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Abstract: A spectrum of compounds attached to 2-keto aryl
azole moieties are found as pivotal building blocks in
medicinal chemistry and drug discovery. This is why, the
collection of novel methods have been described for the
synthesis of these compounds, which are of great significance
among organic chemists interested towards the development

1. Introduction

Heterocyclic scaffolds represent as adequate building blocks
and relevant structural motifs in many pharmaceutical and
agro-chemical industries, and more than 60% of drug molecules
contain heterocyclic building blocks." Benzothiazoles are
significant classes of heterocyclic units that are found in many
synthetic intermediates, natural products and biologically active
compounds.” Among them, 2-keto aryl benzothiazoles are an
important category of benzothiazole scaffolds with a wide
range of biological activities such as antitumor,” antidiabetic,””
antiviral,”! inhibitors of fatty acid amide hydrolase 1, inhibitors
of the antiapoptotic Bcl-2 protein 2, which inhibits cell growth
and induces apoptosis in human breast and prostate cancer cell
lines (Figure 1, compound 2),”" antiviral agents 3,” inhibitors of
hepatic CYP enzymes, metabolic stability, inhibition of marmo-
set 173-HSD1 and 17B-HSD2 4, potent inhibitors of Ca’>*/
calmodulin-dependent protein kinase Il (CaMKIl) 5% (Figure 1).
The imidazole rings form the vital unit in a large plethora of
significant molecules, including natural products, pharmaceut-
ical compounds and fluorescent ligands. Representative exam-
ples include antimicrobial activity,"" antihypertensive,?
anticancer,”” antibroncospastic,"” analgesic,"” antiallergic,
antithrombotic” and as potent receptor of tyrosine kinase
inhibitors."® A sub-group of this family is 2-keto aryl benzimida-
zoles that show neuroprotective and anxiolytic activity,"? the
AMG 580 [1-(4-(3-(4-(1H-benzo[d]imidazole-2-
carbonyl)phenoxy)pyrazin-2-yl)piperidin-1-yl)-2-fluoropropan-1-
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of new synthetic methods in the fields of natural products,
bioactive molecules and materials sciences. This review
presents the important breakthrough achieved during last
decade towards improvement of approaches for the synthesis
of these molecules.

one], a novel, and selective small-molecule antagonist with sub-
nanomolar affinity for rat, primate and human PDE10 A®” and
as protective action on tissue-culture cells infected with types 1,
2, 3 poliovirus.?"” Moreover, the 2-benzoylbenzoxazoles are
prevalent as biological and pharmaceutical compounds.”?
Representative examples include the fatty acid amide hydrolase
inhibitor® and anti-proliferative activity.” Motivated by their
importance, the synthesis of 2-keto aryl substituted
(imida)(ox)thiazoles is of great interest in medicinal chemistry
and drug discovery research. During the past decade, a large
number of synthetic routes are described for the preparation of
these compounds; nevertheless, no review article has been
published yet, which summarizes all the established methods
associated to the synthesis of these skeletons so far. This review
highlights on the significant synthetic contributions to these
heterocyclic systems."™

2. Synthesis of 2-keto aryl thiazoles

Due to the great importance of annulated benzothiazoles, the
synthesis of these scaffolds have been attempted by many
researchers during past decades, and a number of protocols
have been established for the efficient synthesis of these
compounds. In contradiction of the synthesis of 2-substituted
benzothiazoles, only limited number of procedures are reported
towards the preparation of 2-keto aryl substituted benzothia-
zole derivatives. In this section, we have demonstrated the
synthetic protocols for these compounds.
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Figure 1. Biologically active 2-ketobenzothiazoles.



Liang and co-workers described the synthesis of 2-acylben-
zothiazoles 7. According to the reported method, the reaction
was proceeded by coupling of benzyl substituted 2-iodoanilines
6 and potassium sulfide in the presence of 20 mol% of CuBr as
catalyst, 40 mol% TEMED under aerial conditions using NMP as
solvent at 120°C for 24 h (Scheme 1).”* The developed method
employed CuBr as catalysts, both for traditional cross-coupling
reaction and for oxidative cross-coupling reaction, and molec-
ular oxygen was found to act not only as an oxidant, but also as
an initiator to activate this catalytic process.

The corresponding 2-aroylbenzothiazoles 7a can be pre-
pared from the oxygenation of heteroarenes 8 using a
combination of cobalt(Il)/N-hydroxypthalimide catalyst system,
BuOAC as base and molecular oxygen as an oxidant. The radical
reaction pathway tolerates electronically diverse benzylic C—H
bonds and developed reaction conditions (1.0 mmol substrate
in BuOAc or EtOAc as solvent, 90-100°C for 12h). The
described method has been extended for gram-scale synthesis
(Scheme 2).2
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Scheme 1. CuBr-Catalyzed double C—S bond formation for the synthesis of
2-acylbenzothiazoles 7 from N-benzyl-2-iodoaniline 6 and K,S.
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Scheme 2. Synthesis of 2-benzoylbenzothiazole 7 a from 2-
benzylbenzo[dlthiazole 8.
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Scheme 3. Synthesis of 2-aroyl benzothiazoles 11 from the oxidation of 2-
benzyl-1H-benzol[d]thiazoles 10.

A similar but more sustainable approach towards the
synthesis of 2-aroybenzothiazoles 11 could be achieved by
oxidation of 2-benzyl-1H-benzo[d]thiazoles 10 using DMSO and
0O, as the terminal oxidant. This transformation represents a
concise, simple and green route for the synthesis of N-
heterocyclic ketones in absence of metals and additives
(Scheme 3).2”

Analogous method for the synthesis of 2-aroylbenzothia-
zoles 13 in moderate yield has been introduced by the selective
metal-free oxidation of aryl/heteroarylmethanes 12. The prepa-
ration of 2-aroylbenzothiazoles 13 is carried out in the presence
of catalytic amounts of NBS in DMSO as solvent. In this method,
the metal-free halogen based reagent (NBS) is employed as an
efficient organocatalyst for developing this organic transforma-
tion (Scheme 4).%

The identical approach was also found suitable for the
preparation of Benzo[d]thiazol-2-yl(phenyl)methanone 15 from
alkyl or aryl heteroarenes 14 under relatively mild conditions
with moderate to high yields. This reaction affords a powerful
method for overcoming the electron withdrawing effect as well
as product-inhibition effects in heterobenzylic radical oxidation
process (Scheme 5).%

Another protocol has been described for the synthesis of
benzothiazoles-2-carboxaldehydes 17 starting from the oxida-
tion of 2-methylbenzothiazoles 16 using oxygen, fluorescent
lamp, TFA and iodine in ethyl acetate at 70°C. This is the first
protocol for catalytic oxidation of a methyl group attached to a
heteroaromatic scaffold to form the corresponding aldehydes
via homolytic cleavage of C—I bond caused by irradiation with
visible light (Scheme 6).5”

Pan and co-workers reported a successful synthesis of 2-
substitutedbenzothiazoles 19 in 2019.5" Their approach de-
pends on the formation of N-formyl-2-benzoylbenzothiazolines
19 from N-phenacylbenzothiazolium bromides 18 in the
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Scheme 4. Synthesis of 2-aroyl benzothiazoles 13 from the oxidation of aryl/
heteroarylmethanes 12.
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Scheme 5. Benzol[d]thiazol-2-yl(phenyl)methanone 15 from alkyl or aryl
hetroarenes 14.
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Scheme 6. Synthesis of benzothiazoles-2-carboxaldehydes 17 from 2-meth-
ylbenzothiazoles 16.

presence of DIPEA as a base in DMSO as solvent. Initially,
substrate 18 hydrolyse to give A which generates B under basic
conditions. In presence of air, an uncommon type of imine D
was encountered, finally imine D cyclize to give desired product
19 (Scheme 7a). This report delineates an unusual aerobic
hydrolysis-cascade reaction for the first reported synthesis of N-
formyl-2-benzoyl benzothiazolines 19 (Scheme 7).5%

A variety of synthetic procedures towards the preparation
of 2-keto aryl benzothiazoles were described based on the
functionalization of benzothiazoles. In this regard, Thames et al.
established a suitable approach for the synthesis of 2-
benzoylthiazoyl phenyl ketones 23 with high yield from the
reaction of 2-trimethylsilylbenzothiazoles 21 and benzoyl
chloride 22. The substrate 21 was prepared by the reaction of
n-butyllithium and benzothiazole 20 followed by the addition
of trimethylchlorosilane at 75°C (Scheme 8).5%]

Similar approach for the preparation of 2-substituted keto
aryl benzothiazole 27 moieties from 2-bromobenzothiazoles
(24) in two steps has been shown by Kim et al. It was realized
by the reaction between 24 and active zinc at room temper-
ature in THF to afford the intermediate 2-benzothiazoleylzinc
bromide 25. Then, the reaction of intermediate 25 with acid
chlorides 26 using Cul and LiCl to lead to the final product 27
(Scheme 9).5

A general and efficient synthesis of aroylated benzothia-
zoles 30 has been accomplished starting from (benzo)thiazoles
28 and acid chlorides 29 in the presence of catalytic amounts of
DMAP in CH,CN at 80°C (Scheme 10). The established novel
DMAP-mediated Regel-type direct C-2 aroylation of various 1,3-
(benzo)thiazoles with a wide panel of aroyl chlorides has been
employed. This general and efficient methodology allows the
metal-free preparation of valuable diheteroaryl ketones, which
are found in natural products and pharmaceuticals active
compounds.>?

Another protocol for the synthesis of 2-benzoylbenzothia-
zole (32) with good yield was realized by irradiation of
benzothiazoles (20), benzoylchloride (31) and catalytic amounts
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Scheme 7. Synthesis of N-formyl-2-benzoylbenzothiazolines 19 from N-
phenacylbenzothiazolium bromides 18. Proposed mechanism for the Syn-
thesis of N-formyl-2-benzoylbenzothiazolines 19 from N-phenacylbenzothia-
zolium bromides 18 according to Pan and co-workers.
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Scheme 8. Synthesis of 2-benzoylbenzothiazole 23 according to Thames
and Pinkerton.
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Scheme 9. Synthesis of 2-benzoylbenzothiazoles 27 according to Kim et al.

of fac-Ir(ppy); in MeCN as solvent. These methods enabled the
rapid synthesis of a series of Minisci-type adducts using
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Scheme 10. Synthesis of 2-benzoylbenzothiazole 30 according to Hoarau
etal.

commercially available starting materials under mild conditions
(Scheme 11).5

Alternative transformation available for the synthesis 2-

benzoylbenzothiazole 32 was described by Sakai et al.’®
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Scheme 11. Synthesis of 2-benzoylbenzothiazole 32 according to Xu et al.
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Scheme 12. Synthesis of 2-benzoylbenzothiazole 32 according to Skai. et.al.
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Scheme 13. Synthesis of 2-benzoylbenzothiazole derivatives 35 according
to Wu and co-workers.

According to this development, the transformation was ad-
vanced under very mild conditions using the palladium/copper-
catalyzed direct acylation of benzothiazole 20 with acyl fluoride
33. This study represents the first example of acyl fluoride as
acylating agent in C—H activation chemistry (Scheme 12).5¢

Further development for achieving 2-acyl benzoxazole
derivatives 35, refers to the |,/KOH synergistically promoted
direct ring-opening aroylation of benzothiazoles 20 using aryl
ketones 34 as carbonyl sources. This protocol could provide an
efficient method to synthesize 2-acylbenzathiazoles 35 through
an in situ cross-trapping strategy (Scheme 13).%”

Similar and convenient procedure has been witnessed for
the formation of 2-acyl benzothiazoles 37 from benzothiazoles
20 and aromatic ketones 36 catalyzed by iron salts under an
atmosphere of oxygen. The solvent played an important role in
this transformation and the best yield was obtained in a mixture
of H,0/DMSO as solvent. A series of functional groups were
well tolerated under the established reaction conditions
(Scheme 14).58

The transition metal-catalyzed straightforward aroylation of
benzothiazoles 39 with aryl methylketones 40 has been
developed for the synthesis of 2-substituted benzothiazoles 41
(Scheme 15).5% It was proposed that under an O, atmosphere,
the acetophenone was initially oxidized into 2-hydroxyaceto-
phenone, via the activation of molecular oxygen by Cu(l) salt.
The generated 2-hydroxyacetophenone further underwent
oxidation to provide phenylglyoxal, which reacted with benzo-
thiazoles to give the desired product.

Further approaches to the synthesis 2-ketobenzothiazoles
41 have been explored by Yu and co-workers. They have
developed a new procedure for the highly selective, inexpen-
sive and non-toxic iron catalyst, which efficiently catalyzed the
coupling reactions between benzothiazoles 39 and aryl ketones
40 using K;S,04 as an oxidant under simple conditions to yield
the desired products in moderate yields (Scheme 16).*% The use
of an iron catalyst and the ratio of substrates are important for
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Scheme 14. Synthesis of 2-benzoylbenzothiazole 37 and 38 according to
Deng and co-workers.
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Scheme 15. Synthesis of 2-benzoylbenzothiazole 41 according to Song et al.
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Scheme 16. Synthesis of 2-benzoylbenzothiazole 41 and 42 according to Yu
and co-workers.

this conversion, and this reaction is subtle to the electronic
effects of the substituents.

Similar procedure for the synthesis of 2-acylbenzothiazoles
45 has been described using aryl ketones 43 and benzothia-
zoles 44 in the presence of I, and TBHP. Acylation of the
benzothiazoles is done through a series of consecutive
reactions involving oxidation of aryl ketone to aryl glyoxal, ring
opening of the benzothiazole followed by condensation of the
amino group with the aryl glyoxal, cyclization and oxidation
process. The developed route avoids the use of metals and
toxic solvents (Scheme 17).14"

The proposed transformation begins by the conversion of
acetophenone 44a into phenylglyoxal | using |, in DMSO as
solvent via Kornblum oxidation process.*? In this process, the
byproduct HI can be oxidized using DMSO or TBHP to
reproduce 1,.*¥ Then, the ring opening reaction of benzothia-
zoles 43 a can be realized in the presence of |,, TBHP and water
to give the 2-aminobenzenethiol 1l. Next, the condensation
reaction of intermediate | and Il produces imine intermediate Il
and the intermediate IV is produced by an intramolecular
addition reaction. A subsequent substitution reaction between
IV and |, produces intermediate V, which followed by
elimination reaction generates the product 45a (Scheme 18).

Related procedure for the synthesis of 2-acyl benzothiazoles
48 was acheived by Weng and co-workers. They divulged a
procedure for the straightforward acylation of benzothiazoles
46 with aryl aldehydes and aliphatic aldehydes 47 in DMSO as
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Scheme 17. Synthesis of 2-benzoylbenzothiazole 45 according to Ablajan
and co-workers.
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Scheme 18. Proposed mechanism for the synthesis of 2-benzoylbenzothia-
zole 45a according to Ablajan and co-workers.

43a

solvent, which acts as a strong Lewis base and probably could
promote the cleavage of bonds through hydrogen bonding
interaction (Scheme 19).*4 The cheap organic catalyst NCS is
used as a radical initiator reagent and TBHP as an oxidant.

Yin and co-workers have reported a successful synthesis of
2-acyl benzothiazoles 49 and thiazoles 51 in 2019. They
established a suitable and efficient method for the synthesis of
these scaffolds via the reaction of benzothiazole 20 and thiazole
50 with i-PrMgCl-LiCl, followed by the treatment with CDI and
activated carboxylic acid derivatives. Numerous substituted
carboxylic acids effectively provided the chosen products in
moderate to excellent yields under mild reaction conditions.
This offers an alternative approach to access 2-acyl benzothia-
zoles/ thiazoles and supplements the acylation methods of
benzothiazole and thiazole (Scheme 20).*!

A general and efficient syntheses of 2-substituted thiazoles
53 and 54 have been achieved starting from benzothiazole 20,
thiazole 50 and 2-naphthoic acid 52 in the presence of catalytic
amounts of Pd(OAc), and CuCl,/dppp using Boc,O and NaHCO,
in cyclohexane at 120°C (Scheme 21).”® The novel controllable
palladium and copper cooperative catalytic system was estab-
lished for the selective preparation of biaryls and biaryl ketones
from azoles, thiazoles and carboxylic acids. In this reaction, the
choice of an appropriate phosphine ligand is the key factor for
high chemoselectivity.
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Scheme 19. Synthesis of 2-acylbenzothiazole 48 according to Weng and co-
workers.
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Scheme 20. Synthesis of benzothiazoles 49 and thiazoles 51 according to
Yin and co-workers.
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Scheme 21. Synthesis of annulated thiazoles 53, 54 according to Chen and
co-workers.

Furthermore, nickel-catalyzed ligand-free synthesis of 2-
benzoylbenzothiazole 9 was afforded by the decarboxylative
cross-coupling reaction of benzothiazole 20 with 2-oxo-2-
phenylacetic acid 55. This work represents the first example of
decarboxylative cross-coupling reactions, in a C—H bond
functionalization manner,  through nickel catalysis
(Scheme 22).#7

Moreover, the cobalt(ll)-catalyzed direct decarboxylative
coupling of thiazole derivatives 20 and 2-oxocarboxylic acids 56
has been described through sp? C—H bond functionalization
process. This transformation is the first example of a decarbox-
ylative C—H functionalization reaction with cobalt catalysis, and
offers an effective complementary approach towards the

L - ek L,
9

20 55
Scheme 22. Synthesis of 2-benzoyl benzothiazoles 9 according to Ge et al.

NiClQ,.6H;0

COH Ag>CO3, PhH
70°C
24 h

preparation of important bioactive heteroaryl ketone 57
(Scheme 23).48

Similar approach for the preparation of 2-benzoyl benzo-
thiazole 7a through the decarboxylative acylation of electron-
rich pyrroles and benzothiazole 20 has been reported using
arylglyoxylic acids 55 as acylating agents under silver-free, acid-
free neutral conditions (Scheme 24 and 24a).*® The protocol
represents a fine advancement of Minisci acylation on electron-
rich heteroarene substrates that were otherwise previously
unexplored.

In order to overcome the problems of using higher temper-
ature, UV light, transition metals or bases in the acylation of
benzothiazoles 20 with 2-oxo-2-phenylacetic acid 55, Laha and
co-workers have demonstrated (in 2021) an analogous route
towards the preparation of 2-benzoyl benzothiazole 7a.*® This
route relies on the use of glucose as reagent for activation of
persulfate at room temperature to generate S0,°~ and avoiding
the use of higher temperature, UV light, transition metals or
bases (Scheme 25).

s Q Co(OAC);"4H,0 s o
RS @ACOOH L LN
NN e 170°C 24h NN
20 56 Yields: 41-70% 57
2
R'=H,RZ=H 57a: 60% R'=H, R? = CF, 57e:69% R
R'=H, R? = Me 57b: 43% R'=5-Cl, R? = CF, 57f. 57%
R'=H,R?=Cl 57¢: 50% R'=6-Br, R? = CF3 579: 60%
R'=H,R?=Br 57d: 41% R'=6-OMe, R2=CF;  57h:70%

Scheme 23. Synthesis of 2-benzoyl benzothiazoles 57 according to Lu et al.
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Scheme 24. Synthesis of 2-benzoyl benzothiazole 7a according to Laha and
co-workers. Proposed mechanism for the synthesis of 2-benzoyl benzothia-
zole 7a according to Laha and coworkers.
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Scheme 25. Synthesis of 2-benzoyl benzothiazole 7a according to Lu and
coworkers.

Gaunt and co-workers reported another approach towards
the synthesis of 2-aroyl benzothiazoles 60 by N-heterocyclic
carbene (NHC) catalyzed reaction of thiazole-2-carboxaldehyde
58 with diaryliodonium triflate 59 (Scheme 26).”" The protocol
operates under mild conditions and involves with simple
experimental method using commercially available NHC cata-
lyst to generate a range of high-value heterocyclic scaffolds.

In 2015, Eycken and co-workers have disclosed a novel,
simple, efficient and useful protocol for the Pd-catalyzed Csp*H
functionalization of benzothiazole 20 and bromobenzene 61 via
isocyanide insertion for the synthesis of 2-benzoyl benzothia-
zole 7a. The broad substrate scope, readily available starting

N - PN e
r I S o Ar NHC, DMAP r
" />—< + ~ 2 S " |]: H
RENPIaNY H TfO/ \Ar i-PrOH,CH»Cl, Yop-™N Ar
0°C,2h 60
58 59
60a: 88% 60b: 83%

Scheme 26. Synthesis of 2-aroylbenzothiazole 60 according to Gaunt and
co-workers.

1) Pd(OAc),, Xantphos
Cs,C03, CH3CN, 110 °C
2) mSiOs™nH,0, CH.Cl,
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20 61 26%
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Scheme 27. Synthesis of 2-benzoylbenzothiazole 9 according to Eycken and
co-workers.
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Scheme 28. Synthesis of 2-keto-(hetero)aryl benzothiazole 63 according to
Gandhi and co-workers.

materials, relatively mild reaction conditions and good yields
makes this method synthetically useful (Scheme 27).5?

Recently, Gandhi and co-workers presented a route for the
synthesis of 2-keto-(hetero)aryl benzothiazoles 63, which is
established based on the Pd-NHC catalyzed C—H acylation of
benzothiazoles 20 and N-benzoylsaccharin 62 (Scheme 28).5%
They have demonstrated that various benzoxazoles, benzothia-
zoles, and N-methylbenzimidazoles were selectively trans-
formed into the corresponding 2-acylated products in high
selectivity with synthetically suitable yields. High functional
group tolerance and wide substrate scope accomplished an
attractive method to access 2-acylated azole derivatives.
Experimental studies show that the high reactivity of the pyrene
Pd-NHC system is likely due to non-covalent interaction of
complexes with the substrates.

The mechanism of the Pd-NHC-catalyzed direct C—H
acylation,” initiates by the generation of complex Il via
oxidative addition of N-acylsaccharin 62a to a triggered
palladium complex I. The base eliminates acidic proton from 20
and produces the intermediate Ill, which finally undergoes
reductive elimination to form the desired product 63a
(Scheme 29).

More recently, Weng and co-workers reported a very
interesting protocol for the synthesis of 2-aroyl benzothiazoles
66 involving the direct C2-arylacylation of 2H-benzothiazoles 64
with methyl arenes 65 via oxidation using Selectfluor
(Scheme 30).°* This arylacylation reaction tolerates a broad
range of functional groups giving a library of arylacylated
products in yields ranging from 39-81%. Moreover, the direct
coupling of 2H-benzothiazoles without pre-functionalized sub-
strates and avoiding transition-metal catalysts represents this
protocol as practical approach for the synthesis of C2-arylacy-
lated 2H-benzothiazoles.

eseq

azole C-H
deprotonation-
palladation

o @
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Scheme 29. Proposed mechanism for Pd-NHC-catalyzed straightforward
C—H acylation.
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64 2-4h Yields: 39-85%
R'=H,R?=H 66a: 85% R"=6-NO,, R? = 3-H 66n: 39%
R'=H, R? = 4-Me 66b: 81% R1 =5-Cl, R2 =H 660: 63%
R'=H, R?=3-Me 66¢: 74% =6-CN,R?=H 66p: 68%
R'=H, R?=2-Me 66d: 63% R1 =5-COCH;, R2=H  66q: 66%
R'=H, R?=4-Cl 66e: 58 % =6-OMe, R? = 4-H 66r: 75%
R'=H, R? =3-Cl 66f: 60% R'=7-OMe, R?=H 66s: 70%
R'=H, R?=2-Cl 66g: 47% = 5-Cl, R? = 4-Me 66t: 67%
R'=H, R?=4-Br 66h: 56% R'=6-OMe, R?=4-Me  66u: 70%
R'=H, R?=3-Br 66i: 55% R'=5-Cl, R? = 4-Cl 66v: 63%
R'=H, R?=2-Br 66j: 45% R'=6-OMe, R? = 4-CI 66wW: 65%
R'=H,R?=4-F 66k: 57% R'=5-Cl, R? = 4-Br 66n: 53%
R'=H,R?=3-F 66l: 61% R'=6-OMe, R? = Br 66x: 61%
R'=H,R%?=2-F 66m: 50% R'=5-Cl, R? = 4-F 66y: 45%

R'=6-OMe, R? = 4-F 662: 50%

Scheme 30. Synthesis of 2-benzoylbenzothiazoles 66 via Selectfluor oxida-
tion.

In 2018, Shah and co-workers described a Ru(ll)-catalyzed
reaction between benzothiazole 20 and phenylacetylene 67 for
the preparation of 2-benzoyl benzothiazole 68 (Scheme 31).°¢
The optimal procedure involves the use of 2.0 mol% of Ru (Il) as
the catalyst, 3.0 mmol of K,S,04 as an oxidant, 1.0 mmol TFA in
CH,CN/H,0 as solvent under photoredox catalysis. This route
demonstrated for the first time use of arylacetylenes as
precursors of acyl radicals in the acylation reaction of N-
heteroarenes.

Most current processes for accessing 2-acyl benzothiazoles
molecules are achieved by acylation of benzothiazoles with a
carbonyl compound under organo- or metal-catalysis, either
sequentially or in one-step process. The most accepted draw-
backs to these methods are the requirement of costly organic
catalysts or heavy transition metals, and frequently restricted by
the availability of properly substituted benzothiazoles. To

X O

20 67

Ru(bpy)sCl,
K,S508, TFA

MeCN/H,0

27 W CFL .
18h 68: 60%

Scheme 31. Synthesis of 2-benzoylbenzothiazole 68 developed by Shah
et al. under photoredox catalysis.
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6 2R 70 Yields: 56-86% 7Y
R2

R'=H,R?=H 71a:81% R'=5-Cl, R? = 4-F 71i: 80%
R'=H, R? = 4-Me 71b: 80% R'=4-Cl,R?=H 71j: 65%
R'=H,R?=4-OMe T71c:78% R'=4-Cl,R?=4-Me 71k: 66%
R'=H,R?=4-F 71d: 82% =4-Cl,R?=4-F 711 62%
R'=H,R?=4-NO, 71e:86% R'=4-Cl,R?=3-Me 71m:60%
R'=H,R?=3-CH; 71f 75% R1 =6-Me, R?=4-Me 71n: 79%
R'=5-Cl,R?=H 71g: 81% = 6-Me, R? = 4-OMe 710: 63%

R'=5-Cl, R?=4-CH; 71h: 56% R1 =6-Me, R?=4-F  71p: 80%
Scheme 32. Synthesis of 2-benzoylbenzothiazoles 71 according to Zhang

and co-workers.

conquer such disadvantages, the cyclization reactions between
2-amino(thio)phenols and 1,1-dibromoethenes or phenacyl
bromide were recently received much attention.

Zhang and co-workers have described the use of
RuCl;-3H,0 catalyzed tandem reaction of alkynyl bromides 70
with 2-aminothiophenols 69 mediated by water to represent a
suitable synthesis of 2-benzoylbenzothiazoles 71
(Scheme 32).°7 Furthermore, the Ru(lll)-catalyst could be readily
recovered and efficiently reused up to three times. This is the
first report in which 2-aryl benzothiazoles have been synthe-
sized from alkynyl bromides through a Ru(lll)/air promoted
tandem process mediated by water. A comprehensive study
about the possible mechanism of the reaction was achieved,
giving proof for the following proposed mechanism
(Scheme 33). Initially, the condensation of 69a and 70a gives
an alkynylthiophenyl amine (l) or alkynylaminothiophenol (II),
that is quickly converted by intramolecular cyclization to give 2-
benzylbenzothiazole (lll). Then, the Ru(lll)/air assisted oxidation
of the benzylic methylene moiety of Il affords 2-benzothiazyl
ketone 71 to accomplish the tandem process. Meanwhile, the
in situ produced Ru(ll) could be oxidized back to Ru(lll) by air to
complete the catalytic cycle.

Similar to what was suggested by Zhang etal. in 2011,
Fan et al. also described an environmentally and economically
sustainable preparation of 2-benzoylbenzothiazoles 74, 76
starting from alkynyl bromides 73,%%' phenylacetaldehdes 75
and 2-amino(thio)phenols 72 in the presence of catalytic
amounts of FeCl;-6H,0 in [bmim]BF, at 80°C ( Scheme 34). The
developed synthetic protocol has advantages such as high
efficiency, mild reaction conditions, recyclable catalyst and
benign solvent.

Wang and co-workers have reported an one-pot tandem
reaction of 1,1- dibromoethenes 78 with 2-amino(thio)phenols
77 promoted by TBAF-3H,0 and RuCl; (5%) under aerial
conditions for the synthesis of heteroaryl ketones 79
(Scheme 35).57 It seems to be the first report in which the
heteroaryl ketones are synthesized in straightforward manner
from 1,1-dibromoethenes. This new method includes several
cascade reactions in one-pot and uses economically efficient
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Scheme 33. Proposed reaction mechanism for the synthesis of 2-benzoyl-
benzothiazoles 71 according to Zhang and co-workers.
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72 R'73 Yields: 62-87% 74 -
R'=H,R?=H 74a: 81% R1 5-Cl, R? = 4-F 749: 81%
R'=H, R?=4-Br 74b: 81% =5-Cl,R®=4-CH; 74h: 81%
R'=H, R? = 4-Me 74c: 84% =4-Cl,R?=3-Me T74i: 62%
R'=H, R?=4-OMeF  74d: 80% R'=6-Me, R2=4-F  74j: 79%
R'=H,R2=4-NO,  74e:87% R'=7-Me, R2=4-Me 74k: 78%
R'=5-Cl,R?=H 74f. 80% R'=7-Me, R? = 3-OMe 74l: 76%
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R'=H,R?=H 76a: 82% =4-Cl,R?=H 76j: 74%
R'=H,R?=4-OMe  76b: 83% R'=4-Cl,R?=4-Me 76k: 76%
R"=H, R? = 4-Me 76c: 80% R'=4-Cl, R?=4-F 761: 68%
R'=H,R?=4-F 76d: 79% =4-Cl,R?=3-Me  76m: 66%
R"=H, R? = 3-Me 76e: 75% =4-Cl,R?=4-Br  76n:65%
R'=5-Cl,R?=H 76f: 87% R'=6-Me, R?=4-F  760: 75%
R'=5-Cl, R? = 4-F 769: 79% R'=6-Me, R2=4-Me 76p: 76%
R'=5-Cl, R®=4-Me 76h: 85% R'=6-Me, R? = 3-NO, 76q: 82%

R'=5-Cl,R?=3-Me  76i: 77%

Scheme 34. FeCl;e3H,0-Catalyzed synthesis of 2-benzoylbenzothiazoles 74
and 76, using [bmim]BF, as solvent.
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= SH SN Br 2. RuClg, air
Rz | + DMF, 80 °C, 10 h
= T Br
NH. 4
R

R'= /
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Yields: 53-75% 7\

77 78 79 _\R2
R'=H,R?=H 79a: 65% R'=5Cl, R?=4-F 79g: 68%
R'=H, R? = 4-Me 79b: 56% =4-Cl,R*=H 79h: 57%
R'=H, R? = 4-Me 79¢: 65% R'=4-Cl, R? = 4-Me 79i: 56%
R1=H,R2=4NO, 79d: 75% R1 6-Me, R?=4-Me  79n:58%
R'=5-Cl,RZ=H 79e: 63 % =6-Me, R =4-OMe 790: 53%
R'=5Cl, R?=4-CH; T79f: 64% Fa1 H, R? = 3-Me 79p: 59%

Scheme 35. Synthesis of 2-benzoylbenzothiazoles 79 promoted by
TBAF -3H,0 and catalytic RuCl; under aerial conditions.

reagents to generate molecular complexity under mild con-
ditions.

Recently, He and co-workers established a greener protocol
for the synthesis of 2-benzoyl benzothiazole 82 in 52% yield.
The domino reaction initiated by the preparation of phenacyl
bromide 80 via the reaction between phenylacetylene 67 and
DB DMH, using ethylene thiourea as catalyst in water followed
by the addition of 2-amino(thio)phenols 81 (Scheme 36).*” The
a-mono-haloketones were obtained in aqueous acetone at
45 °C; additionally, the a,a’-dihalo ketones were formed in pure
water as the sole solvent at room temperature.

He and co-workers have reported the practical and efficient
methodology for the cyclization reaction between 2-
amino(thio)phenol 81 and a,a-dihaloketones 83 as the sub-
strates, affording 2-keto(hetero)aryl benzox(thi)azoles 84 in
moderate to very good yields (Scheme 37).” Various functional
groups are tolerated under the reaction conditions, resulting in
a wide range of  substituted 2-keto(hetero)aryl
benzox(thi)azoles. This protocol has circumvented some draw-
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Scheme 36. Synthesis of 2-benzoylbenzothiazoles 82 promoted by Et,NH.
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Scheme 37. Synthesis of 2-benzoylbenzothiazoles 84 according to He and
co-workers.

backs found in the method developed by Wang and co-
workers,®" which requires a corrosive and moisture-sensitive
RuCl; in the catalytic oxidation; and whereas, protocol described
by He* delivers a large amounts of side products.

Lei and co-workers presented a similar method for the
synthesis of 2-benzoyl benzothiazole 9 with 40% yield in two
steps. It was started by the electrochemical oxidation of
phenylacetylene 67 to afford 2,2-dibromo-1-phenylethan-1-one
85, which followed by the cyclization reaction with 2-amino-
thiophenol 81 in the presence of diethylamine leading to the
formation of final product 86 (Scheme 38).%? The electro-
chemical oxidative functionalization of aryl alkynes for the
synthesis of a,a-dibromoacetophenones 85 has been achieved
with an undivided cell under mild conditions.

Another route to the synthesis of 2-keto arylbenzothiazoles
88 and 2-arylbenzothiazoles is the condensation reaction

©/ @ @[
electrochemical NH;
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Scheme 38. Synthesis of 2-benzoylbenzothiazoles 86 promoted by Et,NH.
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between 2-aminothiophenols and aldehydes. A collection of
the contributions is presented here. The condensation reaction
between 2-aminothiophenol 81 and arylformyl aldehydes 87 in
the presence of cetyltrimethyl ammonium bromide CTAB in
water derived the final product 88 (Scheme 39).°®! This present
protocol features simple work-up, environmentally benign
conditions, high yields with alkyl aldehyde, no requirement of
extra oxidants and use of the catalytic amounts of the cheap
catalyst.

Similar to what was suggested by Su in 2010,® Mahdavi
and co-workers® reported in 2012 the condensation reaction
of arylformylaldehyde 89 with 2-aminothiophenol 81 in the
presence of SPC in water for the preparation of 2-arylformyl-
benzothiazoles 90. The reactions were attempted under reflux
conditions within 230-250 minutes to obtain the good yields of
products (Scheme 40). However, when the same reaction was
performed under microwave irradiation, it gave better yields of
products in shorter reaction time.

A closely related route to prepare 2-acylbenzothiazoles 93
was established by Zhao and co-workers in 2018. Their
approach depends upon the use of Cu—Mn/HT catalyst for the
preparation of 2-acylbenzothiazoles 93 from a-hydroxyaceto-
phenone 92 and 2-aminothiophenol 91 in EtOH as solvent

o)
+ _— Y/,
o) N
NH; R Yields: 80-85%
81 87 88
R=H 88a:83% R=Cl  88c:80% R
R=Me 88b:84% R=Br 88d:85%

Scheme 39. Synthesis of 2-benzoylbenzothiazoles 88 using catalytic amount
of CTAB.
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(0] conditions
89 5-30 min. 90
e O
"o
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reflux : 90a: 80% reflux 1 90b: 77%
microwave : 90a: 83% microwave : 90b: 84%

Scheme 40. Synthesis of 2-benzoylbenzothiazoles 90 using SPC under reflux
and microwave conditions.
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91 92 Yields: 75-90% 93
R'=H,R?=Ph 93a: 86% R'=H,R?=4-Br-CgH,  93e:88%
R'=4-Cl,R?=Ph 93b: 90% R'=H,R?®=3-C-CgH,;  93f 85%
R' = 4-Cl, R?= 4-OMe 93c: 80% R'=H, R?=4-OMe-CgH, 93g: 75%
R'=H, R?=2-naphthyl  93d: 82% R' = H, R2= 3-thienyl 93h: 68%

Scheme 41. Synthesis of 2-acylbenzothiazoles 93 using Cu—Mn/HT.

using O, as green oxidant (Scheme 41).%® The mechanochemi-
cally prepared catalyst exhibited high catalytic activity and
recyclability towards the synthesis of 2-acylbenzothiazoles and
quinoxalines under aerobic conditions in green reaction
medium like ethanol.

A general and well-established domino process for the
preparation of 2-acylbenzothiazoles 96 and 98 has been
accomplished starting from 2-aminothiophenols 94, and aro-
matic ketones 95 or unsaturated methyl ketones 97 in the
presence of I, in DMSO at 100°C (Scheme 42 and 43). This
domino transformation involves three mechanistically different
reactions (iodination, Kornblum oxidation, and heterocyclization
reaction). Also, the protocol could provide a simple and efficient
method to synthesize 2-acylbenzathiazoles, in which a metal,
base and ligand are not required.

Telvekar and co-workers established a simple, mild and
efficient aerobic reaction conditions using copper (ll) catalyzed
domino protocol for the synthesis of 2-aroylbenzothiazoles 99.
The annulation reaction of 2-aminobenzenethiols 81 and aryl
ketones 95 using Cu-catalyst in ethanol as solvent afforded the
desired compound 110 (Scheme 44).” This route uses inex-
pensive copper salt, economic and environmentally friendly
molecular oxygen as the oxidant. Several functional groups
were well tolerated and leading to moderate to good yields of
the products.

Furthermore, the direct one pot condensation reaction of 2-
aminobenzenethiols 100 with methyl ketones 101 using TsNBr,
as reagent in DMSO/H,0 as solvent has been established for the
synthesis of 2-aceylbenzothiazoles 102 (Scheme 45).® The
reaction was achieved starting from aromatic ketones via the
generation of an aryl gloxal intermediate, which upon further

/@:SH j\ I/ DMSO s 0
R NH, A 100°C NH

25h R Ar

94 95 Yields: 55-86% 96

R=H,Ar=Ph 96a: 86% R = H, Ar = furan-2-yl 96l: 68%
R =H, Ar = 4-Me-CgH,4 96b: 82% R =H, Ar = thiophen-2-yl 96m: 75%
R =H, Ar = 4-OMe-CgH,4 96¢c: 85% R =H, Ar = thiophen-3-yl 96n: 70%
R = H, Ar = 4-Cl-CgH. 96d: 72% R =H, Ar = benzoindazole-2-yl 960: 75%
R = H, Ar = 4-Br-CgHy 96e: 70% R = H, Ar = benzofuran-2-yl 96p:‘ 7026
R=H AreaNOzCoHy 961 65% o2 cr 0o ooy o Bt
R=H,Ar=4-OH-CeHs  969:55% o ) nrc s Br.OgHy 96s: 72%
R=H, Ar=34-Cly- CgHs  96h:68% R =c| Ar= thiophen-2-yl 96t 72%
R = H, Ar = 1-naphthyl 96i: 82% R =H, Ar=4-Br- -CgHy 96u: 70%
R = H, Ar = 2-naphthyl 96j: 80% R =H, Ar=4-NO,-CsH, 96w: 65%
R =H, Ar = 4-Ph-Ph 96k: 76%

Scheme 42. Synthesis of 2-arylbenzothiazoles 96 starting from 95 and 96
using 1,/DMSO as reagent.
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1-25h R
94 97 Yields: 46-72% 98 Ar

R =H, Ar=Ph 98a: 72% R =Cl, Ar=Ph 98e: 68%

R =H, Ar =4-OMe-CgHy  98b: 70% R=Cl, Ar = 4-OMe-CgHy  98f: 65%

R =H, Ar = 3,4-OMe,-CgH3 98c: 63% R =Cl, Ar = 3,4-OMe,-CgH; 98g: 65%

R =H, Ar = 3-NO; 98d: 46% R = Cl, Ar =3-NO,-CgHy 98h: 68%

Scheme 43. Synthesis of 2-arylbenzothiazoles 98 starting from 94 and 97
using 1,/DMSO as reagent.
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81 95 99

Ar=Ph 99a:86%  Ar=4-NOyCeHy 999:62%
Ar=4-Me-CgH;  99b: 83% Ar = 3,5-OMe,-CgH3 99h: 62%
Ar=4-Me-CgH,  99c: 85% Ar = 2-naphthyl 99i: 70%
Ar = 4-OMe-CgH, 99d: 85% Ar = pyridin-2-yl ~ 99j: 80%
Ar=4-Cl-CgHs  99e: 82% Ar = pyridin-3-yl ~ 99k: 75%
Ar=4-Br-CgH,  99f 78% Ar = thiophen-2-yl ~ 991: 78%

Scheme 44. CuBr, Catalyzed Synthesis of 2-arylbenzothiazoles 99.

1. TsNBr,, DMSO/H,0

j\ 65 °C, 3h S: ZO
Ar 2. 2-aminobenzenthiols 100 7

N Ar
80°C,2h

101 Yields: 70-89% 102
Ar=Ph 102a: 87%  Ar=4-OEt-CgH,  102g: 83%
Ar = 4-Me-CgH, 102b: 83%  Ar = 2,4-OMe;-CgH3 102h: 70%
Ar=4-OMe-CgHs  102c:89%  Ar = 2-naphthyl 102i: 78%
Ar=2-OMe-CgH,  102d: 80%  Ar=4-F-CgHy 102j: 84%
Ar = 4-Cl-CgH, 102e: 75%  Ar = 2-Cl-C¢H, 102k: 70%
Ar = 4-Br-CgHy 102f. 82% Ar=2-NOx-CgH,  102I: 80%

Scheme 45. TsNBr, Promoted Synthesis of 2-arylbenzothiazoles 102.

condensation reaction with 2-aminobenzenethiol, produces the
corresponding heterocyclic skeleton. The aromatic ketones are
initially treated with TsNBr, in DMSO at 65°C for 3 h and the
crude reaction mixture was then subjected with 2-amino-
benzenethiol at 80 °C to afford the final compound.

More recently, Ma and co-workers described the |,-catalyzed
domino annulation of aromatic methyl ketones 104 and 2-
aminobenzenethiols 103 under metal-free reaction conditions
(Scheme 46).” Under these developed conditions, the versatile
synthetic approach not only produced the 2-aroyl benzothia-
zoles 105, but also afforded the 2-arylbenzothiazoles selectively
by varying the oxidants and solvents. Using DMSO as the
oxidant and solvent, the 2-aroyl benzothiazoles were selectively
afforded, while the reaction mediated by PhNO, delivered the
2-aryl benzothiazoles.

N | S . )ol\ I, (10 mo|%0) N ‘ S/ O
X~""NH, Ar DMSO, 120 °C g NHA
2h r
103 104 Yields: 52-89% 105
R=H, Ar=Ph 105a: 77% R = H, Ar = 2-naphthyl 1051: 52%
R =H, Ar=2-OMe-CgH; 105b:70% R = H, Ar = thiophen-2-yl 105m: 53%
R =H, Ar = 2-OH-CgH, 105c: 70% = H, Ar = benzothiophen-2-yl 105n: 59%
R =H, Ar = 2-CI-CgH, 105d: 67% R =H, Ar = benzofuran-2-yl 1050: 48%
R =H, Ar=3-OMe-CgH; 105e:70% R =H, Ar = 1H-indol-2-yl 105p: 62%
R =H, Ar = 4-F-C¢H, 105f: 69% R =6-Cl, Ar=Ph 105q: 53%
R =H, Ar = 4-Me-CgH,4 1059:75% R =6-Cl, Ar = 4-F-CgH, 105r: 89%
R =H, Ar=4-NH,-CgHy;  105h: 72% R =6-Cl, Ar = 3,5-F»-CgH3 105s: 75%
R =H, Ar = 3,5-OMe,-CgH3 105i: 61% R =6-Cl, Ar = 2-naphthyl 105t: 81%
R =H, Ar = 3,4-Me,-CgH; 105j: 68% R = 6-Cl, Ar = benzothiophen-2-yl 105u: 70%
R =H, Ar = 3,5-F»-CgH3 105k: 52%

Scheme 46. Synthesis of 2-arylbenzothiazoles 105 starting from 103 and
104 using |,/DMSO.

The reaction mechanism, which was supported by control
experiments and previous literature reports,”® involves initially
the formation of the intermediate | by the activation of
acetophenone 104a using |, in the presence of DMSO, which
then undergoes oxidation using Kornblum oxidation to give the
phenylglyoxal intermediate Il. This intermediate undergoes
condensation with 2-aminobenzenethiol 103a to afford the
iminium intermediate Ill. Next, spontaneous cyclization of
intermediate Ill, followed by oxidation that catalyzed by iodine
in the presence of DMSO gives the intermediate V. Elimination
of HI from intermediate V afforded the final 2-benzoylbenzo-
thiazoles 105a (Scheme 47).

Another protocols for the synthesis of 2-acylbenzothiazoles
relied on the use of 2,2’-disulfanediyldianilines instead of using
2-aminobenzenethiols as substrates. The copper-catalyzed re-
action between 2,2'-disulfanediyldianilines 106 and aldehydes
107 for the synthesis of 2-aroyl benzothiazoles 108 and 2-
acylbenzothiazoles is established (Scheme 48).”" This process is
developed based on the activation of disulfide bond accom-
panied by C—H bond activation of neighboring imine function-
ality. The scope and the restrictions of this method have been
established on several functionalized substrates with good to
excellent yields.

Related to what was proposed by Srogl in 2010,”? Deng
and co-workers have reported Cu(OTf),-catalyzed tandem syn-
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Scheme 47. Proposed mechanism for the synthesis of 2-benzoylbenzothia-
zole 105 a according to Ma and co-workers.
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R'= Br,R?=H 108c: 85%

Scheme 48. Copper-catalyzed synthesis of 2-arylbenzothiazoles 108.



thesis of 2-acylbenzothiazoles 111 via the reaction of 2,2-
disulfanediyldianilines 109 with j,5-dihalidestyrenes 110 using
Cs,CO; as base in DMSO at 120°C for 20 h under aerial
conditions (Scheme 49)."? In addition, a variety of different
dihalidestyrenes and diphenyldisulfanes were efficiently trans-
formed into the corresponding 2-acylbenzothiazole derivatives
in the presence of Cu(OTf),. It is noteworthy that the developed
method is applicable for the long-chain 1,1-dibromohept-1-ene
derivatives to convert these into 2-hexylbenzo[d]thiazoles in
moderate yields.

Established on the obtained results and literature
evidences,””*® the authors proposed a plausible mechanism for
the synthesis of the 2-acylbenzothiazoles 111a (Scheme 50).
The initial reaction of substrate 109a with base would produce
the intermediate I. Subsequently, the condensation reaction
between intermediate | and 110a could afford the intermediate
I, which followed by an intramolecular cyclization delivers the
intermediate Ill. Finally, the Cu(ll)-catalyst would oxidize the
intermediate IlI’ to afford the target product 111a together
with the Cu(l)-species. The Cu(l)-species would then be oxidized
by air to retrigger the Cu(ll)-catalyst to complete the catalytic
cycle.

HN-_ AR
]
> S_SA/ A X -5 0O
” @ # 7 Cu(T, RL s
S~NH, é/ X Cs,C0;, DMSO N 7
_— R 10 120 °C, 20 h, air . ot
X =Bt ¢l Yields: 30-68%

R'=H,R?=H 111a: 68% R'=H, R?=2-0H 1M1): 58%
R'=H, R? = 4-Me M1b: 31% R'=H, R? = 3-OMe 111k: 64%
R'=H,R?=4-NMe; 111c:30% R'=H, R?=3-Cl 111 61%
R'=H, R?=4-CN 111d: 53% R'=H, R? = 2-thiophen-2-y| 111m: 58%
R'=H, R? = NO, 111e:57 % R'=H, R? = 2-furan-2-yl 111n; 64%
R'=H,R?=2-0CH; 111f: 64% R'=H, R? = CgHyy 1M10: 50%
R'=H,R=4-F 111g: 52% R'=5-Cl, RZ = 4-OMe 111p: 65%
R'=H, R?=2-Br 111h: 57% R!=4-Me, R? = 4-OMe 111q: 62%
R'=H,R?=2-F 111i: 38%

Scheme 49. Synthesis of 2-benzoylbenzothiazoles 111 promoted by Cu-
(OTf), under aerobic conditions.
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Scheme 50. Plausible mechanism for the synthesis of 2-benzoylbenzothia-
zoles 111 promoted by Cu(OTf), under aerobic conditions.
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More recently, Yu and co-workers have described the
Microwave assisted synthesis of 2-acylbenzothiazoles 114 and
bibenzo[b][1,4]thiazines from disulfanediyldianilines 112 and
aryl methyl ketones 113 using |,/DMSO or I,/MeCN reagent
systems, respectively (Scheme 51).” The reaction was switch-
able by simply changing the reaction conditions (I,/MeCN or |,/
DMSO) without the involvement of hazardous oxidants and
additional activating reagents.

Wu and co-workers have developed four interesting domino
pathways to prepare 2-acylbenzothiazoles 120 using acyle-
thenes 115, arylacetylene 116, 2-hydroxy aromatic ketones 117
and carbinols 118 in reaction with 2-aminobenzenethiols 119
(Scheme 52).7 The protocols embodied four diverse reaction
pathways. It delivered adverse synthetic routes to access 120,
which should be of great significant in the field of combina-
tional chemistry and organic synthesis methodology.

The reaction mechanism for the developed cross-coupling
reaction has been proposed by Wu and co-workers. This
mechanism summarizes various control experiments and pre-
vious works which were performed.”™ First, styrene (115a) or
phenylacetylene (116a) was converted into 2-iodo-1-phenyl-
ethanone (I) by successive iodination and oxidation in I,/IBX or
NIS. Then, the molecule I was further converted into phenyl-
glyoxal (Il) in DMSO. The carbinol 118a was oxidized by IBX to
produce acetophenone (I'), which was proceeded by successive
iodination and oxidation to give phenylglyoxal (Il). Furthermore,
2-hydroxy-1-phenylethanone 117a was simply oxidized to
phenylglyoxal (Il) by oxidant IBX. Lastly, phenylglyoxal (Il)
reacted with molecule 119a via consecutive condensation
reaction, Michael addition, and oxidative dehydrogenation to
afford the desired product 120a (Scheme 53).

Analogous to what was proposed by Wu in 2012,"® Shah
and co-workers reported (in 2014) an efficient metal-free iodine
promoted oxidative amidation of 2-aminobenzenethiol 81 with
terminal alkenes 121 both at high temperatures and at room
temperature, to afford the synthesis of 2-acyl benzothiazoles
122 (Scheme 54)."9 A simple experimental protocol, low
catalyst loading, the stoichiometric quantity of the reactants,
and the wide substrate scope are some of the benefits
represented for the developed process.

Recently, Sheng and co-workers, developed a more general
and greener protocol for the synthesis of metal-free diketones
125 containing benzothiazole backbone and a tunable copper-
catalyzed method for the synthesis of 2-aroyl benzothiazoles

I, MW,120 °C
15 min, DMSO
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= S*s = X
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X NH, P

R2 Yields: 65-90%

. = ] S, O
R—\ N/
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14 =g

12 13
R'=H,R?=H 114a: 88% R'=H, R? = 2,5-OMe, 114i: 67%
R'=H, R?=4-Me 114b: 89% R'=H, R? = 3-OMe 114j: 83%
R'=H,R2=4-OMe  114c: 90% R'=H, R?=3-Br 114k: 78%
R'=H,R%2=4-F 114d: 75% R'=6-OMe, R? =H 1141: 89%
R'=H, R? = 4-Cl 114e:78 % R'=5ClLR?=H 114m: 79%
R'=H,R%=4-| 114f: 83% R'=H, R? = furan-2-yl 114n: 65%
R'=H,R2=4-NO,  114g:79% R!=6-OMe, R? = 4-OMe 1140: 89%
R'=H, R?=4-CN 114h: 76% R'=5-Cl, R? = 4-OMe 114p: 79%

Scheme 51. Microwave assisted synthesis of 2-benzoylbenzothiazoles 114.
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Scheme 52. Pathways for the synthesis of 2-benzoylbenzothiazoles 120
according to Wu and co-workers.

X
o
1152 By
HI + MeyS
— )
= /c: %t
116a w I T'z So

Scheme 53. Mechanism for the synthesis of 2-benzoylbenzothiazoles 120
according to Wu and co-workers.
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Scheme 54. lodine promoted synthesis of 2-acylbenzothiazoles 122 accord-
ing to Shah and co-workers.

126 by employing simple enaminones 124 and 2-amino-
thiophenols 123 as starting materials (Scheme 55 and 56).7”
This protocol not only represented as a new methods for the
synthesis of these useful heterocyclic molecules, but more
importantly disclosed the novel reactivity possessed by enami-
nones via the rarely noticed C—C double bond activation.

More recently, Wu and co-workers have disclosed a novel
synthesis of 2-acylbenzothiazoles 129 through the cyclization
reaction between aryl-substituted acetonitriles 128 and 2-
aminobenzenethiols 127 catalyzed by AICl; and sequential
oxidation by I, (Scheme 57)."¥ The best reaction conditions
were determined by stirring a mixture of 127 (0.5 mmol) and
128 (1.5 mmol) in the presence of AICl; (0.6 mmol), I,
(0.6 mmol), KI (0.75 mmol), and K;PO, (0.5 mmol) in DMF
(2.0 mL) at 90°C under aerobic conditions for 12 h. Using the
optimized reaction conditions in hand, the authors have
synthesized several derivatives of 129 from easily accessible
starting materials under simple reaction conditions.

SocNH, | ONTSac DMso, 1oC R )_gﬁm

N
‘ 12h d
123 124 Yields: 32-67% 125

R=H, Ar = 4-OMe-CgH, 1252:67% R =5-CI, Ar =4-OMe- CgH, 125j: 53%
R =H, Ar = 4-OMe-CgH, 125b: 66% R =5-Cl, Ar=4-N(Me)s-C¢H,  125k: 66%
R =H, Ar = 2-Me-CgH, 125¢: 57% R = 5-Cl, Ar = 2-Me-CgH, 1251: 53%
R=H, Ar=3, 4-OMey-CgHs  125d: 54% R =5-Cl, Ar = 2-thiophen-2-yl 125m; 54%
R=H, Ar=Ph 125e: 55% R =5-Cl, Ar =2-naphthy! 125n: 66%
R=H Ar= 4-Cl-GgH, 125f a5y, R=6Me, Ar=4-OMe-CeH;  1250: 59%

- - o R=6-Me, Ar = 2-Me-CgH, 125p: 53%
R=H, Ar = 4-CF5-CgH, 125g: 32% R = 6-Me. Ar = Ph 125q: 63%
R =H, Ar = 2-thiophen-2-yl 125h: 57% : :
R =H, Ar = 2-naphthyl 125i: 66%

Scheme 55. Metal-free synthesis of 2-acylbenzothiazoles using I,/air in
DMSO.
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123 124 Yields: 51-64% 126
R=H, Ar=Ph 126a: 54% R=H, Ar = 4-F-CgH,4 126f; 64%
R =H, Ar = 4-OMe-CgH, 126b: 51% R =4-Cl, Ar =4-F-CsH4 1269: 57%
R =H, Ar = 4-Me-CgH,4 126¢: 53% R =4-Cl, Ar=4-CF3-CgH;  126h: 52%
R = H, Ar = 3, 4-OMe,-CgH; 126d: 54% R=H, Ar = 2-thiophen-2-yl  126i: 48:/;:
R = H, Ar = 4-Cl-CgHy 126e: 57% R =H, Ar = 2-naphthy! 126j: 52%

Scheme 56. Tunable Cul/TBHP assisted synthesis of 2-acylbenzothiazoles
126.
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Scheme 57. AlCl;-Assisted reaction of 127 and 128 for the synthesis of 2-
acylbenzothiazoles 129.

Another possible reaction accessible for the synthesis of 2-
acylbenzothiazoles 132 was described by Wu and co-workers.
According to the developed method, the reaction was
proceeded via a combination of CuO-catalyzed cascade reac-
tions in one pot using very readily available anilines 130 and
aromatic ketones 131 (Scheme 58)."" The reaction sequence
not only supplied a novel method for constructing complex
molecules, but also provided a typical example for logical and
sustainable synthesis of these molecules.

In 2018, Ding and co-workers reported a three-component
synthesis of 2-aroylbenzothiazoles 135 from aryl amines 133,
styrenes or aryl acetylene 134 and elemental sulfur in 1-
methylpyrrolidin-2-one (NMP) (Scheme 59).” The C-S bond
formation was realized via direct sulfuration of aromatic amine
C—H bond. Elemental sulfur was used as the sulfur source as

Cuo/l,
= 0 -8 o)
ROL + Cs,C0;3, 1,10-phen R_Oi
S H, Ar)K DMSO, 24 h 5 NHAr
130 131 Yields: 30-64% 132
* NaH$.nH,0
R=H, Ar=Ph 132a:54%  R=H, Ar=2-thiophen-2-yl 132l 50%
R=H, Ar=4-Me-C¢H; 132b: 51% R =H, Ar =2-naphthyl 132m: 53%
R=H, Ar=4-F-CeH, 132¢:37%  R=H, Ar = 2-furan-2-yl 132n: 48%
R=H,Ar=4-Cl-GsH,  132d:42% g ar=2-penzofuran-2-yl 1320: 44%
R=H, Ar=4-OMeCcH, 132e:57%  p_ 4 a - 45 OFIO-CqH, 132p: 64%
R=H Ar=4-OEtCiH, 132£:85% 00 T 192 153
R=H, Ar=4-N0,-CgHs 1329: 57% i
R=H, Ar=4-OH-CgH, 132h:67% R=5CF5Ar=Ph 132r: 82%
R=H,Ar=4-Ph-CgH,  132i: 46% R=5-Me, Ar=Ph 132s: 62%
R=H, Ar=4-OMe-CgH; 132j: 57% R= 5F Ar=Ph 132t 30%
R=H, Ar=4-OMe-CgH; 132k: 57% R = 5-NOs, Ar=Ph 132u: 30%
R= 5Me, Ar=4-MeCgHy  132v: 30%

Scheme 58. CuO-Catalyzed reaction of 130 and 131 for the synthesis of 2-
acylbenzothiazoles 132.
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Scheme 59. Synthesis of 2-acylbenzothiazoles 135 using three component
reaction according to Deng and co-workers.

well as efficient oxidant to accomplish the transformation. The
addition of NH,l could significantly improve the yield of the
desired product.

After several control experiments and previous reports,®"
reasonable mechanism was proposed by authors, WhICh
suggested that the aniline 133 a reacted with elemental sulfur
to produce an intermediate I. The addition of intermediate | to
styrene 134a delivers the intermediate Il, which followed by
the coupling with 133a gives intermediate lll. Consequently,
S-S bond cleavage of lll occurs to release the intermediate IV
and thioamide V. Further, the oxidative cyclization of V affords
the final product 135a, which proceeded probably with the
assistance of iodine salt (Scheme 60).

More recently, Phan and co-workers®® have revealed a
metal-free sequential transformation that proceeds in the
presence of molecular iodine, similar to what was proposed by
Wu in 2018,%" using anilines 136, acetophenones 137 and
elemental sulfur (Scheme 61). The developed procedure in-
volves the reaction of aniline 136, with excess acetophenones
137 and elemental sulfur in the presence of iodine as the
catalyst and in a mixture of DMSO/PhCI as oxidizing agent and
solvent. The mixture was stirred for 24 h at 140°C, and a
diversity of 2-aceylbenzothiazoles 138 could be delivered in 42—
80% vyields. The advantages of this domino synthesis are
represented as easily available starting materials, inexpensive,
non-toxic, easy handling, and abundant elemental sulfur as
building block and transition metal-free reaction conditions.
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Scheme 60. Reaction mechanism for the synthesis of 2-acylbenzothiazoles
135 using three component reaction according to Deng and co-workers.
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R=H, Ar = 2-OH-4-Me-CgHs 138h: 53% - o-Cl Ar=Ph 1381 159%
R=H, Ar=2-Cl-CgH, 138i: 61%

Scheme 61. |,-Catalyzed the reaction of 136 and 137 for the synthesis of 2-
acylbenzothiazoles 138.



In 2018 Jiang, Wu and co-workers have developed a highly
regioselective procedure for the synthesis of 2-arylbenzothia-
zoles and 2-acylbenzothiazoles 142. They have reported that 2-
benzylbenzothiazoles 141, which are generated by the copper-
catalyzed cyclization of 2-haloanilines 139, elemental sulfur and
terminal alkynes 140, undergoes Cu-catalyzed oxygenation at
the benzylic position (Scheme 62).%3 This route employs a
concise synthetic method to assemble a molecular framework
in one pot, where different types of 2-substituted benzothiazole
are prepared using triple bonds as one-carbon synthons in
different reaction systems.

Further approach towards the preparation of 2-aroylbenzo-
thiazoles 145 in moderate to good yields was achieved by a
three-component redox condensation reaction of 2-halonitro-
benzenes 143, acetophenones 144, elemental sulfur, and N-
methylmorpholine as base at 120°C for 24 h (Scheme 63).Y
The selection of N-methylmorpholine as base is important for
the achievement of this transformation, and was found to be
mainly suitable for this reaction. The elemental sulfur was found
to play dual roles as nucleophilic building block and redox
moderating agent to accomplish electronic requirement of this
process. The transformation involves, formation of three new

Cr L
r=— + g 7
| N

139 140 141 141

Cul S
AcOH, DMSO N

02,100 C,24h 142: 99%

CuTC, DBU
MeCN/H,0, 130 ‘C

Cl

Scheme 62. Cul-Catalyzed formation of 2-acylbenzothiazoles 142 according
to Wu and co-workers.
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Scheme 63. Synthesis of 2-aroylbenzothiazoles 145 by the reaction of 2-
halonitrobenzenes 143, acetophenones 144 and elemental sulfur.

bonds (two C—S and one C=N) without addition of oxidizing or
reducing agents or catalyst for coupling-reaction.

Suggested mechanism for the formation of 2-aroylbenzo-
thiazoles 145 involves the initiation of ammonium polysulfide
zwitterion | by the reaction of sulfur with N-methylmorpholine.
The nucleophilic aromatic substitution of zwitterion | on 2-
chloronitrobenzene 143a would lead to the formation of
intermediate Il. With the help of electron withdrawing effects of
the aromatic nitro group, the S—S bond next to the aromatic
ring of Il would be capable of nucleophilic attack on
acetophenone 144a to afford sulfide intermediate Il and a
homologue of zwitterion I. Triggered by both benzoyl group
and aryl sulfide group, the methylene group of sulfide Il could
undergo condensation reaction readily with the aromatic nitro
group which leading to the formation of nitrone IV. The
reduction of intermediate IV would provide the product 145a
along with the formation of double-zwitterion V. Hydrolysis of
V by water would release partially elemental sulfur and lead to
the oxygenated sulfur compounds (“SO”) and N-meth-
ylmorpholinium hydrochloride (Scheme 64).

Furthermore, the transition metal-catalyzed S-arylation pro-
tocol was used for the preparation of sulfur heterocycles. Zou
and co-workers established a method for the synthesis of 2-
aroyl benzothiazoles 147, based on the Mn(OAc),-3H,0-
catalyzed intramolecular C—S cross-coupling reaction of the a-
benzoylthioformanilide 146 (Scheme 65).%' Major advantages
of this protocol are the use of manganese triacetate as a new
reagent to replace potassium ferricyanide or bromine for radical
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Scheme 64. The plausible mechanism for the synthesis of 2-benzoylbenzo-
thiazoles 145a by the coupling of 2-chloronitrobenzenes 143 a, acetophe-
none 144 a and elemental sulfur.
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Scheme 65. Mn-Catalyzed formation of 2-aroylbenzothiazoles 147 using
microwave irradiation.



cyclization of substituted thioformanilides. The desired 2-
substituted 2-aroylbenzothiazoles 147 are produced in 6
minutes under microwave irradiation.

Similar to previously discussed intramolecular C—S cross-
coupling reaction of the a-benzoylthioformanilide 146 cata-
lyzed by Mn(lll),® the new method begins by using Fe(lll) with
the substrate N-benzoylbenzothioamides 148 to form 2-
aroylbenzothiazoles 149 (Scheme 66).%° The developed method
involves an efficient synthesis of 2-benzoylbenzothiazoles 149
via intramolecular C(Ar)-H/S—H activation and C-S bond
formation catalyzed by FeCl; under mild reaction conditions in
the presence of optimized conditions (0.50 mmol of 148,
0.05 mmol FeCl;, 0.50 mmol K,S,0;) to prepare a series of
desired products 149, in reasonable to very good yields after
1 h of reaction time at 80°C.

Based on previous reports©” and control experiments, a
plausible reaction mechanism was proposed. At first, the Fe®*
-catalyst oxidizes the N- benzoylbenzothioamide 148a to
produce thionyl radical intermediate I, and Fe’" ion reduces to
Fe?*. The oxidant K,S,0; re-oxidizes Fe?* into Fe*" to continue
the reaction. Ring closure reaction of intermediate |, followed
by the oxidation in the presence of K,S,04 afforded the
targeted compound 149a. (Scheme 67).
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Scheme 66. Fe-Catalyzed formation of 2-aroylbenzothiazoles 149 from N-
benzoylbenzothioamides 148.
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Scheme 67. Plausible reaction mechanism for the synthesis of 2-aroylbenzo-
thiazoles 149.

3. Synthesis of 2-keto annulated imidazoles

Due to the significant contribution of annulated imidazoles in
the field of natural products, pharmacological applications and
many clinical applications, the synthesis of these compounds is
of great interest. Here, we will demonstrate the important
synthetic protocols according to the starting materials, reaction
conditions under which they are synthesized.

In 1963, Wallis and O'Sullivan described the use of K,Cr,0,/
CH;COOH, H,S0O, as an efficient oxidizing medium to convert 2-
(a-hydroxybenzyl)benzimidazoles 152 to 2-benzoylbenzimida-
zoles 153 with 37% yield.”" The compound 152 was prepared
by the condensation of o-phenlenediamine 150 with mandelic
acid 151 in acidic solution (Scheme 68). The influence of
compounds 153 on type 1 and 2 viruses is negligible. However,
the compounds 153 exhibit small protection against type 3
virus. Although the reported methods are important and have
been extensively used over past years, these protocols have
serious restrictions, like the use of strong oxidizing agents in
the presence of strong acids.

Similar approach for the synthesis of 2-aroylbenzimidazoles
was achieved by Dirngerger and co-workers in 1967. Their
method relied on the condensation of 2-hydroxy-3-phenyl-
acrylic acid 155 with o-phenlenediamine 154 under reflux
conditions in ethanol to afford the 1-(1H-benzo[d]imidazol-2-yl)-
2-phenylethanol 156 (Scheme 69).%8 Then, the compounds 156
were oxidized using SeO, in refluxed ethanol and acetic acid for
60 h to give the final products 1-(1H-benzo[dlimidazol-2-yl)-2-
phenylethanone 157.

Similar to what was proposed by O’Sullivan in 1963*" and
Dinbeger in 1967, Ishii and co-workers in 1990 represented

[21]
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Scheme 68. Synthesis of 2-aroylbenzothiazoles 153 according to Wallis and
O'Sullivan.
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Scheme 69. Synthesis of 1-(1H-benzo[d]imidazol-2-yl)-2-phenylethanone
157 according to Dinberger and co-workers.

SGOZ
ACOH/H,0




another route for the synthesis of 2-aroylbenzimidazole 153 in
76.5%  vyield, through the  oxidation of  2-(a-
hydroxybenzyl)benzimidazoles 158 in acetone (Scheme 70).%”
Furthermore, Dupy and co-workers employed the same
route using KMnO, or neutral alumina as oxidizing agent

H H

N OH N O
I /

N acetone, reflux N

158 163 70%

Mn02

Scheme 70. Synthesis of 2-aroylbenzothiazoles 153 using activated MnO,.
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Scheme 71. Synthesis of 2-ketoaryl(alkyl)benzimidazole 160 and 1-(1H-
benzo[d]imidazol-2-yl)-3-phenylpropan-1-one 163 according to Dubey and
co-workers.
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Scheme 72. Synthesis of 2-aroylbenzothiazoles 165 using CrO;.
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Scheme 73. The unexpected formation of 2-benzoylbenimidazole 153
according to Wu and co-workers.
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instead of K,Cr,0,,%" or Se0,,*® or Mn0,,*” for the synthesis of
2-ketoaryl(alkyl)benzimidazole 160 from 1-alkyl/aralkyl-2-(a-hy-
droxyalkyl/aryl)benzimidazoles 159 under solvent free condi-
tions. In this study, the 1-(1H-benzo[d]imidazol-2-yl)-3-phenyl-
propan-1-one derivatives 163 were synthesized through the
reaction of 161 with benzaldehydes 162 using NaOH as base
(Scheme 71).%

The 1-(1H-benzo[dlimidazol-2-yl)-2-phenylethanol 164 can
simply be transformed into 2-ketoaryl(alkyl)benzimidazoles 165,
similar to what was shown in earlier Schemes 69-73 for the
Oxidation of 164. In this example, the CrO, was used in place of
K,Cr,0,, Se0,, MnO,, KMnO, (Scheme 72).°"

Furthermore, when the reaction was performed between o-
phenylenediamine 150 and acetophenone 166 in the presence
of I,/CuO/DMSO that delivered the unexpected product 2-
benzoylbenzimidazole 153, instead of the expected 2-phenyl-
quinoxaline 167 (Scheme 73)."? However, this protocol is
convenient for one-pot synthesis of quinoxaline from simple
ketones and 1,2-diamines. This route underwent towards the
preparation of substituted quinoxalines 167 via a successive
iodination, Kornblum oxidation and cyclization in the presence
of 1,/CuO/DMSO.

Recently, Huang and co-workers have reported a new
cascade reaction between o-phenylenediamines 168 and
phenylacetaldehydes 169 towards (1H-benzo[dlimidazol-2-
yl)(phenyl)methanones 170 (Scheme 74).°¥ The best reaction
conditions consist in mixing equivalent amounts of 168 and
169 in the presence of Sg (3.0 equiv) as catalyst, DMF as solvent
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Scheme 74. Elemental sulfur-promoted formation of various 2-aroylbenzo-
thiazoles 170.



under aerial conditions for 20 h at 60°C. By this procedure, a
series of 2-aroylbenzimidazoles 170 were obtained in 40-86%
yields. The 2-aroylbenzimidazoles 170 was collected by the
oxidative rearrangement of 2-benzylbenzimidazoles using a
combination DMF/Sg.

Control experiments conducted in the presence of a radical
scavengers 2,2,6,6-tetramethyl-1-piperidinyl (TEMPO) revealed
that a radical pathway is not involved in the reaction. The GC-
MS measurements showed that 2-benzyl-1H-benzo[d]limidazoles
B was formed during the reaction. Based on these control
experiments the mechanism is depicted in Scheme 75. Initially,
the reaction mechanism involves the condensation of o-phenyl-
enediamines 168 with phenylacetaldehydes 169 to form a schiff
base A, which followed by ring closure afforded the compound
B. The intermediate B was then oxidized to give the
corresponding 2-benzoylbenztiazole 170.

During the course of recent decades, a number of routes
using oxidation of 2-benzylbenzimidazoles for the synthesis of
2-ketoaryl benzimidaoles have been developed. A collection of
the contributions is presented here.

In 1996, Alcalde and co-workers have reported a SeO,
catalyzed oxidation of 5,6-dimethyl-2-pyridyl-1H-benzimidazole
173 to 5,6-dimethyl-2-(4-pyridylcarbonyl)-1H-benzimidazoles
174 with 38% yield.® The 5,6-dimethyl-2-pyridyl-1H-benzimida-
zole 173 was prepared by the condensation of o-phenylenedi-
amine 171 with pyridylcarboxylic acid 172 in the presence of
PPA at 170-180°C (Scheme 76).°*

In 2013, Grimaud and co-workers have employed the Pd-
catalyzed oxidation of 2-benzyl benzoimid(thia)zoles 175/176
under aerobic conditions to afford the corresponding 2-

NH N
NH; NWQ
A

168

H
N O Sg, O,
/
N
170

Scheme 75. Plausible mechanism for the synthesis of (1H-benzo[d]imidazol-
2-yl)(phenyl)methanones 170.
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Scheme 76. SeO,-Promoted formation of 5,6-dimethyl-2-(4-pyridylcarbonyl)-
1H-benzimidazoles 174.
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aroylbenzoimid(thia)azoles  177/178 in  good  yields
(Scheme 77).°% The results revealed that uses of palladium
acetate as a catalyst instead of Cs,CO; has little effect and even
gives, in some cases, much lower yields.

In 2017, Stahl and co-worker have established an accessible
approach for the synthesis of 2-(hetero)aryl ketones 180 from 2-
benzylbezimidazoles 179 in the presence of cobalt(ll)/N-hydrox-
ypthalimide as catalyst in BUOAc ester as solvent under oxygen
atmosphere at 90°C for 12h (Scheme 78).%° This result
indicates that the use of Co/NHPI catalyst promotes the benzylic
aerobic oxygenation reactions using radical-mediator. The
robustness of the protocol was shown in the large-scale
preparation of 2-(hetero)aryl ketones.

In the same year 2017, Xu and co-workers have developed a
metal-free oxidation for the synthesis of 2-benzoylbenzimida-
zole 153 from readily available 2-benzylbenzimidazole 181
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CLo poe o I
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H . H
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R' =H, Ar = 4-Me-CgH,, R? = 4--BuCgH,CH, 177h 84 74
R'=H, Ar = 4-Me-CgH,4, R? = tosyl 177i 0 0
N N 0
N AorB N
R1C[s>_\,\r DMF, air, 90 °C, 20 h R1©: S>_/<Ar
A: 052003
176 B: PdCl,, CsOPiv 178
Yield A% Yield B%
R'=H, Ar=Ph 178a 58 71
R' = H, Ar = 2-thiophenyl 178b 54 19
R"=H, Ar = 4-F-CgH,, 178c 49 0
R'=CI Ar=Ph 178d 46 73
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Scheme 77. Synthesis of 2-(hetero)aryl ketones 177, 178 from 2-
benzylbezimid(thi)azoles 175, 176 using Cs,CO; or PdCl,.
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Scheme 78. 2-(hetero)aryl ketones 180 from 2-benzylbezimidazoles 179
using cobalt(Il)/N-hydroxypthalimide catalyst.



using tert-butyl hydroperoxide (TBHP) at 130°C (Scheme 79)."”
The radical-based reaction pathways tolerate on several
benzylic C—H bonds that affording the required product in
good to excellent yields.

Based on several control experiments, the authors proposed
a mechanistic pathway for the preparation of 2-benzoylbenzi-
midazole from 2-benzylbenzimidazole (Scheme 80). Initially, the
oxygen-based radicals generated from the cleavage of TBHP.
When the radical is formed, the intermediate | is generated by
the abstraction of H from substrate 181. The radical intermedi-
ate | can either react with OH radical or COO'Bu radical to give
the oxygenated intermediate Il or Ill. The intermediate Il either
undergo elimination of one molecule of t-BuOH to afford the
ketone 153, or oxidized the benzyl alcohol Il to give the
desired aryl ketone product 153.

_TBHP, 130°C_ ©:N\ 2
10h N
H
181 153: 70%

Scheme 79. Synthesis of 2-benzoylbenzimidazole 153 using TBHP according
to Xu and co-workers.
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Scheme 80. Proposed mechanism for the Synthesis of 2-benzoylbenzimida-
zole 153 according to Xu and co-workers.
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Scheme 81. Synthesis of 2-benzoylbenzimidazole 153 using DMSO and O,
as terminal oxidant.

Furthermore, Liu and co-workers established another proto-
col for the synthesis of 2-benzoylbenzimidazole 153 through
the direct oxygenation of 2-benzylbenzimidazole 181 using
DMSO and O, as terminal oxidant (Scheme 81).%” In addition,
this method can be performed in a gram scale with good
reaction efficiency. This selective oxygenation reaction of
heterobenzylic methylene group can be achieved using DMSO,
which plays an important role in this transformation.

Based on control experiments and previous reports,*® the
proposed reaction mechanism can be started with the oxidation
of DMSO using O, to generate intermediate | and |IL.
Subsequently, 2-benzylbenzimidazole 181 can be oxidized by Il
to afford the intermediate Il and the free radical IV. Further
oxygenation of IV with O, gives the intermediate V, which
reacts with the intermediate | to deliver the intermediate VI.
Finally, the 2-benzoylbenzimidazole 153 and dimethyl sulfone
were obtained by the O—O bond cleavage of the intermediate
VI (Scheme 82).

In 2022, Li and co-workers have developed an efficient
synthesis of 2-benzoylbenzimidazole 153 starting from 2-
benzylbenzimidazole 181 in the presence of catalytic amounts
of rac-Mn complex and H,0, as an oxidant in CH;CN at room
temperature for 1h (Scheme 83)."" This developed route has
opened a new horizon using a benign oxidant with unique level
of functional group tolerance.

More recently in 2022, Liu and co-workers have disclosed a
novel protocol for the synthesis of 2-aroylbenzimidazoles 183
from 2-arylbenzimidazoles 182 using palladium as catalyst and
H,0 as only oxygen donor (Scheme 84)."" The source of
oxygen atom presented into the product is from water
molecule, which is confirmed by MS-analysis using the '®0
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Scheme 82. Plausible mechanism for the formation of 2-benzoylbenzimida-
zole 153.
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Scheme 83. Synthesis of 2-benzoylbenzimidazole 153 using rac-Mn complex
and H,0, as oxidant.
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Scheme 84. Synthesis of 2-benzoylbenzimidazole 183 using Pd-catalyst and
water as source of oxygen.

labeled water molecule (H,0'). The developed benzylic
oxidation does not require other oxidant and hydrogen accept-
ors.

The functionalization of benzimidazoles is another route for
the synthesis of 2-keto aryl(alkyl)benzimidazoles. In 1983,
Yatsimirskii and co-wokers have reported the synthesis of 2-
acylbenzimidazoles 187 from 3-benzoyl-2-(1-methyl-2-benzimi-
dazolyl)-4-benzimidazolines 186 by heating in the presence of
triethylamine. The compound 186 has been prepared by the
reaction of benzimidazoles 184 with benzoyl chlorides 185 at
room temperature in the presence of triethylamine and CH,CN
as solvent (Scheme 85).1°"
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Scheme 85. Direct acylation of benzimidazoles according to Yatsimirskii and
co-workers.
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Scheme 86. The rearrangement reaction of 190 with NaH/DMF to give 2-
benzoylbenzimidazole 153.

_NaH, DME.
24h rt

A similar route was established by Gibson and Jois in 1994.
Their approach depends upon the acylation of benzimidazole
188 with acyl chloride 31 using triethylamine in DMF to give 1-
acylbenzimidazole 189, which are reacted in the next step with
another molecule of 31 using TMSCN to give the 2-cyano-1,3-
dibenzoyl-2,3-dihydrobenzimidazole 190. Then, the base-in-
duced rearrangement of 190 afforded 2-benzoylbenzimidazole
153. The presence of radical-ion intermediates during the
rearrangement reaction of 190 in the presence of NaH/DMF
was proven by CIDNP and ESR (Scheme 86).""?

The benzimidazole 188 can be easily functionalized with
acyl chlorides 191, similar to what was shown in Schemes 86
and 87. In this case, the NaOH was used instead of NaH as base
(Scheme 87).1%%

To overcome the drawback of using acid chlorides; in 2005,
Wu and co-workers have established a new protocol for the
synthesis of 2-acylbenzimidazoles through the functionalization
of benzimidazoles with ester, lactones, and lactams. The
reaction initiates with deprotonation of benzimidazoles 193
with LDA to give the 2-lithiated product 194 followed by the
addition of esters delivers the hemiacetal intermediate 195 and
then the protected 2-acylbenzimidazoles 196. Treatment of 196
with acid gives the deprotected 2-acybenzimidazoles 197
(Scheme 88)."°¥ In addition, this reaction could be performed in
one-pot by the reaction of o-phenylenediamine 150 with
triethyl formate. After removal of volatile byproducts by
distillation, the products 153 could be afforded in 76% yields by
lithiation, and acylation followed by deprotection (Scheme 89).

In 2016, Song and co-workers disclosed the first C—N bond
formation reaction by the use of Cu-catalyzed aerobic oxidative
decarboxylative acylation of benzimidazoles. The reaction of 2-
halogenated phenylacetic acid 199 with benzimidazoles 198
under the use of Cu(OAc), CuBr delivered the fused 11H-
benzo[4,5]imidazol[1,2-alindol-11-one 200, and N-benzoylated
benzimidazoles 201, respectively (Scheme 90)."%' The annula-
tion route is relied upon a domino reaction pathway through
an aromatic nucleophilic substitution followed by an oxidative
acylation. In both cases, phenylacetic acids 205 played as a
novel benzoylation reagent.
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Scheme 87. Direct acylation of benzimidazoles according to Yurttas and co-
workers.



CH(OMe), CH(OMe), CH(OMe),

N N N Ol

LDA
g (I/H L ~x
N N N  OMe

193 194 195

—>©:/>_/< _HCI_ @:EH:
©* oy WY

197a: 78%

R-COOMe

4CH,

197b: 70% 197c: 93% 197d:60%  197e: 90%
s NE
Ot OF seoom sy
197f:60%  197g: 76% 197h: 70% 197i: 76%

PO N0H ©/\X Qﬁto@i{

197j: 81% 197k: 60% 1971:81% EtO 197m: 83%

Scheme 88. Acylation of benzimidazoles according with ester according to
Miller and co-workers.
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Scheme 89. One pot synthesis of 2-acylbenzimidazole 153 according to
Miller and co-workers.
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Scheme 90. Synthesis of 11H-benzo[4,5]imidazo[1,2-alindol11-one 200, N-
benzoylated benzimidazoles 201 according to Song and co-workers.

4. Synthesis of 2-keto annulated oxazoles.

The annulated oxazoles form the vital core structure in a large
and a wide variety of natural products, and display various
biological and pharmaceutical properties. Among them 2-
aroylbenzoxazoles are specific class of compounds, which have
been found to exhibit a series of biological activities. Con-
sequently, numerous synthetic routes to these skeletons have
been reported and which are summarized in previous review.”?

Here, we highlight the synthetic routes described for these
important compounds from 2019 to 2022.

In 2021 Kang and co-workers, reported the synthesis of 2-
benzoylbenzoxazole 203 from the oxidation of 2-benzylbenzox-
azole 202 using NHPI-BUONO catalyst in the presence of
oxygen in benzonitrile at 80°C for 24 h (Scheme 91).2

Moreover, in 2021, Nguyen and co-workers established a
very interesting route for the synthesis of 2-benzoylbenzox-
azoles 206 involving the straightforward Willgerodt type
benzoxazolation and methylene oxidation, which was pro-
moted by elemental sulfur in DMSO. The best reaction
condition consists of stirring a mixture of o-aminophenols 204
(1 equiv) with acetophenones 205 (1.2 equiv) in the presence of
NMM (0.5 equiv) as additive, Sg (1 equiv) as oxidant and DMSO
as an oxidant, and solvent at 110°C for 16 h (Scheme 92)."*
Furthermore, these methods are found to be cheapest and
most convenient protocol to afford a collection of 2-benzoyl-
benzoxazoles.

Relied on the control experiments conducted by these
authors and previous reports,"”” a reasonable reaction mecha-
nism was proposed (Scheme 93). Initially, the 2-benzylbenzox-
azole 1 is provided by Willgerodt-type of reaction between 2-
aminophenol 204 and acetophenone 205. Tautomerization of |
to I facilitated by the presence of benzoxazole and phenyl
moiety, and followed by the reaction with Sg in NMM afforded
the intermediate II. Then, extrusion of sulfur from Il occurs and
the oxidation of thiol Il to thione V may be realized, which
would proceed via the formation of polysulfide IV and
tautomer IV'. Finally, the hydrolysis of thione V would lead to
the formation of products 206a by the exchange of sulfur-atom
with oxygen.'%®
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Scheme 91. Synthesis of 2-benzoylbenzoxazole using NHPI-BuONO catalyst.
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Ar = 3-NHAc-CgHy 206k: 56%
Ar = 2-thiophen-2-yl 206l: 66%

Ar = 4-NO-CgH,
Ar = 3-CF3-CgH,

206aa: 35%
206ab: 67%

Ar = 2-naphthyl 206m: 72% Ar = 3-NO3-CgH4 206ac: 65%
Ar = 3-pyrdinyine-3-yl  206n: 67% Ar = 3-CN-CgH,y 206ad: 64%
Ar = 2-benzofuran-2-yl 2060: 57%
Ar = 4- CO,Me-CgHy  206p: 56%

Scheme 92. Scope of methyl Aryl ketones for the synthesis of 2-benzoylben-
zoxazoles 206.
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Scheme 93. Plausible mechanism for the formation of 2-benzoylbenzoxazole
210a.

More recently, the same group has disclosed the synthesis
of 2-benzoylbenzoxazoles 209 from the reaction of 2-nitro-
phenols 207 and acetophenones 208 in the presence of tertiary
amine and Fe/S catalyst generated insitu from simple
FeCl,-4H,0 and Sg (Scheme 94).1% In addition, this protocol
employs an inexpensive and readily available starting materials
such as o-nitrophenols, acetophenones and methylquinoline
analogues with a high degree of structural diversity. The
condensed products 2-benzoylbenzoxazoles and 2-quinolylben-
zoxazoles were obtained in reasonable yields with water as the
only byproduct at 80°C.

Almost at the same time in 2021, Yunyum and co-workers
described their findings in the synthesis of 2-acylbenzoxazoles
211 via the Cu(l)-catalyzed tandem benzoxazole annulation and
C(sp’)-H oxygenation, employing N-(o-hydroxyphenyl) 210 as
starting materials (Scheme 95)."% In addition, the synthesis of

FeCly* 4H,0 (5 mol%
“ OoH 2 2S 192 mf/ ) O O
R_O[ . _ S(equiv) @ p
N NO, @ DIPEA/pyridine N
(1:1 equiv) @
207 208

80-100 °C, 16 h 209
Yields: 53-72%

Ar=Ph 209a: 72% Ar = 2-thiophen-2-yl 2091: 65%
Ar=24-Me,-CgHs  209b: 55% Ar = 2-naphthyl 209m: 62%
Ar=24,6-Mes-CgH,  209c: 58% Ar = 3-CF3-CgHy 209n: 65%
Ar = 3,4,5-OMe3-CgH, 209d: 68% Ar = 2-benzofuran-2-yl 2090: 66:/0
Ar=4-OMe-CeH,  209e: 53% Ar = 4-CF5-CeHy 209p: 68%
Ar = 3-OMe-CgH 200f: 55% Ar = 2-CF5-Cotly 209q; 63%
64 s 997 Ar = 3-CN-CgHy 209r: 65%
Ar = 4-F-CgH, 209g: 62% Ar = 4-CN-CgHy 209s: 62%
Ar = 3-Cl-CgHy 209h: 61% Ar = 3-NO,-CgH, 209t 54%
Ar = 4-Cl-CgH, 209i : 53% Ar = 4-CO,Me-CgHy 209u: 59%
Ar = 4-Br-CgHy4 209j: 63%
Ar = 3-NHAC-CgH, 209k: 57%

Scheme 94. Fe/S-Catalyzed synthesis of 2-acylbenzimidazole 209 according
to Nguyen and co-workers.

H

N -7 S AN
T Q AcOH, 120 °C, air = o
OH
12h
21

210 Yields: 37-84%
R=H, Ar=Ph 21a:78% R =6-Me, Ar = 4-F-CgH, 211k: 51%
R = 7-Me, Ar = 4-Me-CgH, 211b: 53% R = 6-Me, Ar = 2-thiophen-2-yl ~ 2111: 48%

R=6-Me, Ar=24-Me;-CgH;  2116:67% R =5.Cl, Ar= 2-thiophan-2yl  211m: 47%
R=5-Me, Ar=246Me;CH, 211d:62% R=H, Ar = 2-thiophen-2-yl 211n: 51%
R=5F Ar=40Me-CgH,  211e:40% R=6Me Ar=4-ClCeH, 2110: 61%
s R ony R=6-Me Ar=4-OMs-CgHy  211p: 54%
R=5Cl, Ar=3.0Me.CoH,  Z1F: 93% |7 o A 4 CUex St o
R=5Br, Ar=4NOyCeH,  2119:56% o _ 4 o) ar= 4 CICoH, 211 63%
R =H, Ar=4-F-CeH, 211h: 83% g - 5.0, Ar = 4- OMe-GgH, 211s: 27%
R = H, Ar = 4-CI-CgHy 2113 84%
R = H, Ar = 4-OMe-CgHy 211j: 45%

Scheme 95. One pot synthesis of 2-acylbenzoxazoles 211 according to
Yunyum and co-workers.

2-acyl benzoxazole 211 is of special advantages, due to the use
of air as an oxygen atom source, low cost of copper catalyst as
well as the attractive conversion of the stable C(sp®)-H bonds,
which make the synthetic approach efficient for the preparation
of these valuable heterocyclic motives with environmentally
benign operations.

5. Conclusion

2-Ketoaryl azole derivatives have occupied an important
position in pharmaceutical research. Among these molecules,
the 2-ketoaryl benzothiazoles, 2-ketoaryl benzimidazoles and 2-
ketoaryl benzoxazoles derivatives exhibit a series of pharmaco-
logical properties such as antidiabetic, antitumor, antiviral,
antimicrobial, anticancer, antihypertensive, analgesic, antibron-
cospastic, antiallergic, antithrombotic properties and as a
potent receptor of tyrosine kinase. Over the past decades, the
attempts on progress towards synthesis of these scaffolds have
developed a number of useful synthetic protocols. This review
represents numerous exceptional approaches, which are con-
tributed from synthetic chemists across the globe using reliable
methodologies and easily accessible substrates. A series of
potential synthetic tools including C—H functionalization, inter-
molecular cyclization and multicomponent reactions for the
generation of C—C and C-heteroatom units are described.
Despite the outstanding breakthrough during last years, there
are still many scope for further investigation in this field with
regard to the preparation of medicinally important compounds.
These opportunities could led to realize the future challenges
which might expedite the application of these transformations
towards the synthesis of novel molecules.
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