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ABSTRACT: A simple and efficient method has been describedytathesize the hitherto
unknown imidazo[1,2]pyridine selenides5a-1) by reaction of 2-chloroimidazo[1,2-a]pyridines
with aryl/heteroaryl selenols, generated in situ t@guction of various diselenides with
hypophosphorous acid. The crystal structures ofitr8-2-(phenylselanyl)-imidazo[1,2-
alpyridine (Ga), 2-(mesitylselanyl)-3-nitro-imidazo[1&}pyridine (d) and 3-nitro-2-(pyridin-2-
ylselanyl)-imidazo[1,2a]pyridine (5e) were confirmed by X-ray crystallography and thETD
calculations were performed to determine variousciral parameters which were correlated
with the X-ray crystal structures. The synthesizedhpounds were subjected to antimicrobial
evaluation and it was found that compourtds and 5) were active against gram negative
bacteriumE. coli whereas compounBle was active against different fungal strains. Tikile
assay was performed to understand the microbiaVityctof synthesized organoselenium
compounds and the toxicity of these compounds waduated against human cell lines.
Synergistic effects of active compoun8is and 5e were tested with existing antibiotic drugs
which exhibited that the antibiotic combination hwisynthesized organoselenium compounds

efficiently enhanced the antimicrobial activity.



1. Introduction

Organoselenium chemistry has been an area of cmutsnresearch since selenium and its
compounds were identified as micronutrient for salveacteria, mammals and birds [1]. The
relevance of organoselenium compounds has seepveard thrust particularly after 1970’s with
discovery of many new attractive compounds withiotes important synthetic and biological
applicability [2]. Several synthetic methods hawee developed to synthesize organoselenium
compounds till date, which generally include the aexpensive catalysts and various transition
metals routinely employing harsh reaction condgiand long reaction times [3]. This has led to
continuous search for finding better, inexpensivel @&nvironment friendly approaches for
synthesis of organoselenium compounds. The reckotts in this regard have yielded an
efficient and eco-friendly method in absence ofvent under microwave irradiation to obtain
selenoesters [4]. Similarly, the use of hypophosph® acid in glycerol as an efficient
environment friendly system for reducing diseleside the preparation of monoselenides has
also been described [5]. In another example, alnfieta approach was followed to achieve
synthesis of unsymmetrical selenides in differemtia liquids [6]. Moreover, unsymmetrical
arylselanyl anilines have been reported to be ggted under metal and base free conditions
[7].

In context of the biological applications of orgartenium compounds, these have been
reported to mimic the function of antioxidant selenzyme Glutathione peroxidase (Gpx) [8]. In
a recent report, novel ebselenol compounds hawve ideatified as multifunctional antioxidants
with regenerable radical-trapping and enhanced dpafhoxide-decomposing capabilities [9].
Selenium has been found to be present in numbeseténoproteins and enzymes as
selenocysteine residue at the active site [10]falct, selenocysteine is found to be 21st
proteinogenic amino acid which has active selenalig present in active site of Gpx and similar
enzymes [10-11]. Despite the perceived toxicityeatprelated to selenium based compounds, a
number of selenium containing molecules are beegelbped as novel pharmacological agents
[12-13] including anticancer [14,15], anti-inflamtoey [16], antitumour [17] and membrane
permeabilization [18] agents. The new age drug$ | Ethaselen (anticancer) and Ebselen
(anti-inflammatory) contain selenium and are termsdong the important discoveries in

organoselenium and medicinal chemistry [19].



The application of selenium enriched compounds animg one or two heteroaromatic
moieties have been observed to be more in biolbgisiems compared to their non-heteroaryl
analogues [12]. This observation is based on thperaxental evidences which suggest that
many heteroaryl moieties such as pyrimidine, pyeadiquinoline, imidazole, ferrocene, indole
and pyrazole in association with selenium exhibdderate to good biological results [20].
However, imidazo[l,&]pyridine, which is an aromatic heterocycle withdgehead nitrogen
atom [21], has not been sufficiently explored fppléications resulting from conjugation with
selenium, although chemistry of unconjugated imifth2-a]pyridine has been intensively
investigated in last few decades [22]. Recenthfyesd- and metal-free chalcogenation of
imidazo[1,2a]pyridines with regioselectivity at C-3 positionshheen effectively reported [23].
The imidazo[1,2a]pyridine based compounds are of immense interssthase have been
reported to be exhibiting wide range of biologietiects, notably in form of antiviral, antifungal,
antimalarial, antiparasitic, herbicide, anticancanti-inflammatory and antibacterial activities
[24]. Keeping the focus on greener strategies yotlesis of organoselenium derivatives, herein
we report the synthesis and applications of nawgdlazo[1,2a]pyridine based organoselenium
compounds. To best of our knowledge, this is thst feport describing the chemical synthesis,
structural determination, computational analysminaicrobial evaluation and synergistic effects

of novel nitro substituted imidazo[1&pyridine derived organoselenium compounds.

2. Results and discussions
2.1 Chemistry

The synthetic route adopted for preparation of wogalenium compounds based on
imidazo[1,2a]pyridine herein is depicted in Scheme 1. Initiaychloroimidazo[1,2]pyridine
was synthesized in a two-step procedure from 2-apyindine which included the first step
involving the condensation reaction of 2-aminopiyrédwith chloroacetic acid in the presence of
triethylamine in water as a solvent to afford Zinopyridin-1(2H)-yl)acetic acid2a) [21].
Compound?a was further refluxed with phosphorous oxychlotidéacilitate the intramolecular
cyclisation for preparation of 2-chloroimidazo[lgyridine (3a) in good yield. It was further
observed that nucleophilic substitution of chloretem at C-2 position iBa is not entirely a
feasible process as this position is not adequatetfeophilic in nature [25]. Moreover, the
attack of nucleophile may not allowed either by; $&k there is no driving force for chloride to

leave by itself) or SNmechanism (as the incoming nucleophile is unlikelhattack from inner



side of the five membered ring).Thus, the introductan electron withdrawing group at C-3
position of substituted imidazo[1&pyridine (Ba-b) seemed to be essential for facilitation of
nucleophilic aromatic substitution of chlorine atomhus, nitration of compound8a-b) was
carried out using nitric acid and sulphuric acicatford nitro substituted imidazo[1&pyridine

(4a-b) in excellent yields [26].
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Scheme 1. Synthesis of organoselenium derivatives of imidazb@]pyridines

A modified procedure of already reported methodwag further used to cleave the Se-Se
bond of diselenides to generate selenide anionhwisicsufficiently nucleophilic in nature to
substitute chlorine atom of imidazo[lalpyridine @a-b). In this modified procedure, ethanol
was used as a solvent instead of glycerol to imprire yield in our case and also generating
selenol at lower temperature (6) as compared to earlier reported temperature itonsl

(9¢°C). The versatility of the present multi-step swiih approach was further evaluated by



using different diselenides [27] such as 2,2’-ditaliselenide, 4,4’-ditolyl diselenide, 4,4'-
dianisyl diselenide, 2,2-dimesityl diselenide, ‘Zl$pyridyl diselenide, 4,4W,N’-
dimethylaniline) diselenide and dinaphthyl disetfnito yield desired compoundSa{l). In
addition, the reaction was also investigated withthyl substituted imidazo[1dpyridine

which showed negligible effect on yield.

2.2 Crystallographic studies

The structures of compoundsm, 5d and 5e were determined by single crystal X-ray
crystallography. Suitable single crystal of compdsida, 5d and 5e were grown at room
temperature in dichloromethane:hexane (30:70) bw ®lvaporation for X-ray diffraction. The
crystal lattices of selenium derivativéa and5e are built up from asymmetric unit composed of
a single molecule. Views of asymmetric unitsSaf 5d and 5e are shown in Fig. 1 (i, i, iii
respectively) with the relevant atomic labeling estie adopted. The three molecular structures
are overlapping apart the phenyl moieties, as tieghim Fig. 1(iv), the carbon atoms are shown
in green %a), cyan bd) and magenta5€), while the hydrogen, nitrogen and oxygen atones ar
shown in white, blue and red, respectively In fdbg overlay between the nitro-substituted

imidazo[1,2a]pyridine moieties oba with 5d and5e leads to the root mean square deviations
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Fig. 1. Molecular diagrams oba (i) 5d (ii) and 5e (iii) with thermal ellipsoids drawn at the 50%
probability level, Overlap betwedia, 5d and5e(iv)



(RMSD) of only 0.049 and 0.067 A, respectively wdees the RMSD betwedid and5e is 0.058
A. Furthermore, the dihedral angle between the ylhémg and imidazo[1,2]pyridine moiety is
similar in compoundS$a (62.6) and5e (62.7).

In contrast, these two moieties adopt an almosbgdnal disposition i®a with a dihedral
angle of 89.8 which is probably imposed by the minimizationstéric interactions between the
methyl phenyl substituents and the imidazole ringaddition, packing effects, as depicted in
Fig.1 (iv), can also affect the spatial dispositafithe substituents around the selenium center.
The bond lengths and bond angles involving thengate center (from X-ray diffraction data)

Fig. 2.Crystal packing features with the C—H- - - O bondw/dras green dashed lines5af (i) and5d (iii);
and C—H- - - Se short contacts as yellow dasheddiries(ii) and5d (iv) respectively

Fig. 3. Crystal packing features &€, with the C—H- - - O bonds drawn as green dashesl (inand C—
H- - Se short contacts as yellow dashed lines (ii).



are listed in Table 1. In all the three crystal$s consistently observed that Se-C6 bond lergth t
the phenyl group is slightly longer than Se-C7 btemgjth to the imidazo[1,8}pyridine moiety.
This may be explained on basis of electron withangwability of nitro group which in turn is
attached at C15 position of imidazo[lBpyridine rendering the Se-C7 bond shorter than the
usual length. The most relevant intermolecularradtons observed in the crystal structures of
compoundsba, 5d and5e are C-H---O hydrogen bonds followed by C—H- - - 8d shntacts in

compound$a and5e, and C- - - Se i&d. In the crystal structure of compouba, the molecules

Table 1. Comparison between theoretical and experimentadl lparameters around Se atom in
5a, 5d and5e

X-ray crystallography Theoretical calculation
Bond length (A)
5a 5d Sex 5a 5d Sex

Se-C6 1916 1932 1930 1.932 1934 1.939

Se-C7 1883 1.880 1.885 1.886 1.882 1.885
Bond Angle (°)

C6-Se-C7  97.0 97.8 9656 978 98.7 105.3

Se-C6-C1 120.4 1204 1159 119.8 119.2 1074

Se-C6-C5 119.4 118.6 120.2 119.8 119.0 128.7

Se-C7-N8 1242 1244 1239 1244 1241 126.8

*C1=NL1 for5e

are self-assembled in dimers (Fig. 2 (i)), throtgh C—-H---O hydrogen with O---C distance of
2.885(2) A and a C—H---O angle of 114°.In compadbohdl-D network of C—H---O hydrogen
bonding interactions are constructed from a cesyrametric motif composed of four molecules
linked by six hydrogen bonds with O---C distande3.b72(2) A and 3.229(2) A and C-H---O
angles of 134° and 126°, respectively (Fig. 2)(iilhe crystal structure &e also exhibits a 1-D
network of C-H---O hydrogen bonding interactionshwC---O distances of 3.322(3) and
3.466(2) A. In addition, adjacent molecules argaéed in an anti-parallel disposition (Fig. 3
(). The crystal structures & and5e display C—H- - - Se short contacts with H- - - Se distaof
3.053 and 3.067 A, respectively, leading to thenfation of a C—H---Se 1-D network of contacts



(Fig. 2 (ii) and Fig. 3 (ii)). On the other handighboring molecules of compouid, adopting
an antiparallel disposition are separated by ghortSe contacts of 3.369 A (Fig. 2 (iv)).

2.3 Theoretical study

The gas phase structures of synthesized compobadiswere optimized (Supporting
Information, Table S2) using density functional dhe (DFT) and employing Becke’s three
parameter exchange functional (B3) in conjunctiatihwhe correlation functional proposed by
Lee, Yang and Parr (LYP) and 6-31 G(d) basis s8tL{8/6-31G(d) [28]. The calculated Se-C
and Se-C7 distances in compourtds 5d and5e are in good agreement with those obtained
from their crystal structures (Table 1). Also, taculated C-Se-C bond angle in compoubals
and5d is in close proximity to that obtained from corresding crystal structure while in the
compound5e; this angle was observed to be slightly lower igstal structure. The probable

reason for this slight deviation may be crystalkiag effects.

Table 2. C-Se bond lengths (A) and C-Se-C angle (°) togetiith HOMO and LUMO energies
of 5a-| calculated using B3LYP/6-31G(d)
Se-C6 Se-C7 C6-Se- HOMO  LUMO Energy
(A) A C7() (@au)* (a.u) Gap (eV)
5a 1932 1.886 97.81 -0.22404 -0.08134 3.883
50 1934 1.884 9850 -0.22274 -0.08175 3.836
5c 1929 1.887 98.07 -0.22386 -0.08103 3.886
5d 1.934 1.882 98.73 -0.21961 -0.08013 3.795
56 1939 1.885 105.25 -0.21813 -0.08595 3.596
5f 1932 1.886 97.95 -0.22152 -0.07756 3.917
50 1929 1887 98.00 -0.22000 -0.07646 3.906
5h 1929 1.887 97.84 -0.22138 -0.07724 3.922
5i 1935 1.883 98.60 -0.21703 -0.07687 3.814
5j 1.938 1.885 105.20 -0.21590 -0.08219 3.638
5k 1.933 1.899 100.55 -0.20603 -0.08460 3.304
51 1.920 1.888 98.59 -0.19478 -0.07545 3.247
*1a. u. =27.212eV




The calculated Se-C bond of all the synthesizedpoamds %a-1) have been reported in
Table 2 together with energy values of highest pmmi molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMOThe C6-Se bond length was found to be in the rarige
1.929-1.939 A and C7-Se bond length between 1.88291A, with both in agreement with the
experimental values observed for compoubal$Hd and5e in crystal state. The phenyl, tolyl and
anisyl substituted imidazo[1,2-a]pyridine selenid®s-c, 5f-h) had higher HOMO-LUMO gap
as compared to pyridine, mesityl, naphthyl substdiselenidess@-e, 5i-1). A general probable
reason for such an observation is that electromdséiwing groups on phenyl ring tend to
stabilize HOMO thereby lowering its energy whileekéng the LUMO energy almost unchanged
whereas electron donating groups tend to destahitie HOMO state and augment its energy.
The HOMO of compoundd with three methyl (electron donating) groups ormh ring is
higher in energy than compounsis, 5b and5c (with lesser or no electron donating groups). For
similar reasons, the energy gap of derivaiiveR= CH;, R’= mesityl) is less than corresponding
compoundssf, 5g and5h (R’= phenyl, tolyl, anisyl). Also, the presence rokthyl group on
imidazo[1,2a]pyridine ring system slightly increases the eneggp compared to unsubstituted
system because of more destabilization of LUMO th&@MO (Table 2). In case of pyridyl
substituted imidazo[1,2}pyridine selenides5g, 5j)large stabilization of LUMO was observed
which makes HOMO and LUMO to come closer and therdecreasing the energy gap
considerably. For compounds-j, HOMO is mainly composed of imidazo[1a@yridine ring
system (Supporting Information, Fig. S2), howewempound$k and5l have naphthyl and N,
N’-dimethylphenyl moieties as the major contribstbowards HOMO, respectively (Supporting
Information, Fig. S3). This is one of the main @asfor the relatively large destabilization of
HOMO and also stabilization of LUMO subsequentlgr@asing the energy gap.

2.4 Antimicrobial Activity

The synthesized compoundSa{]) were evaluated for antimicrobial activities agin
different bacterial and fungal strains (Supportintprmation, Table S3-S4). In this context, the
synthesized derivativésa (R = H; R’ = phenyl) andj (R = CH;; R’ = pyridyl) were observed to
exhibit antibacterial activity with MIC value 2.483/ml and 10.41 pg/ml respectively against
Gram-negative bacteri&. coli (Table 3). These observed activities, in particulze one

observed for compoursh againstE. coli, have been found to be more potent as comparte to



few reports concerning antimicrobial activity oflesgde based compounds in literature so far
[29] and quite similar to the Rifampicin (standaHbwever, in case of activity against tested
fungal strains, only compourie was found to be exhibiting multi-spectrum activétgainstA.
fumigatesC. krusei, A. nigerandC. parapsilosisvith observed MIC values of 9.96, 9.96,19.93
and 19.93 pug/ml respectively (Table 3).

Table 3. Antibacterial and antifungal activities of compdsa, 5e and5j [in MIC™! (ug/ml)]
Compound E. A. C. A. C.
coli® fumigatu®® krusef! niget®? parapsilosit®
5a 2.48  >39.77 >39.77 >39.77 >39.77
5e >39.89 9.96 9.96 19.93 19.93
5 10.41 >41.66 >41.66 >41.66 >41.66

[a] Standard used: Rifampicin (MIC = 1.02 pg/ml Ercol); Amphotericin B (MIC = 0.18 pug/ml foh.
fumigatus MIC = 0.36 pg/ml forC. krusej MIC = 0.18 ug/ml forA. niger, MIC = 0.18 pg/ml forC.

parapsilosi$. [b] MIC: Minimum Inhibitory Concentration

2.4.1 Cytotoxicity

The toxicity effect of the three active relativefctive compounds5g@, 5e, 5)) was
evaluated to determine their safety profile agaiisK-293 and HeLa cells at their MIC values.
The compound$a, 5e, and5] were found to exhibit less than 25% toxicity agaiboth HelLa
and HEK-293 cells (Fig. S1). Considering the tayidssues concerning some of the earlier
reported organoselenium analogues, the presentiypaonds have demonstrated acceptable
mammalian cytotoxicity that is further authentichtey calculating selectivity index (SI) of the
active compounds, which is described as theraticytdtoxicity to biological activity (SI =
CC50 of HEK-293 or HeLa/IC50 of microorganisms) a@mpounds against microorganisms
were calculated. Notably all the three compourkis e and 5j) with antimicrobial activity
(MIC) againstE. coli [2.48 pg/ml ba), 10.41 pug/ml %j)] and C. krusei[9.96 pug/ml be)], A.
fumigates[9.96 pg/ml Be)], possess good selectivity index against HeL¢s ¢él46 Ga), 3.80
(5¢) and 3.87 %j)] and HEK-293 cells [5.575@), 3.60 6e) and 4.60 %j)]. (Supporting
Information, Table S5).
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2.4.2 Time kill assay

Further, to account for the efficacy of active campds, the time kill kinetic studies were
performed in which colony forming units (CFUs) dfetE. coli and C. kruseiwere rapidly
reduced after treatment with compourtts (at MIC = 2.48 pg/ml) ande (at MIC = 9.96
pa/ml), respectively (Fig. 4). It was observed tthet maximum killing ofE. coli and C. krusei
cells with compound&a and5e respectively, were observed after about 20 h mparison to
the used control. Therefore, it can be safely preged that the compourh is successfully
inhibiting the growth of the Gram negative bacteri. coli and the same effect is being
pronounced upon by compoubédagainst the fungal strafd. krusei

16 18

ul A Control E. col)

Control C. kruse)

P
[ee] o N
L . .

o
10*x CFU/ml
o

Treated E. coli+ 5a) TreatedC. krusei+ 5€)

10° x CFU/ml
I

N
!

0 4 8 2 16 20 24 0 4 8 12 16 2 24
Time (hours) Time (hours)

Fig. 4.Time Kill assay of compounBa againsE. coli(A) and compoun&e againsiC. krusei(B)

2.4.3 FE-SEM analysis

The morphological effects of active compouriigsand 5e on theE. coli and C. krusei
respectively were investigated using Field Emisss@anning Electron Microscopy (FE-SEM).
A change in botlE. coliandC. kruseicell morphology was observed when treated \w#ahand
5e at their MIC value. Increased roughness and daroatfes cell wall was observed after 2h of
incubation which confirmed the antimicrobial effethe tested active compounds (Fig. 5).
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Fig. 5. FE SEM images of (I) Control cell&(coli, 15000X, 8.1mm); (lIbatreatedE. colicells
(15000X, 8.2mm); (ll) Control@. krusej 7500X, 20mm); (IV}e treated C. krusei cells (7500X,
20mm)

2.4.4 Synergy

The evaluation of combinations of new lead compsuadd existing antibiotics is an
effective way of enhancing theantimicrobial poteni€geping this in mindin vitro efficacies of
compoundsba and 5e were evaluated by checker board dilution assay wiell-known
antibacterial drugs suchas kanamycin (KAN), Rifaonmpi (RIF) and antifungal drugs
Amphotericin B (Amp B) and Fluconazole (FLC) agaiis coli and C. kruseirespectively
(Table 4). Interestingly, the synergistic resultsthwknown drugs showed much better
antimicrobial efficacies at less dosage. The famal inhibitory concentration index [FICI =
(MIC of drug in combination/MIC of drug alone) + (M of the tested compound in
combination/MIC of the tested compound alone) aodsilered to be synergistic if value of

FICI < 0.5], was determined for combinations of concéians.
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Table 4. Synergistic studies of compounds and5e with known antibiotics againé. coli and

C. kruseirespectively

MIC(ug/ml) MIC(ug/ml) MIC(pg/ml) FICI  Effect

KAN 5a KAN + 5a Synergy
0.370
0.58 2.48 0.07 + 0.62
RIF 5a RIF + 5a
0.175 Synergy
1.02 2.48 0.052 +0.31
AmpB 5e Amp B + 5e
0.372 Synergy
0.18 9.96 0.022 +2.49
FLC 5e FLC + 5e
0.623
0.03 9.96 0.0037+4.98 Synergy

The corresponding results for compoubal showed effective synergy with antibacterial
drugs (KAN, RIF) WITH FICI = 0.37 for KAN and FICF 0.175 for RIF in inhibitinge. coli
growth. Further, the combination of non-cidal cartcation of 5a resulted in potentiating of
KAN by 8 fold (MIC of 0.58 pg/ml to 0.07 pg/ml) arRlIF by ~20 fold (MIC of 1.02 pg/ml to
0.052 pg/ml) againdt. coli(Table 4). Similarly, the compouri also demonstrated synergistic
effect with antifungal drug Amp B with FICI = 0.3742 inhibiting C. kruseigrowth. The MIC
for Amp B was lowered by ~8 fold witbe (MIC of 0.18 to 0.022 pg/ml) again&. krusei.
Instead, compounde does not exhibit same kind of synergistic effe¢thwFLC with the
observed FICI value of 0.623 although the MIC faCFRwvas lowered by 8 fold witbe (MIC of
0.03 pg/ml to 0.0037 pg/ml) agairdt krusei(Table 4).

3. Conclusions

An efficient route for the synthesis of organoselen compounds based on heterocyclic
moiety imidazo[1,2-a]pyridine has been developed agported herein. The selenylation of
imidazo[1,2-a]pyridine at its C-2 position has bemarried out leading to the formation of
compound®a-l. The use of hypophosphorous acid in selenol géngrstep provides advantage
over conventional methods in terms of greener aathhfree conditions. Out of all synthesized
compounds, three derivativés, 5d and 5e have been thoroughly characterized using X-ray

crystallography. The theoretical optimization oh#esized compoundsd-1) was performed to
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understand their three dimensional structure afettedf different structural substitutions on the
HOMO-LUMO energy levels. The single crystal X-rayusture parameters were found to be in
acceptable close agreement with theoretically geaedr values. Further, the synthesized
compounds were biologically evaluated against & bbbacterial and fungal strains leading to
demonstration of broad spectrum of activities asfaiew of them. Specifically, compoun8éa
(2.48 pg/ml againdt. coli), 5 (10.41 pg/ml againdk. coli) and5e (9.96 pg/ml against botA.
fumigatesandC. kruse) were found be exhibiting potent MIC values agtlisied strains. As
the selenium based derivatives generally geneadteflcuriosity regarding their toxicity, the
safety profile of synthesized compounds exhibitangimicrobial activity was evaluated by
performing cytotoxicity studies against HEK-293 dnelLa cells which revealed that the tested
compounds exhibited acceptable cytotoxicity. Thésviurther confirmed by the good selectivity
index values obtained agairtst coli (with 5a, 5j) andC. krusei(with 5e) in comparison to the
tested HEK-293 and Hela cells clearly indicating tbelective action of these compounds
against the micro-organisms versus mammalian cetis.microbial action of compoun8a and

5e was further explored through time kill assay stadieving more meaningful measurement of
antimicrobial activity. FE-SEM analysis also confed the morphological dissociation of
bacterial and fungal cell membrane on treatmertt tested compounds and5e on theE. coli
and C. krusei respectively. Synergistic investigations of comkbimas of the most potent
compoundsba and 5e with existing antibiotics were performed to undensl the effect on
antimicrobial potency. In this respect, the FICllues obtained for these studies clearly
suggested that compou®d exhibited enhanced synergy with Kanamycin and rRygiain, and
similar effect was noted for compouree with Amphotericin B. Thus, considering the
antimicrobial activity along with enhanced synetigieffects and relatively low toxicity, the
reported organoselenium compounds serve as goalided®s for usage as lead compounds for

novel antimicrobials alone as well as in combinatith known antibiotics.

4. Experimental Section
4.1 Chemistry

All the experimental procedure involving seleniurasacarried out in dry and oxygen free
nitrogen atmosphere. All the solvents used wereddaind purified prior to use. Selenium (Sigma
Aldrich, purity >99.0%) was purchased and storedessicator prior to use. Hypophosphorous
acid, (SDFCL, 50% wt % in #D) was used as received and all the diselenide uszd
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prepared as per the reported metffo@olumn chromatography was performed using silie g
(99%, 60-120 meshfH and**C NMR spectra were recorded on a Bruker Avanceéd0 MHz
spectrophotometer in CDCbr DMSO-@. ''Se NMR was recorded on Bruker BioSpin GmbH
operating at 76.31MHz. Infrared spectra were olthiron a Thermo Scientific Fisher
spectrometer and mass spectrometry was carriedsoug Waters Q-TOFF micromass whereas
Field Emission Scanning Electron Microscopy (FE-SBMs performed on a Hitachi, SU8010

electron microscope, operating at 10-15kV

4.1.1 General procedure for synthesis of selenihesl):

Hypophosphorous acid, 50 wt% in water (0.2 ml) vealsled to a solution of diaryl
diselenide (1.0 mmol) in ethanol (25ml) under inatinosphere, the resulting solution was
refluxed for 30min changing color from yellow toladess. After this reaction was cooled to
room temperature followed by addition of correspogdimidazo[l,2a]pyridine (4a-b) (2.0
mmol), stirred at 6%C till completion of reaction as monitored by tHayer chromatography
(TLC). After that reaction mixture was poured int@ter and extracted with ethyl acetate
(3x15ml), dried over N&O, and concentrated in vacuo. The residue was pdriie column

chromatography (hexane/ethyl acetate, 5:1 (v/viite producba (89%).

4.1.2 2-(Phenylselanyl)-3-nitro-imidazo[1,2-a]pyiné (Ga): Yield: 89%, yellow solid, m.p.:
177C, § (ppm): 9.40 (dJ = 6.9 Hz, 1H), 7.77 (ddl = 7.4 Hz,J = 1.5 Hz, 2H), 7.60 — 7.54 (m,
2H), 7.47 — 7.42 (m, 3H), 7.20 — 7.16 (m, 1F/C NMR (100MHz, CDCJ) & (ppm): 151.6,
147.3, 136.3, 131.3, 129.4, 127.6, 125.7, 117.5.6t1); 'Se NMR (76.31MHz, CDG)
(ppm): 453.9; IR (neat; cm™) 1629, 1452, 1379, 1327, 1123, 921, 736, 430. B34z 319.9
[M+H] "

4.1.3 2-(o-Tolylselanyl)-3-nitro-imidazo[1,2-a]pyine 6b): Yield: 91%, yellow solid, m.p.:
20°C, *H NMR (400 MHz, CDCYDMSO-ds) & (ppm): 9.44 (dJ = 6.9 Hz, 1H), 7.79 (d] =
7.4 Hz, 1H), 7.60 — 7.53 (m, 2H), 7.42 (dd;s 4.9, 2.1 Hz, 2H), 7.24 (di,= 5.8 Hz,J = 2.3 Hz,
1H), 7.18 (td,J = 6.7, 1.8 Hz, 1H), 2.49 (s, 3H)*C NMR (100 MHz, CDG/DMSO-d) &
(ppm): 151.5, 147.4, 143.3, 137.7, 131.2, 130.8,3,3127.6, 126.7, 117.1, 115.4, 23.0; IR (neat,
vemt) 3099, 1627, 1458, 1375, 1315, 1120, 921, 736E&38IS: m/z 334.0 [M+H]

4.1.4 2-(p-Methoxyphenylselanyl)-3-nitro-imidaz@Fh]pyridine 6c¢): Yield: 85%, yellow
solid, m.p.: 152C, *H NMR (400 MHz, CDC}) § (ppm): 9.42 (d,J = 6.9 Hz, 1H), 7.69 — 7.65
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(m, 2H), 7.62 — 7.56 (m, 2H), 7.18 (tt= 6.8 Hz,J = 1.5 Hz, 1H), 6.97 (d] = 8.8 Hz, 2H), 3.86
(s, 3H).**C NMR (100 MHz, CDGCJ) 5(ppm): 160.6, 152.4, 147.3, 137.9, 131.6, 13127,4,
117.8, 117.2, 117.1, 116.0, 115.5, 115.1, 55.3(nkkxt,v cm™) 2961, 1628, 1449, 1375, 1320,
1127, 935, 747,437 ES-MS: m/z 350.0 [M+H]

4.1.5 2-(Mesitylselanyl)-3-nitro-imidazo[1,2-a]pgime &d): Yield: 82%, yellow solid, m.p.:
176C, 'H NMR (400 MHz, CDCY) & (ppm): 9.35 (dJ = 6.9 Hz, 1H), 7.47 (q] = 8.4 Hz, 2H),
7.08 (td,J = 6.8 Hz,J = 1.5 Hz, 1H), 6.96 (s, 2H), 2.38 (s, 6H), 2.263d); **C NMR(100MHz,
CDCl3) 8(ppm): 151.8, 147.4, 143.7, 139.9, 131.1, 128.9,2,2124.4, 117.0, 115.3, 24.1, 21.2;
IR (neat,y cmi®) 2912, 1626, 1453, 1369, 1128, 935, 747, 437 ES% 362.0 [M+H]

4.1.6 2-(Pyridin-2-ylselanyl)-3-nitro-imidazo[1,3yridine (5¢): Yield: 76%, orange red solid,
m.p.: 162C, 'H NMR (400 MHz, DMSO-g) 5 (ppm): 9.41 (dJ = 6.9 Hz, 1H), 8.57 (dd] =
4.8 Hz,J= 1.1 Hz, 1H), 8.20 (d1 = 7.9 Hz, 1H), 7.82 (tdl = 7.7 Hz,J = 1.9 Hz, 1H), 7.77-7.76
(m, 2H), 7.43-7.36 (m, 2H)*C NMR(100MHz, CDCYDMSO-d&;) &(ppm): 151.8, 149.7,
148.8, 146.8, 136.8, 132.2, 130.5, 127.6, 123.6,511116.2; IR (neat, cm™) 1629, 1569, 1466,
1444, 1380, 1208, 1129, 922, 577, 430 ES-MS: mizZBM+H]"

4.1.7 2-(Phenylselanyl)-7-methyl-3-nitro-imidaz@-B]pyridine 6f): Yield: 79%, light yellow
solid, m.p.: 14iC, *H NMR (400 MHz, DMSO-g) & (ppm): 9.20 (dJ = 7.0 Hz, 1H), 7.73 (d,
J= 6.5 Hz, 2H), 7.49 (s, 1H), 7.47 — 7.42 (m, 3H)187(d,J = 6.8 Hz, 1H), 2.45 (s, 3H}’C
NMR(100MHz, CDCY{DMSO-as;) 6(ppm): 150.4, 147.1, 144.0, 135.8, 129.0, 128.8.7,2
126.7, 125.6, 118.0, 115.4, 21.0; IR (neatm’™) 2916, 1635, 1469, 1374, 1323, 1144, 891, 735,
465 ES-MS: m/z 334.0 [M+H]

4.1.8 2-(4-Methylphenylselanyl)-7-methyl-3-nitradawo[1,2-a]pyridine $g): Yield: 81%,
yellow solid, m.p.: 16%C,*H NMR (400 MHz, CDCYDMSO-ds) & (ppm): 9.19 (d,J = 7.0 Hz,
1H), 7.59 (dJ = 8.0 Hz, 2H), 7.52 (s, 1H), 7.25 @= 7.9 Hz, 2H), 7.21 (ddl=7.0 HzJ= 1.5
Hz, 1H), 2.44 (s, 3H), 2.39 (s, 3HJ}C NMR (100MHz, CDCYDMSO) &(ppm): 150.8, 147.1,
144.2, 138.8, 135.9, 129.8, 126.9, 122.0, 119.8,111115.9, 115.3 20.9, 20.8; IR (neatm’™)
2961, 1636, 1457, 1322, 1145, 851, 737, 486, 40MBSm/z 348.2 [M+H]

4.1.9 2-(4-Methoxyphenylselanyl)-7-methyl-3-nitmddazo[1,2-a]pyridine $h): Yield: 78%,
yellow solid, m.p.: 18%C, *H NMR (400 MHz, CDCY{) & (ppm): 9.27 (dJ = 7.0 Hz, 1H), 7.66
(d, J = 8.8 Hz, 2H), 7.38 (s, 1H), 7.08 — 6.78 (m, 3BiB6 (s, 3H), 2.47 (s, 3H}’C NMR
(100MHz, CDC}) 8(ppm): 160.6, 152.8, 147.8, 143.5, 137.9, 126.9,7,1116.1, 115.1, 55.3,
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21.6; IR(neaty cmi') 3042, 1636, 1448, 1374, 1323, 1202, 842, 520, BSMS: m/z 364.0
[M+H]”
4.1.10 2-(Mesitylselanyl)-7-methyl-3-nitro-imidaz¢d}-a]pyridine &i):Yield: 83%, yellow solid,
m.p.: 177C,"H NMR (400 MHz, CDCGYDMSO-d) & (ppm): 9.17 (dJ = 7.0 Hz, 1H), 7.42 (s,
1H), 7.10 (dd) = 7.0 Hz, 1.4 Hz, 1H), 6.94 (s, 2H), 2.38 (s, 3MB3 (s, 6H), 2.24 (s, 3HYC
NMR(100MHz, CDCYDMSO-as) & (ppm): 150.7, 147.2, 143.9, 143.0, 139.0, 12825.8,
124.3, 117.8, 115.3, 23.6, 21.0, 20.6; IR(neatyi’) 2917, 1636, 1463, 1373, 1323, 1204, 1145,
840, 747, 430 ES-MS: m/z 376.2 [M+H]
4.1.11 7-Methyl-3-nitro-2-(pyridin-2-ylselanyl)-idazo[1,2-a]pyridine %j): Yield:76%, yellow
solid, m.p.: 158C, *H NMR (400 MHz, CDCYDMSO-d;) & (ppm): 9.18 (dJ = 7.0 Hz, 1H),
8.48 (d,J = 4.1 Hz, 1H), 8.12 (d) = 7.9 Hz, 1H), 7.70 (1) = 7.3 Hz, 1H), 7.42 (s, 1H), 7.30-
7.27 (m, 1H), 7.10 (dJ = 6.9 Hz, 1H), 2.43 (s, 3H)?C NMR (100MHz, CDCYJDMSO-k)
d(ppm): 151.9, 149.5, 149.2, 147.1, 144.0, 13630.4, 126.5, 122.9, 118.1, 115.4, 21.1;
IR(neat,v ci) 2951, 1640, 1466, 1443, 1325, 1142, 985, 734 Z8MS: m/z 335.0 [M+H]
4.1.12 2-(Naphthalen-1-ylselanyl)-3-nitro-imidaz(]da]pyridine 6k): Yield 78%, light yellow
solid, m.p.: 248C, *H NMR (400 MHz, CDCYDMSO-d;) & (ppm): 9.40 (d,J = 6.9 Hz, 1H),
8.24 (d,J = 8.3 Hz, 1H), 8.08 () = 8.3 Hz, 2H), 7.98 (d] = 7.5 Hz, 1H), 7.67-7.63 (m, 1H),
7.59-7.57 (m, 2H), 7.55 — 7.54 (m, 1H), 7.51 (d#id, 8.2, 6.9, 1.4 Hz, 1H), 7.34 (td,= 7.0,
1.2 Hz, 1H);**C NMR(100MHz, CDCYDMSO-c) & (ppm): 150.2, 146.8, 136.6, 134.8, 133.7,
132.0, 130.7, 128.3, 127.8, 127.6, 126.2, 125.8,8,2116.5, 116.0; IR (neat, cm’) 1628,
1448, 1329, 1118, 922, 742, 577 ES-MS: m/z 370.6HM
4.1.13 4-(3-Nitro-imidazo[1,2-a]pyridin-2-ylselanyN,N-dimethylbenzenaminBl): Yield 74%,
red solid, m.p.: 23%C, *H NMR (400 MHz, DMSO 9.35 (d,J = 6.9 Hz, 1H), 7.77 — 7.75 (m,
2H), 7.50-7.48 (m, 2H), 7.39 (td,= 6.7, 1.9 Hz, 1H), 6.80- 6.76 (m, 2H), 2.98 (4))6 *°C
NMR (75MHz, CDC}/CCly) & (ppm):181.0, 137.9, 128.4, 117.2, 114.9, 113.24;4R (neaty
cm') 3092, 2876, 1624, 1438, 1319, 1188, 1060, 918, 546 ES-MS: m/z 363.1 [M+H]
4.2 X-ray crystallographic studies

The X-ray single crystal data 6&, 5d and5e were collected with monochromated Mo-
Ka radiation & = 0.71073 A) on a Bruker SMART Apex Il diffractotee equipped with a CCD
area detector at 180(2) K. The crystals were gt at 40 mm from the CCD and the spots

were measured using a counting time of 5b&band5e, and 10 s fobd. Data reduction of each
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compound was carried out using the SAINT-NT sofewgrackage. Multi-scan absorption
correction was applied to all intensity data uding SADABS programme. The structures were
solved by a combination of direct methods and sylset difference Fourier syntheses followed
by successive refinements by full matrix least sgsi@n F2 using the SHELX-2013 suite. The
hydrogen atoms were inserted at ideal geometrigipoes and refined with kb =1.2U of the
parent carbon atom. Molecular and the crystal packiiagrams were drawn with the Mercury
software package. The crystal data together wittinemt refinement details are summarized in
Supporting Information, Table S1. The crystal dues were deposited with the Cambridge
Crystallographic Database Centre (CCDC) and gitemumbers CCDC 1447675-1447677.
4.3 Computational studies

The ground state geometries of all the synthestmdpounds were optimized at the
[B3LYP/6-31G(d)] level of theory without any symmetrestriction. All calculations were
performed with Gaussian 03 software package [28].
4.4 Antimicrobial studies

The bacterial strains were grown overnight andewtiuted in Mueller—Hinton broth to a
cell density of 18 CFU (colony forming unit)/ml. 100ul of this culeiand compoundsa-| (80
pag/ml to 0.035pug/ml) were added into the 96-wedlt fbottomed microtiter plate (HiMedia,
India). The plate was incubated at 37°C withouksttafor 25h. The visual and optical density
at 600nm was measured using microplate reader @ipRodel 680). The antifungal activities
against fungal species were performed accordinghéo Clinical and Laboratory Standards
Institute (CLSI, formerly NCCL) M-27-A3 and M-38-Ath RPMI-1640 medium by broth
microdilution methods. The concentrations of commsba-I ranged between 0.035ug/ml and
80pg/ml. The 96 well flat bottom microtiter plateere incubated without shaking at 30°C for
48 h. The visual and optical density was deternonaat 492 nm using a microplate reader
(BioRed, Model 680) were used for growth inhibition
4.4.1 Time Kill assay analysis

E. coli cells (~1 x 18 CFU/mI) were inoculated in MHB medium containifg (2.48
pag/ml). The tube were incubated (37°C; 200rpm) 404 pl aliguots were removed at pre-
determined time points (0, 4, 8, 12, 16, 20 andhR4 he aliquots were serially diluted (10 fold)
in saline and plated on the MHA agar plates. Thenbmrs of colonies were counted after
incubating the plates at 30°C for 25h. Similafy kruseicells (~1 x 16 CFU/mI) were
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inoculated in RPMI-1640 medium containibg The tubes were incubated (30°C; 200 rpm), and
100 pl aliquots were removed at pre-determined poiats (4, 8, 12, 16, and 24 h).
4.4.2 Synergy studies

The interaction of compoun8a with well-known antibacterial drugs Kanamycin and
Rifampicin; compounde with antifungal drugs Amphotericin B and Fluconlez(at sub MIC)
were evaluated by the checkerboard method and ssgumeas the fractional inhibitory
concentration index (FICI). The FICI was interpretas synergistic when it was 0.5, as
antagonistic when > 4.0, and any value in betwesandifferent.
4.4.3 FE-SEM analysis

E. coli andC. kruseicell suspensions from overnight grown culturesemerepared in
MHB and RPMI-1640 medium (pH 7) respectively. Compad5a (at 2.48ug/ml) was added to
theE. colicells (~1 x 18CFU/ml), wherea$e (at 9.96 pg/ml) was added to tBekrusei(~1 x
10* CFU/mI) and incubated at 30°C for 2h.
4.4.5 Cytotoxicity analysis

Cytotoxicity analysis of compoundsa, 5e and 5] against HEK-293 (normal human
embryonic kidney cells) and HelLa (cervical cancetlsy by done using MTT (3-(4,5)-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium brdae) protocol. Briefly, the cells (5x10
/well) were cultured in RPMI-1640 medium supplensehtvith 10% fetal bovine serum in 96-
well microtiter plate at 37°C for overnight. Thexheay, compoundSa, 5e and5j at MIC were
added to the cells in separate wells and incubatte¥°C for 18 hours. The cells were further
incubated at 37°C for 3 to 5h in 20ul of MTT sabati(5 mg/ml) in PBS. The supernatant
(120ul) was removed, 100ul DMSO was added, andrébalting suspension was mixed to
dissolve the formazan crystals. The percent vigbiif cells was calculated by the ratio of
O.Ds7o of treated cells to the Osk of untreated cells. Untreated cells and 10% digleth

sulfoxide (DMSO) were taken as negative and pasitntrol respectively.
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Highlights

Synthesis of novel imidazo[1,2-a]pyridine based organoselenium compounds is
achieved.

Structural characterization is performed using X-ray and computational analysis.
The antimicrobial evaluation using time kill assay and FE-SEM analysis gave
good results.

The synergistic studies with antibiotics exhibit enhanced antimicrobia activity.



