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ABSTRACT

Synthesis and functionalization of aza-fused heterocycles are considerd as most valuable targets
in synthetic chemistry because of their broad range of applications in the field of medicinal and
material chemistry. The thesis entitled “C-H Functionalization of Imidazo-Heterocycles and
Exploration of Imidazolium-Supported Benzotriazole Reagent for Selective Organic
Transformations” deals with the functionalization of imidazo[1,2-a]pyridine (IP) scaffold via
conventional heterocyclization, metal-catalyzed C-H activation and metal-free oxidative
coupling reactions. In addition, the thesis systematically documents the synthesis and exploration
of novel imidazolium-supported benzotriazole reagent as carboxylic acid activator. The thesis is
divided into six chapters.

The first chapter of the thesis presents a brief description on recent C-H functionalization
reaction on imidazo[1,2-a]pyridine, providing a momentary look of imidazo[1,2-a]pyridine
based works conducted by synthetic chemists in the past.

The second chapter of thesis presents a microwave-assisted strategy for the synthesis of
imidazo[1,2-a]pyridyl appended quinoxalin-2(1H)-ones. The desired products were synthesized
by reacting prior synthesized imidazo[1,2-a]pyridine-3-glyoxalates and ortho-phenylene diamine
using montmorillonite K-10 under solvent-free condition or Yb(OTf); in THF. This Hinsberg
heterocyclization reaction showcased good compatibility with a wide variety of substituted
imidazo[1,2-a]pyridines resulting in the formation of described products in 20-82% yields, under
environmentally being reaction conditions.

The third chapter of the thesis describes a significant exploration of transition metal-catalyzed
strategies towards the direct synthesis of functionalized imidazo-heterocycles. The chapter is
divided into two parts: Part A: presents the copper-catalyzed direct aerobic cross-
dehydrogenative coupling of imidazo-heterocycles and aryl acetaldehydes, synthesizing
dicarbonylated imidazo-heterocycles in 55-85% vyields. The scope of the reaction was
generalized  with  differently  substituted  electron-rich  and  electron-deficient
imidazo[1,2-a]pyridines and aryl acetaldehydes. Wherein the Part B: describes a regioselective
Ru(ll)-catalyzed strategy for the ortho-amidation of 2-arylimidazo[1,2-a]pyridines with aryl
isocyanates via Csp?>~H bond activation in 30-78% yields. An array of ortho-amidated 2-

arylimidazo[1,2-a]pyridines with different functionalities on aryl and pyridyl rings were



synthesized in good-to-excellent yields. The scope of the methodology was further expanded
with phenylimidazo[2,1-b]thiazole, 2-phenylbenzo[d]imidazo[2,1-b]thiazole, and
2-phenyl imidazo[1,2-a]pyrimidines by synthesizing respective ortho-amidated products in
appreciable yields.

The fourth chapter of the thesis describes the significant exploration of metal-free strategies
towards the homocoupling of imidazo-heterocycles. This chapter is also divided into two parts:
Part A: describes an efficient transition metal-free, phenyliodine diacetate (PIDA)-mediated,
BF3-OEt;-accelerated oxidative homocoupling of 2-arylimidazo[1,2-a]pyridines for the synthesis
of 3,3'-biimidazo[1,2-a]pyridines in moderate-to-good vyields. The methodology was also
extended by synthesizing, biimidazo[2,1-b]Jthiazoles and bibenzo[d]imidazo[2,1-b]thiazoles
under similar reaction conditions. In addition, an organocatalytic approach for the desired
transformation employing catalytic amount of iodobenzene with m-CPBA/AcOH was also
executed. On other way Part B: describes the utility of molecular iodine for the oxidative direct
homocoupling of imidazo-heterocycles using NazS as a sulfur source for predominant synthesis
of bis(imidazo[1,2-a]pyridin-3-yl)sulfanes and bis(imidazo[1,2-a]pyridin-3-yl)disulfanes under
variable solvent conditions. These direct oxidative strategies for the synthesis of bis-sulfanes and
bis-disulfanes were well exemplified with a broad range of substituted 2-arylimidazo[1,2-
a]pyridines.

The fifth Chapter of the thesis presents a brief background of different imidazolium-supported
reagents, and their application in various organic transformations. Later on, the chapter deals
with a detailed synthetic protocol for the synthesis of imidazolium-supported benzotriazole
reagent (Im-BtH) as a novel synthetic auxiliary. Thereafter, eight different N-acylated
imidazolium-supported benzotriazole reagents (Im-BtCOR) were prepared and exemplified as
greener carboxyl group activating reagents for the synthesis of library of amides, esters and
thioesters in aqueous medium under microwave irradiation. The methodology was proved to be
scalable at gram scale by synthesizing Paracetamol in 93% yield. The reagent was successfully
recovered and reused five times without any noticeable loss in activity.

Finally, in the sixth chapter of the thesis, a summary of the thesis work is presented along with

future scope of the research work.
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Chapter 1

CHAPTER 1

Recent Advancements in C-H Functionalization of
Imidazo[1,2-a]pyridines




Chapter 1

1.1 Introduction

Heterocycles constitute the largest classical division of organic compounds. The extensive use
of heterocyclic compounds in the pharmaceutical industry is perhaps attributable to the
availability of ample range of reactions that facilitate subtle structural modifications in them. In
particular, nitrogen-containing heterocycles have gained much attention due to their utility as
valuable intermediates for diverse synthetic transformations.? Aza-fused heterocycles comprise
a family of biological agents with interesting pharmacological properties, and consequently to
its DNA intercalating ability that make them suitable candidates as anti-neoplastic and
mutagenic agents.>?

Among various aza-fused heterocyclic systems, imidazo[1,2-a]pyridine (IP) (1) has been
recognized as a privileged scaffold because of its versatile biological profile including, anti-HIV,
antiviral, antimicrobial, antitumor, anti-inflammatory, anti-parasitic and hypnotic activities.**° In
addition, the core skeleton is found in numerous commercially available drugs such as Alpidem,
Saripidem, Zolpidem, Nicopidem, Zolimidine, Miroprofen, Minodronic acid (Figure 1.1.1).111
IP derivatives are also used as p-amyloid formation inhibitors, GABA and benzodiazepine

receptor agonists, and cardiotonic agents.'’-*®

N =N NN
cl « cl AN =N
cr N ¢ CN(\{ C /g/g < >
o —N
N =N N o
o

Imidazo[1,2-a]pyridine (IP) Alpidem Saripidem Zolpidem
(1) (Anxiolytic agent) (Sedative & anxiolytic agent) (Treatment of insomnia)

(o]
oY oy " OQ
. Jev oS O e
S— HO
—N N7 1 o (HO),OP
/N\

o]
b—'-Bu PO(OH),
o

Minodronic acid

Nicopidem Zolimidine Miroprofen (Treatment of osteoporosis)

(Sedative) (Treatment of peptic ulcers) (Analgesic)

Figure 1.1.1: Currently marketed functionalized imidazo[1,2-a]pyridine based drugs

Apart from biological value, imidazo[1,2-a]pyridine exhibits profound applications in the field
of material science and agro chemistry. Moreover, the structure activity relationship (SAR)
studies on functionalized imidazo[1,2-a]pyridines (1) unveil the great dependency of

2



Chapter 1

substituents at the C-2 and C-3 positions.?® The applicative value of substituted IPs has
stimulated considerable attention of our group, and other organic chemists toward the
construction of functionalized imidazo[1,2-a]pyridines.
Chemically, imidazo[1,2-a]pyridine is an electron-rich hetero-aromatic compound that readily
undergo electrophilic substitution reaction preferably at the C-3 position. The functionalizations
at C-3 position of the imidazo[1,2-a]pyridine scaffold have been exemplified via four major
strategies:

1. Direct electrophilic substitution

2. Metal-catalyzed cross-coupling reaction

3. Metal-catalyzed direct C-H activation

4. Metal-free C-H activation

A broad classification on various C-H functionalizations of imidazo[1,2-a]pyridine (1) is

Trifluoroalkylation

depicted in Figure 1.1.2

I

Alkenylation

Imidazo[1,2-a]pyridine
Hydrazination

Nitrosylatio
Cyclization/Annulation

Figure 1.1.2: A representative diagram depicting various functionalizations on

Thiocyanation
Halogenation

Carbonylation

i

|
é

imidazo[1,2-a]pyridine
This chapter briefly describes some recent developments in C-H functionalizations of

imidazo[1,2-a]pyridines on the basis of nascent bond formation via Csp?-H bond activation.
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1.2 C-C Bond formations

Csp?-Csp? bond formation: C-H arylation of imidazo[1,2-a]pyridines

Cross-coupling reactions have received remarkable attention of organic chemists. The
considerable interest in this approach towards constructing aryl-(hetero)aryl C-C bonds have
been successfully employed for the syntheses of natural products, agrochemicals, polymers,
pharmaceuticals, and their precursors. In particular, 3-arylimidazo[1,2-a]pyridine is often cited
as the core structural framework of various bioactive compounds, such as liver X receptor
(LXR) agonists,?! GABAA«2/a3?% agonists, y-secretase modulators (GSMs),?® and positive

allosteric modulators (PAMs) of metabotropic glutamate 2 receptor (Figure 1.2.1).%

@1‘; o 58O Sde

LXR-Agonists GABA ,02/a:3 Agonists y -Secretase modulator (GSMs) PAMs of mGIuR2

Figure 1.2.1: Selective examples of biologically active 3-arylimidazo[1,2-a]pyridines

In this regard, various metal-catalyzed strategies have been developed toward the C-3 arylation
of imidazo[1,2-a]pyridine (1) in recent times. Chakravarty et al. documented phosphine-free
Pd-catalyzed direct arylation of 2-arylimidazo[1,2-a]pyridines (1) with different aryl iodides (2)
using silver(l) carboxylate. The presented C-H arylation was equally effective with a variety of
electron-rich and electron-deficient 2-arylimidazo[1,2-a]pyridines (1), yielding C-3 arylated
products in moderate-to-good yields (Scheme 1.2.1a).2° Similarly, Doucet and coworkers also
reported phosphine-free direct arylation of substituted imidazo[1,2-a]pyridines (1) with aryl
bromides (3) using palladium catalyst in dimethylacetamide. In this case, electron-deficient aryl
bromides (3) offered high yields of arylated products (Scheme 1.2.1b).26 Cao et al. used aryl
chlorides 4 as coupling partner for the direct arylation of substituted imidazo[1,2-a]pyridines (1)
using Pd(OAC): in association with 10 mol % of BuAd2P. The methodology was effective with
various substituted aryl chlorides (4), albeit failed with strong electron-withdrawing and strong
electron-donating groups such as nitro and methoxy, respectively (Scheme 1.2.1c).?” Wang and
Kwong group achieved C-3 arylation with aryl tosylates (5) or mesylates (6) by employing
Pd(OACc). associated with L1 SPhos (2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl) or L2
(2-(2-(diisopropylphosphino)-phenyl)-1-methyl-1H-indole) (Scheme 1.2.1d).?® Raboin et al.

4



Chapter 1

described C-3 arylation of substituted imidazo[1,2-a]pyridines (1) under microwave-induced
condition using palladium catalyst in the presence of triphenylphosphine. Various substituted
aryl or heteroaryl bromides (3) were treated with a ample range of substituted
imidazo[1,2-a]pyridines (1) to give 2,3,6-trisubstituted imidazo[1,2-a]pyridines 7 in good-to-
excellent yields (Scheme 1.2.1e).%° Lee and coworkers used magnetically recyclable Pd-FesOx
nanoparticles for the regioselective C-3 direct arylation of substituted imidazo[1,2-a]pyridines
(1) with aryl bromides (3). The scope of the reaction was examined with different electron-
deficient and electron-rich as well as sterically-hindered aryl bromides (3) (Scheme 1.2.1f).%
Recently, Cao and his teammate reported Pd-catalyzed direct cross-coupling of substituted
imidazo[1,2-a]pyridines (1) with aryl boronic acids (8) using Cu(OAc)2 in presence of palladium
catalyst forming a multi-substituted imidazo[1,2-a]pyridines 7. Presence of electron-donating
and electron-withdrawing groups on imidazo[1,2-a]pyridines did not altered the product yield,
albeit the reactivity was dependent on the position of substituents (Scheme 1.2.1g).3!

(a) Aryl lodide 2
Pd(OAc), (5 mol %), Ag,0 (0.75 equiv.), 2-NO,CzH,COOH (1.5 equiv.)
DME, 120 °C, 15 h

(b) Aryl/Heteroaryl Bromide 3
Pd(OAc), (0.01-0.1 mol %), KOAc (2 equiv.), DMA, 150 °C, 16 h

(c) Aryl Chloride 4
Pd(OAc), (2.5 mol %), BuAd,P(10 mol %)
Cs,CO3 (1.5 equiv.), NMP, 120 °C, 24 h Y

= N=
117
R %R 1 (d) Aryl Tosylate 5 or Mesylate 6 R CNr / R
/ Pd(OAc), (10 mol %), L1-L2 (40 mol %) -
K3PO4 H,0 (1.5 equiv.), t-BuOH, 120 °C, 18 h 7/ A0

(e) Aryl/Heteroaryl Bromide 3 +
Pd(OAc), (5 mol %), PPhs (10 mol %) K,CO3 (2 equiv.)
1,4-Dioxane, MW, 100 °C, 1- 3.5 h
(f) Aryl Bromide 3
Pd-Fe3;04 (1 mol %), NaOAc (2 equiv.)
DMA, 166 °C, 12 h
(9) Aryl Boronic acid 8
Pd(OAc), (5 mol %)
Cu(OAc), (10 mol %)/0,,
Phen (10 mol %),
1,4-Dioxane, 120 °C, 24 h

Scheme 1.2.1: Pd-catalyzed C-3 arylation of imidazo[1,2-a]pyridines (1)
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Ruthenium(ll) catalyst was elegantly employed by Yang et al. towards the regioselective C-3
arylation of substituted imidazo[1,2-a]pyridines (1) with different aryl halides, affording C-3
arylated imidazo[1,2-a]pyridines (7) (Scheme 1.2.2a). The developed methodology preceded by
insertion of Ru complex to C—H bond followed by formation of a cationic three-member cyclic
intermediate.®? Thereafter, Cui and coworkers utilized Rhodium(lll) catalyst for the same
transformation. A variety of aryl halides or triflates 9 were evaluated under the described
conditions, affording the corresponding C-3 arylated product in good-to-excellent yields

(Scheme 1.2.2b).%3

R2—1 N
\_~ X=1,Br
[RuCl,(p-cymene)], (5 mol %)
(a Cs,CO; (2 equiv.) \
DMF, 120 °C, 15 h
N .7 _N
PO R N/ R
R'— N y/ R —
N S 7 R?
1 R2—L 7 X
A X=10Tf —
®)  [Rh(cod)CIl, (2.5 mol %)

K2CO3 (1 5 eqUiV.)
PPhs (8 mol %)
NMP, 100 °C, 20 h

Scheme 1.2.2: Ru/Rh-catalyzed C-3 arylation of imidazo[1,2-a]pyridines (1)

Further in 2012, Cao and coworkers improved the direct C-3 arylation methodology by
employing inexpensive copper(l) catalytic system. Reaction of different aryl iodides (2), aryl
bromides (3), and triflates (9) with a range of substituted imidazo[1,2-a]pyridines (1) gave the
C-3 arylated products 7 in good-to-excellent yields (Scheme 1.2.3). Unfortunately, arylation
using heteroaryl halides could not flourish the desired products. The reaction was described to
proceed through base-mediated C—H proton abstraction followed by transmetalation with copper,

which further undergoes oxidative addition of aryl halide.3*

N
N X Cul (5 mol %) PO
A N b _R—Z R
R*—E/\Nr/ R + RZ—:O/ g N
1

1,10-phenanthroline (10 mol %)

'BUOK (2.5 equiv.), DMF 7 2
— ’ VR
X_IyBr, OTf 140 OC, 24h / /
2, 30r9 —

Scheme 1.2.3: Cu-catalyzed C-3 arylation of imidazo[1,2-a]pyridines (1)
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Zhan et al. achieved C-3 arylation via direct oxidative coupling reaction of
imidazo[1,2-a]pyridines (1) with completely unactivated arenes 10, employing palladium
catalyst with suitable oxidant Ag>COz and additive. The reaction exhibited excellent selectivity
and broad range of functional group tolerance including different electron-rich and electron-

deficient substrates (Scheme 1.2.4).%

N
=N = Pd ) 1 /\’4
1 2 (OAc), (5 mol %) = R R
R_\//\Nr/ R *+R —O SN
1

Ag,CO;3 (5 mol %),

PivOH (0.15 equiv.), O,

n 2
10 130 °C, 20 h 7 7 R

Scheme 1.2.4: Pd-catalyzed direct oxidative C-3 arylation of imidazo[1,2-a]pyridines (1)
Recently, Tang et al. reported metal-free heteroarylation via deaminative cross-coupling of
substituted imidazo[1,2-a]pyridines (1) with 2-aminobenzothiazole (11) in presence of KOAcC
and t-butylnitrite in 1,2-dichloroethane. A wide substrate array of imidazo[1,2-a]pyridines with
electron-deficient, electron-rich and sterically hindered groups were examined (Scheme 1.2.5).
The reaction was proposed to proceed through the formation of diazonium salt, followed by
deamination and subsequent coupling with substituted imidazo[1,2-a]pyridines (1).%
NN
1 Ly tBK“S/Tfm‘iZi?JY#”—@{R

DCE, 90 °C, 12 h N

1 11 S
g

Scheme 1.2.5: Metal-free heteroarylation of imidazo[1,2-a]pyridines (1)

Csp?-Csp? bond formation: C-H alkenylation of imidazo[1,2-a]pyridines

C-H Alkenylation of arenes and hetroarenes has been an important step in the synthesis of
numerous natural products and pharmaceuticals. Within this relam, Fujiwara-Moritani reaction®’
is one of the most important Pd-catalyzed oxidative coupling reaction of arenes with olefins that
has proven to be a valuable tool for the steroselective synthesis of substituted alkenes in recent
years. In this regard, Raboin et al. synthesized C-3-alkenylated imidazo[1,2-a]pyridines 16 by
reacting various substituted bromoalkenes 13 with substituted imidazo[1,2-a]pyridines (1) via
C-H activation process using palladium as catalyst and triphenylarsine as ligand under basic
conditions (Scheme 1.2.6a).%® Later, same group improved the strategy by employing vinyl
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ketones (14) and alkyl acrylates (15) for s-selective oxidative C-3 alkenylation of imidazo[1,2-
a]pyridines (1) under Pd-catalyzed conditions using copper acetate as external oxidant.3®
R4

R% R3

Br 13
Pd(OAc), (20 mol %)

AsPh; (40 mol %), \
(a) Ag,CO; (2 equiv.)
DMF, MW, 130 °C, 2 h %
N
= - 4
— R
1®R R AN
R 1 H.~ R3
(b) R?  14/15
Pd(OAc), (10 mol %) /

Cu(OAc), (2 equiv.)
Xylene, 120 °C, 2-4 h
R% R®=H
R*=CO,Me, CO,Et, CO,Bn, COEt

Scheme 1.2.6: Pd-catalyzed regioselective C-3 alkenylation of imidazo[1,2-a]pyridines (1)
Moreover, Hajra group synthesized alkenylated imidazo[1,2-a]pyridines 18 via aerobic
cross-dehydrogenative coupling between substituted imidazo[1,2-a]pyridines (1) and alkenes 17

under Pd-catalyzed ligand-free conditions using TBAB. (Scheme 1.2.7).4°

N v) 7 /N
= N= Pd(OAc), (5 mol %) 1

1_ 17 /\ 2 » R R
R Q?N// R + 2R TBAB (2 equiv.) SN

17 DMAc, 100 C, 16 h
O, 18 R2

Scheme 1.2.7: Pd-catalyzed a-selective alkenylation of imidazo[1,2-a]pyridines (1)
Interestingly, Ru(ll) complex was effectively utilized by Sawant and Pardasani et al. for the
regioselective ortho C—H bond alkenylation of 2-arylimidazo[1,2-a]pyridines (1) via internal
coordination of imidazolyl nitrogen (N1), yielding 2-(2'-alkenylphenyl)imidazo[1,2-a]pyridines
(19) in moderate-to-excellent yields (Scheme 1.2.8).4

[RUCl, (p-Cymene)], [10 mol %] /\r/N

N 3 0 1 2
ar AgSbFg (20 mol % e R
R1_/\|/ R2 + A(COOR gSbFe (20 mo _ 0) >R N Y
N7 J Cu(OAc), (1 equiv.)
1 14

DCE, 80 °C 19 \\
Air
R300C
Scheme 1.2.8: Ru-catalyzed ortho-alkenylation of 2-arylimidazo[1,2-a]pyridines (1)
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Hajra and coworkers also synthesized allenes decorated imidazo[1,2-a]pyridines by the reaction
of 1,1,3-triphenylprop-2-yn-1-ol (20) and substituted imidazo[1,2-a]pyridines in the presence of
Zn(OTf)2 in toluene (Scheme 1.2.9). The general substrate variability were examined by varying
substituents on pyridine and 2-aryl ring of imidazo[1,2-a]pyridines. The reaction mechanism was

described to proceed via Sn2 pathway.*?

N
= N=
/\(/N _ Ph o Zn0TH, (10mol %) R @/N// R
R—— /) R*Ph—= {-OH Tiiuens, 110°C, 16 ™

o 1 20 Ph 21 Ph

Ph\.\//C

Ph
Scheme 1.2.9: Zn-catalyzed C-3 allenylation of imidazo[1,2-a]pyridines (1)
Csp?-Csp? bond formation: C-H formylation/carbonylation of imidazo[1,2-a]pyridines
Owing to the remarkable applicative value of formylated (hetero)arenes in synthetic chemistry,
and to replace the classical Vilsmeier—Haack,**** Reimer-Tiemann,**® Rieche,*” and
Friedel-Crafts acylations reactions,*® Cao et al. reported a Cu-catalyzed C-3 formylation of
imidazo[1,2-a]pyridines (1) with dimethyl sulfoxide (22), utilizing molecular oxygen as the
terminal oxidant (Scheme 1.2.10a).° The reaction was described to proceed via single electron
transfer (SET) radical pathway. Afterwards, Liu and coworkers prepared the same C-3
formylated products (23) under Fe(l11)-catalyzed conditions using dimethyl sulfoxide (22) as the
carbon source. A similar single electron transfer oxidation process involvement was proposed

with the assistance of ferric chloride and molecular oxygen (Scheme 1.2.10b).>°

('s? 22
PN
Cu(OAc), (5 mol %)
(@) AcOH, 0, 120 °C, 24 h \

N _N
R1_//\f/ R —| o) R1f\r/ R
SN S 22 ~N

PN
H

1 ®) FeCls (5 mol %) / 23 G

O, (1 atm)

AcOH (0.2 equiv.)
100 °C, 12 h

Scheme 1.2.10: Cu/Fe-catalyzed C-3 formylation of imidazo[1,2-a]pyridines (1)
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The direct introduction of carbonyl group in a heterocyclic system is highly desirable due its
prevalent presence in various natural products, commercialized drugs and synthetic materials.
Cao et al. developed a Cu-catalyzed cross-coupling strategy for amalgamation of C(sp?)-H and
Csp3-H bonds between substituted imidazo[1,2-a]pyridines (1) and methyl heteroarenes 24 to
obtain C-3 carbonylated imidazo[1,2-a]pyridines 25. Other heterocycles such as
2-methylquinoline, 2-methylpyrazine, 2-chloro-3-methylpyrazine, and 2,5-dimethylthiazole were
also used to carbonylate imidazo[1,2-a]pyridines in moderate-to-good yields (Scheme 1.2.11).
The reaction was described to proceed through the formation of peroxo radical species in TFA

under oxygen environment via SET mechanism.>

N N R1 NN R
A~ _ Cu(OAc), (10 mol %) — p
1= > N
/\ 130 °C, 12 h 0]
R? =
1 24

25
R2/t\\// N

Scheme 1.2.11: Cu-catalyzed C-3 carbonylation of imidazo[1,2-a]pyridines (1)

Similarly, direct introduction of ester group to organic molecule is undoubtly appreciable as it
can be easily converted into diverse functional groups such as hydroxymethyl, carbonyl, amide,
etc. With this anticipation, Sun and coworkers developed a regioselective Fe-catalyzed strategy
for the alkoxycarbonylation of substituted imidazo[1,2-a]pyridines (1) using carbazates 26, in
presence of oxidant (NH4)2S20g in DMSO (Scheme 1.2.12). The scope of the reaction was
efficiently evaluated by investigating a variety of 2-arylimidazo[1,2-a]pyridines possessing
electron-donating and electron-withdrawing groups. The reaction was depicted to proceed
through radical mechanism by the formation of alkoxycarbonyl radical intermediate via
sequential SET process followed by deprotonation steps to afford the described products 27 in

the presence of Fe(l1) and S,0g%".%

/\?N /(n:\ FeCl,.4H,0 (20 mol %)= ] ' R
R1_\/N % R * RO NHNH;  (NH,4),S,0g (3 equiv.) \/N /
DMSO, 55 °C, 6 h ,
1 26 ,7 COR

Scheme 1.2.12: Fe-catalyzed C-3 alkoxycarbonylation of imidazo[1,2-a]pyridines (1)
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Csp?-Csp? bond formation: Alkylation of imidazo[1,2-a]pyridines

Li and coworkers reported metal-free protocol for C-3 alkylation of substituted
imidazo[1,2-a]pyridines (1) with xanthates 28 in presence of oxidant dilauroyl peroxide (DLP)
via radical mechanism. The scope of the reaction was examined with a series of imidazo[1,2-
a]pyridines possessing different substituents at different positions; albeit not much effect on the
yield of the product either using electron-donating or electron-withdrawing substituents was
noticed (Scheme 1.2.13). The utility of reaction was further extended towards the synthesis of

Alpidem and Zolpidem using amide containing xanthate.>

o)
N — _R? I . R2
= N= X DLP (2.5 equiv.) =N —
1 /\/ EtO.__S.__C. quiv.)_ X
R \/N\/)_@ * 7 OBt DpeE, s4°C, 12h R w@
S
1 28 99 CH2COOEt

Scheme 1.2.13: Metal-free C-3 alkoxycarbonylation of imidazo[1,2-a]pyridines (1)

Csp?- Csp? bond formation: Tosylmethylation of imidazo[1,2-a]pyridines

Song et al. utilized p-toluenesulfonylmethyl isocyanide (TosMIC) (30) for the first time as a
tosylmethylating reagent, and decorated the C-3 position of substituted imidazo[1,2-a]pyridines
(1) with tosyl methylene group to yield 31, in a solvent mixture of H>O and PEG 400 under an
argon atmosphere. The protocol offered broad range of substrate compatibility with halogen,
methyl, methoxy, and ester functionalities (Scheme 1.2.14). The authors recognized the crucial
involvement of FeCls for this selective transformation. The reaction was believed to proceed
either through formation of radical intermediate or carbonium ion, accompanied by the

generation of Fe(CN)z and CI' or CI- species. The exact mechanism was unclear in the report.>*

Cs
~N

100 °C, 22 h
Ts

0=S=0 )
R
2 N —
1/\r/N — R . FeCls (30 mol %) =R1_//\r// 4 //
RGN \ 7 H,O/PEG 400 (7:3, 2 mL), XN
1
30

31
(TosMIC)

Scheme 1.2.14: Fe-catalyzed tosylmethylation of imidazo[1,2-a]pyridines (1)
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Csp?-Csp? bond formation: Trifluoroalkylation of imidazo[1,2-a]pyridines

The incorporation of a trifluoroalkyl group into organic molecules has gained much attention due
its chemical and biochemical altering capability in term of solubility, metabolic stability, and
bioavailability.>* As a consequence, fluorinated compounds are widely explored in
pharmaceutical and agrochemical industries, as well as in material science.’”*® In a continuous
program towards the decoration of imidazo[1,2-a]pyridines, Hajra et al. reported catalytic
oxidative trifluoromethylation of substituted imidazo[1,2-a]pyridines (1), employing Langlois
reagent (CFsSO2Na) (32) under ambient condition in presence of catalytic amount of AgNO3z and
TBHP at room temperature (Scheme 1.2.15a). C-2 Aryl groups possessing electron-donating
substituents gave higher yields as compared to electron-withdrawing substituents. The reaction
was believed to proceed via radical pathway.>® In addition, Tang et al. also succeeded in
trifluoromethylation of substituted imidazo[1,2-a]pyridines (1) with same reagent using
Cu(OAcC)2 in presence of TBHP oxidant under ionic liquid/water media for which a radical
pathway was proposed (Scheme 1.2.15b).%°

CF3S0O,Na 32 (2 equiv.)
AgNO; (20 mol %)

TBHP (20 mol %)
DMSO, r.t., 12 h \

i N
R1ﬁN R — AT R1—/A4 R
\/N / \/N /
1
3

(a

~

CF3S0O,Na 32 (2 equiv.)
Cu(OACc), (5 mol%) CF;
(b)) TBHP (3 equiv.) Vol
[Bmim]BF4/H,0, r.t., 24 h

Scheme 1.2.15: Metal-catalyzed C-3 trifluoromethylation of imidazo[1,2-a]pyridines (1)

3

Xu et al. successfully achieved regioselective trifluoroethylation of substituted
imidazo[1,2-a]pyridines (1) using 1,1,1-trifluoro-2-iodoethane (34) as a trifluoroethyl radical
source in presence of iridium catalyst under visible light (Scheme 1.2.16). A variety of
substituents on the aromatic rings were compatible under the standard reaction conditions, albeit
halogen containing imidazo[1,2-a]pyridines showed sluggish reactivity. The reaction mechanism
followed radical pathway through the formation of CH>CF3" radical species via visible-light

photocatalysis.®*

12
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N .oy TRy @ mol %) ) ZYF R
TSR S oy TS
.5 ue
1 34 Ny, rt, 36 h 35 CHCPs

Scheme 1.2.16: Ir-catalyzed C-3 trifluoromethylation of imidazo[1,2-a]pyridines (1)

Recently, Hajra group developed a Cu-catalyzed ethoxycarbonyl-difluoromethylation of
imidazo[1,2-a]pyridines (1) with BrCF.CO2Et (36) under basic conditions in acetonitrile. A wide
range of imidazo[1,2-a]pyridines and other imidazo-heterocycles were treated under the
optimized reaction conditions to obtain the targeted products 37 (Scheme 1.2.17). The reaction
was described to proceed via oxidative addition of Cu(l)-catalyst to BrCF.CO2Et to via oxidative
addition, followed by nucleophilic addition of imidazo[1,2-a]pyridine generating stable
carbocation species, which upon reductive elimination under basic conditions yielded the desired

product.®?

N )
R1—//\r/\)—R + BrCF,CO,Et CLOOmAI%) o P P )R
N / 1,10-Phenanthroline (12 mol %) \/N
36 K,CO3 (2 equiv.)
CH3CN, 80 °C, 10 h
Air

37 CF,COE

Scheme 1.2.17: Cu-catalyzed ethoxycarbonyl-difluoromethylation of imidazo[1,2-a]pyridines (1)
Csp?- Csp® bond formation: Hydroxyalkylation of imidazo[1,2-a]pyridines

Hao and coworkers disclosed a simple and mild method for hydroxyalkylation of substituted
imidazo[1,2-a]pyridines (1) through Friedel-Crafts reaction with ethyl trifluoropyruvate (38)
(Scheme 1.2.18). The optimized reaction conditions exhibited good functional group tolerance

with electron-rich as well as electron-deficient species.®

2
%R Isopropyl ether N Y,
/ + EtO £.-60 °C 10 48 h CFs
~N \_7/ " EtO OH
1 O 39

Scheme 1.2.18: C-3 Hydroxyalkylation of imidazo[1,2-a]pyridines (1)

Csp?-Csp? bond formation: Synthesis of bis(imidazo[1,2-a]pyrid-3-yl)methanes
Biheteroaryls connected via methylene bridge are interesting targets, and are frequently found
in many natural products, pharmaceutical motifs, and functional materials. Inspiring from the

eye catching biological profile of several bis(heteroaryl)methanes, Kumar et al. described an

13
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efficient protocol for the synthesis of methylene-bridged bis-imidazo[1,2-a]pyridines 40 using
vanadium catalyst and DMA as a solvent cum methylene source. The reaction was believed to
proceed through the formation of iminium intermediate by the action of vanadium and 1BD,
followed by electrophilic substitution (Scheme 1.2.19a).%* Likewise, Patel and coworkers
employed Cu(OAc)2 and oxidant K>S>0g in DMA towards the formation of methylene-bridged
bis-imidazo[1,2-a]pyridines 40 (Scheme 1.2.19b).%° Sun et al. demonstrated metal-free
H3POs-promoted  strategy for the synthesis of symmetrical methylene-bridged
bis-imidazo[1,2-a]pyridines 40 using DMSO as methylene synthon. The reaction mechanism
was believed to proceed with the thermal decomposition of DMSO into CH20 in presence of
HsPOs (Scheme 1.2.19c).® Moreover, Yadav et al. also synthesized methylene-bridged
bis-imidazo[1,2-a]pyridines 40 using DMSO as a methylene source and H202 as mild oxidant in
absence of transition-metal catalyst. The reaction was described to proceed through the
formation of methyl radical from DMSO by means of hydroxyl radical of H20., which
thereafter react with imidazo[1,2-a]pyridine in sequential manner to offer the desired product

(Scheme 1.2.19d).%"

VO(acac), (10 mol %)
PhI(OAc), (2 equiv.)

(a) DMA, 100-150 °C, 6 h
Cu(OAc), (20 mol %) l

KZSZOS (2 eqUiV.) = —

(b) DMA, 120 °C, 12 h R1—\ N/ R
=N
R1—§/\Nr fR H5PO, (3 equiv.) Rl = CH,
() DMSO, Toluene, 115 °C, 24 h NG

1 \\__<\ \

N~ R 40

30 % Ag. H,0, (3-5 equiv.)
(d) DMSO, 125 °C, 12 -24 h

Scheme 1.2.19: Metal-catalyzed and metal-free protocols for the synthesis of methylene-
bridged bis-imidazo[1,2-a]pyridines (40)

In addition, Cu-catalyzed strategy was applied by Hajra group to synthesize unsymmetrical
heterodiarylmethanes 43 using DMF as one carbon source. Imidazo[1,2-a]pyridines effectively
reacted with indole derivatives 41 and electron rich N,N-dimethylaniline 42 in presence of
copper iodide and K2S>0g oxidant in DMF. The substrate scope of the reaction was well studied

using variable electron-withdrawing and electron-donating groups on imidazo[1,2-a]pyridines

14
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(Scheme 1.2.20).%8 In consistence with the previous report, the reaction mechanism was proposed
to proceed with formation of iminium ion followed by nucleophilic attack of
imidazo[1,2-a]pyridine.

R3

N /\l//N
1__1-
/ R N

__ R? @
. NN X 41 Cul (10mol %)
N N/ 7 or K»S,0g (1 equiv.) —
\ @ DMF,80°C,24h 3N
1 N
/

42 43 R2

43
Scheme 1.2.20: Cu-catalyzed synthesis of methylene-bridged unsymmetrical heteroarenes (43

& 43"

Csp?-Csp? bond formation: Synthesis of imidazopyridyl acetonitriles

Aryl/heteroaryl acetonitriles are valuable synthons in many organic transformation,®® and are
also foremost important in medicinal chemistry due to the occurrence of (hetero)aryl
acetonitrile units in various pharmaceutically active molecules, such as Levocabastine,
Verapamil, Isoaminile, Anastrozole, Diphenoxylate, and Cilomilast.”” Looking at the valuable
pharmacological importance, Xu et al. developed a Fe-catalyzed cross-dehydrogenative
protocol for the coupling of 2-arylimidazo[1,2-a]pyridines (1) and acetonitrile (44) to achieve
the desired heteroaryl-acetonitriles 45 in moderate-to-good yields using dicumyl peroxide
(DCP) as an oxidant. In general, electron-rich 2-arylimidazo[1,2-a]pyridines (1) showcased
better reactivity (Scheme 1.2.21). The strategy was successfully employed for the fast access of
Zolpidem. The reaction mechanism was proposed to proceed via the formation of cumyloxyl
radical in the presence of FeCp2 complex, and finally by the formation of cyanomethyl radical
which eventually undergoes radical cross-coupling with 2-arylimidazo[1,2-a]pyridine (1).”

, N —_R?
N R2 FeCp, (10 equiv.) e e
= — e : 1
R1_<>/NJ_@ + CHion _DCP(2equiv) R Q/\Nr/ \_/
1 44

100 °C, 20 h, Ar
NC 45

Scheme 1.2.21: Fe-catalyzed synthesis of imidazo[1,2-a]pyridyl acetonitriles (45)

Csp?-Csp bond formation: Synthesis of fused imidazo[1,2-a]pyridines via C-H annulations
Oxidative annulation reaction with internal alkynes is one of the important methods to synthesize
fused polycyclic heteroarenes.” This is due to the potential utility of ladder type z-conjugated

systems as organic electronic materials.”® Thus, noticeable efforts have been devoted by various
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research groups towards the insertion of alkynes into C—H and heteroatom-—hydrogen bonds in
different organic scaffolds.

Li group recently reported Rh(lll)-catalyzed C—H activation of  substituted
2-arylimidazo[1,2-a]pyridines (1) in divergent oxidative coupling with alkynes 46. Interestingly,
the Rh(lll)-catalyzed methodology provides an easy access to 5,6-disubstituted
naphtho[1',2":4,5]imidazo-[1,2-a]pyridines (47) and fused isoquinolinium derivatives 48 by
varying the external oxidant from AgSbFs to AgBF4, respectively. The reaction was adequately
explored with a broad range of substituted 2-arylimidazo[1,2-a]pyridines substrates with variable
electronic substituent, affording their corresponding 5,6-disubstituted
naphtho[1,2":4,5]imidazo-[1,2-a]pyridines (47) in moderate-to-good yields (Scheme 1.2.21).7

[RhCp*Cl5], (4 mol %)

AgSbFs (15mol %) o1~

AgOAc (2.2 equiv.) A
DCE, 100 °C, 12 h

[RhCp*Cl,], (4 mol %)
AgBF,4 (1 equiv.) -~ R
Cu(OAc), (1 equiv.)
DCE, 100 °C, 12 h

Scheme 1.2.21: Rh-catalyzed synthesis of naphtho-fused imidazo[1,2-a]pyridines (47) and fused
isoquinolinium derivatives (48)

With prospect to synthesize naphtho[1’,2":4,5]imidazo[1,2-a]pyridines (NIP) (47), Fan et al.
subsequently utilized Pd-catalyst for the oxidative cycloaromatization of substituted
2-arylimidazo[1,2-a]pyridines (1) with internal alkyne 46. However, imidazo[5,1,2-cd]indolizine
(49) was also obtained albeit in lower yield along with 47 (Scheme 1.2.22a). Interestingly, the
authors modified the strategy for exclusively obtaining imidazo[5,1,2-cd]indolizines (49) using
5-methyl-2-phenylimidazo[1,2-a]pyridine (Scheme 1.2.22b). Similarly, the selective formation
of 49 was also elegantly achieved with 2-mesitylimidazo[1,2-a]pyridine (Scheme 1.2.22c).
Moreover, the reaction showcased a wide range of substituent tolerance with various substituted

alkynes.”
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Pd(OAc), (10 mol %) NN R2
Cu(OAc), (20 mol %) =R1 N Q + 49
TBAB (2 equiv.) O (Minor)
H

(a)
DMF 100 °C, 12 h
X=H,Y=H R 'R®
47 (Major)
Y,
n =2 PA(OAC), (10mol %) N _N R?
. = _ (b)) cu(0Ac), (20 mol %), R’
R Y Y + R3—=——RS3 P - N
=~ _N 46 TBAB (2 equiv.) Q
1 v DMF 100 °C, 12 h
X X= CH3, Y=H R3 R3
X =H, CHj 47
Y =H, CHjy Pd(OAc), (10 mol %)
©) cu(OAc), (20 mol %) R

TBAB (2 equiv.)
DMF 100 °C, 12 h
X=H, Y=CHj,

R® R
Scheme 1.2.22: Pd-catalyzed annulative synthesis of fused imidazo[1,2-a]pyridines (47 & 49)
In the same year, Hajra and team documented Pd-catalyzed direct dehydrogenative annulation of
imidazo[1,2-a]pyridines (1) with diarylalkynes (46), providing a gallery of

imidazo[5,1,2-cd]indolizines (49) in moderate-to-excellent yields (Scheme 1.2.23).7

N 0 N

N = Pd(OAc), (5 mol %) Z N =
R1ﬁ/ + R2_— R2 - o

N ) R+ R—=-R Cu(OAc), .H,0 (1 equiv.) R N/ R

DMSO, 110 °C, 12 h
1 46 ' ’ —

R2 R2
49

Scheme 1.2.23: Pd-catalyzed annulative synthesis of 49 from imidazo[1,2-a]pyridines (1) and
diarylalkynes (46)

In addition, similar reactions have been also documented by Cheng, Song and Verma's group
independently  using  various internal  alkynes, producing various  substituted
naphtho[1',2":4,5]imidazo[ 1,2-a]pyridines 47 in moderate-to-excellent yields. Cheng and
coworkers used [Cp*Rh(CH3CN)3](SbFe)2] as a highly effective catalyst for the expected
annulation reaction (Scheme 1.2.24a).”” Whereas, Song”® and Verma’® groups utilized
[RhCp*Cl;]. catalyst with Co(OAc)2.4H20 and Cu(OAc)..H2O respectively, to achieve the
annulated products 47 in good-to-excellent yields (Scheme 1.2.24b and 1.2.24c).
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R3—R3
(a) [Cp*Rh(CH3CN);](SbFg), (2.5 mol %)
Cu(OAc), (1 equiv.), Toluene, 110 °C, 12 h Y
_ N —\_R?
R3 —_— R3 = =
N —\ _R?2 1 -5
R /\W (b) [RhCp*Clyl,, (5 mol %) ~ RN /)
N \_7 Co(OAc), .4H,0 (1.2 equiv.), DMF, 110 °C, 2 h
1
R3-=—R® 7 R R
(©) [RhCp*Cl,], (5 mol %) A

Cs,CO0O3 (30 mol %), Cu(OAc),.H,0 (1 equiv.)
Toluene, 125 °C, 7 h

Scheme 1.2.24: Rh-catalyzed oxidative annulation protocols for the synthesis of naphtho-fused
imidazo[1,2-a]pyridines (47)

With an anticipation to insert arenes into carbene precursors, Li and coworkers documented an
articulate  Rh(lll)  and Ir(I1l)-catalyzed  carbocyclization  between  substituted
2-arylimidazo[1,2-b]pyridines (1) and «-diazo esters (50) yielding naphtho-fused
imidazo[1,2-a]pyridines 51 & 52. Iridium and Rhodium catalysts exhibited complementary
scope of the diazo substrates (Scheme 1.2.25). The Rh(lll)-catalyzed reaction proceeded by
nitrogen coordination, cyclometalation (rhodacycle intermediate), and by eventual formation of
rhodium carbene species via dediazoniation of coordinized diethyl diazo malonate (Scheme
1.2.25a). While the iridacycle complex of [Cp*IrCl2]. and 2-arylimidazo[1,2-a]pyridine has been
isolated and acclaimed to be the active catalyst for the depicted transformation (Scheme
1.2.25b).%

[IrCp*Cl5], (3 mol %)
AgNTf, (12 mol %) » R’
o o PivOH (3 equiv.)

(@)  EtOH, 80°C, 12 h
N R2 R3MOR4
O X

RhCp*(OAC), (6 mol %) _ g 7N
50 PivOH (0.6 mmol) N
EtOH, 115 °C, 12 h

Scheme 1.2.25: Ir- and Rh-catalyzed synthesis of naphtho-fused imidazo[1,2-a]pyridines (51)
and (52)
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Csp?-Csp bond formation: Synthesis of bis-cyanated 2-arylimidazo[1,2-a]pyridines
Introduction of nitrile group in heterocyclic frameworks are highly desirable, because of their
synthetic potential in transformation to useful functionalities; thus they have received great
importance in natural product synthesis.’®8! In this regard, Hao and coworkers documented a
Rh(lll)-catalyzed bis-cyanation of substituted 2-arylimidazo[1,2-a]pyridines (1) with
N-cyano-N-phenyl-p-methylbenzenesulfonamide (53) via N-directed ortho double C-H
activation in the presence of catalytic AgSbFe. A broad range of substituted
2-arylimidazo[1,2-a]pyridines (1) and other related heterocycles were reacted under the
optimized conditions to afford the desired products 54 (Scheme 1.2.26). The double C-H
activation mechanism proceeded by the formation of active Rh(l11) complex using [RhCp*Cl.]>
in the presence of AgSbFe and NaHCOs via the formation of five-membered rhodacycle
intermediate.®

[RhCp*Cl,], (5 mol %) NC
AgSbFg (40 mol %)

NS _NaHCO; (0.5 equiv) _ /\r
J_@ DCE, 120°C,24h \ /

54 NC

Scheme 1.2.26: Rh-catalyzed bis-cyanation of 2-arylimidazo[1,2-a]pyridines (1)
1.3 C-S/Se Bond formations

Csp?-S/Se, Csp?-S/Se-Csp? bond formation: Thiolation and selenylation of imidazo[1,2-
a]pyridines

Thioethers are the most noticed organosulfur compounds in organic synthesis due to their
significant applications as pharmaceuticals, agrochemicals, organic-dyes and materials.?*% As a
consequence, the development of novel, efficient, and practical methods for C—S bond formation
is still a prime topic in organic chemistry.®5%° In conjuction to this, several methodologies have
been periodically published in last couple of years towards the C-3 thiolation of
imidazo[1,2-a]pyridines under metal-catalyzed and metal-free conditions.

In 2011, Zhou group reported an efficient Cu-catalyzed aerobic process for C-3 sulfenylation and
selenylation of 2-arylimidazo[1,2-a]pyridines (1) using disulfides (55a) and diselenide (55b).
The methodology was well exemplified with various substituted 2-arylimidazo[1,2-a]pyridines
(1), yielding the desired products up to 98% yield (Scheme 1.3.1). In addition, the authors also

extended the thiolation and selenylation strategy on imidazo-pyrimidines and indoles.®
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N CAr) o N
N LAr DMSO, 110°C, 10-18h NN
S
! 56

55a Air
" Ar )
Scheme 1.3.1: Cu-catalyzed C-3 sulfenylation of imidazo[1,2-a]pyridines (1) wit-r; disulfides (55a)
Adimurthy and coworkers described the utility of p-tosyl chloride (57) as benign sulfur source
for the regioselective C-3 sulfenylation of substituted imidazo[1,2-a]-pyridines (1) by employing
copper catalyst. Cul (10 mol %)/PPhs (3 equiv.) was optimized to be the best catalyst-ligand
dyad for the selective C-3 sulfenylation in toluene. The reaction tolerated a wide range of
substituted imidazo[1,2-a]pyridines (1) including electron-donating (Me, Et, OMe and SMe) and

electron-withdrawing substituents (CN) on the aryl ring (Scheme 1.3.2).%*

2 O\(I:LO = /N R2
N R \T_’ Cul(10mol %) _ R’ NS
R ~ N/ + 'A PPh3 (3 equiv.)
AT Toluene, 130 °C, 24 h s
1 X
57 [ Ar ) 56

Scheme 1.3.2: Cu-catalyzed C-3 sulfenylation of imidazo[1,2-a]pyridines (1) with p-tosyl
chloride (57)

In the continuous program for synthesizing functionalized imidazo[1,2-a]pyridines, Cao et al.
prepared thioether-decorated imidazo[1,2-a]pyridines 56 in 72-92% yields via C-H/S-H
cross-coupling of substituted imidazo[1,2-a]pyridines (1) with aliphatic and aromatic thiols 58
using copper catalyst in the presence of molecular oxygen (Scheme 1.3.3). The reaction
mechanism was believed to initiate by the formation of Cu(l)SR species by the reaction between
thiol and Cul, which follows usual concerted metalation—deprotonation-reductive elimination to
generate the cross-coupling product in the presence of molecular oxygen, along with the
regeneration of Cu(l) catalyst.%?

SH
l

N
=
N PR 1
R1_<//\rf/ R + farak — CulGmol%) R CNV\%—R
NN ~__7
8
56

DMSO 100 °C, 20 h
0O, Y,

1 58 TArTAIK

Scheme 1.3.3: Cu-catalyzed C-3 sulfenylation of imidazo[1,2-a]pyridines (1) with thiols (58)
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Similarly, Zheng and coworkers disclosed a Cu-catalyzed regioselective cross-dehydrogenative
coupling strategy for the C-3 sulfenylation of substituted 2-arylimidazo[1,2-a]pyridines (1) from
a variety of easily available heterocyclic thiols 58 such as benzo[d]thiazole-2-thiol,
benzo[d]oxazole-2-thiol, 1-methyl-1H-imidazole-2-thiol and pyrimidine-2-thiol. Under the
described conditions, various substituted IP showcased moderate-to-excellent reactivity with

aromatic/aliphatic and heterocyclic thiols (Scheme 1.3.4).%
SH

| _~_N
N % gL T
N = . s, Cu(OAc), (5 mol %) = R1— R
R /\r R+ (R - N /
\/N / \\\_’/ \/
S
% 56

* DMA, 80 °C, 20-24 h

1 58 \
R?= aliphatic, aryl, heteroaryl | R2 '

Scheme 1.3.4: Cu-catalyzed C-3 sulfenylation of imidazo[1,2-a]pyridines (1) with thiols (58)

In order to further improve sulfenylation strategy, Adimurthy and coworkers achieved the
selective sulfenylation of imidazo[1,2-a]pyridines (1) through a one-pot three-component
Cu-catalyzed protocol using elemental sulfur and haloarenes as a thioarylation source under
basic conditions. A broad range of aryl iodides were explored with various imidazo[1,2-
a]pyridines (1) bearing multitude of functional groups such as Br, Cl, CHs, CN, NO2, SO>CH3 on
the aryl ring (Scheme 1.3.5a).** Zhou group explored the utilization of sodium thiosulfate as an
odour-free sulfur source for the thioarylation of imidazo[1,2-a]pyridines (1) using copper
catalyst with various alkyl and aryl halides in DMF (Scheme 1.3.5b).%® Similarly, Jiang et al. also
presented a similar Pd/Cu-catalyzed oxidative strategy for sulfenylation of
imidazo[1,2-a]pyridines (1) using elemental sulfur, as an extended example of sulfenylation
chemistry (Scheme 1.3.5c¢).88
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Sg

)

Cul (20 mol %)

(a) N32C03
DMF, 130 °C, 24 h

N328203

BN Y

[ Rz@x LN
|\/ /N (b) . 1\\‘/\‘4
/\/ < Cul (20 mol %) R \/N\%*R

N/ DMF, 120 °C, 12 h

56
Ssg
Rz@—B(OH)z R2
Pd(OAc), (5 mol %)
© Cul (1 equiv.)

1,10-Phenanthroline (1.1 equiv.)
Ag,CO3 (2 equiv.)
Cs,CO3 (2 equiv.)
[Bmim]Cl, 80 °C, 6 h
N

Scheme 1.3.5: Multi-component based Cu/Pd-catalyzed C-3 sulfenylation of
imidazo[1,2-a]pyridines (1)

Adimurthy et al. reported an efficient N-chlorosuccinimide-promoted metal-free protocol for the
sulfenylation of imidazo[1,2-a]pyridines (1) using thiophenols 58 in DCM at room temperature.
2-Arylimidazo[1,2-a]pyridines bearing electron-donating (Me, Et, OMe, and SMe) and electron
-withdrawing groups (SO:Me, Cl, Br, and CN) demonstrated moderate-to-good reactivity
(Scheme 1.3.6). The mechanism was proposed to proceed with the formation of sulfenyl chloride
intermediate  from NCS with thiophenol, followed by electrophilic substitution and
dehydrochlorination with IP.%

SH
,'Ar/\‘ NCS (1.5 equiv.) SR /\f
\ /  HetAr! " DCM, r.t., 1 h
_ S
58 RN
rOAT 56
\\Het-A[,'

~__~-

Scheme 1.3.6: Metal-free C-3 sulfenylation of imidazo[1,2-a]pyridines (1) with thiols (58)
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Csp?-S bond formation: Thiocyanation of imidazo[1,2-a]pyridines

Organic thiocyanates (RSCN) are important synthetic intermediates to access various valuable
sulfur-containing compounds possessing diverse pharmacological profiles. In this regard, Hajra
and coworkers reported a eosin Y photoredox-catalyzed metal-free process for the C-3
thiocyanation of substituted imidazo[1,2-a]pyridines (1) with NHsSCN at room temperature
using blue LED light (Scheme 1.3.7a). The methodology was generalized with varyingly
substituted imidazo[1,2-a]pyridines (1); whereby, almost equal effectiveness for both electron-
donating and electron-withdrawing substituents on the aryl and pyridyl ring was observed. The
authors also splendidly succeeded in the selenothiocyantion under similar photoredox conditions.
The authors proposed the reaction mechanism as radical SET pathway that proceed by mean of
photoexitation of eosin Y in the presence of blue LED light ®” Along the same line, Wang et al.
presented a radical mechanism based approach for the direct catalyst-free C-3 thiocyanation of
imidazo[1,2-a]pyridines (1) with KSCN at room temperature (Scheme 1.3.7b). A wide array of
substituted imidazo[1,2-a]pyridines were applicable for the regioselective functionalization,
showing no obvious electronic effect for the transformation. The reaction proceeded with the
generation of SCN* or electrophile thiocyanogen by the oxidation of KSCN which further upon
reaction with imidazo[1,2-a]pyridine (1) yielded the alkyl radical intermediate or carbocation
intermediate.®® Another practically distinct protocol was vividly displayed using a combination
of N-chlorosuccinimide/NaSCN for the synthesis of 3-thiocyanatoimidazo[1,2-a]pyridines 59 in
ethanol at room temperature (Scheme 1.3.7¢).%® A broad range of imidazo[1,2-a]pyridines (1)
bearing functional groups such as —OH, —CI, —Br, -NO», and —CF3 were well tolerated under the
established reaction conditions.

NH4SCN (1.5 equiv.)

(@) eosin Y (5 mol %)

Blue LED (425 nm), CHsCN, 3 h ¢

Air
2 KSCN (2 equiv.) N R2
R1@4}_®R (b) K,S,05 (1.5 equiv.) . R1_©4/
N7 DCE, rt., 18 h XN
1 59 SCN
A

(c) NaSCN (2 equiv.)

NCS (1.5 equiv.)
EtOH, r.t., 0.3-1 h

Scheme 1.3.7: Metal-free C-3 thiocyanation of imidazo[1,2-a]pyridines (1)
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Csp?-S Bond formation: Miscellaneous strategies

Looking at the unique chemical and medicinal versatility of dithiocarbamate (DTC) group in
several organic molecules, Hu and Tang et al. established an ideal C—H bond functionalization
strategy for the introduction of dithiocarbamates on to the imidazo[1,2-a]pyridines (1) under iron
catalyzed/iodine-mediated conditions to afford 61. Notably, the presence of electron-donating
substituent’s resulted in better reactivity (Scheme 1.3.8). The reaction mechanism was described
to proceed with the generation R-S-1 intermediate by the reaction of disulfiram (DFS) and I,

followed by Friedel-Crafts reaction with 2-arylimidazo[1,2-a]pyridine.%

S R®  FeF; (5 mol %) NN
N 2 ' 3 ° 1 =
R /J_@R . R%NJ\S/S Noge _2(0mol%) _ R ()
N/ e \Isr EtOH, rt., 3 h S
1 60 61 S\(

N-R3
3R

R2

R
Scheme 1.3.8: Fe catalyzed introduction of dithiocarbamates on to the imidazo[1,2-a]pyridines (1)
With an anticipation to increase the lipophilicity and transmembrane permeation capability of
imidazo[1,2-a]pyridines, Li et al. reported a trifluoromethylthiolation protocol of
imidazo[1,2-a]pyridines under Fe-catalyzed conditions using (N-trifluoromethylthio)saccharin
(62) as a SCF3 source to afford 63. The methodology was also applied to other (hetero)arenes

such as N-protected indoles, ester-substituted indolizines, and pyrrolo[1,2-a]pyrazines.'%

0
2 520 R2
AN /R sT” FeCly Gmol %) _ pi_ @ P /X
>N+ N—SCF, - 2 7
‘N DCE, 50 °C, 16 h RN
1 o)
62

R1

F
63 SCF3

Scheme 1.3.9: Fe-catalyzed C-3 trifluoromethylthiolation of imidazo[1,2-a]pyridines (1)

1.4 C-N Bond formations

Csp?- N bond formation: Hydrazination of imidazo[1,2-a]pyridines

Li et al. disclosed a metal-free regioselective strategy for the hydrazination of
imidazo[1,2-a]pyridines (1) with diethyl azodicarboxylate (DEAD) (64a), producing C-3
aminated imidazo[1,2-a]pyridines 65 in CHsCN (Scheme 1.4.1). A variety of substituted
imidazo[1,2-a]pyridines showcased excellent compatibility within the described reaction
conditions, and the reaction was proposed to proceed through pseudo-Michael reaction or by

concerted mechanism.102
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N N
/ — —
R1—/\r )R + Et0,C-N=N-CO,Et . R1—/\Nr )R
\/N - \/
CH4CN, 80 °C, 6 h
1 N~NH

64a )
EtO,C \C O,Et
65

Scheme 1.4.1: Metal-free direct C-3 hydrazination of imidazo[1,2-a]pyridines (1)

As an extension to above work, Sabitha and coworkers reported an efficient one-pot sequential
protocol for the synthesis of novel pyrido[2',1":2,3]imidazo[4,5-c]cinnoline derivatives (66)
through regioselective C-3 hydrazination of substituted 2-arylimidazo[1,2-a]pyridines 1 with
diisopropyl azodicarboxylate (DIAD) (64b) followed by an phenyliodine(l1l) diacetate (PIDA)-
mediated oxidative N-arylation (Scheme 1.4.2). This one-pot sequential strategy endured a wide
range of substituents on the 2-arylimidazo[1,2-a]pyridines (1), affording the fused products 66 in
good-to-excellent yields.*%

A =N — R?
£ )<
2
1

=N _/R . R']—/\FN
. =R1_CN(\/8_@ PIDA (2.2 equiv.) < N_J 1\
N

R2

CH3CN, 80 °C, 2 h, TFA, 0°C-r.t,2h
iPrO,C—N=N-CO,iPrEt Sealed tube iPrOzc/N\N\go N .5
64b 65 2

Scheme 1.4.2: Metal-free strategy for the synthesis of pyrido-imidazo-fused cinnolines (66)
Csp?-N bond formation: C-H azotization of imidazo[1,2-a]pyridines
Hajra and coworkers presented ‘BuONO-mediated synthesis of azo imidazo[1,2-a]pyridines (68)
using aniline 67 at room temperature. A variety of anilines with electron-rich as well as electron-
deficient groups were explored, and it was concluded that electron-deficient substrates gave
better yields of corresponding product, although no effect was observed in case of substituent on
imidazo[1,2-a]pyridines (Scheme 1.4.3). The reaction was believed to proceed through formation
of diazonium intermediate via the reaction of aniline and ‘BUONO, which was further attacked
by nucleophilic site of imidazo[2,1-a]pyridine.1%*

'BUONO (1.2 equiv.)

=N N
R1—/\r / R + ArNH2 R1 /\lé R
KON EtOH, rt, 8 h \/Nﬁ
N
N~

1 67
68

Scheme 1.4.3: Metal-free 'BuONO-mediated synthesis of azo imidazo[1,2-a]pyridines (68)
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With the advent interest to develop ladder type z-expanded aromatic frameworks, Gryko et al.
recently synthesized 5H-pyrido[2’,1°:2,3]imidazo[4,5-b]indoles (71) in few steps through
intramolecular C—H bond oxidative amination of prior synthesized imidazo[1,2-a]pyridyl tosyl
amides (70) using Cu(OTf)>—PIDA-TFA (Scheme 1.4.4). The authors disclosed another
apparently effective PIFA-TFA mediated method for the described cyclization.%®

Cu(OTf), (5 mol %)

SnCI2 EtOH R1_//\r/N PIDA (1.5 equiv.) or
f@ NN TFA (3equiv.) | PIFA(3equiv)
TsCI TEA TsHN DCE, r.t, 0.5h TFA (3 equiv.)
AcOEt s DCE, 50 °C, 0.5 h
70
69
N
ay
R1—/\r y
&N
N
1 Ts

Scheme 1.4.4: Cu-catalyzed synthesis of pyrido-imidazo-fused indole derivatives (71)

Csp?-N bond formation: Nitrosylation of imidazo[1,2-a]pyridines

Hajral®® and Wang'? et al. independently described simple and elegant methods for synthesis of
3-nitrosoimidazo[1,2-a]pyridines (72) through C(sp?)-H bond functionalization, employing
tert-butyl nitrite as a NO source under metal-free conditions (1.4.5a,b). The reaction was
presumed to occur through homolytic cleavage of ‘BUONO giving NO radical, which in turn
reacted with IP to afford the described product.

t-butyl nitrite (2 equiv.)
CH3CN, 80-90 °C, 18 h

(a

N
o =N R ~ T R
RTINS R N N%_
1 b
( t-butyl nitrite (1.2 equiv.) / 72
CH3CN, 70 °C, 15 min.

~

Scheme 1.4.5: Metal-free C-3 direct nitrosylation of imidazo[1,2-a]pyridines (1)

Csp?- N bond formation: Synthesis of aminated imidazo[1,2-a]pyridines

Recently, Hajra et al. demonstrated PIDA-mediated direct oxidative C—H amination of 2-
arylimidazo[1,2-a]pyridines (1) with morpholine, thiomorpholine and piperidine (73) at room
temperature in very shorter reaction time (Scheme 1.4.6). The reaction was proposed to proceed
via radical pathway through the formation of morpholine radical by means of PIDA.1®
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H 2
R1_A¢\N)_®Rz N N PIDA (2 equiv.) - R1—/\r/'\} \_7R
\/N Y/ N\ // [ ] 1,4-Dioxane, r.t., 10 min. \/N
X N
1 73 24 &3
X=0,8,C X

Scheme 1.4.6: Metal-free synthesis of C-3 aminated imidazo[1,2-a]pyridines (74)

1.5 C-P Bond formations

Csp?- P bond formation: Phosphonylation of imidazo[1,2-a]pyridines

Singh et al. disclosed an efficient Mn(l11)-catalyzed regioselective synthesis of 3-phosphonated
imidazo[1,2-a]pyridines (76) using dialkyl phosphites (75). A wide range of substituted
imidazo[1,2-a]pyridines (1) were tolerated under the optimized reaction conditions (Scheme
1.5.1). Few other heteroarenes such as indole, azaindole, pyrrole and N-protected pyrrole were

also evaluated, and the reaction was believed to proceed through radical pathway.'%

R2
R? R3 =
i w H_p_R3 Mn(OAC);.2H,0 (1.5 mol %) R1@/ p
+ —_p—
~ N 5 NMP, N,, 80 °C, 16 h N R?
P-R3
1 75 o
76

Scheme 1.5.1: Mn-catalyzed C-3 phosphonylation of imidazo[1,2-a]pyridines (1)

1.6 C-X Bond formations

Csp?-F bond formation: Fluorination of imidazo[1,2-a]pyridines

C-3-Fluorinated imidazo[1,2-a]pyridines (77) were regioselectively synthesized by Sun et al.
using Selectfluor (1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane (tetrafluoroborate))
as a fluorinating reagent in aqueous media at room temperature. Good functional group tolerance
was observed with negligible influence of electronic effects. Moreover, strong electron-
withdrawing group such as nitro also gave excellent yield of product. The probable mechanism
was believed to proceed through electrophilic fluorination.®

Selectfluor (2 equiv.)

» %R DMAP (1 equ!v.) . R /\/ )R
N CHCI3/H,0 (3:1) N
0 F
77

°C,2h &thenrt,12h
1

Scheme 1.6.1: Metal-free C-3 fluorination of imidazo[1,2-a]pyridines (77)
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1.7 Tandem Bond formations

Tandem multiple Csp?-C/S/IN/O bond formations: Synthesis of fused imidazo[1,2-
a]pyridines

Fused heterocyclic skeletons seek great attention of researchers in the field of medicinal
chemistry. Tandem/domino approaches have been efficiently involved in the construction of
various multifaceted structures with the formation of several new C—C or C—N/S/O bonds in a
single action. Within the same realm, Kumar and coworkers disclosed an elegant one-pot tandem
protocol for the synthesis of azole-fused imidazo[1,2-a]pyridines 79, evaluating the scope of
reaction with various azoles such as imidazole, 4-methylimidazole, benzimidazole,
1,2,4-triazole, and 1H-imidazo[4,5-b]pyridines with substituted 2-(2-bromophenyl)imidazo[1,2-
a]pyridines (1) via sequential C—N bond formation followed by intramolecular dehydrogenative
cross-coupling (Scheme 1.7.1). The cross-dehydrogenative coupling reaction was catalyzed by
Pd(OAC): in the presence of oxidant Cu(OAc)2. 1

i) Cul (10 mol %)
H K>CO3 (1.5 equiv.)

AN -x-N DMF, 150 °C, 2 h _ R
R’ + . [ /> >
N/ ALy Pd(OAC), (5 mol %)
Br

Cu(OAc), (1.2 equiv.), 1 h
X=CH, N

78

1

Scheme 1.7.1: Cu-Pd-catalyzed tandem synthesis of azole-fused imidazo[1,2-a]pyridines (79)

In an extension this report, Fan et al. develop an bimetallic relay-catalyzed cascade synthesis of
pyrido[2,1":2,3]imidazo[4,5-c][1,2,3]triazolo[1,5-a]quinolone (81) derivatives from
2-(2-bromophenyl)imidazo[1,2-a]pyridines (1'), alkynes (80), and sodium azide. The process
involves azide-alkyne cycloaddition, and subsequent C—N cross-coupling between the in-situ
generated 1,2,3-triazole and aryl bromide. This eventually undergoes oxidative cross-
dehydrogenative coupling at the C-3 position of imidazo[1,2-a]pyridine to afford the targeted
product via the formation of seven-membered palladacycle intermediate under Pd/Cu-catalyzed
conditions (Scheme 1.7.2). The influence of steric and electronic parameters on the efficiency of
this cascade transformation were evaluated with a broad range of electron-donating and electron-
withdrawing substituents on phenyl acetylene and 2-(2-bromophenyl)imidazo[1,2-a]pyridines
(1).12
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1) Cul (10 mol %)
+ NaN K,CO3, DMF, 120 °C, air, 6h
\ / aNs <\ /> 2) Pd(OAc), (10 mol %),
Cu(OACc), (5 mol %),

R3
80 AcOH, 120 °C,7h
Air

Y

Scheme 1.7.2: Cu-Pd-catalyzed tandem synthesis of pyrido[2’,1":2,3]imidazo[4,5-c][1,2,3]-
triazolo[1,5-a]quinolone derivatives (81)

Fan et al. later also reported efficient Pd-catalyzed methodologies for the coupling of indenone
and  chromenone  with  imidazo[1,2-a]pyridines,  affording  11H-indeno[1',2":4,5]
imidazo[1,2-a]pyridin-11-one (82) and 6H-chromeno[4',3":4,5]imidazo[1,2-a]pyridin-6-one (83),
respectively in moderate-to-good yields (Scheme 1.7.3). The first strategy proceeded through
Pd-catalyzed CO insertion followed by C—H bond activation with carbon monoxide, whereas the
second strategy was driven with the crucial participation of Cu(OAc)2, and was proposed to
proceed through several cascade processes including acetoxylation, deacetylation, CO insertion,
and C—H bond activation.*?

Pd,(dba); (10 mol %)
PPh3 (15 mol %)

DABCO (1.5 equiv.) =N
CO (1 atm) >R1—/\Nr N
DMSO, 150 °C, 12 h - | /—R2
R2 83 O
N Ve ol
SN N\ 7 Pd,(dba)s (5 mol %)
1 Br PPh; (15 mol %)
DABCO (1.5 equiv.) N
Cu(OAc), (1 equiv.) o R1_//\f/ */R2
DMSO/H,0, O,, 120 °C, 8 h N\ /
then CO, 120 °C, 8 h o
84 O

Scheme 1.7.3: Pd-catalyzed synthesis of 11H-indeno[1’,2":4,5]imidazo[1,2-a]pyridin-11-one
(83) and 6H-chromeno[4',3":4,5]imidazo[ 1,2-a]pyridin-6-one derivatives (84)

Synthesis of benzo[b]thiophene-fused imidazo-pyridines (85a) was independently reported by
Liu and Wang groups under Cu-catalyzed conditions. The methodologies described the double
C-S bond formation via Ullmann-type S-arylation followed by C—H thiolation using K-S as a
sulfur source. Both the strategies were effective with a wide range of substituents such as; CHs,
OCHs, F, CI, Br, CF3, COOCHs on 2-arylimidazo[1,2-a]pyridine to furnish the desired products

(Scheme 1.7.4a,b).1*4!15 Within the same realm, Yasuike et al. documented a Cu-catalyzed
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tandem approach involving Ullmann-type Se-arylation and Csp>~H selenation for the synthesis

of benzo[b]selenophene-fused imidazo[1,2-a]pyridines (85b) using Se powder (Scheme

1.7.4c)16

(a)

K,S
Cul (20 mol %)

N

I, (3 equiv.)
DMF, 140 °C, 24 h

‘R1——//\(/ / AN
S =

85a

K,S
N —\ _R? 2 N
Rl = (b) Cul(10mol%) oo @ T
\/N / \ / " - N / \_ 2
1,10-phen (10 mol %) - | R
1 X DMF, 120 °C, 24 h SN F
85a
X=Br, |
© Se N
c = N
Cul(10mol %) R1_/\(/ N
DMSO, 130 °C, 3-20 h N | e
X=1 Se =
85b

Scheme 1.7.4: Cu-catalyzed synthesis of benzo[b]thiophene/benzo[b]selenophene-fused
imidazo[1,2-a]pyridines (85a & 85b)

Gryko and collaborators developed an articulate approach for the construction of fused
bis-imidazo[1,2-a]-pyridine (2,2al,5b1,7-tetraazacyclopenta[hi]aceanthrylene) (87) under Pd-
catalyzed conditions (Scheme 1.7.5). The authors described the strategy to be first case of double
head-to-tail direct arylation of aromatic compounds. The unusual photophysical properties of the

presented compound were briefly described.t

N Pd(OH),/C (20 mol %) =N
= /\/) KOAc (2 equiv.) N/
N DMA, 150 °C, 17 h
L 86 /N
N=
87

Scheme 1.7.5: Pd-catalyzed synthesis of fused bis-imidazo[1,2-a]pyridines (87)

In the striking contrast, Peng and coworkers documented a Pd-catalyzed strategy  involving
intermolecular C-3-arylation and intramolecular C-5-arylation of 2-arylimidazo[1,2-a]pyridines

(1) with o-dihaloarenes (88). The use of Pd(OAc)./Xphos as suitable catalyst and ligand dayd
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effectively leads to the regioselective formation of benzo[a]imidazo[5,1,2-cd]indolizines (89)

derivatives in good to excellent yields (Scheme 1.7.6).18
Pd(OAc), (10 mol %)
\)_<:> @ Xphos (20 mol %)
DMF, 160 °C, 24 h
X, Y=Cl, Br, |
88

Scheme 1.7.6: Pd-catalyzed synthesis of benzo[a]imidazo[5,1,2-cd]indolizines (89)

Wu and coworkers reported an efficient synthesis of novel
6H-benzo[b]imidazo[5,1,2-de]quinolizin-6-ones (91) derivatives via Pd-catalyzed tandem
cyclization of imidazo[1,2-a]pyridines (1) with 2-chlorobenzaldehydes (90). The reaction was
proposed to proceed through C-3 arylation, followed by acylation at C-8 position via C—H bond
activation without the assistance of directing group in air under the described reaction conditions.
Imidazo[1,2-a]pyridines bearing sustituents such as CFs, Ph, CHs, and Cl at diffrent positions,
were compatible under the optimized reaction conditions, and the corresponding regioselective
products (91) were isolated in moderate-to-good yields (Scheme 1.7.7).1*°

Pd(OAC),(5 mol %)
CHO Xphos (10 mol %)

R1_//\r/N m o+ o C! __NBu,Br (1 equiv.)

N/ | DMA/H,0 = 40/1
/F 140 °C, 24 h
1 i)
R2 90 Air

Scheme 1.7.7: Pd-catalyzed tandem synthesis of 6H-benzo[b]imidazo[5,1,2-de]quinolizin-6-
ones (91)

Inspired by the fascinating biological profile and the fluorishing modern chemistry on
imidazo[1,2-a]pyridines, we anticipated to functionalize this amazing heterocycle either under

transition-metal catalyzed or metal-free conditions.
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2.1 Introduction

As described in chapter 1, imidazo[1,2-a]pyridine (IP) is a highly privileged and potentially
bioactive heterocycle possessing strong antiviral, antimicrobial, antitumor, anti-inflammatory,
antiparasitic, hypnotic and anticancer activities in its various functionalized forms.!®
Interestingly, several drugs and prodrugs based on imidazo[1,2-a]pyridine nucleus such as
Olprinone (the PDE 3 inhibitor),” Soraprazan (antiulcer, clinical trial phase I, 11 compound)®
optically active GSK812397 (anti-HIV agent),’ W02015200341 (tropomyosin receptor kinase
inhibitor)'® contains different heterocyclic systems intact to its structural periphery (Figure
2.1.1).

=

o N a

Olprinone oraprazan (phase II, I) GSK812397 WO02015200341 'I‘l

Figure 2.1.1: Selective examples of bioactive imidazo[1,2-a]pyridines containing different

: .,
HO
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(o] -
HNT X N - \/\0\ = /N N OH o] /\ fo)
N N\/g» g

o

heterocyclic skeletons intact

The profound importance of these bioactive molecules has opened up new gateways for the
medicinal chemists to synthesize various biologically potent imidazo-pyridine conjugates with
other heterocycles. In conjunction to this ideology, Purohit et al. prepared
2-[(4'-chlorophenyl)-6- methyl imidazo[1,2-a]pyridin-3-yl]-(1"-propene-3"-aryl-3"-yl)-
pyrimidine-2',4™,6"-(3"'H,5""H)-triones (3) by the cyclocondensation of
2-(4'-chlorophenyl)-6-methyl-3-(1"-aryl-2"-propene-1"-one-3-yl)-imidazo[1,2-a]pyridines (1)
with barbituric acid (2) in glacial acetic acid at 110 °C (Scheme 2.1.1).}' Interestingly,

compound 3 was found to possess remarkable antibacterial and antifungal activities.

S UN_/ cl OWO Glacial AcOH SN cl
* HN\n/NH
o

Reflux, 110 °C, 10 h

o 2 HN
R =aryl O)\”

Scheme 2.1.1: Synthesis of imidazo[1,2-a]pyridine—barbituric acid conjugates (3)

40


javascript:popupOBO('CHEBI:35222','C2GC16388H','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35222')

Chapter 2

The same authors further reported the synthesis of methylene bridged
imidazo[1,2-a]pyridyl-oxaindazolines (8) from  substituted imidazo[1,2-a]pyridine-3-
carbaldehydes (4) in two steps. The first step involves the reaction of 4 with benzoylglycine (5)
to yield methylene-bridged imidazo[1,2-a]pyridyl-phenyl-5"-oxazolone (6), which upon further
reaction with aryl amines (7) afforded 8 in descent yields. The synthesized derivatives were
tested against Gram +ve, Gram -ve bacteria and fungi. Notably, some of the products showed

moderate activity in concentration up to 50 pg/mL (Scheme 2.1.2).12
(0]

A~
N COOH N
@H ~ C cl
Cl ArNH2(1 equiv.) N
/G/ AcONa (1.1 equiv.) - A
Y Ac,0, A 4 h
N C2 Pyridine, 116 °C, 10 h Ar=N__N

Scheme 2.1.2: Synthesis of methylene-bridged imidazo[1,2-a]pyridyl-oxaindazolines (8)

Bavantula et al. documented a one-pot multi-component synthesis of thiazolyl linked
imidazo[1,2-a]pyridine-coumarin conjugates 11 from substituted
imidazo[1,2-a]pyridine-3-carbaldehydes 4, thiosemicarbazide (9) and substituted 3-(2-
bromoacetyl)-2H-chromen-2-ones/  2-(2-bromoacetyl)-3H-benzo[flchromen-3-ones (10) in
ethanol by employing catalytic amount of acetic acid. The synthesized compounds were
evaluated for their in-vitro antimicrobial activity against different bacterial and fungal strains,
Interestingly, some of the compounds displayed antibacterial activity with minimum inhibitory
concentration of 150 pg/mL (Scheme 2.1.3).13

S
RZ
NH N
N HzNJJ\N/ 2 /\(//
RLJff\T; R2 . 9H RL’/ N
NN ~ AcOH (Cat) R~ ~N s
6 EtOH, 80 °C, 2-4 h HN— |
H 40 C A0 N7 \
R3—r 1 R
N Br 0”0 5

10 O Soy LY
Scheme  2.1.3:  One-pot  multi-component  synthesis  of  thiazolyl Imked

imidazo[1,2-a]pyridine- coumarin conjugates (11)
Gudmundsson and coworkers reported a series of 2-aryl-3-pyrimidyl-imidazo[1,2-a]pyridines
(15) with potent antiviral activity against herpes simplex viruses. The compounds were

synthesized in multiple synthetic steps, starting from substituted
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8-chloro-2-(4-methoxyphenyl)imidazo[1,2-a]pyridine-3-carbaldehyde (12) via the formation of
its alkynyl ketone using ethynyl magnesium bromide and finally cyclopentyl guanidine skeleton
was introduced into the core imidazo[1,2-a]pyridine (IP) moiety using cyclopentyl guanidine
(13) (Scheme 2.1.4).%4

Cl
Cl
=N /
HCI NH /O N
o}
H 4o HZNJ\N

13H

Scheme 2.1.4: Multistep synthesis of 2-aryl-3-pyrimidyl-imidazo[1,2-a]pyridines conjugates
(15)

Kamal et al. synthesized imidazo[1,2-a]pyridine/imidazo[1,2-a]pyrimidine-benzimidazole
conjugates (17), by the oxidative cyclization of substituted ortho-phenylene diamine (16) and
imidazo[1,2-a]pyridine/imidazo[1,2-a]pyrimidine-3-carbaldehyde (4) in ethanol using sodium
metabisulphite. The compounds showcased moderate to good cytotoxic activity against the
human cervical (Hela), lung (A549), prostate (DU-145) and melanoma (B-16) cancer cell lines
(Scheme 2.1.5).1°

X_ N XN
e Rz HN - 1 CT 2
R \/N Y . Na,S,05 (2 equiv.) . R \/N /) R
H,N r3 EtOH,80°C,8h
o]
H 4 16 N7 a7
X=C,N / Z

Scheme 2.1.5: Synthesis of imidazopyridine/imidazopyrimidine-benzimidazole conjugates (17)

The authors also developed an efficient protocol for the synthesis of imidazopyridine—oxindole
conjugates (19) through Knoevenagel reaction between imidazo[1,2-a]pyridine-3-carbaldehyde
(4) and oxindole derivatives (18). The anticancer activities of these synthesized compounds were
studied against selected human cancer cell lines. Some of the compound exhibited promising

anti-proliferative activity with Glso values ranging from 0.17 to 9.31 xM (Scheme 2.1.6).1
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R1

N 3
/\4 R2 R Piperidine (2-3 drops) 1
N/ + 0 > R-—
~ . N EtOH, 80 °C, 3-5 h
0 ) H
H 4 18

Scheme 2.1.6: Synthesis of imidazopyridine—oxindole conjugates (19)

Hayakawa et al. synthesized sulfonyl pyrazole derivatives of imidazo[1,2-a]pyridine (24)
starting from 1-(imidazo[1,2-a]pyridin-3-yl)ethanones 20 in multiple steps. The methodology
involves the condensation of 20 with 1,1-dimethoxy-N,N-dimethylmethanamine (21), followed
by cyclization of resulted enamines with hydrazine hydrate 22 to yield pyrazole derivatives 23.
Finally sulfonylation of 23 with aryl sulfonyl chlorides afforded corresponding 24
(Scheme 2.1.7a). Interestingly, one of the synthesized derivative, 3-(1-[(4-
fluorophenyl)sulfonyl]-1H-pyrazol-3-yl)-2-methylimidazo[1,2-a]pyridine was found as a novel
p110a inhibitor with an ICso of 0.671 M (Scheme 2.1.7a).!” The author also presented the
synthesis of bioactive thiazole linked imidazo[1,2-a]pyridine 26 via a multistep protocol
(Scheme 2.1.7b).

@ =N (i) (CH3),NCH(OCHy3),
SN Y R reflux 21
R1

(ii)) NHo,NH5.H,O 22
EtOH, reflux

ArSO,CI (1 equiv.)
Pyridine, reflux o

R=H
R=CHj

N NN -
®) «_N_/ ()Bra HBI/ACOH J;\Nr/ (i) NaH (1.1 equiv.) RN
1 1 y
R (ii) NH,H,NCS, (1.5 equiv.) R (i) O,N N," BF, S
0 (___)XHSaH, rﬁt., 15 mins NS \©/\ SS
20 1] C! , retiux \_S
25 )

(i) 30% H,0, 0=SC

20

Scheme 2.1.7: Synthesis of pyrazolyl- and thiazolyl-imidazo[1,2-a]pyridine sulfones (24) and
(26)
On the other hand, quinoxaline represent an important class of azaheterocycle possessing

versatile biological activities such as antibacterial,® antihistaminic,'® antitrypanosomal,?°
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antiplasmodial,? and antiinflammatory.?? In addition, quinoxaline derivatives are reported for
their applications as dyes,?® electroluminescent materials,?* organic semiconductors® and DNA
cleaving agents.?® In particular, 1,2-dihydroquinoxaline-2-ones represent a sub-family with
interesting applications in drug discovery. One such application is their antagonism behaviour
towards glutamate AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors,
which is quite effective in the therapy of neurodegenerative disorders such as ischemic stroke,
epilepsy, head trauma, and Alzheimer’s disease, without showing any side effects such as
schizophrenia.?’ GRA-293 is one such example that possess imidazole attached to
1,2-dihydroquinoxaline-2-one skeleton (Figure 2.1.2a) showing excellent third generation
AMPA receptor antagonist activity in vitro and in vivo as compared to the known first and
second generation AMPA receptor antagonists such as YM-90K, YM-872 (Figure 2.1.2b).%
Aoki et al. reported 3-(indol-2-yl)quinoxalin-2-ones as anti-angiogenesis agents that showed a
potent inhibitory activity toward the VEGF-induced proliferation of human mesangial cells and
the VEGF-induced auto-phosphorylation of human umbilical vein endothelial cells
(Figure 2.1.2c).?® Ruthenium(ll) arene complexes of 3-(1H-benzimidazol-2-yl)-1H-quinoxalin-
2-one have been reported to possess anti proliferative activity in three human cancer cell lines
(A549, CH1, SW480).%° Apart from quinoxalin-2-ones derivatives, several other quinoxaline
derivatives (Figure 2.1.2) are also potentially bioactive compounds and are marketed as drugs

(Figure 2.1.2).3t
NH
E/J\ N : F
°" N

Quinoxalinones based bioactive agents

QH

H ||? //:N) o)
HOOC/@K?O\’@ COOH ZI;I:[: /
)

N
(a) GRA-293 N°© (b)YM 90K (R = H) (C)VEGF Inhibitor
AMPA receptor antagonist YM 872 (-CH,COOH
AMPA receptor antagonist anti-angiogenesis agents

Quinoxaline based bioactive agents.

r o Z«N% 1COOH
Ny N K N
SN Su I T ea e

Varenicline Brimonidine

Smoking abstinant Intraocular anti-hypertensive Quinacillin

Antibacterial

Figure 2.1.2: Selective examples of biologically active quinoxalinone and quinoxaline

derivatives
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Recently, Mamedov et al. have synthesized a series of antibacterial and antifungal active
1-pyridylimidazo[1,5-a]quinoxalin-4(5H)-ones and their N-alkylated derivatives 29 from
3-acylquinoxalin-2(1H)-ones/N-alkyl derivatives 27 and aminomethylpyridines (28) in DMSO at

elevated temperature (Scheme 2.1.8).%?

_N
/
H,N N\
R2 2 /N
N NoH N N_—R?
s I
N"So "N Dbmso.150 °c, 8 h N0
R! 51
R
27 28 29

Scheme 2.1.8: Synthesis of 1-pyridylimidazo[1,5-a]Jquinoxalin-4(5H)-ones (29) and their
N-alkylated derivatives.

Inspired from the valuable medicinal importance of imidazo[1,2-a]pyridyl-heterocyclic
conjugates, we aimed to synthesize quinoxalinones linked imidazo[1,2-a]pyridines as a potential
pharmaceutical lead. To the best of our knowledge, only one patent describes the application of
imidazo[1,2-a]pyridyl-quinoxalinones as selective inhibitors of platelet-derived growth factor
and inhibitors of human ileal bile acid transporter.

2.2 Results and Discussion

The starting material, 2-methyl/2-arylimidazo[1,2-a]pyridines (32) required for this work, and
subsequent works were synthesized by the reaction of substituted a-bromo acetone/phenacyl
bromides (30) and 2-aminopyridines (31) in ethanol or ethanol/1,4-dioxane mixture under reflux

conditions using reported literature procedures (Scheme 2.2.1).343%

R1
0 (\/ NaHCO NN
3 » 1 /\r/ R
R)J\/Br - lN/J\NH EtOH or R \/Nf
30

2 EtOH-1,4-dioxane
31 80-100 °C, 4-12 h 32

Scheme 2.2.1: Synthesis of 2-methyl/2-arylimidazo[1,2-a]pyridines (32)

With an anticipation to synthesize quinoxalinone anchored imidazo[1,2-a]pyridines, we directly
focused our attention towards the exemplification of Hinsberg cyclization reaction with
appropriately functionalized imidazo[1,2-a]pyridines. Hinsberg reaction® is a straightforward
high-yielding strategy that involves the hetero-cyclization of o-phenylene diamine with

a-ketoesters in the presence of a catalyst such as acetic acid,*” sulfuric acid,® citric acid,*
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gallium triflate,*® polyaniline-sulfate salt.*! However, the general applicability of catalyst for
different alkyl/aryl/heteroaryl a-ketoesters substrates remains doubtful, and thus synthesizing
novel heterocyclic quinoxalinones via Hinsberg reaction remains a challenging task. To the best
our knowledge, Hinsberg cyclization of sterically hindered substrates such as
imidazo-heterocycles has not been reported. For this purpose, 2-arylimidazo[1,2-a]pyridyl-3-
glyoxalates (34), were synthesized by reacting ethyl oxalyl chloride (33) with substituted 2-

arylimidazo[1,2-a]pyridines (32) in 1,4-dioxane under reflux conditions (Scheme 2.2.2).

cl N o R
AN R 0 R T -
R 5+ 0 . - R TNY \ Y
SN 7 N\ / 1,4-Dioxane, 3-7 h, reflux
OEt o
(0]
32 33 34
OEt
=N N / CKN =N o
CNr/ N/ o s N/ s N/
o
o~/ © o=/ ° o 0/ =0
OEt OEt OFEt OFEt
34a, 75% 34b, 80% 34c, 84% 34d, 85%
NN NN NN /N o
s N/ U/ cl );\Nr ) o )
o=’ ° 0 /=0 0 /=0 o_)=0
OFEt OEt OEt OEt
34e, 86% 34f, 82% 349, 84% 34h, 79%

Scheme 2.2.2: Synthesis of 2-arylimidazo[1,2-a]pyridyl-3-glyoxalates (34)

Thereafter, the heterocyclization reaction between 2-arylimidazo[1,2-a]pyridyl-3-glyoxalate
(34a) and ortho-phenylene diamine (16) was carried out as a model reaction (Table 2.2.1, entries
1-17). The condensation between 34a and 16 failed to afford the desired product
3-(2-phenylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35a) under classical reflux
conditions even up to 120 h in several solvents including CH3CN, THF, EtOH and DMF (Table
2.2.1, entry 1). In addition, 34a and 16 also failed to react in any of the aforementioned solvents,
even under microwave irradiation at 100 °C up to 2.5 h (Table 2.2.1, entry 2). It is worth to
mention that, some of the glyoxalate got decomposed to its starting imidazo[1,2-a]pyridine 32a

upon prolonged heating under conventional/microwave conditions. Interestingly, employment of
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Yb(OTf)s (10 mol %) catalyzed the reaction under microwave conditions, affording the desired
35a in low to moderate yields in THF, CHsCN, 1,4-dioxane under independent reaction
conditions (Table 2.2.1, entry 3). Surprisingly, AgOTf and Bi(OTf)s were ineffective for the
desired transformation resulting in trace product formation (Table 2.2.1, entries 5 and 7).

Table 2.2.1: Selected optimization of reaction conditions for the synthesis of 35a2

/ /N
NH
Z =N 2 Catalyst s N/
+
N / Solvent, Reaction o)
O NH; process, Temp, Time 74

16 NH
© Et
34a 352

Temp.t  TimeP Yieldc

Entry Catalyst Solvent Reaction Process® C) ) %)

1. - CH3;CN/THF/EtOH/DMF Conventional Reflux 120 -

2. CH3CN/THF/EtOH/DMF Microwave 100 25 -

3. Yb(OTf)3 THF/CH3CN/Dioxane Microwave 110 2 55/25/40
4. In(OTf)3 THF/CH3CN Microwave 90 2 40/46
5. AQOTf THF/CH3CN Microwave 90 2 Trace
6. Cu(OTf), THF/CH3:CN Microwave 90 2 20/trace
7. Bi(OTf)s3 THF/CH3:CN Microwave 90 2 Trace
8. Sc(0Tf); THF/CHsCN Microwave 100 2 40/18
9. InBr3 THF/CH3;CN Microwave 100 25 32/trace
10. InCl3 THF/CH3;CN Microwave 130 25 28l/trace
11. Yb(OTf)s THF Microwave 100 15 58
12. Neutral Alumina - Microwave 150 2 50
13. Acidic Alumina - Microwave 150 2 42
14. Mont. K-10 - Microwave 100 1 72
15. Mont. K-10 - Microwave 100 25 60
16. Mont. K-10 - Microwave 130 15 58
17. Acidic Silica gel - Microwave 160 25 45

4Reaction conditions: Imidazo[1,2-a]pyridine (34a) (0.25 mmol), o-phenylene diamine (16) (0.30 mmol), catalyst
(10 mol %), solvent (2 mL);® The reactions were performed as per the conditions mentioned under classical reflux
and microwave irradiation at different temperature for different interval of time;® Isolated yield; Microwave power
was applied at 80W for the standardization.

The usage of other Lewis acids such as In(OTf)s, Cu(OTf)2, Sc(OTf)s, InBrz, InCls in

THF/CH3CN under microwave irradiation were also successful, resulting 35a albeit in lower
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yields (Table 2.2.1, entries 4, 6, 8-10). Gratifyingly Yb(OTf)3 (10 mol %) was found to be the
best catalyst for desired transformation, resulting 35a in 58% in THF at 100 °C under microwave
irradiation in 1.5 h (Table 2.2.1, entry 11). To further increase the yield of the product, we
employed solid supports such as neutral alumina, acidic alumina, silica gel and montmorillonite
K-10 for the above transformation (Table 2.2.1, entries 12-17). Delightfully, montmorillonite
K-10 support offered 35a in 72% yield at 100 °C in 1.0 h, under microwave irradiation
(Table 2.2.1, entry 14).

With optimized reaction conditions in hand, the substrate scope of imidazo[1,2-a]pyridines was
explored towards the synthesis of substituted imidazo[1,2-a]pyridyl quinoxalinones (35a-j)
(Scheme 2.2.3). The reaction tolerated a wide range of electron-donating and electron-
withdrawing substituents on imidazo[1,2-a]pyridyl system, affording the corresponding
quinoxalinones 35a-j in moderate to good (20-75%) yields (Scheme 2.2.3). The presence of
electron-withdrawing group on phenyl ring attached at the C-2 position of
imidazo[1,2-a]pyridine system decreased its reactivity towards the expected heterocyclization.
For example; 2-(4'-nitrophenyl)imidazo[1,2-a]pyridyl-3-glyoxalate (34i) gave poor yield (20%)
of corresponding 3-(2-(4-nitrophenyl)imidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35i),
probably because 34i was not obtained as a pure intermediate, and rather was isolated as a
mixture along with the starting 2-(4’-nitrophenyl)imidazo[1,2-a]pyridine (Scheme 2.2.3).
Notably, the use of Yb(OTf)z in THF under microwave irradiation gave the desired products in
relatively lesser yields over the montmorillonite K-10-supported synthetic protocol for all the
derivatives (Scheme 2.2.3). After completion of the reaction, the desired products were isolated
either by flash column chromatography or by re-crystallization using MeOH/CH.Cl,. All the
synthesized compounds were characterized by detailed spectroscopic analysis including *H
NMR, 3C NMR and HRMS. A representative *H NMR and *C NMR spectrum of 35¢ is shown
in figures 2.2.1 and 2.2.2.

In the recycling study, both Yb(OTf)s and montmorillonite K-10 were recovered and reused up
to three times, without any appreciable loss of catalytic activity. No significant declination in the

yield of the product was noticed.
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/o) NH, Method B

R? N —\ _R?
R AN NH Method A LT MR
\N/ + or - \N/ \ 7/
0
74

Et
34a-i 16

H
@ 35a-i
Yield A/B

=N
s N/ Q
0
%
? NH
35a 35b
72%”/58%B 75%"/61%8
=N
\N/ Cl
o
%
@NH
35d 35¢
65%A/58%8 60%"/49%8B
Z =N
X s N/
0
%
@NH
359 35h
62%"/54%" 60%A/48%5

Method A: 2-arylimidazo[1,2-a]pyridyl  glyoxalate

35¢c

70%7/56%8B

=N
N

35f
58%A/47%B

NO,

35i
20%"

mmol),  o-phenylene  diamine

(16) (0.72 mmol), Montmorillonite K-10 (300 mg) under microwave irradiation at 100 °C.

Method B: 2-arylimidazo[1,2-a]pyridyl glyoxalate  (34a-h)

mmol), o-phenylene  diamine

(16) (0.72 mmol), Yb(OTf)3 (0.06 mmol) in THF (3 mL) under microwave irradiation at 100 °C.

Scheme 2.2.3: Montmorillonite K-10/Yb(OTf)s-catalyzed synthesis of imidazo[1,2-a]pyridyl

quinoxalinones (35a-i)
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The use of montmorillonite K-10 using microwave heating at 100 °C was further applied to a
mixture of 2-methylimidazo[1,2-a]pyridyl glyoxalate (34j) and o-phenylene diamine (16) to
yield 3-(2-methylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35j)* in 82% vyield in 45
minutes (Scheme 2.2.4). The present method not only reduced the reaction time from 2 days
(classical refluxing in CHsCN) to 45 minutes* but also gave comparable yield under

environmentally benign reaction conditions.
N =N
= NH
/ 2 Montmorillonite K-10 _ XN 7
N + —> o)
MW, 100 °C, 45 min. y
o NH, N

EtO H
3] O 16 35j, 82%

Scheme 2.2.4: Montmorillonite K-10-supported synthesis of 35j

In summary, we have developed a microwave-assisted, efficient and convenient protocol for the
synthesis of imidazo[1,2-a]pyridyl quinoxalinones under montmorillonite K-10 or
Yb(OTf)s-catalyzed conditions.

2.3 Experimental Section

2.3.1 General Materials and Methods

Commercially available reagents were used without purification. Commercially available
solvents were dried by standard procedures prior to use. Melting points were determined in open
capillary tubes on a MPA120-automated melting point apparatus and are uncorrected. The
microwave-assisted reactions were carried in a CEM Discover Bench Mate Reactor in 10 mL
pressure vials at a power of 80W. Reactions were monitored by using thin layer chromatography
(TLC) on 0.2 mm silica gel F254 plates (Merck). The chemical structures of final products and
intermediates were characterized by nuclear magnetic resonance spectra (*H NMR, *C NMR)
recorded on a Bruker NMR spectrometer (300 MHz, 75 MHz). 3C NMR spectra are fully
decoupled. Chemical shifts were reported in parts per million (ppm) using deuterated solvent
peak tetramethylsilane (internal) as the standard. High resolution mass spectra were recorded
with a TOF analyzer spectrometer by using electrospray mode.

General procedure for the synthesis of 2-arylimidazo[1,2-a]pyridyl glyoxalates

To a solution of substituted 2-arylimidazo[1,2-a]pyridine (32a-j) (2 mmol) in 1,4-dioxane (20

mL), ethyl oxalyl chloride (33) (3.5 mmol) was added under an inert atmosphere of nitrogen gas.
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The mixture was refluxed for 3—7 h. On completion of the reaction as indicated by TLC, the
mixture was allowed to cool and then concentrated under reduced pressure. The residue was
triturated with water (80 mL), and the resulting precipitate was either obtained by filtration and
washed with water (20 mL) or extracted with dichloromethane (50 mL x 3). In the latter case, the
combined organic extracts were dried over sodium sulfate and concentrated to afford crude
product, which was recrystallized from ethanol to give pure glyoxalate (34a-j).
Ethyl 2-oxo-2-(2-phenylimidazo[1,2-a]pyridin-3-yl)acetate (34a): White solid; yield: 440 mg
N (75%); mp 177-179 °C; *H NMR (400 MHz, CDCls) 6 9.67 (d, J = 6.8 Hz,
CNV/?:< > 1H), 7.83 (d, J = 8.8 Hz, 1H), 7.69 - 7.58 (m, 3H), 7.55 - 7.42 (m, 3H), 7.18
o o (t, J = 6.9 Hz, 1H), 3.69 (g, J = 7.2 Hz, 2H), 1.00 (t, J = 7.2 Hz, 3H); 13C
Et NMR (100 MHz, CDCl3) 6 176.8, 163.5, 158.3, 148.1, 133.6, 131.1, 129.6,
129.0, 128.4, 117.9, 117.5, 115.8, 62.1, 13.4; HRMS (ESI-TOF) (m/z) calculated C17H15N203":
295.1082; found 295.1068 [M + H]".
Ethyl 2-(2-(4-methoxyphenyl)imidazo[1,2-a]pyridin-3-yl)-2-oxoacetate (34b): Yellow solid;
—n y yield: 520 mg (80%); mp 131-133 °C; *H NMR (400 MHz, CDCls3) §
CNF/:< >*0 9.63 (d, J =6.9 Hz, 1H), 7.85 - 7.72 (m, 1H), 7.65 - 7.53 (m, 3H), 7.15
o o (td, J=6.9, 1.2 Hz, 1H), 7.06 — 6.98 (m, 2H), 3.86 (s, 3H), 3.78 (q, J =
Et 7.2 Hz, 2H), 1.05 (t, J = 7.2 Hz, 3H); ¥C NMR (100 MHz, CDCls) 6
176.7, 163.6, 160.9, 158.1, 148.1, 130.9, 128.9, 125.9, 117.7, 117.2, 115.6, 113.8, 62.1, 55.3,
13.4; HRMS (ESI-TOF) (m/z) calculated C1gH17N204": 325.1189; found 325.1147 [M + H]".
Ethyl 2-oxo-2-(2-(4-methylphenyl)imidazo[1,2-a]pyridin-3-yl)acetate (34c): Brown solid;
yield: 490 mg (84%); mp 110-112 °C; *H NMR (400 MHz, CDCls) ¢

=N
CNr/ 9.52 (d, J = 6.8 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.48 (t, J = 7.7 Hz,
5 /=0 1H), 7.41 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 7.03 (t, J = 6.7
Et Hz, 1H), 3.61 (q, J = 7.2 Hz, 2H), 2.30 (s, 3H), 0.91 (t, J = 7.2 Hz, 3H);

13C NMR (100 MHz, CDCls) § 176.8, 163.6, 158.5, 148.1, 139.7, 130.9, 130.7, 129.5, 129.0,
128.9, 117.8, 117.4, 115.7, 62.0, 21.3, 13.4; HRMS (ESI-TOF) (m/z) calculated CisHi7N,Os™:
309.1239; found 309.1257 [M + H]".
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Ethyl 2-(2-(4-chlorophenyl)imidazo[1,2-a]pyridin-3-yl)-2-oxoacetate (34d): Pale brown solid;

N yield: 530 mg (85%); mp 109-112 °C; *H NMR (400 MHz, CDCl3) ¢

CE(/? < > ' 9.67(d, J=6.9 Hz, 1H), 7.84 (d, J = 8.9 Hz, 1H), 7.66 (t, J = 7.9 Hz,

o/ © 1H), 7.57 (d, J = 9.0 Hz, 2H), 7.47 (d, J= 9.0 Hz, 2H), 7.23 (t, J = 9.0

Bt Hz, 1H), 3.79 (g, J = 7.2 Hz, 2H), 1.07 (t, J = 7.2 Hz, 3H); *C NMR

(100 MHz, CDCl3) 6 176.6, 163.4, 157.0, 148.2, 136.0, 132.1, 131.2, 130.9, 129.1, 128.7, 117.9,

117.7, 115.9, 62.3, 13.5; HRMS (ESI-TOF) (m/z) calculated C17H14CIN203": 329.0692; found

329.0712 [M + HJ".

Ethyl 2-(6-methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)-2-oxoacetate (34e): Brown solid;

o yield: 530 mg (86%); mp 179-181 °C; *H NMR (400 MHz, CDCls) § 9.48

/C,f/:< > (s, 1H), 7.76 (d, J = 9.0 Hz, 1H), 7.62 (dd, J = 6.5, 2.8 Hz, 2H), 7.53 —

0 /=0 7.42 (m, 4H), 3.66 (q, J = 7.2 Hz, 2H), 2.46 (s, 3H), 1.00 (t, J = 7.2 Hz,

Et 3H); 3C NMR (100 MHz, CDCls) 6 176.7, 163.6, 157.9, 146.9, 133.9,

133.4, 129.6, 128.4, 127.1, 126.2, 117.7, 116.7, 62.1, 18.4, 13.4; HRMS (ESI-TOF) (m/z)
calculated C1gH17N203": 309.1239; found 309.1208 [M + H]".

Ethyl 2-(2-(4-chlorophenyl)-7-methylimidazo[1,2-a]pyridin-3-yl)-2-oxoacetate (34f): White

N solid; yield: 560 mg (82%); mp 135-137 °C; 'H NMR (400 MHz,

U;/)i < > “ cDCls) 5937 (d, J = 7.1 Hz, 1H), 7.49 — 7.40 (m, 3H), 7.33 (d, J = 8.4

o= © Hz, 2H), 6.88 (dd, J = 7.0, 1.8 Hz, 1H), 3.66 (g, J = 7.1 Hz, 2H), 2.39

& (s, 3H), 0.94 (t, J = 7.1 Hz, 3H); 3C NMR (100 MHz, CDCls) § 176.0,

163.5, 157.1, 148.5, 143.1, 135.8, 132.2, 130.8, 128.5, 128.1, 118.3, 117.6, 116.3, 62.1, 21.6,

13.4; HRMS (ESI-TOF) (m/z) calculated C1sH16CIN2Os*: 343.0849; found 343.0861 [M + H]".
Ethyl  2-(2-(4-methoxyphenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)-2-oxoacetate  (349):

/Cr/N J Brown solid; yield: 570 mg (84%); mp 117-118 °C; *H NMR (400
SN MHz, CDCls) ¢ 9.45 (s, 1H), 7.81 (d, J = 9.0 Hz, 1H), 7.57 (d, J = 8.7
o O
Et

Hz, 2H), 7.51 (d, J = 9.1 Hz, 1H), 7.01 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H),
3.77 (q, J = 7.2 Hz, 2H), 2.45 (s, 3H), 1.05 (t, J = 7.2 Hz, 3H); ©*C
NMR (100 MHz, CDCls) § 177.4, 164.2, 161.3, 160.7, 160.1, 157.4, 146.8, 134.7, 131.4, 127.7,
126.8, 125.7, 117.9, 116.5, 114.7, 62.1, 55.1, 18.1, 13.1; HRMS (ESI-TOF) (m/z) calculated
Ci1oH1oN204": 339.1344; found 339.1327 [M + H]*.
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Ethyl  2-(2-(4-methoxyphenyl)-7-methylimidazo[1,2-a]pyridin-3-yl)-2-oxoacetate ~ (34h):
N ) Brown solid; yield: 530 mg (79%); mp 131-132 °C; 'H NMR (400
Ué C © MHz, CDCls) 6 9.52 (d, J = 7.0 Hz, 1H), 7.62 (s, 1H), 7.57 (d, J = 8.6

o ° Hz, 2H), 7.06 — 6.94 (m, 3H), 3.86 (s, 3H), 3.77 (q, J = 7.2 Hz, 2H),
= 2.52 (s, 3H), 1.05 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl5) §
176.5, 163.7, 161.5, 160.9, 158.04, 148.3, 143.3, 131.3, 128.2, 125.5, 118.2, 117.5, 116.0, 113.9,
62.1, 55.4, 21.7, 13.5; HRMS (ESI-TOF) (m/z) calculated Ci9H19N204": 339.1344; found

339.1368 [M + H]".
Ethyl 2-(2-(4-nitrophenyl)imidazo[1,2-a]pyridin-3-yl)-2-oxoacetate (34i): It was not isolated

and used as such for the next cyclization step because of the overlapping nature of its spot on
TLC with the starting 2-(4'-nitrophenyl)imidazo[1,2-a]pyridine (32i).

General procedure for the synthesis of 2-arylimidazo[1,2-a]pyridyl quinoxalin-2-ones
Method A: A mixture of substituted 2-arylimidazo[1,2-a]pyridyl glyoxalate (34a-j) (0.6 mmol)
and o-phenylene diamine (16) (0.72 mmol) were dissolved in CH2Cl; (10 mL). Montmorillonite
K-10 (300 mg) was added to the mixture, and the solvent was evaporated under reduced pressure.
The dry mixture was then transferred to a microwave reaction vial and irradiated in focused
microwave oven (CEM) at a 100 °C. The reaction was monitored via TLC. After the completion
of the reaction, the reaction mixture was diluted with CH2Cl, (50 mL x 3) and the organic layer
was separated from catalyst by filtration. The organic layer was concentrated and subjected to
flash column chromatography [SiO2> (100-200 mesh), hexanes/EtOAc, 6:4 viv] or
recrystallization using MeOH/CH.ClI; to yield pure quinoxaline-2-one (35a-j).

Method B: A mixture of substituted 2-arylimidazo[1,2-a]pyridyl glyoxalate (34a-h) (0.6 mmol),
o-phenylene diamine (16) (0.72 mmol) and Yb(OTf)s (0.06 mmol) were dissolved in THF (3
mL) in a microwave reaction vial. The reaction vial was irradiated in focused microwave oven
(CEM) at temperatures 100 °C for 1.5-3 h, and monitored via TLC. After the completion of the
reaction, THF was evaporated and the reaction mixture was diluted with water and extracted
with ethyl acetate (50 mL x 3). The organic layer was concentrated under reduced pressure, and
the crude product was subjected to flash column chromatography [SiO2(100-200 mesh),
hexanes/EtOAc, 6:4 v/v], to yield pure quinoxalin-2-one (35a-h).
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3-(2-Phenylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35a): Brownish yellow solid;
yield: 146 mg (72%, Method A); mp 273-274 °C; 'H NMR (400 MHz,

=N
CNr/ CDCIs3+ CD30D) ¢ 8.75 (d, J = 7.0 Hz, 1H), 7.90 (d, J = 6.9 Hz, 1H), 7.79 —
)~ 7.63 (m, 3H), 7.51 (t, J = 8.4 Hz, 1H), 7.42 — 7.25 (m, 5H), 7.02 (d, J = 9.0
@NH

Hz, 1H), 6.94 (t, J = 7.5 Hz, 1H); 13C NMR (100 MHz, CDCls+ CD30D) ¢
154.6, 148.9, 148.7, 146.3, 135.1, 132.7, 131.1, 130.8, 128.8, 128.4, 128.2,
128.1, 126.9, 125.7, 124.5, 117.0, 115.8, 113.2; HRMS (ESI-TOF) (m/z) calculated C21H1sN4O™:
339.1245; found 339.1223 [M + H]".
3-(2-(4-Methoxyphenyl)imidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one  (35b):  Yellow
solid; yield: 152 mg (75%, Method A); mp 238-240 °C; 'H NMR (400
MHz, DMSO-ds) 6 12.64 (s, 1H), 8.57 (d, J = 6.9 Hz, 1H), 7.84 (d, J =
7.9 Hz, 1H), 7.72 — 7.62 (m, 3H), 7.58 (d, J = 8.0 Hz, 1H), 7.44 — 7.32
(m, 3H), 6.99 — 6.85 (M, 3H), 3.76 (s, 3H); 3C NMR (100 MHz, DMSO-
ds + CDCl3) ¢ 159.6, 154.2 150.3, 146.7, 145.4, 132.8, 132.6, 131.2,
129.7, 129.2, 127.7, 127.0, 126.5, 123.8, 116.9, 116.2, 115.9, 114.0, 112.7, 55.5; HRMS (ESI-
TOF) (m/z) calculated C22H17N4O2": 369.1351; found 369.1323 [M + H]".
3-(2-(4-Methylphenyl)imidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35c): Yellow solid;
yield: 148 mg (70%, Method A); mp 174-175 °C; '"H NMR (400 MHz,

N
CNF?/ C DMSO-dg) 0 12.66 (s, 1H), 8.60 (d, J = 6.9 Hz, 1H), 7.85 (d, J = 7.3 Hz,
o)
4 N 1H), 7.72 (d, J = 9.0 Hz, 1H), 7.66 — 7.54 (m, 3H), 7.47 — 7.32 (m, 3H),

7.15 (d, J = 8.0 Hz, 2H), 6.97 (t, J = 6.4 Hz, 1H), 2.30 (s, 3H); *C NMR
(100 MHz, DMSO-dg) 6 154.2, 150.3, 146.8, 145.5, 137.6, 132.8, 132.6,
132.4, 131.3, 129.3, 129.2, 128.4, 127.2, 126.7, 123.9, 117.5, 116.7, 115.9, 112.9, 21.3; HRMS
(ESI-TOF) (m/z) calculated C22H17N4O*: 353.1402; found 353.1423 [M + H]*.

3-(2-(4-Chlorophenyl)imidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35d): Yellow solid;
yield: 145 mg (65%, Method A); mp >290 °C; *H NMR (400 MHz,
DMSO-ds) 0 12.66 (s, 1H), 8.66 (d, J = 6.6 Hz, 1H), 7.85 (d, J = 7.8
Hz, 1H), 7.80 — 7.68 (m, 3H), 7.62 (t, J = 7.4 Hz, 1H), 7.51 — 7.30 (m,
5H), 7.01 (t, J = 6.5 Hz, 1H); *C NMR (100 MHz, DMSO-dg) 6 154.1,
149.9, 145.6, 134.2, 132.9, 132.8, 132.6, 131.4, 130.1, 129.3, 128.7,
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127.3, 127.1, 1239, 117.2, 117.1, 115.9, 113.2; HRMS (ESI-TOF) (m/z) calculated
C21H14CIN4O™: 373.0856; found 373.0823 [M + H]".

3-(6-Methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35e): Yellow solid;
yield: 126 mg (60%, Method A); mp >290 °C; 'H NMR (400 MHz,

=N
/CNr/ DMSO-de) & 12.65 (s, 1H), 8.39 (s, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.74 —
—~C 7.58 (m, 4H), 7.44 — 7.23 (m, 6H), 2.29 (s, 3H); 3C NMR (100 MHz,
@NH

DMSO-ds + CDCls) ¢ 154.3, 150.5, 146.1, 144.4, 135.2, 132.9, 132.7,
131.4, 129.6, 129.4, 128.6, 128.2, 128.1, 1245, 123.9, 122.2, 116.7,
116.5, 115.9, 18.2; HRMS (ESI-TOF) (m/z) calculated C22H17N4O*: 353.1402; found 353.1378
[M + H]".

3-(2-(4-Chlorophenyl)-7-methylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35f):
Yellow solid; yield: 134 mg (58%, Method A); mp >290 °C; *H NMR
(400 MHz, CDCIs+ CD30D) ¢ 8.61 (d, J = 7.1 Hz, 1H), 7.90 (dd, J =
8.1, 1.4 Hz, 1H), 7.64 — 7.53 (m, 3H), 7.48 (dt, J = 2.0, 1.1 Hz, 1H),
7.48 — 7.37 (m, 1H), 7.35 — 7.30 (m, 2H), 7.26 (dd, J = 8.2, 1.4 Hz,
1H), 6.80 (dd, J = 7.2, 1.7 Hz, 1H), 2.48 (brs, 3H); *C NMR (100
MHz, CDCls + CD3OD) ¢ 154.2, 148.6, 147.4, 146.7, 138.6, 134.0, 133.6, 132.7, 130.9, 129.5,
128.8, 128.2, 125.7, 124.3, 115.9, 1155, 115.3, 21.4; HRMS (ESI-TOF) (m/z) calculated
C22H16CIN4O™: 387.1012; found 387.1049 [M + H]".
3-(2-(4-Methoxyphenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (359):

_~_N Yellow solid; yield: 142 mg (62%, Method A); mp 285-287 °C; H
/GV / 2| NMR (400 MHz, DMSO-dg) & 12.64 (s, 1H), 8.34 (s, 1H), 7.90 —
)~ 7.82 (m, 1H), 7.68 — 7.55 (m, 4H), 7.45 — 7.33 (m, 2H), 7.24 (dd, J =

@NH 9.1, 1.7 Hz, 1H), 6.94 — 6.85 (m, 2H), 3.75 (s, 3H), 2.29 (s, 3H); °C

NMR (100 MHz, DMSO-ds + CDCl3) ¢ 159.4, 154.2, 150.4, 146.2,

144.4, 132.7, 132.7, 131.2, 129.5, 129.4, 129.2, 127.7, 124.3, 123.9, 122.0, 116.3, 115.9, 115.6,
113.9, 55.5, 18.2; HRMS (ESI-TOF) (m/z) calculated C23H19N4O*: 383.1508; found 383.1542
[M+H]".
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3-(2-(4-Methoxyphenyl)-7-methylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one  (35h):
Yellow solid; yield: 137 mg (60%, Method A); mp >290 °C; H
NMR (400 MHz, CDCls) ¢ 8.64 (d, J = 6.7 Hz, 1H), 7.77 (d, J = 7.8
Hz, 1H), 7.59 (d, J = 8.3 Hz, 2H), 7.38 (s, 1H), 7.33 — 7.26 (m, 1H),
7.07 (dd, J = 16.8, 6.2 Hz, 1H), 6.78 — 6.65 (m, 3H), 6.62 (d, J = 7.3
Hz, 1H), 3.47 (s, 3H), 2.33 (s, 3H); 3C NMR (100 MHz, CDCls) ¢
159.6, 155.2, 148.7, 147.0, 138.0, 132.9, 130.8, 130.4, 129.7, 128.5, 128.3, 125.1, 124.4, 116.1,
1155, 114.9, 113.5, 55.0, 21.4; HRMS (ESI-TOF) (m/z) calculated C23H19N4O2": 383.1508;
found 383.1482 [M + H]".
3-(2-(4-Nitrophenyl)imidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35i): Pale yellow
solid; yield: 46 mg (20%, Method A); mp 240-242 °C; 'H NMR (400
MHz, CDCl3) 6 8.77 (d, J = 7.0 Hz, 1H), 8.24 (d, J = 8.4 Hz, 2H), 7.98
—7.84 (m, 3H), 7.77 (d, J = 9.0 Hz, 1H), 7.60 (t, J = 7.7 Hz, 1H), 7.43
(t, J = 7.8 Hz, 2H), 7.13 — 6.94 (m, 2H); HRMS (ESI-TOF) (m/z)
calculated C21H14N503": 384.1096; found 384.1125 [M + H]".
3-(2-Methylimidazo[1,2-a]pyridin-3-yl)quinoxalin-2(1H)-one (35j): Yellow solid; yield: 172
mg (82%, Method A); mp 222-224 °C; *H NMR (400 MHz, DMSO-dg) ¢

=N
CNr/ 12.61 (s, 1H), 8.71 (d, J = 6.9 Hz, 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.64 — 7.51
o)
74
ol

(m, 2H), 7.42 — 7.30 (m, 3H), 6.96 (t, J = 6.7 Hz, 1H), 2.50 (s, 3H); 3C NMR
(100 MHz, DMSO-ds) 0 154.3, 149.6, 147.3, 145.6, 135.4, 132.6, 132.1,
130.5, 128.8, 127.9, 126.3, 123.9, 118.2, 116.4, 115.7, 112.4, 16.2; HRMS
(ESI-TOF) (m/z) calculated C16H13N4O™: 277.1089; found 277.1181[M + H]".
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CHAPTER 3A

Copper-Catalyzed Direct Dicarbonylation of
Imidazo-heterocycles via C-H Bond Activation
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3A.1 Introduction
Transition-metal catalyzed direct cross-dehydrogenative C-H transformation has attracted

considerable attention, and the strategy has been explored for the formation of nascent C-C and
C-X (X =S, N, O) bond (Figure 3A.1.1).1®

AL B
f \f@D @X --------- »  Transition Metal Catalyst o

<t T - H, - :XArIHet-Ar\:

Figure 3A.1.1: A generalized representation of cross-dehydrogenative coupling

To date, within the field of homogeneous catalysis, Pd-catalyzed reactions are perhaps the most
versatile methods for the oxidative C-C, C-N and C-O bond formations. However, palladium
chemistry is associated with some serious drawbacks such as its cost, high toxicity and
restrictions in substrate scope, thereby opening new doors for the investigation of other metal
catalysts as an alternative to palladium.®! In this regard, copper has received increasing
attention towards the construction of various bonds in organic synthesis via C—H bond
activation.%216 Intriguingly, copper can exchange its oxidation state from Cu (0) to Cu (llI)
through one-electron or two-electron processes.'®> As a result, the radical pathway and
two-electron bond-forming pathway via organometallic intermediates can occur. The
single-electron transfer (SET) from the electron-rich substrates to Cu(ll) species is proposed to
initiate a sequence of steps that ultimately affords the oxidative coupled products.**" In recent
years, oxygen has been predominately used as an ideal and abundant oxidant in various organic
transformation under the Cu-catalyzed conditions.!® Pleasingly, the performance of
Cu-catalyzed reaction exponentially increases in the presence of “oxygen” either by acting as a
pool for electrons (oxidase activity) or as a source of oxygen atoms that are incorporated into
the product (oxygenase activity), or both.2®2° The oxidation of copper with oxygen is a facile
process allowing catalytic turnover in net oxidative processes and ready access to the higher
Cu(lll) oxidation state, which enables a range of powerful transformations including
two-electron reductive elimination to Cu(l).

Tremendous hikes from 30 citations per year in the 1980s to over 300 citations per year in the
2000s were noticed in the employment of copper catalysis using molecular oxygen/aerial
oxygen. Contentedly, aerobic Cu-catalyzed dehydrogenative functionalizations have been

embarked as a powerful synthetic tool in the domain of green and sustainable chemistry via a
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single electron transfer (SET) process. The cost-effectiveness, relatively better stability,
easy-usability and the accessibility to synthesize complex molecule from simple starting
material in minimum actions have popularized the Cu-catalyzed CDC reactions in numerous
ways.'3 In recent years, extended efforts have been made by various research groups towards
the construction nascent C-C and C-X (hetero atom) bonds via Cu-catalyzed CDC approach
under aerobic condition.'®!8 A brief over view of Cu-catalyzed aerobic CDC methodologies is
depicted in a pictorial representation (Figure 3A.1.1).

R
== | EwWG
{ LN
Q 2 Ar/ N
‘ Y/S‘,_-;/ * Het- Ar =0
s N ‘
[ \\I/ \/]\X X
~ \\ A aeemeeal
"""""""" 1 he H
I“ //'-T-"\ ‘
. N Y‘/B_ J AHH R i R
* s N UH N Ar/ {
R \ E N A H\)\X L \4 s J ﬁ"// R
' 2 ~.
N X +
R)V e RIS % H \L

: R = A HYCH HH
i Ewg c\ R 7< : e .77 CspPCsp? N~.. L 1 =
: HpH o Tt Bond Formatiop/. \
| £ l-,l’ , “ 5 )
X H N . 3 ¢

' ;. . Csp°-Cs|

\ \‘(H Csp®Csp® . Bond l’zorm:t.io *
EWG , \8ond Formation./  ___... R . h

~e

..7" Cu-Catalyzed Aerobic ) ,

CDC Reaction's o _._'_'—“““::--..\

RN L T L Ty Y=OH N T
e N:(\H/ R% Csp2-Csp : Csp?-Csp? /. */ .
Y'\ // \Bond Formatio EX= N.OS, P Bond Formatiop// / b/* \ / r/ :\ .
. R i
/ =5,0 N= | csp?X N . ; ¢ \ )\F ‘
=0O,N YYX X=S,0\ ‘,—"'_ Al Bond Formatlo -_H "~.\ ..' ,’/P\Hz [ \,*Y/L H
Y=0,N; .- S = : I
LY

Ph R ' ) Het-Ar N. R : N e
Ro Z ,:,/ “H_Ha j J5NH. O +7 o
\ 0 Mo + | H éL_\A\ " _N__EWG
1 Ph Arl o o S
N R CHO R1 ,‘: Het-Ar o) : N\ N
+ am A /Ay L EtOl1_OE Z%R R
= ‘o N Het:ar  N-—\Het-Ary f . 0 (e}
R H e H v OH - &
--------- : Z gy N R
L i ViR T N OEt ! Tteeeiia--
| Arl R e o= P\(OEf
Het-Ar Het-Ar '™+ ¢ ~ -
N / AN N X /ﬂ
\>_S ‘ /r’ \,Y ,
z . \—Q"

Figure 3A.1.2: A brief overview of Cu- catalyzed aerobic CDC methodologies

Aldehydes 2 have also been explored for metal-catalyzed ortho-aroylation of aromatic and
heteroaromatic systems via Csp?-Csp? cross-dehydrogenative coupling. In this context, Li and
Kwong et al. independently reported Pd-catalyzed ortho-acylation of acetanilides (1) with
aldehydes 2 in the presence of tert-butyl hydroperoxide (TBHP) in toluene, affording the
ortho-acyl acetanilides (3) in moderate to good yields (Scheme 3A.1.1).2422
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O
/g O Pd(TFA), (5 mol %) )LNH e)
HN™ ~O P] TBHP (2 equiv.)
+ R, H >
H 2 Toluene, 120 °C R
R= Aryl, Alkyl Sealed tube
Or 3
1 Toluene, 90 °C

Scheme 3A.1.1: Pd-catalyzed ortho-acylation of acetanilides (1) with aldehydes (2)

Wang et al. reported a convergent and straightforward Pd-catalyzed protocol for the synthesis of
ortho-acylated azobenzenes 5 from aromatic azo compounds 4 and aldehydes 2 via an
azo-directed C-H bond activation process in the presence of TBHP as an oxidant. The obtained
acylated azobenzenes 5 were further transformed into corresponding indazoles derivative (6)

through reduction using Zn/NH4Cl in methanol at room temperature (Scheme 3A.1.2).23

1 R1
@/R o  Pd(OAc), (5 mol %)
. TBHP (2 equiv.) N <
N\N + 2k|-| 5 > N
R DCE, 80 °C, N,, 12 h R?
R 4 2 R

R2= Aryl, Alkyl O
l Zn/NH,4CI (2:3 equiv.)

MeOH, r.t., 5 min.

_N
N R!
R’ =
6

Scheme 3A.1.2: Pd-catalyzed ortho-acylation of azobenzenes (4) with aldehydes (2)

Kim et al. developed an efficient protocol for the Pd-catalyzed oxidative ortho-acylation of
N-benzyltriflamides (7) with aldehydes 2 via C-H bond activation using acetic acid/TBHP in
DMF:CH3CN (1:1) at 100 °C for 40 h. The methodology was successfully utilized for the

preparation of analgesic Nefopam (9) in multiple steps. (Scheme 3A.1.3).24

Me
TIHN Pd(OAc), (7.5 mol %)  TfHN o N/\
J(i TBHP (4 equiv.) 5
N AcOH (50 mol ¢ y — >
R'—- " R2" "H COH (50 mol %) > il o R —
Z 9 DMF/CH;CN (1:1) L >
100 °C, 40 h 8
! 9
R2= Aryl, Alkyl
Nefopam

Scheme 3A.1.3: Pd-catalyzed ortho-acylation of N-benzyltriflamides (7) with aldehydes (2)
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In 2013, Pan et al. presented a simple and efficient Pd-catalyzed strategy for direct C-3 acylation
of benzofurans and benzothiophenes (10) with aromatic aldehydes 2 in air to yield 11 by a cross-

dehydrogenative coupling (CDC) reaction (Scheme 3A.1.4).%

Pd(OAc), (5 mol %)
R1®_® . TBHP (2 equiv.)
X R? PhCI, 120 °C, 20 h

10 X=0,8

1

Scheme 3A.1.4: Pd-catalyzed C-3 acylation of benzofurans and benzothiophenes (10) with
aldehydes (2)

In the same year, Patel and Wu groups independently documented elegant protocols for the
ortho-aroylation of 2-arylbenzothiazoles and 2-arylbenzoxazoles (12), respectively by self-
direction of the substrate nitrogen in the presence of Pd(OAc). and TBHP as an oxidant (Scheme

3A.1.5).2627

RS

Pd(OAc), (6 mol %) Q

CHO TBHP (2 equiv.)
N R2 Toluene, 110 °C, 5 h e}

LI @RS m L1 R

X LA

12 ” Pd(OAc), (5 mol %) X
X=0, S TBHP (6 equiv.) 13

PPh; (10 mol %)
PhCI, 120 °C, 8 h

Scheme 3A.1.5: Pd-catalyzed ortho-aroylation of 2-arylbenzothiazoles and 2-arylbenzoxazoles
(12) with aldehydes (2)

Surprisingly, aroylation of aryl and hetroaryls under Cu-catalyzed conditions are very scarce.
Oxidative amidation of various amines with aldehydes have been successfully achieved in the
presence of copper catalysts. In this regard, Jiao and coworkers described CuBr-catalyzed
oxidative cross-dehydrogenative Csp?-N bond formation strategy between aryl acetaldehyde (14)
and aromatic amines (15) for synthesizing a-ketoamides 17.%8 Later, the same group also
synthesized o-ketoamides 17 from phenyl glyoxals (16) and anilines (15) under CuBr-catalyzed

reaction conditions (Scheme 3A.1.6).%°
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CuBr (10 mol %)

RL@/\CHO + RZ\N/RS Pyridine (2 equiv.) -
H Toluene, 90 °C, MS.4A°, 0] R2
14 15 O, (1 atm) N
\R3
o CuBr (10 mol %) R o
Pyridine (2 equiv.)
H + RZ\N,Rg 2,2-bipyridine - 17
R’ 5 H Toluene, 90 °C,
Air
16

15

Scheme 3A.1.6: Cu-catalyzed synthesis of a-ketoamides (17) from anilines (15)

Very recently, Deng et al. disclosed a paradoxical regioselective Cu-catalyzed oxygenative
cross-dehydrogenative dicarbonylation strategy at the para-C-H of primary anilines (15) with
methyl ketones 18 to obtain 19 using catalytic amount of BF3.OEt, in the presence of oxygen
(Scheme 3A.1.7).%°

NH,
NH
\2 Q Cul (5 mol %) RI_T N
RI—M_ . )K@ 2 BF3.0Et; 20mol %) = _J
% _ DMSO, 105 °C, 14 h, ——R2
H O2 O X
15 18 o 19

Scheme 3A.1.7: Cu-catalyzed oxygenative dicarbonylation of anilines (15) with methyl ketones
In resemblance to the above protocol, Ahmed and team described an efficient Cu(ll)-catalyzed
protocol for the ortho-functionalization of phenols (20) with phenyl glyoxal (16) at lower
temperature in toluene (Scheme 3A.1.8).3!

OH O H-R?
N H . 0 N _, Cu(GAckH0 (20 mol %)\
1 T o S
R'—+ P H _ R Toluene, 60 °C, 5 h A O
N 16 21

Scheme 3A.1.8: Cu-catalyzed o-dicarbonylation of phenol (20) with phenyl glyoxal

Li and co-workers presented a unique and novel Cu-catalyzed intramolecular C-H
oxidation/acylation via a cross-dehydrogenative strategy for constructing substituted
indoline-2,3-diones (23) with good functional groups tolerance in THF at 100 °C under oxygen

environment (Scheme 3A.1.9).%
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~H 0
RI_ O CuCl, (10 mol %) N
= NJ\WH THF, 100 °C, 0, ~ R'—- o)
R2 O Z N
22 23 R

Scheme 3A.1.9: Cu-catalyzed synthesis of indoline-2,3-diones (23)

Jiao et al. described a Cu-catalyzed oxidative dehydrogenative coupling reaction of alcohols 24
and phenyl glyoxal (16) in the presence of air affording a-ketoesters 25 in moderate-to-good
yields (Scheme 3A.1.10).3

@]
o = M g2 CuBr (10 mol %) o
P Pyridine (50 mol %) 17 X
R'OH + H > R | —-R?
Toluene (1.5 mL) 0] _
24 O 90 °C, 18 h 05
16 Air (1 atm)

Scheme 3A.1.10: Cu-catalyzed synthesis of a-ketoesters from alcohols 24 and phenyl glyoxal
Interestingly, Li and coworkers reported a highly regio- and stereoselective synthesis of
E-1,2-dicarbonyl-3-ene derivatives (27) in good yields by CuBr-catalyzed cross-dehydrogenative
coupling between terminal alkynes 26 and phenyl glyoxal (16) in presence of morpholine
(Scheme 3A.1.11).%

o)
o CuBr (50 mol %) :
P u R
AN 7 R2  morpholine (2 equiv.) TN Y
1_1l + H » R1_|
R _ 1,4-Dioxane, 110 °C, 20-24 h _— o)
O 27
26 16 R2= aryl, ethoxy

Scheme 3A.1.11: Cu-catalyzed synthesis of E-1,2-dicarbonyl-3-ene derivatives (27) from
terminal alkyne (26) and phenyl glyoxal (16)

Yang and coworkers developed an efficient and practical protocol for Cu-catalyzed aerobic
oxidative dicarbonylation of indoles (28) using phenyl glyoxal (16) to obtain C-3 dicarbonylated
indoles 29 under the described conditions (Scheme 3A.1.12).%

@)

CuBr (10 mol %)
RI—1" N, O Pyridine (50 mol %)
Z N H Toluene, 90°C R
R2 Air
28 16

Scheme 3A.1.12: Cu-catalyzed C-3 dicarbonylation of indole (28) with phenyl glyoxal
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On the other hand, the increasing citation of imidazo[1,2-a]pyridines in recent articles have
allude the interest of organic chemists towards the construction of newer bioactive
functionalized imidazo[1,2-a]pyridines. More specifically, the transition-metal catalyzed
functionalization of imidazo[1,2-a]pyridines in recent years have opened new doors for the
synthesis of novel heterocyclic systems.®

Despite significant progress for C-3 functionalization of imidazo[1,2-a]pyridines, there was no
report on the direct cross-dehydrogenative coupling (CDC) between aldehydic Csp?>-H and
C3(sp?)-H of imidazo[1,2-a]pyridines at the time of initiation of the present work. Thus, we
planned to develop an efficient strategy for the cross-dehydrogenative coupling of aryl
acetaldehydes and imidazo[1,2-a]pyridines. However, during the progress of this work,
Atmakur et al. reported 1>-DMSO-PTSA catalyzed C-3 dicarbonylation of
imidazo[1,2-a]pyridines (30) using acetophenones (18) (Scheme 3A.1.13a).%’ During the review
of the present work, Cao and coworkers illustrated the use of N,N-disubstituted acetamide or
acetone for the dicarbonylation of imidazo[1,2-a]pyridines (30) in presence of copper salt using
molecular oxygen as oxidant in acetic acid and toluene at 140 °C (Scheme 3A.1.13b).% Later,
in addition to our report on C-3 dicarbonylation of imidazo[1,2-a]pyridines Cao group again
reported Cu-catalyzed regioselective synthesis of 1,2-dicarbonylated imidazo[1,2-a]pyridines,
(31) using methyl ketones (18) as a dicarbonyl source in acetic acid and t-amyl alcohol under
the environment of molecular oxygen (Scheme 3A.1.13c).>® Recently, Hajra group also
synthesized 1,2-dicarbonylated imidazo[1,2-a]pyridines (31) using FeCls catalyst and
arylglyoxal (16) (Scheme 3A.1.13d).4

Methyl ketones, PTSA (10 mol %), I,
(a) DMSO, 100 °C, 5 h,

Methyl ketones, Cu(OAc), (5 mol %),
(b)  AcOH, Toluene, O,, 140 °C,12h N

1
riZ =N R N/ R
S N\/)7R © Acetone, Cu(OAc),, AcOH, t-AmOH,
c
30

DCE, O,, 120 °C, 24 h - o 0]
31 R2
Phenyl glyoxal, FeClz (10 mol %), A
(d) Toluene, Air, 80 °C, 6 h

Scheme 3A.1.13: Various other synthetic reports for the synthesis of C-3 dicarbonylated
imidazo[1,2-a]pyridines (31)

68



Chapter 3: Part A

3A.2 Results and Discussion

Our preliminary investigation started with the reaction of imidazo[1,2-a]pyridine (30a) and
phenyl acetaldehyde (14a) in the presence of catalytic amount of copper acetate (10 mol %) and
TBHP (1 equiv.) as oxidant in toluene at 100 °C. To our delight, the expected product, 1-phenyl-
2-(2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31a) was obtained in 46% yield after
20 h. (Table 3A.2.1, entry 1) The structure of the 3la was confirmed by its detailed
spectroscopic analysis. The 'H NMR of compound 31a exhibited 14 protons in the aromatic
region between ¢ 7.03-9.78, with the C5-H deshielded at 6 9.78, accounting for the coupling
between imidazo[1,2-a]pyridine and phenyl acetaldehyde moieties. Absence of a peak for
methylene protons and the corresponding carbon in the *H NMR and 3C spectra’s respectively,
indicated that during coupling functional transformation of methylene group has taken place
(Figure 3A.2.2 and Figure 3A.2.3). This got support from the presence of two carbonyl peaks at
6 190.4 and 183.7 in the 3C NMR spectrum of 31a. The final confirmation was obtained by
HRMS of 31a.

Several experiments were performed to further optimize the reaction condition, and the results
are summarized in Table 3A.2.1. Screening of different copper catalysts revealed that the best
yield (60%) was obtained by using CuBr whereas other copper catalyst such as Cul, CuCl and
CuO gave similar yields as that of Cu(OAc)2 (Table 3A.2.1, entries 2-4). Lower yield of 31a was
obtained by using CuS04.5H20 (Table 3A.2.1, entry 6). We next undertook the process of
solvent screening. It was noticed that 31a was isolated in comparatively lesser yield in DCM,
DCE and xylene (Table 3A.2.1, entries 7-9). Subsequently, the effect of varying oxidant on the
coupling between 30a and 14a in toluene was studied. An improvement in the yield of 31a was
observed by using oxidants such as K»S;Os, CAN (Table 3A.2.1, entries 10-11), however
comparatively lesser yields were obtained with m-CPBA and BPO (benzoyl peroxide)
(Table 3A.2.1, entries 12-13). Delightfully, the substitution of external oxidants with air resulted
in almost similar yield of 31a (Table 3A.2.1, entry 14). We next attempted the coupling reaction
in air using a couple of ligands including 1,10-phenanthroline, TMDEA and 2,2-bipyridine
(Table 3A.2.1, entries 15-17). Among these ligands, the use of 2,2-bipyridine along with CuBr
produced 80% of 31a in toluene, even when the time of the reaction was reduced from 20 h to 12
h (Table 3A.2.1, entries 17 & 18). Notably, InCls, RuCls and FeCls were able to catalyze the

reaction, albeit in lower yields (Table 3A.2.1, entries 19-21). Employment of other transition
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metal catalysts, such as Pd(OAc)2, PdCIl, and Pd(PPh3)Cl, did not yield 31a in noticeable
amounts (Table 3A.2.1, entries 22-24).

Table 3A.2.1: Selected optimization® of reaction conditions for the synthesis of 31a
i g
N
H
@_@ Catalyst/ Oxidant
N Solvent
30a

Reaction Conditions

14a
Entry Catalysts Solvent Oxidant Ligand Yiela®
(%)

1. Cu(OAcC), Toluene TBHP - 46
2. Cul Toluene TBHP - 42
3. CuCl Toluene TBHP - 45
4, CuO Toluene TBHP - 38
5. CuBr Toluene TBHP - 60
6. CuS0,4.5H,0 Toluene TBHP - 20
7. CuBr DCE TBHP - 55
8. CuBr DCM TBHP - 30
9. CuBr Xylene TBHP - 56
10. CuBr Toluene K2S20s - 63
11. CuBr Toluene CAN - 64
12. CuBr Toluene m-CPBA - 42
13. CuBr Toluene BPO - 46
14. CuBr Toluene Air - 66
15. CuBr Toluene Air 1,10-phenanthroline 72
16. CuBr Toluene Air TMDEA 67
17. CuBr Toluene Air 2,2-bipyridine 80
18. CuBr Toluene® Air 2,2-bipyridine 80
19. InCl3 Toluene Air 2,2-bipyridine 52
20. RuCls Toluene Air 2,2-bipyridine 58
21. FeCls.6H.0 Toluene Air 2,2-bipyridine 70
22. Pd(OAC) Toluene TBHP 2,2-bipyridine -

23. PdCl, Toluene TBHP 2,2-bipyridine -

24, Pd(PPh3)Cl, Toluene TBHP 2,2-bipyridine -

4Reaction conditions: Imidazo[1,2-a]pyridine (30a) (0.25 mmol), phenyl acetaldehyde (14a) (0.30 mmol), catalyst
(10 mol %), oxidant (0.25 mmol), ligand (10 mol %), solvent (4 mL). The reactions were performed and monitored
at 100 °C [except for entry 7 (80 °C) and entry 8 (40 °C)] for 20 h; PAfter 12 h; CIsolated yield; TMDEA:
tetramethylethylenediamine; BPO: benzoyl peroxide; TBHP: tert-butyl hydroperoxide.

After a great deal of screening different parameters, the highest yield (80%) of C-3
dicarbonylated product 31a was obtained when 1.2 equiv. of phenyl acetaldehyde was coupled
with 1 equiv. imidazo[1,2,a]pyridine using CuBr/2,2'-bipyridine (10 mol % each) in toluene at
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100 °C under an atmosphere of air. Under the optimized conditions, the scope of aryl
acetaldehydes was investigated (Scheme 3A.2.1). Both the electron-rich and electron-deficient
aryl acetaldehydes (14a-g) efficiently reacted with 2-phenylimidazo[1,2-a]pyridine (30a) to give
corresponding C-3 dicarbonylated products (31a-g) in 70-85% isolated yield. Among aryl
acetaldehydes, 4-fluorophenyl acetaldehyde 14f displayed highest reactivity when reacted with
30a, yielding 85% of the corresponding dicarbonylated product 31f as compared to other halo
derivatives (4-Br, 4-Cl). Naphthyl-substituted acetaldehyde also successfully afforded 31g in
76% isolated yield. Relatively lesser yields of C-3 dicarbonylated products (31b & 31c) were
obtained when 4-methyl and 4-methoxy substituted phenyl acetaldehydes were employed.

Unfortunately, acetaldehyde and propionaldehyde failed to react with 30a.

o
H CuBr (10 mol %) <
2,2"-bipyridine (10 mol %)

Toluene, 100 °C, 12-14h
Air

7 N\
i\
ESZ
+
X
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«Q

o

O
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OZ\
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7\
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\
DYy
ﬁf;
7\
OZ\
-
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(@)
Op'

O— Cl
31a, 80% 31b, 70% 31c, 72% 31d, 82%
9 0 9
o LY v
o o o 0 o 0
R
S S
R =H, CHs
Br F
31e, 82% 31f, 85% 31g, 76%

Scheme 3A.2.1: Scope of aryl acetaldehydes (14a-g) for the synthesis of C-3 dicarbonylated
imidazo[1,2-a]pyridines

The scope of reaction was further expanded to a variety of substituted
2-arylimidazo[1,2-a]pyridines with substituted aryl acetaldehydes (Scheme 3A.2.2).
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Scheme 3A.2.2: Scope of imidazo[1,2-a]pyridines (30) and aryl acetaldehydes (14)
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Presence of both electron-donating and electron-withdrawing substituents on the aryl and pyridyl
ring of 2-phenylimidazo[1,2-a]pyridines showcased a marked difference in their reactivity
towards aerial oxidative cross-dehydrogenative coupling with aryl acetaldehydes. Interestingly,
presence of nitro group at phenyl of 2-phenylimidazo[1,2-a]pyridine yielded the corresponding
product 31m in 55% yield.

To extend the scope of our methodology, few other imidazo-heterocyles such as
imidazo[1,2-a]pyrimidine (32a), imidazo[2,1-b]thiazole (32b) and
benzo[d]imidazo[2,1-b]thiazole (32c) were reacted with phenyl acetaldehyde (14a) under
optimized conditions to yield their corresponding dicarbonylated products (33a-c) in 68-74%
isolated yields (Scheme 3A.2.3). It is noteworthy that these imidazo-heterocycles yielded the
corresponding C-3 dicarbonylated products in longer reaction time as compared to

imidazo[1,2-a]pyridines.

0
H CuBr (10 mol %)
@_@ N 2,2"-bipyridine (10 mol %)
N / Toluene, 100 °C, 14-17h
Air
32a-c 14a
33a-c
-0 & o
S S, ®N v,
0
o) o o o o
33a, 70% 33b, 74% 33c, 68%

Scheme 3A.2.3: Scope of imidazo-heterocycles (33a-c) for the synthesis of C-3 dicarbonylated
imidazo-heterocycles

To gain some insight into reaction mechanism, a few control experiments were performed
(Scheme 3A.2.4). The reaction did not yield the expected product at all in the presence of radical
scavenger TEMPO (3 equiv.), thereby suggesting an evidence for the radical mechanism
(Scheme 3A.2.4a). When the reaction was performed under nitrogen atmosphere, the product
was observed in traces on TLC, thereby indicating a crucial participation of aerial oxygen not

only as an oxidant but also as an initiator to trigger the catalytic process. The reaction of phenyl
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acetaldehyde under copper bromide catalyzed conditions in air did not yield phenyl glyoxal at
all, thereby suggesting that the oxidation of phenyl acetaldehyde to phenyl glyoxal (16) may not
be involved in the reaction (Scheme 3A.2.4b). The reaction did not proceed in the absence of
copper bromide emphasizing the role of copper as an oxidant (Scheme 3A.2.4a). Interestingly,
benzaldehyde (2) failed to give the corresponding oxidized product (34a), rather the TLC of the
reaction mixture shows major un-reacted imidazo[1,2-a]pyridine along even after refluxing for
12 h under similar Cu-catalyzed conditions, in presence/absence of external oxidants. Some faint
spots were observed on TLC, which were not isolated. Assuming that C-3 alkenyl or alkynyl
substituted imidazo[1,2-a]pyridine might be formed as intermediates in the reaction between 30a
and 14a, compounds 35 or 36 were synthesized by standard procedures***2 as model substrates.
Surprisingly 35 or 36 did not afford the dicarbonylated product 31a under optimized condition,

(Scheme 3A.2.4d) indicating that their formation is not involved in the mechanism.

CuBr (10 mol %)
2,2'-bipyridine (10 mol %)
TEMPO ( 3 equiv)

Toluene, 100 °C

o} Air NN
. : QUaW
(a) “ 3_@ + Toluene, 100 °C
N7 \ Air o o
30a
14a
CuBr (10 mol %)

2,2'-bipyridine (10 mol %)

Toluene, 100 °C 31a, 0%
N2
(0]
o (0]
H CuBr (10 mol %) H
2,2'-bipyridine (10 mol %)
() Toulene, 100 °C

Air
16a, 0%

H__O =N
CuBr (10 mol %) s N/ O
© /\'\1)_@ . 2,2"-bipyridine (10 mol %) _
s N7 TBHP (3 equiv.) 0
Toluene,100 °C, 12 h O
30a 2

2>=N
CuBr (10 mol %) SN O

o [ =N o F PN 2,2"-bipyridine (10 mol %) _
N/ N7 Toluene,100°C,20h . O 0
Q 31a, 0%

14a

34a, 0%

Ph
35 36 Ph

Scheme 3A.2.4: Control experiments
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From the control experiments and literature reports, >4 the plausible mechanism of the
reaction is believed to be initiated by the attack of 2-arylimidazo[1,2-a]pyridine (30b) on
carbonyl of phenyl acetaldehyde (14a) to give C, probably by radical mechanism in presence of
CuBI/O; via single electron transfer'® (SET). Further, CuBr-catalyzed oxidation of C to D, and
subsequently to E with the removal of HBr, followed by oxygen insertion yields super oxide
radical F.*® Finally F forms the C-3 dicarbonylated product 31b (Scheme 3A.2.5). To provide
analytical support to our proposed mechanism, the LC/HRMS of the reaction mixture was
recorded after 2 h. Presence of the peaks at m/z 329.1378 and 357.1294 corresponding to the
molecular formula C22H2:N20 [M+H]* and C22H17N2Os [M-Cu]* respectively, indicated the
formation of intermediates C and F (Figure 3A.2.1).

. Pra— O

30b

Air (1 atm)

o=~/ © a H Q
CuOH E

31b
14a [Detected in LC/HRMS
CuBr/O, m/z = 357.1294 (M-Cu)*

of reaction mixture after 2 h]

H >
Cu(ll) == Cu(l)
SET

[Detected in LC/HRMS
m/z = 329.1378 (M+H)*
of reaction mixture after 2 h]

Scheme 3A.2.5: Plausible mechanism

B A A AR ML VAL ML i LM VAL M - S

.............

. Toeey ~z
© 150 120 200 20 30 %o 0 Pt =0 o %) ez 20T 8o

Figure 3A.2.1: LC-HRMS of crude reaction mixture (31b) after 2 h of the reaction
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In summary we have developed an efficient and atom-economical Cu-catalyzed strategy for the
cross-dehydrogenative coupling between aryl acetaldehydes and imidazo-heterocycles, yielding
C-3 dicarbonylated imidazo-heterocycles in moderate-to-good yields.

3A.3 Experimental Section

3A.3.1 General Materials and Methods

All the chemicals were purchased from Sigma-Aldich, Alfa Aesar, and Spectrochem India Pvt.
Ltd and used without further purification. The solvents used were purchased from Merck (India)
and were distilled and dried before use. Nuclear magnetic resonance spectra were recorded on
Bruker 400 spectrometer. All *H NMR experiments were reported in & units, parts per million
(ppm), and were measured relative to residual chloroform (7.26 ppm) or DMSO (2.5 ppm) in the
deuterated solvent. All *C NMR spectra were reported in ppm relative to deuterochloroform
(77.0 ppm) or [de] DMSO (39.5 ppm). All coupling constants J were reported in Hz. The
following abbreviations were used to describe peak splitting patterns when appropriate:
s = singlet, d = doublet, t = triplet, dd = doublet of doublet, m = multiplet and br s = broad
singlet. Melting points were determined on a capillary point apparatus equipped with a digital
thermometer and are uncorrected. High resolution mass spectra were recorded with a TOF
analyzer spectrometer by using electrospray mode.

General procedure for dicarbonylation of imidazo-heterocycles

A mixture of imidazo-heterocycle (30a-h, 32a-c) (0.52 mmol), aryl acetaldehyde (14a-g) (0.62
mmol), CuBr (0.052 mmol), 2,2-bipyridine (0.052 mmol) in toluene (8 mL) were heated at 100
°C for 12-17 h. The progress of reaction was monitored by TLC. Thereafter, toluene was
evaporated and the reaction mixture was subjected to silica gel column chromatography
(hexanes/EtOAc, 9:1) to yield the dicarbonylated product (31a-u and 33a-c).
1-Phenyl-2-(2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31a): Yellow solid; yield:

. ) 134 mg (80%); mp 122-124 °C (lit.¥ mp 122-123 °C); *H NMR (400
< N/ O MHz, CDCls) 6 9.78 (d, J = 6.7 Hz, 1H), 7.81 (d, J = 8.7 Hz, 1H), 7.65 (d,
0/=0 J=7.7Hz, 2H), 7.61 (d, J = 8.0 Hz, 1H), 7.51 (t, J = 7.3 Hz, 1H), 7.33 (t, J
Q = 7.5 Hz, 2H), 7.23 (d, J = 7.7 Hz, 2H), 7.21 — 7.15 (m, 2H), 7.03 (t, J =

| ) 7.4 Hz, 2H); *C NMR (100 MHz, CDCls) § 190.4, 183.6, 157.6, 147.3,

133.2, 132.4, 131.7, 130.1, 129.0, 128.6, 128.5, 128.3, 127.6, 127.0, 117.9, 116.7, 114.9; IR
(KBr): 2930, 2902, 1675, 1596, 1402, 1129, 859, 720 cm™.
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1-(2-Phenylimidazo[1,2-a]pyridin-3-yl)-2-(p-tolyl)ethane-1,2-dione (31b): Light yellow solid;

( _N O ) yield: 117 mg (70%); mp 152-154 °C (lit.3" mp 152-155 °C); 'H NMR
N~ (400 MHz, CDCls) & 9.85 (d, J = 6.9 Hz, 1H), 7.87 (d, J = 8.9, 1H), 7.71 —

(0]
o 7.67 (m, 1H), 7.65 (d, J = 8.2 Hz, 2H), 7.35 — 7.31 (m, 1H), 7.32 (d, J =

Q

1.3 Hz, 1H), 7.29 (dd, J = 7.4, 0.9 Hz, 1H), 7.26 (dd, J = 7.1, 1.2 Hz, 1H),
7.21 (d, J = 8.0 Hz, 2H), 7.15 — 7.10 (m, 2H), 2.43 (s, 3H); 3C NMR (100
MHz, CDCl3) ¢ 191.1, 184.8, 158.6, 148.3, 145.3, 132.9, 131.0, 130.9, 130.0, 129.7, 129.4,
129.4,127.9, 118.9, 117.6, 115.8, 21.9; IR (KBr): 3016, 1678, 1593, 1526, 1467, 1341, 730 cm™.
1-(4-Methoxyphenyl)-2-(2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31c): Brown

( N ) solid; yield: 132 mg (72%); mp 165-168 °C (lit.3” mp 166-168 °C); H
)
o (0]

7 N\
z

7.26 (m, 2H), 7.14 (t, J = 7.6 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H), 3.90 (s,
3H); 3C NMR (100 MHz, CDCls) ¢ 190.1, 185.0, 164.4, 158.5, 148.3,
133.0, 132.0, 130.8, 130.0, 129.3, 127.8, 126.7, 119.0, 117.6, 115.7, 113.9, 55.6; IR (KBr): 2930,
1658, 1599, 1460, 1260, 1180, 748, 753 cm™.,

1-(4-Chlorophenyl)-2-(2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31d): Yellow
solid; yield: 152 mg (82%); mp 122-125 °C (lit.3" mp 120-125 °C); H

— .
/ NMR (400 MHz, CDCls) 6 9.81 (d, J = 6.7 Hz, 1H), 7.87 (d, J = 8.1 Hz,
o= "° 1H), 7.68 (d, J = 8.1 Hz, 2H), 7.49 — 7.42 (m, 1H), 7.38 (d, J = 8.3 Hz, 2H),

. I J

NMR (400 MHz, CDCls) ¢ 9.85 (d, J = 6.9 Hz, 1H), 7.86 (d, J = 8.9 Hz,
1H), 7.72 (d, J = 8.9 Hz, 2H), 7.70 — 7.64 (m, 1H), 7.38 — 7.31 (m, 2H),
/O

7 N\
z

O 7.31 (d, J = 7.5 Hz, 3H), 7.26 (brs, 1H), 7.15 (t, J = 7.5 Hz, 2H); 3C NMR

c (100 MHz, CDClz) ¢ 190.1, 183.9, 158.8, 148.5, 40.7, 131.8, 131.2, 130.9,

130.0, 129.6, 129.3, 129.0, 128.0, 118.9, 117.7, 116.0; IR (KBr): 2953, 2806, 1676, 1592, 1400,
1253, 753 cmL,

1-(4-Bromophenyl)-2-(2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31e): White

solid; yield: 171 mg (82%); mp 137-140 °C (lit.3" mp 138-140 °C); H

— .
@/ ) NMR (400 MHz, CDCls) 6 9.81 (d, J = 6.9 Hz, 1H), 7.87 (d, J = 8.9 Hz,
(0]
© 1H), 7.72 — 7.66 (m, 1H), 7.62 — 7.52 (m, 4H), 7.31 — 7.27 (m, 3H), 7.26
. Br J

(dd, J = 6.9, 1.1 Hz, 1H), 7.14 (t, J = 7.7 Hz, 2H); *C NMR (100 MHz,
CDCls) § 190.3, 183.8, 158.8, 148.5, 132.8, 132.2, 132.0, 131.2, 130.9,
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130.0, 129.6, 129.6, 129.3, 128.1, 118.9, 117.7, 116.0; IR (KBr): 3067, 2932, 1676, 1590, 1400,
1254, 753 cmL,
1-(4-Fluorophenyl)-2-(2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31f): Yellow
solid; yield: 151 mg (85%); mp 165-167 °C (lit.*’ mp 165-168 °C); 'H
O NMR (400 MHz, CDCls) ¢ 9.83 (d, J = 6.7 Hz, 1H), 7.88 (d, J = 8.8 Hz,
o 1H), 7.83 — 7.73 (m, 2H), 7.73 — 7.66 (m, 1H), 7.32 (brs, 1H), 7.31 —
Q 7.24 (m, 3H), 7.15 (t, J = 7.5 Hz, 2H), 7.09 (t, J = 8.4 Hz, 2H); 3C NMR
(100 MHz, CDCls) ¢ 189.8, 184.2, 167.6, 165.0, 158.7, 148.4, 132.9,
- 132.3, 132.2, 131.1, 130.1, 129.5, 129.3, 128.0, 118.0, 115.9; IR (KBr):
2943, 2816, 1666, 1582, 1400, 1233, 763 cm™.
1-(Naphthalen-2-yl)-2-(2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31g): Yellow
solid; yield: 147 mg (76%); mp 159-162 °C (lit.*” mp 158-162 °C); H
NMR (400 MHz, CDCls) 6 9.89 (d, J = 6.9 Hz, 1H), 8.37 (s, 1H), 7.93 —
7.85 (m, 3H), 7.82 (d, J = 8.6 Hz, 1H), 7.72 — 7.68 (m, 1H), 7.68 — 7.60
(m, 2H), 7.55 (dd, J = 11.1, 3.9 Hz, 1H), 7.34 — 7.28 (m, 2H), 7.28 —
7.24 (m, 1H), 7.24 — 7.20 (m, 1H), 7.02 (t, J = 7.7 Hz, 2H); 3C NMR
(100 MHz, CDCls) 6 191.4, 184.6, 158.7, 148.4, 136.0, 133.0, 132.6,
132.3,131.1, 130.9, 130.0, 129.9, 129.4, 129.4, 129.2, 128.7, 127.9, 127.0, 124.0, 119.0, 117.7,
115.9; IR (KBr): 2939, 2844, 1625, 1609, 1409, 1228, 739 cm™.
1-(4-Chlorophenyl)-2-(2-(4-methoxyphenyl)imidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione:
(31h): Yellow solid; yield: 136 mg (78%); mp 162—-165 °C; *H NMR

=N

s UN—/

o

7
2

—

N

0]

N
J

o

/
o}

(400 MHz, CDCls) § 9.80 (d, J = 6.7 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H),
7.70 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.6 Hz, 1H), 7.38 (d, J = 8.3 Hz,

2H), 7.27 — 7.19 (m, 3H), 6.65 (d, J = 8.3 Hz, 2H), 3.77 (s, 3H); 13C
NMR (100 MHz, CDClz) ¢ 190.3, 183.9, 160.8, 158.8, 148.6, 140.7,
131.9, 131.5, 131.1, 130.9, 129.3, 129.0, 125.2, 118.8, 117.6, 115.8,
113.5, 55.3; IR (KBr): 3089, 2910, 1686, 1642, 1409, 1252, 895 cm™; HRMS (ESI-TOF) (m/z)
calculated C22H16CIN20O3™: 391.0849; found 391.0863 [M+H]* and 393.1009 [M+H+2]".

O

Cl
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Q
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L

1-(2-(4-Fluorophenyl)imidazo[1,2-a]pyridin-3-yl)-2-phenylethane-1,2-dione  (31i): White
N solid; yield: 121 mg (75%); mp 175-178 °C; *H NMR (400 MHz, CDCls)
N~/ O "l v9.85 (d, J=6.9 Hz, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.78 — 7.73 (m, 2H),
o) © 7.72 — 7.67 (m, 1H), 7.61 (t, J = 7.4 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H),
Q 7.31 - 7.29 (m, 1H), 7.29 — 7.26 (m, 2H), 6.81 (t, J = 8.6 Hz, 2H); 13C
NMR (100 MHz, CDCI3) ¢ 191.5, 184.5, 164.7, 162.3, 157.5, 148.3,
134.4, 132.0, 132.0, 131.2, 129.5, 129.1, 129.7, 119.9, 117.6, 116.0, 115.1, 114.9; IR (KBr):
2983, 2890, 1686, 1624, 1409, 1382, 792 cm?; HRMS (ESI-TOF) (m/z) calculated
Co1H14FN20>" : 345.1039; found 345.1026 [M+H]".
1-(4-Chlorophenyl)-2-(7-methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (31j):
1 Brown solid, yield: 143 mg (80%); mp 178-180 °C; 'H NMR (400 MHz,
\CNH} O CDCls) 6 9.69 (d, J = 7.0 Hz, 1H), 7.70 — 7.65 (m, 2H), 7.63 (s, 1H), 7.38
o o (d, J = 8.6 Hz, 2H), 7.30 (d, J = 0.7 Hz, 1H), 7.31 — 7.27 (m, 2H), 7.15
Q (dd, J = 10.1, 5.2 Hz, 2H), 7.10 (dd, J = 7.0, 1.6 Hz, 1H), 2.58 (s, 3H); °C
Cl )

133.0, 131.9, 130.8, 130.0, 129.5, 129.0, 128.5, 128.0, 118.3, 116.5, 21.8;
IR (KBr): 3032, 2924, 1682, 1643, 1412, 1250, 903 cm™; HRMS (ESI-TOF) (m/z) calculated

C22H16CIN202": 375.0900; found 375.0923 [M+H]" and 377.1061 [M+H+2]".
1-(7-Methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)-2-(p-tolyl)ethane-1,2-dione (31k): Brown

NMR (100 MHz, CDCls) ¢ 190.3, 183.5, 159.1, 148.9, 143.2, 140.6,
solid; yield: 122 mg (72%); mp 179-181 °C; *H NMR (400 MHz, CDCls)

L

s 3
J

T
)

§9.70 (d, J = 7.0 Hz, 1H), 7.66 — 7.59 (m, 3H), 7.32 — 7.28 (m, 2H), 7.27
(brs, 1H), 7.19 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 7.7 Hz, 2H), 7.08 — 7.05
(m, 1H), 2.56 (s, 3H), 2.42 (s, 3H); 3C NMR (100 MHz, CDCls) 6 191.3,
184.4, 158.9, 148.8, 145.2, 142.9, 133.0, 131.1, 130.0, 129.7, 129.4, 129.3,

128.5,127.9, 118.7, 118.1, 116.4, 21.9, 21.8; IR (KBr): 3032, 1682, 1597, 1412, 1250, 903 cm™;
HRMS (ESI-TOF) (m/z) calculated C23H19N20>": 355.1446; found 355.1477 [M+H]".
1-(2-(4-Methoxyphenyl)imidazo[1,2-a]pyridin-3-yl)-2-phenylethane-1,2-dione (31l): Brown

p
L

=N /
Ve
0 (0]

solid; yield: 111 mg (70%); mp 166-167 °C (lit.*” mp 166-168 °C); 'H
NMR (400 MHz, CDCls)  9.84 (d, J = 6.8 Hz, 1H), 7.85 (d, J = 8.9 Hz,
1H), 7.79 — 7.74 (m, 2H), 7.70 — 7.65 (m, 1H), 7.58 (d, J = 7.4 Hz, 1H),
7.42 (t, J = 7.7 Hz, 2H), 7.27 — 7.25 (m, 1H), 7.23 (t, = 2.7 Hz, 2H), 6.63
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(d, J = 8.7 Hz, 2H), 3.76 (s, 3H); 3C NMR (100 MHz, CDCls) ¢ 191.6, 184.6, 161.0, 158.6,
148.4, 134.1, 133.4, 131.5, 131.0, 129.6, 129.3, 128.5, 125.1, 118.9, 117.5, 115.7, 113.5, 55.3,;
IR (KBr): 3060, 2933, 2751, 1684, 1615, 1239, 658 cm™.
1-(2-(3-Nitrophenyl)imidazo[1,2-a]pyridin-3-yl)-2-phenylethane-1,2-dione  (31m): White
solid; yield: 85 mg (55%); mp 199-200 °C; *H NMR (400 MHz, CDCls) 6
9.85 (d, J = 6.8 Hz, 1H), 8.14 (d, J = 8.1 Hz, 1H), 8.04 (s, 1H), 7.89 (d, J
= 8.9 Hz, 1H), 7.80 — 7.71 (m, 4H), 7.61 (t, J = 7.4 Hz, 1H), 7.45 (d, J =
3.3 Hz, 1H), 7.45 — 7.40 (m, 2H), 7.32 (t, J = 6.8 Hz, 1H); 1*C NMR (100
MHz, CDCI3) ¢ 191.4, 184.0, 155.6, 148.3, 147.2, 135.8, 134.9, 132.9,
131.5, 1295, 129.4, 129.0, 125.1, 124.1, 119.1 117.9, 116.4; IR (KBr): 3078, 1674, 1589, 1404,
1250, 856 cm™; HRMS (ESI-TOF) (m/z) calculated C21H14N3O4*: 372.0984; found 372.0998
[M+H]".
1-(4-Bromophenyl)-2-(2-(4-chlorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-

p

=N
Sy

(e}

e

N

dione (31n): White solid; yield 143 mg (77%); mp 159-160 °C; 'H
NMR (400 MHz, CDCls) 6 9.64 (s, 1H), 7.77 (d, J = 9.0 Hz, 1H), 7.63 —

© 7.57 (m, 4H), 7.58 — 7.54 (m, 1H), 7.22 (d, J = 8.4 Hz, 2H), 7.13 (d, J =
8.4 Hz, 2H), 2.53 (s, 3H); *C NMR (100 MHz, CDCl3) 6 190.4, 183.4,
L Br ) 157.1, 147.3, 135.8, 134.2, 132.1, 131.5, 131.3, 130.8, 129.9, 128.2,
127.3, 126.5, 116.9, 18.5; IR (KBr): 3094, 2924, 1674, 1620, 1409, 1396, 1273, 872 cm™;
HRMS (ESI-TOF) (m/z) calculated C22H15BrCIN2O>*: 453.0005; found 453.0018 [M+H]" and
455.0164 [M+H+2]".
1-(4-Fluorophenyl)-2-(7-methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione (310):
_~_N Yellow solid; yield: 141 mg (82%); mp 191-192 °C; *H NMR (400 MHz,
U/ O CDCl3) 0 9.69 (d, J = 6.9 Hz, 1H), 7.76 (dd, J = 8.1, 5.6 Hz, 2H), 7.62 (s,
o ° 1H), 7.30 — 7.24 (m, 3H), 7.14 (t, J = 7.6 Hz, 2H), 7.11 — 7.04 (m, 3H),
O

2.57 (s, 3H); 3C NMR (100 MHz, CDCls) § 190.0, 183.7, 167.5, 164.9,

L 159.1, 148.9, 143.1, 133.0, 132.3, 130.0, 129.5, 128.5, 127.9, 118.3,
116.5, 116.5, 115.8, 21.8; IR (KBr): 3032, 1674, 1620, 1412, 1242, 903

cm™; HRMS (ESI-TOF) (m/z) calculated C22H16FN202*: 359.1195; found 359.1206 [M+H]*.
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1-(6-Bromo-2-phenylimidazo[1,2-a]pyridin-3-yl)-2-phenylethane-1,2-dione

-

=
A

N

—

N

/

~

(31p): Light
yellow solid; yield: 111 mg (75%); mp 152-154 °C (lit.” mp 153-155
°C); 'H NMR (400 MHz, CDCl3) § 10.04 (t, J = 1.3 Hz, 1H), 7.77 — 7.74

o ° (m, 3H), 7.73 (d, J = 1.3 Hz, 1H), 7.63 — 7.58 (m, 1H), 7.48 — 7.37 (m,

Q 3H), 7.38 — 7.32 (m, 2H), 7.12 (t, J = 6.2 Hz, 2H); 1°C NMR (100 MHz,

CDClz) ¢ 191.1, 184.8, 158.6, 146.7, 134.3, 134.2, 133.2, 132.5, 130.0,

129.7, 129.6, 129.4, 128.7, 128.0, 118.9, 118.2, 110.6; IR (KBr): 3160, 2963, 2851, 1644, 1615,
1239, 678 cm™,

1-(7-Methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)-2-phenylethane-1,2-dione

//N

(31g): White
solid; yield: 118 mg (72%); mp 142-145 °C; 'H NMR (400 MHz,
CDCl3) §9.71 (d, J = 7.0 Hz, 1H), 7.73 (dd, J = 8.3, 1.1 Hz, 2H), 7.63 (s,
0 0 1H), 7.61 — 7.55 (m, 1H), 7.40 (t, J = 7.8 Hz, 2H), 7.32 — 7.29 (m, 2H),
Q 7.28 — 7.24 (m, 1H), 7.13 — 7.07 (m, 3H), 2.57 (s, 3H); 3C NMR (100
MHz, CDCls) ¢ 191.6, 184.2, 159.0, 148.8, 143.0, 134.1, 133.5, 132.9,
130.0, 129.5, 128.5, 127.9, 118.7, 118.2, 116.4, 21.8; IR (KBr): 3018, 1690, 1598, 1471, 1345,
730 cmt; HRMS (ESI-TOF) (m/z) calculated C22H17N20,": 341.1290; found 341.1317 [M+H]".
1-(2-(4-Chlorophenyl)-6-methylimidazo[1,2-a]pyridin-3-yl)-2-(naphthalen-2-yl)ethane-1,2-
dione (31r): Yellow solid; yield: 129 mg (74%); mp 120-122 °C; *H NMR (400 MHz, CDCls) §
9.72 (s, 1H), 8.34 (s, 1H), 7.92 — 7.85 (m, 3H), 7.76 (d, J = 9.0 Hz, 1H),
7.71 (dd, J = 8.6, 1.6 Hz, 1H), 7.68 — 7.62 (m, 1H), 7.57 (d, J = 7.9 Hz,
1H), 7.55 — 7.51 (m, 1H), 7.21 (d, J = 8.4 Hz, 2H), 7.00 (d, J = 8.4 Hz,
2H), 2.52 (s, 3H); 3C NMR (100 MHz, CDCl3) ¢ 191.7, 184.2, 157.1,
147.3, 136.0, 135.6, 134.0, 132.5, 132.2, 131.6, 131.3, 130.8, 129.8,
129.3, 128.7, 128.0, 127.4, 127.1, 126.4, 123.8, 118.8, 116.9, 18.6; IR (KBr): 2942, 2856, 1628,
1612, 1411, 1228, 739 cm™*; HRMS (ESI-TOF) (m/z) calculated Cz6H1sCIN2O,*: 425.1056;
found 425.1033 [M+H]" and 427.1217 [M+H+2]".
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1-(6-Bromo-2-phenylimidazo[1,2-a]pyridin-3-yl)-2-(4-fluorophenyl)ethane-1,2-dione (31s):

 _~n 1 Yellow solid; yield: 121 mg (78%); mp 202-204 °C; 'H NMR (400
o SN ) MHz, CDCls + DMSO-ds) & 9.87 (s, 1H), 7.84 — 7.72 (m, 4H), 7.34 —
o="© 7.27 (m, 1H), 7.16 (d, J = 7.1 Hz, 2H), 7.08 — 7.01 (m, 4H): 13C NMR

Q (100 MHz, CDCls + DMSO-ds) 6 194.3, 189.0, 172.3, 169.7, 163.2,

F J 1515, 139.3, 137.3, 134.7, 134.5, 133.9, 132.7, 123.5, 123.0, 121.0,

120.7, 115.4; IR (KBr): 3132, 2950, 1674, 1612, 1481, 1412, 1250, 872 cm™*; HRMS (ESI-TOF)
(m/z) calculated C21H13BrFN2O2" : 423.0144; found 423.0138 [M+H]" and 425.0308 [M+H+2]".
1-(2-(3-Methoxyphenyl)-7-methylimidazo[1,2-a]pyridin-3-yl)-2-phenylethane-1,2-dione (31t):
White solid; yield 113 mg (73%); mp 153-155 °C; 'H NMR (400 MHz,
CDCl3) 8 9.69 (s, 1H), 7.79 (d, J = 9.1 Hz, 1H), 7.77 — 7.74 (m, 2H),
7.59 — 7.53 (m, 2H), 7.42 (t, J = 7.8 Hz, 2H), 7.03 — 6.98 (m, 1H), 6.88
(dd, J=7.5, 1.1 Hz, 1H), 6.84 — 6.79 (m, 2H), 3.54 (s, 3H), 2.53 (s, 3H);
13C NMR (100 MHz, CDCls) 6 191.3, 184.4, 158.9, 158.3, 147.2, 134.2,
133.5, 129.5, 129.1, 128.6, 127.4, 126.2, 122.7, 118.7, 116.9, 116.4, 114.2, 54.9, 18.5; IR (KBr):
3132, 2948, 1674, 1614, 1481, 1250, 873 cm™; HRMS (ESI-TOF) (m/z) calculated C23sH19N203":
371.1395; found 371.1364 [M+H]".
1-Phenyl-2-(2-(p-tolyl)imidazo[1,2-a]pyridin-3-yl)ethane-1,2-dione  (31u): Yellow solid;
N yield: 119 mg (71%); mp 109-110 °C (lit.>" mp 110 °C); *H NMR (400
SN O MHz, CDClz) ¢ 9.85 (d, J = 6.9 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.80 —
o o 7.72 (m, 2H), 7.72 — 7.64 (m, 1H), 7.60 (t, J = 7.4 Hz, 1H), 7.42 (t, J =
Q 7.8 Hz, 2H), 7.25 (td, J = 6.9, 1.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 2H), 6.91
(d, J= 7.8 Hz, 2H), 2.29 (s, 3H); 3C NMR (100 MHz, CDCl3) § 191.5,
184.6, 158.9, 148.4, 139.5, 134.1, 133.5, 131.0, 129.9, 129.6, 129.3, 128.7, 118.9, 117.6, 115.7,
21.3; IR (KBr): 3065, 2921, 2841, 1674, 1605, 1229, 758 cm™.
1-Phenyl-2-(2-phenylimidazo[1,2-a]pyrimidin-3-yl)ethane-1,2-dione (33a): White solid;
yield: 117 mg (70%); mp 170-171 °C (lit.3 mp 171 °C); 'H NMR (400
MHz, CDCls) ¢ 10.07 (dd, J = 6.8, 1.8 Hz, 1H), 8.92 (dd, J = 4.1, 1.9 Hz,
1H), 7.76 (d, J = 7.4 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.7 Hz,
2H), 7.38 (d, J = 7.3 Hz, 2H), 7.31 (dd, J = 9.4, 5.3 Hz, 2H), 7.13 (t, J =
7.6 Hz, 2H); 13C NMR (100 MHz, CDCls) 6 190.8, 185.3, 159.9, 154.9,
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150.9, 136.9, 134.5, 133.0, 132.3, 130.0, 129.6, 128.7, 128.1, 117.2, 111.8; IR (KBr): 3068,

2924, 1682, 1595, 1493, 1392, 1347, 1138, 874, 685 cm™.

1-Phenyl-2-(6-phenylimidazo[2,1-b]thiazol-5-yl)ethane-1,2-dione (33b): Light yellow solid;

s N yield: 129 mg (74%); mp 160-161 °C (lit.>” mp 160-162 °C); 'H NMR
g

&N Y, O (400 MHz, CDCl3) ¢ 8.58 (d, J = 4.4 Hz, 1H), 7.78 (dd, J = 8.3, 1.2 Hz,

0 /=0 2H), 7.64 — 7.57 (m, 1H), 7.43 (dd, J = 10.8, 4.8 Hz, 2H), 7.34 — 7.32 (m,
1H), 7.31 (d, J = 1.3 Hz, 1H), 7.28 (dd, J = 6.2, 1.3 Hz, 1H), 7.17 (d, J =
Q 4.4 Hz, 1H), 7.13 (t, J = 7.7 Hz, 2H); 3C NMR (100 MHz, CDCls) &

191.7, 183.1, 158.6, 156.2, 134.4, 133.2, 132.7, 129.8, 129.6, 129.5,
128.7, 128.0, 122.0, 115.0; IR (KBr): 3163, 2963, 2851, 1644, 1615, 1229, 658 cm™.
1-Phenyl-2-(2-phenylbenzo[d]imidazo[2,1-b]thiazol-3-yl)ethane-1,2-dione  (33c):  Light
N yellow solid; yield: 104 mg (68%); mp 177-178 °C; *H NMR (400 MHz,
{}\Nr/ O CDCls) ¢ 9.23 (dd, J = 8.5, 0.6 Hz, 1H), 7.81 (dd, J = 8.0, 0.9 Hz, 1H),
o=/ © 7.76 — 7.71 (m, 2H), 7.59 (m, 2H), 7.53 — 7.47 (m, 1H), 7.44 — 7.37 (m,
Q 2H), 7.32 — 7.28 (m, 2H), 7.27 — 7.22 (m, 1H), 7.11 — 7.04 (m, 2H); *C
NMR (100 MHz, CDClz) ¢ 191.4, 183.4, 160.6, 155.4, 134.2, 133.1,
133.3, 132.7, 130.3, 130.0, 129.6, 128.5, 127.9, 126.9, 126.0, 125.2, 123.8, 118.8; IR (KBr):
3158, 2950, 1697, 1645, 1239, 698 cm™; HRMS (ESI-TOF) (m/z) calculated Ca3H1sN202S™:
383.0854; found 383.0861 [M+H]".
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3B.1 Introduction

Transition metal-catalyzed direct C-H functionalization at non-activated C-H bonds with various
coupling partners via chelation-assisted activation has streamlined the chemical synthesis by
ceasing tedious and expensive substrate pre-activation steps.1> Within this domain, immense
progress has been documented towards the formation of pivotal C-C bonds in recent years.
Chelation-assisted direct C—H bond activation by mean of suitably placed directing groups was
initially showcased by Pd or Rh catalysts,®'2 however, at present the usage of a large variety of
other metal catalysts including the environmentally benign Ru catalysts are well exemplified
(Figure 3B.1.1).142

DG x DG x DG x
N\ \[Rn | e X
H ',[M] /FG
[M] - FG
— - W
Coordination/ Cyclometalation Oxidative —— >
Metalation Insertion Ligand exchange
&

Reductive elimination

Figure 3B.1.1: Generalized mechanism for transition metal-catalyzed chelation-assisted C-H
functionalization

Ruthenium (Ru) is the 74th most abundant metal on earth (Z = 44), with an electronic
configuration [Kr] 4d” 5st. Ruthenium was discovered and isolated by Karl Ernst Claus in 1844.
It displays a broad range of oxidation states in its various complexes such as -2: [Ru(CO)4]%, 0:
[Ru(PPhs)s(MeCN)], +1: [RuCIl(dppp)2], +2: [RuCl2(PPhs)s], +3: [RuCls], +4: [RuCla(bipy)], +5:
[RUFe]", +6: [RuO4]%, +7: [RuO4], +8: [RuOa4], however +2, +3 and +4 states are most common
(Figure 3B.1.2).22
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Figure 3B.1.2: Selective examples of ruthenium complexes used in organic synthesis
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Ruthenium complexes are powerful and versatile synthetic tool for the selective catalysis of
various oxidative transformations such as asymmetric epoxidation of alkenes,? generation of
dioxygen species,?* dihydroxylation of olefines,?® and oxidative dehydrogenation of alcohols.?
In addition, organometallic ruthenium carbene and alkylidene complexes have been found to be
highly efficient catalysts for olefin metathesis,?” along with the most well-known Grubbs'’
catalyst.?® Interestingly, Ru in recent years has been actively involved in several chelation-
assisted functionalization methodologies, such as hydroarylation of alkyenes?®3 catalytic
alkylation of Csp?>~H bonds with alkyl halides,®* alkylation of alkene and arene Csp?>—H bonds
with alcohols,® oxidative cross-coupling reaction,? amination,®® amidation,3>%* cyanation® and
hydroxylation of Csp?>~H bonds (Figure 3B.1.3).%
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Figure 3B.1.3: A pictorial representation of Ru-catalyzed functionalization via chelation-

assisted C-H activation

In particular, the role of ruthenium in chelation assisted C-H activation strategies is highly
admirable. The ongoing employment of ruthenium (1) catalyst for wvarious selective
transformations is likely due to their easy transformation into cyclometalated species via C—H

bond cleavage, their compatibility with currently used oxidants, and the stability of some of them
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to both air and water. A multitude of functionalities, including amide, amine, ketone, ester,
alcohol and azo group have acted as directing groups in C—H functionalization via metal
chelation-assisted strategy.>¢-3° The heteroatom of the directing group coordinates with the
ruthenium via either o or 7 bond and allows bringing the ortho C—H bond of aromatics in close
proximity to the active metal centre. During this time, the C—H bond activation takes place very
selectively at the ortho position providing a five-membered cyclometalated intermediate.
Exploring this mechanistic approach, Murai’s group utilized a Ru(0)-catalyst precursor for
chelation-assisted ortho-alkylation of ketones with vinyl silanes via C—H bond activation in 1993
(Scheme 3B.1.1).%
@)

O
o, tBU
Bu + 2 Si(OEY, SnA NP B MO @i;
, Toluene, 135 °C, 0.5 h Si(OEt),

2
3

Scheme 3B.1.1: Ru-catalyzed ortho-alkylation of ketones (1) with vinyl silanes (2)

Ever since this work, chelation-assisted Ru(ll)-catalyzed addition to C-C =z-bonds via
cyclometalation-migratory insertion mechanism has witnessed enormous progress over Rh or Re
catalysis.*>*® However, such reactions have not been extended to systems incorporating polar
C-N bond, and only proceed in presence of strongly coordinating aryl pyridines or aryl
pyrazoles.4%

Along this line, the direct insertion of activated or non-activated C—H bonds into the polar C—N
m-bond of isocyanates is a highly auspicious methodology for providing synthetically and
biologically important amides using Ru, Rh and Re catalysts. Pioneering efforts have been made
by Ackermann, Kuninobu and Takai, Bergman and Ellman, Cheng and Li towards introducing
amide functionalities**® on various biologically important heterocyclic scaffolds, by virtue of
versatile directing groups.

In 2011, Ellman et al. described a Rh(l11)-catalyzed protocol for the amidation of enamide 4 and
anilide 5 C-H bonds with a broad range of isocyanates (6), yielding enamine amides 7 and

N-acyl anthranilamides (8) in good-to-excellent yields (Scheme 3B.1.2).%°
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Scheme 3B.1.2: Rh(lll)-catalyzed synthesis of enamine amides (7) and N-acyl anthranilamides
(8) with isocyanates (6)

The authors also demonstrated the feasibility of the reaction by successful amidation of 2-aryl
pyridines (9) using [Cp*RhCl2]o/AgSbFe catalytic combination in dichlomethane in 24 h
(Scheme 3B.1.3a).>° However later, Cheng and coworkers presented an easy and convenient
Ru(ll)-catalyzed amidation of 2-aryl pyridines (9) with isocyanates (6) in the presence of NaOAc
in ortho-xylene via C-H bond activation strategy (Scheme 3B.1.3b).*°

[Cp*RhCl5]5 (5 mol %)
AgSbFg (20 mol %)

DCM, 75 °C, 24 h >
| _N (a)
H t+ R2NCO —
R ~ | 6 (b) [RuCl, (p-cymene)], (5 mol %)
X NaOAc (30 mol %) =R
9 o-Xylene, 80 °C, 24 h

Scheme 3B.1.3: Rh(ll1)/Ru(Il)-catalyzed amidation of 2-phenyl pyridines (9) with isocyanates (6)
Very recently, Ellman et al. achieved a robust Co(ll1)-catalyzed ortho C—H bond amidation with
isocyanates (6) on the aryl ring of the different substrates by mean of nitrogen containing
heterocyclic directing groups such as 1-pyrazoles, 2-pyridyl and 2-pyrimidinyl. Particularly,
N-aryl-1H-pyrazole (11) was found to be more reactive towards the desired transformation in the

presence of preformed cationic cobalt complex [Cp*Co(CsHs)][PFs]2 (Scheme 3B.1.4).%7

I\ LN
N’ [Cp*Co(CeHe)IIPFgl> (10 mol %) N~ O
H + RINCO KOAc (20 mol %) - R
R1———/ | 6 1,4-Dioxane, 120 °C, 20 h R“——/ | ”
NS NS
11 12

Scheme 3B.1.4: Co(lll)-catalyzed amidation of N-aryl-1H-pyrazole (11) with isocyanates (6)
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Ackermann et al. used cationic ruthenium(ll)-complex as an efficient catalytic system for the
synthesis of phthalimide derivatives 15 via amidation of amides 13 with various isocyanates.
Moreover, amidation was also successfully carried out to other heteroaromatic substrates 14
offering unsymmetrical diamides 16 using [RuClz(p-cymene)].. The methodology was also

applied towards the synthesis of a potent COX-2 enzyme inhibitor (Scheme 3B.1.5).%!

0o
0
R T N-R?
I T
R 13 [RuCl, (p-cymene)]»(5 mol %) .
_____________________ + R2NCO AgSbFg (20 mol %) o o)

DCE, 100 °C, 24 h o
o 6
) Q

Scheme 3B.1.5: Ru(ll)-catalyzed synthesis of phthalimide derivatives (15) and selective
amidation of (14)

Rh(l11)-catalyzed C-2 amidation of N-substituted indoles and pyrroles (17) with aryl and alkyl
isocyanates was successfully achieved by Kim et al. by using cationic Rh(Ill) complex, yielding

18 in excellent yields via C—H bond activation mechanism (Scheme 3B.1.6).5®

PO o}
PN 1~ AN
R1—" ”\/\>_H [Cp*RhCl,], (5 mol %) R s H:r}_/(

.. AgSbFg (30 mol %) >
> N 3 6 >
Vo * RNCO ™pGE 100 °C, 24 h N
N 6 N™
4
L) .
Ré\ 17 R2 18

Indole and pyrrole

Scheme 3B.1.6: Rh(lll)-catalyzed amidation of N-substituted indoles and pyrroles (17) with
isocyanates (6)

Ackermann group reported the first Mn(l)-catalyzed aminocarbonylation of N-substituted
indoles and pyrroles 17 via C-H bond activation. [MnBr(CO)s] independently catalyzes the
reaction without the use of any ligand. The catalyst displayed high functional group tolerance,
thereby demonstrating the ortho-amidation of some valuable synthetic heteroarenes with ample
substrate scope (Scheme 3B.1.7).®
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PN o o}
R D= RS
“ [MnBr(CO)s] (10 mol %) v~ N

e l}\ + RONCO > HN-R®
7 N 6 Etzo N
X ) 100 °C, 16 h 4 \
\s/< 17 = 18
R2 R2

Scheme 3B.1.7: Mn(l)-catalyzed aminocarbonylation of N-substituted indoles and pyrroles (17)
with isocyanates (6)

As an application to chelate-assisted ortho-amidation reactions, Li and coworkers developed a
one-pot cascade cyclization process for the synthesis of N-substituted phthalimides 15 from
benzoic acids (19) and isocyanates (6) via direct ortho C-H bond amidation, followed by
intramolecular cyclization using [Cp*RhClz]2 in the presence of sodium acetate (Scheme
3B.1.8).%

O
LS COOH R2NGO  [CP"RNClal; (5 mol %) R T \\-R2
R'—r P NaOAc, 1,4-Dioxane =
H 6 36 h, 100 °C 0
19 15

Scheme 3B.1.8: Rh(lll)-catalyzed synthesis of N-substituted phthalimides (15) from substituted
benzoic acids (19) and isocyanates (6)

Kim et al. implemented the Rh(Ill)-catalyzed strategy for the ortho-C-H amidation of
azobenzenes (20) with aryl/alkyl isocyanates (6) and arylsulfonyl isocyanates (22) under similar
reaction conditions using [Cp*RhCl.], with AgNTf, and NaOAc (Scheme 3B.1.9).%°

[Cp*RhCl], (2.5 mol %) = Rt
2. AgNTf, (20 mol %) LN '
Ns \I_R + R2NCO —_NaOAc (30 mol %) >R1—:/ NHR?
R N 20 6 DCE, 110 °C, 24 h, N, 21
N o)
[CP*RACl,], (2.5 mol %) 7T g
2. AgNTf, (10 mol %) N N\\N N
N TR, NaOAc (30 mol %) _ R'—
\ \\N \ + RSOZNCO - 7 O
R'—i- i DCE, 110 °C, 24 h, N,
= HN
H 20 \SOZR?: 23

Scheme 3B.1.9: Rh(lll)-catalyzed synthesis of amidated azobenzenes (21) and
N-sulfonylamidated (23)

93



Chapter 3: PART-B

Moreover, Wang et al. documented a chemo- and regioselective approach towards the synthesis
of mono C-H functionalized 0-azobenzamides (21) from azobenzenes (20) by employment of
rhenium catalyst in the presence of NaOAc in toluene. The mechanism was proved to proceed

via a five-membered rhenacycle reaction intermediate (Scheme 3B.1.10).%

=
| 1
T3 oo RO o A

SPLNPEN + R2NCO —NaOAc (20mol %) g1 _fi ,

R—— 6 Toluene (0.2 M) = NHR
! 20 21

ay 130 °C, 24 h
@)

Scheme 3B.1.10: Re-catalyzed synthesis of ortho-azobenzamides (21) from azobenzenes (20)
with isocyanates (6)

In most of the above described strategies, the directing group (DG) is introduced in the parent
aryl moiety to accomplish its ortho-amidation, while in very few substrate-directed motifs, the
ortho-amidation proceeds through an inbuilt coordinating site. Being fascinated by the biological
activities of amido functionalized imidazo[1,2-a]pyridines such as DS-1, CJ-033466, Q203
(Figure 3B.1.4), ®¥%7 and recognizing imidazo[1,2-a]pyridine to be a potential substrate-directed
motif, we spurred our interest towards developing an efficient strategy for the synthesis of new

amido functionalized IPs as potential drug pharmacophores.
Br \(
/@//N S N AN =N
Br N NN O\/n 0. N
o S T

c N
NH, Q203
Ds-1 Cl CJ-033466 (Anti-tuberculosis agent
(Positive allosteric modulator) (Selective 5-HT, agonist) under Phase 2 clinical trial)

Figure 3B.1.4 Selective examples of biologically active amido functionalized imidazo[1,2-
a]pyridines

3B.2 Results and discussion

Our investigation commenced with the identification of a suitable catalyst and appropriate
reaction conditions that would allow selective ortho-amidation using phenyl isocyanate (6a) on
the aryl ring of 6-bromo-2-phenylimidazo[1,2-a]pyridine (24a). To identify an efficient catalyst
for developing the above strategy, we initially employed 5 mol % of [RuCl2 (p-cymene)]. in a

variety of solvents such as dichloromethane, toluene, xylene, 1,2-dichloroethane under reflux

94



Chapter 3: PART-B

conditions (Table 3B.2.1, entry 1). However, the reaction failed to furnish the expected product
(25a) in absence or presence of a variety of additives such as NaOAc, KOAc and CsOAc
(Table 3B.2.1, entries 1-4). Delightfully, the use of AgSbFs (30 mol %) with [RuCl: (p-
cymene)]2 (5 mol %) gave 56% of the expected mono ortho-amidated product (25a) along with
25% of bis ortho-amidated product (25a") in DCE at 100 °C after 18 h (Table 3B.2.1, entry 5).
Table 3B.2.1: Selected optimization® of reaction conditions for the synthesis of 25a

NH
0]
AN N
NEO /GN/ / _r Y
AN " Br N N
\/}_@ n Catalyst/Additive 0 + Br o
NH NH
=)

N Solvent

Reaction Condition
24a 6a N, 25a @

Br

Yield Yieldf

Entry Catalyst Additive Reaction Condition 252 (%)  25a'(%)
1 [RUCI, (p-cymene)]> i DCE/DS:/Iﬂ/ulegzer/]toluene NR i
2. [RUCl; (p-cymene)]2 NaOAc DCE/ xylene, 100 °C, 24 h NR -
3. [RUCl; (p-cymene)]2 KOACc DCE/ xylene, 100 °C, 24 h NR -
42, [RUCl; (p-cymene)]2 CsOAc DCE/ xylene, 100 °C, 24 h NR -
5. [RuCl; (p-cymene)]. AgSbFs DCE, 100 °C, 18 h 56 25
6. [RuCl; (p-cymene)]. Cu(OAc): DCE, 100 °C, 18 h 55 22
7. [RuCl; (p-cymene)]. KPFs DCE, 100 °C, 18 h 62 20
8. [RUCl; (p-cymene)]2 KPFs DCE, 100 °C, 14 h 72 trace
b, [RUCl; (p-cymene)]2 KPFs DCE, 100 °C, 14 h 73 trace
10 [RUCl; (p-cymene)]2 KPFs DCE, 100 °C, 14 h 70 trace
119, [RUCl; (p-cymene)]2 KPFs DCE, 100 °C, 14 h 62 trace
128, [RUCl2 (p-cymene)]2 KPFs DCE, 100 °C, 14 h 75 trace
132 [RUCl; (p-cymene)]2 KPFs Toluene, 100 °C, 14 h 54 trace

14, [RUCl; (p-cymene)]. KPFg Benzene, 80 °C, 14 h 46 trace
15¢, [RuCl; (p-cymene)]. KPFs DCM, 40 °C, 14 h 48 15
16 RuClIy(PPh3)s KPFs DCE, 100 °C, 14 h NR -
17¢ RuCls. xH20 KPFs DCE, 100 °C, 14 h NR -
18¢ Rh(OAC)2 KPFs DCE, 100 °C, 14 h NR -
19¢ Pd(OAC): KPFs DCE, 100 °C, 14 h NR -

4Reaction conditions: 24a (0.25 mmol), 6a (0.25 mmol), catalyst (5 mol %), additive (30 mol %), solvent (4 mL).
The reactions were performed as per the conditions mentioned; 10 mol % of [RuCl; (p-cymene)]z; 50 mol % of
KPFe; 920 mol % of KPFg; ¢6a (0.37 mmol); fIsolated yield; NR: No Reaction.
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Replacing AgSbFe with Cu(OAc). also resulted in similar yields of 25a and 25a'
(Table 3B.2.1, entry 6). Interestingly, an employment of comparatively cheaper and stable KPFs
(30 mol %) resulted in the formation of 25a and 25a’ in 62% and 20% yields respectively, after
18 h (Table 3B.2.1, entry 7). Gratifyingly, performing the above reaction for lesser time period
(14 h) yielded 72% of 25a as a major product (Table 3B.2.1, entry 8). An increment in the
catalyst loading from 5 mol % to 10 mol % or additive loading to 50 mol % did not show any
noticeable amelioration in the yield of 25a (Table 3B.2.1, entries 9-10). On the other hand,
reduction in the yield of 25a was observed when 20 mol % of KPFs was used with 5 mol % of
the ruthenium catalyst (Table 3B.2.1, entry 11). Further, an enhancement in the yield of 25a up
to 75% was observed by using 1.5 equivalents of phenyl isocyanate (6a) possibly due to the
unstable behavior of isocyanate (Table 3B.2.1, entry 12). Albeit, the change of solvents to
toluene, benzene and dichloromethane were less effective for the catalytic reaction giving 25a in
54%, 46% and 48% yields, respectively (Table 3B.2.1, entries 13-15). The use of other
ruthenium catalyst such as RuClz(PPhz)s and RuCls xH,O and other available transition-metal
catalyst including Rh(OAc)2 and Pd(OAc). were found to be completely inactive for the above
transformation (Table 3B.2.1, entries 16-19).

With the optimized conditions in hand, the scope of the developed strategy was applied to a
variety of aryl isocyanates, and a wide range of 2-arylimidazo[1,2-a]pyridines (Scheme 3B.2.1).
Among the isocyanates used, chloro substituted aryl isocyanates (6b-e) showed fairly good
reactivity with substituted and unsubstituted imidazo[1,2-a]pyridines. For example,
4-chlorophenyl isocyanate (6b) resulted in the formation of corresponding imidazo[1,2-
a]pyridin-2-yl benzamides (25b, 25c¢ and 25d), in 74%, 76% and 72% isolated yields,
respectively. While, 3-chlorophenyl isocyanate (6¢) showed slightly lower reactivity affording
25e and 25f in 66% and 69% isolated yields with 24e and 24a respectively. The use of 2,5-
dichlorophenyl isocyanate (6d) gave comparatively better yield of the desired ortho-amidated
product (25h, 77%) as compared to 2,3-dichlorophenyl isocyanate (6e). A reduction in the yield
of amidated product (25i, 59%) was noticed when 2-fluorophenyl isocyanate (6f) was allowed to
react with 24a as compared to phenyl isocyanate (6a). 4-Methoxyphenyl isocyanate (6g) showed
comparative reluctance to react with 24g-h under the optimized reaction conditions, resulting 25j
and 25k in 50% and 58% yields respectively. 1-Napthyl isocyanate (6h) also reacted well with
24i to give the corresponding product, 251 in 65% isolated yield. The presence of electron-
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donating groups such as methyl and methoxy on the aryl ring of 2-arylimidazo[1,2-a]pyridines
underwent ortho-amidation affording 25m-p in fairly good yields.
2-Naphthylimidazo[1,2-a]pyridine (24j) also showed similar affinity towards the formation of
desired product 25r in 70% isolated yield. Imidazo[1,2-a]pyridine (24k) bearing bromo
substitution on the aryl ring showcased retardation in its reactivity resulting in 60% of 25s.
Albeit, the ortho-amidated product 25t was isolated in poor yield when 2-furyl isocyanate
(synthesized in-situ) was used under similar conditions. Unfortunately nitro substituted
imidazo[1,2-a]pyridine 24l failed to yield the desired amidated product 25u under our optimized
conditions.

All the synthesized compounds were isolated by column chromatography and characterized by
detailed spectroscopic analysis. The *H NMR spectrum of 25d showed three characteristic
singlets, for one proton each at ¢ 10.72, 7.88 and 7.60 for the amidic (N-H), C-5 H and C-3 H
respectively along with other expected signals, evidencing the presence of an amidic group at the
2-phenyl ring. The *H and **C NMR spectrum of 25d is depicted in Figure 3B.2.1 and 3B.2.2.
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[RuCl, (p-cymene)], (5 mol %) R?

2
) /\r/N —/R KPFg (30 mol %) R1_//\4N Dt
R / \ / * Ar—NCO > ~ N7/ N\ /
N DCE, 100 °C, 14-24 h, N,
(0]
24a-k 6a-i NH
25a-t Ar
=N =N =N /@4"‘
e N7 N N7
o o o} %
NH NH NH NH
cl cl cl
25a, 75% 25b, 74% 25¢, 76% 25d, 72%

=N ) AN=N O/ A~ N /
~ _N Y Br ~ _N / ~ N / ~ N Y/ 0
O O O (0]
NH NH NH
& Cre o

o] cl Cl
25e, 66% 25f, 69% 25g, 72% 25h, 77%
AN AN AN d AN
s N7/ SN s N7 s N/
Br
o 0 (0] O
NH NH NH NH
e Q Q O
—0 —0
25i, 59% 25§, 50% 25k, 58% 251, 65%

25m, 68% 25n, 70% 250, 66% 25p, 78%

AN N ) | /@4,\1 ECFN .
= : ' N
CNT/ CNV/ O CNV/ BfEC|\N./>;§>§\N/ >
0 o 0 ; o ! o)
NH NH NH i NH E NH
oo o O

25q, 65% 25r, 70% 25s, 60% : 25t, 30% : 25u, 0%

Scheme 3B.2.1: Substrate scope of 2-arylimidazo[1,2-a]pyridines (24) and isocyanates (6)
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Figure 3B.2.1: *H NMR spectra of 25d
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Figure 3B.2.2: 1*C NMR spectra of 25d
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As a representative example, single crystals of 25d were grown using ethyl acetate/hexanes for
the X-ray diffraction studies. 25d crystallizes in the Monoclinic P21/c space group. An ORTEP
diagram of 25d (CCDC No. 1501223) is shown in Figure 3B.2.3.

P Y b
.,’_: i

Figure 3B.2.3: An ORTEP diagram of 25d
The scope of the reaction was further explored towards the selective ortho-amidaton of
2-2-(thiophen-2-yl)imidazo[1,2-a]pyridine (26a) and 2-(furan-2-yl)imidazo[1,2-a]pyridine (26b)
under standardized conditions, affording the corresponding ortho-amidated products 27a and
27b in 73% and 70% vyields, respectively (Scheme 3B.2.2).

NCO  [RuCl, (p-Cymene)], (5 mol %) \)HQJ
@_(J . KPFg (30 mol %)
N N\ DCE, 100 °C, 14-15 h, N,
26a: X=S 6a

26b: X=0 27a: X=S;73%
27b: X=0; 70%

Scheme 3B.2.2: ortho-Amidation of 2-heteroarylimidazo[1,2-a]pyridines(26a-b) with phenyl
isocyanate (6a)

To extend the scope of our methodology, a few other imidazo-heterocyles such as
2-phenylimidazo[2,1-b]thiazole (28a), and 2-phenylbenzo[d]imidazo[2,1-b]thiazole (28b) were
reacted with phenyl isocyanate (6a) under optimized conditions to obtain their corresponding
amidated products 29a and 29b in 67% and 70% vyields, respectively (Scheme 3B.2.3). In

addition, it was observed that 2-phenylimidazo[2,1-b]thiazole (28a) showed excellent reactivity,
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and heating for 18 h also resulted in the isolation of bis ortho-amidated product (29a") in 18%

yield along with 29a.

S-_N NCO  [RuCl, (p-Cymene)], (5 mol %) S—_N
6a

DCE, 100 °C, 16-18 h, N,

28a-b
29a-b
67-70%

29a, 67% 29b, 70%
29a', 18%
Scheme 3B.2.3: ortho-Amidation of 2-phenylimidazolyl thiazoles (28a-b)
It is noteworthy that attempts to undergo ortho-amidation of 2-arylimidazo[1,2-a]pyrimidine
(30a) with phenyl isocyanate (6a) under similar experimental conditions resulted in predominant
formation of bis ortho-amidated product 31a" in 80% yield after 10 h. This could possibly be due
to presence of an extra nitrogen in the chelating vicinity that enhances its reactivity and restrains

the reaction to stop after mono ortho-amidation (Scheme 3B.2.4).

N NCO [RuCl, (p-Cymene)], (5 mol %) N NO
2 yN KPFg(30mol%) 7
&/N / - DCE, 100 °C, 10 h, N, N

30a

6a NH

31a’
80%

Scheme 3B.2.4: ortho-Amidation of 2-phenylimidazo[1,2-a]pyrimidine (30a) with phenyl

isocyanate (6a)
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To assess the scalability of this Ru(ll)-catalyzed C—H bond amidation process, a gram scale
reaction was performed between 24f and 6a under optimized conditions to yield the desired
ortho-amidated product 25p in 70% (1.05 g) yield, which was similar to that obtained on a

smaller scale (Scheme 3B.2.5).

[RuCl, (p-cymene)], (5 mol %)

N
\CFN S © KPFg (30 mol %) \Cf/ h d
>—< >* - N
N7 DCE, 100 °C, 15 h, N, X

70%, 1.05 g

Scheme 3B.2.5: Gram scale synthesis of 25p

To gain some insights into mechanism, a few control experiments were performed.
Stoichiometric reaction between 6-methyl-2-(p-tolyl)imidazo[1,2-a]pyridine (24d) with phenyl
isocyanate (6a) under catalyst-free conditions failed to yield either C-3 amidated or
ortho-amidated product, thereby suggesting a vital role of catalyst and additive
(Scheme 3B.2.6.i). The inability of imidazo[1,2-a]pyridine (24m) to give any amidated product
with 6a under optimized conditions further affirmed the non-reactivity of C-3 centre under
ruthenium catalysis (Scheme 3B.2.6.ii). Reaction of 1.5 equivalent of 24d with 1 equivalent of
[RuCl2 (p-cymene)]2 in the presence of KPFe (3 equiv.) in 1,2-dichloroethane resulted in the
formation of cyclometalated complex (Cs) after 12 h at room temperature (Scheme 3B.2.6iii).
Formation of Cs was confirmed by ESI-MS analysis is shown in (Figure 3B.2.4), however, it
was only partially purified by repeated diethyl ether wash. Attempts to purify Cs by undertaking
column chromatography (using silica gel or neutral alumina as adsorbents) were unsuccessful
probably due to the instability of the complex. The proposed structure of Cs was in accordance
with the literature reports.>* Employing catalytic amounts of the isolated complex Cs for
coupling reaction between 24d and 6a in the presence of KPFs under optimized conditions, the
desired product 250 was obtained in comparable yields (Scheme 3B.2.6.iv). Finally attempting
stoichiometric reaction between isolated Cs and 24d also resulted in the formation of 250 in 40%
yield (Scheme 3B.2.6.v), thereby suggesting Cs to be an intermediate and a reservoir of active

species Cz in the catalytic process.
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61% NH
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KPFg [30 mol %]
DCE,100 °C, 20 h

\-|— H 3 -
/O/ N, atm. N7
XN/ 40% o]
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NH

1 equw. 1.5 equiv.

Scheme 3B.2.6: Control experiments

From the control experiments and literature reports®>®70 it is proposed that the plausible
catalytic process is initiated by the dissociation of the [RuCl(p-cymene)]> dimer (Ci) into
cationic ruthenium monomeric species C: (active catalyst), most likely by substitution of CI-

ligand by PFe. Thereafter, reversible C-H ruthenation at the ortho-position of aryl ring on
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2-phenylimidazo[1,2-a]pyridine lead to formation of a cationic intermediate complex Cs.
Coordination of phenyl isocyanate 6a to Cs, followed by migratory insertion yielded Cs via Ca,
which on proto-demetalation affords ortho-amidated product, along with the regeneration of the

cationic ruthenium species Cz that continues the catalytic process (Scheme 3B.2.7).

Ph,
NH

© +
=N .

/ oD
AN Xl AN

250 Ran x~_N /
C2 24d
X =ClorPFg
HX [ Proto-Demetalation ] &H -Ruthenation
HX
KPFg

i [RuCl; (p-Cymene)], : X
o C, 1 /
""""" . Ru

mgratory Insertion

6a

Ru
/ e
Cy

Scheme 3B.2.7 Plausible catalytic pathway for the Ru-catalyzed ortho-amidation of 24d with
phenyl isocyanate (6a)
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Figure 3B.2.4: ESI-MS of complex Cs
In summary, we have described a convergent and straightforward method for the regioselective
synthesis of ortho-amidated imidazo-heterocycles via C(sp?)—H bond activation, and subsequent
functionalization with aryl isocyanates employing [RuClx(p-cymene)]> and KPFs in catalytic
amounts.
3B.3 Experimental section
3B.3.1 General Materials and Methods
Commercially available reagents were used without purification. Commercially available
solvents were dried by standard procedures prior to use. Reactions were monitored by using thin
layer chromatography (TLC) on 0.2 mm silica gel F254 plates. Nuclear magnetic resonance
spectra were recorded on 400 MHz spectrometer and chemical shifts are reported in ¢ units, parts
per million (ppm), relative to residual chloroform (7.26 ppm) or DMSO (2.5 ppm) in the
deuterated solvent. The following abbreviations were used to describe peak splitting patterns
when appropriate: s = singlet, d = doublet, t = triplet, dd = doublet of doublet and m = multiplet.
Coupling constants J were reported in Hz. The 3C NMR spectra were reported in ppm relative to
deuterochloroform (77.0 ppm) or [ds] DMSO (39.5 ppm). Melting points were determined on a
capillary point apparatus equipped with a digital thermometer and are uncorrected. High
resolution mass spectra were recorded with a TOF analyzer spectrometer by using electrospray
mode.
General procedure for ortho-amidation of imidazo-heterocycles
A mixture of imidazo-heterocycle (24a-k, 26a-b, 28a-b and 30a) (0.37 mmol), aryl isocyanate
(6a-h) (0.56 mmol), [RuCl: (p-cymene)]2, (0.02 mmol), KPFs (0.11 mmol) in dichloroethane (10
mL) was heated at 100 °C under nitrogen atmosphere for 14-20 h. On completion of reaction as
indicated by TLC, the reaction mixture was filtered, evaporated and was directly subjected to
silica gel column chromatography [SiO2 (100-200 mesh), hexanes/EtOAc, 8:2] to yield the
o-amidated product (25a-t, 27a-b, 29a-b). In few cases, the bis ortho-amidated product (25a’,

105



Chapter 3: PART-B

29a’, 31a") were also isolated.
Procedure for the ortho-amidation of 24c with furyl isocyanate (6i): Furyl isocyanate was
synthesized in-situ by heating furan-2-carbonyl azide’® (0.150 g) in 1,2-dichloroethane at 100 °C
for about 45 minutes under nitrogen atmosphere via curtius rearrangement. Furyl isocyanate
(assuming 100% conversion) was directly used for the o-amidation of 24c (0.100 g, 0.43 mmol)
following earlier described procedure to yield 25t.
2-(6-Bromoimidazo[1,2-a]pyridin-2-yl)-N-phenylbenzamide (25a): White solid; yield: 109
_~_N mg (75%); mp: 198-201 °C; *H NMR (400 MHz, CDCls) ¢ 10.28 (s,
NN NJ;Q 1H), 8.39 (s, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.92 (s, 1H), 7.67 — 7.63
° (m, 2H), 7.52 — 7.44 (m, 2H), 7.41 — 7.35 (m, 2H), 7.23 (t, J = 7.9 Hz,

NH

2H), 7.15 (dd, J = 9.5, 1.8 Hz, 1H), 7.00 (t, J = 7.4 Hz, 1H); 1*C NMR
(100 MHz, CDCls3) ¢ 173.4, 148.6, 147.9, 144.3, 141.7, 135.9, 134.4,
134.2, 133.5, 132.9, 132.7, 132.6, 131.9, 128.6, 125.1, 122.6, 116.3, 111.2; HRMS (ESI-TOF)
(m/z) calculated C20H15BrNsO™: 392.0398; found 392.0405 [M+H]" and 394.0555 [M+H+2]".

N-(4-Chlorophenyl)-2-(imidazo[1,2-a]pyridin-2-yl)benzamide (25b): White solid; yield: 95
mg (74%); mp 225-227 °C; *H NMR (400 MHz, DMSO-ds) ¢ 10.59

N
i N/J;Q (s, 1H), 8.56 (dd, J = 6.8, 1.0 Hz, 1H), 8.09 (s, 1H), 8.04 (d, J = 7.8 Hz,
= 1H), 7.72 (d, J = 8.9 Hz, 2H), 7.61 — 7.56 (m, 1H), 7.54 — 7.50 (m, 2H),
7.48 —7.45 (m, 1H), 7.39 (d, J = 8.9 Hz, 2H), 7.25— 7.19 (m, 1H), 6.88 —
CQ 6.84 (m, 1H): *C NMR (100 MHz, DMSO-ds) § 168.9, 144.7, 143.0,

138.7, 136.7, 131.7, 129.8, 129.4, 128.9, 128.0, 127.8, 127.4, 125.3,
121.8, 120.2, 117.0, 112.6, 111.0; HRMS (ESI-TOF) (m/z) calculated C20H15CINsO™: 348.0903;
found 348.0910 [M+H]" and 350.1060 [M+H+2]".

2-(6-Chloroimidazo[1,2-a]pyridin-2-yl)-N-(4-chlorophenyl)benzamide (25c¢): White solid;

N yield: 107 mg (76%); mp 165-166 °C; 'H NMR (400 MHz,
AN NJ;Q DMSO0-de) 6 10.58 (s, 1H), 8.90 (dd, J = 2.0, 0.8 Hz, 1H), 8.11 (s, 1H),
o=\ 8.03 (d, J = 7.8 Hz, 1H), 7.74 — 7.69 (m, 2H), 7.61 — 7.55 (m, 2H),

7.53 — 7.47 (m, 2H), 7.41 — 7.37 (m, 2H), 7.28 (dd, J = 9.6, 2.1 Hz,

CQ 1H); 3C NMR (100 MHz, DMSO-ds) 6 168.8, 144.1, 143.1, 136.7,

131.2, 130.1, 129.4, 129.0, 128.3, 128.2, 127.6, 126.4, 125.4, 121.9,
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120.3, 119.5, 117.9, 111.7; HRMS (ESI-TOF) (m/z) calculated C2oH14CloN3O*: 382.0513; found
382.0521 [M+H]* and 384.0670 [M+H+2]".

N-(4-Chlorophenyl)-5-methyl-2-(6-methylimidazo[1,2-a]pyridin-2-yl)benzamide

=
2

_N
NI
o

NH

&

Cl

(25d):
White solid; yield: 100 mg (72%); mp 230-232 °C; 'H NMR (400
MHz, CDCls) § 10.72 (s, 1H), 7.88 (s, 1H), 7.67 (s, 1H), 7.65 (d, J = 8.8
Hz, 2H), 7.60 (s, 1H), 7.50 (t, J = 8.3 Hz, 2H), 7.28 — 7.26 (m, 2H),
7.25 - 7.22 (m, 1H), 7.10 (dd, J = 9.2, 1.4 Hz, 1H), 2.38 (s, 3H), 2.34
(s, 3H); *C NMR (100 MHz, CDCls) ¢ 167.7, 144.2, 143.4, 138.3,

137.6, 135.4, 131.0, 130.6, 130.4, 128.9, 128.8, 128.7,128.1, 123.5, 122.7, 121.0, 116.1, 110.9,

21.1, 18.1; HRMS (ESI-TOF) (m/z) calculated C22H19CIN3O™: 376.1216; found 376.1235
[M+H]* and 378.1370 [M+H+2]".

N-(3-Chlorophenyl)-2-(imidazo[1,2-a]pyridin-2-yl)-5-methylbenzamide (25e): White Solid;

yield: 88 mg (66%); mp 220— 221 °C; *H NMR (400 MHz, DMSO-d)
§ 10.62 (s, 1H), 8.56 (d, J = 6.7 Hz, 1H), 8.07 (s, 1H), 7.98 — 7.90 (m,
2H), 7.58 — 7.46 (m, 2H), 7.40 (d, J = 8.0 Hz, 1H), 7.35 (t, J = 8.0 Hz,
2H), 7.24 — 7.18 (m, 1H), 7.14 (d, J = 7.86 Hz, 1H), 6.84 (t, J = 6.6 Hz,
1H), 2.40 (s, 3H); *C NMR (100 MHz, DMSO-ds) & 169.2, 144.6,
143.1, 141.3, 137.5, 136.4, 133.4, 130.8, 130.7, 129.4, 128.9, 128.5,

127.5, 125.4, 123.6, 119.7, 118.6, 116.9, 112.6, 110.7, 21.0; HRMS (ESI-TOF) (m/z) calculated
C21H17CIN3O *: 362.1060; found 362.1079 [M+H]* and 364.1214 [M+H+2]* .
2-(6-Bromoimidazo[1,2-a]pyridin-2-yl)-N-(3-chlorophenyl)benzamide (25f): White solid;

yield: 108 mg (69%); mp 217-219 °C; 'H NMR (400 MHz,
DMSO-de) & 10.62 (s, 1H), 8.98 (d, J = 1.0 Hz, 1H), 8.12 (s, 1H), 8.04
(d, J = 7.7 Hz, 1H), 7.93 (s, 1H), 7.65 — 7.56 (m, 1H), 7.56 — 7.45 (m,
4H), 7.35 (dd, J = 9.3, 7.1 Hz, 2H), 7.15 (dd, J = 7.9, 1.1 Hz, 1H); 13C
NMR (100 MHz, DMSO-ds) ¢ 169.0, 143.8, 143.2, 141.1, 136.6,
133.5, 131.2 130.8, 130.1, 129.4, 128.4, 128.3, 128.2, 127.6, 123.7,

119.8, 118.7, 118.1, 111.5, 106.4; HRMS (ESI-TOF) (m/z) calculated CaoH14BrCINsO™;
426.0008: found 426.0023 [M+H]* and 428.0168 [M+H+2]".
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N-(2,3-Dichlorophenyl)-5-methoxy-2-(7-methylimidazo[1,2-a]pyridin-2-yl)benzamide (259):

2
A

=N /
N/ ©
o

NH

QC.

Cl

White solid; yield: 113 mg (72%); mp 238—240 °C; 'H NMR (400
MHz, CDCls) 6 9.50 (d, J = 7.1 Hz, 1H), 8.50 (dd, J = 8.2, 1.5 Hz,
1H), 8.28 (s, 1H), 7.72 — 7.61 (m, 2H), 7.50 (s, 1H), 7.23 (t, J = 8.1
Hz, 1H), 7.17 (dd, J = 8.0, 1.6 Hz, 1H), 7.07 (d, J = 8.7 Hz, 2H), 6.90
(dd, J = 7.2, 1.6 Hz, 1H), 3.90 (s, 3H), 2.50 (s, 3H); 3C NMR (100
MHz, CDClz; + DMSO-dg) 160.7, 159.5, 149.1, 146.7, 139.4, 137.0,

132.3, 131.4, 128.6, 127.1, 126.1, 126.1, 121.9, 116.9, 115.7, 114.8, 113.9, 55.8, 21.3; HRMS
(ESI-TOF) (m/z) calculated C22H18CI2N302": 426.0776 ; found 426.0793 [M+H]* and 428.0932
[M+H+2]".

N-(2,5-Dichlorophenyl)-5-methoxy-2-(7-methylimidazo[1,2-a]pyridin-2-yl)benzamide (25h):

White solid; yield: 121 mg (77%); mp 217-218 °C; *H NMR (400
MHz, CDCls) ¢ 9.50 (d, J = 7.1 Hz, 1H), 8.67 (d, J = 2.4 Hz, 1H),
8.18 (s, 1H), 7.65 (d, J = 8.7 Hz, 2H), 7.50 (s, 1H), 7.16 (d, J = 8.5
Hz, 1H), 7.06 (d, J = 8.7 Hz, 2H), 6.97 (dd, J = 8.5, 2.4 Hz, 1H), 6.94
— 6.86 (M, 1H), 3.89 (s, 3H), 2.51 (s, 3H); *C NMR (100 MHz,
CDCl3) ¢ 161.1, 159.1, 150.2, 147.4, 139.6, 135.8, 133.3, 131.4,

129.6, 127.6, 125.6, 123.9, 120.8, 120.2, 116.7, 115.9, 114.9, 113.7, 55.5, 21.5; HRMS (ESI-
TOF) (m/z) calculated C2H1sCloN3O>*: 426.0776; found 426.0798 [M+H]* and 428.09338
[M+H+2]*.

2-(6-Bromoimidazo[1,2-a]pyridin-2-yl)-N-(2-fluorophenyl)benzamide (25i):

White solid;
yield: 89 mg (59%); mp 225-227 °C; *H NMR (400 MHz, DMSO-
de) 6 10.25 (s, 1H), 9.00 (d, J = 1.1 Hz, 1H), 8.17 (s, 1H), 8.02 (d, J =
7.6 Hz, 1H), 7.84 (dd, J = 9.0, 6.5 Hz, 1H), 7.59 (d, J = 7.3 Hz, 1H),
7.57 — 753 (m, 2H), 7.51 — 7.46 (m, 1H), 7.37 (dd, J = 9.5, 1.9 Hz,
1H), 7.27 —7.20 (m, 3H); *C NMR (100 MHz, DMSO-ds) ¢ 169.0,

156.6, 154.2, 143.9, 143.1, 136.5, 131.3, 130.0, 129.4, 128.4, 128.2, 127.5, 126.8, 126.7, 126.3,
124.7, 118.1, 116.2, 111.7, 106.4; HRMS (ESI-TOF) (m/z) calculated CaoH14BrFNsO*:
410.0304; found 410.0327 [M+H]* and 412.0468 [M+H-+2]*.
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N-(4-Methoxyphenyl)-5-methyl-2-(7-methylimidazo[1,2-a]pyridin-2-yl)benzamide (25)):
White solid; yield: 68 mg (50%); mp 192-194 °C; 'H NMR (400

=N
S NJ;Q MHz, CDCls) 6 9.91 (s, 1H), 7.96 (d, J = 6.9 Hz, 1H), 7.65 (s, 2H),
O\ 7.61 (d, J = 7.9 Hz, 1H), 7.56 (d, J = 9.0 Hz, 2H), 7.36 (s, 1H), 7.26
Q (d, J = 7.9 Hz, 1H), 6.87 (d, J = 9.0 Hz, 2H), 6.65 (d, J = 6.9 Hz, 1H),
g 3.81 (s, 3H), 2.43 (s, 3H), 2.40 (s, 3H); 3C NMR (100 MHz, CDCls)

\

0 167.6, 156.1, 144.9, 144.0, 138.2, 136.5, 135.8, 132.1, 130.8,
130.4, 130.0, 128.1, 125.0, 121.5, 115.4, 115.3, 114.1, 110.5, 55.5, 21.5, 21.1; HRMS (ESI-
TOF) (m/z) calculated C23H22N30,": 372.1712; found 372.1730 [M+H]*.

2-(Imidazo[1,2-a]pyridin-2-yl)-5-methoxy-N-(4-methoxyphenyl)benzamide (25k): White

N , solid; yield: 80 mg (58%); mp 198-201 °C; 'H NMR (400 MHz,
N NJ;QO MeOH-ds) 6 8.34 (d, J = 6.8 Hz, 1H), 7.88 (d, J = 10.4 Hz, 2H), 7.53
o= (d, J = 9.2 Hz, 1H), 7.51 — 7.45 (m, 2H), 7.30 (dd, J = 6.8, 2.2 Hz,

1H), 7.20 — 7.11 (m, 2H), 6.89 (dd, J = 7.1, 2.0 Hz, 2H), 6.86 (dd, J =

p 4.7, 2.2 Hz, 1H), 3.90 (s, 3H), 3.78 (s, 3H); 3C NMR (100 MHz

A MeOH-d4) ¢ 169.3, 159.5, 156.8, 144.9, 142.6, 137.5, 131.3, 130.8,

126.4, 125.6, 121.9, 121.4, 115.6, 115.2, 113.7, 113.6, 112.7, 110.2, 54.7, 54.4; HRMS (ESI-
TOF) (m/z) calculated C22H20N303™: 374.1504; found 374.1523 [M+H]*.
2-(7-Methylimidazo[1,2-a]pyridin-2-yl)-N-(naphthalen-1-yl)benzamide (25I): White solid;

yield: 90 mg (65%); mp 199-203 °C; 'H NMR (400 MHz,

_ N/>;Q DMSO-ds) & 10.41 (s, 1H), 8.43 (d, J = 6.7 Hz, 1H), 8.09 (s, 1H),
o 8.01 — 7.75 (m, 5H), 7.68 (d, J = 7.1 Hz, 1H), 7.62 — 7.47 (m, 4H),

N 7.36 (s, 1H), 7.30 (t, J = 7.4 Hz, 1H), 6.73 (d, J = 6.6 Hz, 1H), 2.36

(s, 3H); 3C NMR (100 MHz, DMSO-ds) & 169.7, 145.2, 1433,

137.3, 135.9, 134.1, 132.1, 129.8, 129.6, 129.2, 128.3, 127.9, 127.1,
126.8, 126.8, 126.0, 126.0, 123.7, 123.5, 115.2, 110.7, 21.3; HRMS (ESI-TOF) (m/z) calculated
CasH20N30™: 378.1606; found 378.1614 [M+H]*.
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2-(Imidazo[1,2-a]pyridin-2-yl)-5-methyl-N-phenylbenzamide (25m): White solid; yield: 82

4
X

_N
N/
o}

NH

mg (68%); mp 188-190 °C; *H NMR (400 MHz, CDCls) 6 9.80 (s,
1H), 8.10 (d, J = 6.8 Hz, 1H), 7.75 (s, 1H), 7.71 (s, 1H), 7.68 — 7.61 (m,
4H), 7.35 — 7.30 (m, 3H), 7.26 — 7.21 (m, 1H), 7.10 (t, J = 7.4 Hz, 1H),
6.83 (t, J = 6.8 Hz, 1H), 2.44 (s, 3H); 3C NMR (100 MHz, CDCls) &
168.0, 144.6, 138.7, 138.4, 135.8, 131.0, 130.5, 130.0, 129.0, 128.1,

125.9, 125.4, 124.2, 123.2, 120.0, 119.9, 117.0, 112.8, 21.1; HRMS (ESI-TOF) (m/z) calculated
C21H1sN30": 328.1449; found 328.1455 [M+H]*.
2-(Imidazo[1,2-a]pyridin-2-yl)-5-methoxy-N-phenylbenzamide (25n): White solid; yield: 89

Z4
2

=N /
N-/ ©
0

NH

mg (70%); mp 179-181 °C; *H NMR (400 MHz, CDCls) 6 10.07 (s,
1H), 8.12 (d, J = 6.6 Hz, 1H), 7.71 (s, 1H), 7.65 — 7.60 (m, 3H), 7.46
(d, J = 2.2 Hz, 1H), 7.32 (d, J = 7.9 Hz, 2H), 7.25 (d, J = 8.3 Hz, 1H),
7.22 -7.16 (m, 1H), 7.11 — 7.03 (m, 2H), 6.85 (t, J = 6.6 Hz, 1H), 3.91
(s, 3H); 3C NMR (100 MHz, CDCl3) § 167.2, 159.6, 144.4, 138.7,

137.1, 132.3, 128.9, 128.8, 125.9, 125.6, 124.1, 119.8, 119.6, 116.9, 116.8, 114.2, 112.9, 111.0,
55.5; HRMS (ESI-TOF) (m/z) calculated C21H1sN3O2": 344.1399; found 344.1406 [M+H]".
5-Methyl-2-(6-methylimidazo[1,2-a]pyridin-2-yl)-N-phenylbenzamide (250): White solid;

yield: 75 mg (66%); mp 174-176 °C; *H NMR (400 MHz, DMSO-
de) 6 10.44 (s, 1H), 7.96 (s, 1H), 7.88 (dd, J = 7.9, 2.1 Hz, 1H), 7.79
(dd, J = 8.4, 2.4 Hz, 1H), 7.65 (d, J = 7.1 Hz, 2H), 7.36 (d, J = 9.1 Hz,
1H), 7.30 (s, 1H), 7.28 — 7.17 (m, 3H), 7.04 — 6.93 (m, 2H), 2.36 (s,
3H), 2.21 (s, 3H); 13C NMR (100 MHz, DMSO-ds) § 168.9, 143.7,
142.9, 139.4, 137.2, 136.4, 130.3, 129.4, 128.8, 128.6, 128.5, 128.2,

124.0, 123.8, 121.9, 120.1, 116.2, 110.3, 21.1, 18.0; HRMS (ESI-TOF) (m/z) calculated
C22H20N30": 342.1606; found 342.1612 [M+H]*.
5-Methoxy-2-(7-methylimidazo[1,2-a]pyridin-2-yl)-N-phenylbenzamide (25p): White solid;

yield: 102 mg (78%); mp 189-191 °C; H NMR (400 MHz,
CDCl3) 6 10.49 (s, 1H), 8.40 (d, J = 6.9 Hz, 1H), 7.97 (d, J = 8.7 Hz,
1H), 7.89 (s, 1H), 7.70 (d, J = 7.8 Hz, 2H), 7.32 (t, J = 7.8 Hz, 2H),
7.28 (s, 1H), 7.13 (dd, J = 8.7, 2.6 Hz, 1H), 7.10 — 7.01 (m, 2H), 6.66
(d, J = 6.9 Hz, 1H), 3.84 (s, 3H), 2.31 (s, 3H); 13C NMR (100 MHz,
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CDCl3) 0 173.2, 163.6, 149.6, 147.5, 144.5, 142.6, 140.4, 135.6, 133.9, 131.3, 129.0, 128.8,
125.1, 120.4, 119.9, 119.7, 117.9, 114.4, 60.7, 26.0; HRMS (ESI-TOF) (m/z) calculated
C22H20N302": 358.1555; found 358.1560 [M+H]".
2-(Imidazo[1,2-a]pyridin-2-yl)-N-phenylbenzamide (25q): White solid; yield: 75 mg (65%);
N mp 184-186 °C; 'H NMR (400 MHz, DMSO-ds) ¢ 10.48 (s, 1H), 8.58
N7 (d, = 6.1 Hz, 1H), 8.11 (s, 1H), 8.05 (d, J = 7.5 Hz, 1H), 7.70 (d, J = 7.5
© NH Hz, 2H), 7.53 (m, 4H), 7.33 (t, J = 7.1 Hz, 2H), 7.28 — 7.23 (m, 1H), 7.08
(t, J = 6.8 Hz, 1H), 6.87 (t, J = 5.9 Hz, 1H); 3C NMR (100 MHz, DMSO-
ds) 0 168.8, 144.5, 142.9, 139.7, 137.0, 131.4, 129.9, 129.4, 129.1, 128.1,
128.0, 127.9, 125.8, 124.0, 120.3, 117.0, 112.8, 111.1; HRMS (ESI-TOF) (m/z) calculated
C20H16N30™: 314.1293; found 314.1303 [M+H]".
3-(Imidazo[1,2-a]pyridin-2-yl)-N-phenyl-2-naphthamide (25r): White solid; yield: 94 mg
(70%); mp 190-193 °C; *H NMR (400 MHz, CDCls3) § 9.81 (s, 1H),
8.12 (d, J = 7.4 Hz, 2H), 8.04 (s, 1H), 7.84 (s, 1H), 7.81 — 7.74 (m,
1H), 7.74 — 7.62 (m, 3H), 7.60 (d, J = 8.4 Hz, 1H), 7.50 (dd, J = 5.9,
2.8 Hz, 2H), 7.38 — 7.29 (m, 3H), 7.12 (t, J = 7.3 Hz, 1H), 6.87 (t, J =
6.7 Hz, 1H); 3C NMR (100 MHz, DMSO-ds) § 206.9, 139.0, 135.7,
133.3, 131.8, 128.76, 128.7, 128.7, 128.2, 127.9, 127.4, 126.9, 126.1,
125.6, 124.2, 123.9, 119.9, 117.6, 116.6, 112.7, 111.2, 111.2; HRMS (ESI-TOF) (m/z) calculated
C24H18N30*: 364.1449; found 364.1454 [M+H]*.
2-(6-Chloroimidazo[1,2-a]pyridin-2-yl)-N-(furan-2-yl)benzamide (25s): Yellow solid; yield:
66 mg (30%); mp 200203 °C; 'H NMR (400 MHz, CDCls) § 8.35

y i ,(};Q (s, 1H), 7.89 (s, 1H), 7.65 (s, 1H), 7.60 (d, J = 9.5 Hz, 1H), 7.47 — 7.40
o=\ | (m, 3H),7.36 (dd, J = 7.3, 5.3 Hz, 2H), 7.27 — 7.24 (m, 1H), 723 -
C< 7.19 (m, 1H), 6.69 (dd, J = 3.4, 1.7 Hz, 1H): 3C NMR (100 MHz,
N° CDCls) 6 157.3, 146.5, 145.5, 129.8, 128.8, 128.5, 127.3, 125.2, 121.3,

120.3, 120.3, 117.8, 117.2, 112.9; HRMS (ESI-TOF) (m/z) calculated C1sH13CIN3O2": 338.0696;
found 338.0675 [M+H]* and 340.0856 [M+H+2]".
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5-Bromo-2-(imidazo[1,2-a]pyridin-2-yl)-N-phenylbenzamide (25t): White solid; yield: 87
N mg (60%); mp 200-203 °C; 'H NMR (400 MHz, CDCls) ¢ 10.39 (s,
~ NJ;Q’E” 1H), 8.08 (d, J = 6.8 Hz, 1H), 7.87 (d, J = 2.0 Hz, 1H), 7.78 (s, 1H),
o " 7.72 (d, J =7.6 Hz, 2H), 7.59 (t, J = 8.4 Hz, 2H), 7.47 (dd, J = 8.3, 2.1
Hz, 1H), 7.36 (t, J = 7.9 Hz, 2H), 7.28 — 7.23 (m, 1H), 7.14 (t, J = 7.4
Hz, 1H), 6.84 (m, 1H); C NMR (100 MHz, CDCls) § 166.4, 144.6,
142.9, 138.6, 137.4, 132.9, 132.1, 131.6, 129.1, 125.9, 125.9, 124.4, 122.2, 119.9, 117.0, 113.2,
111.3; HRMS (ESI-TOF) (m/z) calculated C20H15BrNsO™: 392.0398; found 392.0403 [M+H]*
and 394.0558 [M+H+2]".
2-(Imidazo[1,2-a]pyridin-2-yl)-N-phenylthiophene-3-carboxamide (27a): White solid; yield:
NS 86 mg (73%); mp 221-223 °C; *H NMR (400 MHz, DMSO-dg) 6 11.52
@Tjﬁj (s, 1H), 8.65 — 8.60 (m, 1H), 8.43 (s, 1H), 7.80 (d, J = 7.7 Hz, 2H), 7.70 —
HN 7.65 (m, 1H), 7.63 (d, J = 5.3 Hz, 1H), 7.51 (d, J = 5.3 Hz, 1H), 7.42 —
7.30 (m, 3H), 7.14 — 7.08 (m, 1H), 6.96 (td, J = 6.8, 1.0 Hz, 1H); 3C
NMR (100 MHz, DMSO-de) 6 162.7, 144.3, 139.7, 138.3, 137.9, 133.6,
130.6, 129.3, 127.7, 126.7, 125.7, 124.1, 120.3, 116.7, 113.4, 111.9; HRMS (ESI-TOF) (m/z)
calculated C1gH14N30S™: 320.0857; found 320.0885 [M+H]".
2-(Imidazo[1,2-a]pyridin-2-yl)-N-phenylfuran-3-carboxamide (27b): White solid; yield: 63
N o mg (70%); mp 180-182 °C; *H NMR (400 MHz, DMSO-ds) J 13.77 (s,
@\J/W 1H), 8.69 (m, 1H), 8.55 — 8.50 (m, 1H), 7.94 — 7.86 (m, 4H), 7.50 (m, 1H),
HN 7.46 — 7.40 (m, 2H), 7.16 — 7.09 (m, 2H), 7.05 (d, J = 1.9 Hz, 1H); 3C
NMR (100 MHz, DMSO-de) ¢ 164.7, 151.4, 148.9, 147.8, 147.7, 144.9,
140.3, 134.3, 132.6, 128.5, 124.9, 124.4, 121.5, 119.1, 118.9, 117.2;
HRMS (ESI-TOF) (m/z) calculated C1gH14aN302": 304.1086; found 304.1092 [M+H]*.
2-(Imidazo[2,1-b]thiazol-6-yl)-N-phenylbenzamide (29a): Yellow solid; yield: 80 mg (67%);
mp 195-198 °C; *H NMR (400 MHz, DMSO-ds) § 10.45 (s, 1H), 7.96 (t,

S—_N
&U;@ J=6.7 Hz, 2H), 7.92 (s, 1H), 7.70 (d, J = 7.7 Hz, 2H), 7.56 — 7.50 (m, 1H),
O\ | 746 (d, J=6.5Hz, 1H), 7.40 (t, J = 7.0 Hz, 1H), 7.33 (t, J = 7.9 Hz, 2H),

(0]

(0]

7.24 (d, J = 4.4 Hz, 1H), 7.09 (t, J = 7.4 Hz, 1H); 3C NMR (100 MHz,
DMSO-ds) J 169.0, 149.2, 144.7, 139.8, 136.2, 131.7, 129.8, 129.1, 128.7,

112



Chapter 3: PART-B

128.0, 127.4, 124.0, 120.6, 120.2, 113.6, 111.4; HRMS (ESI-TOF) (m/z) calculated
C18H14N30S™: 320.0857; found 320.0864 [M+H]".

2-(Benzo[d]imidazo[2,1-b]thiazol-2-yl)-N-phenylbenzamide (29b): White solid; yield: 95 mg
(70%); mp 145-147 °C; *H NMR (400 MHz, CDCls) 6 9.16 (s, 1H),

S<_N
Q/\l\ll/\/)p 7.92 (s, 1H), 7.80 — 7.72 (m, 2H), 7.68 — 7.63 (m, 3H), 7.55 (d, J = 7.9
(0]
NH

Hz, 1H), 7.48 — 7.41 (m, 2H), 7.36 (m, 4H), 7.13 (t, J = 7.4 Hz, 1H); 13C
NMR (100 MHz, CDCl3) ¢ 168.1, 147.5, 145.4, 138.5, 135.6, 132.0,
131.0, 130.2, 130.1, 129.8, 129.0, 128.9, 128.9, 128.0, 126.4, 125.2,
124.3, 120.0, 113.0, 110.2; HRMS (ESI-TOF) (m/z) calculated C2,H1sN30S*: 370.1014; found
370.1022 [M+H]*.

2-(6-Bromoimidazo[1,2-a]pyridin-2-yl)-N*,N3-diphenylisophthalamide (25a’) : White solid;
yield: 31 mg (25%); mp 240-242 °C; *H NMR (400 MHz, DMSO-ds)
0 10.30 (s, 2H), 8.97 (d, J = 1.1 Hz, 1H), 8.03 (s, 1H), 7.70 — 7.67 (m,

O 2H), 7.63 — 7.59 (m, 1H), 7.54 (d, J = 7.7 Hz, 4H), 7.39 (d, J = 9.6 Hz,
= =
P 1H), 7.29 — 7.24 (m, 5H), 7.04 (t, J = 7.4 Hz, 2H); 3C NMR (100 MHz,
r

o DMSO-ds) 6 167.7, 142.7, 142.6, 139.5, 139.3, 129.8, 129.0, 128.9, 128.3,

127.9, 127.3, 123.9, 120.3, 118.1, 112.8, 106.3; HRMS (ESI-TOF) (m/z)
calculated C27H20BrN4O2*: 511.0769; found 511.0778 [M+H]* and

513.0924 [M+H+2]".
2-(Imidazo[2,1-b]thiazol-6-yl)-N* N3-diphenylisophthalamide (29a'): Yellow solid; yield: 24

mg (18%); mp 224-225 °C; 'H NMR (400 MHz, DMSO-ds) & 10.27 (s,

2H), 7.92 (d, J = 4.5 Hz, 1H), 7.83 (s, 1H), 7.64 — 7.60 (m, 2H), 7.60 — 7.52

o= (m, 5H), 7.28 (t, J = 7.9 Hz, 4H), 7.16 (d, J = 4.5 Hz, 1H), 7.05 (t, J = 7.4

\S TN/ Hz, 2H); 13C NMR (100 MHz, DMSO-ds)  167.9, 148.5, 142.8, 139.6,
o= 139.0, 130.0, 128.9, 128.7, 127.6, 123.8, 120.3, 120.2, 113.2, 112.6;
@ HRMS (ESI-TOF) (m/z) calculated CasH19N1O,S*: 439.1228; found

439.1236 [M+H]".
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2-(Imidazo[1,2-a]pyrimidin-2-yl)-N*,N3-diphenylisophthalamide (31a"): Yellow solid; yield:
127 mg (80%); mp 273-275 °C; 'H NMR (400 MHz, DMSO-ds) 6 10.40
(s, 2H), 9.04 — 8.98 (m, 1H), 8.42 (d, J = 1.9 Hz, 1H), 8.00 (s, 1H), 7.70 (d, J

o = 7.4 Hz, 2H), 7.66 — 7.61 (m, 1H), 7.57 (d, J = 7.9 Hz, 4H), 7.27 (t, I = 7.7
_ _N
_ ) Hz, 4H), 7.04 (t, J = 7.3 Hz, 2H), 6.98 (dd, J = 6.5, 4.2 Hz, 1H): 3C NMR
o (100 MHz, DMSO-ds) & 167.7, 150.5, 147.4, 143.0, 139.6, 139.4, 135.4,
NH

130.0, 129.0, 128.9, 128.4, 124.0, 120.3, 110.7, 109.3; HRMS (ESI-TOF)
(m/z) calculated CosH20NsO2": 434.1617; found 434.1625 [M+H]*.

Procedure for synthesis of complex Cs: A mixture of 6-methyl-2-(p-tolyl)imidazo[1,2-
a]pyridine (24d) (0.040 g, 0.17 mmol), [RuClz-(p-cymene)]2, (0.070 g, 0.11 mmol), KPFs (3
equiv.) in dichloroethane (5 mL) was stirred for 12 h at room temperature under nitrogen

atmosphere. After filtration through celite, the solvent was concentrated under reduced pressure,
and the residue was washed with Et2O (15 mL x 5) to yield partially purified complex Cs. ESI-
MS (m/z) calculated C2sH27N2Ru™: 457.1217; found 457.1382 [M-CI]*.

3B.4 X-ray Crystallography Studies

Initial crystal evaluation and data collection were performed on a Kappa APEX Il diffractometer
equipped with a CCD detector (with the crystal-to-detector distance fixed at 60 mm) and sealed-
tube monochromated MoKa radiation using the program APEX2.”> By using the program
SAINT"?for the integration of the data, reflection profiles were fitted, and values of F2 and o(F?)
for each reflection were obtained. Data were also corrected for Lorentz and polarization effects.
The subroutine XPREP’2 was used for the processing of data that included determination of
space group, application of an absorption correction (SADABS)’? merging of data, and
generation of files necessary for solution and refinement. The crystal structures were solved and
refined using SHELX 97.” The space group was chosen based on systematic absences and
confirmed by the successful refinement of the structure. Positions of most of the non-hydrogen
atoms were obtained from a direct methods solution. Several full-matrix least-squares/difference
Fourier cycles were performed, locating the remainder of the non-hydrogen atoms. All non-
hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms
were placed in ideal positions and refined as riding atoms with individual isotropic displacement

parameters. All figures were drawn using MERCURY V 3.07* and Platon.”™
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3B.4.1 Crystallographic data of 25d (CCDC No. 1501223)
C22H1sCIN3O, M, = 375.84, monoclinic, space group P21/c, a = 10.8372(10) A, b = 10.5719(5)
A, c =16.5469(8) A, a = 90°, p = 90.413(1)°, y = 90°, V = 1895.7(2) A3, Z = 4, D, = 1.317
Mg/cm®, u(Mo K,) = 0.218 mm™, T = 296(2) K, 48825 reflections collected. Refinement of
2619 reflections (246 parameters) with | > 24(l) converged at a final R1 = 0.046, wR2 = 0.1098,
and GOF = 1.057.
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CHAPTER 4A

Transition Metal-Free Homocoupling of
Imidazo-Heterocycles via Csp?>~Csp? Bond Formation
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4A.1 Introduction

Oxidative C-H bond functionalization is the most fascinating and atom-economic process for
preparing pharmaceutically and medicinally important compounds in due diligence of
sustainable chemistry.1* In this context, transition-metal catalysis plays an unbeatable role,**°
however the high cost and toxicity of the heavy metals have fetched the attention of organic
chemists toward developing metal-free oxidative C—C bond-forming strategies.'*3

In this regard, hypervalent iodine (I11) reagents have emerged as elegant and powerful tool for
the construction of a plethora of bioactive heterocyclic compounds and natural products.***” The
hypervalent iodine (I11) reagents are the compounds of iodine in higher oxidation states.8-2°
Even though the oxidizing properties of hypervalent iodine compounds were known since 1893,
a renaissance in the field of polyvalent iodine reagents have occurred only in the last two
decades.'®?! This rising fame of hypervalent iodine reagents is because of (i) resemblance of its
structure and reactivity with the transition-metal complexes, (ii) ready accessibility, (iii) reduced
toxicity, (iv) high reactivity, (v) easy handling (vi) impressive functional group tolerance, and
(vii) environmentally benign nature.®?22® |odine in iodine(l1l) reagents (aryl-A*~iodanes) has a
total of ten electrons, and the overall geometry is distorted pseudotrigonal bipyramidal with two
heteroatoms ligands (L) occupying the apical positions and the least electronegative carbon

ligand and two electron pairs residing in equatorial positions (Figure 4A.1.1).242°

Ar

_______________________________________

lodine'! reagents

cl.C ROCO_, OCOR HO,,-OTs 0
18)7 OAc
| )
© OAc
Willgerodt reagent ~ R=CHj (PIDA) Koser's lodosobenzene  Thiophenyl-A3-iodanediyl
R=CF; (PIFA) reagent diacetate

Figure 4A.1.1: Pseudotrigonal bipyramidal structure of aryl-A3-iodanes and some commercially

available hypervalent iodine (I11) reagents
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The trivalent organoiodine reagents such as dichloroiodobenzene (PhICI,), diphenyliodine(lll)
diacetate (PIDA), phenyliodine(lI1)-bis(trifluoroacetate) (PIFA), iodosobenzene (PhlO), and
[hydroxyl(tosyloxy)iodo]benzene(HTIB, Koser’s reagent) (Figure 4A.1.1) have been widely
utilized in an array of organic reactions including, acetoxylation, oxidative halogenation,
oxidative functionalization of unsaturated compounds, arylation, oxidative cationic cyclization,
oxidative rearrangements leading to the formation of new carbon—carbon, carbon-heteroatom,

and heteroatom—heteroatom bonds (Figure 4A.1.2).141826-37

( Oxidative halogenation )

(Oxidative cationic cyclization) N /

Ring contraction &
( Annulation reactions )<::|' Hypervalent Iodlne(III) [ expansion reactionj

Reagents

( Oxidative rearangement ) ﬂ X

OX|dat|on of alcohol, sulfide, phenol]

( Directed/Non-directed acetoxylation )

( Selenylation reaction)

heteroaromatics, alkanes

Figure 4A.1.2: Application of hypervalent iodine (lllI) reagents in various organic
transformations

Within the realm of direct oxidative coupling, the Csp?>~Csp? bond-formation has been
immensely explored among all other types of C-C bond forming reactions. Significant
contributions have been made towards this end by exploring the reactivity of several metal
catalysts ever since the first report on oxidative dimerization of aromatic compounds in 1871.
Recently, oxidative biheteroaryl formation has received much citation, and numerous direct
homocoupling strategies have been successfully developed with different arenes,®“? and
(hetero)arenes such as thiophene, indole, indolizine, azole, pyrrole, quinoline, isoquinoline and
quinoxaline under metal-catalyzed and metal-free conditions. The occurrence of some of the
(hetero)arenes such as bibenzofurans, bipyridines, bi(cyclopenta[b]indoles), bipyrroles,

bis(pyrido[3,4,5-kl]acridinones), biindoles in natural products, pharmaceuticals, and
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agrochemicals provided a rationale for such enormous studies to different organic chemists
(Figure 4A.1.3).834

HO
CIL,

) y
9 N_ _O

0 |

LTS A

o o | CN

oH N__ HO

Shandougenine B Milrinone

Marinopyrrole Indirubin 4,4’-Binecatorone

Figure 4A.1.3: Selective examples of biologically active biheteroarenes

In 2004, Mori et al. reported the Pd-catalyzed homocoupling of substituted thiophene and
benzothiophene (1) at the C-2 positions using silver salts AgF/AgOCOCHG3 as reaction activators
under ambient conditions.*® Later, the authors developed another cheap activator system,

AgNOs/KF for the same chemical transformation (Scheme 4A.1.1).%

PdCI,(PhCN), (30 mol %)
AgF/AgOCOCH; (2 equiv.)
DMSO, r.t.,, 5-24 h

ﬂ ] / Vs

1 S \ /A
Thiophene & PdClI,(PhCN), (30 mol %) 2 St
benzothiophene AgNO4/KF (2 equiv.) /

DMSO, 60 °C, 5-24 h
Scheme 4A.1.1: Pd-catalyzed homocoupling of thiophenes and benzothiophenes (1)
Tse et al. reported a Au-catalyzed strategy for the oxidative homocoupling of 2-methylthiophene

(3) in 31% vyield using PhI(OAC): in acetic acid (Scheme 4A.1.2).47
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HAuUCI, (2 mol %)

T\ Phi(OAc), (1 equiv.) / N\ S_ _cH
H3C S 3
HsC™ g CH4COOH, 55 °C, 17 h \/

3 4

Scheme 4A.1.2: Au-catalyzed oxidative homocoupling of 2-methylthiophene (3)
Wang et al. presented a high-yielding approach for Pd-catalyzed intermolecular direct C—H

homocoupling of thiophenes (3) and furans (5) using molecular oxygen as the oxidant with TFA
in DMSO (Scheme 4A.1.3).%8

0 Vs
\ __Pd(OAc), (10mol %) / R
R/@ TFA(Tmol %), 0, (1atm) . < S~ \_J

3 DMSO, 55 °C, 20-24 h 4

R_,F_\> Pd(OAc), (10 mol %)

> R\ X
X TFA (1 mol %), O, (1 atm.) Kx ( S o
X=0,S DMSO, 55 °C, 20-48 h 7
X=0,S
3'&5 6

Scheme 4A.1.3: Pd-catalyzed homocoupling of thiophenes (3, 3') and furans (5)

Pd-catalyzed oxidative homocoupling of N-substituted indoles 7 was regioselectively achieved
by Zhang and coworkers, affording 2,3'-biindoles (8) derivatives in high vyields using
stoichiometric amount of Cu(OAc)2.3H20 in DMSO at room temperature (Scheme 4A.1.4a).°
On the other hand, Shi and coworkers reported oxidative dimerization of N-protected and free
indoles 7, affording 3,3-biindoles (9) via Pd-catalyzed direct C-H bond activation using
AgNO3/MgSO4 (Scheme 4A.1.4b).5°
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Pd(TFA), (5 mol %)
Cu(OAc),.3H,0 (1.5 equiv.)

DMSO, rt,N, 8h

(@)

R N |
Z N
hz
7

Pd(OTFA), (10 mol %)
(b)|  AgNO; (1.2 equiv.)
MgSO, (3 equiv.)

DMSO, 90 °C, 12 h

N-Substituted 3,3'-biindole

Scheme 4A.1.4: Pd-catalyzed regioselective homocoupling of indoles (7)

You et al. documented an oxidative Pd-catalyzed approach for homocoupling of indolizines (10)
to obtain the corresponding biindolizines 11 in good-to-excellent yields using Cu(OAc)2 as an
external oxidant. The methodology provides good regioselectivity with broad functional group
tolerance (Scheme 4A.1.5).%!

1
] I
/X Pd(OAc), (5 mol %) ’\ N IR
SN Cu(OAc), (1.5 equiv.) /[ ]
sz KiCOs 2 equiv) ge— N\

DMF, 60 °C, 24 h = 1M R
10

Scheme 4A.1.5: Pd-catalyzed oxidative homocoupling of indolizines (10)

Oxidative dimerization of several azole derivatives such as imidazole, thiazole, and oxazole (12)
via copper(ll)/silver(l)-catalyzed C-H activation was competently described by Mori et al. in
2010, under oxygen atmosphere in xylene at 140 °C (Scheme 4A.1.6a).>> Subsequently in the
same year, Bao and coworkers also employed Cu(OAc). for the same transformation without
using silver salt under similar reaction conditions, affording the corresponding dimerized product
of imidazoles, benzimidazoles, thiazoles, oxadiazoles and benzoxazoles in good-to-excellent
yields (12) (Scheme 4A.1.6b).>® Notably, Yamaguchi group reported dimerization of
aforementioned azoles (12) in an efficient process by using CuCl/2-pyridonate catalytic system

(Scheme 4A.1.6¢).>* Daugulis et al. presented a deprotonative hetero-arene dimerization using
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cobalt, iron, nickel, and manganese catalysis employing oxygen as the oxidant
(Scheme 4A.1.6.d).%

X X, X X
"\\_,[N/: :\N]\_," 3 T 27— o

13
X=0,NRand S

Scheme 4.1.6: Transition metal-catalyzed dimerization of azoles (12)

Till date, only a few strategies have been developed for the homocoupling of heterocyclic
frameworks under metal-free conditions over the existing metal-catalyzed dimerization
protocols. However, the development of metal-free lodine and hypervalent iodine-induced
strategies are gearing up in recent times. Kita and coworkers developed an unprecedented
oxidative coupling strategy for the head-to-tail dimerization of alkyl thiophenes (3) to selectively
obtain 2,2'-bithiophenes (4) using phenyliodine bis(trifluoroacetate) (PIFA) in the presence of
Lewis acid and trimethylsilyl trifluoromethanesulfonate in DCM (Scheme 4A.1.7a).%® Later, the
authors also reported a regioselective synthesis of head-to-tail affixed unsymmetrical
bithiophenes 4 using Phl1(OH)OTs (HTIB) reagent in the presence of TMSBr in (CF3).,CHOH
(HFIP) (Scheme 4A.1.7b).>’

PIFA (0.3 equiv.)
TMSOTF (0.6 equiv.)
R DCM, -78 °C, 3 h R
(a)
N /' N\ s
| HTIB (05 equiv) S\
3 TMSBr (1 equiv.)
HFIP, r.t., 3h

R

Scheme 4A.1.7: Hypervalent iodine(l11) reagent-mediated dimerization of thiophenes (3)
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Similarly, phenyliodine bis(trifluoroacetate) (PIFA) was efficiently used by Kita et al. for the
oxidative homocoupling reaction of electron-rich pyrroles (14) and indoles (7) in presence of
TMSBr, affording their corresponding bipyrroles (15) and biindoles 16 under described

conditions (Scheme 4A.1.8).58
O VR

vy

16

=

e PIFA (0.5 equiv.) /N

(I‘// \\ TMSBr (1 equiv.) -~ N \\
N~ DCM, -78 to -40 °C, 3 h CeHs N

| CeHs
R 15
14 &7

Pyrrole, Indole

Scheme 4A.1.8: PIFA-mediated oxidative homocoupling reaction of pyrroles (14) and indoles

(7)

Similarly, metal-free intermolecular  oxidative  dehydrogenative  3,3'-coupling  of

2-arylbenzo[b]furans (17) and 2-arylbenzo[b]thiophenes (18) was successfully achieved by

Helaja and coworkers by using 2,3-dichloro-5,6-dicyano-1,4-quinone (DDQ) in presence of

MsOH, yielding bibenzofurans (19) and bibenzothiophenes (20) (Scheme 4A.1.9).4

R—mAr DDQ (0.5 equiv)
¥ DCE (0.05-0.1 M)
17 & 18 MsOH (3-6 equiv.)
0°C, upto 24 h

X=0,S

Scheme 4A.1.9: DDQ-induced homocoupling of 2-aryl-benzo[b]furans (17) and
2-aryl-benzo[b]thiophenes (18)

Da and coworkers elegantly explored the use of 2,2,6,6-tetramethylpiperidinylmagnesium
chloride (TMPMgCI) for the first time towards the direct homocoupling of various electron-
deficient azaarenes including quinolines (21), isoquinolines (22), and quinoxalines (23) using
tetramethylethylenediamine (TMEDA), affording their corresponding dimerized products
(24-26) in moderate-to-good yields (Scheme 4A.1.10).%°
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IS !
| " |
RN TMPMgCI (1.5 equiv.) - — PLACN
f ]: 3 TMEDA (1.2 equiv.) /7 \ /TN /R EL:
e Toluene, 60°C %4/ e TN :[ ]
] |
BN |
21-23 2 SN |
X=N,Y=C,Z=C | 25 :
Y=N,X=C,Z=C
X=N,Y=C,Z=N
Scheme 4A.1.10: TMPMgCl-promoted homocoupling of various electron-deficient azaarenes
(21-23)

The fascinating biological profiles of the above described bis-heterocycles have drawn the
attention of Cao et al. towards developing regioselective Cu(l)-catalyzed strategy for
intermolecular direct C-H homocoupling of imidazo[1,2-a]pyridines (27) at the C-3 position
using 2,2'-bipyridine as ligand in DMSO in good-to-excellent yields (Scheme 4A.1.11).%°
R1—A//N R
f CuGEmol%) NN

2,2-bipyridine (10 mol %) AN
DMSO, 120 °C R— NN g
02 NM

Scheme 4A.1.11: Cu-catalyzed homocoupling of imidazo[1,2-a]pyridines (27)

Despite some valuable advantages, this homocoupling strategy suffers from certain limitations
including the use of metal catalysts, ligands, and high-temperature conditions. As a part of our
continuing study on the C—H functionalization of imidazo[1,2-a]pyridines, we aimed to develop
a complementary transition metal-free strategy for the direct homocoupling of
2-arylimidazo[1,2-a]pyridines.

4A.2 Results and Discussion

In contrast to well-exemplified C-3 nucleophilic reactivity of imidazo[1,2-a]pyridine, we aimed
to explore umpolung reactivity at C-3 for developing a sustainable transition metal-free strategy
for synthesizing biimidazo[1,2-a]pyridine. Initially, the reaction of
2-phenylimidazo[1,2-a]pyridine (27a) with 0.5 equiv. of PIDA in 2,2,2-trifluoroethanol (TFE)
was carried out at room temperature (Table 4A.2.1). To our delight, the reaction under ambient
conditions for 18 h afforded the targeted 2,2’-diphenyl-3,3'-biimidazo[1,2-a]pyridine (28a) in
32% vyield (Table 4A.2.1, entry 1). Interestingly, the use of higher equivalents of PIDA (1 and
1.5 equiv.) under similar conditions increased the isolated yield of 28a to 50% (Table 4A.2.1,
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entries 2 and 3). Unfortunately, when the same reaction was carried out at 50 °C and 80 °C, the
yield of 28a got decreased due to the formation of unidentified by-products (Table A4.2.1,
entries 4 and 5). Solvent screening studies showed that the solvent has a crucial role to play in
this transformation. Solvents such as CH3sCN, DMF, hexafluoro-2-propanol (HFIP), DCE, and
CHCI3 were less effective as compared to 2,2,2-trifluoroethanol (TFE) for the desired
transformation (Table 4A.2.1, entries 6-10); however, the use of DCM at room temperature was
found to be comparatively better, affording 28a in 58% yield under the described conditions
(Table 4A.2.1, entry 11).

Table 4A.2.1: Selected optimization of reaction conditions for the synthesis of 28a2

N Reagent
Z 3_@ Additive
N / Solvent

Reaction Condition

27a
Entry Reagent (equiv.) '?:lqdl;::\'/\_/f Solvent Y';)db

1 PhI(OAC), (0.5) - TFE 32

PhI(OAC), (1.0) - TFE 46
3 Ph1(OAC): (1.5) - TFE 50
4e PhI(OAC); (1.5) - TFE 46
54 Ph1(OAC): (1.5) - TFE 42
6 Ph1(OAC): (1.5) - CHsCN 40
7 PhI(OAC); (1.5) - DMF 34
8 Ph1(OAC): (1.5) - HFIP 38
9 Ph1(OAC): (1.5) - DCE 49
10 PhI(OAC); (1.5) - CHCl; 47
11 PhI(OACc): (1.5) - DCM 58
12 PhI(O2CCF3), (1.5) - DCM 56
13 PhIO (1.5) - DCM 28
14 PhI(OAC); (1.5) KI (1) DCM 43
15 PhI(OAC); (1.5) TBAI (1) DCM 46
16 PhI(OAC)2 (1.5) BFs.OEt2 (0.2) DCM 65
17 Phl(O,CCF3), (1.5) BF;.0OEt; (0.2) DCM 63

4Reaction conditions: 2-Phenylimidazo[1,2-a]pyridine (27a) (0.2 mmol), oxidant (0.3 mmol), additive, solvent (3
mL), room temperature, 18 h.; Plsolated yield; ¢ Temperature = 50 °C; ¢ Temperature = 80 °C.

In search for a better oxidant for the desired transformation, the use of Phl(O.CCF3). and PhlO
gave 28a in almost comparable and lower yields, respectively (Table 4A.2.1, entries 12 and 13).
In addition, the use of a stoichiometric amount of KI or TBAI as additives under PIDA-mediated
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conditions were disappointing (Table 4A.2.1, entries 14 and 15). Gratifyingly, the use of
BF3.0OEt in catalytic amounts and 1.5 equiv. PhI(OAc)2 in DCM was found to be the optimum
reaction condition, affording 28a in 65% isolated yield (Table 4A.2.1, entry 16). A similar effect
was observed for the addition of BFs:.OEt, and 1.5 equiv. Phl(O2CCFz), in DCM (Table
4A.2.1entry 17). No further improvement in the yield of 28a was observed by increasing the
concentration of BF3.OFEt;

With the optimized conditions, the generality of the homocoupling reaction was investigated
using a variety of  2-arylimidazo[l,2-a]pyridines  (27)  (Scheme  4A.2.1).
2-arylimidazo[1,2-a]pyridines bearing a OMe group at the aryl ring showed excellent reactivity,
affording the corresponding biimidazo[1,2-a]pyridines (28b-c) in 69-72% vyields. The presence
of Me groups either in the aryl or pyridyl ring of 27 resulted in the formation of expected dimers
(28d-e) in 66% and 59% vyields, respectively. Moreover, the presence of Me groups on both the
pyridyl and aryl rings also showed a similar reactivity, affording 28f-g in 65-66% yields,
whereas the presence of Me and OMe groups in the pyridyl and aryl rings, respectively, afforded
(28h-i) in 71 and 74% yields respectively. Interestingly, the presence of two OMe groups on the
aryl ring resulted in the formation of 28j in 78% vyield (Scheme 4A.2.1). The introduction of a
bulky aryl (naphthyl) or heteroaryl (thienyl) ring at the C-2 position of imidazo[1,2-a]pyridine
exhibited slightly lower reactivity under the optimized conditions, affording the corresponding
dimeric products 28k and 28l in 60% and 55% yields, respectively.
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. =N
PIDA (1.5 equiv.) RI—= Ar
NN BF;.OEt, (0.2 equiv.) \/N 7
R'—— Y Ar >
N DCM, r.t., 18-24 h N
Ar MR1
27 N 4
28

Scheme 4A.2.1: Substrate scope of 2-arylimidazo[1,2-a]pyridines (27)

Unfortunately, 2-arylimidazo[1,2-a]pyridines bearing weak and strong electron-withdrawing
groups such as Br, Cl, F, and NO at para position of phenyl ring failed to afford the desired
biimidazo[1,2-a]pyridines at room temperature or even under reflux conditions (Scheme 4A.2.1).
In addition, C-6 chloro- or bromo-substituted 2-arylimidazo[1,2-a]pyridines resulted in the trace
amount of expected homocoupled products that were not isolated. Although

imidazo[1,2-a]pyridines possessing aryl group at the C-2 position performed well in this
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reaction, unfortunately, unsubstituted and C-2 methyl-substituted imidazo[1,2-a]pyridines were
found to be completely unreactive, which signifies a crucial necessity of the aryl group at the
2-position under the present conditions (Scheme 4A.2.1). To further extend the scope of our
methodology, other imidazo-heterocycles such as 2-arylimidazo[2,1-b]thiazole (29a-b), and
2-arylbenzo[d]imidazo[2,1-b]thiazole (29c) were allowed to react under optimized conditions.
Delightfully, the corresponding biimidazo heteroarenes (30a—c) were obtained in 57-67% vyields
(Scheme 4A.2.2).

S\rN — R PIDA (1.5 equiv.)
_ - / BF3.OEt, (0.2 equiv.)
| &NJ_@ DCM, r.t., 20-24 h

29

(0]
30a, 57% 30b, 67% N\ 30c, 64%

Scheme 4A.2.2: Scope of 2-arylimidazo-heterocycles (29a-c)

All the synthesized compounds were isolated by column chromatography and characterized by
detailed spectroscopic analysis including *H and 3C NMR. A representative H and *C NMR
spectrums are shown in Figures 4A.2.1 and 4A.2.2, Further to affirm the proposed structure, as a
representative example, a single crystal of 30c was grown in chloroform for X-ray diffraction
analysis. Compound 30c crystallized in the monoclinic space group P21/c. An ORTEP diagram

of 30c is shown in Figure 4A.2.3.

132



Part A

Chapter 4

T T T
50 40 30 20 10

60

70

o
Fa
in
Fa
<
[ =
in
ra
=
Fd
- O
Y
L= o
I = 00'S5—
>
B - T~
zoe— I-zo'9 o
a
=
Fé r )
o
L P
° R 2
[ o2 sz
g o
= & T
Lo —
™~ Ly
| wn —
L= i H
N
N seon
- - <L eormrl
M= ra < orzi—
86 FTT —
L m 99'8TT~—
L2 S ...n.vn._"/
SL'9 ) ST'STI-L
8L u\. F Leoy =’  eL9TI—
959 - L esea
mﬂ....V LTy r~ nn“omﬂ\m
ser forz sezer )
Rery| o, EEPET
69'L I~
N T .
s o0z
we 8 LPT—
L= ZLEYT—
=
Lo ZL65T—
B
o
ra
L w

80

1 (ppm)

Figure 4A.2.2: 3C NMR spectrum of 30c
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Figure 4A.2.3: An ORTEP diagram of 30c
To evaluate the scalability of the PIDA-mediated homocoupling strategy, a gram-scale reaction
was performed using 27h under described conditions, affording the desired
biimidazo[1,2-a]pyridine 28h in 69% yield, almost the same as that obtained on a smaller scale
(Scheme 4A.2.3).

PIDA (1.5 equiv.)

=N O/ BF;-OFEt, (0.2 equiv.
N N\//\ < > DCM, r.t., 26 h

28h, 69%
0.687 grams

Scheme 4A.2.3: Gram scale synthesis of 28h

To further advance the synthetic strategy, we attempted to develop an organocatalytic approach
for the oxidative homocoupling of imidazo-heterocycles. To our delight, the use of catalytic
amounts of iodobenzene and oxidant m-CPBA and AcOH facilitated the formation of
biimidazo[1,2-a]pyridines at room temperature in DCM (Scheme 4A.2.4). This organocatalytic
approach was utilized for the synthesis of a few more biimidazo[1,2-a]pyridines (28m-o0) along
with previously synthesized biimidazo-heterocycles (28a, 28j, and 30b) (Scheme 4A.2.4). The
organocatalytic approach provided previously synthesized biimidazo-heterocycles (28a, 28j, and
30b) in comparatively lower yields, and longer reaction time (up to 30 h) was required for their
synthesis. This methodology could be believed to proceed via the in-situ generation of
PhI(OAC). from Phl using m-CPBA/ACOH.
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Phl (0.2 equiv.) AN
m-CPBA (3 equiv.) [\lj/ A

-~ _N
.' r/f” AcOH (5 equiv.)

DCM, rt,24-30h

28a, 41% \  28j,58%

o
I 30b, 53%

Scheme 4A.2.4: Synthesis of biimidazo-heterocycles (28m-0) via organocatalytic approach

To gain some insights into the mechanism of the reaction, a few control experiments were
performed (Scheme 4A.2.5). The reaction proceeded smoothly in the presence of 3 equivalent of
a radical scavenger TEMPO, affording the expected product 28h in 68% yield. This provides a
clear evidence for the non-radical mechanism (Scheme 4A.2.5i). To ascertain the intermolecular
nature of the coupling reaction, the reaction of 2-phenylimidazo[1,2-a]pyridine (27a) and
8-methyl-2-(p-tolyl)imidazo[1,2-a]pyridine (27f) was performed under the standardized reaction
conditions (Scheme 4A.2.5ii).
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PIDA (1.5 equiv)
BF3.0OEt, (0.2 equiv.)

_ AN o TEMPO(3equiv.),
(@) s N_/ DCM, r.t., 20 h

PIDA (1.5 equiv) =
27a . /
BF5-OEt; (0.2 equiv.)
+ DCM,rt,24h + 28a + 28f
=N 74
s N7 N
27f 28p

Detected by ESI-MS:415.4423 (M+H)*
Scheme 4A.2.5: Control experiments
After 24 h, the TLC of the crude mixture showed a number of closely visualized spots.
Gratifyingly, the mass of the crude product affirmed the formation of the cross-coupled product

(28p), in addition to the two expected homocoupled products (28a and 28f) (Figure 4A.2.4).

28p: [M+HJ*

Ll = ]

s 28a: [M+H]*

®
£

8f: [M+H]"

-
ey g

Figure 4A.2.4: ESI-MS of crude reaction mass
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Based on the control experiments and previous reports,®?361%3 3 plausible mechanism is
proposed (Scheme 4A.2.6). The reaction is believed to proceed via BF3.OEt>-accelerated C-3
nucleophilic attack of imidazo[1,2-a]pyridine (27a) on PhI(OAc). (PIDA), forming intermediate
B through the formation of nitrenium species A. The C-3 nucleophilic attack of the second
molecule of imidazo[1,2-a]pyridine (27a) on B possibly via Sn2' pathway generates species C,
with the subsequent elimination of iodobenzene (path A). Thereafter, species C will eliminate
acetic acid to afford biimidazo[1,2-a]pyridine (28a). Alternatively, the substitution of OAc ion in
B with 27a may generate D, which upon 1,2-migration and subsequent elimination of Phl yields
28a (path B).

= =N

N N /3
|
ph

\I B
»/A;(;/ “Ph
|

-Phl

Ph Path B

Ligand exchange

- AcOH
N
1,2-migration
X N& >
( N -Phl
P Ph 27a=IP
D

Scheme 4A.2.6: Plausible mechanism for PIDA-mediated homocoupling of

imidazo[1,2-a]pyridine.
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From the proposed mechanism, it is evident that presence of electron-withdrawing groups on aryl
or pyridyl rings of imidazo[1,2-a]pyridine will disfavor the formation of intermediate species A.
In addition, it will reduce the nucleophilicity of the second attacking imidazo[1,2-a]pyridine
molecule, thereby disfavoring the formation of 28a.

In summary, we have developed a metal-free PIDA-mediated, BF3-OEt;-accelerated oxidative
atom-economical process for the synthesis of biimidazo-heterocycles. In addition a
complementary organocatalytic approach for the synthesis of biimidazo-heterocycles using 20
mol % of iodobenzene with m-CPBA/AcOH was also reported.

4A.3 Experimental Section

4A.3.1 General Materials and Methods

All the chemicals were purchased from Sigma-Aldich, Alfa Aesar, and Spectrochem India Pvt.
Ltd and used without further purification. The solvents used were purchased from Merck (India)
and were distilled and dried before use. Nuclear magnetic resonance spectra were recorded on
Bruker 400 spectrometer. All H NMR experiments were reported in ¢ units, parts per million
(ppm), and were measured relative to residual chloroform (7.26 ppm) or DMSO (2.5 ppm) in the
deuterated solvent. All *C NMR spectra were reported in ppm relative to deuterochloroform
(77.0 ppm) or [de] DMSO (39.5 ppm). All coupling constants J were reported in Hz. The
following abbreviations were used to describe peak splitting patterns when appropriate:
s = singlet, d = doublet, t = triplet, dd = doublet of doublet, m = multiplet and br s = broad
singlet. Melting points were determined on a capillary point apparatus equipped with a digital
thermometer and are uncorrected. High resolution mass spectra were recorded with a TOF
analyzer spectrometer by using electrospray mode.

General procedure for PIDA-mediated synthesis of biimidazo-heterocycles

Method A: A mixture of imidazo-heterocycle (27a-I or 29a—c) (0.4 mmol), PIDA (0.6 mmol),
and BF3.OEt, (0.08 mmol) in DCM (10 mL) was stirred under ambient conditions at room
temperature for 18-24 h. The reaction was monitored via TLC. Water (10 mL) was added to the
reaction mixture, and the organic layer was washed with a 10% sodium bicarbonate solution (10
mL x 2). The organic layer was concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography [SiO2 (100-200 mesh), hexanes/EtOAc, 8:2 v/v],
affording the corresponding biimidazo-heterocycle (28a—I or 30a—c).
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General procedure for synthesis of biimidazo-heterocycles via an organocatalytic approach
Method B: A mixture of imidazo-heterocycle (27m-o, 27a, 27j, or 29b) (0.4 mmol),
iodobenzene (0.08 mmol), m-CPBA (1.2 mmol), and acetic acid (2 mmol) were added to DCM
(10 mL) at 0 °C; the resulting mixture was stirred under ambient conditions at room temperature
for 24-30 h. Water (10 mL) was added to the reaction mixture. The organic layer was separated
and washed with a 10% sodium bicarbonate solution (10 mL x 2). The organic layer was
concentrated under reduced pressure. The crude product was purified by silica gel column
chromatography [SiO2 (100-200 mesh), hexanes/EtOAc, 8:2 v/v], affording the corresponding
biimidazo-heterocycle (28m-o, 28a, 28j, or 30b).

2,2'-Diphenyl-3,3'-biimidazo[1,2-a]pyridine (28a): White solid; yield: 64 mg (65%, Method
A); mp: 245-247 °C; *H NMR (400 MHz, CDCls) ¢ 7.81 (d, J = 9.0 Hz,
2H), 7.77 - 7.71 (m, 4H), 7.49 (d, J = 6.8 Hz, 2H), 7.31 (d, J = 7.9 Hz,
2H), 7.28 — 7.24 (m, 6H), 6.68 (t, J = 6.8 Hz, 2H); *C NMR (100 MHz,
CDCl3) ¢ 146.6, 145.8, 133.2, 128.9, 128.4, 126.7, 126.2, 123.9, 117.7,
112.9, 108.3; HRMS (ESI-TOF) (m/z) calculated Co6H19N4": 387.1609 ;
found 387.1617 [M+H]".

2,2'-Bis(2-methoxyphenyl)-3,3'-biimidazo[1,2-a]pyridine (28b): Yellow solid; yield: 68 mg
(69%, Method A); mp: 261-263 °C; *H NMR (400 MHz, CDCls) ¢
7.76 (d, J = 8.9 Hz, 2H), 7.65 (d, J = 6.7 Hz, 2H), 7.37 (d, J = 7.0 Hz,
2H), 7.28 — 7.22 (m, 2H), 7.19 (t, J = 7.4 Hz, 2H), 6.80 (t, J = 7.4 Hz,
2H), 6.71 (d, J = 7.1 Hz, 4H), 3.21 (s, 6H); *C NMR (100 MHz,
CDCI3) ¢ 156.6, 145.7, 143.4, 130.9, 129.4, 125.0, 124.0, 122.7,
120.6, 117.5, 112.3, 112.0, 110.5, 54.8; HRMS (ESI-TOF) (m/z)
calculated C2sH23N4O,": 447.1821; found 447.1842 [M+H]".
2,2'-Bis(4-methoxyphenyl)-3,3'-biimidazo[1,2-a]pyridine (28c): White solid; yield: 71 mg
(72%, Method A); mp: 260-262 °C; 'H NMR (400 MHz,
CDCl3) 0 7.77 (d, J = 9.0 Hz, 2H), 7.68 (d, J = 8.9 Hz, 4H), 7.47
(d, J = 6.8 Hz, 2H), 7.30 — 7.25 (m, 2H), 6.80 (d, J = 8.9 Hz,
4H), 6.67 (dd, J = 9.8, 3.7 Hz, 2H), 3.77 (s, 6H); 1*C NMR (100
MHz, CDCIls) ¢ 159.8, 146.5, 145.8, 127.9, 126.0, 125.9, 123.9,
117.4, 114.2, 112.7, 107.4, 55.2; HRMS (ESI-TOF) (m/z) calculated CzsH23N4O,": 447.1821;
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found 447.1845 [M+H]".

2,2'-Di-p-tolyl-3,3'-biimidazo[1,2-a]pyridine (28d): White solid; yield: 65 mg (66%, Method
A); mp: 277-279 °C; *H NMR (400 MHz, CDClz) 6 7.82 — 7.78
(m, 2H), 7.63 (d, J = 8.2 Hz, 4H), 7.50 — 7.46 (m, 2H), 7.32 — 7.29
(m, 2H), 7.07 (d, J = 8.0 Hz, 4H), 6.67 (td, J = 6.8, 1.1 Hz, 2H),
2.30 (s, 6H); 13C NMR (100 MHz, CDCls) § 146.5, 145.9, 138.4,
130.4, 129.6, 126.4, 126.1, 123.9, 117.5, 112.8, 107.9, 21.2;
HRMS (ESI-TOF) (m/z) calculated CagH23N4": 415.1922; found 415.1935 [M+H]".
7,7'-Dimethyl-2,2'-diphenyl-3,3'-biimidazo[1,2-a]pyridine (28e): Yellow solid; yield: 58 mg
(59%, Method A); mp: 263-265 °C; 'H NMR (400 MHz, CDCls)
§7.73 (dd, J = 7.2, 2.3 Hz, 4H), 7.55 (s, 2H), 7.36 (d, J = 7.0 Hz,
2H), 7.29 — 7.20 (m, 6H), 6.50 (dd, J = 7.0, 1.3 Hz, 2H), 2.42 (s,
6H); $3C NMR (100 MHz, CDCls) § 146.9, 145.4, 137.4, 133.4,
128.8, 128.2, 126.7, 123.1, 116.1, 115.5, 107.8, 29.7; HRMS (ESI-
TOF) (m/z) calculated CogH23N4™: 415.1922; found 415.1939 [M+H]".
8,8'-Dimethyl-2,2'-di-p-tolyl-3,3'-biimidazo[1,2-a]pyridine (28f): Yellow solid; yield: 65 mg
(66%, Method A); mp: 256-258 °C; 'H NMR (400 MHz, CDCls)
57.66 (d, J=8.2 Hz, 4H), 7.34 (d, J = 6.7 Hz, 2H), 7.05 (d, J = 7.7
Hz, 6H), 6.55 (t, J = 6.8 Hz, 2H), 2.78 (s, 6H), 2.29 (s, 6H); *C
NMR (100 MHz, CDClIs) ¢ 146.8, 145.3, 137.9, 130.8, 129.4,
127.5, 126.6, 124.6, 121.7, 112.6, 108.7, 21.2, 17.0; HRMS (ESI-
TOF) (m/z) calculated CsoH27N4": 443.2235; found 443.2251 [M+H]".
6,6'-Dimethyl-2,2'-di-p-tolyl-3,3'-biimidazo[1,2-a]pyridine (28g): Yellow solid; yield: 64 mg
(65%, Method A); mp: 268-269 °C; *H NMR (400 MHz, CDCls) 6
7.69 (d, J = 9.1 Hz, 2H), 7.62 (d, J = 8.1 Hz, 4H), 7.23 (s, 2H),
7.14 (d, J = 9.1 Hz, 2H), 7.06 (d, J = 8.0 Hz, 4H), 2.29 (s, 6H),
2.14 (s, 6H); C NMR (100 MHz, CDCl3) 6 145.8, 145.5, 138.1,
130.6, 129.5, 129.2, 126.4, 122.7, 121.5, 116.8, 107.7, 21.2, 18.2;
HRMS (ESI-TOF) (m/z) calculated C3oH27N4™: 443.2235; found 443.2258 [M+H]".
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2,2'-Bis(4-methoxyphenyl)-7,7'-dimethyl-3,3'-biimidazo[1,2-a]pyridine (28h): Yellow solid,;

yield: 73 mg (74%, Method A); mp: 248-250 °C; *H NMR (400
MHz, CDCls) 6 7.67 (d, J = 8.4 Hz, 4H), 7.51 (s, 2H), 7.35 (d, J
= 6.7 Hz, 2H), 6.79 (d, J = 8.3 Hz, 4H), 6.49 (d, J = 6.6 Hz, 2H),
3.77 (s, 6H), 2.42 (s, 6H): 3C NMR (100 MHz, CDCls) & 159.6,
146.9, 145.3, 137.0, 127.9, 126.2, 123.1, 115.9, 115.3, 114.2,

106.9, 55.2, 21.4; HRMS (ESI-TOF) (m/z) calculated C3oH27N4O2": 475.2134; found 475.2147

[M+H]".

2,2'-Bis(2-methoxyphenyl)-6,6'-dimethyl-3,3'-biimidazo[1,2-a]pyridine (28i): White solid,;

yield: 70 mg (71%, Method A); mp: 231-233 °C; *H NMR (400 MHz,
CDCl3) 0 7.65 (d, J =9.1 Hz, 2H), 7.43 (s, 2H), 7.35 (dd, J = 7.5, 1.5
Hz, 2H), 7.22 — 7.16 (m, 2H), 7.09 (d, J = 9.1 Hz, 2H), 6.80 (t, J = 7.4
Hz, 2H), 6.73 (d, J = 8.3 Hz, 2H), 3.26 (s, 6H), 2.17 (s, 6H); 3C NMR
(100 MHz, CDCls) ¢ 156.6, 144.8, 143.1, 131.0, 129.3, 128.0, 123.1,
121.9, 121.8, 120.5, 116.8, 111.9, 110.4, 54.8, 18.1; HRMS (ESI-

TOF) (m/z) calculated C3oH27N4O2": 475.2134; found 475.2141 [M+H]".
2,2'-Bis(3,4-dimethoxyphenyl)-3,3'-biimidazo[1,2-a]pyridine (28j): Yellow solid; yield: 77

mg (78%, Method A); mp: 254-258 °C; *H NMR (400 MHz,
CDCls) 6 7.80 (d, J = 9.0 Hz, 2H), 7.51 (d, J = 6.8 Hz, 2H),
7.34 —7.29 (m, 4H), 7.26 (dd, J = 8.4, 1.9 Hz, 2H), 6.77 — 6.68
(m, 4H), 3.84 (s, 6H), 3.61 (s, 6H); *C NMR (100 MHz,
CDCls) § 149.2, 149.0, 146.4, 145.6, 126.2, 125.9, 124.0,
119.3, 117.3, 112.9, 111.3, 109.3, 107.9, 55.8, 55.5; HRMS

(ESI-TOF) (m/z) calculated CsoH27N4O4": 507.2032; found 507.2049 [M+H]".
6,6'-Dimethyl-2,2'-di(naphthalen-2-yl)-3,3'-biimidazo[1,2-a]pyridine (28k): White solid;

yield: 59 mg (60%, Method A); mp: 264-266 °C; 'H NMR
(400 MHz, CDCl3) ¢ 8.39 (s, 2H), 7.83 — 7.70 (m, 8H), 7.68 (d,
J = 8.6 Hz, 2H), 7.42 (dd, J = 5.7, 3.6 Hz, 4H), 7.32 (s, 2H),
7.18 (d, J = 8.2 Hz, 2H), 2.11 (s, 6H); 3C NMR (100 MHz,
CDClz) o 145.8, 145.8, 133.5, 133.1, 130.9, 129.6, 128.6,
128.5, 127.5, 126.2, 126.1, 125.9, 124.1, 123.0, 121.5, 117.0,
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108.4, 18.2; HRMS (ESI-TOF) (m/z) calculated CssHa7N4* : 515.2235; found 515.2251 [M+H]*.
2,2'-Di(thiophen-2-yl)-3,3'-biimidazo[1,2-a]pyridine (28l): Yellow solid; yield: 54 mg (55%,
Method A); mp: 253-254 °C; 'H NMR (400 MHz, CDCls) 6 7.83 (d, J
= 9.1 Hz, 2H), 7.57 (d, J = 6.8 Hz, 2H), 7.39 — 7.32 (m, 2H), 7.23 (d, J
= 4.8 Hz, 2H), 7.08 — 6.99 (m, 2H), 6.91 (dd, J = 4.7, 4.0 Hz, 2H), 6.78
(t, J = 6.7 Hz, 2H); 3C NMR (100 MHz, CDCls) ¢ 146.8, 142.3,
135.9, 127.9, 126.6, 126.2, 125.2, 124.1, 117.6, 113.3, 106.1; HRMS
(ESI-TOF) (m/z) calculated C22H15N4S2*: 399.0738; found 399.0750 [M+H]".
7,7'-Dimethyl-2,2'-di-p-tolyl-3,3'-biimidazo[1,2-a]pyridine (28m): White solid; yield: 49 mg
(50%, Method B); mp: 250-252 °C; *H NMR (400 MHz, CDCls)
08.03 (d, J =8.2 Hz, 4H), 7.99 (d, J = 7.0 Hz, 2H), 7.40 (s, 2H),
7.31 (d, J = 8.0 Hz, 4H), 6.77 (dd, J = 7.0, 1.3 Hz, 2H), 2.45 (s,
6H), 2.43 (s, 6H); 3C NMR (100 MHz, CDCl3) § 144.1, 139.5,
137.9, 135.8, 129.8, 129.2, 127.3, 121.8, 115.9, 115.4, 104.6,
21.4,21.3; HRMS (ESI-TOF) (m/z) calculated C3oH27N4": 443.2235; found 443.2218 [M+H]".
2,2'-Bis(3-methoxyphenyl)-7,7'-dimethyl-3,3'-biimidazo[1,2-a]pyridine (28n): Yellow solid;
yield: 53 mg (54%, Method B); mp: 247-249 °C; *H NMR (400
MHz, CDClz) ¢ 7.55 (s, 2H), 7.38 (d, J = 7.1 Hz, 2H), 7.35 —
7.32 (m, 2H), 7.24 (d, J = 7.8 Hz, 2H), 7.14 (t, J = 7.9 Hz, 2H),
6.80 (dd, J = 8.2, 1.8 Hz, 2H), 6.53 (dd, J = 7.0, 1.5 Hz, 2H),
3.62 (s, 6H), 2.43 (s, 6H); 3C NMR (100 MHz, CDCl3) ¢ 159.8,
146.8, 145.3, 137.4, 134.7, 129.8, 123.2, 118.9, 116.0, 115.6,
115.2, 110.8, 107.9, 55.1, 21.4; HRMS (ESI-TOF) (m/z) calculated CzoH27N4O2": 475.2134;
found 475.2150 [M+H]".
2,2'-Bis(4-methoxyphenyl)-8,8'-dimethyl-3,3'-biimidazo[1,2-a]pyridine (280): White solid;
yield: 54 mg (55%, Method B); mp: 244-247 °C; *H NMR (400
MHz, CDCl3) 6 7.73 — 7.68 (m, 4H), 7.37 — 7.30 (m, 2H), 7.08 —
7.03 (m, 2H), 6.81 — 6.76 (m, 4H), 6.55 (t, J = 6.8 Hz, 2H), 3.76
(s, 6H), 2.77 (s, 6H); ¥C NMR (100 MHz, CDCls) § 159.6,
146.8, 145.2, 128.0, 127.4, 126.4, 124.6, 121.7, 114.1, 112.6,
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108.2, 55.2, 17.0; HRMS (ESI-TOF) (m/z) calculated C3oH27N4O2*: 475.2134; found 475.2145
[M+H]*

6,6'-Diphenyl-5,5'-biimidazo[2,1-b]thiazole (30a): Yellow solid; yield: 56 mg (57%, Method
A); mp: 268-270 °C; *H NMR (400 MHz, CDCls) 6 7.74 — 7.68 (m,
4H), 7.37 — 7.28 (m, 6H), 6.78 (d, J = 4.5 Hz, 2H), 6.70 (d, J = 4.5 Hz,
2H); *C NMR (100 MHz, CDCl3) ¢ 150.8, 145.9, 133.6, 128.9, 127.9,
126.3, 118.1, 112.7, 110.8; HRMS (ESI-TOF) (m/z) calculated
C22H15N4S2™: 399.0738; found 399.0727 [M+H]".

6,6'-Bis(4-methoxyphenyl)-5,5'-biimidazo[2,1-b]thiazole (30b): Yellow solid; yield: 67 mg
(67%, Method B); mp: 271-273 °C; 'H NMR (400 MHz, CDCls) ¢
7.63 (d, J =8.9 Hz, 4H), 6.85 (d, J = 8.9 Hz, 4H), 6.79 (d, J = 4.5 Hz,
2H), 6.68 (d, J = 4.5 Hz, 2H), 3.81 (s, 6H); *C NMR (100 MHz,
CDCIs) 6 159.3, 150.6, 145.9, 127.6, 126.3, 118.1, 114.3, 112.3, 109.9,
55.2; HRMS (ESI-TOF) (m/z) calculated C24H19N4O,S;*: 459.0949;
found 459.0965 [M+H]".
2,2'-Bis(3-methoxyphenyl)-3,3'-bibenzo[d]imidazo[2,1-b]thiazole (30c): White solid; yield: 63
mg (64%, Method A); mp: 260-262 °C; *H NMR (400 MHz, CDCls) §
7.78 —7.64 (m, 2H), 7.37 — 7.32 (m, 4H), 7.27 — 7.21 (m, 2H), 7.17 —
7.10 (m, 4H), 6.83 — 6.74 (m, 4H), 3.62 (s, 6H); *C NMR (100 MHz,
CDCls) 6 159.7, 149.7, 147.8, 134.3, 132.4, 130.2, 129.8, 126.8, 125.1,
124.3,118.7,114.9, 112.7, 111.0, 110.6, 55.0; HRMS (ESI-TOF) (m/z)
calculated C32H23N402S;*: 559.1262; found 559.1275 [M+H]".

4A.4 X-ray Crystallography Studies

Initial crystal evaluation and data collection were performed on a Kappa APEX Il diffractometer
equipped with a CCD detector (with the crystal-to-detector distance fixed at 60 mm) and sealed-
tube monochromated MoKa radiation using the program APEX2.%* By using the program
SAINT®* for the integration of the data, reflection profiles were fitted, and values of F2 and o(F?)
for each reflection were obtained. Data were also corrected for Lorentz and polarization effects.
The subroutine XPREP® was used for the processing of data that included determination of
space group, application of an absorption correction (SADABS)*, merging of data, and
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generation of files necessary for solution and refinement. The crystal structure was solved and

refined using SHELX 97.% The space group was chosen based on systematic absences and

confirmed by the successful refinement of the structure. Positions of most of the non-hydrogen

atoms were obtained from a direct methods solution. There were two independent molecules of

30c along with a lattice chloroform molecule in the asymmetric unit. Several full-matrix

least-squares/difference Fourier cycles were performed, locating the remainder of the non-

hydrogen atoms. All non-hydrogen atoms were refined with anisotropic displacement

parameters. All hydrogen atoms except that for the disordered chloroform solvent (one of the

chlorines was disordered over two positions with equal occupancies) were placed in ideal

positions and refined as riding atoms with individual isotropic displacement parameters. All

figures were drawn using MERCURY V 3.0% and Platon.®’

4A.4.1 Crystallographic data for 30c (CCDC No. 1530436)

0.5CHCI3. C325H235N402S,Cl15, My = 619.345, monoclinic, space group P21/c, a = 19.270(16)

A, b=10.347(9) A, ¢ = 21.930(19) A, a = 90°, # = 92.29(2)°, y = 90°, V = 4369(6) A%, z=8, T

= 296(2) K, Dcaica = 1.883 g/cm?; Full matrix least-square on F%;, Ry = 0.0719, wR2 = 0.1816 for

4547 observed reflections [I > 20(1)] and Ry = 0.1308, wR2> = 0.2349 for all 7685 reflections;

GOF =1.002.
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CHAPTER 4B

Transition Metal-Free Homocoupling of
Imidazo-Heterocycles Linked via Sulfur Bridges
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4B.1 Introduction

Sulfur heterocycles and sulfur-derived functional groups constitute an integral part of numerous
natural products and potential pharmaceuticals.’ Over the years, the accountability of sulfur in
about 362 FDA approved drugs has strongly contributed in building up its dominating repute,
besides carbon and nitrogen.® In particular, sulfide and disulfide linkages are frequently observed
in many drugs and bioactive alkaloids such as Discorhabdin B, Butoconazole, Axitinib,
Disulfram, Epicorazin B, Emerthallicin E etc. (Figure 4B.1.1)126 Disulfide linkages are also
responsible for folding and stabilization of tertiary structure of proteins and enzymes.”®
Therefore, development of direct synthetic strategies for the construction of C-S-C and C-S-S-C

linkages are highly valuable.

Butoconazole (Tyrosine kinase |nh|b|tor

(Antifungal agent)

O
/\NJ,\sﬁsﬁfN\/
O
Disulfram
(Acetaldehyde ) ] 0O Emerthallicin E
dehydrogenase inhibitor) Epicorazin B R=H, COCPh

Figure 4B.1.1: Selective examples of drugs and natural alkaloids containing sulfide and
disulfide linkages

With the increasing voice of sustainable chemistry, cross-dehydrogenative coupling strategies
leading to the construction of C—C and C-X (X = N, S, O) bonds'®*® have streamlined the
chemical processes by providing shorter, atom-economical and environmentally benign
protocols.’*® The oxidative C—S bond formation is a highly useful, and equally challenging
approach for the construction of sulfur-containing frameworks.”*8 In this regard, a number of
transition-metal catalyzed!”1%?2 and metal-free?®>% C-S bond forming strategies have been
developed in recent years. In this context, molecular iodine has developed a significant repute
due to its close resemblance in the reactivity pattern and structural features with various heavy

transition metals complexes.?®?° lodine is one of the heaviest non-radioactive element in the
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Periodic Table classified as a non-metal. It can form inorganic and organic derivatives in various
oxidation states (—1, 0, +1, +3, +5, +7). Contentedly as an inexpensive, low-toxic and air
insensitive reagent, molecular iodine has been actively involved in various oxidative C—C, C—N,
C—0 and C-S bond formation reactions.?*3%-3* Appreciable efforts have been devoted towards
the oxidative C—S bond formation for sulfenylation/arylthiolation of different heterocyclic
frameworks under molecular iodine-catalyzed/mediated conditions (briefly summarized in

scheme 4B.1.1),31:33.35-48
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Scheme 4B.1.1: An overview of l.-catalyzed/mediated arylthiolation of various organic motifs

On the other hand, looking into the eye-catching biological profile of imidazo-heterocycles and
the occurrence of its core skeleton in various marketed drugs several efforts have been devoted
by various research groups towards the C-3 functionalization. In particular, sulfur decorated
imidazo[1,2-a]pyridines were synthesized using different sulfur source such as disulfides, thiols,
sulfenyl chlorides, sulfonyl hydrazines, sodium thiosulfate, sodium sulfonate, and elemental

sulfurs.*®*® Molecular iodide has been extensively employed by various research group for the
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regioselective C-3 aryl/heteroarylthiolation of imidazo[1,2-a]pyridine under different reaction
condition.

Braga and co-workers prepared C-3 sulfenylated imidazo[1,2-a]pyridines 16 with various diaryl
disulfides (13) using catalytic iodine and DMSO (Scheme 4B.1.2a). The author also extended the
methodology with other thiolating reagents such as thiols 14 and aryl sulfonyl hydrazide (15)
under the similar standardized condition to afford the corresponding sulfenylated products 13 in

comparatively lower yields (Scheme 4B.1.2b,c).*°

R3SSR3 13
(@) l5 (5 mol %)
DMSO (3 equiv.), 90 °C \
2 R3SH 14 2
R1@_®R (b) 1, (5mol %) = R
N ” DMSO (3 equiv.), 90 °C . R o _N-/
R3SO,NHNH, 15 SR°
2 2
() I, (5 mol %) / 16

DMSO (3 equiv.), 90 °C
Scheme 4B.1.2: I,-catalyzed regioselective C-3 thioarylation of imidazo[1,2-a]pyridine (12)
However, Hajra and co-worker used sulfonyl hydrazides (15) as a thiol surrogate for
regioselective sulfenylation at C-3 position of imidazo[1,2-a]pyridine (12) under catalytic iodine

condition in ethanol (Scheme 4B.1.3).53

R?-SO,NHNH, 15 N

N
R = /\)—R 220 mol %) _ gt = // R
N/ EtOH, 70 °C ~ N
12

R2
16 S

Scheme 4B.1.3: I,-catalyzed regioselective C-3 thioarylation of imidazo[1,2-a]pyridine (12)
Recently, Li and coworkers documented an elegant and regioselective approach for the direct
arylthiolation of imidazo[1,2-a]pyridines (12) with sodium sulfinates (17) using molecular iodine
in presence of triphenylphosphine under DMF. Apart from aromatic and heteroaromatic sodium
sulfinates, aliphatic sodium sulfinates were also reactive to produce the desired products in fairly
good yields (Scheme 4B.1.4).%’
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R3-SO,Na 17
I, (1 equiv.)

N — 2 2 — 2
R1_/\®_@R PPh; ( 2 equiv.)_ R1_/\r/N MR
N DMF, 80 °C N 7
12 SR?

16

Scheme 4B.1.4: I,-mediated regioselective C-3 thioarylation of imidazo[1,2-a]pyridine (12)

Very recently, Prabhu et a.l disclosed a convergent cross-dehydrogenative coupling strategy for
the C-3 sulfenylation of 2-arylimidazo[1,2-a]pyridines (12) from a variety of easily available
heterocyclic thiols or thiones (18), using iodine as catalyst and dimethyl sulfoxide as an oxidant
in fairly good to excellent yields (Scheme 4B.1.5).%° Similarly, Hiebel et al. also reported
iodine-catalyzed regioselective sulfenylation of imidazo[1,2-a]pyridines with various
thiophenols (14) in PEG-400, using hydrogen peroxide as an oxidizing agent (Scheme 4B.1.5).%°

SH s
I I,
{Het: or { Het 4g

l, (20 mol %)
DMSO, 80 °C, h

Za) R
R‘l
Svawa o

~ N S
14 /> 16

2

12 i
I (10 mol %) ot ar
H202 (11 eqUiV.)‘ teo

PEG-400, 50 °C, 2h

Scheme 4B.1.5: I-mediated regioselective C-3 thioarylation/heterothioarylation  of
imidazo[1,2-a]pyridine (12)

Interestingly, bis-heterocyclic compounds including; bis-indole, bis-(pyrimido)acridines,
bis-(pyrazolo)acridine, bis-(benzothiazolylquinazoline), bis-(1H-imidazo[1,2-a]benzimidazole),
bis-pyrrole, bis-quinoline, bis-azoles etc. were identified as potentially biologically active,
showing anticancer, antibacterial, antifungal, antiviral activities. In this regard few noticeable
efforts have been devoted by various research group’s for the synthesis of methylene linked
3,3-biimidazo[1,2-a]pyridine derivatives in recent times (Chapter 1, Scheme1.2.19).61-6¢

Janosik et al. synthesized 3,3'-bis(indolyl) disulfide (19) derivatives in an improved yield of 62-80

% simply by passing a stream of air through the reaction mixture, modifying the well established
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Dougherty’s process®’ of exposure of indoles to thiourea in the presence of iodine under basic
medium (Scheme 4B.1.6).%

I, (1 equiv.)
NH,CSNH, (3 equiv.

_/R
) \ 7/
R—'\ N\ NaOH (excess) o S/
“"A~N  EtOH, H,O, r.t., air, 18h HN _A~g \8"'
H -
X
19 N\ R

1

Scheme 4B.1.6: I,-mediated synthesis of 3,3'-dithiobisindoles (19)

Janosik and coworker synthesized 3,3'-bis(indolyl) sulfide (21) in a multiple steps using
N-protected 3,3'-bis(indolyl) disulfide (20) involving lithiated indole using n-butyl lithium
giving unsymmetrically protected 3,3'-bis(indolyl) sulfide, which upon treatment with 1 M KOH
(ag)-dioxane (1:1) at 80°C resulted in the formation of 21 (Scheme 4B.1.7).%°

(i) n-BuLi, THF, -78 °C
(i) CO,
(

\\ _(ii)) n-BuLi, THF, -78°C S~7"NH
N, (v)20, -78°Ctort. N\
H
21

1 H (v)1 M KOH (aq)-dioxane
(1:1), 80°C

Scheme 4B.1.7: Multiple steps synthesis of 3,3'-bis(indolyl) sulfide (21)

Li and coworker disclosed a robust C-H activation strategy for the selective synthesis of
3,3"-indolyl sulfide (21) and 3,3-indolyl disulfide (19) using nickel and iron catalyst respectively
with stoichiometric amount of potassium iodide in DMF. The reaction showcased substantial
compatibility with various substituent’s including aldehydes, halides, ester, nitrile, and nitro
(Scheme 4B.1.8).7

DMF, 110°C,6h RS2 N\ S~ NH

NiCl, (5 mol %) —( \ —
Kl (1 equiv.) H \ | //
21 Y

SO
Z N
1 M FeS0,.7H,0 (5 mol %

Kl (1 equiv.)

T R
) \_/

DMF, 110°C,6h  HN A oS~ NH

QR

Scheme 4B.1.8: Ni-catalyzed synthesis of 3,3-indolyl sulfide (21) & Fe-catalyzed 3,3'-indolyl
disulfide (19)
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Murai et al in 2014, demonstrated an efficient protocol for the synthesis of
bis imidazo[1,5-a]pyridyl sulfides (23) in appreciable yields in presence of CuTC (copper(l)
thiophenecarboxylate) by treating imidazo[1,5-a]pyridine (22) with elemental sulfur in DMSO at
90 °C under aerobic condition (Scheme 4B.1.9).”

N —
‘ N\>_Q LS, CuTc (20 mol %)

DMSO0,90 °C, 20 h

\// ” R? Air

Scheme 4B.1.9: Cu-catalyzed Synthesis of bisimidazo[1,5-a]pyridyl sulfides derivatives (23)

To complement these reports, it became highly desirable to develop environmentally benign
protocol for the construction of sulfur linked bis imidazo[1,2-a]pyridines as a potential
pharmacological lead. With our advent interest of functionalizing IP,%%72" herein we projected
to synthesis bis(imidazo[1,2-a]pyridin-3-yl)sulfanes under metal-free using appropriate sulfur
source.

4B.2 Results and Discussion

With an anticipation to synthesize sulfur-bridged dimeric imidazo-heterocycles and following a
trail from previous chapter work, we attempted the reaction of 2-phenylimidazo[1,2-a]pyridine
(24a) with 3 equiv. of sodium sulfide (Na:S) as a model reaction under PIDA-mediated
conditions (Table 4B.2.1, entry 1). Sodium sulfide failed to participate in the reaction, and
consequently 3,3'-biimidazo[1,2-a]pyridine®:®3% was obtained in a variety of solvents under
reflux conditions over the targeted 3,3’-bis(imidazo[1,2-a]pyridin-3-yl)sulfane (Table 4B.2.1,
entry 1). Moreover, PIDA-mediated reaction of 24a and Na,S in dimethyl sulfoxide (DMSQ) or
N,N-dimethylacetamide (DMA) failed to yield any product at all. (Table 4B.2.1, entry 2).
Interestingly, the desired product bis(imidazo[1,2-a]pyridin-3-yl)sulfane (25a) was first
witnessed and isolated in 18% yield by replacing PIDA with molecular iodine in DCM under
ambient conditions (Table 4B.2.1, entry 3). Interestingly, unexpected formation of bis disulfane
26a in 10% vyield was observed along with 25a in 48%, when the model reaction was performed
using 2 equiv. of iodine in DCM under reflux conditions for 20 h (Table 4B.2.1, entry 4). The
structures of 25a and 26a were unambiguously confirmed by *H and 3C NMR spectra and

HRMS analysis. A further enhancement in the yield of 25a up to 69% was observed by screening
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solvents from DCM to DCE, and finally to chloroform under reflux conditions
(Table 4B.2.1, entries 5-6). The reaction was further optimized by varying the number of
equivalents of sodium sulfide and iodine. The results indicated that increasing the equivalents of
sodium sulfide to five can yield 25a in 75% yield (Table 4B.2 1, entry 7). Delightfully, the best
result was obtained by using three and five equiv. of molecular iodine and sodium sulfide
respectively, yielding 80% of 25a with trace formation of 26a (Table 4B.2.1, entry 8).
Subsequently, a number of iodine source replacements such as KI or NHsl were screened for the
reaction, however comparatively lower yields of 25a were obtained (Table 4B.2.1, entries 9-10).
A marginal decrease in the yield of the 25a was observed by replacing Na.S with K>S (Table
4B.2.1, entry 11). Attempt to optimize the reaction conditions using catalytic amount of iodine
resulted in the formation of minor amount of 25a (<10%) in chloroform upon refluxing up to 20
h (Table 4B.2.1, entry 12).

Table 4B.2.1: Selected optimization? of reaction conditions for synthesis of 25a and 26a

(/\r/N A =N
/ /
Reagent X i N

S

N i
= /\N)_Q Sulfur Source =\ .: S
s N7 Solvent Q\ \\ E S
24a Reaction Conditions N | WN A
N
25a 26a
Entry Reagent Sulfur Source Solvent Yield® (%)
(equiv.) (equiv.)

25a 26a
1° PhI(OAC). (2) Na.S (3) DCE/CH3CN/ CHCIs/DCM
2d PhI(OAC). (2) Na.S (3) DMSO/DMA -
3¢ 12(2) NasS (3) DCM 18 -
42 12(2) NasS (3) DCM 48 10
52 12(2) Na.S (3) DCE 61 <10
62 12(2) NazS (3) CHCl; 69 <5
72 1,(2) Na.S (5) CHCls 75 <5
82 12 (3) NazS (5) CHCIs 80 <5
9 KI (3) Na,S (5) CHCl; 41 <5
102 NHal (3) NazS (5) CHCl; 44 <5
112 12 (3) K3S (5) CHCl; 78 <5
122 1,(0.2) NazS (5) CHCl; <10 -
13f 2 (3) Na.S (5) CH3COOH <5 47
149 12 (3) Na.S (5) CH;COOH <10 85

8Reaction conditions: 24a (0.25 mmol), reagent (as indicated), sulfur Source (as indicated), solvent (5 mL), reflux,
20 h; PIsolated yield; °T =reflux for 20 h; T = 110 °C (for 20 h); °r.t. for 30 h; T = 100 °C for 20 h; 9T = 100 °C for
48 h,
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With the optimized reaction conditions in hand, the practical applicability of the methodology

was systematically investigated using different substituted imidazo[1,2-a]pyridines bearing
electron-donating and electron-withdrawing groups (Scheme 4B.2.1).

R1\ R?
N —
I, (3 equiv.) |// \ ;
Na,S (5 equiv.) o
/ \ / CHCl3, 65 °C, 15-20 h 5 S
\
S~ "N--
24 f _
R? N=L_  w
X 1
25 R

O{@ Uf@ SYa VA G eV

N
25¢, 85% 25d, 90%

bx@ @_@ O OfC%

25e, 81%

25a, 80% 25b, 83%

259, 80% 25h, 76%

SO OO iv@ Qf‘
O O4p 04y PR
f@ C“f@ Uf@ & ¢@

25m 47% 25“, trace
(not isolated)

250, 81% 25p, 0%

Scheme 4B.2.1: Substrate scope of substituted 2-arylimidazo-heterocycles (24) towards the
synthesis of bis sulfane (25)
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2-arylimidazo[1,2-a]pyridines possessing Me and OMe group on the aryl ring showcased
excellent reactivity offering 25b and 25c in 83% and 85% yield, respectively. The presence of
Me and OMe group on the pyridyl and aryl rings respectively proved 24d to be the best
substrate, producing the corresponding bis sulfane 25d in 90% vyield. Similarly,
2-arylimidazo[1,2-a]pyridine bearing Me group on both the pyridyl and phenyl rings yielded
their desired bis sulfanes 25f in 83% vyield. Halogen (-F, ClI and Br) substituted
2-arylimidazo[1,2-a]pyridines (24h-k) afforded the corresponding products (25h-k) in 69-80%
isolated yields. The reaction also tolerated bulkier naphthyl group (in place of aryl), yielding the
expected bis sulfane (251) in 87% yield. The m-nitro substituted 2-arylimidazo[1,2-a]pyridine
(24m) showed slight sluggish behavior in reactivity offering 25m in only 47% yield, whereas
p-nitro substituted 2-arylimidazo[1,2-a]pyridine (24n) showed reluctance in reactivity, yielding
only trace amount of bis sulfane that was not isolated. To our delight, the reaction was also
successful with 2-arylimidazo[2,1-b]thiazole (240) yielding
bis(6-phenylimidazo[2,1-b]thiazol-5-yl)sulfane (250) in 81% vyield. Representative *H NMR and
13C NMR spectra of 25h are shown in figures 4B.2.1 and 4B.2.2.

Interestingly, during further solvent optimization, 3,3’-bis(imidazo[1,2-a]pyridin-3-yl)disulfane
(26a) was obtained in 47% yield at 100 °C in acetic acid after 20 h (Table 4B.2.1, entry 13).
Gratifyingly, increasing the reaction time to 48 h in acetic acid at 100 ‘C predominantly resulted
in formation of 26a in 85% vyield (Table 4B.2.1, entry 14). Within this realm, the substrate scope
of imidazo-heterocycles bearing different electron-donating and electron-withdrawing groups on
aryl and pyridyl rings were examined (Scheme 4B.2.2). In general, all
2-arylimidazo[1,2-a]pyridines exhibited admirable reactivity yielding their corresponding
disulfanes in excellent yields. Interestingly, the nitro m/p-substituted
2-arylimidazo[1,2-a]pyridines (24m-n) comfortably delivered the desired products (26m-n) in
85% and 87% vyields, respectively.
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The methodology was also extended towards the synthesis of
1,2-bis(6-phenylimidazo[2,1-b]thiazol-5-yl)disulfane (260) from imidazo[2,1-b]thiazole (240) in
appreciable yield. Unfortunaltely, 2-arylimidazo[1,2-a]pyrimidine (24p) failed to yield either bis

sulfane (25p) or bis disulfane (26p) under optimized conditions. Representative *H NMR and **C
NMR spectra of 260 are shown in figures 4B.2.3 and 4B.2.4

¥+« _N —_R?

R! , RDT--NI// \ //
\~ N R2 I, (3 equiv.) -
. lé A Na,S (5 equiv.) S
' \_/ - IS

CH3;COOH, 100 °C, 45-48 h e
24 // N j‘ SR
R2 — N='--¥

Or© Ox@ Ox@ WCNQO
O O s O Waviet

26a, 85% 26b, 89% 26¢, 87% 26d, 93%

26e, 92% 26f, 87% 26, 85% 26h, 92%
. " o )
Cl
QvaUs « [0
S-g S-g
X
OI0 00 M %
L T4
26i, 80% 26], 87% 26k, 83% 26', 78%
o GO O o
X N\/g_@ % &/N 7
S~g S-g
N o) \%Q Y m
N=NF J\ /4
O=N 26m, 85% 0
, 85% 26n, 87% 260, 83% 26p, 0%

Scheme 4B.2.2: Substrate scope of 2-arylimidazo-heterocycles (24) towards the synthesis of bis-
disulfane (26)
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Figure 4B.2.4: 3C NMR spectrum of 260
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In order to further confirm the proposed structures, as representative
examples single crystals of bis sulfane (25h) and bis disulfane (26) & 260)
were grown by chloroform for the X-ray diffraction studies. Both 25h & 26j
crystallize in the monoclinic C2/c space group, while 260 crystallizes in
the orthorhombic C2221 space group. ORTEP diagrams of 25h (CCDC No.
1559710), 26j (CCDC No. 1559711) and 260 (CCDC No. 1559712), are shown in
Figure 4.2.5. In addition, *H-'3C correlation (HETCOR) spectra was also recorded for bis sulfane
(25f) and bis disulfane (26f) (Figures 4B.2.6 and 4B.2.7).

Figure 4B.2.5: ORTEP diagrams of 25h, 26j and 260
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To access the scalability of the developed synthetic strategies, 1 gram scale reactions of
2-(p-tolyl)imidazo[1,2-a]pyridine (24b) with 5 equivalents of sodium sulfide under optimized
reaction conditions, yielded bis sulfane (25b) and bis disulfane (26b) in 65% (0.696 g) and 71%
(0.815 g) yields, respectively (Scheme 4B.2.3).

=N
|2 (3 eqUiV.) >~ N /
Na,S (5 equiv.)
> S
CHCl,, 65 °C, 18 h m
7

N

=N 25b
~__N /> < > Yield: 0.696 g, 65%
24b Z =N
1 gram I, (3 equiv.) s N/
Na,S (5 equiv.)

S

7

CH;COOH, 100 °C, 46 h S
/N
N= N~
26b
Yield: 0.815 g, 71%

Scheme 4B.2.3: Gram scale synthesis of bis sulfane (25b) & bis disulfane (26b)

To probe the reaction mechanism, several preliminary experiments were performed (Scheme

4B.2.4). The non-involvement of free-radical species in the reaction pathway was ascertained by
obtaining bis sulfane (25f) and disulfane (26f) from 24f in 81% and 84% yields respectively,
under optimized conditions in presence of 3 equiv. of a radical scavenger TEMPO (Scheme
4B.2.4i-ii). 3-iodo-8-methyl-2-(p-tolyl)imidazo[1,2-a]pyridine (24f") was observed to be formed
(& isolated) in almost quantitative yields (TLC) after refluxing 24f and I> (3 equiv.) in
chloroform within 4 h. 24f' upon further reaction with NaxS/l, in chloroform under reflux
conditions resulted in the formation of
bis(8-methyl-2-(p-tolyl)imidazo[1,2-a]pyridin-3-yl)sulfane 25f in major amounts
(Scheme 4B.2.4iii). It is noteworthy to mention that subsequent de-halogenation of 24f' to 24f
was also observed during the progress of the reaction. Similarly, 24f" upon reaction with NaxS/I>
in acetic acid resulted in the formation of
1,2-bis(8-methyl-2-(p-tolyl)imidazo[1,2-a]pyridin-3-yl)disulfane 36f in major amounts, albeit
the formation of 24f' in acetic acid was observed to be a slow process and in lower yield
(Scheme 4B.2.4iv).
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I, (3 equiv.)
N Na,S (5 equiv.)
P F TEMPO (3 equiv.)
) RH= I N/ > 25
CHCI3, 65°C, 18 h  gqo,
24f 24fH
I, (3 equiv.)
Na,S (5 equiv.)
. TEMP iv.
i) 24f O (3 equiy) 26f
CH3;COOH 84%
100 °C, 46 h
I, (3 equiv.)
l, Bequiv.) & =N Na,S (5 equiv.)
iii) 24f A > N/ »  25f + 24f
CHCl3, 65°C, 4h X CHCl3, 65°C, 12h  60%
|
24f
I (3 equiv.)
) I, (3 equiv.) Na,S (5 equiv.
iv) 24f 2 > " 25 (S eq )> 26f + 24f
CH;COOH CH;COOH 47%
100 °C, 12 h 100 °C, 12 h
I, (3 equiv.)
Na,S (5 equiv.)
V)  R-H > R{I4 + RS- + R-S-R
24f esc%c'; h 247 8 25t
’ ESI-MS  ESI-MS ESI-MS
349.0206 380.9926  475.1966
IM+H]"  [M+H]* [M+H]*
N J
\f
I, (3 equiv.) Rxn. Mixture: Analyzed by ESI-MS
Na,S (5 equiv.)
vi) R-H > R-| + R-S-I 4+ R-S-H + R-S-S-R
. A
’ ESI-MS  ESI-MS ESI-MS ESI-MS
349.0207  380.9923 255.1497 507.1622
M+H]"  [M+H]* [M+H]* [M+H]*

Rxn. Mixture: Analyzed by ESI-MS

Scheme 4B.2.4: Preliminary mechanistic studies

The mass spectral studies (ESI-MS) of the reaction mixture obtained by reacting 24f under
optimized conditions in chloroform after 7 h affirmed the formation of 24f', B (R-S-1) and 25f,
thereby suggesting the possible involvement of B (R-S- 1) intermediate in the reaction pathway
(Scheme 4B.2.4v, Figure 4B.2.8). Similarly, the mass spectral studies (ESI-MS) of the reaction

mixture obtained by reacting 24f under optimized conditions in acetic acid after 18 h affirmed
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the formation of 24f', B, C and 26f, thereby suggesting the possible involvement of

intermediates B (R-S- 1) and C (R-S-H) in the reaction pathway (Scheme 4B.2.4vi, Figure

4B.2.9).
103 |+ESI Sean (rt 0842 min) Frage135.0V
1,651
5.
45
354
34
45 R4 [M+H])- AR50 [M+H]- (B) £208470 R-5-R [M+H]-
29 2490206 3809326 .t
154
I #3151
0.5+ |I 731379 I I
0 -.1|I| ! A AL - |I|| . W T ||I.
M0 30 X W0 W0 30 A0 410 40 430 40 450 40 40

Counts vs. Mass-to-Charge (miz)

Figure 4B.2.8: ESI-MS data of reaction mixture (24f + NazS + I2) in chloroform after 7 h
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Figure 4B.2.9: ESI-MS data of reaction mixture (24f + NazS + 1) in acetic acid after 18 h
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On the basis of our current studies and available literature,?® a plausible mechanism is proposed
(Scheme 4B.2.5). The initial reaction (in chloroform or acetic acid) is believed to proceed via C-
3 nucleophilic attack of imidazo[1,2-a]pyridine (24f) on Iz, forming intermediate 24f". In
chloroform, nucleophilic attack of the sulfide ion on 24f' possibly via SN2' pathway forms
intermediate species A along with the de-iodination to generate 24f in the reaction mixture.
Thereafter, species A generates species B which on further reaction®® with 24f furnishes 25f
(Scheme 4B.2.5, Path a). On the other hand, due to possible conversion of S to either SH™ or
H>S (existing in equilibrium with each other) in acetic acid, the reaction might proceed via
nucleophilic substitution of I" in 24f" by SH™ (or H2S) to generate thiol intermediate C (which is
known to exist in equilibrium with B).”"® Subsequently, iodine-mediated oxidation of C>7
affords 26f (Scheme 4B.2.5, Path b), Alternatively, the reaction in acetic acid could also proceed
by the nucleophilic attack of in-situ generated S, species (by l.-mediated oxidation of S%) on
241" resulting in D, which eventual attacks another 24f* to yield 26f (Scheme 4B.2.5, Path b").

=N I2 (C)
s N/ TH (B) [O]

Z /N: :::
Path b
/

H,S (aq.)== HS + H*== S$% + 2H"

SNa

iv@ 'Z‘
o i*{g

(B)

Scheme 4B.2.5: Plausible mechanism
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In summary, we have successfully described solvent-driven straightforward, direct oxidative
strategies for the synthesis of bis(imidazo[1,2-a]pyridin-3-yl)sulfanes and bis(imidazo[1,2-
a]pyridin-3-yl)disulfanes using NaxS as a sulfur source.

4B.3 Experimental Section

4B.3.1 General Materials and Methods

Commercially available reagents were used without purification. Commercially available
solvents were dried by standard procedures prior to use. Nuclear magnetic resonance spectra
were recorded on 400 MHz spectrometer and chemical shifts are reported in ¢ units, parts per
million (ppm), relative to residual chloroform (7.26 ppm) or DMSO (2.5 ppm) in the deuterated
solvent. The following abbreviations were used to describe peak splitting patterns when
appropriate: s = singlet, d = doublet, t = triplet, dd = doublet of doublet and m = multiplet.
Coupling constants J were reported in Hz. The 3C NMR spectra were reported in ppm relative to
deuterochloroform (77.0 ppm) or [ds] DMSO (39.5 ppm). Melting points were determined on a
capillary point apparatus equipped with a digital thermometer and are uncorrected. High
resolution mass spectra were recorded with a TOF analyzer spectrometer by using electrospray
mode.

General procedure for bis sulfane and bis disulfane

A mixture of imidazo-heterocycle (24a-0) (0.5 mmol), molecular iodine (1.5 mmol), sodium
sulfide (2.5 mmol), in chloroform (10 mL) was refluxed at 65 °C under air atmosphere for 15-20
h. On completion of reaction as indicated by TLC, water was added to the reaction mixture. The
organic layer was separated, and washed with a 20% sodium thiosulfate solution (30 mL x 2).
The organic layer was concentrated under reduced pressure and the crude product was purified
by silica gel column chromatography [SiO2 (100-200 mesh), hexanes/EtOAc, 8:2 v/v], affording
the corresponding bis sulfane (25a-0).

Similarly, a mixture of imidazo-heterocycle (24a-0) (0.5 mmol), molecular iodine (1.5 mmol),
sodium sulfide (2.5 mmol), in acetic acid (10 mL) was heated at 100 °C under air atmosphere for
45-48 h. On completion of reaction as indicated by TLC, 10% sodium bicarbonate solution (20
smL) was added to the reaction mixture. Thereafter, the reaction mixture was extracted with
ethyl acetate (20 mL x 2) and the organic layer was washed with a 20% sodium thiosulfate
solution (30 mL x 2). Finally The organic layer was separated, concentrated under reduced
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pressure and subjected to silica gel column chromatography [SiO> (100-200 mesh),
hexanes/EtOAc, 3:7 v/v], affording bis sulfane (26a-0).
Bis(2-phenylimidazo[1,2-a]pyridin-3-yl)sulfane (25a): White solid; yield: 83 mg (80%); Rt =

~_N 0.41 (silica gel, hexanes/EtOAC, 6:4 v/v); mp > 250 °C; 'H NMR (400
XN N\/)_Q MHz, CDCI3) *H NMR (400 MHz, CDClIs) § 8.19 — 8.08 (m, 4H), 7.68
@\(ﬁ — 7.62 (m, 4H), 7.61 — 7.55 (m, 4H), 7.53 (dt, J = 9.0, 1.0 Hz, 2H),
N/_N N 7.17 — 7.07 (m, 2H), 6.38 (td, J = 6.9, 1.1 Hz, 2H);*3C NMR (100

MHz, CDClz3) 6 150.9, 146.5, 133.8, 129.6, 128.9, 126.4, 125.4, 117.4,
112.6, 107.5, 104.9; HRMS (ESI-TOF) (m/z) calculated CasH1sN4S*: 419.1330; found 419.1343
[M+H]*

Bis(2-(p-tolyl)imidazo[1,2-a]pyridin-3-yl)sulfane (25b): White solid; yield: 93 mg (83%); Rs =

N 0.45 (silica gel, hexanes/EtOAc, 6:4 v/v); mp 244-245 °C; 'H NMR
N (400 MHz, CDCl3) ¢ 8.03 (d, J = 8.1 Hz, 4H), 7.63 — 7.58 (m, 2H),
\©\(f 7.54 — 7.48 (m, 2H), 7.44 (d, J = 7.9 Hz, 4H), 7.15 — 7.06 (m, 2H),
TN 6.41 — 6.34 (m, 2H), 2.54 (s, 6H): °C NMR (100 MHz, CDCl3) &

150.9, 146.5, 138.8, 130.9, 129.4, 129.3, 126.2, 125.4, 117.2, 112.5,
106.9, 21.5; HRMS (ESI-TOF) (m/z) calculated C2sH23N4S*: 447.1643; found 447.1657 [M+H]".
Bis(2-(4-methoxyphenyl)imidazo[1,2-a]pyridin-3-yl)sulfane (25c): White solid; yield: 95 mg
(85%); Rr = 0.38 (silica gel, hexanes/EtOAc, 6:4 v/v); mp 220-

=N /
- N\/)—@o 222 °C: *H NMR (400 MHz, CDCl3) & 8.10 (d, J = 8.7 Hz, 4H),
5 7.64 (d, J = 6.9 Hz, 2H), 7.50 (d, J = 8.9 Hz, 2H), 7.16 (d, J = 8.7

P@\/E/’@ Hz, 4H), 7.14 — 7.06 (m, 2H), 6.41 (t, J = 6.8 Hz, 2H), 3.97 (s,
e 6H); 1*C NMR (100 MHz, CDCls) 6 160.2, 150.6, 146.5, 130.7,
126.3, 126.2, 125.4, 117.2, 114.0, 112.5, 106.5, 55.4; HRMS (ESI-TOF) (m/z) calculated
Ca28H23N40,S™: 479.1541; found 479.1538 [M+H]".
Bis(2-(4-methoxyphenyl)-7-methylimidazo[1,2-a]pyridin-3-yl)sulfane (25d): White solid;
yield: 117 mg (90%); Rf = 0.35 (silica gel, hexanes/EtOAc, 6:4

AN /
N Nf@o v/v); mp 238-239 °C; 'H NMR (400 MHz, CDCl3) 6 8.17 — 8.06
OW (m, 4H), 7.47 (d, J = 7.0 Hz, 2H), 7.24 (s, 2H), 7.19 — 7.11 (m,
/ 7 N :
;Q\ 4H), 6.24 (dd, J = 7.0, 1.6 Hz, 2H), 3.97 (s, 6H), 2.27 (s, 6H); *C
NMR (100 MHz, CDCls) ¢ 160.1, 150.3, 146.8, 137.4, 130.6,
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126.46, 124.5, 115.7, 115.0, 113.9, 105.8, 55.4, 21.2; HRMS (ESI-TOF) (m/z) calculated
C3oH27N40,S*: 507.1854; found 507.1873 [M+H]".

Bis(2-(4-methoxyphenyl)-8-methylimidazo[1,2-a]pyridin-3-yl)sulfane (25e):

White solid;

)
/

2
S

_N
e

S

N

yield: 121 mg (81%); Rf= 0.36 (silica gel, hexanes/EtOAc, 6:4
v/v); mp 208-209 °C; *H NMR (400 MHz, CDCl3) § 8.15 —8.03
(m, 4H), 7.56 — 7.45 (m, 2H), 7.21 — 7.10 (m, 4H), 6.94 — 6.86
(m, 2H), 6.33 (t, J = 6.9 Hz, 2H), 3.97 (s, 6H), 2.54 (s, 6H); *C
NMR (100 MHz, CDCls) ¢ 160.1, 150.2, 146.7, 130.9, 127.1,

/
o

126.7,124.9, 123.2, 113.9, 112.3, 107.0, 55.4, 16.7; HRMS (ESI-

TOF) (m/z) calculated CzoH27N4O2S™: 507.1854; found 507.1859 [M+H]".
Bis(8-methyl-2-(p-tolyl)imidazo[1,2-a]pyridin-3-yl)sulfane (25f): White solid; yield: 98 mg

Z4
2

N

_N
W

S

N

(83%); Rf = 0.44 (silica gel, hexanes/EtOAc, 6:4 v/v); mp 239-240
°C; 'H NMR (400 MHz, CDCl3) 6 8.00 (d, J = 8.1 Hz, 4H), 7.47
(d, J = 6.7 Hz, 2H), 7.42 (d, J = 7.9 Hz, 4H), 6.94 — 6.85 (m, 2H),
6.29 (t, J = 6.9 Hz, 2H), 2.53 (s, 12H); 3C NMR (100 MHz,
CDCl3) ¢ 150.5, 146.7, 138.5, 131.2, 129.5, 129.2, 127.2, 124.9

123.3, 112.4, 107.5, 21.5, 16.7; HRMS (ESI-TOF) (m/z) calculated

CsoH27N4S™: 475.1956; found 475.1977 [M+H]".
Bis(7-methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)sulfane (25g): White solid; yield: 88 mg

4
A

_N

Nf@

-
N

S

N

(80%); Rt = 0.46 (silica gel, hexanes/EtOAc, 6:4 v/v); mp 203-204
°C; 'H NMR (400 MHz, DMSO-dg) & 8.10 — 8.04 (m, 4H), 7.60 — 7.55
(m, 6H), 7.40 (d, J = 7.0 Hz, 2H), 7.32 (s, 2H), 6.36 (dd, J = 7.0, 1.3
Hz, 2H), 2.21 (s, 6H); 3C NMR (100 MHz, DMSO-ds) 6 150.1, 146.5,
138.1, 133.9, 129.3, 129.3, 129.0, 123.9, 116.1, 115.7, 106.4, 20.9;

HRMS (ESI-TOF) (m/z) calculated CasH23N4S™: 447.1643; found 447.1640 [M+H]".
Bis(2-(4-fluorophenyl)imidazo[1,2-a]pyridin-3-yl)sulfane (25h): White solid; yield: 86 mg

7
NS

N

—

N
W

S

N

N

(76%); Rf= 0.52 (silica gel, hexanes/EtOAc, 6:4 v/v); mp >250 °C;
'H NMR (400 MHz, CDCl3) 6 8.13 (dd, J = 8.6, 5.5 Hz, 4H), 7.60
(d, J = 6.9 Hz, 2H), 7.52 (d, J = 9.0 Hz, 2H), 7.33 (t, J = 8.6 Hz,
4H), 7.20 — 7.12 (m, 2H), 6.46 (t, J = 6.6 Hz, 2H); *C NMR (100
MHz, CDCl3z) ¢ 164.5, 162.0, 149.9, 146.5, 131.3, 131.2, 129.9,
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126.5, 125.1, 117.5, 115.8, 1156, 112.7, 106.9; HRMS (ESI-TOF) (m/z) calculated
Ca6H17F2N4S™: 455.1141; found 455.1165 [M+H]".
Bis(2-(4-chlorophenyl)imidazo[1,2-a]pyridin-3-yl)sulfane (25i): White solid; yield: 97 mg

N
Nz cl
\N/

S

N

N

(80%); Rs= 0.58 (silica gel, hexanes/EtOAc, 6:4 v/v); mp >250
°C; 'H NMR (400 MHz, CDCl3) § 8.18 — 8.05 (m, 4H), 7.69 —
7.58 (m, 6H), 7.54 (d, J = 9.0 Hz, 2H), 7.21 — 7.14 (m, 2H), 6.49
(td, J = 6.9, 0.9 Hz, 2H); **C NMR (100 MHz, CDCls) § 149.7,
146.6, 135.1, 132.2, 130.6, 128.9, 126.7, 125.1, 117.6, 112.9,

107.1; HRMS (ESI-TOF) (m/z) calculated C26H17CIoN4S™: 487.0551; found 487.0569 [M+H]"

and 489.0704 [M+H+2]".

Bis(2-(4-bromophenyl)imidazo[1,2-a]pyridin-3-yl)sulfane (25j): White solid; yield: 99 mg

N
7 // Br
~_N

S

BrWN N
N

N

(69%); Rr = 0.61 (silica gel, hexanes/EtOAc, 6:4 v/v); mp
>250°C; 'H NMR (400 MHz, CDCls) 6 8.03 (d, J = 8.4 Hz, 4H),
7.76 (d, J = 8.4 Hz, 4H), 7.63 (d, J = 6.9 Hz, 2H), 7.54 (d, J = 9.0
Hz, 2H), 7.23 — 7.12 (m, 2H), 6.49 (t, J = 6.7 Hz, 2H); 1°C NMR
(100 MHz, CDCIs) ¢ 149.7, 146.6, 132.7, 131.8, 130.9, 126.7,

125.1, 123.3, 117.6, 113.0, 107.1; HRMS (ESI-TOF) (m/z) calculated CzsH17BraNsS*: 574.9541;
found 574.9552 [M+H]" and 576.9696 [M+H+2]".
Bis(2-(4-bromophenyl)-8-methylimidazo[1,2-a]pyridin-3-yl)sulfane (25k): White solid; yield:

N
Z // Br
>~ _N

S

Br\Q\X/\N AN
N

N

108 mg (72%); Rf = 0.64 (silica gel, hexanes/EtOAc, 6:4 v/v);
mp 248-250 °C; 'H NMR (400 MHz, CDCls) § 8.07 — 7.98 (m,
4H), 7.78 — 7.70 (m, 4H), 7.49 (d, J = 6.6 Hz, 2H), 6.98 — 6.91
(m, 2H), 6.40 (t, J = 6.9 Hz, 2H), 2.54 (s, 6H); 3C NMR (100
MHz, CDCls) ¢ 149.2, 146.8, 133.0, 131.7, 131.1, 127.6, 125.3,
123.1, 1229, 112.9, 107.5, 16.6; HRMS (ESI-TOF) (m/z)

calculated C2sH21BroN4S™: 602.9854; found 602.9863 [M+H]" and 605.0006 [M+H+2]".
Bis(6-methyl-2-(naphthalen-2-yl)imidazo[1,2-a]pyridin-3-yl)sulfane (52l): White solid; yield:

123 mg (87%); Rs = 0.45 (silica gel, hexanes/EtOAc, 6:4 v/v);
mp: >250 °C; 'H NMR (400 MHz, CDCls) 6 8.67 (s, 2H), 8.33
(dd, J = 8.5, 1.4 Hz, 2H), 8.13 (d, J = 8.5 Hz, 2H), 8.70 — 7.97
(m, 4H), 7.61 (dd, J = 6.2, 3.2 Hz, 4H), 7.46 — 7.33 (m, 4H), 6.89
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(dd, J = 9.0, 1.2 Hz, 2H), 1.34 (s, 6H); 3C NMR (100 MHz, CDCls) 6 150.4, 145.6, 133.4,
131.5, 1295, 128.6, 128.2, 127.8, 127.0, 126.7, 126.5, 123.6, 122.5, 116.5, 107.3, 17.3; HRMS
(ESI-TOF) (m/z) calculated CasH27N4S*: 547.1956; found 547.1951 [M+H]".

Bis(2-(3-nitrophenyl)imidazo[1,2-a]pyridin-3-yl)sulfane (25m): Yellow solid; yield: 59 mg

S

N=N =

O,N

NO,

=N
\N/

(47%); R = 0.60 (silica gel, hexanes/EtOAc, 6:4 VvIv);
>250°C; 'H NMR (400 MHz, CDCls) 6 9.03 (s, 2H), 8.47 (d, J =
7.6 Hz, 2H), 8.27 (d, J = 7.0 Hz, 4H), 7.68 (t, J = 8.1 Hz, 4H), 7.42
— 7.30 (M, 2H), 7.02 (t, J = 6.5 Hz, 2H); 3C NMR (100 MHz,
CDCIs) 0 148.3, 145.4, 135.4, 134.2, 129.4, 126.7, 126.3, 123.2,
122.9, 117.9, 113.8; HRMS (ESI-TOF) (m/2)

mp:

calculated

Co6H17Ns04S™: 509.1032; found 509.1047 [M+H]".
Bis(6-phenylimidazo[2,1-b]thiazol-5-yl)sulfane (250): White solid; yield: 87 mg (81%); R =
0.70 (silica gel, hexanes/EtOAc, 6:4 v/v); mp 230-231 °C; ¢ 8.09 (dd, J =
5.2, 3.3 Hz, 4H), 7.60 — 7.52 (m, 4H), 7.51 — 7.45 (m, 2H), 6.54 (d, J =
4.5 Hz, 2H), 6.51 (d, J = 4.5 Hz, 2H); *C NMR (100 MHz, CDCls) ¢
151.3, 151.2, 133.6, 128.6, 128.5, 118.4, 112.6, 109.4; HRMS (ESI-TOF)
(m/z) calculated C22H1sN4S3*: 431.0458; found 431.0475 [M+H]".
1,2-Bis(2-phenylimidazo[1,2-a]pyridin-3-yl)disulfane (26a): Yellow solid; yield: 96 mg
(85%); Rf = 0.32 (silica gel, hexanes/EtOAc, 2:8 v/v); mp 242-243 °C;
'H NMR (400 MHz, CDCls) 6 8.13 (d, J = 6.6 Hz, 2H), 7.78 — 7.50 (m,
4H), 7.40 (d, J = 8.6 Hz, 2H), 7.26 — 7.20 (m, 2H), 7.14 (dd, J =125, 7.1
Hz, 6H), 6.78 (td, J = 6.8, 1.1 Hz, 2H); 3C NMR (100 MHz, CDCls) ¢
147.3, 131.9, 128.1, 127.9, 127.7, 127.0, 124.4, 117.3, 113.0; HRMS
(ESI-TOF) (m/z) calculated C26H19N4S2*: 451.1051; found 451.1075 [M+H]".
1,2-Bis(2-(p-tolyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26b): White solid; yield: 106 mg
(89%); Rf = 0.38 (silica gel, hexanes/EtOAc, 2:8 v/v); mp 203-204 °C;
'H NMR (400 MHz, CDCls) 6 8.13 (d, J = 6.5 Hz, 2H), 7.70 — 7.47 (m,
4H), 7.35 (d, J = 8.0 Hz, 2H), 7.23 — 7.13 (m, 2H), 6.90 (d, J = 6.8 Hz,
4H), 6.77 (td, J = 6.8, 0.9 Hz, 2H), 2.29 (s, 6H); *C NMR (100 MHz,
CDCls) 6 147.3, 138.0, 128.4, 127.7, 126.8, 124.4, 117.5, 112.9, 21.3;
HRMS (ESI-TOF) (m/z) calculated C2sH23N4S2": 479.1364; found 479.1387 [M+H]".

O
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1,2-Bis(2-(4-methoxyphenyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26c): Yellow solid; yield:

111 mg (87%); Rf = 0.34 (silica gel, hexanes/EtOAc, 2:8 v/v); mp
211-213 °C; *H NMR (400 MHz, CDCl3) ¢ 8.15 (d, J = 6.1 Hz,
2H), 7.78 — 7.46 (s, 4H), 7.36 (d, J = 7.4 Hz, 2H), 7.25 — 7.18 (m,
2H), 6.79 (t, J = 6.7 Hz, 2H), 6.63 (d, J = 6.8 Hz, 4H), 3.81 (s, 6H);
13C NMR (100 MHz, CDCls) § 159.8, 147.3, 129.1, 127.0, 124.5,

117.3, 113.1, 112.9, 55.2; HRMS (ESI-TOF) (m/z) calculated CasH2sN4O,S2*: 511.1262; found
511.1276 [M+H]"*.

1,2-Bis(2-(4-methoxyphenyl)-7-methylimidazo[1,2-a]pyridin-3-yl)disulfane (26d):

0]
/

=N /
s N/ ©

S-s

<> (\/\N h
NT\F

Yellow
solid; yield: 125 mg (93%); Rf = 0.30 (silica gel, hexanes/EtOAc,
2:8 viv); mp 219-220 °C; 'H NMR (400 MHz, CDCls) ¢ 7.99 (d, J
= 6.7 Hz, 2H), 7.78 — 7.39 (m, 4H), 7.17 — 6.92 (m, 2H), 6.75 — 6.45
(m, 6H), 3.81 (s, 6H), 2.39 (s, 6H); 1*C NMR (100 MHz, CDCls) ¢
159.7, 147.6, 138.4, 129.1, 123.8, 115.9, 115.2, 112.8, 55.0, 21.2;

HRMS (ESI-TOF) (m/z) calculated CaoH27N402S>": 539.1575 ; found 539.1573 [M+H]".

1,2-Bis(2-(4-methoxyphenyl)-8-methylimidazo[1,2-a]pyridin-3-yl)disulfane (26e):

Yellow
solid; yield: 123 mg (92%); Rs = 0.38 (silica gel, hexanes/EtOAcC,
2:8 v/v); mp 221-223 °C; *H NMR (400 MHz, CDClIs) 6 8.09 (d, J
= 3.0 Hz, 2H), 7.75 — 7.70 (m, 4H), 6.97 (d, J = 6.8 Hz, 2H), 6.71 (t,
J =6.8 Hz, 2H), 6.57 (d, J = 5.8 Hz, 4H), 3.78 (s, 6H), 2.48 (s, 6H);
13C NMR (100 MHz, CDCls) ¢ 159.3, 147.5, 128.8, 127.2, 125.7,
124.8, 122.4, 112.6, 112.5, 55.0, 16.7; HRMS (ESI-TOF) (m/z)

calculated C3oH27N402S>": 539.1575 ; found 539.1572 [M+H]*
1,2-Bis(8-methyl-2-(p-tolyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26f): Yellow solid; yield:

110 mg (87%); R = 0.51 (silica gel, hexanes/EtOAc, 2:8 v/v); mp
178-180 °C; 'H NMR (400 MHz, CDCls) ¢ 8.15 — 8.02 (m, 2H),
7.48 (d, J = 7.6 Hz, 4H), 6.99 — 6.92 (m, 2H), 6.84 (d, J = 7.7 Hz,
4H), 6.71 (t, J = 6.8 Hz, 2H), 2.49 (s, 6H), 2.26 (s, 6H); *C NMR
(100 MHz, CDCls) 6 147.4, 137.2, 129.2, 127.8, 127.5, 127.2, 125.8,
122.4, 112.7, 21.2, 16.7; HRMS (ESI-TOF) (m/z) calculated

CsoH27N4S,™: 507.1677; found 507.1683 [M+H]".
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1,2-Bis(7-methyl-2-phenylimidazo[1,2-a]pyridin-3-yl)disulfane (26g): Yellow solid; yield:

102 mg (85%); Rs = 0.46 (silica gel, hexanes/EtOAc, 2:8 v/v); mp
224-225 °C; 'H NMR (400 MHz, CDClz) § 7.95 (d, J = 6.9 Hz,
2H), 7.86 — 7.45 (m, 4H), 7.25 — 6.96 (m, 8H), 6.56 (dd, J = 6.9, 1.5
Hz, 2H), 2.40 (s, 6H); 3C NMR (100 MHz, CDCls3) 6 147.6, 138.3,
132.2, 127.9, 127.6, 123.6, 116.2, 115.5, 21.3; HRMS (ESI-TOF)

(m/z) calculated CasH23N4S,": 479.1364; found 479.1371 [M+H]".
1,2-Bis(2-(4-fluorophenyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26h): White solid; yield: 121

=
AN

_N

S-s

mg (92%); Rt = 0.56 (silica gel, hexanes/EtOAc, 2:8 v/v); mp 227-
229 °C; 'H NMR (400 MHz, DMSO-ds) ¢ 8.60 (d, J = 6.8 Hz, 2H),
8.31 — 8.23 (m, 4H), 7.54 (d, J = 9.0 Hz, 2H), 7.34 — 7.28 (m, 2H),
7.14 — 7.07 (m, 4H), 6.95 (t, J = 6.8 Hz, 2H); *C NMR (100 MHz,
DMSO-ds + CDCl3) 6 161.4, 146.4, 130.2, 130.1, 126.9, 125.3, 117.2,

115.4, 115.2, 113.0, 108.5; HRMS (ESI-TOF) (m/z) calculated C2sH17F2N4S,™: 487.0862; found
487.0880 [M+H]".
1,2-Bis(2-(4-chlorophenyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26i): White solid; yield: 103

mg (80%); R = 0.53 (silica gel, hexanes/EtOAc, 2:8 v/v); mp 210—
212 °C; *H NMR (400 MHz, DMSO-ds) ¢ 8.61 (dd, J=6.9, 1.1 Hz,
2H), 8.34 — 8.22 (m, 4H), 7.56 (dd, J = 9.0, 1.0 Hz, 2H), 7.45 — 7.37
(m, 4H), 7.35 — 7.30 (m, 2H), 6.99 (td, J = 6.8, 1.1 Hz, 2H); 3C
NMR (100 MHz, DMSO-ds + CDCls) ¢ 148.1, 146.5, 133.8, 132.6,

129.6, 128.5, 126.9, 125.3, 117.3, 113.1; HRMS (ESI-TOF) (m/z) calculated CasH17CI2N4S2*:
519.0272; found 519.0285 [M+H]" and 521.0428 [M+H+2]".
1,2-Bis(2-(4-bromophenyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26j): Orange solid; yield:

=
2

N

_N
N />—< >—Br
S-s

A
=

116 mg (87%); Rs = 0.60 (silica gel, hexanes/EtOAc, 2:8 v/v); mp
235-236 °C; 'H NMR (400 MHz, CDCIs) § 8.25 (d, J = 6.6 Hz,
2H), 7.49 — 7.29 (m, 8H), 7.10 (d, J = 8.1 Hz, 4H), 6.96 — 6.88 (m,
2H); 3C NMR (100 MHz, CDCls) 6 147.4, 130.5, 128.9, 127.8,
124.7, 1225, 117.9, 113.4; HRMS (ESI-TOF) (m/z) calculated

C26H17BraN4S2™: 606.9261; found 606.9274 [M+H]* and 608.9418 [M+H+2]".
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1,2-Bis(2-(4-bromophenyl)-8-methylimidazo[1,2-a]pyridin-3-yl)disulfane

(26k):  Yellow
solid; yield: 132 mg (83%); Rt = 0.64 (silica gel, hexanes/EtOAc,
2:8 v/v); mp 184-186 °C; 'H NMR (400 MHz, CDCl3) ¢ 8.18 (d, J
= 6.2 Hz, 2H), 7.42 (d, J = 7.8 Hz, 4H), 7.14 — 7.03 (m, 6H), 6.86
(t, J = 6.8 Hz, 2H), 2.51 (s, 6H); 13C NMR (100 MHz, CDCls) &
147.5, 130.5, 130.0, 128.7, 127.5, 127.0, 122.5, 121.8, 113.4, 16.7;

HRMS (ESI-TOF) (m/z) calculated CosH21BraNsS;*: 634.9574;

found 634.9597 [M+H]* and 636.9731 [M+H+2]".

1,2-Bis(6-methyl-2-(naphthalen-2-yl)imidazo[1,2-a]pyridin-3-yl)disulfane

e =)
50
S-g

70

(26l):  Yellow
solid; yield: 113 mg (78%); Rr = 0.47 (silica gel, hexanes/EtOAc,
2:8 VIV); mp 245-247 °C; 'H NMR (400 MHz, CDCls) 6 8.05 (s,
2H), 7.81 (d, J = 7.7 Hz, 2H), 7.79 — 7.67 (m, 5H), 7.61 (d, J = 8.2
Hz, 2H), 7.56 — 7.36 (m, 5H), 6.74 (d, J = 8.4 Hz, 2H), 6.35 (d, J =
8.3 Hz, 2H), 2.13 (s, 6H); 3C NMR (100 MHz, CDCls) § 146.2,

133.1, 129.8, 128.6, 127.4, 126.9, 125.9, 125.7, 125.4, 122.8, 122.2,

116.1, 18.2; HRMS (ESI-TOF) (m/z) calculated CssH27N4S;*: 579.1677; found 579.1673

[M+H]".

1,2-Bis(2-(3-nitrophenyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26m): Yellow solid; yield:

115 mg (85%); Rt = 0.59 (silica gel, hexanes/EtOAc, 2:8 v/v); mp
>250 °C; *H NMR (400 MHz, DMSO-dg) 6 9.14 (s, 2H), 8.69 — 8.57
(m, 4H), 8.19 — 8.15 (m, 2H), 7.63 — 7.57 (m, 4H), 7.35 — 7.28 (m,
2H), 7.00 — 6.92 (m, 2H); *C NMR (100 MHz, DMSO-ds + CDCls)
148.4, 147.1, 146.7, 135.5, 134.1, 129.4, 127.2, 125.2, 122.9, 122.8,

117.5, 1134, 109.8; HRMS (ESI-TOF) (m/z) calculated

C26H17N604S,™: 541.0752 ; found 541.0769 [M+H]".
1,2-Bis(2-(4-nitrophenyl)imidazo[1,2-a]pyridin-3-yl)disulfane (26n): Orange solid; yield: 117

mg (87%); Rs = 0.60 (silica gel, hexanes/EtOAc, 2:8 v/v); mp >250
°C; *H NMR (400 MHz, DMSO-dg) J 8.65 (d, J = 6.9 Hz, 2H),
8.59 — 8.53 (m, 4H), 8.28 — 8.22 (m, 4H), 7.61 (d, J = 9.0 Hz, 2H),
7.43 —7.35 (m, 2H), 7.04 (td, J = 6.8, 1.0 Hz, 2H); 3C NMR (100
MHz, DMSO-des + CDCI3) o 147.2, 146.8, 140.4, 128.9, 127.5,
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125.5, 123.6, 117.6, 113.6, 110.7; HRMS (ESI-TOF) (m/z) calculated C2sH17Ns04S,*: 541.0752
; found 541.0778 [M+H]".

2-Phenyl-3-((6-phenylimidazo[2,1-b]thiazol-5-yl)disulfanyl)imidazo[1,2-b]isothiazole (260):
Pale yellow solid; yield: 96 mg (83%); R = 0.54 (silica gel,

S—__N
q& hexanes/EtOAc, 2:8 v/v); mp 177-179 °C; 'H NMR (400 MHz, CDCls)

S—g 5 7.80 — 7.77 (m, 4H), 7. 29 — 7.24 (m, 6H), 7.13 (d, J = 4.4 Hz, 2H),
@_(/\i/& 6.70 (d, J = 4.4 Hz, 2H): 3C NMR (100 MHz, CDCls) § 154.2, 152.2,
N=s"| 132.4, 128.2, 127.9, 127.3, 117.6, 113.3, 110.1; HRMS (ESI-TOF)

(m/z) calculated C22H1sN4S4™: 463.0179; found 463.0164 [M+H]".

4B.4 X-ray Crystallography Studies

Crystals of the compounds were screened under a microscope for mounting in a nylon loop
attached to a goniometer head. Initial crystal evaluation and data collection were performed on a
Kappa APEX Il diffractometer equipped with a CCD detector (with the crystal-to-detector
distance fixed at 60 mm) and sealed-tube monochromated MoKa radiation using the program
APEX2.® By using the program SAINT’®for the integration of the data, reflection profiles were
fitted, and values of F? and o(F?) for each reflection were obtained. Data were also corrected for
Lorentz and polarization effects. The subroutine XPREP™ was used for the processing of data
that included determination of space group, application of an absorption correction (SADABS),”
merging of data, and generation of files necessary for solution and refinement. The crystal
structure was solved and refined using SHELX 97.” In each case, the space group was chosen
based on systematic absences and confirmed by the successful refinement of the structure.
Positions of most of the non-hydrogen atoms were obtained from a direct methods solution.
Several full-matrix least-squares/difference Fourier cycles were performed, locating the
remainder of the non-hydrogen atoms. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were placed in ideal positions and refined as riding
atoms with individual isotropic displacement parameters. All figures were drawn using
MERCURY V 3.0%° and Platon.?!

4B.4.1 Crystallographic data of 25h (CCDC No. 1559710)

CasH16F2NsS, M = 454.49 g/mol, monoclinic, space group C2/c, a = 25.7529(13) A, b =
5.3952(3) A, ¢ = 16.9212(8) A, a = 90°, # = 117.744(3)°, y = 90°, V = 2080.8(2) A3, 2 =4, T =
296(2) K, Dcaicd = 1.451 g/cm?3; Full matrix least-square on F% Ry = 0.0375, wR2 = 0.1067 for
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1618 observed reflections [I > 2o(1)] and R1 = 0.0469, wR> = 0.1264 for all 1836 reflections;

GOF =1.158.

4B.4.2 Crystallographic data of 26j (CCDC No. 1559711)

C22H14N4Ss, M, = 462.61 g/mol, orthorhombic, space group C222:, a = 11.2826(7) A, b =

12.8551(7) A, ¢ = 14.4863(8) A, « = 90°, £ =90°, y = 90°, V = 2101.1(2) A%, Z = 4, T = 296(2)

K, Deacd = 1.462 g/cm?®; Full matrix least-square on F?; R; = 0.0280, wR2 = 0.0719 for 1799

observed reflections [I > 2o(1)] and Ry = 0.0292, wR> = 0.0726 for all 1861 reflections; GOF =

1.070.

4B.4.3 Crystallographic data of 260 (CCDC No. 1559712)

Ca6H16Br2N4Sz, M, = 608.37 g/mol, monoclinic, space group C2/c, a = 18.39(5) A, b = 13.05(4)

A, c=12.22(3) A, a =90°, = 126.33(4)°, y = 90°, V = 2363(11) A%, Z = 4, T = 296(2) K, Dcalcd

= 1.711 g/cm?®; Full matrix least-square on F?, Ry = 0.0385, wR, = 0.0971 for 1568 observed

reflections [I > 2o(1)] and Ry = 0.0543, wR2 = 0.1043 for all 2076 reflections; GOF = 1.044.
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Exploration of Imidazolium-Supported Benzotriazole
Reagent for Selective Organic Transformations
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5.1 Background

lonic liquids (ILs) have streamlined the organic synthesis in the past two decades.!® They have
been used as environmentally benign reaction media due to their unique chemical and physical
properties such as non-volatility, non-flammability, controlled miscibility, lack of measurable
vapor pressure, high thermal and chemical stability. At present, they have been broadly used as
(i) catalysts, (ii) reagents, and (iii) scavengers in various organic transformations.®"1!
Reactions in ionic liquids generally exhibit variable thermodynamic and Kinetic behavior that
often leads to improved process performance. lonic liquids can be immobilized on a
functionalized support that carries or contains one component of the ionic liquid, or a precursor
to such a component.t?# Jonic liquid may be immobilized via the anion, by treating a support
with an anion source, e.g. an inorganic halide, before the ionic liquid is applied or formed.
Alternatively, the ionic liquid may be immobilized by having the cation covalently bounded to
the support. Some of the commonly used cationic and anionic entities constituting various ionic

liquids are shown below (Figure 5.1.1).%°

B @ d. ed
| /
@) aeh, @ welw e
1 VRN 2
i\ R R! R2 |L3 R
H
© S o o © ©) I O

AICl,  BF, PFe R-SO; R—COO R?PO, HN—N—COO
R

Figure 5.1.1: Typical molecular structures of cations and anions constituting ionic liquids

The concept of grafting or supporting small molecules on other surfaces was first disclosed by
‘Merrifield” in 1963 using insoluble solid polymer resin for tetrapeptide synthesis.'® Since then,
polymer-supported strategy has been widely employed in combinatorial synthesis of various
organic molecules. These traditional supported syntheses have employed heterogeneous
materials such as cross-linked polystyrene to support one of the reactants. Unfortunately,
various disadvantages have been allied with the solid phase synthesis technique including
comparatively longer reaction times, low loading capacities of resins, and challenges in
monitoring the reaction via TLC. To overcome these problems “liquid phase” techniques have
been introduced, and continuously grown in various fields. The term, soluble-phase synthesis
was first used to differentiate soluble polyethylene glycol (PEG)-supported synthesis from
solid-phase peptide synthesis.*’?? Since its introduction polyethylene glycol (PEG) polymers
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have been enormously used as soluble support for the synthesis of numerous pharmacologically
important compounds. These polyethylene glycol based supports have good stability, high
compatibility and good swelling characteristic with non-polar solvents. Despite of few valuable
advantages, the polyethylene glycol (PEG) polymer technique suffer from certain limitations
such as swelling of polymer in polar solvents, low loading capacities, limited chemical stability
to free radical, oxidative or strong acidic conditions. In conjunction to this, “fluorous phase”
synthesis based on the concept that fluorinated compounds preferentially dissolves in a fluorous
solvent was introduced a decade ago. However, the fluorous phase synthesis was unable to
made synergy with the sustainable chemistry parameters due to the low solubility in organic
solvents, and the requirement of expensive fluorinated solvents.?®?* Thereafter, room-
temperature ionic liquids (RTILs) provided a breakthrough in the field of modern organic and
combinatorial chemistry (Figure 5.1.2). RTIL provides an easy purification process for the
separating the soluble support from the reaction mixture by washing with appropriate solvent at
each step. In addition, monitoring of the reactions fate by TLC and spectroscopic techniques,
and high loading efficiency of the process have proved IL-phase synthesis as a leading
technique to accelerate the drug-discovery process via the synthesis of chemical entities.
Moreover, various imidazolium-supported reagents have been documented under the IL-phase

synthesis frame in recent years.>®81°

. R S R R Im- Cleavage Phase
Linker ’ o Separation P
Liquid Phase S P
Im Im Reaction Im luy
T Recoverability and Reusability

R =Reagent Im =Imidazolium-support | S = Substrate [ P = Product

Figure 5.1.2: Typical flow diagram of ionic liquid supported organic synthesis

Interesting utilities of selective imidazolium-supported reagents are briefly described in the
following section.

5.1.1 Imidazolium-supported organotin reagents

Legoupy and coworkers have reported the synthesis of novel imidazolium-supported organotin
reagents 4, and successfully utilized them in selective cross-coupling reactions. The synthesis of
the reagents proceeded by the substitution reaction of 1 with stannane [(n-Bu).SnPhH] 2

affording 3 in the presence of Lithium diisopropyl amide (LDA) in THF. Thereafter reaction of

183



Chapter 5

3 with alkyl iodides afforded the desired imidazolium-supported organotin reagents 4
(Scheme 5.1.1.1). The authors described the effective use of reagent 4 using catalytic
Pd.dbas.CHCI3z to furnish the desired products 6 and 8 from substituted aryl halides 5 and
hetroaryl halides 7, respectively (Scheme 5.1.1.1).2% Notably, imidazolium-supported

organotin compounds were recycled and reused after Stille cross-coupling reactions, exhibiting
no loss in activity.

4\ i) LDA, THF (i) R2X A
N ~ N\h\CI () > YN\/H\Sn(n BU)QPh RZZNYNF\/HESn(n_BU)ZPh
Y1 N (i) n-(Bu)2SnPhH iy (ii) NaBF R
R
1 2 3 4 X =Br, I, BF,
65-96%

_________________

Pd,dba.CHCI5 (5 mol %) g

R3 R® @Sn(n-Bu)zPh (2 equiv.) R3 O RS

R* 35°C

R4
5 6
Pyr-dyl/ Pd,dbas.CHCl; (5 mol %) Pyrldyll@
Thlenyl » | Thienyl
s ®Snn3u Ph (2 equiv.)
X =3 Br, 2-I 35°C 8
7

Scheme 5.1.1.1: Synthesis and application of imidazolium-supported organotin reagents 4
Legoupy et al. further reported the utility of novel imidazolium-supported organotin reagents 9
and 10 for the reduction of alkyl and aryl halides 11 in presence of AIBN and NaBHa

(Scheme 5.1.1.2) 2" AIBN was believed to form organotin radical, which promotes the reduction
of alkyl and aryl halides.

— /\
R2-N§ N~Hksn-Bu,Ci R2-N N~} sn-Bu,H
RT! 9 Rl 10
AIBN, CH5CN
b < AIBN, CHiCN { R—X’ : "
NaBH,, MeOH, 80 °C 80 °C
12a 11 12b

R = alkyl and aryl halides

Scheme 5.1.1.2: Reduction of alkyl/aryl halides (11) using imidazolium-supported organotin
reagents 9 and 10

5.1.2 Imidazolium-supported iodobenzene and iodobenzene diacetate reagents
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Togo group has documented the synthesis and application of several imidazolium-supported
iodobenzenes.?®*° The group developed an elegant and greener protocol for the synthesis of
a-tosyloxylated ketonesl4 from ketones 13 using m-CPBA/p-TsOH in the presence of a
catalytic amount of imidazolium-supported iodobenzene thereby, avoiding the conventional use
of HTIB-Koser's reagent. The a-tosyloxylation process was also explored towards the synthesis

of thiazoles (15) via in-situ formation of 14 (Scheme 5.1.2.1).2°

@« )~ 0
m-CPBA, p-TSA _ RJK(OTS
> L
14
R' = alkyl, aryl; R? = alkyl

@ )

R2
R
m-CPBA, p-TSA - R S»\Rs
15

R3C(S)NH,, 80 °C

R" = aryl; R?=H; R®= alkyl
0

\N/% .
' \j_N\Jr < > | and @%I

X = Br, PFg, OTf

Il

Scheme 5.1.2.1: Applications of imidazolium-supported iodobenzene reagents

With an anticipation to develop alternative hypervalent iodine(lll) reagents, Zhang et al.
prepared imidazolium-supported iodobenzene diacetate reagent [dibmim][BF4] (19) by reacting
4-bromomethyliodobenzene (16) with 1-methylimidazole (17), followed by oxidation with
peracetic acid via formation of 18 (scheme 5.1.2.2).3' The reagent 19 was successfully
employed for the oxidation of alcohols 20 to carbonyl compounds 21 in ionic liquid
[emim][BF4] (1-ethyl-3-methylimidazolium tetrafluoroborate), under mild conditions (Scheme
5.1.2.2a).%! Qian et al. elaborately reported a successful oxidation of sulphides 22 using the
imidazolium-supported iodobenzene diacetate (19) at room temperature in water (Scheme
5.1.2.2b)% Similarly, the reagent 19 was also used by Bao and coworkers for the oxidative

amidation of aldehydes 24 with amines 25 offering various amidated products 26 in moderate-
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to-good yields (Scheme 5.1.2.2¢).3 Although, the reagent was found to be less effective than
commercial iodobenzene diacetate reagent, yet an ease in separation of the products and

exceptional recyclability have added few valuable advantages.

(inj

oz TN TN

/_@| _80°C . CH,COOOH \:_N+
Br (i) NaBF, BF; \_©7| BF, \—©7|(OAC)2

16

%

OAc), O

a »
) R1J\R2 [emim][BF 4], 30 °C R'” "R?

20 21
(e}
|<0Ac)2 I
S .S
b) g1 R R" “R2
22 H,0, r.t.
R' = benzyl, aryl, naphthyl 23

R? = alkyl, Benzyl, aryI

|(0Ac)2 JOL

c) R'CHO + R2NH 1
) 2 CH3CN/CHCI, TR H 2%
24 25
R' = aryl, haloaryl, naphthyl
R? = alkyl, benzyl

Scheme 5.1.2.2: Synthesis and application of imidazolium-supported iodobenzene diacetate
(19)
5.1.3 Imidazolium-supported diaryliodonium salts

Due to the electron-deficient nature and excellent leaving-group ability of diaryliodonium salts,
they have been used as a versatile arylating agent in modern organic synthesis.3*3> However,
the release of expensive iodobenzene as a waste, and frequent use of column chromatography
has concealed the use of diaryliodonium salts in organic syntheses. To address some of these
issues, Kumar et al. synthesized imidazolium-supported diaryliodonium salts 34 in multiple
steps, from imidazolium-supported aryl 31 by using 32.3® This reagent was elegantly employed
for the arylation of substituted carboxylic acids 35 and phenols 37, affording their

corresponding aryl esters 36 and diaryl ethers 38 in moderate-to-good yields (Scheme 5.1.3.1).
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Arl(OAc), 32
AN p-TsOH —
— 0 oTs /—\ o@ CHyCN/CH,CI, 70 °C_ /N/_/\N\/\/OOfJfAr/Ph
NN Boc T TN or : oTs
T * T “OTs Arl(OH)(OTs) 33 oTs 4,
- CH4Cl, 60 °C
29 30

COOH - .
0 RLEj/?,s = 3 R1©/
i /@ ;/N/_/\N\/\/o |—Ph! ©/ \©

C.
1 o ' + '
R t-BuOK ; OTs oTs | Cs,CO3, THF
36 Dry Toluene 3 34 f 0to30°C
R'=H,4, 34(0CHy), 0% N —_ o C ”””” ; R1—H,4Br, 2,4-0CH;,CHy
[:j\/\/

Scheme 5.1.3.1: Synthesis and application of imidazolium-supported diaryliodonium salts 34

5.1.4 Imidazolium-supported hypervalent iodine derivatives as catch &
release reagents

Recently, Kumar et al. synthesized a unique imidazolium-supported hypervalent iodine reagent
42 starting from 2,3-dimethylimidazole 29 and sultone sulfonic acid 40 to yield imidazolium-
supported sulfonic acid 41 which upon reaction with iodobenzene diacetate 34 in acetonitrile
afforded the reagent 42.3" 42 was further employed in a ‘catch and release’ strategy to generate
various a-substituted acetophenones (44a-c) in a good-to-excellent yields, when reacted with
various nucleophiles such as KSCN, NaN3 and PhSO2Na (Scheme 5.1.4.1).

/OAc
< >—| —
o) /\
34 |
=\ (I)Qm =\ OAe HOL

X (IBD) I '
Z \/\/\S—OH o) -
\( (||) CF3SO3 T CF SO_ (”) CF3803
29 3778 4 || 42
' | Ph(HO)IO;S—
o) o)
A Ph(HO)IO,s ([ N J\/O_ _® - NN
13 “s0c CH4CN, 80 °C 44
42
44a; Nu = SCN
R = alkyl, benzyl, aryl 44b; Nu = N,

44c; Nu = PhSO,
Scheme 5.1.4.1: Synthesis and application of imidazolium-supported hypervalent iodine reagent
44
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5.1.5 Imidazolium-supported TEMPO reagents

Several 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical bearing an imidazolium-type
appendage have been prepared by various research groups, and successfully utilized for the
oxidation of alcohols to carbonyl compounds. In this context, Wu, Tong, Fall, Qian and
Zhdankin groups, independently reported the synthesis of different imidazolium-supported
TEMPO reagents starting from 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-HOTEMPO)
45 in multiple steps as described in Scheme 5.1.5.1.342 Wu et al. further used imidazolium-
supported TEMPO 46a as co-catalyst along with terminal oxidant sodium hypochlorite
(NaClOg4) in [bmim][PFe] water biphasic mixture for the oxidation of alcohols 20 to ketones 21
(Scheme 5.1.5.2a).%8

(IJ.
N
CI). A~ (i) Chloroacetyl chloride
N ) N7TNH 59 ol -
Q \—/ Chloroacetic acid, +§\ o
N B __ KyCO3, Acetone, r.t. DMAP, DCC » N ” N/\n/
BF4 =i (i) N-CH3 imidazole 17 \—=/ o 46
o~ o (ii) NaBF, 3
NS Acetone, 60 °C S .| KPFgorNaBF, e
\‘/{\ \J gl | a0a; X PFG
O—); — 8 ! i Acetone, 60 °C 46b; X= BF,
51 __§ | |
T ' : .
. 3 5 Ho N-o ] ©
g a ! | N
| 45 : i —
. I B o/ 47 >§)<
BF, @ Q’HC(':"’\? ig(‘)i‘jgzo'e 17 NaH, DMF o)
o +¢\ S - 3 f —
~ TN (i) NaBF, BF, B i/»N
\—/ . BF )
52 Acetone, 60 °C N /\/\NAN/ Kl/’\‘;N N’N
3 48 \:/ . M49\/

(i) CuS0O,4.5H,0
sodium ascorbate
tert-Butanol/water
a) 46a (1 mol %),
NaOCI (1.2 equiv.) KBr (10 mol %)

b) 46b/CuCl,/SiO,

c) 49 (10 mol %),
W

d) 46b, 51 or 52 (5 mol %) 21

20

Scheme 5.1.5.1: Synthesis and application of different imidazolium-supported TEMPO
reagents 46, 49, 51 and 52

Similarly, Tong’s group affixed the imidazolium-supported TEMPO 46b and CuCl, on to
various silica supports including SiO2, MCM-41 and SBA-15, and applied it as oxidizing agent
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for the same chemical transformation;*® delightfully, these heterogeneous catalysts showed
better catalytic activity over the imidazolium-supported TEMPO/CuCl, system
(Scheme 5.1.5.2b). Likewise, Fall et al. explored imidazolium-supported TEMPO based
triazole system 49 as a catalyst for same oxidation reaction in combination with PhI(OAc)
(Scheme 5.1.5.2¢).*’ Qian et al. also employed different imidazolium-grafted TEMPO reagent
46b/51/52 for the described oxidation reactions.**

5.1.6 Imidazolium-based nucleophilic reagents

Nucleophilic ionic liquids (NILs), are a special class of highly reactive imidazolium-supported
reagents that are prepared by nucleophilic displacement of halide ion with sodium or potassium
salts of anions. For example, the reagent [bomim][N3s] 53 was used by Anna and coworkers for
the nucleophilic aromatic substitution of aryl/heteroaryl halides to obtain the corresponding
azides (Scheme 5.1.6.1a).%3

53 54 _ 55 _ 56
Y . N N~ 7 N_ N "~~~
NN~ NN~ PN Do i
| N o seN L 1 NOp || pTolso; .
i [bmim][Na] L0 [bmimISCN] i | [bmim][NOy] L1 omiml[p-TolSOy] |

Figure 5.1.6.1: Application of imidazolium-based nucleophilic reagents

Chauhan et al. synthesized a novel NIL [bmim][SCN] 54 by the anion exchange of [bmim][Br]
with KSCN in acetone, and used it for the thiocyanation of alkyl halides, and phenacyl
bromides at room temperature under solvent-free conditions (Scheme 5.1.6.1b).** Subsequently,
Yadav and team also used the reagent 54 for the conjugative hydro thiocyanation of chalcones,
offering f-thiocyanato «,f-unsaturated ketones in appreciable yields (85-93%) as comparison
to the earlier reports (Scheme 5.1.6.1c).*® Valizadeh and Gholipour prepared [bmim][NO2]
reagent 55 and utilized as a nitronium ion source for the nitrosation of substituted arenes in
presence of boric acid under microwave-assisted solvent-free conditions (Scheme 5.1.6.1d).%8
Recently, Kumar and coworkers prepared [bmim][p-TolSOz] reagent 56 from [bmim][Br] with
sodium p-toluenesulfinate (p-TolSO2Na) in acetone, and used it for the transformation to
sulfones and p-ketosulfones from alkyl/phenacyl bromides (Scheme 5.1.6.1€).4’
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Scheme 5.1.6.1: Various nucleophilic substitution reactions by nucleophilic ionic liquid reagents
(53, 54, 55 & 56)

5.1.7 Imidazolium-supported diphenylphosphinite salts (1L-OPPhy)

Iranpoor et al. efficiently synthesized diphenylphosphinite-functionalized imidazolium salt 59 by
reacting imidazolium-supported alcohol 57 with commercially available
chlorodiphenylphosphine (58) in the presence of triethylamine (Scheme 5.1.7.1).%84° The reagent
59 was efficiently used as a reaction medium and ligand for the silylation, alkenylation via Heck
reaction, arylation and dehalogenation of aryl halides (5) under Pd-catalyzed conditions to obtain
corresponding aryl silanes (60), alkenyl arenes (61), biaryls (62) and arenes (63) respectively
(Scheme 5.1.7.1).
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OH 0
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“ R1 X = Cl, Br, | PdC|2 ( 5 mol %)
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Scheme 5.1.7.1: Synthesis and application of imidazolium-supported diphenylphosphinite salt
59
Moreover Valizadeh et al. efficiently used another imidazolium-supported diphenylphosphinite-
fuctionalized reagent 65, as a catalyst for the synthesis of substituted coumarins 66 from
phenolic substrate 37 with di(methyl or ethyl) acetylenedicarboxylate 64 under microwave

irradiaition.>®

—
OH OPPh CO,R!
X B 65

C RT R102C T COZR1 > ” R_d\l
= - i 7

37 64 MW, 2-5 min. 0 o
66

Scheme 5.1.7.2: Application of imidazolium-supported diphenylphosphinite-fuctionalized
reagent (65) in the synthesis of coumarins

5.1.8 Imidazolium-supported Mukaiyama reagent

N-methyl-2-chloropyridinium iodide (Mukaiyama reagent) is an effective activating agent used
for the formation of esters, carboxamides, ketenes, lactones and lactams from carboxylic acids.
Despite its great success, it is associated with some issues of solubility, stability and
purification of coupled products. To target these limitations, Kumar et al. anchored

191



Chapter 5

imidazolium-support to Mukaiyama reagent 72 through a series of steps. The strategy involves
the synthesis of o-chlorobutyl benzyl alcohol (69) from p-hydroxybenzaldehyde (67) and
4-chloro-1-bromobutane (68), which on further reaction with 1,2-dimethylimidazole (29)
yielded 70. Imidazolium-supported benzyl alcohol 70 upon reaction with 2-chloropyridine (71)
using triflic anhydride resulted in the formation of 72 in 55% yield. Thereafter, the synthesized
imidazolium-supported Mukaiyama reagent 72 was comfortably used for the coupling of
various acids 35 and amine 25 to generate the corresponding amides 26 in good-to-excellent
yields (Scheme 5.1.8.1).%!

/L CH,OH

CHO CH,OH 1) N7 N—
i) K5CO3, 80 °C, Acet —. 2
i , °C, Acetone
IS S o I NZBI-|3 L 110°C PF 7o
68 ii) NaBH,, 0-30 °C, i) Aq. KPFg &
OH Cla_~_20

67 69 X
| B Tf,0, 0-30 °C
N~ ~clI| CHLCl,

71

A
|K1/ c =
OTf \(
72 N\/\/O
PFe

oTf
) fla 0
L 72
1 + R?—NH -
R "OH 2 "TEA reflux, THF R’ N
35 25 Ny
26

Scheme 5.1.8.1: Synthesis and application of imidazolium-supported Mukaiyama reagent 72
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5.2 Introduction

Amide, ester and thioesters functionalities are highly desirable synthetic targets that form an
integral component of numerous natural products and biologically active synthetic molecules.
Amide bond itself accounts its presence in more than 25% of known drugs as per the
Comprehensive Medicinal Chemistry (CMC) database (Figure 5.2.1).52°* Amide and ester
linkages have been introduced as an essential component to synthetic drugs such as Procaine,
Lidocaine, Tocainide to increase their metabolic stability.>®® These groups have imposed
degradable character and good thermal and mechanical characteristics to biodegradable
poly(ester amide)s (PEAs) polymers.>® Glycolamide esters of Aspirin,® Ibuprofen,®® Niflumic
acid,® Scutellarin® and Nimesulide®® have also been used as biolabile prodrugs due to their
ability to undergo quick cleavage in human plasma. Similarly, thioesters have been extensively
used in native chemical ligation for the synthesis of many biologically active small and
medium-sized peptides and proteins.®*®® Selective examples of amide, ester and thioester

containing commercialized drugs and prodrugs are shown in Figure 5.2.1

(e sl
-7 0 COOH
Paracetamol Penicilline G

TS
o R

/"“‘. > S 0/\\/NM
O
H,N

2

Procaine

Aspirin Clopidogrell Methylphenidate

HN/gO

'\""“x\g/kCHZOH
. Ho 2y~ o
N ,'/0\\ —
fj—:-/( '. H.cv L _NH
N / \ O_L\ 3 :

' o F

Etomidate Lactacystin Advair Diskus

Figure 5.2.1: Selective examples of commercial available drugs and prodrugs containing

amide, ester and thioester functionalities
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Acid-activation as acyl halides, acyl azides, acylimidazoles, anhydrides, esters and acyl
benzotriazoles, followed by nucleophilic substitution are among the most common strategies
employed for construction of amide, ester and thioester bonds. Benzotriazole is a versatile
synthetic auxiliary that impose multiple activating influences on neighboring groups, and its
reactivity has been immensely exemplified by Katritzky and coworkers (Figure 5.2.2).64%¢
In the above aspect mentioned aspect, N-acyl benzotriazoles have surpasses most of the
aforementioned reagents due to their relative stability, ease of formation, higher reactivity and
high yields of the N-, S- and O-acylated products.®*®’ In addition, Katritzky’s pioneer work on
the applications of N-acyl benzotriazoles have led to the synthesis of libraries of novel

heterocycles, peptides and peptidomimetics.®

H, n-BuLi H
R-C-Bt ——> R-c-Bt

+ \
E E

Proton activator

]
$ e.g. R1J\

R-CH,-C-OH RCH, Bt+ <=
R2  Anion precursor

R2

-

Cation stabilizer
Figure 5.2.2: Multiple reactivity of benzotriazole reagent (BtH)

However, N-acyl benzotriazole methodology suffers one or more hindrances in term of green
chemistry perspective, including the use of organic solvents in the acylation reaction,
non-reusability of benzotriazole, and use of column chromatography for the purification of the
acylated product.®®" Efforts to overcome some of these drawbacks have been undertaken by
Paio, Showalter, Fang and Katritzky by synthesizing different polymer-supported benzotriazole
reagents. For example, Katritzky and Paio et al. independently synthesized polymer-supported
benzotriazole reagents from Merrifield resin bounded to 1,2-phenylenediamine in multistep
protocol. Such grafting of benzotriazole onto different polymeric supports described the
combinatorial approach for the synthesis of substituted amines 75 via mannich type reaction

(Scheme 5.2.1)"27 In addition, Paio and coworkers also anchored benzotriazole on different
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resin bound polymers such as; hydroxymethyl polystyrene (HMB-PS), chloromethyl polystyrene
(CM-PS), aminomethyl polystyrene (AM-PS), Argogel-NH> (AG-NH), for executing the
aforementioned application (Scheme 5.2.1).”

@ : 2 i R2
(PS N HNT Q  THF/TMOF 3 &L N R oy [
ON o+ T N —Ne NN

NH  R2 R¥ "H  60°C,15h QN -

73 24 25 R’ '

74 i ; ,
Reagent 1; @ =-0- @ = HMB-PS

R, RZ=H, alkyl, alkoxy, pyridyl Nu = H, alkyl, CgH5
Reagent2; { L) =-O- @ = CM-PS R3 = alkyl, aryl

Reagent 3; @ = -NHCO- @ = AM-PS

Reagent 4; ( L) = -NHCO- @=AG-PS
Scheme 5.2.1: Katritzky and Paio works; Synthesis of tertiary amines 75 by the cleavage of
polymer-supported benzotriazole Mannich adducts
In continuation, Showalter and coworkers also developed a distinct methodology for the
synthesis substituted amino methyl functionalized Merrifield resin anchored benzotriazole
reagent. This polymer-supported benzotriazole reagents 76 upon reaction with grignard reagent

also yielded a small library of homologated secondary and tertiary amines 75 (Scheme 5.2.2).74

0 R!
. (0]
N R2 R3 TH Reﬂux Y R1
‘ 75

H
e . 24 25 RS 5
@: Merifield Resin R', R?=H, alkyl, alkoxy, pyridyl ~ f* R®  seeeeeeeeee-
R3 =alkyl, aryl R*= aryl, benzyl

Reagent 76a; (L) = -CHy-
Reagent 76b; (L) = -CH,0CH,-
Reagent 76c; @ = -CH,0O(CH,)6OCH,-
Scheme 5.2.2: Showalter’s work; Synthesis of tertiary amines 75 by the cleavage of polymer-
supported benzotriazole Mannich adducts
Later, in an extension to the aforementioned work, Paio et al. described an automated synthesis
of unsymmetrical aryl ureas 83 from the synthesized, polymer supported benzotriazole adduct 80
by mean of coupling reaction between polystyrene-polyoxyethylene-amino (AG-NH2) or

aminomethyl-polystyrene (AM-PS) resins with benzotriazole-5-carboxylic acid (79) (Scheme
5.2.3).7°
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Scheme 5.2.3: Polymer-supported benzotriazole mediated synthesis of unsymmetrical aryl ureas 83
In 2001, the leaving group ability of benzotriazole was elegantly explored with polymer
decorated benzotriazole reagent 84 & 85 by Katritzky et al. towards the synthesis of synthetic
useful diketones 88 from a-CH>-ketones, via polymer azolides 87. The derivatives of resins 85
afforded compounds 88 in 18-41% yields while polymer azolides based on resin 84 gave
corresponding diketones 88 in 47-77% (Scheme 5.2.4).7

(PS

L r | 0o o !
LDA, THF 'R R?:
N\ % !
-
N
H
85

Scheme 5.2.4: C-acylation of ketones with polymer-supported azolides 87

Polymer-supported benzotriazoles reagents (P1-3) were also prepared by Fang et al. by linking
5-(hydroxymethyl)benzotriazole and benzotriazole-5-carboxylic acid 79 with Wang resin,
Merrifield resin, and (monomethoxy)poly(ethylene glycol). The aforementioned benzotriazole
derivatives were effectively used as promoters for the condensation of anilines 24 with different
phenyl acetaldehydes 89, affording tetrahydroquinoline derivatives 90 in 84-89% vyields (Scheme
5.2.5).”"

196



Chapter 5

P1-P3
R! 0 Polymer-supported
@\ )K/ Ar benzotriazole
R2 N’H + 2 H EtOH, r.t.
24 R 89
O
Wang—o)UN\ Merrifiem—o/\@:"L
/N /N
P1 N P2 N

Scheme 5.2.5: Polymer-supported benzotriazole reagent as a promoter in the synthesis of
tetrahydroquinoline derivatives 90

Although, some of the limitations associated with benzotriazole chemistry were overcome by
synthesizing polymer-supported benzotriazole auxiliaries, yet these reagents are associated with
their own disadvantages of low loading capacity, elaborate purification procedures, low swelling
properties, limited solubility and the scope of the reagents.

As described earlier, a great attention has been devoted on the synthesis of functionalized
imidazolium-supported reagents, and their use in solution-phase parallel synthesis'®8-% and in
facilitating the separation process.®*®? Tuning chemical and physical properties, higher loading
capacity, reactions under homogeneous conditions and use of conventional methods for the
analysis of reaction progress have proved imidazolium entity to be ideal support'?®® for the
synthesis of small molecule libraries, peptides,®*® and oligosaccharides.®®®” With our interest in
application of benzotriazole in acylation reactions, we envisaged to affix benzotriazole on
imidazolium-support to generate soluble-supported benzotriazole auxiliary that can have high
efficiency and can be exemplified as a reusable carboxyl group activating reagent for amide,
ester and thioester bonds formation in aqueous media.

5.3 Results and Discussion

The work commenced with the synthesis of imidazolium-supported benzotriazole reagent
connected via methylene linker (Im-CH-BtH, 95) as depicted in Scheme 5.3.1. Esterification of
commercially available benzotriazole-5-carboxylic acid (79), followed by reduction with lithium
aluminium hydride (LAH) in THF yielded 5-hydroxymethylbenzotriazole (92).88 Chlorination of
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92 with thionyl chloride in toluene furnished 5-chloromethylbenzotriazole (93) in 70% as a
single isomer. Reaction of 93 with 1,2-dimethylimidazole under solvent-free heating condition
afforded imidazolium methylene linked benzotriazole chloride salt (94), as a gummy product in
98% vyield. Based on the 'H NMR analysis, it was found that 94 is an isomeric mixture of
N!- and N3-isomers with major amounts of N*-isomer. 94 was used as such for the next step
without further purification. For tuning the solubility, the counter anion in 94 was exchanged
with PFs anion by reacting with KPFs in dry acetone under reflux condition to yield methylene
linked imidazolium-supported benzotriazole potassium hexafluorophosphate (95) as a brown
solid in 96% vyield. Initially the exchange of CI" by PFes was attempted in water at room

temperature. The reaction did not goes to completion, and the product remains soluble along with

94 in water.
i o)
N
"o "N _SOCI,/EtOH_ EtO N, _LAHTHF _ HO N\\N
N’ reflux, 6 h N'N reflux, 12 h N
H 97% \ 95% \
79 91 H 92 H
SOCIl,y/Toluene
rt.,5h
70%
o
PFg |

(/\ N N\N KPF¢/Acetone (/\ / 29 CI/\CENN
N/IK N’ reflux 24 h Neat/80 °C, 3 h N\
/ H 96% 98% H

93
95

Scheme 5.3.1: Synthesis of imidazolium-supported benzotriazole (Im-CH»-BtH) (95)

The *H NMR of 95 indicated the presence of N!- and NZ-isomers in the ratio 2:1. Three
characteristic singlets at ¢ 5.58, 3.76 and 2.64 for the methylene (2H), N-methyl (3H) and
C-methyl (3H) protons were observed for N*-isomer along with three singlets at § 6.17, 3.66 and
2.44 for N2-isomer. Peaks for equivalent aromatic protons were observed in the region § 7.37-
8.07 in the *H NMR of 95. We were successful in isolating N*-isomer by recrystallization of the
brown solid using methanol. Thus, the overall strategy provides a straightforward high-yielding
method for the synthesis of imidazolium-supported benzotriazole reagent, avoiding protection
and de-protection steps as usually required in polymer-supported benzotriazole synthesis. The
'H NMR and *C NMR of pure 95 are shown in figures 5.3.1 and 5.3.2.
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Figure 5.3.1: *H NMR spectrum of 95 (pure: N* isomer)
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Figure 5.3.2: 3C NMR spectrum of 95 (pure: N* isomer)
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The thermal stability profile of the synthesized reagent 95 was studied using differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The DSC experiment
showed that the exothermic decomposition temperature of 95 is above 150 °C (Figure 5.3.3, left
curve) with an initiation temperature of 151.81 °C and end point at 185.81 °C. The compound 95
could be used well below its decomposition temperature. It is worth mentioning that 95 did not
show any sign of decomposition or loss of reactivity even after storing for more than two month
at room temperature. The TGA of 95 indicated the first weight loss to be around 254 °C, and the
full degradation centred around 366 °C, (Figure 5.3.3, right curve) suggesting that 95 is quite
thermally stable.

189 179.37°C 454

Hoat Flow (mW)
Weight (mg)

Y T Y T T T T T T T T
S0 100 150 200 250 0 100 200 300 400 500
Temperature (*C) Temperature (*C)

Figure 5.3.3: DSC and TGA curves of compound 95

After successful synthesis and characterization of 95, we focused our attention to investigate the
carboxylic acid activating capability of 95 for preparing amides, esters and thioesters. Thus, we
initially attempted the activation of benzoic acid (96a) with 95. Prior to this, the activation of 96a
was initially attempted with the reagent 94 (Im-CH»-BtH, CI salt), however due to difficulty in
the weighing due to its gummy nature and comparatively lower reactivity, we switched to
activation of 96a using 95 (Im-CH»-BtH, PF¢ salt).

Various coupling reagents viz. DCC, EDC.HCI, HBTU and HATU were screened in
tetrahydrofuran (THF) and acetonitrile (CH3CN) for the activation of benzoic acid (96a) using 95
(Table 5.3.1). The use of polar solvents such as DMF and DMSO were discarded due to difficulty
of removing them after the reaction. After screening different conditions, the use of DCC (1.2 eq.)
in CH3CN using a catalytic amounts of DMAP at room temperature gave imidazolium-supported
N-benzoyl benzotriazole (97a) in 75% isolated yield (Table 5.3.1, entry 3). A number of spots
were visible on the TLC when the reaction was carried under reflux conditions, and subsequently

a declination in the isolated yield of 97a was observed (Table 5.3.1, entry 5). Interestingly due to
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high polarity of 97a, the generated DCU was easily removed from the reaction mixture by simple
washing with ethyl acetate, and thereafter the precipitation with methanol yielded 97a in pure
form. A catalytic amount of DMAP was sufficient and necessary for the reaction as its absence
leads to tremendous decrease in the yield of 97a (Table 5.3.1, entry 4).

Table 5.3.1: Optimization of Reaction Conditions for the Synthesis of 97a

. PFe
PFg + N
o} + (/\,:"l N, Coupling reagent (/\IN/\©: "N
Ph)J\OH NJ<\©:N'N Reaction conditions g /N/K N\ﬁ\
96a / i—| Solvent 97a pn o)
95
Entry Coupling reagents Solvent Reaction Yield® of 97a
(mL) conditions (%)
1 DCC (1.2 eq.) /DMAP (cat.) THF rt., 26h 50
2 DCC (2 eq.)/DMAP (cat.) CH:CN rt.,20h 76
3 DCC (1.2 eq.)/DMAP (cat.) CHsCN rt.,20h 75
4 DCC (1.2 eq.) CHsCN rt.,20h 40
5 DCC (1.2 eq.)/DMAP (cat.) CHsCN reflux, 8 h 552
5 EDC.HCI (1.5 eq.)/DMAP (cat.) CH3CN rt.,20h 65
6 HBTU (1.5 eq.)/DMAP (cat.) CH3CN rt,20h 45
7 HATU (1 eq.)/DMAP (cat.) CHiCN rt,20h 52

aA number of spots on TLC appeared on refluxing and subsequently the yield of 97a decreased; PIsolated yield.

With optimized conditions in hand, the substrate scope of this reaction was studied and six more
aromatic and heteroaromatic acids (96b-g) were successfully activated using imidazolium-
supported benzotriazole reagent (95), yielding their corresponding imidazolium-supported
N-acyl benzotriazole reagents (Im-CH2-Bt-COAr, 97b-g) in 65-80% yields (Scheme 5.3.2). The
compounds 97a-g were obtained either in pure N*-isomeric form or as enriched N*-isomer with
small amounts of N3-isomer. Apart from aromatic and heteroaromatic acids, acetic acid also got
efficiently activated by 95 yielding imidazolium-supported benzotriazole acetyl reagent (97h) in
85% isolated yield. It is noteworthy that the loss in yield of 97 is solely during the isolation
process due to its partial solubility in methanol. A representative *H NMR and *C NMR of 97f
are shown in figures 5.3.4 and 5.3.5.
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Scheme 5.3.2: Synthesis of imidazolium-supported N-acyl benzotriazole reagents (Im-CH.-Bt-
COR) (97a-h)

We next investigated the benzoylation of p-toluidine (98A) using imidazolium-supported
N-benzoyl benzotriazole (97a) in the presence of base (DMAP and K>COs3) under classical and
microwave conditions in a number of solvents including CH3CN, THF, EtOH and water. To our
delight, the reaction in CH3CN and water proceeded smoothly under microwave irradiation
giving 99aA in 85% and 90% yields, respectively in 15 minutes (Scheme 5.3.3). On the other
hand, 12-14 h was required for completion of reaction under reflux condition in acetonitrile and
water yielding 99aA in comparable yields. The substrate scope of other imidazolium-supported
N-acyl benzotriazoles (97b-g) was explored under similar conditions with a variety of
N-nucleophilic substrates such as aliphatic, aromatic and heteroaromatic amines (98A-E). For all
substrates, the reaction comfortably proceeded smoothly in water by applying microwave
irradiation for 15-30 minutes, yielding the corresponding amides 99 in 80-95% isolated yields
(Scheme 5.3.3).
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Interestingly, extraction of the concentrated reaction mixture with ethyl acetate followed by
washing with 1IN HCI (to remove the un-reacted N-nucleophilic substrate and DMAP) yielded
pure amides 99, thereby avoiding the use of column chromatography.

PFg
+ N O
f/N N+ RINH AL - M r + 95
N/K N’ MW, 100 °C, 15-30 min. R N~
98 H
ecovere
/ o R d
97 R 99
H H
O\ N\(S O\ NYS O\ N
W >Q
N / ,\} (\5
nj!\;/\e/’ﬁf?()% 99aB, 91% 99aC, 88% 99aD, 88%
min. MW, 15 min. MW, 20 min. MW, 15 min.
O N Os H S H
\W O« _N
-0 . Y@
5 99bB, 86% 99bC, 81% ~o0 99cA, 95% 99cC, 90%
MW, 20 min. cl MW, 25 min. MW, 15 min. o) | MW, 15 min.
- -
H H H
O« _N__s Oy N_s O« N
'y h Q
N X
99dA, 88% 99dB, 89% 99dC, 90% 99¢A, 89%
MW, 15 min. MW, 15 min. MW, 20 min. MW, 20 min.
H s o H H
\Wj A Y y®
X N X N N\/>
X
99eB, 85% 99eC, 89% 99fA, 84% | NG 99fB, 80%
MW, 15 min. MW, 20 min. MW, 25 min. MW, 25 min.
H H H H
Ox N\(S O _N Oy N S Ox_N S
\ ISR S R &
N N N
N” g9fc, 80% ~ 99gA,86%  99gB, 82% — 999C, 86%
MW, 35 min. MW, 25 min. MW, 20 min. MW, 30 min.
H
Ox N\/@ H
O~ _N
Z 0 T
— 99gE, 90% 99hE, 84%
MW, 15 min. MW, 15 min.

Scheme 5.3.3: Imidazolium-supported N-acyl benzotriazoles (97a-g)-mediated synthesis of
amides (99) in agueous media under MW irradiation
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Apart from aromatic and heteroaromatic N-nucleophiles, the acylation with 97 worked quite well
with aliphatic amines such as propyl amine (99D) and benzyl amine (99E) in water, yielding the
corresponding amides 99aD and 99gE in 88% and 90% vyields, respectively. The acetylation of
benzyl amine (98E) with 97h yielded 99hE in 84% vyield in 15 minutes under the described
reaction conditions.

We further utilized imidazolium-supported N-acyl benzotriazoles (97a-g) for the thioester bond
formation by reacting with thiophenol (100A) and 2-naphthalenethiol (100B) under similar
conditions (Scheme 5.3.4). Here again, DMAP was found to be the ideal base for the desired
transformation in water and acetonitrile, while the reaction worked comparatively slower with
K2COs. Longer reaction time and lower yield of the product (101aA) was obtained under
classical reflux conditions in water and acetonitrile. Both thiophenols (100A-B) reacted smoothly
with 97 and the reaction completed in 10-30 minute of microwave irradiation. Extraction of the
concentrated reaction mixture with ethyl acetate followed by washing of organic filtrate with
water (to remove DMAP), and thereafter recrystallization with hexanes yielded pure thioesters
(101) in 85-96% vyields.

PFg
N N
/\N \ ] DMAP/H,0O o)
| N + R'SH —> MRt + 95
/N N MW, 100 °C, 10-30 min. R™ s~
100A-B
Recovered
97 R)t © 101
é 101aA, 96% é 101aB, 90% 101bB, 86%  ~_ 101cA, 93%
MW, 10 min. MW, 25 min. MW, 20 min. MW. 10 min
Cl 0O ’ :
Ow s Ox S Ow s
\é i\/ ;o
101dA, 93% 101dB, 92% 101gA, 88% 101gB 85%
MW, 10 min. MW, 10 min. MW, 30 min. MW, 30 min.

Scheme 5.3.4: Imidazolium-supported N-acyl benzotriazoles (97a-g)-mediated synthesis of
thioesters (101) in aqueous media under MW irradiation
After the success of amide and thioester bond formation in aqueous medium, we turned our

attention towards ester bond formation using imidazolium-supported N-acyl benzotriazoles
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(97a-g). When 3-methoxyphenol (102) was allowed to react with 97a under the standardized
conditions for amide bond formation, the corresponding ester 103a was only formed in 26%
yield. Interestingly, the use of t-BuOK in-place of DMAP resulted in formation of 103a in 80%
isolated yield after 40 minutes of MW irradiation. Similarly, other imidazolium-supported N-acyl
benzotriazoles (97b-g) upon reaction with 3-methoxyphenol (102A) in water under microwave
irradiation using t-BuOK as base yielded their corresponding esters 103aA-gA (Scheme 5.3.5).
In this case, extraction of the concentrated reaction mixture with ethyl acetate followed by
washing of organic filtrate with 2N NaOH yielded pure esters (103aA-gA) in 70-84% isolated

yields.
PF6
t-BUOK/H,O o
(\ /\©: o )k /@\ _ + 95
/K MW, 100 °C, 35-50 min.R™ O o
Recovered
103
6 examples
70-84%
O« O
103aA, 80% 103bA, 75% o 103cA, 84% 103dA, 80%
MW, 40 min. MW, 50 min. o MW, 35 min. MW, 45 min.
~
O\ O
103eA, 73% — 103gA, 70%
MW, 50 min. MW, 50 min.

Scheme 5.3.5: Imidazolium-supported N-acyl benzotriazoles (97a-g)-mediated synthesis of
esters (103) in aqueous media under MW irradiation

Recovery and reusability of imidazolium-supported benzotriazole reagent

Recoverability of Im-CH2-BtH was attempted in all the three cases of reactions. The insolubility
of Im-CH.-BtH (95) in ethyl acetate provided a simple procedure for separating it from crude
reaction mixture. In case of amide and thioester synthesis, pure Im-CH»>-BtH (95) was obtained
after washing of concentrated reaction mass with ethyl acetate followed by high vacuum drying.
In case of ester synthesis, an additional washing with water was required to remove t-BuOK to
yield pure 95. Comparison of the *H NMR of the recovered Im-CH.-BtH (95) reagent with that
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of initially synthesized reagent (95) is shown in Figure 5.3.6. From the *H NMR it is evident that
the recovered Im-CH2-BtH was obtained in pure form.
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Figure 5.3.6: Comparison of *H NMR of Im-CH-BtH (95) and recovered 95
The reusability of the recovered reagent (95) was further evaluated towards the synthesis of 97a.
Delightfully the recovered reagent (95) did not show any significant change in the chemical
reactivity, and for five cycles 75%, 75%, 73%, 72% and 70% isolated yield of 97a were obtained
based on the amount of recovered Im-CHz-BtH (95) (Figure 5.3.7). It is worth mentioning that
the recovery process is very simple and less arduous. However, due to inevitable loss of
Im-CH»-BtH (95) during the activation step, the amount of amide (99aA) formed in each

subsequent cycle’s decreases (percentage yield remain same) due to use of lesser amount of

nucleophile in the subsequent cycles.

Reusability of Im-CH,-BtH

. Lo
% THR T 3 i s -
0
L%
e
] 3 ] + %

MNo. of Cycles

Yield of 110a

Figure 5.3.7: Recyclability and reusability of Im-CH»>-BtH (95)
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One-pot and sequential synthesis of amide without isolating Im-CH2-BtCOR

To overcome the loss in vyield during the purification of imidazolium-supported N-acyl
benzotriazole reagents (Im-CH>-Bt-COR) (97) and to make the process more efficient and
economical, we planned to perform the synthesis of amide (99aA) in one-pot fashion. Since the
activation step does not proceed in water, therefore benzoic acid (96a) and Im-CH2-BtH (95)
were allowed to react in acetonitrile at room temperature for 20 h using DCC (1.2 eq.)/DMAP (5
mol %). After this p-toluidine (1.0 equiv.), additional DMAP (1.2 eq.) were added to the same
pot, and the reaction mixture was subjected to microwave irradiation for 20 minutes. After the
two sequential reactions in one-pot, the reagent Im-CH>-BtH (95) was almost completely
recovered (97% of its starting amount) by washing the concentrated and dried reaction mixture
with ethyl acetate and decanting the organic filtrate to separate the amide product along with
by-products such as DCU, DMAP and un-reacted acid from 95. However, the isolation of the
amide product 99aA in 82% yield from this organic filtrate (ethyl acetate) required tedious
separation procedure including acid-base workup followed by column chromatography.

In order to explore the synthetic utility of Im-CH>-BtCOR towards acylation in water, we also
attempted the sequential synthesis of amide (99aA) by (i) carrying the activation step in
acetonitrile in the usual manner at room temperature, (ii) removing the side products (DCU) by
washing the concentrated and dried residue with ethyl acetate, and (iii) using this concentrated
residue for the benzoylation of p-toluidine in water using DMAP (1.2 equiv.) under microwave
irradiation. In this case, amide (99aA) was isolated in 92% vyield by usual work up procedure
without employing column chromatography, along with almost recovery of Im-CH.-BtH (95)
(98% of its starting material). Thus, the step-wise synthetic strategy leads to the synthesis of
amide (99aA) in comparable yields, with or without the isolation of Im-CH>-BtCOPh

(Scheme 5.3.6).
0]

PN o
Ph” “OH PFg \©\
DCC (1 eq.)/DMAP (cat.) ° HZNQ N)LPh
96a q.) (\ /\C[ 98A H
o+ 99aA
PFg CHLCN, rt, 20h /K DMAP (1.2 eq.)/H,0 92%
"
(/\/N "!\N o7a Ph MW, 100 °C, 20 min. +
N/K N Im-CH, BtH (99)

/ i—| not isolated Recovered
95

Scheme 5.3.6: Sequential synthesis of amide (99aA) without isolating N-acyl imidazolium-

supported acyl benzotriazole (97a)
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Application of imidazolium-supported N-acetyl benzotriazole (97h) for the synthesis of
paracetamol

Finally, we applied the chemical utility of imidazolium-supported benzotriazole reagent towards
the synthesis of paracetamol. Paracetamol (N-(4-hydroxyphenyl)acetamide) is a mild painkiller
and reduces the temperature of patients with fever, and thus widely used OTC drug in many
countries either in different pharmaceutical formulations, alone or in combination with other
active pharmaceutical ingredients. Many synthetic routes have been explored for the paracetamol
production, however majority of them involve acetylation of p-aminophenol using acetic
anhydride at the final stage. We attempted to substitute corrosive acetic anhydride by
imidazolium-supported N-acetyl benzotriazole 97h for preparing paracetamol in a cleaner and
safer way. Pleasingly, 97h effectively and selectively acetylated amino group of p-aminophenol
(98F) using DMAP in water under microwave irradiation in 15 minutes, yielding paracetamol
(99hF) in 93% yield, along with the easy recovery of Im-CH2-BtH (95). In order to evaluate the
potential of this process on a larger scale, a one gram batch production of paracetamol from 3.95
g of 97h and 1.0 g of p-aminophenol was successfully achieved under optimized conditions
(Scheme 5.3.7).

H

Fre DMAP/H,0
N 2 /
an N HO@NHZ o - HO@N v
N/K N MW, 100 °C, 15 min. ):o
/ )EO Recovered
97h 98F

99hF
1g scale: 93%

Scheme 5.3.7: Gram scale synthesis of paracetamol (99hF) from Im-CH,-BtCOCHj3 (97h)

In summary, we have developed an efficient imidazolium-supported benzotriazole reagent as a

novel synthetic auxiliary, and exemplified its applicability in the formation of amides, esters,
thioesters under microwave irradiation bonds in water. Pleasingly, the methodology was also
employed for the synthesis of paracetamol at gram level.

5.4 Experimental Section

5.4.1 General Materials and Methods

Commercially available reagents were used without purification. Commercially available
solvents were dried by standard procedures prior to use. Reactions were monitored by using thin
layer chromatography (TLC) on 0.2 mm silica gel F254 plates. Nuclear magnetic resonance
spectra were recorded on 400 MHz spectrometer and the chemical shifts are reported in ¢ units,
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parts per million (ppm), relative to residual chloroform (7.26 ppm) or DMSO (2.5 ppm) in the
deuterated solvent. The following abbreviations were used to describe peak splitting patterns
when appropriate: s = singlet, d = doublet, t = triplet, dd = doublet of doublet and m = multiplet.
Coupling constants J were reported in Hz. The 3C NMR spectra were reported in ppm relative to
deuterochloroform (77.0 ppm) or [ds] DMSO (39.5 ppm). Melting points were determined on a
capillary point apparatus equipped with a digital thermometer and are uncorrected. High
resolution mass spectra were recorded with a TOF analyzer spectrometer by using electrospray
mode.

Synthesis of ethyl 1H-benzo[d][1,2,3]triazole-5-carboxylate (91)

To a solution of benzotriazole-5-carboxylic acid (0.1 mol) (79) in ethanol (80 mL), thionyl
chloride (0.3 mol) was added drop-wise, at 0 °C. The reaction mixture was refluxed for about 6 h
until the consumption of the starting material. The reaction mixture was concentrated under
reduced pressure and extracted with ethyl acetate and water (100 mL x 3). The combined organic
layer was dried over Na;SO4 and concentrated to yield 91 in 97% yield. m.p: 106-108 °C (Lit3
m.p: 108-109 °C).

Synthesis of 1H-benzo[d][1,2,3]triazol-5-yl)methanol (92)

To a suspension of lithium aluminium hydride (0.09 mol) in dry THF (100 mL) in a round-
bottom flask, ethyl 1H-benzo[d][1,2,3]triazole-5-carboxylate (91) (0.03 mol) was slowly added
from a dropping funnel at 0 °C under an atmosphere of nitrogen. The reaction mixture was
refluxed for 12 h. The reaction mixture was then quenched in ice-cold water, acidified with 1N
HCI, filtered through celite and extracted with ethyl acetate (100 mL x 4). Drying and
concentrating the organic layer under reduced pressure afforded 92 in 95% vyield. m.p: 147-149
°C (Lit.%8 m.p: 149-150 °C).

Synthesis of 5-(chloromethyl)-1H-benzo[d][1,2,3]triazole (93)

Thionyl chloride (0.36 mol) was slowly added to a solution of (1H-benzo[d][1,2,3]triazol-5-
yl)methanol (92) (0.026 mol) in toluene (100 mL), and the mixture was stirred vigorously for 5
h. The resulting solid was filtered and washed with hexanes to give pure 93.

White solid; yield: 3 g (70%); mp 162-163 °C; *H NMR (400 MHz,
C'/\@N‘N CDCls + DMSO-ds) 6 7.86 (s, 1H), 7.80 (d, J = 8.5 Hz, 1H), 7.41 (dd, J

N
L, | =86, 1.3Hz 1H), 4.79 (s, 2H); °C NMR (100 MHz, CDCls + DMSO-

de) 0 143.3, 143.0, 140.3, 131.7, 120.1, 119.5, 51.0.
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Synthesis of 3-((1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
chloride (94)

A  mixture of 1,2-dimethylimidazole (29) (0.019 mol) and 5-(chloromethyl)-1H-
benzo[d][1,2,3]triazole (93) (0.017 mol) were heated at 80 °C for 3 h. Upon completion of
reaction, the reaction mixture was washed with ethyl acetate (25 mL x 3) yielding 94.

Brown gummy semi-solid (N*+ N isomers); yield: 4.4 g (98%); *H NMR (400 MHz, CDCl; +
o DMSO-de) J 16.08 (s, 1H), 7.95 (s, 1H), 7.91 (d, J = 8.5 Hz, 1H), 7.81
f,ﬁl“@[“\:,q (d, J = 2.0 Hz, 1H), 7.71 (d, J = 1.9 Hz, 1H), 7.43 (d, J = 8.3 Hz, 1H),
/N/K Ni-| 5.62 (s, 2H), 3.79 (s, 3H), 2.66 (s, 3H); 3C NMR (100 MHz, CDCl; +
DMSO-de) 0 144.5, 144.1, 132.7, 131.2, 125.2, 122.6, 121.2, 117.7, 50.8,

33.7,9.4.

Synthesis of 3-((1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
hexafluorophosphate (95)

In a round-bottom flask, 3-((1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-
3-ium chloride (94) (0.017 mol) was refluxed with potassium hexafluorophosphate (0.018 mol)
in dry acetone (40 mL) for 24 h under an inert atmosphere of nitrogen gas. Upon completion of
reaction, the excess potassium hexafluorophosphate was filtered-off. The mother liquor was
concentrated under reduced pressure, dried under high vacuum and precipitated with methanol to
yield compound 95.

Brown solid (N* + N? isomers); yield: 6.1 g (96%); *H NMR (400 MHz, DMSO-ds) & 8.07 (s,
1H), 7.96 (d, J = 10.6 Hz, 2H), 7.90 (s, 0.5H), 7.75 (s, 1H), 7.67 (s, 1H), 7.44 (d, J = 7.6 Hz,
1H), 7.37 (s, 1H), 6.17 (s, 1H, CH2-N2-isomer), 5.58 (s, 2H, CH2-N2-isomer), 3.76 (s, 3H, N-
CHs-N*-isomer), 3.66 (s, 1.5H, N-CHs-N2-isomer), 2.64 (s, 3H, C-CHs-N-isomer), 2.44 (s,
1.5H, C-CH3-N2-isomer); *C NMR (100 MHz, DMSO-ds) 6 145.3, 139.7, 138.7, 132.4, 126.0,
123.2, 121.6, 116.0, 115.6, 51.5 (CHz-N3-isomer), 51.0 (CHz-N-isomer), 35.2 (N-CHs-N*-
isomer), 33.7 (N-CH3-N?-isomer), 11.3 (C-CHs-N2-isomer), 9.9 (C-CHs-N*-isomer).
Recrystallization in methanol yielded pure N*-isomer of 95. White solid (N!-isomer); mp 172-
PFe 173 °C; 'H NMR (400 MHz, DMSO-ds) 6 15.86 (s, 1H), 7.94 (s, 2H),
flﬁ/\C[N‘ﬁN 7.71 (d, J = 34.9 Hz, 2H), 7.43 (d, J = 7.0 Hz, 1H), 5.57 (s, 2H), 3.76 (s,
/N/K N1 3H), 2.63 (s, 3H): *C NMR (100 MHz, DMSO-ds) J 145.2, 140.4, 139.4,
131.6, 125.3, 123.1, 121.7, 116.0, 115.4, 51.1, 35.3, 9.9; HRMS (ESI-
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TOF) (m/z) calculated for C12H15Ns*: 229.1327; found 229.1326 [M+1-PFe]".
General procedure for synthesis of imidazolium-supported N-acyl benzotriazoles
A 50 mL round-bottom flask containing a mixture of DCC (1.2 mmol), carboxylic acid (96a-h)
(2.2 mmol), 95 (1 mmol) and dimethylaminopyridine (5 mol %) in dry acetonitrile (20 mL) was
stirred for 20-40 h under ambient conditions. After the completion of reaction, the solvent was
concentrated under reduced pressure, and the crude reaction mixture was washed with ethyl
acetate (50 mL). The residue was dried under high vacuum, and the washing of the residual solid
with minimum amount of methanol yielded pure product (97a-h). The compounds 97a-h were
obtained either in pure N-isomeric form or as enriched N-isomer with trace amount of
NZ-isomer.
3-(1-Benzoyl-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
hexaflurophosphate (97a): White solid (N-isomer); yield: 358 mg (75%); mp 164-166 °C; H
NMR (400 MHz, DMSO-ds + CDClI3) ¢ 8.37 (d, J = 8.6 Hz, 1H), 8.25
fN/\CEN\N (s, 1H), 8.16 — 8.12 (m, 2H), 7.84 — 7.79 (m, 1H), 7.77 (dd, J = 4.8,
N._o | 26Hz 2H),7.68(d, J=2.1 Hz, 1H), 7.65 (t, J = 7.8 Hz, 2H), 5.68 (s,
2H), 3.82 (s, 3H), 2.68 (s, 3H); °C NMR (100 MHz, DMSO-ds +
CDCls) ¢ 166.5, 145.4, 133.6, 133.0, 131.3, 130.9, 130.3, 128.3,
122.8, 121.2, 119.2, 114.9, 50.3, 34.8, 9.5; HRMS (ESI-TOF) (m/z)
calculated for C19H19NsO* : 333.1589; found 333.1614 [M+1-PFe]".
3-((1-(4-Chlorobenzoyl)-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-
3-ium hexaflurophosphate (97b): Brown solid (N* + N3-isomers); yield: 358 mg (70%); mp
142-146 °C ; 'H NMR (400 MHz, DMSO-ds) ¢ 8.37 (dd, J = 9.8,
fﬁ“@[% 6.5 Hz, 1H), 8.27 (s, 1H), 8.15 (d, J = 8.3 Hz, 2H), 7.86 — 7.80 (m,
/N’K N_o 1H), 7.76 (d, J = 8.4 Hz, 2H), 7.70 (s, 1H), 7.60 (d, J = 8.3 Hz, 1H),
5.75 — 5.65 (m, 2H), 3.78 (s, 3H), 2.65 (s, 3H); *C NMR (100
MHz, DMSO-ds) ¢ 166.0, 145.4, 139.2, 133.8, 131.6, 131.1, 130.6,
cl 129.1, 123.3, 121.7, 121.2, 119.6, 115.5, 114.6, 50.9, 50.6, 35.3,
10.2; HRMS (ESI-TOF) (m/z) calculated for C19H18CINsO* : 367.1199; found 367.1219 [M+1-
PFe]".
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3-((1-(3,4-Dimethoxybenzoyl)-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-
imidazol-3-ium (97c): White Solid (N* + N3-isomers); yield: 429 mg (80%); mp 223-227 °C;

IH NMR (400 MHz, DMSO-ds) ¢ 8.33 (dd, J = 15.0, 6.3 Hz, 1H),
8.28 (d, J = 11.0 Hz, 1H), 7.86 (dd, J = 8.5, 1.8 Hz, 1H), 7.83 —
7.73 (M, 2H), 7.71 (s, 2H), 7.23 (d, J = 8.7 Hz, 1H), 5.73 — 5.65 (m,
2H), 3.92 (s, 3H), 3.85 (s, 3H), 3.78 (s, 3H), 2.64 (d, J = 7.3 Hz,
3H): 23C NMR (100 MHz, DMSO-ds) ¢ 165.7, 154.3, 148.8, 145.7,
145.4, 137.7, 133.7, 132.8, 132.4, 130.8, 127.4, 126.8, 123.4, 123.2,

121.7, 121.1, 119.6, 115.5, 114.5, 111.5, 56.4, 56.2, 50.9, 50.6, 35.3, 9.9; HRMS (ESI-TOF)
(m/z) calculated for C21H23Ns03™ : 393.1800; found 393.1827 [M+1-PFs]*.
1,2-Dimethyl-3-((1-(2-methylbenzoyl)-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1H-imidazol-
3-ium hexafluorophosphate (97d): White solid (N* + N3-isomers); yield: 354 mg (72%); mp

PFg

J N N,
%:’K/\@E N'N 0

122-124 °C; *H NMR (400 MHz, DMSO-dg) ¢ 8.43 — 8.23 (m, 2H),
7.83 (dd, J = 17.4, 5.1 Hz, 1H), 7.78 — 7.64 (m, 3H), 7.59 (t, J = 8.4
Hz, 1H), 7.49 — 7.38 (m, 2H), 5.74 — 5.66 (m, 2H), 3.79 (s, 3H),
2.66 (s, 3H), 2.37 (2s, 3H total, for N*+N3-isomers); 1*C NMR (100
MHz, DMSO-ds) 0 168.1, 146.2, 145.8, 145.5, 138.0, 137.7, 134.0,
132.4,131.6, 131.2, 130.6, 127.1, 125.9, 121.7, 121.2, 119.7, 115.4,

114.5, 51.1, 50.7, 35.3, 19.8, 10.0, 9.9; HRMS (ESI-TOF) (m/z) calculated for CoH21NsO* :
347.1746; found 347.1764 [M+1-PFe]*.
(E)-3-((1-Cinnamoyl-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-3-
ium hexaflurophosphate (97e): Brown solid (N*-isomer); yield: 362 mg (72%); mp 214-216 °C;

IH NMR (400 MHz, DMSO-ds) J 8.36 (d, J = 8.5 Hz, 1H), 8.13
(brs, 1H), 8.09 (s, 1H), 8.01 (dd, J = 16.3, 2.9 Hz, 1H), 7.82 (d, J =
3.7 Hz, 1H), 7.75 — 7.60 (m, 4H), 7.56 (brs, 1H), 7.46 (brs, 2H),
5.62 (s, 2H), 3.81 (s, 3H), 2.65 (s, 3H); 3C NMR (100 MHz,
DMSO-ds) & 163.8, 158.9, 149.0, 146.4, 145.5, 134.2, 133.9, 132.2,
131.2, 129.7, 123.3, 121.7, 119.7, 116.3, 115.4, 50.6, 35.3, 34.6,

10.0; HRMS (ESI-TOF) (m/z) calculated for C21H21NsO™" : 359.1746; found 359.1767 [M+1-

PFe]".
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3-((1-1sonicotinoyl-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
hexafluorophosphate (97f): White solid (N* + N3-isomers); yield: 325 mg (66%); mp 181-184

°C; 'H NMR (400 MHz, DMSO-dg) & 9.23 (s, 1H), 8.92 (d, J = 2.7
Hz, 1H), 8.49 (d, J = 7.5 Hz, 1H), 8.44 — 8.24 (m, 2H), 7.89 — 7.58 (m,
4H), 5.75 — 5.67 (m, 2H), 3.79 (s, 3H), 2.65 (s, 3H); 1*C NMR (100
MHz, DMSO-ds) 6 165.7, 154.0, 151.9, 146.2, 145.3, 139.5, 138.1,
134.2, 131.9, 131.2, 128.3, 127.2, 123.9, 123.4, 121.7, 121.3, 119.7,
115.5, 114.5, 50.9, 50.6, 35.3, 9.9; HRMS (ESI-TOF) (m/z) calculated

for C1sH18NsO™ : 334.1542; found 334.1561 [M+1-PF¢]".
3-((1-(Furan-2-carbonyl)-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-
3-ium hexafluorophosphate (97g): White solid (N* + N3-isomers); yield: 318 mg (68%); mp

PFg

N

N

Tqes

N

0]
éo

220-224 °C; *H NMR (400 MHz, DMSO-ds) J 8.34 (dd, J = 13.0, 8.6
Hz, 2H), 8.27 (brs, 1H), 8.07 (d, J = 3.5 Hz, 1H), 7.86 — 7.74 (m, 2H),
7.69 (s, 1H), 6.94 (dd, J = 3.6, 1.6 Hz, 1H), 5.73 — 5.64 (m, 2H), 3.79
(s, 3H), 2.65 (s, 3H): 13C NMR (100 MHz, DMSO-de) 6 154.8, 151.0,
145.6, 145.4, 144.2, 137.9, 133.9, 132.4, 132.0, 131.1, 126.9, 125.6,

123.3, 121.7, 121.3, 119.7, 115.3, 114.4, 113.9, 50.9, 50.6, 35.3, 9.9; HRMS (ESI-TOF) (m/z)
calculated for C17H17NsO2" : 323.1382; found 323.1410 [M+1-PFg]".
3-((1-acetyl-1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium
hexafluorophosphate (97h): White solid (N*-isomer); yield: 353 mg (85%); mp 198-200 °C; H

NMR (400 MHz, DMSO-ds) 6 8.26 (d, J = 7.5 Hz, 1H), 8.21 (s, 1H),
7.75 (obrs, 2H), 7.69 (brs, 1H), 5.66 (s, 2H), 3.77 (s, 3H), 2.94 (s, 3H),
2.63 (s, 3H); 3C NMR (100 MHz, DMSO-ds) § 170.3, 146.2, 145.8,
1455, 137.8, 133.6, 130.9, 126.7, 123.3, 121.6, 121.1, 119.6, 115.1,

114.2,50.7, 35.3, 23.6, 9.9.

General procedure for the synthesis of amides, thioesters, esters and recovery of reagent (95)

In a microwave capped tube, N, S- or O-nucleophilic aromatic/heteroaromatic substrate

(1.2 mmol), imidazolium-supported N-acyl benzotriazole reagent (97a-g) (1 mmol) and
DMAP (1.5 mmol) (t-BuOK for O-nucleophilic substrate) were mixed in water (2 mL).

The tube was irradiated in a CEM microwave synthesizer for 10-50 minutes at 100 °C,

50 W, and the progress of the reaction was monitored via TLC. After completion of the
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reaction, the mixture was concentrated to yield a gummy reaction mass. Subsequently,
ethyl acetate (20 mL x 2) was added and the mixture was stirred for 15 minutes and
decanted. The product (amide, thioester and ester) got dissolved in organic filtrate leaving
behind the regenerated reagent 95 as semi-solid (in case of N- & S-nucleophilc substrates.
While in case of O-nucleophlic substrates, washing with water (5 mL) was additionally
required to remove t-BuOK to regenerate pure 95.
For N-nucleophilic substrates, the organic filtrate was washed with 1IN HCI, dried with
Na>SO4 and concentrated to yield pure amides 99.
For S-nucleophilic substrates, the organic filtrate was washed with water, concentrated
and recrystallized with hexanes to yield pure thioesters 101.
For O-nucleophilic substrates, the organic filtrate was washed with 2N NaOH, dried with
Na>SO4 and concentrated to yield pure esters 103.
N-p-Tolylbenzamide (99aA): White solid; yield: 190 mg (90%); mp 154-157 °C (Lit.%*%° mp
o & 158 °C); *H NMR (400 MHz, DMSO-ds + CDCls) ¢ 10.08 (s, 1H), 7.98 — 7.92
\©\ (m, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.56 — 7.52 (m, 1H), 7.48 (dd, J = 10.0, 4.5
é Hz, 2H), 7.12 (d, J = 8.3 Hz, 2H), 2.30 (s, 3H); *C NMR (100 MHz, DMSO-
ds + CDCl3) o 165.3, 136.5, 135.1, 1324, 131.1, 128.7, 128.0,
127.5, 120.3, 39.6, 20.5.
N-(Thiazol-2-yl)benzamide (99aB): Brown solid; yield: 185 mg (91%); mp 143-145 °C (Lit.%*
o R < mp 144 °C); 'H NMR (400 MHz, CDCls) 6 12.61 (s, 1H), 8.05 (dt, J = 8.5, 1.6
\gj Hz, 2H), 7.68 — 7.63 (m, 1H), 7.58 — 7.52 (m, 2H), 7.03 (d, J = 3.6 Hz, 1H),
(\5 6.96 (d, J = 3.6 Hz, 1H); 3C NMR (100 MHz, CDCls) 6 166.1, 160.5, 137.1,
132.8,128.8, 128.2, 113.4.
N-(Benzo[d]thiazol-2-yl)benzamide (99aC): White solid; yield: 223 mg (88%); mp 185-187 °C
oo 8 & (Lit.% mp 186- 187 °C); 'H NMR (400 MHz, CDCls) 6 12.26 (s, 1H), 8.04
W@ (d, J = 7.2 Hz, 2H), 7.80 (dd, J = 6.3, 2.2 Hz, 1H), 7.51 (t, J = 7.3 Hz, 1H),
é 7.40 (d, J = 7.8 Hz, 2H), 7.37 — 7.33 (m, 1H), 7.29 — 7.22 (m, 2H); 3C NMR
(100 MHz, CDCIs; + DMSO-ds) 6 166.3, 159.7, 148.1, 132.9, 132.0, 128.8,
128.2,125.9, 123.8, 121.3, 120.6.
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N-Propylbenzamide (99aD): Yellow solid; yield: 144 mg (88%); mp 82-84 °C; 'H NMR (400
o H\/\ MHz, CDCls) 6 7.78 (dd, J = 5.2, 3.3 Hz, 2H), 7.55 — 7.47 (m, 1H), 7.47 — 7.39
(m, 2H), 6.24 (s, 1H), 3.44 (dt, J = 7.2, 6.1 Hz, 2H), 1.71 — 1.60 (m, 2H), 1.01 (t,
(\5 J = 7.4 Hz, 3H); C NMR (100 MHz, CDCls) J 167.6, 134.9, 131.3, 128.5,
126.8, 41.8, 22.9, 11.4.
4-Chloro-N-(thiazol-2-yl)benzamide (99bB): Off-white solid; yield: 205 mg (86%); mp 208-
o N o 210 °C (Lit.% mp 211- 212 °C); *H NMR (400 MHz, CDCl3) 6 8.22 (d, J = 8.7,
Wj Hz, 2H), 7.84 (d, J = 4.3 Hz, 1H), 7.65 (d, J = 8.7 Hz, 2H), 7.31 (d, J = 4.3 Hz,
1H). 3C NMR (100 MHz, CDCls) ¢ 164.8, 162.8, 161.2, 141.1, 130.1, 129.5,
Cl 127.9, 114.3.
N-(Benzo[d]thiazol-2-yl)-4-chlorobenzamide (99bC): White solid; yield: 234 mg (81%); mp
o B o >280 °C (Lit.%>% mp 304 °C); 'H NMR (400 MHz, CDCls) 6 11.82 — 11.09
W@ (m, 1H), 7.95 (d, J = 8.5 Hz, 2H), 7.89 (dd, J = 6.0, 2.9 Hz, 1H), 7.42 (d, J =
8.6 Hz, 2H), 7.39 (t, J = 4.7 Hz, 1H), 7.38 — 7.32 (m, 2H); 3C NMR (100
cl MHz, CDCl3; + DMSO-ds) 0 165.4, 159.4, 148.4, 138.9, 132.1, 131.3, 129.8,
128.8, 125.9, 123.6, 121.3, 120.4.
3,4-Dimethoxy-N-(p-tolyl)benzamide (99cA): White solid; yield: 258 mg (95%); mp 160-161
°C (Lit.*®* mp 157-158 °C); *H NMR (400 MHz, CDCls) ¢ 7.90 (s, 1H), 7.53

H
Ox N
i \CL (d, J = 8.4 Hz, 2H), 7.50 (d, J = 2.0 Hz, 1H), 7.41 (dd, J = 8.3, 2.0 Hz, 1H),
(0]
\ 0

7.18 (d, J = 8.2 Hz, 2H), 6.89 (d, J = 8.4 Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H),
2.35 (s, 3H); ¥C NMR (100 MHz, CDCl; + DMSO-ds)  165.5, 151.4,
136.2, 133.1, 129.0, 127.5, 120.7, 110.8, 110.1, 55.8, 20.7.
N-(Benzo[d]thiazol-2-yl)-3,4-dimethoxybenzamide (99cC): White Solid; yield: 283 mg (90%);
mp 98-100 °C; 'H NMR (400 MHz, CDCls) 6 11.52 (s, 1H), 7.92 — 7.85 (m,
Y@ 1H), 7.60 (dd, J = 5.3, 1.9 Hz, 2H), 7.45 — 7.40 (m, 1H), 7.37 — 7.29 (m, 2H),

6.82 (d, J = 8.9 Hz, 1H), 3.92 (s, 3H), 3.86 (s, 3H) 3C NMR (100 MHz,
o_ ! CDCIs + DMSO-ds) ¢ 165.6, 160.3, 153.1, 149.2, 147.7, 131.8, 126.1, 124.3,
123.9,121.5 120.6, 110.9, 110.5, 56.1, 55.8.
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2-Methyl-N-p-tolylbenzamide (99dA): White Solid, yield: 196 mg (88%); mp 143-146 °C
o N (Lit.%® mp 147-148 °C); 'H NMR (400 MHz, CDCl3) 6 7.55 — 7.45 (m, 4H),
\O\ 7.38 (t, J = 7.2 Hz, 1H), 7.28 (t, J = 4.7 Hz, 2H), 7.18 (s, 1H), 2.52 (s, 3H),
\(\5 2.37 (s, 3H); *C NMR (100 MHz, CDCls) ¢ 167.9, 136.4, 135.4, 134.2,
131.2,130.2, 129.6, 126.6, 125.9, 119.9, 20.9, 19.8.
2-Methyl-N-(thiazol-2-yl)benzamide (99dB): White solid; yield: 194 mg (89%); mp 177-180
- °C (Lit.>” mp 178 -179 °C); *H NMR (400 MHz, CDClIs) ¢ 13.20 (s, 1H), 7.62
\‘ES\N(} —7.57 (m, 1H), 7.49 (td, J = 7.6, 1.2 Hz, 1H), 7.34 (dd, J = 16.7, 8.0 Hz, 2H),

6.82 (d, J = 3.7 Hz, 1H), 6.30 (d, J = 3.7 Hz, 1H), 2.52 (s, 3H); 13C NMR (100
MHz, CDCls) 6 167.9, 160.2, 137.0, 136.4, 134.5, 130.9, 127.7, 125.9, 112.9,

19.8.
N-(Benzo[d]thiazol-2-yl)-2-methylbenzamide (99dC): Off-white solid; yield: 241 mg (90%);
oo N o mp 144-147 °C; 'H NMR (400 MHz, CDCls) 6 12.60 (s, 1H), 7.89 (d, J =
\E@ 7.7 Hz, 1H), 7.67 (d, J = 7.3 Hz, 1H), 7.46 — 7.31 (m, 3H), 7.17 (dd, J =
\é 18.5, 7.6 Hz, 2H), 6.71 (d, J = 7.9 Hz, 1H), 2.70 (s, 3H); **C NMR (100
MHz, CDCl3) ¢ 168.2, 159.9, 147.4, 137.6, 133.2, 131.4, 127.9, 126.2,
125.9, 123.7,121.1, 120.1, 20.2.
N-(p-Tolyl)cinnamamide (99eA): Brown solid; yield: 211 mg (89%); mp 155-157 °C (Lit.%° mp
o N 161 °C); *H NMR (400 MHz, CDCls) § 7.77 (d, J = 15.5 Hz, 1H), 7.60 — 7.49
Q ©\ (m, 4H), 7.48 (s, 1H), 7.42 — 7.37 (m, 3H), 7.17 (d, J = 8.2 Hz, 2H), 6.58 (d, J
= 15.5 Hz, 1H), 2.35 (s, 3H); *C NMR (100 MHz, CDCls) ¢ 159.3, 137.3,
130.8,129.9, 129.3, 125.1, 124.8, 124.1, 123.2, 116.3, 115.4, 16.2.
N-(Thiazol-2-yl)cinnamamide (99eB): White solid; yield: 196 mg (85%); mp 235-238 °C; H
NMR (400 MHz, CDCls) ¢ 7.67 (d, J = 15.8 Hz, 1H), 7.56 — 7.50 (m, 2H),
\\/} 7.41 (dd, J = 3.5, 1.1 Hz, 1H), 7.37 (brs, 1H), 7.36 (brs, 2H), 7.01 (dd, J = 3.5,
1.0 Hz, 1H), 6.87 (d, J = 15.8 Hz, 1H); 3C NMR (100 MHz, CDClz +
DMSO-ds) ¢ 168.3, 163.4, 147.3, 142.8, 139.4, 135.1, 133.9, 132.9, 1247,

>~ J 1183
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N-(Benzo[d]thiazol-2-yl)cinnamamide (99eC): White solid; yield: 249 mg (89%); mp 150-152

o N < °C (Lit.® mp 149-151 °C); *H NMR (400 MHz, CDCl3) ¢ 8.14 (d, J = 15.7

§ \NW\@ Hz, 1H), 7.97 — 7.94 (m, 1H), 7.85 - 7.72 (m, 3H), 7.71 — 7.62 (m, 2H), 7.62

— 751 (m, 3H), 6.92 (d, J = 15.7 Hz, 1H); 3C NMR (100 MHz, CDCls) &

164.9, 163.6, 160.9, 160.5, 160.1, 149.2, 135.9, 133.3, 131.8, 129.1, 126.7,
122.5,116.3, 113.4.

N-(p-Tolyl)isonicotinamide (99fA): White solid; yield: 178 mg (84%); mp 157-159 °C; (Lit.*®

o H mp 160 °C): 'H NMR (400 MHz, CDCls) J 8.85 (s, 1H), 8.73 (d, J = 6.0 Hz,
L O\ 2H), 7.75 (d, J = 5.8 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.22 (d, J = 8.2 Hz, 2H),
| > 2.42 (s, 3H); *C NMR (100 MHz, CDCls) 6 164.0, 150.3, 142.3, 134.9, 134.7,

129.6, 121.1, 120.8, 20.9.
N-(Thiazol-2-yl)isonicotinamide (99fB): Brown solid; yield: 164 mg (80%); mp 186-188 °C;
'H NMR (400 MHz, CDCls) ¢ 8.95 (s, 2H), 8.00 (d, J = 2.9 Hz, 2H), 7.17 (d,
J = 17.6 Hz, 2H); 3C NMR (100 MHz, CDCls) ¢ 164.2, 160.3, 150.6, 139.8,
135.9, 121.8, 114.4.

N-(Benzo[d]thiazol-yl)isonicotinamide (99fC): White solid; yield: 204 mg (80%); mp >250 °C;
" 'H NMR (400 MHz, CDCls) 6 8.71 (dd, J = 7.9, 4.5 Hz, 2H), 8.02 (dd, J =
Os _N
(\% \,\}(b 7.8,5.0 Hz, 2H), 7.78 (d, J = 6.2 Hz, 1H), 7.69 (t, J = 8.3 Hz, 1H), 7.36 (dd,
X
|
N/

J=15.8, 8.0 Hz, 1H), 7.23 (dd, J = 15.8, 7.8 Hz, 1H); **C NMR (100 MHz,
DMSO-ds) 6 172.1, 168.9, 155.3, 153.9, 148.1, 137.2, 130.7, 127.6, 127 .4,

126.6, 124.6.
N-(p-Tolyl)furan-2-carboxamide (99gA): White solid; yield: 173 mg (86%); mp 108-109 °C
o H (Lit.2%° mp 107-108 °C); *H NMR (400 MHz, CDCls) § 8.20 (s, 1H), 7.67 —
@\ 7.62 (m, 2H), 7.59 (dd, J = 1.7, 0.8 Hz, 1H), 7.32 (dd, J = 3.5, 0.8 Hz, 1H),
éo 7.26 (d, J = 8.2 Hz, 2H), 6.64 (dd, J = 3.5, 1.8 Hz, 1H), 2.43 (s, 3H); 3C
NMR (100 MHz, CDCIs) ¢ 156.0, 147.9, 144.1, 134.8, 134.1, 129.6, 119.9,
115.0, 112.6, 20.8.
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N-(Thiazol-2-yl)furan-2-carboxamide (99gB): White solid; yield: 159 mg (82%); mp 108-110
°C; 'H NMR (400 MHz, CDCls) 6 12.34 (s, 1H), 7.67 — 7.62 (m, 1H), 7.61 (d, J
= 3.6 Hz, 1H), 7.44 (d, J = 3.5 Hz, 1H), 7.13 (d, J = 3.6 Hz, 1H), 6.69 (dd, J =

3.5, 1.7 Hz, 1H); C NMR (100 MHz, CDCls) 6 154.4, 151.1, 141.6, 140.4,

132.7,112.3, 108.9, 108.1.

N-(Benzo[d]thiazol-2-yl)furan-2-carboxamide (99gC): White solid; yield: 210 mg (86%); mp
o H . 165-167 °C (Lit.1%° mp 188-190 °C); *H NMR (400 MHz, CDCls) 6 11.33 (s,
g \g@ 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.55 — 7.40 (m, 3H),
/_O 7.31 (s, 1H), 6.66 — 6.59 (m, 1H); *C NMR (100 MHz, CDCls) ¢ 158.5,

155.9, 148.2, 145.7, 132.1, 126.1, 124.0, 121.2, 117.7, 112.9.

N-Benzylfuran-2-carboxamide (99gE): White solid; yield: 181 mg (90%); mp 111-112 °C; ‘H

NMR (400 MHz, CDClIs) ¢ 7.44 (brs, 1H), 7.38 (brs, 1H), 7.37 (brs, 2H), 7.32

SN Hw@ (dt, J=9.0,4.4 Hz, 1H), 7.17 (d, J = 3.3 Hz, 1H), 6.70 (brs, 1H), 6.52 (dd, J =

%o 3.3, 1.6 Hz, 1H), 4.64 (d, J = 5.9 Hz, 2H); 3*C NMR (100 MHz, CDCls) ¢

— 158.3, 147.9, 143.9, 138.0, 128.8, 127.9, 127.6, 114.2, 112.2, 43.2.

N-Benzylacetamide (99hE): Brown solid; yield: 124 mg (84%); mp 50-52 °C; *H NMR (400

MHz, CDCl3) ¢ 7.39 — 7.35 (m, 1H), 7.34 (s, 1H), 7.31 (t, J = 3.0 Hz, 2H),

Q 7.29 (s, 1H), 5.88 (s, 1H), 4.45 (d, J = 5.7 Hz, 2H), 2.04 (s, 3H); *C NMR
(100 MHz, CDClIs3) ¢ 170.1, 138.2, 128.7, 127.8, 127.5, 4.7, 23.2.

N-(4-Hydroxyphenyl)acetamide [Paracetamol] (99hF) White solid; yield: 140 mg (93%); mp
o on) 165-168 °C (Lit.1° mp 166-168 °C); 'H NMR (400 MHz, DMSO-ds + CDCls);
)LN/©/ 0 9.06 (s, 1H), 7.25 (dd, J = 6.8, 2.0 Hz, 2H), 6.65 (dd, J = 6.8, 2.0 Hz, 2H),

- 1.99 (s, 3H); 3C NMR (100 MHz, DMSO-ds + CDCls) 6 166.9, 152.2, 129.,

120.2, 113.9, 22.7.

S-Phenyl benzothioate (101aA): White crystalline solid; yield: 204 mg (96%); mp 54-56 °C
Ox_S (Lit.1°* mp 55-56 °C); 'H NMR (400 MHz, CDCls) 6 8.08 — 8.06 (m, 1H), 8.05
é@ (t, J = 1.7 Hz, 1H), 7.67 — 7.61 (m, 1H), 7.58 — 7.55 (m, 1H), 7.55 — 7.52 (m,

2H), 7.52 (s, 1H), 7.51 — 7.47 (m, 3H); C NMR (100 MHz, CDCls) ¢ 190.16,

136.7,135.1, 133.7, 129.5, 129.3, 128.8, 127.4.

O
_</
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S-Naphthalen-2-yl benzothioate (101aB): White solid; yield: 293 mg (90%); mp 104-105 °C
0w S (Lit.1%2 mp 107 °C); 'H NMR (400 MHz, CDCls3) 6 8.10 (d, J = 1.0 Hz, 1H),
(\5 8.08 (d, J =1.3 Hz, 2H), 7.95 (d, J = 8.6 Hz, 1H), 7.93 — 7.87 (m, 2H), 7.69

— 7.62 (m, 1H), 7.61 — 7.55 (m, 3H), 7.53 (dd, J = 9.8, 4.0 Hz, 2H); 13C

NMR (100 MHz, CDCIs) ¢ 190.4, 136.7, 135.0, 133.8, 131.4, 128.8, 127.9, 127.5, 127.2, 126.5,

125.9, 125.8, 120.8.

S-Naphthalen-2-yl-4-chlorobenzothioate (101bB): White solid; yield: 257 mg (86%); mp 130-

0w s 131 °C; 'H NMR (400 MHz, CDCls) ¢ 8.08 (s, 1H), 8.03 (d, J = 8.6 Hz,

2H), 7.95 (d, J = 8.5 Hz, 1H), 7.93 — 7.85 (m, 2H), 7.62 — 7.53 (m, 3H), 7.51

(d, J = 8.6 Hz, 2H); *C NMR (100 MHz, CDCls) § 189.3, 140.1, 135.0,

133.6, 131.3, 129.3 — 128.8, 127.9, 127.3, 126.6, 124.2.

S-Phenyl 3,4-dimethoxybenzothioate (101cA): White solid; yield: 255 mg (93%); mp 98-

O«_S 101°C (Lit.1%31%4 mp 102-103 °C); H NMR (400 MHz, CDCls) ¢ 7.77 (dd, J
@ = 8.4, 2.1 Hz, 1H), 7.58 — 7.54 (m, 1H), 7.53 (dd, J = 3.1, 1.4 Hz, 2H), 7.51 —

° 7.45 (m, 3H), 6.95 (d, J = 8.5 Hz, 1H), 3.99 (s, 3H), 3.96 (s, 3H); 13C NMR

(100 MHz, CDCls) ¢ 188.8, 153.7, 149.0, 135.2, 129.5, 129.1, 127.6, 122.0,

110.3, 109.7, 56.1, 56.0.

S-Phenyl 2-methyl benzothioate (101dA): White crystalline solid; yield: 212 mg (93%); mp

45-46 °C (Lit. 19319 mp 50-51 °C); *H NMR (400 MHz, CDClz) 6 7.97 (d, J =

™ S\© 7.7 Hz, 1H), 7.59 — 7.53 (m, 2H), 7.51 — 7.47 (m, 3H), 7.45 (dd, J = 7.5, 1.2
\é Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.30 (d, J = 8.2 Hz, 1H), 2.52 (s, 3H); **C
NMR (100 MHz, CDCls) ¢ 192.2, 137.4, 136.8, 134.9, 132.0, 131.7, 129.4,

128.6, 128.2, 125.8, 20.8.

S-(Naphthalen-2-yl) 2-methylbenzothioate (101dB): White solid; yield: 256 mg (92%); mp 71-

oS 73 °C; *H NMR (400 MHz, CDCls) 6 8.09 (d, J = 0.8 Hz, 1H), 8.03 (dd, J
\(\5 =7.7,1.0 Hz, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.93 — 7.88 (m, 2H), 7.62 —

7.53 (m, 3H), 7.47 (td, J = 7.5, 1.2 Hz, 1H), 7.39 — 7.30 (m, 2H), 2.54 (s,

3H); ¥*C NMR (100 MHz, CDCls) 6 192.4, 137.5, 136.8, 134.8, 133.7, 133.4, 132.1, 131.8,

131.3,128.8, 128.0, 127.8, 127.2, 126.5, 125.9, 125.6, 20.8.

Cl
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S-Phenyl furan-2-carbothioate (101gA): White Solid; yield: 180 mg (88%); mp 102-104 °C *H

0w s NMR (400 MHz, CDCls) 6 7.65 (brs, 1H), 7.58 — 7.51 (m, 2H), 7.50 — 7.45

%ﬂ@ (m, 3H), 7.29 (d, J = 3.6 Hz, 1H), 6.60 (dd, J = 3.5, 1.6 Hz, 1H); *C NMR

— (100 MHz, CDCls) § 178.7, 150.4, 1465, 135.2, 129.7, 129.3, 126.2, 116.3,
112.4.

S-Naphthalen-2-yl furan-2-carbothioate (101gB): White Solid; yield: 101 mg (85%); mp 92-
o s 95 °C; 'H NMR (400 MHz, CDCls) § 8.08 (s, 1H), 7.97 — 7.86 (m, 3H), 7.68
%O (s, 1H), 7.60 — 7.53 (m, 3H), 7.32 (d, J = 3.4 Hz, 1H), 6.62 (dd, J = 3.5, 1.7
— Hz, 1H); °C NMR (100 MHz, CDCls) ¢ 178.9, 150.4, 146.5, 135.1, 133.6,
131.4,128.8, 127.9, 127.2, 126.6, 123.5, 116.3, 112.5.
3-Methoxyphenyl benzoate (103aA): Colourless oil; yield: 182 mg (80%); *H NMR (400 MHz,
o o 5 CDCls) 6 8.36 — 8.23 (m, 2H), 7.72 — 7.64 (m, 1H), 7.54 (dd, J = 11.1, 4.2
\©/ Sl Hz 2H), 7.36 (dd, J = 10.5, 5.8 Hz, 1H), 6.95 — 6.82 (m, 3H), 3.85 (d, J =
(\5 3.7 Hz, 3H); C NMR (100 MHz, CDCl3) ¢ 165.1, 160.6, 151.9, 133.6,
130.2, 129.9, 129.6, 128.6, 113.9, 111.9, 107.7, 55.4.
3-Methoxypheny!l 4-chlorobenzoate (103bA): Colourless oil; yield: 197 mg (75%); *H NMR
- (400 MHz, CDCl3) ¢ 8.18 — 8.14 (m, 2H), 7.51 (d, J = 8.5 Hz, 2H), 7.35 (t,
*° J=8.2 Hz, 1H), 6.89 — 6.82 (m, 2H), 6.81 — 6.78 (m, 1H), 3.84 (s, 3H); °C
NMR (100 MHz, CDCl3) ¢ 164.2, 160.6, 151.7, 140.1, 131.5, 129.9, 128.9,
e 128.7,113.8, 111.9, 107.6, 55.5.
3-Methoxypheny! 3,4-dimethoxybenzoate (103cA): Colourless oil; yield: 242 mg (84%); H
NMR (400 MHz, CDCl3) ¢ 7.88 (dd, J = 8.4, 2.0 Hz, 1H), 7.69 (d, J = 1.9

Oy _O (NG
Jg;(j Hz, 1H), 7.34 (t, J = 8.2 Hz, 1H), 6.98 (d, J = 8.5 Hz, 1H), 6.87 — 6.81
(0]

2N

(m, 2H), 6.79 (t, J = 2.2 Hz, 1H), 4.00 (s, 3H), 3.99 (s, 3H), 3.84 (s, 3H);
13C NMR (100 MHz, CDCls) § 164.9, 160.5, 153.6, 152.0, 148.8, 129.8,
124.4,121.9,114.0,112.4,111.8, 110.4, 107.7.
3-Methoxyphenyl 2-methylbenzoate (103dA): Colourless oil; yield: 194 mg (80%); *H NMR
o o o_| (400 MHz, CDCly) 6 818 (d, J = 7.5 Hz, 1H), 7.51 (t, J = 7.0 Hz, 1H), 7.36
O (dd, J = 12.4, 5.1 Hz, 3H), 6.90 — 6.82 (m, 2H), 6.80 (d, J = 2.1 Hz, 1H), 3.85
\é (s, 3H), 2.71 (s, 3H); 3C NMR (100 MHz, CDCl3) § 165.7, 160.6, 151.9,
141.3,132.7,131.9, 131.2, 129.9, 128.5, 125.9, 114.1, 111.7, 107.8, 55.4, 29.7.
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3-Methoxyphenylcinnamate (103eA): Colourless oil; yield: 185 mg (73%); 'H NMR (400
MHz, CDCls) J 7.90 (d, J = 16.0 Hz, 1H), 7.65 — 7.59 (m, 2H), 7.48 — 7.43

\E\Q/ (m, 3H), 7.33 (dd, J = 10.6, 5.8 Hz, 1H), 6.73 — 6.64 (m, 2H), 6.76 (t, J =

2.2 Hz, 1H), 6.65 (d, J = 16.0 Hz, 1H), 3.84 (s, 3H); 3C NMR (100 MHz,

CDCls) ¢ 165.3, 160.5, 151.7, 146.6, 134.2, 130.7, 129.8, 129.0, 128.3,

117.3, 113.8, 111.7, 107.6, 55.4.

3-Methoxyphenyl benzoate (103gA): Colourless liquid; yield: 152 mg (70%); *H NMR (400
0s O o] MHz, CDCls) 6 7.70 (dd, J = 1.6, 0.8 Hz, 1H), 7.40 (dd, J = 3.5, 0.7 Hz,
%O\Q/ 1H), 7.34 (t, J = 8.2 Hz, 1H), 6.88 — 6.82 (m, 2H), 6.80 (t, J = 2.2 Hz, 1H),

— 6.62 (dd, J = 3.5, 1.7 Hz, 1H), 3.83 (s, 3H); 3C NMR (100 MHz, CDCls) ¢

160.5, 156.8, 151.1, 147.2, 143.9, 129.9, 119.5, 113.8, 112.1, 107.6, 55.4.

Reusability of 3-((1H-benzo[d][1,2,3]triazol-5-yl)methyl)-1,2-dimethyl-1H-imidazol-3-ium

hexafluorophosphate (95)

After the first run of the reaction and following the above mentioned the work-up procedure, the
regenerated semi-solid 95 was dried under vacuum for 4-5 h and was reused for the next cycle of
the reaction.

Procedure for one-pot synthesis of amide (99aA) without isolating Im-CH2-BtCOR (97a)

A 25 mL round-bottom flask containing a mixture of DCC (1.2 mmol), benzoic acid (1.2 mmol),
95 (1 mmol) and DMAP (5 mol %) in dry acetonitrile (8 mL) were stirred for 20 h under ambient
condition. After the completion of reaction, p-toluidine (1.2 mmol), additional DMAP (1.2
mmol) were added to the above pot, and the reaction mixture was subjected to microwave
irradiation for 20 minutes. After the two sequential reactions, the reaction mixture was
concentrated and dried under high vacuum for 5-6 h and the residue was washed with ethyl
acetate (20 mL x 2). The organic filtrate was decanted to separate the product along with by-
products (DCU, DMAP and un-reacted acid) from 95. The un-dissolved semi-solid was dried
under vacuum to regenerate pure Im-CHz-BtH (95) (97% of its starting amount). The organic
filtrate was washed with 1N HCI and then with 2N NaOH. Purification of this residue by column
chromatography over silica gel using EtOAc: hexanes (1: 9, v/v) yielded 99aA in 82% yield.
Procedure for sequential synthesis of amide (99aA) without isolating Im-CH2-BtCOR (97a)
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A 25 mL round-bottom flask containing a mixture of DCC (1.2 mmol), benzoic acid (1.2 mmol),
95 (1 mmol) and DMAP (5 mol %) in dry acetonitrile (8 mL) was stirred for 20 h at 20 °C. After
the completion of reaction, the mixture was concentrated and dried under vacuum and washed
with ethyl acetate (20 mL x 2) to remove DCU, DMAP and un-reacted acid. The residue was
charged with p-toluidine (1.2 mmol), additional DMAP (1.2 mmol) and water (4 mL) and the
mixture was subjected to microwave irradiation for 20 minutes. After completion of the reaction,
reaction mixture was concentrated, dried and washed with ethyl acetate (20 mL x 2). The organic
filtrate was decanted and washed with 1N HCI, dried using Na2SO4 and concentrated to yield
pure amide 99aA in 92% yield. The left over residue was dried using under vacuum to give pure
Im-CH2-BtH (95) (98% of its starting material).
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6.1 General conclusions
Imidazo[1,2-a]pyridine (IP) has been recognized as premium aza-heterocyclic system. In its

functionalized forms it exhibits numerous biological applications, and found its presence in
several commercialized drugs. Thus, functionalizing imidazo[1,2-a]pyridine under
environmentally benign reaction conditions is in high demand. Development of methodologies
for the formation of nascent chemical bonds under metal-catalyzed or metal-free conditions have
become the foremost task of synthetic organic chemists in recent years. In particular,
development of new methodologies by overcoming the demand of pre-activated starting
materials have proved to be effective and advantageous protocols towards the construction of
plethora of pharmaceutical leads and natural products. The ongoing periodical documentation of
on imidazo[1,2-a]pyridines allude our interest towards developing novel metal-catalyzed and
metal-free strategies for functionalizing imidazo-heterocycles.

Coequally, the upsurge concern for minimizing the waste and providing an environmental being
reaction process, has endorsed the exploration of different imidazolium-supported reagents for
the liquid-phase synthesis of small aromatics and heteroaromatics. Such strategies have offered
unique advantages in organic synthesis by retaining the supremacy of product purification along
with the solubility benefits of the reagents. In this regard, we have developed a novel
imidazolium-supported benzotriazole reagent and exemplified its applicability in selective
organic transformations. The present work was successfully executed in due diligence of

sustainable chemistry, and the thesis has been divided into six chapters (Figure 6.1.1).
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Figure 6.1.1: A diagram describing the systematic division of the thesis
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The present thesis entitled “C-H Functionalization of Imidazo-Heterocycles and Exploration
of Imidazolium-Supported Benzotriazole Reagent for Selective Organic Transformations”
deals with the functionalization of imidazo[1,2-a]pyridine (IP) scaffold via conventional
heterocyclization, metal-catalyzed C-H activation and metal-free oxidative coupling reactions. In
addition the thesis systematically documents the synthesis and exploration of novel imidazolium-
supported benzotriazole reagent as carboxylic acid activator. A chapter wise summary is
presented below:

6.2 Specific conclusions

In chapter 1, of the thesis, we have described the importance and chemical reactivity of
imidazo[1,2-a]pyridine skeleton as an introductory chapter to provide a background on
imidazo[1,2-a]pyridine based works conducted by synthetic chemists in the past (Figure 6.2.1).

Trifluoroalkylation

ETa—
Nitrosylation F Z Y= % -
" ~ N\/)_R',' Carbonylation
Thiocyanation PR 2

Halogenation
Cyclization/Annulation

Figure 6.2.1: A graphical representation on the functionalization of imidazo[1,2-a]pyridines

é
!

Chapter 2: Microwave-Assisted Expedite Synthesis of Imidazo[1,2-a]pyridyl Quinoxalin-
2(1H)-ones

Inspired from the valuable medicinal importance of different imidazo[1,2-a]pyridyl-heterocyclic
conjugates, and the profound biological profile of quinoxalines derivatives. In this chapter we
have described a microwave-assisted strategy for the synthesis of imidazo[1,2-a]pyridyl
appended quinoxalin-2(1H)-ones. The desired product were synthesized by reacting prior
synthesized imidazo[1,2-a]pyridine-3-glyoxalates and ortho-phenylene diamine using
montmorillonite K-10 under solvent-free condition or Yb(OTf); in THF. This Hinsberg

heterocyclization reaction showcased good compatibility with a wide variety of substituted
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imidazo[1,2-a]pyridines resulting in the formation of described products in 20-82% yields under

environmentally being reaction conditions (Scheme 6.2.1).

NH; R
R _N
N
NH» ~__N

R']
R
//'\|4N R Ethyl oxalyl chloride 6/\(// R > 7
™ N\/)7 1,4-Dioxane, reflux XN Mont. K-10, MW 100 °C, 0.75-1.5 h ©
IP

3-7h o or g
o Yb(OTf)3, THF, MW 100 °C, 1.5-3 h N" \H
OEt
75-86%
8 examples
20-82%
Journal of Heterocyclic Chemistry 2015, 52, 773-779 10 examples

Scheme 6.2.1: Montmorillonite K-10 or Yb(OTf)s-catalyzed synthesis of imidazo[1,2-a]pyridyl
quinoxalinones

The synthesized imidazo[1,2-a]pyridine-3-glyoxalates and imidazo[1,2-a]pyridyl appended
quinoxalin-2(1H)-ones were well characterized by *H NMR, *C NMR and mass-spectrometry
analysis

The third chapter of the thesis describes a significant exploration of transition metal-catalyzed
strategies towards the direct synthesis of functionalized imidazo-heterocycles. The chapter is
divided into two parts:

Chapter 3A: Copper-Catalyzed Direct Dicarbonylation of Imidazo-Heterocycles via C-H
Bond Activation

Chapter 3A, of the thesis is focused on the development of an oxidative coupling strategy for
the formation of C-3 dicarbonylated imidazo-heterocycles using aryl actaldehydes under Cu-
catalyzed conditions without the prior activation of Csp?-H bond of imidazo-heterocycles in the
presence of aerial oxygen. This methodology is proposed to proceed by means of cleavage of
sp?-H and sp3-H bonds between imidazo-heterocycles and aryl acetaldehyde, whereby oxidative
cross-dehydrogenative coupling and oxidation of a-methylene of aryl acetaldehydes proceeds in
a cumulative manner (Scheme 6.2.2). The versatility of the reaction was generalized with
differently substituted electron-rich and electron-deficient imidazo[1,2-a]pyridines and aryl
acetaldehydes. A detailed mechanistic pathway was proposed by performing a set of control
experiments and mass-spectrometry study of the reaction mixture. The mechanism was believed

to proceed via single electron transfer process (SET) with eventual introduction of oxygen atom
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from atmospheric air. The synthesized C-3 dicarbonylated imidazo[1,2-a]pyridines completely

characterized by *H NMR, *C NMR and mass spectrometry analysis.

R2

CuBr (10 mol %)

rj_® 2,2 blpyrldlne (10 mol %)_
Toluene, 100 °C, 12-14 h

Air
Imidazo[1,2-a]pyridine
Imidazo[1,2-a]pyrimidine
Imidazo[2,1-b]thiazole
Benzo[d]imidazo[2,1-b]thiazole 55-85%
Tetrahedron 2016, 72, 645-652 24 examples

Scheme 6.2.2: Cu-catalyzed aerobic C-3 dicarbonylation of imidazo[1,2-a]pyridines

Chapter 3B: Ruthenium(ll)-Catalyzed Regioselective o-Amidation of 2-Arylimidazo-
Heterocycles via C-H Bond Activation

In Chapter 3B, we have described a regioselective Ru(ll)-catalyzed strategy for ortho-amidation
of 2-arylimidazo[1,2-a]pyridines with aryl isocyanates via Csp?>—H bond activation. An array of
ortho-amidated 2-arylimidazo[1,2-a]pyridines with different functionalities on aryl and pyridyl
rings were synthesized in good-to-excellent yields (Scheme 6.2.3). The developed protocol was
also applicable to the selective ortho-amidation of other 2-arylimidazo-heterocycles such as 2-
phenylimidazo[2,1-b]thiazole, 2-phenylbenzo[d]imidazo[2,1-b]thiazole, and 2-phenyl
imidazo[1,2-a]pyrimidine. Delightfully, the methodology was scalable at gram scale without any
noticeable declination in the yield. This is the first method for the coupling of aryl isocyanates
with the imidazo[1,2-a]pyridine system via a pentacyclometalated intermediate. Contentedly, the
mechanistic pathway of the reaction was advocated by several control experiments and by ESI-
MS study of the reaction mixture. The cationic pentacyclometalated intermediate complex was
synthesized, and utilized for the catalytic and stoichiometric transformation of targeted product,
justifying the formation of described complex in the catalytic cycle. All of the synthesized ortho-
amidated 2-arylimidazo[1,2-a]pyridines were detailed characterized by detailed spectroscopic
analysis. In addition, the X-ray crystal structure of one of the synthesized derivative provides a

transparent spectroscopic support.
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«- N R [RuCl, (p-cymene)], (5 mol %) x "N R?
N = o 1
RI—- rj_®  ArNCO KPFg (30 mol %) "R NS
+..-N DCE, 100 °C, 10-24 h o

2-Arylimidazo[1,2-a]pyridine N2

- o NH
2-Arylimidazo[1,2-a]pyrimidine /
2-Arylimidazo[2,1-b]thiazole Ar
2-Arylibenzo[d]imidazo[2,1-b]thiazole 30-78%

25 examples
The Journal of Organic Chemistry 2016, 81, 12340-12349

Scheme 6.2.3: Ru(ll)-catalyzed ortho-amidation of 2-arylimidazo[1,2-a]pyridines

The fourth chapter of the thesis describes the significant exploration of metal-free strategies
towards the homocoupling of imidazo-heterocycles. This chapter is also divided into two parts:
Chapter 4A: Transition Metal-Free Homocoupling of Imidazo-Heterocycles via Csp>~Csp?
Bond Formation

In chapter 4A, we have described a iodobenzene diacetate (PIDA)-mediated synthesis of 3,3'-
biimidazo[1,2-a]pyridines by the oxidative homocoupling of 2-arylimidazo[1,2-a]pyridines
under ambient condition (Scheme 6.2.4a). A series of homocoupled 2,2'-diaryl-3,3'-
biimidazo[1,2-a]pyridines were synthesized from wide range of electronically rich imidazo[1,2-
a]pyridyl substrates in moderate-to-good yields. This hypervalent iodine(ll1l) mediated cross-
dehydrogenative protocol was also applicable towards the homocoupling of other imidazo-
heterocycles, such as imidazo[2,1-b]thiazoles and benzo[d]imidazo[2,1-b]thiazoles.

PIDA (1.5 equiv.)
BF;.0OEt, (0.2 equiv.)

(@) DCM,rt,18-24h N N
XN 59-78% RI—- 14/ A
R'— \/)—Ar — _ ~..-N
*.._N Phl (0.2 equiv.) .
(b m-CPBA (3 equiv.) N ot
AcOH (5equiv.) » Ar {\IJ X" R
DCM, r.t., 24- 30 h ]
41-58% 18 examples

2-Arylimidazo[1,2-a]pyridine
2-Arylimidazo[2,1-b]thiazole
2-Arylibenzo[d]imidazo[2,1-b]thiazole

European Journal of Organic Chemistry 2017, 2596-2602

Scheme 6.2.4: PIDA/Phl-mediated/catalyzed synthesis of 2,2'-diaryl-3,3'-biimidazo[1,2-
a]pyridines
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The reaction mechanism was believed to proceed with the reversal of the polarity at the C-3
position of imidazo[1,2-a]pyridine in the presence of stoichiometric amount of iodobenzene
diacetate, followed by SN? nucleophilic substitution with another molecule of imidazo[1,2-
alpyridine. All of the synthesized homocoupled biimidazo-heterocycles were detailed
characterized by spectroscopic analysis including *H NMR, *C NMR and mass spectrometry. In
addition, the X-ray crystal structure of one of the synthesized compound provides a clear
evidence for the formation of described products. In addition, an organocatalytic approach for
the desired transformation employing catalytic amount of iodobenzene with m-CPBA/AcOH was
also executed (Scheme 6.2.4Db).

Chapter 4B: Transition Metal-Free Homocoupling of Imidazo-Heterocycles Linked via
Sulfur Bridges

In chapter 4B° we have explored the utility of molecular iodine for the oxidative direct
homocoupling of imidazo-heterocycles using Na>S as a sulfur source for predominant synthesis
of bis(imidazo[1,2-a]pyridin-3-yl)sulfanes and bis(imidazo[1,2-a]pyridin-3-yl)disulfanes. The
methodology was efficiently controlled under variable solvent conditions in straightforward
manner. These direct oxidative strategies for the synthesis of bis-sulfanes and bis-disulfanes
were well exemplified with a broad range of substituted 2-arylimidazo[1,2-a]pyridines (Scheme
6.2.5). The detailed mechanistic pathway for the synthesis of bis-sulfanes and bis-disulfanes is
been properly advocated through a series of control experiments and ESI-MS studies.
Intriguingly, 2-arylimidazo[2,1-b]thiazole were also explored towards the formation of bis-
sulfanes and bis-disulfanes in fairly good vyields. All of the synthesized bis(imidazo[1,2-
a]pyridin-3-yl)sulfanes and bis(imidazo[1,2-a]pyridin-3-yl)disulfanes were well characterized by
'H NMR, B®C NMR and mass spectrometry analysis. The structures of both sulfur bridge

homocoupled products were unambiguously confirmed by X-ray crystallographic studies.

NN R?

I (3 equiv.)
Na,S (5 equiv.)

2

I (3 equiv.)

. = /\'\‘)_@R Na,S (5 equiv.)
s N7 CHCl,, 65 °C 15-20 h

1//N
SV
S

R2

s " CH3COOH, 100 °C 45-48 h =
WN N o 2-arylimidazo[1,2-a]pyridine //'@ )
R? N= 2-arylimidazo[2,1-b]thiazole R? N=A___J R
78-93% . . 47-90%
15 examples Manuscript under revision 14 examples
Scheme 6.2.5: I;-mediated synthesis of bis(imidazo[1,2-a]pyridin-3-yl)sulfanes and

bis(imidazo[1,2-a]pyridin-3-yl)disulfanes
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Chapter 5: Exploration of Imidazolium-Supported Benzotriazole Reagent for Selective
Organic Transformations

In Chapter 5, we have presented a brief background of different imidazolium-supported
reagents, and their application in various organic transformations. Later on, the chapter deals
with a detailed synthetic protocol for the synthesis of imidazolium-supported benzotriazole
reagent (Im-BtH) as a novel synthetic auxiliary. Thereafter, eight different N-acylated
imidazolium-supported benzotriazole reagents (Im-BtCOR) were prepared and exemplified as
greener carboxyl group activating reagents for the synthesis of library of amides, esters and
thioesters in aqueous medium under microwave irradiation (Scheme 6.2.6). Gratifyingly, Im-BtH
was efficiently used in one-pot fashion for the synthesis of an amide in comparable yield as a
representative example. The application of imidazolium-supported N-acetyl benzotriazole (Im-
BtCOCH?3) leads to synthesis of Paracetamol on the gram scale under green conditions in 93%

yield. The reagent was successfully reused five times without any noticeable loss in activity

o
I E o
R1 OH PFG_ RZ_X
) 2 + Im-CH,-BtH
+ DCC (1 equiv.)/DMAP (cat.L (/\’N N\\N DMAP (1.2 equiv.)/H,O R‘XJJ\R1 (Recovzered)
+ CHyCN, rt., 20 h - ' or "~ X=NH, SH, OH
PFq / t-BtOH/H,0

N
N N 1\N\o MW, 100 °C, 10-50 min. 70-96%
(/\I N R 36 examples
N’K N 66-85%
/

L 8 examples (Amide, ester, and thioesters)

RSC Advances, 2015, 5, 82199-82207

Scheme 6.2.6: Synthesis of amides, esters and thioesters, using novel imidazolium-supported
benzotriazole reagent.

6.3 Future Scope

The current thesis reflects the development of new methodology for the synthesis of biologically
active compounds under metal-catalyzed and metal-free conditions. Although the thesis mainly
focused on the exploration of chemistry on imidazo[1,2-a]pyridine scaffold, yet there exist
enormous scope for developing different imidazo[1,2-a]pyridyl fused heterocyclic frameworks.
In addition, introducing other nascent functionalities, at the expense of chelation-assistance of
nitrogen of IP is an area left to explore for further the tandem cyclization reactions under
appropriate reaction conditions. In concordance with the literatures precedence, we can expect to

perceive good bioactivity of all functionalized imidazo-heterocycles.
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1 / =
_.N N /
7\
N N .
Target Molecule 1 Target Molecule 2 Target Molecule 3 Target Molecule 4

On the other hand the broad range applications of benzotriazole chemistry, further provides a
strong need for the exploration of imidazolium-supported benzotriazole reagent (ImBtH) to

achieve various organic molecules in constantly greener approaches.
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