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ABSTRACT: It is observed the crystal water in sodium thiosulfate pentahydrate (Na2S2O3·5H2O) can promote its multi-
component reaction with heteroaryl chlorides and alcohols, providing a facile, green and specific synthesis of 
unsymmetrical heteroaryl thioethers via one-step formation of two C-S bonds under catalyst-, additive-, and solvent-free 
conditions. Mechanistic studies suggest that the crystal water in Na2S2O3·5H2O is crucial in generating the key thiol 
intermediates and byproduct NaHSO4, which then catalyzes the dehydrative substitution of alcohols with thiols to afford 
thioethers.

Owing to their unique antibacterial, 
antimycobacterial, anticancer and anti-inflammatory 
activities, synthesis and applications of heteroaryl 
thioethers are always attractive topics among the 
synthetic and pharmaceutical chemists.1 However, known 
methods for heteroaryl thioethers synthesis are mostly 
cross-coupling reactions starting from the smelly, toxic, 
sensitive, and commercially less available organosulfur 
compounds (such as thiols, In(SR)3, disulfides or 
PhSSiMe3) under TM-catalyzed2 or non-catalytic3-4 

conditions (Scheme 1A). Therefore, developing eco-
friendly and metal-free methods that can employ some 
cheaper, greener, odorless, more stable, and low-toxic 
sulfur surrogates instead of the conventional organosulfur 
reagents is still highly desired in the field.

In recent years, the cheap, lowly toxic, odorless and 
stable Na2S2O3 has been widely used in sulfur-transfer 
reactions for synthesis of organosulfur compounds.5 These 
methods are rather attractive as the use of smelly, toxic 
and sensitive thiols can be avoided. 5 However, owing to 
the competitive homo-coupling side reactions of the two 
in situ generated thiol intermediates in MCR sulfur-

transfer reactions,5a,5e the synthesis of unsymmetrical 
thioethers is still challenging5,6 and the known methods 
were mainly limited to step-wise or

FG SRNFG XN RS+

Y = H, In, SR, TMS, etc.

cat. TM/L/base
Y

or excess base

FG N Cl+ + R-OH
catalyst-free

FG N S RNa2S2O3
. 5H2O

promoting effect
of the crystal water

C) This work: Specific synthesis of heteroaryl thioethers through crystal
water-promoted catalyst- and aditive-free multi-component reaction

A) Conventional methods based on the smelly toxic organosulfur compounds

R-X Ar S R2S

B) Sulfur transfer reactions with inevitable competitive homo-coupling side reactions

Na2S2O3
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+ Ar-X+ R Ar2S +

via [ RSH or ArSH ]
conditions/base

aditive-free
solvent-free

 Scheme 1. Methods for unsymmetrical thioether 
synthesis.
muti-step reactions through formation of Bunte salt 
intermediates via the reaction of one organohalide with 
Na2S2O3 (Scheme 1B).5e,7 In comparison, successful 
examples of direct intermolecular muti-component 
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reactions (MCR) of two different carbon sources with 
Na2S2O3 for efficient one-step construction of two C-S 
bonds are still rare and a catalyst or promoter is generally 
required to facilitate the in-situ liberation of thiol 
intermediate from Bunte salt.8 To our knowledge, highly 
selective and step-economic MCRs of Na2S2O3 for direct 
and efficient synthesis of unsymmetrical heteroaryl 
thioethers were not known yet.

We have been interested in thioether synthesis for a 
long time.9 We have also observed that thiourea can be 
used as the inorganic sulfur source in the synthesis of 
heteroaryl thioethers.9d However, to obtain satisfactory 
results, the more expensive heteroaryl bromides are 
usually required in the method because byproduct HBr-
mediated transformation of ROH to the more reactive 
RBr is a key step in the reaction. To develop a greener and 
more useful method that can employ the more economic 
heteroaryl chlorides and an alternative sulfur surrogate 
that can replace the relatively more toxic thiourea, herein, 
we describe a direct MCR of heteroaryl chlorides, 
Na2S2O3·5H2O, and alcohols (Scheme 1C). Interestingly, it 
was observed the crystal water in Na2S2O3·5H2O can 
promote the reaction greatly. In this MCR, simply 
replacing the commonly used alkyl halides with alcohols, 
sequencial C-S bond formations can occur in one-pot to 
provide an efficient and specific synthesis of heteroaryl 
thioethers under catalyst-, additive-, and solvent-free 
conditions.

Table 1. Conditions screening for heteroaryl thioethers 
synthesis.a

Under air

N Cl N S Ph
1a 2a 3aa

+ +Ph OH
140 oC, 12 h

4a 5a

(2-Py)2S Bn2SNa2S2O3
. 5H2O

run Solvent 3aa%b 3aa/4a/5ac

1 none 83 >99/0/0
2 dioxane 32 60/40/0
3 DMSO 0 0/0/>99
4 toluene 0 0/0/0
5 H2O 82 >99/0/0
6 H2Od 8 18/82/0
7e none 86 >99/0/0
8f none trace ---
9f H2Og 80 >99/0/0
10f DMF trace ---
11f DMSO trace ---
12h none 65 91/9/0

a Unlesss otherwise noted, the mixture of 2-pyridyl chloride 1a 
(0.50 mmol), Na2S2O3·5H2O (1.0 mmol), benzyl alcohol 2a 
(0.50 mmol), and a solvent (0.25 mL) was heated at 140 oC (oil 
bath) for 12 h in a 10 mL sealed Schlenk tube under air, and 
then monitored by TLC/GC-MS. b Isolated yields based on 1a. 
c Determined by GC-MS. d H2O (1.0 mL). e Under N2. f 1 mmol 
anhydrous Na2S2O3 of 4N grade ( 99.99% trace metals basis) 
was used instead of Na2S2O3·5H2O. g H2O (0.090 mL, ca. 5 
mmol, 5 equiv. to Na2S2O3). h 120 oC

Initially, a neat mixture of 2-pyridyl chloride (1a), 
Na2S2O3·5H2O, and benzyl alcohol (2a) was directly 
heated under air. To our delight, even at 140 oC, 2-pyridyl 
benzyl thioether (3aa) could be obtained in 83% isolated 
yield and >99% selectivity without observing the possible 
homo-coupling by-products di-(2-pyridyl)thioether (4a) 
and di-(benzyl) thioether (5a) (Table 1, run 1). Then 
various solvents were screened, showing that the reaction 
is rather sluggish in solvents with detection of by-
products 4a and 5a (runs 2-4).10 In great contrast, a 
control reaction in water successfully afforded a 
comparable yield (82%) of 3aa (run 5) with that of the 
neat reaction (run 1). This may suggest that the reaction is 
tolerant with water and water a better solvent.11 However, 
another control reaction with more water gave only an 
inferior yield of 3aa in a low selectivity (run 6). The 
reaction was then returned to the solvent-free condition 
and investigated under nitrogen to avoid oxidative side 
reactions of the thiol intermediates. Indeed, the reaction 
gave a slightly improved yield of 3aa (86%) with >99% 
selectivity (run 7). Anhydrous Na2S2O3 (2a’)12 was then 
investigated for comparison with Na2S2O3·5H2O. To our 
great surprise, only trace amount of 3aa was observed in 
the reaction (run 8). Then, ca. 5 mmol water (equals to 
the amount of crystal water in the added Na2S2O3·5H2O) 
was added to the reaction. To our surprise again, once the 
water was added, the reaction effectively gave a 
comparable yield (80%) of 3aa with that of the neat 
reaction of Na2S2O3·5H2O (run 1).13 However, some control 
experiments using other strongly solvating solvents such 
as DMSO and DMF only gave trace amount of target 3aa 
(runs 10-11). These results implies that the crystal water in 
Na2S2O3·5H2O may play a significant role in the reaction 
(vide infra). However, running the reaction at 
temperatures below 140 oC led to lower selectivity of 3aa 
with increased yields of 4a (run 12). Usually, higher 
temperatures can lead to less difference of the activation 
barriers between competing reactions and consequently 
lower selectivities of the products and byproducts. Hence, 
to improve the product’s selectivity, reducing the reaction 
temperature is usually the mean of choice. On the 
contrary, the above observed beneficial effect of higher 
temperature on the product’s selectivity is unusual and 
interesting in organic reactions.

With the optimized conditions in hand (Table 1, run 
7), various alcohols and heteroaryl chlorides were then 
investigated to extend the scope of this method. As shown 
in Table 2, like the model reaction (run 1), both electron-
rich and -deficient primary benzylic alcohols including 
the sterically more bulky ortho-substituted ones reacted 
effectively with 1a and Na2S2O3·5H2O to afford moderate 
to high yields of the correspoding thioethers (runs 2-10). 
As to heteroaryl methanols, the reaction of 2-
thiophenemethanol gave a good yield of the product (run 
11); while 3-pyridylmethanol only afforded a low yield of 
the product (run 12), very possibly due to the interaction 
of the alcohol’s basic pyridyl moiety with the generated 
intermediate NaHSO4 (vide infra). The method can also 
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be applied to more challenging primary aliphatic alcohols 
under the standard catalyst- and additive-free conditions, 
affording moderate yields of the products (runs 13-14).14 
Moreover, sterically more bulky secondary alcohols such 
as benzhydrol, 2-phenylethanol also afforded the target 
products in satisfactory yields (runs 15-16).15 

For substituted 2-pyridyl chlorides, both electron-
rich and -deficient 2-pyridyl chlorides, including the 
dichlorides and those with reactive CN, F, Br and NO2 
groups, reacted smoothly under the standard conditions 
to give moderate to good yields of the target products 
(Table 2, runs 17-26). 4-Pyridyl chloride also reacted 
smoothly to afford the target 3la in an acceptable yield 
(run 27). Similarly, other activated heteroaryl halides such 
as 2-quinolyl, 2-pyrimidyl, 2-pyrazinyl and 2-
benzothiazolyl halides mostly reacted smoothly with 
Na2S2O3·5H2O and 2a to give the target products in 
moderate yields (runs 28-31), revealing that the substrate 
scope of this method can be rather broad. However, the 
present method is not suitable for electron-deficient aryl 
chlorides, such as 4-nitrochlorobenzene (run 32).

Table 2. Substrate extension of the catalyst- and 
additive-free heteroaryl thioether synthesis.a

N S N S S

N S

(1) R' = H, 3aa: 86%
(2) R' = p-Me, 3ab: 85%
(3) R' = p-MeO, 3ac: 86%
(4) R' = o-Me, 3ad: 81%

(9) 3ai: 60% (11) 3ak: 76%

N S

(12) 3al: 16%

N

N S
R'

(5) R' = o-Cl, 3ae: 70%
(6) R' = p-NO2, 3af: 68%
(7) R' = p-F, 3ag: 82%
(8) R' = p-Br, 3ah: 78%

N S Ph

(17) FG = 3-F, 3ba: 76%
(18) FG = 3-Cl, 3ca: 79%
(19) FG = 4-Me, 3da: 85%
(20) FG = 4-CN, 3ea: 61%
(21) FG = 5-OMe, 3fa: 54% [c]

(22) FG = 5-NO2, 3ga: 80%
(23) FG = 5-CN, 3ha: 57%
(24) FG = 5-Cl, 3ia: 78%
(25) FG = 5-Br, 3ja: 80%
(26) FG = 6-Me, 3ka: 50%

FG

N S
N S

(28) 3ma: 62%

S
S

N

(31) 3pa: 70%

(29) 3na: 42%
N

N

S
(30) 3oa: 67%

Ph PhN

N

S Ph

Ph

(27) 3la: 51%

Ph

(13) 3am: 42% [b]

N S
n-C8H17

(14) 3an: 38% [b]

N S Ph

Ph

(15) 3ao: 80%

N S Ph

Me

(16) 3ap: 62%

Ph

N S

(10) 3aj: 81%

FG N Cl + + R-OH
140 oC, N2, 12 h

FG N S R

1 2 3

Na2S2O3
. 5H2O

O2N

S Ph

(32) 3qa: trace

 a See Table 1 run 7 for details, isolated yield based on 1. b 150 oC. c 
170 oC.

The above method is also easily scalable. As shown in 
Figure 1, heating an 8 mmol reaction of 1a, Na2S2O3·5H2O, 
and 2a afforded a two-phase mixture, which led to an easy 
purification of 3aa without the need of column 
chromatography. Thus, 3aa could be obtained in 67% 
isolated yield (1.08 g, 99% purity) by simple extraction 
and filtration.10

N S Ph

67% isolated yield (1.08 g)

8 mmol scale reaction
Column chromatography-free purification

3aa

Figure 1. Gram scale synthesis of 2a.
Control experiments were then carried out to 

investigate the reaction mechanism. As shown in eq. 1, in 
situ 1H NMR analysis of the reaction mixture of 2-pyridyl 
chloride (1a) and anhydrous sodium thiosulfate in the 
presence of deuteroxide showed that 2-pyridyl Bunte salt 
(6a) and d-2-pyridinethiol (d-7a) were generated during 
the progress of the reaction.16 Most likely, an SNAr 
reaction of 2-pyridyl chloride (1a) and sodium thiosulfate 
may occur to afford 6a first, which then hydrolyzed with 
deuteroxide to afford d-2-pyridinethiol (d-7a) and 
byproduct NaDSO4.17

N Cl
+

N S
SO3Na

6a/(d-7a) = 1.0/1.3
6a

140 oC, N2, 12 h N SD
d-7a

+

- NaDSO4

Na2S2O3
D2O

1a

(1)

D2O

Further reaction of 2-pyridinethiol (7a) with the 
alcohol 2a was then investigated. Without any additive, 
the blank reaction of 7a and 2a afforded only 13% yield of 
3aa in water (eq. 2, run 1). Then, with addition of only 
catalytic amount of NaHSO4 (the byproduct), the reaction 
was greatly promoted to give 94% yield of 3aa under the 
same conditions (run 2). This result could be easily 
repeated by using other solvents (runs 3-4). In contrast, 
addition of a base (DBU, 1,8-Diazabicyclo[5.4.0]undec-7-
ene) to the model reaction could quickly terminate the 
reaction (eq. 3). These results suggest that the generated 
byproduct NaHSO4 is not useless in the reaction but 
crucial in the efficient production of the target thiothers. 
Since water is indispensable in the generation of both the 
heteroaryl thiols 7 and byproduct NaHSO4 (eq. 1), the 
above results further revealed the crucial role of water in 
the present MCR, which is clearly consistent with the 
preceding experimental findings during condition 
screening. For example, water is found to be a better 
solvent for the reaction (Table 1, run 5), and, without 
water, the reaction of anhydrous sodium thiosulfate could 
not occur to give the product (Table 1, run 8).

2a

+

1) blank, H2O (0.25 mL), 13%
2) NaHSO4 (10 mol%), H2O (0.25 mL), 94%
3) NaHSO4 (10 mol%), toluene (0.25 mL), 90%
4) NaHSO4 (10 mol%), dioxane (0.25 mL), 80%

Ph OH

3aa
N S Ph

7a
N SH 140 oC, N2, 12 h

(2)
solvent
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(3)
DBU (1.2 equiv.)

3aa
not observed

140 oC, N2, 12 h
+

N Cl
+ Ph OH

N S Ph

1a 2a

Na2S2O3
. 5H2O

Control reactions using benzyl bromide (8a) instead 
of benzyl alcohol (2a) were also investigated to get more 
information. As shown in Eq. (4), the target 3aa could 
only be obtained in low to moderate yields with or 
without a base; whereas, the homo-coupled di-(benzyl) 
thioether (5a) was also obtained as main product. These 
results suggest that alkyl halides 8 can compete with the 
heteroaryl chlorides 1 and lead to low selectivity of the 
target prouduct, being a disadvantage of using common 
alkyl halides. In comparison, in the present method, most 
likely due to inert reactivity of alcohols, Na2S2O3·5H2O 
may sequentially react with heteroaryl chlorides 1 first 
and then with alcohols, which then leads to the high 
selectivity of the target thioethers. Therefore, using 
alcohols as the alkyl sources is not only an advantage of 
the mothod for replacing the alkyl halides, the reasults 
also showed that alcohols are indispensible alkyl sources 
for the high selectivity of the reaction. 

3aa

140 oC, N2, 12 h
+

N Cl
+ Ph Br

N S Ph
1a 8a

Na2S2O3
. 5H2O Bn2S

5a

1) none: 3aa, 52%; 5a, 10% isolated yield
2) K2CO3 (2.0 equiv.): 3aa, 31%; 5a, 22% isolated yield

(4)

A plausible mechanism was then proposed as shown 
in Scheme 2. Initially, heteroaryl chlorides 1 may react 
with sodium thiosulfate pentahydrate to afford heteroaryl 
Bunte salts 6, which then hydrolyze with water to give the 
key intermediates heteroaryl thiols 7 and bisulfate anion 
(or a proton).8 Finally, catalyzed by the in situ generated 
bisulfate anion (or a proton), the dehydrative substitution 
reaction of alcohols 2 with heteroaryl thiols 7 may occur 
to give the target products 3.18 

N SFG R
3

N SFG
SO3Na

6

H2O
N SHFG

7

N XFG

1

Na2S2O3.5H2O HSO4
- (H+)

ROH (2)

H2O
-NaX
- H2O (cat.)

Scheme 2. Possible reaction path way.
In summary, the crystal water in Na2S2O3·5H2O was 

found able to promote a MCR of heteroaryl chlorides, 
Na2S2O3·5H2O, and alcohols. Thus, a one-pot catalyst-, 
additive-, and solvent-free method for specific synthesis 
of the useful unsymmetrical heteroaryl thioethers was 
developed by using the odorless and lowly toxic 
Na2S2O3·5H2O as the sulfur surrogate and alcohols the 
greener alkyl source. Mechanistic studies revealed that 
the crystal water in Na2S2O3·5H2O is crucial in generating 
the key thiol intermediates and byproduct NaHSO4, 
which can then catalyze the dehydrative substitution 

reaction of thiol intermediates and alcohols to finally 
afford the unsymmetrical heteroaryl thioethers. This 
method is suitable for a wide range of substrates and can 
be easily scaled up to gram scale preparation of the 
thioethers under column chromatography-free conditions.

EXPERIMENTAL SECTION 
General Information. Unless otherwise noted, all 
chemicals were purchased and used without further 
purification. Unless otherwise specified, all reactions were 
carried out in sealed Schlenk tubes under N2 and then 
monitored by TLC and/or GC-MS. Products were purified 
by column chromatography on silica gel using petroleum 
ether and ethyl acetate as the eluent. Unless otherwise 
noted, 1H and 13C {1H} NMR spectra were measured on a 
Bruker Avance-III 500 instrument (500 MHz and 125 MHz, 
respectively) or JNM-ECZ600R/S3 (Jeol, Japan) (600 MHz 
and 150 MHz, respectively) using CDCl3 as the solvent. 
Chemical shifts for 1H and 13C {1H} NMR were referred to 
internal Me4Si (0 ppm) as the standard. Mass spectra were 
measured on an Agilent GC-MS-5890A/5975C Plus 
spectrometer (EI). HRMS were recorded on a LC-TOF 
spectrometer (Xevo G2-XS QTof) using ESI techniques.

General Procedure for the Catalyst- and Additive-
Free MCR of Heteroaryl Chlorides, Sodium 
Thiosulfate Pentahydrate and Alcohols. A mixture of 
2-pyridyl chloride 1a (56.5 mg, 0.50 mmol), Sodium 
thiosulfate pentahydrate (248.0 mg, 1.0 mmol, 2.0 equiv.) 
and benzyl alcohol 2a (54.0 mg, 0.50 mmol, 1.0 equiv.) 
was sealed in a Schlenk tube (20 mL) under N2, and 
stirred at 140 oC (oil bath) for 12 h. The reaction was then 
monitored by TLC and/or GC-MS. After completion of the 
reaction, the reaction mixture was purified by flash 
column chromatography on silica gel using ethyl acetate 
and petroleum ether (0~ 1/50) as the eluent, giving 3aa in 
86% isolated yield.
2-(Benzylthio)pyridine (3aa). Colorless oil, (86.3 mg, 
86%).9b 1H NMR (500 MHz, CDCl3) δ 8.47 – 8.31 (m, 1H), 
7.44 – 7.34 (m, 3H), 7.26 (dd, J = 10.0, 4.5 Hz, 2H), 7.20 (dd, 
J = 9.5, 5.0 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 6.99 – 6.84 (m, 
1H), 4.43 (s, 2H); 13C {1H} NMR (125 MHz, CDCl3) δ 158.9, 
149.3, 138.0, 136.1, 129.0, 128.5, 127.1, 122.2, 119.6, 34.6; MS 
(EI): m/z (%) 201 (48), 168 (100), 154 (2), 124 (10), 121 (4), 91 
(58), 65 (24), 51 (8). 
2-((4-Methylbenzyl)thio)pyridine (3ab). Colorless oil (91.3 
mg, 85%).9d 1H NMR (500 MHz, CDCl3) δ 8.45 (s, 1H), 7.45 
(t, J = 7.5 Hz, 1H), 7.29 (d, J = 7.0 Hz, 2H), 7.16 – 7.07 (m, 
3H), 6.98 (t, J = 5.5 Hz, 1H), 4.42 (d, J = 8.5 Hz, 2H), 2.30 (s, 
3H); 13C {1H} NMR (125 MHz, CDCl3) δ 159.0, 149.1, 136.8, 
136.2, 134.7, 129.2, 128.9, 122.3, 119.6, 34.4, 21.1.
2-((4-Methoxybenzyl)thio)pyridine (3ac). Colorless oil 
(99.3 mg, 86%).19 1H NMR (500 MHz, CDCl3) δ 8.47 (d, J = 
4.5 Hz, 1H), 7.50 (t, J = 7.5 Hz, 1H), 7.32 (d, J = 8.5 Hz, 2H), 
7.18 (d, J = 8.0 Hz, 1H), 7.05 – 6.98 (m, 1H), 6.82 (d, J = 8.5 
Hz, 2H), 4.42 (s, 2H), 3.77 (s, 3H); 13C {1H} NMR (125 MHz, 
CDCl3) δ 158.9, 148.7, 136.6, 130.1, 129.5, 122.5, 119.7, 114.0, 
55.3, 34.4. 
2-((2-methoxybenzyl)thio)pyridine (3ad). Colorless oil 
(87.0 mg, 81%).9d 1H NMR (500 MHz, CDCl3) δ 8.38 (d, J = 
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4.2 Hz, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.28 (d, J = 7.2 Hz, 1H), 
7.11 – 6.98 (m, 4H), 6.95 – 6.79 (m, 1H), 4.37 (s, 2H), 2.33 (s, 
3H); 13C {1H} NMR (125 MHz, CDCl3) δ 159.2, 149.3, 137.0, 
136.1, 135.4, 130.4, 130.0, 127.5, 126.1, 122.3, 119.5, 32.8, 19.3. 
2-((2-Chlorobenzyl)thio)pyridine (3ae). Colorless oil (82.4 
mg, 70%).9d 1H NMR (500 MHz, CDCl3) δ 8.48 (d, J = 4.5 
Hz, 1H), 7.59 – 7.43 (m, 2H), 7.39 – 7.30 (m, 1H), 7.22 – 
7.09 (m, 3H), 7.11 – 6.94 (m, 1H), 4.59 (s, 2H); 13C {1H} NMR 
(125 MHz, CDCl3) δ 158.3, 149.1, 136.3 135.8, 134.3, 131.0, 
129.6, 128.5, 126.8, 122.5, 119.7, 32.1. 
2-((4-nitrobenzyl)thio)pyridine (3af). Colorless oil (84.0 
mg, 68%). 1H NMR (600 MHz, CDCl3) δ 8.45 (d, J = 4.2 Hz, 
1H), 8.12 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 7.49 (t, 
J = 7.2 Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 7.09 – 6.93 (m, 1H), 
4.52 (s, 2H); 13C {1H} NMR (150 MHz, CDCl3) δ 157.1, 149.3, 
147.0, 146.5, 136.3, 129.8, 123.6, 122.4, 120.1, 33.4. HRMS (ESI) 
for C12H11N2O2S (M+H) Calcd: 247.0541; found: 247.0520.
2-((4-fluorobenzyl)thio)pyridine (3ag). Colorless oil (89.8 
mg, 82%). 1H NMR (600 MHz, CDCl3) δ 8.44 (d, J = 4.8 Hz, 
1H), 7.44 (t, J = 7.8 Hz, 1H), 7.35 (dd, J = 7.8, 6.0 Hz, 2H), 
7.14 (d, J = 7.8 Hz, 1H), 6.96 (dt, J = 13.2, 7.8 Hz, 3H), 4.40 
(s, 2H); 13C {1H} NMR (150 MHz, CDCl3) δ 162.0 (d, J = 245.3 
Hz), 158.4 (s), 149.4 (s), 136.1 (s), 133.9 (d, J = 3.2 Hz), 130.5 
(d, J = 8.1 Hz), 122.2 (s), 119.7 (s), 115.3 (d, J = 21.4 Hz), 33.6 
(s). HRMS (ESI) for C12H11FNS (M+H) Calcd: 220.0596; 
found: 220.0608.
2-((4-Bromobenzyl)thio)pyridine (3ah). Colorless oil (109.0 
mg, 78%).20 1H NMR (500 MHz, CDCl3) δ 8.44 (d, J = 4.5 
Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H), 7.38 (d, J = 8.5 Hz, 2H), 
7.27 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 8.0 Hz, 1H), 7.03 – 6.93 
(m, 1H), 4.39 (s, 2H); 13C {1H} NMR (125 MHz, CDCl3) δ 
158.1, 149.2, 137.3, 136.3, 131.5, 130.7, 122.4, 121.0, 119.8, 33.8. 
1-((Naphthalen-1-ylmethyl)thio)pyridine (3ai). White solid, 
113-115 oC (75.0 mg, 60%).9d 1H NMR (500 MHz, CDCl3) δ 
8.51 (d, J = 4.0 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 
8.0 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 7.0 Hz, 1H), 
7.52 – 7.42 (m, 3H), 7.37 (t, J = 7.5 Hz, 1H), 7.13 (d, J = 8.0 
Hz, 1H), 7.03 – 6.94 (m, 1H), 4.93 (s, 2H); 13C {1H} NMR 
(125 MHz, CDCl3) δ 159.0, 149.2, 136.2, 134.0, 133.2, 131.8, 
128.8, 128.2, 127.6, 126.3, 125.8, 125.4, 124.0, 122.4, 119.7, 32.4. 
2-((Naphthalen-1-ylmethyl)thio)pyridine (3aj). White solid, 
124-125 oC, (101.5 mg, 81%). 1H NMR (600 MHz, CDCl3) δ 
8.46 (d, J = 4.2 Hz, 1H), 7.83 (s, 1H), 7.76 (t, J = 7.8 Hz, 3H), 
7.51 (d, J = 8.4 Hz, 1H), 7.45 – 7.34 (m, 3H), 7.14 (d, J = 8.4 
Hz, 1H), 7.00 – 6.84 (m, 1H), 4.60 (s, 2H); 13C {1H} NMR 
(150 MHz, CDCl3) δ 158.7, 149.3, 136.2, 135.4, 133.4, 132.7, 
128.3, 127.8, 127.7, 127.6, 127.2, 126.2, 125.8, 122.3, 119.7, 34.8. 
HRMS (ESI) for C16H14NS (M+H) Calcd: 252.0847; found: 
252.0864.
2-((Thiophen-2-ylmethyl)thio)pyridine (3ak). Colorless oil, 
(79.0, 76%).9d 1H NMR (500 MHz, CDCl3) δ 8.50 (d, J = 4.0 
Hz, 1H), 7.53 (t, J = 7.0 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.15 
(dd, J = 5.0, 1.0 Hz, 1H), 7.09 – 6.97 (m, 2H), 6.89 (dd, J = 
5.0, 3.5 Hz, 1H), 4.70 (s, 2H); 13C {1H} NMR (125 MHz, 
CDCl3) δ 157.9, 148.8, 140.7, 136.8, 126.7, 126.6, 125.0, 122.8, 
120.0, 29.3. 
2-((pyridin-3-ylmethyl)thio)pyridine (3al). Colorless oil, 
(16.0 mg, 16%). 1H NMR (500 MHz, CDCl3) δ 8.57 (d, J = 1.8 
Hz, 1H), 8.42 – 8.32 (m, 2H), 7.68 – 7.64 (m, 1H), 7.45 – 
7.34 (m, 1H), 7.13 (dd, J = 7.2, 4.8 Hz, 1H), 7.12 – 7.05 (m, 

1H), 6.95 – 6.90 (m, 1H), 4.35 (s, 2H); 13C {1H} NMR (125 
MHz, CDCl3) δ 157.6, 150.3, 149.5, 148.3, 136.5, 136.1, 134.4, 
123.3, 122.3, 119.9, 31.3;. HRMS (ESI) for C11H11N2S (M+H) 
Calcd: 203.0643; found: 203.0666.
2-(Phenethylthio)pyridine (3am). Colorless oil (44.8 mg, 
42%).21 1H NMR (500 MHz, CDCl3) δ 8.45 (d, J = 4.5 Hz, 
1H), 7.46 (t, J = 8.0 Hz, 1H), 7.37 – 7.09 (m, 6H), 7.04 – 
6.84 (m, 1H), 3.43 (t, J = 7.5 Hz, 2H), 3.01 (t, J = 7.5 Hz, 2H) ; 
13C {1H} NMR (125 MHz, CDCl3) δ 159.0, 149.4, 140.6, 135.9, 
128.6, 128.4, 126.4, 122.4, 119.3, 35.9, 31.5. 
2-(Octylthio)pyridine (3an). Colorless oil, (42.1 mg, 38%).22 
1H NMR (500 MHz, CDCl3) δ 8.42 (t, J = 4.5 Hz, 1H), 7.47 
(dt, J = 7.5, 5.5 Hz, 1H), 7.25 – 7.11 (m, 1H), 7.07 – 6.85 (m, 
1H), 3.20 – 3.13 (m, 2H), 1.75 – 1.65 (m, 2H), 1.50 – 1.40 (m, 
2H), 1.37 – 1.15 (m, 8H), 0.87 (t, J = 6.5 Hz, 3H); 13C {1H} 
NMR (125 MHz, CDCl3) δ 159.7, 149.2, 136.0, 122.2, 119.2, 
31.8, 30.3, 29.3, 29.1, 28.9, 22.6, 14.0. 
2-(Benzhydrylthio)pyridine (3ao). White solid, m.p. 69-70 
oC, (111.0 mg, 80%).23 1H NMR (500 MHz, CDCl3) δ 8.37 (s, 
1H), 7.51 – 7.36 (m, 5H), 7.33 – 7.16 (m, 6H), 7.11 (dd, J = 7.5, 
4.5 Hz, 1H), 6.98 – 6.90 (m, 1H), 6.35 (d, J = 4.5 Hz, 1H); 13C 
{1H} NMR (125 MHz, CDCl3) δ 158.3, 149.2, 141.3, 136.3, 
128.6, 128.5, 127.1, 122.5, 119.9, 52.9. 
2-((1-Phenylethyl)thio)pyridine (3ap). White solid, 47-49 
oC, (66.1 mg, 62%).9d 1H NMR (500 MHz, CDCl3) δ 8.45 (d, 
J = 4.5 Hz, 1H), 7.44 (t, J = 6.5 Hz, 3H), 7.29 (t, J = 7.5 Hz, 
2H), 7.21 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 7.06 – 
6.85 (m, 1H), 5.13 (q, J = 7.0 Hz, 1H), 1.74 (d, J = 7.0 Hz, 3H); 
13C {1H} NMR (125 MHz, CDCl3) δ 158.8, 149.2, 143.2, 136.3, 
128.5, 127.4, 127.2, 123.1, 119.7, 43.8, 22.6. 
2-(Benzylthio)-3-fluoropyridine (3ba). Colorless oil, (83.5 
mg, 76%).9d 1H NMR (500 MHz, CDCl3) δ 8.28 (s, 1H), 7.41 
(d, J = 7.5 Hz, 2H), 7.31 – 7.31 (m, 4H), 7.01 (dd, J = 7.5, 4.0 
Hz, 1H), 4.48 (s, 2H); 13C {1H} NMR (125 MHz, CDCl3) δ 
156.1 (d, J = 256.0 Hz), 147.5 (d, J = 17.8 Hz), 144.8 (d, J = 
5.0 Hz), 129.1 (s), 128.5 (s), 127.2 (s), 121.1 (d, J = 18.0 Hz), 
120.1 (d, J = 2.8 Hz), 33.3 (s). 
2-(Benzylthio)-3-chloropyridine (3ca). Colorless oil, (93.0 
mg, 79%).9d 1H NMR (500 MHz, CDCl3) δ 8.36 (d, J = 4.5 
Hz, 1H), 7.52 (d, J = 80 Hz, 1H), 7.42 (d, J = 7.5 Hz, 2H), 
7.34 – 7.17 (m, 3H), 6.95 (dd, J = 8.0, 4.5 Hz, 1H), 4.46 (s, 
2H); 13C {1H} NMR (125 MHz, CDCl3) δ 157.3, 146.8, 137.5, 
135.9, 129.2, 129.0, 128.5, 127.2, 119.8, 34.7. 
2-(Benzylthio)-4-methylpyridine (3da). Colorless oil, (91.5 
mg, 85%).9d 1H NMR (500 MHz, CDCl3) δ 8.30 (d, J = 5.1 
Hz, 1H), 7.39 (d, J = 7.4 Hz, 2H), 7.32 – 7.17 (m, 3H), 6.98 
(s, 1H), 6.80 (d, J = 5.0 Hz, 1H), 4.42 (s, 2H), 2.24 (s, 3H); 
13C {1H} NMR (125 MHz, CDCl3) δ 158.6, 149.1, 147.3, 138.2, 
129.1, 128.6, 127.1, 122.7, 121.1, 34.5, 20.9. 
2-(Benzylthio)isonicotinonitrile (3ea). White solid, 78-79 
oC, (69.5 mg, 61%).9d 1H NMR (500 MHz, CDCl3) δ 8.57 (d, 
J = 5.0 Hz, 1H), 7.38 (d, J = 7.5 Hz, 2H), 7.34 – 7.19 (m, 4H), 
7.14 (d, J = 5.0 Hz, 1H), 4.44 (s, 2H); 13C {1H} NMR (125 
MHz, CDCl3) δ 161.3, 150.1, 137.0, 129.0, 128.6, 127.4, 123.7, 
120.4, 120.2, 116.2, 34.5. 
2-(Benzylthio)-5-methoxypyridine (3fa). Colorless oil, (62.5 
mg, 54%).9d 1H NMR (500 MHz, CDCl3) δ 8.18 (s, 1H), 7.31 
(d, J = 7.5 Hz, 2H), 7.26 – 7.09 (m, 6H), 4.42 (s, 2H), 3.79 
(s, 3H); 13C {1H} NMR (125 MHz, CDCl3) δ 154.3, 148.5, 137.2, 
133.9, 129.0, 128.5, 127.3, 125.3, 124.9, 56.2, 36.6.
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2-(Benzylthio)-5-nitropyridine (3ga). Light yellow solid, 
92-93 oC, (98.9 mg, 80%).9d 1H NMR (500 MHz, CDCl3) δ 
9.26 (d, J = 2.5 Hz, 1H), 8.21 (dd, J = 9.0, 2.5 Hz, 1H), 7.41 (d, 
J = 7.5 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.27 (d, J = 9.0 Hz, 
2H), 4.52 (s, 2H); 13C {1H} NMR (125 MHz, CDCl3) δ 167.3, 
145.0, 141.3, 136.7, 130.4, 129.0, 128.7, 127.6, 121.3, 34.8. 
6-(Benzylthio)nicotinonitrile (3ha). White solid, 79-81 oC, 
(64.0 mg, 57%).9d 1H NMR (500 MHz, CDCl3) δ 8.68 (s, 1H), 
7.65 (d, J = 8.5 Hz, 1H), 7.39 (d, J = 7.5 Hz, 2H), 7.31 (t, J = 
7.5 Hz, 2H), 7.26 – 7.20 (m, 2H), 4.47 (s, 2H); 13C {1H} NMR 
(125 MHz, CDCl3) δ 164.9, 152.2, 137.8, 136.9, 129.0, 128.6, 
127.5, 121.6, 117.0, 105.0, 34.4. 
2-(Benzylthio)-5-chloropyridine (3ia). Colorless oil, (92.0 
mg, 78%).9d 1H NMR (500 MHz, CDCl3) δ 8.35 (d, J = 2.0 
Hz, 1H), 7.38 (dd, J = 8.5, 2.5 Hz, 1H), 7.31 (d, J = 7.5 Hz, 
2H), 7.21 (t, J = 7.5 Hz, 2H), 7.18 – 7.10 (m, 1H), 7.03 (d, J = 
8.5 Hz, 1H), 4.35 (s, 2H); 13C {1H} NMR (125 MHz, CDCl3) δ 
157.0, 147.8, 137.5, 136.1, 128.9, 128.5, 128.1, 127.3, 122.9, 34.9. 
2-(Benzylthio)-5-bromopyridine (3ja). White solid, 86-88 
oC, (112.0 mg, 80%).1a 1H NMR (500 MHz, CDCl3) δ 8.50 (s, 
1H), 7.56 (dd, J = 8.5, 2.0 Hz, 1H), 7.38 (d, J = 7.5 Hz, 2H), 
7.32 – 7.18 (m, 3H), 7.05 (d, J = 8.5 Hz, 1H), 4.41 (s, 2H); 13C 
{1H} NMR (125 MHz, CDCl3) δ 157.6, 150.1, 138.6, 137.6, 
128.9, 128.5, 127.2, 123.3, 116.2, 34.8. 
2-(Benzylthio)-6-methylpyridine (3ka). Colorless oil, 
(53.4mg, 50%).9d 1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 
7.5 Hz, 2H), 7.34 (t, J = 7.5 Hz, 1H), 7.27 (t, J = 7.5 Hz, 2H), 
7.22 (d, J = 7.5 Hz, 1H), 6.95 (d, J = 8.0 Hz, 1H), 6.83 (d, J = 
7.5 Hz, 1H), 4.42 (s, 2H), 2.52 (s, 3H); 13C {1H} NMR (125 
MHz, CDCl3) δ 158.3, 157.7, 138.4, 136.4, 129.0, 128.4, 127.0, 
119.0, 34.6, 24.3. 
4-(Benzylthio)pyridine (3la). White solid, 55-57 oC, (52.0 
mg, 51%).24 1H NMR (500 MHz, CDCl3) δ 8.37 (s, 1H), 7.38 
(d, J = 8.0 Hz, 1H), 7.34 – 7.24 (m, 1H), 7.12 (d, J = 4.0 Hz, 
1H), 4.20 (s, 1H); 13C {1H} NMR (125 MHz, CDCl3) δ 149.5, 
148.9, 135.5, 128.8, 128.7, 127.7, 120.9, 35.8. 
2-(Benzylthio)quinoline (3ma). White solid, 123-125 oC, 
(77.5 mg, 62%).25 1H NMR (500 MHz, CDCl3) δ 8.08 (d, J = 
8.0 Hz, 1H), 7.89 (t, J = 10.0 Hz, 1H), 7.78 – 7.62 (m, 2H), 
7.55 – 7.40 (m, 3H), 7.29 (t, J = 7.5 Hz, 2H), 7.26 – 7.13 (m, 
2H), 4.65 (s, 2H); 13C {1H} NMR (125 MHz, CDCl3) δ 159.0, 
147.6, 138.0, 136.0, 130.1, 129.2, 128.5, 127.6, 127.5, 127.2, 126.1, 
125.6, 120.7, 34.4. 
2-(Benzylthio)pyrimidine (3na). Colorless oil, (42.5 mg, 
42%).24 1H NMR (500 MHz, CDCl3) δ 8.52 (d, J = 5.0 Hz, 
2H), 7.43 (d, J = 7.5 Hz, 2H), 7.35 – 7.18 (m, 3H), 6.97 (t, J = 
5.0 Hz, 1H), 4.43 (s, 2H);  13C {1H} NMR (125 MHz, CDCl3) δ 
172.2, 157.2, 137.4, 129.1, 128.5, 127.2, 116.5, 35.3. 
2-(Benzylthio)pyrazine (3oa). White solid, 56-58 oC, (66.8 
mg, 67%).9d 1H NMR (500 MHz, CDCl3) δ 8.43 (s, 1H), 8.38 
(s, 1H), 8.20 (d, J = 1.5 Hz, 1H), 7.39 (d, J = 7.5 Hz, 2H), 7.30 
(t, J = 7.5 Hz, 2H), 7.25 (d, J = 7.0 Hz, 1H), 4.42 (s, 2H); 13C 
{1H} NMR (125 MHz, CDCl3) δ 156.8, 143.9, 143.6, 139.5, 
137.2, 129.0, 128.6, 127.4, 34.0.
2-(Benzylthio)benzo[d]thiazole (3pa). White solid, 180-181 
oC, (90.0 mg, 70%).26 1H NMR (500 MHz, CDCl3) δ 7.92 (d, 
J = 8.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.48 – 7.40 (m, 3H), 
7.38 – 7.20 (m, 4H), 4.62 (s, 2H).; 13C {1H} NMR (125 MHz, 
CDCl3) δ 166.7, 152.8, 136.1, 135.2, 129.1, 128.7, 127.8, 126.2, 
124.4, 121.5, 121.0, 37.9.

Di(pyridin-2-yl) thioether (4a). Colorless solid, 215-216 
oC.9d 1H NMR (600 MHz, CDCl3) δ 8.52 (s, 2H), 7.59 (td, J 
= 7.8, 1.8 Hz, 2H), 7.42 (d, J = 7.8 Hz, 2H), 7.14 (dd, J = 6.6, 
5.4 Hz, 2H). 13C {1H} NMR (150 MHz, CDCl3) δ 156.9, 150.3, 
137.2, 126.0, 121.9. 
Dibenzylsulfane (5a). Colorless solid, 45-46 oC.27 1H NMR 
(600 MHz, CDCl3) δ 7.62 – 7.26 (m, 10H), 3.66 (s, 4H); 13C 
{1H} NMR (150 MHz, CDCl3) δ 138.3, 129.2, 128.7, 127.2, 35.7. 
General Procedure for Gram scale synthesis of 3aa. 
The mixture of 2-pyridyl chloride 1a (904 mg, 8.0 mmol), 
sodium thiosulfate pentahydrate (3968 mg, 16.0 mmol, 2.0 
equiv.) and benzyl alcohol 2a (1037 mg, 9.6 mmol, 1.2 
equiv.) was sealed in a Schlenk tube (20 mL) under N2, 
and stirred at 140 oC (oil bath) for 24 h. After the reaction 
mixture cooled down to room temperature, 30 mL water 
was added to the reaction mixture. Then the reaction 
mixture was extracted with ethyl acetate (30*3 mL) for 
three times. The organic layer was combined, and washed 
with sodium hydroxide solution (1N, 20 mL), saturated 
sodium chloride solution, then dried with anhydrous 
sodium sulfate. The mixture was filtered, and the solvent 
was evaporated under reduced pressure. The residue was 
acidized with HCl solution (6N, 6.0 mL) and some 
precipitate was generated (possibly 3aa•mHCl). The 
mixture was filtered and the residue was then alkalified 
with NaOH (1N, 30 mL) and then extracted with ethyl 
acetate for three times (50*3 mL). The organic layer was 
combined, and washed with saturated sodium chloride 
solution, then dried with anhydrous sodium sulfate. The 
mixture was filtered, and the solvent was evaporated 
under reduced pressure to afford the de-sired 3aa. Owing 
to the incomplete salifying with HCl solution, the filtrate 
of the previous HCl solution was then extracted with 
ethyl acetate (50*3 mL) for three times again and then 
dried with anhydrous sodium sulfate. The mixture was 
filtered, and the solvent was evaporated under reduced 
pressure. The residue was handled following the above 
acidification and alkalization procedures again. And the 
obtained 3aa was combined with a total yield of 67% (1.08 
g, 99% purity).

ASSOCIATED CONTENT 

Supporting Information
Details of the control experiments for mechanistic studies 
and 1H and 13C {1H} NMR spectra of products are supplied as 
Supporting Information (i.e., PDF) and this material is 
available free of charge via the Internet at 
http://pubs.acs.org.” 

AUTHOR INFORMATION

Corresponding Author
* xiantaoma@126.com
* qing-xu@wzu.edu.cn
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT 
We thank National Natural Science Foundation of China 
(21672163), Key Scientific and Technological Project of Henan 

Page 6 of 8

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:xiantaoma@126.com


Province (192102310031), Key Research Programs in 
Universities of Henan Province (19B150018), ZJNSF 
(LR14B020002), Nanhu Scholars Program for Young Scholars 
of XYNU and Young Core Instructor Program of XYNU 
(2018GGJS—05) for financial support.

REFERENCES
1. (a) Fotaine, F. ; Hequet, A. ; Voisin-Chiret, A.-S. ; Bouillon, A. ; 
Lesnard, A. ; Cresteil, T. ; Jolivalt, C.; Rault, S. Boronic species as 
promising inhibitors of the Staphylococcus aureus NorA efflux 
pump: Study of 6-substituted pyridine-3-boronic acid derivatives, 
Eur. J. Med. Chem. 2015, 95, 185-198. (b) Beno, B. R.; Yeung, K.-S.; 
Bartberger, M. D.; Pennington, L. D.; Meanwell, N. A. A survey 
of the role of noncovalent sulfur interactions in drug design, J. 
Med. Chem. 2015, 58, 4383-4438. (c) Karabanovich, G.; Zemanová, 
J.; Smutný, T.; Székely, R.; Šarkan, M.; Centárová, I.; Vocat, A.; 
Pávková, I.; Conka, P.; Němeček, J.; Stolaříková, J.; Vejsová, M.; 
Vavrova, K.; Klimešová, V.; Hrabalek, A.; Pavek, P.; Cole, S. T.; 
Mikušová, K.; Roh, J. Development of 3, 5-dinitrobenzylsulfanyl-
1, 3, 4-oxadiazoles and thiadiazoles as selective antitubercular 
agents active against replicating and nonreplicating 
Mycobacterium tuberculosis, J. Med. Chem. 2016, 59, 2362-2380. 
(d) Karabanovich, G.; Němeček, J.; Valášková, L.; Carazo, A.; 
Konečná, K.; Stolaříková, J.; Hrabálek, A.; Pavliš, O.; Pávek, P.; 
Vávrová, K.; Roh, J.; Klimešová, V. S-substituted 3, 5-
dinitrophenyl 1, 3, 4-oxadiazole-2-thiols and tetrazole-5-thiols as 
highly efficient antitubercular agents, Eur. J. Med. Chem. 2017, 
126, 369-383.
2. For reviews, see: (a) Lee, C.-F.; Liu, Y.-C.; Badsara, S. S. 
Transition-Metal-Catalyzed C-S Bond Coupling Reaction, Chem. 
Asian J. 2014, 9, 706-722. (b) Lee, C.-F.; Basha, R. S.; Badsara, S. S. 
Engineered C–S bond construction, Top. Curr. Chem. 2018, 376: 
25, 1-45. (c) Liang, S.; Shaaban, S.; Liu, N.-W.; Hofman, K.; 
Manolikakes, G. Recent Advances in the Synthesis of C–S Bonds 
via Metal-Catalyzed or-Mediated Functionalization of C–H 
Bonds, Adv. Organomet. Chem. 2018, 69, 135-207.
3. (a) Leprêtre, A.; Turck, A.; Plé, N.; Quéguiner, G. Syntheses in 
the nitrogen π-deficient heterocycles series using a Barbier type 
reaction under sonication. Diazines. Part 29, Tetrahedron 2000, 
56, 3709-3715. (b) Wang, X.; Rabbat, P.; O’Shea, P.; Tillyer, R.; 
Grabowski, E. J. J.; Reider, P. J. Selective monolithiation of 2, 5-
dibromopyridine with butyllithium, Tetrahedron Lett. 2000, 41, 
4335-4338. (c) Trécourt, F. G.; Breton, V.; Bonnet, F.; Mongin, F.; 
Marsais, H.; Quéguiner, G. New Syntheses of Substituted 
Pyridines via Bromine–Magnesium Exchange, Tetrahedron 2000, 
56, 1349-1360. (d) Kumar, S.; Johansson, H.; Kanda, T.; Engman, 
L.; Müller, T.; Jonsson, L. ; Valgimigli, L. Catalytic chain-
breaking pyridinol antioxidants, Org. Lett. 2008, 10, 4895-4898. 
(e) Kumar, S.; Johansson, H.; Kanda, T.; Engman, L.; Müller, T.; 
Bergenudd, H.; Valgimigli, L. Catalytic chain-breaking pyridinol 
antioxidants, J. Org. Chem. 2010, 75, 716-725. (f) Chau, N. T. T.; 
Meyer, M.; Komagawa, S.; Chevallier, F.; Fort, Y.; Uchiyama, M.; 
Gros, P. C. Homoleptic Zincate ‐ Promoted Room ‐

Temperature Halogen–Metal Exchange of Bromopyridines, 
Chem. – Eur. J. 2010, 16, 12425-12433.
4. (a) Cherng, Y. J. Synthesis of substituted pyridines by the 
reactions of halopyridines with sulfur, oxygen and carbon 
nucleophiles under focused microwave irradiation, Tetrahedron 
2002, 58, 4931-4935. (b) Trankle, W. G.; Kopach, M. E. Green 
chemical synthesis of 2-benzenesulfonyl-pyridine and related 
derivatives, Org. Pro. Res. Dev., 2007, 11, 913-917. (c) Duan, Z.; 
Ranjit, S.; Liu, X. One-Pot Synthesis of Amine-Substituted Aryl 
Sulfides and Benzo[b]thiophene Derivatives, Org. Lett. 2010, 12, 
2430-2433. (d) Badsara, S. S.; Chan, C.-C.; Lee, C.-F. Transition-
metal-free syntheses of pyridine-vontaining thioethers through 

two-fold C-S bond formation, Asian J. Org. Chem. 2014, 3, 1197-
1203.
5. For reviews on sulfur-transfer reactions, see: (a) Liu, H.; Jiang, 
X. Transfer of sulfur: from simple to diverse, Chem. Asian J. 2013, 
8, 2546-2563. (b) Nguyen, T. B. Recent advances in organic 
reactions involving elemental sulphur, Adv. Synth. Catal. 2017, 
359, 1066-1130. (c) Wang, N.; Saidhareddy, P.; Jiang, X. 
Construction of sulfur-containing moieties in the total synthesis 
of natural products, Nat. Prod. Rep. 2019, DOI: 
10.1039/C8NP00093J. For reviews on reactions of sodium 
thiosulfate, see: (d) Distler, H. The chemistry of bunte salts, 
Angew. Chem. Int. Ed. 1967, 6, 544-546; e) Qiao, Z.; Jiang, X. 
Recent developments in sulfur–carbon bond formation reaction 
involving thiosulfates, Org. Biomol. Chem. 2017, 15, 1942-1946.
6. To ensure a high selective synthesis of unsymmetrical 
thioethers by sulfur-transfer MCR, a step-wise or multi-step 
reaction is generally required, for selected examples, see: (a) 
Fernandez-Rodriguez, M. A.; Hartwig, J. F. One-pot synthesis of 
unsymmetrical diaryl thioethers by palladium-catalyzed 
coupling of two aryl bromides and a thiol surrogate, Chem. Eur. J. 
2010, 16, 2355-2359. (b) Jouvin, K.; Matheis, C.; Goossen, L. J. 
Synthesis of Aryl Tri-and Difluoromethyl Thioethers via a C-H 
Thiocyanation/Fluoroalkylation Cascade, Chem. Eur. J. 2015, 21, 
14324-14327. (c) Xiao, X.; Xue, J.; Jiang, X. Polysulfurating reagent 
design for unsymmetrical polysulfide construction, Nat. 
Commun. 2018, 9, 2191. 
7. For some recent step-wise or muti-step reactions with sodium 
thiosulfate, see: (a) Zhang, Y.; Li, Y.; Zhang, X.; Jiang, X. Sulfide 
synthesis through copper-catalyzed C–S bond formation under 
biomolecule-compatible conditions, Chem. Commun. 2015, 51, 
941-944. (b) L Li, Y.; Wang, M.; Jiang, X. Controllable 
Sulfoxidation and Sulfenylation with Organic Thiosulfate Salts 
via Dual Electron-and Energy-Transfer Photocatalysis, ACS Catal. 
2017, 7, 7587-7592. (c) Liu, F.; Jiang, L.; Qiu, H.; Yi, W. Bunte Salt 
CH2FSSO3Na: An Efficient and Odorless Reagent for 
Monofluoromethylthiolation, Org. Lett. 2018, 20, 6270-6273. (d) 
Liu, F.; Yi, W. A thiol-free synthesis of alkynyl chalcogenides by 
the copper-catalyzed C–X (X = S, Se) cross-coupling of alkynyl 
carboxylic acids with Bunte salts, Org. Chem. Front. 2018, 5, 428-
433. (e) Li, G.; Zhang, G.; Deng, X.; Qu, K.; Wang, H.; Wei, W.; 
Yang, D. Transition-metal-free KI-catalyzed regioselective 
sulfenylation of 4-anilinocoumarins using Bunte salts, Org. 
Biomol. Chem. 2018, 16, 8015-8019. (f) Meguro, Y.; Noguchi, M.; 
Li, G.; Shoda, S. Glycosyl Bunte Salts: A Class of Intermediates 
for Sugar Chemistry, Org. Lett. 2018, 20, 76-79.
8. For rare direct one-step MCRs of sodium thiosulfate, see: (a) 
Chu, X.-Q.; Xu, X.-P.; Ji, S.-J. TBAI-Catalyzed/Water-Assisted 
Double C− S Bond Formations: An Efficient Approach to Sulfides 
through Metal-Free Three-Component Reactions, Chem. Eur. J. 
2016, 22, 14181-14185. (b) Liu, B.-B.; Chu, X.-Q.; Liu, H.; Yin, L.; 
Wang, S.-Y.; Ji, S.-J. Aqueous Reaction of Alcohols, 
Organohalides, and Odorless Sodium Thiosulfate under 
Transition-Metal-Free Conditions: Synthesis of Unsymmetrical 
Aryl Sulfides via Dual C–S Bond Formation, J. Org. Chem. 2017, 
82, 10174-10180.
9. (a) Liu, C.; Zang, X.; Yu, B.; Yu, X.; Xu, Q. Microwave-
promoted TBAF-catalyzed SNAr reaction of aryl fluorides and 
ArSTMS: An efficient synthesis of unsymmetrical diaryl 
thioethers, Synlett 2011, 8, 1143-1148. (b) Jia, X.; Yu, L.; Liu, J.; Xu, 
Q.; Sickert, M.; Chen, L.; Lautens, M. Sulfur–silicon bond 
activation catalysed by Cl/Br ions: waste-free synthesis of 
unsymmetrical thioethers by replacing fluoride catalysis and 
fluorinated substrates in SN Ar reactions, Green Chem. 2014, 16, 
3444-3449. (c) Ma, X.; Liu, Q.; Jia, X.; Su, C.; Xu, Q. Efficient 
synthesis of unsymmetrical heteroaryl thioethers and 
chalcogenides by alkali hydroxide-mediated SN Ar reactions of 
heteroaryl halides and dichalcogenides, RSC Adv. 2016, 6, 56930-

Page 7 of 8

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



56935. (d) Ma, X.; Yu, L.; Su, C.; Yang, Y.; Li, H.; Xu, Q. Efficient 
Generation of C-S Bonds via a By-Product-Promoted Selective 
Coupling of Alcohols, Organic Halides, and Thiourea, Adv. Synth. 
Catal. 2017, 359, 1649-1655. (e) Yang, Y.; Ye, Z.; Zhang, X.; Zhou, 
Y.; Ma, X.; Cao, H.; Li, H.; Yu, L.; Xu, Q. Efficient dehydrative 
alkylation of thiols with alcohols catalyzed by alkyl halides, Org. 
Biomol. Chem. 2017, 15, 9638-9642.
10. See SI for details.
11. For reviews on aqueous reactions, see: (a) Chanda, A.; Fokin, 
V. V. Organic synthesis “on water”, Chem. Rev. 2009, 109, 725-
748. (b) Kitanosono, T.; Masuda, K.; Xu, P.; Kobayashi, S. 
Catalytic organic reactions in water toward sustainable society, 
Chem. Rev. 2018, 118, 679-746. (c) Romney, D. K.; Arnold, F. H.; 
Lipshutz, B. H.; Li, C.-J. Chemistry takes a bath: Reactions in 
aqueous media, J. Org. Chem. 2018, 83, 7319-7322.
12. Anhydrous Na2S2O3 (99.99% trace metals basis) was 
purchased from SIGMA-ALDRICH. See SI for the details of the 
certificate of analysis.
13. The effects of water to the reaction were carefully investigated, 
showing that the reaction can bentical from appropriate amount 
of water (ca. 5 ~50 equiv. ), see SI for details.
14. The reactions of the less reactive aliphatic alcohols are 
usually sluggish under TM-free conditions. See reviews: (a) Ma, 
X.; Su, C.; Xu, Q. N-Alkylation by hydrogen autotransfer reactions 
in Hydrogen transfer reactions: reductions and beyond (Eds.: G. 
Guillena, D. J. Ramón), Top. Curr. Chem. 2016, 374, 27, 1-74. (b) 
Watson, A. J. A.; Williams, J. M. J. The give and take of alcohol 
activation, Science 2010, 329, 635-636. (c) Nixon, T. D.; 
Whittlesey, M. K.; Williams, J. M. J. Transition metal catalysed 
reactions of alcohols using borrowing hydrogen methodology, 
Dalton Trans. 2009, 753-762. (d) Dobereiner, G. E.; Crabtree, R. 
H. Dehydrogenation as a substrate-activating strategy in 
homogeneous transition-metal catalysis, Chem. Rev. 2010, 110, 
681-703. (e) Guillena, G.; Ramón, D. J.; Yus, M. Hydrogen 
Autotransfer in the N-Alkylation of Amines and Related 
Compounds using Alcohols and Amines as Electrophiles, Chem. 
Rev. 2010, 110, 1611-1641. (f) Suzuki, T. Organic synthesis 
involving iridium-catalyzed oxidation, Chem. Rev. 2011, 111, 1825-
1845. (g) Yang, Q.; Wang, Q.; Yu, Z. Substitution of alcohols by 
N-nucleophiles via transition metal-catalyzed dehydrogenation, 
Chem. Soc. Rev. 2015, 44, 2305-2329.
15. The present conditions are currently not suitable for less 
reactive secondary aliphatic alcohols (such as cyclohexanol) and 

sterically more bulky tertiary aliphatic alcohols (such as 2-
methylpropan-2-ol, and only trace amount of target products 
were obtained).
16. It is difficult to isolate the heteroaryl Bunte salt 6a from the 
reaction mixture. Hence, in situ 1H NMR and ESI-HRMS analysis 
was performed, see SI for details.
17. The pH value of the reaction mixture of 1a, Na2S2O3·5H2O and 
2a was measured by a pH meter to be 1.87. This is consistent 
with the generation of NaHSO4 in the reaction. Besides, typical 
titration experiments of HSO4

- were also performed, suggesting 
the possible generation of HSO4

- during the reaction, see SI for 
details.
18. Thanks to one of the reviews’s kind suggestions, the 
dehydrative substitution of alcohols may also be catalyzed by 
thiosulfuric acid – the conjugated acid of thiosulfate.
19. Han, X.; Wu, J. Ga(OTf)3-Catalyzed Direct Substitution of 
Alcohols with Sulfur Nucleophiles, Org. Lett. 2010, 12, 5780-5782.
20. Haviv, F.; DeNet, R. W.; Michaels, R. J.; Ratajczyk, J. D.; 
Carter, G. W.; Young, P. R. J. Med. Chem. 1983, 26, 218-222.
21. Qiao, Z.; Wei, J.; Jiang, X. Direct Cross-Coupling Access to 
Diverse Aromatic Sulfide: Palladium-Catalyzed Double C–S Bond 
Construction Using Na2S2O3 as a Sulfurating Reagent, Org. Lett. 
2014, 16, 1212-1215.
22. Duan, Z.; Ranjit, S.; Zhang, P.; Liu, X. Synthesis of Aryl 
Sulfides by Decarboxylative C- S Cross-Couplings, Chem.–Eur. J. 
2009, 15, 3666-3669.
23. Duffy, B. C.; Howard, K. T.; Chisholm, J. D. Alkylation of 
thiols with trichloroacetimidates under neutral conditions, 
Tetrahedron Lett. 2015, 56, 3301-3305. 
24. Pathak, A. K.; Pathak, V.; Seitz, L. E.; Suling, W. J.; Reynolds, 
R. C. Antimycobacterial agents. 1. Thio analogues of purine, J. 
Med. Chem. 2004, 47, 273-276.
25. Nakamura, S.; Furutani, A.; Toru, T. Highly Enantioselective 
Reaction of α‐Lithio 2 ‐Quinolyl Sulfide Using Chiral Bis 
(oxazoline) s: A New Synthesis of Enantioenriched Thiols, Eur. J. 
Org. Chem. 2002, 1690-1695.
26. Kumar, D.; Mishra, B. B.; Tiwari, V. K. Synthesis of 2-N/S/C-
Substituted Benzothiazoles via Intramolecular Cyclative 
Cleavage of Benzotriazole Ring, J. Org. Chem. 2013, 79, 251-266
27. A. S.Touchy, S.H. Siddiki, W. Kon K. Onodera, K. I. Shimizu, 
Hydrodeoxygenation of sulfoxides to sulfides by a Pt and MoOx 
co-loaded TiO2 catalyst, Green Chem. 2016, 18, 2554-2560.

Page 8 of 8

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


