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ABSTRACT

This review emphasises on the synthesis of various benzobisthiazole derivatives both linear
and angular isomers. According to the position of nitrogen and sulphur atoms in this type of
heteroarene, the linear benzobisthiazole moiety has two types of skeleton whereas the angular isomer
has three types. Additionally, this review enlightens the role of few benzobisthiazole derivatives in
biological field. Eventually a wide variety of other uses of benzobisthiazoles and their polymers are
also discussed in brief.
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1. INTRODUCTION

The importance of sulphur atoms in the living organisms is well documented.* The thiazoles
constitute an important class of heterocyclic that contains one sulphur atom. The thiazoles, both
substituted and annulated, are present in many natural and synthetic products possessing a wide
range of pharmacological activities. These molecules display, inter alia, antiviral, anti-ulcer,
antibacterial, antifungal, anticonvulsant, antiparkinsonian and anti-inflammatory activities. Some of

them are vitamin By,2°

and the bioactive natural products are camalexins (antimicrobial) and
spirobrassinins (antifungal).*

Some examples of thiazole containing synthetic drugs are the anticonvulsant riluzole, the
antischistosomal niridazole, the anthelmintic thiabendazole, the antimicrobial sulfathiazole and the
anti-HIV ritonavir.? The well known synthetic drugs famotidine and nizatidine (anti-ulcer)® also
deserve special mention. Some of the synthetic thiazolylindoles also show impressive, selective
COX-2 (cyclooxygenase) inhibitory activity.®’ The antiparkinsonian talipexole is also a well known
bioactive compound.?

Thiazole and thiazole-annulated scaffolds are among the most prominent building blocks in

8-16

chromophores with potential applications in fields such as nonlinear optics (NLO),” ™ organic light-

21,22

emitting diodes,’’ organic field-effect transistors,’**° dye-sensitized solar cells,?*? polymers,?

2627 insecticides? and antioxidants.?®

liquid crystals,?* photonucleases,” fluorescent dyes,
Among the fused thiazoles, benzothiazoles are of considerable interest as a result of their
important  biological and biophysical (nonlinear optical materials, molecular dyads,

30,31

chemosensors) properties. 2-Aryl and 2-heteroaryl substituted benzothiazoles have been studied

|33

as antitumor, antimicrobial® and antifungal agents* and as imaging agents for g-amyloid.*

Pertinently, 2-(4-aminophenyl)benzothiazoles are fast emerging as promising antitumor drugs.**®
Among the annulated thiazoles, benzobisthiazoles have been less researched; a few reports

have indicated that derivatives of these compounds show some potent biological activity. So in the

present review benzobisthiazole was chosen in order to discuss about their synthesis, biological

activity and other miscellaneous uses.
2. EXTANT SYNTHESES OF BENZOBISTHIAZOLES

Two types of linearly fused and three types of angularly fused benzobisthiazoles can, in
principle, be formed by the fusion of the thiazole and the benzothiazole nuclei. These parent tricycle
molecules are.

Linear benzobisthiazoles:

1) Benzo[1,2-d:4,5-d ]bisthiazoles (Type 1) 2) Benzo[1,2-d:5,4-d ]bisthiazoles (Type I1)
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Angular benzobisthiazoles:
3) Benzo[1,2-d:3,4-d ]bisthiazoles (Type I11) 4) Benzo[1,2-d:4,3-d ]bisthiazoles (Type 1V)
5) Benzo[1,2-d:6,5-d ]bisthiazoles (Type V)

T {00

Benzo[1,2-d:4,5-d']bisthiazole Benzo[1,2-d:5,4-d']bisthiazole
Type | Type ll

Fig. 1. Linear Benzobisthiazoles

N
S \\/s
Benzo[1,2-d:3,4-d"]bisthiazole Benzo[l,2-d_|:_4,3-d|'\]/bisthiazo|e
Type 111 F N ype

S

N

)
S
Benzo[1,2-d:6,5-d"Jbisthiazole
Type V

Fig. 2. Angular Benzobisthiazoles

All the five classes of benzobisthiazoles are in fact reported in the literature. In the majority
of the reported syntheses of these compounds, either ortho-, meta- and para-phenylenediamines or
substituted 5/6/7-aminobenzothiazoles were the starting materials. The reported syntheses of the

different classes of the benzobisthiazoles (Types 1-V) are briefly discussed in this review.
2.1 Preparation of Benzo[1,2-d:4,5-d]bisthiazoles (Type I)

In 1903, Green and Perkin® first claimed to have prepared this class of linear

benzobisthiazoles. Later, however, three different groups*®*?

proved that the benzobisthiazoles
prepared by Green and Perkin did indeed belong to the angular [1,2-d:4,3-d] series, i.e. Type IV.
These latter workers based their conclusions on UV, IR and NMR spectroscopic analyses.

The benzobisthiazoles of Type | were prepared from p-phenylenebisthiourea®® (Scheme 1)
and 5-amino-6-nitrobenzothiazole® (Scheme 2). Type | benzobisthiazoles were also prepared by
derivatisations of other benzobisthaizoles.** Some syntheses of Type | benzobisthiazoles are

discussed here.
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2.1.1 Starting from p-Phenylenebisthiourea®
Bromine-catalysed cyclisation of thioureas derived from aromatic amines is one of the oldest
(1903) methods, known as Hugershoff reaction.** This method was again brought to fore by Ambati
et al. in 1997.*° Application of Hugherschof protocotol to the synthesis of 2,6-diaminobenzo[1,2-
d:4,5-d |bisthiazole starting from p-phenylene-bisthiourea is depicted in Scheme 1.%°
NHCSNH,
i 2
rt, stir H2N<\ \>§NH2
ii) reflux, L h N s
59%

NHCSNH, 2,6-Diaminobenzo[1,2-d:4,5-d" Jbisthiazole
p-Phenylenebisthiourea

Scheme 1

2.1.2 Starting from 5-Amino-6-nitrobenzothiazole*
5-Amino-6-nitrobenzothiazole was sequentially diazotized and treated with sodium disulfide,
the resulting disulfide reductively cleaved to the corresponding aminothiophenol and finally cyclised
to form 2,6-dimethylbenzo[1,2-d:4,5-d ]-bisthiazole (Scheme 2).
i) NaNO,/HClI, cold

O.N. 6 ii) ag. Na,S,;
2 S 2 conc. alkaline soln. | O2N S
/>’CH3 3 h; 0°-70° R />*CH3
H,N™5 N -|—s N )
-Amino-2- -6-ni i Zn/HCI
5-Amino-2-methyl-6-nitrobenzothiazole AcOH, heat

5 N S\ 2 ﬁCzO/CheHs H,N s
eat, 3
H3C<\ \>CH3 e />*CH3
S N N
HS

2,6-Dimethylbenzo[1,2-d:4,5-d" Jbisthiazole
very poor yield

Scheme 2

2.2 Preparation of Benzo[1,2-d:5,4-d|bisthiazoles (Type I1)

In 1922, S.R.H. Edge*®* claimed to have prepared 2,6-dimethyl[1,2-d:5,4-d']-bisthiazole, i.e.
a member of Type II. Subsequently, it was demonstrated*®*° that the product was indeed the angular
isomer, viz. 2,7-dimethylbenzo[1,2-d:3,4-d ]-bisthiazole (Type I1I).

Various members of Type Il benzobisthiazoles were synthesised from different precursors,

viz. 1,3-phenylenediamine,®*° 2 5-diaminobenzothiazole, 1,3-dinitro-4,6-dithiocyanobenzene,*
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dinitrothioresorcinol,*® m-phenylenebisthiourea® and 1,3-dichloro-4,6-dinitrobenzene.*®** Many of
these products were further derivatised, leading to the formation of a number of other members of
this Type.*”® Some of these syntheses are shown in this review.
2.2.1 Starting from m-Phenylenediamine®®*

m-Phenylenediamine was made to undergo successive thiocynation and cyclisation, as

depicted below, to result in the formation of 2,6-diaminobenzo[1,2-d:5,4-d ]bisthiazole (Scheme 3).

i) CuSO,.5H,0+NaSCN S s
AcOH, stir HN 2<\ j@[ />6 NH,
H2N NH, i) 100°C, 30 min N N

ref. 40 I . s e
1,3-Phenylenediamine 2,6-Diaminobenzo[1,2-d:5,4-dbisthiazole

31%

Scheme 3

The corresponding bisdiethylaminoacetyl derivative was also prepared from this
benzobisthiazole.*”?

2.2.2 Starting from 2,5-Diaminobenzothiazole®
Following the same protocol as above but using 2,5-diaminobenzothiazole as the substrate,
2,6-diaminobenzo[1,2-d:5,4-d Jbisthiazole was prepared (Scheme 4).

s i) CuSO,.5H,0+NaSCN

2 \H ACOH, stir ) S S 5
> > 2= : > H2N4< >>—NH,
H,N N/ if) 100°C, 30 min \N /

N
2,6-Diaminobenzo[1,2-d:5,4-d"]bisthiazole

2,5-Diaminobenzothiazole

Scheme 4

2.2.3 Starting from 1,3-Dinitro-4,6-dithiocyanobenzene®
Preformed 1,3-Dinitro-4,6-dithiocyanobenzene was subjected to reductive cyclisation to
furnish 2,6-diaminobenzo[1,2-d:5,4-d ]bisthiazole in a low yield (Scheme 5).*° The low vyield of the
product renders this method of only academic interest.
N2 ~ SN snct,cone. HCl S S
nCl,/conc. 2 6
HoN—=X >— NH
OZN;CE NO, reflux, 2 h 2 \ND[N/ ?
1,3-Dinitro-4,6-dithiocyanobenzene 2,6-Diaminobenzo[1,2-d:5,4-dTbisthiazole

15%

Scheme 5
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2.2.4 Starting from Dinitrothioresorcinol*

2,4-Dinitrothioresorcinol was reduced and acetylated to furnish the 2,6-dimethylbenzo[1,2-

d:5,4-d]bisthiazole in a moderate yield (Scheme 6).

HS SH
|) Zn/AcOH
4 2 { CH3
O,N ||) Ac,0, heat

2.4-Dinitrothioresorcinol 2,6-Dimethylbenzo[1,2-d:5,4-d']bisthiazole
50%
Scheme 6
2.2.5 Starting from m-Phenylenebisthiourea®
m-Phenylenediamine (m-PD) dihydrochloride on thiocyanation furnished the bisthiourea

which was cyclised by Hughershoff reaction to furnish 2,6-diamino-benzo[1,2-d:5,4-d]bisthiazole
(Scheme 7).

CIHH,N" i ~NH, HCI

m-PD.2HCI
laq. NH,SCN, 100°C

i) Br,/CHCl3
rt, stir, 3h HzN_<\ >—6 NH,
HNSCHN NHCSNH, i reflux 4R
m-Phenylenebisthiourea 2,6-Diaminobenzo[1,2-d:5,4-d"Tbisthiazole
76% 56%
Scheme 7
2.2.6 Starting from 1,3-Dichloro-4,6-dinitrobenzene®*?
Various members of Type Il were prepared using 1,3-dichloro-4,6-dinitro-benzene as the

starting material using different methodologies.>**? Only one example is depicted in Scheme 8. Here

2,6-dimethylbenzo[1,2-d:5,4-d ]bisthiazole was prepared (Scheme 8).*°
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cr 3 _cl [s SZl"n
ag. Na,S, EtOH
6 4 —_—
02N N()2 heat, 1 h 02N N02
1,3-Dichloro-4,6-dinitrobenzene Polymeric sulfide
95%

i) SnCI,/HCI
ii) AcOH/Ac,O
heat, 100 h

S S

2,6-Dimethylbenzo[1,2-d:5,4-d"]bisthiazole
75%

Scheme 8

a. Preparation of Benzo[1,2-d:3,4-d']bisthiazoles (Type 111)
2.3.1 Starting from m-Phenylene Di Thioacetamide

An example of this type of benzobisthiazoles was first reported to be prepared by Edge*®®
by the oxidative ring closure of m-phenylenedithioacetamide employing Jacobson reaction.>® The
latter is the oxidative cyclisation of aryl thioamides by aqueous alkaline potassium ferricyanide to
form thiazoloarenes. But Edge wrongly identified the product as the linear molecule, 2,6-
dimethylbenzo[1,2-d:5,4-d ]-bisthiazole (Type II). Later G. Grandolini et al.*® and O. Neunhoeffer et
al.>® prepared the aforesaid molecule by two different methods (Schemes 6 and 8, respectively),
already discussed before, and found their melting points to be different from that of Edge’s
compound. They, therefore, opined that the compound prepared by Edge did indeed bear the only
possible alternative angular structure, viz. 2,7-dimethylbenzo[1,2-d:3,4-d ]bisthiazole (Type I11). The

actual experiment undertaken by Edge is represented in Scheme 9.
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AcHN NHAC H3CSCHN NHCSCHs

0 P,Ss/PhCHa, heat

N-N'-Diacetyl-m-PD m-Phenylenedithioacetamide

ag. alkaline K3[Fe(CN)g]

1lh
CH
N N 3
\ s—(2
H3C—6< >5CH3 Y
S S 2 N
HaC—~<
2,6-Dimethylbenzo[1,2-d:5,4-d"Jbisthiazole 3
Type |l (incorrect structure by Edge) ) S o
2,7-Dimethylbenzo[1,2-d:3,4-d"]bisthiazole
Type 111 (actual structure of Edge's product)
Scheme 9

2.3.2 Starting from 5/7-Aminobenzothiazoles®*°

Various benzobisthiazoles of Type 11l were prepared from 5/7-amino- benzothiazoles.>*® A
particular example is depicted in Scheme 10. Here 2-amino-7-methylbenzo[1,2-d:3,4-d ] bisthiazole
and 2-amino-5-methylbenzo[1,2-d:3,4-d ] bisthiazole, were prepared in one-pot reaction.>

S

/>1CH3

s : N
>; cH () N
HN > N/ ’ 68% 2>\,,.5

H,N
5-Amino-2-methylbenzothiazole 2-Amino-7-methylbenzo[1,2-d:3,4-d']bisthiazole

NH, H,N
7 >§N

S
i S
/>3CH3 0 __ s
70% >5 CH
N / 3
N
7-Amino-2-methylbenzothiazole 2-Amino-5-methylbenzol[1,2-d:3,4-d"Tbisthiazole

(i): NH,SCN/AcOH, O=C(NHCI), /AcOH, ice-cooled, 1-2 h
Scheme 10
2.3.3 Starting from 2-Methyl(benzothiazol-5-yl)thiourea®
2-Methyl-5-thioureidobenzothiazole was cyclised by Hugershoff reaction to furnish 2-amino-
7-methylbenzo[1,2-d:3,4-d ]bisthiazole (Scheme 11).
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S
s />l s
2 i) Bro/AcOH, rt, 15 min, stir N
%CH3 — » N
H,NSCHN 5 N 1) heat, 2 h 2>\/5
H>N
2-Methyl-5-thioureidobenzothiazole 2-Amino-7-methylbenzo[1,2-d:3,4-d"]bisthiazole

Scheme 11

2.4 Preparation of Benzo[1,2-d:4,3-d]bisthiazoles (Type 1V)
2.4.1 Starting from p-Phenylenediamine

Green and Perkin® were the first to claim to have achieved the synthesis of 2,6-disubstituted
benzo[1,2-d:4,5-d ]bisthiazoles (Type 1) starting from p-phenylenediamine (p-PD). They thionated
p-PD and assumed that the product was 1,4-diaminobenzene-2,5-dithiosulfonic acid (I). In other
words, they assumed that in the dithionated product, (i) each thiosulfonic group was ortho- to an
amino group and (ii) the two thiosulfonic acid groups were para- to each other and hence believed
that the resulting cyclised products were the aforesaid linear benzobisthiazoles, I1a and I1b (Type I).

The reactions are depicted in Scheme 12.

NH, 4
NH
) 2 1, SSO0:H /N S
i) Na,S,03, ACC;H 5 (i) — lla - R& />6R
ii) Na,Cr,04 . . - S N
f /ag. NaOH HO;S.S 4 on (i b 8
NH, rt, 2days NH, I
' a: R=CH,
p-PD b: R=Ph

(i): Ac,Olc. H,SOy, heat, few min
(ii): PhACHO/ACOH, 230-240°C, 0.5 h

Scheme 12

In the late sixties, three independent groups*®*?

synthesised 2,6-dimethyl, 2,6-diamino- and
2,6-dimethylaminobenzo[1,2-d:4,5-d ]bisthiazoles following established literature procedures. They
also repeated Green and Perkin’s work. From a consideration of the UV, IR and NMR spectra as
well as the dipole moments of both sets of benzobisthiazoles, they demonstrated that the compounds
prepared by Green and Perkin were actually the angular products, i.e. 2,7-disubstituted benzo[1,2-
d:4,3-d ] bisthiazoles (Type V).

It thus became evident from the aforesaid studies that the presumed 1,2,4,5-configuration of
the intermediate diaminobenzene dithiosulfonic acid (1) was wrong. This product had indeed the
1,2,3,4-tetrasubstituted benzene structure (111), and the resulting products were naturally the angular

isomers (IVVa,b). The actual work undertaken by Green and Perkin is represented in Scheme 13.
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R
X
N/
S

NH,
S.SO5H _ 4
ref. 39 ()
pPD —  » 2 N
or, (ii) 5
s, 37S.S0:H

w

NH, N:<7
11 v R
a: R=CHj,
()/(ii): Referred to in Scheme 12 b: R=Ph

Scheme 13
It requires to be brought to the fore that, subsequently to Green and Perkin’s work,*® some

reports®®*® came out where the authors prepared benzobisthiazoles starting from diaminobenzene
dithiosulfonic acid, following the report of Green and Perkin.** Now that the structure of the
disulfonic acid was revised, the benzobisthiazoles prepared by these workers did not have the linear
structures (Type ) claimed by them; these were actually the angular benzobisthiazoles (Type 1V).
2.4.2 Staring from 6-Aminobenzothiazole®

Two benzobisthiazoles of Type IV were prepared from 6-amino and 2-methyl-6-
aminobenzothiazoles by thiocyanation (using ammonium thiocyanate, acetic acid and dichlorourea),

followed by acid-catalysed cyclisation (Scheme 14).%

N
N NH,SCN \>,R
\ 2 AcOH/MeOH
6 }R > H,N S
s 0=C(NHCI),
H,N SCN
R=H/Me 20% HCI
reflux
N
o
N S
)+
2
H,N
Scheme 14

2.5 Preparation of Benzo[1,2-d:6,5-d ]bisthiazoles (Type V)*°
A member of this class of benzobisthiazoles was prepared by the cyclisation of ortho-
phenylenebis(N ~“methylthiourea) by cyclisation with bromine or sulphuryl chloride in chloroform

(Scheme 15).
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MeHN
i) Br, or SO,Cl,/CHCl, 2><N

NHCSNHMe ii) reflux, 1/2 h s N
\>iNHM
[
NHCSNHMe S

o-phenylenebis(N'-methylthiourea) 2,5-Dimethylaminobenzo[1,2-d:6,5-d"]bisthiazole

Scheme 15
Moreover, other members of Type V were also prepared by derivatisation of members of this

class.”®

Following the above literature in 2010 Chakrabarty et al.?* have reported a regioselective
synthesis of various 2-substituted benzobisthiazoles by more or less a unified approach starting from
6-amino-benzothiazole. The amine was converted to: (i) 2-aminobenzobisthiazole by direct
cyclisation  (ii)  2-alkylamino/anilinobenzobisthiazoles via the  corresponding  6-(N*
alkyl/phenyl)thioureidobenzothiazoles (iii) 2-alkylthio-benzobisthiazoles via the intermediacy of
alkyl (benzothiazol-6-yl)dithiocarbamates and (iv) 2-alkylbenzobisthiazoles from the N-(6-
benzothiazolyl) thioamides.

In the same year Mike et al.?* have reported the synthesis of several synthetically useful 2,6-
disubstituted benzobisthiazoles using Lewis acid as catalyst. It was a ring-closing reaction between
substituted orthoesters and diamino benzene dithiol. The resulting benzobisthiazoles were obtained
in good yields.

3. BIOLOGICAL ACTIVITY

A few references revealed that the benzobisthiazoles derivatives demonstrate potent anti-

59,43,63

inflammatory, antibacterial, antifungal and antiprotozoal activity. In general, linear

benzobisthiazoles have been found to display higher biological activity than their angular
counterparts.”®*

In 1992, Cullen et al.** have reported that 2,6-bis(N,N-diethylamino) benzo [1,2-d:5,4-d']
bisthiazole was found to inhibit the swelling of the uninjected paw in the prophylactic adjuvant

arthritis model with an EDsg of 2.3 mg/kg orally.

N N
EtZNHZCOCHN4</ \> NHCOCH,NE,
S S

2,6-bis(N,N-diethylamino)benzo[1,2-d:5,4-d"]bisthiazole
Few years later Chakrabarty et al.® have investigated the anti-inflammatory potential of
benzobisthiazole derivatives by measuring their ability to inhibit cyclooxygenase (COX). The
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64
benzobisthiazoles were screened for inhibiton of both COX-1 and COX-2 using naproxen as the

standard following a recent protocol.%’66 In the benzobisthiazole series, the methylamino derivative
was most active, the anilino and the methylthio derivatives were less active and the rest displayed
poor activity. 2-Methylthiobenzobisthiazole exhibited the best COX-2 inhibition (36%), followed by
the 2-amino derivative. Although the 2-substituted benzobisthiazoles possessed the lowest COX-1
inhibitory activity, they displayed better COX-2 inhibition. All the synthesised compounds are less
potent COX-1 and COX-2 inhibitors than naproxen.

In 2013 in another report®, angular benzobisthiazole derivatives with a benzamide
substitution (phenyl ring bearing different substitution) were recognized as novel helicase inhibitors
through high throughput screening against purified Staphylococcus aureus and Bacillus anthracis
replicative helicases. Initial investigation of structure-activity relationships (SARs) focused on the
benzamide portion of the benzobisthiazole scaffold.

In 2016, again angular benzobisthiazole moiety was identified as selective and potent

inhibitor for CLK protein kinase family members by Prak et al.

4. MISCELLANEOUS APPLICATIONS

e In 2015, it was reported that organic benzobisthiazolium ® salts bring various advantages in
the field of Non Linear Optical materials, due to their improved solubility, greater stability
(including photostability) and mainly enhanced Intramolecular Charge Transfer.

e In 2009 Ahmed et al.”” recognized that the incorporation of benzobisthiazole into a
regioregular poly(3-alkylthiophene) improve the oxidative stability by increasing the
ionization potential (IP), thermal stability, inter chain interactions and thus enhance the
charge transport properties of the polymers. The new copolymer semiconductor indeed
showed an increased ionization potential and robust thermal and air stability.

e Polybenzobisthiazole were used in electronic applications as electron transport materials’* in

organic light-emitting diodes,”> as nonlinear optical materials,”*"

76-78

and as charge

photogeneration materials in xerographic photoreceptors. Light-emitting diodes
containing polybenzobisthiazole electron transport layer were found to be stable in air for
over a period of 10 months.”™

e Materials based on benzobisthiazole units also showed other attractive electronic properties,
such as high fluorescence, thermal stability, high electron affinity, electroluminescence

79,80

properties,” and nonlinear optical properties. "*#*% As a result of these properties, such
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materials have been used as electron transport materials in OLEDs'?, charge photogeneration
materials®®’’ field-effect transistors and solar cells.***
CONCLUSION

This review article provides an extensive overview for the synthesis of various substituted

benzobisthiazoles. Few biological applications of benzobisthiazoles and its derivatives were also

brought to vanguard. Besides different uses of benzobisthiazole moiety as well as their polymers was

discussed in brief. The current review is significant and holds the promise of being useful in the

study of benzobisthiazoles.

6.

10.

REFERENCES

Fontecave M, Ollagnier-de-Choudens S, Mulliez E. Biological Radical Sulfur Insertion
Reactions. Chem. Rev. 2003; 103(6): 2149-2166.

Kleemann A. Pharmaceutical substances. 4™ edn. George-Thieme: New York; 2001.

De Souza MVN. Synthesis and biological activity of natural thiazoles : an important class of
heterocyclic compounds. J. Sulfur Chem. 2005; 26(4-5): 429-449.

Pedras MSC, Okanga FI, Zaharia IL et al. Phytoalexins from crucifers: synthesis,
biosynthesis, and biotransformation. Phytochemistry. 2000; 53(2): 161-176.

Akita H, Sutou N, Sasaki T et al. Alternative synthesis of cystothiazole A. Tetrahedron. 2006;
62(50): 11592-11598.

Faucher AM, Bailey MD, Beauliew PL et al. Synthesis of BILN 2061, an HCV NS3 Protease
Inhibitor with Proven Antiviral Effect in Humans. Org. Lett. 2004; 6(17): 2901-2904.

Woods W, Mc Croskey RW, Michaelides MR et al. Thiazole analogues of the NSAID
indomethacin as selective COX-2 Inhibitors. Bioorg. Med. Chem. Lett. 2001; 11(10): 1325-
1328.

Breitung EM, Shu CF, Mc Mahon RJ. Thiazole and Thiophene Analogues of Donor-
Acceptor Stilbenes: Molecular Hyperpolarizabilities and Structure-Property Relationships. J.
Am. Chem. Soc. 2000; 122(6): 1154-1160.

Hrobarik P, Zahradnik P, Fabian WMF. Computational design of benzothiazole-derived
push—pull dyes with high molecular quadratic hyperpolarizabilities. Phys. Chem. Chem.
Phys. 2004; 6(3): 495-502.

Hrobarik P, Sigmundova I, Zahradnik P et al. Molecular Engineering of Benzothiazolium
Salts with Large Quadratic Hyperpolarizabilities: Can Auxiliary Electron-Withdrawing
Groups Enhance Nonlinear Optical Responses?. J. Phys. Chem. C. 2010; 114(50): 22289-
22302.

IJSRR, 7(4) Oct. - Dec., 2018 Page 1062


https://www.sciencedirect.com/science/article/pii/S0960894X01002128
https://www.sciencedirect.com/science/article/pii/S0960894X01002128

Ratna Mukherjee, IISRR 2018, 7(4), 1050-1069

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ma XH, Ma F, Zhao ZH et al. Toward highly efficient NLO chromophores: Synthesis and
properties of heterocycle-based electronically gradient dipolar NLO chromophores. J. Mater.
Chem. 2010; 20(12): 2369-2380.

Raposo MMM, Castro MCR, Belsley M et al. Push-pull bithiophene azo-chromophores
bearing thiazole and benzothiazole acceptor moieties: Synthesis and evaluation of their redox
and nonlinear optical properties. Dyes Pigm. 2011; 91(3): 454-465.

El-Shishtawy RM, Borbone F, Al-Amshany ZM et al. Thiazole azo dyes with lateral donor
branch: Synthesis, structure and second order NLO properties. Dyes Pigm. 2013; 96(1): 45-
51.

Hrobarikova V, Hrobarik P, Gajdo$ P et al. Benzothiazole-Based Fluorophores of Donor-n-
Acceptor-n-Donor Type Displaying High Two-Photon Absorption. J. Org. Chem. 2010;
75(9): 3053-3068.

Hrobarik P, Hrobarikova V, Sigmundova | et al. Benzothiazoles with Tunable Electron-
Withdrawing Strength and Reverse Polarity: A Route to Triphenylamine-Based
Chromophores with Enhanced Two-Photon Absorption. J. Org. Chem. 2011; 76(21): 8726-
8736.

Belfield KD, Morales AR, Kang BS et al. Synthesis, Characterization, and Optical Properties
of New Two-Photon-Absorbing Fluorene Derivatives. J. Chem. Mater. 2004; 16(23): 4634-
4641.

Yu G, Yin SW, Liu YQ et al. Structures, Electronic States, and Electroluminescent Properties
of a Zinc(Il) 2-(2-Hydroxyphenyl) benzothiazolate Complex. J. Am. Chem. Soc. 2003;
125(48): 14816-14824.

Ando S, Murakami R, Nishida J et al. n-Type Organic Field-Effect Transistors with Very
High Electron Mobility Based on Thiazole Oligomers with Trifluoromethylphenyl Groups. J.
Am. Chem. Soc. 2005; 127(43): 14996-14997.

McEntee GJ, Vilela F, Skabara PJ et al. Self-assembly and charge transport properties of a
benzobisthiazole end-capped with dihexyl thienothiophene units. J. Mater. Chem. 2011; 21(7):
2091-2097.

Lin Y, Fan H, Li Y et al. Thiazole-based organic semiconductors for organic electronics.
Adv. Mater. 2012; 24(23): 3087-3106.

Zhang W, Feng Q, Wang ZS et al. Novel thiazolo [5,4-d] thiazole-based organic dyes for
quasi-solid-state dye-sensitized solar cells. Chem.-Asian J. 2013; 8(5): 939-946.

IJSRR,

7(4) Oct. - Dec., 2018 Page 1063


https://www.sciencedirect.com/science/article/pii/S0143720811001252
https://www.sciencedirect.com/science/article/pii/S0143720811001252
https://www.sciencedirect.com/science/article/pii/S0143720811001252
https://www.sciencedirect.com/science/article/pii/S0143720812002173
https://www.sciencedirect.com/science/article/pii/S0143720812002173

Ratna Mukherjee, IISRR 2018, 7(4), 1050-1069

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Saeki A, Tsuji M, Yoshikawa S et al. Boosting photovoltaic performance of a
benzobisthiazole based copolymer: a device approach using a zinc oxide electron transport
layer. J. Mater. Chem. A. 2014; 2(17): 6075-6080.

Wang LY, Zhang CX, Liu ZQ et al. A 2-D ladder-type polymer, Mn(NIT2-thz),Cl4(H,0),:
synthesis, crystal structure and magnetic properties. Inorg. Chem. Commun. 2003; 6(9):
1255-1258.

Al-Dujali AH, Atto AT, Atkurde AM. Synthesis and liquid crystalline properties of models
and polymers containing thiazolo [5,4-d] thiazole and siloxane flexible spacers. Eur. Polym.
J. 2001; 37(5): 927-932.

Li Y, Xu Y, Qian X, Qu B. Naphthalimide-thiazoles as novel photonucleases: molecular
design, synthesis, and evaluation. Tetrahedron Lett. 2004; 45(6): 1247-1251.

Tintcheva |, Maximova V, Deligeorgiev T et al. New asymmetric monomethine cyanine dyes
for nucleic-acid labelling: absorption and fluorescence spectral characteristics. J. Photo hem.
Photobiol. A: Chem. 2000; 130(1): 7-11.

Rueker VC, Foister S, Melander C, Dervan PB. Sequence Specific Fluorescence Detection of
Double Strand DNA. J. Am. Chem. Soc. 2003; 125(5): 1195-1202.

Wang Q, Li H, Li Y, Huang R. Synthesis and Herbicidal Activity of 2-Cyano-3-(2-
chlorothiazol-5-yl) methylaminoacrylates. J. Agric. Food. Chem. 2004; 52(7): 1918-1922.
Yanagimoto K, Lee KG, Ochi H, Shibamoto T. Antioxidative Activity of Heterocyclic
Compounds Found in Coffee Volatiles Produced by Maillard Reaction. J. Agric. Food.
Chem. 2002; 50(19): 5480-5484.

Batista RMF, Costa SPG, Malheiro EL, Belsley M, Raposo MMM. Synthesis and
characterization of new thienylpyrrolyl-benzothiazoles as efficient and thermally stable
nonlinear optical chromophores. Tetrahedron. 2007; 63(20): 4258-4265.

Reddy PVG, Lin YW, Chang H-T. Synthesis of novel benzothiazole compounds with an
extended conjugated system. ARKIVOC. 2007; (xvi): 113-122.

Mortimer CG, Wells G, Crochard JP et al. Antitumor Benzothiazoles. 26.1 2-(3,4-
Dimethoxyphenyl)-5-fluorobenzothiazole (GW 610, NSC 721648), a Simple Fluorinated 2-
Arylbenzothiazole, Shows Potent and Selective Inhibitory Activity against Lung, Colon, and
Breast Cancer Cell Lines. J. Med. Chem. 2006; 49(1): 179-185.

Akbay A, Oren I, Temiz-Arpaci O, Aki-Sener E, Yalcin I. Synthesis and HIV-1 reverse
transcriptase inhibitor activity of some 2, 5, 6-substituted benzoxazole, benzimidazole,
benzothiazole and oxazolo(4,5-b)pyridine derivatives. Arzneim.Forsch./Drug Res. 2003;
53(4): 266-271.

IJSRR,

7(4) Oct. - Dec., 2018 Page 1064


https://www.sciencedirect.com/science/article/pii/S1387700303002417
https://www.sciencedirect.com/science/article/pii/S1387700303002417
https://www.sciencedirect.com/science/article/pii/S0040403903029320
https://www.sciencedirect.com/science/article/pii/S0040403903029320
https://www.sciencedirect.com/science/article/pii/S1010603099002075
https://www.sciencedirect.com/science/article/pii/S1010603099002075
javascript:void(0);

Ratna Mukherjee, IISRR 2018, 7(4), 1050-1069

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,

46.
47.
48.
49.

Ra CS, Jung BY, Park G. The Fungicidal Benzothiazole Methoxyacrylates: Synthesis,
Conformational Analysis and Fungicidal Activity. Heterocycles. 2004; 62(1): 793-802.
Lochart A, Ye L, Judd DB et al. Evidence for the Presence of Three Distinct Binding Sites
for the Thioflavin T Class of Alzheimer's Disecase PET Imaging Agents on B-Amyloid
Peptide Fibrils J. Biol. Chem. 2005; 280(9): 7677-7684.

Bradshaw TD, Stevens MFG. The Discovery of the Potent and Selective Antitumour Agent
2-(4-Amino-3-methylphenyl) benzothiazole (DF 203) and Related Compounds. Curr. Med.
Chem. 2001; 8(2): 203-210.

Wenzel SE, Kamada AK. Zileuton: the first 5-lipoxygenase inhibitor for the treatment of
asthma. Ann. Pharmacother.1996; 30(7-8): 858-864.

Jutchinson 1, Jennings SA, Vishnuvajjala BR, Westwell AD, Stevens MFG. Antitumor
Benzothiazoles. 16.X Synthesis and Pharmaceutical Properties of Antitumor 2-(4-
Aminophenyl)benzothiazole Amino Acid Prodrugs. J. Med. Chem. 2002; 45(3): 744-747.
Green AG, Perkin AG. Polythiosulphonic acids of p-diamines. J. Chem. Soc. Trans.1903; 83:
1201-1212.

Landquist JK. Diaminobenzobisthiazoles and Related Compounds. J. Chem. Soc.(C). 1967;
2212-2220.

Kiprianov Al, Mikhailenko FA. Synthesis and structures of isomeric benzobisthiazoles.
Khim. Geterotsikl. Soedin. 1967; 3: 270; original ref.. Chem. Heterocycl. Compds. 1969;
3(4): 205-209.

Solar SL, Cox RJ, Clecak NJ, Ettinger R. Synthesis and proof of structure of 2,6-diamino-
benzo[1,2-d:4,5-d"]bisthiazole. J. Org. Chem.1968; 33(5): 2132-2133.

Cullen E, Becker R, Freter K et al. Bis Basic Substituted Diaminobenzobisthiazoles as
Potential Antiarthritic Agents. J. Med. Chem.1992; 35(2): 350-361.

Hugershoff H. Ber.1903; 36, 3121.

Ambati NB, Anand V, Hanumantha P. A Facile Synthesis of 2-N(Methyl Amino)
Benzothiazoles. Synth. Commun. 1997; 27(9): 1487-1493.

Edge SRH. Benzobisthiazoles. J. Chem. Soc. Trans. 1922; 121: 772-775.

Edge SRH. Benzobisthiazoles. 1. J. Chem. Soc. Trans.1923; 123: 153-156.

Edge SRH. Benzobisthiazoles. 111. J. Chem. Soc. Trans.1923; 123: 1011-1014.

Finzi C, Grandolini G. Gazz. Chim. Ital.1959; 89: 2543; Chem. Abstr. 1961; 55: 27841.

IJSRR,

7(4) Oct. - Dec., 2018 Page 1065


javascript:void(0);

Ratna Mukherjee, IISRR 2018, 7(4), 1050-1069

50.

51.

52.

53.

54.
55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

Neunhoeffer O, Barnikow G. Uber Benzo-bis-thiazole. Chem. Ber.1962; 95(3): 616-619.

Barnikow G, Kunzek H, Hoffmann M. Zur Kenntnis der HUGERSHOFF-Reaktion. I. Die
Cyclisierung von m-Phenylen-bis-thioharnstoff. J. Prakt. Chem.1965; 27(5-6): 271-275.
Grandolini G. Gazz. Chim. 1tal.1960; 90: 1221; Chem. Abstr. 1962; 56: 31395.

Jacobson P. Ber. Dtsch. Chem. Ges.1886; 19: 1067.

Finzi C, Grandolini G. Gazz. Chim. Ital.1959; 89: 2555; Chem. Abstr. 1961; 55: 27842.
Grandolini G, Ricci A, Martani A, Mezzetti T. Thiocyanation of amino-2-
methylbenzothiazoles. J. Het. Chem.1966; 3(3): 299-301.

Grandolini G, Ricci A, Martani A, Monache FD. Nuclear magnetic resonance of
benzobisheterocyclic compounds. J. Het. Chem.1966; 3(3): 302-310.

Grandolini G, Martani A, Fravolini A. Ann. Chim.1968; 58: 1248; Chem. Abstr. 1969; 70:
57724.

Bogert MT, Taylor WS. Researches on thiazoles. XVII. An investigation of the connection
between constitution and color in the thioflavine group. Collect. Czech. Chem.
Commun.1931; 3: 480-498.

Stephens FF, Wibberley DG. Some potential trypanocidal and antibacterial compounds in the
heterocyclic series. Part |. Benzothiazoles. J. Chem. Soc.1950; 3336-3340.

Grandolini G, Martani A, Ricci A, Bellavait C. Ann. Chim.1968; 58: 91; Chem. Abstr. 1968;
69: 19099.

Chakrabarty M, Mukherji A, Karmakar S et al. An expedient synthesis of novel 2-substituted
thiazolo [4,5-f] isoquinolines/quinolines and benzo [1,2-d:4,3-d'] bisthiazoles and their
potential as inhibitors of COX-1 and COX-2. ARKIVOC. 2010; (xi): 265-290.

Mike JF, Inteman JJ, Ellern A, Malika Jeffries-EL M. Facile Synthesis of 2,6-Disubstituted
Benzobisthiazoles: Functional Monomers for the Design of Organic Semiconductors. J. Org.
Chem. 2010; 75(2): 495-497.

Kimura K, Meurer D, Hutzler RF et al. Synthesis and Characterization of Thermotropic
Poly(benzobisthiazole)s. Macromolecules. 1994; 27(6): 1303-1306.

Harrington PJ, Lodewijk E. Twenty Years of Naproxen Technology. Org. Process Res. Dev.
1997; 1(1): 72-76.

Ziakas GN, Rekka EA, Gavalas AM, Eleftheriou PT, Kourounakis PN. New analogues of
butylated hydroxytoluene as anti-inflammatory and antioxidant agents. Bioorg. Med. Chem.
2006; 14(16): 5616-5624.

IJSRR, 7(4) Oct. - Dec., 2018 Page 1066



Ratna Mukherjee, IISRR 2018, 7(4), 1050-1069

66. Geronikaki AA, Lagunin AA, Hadjipavlou-Litina DI et al. Computer-Aided Discovery of
Anti-Inflammatory Thiazolidinones with Dual Cyclooxygenase/Lipoxygenase Inhibition. J.
Med. Chem. 2008; 51(6): 1601-1609.

67. Li B, Pai R, Aiello D. Optimization of a novel potent and selective bacterial DNA helicase
inhibitor scaffold from a high throughput screening hit. Bioorganic & Medicinal Chemistry
Letters. 2013; 23(12): 3481-3486.

68. Prak K, Kriston-Vizi J, Edith Chan AW et al. Benzobisthiazoles Represent a Novel Scaffold
for Kinase Inhibitors of CLK Family Members. Biochemistry. 2016; 55 (3): 608-617.

69. C'ibova A, Magdolen P, Fulopova A et al. Pushpull molecular structures based on angular
benzobisthiazolium acceptor. Synt. Photophys. Prop. Their. Stud. Tetrahedron. 2015; 71:
315-323.

70. Ahmed E, Kim FS, Xin H, Jenekhe SA. Benzobisthiazole-Thiophene Copolymer
semiconductors: Synthesis, Enhanced Stability, Field-Effect Transistors, and Efficient Solar
Cells. Macromolecules. 2009; 42(22): 8615-8618.

71. Alam MM, Jenekhe SA. Polybenzobisazoles Are Efficient Electron Transport Materials for
Improving the Performance and Stability of Polymer Light-Emitting Diodes. Chem. Mater.
2002; 14(11): 4775-4780.

72. Osaheni JA, Jenekhe SA. New red light-emitting conjugated rigid-rod polymer:
poly(benzobisthiazole-1,4-phenylenebisvinylene). Macromolecules. 1993; 26(17): 4726-
4728.

73. Jenekhe SA, Osaheni JA, Meth JS, Vanherzeele H. Nonlinear optical properties of poly
(p-phenylenebenzobisoxazole). Chem. Mater. 1992; 4(3): 683-687.

74. Osaheni JA, Jenekhe SA. Synthesis and processing of heterocyclic polymers as electronic,
optoelectronic, and nonlinear optical materials. 1. New conjugated rigid-rod benzobisthiazole
polymers. Chem. Mater. 1992; 4(6): 1282-1290.

IJSRR, 7(4) Oct. - Dec., 2018 Page 1067



Ratna Mukherjee, IISRR 2018, 7(4), 1050-1069

75.

76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

Dotrong M, Mehta R, Balchin GA et al. Synthesis, processing, and third-order nonlinear
optical properties of benzobisthiazole polymers containing thiophene moieties. J. Polym. Sci.
Part A. 1993; 31(3): 723-729.

Osaheni JA, Jenekhe SA, Perlstein J. Efficient photogeneration of charge carriers in a layered

photoreceptor using a conjugated polymer. J. Appl. Phys. Lett. 1994; 64(23): 3112.

Osaheni JA, Jenekhe SA, Perlstein J. Photogeneration of charge carriers in bilayer assemblies
of conjugated rigid-rod polymers. J. Phys. Chem. 1994; 98(48): 12727-12736.

Jenekhe SA, Yi S. Highly Photoconductive Nanocomposites of Metallophthalocyanines and
Conjugated Polymers. Adv. Mater. 2000; 12(17): 1274-1278.

Zhang X, Jenekhe SA. Electroluminescence of Multicomponent Conjugated Polymers. 1.
Roles of Polymer/Polymer Interfaces in Emission Enhancement and Voltage-Tunable
Multicolor Emission in Semiconducting Polymer/Polymer Heterojunctions. Macromolecules.
2000; 33(6): 2069-2082.

Kawamoto T, Takeda K, Nishiwaki M, Aridomi T. Konno T. Square-Planar
N,S,Ni" Complexes with an Extended n-Conjugated System. Inorg. Chem. 2007; 46(10):
4239-4247.

Hu XB, Yu DM. Hyperbranched Polybenzobisthiazole with High Thermal Stability, Good
Organosolubility, and Interesting Optical Performance. Macromol. Chem. Phys. 2012;
213(7); 738-746.

Kang JG, Kim HJ, Jeong YK et al. Optical and Conformational Studies on Benzobisthiazole
Derivatives. J. Phys. Chem. B. 2010; 114(11): 3791-3798.

Babel A, Jenekhe SA. n-Channel Field-Effect Transistors from Blends of Conjugated
Polymers. J. Phys. Chem. B. 2002; 106(24): 6129-6132.

Wang L, Wada T, Yuba T et al. Nonlinear optical anisotropy and molecular orientational
distribution in poly(p-phenylene benzobisthiazole) Langmuir-Blodgett films. J. Appl. Phys.
1996; 79(12): 9321-9325.

Lee JW, Wang CS. Processing of optical quality rigid-rod polymer thin films. Polymer. 1994;
35(17): 3673-3678.

Roberts MF, Jenekhe SA, Cameron A, Mcmillan M, Perlstein J. Lewis Acid Coordination
Complexes of Polymers. 2. Computational Modeling of Single-Chain and Aggregate
Structures of Rigid-Rod Poly(p-phenylenebenzobisthiazole). Chem. Mater. 1994; 6(5): 658-
670.

IJSRR, 7(4) Oct. - Dec., 2018 Page 1068



Ratna Mukherjee, IISRR 2018, 7(4), 1050-1069

87. Bai SJ, Spry RJ, Zelmon DE, Ramabadran U, Jackson J. Optical anisotropy of polymeric
films measured by waveguide propagation mode determination. J. Polym. Sci. Part B Polym.
Phys. 1992; 30(13): 1507-1514.

88. Vanherzeele H, Meth JS, Jenekhe SA, Roberts MF. Third-order nonlinear optical properties
of thin films of poly(p-phenylene benzobisthiazole) and its molecular composites with
polyamides. Appl. Phys. Lett. 1991; 58: 663-665.

89. Reinhardt BA, Unroe MR, Evers RC. Third-order optical nonlinearities of model compounds
containing benzobisthiazole, benzobisoxazole, and benzbisimidazole units. Chem. Mater.
1991; 3(5): 864-871.

90. Osaheni JA, Jenekhe SA, Perlstein J. Efficient photogeneration of chare carriersin a layered
photoreceptor using a n-conjugated polymer. Appl. Phys. Lett. 1994; 64(23): 3112-3114.

91. Ahmed E, Subramaniyan, S, Kim FS, Xin H, Jenekhe SA. Benzobisthiazole-based donor-
acceptor copolymer semiconductors for photovoltaic cells and highly stable field-effect
transistors. Macromolecules. 2011; 44(18): 7207-7219.

92. McEntee GJ, Vilela F, Skabara PJ, Anthopoulos TD, Labram JG, Tierney S, Harrington RW
Clegg W. Self-assembly and charge transport properties of a benzobisthiazole end-capped
with dihexyl thienothiophene units. J. Mater. Chem. 2011; 21(7): 2091-2097.

93. Bhuwalka A, Mike JF, He M, Intemann JJ, Nelson T, Ewan MD, Roggers RA, Lin Z,
Jeffries-EI M. Quaterthiophene-Benzobisazole Copolymers for Photovoltaic Cells: Effect of
Heteroatom Placement and Substitution on the Optical and Electronic Properties.
Macromolecules. 2011; 44(24): 9611-9617.

IJSRR, 7(4) Oct. - Dec., 2018 Page 1069



