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Elemental Sulfur: An Excellent Sulfur-Source for Synthesis of
Sulfur-Containing Heterocyclics

Xiao, Liwei™ Liu, Guangxian Ren, Ping Wu, Tongtong Lu, Yuwei Kong, Jie
(College of Chemistry and Material Science, Langfang Normal University, Langfang, Hebei 065000)

Abstract Sulfur-containing heterocyclic compounds are widely applied in many areas such as drugs, molecular devices and
materials, etc., so their synthesis methods have attracted much attention. The key step for the synthesis of sulfur-containing
heterocycles is the construction of C—S bond, which is generally realized by C—H bond functionalization or C—X bond cou-
pling reaction with sulfur-containing organic or inorganic substances. Elemental sulfur is cheap, available and stable, and it is
an excellent sulfur atom donor for the synthesis of sulfur-containing heterocycles. Therefore, the synthesis of sulfur-containing
heterocycles from elemental sulfur has become a research hotspot. Herein, the recent research progress of synthesis of sul-

fur-containing heterocyclic employing sulfur as sulfur-source is reviewed.
Keywords sulfur-containing heterocycle; elemental sulfur; C—S bond construction; multi-component cascade reaction
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Scheme 1 Reaction of alkynes or N-tosylhydrazone, 2-haloani-
line with sulfur under different conditions
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Scheme 2 Proposed mechanism of formation of benzothiazoles
from 2-iodoaniline and sulfur
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Table 1 Synthesis of 2-substituted benzothiazole from 2-haloaniline and sulfur

Entry R2-FG Product Cat./base Reaction condition Yield/%  Ref.
1 Aldehyde 2-Arylbenzothiazole CuCl2-Phen/K2CO:s H20, 100 C 52~96 [7]
2 Benzylchloride 2-Arylbenzothiazole Cu(OAc)2NaxCO3 DMSO, 130 C 53~98 [8]
3 Benzylamine 2-Arylbenzothiazole Cu(OAc)2/DABCO DMSO, 100 C 10~90 [9]
4  Benzylamine 2-Arylbenzothiazole CuCl-Phen H20, 100 C 60~88 [10]
5  Terminalalkyne 2-Benzylbenzothiazole CuTC/DBU MeCN/H20, 130 C 45~84 [11]
6  Terminalalkyne 2-Arylbenzothiazole Cul-Phen/K2CO3 DMSO, 110 C 62~90 [11]
7 N-Tosylhydrazone 2-Arylbenzothiazole CuSCN/DBU DMSO, 110 C 63~84 [12]
8  N-Tosylhydrazone 2-Benzylbenzothiazole Cul, CsF/DABCO MeCN, 130 C 57~170 [12]
9 Quaternaryammonium 2-Alkylbenzothiazole KOH H20, 140 C 74~95 [13]

4 DABCO: 1,4-diazabicyclo[2.2.2]octane, DBU: DY-DBU, CuTC: copper(I) thiophene-2-carboxylate, DMSO: dimethyl sulfoxide.
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Table 2 Synthese of 2-substituted benzothiazoles from anilines/naphthylamine and sulfur
Entry Ar-FG Product Cat. Reaction condition Yield/%  Ref.
1 Methylaromatic 2-Arylbenzothiazole — 275 C 15~74  [14]
2 Methylaromatic 2-Arylnaphthothiazole — 275 C 41~50  [14]
3 2-Methylarene 2-Heteroarylbenzothiazole NHal NMP, air, 160 C 37~87 [15]
4 Arylaldehyde 2-Arylnaphtho[2,1-d]thiazole NH4l/4 AMS  DMSO/PhCI, 140 C 61~98 [16]
5  Arylaldehyde 2-Arylbenzothiazole KI 02, NMP, 150 ‘C 40~79  [16]
6  Styrene 2-Benzylbenzothiazole NHal NMP, air, 140 C 63~88 [17]
7  Arylacetylene 2-Benzylbenzothiazole NHal NMP, air, 140 C 57~81 [17]
8  Ether 2-Aryl, alkylbenzothiazole TBHP?/KI DMSO, air, 130 'C 41~81 [18]
9  Aliphaticamine 2-Aryl, alkylbenzothiazole sealed tube DMSO, 140 C 42~90  [19]
10 Acetophenone 2-Arylbenzothiazole I, TBAI* DMSO/PhCI, 140 C 40~81 [20]
11 Acetophenone 2-Aroylbenzothiazole Lo, DMSO/PhCI, 140 C 42~78 [21]
12 Isatin 2-(2'-Aminophenyl)benzothiaole K1/4 A MS DMSO, 120 C 60~85 [22]

4 NMP: N-methyl-2-pyrrolidone, TBHP: tert-butyl hydroperoxide, TBAI: tetrabutylammonium iodide.
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Scheme 4 Reaction of arylethylene, arylacetylene or ary-
lacetone with aniline and elemental sulfur
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Scheme 5 Proposed mechanism of formation of benzothiazoles
from aniline and and sulfur
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Scheme 6 Synthesis of benzothiazole or naphthothiazole from
sulfur and N-substituted aniline or N-substituted naphthylamine
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Table 3 Synthese of 2-substituted benzothiazoles from nitrobenzenes and sulfur

Entry Ar-FG Product Cat./base Reaction condition Yield% Ref.
1 Methylhetarene 2-Hetarylbenzothiazole — 120 C 37~85 [25]
2 Methylhetarene 2-Hetarylbenzothiazole =~ NHal Sulfolane, 175 C 9~60 [26]
3 Benzaldehyde 2-Arylbenzothiazole NMM 130 C 60~80 [27]
4 Benzylamine 2-Arylbenzothiazole Pyridine 100 C 61~80 [28]
5 Aliphatic amine 2-Arylbenzothiazole — 130 C 52~80 [29]
6 Acetophenone 2-Aroylbenzothiazole NMM 120 C 52~92 [30]
7 Arylacetic acid 2-Arylbenzothiazole NMM 110 C 46~75 [31]
8 Benzylic alcohol 2-Arylbenzothiazole FeCl3/KHCO3/NHa4l NMP, 160 C 25~80 [32]

4NMM : N-methylmorpholine.

KA AN IE R AR SRS O A T, T SRR
RS ST i rf )4 X0, M5t 25 B P B C—S B, gk
A T, T FERRAE R AL S AR =) TV sl
FE AR AR R, A2 AN I S L A AR B A
28 B ISR P A VI 35 - A =
IV (Scheme 7).

PANO, + pp” oH

S H
s 3 [NH4I H o
s
Ph . N._Ph %
\NJ\Ph Ph™ X \/js/
H I NS
v
Fe2* NH,| 1 S
l(FZ%) Sg a7
SN N @ H
S S
Ph_ /)\ 8 @E N—Ph 8 ©: Ph
N~ >Ph s>_ o S>_
VI v H
m

B 7 TSI A JEURE G B M ) 5 R AT 3
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B 757AE ARl

bR 1 Bk 7k Ab, X ZE B A hE 3 i
P R RSB B S 5 T R R A ZE IR (Eq. 4). R
Mt R K #l Willgerodt-Kindler Uik [z i « A4 i &
55 A5 — RV HR R RIS .

1.3

NOAc

Sg
DMSO, 120 °C

R1— + ArCHO

N
R:—/\:ES\>—Ar (4)

Yield: 41% ~ 93 %

2 ZEUER

Z BUACIEME 7o AR . BRI, T
[N L3413 sk 0] e A e« A L T AR B R S — 0 S LA R T
AR R RS E B AR I, ERMEL T, KL
A = AN A B SE RE % W e AR A 2,4- Z HOAR
(Scheme 8). M= HHAIBABEUTH FeCls {44 I e A1 5L o

Chin. J. Org. Chem. 2022, 42, 1002~1012

© 2022 Chinese Chemical Society & SIOC, CAS

B SN, 2Rl — R A1 ER R S B I R A i T = A
(Eq. 5).

o)

A

or

RZ

R ONH,

N
= A
cat. R2” g7 R
R2” CHO
Reaction condition: CuBr,/1,10-Phen, DBU, O,, DMSO, 80 °C; or
isonicotinic acid, DMSO, 130 °C, air.

B 8 Fsifin . e sl S B i — A
Scheme 8 Synthesis of disubstituted thiazoles by reaction of
sulfur, benzylamine and aldehyde or ketone

R3
R2
S N
U TN o S
RSN OR? FeCly s R
H DMSO, 140 °C RS

Yield: 31% ~ 99%

Childers Z5B74R 58 T Gewald J2 3 1N VG, @it
M | 2-B Ik TG R B TR S LA i T 5- 2 -4 H I i
FEWEM(Eq. 6). NI FEH, JFIE SRR K A AR
N KT SO, 22 3 Tt R 57 FL 32E BURI A I B 25 08 4%
A 2 AR RS AT BABSUR B, FEAS R 1 s 3 2%
R, RS IR A OB/ BRI R R N, 3T
ANTA] T 52 N 38 428 4 i) A ol e e S e Pk £, 45 ) (Scheme
9).

NH,
0 (e}
S \
R)J\H + \)J\M_b — | S>—R (6)
NH, HoN
R = aliphatic, aryl, heteraryl, etc. Yield: 8% ~ 44%
3 B

WE RN 1,2,4-E e 1,3, 4-ME AT 1,2,3-58
TR RS AR 1, 2, 4-WE AR RERL, B
i 77 2K 5 5 FE RO R RA0), 2 R L sk
PRI e Az = 20 oy IROBE IR A2 B 3,5- AR -1,2,4- M —

1005

http://sioc-journal.cn/



ekl
N, ., R 43 ZTALI(EQ. 10). RBLARS R N—O f i
N R 720 I3 PR S U A0, 2 B A g
+ — CH3CN, 90°C 1 KaPO4 fERIT, HIBR SRR AR S L& B 1 3-07 2 HE-1,2-
F>{ Ss Rf(N I FBEME(Eq. 11).
rZ Br Cu/1,10-phen s
Na;PO, GWE™ n RN
CH4CN, 80 °C R? MO, — Ar % §TYTSG LS (10)
BR O MR IR IR L S A AR R R ST R DBU "L
R R NMP/H,0, 120 °C
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Table 4 Synthesis of polysubstituted 1,2,4-thiadiazoles from arylamidines and sulfur
Entry Ar’-FG Product Cat./base Reaction condition  Yield/% Ref..
1 Arylmethylbromide 3,5-Diaryl-1,2,4-thiadiazole LiO'Bu Toluene, 140 C 45~67 [39]
2 Methylketone 3-Aryl-5-acyl-1,2,4-thiadiazole PaCl2/K2HPOa4 DMSO, 130 C 35~75 [40]
3 2-Methylquinoline 3,5-Diaryl-1,2,4-thiadiazole K5PO4 DMSO, 120 C 42~93  [41]
4 Aromaticaldehyde 3,5-Diaryl-1,2,4-thiadiazole K3POs DMSO, 120 C 48~63 [41]
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Table 5 Synthesis of multisubstituted 2-aminothiophenes via Gewald reaction
Entry Substrate 1 Substrate 2 Cat./base Reaction condition Yield/% Ref.
1 Ketone Cyanoacetone Piperidine EtOH, 55~65 C 8~86 [46]
2 Ketone, aldehyde Dicyanomethane Imidazole DMF, 60 C, N> 27~88 [47]
3 Ketone, aldehyde Cyanomethylene Morpholine PEG-600, U.S. 29~98 [48]
4 Cycloketone Ethylcyanoacetate Morpholine M.W., 120 C 22~-87 [49]
5 Ketone, aldehyde Malononitrile ZnO 100 C 37~86 [50]
6 Ketone Malononitrile NaAlO2 EtOH, 60 C 26~97 [51]
7 Arylacetaldehyde 1,3-Diketone K.CO3/KHCO; DMSO, 95 C 36~84 [52]
8 Chalcone Arylacetonitrile DBU DMSO/DABCO, 80 C  43~75 [53]
9 Arylmethylketone Arylmethylketone Anline/p-TsA 120 C, Ar 48~88 [54]
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Scheme 10 Proposed mechanism of Gewald reaction
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Scheme 11 Synthesis of polysubstituted thiophenes from sulfur
and 1,3-conjugated unsaturated compounds
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FKIFWEWYSYEq. 19). FJFHRIEHES 2 Fh 075k Lok
oAk ot AL C—H B E BT RR AL, SR
AR R A G ENY 1 AR R (Eq. 20), 1X4E57 A5
HORLZEL W EIREE . I IR AN IR0 PR

££2[66]
=3 .

BoH, R Se
+
||| [CPRh(MeCN)3][SbFgl,, AgOAC
R

DMF/PhCF3, 100 °C

R
vie
R

Yield: 36% ~ 78%

6.2 MEMIFHIEML

WEWy R 7y 7 R AR R o LR R, RYeHT
ARV RIERRL. XL S — ME e A . R
5 BRI 43 3] 5 75 BALO), 55k 2 BRI681, BRI L N2 55 J2 1691
755 CIR(BE)TO SR FUER AR RN 75 3 £ U2 RN
A M(Eq. 21), VETE LR 6. 2 NEM N TS H L HH I
(Table 6, Entry 7), N4 2-75 Bf 36 28 1 Wy IF
[3,2-d]WEME(Eq. 22). RRFLEFE, Bif5RREEE AR B
WA R, B MR, TERE s TR = A
FH S BH 257 [Sa] A s B R0 R AR B4 « IR 55 Je A
B H FRr=p00, BRR R AE S N R T AR A ERIE AAE, 18
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TEN R BGE R BT, 2L B N A I, Je
J82— FEAN 75 AN I A A7 B 5

Yield: ~ 99 %
NOAc
N 2
Sg [SUUAN >R
1 + R2— % . 7 7/
R RE—FG cat. or base Q:&S @1

l,_w _ v/,"\\ O
\\_</N OH . >=o TSB—SD> \\_(/SINS\HN (22)

CH3 Ar
DMSO, 120 °C

Frz R BAIE R AL T, i AR 2-(2-1R
KOG FTE—WIRPA KT 2-05 52K IF[4,5]EWy
IF[2,3-d]EME(Eq. 23). MR, RAK ZRE IR
P 2 BL T R 2R I ey -2- %, B S 5 05 Il 4y N G
A ST R B 4. Pham 250478 AN [] (V8 77 5 A
T, IR JRERERRE RN, SRR T 2-05
FETR I [4,51EWY FF[3,2-d|MEME RN 2- 55 Tk I 7% J (4, 5] ey
F[3,2-d]BEME P F P~ ) (Scheme  13). K FH I JERLnE . 75
B CTR BT W N R B ER ), TE FIR PR A R
153 2-75 FEIK I [4,51EWy FF[3,2-d]HEME.

o)
RIS CN Sg
L~ Ar” "H  CuCl/1,10-phen, K,CO;
DMSO, 120 °C

Br
S
= / [;]
R/ S)\Ar (23)

Yield: 30% ~ 72%

O
Sg, urea N\j/tL
o N N Ar
method A R—— | M-S
N — Z s
R_|/ R
Sg, urea PN N
method B —/ 1 A
S S

Method A: DMSO/H,0, DABCO, 120 °C
Method B: DMSO/pyridine, 120 °C

BR 13 K LEAEA RS2 T A R I e I ey
Scheme 13 Synthesis of benzothiazolothiophenes from aceto-
phenones under different conditions

6.3 MM} FH AL FNOERs H 05|k

I B A AP R 2 35 Lt g e T 5 B 4
B[4+ 1ML AR S T WEWS F1[3,2-b]L S (Eq. 24).
12 LR T LSRG R e T B A C—H B S

Chin. J. Org. Chem. 2022, 42, 1002~1012



Chinese Journal of Organic Chemistry

REVIEW

K6 WG RR(TR) 9 IFRHE BRI ) - «
Table 6 Synthese of benzo[4,5]thieno[3,2-d]thiazole from oxime esters

Entry R2-FG Product Cat./base Reaction condition Yield% Ref.

1 Arylaldehyde 2-Arylbenzothienothiazole CuBr/Li2CO3 DMSO, 120 C 48~91 [67]
2 Arylacetylene 2-Arylbenzothienothiazole? ~ CuOTf/TBD DMSO/hexane, 120 C  44~83 [68]
3 Arylaldehyde 2-Arylbenzothienothiazole®? ~ CuCl/TBD DMSO/hexane, 120 C  41~90 [68]
4 Methyl-N-heteroarene 2-Arylbenzothienothiazole Cs2C03 DMSO, 120 C 22~62 [69]
5 Arylacetic acid or ester ~ 2-Arylbenzothienothiazole Li2COs DMSO, 120 C 65~92 [70]
6 Isothiocyanate 2-Aminobenzothienothiazole KSCN/Li2CO3 DMSO, 120 C 32~82 [71]
7 Acetophenone 2-Aroylthienothiazole TBD DMSO, 120 C 31~87 [72]

4 The substrates are oxime esters or alkenyl azides.

PR, BIR ST W ERALRIER AL S R 2E 1% B bR 4. A Q

ATITENE A 3 NG| AT AR W0 AN B i SR, R i Ar B Se

KU EREE AR IR T, 51701 W SR RN CONT Cu/2.2-bipyridyl, TEMPO, TBAA

BT W) 31 [2,3-] 5 R (Eq. 25) . Q | X 27)

—R
Ar S \N Z

IS S
E\ =—R? : (/I/)—RZ (24)
1,4-dioxane, 120 °C N

/
R’ R’
Y: 55% ~ 85%

R! Ar' Rz Ar
— A2 —————— = | (25)
| NaOBu/DMSO N~ TS AR
N 120 °C o
R2

Yield: 45% ~ 90%

LN N SRS S P Y0 oy XU 2~ N LKL

IR CURR 78025 AR L2 A1 4y AR R I [4,5] ME Wy 5
[2,3-b]M|Wk(Eq. 26), 48R WK 7. NVAERRVEFAE Tk
17, B T FERLAAP, Lewis R 41 BF; Al IBr &5 X [ b th
HIRLFHIIE3EE FH (Table 7, Entries 7~8). ¥ 7I% &M
FIH R BETS, E DMF AR 2-BUR 4, 18
CF;Ph/dioxane H |75 2| 3-HUAX=4)(Table 7, Entries 4~
5).

1 /R2
RYZ N\ N
A S T~ Q
R~ [ ) +RrReFG —— (;TXQ (26)
= acid/cat. N
3 R

N
\ |
R

FG = alkynes, alkene, cyclohexanone, cetophenone

6.4 T H I ok S H R EE

Chitrala SFEUDABSER VY T B8 M T, BB m AN 2-
o AR R W B B, &0 & C—H B E Ae LR
Friedlander #MUEE I FE G % 1 2- TR SEMEwy H[2,3-b] HER
(Eq. 27). XSIE ZEH BRI, A Re i S mR G . 40
AR H RN BB SN, 6 3o e TR B AL B R A R I
[4,5]8EW} I [3,2-c] S E MR (Eq. 28).
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Y: 75% ~ 86%

1 NOA CHO
— A cl CuBr, Li,CO3

DMSO, 140 °C

R{ N=—

N

| VAR 08

MRE (28)
Y: 52% ~ 88%

7 MEE

IE IR S A4 B S 2 T, — B S R B R R S
B RS E ZE I BABE Y KI/DMSO 18 #4028 CU
MR R N, g6 TR A S R E R V-
HUAR Wy BEWE (Eq. 29). 1ZBIDGETESRMIAET, RIS 4
fi. 9505 R EL R N, 40t C—H R B IIReib 1S
B 1,4-F8FFERE(Eq. 30).

o
S
S A A
KI, 150 °C NN NP
DMSO/PhCI R2
Yield: 40% ~ 90%
0 N Ar'
S N
A+ acwm, £ R j: (30)
Ar Kl, O, T
DMSO/PhCI a2

Yield: 17% ~ 72%

8  EER(HE) ERANE M (45) B

Nguyen SEESRH] 2-ff 2 A /KB 5 B BB S 8, i
i C—H M B T REAL AN T IR IR R SR A B S A
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Table 7 Synthesis of thieno[2,3-b]indoles from indoles
Entry R?-FG Product Cat./acid Reaction condition Yield% Ref.
1 Alkyne Thieno[2,3-b]indole HCI DMF, 150 C 31~82 [77]
2 Alkene Thieno[2,3-b]indole HCI/HOAc DMF, 150 C 30~78 [77]
4 Acetophenone 3-Aryl thieno[2,3-b]indole HI/phenylalanine CFsPh/dioxane, 130 C 28~71 [78]
5 Acetophenone 2-Aryl thieno[2,3-b]indole  HOAc DMEF, 150 C 37~84 [78]
3 Cyclohexanone  Benzothieno[2,3-b]indole PdL/CPDO* 0-ChCeHy, 125 C 38~72 [79]
6 Cyclohexanone  Benzothieno[2,3-b]indole I» NMP<, 150 C 28~83 [80]
7 Cyclohexanone  3-Arylindole BF3/DPE? DMF, 150 C 33~89 [80]
8 Cyclohexanone  3-Arylindole IBr DPE/DMAY, 150 C 60~93 [80]

@ CPDO: 5H-cyclopenta-[1,2-b:5,4-b'"|dipyridin-5-one); * DPE: dipentaerythritol; ¢ NMP: N-Methylpyrrolidone; ¢ DMA: N,N-Dimethylaniline.

BT 2-75 52K [b1WEW-3-(2H)-F(Eq. 31). SpEAl =
ZE I PABSEA AT TBAL(WY T 2 8 itk ™, FIAH &
(2-PHEmE -2- 55 55 T e (PTIP) T ] 225 4] 1 7 I P AR B i i Jz
B, AT EIE MR (BEq. 32). i, A%E HIBAET
HRIE, W 5 B A 48 5k R IR AR R A A 55 I B ik
T, MR A Rl e -2 - B R (Eq. 33).

o 0
L NO tertiary amine = g Ar (31)

2 DMSO
Yield: 72% ~ 92%

R
- S
©)J\” : N-R (32)
Cu(OAc), S

Ag20, TBAL, 90°C  Yield: 16% ~ 95%

Sg

RS P
0N R1M\/ES
S 33
Y\(z W4 TBPB,130 °C 2' Nﬁ 53)
R'" R®> R R L
R

1.3-dioxoiane

Yield: 37% ~ 95%

9 ZHRiF

gR L, HRm L MR BN TS 5 2 R
FAIME GV &, (RPN R 2 ISR &
TR, JhRE T &ML aYa miEigs. LN
JEURHE G B AB ON R, BR Bl H2E 4 A
BREELE )R, ULL AR R an gy 7 A sl R
PR BRI S ML T, SR AR C—HX)BE
ety C—s #. PRRBENBRIRI R, HR
AL IEJEEEE, AR AP AEAE R B 2 DI RE,
2 AWK H K.

AR, BB BRI & 3G B ML SRt
TURJEIGE, I MBFEIE L, (ARA TN %S
FOILRETHIG B, U5 BA T i) g il stk se 4y
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fH. 5 Ja 1% U e A B R A2 A AR AR R AT LA
ZOIREI RN, B C—S BRI 2
TIE AR RNV IR TT, <8It B i AL i 2
QUHORSEDL. AREEE R TS 55 71, BT
WL 8 0 S PR 2 2 S8 I 32 AR AUk o 2 AT
fEZ TN 2 RN SE R A LA R R
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