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Abstract: A metal- and base-free three-component
coupling of alcohols, heteroaryl halides, and thio-
urea has been developed for direct and selective
synthesis of heteroaryl thioethers. This method can
be easily scaled up to the gram scale and extended
to dialkyl thioethers, heteroaryl selenides, benzo-
thiazoles, and some antimycobacterially-active thio-
ethers. Mechanistic studies revealed that a by-prod-
uct-promoted in situ C-O activation of alcohols to
more reactive alkyl halides and slow release of the
thiol and alkyl halide intermediates are the key to
the high selectivity and success of the reaction.

Keywords: alcohols; by-product-promoted reaction;
C-S coupling; organo halides; sulfur surrogates;
sulfur transfer reaction; thioethers; thioureas

Heteroaryl thioethers are important motifs in natural
products, biological, and agrichemical compounds
having antibacterial, antimycobacterial, anticancer,
anti-HIV, and anti-inflammatory activities.'! The most
well-developed C-S bonding methods for their prepa-
ration are based on catalytic or non-catalytic substitu-
tion of the halides in ArX with RS groups [Eq. (1)].
For example, they used to be obtained by tedious
multi-step reactions of heteroaryl halides and disul-
fides under harsh conditions.”) Recently, more
straightforward transition metal (TM)-catalyzed
cross-coupling reactions with thiols®! or In(SR)3,
and TM-free nucleophilic aromatic substitution
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(SyAr) reactions with thiols,”!  disulfides,””! or
PhSSiMe;"! were also reported as more preferable
methods.

/\ cat. TM/L/base /\
L i _ It —————— L L 1
FG \N/ X + RS-Y or excess base FG \N/ SR ( )

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

Meanwhile, the recent sulfur transfer C-S coupling
of two organo halides with the cheaper, more avail-
able, odorless sulfur powder (Sg),® Na,S,0:, thio-
ureas,'” thioacetates or thiocarbonates,"! and etc.'”
as a sulfur surrogate has emerged as an alternative
new protocol for thioether synthesis, because the use
of conventional toxic and smelly organosulfur re-
agents such as thiols can be avoided [Eq. (2)]. Even
so, the requirements of transition metal catalysts/li-
gands, large amounts of bases/additives, and reactive
and toxic alkyl halides as the coupling partner severe-
ly narrowed its applications. Therefore, it is still
highly desirable to develop efficient and practical
methods for C-S bonding especially in heteroaryl thi-
oether synthesis by employing greener and safer
sulfur and alkyl surrogates instead of thiols and alkyl

halides.
cat. TM/L/base
RX + @ +  R2X R“S=R? (2)

‘ Sg Na,S,0; NayS R = aryl, alkyl
KSAc KSCN CS, etc R2 = alkyl
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With our ongoing interests in organochalcogen!®’!
and alcohol™ chemistry, herein we report a totally
new C-S bonding approach for the synthesis of useful
thioethers via construction of two C-S bonds by one-
step using thiourea as an odorless sulfur surrogate
and alcohols as a greener alkyl source [Eq. (3)]. This
new sulfur transfer method requires no external TM
catalysts/ligands, additives, bases, and solvents, but
can tolerate a wide range of alcohols including the
less reactive, sterically more bulky, and even function-
alized ones, and can be scaled up to the gram scale
and extended to dialkyl thioethers, unsymmetrical se-
lenides, benzothiazoles, and some antimycobacterial-
ly-active thioethers. To the best of our knowledge,
such a direct and efficient transformation of a wide
range of alcohols under TM-free conditions is rare in
the literature."*>) More surprisingly, alcohols are in-
dispensible coupling reagents in the reaction because
the use of alcohols as the alkyl source was found to
be much more advantageous than the use of alkyl hal-
ides.

—
x + "S " (Se) +@»0Hml_(‘:%>s(se)‘@ ®)

(a) R': heteroaryl, alkyl, aryl

(b) "S " (Se) = thio(seleno)urea: green S(Se) surrogate

(c) R%: 1°, 2° and 3° benzyl, heterobenzyl, alkyl, fuctionalized alkyl,
allyl, etc.

(d) metal-free, base-free, solvent-free, operable under air, broad FG
tolerance, chemoselective, scalable

The reaction of 2-pyridyl bromide (1a-Br) and
benzyl alcohol (2a) was firstly screened with various
sulfur surrogates (3) under metal-, base- and solvent-
free conditions under air. The target product 2-pyridyl
benzyl thioether (4aa) and by-products 2-pyridylthiol
(5a) and di(2-pyridyl) thioether (6a) were observed in
varying ratios."® Among the sulfur surrogates tested,
thiourea (3a) gave the highest 84% isolated yield of
4aa in the highest selectivity of >99%.'°! Then,
screening of solvents, atmosphere, and temperature
showed that this sulfur transfer reaction was best per-
formed in air under metal-, base- and solvent-free
conditions at 140°C.l'"M The conditions for the more
readily available and more economic 2-pyridyl chlo-
ride (1a-Cl) were also optimized by reversing the re-
actant loadings (4aa, 81% yield), being a good com-
plement to the bromide method (1a-Br)."!

Various alcohols and heteroaryl halides were then
tested to extend the scope of the method. As shown
in Table 1, except the basic 2-pyridylmethanol that
may interact with by-product HBr (vide infra), vari-
ous alcohols from the more reactive primary (hetero)-
benzylic alcohols, secondary arylmethanols, and allylic
alcohols to the less reactive primary aliphatic alco-
hols, even the functionalized and sterically more

Adpv. Synth. Catal. 0000, 000,0-0

These are not the final page numbers! 77

bulky tertiary alcohols could all react effectively with
1a and thiourea to afford moderate to high yields of
the desired products (runs 2-24). Notably, primary ali-
phatic alcohols, usually much less reactive especially
in the absence of TM catalysts,'*"”! were also found
to be good alkylating reagents in the present reaction
(runs 12-18).

For heteroaryl halides, except the basic NH,-substi-
tuted 2-pyridyl chloride and 3-pyridyl bromide
(runs 27 and 36), both electron-rich and electron-defi-
cient 2-pyridyl halides, 4-pyridyl halides and other ac-
tivated heteroaryl halides such as 2-quinolyl, 4-quinol-
yl, 2-pyrimidyl, 2-pyrazyl, 3-pyridazyl, and 2-benzo-
thiazolyl halides all reacted smoothly to give moder-
ate to good yields of the target products under similar
conditions (runs 24-26, 28-35, and 37-47), revealing
a rather broad scope of this new method.

The potential of this sulfur transfer method in
large-scale synthesis was also investigated. As shown
in Table 1, the model reaction could be easily per-
formed on a gram scale to afford 4aa in a higher yield
of 86% (run48). Similarly, one-step and gram-scale
syntheses of the antimycobacterially-active thioethers
I and I could also be achieved in 65% and 33%
isolated yields, respectively (runs49 and 50), which
are in comparison much superior than the wasteful
multi-step methods described in the literature.!"*

By replacing thiourea (3a) with selenourea (7a),
this method could be easily extended to the one-step
synthesis of organoselenides. Thus, heteroaryl sele-
nides 8 were obtained in low to moderate yields
under similar conditions (runs 51-56), which may be
due to the lower reactivity of 7a than 3a. Similarly,
symmetrical and unsymmetrical dialkyl thioethers 10
could also be also obtained by using alkyl halides 9
instead of heteroaryl halides 1 (runs 57-59).

Moreover, this method can also been extended to
o-nitrohalobenzenes 11 as the organic halide sub-
strate, which led to a one-step synthesis of the benzo-
thiazole heterocycles 12, but not the o-nitrophenyl
alkyl sulfide 13 (Table 2). This result may be due to
the ready cyclocondensation potential of intermedi-
ates 13. These results revealed again the relatively
broad substrate scope of the new sulfur transfer
method.

Control reactions were then investigated to under-
stand the reaction mechanism. As shown in Eq. (4),
the reaction of 1a-Br and 3a afforded a mixture of Sa,
6a, and dipyridyl disulfide 14a. Products 6a and 14a
were obviously produced by reaction of Sa with 1a
and oxidation of Sa by air, respectively. In contrast,
no reaction occurred with the mixture of la-Br and
3a and that of 2a and 3a under the same conditions.!"")
These results implied that generation of heteroarylth-
iols (5) from the reaction of 1a and 3a should be the
first step of the whole reaction.
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Table 1. Substrate extension of the sulfur transfer method in thio(seleno)ether synthesis.™
Y

X

2
H,N~ “NH, * R°-OH
3a (Y=S), 7a (Y=Se)

under air

R"Y=-R?
140°C, 24 h

4,8,10

R'-Br +
1,9

® B ‘ ® ®

— “ S ~ N
S

N s X N/S O N /\E/) N s X

i 0, [c.d.e] R
(1)R' = H, 4aa: 83% (A) (5)R = p-MeO, 4ae: 58% (A)°) (8) 4ah: 64% (A); 72% (A)P! (9) 4ai: 40% (A) (10) 4aj: trace (A)
81% (B) 56% (B)!
(2)R'= p-Me, 4ab: 78% (A)"] (g) & = 5.0, 4af: 65% (A)
(3) R' = m-Me, 4ac: 85% (A) (7)R' = p-Br, 4ag: 68% (A)
(4) R' = 0-Me, 4ad: 71% (A)

(28) FG = 3-F, 4fa: 66% (B)

(38) R = CH,CH=CHPh, 4pa: 42% (B)le*

N (11) R = CH,CH=CHPh, 4ak: 60%! (B)lel @ R' X N
| LR (12) R= CH,CH,Ph, 4al: 67% (B) W s)\RZ | )< |
N™ 78" (13) R = CH,CH,CH,Ph, 4am: 61% (B) N s N s
(14) R = n-CgH.7, 4an: 52% (B) (19) R'=R? = Ph, 4as: 65 % (B)*4 (22) 4av: 31% (B) (23) 4aw: 39% ()
(15) R = n-CqgHy; 4ao: 45% (B) (20) R",R? = CHj, Ph, 4at: 60% (B) '
(16) R = CH,c-CqHy1, 4ap: 28% (A) (21) R',R? = ¢-CgHy, 4au: trace (A)
35% (B)
(17) R = CH,CH,CN, 4aq: 23 % (A)
30 % (B)
(18) R = CH,CH,OFEt, 4ar: 22% (A)
L ()
(24) FG = 4-Me, 4ba: 68% (B) (30) FG = 5-Cl, 4ha: 72% (B)®! — /—Ph — ,R
FG (25) FG = 6-Me, 4ca: 38% (B)91  (31) FG = 5-Br, 4ia: 73% (B)] \ S Ny /8
f J\ (26) FG = 5-OMe, 4da: 46% (B)l9!  (32) FG = 4-CN, 4ja: 75% (B)P! N
NTNS7 ph (27)FG =4-NH, 4ea:NR (B)  (33) FG = 5-CN, 4ka: 72% (B)®!  (36) 4na: 0% (B) (37) R = CH,Ph, 4oa: 63% (A)"!
(34)
(35)

(29) FG = 3-Cl, 4ga: 70% (B)

N
Ph = |
J C/k & [ /j\ ~~p Nup# g

H2NOC

N
|

(40) 4ra: 55% (B)Pil (41) 4sa: 38% (
/—Ph

S

(47) 4ya: 71% (B)!
10 mmol scale reactions

L
“ s ph N\ /

B)b! (42) 4ta: 62% (B)!

CN

ﬁ
X P
N s Ph

(49) I: 1.692 g, 65% (B)P!
antimycobacterial
M. kansasii 509/96
MIC = 16 umol/L

'\©\ ©\/j\ [:j\s{\ Ph

(54) 8d: 45% (BP0l

(48) 4aa: 1.731 g, 86% (A)
antimycobacterial
M. avium My 330/88
MIC = 16 pmol/L

X
N//kSe’\Ph

(53) 8c: 53% (B)lPdel

(43) 4ua: 45% (B) (44) 4va: 48% (A)lbl (45) 4wa: 62% (B)

(50) II: 1.054 g, 33% (B)[b]

(55) 8e: 30% (B)[4®l (56) 8f: 18% (A)Pdel

(39) R = n-CqgHyq, 4qa: 40% (B)l!

Ph
(46) 4xa: 23% (B)P1l

Gy

(52) 8b: 36% (B)c:4

, (o

(51) 8a: 42% B)[d €l

PhCH,=S” >Ph
(57) 10a, 60%!¢]
n-CgHy7=8" " C7Hys

(58) 10b, 45%°]

n-C;H;5CH,=S” “Ph
(59) 10c, 56%!¢K

1 Method A (X=Br): 1 (0.50 mmol), 2 (0.60 mmol), 3a (0.60 mmol),

1 (0.60 mmol), 2 (0.50 mmol), 3a (0.60 mmol), isolated yield based on 2.
1 1.0 equiv H,O added.
[l 1.0 mmol 3a (7a) used.
4 At 120°C.
[} Under N,.
M Ratio a/y =95/5 (GC).
e} At 170°C.
] 10-Br-HCI was used.
il 10-CI-HCI was used.
il At 100°C.

isolated yield based 1. Method B (X=Cl):

K 9¢ and 3a were heated first for 1 h at 140°C. 2a was then added and heated for 23 h.
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Table 2. Extension to the synthesis of benzothiazoles."!

SOe
NO Z N
R3Ej 2 under air 12
0 + 3 + 2 ——— >
= Br 170°C,12h NO
= s R2
@M @ >~ CLp—)-ome

) 12a, 52% 2) 12b, 55% (3) 12c, 38%

0 e Oy

) 12d, 48% (5) 12e, 38% (6) 12f, 42%

C,QNH‘

(7) 129, 50%

Bl Modified method A: 11 (0.50 mmol), 2 (1.0 mmol), 3a
(1.0 mmol). Isolated yields based on 11.

S
N )J\ under air
P * H,NTONH °
N Br 2 2 140 C, 24 h
1a-Br 3a
0.5 mmol 1.2 equiv.
1a \
DWW oUenNS
N sHY SyPNg Sy T NNy, )
5a 6a 14a

aerobic oxidation (by air)

Then, the further reaction of thiol intermediates (5)
and alcohols was investigated. As shown in Eq. (5),
the blank reaction of 5a and 2a only afforded a low
yield of 4aa (run 1). In contrast, the reaction with ad-
dition of 100 mol% HBr gave a high 92% yield of 4aa
[Eq. (5), run 2]. Vice versa, when DBN (1,5-diazobicy-
clo[4.3.0]non-5-ene) was added to neutralize the po-
tential by-product HBr, the target reaction was termi-
nated instantly to give 6a as the only product [Eq.
(6)]. These results revealed that the key role of by-
product HX in the system is to promote the target re-
action to occur more efficiently.

Competing reactions were then investigated to un-
derstand the high selectivity of the reaction. As
shown in Eq. (7), the reaction of 5a with both 1a-Br
and PhCH,Br (9a) could give 4aa as the only product
at 30°C. This clearly showed that the target reaction
of heteroarylthiols § and alkyl halides 9 giving prod-
ucts 4 is a favored process, far more efficient than the

Adpv. Synth. Catal. 0000, 000,0-0
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conditions
] o + Ph”  OH under air @
= 140°C, 24 h N/ s”>Ph
2a 4aa
1.2 equiv.
1) blank/no additive, 15% 4aa isolated
2) HBr (100 mol%, 33 wt% in HOAc), 92% 4aa isolated

+ H,0 (5)

0.5 mmol

S .
(. JL . pwon DEN(2equv)
N > Br H,N™ "NH, under air
140°C, 24 h
1a-Br 3a
0.5 mmol 1.2 equiv. 1.2 equw
(1 (e
< Ph) (©6)
4aa

31% |solated not observed

side-reactions of 5 to give 6 or 14.'% Likewise, the re-
action of 9a with both 3a and Sa also gave 4aa as the
only product [Eq. (8)]. This suggested that the target
reaction of 5 and 9 is also a favored process, far more
efficient than the side-reactions of alkyl halides 9 and
thiourea 3a. These results demonstrated that alkyl
halides 9 are indeed the reactive intermediates and
can also account for the observed high selectivity of
the target thioethers in the reaction.

W T o P
B 30°c, 241
1a Br 9a
0.5 mmol 1.0 equiv. 1.0 equiv.
Q Q O s, 1)
4aa 143

87% isolated not observed

X s '
@ v M+ pypy  Underal
N” SH HoN" 'NH; 30°C, 24 h
5a 3a 9a .
0.50 mmol 1.0 equiv. 1.0 equiv.
| = (PhCH,),S
N/ S/\Ph< 10a (8)
4aa (PhCH,S),

57% isolated not observed

However, even though alkyl halides 9 are the reac-
tive intermediates in the reaction, it was then found
that the direct reaction of 1a, 3a with benzyl bromide
9a instead of benzyl alcohol 2a only afforded a lower
yield of 4aa in a lower selectivity [Eq. (9)]. This result
implied that an initial high concentration of alkyl
halide is not beneficial for the reaction. Thus, a low
concentration of the alkyl halide intermediates gener-
ated by a slow release process from the reaction of al-
cohols and by-product HX!"! is the key for the high

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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selectivity of the product. This also clearly demon-
strated that alcohols are indispensible coupling re-
agents in the reaction since they can be much superior
over the more reactive and toxic alkyl halides [Eq.

1.

X S )
| N + )J\ + PR Br un((j)eralr
N~ >gr HaN™ 'NHp 140°C, 24 h
1a-Br 3a 9a
0.5 mmol 1.2 equiv. 1.2 equiv.
(X e
N s pp v P TSH <10a 9)
4aa 15a trace

66% isolated 15% isolated

Based on above results, a possible mechanism for
the typical sulfur transfer coupling reaction of alco-
hols, heteroaryl halides, and thiourea was postulated.
As shown in Scheme 1, heteroaryl halide 1 may firstly
react with thiourea via an SyAr reaction to give ionic
intermediate 16 (step i) according to some literature
reports.'%l Then by hydrolysis with the contaminant
water in the substrates,”! 16 generates heteroarylthiol
5 and by-products urea and HX (step ii). Since only
ca. 24 mol% contaminant water is present in the sub-
strates,'*?! this low amount of water is responsible
for the slow-releasing of 5 and HX from 16. HX then
reacts with alcohol 2 to slowly release alkyl halide 9
and water (step iii). Once 9 is generated, it selectively
reacts with 5 to efficiently give heteroaryl thioethers 4
and regenerate HX (step iv). Herein the observed in-
effective side-reactions of 5§ (steps v and vi) also result
in the highly selective formation of the product thio-
ethers.

In addition, although HX was generated as the by-
product in the reactions (Scheme 1), the reaction
media is not so acidic owing to the buffer-like feature

Scheme 1. Possible reaction path for the typical coupling of
alcohols, heteroaryl halides, and thiourea.
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of the urea/thiourea/HX system that can absorb and
release HX.? Therefore, this method can tolerate
some acid-sensitive functional groups such as the
basic heteroaryl moieties of the heteroaryl halides, as
well as ether, nitrile, and ester linkages in some reac-
tants (Table 1), which also accounts for the relatively
broad substrate scope of the method.

In conclusion, we have developed a totally new
metal-, base-, and solvent-free three-component cou-
pling of heteroaryl halides and thiourea with the in-
dispensible alcohols for the direct and highly selective
synthesis of unsymmetrical heteroaryl thioethers by
constructing two C-S bonds in only one step. This
new method can be easily scaled up to larger scales
and extended to the synthesis of heteroaryl selenides,
dialkyl thioethers, benzothiazoles, and even some an-
timycobacterially-active thioethers. Due to the buffer-
like feature of the urea/thiourea/HX system,””!! a wide
range of substituted and functionalized alcohols and
organo halides can be tolerated in the method. Mech-
anistic studies revealed that the slow release of alkyl
halide and thiol intermediates and a by-product-pro-
moted C-O activation of the alcohols to generate the
reactive alkyl halides are the keys to the success of
the reaction, which also accounts for the high selectiv-
ity of the target products. Further extensions of this
sulfur transfer C-S coupling method are our next con-
cern.

Experimental Section

Typical Procedures for Synthesis of Unsymmetrical
Heteroaryl Thioethers by Three-Component
Coupling of Alcohols, Heteroaryl Halides, and
Thiourea

Method A: The mixture of 2-bromopyridine 1a-Br (78.5 mg,
0.50 mmol), benzyl alcohol 2a (64.8mg, 0.60 mmol,
1.2 equiv.), and thiourea 3a (45.6 mg, 0.60 mmol, 1.2 equiv.)
was directly sealed in a Schlenk tube (20 mL) under air, and
stirred at 140°C for 24 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 chroma-
tography on silica gel using ethyl acetate and petroleum
ether (0~1/50) as the eluent, giving 4aa in 83% isolated
yield.

Method B: The mixture of 2-chloropyridine 1a-Cl
(67.8 mg, 0.60 mmol, 1.2 equiv.), benzyl alcohol 2a (54.0 mg,
0.50 mmol), and thiourea 3a (45.6 mg, 0.60 mmol, 1.2 equiv.)
was directly sealed in a Schlenk tube (20 mL) under air, and
stirred at 140°C for 24 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 chroma-
tography on silica gel using ethyl acetate and petroleum
ether (0=1/50) as the eluent, giving 4aa in 81% isolated
yield.
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