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ABSTRACT: Direct thioesterification of carboxylic acids with thiols using nontoxic activation agent is highly desirable. Herein, 
an efficient and practical protocol using safe and inexpensive industrial waste PMHS (poly(methylhydrosiloxane)) as the activation 
agent and K3PO4 with 18-crown -6 as a catalyst is described. Various functional groups on carboxylic acid and thiol substituents 
can be tolerated by the present system to afford thioesters in yields of 19 to 100%. 

INTRODUCTION 
The development of synthetic methods for C-S bond 

constructions with mild, inexpensive, and easy-to-operate 
reaction conditions has been attracting widespread interests1-2 
owing to the prevalence of sulfur element in natural products, 
bioactive molecules and materials1. In particular, thioester is 
an important structural fragment of many physiologically 
active drugs and natural products3, such as topical effective 
corticosteroids, Fluticasone furoate and Fluticasone propionate 
for anti-allergic reactions, Stepronin for liver disease adjuvant, 
Butyrylthiocholine for detection of pseudocholinesterase, 
Thiolactomycin for sensitive bacterial infection, cough 
expectant Erdosteine, diuretic Spirocolactone, and signal 
transduction pathway kinase inhibitor Dalciperib, etc. (Figure 
1). Furthermore, activation of carboxylic acid via the 
formation of thioester intermediate has also attracted a great 
deal of attention  in synthetic chemistry4, allowing for facile 
preparations of various functional groups, such as esters5, 
amides6, aldehydes7, and ketones7a, 8, due to the weaker p-p 

orbital overlap of thioesters relative to esters9. The acetyl form 
of  coenzyme A also takes advantage over such a strategy to 
efficiently transfer acetyl groups in living organisms10.  

 

Figure 1. Representative thioester structure 
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Given the significance of thioesters, a few synthetic 
methods have been developed over the past few decades11. The 
esterification12 of thiols is one of the most commonly-used 
reactions11, 13. However, the reactions typically use moisture-
sensitive acid chlorides14 or acid anhydrides14c, 14d, 15  as the 
acylation agent and transition metals, such as zinc14a, nickel15a, 
titanium15c and copper16, as the catalyst (Scheme 1a). New 
methods using aldehyde17 have been developed recently to 
convert thiol or disulfide to thioester under oxidative 
conditions (Scheme 1b). In 2013, Zhu et al. reported a method 
for the synthesis of thioesters by oxidative coupling of 
aldehydes with thiols or disulfides using K2S2O8 as the 
oxidant17g. Subsequently, Lee et al. reported the use of 
TBHP17a (tert-butyl hydroperoxide) or DTBP17f (di-tert-butyl 
peroxide) as the oxidant for the reaction. However, these 
oxidative methods suffer from drawbacks such as the limited 
availability and aerobic sensitivity of aldehydes.  

Scheme 1. Strategies for Thioester Construction  

 
RESULTS AND DISCUSSION  

Alternative method to form thioesters directly from 
carboxylic acid and thiol is still highly desirable. The 
unfavorable thermodynamic barrier represents a core 
challenge for intermolecular thioesterification of carboxylic 
acids with thiols18. To overcome such a barrier, strategies 
including activation of carboxylic acid by a stoichiometric 
amount of toxic carbodiimides or continuous removal of the 
water side product under azeotropic refluxing conditions18a 
have been developed. Recently, several reports on N-
alkylation or acylation have demonstrated that hydrosilanes 
can be used to activate carboxylic acids or CO2 via the 
formation of silyl esters19. We postulated that such a strategy 
may also be used to active carboxylic acid, enabling direct 
intermolecular thioesterification of carboxylic acids with thiols. 
Herein, we report that potassium phosphate (K3PO4) catalyzes 
the intermolecular direct thioesterification of carboxylic acids 
with thiols using hydrosilane (Scheme 1c), especially 
polymethylhydrosiloxane (PMHS)—a side product of silicon 
industry, as the activation agent. 

Initially, we chose p-toluenethiol and acetic acid as the 
model substrates. A series of organic and inorganic bases were 
screened as the potential catalyst in the presence of PMHS. To 
our delight, thioester was observed upon refluxing a mixture 
of the substrates in THF for 12 hours (h) in the presence of a 
10 mol% loading of catalyst with 20 mol% loading of 18-
crown-6 and 12 equivalents of Si-H bond with 10 mg 4A mo-
lecular sieve (4A M.S.) (Table 1, entries 1-6). K3PO4 was 
found to be the best one, leading to a quantitative formation of 
the desired product (Table 1, entry 6). Control experiments 
confirmed that K3PO4, 18-crown-6 and 4A M.S. are all neces-
sary for the quantitative yield (Table 1, entries 7-9). 18-
crown-6 is presumably a phase-transfer agent that enhances 
the solubility of the salt. It’s worth mentioning that all the 
experiments were performed under air.  

Table 1. Catalyst Screening and Condition Optimizationa 

aReaction conditions: It was carried out on a 0.25 mmol 
scale. p-Toluenethiol (1 eq), catalyst (10 mol%), 18-
Crown-6 (20 mol%), 4A molecular sieve (10 mg), with 
acetic acid(4.6 eq) and silane(12 eq Si-H bond) under air 
in the solvent (1.6 mL) , at reflux overnight. Determined 
by GC analysis of the reaction mixture using anisole as 
internal standard. bNo 18-Crown-6. cNo 4A molecular 
sieve. dRoom temperature. eAcetic acid (3 eq) and PMHS 
(6 eq Si-H bond).  

Subsequent studies indicated that the reaction is highly sen-
sitive to the hydrosilane. The yield follows the order of 
PMHS~PhSiH3 > Ph2SiH2 > (EtO)3SiH > Ph3SiH (Table 1, 
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entries 10, 12-14), indicating that steric hindrance of 
hydrosilanes may have a great influence on the reaction. It was 
worth mentioning that a 71% yield was obtained with PhSiH3   
even at room temperature (RT) (Table 1, entry 11). A screen-
ing of solvents showed that THF is the best one (Table 1, en-
tries 15-18). Finally, an excess amount of carboxylic acid is 
needed (Table 1, entries 6, 19). 

Table 2. Scope of Carboxylic Acidsa 

aReaction conditions: It was carried out on a 0.25 mmol scale. 
p-Toluenethiol (1 eq), K3PO4 (10 mol%), 18-C-6 (20 mol%), 

4A M.S. (10 mg), with carboxylic acid (3 eq) and PMHS (6 eq 
Si-H bond) under air in the solvent (1.6 mL) over night. bSuc-
cinic acid (1.5 eq) 

With the optimal reaction conditions in hand, we next ex-
plored the scope of carboxylic acids for the present system 
(Table 2). Carboxylic acids with either an electron-donating 
or electron-withdrawing group could be converted to the de-
sired products. A wide scope of aromatic carboxylic acids with 
various functional groups, such as fluoro (3d, 3i, 3j), chloro 
(3k), bromo (3l), iodo (3m), methoxyl (3r), tert-butyl (3t, 3z, 
3ab), trifluoromethyl (o/m/p: 3e-3g), ethyl (3u), carbonyl (3v), 
nitrile (3w) and nitro (3x), are suitable substrates. Notably, 
hydroxyl group is well tolerated, which is particularly 
challenging for other methods. The present methodology can 
also be extended to other aliphatic carboxylic acids (3b, 3h, 
3y-3ac), including a substrate with an ester group (3y) and a 
dicarboxylic acid (3ac). Two natural carboxylic acids, 
nicotinic acid (3p) and lauric acid (3aa), could also directly 
react with a thiol to obtain the corresponding thioesters. In 
addition, heteroaryl carboxylic acids also furnished corre-
sponding thioesters in good to excellent yields (3n-3q). Fur-
thermore, good yields were successfully obtained for two 
gram-scale reactions (3a, 3c), clearly proving the excellent 
scalability of the present protocol.  

Table 3. Scope of Thiolsa 

aReaction conditions: It was carried out on a 0.25 mmol scale. 
Thiols (1 eq), K3PO4 (10 mol%), 18-C-6 (20 mol%), 4A M.S. 
(10 mg), with carboxylic acid (3 eq) and PMHS (6 eq Si-H 
bond) under air in the solvent (1.6 mL) over night. 

We next studied the scope of thiols (Table 3). In general, 
thiols reacted with benzoic acid or acetic acid to offer the cor-
responding thioesters in 35–100% yields under the present 
catalytic conditions. Functional groups including fluoro (6a), 
chloro (6g), bromo (6d), furan (6f), trifluoromethyl (6m), ester 
(6k), methoxyl (6b) and tert-butyl (6l) are tolerated. Aliphatic 
thiols with a linear (6e, 6h, 6j), branched (6k) or cyclic (6i) 
chain are all suitable substrates.  

A radical pathway has been proposed for previous C-S cou-
pling reactions to form thioesters17b, 17f, 20. To test whether a 
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similar mechanism is also involved in the present system, we 
performed control experiments in the presence of a radical 
inhibitor (Scheme 2). It was found that the reaction was virtu-
ally unaltered by the addition of TEMPO or dibutylhydroxy-
toluene (BHT), suggesting a non-radical mechanism. As dis-
cussed earlier, previous literatures19a, 19b, 19h, 21-22 indicate that 
hydrosilane and carboxylic acid may undergo dehydrogenative 
coupling to form silyl esters, which can subsequently react 
with thiol to form the thioester (Scheme 3).  

Scheme 2. Control Experiment Suggesting A Non-radical 
Mechanism 

 Scheme 3. Possible Mechanism 

 
CONCLUSIONS 

In summary, we developed a convenient catalytic approach 
for direct thioesterification of thiols with excess carboxylic 
acids using inexpensive industrial waste PMHS as the 
activation agent. The simplicity and the wide substrate scopes 
of the catalytic system indicate that ubiquitous carboxylic ac-
ids may be pursued as a new type of useful and general acyla-
tion agents for the construction of C-S bonds under transition 
metal-free and air-tolerant conditions.  

 
EXPERIMENTAL SECTION 

General Methods.  1H and 13C NMR spectra were recorded 
on Bruker Avance 500 MHz and 400 MHz spectrometer at 
ambient temperature in CDCl3 unless otherwise noted. Data 
for 1H-NMR are reported as follows: chemical shift (δ ppm), 
multiplicity, integration, and coupling constant (Hz). Data for 
13C-NMR are reported in terms of chemical shift (δ ppm), 
multiplicity, and coupling constant (Hz). GC-MS analysis was 
performed on Thermo Scientific Ultimate 3000 GC-MS Sys-
tem. Gas chromatographic (GC) analyses were performed on a 
Jiedao GC-1620 series GC system equipped with a flame-
ionization detector using anisole as an internal standard. Glove 
box (Mikrouna Germany) was used for the set-up of the reac-
tions. Flash column chromatographic purification of the prod-
ucts was accomplished using forced-flow chromatography on 
Silica Gel (200-300 mesh).  

General procedure for the esterification of thiol using 
carboxylic acids with PMHS and analytical data of com-
pounds. In a glovebox, K3PO4 (10 mol %, 5.3 mg), 18-Crown-
6 (20 mol %, 13.2 mg) , 4A M.S. (10 mg), and 1.6 mL tetra-
hydrofuran were added into a Schlenk tube equipped with a 
stir bar, then PMHS (1.5 mmol Si-H bond, 121 µL), thiol 
(0.25 mmol) and carboxylic acid (0.75 mmol) were added on 

the outside under an air atmosphere. The reaction mixture was 
stirred refluxing overnight (450 rpm). To isolate the products, 
the reaction mixture was diluted with EtOAc, filtered through 
a short silica gel column. The resultant solution was concen-
trated and purified by silica gel column chromatography with 
EtOAc and petroleum ether as the eluent to give the corre-
sponding thioester. 

S-(p-tolyl) ethanethioate (3a): Colorless liquid (0.96 g, 
77%). 1H NMR (500 MHz, CDCl3) δ 7.22 (d, J = 8.0 Hz, 2H), 
7.15 (d, J = 7.9 Hz, 2H), 2.33 (s, 3H), 2.30 (s, 3H). 13C NMR 
(126 MHz, CDCl3) δ 194.71, 139.78, 134.47, 130.09, 124.45, 
30.14, 21.38.  

S-(p-tolyl) 2-phenylethanethioate (3b): Colorless liquid 
(48.4 mg, 80%). 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.20 (m, 
5H), 7.17 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 7.9 Hz, 2H), 3.81 (s, 
2H), 2.26 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 195.91, 
139.74, 134.46, 133.43, 130.05, 129.73, 128.75, 127.55, 
124.27, 50.07, 21.39. HRMS (ESI) for C15H14OS [M+H]+: 
calcd 243.0838, found 243.0833. 

S-(p-tolyl) benzothioate (3c): White solid (1.30 g, 76%). 1H 
NMR (500 MHz, CDCl3) δ 7.93 (d, J = 7.7 Hz, 2H), 7.50 (t, J 
= 7.4 Hz, 1H), 7.38 (t, J = 7.7 Hz, 2H), 7.31 (d, J = 7.9 Hz, 
2H), 7.17 (d, J = 7.8 Hz, 2H), 2.31 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 190.64, 139.87, 136.74, 135.09, 133.64, 
130.17, 128.78, 127.52, 123.80, 21.45. 
S-(p-tolyl) 2-(4-fluorophenyl)ethanethioate (3d): Colorless 
liquid (51.4 mg, 79%). 1H NMR (500 MHz, CDCl3) δ 7.21 – 
7.15 (m, 4H), 7.10 (d, J = 8.0 Hz, 2H), 6.94 (t, J = 8.6 Hz, 2H), 
3.77 (s, 2H), 2.26 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
189.48 (s), 162.64 (d, J = 248.5 Hz), 140.04 (s), 138.59 (d, J = 
6.7 Hz), 134.90 (s), 130.35 (d, J = 7.7 Hz), 130.16 (s), 123.20 
(s), 123.17 (s), 120.48 (d, J = 21.4 Hz), 114.25 (d, J = 23.0 
Hz), 21.35 (s). 19F NMR (471 MHz, CDCl3) δ -114.89. HRMS 
(ESI) for C15H13FOS [M+H]+: calcd 235.0246, found 235.0241. 

S-(p-tolyl) 2-(trifluoromethyl)benzothioate (3e): White solid 
(35.5 mg, 48%). 1H NMR (500 MHz, CDCl3) δ 7.70 (dd, J = 
15.6, 7.2 Hz, 2H), 7.59 – 7.51 (m, 2H), 7.33 (d, J = 8.0 Hz, 
2H), 7.20 (d, J = 7.9 Hz, 2H), 2.32 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 191.73 (s), 140.27 (s), 137.53 (q, J = 1.6 Hz), 
134.58 (s), 131.79 (s), 131.17 (s), 130.32 (s), 128.42 (s), 
127.27 (q, J = 32.8 Hz), 127.06 (q, J = 5.1 Hz), 123.65 (s), 
123.26 (q, J = 274.0 Hz), 21.43 (s). 19F NMR (471 MHz, 
CDCl3) δ -58.53 (s). HRMS (ESI) for C15H11F3OS [M+H]+: 
calcd 297.0555, found 297.0549. 

S-(p-tolyl) 3-(trifluoromethyl)benzothioate (3f): Colorless 
liquid (54.8 mg ,74%). 1H NMR (500 MHz, CDCl3) δ 8.18 (s, 
1H), 8.11 (d, J = 7.8 Hz, 1H), 7.76 (d, J = 7.8 Hz, 1H), 7.53 (t, 
J = 7.8 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 7.9 Hz, 
2H), 2.32 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 189.52 (s), 
140.19 (s), 137.27 (s), 134.89 (s), 131.33 (q, J = 33.0 Hz), 
130.56 (s), 130.23 (s), 129.90 (q, J = 3.6 Hz), 129.40 (s), 
124.27 (q, J = 3.9 Hz), 123.78 (q, J = 272.2 Hz), 122.89 (s), 
21.35 (s). 19F NMR (471 MHz, CDCl3) δ -62.77 (s). HRMS 
(ESI) for C15H11F3OS [M+H]+: calcd 297.0555, found 
297.0550. 

S-(p-tolyl) 4-(trifluoromethyl)benzothioate (3g): White solid 
(45.1 mg, 61%). 1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 
8.0 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.39 (d, J = 7.9 Hz, 2H), 
7.28 (d, J = 7.8 Hz, 2H), 2.41 (s, 3H). 13C NMR (126 MHz, 
CDCl3) δ 189.83 (s), 140.22 (s), 139.46 (s), 134.88 (s), 134.82 
(q, J = 32.8 Hz), 130.24 (s), 127.77 (s), 125.78 (q, J = 3.7 Hz), 
124.44 (q, J = 273.4 Hz), 122.93 (s), 21.37 (s). 19F NMR (471 
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MHz, CDCl3) δ -63.10 (s). HRMS (ESI) for C15H11F3OS 
[M+H]+: calcd 297.0555, found 297.0548. 

S-(p-tolyl) 4,4,4-trifluorobutanethioate (3h): Colorless liq-
uid (25.4 mg, 41%). 1H NMR (500 MHz, CDCl3) δ 7.19 (d, J 
= 8.1 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 2.84 – 2.78 (m, 2H), 
2.46 – 2.35 (m, 2H), 2.28 (s, 3H). 13C NMR (126 MHz, CDCl3) 
δ 195.21 (s), 140.14 (s), 134.45 (s), 130.17 (s), 125.72 (q, J = 
275.94 Hz), 123.22 (s), 35.63 (q, J = 2.8 Hz), 29.21 (q, J = 
30.3 Hz), 21.32 (s). 19F NMR (471 MHz, CDCl3) δ -66.62 (s). 
HRMS (ESI) for C11H11F3OS [M+H]+: calcd 249.0555, found 
249.0548. 

S-(p-tolyl) 4-fluorobenzothioate (3i): White solid (16.0 mg, 
26%). 1H NMR (500 MHz, CDCl3) δ 8.00 – 7.96 (m, 2H), 
7.31 (d, J = 8.1 Hz, 2H), 7.20 (d, J = 8.1 Hz, 2H), 7.11 – 7.07 
(m, 2H), 2.34 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 189.19 
(s), 166.01 (d, J = 255.4 Hz), 139.97 (s), 135.01 (s), 132.98 (d, 
J = 3.0 Hz), 130.15 (s), 130.02 (d, J = 9.4 Hz), 123.42 (s), 
115.87 (d, J = 22.2 Hz), 21.38 (s). 19F NMR (471 MHz, CDCl3) 
δ -104.32 (s). HRMS (ESI) for C14H11FOS [M+H]+: calcd 
247.0587, found 247.0583. 

S-(p-tolyl) 3-fluorobenzothioate (3j): White solid (43.1 mg, 
70%). 1H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 7.8 Hz, 1H), 
7.61 (d, J = 9.1 Hz, 1H), 7.37 (td, J = 8.0, 5.6 Hz, 1H), 7.30 (d, 
J = 8.0 Hz, 2H), 7.23 – 7.17 (m, 3H), 2.32 (s, 3H). 13C NMR 
(126 MHz, CDCl3) δ 189.48 (s), 162.64 (d, J = 248.5 Hz), 
140.04 (s), 138.59 (d, J = 6.7 Hz), 134.90 (s), 130.35 (d, J = 
7.7 Hz), 130.16 (s), 123.20 (s), 123.17 (s), 120.48 (d, J = 21.4 
Hz), 114.25 (d, J = 23.0 Hz), 21.35 (s). 19F NMR (471 MHz, 
CDCl3) δ -111.33 (s). HRMS (ESI) for C14H11FOS [M+H]+: 
calcd 247.0587, found 247.0581. 

S-(p-tolyl) 4-chlorobenzothioate (3k): White solid (37.3 mg, 
57%). 1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.6 Hz, 2H), 
7.38 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 7.20 (d, J = 
8.0 Hz, 2H), 2.33 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 
189.49 (s), 140.01 (s), 139.95 (s), 135.00 (s), 134.95 (s), 
130.16 (s), 129.01 (s), 128.79 (s), 123.28 (s), 21.37 (s). 

S-(p-tolyl) 4-bromobenzothioate (3l): White solid (19.1 mg, 
25%). 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.2 Hz, 2H), 
7.55 (d, J = 8.7 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 
9.1 Hz, 2H), 2.34 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 
189.72 (s), 140.03 (s), 135.44 (s), 134.95 (s), 132.00 (s), 
130.18 (s), 128.89 (s), 128.63 (s), 123.24 (s), 21.38 (s). 

S-(p-tolyl) 4-iodobenzothioate (3m): White solid (22.1 mg, 
25%). 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 8.2 Hz, 2H), 
7.66 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 7.20 (d, J = 
8.3 Hz, 2H), 2.33 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 
189.70 (s), 139.71 (s), 137.67 (s), 135.69 (s), 134.63 (s), 
129.85 (s), 128.44 (s), 122.90 (s), 101.03 (s), 21.07 (s). HRMS 
(ESI) for C14H11IOS [M+H]+: calcd 354.9648, found 354.9644. 

S-(p-tolyl) furan-2-carbothioate (3n): White solid (34.3 mg, 
63%). 1H NMR (500 MHz, CDCl3) δ 7.53 (d, J = 0.8 Hz, 1H), 
7.31 (d, J = 8.1 Hz, 2H), 7.19 – 7.16 (m, 3H), 6.48 (dd, J = 3.5, 
1.7 Hz, 1H), 2.32 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
179.08 (s), 150.36 (s), 146.35 (s), 139.94 (s), 135.04 (s), 
130.07 (s), 122.48 (s), 116.10 (s), 112.34 (s), 21.33 (s). HRMS 
(ESI) for C12H10O2S [M+H]+: calcd 219.0474, found 219.0469. 

S-(p-tolyl) pyridine-3-carbothioate (3p): Colorless liquid 
(27.5 mg, 48%). 1H NMR (500 MHz, CDCl3) δ 9.17 (s, 1H), 
8.75 (d, J = 2.7 Hz, 1H), 8.19 (dt, J = 8.0, 1.9 Hz, 1H), 7.36 
(dd, J = 7.9, 4.9 Hz, 1H), 7.32 (d, J = 8.1 Hz, 2H), 7.21 (d, J = 
8.0 Hz, 2H), 2.34 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
189.29 (s), 153.89 (s), 148.58 (s), 140.23 (s), 134.88 (s), 
134.72 (s), 132.33 (s), 130.23 (s), 123.60 (s), 122.60 (s), 21.36 

(s). HRMS (ESI) for C13H11NOS [M+H]+: calcd 230.0634, 
found 230.0627. 

S-(p-tolyl) pyridine-2-carbothioate (3o): White solid (42.9 
mg, 75%). 1H NMR (500 MHz, CDCl3) δ 8.66 (d, J = 4.5 Hz, 
1H), 7.87 (d, J = 7.8 Hz, 1H), 7.78 (td, J = 7.7, 1.5 Hz, 1H), 
7.48 – 7.44 (m, 1H), 7.33 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 
Hz, 2H), 2.32 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 192.29 
(s), 151.66 (s), 149.07 (s), 139.59 (s), 137.31 (s), 134.80 (s), 
130.00 (s), 127.99 (s), 124.46 (s), 120.69 (s), 21.32 (s). HRMS 
(ESI) for C13H11NOS [M+H]+: calcd 230.0634, found 
230.0627. 

S-(p-tolyl) thiophene-2-carbothioate (3q): White solid (53.2 
mg, 91%). 1H NMR (500 MHz, CDCl3) δ 7.80 (dd, J = 3.7, 0.7 
Hz, 1H), 7.54 (dd, J = 4.9, 0.7 Hz, 1H), 7.31 (d, J = 8.0 Hz, 
2H), 7.16 (d, J = 7.9 Hz, 2H), 7.04 (dd, J = 4.7, 4.1 Hz, 1H), 
2.30 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 182.42 (s), 
141.34 (s), 139.89 (s), 134.92 (s), 133.04 (s), 131.43 (s), 
130.03 (s), 127.91 (s), 123.23 (s), 21.31 (s). HRMS (ESI) for 
C12H10OS2 [M+H]+: calcd 235.0246, found 235.0239. 

S-(p-tolyl) 4-methoxybenzothioate (3r): White solid (34.8 
mg, 54%). 1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 8.8 Hz, 
2H), 7.31 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 7.6 Hz, 2H), 6.87 (d, 
J = 8.8 Hz, 2H), 3.79 (s, 3H), 2.32 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 189.02 (s), 163.86 (s), 139.60 (s), 135.08 (s), 
129.99 (s), 129.63 (s), 129.40 (s), 123.97 (s), 113.82 (s), 55.49 
(s), 21.34 (s). HRMS (ESI) for C15H14O2S [M+H]+: calcd 
259.0787, found 259.0780. 

S-(p-tolyl) 4-hydroxybenzothioate (3s): White solid (34.8 
mg, 57%). 1H NMR (500 MHz, DMSO-d6) δ 10.63 (s, 1H), 
7.85 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 
8.0 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 2.35 (s, 3H). 13C NMR 
(126 MHz, DMSO) δ 187.90 (s), 163.44 (s), 139.78 (s), 
135.54 (s), 130.42 (s), 130.14 (s), 127.48 (s), 124.10 (s), 
116.22 (s), 21.32 (s). HRMS (ESI) for C14H12O2S [M+H]+: 
calcd 245.0631, found 245.0624. 

S-(p-tolyl) 4-(tert-butyl)benzothioate (3t): White solid (13.5 
mg, 19%). 1H NMR (500 MHz, CDCl3) δ 7.89 (d, J = 8.5 Hz, 
2H), 7.44 – 7.40 (m, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 
5.9 Hz, 2H), 2.33 (s, 3H), 1.28 (s, 9H). 13C NMR (126 MHz, 
CDCl3) δ 190.17 (s), 157.41 (s), 139.68 (s), 135.04 (s), 134.03 
(s), 130.04 (s), 127.37 (s), 125.66 (s), 123.93 (s), 35.19 (s), 
31.07 (s), 21.37 (s). HRMS (ESI) for C18H20OS [M+H]+: calcd 
285.1308, found 285.1304. 

S-(p-tolyl) 4-ethylbenzothioate (3u): White solid (23.7 mg, 
37%). 1H NMR (500 MHz, CDCl3) δ 7.87 (d, J = 8.2 Hz, 2H), 
7.31 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H), 7.19 (d, J = 
8.2 Hz, 2H), 2.64 (q, J = 7.6 Hz, 2H), 2.33 (s, 3H), 1.19 (t, J = 
7.6 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 190.18 (s), 150.63 
(s), 139.67 (s), 135.03 (s), 134.29 (s), 130.03 (s), 128.18 (s), 
127.62 (s), 123.91 (s), 28.98 (s), 21.35 (s), 15.19 (s). HRMS 
(ESI) for C16H16OS [M+H]+: calcd 257.0995, found 257.0989. 

S-(p-tolyl) 4-acetylbenzothioate (3v): White solid (27.7 mg, 
41%). 1H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 8.3 Hz, 2H), 
7.97 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 
7.9 Hz, 2H), 2.58 (s, 3H), 2.34 (s, 3H). 13C NMR (126 MHz, 
CDCl3) δ 197.29 (s), 190.12 (s), 140.50 (s), 140.12 (s), 139.93 
(s), 134.86 (s), 130.20 (s), 128.57 (s), 127.63 (s), 123.11 (s), 
26.88 (s), 21.37 (s). HRMS (ESI) for C16H14O2S [M+H]+: 
calcd 271.0787, found 271.0782. 

S-(p-tolyl) 2-cyanobenzothioate (3w): White solid (34.8 mg, 
55%). 1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 7.4 Hz, 1H), 
7.78 – 7.74 (m, 1H), 7.64 (tdd, J = 15.1, 10.8, 4.2 Hz, 2H), 
7.33 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 7.9 Hz, 2H), 2.33 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 188.64 (s), 140.37 (s), 139.04 
(s), 135.09 (s), 134.79 (s), 132.77 (s), 132.61 (s), 130.25 (s), 
129.11 (s), 122.55 (s), 117.11 (s), 110.34 (s), 21.36 (s). HRMS 
(ESI) for C15H11NOS [M+H]+: calcd 254.0634, found 
254.0628. 

S-(p-tolyl) 4-nitrobenzothioate (3x): White solid (23.2 mg, 
34%). 1H NMR (500 MHz, CDCl3) δ 8.26 (d, J = 8.7 Hz, 2H), 
8.10 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 
7.9 Hz, 2H), 2.35 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
189.32 (s), 150.58 (s), 141.32 (s), 140.48 (s), 134.80 (s), 
130.34 (s), 128.45 (s), 123.96 (s), 122.52 (s), 21.40 (s). HRMS 
(ESI) for C14H11NO3S [M+H]+: calcd 274.0532, found 
274.0525. 

methyl 4-oxo-4-(p-tolylthio)butanoate (3y): Colourless liq-
uid (41.7 mg, 70%). 1H NMR (500 MHz, CDCl3) δ 7.22 (d, J 
= 8.0 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 3.61 (s, 3H), 2.91 (t, J 
= 6.9 Hz, 2H), 2.60 (t, J = 6.9 Hz, 2H), 2.29 (s, 3H). 13C NMR 
(126 MHz, CDCl3) δ 196.67 (s), 172.29 (s), 139.76 (s), 134.46 
(s), 130.00 (s), 123.71 (s), 51.89 (s), 37.89 (s), 28.86 (s), 21.27 
(s). HRMS (ESI) for C12H14O3S [M+H]+: calcd 239.0736, 
found 239.0731. 

S-(p-tolyl) 2,2-dimethylpropanethioate (3z): White solid 
(42.1 mg, 81%). 1H NMR (500 MHz, CDCl3) δ 7.19 (d, J = 
8.1 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 2.29 (s, 3H), 1.23 (s, 
9H). 13C NMR (126 MHz, CDCl3) δ 205.05 (s), 139.26 (s), 
134.85 (s), 129.88 (s), 124.46 (s), 46.81 (s), 27.39 (s), 21.28 
(s).  

S-(p-tolyl) dodecanethioate (3aa): Colourless liquid (68.9 
mg, 90%). 1H NMR (500 MHz, CDCl3) δ 7.20 (d, J = 8.1 Hz, 
2H), 7.13 (d, J = 8.0 Hz, 2H), 2.55 (t, J = 7.5 Hz, 2H), 2.29 (s, 
3H), 1.65 – 1.58 (m, 2H), 1.29 – 1.18 (m, 16H), 0.81 (t, J = 
6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 198.04 (s), 139.45 
(s), 134.39 (s), 129.92 (s), 124.38 (s), 43.57 (s), 31.86 (s), 
29.55 (s), 29.37 (s), 29.29 (s), 29.21 (s), 28.92 (s), 25.58 (s), 
22.65 (s), 22.03 (s), 21.27 (s), 14.08 (s). 

S-(p-tolyl)2-((3r,5r,7r)-adamantan-1-yl)ethanethioate (3ab): 
Colourless liquid (24.8 mg, 33%). 1H NMR (500 MHz, CDCl3) 
δ 7.21 (d, J = 8.1 Hz, 2H), 7.14 (d, J = 7.9 Hz, 2H), 2.33 (s, 
2H), 2.30 (s, 3H), 1.90 (s, 3H), 1.59 (d, J = 16.5 Hz, 12H). 13C 
NMR (126 MHz, CDCl3) δ 195.78 (s), 139.46 (s), 134.27 (s), 
129.92 (s), 124.98 (s), 57.17 (s), 42.39 (s), 36.65 (s), 33.97 (s), 
28.59 (s), 21.32 (s). HRMS (ESI) for C19H24OS [M+H]+: calcd 
301.1621, found 301.1616. 

S,S-di-p-tolyl butanebis(thioate) (3ac): White solid (29.7 
mg, 36%). 1H NMR (500 MHz, CDCl3) δ 7.22 (d, J = 8.1 Hz, 
4H), 7.14 (d, J = 8.0 Hz, 4H), 2.95 (s, 4H), 2.30 (s, 6H). 13C 
NMR (126 MHz, CDCl3) δ 196.27 (s), 139.86 (s), 134.51 (s), 
130.07 (s), 123.69 (s), 37.93 (s), 21.33 (s). HRMS (ESI) for 
C18H18O2S2 [M+H]+: calcd 331.0821, found 331.0815. 

S-(2-fluorophenyl) ethanethioate (6a): Colourless liquid 
(31.9 mg, 75%). 1H NMR (500 MHz, CDCl3) δ 7.39 – 7.31 (m, 
2H), 7.14 – 7.08 (m, 2H), 2.38 (s, 3H). 13C NMR (126 MHz, 
CDCl3) δ 192.07 (s), 162.02 (d, J = 249.5 Hz), 136.57 (s), 
132.14 (d, J = 8.2 Hz), 124.64 (d, J = 3.8 Hz), 116.21 (d, J = 
22.8 Hz), 115.26 (d, J = 18.6 Hz), 30.04 (s). 19F NMR (471 
MHz, CDCl3) δ -106.70 (s). HRMS (ESI) for C8H7FOS 
[M+H]+: calcd 171.0274, found 171.0272. 

S-(4-methoxyphenyl) ethanethioate (6b): Colourless liquid 
(25.5 mg, 56%). 1H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 
8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 3.82 (s, 3H), 2.39 (s, 
3H). 13C NMR (126 MHz, CDCl3) δ 195.20 (s), 160.62 (s), 
136.04 (s), 118.62 (s), 114.83 (s), 55.30 (s), 29.90 (s). 

S-benzyl ethanethioate (6c): Colourless liquid (25.3 mg, 
61%). 1H NMR (500 MHz, CDCl3) δ 7.32 – 7.21 (m, 5H), 
4.12 (s, 2H), 2.34 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
195.11 (s), 137.54 (s), 128.76 (s), 128.59 (s), 127.23 (s), 33.39 
(s), 30.29 (s).  

S-(4-bromophenyl) ethanethioate (6d): White solid (50.6 
mg, 88%). 1H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 8.4 Hz, 
2H), 7.20 (d, J = 8.4 Hz, 2H), 2.36 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 193.31 (s), 135.87 (s), 132.40 (s), 126.91 (s), 
124.11 (s), 30.22 (s). 

S-dodecyl 2-phenylethanethioate (6e): Colourless liquid 
(34.4 mg, 43%). 1H NMR (500 MHz, CDCl3) δ 7.28 – 7.19 (m, 
5H), 3.74 (s, 2H), 2.77 (t, J = 7.4 Hz, 2H), 1.49 – 1.44 (m, 2H), 
1.21 – 1.16 (m, 18H), 0.80 (t, J = 7.1 Hz, 3H). 13C NMR (126 
MHz, CDCl3) δ 197.56 (s), 133.79 (s), 129.50 (s), 128.60 (s), 
127.30 (s), 50.53 (s), 31.89 (s), 29.61 (s), 29.60 (s), 29.53 (s), 
29.44 (s), 29.35 (s), 29.33 (s), 29.25 (s), 29.06 (s), 28.81 (s), 
22.67 (s), 14.11 (s). HRMS (ESI) for C20H32OS [M+H]+: calcd 
321.2247, found 321.2239. 

S-(furan-2-ylmethyl) ethanethioate (6f): Light yellow liquid 
(19.9 mg, 51%). 1H NMR (400 MHz, CDCl3) δ 7.33 (s, 1H), 
6.29 (s, 1H), 6.22 (s, 1H), 4.15 (s, 2H), 2.36 (s, 3H). 13C NMR 
(101 MHz, CDCl3) δ 194.57 (s), 150.39 (s), 142.20 (s), 110.58 
(s), 107.85 (s), 30.33 (s), 25.84 (s). 

S-(4-chlorophenyl) ethanethioate (6g): Colourless liquid 
(41.4 mg, 89%). 1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 
8.5 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 2.42 (s, 3H). 13C NMR 
(101 MHz, CDCl3) δ 193.43 (s), 135.78 (s), 135.61 (s), 129.39 
(s), 126.25 (s), 30.15 (s). 

S-dodecyl benzothioate (6h): Colourless liquid (26.8 mg, 
35%). 1H NMR (500 MHz, CDCl3) δ 7.20 (d, J = 8.1 Hz, 2H), 
7.13 (d, J = 8.0 Hz, 2H), 2.55 (t, J = 7.5 Hz, 2H), 2.29 (s, 3H), 
1.65 – 1.58 (m, 2H), 1.29 – 1.18 (m, 16H), 0.81 (t, J = 6.9 Hz, 
3H). 13C NMR (126 MHz, CDCl3) δ 198.04 (s), 139.45 (s), 
134.39 (s), 129.92 (s), 124.38 (s), 43.57 (s), 31.86 (s), 29.55 
(s), 29.37 (s), 29.29 (s), 29.21 (s), 28.92 (s), 25.58 (s), 22.65 
(s), 22.03 (s), 21.27 (s), 14.08 (s).HRMS (ESI) for C19H30OS 
[M+H]+: calcd 307.2090, found 307.2092. 

S-cyclohexyl benzothioate (6i): Colourless liquid (25.3 mg, 
46%). 1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 7.5 Hz, 2H), 
7.55 (t, J = 7.3 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 3.73 (s, 1H), 
2.03 (d, J = 8.9 Hz, 2H), 1.80 – 1.73 (m, 2H), 1.63 (d, J = 12.7 
Hz, 2H), 1.51 (dd, J = 17.5, 9.4 Hz, 4H), 1.38 – 1.29 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 191.90 (s), 137.44 (s), 133.11 
(s), 128.50 (s), 127.13 (s), 42.52 (s), 33.15 (s), 26.01 (s), 25.60 
(s). 

S-butyl benzothioate (6j): Colourless liquid (34.9 mg, 72%). 
1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 7.6 Hz, 2H), 7.57 (t, 
J = 7.4 Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 3.08 (t, J = 7.3 Hz, 
2H), 1.67 (dd, J = 14.8, 7.3 Hz, 2H), 1.46 (dd, J = 14.9, 7.4 Hz, 
2H), 0.95 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
192.19 (s), 137.22 (s), 133.19 (s), 128.53 (s), 127.15 (s), 31.59 
(s), 28.72 (s), 22.04 (s), 13.62 (s). 

methyl 3-(benzoylthio)propanoate (6k): Colourless liquid 
(25.2 mg, 45%). 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 
7.9 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 
3.72 (s, 3H), 3.32 (t, J = 6.9 Hz, 2H), 2.75 (t, J = 7.0 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 191.50 (s), 172.18 (s), 136.78 
(s), 133.48 (s), 128.60 (s), 127.20 (s), 51.86 (s), 34.25 (s), 
24.00 (s). HRMS (ESI) for C11H12O3S [M+H]+: calcd 
225.0580, found 225.0576. 

S-(4-(tert-butyl)phenyl) ethanethioate (6l): Colourless liquid 
(52.0 mg, 100%). 1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 
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8.3 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 2.40 (s, 3H), 1.32 (s, 
9H). 13C NMR (101 MHz, CDCl3) δ 194.52 (s), 152.60 (s), 
134.02 (s), 126.30 (s), 124.43 (s), 34.71 (s), 31.15 (s), 30.08 
(s). HRMS (ESI) for C12H16OS [M+H]+: calcd 209.0995, 
found 209.0995. 

S-(4-(trifluoromethyl)phenyl) ethanethioate (6m): White 
solid (44.0 mg, 80%). 1H NMR (500 MHz, CDCl3) δ 7.66 (d, J 
= 8.1 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 2.46 (s, 3H). 13C NMR 
(126 MHz, CDCl3) δ 192.54 (s), 134.46 (s), 132.49 (q, J = 1.3 
Hz), 131.31 (q, J = 32.8 Hz), 125.95 (q, J = 3.8 Hz), 123.76 (q, 
J = 272.3 Hz), 30.37 (s). 19F NMR (471 MHz, CDCl3) δ -62.90 
(s). HRMS (ESI) for C9H7F3OS [M+H]+: calcd 221.0242, 
found 221.0240.  
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