh) and eluted with hexane followed by 1:10 EtOAc-
hexane to afford 3-phenylthiocyclohexanone (3aa) (0.46 g, 90%) as a colourless
oil, identical (IR, 'H and '*C NMR, and MS) with an authentic sample.” In a
large-scale batch, 1a (5.0 g, 52 mmol) was treated with 2a (6.3 g, 57.2 mmol,
1.1 equiv) in the presence of HBF;-SiO; (1.04 g, 0.52 mmol, 1 mol %) to afford
3aa (9.5 g, 89%) after work-up and purification. The cotton plug retaining the
recovered catalyst was put on a round bottomed flask (50 mL) and dried in a
rotary evaporator during which the catalyst separated out from the cotton. The
catalyst was activated on heating under reduced pressure (10 mm Hg) at 80 °C
for 24 h. Repetition of the reaction of 1a (2.5g, 26 mmol) with 2a (3.1g,
28.6 mmol, 1.1equiv) in the presence of recovered HBF;-SiO, (0.52 g,
0.26 mmol, 1 mol %) afforded 3aa (4.6 g, 86%) after work-up and purification.
No decrease in the catalytic activity was observed after four consecutive uses
of the recovered catalyst (yield after third and fourth uses are 85% and 88%,

respectively). Representative experimental procedure for the intermolecular
competition reaction (Scheme 1): To a magnetically stirred mixture of 1a
(0.24 g, 2.5 mmol), 3-methyl-2-cyclohexen-1-one 1b (0.27 g, 2.5 mmol) (2) and
2a (0.30 g, 2.75 mmol, 1.1 equiv) was added HBF4-SiO, (0.05 g, 0.025 mmol,
1 mol %) and the reaction mixture was stirred at rt (~25-30 °C) for 5 min. The
reaction mixture was diluted with Et;O (2 mL), filtered through a plug of
cotton (to separate the catalyst), and the cotton plug was washed with Et,0
(2 x 1 mL). The combined ethereal filtrates were concentrated and the isolated
reaction mixture, without further purification, was subjected to GCMS which
indicated 75:25 selectivity in favour of the formation of 3aa. Representative
experimental procedure for the intra-molecular competition of thia- vs aza-
Michael addition reactions (Table 2, entry 1): To a magnetically stirred mixture
of 1,3-diphenylpropenone (1g) (0.21 g, 1 mmol) and 2-aminothiophenol (2j)
(0.14 g, 1.1 mmol, 1.1 equiv) in MeOH (3 mL) was added HBF,4-SiO, (0.02 g,
0.01 mmol, 1 mol %) at rt (~25-30 °C). After 45 min, the reaction mixture was
diluted with EtOAc (5 mL), filtered through a plug of cotton (to separate the
catalyst), and the cotton plug was washed with EtOAc (2 x 1 mL). The
combined filtrates were concentrated, and the solid residue crystallised
(EtOH) to afford 0.27 g (83%) of 3-(2-amino-phenylsulfanyl)-1,3-diphenyl-
propan-1-one (4a) as the sole product indicating exclusive selectivity for thia-
Michael addition over aza-Michael addition. One-pot synthesis of 2,3-dihydro-
2,4-diphenyl-1,5-benzothiazepine (Table 3, entry 1): To a magnetically stirred
mixture of 1g (0.21 g, 1 mmol) and 2j (0.14 g, 1.1 mmol, 1.1 equiv) in MeOH
(3mL) was added HBF4-SiO, (0.02g, 0.01 mmol, 1mol%) and the
reaction mixture was stirred under reflux until completion of the reaction
(4 h: TLC, IR). The reaction mixture was diluted with EtOAc to dissolve the
product (5 mL), filtered through a plug of cotton (to separate the catalyst), and
the cotton plug was washed with EtOAc (2 x 1 mL). The combined filtrates
were concentrated and purification was accomplished by column
chromatography (silica gel #60-120) to afford 2,3-dihydro-2,4-diphenyl-1,5-
benzothiazepine (5a) (0.25 g, 81%) as a yellow solid identical (mp, IR, 'H and
13C NMR, and MS) with an authentic sample.'® Spectral data of new compounds.
3-(4-Fluorophenylsulfanyl)-cyclohexanone (Table 1, entry 4): IR (neat) vpax 1712,
1588, 1489 cm™'; "H NMR (CDCls, 300 MHz) §: 1.70-1.76 (m, 2H), 2.12-2.14
(m, 2H), 2.30-2.38 (m, 3H), 2.61-2.66 (m, 1H), 3.32-3.33 (m, 1H), 6.99-7.05
(m, 2H), 7.41-7.45 (m, 2H). '3C NMR (CDCls, 75 MHz) §: 24.5, 31.6, 41.3, 47.3,
48.1,116.5, 116.8, 128.4, 136.6, 161.7, 165.0, 209.1. Anal. Calcd for C;,H;3FOS:
C, 64.26; H, 5.84; S, 14.30. Found: C, 64.30; H, 5.88; S, 14.33. 3-(Naphthalen-2-
ylsulfanyl)-cyclohexanone (Table 1, entry 9): IR (neat) vmax 1751, 1712,
1628 cm™!; 'H NMR (CDCls, 300 MHz) 4: 1.73-1.76 (m, 2H), 2.13-2.43 (m,
5H), 2.69-2.72 (m, 1H), 3.51-3.54 (m, 1H), 7.47-7.49 (m, 2H), 7.74-7.89 (m,
5H). '3C NMR (CDCls, 75 MHz) 6: 26.2, 31.8, 41.4, 46.6, 48.3, 127.1, 128.0,
128.2, 129.2, 130.5, 130.8, 132.7, 133.1, 134.1, 151.1, 209.2. MS (MALDI-TOF)
m/z 256.4 (MH"). Anal. Calcd for C;¢H;60S; C, 74.96; H, 6.29; S, 12.51. Found: C,
74.93; H, 6.32; S, 12.49. 3-(Naphthalen-2-ylsulfanyl)-1,3-diphenylpropan-1-one
(Table 1, entry 32): IR (KBr) vmax 1684, 1595, 1448 cm™'; 'H NMR (CDCls,
300 MHz) ¢: 3.57-3.74 (m, 2H), 5.08 (t, ] = 6.9 Hz, 1H), 7.16-7.25 (m, 3H), 7.36-
7.46 (m, 7H), 7.53 (t, J= 7.2 Hz, 1H), 7.68-7.78 (m, 4H), 7.87 (d, ] = 7.6 Hz, 2H).
13C NMR (CDCls, 75 MHz) 8: 45.2, 48.7, 122.7, 126.8, 126.9, 128.0, 128.1, 128.4,
128.6,128.9, 129.0, 129.1, 130.4, 132.1, 132.3, 133.0, 133.8, 134.1, 141.7, 145 4,
197.5. MS (APCI) m/z 209.1, 249.2, 368.9 (MH"). Anal. Calcd for C5H,00S: C,
81.49; H, 5.47; S, 8.70. Found: C, 81.53; H, 5.49; S, 8.68.
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