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Preface

Heterocycles have always been the center of attraction because of their applications
in medicinal chemistry. The heterocyclic chemistry research comprises a significant
part of the organic chemistry research in the world. The huge quantity of bioactive
organic compounds that possess heterocyclic frameworks plays an important role in
the medicinal field.

Today, analogues of heterocyclic compounds and their derivatives have become
strong interest in pharmaceutical research field due to their valuable biological and
pharmacological activities. Because of the extensive importance of heterocycles, the
formation of these compounds has always been the most important research field
in synthetic chemistry. The chemistry of heterocycles is as logical as the chemistry
of aromatic or aliphatic compounds. The study of heterocyclic structures is of great
attention both from the theoretical and practical point of view. The versatile synthetic
use and biological action of these heterocyclic compounds have motivated the phar-
macologist to plan, design, and execute new methodologies for the synthesis of novel
drugs.

Due to the properties that are similar to drugs, libraries of different heterocyclic
compounds are usually used in high-throughput screening at initial stages of drug
design system. The competition in the area of drug design has helped to identify the
speed of synthesis as a top preference in drug design. Subsequently, techniques that
could enhance and promote both synthesis and screening of compounds are highly
required.

Lawesson’s reagent is a commercially accessible reagent and has been extensively
used in organic synthesis to achieve the transformation of carbonyl compounds to
thiocarbonyl compounds, which are important functional groups to achieve different
organic reactions or to utilize them as end products in medicinal, material chemistry,
etc.

The LR has remained the most important reagent in thionation chemistry and is
followed by P4S;o. The P4S;¢ has been an indispensable commercially accessible
reagent, specifically for transforming almost all types of oxo groups to thio groups.
This has been employed more commonly for replacing the oxygen atom of a furan
ring with sulfur atom. Almost all types of heterocycles containing sulfur atom(s) are
synthesized using P4S .
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A number of publications are being published every year on both reagents. Both
reagents have their own advantages and disadvantages over specific reactions, and
both of them deserve to be utilized.

It could be a benefit to the synthetic researchers to use Lawesson’s reagent in
synthetic pathways for heterocycles to provide the best and surprising results.

Jaipur, India Navjeet Kaur
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Chapter 1 ®)
Five-Membered N-Heterocycle Synthesis | ¢

1.1 Introduction

The heterocyclic compound is one of the most encountered frameworks in medicinal
and pharmaceutically related materials. Due to the properties that are similar to drugs,
libraries of different heterocyclic compounds are usually used in high-throughput
screening at initial stages of drug design system. The competition in the area of
drug design has helped to identify the speed of synthesis as a top preference in drug
design. Subsequently, techniques that could enhance and promote both synthesis and
screening of compounds are highly required [1-3].

The heteroaromatic structures are important and present in many natural and
synthetic alkaloids that are employed in the field of agrochemicals, medicine, or
cosmetics. Among the molecules related to this class of compounds, condensed
heteroaromatic compounds bearing at least one nitrogen atom such as indoles and
quinolones are undoubtedly the most appropriate because they generally affect the
health of humans. The rich structural diversity encountered in these compounds,
along with their biological and pharmaceutical importance, has encouraged more
than 100 years of research aiming at developing efficient, economical, and selective
synthetic approaches for such compounds [4-7].

Lawesson’s reagent is a commercially accessible reagent and has been exten-
sively used in organic synthesis in order to achieve the transformation of carbonyl
compounds to thiocarbonyl compounds under different reaction conditions like
utilization of polar solvents or base catalysts [8].

It is broadly recognized that organometallic reagents play an important role in
organic synthesis, but the importance of main group-based reagents is not well appre-
ciated. The LR has been extensively utilized in organic chemistry as a reagent for the
transformation of ketones, esters, and amides into their corresponding thio analogues
[9, 10]. This perception is concerned with the synthesis and new organic chemistry
of this and related thionation reagents and their metal complexes [11-13].

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 1
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1.2 Synthesis of Five-Membered N-Heterocycles

A conventional and well-known pathway for the synthesis of imidates/thioimidates
is through the alkylation of amides and thioamides, respectively. Scheme 1.1
shows a procedure starting from commercially accessible Cbz-protected
1-aminocyclopropane-1-carboxylic acid [14]. Firstly, the Cbz-protected 1-
aminocyclopropane- 1-carboxylic acid underwent transformation to amide utilizing
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide chloride and ammonium chloride
in dimethylformamide and subsequent reaction with LR afforded thioamide. The
reaction of thioamide with Mel in CH3COCH; at 60 °C afforded thioimidate
intermediate, via a rapid rearrangement process, which ultimately provided cyclic
thioimidate.

Many strategies have been employed for the synthesis of enaminones [15-23], out
of which the most adaptable is the Eschenmoser sulfide contraction of thiolactams,
originally explained by Eschenmoser et al. [24-26]. The thiolactams were synthe-
sized either through thionating lactams prepared from primary amines and bifunc-
tional reagents or through a suitable conjugate addition of secondary thiolactams to
acrylate esters, acrylonitrile, and analogous acceptors (Scheme 1.2) [27-44].

There are sixteen new compounds composed of unique five-membered hetero-
cyclic compounds (thiophene, pyrrole, or furan) related to thiazole, imidazole, or
quinoline rings. The Stetter reaction using thiazolium salt as a catalyst provided 1,4-
diketones intermediate. The cyclization of 1,4-dicarbonyl compounds with H3POy,
CH;3;COONHy4, or LR through Paal-Knorr synthesis afforded 2,5-disubstituted furan,

NHCbz  Ep(l, NH,CI, NHCbz
DMF Mel, 60 °C
—_—
Lawesson's reagent, acetone
(0] OH THF, 50 °C S NH,
NHCbz NHCbz
k rearrangement
—_—
Me 7 Me
HN” s~ N ST

Scheme 1.1 Synthesis of cyclic thioimidate

CI(CH,),COCI; n n
base, P,S, or H,C=CHX
R—NH, 20 NN S AR Ny
Lawesson's reagent | |

S

H
X = COR', CO,R!, CN, SO,R' etc.
R = alkyl

Scheme 1.2 Synthesis of thiolactams



1.2 Synthesis of Five-Membered N-Heterocycles 3

pyrrole, or thiophene compounds in moderate yields. The reaction of heteroaromatic
aldehydes and 3-buten-2-one using thiazolium ylide as a catalyst and triethylamine as
a base afforded Stetter-type products in moderate yields. The dicarbonyl compounds
were transformed into pyrroles, thiophenes, and furans in moderate yield utilizing
standard Paal-Knorr processes (Schemes 1.3, 1.4, 1.5, and 1.6) [45].

A direct amidation of 4-oxo-(2-thienyl)butanoic acid [46] with arylamines using
DCC-BtOH afforded aryl-4-(2’-thienyl)-4-oxobutanamides [47]. No secondary prod-
ucts were observed, and the yields ranged from fair to good (30-64%) based on
the nucleophilicity of the arylamine. Different effects of substituents in the utilized
anilines were remarkable. The aryl-4-(2'-thienyl)-4-oxobutanamides were observed
to be good starting compound for the formation of pyrroles by reaction with LR
at reflux in toluene (Scheme 1.7). Attempts to transform the aryl-4-(2’-thienyl)-4-
oxobutanamides into 5-arylamino-2,2’-bithiophenes afforded only thienylpyrroles
(49%) or a mixture of thienylpyrroles (32-58%) and bithiophene derivatives in
low yields (7-19%), pyrroles being the major compounds [48]. The 1-aryl-2-
(2'-thienyl)pyrroles were prepared from aryl-4-(2'-thienyl)-4-oxobutanamides as
major compounds via combination of Friedel-Crafts and Lawesson reactions. The
bithiophene derivatives were also afforded as by-products, generally in low yields.

N but-3-en-one, N (0]
(/ )\ thiazolium chloride // \\
N CHO triethylamine, N CH,
H dioxane, 90 °C, 36 h H o
N
ammonium acetate, 125 °C, 2 h; // \ X CH
Lawesson's reagent, toluene, 110 °C, 50 h; \ / 3
polyphosphoric acid, 130 to 140 °C, 4-6 h

NH
S
o

KRR T2

Scheme 1.3 Synthesis of pyrrole, thiophene, and furan
N but-3-en-one, N (0)
// »\ thiazolium chloride // \
S CHO triethylamine, S CH,
dioxane, 90 °C, 36 h

ammonium acetate, 125 °C, 2 h; //
S

Lawesson's reagent, toluene, 110 °C, 50 h;
polyphosphoric acid, 130 to 140 °C, 4-6 h

CH,

—Z
=)
A

\_/

lakel
[T
cwnz

Scheme 1.4 Synthesis of pyrrole, thiophene, and furan
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(0]
CHO but-3-en-one, CH,
X thiazolium chloride X
_ triethylamine, _ 0
N dioxane, 90 °C, 36 h N
ammonium acetate, 125 °C, 2 h; X X CH,

Lawesson's reagent, toluene, 110 °C, 50 h; >
polyphosphoric acid, 130 to 140 °C, 4-6 h N

X=NH,X=§,X=0

Scheme 1.5 Synthesis of pyrrole, thiophene, and furan

but-3-en-one, X 0
X thiazolium chloride
. . P
_ triethylamine, N CH,
N CHO dioxane, 90 °C,36 h o
X
ammonium acetate, 125 °C, 2 h;
Z X CH
Lawesson's reagent, toluene, 110 °C, 50 h; N 3
polyphosphoric acid, 130 to 140 °C,4-6 h \ /

X=NH,S, O

Scheme 1.6 Synthesis of pyrrole, thiophene, and furan

o arylamine, DCC, t
/ \ BtOH, rt / \ NH
S OH CH,Cl, S
O O

=
R =H, 2,4-diOMe, 3,4-triOMe, 4-F, 4-Br, 4-CN R—

X

s )\
LR, toluene \ / N " / \ S R

reflux X D—@—NH
R—— S
|
=

Scheme 1.7 Synthesis of 1-aryl-2-(2’-thienyl)pyrroles and bithiophene derivatives
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The reaction of 1,2-dioxines with LR, n-butylamine, or (NH4),CO3 was further
examined (Scheme 1.8). The dimethylformamide was utilized as a solvent for the
formation of thiophenes as it was expected that the Kornblum-de la Mare rearrange-
ment of 1,2-dioxines to isomeric 1,4-diketones would be assisted in this solvent.
The reaction of 1,2-dioxines with LR in dimethylformamide at 100 °C afforded
thiophenes in good yields, respectively (entries 1, 2, and 3). The reaction of 1,2-
dioxines with LR afforded thiophenes in lower yield under analogous conditions
(entry 4). This may be because of instability of thiophene at enhanced temperatures.
The 1,2,5-trisubstituted pyrroles were synthesized under different reaction condi-
tions, which were employed for the preparation of thiophenes. The n-butylamine
reagent could be employed, and dimethylformamide was not needed for the rear-
rangement of 1,2-dioxine into its 1,4-diketone. Therefore, refluxing CH3;0H was
utilized instead of dimethylformamide. The 3,5-dihydro-1,2-dioxines were reacted
with excess n-butylamine under these conditions in refluxing CH3OH for 16 h to
afford the 1,2,5-trisubstituted pyrroles, respectively, in good yields (entries 5 and 6)
[49]. The reaction of 1,2-dioxines with (NH4),COj3 in refluxing CH3OH afforded
only isomeric 1,4-diketones, both in near quantitative yields (entries 7 and 9). This
was rectified when the lower boiling CH3OH was substituted by dimethylformamide

- 2 Ry S R, Ry N R,
reagent C (6] |
T . R,
Y a:R;=R,=Ph
: 7z b: R, = Ph a: R, =R, =Ph,
ﬁz I_{z R, =4-Br, Ph R; =n-Bu
a:R;=R,=Ph c:R;=Ph b: R;=Ph
a-d b: Rl =Ph RZ = Me gz = 4-]];]’, Ph
= d: R{=Ph 3= n-Bu
R, = 4-Br, Ph Rlz _ ¢ R = Ph
R, =Me
R;=H
d: R, =Ph
R,=R;=H
entry 1,2-dioxine solvent reagent product yield (%)
1 a DMF Lawesson's a 62
2 b DMF Lawesson's b 85
3 ¢ DMF Lawesson's ¢ 72
4 d DMF Lawesson's d 57
5 a MeOH n-BuNH, a 85
6 b MeOH n-BuNH, b 65
7 a MeOH NH4CO; a 95
8 a DMF NH,CO; c 65
9 b MeOH NH4CO; b 96
10 b DMF NH4CO; d 70

Scheme 1.8 Synthesis of 2,5-disubstituted pyrroles
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as the solvent, affording 2,5-disubstituted pyrroles in moderate yields of 65 and 70%,
respectively (entries 8 and 10).

The y-ketoamides afforded pyrroles and thiophenes (Scheme 1.9) [11, 48].

Since studies had reported that malononitrile functionalization further red-
shifts the DEACM absorption profile [50], the diethylaminocoumarylidene-
malononitrilemethyl (DEACM-MN) bearing linker was also formed in eight steps
(Scheme 1.10). The aldehyde was reacted with nitromethane using N,N,N’,N’-
tetramethylethylenediamine to provide the nitroalcohol. The TBDMS-protected
alcohol was transformed into thiocoumarin with LR, and the dicyanocoumarin
was obtained by silver(I)-assisted malononitrile condensation. The NO, group was
reduced with Zn and CH3COOH, and the formed amine was reacted with 6-(2-
chloroacetamido)-hexanoic acid to afford the intermediate. The alcohol deprotection
and DSC coupling further afforded final DEACM-MN linker [51].

The ozonolysis afforded ketone, which was further reduced and the formed alcohol
was protected to afford the diacetate (Scheme 1.11). This lactam was exposed to
flash vacuum thermolysis at 600 °C followed by ethanolysis to afford the alcohol in
45% yield. The Swern oxidation of alcohol followed by Wittig olefination afforded
alkene, a key intermediate in the formation of peduncularine. The last step in the
synthesis involved the formation of thiolactam and alkylation with Mel to produce the
iminium salt. The Grignard addition followed by reduction with NaBH3;CN provided
a modest yield of 35% (42% of C7-isomer). The Fischer indole formation utilizing
phenylhydrazine afforded (—)-peduncularine in 19 steps and 0.7% overall yield [52].

It was described that the reaction of 2-acylbenzamides with LR afforded different
products based on the groups attached to the starting compounds (Schemes 1.12,
1.13, and 1.14) [12, 48].

The steps involved in the overall formation of (—)-indolizidine (—)-209B [44]
are described in Scheme 1.15. The absolute stereocontrol resulted from Davies’s
protocol [53, 54] where homochiral amine, formed from #-butyl (E)-oct-2-enoate and
(R)-N-benzyl-1-phenylethylamine, was transformed into primary amine and further
into thiolactam in multiple steps. The Eschenmoser sulfide contraction [55, 56] with
ethyl bromoacetate afforded key enaminone intermediate and the chemoselective
reduction of saturated ester synthesized alcohol. The bicyclic nucleus of alkaloid was
further constructed by a cycloalkylation that took the benefit of nucleophilic reactivity

Scheme 1.9 Synthesis of pyrroles and thiophenes
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Scheme 1.10 Synthesis of DEACM-MN linker

of enaminone, after that a chemoselective and reasonably diastereoselective (88:12)
reduction of the alkene bond of bicyclic enaminone set up the desired stereochemistry
at C-8 and C-8a. The epimerization of ester in the reduced compound synthesized a
compound, which was reduced to afford the alcohol. Holmes et al. [57] demonstrated
that the reduction of methanesulfonate with Li(C,Hs);BH completed the overall
formation of (—)-indolizidine 209B [58].

The phosphonate was synthesized starting from #-butyl bromoacetate and triethyl
phosphite. The phosphonate underwent a Horner—Wadsworth—Emmons reaction to
afford the Michael acceptor in 63% yield over two steps. The alkenoate underwent
a stereoselective aza-Michael reaction with dibenzylated chiral amine. The enan-
tiomerically pure amine was isolated in 52% yield over two steps after debenzylation
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HO HO AcO
i-Pr i-Pr 0o NaBHy; i-Pr OAc
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0,
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flash vaccum thermolysis,
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+ _
NaOEt, EtOH Ph;P CH;, Br, n-BuLi
45% S 8%
o

NH

Mel, Et,0 I NaBH;CN
87% 35%

(0]
i-Pr (\
Lawesson's reagent; N 0)\/\MgBr;

PhNHNH,, H,SO,
44%

(-)-peduncularine

Scheme 1.11 Synthesis of (-)-peduncularine

Scheme 1.12  Synthesis of (o)
isoindolines 0
NHRR, Lawesson's reagent,
R toluene, reflux NR
2 19-66%
HS R
R=H 0
R; =¢-Bu

R, = Me, Ph, PhCH,

with 10% Pd/C and H; gas in CH3COOH. This amine was treated with chlorobutyryl
chloride and cyclized to obtain the lactam in 56% yield. The lactam was thionated
with LR to afford the thiolactam in 85% yield. The enaminone was formed in 79%
yield when thiolactam underwent an Eschenmoser sulfide contraction reaction. The
enaminone was transformed to mixed anhydride through the carboxylic acid, and this
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R=H 2
R, = Et, PhCH,
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assisted the acylative ring-closure of enaminone to provide the hexahydroindolizidi-
none in 55% yield. Standard reactions were utilized for the defunctionalization of
ester, enaminone, and ketone to afford the (—)-indolizidine 167B in fifteen steps and
1.5% yield (Scheme 1.16) [41].

The formation of racemic indolizidine 167B by Michael and Gravestock [59]
has been modified to afford the alkaloid’s (—)-enantiomer (Scheme 1.17) [42]. The
desired absolute configuration at the site adjacent to nitrogen was assured with Davies
protocol, which included the highly diastereoselective conjugate addition of anion of
(R)-N-benzyl-1-phenylethylamine to a conjugated ester, in this case (—)-menthyl (E)-
hex-2-enoate. The amino ester product was transformed into thiolactam in four steps.
This intermediate was reacted via reaction sequence (Eschenmoser sulfide contrac-
tion, acylative ring-closure, hydrolysis, and decarboxylation) to obtain the bicyclic
vinylogous amide, which was carefully reduced with LiAlHy to afford the volatile
indolizidinone as a single diastereoisomer. This completed the formal formation of
target compound, i.e., (—)-alkaloid [60, 61].

An aldol reaction of starting compound with (R)-3-(triethylsilyloxy)butanal
synthesized hydroxyketone. A four-step reaction of hydroxyketone afforded (-
unsaturated ester which then underwent double bond reduction, cleavage of Cbz
group, lactamization, and reduction of lactam carbonyl group to provide the first
formation of grandisine A (Scheme 1.18) [62].

The 2-methylresorcinol was utilized for the synthesis of 2-benzyloxy-6-bromo-4-
methoxy-3-methylaniline in six steps. According to a process proposed by Raphael
and Ravenscroft [63], the 2-methylresorcinol was reacted with NaNO, in acidic
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Ph
#Bu0,C
#+Bu0,C \( L g, 24 HBuOC §i>
> 2 ——>
\\/N\Bn 73%

76% Y
(CH,),CH, (CHy),CH; (C H,),CH,
CO,Et CO,Et CO,Et
X
5,6 t-BuO,C
—_—
94% \\/N T88% 81%
(CH,),CH;4 (CH2)4CH3 (CHy)CH,
Et02C EtO,C
9
—_—
95% 40% 4%
(88:12 with isomer) Y
(CH2)4CH3 (CH2)4CH3 (CH2)4CH3
H
12,13
—_—
40% N
(CH,),CH;

Reagents and conditions: (1) 7 atm H,, 10% Pd/C, AcOH, rt, (2) CI(CH,);COCI,
NaHCO;, CHCI;, reflux, (3) ~BuOK, ~BuOH, rt, (4) Lawesson's reagent, PhMe,
reflux, (5) BrCH,CO,Et, MeCN, rt, (6) Ph;P, Et;N, MeCN, rt, (7) LiAlH4, THF, rt, (8)
I,, imidazole, Ph;P, PhMe, 110 °C, (9) 1 atm H,, PtO,, AcOH, rt, (10) NaOEt
(catalyst), EtOH, reflux, (11) LiAlH4, THF, 0 °C to rt, (12) MeSO,Cl, NEt;, CH,Cl,,
0°C to rt, (13) LiEt;BH, THF, 0 °C.

Scheme 1.15 Synthesis of (-)-indolizidine 209B

medium, and the nitroso intermediate was then oxidized to nitro product with 70%
concentrated HNOj3 (Scheme 1.19). The crystalline product 3-methoxy-2-methyl-6-
nitrophenol was prepared by regioselective methylation of less hindered OH group
with dimethyl sulfate at ambient rt. The doubly protected nitroresorcinol was synthe-
sized by benzylation of second OH group under more dynamic conditions, which was
then reduced to sensitive aniline with hydrazine hydrate over Raney Ni in boiling
CH;OH. The crude C¢HsNH, was instantly brominated with Br, in a mixture of
CH,Cl, and CH3COOH to complete the formation of bromoaniline in 77% yield over
two steps. The complete reaction sequence from 2-methylresorcinol to bromoani-
line could also be carried out on a scale of ca. 25 g without purification of the



1.2 Synthesis of Five-Membered N-Heterocycles 11

CO,-Bu CO,t-Bu , Ph \ Ph
— i
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Reagents and conditions: (1) P(OEt);, 110 °C, (2) butanal, DBU, LiCl, MeCN, rt, (3)
BuLi, THF, -78 °C, (4) 7 atm H,, 10% Pd/C, AcOH, (5) CI(CH,);COCIl, NaHCO;,
CHCI, rt, (6) +-BuOK, ~BuOH, (7) Lawesson's reagent, toluene, reflux, (8)
BrCH,CO,Et, MeCN, rt, (9) Ph;P, Et;N, MeCN, rt, (10) Me;Sil, CCl, rt, (11) Ac,O,
MeCN, 50 °C, (12) KOH, H,O0, reflux, then HCI, reflux, (13) LiAlH4, THF, rt, (14)
HS(CH,);SH, BF;.Et,0, CF;CO,H, rt, (15) Raney-Ni, EtOH, reflux.

Scheme 1.16 Synthesis of (-)-indolizidine 167B
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(-)-indolizidine
Reagents and conditions: (1) BuLi, THF, -78 °C, (2) 7 atm H,, 10% Pd/C, HOAc, rt, (3)
CI(CH,);COCl, NaHCOj3;, CHCI;, rt, (4) +-BuOK, ~~-BuOH, rt, (5) Lawesson's reagent,
PhMe, reflux, (6) BrCH,CO,Et, MeCN, rt, (7) Ph;P, Et;N, MeCN, rt, (8§) KOH, EtOH,
reflux, (9) Ac,0, MeCN, 50 °C, (10) KOH, H,0, reflux, then HCI, reflux, (11) LiAlH,,
THF, rt, (12) HS(CH,);SH, BF;.Et,0, TFA, rt, (13) Raney-Ni W-2, EtOH, reflux.

Scheme 1.17 Synthesis of indolizidine

intermediates in approximately 45% yield. The absolute configuration of aziridi-
nomitosene was derived from the second reaction partner, (—)-2,3-O-i-propylidene-
D-erythronolactone, which was formed in 77% yield by an approach that required
oxidative cleavage of D-isoascorbic acid with H,O, followed by ketal exchange
with 2,2-dimethoxypropane [64]. Since it was known that this lactone was reacted
poorly with 2-bromoaniline unless the latter was deprotonated first, a solution of
bromoaniline in THF was reacted with C;HsMgCl at —50 °C before adding (—)-
2,3-0-i-propylidene-D-erythronolactone and allowing the mixture to warm to rt. The
alcohol intermediate was purified for characterization purposes and was transformed
directly into lactam. The cyclization was completed by mesylation followed by reac-
tion with NaH in a mixture of THF and N,N-dimethylformamide at rt. The transfor-
mation of bromoaniline into lactam took place on a 20 g scale without purification of
intermediates in 90% yield. The product was observed to exist as a 1:1 mixture of two
separable rotamers that could be independently characterized, although this was not
required in view of the later convergence of these intermediates to a single product.
With both rings A and C in place, the next aim was to complete the formation of
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Reagents and conditions: (1) LIHMDS, ZnCl,, THF, -78 °C, -78 to -50 °C, 3.5 h, (2) Dess-
Martin periodinane, CH,Cl,, (3) TFA, CH,Cl,, 73% over 3 steps, (4) O3, MeOH, Sudan
III  (indicator), -78 °C, then Me,S, -78 to 25 °C, (5) methyl
(triphenylphosphoranylidene)acetate, benzene, 60 to 40 °C, 9.5 h, 80% over 2 steps, (6)
10% Pd/C, 1 atm H,, MeOH, (7) PhMe, reflux, 24 h, 98% over 2 steps, (8) Lawesson's
reagent, PhMe, 65 °C, 98%, (9) Raney-Ni, THF, 25 °C, 94%.

Scheme 1.18 Synthesis of grandisine A

pyrrolo[1,2-aJindole skeleton through the tandem Reformatsky—Heck sequence. At
last, the rotameric mixture of lactams was thionated with LR in boiling toluene to
afford the thiolactam as a mixture of rotamers in 73% yield. Both rotameric mixtures
of thiolactam were obtained when lactam rotamers were separated and were inde-
pendently exposed to thionation. The transformation of thiolactam into vinylogous
urethane was attained through extended reaction in boiling THF with an excess of
organozinc reagent synthesized by sonicating activated Zn powder with bromoac-
etate using I, as a catalyst. The product, yet again a mixture of two rotamers, was
obtained in reproducibly good yields of above 85% yield on scales as large as 5 g.
The crucial intramolecular Heck cyclization occurred by adapting conditions devel-
oped by Tietze and Petersen [65] in which a carefully balanced mixture of solvent,
base, ligand, and additives was used. In this case, the reactant was heated at reflux
with 0.3 eq. PA(OAc),, tri-o-tolylphosphine, and TEA in the mixed solvent system
of DMF, CH3CN, and H,O (5:5:1) to afford the desired compound (R = Bn) in 82%
yield [66]. In one case, the benzyl protecting group was also removed using an excess
of 1.6 eq. PA(OAc), to afford the free phenol (R = H) in 90% yield.
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Reagents and conditions: (1) NaNO,, H,SO,4, H,0, rt, 45 min, (2) HNO; (70%), H,O, rt, 70 h, (3)
Me,S0,, K,CO;, acetone, rt, 20 h, (4) BnBr, K,CO;, acetone, reflux, 41 h, (5) NH,NH, H,0, Raney-Ni,
MeOH, reflux, 1.5 h, (6) Br,, CH,Cl,-AcOH, rt, 6 h, (7) EtMgCl, THF, -50 °C, 50 min, then 14, -50 °C to
rt, 22 h, (8) MsCl, Et;N, CH,Cl,, 0 °C to rt, 7 d, (9) NaH, THF-DMF, rt, 20 h, (10) Lawesson's reagent,
toluene, reflux, 2.5 h, (11) BrZnCH,CO,Et (from BrCH,CO,Et, Zn, 1,, THF, ultrasound), THF, reflux,
120 h, (12) 0.3 eq. Pd(OAc), P(o-Tol);, Et;N, DMF, MeCN, H,O0, reflux, 4 h, (13) 1.6 eq. Pd(OAc),, P(o-
Tol);, Et;N, DMF, MeCN, H,O, reflux, 4 h, (14) 10% Pd/C, H,, EtOH, HCI (1 drop), rt, 2 h.

Scheme 1.19 Synthesis of dioxolopyrroloindole
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Dodd et al. [67] have described a solid-supported formation of 5-N-alkylamino- and
5-N-arylaminopyrazoles. The B-ketoesters were heated with resin-bound amines in
resin-compatible solvents such as NMP or toluene using 4-dimethylaminopyridine
to afford the resin-immobilized B-ketoamides. The P-ketoamides, aryl or alkyl
hydrazines, and LR were suspended in a mixture of tetrahydrofuran/pyridine and
heated at 50-55 °C in order to provide the resin-bound 5-aminopyrazoles. The
free 5-aminopyrazoles were liberated from solid support through reaction with
trifluoroacetic acid (Scheme 1.20) [68].

The LR was employed as a substitute to P,Ss. Chebil and Jouil [69]
in 2012 described the formation of thiopyrazolone from P-phosphoryl-f’-
carbethoxyhydrazones using LR (Scheme 1.21).

The substituted 5-alkylamino- and 5-(arylamino)pyrazoles could be synthesized
by a one-pot protocol from ketoamide, aryl or alkyl hydrazine, and LR (Scheme 1.22)
[70]. The hydrazones were probable intermediates. This approach was also employed
for the solid-supported formation of 5-(N-monosubstituted amino)pyrazoles [67].

This example [71] is a somewhat different pathway for the synthesis of 3-amino-
1H-indazoles (Scheme 1.23). Three other examples of formation of 3-amino-1H-
indazoles can be observed in Refs. [72—78] and Ref. [79] which provided additional
examples of synthesis of different substituted 1H-indazoles.

A 1,3 ,4-thiadiazole ring was incorporated at 17 position of the androstane frame
(Scheme 1.24). In this case, a D-ring condensed pyrazolidine-3-thione, synthesized
through intramolecular 1,4-addition to C=C bond, was identified as a major product

OCH,

H
/©/\ iy g I I
< ) |
o R, M R,

N
0.1 eq. DMAP, NMP |
* > O\ R Ry
85°C,10-24 h (0]
oA
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OM R, R _HCH,
R, R, = CH;, Ph
R,=Bn, Ph
: ° R, N R
2.5 eq. R;NHNH,, LN s A
2.5 eq. Lawesson's reagent N/ TFA/DCE Ri—N /
_—
THF/Py (95:5), 55 °C, 40 h = R rt,1h R,
2 HN
H;CO N ~
3 \ Ry

R,

Scheme 1.20 Synthesis of aminopyrazoles
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Scheme 1.22 Synthesis of aminopyrazoles
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Scheme 1.23 Synthesis of 3-amino-1H-indazoles
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—_——
toluene

Scheme 1.24 Synthesis of pyrazolidinethione

and was exposed to deacetylation in basic medium. The 16a,17a-cis junction of
heteroring was established via NOESY spectrum, NMR, and MS measurements
on final compound (R = Ac), and its deacetylated analogue (R = H) confirmed
that oxygen — sulfur exchange took place on both the oxygen atoms of CO groups
directly attached to nitrogen atoms, whereas the ester group at C-3 (R = Ac) remained
unaffected [80, 81].

The 2-bromobenzoyl chloride and 2-fluorobenzoylchloride were treated with
methanethiolate sodium salt to provide the 2-halo-thiobenzoic acid S-methyl esters
in almost quantitative yield (Scheme 1.25). These compounds were subsequently
reacted with LR to afford the dithioesters in excellent yield [82]. The imidazoline
ring was constructed by condensation of dithioesters with a chiral diamine. The
driving force of reaction was the precipitation of mercury sulfide through the utiliza-
tion of a desulfurizing agent like HgO [83]. Thus, the transformation of dithioesters
(R = Br) with (1R,2R)-diphenylethylene diamine afforded imidazoles (R = Br) in
66% yield. The condensation of dithioesters (R = F) with chiral diamine operated
significantly better, and the ring-closure occurred in only half an hour to afford the
imidazoles (R = F) in 92% yield. In this case, the total yield was 86%.

The compounds bearing diimidazoline and dipyrimidine moieties were prepared
(Scheme 1.26) [84]. The alkanedinitriles were reacted with propylenediamine and
ethylenediamine in toluene (dry) at 90 °C for 10 h to afford the dipyrimidines and
diimidazolines, respectively, using a small amount of P4So. Analogous results were
obtained when LR, Sg, or Na,S-9H,0 was employed instead of P4S;¢ [85].

In the formation of a potent adrenergic agent, Lawesson’s reagent was employed
to synthesize its imidazole ring [86]. The transformation of aminolactam with
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Scheme 1.25 Synthesis of imidazoles
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Scheme 1.26 Synthesis of diimidazolines

Lawesson’s reagent using D-10 camphorsulfonic acid in refluxing xylene for 72 h
under nitrogen atmosphere provided imidazole ring in 38% yield (Scheme 1.27) [12].

H;CO H;CO
xylene/D -CSA
HzN

Scheme 1.27 Synthesis of imidazoisoindole
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The esterification of acid was completed employing concentrated H, SO, in C;HsOH
to provide the ethyl ester in 92% yield [87]. Also, ethyl ester was directly condensed
with propargyl alcohol in concentrated H,SO4 to afford the sulfide terminal
alkyne in 85% yield, which was instantly reacted with (3-azidopropyl)cyclohexane,
sodium ascorbate, and CuSO4-5H,0O in tetrahydrofuran/water (v/v, 1:1) or (4-
azidobutyl)benzene, sodium ascorbate, and CuSO4-5H,0 in tetrahydrofuran/water
(v/v, 1:1) to synthesize the triazoles in 95% and 97% yield, respectively [88].
Similarly, oxidation of ethyl ester occurred with 30% hydrogen peroxide in
acidic media in alcohol solvent which was hydrolyzed in situ with sodium
hydroxide in water and ethanol to afford the acid in 70% yield. The reaction of
acid with propargyl alcohol and ethyl(dimethylaminopropyl)carbodiimide (EDC)
using 4-dimethylaminopyridine (DMAP) in N,N-dimethylformamide afforded
sulfonyl terminal alkyne in 88% yield, which was further reacted with (3-
azidopropyl)cyclohexane, sodium ascorbate, and CuSO4-5H,O in tetrahydro-
furan/water (v/v, 1:1) or (4-azidobutyl) benzene, sodium ascorbate, and CuSO,4-5H,0
in tetrahydrofuran/water (v/v, 1:1) for 10 min to obtain the triazoles in 96% and 95%
yield, respectively. These triazole syntheses through copper(I)-catalyzed 1,3-dipolar
cycloaddition reaction (1,3-DCR) of azido moieties and terminal alkyne proceeded
easily under very mild conditions [89]. Disappointingly, condensation of acid with
propargyl alcohol in concentrated H,SO,4 did not result in the synthesis of terminal
alkyne, and this reaction condition resulted in mainly detected staring compounds
and/or decomposed product. The synthesis of sulfonyl terminal alkyne via oxida-
tion of sulfide terminal alkyne with LR in toluene was successfully used for the
preparation of desired product in 70% yield (Scheme 1.28) [90].

Lactam was transformed into thiolactam, which was further reacted with acetyl
hydrazide and HgCl, to afford the intermediate. The yields were quite moderate,
65% for the first step and 47% for the second step; however, the procedure was
straightforward to achieve the smooth purifications. It was expected that the following
intramolecular condensation of hydrazide carbonyl group with bridged nitrogen
atom would be little difficult. A variety of known conditions was screened under
both conventional and MW heating, but all were unsuccessful. In most of the cases,
unreacted starting compound was recovered even under forcing conditions (toluene,
200 °C, MW). Upon examination of other solvents than those usually used in the
literature to carry out this cyclization, the breakthrough came with pyridine. Heating a
solution of intermediate in pyridine for 30 min at 130 °C under MWI afforded desired
triazole in 30% yield along with unreacted starting compound. More forcing condi-
tions (180 °C, MW) improved the conversion and also resulted in partial cleavage
of the Boc group. The reaction at 240 °C under MW [91] heating led to complete
consumption of intermediate with the desired deprotected product spiropiperidine
being formed in 80% yield (Scheme 1.29).

The 3-methyl-2,6-diphenylpiperidin-4-one was utilized as starting compound for
the formation of new triazolodiazepines. The piperidin-4-one on reaction with NaNj3
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Scheme 1.28 Synthesis of triazoles
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Scheme 1.29 Synthesis of dihydrospiropiperidine pyrrolotriazole

and concentrated sulfuric acid afforded diazepam-5-one. The diazepams were reacted
with LR to afford the thiones. The target triazolodiazepines were obtained when
thiones were reacted with acetyl hydrazide (Scheme 1.30) [92].

The 6-ethyltriazolobenzodiazepines were synthesized from benzodiazepinone
(Scheme 1.31) [93]. The transformation of benzodiazepinone to thiolactam could not
be completed under standard conditions [94] (phosphorus pentasulfide in Py or other
high boiling solvents), but proceeded employing LR in anhydrous tetrahydrofuran
under nitrogen atmosphere. The target compounds were prepared by condensation of
thiolactam with carboxylic acid hydrazides. The residual hydrazides were observed
to be poorly separable from the desired compounds through column chromatography.
This challenge was solved by transforming the hydrazides into H, O-soluble conden-
sation products on stirring with glucose solution prior to extraction with an organic
solvent [95, 96].

Lattmann et al. [97] have prepared a series of 4H-triazolo-1,4-benzodiazepines
from p-chloroaminobenzophenone (Scheme 1.32). This commercially accessible
ketone was transformed into 1,4-benzodiazepine, which on reaction with LR afforded
thioamides. These reactive intermediates were reacted with acetyl hydrazide to afford
the 4H-triazolo-1,4-benzodiazepine.

Imine was intramolecularly cyclized under weak acidic conditions following the
HBTU condensation to afford the triazole benzodiazepines. Further, the triazole
target compound was prepared by cyclization utilizing triethylorthoformate, LR,
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Scheme 1.30 Synthesis of triazolodiazepines
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Scheme 1.31 Synthesis of triazolobenzodiazepines
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Scheme 1.32 Synthesis of triazolo-1,4-benzodiazepines

and hydrazine hydrate. The triazole compound was further reduced with sodium
cyanoborohydride to give the desired product (Scheme 1.33) [98].

A one-pot approach [99] for the transformation of amide to JQ1 was described.
The one-pot method (Scheme 1.34) began with the reaction of amide with LR in
tetrahydrofuran at 80 °C for 2 h (observed by thin layered chromatography) and
after that addition of excess 10 eq. hydrazine hydrate at O °C. The reaction mixture
was stirred for 30 min (monitored by thin layered chromatography) to afford the
amidrazone, which was utilized for the next step directly after aqueous work-up.
The amidrazone was heated to 110 °C for 2 h in a mixture of trimethyl orthoacetate
and toluene (2:3) to afford the desired compound (£)-JQ1 in 60% yield over three
steps. It was observed that a one-pot method (thionation and amidrazone synthesis)
greatly minimized sulfur-related concerns (the strong, unpleasant odor of sulfur side-
products). The purification procedure was also facile, and the reaction proceeded with
alittle improved yield (60%). The reaction was performed in four batches to decrease
sulfur-related odors but can be achieved on a larger scale. A related method for the
formation of bromodomain inhibitors including LR was reported in a patent [100].

The tetracyclic 1-amido-substituted triazolopyrrolo[2,1-c][1,4]benzodiazepin-8-
ones were synthesized as depicted in Scheme 1.35. The key intermediate was synthe-
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Scheme 1.33 Synthesis of triazolobenzodiazepine
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Scheme 1.34 Synthesis of triazolobenzodiazepine

sized in four steps. First, pyrrolobenzodiazepinedione was synthesized by cyclocon-
densation of L-proline with isatoic anhydride. The monothiolactam was synthesized
by thiation using LR in toluene at 70 °C [101]. Subsequently, the thiolactam was trans-
formed into 11-hydrazinopyrrolo[2,1-c][1,4]benzodiazepine employing hydrazine
hydrate in EtOH at room temperature, and cyclization with CNBr provided tria-
zolopyrrolobenzodiazepinedione [102, 103]. Further, amido-substituted triazolo-
fused pyrrolobenzodiazepinediones were prepared from tetracyclic intermediate by
reacting with carboxylic acids employing HATU as a coupling agent and Hiinig’s
base [104].
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Scheme  1.35 Synthesis of  tetracyclic 1-amido-substituted triazolopyrrolo[2,1-
c][1,4]benzodiazepin-8-ones

A fused heterocyclic compound was introduced at N3,C4-position via stepwise
processes analogous to those demonstrated for 1,4-benzodiazepines. In the first
step, 3,5-dihydro-4H-2,3-benzodiazepin-5-ones were activated by thiolation with
LR [105]. The 2,3-benzodiazepinthione was reacted with ethyl carbazate to provide
the 11H-[1,2,4]triazolo[4,5-c][2,3]benzodiazepin-3(2H )-ones. The condensation of
2,3-benzodiazepinthione with hydrazine provided hydrazinyl derivatives, which were
transformed into 2,12-dihydro[1,2,4]triazino[4,3-c][2,3]benzodiazepine-3,4-diones
by reacting with (COCl), (Scheme 1.36) [106].
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Scheme 1.36 Synthesis of 11H-[1,2,4]triazolo[4,5-c][2,3]benzodiazepin-3(2H )-ones and 2,12-

dihydro[1,2,4]triazino[4,3-c][2,3]benzodiazepine-3,4-diones
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Chapter 2 ®)
Thiazole Synthesis oo

2.1 Introduction

The heterocyclic chemistry research comprises a significant part of the organic chem-
istry research in the world. The huge quantity of bioactive organic compounds that
possess heterocyclic frameworks plays an important role in the medicinal field. It is
generally described that heterocyclic compounds bearing nitrogen or sulfur atoms or
both of them are the general features present in the structures of most of the pharma-
ceutical and natural compounds [1, 2]. They also serve as multidentate ligands for
various metals because of the presence of sulfur and nitrogen atoms and are therefore
utilized widely in coordination chemistry to construct new scaffolds with efficient
bioactivity [3, 4].

The heterocyclic compounds which contain sulfur and nitrogen atoms have a
massive effect in medicinal and pharmaceutical chemistry fields. These have been
reported to have different biological properties like anti-inflammatory, antifungal,
antihypertensive, and antibacterial [5-10].

The LR has become now an indispensable reagent for sulfur chemistry especially
in order to transform the oxo groups to thio groups, which are important functional
groups to achieve different organic reactions or to utilize them as end products in
medicinal, material chemistry, etc. The LR’s rapid and slow reactions toward the func-
tional groups like ketones, alcohols, esters, and amides offer the synthetic researchers
with a tool of designing their synthetic strategies. The LR is employed for the forma-
tion of almost all heterocyclic compounds having sulfur atom(s). Its range varies
from thiophene to thiadiazine, thiazole, thiazine, pyrazoles, thiadiazole, and dithiin.
It finds wide uses in thionation reaction of purines, peptides, pyrimidines, and nucle-
osides. Another valuable reaction of Lawesson’s reagent is reduction of sulfoxides
to sulfides. The Lawesson’s reagent is a reagent which surprisingly gives unexpected
reactions, consequences of which lead the chemists to novel strategies and reactions
[11-13].
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2.2 Synthesis of Thiazoles

The 4-[(methylthio)-(het)arylmethylene]-2-phenyl/(2-thienyl)-5-oxazolone
pioneers and 4-bis(methylthio)methylene derivatives were prepared in good
yields [14, 15]. The 2-phenyl-5-(het)arylthiazole-4-carboxylates and 5-
(methylthio)thiazole-4-carboxylates were synthesized in high yields through
the thionation—cyclization of enamino esters by nucleophilic ring-opening of
oxazolones with different sodium alkoxides (Scheme 2.1). The thionation—cycliza-
tion of enamide ester to thiazole-4-carboxylate was attempted, which acted as a
model substrate for the optimization of reaction conditions. The refluxing enamide
ester with 1 eq. LR in tetrahydrofuran for a long time afforded only unreacted
starting compound without any trace of thiazole (or thioamide). However, it
was observed that a higher temperature reflux in toluene for 12 h resulted in
thionation and intramolecular cyclization of enamide ester to provide the ethyl
2-phenyl-4-(methoxyphenyl)thiazole-4-carboxylate in 68% yield. The enamide
ester was treated with 2 eq. LR in refluxing toluene for 2 h to provide the thiazole-
4-carboxylate in 70% yield. This optimized protocol (with 2 eq. LR) for the
transformation of enamide ester to thiazole-4-carboxylate was utilized throughout
for the formation of other 5-(het)arylthiazole-4-carboxylates. The reaction was
equally facile for the formation of other 5-arylthiazole-4-carboxylates that have both
electron-withdrawing and electron-donating substituents on the 5-aryl group. The
thionation—cyclization of enamide #-butyl carboxylate proceeded easily without any
side reactions to afford the #-butyl thiazole-4-carboxylate in 75% yield. Likewise,
enaminone carboxylic esters having het(aryl) groups were also transformed into
2-phenyl-5-(2-furyl)/(2-N-methylpyrrolyl)/(3-N-methylindolyl)thiazoles in good
yields under same conditions that needed prolonged refluxing (12 h). Further
diversity at the 2- and 5-positions of thiazoles could be obtained through the
formation of n-butyl 2,5-bis(2-thienyl)thiazole-4-carboxylate in 80% yield by
thionation—cyclization of enamino ester formed by ring-opening of 2-thienyl-
4-[methylthio(2-thienyl)methylene]-5-oxazolone with sodium n-butoxide [16].
The extension of protocol to bis(methylthio)enamide carboxylate (obtained by
ring-opening of 4-bis(methylthio)methylene derivative with NaOEt) also provided
ethyl 2-phenyl-5-(methylthio)thiazole-4-carboxylate in 70% yield [17, 18].

This protocol afforded 2,5-(het)-arylthiazole-4-(N-aryl/alkyl)carboxamides
through a one-step thionation—cyclization of enamides having a secondary amide
functionality that was easily formed by ring-opening of oxazolones with primary
aliphatic amines, aromatic amines, or amino acid esters [14—17]. The enamide amide
pioneers have two secondary amide functionalities (however, they are electronically
diverse), and their conversion to thiazole-4-(N-substituted) carboxamides using
LR was more challenging. The chemoselective thionation of enamide benzoy-
lamino group generated enamide monothioamide intermediates, which underwent
intramolecular cyclization to provide the thiazoles. The enamide anilide was
designated as a model substrate for the examination of the optimal conditions for
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its chemoselective thionation—cyclization to provide the thiazole. The thionation—
cyclization of enamide anilide took place under reflux in toluene using 2 eq. LR.
However, enamide amide intermediates were insoluble in toluene, and the cyclization
of enamide anilide to thiazole was attempted under toluene reflux for extended time
(20 h) which provided only unreacted starting material. The reaction of enamide
anilide with 2 eq. LR under reflux in tetrahydrofuran for 12 h afforded a mixture
containing single product exclusively in reasonably good yield (65%), which was
observed to be 2-pheny-5-(4-methoxyphenyl)-thiazole-4-(N-phenyl)carboxamide
[18]. Other enamide anilide substrates, derived from ring-opening of oxazolones with
4-fluoroaniline, also underwent facile chemoselective monothionation—cyclization
with LR to provide the 2-phenyl-5-(het)arylthiazole-4-carboxyanilides in good yield.
The 2,5-bis(2-thienyl)thiazole-4-carboxyanilide could also be prepared in 75% yield
by thionation—cyclization of enamide (formed by ring-opening of 2-(2-thienyl)-
4-[(methylthio)(2-thienyl)-methylene]-5-oxazolone with 3,4,5-trimethoxyaniline).
The scope and versatility of this chemoselective monothionation—cyclization
protocol was then demonstrated by the efficient synthesis of 2-phenyl/(2-thienyl)-
5-(het)arylthiazole-4-(N-alkyl) carboxamides in good yields from enamide-N-
(alkyl)amides under same conditions. This methodology was efficiently used for the
formation of 2,5-(het)arylthiazole-4-(N-aryl/alkyl)carboxamides, then this reaction
was extended for the formation of thiazole-based peptidomimetics [19, 20]. The
open-chain peptidoenamide substrates were easily converted into thiazole-based
peptidomimetics with a variety of 5-(het)aryl groups in good yields under these opti-
mized reaction conditions. The bis[(methylthio)methylene]enamide anilide (formed
by ring-opening of 4-bis(methylthio)methyleneoxazolone with 4-fluoroaniline) also
afforded 2-phenyl-5-(methylthio)thiazole-4-(N-4-fluorophenyl)carboxyanilide in
70% yield (Scheme 2.2a,b).

The formation of 4-phenylthiazole derivative started with the serine-derived
amide, which was then transformed to thioamide in the presence of LR (Scheme 2.3).
The a-iminothioketone, synthesized by base-induced S-alkylation of thioamide, was

a MeS o)
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Scheme 2.2 Synthesis of 2,5-(het)-arylthiazole-4-(N-aryl/alkyl)carboxamides
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dehydrated in situ to afford an isolable mixture of thiazole and incomplete dihydroth-
iazole [21, 22]. This one-pot reaction was not optimized, but dehydration occurred
in excellent yields on retreatment of dihydrothiazole intermediate with dry lutidine
and TFAA. The thiazole was deprotected with trifluoroacetic acid and neutralized to
afford the aminoalcohol VPC45214 [23].

2.3 Synthesis of Benzothiazoles

The compound DHB is a drug like analogue of resveratrol, which is well-known
dietary polyphenol offering significant cancer chemopreventive properties [24].
The 2-(3,5-dihydroxyphenyl)hydroxybenzothiazole is most effective antiprolifera-
tive agent and also displayed the highest levels of vasorelaxing potency and effi-
ciency in rat aortic rings precontracted with potassium chloride 60 mM since it
is widely known that high levels of membrane depolarization because of the high
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extracellular concentrations of potassium ions can nonspecifically and dramatically
decrease the vasorelaxing effects of vasorelaxing agents acting via the activation of
every type of membrane potassium channels [25]. The above controversial obser-
vations on the cytotoxicity activity and vasorelaxing potency of DHB led to the
synthesis of it following the method described by Bertini et al. [26] (Scheme 2.4).
This compound was further investigated and studied in details including the dose and
time-dependent antiproliferation and morphological study and clonogenic activity of
DHB on PC-3 prostate cancer cell lines, which were originally derived from advanced
androgen-independent bone metastasized prostate cancer [27].

The importance of green chemistry in organic synthesis has motivated researchers
to look for the applications of MWI in organic reactions. Since the past few years,
MWT has raised as a great source of energy for a wide range of organic reactions with
less reaction time and high yield of products with high purity [28—41]. Therefore, an
analysis has been undertaken under MWI for the condensation of o-aminothiophenol
with ethyl cyanoformate utilizing LR under solvent- and catalyst-free conditions
(Scheme 2.5).

Seizas et al. [42] reported that LR acted as an efficient promoter in MW-
assisted formation of 2-substituted benzothiazoles from carboxylic acids and
2-aminothiophenol without using solvent (Scheme 2.6).
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Scheme 2.4 Synthesis of 2-(3,5-dihydroxyphenyl)hydroxybenzothiazole



42 2 Thiazole Synthesis

NH,

1
SH MW N
Lawesson's reagent N\
¥ > R >7CEN
300 W, 4-9 min
62-90% S

H,C /\OJ\CE N R = OMe, H, OH, C1, NHCOMe

Scheme 2.5 Synthesis of benzothiazole-2-carbonitriles
R—COOH
' N
+ 0.35 eq. Lawesson's reagent /
R—
H.N MW (300 W), 190 °C, open vessel
2 B S
neat, 0.5-4 min
R = alkyl, aryl or hetaryl
HS

Scheme 2.6 Synthesis of 2-substituted benzothiazoles

2.4 Synthesis of Thiazoles from Dicarbonyl Compounds

As described in Scheme 2.7, acylamino esters were prepared via esterification of
glycine with alcohol [43] and then N-acylation with 4-bromobenzoyl chloride. The
work-up process was little modified to avoid the gross adulteration from the starting
alcohol in the isolated product; a small amount of alcohol that remained was removed
smoothly via recrystallization. The 5-alkoxy-1,3-thiazoles could be synthesized in
high yield by reacting an acylamino ester with LR under MWI [44]. First effort for this
reaction was in THF at rt since, in earlier unpublished work, good success was found
in synthesizing 2,5-diaryl-1,3-thiazoles using LR under such conditions. However,
thioamide was the only product in place of 1,3-thiazole when amides were treated
with LR in tetrahydrofuran at rt. Analogous conditions have earlier been applied
for the synthesis of thioamides [45, 46]. In contrast, amides and thioamides could
be transformed to 1,3-thiazole employing LR in refluxing toluene with good yield
(92% and 83% over two steps, respectively). The LR was mandatory for the reac-
tion of thioamide to afford the 1,3-thiazole. Only starting thioamide was recovered
after heating thioamide in both refluxing tetrahydrofuran and toluene for 5 h without
using Lawesson’s reagent. While LR is helpful for synthesizing S-heterocycles, a
common problem with the utilization of LR is the removal of LR-based by-products.
This difficulty may be eliminated using fluorous derivative of LR and subsequent
fluorous solid-phase extraction [47, 48]. However, simple washing of crude reac-
tion mixture with aqueous potassium hydroxide followed by recrystallization from
ethanol allowed the isolation of 5-alkoxy-1,3-thiazole compounds in pure form with



2.4 Synthesis of Thiazoles from Dicarbonyl Compounds 43

o) (o)
OH . . On-R
j/ n-ROH, methanesulfonic acid ~
"
130°C,2.5h HN CH,S0,

R = CgH,; -, 81%
R = CoHy9, 92%
R = C,oHy;, 96%
R = CH,3, 98%
R= C12H25, 96%

l 4-bromobenzoyl chloride

H,N

Et;N, CH;C1, 0°C, 1 h

0 0 Lawesson's

O
reagent R
Br 0C,H
12525 =T rHE e
HN

R= CsH”, 95%
R = CoH,g, 91%
R = CyoHy;, 89%
R =C,H,;, 91%
R = C,;Hys, 90%

Lawesson's reagent
toluene, reflux

l Lawesson's reagent,
83%

toluene, reflux

N
-
o S

R =CgH,, 91%
R = CyH,y, 86%
R =C, H,,, 88%
R = C;;H,;, 88%
R =Cj,H,s, 92%

N
CuCN, DMF
| CN
reflux
S

n-RO

n-R

R = CgH,;, 80%
R =CyH,, 83%
R = CyH,y, 91%
R = C, Hy;, 89%
R =C;,H,s, 91%

Scheme 2.7 Synthesis of 1,3-thiazoles

less or no loss of product or generation of side-products. The aryl bromides so
formed were efficiently transformed to final nitrile targets utilizing a modification of
a process designed by Friedman and Shechter [49] where aryl bromides were treated
with CuCN in refluxing dimethylformamide [50-54].

The 5-alkoxy-1,3-thiazoles are generally produced via ring-closure of a suitably
substituted acylamino carbonyl compound with either phosphorus pentasulfide or
LR (Scheme 2.8) [55].
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Scheme 2.8 Synthesis of 5-alkoxy-1,3-thiazoles

Since the 2- and 5-positions of 1,3-thiazole are known to be acidic and will
react with n-BuLi, a simple 2,5-disubstituted 1,3-thiazole was desired which
could be used as a test substrate for lithiation but would not create any poten-
tial complications from competing sites of lithiation. The 2,5-dibromo-1,3-thiazole
served as an excellent building block for the synthesis of desired substrate 4-
bromo-2,5-bis(4-methoxyphenyl)-1,3-thiazole. Therefore, a Lawesson’s reagent-
mediated ring-closing strategy was employed for its synthesis. Starting from
commercially inexpensive 4-methoxyacetophenone, the methyl ketone was bromi-
nated with elemental bromine to generate the a-bromo-4-methoxyacetophenone
in good yield [56]. The a-bromo-4-methoxyacetophenone was converted into a-
azido-4-methoxyacetophenone [57] and was subsequently reduced to hydrochlo-
ride salt in excellent yield. The reaction of a-amino-4-methoxyacetophenone
hydrochloride with 4-methoxybenzoyl chloride, which was prepared from 4-
methoxybenzoic acid and SOCI,, in the presence of pyridine and solid NaHCOj3
afforded acylamino carbonyl compound in excellent yield [58]. The 2,5-
disubstituted 1,3-thiazole was obtained in quantitative yield when 4-methoxy-N-
2-(4-methoxyphenyl)-2-oxoethylbenzamide was reacted with LR. The conditions
for the synthesis of 4-bromo-2,5-bis(4-methoxyphenyl)-1,3-thiazole were chosen
carefully to avoid the bromination of highly activated 4-methoxyphenyl rings.
Fortunately, the literature contained an example of a 1,3-thiazole being selec-
tively brominated at the 4-position of 1,3-thiazole with NBS at low tempera-
ture even in the presence of a 4-methoxyphenyl ring [59]. Application of this
procedure to 2,5-bis(4-methoxyphenyl)-1,3-thiazole generated desired 4-bromo-
2,5-bis(4-methoxyphenyl)-1,3-thiazole in good yield. Lithiation of 4-bromo-2,5-
bis(4-methoxyphenyl)-1,3-thiazole followed by quenching with NFSI afforded
desired 4-fluoro-2,5-bis(4-methoxyphenyl)-1,3-thiazole in moderate yield (50%)
(Scheme 2.9), which was the first instance for the synthesis of 4-fluoro-1,3-thiazole
outside the patent literature.

The reaction of N-acylaminoalcohols afforded thiazoline derivatives
(Scheme 2.10) [60].

The carboxylic acid [61, 62] was reacted with 2-amino-1-(furan-2-yl)ethanone
hydrochloride, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, hydroxybenzotria-
zole, and N-methylmorpholine to afford the amide in 82% yield. The amide under-
went thionation easily followed by subsequent cyclization with LR in refluxing
tetrahydrofuran to afford the thiazole. The benzyl protection was completely removed
with trimethylsilyl iodide at mild heating for 15 h to afford the thiazole in 73% yield
(Scheme 2.11) [63].
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The MW-assisted cyclization of different 1,4-dicarbonyl compounds with LR
afforded 2-alkoxythiazoles in 90% yield (Scheme 2.12) [44, 64].

Both P,Ss and LR can be utilized as sulfurating agent for the formation of 5-
aminothiazoles from amides (Scheme 2.13) [65].

The ketoamido intermediates were reacted with LR and PPhs/I, to afford the
thiazoles and oxazoles, respectively (Scheme 2.14) [66].

Sanz-Cervera et al. [67] prepared a small library of compounds with thia-
zole frameworks and structural diversity in both 2- and 5-positions in the pres-
ence of Lawesson’s reagent. A double acylation of a protected glycine provided
intermediate o-amido-P-ketoesters, which were reacted with LR to provide the
benzyl-2,5-substituted thiazole-4-carboxylate (Scheme 2.15).

The 2,4,4-trisubstituted 1,3-thiazole-5(4H )-thiones were synthesized by thion-
ation of N,N-disubstituted carboxamides. The single product 1,3-thiazole-5(4H)-
thione was afforded by the reaction of N-acylated a,a-disubstituted a-amino acid
amide in toluene/pyridine at 100 °C [68]. An analogous reaction with LR afforded
1,3-thiazol-5(4H)-one exclusively (Scheme 2.16) [69-71].

Thompson and Chen [72, 73] synthesized 2,4-disubstituted 5-aminothiazoles
by a sequential Ugi/deprotection/thionation/cyclization methodology in which
both R; and R, positions could be varied easily (Scheme 2.17). The linear
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Scheme 2.16 Synthesis of 1,3-thiazol-5(4H )-thione/one

dipeptide was constructed by Ugi 4-CR using Walborsky reagent (1,1,3,3-
tetramethylbutyl isocyanide) as a cleavable isocyanide input, DMB-NH, (2,4-
dimethoxybenzylamine), diverse carboxylic acids, and aldehydes. Then, reaction
with TFA furnished substrate, which was reacted with LR and an intramolecular
cyclization synthesized thiazole derivative. A second trifluoroacetic acid cleavage
of N-(1,1,3,3-tetramethylbutyl) group afforded 5-aminothiazole peptidomimetics in
sufficient yields (5-13%) [74].

This N-H insertion reaction has been widely used to construct the oxazole
and thiazole building blocks for cyclic peptides utilizing single-enantiomer amides
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30-69% R,

derived from amino acids [75, 76]. An illustrative case including a reaction of
simple alkanamide and diazoketoester for the synthesis of five-membered hetero-
cyclic compounds under Rh(II) acetate catalysis is described in Scheme 2.18. The
dicarbonyl adduct was easily dehydrated to afford an oxazole; alternatively, reaction
with LR afforded thiazole, and reaction with ammonium acetate provided imidazole
[77].

The adducts of carboxamides and phenylglyoxal and its analogues were utilized to
prepare a series of functional derivatives of azoles and azines [78—80]. The adducts
of carboxamides and phenylglyoxal could be transformed into new derivatives of
1,3-thiazole-4-thiol. The key step was the reaction of S-amidophenacylation prod-
ucts and similar compounds in the presence of P»Ss or LR (Scheme 2.19) [12, 81].
The transition included the sulfurization of S-amidophenacylation products and their
cyclization [82-84].

The thiazole was prepared from commercially accessible N-Boc-L-aspartic acid
4-benzyl ester (Scheme 2.20). The amide underwent N—H insertion reaction in the
presence of Rh carbene derived from methyl 2-diazo-3-oxobutanoate to afford the
1,4-dicarbonyl compound in good yield, a reaction earlier utilized as a key step in a
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Scheme 2.20 Synthesis of thiazole

path to oxazole building blocks of nostocyclamide and promothiocin A. However, in
this case instead of dehydrating the ketoamide to afford an oxazole, it was reacted with
LR to afford the thiazole [19]. The correct side-chain was installed by hydrogenol-
ysis of benzyl ester and amide synthesis to afford the thiazole; and after that alka-
line hydrolysis exposes the free thiazole-4-carboxylic acid for subsequent coupling
reaction [85].

The 1,4-diamides afforded thiazolethiones on reacting with LR in refluxing
toluene (Scheme 2.21) [11, 68, 71, 86].
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The methyl ester of N-acrylthreonine in the presence of LR in refluxing toluene
afforded thiazolone and 4-methoxycarbonyl thiazoline (Scheme 2.22) [11].

An attempt to prepare the corresponding thiol amide with 0.6 eq. Lawesson’s
reagent afforded ring-closed product as the only product in 80% yield (entry 2).
The amido alcohols were subsequently directly converted into desired 5-substituted
AZ2-thiazolines in 71-80% yield under these conditions (Scheme 2.23) [87].

The Steglich esterification and the SnCl,.2H,O-promoted azide reduction/O — N
acyl migration proceeded well for azido alcohols, while the following ring-closure to
5-substituted A2-thiazolines with Lawesson’s reagent was troublesome for benzyl-
substituted compound that was obtained in only 24% yield. However, the reaction
proceeded smoothly with other aryl/heteroaryl-substituted amido alcohols to afford

o Me
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o) o >/R Me s R
LR / >)/
OMe —> / N + N
R N H
H MeO,C
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Scheme 2.22 Synthesis of thiazolones and 4-methoxycarbonyl thiazolines
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Scheme 2.23 Synthesis of 5-substituted A2-thiazolines
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the 5-substituted A2-thiazolines in 71%, 80%, and 65% isolated yield, respectively
(Scheme 2.24) [87].

The epimerization took place in the ring-closing reaction with Lawesson’s reagent.
Subsequently, a set of reactions in varying amounts of Lawesson’s reagent was
performed; the amido alcohol was selected as a model substance. Lower amounts of
Lawesson’s reagent gave lower yield and ee (entry 1). However, both the yield and
the ee improved significantly using 1 eq. Lawesson’s reagent (entry 4) (Scheme 2.25)
[87].

The thiazoles were synthesized from a-amido-B-ketoesters via intermediates in
the presence of LR. The thiazoles were formed in 60-97% yield except in the case
of thiazoles, which were formed in 30% yield only. This drop in yield might be
caused by steric hindrance between the Lawesson’s reagent and the trifluoromethyl
group in the ortho-position of the R, group. The ester deprotection was carried out
by palladium-catalyzed hydrogenolysis and hydrolysis with lithium hydroxide in
tetrahydrofuran/water (Scheme 2.26) [67].

The fluorous 1,3-thiazoles were synthesized in high yields (54-82%) by cycliza-
tion of fluorous amido-B-ketoesters in the presence of LR, which are only slightly
lower than those obtained for the similar nonfluorous 1,3-thiazoles (67-97%) [67].
Again, the last stage was basic hydrolysis with lithium hydroxide in tetrahydro-
furan/water (4:1) to deprotect the carboxylic moiety, which afforded 2,5-disubstituted
1,3-thiazoles in high yield (95-99%) (Scheme 2.27).
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Scheme 2.24 Synthesis of 5-substituted A2-thiazolines
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During the total synthesis of amythiamycin D [85, 88], Davies et al. [89]
used Rh carbene N-H insertion strategy to provide the aspartate-derived thiazole
(Scheme 2.28). Amide underwent chemoselective N-H insertion with Rh carbenoid,
synthesized by the reaction of dithodium tetraoctanoate and 2-diazo-3-oxobutanoate.
The formed ketoamide was heated with LR to afford the thiazole.

Davies et al. [89] reported a common method to synthesize the trisubstituted
thiazoles and oxazoles that depends on the carbenoids chemistry. The sequence
began with rhodium(II)-assisted formal insertion of N—H bond of amide into the
carbene formed via deazoniation of methyl diazoacetoacetate. The formed compound
cyclized to thiazole with LR [90, 91] without loss of chirality at the a-position
(Scheme 2.29). The procedure was not employed for the formation of 5H-thiazoles
because of the problems associated with the formation of diazo compound.

The amide was synthesized by the reaction of pyridyl carboxylic acid with SOCl,
in C¢Hg and after that treatment with glycine methyl ester in HCI and Et3N in chloro-
form. Further reaction with LR resulted in the synthesis of methylpropyltryptamine
via a ring-closure procedure [92]. The derivation of MPT framework with a halogen
atom, either bromine or iodine, at the 4-position of thiazole, rendered the MPT active
and able to conjugate other groups. An incorporation of halogen atom on the thiazole
was completed via reaction with either N-iodosuccinimide or N-bromosuccinimide
to synthesize the 4-bromo-5-methoxy-2-(2-pyridyl)-thiazole or 4-iodo-5-methoxy-
2-(2-pyridyl)-thiazole. Then, depriving the halogen atom on the thiazole with a
strong base provided a nucleophilic MPT anion intermediate, which was treated
with perfluorocyclopentene moiety to afford the symmetric or asymmetric photoac-
tive diarylethene compounds [93, 94]. The fluorescence behavior is different
in ring-open and ring-closed isomers due to different energy and charge transfer
phenomena in both ground and excited states resulting from the diverse extensions of
m-nature frontier orbitals. The formed symmetric diarylethene (1,2-bis[5-methoxy-
2-(2-pyridyl)thiazolyl]perfluoropentene is fluorescent in ring-open form but
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Scheme 2.28 Synthesis of thiazole

nonfluorescent in ring-closed form, while for the asymmetric 1-{4-(5-methoxy-2-(2-
pyridyDthiazolyl) }-2-{3-(2-methylbenzo[b]thiophenyl) }hexafluorocyclopentene,
both the ring-open form and the ring-closed form are fluorescent, which was attributed
to the presence of an electron-releasing 1-{4-(5-methoxy-2-(2-pyridyl)thiazolyl)}
and energy transfer process (Scheme 2.30) [95].

Ring forming chemistry has been extended to the formation of 5-aminothiazoles
from diamides (An = p-MeOC¢H,) (Scheme 2.31) [65, 96].

The synthesis of interesting compounds by the reactions of unsaturated ketones (all
bearing a 4-oxothiazolidine ring) with LR was demonstrated [97, 98]. The synthesis
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of new dithiazole (Scheme 2.32) and thiazole (Scheme 2.33) compounds could be
attributed to the presence of diverse functional groups adjacent to the CO group. The
ester or amide groups resulted in the synthesis of thiazole or dithiazole heterocyclic
compounds, respectively [11].
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Chapter 3 ®)
Thiazole Synthesis by Thionation of C=0 | o
to C=S

3.1 Introduction

The chemistry of heterocycles is as logical as the chemistry of aromatic or
aliphatic compounds. The study of heterocyclic structures is of great attention
both from the theoretical and practical point of view. The heterocyclic compounds
also play an important role in the construction and exploration of novel physi-
ological/biologically active compounds. The five-membered aromatic compounds
bearing three heteroatoms at the symmetrical positions have been studied due their
important physiological activities [1-3].

Disappointingly, there is no straightforward mechanism for understanding the
difference between two well-known thionating reagents, phosphorus pentasulfide,
and Lawesson’s reagent. On the other hand, although both reagents are broadly
utilized in organic synthesis, considering the number of papers publishing every
year, it looks though Lawesson’s reagent is popular among the researchers. So conclu-
sion is that Lawesson’s reagent is better than phosphorus pentasulfide, specifically
in terms of better yields. Whereas this view may change with the current devel-
opments, which indicate that the employment of HMDO (hexamethyldisiloxane)
together with phosphorus pentasulfide affords better or analogous yields to those
reported with Lawesson’s reagent. This mixture is now known as “Curphey reagent”
[4-6]. It has been claimed that this approach has the benefit of smoothly removing
the reagent-derived side-products. The experimental and nuclear magnetic resonance
analysis showed that during the reaction in starting phosphorus pentasulfide trans-
forms the carbonyl groups into thiocarbonyls and, then, before the obtained reac-
tive electrophilic polythiophosphates cause any side reactions, hexamethyldisiloxane
serves as a scavenger for them, which provides higher yields because of the lesser
side reactions [7].

The transformation of a carbonyl functional group into thiocarbonyl has a signif-
icant interest to synthetic organic researchers for several years. Two reagents,
Lawesson’s reagent and P4 S, are the most broadly utilized agents for these types of
conversions as well as for the formation of broad spectrum of heterocycles bearing
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sulfur atom. On the other hand, Lawesson’s reagent has been the most broadly utilized
reagent since the starting of the last quarter of the twentieth century, and due to its
significant uses in synthetic organic chemistry, it has frequently been studied [8—14].

3.2 Synthesis of Thiazoles

It was suspected that the protection of alcohol functionality in starting compound
would enable the synthesis of thiazole ring. Therefore, the OH group in amide starting
material was protected as a ¢-butyldimethylsilyl ether in 96% yield (Scheme 3.1);
a t-butyldimethylsilyl-protecting group was chosen as this would allow the global
deprotection of ultimate target molecule in a single step. As for the introduction
of protecting group before the thiation step, it was expected that would also afford
improved yields of thioamide over the unprotected thioamide. The synthesis of 2-#-
butyldimethylsilyloxy thioacetamide was most effective in refluxing dioxane (67%);
toluene at 65 °C afforded thioamide in 49% yield and only 14% yield under reflux
conditions. Subsequently, addition of 1,3-dichloroacetone to thioamide afforded
deprotected thiazole derivate exclusively in 50% yield. The 1.2 eq. pyridine was
introduced in reaction mixture to neutralize the HCI produced during the reaction,
which allowed the isolation of #-butyldimethylsilyl-protected thiazole derivate (10%)
along with deprotected thiazole derivate (20%). An addition of an excess of 10 eq.
pyridine resulted in complete decomposition of both the products [15].

The first overall formation of virenamides A and D was described
using N-(z-butoxycarbonyl)-L-phenylalanyl-N-[(S)-(-)-1-(thiazole-2-yl)-2-methyl-
propyl]-L-valinamide, which was synthesized from (S)-(-)-N-(¢-butoxycarbonyl)-
1-(2-thiazolyl)-2-methylpropylamine, as a key intermediate. As described in
Scheme 3.2, the cyclization of thiamide [16-20] with bromoacetaldehyde to synthe-
size the thiazole is the key step for the formation of virenamides A and D and
is important as it is prone to epimerization at the a-stereogenic center. When
bromoacetaldehyde affected the reaction, the deprotection of Boc group of (S)-
(-)-N-(t-butoxycarbonyl)- 1-(2-thiazolyl)-2-methylpropylamine was found because
of the acidic conditions where the simultaneous release of hydrogen bromide
occurred during the cyclization. The cyclization reaction mixture was reacted with

(0]

O TBSCI, imidazole, Lawesson's reagent,
DMF )J\/OTBS dioxane, reflux
OH ——M > H.N >
H,N 96% 2 67%
S 1,3-dichloroacetone
> 9 l S
EtOH ¢ /
OTBS >~ _l__on
H,N 50% N

Scheme 3.1 Synthesis of thiazole
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Boc,O/triethylamine to provide the (S)-(-)-N-(¢-butoxycarbonyl)-1-(2-thiazolyl)-2-
methylpropylamine in moderate yield, but hydrogen bromide in the reaction mixture
resulted in complete racemization of the product. Depending on what the litera-
ture showed [21-25], various inorganic and organic bases were tried to synthesize
the thiazoline intermediate, which was utilized for next step without purification.
The dehydration of thiazoline intermediate provided (§)-(-)-N-(z-butoxycarbonyl)-
1-(2-thiazolyl)-2-methylpropylamine in different yields and enantiomeric excesses.
Although inorganic base could afford high yield, it was observed that organic base
afforded much better enantiomeric excess. The N,N-di-i-propylethylamine was veri-
fied to be the best acid trapper, which afforded 82% yield and 94.5% enantiomeric
excess in accordance with chiral high-performance liquid chromatography studies.
Initially, dipeptide was synthesized. The Boc-L-phenylalanine was treated with L-
valine methyl ester to afford the dipeptide ester in 95% yield, which was saponificated
with 1 M sodium hydroxide/tetrahydrofuran to provide the dipeptide [26, 27] in 94%
yield. Further, the formation of tripeptide occurred in two steps involving removal of
Boc group from (S)-(-)-N-(¢-butoxycarbonyl)-1-(2-thiazolyl)-2-methylpropylamine
to afford the amine hydrochloride. The coupling of amine hydrochloride with dipep-
tide in the presence of CICOQi-Bu/N-methylmorpholine provided tripeptide in 54%
yield [28]. Similarly, removal of Boc group from tripeptide with acetyl chloride in
methanol afforded amine hydrochloride easily in almost quantitative yield, which
was utilized for next step without further purification. Finally, double alkylation of
amine with 4 eq. prenyl bromide in dimethylfuran at 70 °C for 2 h provided vire-
namide A in 91% yield, on the other hand, monoalkylation of amine hydrochloride
with 2 eq. prenyl bromide in dimethylfuran at rt for 5 h easily afforded virenamide
D in 79% yield [29].

Rink linker, developed for the formation of carboxamides, was utilized to afford
a traceless pathway to thiazoles (Scheme 3.3) [30]. The acids were coupled to Rink
linker resin, and the amide was transformed to thioamide utilizing LR. The cleavage
utilizing haloketones afforded thiazoles [31].

The hydrolysis of nitrile with hydrogen peroxide/potassium carbonate/water
afforded amide (93% yield), which was consequently transformed to thioamide (83%
yield) utilizing LR. The cyclocondensation of thioamide with phenacyl bromide
afforded thiazole in 84% yield. The reaction of lithiated thiazole with alkyl halides
allowed the monoalkylation of methylene group to provide the final derivatives in
76-83% yield (Scheme 3.4) [32-34].

The radical cyclizations frequently involve addition of a carbon-centered radical
to an unsaturation, often a C—C double or triple bond, but occasionally also a carbon
heteroatom multiple bond [35—41]. In contrast, cyclization through intramolecular
hemolytic substitution at carbon is hardly observed [42]. This is possibly due to
challenges in forming C—C bonds with this kind of approach. The heteroatoms are
well suited for this kind of chemistry, and researchers have taken benefit of homolytic
intramolecular substitution for preparing new Se-based antioxidants [43, 44]. The
hemolytic substitution could also be beneficial for the synthesis of thiazolines—
again utilizing an aziridine as a starting compound. In the proposed formation of
4,5-dihydro-4-benzyl-2-phenyl thiazole (Scheme 3.5), it was believed that it would
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Scheme 3.5 Synthesis of 4,5-dihydro-4-benzyl-2-phenyl thiazole

be wise to utilize a telluride as a radical precursor. The reaction of a Sn radical with Te
is much faster than its reaction with Se or S. The benzoylation worked well [45]. The
benzoylated aziridine is activated and can thus be ring-opened with nucleophiles. The
heating of Ph,Te; in tetrahydrofuran with potassium hydride caused the reduction of
Te—Te bond with the formation of potassium benzenetellurolate [46]. An aziridine
ring-opening took place effectively to provide an amido telluride in 80% yield when
added to KTePh in tetrahydrofuran/1,3-dimethyl-2-imidazolidinone at rt. The LR is
particularly efficient for transforming amides to thioamides [9]. The telluride was
thus refluxed with LR in tetrahydrofuran and the product passed through a silica
column. The thioamide was isolated in 86% yield. The thioamide was deprotonated
with sodium hydride and BnBr to install a good radical leaving group on sulfur.
Strangely enough, no alkylation was found at sulfur. The product was a 1:1 mixture
of unreacted starting compound and thiazoline. It appeared that BnBr reacted at Te
and converted it into a good leaving group. Further, ring-closure took place through
an ionic mechanism (Scheme 3.6). The idea was to add Sn radicals to a thioamide,
thus transferring the radical to aziridine nitrogen. The aziridine would then ring-open
rapidly to afford the more stable secondary radical. This radical in turn can underwent
intramolecular homolytic substitution at sulfur for the synthesis of thiazoline.

The amide group was reacted with LR to synthesize the thioamide in 70%
yield. The Cbz-protected L-proline thioamide [47, 48] cyclized with bromoketones
using pyridine in EtOH (Scheme 3.7) to synthesize various thiazole ligands. In the
case of a ligand with phenyl substituent, the reaction was initially carried out with
phenacyl bromide (R = phenyl) under reflux conditions as reported by Pichota et al.
[49]. Although the required product was formed in 63% yield, some racemization
took place which provided cyclized product in only 90% enantiomeric excess. The
product was formed in 65% yield and more than 99% enantiomeric excess when
the reaction was performed at rt. Utilizing the similar process, the ligand substrates
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Scheme 3.7 Synthesis of thiazolopyrrolidines

containing bulky 2- and 1-naphthyl substituents were obtained in 72 and 65% yield
and enantiomeric purity > 99% enantiomeric excess.

New pyrazolothiazole derivatives were obtained when thioamide was reacted with
different a-haloketones in EtOH. The pyrazolothiazoles were synthesized from N-
Boc-4-piperidone in five steps. The p-diketo ester was prepared from N-Boc-4 piperi-
done utilizing LIHMDS and diethyl oxalate [50]; further, it was condensed with
CH;NHNH,; in EtOH to afford the pyrazole carboxylic acid ethyl ester [51], which
upon reaction with liquid NH3 in THF provided amide [52]. The amide was trans-
formed into Boc-protected thioamide [53] utilizing LR in toluene. The Boc-protected
thioamide was reacted with different o-bromo ketones under reflux conditions in
EtOH to provide the Boc-cleaved pyrazolothiazoles (Scheme 3.8) [54, 55].
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The indole-3-carbothioamides were synthesized from indoles via amides
[56, 57]. The 7-chloro-1H-pyrrolo[2,3-c]pyridine was obtained when 2-chloro-3-
nitropyridine was reacted with vinylmagnesium bromide under nitrogen atmosphere
in tetrahydrofuran [58]. The 7-chloro-1H-pyrrolo[2,3-c]pyridine was transformed
into N-methylated derivative, and both pyrrolo[2,3-c]pyridines were converted
into 3-bromoacetylpyrrolo[2,3-c]pyridines in excellent yields (88-90%) through
general acylating process [59]. The indolocarbothioamides were reacted with
3-bromoacetylpyrrolo[2,3-c]pyridines to afford the indolylthiazolylpyrrolo[2,3-
c]pyridines in yields ranging from good to excellent (65-98%) (Scheme 3.9). The
subsequent deprotection of N-t-butylcarboxylates utilizing TFA in dichloromethane
under reflux, after neutralization with NaHCOj, provided thiazoles in yields ranging
from good to excellent (62-99%) [60, 61].

A modification of Hantzsch synthesis was utilized to synthesize the thiazole
following the process reported by Schmidt et al. [62] (Scheme 3.10). The reaction of

Scheme 3.8 Synthesis of pyrazolothiazoles
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thioamide, easily prepared from (§)-valine, with ethyl bromopyruvate and after that
dehydration of intermediate upon treatment with TFAA (trifluoroacetic anhydride)
at 0 °C provided thiazole as white solid ([a]p?® = =37 (¢ 0.90, chloroform); [a]p?
= —38.6 (c 1.09, chloroform)) [63].

The thiazole ethylketones were synthesized in moderate yields by heating
thioamides, formed when amides were reacted with LR in dry tetrahydrofuran,
with 3-chloropentane-2,4-dione in absolute EtOH. The methyl ketones were gently
heated with aminoguanidine hydrochloride in LiCl as a catalyst to provide the
hydrazinecarboximidamides (Scheme 3.11) [64].

The second required fragment for the thiazoline-thiazole domain, thiazoline
subunit, was prepared as described in Scheme 3.12. The N-Fmoc-L-threonine was
reacted with D-serine methyl ester hydrochloride using hydroxybenzotriazole, 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide and diisopropylethylamine to afford
the dipeptide in 93% yield. The protection of free hydroxyls of dipeptide as triethyl-
silane ethers (triethylchlorosilane, imidazole, 81% yield) was followed by expo-
sure of amide derivative to LR in refluxing benzene providing thioamide selec-
tively in 83% yield. Further, the removal of N-Fmoc group (diethylamine, 83%
yield) from this intermediate revealed free amine. In parallel, L-threonine derivative
[65] was transformed to free amine through the action of trifluoroacetic acid, and
then to azide, through a Cu-mediated (copper sulfate pentahydrate) diazo transfer
reaction with trifluoromethanesulfonyl azide [66], in 84% total yield for the two
steps. The resulting azido ester (the azide group serving as a masking device for
the eventually needed amino group) was saponified, in quantitative yield, to its
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Scheme 3.12 Synthesis of thiazolines

carboxylic acid counterpart through the mild action of trimethyltin hydroxide, condi-
tions that did not cause any epimerization at the azide group containing center. Two
easily accessible building blocks were coupled together by the action of HATU,
HOALt, and i-Pr,Net to provide the tripeptide (78% yield) from which primary
alcohol-bound triethylsilyl group was selectively removed upon exposure to acetic
acid/tetrahydrofuran/water (10:3.3:1) at ambient temperature (60% yield, plus 17%
recovered starting compound). An activation of hydroxy thioamide with DAST
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(diethylaminosulfur trifluoride) in dichloromethane at —78 °C afforded thiazoline in
88% yield, which was further reacted with trimethyltin hydroxide in dichloroethane
at 80 °C to provide the carboxylic acid in quantitative yield, remarkably suffering no
significant epimerization at any of its vulnerable centers. The selectivity and mildness
of this trimethyltin hydroxide-based approach for hydrolyzing esters were indeed
remarkable for thiazoline, which was highly sensitive and prone to epimerization at
no less than three of its stereogenic sites [67-72].

The thiazole methyl ester was prepared via oxidation of thiazoline to thiazole.
Since the amino acid-derived thiazolines have tendency for epimerization under
either acidic or basic conditions, therefore, any cyclodehydration reaction leading
to thiazoline and its further oxidation reaction to thiazole must be performed under
near neutral conditions. Depending on earlier experience in the formation of amino
acid-derived thiazoles and thiazolines [73], it was decided to use the Wipf process
for the synthesis of Boc-L-proline-derived thiazole (Scheme 3.13). The coupling of
L-serine and L-Boc-proline methyl ester provided dipeptide in 89% yield. The OH
group in dipeptide was protected as its 7-butyldimethylsilyl ether providing dipep-
tide, which was easily transformed into thioamide with LR [9]. Subsequent elim-
ination of silicon-protecting group and treatment with Burgess reagent afforded
thiazoline. An oxidation of thiazoline with active y-manganese dioxide synthe-
sized thiazole derivative in 44% total yield [74]. Following removal of the Boc
group in thiazole derivative with trifluoroacetic acid in CH,Cl,, this residue was
further condensed with Teoc-L-phenylalanine using hydroxybenzotriazole and 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide to afford the tripeptide in 84% yield
[75].

An appropriate activation of hydroxy group of a serine residue may also
induce thiazoline synthesis. The Wipf thiazoline synthesis calls for cyclization of
a thioamide derivative of serine using Burgess reagent. The utilization of other dehy-
dration approaches (4-toluenesulfonyl chloride/triethylamine, thionyl chloride, and
Mitsunobu conditions) led to an extensive epimerization of a-carbon of the thioamide
[76,77]. This approach needed a protection—deprotection sequence of serine hydroxy
group, but it provided high overall yields and holds wide scope in terms of a thioamide
segment (Scheme 3.14). Again, thiazolines aromatized smoothly upon treatment with
manganese dioxide. This approach has been adapted for the formation of oxazoles,
thiazines, and oxazines [78].

The formation of acid began from L-threonine. The oxazolidinone was obtained
when free amino acid was reacted with triphosgene in dioxane [79-81] and subse-
quent esterification. The latter reaction was observed to proceed spontaneously when
a methanolic solution of acid was allowed to stand overnight in small amount of 4-
dimethylaminopyridine at rt. It was not clear whether esterification took place under
autocatalysis conditions or whether it was promoted by traces of acidic contaminants
oracyl chloride in acid. The ammonolysis of ester took place easily on dissolution into
a methanolic solution of anhydrous ammonium (g) at rt with catalytic amount of 4-
dimethylaminopyridine. The selective thionation of amide using oxazolidinone was
completed with LR in refluxing benzene. An application of higher boiling solvents,
like toluene or the customary xylenes, promoted the variable degrees of thionation of
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oxazolidinone as well. Then, reaction of resultant compound with EBP in refluxing
EtOH afforded ester, a common building block of the tripeptide functionality and the
pyridine core, from L-threonine in a very satisfactory yield (75%) (Scheme 3.15).
A peptide approach synthesized heterocyclic compounds in the smallest number
of steps (vs. a cross-coupling approach-theoretical calculation) and afforded high
yields. The synthesis started with the construction of dipeptide (Scheme 3.16).
This dipeptide was synthesized in 90% yield by coupling free amine H,N-Ser(Bn)-
OMe and free acid Boc-Thr(O#-Bu)-OH utilizing TBTU and DIPEA in anhydrous
dichloromethane. The removal of benzyl ether-protecting group was completed
through hydrogenolysis employing palladium/carbon (10%) as a catalyst. A two-step
process involving an intramolecular cyclization utilizing fluorinating agent diethy-
laminosulfur trifluoride (DAST) and potassium carbonate afforded oxazoline inter-
mediate, which was oxidized utilizing bromochloroform and DBU to synthesize
the ester in 85% total yield over three steps. The hydrolysis of ester with lithium
hydroxide and subsequent coupling between the free acid and free amine H,N-
Ser(Bn)-OMe was carried out with TBTU and DIPEA. The hydrogenolysis of synthe-
sized compound (in 95% yield) and subsequent transformation of the free serine into
an oxazole utilizing DAST/BrCCl; afforded dioxazole (85% yield over three steps).
The synthesis of thioamide was carried out with NH4OH in MeOH followed by
transformation of amide into thioamide utilizing LR (77% yield over two steps).
A base-induced Hantzsch thiazole synthesis [23] was conducted with an excess of
ethyl bromopyruvate and potassium bicarbonate to provide the intermediate thiazo-
line, which was dehydrated utilizing trifluoroacetic anhydride (TFAA) and pyridine
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% 2% triphosgene, ag. 1 M NaOH / < MeOH
/ ( : o o NH >
dioxane, 0 °C then rt
HO NH, \m
o

(0]
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o}
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N N
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o y

NH 75% overall
e . M
(o)

Scheme 3.15 Synthesis of oxazolidinothiazole
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to afford the dioxazole—thiazole (77% yield over two steps). The dioxazole—thiazole
thioamide was synthesized utilizing NH,OH in MeOH and after that reaction with
LR (70% yield over two steps) [82].

The formation of Ustat A analogue is shown in Scheme 3.17. Starting with the
protection of free acid Boc-Thr(O#-Bu)-OH utilizing trimethylsilyl diazomethane
(TMSD) in MeOH and further transformation into thioamide with NH,OH and LR
resulted in the synthesis of thioamide (60% yield over three steps). The Hantzsch
thiazole synthesis took place by reacting thioamide, ethyl bromopyruvate, and potas-
sium bicarbonate to afford the intermediate thiazoline, where subsequent dehydra-
tion was assisted with trifluoroacetic acid and pyridine at O °C to afford the thiazole
(78% over two steps). The synthesis of thiazole thioamide was completed by a two-
step process involving NH4,OH and LR (53% yield, two steps). The next two thiazole
functionalities were installed by repeating the Hantzsch thiazole synthesis procedure,
whereby the thioamide was reacted with ethyl bromopyruvate and potassium bicar-
bonate. Dehydration utilizing pyridine and TFAA and further reaction with sodium
ethoxide in ethanol afforded dithiazole (97% yield over three steps). This method
was repeated on dithiazole to synthesize the thioamide (73% yield over two steps)
and further trithiazole (87% yield over three steps). The transformation of trithiazole
into a thioamide utilizing NH4OH and LR afforded Ustat A analogue (73% yield
over two steps) [82].

The bis-thiazole was prepared by broadly utilized Hantzsch’s approach. The
amide was synthesized from acid (Scheme 3.18) using 2,2,2-trichloroethyl chlorofor-
mate/aqueous NH3 in moderate yield. Further thionation of amide with LR afforded
thioamide in good yield. Then, Hantzsch’s reaction utilizing ethyl bromopyruvate
provided bis-thiazole [83].

3.3 Synthesis of Benzothiazoles

The employment of TBAA and cyclization of thioformanilides by Dess—Martin
periodinane afforded benzothiazole ring system [84] providing a new quinolone—
benzothiazole hybrid molecule (Scheme 3.19). This synthesis was started by heating
a mixture of p-toluidine and t-butylacetoacetate in dry xylene for a period of
5 min to provide a 1,3-dicarbonyl compound in 95% yield. The 1,3-dicarbonyl
compound on reaction with 2-amino-5-chlorobenzophenone and ceric ammonium
nitrate (10 mol%) in the presence of methanol at room temperature for 45 min
afforded quinoline amide in 90% yield. The quinoline amide was further reacted with
LR in dry toluene for a period of 1-2 h to provide the quinoline thioamide in 80%
yield. The quinoline thioamide was finally cyclized by treating it with Dess—Martin
periodinane in DCM solvent at rt for 15 min to provide the quinolone—benzothiazole
hybrid molecule in 85% yield after column purification [85].

The nitration of p-toluic acid utilizing NH4NO; with conc. sulfuric acid in
dichloromethane at 0 °C afforded white solid 4-methyl-3-nitrobenzoic acid in 88%
yield. The 4-methyl-3-nitrobenzoic acid was transformed to its acid chloride with
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thionyl chloride followed by condensation with easily accessible p-anisidine in dry
dichloromethane utilizing triethylamine to afford the light brown crystals of amide
in 85% yield. The amide was reacted with LR in dry toluene under reflux conditions
to afford the thioamide as pale yellow crystals in 8.5% yield [86]. An intermolec-
ular free-radical cyclization of thioamide utilizing K3[Fe(CN)s] in aqueous sodium
hydroxide and EtOH at 100 °C for 120 min provided thiazole as a pale yellow solid
in 88% yield (Scheme 3.20).

Different substituted anilines were reacted with KSCN in glacial CH;COOH to
afford the 2-substituted benzothiazoles. The 2-aryl-substituted benzothiazoles could
be prepared by the reaction of substituted anilines with nitrobenzoyl chloride in pyri-
dine under reflux and then reaction with LR and further cyclization of intermediate
utilizing K3[Fe(CN)g] (Scheme 3.21) [87-90].

The pyridinylbenzothiazole was synthesized utilizing Pd complexes. The reac-
tion of 4-z-butylpicolinic acid, N,N’-dicyclohexylcarbodiimide, 4--butylaniline, 4-
propanolamine, and dichloromethane gave 2-t-butylpyridine-2-carboxylic acid (4-z-
butylphenyl)-amide, which on reaction with LR afforded carbothionic acid and finally
cyclized to benzothiazole in the presence of K3[Fe(CN)g] (Scheme 3.22) [91].

Wang et al. [92] prepared 4-fluorinated 2-phenylbenzothiazoles in multi-
step procedure including oxidation, benzylation, acid chloride synthesis, etc.
(Scheme 3.23).

Wang et al. [92] prepared 4-fluorinated 2-phenylbenzothiazoles. The benzy-
lation of 3-hydroxy-4-methoxybenzaldehyde through the protection of phenolic
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Scheme 3.20 Synthesis of benzothiazole



82 3 Thiazole Synthesis by Thionation of C=0 to C=S

COCl1

R, o
P; R,
+ —>y R,
reflux N
H
R,
NO
NH, NO, 2
Lawesson's S
reagent 1 R, K;Fe(CN)g
chlorobenzene INI aq. NaOH, 90 °C
NO,

R,
S
R, p NO, R, = H, NHAc
N R, =H, I, CH;, Br, Cl

Scheme 3.21 Synthesis of 2-substituted benzothiazoles

R, R, R,
Lawesson's
X . 4-PPA, 200 °C = reagent
R
P OH “CH,CL, DDC H ~ toluenc,
N N reflux
0o NH, (e}

R,
=
H |
N Sy KaFeCNy,
N aOH, EtOH
S
R,

Scheme 3.22 Synthesis of pyridinylbenzothiazoles

OH group with benzyl bromide afforded 3-benzyloxy-4-methoxybenzaldehyde.
Then, oxidation of 3-benzyloxy-4-methoxybenzaldehyde with sodium chlorite gave
3-benzloxy-4-methoxybenzoic acid, which was reacted with thionyl chloride to
afford the 3-benzloxy-4-methoxybenzoyl chloride. The N-(2-fluorophenyl)-3,4-
dimethoxybenzamide and 2-fluorobenzamides N-(2-fluorophenyl)-3-benzyloxy-4-
methoxybenzamide were synthesized through the condensation of 3-benzloxy-
4-methoxybenzoyl chloride or commercially accessible starting compound 3,4-
dimethoxybenzoyl chloride with 2-fluoroaniline. The benzamides were trans-
formed to their thiobenzamides N-(2-fluorophenyl)-3,4-dimethoxythiobenzamide
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Scheme 3.23 Synthesis of 4-fluorinated 2-phenylbenzothiazoles

and N-(2-fluorophenyl)-3-benzloxy-4-methoxythiobenzamide with LR in hexam-
ethylphosphoramide (HMPA). The cyclization of thiobenzamides through a modi-
fied approach of Jacobson thioanilide radical cyclization utilizing K3[Fe(CN)g]
and aqueous NaOH gave 4-fluorobenzothiazoles through 4-fluoro-2-(3-benzloxy-
4-methoxyphenyl)benzothiazole (Scheme 3.24) [91].

Serdons et al. [93, 94] described the formation of benzothiazole. The o-anisidine
was reacted with p-nitrobenzoyl chloride to synthesize the N-2’'-methoxyphenyl-
4-nitrobenzamide. The amide was further transformed to thiobenzamide with LR
(2,4-bis(4-methoxyphenyl)-1,3-dithia-2,4-diphosphetane-2,4-disulfide), which is a
beneficial thiation reagent to replace the carbonyl oxygen atoms of amides, esters,
and ketones with sulfur. The thiobenzamide was cyclized to 2-(4’-nitrophenyl)-
benzothiazole in the presence of K3[Fe(CN)g] (Scheme 3.25) [91].

The reaction of a series of heteroaromatic aldehydes with 2-aminothiophenol
afforded 2-hetarylbenzothiazoles (Scheme 3.26). The 2-hetarylbenzothiazoles were
studied in complex formation reactions using copper(Il) and cobalt(Il) perchlorate.
According to X-ray data, coordination compounds have similar geometry to the
geometry of the active site of superoxide dismutase. However, the resulting complex
compounds had a very low solubility in H,O. The benzothiazole ring must enter
different hydrophilic substituents to synthesize the low molecular weight analogues
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Scheme 3.26 Synthesis of 2-hetarylbenzothiazoles

of SOD having good solubility in H,O. Two methods have been proposed for the
synthesis of 6-methoxy-2-pyridin-2-yl-1,3-benzothiazole (Scheme 3.27) [95].

The dienophile was obtained from easily accessible 2,5-dimethoxyaniline as
shown in Scheme 3.28. The N-benzoylation of 2,5-dimethoxyaniline and subse-
quent thionation utilizing LR synthesized thiobenzamide. The reaction with sodium
hydroxide and K;[Fe(CN)g] in accordance to the approach of Jacobson [96] provided
benzothiazole in 80% yield, and oxidative demethylation with CAN afforded
dienophile [9, 97-99].

The reaction of 4-fluoroaniline with 4-nitrobenzoyl chloride in pyridine afforded
amide. The amide was transformed to its thio derivative thioamide utilizing LR under
reflux in toluene. Finally, the thio derivative was cyclized to thiazole in the presence of
K;3[Fe(CN)g] by Jacobson’s approach [96] followed by reduction and then coupling
with bromopentanoyl chloride synthesized final compound (Scheme 3.29) [99].

Ten novel compounds (2-arylbenzothiazole) were prepared successfully in good
yields through thioamide and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
following the reaction sequence shown in Scheme 3.30. An intramolecular cycliza-
tion of thioformanilides occurred with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) without metal catalyst in a stirred solution of thioamide in CH,Cl, at
rt. DDQ is a well-known oxidizing agent and has been proved to be a versatile
reagent for different organic conversions involving the deprotection of functional
groups, cleavage of linker molecules from solid supports, incorporation of unsatu-
ration, and potential uses for the formation of C—C and C-heteroatom bonds. The
thioamide compound can exist as thioiminol A, which reacted with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) to generate the sulfanyl radical. Subsequently,
1,5-homolytic radical cyclization followed by aromatization of radical intermediate
afforded 2-arylbenzothiazole [100].

The thiobenzamide was easily obtained in 50% yield from commercially
accessible 2.,4,5-trimethoxybenzaldehyde (Scheme 3.31). An addition of 2,4,5-
trimethoxybenzaldehyde to a cold (—5 °C) solution of 50% aqueous HNOj3 resulted in
ipso nitration [101, 102] to synthesize the nitrobenzene. Subsequent reduction and
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Scheme 3.27 Synthesis of 6-methoxy-2-pyridin-2-yl-1,3-benzothiazole

after that condensation with benzoyl chloride and thionation utilizing LR synthe-
sized thiobenzamide. The reaction of thiobenzamide with 1.5 M sodium hydroxide
followed by 20% potassium ferricyanide at rt for 1 d, however, did not synthesize the
desired benzothiazole, but rather, afforded benzothiazole [103], the product of ipso
substitution of OMe group. Not only an unexpected product was formed, cyclization
also took place in low yield (15%) [104].

The AIBN-induced cyclization of aminothiobenzamides took place in good yield
with the replacement of 0-OMe group, on the other hand, attempts at a similar reaction
utilizing thiobenzamides failed, and only starting compound was recovered (thioben-
zamides were synthesized from known benzamide which was itself easily accessible
by Schotten—Baumann reaction of o-anisidine). The AIBN-induced cyclization of
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o-methoxythiobenzamides needed a benzene ring with high electron density. The
AIBN-induced cyclization completed with the ipso substitution of OMe group when
there are two or more electron-releasing groups on the primary ring. There was
no reaction when there was only one ERG on the primary ring or two ERGs and
one EWG. The Jacobson cyclization [96] of o-methoxythiobenzamides having one
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or two ERGs on the primary ring took place with the replacement of o-hydrogen.
When there were three ERGs on the primary ring, however, cyclization took place
in very low yield, and with the ipso substitution of 0-OMe group (Scheme 3.32) [99,
103-105].

An alternate method (Scheme 3.33) was developed to construct the benzoth-
iazole core in the PIB compound [106]. Basically, commercially accessible 4-
methoxyaniline was reacted with p-nitrobenzoyl chloride in pyridine. The benza-
mides were then transformed into thiobenzamide by reaction with LR [2,4-bis(4-
methoxyphenyl)-1,3-dithia-2,4-diphosphetane 2,3-disulfide] as a thiation reagent
[9]. The thiobenzamide was cyclized to its aryl benzothiazole through a Jacobson
synthesis [96] employing oxidizing agent K;[Fe(CN)¢] in aqueous NaOH. The O-
methyl group in aryl benzothiazole was substituted by more acid labile protective
group (MOM), followed by reduction of NO, group to an amine with tin(II) chlo-
ride. This time-consuming protective group chemistry was required to avoid the
O-methylation when Mel was utilized as a labeling agent. The KOH proved to be
superior to K,COj3 for promoting the N-methylation of protected substrates amino
benzothiazole. At the end of the synthesis, PIB was obtained in low RCY (15%)
[107].
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It is well established that the progress of cascade reactions for the efficient forma-
tion of small molecules is an important pursuit in combinatorial chemistry in terms of
operational simplicity and assembly efficiency [108—132]. The benzamide could be
smoothly converted into benzothioamide using LR [133—135]. In the meantime, the
elaboration of heterocyclic compounds via Cu-mediated coupling reactions is well
developed [136—-147]. The ease of access of benzothioamide from benzamide and the
development of Cu-mediated cross-coupling reactions prompted examination of the
cascade one-pot reaction starting from 2-haloaniline. The 2-haloaniline was treated
with acid chloride to provide the N-(2-iodophenyl)benzamide, which was further
transformed to N-(2-iodophenyl)-benzothioamide with LR. Subsequently, benzoth-
iazole was obtained by Cu(I)-mediated intramolecular carbon—sulfur coupling of
N-(2-iodophenyl)-benzothioamide (Scheme 3.34) [148].

A series of Schiff’s base of many benzothiazole derivatives was prepared.
The p-nitro benzothiazole carboxylic acid was prepared by Jacobson synthesis
(Scheme 3.35) [96]. It was further reduced to p-amino benzothiazole carboxylic acid
with NH4CI and Fe metal. The resulting product was then condensed with different
aromatic or heterocyclic aldehydes utilizing conc. H,SOy as a catalyst and EtOH as
a solvent to afford various Schiff bases [149].

A parent benzothiazole molecule was synthesized by Jacobson’s approach [96].
The benzothiazole was reacted with different aromatic aldehydes to afford the Schiff
bases followed by esterification of carboxyl group utilizing different alcohols. In
Scheme 3.36, the parent benzothiazole molecule was constructed by a Jacobson’s
approach [96] utilizing LR, the obtained product was utilized for the formation of
different benzothiazole-6-carboxylate derivatives [150].

All the benzothiazole derivatives synthesized by this method have consider-
able anti-inflammatory properties. A series of new benzothiazole derivatives was
prepared, which are used as sulfa drugs. The benzothiazole derivatives like substituted
2-benzylbenzo[d]thiazole-6-sulfonamides were obtained from substituted benzyl
bromide (Scheme 3.37) [151].

The 4-iodoaniline was nearly quantitatively transformed to N-(4-
iodophenyl)acetamide with acetic acid anhydride. The replacement of oxygen by
sulfur, to afford the thioacetamide, was investigated utilizing two diverse approaches,
either by reaction with LR under MWI (70% yield) [134] or by heating under reflux
with phosphorus pentasulfide and aluminum oxide as a solid support (80% yield)
[152]. The latter approach was found to be more efficient, not only because of the
higher yields but also due to the cheap reagent, simple reaction conditions, and a
cleaner product. The reaction with LR resulted in the synthesis of side-products
derived from the reagent itself, which could not be removed smoothly. The 6-
iodo-2-methylbenzothiazole was synthesized from thioacetamide by Jacobson’s
cyclization [96] utilizing K3[Fe(CN)e] in an aqueous solution of sodium hydroxide
(60% yield). The synthetic pathway to 6-iodo-2-methylbenzothiazole given here
offered slight enhanced yield and allowed the synthesis on a larger scale. Finally,
the last step involved a MW-assisted oxidation of 2-methyl group of 6-iodo-2-
methylbenzothiazole with SeO,. It was observed that 6-iodo-2-methylbenzothiazole
was largely immune to the action of selenium dioxide in general solvents like
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Scheme 3.34 Synthesis of benzothiazoles

EtOH, dioxane, or a mixture of dioxane/H,O under conventional heating or MWI.
However, oxidation by selenium dioxide was made successful with a combination
of glacial CH3COOH as a solvent and MWI to provide the 6-iodobenzothiazole-2-
carbaldehyde in 55% yield and a short period of time (20 min). This method was very
beneficial and employed to other 2-methyl-substituted benzothiazoles. Neverthe-
less, the methyl oxidation of similar 6-(N,N-dimethylamino)-2-methylbenzothiazole
[153] with selenium dioxide took place only in nonpolar dioxane with a slightly
lower yield (25%). The 2-bromobenzothiazole-6-carbaldehyde, a counterpart of
6-iodobenzothiazole-2-carbaldehyde, was prepared as shown in Scheme 3.38 [154,
155].
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Scheme 3.35 Synthesis of benzothiazoles

Three compounds were prepared by this route (Scheme 3.39) [156]. During
the formation of 4-hydroxy-2-(4'-aminophenyl)-1,3-benzothiazole, ring-closure of
benzothiazole not afforded two isomers and additional separation was not needed.
The o-anisidine was reacted with p-nitrobenzoyl chloride to give the N-2'-
methoxyphenyl-4-nitrobenzamide. The amide was further transformed to thioben-
zamide utilizing LR (2,4-bis(4-methoxyphenyl)-1,3-dithia-2,4-diphosphetane-2,4-
disulfide), which is a beneficial thiation reagent to substitute the oxygen atoms
of carbonyl of ketones, amides, and esters with sulfur. The thiobenzamide
was cyclized to 2-(4'-nitrophenyl)-benzothiazole using K;[Fe(CN)g]. The NO,
group was reduced to an amine group with tin chloride, and then methyl ether
was demethylated utilizing boron tribromide in CH,Cl, at 70 °C to afford
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Scheme 3.38 Synthesis of 2-iodobenzothiazole-6-carbaldehyde
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the 4-hydroxy-2-(4'-aminophenyl)-1,3-benzothiazole. For the formation of 7-
hydroxy-2-(4'-aminophenyl)-1,3-benzothiazole and 5-hydroxy-2-(4'-aminophenyl)-
1,3-benzothiazole, ring-closure led to two isomers by a method reported by
Hutchinson et al. [157]. When a halogen atom (usually Cl or Br) was present
in the position where the ring-closure took place and sodium hydride or sodium
methoxide was utilized in combination with NMP (N-methyl-2-pyrrolidone) as
a solvent, the ring-closure was specific for the intended position. The starting
compound 2-bromo-3-aminoanisole acted as a substrate for the formation of 7-
hydroxy-2-(4’-aminophenyl)-1,3-benzothiazole [158]. However, the commercially
accessible HCI salt of 6-chloro-manisidine was utilized for the formation of
5-hydroxy-2-(4’-aminophenyl)-1,3-benzothiazole in a much higher yield [159].
The 4-, 5-, 6-, and 7-hydroxy derivatives of DF 203 were prepared by a pathway
described in Scheme 3.40 [160]. An interaction of suitable anisidine with 3-methyl-
4-nitrobenzoyl chloride in pyridine afforded different MeO-substituted nitroben-
zanilides, which were transformed to thiobenzanilides employing LR in HMPA
(hexamethylphosphoramide). The Jacobson cyclization [96] utilizing K3[Fe(CN)g]
in aqueous NaOH afforded MeO-substituted nitrobenzothiazoles. Whereas the 2- and
4-methoxythiobenzanilides afforded only a single benzothiazole product, in the case
of 3-methoxythiobenzanilide a mixture of 5- and 7-substituted nitrobenzothiazoles
was obtained; these isomers were separated by column chromatography. The reduc-
tion of nitrobenzothiazoles to their arylamines took place employing SnCl,.2H,0

NH, 3-methyl-4-nitrobenzoyl H
MeO chloride _ N cH
Py, reflux MeO 3

(0]

Lawesson's reagent g\u/@ K3Fe(CN), aq. NaOH
HMPA, 100 °C CH, .
MeO 90 °C
S
Q >_Q SnCl,.2H,0, EtOH, reflux
BBr3
CHyCL,

Scheme 3.40 Synthesis of hydroxylated 2-(4-aminophenyl)benzothiazole
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in refluxing EtOH. Finally, demethylation of methoxyarylamines was completed
with excess of BBr; in CH,Cl, to afford the required OH derivatives of DF 203.
Otherwise, demethylation utilizing BBr3 could take place at nitrophenyl stage to
afford the phenols and after that reduction of NO, groups afforded hydroxylated
2-(4-aminophenyl)benzothiazoles; however, this was observed to be a less efficient
pathway for desired compounds [161].

The formation of 4-fluoro-, 6-fluoro-, 4,5-difluoro-, 4,6-difluoro-, and 5,7-
difluoro-DF 203 involving Jacobson’s cyclization [96] as a key step is described in
Scheme 3.41 [161, 162]. The reaction of suitable fluorinated aniline with 3-methyl-
4-nitrobenzoyl chloride afforded a fluorinated benzanilide, which was transformed
to thiobenzanilide utilizing LR. The Jacobson cyclization [96] of thiobenzanilide
to 2-(4-nitrophenyl)benzothiazole and then NO, group reduction afforded desired
fluorinated 2-(4-aminophenyl)benzothiazole in good yield. Although beneficial for
the formation of a variety of substituted benzothiazoles, the Jacobsen’s cycliza-
tion [96] suffered from one specific regioselectivity disadvantage in some cases.
For instance, the cyclization of 3-fluoro- or 3,4-difluoro-substituted thiobenzanilides
afforded a mixture of regioisomeric fluorinated benzothiazole products (5-fluoro and
7-fluoro-benzothiazoles in 10:1 ratio from 3-fluorothiobenzanilide; 5,6-difluoro- and
6,7-difluorobenzothiazoles in 2:1 ratio from 3,4-difluorothiobenzanilide), because of
the accessibility of two cyclization sites ortho to nitrogen which result in two different
products [157].

To probe the CYP1A1-induced mode of action of 5F 203 in vivo and for clinical
imaging analysis, SF 203 was chosen for radio-labeling with the positron emis-
sion tomography (PET) isotope F-18. It was hypothesized that prior induction of
CYP1A1 with 5F 203 should result in the retention of [*®F]5F 203 at the tumor site
by synthesis of reactive intermediates binding to cellular macromolecules [163]. The

NO,
NH; 3-methyl-4-nitro-benzoyl chloride ]lill
F Py, reflux F CH;
(0]
NO,
H
Lawesson's reagent N K;Fe(CN)g, aq. NaOH
CH; P
HMPA, 100 °C F 90 °C
S
N\ SnClz 2H,0
F NO
S EtOH reflux
CH;

Scheme 3.41 Synthesis of fluorinated benzothiazole
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formation of ['F]5F 203 is given in Scheme 3.42, and included the Pd-catalyzed
stannylation of 2-(4-amino-3-methylphenyl)-5-bromobenzothiazole and after that
amine group protection to afford the 18F 203 substrate molecule. The '®F-label was
installed utilizing '®F-F and after that rapid deprotection and isolation of the PET
probe molecule [161].

The formation of 2-(4'-aminophenyl)-7-hydroxy-1,3-benzothiazole (and of 2-
(4'-aminophenyl)-5-hydroxy-1,3-benzothiazole) caused surprising challenges when
the route reported by Shi and coworkers [156] was utilized for similar molecules
(Scheme 3.43). The reaction of m-anisidine with p-nitrobenzoyl chloride followed by
transformation of amide to a thioamide took place efficiently. However, subsequently

NO,
Br NH, 3-methyl-4-nitro-benzoyl H
\©: chloride Br N M
e
Py, reflux
o
Br

Br
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Me _—
@ [
Br
Me
Br N\ _SnC1,2H,0 2,0 B
NO, EtOH reflux
S
Me
Sn,Meg, Pd(PPhy), MesSn N (CF;C0),0, Na,CO,
dioxane, reflux ) NH, CH,Cl,, -10 °C
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Me;Sn N g
N NH,COCF;
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ISF N

S

Scheme 3.42 Synthesis of fluorinated benzothiazole
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Scheme 3.43 Synthesis of 1,3-benzothiazoles

ring-closure in the presence of K3[Fe(CN)g] afforded a mixture of two phenyl-
benzothiazole isomers with the MeO substituent in the 7-position or 5-position,
respectively.

The starting material 2-bromo-3-aminoanisole was synthesized according
a method reported for the formation of 2-(4’-aminophenyl)-7-hydroxy-1,3-
benzothiazole. The 2-bromo-3-aminoanisole was treated with p-nitrobenzoyl chlo-
ride to synthesize an amide (57% yield), followed by transformation of the amide
to a thioamide in the presence of LR. This process afforded thioamide, and the
carbonyl oxygen of amides, esters, and ketones was reacted with sodium hydride
in N-methylpyrrolidinone (an inert solvent with a high boiling point) to afford the
benzothiazole in 63% yield. The reduction of NO, group with stannous chloride
in boiling EtOH afforded amine derivative in 62% yield. The removal of O-methyl
group with BBr3 in CH,Cl, afforded low yields, since the deprotected mixture had
to be purified with MPLC. The successive reaction steps for the formation of final
compound are described in Scheme 3.44 [158].

The formation of 2-(4'-aminophenyl)-5-hydroxy-1,3-benzothiazole was achieved.
However, the commercially accessible hydrochloric salt of 6-chloro-m-anisidine was
utilized as starting product. This HCI salt was treated with p-nitrobenzoyl chloride
to synthesize the amide in a much higher yield (78%). The following steps involved
the conversion into a thioamide with LR, ring-closure with sodium methoxide
in N-methylpyrrolidinone (5%), reduction of NO, group with SnCl, (77%), and
elimination of O-methyl group with boron tribromide (76% yield) (Scheme 3.45)
[164].
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Scheme 3.44 Synthesis of 2-(4’-aminophenyl)-7-hydroxy-1,3-benzothiazole

3.4 Synthesis of Fused Thiazoles

The S5H-thiazolo[2,3-d][1,5]benzothiazepines were synthesized as shown in
Scheme 3.46. The 1,5-benzothiazepin-4-ones, synthesized utilizing earlier described
methodologies [165, 166], were converted into 1,5-benzothiazepine-4-thiones by
reacting with LR in refluxing toluene. Successively, a bromoacetaldehyde diethyl
acetal was added to a solution of 1,5-benzothiazepine-4-thiones in butan-2-one
and H,O [167]. The obtained mixtures were heated under reflux for different
duration of time to provide the thiazolo[2,3-d][1,5]benzothiazepinium bromides,
which upon reaction with NaOH in 50% MeOH-H,0 provided SH-thiazolo[2,3-
d][1,5]benzothiazepines [168]. A secondary 2-styrylbenzothiazole was synthesized
via a thiazepine ring contraction and hydrogen sulfide elimination according to a
method reported by Kaupp and Matthies [169] when a 2-phenyl group was present
in the thione substrate.
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3.5 Synthesis of Fused Benzothiazoles

Three amines were individually acylated with all or some of acetic, propi-
onic, and i-butyric/n-butyric anhydrides (and pyridine) and benzoylated utilizing
benzoyl chloride-Et;N to afford the N-(5-isoquinolinyl/quinolinyl)amides and N-
(6-benzothiazolyl)amides. These were then easily thionated to thioamides by
refluxing with LR in CgHg [9, 170]. The thioamide (R = Me) was cyclized
with bromine in CH3COOH or in MeCN and then dethionation regenerated N-
(5-isoquinolinyl/quinolinyl)amide (R = Me). The desired cyclization of thioamide
(R = Me) to 2-methylthiazolo[4,5-f ]isoquinoline was completed by Jacobson
reaction [96] using aqueous alkaline Kj;[Fe(CN)g] at rt. Due to this success,
each of thioamides was cyclized to 2-alkyl/phenyl derivatives of thiazolo[4,5-
flisoquinolines, thiazolo[4,5-f]quinolines (Scheme 3.47), and benzo[l,2-d:4,3-
d'Ibis-thiazoles in excellent yields (Scheme 3.48) [105, 171, 172].
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Scheme 3.47 Synthesis of 2-alkyl/phenyl derivatives of thiazolo[4,5-f]isoquinolines and
thiazolo[4,5-f Jquinolines
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Scheme 3.48 Synthesis of 2-alkyl/phenyl derivatives of benzo[1,2-d:4,3-d’ ]bis-thiazoles



3.5 Synthesis of Fused Benzothiazoles 103

The thioamide quinolines were cyclized either with bromine in refluxing
CHCl3 (Hugerschoff reaction) or bromine in MeCN at rt to 2-alkylamino/2-
anilinothiazolo[4,5]quinolines and 2-alkylthiothiazolo[4,5]quinolines. The thioami-
doquinolines were cyclized with aqueous alkaline ferricyanide (Jacobson reaction
[96]) to 2-alkyl/phenylthiazolo[4,5]quinolines (Scheme 3.49) [172].

An intramolecular Jacobson cyclization [96] of N-phenothiazinyl-
benzothioamide/analogues utilizing less expensive and ecologically favorable
catalyst iron(III) was developed for the preparation of a series of novel phenoth-
iazine derivatives with fused thiazole unit. The first step of synthetic path employed
was the regioselective amination of halogeno-10-alkylphenothiazine substrate,
Pd-catalyzed amination appeared to be a suitable pathway for the synthesis of
2-amino-10-alkylphenothiazines [173]. The Cu-catalyzed coupling of aryl halides
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Scheme 3.49 Synthesis of 2-alkyl/phenylthiazolo[4,5]quinolines
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with aqueous NHj; was alternatively utilized for the MW-assisted amination of
bromophenothiazine to afford the 3-amino-10-methyl-10H-phenothiazine in very
good yield after 2 h irradiation. The amino phenothiazines were functional-
ized to aromatic amides utilizing substituted aromatic acid chlorides for driving
the equilibrium toward product synthesis. The 2,4-bis(4-methoxyphenyl)-1,3-
dithiaphosphetane-2,4-disulfide, i.e., LR has been utilized for the transformation of
oxygen functionalities into thio analogues in moderate yield. The thiazolephenoth-
iazines, along with a small amount of by-product, were obtained in moderate yields
after Fe-mediated carbon—hydrogen functionalization/carbon—sulfur bond formation
under mild conditions (Schemes 3.50 and 3.51) [174].
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Scheme 3.50 Synthesis of thiazolophenothiazines
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Scheme 3.51 Synthesis of phenothiazines
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Chapter 4 ®)
Thiadiazole Synthesis oo

4.1 Introduction

The heterocyclic compounds are center of focus in the field of medicinal research due
to their valuable medicinal properties. The heterocyclic compounds are abundant in
nature and have attracted more attention because their structural subunits are present
in many natural products like antibiotics, vitamins, hormones, etc. The heterocyclic
compounds are known as the key section of organic chemistry. They have widespread
importance not only biologically and industrially but also in the development of
human society [1-3].

In the last few years, the formation of substituted thiadiazolines [4, 5] and related
compounds has attracted attention as these compounds constitute the structural scaf-
folds of many naturally occurring alkanoids which show a variety of medicinal and
industrial applications. The technical applications of these compounds include photo-
graphic materials, optically active liquid crystals, and dyes. The thiadiazolines, thia-
diazoles, and oxadiazolines show a number of biological properties, and they serve
as anthelmintics [6, 7], antihypertensive [8], antitumor [9—11], analgesic, anticancer,
anti-inflammatory, antibacterial [12—16], and tyrosinase inhibitory agents [17]. The
macrocycles bearing thiadiazoline and thiadiazole subunits have exciting host guest
complexation features [18] and show antibacterial activities as well [19-22].

Previous to the work in thionation chemistry reported by Lawesson et al. [23,
24]1in 1978, cyclization reactions were generally performed employing P4S;o under
reflux conditions. The LR is usually known to have benefits over P4S;q in terms of
shorter reaction times, lesser equivalents of the reagent, and superior reproducibility
[25, 26]. Although the formation of LR was published by Lecher [27] in 1956, it was
the systematic explorations of the compound by Lawesson et al. [23, 24] that led to it
becoming arguably the most important agent in thionation chemistry. It is commer-
cially accessible and prepared by heating anisole and phosphorus pentasulfide for
many hours, affording about 80% yield.
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4.2 Synthesis of 1,2,3-Thiadiazoles

The 5-ethyl-4-ethoxycarbonyl-1,2,3-thiadiazole was prepared from diazoketone
through the thioketone intermediates employing LR (Scheme 4.1) [28].

The formation of alkyl-substituted pyrrolothiadiazoles (R = Bn) and (R = Me)
started from itaconic acid or its dimethylester (Scheme 4.2). Cyclization toward the
pyrrolidine system was optimized based on a method reported by Wu and Feldkamp
[29]. Subsequently, lactams were converted into thiolactams employing LR [30].
Because the work-up conditions for reactions with this reagent were problematic,
sometimes, Kugelrohr distillation was a very smooth way to purify the products. The
thiolactams afforded hydrazono cyclization precursors cleanly by treating with ethyl
carbazate on refluxing in tetrahydrofuran using mercury(II) acetate. The reaction
progress decreased considerably without this reagent. The equilibrium concentra-
tions were shifted by precipitation of mercury(Il) sulfide. The actual Hurd-Mori
cyclization toward alkyl-thiadiazoles afforded fully aromatized products with both
substrates. However, it turned out to be unsatisfactory with respect to the yields of
pyrrolothiadiazoles 25% (R = Bn) and 15% (R = Me), respectively, even under

Scheme 4.1 Synthesis of Et OMe CO,Et
5-ethyl-4-ethoxycarbonyl- , N
1,2,3-thiadiazole o o Lawesson's reagent I \
95% N
N o \S Et
2
COOMe

R; =Me: MeNH,/H,0,

R; = H: BnNH,, 130 °C;
R,00C COOR;  then MeOH, H,SO,, 88% a -
1
R

0,
R, - H, Me MeOH, 95% b
a: R=Bn
b: R=Me
COOMe
Lawesson's reagent,
THF EtOOCNHNH,, Hg(OAc),, THF
98% a § N 75% a
87% b | 81%b
R
COOMe S COOMe
N/
SOCl,, CHCl;  \\
e . N / \
EtOOCNHN” "N 25% a N
| 15% b |
R R

Scheme 4.2 Synthesis of alkyl-substituted pyrrolothiadiazoles
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optimized reaction conditions. The pyrrolidino precursors needed harsher condi-
tions (CHCI; at reflux) to show rational reaction rates. However, at these tempera-
tures, the stability of starting compound and/or of intermediate products turns out
to be a limiting factor. In all optimized experiments, noteworthy decomposition was
found by darkening the reaction mixtures and/or the precipitation of insoluble mate-
rial. Subsequently, other option to overcome the poor cyclization yields was by the
replacement of protecting group at the pyrrolidine system with EWG [31].

The 5-oxopyrrolidin-3-carboxylate methylester was synthesized as shown in
Scheme 4.3. The transformation to thiolactam was completed in excellent yields
employing LR. An incorporation of carbamate protecting group afforded thiopyrrole
in only moderate yields, as complete conversion not occurred. Almost quantitative
conversion was reported based on the consumed starting compounds. The reaction
with ethyl carbazate not needed mercury additive and afforded iminopyrrole in excel-
lent yield. Different from the alkyl substrates, Hurd-Mori reaction with iminopyrrole
needed cooling and took place easily to provide the fully aromatized thiadiazole.
No significant side-products were formed and aromatized thiadiazole was isolated
in 94% yield after easy recrystallization. Final deprotection of pyrrolo nitrogen was
completed by the reaction of a methanolic solution of aromatized thiadiazole with
silica gel to provide the final compound quantitatively [31-34].

The 2-diazo-1,3-diketones, prepared from HFA[Asp(Cl)] and diazoethyl acetate,
were treated with LR to afford the $-(1,2,3-thiadiazol-5-yl)alaninates (Scheme 4.4)
[35]. The diazoketones of HFA(Ida) were reacted in the similar manner [36, 37].

COOMe COOMe
Lawesson's reagent, MeOOCCI, TEA,
THF DMAP, CH,Cl,
> _—
o N 99% S N 30%
| I
R R
COOMe COOMe
ﬂ EtOOCNHNH,, CH,Cl, [§
S N 98% EtOOCNHN 1}1
|
COOMe COOMe
S COOMe s COOMe
7
N N
SOCL, CHyCl, \\ ‘z_g $i0y McOH ﬂ

—_— —_—

94% NN 99% N

| |

R=Bn COOMe H

R=Me

Scheme 4.3 Synthesis of pyrrolothiadiazole
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Scheme 4.4 Synthesis of -(1,2,3-thiadiazol-5-yl)alaninates
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Scheme 4.5 Synthesis of
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Scheme 4.6 Synthesis of
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heat
R, OR,
R, = allyl, Me, Bn, -Bu, CH,CH,SiMe; o

R, = Me, Et, cyclopentyl, --Bu

The 1,2,3-thiadiazoles were prepared by reacting a-diazoketones with LR
(Schemes 4.5 and 4.6). This reaction worked particularly well for a-diazoketones
where the ketone and the diazo group were held cis [38]. When the size of R; was
increased, the reaction for the synthesis of thiadiazole needed harsh conditions [28].
No thiadiazole synthesis was reported for azobenzil, which would be reasonable as
the molecule was not likely to be in the cis-arrangement [39].

4.3 Synthesis of 1,2,4-Thiadiazoles

The Lawesson’s reagent transformed 1,2-oxazole into a 1,2,4-thiadiazole. This
conversion proceeded through a thioamide intermediate, which underwent rearrange-
ment (Scheme 4.7) [39, 40].

The rational design, formation, and anticancer activity of some nortopsentin
analogues bearing 1,2,4-thiadiazole as main heterocyclic spacers instead of parent
imidazole ring were described. A facile and high yielding synthesis of bis(indolyl)-
1,2,4-thiadiazoles occurred employing a relatively benign iodobenzene diacetate
(IBD) reagent. A fast formation of bis(indolyl)-1,2,4-thiadiazoles included the
oxidative dimerization of indolyl thioamides employing IBD at rt (Scheme 4.8)
[41-43].
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Scheme 4.7 Synthesis of 1,2,4-thiadiazoles
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Scheme 4.8 Synthesis of bis(indolyl)-1,2,4-thiadiazoles

The 5-(4’-methoxy)phenyl-1,2,4-thiadiazole was synthesized by this synthetic
route using 4-methoxythiobenzamide as a stating compound in place of
thiobenzamide. The 4-methoxythiobenzamide was obtained by thionation of 4-
methoxybenzamide with LR in refluxing THF (Scheme 4.9) [44].

The  5-(4-cyano)phenyl-1,2,4-thiadiazole = was  prepared from  4-
cyanothiobenzamide in this synthetic pathway. The 4-cyanothiobenzamide is not
commercially accessible and was synthesized by thionation of 4-cyanobenzamide
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Scheme 4.9 Synthesis of 5-(4’-methoxy)phenyl-1,2,4-thiadiazole

with LR. The 4-cyanobenzamide was prepared from 4-cyanobenzoic acid by the
reaction of 4-cyanobenzoyl chloride with aqueous NH3 (Scheme 4.10) [45].

O
SOCl,; NH, Lawesson's reagent
—_—
aq. NH3 THF, reflux
NC
OCH3 S
H
N=C
N —CH N
NH, H3C0 | 3 N—CH,
CH;, |
_—
rt NC CH;
+
2MeOH
H
N —(
NH,—O0SO;H / _N
abs. MeOH and abs. EtOH/Py S
NC

Scheme 4.10 Synthesis of 5-(4’-cyano)phenyl-1,2,4-thiadiazole
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4.4 Synthesis of 1,3,4-Thiadiazoles

Many 2,5-diaryl-1,3,4-thiadiazoles were synthesized in 74-91% yield employing
LR under MWI without solvent in 3-8 min [46]. For instance, 2-phenyl-5-m-tolyl-
1,3,4-thiadiazole was obtained in 91% yield from of a mixture of diamide and LR
(Scheme 4.11) [47].

Dalip and coworkers [48] prepared a series of 5-(3-indolyl)-2-substituted
1,3,4-thiadiazoles. The N,N’-diacylhydrazines, prepared by reaction of indole-3-
carboxylic acid with aryl or heteroaryl hydrazides, were reacted with LR to afford
the indolyl-1,3,4-thiadiazoles in good yield. The indolyl-1,3,4-thiadiazole with 4-
benzyloxy-3-methoxyphenyl and 5-bromo indolyl substituents is the most active
in suppressing the growth of cancer cells. A mixture of indole-3-carboxylic acid,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, and 1-hydroxy-
benzotriazole in dry THF was stirred at rt for 15 min. Suitable arylhydrazide was
added into this reaction mixture with continued stirring at rt for 6 h. Then, the solid
1,2-diacylhydrazine was filtered off. A mixture of 1,2-diacylhydrazines and LR in
THF was refluxed at 80 °C for 5 h (Scheme 4.12) [43, 49, 50].

HN—NH Lawesson S reagent ©_<

Scheme 4.11 Synthesis of 2-phenyl-5-m-tolyl-1,3,4-thiadiazole

COOH

(CF3CO)20 R CONHNHZ
EDCl HOBt
N H >_ Ry
Lawesson's reagent

R=H,Br
R, = C¢Hs, 2,3-di-OCH;C¢H,

Scheme 4.12 Synthesis of 5-(3-indolyl)-2-substituted 1,3,4-thiadiazoles
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The 1,3,4-thiadiazoles were synthesized by the reaction of diacylhydrazines with a
sulfur source. The reaction included thionation of CO groups and after that cyclization
with removal of hydrogen sulfide. The P, S5 is generally employed for this cyclization
but needs more reaction time and excess reagent, which mostly affords less yields
and side-products (Scheme 4.13). The utilization of LR afforded higher yields and
cleaner reactions. This cyclization took place under MW and solvent-free conditions
to provide the 1,3,4-thiadiazoles in high yields and less reaction times [49].

Kaleta and coworkers [51] synthesized novel thiadiazole derivatives utilizing
fluorous LR (Scheme 4.14).

The thionation of amides, 1,4-diketones, N-(2-oxoalkyl)amides, and N,N’-
acylhydrazines with fluorous LR produced thioamides, thiophenes, 1,3-thiazoles,
and 1,3,4-thiadiazoles in high yields (Scheme 4.15). In most of the cases, the final
product was obtained by simple filtration [51, 52].

The most popular approach for the formation of this family of compounds
included cyclization and dehydration of thiohydrazides or other substrates with S—
C-N-N-C-S functionality [53—55]. Generally, POCl; or H,SO,4 has been utilized in
these reactions. Another pathway for 1,3,4-thiadiazole ring formation was through

P,S5 or I/V N 1\\J
R— R : AN
g Lawesson's reagent R, S R,

R, =2-MeOC¢H,, R, = C¢Hj
R, =4-BrCg¢H,, R, = n-Cy3H,,

Scheme 4.13 Synthesis of 1,3,4-thiadiazoles

S\\P/ S\P//S
o (0] S
/ R
)J\ )j\ Al‘/ \S \Al‘ Ar\( 7/
R N—N R 1 eq. Lawesson's reagent, N—N
H H THF, 55°C,17 h

Scheme 4.14 Synthesis of thiadiazoles

Scheme 4.15 Synthesis of Lawesson's reagent
thioamides, thiophenes S A
5 s S ~ r
1,3-thiazoles, and %P/ P—Ar
0 O g’
Y e

1,3,4-thiadiazoles \> A’ S
Ar —4 R | S
THF, 55 °C,4-17 h X §<
Y—X

X, Y =NH, CH, OMe R

\
(CH)4(CF3),
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the exchange of oxygen atom in 1,3,4-oxadiazole with sulfur utilizing P4S;¢ or
SC(NH,;), [56]. Lawesson has reported the thionation of 1,2-diacylhydrazines with
2,4-bis(4-methoxypheny1)-1,2,3,4-dithiadiphosphetane (Lawesson’s reagent), and
after that spontaneous cyclization and dehydrosulfurization as an improved approach
of thiadiazole ring synthesis. Disappointingly, this analysis only dealt with a narrow
class of compounds, mainly dialkyl thiadiazoles. The present approach is a benefi-
cial pathway for the formation of different types of substituted 1,3,4-thiadiazoles
(Scheme 4.16). Their formation by another approach was problematic and the
product yields were low. This approach was particularly beneficial for the forma-
tion of bis-thiadiazoles (Scheme 4.17) and polymers bearing 1,3,4-thiadiazole unit

(0]
X
N~ N \n/ Ri Lawesson's reagent /< )\
H toluene R7aNg7B R
o
R, yield (%) R Ry yield (%)
X
96 | | h 90
N~ N __~
X X
93 | | 95
= N N =

85 e NN 95

% ©/ P .

AN I N
80 H,C H,C

-l o
o

Q2R%

=)

wlelotetotelly

O,N

83

80

N\ /

\2_/
NN N Y
“\_/

/2:

Scheme 4.16 Synthesis of 1,3,4-thiadiazoles
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©/ ----- ©/ 95
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©/ VAVAVAVYANS ©/ 95
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| | 80
X
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=
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Scheme 4.17 Synthesis of bis-thiadiazoles

(Scheme 4.18), which are interesting complexing agents and may be utilized as
liquid crystals and conducting polymers. The mild reaction conditions allowed the
synthesis of few sensitive compounds in good yield and purity. No by-product was
obtained thus making the isolation and purification of 1,3,4-thiadiazoles easy and

Zz
Zz

Tz
Tz

Lawesson s reagent,
toluene

S—

Scheme 4.18 Synthesis of polymers bearing 1,3,4-thiadiazole unit
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straightforward from the reaction mixture. The mechanism of this reaction was not
known with certainty but perhaps included thionation of both CO groups and after
that simultaneous cyclization with the loss of H,S [57, 58].

The lack of structural variation was obviously related to the ease of formation of
these units and the limitations of synthetic approach in the literature. The cycliza-
tion of diacylhydrazides utilizing a source of sulfur like P,Ss or LR afforded 1,3,4-
thiadiazoles substituted at the 2- and 5-positions with alkyl, cycloalkyl, and aryl units
(Scheme 4.19) [59, 60].

The 1,3,4-thiadiazoles are relatively common in the liquid crystal literature
although the variety of structural modifications that have been studied are actually
very less. The majority of systems possess 1,3,4-thiadiazole nucleus substituted at
the 2- and 5-positions by a combination of aryl and alkyl/cycloalkyl units or aryl units
(Scheme 4.20) [61-67]. Classically, these compounds are synthesized through the
sulfurization of suitably substituted N,N’-diacyldiazanes which are in turn prepared
by reacting hydrazides with acid chlorides. Previous reports employed P,Ss as the
sulfurization reagent although LR soon emerged as the most reproducible and reliable
reagent [59, 68, 69].

The esters were synthesized by standard Williamson ether synthesis [70]. The
hydrazides were prepared by treatment of esters with NH,NH, in C;HsOH [71].
The formation of ethyl oxalyl diazanes was completed by treatment of hydrazides
with ethyl oxalyl chloride in tetrahydrofuran and TEA. The cyclization of ethyl
oxalyl diazanes employing LR at rt afforded purified 1,3,4-thiadiazole-2-carboxylate
esters in excellent yields. The saponification of 1,3,4-thiadiazole-2-carboxylate esters
afforded sodium salts. These sodium salts were unstable when subjected to high
vacuum for prolonged time and easily decarboxylate once all traces of H,O have
been removed by drying method. The transformation of sodium salts to acid chlorides

H H

N—N
| | Lawesson's reagent
R—C—N—N—C—R, /( »\
I Il or PS4 R S Ry
o o

R, R, = alkyl, perfluoroalkyl, cycloalkyl or aryl

Scheme 4.19 Synthesis of 1,3,4-thiadiazoles
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Scheme 4.20 Synthesis of 1,3,4-thiadiazoles
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followed by in situ esterification afforded desired compounds (Schemes 4.21 and
4.22) [60].

The potential scope of this approach was evident when the methodology was
extended to one-step formation of 1,3,4-thiadiazoles from acid hydrazides. The 4-
toluic acid and 3-fluorophenyl hydrazide were treated with 2 eq. phosphorus penta-
sulfide in T3P under reaction conditions of entry 2. After 4 h of heating at 80 °C,
product (entry 1) was formed in 92% yield along with a small amount of 1,3,4-
oxadiazole (3%) as by-product. After some optimization reactions, it was observed
that application of T3P (1.2 eq. 50% solution in ethyl acetate) and 1.5 eq. phosphorus
pentasulfide was optimum to promote the reaction completion. However, the forma-
tion of side-product 1,3,4-oxadiazole was not avoided under any of the conditions.
The outcome was same when LR was utilized instead of phosphorus pentasulfide.
However, the reaction was unsuccessful in providing the thiadiazole when T3P in
dimethylformamide was employed. On further examination, it was observed that the
thionation reagent (phosphorus pentasulfide or LR) was completely consumed by

CgH,y4Br, NH,NH,

—_— O —_—
0 K,CO; ethanol
_— —_—
HO butan-2-one CsHi,0 89%
o 90% o

(0] (0]

N—NH, CIH

H
o J\f
CsHirO trlethylamme CsHir
0]

96%

N—N o
A\ NaOH, ethanol

Lawesson's reagent, THF CH.-O / )
_—
79% s s io— CHe 86%
N—N
/ \ o oxalyl chloride, DMF (catalyst);
CgH,,0 )
04<

HO

28% CeHis

N—N o)
o

CeHys

Scheme 4.21 Synthesis of 1,3,4-thiadiazole-2-carboxylate esters
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Scheme 4.22 Synthesis of 1,3,4-thiadiazole-2-carboxylate esters
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77%

dimethylformamide (reaction medium) to afford the N,N-dimethylthioformamide,

thus unavailable for the synthesis of thiadiazole (Scheme 4.23) [72, 73].

The diacyldiazane derivative was cyclized to 1,3,4-thiadiazole-2-carboxylate ester
employing an appropriate sulfurization agent. The chemoselective sulfurization of an

R, YO R, O 1.2eq.T;P,25eq. TEA
+

N—N
A} /< )\
Lawesson's reagent R, S R,

OH NHNHZ or
1.5 eq. P,Ss, 80 °C,3-5 h

entry R, R, yield (%)
1 4-Me-Ph 3-F-Ph 92
2 4-CN-Ph 5-Br-pyridin-3-yl 86
3 cyclopentyl 3-Me-4-NO,-Ph 93
4 cyclobutyl t-Bu 87
5 2-Me-propyl 3-F-Ph 85
6 4-NO,-Ph t-Bu 90
7 5-Br-furan-2-yl Me 94
8 N-Boc-piperidin-4-yl 3-Me-4-NO,-Ph 87
9 4-CF3-B-styryl H 88
10 4-Cl-2-Me-Ph Me 93

Scheme 4.23 Synthesis of thiadiazoles
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amide carbonyl with an ester carbonyl was described by Scheibye and coworkers [74]
employing LR. The main diazane was targeted as an appropriate 1,3,4-thiadiazole
substrate (Scheme 4.24). A standard Williamson etherification was employed for
the synthesis of ether from phenol [75]. The benzohydrazide was synthesized by
the reaction of a large excess of hydrazine hydrate with ester [76]. The ethyl oxalyl
chloride was reacted with benzohydrazide to afford the tricarbonyl intermediate.
These compounds were highly polar, difficult to purify by chromatography, and
were utilized crude in the consequent cyclization step. The sulfurization and ring-
closure of tricarbonyl intermediate occurred utilizing LR in anhydrous tetrahydro-
furan [77]. An application of fresh LR was very valuable because older reagent

CgH,;Br, o
0 K,CO,
_—
HO butan-2-one CsHy70
O—CH; 74% O0—CH,
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o I
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C3H170@C\ /C—C\ anhyd. THF _
NN OC,H; 1%

N 0
/ \> ( NaOH, H,0, ethanol
C8Hl7O S 98%,
0—C,H;
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N—N o)

/ A\ -4 to -7 °C;
CsHy70 s/\ < Py, ROH, -4 to -8 °C

ONa
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|\
CsHy,0

S OR

R = C,Hy, 51%

R =C¢H3, 57%
R = CgH,7, 54%
R = CyoHy, 61%

Scheme 4.24 Synthesis of 1,3,4-thiadiazoles



4.4 Synthesis of 1,3,4-Thiadiazoles 129

afforded less yields (in few cases a 25% reduction in yield was reported). Careful
monitoring of the reaction was also important as prolonged reaction times resulted
in the formation of significant amounts of unknown side-products. At this point the
ester was hydrolyzed to carboxylic acid derivative and subsequently esterified with
suitable alcohols [78]. Unfortunately, the 1,3,4-thiadiazole-2-carboxylic acid was
proved to be unstable in solution and underwent spontaneous decarboxylation (the
solid carboxylic acids also underwent decarboxylation over many days). An ester-
ification of 5-(4-methoxyphenyl)-1,3,4-thiadiazole-2-carboxylic acid with p-cresol
employing N,N’-dicyclohexylcarbodiimide/4-dimethylaminopyridinr afforded ester
in unsatisfactory yield (25%) with the remainder of the material being lost to decar-
boxylation. The decarboxylation has been seen earlier in 5-amino-1,3,4-thiadiazole-
2-carboxylic acids [79-82]. Therefore, the sodium salt of carboxylic acid (a stable
compound unless heated in solution on which decarboxylation was reported) was
isolated. A direct transformation of carboxylic acid into acid chloride derivative
followed by in situ esterification with desired alcohols was expected to provide the
ester adducts. This reaction was proved to be highly sensitive to temperature and
competitive decarboxylation was again found unless the reaction temperature was
carefully maintained at 26-28 °C. For instance, reaction temperatures of 210-217 °C
afforded decarboxylation side-product in 20% yield while temperatures of 24—27 °C
resulted in 5—-17% decarboxylation. The reaction temperatures of 26-28 °C afforded
only 0-4% decarboxylation and yields of the purified final esterification products
were good (51-61%) [69].

The aryl methyl ester on treatment with hydrazine monohydrate was transformed
into hydrazide. The hydrazide was reacted with methyl oxalyl chloride and TEA to
afford the diacyl hydrazide intermediate [83], which was finally cyclized to 1,3,4-
thiadiazole upon reaction with LR (Scheme 4.25).

The amino-substituted thiadiazoles are very popular building blocks because of
their versatility. In contrast to many examples of the application of aryl, amino-,
and halo-substituted 1,3,4-thiadiazoles, a few examples of efficient formation of 2-
carboxy-1,3.4-thiadiazole compounds are reported in the literature. One example of a
methyl ester-substituted 1,3,4-thiadiazole was described by Garfunkle and coworkers

(0]

OMe
R0 i ﬂ*r
T N NHi H0 g N o
—_— NH _—
o 2 Et;N

R=aryl o

(0]
H N—N
R N\N OMe Lawesson's reagent . /< \ OMe
H S
o (0] 0

Scheme 4.25 Synthesis of 1,3,4-thiadiazoles
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[83] as part of the formation of inhibitors of fatty acid amide hydrolase (FAAH).
The family of inhibitors included compounds bearing different five-membered hete-
rocycles such as 1,3,4-thiadiazoles. The hydrazide compounds were treated with
methyl oxalyl chloride to provide the tricarbonyl compounds, which were then
cyclized with LR to afford the 2-carboxy-1,3,4-thiadiazoles. The Grignard or organo-
lithium reagents were then employed to transform the ester group into a ketone and
provided final products, 1,3,4-thiadiazoles. Although the ester functionality was not
preserved in the desired compounds and experimental details were less, the method-
ology showed the application of 2-carboxy ester substitution in an intermediate step
(Scheme 4.26) [69, 84].

The reaction of 1,4-diamide, bearing an ester functional group, with P4Sio in
pyridine at 80 °C afforded thiadiazole with decreased yield, almost 30%, and no
product was formed when more than 0.01 mol of starting compound was employed
(Scheme 4.27) [68]. In contrast, successful conversion to thiadiazole was achieved
when 1,4-diamide was first reacted with Lawesson’s reagent in a refluxing solvent

o
OMe [0)
R N o R N_ OMe LR
NH2 _—— il
TEA
(0] (o)
N—N N—N
R/< \ OMe R,Li or R;MgBr R/( \ R,
S S
(o) (0]
R, =

e

Scheme 4.26 Synthesis of 1,3,4-thiadiazoles
HN—NH ﬁ Lawesson s
o O P4510
/Q R =C;H;s, CoHyg, Cy1Hy3, CysHs,
KOH, H20 MeOH; R 4-CsH;,0C¢Hy, 4-CgH{,0CH,
4-CyH,;9yOC¢Hy, 4-C1yH,,OCeH,
4-C¢H,;0C H,

Scheme 4.27 Synthesis of thiadiazoles
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mixture of toluene (dry)/pyridine (dry) for 4 h and further reacted with P4S¢ in pyri-
dine for 4 h at 80 °C. The crude product was hydrolyzed to hydroxyphenylthiadiazole
in 52-90% yield [85].

The thionation—cyclization of 1,2-diacylhydrazines to 1,3,4-thiadiazoles occurred
by reacting with LR under MW heating without solvent (Scheme 4.28) [47].

The 16,17-unsaturated N,N’-diacylhydrazines were reacted with LR to afford
the 17B-1',3’,4'-thiadiazoles, but the efforts for the formation of amino-substituted
analogue were not successful (Scheme 4.29). Although the S-containing reagent was
employed in excess, synthesis of 178-1',3’,4’-oxadiazoles was also found in few
cases. The deacetylation of 3B-acetates in basic media provided thiadiazole [86, 87].

o o 1.2 eq. Lawesson's N—N
reagent, 7\
N—N Cy3Hy no solvent S CpaHy
]I{ }Il MW, 7-13 min
Br 91-95%, 2 examples Br
i
Lawesson's reagent: MeO @ ll’ — ?
S— ﬁO OMe
S
Scheme 4.28 Synthesis of 1,3,4-thiadiazole
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R = Ph, 3-pyridyl, 4-pyridyl, 2-furyl, CH,, NH,

Scheme 4.29 Synthesis of 178-1,3”,4’-thiadiazoles
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A thiazole bearing C-glucoside was prepared as described in Scheme 4.30.
The reaction of acid and a hydrazide, like furan-2-carbohydrazide, employing
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOBt, and NMM in N,N-
dimethylformamide (DMF) afforded acylhydrazide, which was cyclized utilizing LR
to produce the thiadiazole in 81% over two steps. The deprotection of four benzyl
groups employing trimethyliodosilane [88] followed by peracetylation utilizing
Ac,0 and filtration by either column chromatography or recrystallization produced
tetraacetate. The tetraacetate was hydrolyzed with sodium methoxide in CH3;0H to
afford the C-glucoside in 31% yield over three steps [89].

A classical reaction of acid with hydrazide and then cyclization generated acylhy-
drazide, which was reacted with trimethylsilyltrifluoromethanesulfonate and Ac,O
to afford the tetraacetate. The peracetylated compound was hydrolyzed to afford
the thiadiazole derivative in 10% yield over four steps. This alternative deprotection

Cl

CO,H
/ \ EDCI, HOBt
+ —_—
o CONHNH, NMM, DMF

Lawesson's reagent,
THF, reflux
81%, 2 steps

(0]

OBn

—

o
s)\(j TMSI/CH;CN, 50 °C;
0 Ac,0, Et;N, DMAP/CH,Cl,, rt;
NaOMe/MeOH, rt
31%, 3 steps

OH

Scheme 4.30 Synthesis of thiazole bearing C-glucoside
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approach was frequently used, particularly in the case of unsatisfactory reactions
with trimethylsilyl iodide (Scheme 4.31) [89, 90].

A traditional Robinson—Gabriel cyclization of 2-acylamino carbonyl compounds
was modified for the formation of oxazole. This cyclization used Burgess reagent
(including its PEG-supported analogue) as a mild dehydrating reagent under single-
mode MW heating conditions. The most problematic cyclization of unstable 2-
acylamino aldehydes also occurred easily under these conditions. The multi-
substituted oxazoles were synthesized from simple ketone and primary amide
building blocks in a MW-assisted one-pot procedure [91]. The ketones were
made to react with hypervalent iodine(IlI) sulfonate [hydroxyl-(2,4-dinitrobenzene)-
sulfonyloxy)iodo]benzene (HDNIB) under MW and solvent-free conditions to
produce the intermediate [(2,4-dinitrobenzene)sulfonyl]oxy carbonyl compound.
The [(2,4-dinitrobenzene)sulfonyl]oxycarbonyl compound was condensed with
acetamide or benzamide under MW heating conditions (Scheme 4.32) [92].

N
14 _\>-CONHNH2
COH \—

N

EDCI, HOBt, NMM;
Lawesson's reagent;
TMSOT{/Ac,0;
NaOMe/MeOH
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Scheme 4.31 Synthesis of thiadiazole
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Scheme 4.32 Synthesis of thiophenes, thiazoles, and thiadiazoles
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A MWe-assisted approach offered potentially beneficial and efficient methods
for the synthesis of 1,3,4-thiadiazoles. The researchers [47] discovered a class of
thiophenes, 1,3-thiazoles, and 1,3,4-thiadiazoles through the cyclization of different
dicarbonyl compounds. These compounds were mixed with LR in the absence of
solvent and irradiated in a conventional MW oven. All but two of twelve different
compounds were obtained in less reaction times and yields in excess of 83%. Han and
coworkers [93] also described that MW-irradiated Lawesson’s cyclizations for the
synthesis of 2,5-diaryl-1,3,4-thiadiazoles were very efficient. The reaction mixture
was removed immediately at this point to avoid the decomposition of products. After
silica column purification, the 2,5-diaryl-1,3,4-thiadiazole products were obtained
in high yield (80-91%) (Scheme 4.33). The benefits of MW-assisted reactions were
very less reaction times, no need of solvent, and no requirement of anhydrous hydro-
carbon solvents. However, the reactions could be difficult to scale up because of the
probability of local superheating of the reaction mixture, although many compounds
were formed on a multigram scale without significant decrease in yields.

The most common ring synthesizing method for 5-membered sulfur hetero-
cyclic compounds in the literature involved the cyclization of 1,4-dicarbonyl species
utilizing a thionating agent. Although the methods to afford these dicarbonyl
compounds were highly diverse, analogous conditions were used to prepare the 1,3,4-
thiadiazole, 1,3-thiazole, and thiophene systems from such compounds, based on the
identity of 3- and 4-position bridging atoms (Scheme 4.34). A suggested mechanism
included a ring-closure of 1,4-dicarbonyl compounds in which thionation of both
carbonyl groups was the first step, and after that in situ cyclization and removal of
hydrogen sulfide [23-27].
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Scheme 4.33 Synthesis of 2,5-disubstituted 1,3,4-thiadiazoles

o (0} S
)k )J\ Lawesson's reagent/P,S R \( )/RI
AT Ry A—B
H

1
H
A,B=CH ——> thiophenes
A=N,B=CH — > 1,3-thiazoles
A,B=N — > 1,3,4-thiadiazoles
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The substituted benzoic acids were transformed into esters by reacting them with
SOCI, and CH3;0H, followed by reflux for 12 h. The esters were reacted with
hydrazine hydrate in CH;OH by refluxing at 60 °C to provide its hydrazide. The
hydrazides were dissolved in dry THF and reacted with chloroacetyl chloride and
TEA, followed by reflux to provide their N-chloroacetyl-N’-aroyl hydrazine. The N-
chloroacetyl-N’-aroyl hydrazines were converted into thiadiazoles by reacting with
LR in p-xylene at 140 °C (Scheme 4.35) [94].

Lee and coworkers [95] discovered 2-(4-((1H-1,2,4-triazol-1-yl)methyl)-5-
(4-bromophenyl)-1-(2-chlorophenyl)-1H-pyrazol-3-yl)-5-t-butyl-1,3,4-thiadiazole
(GCC-2680) as an effective, selective, and orally effective cannabinoid-1 receptor
antagonist. The thiadiazoles were synthesized [96—102] through (i) treatment of
carboxylic acid with a hydrazide compound and coupling reagents (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, 4-dimethylaminopyridine) and (ii) thionation—
cyclization of product utilizing LR [47]. Alternatively, the acylhydrazide intermediate
was also prepared by the reaction of hydrazide with acid-assisted coupling reagents
like 4-dimethylaminopyridine, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
or 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, hydroxybenzotriazole, and
N-methylmorpholine. For this sequence, the required hydrazide was synthesized by
reacting ester with NH,NH, in refluxing ethanol (Scheme 4.36) [103].

The thiophenes (X—Y = CH) were synthesized by LR-assisted cyclization of 1,4-
dicarbonyl compounds under MWI without solvent [47]. The reaction was carried out
by mixing two solid reagents in a glass tube kept inside a household MW apparatus
and irradiating until the evolution of hydrogen sulfide stopped (Scheme 4.37) [104].

A MWe-assisted condensation of NH,OH with enaminoketones provided isoxa-
zoles [105]. In a process similar to the Paal-Knorr thiophene formation, 2-aminoacyl

CO,H CO,Me CONHNH,
thionyl chloride hydrazine hydrate
_— - - >
methanol, reflux methanol, reflux
R, R, R,
R; =H, Cl, Me Cl
(o)
(0] 11;11 JK/CI
~ N — 1\{
; H SN
chloroacetyl chloride, o
dry triethylamine Lawesson's reagent
dry THF, reflux p-xylene, reflux
Ry
R,

Scheme 4.35 Synthesis of thiadiazoles
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carbonyl compounds were cyclized to thiazoles employing LR under MW heating
(Scheme 4.38) [47].

The structure—activity relationship analysis on a series of diarylpyra-
zolyl thiadiazoles identified that cannabinoid-1 receptor antagonists have
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Scheme 4.38 Synthesis of thiophenes, thiazoles, and thiadiazoles

excellent selectivity and potency. Based on its exceptional in vivo effi-
ciency in animal models and its favorable toxicological and pharma-
cokinetic profiles, 2-(4-((1H-1,2,4-triazol-1-yl)methyl)-5-(4-bromophenyl)-1-(2-
chlorophenyl)-1H-pyrazol-3-yl)-5-¢-butyl-1,3,4-thiadiazole was chosen as a preclin-
ical applicant for curing obesity. The thiadiazole bearing 1,2,4-triazole was also
prepared by a reaction sequence involving the key intermediate bromide. The
bromide, prepared by treatment of pyrazole with N-bromosuccinimide in catalytic
amounts of azobis-isobutyronitrile, was reacted with 1,2,4-triazole sodium deriva-
tives to afford the ester. The hydrazinolysis of ester afforded hydrazide, which was
reacted with an acid to afford the acyl hydrazide. The hydrolysis of ester and acti-
vation of acid followed by reaction with hydrazide in TEA provided acyl hydrazide.
The thionation—cyclization was carried out employing LR under MWI to afford the
thiadiazole (Scheme 4.39) [95, 103].

The thionation—cyclization of 1,2-diacylhydrazidines to 1,3,4-thiadiazoles was
carried out with LR under MWI in a domestic microwave without solvent
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(Scheme 4.40). This ring-closure approach was extended for the formation of
different liquid crystals [47, 106].

The salt was found to be much more stable in comparison to free acid, and trans-
formation to acid chloride in situ and after that treatment with different alcohols at
rt provided first reasonably positive results (41% yield of aryl ester from carboxy-
late salt). Sybo et al. [69] then extended Bradley’s work [60], determining that the
major factor in controlling decarboxylation of the carboxylate salt was the temper-
ature of reaction. The esterification reactions occurred with the best yields when a
temperature range of —8 to —6 °C was maintained. Below this temperature range,
the reaction not took place, whereas above this range the rate of decarboxylation
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enhanced significantly. This caused the experimental procedure to be very compli-
cated, as the addition of alcohols would cause the temperature of the solution to
fluctuate. Together with a long reaction time to completely hydrolyze the ethyl ester,
the reaction beginning after cyclization of the 1,3,4-thiadiazole ring proved to be
quite demanding. Despite this, Sybo et al. [69] successfully prepared four liquid
crystals (butyl, hexyl, octyl, and decyl esters) in moderate yield (51-61%, one-step)
(Scheme 4.41).

More examples were reported employing late-stage cyclization strategies [107].
Despite this growing class in the literature, there persist relatively less examples
of the method being employed to prepare the 1,3,4-thiadiazoles with substitution
other than aromatic groups (Scheme 4.42). One of these examples was observed
in work of Deokar and coworkers [108] as part of an analysis on the antimicrobial
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Scheme 4.41 Synthesis of 1,3,4-thiadiazoles
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activity of some oxadiazole/thiadiazole compounds. The hydrazide was refluxed in
2-propanol with carbamate to provide the hydrazinecarboxamide, which was conse-
quently cyclized employing LR in refluxing dioxane. The final product involved
an amine linkage between the 2-position on the 1,3,4-thiadiazole heterocyclic and
an aromatic functionality. However, many examples of amino-, halo-, nitrile-, and
other substituted 1,3,4-thiadiazoles are observed within the context of ring modifying
strategies.

Han and coworkers [109] employed Lawesson’s cyclization approach to prepare
the precursors to rod- and H-shaped liquid crystals. The final desired compounds had
a 2,5-diphenyl-1,3,4-thiadiazole group with an ester-linked 4-decyloxyphenyl func-
tionality. The main purpose of the analysis was to develop 1,3,4-thiadiazole-based
liquid crystals with low-temperature mesophase ranges and to compare the liquid
crystal behavior of dimers (H-shaped in this case) with that of their monomers. The
4-substituted benzoic acids were treated with SOCI, to provide the 4-substituted
benzoyl chlorides. The 4-methoxybenzoic hydrazide was further treated with acyl
chlorides to afford the 1,4-dicarbonyl compounds, which were further cyclized
employing LR. The 1,3,4-thiadiazole precursors were further deprotected to phenols
and reacted with 4-decyloxybenzoyl chloride to afford the final targets. One concept
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that can be seen in this synthetic methodology is another general method to 1,4-
dicarbonyl compounds before cyclization: the synthesis of acyl chloride intermediate
in situ (Scheme 4.43).
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Chapter 5 ®)
Five-Membered S-Heterocycle Synthesis oo

5.1 Introduction

Today analogues of heterocyclic compounds and their derivatives have become
strong interest in pharmaceutical research field due to their valuable biological and
pharmacological activities. Heterocycles are abundant in nature and are important
because their structural subunits are present in numerous natural products like vita-
mins, hormones, and antibiotics [ 1-4]. A large number of pharmaceutical compounds
belong to a major class of sulfur-containing heterocyclic compounds. The versatile
synthetic use and biological action of these heterocyclic compounds have motivated
the pharmacologist to plan, design, and execute new methodologies for the synthesis
of novel drugs. The thiophene compounds and their derivatives are an important class
of heterocyclic compounds, particularly, 2-amino-substituted thiophene compounds
have a wide range of biological activities like antibacterial, antifungal, analgesic,
anti-inflammatory, antioxidant, and antitumor and also local anesthetic action. The
five-membered S-containing heterocyclic compounds are important synthetic inter-
mediates and have found a diversity of uses in medical, agricultural, and material
chemistry. The reagents like P,Ss5 or Lawesson’s reagent serve as sulfurizing agents
and also as dehydrating agents, allowing a reaction route that could result in the
synthesis of S-heterocyclic compounds [5-8].

Lawesson reagent is a general sulfuration reagent which can convert CO
group of aldehydes, ketones, amides, or esters to thiocarbonyl species. Numerous
new thionating reagents have been prepared and utilized for the formation
of organosulfur compounds in the past years. Curphey’s thionating reagent
(P4S1¢0/hexamethyldisiloxane) is known to be one of the best substitute for
Lawesson’s reagent. Likewise, P4S|o in combination with numerous supports like
alumina and silica displays good thionating character with enhancement in the yield.
The application of polymer-supported and in situ produced thionating reagent is
another development in this area. The use of ionic liquids and solid supports to
develop an efficient and ecologically benign “green” thionating reagent is yet to be
explored. However, there has been a widespread worldwide progress in this area,
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this field of chemistry is yet in the early stages, therefore, both basic research and
practical work are necessary in the development of thionation procedures for the
formation of organosulfur compounds. The LR has remained the most important
reagent in thionation chemistry and was followed by P4S;¢. Usually, LR has benefits
over P4Sg in terms of the need for excess P4S|o and reduced yields [9-11].

5.2 Synthesis of Thiophenes

Kiryanov et al. [12] examined the formation of liquid crystals bearing five-
membered sulfur-containing heterocyclic compounds having thiophene derivatives
while searching for potential applicants for ferroelectric display applications. They
reported that high yields of thiophenes were observed when LR-assisted cyclization
of numerous 1,4-dicarbonyl compounds was carried out under MWI. Little or no
by-products were obtained, and reaction times were very less (3—13 min) in these
variations of classical Paal-Knorr thiophene synthesis, which was conducted without
solventin conventional MW oven. Ongoing with the trend for solvent-free reactions, a
MW alternative of classical Paal-Knorr thiophene synthesis has been described [13].
The thionation—cyclization of a variety of 1,4-dicarbonyl compounds with solid LR
delivered thiophene compounds rapidly in high yield and with minimal purification
in comparison to the equivalent solution-phase reactions (Scheme 5.1).

A combination of Friedel-Crafts and Lawesson reaction afforded 5-
N,N-dialkylamino-2,2'-bithiophenes ~ from  N,N-dialkylamino-4-(2'-thienyl)-4-
oxobutanamides (Scheme 5.2) [14]. The S5-pyrrolidino-2,2’-bithiophene was
prepared from new pyrrolidino-4-(2'-thienyl)-4-oxobutanamide by same synthetic
pathway for comparing the influence of electronic nature of 5-N,N-dialkylamino
groups on the optical properties of phenylazobithiophenes. A direct amidation
of 4-oxo-(2'-thienyl)butanoic acid [15-17] with pyrrolidine took place via N,N’-
dicyclohexylcarbodiimide-butyl alcohol-assisted reaction. Amide was found as a

R, Lawesson's reagent / \
no solvent S R,
MW, 3-4 min
65-94% R,

=H, Br, OMe
Rz = 0-alkyl (C,-Cyy)

Lawesson's reagent : :

Scheme 5.1 Synthesis of thiophenes
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Scheme 5.2 Synthesis of bis-thiophenes

colorless solid in good yield (80%). The reaction of amide with an equimolar amount
of Lawesson’s reagent in toluene afforded bithiophene in 47% yield. The formation
of 5-pyrrolidino-2,2’-bithiophene has been described by Effenberger et al. [18] via
two different procedures. A mixture of two compounds was obtained in 43% yield by
a palladium-catalyzed coupling reaction through an organotin intermediate. These
two compounds were formed in 70:30 ratio. The 5-pyrrolidino-2,2’-bithiophene and
phenyl-5-pyrrolidinothiophene could not be separated neither by chromatography
nor by recrystallization method. Thus, an another pathway for the formation of
5-pyrrolidino-2,2’-bithiophene was via lithiation of 2,2'-bithiophene followed
by reaction with sulfur to afford the 5-mercapto-2,2’-bithiophene in 40% yield,
subsequent reaction with pyrrolidine allowed the formation of 5-pyrrolidino-2,2’-
bithiophene in 25-37% yield. As compared to Effenberger’s methods [18], the
5-pyrrolidino-2,2’-bithiophene was formed in higher yield via combination of
Friedel-Crafts and Lawesson reactions from economically feasible and commer-
cially accessible reagents utilizing simple workup processes which allowed the good
yield synthesis and easy isolation of this derivative.

The effect of additives like Lewis or Brgnsted acids, bases, and molecular sieves as
H,O absorbers was analyzed. It was observed that a very easy process involving LR
in hot toluene or benzene afforded the highest yield of bis-thiophenes. The scope of
this reaction was examined under these conditions through the utilization of diverse
substituents R (Scheme 5.3). The best results were observed utilizing electron-neutral
aryl units (entries 3 and 4) or heteroaromatic residues (entries 7 and 8) while aliphatic
residues were found to be less suitable for this reaction providing poor or moderate
yields. This pathway offered simplistic access to tetracyclic heteroarenes in which
furans, thiophenes, or pyrroles were connected through 2,2'- and 3,3’-linkages. Such
compounds might find interesting uses with respect to organic electronic materials
[19-21].

Paal-Knorr reaction that follows this Stetter reaction will result in aromatization
and the synthesis of a short oligomer. Similar to the formation of trimers, symmetric
pentamers were obtained if a symmetric bifunctional Michael acceptor was utilized
in a Stetter reaction with a monofunctional aldehyde. No result was observed when
2,5-thiophenedicarboxaldehyde was utilized in combination with regular Michael
acceptor (Schemes 5.4, 5.5, and 5.6) [22].

The 1,4-diketones could be cyclized when heated with hydrogen sulfide and HCI
[23] or P-S compounds like P,Ss or Lawesson’s reagent (Scheme 5.7). This reaction
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Scheme 5.3 Synthesis of bis-thiophenes
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Scheme 5.4 Synthesis of bis-thiophene

allowed the introduction of side-chains on the heterocyclic compounds obtained in
the reaction [22].

Sonpatki et al. [24] reported that 2-alkoxythiophenes were synthesized by the
reaction of 1,4-dicarbonyl species with LR (Scheme 5.8); however, this method
needed an aryl substituent at C5-position of the 2-alkoxythiophene. Alternatively,
identical methods with other sulfurization reagents afforded low yield/reproducibility
or problematic mixtures of products [25, 26].



5.2 Synthesis of Thiophenes 153

S
D_\\
NaCN DMF
P,S,,or
Lawesson's reagent
reflux in toluene
77%

Scheme 5.5 Synthesis of tris-thiophene

NaCN DMF

@t

P,S;o or
Lawesson's reagent

reflux in toluene
1%

P,S;y0r
Lawesson's
reagent

Scheme 5.7 Synthesis of tris-thiophenes



154 5 Five-Membered S-Heterocycle Synthesis

lo I o) Lawesson's S
reagent
Br OR g Br @—@» OR
anhyd.

toluene

ARRRARRARR
I T T O

s-CoH,,, 83%
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The indole derivatives were transformed into indole-3-carboxaldehydes
via Vilsmeier-Haack reaction with POCl3; and DMF. The indole-3-
carboxaldehydes were protected by benzensulfonyl species at NH to afford
the N-benzensulfonyl-indole-3-carboxaldehyde. The valuable and versatile inter-
mediates 1,4-bis(indolyl)diketones were generated for the formation of 2,5-bis(3-
indolyl)thiophenes. The Stetter reaction of electron-deficient indole aldehyde and
divinyl sulfone utilizing CH3COONa and thiazolium chloride as catalyst under
reflux in EtOH afforded 1,4-diketones. The diketones were transformed into
bis(indolyl)thiophenes in the presence of LR under reflux in toluene. Further,
hydrolysis of bis(indolyl)thiophenes with potassium hydroxide in refluxing EtOH
afforded 2,5-bis(3-indolyl)thiophenes (Scheme 5.9) [27].

A simple one-pot reaction of hydroxy amides with Lawesson’s reagent gave hete-
rocyclic compounds like tetrahydrothiophene-2-imines and tetrahydrothiophene-2-
thione (Scheme 5.10) [28].

This protocol can be employed for the formation of a tetraarylated thiophene
(Scheme 5.11). The [3 4 2]-cycloaddition reaction of ene and ketone and a subsequent
S—O exchange reaction with LR afforded dihydrothiophene [28, 29]. The oxidation
of dihydrothiophene with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone afforded thio-
phene without its regioisomer in a 48% yield after 3 steps. The triarylthiophene was
synthesized by bromination of thiophene with N-bromosuccinimide (95%) followed
by Suzuki—Miyaura coupling (81%). The triarylthiophene was hydrolyzed and after
that decarboxylative coupling with p-CF3;CgHyl afforded tetraarylthiophene in 66%
yield (two steps) [30].

The LR has been employed for the formation of 2,5-thiopheneophane but instead
furan was obtained [31]. A related thiophene formation occurred by the treatment of
epoxycarbonyls with LR using tosylic acid (Ts = toluene-p-sulfonyl) (Scheme 5.12)
[32, 33].

An application of LR allowed the cyclization to thiophene derivatives in
place of furan (Scheme 5.13). The epoxide was converted into ethyl 4-
(chloromethyl)thiophene-2-acetate when reacted with LR in small amount of p-
toluenesulfonic acid [32, 34]. The p-toluenesulfonic acid must be added only after
complete stirring with LR to avoid the cyclization to furan ring. The furan was
obtained in some extent along with thiophene if p-toluenesulfonic acid was added



5.2 Synthesis of Thiophenes 155

CHO
R R
\\ POCI/DMF N\
—_—
NaOH
N N
\ \
H H
0 o R
NaH/THF R ] Q
—_—
CISO,Ph O A\
N i
SO,Ph SO,Ph

toluene, reflux

R S
Lawesson's reagent O \ /
|

R
KOH/EtOH
—_—

reflux

Scheme 5.9 Synthesis of 2,5-bis(3-indolyl)thiophenes
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Scheme 5.10 Synthesis of tetrahydrothiophene-2-imines and tetrahydrothiophene-2-thione

before the LR. The ethyl 4-(iodomethyl)thiophene-2-acetate was prepared by tran-
shalogenation of chloride with sodium iodide in (CH3),CO. The ethyl esters of
4-alkylthiophene-2-acetic acid were also synthesized in the similar way from the
reaction of iodide with Grignard reagents using Li,CuCly in catalytic amounts [35].
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Scheme 5.13 Synthesis of ethyl esters of 4-alkylthiophene-2-acetic acid

The nickel-catalyzed reductive coupling approach to pyrrole synthesis provided
an efficient route to furans and thiophenes from the common dicarbonyl intermediate
(Scheme 5.14). The furans with the same broad substitution scope can be synthe-
sized under acidic and microwave heating conditions as with pyrroles. Similarly,
thiophenes can be prepared from 1,4-dicarbonyl compounds by simple heating with
LR [36].
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Scheme 5.14 Synthesis of thiophene

The cyclization of 1,4-diketones afforded furans, pyrroles, and thiophenes. The
furans were prepared by acid-catalyzed ring-closure [37], and thiophenes were
synthesized by ring-closure with phosphorus pentasulfide or LR [38]. The unsubsti-
tuted and N-substituted pyrroles were synthesized by the reaction of a 1,4-diketone
with NH3;, ammonium carbonate [39], or ammonium acetate and primary amines
[40], respectively (Scheme 5.15).

The coincidence of solvent in the oxidative deacetylation, and the Paal-Knorr
synthesis allowed one-pot synthetic conversion of easily accessible 1,5-dicarbonyl
compound into furan, thiophene, and pyrrole (Scheme 5.16). The oxidative deacety-
lation of starting ketones utilizing Mn(III)/Co(II) catalysts in acetic acid at 25 °C for
3 h and after that reaction with 1 eq. H2SO4 at 90 °C for 1 h generated furan in 54%
yield. Then, reaction with 1.5 eq. LR at 90 °C for 1 h and with 10 eq. NH4OAc at
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Scheme 5.15 Synthesis of furans, thiophenes, and pyrroles

Ar ry

Lawesson's reagent:

m:w—m



158 5 Five-Membered S-Heterocycle Synthesis

920°C,1h  g0,c” o

54%

Mn(OAc)3 Lawesson's / \
CoCl, reagent
EtO S

air, 25°C,3h | 90°C,1h  FtO:C

AcOH 63%
(0]
NH,OAc /@\
L———— = Et0,C N
60°C,0.5h H
64%

Scheme 5.16 Synthesis of furan, thiophene, and pyrrole
o
o /@\)&\
S
O

+

R
Me)J\/\/\”/ Lawesson's reagent

R
Me
o orP,S,,
R = Me, Ph, EtO, 4-MeO,CC H,, 4-MeOPh Mew
S R

Scheme 5.17 Synthesis of 2,5-disubstituted thiophenes

60 °C for 0.5 h afforded thiophene in 63% yield and pyrrole in 64% yield, respectively
[41].

The unsaturated diketones were reacted with LR to afford a mixture of two
possible isomers. The product ratio changes when the reaction was carried out with
BF; [42]. The 1,6-dioxo compounds, bearing 2,4-diene functionalities, afforded 2,5-
disubstituted thiophenes on reaction with phosphorus pentasulfide (Scheme 5.17).
The mechanism included thionation of one of the CO groups followed by Michael-
type addition, which afforded 2,5-disubstituted thiophenes. An another proposed
mechanism consisted of an addition of sulfur to 4-C unit between the two carbonyl
groups [33, 43].

5.3 Synthesis of Benzothiophenes

The thiophenes were synthesized through ring-closure of 1,4-dithioketone (Schemes
5.18 and 5.19) [44]. The reactions of more substituted diketones provided furans in
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significant yields, also the presence of EDGs on aromatic groups at 1- and 4-positions
enhanced the yield of furans while EWGs in these positions reduced their yield [45].
A substitute mild method for the synthesis of thiophenes from 1,4-diketones was the
reaction with a Sn/S/B system [34, 46, 47].

The cross-conjugated enaminones were prepared by this reaction [48]. The
subsequent reaction of enaminones with LR [49, 50] in CH,Cl, at 0 °C resulted
in the formation of enaminothiones (in situ), quenching of which with «-
bromoketones/ethyl bromoacetate afforded thiophene framework in good yields (59—
79%). The probable reaction mechanism suggested for the synthesis of thiophene
involved the initial nucleophilic attack of the sulfur atom of enaminothiones at the
methylene bromide carbon of a-bromoketones/ethyl bromoacetate to afford the inter-
mediate. This intermediate was deprotonated in situ with triethylamine. The ring-
closure occurred spontaneously by the removal of a dimethylamine molecule from
the intermediate to afford the thiophenes (Scheme 5.20) [51].

The reaction of 2-acylbenzamides with Lawesson’s reagent afforded numerous
products depending on the groups attached to starting material (Scheme 5.21) [9,
52].

The benzothiophene was prepared in moderate to good yield from commer-
cially accessible thodamine B base via “one-pot synthesis” or a one-step reaction
(Scheme 5.22) [53].

The 3-phenyl-1(3H)-isobenzothiophene-1-thione was prepared in one-step. The
2-benzoylbenzoic acid was thionated in the presence of LR to afford the 3-phenyl-
1(3H)isobenzothiophene- 1-thione directly (Scheme 5.23) [54].

The 3-methyl-1(3H)-isobenzothiophene-1-thione was synthesized in a similar
manner to that of the phenyl-substituted case. The reaction of 2-acetylbenzoic acid
with 1 eq. LR under reflux in toluene afforded 3-methyl-1(3H )isobenzothiophene-
1-thione (Scheme 5.24) [54].
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Scheme 5.24 Synthesis of 3-methyl-1(3H)-isobenzothiophene-1-thione

Instead of 1,4-diketones, y-butyrolactones can be used as precursors. A Grignard
reagent led to ring-opening of lactone. Treatment with phosphorus—sulfur compounds
will result in thiophene formation (Scheme 5.25) [55].

Clement and Mohanakrishnan [56] reported the formation of symmetrical and
unsymmetrical naphth-annelated thienyl heterocyclic compounds through thionation
of hydroxyketones/diketones with LR (Scheme 5.26).

Q2
o UMgBr
g >

aq. NH,CI;
Lawesson's reagent

(o)

Scheme 5.25 Synthesis of 3,3’-di(thiophen-2-yl)-1,1°,3,3’-tetrahydro-1,1’-bibenzothiophenes
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Scheme 5.26 Synthesis of naphthalene-annelated thiophenes
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5.4 Synthesis of Fused Thiophenes

The synthesis of thieno[2,3-b]indole from 1-ethylisatin and CcHsCOCHj3 has been
investigated in details (Scheme 5.27). The traditional method [57] (path C) leading
to aldol adduct (which was then utilized without purification), its dehydration into
intermediate, reduction of latter to indolin-2-ones, and finally cyclization of indolin-
2-ones with LR resulted in the synthesis of thieno[2,3-b]indole in 25% yield. It was
observed that the reaction of intermediate with LR in toluene solution under reflux
for 1 h afforded thieno[2,3-b]indole; however, the best yield reached to only 57%
(path B). The LR served as a source of H,S to reduce the C=C double bond in the
intermediate, and secondly, as a thiation agent to obtain the thieno[2,3-b]indole by
means of Paal-Knorr reaction. The aldol adduct has also been reacted with LR in
toluene to afford the thieno[2,3-b]indole in low yield (10%) through the intermediacy
of intermediate, depending on the starting isatin (path A). Also, the one-pot forma-
tion (path D) of thieno[2,3-b]indole occurred via reaction of isatin with (phenacyli-
dene)triphenylphosphorane and subsequent cyclization of intermediate based on the
path B. The yield of thieno[2,3-b]indole obtained by one-pot process was proved to

0
)(J)\/ PPh ~ "
= 3
o path D NS
N /PhMe O Lawesson's N
\ reagent/PhMe \
Et

54% Et
PhCOMe
Et,NH/EtOH
Ph
HCVAcOH Na,S,0,/ (0]
—_— —_—
aq. EtOH (0]
N
\
Et
path A | 10% path B | 57% path C |25%
Lawesson's
reagent/PhMe
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Scheme 5.27 Synthesis of thieno[2,3-b]indole
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be close to that of thieno[2,3-b]indole derived from the path B. Path D needed more
expensive phosphorane derivative, which was synthesized by prefunctionalization of
PhCOCH3, and this methodology was regarded as an alternative synthetic pathway
justin some specific cases. Therefore, two-step approach to transform the isatins into
thieno[2,3-b]indoles through the intermediacy of intermediate (path B) has been
chosen as the most convenient and efficient one. A series of thieno[2,3-b]indoles
having both electron-rich and electron-deficient (hetero)aromatic fragments at C-2
has been prepared in good to moderate yields through the two-step synthetic process
(path B) from isatin and acetylated (hetero)arenes [58].

Dehydration of aldol-type adducts into 3-(2-0x0-2-
(hetero)arylethylidene)indolin-2-ones took place in CH3COOH solution with
the incorporation of HCI (method A) or in dichloromethane solution with an excess
of thionyl chloride (method B), when 3-(2-0x0-2-(hetero)arylethylidene)indolin-2-
ones could not be prepared by method A (Scheme 5.28). It should be observed that
thieno[2,3-b]indoles having 4-CN or 2-NO, phenyl substituents at C-2 have been
synthesized in high yields from suitable indolin-2-ones by reaction with Lawesson’s
reagent under reaction conditions without displacement of CN or NO, groups [58].

Starting  from cis-3,4-dibenzoyltricyclo[3.1.0.02'6]hexane [59-61] and
tricyclo[3.1.0.0]hexanedione [62], there are many possibilities for the forma-
tion of the desired type of compound. However, only two reactions have thus
far met with success: Those to the thiophenes in 20 and 9% yield from cis-
3,4—dibenzoy1tricyclo[3.1.0.02’6]hexane and LR (toluene, EtzN, 22 °C, 7 d)
and from tricyclo[3.1.0.0]hexanedione and bis-phenacylthioether (potassium
hydroxide in MeOH, 20 °C, 18 h), respectively. The latter reaction afforded
glycol product first, which was dehydrated with SOCl, in pyridine (0 °C, 1.5 h).
The 3,4-diaminothiophene was transformed into thieno[3,4-b]quinoxaline (27%)
(Scheme 5.29) [63].

The fused thiophene systems were prepared by the reaction of chloro-
propenylpyrazine with thiourea (Scheme 5.30). After deprotection, the yield was
found to be 14% [43, 64].

The ring cyclization to thienocyclohexanone followed by ring-expansion of
Schmidt-type occurred [65]. This route utilized Beckman rearrangement of cyclo-
hexanone oxime with 5,5-dimethyl-1,3-cyclohexandione (dimedone) as a starting
material (Scheme 5.31). The dimedone was reacted with 2-bromoacetophenone
using EtONa in EtOH to furnish the tricarbonyl compound. The reaction of tricar-
bonyl compound with Lawesson’s reagent gave tetrahydrobenzothiophene-4-ones.
The tetrahydrobenzothiophene-4-ones were then treated with NH, OH-HCl to afford
the oxime. Rearrangement of oxime posed an interesting problem as alkyl (path
A) and heteroaryl (path B) migrations were promising with ultimate synthesis of
[3,2-c] or [3,2-b]thienoazepine. Generally, the aryl migration was preferred. Many
cases were considered in which substantial alkyl migration also took place. The
ring-expansion of oxime to afford the mixture of thienoazepines was affected with
polyphosphoric acid (Beckmann conditions).
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Scheme 5.28 Synthesis of thieno[2,3-b]indoles

e
T
J

Initial attempts to convert a mixture of four isomers of “southern half” into dithio-
carbonyl compounds using LR in toluene at 100 °C led to two unexpected prod-
ucts, phosphaspirocycle and oxidative annulation product (Scheme 5.32) [66—68].
The formation of six-membered ring was followed by sulfur extrusion to afford the
phosphaspirocycles. As the thioenamide moiety of phosphaspirocycles showed no
reactivity toward amines, such as propylamine, this remarkable compound, which
contributed to the exotic molecules related to the “southern half,” was not further
studied. In analogy, the thienopyrrole was isolated among other thionated prod-
ucts when a mixture of (E)- and (Z)-starting compound was heated to reflux in
toluene in the presence of Lawesson’s reagent (Scheme 5.33). Because all these
unexpected side-products were formed at very high temperatures, the thionation of
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Scheme 5.30 Synthesis of thieno[2,3-b]pyrazines

four (E/Z)-isomers of “southern half” with Lawesson’s reagent at lower temperatures
was studied next.

5.5 Synthesis of Dithioles

The ketoesters were reacted with Lawesson’s reagent and elemental sulfur in anhy-
drous toluene at 110 °C to give the dithiole-3-thiones in good yield (Scheme 5.34)
[69].

Many diverse pathways have been employed to synthesize the DTTs. In many
cases, elemental S or P,Ss was utilized to dehydrogenate and sulfurize an allylic
methyl group to afford the desired products (Scheme 5.35) [70-74]. In addition,
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Scheme 5.35 Synthesis of dithiole-3-thiones

B-ketoesters were also reacted with Lawesson’s reagent to synthesize the DTTs
(Scheme 5.36) [75].

One-pot synthesis of 3H-1,2-dithiole-3-thiones has been reported using P»Ss/Sg
in boiling xylene or Lawesson’s reagent (LR)/Sg in boiling dioxane and 2-
mercaptobenzothiazole (MBT) in the presence of ZnO as a catalyst. The reaction
was performed under N, atmosphere. Lawesson’s reagent system led to cleaner
reaction than those with P,S5/Sg (Scheme 5.37) [76].
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Scheme 5.37 Synthesis of 3H-1,2-dithiole-3-thiones

The reaction of ketoamides with Lawesson’s reagent afforded a variety of diverse
products [52]. A mixture of thioamide and sulfur heterocyclic compound was
obtained from B-ketoamides (Scheme 5.38) [33].

Aimar et al. [76] described a one-pot formation of 3H-1,2-dithiole-3-thiones
from dithiomalonic esters in the presence of LR and S in boiling xylene with
2-mercaptobenzothiazole and also zinc oxide as catalysts (Scheme 5.39) [77].

The synthesis of two dithiolethione rings fused to thienothiophene was completed
by reaction of thienothiophenes with Lawesson’s reagent in boiling xylene using Sg
(Scheme 5.40) [9, 78].
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Scheme 5.38 Synthesis of thioamides and 1,2-dithiole-3-thiones
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Scheme 5.41 Synthesis of bridged trithiapentalenes

The reaction of keto dienamine with P4S;( resulted in the synthesis of bridged
trithiapentalene. The reaction of dienamine, synthesized by the reaction of 4-
phenylcyclohexanone with dimethylamino-#-butoxymethane (Bredereck’s reagent),
with P4Si9 (or LR) in refluxing benzene or toluene afforded trithiapentalene in
41% vyield (Scheme 5.41) [79]. This pathway was extended to many bridged
trithiapentalenes [43].

5.6 Synthesis of Trithioles

The reaction of selected o,B-unsaturated steroidal ketones with LR in
dichloromethane and toluene under standard reaction conditions and with a combi-
nation of P,S5 and HMDO (P4S ¢/hexamethyldisiloxane) in 1,2-dichlorobenzene (o-
DCB) under MWI was examined, and for this purpose, many cholestane, androstane,
and also pregnane carbonyl derivatives were selected. Depending on the reagent
and the solvent, nineteen new S-containing compounds including dithiones, o,B-
unsaturated 3-thiones, dimer-sulfides, 1,2,4-trithiolanes, and phosphonotrithioates
were obtained. Same reactions were carried out under milder conditions in
dichloromethane as a solvent (refluxing for 45 min) for enhancing the yield of thioke-
tones and the thioketones were formed in higher yield (28—-70%) (Scheme 5.42).
All unsaturated ketones afforded 1,2,4-trithiolanes (11-79%) as major product with
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Scheme 5.42 Synthesis of trithiolanes

increase in the time of reaction in dichloromethane (reflux 4-8 h, depending on
substrate). Besides, steroids also afforded (4-methoxyphenyl)phosphonotrithioates
(8-36%) as a result of further reaction of firstly synthesized thioketones with
Lawesson’s reagent. In some cases, the thioketones were still present in the reaction
mixture and isolated in very poor yield (5-12%) [80].
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S-Heterocycle Synthesis oo

6.1 Introduction

Heterocycles have always been the center of attraction because of their applications
in medicinal chemistry [1-3]. The heterocyclic moieties are fundamental part of
widespread diversity of biologically active natural products and synthetic compounds
[4-7]. The overwhelming majority of commercially accessible synthetic drugs (up
to 80%) have a heterocyclic structural constituent. Because of the extensive impor-
tance of heterocycles, the formation of these compounds has always been the most
important research field in synthetic chemistry. In several cases, the classical method
afforded reliable access to heterocyclic compounds; however, they are now not
accepted by ecological and safety standards [8, 9]. Modern developments in discovery
and process chemistry emphasize novel sustainable synthetic pathways, needing fast
and ecologically acceptable substitutes to the classical approaches. The development
of sustainable synthetic processes to substitute the efficient but slightly outdated clas-
sical approaches started few decades ago and such approaches are in high demand
till date [10, 11].

The heterocyclic compounds which contain nitrogen and sulfur have a massive
importance in the area of pharmaceutical chemistry. They show many biological prop-
erties like antitubercular, antifungal, antibacterial, analgesic, and anti-inflammatory.
Some of these are in the development phase because of the versatility of the skeleton,
availability, and chemical simplicity [12—15].

The thiazines are six-membered heterocyclic compounds that contain a nitrogen
atom and sulfur atom in their structure. The thiazines are very beneficial in the areas
of medicinal and pharmaceutical chemistry and exhibit many biological activities.
The 1,3-thiazines are of great importance because they form part of the scaffold
of cephalosporins (3,6-dihydro-2H-1,3-thiazine) and are also present in some other
pharmaceutically important compounds such as xylazin (agonist at the a2 group
of adrenergic receptor is employed for anesthesia, sedation, analgesia, and muscle
relaxation in animals), chlormezanone (used as a muscle relaxant and an anxiolytic)
etc. [16-24].

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 175
N. Kaur, Lawesson’s Reagent in Heterocycle Synthesis,
https://doi.org/10.1007/978-981-16-4655-3_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4655-3_6&domain=pdf
https://doi.org/10.1007/978-981-16-4655-3_6

176 6 S-Heterocycle Synthesis

LR is commercially accessible and expensive. However, it can be conveniently
synthesized in large amounts from easily accessible P,S5 and anisole. The drawbacks
of employing this technique are the need for anhydrous reaction conditions (the
reagent is hygroscopic), the expensive reagent, and purification problems during the
isolation of products from phosphorus containing side-products [25-29].

LR is 2,4-bis(p-methoxyphenyl)- 1,3-dithia-2,4-diphosphetane-2,4-dithione. It is
generally employed to transform the CO groups to thiones. Additional reagent which
has been utilized effectively to achieve the thiations is P,Ss, but this has been
employed more commonly for replacing the oxygen atom of a furan ring with sulfur
atom [30, 31].

6.2 Synthesis of Five-Membered S,N-Heterocycles

The reaction of chiral bis-N-acylamino alcohols with Lawesson’s reagent in toluene
at reflux temperature afforded chiral bis-thiazolines in good yields (Scheme 6.1).
The chiral thiazoline was also prepared by the reaction of N-picolinoylamino-2-
phenylethanol. The chiral bis-thiazolines thus formed, sulfur analogues of known

P

X =C(Me),, CH,CH,, /©\ /(j\

R =Ph, Bn, i-Pr

R
&&9 C@

Z=CH,N Ph

Scheme 6.1 Synthesis of bis-thiazolines
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oxazolines, was expected to be new chiral ligands for metals in asymmetric Diels—
Alder reactions [32].

As the chiral oxazolines proved effective ligands for numerous catalytic asym-
metric C—C bond formations, and especially for Diels—Alder cycloadditions, Nishio
and coworkers [32] described the ability of thiazolines to achieve this conversion. The
ligands were prepared by reacting bis-N-acylamino alcohols with LR (Scheme 6.2).
This ligand was only evaluated with Zn(OTf), as a catalyst in the test Diels—Alder
reaction. The endo-product was formed with 92% enantiomeric excess and 88%
diastereoselectivity. Yamakuchi et al. [33] synthesized sterically crowded “roofed”
2-thiazolines by thermal [4 + 2]-cycloadditions of 2-thiazolone and cyclic dienes,
subsequent hydrolytic ring-cleavage with barium hydroxide, and final thiazoline ring
synthesis following the general process for the formation of oxazoline ligands. They

wp N G o Q(}Q

vz

L temp. time yield (%)  ee endo (%)

|II"U

1 0 3 97 2 (R)
2 0 24 88 16 (S)
3 0 1 92 76 (R)
4 -60 36 81 92 (R)
5 -60 24 94 73 [R)

Scheme 6.2 Synthesis of bis-thiazoline
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prepared a bis-thiazoline derivative, a pyridylthiazoline, and (2-diphenylphosphino)-
phenylthiazoline (along with its oxazoline analogue for comparison) in high yield.
The Diels—Alder reaction was achieved with these ligands and Cu(OTf), in CH,Cl; to
provide the endo-product as a major isomer within a few hours. The bis-thiazoline and
pyridylthiazoline afforded low enantioselectivities, whereas the phosphinothiazoline
led to product with 76% enantiomeric excess by carrying out the reaction at 0 °C.
Decreasing the temperature to —60 °C allowed a considerable increase in the enan-
tioselectivity of the reaction, since the product was isolated with 92% enantiomeric
excess. The similar phosphinooxazoline ligand remained less enantioselective under
similar reaction conditions, justifying the favorable influence of the sulfur atom in
the heterocyclic ring on the N,P-chelating behavior to the copper center [34].

The substituted thiazoles were synthesized in 50% yield. Many secondary
aromatic propargylic alcohols participated well in the reaction, affording propargy-
lation/sulfuration/cyclization products with complete regioselectivity. Both aliphatic
and aromatic amides were efficiently introduced into thiazole scaffold. The struc-
ture of substituted thiazoles was entirely different from substituted thiazoles. The
thiazoles were also synthesized by reacting starting compound with LR without
10 mol% iron(Ill) chloride (Scheme 6.3). This outcome evidently exhibited that
iron(II) chloride was not required in the cyclization step of the sequential reactions
[35, 36].

The formation of southern hemisphere model started with the production of thia-
zole derived from a modified glutamate residue (fragment D) that was assembled [37].
The stereocontrolled hydroxylation of glutamate under Hanessian conditions [38]
afforded 4-hydroxy glutamate, immediately transformed into its z-butyldimethylsilyl
ether, which on purification was obtained as a single diastereomer over two steps in
68% yield. The hydrogenolysis of benzyl ester was followed by transformation of
acid into amide. The reaction of amide with LR afforded thioamide, which underwent
Hantzsch reaction with 3-bromopyruvic acid [39] to provide the desired fragment
over six steps in 34% overall yield (Scheme 6.4) [40].

A tryptamine thiazole alkaloid (+)-bacillamide B, isolated from a new
bacterium Bacillus endophyticus, was prepared by a Hantzsch synthesis of (S§)-2-
acetoxyethylthiazole-4-carboxylate (Scheme 6.5) [41, 42].

Three differently substituted thiazoles have been prepared successfully from easily
accessible propargylic alcohols, amides, and LR [36]. Various secondary or tertiary
propargylic alcohols possessing not only terminal alkyne groups but also internal

O Ph
N
HN / \
Lawesson's reagent;
S
Me toluene, reflux, 10 h
% ’72% ’ TMS
TMS Me

Scheme 6.3 Synthesis of thiazole



6.2 Synthesis of Five-Membered S,N-Heterocycles 179

NHBoc OTBS NHBoc

NH,

OMe OMe (0]

- N
jcozn
OMe S /

Reagents and conditions: (1) LHMDS, 2-benzenesulfonyl-3-
phenyloxaziridine, THF, -78 °C, (2) TBSCI, imidazole, DMF, 68%
over 2 steps, (3) Hy, Pd-C (10%), MeOH, (4) EtO,CCl, Et;N, THF
then 30% aq. NH,OH, 88% over 2 steps, (5) Lawesson's reagent,
THF, (6) 3-bromopyruvic acid, EtOH, CaCOj3, 57% over 2 steps.

Scheme 6.4 Synthesis of thiazole

Me wOAc

Me wOH

= > NT s 2= \6\/
EtO,C 1 g

(+)-bacillamide B
Reagents and conditions: (1) NH;, CH,Cl,, rt, (2) Lawesson's reagent,
dioxane, (3) ethyl bromopyruvate, ethyloxirane, i-PrOH, 60 °C, then
TFAA, rt, (4) LiOH, THF, MeOH, (5) dipyridyl sulfide, PPh;, CH,Cl,.

T

Scheme 6.5 Synthesis of tryptamine thiazole alkaloid (+)-bacillamide B

alkyne groups can be utilized successfully, and a number of functional groups like
cyclohexenyl, cyclopropyl, chloro, bromo, methoxy, and ester were tolerated under
reaction conditions (Scheme 6.6).

The substituted thiazoles were prepared directly from amides, propargylic alco-
hols, and LR in a one-pot process (Scheme 6.7) [36]. The Fe-catalyzed substi-
tution reaction of propargylic alcohol with amide to provide the propargylic
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Scheme 6.7 Synthesis of thiazoles
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amide was followed by sulfuration with LR to afford the thioamide. Subse-
quently, cycloisomerization of thioamides afforded final product with complete
regioselectivity.

Hydroxyl amide was selected as a starting compound for the formation of thia-
zoline. First, thionation of amide with LR was carried out in hexamethylphos-
phoramide [26] but the conversion was very low and the desired thioamide
could not be isolated from the crude reaction mixture. In a modified method,
hydroxy amide was first transformed into #-butyldimethylsilyl ether; subsequent
reaction with LR in toluene at 85 °C overnight, followed by acidic work-up and
flash chromatography, was successful and afforded thiazoline in 78% yield. The
thionation of z-butyldimethylsilyl ether was accompanied by the removal of ¢-
butyldimethylsilyl protecting group and the intermediate alcohol was derivatized with
LR [28], to generate a leaving group (through a phosphorus-oxygen bond formation),
followed by cyclization to synthesize the thiazoline with inversion of configuration
(Scheme 6.8) [43].

The reaction consisted of elaboration of the dipeptide fragment and its coupling to
the acid corresponding to ester. The formation of dipeptide started with the coupling
of known protected threonine with N-carboxy 2-amino-2-butenoic acid anhydride
and after that ammonolysis to afford the amide (Scheme 6.9) [44]. Lawesson reaction
afforded thioamide, which generated thiazole under modified-Hantzsch conditions. A
sequence of protection/deprotection steps resulted in the formation of trifluoroacetic
acid salt.

The enone was prepared from glycolonitrile (Scheme 6.10); reaction with H,S
provided thioamide, which underwent a Hantzsch reaction with ethyl bromopyruvate
(EBP) inrefluxing EtOH. The emerging thiazolyl ester was subjected to ammonolysis
and after that protection of free alcohol provided amide in 64% yield. The amide
was converted into aldehyde in three uneventful steps featuring yet another Hantzsch

TBDMSCI;
9 lmldazole, DMF OTBDMS
" &% X
N \/\ Ph ° \/\ .

Lawesson's reagent;
toluene, 85 °C |

78% — S
A

Ph
8)-()

Scheme 6.8 Synthesis of thiazoline



182 6 S-Heterocycle Synthesis

0,,“' \ 0 Ollu, 0

1 H 2

N OH — N —_—
Boe T Boc

o) (0]

CO,Et
TBDPSO .., N
O, N \ H I /\g
H | 3, N
N TFA.H,N S
N S |
Boc | o
(o)

Reagents and conditions: (1) DCC, DMAP, THF then NH,OH, 82% over 2 steps,
(2) a) Lawesson's reagent, DME, 49%, b) EBP, KHCOj3, EtOH, then TFAA, Py, 70%, (3) a)
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Scheme 6.9 Synthesis of thiazole
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Reagents and conditions: (1) a) H,S, H,0, Py, Et;N, b) EBP, EtOH,
reflux, 95% over 2 steps, ¢) NH;, MeOH, d) Ac,0, Py, 67% over 2
steps, (2) a) Lawesson's reagent, toluene, reflux, b) EBP, EtOH, reflux,
then K,CO;, EtOH, ¢) PCC, DCM, 40% from (4-carbamoylthiazol-2-
yDmethyl acetate, (3) a) H,C=CHMgBr, THF, -78 °C, b) activated
MnO,, EtOAc, 72% over 2 steps

CO,Et

Scheme 6.10 Synthesis of bis-thiazole
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thiazole synthesis. An addition of vinylmagnesium bromide and oxidation of allylic
alcohol transformed aldehyde into enone [45].

The thioamide, needed for the formation of thiazole, is very polar and H,O-
soluble, complicating purification by aqueous extractions or column chromatog-
raphy. The originally designed process [46] required the reaction of a commercial
55% aqueous solution of glycolonitrile with gaseous hydrogen sulfide in Py and TEA,
then the evaporation of reaction mixture to a thick oil. This left a residue of crude
thioamide, which was utilized directly in a Hantzsch thiazole synthesis. Because the
synthesis of thiazole ring was consistently quite efficient on various thioamides, it
was surmised that the yield of thiazole reflected the yield of thioamide reported in
the previous step (Scheme 6.11) [45].

A de novo formation of pyridine unit circumvented many preceding problems. It
needed the development of appropriate pyridine synthesizing approach. A substantial
demonstration was furnished by Bagley et al. [47] in the formation of promothiocin
A. A modified Bohlmann-Rahtz reaction involving the union of ynone with enamine
synthesized pyridine in a single step. The procedure involved Michael-type addition
of enamine to ynone and then cyclization/aromatization of formed intermediate.
Pyridine was rapidly advanced to oxazole-thiazole bearing pyridine, which was
further elaborated to promothiocin A (Scheme 6.12).

The formation of final compound began from L-threonine derivative [48]. The
ammonolysis and then chemoselective transformation of the amide into thioamide set
a stage for Hantzsch thiazole formation that afforded oxazole—thiazole. The conden-
sation of oxazole—thiazole with anion of easily accessible methylthiazole (synthe-
sized in three steps from commercially accessible thioacetamide) afforded desired
product in 3:177 mixture of enol (major) and keto tautomers (Scheme 6.13).

CO,Et

S N |
/—: N —1> / 2 —2> / & i» N S
HO HO NH, S \

Reagents and conditions: (1) a) H,S, H,O, Py, Et;N, b) EBP, EtOH, reflux, 35% over 2 steps,
(2) a) NH;3;, MeOH, b) Ac,0, Py, ¢) Lawesson's reagent, xylene, reflux, d) EBP, EtOH, reflux,
then K,CO;, (3) PCC, DCM, 41% over 5 steps.

Scheme 6.11 Synthesis of bis-thiazole
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promothiocin A

Reagents and conditions: (1) LiOH, 92%, (2) EtO,CCl, Et;N, then NH,OH, 85%, (3) Lawesson's
reagent, 59%, (4) EBP, 72%.

Scheme 6.12 Synthesis of promothiocin A
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Reagents and conditions: (1) a) NH;, MeOH, b) Lawesson's reagent, benzene, reflux, ¢) EBP,
EtOH, reflux, 82% overall, (2) a) EBP, EtOH, reflux, 96%, b) LAH, Et,0, 0 °C, ¢) TBSCI,
imidazole, DMF, 94% over 2 steps, (3) 3 eq. 4-(((¢-butyldimethylsilyl)oxy)methyl)-2-
methylthiazole, 3 eq. n-BuLi, THF, -78 °C, then 1 eq. ethyl 2-((4S,5R)-5-methyl-2-oxooxazolidin-
4-yDthiazole-4-carboxylate, 90%.

Scheme 6.13 Synthesis of oxazole appended bis-thiazole
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6.3 Synthesis of Five-Membered S,N-Polyheterocycles

The 2-iodoaniline and benzoyl chloride were reacted in the presence of LR
(Scheme 6.14). The reaction was at first analyzed with 5 mol% copper(I) iodide,
10 mol% 1,10-phenanthroline, and 2 eq. 1,4-diazabicyclo[2.2.2]octane in toluene.
Under these conditions, the benzothiazole was obtained in 65% yield. A control
experiment showed that employment of ligand was not necessary for the reac-
tion. The yield enhanced to 92% when CH,Cl, was added as a cosolvent.
Further screening of bases showed that 1,8-diazabicyclo[5.4.0]undec-7-ene or 1,4-
diazabicyclo[2.2.2]octane was the best choice in the reaction. Similar results were
obtained when the amount of copper(I) iodide was decreased to 1 mol%. The reac-
tion carried out without copper(I) iodide afforded benzothiazole in satisfactory yield,
which confirmed that the mechanism of ring-closure was not metal-assisted. It was
rationalized that a Sy Ar2 nucleophilic substitution was involved in the reaction proce-
dure on the basis of following factors: (1) after deprotonation, the imine is EWG, (2)
the sulfur anion is a very strong nucleophile, and (3) an intramolecular ring-closure
to a five-membered ring is highly preferred [49].

The scope of this cascade one-pot reaction was examined under optimized reaction
conditions (2 eq. 1,4-diazabicyclo[2.2.2]octane, dichloromethane/toluene). Since
many 2-iodoanilines and acid chlorides are synthetically available or commercially
accessible, this reaction sequence can be used to prepare a small library of benzoth-
iazoles. The benzothiazoles were formed in good to excellent yields with a variety
of 2-iodoanilines and acid chlorides. In addition to benzoyl chloride, reaction of 2-
iodoaniline with furan-2-carbonyl chloride or CH;3COCI also afforded products in
good yields. All reactions proceeded easily to synthesize the benzothiazoles in good
yields (Scheme 6.15) [49].

Bose and Idrees [50] reported a regioselective and metal-free cascade method-
ology for the formation of substituted benzothiazoles in a regioselective manner from
benzoyl chlorides, 2-fluroanilines, and LR under conventional thermal conditions or
MWI for 5 min (Scheme 6.16) [51].

The benzothiazole was prepared from substituted anilines. The reaction of
anilines with 4-nitrobenzoylchloride afforded benzanilides, which on reaction with

Scheme 6.14 Synthesis of S pmP
4 NH. N\
2-phenylbenzothiazole 2 o s—p”
+ )J\ + [
P—S
Ph Cl
1 pmp”

Lawesson's reagent
5 mol% Culj;

10 mol% ligand; N\
T ——— >— Ph
2 eq. base, solvent S
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R,COCI, CH,Cl,; S
N NH, Lawesson's reagent, N /\}) _PMmP
| toluene; N\ S \
R R, >7Rz oy
= 2 eq. DBU, one-pot S /P\
' 66-95% pmp”

Lawesson's reagent
R; = H, 4-CHj3, 4-F, 4-CF;
R, = C¢Hs, 4-MeOC¢H,, 3-MeC¢H,, 2-MeOC¢H,, 3,5-(CF3),C¢Hs, 2-furyl, Me

Scheme 6.15 Synthesis of benzothiazoles
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MW 5 min or N

NH conventional heating
at 145 to 180 °C for 3 h
78-89%

Scheme 6.16 Synthesis of benzothiazoles

LR furnished thiobenzanilides. The thiobenzanilides were transformed to 2-(4-
nitrophenyl)-6-benzothiazoles via Jacobson’s cyclization employing potassium ferri-
cyanide as a reagent under reflux for 30 min. The benzothiazoles were prepared
by the reduction of nitro group with tin(II) chloride (Scheme 6.17) [52-55].

NO,
R,

(0] Cl
NH,
. Py, reflux, 2 h; S NH K;[Fe(CN)gl, aq. NaOH _
Lawesson's reagent, reflux, 30 min
Ry chlorobenzene,
reflux, 3 h
R NO,

R
R, Ry
N SnCl,.2H,0, N
thanol
R A\ NO, & R N NH,
S reflux, 4 h S

64-90%

R= 4-F, 6-F, 4,5-di-F, 4,6-di-F, 5,7-di-F, 5-F, 7-F, 5,6-di-F, 6,7-di-F
R, =H, CH,

Scheme 6.17 Synthesis of benzothiazoles
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Hutchinson et al. [56] employed an analogous approach for the formation of benzoth-
iazoles using fluorinated nitrobenzanilides as substrates. All the fluoro-substituted
nitrobenzanilides afforded benzothiazoles in excellent yield except 4,6-difluoro- and
5,7-difluoronitrobenzanilides [57].

6.4 Synthesis of Five-Membered Fused S,N-Heterocycles

The thiazolo[5,4-b]pyridines and oxazolo[5,4-b]pyridines with  p-N,N-
dimethylaminophenyl group were synthesized (Scheme 6.18). The reduction

R NO
2 \ 2
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R, N cl
R,=H,R,=H
R;=O0Me, R, =H
/! "
R NH R ﬁ
2 AN 2 ) 2 AN
| 2,
= Y (0]
R, N Cl R N Cl
R;=H, R, =H, 84% R, =H,R;=H, 92%
R; = OMe, R, = H, 74% R; =O0Me, R, =H, 90%
R;=Me,R,=H R,=Me, R, =H, 76%
R,;=CLR,=H R;=CL R, =H,94%
R,=H,R,=Me R, =H, R, =Me, 53%
R1 H’Rz cl R, =H, R, =Cl, 79%
3 4
O
\
=H,R,=H, 35% =H,R,=H 26/?]
=OMe, R, =H, 42% Rl Me, R, = H, 11%
|:> =CLR,=H,37%

=O0H,R,=H,37%
Rl Me, R, =H, 46%
R,=CLR,=H, 86%
R;=H, R, =Me, 71%
R, =H, R, =Cl,52%
Reagents and conditions: (1) SnCl,, EtOH, reflux, 30 min, 2 h, (2) 4-dimethylaminobenzoyl
chloride, Py, rt, 18 h, (3) Lawesson's reagent, chlorobenzene, reflux, 3 h, (4) P,Os,
hexamethyldisiloxane, 1,2-dichlorobenzene, 140 °C, 2 d or polyphosphoric acid,
dichloromethane, 140 °C, 1 d, (5) BBr;, dichloromethane, reflux, 12 h.

R1 =H,R,=Cl53%

Scheme 6.18 Synthesis of thiazolo[5,4-b]pyridines and oxazolo[5,4-b]pyridines
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of nitro group of 3-nitropyridines with SnCl, [58] afforded amino compounds and
consequent amidation of amino compounds with 4-dimethylaminobenzoyl chloride
in pyridine gave benzamides. The transformation of CO group of benzamides to
thiocarbonyl group with LR and then ring-closure afforded thiazolo[5,4-b]pyridines
[59]. The reaction of benzamides with P,Os5 or H5;PO, afforded oxazolo[5,4-
b]pyridines [60]. The OH compounds were prepared from methoxy compound by
demethylation employing BBr3 [61, 62].

Different from the formation of 2-arylbenzothiazoles [63, 64], there are very
few synthetic pathways for the synthesis of 2-arylthiazolo[4,5-b]pyridines in the
literature. The acylation of 2-amino-3-bromopyridine derivatives with benzoic acids
afforded benzamides. The cyclization of benzamides was carried out with LR to
afford the 2-arylthiazolo[4,5-b]pyridines (Scheme 6.19). Although the conversion
was attained in one-pot reaction in the absence of metal catalyst, multisteps were
needed to synthesize the 2-amino-3-bromopyridine utilizing excess of bromine or
N-bromosuccinimide. This cyclization reaction also suffered from low yields and
high reaction temperature [65].

Scheme 6.20 describes the formation of thiazolo[5,4-b]pyridines with p-N-
methylaminophenyl or p-aminophenyl group. An amidation of amino compounds
and ring-closure of amides took place. The reduction of nitro group of thia-
zole with SnCl, resulted in the amino compounds, which were methylated with
paraformaldehyde and NaBH4 in CH3ONa to afford the terminal secondary amines
[62, 66].

Fruit and coworkers [67] synthesized thiazolo[4,5-b]pyrazine derivatives from
amidopyrazines by reacting with LR (Scheme 6.21). The thiazolo[4,5-b]pyrazines
show many biological activities [68—70] and act as fluorophores. Because benzo-
fused thiazolo[4,5-b]pyrazines have fluorescence character [71-79], the thiazolo[4,5-
b]pyrazine derivatives may be key compounds for the formation of beneficial fluo-
rophores. A phenyl group was incorporated at C-2 of thiazolo[4,5-b]pyrazine ring
to examine the substituent effects on the spectroscopic properties. The 2-phenyl
derivatives were isolated from Cypridina oxyluciferin analogue.

R,
Br

Br R
X COOH
R —— NH
Pz

N NH,

o
Lawesson's reagent; X3
140 °C R _ /
N N R1

Scheme 6.19 Synthesis of 2-arylthiazolo[4,5-b]pyridines
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chlorobenzene, reflux, 3 h, (3) SnCl,, EtOH, reflux, 6-18 h, (4) (CH,0)n, NaOMe, MeOH,
NaBH,, reflux, 5 h.

Scheme 6.20 Synthesis of thiazolo[5,4-b]pyridines

The formation of disaccharide thiazoline began from peracetylated
Manf1,4GlcNAc derivative [80, 81]. The reaction of a/f mixture of peracetylated
Manf1,4GlcNAc derivative (a:f ca. 3:1) with LR [2,4-bis(4-methoxyphenyl)-1,3-
dithia-2,4-diphosphetane-2,4-disulfide] in toluene at 80 °C afforded thioacetamide
a-isomer as the main product along with thiazoline as the minor product. The
thioacetamide a-isomer could not be cyclized to synthesize the thiazoline derivative
under the reaction conditions. This result was consistent with the observations
reported with monosaccharide derivatives that the o-anomers of peracetylated
GlcNAc and GalNAc were resistant to next bimolecular nucleophilic substitution-
type cyclization due to the unfavorable configuration of 1-a-OAc leaving group
[82, 83]. Many Lewis acids have been investigated as catalysts to transform the
thioacetamide a-isomer into thiazoline derivative. A combination of trimethylsilyl
chloride and boron trifluoride etherate was the best catalyst that was capable to
convert the thioacetamide to thiazoline in an excellent yield. Other catalysts like
boron trifluoride etherate or trimethylsilyl bromide would either led to decomposi-
tion or low yield of thiazoline product. The de-O-acetylation of thiazoline afforded
disaccharide thiazoline (Scheme 6.22) [28, 84].

The tetrasaccharide thiazoline was synthesized. The reaction of tetrasaccharide
derivative [80] with LR and then treatment with trimethylsilyl chloride and boron
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Scheme 6.21 Synthesis of thiazolo[4,5-b]pyrazine

trifluoride etherate using 2,4,6-collidine afforded thiazoline derivative in 76% yield in
two steps. The thiazoline derivative was de-O-acetylated to afford the tetrasaccharide
thiazoline (Scheme 6.23) [84].

An efficient and less time-consuming synthetic pathway for 2,3-bis[2(4-
halomethyl)thiazolyl]methyloxynaphthalene was needed to produce the NTB18C6
and NTN18C6. The bromomethylthiazole was prepared from thioamide in three
sequential steps: treatment with ethyl bromopyruvate in dry EtOH to synthesize
the thiazole, reduction of thiazole with lithium aluminum hydride to afford the
hydroxylmethylthiazole and subsequent bromination with carbon tetrabromide—
triphenylphosphine to afford the bromomethylthiazole in 44% overall yield. The
reaction of thioamide with 1,3-dichloroacetone was examined for the rapid synthesis
of halomethylthiazole. The reaction of these two reagents in refluxing CgHg
afforded chloromethylthiazole in 87% yield. The cyclization of chloromethylthia-
zole or bromomethylthiazole with 2,3-dihydroxynapthalene or catechol and potas-
sium carbonate in CH3;COCHj3; afforded NTN18C6 and NTB18C6 in 70% and 92%
yield, respectively (Scheme 6.24) [85].
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Scheme 6.22 Synthesis of disaccharide thiazoline

6.5 Synthesis of Six-Membered S-Heterocycles

The thionation of chalcone afforded “D-dimer” of thiachalcone. This dimer under-
went aretro-Diels—Alder reaction with Ph, CNj to synthesize the 2,3,5,5-tetraphenyl-
2,3-dihydrothiophene through 1,5-dipolar electrocyclization of intermediate thiocar-
bonyl ylide with an extended m-system. Li et al. [86] described that researchers were
not able to reproduce the outcomes of Saito et al. [87] and were unsuccessful to
isolate the “D-dimer.” The single product obtained by thionation of chalcone was
“T-dimer.” Although “T-dimer” is less appropriate as a substrate of thiachalcone
than “D-dimer,” the reaction was performed with Ph,CN,. A reaction temperature of
50-60 °C and slow addition of diazo compound to the solution of “T-dimer” in C¢Hg
were selected as reaction conditions to make a retro-Diels—Alder reaction possible.
But “T-dimer” was reacted with Ph,CN, at the C=S group before the retro-Diels—
Alder reaction occurred and afforded thiirane (Scheme 6.25). Unexpectedly, thiirane
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Scheme 6.23 Synthesis of tetrasaccharide thiazolines

could not be desulfurized with triphenylphosphine to afford the alkene, most likely
because the sulfur atom is very much hindered for a reaction of triphenylphosphine.

The reaction of acylketene dithioacetal with sodium borohydride afforded unsat-
urated alcohol, and then with Lawesson’s reagent led to a dimerized product in 57%
yield (Scheme 6.26) [27].

The thiopyran-4-thiones with hydryl or methyl substituents were sensitive to
air, and the subsequent anaerobic thionations were carried out with phosphorus
pentasulfide. A one-pot protocol directly afforded thiopyran-4-thione, isolable by
benchtop chromatography, from the parent pyrone in the presence of Lawesson’s
reagent (Scheme 6.27). It is not well understood at that time what structural prop-
erties of dithiomaltol led to its increased stability under aerobic conditions. In order
to examine this unique substitution, other pyrones were reacted with Lawesson’s
reagent in excess amount and their products were examined [88].

The reaction of thioacylsilanes bearing ferrocene functionality attached to thio-
carbonyl group is shown in Scheme 6.28 [89]. Unlike ketones and acylsilanes,
which required more reaction time and high temperatures for the substitution of
C=0 with C=S moiety, acylsilanes bearing ferrocene were transformed easily into
thioacylsilanes with LR in high yields in a few minutes at rt [90, 91].

The carbinol acetal, synthesized by NaBH, reduction of acyl ketene dithioacetal,
was treated with LR (Scheme 6.29). A reddish brown viscous liquid, obtained after
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X

A, iy

NH, \\'//N
I
Y = CO,Et

¥-0™ v cion<13
Y = CH,Br
Y=CH;Cl:]4

ls

Reagents and conditions: (1) Lawesson's reagent, THF, (2) BrCH,COCO,Et,
EtOH, (3) LiAlH4, THF, (4) CBr,, PPh;, CH,Cl,, (5) 1,3-dichloroacetone, benzene,

(6) K,CO3, acetone, catechol.

Scheme 6.24 Synthesis of NTB18C6 and NTN18C6
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column chromatography via silica gel, was identified as methyl-3,4-dihydro-2,4-
dimethyl-6-methylthio-2H-thiopyran dithiocarboxylate. The methyl-3,4-dihydro-
2,4-dimethyl-6-methylthio-2H-thiopyran dithiocarboxylate was prepared by a [4 +
2]-cycloaddition of o,B-unsaturated dithioester with dienophile functionality of a

second molecule of the dithioester [92, 93].

The 5-ketoamides afforded 6-phenyl-3,4-dihydro-2H-thiine-2-thione in less

yields (Scheme 6.30) [94, 95].

6.6 Synthesis of Six-Membered Fused S-Heterocycles

The 1,3-cyclohexadione was reacted with Lawesson’s reagent at rt in toluene to
synthesize its thione derivative (Scheme 6.31) [96, 97]. A dimerized product was

isolated when the analogous reaction was performed in refluxing toluene [27].
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Ph
Ph S h
| Ph
Ph S Ph
N,
Ph)]\ Ph
Ph S

o Ph
>f Lawesson's reagent; Ph
toluene, 115°C,4 h

Ph
Ph S Ph
T-dimer
Ph
Ph
S Ph
S
Ph s~ Ph
D-dimer )Nli
Ph Ph
Ph Ph
S Ph

Ph

Scheme 6.25 Synthesis of 2,4,6-triphenyl-3-(2,3,3-triphenylthiiran-2-yl)-3,4-dihydro-2H-
thiopyran and 2,2,3,5-tetraphenyl-2,3-dihydrothiophene

Scheme 6.26 Synthesis of H;CS S CH;

thiopyran O SCH3 NaBH4. |
F LR, C¢Hg “CS,CH;

H;C SCH,

There are less examples of sulfur containing six-membered heterocyclic
compounds. Unlike N-containing heterocyclic compounds, which are mostly fused
to one of the rings of triterpenic frame, S-containing heterocyclic compounds
were synthesized through direct incorporation of sulfur into triterpene structure
(Scheme 6.32). Three thiatriterpenes were synthesized by the reaction of oxo deriva-
tives with LR (Scheme 6.33) [98]. Two isomeric 1,3,2-oxathiaphosphinines were
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Scheme 6.27 Synthesis of 0 S
thiopyran-4-thiones
R, R, Ry Ry

Lawesson's reagent; | |

| | dry dioxane
Ry (6] R, Ry S R,
R;=H, OH
R, =Me, Et, H
R;=H, Me
R,=H

(o)

Fe)J\SiMeZR3 PPhs, Fe R,

C¢Hg, heat _
———

Lawesson's 59-84%
reagent R;Me,Si R,
S S
RiR,CN, Fe R,
) Et,0
Fe SiMe;R; 55949,  R;Me,Si R,
TBAF, Fe R,
@ 80-82% THF, rt >=<
89-90%
H R,
84-97%
S
/
Fe
. S TBAF S
SiMe,R3 Fe ———> Fe
R,=H,Ph
R, = CO,Et, Ph SiMe,R;
R3; =Me, Ph 93% when R; = Me
Fe = ferrocenyl
Scheme 6.28 Synthesis of thiopyrans
OH SCH
o SCH; NaBH,/EtOH; 3 LR/C¢Hg;
—_— H3C / —_—
H,C = SCH, reflux, 1.5 h W SCH, reflux, 1 h
H,CS S CH,
i |
/\)J\ v
/7,
Hy,CT Y SCH, H CS,CH;
CH,

Scheme 6.29 Synthesis of methyl-3,4-dihydro-2,4-dimethyl-6-methylthio-2H-thiopyran dithio-
carboxylate
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Scheme 6.30 Synthesis of

0] (0]
6-phenyl-3,4-dihydro-2H- w r LR
thiine-2-thione Ph N I

| Ph
H

fsls
Scheme 6.31 Synthesis of Ar Ar
thioxanthene
(o) (o) (o) (o)
LR, toluene, rt
_—

lLR toluene, reflux Ar =Ph, CIC¢H,
o

Ar

Lawesson's
reagent;

xylene

Scheme 6.32 Synthesis of thiopyrans

Lawesson's
reagent;

xylene
82%
OAc

AcO

AcO

~Z
z

Scheme 6.33 Synthesis of thiatriterpenes
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obtained from unsaturated aldehyde (Scheme 6.34) [99].

The first cyclic trithioanhydride was obtained where an acid chloride derived from
1,8-naphthylic anhydride was thionated with LR in refluxing C¢HsCl (Scheme 6.35)
[100]. The chloride derivative of 1,8-naphthalic anhydride was reacted with LR to
afford the dithioanhydride and then an isomerization of dithioanhydride occurred
with a small amount of TEA in cold dimethylformamide. A second reaction with
LR under refluxing conditions provided cyclic trithioanhydride with a naphthyl
framework.

The thionation of starting compounds with either phosphorus pentasulfide or
Lawesson’s reagent in refluxing xylene for 2 h afforded spiro-type products,
respectively, along with by-product (Scheme 6.36) [27, 101].

MeO

Lawesson's reagent;

xylene

AcO

OAc

AcO

'

(S), 41%
(R), 40%

Scheme 6.34 Synthesis of 1,3,2-oxathiaphosphinines

Scheme 6.35 Synthesis of

benzoisothiochromene-1,3-

dithione LR, PhCl, reflux
—_—_—

under N,
Cl

Cl

NEt;, DMF, 0 °C; OO

LR, PhCI, reflux, under N,

LR: MeO ”/ \
: Me \ /”

wn

o
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S Ph S / S Ph
>—N N/
>_N LR d s ;
S o _or . S + S S
P4Syo Ph |
| R N—
R R s—/ R

R = Ph, 3-Br-4-MeOCH;

Scheme 6.36 Synthesis of thiopyrans and thiazoles

6.7 Synthesis of Six-Membered S,5- and S,S,5-Heterocycles

The reaction of o,B-unsaturated ketone with Lawesson’s reagent in refluxing carbon
disulfide under dinitrogen led to dimerization to synthesize the 3,4-dihydro-1,2-
dithiins (Scheme 6.37) [27, 102].

The o,B-unsaturated ketone, 2-(phenylthio)methylene-1-tetralone, was reacted
with LR to afford the 3,4-dihydro-1,2-dithiins analogue (Scheme 6.38) [27, 103,
104].

The reaction of indanone with Lawesson’s reagent in refluxing toluene afforded
final compound in 95% yield, the structure of which was determined after a single-
crystal X-ray analysis (Scheme 6.39) [27, 105].

SAr SAr SAr
H Ph
/ LR, CS2! N 2
—_— —
reflux | S
- SAr

o

Ph
Ar = Ph, 4-MeC¢H,, 4-CICH,

Scheme 6.37 Synthesis of dihydro-1,2-dithiins

Z SPh LR, CS,
—_—
heat

Scheme 6.38 Synthesis of dihydro-1,2-dithiin
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, (D)

LR, dry toluene; §—7 "

reflux, 8 h S
_—
95%
Scheme 6.39 Synthesis of dithiin

The reaction of 1,8-diketones with phosphorus pentasulfide in refluxing dioxane
or toluene and in the presence or absence of p-toluenesulfonic acid or sodium bicar-
bonate afforded vinylene analogue of ethylenedioxythiphene (EDOT) along with
dithienothiophene (DTT) in 51-75% yield (Scheme 6.40) [106, 107].

The precursors of 1,4-dithiin ring derivative and thiophene derivative were synthe-
sized from BTDT [108]. The precursors were reacted with LR to afford two different
types of products based on the nature of substituent. The reaction of precursors
bearing Me groups with Lawesson’s reagent afforded 6-membered 1,4-dithiin ring
derivative, whereas the reaction of substrate with Lawesson’s reagent provided an
unpredictable thiophene derivative (Scheme 6.41) [109—-111].

/=~

S S

R 0 o R / \
\< j/ .
S S P4S;por LR;

> 27-55%
toluene or dioxane, .
/ \ p-TSA or NaHCO, S S
S
_ \ /N
R =Ph, 4-BrPh, 4-CH;0C¢H,, 4-NO,CcH,
S

R R
R S S 51-75%

R =4-MeOC¢H, (Lawesson's reagent, LR)

R =EtS, MeS (Davy's reagent)

R =4-MeOC¢H,S, PhS (Yokoyama's reagent)
R=4-C¢gH;0CcH,

R=4-CqHsSC¢H,

R =2-cyclohexenyl

Scheme 6.40 Synthesis of thienodithiin and dithienothiophenes
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SCOPh S S R
Na;
—— s=<_ |
R O <
>—/< s R
a Rr H
R (6]

R=CH,, Ph
R= Phl

<1

SCOPh

LR
S S

S:< | Pani
LR = Lawesson's reagent §
S Ph

S
128N
MeO P P OMe
AN 1l
Ss

Scheme 6.41 Synthesis of 5,6-dimethyl-[1,3]dithiolo[4,5-b][1,4]dithiin-2-thione and 5,6-
diphenylthieno[2,3-d][1,3]dithiole-2-thione

The reaction of 1,8-diketones with either phosphorus pentasulfide or Lawesson’s
reagent in refluxing toluene furnished fused dithiins as major and thiophenes as minor
products (Scheme 6.42) [107, 112—-119].

R

S s//§0 S S R S R
S:< I —_— S:< :[ ]/ + S:< | |
S S S S S S
\\(0 PSio 40-52% 2-15%
LR 540% 17-27%
R
R = Me, Ph, 4-MeOC¢H,, 4-BrC4H,, 4-NO,CH,

Scheme 6.42 Synthesis of dithiolodithiins and thienodithiole
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The 5,6-diphenyl[1,3]dithiolo[4,5-b][1,4]dithiin-2-thione and its coupling
product, which is a fully unsaturated analogue of BEDT-TTF, were synthesized. The
1,8-diketone was smoothly prepared in 90% yield by the reaction of 1 eq. dianion
and 2 eq. desyl chloride in dry EtOH at rt for 3 h (Scheme 6.43) [108, 114, 120].

The reaction of a series of 1,8-diketones with Lawesson’s reagent or phosphorus
pentasulfide was further explored in 2003 [113]. With both reactants, 1,4-dithiin
was obtained as a major and thiophene as a minor product along with by-products
(Scheme 6.44). Depending on the ERGs or EWGs present on starting compound,

Reagents and conditions: (1) P4S;(, toluene, reflux, dark, 3 h, (2) P,S;, toluene, reflux, 3 h,
(3) LR, toluene, reflux, overnight.

Scheme 6.43 Synthesis of 5,6-diphenyl[1,3]dithiolo[4,5-b][1,4]dithiin-2-thione, 5-benzyl-5-
phenyl[1,3]dithiolo[4,5-d][1,3]dithiole-2-thione, and 5,6-diphenylthieno[2,3-d][1,3]dithiole-2-
thione
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method A
EE—

>/'_\ s S S _R
T ~ T

L
O>/ g method B
R R= Ph, 4-BTC6H4, 4-CH30C6H4, CH3C6H4
R
R p—
S S -
AN
S:< Ny L S S
S S X S
R
R=H, Br

Reagents and conditions: method A: LR, toluene, reflux, overnight
method B: PS,, toluene, reflux, 3 h.

Scheme 6.44 Synthesis of 1,4-dithiins and thiophenes

the yields of 1,4-dithiin and thiophene, with Lawesson’s reagent varied from 35 to
52% and from not detected to 18%, respectively, phosphorus pentasulfide afforded
1,4-dithiin and thiophene in yields ranging from 5 to 49% and not detected to 27%,
respectively. Both of the reagents afforded dithiin as a major product [120].

The 1,8-diketones were reacted with Lawesson’s reagent to synthesize the five-
and six-membered S-heterocyclic compounds with the removal of some carbon atoms
(Schemes 6.45, 6.46, and 6.47) [95, 112].

Totally different products were obtained by carrying out the reaction at rt in
CH,Cl, or by employing strongly electron-withdrawing aromatic residues. In the first

S S
: LR, toluene | | > S
heat
S S

Scheme 6.45 Synthesis of 5-phenyl[1,3]dithiolo[4,5-b][1,4]dithiine-2-thione

0

0
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An
LR toluene S
j: >: heat / | >:s
S S

Scheme 6.46 Synthesis of thienodithiole

O

O

Scheme 6.47 Synthesis of 0

2-phenylbenzo-1,4-dithiin )J\/ S
Ph LR toluene
Ph 60 "C
Y\ S

o

case, 3,3'-linked thienylfuran derivatives and in the other case unusual cage-like struc-
tures containing acetal-thioacetal functionalities were synthesized (Scheme 6.48).
Similar Se-containing cage-like products were obtained when Woollins’ reagent
[121, 122] was utilized as a source of Se [123].

(0]
R
1.5 eq. Lawesson's

S reagent, CH,Cl,

-

xo 25°C
R o 38-60%
0.5 eq. Woollin's | CH,Cl,, 25 °C
reagent 32-87%

R = Me, n-Pr, Ph, CcHyMe, C(H,CF; R

Se
7{0

R O

Scheme 6.48 Synthesis of acetal-thioacetal functionalities
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6.8 Synthesis of Six-Membered S,N-Heterocycles

The 6-bromoisatoic anhydride was reacted with LR to prepare the 6-bromo-1H-3,1-
benzothiazine-2,4-dithione in 60% yield (Scheme 6.49) [124, 125].

The 2-iodoaniline was condensed with ethyl acrylate or acrylonitrile and
alkyl or aryl aldehydes in catalytic amounts of an organopalladium reagent to
provide the substituted alkene. The substituted alkene was cyclized with LR
through an intramolecular S-conjugate addition to afford the 4H-3,1-benzothiazines
(Scheme 6.50) [125].

The reaction of imidazole, possessing amide and ester groups, with Lawesson’s
reagent afforded purine analogue with a dithiolactone ring (Scheme 6.51) [27, 126].

The 3,4-dibenzoylamino-2,5-dicarbethoxythieno-2,3-thiophene was reacted
with NH3; to afford the 3,4-dibenzoylaminothieno[2,3-b]thiophene-2,5-
dicarboxamide. These compounds were proved to be good starting compounds
for the formation of numerous poly-fused thienothiophenes, where 3,4-
dibenzoylamino-2,5-dicarbethoxythieno[2,3]thiophene was reacted with LR

(0]

Br Br
o

/g + PgSporLR —> /L
N S
H

N o
H

Scheme 6.49 Synthesis of 6-bromo-1H-3,1-benzothiazine-2,4-dithione

z z
| |
©i Heck reaction o Lawesson's reagent S
)]\ )\

7

NH, N R OX Xp” \P/ N R
H / \ 7N
R = alkyl, aryl R,

Z.=COOC;,H;, CN
R; = p-methoxyphenyl

Scheme 6.50 Synthesis of 3,1-benzothiazines

Scheme 6.51 Synthesis of (o)

N
imidazo-1,3-thiazines LR, xylene; N
EtO \> reﬂux, 1.5-16 h S | \>
60-86% A
NTOR

ROCHN

R = Me, Ph, NHBn
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Lawesson's

reagent
—

PhOCHN NHCOPh

L,

EtOOC S S COOEt

PhSCHN NHCSPh

L,

EtOOC S S COOEt

Scheme 6.52 Synthesis of bis-thieno-1,3-thiazines and thienothiophene

to afford the bis-phenylthieno[2,3-d][1,3]thiazine. However, the reaction
of  3,4-dibenzoylamino-2,5-dicarbethoxythieno-2,3-thiophene  in  refluxing
pyridine afforded bis-4-thiono-2-phenylthieno[2,3-d][1,3]thiazine (48%)
and 3,4-thiobenzamido-2,5-dicarbethoxythieno-2,3-thiophene (32%), respec-
tively. The 3,4-dibenzoylaminothieno[2,3-b]thiophene-2,5-dicarboxamide was
reacted with LR or phosphorus pentasulfide to provide the bis-4-thiono-
2-phenylthieno[2,3-d][1,3]thiazine] or bis-phenylthieno[2,3-d][1,3]thiazine
and bis-4-thiono-2-phenylthieno[2,3-d][1,3]thiazine, respectively. The 3,4-
thiobenzamido-2,5-dicarbethoxythieno-2,3-thiophene was transformed into bis-
phenylthieno[2,3-d][1,3]thiazine on heating in dry pyridine (Schemes 6.52 and
6.53) [127].

6.9 Synthesis of Six-Membered S,N,N-Heterocycles

The 2,2-bis(2-fluoroethyl)-4-bromobenzhydrazide was reacted with LR in p-xylene
followed by treatment of filtrate with gaseous HCI to afford the 2-aryl-4-fluoroethyl-
5,6-dihydro-4H-1,3,4-thiadiazine (Scheme 6.54) [128].
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Lawesson's Ph
reagent

toluene

PhOCHN NHCOPh

H,NOC S S CONH,

Scheme 6.53 Synthesis of bis-thieno-1,3-thiazines

F F

r g

Lawesson's reagent; N

~
J/ xylene, reflux, HCI [ |N
)\O\ S
Br

Scheme 6.54 Synthesis of 2-aryl-4-fluoroethyl-5,6-dihydro-4H-1,3,4-thiadiazine

6.10 Synthesis of Seven-Membered S-Heterocycles

The 2H-pyran-2-ones in boiling toluene was reacted with LR to yield the triflu-
oromethylated 2H-pyran-2-thiones in 83 and 58% yield. Their reaction with
nitrosobenzene provided unexpectedly adducts, which proved to be isomeric with
the expected primary Diels—Alder cycloadducts (Schemes 6.55, 6.56, and 6.57) [129,
130].
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Scheme 6.55 Synthesis of F.C Lawesson's reagent; F3C
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Scheme 6.57 Synthesis of 6-phenyl-4-(trifluoromethyl)-8-oxa-2-thia-6-azabicyclo[3.2.1]oct-3-
en-7-one
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7.1 Introduction

The heterocyclic compounds are established as the largest and most diverse class
of organic chemistry. Nowadays, a lot of heterocyclic compounds are known; day
by day, number is increasing rapidly because of the massive synthetic research
and also their synthetic applications. The heterocyclic compounds have utility in
most of the areas of sciences like pharmaceutical chemistry, medicinal chemistry,
biochemistry, and also in other areas of science. Most active biological hetero-
cyclic compounds prepared or isolated from the plants exhibit anti-inflammatory,
antioxidant, antifungal, antibacterial, anticonvulsant, anti-allergic, herbicidal, and
anticancer activities [1-5].

The dimer of phosphorus pentasulfide remained as the key reagent from the 2nd
half of the nineteenth century until the beginning of systematic study of the utilization
of Lawesson’s reagent by Lawesson et al. [6-9]. Although many reagents including
the analogues of Lawesson’s reagent and H,S have been employed, in general with
limited success [10—-12]; Lawesson’s reagent has remained as the most important
reagent in thionation chemistry and was followed by P4S;¢. Generally, it is claimed
that Lawesson’s reagent has benefits over dimer of phosphorus pentasulfide with
respect to the needs for excess P4S;o and longer reaction time. It could also be true
when the number of publications published every year on both reagents is taken
into consideration. Both reagents have their own advantages and disadvantages over
specific reactions, and both of them deserve to be utilized [13, 14].

7.2 Synthesis of Five-Membered O-Heterocycles

The 1,4-diketones were reacted with Lawesson’s reagent to afford the furans and
thiophenes [15—17]. The reaction afforded improved yields and took place under
milder conditions as compared to the reaction when P4S;o was utilized (Scheme 7.1)

[4].
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Scheme 7.1 Synthesis of furans and thiophenes

7.3 Synthesis of Five-Membered O,N-Heterocycles

The L-serine methyl ester was transformed into thioamide in four steps with
54% yield (Scheme 7.2) [18]. This thioamide acted as a nucleophile in a subse-
quent Hantzsch thiazole synthesis, which is a particularly practical strategy for the
formation of thiazoles first reported in 1887 [19].

The thiazole-5-tertiary-amide = was not provided by thionation—
cyclization of tertiary amide (derived from ring-opening of 2-
phenyl-4-[(4-methoxyarylidene)(methylthio)]oxazolone with piperi-
dine). The obtained compound was identified as 2-phenyl-4-[(4-
methoxyarylidene)(methylthio)Joxazolone, = which  was  synthesized by
thermal-eliminative cyclization probably due to steric issues (Scheme 7.3) [14].

o Boc,0, Et;N, DCM, 0 °C to rt, 85%;
dimethoxypropane, PPTS, THF, reflux NH,
HO OMe o
NH,OH/MeOH, 35 °C, 85% over 2 steps; NBoc
NH, Lawesson's reagent, THF, reflux, 66% }(

Scheme 7.2 Synthesis of oxazole
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THF, reflux, 12 h

MeS
OMe
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Scheme 7.3 Synthesis of 2-phenyl-4-[(4-methoxyarylidene)(methylthio)Joxazolone

MeS
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The cyclization methods were used in the formation of thiazole, imidazole, or
oxazole (Scheme 7.4). The ester group of starting compound was hydrolyzed with
lithium hydroxide to afford an acid, which underwent amidation with a substituted
2-oxo-ethylamine to generate the key intermediate. Following the cyclization steps,
the benzyl group was removed with trimethylsilyl iodide in CH3CN to accomplish
the synthetic sequence [5].

Seijas and coworkers [20] described that LR is an efficient promoter in the
solvent-free MW-assisted formation of 2-substituted benzoxazoles and benzothia-
zoles from carboxylic acids and 2-aminophenol or 2-aminothiophenol, respectively.
Numerous heteroaromatic, aromatic, and aliphatic carboxylic acids reacted under
reaction conditions with good yields (Scheme 7.5).

8 A e Ll
K/N LiOH, H,0, K/N OBn

o
Z "N | THF Z "N
_—
80% ™ 0o
X \N o o N N
OH
S

Ph;P, CCly, Et;N
for Y =0, 50%;

Lawesson's reagent.
EDCI-HCI, HOBt, Et;3N, K/ N = OBn toluene, reflux
NH,-CH,-C(0)-R, DMF N | - for Y =S8, 35%;
74% NN X N ammonium acetate,
N AcOH,
b} xylene, reflux for
l6) R Y =NH, 38%
N
TMSI/CH3CN
Y =0, 54%
R Y =S,30% R
Y =NH, 76%
Scheme 7.4 Synthesis of oxazoles, thiazoles, and imidazoles
NH, R
o LR N
+ —_— \% R
R OH Y

YH

Scheme 7.5 Synthesis of 2-substituted benzoxazoles and benzothiazoles



218 7 O- and N-Heterocycles Synthesis

Due to the problems in the removal of benzyl protecting group in model analysis,
the phenol and alcohol were reprotected as acetates (Scheme 7.6). The succeeding
important step was the formation of oxazolidine ring which was completed according
to the approach reported by Pelletier et al. [21], in which oxazolidine was synthesized
by heating imine with oxirane. This reaction was achieved by a two-step sequence.
The synthesis of thiolactam with LR followed by desulfurization in the presence
of deactivated Raney-Ni provided imine. With oxazolidine ring in hand, the final
four steps afforded (£)-cyanocycline A. This sequence included the hydrolysis of
acetals and amine deprotection, followed by N-methylation to afford an advanced

N—CO:R g N—COR

H Lawesson's

BCl;, CH,Cly; reagent;
_— —_—
BnO Ac,0, Py AcO Raney-Ni,
71%, 2 steps acetone

74%, 2 steps

MeO MeO

H ethylene oxide, ',
MeOH, 55 °C; |

B —
NaOH, MeOH; HO
t-BuOK, THF,

18-crown-6
99%., 3 steps MeO

AcO i-Pr,NEt

R
(4]

oM

MeO

H Mn(OAc);,
H,S04-H,0
_—

42%, 2 steps

HO
N" Yo
H \\/
MeO OMe

(¥)-cyanocycline A

Scheme 7.6 Synthesis of (£)-cyanocycline A
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intermediate which on oxidation with Mn(OAc); afforded (4)-cyanocycline A. This
racemic formation was accomplished in 32 steps in 0.85% overall yield.

After the synthesis of the C ring of bioxalomycin, the next tasks were the synthesis
of two oxazolidine rings F and G. Since pentacyclic lactam intermediate was very
identical to Fukuyama’s advanced intermediate, this approach was used for the
formation of F ring. The pentacyclic lactam was transformed to thiolactam with
LR (Scheme 7.7). The sensitive thiolactam was immediately transformed to imine
with deactivated Raney nickel in (CH3),CO in 63% total yield. This stable imine was
transformed to oxazolidine by following Pelletier’s approach [21] in which the oxazo-
lidine was prepared by heating imine with ethylene oxide. Although the deprotection
of benzyl groups through hydrogenolysis without reducing the CN functionality was

CH,4 CH;

H N— H N—

Lawesson's
reagent;

BnO benzene,

reflux, 1 h

MeO

(0]
Raney-Ni, acetone A! AcOH;
63%, 2 steps THF, 60 °C,6 h
58%

BCl;, DCM,
-78°C,2h
—_—
52% BnO

BnO

MeO

Scheme 7.7 Synthesis of oxazolidine ring bearing hexacycle
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shown in similar structures [22], this approach was unsuccessful. The hydrogenol-
ysis of oxazolidine in methanol in the presence of palladium/carbon catalyst at rt and
1 atm not proceeded and starting oxazolidine was recovered. However, deprotection
of benzyl groups was carried out with excess of boron trichloride in dichloromethane
at -78 °C. This reaction smoothly afforded hexacycle in 52% yield.

7.4 Synthesis of Five-Membered O,N,N-Heterocycles

As described in Scheme 7.8, the intermediate, generated from bromoacetophenone
via azide and amine intermediates followed by coupling with orthogonally protected
a-methyl serine or from 3-trifluoromethyl-4-fluorobenzoic acid through hydramide
synthesis and coupling reaction with a-methyl serine, was cyclized with LR either
in toluene or DCM to provide the thiazole and thiadiazole analogues after depro-
tection with trifluoroacetic acid. This synthetic pathway was developed into a fully
telescoped procedure for the formation of thiadiazole at multikilogram scale [23].
The intermediates were transformed to oxazole or 1,3,4-oxadiazole with PPhs and
hexachloroethane or PPh; and CCI;CN after deprotection with trifluoroacetic acid
[24].

The key starting compound for azoles was methyl ester [25]. The ester group
reacted easily with hydrazine hydrate to afford the monohydrazide, which was then
acylated with an acid chloride to provide an intermediate (Scheme 7.9). The cycliza-
tion of hydrazide group and after that benzyl deprotection with trimethylsilyl iodide
as Lewis acid afforded 1,3,4-oxadiazole. On the other hand, the use of LR as cyclizing
agents resulted in the formation of 1,3,4-thiadiazole. The triazole was also synthe-
sized from ester, which easily underwent amidation with aqueous NH,OH. The amide
was treated with LR, and subsequently with methyliodide to form the S-Me thioamide
intermediate that cyclized with 4-F-phenyl acetohydrazide to provide the triazole.
The synthesis of asymmetrical 1,2,4-oxadiazole needed an another approach. In the
first step, ester was transformed into nitrile through amidation in the presence of NHj
and dehydration with trichlorotriazine. Further, the nitrile group was treated with
NH,OH-HCI to afford the N-hydroxyamidine, which was acylated with a suitable
phenylacetyl chloride to provide the precursor. The 1,2,4-oxadiazole was synthesized
by refluxing intermediate in toluene [5].

The formation of cathepsin K inhibitors (cathepsin K) was described that provokes
human breast cancer (Scheme 7.10) [26]. The hydrazides, prepared regioselec-
tively from acids, were precursors of heterocyclization. The reaction was carried
out with 1-methoxy-N-trimethylammoniosulfonylmethanimidate (Burgess reagent)
under MWI or in tetrahydrofuran solution at 40 °C with Lawesson’s reagent. The
1,3,4-oxadiazoles were then converted into amides [27].
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Scheme 7.8 Synthesis of oxazoles, oxadiazoles, thiazoles, and thiadiazoles

7.5 Synthesis of Six-Membered N-Heterocycles

The reaction of amide with LR resulted in ring-closure to afford the imide
(Scheme 7.11) [13, 28].

Duhamel et al. [29] in 1991 afforded an extended explanation of their earlier
stated approach, describing the synthesis of optically pure (+)-enamine, constituting



222 7 O- and N-Heterocycles Synthesis

O/\N I o/_© O/ | oBn
o, T,
iN . lHN\}NI)LR

N OBn N OH
Z N | Z |
N x> N
X N CN X N Z '\
N
14 8
Y=0,S,NH R
0/\ o
k/ N OBn O/ﬁ o
Z N
| N = OH
N . NH, 5 N
N | N | N
N N = N\
~o0 o]
N§<
O/J\ R R

Reagents and conditions: (1) a) hydrazine hydrate, MeOH, 81%, b) RCOCI, 94%, (2) Y=0, S,
a) Ph;P, CCl,, Et;N for Y = O, 43%, Lawesson's reagent, toluene, reflux for Y =S, 35%, b)
TMSI/CH;CN, 41% for Y = O, 35% for Y =S, (3) a) NH3, H20, 50 °C, 59%, b) 2,4,6-trichloro-
1,3,5-triazine, 88%, (4) a) NH,OH.HCI, NaHCOj;, 92% EtOH, reflux, b) RCOCI, 97%, (5) a)
toluene, reflux, 75%, b) FeCl;, CH,Cl,, 30%, (6) Y = N, a) NH;, H,0, 50 °C, 59%, b)
Lawesson's reagent, toluene, reflux, 45%, c¢) Mel, 50% 4-F-phenyl acetohydrazide, AcOH,
reflux, 55%, d) TMSI/CH;CN, 50%.

Scheme 7.9 Synthesis of 1,2,4-oxadiazoles

aformal formation of (—)-pHTX (Scheme 7.12). The condensation of cyclohexanone
with (2R)-amino-3-phenylpropan-1-ol and after that methylation of latent oxygen
function led to auxiliary-bound imine. The deprotonation followed by facially selec-
tive alkylation with CsH;j;I led to chiral ketone with 78% enantiomeric excess after
cleavage of the chiral auxiliary. This was advanced utilizing their earlier approach
to produce the enantiomerically pure (+)-enamine [30].

Duhamel et al. [31] extended this approach for the total synthesis of (—)-pHTX in
1989 (Scheme 7.13). Starting from cyclic ketone, which already possess the future
C-2 pentyl side-chain, they synthesized benzyl-protected lactam by an acid-catalyzed
Beckmann-type ring-expansion. The benzyl-protected lactam was subjected to key
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Scheme 7.10 Synthesis of 1,3,4-oxadiazoles

Scheme 7.11 Synthesis of
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ring-contraction step; however, the main product was observed to possess an unde-
sired trans relationship between the aldehyde and pentyl side chains. Further exami-
nation showed that when the methyl ester was utilized, the ring-contraction occurred
to afford the cis-isomer exclusively in quantitative yield. A Wittig reaction then
advanced this intermediate to o,p-unsaturated ketone, and hydrogenation afforded
saturated ester. The diisobutylaluminum hydride reduction of ester afforded alde-
hyde, which underwent a base-assisted internal condensation to provide the spiro-
cycle. An approach similar to that employed by Pearson and Ham [32] was further
used to complete the synthesis, but the 1,4-organocuprate addition afforded 1,2-
addition by-product in unsatisfactory amount. The desired conversion was ultimately
completed by addition of TEA and TMSCI to the organocuprate before addition of
the enone. The formed intermediate was directly made to react with benzeneselenyl
chloride, followed by H,O, in CH3COOH, to afford the butyl enone in 60% yield. The
borohydride reduction then eliminated the redundant ketone function. The Godleski’s
hydroboration—oxidation was performed, providing a mixture of alcohols that was
debenzylated and separated to afford the 1:2 mixture of pHTX and its 7,8-epimer.
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Scheme 7.12 Synthesis of optically pure (+)-enamine

The examinations into the application of acylated enamines (“enaminones” in
general) and related compounds as intermediates in alkaloid formation [33-35] took
benefit of their ability to function either as ambident nucleophiles or as ambident
electrophiles based on the synthetic approach envisioned. These easily synthesized
compounds were easily introduced into structures that possess the gross skeletal
features observed in various alkaloidal systems, and they also afforded ample oppor-
tunity for controlling the enantioselectivity and diastereoselectivity. The chiral amine,
prepared from lithium N-benzyl-N-[(1R)-1-phenylethyl]amide and ¢-butyl (2E)-oct-
2-enoate by Davies protocol [36, 37], was transformed into pyrrolidine-2-thione in
three steps, from which the enaminone (a vinylogous urethane) was easily synthe-
sized by Eschenmoser sulfide contraction [38]. The chemoselective reduction of
saturated ester to alcohol followed by cyclization through the iodide afforded hexahy-
droindolizine, which was itself an enaminone. The diastereoselective reduction of
hexahydroindolizine produced the final compound (Scheme 7.14) [39].

The substrates, dimethylaminopropenoyl cyclopropanes, were synthesized in high
yields (up to 91%) [40, 41]. The reaction of 1-[3-(dimethylamino)acryloyl]-N-
phenyl cyclopropanecarboxamide with 0.5 eq. LR was first attempted in C¢Hg at
rt; however, no reaction was observed by thin layer chromatography of the reaction
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Scheme 7.13 Synthesis of pHTX
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Scheme 7.14 Synthesis of hexahydroindolizine

mixture. When the mixture was heated to reflux for 24 h, the reaction proceeded
and provided a white solid along with intact 1-[3-(dimethylamino)acryloyl]-N-
phenyl cyclopropanecarboxamide in small amounts after work-up and purifica-
tion by column chromatography. The product was characterized as 5-phenyl-
2,3-dihydrothieno[3,2-c]pyridin-4(5H)-one (54%) by its analytical and spectral
data (Scheme 7.15). These results inspired to optimize the reaction conditions,
including reaction temperature, solvent, and the ratio of Lawesson’s reagent to 1-[3-
(dimethylamino)acryloyl]-N-phenyl cyclopropanecarboxamide. A series of exper-
iments showed that the reaction proceeded in other solvents, like toluene and
xylene, and 0.5 eq. Lawesson’s reagent was sufficient for the dihydrothieno[3,2-
clpyridin-4(5H)-one formation. However, much more Lawesson’s reagent, for
instance more than 0.6 eq., would afford a complex mixture. The optimum results

(o)
0.5 eq. LR,
NHPh benzene, reflux, 24 h
0,
= - 54%
(0) N

Scheme 7.15 Synthesis of 5-phenyl-2,3-dihydrothieno[3,2-c]pyridin-4(5H)-one
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were observed when 1-[3-(dimethylamino)acryloyl]-N-phenyl cyclopropanecarbox-
amide was reacted with 0.5 eq. Lawesson’s reagent in dry toluene under reflux
for 10 h, whereby the reaction produced 5-phenyl-2,3-dihydrothieno[3,2-c]pyridin-
4(5H)-one exclusively in 82% yield (Scheme 7.16). Having established the optimum
conditions for the dihydrothieno[3,2-c]pyridin-4(5H)-one formation, its scope was
determined in terms of R;, Ry, and Rj; groups. A series of reactions of amino-
propenoyl cyclopropanes having different aryl and alkyl amide groups was carried
out with Lawesson’s reagent under the same conditions as for 5-phenyl-2,3-
dihydrothieno[3,2-c]pyridin-4(5H)-one. It was found that all the reactions occurred
easily to produce the dihydrothieno[3,2-c]pyridin-4(5H)-ones in moderate-to-good
yields. The versatility of this dihydrothieno[3,2-c]pyridin-4(5H)-one formation was
then examined by reacting aminopropenoyl cyclopropane and Lawesson’s reagent
under same reaction conditions. The efficiency of cyclization proved to be appro-
priate for aminopropenoyl cyclopropane to give the substituted dihydrothieno[3,2-
c]pyridin-4(5H)-one in good yield. In this case, a single regioisomer was exclusively
formed, which indicated that the ring-opening reaction or ring-expansion proceeded
in a regioselective fashion [42—44].

A one-pot formation of thieno[3,2-c]pyridin-4(5H)-ones was attempted from
aminopropenoyl cyclopropanes. The reaction of aminopropenoyl cyclopropanes and
Lawesson’s reagent was carried out in toluene under reflux for 10 h followed by
an addition of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone to the formed mixture,
which was left under reflux for one more hour. The product was characterized
as 5-phenylthieno[3,2-c]pyridin-4(5H)-one by spectral and analytical data, and
the overall yield reached to 75%. Similarly, some chosen aminopropenoyl cyclo-
propanes were reacted with Lawesson’s reagent and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone in toluene under reflux to give the thieno[3,2-c]pyridin-4(5H)-ones in
moderate-to-good total yields (Scheme 7.17) [44—48].

An efficient method to indole alkaloids involved a key step, i.e., a cycloconden-
sation reaction of racemic aldehyde diester, which was envisioned as a synthetic
equivalent of secologanin, with (S)-tryptophanol provided enantiopure lactam in
62% yield [49]. Three stereogenic centers with a well-defined configuration have
been produced in a single synthetic step. The consequent closure of C ring from

0.5 eq. LR,

NHR, toluene, reflux

—F—FFF F > R
68-85%
N - (J

R, = Ph, 2-MeC¢H,, 4-MeCgH,, 2,4-Me,CgHj, 2-MeOCgH,,
4-MeOCgH,, 2-CIC¢H,, 4-CIC¢H,, 4-CF;C¢H,, Bn

R,=H, Ph

R; = H, Me

Scheme 7.16 Synthesis of dihydrothienopyridinones
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o N 67-82% S R,

R, = Ph, 2-MeOC¢H,, 4-CIC¢H,, 4-MeC¢H,
R,=H, Ph
R;=H, Me

Scheme 7.17 Synthesis of thienopyridinones

lactam via thioamide generated pentacyclic compound, which contains tetracyclic
scaffold of Corynanthe alkaloids (Scheme 7.18). The dihydrocorynantheine was
synthesized enantioselectively from pentacyclic compound.

An electrocyclization of azatrienes afforded dihydropyridines, which were
smoothly oxidized to pyridines. An overall procedure is especially utilized in the
formation of pyridine bearing natural products. Meketa and Weinreb [50] employed
aza-67 electrocyclization for the formation of ageladine A, which exhibit high
inhibitory activity against zinc matrix metalloproteinase (MMPs). The iodide was
reacted with amide using copper(I) iodide to produce the amide in excellent yield,

OH

MeO,C CHO NH, Y/

3 H™ N 0

1\{ o N Lawesson reagent;

H C¢HsCH,Br;
MeO,C 62% o oy

racemate |
MeO,C

MeOZC

dihydrocorynantheine

Scheme 7.18 Synthesis of dihydrocorynantheine
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then amide was transformed to key intermediate in two steps. The thermal electrocy-
clization of azatriene generated a key intermediate in moderate yield, which provided
ageladine A (Scheme 7.19).

The formation of newly designed cycloaddition substrate started with the reac-
tion of commercially accessible (—)-2,3-O-i-propylidine-D-erythronolactone and
(trimethylsilyl)methyl amine in 97% yield. The Parikh—Doering oxidation of primary
alcohol provided a hemiaminal, which was acetylated to give the aminal in 69% yield
within two steps. The Lewis acid-promoted Mannich reaction between aminal and
trimethylsilylketene acetal of CH;COOC,Hs (72%) was followed by hydrolysis of
ester to afford the carboxylic acid in 96% yield. The thionation of lactam func-
tionality within carboxylic acid was carried out by heating with LR (95%), and the
C-8 carboxyl group in the formed product was further transformed to N-methoxy-
N-methyl amide (62%). The Eschenmoser sulfide contraction (81%), followed by
reaction with ethynylmagnesium bromide and ethane thiolate (58% yield in two
steps), installed the needed functionality for the intramolecular [3 + 2]-azomethine
ylide cycloaddition. In this case, sequential reaction with triflic anhydride and TBAT
afforded polycyclic alkaloid in 71% yield (Scheme 7.20). This result includes the

Cul, Cs,CO;
N\ 92“/0,
>‘ SMe + BOM—N N
MeHN NHMe \

>—- SMe

BOM

= N
N
Lawesson's N I SMe
reagent; N N mesitylene, 145 °C
| _ >
MsOTf BOM 44%

75%

Scheme 7.19 Synthesis of ageladine A
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EtS
Reagents and conditions: (1) TMSCH,NH;Cl, Et;N, THF, 70 °C, 97%, (2) SO5-Py,
Et;N, DMSO, 23 °C, (3) Ac,0, Py, 23 °C, 69%, 2 steps, (4) TMSOT{, CH,Cl,, 23 °C,
72%., (5) LiOH, THF, H,0, 23 °C, 96%, (6) Lawesson's reagent, PhMe, 65 °C, 95%,
(7) MeONHMe-HCI, EDC, Et;N, CH,Cl,, 23 °C, 62%, (8) 1-bromo-2-butanone,
Ph;P, Et;N, CH;CN, 23 °C, 81%, (9) HCCMgCl, THF, 23 °C, (10) EtSH, Et;N,
CH,Cl,, 23 °C, 58%, 2 steps, (11) Tf,0, TBAT, CHCl;, -45 to 23 °C, 71%.

Scheme 7.20 Synthesis of polycyclic alkaloid

first nonracemic formation of fully oxygenated bridged pyrrolizidine core of the
stemofoline alkaloids [51].

7.6 Synthesis of Six-Membered N,N-Heterocycles

The reductive amination of aldehyde and amine hydrobromide salt afforded y-lactam
in 71% yield, as a 1:1 ratio of diastereomers. The reaction of aldehyde and amine
to afford the y-lactam needed an excess of amine because of the competing reduc-
tive amination with the benzaldehyde side-product. It should be reported, however,
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that in this case this secondary reductive amination procedure transformed excess
amine into its N-benzyl derivative, which was the immediate precursor of amine.
The use of 1.5 eq. amine in the reductive amination of aldehyde afforded N-
benzylamine in 24% yield (72% recovery of excess amine, which was recycled
back to amine thereby improving the total efficiency of the procedure), in addi-
tion to lactam in 81% yield. The thiolactam was synthesized by the reaction of
y-lactam with 0.55 eq. LR in refluxing toluene. The thiolactam was isolated in 56%
yield, and the dithio compound in 10% yield. The yield of thiolactam was found
to be higher because the methoxycarbonyl group sterically shielded the phthaloyl
group, thus decelerating the synthesis of dithio compound. Initial efforts to remove
the phthaloyl group of thiolactam by hydrazinolysis with hydrazine hydrate in
refluxing C,HsOH failed, and the starting compound was recovered. After exper-
imentation with many approaches, it was observed that the reaction of thiolactam
with anhydrous hydrazine in methanol afforded free amine in satisfactory yield. With
the functionalized aminopropyl-thiolactam in hand, formation of bicyclic amidine
was examined. The reaction of thiolactam with HgCl, in refluxing tetrahydrofuran
proceeded slowly, with some starting compound still remaining after 2 d. Therefore,
dioxane was replaced with tetrahydrofuran, and the reaction utilizing dioxane as
solvent completed in 24 h. The purification of amidine proved problematic with the
solvent system (chloroform/methanol/trifluoroacetic acid). The confusion was solved
using reverse-phase column chromatography or normal-phase silica chromatography
eluting with dichloromethane/methanol/i-propylamine, with the amidine isolated in
62% yield as a 1:1 mixture of diastereomers (Scheme 7.21) [52].

NaCNBH;
CO,Me
PhthN
PhCHO
HBr.H,N CO,Me
CbzHN
NaCNBHj3;, NPhth
MeOH, AcOH
81%
Lawesson's NILNH CO,Me
reagent CO,Me 272 CbzHN 2
—_—
toluene, heat NR M:SH NH,
56% %
S
HgCly, dioxanc; CO,Me  NR=NPhth NR=N
heat
62%
o

10%

Scheme 7.21 Synthesis of amidine
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An elimination of phthaloyl group from y-lactam occurred through the reaction
with hydrazine hydrate in C;H5OH to produce the amine. The subsequent efforts
to cyclodehydrate the aminopropyl-y-lactam to bicyclic amidine, including reflux
in high boiling point solvents with catalytic acid, and through the O-silyl- and O-
alkyl-imidates, were not successful [53]. Accordingly, y-lactam was transformed to
thiolactam by reaction with LR [6]. The phthalimidopropyl thiolactam was isolated
in moderate yield, together with different amounts of side-product, assumed to be the
dithio compound. Different conditions were applied in an effort to increase the yield
of thiolactam, however, variation of amount of LR and the reaction time not resulted
in significant improvements in the yield of thiolactam (optimum 40%, with 20% unre-
acted starting compound). The reaction of thiolactam with hydrazine hydrate afforded
free amine in 77% yield. The amine was then reacted with HgCl, in tetrahydrofuran
[54, 55] to afford the bicyclic amidine in 67% yield. The amidine was unstable as its
free base and was thus purified and stored as its trifluoroacetate salt (Scheme 7.22)
[52].

The enantiopure DBN-analogues were synthesized from easily accessible starting
compounds. The (S)-malic acid was transformed into N-(2-cyanoethyl)imide by
a one-pot procedure [56]. The regioselective reduction followed by acetylation
afforded diacetylpyrrolidinone as a 5:1 (cis/trans) mixture. The extra stereocenter
was then removed by triethylsilane reduction of N-acyliminium ion produced from
diacetylpyrrolidinone utilizing boron trifluoride etherate. The protective group inter-
conversion took place uneventfully to afford the thexyldimethylsilyl ether in 63%
yield from diacetylpyrrolidinone. The extensive experimentation ultimately showed
that the best approach for the reduction of the nitrile function was one described
by Echavarren and coworkers [57]. This approach included the reaction with 2 eq.
COCl; and a large excess of sodium borohydride, added in portions, to CH3OH as

z S S
CbzHN -
- o N ~ N
CbzHN —3 Lawesson's
reagent; 7% o
—_—
Nao "~ NPhth “oruene, heat .
B 0
CbzHN =
N\/\/ N
40% o
z S z N
NH,NH,.H,0; CbzHN-_: HgCl, THF  CbzHN-:___(/ }
R —_—
EtOH heat
770, N ~ NH, 7% N

Scheme 7.22 Synthesis of bicyclic amidine
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the solvent containing 3% NHj to avoid the synthesis of dimers [58]. The amine was
protected with #-Boc function to isolate the reduction product from xyldimethylsilyl
ether. The amidine ring was closed under mild conditions, and for this purpose, the
CO function was activated by treatment with LR to thiolactam and neat Mel to afford
the methylthioininium salt. Further, the amine was deprotected with TFA to NH4*
salt. An immediate cyclization took place to afford the amidine when the solution of
NH, " salt was made alkaline with sodium hydroxide (Scheme 7.23) [59, 60].

The (S)-pyroglutamic acid was transformed to silyl-protected 5-
(hydroxymethyl)pyrrolidinone in three steps [61]. Michael addition to acrylonitrile
provided nitrile in high yield [62]. The reduction of nitrile function, protection, and
thiolactam synthesis generated thione, which at this stage was desilylated utilizing
fluoride to alcohol. The cyclization of alcohol proceeded to synthesize the amidine
(Scheme 7.24) [60, 63].

Both alcohols produced amidines (Scheme 7.25). The OH groups were protected
as t-butyldimethylsilyl ethers with TBDSMOTT, followed by same series of steps to
give the hydroxyamidines in comparable yields [64].

The formation of target molecule, hydroxyamidine, is depicted in Scheme 7.26.
The reaction of sulfone with allyltrimethylsilane and boron trifluoride etherate
afforded allylated lactam in quantitative yield. This reaction proceeded through N-
acyliminium ion [65]. The alcohol group was introduced by ozonolysis of the double
bond and subsequent in situ reduction with sodium borohydride to provide the alcohol

AcO AcO
oH AcCl;
H,NCH,CH,CN; NaBH,, MeOH; o o
—_—— _——
HO,C AGO 07" ™N7 7O TR0 ELN, . AC N
CO,H K/CN catalyst DMAP K/CN
RO ThMe,SiO
Et;SiH, BF3.Et,0; CoCl,, NaBH,, Lawesson's
NH;; MeOH, NHj; o reagent
_—— —_—
ThMe,SiCl N o (t-Boc),0 N
K/CN K/\N/R
R = Ac, H, SiMe,Th R=H Boc M
ThMe,SiO
ThMe,SiO HO
Mel;
CF3CO.H;
N S _—
NaOH A N N B N
N~ Boc K) U
|
H

Scheme 7.23 Synthesis of amidine
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Scheme 7.24 Synthesis of amidine

in 81% yield. The primary alcohol was protected with #-butyldimethylsilyl group to
afford the 7-butyldimethylsilyl-substituted alcohol in 95% yield, and then the amidine
functionality was incorporated [60]. This involved a series of reactions, the first of
which was the reduction of nitrile function. The reaction of #-butyldimethylsilyl-
substituted alcohol with 2 eq. cobalt(Il) chloride and an excess of sodium borohy-
dride in methanol/ammonia (to avoid the synthesis of dimers) [66] provided amine
which was not purified, but immediately protected with a -Boc group to give the
t-Boc-protected amine in 58% yield after purification by column chromatography.
A direct cyclization to lactam proved impossible at this stage. Therefore, a mild
cyclization pathway was followed. The reaction of #-butyldimethylsilyl-substituted
alcohol with LR [57] gave thiolactam in 81% yield. Later when the alcohol group was
deprotected with tetrabutylammonium fluoride, the #-Boc-protected amine alcohol
was treated with neat methyl iodide to afford the methylthioininium salt. The #-Boc
group was then removed using TFA; cyclization of formed amine onto the activated
lactam was facilitated by an excess of triethylamine to provide the hydroxyamidine
in 81% yield [59, 64, 67, 68].

Many naturally occurring alkaloids contain a benzodiazepine ring fused with
a quinazoline ring. The benzodiazepine—quinazoline framework has been synthe-
sized following diverse approaches. In 1987, the formation of asperlicins C and E
was first reported by Bock and coworkers [69]. In their methodology, the quinazo-
line ring was constructed from 1,4-benzodiazepine-2,5-dione and methyl anthrani-
late (Scheme 7.27). The benzodiazepinedione was transformed into methyl imino
thioether to activate the C2-position.
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Scheme 7.25 Synthesis of amidines

7.7 Synthesis of Seven-Membered N-Heterocycles

The reaction of amide with Lawesson’s reagent afforded ring-closed imide
(Scheme 7.28) [13, 28].

Kamal et al. [70] prepared DC-81 analogue, and the thione derivative, as depicted
in the Scheme 7.29. The synthesis began by the reaction of proline with activated
3,4,5-substituted 2-nitrobenzoic acid to afford the coupled product. The esterifi-
cation process followed by reduction with diisobutylaluminum hydride afforded
(25)-N-(2-nitrobenzoyl)-pyrrolidine-2-carboxaldehydes. An intramolecular cycliza-
tion with Fe and a mixture of AcOH/tetrahydrofuran as solvent afforded DC-81
analogue in 65-75% yield. The thione derivative was synthesized from (25)-N-
(2-nitrobenzoyl)-pyrrolidine-2-carboxaldehydes by reaction with LR. The thione
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Scheme 7.26 Synthesis of hydroxyamidine

derivative underwent intramolecular cyclization with Fe in AcOH/tetrahydrofuran
to yield the benzodiazepines.

7.8 Synthesis of Seven-Membered O-Heterocycles

Nicolaou et al. [71] reported a photochemical reaction of thiocarbonyl compounds
to afford the oxepine intermediates as part of the attempt to prepare brevitoxin B.
Scheme 7.30 describes a new approach for the synthesis of oxepane systems from
acyclic substrates. The diester was transformed to its dithiono counterpart under
standard Lawesson’s conditions [6, 72, 73], and the dithiono compound was irra-
diated, probably producing the radical species, and then the 1,2-dithietane system
[74-76]. Under irradiation conditions, the 1,2-dithietane system lost sulfur to give
the oxepene which was then regioselectively hydrolyzed to oxepanone [77]. Despite
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the mixture of isomers in oxepene, the final product oxepanone was formed, through
equilibration under applied conditions, as single stereoisomer with two stereocen-
ters flanking the carbonyl group firmly established on pseudo-equatorial positions.
Many dithionoesters acted as precursors to a series of oxepenes and oxepanones.
The thionations were performed in 50-55% yield utilizing excess of LR and 1,1,3,3-
tetramethylthiourea at 150 to 160 °C. The final hydrolytic step was completed in 75—
95% yield either under acidic conditions (hydrochloric acid—water) or with fluoride
(tetra-n-butylammonium fluoride-tetrahydrofuran). This approach was also possibly
utilized in a late stage connection of two complex fragments in the synthesis of a
natural product.
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Scheme 7.29 Synthesis of benzodiazepines
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Reagents and conditions: (1) 3 eq. Lawesson's reagent, 3 eq. 1,1,3,3-
tetramethylthiourea, xylene, 160 °C, 2 h, 47%, (2) hv, Hanovia 450 W UV lamp,
pyrex filter, toluene, 70 °C, 2 h, 63%, (3) 2 M HCI, 25 °C, 2 h, 80%.

Scheme 7.30 Synthesis of pyranooxepinone
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Chapter 8 ®)
Phosphorus Pentasulfide in Heterocycle e
Synthesis

8.1 Introduction

The presence of heterocyclic compounds in all types of organic molecules of interest
in pharmacology, biology, electronics, optics, material sciences, and so on is very
well known. The heterocyclic chemistry is an integral part of chemical sciences and
forms a considerable part of the modern researches that are ongoing throughout the
world [1-3].

The P4S;¢ is among the oldest thionating agents for organic compounds. Even
it is utilized for the synthesis of the most utilized thionating agent, i.e., Lawesson’s
reagent. For sulfur chemistry, the P4So has now been an indispensable reagent,
specifically for transforming almost all types of oxo groups to thio groups, which are
important functional groups to conduct different organic reactions or for utilization
as end products in medicinal, material, chemistry, etc. Almost all types of hetero-
cycles containing sulfur atom(s) are synthesized using P4Sg. Its range varies from
thiophene to thiazole, dithiazole, imidazoline, thiazoline, thiadiazole, thiazine, and
pyrimidine. It finds broad applications in the thionation reactions of pyrimidines,
purines, and nucleosides. Another important reaction of P4S;¢ is the reduction of
sulfoxides to sulfides. The P4S,o, like Lawesson’s reagent, surprises by offering
unexpected reactions, the results of which led chemists to explore novel approaches
and reactions. It could be a benefit to the synthetic researchers to use reagents, phos-
phorus pentasulfide and Lawesson’s reagent, in the synthetic pathways to provide
the surprising products and best results [4-10].

A sulfur heteroatom has been in the interest of many groups involved in the forma-
tion of organic compounds. This has been carried out mainly through the reactions
of thionating agents, among the oldest and the most important ones of which is
P4S1o. In organic syntheses, phosphorus pentasulfide has been utilized broadly for
a wide range of purposes, primarily as thionating agent of organic (also inorganic)
compounds and for the formation of different heterocyclic compounds including
dithiins, thiophenes, thiazoles, dithiazoles, thiazolines, thiadiazoles, imidazolines,
thiazines, pyrimidines, and imides. The thionations of peptides, nucleosides, purines,
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and pyrimidines, and reductions of sulfoxides to sulfides are performed with P4S.
The P4S) is a commercially accessible compound, and not only utilized for indus-
trial applications like formation of additives for insecticides, flotation agents, oil,
and lubricants, etc. It is also utilized for the thionation reactions and synthesis of
heterocyclic compounds [11-18].

8.2 P,Ss5 in Heterocycle Synthesis

The thioanilides are reacted with NaNO, either in glacial CH;COOH or in 70%
CH;COOH to synthesize the nitrobenzotriazoles in good yield (72-83%). The
stability of nonbenzenoid thiocarbonylbenzotriazoles is generally poor. The aliphatic
nitrated thiocarbonylbenzotriazoles were synthesized by Shalaby et al. [19, 20].
Possibly, the stability improved with the presence of EWG, i.e., nitro in the benzotri-
azole ring and resulted in the isolation of aliphatic thiocarbonylbenzotriazoles. Many
aromatic and aliphatic thiocarbonyl-1H-6-nitrobenzotriazoles have been synthesized
by following the approach of Katritzky etal. [21] (Scheme 8.1). The amides (§3-99%)
were afforded regioselectively by the reaction of 4-nitro-1,2-phenylendiamines with
acid chlorides. The nucleophilicity of amino group in the para-position was lowered
by resonance and inductive effect of the nitro group, leaving the m-amino group
to attack the carbonyl of acid chloride. The intermediate amides were stirred with
phosphorus pentasulfide at rt to afford the thiocarbonyl-1H-6-nitrobenzotriazoles.
The triazinone derivative was transformed into its thio analogue utilizing
phosphorus pentasulfide, which was S-methylated and subsequently hydrazinated
followed by cyclization through its reflux with HCO,H to synthesize the 4-methyl-
1,2,4-triazolo[4',3":4,5][1,2,4]triazino[2,3-a]benzimidazole (Scheme 8.2) [22-24].
The generality of this reaction was evaluated under optimized reaction conditions.
The furan products were afforded with high efficiency by the treatment of a series of
B-ketone allenic sulfides (R = methyl) with phosphorus pentasulfide. This reaction
was not affected by the substituents on Ar. However, $-aldehyde allenic sulfide under

NH, N
NH, RCOCI /@ P,Ss /O:N\/\N
/@ — > ON NH “HONO~ O.N
A

NH, o R S R
R yield (%) R yield (%)
ethyl 84 4-methoxyphenyl 86
4-methylphenyl 98 4-bromophenyl 99
2-furanyl 95 pentyl 81
4-nitrophenyl 83 2-thienyl 91

Scheme 8.1 Synthesis of thiocarbonyl-1H-6-nitrobenzotriazoles
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Scheme 8.2 Synthesis of

Me Me
4-methyl-1,2.4- N N=
triazolo[4’,3":4,5][1,2.,4] N P,Ss N
triazino[2,3-a]benzimidazole )\ o )\ S

Z N ~ N
N H N H

Me
/N\
Mel N
N,H,, HCO,H, heat . /)\ N N 1/\1
\;N

the same conditions could not be converted into furan product. The furan products
were obtained with high efficiency when B-carbonyl allenic sulfides were cyclized
with base. Besides, furan derivatives were obtained when B-ketone allenic sulfides
were cyclized in the presence of phosphorus pentaoxide (Scheme 8.3) [25].

It was assumed that Paal thiophene synthesis took place via initial synthesis of
furan through dehydration of 1,4-diketone, and after that furan was converted into
thiophene because furans were generally isolated as side-products in the Paal thio-
phene synthesis. Campaigne and Foye [26] in 1952 were capable to prove that Paal
thiophene synthesis could not take place through furan intermediate. It occurred
through the formation of thione. The parallel experiments were conducted to verify
this. The reactions of 2,5-hexanedione and 1,2-dibenzoylethane with phosphorus
pentasulfide and the reactions of 2,5-dimethylfuran and 2,5-diphenylfuran under
Paal thiophene synthesis conditions were compared. A greater yield of thiophene
was obtained by the reactions using diketones suggesting that the furan was not an
important intermediate in the reaction route, but rather a side-product (Scheme 8.4)
[27].

Many synthetic approaches have been reported for the synthesis of various substi-
tuted thiophenes. An approach reported by Paal [28] was used for the formation of
1-phenyl-5-methylthiophene from 1-phenyl-1,4-pentadione with P,Ss as the sulfur
source (Scheme 8.5).

Tanaka and coworkers [29] in 1982 have described the chemoselective reaction of
ethoxalylaminoacetophenone with P,Ss to provide the ethyl 5-phenyl-1,3-thiazole-
2-carboxylate (Scheme 8.6) [30, 31].

The modified conditions were reported by Erlenmeyer [32], which avoided the
requirement to preform the thioamide (Scheme 8.7). This approach suffered from
moderate yields.

Scheme 8.3 Synthesis of —C= 3 Ar
furans PhS 0.6 eq. P,Ss;
PhMe, 100 °C / \
_—
Ar o 76-88% H,C o CH,
H,C

Ar = 4-BrCgH,, Ph, 4-CIC¢H,, 3,4-CIC¢H;, 3-MeC¢H,
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Scheme 8.4 Synthesis of

o
thiophenes R R o
R)J\/\”/ \Q/ R
I L/

lpzs5 lPZSS
R=CH;  70% 13%
R=Ph 25% 0%

o
CH
3 P,Ss S
/
o _—cH,

Scheme 8.5 Synthesis of 1-phenyl-5-methylthiophene

H o 7 N
H, | I P,S, CHCI, | o
C—C -N—C—C—0CH; — S P

flux
b4 :
ben,

Scheme 8.6 Synthesis of ethyl 5-phenyl-1,3-thiazole-2-carboxylate
R. S
o ? R Ry
Rz AC20, PZSS; \ /
+ Cl > N
R, NH, toluene
o R,

Scheme 8.7 Synthesis of thiazoles

A modification of Robinson Gabriel oxazole synthesis included the heating of
reagents in the presence of P, S5 or sulfur to provide the thiazole product (Scheme 8.8)

o

S
(0] P,Sor S R; R,
IR (i
Ry R, al heat N
R,

R,

Scheme 8.8 Synthesis of thiazoles
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[33].

In 1961 [34], the chemical structure of D-luciferin, isolated from firefly tails,
was proposed and further confirmed by synthesis (Scheme 8.9) [35]. The D-
luciferin was obtained in 9% yield from p-anisidine in nine steps. The 2-cyano-
6-hydroxybenzothiazole is the key intermediate for the formation of D-luciferin.
The starting compound p-anisidine, via intermediates, is converted into thio acid,

NH,
N__o
ethyl oxalate, 180 °C P,Ss, reflux
> —_—
5 min 40 min
58% \0 o)
O
H
N S
NaOH
"C then HCI
O (0] OH
K;Fe(CN)z/OH", N (0]
<10 °C, 15 min; \: ( CH,N,, 0 °C
— >
(76% crude, ~ 15 min
no isolation in steps b-d) o § OH 40%
anhyd. N 0
/@E : < _NHyMeOH \> {
heat 30 min
100% o S NH,
N 0
POCIl;, reflux, 15 min \ —n PyHCL, 200 °C,1 h
56% o 62%
~ o S
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Scheme 8.9 Synthesis of 2-(6-hydroxybenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic
acid
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in turn cyclized to 6-methoxybenzothiazole-2-carboxylic acid. The 2-cyano-6-
hydroxybenzothiazole was synthesized in four steps from this benzothiazole deriva-
tive. The key intermediate 2-cyano-6-hydroxybenzothiazole, for the formation of D-
luciferin, was synthesized almost quantitatively by the reaction of D-cysteine, in situ
synthesized by the reduction of D-cysteine [36].

The 2-methoxy-3,4,5,6-tetrafluorobenzoic acid was synthesized [37] and
reacted (without purification) with SOCI, to provide the acid chloride. The
amide was provided by the reaction of this chloride with pentafluoroaniline,
which was transformed into 4,5,6,7-tetrafluoro-2-(2-methoxyphenyl)benzothiazole
through cyclization with P,Ss, and after that the ligand 4,5,6,7-tetrafluoro-2-(2-
hydroxyphenyl)benzothiazole was provided by demethylation with boron tribromide
(Scheme 8.10).

The formation of half fluorinated ligand 2-(2-hydroxyphenyl)-4,5,6,7-
tetrafluorobenzothiazole was similar to the fully fluorinated ligand, except that

o

F F F
Mg(OMe),, DMF 2 socy,
F — = > F —_—
OH OH
F F
\ " e )
E B HZNQF o F .
o
' F F FAQ_{
- HN—% :>—F
¥ . F ¥
F ¥

¥ ] F
F
N
P,Ss N\ F BBr;, DCM;
_—— _—
toluene, reflux H,0
F S
F F F
F HO F
F N
N F
F S
F F F

Scheme 8.10 Synthesis of 4,5,6,7-tetrafluoro-2-(2-hydroxy-3,4,5,6-
tetrafluorophenyl)benzothiazole
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the acylation of pentafluoroaniline took place utilizing 2-methoxybenzoyl chloride,
which was synthesized from commercially accessible 2-methoxybenzoic acid and
SOCI; (Scheme 8.11) [38].

Kuo and coworkers [39] utilized an in situ acyl chloride synthesis and late-stage
cyclization methodology toward symmetric 1,3,4-oxadiazole and 1,3,4-thiadiazole-
based calamitic liquid crystals. The 6-hydroxy-2-naphthoic acid was subjected to
Fisher esterification conditions (alcohol, acid catalyst), Williamson etherification
(bromoalkanes, K,COs, catalytic iodide salt in CH;COCH3), and hydrolysis with
base to provide the 6-alkoxy-2-naphthoic acid. The 6-alkoxy-2-naphthoic acid was
further treated with SOCI,, and after that hydrazine monohydrate in tetrahydro-
furan to provide the symmetrical 2-naphthobis-hydrazides in good yield (80%). The
bis-hydrazides were further cyclized to 1,3,4-thiadiazoles in good yield (70-74%)
utilizing phosphorus pentasulfide. This methodology shows that good yield in these
cyclization reactions can still be obtained (albeit with a 24 h reaction time) utilizing
P,Ss; however, in most of the cases, yields can be smoothly matched and reaction
time reduced significantly utilizing LR (Scheme 8.12).

)‘\© - )b
H
N F PZS;, toluene
T reflix
F F

Scheme 8.11 Synthesis of 2-(2-hydroxyphenyl)-4,5,6,7-tetrafluorobenzothiazole
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RBr,
H,S04,2 h K2C03

HO
MeOH reflux
0% acetone,
COOH CO,Me reflux,24 h

90%

Hz,11CoO KOH Hyp1Co0
R — .
C,H;O0H, reflux,
CO,Me 24 h COOH

93%
SOCl,, 4 h
955/’ Hzp41CrO
o OO 0 OC,Hypiy
2 2-182
THF, 24 h O
80% —NH

P,S5, 24 h
0% o o S O
reflux, Py e \ Q OC,Hy,41
N—N

Scheme 8.12 Synthesis of 1,3,4-thiadiazoles

8.3 P4S1¢ in Heterocycle Synthesis

8.3.1 Synthesis of Five-Membered Heterocycles

8.3.1.1 Synthesis of Five-Membered N-Heterocycles

The indoles were afforded via intermediates by the reaction of benzyl monoarylim-
ines with phosphorus pentasulfide in refluxing toluene (Scheme 8.13) [17, 40].

The diimidazolines were obtained when alkanedinitriles were reacted with
ethylenediamine and small quantity of phosphorus pentasulfide in toluene (dry) at
90 °C for 10 h (Scheme 8.14) [17, 41].

The imidazolines were obtained when a mixture of nitriles, ethylenediamine, and
phosphorus pentasulfide was irradiated under MWs (Schemes 8.15 and 8.16) [17,
42]. An irradiation (720 W) for 1.25-20 min afforded imidazolines in high yield
(86-98%).

The imidazolines were obtained when diamines were reacted with nitriles and
phosphorus pentasulfide. The imidazolines were obtained in 72-88% yield using a
small amount of phosphorus pentasulfide in the reaction of ethylenediamine with
arylaminoacetonitriles at 80 to 120 °C (Scheme 8.17) [17, 43].
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Scheme 8.13 Synthesis of indoles

N

P4Syo, |
dry toluene H N
H

NH
CN N2 ———» N
NC /\M/ + H,N 90 °C </ | 13
N

1-3 29-97%

Scheme 8.14 Synthesis of diimidazolines

N
P4S{0» MW
NH, PiSio
RCN + HZN/\/ I — R—< j
N

R = Ph, 4-MeCgH,, 4-CIC¢H,, 3-CIC¢H,, 4-MeOC¢H,, 4-Py, 3-Py, 2-Py, thien-2-yl

Scheme 8.15 Synthesis of imidazolines

P,S
RCN + HZN/\/NHZ ﬂ» \>—R—< j

R= 3-CNC6H4, 4-CNC6H4, 4-C1C6H4

Scheme 8.16 Synthesis of imidazolines

P,S10, 80 to 120 °C, N
LU REN" NN 155h /_</ :] 2HCI
2 HC1
v RHN  HN

R = Ph, 4-MeC¢H,, 4-CIC¢H,

Scheme 8.17 Synthesis of imidazolines
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A rearrangement product was synthesized by the thionation of starting material
with phosphorus pentasulfide in tetrahydrofuran at 50 °C for 3 d via a ring-opening
intermediate (Scheme 8.18) [17, 44].

The cyclic ureas were synthesized by reacting diamines with CO, (Scheme 8.19)
[17].

The amide systems containing reactive o-amine groups reacted upon addition
of phosphorus pentasulfide. The addition products were formed via intermediate
which has an o-amino system by the reaction of amides with phosphorus pentasulfide
(Scheme 8.20) [17, 45].

S

N
o <%/ NH, HN —/< E o
f‘ S NH, S \(

o P4Sqo
Dy THF, 50 °C, {\/OR 0
52%
¢ % OR

R = 2-bromo-4-methoxybenzyl

Scheme 8.18 Synthesis of imidazolidines

. co, _ PiSu/PhssbO
RHN_ _NHR
R,HN NHR, ? 80t 150 °C, 1224 h ' 2

40-85% \H/

R, = H, Me, Ph, HOCH,CH,, HOCH(CH;)CH,
R, = H, Me

Scheme 8.19 Synthesis of imidazolidines

N
n(HZC)/w& “eN n(Hzc)/w:N
\
N\

P4Sqo (. N_ /~nNH
—_— 2
CH, Py
0 reflux, 5 min S

NH, NH,

41-80% \
~ _P—SsH

phH,cs” N

SCH,Ph

Scheme 8.20 Synthesis of imidazodiazaphosphinines
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The  triazolam, 8-chloro-6-(2'-chlorophenyl)-1-methyl-4H-s-triazolo[4,3-
a][1,4]benzodiazepine, was prepared by a method that contains a key step of benzo-
diazepine formation by the reaction of o-aminobenzophenones with a-amino acid
derivatives. The 7-chloro-5-(2-chlorophenyl)-2,3-dihydro-1H-1,4-benzodiazepin-
2-one was provided by the reaction of 2-amino-2’,5-dichlorobenzophenone
with glycine ethyl ester. The 7-chloro-5-(2-chlorophenyl)-2,3-dihydro-1H-1,4-
benzodiazepin-2-one was treated with P4S;y to convert the CO group into a
thiocarbonyl group to provide the 7-chloro-5-(2-chlorophenyl)-2,3-dihydro-1H-1,4-
benzodiazepin-2-thione. The acetylhydrazone, obtained by reacting cyclic thioamide
with acetylhydrazine, was cyclized into triazolam on heating (Scheme 8.21) [46-51].

H
\ o
N

H,N—CH,— COOC,Hs.HCl O \/g
> Cl —N

NH,

(0]

Cl

H
\ S
N\g
P,S O CH,CONHNH
10 (] —N 3 2

Cl
l Cl

Scheme 8.21 Synthesis of triazolam
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8.3.1.2 Synthesis of Five-Membered O-Heterocycles

The 3-furancarbothioates were obtained in 38-55% yield when ester 1,4-diketone
was reacted with phosphorus pentasulfide in xylene (Scheme 8.22) [52].

The thiophene was synthesized by the reaction of 2-benzoylbenzoic acid with
phosphorus pentasulfide in refluxing xylene for 4 h, whereas dimer was obtained by
either refluxing the same compound in benzene (dry) for 25 h or heating the mixture
neat at 115 °C for 15 min (Scheme 8.23) [17, 53].

The phenanthrene-9,10-quinone was reacted with different arylalcohols like cate-
chol (Scheme 8.24), resorcinol (Scheme 8.25), phloroglucinol (Scheme 8.26), pyro-
gallol (Scheme 8.27), 1-naphthol, and 2-naphthol (Scheme 8.28) in the presence
of phosphorus pentasulfide [54]. The dioxin, furans, disulfides, sulfides, ether, and
alcohol were obtained when the reactions were performed at 160 and 220 °C for 2 h
[17].

S
R, o
o
R H
2 CO,C,H; R, o R

Scheme 8.22 Synthesis of 3-furancarbothioates

Scheme 8.23 Synthesis of 0

1-phenylbenzothiophene and Ph

isobenzofuran Ph PyS1o =

OH Xylene, reflux, 4 h ~ §

o

or
P48, neat, dry benzene,

115 °C, 15 min; reflux, 25 h
Ph S
2
0]
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[6)
OH
PSi03
+ — > +
N,, 160 °C, 2 h
OH

Scheme 8.24 Synthesis of dioxin and furan

HO OH (0} 58%
PS105
+ —_— .
N, 160 °C,2 h

Scheme 8.25 Synthesis of furan

8.3.1.3 Synthesis of Five-Membered S-Heterocycles

Thiophene was obtained when 1,4-dicarbony 1 compounds were reacted with a source
of sulfur [55]. Paal and Knorr individually reported the starting examples of conden-
sation reactions between 1,4-diketones and primary amines which is known as Paal—
Knorr pyrrole synthesis (Scheme 8.29) [28]. The basic mechanism of this synthetic
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process included the cyclization of 1,4-diketones, either with a primary amine (Paal—
Knorr pyrrole synthesis), with a sulfur source (Paal thiophene synthesis) or through
the dehydration of diketone itself (Paal furan synthesis) [27, 56].

The 1-keto, 4-aldehydes were synthesized after the deprotection of acetal. The
cyclization reactions took place without problems for both the thiophene and the
pyrrole molecules (Scheme 8.30). The phosphorus pentasulfide in toluene and dry
ammonium carbonate was heated with 1-keto, 4-aldehyde compounds to synthesize
the heterocyclic compounds. A protected pyrrole was formed when organic amine
was utilized. The unprotected pyrroles were protected with allyl bromide (not shown).
The same result was observed if ammonium carbonate was not utilized as nitrogen
donor, but allylamine. This is an electrophilic substitution reaction that works well
with electron-rich compounds like substituted pyrrole and thiophene. In practice,
however, the Stetter reaction not proceeded on any 3-alkyl-substituted heterocyclic
carboxaldehyde that has been exposed to Stetter conditions before. This showed that
the electron-donating effect of Me group hindered the addition of cyanide to aldehyde.
No benzoin condensation was found either, and the starting materials were recovered
without any sign of reaction or side reaction (Scheme 8.31) [57].

The tetralin was utilized as a solvent for the modification of classical Paal-Knorr
synthesis (Scheme 8.32) [52]. In some cases, furans were formed as side-products.

This reaction has been employed for the formation of 2,5-heterocyclophanes
(Scheme 8.33) and 2,4-heterophanes (Scheme 8.34) [52].

The 2,5-thiophenedi-P-propionic acid was synthesized from starting material by
Paal-Knorr reaction, which was of interest for studying polymers (Scheme 8.35)
[52]. The utilization of LR enhanced the yield of 2,5-disubstituted thiophenes from
1,4-diketones.

The reaction of starting material with sulfur and morpholine at 145 °C provided
thiophene and morpholine-substituted thiophene in 11 and 8% yield, respec-
tively. The reaction of morpholine containing starting material with hydrogen
sulfide/hydrogen chloride provided morpholine-substituted thiophene in 26% yield;

N S
o 2
() - O

Reagents and conditions: (1) P,S;, toluene, (2) NH,COj; (R = H) or allylamine (R = allyl), (3)
POCI;, DMF, dichloroethane.

Scheme 8.30 Synthesis of thiophenes
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Reagents and conditions: (1) P4S;,, toluene, (2) NH,;COj3; (R = H) or allylamine (R = allyl),
(3) POCl;, DMF, dichloroethane.

Scheme 8.31 Synthesis of thiophenes

Scheme 8.32 Synthesis of

thiophenes RCOCH,CH,COR; 4

Scheme 8.33 Synthesis of o o
thiophenes X = P4Sw, 80 °C
CH2

cn))

n=3§, 51%
n=11,37%

Scheme 8.34 Synthesis of ( CH
thiophenes ( 2)% CHz
P4Sw’ C¢HsCH;
(l) R H3C

n=6, 61%
n=7,51%
n=38,70%

its reaction with phosphorus pentasulfide provided thiophene in 31% yield
(Scheme 8.36) [52].

The electrophilic addition of certain acid chlorides to ally1 or methallyl chlorides
provided f,y-dichloroketones, which afforded 2-alky- and 2,4-dialkylthiophenes
upon reaction with phosphorus pentasulfide in dimethylformamide or dioxane or
with potassium sulfide/hydrogen sulfide. The nucleophilic attack of sulfur atom on
the carbon was the key step after thionation (Scheme 8.37) [52].

The 3-acetyl-2,5-dimethylthiophene was prepared by cyclization of 1,4-
dicarbonyl compounds with P4S( or hydrogen sulfide [58], followed by acetylation
of 2,5-dimethylthiophene intermediate (Scheme 8.38).
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CgHsOC  COCgH;

Scheme 8.36 Synthesis of thiophenes

R, Tl R
I AlCI P,S 1
RCOCl + H,C=(C—CH,Cl ——> RCOCHZF_CHza ﬂ>R / \
S
al

R = CHj;, C,H;, C¢Hs, cyclohexyl, cyclopentyl, 1-Cl-cyclohexyl, 2-Cl-cyclopentyl,
4-Cl-cyclohexyl, 2-Cl-cyclohexyl
R, =H, CH;

Scheme 8.37 Synthesis of thiophenes

P4Sw /O\ A0
R, meo,  / \
=R,=CH, Ry S Ry

Scheme 8.38 Synthesis of thiophenes

The thiophenes bearing trifluoromethyl and fluorine were synthesized by the
reaction of unsaturated ketones, synthesized from hexafluoroacetone, with phos-
phorus pentasulfide (Scheme 8.39) [59]. The thiophenes were synthesized by initial
replacement of oxygen with sulfur at 120 to 140 °C followed by an intramolecular
1,5-cyclization [17].

The thiophene was provided by thionation of N-phenylacetylthiobenzamides with
phosphorus pentasulfide in boiling carbon disulfide (Scheme 8.40) [60]. A possible
mechanism was described in which, in starting, the oxo group was transformed to
thione, a tautomer was attached to the thione carbon of thione, and then the hydrogen
sulfide removal afforded intermediate. The thiophene was obtained in 37-74% yield
by intramolecular cyclization of obtained thione [17].

The reaction of y-chloroketones with phosphorus pentasulfide in DMF or dioxane
at 90 °C afforded substituted thiophenes in 65-77% yield (Scheme 8.41) [17, 61].
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The 3,4- and 2,4-thiophenedicarboxylic acids were synthesized efficiently using
1,4-dialdehydes or their acetals. However, 2,3-thiophenedicarboxylic acid was
obtained in only small amounts when 2-ethoxalyl-4,4-diethoxybutyronitrile was
utilized in this reaction, and, instead, the isothiazole-fused compound was the major
product. However, 5-methyl-2,3-thiophenedicarboxylic acid was formed in 24%
yield from methyl homologue. The 2,3,4- and 2,3,5-thiophenetricarboxylic acids
were synthesized by this pathway (Schemes 8.42, 8.43, 8.44, 8.45, 8.46, and 8.47)
[52].

The oxazolinone was refluxed in xylene, which resulted in subsequent ring-
opening and further ring formation to provide the benzothiophene in 30% yield
(Scheme 8.48) [17, 62].

The PITN (poly(isothianaphthene)) was synthesized from phthalide and phthalic
anhydrate utilizing phosphorus pentasulfide (Scheme 8.49) [63-67]. The same

Shcherﬁle 8.:112 Sbynthlesis 01; ROZC(|?H—CHC02R P,Sqo HOOC / \COOH
thiophene dicarboxylic aci T N
P Y CHO CH(OR), H;0;, NaOH
35% S
OC,H,
_ PSw
H;C,0,C—C— CH,CHCO,C,Hs —————>
[ | H,0,, NaOH COOH
OC,Hs CHO 45%
Scheme 8.43 Synthesis of thiophene dicarboxylic acid
N
s7N
(C,H50),CHCH,CHCN _ PSw
S ? H,0,,NaOH /| '\
COCO,C,Hs S COOH
Scheme 8.44 Synthesis of thienoisothiazole carboxylic acid
CH;COCH,CHCO,CoHs RSy COOH
|
COCO,C,H; HzOz, NaOH  H;C 1 BCOOH
24%
Scheme 8.45 Synthesis of methylthiophene dicarboxylic acid
C,H50,CHC— CHCO,C,H; PsSio HOOCOCOOH
(C,H50),HC COCO,C,H; H,0,, NaOH COOH

34%

Scheme 8.46 Synthesis of thiophene tricarboxylic acid
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Scheme 8.47 Synthesis of thiophene tricarboxylic acid
Scheme 8.48 Synthesis of
benzothiophene
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_—
oLN xylene, reflux, 4 h
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Scheme 8.49 Synthesis of poly(isothianaphthene)

product, poly(isothianaphthene), was provided by the reactions of both phthalide
and phthalide anhydride with phosphorus pentasulfide in refluxing xylene for 20 h
[17].

The reaction time for the polymerization of phthalide was kept shorter as in the
case of phthalic anhydride. The poly(isothianaphthene) was formed only in 9% yield,
and the major product was found to be thiophthalide along with dithiophthalide in
small amount (Scheme 8.50) [17, 64].

Polymerization not occurred when the reaction time was kept shorter, like
3 h; instead thiophthalic anhydrides and dimers were formed along with
poly(isothianaphthene) in small amounts (Scheme 8.51) [64]. The polymerization of

i i PsS1o i i i i
— — + +
(0] o S (0] S S S
n

Scheme 8.50 Synthesis of poly(isothianaphthene), thiophthalide, and dithiophthalide
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P4S1o N S v/

xylene, reflux,

3h

Scheme 8.51 Synthesis of isothianaphthene

thiophthalic anhydride provided poly(isothianaphthene) in higher yield under same
reaction conditions [17].

The 1,2-diketones like benzyl (Scheme 8.52), 2,2'-thienyl (Scheme 8.53),
acenaphthenequinone (Scheme 8.54), and o-chloranil (Scheme 8.55) were reacted
with phosphorus pentasulfide in the presence of phenol at high temperatures (160
to 170 °C) to provide either fused or substituted thiophenes, although, in low yields
(1.8-25%) [17, 54].

The diphenylene sulfide was synthesized by refluxing a mixture of 2-
hydroxydiphenyl and phosphorus pentasulfide for 10 h (Scheme 8.56) [68].
Following a similar approach, the dibenzothiophene S,S-dioxide was obtained when

Ph Ph
S Ph S Ph
0, P4S;¢, phenol 14.7% . 25%
/ N\ N,170°C,2h
Ph Ph S O
O S
4%
Scheme 8.52 Synthesis of fused or substituted thiophenes
o o)
P4S;¢, phenol
S S _P4Syp, phenol AN /
\ / 160 °C 2h

Scheme 8.53 Synthesis of fused thiophene
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‘ P,S;¢, phenol O O
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Scheme 8.54 Synthesis of fused thiophene

(o) [0

Cl
a Cl HO a
Cl o
P,4S;0, phenol
—_—
N, 160°C ¢ a
Cl o 3.3% S
Cl Cl Cl
Scheme 8.55 Synthesis of fused thiophene
Scheme 8.56 Synthesis of OH S

dibenzo[b,d]thiophene
PsSyo
reflux, 10 h

2,2'-dihydroxydiphenyl was heated with phosphorus pentasulfide at 350 °C for
15 min in carbon dioxide in an autoclave (Scheme 8.57) [17].

Strained systems have been synthesized, albeit in low yields (Schemes 8.58 and
8.59) [52].

More complex and functionalized 1,4-dicarbonyl compounds have been utilized
in Paal-Knorr reactions for the formation of cyclopenta[b]thiophenes (Schemes 8.60,
8.61, and 8.62) [52].

Scheme 8.57 Synthesis of OH O\ /0
dibenzothiophene N S 7
§,S-dioxide P4S1o
0°C, 150 Q O
HO
Scheme 8.58 Synthesis of CeHs

thiophene
o P4Sqo
_—
O tetraline, 150 °C / \
6% HsCq CeHs
S

CeHs
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Scheme 8.59 Synthesis of (0} CH S
thiophene 65 H5C6\ / CeHs
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Scheme 8.60 Synthesis of cyclopenta[b]thiophenes
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Scheme 8.61 Synthesis of cyclopenta[b]thiophenes

Scheme 8.62 Synthesis of
cyclopenta[b]thiophenes COOH HOOC COOH

COC¢H; P 4S'°,

50% / \

HOOC — COC4Hs H:C CeHs
S

Capan et al. [69] prepared thienothiophenes, having p-substituted phenyl groups
at C-3, in moderate to good yields by a ring-closure reaction of monoketones with
phosphorus pentasulfide (Scheme 8.63) [70, 71].

Scheme 8.63 Synthesis of S S
thienothiophenes \>§ P4S;¢, heat / \ /
_—
/ &0 6594%
S S R

R = CHs, 4-CH;0C¢H,, 4-NO,C¢H,, 4-BrC¢H,,
4-NH,C¢Hy, 4-(N(CH3),)CsHy
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The tetrabenzoylethane was reacted in three-step pathway to provide the
tetraphenylthieno[3,4-c]thiophene in 38% overall yield. A double ring-closure
using phosphorus pentasulfide afforded 4,6-dihydro-1,3,4,6-tetraphenylthieno[3,4-
c]thiophene. The reaction of 4,6-dihydro-1,3,4,6-tetraphenylthieno[3,4-c]thiophene
with sodium periodate afforded sulfoxide in 96% yield. The dehydration with
Ac;0 afforded isolable “nonclassical” thienothiophene in 87% yield (Scheme 8.64)
[71-73].

Ozturk et al. [74-76] reacted 1,8-diketones with phosphorus pentasulfide to
prepare the DDTs, having aryl units (Ph, 4-BrCgHy4, 4-MeOCgH4, and 4-O,NCgHy)
in 53-95% yield (Scheme 8.65). The dithienothiophene was reacted with Ag salt for
the synthesis of a silver-epoxy nanocomposite [77]. The electron transfer reaction was
successful between photo-excited dithienothiophene and the Ag salt under visible
light irradiation [78]. Osken et al. [79, 80] also prepared dithienothiophene having
2-thienyl, and conducted its electro-copolymerization with ethylenedioxythiophene
(EDOT) on a glassy carbon electrode (GCE) and platinum electrodes. The mechanism
of the synthesis of dithienothiophene using phosphorus pentasulfide showed that the
attack of CO oxygen on the phosphorus atom of phosphorus pentasulfide occurred
resulting in an electrophilic carbon, of which, in turn, intramolecular attack from a-
position of the thiophene generated an intermediate and then the dithienothiophene
[71, 81].

Paal-Knorr approach has been beneficial for the formation of nonclassical
thienothiophenes (Scheme 8.66). It was interesting to note that tetrabenzoylethane
in xylene afforded cis- and frans-dihydro compounds, on the other hand, in pyridine,
the nonclassical compound was formed [52].

Scheme 8.64 Synthesis of Ph
thienothiophene Bz PaSi0, Xylene,

heat NalO Nalo,
> < T a6% T96%

Ph

ACZO
7%
:</ S S \>: P,S;y, toluene,
heat
o~ Z/S\i =0 \ [ /

R = Ph, 4-MeOC¢H,, 4-BrC¢H,, 4-NO,C¢H,, 2-thienyl

Scheme 8.65 Synthesis of dithienothiophenes
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Scheme 8.66 Synthesis of thienothiophenes

One more example is the formation of thienodiazole from 3,4-dibenzoyl-1,2,5-
thiadiazole in 53% yield (Scheme 8.67) [52].

The dicarbonyl compound was treated with phosphorus pentasulfide in refluxing
dioxane for 4 h to provide the dithiolactone (Scheme 8.68) [17, 82].

A short, convenient, and robust method was described to prepare the 8-alkyl-2-
(het)arylthieno[2,3-b]indoles from 1-alkylisatins and the acetylated (hetero)arenes
which are readily available reagents, including commercially accessible ones. It
is well known that the reaction of isatins with methyl ketones afforded aldol-type
adducts under catalysis of mild bases, like secondary or tertiary amines. These
adducts were dehydrated smoothly with acidic agents to provide the crotonic conden-
sation products, 3-(2-oxo0-2-(hetero)arylethylidene)indolin-2-ones, which underwent
reduction of carbon—carbon double bond with Na,S,04 [83], hydrogen/palladium
over carbon [84] or trimethylphosphine-water [85] into indolin-2-ones. The indolin-
2-ones having 4-oxobutyramide (1,4-dicarbonyl derivative) fragment were cyclized

Scheme 8.67 Synthesis of S
thienothiadiazole CeHs0C COCgH; HsCq CeHs
T PsS1o \ /
N N dioxane
AN S s N Sz N
S
H S
(0]
S
N\ o P,S 10, dioxane
49100 \
_—
reflux, 4 h
N N
\ \
Me Me

Scheme 8.68 Synthesis of 4-methyl-3-pentyl-3,4-dihydro-1H-thieno[3,4-b]indole-1-thione
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into thieno[2,3-b]indole by Paal-Knorr reaction with thionation agents such as phos-
phorus pentasulfide or LR. This four-step pathway to thieno[2,3-b]indoles through
the synthesis of indoline-2-ones from isatins and methyl ketones has been realized
earlier [86, 87]. In particular, the reaction of unsubstituted isatin with CH;COCHj
afforded 2-methyl-8 H-thieno[2,3-b]indole in 15% yield (Scheme 8.69). Although it
appeared to be a very harmonious methodology, it has hardly a noteworthy synthetic
interest, since the desired compounds were obtained in low yields from isatins and
ketones in four steps [88].

Although thionation of indolin-2-one took place with phosphorus pentasulfide
[87], different by-products were formed (Scheme 8.70) [89, 90]. The indoline-2-
thione was obtained in 65% yield along with the side-products as major and minor
products, respectively, when indolin-2-one was reacted with phosphorus pentasulfide
in refluxing benzene for 2 h. The amount of by-products enhanced to 45% when
the reaction was performed in xylene. The by-products were formed through the
formation of an indoline-2-thione intermediate [17].

The fused thiophene was directly obtained during the formation of thioketones
from (2-haloaryl)ketones utilizing phosphorus pentasulfide as a thionation reagent,
as the 2-halophenyl group was replaced by 2-chloropyridyl group (Scheme 8.71)
[17,91].

The reaction of 3,4-dibenzoylpyrazole, which is a 1,4-diketone, with phosphorus
pentasulfide in refluxing dry pyridine for 5 h provided thienopyrazole in 85% yield,
and the resonance structures are depicted in Scheme 8.72 [17, 92].

R,
o
o) ~ Me
3 steps PyS1o \ S
------- o
N
\ \ N
R, R,
(o)
base )J\ [H]
Me R,
R,=H
R 1
Ry 2 R, = Me
o (0]
OH H*
9 "hHo o
N N
\
R, R,

Scheme 8.69 Synthesis of 2-methyl-8 H-thieno[2,3-b]indole
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Scheme 8.72 Synthesis of thienopyrazole

The fused thiophenes were obtained in 38-64% yield by reacting vy-
hydroxycarbonyls with P4S;q in refluxing pyridine (Scheme 8.73) [17, 93].

The fused thiophene was afforded by the treatment of a more complex Y-
hydroxycarbonyl with phosphorus pentasulfide in thioacetamide (Scheme 8.74) [17,
94, 95].

The reaction of both unsaturated carbonyls [96] and Mannich bases provided
thiophenes fused to 1,2,4-triazines (Schemes 8.75 and 8.76) [17].

The reaction of 1,2-diketone bearing two indole functionalities with phosphorus
pentasulfide in refluxing pyridine provided thiophene derivative, albeit in low yield
(9.5%). The X-ray crystallography was performed to determine the structure of
thiophene (Scheme 8.77) [17, 97].
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Scheme 8.73 Synthesis of thienoquinoxalines
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Scheme 8.74 Synthesis of pyridothienopyrazine
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Scheme 8.75 Synthesis of thieno-1,2,4-triazines
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Scheme 8.76 Synthesis of thieno-1,2,4-triazines
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PsSyo

Py, reflux, 3 h
9.5%

Scheme 8.77 Synthesis of fused thiophene

8.3.1.4 Synthesis of Five-Membered S,5-Heterocycles

The thione derivative 2,3-diphenylcyclopropenethione was obtained in 68% yield by
the reaction of 2,3-diphenylcyclopropenone with phosphorus pentasulfide in benzene
(dry) at 50 to 60 °C (Scheme 8.78) [98]. On the other hand, dithiolethione rather than
2,3-diphenylcyclopropenethione was obtained when 2,3-diphenylcyclopropenone
was treated with phosphorus pentasulfide [99]. Further, a rather extensive study
showed that both 2,3-diphenylcyclopropenethione and dithiolethione were formed
in equal ratios on the treatment of 2,3-diphenylcyclopropenone with phosphorus
pentasulfide in benzene at 45 °C [100]. Moreover, dithiolethione was obtained as
only product in 10% yield when the mixture was refluxed for 30 min. The thione in
15% yield and dithiolethione in trace amounts were obtained when the same reaction
was performed at rt [17].

The reaction of 2-thioxo-1,3-thiazine-4-one with phosphorus pentasulfide in hot
pyridine provided 1,2-dithiol-3-thione in 31% yield (Scheme 8.79) [17, 101].

The thionation of diacylacetamide, prepared by the reaction of diacylacetamide
with phosphorus pentaoxide, with phosphorus pentasulfide in refluxing xylene for
1 h provided 1,2-dithiole quantitatively (Scheme 8.80) [17, 102].

Scheme 8.78 Synthesis of S
2,3-diphenylcycloprop-2- o § Ph
ene-1-thione and PsS1o

4,5-diphenyl-3H-1,2- benzene. + /S
dithiole-3-thione P Ph Pk Ph Ph S

Scheme 8.79 Synthesis of o

1,2-dithiol-3-thione
PsSy1o
NH ——>
| /& Py,heat || s
/
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Scheme 8.80 Synthesis of
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Ph Ph
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The 3H-1,2-dithiole-3-thiones are pseudoaromatic heterocyclic compounds.
Many of them are pharmaceutically valuable products [103—106]. The 1,2-dithiole-
3-thiones were synthesized by reacting ketoesters with phosphorous pentasulfide
(Scheme 8.81) [107].

The S5-alkylthio-3H-1,2-dithiol-3-thiones were prepared by reacting dialkyl
malonate ester with P,S;p and sulfur in boiling xylene in the presence of 2-
mercaptobenothiazole/ZnO as a catalyst. The reaction involved the initial trans-
formation of ester moiety to thionoester groups, which underwent rearrangement
to produce the thioesters. The reaction of thioesters with phosphorus pentasulfide
resulted in cyclization to provide the substituted dithiole-3-thione through dithioester
intermediates (Scheme 8.82) [108].

The displacement of one or both of the alkylthio groups of ketene dithioacetal
provided a-oxoketene N,S-acetals or aminals, respectively. There are some reac-
tions which convert acyl ketene dithioacetals directly into functionalized heterocyclic

Scheme 8.81 Synthesis of

0 o) R
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M S
R OM. S

e ~s
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(0} o S S
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thiones RO OR RO OR

R, R,

R,

O O
RS
P4S1o =
— RS SR —> S
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compounds. For example, the reaction of a-oxo ketene dithioacetals with phosphorus
pentasulfide provided a convenient process for the formation of 3-thione-1,2-dithiols
(Scheme 8.83) [52].

The bis(2-carboxy-3-chlorophenyl)disulfur was reacted with phosphorus penta-
sulfide in refluxing xylene to provide the dithiolethione in 45% yield (Scheme 8.84)
[17, 109].

The mixture of TFA/CH3;COOH has been utilized for the cyclization of butyl-
trithiocarbonates with P4S;¢ to provide the dithiole [110]. Alternatively, the keto-
alkyldithiocarbonates were reacted with P4S;¢ in boiling decaline to synthesize the
dithiole (Scheme 8.85) [111-114].

The dithiole was afforded by an effort to thionate the ketone, containing an
epoxide moiety, the mechanism of which was suggested to involve the intermediates
(Scheme 8.86) [115]. The reaction of epoxyketone with phosphorus pentasulfide
provided a similar result where dithiole was obtained in 50% yield (Scheme 8.87)
[17,116].

Scheme 8.83 Synthesis of
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Scheme 8.85 Synthesis of dithioles
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Scheme 8.87 Synthesis of dithioles

8.3.1.5 Synthesis of Five-Membered S,S,S-Heterocycles

The thioketene having trifluoromethylsulfanyl groups was synthesized [117]. The
dimers were prepared through the formation of thioketene intermediate by the reac-
tion of acetyl chloride, carboxylic acid, and ketene with phosphorus pentasulfide in
refluxing toluene (Scheme 8.88) [17].

The 1,2,4-trithiolane is an unexpected product of phosphorus pentasulfide
obtained by the reaction of some ketones with phosphorus pentasulfide. Two cis- and
trans-trithiolanes were isolated (Scheme 8.89) along with the required thioketone in
an attempt to transform the oxo group of ketone to thio group [17, 118].

8.3.1.6 Synthesis of Five-Membered S,N-Heterocycles

The reaction of N,N-diformylaminomethyl aryl ketones with phosphorus pentasul-
fide in chloroform at 60 °C for 45-60 min synthesized arylthiazoles (Scheme 8.90)
[17, 119].

A mixture of thiazoles was obtained by the reaction of benzamidodiethoxypropi-
onate with a mixture of phosphorus pentasulfide/sulfur in carbon disulfide or xylene
(Scheme 8.91) [17, 120].

The reaction of tris(hydroxamide)s with phosphorus pentasulfide and triethy-
lamine in refluxing toluene provided tris(thiazoline)s (Scheme 8.92) [17, 121].
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Scheme 8.90 Synthesis of thiazoles
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Scheme 8.92 Synthesis of tris-thiazolines

The 1,3-dioxolane analogues of thiazole nucleosides have been synthesized
starting from thiazole derivative which in turn was easily accessible from 2,2-
diethoxyacetamide in a one-pot reaction (Scheme 8.93) [122].

Ayer and coworkers [123] have used Hantzsch reaction as a key step in the forma-
tion of natural product camalexin. The indole-3-carboxamide was treated with P4S
in benzene for 3 h to provide the indole-3-thiocarboxamide in situ, which was further
reacted with chloroacetaldehyde diethyl acetal in refluxing EtOH for 15 h to produce
the camalexin in 35% yield (Scheme 8.94).

H,N o

OEt 0 OH H,N —
PSi03 \/k/ R 2
. NH, BrCH,COCOEG o No S
to NH3/MeOH :E RO
o
o

Scheme 8.93 Synthesis of dioxolanothiazoles



8.3 P4Sjp in Heterocycle Synthesis 281

NS
CONH, S
— N
\ P4S1g, benzene, 3 h;
N CICH,CH(OC,Hy),, ethanol, AN
H reflux, 15 h
35% N

Scheme 8.94 Synthesis of camalexin

The thiazolines were obtained in 32—49% yield by the reaction of oxazolines with
phosphorus pentasulfide in refluxing DCM for a long time (140 h) (Scheme 8.95)
[17, 124].

Many 2,4-disubstituted 5-acetoxythiazoles were synthesized by reacting methyl
thiobenzoate derivatives, prepared from methyl benzoate, with racemic phenyl-
glycine. The reaction was completed utilizing a two-phase reaction mixture
containing 3 N sodium hydroxide and ether. The coupled product was reacted with
Ac,0 to synthesize the required thiazole derivatives (Scheme 8.96) [125].

The thiazoline ring was obtained in 70-77% yield by an interesting reaction
of N-aroylaziridines with phosphorus pentasulfide in refluxing toluene for 3 h
(Scheme 8.97 and 8.98) [126]. The proposed mechanism suggested the involvement
of aziridine-1-thione intermediate, which was rearranged to thiazolines [17].

The isatins were utilized for the formation of fused indole derivatives. The
reduction of I-methylisatin-3-oximes with zinc in acidic media provided an

P,S SR
/ R, 4910 <R,
Me < CH,Cl,, reflux, 140 h  Me —</
32-49%
R, =H, Et
R, =H, Bn, i-Pr
Scheme 8.95 Synthesis of thiazolines
S
o Ar o NaOH-ether, Ph N
P4S;0, HMDO . rt; | \> Ar
- MW, 150°C,1h Ac,0
A ’ ) 2
r Y Ph o) AcO S
H,N OH

Ar = C¢Hs, 4-FCgH,, 4-CH;CgH,, 4-CNCgH,, 3-CICqH,, 2-thieny] etc.

Scheme 8.96 Synthesis of 2,4-disubstituted 5-acetoxythiazoles
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acetamidooxindole, which was treated with phosphorus pentasulfide to provide the
indolothiazoles in yields ranging from moderate to good (Scheme 8.99) [127, 128].

The imidazothiazole was afforded by the reaction of hydantoin with phosphorus
pentasulfide in boiling dioxane, possibly via thionoester which provided thiazole
upon removal of EtOH (Scheme 8.100) [17, 129].

The thiazoline and thiazole heterocyclic compounds were provided by the reaction
of 1-amide-4-hydroxyl and 1-amide-4-carbonyl systems. The reaction of 1-amide-4-
halogen system with phosphorus pentasulfide provided similar results. The reaction
of y-chloro- (Scheme 8.101) and y-bromo amides (Scheme 8.102) with phosphorus
pentasulfide in pyridine at 100 °C for 2 h and neat at 145 to 150 °C (1 h) and 120 °C
(2 h), respectively, provided thiazoles [17, 130, 131].
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The thiazolopyrimidines were synthesized by the reaction of pyrimidines with
phosphorus pentasulfide in refluxing pyridine for 3 h (Scheme 8.103) [17, 132].

The GIcNAc-thiazoline triacetate was prepared in quantitative yield from
2-acetamido-2-deoxy-tetra-O-acetyl-D-glucopyranose utilizing freshly prepared
LR, 2,4-bis(4-methoxyphenyl)-1,3-dithia-2,4-diphosphetane-2,4-disulfide
(Scheme 8.104) [133]. Similarly, GalNAc-thiazoline triacetate was prepared
[134]. This thionation/cyclization reaction was based on the phosphorus penta-
sulfidle/HMDS process of Curphey [135], which minimized the amount of
phosphorus/sulfur side-products that must be removed chromatographically. The
amount of phosphorus pentasulfide relative to starting compound was enhanced to
0.4 eq. in this process to offer the thionation of the side-product, CH;COOH, and to
ensure that the reaction proceeded to completion [136].

8.3.1.7 Synthesis of Five-Membered S,N,N-Heterocycles

Dankova et al. [137, 138] synthesized cyanothioacetanilide by boiling amide with
phosphorus pentasulfide in dioxane. The 5-anilino-1,2,3-thiadiazole-4-carbonitrile
was obtained by the reaction of cyanothioacetanilide with azidobenzenesulfite. The
5-anilino-1,2,3-thiadiazole-4-carbothioamide was afforded by thiation of 5-anilino-
1,2,3-thiadiazole-4-carbonitrile with H,S (Scheme 8.105) [139].

The oxadiazolethiones were obtained in 45-64% yield by the reaction of oxadia-
zoleones with phosphorus pentasulfide in refluxing xylene (Scheme 8.106) [140]. The
oxadiazolethiones underwent rearrangement to produce the thiadiazoleones, which
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provided thiadiazolethiones [17] upon reaction with phosphorus pentasulfide under
the same conditions.

The 5-t-butyl-3-[2,4-dichloro-5-(2-propynyloxy)phenyl]-1,3,4-thiadiazol-
2(3H)-one, an arylthiadiazolone herbicide structurally related to oxadiargyl
and oxadiazon, was synthesized in high yield in two steps starting from
N-2,4-dichloro-5-(2-propynyloxy)phenyl]-N'-pivaloylhydrazine. =~ The  N-2,4-
dichloro-5-(2-propynyloxy)phenyl]-N’-pivaloylhydrazine ~was converted into
N-thiopivaloylhydrazine by treatment with P4S;¢ and later transformed into 5-z-
butyl-3-[2,4-dichloro-5-(2-propynyloxy)phenyl]-1,3,4-thiadiazol-2(3H)-one upon
reaction with trichloromethyl chloroformate in dioxane at rt for 3 h (Scheme 8.107)
[141].

The thiadiazoles were synthesized by the reaction of hydrazides and triethy-
lorthoformates with phosphorus pentasulfide in alumina (phosphorus pentasul-
fide/aluminum oxide) under MWI (Scheme 8.108) [17, 142].

The reaction of 1,3,4-oxadiazolinones with phosphorus pentasulfide in refluxing
xylene provided 1,3,4-thiadiazolo[3,2-a]benzimidazoles (Scheme 8.109) [143]. The
phosphorus pentasulfide-refluxing xylene system after an induction period of approx-
imately 10 h synthesized hydrogen sulfide which, in turn, had potential of reducing
the nitro group [144].
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Scheme 8.108 Synthesis of thiadiazoles

8.3.1.8 Synthesis of Five-Membered S,S,N-Heterocycles

The benzothiazathiolium chloride was synthesized in good yield by the addition of
chlorine to a mixture of phosphorus pentasulfide and 4-chloroaniline in Ac,O at
75 °C (Scheme 8.110) [17, 145].

The reaction of oxathiazine-S-oxides with phosphorus pentasulfide in refluxing
toluene for 1 h provided dithiazole, although it was evident that a somewhat higher
yield was obtained utilizing Lawesson’s reagent (Scheme 8.111) [17, 146].

The sodium #-amylate-mediated condensation of 2 eq. CS, with caprolactam,
when quenched with excess Mel, provided adduct. The replacement of caprolactam
with pyrrolidinone provided homolog. The tricyclic products were obtained in 60%
and 41% yield, respectively, when adduct was reacted with P4S;o followed by
perchloric acid (Scheme 8.112) [147].
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Scheme 8.111 Synthesis of dithiazole

8.3.2 Synthesis of Six-Membered Heterocycles

During the synthesis of Peripentadenia alkaloids, Michael et al. [148] was interested
to see if he could cyclize the pyrrolidine intermediate to synthesize the indolizidine
skeleton (Scheme 8.113). The intermediate was treated with 2 eq. -BuOK in THF at
rtto provide the indolizidine in 75% yield as a possible mixture of diastereomers. The
indolizidine was isolated as a mixture of diastereomers in 66% yield when the same
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THF, 0 °C, (6) t-BuOK, THF, rt, (7) -BuOK, THF, heat.

Scheme 8.113 Synthesis of indolizidine
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reaction was performed at rt followed by heating under reflux. Clearly, base-induced
elimination occurred, but instead a vinylogous cyanamide was obtained [149].

Starting from the racemic lactam, the carbonyl was thionated to provide the thio-
lactam in 81% yield. The alkylation of thiolactam with ethyl crotonate took place to
provide the ester as a mixture of diastereomers and in an unsatisfactory yield (23%).
Following the sulfide contraction and generation of the key intermediate, vinylogous
urethane, the cyclization reaction occurred and separable diastereomers were isolated
in a 1:1 ratio. Disappointingly the following two steps, reduction of the enaminone
and decarboxylation, were performed on minimal material and enough desired prod-
ucts were not recovered to provide the conclusive characterization. However, there
was a spectroscopic proof that ester indolizidinone and indolizidinone were formed.
The final step in the synthesis, defunctionalization of the keto group, was never
performed (Scheme 8.114) [150].

The compounds containing diimidazoline and dipyrimidine moieties were
prepared (Scheme 8.115) [41]. The dipyrimidines were obtained when alkanedini-
triles were treated with propylenediamine in toluene (dry) at 90 °C for 10 h in the

EtO,C

CO,Et
CO,Et
81% 23% \H T90% E)

mixture of isomers

EtO,C EtO,C

7
4
36% N gﬁ gq

Bu
separable isomers

Reagents and conditions: (1) P4S;,, THF, Na,COj3, (2) NaH, THF, ethyl crotonate, 12 h, then
reflux for S h, (3) a) ethyl bromoacetate, CH;CN, 0 °C, 12 h, b) PPh;, Et;N, 2 h, (4) a) NaOH,
H,O0, reflux, b) Ac,0, MeCN, 60 °C, (5) LiAlH,, THF, 5 h, (6) a) KOH, reflux 2 h, b) HCI,
reflux, 1 h.

Scheme 8.114 Synthesis of indolizidinone

CN
NeT Y PS10s N
1-3 dry toluene &I |
—_—
90 °C | N
89-94% 13 H
BN O O nm, N

Scheme 8.115 Synthesis of dipyrimidines
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presence of a small amount of phosphorus pentasulfide. Similar results were obtained
using Lawesson’s reagent, Sg or Na,S-9H, O in place of phosphorus pentasulfide [17].

The 1,4-diphenyltetrazine was obtained in 27% yield by the reaction of N-
phenylsydnone with phosphorus pentasulfide in dry toluene in a sealed tube at 120 °C
for 6 h (Scheme 8.116) [17, 151].

The thiopyran ring was synthesized by the reaction of diketone, containing an
o,B-unsaturated unit, with phosphorus pentasulfide in pyridine (dry) for 3-5 h at
rt (Scheme 8.117) [152]. On the other hand, trithiapentalene was provided by the
reaction of same ketone with phosphorus pentasulfide in refluxing xylene [17, 153].

The reaction of diethyl oxomalonate with phosphorus pentasulfide provided
thioxomalonate by a selective thionation of oxo group (Scheme 8.118). The
adducts were provided by trapping the thioxomalonate in situ with cyclopenta-
diene, 2,3-dimethylbuta-1,3-diene, and anthracene, respectively. The intramolecular
hetero-Diels—Alder reactions of o,B-unsaturated thioketones were performed [154,
155].

An intramolecular Diels—Alder reaction of a,B-unsaturated ketone with phos-
phorus pentasulfide in carbon disulfide provided cycloadduct, possibly via thione
intermediate (Scheme 8.119) [17, 154].

The thiopyran was obtained in 56—63% yield by the reaction of two lactam groups
with phosphorus pentasulfide in refluxing pyridine for 10 h (Scheme 8.120) [17, 156].

The reaction of thiobarbituric acid derivative with a phosphorus pentasulfide-
pyridine complex synthesized dimers containing dithiino and thiophene moieties,
respectively (Scheme 8.121) [157]. A mixture of products was obtained in 65%

Scheme 8.116 Synthesis of 0
1,4-diphenyltetrazine PSyi Van N\
gk/o dry toluene; Ph— N\ ﬂN —Ph
N—N 120°C, 6 h N
AN 27%

Scheme 8.117 Synthesis of

‘ o o
thiopyrans and P,Syy, dry Py;
dithiolo-1,2-dithioles rt 3-5h

R
=7 LT 0%
Ph R

P4S;¢, dry xylene;
reflux, 1 h
78-86%

R

Ph R
= | X 1
S——S——S
R=H,Cl
R; =Ph, 4-MeC¢H,, 4-MeOC¢H,, 4-BrC¢H,, 4-CIC¢H,
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Scheme 8.119 Synthesis of thiopyranochromene

yield when the reaction was conducted in chlorobenzene for 3 d at 130 °C [17].

The 1,2,4-trithiolane in less than 1% yield along with 1,1'-
bis(thiobenzoyl)ferrocene in 40% yield was obtained by thionation of 1,1'-
dibenzoferrocene with P4S;y in a refluxing mixture of dichlorobenzene/ethanol
(1:1) for 1 h (Scheme 8.122) [158]. The first step involved the exchange of
carbonyl oxygen with sulfur to provide the dithione and then addition of hydrogen
sulfide to two thioketones synthesized dithiol, which was oxidized to provide the
1,2,4-trithiolane [17].
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Scheme 8.121 Synthesis of dithiin and thiophene

Unexpected products including the addition of the part of phosphorus penta-
sulfide or dimerization were obtained in the case where reactive functional units
were close enough to offer the reaction with CO groups. An addition product was
provided by the reaction of tetrabutyl ammonium salt of camphor with phosphorus
pentasulfide in refluxing toluene (Scheme 8.123) [159]. The addition product was
afforded by the reaction of 1,3-diketone with phosphorus pentasulfide and lithium
carbonate in o-dichlorobenzene at 100 °C (Scheme 8.124) [160]. The dimers and
1,2,3,4-tetrathiins were synthesized by the reaction of oxo sulfenyl chlorides with
phosphorus pentasulfide in refluxing toluene for 10 h (Scheme 8.125) [17, 161].

The benzoxanzinones were converted into benzothiazinthiones in good yields
on reaction with phosphorus pentasulfide (Scheme 8.126) [162]. The mecha-
nism involved the initial thionation of CO group to afford the benzoxazinones,
which were rearranged to benzothiazinones and then second thionation synthesized
benzothiazinthiones [17].



8.3 P4Sjp in Heterocycle Synthesis 293

Ph
Ph Ph
\ P,S;0, CH,Cl/Et,0 Q_(
1:1); S S
fe (D Fe [ Fe s
Y reflux, 1 h | S S
Ph é_/<
Ph Ph
l T ox.
Ph
H,S
Fe S 2 > Fe S SH
é—{s &<
Ph
Ph
Scheme 8.122 Synthesis of 1,2,4-trithiolane and 1,1’-bis(thiobenzoyl)ferrocene
Scheme 8.123 Synthesis of S
(6R.8aR)-5,5- 14/
dimethyltetrahydro-4H-2,4a- ST\
epithio-6,8a- P,Si, toluene S S
methanobenzo[d][1,3,2]dithiaphosphinine- reflux, 16 h >
2-sulfide
-+ O
SO;NBu,

Scheme 8.124 Synthesis of

trithiadiphosphatricyclooc- o o P,S;0, Li,CO3;
tane o-dichlorobenzene
disulfide )J\/U\ o

R R 1 h, 100 °C

R = +-Bu, Ph

Different results were reported when the ester was reacted with phosphorus penta-
sulfide in different solvents like xylene (Scheme 8.127) and pyridine (Scheme 8.128)
[163]. While the dithiolactone was obtained in 25-30% yield by the reaction of ester
with phosphorus pentasulfide in refluxing xylene for 1.5 h, the thionolactone was
obtained in 50-70% yield by performing the same reaction in refluxing pyridine
[17].

A ring-closure reaction occurred by the reaction of thienothiophene, bearing esters
and amide groups ortho to each other, with phosphorus pentasulfide in pyridine [164].
Two compounds: the ring-closure and nonring-closure products were afforded by the
reaction of carboxylate starting compound with phosphorus pentasulfide in refluxing
pyridine for 20 h (Scheme 8.129). On the other hand, only ring-closure products
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Scheme 8.127 Synthesis of benzo-1,3-thiazines

were afforded by the same reactions of amide starting compound with phosphorus
pentasulfide (Scheme 8.130) [17].

The reaction of benzyl arylimines with phosphorus pentasulfide in boiling toluene
or xylene provided fused benzo- 1,4-thiazines. The reaction mechanism involved the
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F3

thionation of CO group followed by a cyclization procedure (Scheme 8.131) [17,
40].

A ring-opening of oxadiazino moiety occurred when reacted with phosphorus
pentasulfide in refluxing pyridine for 1 h (Scheme 8.132) [165]. One oxo group and
one thione group were formed in the product, which was reacted with sulfuric acid
to afford the thiadiazino ring [17].

8.3.3 Synthesis of Seven-Membered Heterocycles

The reaction of isatin with phosphorus pentasulfide in pyridine afforded
pentathiepino[6,7-b]indole (Scheme 8.133) [128, 166].

The pentathiole was formed in 7% yield by reacting isatin with phosphorus penta-
sulfide in refluxing pyridine, rather than its corresponding thiolactam (Scheme 8.134)
[167, 168]. On the other hand, the coupling product was isolated along with indirubin,
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Scheme 8.134 Synthesis of biindolinylidenes

when the reaction was carried out at 85 °C for 30 min, and heating isatin at 85 °C for
5 min and leaving at rt for 2 d provided another coupling product in 90% yield [17].

Generally, the synthesis of thioamides involved the thionation of amides with
two reagents: P4Sig [135] and LR [169]. The reaction started with the thionation
of easily accessible lactam (Scheme 8.135). Two compounds were obtained in very
good yield upon exposure of lactam to 0.25 eq. phosphorus pentasulfide and 1.7 eq.
HMDO (Curphey reagent). The minor product was characterized as the desired thio-
lactam. The hydrogen bonding to nitrogen activated the bridged lactams, which
played a prominent role in these reactions. The medium-bridged bicyclic lactams,
having an internal double bond, exhibit enhanced reactivity toward C-NC(O) bond
hydrogenolysis [170]. The cleavage of C-NC(S) bond in bridged thioamide having
a [4.3.1] ring system was suggested by Aube and Szostak [171, 172].



298

8 Phosphorus Pentasulfide in Heterocycle Synthesis

3 N|
Ph
P4s,0, HMDO;
\ t-Bu ——— > t-Bu * Ph
N toluene, 90 °C,
22h
t-Bu
conditions:
P,S;y HMDO 5% 90%

Lawesson's reagent, toluene, 110 °C,24 h  299:300 = 1:11 (70% conversion)

Scheme 8.135 Synthesis of (15,4S)-4-(¢-butyl)-6-phenyl-1-azabicyclo[4.3.1]decane-10-thione
and thiepinopyridine

References

1.

(a) N. Kaur. 2019. Ionic liquids: A versatile medium for the synthesis of six-membered two
nitrogen containing heterocycles. Curr. Org. Chem. 23: 76-96. (b) N. Kaur. 2018. Photo-
chemical reactions for the synthesis of six-membered O-heterocycles. Curr. Org. Synth. 15:
298-320. (c) N. Kaur. 2018. Perspectives of ionic liquids applications for the synthesis of
five and six-membered O,N-heterocycles. Synth. Commun. 48: 473-495. (d) N. Kaur. 2019.
Metal and non-metal catalysts in the synthesis of five-membered S-heterocycles. Curr. Org.
Synth. 16: 258-275. (e) N. Kaur. 2015. Six-membered N-heterocycles: Microwave-assisted
synthesis. Synth. Commun. 45: 1-34. (f) N. Kaur and D. Kishore. 2014. Synthesis of oxadi-
azolo, pyrimido, imidazolo and benzimidazolo containing derivatives of 1,4-benzodiazepin-
5-(4’-methylpiperazinyl)-carboxamide through phenylamino spacer. Synth. Commun. 44:
2789-2796. (g) R. Chauhan, N. Kaur, Rajendra, S. Sharma and J. Dwivedi. 2015. Appli-
cation of chalcone in synthesis of 1-(1,5-benzodiazepino) substituted analogues of indole.
Rasayan J. Chem. 8: 115-122.

. (a) N. Kaur, P. Grewal, P. Bhardwaj, M. Devi, N. Ahlawat and Y. Verma. 2020. Synthesis of

five-membered N-heterocycles using silver metal. Synth. Commun. 49: 3058-3100. (b) N.
Kaur, M. Devi, Y. Verma, P. Grewal, N.K. Jangid and J. Dwivedi. 2019. Seven and higher-
membered oxygen heterocycles: Metal and non-metal. Synth. Commun. 49: 1508-1542. (c)
N. Kaur. 2019. Applications of palladium dibenzylideneacetone as catalyst in the synthesis of
five-membered N-heterocycles. Synth. Commun. 49: 1205-1230. (d) N. Kaur, N. Ahlawat,
P. Bhardwaj, Y. Verma, P. Grewal and N.K. Jangid. 2020. Ag-Mediated synthesis of six-
membered N-heterocycles. Synth. Commun. 50: 753-795. (e) N. Kaur. 2018. Ultrasound
assisted synthesis of six-membered N-heterocycles. Mini Rev. Org. Chem. 15: 520-536. (f)
N. Kaur and D. Kishore. 2014. Synthetic strategies applicable in the synthesis of privileged
scaffold: 1,4-Benzodiazepine. Synth. Commun. 44: 1375-1413. (g) N. Kaur and D. Kishore.
2014. Peroxy acids: Role in organic synthesis. Synth. Commun. 44: 721-747.

. (a)N.Kaur, N. Ahlawat, Y. Verma, P. Grewal, P. Bhardwaj and N.K. Jangid. 2020. Cu-Assisted

C-N bond formations in six-membered N-heterocycle synthesis. Synth. Commun. 50: 1075-
1132. (b) N. Kaur, Y. Verma, P. Grewal, N. Ahlawat, P. Bhardwaj and N.K. Jangid. 2020.
Palladium acetate assisted synthesis of five-membered N-polyheterocycles. Synth. Commun.
50:1567-1621. (c) N. Kaur. 2015. Review on the synthesis of six-membered N,N-heterocycles
by microwave irradiation. Synth. Commun. 45: 1145-1182. (d) N. Kaur, N. Ahlawat, Y.
Verma, P. Grewal, P. Bhardwaj and N.K. Jangid. 2020. Metal and organo-complex promoted
synthesis of fused five-membered O-heterocycles. Synth. Commun. 50: 457-505. (e) N. Kaur,
N. Ahlawat, P. Bhardwaj, Y. Verma, P. Grewal and N.K. Jangid. 2020. Synthesis of five-
membered N-heterocycles using Rh based metal catalysts. Synth. Commun. 50: 137-160.
() N. Kaur and D. Kishore. 2014. Synthesis of 2-(oxadiazolo, pyrimido, imidazolo, and



References 299

10.

11.

13.

14.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

benzimidazolo) substituted analogues of 1,4-benzodiazepin-5-carboxamides linked through
a phenoxyl bridge. J. Chem. Sci. 126: 1861-1867.

M.C. Demarcq. 1990. Kinetic and mechanistic aspects of the redox dissociation of tetraphos-
phorus decasulphide in solution. J. Chem. Soc. Dalton Trans. 1: 35-39.

M.C. Demarcq. 1991. Reactivity of technical phosphorus pentasulfide. J. Ind. Eng. Chem.
Res. 30: 1906-1911.

L. Andrews, G.G. Reynolds, Z. Mielke and M. McCluskey. 1990. Infrared spectra of
tetraphosphorous decasulfide and its decomposition products in solid argon. Inorg. Chem.
29: 5222-5225.

R. Blachnik, J. Matthiesen, A. Muller, H. Nowottnick, H. Reuter and Z. Krystallogr.
1998. Refinement of the crystal structure of 1,3,5,7-thioxo-2,4,6,8,9,10-hexathia-1,3,5,7-
tetraphosphatricyclo[3.3.1.1%7]decane, tetraphosphorus decasulfide, P4S;9. New Cryst.
Struct. 213: 233-234.

T. Bjorholm and H.J. Jakobsen. 1991. Multiphase characterization of phosphorus sulfides
by multidimensional and magic angle spinning - 3'P NMR spectroscopy. Molecular
transformations and exchange pathways at high temperatures. J. Am. Chem. Soc. 113: 27-32.
L. Andrews, C. Thompson and M.C. Demarcq. 1992. Infrared spectra of phosphorus sulfides,
P4S10, P4So, and P4S7 in solid argon. Inorg. Chem. 31: 3173-3175.

Y. Tahri and H. Chermette. 1991. Electronic structures of phosphorus oxide P4O1¢ and
phosphorus sulfides P4S1g and P4S7. J. Electron Spectrosc. 56: 51-69.

R. Gigli, V. Piacente and P. Scardala. 1990. A study on the sublimation behaviour of solid
P4Sip. J. Mater. Sci. Lett. 9: 1148-1149.

. M. Davis. 1982. Sulfur transfer reagents in heterocyclic synthesis. Adv. Heterocycl. Chem.

30: 47-78.

K. Hartke and H.-D. Gerber. 1996. Tetraphosphorus decasulfide, revival of an old thionating
agent. J. Prakt. Chem. 338: 763-765.

W.M. McGregor and D.C. Sherrington. 1993. Some recent synthetic routes to thioketones and
thioaldehydes. Chem. Soc. Rev. 22: 199-204.

. P. Metzner. 1992. The use of thiocarbonyl compounds in carbon-carbon bond forming

reactions. Synthesis 12: 1185-1199.

V. Polshettiwar. 2004. Phosphorus pentasulfide (P4S1¢). Synlett 12: 2245-2246.

T. Ozturk, E. Ertas and O. Mert. 2010. A Berzelius reagent, phosphorus decasulfide (P4S1¢),
in organic syntheses. Chem. Rev. 110: 3419-3478.

Z. Brylewicz and R. Rudnicki. 1994. Investigation of the solubility of commercial tetraphos-
phorus decasulfide. Phosphorus, Sulfur, Silicon Relat. Elem. 88: 163-167.

M.A. Shalaby, C.W. Grote and H. Rapoport. 1996. Thiopeptide synthesis. a-Amino thionoacid
derivatives of nitrobenzotriazole as thioacylating agents. J. Org. Chem. 61: 9045-9048.
M.A. Shalaby and H. Rapoport. 1996. A general and efficient route to thionoesters via
thionoacyl nitrobenzotriazoles. J. Org. Chem. 61: 1065-1070.

A.R. Katritzky, R.M. Witek, V. Rodriguez-Garcia, P.P. Mohapatra, J.W. Rogers, J. Cusido,
A.A.A. Abdel-Fattah and P.J. Steel. 2005. Benzotriazole-assisted thioacylation. J. Org. Chem.
70: 7866-7881.

P. Bilek and J. Slouka. 2002. Cyclocondensation reactions of heterocyclic carbonyl
compounds VII. Synthesis of some substituted benzo[1,2,4]triazino[2,3-a]benzimidazoles.
Heterocycl. Commun. 8: 123-128.

V.P. Kruglenko, V.P. Gnidets and M.V. Povstyanoi. 2000. Synthesis of 2-methyl-1,2,4-
triazolo[4,3-d]-1,2,4-triazino[2,3-a]-benzimidazole and 2-methyl-9-phenylimidazo[1,2-b]-
1,2,4-triazolo[4,3-d]-1,2,4-triazine. Chem. Heterocycl. Compd. 36: 103-104.

K.M. Dawood and B.F. Abdel-Wahab. 2010. Synthetic routes to benzimidazole-based fused
polyheterocycles. ARKIVOC (i): 333-389.

PL. Ling, Z. Xiu, M. Jie, Z.Z. Zhen, Z. Zhe, Z. Yan and W.J. Bo. 2009. Synthesis of furan
from allenic sulfide derivatives. Sci. Chin. Ser. B: Chem. 52: 1622-1630.

E. Campaigne and W.O. Foye. 1952. The synthesis of 2,5-diarylthiophenes. J. Org. Chem.
17: 1405-1412.



300

217.

28.
29.
30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

8 Phosphorus Pentasulfide in Heterocycle Synthesis

R. Mishra, K.K. Jha, S. Kumar and I. Tomer. 201 1. Synthesis, properties and biological activity
of thiophene: A review. Der Pharma Chem. 3: 38-54.

C. Paal. 1885. Synthesis of thiophene and pyrrole derivatives. Chem. Ber. 18: 367-371.

C. Tanaka, K. Nasu, N. Yamamoto and M. Shibata. 1982. Pyrolysis of benzyl 2-
oxazolecarbamates and benzyl 4-alkylallophanates. Chem. Pharm. Bull. 30: 4195-4198.

P. Bradley, P. Sampson and A.J. Seed. 2005. Preliminary communication: The synthesis of
new mesogenic 1,3,4-thiadiazole-2-carboxylate esters via a novel ring-closure. Liq. Cryst.
Today 14: 15-18.

B. Sybo, P. Bradley, A. Grubb, S. Miller, K.J.W. Proctor, L. Clowes, M.R. Lawrie, P. Sampson
and AJ. Seed. 2007. 1,3,4-Thiadiazole-2-carboxylate esters: New synthetic methodology
for the preparation of an elusive family of self-organizing materials. J. Mater. Chem. 17:
3406-3411.

H. Erlenmeyer. 1945. Zur kenntnis der thiazol-2-carbonsdure. Helv. Chim. Acta 28: 924-925.
A. Bertram, N. Maulucci, O.M. New, S.M.M. Nor and G. Pattenden. 2007. Synthesis of
libraries of thiazole, oxazole and imidazole-based cyclic peptides from azole-based amino
acids. A new synthetic approach to bistratamides and didmolamides. Org. Biomol. Chem. 5:
1541-1553.

E.H. White, F. McCapra, G.F. Field and W.D. McElroy. 1961. The structure and synthesis of
firefly luciferin. J. Am. Chem. Soc. 83: 2402-2403.

E.H. White, F. McCapra and G.F. Field. 1963. The structure and synthesis of firefly luciferin.
J. Am. Chem. Soc. 85: 337-343.

N.P. Prajapati, R.H. Vekariya and H.D. Patel. 2015. Microwave induced facile one-pot access
to diverse 2-cyanobenzothiazole - a key intermediate for the synthesis of firefly luciferin. Int.
Lett. Chem. Phys. Astron. 44: 81-89.

L.T. Bazyl, S.P. Kisil, Y.V. Burgart, V.I. Saloutin and O.N. Chupakhin. 1999. The selective
ortho-methoxylation of pentafluorobenzoic acid - a new way to tetrafluorosalicylic acid and
its derivatives. J. Fluorine Chem. 94: 11-13.

Z.Li, A. Dellali, J. Malik, M. Motevalli, R.M. Nix, T. Olukoya, Y. Peng, H. Ye, W.P. Gillin, I.
Hernandez and P.B. Wyatt. 2013. Luminescent zinc(II) complexes of fluorinated benzothiazol-
2-yl substituted phenoxide and enolate ligands. Inorg. Chem. 52: 1379-1387.

H.M. Kuo, S.Y. Li, H.S. Sheu and C.K. Lai. 2012. Symmetrical mesogenic 2,5-bis(6-
naphthalen-2-yl)-1,3,4-thiadiazoles. Tetrahedron 68: 7331-7337.

J.-D. Charrier, C. Landreau, D. Deniaud, F. Reliquet, A. Reliquet and J.C. Meslin. 2001.
From benzil arylimines to 2H-benzo-1,4-thiazines, benzothiazoles or indoles. Tetrahedron
57: 4195-4202.

M. Machaj, M. Pach, A. Wolek, A. Zabrzenska, K. Ostrowska, J. Kalinowska-Tluscik and B.
Oleksyn. 2007. Succinonitrile activated by thiating agents as precursor of bis-cyclic amidines,
tectons for molecular engineering. Monatsh. Chem. 138: 1273-1277.

M. Moghadam, I. Mohammadpoor-Baltork, V. Mirkhani, S. Tangestaninejad, M.A. Alibeik,
B.H. Yousefi and H. Kargar. 2007. Rapid and efficient synthesis of imidazolines and
bisimidazolines under microwave and ultrasonic irradiation. Monatsh. Chem. 138: 579-583.
E.E. Korshin, L.I. Sabirova, A.G. Akhmadullin and Y.A. Levin. 1994. Aminoamidines. Russ.
Chem. B 43: 431-438.

C.A. Batty, M.K. Manthey, J. Kirk, M. Manthey and R.I. Christopherson. 1997. Synthesis
and exchange reactions of 5-alkyl-2-ox0-6-thioxo-1,2,3,6-hexahydropyrimidine-4-carboxylic
acids. J. Heterocycl. Chem. 34: 1355-1367.

D.B. Nilov, A.V. Kadushkin, N.P. Soloveva and V.G. Granik. 1995. An unexpected synthesis
of 7,8-polymethyleneimidazo-1,3,2-diazaphosphorines - heteroanalogues of mercaptopurine
derivatives. Mendeleev Commun. 5: 67-67.

J.B. Hester. 1970. Process for preparing scopine ester of di-(2-thienyl)glycolic acid,
intermediate in synthesis of tiotropium bromide and novel form thereof. Ger. Patent 2.012.190.
J.B. Hester. 1972. 1-Carbolower alkoxy-6-phenyl-4H-s-triazolo(1,4)benzodiazepine
compounds. US Patent 3701782.

J.B. Hester. 1976. 6-Phenyl-4H-s-triazolo[4,3-a][1,4]benzodiazepines. US Patent 3.987.052.



References 301

49.

50.

51.

52.

53.

54.

55.

56.
57.
58.
59.
60.
61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

G.A. Archer and L.H. Sternbach. 1969. 5-Phenyl-3H-1,4-benzodiazepine-2(1H )-thione and
derivatives thereof. US Patent 3.422.091.

G.A. Archer and L.H. Sternbach. 1964. Quinazolines and 1,4-benzodiazepines. XVI.1
Synthesis and transformations of 5-phenyl-1,4-benzodiazepine-2-thiones. J. Org. Chem. 29:
231-233.

J.B. Hester, A.D. Rudzik and B.V. Kamdar. 1971. 6-Phenyl-4H-s-triazolo[4,3-
a][l,4]benzodiazepines which have central nervous system depressant activity. J. Med.
Chem. 14: 1078-1081.

S. Gronowitz. 1985. Preparation of thiophenes by ring-closure reactions and from other
ring systems. Chemistry of heterocyclic compounds. S. Gronowitz (Ed.). Thiophene and
its derivatives. John Wiley & Sons, Inc. ISBN 0-471-38120-9 (v. 1), Volume 44.

J. O’Brochta and A. Lowy. 1939. Thio compounds derived from aroyl-o-benzoic acids. J. Am.
Chem. Soc. 61: 2765-2768.

B.J. Morrison and O.C. Musgrave. 2002. Thiones as reactive intermediates in condensations
of diketones with aromatics mediated by tetraphosphorus decasulfide. Phosphorus, Sulfur,
Silicon Relat. Elem. 177: 2725-2744.

F. Freeman, M.Y. Lee, H. Lue, X. Wang and E. Rodriguez. 1994. 1-Thia-Cope rearrangements
during the thionation of 2-endo-3-endo-bis(aroyl)bicyclo[2.2.1]hept-5-enes. J. Org. Chem. 50:
3695-3698.

J.J. Li and E.J. Corey. 2005. Name reactions in heterocyclic chemistry. John Wiley & Sons.
G.H. Degenhart. 2008. Synthesis of conjugated oligomers. PhD Thesis, Universiteit Leiden.
T. Eicher and S. Hauptmann. 1995. The chemistry of heterocycles. Georg Thieme Verlag, 76.
K. Burger, B. Helmreich and O. Jendrewski. 1994. 3-Trifluoromethylthiophens from hexaflu-
oroacetone. J. Fluorine Chem. 66: 13-14.

L.-L. Lai, D.H. Reid, S.-L. Wang and F.-L. Liao. 1994. An unexpected synthesis of thiophene
derivatives by thionation of N-phenylacetylthiobenzamides. Heteroat. Chem. 5: 479-486.
E.I. Mamedov, A.G. Ismailov, V.G. Ibragimov and R.D. Goyushov. 1983. Synthesis of 1,2-
dipyrrylethanes. Chem. Heterocycl. Compd. 19: 1243-1243.

E. Koltai and K. Lempert. 1973. The reaction of 2,5,5-triphenyl-2-oxazolin-4-one with
phosphorus pentasulfide. Tetrahedron 29: 2795-2796.

R. Vanasselt, I. Hoogmartens, D. Vanderzande, J. Gelan, P.E. Froehling, M. Aussems, O.
Aagaard and R. Schellekens. 1995. New synthetic routes to poly(isothianaphthene) I. Reaction
of phthalic anhydride and phthalide with phosphorus pentasulfide. Synth. Met. 74: 65-70.
R. Vanasselt, D. Vanderzande, J. Gelan, P.E. Froehling and O. Aagaard. 1996. New synthetic
routes to poly(isothianaphthene). II. Mechanistic aspects of the reactions of phthalic anhydride
and phthalide with phosphorus pentasulfide. J. Polym. Sci. 34: 1553-1560.

R. Vanasselt, D. Vanderzande, J. Gelan, P.E. Froehling and O. Aagaard. 2000. New synthetic
routes to poly(isothianaphthene). Synth. Met. 110: 25-30.

M. Huskic, D. Vanderzande and J. Gelan. 1998. Optimization of the reaction of phthalic
anhydride with P4S1¢. J. Acta Chim. Slov. 45: 389-395.

M. Huskic, D. Vanderzande and J. Gelan. 1999. Synthesis of aza-analogues of
poly(isothianaphthene). Synth. Met. 99: 143-147.

N.M. Cullinane, C.G. Davis and G.I. Davies. 1936. Substitution derivatives of diphenylene
sulphide and diphenylenesulphone. J. Chem. Soc. 0: 1435-1437.

A. Capan, H. Veisi, A.C. Goren and T. Ozturk. 2012. Concise syntheses, polymers, and
properties of 3-arylthieno[3,2-b]thiophenes. Macromolecules 45: 8228-8236.

A. Capan and T. Ozturk. 2014. Electrochromic properties of 3-arylthieno[3,2-b]thiophenes.
Synth. Met. 188: 100-103.

M.E. Cinar and T. Ozturk. 2015. Thienothiophenes, dithienothiophenes, and thienoacenes:
Syntheses, oligomers, polymers, and properties. Chem. Rev. 115: 3036-3140.

M.P. Cavaand G.E.M. Husbands. 1969. Tetraphenylthieno[3,4-c]thiophene. A stable nonclas-
sical thiophene. J. Am. Chem. Soc. 91: 3952-3953.

M.P. Cava, M. Behforouz, G.E.M. Husbands and M. Srinivasan. 1973. Nonclassical condensed
thiophenes. II. Tetraphenylthieno[3,4-c]thiophene. J. Am. Chem. Soc. 95: 2561-2564.



302

74

75

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

8 Phosphorus Pentasulfide in Heterocycle Synthesis

. E.Ertas and T. Ozturk. 2004. A new reaction of P4S;¢ and Lawesson’s reagent; a new method
for the synthesis of dithieno[3,2-5;2’,3’-d]thiophenes. Tetrahedron Lett. 45: 3405-3407.

. L. Osken, H. Bildirir and T. Ozturk. 2011. Electrochromic behavior of poly(3,5-bis(4-

bromophenyl)dithieno[3,2-b;2°,3’-d]thiophene). Thin Solid Films 519: 7707-7711.

1. Osken, O. Sahin, T. Ozturk, A.S. Gundogan, H. Bildirir, A. Capan, E. Ertas, M.S. Eroglu,

J.D. Wallis and K. Topal. 2012. Selective syntheses of vinylenedithiathiophenes (VDTTs)

and dithieno[2,3-5;2’,3’-d]thiophenes (DTTs); building blocks for m-conjugated systems.

Tetrahedron 68: 1216-1222.

O. Mert, E. Sahin, E. Ertas, T. Ozturk, E.A. Aydin and L. Toppare. 2006. Electrochromic

properties of poly(diphenyldithieno[3,2-b;2’,3’-d]thiophene). J. Electroanal. Chem. 591: 53—

58.

Y. Yagci, O. Sahin, T. Ozturk, S. Marchi, S. Grassini and M. Sangermano. 2011. Synthesis of

silver/epoxy nanocomposites by visible light sensitization using highly conjugated thiophene

derivatives. React. Funct. Polym. 71: 857-862.

M. Ates, I. Osken and T. Ozturk. 2012. Poly(3,5-dithiophene-2-yldithieno[3,2-5;2’,3’-

d]thiophene-co-ethylenedioxythiophene)/glassy carbon electrode formation and electro-

chemical impedance spectroscopic study. J. Electrochem. Soc. 159: E115-E121.

I. Osken, E. Sezer, E. Ertas and T. Ozturk. 2014. Electrochemical impedance spec-

troscopy study of poly[3,5-dithiophene-2-yldithieno[3,2-b;2°,3’-dJthiophene] P(Th,DTT). J.

Electroanal. Chem. 726: 36-43.

C. Ozen, M. Yurtsever and T. Ozturk. 2011. A theoretical approach to the forma-

tion mechanism of diphenyldithieno[3,2-6:2’,3’-d]thiophene from 1,8-diketone, 4,5-

bis(benzoylmethylthio)thiophene: A DFT study. Tetrahedron Lett. 67: 6275-6280.

S.-C.Lin, E-D. Yang, J.-S. Shiue, S.-M. Yang and J.-M. Fang. 1998. Indolecarbonyl coupling

reactions promoted by samarium diiodide. Application to the synthesis of indole-fused

compounds. J. Org. Chem. 63: 2909-2917.

E.M. Beccalli, A. Marchesini and T. Pilati. 1993. Synthesis of [a] annulated carbazoles from

indol-2,3-dione. Tetrahedron 49: 4741-4758.

K. Albertshofer, B. Tan and C.F. Barbas. 2012. III. Assembly of spirooxindole deriva-

tives containing four consecutive stereocenters via organocatalytic Michael-Henry cascade

reactions. Org. Lett. 14: 1834-1837.

S.-H. Cao, X.-C. Zhang, Y. Wei and M. Shi. 2011. Chemoselective reduction of isatin-derived

electron-deficient alkenes using alkylphosphanes as reduction reagents. Eur. J. Org. Chem.

14: 2668-2672.

J. Levy, D. Royer, J. Guilhem, M. Cesario and C. Pascard. 1987. Benzothieno[2,3-b]indole

and pyridothiéno[2,3-b]indole. Bull. Soc. Chim. Fr. 1: 193-198.

S. Sugasawa, S. Satoda and J. Yanagisawa. 1938. Studies on the synthesis of nitrogen-ring-

compounds (X). Yakugaku Zasshi 58: 139-141.

R.A. Irgashev, A.A. Karmatsky, G.L. Rusinov and V.N. Charushin. 2015. A new and

convenient synthetic way to 2-substituted thieno[2,3-b]indoles. Beilstein J. Org. Chem. 11:

1000-1007.

T. Hino, K. Yamada and S. Akaboshi. 1970. Radiation-protective agents. V. Synthesis and

hydrolysis of 2-(2-aminoethylthio) indole derivatives. Chem. Pharm. Bull. 18: 389-391.

T. Hino, K. Tsuneoka, M. Nakagawa and S. Akaboshi. 1969. Thiation of oxindoles. Chem.

Pharm. Bull. 17: 550-558.

M.C. Willis, D. Taylor and A.T. Gillmore. 2006. Palladium-catalysed intramolec-

ular enolate O-arylation and thio-enolate S-arylation: Synthesis of benzo[b]furans and

benzo[b]thiophenes. Tetrahedron 62: 11513-11520.

K.T. Potts and D. McKeough. 1974. Nonclassical heterocycles. II. Thieno[3,4-c]pyrazole

system. J. Am. Chem. Soc. 96: 4276-4279.

A.Y. Ponomareva, D.G. Beresnev, N.A. Itsikson, O.N. Chupakhin and G.L. Rusinov. 2006.

Synthesis of [2,3-b]thieno- and furoquinoxalines by the reactions of 2-substituted quinoxalines

with acetophenones. Mendeleev Commun. 16: 16-18.

A. Sakurai and M. Goto. 1968. Die synthese des urothions. Tetrahedron Lett. 9: 2941-2944.



References 303

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

M. Goto, A. Sakurai, K. Ohta and H. Yamakami. 1967. Die struktur des urothions. Tetrahedron
Lett. 8: 4507-4511.

Y.A. Ibrahim, S.A.L. Abdel-Hady, M.A. Badawy and M.A.H. Ghazala. 1978. Synthesis of
thieno[2,3-¢]-1,2,4-triazines. J. Heterocycl. Chem. 19: 913-915.

T. Janosik, J. Bergman, B. Stensland and C. Stalhandske. 2002. Thionation of bisindole
derivatives with P4S;o or elemental sulfur. J. Chem. Soc. Perkin Trans. 1 3: 330-334.

Y. Kitahara and M. Funamizu. 1964. Some derivatives of 2,3-diphenylcyclopropenone. Bull.
Chem. Soc. Jpn. 37: 1897-1898.

A.W. Krebs. 1965. Cyclopropenylium-verbindungen und cyclopropenone. Angew. Chem. 77:
10-22.

G. Laban, J. Fabian and R. Mayer. 1968. Representation and UVS spectrum of diphenylcy-
clopropenthione. Z. Chem. 8: 414-415.

E.N. Cain and R.N. Warrener. 1970. Preparation of 1,3-thiazines: Sulphur analogues of nucleic
acid pyrimidine bases. Aust. J. Chem. 23: 51-72.

L. Capuano, G. Bolz, R. Burger, V. Burkhardt and V. Huch. 1990. Neue synthesen von 1,3-
oxazinen, thiazolen und 1,2-dithiolen. Liebigs Ann. Chem. 3: 239-243.

S.0. Lawesson, R. Shabana, J.B. Rasmussen and S.O. Olesen. 1980. Imine chemistry - II.
Tetrahedron 36: 3047-3051.

S. Moriyamma. T. Karakasa and S. Motoki. 1990. Syntheses and reactions of conjugated
dienic thioketones. Bull. Chem. Soc. Jpn. 63: 2540-2548.

H. Bartsch and T. Erker. 1992. The Lawesson reagent as selective reducing agent for
sulfoxides. Tetrahedron Lett. 33: 199-200.

H.J. Prochaska, Y. Yeh, P. Baron and B. Polsky. 1993. Oltipraz, an inhibitor of human
immunodeficiency virus type 1 replication. Proc. Natl. Acad. Sci. USA 90: 3953-3957.
Ger. Offen Patent N° 2,430,802 [CA 1975, 82, 1562581].

Ger. Qffen Patent N° 2,460,783 [CA. 1976, 85, 1238991].

L. Amoretti, F. Mossini and V. Plazzi. 1968. Preparation and antifungal properties of
1,2-benzisothiazolin-3-thiones and benzo-chloro-substituted 1,2-benzodithiol compounds.
Farmaco 23: 583-590.

N.F. Haley and M. W. Fichtner. 1980. Efficient and general synthesis of 1,3-dithiole-2-thiones.
J. Org. Chem. 45: 175-177.

D. Leaver, W.A.H. Robertson and D.M. McKinnon. 1962. The dithiole series. Part I. Synthesis
of 1,2- and 1,3-dithiolium salts. J. Chem. Soc. 0: 5104-5109.

K.M. Pazdro. 1969. Synthesis of 2,2-bis(4’,5-diphenylo-1,3-dithiolylidene). Rocz. Chem. 43:
1089-1089.

M. Narita and C.U. Pittman. 1976. Preparation of tetrathiafulvalenes (TTF) and their selenium
analogs - tetraselenafulvalenes (TSeF). Synthesis 8: 489-514.

E.M. Engler, V.V. Patel, J.R. Andersen, R.R. Schumaker and A.A. Fukushima. 1978. Organic
metals. Systematic molecular modifications of hexamethylenetetraheterofulvalene donors. J.
Am. Chem. Soc. 100: 3769-3776.

N.M. Yousif, A.EM. Fahmy, M.S. Amine, F.A. Gad and H.H. Syed. 1998. Reactions with
a,p-spiroepoxy-alkanones. Part II. Uses of spirooxiranes for the synthesis of condensed hete-
rocycles with potential biological activity. Phosphorus, Sulfur, Silicon Relat. Elem. 133:
13-20.

H.H. Sayed and M.A. Ali. 2008. Synthesis of 3-[(4-chloro-phenyl)oxiranyl]thiophen-2-yl-
propanone and their reactions with some nucleophiles for antiviral evaluations. Phosphorus,
Sulfur, Silicon Relat. Elem. 183: 156-167.

A. Haas and H.-W. Praas. 1993. Ergebnisse aus versuchen zur darstellung von
bis(trifluormethylsulphanyl)thioketen (CF3S),C-C-S. J. Fluorine Chem. 60: 153-164.

K. Okuma, S. Shibata, K. Shioji and Y. Yokomori. 2000. A new simple synthesis of cis-
and trans-3,5-di-tert-butyl-3,5-diaryl-1,2,4-trithiolanes from ketones and tetraphosphorus
decasulfide. Chem. Commun. 16: 1535-1536.

P.-W. Sheldrake, M. Matteucci and E. McDonald. 2006. Facile generation of a library of
5-aryl-2-arylsulfonyl-1,3-thiazoles. Synlett 3: 460—462.



304

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

142.

8 Phosphorus Pentasulfide in Heterocycle Synthesis

M. Saito and J. Nakayama. 2008. Sulfuration with elemental sulfur or phosphorus pentasulfide
under microwave irradiation. Sci. Synth. 39: 621-621.

X.Lu, Q. Qi, Y. Xiao, N. Li and B. Fu. 2009. A convenient one-pot synthesis of arene-centered
tris(thiazoline) compounds. Heterocycles 78: 1031-1039.

Y. Xiang, Q. Teng and C.K. Chu. 1995. Novel C-nucleoside analogs of 1,3-dioxolane:
Synthesis of enantiomeric (2’R,4’S)- and (2’S,4’R)-2-[4-(hydroxymethyl)-1,3-dioxolan-2-
yl]-1,3-thiazol-4-carboxamide. Tetrahedron Lett. 36: 3781-3784.

W.A. Ayer, PA. Craw, Y.T. Ma and S. Miao. 1992. Synthesis of camalexin and related
phytoalexins. Tetrahedron 48: 2919-2924.

R.A. Aitken, D.P. Armstrong, R.H.B. Galt and S.T.E. Mesher. 1997. Synthesis and oxidation
of chiral 2-thiazolines (4,5-dihydro-1,3-thiazoles). J. Chem. Soc. Perkin Trans. 1 6: 935-944.
Q. Qiao, R. Dominique and R. Goodnow. 2008. 2,4-Disubstituted-5-acetoxythiazoles: Useful
intermediates for the synthesis of thiazolones and 2,4,5-trisubstituted thiazoles. Tetrahedron
Lett. 49: 3682-3686.

F.A. Vingiello, M.P. Rorer and M.A. Ogliaruso. 1971. 2-(3- and 4-Benz[a]anthracen-
7-ylphenyl)-A2-thiazolines and 2-(3- and 4-anthracen-9-ylphenyl)-A2-thiazolines. A new
preparation of thiazolines. Chem. 0: 329-329.

L.D. Pinkin, V.G. Dzyubenko, P.I. Abramenko and I.S. Shpileva. 1987. Synthesis of substituted
thieno[2,3-d]thiazoles and indolo[3,2-d]thiazoles. Chem. Heterocycl. Compd. 23: 345-352.
J.EM. DaSilva, S.J. Garden and A.C. Pinto. 2001. The chemistry of isatins: A review from
1975 to 1999. J. Braz. Chem. Soc. 12: 273-324.

Y.L. Aly, A.A.El-Barbary and A.A. El-Shehawy. 2004. Alkylation of thiohydantoins including
synthesis, conformational and configurational studies of some acetylated s-pyranosides.
Phosphorus, Sulfur, Silicon Relat. Elem. 179: 185-202.

0. Uchikawa, K. Fukatsu, M. Suno, T. Aono and T. Doi. 1996. In vivo biological activity of
antioxidative aminothiazole derivatives. Chem. Pharm. Bull. 44: 2070-2077.

Z.1. Moskalenko and G.P. Shumelyak. 1974. Action of phosphorus pentasulfide on 5-
acetamidothiohydantoins and 4-bromo-5-acetamidopyrazoles. Chem. Heterocycl. Compd.
10: 813-815.

D.T. Hurst, S. Atcha and K.L. Marshall. 1991. The synthesis of some thiazolo- and
oxazolo[5,4-d]pyrimidines and pyrimidinylureas. II. Aust. J. Chem. 44: 129-134.

S. Knapp and D.S. Myers. 2001. a-GlcNAc thioconjugates. J. Org. Chem. 66: 3636-3638.
S. Knapp and D.S. Myers. 2002. Synthesis of a-GalNAc thioconjugates from an a-GalNAc
mercaptan. J. Org. Chem. 67: 2995-2999.

T.J. Curphey. 2002. Thionation with the reagent combination of phosphorus pentasulfide and
hexamethyldisiloxane. J. Org. Chem. 67: 6461-6473.

S. Knapp, R.A. Huhn and B. Amorelli. 2007. Thionation: GlcNAc-thiazoline triacetate
{(3aR,5R,6S,7R,7aR)-5-acetoxymethyl-6,7-diacetoxy-2-methyl-5,6,7,7a-tetrahydro-3aH-
pyrano[3,2-d]thiazole}. Org. Synth. 84: 68-76.

E.F. Dankova, V.A. Bakulev, A.N. Grishakov and V.S. Mokrushin. 1988. Rearrangement of
5-amino-1,2,3-thiadiazole-4-carbothioamides. Bull. Acad. Sci. USSR 37: 987-989.

E.E. Dankova, V.A. Bakulev, M.Y. Kolobov, V.I. Shishkina, Y.B. Yasman and A.T. Lebedev.
1988. Synthesis and properties of 5-amino-1,2,3-thiadiazole-4-carbothioamides. Khim.
Geterotsikl. Soedin. 9: 1269-1273.

A.A. Fadda, S. Bondock, R. Rabie and H.A. Etman. 2008. Cyanoacetamide derivatives as
synthons in heterocyclic synthesis. Turk. J. Chem. 32: 259-286.

H. Agirbas and K. Kahraman. 1998. A convenient synthesis of 3,4-disubstituted-1,2,4-
thiadiazole-5(4H )-thiones. Phosphorus, Sulfur, Silicon Relat. Elem. 134/135: 381-389.

FE. Dayan, G. Meazza, F. Bettarini, E. Signorini, P. Piccardi, J.G. Romagni and S.O. Duke.
2001. Synthesis, herbicidal activity, and mode of action of IR 5790. J. Agric. Food Chem. 49:
2302-2307.

V. Polshettiwar and R.S. Varma. 2008. Greener and rapid access to bio-active heterocycles:
One-pot solvent-free synthesis of 1,3,4-oxadiazoles and 1,3,4-thiadiazoles. Tetrahedron Lett.
49: 879-883.



References 305

143.
144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

K.H. Pilgram. 1988. Erratum. Phosphorus, Sulfur, Silicon Relat. Elem. 36: 139-139.

K.M. Dawood, N.M. Elwan and B.F. Abdel-Wahab. 2011. Recent advances on the synthesis
of azoles, azines and azepines fused to benzimidazole. ARKIVOC (i): 111-195.

Z. Zur and E. Dykman. 1975. ChemInform Abstract: Chlorination of phosphorus pentasul-
phide. Chem. Ind. London 6: 436-436.

I.M. Rafiqul, K. Shimada, S. Aoyagi, Y. Fujisawa and Y. Takikawa. 2004. Novel conversion of
6H-1,3,5-oxathiazine S-oxides into 3H-1,2,4-dithiazoles by treating with Lawesson’s reagent.
Heteroat. Chem. 15: 208-215.

B. Renfroe, C. Harrington and G.R. Proctor. 1984. Azepines Part 1. A. Rosowsky (Ed.). The
chemistry of heterocyclic compounds. John Wiley & Sons, Inc. ISBN 0-471-01878-3 (v. 1),
Volume 43.

J.P. Michael, A.S. Parsons and R. Hunter. 1989. Synthesis of two pyrrolidine alkaloids,
peripentadenine and dinorperipentadenine. Tetrahedron Lett. 30: 4879-4880.

G.L. Morgans. 2008. New routes to arylated azabicyclic systems from enaminones, and
applications to alkaloid synthesis. PhD Thesis, University of the Witwatersrand.

P.S. Cheesman. 1996. The synthesis of 3,5-disubstituted indolizidines. MSc Dissertation,
University of the Witwatersrand.

W. Baker, W.D. Ollis and V.D. Poole. 1950. 1,4-Diaryl-1,4-dihydro-1,2,4,5-tetrazines and
derived substances. J. Chem. Soc. 0: 3389-3394.

M.G. Marei. 1993. A new synthesis of 4H-thiopyran-4-thiones from acetylenic p-diketones.
Phosphorus, Sulfur, Silicon Relat. Elem. 81: 101-109.

M.G. Marei and M.M. Mishrikey. 1992. A new synthesis of 6-thiathiophthenes from acetylenic
pB-diketones. Phosphorus, Sulfur, Silicon Relat. Elem. 73: 229-234.

T. Saito, M. Nagashima, T. Karakasa and S. Motoki. 1990. Intramolecular hetero Diels-
Alder reaction of 1-thiabutadienes, 1-aryl-3-[2-(alkenyloxy)phenyl]propene-1-thiones and 2-
[2-(alkenyloxy)benzylidene]-3,4-dihydronaphthalene-1(2H)-thiones. J. Chem. Soc. Chem.
Commun. 23: 1665-1667.

G.W. Kirby and W.M. McGregor. 1990. The transient dienophile diethyl thioxomalonate and
its S-oxide (sulphine) formed by retro-Diels-Alder cleavage reactions. J. Chem. Soc. Perkin
Trans. 1 11: 3175-3181.

A.A. Alahmadi. 1997. One-flask synthesis of some new spirothiazolopyranopyrazole, spiroth-
iazolodihydropyridinopyrazole and spirothiazolothiopyranopyrazole derivatives as antimicro-
bial agents. Phosphorus, Sulfur, Silicon Relat. Elem. 122: 121-132.

S.M. Mobin, M. Taugeer, A. Mohammad, V. Mishra and P. Kumari. 2016. Thiophene-
containing thiolato dimers, oxygen inserted Cu(Il) complex, crystal structures, molecular
docking and theoretical studies. J. Coord. Chem. 69: 2015-2023.

G. Ferguson. 1990. Thionation of 1,1’-dibenzoylferrocene: Crystal and molecular structure
of 1,4-diphenyl-1,4-epithio-2,3-dithia[4](1,1)ferrocenophane. J. Chem. Soc. Dalton Trans.
12: 3697-3700.

R. Echarri, M.I. Matheu, C. Claver, S. Castillion, A. Alvarez-Larena and J.F. Piniella. 1997.
A new reaction of tetrabutylammonium camphorsulfonate with P4S;o. Synthesis and crystal
structure of the first chiral tetrathiophosphate derivative. Tetrahedron Lett. 38: 6457-6460.
S. Flanagan, H.A. Luten and W.S. Rees. 1998. Reaction of B-diketones with P4S;q to produce
novel alkyl-phosphorus-sulfur clusters. Inorg. Chem. 37: 6093-6095.

M.I. Hegab. 2007. New reactions of f-oxo sulfenyl chlorides with 2,4-bis(4-methoxyphenyl)-
1,3,2,4-dithiadiphosphetane-2,4-disulfide and phosphorus pentasulfide. Acta Chim. Solv. 54:
545-550.

B. Dash, E.K. Dora and C.S. Panda. 1982. Triethylamine solubilised phosphorous penta-
sulphide as thiation reagent: A novel route to totally thiated heterocycles. Heterocycles 19:
2093-2098.

L. Legrand and N. Lozach. 1987. ChemInform Abstract: Heterocyclic sulfur compounds.
Part 105. 1,4-Dihydro-2H-3,1,2)-benzothiazaphosphorine-2,4-dithiones. A new synthetic
route to 2-arylaminothiobenzamides and to 2-(2-arylaminophenyl)-4,5-dihydrothiazoles (or
oxazoles). Prep. Org. Chem. Fr. 18: 15.



306

164.

165.

166.

167.

168.

169.

170.

171.

172.

8 Phosphorus Pentasulfide in Heterocycle Synthesis

H. Abdel-Ghany and A. Khodairy. 2000. Synthesis of polyfused thieno(2,3-b)thiophenes.
Part 2: Synthesis of thienopyrimidine, thienothiazine, thienopyrrolopiperazine derivatives.
Phosphorus, Sulfur, Silicon Relat. Elem. 166: 45-56.

H.S. Kim, E.A. Kim, G. Jeong, Y.T. Park, Y.S. Hong, Y. Okamoto and Y. Kurasawa.
1998. Synthesis of 4H-1,3,4-oxadiazino[5,6-b]quinoxalines from 2-substituted quinoxaline
4-oxides. J. Heterocycl. Chem. 35: 445-450.

J.J. Brunet, R. Chauvin, F. Kindela and D. Neibecker. 1994. Potassium tetracarbonylhy-
dridoferrate: A reagent for the selective reduction of carbonyl groups. Tetrahedron Lett. 35:
8801-8804.

J. Bergman and C. Stalhandske. 1994. Transformation of isatin with P4Sjo to
pentathiepino[6,7-b]indole in one step. Tetrahedron Lett. 35: 5279-5282.

K. Jouve and J. Bergman. 2003. Oxidative cyclization of N-methyl- and N-
benzoylpyridylthioureas. Preparation of new thiazolo[4,5-b] and [5,4-b]pyridine derivatives.
J. Heterocycl. Chem. 40: 261-268.

T. Ozturk, E. Ertas and O. Mert. 2007. Use of Lawesson’s reagent in organic syntheses. Chem.
Rev. 107: 5210-5278.

M. Szostak and J. Aube. 2009. Direct synthesis of medium-bridged twisted amides via a
transannular cyclization strategy. Org. Lett. 11: 3878-3881.

M. Szostak and J. Aube. 2009. Synthesis and rearrangement of a bridged thioamide. Chem.
Commun. 46: 7122-7124.

M. Szostak and J. Aube. 2013. The chemistry of bridged lactams and related heterocycles.
Chem. Rev. 113: 5701-5765.



Conclusion

The heterocyclic compounds are center of focus in the field of medicinal research due
to their valuable medicinal properties. The rich structural diversity encountered in
these compounds, along with their biological and pharmaceutical importance, have
encouraged more than 100 years of research aiming at developing efficient, econom-
ical, and selective synthetic approaches for such compounds. Modern developments
in discovery and process chemistry emphasize novel sustainable synthetic pathways,
needing fast and ecologically acceptable substitutes to the classical approaches. The
development of sustainable synthetic processes to substitute the efficient but slightly
outdated classical approaches started few decades ago and such approaches are in
high demand till date.

Numerous new thionating reagents have been prepared and utilized for the forma-
tion of organosulfur compounds in the past years. The LR has become now an indis-
pensable reagent to transform the oxo groups to thio groups. Additional reagent
which has been utilized effectively to achieve the thiations is P4So.
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