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INTRODUCTION

Cancer is uncontrolled growth of normal cells or division of the abnormal cells. These
uncontrolled divisions of cells and its spread, resulted in death. Various factors for induction of
cancer are tobacco, unhealthy diet and infectious organisms as well as internal factors like
inherited genetic mutations, hormonal changes and immune conditions. Cancer remains a major
health issue in developed countries and is the second largest cause of death after heart disease. It
is predicted that by 2030, cancer can affect 22 million people.' It has been concluded that from
estimated 5,89,430 cases of cancer deaths almost 1,71,000 of cancer deaths caused by smoking
in 2015.> World Cancer Research Fund (WCREF) has estimated that upto 1/3 of the cancer cases
occur due to obesity, physical inactivity, and/or poor nutrition in economically developed
countries, so could easily be prevented. Infectious agents like human papillomavirus (HPV),
hepatitis B virus (HBV), human immunodeficiency virus (HIV) and hepatitis C virus (HCV) can
also be the cause of cancer. Treatment of cancer include surgery, use of chemotherapeutic drugs,
hormonal therapy, use of radiation and targeted therapy i.e. drugs that interfere with tumor
growth.3 Surgical and radiation therapies for treatment of local cancer is not specific due to
tumor position in the body and is not completely successful treatment in removing tumors.
Chemotherapy is systemic treatment of cancer involving chemotherapeutic agents that interfere
with the growth and normal cell division, inducing apoptosis of tumour cell by signaling
pathways that improve and eradicate cancer. Various chemotherapeutic drugs like 5-fluorouracil,
methotrexate, doxorubicin, epirubicin etc. are clinically known. Anticancer agents acted through
in vitro inhibition of various cancer cell lines viz., breast cancer, ovarian cancer, non small cell
lung cancer, melanoma, leukemia.

However, because of high mortality rate due to cancer and the development of resistance
due to drugs and unwanted side effects, there is need to synthesize novel anticancer agents with

reduced unwanted effects.*'® Considering cancer cells as highly proliferative tissues, various

11-14 15,16

heterocyclic moieties viz., imidazopyridine, quinazoline, napthalimides,]7 purines18 etc
have been gaining attention as novel drug candidates for treatment of cancer through inhibition
of various cancer cell lines. In addition, DNA is also an important target for development of
anticancer agents."”> Therefore, development of DNA targeted compounds becomes one of the

most important fields in chemistry, biology and medicine. DNA acted through number of



pathways including DNA alkylating agents, major and minor groove binders and DNA
intercalator. DNA intercalaters intercalate into the base pairs due to its planar geometry. Some of
the known DNA intercalating molecules are acridine, naphthodiazine and anthraquinone.
Amongst fused heterocyclic moieties, imidazo[1,2-a]pyrazine has been gaining significant
attention in field of drug discovery, due to its wide array of biological properties like
antiinﬂammatory,21 antihypertensive,22 antiulcer,23 antibronchospastic,24 antimalarial etc.”
Imidazo[1,2-a]pyrazine derivative GS-9973 (Figure 1) acted as spleen tyrosine kinase inhibitor
and has been selected in clinical trials as lead. Therefore, with a future expectation to grow
imidazo[1,2-a]pyrazine as anticancer drug, there is a high need to synthesize and modify the

imidazo[1,2-a]pyrazine core to develop more active pharmacophore with less side effects.

U
»e

GS-9973
Figure 1
Coumarin is nitrogen based fused heterocyclic moiety that showed versatile biological
behaviour. Several studies revealed the use of coumarin pharmacophore viz., 7-hydroxy
coumarin, 6-nitro-7-hydroxycoumarin, esculetin (6,7-dihydroxy-2H-chromen-2-one) and
scopoletin (7-hydroxy-6-methoxy-2H-chromen-2-one) for treatment of cancerous cells. It
displayed antitumor activities being acted at different stages of tumor such as blocking the cell
cycle, and inducing apoptosis etc.”® Despite the use of coumarins in the cancer treatment,
extensive efforts have been put to design and synthesize the novel coumarins with improved
anticancer activity. Geiparvarin has been used as an antiproliferative and monoamine oxidase
inhibitor. Coumarin and 7-hydroxy coumarin have been used as a potent cytotoxic and cytostatic
agents.27 6-Nitro-7-hydroxy coumarin acted as anticancer agent that selectively target stress
activated protein kinase.”® Inhibition of leukaemic cells by induction of apoptosis is inhibited by

esculetin and scopoletin (Figure 2).%
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Benzimidazole is a ‘Master Key’ as it is an important pharmacophore in many compounds
acting at different targets to elicit variable pharmacological plropelrties.3 O Derivatives of
benzimidazole are found in natural and non-natural products like marine alkaloid kealiiquinone
and vitamin B1,.>! Various marketed preparations viz., carbendazim has been used as anti-fungal
agent, mebendazole as anti-helmintic agent etc. Benzimidazole derivative, Bendamustine (Figure

3) have been known clinically as potent antitumor agent.

CHy COOH

e o

N>_ N?_l— OCH;3 }‘ OCH; ¢l _~ N N

7

: /

Carbendazim Cl
Mebendazole Bendamustine
Figure 3

Among the class of DNA intercalators as well as cytotoxic activity, naphthalimide derivatives
are one of those members which have gained considerable attention. Naphthalimide based drugs,
amonafide and mitonafide are the first drugs to reached the clinical trial stage. But due to
unpredictable side effects like central neurotoxicity, amonafide failed to enter clinical phase IIL.*
Mitonafide has been studied in phase I and phase II clinical trials where it showed good
inhibition against solid tumors despite of the toxic side effects.’? LU 79553 and DMP 840

belonging to bis-naphthalimide series, have been in the clinical trials (Figure 4).>

\N/ \N/

H Y,
NH N
N /\/ NH _~_N H\/\ ~ N /Y
Hy CH3
NO,
NH, NO,
Amonafide Mitonafide LU 79553 DMP 840

Figure 4
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Herein, we have synthesized various imidazo[1,2-a|pyrazine derivatives bearing aryl group at
different positions (C3, C6 or C8) along with its in vitro evaluation against cancer cell lines,
synthesis of triazole tethered imidazo[l,2-a]pyrazine-coumarin and triazole tethered
imidazo[1,2-a]pyrazine-benzimidazole conjugates by applying click chemistry and Suzuki
coupling approach and then studied its photophysical properties. Structure activity relationship
has also been predicted for the relation of activity with change of substituents.

Present work has been divided into following parts:
Chapter 1: Review of literature
Chapter 2: Arylated Imidazo[1,2-a]pyrazine derivatives
Chapter 3: Imidazo[1,2-a]pyrazine-coumarin hybrids
Chapter 4: (I) Imidazo[1,2-a]pyrazine-triazole-coumarin conjugates
(IT) Imidazo[1,2-a]pyrazine-triazole-benzimidazole conjugates
Chapter 5: Photophysical and DNA interaction studies of naphthalimide derivatives
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CHAPTER 1

REVIEW OF LITERATURE

Heterocyclic moieties play important roles in synthetic organic chemistry due to its wide variety
of applications in medicinal chemistry and pharmaceuticals. Being the structural analogue of
purine, it is gaining attention due to its diverse pharmacological properties such as
bronchodilatory, cyclic nucleotide phosphodiesterase inhibition, antiinflammatory, inotropic

agent, hypoglycaemic, cardiac stimulating, uterine relaxant, antiulcer and antibronchospastic.

1.1. Imidazo[1,2-a]pyrazine

Demirayak er. al. reported the anticancer activities of compounds la-e having excellent %
inhibition against MCF-7, NCI-H460 and SF-268 cancer cell lines. Compound 1l¢ possessed
excellent inhibition with MG-MID log;oGlso value of -6.29 and was even found to be active than
standard drug melphalan against leukemia with MG-MID log;oGlsy value of -5.09. Structure
activity relationship around the synthesized compounds 1b-e revealed that presence of 8-(4-
chlorophenyl) ring was found to be responsible for anticancer effects.'
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Later on Demirayak et. al synthesized 2,3,6,8-tetraarylimidazol[1,2-a]pyrazines that displayed
potent anticancer activities against various cancer cell lines. Highest activity was found to be for

compound 2b against Central nervous system cancer (-4.62) and Breast cancer (-4.52). Mean
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graph midpoint (MG-MID) values of 2a and 2b were -4.08 and -4.42 respectively in comparison
to standard drugs melphalan (-5.09) and cisplatin (—6.20).2

Bavetsias et. al. reported selective Aurora kinase A inhibitory activity of 3,6,8-trisubstituted
imidazo[1,2-a]pyrazines. Unsubstituted C3 position 3d (ICsp = 2.12 + 0.63 uM) showed less
activity than presence of methyl group 3e (ICsyp = 0.208 + 0.052 uM) or halogen groups such as
C3-Cl in 3a (ICsp = 0.190 + 0.138 uM) and C3-Br in 3b (ICsp = 0.152 + 0.090 uM). But, the
presence of bis 3-pyridyl at C3 and C6 positions 3¢ reduced the Aurora A inhibitory activity with
ICsp value of 4.20 uM.?
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Belanger et. al. has reported the presence of CHj; group at C6 position, 4-pyrazolyl at C3
position and isothiazole ring at C8 position as potent Aurora kinase inhibitors. Presence of polar
groups on isothiazolyl ring at C8 position did not affect the cell potency but improved their
aqueous solubility. So, this has led to the development of the amino-alcohol 4 (SCH 1473759) as
a novel, picomolar inhibitor of Aurora kinases A (ICsp =4 nM) and B (ICsp = 13 nM) with high
intrinsic aqueous solubility (11 mM).4

Later Belanger and co-workers explored the substitution on the pyrazole nitrogen at C3
position of imidazo[1,2-a]pyrazine. Primary amide substitution at pyrazole nitrogen Sa displayed
50 fold selectivity to Aurora kinase B inhibition (ICsy = 28 nM) over Aurora A. However,

secondary amide substitutions Sb and Sc displayed 20 fold inhibitions to Aurora B with ICs
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values of 193 nM and 44 nM respectively. However, benzyl amide analogue 5d resulted in
excellent Aurora kinase A (ICsp = 21 nM) and B (ICsp = 13 nM) inhibition with significant cell
activity (ECso = 129 nM).”

Incorporation of fluorine affects metabolism and physicochemical properties thereby
impacting cell activity, oral absorption and exposure. Difluoroethyl 6 and trifluoroethyl 7
analogues had potent biochemical activity for both Aurora A (ICsp =4 nM) and Aurora B (ICsp =
13 nM). Loss in cellular potency (6, phos HH3 = 306 nM, Rat PK = 0.28; 7, phos HH3 = 198
nM, Rat PK = 0.86) is due to addition of fluorine atom that reduces the amine basicity but
improved the oral PK (pharmacokinetics). Incorporation of deuterium 8 enabled 3 fold
improvements in oral exposure in monkey (phos HH3 = 63 nM, Rat PK = 4.73).°
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3,6,8-Trisubstituted imidazo[l,2-a]pyrazine 9 proved as a versatile template for ATP
competitive kinase inhibitor as cyclin dependent kinase (CDK) inhibitor. Presence of Br at C3
position was necessary for activity as this analogue inhibited CDK with 1Csy value of 0.44 uM.
Compound 9 was also evaluated in vitro for the ability to alter uptake and incorporation of
radioactive labelled thymine by living cells with ICsy value of 2 pM.7’8

Gonzalez et. al. reported the trisubstituted imidazo[1,2-a]pyrazines as phosphatidyl inositol 3
kinase (PI3K) inhibitor. Presence of methyl group 10a at 2-position possessed significant
inhibition against PI3K (ICsy = 0.096 uM). Incorporation of cyclopropyl group 10b (ICsy = 0.340
uM), trifluoromethyl group 10c (ICsp = 0.108 uM) and N-mesylpiperazine group 10d (ICsy =
0.037 uM) at C2 position of imidazo[l,2-a]pyrazine paved a way for development of lead
analogues with excellent inhibition activity. Presence of 3-hydroxy phenyl group is responsible
for in vitro activity but has limited use for in vivo activity due to metabolic instability of this

group. In order to overcome this problem, 3-hydroxy phenyl ring was isosterically replaced with



indazole 11 (ICsp = 0.095 uM) at C6 position of imidazo[1,2-a]pyrazine that gave an important

advancement in discovery of imidazo[1,2-a]pyrazines as PI3K inhibitors.’
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Imidazo[1,2-a]pyrazinamines acted as breast tumour kinase (Brk)/protein tyrosine kinase
inhibitors which are important enzymes in signal transduction pathway in cancer. Substitution at
C2 position 12 (ICsp = 1524 nM) and 13-15 (ICsp > 10,000 nM) resulted in substantial loss of

inhibitory activity of Brk.'
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Kettle et. al. reported disubstituted imidazo[1,2-a]pyrazines based inhibitor of AKT kinase
with improved potency and physiochemical properties. These compounds behaved as
downstream biomarkers in in vivo and inhibited the tumor growth in breast cancer xenograft
model. Compound 16 showed significant reduction of log D (1.3) value representing high
solubility (2500 uM) and free level of drugs (37.1%). It also inhibited the phosphorylation of
Thr308 on AKT in BT474 cells (ICsp = 0.386 uM) and Ser473 on AKT in MDMBA468 cells
(ICso = 0.365 uM)."" 6,8-Disubstituted imidazo[1,2-a]pyrazines possessed potent activity against
EphB4, responsible for inhibiting the formation of new blood vessels. Substitutions with 4-
pyridyl at C8 position 17a proved to be most potent with 1Csy value of 0.062 uM in comparison
to 3-pyridyl 17b with ICsy value of 7.8 uM. It indicated the role of appropriate positioning of the

pyridyl nitrogen atom for significant binding interaction with the protein.12
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Imidazo[1,2-a]pyrazines 18-20 with different substitutions at C2 and C3 positions, inhibited
the human topoisomerase-II in DNA catenation, relaxation and intercalation. Clonogenic and
MTT cell survival assay of kidney cancer cell (HEK-293) revealed that these compounds not
only showed potent anticancer activity in comparison to standard drugs etoposide and 5-

fluorouracil but also having low toxicity to normal cells. B
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3,6-Diheteroaryl imidazo[1,2-a]pyrazines 21a-b have been evaluated as ATP competitive
inhibitors of CHK1. SAR around diheteroaryl imidazo[1,2-a]pyrazine showed that bis-pyrazolyl
analogues 21a and 21b inhibited the CHK1 potency in micromolar range (ICsop = 5.0 and 1.5
uM). These compounds also showed wide variety of activities against several other tyrosine

kinases viz., ABL, FYN, LYN, LCK and SRC with > 94 % inhibition at 10 uM concentration.'*
1.2. Coumarins

Coumarin is a fused heterocyclic moiety made of benzene and 2-pyrone ring. Coumarins being a
member of flavonoid group of plant secondary metabolite, exhibited different biological
activities which prompted the researchers to explore the pathways to target cancer viz., kinase
inhibition, cell cycle arrest, angiogenesis inhibition etc.

Reddy et. al. discovered amide functionality at C3 position as potent anticancer agents.
Compound 22 acted as a potent inhibitor of cancer against breast cancer cell lines SkBr3 and
BT474 (ICso = 16.3-94 uM) and normal cells (Human lung fibroblasts).'” Wells ez. al. reported
coumarin-pyrrolobenzodiazepines conjugate 23 having propylene linker that showed anticancer

activity with ICsg value of 3.20 pM.16
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Mohareb and co-workers reported the evaluation of hydrazide-hydrazone derivatives of
coumarin for anticancer activities against various cancer cell lines such as CNS cancer (SF268)
and breast cancer (MCF7). The maximum inhibitory effect of compound 24 was exerted against
non small cell lung cancer (NCIH460) with ICsy value of 10 uM."” Coumarins possessing 3-aryl
moiety exhibited promising anticancer effects against KV, MCF7/ADR and nasopharyngeal
(KB) cancer cell lines. Compound 25 bearing 7,8-diacetoxy substitutent showed excellent
activity against KB cell line (ICsp = 5.18 uM) which revealed that presence of substituents at 7-
and 8-positions with aryl moiety at C3 position was responsible for cytotoxic effects.'®

Liu et. al. reported coumarin-pyrazoline derivative having thioacetyl moiety. This derivative
showed potent antiproliferative activity in comparison to 5-fluorouracil against Bcap37,
SGC7901, MGC803 and HepG2 cell lines. TRAP assay proved compound 26 having n-butylthio
group as the potent inhibitor of telomerase with ICsy value of 0.92 + 0.09 uM. Cellular

proliferation was efficiently suppressed through cell cycle arrest in Go/G; phase."

Dysregulation of various signal transduction pathways such as RAS/RAF/MEK pathways,
resulted in cancer.” Various inhibitors blocking Raf pathway for cancer treatment have been
tested in the clinical trials.”' 3-Benzyl coumarin derivative 27 showed modest in vitro and in vivo
potency as a selective RAF/Mek inhibitor. Presence of aniline moiety in 27 have disadvantages
of metabolic instability and lower bioavailability. So replacement of aniline derivative with
pyridinyl moiety bearing sulphonamide group 28 (RO5126766) gave a clinical candidate.”***

However, 6-fluoro coumarin derivative 29 proved to be a potent RAF/Mek inhibitor, having

weak CYP inhibitory activity and excellent pharmacokinetic profile. It also showed good in vitro



and in vivo profile against HCT-116 cells with ICsy value of 8 nM and HCT-116 xenografts with
EDs, value of 4.8 mg/kg respectively.”
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Basanagouda and co-workers reported 4-substituted coumarins as novel anticancer agents.
Presence of 6-Cl or 7-Cl substituents on 4-iodophenoxy methyl coumarin 30 possessed excellent
cytotoxic activity against MDA-MB human breast cancer cell line and human lung carcinoma
cells (A549). SAR studies revealed that phenoxy moiety containing iodo group at 4-position was
responsible for cytotoxic activity.”*?’ Previously, vitamin K and quinonoid derivatives were
found to affect the cdc25 activity and cellular proliferation.28 All three isoforms of cdc25 was
inhibited by coumarin-quinone 31 (ICso < 9 uM). In vitro cell viability assay showed potent
antiproliferative activity against breast cancer cell lines viz., MDA-MB-231 and MCF-7 cells
with ICsg value of < 11 pM vs. hTERT-HME1 with ICs, value of < 18 uM.? Puttaraju and co-
workers synthesized dihydrobenzo[4,5]imidazo[1,2-a]pyrimidine-4-one-coumarin conjugate 32
as a cytotoxic agent against DAL cell line at 100 pg/ml concentration using trypan blue dye

. 30
exclusion method.
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Various targets to control cancer cell progression include monocarboxylate transporter that act
as lactate carrier. Literature study revealed that presence of monocarboxylate group was found to
be responsible for lactate transport inhibition.”" a-Cyano-4-hydroxy cinnamate 33 as a parent
compound was first MCT inhibitor.** Substitution of N-methyl benzyl moiety at 7-position of

coumarin 34 was found to be more potent inhibitor of MCT than the parent compound 333
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N-(4-Chlorophenylsulphonyl)pyrazoline derivative of coumarin 35 showed potent cytotoxic
activity against HCT-116 cell line having ICsy value of 0.01 uM in comparison to standard drug
doxorubicin with ICsy value of 0.63 uM. Presence of 4-Cl on phenylsulphonyl moiety at 8-
position of coumarin was responsible of antitumor activity.”* Chen ef. al. reported the
triphenylethylene-coumarin hybrids possessing aminoethoxy side chains that were evaluated for
its anticancer activity against various cancer cell lines. Introduction of two aminoalkyl chains at
4- and 7-positions of coumarin 36a-c showed promising anticancer activity against cancer cell
lines with ICsy value of < 12.35 uM.> Literature reports revealed that 3,4-diphenyl coumarin

moiety possessing appropriate aminoalkyl chains was responsible for cytotoxic activity. Later

on, triphenylethylene-coumarin hybrids 37-38 possessing aminoethoxy side chains were
36

synthesized that showed pronounced anticancer activities.

Pingaew et. al. reported chalcone-coumarin hybrids 39 and 40 with 1,2,3-triazole linker being
assessed for the anticancer activity against cancer cell lines viz., HepG2, A549, HuCCA1 and
MOLTS3. Reference drug etoposide showed lower activity in comparison to compounds against
HepG?2 cells. Good anticancer activity was observed with compound 40 against A549, HepG2
and huCCA1 cells with ICs value of 4.81-8.18 uM. No toxicity was observed with normal vero

cells.”’
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Coumarin-chalconoids hybrids 41 and 42 were reported to be Histone deacetylase (HDAC)
inhibitor which is an important target for anticancer therapy.38 Presence of 4-methoxy phenyl and
3,4-dimethoxy phenyl groups on coumarin moiety showed 20-50% inhibition of HDAC activity
at 100 uM concentration.” Saidu and co-workers have synthesized biscoumarins having
polysulfide linkage. Compound 43 was evaluated for antiproliferative activity against HCT-116

colorectal cells that induced cell cycle arrest in G2/M phase.40
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1.3. Benzimidazole

Benzimidazole is an important aromatic heterocyclic compound and acts as a pharmacophore in
medicinal chemistry. Mebendazole was the first benzimidazole carbamate followed by
flubendazole in humans. Benzimidazole is a key structure found in number of bioactive
heterocyclic moieties. It has been formed from the fusion of benzimidazole and imidazole
nucleus bearing different functional substituents. Various benzimidazoles and its derivatives
exhibited remarkable anticancer/antiproliferative activity.*"**

Xiang and co-workers reported benzimidazole derivative 44 as potent antitumor agent through
cytosolic vacuolization. Anticancer effect on various cancer cell lines HepG2 and HCT-116 cells
was found to be moderate with ICs, values of 14.6 uM and 3.9 uM, respec‘tively.43 Gowda et. al.
synthesized benzimidazole carboxylic acid derivative 45 as antileukaemic agent. It induced cell
death of leukaemic cells with ICsy value of 3 uM. Presence of nitro and fluoride respective at 3-

and 4- positions exhibited potent growth inhibition against cancer cells.** Omar and co-workers

synthesized benzimidazoles 46 and 47 with respective acetate and allyl groups that exhibited



more anticancer activity than the standard drug. Presence of quinixalino benzodiazepine moiety
at 2-position of benzimidazole resulted in potent anticancer activity. Introduction of allyl group

showed significant increase in anticancer activity than presence of acetate group.*’
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Liu and co-workers discovered that presence of hydrazone moiety in benzimidazole derivative
displayed excellent inhibition against cancer cell lines in comparison to standard drugs 5-
fluorouracil and SU11248. Introduction of various electron withdrawing groups like hydroxy at
2- and 4-positions of phenyl ring of hydrazone gave the potent derivatives 48 and 49 that
displayed highest antitumor activities towards various cell lines like A549 (ICsy = 12.36 uM,
10.75 uM), HCT116 (ICsp = 4.86 uM, 8.33 uM), PC-9 (ICsy = 14.63 uM, 12.2 uM) and A375
(ICs0 = 5.75 uM, 4.09 uM).*® Karthikeyan et. al. reported benzimidazole carboxylic acid 50 with
3,4-dihydroxy substitutent at phenyl ring as anti-breast cancer agent. However, the substitution
of acid group with methyl ester 51 having 2-hydroxy and 5-fluoro substituents showed superior
anticancer activity towards breast cancer cell lines; MDA-MB-231 (ICsop = 6.23 uM for
compound 51 vs 12.85 uM for compound 50), MDA-MB-468 (ICsy = 4.09 uM for compound 51
vs 11.85 uM for compound 50) and MCF-7 (ICso = 0.18 uM for compound 51 vs 9.23 uM for
compound 50). Less potency of acid derivative is due to the ionization of free acid moiety to

carboxylate ion in aqueous medium, thereby interfering with cellular permeability of
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Yoon et. al. reported the synthesis of benzimidazole derivative 52 as antitumor agent through
inhibition of sirtuin; SIRT1 and SIRT2 with ICsy values of 58.43 uM and 45.12 uM respectively.

It also exhibited potent inhibitory activity against breast cancer cell lines. SAR studies revealed

10



that presence of electron donating dimethylamino group on phenyl ring at 2-position of
benzimidazole gave potent sirtuin inhibition.*® 1,2,3,4-Tetrahydro[1,2,4]triazino[4,5-
albenzimidazole 53 bearing aryl and heteroaryl substituents at 1-position enhanced the inhibition
against MCF-7 with 1Cs value of 0.039 uM. Presence of electron withdrawing chloro group at
o-position of the phenyl ring enhanced in vitro activity against the cancer cells. In contrast,

substitution with meta directing groups resulted in decrease in potency.*
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Tandon and co-workers reported bis-benzimidazoles as novel topoisomerse-I inhibitors. All
derivatives 54a-d displayed potent inhibitory effect on cancer cell lines. Compounds 54a-b
bearing dihalogenated groups on phenyl ring was found to be the more effective inhibitor (ICsy =

5.5 uM and 1.3 uM for MCF-7) than compounds 54c-d respectively (ICsp = 5.3 uM and 16.8
uM for MCEF-7) bearing dimethoxyphenyl and trimethoxy phenyl rings.50

Benzimidazole-1,3-diaminopropane complex with copper 55 intercalate with the base pairs of
double helix DNA.”' Complexes of benzimidazole with platinum 56-57 showed potent
antiproliferative activity > against breast cancer cell line MCF-7 and Hela cervix cancer cell
line.*”” Silver metal complex with 2-methyl benzimidazole carboxylic acid hydrazide 58
displayed potent cytotoxic activity against cancer cell lines with ICsy value of 2 pM.Sg 2-
Pyridinyl benzimidazole-5-carboxylic acid complex with copper 59 exerted topoisomerase II

inhibitory activity.”

11
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2-Methyl-5-nitrobenzimidazole containing thiadiazole ring 60 linked with methylene linker at
I-position was responsible for antitumor activity. Presence of nitro at 5-position of
benzimidazole is critical for activity.60 Ng et. al. reported 2,5,6-trihalogenated benzimidazole 61
as androgen receptor antagonists for treatment of prostate cancer. SAR revealed that presence of
bromobenzyl ring at 1-position of benzimidazole is essential for activity.61 Benzimidazole
quinoline derivative 62 being planar in nature get inserted into space between DNA base pairs
resulting in cleavage of DNA. It also exerted potent anticancer activity against cancer cell lines

with ICsg value of 0.8-30 pM.*

1.4. Naphthalimides

In general, naphthalimides are synthesized by the reaction of naphthalic anhydride with amine.
Amongst them, 1,8-naphthalic anhydride exhibited potent anticancer activity against human and
murine cells.” Presence of amino and nitro groups at 3- and 4-positions of naphthalic anhydride
gave highly potent and active compounds, amonafide and mitonafide, respectively. 1,8-
Naphthalimides has been used as dye and therapeutic agent. It has also been used for sensing of
biologically relevant cations,*"® fluorescent bioprobes,67 chemical probes % and laser dyes.69
Naphthalimides has been used as probe to target the biomolecules and nucleic acids, thereby
forming the intermolecular complex with mononucleotide. Due to the planar structure of the
aromatic ring, naphthalimide has ability to act as a DNA intercalator which get intercalated itself
between the base pairs of DNA. Molecules can bind to DNA through number of ways (i) minor
groove binding, (i1) external binding (in case of stacking). UV-visible and fluorescence
spectroscopic methods are generally used to observe binding behaviour of molecules with

nucleic acids.

12



Amonafide and mitonafide are the two members belonging to naphthalimide class that have
entered into the phase II clinical trials. Excellent antitumor activity was observed against Hela
cancer cell line with ICsy values of 0.47 uM and 8.80 uM for amonafide and mitonafide
respectively.70 The dihydrochloride salt of Amonafide (Quinamd) manufactured by Chem Genex
has been used for treatment of prostate cancer and has entered into phase II clinical trials. Heat
denaturation study showed that it stabilized the double stranded DNA.”' Protein-DNA
crosslinking in cultured cells and DNA strand breaks were induced.”” Unwinding of closed
circular DNA by mitonafide resulted in increase in viscosity of sonicated DNA.” Both
amonafide and mitonafide act through DNA intercalation. Nafidime, another derivative of
naphthalimide has been used to inhibit proliferation in animal tumors in vitro and in vivo.”

Agarose gel electrophoresis revealed its binding to DNA via intercalation. It also act as a

topoisomerase II inhibitor.”**
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Bisnaphthalimide 63 in which two naphthalimide moieties are joined by polyamine spacer to
increase DNA binding and anticancer activity. It is known to be a bisintercalator due to its ability
to unwind the DNA resulting in alteration of closed circular plasmid DNA viscosity and thereby
binding to major groove of DNA.™ Gallego and co-workers using molecular dynamics and NMR
spectroscopic techniques that revealed compound 63 bisintercalate itself at TpG and CpA steps
in hexameric d(ATGCAT), sequence.”” NMR spectroscopy showed that 63 bind with DNA
through two step interaction having dissociation rates of 10% s and 1-4 .7

Chen et. al. reported bisnaphthalimide 64 as potent antitumor agent against leukaemia and
solid tumours in vivo.””* DNA and RNA biosynthesis was effectively inhibited by 64, by
interfering with incorporation of uridine and thymidine, thereby inducing the single stranded
DNA breaks.””® Moreover, it also acts as eukaryotic topoisomerase II poison, thereby stabilizing
the cleavage complex of topo-II with DNA, causing cell death.””

Compound 65 bearing naphthalimide and phenanthrene moieties was evaluated in vitro DNA

binding studies using ethidium bromide displacement assay which revealed it to be a effective

13



DNA binder. Introduction of any electron donating and withdrawing substituents at 6-position of
phenanthrene ring did not show any effect in DNA binding. In addition, it also exhibited

excellent inhibition against L1210 cancer cell line with ICsy value of 0.035 pM.78
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Gunnlaugsson and co-workers reported bisnaphthalimides for DNA targeting linked through
Troger moiety.” Compounds 66-67 bearing terminal nitrogen at the side chain were protonated
at physiological pH which resulted in increased water solubility and also favouring the
electrostatic interactions with negatively charged phosphate backbone of DNA. These
compounds bind to ct-DNA with high affinity (~ 10° M™"). Thermal denaturation studies also
stabilize the ct-DNA (A T, > 15 0C).80 Naphthalimidobenzamido derivatives 68a-b were

analyzed for interactions with DNA sequences using ethidium bromide displacement assay."'
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Keeping in mind for undesirable toxicity of naphthalimide derivatives and to improve the
therapeutic index, naphthalimide based pro drugs 69-72 bearing N-oxide moiety at the terminal
side chain have been synthesized.82 All compounds showed lower affinity towards double
stranded DNA as compared to amine due to absence of protonated side chain in the ligand,
thereby favouring electrostatic binding with DNA. Li ef. al. synthesized 1,8-naphthalimide
analogues 73,74 bearing 2-aminothiazole moiety,83 being extensively used in parkinsonism while
moderate affinity towards ct-DNA was observed (10" M. Compound 74 with linear
heterocyclic fused chromophore was found to be good intercalator than compound 73 with

angular chromophore.

Qian et. al. reported naphthalimide based derivatives 75,76 linked to amino acid leucine to
overcome the poor solubility and to enhance the cellular uptake.84 These compounds bind to
DNA via intercalation, determined by increase in viscosity. Binding of these analogues to DNA
was moderate (10* M™"). Additionally, these have been found to be cytotoxic to tumor cells and

showed strong interaction with bovine serum albumin.

\;/COR o \Q/COR
1l
75,76a: R = *HN@*S NH, O _N.__O

0. N (0] I
o)
O 0 O
75, 76a: R = *HN@*ﬁQNHZ o
HN 0
H;CO OCH; L
75,76a: R = *HNQ‘S‘;*NHz ©
s HyCO o

15



CHAPTER 2
ARYLATED IMIDAZO[1,2-a]PYRAZINE DERIVATIVES

2.1. INTRODUCTION

Fused heterocyclic molecular frameworks are found in a large number of biologically active
natural and synthetic components.85 Halogenated heteroaromatic ring systems are valuable
monomers because of their ability to participate in cross-couplings including the Heck, Stille and
Suzuki reactions.®® Several procedures for transition-metal-catalyzed by direct C-C
functionalization of imidazoazines have been developed, notably in the imidazo[l,2—a]pyridine87
and imidazo[1,2-a]pyrimidine®® series. Imidazo[1,2-a]pyrazine, a bicyclic N-fused imidazole and
pyrazine ring, is a privileged structural motif present in several natural products and
pharmacological relevant structures with wide ranges of activities such as Aurora kinase
inhibitors,* hypoglycaemic,90 cyclic nucleotide phosphodiesterase inhibition,” antiulcer,”
anticancer > and controlling allergic reactions.”*

A variety of classical methods has been developed for the functionalizations of imidazo[1,2-
alpyrazine viz., arylation of 8-methoxy or 8—methylthio—6—bromo—imidazo[1,2—a]pyrazines,95 3-
aryl/alkylamino and 2-aryl/alkyl substituted imidazo[1,2—a]pyrazines,96 through palladium
catalyzed cross-coupling reactions (Figure 1). But, imidazo[1,2-a]pyrazine series remains almost
unexplored for palladium catalyzed direct C-C monoarylation at C8 and diarylation at C6 and C8
positions.

H;C. o HyC- o
i) ArB(OH),,
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R' = Ar, Het Ar, vinyl, benzyl

=N
NA\rNHZ CHO ( j CuS0,. 5H,0 K/\Nr O
R/N * ©/ A D-glucose, C,HsOH

Figure 1 Synthesis of 2,3-diarylated imidazo[1,2-a]pyrazine
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2.2. OBJECTIVE

Herein, we reported monoarylation at C8 position and symmetrical/unsymmetrical diarylation at
C6 and C8 positions of imidazo[l,2-a]pyrazine, catalyzed by palladium with and without
ligands. The synthesized compounds were then evaluated for 60 human cancer cell lines for their
anticancer activities. Structure activity relationship (SAR) as anticancer agents in order to

determine the activity profile of the synthesized derivatives has also been discussed.

2.3. CHEMISTRY

To obtain intermediate 6,8-dibromo-imidazo[l,2-a]pyrazine, we have used readily available
starting material 2-aminopyrazine 1. Bromination of 1 with N-bromosuccinamide (NBS) in
DMSO and water at room temperature for 6 h gave 2-amino-3,5-dibromopyrazine 2 in 90%
yield followed by cyclization with 50% aqueous solution of chloroacetaldehyde to obtain 6,8-

dibromo-imidazo[1,2-a]pyrazine 3 in 80% yield (Scheme 1).

\J

[ ]/ NBS, DMSO: HZO J: I * 50% aq. chloroacetaldehyde J:N N

rhﬁh Br IPA, 110°C,24 h _

Scheme 1: Synthesis of 6,8-dibromo-imidazo[1,2-a]pyrazine.

Palladium catalyzed Suzuki-Miyaura coupling of 6,8-dibromo-imidazo[1,2-a]pyrazine 3 with
different aryl boronic acids afforded substituted monoarylated and symmetrical diarylated
products. Thiophen-2-boronic acid served as a model reactant for optimization of the reaction
conditions as thiophene moiety is considered a structural alert in drug design and discovery.
Thiophene and thienyl core have attracted the attention of the scientific community due to their
therapeutic uses as anti HIV,”® antitubercular,” antimicrobial,'® tyrosine kinase inhibitor'®" and
anticancer agents.'%*

Suzuki-Miyaura coupling reaction between 6,8-dibromo-imidazo[l,2-a]pyrazine 3 and
thiophen-2-boronic acid with different palladium catalysts like Pd(PPhs)s Pd(PPh;),Cl, and
Pd,(dba); has been performed. Pd(PPhs), proved as an effective catalyst for monoarylated and
diarylated products, giving 70% and 10% yields, respectively (Table 1, entries 1-3). A survey of
different bases (Cs,CO3 Na,COs3, K,CO3 and DIPEA) revealed that Cs;CO3; was found to be the
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best choice (Table-1, entries 3-6). Recent developments have been carried out in Suzuki—
Miyaura coupling by employing ligandless palladium catalysts and employing phase-transfer

Table 1 Optimization of palladium catalyzed Suzuki-Miyaura coupling

S OH
/) B
> /
J: I Pd Cat., base J: LQ Q): LQ LLS)
solvent
3 Ly
Entry Time (h) Catalyst/Ligand Base Solvent Yield (%)*
4a/4b/dc
1 12 Pd(PPh;),Cl, Cs,CO;3 MeCN:H,0 30/10/0
2 12 Pd,(dba); Cs,CO;3 MeCN:H,0 43/7/0
3 8 Pd(PPh;), Cs,CO3 MeCN:H,0 70/10/0
4 10 Pd(PPhy), Na,CO; MeCN:H,O 62/11/0
5 12 Pd(PPhy), K,CO; MeCN:H,O 60/15/0
6 12 Pd(PPhy), DIPEA MeCN:H,O 54/10/0
7 18 Pd(PPhy), Na,CO; Toluene:H,O 45/5/0
8 19 Pd(PPh3), K,CO;4 Toluene:H,O 36/13/0
9 18 Pd(PPh3), DIPEA Toluene:H,O 15/0/0
10 12 Pd(PPh3), Cs,CO; Toluene:H,O 20/10/0
11 19 Pd(PPhs), Cs,CO;3 THF:H,0 55/0/0
12 10 Pd(PPh3), K,CO;4 Acetone 52/15/0
13 10 Pd(PPhy), Cs,CO; DMF 52/0/0
14 15 Pd(PPhy), Cs,CO; 1,4-dioxane 44/0/0
15 14 Pd(PPh3),Cl, Na,CO; MeCN:H,O 52/7/0
16 14 Pd(PPh3),Cl, K,CO; MeCN:H,O 50/5/0
17 15 Pd(PPh3),Cl, DIPEA MeCN:H,O 38/10/0
18 12 Pd,(dba); Na,COs MeCN:H,O 43/0/0
19 12 Pd,(dba); K,CO;s MeCN:H,O 65/0/0
20 12 Pd,(dba); DIPEA MeCN:H,0 45/0/0
21 20 Pd(PPhs), Cs,CO;3 MeCN 30/15/0
22 12 Pd(PPhs), Na,COs IPA 0/0/45
23 8 Pd(PPhy), K,CO; IPA 0/0/55
24 12 Pd(PPhy), Cs,CO; IPA 30/0/60
25 11 Pd(PPh;), + XantPhos K,CO; MeCN:H,O 62/10/0
26 10 Pd(PPhs), + JohnPhos K,CO; MeCN:H,0 65/0/0
27 10 Pd(PPh;), + Cyclohexyl John Phos K,CO;4 MeCN:H,O 61/5/0
28 9 Pd(PPhs), + BINAP K,CO;s MeCN:H,0 59/0/0
29 12 Pd(PPhs), + PPh; K,CO;s MeCN:H,0 53/0/0

Reaction conditions: 1.0 eq. thiophen-2-boronic acid, 5 mol% catalyst, 5 mol% ligand, 1.0 eq. base,
solvent:cosolvent (9:1), reflux, 8-20 h; *isolated yields

103

catalysis or mixture of organic solvents along with water as cosolvent. ~ Use of water is suitable

in this coupling reactions as boronic acids are stable in aqueous conditions. Its ability to dissolve
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various bases helps in activating boronic acids and enhancing the rate of reaction.'® The effect
of different solvents were also studied and observed that the reaction proceed in both protic and
aprotic solvents although significant variations in yields were noticed. The nonpolar aprotic
solvents such as MeCN:H,0 (Table 1, entries 1-6 and 15-20), THF:H,O (Table 1, entry 11) and
acetone (Table 1, entry 12) were found to be the most effective solvents and gave excellent
results. On the other hand, lower yield was also obtained in the absence of water (Table 1, entry
21). Polar protic solvents like isopropyl alcohol (IPA) with Cs,COj3 gave very interesting results
as there was formation of 8-thiophen-2-yl-imidazo[1,2-a]pyrazine 4c¢ in 60% yield along with 6-
bromo-8-thiophen-2-yl-imidazo[ 1,2-a]pyrazine 4a in 30% yield due to dehalogenation and C-C
coupling, respectively but with K,COs in IPA gave only 8-thiophen-2-yl-imidazo[1,2-a]pyrazine
4c in 55% yield (Table 1, entries 22-24). Mixture of acetonitrile and water (9:1) proved to be the
best solvent for this transformation. Reaction conditions were also optimized by using Pd
catalyst in the presence of different ligands. Use of ligands XantPhos, JohnPhos, Cyclohexyl
John Phos, BINAP and PPh; (Table 1, entries 25-29), neither improved the yields of diarylated
product nor monoarylated product.

Further, by using 1.5 equivalents of thiophen-2-boronic acid in the same ratio of Cs,COs,
there was not much variation in monosubstituted and disubstituted products. But by using 2.0 eq.
of boronic acid, monosubstituted and disubstituted products were formed in 28% and 54% yields
respectively. When 3.0 eq. of boronic acid was used, predominantly disubstituted product was
formed with monosubstituted product only in traces (Table 2).

Table 2 Reactions of 6,8-dibromo-imidazo[1,2-a]pyrazine with equivalences of boronic acid.

/[ I Pd(PPh;),, Cs2c03 /[ 1(\)
MeCN:H,0 (9:1)

reflux

Entry Thiophen-2-boronic acid (eq.) Cs,CO; Yield (%)
4a 4b
1 1.0 1.0 70 10
2 1.5 1.5 65 20
3 2.0 2.0 28 54
4 2.5 2.5 20 60
5 3.0 3.0 traces 90
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Table 3 Reactions of 6,8-dibromo-imidazo[ 1,2-a]pyrazine with different boronic acids.

pu—

—\ )\
N_,N  10eq. ArB(OH), NN NN
Bt - L7 1L
BrJiN/ gy Pd(PPhy),, Cs,CO;, Br” ONT Ar A ONT Dar
3 MeCNH,0 G:1) 4a-15a 4b-15b
Entry Time (h) Ar Products (%)* Yields (%)
a b
= =\
N N
1 8 s. g JN & 4a  4b
() ou B N N NN (70)  (10)
S/ \_s s/
~ i
N _N
o g jN/ & 52 5b
2 12 7 Pom BN NN NF (56)  (12)
OH — —
B! N/_/\N N/—/\N
3 10 /©/ OH 1 B 6a  6b
F Br” N N (52) (25)
F F F
™\ )\
N_ N NN
et ) | 7a  7Tb
4 8 Q “oH BN NG (70)  (16)
Cl Cl al Cl
. NN NN
5 8 Q oH | B 8a  8b
Br B~ N7 N (68) (20)
Br Br
g N/:/\N NN
6 8 O ® 9 9
HCO B N7 N 69) (14)
OCH,4 H;CO OCH;
B:OH N/:,\N N/:/\N
7 7 JO) o 1 ® 10a  10b
OHC Br” N N (70) (15)
CHO OHC CHO
4 g Y g
8 8 (j oH JRUS | H 11a  11b
BN N (57)  (30)
OH
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12 11

HO\B,OH

CH,CH;
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110
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(53)°
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14b
(10)°

15b
(13)°

“jsolated yields, ” GC-MS yields.

With the optimized reaction conditions in hand, we have used 1.0 equivalent of thiophen-2-

boronic acid, 5 mol% of Pd(PPhs)s4, Cs2CO3 (1 eq.) in MeCN:H,0 (9:1) and evaluated the scope

of arylation with variety of aryl boronic acids providing a library of monosubstituted 4a-15a and

disubstituted 4b-15b imidazo[1,2-a]pyrazines (Table 3). Electron withdrawing as well as

electron donating substituents on aryl boronic acids was well tolerated. The reaction worked well

with thiophen-2-boronic acid, furan-2-boronic acid, 4-fluoro, 4-chloro, 4-bromo, 4-methoxy, 4-

formyl and 2-hydroxyphenyl boronic acids and good yields of monoarylated and diarylated

products were obtained (Table 3, entries 1-8). Among halides, 4-chloro and 4-bromo gave higher

yields of monoarylated products as compared to 4-fluoro analogue. Structures of all novel

compounds were confirmed by NMR as well as mass spectrometry techniques. Structure of

compound 9b was also confirmed by X-ray crystallography (Figure 2).

105

Figure 2 X-ray structure of 9b (CCDC No. 960038).
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In case of napthalen-1-boronic acids, only monoarylated product at C8 position was formed in
64% yield and arylation at C6 position was not obtained (Table 3, entry 9). This is due to the
steric hinderance of bulky naphthyl ring at C8 position of imidazo[1,2-a]pyrazine. In case of
phenyl boronic acid, 3-methylphenyl boronic acid and 4-ethylphenyl boronic acid, monoaryl and
diaryl substituted imidazo[1,2-a]pyrazine could not be isolated in pure form, but were confirmed
by NMR and GCMS (Table 3, entries 10-12).

We took advantage of the monoarylated products to implement an additional cross-coupling
reaction which aimed at providing straightforward access to unsymmetrical imidazo[1,2-
alpyrazine. Thus, reactions of C8 monosubstituted imidazo[1,2-a]pyrazines were carried out
with 1.0 equivalent of boronic acids in the presence of Pd(PPh3)s, Cs,CO3 in MeCN:H,0, gave
unsymmetrical diarylated imidazo[1,2-a]pyrazines. Monoarylation at C8 position were
confirmed by considering 2D NOE difference experiments (Figure 3) that showed negative NOE
signal of singlet of C5H proton of imidazo[l,2-a]pyrazine and doublet of C2’H of 4-
formylphenyl (10a). In unsymmetrical diarylation, substitution of 4-formylphenyl at C8 and 2-
thiophene at C6 positions (25) were also confirmed by 2D NOE experiment (positive NOE’s
signal of singlet of C5SH proton of imidazo[1,2-a]pyrazine with doublet of thiophene and
negative NOEs signals of singlet of C5H proton of imidazo[1,2-a]pyrazine and doublet of C2°H
of 4-formylphenyl. 4-Fluoro, 4-chloro, 4-methoxy and 4-formylphenyl imidazo[1,2-a]pyrazine
derivatives were employed with thiophen-2-boronic acid, furan-2-boronic acid, 4-methoxy, 2-
hydroxy, 4-formyl, 4-chloro and 4-fluorophenyl boronic acids to form the corresponding
unsymmetrical imidazo[1,2-a]pyrazines (16-30) in 50-85% yields (Table 4). The reaction of
monosubstituted 4-methoxyphenyl derivative was slow and only traces of desired product was
observed when naphthalen-1-boronic acid was reacted under same reaction conditions. Structure

of compound 20 was also confirmed by measuring X-ray crystallography (Figure 4).'”

No NOE No NOE

~ ~

& 32

=\ 1
(\‘H 4mN

Figure 3 2D NOEs 'H, 'H correlations used for structural assignment of compounds 10a and 25.
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Table 4 Reactions of 8-aryl-6-bromo-imidazol[1,2-a]pyrazines with aryl boronic acids

1.0 eq. ArB(OH),

JiN N 5mol% Pd(PPh,),, NN
L - 1L
Br N Ar 1.0eq. C5,CO; Ar’ N Ar

MeCN:H,0 (9:1)

6a-7a,9a-10a reflux, 6-12 h 16-30
Entry Time Monoarylated Ar’B(OH), Product Yield mp ("C)
(h) Imidazopyrazine (%)
)\ ,OH ™\
NN B, NN
| 6 T /L@ Q oH /@/[ L@\ (16)82  208-210
Br” N OHC N
F OHC F
, 7 Y P _om NN
\ _ “OH \ _ 17) 80 158-160
Br/[ N:L@\ ©/ N
F OH F
[~ LOH [\
NN B, NN
3 6 I /j\@ O oH Q/[ /L@ (18)62 136138
Br” N N
cl
F cl F
~—\ —\
NN NN
A 9 @ s g™ o 19)70  135-137
Br N \ / \OH \ / N
cl cl
/’”WN F’WN
N7 JOH N~
i _ Bl |
8 Br” N O OH N
5 o OHC oHe o (065 204-207
N[LZ\N T B’OH " N/—:;\N
6 8 j ) @( “oH » 1) 68 172-174
Br” "N N
Cl Cl
N/—::/—\N o) /OH N/——’/;\N
10 i EN \ (22)72  159-161
7 P OH P
Br N @/ \O/ N
cl Cl
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Figure 4 X-ray structure of 20 (CCDC No. 960039)

2.4. IN VITRO ANTICANCER SCREENING

Preliminary anticancer activity revealed that monoarylated, symmetrical diarylated compounds
(4a-b, S5a-b, 7a, 8a-b, 9a-b, 11a-b and 13b) and unsymmetrical diarylated compounds (18-19,
21-23, 27-28 and 30) were selected by National Cancer Institute, Bethesda, Maryland, USA on
the basis of structure variation for evaluation of anticancer activity. The selected compounds
were subjected to in vitro anticancer assay against tumor cells in a full panel of 60-cell lines at
single dose concentration of 10 uM, and the percentages of growth inhibition over sixty tested
cancer cell lines were determined'%'% (Table 5, 6). Monosubstituted compounds (4a-5a, 7a-9a
and 11a) displayed modest potency against the tested tumor cell lines and considered to be least
effective member. Disubstituted compounds (4b, Sb, 9b and 13b) showed lower activity for
cancer cell lines but active than monosubstituted compounds (Figure 5). Diarylated compounds
(8b and 11b) with respective 4-bromophenyl and 2-hydroxyphenyl imidazo[1,2-a]pyrazine
showed broad spectrum of anticancer activity as compared to corresponding monoarylated
products (8a and 11a), indicating that arylation at both C6 and C8 positions are essential for
activity. Disubstituted compound 4b showed selective potency towards breast cancer cell lines
MCF7, T-47D and MDA-MB-468 with GI values of 75.44%, 78.80% and 88.28%, respectively
while compound 5b showed selectivity towards breast cancer cell line MCF7 with GI value of
75.20%. Compound 8b also showed excellent inhibition against leukaemia cancer cell lines K-
562 (83.21%), SR (86.61%), non small cell lung cancer cell line NCI-H460 (83.24%), colon
cancer cell lines COLO205 (92.17%), HCT-15 (78.38%), HT29 (90.12%) and SW-620
(74.59%), melanoma cancer cell line MDA-MB-435 (96.92%), ovarian cancer cell line
NCI/ADR-RES (80.29%) and breast cancer cell lines BT-549 (82.44%), MCF7 (77.96%), and is
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lethal to non small lung cancer cell line NCI-H522 (Figure 6). Compound 11b also showed
selectivity towards colon cancer cell line HCT-15, renal cancer cell line A-498, breast cancer cell

lines MCF7 and MDA-MB-231/ATCC with GI values of 59.04%, 68.01%, 59.64% and 69.32%

respectively (Table 5).

Table-5 Percentage (%) growth inhibition (GI) of compounds 4a-b, 5a-b, 7a, 8a-b, 9a-b, 11a-b

and 13b over the full panel of 60 tumor cell lines at concentration of 10 uM.

Cell line Cell line 4a 4b 5a 5b 7a 8a 8b 9a 9b 11a 11b 13b
type name
Leukemia CCRF-CEM - - - - - - 55.21 - - - 45.26 -
HL-60(TB) NT NT - - NT - 69.76  NT NT NT NT NT
K-562 - - - - - - 83.21 - - - 42.90 -
MOLT-4 - NT - - 21.13 - 69.64 - - 2990 36.39 NT
RPMI-8226 - - - - - - 41.74 - - - 45.84 -
SR - - - - - - 86.61 - - - 46.69 -
Non-Small A549/ATCC - - - - - - 68.14 - - - 29.47 -
Cell Lung
Cancer
HOP-62 - - - - - 32.79 66.79 - - - - -
HOP-92 - - - - 46.37 33.11 4422 2933 48.62 - 44.57 -
NCI-H226 - - - - 25.39 2194 29.38 - 20.68 - 26.51 -
NCI-H23 - - - - - 27.75 40.18 - - - - -
NCI-H322M - - - - - - - - - - - -
NCI-H460 - - - - - - 83.24 - - - 35.82 -
NCI-H522 - - - - - - L - - - 49.20 -
Colon COLO 205 - - - - - - 92.17 - - - - -
Cancer
HCC-2998 - - - - - - 39.76 - - - 25.73 -
HCT-116 - - - - 22.16 - 69.96 - - - 32.49 -
HCT-15 - 45.55 - - - - 78.38 - - - 59.04 -
HT29 - - - - - - 90.12 - - - - -
KMI12 - 25.06 - - - - 65.37 - - - 58.16 -
SW-620 - - - - - - 74.59 - - - - -
CNS Cancer SF-268 - - - - - - 43.09 - - - 40.05 -
SF-295 - - - - - - 69.38 - - - - -
SF-539 - - - - - 21.39 47.52 - - - 33.12 -
SNB-19 - - - - - - 24.23 - - - 26.43 -
SNB-75 - - - - - 37.71 6436 21.70 - - 4413 29.36
U251 - - - - 21.82 - 60.82 - - - 36.88 -
Melanoma LOX IMVI - - - - 22.16 - 56.82 - - - 36.88 -
MALME-3M - - - - - - 60.53 - - - - -
M14 - - - - - - 47.52 - - - 35.81 -
MDA-MB- - - - - - - 96.92 - - - 29.94 -
435
SK-MEL-2 NT NT - - NT - 69.23 NT NT NT NT NT
SK-MEL-28 - - - - - - 37.85 - 25.31 - 46.19 -
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SK-MEL-5 - 31.97 - - - - 53.74 - - - -

UACC-257 - - - - - - 32.55 - - - -
UACC-62 - - - - 22.63 - 56.36 - - - 29.21
Ovarian IGROV1 - - - - 25.74 23.89 4423 - - - 25.30
Cancer
OVCAR-3 - - - - - - 68.10 - - - 39.82
OVCAR-4 - 47.97 - - - - 37.80 - - - 29.44
OVCAR-5 - - - - - - - - - - -
OVCAR-8 - - - - - - 48.40 - - - 23.89
NCI/ADR- NT NT - - NT - 80.29 NT NT NT NT
RES
SK-OV-3 - - - - - 25.17 44.78 - - - 27.05
Renal 786-0 - - - - - - 42.16 - - - -
Cancer
A498 - - - - 23.41 - 64.07 - 29.32 - 68.01
ACHN - - - - - 22.54 45.39 - - - 27.88
CAKI-1 - - - 45.67 27.04 28.35 6043 - - - 48.21
RXF 393 - - - - - - 53.04 - - - 50.82
SN12C - - - - - 20.44 46.25 - - - 39.90
TK-10 - - - - - - - - - - 30.23
UO0-31 - - - - 59.68 49.62 58.36 23.14 27.69 - 53.71
Prostate PC-3 - - - - - 21.59 33.77 - - - 29.85
Cancer
DU-145 - - - - - - 27.33 - - - -
Breast MCF7 36.45 75.44 38.14 75.20 35.87 29.97 7796 33.19 - 3229 59.64
Cancer
MDA-MB- - - - - 30.38 28.08 53.45 - - - 69.32
231/ATCC
HS 578T - - - - - - 38.90 - 20.77 - 37.38
BT-549 - - 38.09 - - 3342 82.44 - - - 37.67
T-47D - 78.80 - 49.11 45.59 47.04 62.84 2295 - 3242 47.07
MDA-MB- - 88.28 - 64.74 21.12 - 66.82° - - - 48.29
468
120 4
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60 4 m4a
20 O 0 M
R T T 1T AT (1 e
é E Igba
: 211 o
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Leukemia Non-Small Cell Colon Cancer | CNS Cancer Melanoma Ovarian Cancer Renal Cancer Prostate Breast
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Figure 5 The percentages of growth inhibition of compounds 4a, 4b, 5a, Sb, 7a, 8a, 8b, 9a, 9b,
11a, 11b and 13b over the full panel of tumor cell lines.
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Figure 6 Percentages of growth inhibition of compound 8b over full panel of tumor cell lines.

Compounds 18, 27 and 28 are least effective in unsymmetrical disubstituted imidazo[1,2-
alpyrazine series indicating that 4-chloro, 2-hydroxy and 4-fluorophenyl at C6 position to the
corresponding 4-fluoro and 4-methoxyphenyl at C8 positions of imidazo[1,2-a]pyrazine is not
essential for activity. Compounds 23 and 30 having 4-fluorophenyl and 2-thiophene moieties at
C8 position with respective 4-chlorophenyl and 4-methoxyphenyl at C6 position of imidazo[1,2-
alpyrazine showed moderate antitumor activity while compounds 21 and 22 with 2-
hydroxyphenyl and 2-furan at C6 position with 4-chlorophenyl at C8 position showed broad
spectrum of antitumor activity. Leukaemia cancer cell line K-562 proved to be sensitive towards
compounds 19, 21 and 23 with GI values of 73.90%, 78.51% and 70.71%, respectively. Non
small lung cancer cell lines NCI-H322M and NCI-H460 showed sensitivity towards compound
22 with GI values of 88.56% and 85.47%, respectively while NCI-H522 showed sensitivity
towards compound 21 with GI value of 82.59%. Compound 19 showed selectivity towards
melanoma cancer cell line MDA-MB-435, breast cancer cell lines MCF7 and T-47D with GI
values of 76.92%, 80.94% and 83.67%, respectively. Compound 22 showed selectivity towards
CNS cancer cell line SF-295 with GI value of 84.86% and renal cancer cell line ACHN, TK-10
and UO-31 with GI values of 91.41%, 88.07% and 92.94%, respectively. These results revealed
that unsymmetrical diarylated compounds have been found to be most effective for anticancer

activity than monoarylated or symmetrical diarylated compounds (Table 6, Figure 7).
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Table-6 Percentages (%) growth inhibition (GI) of compounds 18-19, 21- 23, 27- 28 and 30 over

the full panel of 60 tumor cell lines at concentration of 10 uM.

Cell line type Cell line name 18 19 21 22 23 27 28 30
Leukemia CCRF-CEM - 3475 2529 21.65 3343 - - 22.66
HL-60(TB) - - - - - - - -
K-562 - 73.90 78.51 31.05 70.71 - - 37.83
MOLT-4 23.61 37.56 53.12 20.05 28.64 - 20.53 24.60
RPMI-8226 - 35.34 - 47.08 - 30.11 - 28.61
SR 20.98 40.51 58.89 36.61 41.09 30.77 - 29.92
Non-Small Cell A549/ATCC 2593 42.59 48.62 L 32.55 - 22.65 -
Lung Cancer
HOP-62 2221 4227 4945 68.64 41.11 21.79 30.09 38.49
HOP-92 30.33 - 28.35 65.30 30.62 - 22.34  32.10
NCI-H226 2222  28.04 21.60 53.72 3049 21.69 - 30.91
NCI-H23 - 28.90 27.89 38.99 - - - -
NCI-H322M - - - 88.56 - - - -
NCI-H460 - - 22.26 85.47 - - - -
NCI-H522 2424 72.01 82.59 3845 47.09 27.13 - 50.23
Colon Cancer COLO 205 - 28.91 - 2495 26.84 - - -
HCC-2998 - 5220 23.30 41.81 - - - 28.38
HCT-116 20.00 31.98 48.02 49.85 37.95 - - 21.97
HCT-15 2120 68.84 6041 NT 63.12 35.05 - 51.50
HT29 - 58.37 41.70 59.69 43.15 - - 20.93
KM12 - 4945 38.53 51.30 39.34 - - 32.70
SW-620 - 42.67 56.77 27.26 44.25 - - -
CNS Cancer SFE-268 - - 2420 35.73 - - - -
SF-295 - - 2227 84.86 27.87 - - 26.78
SF-539 - 23.30 29.70 37.84 - - - 26.14
SNB-19 - - 21.09 69.43 20 - - -
SNB-75 26.73 31.87 32.81 6797 5225 3635 3353 39.07
U251 - - 31.37 L 23.29 - - 24.92
Melanoma LOX IMVI - 38.60 46.47 4476 29.61 25.46 - 31.06
MALME-3M - - 22.40 22.96 - - - -
M14 - 38.48 46.18 - 46.88 25.49 - 41.72
MDA-MB-435 - 7692 81.62 21.44 - 23.60 - 51.97
SK-MEL-2 - 29.41 34.10 - - - - 32.65
SK-MEL-28 - - - - - - - -
SK-MEL-5 - 46.78 27.13 42.03 27.87 26.32 - 43.51
UACC-257 - 29.76  23.60 24.77 - - - -
UACC-62 - 39.83 43.90 - 38.69 - - 28.30
Ovarian Cancer IGROV1 20.33  39.06 4246 59.29 33.81 - - -
OVCAR-3 - 2740 2426 49.26 - - - 21.05
OVCAR-4 - 3544 - 58.70  21.48 - - 25.52
OVCAR-5 - - - - - - - -
OVCAR-8 - - 25.34  50.21 - - - -
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NCI/ADR-RES - 44.46 54.11 29.85 34.08 31.88 - 34.70

SK-OV-3 22.64 49.84 43.58 L 35.01 - 27.57 4197
Renal Cancer 786-0 - - - L - - - -
A498 21.83 - 26.82 6321 23.22 - - -
ACHN - - - 91.41 - - - -
CAKI-1 30.38  41.01 34.72 4982 4345 31.71 2542 36.11
RXF 393 - - 2090 58.40 38.85 - - 33.85
SN12C - - 20.55 3430 22.85 - - -
TK-10 - 39.27 - 88.07 - - - -
UO0-31 40.53 54.06 51.83 9294 5229 46.56 40.95 45.06
Prostate Cancer PC-3 2249 37.62 27.31 39.85 2736 21.00 20.87 21.61
DU-145 - - - 32.73 - - - -
Breast Cancer MCF7 39.00 8094 5698 72.83 5741 2548 24.89 42.68
MDA-MB- 2335 3347 4739 26.00 37.60 3697 21.64 39.19
231/ATCC
HS 578T - - 23.39 - 20.47 20.07 - 22.18
BT-549 - NT NT NT NT 3950 NT 3341
T-47D 36.98 83.67 29.74 59.78 352 36.65 4092 76.26
MDA-MB-468 - L - L 23.47 - - 69.70

NT-not tested, L- lethal
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Figure 7 Percentages of growth inhibition of compound 22 over full panel of tumor cell lines.

2.5. STRUCTURE ACTIVITY RELATIONSHIP (SAR) STUDIES

The structure-activity relationship (SAR) studies showed that monoaryl and diaryl imidazo[1,2-
alpyrazines were well tolerated for in vitro anticancer activities. (i) The monosubstituted and
disubstituted imidazo[1,2-a]pyrazines with variations of different functional groups on aryl
moiety play a key role in varying the efficiency of antitumor activities. (ii) The diaryl

imidazo[1,2-a]pyrazines positively influence the antitumor effectiveness, inducing good activity
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than mono aryl imidazo[l-2-a]pyrazines against most of the cancer cell lines. (iii)
Unsymmetrical diaryl imidazo[1,2-a]pyrazine showed broad spectrum antitumor activity than
symmetrical diaryl analogue. (iv) Introduction of 2-hydroxy phenyl (21), 2-furanyl (22) and 4-
fluorophenyl (23) at C6 position with 4-chlorophenyl at C8 position of imidazo[1,2-a]pyrazine
led to broad spectrum antitumor activity. Thus 4-chloro phenyl at C8 position of imidazo[1,2-
alpyrazine plays an important role for the activity. (v) Presence of 4-chlorophenyl (19) and 4-
methoxyphenyl (30) at C8 position and 2-thiophene at C6 position of imidazo[1,2-a]pyrazine has
slightly improved the activity. (vi) Amongst symmetrical diaryl analogues, 4-bromophenyl at C6

and C8 positions of imidazo[1,2-a]pyrazine (8b) has improved the antitumor activity.

2.6. CONCLUSION

In summary, palladium catalyzed direct C-C coupling has been developed from the easily
accessible 6,8-dibromo-imidazol[1,2-a]pyrazines, allowing the straightforward functionalization
at both C6 and C8 positions to a series of monoarylation and symmetrical diarylation products.
In addition, facile access to 8-functionalized imidazo[1,2-a]pyrazines were also demonstrated by
implementing unsymmetrical diarylation in moderate to high yields. Preliminary analysis of the
anticancer activities revealed that unsymmetrical diarylated imidazo[1,2-a]pyrazines showed
more selectivity than monoarylated and symmetrical diarylated analogues. Compounds 21 and
22 showed broad spectrum antitumour activities in most of the cancer cell lines amongst these
series. Overall, we believed that the developed reaction method and novel series of arylated
imidazo[1,2-a]pyrazine should be considered as important advancement in the medicinal and

pharmaceutical chemistry.

2.7. EXPERIMENTAL SECTION

2.7.1. Instrumentations and chemicals:

All commercially available compounds (Spectrochem, Aldrich, Merck etc.) were used without
purification. All reactions were run under argon or nitrogen atmosphere. All solvents used in the
reactions were purified before use. The reactions were carried out in an oil bath using Microwave
Vials (10-15 ml). Melting points were determined in open capillaries and were uncorrected. 'H
and °C NMR spectra were performed on Jeol 400 NMR spectrometer, which was operated at
400 MHz for 'H nuclei and 100 MHz for °C nuclei, using CDCl; as solvent. Chemical shifts are
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reported in parts per million (ppm) with TMS as internal reference and J values are given in
hertz. Mass Spectra of the synthesized compounds were recorded at Water Micromass-Q-T of
Micro in SAIF, Punjab University. GCMS analyses were carried out on an Agilent Technologies
with Scion Mass spectrometer. The Bruker AXS KAPPA APEX II system is used for single
crystal X-ray diffraction. Reactions were monitored by thin layer chromatography (TLC) with
silica plate coated with silica gel HF-254 and column chromatography was performed with silica
gel 60-120/100-200 mesh. Hexane/ethylacetate and chloroform/methanol were adopted solvent

systems.
2.7.2. Synthesis of 2-amino-3,5-dibromopyrazine (2)

N-Bromosuccinamide (14.95 g, 83.99 mmol) was added over 50 min to a mixture of 2-
aminopyrazine (3.80 g, 40 mmol) in 80 ml DMSO and 2 ml H,O below 15 °C. Mixture was then
stirred for 6 h at room temperature. After completion of reaction, mixture was then extracted
with water and ethyl acetate. Ethyl acetate layer was dried over sodium sulphate and
concentrated in vacuum. Crude product was purified by column chromatography using hexane:

ethyl acetate (9:1) as eluents.

,1\,\2 NH, Spectral data 2-amino-3,5-dibromopyrazine (2): White solid; Yield: 90%; mp

6
Bri;N/ 3, 115-116 °C (lit. M.p. 117-118 °C) '; 'H NMR (CDCls, 400 MHz): § 5.12 (bs, 1H,
4
NH,), 8.04 (s, 1H, C¢H); °C NMR (CDCls, 100 MHz): § 123.57, 123.90, 143.09,
151.84; MS (EI): m/z 254 (M'+1).

2.7.3. Synthesis of 6,8-dibromoimidazo[1,2-a]pyrazine (3):To 2-amino-3,5-dibromopyrazine
(5.0 g, 19.8 mmol) in 100 ml of isopropyl alcohol (IPA), 50% aqueous solution of
chloroacetaldehyde (99 mmol) was added dropwise. The reaction mixture was refluxed at 110 °C
for 24 h. After the completion of the reaction, cooled to room temperature and then extracted
with water and chloroform. Chloroform layer was dried over sodium sulphate and concentrated
in vacuum to get the crude product. The product was purified by column chromatography using
hexane:ethyl acetate (6:4) as eluent.

4 3;\21 Spectral data 6,8-dibromoimidazo[1,2-a]pyrazine (3): White solid; Yield:
;[NJZN 80%; mp 163-165 °C (lit. M.p. 165-166 °C)*; "H NMR (CDCls, 400 MHz): § 7.80

oo (d, J=0.92 Hz, 1H, C,H), 7.86 (d, J = 1.36 Hz, 1H, C3H), 8.29 (s, 1H, CsH); °C
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NMR (CDCl3, 100 MHz): 6 115.92, 119.32, 119.97, 137.03, 137.39, 142.54; MS (EID): m/z 278
(M™+1).
2.7.4. General procedure for synthesis of compounds 4-15: A vial equipped with stirring bar
was charged with 6,8-dibromo-imidazo[1,2-a]pyrazine (0.5 g, 1.8 mmol), Cs,CO5; (0.6 g, 1.8
mmol) and boronic acid (1.8 mmol), dissolved in MeCN:H,O (9:1) at 100 °C under inert
atmosphere. Then, 5 mol% of Pd(PPhs), was added and vial was capped. The reaction mixture
was refluxed for 7-12 h. After the completion of the reaction (monitored by TLC), cooled the
reaction mixture, and then extract with water and chloroform. Organic layer was dried over
sodium sulphate, filtered and concentrated under vacuo to get crude product. The residue was
purified by silica gel (60-120 mesh) column chromatography using hexane: ethyl acetate as
eluents to give pure solid.
Spectral data 6-bromo-8-(thiophen-2’-yl)imidazo[1,2-a]pyrazine (4a) : Green solid;
A ?:\2 Yield:70%; mp 149-151 °C; "H NMR (CDCls, 400 MHz): § 7.23 (t, J = 4.12

;[N /N12, Hz, 1H, C4H), 7.62 (d, J = 5.04 Hz, 1H, Cs'H), 7.67 (s, 1H, C;H), 7.83 (s,

Br g% 3 1H, C3H), 8.14 (s, 1H, CsH), 8.77 (d, J = 3.68 Hz, 1H, C3H); °C NMR
5 4 (CDCl3, 100 MHz): & 114.19, 117.25, 122.37, 128.57, 131.67, 132.99,

135.97, 137.10, 138.96, 144.62 (ArC); GC-MS: m/z 279 (M").
Spectral data 6,8-di(thiophen-2’-yl)imidazo[1,2-a]pyrazine (4b): Green solid; Yield: 10%;

3 mp 140-142 °C; 'H NMR (CDCls, 400 MHz): § 7.12 (t, J = 4.36 Hz, 1H,

Nan?¥
. NN CeH), 7.24 (t J = 436 Hz, 1H, C4H), 7.38 (d, J = 5.04 Hz, 1H, Cs-H),
3.<\Ef[.§/j‘:\1€’] 3 7.56 (d, J = 3.68 Hz, 1H, Cs-H), 7.59 (d, J = 5.04 Hz, 1H, CsH), 7.69 (d,
4" 5" 5 4 J=0.92Hz, 1H, C;H), 7.81 (d, J = 0.92 Hz, 1H, C3H), 8.29 (s, 1H, CsH),
8.79 (d, J = 3.64 Hz, 1H, C3-H); °C NMR (CDCls, 100 MHz): § 111.52, 114.52, 123.53, 126.67,
128.11, 128.46, 130.74, 132.19, 134.90, 135.33, 137.22, 140.34, 141.38, 144.29 (ArC); GC-MS:
m/z 283 (M").
Spectral data 8-(thiophen-2’-yl)imidazo[1,2-a]pyrazine (4c): Light green solid; Yield: 60%;
=2 mp 135-137 °C; 'H NMR (CDCls, 400 MHz): § 7.26-7.23 (m, 1H, C4H), 7.58 -
5[“' AN 757 (dd, 2 = 5.04 Hz, *J = 0.92 Hz, 1H, CsH), 7.77 (d, J = 0.92 Hz, 1H, C,H),
6 /I%(\_S_/? 3 7.85(d, J = 0.95 Hz, 1H, CsH), 7.87 (d, J = 4.56 Hz, 1H, CsH), 7.99 (d, J = 4.56
% 4 Hgz, 1H, C¢H), 8.82-8.80 (dd, 2J =4.16 Hz, °J = 1.1 Hz, 1H, C3-H); °C NMR
(CDCls, 100 MHz): § 114.06, 117.33, 128.58, 129.05, 130.23, 132.12, 134.93 (ArC); MS (EI):

N
7
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m/z 202 (M"+1).
Spectral data 6-bromo-8-(furan-2’-yl)imidazo[1,2-a]pyrazine (5a): Light brown solid;
37_:\2 1 Yield: 56%; mp 124-126 °C; '"H NMR (CDCl3, 400 MHz): & 6.68-6.67 (dd, 2J
4

5 N~ y = 3.20 Hz, °J = 1.60 Hz, 1H, Cs-H), 7.69 (d, J = 0.92 Hz, 1H, C,H), 7.77 (t, J =
8 0
Nj}U?’

6l
Br

' 0.92 Hz, 1H, C4H), 7.83 (d, J = 0.92 Hz, 1H, C3H), 8.10 (d, J = 3.2 Hz, 1H,
5 4 C3H), 8.17 (s, 1H, CsH); *C NMR (CDCls, 100 MHz): & 112.82, 114.30,
117.42, 118.88, 122.57, 136.05, 136.46, 140.30, 146.42, 148.30 (ArC); GC-MS: m/z 263 (M").
Spectral data 6,8-di(furan-2’-yl)imidazo[1,2-a]pyrazine (5b): Light brown solid; Yield:
43r;% 1 12%; mp 140-142 °C; "H NMR (CDCls, 400 MHz): § 6.56-6.55 (dd, *J
» N /SN ,  =320Hz,°J=182Hz, IH, CsH), 6.68-6.67 (dd, °J = 3.64 Hz, J =
3..%@%@ 1.62 Hz, 1H, C4-H), 7.13 (d, J = 2.76 Hz, 1H, Cs-H), 7.50 (d, J = 1.8
4 5 5 4  Hz, 1H, CsH), 7.73 (d, J = 1.4 Hz, 1H, C,H), 7.77 (d, J = 1.36 Hz, 1H,
Cs-H), 7.81 (d, J = 1.36 Hz, 1H, C3H), 8.07 (d, J = 4.12 Hz, 1H, C3-H), 8.36 (s, 1H, CsH); °C
NMR (CDCls, 100 MHz): & 108.66, 111.79, 111.98, 112.37, 114.69, 117.44, 132.01, 135.18,
136.50, 140.62, 142.61, 145.58, 149.18, 151.16 (ArC); GC-MS: m/z 251 (M").
Spectral data 6-bromo-8-(4’-fluorophenyl)imidazo[1,2-a]pyrazine (6a): Light yellow solid;
e, Yield: 52%; mp 157-159 °C; 'H NMR (CDCls, 400 MHz): 7.23-7.18 (m,
;[N N | 2H, C>H and C¢H), 7.70 (s, 1H, C,H), 7.84 (s, 1H, CsH), 8.21 (s, 1H,
Br y%@i CsH), 8.81-8.79 (dd, °J = 8.68 Hz, *J = 5.48 Hz, 2H, C3-H and CsH); °C
®"5 F NMR (CDCls, 100 MHz): & 114.12, 115.49, 115.71, 118.08, 122.62, 130.99
132.19, 132.28, 136.17, 138.45, 148.10 (ArC); GC-MS: m/z 291(M").
Spectral data 6,8-bis(4’-fluorophenyl)imidazo[1,2-a]pyrazine (6b): Light yellow solid; Yield:
= 25%; mp 162-164 °C; '"H NMR (CDCls, 400 MHz): & 7.27-7.17 (m,
s AN | 4H, C;H, C¢H, Co-H and CgH), 7.78 (d, J = 1.36 Hz, 1H, C,H),
g l?@z 7.86 (d, J = 1.36 Hz, 1H, C3H), 8.04-8.00 (m, 2H, C5-H and Cs-H),
' 6% F  8.40(s, 1H, CsH), 8.89 - 8.92 (m, 2H, C+-H and CsH); '*C NMR
(CDCl3, 100 MHz): & 113.65, 114.48, 115.38, 115.59, 115.87, 116.09, 128.04, 128.12, 131.91,
131.99, 132.21, 132.78, 135.46, 138.07, 138.61, 147.72, 162.10, 163.21, 164.57, 165.71 (ArC);
GC-MS: m/z 307 (M").

Spectral data 6-bromo-8-(4’-chlorophenyl)imidazo[1,2-a]pyrazine (7a): White solid; Yield:
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A ?_\ 70%; mp 157-159 °C; 'H NMR (CDCls, 400 MHz): 6 7.50 (d, J = 8.72 Hz,
;[N N
Br

2
1 ' 2H, CyH and C¢H), 7.72 (d, J = 0.88 Hz, 1H, C,H), 7.86 (d, J = 0.92 Hz,
'}‘/j%\©z 1H, C3H), 8.24 (s, 1H, CsH), 8.74 (d, J = 8.72 Hz, 2H, C3H and CsH); °C
° NMR (CDCls, 100 MHz): & 114.14, 118.35, 122.63, 128.78, 131.31, 133.22,
136.25, 137.44, 138.49, 148.02 (ArC); GC-MS: m/z 309 (M").
Spectral data 6,8-bis(4’-chlorophenyl)imidazo[1,2-a]pyrazine (7b): Off white solid; Yield:

41/5_5 16%; mp 139-141 °C; 'H NMR (CDCl3, 400 MHz): 6 7.47 (d, J =
N.__N'

5 | 8.72 Hz, 2H, Cy'H and CeH), 7.53 (d, J = 8.72 Hz, 2H, CoH and

;@fi§/j;?©i CoH), 7.78 (s, 1H, CoH), 7.86 (s, 1H, CsH), 7.98 (d, J = 8.72 Hz, 2H,
e ® % ° o Hand CsH), 8.43 (s, 1H, CsH), 8.84 (d, J = 8.72 Hz, 2H, Cs H

and CsH); °C NMR (CDCls, 100 MHz): & 114.13, 114.58, 127.52, 128.71, 129.20, 131.12,

134.41, 134.87, 135.01, 135.57, 136.86, 137.80, 138.63, 147.60 (ArC); GC-MS: m/z 340 (M").
Spectral data 6-bromo-8-(4’-bromophenyl)imidazo[1,2-a]pyrazine (8a): White solid; Yield:

5 Cl

32 68%; mp 138-140 °C; 'H NMR (CDCls, 400 MHz): & 7.65 (d, J = 8.72

4 1

Y N , Hz, 2H, CyH and Ce'H), 7.71 (d, J = 0.92 Hz, 1H, C,H), 7.85 (d, J = 0.92
_ls

B N" 3 °  Hz, 1H, C3H), 8.24 (s, 1H, CsH), 8.66 (d, J = 8.72 Hz, 2H, C3H and
& 5 B CsH); PC NMR (CDCls, 100 MHz): § 114.13, 118.38, 122.63, 126.08,

131.50, 131.73, 133.65, 136.26, 138.45, 148.05 (ArC); Mass (EI): m/z 351 (M"+1).

Spectral data 6,8-bis(4’-bromophenyl)imidazo[1,2-a]pyrazine (8b): White solid; Yield:

2 20%; mp 145-147 °C; 'H NMR (CDCls, 400 MHz): 3 7.63 (d, J = 8.72
4
N

3
5 N /8 1 » Hz, 2H, C»»H and C¢H), 7.69 (d, J = 8.24 Hz, 2H, Cy-H and C¢H),
j@fil\%;g@i 7.79 (s, 1H, C,H), 7.87 (d, J = 0.80 Hz, 1H, C;H), 7.92 (d, J = 8.68 Hz,
Bri4"s ¢ 8 5 B'OH, CyHand CsH), 8.45 (s, 1H, CsH), 8.76 (d, J = 8.72 Hz, 2H, C3H
and CsH); >C NMR (CDCls, 100 MHz): & 114.17, 114.59, 123.15, 125.47, 127.82, 131.14,
131.68, 132.16, 134.85, 135.47, 135.60, 137.88, 138.62, 147.73 (ArC); Mass (EI): m/z 428
(M™+1).
Spectral data 6-bromo-8-(4’-methoxyphenyl)imidazo[1,2-a]pyrazine (9a): White solid;

4;’:§ Yield: 69%; mp 138-140 °C; '"H NMR (CDCls, 400 MHz): ¢ 3.89 (s, 3H,
NN’
;[ _ . OCH3), 7.05 (d, J =9.16 Hz, 2H, C,-H and C¢H), 7.67 (d, J = 1.36 Hz, 1H,
Br™ N '

y o, C2HD. 7.83 (d, J = 0.92 Hz, 1H, C3H), 8.16 (s, 1H, CsH), 8.77 (d, J = 9.16
3
Hz, 2H, C5-H and Cs-H); °*C NMR (CDCl;, 100 MHz): § 55.53 (OCHj),
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113.93, 117.28, 122.37, 122.80, 127.48, 131.76, 135.83, 138.52, 148.95, 162.10 (ArC); GC-MS:
m/z 303 (M").
Spectral data 6,8-bis(4’-methoxyphenyl)imidazo[1,2-a]pyrazine (9b): White solid; Yield:
A — 14%; mp 162-164 °C; 'H NMR (CDCl;, 400 MHz): & 3.86 (s, 3H,
N /N1 OCH3), 3.90 (s, 3H, OCH3), 7.01 (d, J = 9.16 Hz, 2H, C,-H and
. CeH), 7.07 (d, J = 9.16 Hz, 2H, C»'H and C¢H), 7.67 (d, J = 1.36
OO 5 © 5 OCHSHZ, 1H, C;H), 7.80 (d, J = 0.92 Hz, 1H, C;H), 7.97 (d, J = 9.16 Hz,
2H, C3-H and Cs-H), 8.27 (s, 1H, CsH), 8.87 (d, J = 8.72 Hz, 2H, C3H and CsH); *C NMR
(CDCl3, 100 MHz): 6 55.49 (2xOCHs), 112.38, 113.79, 114.15, 114.28, 127.52, 129.03, 129.44,
131.40, 134.90, 138.61, 148.17, 160.13, 161.52, 161.91 (ArC); GC-MS: m/z 331 (M").

Spectral data 4’-(6-bromoimidazo[1,2-a]pyrazin-8-yl)benzaldehyde (10a): Yellow solid;
Yield: 70%; mp 176-178 °C; '"H NMR (CDCls, 400 MHz): & 7.76 (d, J =
;[NI; v 1.36 Hz, 1H, C,H), 7.90 (d, J = 0.88 Hz, 1H, C5H), 8.03 (d, J = 8.68 Hz, 2H,
: CZ’H and C¢-H), 8.30 (s, 1H, CsH), 8.93 (d, J = 8.24 Hz, 2H, C5-H and Cs-H),
5 %001 (s, 1H, CHO); *C NMR (CDCl3, 100 MHz): & 111.42, 119.04, 122.69
129.70, 130.57, 136.66, 137.59, 138.71, 140.16, 147.76 (ArC), 192.20 (CHO); GC-MS: m/z 301
(M).
Spectral data 4°,4”-imidazo[1,2-a]pyrazine-6,8-diyl)dibenzaldehyde (10b): Light yellow
4N§:/§N1 solid; Yield: 15%; mp 229-231 °C; 'H NMR (CDCls, 400 MHz): &
| Js 2 7.86 (s, 1H, C;H), 7.93 (d, J = 0.92 Hz, 1H, C3;H), 8.03 (d, J = 8.24
12@4' Hz, 2H, C»-H and C4-H), 8.08 (d, J = 8.24 Hz, 2H, C,-H and C¢H),
8.25 (d, J = 8.28 Hz, 2H, C5-H and Cs-H), 8.63 (s, 1H, CsH), 9.06
(d, J = 8.28 Hz, 2H, C3H and CsH), 10.09 (s, 1H, CHO), 10.14 (s, 1H, CHO); °C NMR
(CDCl3, 100 MHz): 6 114.93, 115.97, 126.76, 129.73, 130.43, 130.49, 136.19, 136.44, 137.44,
137.61, 138.92, 141.29, 142.07, 147.67 (ArC), 191.83, 192.25 (CHO); GC-MS: m/z 327 (M").
Spectral data 2°-(6-bromoimidazo[1,2-a]pyrazin-8-yl) phenol (11a): Yellow solid; Yield:
4f’W 1 57%; mp 190-192 °C; '"H NMR (CDCls, 400 MHz): 7.32-7.26 (m, 2H, Cs:H
/[ Ly and C¢H), 7.45-7.40 (m, 2H, C3-H and C4H), 7.65 (d, J = 0.88 Hz, 1H, C,H),
7.75 (d, J = 0.92 Hz, 1H, C3H), 7.97 (s, 1H, CsH); *C NMR (CDCl;, 100
MHz): & 115.34, 115.51, 119.30, 121.76, 125.89, 129.58, 132.63, 135.24,
152.11, 152.16 (ArC); Mass (EI): m/z 290 (M"+1).

6'
5
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Spectral data 2°,2”-(imidazo[1,2-a]pyrazin-6,8-diyl)diphenol (11b): Yellow solid; Yield:
N /—\ 1 30%; mp 228-230 °C; 'H NMR (CDCls, 400 MHz): & 6.97-6.92 (m, 1H,
@(5[ % CsH), 7.03 (d, J = 8.24 Hz, 1H, C¢H), 7.11-7.07 (m, 1H, CsH), 7.15-
7.13 (dd, °J = 8.28 Hz, °J = 1.38 Hz, 1H, CsH), 7.33-7.29 (m, 1H, C4-H),
> 7.49-7.45 (m, 1H, C4H), 7.63-7.60 (dd, °J = 7.76 Hz, *J = 1.38 Hz, 1H,
Cs-H), 7.84 (d, J = 1.40 Hz, 1H, C,H), 7.85 (d, J = 0.92 Hz, 1H, C3H), 8.29-8.26 (dd, *J =
8.28Hz, *J = 1.82 Hz 1H, C3H), 8.55 (s, 1H, CsH); *C NMR (CDCls, 100 MHz): & 113.28,
115.25, 117.78, 118.59, 119.92, 120.73, 121.38, 125.67, 130.87, 131.23, 133.56, 133.70, 137.60,
139.84, 147.88, 157.56, 158.02 (ArC); Mass (EI): m/z 303 (M"+1).
Spectral data 6-bromo-8-(napthalen-1’-yl)imidazo[1,2-a]pyrazine (12a): White solid; Yield:
64%; mp 192-194 °C; '"H NMR (CDCls, 400 MHz): & 7.53-7.46 (m, 2H,
Cs'H and Cp'H), 7.62 (t, J = 7.79 Hz, 1H, Co-H), 7.78 (d, J = 0.92 Hz, 1H,
C,H), 7.83 (d, J = 0.92 Hz, 1H, C5H), 7.91 - 7.93 (m, 1H, C¢H), 8.08-8.00
(m, 3H, C3-H, C4H and Cs-H), 8.36 (s, 1H, CsH); °C NMR (CDCl;, 100
MHz): 6 114.28, 118.50, 122.53, 125.02, 125.29, 126.22, 126.94, 128.61, 129.27, 130.94,
131.26, 131.86, 134.12, 136.85, 139.93, 152.17 (ArC); GC-MS: m/z 323 (M").

2.7.5. General procedure for synthesis of compounds 16-30: A vial equipped with stirring bar
was charged with 6-bromo-8-substituted-imidazo[1,2-a]pyrazine (0.1 g, 0.323 mmol), Cs,COs
(0.105 g, 0.323 mmol) and boronic acid (0.323 mmol), dissolved in MeCN:H,0O (9:1) at 100 °C
under inert atmosphere. Then, 5 mol% of Pd(PPhs), was added, vial was capped and refluxed for
6-12 h. After the completion of the reaction (monitored by TLC), cooled the reaction mixture,
and then extracted the reaction mixture with water and chloroform. Organic layer was dried over
sodium sulphate, filtered and concentrated under vacuo to get crude product. The residue was
purified by silica gel (100-200 mesh) column chromatography using hexane:ethyl acetate as
eluent to give pure solid.

Spectral data 4”-(8-(4’-fluorophenyl)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (16): Off

= 1 white solid; Yield: 82%; mp 208-210 °C; 'H NMR (CDCls, 400 MHz):
5 N N
. NL@E 0 7.29-7.25 (m, 2H, CyH and C¢-H), 7.83 (d, J = 0.92 Hz, 1H, C,H),
g 1’ .
" F 7.90 (d, J=1.36 Hz, 1H, CsH), 8.03 (d, J = 8.68 Hz, 2H, C,-H and

CeH), 8.26 (d, J = 8.72 Hz, 2H, C3-H and Cs-H), 8.58 (s, 1H, CsH), 8.95-8.92 (dd,*J = 9.16 Hz,
3J =5.70 Hz, 2H, C3H and Cs-H), 10.10 (s, 1H, CHO); *C NMR (CDCls, 100 MHz): § 114.71,
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115.11, 115.37, 115.58, 126.61, 130.34, 131.88, 131.97, 135.68, 136.19, 137.27, 138.64, 142.27,
147.95, 163.22, 165.73 (ArC), 191.83 (CHO); Mass (EI): m/z 318 (M"+1).
Spectral data 2”-(8-(4’-fluorophenyl)imidazo[1,2-a]pyrazin-6-yl)phenol (17): Yellow solid;

= Yield: 80%; mp 158-160 °C; '"H NMR (CDCls, 400 MHz): & 6.96 (t, J =
N_ N1
6" 5\ s 2 7.56 Hz, 1H, Cs»H), 7.06 (d, J = 8.24 Hz, 1H, C4-H), 7.35 -7.26 (m, C,-H,
52 N 3
4" ! ’\; T + 3H, C¢H and C4-H), 7.65-7.63 (dd, 2] =8.24 Hz, 37 =1.40 Hz, 1H, C5-H),
2"OH  © F
3" 5'

7.87 (s, 1H, C,H), 7.95 (s, 1H, C3H), 8.58 (s, 1H, CsH), 8.69-8.66 (dd, *J =
8.68 Hz, *J = 5.50 Hz, 2H, Cs-H and CsH); °C NMR (CDCls, 100 MHz): § 113.41, 115.00,
115.79, 116.00, 117.32, 118.59, 119.55, 124.88, 130.73, 130.76, 130.95, 131.69, 131.77, 136.50,
137.61, 139.06, 146.35, 157.97, 163.32, 165.83 (ArC); Mass (EI): m/z 306 (M*+1).
Spectral data 6-(4”-chlorophenyl)-8-(4’-fluorophenyl)imidazo[1,2-a]pyrazine (18): Light
4};{ green solid; Yield: 62%; mp 136-138 °C; '"H NMR (CDCl3, 400 MHz): &
) N//m . 7.27-7.23 (m, 2H, CoH and C¢H), 7.47 (d, J = 8.72 Hz, 2H, C»H and
' L@f{ CeH), 7.78 (d, J = 1.40 Hz, 1H, C,H), 7.86 (d, J = 0.92 Hz, 1H, C3H),
] 7.98 (d, J = 8.72 Hz, 2H, Cs-H and Cs-H), 8.42 (s, 1H, CsH), 8.92-8.88
(dd, J = 9.16 Hz, °J = 5.74 Hz, 2H, C3H and CsH); °C NMR (CDCl;, 100 MHz): & 113.73,
114.40, 115.20, 115.42, 127.29, 128.98, 131.75, 131.83, 131.98, 132.01, 134.63, 134.88, 135.32,
137.49, 138.44, 147.46, 163.06, 165.56 (ArC); Mass (EI): m/z 324 (M*+1).

1
65'

Spectral data 8-(4’-chlorophenyl)-6-(thiophen-2”-yl)imidazo[1,2-a]pyrazine (19): Green

7,;% ; solid; Yield: 70%; mp 135-137 °C; "H NMR (CDCls, 400 MHz): o 7.14 (t,
4
> 9 N /SN , J=4.36 Hz, 1H, C4+H), 7.40 (d, J = 5.04 Hz, 1H, Cs-H), 7.51 (d, J = 8.72
Sy~ A8y .
¥ eN * Hgz, 2H, C,-H and C¢H), 7.56 (d, J = 3.20 Hz, 1H, Cs-H), 7.74 (s, 1H,
6

5 C,H), 7.84 (s, 1H, C3H), 8.39 (s, 1H, CsH), 8.85 (d, J = 9.16 Hz, 2H, CyH
and Cs-H); ’C NMR (CDCl;, 100 MHz): & 112.31, 114.44, 123.31, 126.76, 128.17, 128.66,
131.16, 134.16, 134.87, 135.46, 136.86, 138.52, 141.57, 147.37 (ArC); Mass (EI): m/z 312
(M™+1).

Spectral data 4”-(8-(4’-chlorophenyl)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (20):

22 Light yellow solid; Yield: 65%; mp 204-207 °C; 'H NMR (CDCl, 400
4

" 5| NN ~ MHz2): 8 7.56 (d, J = 8.68 Hz, 2H, C;-H and Ce¢H), 7.84 (d, J = 0.92
HNPENTHNS Hz, 1H, CH), 7.91 (. J = 0.92 Hz, 1H, C3H), 8.04 (d, J = 8.28 Hz, 2H,
6" '

OHC™ & 5 ©CyH and CeH), 8.25 (d, J = 8.28 Hz, 2H, C+-H and Cs:H), 8.60 (s, 1H,
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CsH), 8.88 (d, J = 8.68 Hz, 2H, CsH and Cs-H), 10.10 (s, 1H, CHO); *C NMR (CDCls, 100
MHz): ¢ 114.82, 115.41, 126.71, 128.77, 130.46, 131.16, 134.28, 135.84, 136.31, 137.05,
137.39, 138.72, 142.29, 147.91 (ArC), 191.94 (CHO); Mass (EI): m/z 334 (M"+1).

Spectral data 2”°-(8-(4’-chlorophenyl)imidazo[1,2-a]pyrazin-6-yl)phenol (21): Yellow solid;

. 73:\21 Yield: 68%; mp 172-174 °C; '"H NMR (CDCl3, 400 MHz): 6 6.97- 6.93
NN

e T 1o 2 (m, 1H, Cs-H), 7.06-7.04 (dd, %7 = 8.24 Hz, *J = 0.92 Hz, 1H, CsH),

5" BN D )

N " i S 7.34-7.30 (m, 1H, C4+H), 7.56 (d, J = 8.72 Hz, 2H, C»H and C¢H),
~ 2™ OH cl

3 5 7.64-7.62 (dd, *J = 8.24 Hz, °J = 1.62 Hz, 1H, C3H), 7.87 (d, J = 0.92
Hz, 1H, C,H), 7.95 (d, J = 0.92 Hz, 1H, C;H), 8.59 (s, 1H, CsH), 8.61 (d, J = 8.68 Hz, 2H, Cs-H
and CsH); °C NMR (CDCls, 100 MHz): & 113.77, 115.14, 117.45, 118.77, 119.73, 125.05,
129.17, 130.95, 131.15, 133.12, 136.72, 137.59, 137.76, 139.30, 146.44, 158.07 (ArC); Mass
(ED): m/z 322 (M"+1).

Spectral data 8-(4’-chlorophenyl)-6-(furan-2”-yl)imidazo[1,2-a]pyrazine (22): White
3 2 solid; Yield: 72%; mp 159-161 °C; 'H NMR (CDCl3, 400 MHz): 6 6.58-

4\
_N
2 "\,  6.56(dd,*J=32Hz *J = 1.84 Hz, 1H, C4+H), 7.12 (d, J = 2.72 Hz, 1H,
. i 3
RIS . Cs'H), 7.54-7.51 (m, 3H, CyH, C2H and CeH), 7.76 (d, J = 1.4 Hz, 1H,

a5

C,H), 7.84 (d, J = 1.36 Hz, 1H, C3H), 8.43 (s, 1H, CsH), 8.80 (d, (J =
6.88 Hz, 2H, C3-H and CsH); *C NMR (CDCls, 100 MHz): 108.72, 112.14, 112.49, 114.73,
128.68, 131.14, 132.08, 134.28, 135.38, 136.83, 138.50, 142.78, 148.06, 151.58 (ArC); Mass
(ED): m/z 296 (M"+1).
Spectral data 8-(4’-chlorophenyl)-6-(4”-fluorophenyl)imidazo[1,2-a]pyrazine (23):
43 F:\Zm White solid; Yield: 70%; mp 134-135 °C; '"H NMR (CDCl3, 400 MHz):

L2 N . 2 8 7.19 (t, J = 8.72 Hz, 2H, C,-H and C¢H), 7.52 (d, J = 8.72 Hz, 2H,
" 1' 3
6 cl

CoH and C¢H), 7.77 (d, J = 1.36 Hz, 1H, C,H), 7.85 (d, J = 0.92 Hz,
i 1H, C3H), 8.03-7.99 (dd, J = 9.16 Hz, *J = 5.26 Hz, 2H, C3-H and
Cs-H), 8.39 (s, 1H, CsH), 8.84 (d, J = 8.68 Hz, 2H, C3H and CsH); °*C NMR (CDCls, 100
MHz): 113.68, 114.33, 115.67, 115.89, 127.81, 127.89, 128.47, 130.92, 132.45, 134.28, 135.27,
136.59, 137.78, 138.34, 147.17, 161.92, 164.39 (ArC); Mass (EI): m/z 324 (M"+1).

Spectral data 8-(4’-chlorophenyl)-6-(4”-methoxyphenyl)imidazo[1,2-a]pyrazine (24): White
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3 2 solid; Yield: 74%; mp 115-117 °C; 'H NMR (CDCls, 400 MHz): 6 3.88
2 NL@Z (s, 3H, OCH3), 7.03 (d, J = 8.68 Hz, 2H, C,'H and C¢-H), 7.52 (d, J =

o7 W e 872 Hz, 2H, CyH and Cg-H), 7.75 (d, J = 1.4 Hz, 1H, C,H), 7.83 (d, J =
1.36 Hz, 1H, CsH), 7.97 (2H, d, J = 8.68 Hz, C3-H and CsH), 8.36 (s, 1
H, CsH), 8.85 (d, J = 8.28 Hz, 2H, CyH and Cs-H); °C NMR (CDCl;, 100 MHz): 108.72,
112.14, 112.49, 114.73, 128.68, 131.14, 132.08, 134.28, 135.38, 136.83, 138.50, 142.78, 148.06,
151.58 (ArC); Mass (EI): m/z 336 (M"+1).

Spectral data 4°-(6-(thiophen-2”-yl)imidazo[1,2-a]pyrazin-8-yl)benzaldehyde (25): Green

H,CO ~6"

3[;12 solid; Yield: 52%; mp 165-167 °C; '"H NMR (CDCls, 400 MHz): 6 7.14
4 1
» 5 8 " (t, J = 4.36 Hz, 1H, Cs-H), 7.42-7.40 (dd, >J = 5.04 Hz, *J = 1.36 Hz,
LS PRy :
WA . > 1H, CsH), 7.59-7.57 (dd, J = 3.64 Hz, *J = 0.92 Hz, H, Cs-H), 7.77
4 5" CH

5 1O (d, J=0.92 Hz, 1H, C,H), 7.86 (d, J = 0.8 Hz, 1H, C3H), 8.05 (d, J =
8.24 Hz, 2H, C»'H and C¢H), 8.43 (s, 1H, CsH), 9.03 (d, J = 8.24 Hz, 2H, C3-H and CsH), 10.12
(s, 1H, CHO); "*C NMR (CDCls, 100 MHz): § 112.92, 114.56, 123.56, 126.96, 128.26, 129.70,
130.41, 135.14, 135.86, 137.30, 138.76, 141.19, 141.31, 147.20 (ArC), 192.36 (CHO); Mass
(ED): m/z 306 (M"+1).

Spectral data 4”-(8-(4’-methoxyphenyl)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (26): Off

43F:§ white solid; Yield: 85%; mp 190-192 °C; '"H NMR (CDCl3, 400

o N MHz): & 3.92 (s, 3H, OCH3), 7.11 (d, J = 9.16 Hz, 2H, C,-H and

OHCj@fT[’#IE“@i;CH Ce¢H), 7.80 (d, J = 0.92 Hz, 1H, C,H), 7.88 (d, J = 0.92 Hz, 1H,
* 5 * C3H), 8.03 (d, J = 8.72 Hz, 2H, C»-H and C¢-H), 8.27 (d, J = 8.28

Hz, 2H, Cs»H and Cs-H), 8.54 ( s, 1H, CsH), 8.90 (d, J = 9.16 Hz, 2H, Cs;-H and Cs-H), 10.10 (s,

1H, CHO); "*C NMR (CDCls, 100 MHz): § 55.37 (OCHs), 113.75, 114.47, 114.51, 126.48, 128.44,

130.21, 131.37, 135.27, 136.00, 137.64, 138.59, 142.48, 148.46, 161.68 (ArC), 191.84 (CHO);
Mass (EI): m/z 330 (M"+1).

Spectral data 2”-(8-(4’-methoxyphenyl)imidazo[1,2-a]pyrazin-6-yl)phenol (27): Yellow

43,::%'\” solid; Yield: 75%; mp 125-127 °C; '"H NMR (CDCls, 400 MHz): &

f 3.92 (s, 3H, OCH3), 6.97-6.93 (m, 1H, Cs-H), 7.07-7.05 (dd, *J = 8.28

5
By Py
ol Yo 2 Hz, 3J =0.92 Hz, 1H, C¢-H), 7.11 (d, J = 9.16 Hz, 2H, C»-H and Cg-H),
5 2"0H 6 4 OCHj,

7.34-7.30 (m, 1H, C4-H), 7.66-7.63 (dd, *J = 7.80 Hz, °J = 1.60 Hz,
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1H, Cs-H), 7.84 (d, J = 0.92 Hz, 1H, C,H), 7.93 (d, J = 0.92 Hz, 1H, C;H), 8.54 (s, 1H, CsH), 8.66
(d, J = 9.16 Hz, 2H, C3H and CsH); "C NMR (CDCl;, 100 MHz): & 55.40 (OCH3), 112.66,
114.12, 114.82, 117.43, 118.48, 119.34, 124.77, 127.09, 130.71, 131.21, 136.05, 137.60, 138.89,
146.85, 158.09, 161.97 (ArC); Mass (EI): m/z 318 (M"+1).

Spectral data 6-(4”-fluorophenyl)-8-(4’-methoxyphenyl)imidazo[1,2-a]pyrazine (28):

43[;\2 White solid; Yield: 68%; mp 108-110 °C; '"H NMR (CDCl3, 400 MHz):

s §3.91 (s, 3H, OCH3), 7.09 (d, J = 9.16 Hz, 2H, CoH and CH), 7.19 (s,

il TN 7= 8.46 Hz, 2H, CyH and CoH), 7.75 (s, 1H, CH). 7.84 (d, J = 0.92
TE T e Oy IHL CyH). 8.05-8.02 (dd. 2 = 8.72 Hz, *J = 5.50 Hz, 2H, Cy-H and

Cs-H), 8.36 (s, 1H, CsH), 8.87 (d, J = 9.16 Hz, 2H, C3-H and CsH); >C NMR (CDCls, 100
MHz): § 55.37 (OCH3), 112.92, 113.71, 114.20, 115.62, 115.83, 127.87, 127.94, 128.67, 131.30,
132.86, 132.89, 134.97, 137.81, 138.50, 148.22, 161.52, 161.88, 164.34 (ArC); Mass (EI): m/z
320 (M*+1).

Spectral data 6-(4”-chlorophenyl)-8-(4’-methoxyphenyl)imidazo[1,2-a]pyrazine (29): White

4?7,;\2 solid; Yield: 76%; mp 119-121 °C; 'H NMR (CDCls, 400 MHz): &
5 N//B'“ , 3.91 (s, 3H, OCH3), 7.09 (d, J = 9.16 Hz, 2H, C-H and C¢H), 7.46
T N o ), (dJ=8.68 Hz, 2H, CyH and CoH), 7.74 (d, J = 1.36 Hz, 1H, C;H),
o” %% 87 0CHs784(d,J=0.92 Hz, 1H, C3H), 7.9 (d, J = 8.68 Hz, 2H, C3-H and

Cs-H), 8.37 (s, 1H, CsH), 8.86 (d, 2H, J = 9.16 Hz, C3:H and CsH); °C NMR (CDCl3, 100
MHz): 6 55.35 (OCH3), 113.15, 113.69, 114.26, 127.32, 128.59, 128.91, 137.29, 134.44, 135.00,
135.17, 137.46, 138.50, 148.20, 161.53 (ArC), Mass (EI): m/z 336 (M"+1).

Spectral data 8-(4’-methoxyphenyl)-6-(thiophen-2”’-yl)imidazo[1,2-a]pyrazine (30): White

4?7_:\2 solid; Yield: 70%; mp 120-122 °C; '"H NMR (CDCls, 400 MHz): o

> 9 N /8“” , 3.91 (s, 3H, OCH3), 7.09 (d, J = 9.20 Hz, 2H, C,-H and Cg¢H), 7.15 -

w7 N7/ D 7.13 (dd, %J = 5.04 Hz, °J = 3.68 Hz, 1H, C4-H), 7.40-7.39 (dd, *J =
4 6% OCHs  504Hz J=0.92Hz, IH, Cs-H), 7.58-7.57 (dd, °J = 3.68 Hz, °J

=0.92 Hz, 1H, C3-H), 7.72 (d, J = 1.36 Hz, 1H, C,H), 7.85 (d, /= 0.92 Hz, 1H, CsH), 8.35 (s, 1H,
CsH), 8.87 (d, J = 9.16 Hz, 2H, C3-H and CsH); °C NMR (CDCl;, 100 MHz): § 55.38 (OCHa),
113.74, 114.42, 114.16, 123.01, 126.45, 127.99, 128.40, 131.43, 134.76, 135.04, 138.54, 141.94,
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148.32, 161.23 (ArC); Mass (EI): m/z 308 (M"+1).

2.7.6. In vitro anticancer screening assay
The in vitro anticancer screening at NCI was a two-stage process, beginning with the evaluation
of all compounds against the 60 cell lines at a single dose of 10 uM. The output from the single
dose screen was reported as a mean graph and was available for analysis by the COMPARE
program. Compounds which exhibited significant growth inhibition were evaluated against the
60 cell panel at five concentration levels. The human tumor cell lines of the cancer screening
panel were grown in RPMI 1640 medium containing 5% fetal bovine serum and 2 mM L-
glutamine. For a typical screening experiment, cells were inoculated into 96 well microtiter
plates in 100 mL at plating densities ranging from 5000 to 40,000 cells/well depending on the
doubling time of individual cell lines. After cell inoculation, the microtiter plates were incubated
at 37° C, 5% CO,, 95% air and 100% relative humidity for 24 h prior to addition of experimental
drugs. After 24 h, two plates of each cell line were fixed in situ with TCA, to represent a
measurement of the cell population for each cell line at the time of drug addition (Tz).
Experimental drugs were solubilized in dimethyl sulfoxide at 400 fold the desired final
maximum test concentration and stored frozen prior to use. At the time of drug addition, an
aliquot of frozen concentrate was thawed and diluted to twice the desired final maximum test
concentration with complete medium containing 50 pg/ml gentamicin. Additional four, 10-fold
or 2 log serial dilutions were made to provide a total of five drug concentrations plus control.
Aliquots of 100 uL of these different drug dilutions were added to the appropriate microtiter
wells already containing 100 pL of medium, resulting in the required final drug concentrations.
Following drug addition, the plates were incubated for an additional 48 h at 37 °C, 5% COs,
95% air, and 100% relative humidity. For adherent cells, the assay was terminated by the
addition of cold TCA. Cells were fixed in situ by the gentle addition of 50 puL of cold 50% (w/v)
TCA (final concentration, 10% TCA) and incubated for 60 min at 4 °C. The supernatant was
discarded, and the plates were washed five times with tap water and air dried. Sulforhodamine B
(SRB) solution (100 pl) at 0.4% (w/v) in 1% acetic acid was added to each well, and plates were
incubated for 10 min at room temperature. After staining, unbound dye was removed by washing
five times with 1% acetic acid and the plates were air dried. Bound stain was subsequently
solubilized with 10 mM trizma base, and the absorbance was read on an automated plate reader

at a wavelength of 515 nm. For suspension cells, the methodology was the same except that the
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assay was terminated by fixing settled cells at the bottom of the wells by gently adding 50 uL of
80% TCA (final concentration, 16% TCA). Using the seven absorbance measurements [time
zero, (Tz), control growth, (C), and test growth in the presence of drug at the five concentration
levels (T1)], the percentage growth was calculated at each of the drug concentrations levels.
Percentage growth inhibition was calculated as:

[(Ti - Tz)/(C-Tz)] x 100 for concentrations for which Ti>/= Tz

[(Ti—Tz)/Tz] x 100 for concentrations for which Ti < Tz:

Three dose response parameters were calculated for each experimental agent. Growth inhibition
of 50% (Glsp) was calculated from [(Ti-Tz)/(C-Tz)] x100 = 50, which was the drug
concentration resulting in a 50% reduction in the net protein increase (as measured by SRB
staining) in control cells during the drug incubation. The drug concentration resulting in total
growth inhibition (TGI) was calculated from Ti =Tz. The LCs (concentration of drug resulting
in a 50% reduction in the measured protein at the end of the drug treatment as compared to that
at the beginning) indicating a net loss of cells following treatment was calculated from [(Ti-Tz) /

Tz] x100 = -50.
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CHAPTER 3
IMIDAZOI1,2-a]PYRAZINE-COUMARIN HYBRIDS

3.1. INTRODUCTION

Heterocyclic moieties play an important role in pharmaceutical, veterinary and agrochemicals.109
Among various heterocycles, imidazo[l,2-a]pyrazine, is a well known privileged fused
heterocyclic motif and has attracted its importance in search for anticancer agents by various
modifications at different positions of the core to improve their biological profile.”!' The
imidazo[1,2-a]pyrazine exhibited prominent anticancer activity through inhibition of Aurora
kinase,* phosphoinositide—3—kinase,9 breast tumor kinase/protein tyrosine kinase 6,'"° check point
kinase,'* spleen tyrosine kinase,'"! topoisomerase—H13 and cyclin dependent kinase ! (Figure 1).
Coumarin is also a biologically active heterocyclic moiety possessing anticancer,''> anti HIV,'"

5 etc. It is a decade of molecular

antituberculosis,' " antihypercholestrolemic activities
hybridization to obtain a more active pharmacophore in a single biological molecule by joining
the two heterocyclic pharmacophores.116 Concept of hybridization led to a revolution in the field
of drug design and development to obtain a hybrid drug with improved characteristics and
minimize side effects as compared to parent molecules. Therefore, hybrids of coumarin with

7

. . .. . . .. 11 118
various heterocyclic moieties viz., coumarin-benzimidazole, ' coumarin-benzothiazole ° and

coumarin-chalcone'"” (Figure 2) have been reported in the literature, with great biological

significance as anticancer agents.

Ny
HN CH,

Q/[ I @ " I I . ch CH, . Hojg/[:/r:ﬁ

Aurora kinase A inhibitors OCH, H3 P13K inhibitor
Br
g I H<
,N
Spleen tyrosine kinase inhibitor Topoisomerase-ll inhibitor CDK inhibitor

Figure 1 Imidazo[1,2-a]pyrazines based anticancer agents
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AcO § OCH;
(0] O
Coumarin-benzimidazole Coumarin-benzothiazole Coumarin-chalcone

Cl

Figure 2 Coumarin based hybrids as anticancer agents

3.2. OBJECTIVE

To the best of my knowledge, no reports for anticancer activity of imidazo[1,2-a]pyrazine with
biologically active coumarin moiety have been known in literature till now. In view of the
previous rationale for new structural leads with potential chemotherapeutic activities using
molecular hybridization, in the present study, a new series of hybrid using imidazol[1,2-
alpyrazine and coumarin has been synthesized. These compounds have further been approached
for Suzuki-Miyaura cross coupling reaction for monoarylation at C6 position, and
symmetrical/unsymmetrical diarylation at C3 and C6 positions. These compounds were further
screened for their in vitro anticancer activity on a panel of 60 human cancer cell lines viz.,
leukaemia, non small cell lung, colon, CNS, melanoma, ovarian, renal, prostate and breast.
Molecular docking studies have also been performed to support the effective binding of

compound at the active site of the enzyme.

3.3. CHEMISTRY

2-Aminopyrazine 1 was treated with N-bromosuccinimide (NBS) in DMSO and water (9:1) at
room temperature for 6 h to give 2-amino-3,5-dibromopyrazine 2 in 90% yield followed by
cyclization with 50% aq. chloroacetaldehyde in isopropyl alcohol at 110 °C for 12 h to obtain
6,8-dibromoimidazo[1,2-a]pyrazine 3 in 80% yield. Bromination was done with compound 3 in
the presence of NBS in acetonitrile (ACN) at room temperature for 2 h to afford 3,6,8-
tribromoimidazo[1,2-a]pyrazine 4'*° in 90% yield. 3,6,8-Tribromoimidazo[1,2-a]pyrazine 4 was
then stirred with 7-hydroxy-4-methylcoumarin 5§ in the presence of K,CO; and DMF at room
temperature for 12 h to afford 7°-(3,6-dibromoimidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2H-
chromen-2’-one 6 in 85% yield (Scheme 1).
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[ j/N %2 NBS, DMSO: Hzo Ji INHQ 50% aq. chloroacetaldehyde
IPA, 110°C, 72 h i I

rt, 6 h.
3 (80% yleld)

Br
/N NBS, ACN /©\/(E\LO %
L co
Ji rt, 2h
K,CO5;, DMF N O

4 (90% yield) . 12h 6 (85 % yleld)

Scheme 1 Synthesis of imidazo[1,2-a]pyrazine-coumarin hybrid

Palladium catalyzed Suzuki-Miyaura cross coupling of compound 6 with 2-methoxyphenyl
boronic acid (1 eq.) in the presence of K,COs (1 eq.) and 5 mol% of Pd(PPhs); in DME:H,0
(9:1) under inert atmosphere afforded C6-monoarylated 7a and C3, C6 diarylated 7b products in
61% and 33% yields, respectively (Table 1, entry 1). Similarly, compound 6 was also treated
with 2-furan boronic acid under same reaction conditions to give compounds 8a and 8b in 48%
and 25% yields, respectively (Table 1, entry 2). Reaction of compound 6 with 4-chlorophenyl
boronic acid afforded C6 monoarylated product 9a and C3, C6 diarylated product 9b in 40% and
42% yields (GCMS), respectively. These two compounds could not be separated through column
chromatography and used as such without purification (Table 1, entry 3). However, reactions of
6 with other aryl boronic acids under the same reaction conditions gave only C3, C6 diarylated
products 10b-19b with 54-74% yields (Table 1, entries 4-13). Monoarylated products with these
boronic acids could not be separated as these were formed only in traces, i.e. < 5% (determined
by GCMS). Reaction of compound 6 with naphthalene-1-boronic acid could not give a
successful attempt. This might be due to steric crowding of the bulky naphthyl ring.

Table 1 Reactions of 3,6-dibromoimidazol1,2-a]pyrazine-coumarin hybrid 6 with aryl boronic

acids

Br3 2 R12

CH;  Pd(PPhs),, K,CO; CH;

Br. 3
4\ 1 1
NN N Taa T 4N /N
jI I R,B(OH), (1 eq.) I X+ | A
8
~ . .
Br NT o o Yo DME : water (9:1) N 20 / 0 o0 X0
7
6

N,, reflux, 8-12 h
7a-9a 7b-19b
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Entry  Time (h) R, Products *
Br% CH OCH;
OCH, ‘ NI/N /@\)1 _ o
N
! 8 B OCH N"o 0o
OH ’ OCH,
7a (61) 7h (33)
Br%\ cH, /_O
(]gH NI/N/@ = CH;
2 11 O > ‘ NN
g " C/[ N0 0" So @t S
O \\ N (6] () (6]
[¢]
8a (48) 8bh (25)
Br Cl
Cl 2:\N CH;
3 10 \@L oH Bt m —
]'3 e waee!
OH
c O/E N o 0" So
Cl
9a (40)* 9b (42)
s
OH T N— cH,
4 10 @/ ----- S "o 0o
S
10b (66)
Q—\ CH;
oua 7 N /Nm
5 9 B \
OH ©/[ Nlo )
11b (74)
CH,
on, Q
6 12 ©\ oo ¥ I§
b
OH

12b (70)
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7 12 H,CH,C
\©\B/OH
on
L
OH
9 12 CF,
_OH
B
OH
10 8 H;CO
o
OH
OHC \©\
11 10 B!

12 11 @[OH
~OH
B

H,C™
13 12 ’ OB/OH

13b (69)
F
----- Q:\ CH;3
N /N O
14b (72)

o
T

18b (68)

H,COC,

""" )y—\. CH;
NN BN
(L
N~ O (O ¢]
H,COC

19b (54)

#isolated yields, --,*GC-MS yields (< 5%)
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Subsequently use of monoarylated product has been implemented for unsymmetrical

diarylation via cross coupling reaction at C3 position. Monoarylated imidazo[1,2-a]pyrazine-

coumarin hybrid 7a was further refluxed with variety of aryl boronic acids (1.0 eq.) in the

presence of 5 mol% of Pd(PPh3)4, K;CO;3 (1.1 eq.) in DME:H,0 (9:1) for 6-8 h to give C3, C6

unsymmetrical diarylated imidazo[1,2-a]pyrazine-coumarin hybrids 20-29 in 52-75% yields

(Table 2). However, Suzuki reaction of mixture of monoarylated and symmetrical diarylated

compounds (9a and 9b) with 2-thiophene boronic acid under the same reaction conditions

afforded C3, C6 symmetrical and unsymmetrical disubstituted imidazo[1,2-a]pyrazine-coumarin

hybrids 9b and 30 in 42% and 61% yields, respectively. All the synthesized compounds have

been well characterized by 'H and "*C NMR as well as mass spectrometry.

Table 2 Reactions of monoarylated-3-bromoimidazo[1,2-a]pyrazine-coumarin hybrids 7a and 9a

with different aryl boronic acids

Br32

Pd(PPh,), (5 mol%),

R,

S
/8 7 z

K,CO, (1.1eq.) )I
DME:water (9:1) 6

N,, R,B(OH), (1 eq.),

N

R

7L\

1
N 4

I 6 B

[

Ta, Rl = 2-methoxy phenyl 6-8 h 20-30
9a, R, = 4-chloro phenyl
Entry Starting R,B(OH), Product Time (h) Yield mp (°C)
Material (%)*
2
OH = CH,
1 - UB\OH OCH NIN m 6 20 (64) 221-223
a 3 -
\_/ |
N~ o o~ o
770
QH — CH,
O B\OH N. N
2 7a @ ocH; I N 7 21(52) 204-205
N o o~ o
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Ta

Ta

7a

Ta

Ta

Ta

7a

al
— CH,
NN 7
~
N o 0" o

22 (69)

23(72)

24 (55)

25 (75)

26 (65)

27 (55)

28 (64)

194-195

202-203

179-180

235-237

243-245

204-206

239-241



10 7a gt OCH; I 8 29 (53)  >300

N
1 9a @B on | I m 8§  30(61) 187-189

*isolated yield

The assigned regiochemistry of monoarylation at C6 position and unsymmetrical diarylation
at C3 and C6 positions of imidazo[l,2-a]pyrazine-coumarin hybrid was confirmed by
considering 2D NOE difference experiments. Singlet of C5H of imidazo[1,2-a]pyrazine 7a
showed positive NOE signal with protons of methoxy group of 2-methoxyphenyl ring while
negative NOE signal of singlet of C2H of imidazo[1,2-a]pyrazine with protons of methoxy group
of 2-methoxyphenyl ring was observed, indicating the monoarylation primarily at C6 position
(Figure 3). On the other hand, singlets of C2H and C5H of imidazo[1,2-a]pyrazine ring in
compound 28 showed positive NOE signals with C2"’H and C6”’H of 4-methoxyphenyl ring
present at C3 position. Due to negative NOE signal of singlet of C2H of imidazo[1,2-a]pyrazine
with methoxy protons of 2-methoxy phenyl ring (at C6 position) and positive NOE signal with 4-
methoxy phenyl ring (at C3 position), confirmed the second arylation at C3 position of

imidazo[1,2-a]pyrazine 28 (Figure 3).

Figure 3 2D NOEs 'H, 'H correlations used for structural assignments of compounds 7a and 28
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3.4. IN VITRO EVALUATION ON CANCER CELL LINES

Compounds 6, 7a, 9b, 10b, 11b, 16b, 28 and 30 were submitted to NCI, USA to test their in
vitro anticancer activities against a panel of 60 human cancer cell lines at a single dose
concentration of 10 uM. Compound 6 with bromo at the C3 and C6 positions showed growth
inhibition against the renal cancer cell line 786-0 with a GI value of 71.02% and breast cancer
cell lines MCF-7 and MDA-MB-231/ATCC with respective GI values of 77.75% and 70.43%.
But monoarylation with 2-methoxy phenyl at the C6 position 7a displayed poor anticancer
activity. Amongst the symmetrical diarylated compounds, 4-chlorophenyl ring at both C3 and C6
positions 9b showed no significant growth inhibition against cancer cell lines while 2-thiophene
moiety at C3 and C6 positions 10b showed excellent inhibition against non small cell lung
cancer cell line HOP-92 with a GI value of 92.29% (Table 3). Replacement with six membered
phenyl rings at C3 and C6 positions 11b exhibited excellent anticancer activity against renal
cancer cell line A-498 with GI value of 90.12% while moderate activity was observed against
renal cancer RXF-393 and non small cell lung cancer cell line HOP-92 with respective GI values
of 71.67% and 77.65%. Substitution with 4-methoxy groups at phenyl rings at C3 and C6
positions of imidazo[1,2-a]pyrazine 16b displayed a broad spectrum of anticancer activity
towards various cancer cell lines viz., breast cancer cell line MDA-MB-231/ATCC, melanoma
cell line LOX IMVI, CNS cancer cell line SNB-75, non small cell lung cancer cell line
A549/ATCC and prostate cancer cell line PC-3 with GI values of 93.71%, 91.98%, 85.69%,
83.52% and 82.27%, respectively. Compound 16b also displayed good inhibition with other
cancer cell lines viz., non small cell lung cancer cell line NCI-H460 (GI = 73.64%), colon cancer
cell line HT29 (GI = 74.56%), CNS cancer cell lines U251 (GI = 77.45%) and SF-295 (GI =
76.68%), melanoma cancer cell lines MALME-3M (GI = 73.25%), SK-MEL-5 (GI = 71.37%)
and UACC-257 (GI = 70.84%), ovarian cancer cell lines OVCAR-8 (GI = 73.68%), NCI/ADR-
RES (GI = 70.09%), renal cancer cell line SN12C (GI = 75.49%), prostate cancer cell line DU-
145 (GI = 70.53%) and breast cancer cell line BT-549 (GI = 0.80%) (Table 3, Figure 4).
Compound 16b exhibited more than 70% growth inhibition for most of the tumor cell lines and
was much better than 5-fluorouracil (positive control) in tested derivatives. It showed higher
activity than 5-fluorouracil (5-FU) in non-small cell lung cancer cells (A549/ATCC, HOP-62,
NCI-H23 and NCI-H460), colon cancer cells (HCT-116 and HT-29), melanoma (LOX IMVI,
MALME-3M, MDA-MB-435, SK-MEL-5 and UACC-257), prostate cancer (PC-3 and DU-145)
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and breast cancer cells (MCF-7, MDA-MB-231/ATCC and BT-549). In the series of
unsymmetrical compounds, imidazo[1,2-a]pyrazine with 4-methoxy phenyl at C3 and 2-methoxy
phenyl at C6 position 28 displayed poor anticancer activity while substitution with 2-thiophene
at C3 position and 4-chlorophenyl at C6 position 30, increases the activity with more selectivity

towards the melanoma cancer cell line MALME-3M with a GI value of 77.82% (Table 3).

Table 3 Percentage (%) growth inhibition (GI) of compounds 6, 7a, 9b, 10b, 11b, 16b, 28 and

30 over the full panel of 60 tumor cell lines at concentration of 10 uM.

Cell line type Cell line name 6 7a 9b 10b 11b 16b 28 30
Leukemia CCRF-CEM - - 19.41 - 22.39 - - 14.72
HL-60(TB) 69.19 - 13.22 3240 14.82 NT - 32.62
K-562 - - 1492 1835 38.24 NT - 47.06
MOLT-4 12.54 - 25.52 2125 4155 NT - 20.34
RPMI-8226 - - - 29.69  48.96 36.31 - 17.02
SR 30.60 - 49.13  54.39 45.46 NT - 27.81
Non-Small Cell Lung A549/ATCC 22.21 13.25 - 4145 43.86 83.52 - -
Cancer
EKVX 24.43 24.04 - 3595 33.20 49.84 - -
HOP-62 48.29 22.74 - 4098 31.25 59.14 - -
HOP-92 62.81 - - 92.29  77.65 -13.56  11.79  15.61
NCI-H226 46.40 27.46 - 16.99 55.35 29.28 - -
NCI-H23 36.05 2540 2191 4337 37.56 66.97 - 28.24
NCI-H322M 23.24 18.07 - 10.57 14.03 18.02 - 11.91
NCI-H460 26.12 - - 49.53  36.05 73.64 - -
NCI-H522 4523 36.87 - 2535 52.85 60.39 - -
Colon Cancer COLO 205 - - - 25.05 29.50 43.89 - 11.30
HCC-2998 - 11.61 - 21.86 18.95 22.91 - -
HCT-116 4449 2047 - 4134  60.66 66.14 - 18.23
HCT-15 - - 36.21 27.11  31.38 36.61 - 29.83
HT29 - - 52.34 53.36 46.79 74.56 - 49.09
KM12 21.08 - 18.81 4037 24.49 57.01 - 23.63
SW-620 - - 33.27 4333 11.72 60.98 - 13.73
CNS Cancer SF-268 43.44 22.13 - 23.75 35.64 34.29 - 14.33
SF-295 - 11.75 - 52.52  45.77 76.68 - -
SF-539 52.78 18.31 - 40.04 4541 -21.15 - -
SNB-19 25.37 - NT NT 35.56 NT NT -
SNB-75 -2.07 68.32 - 64.44  -1.39 85.69 15.18 -
U251 5235 1729 1195 5246 32.65 77.45 - 19.30
Melanoma LOX IMVI 25.67 24.60 15.63 61.63 43.60 91.98 - 21.46
MALME-3M 53.11 2430 56.42 60.88 -9.77 73.25 - 77.82
M14 17.22 - 35777 3245 32.28 61.41 - 61.10
MDA-MB-435 12.82 - 2452 38.65 2795 62.77 - 20.55
SK-MEL-2 22.00 - - 31.03  48.10 50.58 - -
SK-MEL-28 - - 61.69 76.09 32.37 -17.37 - 40.28



SK-MEL-5 59.65 13.41 1559 5750 61.69 71.37 - 30.47
UACC-257 10.94 - 11.68 51.80 34.28 70.84 - -
UACC-62 14.79 - - 28.89  18.62 49.89 - -
Ovarian Cancer IGROV1 22.57 26.28 - 20.77 16.32 29.38 - -
OVCAR-3 43.29 13.76 - 32.04 23.36 53.41 - -
OVCAR-4 54.55 - 1441 4594 3932 -18.64 - 25.03
OVCAR-5 - - - - -—- 12.00 - -
OVCAR-8 35.35 - - 4745 38.43 73.68 - -
NCI/ADR-RES 4247 2295 2120 46.63 54.62 70.09 - 12.56
SK-OV-3 14.52 13.64 - - 36.88 - - -
Renal Cancer 786-0 71.02 - NT NT 32.72 NT - -
A498 - - - 35.60 90.12 29.38 - -
ACHN 3424 2225 - 42,72 51.39 53.41 - -
CAKI-1 - 10.67 - 32.18 14.82 28.33 - -
RXF 393 55.79 11.01 29.51 3641 71.67 -20.76 - 12.23
SN12C 24.19 - - 26.17 3241 75.49 - -
TK-10 - - - 46.11 19.47 64.26 - -
UO-31 41.18 37.92 1445 39.73 59.18 25.03 1830 31.13
Prostate Cancer PC-3 1790 2395 12.06 47.04 60.82 82.27 - 19.78
DU-145 2495 1294 3037 44.61 31.96 70.53 - 18.46
Breast Cancer MCF7 7775 24.89 2692 40.08 49.54 55.81 - 44.11
MDA-MB- 70.43 31.76 26.69 36.78 49.62 93.71 24.30 -
231/ATCC
HS 578T 30.14 1590 1225 3235 4143 42.41 - -
BT-549 - - 10.59 75.01 17.35 70.80 - -
T-47D 46.34 22.05 - 4527  61.52 54.65 - 15.70
MDA-MB-468 58.60 30.06 15.17 45.34 55.77 56.11 - 17.46
50-60% inhibition, 60-70% inhibition, 70-90% inhibition, 90-100% growth inhibition, highly potent

compounds, NT: not tested
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Figure 4 The percentages of growth inhibition of compound 16b over the full panel of tumor cell

lines.
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3.5. IN VITRO EVALUATION ON NORMAL CELL LINES

Compound 16b was also evaluated for toxicity to normal cell line Hek293 (human embryonic
kidney) using MTT assay. It was observed that compound 16b showed only 17%, 15%, 9%, 5%
and 3% cytotoxicity to Hek293 cells at 10'4, 10'5, 10'6, 107 and 10 M concentrations,
respectively (Figure 5). Compound showed only 17% of toxicity to Hek293 cells even at 100 uM
concentration. These data indicated that compound 16b showed potent anticancer activity and

low toxicity to normal cells.

20

107-4 107-5 107-6 107-7 107-8
('oncentration

—_ —_
7] (5] (=2}

% Cytotoxicity

&S

Figure S MTT assay of compound 16b showing cytotoxicity on Normal Hek 293 cells

3.6. LIPOPHILICITY DETERMINATION BY SHAKE FLASK METHOD

The partition coefficient of the compounds was also studied in an octanol/water system for the
determination of log P values by shake-flask method."?' It was observed that compounds 11b and
16b showed higher log P values (Table 4), which suggested that the higher anti-tumor activity of
these compounds was related to the lipophilicity. Thus, lipophilicity is a crucial factor for the
activity of the synthesized compounds.

Table 4 Experimental determined lipophilicity

Compounds P Log P
6 239.88 2.38
7a 489.77 2.69
9b 371.53 2.57
10b 467.73 2.67
11b 2511.88 3.40
16b 758.57 2.88
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28 257.03 241
30 380.19 2.58

P—ypartition coefficient; log P—logarithm of the partition coefficient.
3.7. STRUCTURE-ACTIVITY RELATIONSHIP (SAR) STUDIES

Structure—activity correlation, based on the number of cancer cell lines that were inhibited by
each compound revealed that nature of substituents at C3- and C6-positions of imidazo[1,2-
a]pyrazine affected the biological activity. Compounds 10b, 11b and 16b showed comparatively
higher activity than 6, 7a, 9b, 28 and 30, suggesting that there is much difference in antitumor
activity with different substitutions of phenyl rings. The antitumor results indicated that
compound 6 with a coumarin moiety at C8 position and bromo at C3 and C6 positions displayed
only moderate anticancer activity. The anticancer activity has been slightly increased with
substitution of 2-thiophene rings at C3 and C6 positions, as in the case of compound 10b. Higher
activity has been achieved with substitution of phenyl rings 11b and 4-methoxyphenyl rings 16b
at C3 and C6 positions. On the other hand, substitution with 4-chlorophenyl at C6 position and 2-
thiophene at C3 position, as in case of compound 30, decreased the activity. It has been revealed
that symmetrical diarylated imidazol[1,2-a]pyrazine—coumarin hybrids 11b and 16b showed
higher activity than unsymmetrical diarylated hybrids 28 and 30. These studies indicated that
substitution of coumarin heterocycle with various phenyl derivatives on imidazo[1,2-a]pyrazine
gave highly potent anticancer activity towards 60 human cancer cell lines. Overall, 16b has been
found to be the most effective member of this series of compounds and showed broad spectrum

of activity against melanoma cancer cell lines.

3.8. MOLECULAR DOCKING STUDIES

Preliminary anticancer screening showed that compound 16b has been found to be the most
active member of imidazo[l,2-a]pyrazine-coumarin hybrids and showed excellent inhibition
against melanoma cell lines than other cancer cell lines. So, in order to observe the molecular
interactions of compound in the active site of enzyme for melanoma cancer, docking experiment
was performed. The crystal coordinates of enzyme used in melanoma was downloaded from
protein data bank (www.rcsb.org)122 (PDB code: 30G7).'* Compound 16b showed H-bonding
interaction of N1 (d = 2.93 A), N4 (d = 2.72 A) and N7 (d = 1.75 A) atoms of imidazo[1,2-
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alpyrazine with G518 amino acid residue of the coil of enzyme. N7 atom of the pyrazine ring of
imidazo[1,2-a]pyrazine also showed H-bonding interaction with M517 (d = 2.17 A) amino acid
residue of enzyme. Oxygen atom of the 4-methoxy phenyl at C6 position of imidazo[1,2-
a]pyrazine showed H-bonding interaction with R781 amino acid residue of enzyme (d = 2.85 A).
Carbonyl group of coumarin ring interacts with W531 amino acid residue of B-strand of enzyme
with d = 2.56 A. Oxygen atom and carbonyl group of coumarin ring also showed H-bonding
interactions with Q530 amino acid residues of B-strand of enzyme (d = 1.77 A and d = 2.31 A).
Therefore, docking of compound 16b in the active site of this enzyme indicated the probable

mode of action for anticancer activities (Figure 6).

% Q530
2

K507 &=

Figure 6 Docking of compound 16b in the active site of 30G7. H-bonds of compound 16b with

different amino acid residues are visible. Carbon atoms are given in green colour.

3.9. CONCLUSION

In summary, imidazo[1,2-a]pyrazine-coumarin hybrid has been synthesized by nucleophilic
substitution reaction at C8 position from easily accessible 3,6,8-tribromoimidazo[1,2-a]pyrazine
and 7-hydroxy-4-methylcoumarin. This compound was further functionalized at C6 position for
monoarylation and C3, C6 positions for symmetrical diarylations using palladium catalyzed C-C
coupling. Subsequent use of monoarylated products has been implemented for synthesis of
unsymmetrical diarylated imidazo[1,2-a]pyrazine-coumarin hybrids in moderate to good yields.
Evaluation of selected compounds for anticancer activity revealed that symmetrical diarylated
hybrids 11b and 16b showed broad spectrum of anticancer activity towards most of the cancer

cell lines. These compounds also have good lipophilicity that qualifies them to have good
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pharmacokinetic and drug bioavailability. Molecular docking study has also further supported
the inhibitory activity of 16b that helped in understanding the interactions between the ligand

and enzyme active sites.
3.10. EXPERIMENTAL SECTION

All commercially available compounds (Avra, Spectrochem, Aldrich, Merck etc.) were used
without purification. Unless otherwise noted, all reactions were performed in oven-dried
glassware. Final reactions were carried out in an oil bath using Microwave Vials (10-15 ml).
Melting points were determined in open capillaries and were uncorrected. 'H and '*C NMR
spectra were performed on Jeol ECS 400 NMR spectrometer, which was operated at 400 MHz
for '"H nuclei and 100 MHz for *C nuclei, using CDCl; and trifluoroacetic acid (TFA) as
solvents. Chemical shifts are reported in parts per million (ppm) with TMS as internal reference
and J values are given in hertz. 2D NOE studies were performed on same instrument. Mass
Spectra of the synthesized compounds were recorded at Water Micromass-Q-T of Micro.
Reactions were monitored by thin layer chromatography (TLC) with silica plate coated with
silica gel HF-254 and column chromatography was performed with silica gel 60-120/100-200
mesh. Chloroform/ethyl acetate and chloroform/methanol were adopted solvent systems.
3.10.1. Synthesis of 2-amino-3,5-dibromopyrazine (2)
N-Bromosuccinimide (14.95 g, 83.99 mmol) was added over 50 min to a mixture of 2-
aminopyrazine 1 (3.80 g, 40 mmol) in DMSO: H,0 (9:1) below 15 °C. Mixture was then stirred
for 6 h at room temperature. After completion of reaction, mixture was then extracted with water
and ethyl acetate. Ethyl acetate layer was separated, dried over sodium sulphate, filtered and
concentrated in vacuum. Crude product was purified by column chromatography using hexane:
ethyl acetate (9:1) as eluents.

i[,ﬂ\z nH, Spectral data 2-amino-3,5-dibromopyrazine (2): White solid; Yield: 90%; mp
B e Ns  115-116 °C; '"H NMR (CDCls, 400 MHz): & 5.12 (bs, 1H, NH,), 8.04 (s, 1H, C¢H);

' C NMR (CDCl3, 100 MHz): & 123.5, 123.9, 143.1, 151.8.

3.10.2. Synthesis of 6,8-dibromo-imidazo[1,2-a]pyrazine (3)
To 2-amino-3,5-dibromopyrazine 2 (5.0 g, 19.8 mmol) in 100 ml of isopropyl alcohol (IPA),
50% aqueous solution of chloroacetaldehyde (99 mmol) was added dropwise. The reaction

mixture was refluxed at 110 °C for 72 h. After the completion of the reaction, cooled the reaction

58



mixture to room temperature and then extracted with water and chloroform. Chloroform layer
was separated, dried over sodium sulphate, filtered and concentrated in vacuum to get the crude
product. The product was purified by column chromatography using hexane: ethyl acetate (6:4)
as eluents.
Spectral data of 6,8-dibromoimidazo[1,2-a]pyrazine (3): White solid; Yield: 80%; mp 163-
4/3:\21 165 °C; '"H NMR (CDCls, 400 MHz): & 7.80 (d, J = 0.92 Hz, 1H, C,H), 7.86 (d,
J:ISZ = 1.36 Hz, 1H, C5H), 8.29 (s, 1H, CsH); *C NMR (CDCls, 400 MHz): & 115.
r r
119.3,119.9, 137.0, 137.4, 142.5.
3.10.3. Synthesis of 3,6,8-tribromoimidazo[1,2-a]pyrazine (4)
N-Bromosuccinimide (6.29 g, 35.34 mmol) was added to 6,8-dibromoimidazo[1,2-a]pyrazine 3
(10 g, 36 mmol) in acetonitrile and stirred at room temperature for 2 h. After completion of
reaction (indicated by TLC), mixture was then extracted with water and chloroform. Chloroform
layer was dried over sodium sulphate and concentrated in vacuum. Crude product was purified
by column chromatography using hexane: ethyl acetate (8.5:1.5) as eluents.
Spectral data of 3,6,8-tribromoimidazo[1,2-a]pyrazine (4): White solid; Yield: 90%; mp
Br3 2 162-164 °C; 'H NMR (CDCls;, 400 MHz): & 7.84 (s, 1H, C,H), 8.22 (s, 1H,
;IN//N] CsH); °C NMR (CDCls;, 400 MHz): & 116.12, 119.28, 120.97, 137.03,
Br™ N"8 Br 137.39, 142.54.

3.10.4. Synthesis of imidazo[1,2-a]pyrazine-coumarin hybrid (6)

To the solution of 3,6,8-tribromoimidazo[1,2-a]pyrazine 4 (10 g, 28.09 mmol) in 50 ml dry

DMF, 7-hydroxy-4-methylcoumarin 5 (4.94 g, 28.09 mmol) and K,COs3 (3.87 g, 28.09 mmol)

were added and allowed to stir at room temperature for 12 h. After completion of reaction, the

reaction mixture was poured into crushed ice. The crude solid was filtered through and dried in

vacuum. The solid was recrystallized from hot ethanol to obtain pure white solid of compound 6.

Spectral data of 7°-(3,6-dibromoimidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2H-chromen-

Brg 2 cH, 2’-one (6): Off white solid; Yield: 85%; mp 280-282 °C; 'H NMR
/[ I /dié (CDCI3+TFA, 400 MHz): 6 2.48 (d, J = 1.36 Hz, 3H, CH3), 6.32 (d, J =

0.92 Hz, 1H, C3’H) 7.32 (dd, *J = 8.68 Hz, °J = 2.74 Hz, 1H, C5’H),

743 (d, J =232 Hz, 1H, C8’H), 7.71 (d, J = 8.68 Hz, 1H, C6’H), 7.86 (s, 1H, C2H), 8.08 (s,
1H, C5H); '*C NMR (CDCL;+TFA, 100 MHz): § 18.7 (CHs), 100.6, 110.1, 114.0, 114.3,
118.2, 118.3, 122.2, 126.2, 130.2, 131.7, 149.4, 153.5, 153.7, 154.3 (ArC), 162.9 (C=0); MS
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(ED): m/z 451.9 (M"+1); Anal. Calcd for C;sHoBr,N30;: C, 42.60; H, 2.01; N, 9.32. Found: C,
42.72; H, 2.08; N, 9.12.

3.10.5. General procedure for synthesis of monoarylated (7a, 8a) and symmetrical hybrids
(7b-19b)

To a solution of 3,6-dibromoimidazo[1,2-a]pyrazine-coumarin hybrid 6 (0.46 g, 1.0 mmol) in
mixture of 1,2-DME : water (9:1) in a sealed tube, boronic acid (1 eq.) and K,CO3 (0.150 g, 1.0
mmol) were added under inert atmosphere. Then, Pd(PPhs), (5mol%) was added with nitrogen
purging and refluxed the reaction mixture for 8-12 h. Completion of reaction was determined by
TLC. The mixture was extracted with chloroform and water. Chloroform layer was dried using
sodium sulphate to obtain crude product which was further purified by column chromatography
using chloroform: ethylacetate / chloroform: methanol as eluents.

Spectral data of 7°-(3-bromo-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-
N—_—N 3 , o, 1
OCH, | :/E m 239-240 °C; 'H NMR (CDCls, 400 MHz): o 2.49 (s, 3H, CHj),
N 0T N0 N0 3.99 (s, 3H, OCH3), 6.30 (s, 1H, C3°H), 6.97-7.02 (m, 2H, ArH),

7 8 I

B:\;ZZ\I CH methyl-2H-chromen-2’-one (7a): White solid; Yield: 61%; mp

7.31-7.38 (m, 2H, ArH), 7.48 (d, J=2.32 Hz, 1H, C8’H), 7.68 (d,

J = 8.72 Hz, 1H, ArH), 7.76-7.79 (m, 2H, ArH), 8.74 (s, 1H, C5H); °C NMR (CDCls, 100

MHz): & 18.7 (CH3), 55.6 (OCH3), 99.1, 110.3, 111.2, 114.1, 114.3, 117.3, 118.1, 121.0, 123.6,

125.2, 129.9, 130.1, 132.6, 133.7, 134.9, 150.8, 152.1, 154.1, 155.0, 156.7 (ArC), 160.7 (C=0);

MS (EI): m/z 480.1 (M"+2); Anal. Calcd for Co3H ¢BrN3O4: C, 57.76; H, 3.37; N, 8.79. Found:

C, 57.50; H, 3.22; N, 8.68.

Spectral data of 7°-(3,6-bis(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-

OCH, 2H-chromen-2’-one (7b): White solid; Yield: 33%; mp 204-205

Q’\ CH, °C; '"H NMR (CDCl3;, 400 MHz): & 2.48 (d, J = 0.92 Hz, 3H,

'

O °  Hz 1H, C3’H), 6.93-6.99 (m, 2H, ArH), 7.10-7.16 (m, 2H, ArH),

7.28-7.30 (m, 1H, ArH), 7.42 (dd, *J = 8.68 Hz, *J = 2.28 Hz, 1H, C5’H), 7.48-7.52 (m, 2H,
ArH), 7.54 (d, J=2.28 Hz, 1H, C8’H), 7.68 (d, J = 8.72 Hz, 1H, ArH), 7.79 (dd, *J = 7.76 Hz,
3J=1.82 Hz, 1H, ArH), 7.82 (s, 1H, C2H), 8.49 (s, 1H, C5H); °C NMR (CDCls, 100 MHz): &
18.7 (CH3), 55.5 (OCH3), 110.2, 111.1, 111.2, 113.9, 116.0, 116.8, 117.0, 118.1, 120.9, 121.0,

2
4N s
ocH, 1 m CHs), 3.85 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 6.29 (d, J = 1.40
6 N o7
7 8
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124.4, 125.2, 126.5, 129.4, 130.1, 130.9, 131.4, 132.3, 134.5, 150.9, 152.2, 154.2, 1555,
156.7, 157.0 (ArC), 160.9 (C=0); MS (EI): m/z 506.2 (M"+1); Anal. Calcd for: C3y H»3N3Os:
C, 71.28; H, 4.59; N, 8.31. Found: C, 71.41; H, 4.37; N, 8.22.
Spectral data of 7°-(3-bromo-6-(furan-2-yl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2H-
Bf% 1 cH, chromen-2’-one (8a): White solid; Yield: 48%; mp 225-226 °C;
5 N /Nm 'H NMR (CDCl;, 400 MHz): & 2.50 (d, J = 1.40 Hz, 3H, CH3),
Qﬁig;go % O 2'o 6.32 (d, J=1.36 Hz, 1H, C3’H), 6.45 (q, J = 1.60 Hz, 1H, ArH),
6.69 (d, J = 3.20 Hz, 1H, ArH), 7.37 (dd, *J = 8.72 Hz, *J = 2.28
Hz, 1H, C5’H), 7.47 (d, J = 0.92 Hz, 1H, ArH), 7.51 (d, J = 2.28 Hz, 1H, C8’H), 7.69 (d, J =
8.72 Hz, 1H, ArH), 7.75 (s, 1H, C2H), 8.20 (s, 1H, C5H); >C NMR (CDCl;, 100 MHz): 5 18.8
(CH3), 99.6, 107.9, 109.7, 110.4, 112.0, 114.3, 117.5, 118.1, 125.2, 130.1, 132.6, 135.0, 143.1,
150.2, 151.7, 152.1, 154.1, 154.7 (ArC), 160.7 (C=0); MS (EI): m/z 440.1 (M"+2); Anal. Calcd
for C,0H2BrN3Oq4: C, 54.81; H, 2.76; N, 9.59. Found: C, 54.76; H, 2.69; N, 9.73.
Spectral data of 7°-(3,6-di(furan-2-yl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2 H-

/_ 0 chromen-2’-one (8b): Off White solid; Yield: 25%; mp 192-194

4N3'/2N‘6. 3 cgsy °C; 'H NMR (CDCls, 400 MHz): § 2.50 (s, 3H, CHs), 6.31 (s, 1H,

A | Nj% [ 0\2-0 C3’H), 6.46 (q, J = 1.82 Hz, 1H, ArH), 6.64 (q, J = 1.82 Hz, 1H,
o 7 £ ArH), 6.69 (d, J = 3.20 Hz, 1H, ArH), 6.81 (d, J = 3.68 Hz, 1H,

ArH), 7.40 (dd, *J = 8.72 Hz, °J = 2.28 Hz, 1H, C5’H), 7.46 (s, 1H, ArH), 7.53 (d, J = 2.28 Hz,
1H, C8’H), 7.68-7.70 (m, 2H, ArH), 7.96 (s, 1H, C2H), 8.66 (s, 1H, C5H); °C NMR (CDCl;,
100 MHz): 6 18.8 (CHj3), 108.4, 109.3, 109.4, 110.4, 111.7, 111.9, 114.2, 117.4, 118.2, 121.2,
125.2, 129.9, 132.0, 132.9, 142.8, 143.1, 143.2, 150.5, 152.0, 152.1, 154.1, 154.9 (ArC), 160.8
(C=0); MS (EI): m/z 426.2 (M"+1); Anal. Calcd for C H;sN3Os: C, 67.76; H, 3.55; N, 9.88.
Found: C, 67.59; H, 3.63; N, 9.70.
Spectral data of 7°-(3,6-bis(4-chlorophenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2H-
¢ chromen-2’-one (9b): White solid; Yield: 42%; mp 245-247 °C; 'H
O\q c NMR (CDCI; + TFA, 400 MHz): & 2.55 (d, J = 0.88 Hz, 3H, CHj),

3
N

— H
J s m 6.43 (d, J = 0.92 Hz, 1H, C3’H), 7.40-7.43 (m, 3H, ArH), 7.53 (d, J
R

a =2.32 Hz, 1H, C8’H), 7.58-7.63 (m, 4H, ArH), 7.69 (d, J = 8.72 Hz,
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2H, ArH), 7.81 (d, J = 8.68 Hz, 1H, ArH), 8.17 (s, 1H, C2H), 8.33 (s, 1H, C5H); >*C NMR
(CDCl;3+ TFA, 100 MHz): 6 18.8 (CH3), 108.6, 110.2, 114.4, 118.1, 118.5, 122.2, 124.7, 126.2,
126.9, 127.7, 129.3, 129.5, 130.3, 130.6, 131.6, 136.9, 138.0, 141.3, 149.5, 153.4, 153.6, 153.7
(ArC), 162.1 (C=0); MS (EI): m/z 514.1 (M"+1); Anal. Calcd for C,sH;7CLN305: C, 65.38; H,
3.33; N, 8.17. Found: C, 65.48; H, 3.50; N, 8.20.
Spectral data of 7°-(3,6-di(thiophen-2-yl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2 H-
7 chromen-2’-one (10b): Light green solid; Yield: 66%; mp 191-192
THs °C; '"H NMR (CDCls, 400 MHz): & 2.50 (d, J = 0.88 Hz, 3H, CH3),
O;[ I /@ji& 6.32 (d, J = 1.36 Hz, 1H, C3°H), 7.03-7.05 (m, 1H, ArH), 7.27-7.31
: (m, 2H, ArH), 7.39 (dd, *J = 3.68 Hz, *J = 1.36 Hz, 1H, ArH), 7.40-
7.44 (m, 2H, ArH), 7.55-7.58 (m, 2H, ArH), 7.71 (d, J = 8.72 Hz, 1H, ArH), 7.88 (s, 1H, C2H),
8.40 (s, 1H, C5H); °C NMR (CDCls, 100 MHz): & 18.8 (CH3), 108.0, 110.5, 114.2, 117.4,
118.2, 123.1, 124.0, 125.2, 126.7, 127.1, 127.3, 128.0, 128.2, 132.5, 133.1, 134.6, 140.2, 151.7,
152.1, 154.1, 154.8 (ArC), 160.8 (C=0); MS (EI): m/z 458.1 (M'+1); Anal. Calcd for
Co4H5sN303S,: C, 63.00; H, 3.30; N, 9.18; S, 14.02. Found: C, 63.28; H, 3.19; N, 9.26; S,
13.93.
Spectral data of 7°-(3,6-diphenylimidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2 H-chromen-
2’-one (11b): White solid; Yield: 74%; mp 204-206 °C; 'H NMR
N CHa (CDCl3, 400 MHz): 6 2.50 (d, J = 0.68 Hz, 3H, CH3), 6.32 (d, J = 0.88
U T T L Hz 1H, C3'H), 7.34-7.43 (m, 4H, ArH), 7.51-7.56 (m, 2H, ArH),
v 7.59-7.66 (m, 4H, ArH), 7.69-7.72 (m, 3H, ArH), 7.86 (s, 1H, C2H),
8.40, (s, 1H, C5H); *C NMR (CDCls, 100 MHz): & 18.5 (CH3), 109.4, 110.5, 114.2, 117.4, 118.3
125.3,125.9, 128.0, 128.2, 128.8, 129.2, 129.4, 129.5, 132.6, 133.8, 135.6, 136.9, 152.2, 154.2,
155.1 (ArC), 160.8 (C=0); MS (EI): m/z 446.1 (M'+1); Anal. Calcd for C,sH,9N303: C, 75.49;
H, 4.30; N, 9.43. Found: C, 75.28; H, 4.39; N, 9.58.
Spectral data of 7°-(3,6-di-m-tolylimidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2 H-chromen-
Hs 2’-one (12b): White solid; Yield: 70%; mp 198-199 °C; 'H NMR
(CDCl3, 400 MHz): 6 2.36 (s, 3H, CH3), 2.50 (s, 6H, CH3), 6.31 (d, J =
4NI/NI<,' > CZ} 0.92 Hz, 1H, C3’H), 7.16 (d, J = 7.76 Hz, 1H, ArH), 7.30 (d, J = 2.76
“71/ o s $ © Hz, IH, ArH), 7.35 (d, J = 7.80 Hz, 1H, ArH), 7.41-7.45 (m, 3H, ArH),
CH, 7.49-7.53 (m, 4H, ArH), 7.70 (d, J = 8.72 Hz, 1H, ArH), 7.83 (s, 1H,
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C2H), 8.37 (s, 1H, C5H); *C NMR (CDCls, 100 MHz): & 18.8 (CH3), 21.5 (CH3), 109.6, 110.4,
114.1, 117.3, 118.2, 123.3, 125.1, 125.2, 126.5, 127.9, 128.8, 129.0, 129.4, 129.5, 129.6, 130.0,
132.5, 133.8, 135.6, 137.0, 138.4, 139.5, 152.0, 152.2, 154.2, 155.2 (ArC), 160.8 (C=0); MS
(ED): m/z 474.2 (M"+1); Anal. Calcd for: C30H»N305: C, 76.09; H, 4.90; N, 8.87. Found: C,
76.42; H, 4.88; N, 8.76.
Spectral data of 7°-(3,6-bis(4-ethylphenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2H-
H,CH,C
=, °C; 'H NMR (CDCls, 400 MHz): § 1.22 (t, J = 7.56 Hz, 3H,
/@/S[:/ﬁomo CHs), 1.34 (t, J = 7.80 Hz, 3H, CH3), 2.49 (d, J = 0.68 Hz, 3H,
e oot CHs), 2.64 (q, J = 7.64 Hz, 2H, CH,), 2.78 (q, J = 7.64 Hz, 2H,
CH,), 6.31 (d, J = 1.40 Hz, 1H, C3’H), 7.21 (d, J = 8.24 Hz, 2H, ArH), 7.40-7.44 (m, 3H, ArH),
7.52 (d, J=1.80 Hz, 1H, C8H), 7.55 (d, J = 8.24 Hz, 2H, ArH), 7.62 (d, J = 8.24 Hz, 2H, ArH),
7.70 (d, J = 8.72 Hz, 1H, ArH), 7.81 (s, 1H, C2H), 8.36 (s, 1H, C5H); *C NMR (CDCl5 100
MHz): § 15.4 (CH3), 15.5 (CH3), 18.8 (CH3), 28.5 (CH,), 28.7 (CH»), 109.0, 110.5, 114.1, 117.3,
118.3, 125.2, 125.3, 125.9, 128.1, 128.3, 129.0, 129.3, 132.4, 133.1, 133.5, 136.9, 145.1, 145.5,
152.0, 152.2, 154.2, 155.2 (ArC), 160.8 (C=0); MS (EI): m/z 502.2 (M"+1); Anal. Calcd for Cs3
H,7N30s5: C, 76.63; H, 5.43; N, 8.38. Found: C, 76.82; H, 5.57; N, 8.45.

Q

@ chromen-2’-one (13b): White solid; Yield: 69%; mp 179-181
4l N

Spectral data of 7°-(3,6-bis(4-fluorophenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2H-
E chromen-2’-one (14b): White solid; Yield: 72%; mp 240-242
°C; '"H NMR (CDCls, 400 MHz): & 2.51 (d, J = 1.40 Hz, 3H,

— CH
NN &', CHa),6.32(d, /= 1.36 Hz, IH, C3°H), 7.04-7.09 (m, 2H, ArH),
ol N/LO NN 7:29-7.34 (m, 2H, ArH), 741 (dd, °J = 8.72 Hz, °J = 2.28 Hz,
7 8

. g IH, C5°H), 7.48 (d, J = 2.28 Hz, 1H, C8’H), 7.59-7.62 (m, 2H,
ArH), 7.65-7.69 (m, 2H, ArH), 7.72 (d, J = 8.72 Hz, 1H, ArH), 7.83 (s, 1H, C2H), 8.24 (s, 1H,
C5H); 3C NMR (CDCls, 100 MHz): & 18.8 (CHs), 108.8, 110.5, 114.3, 115.7, 115.9, 1167,
116.9, 117.5, 118.2, 123.9, 125.4, 127.7, 127.8, 128.4, 130.2, 130.3, 131.6, 132.4, 133.8, 136.3,
152.1, 152.2, 154.2, 154.9 (ArC), 160.7 (C=0), 161.9, 162.0, 164.4, 164.5 (ArC); MS (EI): m/z
482.2 (M"+1); Anal. Calcd for CogH;7F>N303: C, 69.85; H, 3.56; N, 8.73. Found: C, 69.56; H,
3.65; N, 8.99.

Spectral data of 7°-(3,6-bis(3-(trifluoromethyl)phenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-

63



\ 195-196 °C; '"H NMR (CDCls, 400 MHz): & 2.51 (d, J = 0.92 Hz,
4NI/NJ 6 L5 3H, CHs), 6.33 (d, J = 1.40 Hz, 1H, C3’H), 7.43 (dd, *J = 8.24 Hz,
N7 Yo% ;o o 37=2.52 Hz, 1H, C5°H), 7.48 (d, J = 2.28 Hz, 1H, C8’H), 7.52 (t,
J=17.78 Hz, 1H, ArH), 7.60 (d, J = 7.80 Hz, 1H, ArH), 7.73 (d, J
= 8.72 Hz, 1H, ArH), 7.76-7.82 (m, 2H, ArH), 7.84 (s, 1H, ArH), 7.86-7.87 (m, 1H, ArH), 7.90
(d, J = 1.84 Hz, 1H, ArH), 7.92 (s, 1H, ArH), 7.94 (s, 1H, C2H), 8.36 (s, 1H, C5H); °C NMR
(CDCl3, 100 MHz): & 18.8 (CH3), 109.4, 110.5, 114.4, 117.7, 118.3, 122.2, 122.4, 122.6, 122.7,
125.2, 125.3, 125.4, 125.6, 125.7, 126.1, 128.1, 128.6, 129.1, 129.5, 130.3, 131.1, 131.3, 131.4,
132.1, 132.4, 132.7, 132.9, 134.5, 136.0, 136.1, 152.0, 152.5, 154.2, 154.7 (ArC), 160.6 (C=0);
MS (EI): m/z 582.2 (M"+1); Anal. Calcd for: CsH;7FsN3Os: C, 61.97; H, 2.95; N, 7.23.
Found: C, 62.13; H, 2.82; N, 7.03.

3 methyl -2H-chromen-2’-one (15b): White solid; Yield: 60%; mp
7\3

5
F,C 6

Spectral data of 7°-(3,6-bis(4-methoxyphenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-

H,CO

2w, °C;'HNMR (CDCls, 400 MHz):  2.50 (d, J = 0.92 Hz, 3H, CHs),

Q;[N/onij\)ig 3.81 (s, 3H, OCH3), 3.92 (s, 3H, OCH3), 6.31 (d, J = 1.36 Hz, 1H,
1o AR C3’H), 6.90 (d, J = 8.68 Hz, 2H, ArH), 7.12 (d, J = 9.16 Hz, 2H,
ArH), 7.42 (dd, °J = 8.72 Hz, >J = 2.28 Hz, 1H, C5°H), 7.52 (d, J = 2.28 Hz, 1H, C8’H), 7.54 (d,
J =8.72 Hz, 2H, ArH), 7.63 (d, J = 8.72 Hz, 2H, ArH), 7.70 (d, J = 8.72 Hz, 1H, ArH), 7.77 (s,
1H, C2H), 8.25 (s, 1H, C5H); °C NMR (CDCl3;, 100 MHz): 5 18.8 (CH3), 55.3 (OCHs), 55.4
(OCH3), 108.2, 110.4, 114.1, 114.2, 114.9, 117.3, 118.3, 120.2, 125.2, 127.2, 128.3, 129.1,
129.7, 132.1, 133.3, 136.6, 151.9, 152.2, 154.2, 155.2, 160.1, 160.2 (ArC), 160.8 (C=0); MS
(ED): m/z 506.3 (M"+1); Anal. Caled for C3y H»3N30s: C, 71.28; H, 4.59; N, 8.31. Found: C,
71.03; H, 4.48; N, 8.18.

2H-chromen-2’-one (16b): White solid; Yield: 73%; mp 224-226
Q.
HNON

CH,

Spectral data of 4,4’-(8-(4’-methyl-2’-0x0-2H-chromen-7’-yloxy)imidazo[1,2-a]pyrazine-

one 3,6-diyl) dibenzaldehyde (17b): White solid; Yield: 70%; mp >300
N2, e, °C;'HNMR (CDCIs+ TFA, 400 MHz): § 2.56 (s, 3H, CHa), 6.45 (d,
J :/LZ: ji-o J =092 Hz, 1H, C3°’H), 7.46 (dd, >J = 8.68 Hz, °J = 2.28 Hz, 1H,

onc ’ _— C5°H), 7.60 (d, J = 2.28 Hz, 1H, C8’H), 7.83 (d, J = 8.68 Hz, 1H,

ArH), 7.87-7.90 (m, 4H, ArH), 7.97 (d, J = 8.24 Hz, 2H, ArH), 8.22-8.26 (m, 3H, ArH), 8.52 (s,
1H, C5H), 10.02 (s, 1H, CHO), 10.18 (s, 1H, CHO); °C NMR (CDCl; + TFA, 100 MHz): &
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18.9 (CH3), 109.9, 110.3, 114.4, 118.2, 118.5, 126.2, 127.1, 128.5, 129.4, 130.1, 130.7, 131.3,
136.9, 137.6, 139.2, 140.4, 150.2, 153.6, 153.7, 153.8 (ArC), 162.5 (C=0), 191.6 (CHO), 192.4
(CHO); MS (EI): m/z 501.2 (M"+1); Anal. Calcd for C30H,oN3Os: C, 71.85; H, 3.82; N, 8.38.
Found: C, 71.69; H, 3.66; N, 8.19.

Spectral data of 7°-(3,6-bis(2-hydroxyphenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-

OH 2H-chromen-2’-one (18b): White solid; Yield: 68%; mp >300 °C;
4N3’,2N1 g 'H NMR (CDCl; + TFA, 400 MHz): § 2.58 (d, J = 0.92 Hz, 3H,
i N/LO: 0\30 CH3), 6.52 (d, J = 1.40 Hz, 1H, C3’H), 6.86-6.95 (m, 2H, ArH),
o . 7.14-7.23 (m, 2H, ArH), 7.28-7.32 (m, 1H, ArH), 7.40 (dd, *J = 8.72

Hz, *J = 2.28 Hz, 1H, ArH), 7.43-7.46 (m, 2H, ArH), 7.53 (dd, *J = 8.24 Hz, *J = 1.36 Hz, 1H,
ArH), 7.56-7.60 (m, 1H, ArH), 7.88 (d, J = 8.68 Hz, 1H, ArH), 8.15 (s, 1H, C2H), 8.37 (s, 1H,
C5H); °C NMR (CDCl; + TFA, 100 MHz): & 18.8 (CHs), 109.8, 110.4, 111.7, 114.4, 116.0,
117.0, 118.6, 119.3, 121.2, 122.0, 124.1, 124.8, 126.7, 127.2, 128.9, 131.6, 132.9, 133.9, 141.1,
148.2, 152.9, 153.7, 154.2, 155.1, 155.7 (ArC), 163.7 (C=0); MS (EI): m/z 478.2 (M'+1);
Anal. Calcd for: Cos H19N3O5: C, 70.43; H, 4.01; N, 8.80. Found: C, 70.61; H, 3.89; N, 8.63
Spectral data of 1,1°-(4,4’-(8-(4’-methyl-2’-0x0-2 H-chromen-7’-yloxy)imidazo[1,2-
alpyrazin-3,6-diyl)bis(4,1-phenylene)diethanone (19b): White

%C’
Q}{ solid; Yield: 54%; mp >300 °C; '"H NMR (CDCl; + TFA, 400
CZ: MHz): § 2.55 (d, J = 0.92 Hz, 3H, CH;), 2.64 (s, 3H, CH), 2.75
O/[ % (s, 3H, CHy), 6.42 (d, J = 1.40 Hz, 1H, C3°H), 7.44 (dd, *J = 8.72

Hz, *J=2.28 Hz, 1H, C5’H), 7.62 (d, J = 2.28 Hz, 1H, C8’H),

7.79 (d, J = 8.24 Hz, 3H, ArH), 7.83 (d, J =8.72 Hz, 2H, ArH), 8.03 (d, J = 8.72 Hz, 2H, ArH),
8.18 (s, 1H, C2H), 8.27 (d, J = 8.28 Hz, 2H, ArH), 8.49 (s, 1H, C5H); ?C NMR (CDCl; + TFA,
100 MHz): 6 18.9 (CHj3), 26.6 (CH3), 26.7 (CH3), 109.7, 110.2, 114.4, 118.1, 118.4, 126.2,
126.6, 127.5, 128.6, 128.7, 129.0, 129.2, 129.3, 129.4, 130.0, 137.7, 138.1, 138.5, 140.1, 150.2,
153.5, 153.6, 153.7 (ArC), 162.2 (C=0), 198.1 (C=0), 199.0 (C=0); MS (EI): m/z 530.2
(M'+1); Anal. Calcd for C3,H»3N30s: C, 72.58; H, 4.38; N, 7.94. Found: C, 72.71; H, 4.22; N,
7.84.

3.10.6. General procedure for synthesis of unsymmetrical hybrids (20-30)

Monoarylated imidazo[1,2-a]pyrazine-coumarin hybrid was dissolved in a mixture of 1,2-DME :

water (9:1) in a sealed tube. Boronic acid (1 eq.) and K,CO;3 (1.1 eq.) were added and purged the

65



reaction mixture with nitrogen. Then, Pd(PPhs); (5mol%) was added with nitrogen purging,

sealed the vial and refluxed for 6-8 h. Completion of reaction was determined by TLC. The

mixture was extracted with chloroform and water. Chloroform layer was dried over sodium

sulphate to obtain crude product which was further purified by column chromatography using

chloroform: ethylacetate / chloroform: methanol as eluents.

Spectral data of 7°-(6-(2-methoxyphenyl)-3-(thiophen-2-yl)imidazo[1,2-a]pyrazin-8-yloxy)-
CSS’\ 4’-methyl-2H-chromen-2’-one (20): Off White solid; Yield: 64%;

{S‘I Hz, 3H, CH3), 3.96 (s, 3H, OCH3), 6.30 (d, J = 0.92 Hz, 1H, C3’H),
6.98-7.01 (m, 2H, ArH), 7.28-7.34 (m, 2H, ArH), 7.41 (dd, *J = 8.72
Hz, °J = 2.28 Hz, 1H, C5°H), 7.44 (dd, *J = 3.64 Hz, °J = 0.92 Hz, 1H, ArH), 7.51 (d, J = 2.28
Hz, 1H, C8’H), 7.55 (dd, >J = 5.04 Hz, *J = 0.92 Hz, 1H, ArH), 7.69 (d, J = 8.72 Hz, 1H, ArH),
7.82 (dd, 2J = 8.24 Hz, *J = 1.60 Hz, 1H, ArH), 7.91 (s, 1H, C2H), 9.12 (s, 1H, C5H); *C NMR
(CDCls, 100 MHz): § 18.8 (CHs), 55.7 (OCH3), 110.3, 111.2, 114.1, 114.7, 117.2, 118.2, 121.1,
123.1, 123.9, 125.2, 126.5, 126.7, 128.0, 128.9, 129.7, 130.1, 132.5, 133.5, 134.2, 151.2, 152.2,
154.2, 155.3, 156.7 (ArC), 160.8 (C=0); MS (EI): m/z 482.1 (M'+1); Anal. Calcd for
Cy7H1sN304S: C, 67.35; H, 3.98; N, 8.73; S, 6.66. Found: C, 67.63; H, 4.10; N, 8.61; S, 6.51.

J\N o P mp 221-223 °C; 'H NMR (CDCls, 400 MHz): 249 (d, J = 136
6 I\;/:QO Ty (% (¢

Spectral data of 7°-(3-(furan-2-yl)-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-yloxy)-4’-
70 methyl-2H-chromen-2’-one (21): Off White solid; Yield: 52%; mp
%’%Nl S 204-205 °C; '"H NMR (CDCls, 400 MHz): & 2.49 (s, 3H, CH3), 3.99

2] L m (s, 3H, OCH3), 6.30 (d, J = 1.36 Hz, 1H, C3’H), 6.64 (q, J = 1.62
CN T Y 4 1H ArH), 6.78 (d, J = 3.68 Hz, 1H, ArH), 6.98-7.02 (m, 2H,

ArH), 7.30-7.35 (m, 1H, ArH), 7.41 (dd, *J = 8.72 Hz, >J =2.32 Hz, 1H, C5’H), 7.52 (d, J = 2.32

Hz, 1H, C8’H), 7.64 (d, J = 1.84 Hz, 1H, ArH), 7.68 (d, J = 8.68 Hz, 1H, ArH), 7.81 (dd, *J =

7.80 Hz, °J = 1.84 Hz, 1H, ArH), 7.99 (s, 1H, C2H), 9.19 (s, 1H, C5H); >*C NMR (CDCls, 100

MHz): § 18.8 (CH3), 55.7 (OCH3), 107.7, 110.3, 111.3, 111.7, 114.1, 115.7, 117.2, 118.2, 120.9,

121.1, 124.1, 125.2, 129.7, 130.2, 132.1, 133.0, 133.6, 142.7, 143.6, 151.1, 152.2, 154.2, 155.3,

156.8 (ArC), 160.8 (C=0); MS (EI): m/z 466.1 (M*+1); Anal. Calcd for C»;HoN30s: C, 69.67;

H, 4.11; N, 9.03. Found: C, 69.85; H, 4.01; N, 9.18.

Spectral data of 7°-(6-(2-methoxyphenyl)-3-phenylimidazo[1,2-a]pyrazin-8-ylxy)-4’-methyl-
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2H-chromen-2’-one (22): White solid; Yield: 69%; mp 194-195 °C;

Q‘:\z] CH, 'H NMR (CDCls, 400 MHz): & 2.49 (d, J = 1.40 Hz, 3H, CH3), 3.90

OCH3~|&iNm (s, 3H, OCH3), 6.29 (d, J = 0.92 Hz, 1H, C3’H), 6.95-7.00 (m, 2H,

°% 7% % °  ArH), 7.28-7.32 (m, 1H, ArH), 7.42 (dd, >/ = 8.72 Hz, *J = 2.28 Hz,

1H, C5’H), 7.48-7.50 (m, 1H, ArH), 7.52 (d, J = 2.28 Hz, 1H, C8’H), 7.59 (t, J = 7.58 Hz, 2H,

ArH), 7.67-7.70 (m, 3H, ArH), 7.81 (dd, >J = 7.80 Hz, *J = 1.82 Hz, 1H, ArH), 7.86 (s, 1H, C2H),

8.99 (s, 1H, C5H); °C NMR (CDCls, 100 MHz): & 18.7 (CH3), 55.6 (OCH3), 110.3, 111.2, 114.0,

114.3, 117.2, 118.2, 121.1, 124.1, 125.2, 128.0, 128.3, 128.9, 129.2, 129.3, 129.6, 130.1, 132.5,

133.2, 133.6, 151.4, 152.1, 154.3, 155.4, 156.7 (ArC), 160.8 (C=0); MS (EI): m/z 476.2 (M"+1);
Anal. Calcd for Co0H, N3O4: C, 73.25; H, 4.45; N, 8.84. Found: C, 73.49; H, 4.62; N, 8.99.

Spectral data of 7°-(6-(2-methoxyphenyl)-3-m-tolylimidazo[1,2-a]pyrazin-8-yloxy)-4’-
s methyl-2H-chromen-2’-one (23): White solid; Yield: 72%; mp 202-
203 °C; '"H NMR (CDCls, 400 MHz): & 2.49 (d, J = 1.36 Hz, 3H, CH3),

2
1 3

OCH,] iN s 250 (s, 3H, CH3), 3.92 (s, 3H, OCHj3), 6.30 (d, J = 1.36 Hz, 1H,
@i 9”0 (C3’H), 6.96-7.00 (m, 2H, ArH), 7.28-7.32 (m, 2H, ArH), 7.42 (dd, *J =

8.72 Hz, ] =2.28 Hz, 1H, C5°H), 7.48 (d, J = 5.48 Hz, 2H, ArH),
7.50 (s, 1H, ArH), 7.52 (d, J=2.28 Hz, 1H, C8°H), 7.69 (d, J = 8.72 Hz, 1H, ArH), 7.81 (dd, *J
= 7.32 Hz, °J = 1.60 Hz, 1H, ArH), 7.85 (s, 1H, C2H), 9.00 (s, 1H, C5H); >C NMR (CDCl;,
100 MHz): & 18.8 (CH3), 21.5 (CH3), 55.5 (OCH3), 110.3, 111.1, 114.0, 114.4, 117.2, 118.2,
121.1, 124.1, 125.0, 125.2, 128.2, 128.5, 129.1, 129.3, 129.6, 129.7, 130.1, 132.4, 132.9, 133.6,
139.1, 151.3, 152.2, 154.2, 155.4, 156.6 (ArC), 160.9 (C=0); MS (ED): m/z 490.2 (M*+1);
Anal. Calcd for C3oHx3N304: C, 73.61; H, 4.74; N, 8.58. Found: C, 73.72; H, 4.82; N, 8.33.

Spectral data of 7°-(3-(4-ethylphenyl)-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-
yloxy)-4’-methyl-2H-chromen-2’-one (24): Off White solid;
Q”% Yield: 55%; mp 179-180 °C; '"H NMR (CDCls, 400 MHz): &
ocH, I%ih}j@\/ti 1.33 (t, J = 7.56 Hz, 3H, CH3), 2.48 (d, J = 0.92 Hz, 3H, CHj),
@26[1\71 CEN RN 2.77 (q, J =7.56 Hz, 2H, CH,), 3.91 (s, 3H, OCH3), 6.29 (d, J =
1.20 Hz, 1H, C3’H), 6.95-7.00 (m, 2H, ArH), 7.27-7.31 (m, 1H,

ArH), 7.39-7.42 (m, 3H, ArH), 7.52 (d, J = 2.28 Hz, 1H, C8’H), 7.59 (d, J = 8.24 Hz, 2H, ArH),
7.68 (d, J = 8.72 Hz, 1H, ArH), 7.77-7.82 (m, 1H, ArH), 7.83 (s, 1H, C2H), 8.97 (s, 1H, C5H);

H,CH,C
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C NMR (CDCls, 100 MHz): § 15.4 (CH3), 18.8 (CH3), 28.7 (CHy), 55.6 (OCH3), 110.3, 111.1,
114.0, 114.4, 117.2, 118.2, 121.1, 124.5, 125.2, 127.9, 128.7, 130.1, 130.9, 131.4, 132.3, 133.0,
133.4, 134.5, 151.3, 152.2, 154.2, 155.4, 156.7 (ArC), 160.9 (C=0); MS (EI): m/z 504.2 (M"+1);
Anal. Calcd for C51H,5N504: C, 73.94; H, 5.00; N, 8.34; Found: C, 74.16; H, 4.89; N, 8.17.
Spectral data of 7°-(3-(4-fluorophenyl)-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-
E yloxy)-4’-methyl-2H-chromen-2’-one (25): White solid; Yield:
75%; mp 235-237 °C; '"H NMR (CDCls, 400 MHz): § 2.49 (d, J =
4NL/2N' A Cz: 1.36 Hz, 3H, CH3), 3.90 (s, 3H, OCH3), 6.30 (d, J = 0.92 Hz, 1H,
(OS{;;[Nlomo C3’H), 6.96-7.01 (m, 2H, ArH), 7.27-7.33 (m, 3H, ArH), 7.42 (dd,
7 T 2J=8.72 Hz, *J = 2.28 Hz, 1H, C5°H), 7.52 (d, J = 2.32 Hz, 1H,
C8’H), 7.63-7.66 (m, 2H, ArH), 7.69 (d, J = 8.72 Hz, 1H, ArH), 7.81 (dd, >J = 7.80 Hz, °J = 1.84
Hz, 1H, ArH), 7.83 (s, 1H, C2H), 8.89 (s, 1H, C5H); °C NMR (CDCl;, 100 MHz): § 18.8 (CHs),
55.6 (OCH3), 110.3, 111.1, 114.0, 114.1, 116.4, 116.6, 117.2, 118.2, 121.1, 123.9, 124.4, 125.2,
128.1, 129.7, 130.0, 130.1, 132.5, 133.2, 133.6, 151.4, 152.2, 154.2, 155.3, 156.6, 160.8 (C=0),
161.7, 164.1 (ArC); MS (EI): m/z 494.2 (M'+1); Anal. Caled for CooHFN3Oy4: C, 70.58; H,
4.08; N, 8.51. Found: C, 70.69; H, 3.97; N, 8.32.
Spectral data of 7°-(3-(4-chlorophenyl)-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-
cl yloxy)-4’-methyl-2H-chromen-2’-one (26): White solid; Yield:
65%; mp 243-245 °C; '"H NMR (CDCls, 400 MHz): & 2.49 (d, J =

3 2

o N A Cz: 1.36 Hz, 3H, CH3), 3.92 (s, 3H, OCH3), 6.30 (d, J = 1.40 Hz, 1H,
©2[Nlo mo C3’H), 6.97-7.01 (m, 2H, ArH), 7.29-7.33 (m, 1H, ArH), 7.41
7 o (dd, %) = 8.68 Hz, *J = 2.28 Hz, 1H, C5°H), 7.51 (d, J = 2.28 Hz,

1H, C8’H), 7.55-7.58 (m, 2H, ArH), 7.60-7.63 (m, 2H, ArH), 7.69 (d, J = 8.72 Hz, 1H, ArH),
7.81 (dd, 2J = 7.76 Hz, *J = 1.82 Hz, 1H, ArH), 7.85 (s, 1H, C2H), 8.92 (s, 1H, C5H); '*C NMR
(CDCls, 100 MHz): & 18.8 (CH3), 55.7 (OCH3), 110.3, 111.2, 114.0, 114.1, 117.3, 118.2, 121.2,
123.9, 125.2, 126.8, 128.0, 129.2, 129.6, 129.7, 130.1, 132.6, 133.4, 133.8, 134.9, 151.4, 152.2,
154.2, 155.3, 156.6 (ArC), 160.8 (C=0); MS (EI): m/z 510.1 (M'+1); Anal. Calcd for
CaoHa0CIN3O4: C, 68.30; H, 3.95; N, 8.24. Found: C, 68.61; H, 4.06; N, 8.16.

Spectral data of 7°-(6-(2-methoxyphenyl)-3-(3-(trifluoromethyl)phenyl)imidazo[1,2-
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CF,

alpyrazin-8-yloxy)-4’-methyl-2H-chromen-2’-one (27): White
solid; Yield: 55%; mp 204-206 °C; "H NMR (CDCls, 400 MHz): &

TN o T 249(d, J=092 Hz, 3H, CHy), 3.92 (s, 3H, OCHy), 631 (d, J =
E()S{ﬁé[l"lomo 0.68 Hz, 1H, C3’H), 6.97-7.00 (m, 2H, ArH), 7.28-7.33 (m, 1H,

’ o ArH), 7.42 (dd, *J = 8.68 Hz, *J=2.30 Hz, 1H, C5’H), 7.50 (d, J =
2.28 Hz, 1H, C8’H), 7.70 (d, J = 8.68 Hz, 1H, ArH), 7.73-7.78 (m, 2H ArH), 7.84 (dd, °J = 8.24
Hz, °J = 1.84 Hz, 1H, ArH), 7.86 (d, J = 7.32 Hz, 1H, ArH), 7.92 (s, 1H, ArH), 7.98 (s, 1H,
C2H), 9.01 (s, 1H, C5H); *C NMR (CDCl;. 100 MHz): & 18.8 (CH3), 55.4 (OCH3), 110.3,
111.1,113.9, 114.1, 117.3, 118.2, 121.1, 123.6, 124.1, 124.2, 125.1, 125.3, 125.5, 125.6, 127.6,
129.3, 129.8, 130.0, 131.5, 131.6, 131.9, 132.9, 133.5, 134.2, 151.5, 152.1, 154.2, 155.2, 156.7
(ArC), 160.8 (C=0); MS (EI): m/z 544.2 (M"+1); Anal. Calcd for C3yH0F3N304: C, 66.30; H,
3.71; N, 7.73. Found: C, 66.03; H, 3.60; N, 7.66.

Spectral data of 7°-(6-(2-methoxyphenyl)-3-(4-methoxyphenyl)imidazo[1,2-a]pyrazin-8-
H,CO

yloxy)-4’-methyl-2H-chromen-2’-one (28): White solid; Yield:

Q’{ 64%; mp 239-241 °C; '"H NMR (CDCls, 400 MHz): & 2.49 (d, J =

4N g s 1.40 Hz, 3H, CH3), 3.90 (s, 3H, OCH3), 3.92 (s, 3H, OCH3), 6.30

(OS{:[ I& m (d, J = 0.92 Hz, 1H, C3’H), 6.95-7.00 (m, 2H, ArH), 7.11 (d, J =

6 1\71 0 7 ?' 6} ’ > > > ’ ’ > ’
9.16 Hz, 2H, ArH), 7.28-7.32 (m, 1H, ArH), 7.42 (dd, *J = 8.72

Hz, °J =2.30 Hz, 1H, C5’H), 7.52 (d, J = 2.28 Hz, 1H, C8’H), 7.59 (d, J = 8.68 Hz, 2H, ArH),

7.68 (d, J = 8.72 Hz, 1H, ArH), 7.78-7.80 (m, 2H, ArH, C2H), 8.91 (s, 1H, C5H); °C NMR

(CDCl3, 100 MHz): § 18.7 (CH3), 55.4 (OCH3), 55.6 (OCH3), 110.2, 111.1, 114.0, 114.2, 114.6,

117.1, 118.2, 120.5, 121.1, 124.1, 125.2, 129.0, 129.4, 129.5, 130.0, 132.2, 132.9, 133.1, 151.3,

152.2, 154.2, 155.4, 156.6, 160.0 (ArC), 160.8 (C=0); MS (EI): m/z 506.2 (M*+1); Anal. Calcd
for C50H»3N305: C, 71.28; H, 4.59; N, 8.31. Found: C, 71.46; H, 4.70; N, 8.18.
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Spectral data of 7°-(3-(2-hydroxyphenyl)-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-
OH yloxy)-4’-methyl-2H-chromen-2’-one (29): White solid; Yield:
%Nl , C}f.; 53%; mp >300 °C; '"H NMR (CDCl; + TFA, 400 MHz): § 2.58 (d, J
QT i m = 0.92 Hz, 3H, CHs), 3.85 (s, 3H, OCH3), 6.51 (s, 1H, C3°H), 6.98-
@Jﬁ;\g R 7.01 (m, 2H, ArH), 7.13-7.20 (m, 2H, ArH), 7.37-7.41 (m, 1H, ArH),
7.46 (d, J = 7.76 Hz, 2H, ArH), 7.53--7.58 (m, 2H, ArH), 7.72 (dd, *J = 8.24 Hz, *J = 1.60 Hz,
1H, ArH), 7.85 (d, J = 8.72 Hz, 1H, ArH), 8.10 (s, 1H, C2H), 8.86 (s, 1H, C5H); °C NMR
(CDCI3+TFA, 100 MHz): 6 18.9 (CHj3), 55.6 (OCH3), 111.2, 111.6, 113.6, 115.4, 116.8, 118.4,
118.8, 121.4, 121.7, 123.2, 125.1, 126.5, 128.0, 130.2, 131.2, 131.8, 133.6, 139.1, 147.3, 153.4,
153.9, 154.4, 155.9, 157.1 (ArC), 164.6 (C=0); MS (EI): m/z 492.2 (M"+1); Anal. Calcd for

CyoH,1N505: C, 70.87; H, 4.31; N, 8.55. Found: C, 70.77; H, 4.28; N, 8.70.

Spectral data of 7°-(6-(4-chlorophenyl)-3-(thiophen-2-yl)imidazo[1,2-a]pyrazin-8-yloxy)-
& 4’-methyl-2H-chromen-2’-one (30): White solid; Yield: 61%;
CENS:/{I\; , C:‘j mp 187-189 °C; '"H NMR (CDCls, 400 MHz): § 2.52 (d, J = 0.92

6‘ N;&Omo Hz, 3H, CH3), 6.32 (d, J = 1.40 Hz, 1H, C3’H), 7.28-7.30 (m, 1H,

o T T T ArH), 7.33-7.40 (m, 3H, ArH), 7.42 (dd, 2/ = 3.68 Hz, *J = 1.38

Hz, 1H, ArH), 7.47 (d, J = 2.28 Hz, 1H, C8’H), 7.57-7.58 (m, 1H, ArH), 7.66 (d, J = 8.72 Hz,

2H, ArH), 7.71 (d, J = 8.72 Hz, 1H, ArH), 7.90 (s, 1H, C2H), 8.47 (s, 1H, C5H); °C NMR

(CDCl5, 100 MHz): 6 18.8 (CH3), 109.7, 110.5, 114.3, 117.5, 118.2, 123.1, 125.3, 127.2, 127.3,

127.3, 128.2, 129.0, 129.4, 129.9, 132.6, 133.9, 134.7, 134.8, 136.1, 152.1, 154.2, 154.9 (ArC),

160.7 (C=0); MS (EI): m/z 486.1 (M"+1); Anal. Calcd for CH;sCIN;03S: C, 64.26; H, 3.32;

N, 8.65; S, 6.60. Found: C, 64.41; H, 3.24; N, 8.78; S, 6.43.

3.10.7. MTT ASSAY PROTOCOL

Hek293 (Human embryonic kidney)cells, DMEM with 50 mM glutamine, 10% FBS, 100 u/ml
pencillin and 100 mg/ml streptomycin. The test was performed against Hek293 (Human
embryonic kidney) cells. Cells were seeded in 96 well plates at the density of 1x107 cells/well in
DMEM media supplemented with 10% FBS cells. Cells were incubated at 37° C in 5% CO,
incubator. Cells were treated with compound 16b at five concentrations (10 107, 10°, 107, 10"
%) for 24 h at 37 °C. 10 pl of MTT (prepared in 1* PBS buffer) from Smg/ml stock was added in
each well and incubated at 37°C for 4 h in dark. The formazan crystals were dissolved using 100

ul of DMSO. Further, the amount of formazan crystal formation was measured as difference in
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absorbance by Bio-Red ELISA plate reader at 570 nm and 690 nm reference wavelength. The
relative cell toxicity (%) related to control wells containing culture medium without test material

was calculated by using formula:

OD (Compound treated wells)
% Cell Toxicity = 100 - X 100
OD (Untreated Wells)

3.10.8. SHAKE-FLASK METHOD

Partition coefficient for the target compounds was determined at room temperature using n-
octanol-phosphate buffer (0.15 M, pH = 7.4). The experiments were performed in the system
phosphate buffer: n-octanol at different volumes (30: 1, 50: 1). The stock solutions of the entire
compounds were prepared in dimethylsulfoxide (spectroscopy grade) at concentration of 5x10™
M. All solutions were pipette into glass vials; phosphate buffer and stock solution (125 pL, 250
uL) were added with a micropipette. The wavelength chosen according to the Ay.x of the
compounds i.e., 307, 315, 287, 323, 283, 290, 272, and 294 for 6, 7a, 9b, 10b, 11b, 16b, 28 and
30 respectively. Initial absorbance (A;) of stock solution in the buffer phase was recorded for
each compound followed by n-Octanol was added into each vial. The phases were shaken
together on a mechanical shaker (METREX, Cat No. MRS-50H) for 45 minutes, centrifuged
(REMI R-24) at 2500 rpm for 30 min to afford complete phase separation, and n-octanol phase
was removed. Absorbance of the buffer phase was measured spectrophotometrically using a
CHAMPION UV-500 spectrophotometer.

P values were calculated from the following equation:-

—A
P=A7 fxﬁ
A, Vv

Where A; and Afrepresent the absorbance of compounds in the aqueous phase before and
after partitioning, respectively. V,, and V, represent the volume of the aqueous and organic

phases used in the octanol/buffer system.
3.10.9. MOLECULAR MODELLING (DOCKING)

Coordinates from the X-ray crystal structure of (PDB ID: 30G7) were taken from the RCSB
Protein Data Bank. Compounds were constructed with the builder toolkit of the software package

ArgusLab 4.0.1 (www.arguslab.com) and energy minimized using the semiempirical quantum
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mechanical method PM3. The monomeric structure of the enzyme was chosen, and the active
site was defined around the ligand. The molecule to be docked in the enzyme active site was
inserted into the work space carrying the structure of the enzyme. The docking program
implements an efficient grid-based docking algorithm, which approximates an exhaustive search
within the free volume of the binding site cavity. The conformational space was surveyed by the
geometry optimization of the flexible ligand (rings are treated as rigid) in combination with the
incremental construction of the ligand torsions. Thus, docking occurred between the flexible
ligand parts of the compound and enzyme. The ligand orientation was determined by a shape
scoring function based on A score and the final positions were ranked by lowest interaction
energy values. Hydrogen bond between the compound and enzyme were explored by distance

measurements.
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CHAPTER 4

4.1. IMIDAZO[1,2-a]PYRAZINE-TRIAZOLE-COUMARIN CONJUGATES

4.1.1. INTRODUCTION

Energy transfer (ET) cassettes involve the absorption of photon of light by one of the
chromophores, resulting in energy transfer. Donor molecule returned to ground state along with
raising the acceptor to excited state.'** Energy transfer process can take place in two different

ways; (i) through bond energy transfer (TBET),'®

and (i1) through space energy transfer
(Fluorescence resonance energy transfer, FRET).'? Energy transfer through both pathways
involves use of a donor and an acceptor linked through, conjugated spacer in case of TBET and
non-conjugated spacer in case of FRET. Energy transfer through TBET does not require the
criterion of spectral overlap between the absorption of the acceptor and emission of the donor.
On the other hand, FRET phenomenon requires the criterion of spectral overlap between
absorption spectra of acceptor and emission spectra of donor. It can also afford simultaneous
recording ratio signals of two emission intensities at different wavelengths, which could provide
a built-in correction for the environmental effects and supply a facile method for visualizing
complex biological processes at the molecular level, such as nucleic acid regulation, DNA
detection, protein labelling, and other biomarkers. Consequently, studying the construction of

energy donor—acceptor architectures, or “energy transfer cassettes” is very interesting and

significant to many chemists, biologists, environmentalists, and medical scientists.
4.1.2. OBJECTIVE

“Click reactions” and “Suzuki-Miyaura cross couplings” have been proved to be the powerful
tools to construct the heterocyclic molecular frameworks. Herein, we have reported the first
sequential functionalization at C-8 and C-6 positions of imidazo[1,2-a]pyrazine by implementing
“click” and “Suzuki-Miyaura cross coupling” reactions respectively. These have been leading to
energy transfer cassettes along with the determination of photophysical characterization of the
synthesized compounds by depicting the quantum yields. We have introduced various electron
donating substituents viz., methyl, ethyl, hydroxy, methoxy as well as electron withdrawing
substituents viz., formyl, acetyl to the donor part of the cassette, thereby determining the overall

quantum yield and energy transfer efficiency (ETE). The effect of spacer length between donor
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and acceptor has also been studied to predict the energy transfer efficiency. To the best of our
knowledge, this is first report for coupling of imidazo[l,2-a]pyrazine based donors with

coumarin acceptors in way that facilitate energy transfer through space.
4.1.3. CHEMISTRY

To synthesize these energy transfer cassettes, our study was initiated with the easily available
starting material 2-bromoethylamine hydrobromide 1 which was refluxed with sodium azide in
water for 12 h followed by stirring with sodium hydroxide at room temperature to give 2-
azidoethanamine 2."*’ The azide has limited thermal stability but they could be stored in ether or
hexane for longer period of time at low temperature in pure state. To obtain the first precursor,
we have treated 6,8-dibromoimidazo[1,2-a]pyrazine 3 (obtained from bromination of 2-
aminopyrazine followed by cyclization with 50% aqueous chloroacetaldehyde) with 2-
azidoethanamine 2 in the presence of diisopropylethylamine (DIPEA) in acetonitrile at reflux
temperature for 24 h to obtain N-(2-azidoethyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine 4 in

72% yield (Scheme 1).

/—:\
N_ N _
(i) NaNs, H,0, B N B N/
r r
/\/NHziHBr reflux, 12 h. N ~_NH;, 3 JI /:[ /\/N3
B .. B N NH
f (ii) NaOH, rt, DIPEA, acetonitrile, '
1 . 2 4
30 min. reflux, 24 h.

Scheme 1 Synthesis of N-(2-azidoethyl)-6-bromoimidazol1,2-a]pyrazin-8-amine (4)

Second precursor 4-methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one 6 was obtained in 81%
yield by the reaction of 7-hydroxy-4-methyl-2H-chromen-2-one § with 2 equivalents of 80%
solution of propargyl bromide in the presence of potassium carbonate and acetone at room

temperature for 12 h (Scheme 2).

CH, CH,

/@\)1 , Br o K,COs, acetone, /@\)1

HO 0 Yo " wnn O 0”0
6

5

Scheme 2 Synthesis of 4-methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one (6)
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With both the precursors in hand, copper-catalyzed azide alkyne cycloaddition (CuAAC)
reaction of imidazo[1,2-a]pyrazine 4 and coumarin 6 was performed. To explore the feasibility
of [2+3] cycloaddition of azide alkyne reaction, various catalysts and solvents (Table 1) were
screened according to the existing literature. Among the various catalysts (CuSO4.5H,0, CuBr,
Cul and CuCl,), CuS0O4.5H,0 showed the highest efficiency in the presence of sodium ascorbate
at room temperature (Table 1, entry 8). Several solvents were also tested; ethanol and water
mixture was proved to be the most effective solvent (Table 1, entries 4,8,12). Increasing the
temperature of the reaction did not lead to any further improvements in the yield (Table 1, entries
13,14). No improvement in efficiency observed when the loading of CuSO4 was increased from

5-15 mol% (Table 1, entries 15,16).

Table 1 Optimization of click reactions

CH,4

)\ CH,4
NN } CuSO4 5H,0, -

/[ /:[ N3 + h

B >N ONHT Y sodlum ascorbate, \)\/
4 /\ O . O ~O ethanol:water Br
(8:2). 1t, 2 h.

Entry Cu (5 mol%) Sodium ascorbate Solvent Temp. Yield (%)
1 CuBr 10 mol% Butanol:H,0O t 50%
2 Cul 10 mol% Butanol:H,O rt 52%
3 CuCl, 10 mol% Butanol:H,O rt 52%
4 CuS0,.5H,0 10 mol% Butanol:H,O rt 61%
5 CuBr 10 mol% Ethanol:H,O rt 20%
6 Cul 10 mol% Ethanol:H,O rt 60%
7 CuCl, 10 mol% Ethanol:H,O rt 30%
8 CuSO0,.5H,0 10 mol % Ethanol:H,O rt 91%
9 CuBr 10 mol% H,O rt <5%
10 Cul 10 mol% H,O rt 15%
11 CuCl, 10 mol% H,O rt 20%
12 CuS0,.5H,0 10 mol% H,O rt 49%
13 CuS0,.5H,0 10 mol% Ethanol:H,O 60 °C 79%
14 CuS0,.5H,0 10 mol% Ethanol:H,O 80 °C 78%
15 CuS0,.5H,0 (10 mol%) 10 mol% Ethanol:H,O rt 81%
16 CuS0,.5H,0 (15 mol%) 10 mol% Ethanol:H,O Rt 83%
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With the optimized reaction conditions, compound 4 was treated with 4-methyl-7-(prop-2-
ynyloxy)-2H-chromen-2-one 6 in the presence of 5 mol% of CuSO4.5H,0 and 10 mol% of
sodium ascorbate in ethanol:water (8:2) at room temperature for 2h to give 1,4-disubstituted
triazole 7 in 91% yield. However, when the reaction was typically carried out in heating without
using any catalyst, mixtures of 1,4- (7) and 1,5-disubstituted (8) triazole derivatives in the ratio
of 2:1 were obtained (Scheme 3). It has been observed that thermal [2+3] dipolar cycloaddition
of alkyne to azide is not a regiospecific reaction.'*® Strong Nuclear Overhauser effect (NOE) was
observed between the H-5’ triazole proton and protons of substituted alkyl groups present at N-1’
and C-4’ positions in compound 7, suggesting that the triazole proton and alkyl groups are in
close proximity, confirmed the formation of 1,4-disubstituted triazole. NOE spectrum of 1,5-
disubstituted triazole 8 showed no correlation between the singlet of triazole at C-4’ position and
triplet of substituted alkyl group present at N-1’ position. The expected NOE correlation of
triazole protons at C-4’ and C-5’ alkyl group was observed (Scheme 3).

B NH
4 6
Heatl
‘ CH, = .
ij\N 2 3 CH
[\ 2 3 x N=N g ’
NN N=N ‘ _ 1'1\/] Y/ ]-\I X
Br” N §/§<5 H H H 0 o o
H H
\/“H\/g NO NOE

Scheme 3 Thermal [2+3] cycloaddition reaction of 4 and 6

1,4-Disubstituted triazole 7 was further used for the synthesis of library of compounds with
Suzuki-Miyaura cross coupling reactions at C-6 position of imidazo[1,2-a]pyrazine. To identify
the optimal reaction conditions, various reported Pd-catalysts, along with different combinations
of bases and organic solvents were examined in the reaction of imidazo[1,2-a]pyrazine 7 with
thiophen-2-yl boronic acid. Previous study'*
different bases (Cs,COsz, K,COs3, and DIPEA) and solvents (CH3CN:H,0, dioxane:H,O and

DME:H,0) were reviewed first. Both affected the product yields as K,COs and dioxane:water

showed that base was a key reaction parameter, so

gave best results.
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Table 2 Optimization of Suzuki-Miyaura cross coupling reaction

; OH '
N/;jN N=N m /B/\OH Pd, base, N?N N=N o/©io\lo
Br/[N;[g/\/N\)\/O oo CS solvent, reflux (S N E/\/NJ\/
7 9
Entry Time (h) Catalyst Base Solvent Yield (%)
1 12 Pd(PPh;),Cl, Cs,CO; MeCN:H,O 38%
2 12 Pd,(dba); Cs,CO; MeCN:H,O 19%
3 8 Pd(PPh;), Cs,CO4 MeCN:H,O 33%
4 8 [PACl,(dppf)]DCM Cs,CO; MeCN:H,O 35%
5 10 Pd(PPh;),Cl, K,CO; MeCN:H,O 28%
6 12 Pd,(dba); K,CO; MeCN:H,O 25%
7 12 Pd(PPh;), K,CO; MeCN:H,O 27%
8 18 [PACly(dppf)]DCM K,CO; MeCN:H,O 27%
9 19 Pd(PPh;),Cl, DIPEA MeCN:H,O 15%
10 18 Pd,(dba); DIPEA MeCN:H,O 15%
11 12 Pd(PPh;), DIPEA MeCN:H,O 20%
12 19 [PACly(dppf)]DCM DIPEA MeCN:H,O 15%
13 10 Pd(PPh;),Cl, Cs,CO; Dioxane:H,0O 51%
14 10 Pd,(dba); Cs,CO; Dioxane:H,O 32%
15 15 Pd(PPh;), Cs,CO; Dioxane:H,O 55%
16 14 [PACl,(dppf)]DCM Cs,CO; Dioxane:H,O 55%
17 14 Pd(PPh;),Cl, K,CO; Dioxane:H,O 58%
18 15 Pd,(dba); K,CO;3 Dioxane:H,O 53%
19 12 Pd(PPh;), K,CO; Dioxane:H,O 73%
20 12 [PACl,(dppf)]DCM K,CO; Dioxane:H,O 70%
21 12 Pd(PPh;),Cl, DIPEA Dioxane:H,O 42%
22 20 Pd,(dba); DIPEA Dioxane:H,O 12%
23 12 Pd(PPhy), DIPEA Dioxane:H,O 22%
24 12 [PACly(dppf)]DCM DIPEA Dioxane:H,O 27%
25 8 Pd(PPh;),Cl, Cs,CO; DME:H,0 45%
26 12 Pd,(dba); Cs,CO;4 DME:H,0 10%
27 11 Pd(PPhy), Cs,CO; DME:H,0 32%
28 10 [PACl,(dppf)]DCM Cs,CO;4 DME:H,0 33%
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29 10 Pd(PPh;),Cl, K,CO; DME:H,0 41%

30 9 Pd,(dba)s K,CO; DME:H,0 9%
31 12 Pd(PPhs), K,CO; DME:H,0 68%
32 12 [PACly(dppf)IDCM K,CO; DME:H,0 65%
33 12 Pd(PPhs)Cl, DIPEA DME:H,0 15%
34 12 Pd,(dba); DIPEA DME:H,0 <5%
35 12 Pd(PPh;), DIPEA DME:H,0 12%
36 12 [PACLy(dppHIDCM DIPEA DME:H,0 15%

With identification of base and solvent, several Pd catalysts were screened (Table 2). Using
[Pd(PPh3)s] as the catalyst, 9 was obtained in 73% yield (Table 2, entry 19), while
[Pd(PPh3),Cl,], [Pd(dba);] and [PdCly(dppf)].DCM declined the yields of desired products
(Table 2, entries 17, 18, 20). The best yield was obtained when the model reaction was catalyzed
with 5 mol% [Pd(PPhs)4] and using 1.0 equivalent of thiophen-2-yl boronic acid, 1.0 equivalent
of K,COs in dioxane:water (9:1) at reflux temperature for 6-8 hrs in a sealed tube (Table 2, entry
19). With these optimized reaction conditions, the scope of the reaction was further examined
with various aryl boronic acids (Table 3). Suzuki reactions with imidazo[1,2-a]pyrazine 7
proceeded well to give the desired products irrespective of the substitution on the phenyl ring. It
has been observed that the five member rings were well compatible with optimized conditions,
affording the corresponding products in moderate yields (9-11, 58-75% yields). Both electron
withdrawing substituents viz., fluoro (13), chloro (14), bromo (15), trifluorormethyl (16) and
acetyl (24) as well as electron donating substituents such as methyl (17), ethyl (18) and methoxy
(21 and 22) were also compatible with the protocol, providing the arylated imidazo[1,2-
alpyrazine in moderate to good yields. The change in directing groups from ortho to para or vice
versa did not affect the reactivity. However, with 2-hydroxyphenyl substrate, the reactivity
decreased significantly, and the arylated products 20 was obtained in only 53% yield (Table 3,
entry 12).

After the screening of 2-azidoethanamine linker, another alkyl chain 3-azidopropanamine was
investigated. 3-Bromopropylamine hydrobromide 25 was first reacted with sodium azide to give
26 followed by substitution at C-8 position of 6,8-dibromoimidazo[1,2-a]pyrazine 3 to give 27 in
65% yield. Compound 27 was then coupled with coumarin 6 via. copper-catalyzed azide-alkyne

cycloaddition reaction to give 28 in 82% yield (Scheme 4).

78



Table 3 Suzuki-Miyaura cross coupling of ethyl triazole bridged imidazo[1,2-a]pyrazine-

coumarin conjugates

3 2 v 4"
4 /';’\ 1 2 3 " N ArB(OH),, K,CO3,
5 N 9/ N N=N " " Pd(PPhj),,
1'\ (0] AN
JI /:[8 /\/N\),\/ 8 1" dioxane:water (9:1),
4 Ar
Br N7 E 5' sealed tube,
7 reflux, 6-8 hrs
Entry Time (h) ArB(OH), Product Compound (%)

s. OH /\ m 9 (73)
N -
1 8 @_B\ \ N;[ P 0o

~ N N
\_g H
CH,
?:\>7B/OH U . m 10 (75)
2 8 = \OH (j/[ /:E /\/N/y\/o oo
TN N
S
CH,
(o) OH - X
3 8 O_\OH - \N;[N/\/N\/\/o 0o 11 (58)
\_0 H
CH,
" et
B Z N=N
4 6 “on | (o 0 Yo 12 (71
©/ N/IE/\/N\/\/ D
/ CH;
g e OO
5 7 B o DOV st 13 (80)
N
F/©/ Q/[N/ N 7
F
CH,
g @ 20
B. NN N=N
6 7 Q on DOV e 14 (82)
al NN
Cl
CH,
OH —\ X
o SO et 15 (64)
Br H
Br
CH,
y e 0N
B N/ N=N
8 6 on DY St 16 (71)

3

CF,
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9 6 Q/B\OH | N/INNN@VO 17 (65)

CH,

10 6 /@( “oH | N 18 (66)
H,CH,C Noh
H,CH,C
—\ X
1 8 B\OH DUPPU T aa 19 (74)

12 8 C[B\OH L e 20 (53)
H

CH,4
OH /\ X
13 7 Q “oH PPV e e 21 (90)
H,CO Yok

H;CO
CH,

o F\N m
]|3 N N:N
: Lo 0™No 22 91)
H

14 6 ©: OH ‘
N
OCH,
I el
B NN N=N
15 6 /@ “on [ L NS00 23 (92)
OHC N H
OHC

OH
16 8 /@B\OH [ A AP0 24 (90)
H,COC . coc H

(1) NaN3, HQO, 3 N/:—,\N
reflux, 12 h. 2
B~ " “NH, HBr Ny ONH, o |
- 3 2 DIPEA, A A~
25 (i) NaOH, rt, 26 acetonitrile, Br~ N~ NH N3
30 min. reflux, 24 h.

CH;

)\ N
6 NN NEN
CuS04.5H,0, JI ;[ P~ —N__ IO 0 o
B NN Q\/

sodium ascorbate,
ethanol:water
(8:2), rt, 2 h.

28
Scheme 4 Synthesis of propyl triazole bridged imidazo[1,2-pyrazine-coumarin conjugate (28)
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Compound 28 was further coupled with various aryl boronic acids via Suzuki-Miyaura cross
coupling reaction using Pd(PPh3)s, K,CO; and dioxane:water at reflux temperature for 6-8 h to
obtain compounds 29-38 in 56-90% yields (Table 4).

Table 4 Suzuki-Miyaura coupling of propyl triazole bridged imidazol[1,2-a]pyrazine-coumarin

conjugates
CH3 CH3
/\ N ArB(OH),, K,COs, =\ N
/[N N N=N ___Pd(PPhy),, ‘ NN N=N
‘ I e o 0~ S0 dioxane:water (9:1), /[ I /\/\N O 0~ o
Br N/ N/\/\ N\)v sealed tube, Ar N/ N \/\/
H I~ reflux, 6-8 h. H 20.38
Entry Time (h) ArB(OH), Product Compound (%)

/,,\ /©\)1
8 OH NN N=N 29 (72
: S\;\>73/ | I ) o 0~ ~O0 (72)

=\ N
2 8 OH ‘Nif N=N 30 (70)
b by
3 8 : /@/E I NN N, 31(76)
N
F

~\ N
4 6 oH Ny N=N 32 (70)
B \ : 0 )

Cl

= /\/\I\ii
5 7 @f o T 33 (80)

3 CF,

B. AN ~TN o
6 7 Q on NN " 34.(81)

CH,4
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<)

35 (56)

B2
SOWsst

B.
. ¢ Q oH \N/ N/\/\N\)\/ 36 (76)
H,CO H
,CO

’ ’ H;CH,C /©/

H,CH,C

NN

9 6 @[ /\/\ N A
OCH,

OCH,

CH,4
X
0 0”0

37 (68)

CH,

X
10 6 o Q/[ MN/ Omo 38 (90)

4.1.4. PHOTOPHYSICAL PROPERTIES

UV-visible and fluorescence spectroscopic measurements (Figures 1 and 2) were recorded for
the molecules to test the cassettes, based on the quantification of their efficiencies. Molar
absorptivities (€) and quantum yields (@) for all 28 compounds were determined in acetonitrile.
All the derivatives have similar absorption maxima (between 312 to 319 nm). However,
compounds 23, 24 and 38 containing electron withdrawing groups such as formyl and acetyl
attached to phenyl ring exhibited two absorption peaks at 275 nm and 317 nm. Similar emission
maxima were observed for all derivatives (between 375 to 390 nm). However, emission maxima
to longer wavelength (red shift) i.e. from 415 nm to 500 nm were observed for compounds 15,
19, 23, 24 and 38. Compounds 17, 18, 20, 21 and 22 containing the electron donating groups
have lower quantum yields (@; = 0.016 to 0.36) in comparison to compounds 23 and 24 (@ =
0.40 to 0.48) with electron withdrawing 4-formyl and 4-acetyl attached to phenyl ring at C-6
position of imidazo[1,2-a]pyrazine. Similar pattern of quantum yield was observed in case of
propyl chain in which the electron withdrawing group in 38 showed the highest quantum yield
(@ = 0.47). However, on increasing the linker length from ethyl to propyl, a slightly decrease in

quantum yield was observed (Tables 5 and 6). Overall, it was inferred that compounds with
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electron donating groups showed lower quantum yields in comparison to compounds with
electron withdrawing groups. Increase in linker length also resulted in similar or decrease in
quantum yields. Energy transfer efficiencies (ETE) based upon the fluorescence quantum yields
have also been determined. The efficiency of the energy transfer (yEET) was evaluated using the
equa‘tion130 NEET = 1 — Dronor in dyad Y PrFifree donor)- Here, Dridonor in dyady 18 the fluorescence
quantum Yyield of the donor part in dyad and @r(see donor) 1 the fluorescence quantum yield of the
donor when not connected to the acceptor.

Compound 7 and 28 with bromo at C-6 position of imidazo[1,2-a]pyrazine (at the donor part)
acted as good energy transfer cassette with ETE values of 73.9% and 76% respectively.
Introduction of electron donating groups such as methyl (17 and 34) and ethyl (18 and 35) also
showed comparable ETE (67.3% and 71.7%). While, substitution with halogen to phenyl ring on
donor part of the cassettes (13, 14, 15, 16, 31, 32 and 33) displayed low ETE (15.2-69.5%).
Presence of electron donating group viz., methoxy in compounds 21, 22 and 36 showed 56.5%,

65.2% and 65.2% ETE respectively. But, the presence of 2-hydroxyphenyl (20) to donor moiety

@ —, —, o (b)  — —
/4 \ :ig :E 0.6 —30 —31
S .

—14 —15 0.5 —32 33
E‘ o~ \ 16 —_—17 % 04 34 35
< —18 19 os
. /-\ 20 21 - 36 37
\ 22 23 0.2 38
\ 24 0.1
O A
265 285 305 325 345 365 385
315 365 ‘Wavelength (nm)
Wavelength (nm)
Figure 1 Absorption spectra of (a) compounds 7-24 and (b) compounds 28-38.
350 -
-7 250 - —28 —29
300 - (a) — 10 —1 (b)
— 12 —13 | —30 —31
250 - 200
- —u 15 —32 33
3 200 - 16 —17 El
< 18 19 s 180 34 35
= 150 - =
= ;
20 21 = 100 - 36 37
100 - AN 22 23 38
24 50
50 1 /S\ /\
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Figure 2 Emission spectra of (a) compounds 7-24 and (b) compounds 28-38
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Table 5 Photophysical characterizations of absorption and fluorescence properties of compounds

7, 9-24 in acetonitrile

Compd. Amax” (M) g™ (nM) € @b, ETE (%)
7 315 380 39600 0.12 73.9
9 315 375 49700 0.22 52.1
10 316 375 44600 0.24 47.8
11 316 377 25350 0.20 56.5
12 315 377 22400 0.15 67.3
13 312 378 19850 0.18 60.8
14 315 385 39050 0.30 34.7
15 317 415 49250 0.34 17.3
16 316 385 33400 0.32 15.2
17 314 378 26950 0.15 67.3
18 315 378 49800 0.13 71.7
19 312 415 26150 0.36 N.D
20 319 378 28000  0.016 96.5
21 314 375 20350 0.20 56.5
22 316 375 30900 0.16 65.2
23 275,317 495 31400 0.48 N.D
24 275,317 475 40800 0.40 N.D

N.D: Not determined

showed significant energy transfer efficiency (96.5%). Presence of naphthyl group (19) and
electron withdrawing 4-formyl (23 and 38) and 4-acetyl (24) groups to aromatic ring did not
show any energy transfer. Thus, compound 20 showed maximum energy transfer efficiency of
96.5% which indicated that this compound behave as a energy transfer cassette to transfer energy
from imidazo[1,2-a]pyrazine donor to coumarin acceptor. Thus, emission spectra of the
imidazo[1,2-a]pyrazine (donor) and absorption spectra of the coumarin (acceptor) showed
significant spectral overlap for the energy transfer (Figure 3). The energy transfer cassettes of
imidazo[1,2-a]pyrazine-coumarin conjugates were also compared with different known
molecular hybrids. It has been observed that compound 20 (ETE = 96.5%) showed better or

comparable results with fluorescin-coumarin cassettes for detection of phosphodiesterase I
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activity (ETE = 94%),131 fluorescin-coumarin cassettes for ATP complexes (ETE = 76% and
83%),"** and Bodipy with phenanthroline and terpyridine cassettes for light harvesting system
(ETE = 82%) "** and Bodipy-cyanine based cassettes (ETE = 43-90%)."**

Table 6 Photophysical characterizations of absorption and fluorescence properties of compounds

28-38 in acetonitrile

Compd.  Jypo” (nm) Amax ™ (M) € @b, ETE (%)
28 315 380 26250 0.11 76.0
29 316 376 29450 0.11 76.0
30 314 375 27900 0.13 71.7
31 315 380 28050 0.14 69.5
32 317 380 29700 0.27 41.3
33 316 390 30850 0.35 15.2
34 315 378 31300 0.13 71.7
35 312 377 27400 0.15 67.3
36 315 375 27550 0.16 65.2
37 317 380 33250 0.17 0.5
38 275,317 500 31400 0.47 N.D

N.D: Not determined
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Figure 3 Spectra overlap of emission of the imidazo[1,2-a]pyrazine (donor) and absorption
spectra of the coumarin (acceptor).

4.1.5. CONCLUSION

Here, we have reported the first examples of new structural strategy to improve the ETE

efficiency in molecular hybrids involving the imidazo[1,2-a]pyrazine as a key linking the acting
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chromophore. This design consists of imidazo[1,2-a]pyrazine-coumarin conjugates with variable
spacer linker (ethyl and propyl chain) via click reaction at C-8 position and Suzuki-Miyaura
cross coupling reaction at C-6 position of imidazo[1,2-a]pyrazine. The goal of this simple design
was to keep the conformational motion of the involved donor-acceptor chromophores restricted,
and tightly fixed to ensure an efficient ETE via FRET. Another important goal was the straight-
forward synthetic access to these conjugate cassettes from imidazo[1,2-a]pyrazine and acceptor-
based coumarins, which assures an excellent potential for developing future smarter hybrid
cassettes for valuable fluorescence applications (bioimaging, chemosensing, optoelectronics
etc.). We are convinced that herein communicated new structural design to boost the ETE, has
great potential for inspiring the future development of molecular cassettes on the basis of

molecular hybridization.
4.1.6. EXPERIMENTAL SECTION

4.1.6.1. General Chemistry

All commercially available compounds (Avra, Spectrochem, Aldrich, Merck etc.) were used
without further purification. Final reactions were carried out in an oil bath using Microwave
Vials (10-15 ml). Melting points were determined in open capillaries and were uncorrected. 'H
and >C NMR spectra were performed on Jeol ECS 400 NMR spectrometer, which was operated
at 400 MHz for 'H nuclei and 100 MHz for "*C nuclei, using CDCl;, DMSO-ds and
trifluoroacetic acid (TFA) as solvents. Chemical shifts are reported in parts per million (ppm)
with TMS as internal reference and J values are given in hertz. 2D NOE studies were performed
on same instrument. Mass Spectra of the synthesized compounds were recorded at Water
Micromass-Q-T of Micro. Reactions were monitored by thin layer chromatography (TLC) with
silica plate coated with silica gel HF-254 and column chromatography was performed with silica

gel 60-120/100-200 mesh. Ethylacetate and methanol were adopted solvent systems.

4.1.6.2. Synthesis of 2-azidoethanamine (2): 2-Bromoethyamine hydrobromide 1 (1 g, 4.90
mmol) was dissolved in distilled water with stirring. Sodium azide was added (0.90 g, 13.84
mmol) carefully to this solution in succession with continuous stirring. The reaction mixture was
refluxed for 12 h. After completion of reaction, reaction mixture was cooled to room temperature

and was quenched by addition of sodium hydroxide (0.7 g, 17.5 mmol) and further stirred for 30
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min at room temperature. Thereafter, mixture was extracted with diethyl ether and dried over
sodium sulphate to obtain ether extract and stored at low temperature. The ether extract being
volatile in nature, was used as such for next reaction.
4.1.6.3. Synthesis of N-(2-azidoethyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine (4): To the
ether extract containing 2-azidoethanamine 2 was added solution of 6,8-dibromoimidazol[1,2-
alpyrazine 3 (0.5 g, 1.80 mmol) in acetonitrile in the presence of diisopropylethylamine
(DIPEA). The reaction mixture was refluxed for 24 h. After completion of reaction, the mixture
was extracted with chloroform and water. Organic layer was separated, dried over sodium
sulphate, filtered and concentrated under vacuum. The crude mixture was then purified by silica
gel chromatography 60-120 mesh using hexane : ethyl acetate (8:2) as eluents.
Spectral data of N-(2-azidoethyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine (4): light

47,:_\21 orange solid; yield: 72%; mp 66-68 °C; '"H NMR (CDCl3, 400 MHz): 6 3.59
;JINEEN N (t, J=5.74 Hz, 2H, NCH»), 3.74 (q, J = 5.81 Hz, 2H, NHCH,), 7.29 (t, J =
BN i 5.04 Hz, 1H, NH), 7.47 (d, J =0.92 Hz, 1H, H-2), 7.54 (d, J = 0.92 Hz, 1H,
H-3), 7.60 (s, 1H, H-5); °C NMR (CDCls;, 100 MHz): § 39.9 (NHCH,), 50.0 (NCH,), 109.3,
114.7, 122.5, 131.9, 132.3, 147.2 (ArC); MS (ESI): m/z 284.1 (M'+2); Anal. Calcd for
CgHgBrN7: C, 34.06; H, 2.86; N, 34.76. Found: C, 34.10; H, 2.81; N, 34.70.
4.1.6.4. Synthesis of 4-methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one (6): To 7-hydroxy-4-
methyl-2H-chromen-2-one 5 (1 g, 5.15 mmol) was added 80% solution of propargyl bromide in
toluene (1.33 g, 11.30 mmol) in the presence of potassium carbonate (0.7 g, 5.15 mmol) and
acetone. The mixture was stirred at room temperature for 12 h. Completion of reaction was
monitored by TLC. Reaction was quenched by addition of ice cold water. The solid product was
filtered on vacuum pump to obtain off white solid.
Spectral data of 4-methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one (6): Off white solid; Yield:
s 81%; mp 102-104 °C; '"H NMR (CDCls, 400 MHz): & 2.41 (d, J = 1.36 Hz,

4
6 9\3

o 2 3H, CH), 2.59 (1, J = 2.52 Hz, 1H, CH), 477 (d, J = 2.32 Hz, 2H, OCH),
6.16 (d, J = 1.36 Hz, 1H, ArH), 6.92-6.95 (m, 2H, ArH), 7.53 (d, J = 9.16
Hz, 1H, ArH); °C NMR (CDCls, 100 MHz): § 18.6 (CH3), 56.0 (OCHb), 76.4 (alkyne CH, C),
102.0, 112.3, 112.6, 114.1, 125.5, 152.4, 154.9, 160.2 (ArC), 161.1 (C=0); MS (ESI): m/z 216.2
(M™+2).

0
g 109
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4.1.6.5. Synthesis of 7-((1-(2-(6-bromoimidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-1,2,3-
triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (7): To the stirred solution of 4-methyl-7-
(prop-2-ynyloxy)-2H-chromen-2-one 6 (lg, 4.67 mmol) and N-(2-azidoethyl)-6-
bromoimidazo[1,2-a]pyrazin-8-amine 4 (1.31 g, 4.67 mmol) in ethanol:water (8:2), copper
sulphate pentahydrate (5 mol%) and sodium ascorbate (10 mol%) was added and stirred at room
temperature for 2 h. After completion of reaction, water was added and extracted with
chloroform. Organic layer was dried over sodium sulphate, filtered and concentrated in vacuum
to obtain off white solid.

Spectral data of 7-((1-(2-(6-bromoimidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-1,2,3-triazol-
4-yl)methoxy)-4-methyl-2H-chromen-2-one (7): off white solid; yield: 91%; mp156-158 °C;
'H NMR (CDCl3, 400 MHz): & 2.40 (d, J = 1.36 Hz, 3H,CHa),
4.13 (q, J = 5.80 Hz, 2H, NHCH»), 4.73 (t, J = 5.94 Hz, 2H,
NCH»), 5.24 (s, 2H, OCH,), 6.15 (d, J = 0.92 Hz, 1H, ArH),
6.82 (t, J = 5.72 Hz, 1H, NH), 6.90 (d, J = 2.76 Hz, 1H, ArH), 6.93-6.96 (dd,*J = 9.16 Hz, *J =
2.52 Hz, 1H, ArH), 7.47 (s, 2H, ArH), 7.50 (d, J = 9.16 Hz, 1H, ArH), 7.62 (s, 1H, ArH), 7.73 (s,
1H, ArH); °C NMR (CDCl;, 100 MHz): & 18.7 (CH3), 40.8 (NHCH,), 49.3 (NCH,), 62.1
(OCH,), 102.0, 110.1, 112.2, 112.3, 114.9, 122.3, 123.7, 125.6, 131.8, 132.8, 143.0, 147.1,
152.5, 155.0, 161.0 (ArC), 161.2 (C=0); MS (ESI): m/z 498.3 (M'+2); Anal. Calcd for
C, 1 HsBrN;Os: C, 50.82; H, 3.66; N, 19.75. Found: C, 50.79; H, 3.60; N, 19.81.

4.1.6.6. General procedure for synthesis of 6-arylated-7-((1-(2-(6-bromoimidazo[1,2-
alpyrazin-8-ylamino)ethyl)-1H-1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (9-
24): To a solution of 7 (0.10 g, 0.201 mmol) in 1,4-dioxane: water (9:1) in a sealed tube, boronic
acid (0.201 mmol) and K,COs3 (0.027 g, 0.201 mmol) were added under inert atmosphere.
Pd(PPhs3)s (5mol%) was added with continued nitrogen purging and refluxed the reaction mixture
for 6-8 h. Completion of reaction was determined by TLC. The mixture was extracted with
chloroform and water. Organic layer was dried over sodium sulphate to obtain crude product
which was further purified by column chromatography using ethylacetate: methanol as eluents.

Spectral data of 4-methyl-7-((1-(2-(6-(thiophen-2-yl)imidazo[1,2-a]pyrazin-8-
ylamino)ethyl)-1H-1,2,3-triazol-4-yl)methoxy)-2 H-chromen-2-one (9): greenish solid; yield:
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73%; mp 180-182 °C; 'H NMR (CDCl;, 400 MHz): &

4/\1 '
y N? No% 2.38 (s, 3H, CHs), 4.17 (g, J = 5.96 Hz, 2H, NHCH.),
'y f
S A ¥ 1 482 (t, J=5.74 Hz, 2H, NCH>), 5.15 (s, 2H, OCH,),
Yy 2 )
3 o 6.13 (d, J = 0.68 Hz, 1H, ArH), 6.74 (1, J=5.16 Hz,

1H, NH), 6.83 (d, J = 2.28 Hz, 1H, ArH), 6.88-6.90 (dd, *J = 8.72 Hz, *J = 2.30 Hz, 1H, ArH),
7.09-7.11 (m, 1H, ArH), 7.34 (d, J = 5.04 Hz, 1H, ArH), 7.43-7.47 (m, 2H, ArH), 7.48 (s, 1H,
ArH), 7.54 (s, 1H, ArH), 7.74 (s, 1H, ArH), 7.88 (s, 1H, ArH); *C NMR (CDCls, 100 MHz): &
18.6 (CH3), 41.1 (NHCH»), 49.2 (NCH,), 62.1 (OCH»), 102.0, 105.3, 112.1, 112.3, 113.9, 115.3,
122.5, 123.8, 125.6, 126.0, 127.9, 131.9, 132.1, 134.1, 142.2, 142.8, 147.2, 152.4, 155.0, 161.0
(ArC), 161.2 (C=0); MS (ESI): m/z 500.4 (M"+1); Anal. Calcd for C,sH,N;05S: C, 60.11; H,
4.24; N, 19.63; S, 6.42. Found: C, 60.38; H, 4.09; N, 19.75; S, 6.33.

Spectral data of 4-methyl-7-((1-(2-(6-(thiophen-3-yl)imidazo[1,2-a]pyrazin-8-
ylamino)ethyl)-1H-1,2,3-triazol-4-yl)methoxy)-2 H-chromen-2-one (10): off white solid;

yield: 75%; mp 182-184 °C; 'H NMR (CDCl3, 400 MHz):
6 2.38 (d, J = 0.68 Hz, 3H,CH3), 4.19 (q, J = 5.80 Hz, 2H,
NHCH,), 4.81 (t, J = 5.72 Hz, 2H, NCH,), 5.14 (s, 2H,
OCH»,), 6.13 (d, J = 1.36 Hz, 1H, ArH), 6.64 (t, J = 5.96
Hz, 1H, NH), 6.82 (d, J = 2.76 Hz, 1H, ArH), 6.87-6.89 (dd, *J = 8.72 Hz, °J = 2.28 Hz, 1H,
ArH), 7.39-7.41 (dd, >J = 5.04 Hz, °J = 3.24 Hz, 1H, ArH), 7.44-7.47 (m, 3H, H-2, ArH), 7.54 (d,
J =0.88 Hz, 1H, ArH), 7.68 (s, 1H, ArH), 7.80-7.81 (dd, *J = 3.20 Hz, °J = 1.14 Hz, 1H, ArH),
7.82 (s, 1H, ArH); °C (CDCls, 100 MHz): & 18.6 (CH3), 40.9 (NHCH,), 49.5 (NCH,), 62.0
(OCH,), 102.0, 106.7, 112.1, 112.2, 113.9, 115.2, 122.3, 123.7, 124.7, 125.6, 126.5, 128.5,
132.3, 134.7, 139.2, 142.8, 147.4, 152.4, 155.0, 161.0 (ArC), 161.2 (C=0); MS (ESI): m/z 500.4
(M"+1); Anal. Calcd for C,sH,N7OsS: C, 60.11; H, 4.24; N, 19.63; S, 6.42. Found: C, 59.99; H,
4.11; N, 19.50; S, 6.53.

Spectral data of 7-((1-(2-(6-(furan-2-yl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-1,2,3-

triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (11): light pink solid; yield: 58%; mp 99-
101 °C; 'H NMR (CDCls, 400 MHz): & 2.38 (d, J =

4:7'::\21 2' 3
\ Nyt NN 0.72 Hz, 3H, CH3), 4.16 (q, J = 5.84 Hz, 2H, NHCH,),
56l |8 N " \
e NN 4.78 (t, J = 5.72 Hz, 2H, NCH,), 5.15 (s, 2H, OCH,),
o 6.13 (d, J=0.68 Hz, 1H, ArH), 6.51-6.52 (dd,’J = 3.20
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Hz, °J = 1.84 Hz, 1H, ArH), 6.70 (t, J = 5.72 Hz, 1H, NH), 6.84 (d, J = 2.72 Hz, 1H, ArH), 6.87-
6.90 (m, 2H, ArH), 7.45-7.47 (m, 3H, ArH), 7.54 (d, J = 1.36 Hz, 1H, ArH), 7.69 (s, 1H, ArH),
7.89 (s, 1H, ArH); >C NMR (CDCl;, 100 MHz): & 18.6 (CH3), 40.9 (NHCH,), 49.4 (NCH,),
62.0 (OCHy), 101.9, 105.6, 107.8, 111.7, 112.1, 112.2, 113.9, 115.5, 123.7, 125.6, 131.0, 132.1,
132.3, 142.3, 142.8, 147.5, 152.0, 152.4, 155.0, 161.0 (ArC), 161.2 (C=0); MS (ESI): m/z 484.4
(M"+1); Anal. Calcd for C,sH, N7Oy4: C, 62.11; H, 4.38; N, 20.28. Found: C, 61.90; H, 4.44; N,
20.12.

Spectral data of 4-methyl-7-((1-(2-(6-phenylimidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2H-chromen-2-one (12): light orange solid; yield: 71%; mp 176-
178 °C; 'H NMR (CDCl;, 400 MHz): & 2.36 (s, 3H,
CHs), 4.20 (q, J = 5.81 Hz, 2H, NHCH)), 4.80 (t, J =
5.72 Hz, 2H, NCH), 5.10 (s, 2H, OCH,), 6.12 (s, 1H,
ArH), 6.80 (d, J =2.28 Hz, 1H, ArH), 6.84-6.87 (dd,

°J = 8.72 Hz, °J = 2.28 Hz, 1H, ArH), 6.91 (t, J = 4.88 Hz, 1H, NH), 7.36-7.47 (m, 5H, ArH),
7.56 (s, 1H, ArH), 7.69 (s, 1H, ArH), 7.88 (s, 1H, ArH), 7.90 (s, 2H, ArH); °C (CDCls, 100
MHz): 6 18.6 (CHj3), 40.9 (NHCH»), 49.5 (NCH,), 62.0 (OCH,), 101.9, 107.0, 112.1, 112.2,
113.8, 115.3, 123.8, 125.5, 125.8 , 128.4 , 128.7 , 132.3 , 136.9, 138.1, 142.8, 147.3, 1524,
154.9, 160.9 (ArC), 161.2 (C=0); MS (ESI): m/z 494.5 (M"+1); Anal. Caled for Co7H»;N705:
C, 65.71; H, 4.70; N, 19.87. Found: C, 65.82; H, 4.76; N, 19.77.

Spectral data of 7-((1-(2-(6-(4-fluorophenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (13): white solid; yield: 80%; mp
250-252 °C; '"H NMR (CDCls+ TFA, 400 MHz): § 2.47
(d, J = 092 Hz, 3H,CH3), 437 (t, J = 5.04 Hz, 2H,
NHCH,), 4.89 (t, J = 5.50 Hz, 2H, NCH,), 5.14 (s, 2H,
OCH,), 6.31 (d, J = 1.36 Hz, 1H, ArH), 6.76 (d, J = 2.28
Hz, 1H, ArH), 6.94-6.97 (dd, *J = 9.16 Hz, *J = 2.50 Hz, 1H, ArH), 7.17 (t, J = 8.48 Hz, 2H,
ArH), 7.59 (d, J = 8.72 Hz, 1H, ArH), 7.79-7.83 (m, 3H, ArH), 7.95 (d, J = 1.84 Hz, 1H, ArH),
7.99 (s, 1H, ArH), 8.06 (s, 1H, ArH); °C NMR (DMSO-ds, 100 MHz): & 18.1 (CH3), 40.8
(NHCH,), 48.7 (NCH,), 61.6 (OCH,), 101.5, 111.3, 112.5, 113.3, 115.2, 115.4, 116.0, 125.2,
126.4, 127.5, 127.6, 131.8, 132.2, 133.6, 133.7, 135.4, 141.8, 147.4, 153.4, 154.6, 160.2, 160.8
(ArC), 161.0 (C=0), 163.3 (ArC); MS (ESI): m/z 512.5 (M"+1); Anal. Caled for C7;H»,FN;Os:
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C, 63.40; H, 4.34; N, 19.17. Found: C, 63.18; H, 4.28; N, 19.02.

Spectral data of 7-((1-(2-(6-(4-chlorophenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (14): creamish solid; yield: 82%;
mp 127-129 °C; 'H NMR (CDCls, 400 MHz): § 2.37
(d, 3H, CHs), 4.22 (q, J = 5.18 Hz, 2H, NHCH»), 4.81
(t, J = 5.74 Hz, 2H, NCH»), 5.13 (s, 2H, OCH,), 6.13
(d, J=0.92 Hz, 1H, ArH), 6.81-6.83 (m, 1H, ArH),
6.87-6.89 (dd, °J = 8.68 Hz, *J = 2.30 Hz, 1H, ArH), 7.39-7.42 (m, 1H, ArH), 7.45 (d, J = 8.24
Hz, 2H, ArH), 7.46 (s, 1H, ArH), 7.50 (s, 1H, ArH), 7.57 (s, 1H, NH), 7.70 (s, 1H, ArH), 7.81
(d, J = 8.72 Hz, 1H, ArH), 7.89 (d, J = 8.24 Hz, 2H, ArH); *C NMR (CDCl;, 100 MHz): § 18.6
(CHj3), 40.9 (NHCH,), 49.6 (NCH»), 62.0 (OCH,), 102.0, 107.0, 112.2, 113.9, 123.8, 125.6,
125.9, 127.1, 128.7, 132.2, 134.2, 135.4, 136.9, 137.2, 138.2, 142.9, 147.3, 152.5, 154.9, 160.9
(ArC), 161.2 (C=0); MS (ESI): m/z 528.9 (M*+1); Anal. Calcd for C,;H»CIN;O3: C, 61.42; H,
4.20; N, 18.57. Found: C, 61.55; H, 4.04; N, 18.66.

Spectral data of 7-((1-(2-(6-(4-bromophenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (15): off white solid; yield: 64%;
mp 138-140 °C; '"H NMR (CDCl;, 400 MHz): &
2.37 (d, J =0.92 Hz, 3H,CH3), 4.21 (q, J = 5.80 Hz,
2H, NHCH,), 4.79 (t, J = 5.72 Hz, 2H, NCH)), 5.12
(s, 2H, OCH), 6.13 (d, J = 0.68 Hz, 1H, ArH), 6.71
(t,J = 5.72 Hz, 1H, NH), 6.81 (d, J = 2.28 Hz, 1H, ArH), 6.85-6.88 (dd, *J = 8.72 Hz, °J = 2.76
Hz, 1H, ArH), 7.40-7.45 (m, 3H, ArH), 7.54-7.58 (m, 2H, ArH), 7.67 (s, 1H, ArH), 7.75 (d, J =
8.00 Hz, 2H, ArH), 7.90-7.97 (s, 1H, ArH); '*C (CDCl;, 100 MHz): & 18.6 (CHj), 40.9
(NHCH,), 49.5 (NCH»), 62.0 (OCH,), 101.9, 107.0, 112.1, 113.9, 115.4, 122.4, 123.7, 125.6,
126.3, 127.4, 128.4, 131.7, 132.5, 135.9, 137.0, 142.8, 147.3, 152.4, 154.9, 160.9 (ArC), 161.1
(C=0); MS (ESI): m/z 573.4 (M"+1); Anal. Calcd for C»7H»,BrN,Os: C, 56.65; H, 3.87; N,
17.13. Found: C, 56.92; H, 3.71; N, 17.09.

Spectral data of 4-methyl-7-((1-(2-(6-(3-(trifluoromethyl)phenyl)imidazo[1,2-a]pyrazin-8-

ylamino)ethyl)-1H-1,2,3-triazol-4-yl)methoxy)-2 H-chromen-2-one (16): white solid;
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yield:71%; mp 220-122 °C; '"H NMR (CDCls+ TFA, 400
MHz): 6 2.41 (d, J = 1.36 Hz, 3H, CH3), 4.35 (d, J = 3.64
Hz, 2H, NHCH,), 4.86 (t, J = 5.72 Hz, 2H, NCH)), 5.09 (s,
2H, OCH»), 6.21 (d, J = 1.36 Hz, 1H, ArH), 6.70 (d, J = 2.28
Hz, 1H, ArH), 6.88-6.91 (dd, °J = 8.72 Hz, *J = 2.30 Hz, 1H, ArH), 7.51 (d, J = 9.48 Hz, 1H,
ArH), 7.63 (t, J = 7.80 Hz, 1H, ArH), 7.71 (d, J = 7.76 Hz, 1H, ArH), 7.85 (d, J = 1.84 Hz, 1H,
ArH), 7.96 (s, 2H, ArH), 8.06 (d, J = 9.6 Hz, 2H, ArH), 8.10 (s, 1H, ArH), 8.89 (s, 1H, NH); "*C
NMR (CDCls+ TFA, 100 MHz): 6 18.7 (CHs3), 40.8 (NHCH>), 49.8 (NCH)), 60.8 (OCH,), 101.8,
106.3, 111.6, 112.9, 114.2, 122.4, 123.0, 124.2, 124.4, 125.1, 125.9, 126.0, 126.6, 126.7, 129.6,
129.7, 131.3, 131.6, 135.2, 142.1, 142.5, 144.1, 154.3, 154.5, 160.8 (ArC), 163.0 (C=0); MS
(ESI): m/z 562.5 (M"+1); Anal. Calcd for CogH2,F3N-03: C, 59.89; H, 3.95; N, 17.46. Found: C,
60.10; H, 4.01; N, 17.39.

Spectral data of 4-methyl-7-((1-(2-(6-m-tolylimidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2H-chromen-2-one (17): creamish solid; yield: 65%; mp 122-124

°C; '"H NMR (CDCls, 400 MHz): & 2.37 (d, J = 1.40 Hz,
3H,CH3), 2.44 (s, 3H, CHj3), 4.22 (q, J = 5.80 Hz, 2H,
NHCH,), 4.81 (t, J = 5.74 Hz, 2H, NCH,), 5.13 (s, 2H,
OCH,), 6.13 (d, /= 0.92 Hz, 1H, ArH), 6.73 (s, 1H, NH), 6,82
(d, J =2.28 Hz, 1H, ArH), 6.86-6.89 (dd, °J = 8.68 Hz, °J = 2.76 Hz, 1H, ArH), 7.20 (d, J = 7.32
Hz, 1H, ArH), 7.35 (t, J = 7.76 Hz, 1H, ArH), 7.45 (d, J = 8.72 Hz, 1H, ArH), 7.49 (d, J = 0.92
Hz, 1H, ArH), 7.56 (d, J = 0.92 Hz, 1H, ArH), 7.68-7.70 (m, 3H, ArH), 7.89 (s, 1H, ArH); "*C
NMR (CDCl3, 100 MHz): 6 18.6 (CHs3), 21.6 (CH3), 40.9 (NHCH,), 49.5 (NCH,), 62.0 (OCH,),
102.0, 107.0, 112.1, 112.2, 113.9, 115.2, 123.1, 123.8, 125.6, 126.6, 128.6, 129.2, 132.2, 136.9,
138.3, 138.3, 142.8, 147.2, 152.5, 154.9, 161.0 (ArC), 161.2 (C=0); MS (ESI): m/z 508.5
(M"+1); Anal. Calcd for CosHpsN-Os: C, 66.26; H, 4.96; N, 19.32. Found: C, 66.42; H, 4.85; N,
19.39.

Spectral data of 7-((1-(2-(6-(4-ethylphenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-

1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (18): creamish solid; yield: 66%;
mp155-157 °C; 'H NMR (CDCls, 400 MHz): & 1.27 (t, J
=7.56 Hz, 3H,CH3), 2.38 (d, J = 1.36 Hz, 3H,CH3), 2.70
(q, J=7.64 Hz, 2H, CH,), 4.21 (q, J = 5.81 Hz, 2H,

92



NHCH,), 4.81 (t, J = 5.72 Hz, 2H, NCH»), 5.14 (s, 2H, OCH,), 6.14 (d, J = 0.72 Hz, 1H, ArH),
6.77 (t, J = 5.72 Hz, 1H, NH), 6.83 (d, J = 2.52 Hz, 1H, ArH), 6.88-6.91 (dd,*J = 9.16 Hz, *J =
2.54 Hz, 1H, ArH), 7.29 (d, J = 8.24 Hz, 2H, ArH), 7.46 (d, J =9.16 Hz, 1H, ArH), 7.49 (d, J =
1.40 Hz, 1H, ArH), 7.55 (d, J = 0.92 Hz, 1H, ArH), 7.70 (s, 1H, ArH), 7.81 (d, J = 8.24 Hz, 2H,
ArH), 7.87 (s, 1H, ArH); >C NMR (CDCls, 100 MHz): & 15.5 (CH3), 18.6 (CH3), 28.6 (CH,),
40.9 (NHCHy), 49.5 (NCH»), 62.0 (OCH»), 102.0, 106.5, 112.1, 112.9, 113.9, 115.2, 123.8,
125.6, 125.9, 128.2, 132.0, 134.4, 138.4, 142.8, 144.8, 147.2, 152.4, 155.0, 161.0 (ArC), 161.2
(C=0); MS (ESI): m/z 522.5 (M"+1); Anal. Calcd for Co0H»7;N705: C, 66.78; H, 5.22; N, 18.80.
Found: C, 66.91; H, 5.28; N, 18.91.

Spectral data of 4-methyl-7-((1-(2-(6-(naphthalen-1-yl)imidazo[1,2-a]pyrazin-8-ylamino)
ethyl)-1H-1,2,3-triazol-4-yl)methoxy)-2H-chromen-2-one (19): light orange solid; yield:

74%; mp 165-167 °C; '"H NMR (CDCls, 400 MHz):
0 2.34 (d, J = 1.36 Hz, 3H, CH3), 4.09 (q, J = 5.80
Hz, 2H, NHCH,), 4.69 (t, J = 5.74 Hz, 2H, NCH,),
5.05 (s, 2H, OCHy), 6.12 (d, J = 0.68 Hz, 1H, ArH),
6.80 (d, J = 2.28 Hz, 1H, ArH), 6.84-6.87 (dd, >J = 9.16 Hz, °J = 2.54 Hz, 1H, ArH), 6.97 (t, J =
5.26 Hz, 1H, NH), 7.42 (d, J = 8.72 Hz, 1H, ArH), 7.45-7.60 (m, 6H, ArH), 7.61 (s, 1H, ArH),
7.71 (s, 1H, ArH), 7.90 (s, 1H, ArH), 7.92 (d, J = 1.36 Hz, 1H, ArH), 8.18-8.20 (m, 1H, ArH);
C NMR (CDCls, 100 MHz): § 18.6 (CH3), 40.9 (NHCH,), 49.5 (NCH,), 61.9 (OCH,), 101.9,
110.4, 112.0, 112.2, 113.8, 115.1, 123.7, 125.2, 125.5, 125.8, 125.9, 126.1, 127.1, 128.4, 128.9,
131.5, 131.9, 132.2, 133.8, 135.6, 139.5, 142.7, 147.2, 152.5, 154.9, 160.9 (ArC), 161.2 (C=0);
MS (ESI): m/z 544.5 (M"+1); Anal. Calcd for C3;H»sN-0s: C, 68.50; H, 4.64; N, 18.04. Found:
C, 68.19; H, 4.72; N, 17.98.

Spectral data of 7-((1-(2-(6-(2-hydroxyphenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (20): off white solid; yield: 53%; mp
249-251 °C; '"H NMR (DMSO-ds, 400 MHz): § 2.38 (d,
J = 0.88 Hz, 3H,CH3), 3.94 (d, J = 5.52 Hz, 2H,
NHCH,), 4.74 (t, J = 5.74 Hz, 2H, NCH,), 5.18 (s, 2H,
OCH,), 6.21 (d, J=0.92 Hz, 1H, ArH), 6.86-6.90 (m,
2H, ArH), 6.96-6.99 (dd, *J = 8.68 Hz, °J = 2.76 Hz, 1H, ArH), 7.09 (d, J = 2.32 Hz, 1H, ArH),
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7.17-7.21 (m, 1H, ArH), 7.56 (d, J = 0.92 Hz, 1H, ArH), 7.66 (d, J = 8.72 Hz, 1H, ArH), 7.81-
7.84 (dd,*J = 8.24 Hz, °J = 1.62 Hz, 1H, ArH), 7.96 (s, 1H, ArH), 8.11 (t, J = 5.72 Hz, 1H, NH),
8.29 (s, 1H, ArH), 8.56 (s, 1H, ArH), 12.23 (s, 1H, OH); *C NMR (DMSO-ds, 100 MHz): & 18.1
(CH3), 40.8 (NHCH,), 48.27 (NCH,), 61.6 (OCH»), 101.5, 107.9, 111.3, 112.5, 113.5, 116.5,
117.2, 119.1, 119.8, 125.2, 126.4, 126.6, 129.4, 131.1, 132.5, 135.3, 141.8, 146.5, 153.4, 154.6,
156.7, 160.1 (ArC), 161.0 (C=0); MS (ESI): m/z 510.5 (M"+1); Anal. Calcd for Cy;H»3N70,: C,
63.65; H, 4.55; N, 19.24. Found: C, 63.53; H, 4.44; N, 19.30.

Spectral data of 7-((1-(2-(6-(4-methoxyphenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-

1,2,3-triazol-4-yl)methoxy)-4-methyl-2H-chromen-2-one (21): off white solid; yield: 90%;

mp 172-174 °C; 'H NMR (CDCls, 400 MHz): &
237 (d, J = 0.88 Hz, 3H,CH3), 3.86 (s, 3H,
OCH3), 4.20 (q, J = 5.28 Hz, 2H, NHCH,), 4.80 (t,
J=15.50 Hz, 2H, NCH)), 5.10 (s, 2H, OCH,), 6.17

(d, J = 0.88 Hz, 1H, ArH), 6.81 (m, 2H, ArH, NH), 6.85-6.88 (dd, *J = 8.72 Hz, °J = 2.28 Hz, 1H,
ArH), 6.98 (d, J = 9.16 Hz, 2H, ArH), 7.44 (d, J = 8.68 Hz, 2H, ArH), 7.54 (s,1H, ArH), 7.69
(s,1H, ArH), 7.81 (s, 1H, ArH), 7.82 (s, 1H, ArH), 7.83 (s, 1H, ArH); °C NMR (CDCls, 100
MHz): 6 18.6 (CH3), 40.9 (NHCH,), 49.6 (NCH,), 52.3 (OCHs3), 62.0 (OCH,), 101.9, 106.0,
112.1, 112.2, 113.9, 114.0, 115.1, 123.8, 125.6, 127.1 =, 129.5, 132.1, 138.0, 142.8, 147.2, 152.4,
154.9, 159.9, 161.0 (ArC), 161.2 (C=0); MS (ESI): m/z 524.5 (M'+1); Anal. Calcd for
CasHosN-7O4: C, 64.24; H, 4.81; N, 18.73. Found: C, 64.56; H, 4.92; N, 18.90.

Spectral data of 7-((1-(2-(6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (22): creamish solid; yield: 91%; mp
120-122 °C; '"H NMR (CDCls, 400 MHz): § 2.36 (d, J
= 0.68 Hz, 3H, CHj3), 3.95 (s,3H, OCH3), 4.16 (q, J =
5.65 Hz, 2H, NHCH,), 4.80 (t, J = 5.50 Hz, 2H,
NCH,), 5.09 (s, 2H, OCH»), 6.12 (d, J = 1.36 Hz, 1H,
ArH), 6.80 (d, J = 2.32 Hz, 1H, ArH), 6.84 (d, J = 2.28 Hz, 1H, ArH), 6.86 (d, J = 2.32 Hz, 1H,
ArH), 7.02 (d, J = 8.24 Hz, 1H, ArH), 7.08-7.12 (m, 1H, ArH), 7.33-7.37 (m, 1H, ArH), 7.42 (d,
J=8.72 Hz, 1H, ArH), 7.45 (s, 1H, NH), 7.55 (s, 1H, ArH), 7.67 (s, 1H, ArH), 8.10-8.12 (dd, *J
= 7.80 Hz, °J = 1.84 Hz, 1H, ArH), 8.35 (s, 1H, ArH); *C NMR (CDCl;, 100 MHz): 5 18.6
(CHj3), 41.0 (NHCH,), 49.4 (NCH,), 55.5 (OCHs;), 62.0 (OCH,), 101.9, 111.2, 111.7, 112.0,
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112.1, 113.8, 115.3, 120.9, 123.8, 125.4, 125.5, 129.2, 130.2, 132.2, 134.2, 142.7, 146.8, 152.4,
154.9, 156.7, 161.0 (ArC), 161.2 (C=0); MS (ESI): m/z 524.5 (M'+1); Anal. Calcd for
CasHosN7O4: C, 64.24; H, 4.81; N, 18.73. Found: C, 64.11; H, 4.79; N, 18.86.

Spectral data of 4-(8-(2-(4-((4-methyl-2-0x0-2H-chromen-7-yloxy)methyl)-1H-1,2,3-triazol-
1-yl)ethylamino)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (23): yellowish solid; yield: 92%;
mp 212-214 °C; '"H NMR (CDCls+ DMSO-ds,
400 MHz): 6 2.37 (s, 3H, CHj3), 4.04 (q, J = 5.96
Hz, 2H, NHCH,), 4.76 (t, J = 6.18 Hz, 2H,
NCH,), 5.12 (s, 2H, OCH,), 6.19 (d, J = 1.36 Hz,
1H, ArH), 6.90-6.92 (dd, °J = 8.72 Hz, °J = 3.20 Hz, 1H, ArH), 7.02 (d, J = 2.28 Hz, 1H, ArH),
7.54 (s, 1H, ArH), 7.62 (d, J = 8.72 Hz, 1H, ArH), 7.88-7.90 (m, 2H, ArH), 7.95 (d, J = 8.24 Hz,
2H, ArH), 8.17 (d, J = 8.68 Hz, 2H, ArH), 8.30 (bs, 1H, NH), 8.59 (s, 1H, ArH), 9.99 (s, 1H,
CHO); *C NMR (CDCl; + DMSO-ds,100 MHz): & 18.1 (CH3), 40.4 (NHCH,), 48.8 (NCH,),
61.6 (OCH,), 101.4, 108.9, 111.3, 112.5, 113.3, 116.4, 125.2, 126.0, 126.4, 129.8, 132.0, 132.4,
134.9, 135.4, 141.8, 143.0, 147.5, 153.4, 154.6, 160.2 (ArC), 160.9 (C=0), 192.6 (CHO); MS
(ESD): m/z 522.5 (M"+1); Anal. Calcd for CosH»3N7Oy4: C, 64.48; H, 4.45; N, 18.80. Found: C,
64.56; H, 4.40; N, 18.73.

Spectral data of 7-((1-(2-(6-(4-acetylphenyl)imidazo[1,2-a]pyrazin-8-ylamino)ethyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (24): creamish solid; yield: 90%;

mp 235-237 °C; '"H NMR (CDCl; + DMSO-ds,
400 MHz): & 2.41 (s, 3H, CHs3), 2.64 (s, 3H,
COCHs), 4.24 (q, J = 5.65 Hz, 2H, NHCH,), 4.84
(t, J=5.72 Hz, 2H, NCH,), 5.14 (s, 2H, OCH»),
6.12 (s, 1H, ArH), 6.85-6.92 (m, 2H, ArH), 7.52 (m, 2H, ArH), 7.84-8.05 (m, 7H, ArH), 8.27 (s,
1H, ArH); *C NMR (CDCl; + DMSO-dg, 100 MHz): § 17.2 (CH3), 25.3 (CH3), 41.0 (NHCH,),
47.8 (NCH,), 60.4 (OCH,), 100.2, 106.9, 110.3, 111.0, 112.2, 114.8, 123.3, 124.4, 124.5, 127.1,
129.6, 130.0, 134.8, 135.2, 140.1, 140.8, 145.7, 151.5, 153.4, 159.3 (ArC), 159.7 (C=0), 195.9
(C=0); MS (ESI): m/z 536.5 (M"+1); Anal. Calcd for CooHysN7O4: C, 65.04; H, 4.71; N, 18.31.
Found: C, 64.90; H, 4.56; N, 18.28.

4.1.6.7. Synthesis of 3-azidopropanamine (26): 3-Bromopropylamine hydrobromide 25 (1 g,
4.56 mmol) was dissolved in distilled water with stirring. Sodium azide was added (0.95 g, 14.61
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mmol) carefully in succession with continuous stirring. The reaction mixture was refluxed for 12
h. After completion of reaction, reaction mixture was cooled to room temperature and was
quenched by addition of sodium hydroxide (0.7 g, 17.5 mmol) and further stirred for 30 min at
room temperature. Thereafter, mixture was extracted with diethyl ether and dried over sodium
sulphate, filteres to obtain ether extract and stored at low temperature. The ether extract being
volatile in nature, was used as such for next reaction.

4.1.6.8. Synthesis of N-(3-azidopropyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine (27): To the
ether extract containing 3-azidopropanamine 26, was added mixture of 6,8-dibromoimidazol[1,2-
alpyrazine 3 (0.5 g, 1.80 mmol) in acetonitrile in the presence of diisopropylethylamine. The
reaction mixture was refluxed for 24 h. After completion of reaction, the mixture was extracted
with chloroform and water. Organic layer was dried over anhydrous sodium sulphate, filtered
and concentrated over vacuum. The crude mixture was then purified by silica gel
chromatography 60-120 mesh using hexane : ethyl acetate (6:1) as eluents.

Spectral data of N-(3-azidopropyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine (27): red solid;
43[;12, yield: 65%; mp 62-64 °C; '"H NMR (CDCl;, 400 MHz): & 1.97 (m, 2H,
;[NEEN/\/\M CH»), 3.44 (t, J = 6.64 Hz, 2H, NCH»), 3.69 (q, J = 6.56 Hz, 2H, NHCH,),

5N ~ 6.64 (bs, 1H, NH), 7.45 (d, J = 0.92 Hz, 1H, H-2), 7.48 (d, J = 1.36 Hz, 1H,

H-3), 7.58 (s, 1H, H-5); *C NMR (CDCl;, 100 MHz): & 28.3 (CH,), 38.1 (NHCH,), 49.0

(NCH»), 109.1, 114.7, 122.9, 132.0, 132.2, 147.5 (ArC); MS (ESI): m/z 297.0 (M"+1); Anal.

Calcd for CoH¢oBrN7: C, 36.50; H, 3.40; N, 33.11. Found: C, 36.54; H, 3.41; N, 33.13.
4.1.6.9. Synthesis of 7-((1-(3-(6-bromoimidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-1,2,3-

Br

triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (28): To the stirred solution of 4-methyl-7-
(prop-2-ynyloxy)-2H-chromen-2-one 6 (lg, 4.67 mmol) and N-(2-azidopropyl)-6-
bromoimidazo[1,2-a]pyrazin-8-amine 27 (1.31 g, 4.67 mmol) in ethanol:water (8:2), copper
sulphate pentahydrate (5 mol%) and sodium ascorbate (10 mol%) was added and stirred at room
temperature for 2 h. After completion of reaction, water was added and extracted with
chloroform. Organic layer was dried over sodium sulphate, filtered and concentrated in vacuum
to obtain off white solid.

Spectral data of 7-((1-(3-(6-bromoimidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-1,2,3-
triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (28): white solid; yield: 82%; mp 155-157

96



°C; '"H NMR (DMSO-ds, 400 MHz): & 2.18 (m, 2H,

5Ny /N=N . © 12° CHby), 2.35 (s, 3H, CH3), 3.43 (m, 2H, NHCH>), 4.45 (t, J
QI 38 /\/\1\3\/,\/0 8" ?., o
BTONTN . = 6.88 Hz, 2H, NCH,), 5.24 (s, 2H, OCH,), 6.17 (d, J =

0.92 Hz, 1H, ArH), 6.98-7.00 (dd, °J = 8.72 Hz, °J = 2.52 Hz, 1H, ArH), 7.10 (d, J = 2.28 Hz,
1H, ArH), 7.49 (d, J = 0.68 Hz, 1H, ArH), 7.63 (d, J = 8.72 Hz, 1H, ArH), 7.81 (d, J = 0.92 Hz,
1H, ArH), 7.98 (s, 1H, ArH), 8.13 (t, J = 5.50 Hz, 1H, NH), 8.35 (s, 1H, ArH); °C NMR
(DMSO-ds, 100 MHz): & 18.1 (CH3), 29.2 (CHy), 37.3 (NHCH,), 47.4 (NCH,), 61.7 (OCH»),
101.5, 109.1, 111.2, 112.6, 113.3, 115.9, 121.8, 124.9, 126.4, 131.5, 132.1, 141.8, 147.5, 153.4,
154.6, 160.1 (ArC), 161.0 (C=0); MS (ESI): m/z 512.3 (M'+2); Anal. Calcd for C5,H,BrN;Os:
C,51.78; H, 3.95; N, 19.21. Found: C, 51.91; H, 3.88; N, 19.07.

4.1.6.10. General procedure for synthesis of 6-arylated-7-((1-(2-(6-bromoimidazo[1,2-
alpyrazin-8-ylamino)propyl)-1H-1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one
(29-38): To a solution of 6-bromotriazole bridged imidazo[1,2-a]pyrazine-coumarin conjugate
28 (0.10 g, 0.196 mmol) in 1,4-dioxane: water (9:1) in a sealed tube, boronic acid (0.196 mmol)
and K,COs3 (0.027 g, 0.196 mmol) were added under inert atmosphere. Pd(PPhs)s (5mol%) was
added with continued nitrogen purging and refluxed the reaction mixture for 6-8 h. Completion
of reaction was determined by TLC. The mixture was extracted with chloroform and water.
Organic layer was dried using sodium sulphate to obtain crude product which was further
purified by column chromatography using ethylacetate: methanol as eluents.

Spectral data of 4-methyl-7-((1-(3-(6-(thiophen-3-yl)imidazo[1,2-a]pyrazin-8-
ylamino)propyl)-1H-1,2,3-triazol-4-yl)methoxy)-2 H-chromen-2-one (29): reddish brown
solid; yield: 72%; mp 170-172 °C; '"H NMR (CDCl3, 400
MHz): 6 2.37-2.43 (m, SH, CHs, CH), 3.79 (q, J = 6.41
Hz, 2H, NHCH)), 4.54 (t, J = 6.64 Hz, 2H, NCH»), 5.18
(s, 2H, OCH,), 6.15 (d, J = 1.36 Hz, 1H, ArH), 6.40 (s,
1H, NH), 6.86 (d, J = 2.32 Hz, 1H, ArH), 6.91-6.94 (dd, °J = 8.72 Hz, *J= 2.28 Hz, 1H, ArH),
7.35-7.37 (m, 1H, ArH), 7.44-7.45 (dd, *J = 5.04 Hz, °J = 1.36 Hz, 1H, ArH), 7.48 (s, 1H, ArH),
7.51 (d, J =0.92 Hz, 1H, ArH), 7.54 (d, J = 0.88 Hz, 1H, ArH), 7.77-7.78 (m, 2H, ArH), 7.81 (s,
1H, ArH); °C NMR (CDCls, 100 MHz): § 18.6 (CH3), 30.2 (CH,), 37.0 (NHCH,), 47.7 (NCH,),
62.1 (OCHy), 101.9, 106.2, 112.1, 112.4, 113.9, 115.2, 122.4, 123.7, 124.8, 125.6, 126.5, 131.9,
133.2, 135.0, 139.3, 142.7, 147.8, 152.4, 155.0, 161.1 (ArC), 161.2 (C=0); MS (ESI): m/z 514.5
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(M*+1); Anal. Caled for Co¢Hx3N705S: C, 60.81; H, 4.51; N, 19.09:S, 6.24. Found: C, 60.76; H,
4.43; N, 19.28; S, 6.08.

Spectral data of 4-methyl-7-((1-(3-(6-phenylimidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2H-chromen-2-one (30): creamish solid; yield: 70%; mp 154-156
°C; '"H NMR (CDCls;, 400 MHz): & 2.37-2.43 (m,
SH, CHj3, CH,), 3.82 (q, J = 6.27 Hz, 2H, NHCH,),
4.54 (t, J = 6.88 Hz, 2H, NCH)), 5.09 (s, 2H, OCH)),
6.14 (d, J=1.40 Hz, 1H, ArH), 6.40 (t, J = 5.96 Hz,
1H, NH), 6.83 (d, J = 2.32 Hz, 1H, ArH), 6.89-6.91 (dd, *J = 8.72 Hz, *J = 2.28 Hz, 1H, ArH),
7.32-7.36 (m, 1H, ArH), 7.43 (t, J = 7.22 Hz, 2H, ArH), 7.48 (d, J = 8.72 Hz, 1H, ArH), 7.52 (s,
1H, ArH), 7.57 (d, J = 0.92 Hz, 1H, ArH), 7.78 (s, 1H, ArH), 7.87 (s, 1H, ArH), 7.89 (d, J = 1.40
Hz, 2H, ArH); °C NMR (CDCls, 100 MHz): § 18.6 (CH3), 30.3 (CHa), 37.1 (NHCH,), 47.7
(NCH,), 61.9 (OCH,), 101.9, 106.6, 112.1, 112.4, 113.9, 115.2, 123.8, 125.6, 126.0, 128.3,
128.6, 132.1, 132.4, 137.1, 138.3, 142.6, 147.8, 152.5, 155.0, 161.0 (ArC), 161.2 (C=0); MS
(ESI): m/z 508.5 (M"+1); Anal. Calcd for C,sHysN7Os: C, 66.26; H, 4.96; N, 19.32. Found: C,
66.41; H, 5.03; N, 19.19.

Spectral data of 7-((1-(3-(6-(4-fluorophenyl)imidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (31): brown solid; yield: 76%; mp
185-187 °C; '"H NMR (CDCl3+ TFA, 400 MHz): &
2.39 (d, J=1.40 Hz, 3H, CH3), 2.47 (m, 2H, CH,),
3.80 (d, J = 4.12 Hz, 2H, NHCH,), 4.59 (t, J =
6.88 Hz, 2H, NCH,), 5.21 (s, 2H, OCH,), 6.13 (d,
J = 1.36 Hz, 1H, ArH), 6.87 (d, J = 2.76 Hz, 1H, ArH), 6.94-6.96 (dd, *J = 8.72 Hz, °J = 2.30
Hz, 1H, ArH), 7.16 (t, J = 8.70 Hz, 2H, ArH), 7.50 (d, J = 8.68 Hz, 1H, ArH), 7.77 (d, J = 1.84
Hz, 1H, ArH), 7.78 (d, J = 1.84 Hz, 1H, ArH), 7.86-7.90 (m, 2H, ArH), 7.96 (s, 1H, ArH), 8.04
(s, 1H, ArH), 9.25 (s, 1H, NH); '*C NMR (DMSO-d,, 100 MHz): § 18.1 (CH3), 29.5 (CH,), 37.2
(NHCH,) 47.6 (NCH,), 61.7 (OCH,), 101.5, 106.4, 111.3, 112.5, 113.3, 115.2, 115.4, 115.9,
125.0, 126.4, 127.4, 127.5, 131.9, 132.0, 133.7, 133.7, 135.5, 141.8, 147.6, 153.3, 154.6, 160.1,
160.8 (ArC), 161.0 (C=0), 163.2 (ArC); MS (ESI): m/z 526.5 (M'+1); Anal. Calcd for
CysH24FN;0O3: C, 63.99; H, 4.60; N, 18.66. Found: C, 63.71; H, 4.52; N, 18.79.

Spectral data of 7-((1-(3-(6-(4-chlorophenyl)imidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-
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1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (32): creamish solid; yield: 70%;

mp 188-190 °C; 'H NMR (CDCls, 400 MHz): & 2.43-
2.44 (m, 5H, CH3, CH»), 3.80 (q, J = 6.25 Hz, 2H,
NHCH)), 4.54 (t, J = 6.66 Hz, 2H, NCH»), 5.15 (s,
2H, OCH»), 6.15 (d, J = 0.92 Hz, 1H, ArH), 6.35 (t,
J=5.28 Hz, 1H, NH), 6.85 (d, J = 2.76 Hz, 1H, ArH), 6.90-6.93 (dd, *J = 8.68 Hz, *J = 2.74 Hz,
1H, ArH), 7.38 (d, J = 8.68 Hz, 2H, ArH), 7.50 (d, J = 9.16 Hz, 1H, ArH), 7.53 (s, 1H, ArH),
7.57 (s, 1H, ArH), 7.74 (s, 1H, ArH), 7.82 (d, J = 8.72 Hz, 2H, ArH), 7.88 (s, 1H, ArH); °C
NMR (CDCls, 100 MHz): 6 18.6 (CH3), 30.2 (CH»), 37.1 (NHCH,), 47.8 (NCH,), 62.0 (OCH,),
102.0, 106.6, 112.1, 112.2, 113.9, 115.3, 123.5, 125.6, 127.1, 128.8, 132.3, 132.4, 134.1, 135.6,
137.2, 142.8, 147.8, 152.5, 155.0, 161.0 (ArC), 161.2 (C=0); MS (ESI): m/z 542.9 (M'+1);
Anal. Calcd for CogH,4CIN,Os: C, 62.05; H, 4.46; N, 18.09. Found: C, 61.91; H, 4.32; N, 18.23.
Spectral data of 4-methyl-7-((1-(3-(6-(3-(trifluoromethyl)phenyl)imidazo[1,2-a]pyrazin-8-

ylamino)propyl)-1H-1,2,3-triazol-4-yl)methoxy)-2H-chromen-2-one (33): creamish solid;
yield: 80%; mp 181-183 °C; 'H NMR (CDCl; ; TFA,
400 MHz): & 2.40 (d, J = 0.92 Hz, 3H, CHj3), 2.51 (m,
2H, CH;), 3.84 (bs, 2H, NHCH)), 4.63 (t, J = 6.64 Hz,
2H, NCH»), 5.23 (s, 2H, OCH»), 6.13 (d, J = 1.36

Hz, 1H, ArH), 6.83 (d, J = 2.28 Hz, 1H, ArH), 6.92-6.95 (dd, °J = 8.68 Hz, *J = 2.52 Hz, 1H,
ArH), 7.52 (d, J = 8.68 Hz, 1H, ArH), 7.63 (t, J = 7.80 Hz, 1H, ArH), 7.71 (d, J = 7.80 Hz, 1H,
ArH), 7.85 (d, J = 1.80 Hz, 1H, ArH), 7.90 (d, J = 1.80 Hz, 1H, ArH), 8.07 (s, 1H, ArH), 8.11-
8.12 (m, 3H, ArH), 8.97 (s, 1H, NH); °C NMR (CDCl; + TFA,, 100 MHz): § 18.6 (CH3), 28.6
(CH,), 38.2 (NHCH,), 48.6 (NCH,), 61.3 (OCH,), 101.9, 105.6, 111.9, 112.6, 114.1, 116.2,
119.7, 122.4, 122.9, 124.0, 124.5, 125.1, 125.8, 126.2, 126.5, 129.6, 129.7, 131.2, 131.5, 135.7,
142.2, 142.4, 144.4, 153.3, 154.7, 160.9 (ArC), 162.0 (C=0); MS (ESI): m/z 576.5 (M"+1); Anal.
Calcd for C9H24F3N-Os: C, 60.52; H, 4.20; N, 17.04. Found: C, 60.88; H, 4.05; N, 17.19.

Spectral data of 4-methyl-7-((1-(3-(6-m-tolylimidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2H-chromen-2-one (34): brown solid; yield: 81%; mp 95-
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97 °C; '"H NMR (CDCls, 400 MHz): & 2.37-2.44 (m,
7H, CHs CHj;, CHy), 3.83 (q, J = 6.25 Hz, 2H,
NHCH,), 4.54 (t, J = 6.64 Hz, 2H, NCH»), 5.09 (s,
2H, OCHy), 6.15 (d, J = 0.92 Hz, 1H, ArH), 6.36

(t, J = 5.72 Hz, 1H, NH), 6.83 (d, J = 2.28 Hz, 1H, ArH), 6.88-6.91 (dd, °J =8.68 Hz, *J = 2.30
Hz, 1H, ArH), 7.17 (d, J = 7.36 Hz, 1H, ArH), 7.32 (d, J = 7.56 Hz, 1H, ArH), 7.49 (d, J = 8.72
Hz, 1H, ArH), 7.53 (d, J = 0.88 Hz, 1H, ArH), 7.56 (d, J = 1.36 Hz, 1H, ArH), 7.67-7.69 (m, 2H,
ArH), 7.78 (s, 1H, ArH), 7.88 (s, 1H, ArH); BC NMR (CDCl3, 100 MHz): 6 18.6 (CH3), 21.6
(CHs), 30.3 (CHy), 37.1 (NHCH,), 47.7 (NCH>), 61.9 (OCH»), 101.9, 106.6, 112.1, 112.4, 113.9,
115.2, 123.2, 123.8, 125.6, 126.6, 128.6, 129.1, 132.1, 132.4, 137.1, 138.3, 138.5, 142.6, 147.8,
152.5, 155.0, 161.1 (ArC), 161.2 (C=0); MS (ESI): m/z 522.6 (M'+1); Anal. Calcd for
CaoH27N-0s: C, 66.78; H, 5.22; N, 18.80. Found: C, 66.62; H, 5.34; N, 18.91.

Spectral data of 7-((1-(3-(6-(4-ethylphenyl)imidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (35): creamish solid; yield: 56%; mp
100-102 °C; '"H NMR (CDCls, 400 MHz): § 1.23 (t, J =
7.56 Hz, 3H, CH3), 2.35-2.42 (m, 5H, CH3, CH»), 2.65
(q, J =7.64 Hz, 2H, CH,), 3.81 (q, J = 6.10 Hz, 2H,
NHCH»), 4.54 (t, J = 6.64 Hz, 2H, NCH,), 5.15 (s, 2H, OCH»), 6.14 (d, J = 1.36 Hz, 1H, ArH),
6.41 (s, 1H, NH), 6.84 (d, J = 2.76 Hz, 1H, ArH), 6.89-6.92 (dd, °J = 9.16 Hz, *J = 2.52 Hz, 1H,
ArH), 7.25 (m, 2H, ArH), 7.48 (d, J = 8.68 Hz, 1H, ArH), 7.52 (s, 1H, ArH), 7.56 (s, 1H, ArH),
7.79 (d, J = 2.76 Hz, 2H, ArH), 7.81 (s, 1H, ArH), 7.86 (s, 1H, ArH); °C NMR (CDCl;, 100
MHz): & 15.5 (CH3), 18.6 (CHj3), 28.5 (CH»), 30.3 (CH), 37.1 (NHCH,), 47/.8 (NCH,), 62.0
(OCHy), 101.9, 106.2, 112.1, 112.4, 113.9, 115.2, 123.8, 125.6, 125.9, 128.2, 131.9, 132.3,
134.5, 138.5, 142.6, 144.7, 147.7, 152.4, 155.0, 161.1 (ArC), 161.2 (C=0); MS (ESI): m/z 536.5
(M"+1); Anal. Calcd for C30H»N-0s: C, 67.27; H, 5.46; N, 18.31. Found: C, 67.10; H, 5.51; N,
18.19.

Spectral data of 7-((1-(3-(6-(4-methoxyphenyl)imidazo[1,2-a]pyrazin-8-ylamino)propyl)-1H-
1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (36): brownish solid; yield: 76%;

mp 118-120 °C; 'H NMR (CDCl;, 400 MHz): & 2.37-
2.44 (m, 5H, CHs, CHy), 3.79-3.83 (m, 5SH, NHCHo,,
OCHs), 4.54 (t, J = 6.64 Hz, 2H, NCH>), 5.12 (s, 2H,

100



OCH,), 6.14 (d, J = 1.40 Hz, 1H, ArH), 6.64 (t, J = 5.96 Hz, 1H, NH), 6.84 (d, J = 2.76 Hz, 1H,
ArH), 6.89-6.92 (dd, °J = 9.20 Hz, *J = 2.52 Hz, 1H, ArH), 6.95 (d, J = 8.72 Hz, 2H, ArH), 7.47
(s, 1H, ArH), 7.50 (d, J = 1.36 Hz, 1H, ArH), 7.54 (d, J = 1.36 Hz, 1H, ArH), 7.80 (d, J = 1.40
Hz, 2H, ArH), 7.81 (s, 1H, ArH), 7.83 (s, 1H, ArH); *C NMR (CDCl;, 100 MHz): & 18.6 (CH3),
30.2 (CHy), 37.0 (NHCH,), 47.7 (NCH,), 55.3 (OCH3), 62.0 (OCH,), 101.9, 105.5, 112.1, 112.4,
113.9, 114.0, 115.1, 123.8, 125.6, 127.2, 129.6, 131.7, 132.1, 138.3, 142.6, 147.7, 152.4, 155.0,
159.8, 161.1 (ArC), 161.2 (C=0); MS (ESI): m/z 538.5 (M"+1); Anal. Calcd for Co0H2;N;04: C,
64.79; H, 5.06; N, 18.24. Found: C, 64.63; H, 4.91; N, 18.36.

Spectral data of 7-((1-(3-(6-(2-methoxyphenyl)imidazo[1,2-a]pyrazin-8-ylamino)propyl)-
1H-1,2,3-triazol-4-yl)methoxy)-4-methyl-2 H-chromen-2-one (37): brown solid; yield:

68%; mp 162-164 °C; 'H NMR (CDCls, 400 MHz): &
2.35-2.42 (m, 5H, CHj3, CH,), 3.79 (q, J = 6.12 Hz, 2H,
NHCH,), 3.92 (s, 3H, OCHs), 4.54 (t, J = 6.64 Hz, 2H,
NCH,), 5.05 (s, 2H, OCH), 6.14(d, J = 0.92 Hz, 1H,
ArH), 6.55 (bs, 1H, NH), 6.84 (d, J = 2.28 Hz, 1H, ArH), 6.89-6.92 (dd,”J = 8.72 Hz, °J = 2.54
Hz, 1H, ArH), 6.99 (d, J = 8.24 Hz, 1H, ArH), 7.04-7.08 (m, 1H, ArH), 7.28-7.33 (m, 1H, ArH),
7.49 (d, J =8.72 Hz, 1H, ArH), 7.53 (d, J =0.92 Hz, 1H, ArH), 7.56 (d, J = 1.40 Hz, 1H, ArH),
7.87 (s, 1H, ArH), 8.04-8.06 (dd, °J = 7.80 Hz, °J = 1.84 Hz, 1H, ArH), 8.28 (s, 1H, ArH); °C
NMR (CDCls, 100 MHz): 6 18.6 (CH3), 30.4 (CH»), 37.1 (NHCH»), 47.7 (NCH»), 55.5 (OCH3),
61.9 (OCH,), 101.9, 111.1, 111.2, 112.1, 112.4, 113.8, 115.3, 120.9, 124.1, 125.4, 125.5, 129.3,
130.4, 131.4, 131.8, 134.8, 142.4, 147.2, 152.5, 155.0, 156.8, 161.1 (ArC), 161.2 (C=0); MS
(ESD): m/z 538.5 (M"+1); Anal. Calcd for Co0H»N;Oy4: C, 64.79; H, 5.06; N, 18.24. Found: C,
64.52; H, 4.92; N, 18.08.

Spectral data of 4-(8-(3-(4-((4-methyl-2-0x0-2H-chromen-7-yloxy)methyl)-1H-1,2,3-triazol-

1-yl)propylamino)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (38): brownish solid;

yield: 90%; mp 194-196 °C; 'H NMR (CDCl; +
o DMSO-ds, 400 MHz): & 2.40-2.45 (m, SH, CH3, CH,),
OH; e | 3.80 (q, J = 6.10 Hz, 2H, NHCH,), 4.58 (t, J = 6.64 Hz,

2H, NCH,), 5.17 (s, 2H, OCH,), 6.12 (s, 1H, ArH), 6.86 (d, J = 2.28 Hz, 1H, ArH), 6.90-6.93
(dd, 2J = 8.72 Hz, °J = 2.28 Hz, 1H, ArH), 7.05 (t, J = 5.04 Hz, 1H, NH), 7.52 (d, J = 6.40 Hz,
2H, ArH), 7.67 (s, 1H, ArH), 7.92 (d, J = 8.24 Hz, 2H, ArH), 7.94 (s, 1H, ArH), 8.10 (d, J = 8.28
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Hz, 2H, ArH), 8.14 (s, 1H, ArH), 9.98 (s, 1H, CHO); ?C NMR (CDCl; + DMSO-ds, 100 MHz):
18.0 (CH3), 29.3 (CHy), 36.4 (NHCH,), 47.2 (NCH,), 61.4 (OCH»), 101.2, 107.5, 111.3, 111.7,
113.2, 115.1, 123.4, 125.2, 125.6, 129.3, 131.7, 132.0, 135.0, 135.8, 141.9, 142.7, 147.4, 152.1,
154.3, 160.4 (ArC), 160.5 (C=0), 191.2 (CHO); MS (ESI): m/z 536.5 (M"+1); Anal. Calcd for
CooHasN7O4: C, 65.04; H, 4.71; N, 18.31. Found: C, 64.89; H, 4.58; N, 18.25.

4.1.6.11. Photophysical measurements

All photophysical measurements were performed in acetonitrile. Absorption spectra were
measured with a UV-2500, Shimadzu spectrophotometer. Fluorescent measurements were
performed with a Carry Eclipse spectrophotometer. The quantum yields of the imidazo[1,2-
alpyrazine analogues were determined relative to anthracene.

4.1.6.12. Fluorescence quantum yield

The fluorescence quantum yield @y for all compounds was determined at room temperature in
analytical grade CH3;CN using anthracene (@ = 0.22) in acetonitrile as the standard. The
quantum yield was calculated by using eqn--1, in which @y is the radiative quantum yield of the
sample, @y is the radiative quantum yield of reference, As and A, are the absorbance of the
sample and the reference, respectively, Dy and D, are the areas of emission for the sample and
reference respectively, Ls and L, are the lengths of the absorption cells, and Ng and N; are the

refractive indices of the respective sample and reference solutions (pure solvents were assumed).

1-100%* N> D
D, =D, x——x s 1
Ao I-10M N2 D

r
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4.2. IMIDAZO[1,2-a]PYRAZINE-TRIAZOLE-BENZIMIDAZOLE CONJUGATES

4.2.1. INTRODUCTION

.. .. .1
Phosphate-containing anionic species'*’

are ubiquitous in biological systems and play important
mediatory roles in signal transduction pathways, and also in carrying genetic information."*® For
example, anions such as pyrophosphate ion (PPi) is involved in energy transduction in
organisms, and controlling metabolic processes via participation in enzymatic reactions."’
Various important biochemical reactions like DNA polymerization, synthesis of cyclic AMP
(second messenger) and formation of the activated intermediates (aminoacyl-tRNA) in protein
synthesis are catalyzed by DNA polymerase, adenylate cyclase and aminoacyl-tRNA synthetase,
respectively, whereas the hydrolysis of ATP with concomitant release of PPi is at the heart of
biochemical pathways.'*® Therefore, several research groups have focused on the detection of
this biological anion. But, the design of fluorescent chemosensors for detection of biologically
important anion remains a challenge. This is due to lack of a general design principle in
translating anion-binding event to a large fluorescent signal response.'*” Moreover, most of the
developed phosphate anion sensors are based on transition metal complexes where the cavity
formed by the metal ion with the receptor provides a cooperative binding site for phosphate
derivative."* In this context, Zn(Il) complexes are frequently used.'*! but other metal ions like
Tb(III),l42 Cd(H),l43 Mn(II),144 Cu(II)l45 and Eu(III)]46 have also been employed. Some of these
sensors display remarkable selectivity and sensitivity. However, considerable synthetic efforts
are required for their preparation. Moreover, sensing molecules for detection of PPi are limited in
literature and the potential for the development of this PPi sensor is at the primitive stage for
bioanalytical application. Until now, very few sensors for detection of PPi, displaying high
selectivity and reliability in the absence of any metal ions were reported.'*’ To the best of our
knowledge, examples of chemosensors based on imidazo[l,2-a]pyrazine and benzimidazole
platforms have not been reported so far.

Moreover, fluorescence resonance energy transfer (FRET) are generally designed as
fluorescence sensor to adopt the photophysical changes produced on complexation.'*® Recently
FRET based probes149 have actively been used in cell physiology, optical therapy and selective

as well as specific sensing towards the target analytes.15 0
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4.2.2. OBJECTIVE

Keeping above points in consideration, we have designed and synthesized imidazo[l,2-
alpyrazine-benzimidazole conjugates for FRET based ratiometric determination of
pyrophosphate (PPi). Despite of great research, there is no report available for synthesis of FRET
based probes for ratiometric detection of pyrophosphate. Herein, we have synthesized these
conjugates by implementing click reaction and Suzuki-Miyaura cross coupling at respective C-8

and C-6 positions of imidazo[1,2-a]pyrazine.
4.2.3. CHEMISTRY

Compound 4 was synthesized according to the procedure mentioned in section 4.1.3 (Scheme 1).
Reaction of 2-(3-nitrophenyl)-1H-benzo[d]imidazole 5§ with 2 eq. of 80% solution of propargyl
bromide, in the presence of potassium carbonate and DMF at room temperature for 12 h to

obtain 2-(3-nitrophenyl)-1-(prop-2-ynyl)-1H-benzo[d]imidazole 6 in 95% yield (Scheme 5).

NO,

NO, N
Br K,COs, DMF, @[ S
* — N
i, 12 h. /
7

Scheme 5 Synthesis of N-propargylated benzimidazole

Tz Z

\

5

6 (95% yield)
Keeping both the precursors i.e. azide and alkyne, copper catalyzed azide-alkyne cyloaddition
(CuAAC) reaction was performed by reacting azide 4 and alkyne 6 in the presence of 5 mol% of
CuS04.5H,0 as catalyst and 10 mol% of sodium ascorbate as reducing agent in ethanol:water

(8:2) at room temperature for 2 h to afford triazole linked imidazo[1,2-a]pyrazine-benzimidazole

| @[N@ e LNI jv
/[ sodlum ascorbate, “ b\
Br B

conjugate 7 in 81% yield (Scheme 6).

ethanol:water (8:2),

4
,2h. 7 (81% yield)

Scheme 6 Synthesis of triazole based imidazo[1,2-a]pyrazine-benzimidazole conjugates.
However, a mixture of 1,4-disubstituted triazole 7 and 1,5-disubstituted triazole 8 in 2:1 ratio
was obtained on reaction of azide 4 and alkyne 6 in heating without the use of any catalyst. It has

been observed that thermal [2+3] dipolar cycloaddition of alkyne to azide is not a regiospecific
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reaction. NOESY experiment was carried out to confirm the formation of 1,4 and 1,5-
disubstituted products. Positive NOE was observed between the protons of triazole H-5" and
alkyl groups at N-1" and C-4’ positions in compound 7, suggesting that the triazole proton and
both alkyl groups are in close proximity, thereby confirmed the formation of 1,4-disubstituted
triazole. On the other hand, No NOE signals was observed between the C-4’ proton of triazole
and alkyl group at N-1" position in 1,5-disubstituted triazole 8. However, positive NOE signal
was observed between triazole proton C-4’ and C-5’ substituted alkyl group (Figure 4).

NO NOE

NOE
Figure 4 2D NOE experiments of 1,4-disubstituted triazole 7 and 1,5-disubstituted triazole 8

Conjugate 7 was further reacted with variety of aryl boronic acids through Suzuki-Miyaura
cross coupling at C-6 position of imidazo[1,2-a]pyrazine using Pd(PPh3)4 (5 mol%), K,CO;5 (1
equiv.) in 1,4-dioxane:H,O (9:1), providing library of arylated compounds 9-24 (Table 7).
Various electron donating and electron withdrawing groups were introduced on aryl group of
imidazo[1,2-a]pyrazine. The reactions were well tolerated with five member ring viz., thiophen-
2-boronic acid (9), thiophene-3-boronic acid (10) and furan-2-boronic acid (11). Substitution
with electron withdrawing groups such as 4-fluorophenyl (13), 4-chlorophenyl (14), 4-
bromophenyl (15), 3-trifluoromethylphenyl (16), 4-formylphenyl (23) and 4-acetylphenyl (24)
gave good yields of products while electron donating groups, 3-methylphenyl (17) and 2-
methoxy phenyl (22) were obtained in moderate yields.

Table 7 Suzuki-Miyaura coupling of ethyl triazole bridged imidazo[1,2-a]pyrazine-

benzimidazole conjugates.

N/;:\N R{B(OH),, KoCOs, I J\/
/[ /\/N\/)\/ § Pd(PPh34 )i /\/N / ;:
Br N
924

dioxane:water (9:1),
NO, Sealed tube, reflux, 6-8 h.
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Entry Time (h) R;B(OH), Product Compound (%)

_
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[©]
T
z
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Z
\
Z
Z

[s% 9 (73)
) B | N= N
\ _ /
o — N NH/\/N\>\/
NS E)\NOZ
OH

STN / — Q

. QB\OH =\ N . 10 (81)

Y NZ Ny
2 \ I W
7 NH/\/N\>\/
I\
S NO,

o OH _ K { 11 (62)
3 8 UB\ NE\N =N, N
\ 6 OH N/,,I:\N R QN 12 (80)

o _ [ Z 13 (73)
7 B /—,\N
5 o e
\ \J
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F NO,

; on — Q 14 (79)
B. N
6 OH N/ N=N NN
Cl/©/ /@/E /:[ /\/I‘\I\/)\/
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s & G 5ty
, | W
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B NO,
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6 I A LB rew
9 Q/ oH I/ = N

on —- Q 18 (77)
10 6 [ jB‘OH NN NN N
|
H;CH,C /©/[N/INH/\/N\/)\/ b
H;CH,C NO,

- W = B
O B. NiN N=N N
12 QH — Q 20 (43)
° @:B\OH N//\N _N N
OH

on _ { Z 21 (91)
13 N/—//\N =N N

" on _ Q 22 (58)
6 By N//\N _N N
(éH NﬁN N QN 23 (88)
15 6 “OH 7 NZ N
OHC NO,
oH — < Z 24 (71)
8 /’:\N _N N

B. N
16 /[j oH I N Ny
H;COC | N /\/I“’\)\/ ;
NO,

After the screening of 2-azidoethanamine, reaction with another alkyl chain, 3-
azidopropanamine was investigated as described above in section 4.1.3. (Scheme 4). Copper

catalyzed azide-alkyne cycloaddition of 27 with 6 gave compound 28 in 85% yield. Subsequent
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reaction of 28 with variety of aryl boronic acids via Suzuki-Miyaura coupling reaction, to obtain
compounds 29-38 in 53-83% yields (Scheme 7, Table 8).

(i) NaN3, H,0,
flux, 12 h.
Br /\/\NHZ HBr reflux NS SN ————
: B 3 2 DIPEA, AN
25 (i) NaOH, rt, 26 acetonitrile, N
30 min.
reflux, 24 h. 27 (65% yield)
6 NN Q
CuS0,4.5H,0, JI I /
sodium ascorbate, Br N /\/\N Y
ethanol:water
2 9 1
(8:2), rt, 2 h. 8 (85% yield)

Scheme 7 Synthesis of triazole based imidazo[1,2-a]pyrazine- ben21m1dazole conjugate

Table 8 Suzuki-Miyaura coupling of propyl triazole bridged imidazo[l,2-a]pyrazine-
benzimidazole conjugates

N Q R{B(OH), cho3 I N _N Q
B o I s GRS s

N
dloxane water (9 1),

sealed tube, reflux, 6-8 h.
NO,

28

29-38
NO,

Product Compound (%)

) { Z 29
OH _N (68)
! 6 s\&]{ \ NI N=N

OH

Entry Time (h) R;B(OH),

N /\/\I\/I\/)\/
N E
2 on Q 30 (67)
8 B\OH N =N
on 31 (76)
3 8 B, N= =N Q
F/©/ OH /@/[ SN J\/
N T U
al g \

108



10

4
g
Z
P
0

NO,

Sy
Q@@

N NH

3
%
O

NO,

H3CH,C

2
gg
O~

NO,

NO,

o et
z B Z

_ Y _
g % g
z z Z z
jan) é T

S A
2 - 2y
NN \\2 A\ \\z

4
O 3
N\ =z N
8

33(53)

34 (57)

35 (62)

36 (81)

37(83)

38 (80)

halogen containing compounds,

the most

4.2.4. PHOTOPHYSICAL PROPERTIES
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electron withdrawing group

Compounds 7, 9-24 and 28-38 were further studied for their photophysical properties. Quantum
yields of all compounds were calculated with respect to anthracene in acetonitrile. It was
revealed that presence of electron withdrawing groups viz., 4-formyl phenyl (23 and 38) and 4-
acetyl phenyl (24) gave excellent quantum yields (0.90, 0.92 and 0.85 respectively). In case of
such as
(trifluoromethyl)phenyl moiety in 16 and 33 gave good quantum yield (0.53 and 0.62
respectively) in comparison to other halogenated compounds 13 (0.14), 14 (0.38), 15 (0.38). On
increasing linker length from ethyl to propyl as exemplified by compounds 16 and 23 with 33
and 38, increase in quantum yields was observed (Tables 9, 10). FRET efficiencies () based



upon the fluorescence quantum yields have also been determined using the equation™' 7 =1 —
DE(donor in dyady PF(free donor)- Where, Dr(donor in dyad) 1S the fluorescence quantum yield of the donor
part in dyad and Dpg(free donor) 1S the fluorescence quantum yield of the donor when not connected
to the acceptor. It revealed that in most of the cases, presence of electron donating substituents
showed lower FRET efficiencies in comparison to electron withdrawing

substituents. However, the maximum FRET efficiency (92%) from donor part of dyad to
acceptor was displayed by compound 20 having 2-hydroxyphenyl substituent attached to the
acceptor part. Imidazo[1,2-a]pyrazine acts as an acceptor and showed absorption band at 360
nm. There is a significant spectral overlap between absorption spectra of the imidazo[1,2-
al]pyrazine (acceptor) and emission spectra of the benzimidazole (donor) (Figure 5). Dyad 20 (®s
= 0.080) showed the emission band at 365 nm. Upon addition of PPi to dyad 20, red shift of 65
nm from 365 nm to 430 nm is observed particularly due to fluorescence resonance energy
transfer (FRET). It signifies that donor benzimidazole transfers its energy to acceptor
imidazo[1,2-a]pyrazine (430 nm) with red shift upon addition of PPi resulting FRET on (Energy
transfer efficiency = 92%).

Table 9: Photophysical properties of compounds 7, 9-24

Entry  Product (%)* Mo (NIM) Aama™ (nM) € @, FRET efficiency (i)
1 7 287 375 36600 0.22 85.3
2 9 286 420 42250 0.19 87.3
3 10 288 366 46250 0.13 91.3
4 11 288 375 36200 0.26 82.6
5 12 291, 280 408 53800 0.52 65.3
6 13 282 365 47250 0.14 90.6
7 14 284 380 56050 0.38 72.6
8 15 283 380 50450 0.38 74.6
9 16 283 395 50400 0.53 64.6
10 17 285 406 50250 0.32 62.6
11 18 283 385 57700 0.28 81.3
12 19 285 420 55050 0.11 25.3
13 20 286 365 26600 0.95 92.0
14 21 286, 258 373 66950 0.15 90.0
15 22 289 407 37550 0.48 453
16 23 340, 274 496 47300 0.90 ND
17 24 340,272 475 59750 0.85 ND
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ND: not determined

Table 10: Photophysical properties of compounds 28-38

Entry Product D™ (M) Mna™ (nM) € (O FRET efficiency
(%)" )*
1 28 287 365 28100 0.15 90.3
2 29 287 368 30300 0.28 81.3
3 30 288 405 30400 0.70 53.3
4 31 282 370 28350 0.14 90.6
5 32 284 390 32550 0.41 74.6
6 33 283 392 17800 0.62 18.6
7 34 284 372 22750 0.56 78.6
8 35 283 371 37000 0.36 76.0
9 36 286, 258 372 31800 0.43 71.3
10 37 289 370 34950 0.82 71.0
11 38 341,274 505 31250 0.92 ND

ND: not determined
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Figure 5 Spectral overlap between absorption spectra of the imidazopyrazine (acceptor) and
emission spectra of the benzimdazole (donor)

Further insight and quantitative evaluation of the sensing capability of compounds 7, 9-24 and
28-38 (20 uM, CH3;CN) with pyrophosphate was obtained from UV-visible and fluorescence
quenching experiments. It was surprising that only compound 20 with 2-hydroxylphenyl ring at
C6 position of imidazo[1,2-a]pyrazine, showed significant change with pyrophosphate indicating
that 2-hydroxyphenyl moiety is responsible for binding with PPi. As shown in figure 6a,
compound 20 showed an absorption band centered at 286 nm. Upon addition of increasing
amount of PPi (0.2 uM to 900 uM), we observed the decrease of the band at 286 nm with a

concomitant appearance of new band at 340 nm that could be attributed either to the
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deprotonation, observed in the "H NMR titration or to an interaction via hydrogen bonding. The
association constant for binding of compound 20 with PPi has been found to be 4.69 x 10° M
determined by Benesi—Hildebrand equation.'™* Lowest detection limit was found to be 0.1 pM.
The behaviour of compound 20 towards PPi was then studied by spectrofluorimetric titrations in
CH;CN. Compound 20 showed an emission band at 365 nm when excited at 280 nm. As shown
in figure 6b, upon addition of increasing amount of PPi (20 uM to 1000 uM), a quenching of the
emission band of the receptor was accompanied by the formation of a new band at 430 nm. This
new band could probably originate from the intramolecular interaction in the excited state of the
hydroxyphenyl and benzimidazole moieties. This interaction could be favoured by the presence
of the coordinated PPi. The association constant for binding of compound 20 with PPi was 2 X

10* M and the lowest detection limit was found to be 20 uM.

0.8
1 l/zss nm (a) 1000
07 R 000 (b)
0.6 - 800
0.5 1 700
4 370 _ 600
i 04 - nm : 500
0.3 - = 400 T 430 nm
02 - R <
== 200 - S
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Figure 6 (a) Changes in UV-visible of 20 (20 uM in CH3CN) upon addition of tris(tetrabutyl
ammonium) hydrogen pyrophosphate (0.2 uM to 900 uM). (b) Changes in fluorescence emission
intensity of 20 (20 uM in CH3CN) upon the addition of pyrophosphate (20 uM to 1000 uM).

In an effort to gain more detailed information of the interaction between compound 20 and
PPi, 'H NMR titration study was carried out in CD;CN (Figure 7). The proton signal at & 8.1
ppm was attributed to the 2-hydroxyphenyl proton H, and signal at 6 6.8 ppm is due to the
overlapping triplet and doublet from the characteristic protons Hy, and Hy of hydroxyphenyl
along with NH,. The addition of 0.5 equivalents of PPi caused deprotonation of both OH and
NH, at 6 12.7 and d 6.8, respectively. On the other hand, proton H, adjacent to the hydroxyl
group broadened and shifted downfield by & 0.9 ppm (6 8.1-9.0 ppm) until the end of the titration
experiment (over one equivalents of PPi added). The large shifting as well as broadening of
signal might be due to hydrogen bonding of compound with pyrophosphate. The signal of the
other proton Hj, is separated out and shifted upfield by 0.3 ppm (6 6.8-6.5 ppm) upon addition of
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pyrophosphate ion. Moreover, two double doublets at 6 8.2 and 8.3 ppm of benzimidazole are
also approaching towards each other. This interesting behaviour of compound 20 could be
explained by considering the important contribution given by the benzimidazole and 2-
hydroxylphenyl in assisting the interaction of the receptor and pyrophosphate anion. The
proposed mechanism for the binding of pyrophosphate with compound 20 has been shown in
Figure 8. It has been shown that 2-hydroxyphenyl, imidazopyrazine and benzimdazole moieties
are interacting with pyrophosphate anion. On the basis of "H NMR studies, the proposed binding

mode for compound 20 with PPi is shown in Figure 8.

", NN N @N H H Hd
\ N;[NH/\/S\/)\::Q}»;O? eq. {Ia %T f ‘ T /Hb
\ LS N

Hy OH H, \ ull LI W M \ \
H,
He H Hd H
0.5 eq. l{[a TT f T / '
A H,
OH H,H, H H,
i 0.0 eq. 1N / N

Figure 7 "H NMR stack plot of a CD3CN solution of compound 20 (5 mM) upon addition of
tris(tetrabutylammonium) hydrogen pyrophosphate (0.5-1.0 eq.).

Figure 8 Suggested binding structure for 20 with PPi

4.2.5. CONCLUSION

We have synthesized a new series of imidazo[1,2-a]pyrazine-benzimidazole conjugates based on
click reaction and Suzuki-Miyaura coupling reaction. We have demonstrated that while simply
changing the substituents in the acceptor part of conjugate, a ratiometric detection of

pyrophosphate was observed in CH3;CN. In particular, in case of receptor bearing 2-
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hydroxyphenyl group at C-6 position of imidazo[1,2-a]pyrazine (20), binding is achieved thanks

to the uncommon interaction of an aromatic CH from fluorophore with PPi guest.
4.2.6. EXPERIMENTAL SECTION

4.2.6.1. Synthesis of 2-(3-nitrophenyl)-1-(prop-2-ynyl)-1H-benzo[d]imidazole (6): To 2-(3-
nitrophenyl)-1H-benzo[d]imidazole 5§ (1 g, 4.08 mmol) was added 80% solution of propargyl
bromide in toluene (1.055 g, 8.40 mmol) in the presence of potassium carbonate (0.56 g, 4.08
mmol) and DMF. The mixture was stirred at room temperature for 12 h. Completion of reaction
was monitored by TLC. Reaction was quenched by addition of ice cold water. The solid product
was filtered to obtain pure off white solid.
Spectral data of 2-(3-nitrophenyl)-1-(prop-2-ynyl)-1H-benzo[d]imidazole (6): off white
) TN 2 1:02 solid; yield: 95%; mp 128-130 °C; "H NMR (CDCls, 400 MHz): & 2.56 (t,
@E \>2_1©4' J =2.52 Hz, 1H, alkyne CH), 4.97 (d, J = 2.28 Hz, 2H, NCH,), 7.37-7.45
©UL T (m,2H, AH), 7.57-7.59 (m, 1H, ArH), 7.77 (t, J = 8.02 Hz, 1H, ArH),
7.86-7.88 (m, 1H, ArH), 8.24- 8.27 (dt, °J = 6.40 Hz, °J = 1.36 Hz, 1H, ArH), 8.39-8.42 (ddd, *J
= 8.24 Hz, °J = 2.28 Hz, *J = 0.92, 1H, ArH), 8.82 (t, J = 2.06 Hz, 1H, ArH); °C NMR (CDCl;,
100 MHz): & 34.6 ( NCH,), 74.5 (alkyne CH, C), 109.9, 120.1, 123.2, 123.8, 124.0, 124.4, 129.9,
131.1, 134.8, 135.2, 142.5, 148.2, 150.2 (ArC); MS (ESI): m/z 278.2 (M"+1).
4.2.6.2. Synthesis of 6-bromo-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yDmethyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (7): To a stirred
solution of 2-(3-nitrophenyl)-1-(prop-2-ynyl)-1H-benzo[d]imidazole 6 (1.00 g, 3.6 mmol) and N-
(2-azidoethyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine 4 (1.00 g, 3.6 mmol) in 50 ml
ethanol:water (8:2), copper sulphate pentahydrate (5 mol%) and sodium ascorbate (10 mol%)
were added and stirred at room temperature for 2 h. After completion of reaction, water was
added and extracted with chloroform. Chloroform layer was dried over anhydrous sodium
sulphate, filtered and concentrated in vacuum to obtain pure yellow solid.
Spectral data of 6-bromo-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-
1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (7): yellow solid; yield: 81%; mp
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.6 230-232 °C; '"H NMR (DMSO-ds, 400 MHz): § 3.79 (q, J =

5
2 7"
413\1[:\1\1‘ > 3 4"Q9"1,, 5.04 Hz, 2H, NHCH,), 4.59 (t, J = 5.74 Hz, 2H, NCH)), 5.51
5 Z N=N 4 2u N
| l‘% Nn'&\/)vgl o (s, 2H, NCH,), 7.17-7.24 (m, 2H, ArH), 7.45 (s, 1H, ArH),

“\ o, 7.57 (d, J = 7.32 Hz, 1H, ArH), 7.68 (d, J = 7.36 Hz, 1H,
ArH), 7.78 (d, J=0.92 Hz, 1H, ArH), 7.81 (d, J = 7.80 Hz,
1H, ArH), 7.96 (s, 1H, ArH), 8.03 (t, J = 5.72 Hz, 1H, NH), 8.17 (s, 1H, ArH), 8.34- 8.38 (m,
2H, ArH), 8.75 (t, J = 1.60 Hz, 1H, ArH); *C NMR (DMSO-ds, 100 MHz): & 40.4 (NHCH,),
48.5 (2xNCH,), 109.6, 111.3, 115.9, 119.4, 121.5, 122.5, 123.1, 124.2, 124.4, 130.4, 131.3,
131.5, 132.3, 135.6, 135.7, 142.1, 142.4, 147.3, 147.9 (ArC); MS (ESI): m/z 560.3 (M'+1);
Anal. Calcd for C,4H9BrN;¢O,: C, 51.53; H, 3.42; N, 25.04. Found: C, 51.40; H, 3.29; N, 24.94.
4.2.6.3. General procedure for synthesis of 6-arylated-N-(2-(4-((2-(3-nitrophenyl)-1H-
benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine
(9-24): To a solution of 7 (0.10 g, 0.178 mmol) in mixture of 1,4-dioxane : water (9:1) in a
sealed tube, boronic acid (0.178 mmol) and K,CO3 (0.025 g, 0.178 mmol) were added under
inert atmosphere. Then, [Pd(PPh3)4] (5mol%) was added with continued nitrogen purging. Sealed
the tube and refluxed the reaction mixture for 6-8 h. Completion of reaction was determined by
TLC. The mixture was extracted with chloroform and water. Organic layer was dried over
sodium sulphate to obtain crude product which was further purified by column chromatography
using ethylacetate: methanol as eluents.
Spectral data of N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)ethyl)-6-(thiophen-2-yl)imidazo[1,2-a]pyrazin-8-amine (9): brownish solid;
! yield: 73%; mp 134-136 °C; '"H NMR (CDCl3, 400
MHz): 6 4.09 (q, J = 5.65 Hz, 2H, NHCH,), 4.67
(t, J = 5.72 Hz, 2H, NCH,), 5.37 (s, 2H, NCH,),
6.44 (bs, 1H, NH), 7.37 (d, J = 7.76 Hz, 1H, ArH),
7.44 (s, 1H, ArH), 7.49 (d, J = 1.84 Hz, 1H, ArH),

7.51 (d, J=7.80 Hz, 1H, ArH), 7.55 (s, 2H, ArH), 7.67-7.71 (m, 2H, ArH), 7.83 (d, J = 7.80 Hz,
1H, ArH), 7.89 (d, J = 8.24 Hz, 2H, ArH), 8.16 (d, J = 8.72 Hz, 1H, ArH), 8.22 (d, J = 7.80 Hz,
1H, ArH), 8.32-8.35 (m, 1H, ArH), 8.65 (s, 1H, ArH); °C NMR (CDCl;, 100 MHz): & 40.8
(NHCH,), 40.9 (NCH»), 49.6 (NCH,), 1104, 110.6, 115.1, 120.2, 122.8, 123.2, 123.8, 124.4,
125.27,125.8, 125.9, 126.1, 127.1, 128.4, 128.9, 130.0, 131.6, 132.4, 133.8, 135.9, 139.4, 1429,
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147.1, 148.2, 150.9 (ArC); MS (ESI): m/z 563.6 (M'+1); Anal. Calcd for C,sH2N¢0,S: C,
59.78; H, 3.94; N, 24.90; S, 5.70. Found: C, 59.61; H, 3.83; N, 24.97; S, 5.66.

Spectral data of N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)ethyl)-6-(thiophen-3-yl)imidazo[1,2-a]pyrazin-8-amine (10): creamish solid;
yield: 81%; mp 192-194 °C; 'H NMR (CDCls, 400
MHz): 6 4.18 (q, J = 5.81 Hz, 2H, NHCH,), 4.76 (t, J
= 5.74 Hz, 2H, NCH,), 5.39 (s, 2H, NCH>»), 6.40 (t, J
= 6.18 Hz, 1H, NH), 7.19-7.23 (m, 1H, ArH), 7.28-
7.33 (m, 3H, ArH), 7.37 (s, 1H, ArH), 7.41-7.44 (m,
2H, ArH), 7.55 (s, 1H, ArH), 7.63 (s, 1H, ArH), 7.67 (t, J = 7.90 Hz, 1H, ArH), 7.70 (dd, *J =
2.76 Hz, °J = 1.38 Hz, 1H, ArH), 7.81 (d, J = 8.24 Hz, 1H, ArH), 8.19-8.21 (dt, °J = 2.72 Hz, *J
= 1.36 Hz, 1H, ArH), 8.31-8.34 (ddd, °J = 8.24 Hz, °J = 2.28 Hz, *J = 0.92 Hz, 1H, ArH), 8.62 (t,
J = 1.82 Hz, 1H, ArH); °C NMR (CDCls, 100 MHz): § 40.7 (NHCH,), 40.7 (NCH,), 49.9
(NCH,), 106.6, 110.4, 115.2, 120.1, 122.3, 123.1, 123.1, 123.7, 124.4, 124.4, 124.6, 126.3, 130.0
, 131.3, 132.0, 132.2, 134.4, 135.4, 135.7, 138.9, 142.7, 142.8, 147.2, 148.2, 150.8 (ArC); MS
(ESI): m/z 563.6 (M"+1); Anal. Calcd for Co3H2N00,S: C, 59.78; H, 3.94; N, 24.90; S, 5.70.
Found: C, 60.01; H, 4.03; N, 24.82; S, 5.76.

Spectral data of 6-(furan-2-yl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-

yl)methyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (11): Grey coloured

su 6" solid; yield: 62%; mp 122-124 °C; '"H NMR (CDCls,

4;;/\11 w + Qil " 400 MHz): § 4.15 (q, J = 5.80 Hz, 2H, NHCH)), 4.75

5,,,,1j | ﬁ /\}E Panta ~ (t.J=5.72Hz, 2H, NCHy), 5.43 (s, 2H, NCH,), 6.42

el e M ) 6~~b§&o (dd, 27 = 3.68 Hz, 2/ = 1.84 Hz, 1H, ArH), 6.47 (t, J
" 2

4" =5.96 Hz, 1H, NH), 6.78 (d, J = 3.24 Hz, 1H, ArH),
7.21-7.25 (m, 1H, ArH), 7.29-7.33 (m, 1H, ArH), 7.36 (t, J = 0.92 Hz, 1H, ArH), 7.39 (d, J =
1.36 Hz, 1H, ArH), 7.43 (s, 1H, ArH), 7.45 (d, J = 0.92 Hz, 1H, ArH), 7.55 (s, 1H, ArH), 7.68 (t,
J = 8.02 Hz, 1H, ArH), 7.74 (s, 1H, ArH), 7.82 (d, J = 7.80 Hz, 1H, ArH), 8.20-8.22 (dt, *J =
2.28 Hz, >J = 0.92 Hz, 1H, ArH), 8.32-8.35 (ddd, *J = 8.20 Hz, °J = 2.32 Hz, *J = 1.40 Hz, 1H,
ArH), 8.64 (t, J = 1.82 Hz, 1H, ArH); C NMR (CDCls, 100 MHz): & 40.7 (NHCH,), 40.8
(NCH,), 49.7 (NCH,), 105.6, 107.8, 110.4, 111.6, 115.5, 120.2, 122.9, 123.1, 123.7, 124.4, 124.4
, 128.5, 130.0, 130.8, 131.4, 131.9, 132.1, 135.3, 142.2, 142.7, 142.8, 147.4, 148.2, 150.8, 151.8
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(ArC); MS (ESI): m/z 547.5 (M"+1); Anal. Calcd for CogH»N;9Os: C, 61.53; H, 4.06; N, 25.63.
Found: C, 61.67; H, 4.09; N, 25.71.
Spectral data of N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)ethyl)-6-phenylimidazo[1,2-a]pyrazin-8-amine (12): yellow solid; yield: 80%; mp
5L 170-172 °C; '"H NMR (CDCls, 400 MHz): & 4.19 (q, J =
: 19:1 5.80 Hz, 2H, NHCH,), 4.77 (t, J = 5.74 Hz, 2H, NCH,),
5.39 (s, 2H, NCH»,), 6.49 (t, J = 5.96 Hz, 1H, NH), 7.21-
;102 7.24 (m, 1H, ArH), 7.28-7.34 (m, 2H ArH), 7.37 (s, 1H,
ArH), 7.39 (s, 2H, H-2, ArH), 7.43 (d, J = 8.0 Hz, 1H,

4

ArH), 7.47 (d, J = 0.92 Hz, 1H, ArH), 7.53 (s, 1H, ArH), 7.65 (t, J = 8.02 Hz, 1H, ArH), 7.79 (s,
2H, ArH), 7.81 (d, J = 1.84 Hz, 2H, ArH), 8.18-8.19 (dt, *J = 2.28 Hz, °J = 1.40 Hz, 1H, ArH),
8.30-8.32 (ddd, *J = 8.24 Hz, °J = 2.28 Hz, *J = 0.92 Hz, 1H, ArH), 8.63 (t, J = 1.84 Hz, 1H,
ArH); °C NMR (CDCl;, 100 MHz): § 40.7 (NHCH,), 40.8 (NCH,), 49.7 (NCH,), 107.0, 110.4,
115.2, 120.2, 123.0, 123.1, 123.8, 124.4, 125.8, 128.3, 128.6 , 129.9, 131.4, 132.1, 132.3, 135.3,
135.7, 136.8, 137.9, 142.8, 142.8, 147.2, 148.2, 150.9 (ArC); MS (ESI): m/z 557.6 (M"+1);
Anal. Calcd for C30HuNgO,: C, 64.74; H, 4.35; N, 25.17. Found: C, 64.60; H, 4.29; N, 25.02.
Spectral data of 6-(4-fluorophenyl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yl)methyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (13): pale yellow

g 0 solid; yield: 73%; mp 182-184 °C; '"H NMR
-

43/—:\21 oy 4”@9” i (CDCls, 400 MHz): 6 4.20 (q, J = 5.80 Hz, 2H,
s NN 2 8 N1

Y

S

P N
NH/\/

2H, NCH,), 6.42 (t, J = 5.96 Hz, 1H, NH), 7.04 (t, J
4 =8.70 Hz, 2H, ArH), 7.20-7.24 (m, 1H, ArH), 7.28-
7.32 (m, 1H, ArH), 7.38 (d, J = 0.88 Hz, 1H, ArH), 7.42 (d, J = 0.92 Hz, 1H, ArH), 7.45 (d, J =
8.28 Hz, 1H, ArH), 7.56 (s, 1H, ArH), 7.64-7.68 (m, 2H, ArH), 7.72 (t, J = 5.04 Hz, 1H, ArH),
7.74 (d, J = 5.48 Hz, 1H, ArH), 7.80 (d, J = 8.28 Hz, 1H, ArH), 8.17-8.19 (dt, °J = 2.28 Hz, *J =
1.36 Hz, 1H, ArH), 8.31-8.34 (ddd, °J = 8.24 Hz, °J = 2.28 Hz, *J = 0.92 Hz, 1H, ArH), 8.57 (t, J
= 2.04 Hz, 1H, ArH); *C NMR (CDCls, 100 MHz): § 40.7 (NHCH.,), 49.9 (2xNCH,), 106.6,
110.5, 115.3, 115.3, 115.5, 120.1, 123.0, 123.2, 123.7, 124.2, 124.4, 127.4, 127.5, 130.0, 131.3,
132.0, 132.4, 132.8, 135.4, 135.7, 136.9, 142.7, 142.8, 147.1, 148.2, 150.8, 161.6, 164.1 (ArC);
MS (ESI): m/z 575.6 (M'+1); Anal. Caled for C3yH»3FNgO2: C, 62.71; H, 4.03; N, 24.38.

3
N "
P NHCH,), 4.76 (t, J = 5.48 Hz, 2H, NCH,), 5.40 (s,
5 S\\/z"
3
NO,
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Found: C, 62.56; H, 4.18; N, 24.51.
Spectral data of 6-(4-chlorophenyl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yl)methyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (14): creamish
' solid; yield: 79%; mp 192-194 °C; 'H NMR (CDCl;,

400 MHz): 6 4.19 (q, J = 5.65 Hz, 2H, NHCH,), 4.76
(t, J =5.74 Hz, 2H, NCH,»), 5.38 (s, 2H, NCH,), 6.47

No,  (t, J = 6.18 Hz, 1H, NH), 7.18-7.22 (m, 1H, ArH),
7.27 (s, 1H, ArH), 7.30 (d, J = 8.72 Hz, 2H, ArH),
7.37 (d, J = 0.92 Hz, 1H, ArH), 7.40 (d, J = 0.92 Hz, 1H, ArH), 7.44 (d, J = 7.76 Hz, 1H, ArH),
7.58 (s, 1H, ArH), 7.63-7.66 (m, 2H, ArH), 7.68 (d, J = 3.68 Hz, 2H, ArH), 7.80 (d, J = 8.24 Hz,
1H, ArH), 8.16-8.18 (m, 1H, ArH), 8.30-8.33 (m, 1H, ArH), 8.56 (t, J = 1.82 Hz, 1H, ArH); "°C
NMR (CDCl3, 100 MHz): 6 40.6 (NHCH,), 40.7 (NCH,), 49.9 (NCH»), 106.9, 110.4, 115.3,
120.1, 123.1, 123.2, 123.7, 124.2, 124.4, 126.9, 128.6, 129.9, 131.3, 132.0, 132.4, 134.1, 135.0,
135.4, 135.7, 136.6, 142.7, 142.8, 147.1, 148.1, 150.8 (ArC); MS (ESI): m/z 592.0 (M'+1);
Anal. Calcd for C3oHx;CIN19O,: C, 60.97; H, 3.92; N, 23.70. Found: C, 61.09; H, 3.99; N, 23.64.

Spectral data of 6-(4-bromophenyl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yDmethyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (15): brown solid;
yield: 84%; mp 120-122 °C; '"H NMR (CDCls, 400
MHz): & 4.20 (q, J = 5.81 Hz, 2H, NHCH,), 4.76 (t, J
=5.50 Hz, 2H, NCH,), 5.38 (s, 2H, NCH,), 6.42 (t, J =
5.72 Hz, 1H, NH), 7.18-7.22 (m, 1H, ArH), 7.28-7.33
(m, 1H, ArH), 7.39 (d, J = 0.92 Hz, 1H, ArH), 7.41 (d,
J =0.92 Hz, 1H, ArH), 7.43 (s, 1H, ArH), 7.46 (d, J = 8.72 Hz, 2H, ArH), 7.57 (s, 1H, ArH),
7.61 (d, J = 8.24 Hz, 2H, ArH), 7.65-7.69 (m, 2H, ArH), 7.80 (d, J = 7.80 Hz, 1H, ArH), 8.16-
8.19 (dt, ’J = 2.72 Hz, °J = 1.36 Hz, 1H, ArH), 8.32-8.34 (ddd, °J = 8.24 Hz, °J =232 Hz, *J =
0.92 Hz, 1H, ArH), 8.56 (t, J = 2.06 Hz, 1H, ArH); >C NMR (CDCls, 100 MHz): & 40.7
(NHCH,), 50.0 (2xNCH>), 106.9, 110.4, 115.4, 120.1, 122.4, 123.1, 123.2, 123.7, 124.2, 124.4,
127.2, 128.4, 130.0, 131.3, 131.6, 131.9, 132.3, 135.4, 135.7, 136.7, 142.7, 142.8, 147.1, 148.1,
150.8 (ArC); MS (ESD): m/z 636.4 (M*+1); Anal. Calcd for C30Ha3BrNoO,: C, 56.70; H, 3.65;
N, 22.04. Found: C, 56.90; H, 3.53; N, 21.96.
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Spectral data of N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)ethyl)-6-(3-(trifluoromethyl)phenyl)imidazo[1,2-a]pyrazin-8-amine (16): cream

solid; yield: 69%; mp 183-185 °C; '"H NMR (CDCls,
9”1" 400 MHz): 6 4.21 (q, J = 5.80 Hz, 2H, NHCH,), 4.78
o (t, J = 5.50 Hz, 2H, NCH)), 5.40 (s, 2H, NCH,), 6.47
bﬁNOZ (t, J = 5.96 Hz, 1H, NH), 7.19-7.23 (m, 1H, ArH),

" 7.27-7.31 (m, 1H, ArH), 7.39 (d, /= 0.92 Hz, 1H,

ArH), 7.45-7.47 (m, 2H, ArH), 7.51 (d, J = 7.80 Hz, 1H, ArH), 7.56- 7.58 (m, 2H, ArH), 7.67 (t,
J =7.80 Hz, 1H, ArH), 7.79-7.80 (m, 2H, ArH), 7.96 (d, J = 7.80 Hz, 1H, ArH), 8.05 (s, 1H,
ArH), 8.19-8.21 (dt, °J = 2.72 Hz, *J = 1.36 Hz, 1H, ArH), 8.30-8.33 (ddd, *J = 8.28 Hz, J =
2.28 Hz, *J = 0.88 Hz, 1H, ArH), 8.57 (t, J = 1.82 Hz, 1H, ArH); >C NMR (CDCls, 100 MHz): &
40.6 (NHCH,), 40.8 (NCH,), 49.7 (NCH,), 107.4, 110.5, 115.5, 120.1, 122.5, 122.7, 123.0,
123.2, 123.8, 124.2, 124.4, 124.8, 125.4, 128.9, 129.1, 130.0, 130.7, 131.0, 131.3, 131.9, 1324,
135.4,135.7, 136.5, 137.5, 142.6, 142.8, 147.2, 148.2, 150.8 ArC); MS (ESI): m/z 625.5 (M"+1);
Anal. Calcd for C31Hx3F3N19O2: C, 59.61; H, 3.71; N, 22.43. Found: C, 59.42; H, 3.81; N, 22.57.
Spectral data of N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-

triazol-1-yl)ethyl)-6-m-tolylimidazo[1,2-a]pyrazin-8-amine (17): creamish solid; yield: 61%;

" mp 154-156 °C; "H NMR (CDCls, 400 MHz): & 2.39
(s, 3H, CH3), 4.20 (q, J = 5.65 Hz, 2H, NHCH,), 4.78
(t, J = 5.72 Hz, 2H, NCH,), 5.40 (s, 2H, NCH,), 6.52
(t, J =5.72 Hz, 1H, NH), 7.15 (d, J = 7.80 Hz, 1H,
! ArH), 7.21-7.25 (m, 1H, ArH), 7.28-7.32 (m, 2H,
ArH), 7.39 (d, /= 0.92 Hz, 1H, ArH), 7.43 (d, J =8.24 Hz, 1H, ArH), 7.47 (d, J = 0.92 Hz, 1H,
ArH), 7.55 (s, 1H, ArH), 7.60-7.62 (m, 2H, ArH), 7.65 (t, J = 7.80 Hz, 1H, ArH), 7.78 (s, 1H,
ArH), 7.80 (d, J = 7.76 Hz, 1H, ArH), 8.18-8.20 (dt, >J = 2.72 Hz, °J = 1.36 Hz, 1H, ArH), 8.30-
8.32 (ddd, %J = 8.24 Hz, °J = 2.32 Hz, *J = 0.92 Hz, 1H, ArH), 8.63 (t, J = 1.82 Hz, 1H, ArH);
5C NMR (CDCls, 100 MHz): § 21.5 (CHs), 40.7 (NHCH,), 40.8 (NCH,), 49.7 (NCH,), 106.9,
1104, 115.2, 120.1, 123.0, 123.0, 123.1, 123.7, 124.4, 124.4, 126.4, 128.5, 129.1, 129.9, 131.3,
132.0, 132.1, 135.3, 135.6, 136.7, 138.1, 138.2, 142.7, 142.7, 147.0, 148.1, 150.8 (ArC); MS
(ESI): m/z 571.6 (M™+1); Anal. Calcd for C3;Hy6N 902 C, 65.25; H, 4.59; N, 24.55. Found: C,
65.43; H, 4.44; N, 24.67.
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Spectral data of 6-(4-ethylphenyl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yl)methyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (18): creamish solid;
yield: 77%; mp 167-169 °C; '"H NMR (CDCl;, 400
MHz): & 1.25 (t, J = 7.56 Hz, 3H, CH3), 2.66 (q, J =
7.48 Hz, 2H, CH,), 4.19 (q, J = 5.80 Hz, 2H,
NHCH,), 4.77 (t, J = 5.50 Hz, 2H, NCH,), 5.40 (s,

2H, NCH,), 6.48 (t, J = 5.28 Hz, 1H, NH), 7.21-7.25 (m, 3H, ArH), 7.28-7.32 (m, 1H, ArH),
7.39 (s, 1H, ArH), 7.43 (d, J = 7.80 Hz, 1H, ArH), 7.46 (d, J = 0.92 Hz, 1H, ArH), 7.55 (s, 1H,
ArH), 7.65 (t, J = 8.02 Hz, 1H, ArH), 7.71 (d, J = 8.24 Hz, 2H, ArH), 7.76 (s, 1H, ArH), 7.81 (d,
J =8.24 Hz, 1H, ArH), 8.17-8.20 (dt, °J = 2.76 Hz, °J = 1.40 Hz, 1H, ArH), 8.30-8.33 (ddd, *J =
8.24 Hz, *J = 2.28 Hz, *J = 0.92 Hz, 1H, ArH), 8.63 (t, J = 1.84 Hz, 1H, ArH); °C NMR
(CDCls, 100 MHz): & 15.4 (CH3), 28.5 (CH,), 40.6 (NHCH,), 40.8 (NCH)), 49.7 (NCHy,), 106.5,
110.4, 115.1, 120.0, 123.1, 123.7, 124.3, 124.4, 125.7, 128.1, 129.9, 131.3, 132.0, 134.1, 135.3,
135.6, 137.9, 142.6, 144.6, 147.1, 148.1, 150.8 (ArC); MS (ESI): m/z 585.6 (M*+1); Anal. Calcd
for C5,HogN10O,: C, 65.74; H, 4.83; N, 23.96. Found: C, 65.81; H, 4.79; N, 24.09.

Spectral data of 6-(naphthalen-1-yl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yDmethyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (19): brownish solid;

! yield: 55%; mp 152-154 °C; '"H NMR (CDCls;, 400
MHz): § 4.08 (q, J = 5.94 Hz, 2H, NHCH,), 4.67
(t, J = 5.74 Hz, 2H, NCH,), 5.36 (s, 2H, NCH,),
6.59 (t, J = 5.94 Hz, 1H, NH), 7.30-7.34 (m, 1H,
ArH), 7.37 (d, J = 8.24 Hz, 1H, ArH), 7.40-7.44
(m, 1H, ArH), 7.45 (s, 1H, ArH), 7.47 (t, J = 1.38 Hz, 1H, ArH), 7.48 (d, J = 0.92 Hz, 2H, ArH),
7.51 (d, J = 7.76 Hz, 1H, ArH), 7.54 (d, J = 0.92 Hz, 2H, ArH), 7.69 (t, J = 3.90 Hz, 2H, ArH),
7.82 (d, J = 7.80 Hz, 1H, ArH), 7.89 (d, J = 8.24 Hz, 2H, ArH), 8.16 (m, 1H, ArH), 8.21-8.23
(dt, 2J = 2.76 Hz, *J = 1.40 Hz, 1H, ArH), 8.31-8.34 (ddd, °J = 8.28 Hz, *J = 2.28 Hz, *J = 1.36
Hz, 1H, ArH), 8.65 (t, J = 1.84 Hz, 1H, ArH); °’C NMR (CDCls, 100 MHz): § 40.7 (NHCH,),
40.9 (NCH,), 49.6 (NCH,), 110.4, 110.5, 115.1, 120.2, 122.9, 123.1, 123.8, 124.4, 125.2, 125.7,
125.9, 126.1, 127.1, 128.4, 128.9, 130.0, 131.4, 131.6, 131.9, 132.1, 132.3, 133.3, 135.3, 135.6,
135.7, 139.4, 142.8, 142.9, 147.1, 148.2, 150.9 (ArC); MS (ESI): m/z 607.6 (M*+1); Anal. Calcd
for C34HaeN190y: C, 67.32; H, 4.32; N, 23.09. Found: C, 67.45; H, 4.19; N, 23.27.
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Spectral data of 3-(8-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)ethylamino)imidazo[1,2-a]pyrazin-6-yl)phenol (20): brownish solid; yield: 43%;

' mp 131-133 °C; '"H NMR (CDCl;, 400 MHz): & 4.10
(q, J = 6.10 Hz, 2H, NHCH,), 4.72 (t, J = 6.18 Hz, 2H,
NCH,), 5.43 (s, 2H, NCH,), 6.84-6.88 (m, 2H, NH,
ArH), 6.89 (d, J = 1.36 Hz, 1H, ArH), 6.91 (d, J = 0.92
Hz, 1H, ArH), 7.30-7.36 (m, 1H, ArH), 7.46 (d, J =
1.40 Hz, 1H, ArH), 7.47 (d, J = 0.88 Hz, 1H, ArH), 7.49-7.53 (m, 2H, ArH), 7.55 (d, J = 1.36
Hz, 1H, ArH), 7.71-7.72 (m, 2H, ArH), 7.83-7.84 (dd, *J = 6.40 Hz, °J = 1.60 Hz, 1H, ArH),
7.89 (s, 1H, ArH), 8.22-8.25 (dt, 2/ = 2.76 Hz, °J = 1.40 Hz, 1H, ArH), 8.33-8.36 (ddd, *J = 8.20
Hz, *J =2.32 Hz, *J = 1.40 Hz, 1H, ArH), 8.67 (t, J = 2.06 Hz, 1H, ArH); *C NMR (CDCls, 100
MHz): & 40.7 (NHCH,), 41.2 (NCH,), 49.0 (NCH,), 106.3, 110.4, 115.9, 117.8, 118.2, 119.5,
120.2, 123.1, 123.2, 123.9, 124.5, 125.0, 128.5, 130.0, 130.5, 131.0, 131.4, 132.9, 135.4, 135.7,
137.7, 142.8, 143.2, 146.0, 148.2, 150.9, 157.6 (ArC); MS (ESI): m/z 573.5 (M*+1); Anal. Calcd
for C30Ho4N903: C, 62.93; H, 4.22; N, 24.46. Found: C, 63.03; H, 4.11; N, 24.50.
Spectral data of 6-(4-methoxyphenyl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-

yD)methyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (21): pale yellow solid;
' yield: 91%; mp 179-181 °C; "H NMR (CDCls, 400
MHz): 6 3.83 (s, 3H, OCH3), 4.18 (q, J = 5.65 Hz,
2H, NHCH,), 4.76 (t, J = 5.50 Hz, 2H, NCH,),
3" 5.39 (s, 2H, NCH,), 6.41 (t, J = 5.94 Hz, 1H, NH),
6.90 (d, J = 8.68 Hz, 2H, ArH), 7.19-7.23 (m, 1H,
ArH), 7.28-7.31 (m, 1H, ArH), 7.37 (s, 1H, ArH), 7.41-7.43 (m, 2H, ArH), 7.54 (s, 1H, ArH),
7.65 (t, J = 8.02 Hz, 1H, ArH), 7.68 (s, 1H, ArH), 7.72 (d, J = 8.72 Hz, 2H, ArH), 7.80 (d, J =
8.24 Hz, 1H, ArH), 8.19 (d, J = 7.80 Hz, 1H, ArH), 8.30-8.32 (ddd, *J = 8.28 Hz, *J = 2.28 Hz,
*J = 0.92 Hz, 1H, ArH), 8.62 (t, J = 1.82 Hz, 1H, ArH); *C NMR (CDCl;, 100 MHz): § 40.8
(NHCH,), 49.9 (2xNCH,), 55.3 (OCH3), 106.0, 110.4, 113.9, 115.1, 120.1, 123.0, 123.1, 123.7,
124.4, 127.0, 129.3, 129.9, 131.4, 131.9, 132.2, 135.3, 135.7, 137.6, 142.8, 142.9, 147.0 , 148.2,
150.8, 159.8 (ArC); MS (ESI): m/z 587.6 (M'+1); Anal. Calcd for C3HysN9O3: C, 63.47; H,
4.47; N, 23.88. Found: C, 63.60; H, 4.51; N, 23.99.
Spectral data of 6-(2-methoxyphenyl)-N-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
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yl)methyl)-1H-1,2,3-triazol-1-yl)ethyl)imidazo[1,2-a]pyrazin-8-amine (22): creamish solid;
' yield: 58%; mp 110-112 °C; '"H NMR (CDCls, 400

MHz): & 3.89 (s, 3H, OCH3), 4.14 (q, J = 5.80 Hz,

2H, NHCH.,), 4.75 (t, J = 5.74 Hz, 2H, NCH,), 5.39
(s, 2H, NCHy), 6.56 (t, J = 5.26 Hz, 1H, NH), 6.96

(d, J = 8.28 Hz, 1H, ArH), 7.00-7.04 (m, 1H, ArH),
7.21-7.25 (m, 1H, ArH), 7.27- 7.32 (m, 2H, ArH), 7.39 (s, 1H, ArH), 7.42 (d, J = 8.24 Hz, 1H,
ArH), 7.49 (d, J = 0.92 Hz, 1H, ArH), 7.52 (s, 1H, ArH), 7.63 (t, J = 7.76 Hz, 1H, ArH), 7.80 (d,
J=17.80 Hz, 1H, ArH), 8.01-8.03 (dd, °J = 7.32 Hz, °J = 1.60 Hz, 1H, ArH), 8.18-8.20 (dt, *J =
2.72 Hz, *J = 1.36 Hz, 1H, ArH), 8.26 (s, 1H, ArH), 8.28-8.31 (ddd, *J = 8.24 Hz, *J = 2.32 Hz,
4J =092 Hz, 1H, ArH), 8.67 (t, J = 1.82 Hz, 1H, ArH); >*C NMR (CDCls, 100 MHz): & 40.6
(NHCH,), 40.9 (NCH,), 49.5 (NCH,), 55.4 (OCH3), 110.4, 111.1, 111.7, 115.2, 120.1, 120.8,
123.0, 123.0, 123.7, 124.3, 124.4, 125.2, 129.1, 129.9, 130.1, 131.4, 131.9, 132.1, 134.1, 135.3,
135.6, 142.7, 142.7, 146.7, 148.1, 150.8, 156.6 (ArC); MS (ESI): m/z 587.6 (M*+1); Anal. Calcd
for C51H6N100O5: C, 63.47; H, 4.47; N, 23.88. Found: C, 63.59; H, 4.40; N, 23.96.
Spectral data of 4-(8-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-

triazol-1-yl)ethylamino)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (23): yellow solid; yield:
" 88%; mp 118-120 °C; '"H NMR (CDCls, 400 MHz): &
4.22 (q, J = 5.80 Hz, 2H, NHCH,), 4.78 (t, J = 5.50
Hz, 2H, NCH»), 5.38 (s, 2H, NCH,), 6.54 (t, J = 5.96
Hz, 1H, NH), 7.17-7.21 (m, 1H, ArH), 7.28-7.30 (m,

1H, ArH), 7.39 (d, J = 0.92 Hz, 1H, ArH), 7.43 (d, J = 0.92 Hz, 1H, ArH), 7.47 (d, J = 8.24 Hz,
1H, ArH), 7.61 (s, 1H, ArH), 7.65 (t, J = 8.02 Hz, 1H, ArH), 7.78 (d, J = 8.24 Hz, 1H, ArH),
7.81 (s, 1H, ArH), 7.84 (d, J = 8.72 Hz, 2H, ArH), 7.91 (d, J = 8.24 Hz, 2H, ArH), 8.17-8.19 (dt,
J=1.84 Hz, °J = 0.92 Hz, 1H, ArH), 8.28-8.30 (ddd, *J = 8.68 Hz, °J = 1.84 Hz, *J = 0.92 Hz,
1H, ArH), 8.52 (t, J = 1.82 Hz, 1H, ArH), 9.99 (s, 1H, CHO); "*C NMR (CDCl;, 100 MHz): &
40.6 (NHCH,), 40.7 (NCH,), 49.9 (NCH,), 108.3, 110.5, 115.5, 120.0, 123.1, 123.2, 123.7,
124.1, 124.4, 126.0, 129.9, 130.0, 131.2, 132.0, 132.1, 132.6, 135.4, 135.7, 136.2, 142.3, 142.6,
142.8, 147.2, 148.1, 150.7 (ArC), 191.7 (CHO); MS (ESI): m/z 585.6 (M*+1); Anal. Calcd for
C31HuN03: C, 63.69; H, 4.14; N, 23.96. Found: C, 63.76; H, 4.05; N, 24.10.

Spectral data of 1-(4-(8-(2-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-
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1,2,3-triazol-1-yl)ethylamino)imidazo[1,2-a]pyrazin-6-yl)phenyl)ethanone (24): yellowish
solid; yield: 71%; mp 119-121 °C; 'H NMR
(CDCl3, 400 MHz): & 2.62 (s, 3H, COCH3), 4.22
(q, J = 5.65 Hz, 2H, NHCH,), 4.78 (t, J = 5.51
Hz, 2H, NCH»), 5.39 (s, 2H, NCH»), 6.54 (t, J =
5.96 Hz, 1H, NH), 7.17-7.21 (m, 1H, ArH),
7.29-7.31 (m, 1H, ArH), 7.40 (d, J = 0.92 Hz, 1H, ArH), 7.44 (d, J = 0.92 Hz, 1H, ArH), 7.46
(d, J=28.24 Hz, 1H, ArH), 7.61 (s, 1H, ArH), 7.65 (t, J = 8.02 Hz, 1H, ArH), 7.78 (d, J =7.32
Hz, 2H, ArH), 7.84 (d, J = 8.72 Hz, 2H, ArH), 7.94 (d, J = 8.68 Hz, 2H, ArH), 8.17-8.19 (dt, 2/ =
2.76 Hz, *J = 1.40 Hz, 1H, ArH), 8.29-8.32 (ddd, *J = 8.28 Hz, °J = 2.28 Hz, *J = 0.92 Hz, 1H,
ArH), 8.54 (t, J = 1.84 Hz, 1H, ArH); °C NMR (CDCl;, 100 MHz): & 26.6 (CHj), 40.7
(NHCH,), 40.7 (NCH»), 50.0 (NCH,), 108.0, 110.5, 115.5, 120.1, 123.1, 123.2, 123.7, 124.1,
124.4, 125.7, 128.6, 130.0, 131.3, 132.1, 132.5, 135.4, 135.7, 136.4, 136.5, 141.0, 142.7, 142.8,
147.2, 148.1, 150.7 (ArC), 197.6 (C=0); MS (ESI): m/z 599.6 (M'+1); Anal. Calcd for
C3HaeN1903: C, 64.21; H, 4.38; N, 23.40. Found: C, 64.11; H, 4.28; N, 23.49.

4.2.6.4. Synthesis of 6-bromo-N-(2-(4-((2-(3-nitrophenyl)-1 H-benzo[d]imidazol-1-

yDmethyl)-1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine (28): To the stirred
solution of propargyl benzimidazole 6 (1 g, 3.6 mmol) and azide of imidazo[1,2-a]pyrazine 27
(1.07 g, 3.6 mmol) in ethanol:water (8:2), copper sulphate pentahydrate (5 mol%) and sodium
ascorbate (10 mol%) was added and stirred at room temperature for 2 h. After completion of
reaction, water was added and extracted with chloroform. Organic layer was dried over sodium
sulphate and concentrated in vacuum to obtain creamish solid.

Spectral data of 6-bromo-N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-
1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine (28): creamish solid; yield: 85%;

=2, 53 . mp 174-176 °C; '"H NMR (DMSO-d,,400 MHz): & 2.12 (m,
4 N .4 "
s N » 3 Q9 _ _
/[ E Ny SN 2H, CH,), 3.38 (q, J = 6.10 Hz, 2H, NHCH,), 4.40 (t, J = 6.88
6N~ "NH NJV .
B i I (g Hz, 2H, NCH.,), 5.60 (s, 2H, NCH,), 7.24-7.31 (m, 2H, ArH),

6 3m

T N 7.48 (s, 1H, ArH), 7.67-7.69 (dd, *J = 5.96 Hz, °J = 2.30 Hz,
1H, ArH), 7.71-7.73 (dd, *J = 6.88 Hz, °J = 2.54 Hz, 1H, ArH), 7.81 (d, J = 0.92 Hz, 1H, ArH),
7.85 (t, J = 8.02 Hz, 1H, ArH), 7.98 (s, 1H, ArH), 8.10 (t, J = 5.50 Hz, 1H, NH), 8.29 (s, 1H,
ArH), 8.36-8.38 (ddd, %J= 8.28 Hz, °J = 2.28 Hz, *J = 0.92, 1H, ArH), 8.42 (d, J = 7.80 Hz, 1H,
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ArH), 8.79 (t, J = 1.82 Hz, 1H, ArH); >C NMR (DMSO-ds, 100 MHz): & 29.3 (CH,), 37.2
(NHCH,), 47.4 (NCH»), 109.1, 110.3, 115.9, 119.4, 121.8, 122.5, 123.1, 123.8, 124.1, 124.4,
130.4, 131.5, 131.6, 132.1, 135.6, 135.8, 142.2, 142.4, 147.5, 147.9, 150.7 (ArC); MS (ESI): m/z
574.4 (M"+1); Anal. Calcd for C,sH, BrN¢Os: C, 52.37; H, 3.69; N, 24.43. Found: C, 52.45; H
3.60; N, 24.41.

4.2.6.5. General procedure for synthesis of 6-arylated-N-(2-(4-((2-(3-nitrophenyl)-1H-

benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine
(29-38): To a solution of 28 (0.10 g, 0.178 mmol) in a mixture of 1,4-dioxane: water (9:1) in a
sealed tube, boronic acid (0.178 mmol) and K,CO; (0.025 g, 0.178 mmol) were added under
inert atmosphere. Pd(PPh3)s (Smol%) was added with continued nitrogen purging and refluxed
the reaction mixture for 6-8 h. Completion of reaction was determined by TLC. The mixture was
extracted with chloroform and water. Organic layer was dried over sodium sulphate, filtered and
concentrated to obtain crude product which was further purified by column chromatography
using ethylacetate : methanol as eluents.

Spectral data of N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)propyl)-6-(thiophen-3-yl)imidazo[1,2-a]pyrazin-8-amine (29): Grey solid; yield:

s 6" 68%; mp 137-139 °C; 'H NMR (CDCls, 400

54Nﬂ ! , 3 4"8Q97'” MHz): 5 2.38 (m, 2H, CHy), 3.75 (q, J = 6.11 Hz,

- i NI /\/\glj/)vgz'/ﬁ] 2H, NHCH,), 4.50 (t, J = 6.86 Hz, 2H, NCH,),
s . 6r Nam 543 (s, 2H, NCHy), 6.47 (t, J = 5.74 Hz, 1H, NH),
S0 N9 728734 (m, 3H, ArH), 7.39-7.40 (dd, 2J = 5.04

Hz, *J =1.40 Hz, 1H, ArH), 7.44 (s, 1H, ArH), 7.45-7.47 (m, 2H, ArH), 7.60 (s, 1H, ArH), 7.69
(t, J = 8.0 Hz, 1H, ArH), 7.71-7.73 (m, 2H, ArH), 7.82-7.84 (dd, °J = 6.88 Hz, °J = 1.82 Hz, 1H,
ArH), 8.25-8.28 (dt, >J = 2.76 Hz, °J = 1.40 Hz, 1H, ArH), 8.31-8.34 (ddd, *J = 8.24 Hz, ’J =
2.28 Hz, *J = 0.92 Hz, 1H, ArH), 8.66 (t, J = 1.84 Hz, 1H, ArH); *C NMR (CDCls, 100 MHz): &
30.0 (CH,), 37.2 (NHCH,), 40.1 (NCH,), 40.7 (NCH,), 106.1, 110.5, 115.1, 120.2, 122.2, 122.6,
123.2, 123.5, 124.4, 124.5, 124.7, 126.4, 130.0, 131.5, 131.9, 132.2, 134.8, 135.4, 135.8, 139.4,
142.7, 142.8, 147.8, 148.1, 150.9 (ArC); MS (ESI): m/z 577.6 (M'+1); Anal. Calcd for
C20H24N100,S: C, 60.40; H, 4.20; N, 24.29; S, 5.56. Found: C, 60.31; H, 4.08; N, 24.50; S, 5.44.
Spectral data of N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
triazol-1-yl)propyl)-6-phenylimidazo[1,2-a]pyrazin-8-amine (30): light yellow solid; yield:
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67%; mp 139-141 °C; 'H NMR (CDCls, 400
MHz): § 2.38 (m, 2H, CH,), 3.79 (q, J = 6.10 Hz,
2H, NHCH,), 4.51 (t, J = 6.88 Hz, 2H, NCH,),
" 538 (s, 2H, NCHy), 6.33 (t, J = 5.96 Hz, 1H,
S N9 NH), 7.29 (d, J = 0.92 Hz, 1H, ArH), 7.31 (d, J

=1.84 Hz, 1H, ArH), 7.39 (d, J = 8.24 Hz, 2H, ArH), 7.42 (t, J = 1.82 Hz, 1H, ArH), 7.44 (s, 1H,
ArH), 7.48 (s, 1H, ArH), 7.52 (s, 1H, ArH), 7.61 (s, 1H, ArH), 7.69 (t, J = 8.02 Hz, 1H, ArH),
7.82 (s, 1H, ArH), 7.84 (d, J = 3.24 Hz, 2H, ArH), 7.86 (d, J = 1.36 Hz, 1H, ArH), 8.27 (d, J =
7.32 Hz, 1H, ArH), 8.32-8.34 (dd, °J = 8.24 Hz, °J = 2.28 Hz, 1H, ArH), 8.67 (t, J = 1.84 Hz,
1H, ArH); °C NMR (CDCl;, 100 MHz): & 30.2 (CH,), 37.2 (NHCH,), 40.7 (NCH,), 48.0
(NCH,), 106.6, 110.5, 115.2, 120.2, 122.6, 123.2, 123.8, 124.4, 124.5, 125.9, 128.3, 128.6,
130.0, 131.6, 132.2, 132.4, 135.4, 135.8, 137.2, 138.2, 142.7, 142.8, 147.8, 148.2, 150.9 (ArC);
MS (ESI): m/z 571.6 (M"+1); Anal. Calcd for C3HxN0O2: C, 65.25; H, 4.59; N, 24.55. Found:
C,65.41; H, 4.40; N, 24.39.

Spectral data of 6-(4-fluorophenyl)-N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yD)methyl)-1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine (31): pale yellow
solid; yield: 76%; mp 110-112 °C; 'H NMR
(CDCls, 400 MHz): 6 2.38 (m, 2H, CH»), 3.75 (q, J
= 6.12 Hz, 2H, NHCH,), 4.51 (t, J = 6.66 Hz, 2H,
NCH,), 5.42 (s, 2H, NCH»), 6.57 (t, J = 5.50 Hz,
1H, NH), 7.07 (t, J = 8.02 Hz, 2H, ArH), 7.27-7.34
(m, 2H, ArH),7.44 (s, 1H, ArH), 7.46- 7.47 (m, 2H, ArH), 7.58 (s, 1H, ArH), 7.69 (t, J = 7.90
Hz, 1H, ArH), 7.77 (s, 1H, ArH), 7.80-7.84 (m, 3H, ArH), 8.24-8.26 (dd, °J = 7.76 Hz, °J = 0.92
Hz, 1H, ArH), 8.30-8.33 (m, 1H, ArH), 8.65 (s, 1H, ArH); >*C NMR (CDCls, 100 MHz): § 29.9
(CH,), 37.3 (NHCH,), 40.8 (NCH,), 48.1 (NCH,), 106.1, 110.5, 115.1, 115.4, 115.6, 120.2 ,
122.4, 123.2, 123.8, 124.3, 124.5, 127.5, 127.6, 130.0, 131.4, 132.0, 132.2, 133.2, 135.4, 135.7,
137.4, 142.8, 142.9, 147.7, 148.1, 150.9, 161.6, 164.1 (ArC); MS (ESI): m/z 589.5 (M'+1);
Anal. Calcd for C51H»sFNO»: C, 63.26; H, 4.28; N, 23.80. Found: C, 63.06; H, 4.12; N, 23.99.
Spectral data of 6-(4-chlorophenyl)-N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-

yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine (32): light brown
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solid; yield: 78%; mp 112-114 °C; 'H NMR
(CDCls, 400 MHz):  2.39 (m, 2H, CH,), 3.76 (q,
J = 6.12 Hz, 2H, NHCH,), 4.52 (t, J = 6.88 Hz,
2H, NCH,), 5.44 (s, 2H, NCH,), 6.42 (t, J = 5.74
Hz, 1H, NH), 7.31 (d, J = 1.40 Hz, 1H, ArH), 7.33
(t, J = 1.60 Hz, 1H, ArH),7.36 (d, J = 8.72 Hz, 2H, ArH), 7.46 (d, J = 0.92 Hz, 1H, ArH), 7.49
(d, J = 1.36 Hz, 1H, ArH), 7.49-7.50 (m, 1H, ArH), 7.56 (s, 1H, ArH), 7.71 (t, J = 8.02 Hz, 1H,
ArH), 7.78 (d, J = 8.68 Hz, 2H, ArH), 7.81 (s, 1H, ArH), 7.83-7.85 (dd, *J = 6.40 Hz, °J = 1.82
Hz, 1H, ArH), 8.25-8.27 (dt, °J = 2.76 Hz, *J = 1.40 Hz, 1H, ArH), 8.32-8.35 (ddd, 2J = 8.24 Hz,
3] =228 Hz, *J = 0.92 Hz, 1H, ArH), 8.65 (t, J = 1.84 Hz, 1H, ArH); °C NMR (CDCls, 100
MHz): § 29.9 (CH,), 37.4 (NHCH,), 40.8 (NCH,), 48.2 (NCH,), 106.5, 110.5, 115.2, 120.3,
122.4, 123.2, 123.9, 124.4, 124.5, 126.3, 127.1, 128.7, 130.1, 131.5, 132.2, 134.1, 135.4, 135.6,
135.8, 137.2, 142.8, 142.9, 147.4, 148.2, 150.9 (ArC); MS (ESI): m/z 606.0 (M"+1); Anal. Calcd
for C3HysCIN 0O,: C, 61.54; H, 4.16; N, 23.15. Found: C, 61.61; H, 4.20; N, 23.09.

Spectral data of N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-

triazol-1-yl)propyl)-6-(3- (trlfluoromethyl)phenyl)lmldazo[1 2-a]pyrazin-8-amine (33):
yellow solid; yield: 53%; mp 108-110 °C; 'H
NMR (CDCls, 400 MHz): & 2.40 (m, 2H, CH)),
3.76 (q, J = 6.10 Hz, 2H, NHCH,), 4.53 (t, J =
6.86 Hz, 2H, NCH,), 5.44 (s, 2H, NCH,), 6.60 (t,
J=5.94 Hz, 1H, NH), 7.28-7.35 (m, 2H, ArH),
7.48 (d, J = 1.36 Hz, 1H, ArH), 7.49-7.50 (m, 1H, ArH), 7.52 (d, J = 0.92 Hz, 1H, ArH), 7.52-
7.60 (m, 3H, ArH), 7.69 (t, J = 8.02 Hz, 1H, ArH), 7.82-7.84 (m, 1H, ArH), 7.89 (s, 1H, ArH),
8.05 (d, J = 7.80 Hz, 1H, ArH), 8.10 (s, 1H, ArH), 8.24-8.26 (dt, °J = 2.28 Hz, °J = 0.88 Hz, 1H,
ArH), 8.31-8.34 (ddd, °J = 8.24 Hz, *J = 2.28 Hz, *J = 0.92 Hz, 1H, ArH), 8.65 (t, J = 2.06 Hz,
1H, ArH); *C NMR (CDCl;, 100 MHz): § 29.9 (CH,), 37.5 (NHCH,), 40.8 (NCH,), 48.2
(NCH,), 106.9, 110.5, 115.4, 120.2, 122.3, 122.5, 123.2, 123.9, 124.4, 124.5, 124.8, 125.4,
129.1, 129.3, 130.1, 130.7, 131.1, 131.5, 132.2, 132.3, 135.4, 135.8, 136.9, 138.0, 142.8, 142.9,
147.8, 148.2, 150.9 (ArC); MS (ESI): m/z 639.6 (M+1); Anal. Calcd for C3,Hy5F3N¢O: C,
60.18; H, 3.95; N, 21.93. Found: C, 60.26; H, 3.90; N, 21.85.

Spectral data of N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-1,2,3-
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triazol-1-yl)propyl)-6-m-tolylimidazo[1,2-a]pyrazin-8-amine (34): pale yellow solid; yield:

' 57%; mp 115-117 °C; 'H NMR (CDCl;, 400
MHz): § 2.35-2.41 (m, 5H, CHs, CH,), 3.79 (q, J =
6.12 Hz, 2H, NHCH,), 4.51 (t, J = 6.88 Hz, 2H,
NCH,), 5.37 (s, 2H, NCH»), 6.50 (t, J = 5.66 Hz,
1H, NH), 7.14 (d, J=7.80 Hz, 1H, ArH), 7.28 (d,
J=0.92 Hz, 1H, ArH), 7.30 (t, J = 1.38 Hz, 1H, ArH), 7.32-7.34 (dd, °J = 7.32 Hz, °J = 1.36 Hz,
1H, ArH), 7.40-7.42 (dd, 2J = 6.88 Hz, °J = 1.36 Hz, 1H, ArH), 7.47 (d, J = 0.88 Hz, 1H, ArH),
7.51 (d, J=0.92 Hz, 1H, ArH), 7.64 (s, 2H, H-5’, ArH), 7.67 (d, J = 3.20 Hz, 1H, ArH), 7.70 (d,
J =7.80 Hz, 1H, ArH), 7.82-7.84 (m, 2H, ArH), 8.26-8.29 (dt, 2] =2.76 Hz, °J = 1.40 Hz, 1H,
ArH), 8.31-8.34 (ddd, °J = 8.28 Hz, °J = 2.28 Hz, *J = 1.36 Hz, 1H, ArH), 8.68 (t, J = 2.06 Hz,
1H, ArH); °C NMR (CDCls, 100 MHz): § 21.5 (CH3), 30.1 (CH,), 37.9 (NHCHS,), 40.6 (NCH.,),
48.0 (NCH,), 106.5, 110.5, 115.1, 120.2, 122.7, 123.1, 123.2, 123.8, 124.4, 126.5, 128.5, 129.1,
130.0, 131.5, 131.9, 132.3, 135.4, 135.7, 137.1, 138.2, 142.6, 142.8, 147.7, 148.2, 150.9 (ArC);
MS (ESI): m/z 585.6 (M"+1); Anal. Calcd for C3,HN;0O»: C, 65.74; H, 4.83; N, 23.96. Found:
C, 65.90; H, 4.77; N, 24.02.

Spectral data of 6-(4-ethylphenyl)-N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-

yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine (35): light yellow
" solid; yield: 62%; mp 104-106 °C; '"H NMR
(CDCl3, 400 MHz): 6 1.20 (t, J = 7.56 Hz,
3H, CHj3), 2.38 (m, 2H, CH»), 2.63 (q, J =
: 7.64 Hz, 1H, CH,), 3.56 (q, J = 6.12 Hz,
S5 N9 oH, NHCH,), 4.50 (t, J = 6.64 Hz, 2H,

NCH,), 5.38 (s, 2H, NCH,), 6.40 (t, J = 4.56 Hz, 1H, NH), 7.22 (d, J = 8.24 Hz, 2H, ArH), 7.28-
7.34 (m, 2H, ArH), 7.43 (d, J = 7.32 Hz, 1H, ArH), 7.47 (s, 1H, ArH), 7.50 (s, 1H, ArH), 7.64 (s,
1H, ArH), 7.69 (t, J = 8.00 Hz, 1H, ArH), 7.76 (d, J = 8.24 Hz, 2H, ArH), 7.82 (d, J = 8.24 Hz,
2H, ArH), 8.28 (d, J = 7.80 Hz, 1H, ArH), 8.31-8.34 (dd, 2J = 8.24 Hz, >J = 2.28 Hz, 1H, ArH),
8.67 (t, J = 1.84 Hz, 1H, ArH); '*C NMR (CDCls, 100 MHz): § 15.5 (CH3), 28.5 (CHa), 30.2
(CHa), 37.2 (NHCH,), 40.7 (NCH,), 48.0 (NCH,), 106.1, 110.5, 115.1, 120.2, 122.7, 123.2,
123.8, 124.4, 125.9, 128.2, 130.0, 131.5, 131.9, 132.2, 134.5, 135.4, 135.7, 138.4, 142.6, 142.6,
142.8, 144.6, 147.7, 1482, 150.9 (ArC); MS (ESI): m/z 599.6 (M*+1); Anal. Calcd for
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C33H30N1002: C, 66.21; H, 5.05; N, 23.40. Found: C, 66.28; H, 4.92; N, 23.31.

Spectral data of 6-(4-methoxyphenyl)-N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-
yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine (36): yellowish

solid; yield: 81%; mp 111-113 °C; 'H NMR
(CDCl3, 400 MHz): & 2.39 (m, 2H, CH,), 3.79-
3.83 (m, SH, NHCH,, OCH3), 4.51 (t, J = 6.86
Hz, 2H, NCH,), 5.41 (s, 2H, NCH,), 6.52 (t, J =
5.96 Hz, 1H, NH), 6.93 (d, J =9.16 Hz, 2H,
ArH), 7.28-7.35 (m, 2H, ArH), 7.43-7.44 (m, 1H, ArH), 7.45 (d, J = 0.92 Hz, 1H, ArH), 7.49 (d,
J=0.92 Hz, 1H, ArH), 7.62 (s, 1H, ArH), 7.70 (t, J = 8.02 Hz, 1H, ArH), 7.76 (s, 1H, ArH), 7.78
(d, J = 8.72 Hz, 2H, ArH), 7.82-7.84 (dd, °J = 6.88 Hz, °J = 1.82 Hz, 1H, ArH), 8.26-8.28 (dt, °J
= 1.36 Hz, °J = 0.44 Hz, 1H, ArH), 8.32-8.35 (ddd, *J = 8.12 Hz, °J = 2.40 Hz, *J = 0.92 Hz, 1H,
ArH), 8.67 (t, J = 1.84 Hz, 1H, ArH); C NMR (CDCl;, 100 MHz): & 30.1 (CHy), 37.2
(NHCH,), 40.8 (NCH»,), 48.1 (NCH,), 55.3 (OCHs), 105.4, 110.5, 114.0, 115.0, 120.2, 122.6,
123.2, 123.8, 124.4, 124.5, 127.1, 129.6, 130.0, 131.5, 131.8, 132.1, 135.4, 135.8, 138.2, 142.7,
142.8, 147.6, 148.2, 150.9, 159.8 (ArC); MS (ESI): m/z 601.6 (M'+1); Anal. Calcd for
C32HsN1003: C, 63.99; H, 4.70; N, 23.32. Found: C, 63.83; H, 4.77; N, 23.11.

Spectral data of 6-(2-methoxyphenyl)-N-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-

yDmethyl)-1H-1,2,3-triazol-1-yl)propyl)imidazo[1,2-a]pyrazin-8-amine (37): brownish

solid; vyield: 83%; mp 138-140 °C; 'H NMR
(CDCls, 400 MHz): § 2.35 (m, 2H, CH>), 3.74 (q,
J = 6.25 Hz, 2H, NHCH,), 3.90 (s, 3H, OCHa),
449 (t, J = 6.64 Hz, 2H, NCH,), 5.33 (s, 2H,
NCH,), 6.34 (t, J = 5.28 Hz, 1H, NH), 6.95 (d,
J=8.24 Hz, 1H, ArH), 7.03 (t, J = 7.56 Hz, 1H, ArH), 7.28-7.33 (m, 3H, ArH), 7.36 (d, J = 7.80
Hz, 1H, ArH), 7.48 (s, 1H, ArH), 7.53 (s, 1H, ArH), 7.69 (t, J = 8.02 Hz, 2H, ArH), 7.82 (d, J =
7.80 Hz, 1H, ArH), 8.03-8.06 (dd, °J = 7.32 Hz, *J = 1.60 Hz, 1H, ArH), 8.28 (s, 1H, ArH), 8.29-
8.34 (m, 2H, ArH), 8.72 (t, J = 1.60 Hz, 1H, ArH); °C NMR (CDCl;, 100 MHz): & 30.3 (CH,),
37.1 (NHCH,), 40.6 (NCH,), 47.9 (NCH,), 55.5 (OCH3), 1104, 111.1, 111.2, 115.2, 120.2,
120.8, 122.9, 123.1, 123.7, 124.4, 124.5, 125.6, 129.1, 129.9, 130.4, 131.5, 131.9, 132.2, 134.3,
135.4, 135.7, 142.5, 142.8, 147.4, 148.2, 150.9, 156.7 (ArC); MS (ESI): m/z 601.6 (M'+1);
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Anal. Calcd for C3,HasN;9O3: C, 63.99; H, 4.70; N, 23.32. Found: C, 64.10; H, 4.59; N, 23.22.

Spectral data of 4-(8-(3-(4-((2-(3-nitrophenyl)-1H-benzo[d]imidazol-1-yl)methyl)-1H-
1,2,3-triazol-1-yl)propylamino)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (38): light orange

m 50 6 yield: 80%; mp 122-124 °C; '"H NMR (CDCls,
4 N e 7
s NE 2 3 , 8@31” 400 MHz): § 2.42 (m, 2H, CH,), 3.79 (q, J =
w2 / N/
. NHN\F{\’ 3" pm 6.27 Hz, 2H, NHCH,), 4.54 (t, J = 6.88 Hz, 2H,

“l " NCHy), 5.46 (s, 2H, NCH,), 6.51 (t, J = 5.96

Hz, 1H, NH), 7.31-7.34 (m, 2H, ArH), 7.48 (d,
J =1.36 Hz, 1H, ArH), 7.50 (d, J = 1.84 Hz, 1H, ArH), 7.53 (d, J = 0.92 Hz, 1H, ArH), 7.57
(s, 1H, ArH), 7.70 (t, J = 8.0 Hz, 1H, ArH), 7.83-7.85 (dd, °J = 6.40 Hz, °J = 2.08 Hz, 1H,
ArH), 7.90 (d, J = 8.72 Hz, 2H, ArH), 7.95 (s, 1H, ArH), 8.03 (d, J = 8.24 Hz, 2H, ArH), 8.24-
8.26 (dt, °J = 2.72 Hz, °J = 1.84 Hz, 1H, ArH), 8.32-8.34 (ddd, *J = 8.24 Hz, *J=2.32 Hz, *J =
0.92 Hz, 1H, ArH), 8.63 (t, J = 2.06 Hz, 1H, ArH), 10.02 (s, 1H, CHO); *C NMR (CDCl;,
100 MHz): & 29.9 (CH,), 37.5 (NHCH,), 40.8 (NCH,), 48.2 (NCH,), 107.9, 110.5, 115.4,
122.2, 122.3, 123.3, 123.9, 124.3, 124.5, 126.2, 130.0, 130.1, 131.5, 132.3, 132.4, 1354,
135.8, 136.8, 142.8, 142.9, 142.9, 147.8, 148.1, 150.9 (ArC), 191.7 (CHO); MS (ESI): m/z
599.6 (M*+1); Anal. Calcd for C3,Ha6N19O3: C, 64.21; H, 4.38; N, 23.40. Found: C, 64.43; H,
4.45;N, 23.45.
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CHAPTER-5

PHOTOPHYSICAL AND DNA INTERACTION STUDIES OF
NAPHTHALIMIDE DERIVATIVES

5.1. INTRODUCTION

The past decade has seen an ever increasing effort towards the development of small-molecular
fluorescence probes for environmental and biological analyses, due to their simple design,
synthesis and manipulation. There is need for a diverse set of probes capable of their
fluorescence signal “turned on” in the presence of analytes in complex environments, so as to
allow for analyte detection, imaging and quantification.'” Diversity is required for both the
mechanism of analyte activation of the probe to reveal its corresponding highly fluorescent
reporter,154 and the energy range over which the reporter provides a signal of analyte presence.
However, some general issues remain for the majority of such probes like poor solubility and
thus compromised sensitivity in a full aqueous environment due to the hydrophobicity of the
fluorescence dyes and their cytotoxicity, inducing apoptosis or necrosis of cells." >
1,8-Naphthalimide derivatives'*® are dyes extensively employed in fluorogenic labeling and
fluorescent chemosensors because of their high absorption coefficient, high fluorescence

quantum yield and high photostability.157

By virtue of these fascinating properties, the excellent
examples of 1,8-naphthalimide-based fluorescent chemosensor applications in cell imaging have
also been reported."”*'*® Amongst the metal ions, occurrence of aluminium in the earth crust is
wide spread.” It find its application day to day life viz., aluminium foil, utensils, food and
pharmaceuticals. Over dosage of aluminium in body resulted in various brain related disorders
and cancer.'%'¢! Amongst the anions, fluoride ion is an important anion having beneficial effects
on dental health care and treatment of osteoporosis.]62 However, the acute dosage of fluoride ion
resulted in severe side effects like thyroid activity and depression.'® Therefore, to develop the
fluoride based chemosensor, various analytical and spectroscopic techniques have been

164-165
known.

5.2. OBJECTIVE

In the present work, we have designed a new fluorescent probe based upon 1,8-naphthalimide

moiety (tunable electronic system, good stability, and cell-permeable ability) and using
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propylamine as a recognition moiety. We chose the skeleton of 1,8-naphthalimide because its

166
h,

derivatives usually produce a fluorescence response at longer wavelengt which is beneficial

for avoiding the influence of several variants, such as probe concentration and optical path

length.'®’

The detection mechanism is based on amine oxidation and B-elimination (via Schiff
base hydrolysis)168 to release the fluorophore (4-amino-N-propyl-1,8-naphthalimide) emission.
The naphthalimide moiety is also useful for DNA intercalator as an anticancer agent. So, the

synthesized moiety has also been used for interaction studies with calf thymus DNA.

5.3. CHEMISTRY

Probes 6 and 7 were synthesized in several steps as outlined in Scheme 1. Nitration of
acenaphthene 1 with nitric acid in the presence of acetic acid gave 1,2-dihydro-5-
nitroacenaphthylene 2 in 90% yield followed by oxidation in the presence of sodium dichromate
and acetic acid to give 6-nitrobenzo[de]isochromene-1,3-dione 3 in 85% yield. Subsequent

reaction with allyl amine in refluxing ethanol gave allylated nitro naphthalimide, 2-allyl-6-nitro-

0s0-_0
. Conc HNO,, . Na,Cr,0,,
OO CH,COOH OO CH,COOH OO
1 . 3
r.t 12h reflux 24h
NO
2 NO,
1 2 3
0 H
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Scheme 1 Synthesis of naphthalimide schiff bases 6 and 7
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1H-benzo[de]isoquinoline-1,3(2H)-dione 4 in 90% yield. Reduction of 4 with palladium carbon
in presence of catalytic amount of hydrazine hydrate in methanol gave reduced product, 6-
amino-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione 5 in 78% yield. Final treatment of
intermediate S5 with different aldehydes viz., salicylaldehyde and 4-diethylaminosalicaldehyde in
ethanol at room temperature for 10-15 h afforded corresponding Schiff base analogues 6 and 7 in
90% and 95% yields, respectively. Probes 6 and 7, and intermediates were well characterized by

'H and ">C NMR as well as mass spectrometry (Scheme 1).

5.4. PHOTOPHYSICAL PROPERTIES OF PROBE 6

5.4.1. Photophysical properties towards metal ions

Absorption spectra of probe 6 (20 uM, CH30H) showed an absorption band centred at 380 nm.
On addition of 1000 uM of different metal ions viz., Na*, K7, Ca2+, Mg2+, Li", Ba2+, Co*" Ni%,
Zn*, Hg2+, Ag’, Pb** and AI’* as their perchlorate salts, a significant change in UV-visible
spectra was observed with Al ions while Hg”" ions showed the sillier results albeit to the lesser
extent (Figure la). Upon incremental addition of A" to probe 6 (20 uM, CH3;0H), the
absorption band at 380 nm underwent a gradual decrease in absorption intensity with
concomitant appearance of new absorption band at 430 nm and an isobestic point at 415 nm
(Figure 1b). A detectable colour change from pale yellow to bright yellow has also been
observed (Figure 2a,b). Thus, probe 6 was used for ratiometric determination of AI** between 10
nM-6 uM with lowest detection limit of 10 nM. The association constant for binding of probe 6
with AI’* was determined to be 4.4 x 10° M through Benesi—Hildebrand equation. Interference
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Figure 1: Absorption spectra of probe 6 (20 uM, CH30OH) upon addition of (a) different metal

. . . . 3+ .
ions and (b) increasing concentration of Al”" ions
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Figure 2: Colour changes; (a) visible and (b) under irradiation at 350 nm of probe 6 upon
addition of various metal ions; (c) Red bars represent the selectivity of probe 6 upon addition of
different metal ions in CH3OH and the blue bars show the competitive selectivity of probe 6 in
the presence of interfering metal ions (AI*").

studies of probe 6 were performed in the presence of 1 equiv. of AI** ions mixed with 1000 uM
of other metal ions that showed no significant change in absorption spectrum with or without
metal ions (Figure 2c).

Probe 6 (1 uM, CH30H, @ = 0.16) upon excitation at 380 nm showed emission band at 530
nm. After addition of 5.0 equiv of metal ions such as Na', K, Ca2+, Mg2+, Li", Ba2+, C02+, Ni?*,
Zn2+, Hg2+, Ag+, Pb>* and AI’* under the established conditions. However, discernible changes in
both emission color and spectral occurred only in the presence of AI** ions. Gratifyingly, other
metal ions showed little or no interference to probe 6 (Figure 3a). Gradual addition of A’ to
probe 6 showed abrupt fluorescent enhancement at 580 nm (Figure 3b). The quantum efficiency
was enhanced from @ = 0.16 (free probe) to @ = 0.42 (probe 6.A13+). However, no change was
observed with other metal ions. Binding constant of probe 6 with Al was found to be 6.89 x10°
M. Lowest detection limit has been found to be 0.5 nM and probe 6 was able to detect 0.5 nM
to 0.7 uM of AI*".

To further examine the sensing and selective ability of probe 6 toward Al**, competitive metal
jon experiments were carried out. The sensing behaviour for AI’* was hardly disturbed by the

presence of other metal ions.
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Figure 3: Emission spectra of probe 6 (1 uM, CH3OH) upon addition of (a) different metal ions

and (b) increasing concentration of Al’" ions.
5.4.2. Photophysical properties towards anions

The sensing behaviour of probe 6 towards anions was determined using tetrabutylammonium
salts of various anions viz., F', CI', Br, I', AcO’, NO5s", H,PO,, HP,O;, HSO,, CN’, SCN" in
CH;0H. On addition of 50 equiv. of anions to probe 6 (20 uM, CH3OH), no significant change
in absorption spectrum was observed except the HSO, (Figure 4a). Incremental addition of
HSOy 1ons to probe 6 resulted in decrease in absorption intensity at 380 nm with concomitant
appearance of new absorption band at 430 nm with clear isobestic point at 420 nm (Figure 4b).
The association constant on binding of 6 with HSO,4 ions was found to be 5 2x10* M™! having
lowest detection limit of 2 uM. Ratiometric response on incremental addition of HSO4 ions
showed the detection limit between 2 pM-180 uM and showed the 12-fold ratio change.

Selectivity of probe 6 for HSO,4 ions was confirmed by carrying out the competitive anion

Probe 1
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Figure 4: Absorption spectra of probe 6 (20 uM, CH30H) upon addition of (a) various anions
and (b) increasing concentration of HSO4 ions; (c) Red bars represent the selectivity of probe 6
upon addition of different anions in CH30OH and the blue bars show the competitive selectivity of

probe 6 in the presence of interfering anions.
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experiments. Therefore, addition of 10 equiv. of HSO4 ions to probe 1 mixed with various
anions showed no significant change in absorption in the presence or absence of other anions
(Figure 4c).

In case of addition of various anions to probe 6 (1 uM, CH3;OH), emission changes were
observed only in the presence of HSO4 ions (Figure 5a). Gradual addition of HSO, ions to
probe 6 resulted in abrupt enhancement in fluorescence intensity at 530 nm and quantum
efficiency was enhanced from @ = (.16 (free probe) to @ = 0.32 (Figure 5b). Binding constant of
probe 6 with HSO,4 has been found to be 5.63 x10* M with lowest detection limit of 0.05 uM.
On increasing the concentration of HSO4 ions from 0.05 uM to 40 uM, increase in fluorescent

intensity was observed.
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Figure 5: Emission spectra of probe 6 (1 uM, CH3OH) upon addition of (a) different anions and

(b) increasing concentration of HSOy ions.

In order to understand the mode of interaction of probe 6 with AP’* and HSO4, '"H NMR
titrations were conducted in the presence of Al** and HSOy4". As shown in Figure 6, singlet at 8.9
ppm attributed to imine proton (-CH=N) of probe 6 disappeared on addition of 1.0 equiv. of AP

ions and a new singlet appeared at 9.9 ppm corresponding to CHO proton.
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Figure 6 NMR titrations of probe 6 on addition of Al** and HSO,
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Similar changes in NMR signals were observed in the presence of HSO,4 ions. NMR changes
observed in the presence of AI’" and HSOy, indicated that a free amino compound 5 was
generated by the AI*/HSO, -triggered cleavage reaction (Figure 6). Owing to the specific

1**

reactivity of the A" /HSO, -catalyzed chemical reaction, probe 6 displayed a high sensitivity

and selectivity toward these ions. A feasible mechanism of the cleavage reaction is shown in

Scheme 2.
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Scheme 2 Proposed mechanism of probe 6 binding with HSO4

5.5. DNA binding studies

Gunnlaugsson et. al. reported several examples of DNA targeting binders, based on the use of
1,8-naphthalimide derivatives.'®' Such structures have tuneable electronic properties, and
have been shown to exhibit good DNA binding affinity either through intercalation or groove
binding. 4-Amino-1,8-naphthalimide derived Troger’s base which possessed good water
solubility at physiological pH and their two cationic amino terminus provided the strong
electrostatic interaction/binding at the phosphate backbone of DNA. 170

Thus, we envisaged that the naphthalimide moiety of probe 6 might significantly interact with

the aromatic bases in DNA via intercalative stacking/H-bonding and/or electrostatic interaction.
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Therefore, interaction studies of probe 6 with Ct-DNA were performed by spectroscopic means
in aqueous phosphate buffer solution at pH 7.0. Thus, the absorption maxima of probe 6, showed
a negligible effect on the change in wavelength position and intensity on gradual addition of Ct-
DNA.

Fluorescence titration experiment was also carried out with probe 6. Thus, upon gradual
addition of Ct-DNA, the emission intensity (Aem = 530 nm) of the probe 6 was found to be
significantly enhanced. The emission became saturated at 30 uM concentration of Ct-DNA
(Figure 7a). This observation clearly indicated a well-defined binding of the probe 6 with Ct-
DNA. The association constant of probe 6 with Ct-DNA was also determined by a Benesi-
Hildebrand plot which was found to be 6.98 x10° M towards the higher end as compared to
amonafide (a well known DNA intercalative drug).

In order to prove the reversibility of probe 6 with DNA, an experiment was performed in the
presence of competitive ethidium bromide (standard DNA intercalator). On addition of 0-20 uM
solution of ethidium bromide to DNA.probe 6 complex, emission band at 530 nm quenched and
new emission band formed at 630 nm due to the formation of EtBr-DNA complex (Figure 7b),
confirmed the reversible binding of probe 6 to Ct-DNA through intercalation. The emission
spectra of ethidium bromide bound to Ct-DNA in absence and presence of each complex have
been recorded at [EtBr] = 10 uM, [DNA] = 10 uM. The emission intensities of EtBr bound to Ct-
DNA at 630 nm enhanced with appearance of emission at 530 nm indicated that probe 6 cannot
effectively displace EtBr from EtBr.DNA complex. It is generally agreed that strong emission
enhancement accompanies intercalation of dye into double helix conformation of nucleic acids

(Figure 7c).
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Figure 7: Effect of incremental addition of (a) Ct-DNA (4-70 uM) on emission spectra of probe
6 (20 uM, phosphate buffer, pH 7.0); (b) probe 6 on DNA.EtBr complex in phosphate buffer; (c)
effect of incremental addition of probe 6 on EtBr:DNA complex
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5.6. PHOTOPHYSICAL PROPERTIES OF PROBE 7

5.6.1. Photophysical properties towards metal ions

To examine the binding of probe 7 with metal ions, the UV-visible and emission studies of
sensor 7 towards various metal ions viz., Ag2+, Al3+, Mg2+, Ba2+, Hg2+, Pb2+, Ni2+, Zn2+, Cu2+,
Ca®, Co*, K" and Na" were carried out in CH;CN (Figure 8a). Binding of 7 with AI** as its
perchlorate salt was examined by UV-visible spectroscopy. Probe 7 (20 uM, CH3CN) showed
two absorption bands at 340 nm and 460 nm. Addition of 50 eq. of AI’* to probe 7 showed
visible colour change from orange to yellow (Figure 9a,b) along with decrease in absorbance
peak at 340 nm and enhancement at 460 nm. Whereas, addition of other metal ions did not show
any significant change in absorption spectra. Therefore, UV-visible titration of 7 with AI’* was
carried out. Incremental addition of Al (10-100 uM) to 7 in CH3CN showed the decrease in
absorption intensity at 340 nm with the simultaneous increase in absorption peak at 460 nm
(Figure 8b). UV-visible response of ratiometric probe 7 with increasing concentrations of Al’*
(10-100 uM) was examined. From UV-visible studies, the association constants for probe-Al3+ in
acetonitrile was determined by Benesi—Hildebrand equation and was found to be 4.72 x10° M

having lowest detection limit of 10 uM.

ligand +
other metal

300 30 400 450 500 550 280 330 380 430 480 S30 580
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Figure 8: (a) Absorption spectra on addition of 50 eq. of different metal ions to probe 7 (20 uM,
CH;CN); (b) Changes in absorption spectra on addition of AP (10-100 uM) to 20 uM of 7 in
CH;CN
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Figure 9: (a) Colour changes observed by naked eye on addition of 50 eq. of metal ions to probe

7 (20 uM); (b) Colour changes observed under UV lamp on addition of 50 eq. of metal ions to
probe 7 (20 uM)

UV-visible spectroscopy is complementary part of fluorescence spectroscopy. Therefore, to
interpret the more précised results, the recognition behaviour of naphthalimide based sensor on
various metal ions was investigated by fluorescence studies. Probe 7 (20 uM) showed dual
emission band, weak emission at 520 nm and strong emission at 610 nm when excited at 460 nm.
On addition of 50 eq. of different metal ions viz., Ag”", Mg, Ba®", Hg**, Pb**, Ni**, Zn**, Cu*,
Ca®*, Co™", K" and Na' to probe 7, no significant change in fluorescence spectrum of different
metal ligand complexes was observed. However, change was observed on addition of 50 eq. of
AI* jons (Figure 10a). So, to investigate the sensing behaviour of 7 towards Al**, titration of 7
with increasing concentrations of AI’* was performed. Incremental addition of AI’** (1-25 pM) to
probe 7, resulted in decrease in fluorescence intensity at 610 nm with simultaneous increase in
intensity at 520 nm (Figure 10b). This enhancement in fluorescence intensity at 520 nm is due to
interaction of AI** ion with nitrogen and hydroxyl groups. Probe 7 showed the ratiometric
change on addition of increasing concentrations of Al’*. Job plot showed the 1:1 stoichiometric
complex of probe 7 with Al’** (Figure 10c). The selectivity of probe (20 uM) for AI** over
different metal ions was investigated. Addition of 100 eq. of different metal ions; Ag**, Mg*",
Ba®*, Hg”', Pb*", Ni*", Zn**, Cu**, Ca**, Co®*, K" and Na* to probe 7 showed no significant
change in fluorescence intensity on comparison with other metal ions. So, practical applicability

of ligand was determined by carrying out competitive experiments in the presence of 10 eq. of
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A’ and 50 eq. of other metal ions, which showed no significant variation in fluorescence
intensity on comparison of results with other metal ions (Figure 10d). From the emission studies,
the association constant for 7-AI** in acetonitrile has been determined by Benesi—Hildebrand
equation and was found to be 8.90 x10* M. The lowest detection limit was found to be 1 uM.
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Figure 10: (a) Emission spectra on addition of 50 eq. of different metal ions to probe 7 (20 uM,
CH;CN); (b) Changes in emission spectra on addition of N (1-25 uM) to 20 uM of 7 in
CH;CN; (c) Jobs plot showing 1:1 stoichometric complex of probe 7 with AI** (20 uM, CH3CN);
(d) Red bars represent selectivity of probe (20 pM) upon addition of different metal ions in
CH3CN and blue bars shows the competitive selectivity of probe in the presence of interfering
metal ions.

5.6.2. Photophysical properties towards anions

Upon addition of 50 eq. of tetrabutylammonium salts of various anions viz., F, CI', Br, I', AcO,
NOs', H,PO4’, HP,O7, HSO,4, CN’, SCN" to probe 7 (20 uM, CH3CN) in acetonitrile, except F
ion, no significant change was observed with other ions (Figure 11a). UV-visible spectra of
probe 7 showed two absorption bands at 340 nm and 460 nm. On incremental addition of F ion
(0.5-12.5 uM), the absorption band at 460 nm quenched followed by red shift of band at 395 nm
from 340 nm with concomitant appearance of new band at 570 nm (Figure 11b). The interaction
of fluoride with probe 7 showed hydrogen bonding interactions followed by deprotonation. The

quenching followed by red shift and formation of new band prompted us to determine the F~ ion
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ratiometrically. Selectivity of probe 7 as F selective chemosensor was confirmed by competitive
experiments with 50 eq. of F" and 50 eq. of other anions. Addition of various competing ions to
probe 7 complexed with F ion did not affect the absorption spectra. Therefore it can be inferred
as F selective chemosensor (Figure 11c). The association constant for binding of F ion with
probe 7 was 1.14 x 10> M"". The lowest detection limit was 0.5 uM. Visible colour change from
orange to purple was observed on addition of 50 eq. F ion to 20 uM of 7 (Figure 11d).
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Figure 11: (a) Absorption spectra on addition of 50 eq. of different anions to probe 7 (20 uM,
CH3CN); (b) Changes in absorption spectra on addition of F* (0.5-12.5 uM) to 20 uM of 7 in
CH;CN; (c) Red bars represent selectivity of probe (20 uM) upon addition of different anions in
CH;CN and blue bars shows the competitive selectivity of probe in the presence of interfering
anions; (d) Color changes observed by naked eye on addition of 50 eq. of anions to probe 7 (20
uM).

Further, the effect of various anions on emission spectra of probe 7 was studied. When
excited at 450 nm, probe 7 (20 uM, CH3CN) showed the dual emission bands at 520 nm and 610
nm. Addition of 50 eq. of tetrabutyl ammonium salts of various anions viz., F, CI', Br, I', AcO’,
NOs’, H,PO4, HP,O7, HSO4, CN’, SCN’, only F- ion showed significant change with probe
(Figure 12a). Incremental addition of 1-19 uM of F" ion to probe 7, a decrease in emission band
at 520 nm and 610 nm was observed (Figure 12b). Ratiometric determination of F ion by
fluorescence spectroscopy showed the continuous decrease in emission intensity at 610 nm on
increasing the equivalents from 1 to 19 uM. The binding constant was found to be 4.4 X 10° M

Lowest detection limit was 1 uM.
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Figure 12: (a) Emission spectra on addition of 50 eq. of different anions to probe 7 (20 uM,
CH3;CN); (b) Changes in emission spectra on addition of F~ (1-19 uM) to 20 uM of 7 in CH3;CN

Detailed complexation of probe 7 with AP’ was studied through '"H NMR titrations on
addition of different concentrations of AI’* ions in CDCl; + CD3;CN. Consecutive additions of
A’ to probe 7 induced significant changes in 'H NMR spectra. Addition of 0.5 eq. of AI** jons
to probe 7, resulted in shifting of imine protons at 8.66 ppm of schiff base along with merging
with other aromatic protons. Aromatic protons in region 6.16-6.34 ppm showed the downfield
shift of 0.08 ppm and the aromatic protons at 7.40 ppm became merged with CHCl; peak. The
major downfield shift was 0.5 ppm of aromatic proton at 7.30 ppm to 7.80 ppm. Further addition
of 1.0 and 1.5 eq. of AI’* does not cause an appreciable shift in position of signals suggesting the
formation of 1:1 complex between the probe 7 and Al** (Figure 13a). Interactions between the
probe 7 and F~ ion were studied through "H NMR titrations. Addition of 0.5 to 1.0 eq. of F ion to
probe 7 showed broadening of OH peak suggesting the hydrogen bonding interactions. Addition
of 1.5 eq. of F 1ion resulted in disappearance of OH signal without any change in aromatic

signals. No spectral changes were observed on further increase in concentration (Figure 13b).
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Figure 13a "H NMR titration spectra of probe 7 with increasing conc. (0.5-1.0 eq.) of Al
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Figure 13b 'H NMR titration spectra of probe 7 with increasing conc. (0.5-1.5 eq.) of F

5.7. DNA BINDING STUDIES

Interactions of probe 7 AP complex with ct-DNA were determined through UV-visible and
fluorescence emission studies. Addition of ct-DNA (10-50 uM) to probe 7.AI’* complex, showed

increase in absorption intensity at 340 nm and 460 nm (Figure 14a). The emission intensity
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Figure 14: (a) Effect of incremental addition of ct-DNA (10-50 uM) to probe 7.A1 complex on
absorption spectra; (b) Effect of incremental addition of ct-DNA (4-30 uM) to probe 7.A

complex on emission spectra

increased to a significant extent on addition of 4-30 uM of ct-DNA. Upon incremental addition
of 4-30 uM of ct-DNA to 7 AP complex, the emission intensity at 520 nm increases
significantly with a red shift to 530 nm (Figure 14b).

Ethidium bromide (EtBr) displacement study

Fluorescence experiments were carried out in order to confirm the reversibility of probe 7 AP

complex with DNA. Incremental addition of 50 uM solution of ethidium bromide to probe
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7.A’* DNA complex, resulted in fluorescence quenching at 520 nm with the simultaneous
increase in emission intensity at 615 nm due to formation of EtBr:DNA complex, hence
confirming the reversible binding of probe 7.AI’* complex with DNA (Figure 15a). Competitive
binding experiments were carried out to confirm the binding mode of probe 7.A" complex with
DNA. To complex containing 10 uM EtBr and 10 uM DNA, addition of 0-20 uM solution of
probe 7.AI"* complex, emission intensity at 615 nm underwent quenching with blue shift to 600
nm and emission enhancement at 520 nm due to displacement of DNA from EtBr complex.

Thereby confirming the probe 7.AI** complex as a strong DNA intercalator (Figure 15b).
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Figure 15: (a) Ethidium bromide displacement assay of probe 7'AI’"DNA complex; (b)

Competitive ethidium bromide displacement assay of probe 7A"DNA complex
5.8. CONCLUSION

Napthalimide based schiff base has been synthesized by employing multistep synthesis from
commercially available acenaphthene. It has been successfully utilized as a chemosensor for
selective detection of AI** and HSO, ions in polar protic solvent. Owing to the specific reactivity
of the Al3+/HSO4'—catalyzed chemical reaction, probe 6 displayed selectivity response for
detection of 0.5 nM to 0.7 pM Al’* ions and 50 nM to 40 uM HSOy ions. Moreover, probe 6
showed the strong DNA intercalation properties through emission enhancement for the probable
application as drug candidate.

Similarly, probe 7 has been used as a colorimetric and fluorescent chemosensor capable of
sensing the A’ and F ions selectively over other metal ions in acetonitrile. Emission
enhancement on addition of DNA to 7.AI’* complex revealed its strong DNA binding ability.

DNA intercalation was also confirmed through ethidium bromide displacement assay.
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5.9. Experimental section

Materials and methods

All reagents were purchased from commercial suppliers and used without further purification.
TLC analyses were performed on silica gel plates and column chromatography was conducted
over silica gel (mesh 60-120). "H NMR spectra were recorded using JEOL-ECS spectrometers
operating at 400 MHz. BC NMR sepctra were recorded at 100 MHz. All chemical shifts are
reported in ppm relative to the TMS as an internal reference. UV-vis studies were carried out on
a Shimadzu 2600 machine using slit width of 1.0 nm and matched quartz cells. Fluorescence
spectra were determined on a Varian Cary Eclipse fluorescence spectrometer. Stock solution of
probes 6 and 7 were prepared at 10 M in distilled CH;OH. The resulting solution was shaken
well before recording the absorption spectra. All absorption and fluorescence scans were saved
as ACS II files and further processed in Excel™ to produce all graphs shown. Solutions of 6 and

7 were typically 20 uM for UV-visible studies.

5.9.1. Synthesis of compound 2

To the mixture of acenaphthene 1 (7.7g, 50mmol) and acetic acid (60 ml), conc. nitric acid (5.5
ml) was added at room temperature. After 4 h, the reaction mixture was poured into ice water.
The precipitate was filtered and washed with water. The crude product was recrystallized from

acetic acid and then ethanol to afford 1,2-dihydro-5-nitroacenaphthylene 2 in 90% yield.

5.9.2. Synthesis of compound 3

To a stirred solution of sodium dichromate (2.24 g, 7.5 mmol) in acetic acid (5 ml), compound 2
(0.60 g, 3 mmol in 5 ml acetic acid) was added and refluxed for 5 h. The reaction mixture was
mixed with cold water (50 ml) at 0 °C, filtered and washed with water until the filterate became
neutral. The residue was dried in vacuo to afford the product 6-nitrobenzo[de]isochromene-1,3-

dione 3 in 85% yield.

5.9.3. Synthesis of compound 4
To a stirred solution of compound 3 (0.5 gm, 1.77 mmol) in ethanol, allyl amine (0.132 ml, 1.77
mmol) was added and refluxed for 6 h. After completion of the reaction, reaction mixture was

quenched with water followed by extraction with chloroform. Chloroform layer was separated
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out, dried over anhydrous sodium sulphate and concentrated in vaccum to obtain crude product.
The crude product was further purified by silica gel chromatography (60-120 mesh) using

hexane: ethyl acetate (9:1) as eluents.

Spectral data of 2-allyl-6-nitro-1H-benzo[de]isoquinoline-1,3(2H)-dione (4): yellow solid
J m.p. 146 °C; yield: 90%; '"H NMR (CDCls, 400 MHz): & 4.81 (t, J = 1.40 Hz,
0N H, N-CH,), 4.83 (t, J = 1.38 Hz, 1H, N-CH,), 5.24-5.27 (dd, *J = 10.08 Hz, *J
= 1.36 Hz, 1H, allyl-CH,), 5.33-5.38 (dd, *J = 16.96 Hz, °J = 1.38 Hz, 1H,

No,  allyl-CHy), 5.94-6.04 (m, 1H, allyl-CH), 7.98-8.02 (m, 1H, ArH), 8.42 (d, J =
7.80 Hz, 1H, ArH), 8.71 (d, J = 8.24 Hz, 1H, ArH), 8.74-8.76 (dd, *J = 7.36 Hz, *J =0.92 Hz,
1H, ArH), 8.84-8.86 (dd, °J = 8.68 Hz, °J = 0.92 Hz, 1H, ArH); °C NMR (CDCl;, 100 MHz):

0 42.6 (N-CHy), 118.2, 122.7, 123.5, 123.8, 126.6, 128.9, 129.2, 129.8, 129.9, 131.3, 1324,
1494, 162.0 (C=0), 162.8 (C=0).

5.9.4. Synthesis of compound 5
To the solution of compound 4 (100 mg, 0.39 mmol) in methanol, 10% Pd/C (5 mg) and
hydrazine hydrate were added and stirred at room temperature for 2 h. Reaction mixture was then
filtered to remove catalyst followed by washing with methanol. The crude product was then
purified by silica gel chromatography in 60-120 mesh silica using hexane : ethyl acetate (7:3) as
eluents to get black coloured solid.
Spectral data of 6-amino-2-propyl-1H-benzo[delisoquinoline-1,3(2H)- dione (5): black
solid; mp: 135 °C; yield: 78%; '"H NMR (DMSO-dg, 400 MHz): 6 0.98 (t, J =
OyN®  7.32 Hz, 3H, CH3), 1.71 (m, 2H, CH»), 4.10 (t, J/ = 7.56 Hz, 2H, N-CH,), 6.23
(s, 2H, NH,), 6.87 (d, J = 8.24 Hz, 1H), 7.60 (t, J = 8.02 Hz, 1H), 8.32 (d, J =
i, 8.24 Hz, 1H), 8.40 (d, J = 8.28 Hz, 1H), 8.55 (d, J = 7.32 Hz, 1H); °C NMR
(DMSO-ds, 100 MHz): 6 10.9 (CHj3), 20.7 (CHy), 40.7 (N-CH,), 108.2, 109.0, 114.4, 119.2,
121.8, 123.4, 127.9, 129.33, 130.5, 133.3, 150.9, 163.3 (C=0), 164.0 (C=0); MS (ESI): m/z
255.2 (M™+1).

5.9.5. Synthesis of compound 6
Compound 5 (100 mg, 0.279 mmol) was dissolved in ethanol (10 ml) at room temperature. To

this solution, salicylaldehyde (0.072 gm, 0.59 mmol) was added at room temperature and
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refluxed for 10 h. After completion of reaction, the bright yellow coloured precipitate was
obtained. The solid was filtered and washed with ethanol 2-3 times and then dried under vaccum

to get yellow solid product.

Spectral data of (Z)-6-(2-hydroxybenzylideneamino)-2-propyl-1H-benzo[delisoquinoline-

H 1,3(2H)-dione (6): mp: 145 °C; yield: 90%; '"H NMR (CDCl3, 400 MHz):

O_N__O 1.03 (t, J = 7.36 Hz, 3H, CH3), 1.76-1.82 (m, 2H, CH,), 4.15-4.19 (m, 2H,

N N-CH,), 7.02-7.06 (m, 1H, ArH), 7.13 (d, J = 7.80 Hz, 1H, ArH), 7.41 (d, J

OO HO, = 7.80 Hz, 1H, ArH), 7.49-7.53 (m, 2H, ArH), 7.78-7.82 (m, 1H, ArH),
Men 8.56-8.59 (dd, *J = 8.24 Hz, °J = 0.92 Hz, 1H, ArH), 8.63 (s, 1H, ArH),

8.66-8.68 (dd, *J = 7.20 Hz, *J = 1.36 Hz, 1H, ArH), 8.77 (s, 1H, =CH); ">*C NMR (CDCls, 100
MHz): 11.5 (CH3), 21.4 (CHp), 41.9 (N-CH,), 115.3, 117.5, 119.0, 119.7, 120.8, 122.7, 126.4,
127.1, 128.8, 129.7, 131.8, 132.1, 133.1, 134.6, 151.5, 161.3, 163.8, 164.2 (C=0), 165.8 (C=0);
MS(ESI): m/z 359.2 (M*+1).

5.9.6. Synthesis of compound 7

Compound 5 (100 mg, 0.279 mmol) was dissolved in ethanol (10 ml) at room temperature. To
this solution, 4-diethylaminosalicaldehyde (0.072 gm, 0.37 mmol) was added slowly at room
temperature. After refluxing for 7 h, the orange coloured precipitate was obtained. The solid was
filtered and washed with ethanol 2-3 times and then dried over vaccum.

Spectral data of (Z)-6-(4-(diethylamino)-2-hydroxybenzylideneamino)-2-propyl-1H-

H benzo[delisoquinoline-1,3(2H)-dione (7): orange solid; mp: 180 °C;
O N0 yield: 95%; '"H NMR (CDCl3, 400 MHz): 1.03 (t, J = 7.56 Hz, 3H,
o propyl CH3), 1.25 (t, J = 7.10 Hz, 6H, CH3), 1.75-1.81 (m, 2H, propyl

N\\CH@N?HS CH,), 3.45 (q, J = 7.17 Hz, 4H, CH,), 4.14-4.18 (m, 2H, NCH,), 6.25 (

o d, J=2.28 Hz, 1H, ArH), 6.32-6.34 (dd, >J = 8.72 Hz, °J = 2.32 Hz,
1H, ArH), 7.26-7.28 (m, 1H), 7.36 (d, J = 8.24 Hz, 1H, ArH), 7.75 (t, J = 7.90 Hz, 1H, ArH),
8.57 (s, 1H, = CH), 8.60 (d, J = 7.76 Hz, 1H, ArH), 8.63-8.66 (m, 2H), '*C NMR (CDCls, 100
MHz): 11.54 (Propyl CH3), 12.69 (CHs) 21.42 (propyl CH,), 41.88 (NCH,), 44.80 (CHs),
97.43, 104.60, 109.40, 114.50, 119.08, 122.58, 126.56, 126.88, 129.11, 130.17, 131.58,
132.48, 134.74, 152.151, 152.87, 162.89, 164.07 (ArC), 164.14 (C=0), 164.50 (C=0); MS
(ESD): m/z 430.2 (M*+1).
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5.9.7. UV-vis and fluorescence spectroscopy studies

The absorbance and emission properties of probes 6 and 7 were checked in CH30OH. The stock
solution of probe 6 and 7 were prepared as 10> M in 25 mL of CH3OH and then diluted to the
desired concentration. Stock solutions of various ions were prepared at the concentration of
~107* M in 25 mL distilled water and then diluted to the desired concentrations. The absorbance
and fluorescence spectral data were recorded 10 min after the addition of the ions. For
fluorescence measurements, the excitation wavelength was 340 nm (slit width = 10/10 nm) and

emission was acquired from 360 nm to 700 nm.
5.9.8. DNA interaction studies

Stock solution of ct-DNA was prepared by dissolving DNA in phosphate buffer (10 mM, pH
7.0). The concentration was estimated from its absorbance intensity at 260 nm with a known
molar absorption coefficient value of 6600 dm*M'cm™. The purity of DNA was established
from ratio of absorbance intensity at 260 nm and at 280 nm. The titration experiments were
performed by varying the concentration of Ct-DNA and keeping the compound concentration

constant (20 uM). All the UV spectra were recorded after equilibration of solution for 5 min.
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SUMMARY

Cancer is not a disease but a group of diseases that is characterized by the uncontrolled growth
and division of abnormal cells. Uncontrolled division of cells and spread resulted in death.
Various factors for induction of cancer are tobacco, unhealthy diet, infectious organisms and
internal factors like inherited genetic mutations, hormonal changes and immune conditions.
Cancer is a major health problem in developed countries and is the second largest cause of death
after heart disease’ due to ageing and lifestyle. It is predicted that by 2030, cancer can affect 22
million people.' Surgical and radiation therapies for treatment of local cancer is not specific due
to tumor position in the body and is not completely successful treatment in removing tumors.
Chemotherapy is a systemic cancer treatment involving chemotherapeutic drugs that interfere
with the cell cycle and division of cells, inducing apoptosis of tumour cell by signaling pathways
that improve and eradicate cancer. Various chemotherapeutic drugs that are clinically known are
5-fluorouracil, methotrexate, Doxorubicin, Epirubicin etc. Anticancer agents acted through in
vitro inhibition of various cancer cell lines viz., breast cancer, ovarian cancer, non small cell lung
cancer, melanoma, leukemia at single dose conc. of 10 pM. However, due to the high cancer
mortality rate, development of drug resistance and undesirable side effects of previously reported
anticancer agents, there is an urgent need to design and synthesise new anti-cancer drugs
surpassing the side effects of previous anticancer agents.”® Among fused heterocyclic moieties,
imidazo[1,2-a]pyrazine, benzimidazole and coumarin moieties have been gaining significant
attention in field of organic synthesis and drug discovery.

In present investigation, we have synthesized various imidazo[1,2-a]pyrazine derivatives
bearing aryl group at different positions and then evaluated them in vitro against cancer cell
lines. Structure activity relationship predicting the relation of activity with changing substituents.
As molecular hybridization is an important technique to combine two active pharmacophores in a
single unit. Therefore we have applied this methodology to obtain imidazo[1,2-a]pyrazine-
coumarin hybrids that have been evaluated against 60 human cancer cell lines along with
prediction of SAR. The hybrids have been checked for its cytotoxicity on normal cells. More
molecular conjugates/dyads have been synthesized by employing imidazo[l,2-a]pyrazine-
coumarin linked to triazole and imidazo[1,2-a]pyrazine-benzimidaozle linked to triazole via click

chemistry and Suzuki-Miyaura coupling reactions. Photophysical properties of all conjugates
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have been determined. Naphthalimide derivatives have also been synthesized which have been
evaluated for its photophysical sensing towards various anions and metals along with DNA
intercalation studies. Characterization of these molecules was done with different spectroscopic

techniques such as 'H NMR, 3C NMR and mass spectroscopy.

Results and Discussion

Chapter 2: Covers synthesis, characterization and in vifro evaluation of monoarylation,
symmetrical/unsymmetrical diarylation of imidazo[1,2-a]pyrazines

2.1. Synthesis of 6,8-dibromoimidazo[1,2-a]pyrazine

Bromination of 2-aminopyrazine 1 with N-bromosuccinamide (NBS) in DMSO and water at
room temperature for 6 h gave 2-amino-3,5-dibromopyrazine 2 in 90% yield followed by
cyclization with chloroacetaldehyde in the absence of base to obtain 6,8-dibromo-imidazo[1,2-

alpyrazine 3 with 80% yield (Scheme 1).

rt, 6h IPA, 110°C,24 h

N NH,
[ j/ NBS, DMSO: H20 JI \:[ 50% aq. chloroacetaldehyde N. N
_ >
Br N Br JI
2

Scheme 1

Palladium catalyzed Suzuki-Miyaura coupling of 6,8-dibromo-imidazo[1,2-a]pyrazine 3 with
different aryl boronic acids afforded substituted monoarylated and symmetrical diarylated
products. During our study of imidazo[l,2-a]pyrazine derivatives, thiophen-2-boronic acid
served as a model reactant for optimization of the reaction conditions. A survey of different
catalysts (Pd(PPh3)s, Pd(PPh3),Cl, and Pd,(dba)s), bases (Cs,COj3;, Na,COs, K,CO3 and DIPEA)
and solvents (MeCN:H,0O, Toluene: H,O, THF, dioxane, DMF, IPA) revealed that Pd(PPhs),,
Cs,CO5 and MeCN:H,0O was found to be the best choice.

With the optimized reaction conditions in hand, we have used 1.0 equivalent of thiophen-2-
boronic acid, 5 mol% of Pd(PPh3)s, Cs,COs (1 eq.) in MeCN:H,O (9:1) and evaluated the scope
of arylation with variety of aryl boronic acids providing a library of monosubstituted 4a-15a and

disubstituted imidazo[1,2-a]pyrazines 4b-15b (Scheme 2).

Ar = 4: 2-thiophene 10: 4-formylphenyl
1.0 eq. ArB(OH)z N. N . N_ N 5: 2-furan 11: 2-hydroxyphenyl
/[ I /[ I /[ I 6: 4-fluorophenyl ~ 12: I-naphthyl
pr PA(PPhy),, Cs,CO3 NN, S 7: 4-chlorophenyl ~ 13: phenyl
8: 4-bromophenyl  14: 3-methylphenyl
4a-15a 4b-15b 9: 4-methoxyphenyl 15: 4-ethyl phenyl

MeCN:H,0 (9:1)
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Scheme 2
We took advantage of the monoarylated products to implement an additional cross-coupling

reaction which aimed at providing straightforward access to unsymmetrical imidazo[1,2-
al]pyrazine. Thus, reactions of of C8 monosubstituted imidazo[1,2-a]pyrazines were carried out
with 1.0 equivalent of variety of boronic acids in the presence of Pd(PPhs)s, Cs,CO; in

MeCN:H,0 gave unsymmetrical diarylated imidazo[1,2-a]pyrazine derivatives (Scheme 3).
— 1.0 eq. ArB(OH), m
N/ﬂ/N 5 mol% Pd(PPhy),, NN
| S
Br/[ N/ Ar 1.0 eq. Cs,CO3; Ar N Ar
MeCN:H,0 (9:1)
6a-7a,9a-10a  reflux, 6-12 h 16-30

16: Ar = 4-fluorophenyl, Ar' = 4-formylphenyl 24: Ar = 4-chlorophenyl, Ar' = 4-methoxyphenyl
17: Ar = 4-fluorophenyl, Ar' = 2-hydroxyphenyl ~ 25: Ar = 4-formylphenyl, Ar' = 2-thiophene

18: Ar = 4-fluorophenyl, Ar' = 4-chlorophenyl 26: Ar = 4-methoxyphenyl, Ar' = 4-formylphenyl
19: Ar = 4-chlorophenyl, Ar' = 4-2-thiophene 27: Ar = 4-methoxyphenyl, Ar' = 2-hydroxyphenyl
20: Ar = 4-chlorophenyl, Ar' = 4-formylphenyl 28: Ar = 4-methoxyphenyl, Ar' = 4-fluorophenyl
21: Ar = 4-chlorophenyl,, Ar' = 2-hydroxphenyl 29: Ar = 4-methoxyphenyl, Ar' = 4-chloropheny]
22: Ar = 4-chlorophenyl, Ar' = 2-furan 30: Ar = 4-methoxyphenyl, Ar' = 2-thiophene

23: Ar = 4-chlorophenyl, Ar' = 4-fluorophenyl

Scheme 3
2.2. Characterization
(a) All the synthesized compounds were characterized by 'H and *C NMR spectra (JEOL ECS-
400 MHz spectrometers) and mass spectra (Waters QTOF Micro).
(b) Single X-ray crystallography of compounds 9b and 20 was grown in ethanol to develop
single crystal with Crystalispro diffractometer with graphite monochromated Mo Ka radiation (A

=0.7107 A) using SHELX-97, full-matrix least-square refinement method.

2.3. Biological evaluation

Preliminary anticancer activity revealed that monoarylated, symmetrical diarylated compounds
(4a-b, Sa-b, 7a, 8a-b, 9a-b, 11a-b and 13b) and unsymmetrical diarylated compounds (18-19,
21-23, 27-28 and 30) were selected by National Cancer Institute, Bethesda, Maryland, USA on
the basis of structure variation for evaluation of its anticancer activity. The selected compounds
were subjected to in vitro anticancer assay against tumor cells in a full panel of 60-cell lines at
single dose concentration of 10 uM, and the percentages of growth inhibition over sixty tested
cancer cell lines were determined.

2.4. Structure activity relationship (SAR studies)

The structure-activity relationship (SAR) emerged from activity results showed that monoaryl
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and diaryl imidazo[1,2-a]pyrazines were well tolerated for in vitro anticancer activities. (i) The
monosubstituted and disubstituted imidazo[l,2-a]pyrazines with variations of different
functional groups on aryl moiety play a key role in varying the efficiency of antitumor activities.
(i1) The diaryl imidazo[1,2-a]pyrazines positively influence the antitumor effectiveness, inducing
good activity than mono aryl imidazo[1-2-a]pyrazines against most of the cancer cell lines. (iii)
Unsymmetrical diaryl imidazo[1,2-a]pyrazine showed broad spectrum antitumor activity than
symmetrical diaryl analogue. (iv) Introduction of 2-hydroxy phenyl (21), 2-furanyl (22) and 4-
fluorophenyl (23) at C6 position with 4-chlorophenyl at C8 position of imidazo[1,2-a]pyrazine
led to a broad spectrum antitumor activity. Thus 4-chloro phenyl at C8 position of imidazo[1,2-
alpyrazine plays an important role for the activity. (v) Presence of 4-chlorophenyl (19) and 4-
methoxyphenyl (30) at C8 position and 2-thiophene at C6 position of imidazo[1,2-a]pyrazine has
slightly improved the activity. (vi) Amongst symmetrical diaryl analogues, 4-bromophenyl at C6

and C8 positions of imidazo[1,2-a]pyrazine (8b) has improved the antitumor activity.

Chapter 3: Covers synthesis, characterization and in vitro evaluation of imidazo [1,2-a]
pyrazine-coumarin hybrids.

3.1. Synthesis of imidazo[1,2-a] pyrazine-coumarin hybrids.

2-Aminopyrazine 1 was treated with N-bromosuccinimide (NBS) in DMSO and water (9:1) at
room temperature for 6 h to give 2-amino-3,5- dibromopyrazine 2 in 90% yield followed by
cyclization with 50% aq. chloroacetaldehyde in isopropyl alcohol at 110 °C for 12 h to obtain
6,8-dibromoimidazol[1,2-a]pyrazine 3 in 80% yield. Compound 3 was again brominated with
NBS in acetonitrile (ACN) at room temperature for 2 h to afford 3,6,8-tribromoimidazo[1,2-
alpyrazine 4 in 90% yield. 3,6,8-Tribromoimidazo[1,2-a]pyrazine 4 was then stirred with 7-
hydroxy-4-methylcoumarin 5 in the presence of K,CO3; and DMF at room temperature for 12 h to
afford 7°-(3,6-dibromoimidazo[1,2-a]pyrazin-8-yloxy)-4’-methyl-2H-chromen-2’-one 6 in 85%
yield (Scheme 1).
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[ ]/ NBS, DMSOH,0 /[ I 50% aq. chloroacetaldehyde NN
IPA, 110°C, 72 h /[ I
Br N Br
3 (80% yield)
CH,

Br. \\
T W0,

f:\N
N« NBS, ACN Y N Y
/[ /:[ t 2h /[ /:[ /[ I
Br N Br Br N Br K,CO3, DMF
3

t,12h
4 (90% yield) : 6 (85 % yield)

Scheme 1

Palladium catalyzed Suzuki-Miyaura cross coupling of compound 6 with 2-methoxyphenyl
boronic acid (1 eq.) in the presence of K,CO;3; (1 eq.) and 5 mol% of Pd(PPhs), in DME:H,0O
(9:1) under inert atmosphere afforded C6-monoarylated 7a and C3, C6 diarylated 7b products in
61% and 33% yields respectively. Similarily, compound 6 was also treated with 2-furan boronic
acid under same reaction conditions to give compounds 8a and 8b in 48% and 25% yields
respectively. Reaction of compound 6 with 4-chlorophenyl boronic acid afforded C6
monoarylated product 9a and C3, C6 diarylated product 9b in 40% and 42% GCMS yields
respectively. These two compounds could not be separated through column chromatography and
used as such without purification. However, reactions of 6 with other aryl boronic acids under
the same reaction conditions gave only C3, C6 diarylated products 10b-19b with 54-74% yields.
Monoarylated products with these boronic acids could not be separated as these were formed

only in traces <5% (determined by GC-MS) (Scheme 2).

Br% CH;  Pd(PPhy),, K,CO Ri3 2
3 3 4, Bl O3 1 H, 47—\ 1
i Ny RBOH), (leq) \B(OH), (1 eq.) 5 /
DME : water (9:1) R N o
Nz reflux, 8-12 h o 8 7b-19b
Ta-9a

7, R, = 2-methoxyphenyl ~ 13.R; = 4-ethylphenyl

8, R; = 2-furan 14, R = 4-fluorophenyl

9, R, = 4-chlorophenyl 15, R = 3-t(rifluromethyl)phenyl
10, R, = 2-thiophene 16, R| = 4-methoxyphenyl

11, R; = phenyl 17, R, = 4-formylphenyl

12, R, = 3-methylphenyl 18, R; = 2-hydroxyphenyl
19, R, = 4-acetylphenyl

Scheme 2

Subsequently use of monoarylated product has been implemented for unsymmetrical diarylation
via cross coupling reaction at C3 position. C6 Monoarylated imidazo[1,2-a]pyrazine-coumarin

hybrid 7a was further refluxed with variety of aryl boronic acids (1.0 eq.) in the presence of 5
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mol% of Pd(PPhs),, K,COs3 (1.1 eq.) in DME:H,0 (9:1) for 6-8 h to give C3, C6 unsymmetrical
diarylated imidazo[1,2-a]pyrazine-coumarin hybrids 20-29 in 52-75% yields. However Suzuki
reaction of mixture of monoarylated and symmetrical diarylated compounds (9a and 9b) with 2-
thiophene boronic acid under the same reaction conditions and after column chromatography

afforded C3, C6 symmetrical and unsymmetrical disubstituted imidazo[1,2-a]pyrazine-coumarin

hybrids 9b and 30 in 42% and 61% isolated yields respectively (Scheme 3).

Br 3 2 R, 3 2
Pd(PPh3)4 K,CO;4 4
3
; b JC@ ; B m
s 7 8 7

R, N,, RaB(OH) (1 eq) =z o
I

7a, R| = 2-methoxy phenyl 20-30

9a, R; = 4-chloro phenyl

20, R, = 2-methoxyphenyl, R, = 2-thiophene 25, R; = 2-methoxyphenyl, R, = 4-fluorophenyl

26, R| = 2-methoxyphenyl, R, = 4-chlorophenyl

27, R| = 2-methoxyphenyl, R, = 3-(trifluoromethyl)phenyl
28, R| = 2-methoxyphenyl, R, = 4-methoxyphenyl

29, R| = 2-methoxyphenyl, R, = 2-hydroxyphenyl

24, R, = 2-methoxyphenyl, R, = 4-ethylphenyl 3¢, R, = 4-chlorophenyl, R, = 2-thiophene

Scheme 3

21, R; = 2-methoxyphenyl, R, = 2-furan
22, Ry = 2-methoxyphenyl, R, = phenyl
23, R| = 2-methoxyphenyl, R, = 3-methylphenyl

3.2. Characterization

All the synthesized compounds were characterized by 'H and °C NMR spectra (JEOL ECS-400
MHz spectrometers) and mass spectra (Waters QTOF Micro).

3.3. Biological evaluation

Compounds 6, 7a, 9b, 10b, 11b, 16b, 28 and 30 were submitted to NCI, USA to test their in
vitro anticancer activities against a panel of 60 human cancer cell lines at a single dose
concentration of 10 uM. Compound 16b was also evaluated for toxicity to Hek293 (human
embryonic kidney) cell lines using the MTT assay. It was observed that compound 16b showed
only 17%, 15%, 9%, 5% and 3% cytotoxicity to Hek293 cells at 104, 10’5, 106, 1077 and 108
M concentrations, respectively. The compound showed only 17% of toxicity to Hek293 cells
even at 100 pM concentration. These data indicated that compound 16b showed potent
anticancer activity and low toxicity to normal cells.

3.4. Structure activity raltionship (SAR) studies

Structure—activity correlation, based on the number of cancer cell lines that were inhibited by
each compound revealed that the nature of the substituents at the C3- and C6-positions of
imidazo[1,2-a]pyrazine affected the biological activity. Compounds 10b, 11b and 16b showed
comparatively higher activity than 6, 7a, 9b, 28 and 30, suggesting that there is much difference
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in antitumor activity with different substitutions of phenyl rings. The antitumor results indicated
that compound 6 with a coumarin moiety at the C8 position and bromo at the C3 and C6
positions displayed only moderate anticancer activity. The anticancer activity has been slightly
increased with the substitution of 2-thiophene rings at the C3 and C6 positions, as in the case of
compound 10b. Higher activity has been achieved with substitution of phenyl rings 11b and 4-
methoxyphenyl rings 16b at the C3 and C6 positions. On the other hand, substitution with 4-
chlorophenyl at the C6 position and 2-thiophene at the C3 position as in case of compound 30
decreased the activity. It has been revealed that symmetrical diarylated imidazo[1,2-a]pyrazine—
coumarin hybrids 11b and 16b showed higher activity than unsymmetrical diarylated hybrids 28
and 30. These studies indicated that substitution of the coumarin heterocycle with various phenyl
derivatives on imidazo[1,2-a]pyrazine gave highly potent anticancer activities towards 60 human
cancer cell lines. Overall, 16b has been found to be the most effective member of this series of
compounds and showed a broad spectrum of activity against melanoma cancer cell lines.

3.5. Lipophilicity determination by Shake Flask Method

The partition coefficient of the compounds was also studied in an octanol/water system for the
determination of log P values by a shake-flask method’. It was observed that compounds 11b and
16b showed higher log P values (3.40 and 2.88 respectively), which suggested that the higher
antitumour activity of these compounds was related to the lipophilicity. Thus, lipophilicity is a

crucial factor for the activity of the synthesized compounds.

3.6. Molecular docking studies

Preliminary anticancer screening showed that compound 16b has been found to be the most
active member of imidazo[l,2-a]pyrazine-coumarin hybrids and showed excellent inhibition
against melanoma than other cancer cell lines. So in order to observe the molecular interactions
of compound in the active site of enzyme for melanoma cancer, docking experiment was
performed. Therefore, docking of compound 16b in the active site of this enzyme indicated the

probable mode of action for anticancer activities.

Chapter 4: Covers synthesis and photophysical properties of triazole tethered imidazo[1,2-

alpyrazine-coumarin hybrids

4.1.1. Synthesis of triazole tethered imidazo[1,2-a]pyrazine-coumarin hybrids

2-bromoethylamine hydrobromide 1 was refluxed with sodium azide in water for 12 h followed
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by stirring with sodium hydroxide at room temperature to give 2-azidoethanamine 2. To obtain
the first precursor, we have treated 6,8-dibromoimidazo[1,2-a]pyrazine 3 (obtained from
bromination of 2-aminopyrazine followed by cyclization with 50% aqueous chloroacetaldehyde)
with 2-azidoethanamine 2 in the presence of diisopropylethylamine (DIPEA) in acetonitrile at
reflux temperature for 24 h to obtain N-(2-azidoethyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine 4

in 72% yield (Scheme 1).

NN
L N
() NaN3, F0, Br” N~ “Br ‘ Ny
NH, HBr  reflux, 12 h. NH /[ I N
Br/\/ B i N3/\/ : —3’ Br N/ NH/\/ ’
1 (ii) NaQH, It, 2 DIPEA, acetonitrile,
30 min. reflux, 24 h. 4

Scheme 1
Second precursor 4-methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one 6 was obtained in 81% yield
by the reaction of 7-hydroxy-4-methyl-2H-chromen-2-one 5 with 2 equivalents of 80% solution
of propargyl bromide in the presence of potassium carbonate and acetone at room temperature

for 12 h (Scheme 2).

CH3 CH3
N Br K,CO;, acetone, ~
m f = m
HO 0 o mi2h = O o o
6
5
Scheme 2

Compound 4 was treated with 4-methyl-7-(prop-2-ynyloxy)-2H-chromen-2-one 6 in the
presence of 5 mol% of CuS04.5H,0 and 10 mol% of sodium ascorbate in ethanol:water (8:2) at
room temperature for 2h to give 1,4-disubstituted triazole 7 in 91% yield. The scope of the
reaction was further examined on reaction of compound 7 with various aryl boronic acids to

obtain compounds 9-24 in 58-92% yields respectively (Scheme 3).
CH;
=\
NN e CuS0,.5H,0, \
/[ /I /\/N1 + /@\)1 sodium ascorbate, /[ I N\;\/O o~ o
BT NNH /\ (O] 0" O ecthanol:water Br
4 6 (8:2), 1, 2 h. .

ArB(OH),, K,COs, 9, Ar= 2-th%ophene 17, Ar = 3-methylphenyl
Pd(PPhy);, 10, Ar = 3-thiophene 18, Ar = 4-ethylphenyl
11, Ar = 2-furan 19, Ar = 1-naphthyl
dioxane:water (9:1), Ar 12, Ar = phenyl 20, Ar = 2-hydroxyphenyl
r;ﬁ?ll: dﬁlusbﬁn 13, Ar = 4-fluorophenyl 21, Ar = 4-methoxyphenyl
14, Ar = 4-chlorophenyl 22, Ar = 2-methoxyphenyl
15, Ar = 4-bromophenyl 23, Ar = 4-formylphenyl
16, Ar = 3-(trifluromethyl)phenyl 24, Ar = 4-acetylphenyl
Scheme 3
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3-Bromopropylamine hydrobromide 25 was first reacted with sodium azide to give 26
followed by substitution at C-8 position of 6,8-dibromoimidazo[1,2-a]pyrazine 3 to give 27 in
65% yield. Compound 27 was then coupled with coumarin 6 via. copper-catalyzed azide-alkyne
cycloaddition reaction to give 28 in 82% yield. Compound 28 was further coupled with various
aryl boronic acids via Suzuki-Miyaura cross coupling reaction using 5 mol% [Pd(PPhs3),], K,COs
and dioxane:water at reflux temperature for 6-8 hrs to obtain compounds 29-38 in 56-90% yields

(Scheme 4).

(i) NaN3, H,O,

flux, 12 h.
LT (U R
25 (if) NaOH, rt, 26 acetonitr 11e Br NH/\/\N
30 min. reflux, 24 h.
CH;
B ArB(OH),, K,COs,
I Pd(PPhs),,
CUSO4 SH0, /\/\ 0" o dioxane:water (9:1),
sodium ascorbate, sealed tube
ethanol:water reflux 6-8 h
(8:2),rt, 2 h. ’ .
28
CH
3 29, Ar = 3-thiophene 34, Ar = 3-methylphenyl
m m 30, Ar = phenyl 35, Ar = 4-ethylpheny]
/[ I N: O oo 31, Ar = 4-fluorophenyl 36, Ar = 4-methoxyphenyl
N 32, Ar = 4-chlorophenyl 37, Ar = 2-methoxyphenyl
33, Ar = 3-(trifluromethyl)phenyl 38, Ar = 4-formylphenyl
29-38
Scheme 4

4.1.2. Characterization

All the synthesized compounds were characterized by 'H and ?C NMR spectra (JEOL ECS-400
MHz spectrometers) and mass spectra (Waters QTOF Micro).

4.1.3. Photophysical properties

Various spectroscopic measurements (Figure 1,2) were recorded for the molecules to test the
cassettes, based on the quantification of their efficiencies. Molar absorptivities (€) and quantum
yields (@y) for all 28 compounds were determined in acetonitrile. Overall, it was inferred that
compounds with electron donating groups showed lower quantum yields in comparison to
compounds with electron withdrawing groups. Increase in linker length also resulted in similar or
decrease in quantum yields. Energy transfer efficiencies (ETE) based upon the fluorescence
quantum yields have also been determined. Emission spectra of the imidazo[l,2-a]pyrazine
(donor) and absorption spectra of the coumarin (acceptor) showed significant spectral overlap for

the energy transfer.
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4.2.1. Synthesis of triazole tethered imidazo[1,2-a]pyrazine-benzimidazole hybrids

2-bromoethylamine hydrobromide 1 was refluxed with sodium azide in water for 12 h followed
by stirring with sodium hydroxide at room temperature to give 2-azidoethanamine 2. To obtain
the first precursor, we have treated 6,8-dibromoimidazo[1,2-a]pyrazine 3 (obtained from
bromination of 2-aminopyrazine followed by cyclization with 50% aqueous chloroacetaldehyde)
with 2-azidoethanamine 2 in the presence of diisopropylethylamine (DIPEA) in acetonitrile at
reflux temperature for 24 h to obtain N-(2-azidoethyl)-6-bromoimidazo[1,2-a]pyrazin-8-amine 4

in 72% yield (Scheme 1).

[\
NN i
B o
N _ Y
() NaN, H0, Br” "N Br ‘
. A~ NHHBr _reflux, 12h. N3/\/NH2 3 5 NN A~
r (ii) NaOH, rt, 2 DIPEA, acetonitrile, g
1 B 4
30 min. reflux, 24 h.
Scheme 1

Reaction of 2-(3-nitrophenyl)-1H-benzo[d]imidazole 5§ with 2 eq. of 80% solution of propargyl
bromide, in the presence of potassium carbonate and DMF at room temperature for 12 h to obtain
2-(3-nitrophenyl)-1-(prop-2-ynyl)-1H-benzo[d]imidazole 6 in 95% yield (Scheme 2).

N
NO, N
N N
CI-C) - e meoom CI0)
N =
H
5

0,

i, 12 h, /
Z

Scheme 2

\

6 (95% yield)

Keeping both the precursors i.e. azide and alkyne, copper catalyzed azide-alkyne cyloaddition
(CuAAC) reaction was performed by reacting azide 4 and alkyne 6 with in the presence of 5
mol% of CuS04.5H,0 as catalyst and 10 mol% of sodium ascorbate as reducing agent in
ethanol:water (8:2) at room temperature for 2 h to afford triazole linked imidazo[1,2-a]pyrazine-
benzimidazole conjugate 7 in 81% yield. Conjugate 7 was further reacted with variety of aryl
boronic acids through Suzuki-Miyaura cross coupling at C-6 position of imidazo[1,2-a]pyrazine
using Pd(PPh3)4 (5 mol%), K,CO;3; (1 equiv.) in 1,4-dioxane:H,O (9:1), providing library of
arylated compounds 9-24 (Scheme 3).

172



CuS0,.5H,0,

50d1um ascorbate,

CE?H}

N

N
P
N NH

PV

Br ethanol:water (8:2), Br
4
/ t2h. 7 (81% yield) NO,
9, Ar = 2-thiophene 17, Ar = 3-methylphenyl
B(OH),, K,CO ™\ 10, Ar = 3-thiophene 18, Ar = 4-ethylphenyl
1 Pd(P;'h )2 3 N. N NN N 11, Ar = 2-furan 19, Ar = I-naphthyl
3l /[ I I‘\I \/)\/ 12, Ar = phenyl 20, Ar = 2-hydroxyphenyl
I~ A~

R; N~ °NH 13, Ar = 4-fluorophenyl 21, Ar = 4-methoxyphenyl
NO 14, Ar = 4-chlorophenyl 22, Ar = 2-methoxyphenyl

924 2 15, Ar = 4-bromophenyl 23, Ar = 4-formylphenyl

16, Ar = 3-(trifluromethyl)phenyl 24, Ar = 4-acetylphenyl

Scheme 3

Reaction of 3-bromopropylamine hydrobromide 25 with sodium azide in water for 12h followed
by treatment with NaOH at room temperature to obtain 3-azidopropanamine 26. Compound 26
was further reacted at C-6 position of 6,8-dibromoimidazo[1,2-a]pyrazine 3 to give 27 in 65%
yield. Copper catalyzed azide-alkyne cycloaddition of 27 with 6 gave compound 28 in 85%
yield. Subsequent reaction of 28 with variety of aryl boronic acids via Suzuki-Miyaura coupling

reaction, to obtain compounds 29-38 in 53-83% yields (Scheme 4).
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33, Ar = 3-(trifluromethyl)phenyl 38, Ar =

N/'?N Q
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NO,

Scheme 4

29-38 4-formylphenyl

4.2.2. Characterization

All the synthesized compounds were characterized by 'H and "*C NMR spectra (JEOL ECS-400
MHz spectrometers) and mass spectra (Waters QTOF Micro).

4.2.3 Photophysical properties

Compounds 7-24 and 28-38 were further studied for their photophysical properties. Quantum
yields of all compounds were calculated with respect to anthracene in acetonitrile. Further insight

and quantitative evaluation of the sensing capability of compounds 7-24 and 28-38 (20 uM,
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CH;CN) with pyrophosphate was obtained from UV-vis and fluorescence experiments. It was
surprising that only compound 20 with 2-hydroxylphenyl ring at C6 position of imidazo[1,2-
a]pyrazine, showed significant change with pyrophosphate indicating that 2-hydroxyphenyl

moiety is responsible for binding with PPi.

Chapter 5: Covers synthesis and photophysical sensing and DNA intercalation studies of
naphthalimide derivatives

5.1.1. Synthesis of Naphthalimide based Schiff bases

Schiff bases were synthesized in several steps. Nitration of acenapthene 1 with nitric acid in
acetic acid gave 2 followed by oxidation in the presence of sodium dichromate and acetic acid to
give 3. Subsequent reaction with allyl amine in refluxing ethanol gave allylated nitro
naphthalimide 4. Reduction of 4 with palladium carbon in presence of hydrazine hydrate in
methanol gave doubly reduced product 5. Final treatment of intermediate 5 with different
aldehydes salicylaldehyde and 4-diethylamino salicaldehyde in ethanol at room temperature for

10-15 h afforded naphthalimide based Schiff bases 6-9 in 85-90% yield (Scheme 1).

Oy 0.0
Conc.HNO;, Na,Cr,0;,
CH,COOH O _CH,COOH_
r.t ]2h reflux 24h

2
\

10% Pd/C, CH,OH

allyl amine, C,H;OH Ox-N-20 S 0<_N__O
reflux, 6h hydrazine hydrate, r.t.
NO, NH,
4 5

ethanol, reflux, 10-15 h

2H5

@)
Z
o

HO
ZHS
2H5

6 7

Scheme 1
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5.1.2. Characterization
All the synthesized compounds were characterized by 'H and "*C NMR spectra (JEOL ECS-400
MHz spectrometers) and mass spectra (Waters QTOF Micro).

5.1.3.1. Photophysical sensing towards metal ions

Absorption spectra of probe 6 (20 uM, CH30H) showed an absorption band centered at 380 nm.
On addition of 1000 uM of different metal ions viz., Na*, K%, Ca2+, Mg2+, Li, Ba2+, Co*™ Niz+,
Zn2+, Hg2+, Ag+, Pb>" and AI’* as their perchlorate salts, a significant change in UV-visible
spectra was observed with N ions, and ngJr ions showed the sillier results albeit to the lesser
extent.

Probe 6 (1 uM, CH30H, @ = 0.16) upon excitation at 380 nm showed emission band at 530 nm.
After addition of 5.0 equiv of metal ions such as Na*, K7, Caz+, Mg2+, Li", Ba2+, C02+, Ni2+, Zn2+,
Hg2+, Ag’, Pb** and AI’* under the established conditions, however, discernible changes in both
emission color and spectral occurred only in the presence of AI’* ions. Gratifyingly, other metal
ions (Hg2+) showed little or no interference.
5.1.3.2. Photophysical sensing towards anions
The sensing behaviour of probe 6 towards anions was determined using tetrabutylammonium
salts of various anions viz., F', CI', Br, I', AcO’, NOs", H,PO,, HP,O;, HSO,, CN’, SCN" in
CH;0H. On addition of 50 equiv. of anions to probe 6 (20 uM, CH3OH), no significant change
in absorption spectrum was observed except the HSOy'.

In case of addition of various anions to probe 6 (1 uM, CH3;OH), emission changes were

observed only in the presence of HSO, ions.

5.1.4. DNA binding studies

Interaction studies of probe 6 with Ct-DNA were performed by spectroscopic means in aqueous
phosphate buffer solution at pH 7.0. Thus, the absorption maxima of probe 6, showed a
negligible effect on the change in wavelength position and intensity as Ct-DNA was added
gradually. Next, fluorescence titration experiment was carried out. Thus, upon gradual addition
of Ct-DNA, the emission intensity (Aem = 530 nm) of the probe 6 was found to be significantly
enhanced. The association constant of probe 6 with Ct-DNA was also determined by a Benesi-
Hildebrand plot. In order to prove the reversibility of probe 6 with DNA, an experiment was

performed in the presence of competitive ethidium bromide (standard DNA intercalator).
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5.2.1. Photophysical sensing towards metal ions

To examine the binding of sensor 7 with metal ions, the UV-visible and emission studies of
sensor 7 towards various metal ions Ag®*, AI’*, Mg**, Ba®*, Hg*", Pb**, Ni**, Zn**, Cu**, Ca™,
Co®*, K" and Na* was carried out in CH;CN. Binding of 7 with AI’* as its perchlorate salt was
examined by UV-visible spectroscopy. UV-visible spectroscopy is complementary part of
fluorescence spectroscopy. Therefore to interpret the more precised results, the recognition
behaviour of naphthalimide based sensor on various metal ions was investigated by fluorescence
studies. Ligand (20 uM) showed dual emission band having weak emission at 520 nm and strong
emission at 610 nm when excited at 460 nm. On addition of 50 eq. of different metal ions Ag2+,
Mg%, Ba2+, Hg2+, Pb2+, Ni2+, Zn2+, Cu2+, Caz+, C02+, K" and Na* to 7, no significant change in
fluorescence spectrum of different metal ligand complexes was observed. However, a significant

change was observed on addition of 50 eq. of AI’* ions.
5.2.2. Photophysical sensing towards anions

Upon addition of 50 eq. of tetrabutylammonium salts of various anions viz., F, CI', Br, I', AcO,
NOs’, H,PO4, HP,O7, HSO4, CN’, SCN" to ligand 7 (20 uM, CH3;CN) in acetonitrile, no
significant change was observed except F ion. A visible colour change from orange to purple
was observed on addition of 50 eq. of F ion to 20 uM of 7. UV-visible spectra of ligand showed
two absorption bands at 340 nm and 460 nm.

Further the effect of various anions on emission spectra of ligand7 was studied. When excited at
450 nm, ligand 7 (20 uM, CH3CN) showed the dual emission band at 520 nm and 610 nm.
Addition of 50 eq. of tetrabutyl ammonium salts of various anions viz., F', CI', Br, I', AcO,

NOs’, H,PO4, HP,O7', HSO4, CN’, SCN resulted in significant change with only F- ions.

5.2.3 DNA binding studies

Interactions of ligand 7. AI’*

complex with ct-DNA was determined through UV-visible and
fluorescence emission studies. Fluorescence experiments (ethidium bromide displacement assay)
were carried out in order to confirm the reversibility of ligand 7.A" complex with DNA.
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