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SOLVENT-FREE SYNTHESIS OF THIOPHENOL USING
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Abstract Clean and sustainable transfer hydrogenation for aryl sulfonamides and sulfonyl
chlorides is described. The protocol is chemoselective and uses neither catalyst nor solvent.

Keywords Solvent-free; thiophenol; uncatalyzed transfer hydrogenation

INTRODUCTION

Thiophenols constitute an important class of compounds in chemistry and
biology. They are widely used as intermediates in printing, dyeing, and pharmaceu-
tical industry."! Among the reported methods for synthesis of thiophenol,
reduction of aryl sulfonyl compounds has been well investigated.[*® The reductants
include metal, sodium borohydride, lithium aluminum hydride, phosphorus trichlo-
ride, and iodine, most of which contaminate the environment.

Catalytic transfer hydrogenation (CTH) is an alternative reduction method
that can be used in the synthesis of many organic compounds. With supported
noble-metal catalyst, CTH has been used for the reduction of nitro compounds
and azides to amines and dehalogenation of mono- and polychlorinated aryl com-
pounds.”'? As an ecofriendly reductive method, CTH has attracted increasing
attention. However, CTH can hardly be used in the reduction of sulfo compounds,
because thiophenols (H,S, SO,, et al.), which may be produced in the reaction, are
toxic to the catalyst. Only Chen and Gong have reported synthesis of thiophenols
using CTH.'"3) Dockner found that benzenesulfonyl chloride can be reduced via
uncatalyzed transfer hydrogenation with a combination of hydrocarbons (refinery
products such as vacuum residue or white oil) and active carbon as hydrogen donor.
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However, all the reactions have to be carried out at very high temperatures (as high
as 350°C), so too much by-product will be produced!* and the reaction procedures
are unsafe. Engels and Singer found that aryl sulfonyl chloride can be reduced using
uncatalyzed transfer hydrogenation with hydrazine as hydrogen donor, producing
thiophenol." The reaction occurs in milder conditions (60-120°C), though the
hydrogen donor is expensive. More economical transfer hydrogenation systems for
the synthesis of thiophenol need to be developed.

In our recent study on transfer hydrogenation with different hydrogen donors,
we focused on the reduction of sulfonyl compounds/sulfonates. As the products are
toxic to the noble-metal catalyst, new catalysts or uncatalyzed techniques should
be explored. We chose to develop one uncatalyzed transfer hydrogenation reaction
system for reduction of sulfonyl compounds/sulfonates. Among all the hydrogen
donors, formic acid/formates are active and less expensive, so they are used as the
hydrogen donor. Reduction of sulfonic acid was initially investigated. Unfortu-
nately, no thiophenols were produced at reaction temperatures from 25°C to
200°C. It has been reported that reduction of sulfonyl compounds is a nucleophilic
process in which the initial step is substitution of the —X group by nucleophile, as
shown in Scheme 1.'" The sulfinic acid is reactive and easy to reduce. According
to the previous mechanism shown in Scheme 1, —X should be a good leaving group
and give rise to the reduction product. The sulfonic acid is so strong that it can be
almost fully deprotonated, and the sulfonate anion has three negatively charged oxy-
gen atoms on which the charge is almost averaged. The charged oxygen atoms repel
nucleophiles to approach the central sulfur atom. The averaging of charge on the
three oxygen atom makes them nearly identical and the S-O bond is thus difficult
to rupture. The poor leaving ability of —-OH may be also responsible for the failure
of reduction by formats. Considering that the amino in sulfonamide and the chloride
in sulfonyl chloride are better leaving groups, our attention turned to the reduction
of sulfonamides and sulfonyl chlorides.

In the reaction of sulfonamides and sulfonyl chlorides with formates, thiophe-
nols were produced. The reactions takes place at a temperature range of 160-210°C,
and solvent is not needed. The by-products are water and carbonates; it is thus a
clean method to synthesize thiophenols. During the experiments, we found that
ammonium formate was the most effective hydrogen donor for the reduction of
sulfonyl chlorides, whereas potassium formate was better for reduction of
sulfonamides.
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Scheme 1. Initial step in the reduction of sulfonyl compounds.
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Table 1. Uncatalyzed reduction of 4-methylbenzenesulfonamide”

]
1 _NHz
& SH
~0
hydrogen donor
2a
Entry Hydrogen donor (equiv) Yield” (%)
1 HCOONHy, (4) 73
2 HCOOK (4) 79
3 HCOONa (4) 50

“Reaction conditions: 4-methylbenzenesulfonamide (0.02mol), hydrogen donor, solvent (15mL or
none), temperature (185°C), reaction time (5h).
’Determined by GC methods using hexadecane as an internal standard.

RESULTS AND DISCUSSION

Uncatalyzed Reduction of 4-Methylbenzenesulfonamide and
4-Methylbenzene Sulfonyl Chloride

First, reduction of 4-methylbenzene sulfonamide (1a) with different formates
was investigated to optimize the reaction parameters (Table 1). Similarly good yields
of 4-methylthiophenol (2a) were obtained using ammonium formate and potassium
formate as hydrogen donors (Table 1, entries 1 and 2), whereas sodium formate
resulted in lower product yield (Table 1, entry 8). Potassium formate was thus selec-
ted for further investigation on reduction of aryl sulfonamides.

Second, reduction of 4-methylbenzene sulfonyl chloride was investigated using
different formates. It can be found in Table 2 that reaction with ammonium formate
as the hydrogen donor was dramatically superior to the others (Table 2, entry 1).

Table 2. Uncatalyzed reduction of 4-methylbenzenesulfonyl chloride”

o}
gégl SH
————
/@r hydrogen donor

2a
Entry Hydrogen donor (equiv) Yield? (%)
1 HCOONH;, (5) 82
HCOOK (5) 58
3 HCOONa (5) 37

“Reaction conditions: 4-methybenzenesulfonyl (0.02mol), hydrogen donor, solvent (15mL or none),
temperature (100°C for 1 h and 180°C for another 5h).
’Determined by GC methods using hexadecane as an internal standard.
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Ammonium formate was selected for further investigation on reduction of aryl sul-
fonamides.

Extended Study on Synthesis of Thiophenols

Our investigation was expanded to the synthesis of different thiophenols from
aryl sulfonamides and sulfonyl chlorides. As expected, most sulfonamides and sulfo-
nyl chlorides can be reduced with good yields of corresponding thiophenols (Table 3).
It can be concluded that reductions of aryl sulfonamides and sulfonyl chlorides with
electron-withdrawing substituent on benzene ring (Table 3, entries 2 and 3) proceed
in better yields than those with electron-donating substituent (Table 3, entries 1, 4, 5,
7, and 9). The reductions of sulfonamides and sulfonyl chlorides with both
electron-withdrawing and electron-donating substituents result in different yields
depending on the combined effect of the substituents. The substituting site also
has considerable effect on the yield. Reductions 11 and 12, in which the sulfonamides
have electron-withdrawing substituents, should have given better yields. The prob-
able reason for the poor yields is that the electron-withdrawing substituents on
meta-position increase the electron density around the sulfur atom so that it is more
difficult to be nucleophilically attacked. Generally, the reduction of sulfonamides
and sulfonly chlorides give similar yields.

Table 3. Reduction of aryl sulfonamides and sulfonyl chlorides with potassium formate and ammonium
formate as hydrogen donor”

E'R SH
= SO HCOOK =
X4 | —_— X+ |
S T
Entry X Product Yield® (R=NH.) (%) Yield (R=Cl) (%)
1 4-Me 2a 77 80
2 4-Br 2b 79 78
3 4-F 2c 82 80
4 2,5-Dihydroxyl 2d 60 —
5 2-OEt 2e 59 61
6 2-Me-4-F 2f 72 72
7 3,5-Dimethyl 2g 63 59
8 3-F-4-OMe 2h 61 57
9 2-Me-5-Cl 2i 63 65
10 2,5-Difluoro 2j 66 68
11 3,5-Bis(trifluoromethyl) 2k 50 51
12 3-CF; 21 55 58
13 3-Me-4-F 2m 64 63

“Reaction conditions: Sulfonamide (0.1 mol), potassium formate (0.5 mol), without solvent, 200°C, 7h;
sulfonyl chloride (0.1 mol), ammonium formate (0.5 mol), without solvent, 100°C for 1h and 200°C for
6h.

bYield of isolated product.
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CONCLUSION

In summary, we have explored an uncatalyzed transfer hydrogenation of aryl
sulfonamides and sulfonyl chlorides to thiophenols with formates as the hydrogen
donor. Most reductions gave good yields of corresponding thiophenols. The whole
process is clean and solvent free. Further investigation is needed both theoretically
and experimentally to improve the reaction system.

EXPERIMENTAL
Typical Procedure for the Reduction of Aryl Sulfonamides

Potassium formate (0.5 mol) was added to a flask containing 4-bromobenzene
sulfonamide (0.1 mol). The mixture was heated, melted, and stirred at 200 °C for 7 h.
Then the reaction mixture was cooled to 120 °C and acidified using formic acid. The
organic componets can be separated from the acidified reaction mixture via steam
distillation. After cooling down the distillate, 4-bromothiophenol was obtained over
filtration, with yield of 79% and purity of 99.3% (justified with gas chromatography,
GO).

Typical Procedure for the Reduction of Aryl Sulfonyl Chlorides

Aqueous ammonium formate (0.6 mol) was added to a flask containing 4-
bromobenzene sulfonyl chloride (0.1 mol). The mixture was heated and refluxed
for 1h. Then the water was distilled out, and the mixture was heated to 200°C
and kept for 5h. Then the reaction mixture was cooled to 120 °C and acidified using
formic acid. The organic componets can be separated from the acidified reaction
mixture via steam distillation. After cooling down the distillate, 4-bromothiophenol
was obtained over filtration, with yield of 82% and purity of 98.8% (justified with
GO).

GC conditions: flame ionization detector, initial temperature 100 °C, detector
temperature 260 °C, heating rate 25°C/min. Note: Liquid thiophenols can be sepa-
rated by splitting from the distillates.

Product Characterization Data

4-Methylthiophenol (2a). White solid, mp: 41-43°C (lit..'”! mp: 43°C). 'H
NMR (400 MHz, CDCl5): 6 =2.27 (s, 3H), 3.36 (s, 1H), 7.02 (d, 2H, J=8.2 Hz),!"®
7.15 (d, 2H, J=7.9 Hz); MS (EI): m/z (rel. int.) 124 (91), 91 (100), 79 (9), 45 (13).

4-Bromothiophenol (2b). White solid, mp: 70-73°C (lit.'8 mp: 72-74°C).
'"H NMR (400 MHz, CDCl;): 8=3.46 (s, 1H), 7.15 (d, 2H, J=8.6), 7.38 (d, 2H,
J=8.4)"8, MS (EI): m/z (rel. int.) 190 (40), 188 (40), 109 (100), 69 (26), 50 (19),
33 (10), 15 (3).

4-Fluorothiophenol (2c). Colorless liquid. '"H NMR (400 MHz, CDCls):
8=13.43 (s, 1H), 6.94 (t, 2H, J=8.0Hz), 7.23-7.27 (m, 2H)!""); MS (EI): m/z (rel.
int.) 128 (100), 108 (49), 95 (7), 84 (31), 69 (14), 57 (13), 45 (10), 31 (2).
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2,5-Dihydroxylthiophenol (2d). White solid, mp: 117-118°C (lit.** mp:
118°C). '"H NMR (400 MHz, CDCl5): $=3.10 (s, 1H), 4.53 (s, 1H), 5.70 (s, 1H),
6.69-7.26 (m, 3H)?"; MS (EI): m/z (rel. int.) 142 (100), 113 (26), 97 (6), 81 (23),
69 (5), 53 (10), 39 (2).

2-Ethoxythiophenol (2e). Light yellow liquid, "H NMR (400 MHz, CDCl,):
d=148 (t, 3H), 3.88 (s, 1H), 4.04-4.11 (q, 2H), 6.80-6.85 (m, 2H), 7.04-7.10 (m,
1H), 7.22-7.25 (m, 1H); *C NMR (100 MHz, CDCl;) §=17.5, 63.4, 126.2, 120.3,
112.1, 118.5, 129.8, 155.4; MS (EI): m/z (rel. int.) 154 (100), 139 (5), 126 (97), 109
(5), 97 (88), 84 (10), 69 (14), 53 (12), 39 (5), 29 (4). EI-HRMS caled. for CgH;(OS
(M™): 154.0452; found: 154.0454.

2-Methyl-4-fluorothiophenol (2f). Colorless liquid. 'H NMR (400 MHz,
CDCl;): 6=2.32 (s, 3H), 3.20 (s, 1H), 6.75-6.81 (m, 1H), 6.86-6.90 (m, 1H),
7.20-7.25 (m 1H);"*C NMR (100 MHz, CDCly) §=20.0, 112.4, 116.2, 129.2,
131.1, 143.5, 159.1; MS (EI): m/z (rel. int.) 142 (98), 109 (100), 97 (9), 83 (9), 69
(6), 57 (6), 45 (7). EI-HRMS calcd. for C;H;FS (M™): 142.0252; found: 142.0255.

3,5-Dimethylthiophenol (2g). Colorless liquid. 'H NMR (400 MHz,
CDCl;): 8=2.33 (s, 6H), 3.44 (s, 1H), 6.86 (s, 1H), 6.98 (s, 2H)!'"®; MS (EI): m/z
(rel. int.) 138 (65), 123 (9), 105 (100), 91 (14), 77 (23), 63 (9), 39 (17).

3-Fluoro-4-methoxythiophenol (2h). Colorless liquid. "H NMR (400 MHz,
CDCls): §=3.43 (s, 1H), 3.84 (s, 3H), 6.82 (t, 1H, J=11.4 Hz), 7.04-7.12 (m, 2H)"*?
MS (EI): m/z (rel. int.) 158 (100), 143 (97), 126 (3), 115 (28), 95 (6), 83 (5), 69 (6),
57 (4), 45 (5).

2-Methyl-5-chlorothiophenol (2i). Colorless liquid. '"H NMR (400 MHz,
CDCly): 6=2.27 (s, 3H), 3.33 (s, 1H), 7.00-7.07 (m, 2H), 7.24 (d, 1H, J=8.0 Hz);
3C NMR (100 MHz, CDCl;) §=21.6, 125.0, 130.2 (2C), 130.8, 134.9, 140.3; MS
(EI): m/z (rel. int.) 158 (100), 125 (77), 99 (3), 89 (30), 77 (11), 63 (10), 53 (3), 45
(11). EI-HRMS caled. for C;H;CIS (M™): 157.9957; found: 157.9959.

2,5-Difluorothiophenol (2j). Colorless liquid. 'H NMR (400 MHz, CDCls):
8=3.70 (s, 1H), 6.79-6.84 (m, 1H), 6.97-7.07 (m, 2H);'*C NMR (100 MHz, CDCl5)
d=114.0, 116.4, 117.2, 121.3, 158.7, 160.1; MS (EI): m/z (rel. int.) 146 (100), 126
(68), 101 (39). EI-HRMS calcd. for C¢gH4F,S (M™1): 146.0002; found: 146.0003.

3,5-Bis(trifluoromethyl)thiophenol (2k). Colorless liquid. 'H NMR
(400 MHz, CDCls): $=3.70 (s, 1H), 7.64 (s, 1H), 7.68 (s, 2H)**}; MS (EI): m/z
(rel. int.) 246 (100), 226 (56), 207 (5), 182 (41), 157 (28), 132 (19), 114 (5), 99 (8),
69 (53), 45 (21), 20 (2).

3-Trifluoromethylthiophenol (2I). Colorless liquid. '"H NMR (400 MHz,
CDCly): 8=3.57 (s, 1H), 7.24-7.43 (m, 3H), 7.51 (s, IH)!'®; MS (EI): m/z (rel.
int.) 178 (100), 158 (60), 145 (12), 133 (9), 114 (36), 95 (8), 82 (7), 69 (36), 57 (10),
45 (22), 28 (5).

3-Methyl-4-fluorothiophenol (2m). Colorless liquid. '"H NMR (400 MHz,
CDCly): §=2.21 (s, 3H), 3.38 (s, 1H), 6.84-6.90 (m, 1H), 7.04-7.13 (m, 2H); °C
NMR (100 MHz, CDCls) §=15.1, 115.4, 124.0, 126.3, 127.8, 128.0, 158.7; MS
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(EI): m/z (rel. int.) 142 (91), 121 (6), 109 (100), 95 (7), 83 (12), 89 (7), 57 (5), 45 (8).
EI-HRMS caled. for C;H;FS (M™): 142.0252, found: 142.0255.
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