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Abstract

We describe the synthesis, 3D-derived quantitasivacture-activity relationship (QSAR),
antiproliferative activity and DNA binding propes$ of a series of 2-amino, 5-amino and 2,5-
diamino substituted benzimidazo[laRjuinolines prepared by environmentally friendly
uncatalyzed microwave assisted amination. The mtifigrative activities were assessid
vitro against colon, lung and breast carcinoma cell slinactivities ranged from
submicromolar to micromolar. The strongest antifgmdtive activity was demonstrated by 2-
amino-substituted analogues, whereas 5-amino angd,5ediamino substituted derivatives
resulted in much less activity. Derivatives beartigrethyl- or 3,5-dimethyl-1-piperazinyl
substitutents emerged as the most active. DNA bghgdroperties and the mode of interaction
of chosen substituted benzimidazo[&a]guinolines prepared herein were studied using
melting temperature studies, a series of spectpps@dudies (UV/Visible, fluorescence, and
circular dichroism), and biochemical experimentgpfisomerase I-mediated DNA relaxation
and DNase | footprinting experiments). Both compb@6 and its bis-quaternary iodide salt
37 intercalate between adjacent base pairs of the Dalk while compound3 presented a
very weak topoisomerase | poisoning activity. A QBAR analysis was performed to
identify hydrogen bonding properties, hydropholyiciholecular flexibility and distribution
of hydrophobic regions as these molecular propertiad the highest impact on the

antiproliferative activity against the three cealids.

Key words: benzimidazoles, benzimidazo[lajjuinolines, 3D-QSAR, antiproliferative
activity, DNA binding properties



1. Introduction

The benzimidazole moiety is one of the most impdrteganic structural motifs found
in a variety of bioactive natural products as wa#l numerous synthetic medical and
biochemical agents, which possess different chdnaind pharmacological features [1-5].
Importantly, due to the structural similarity witmaturally occurring nucleotides,
benzimidazole derivatives can easily interact vaitmolecules like DNA, RNA or proteins
in living systems, thus playing a crucial role reir function. The DNA molecule is still one
of the principal targets in anticancer drug develept strategies since it has a central role in
many life processes [6]. Understanding the molechksis for cytotoxicity by anticancer
agents is critical for the rational developmentnofel, more selective and efficient agents
with greater specificity of action [7]. The mostedsclasses of chemotherapeutic agents are
comprised of molecules that interact with DNA swsh intercalators, alkylating agents or
groove binders [8]. Organic intercalators are a&<laf polycyclic aromatic compounds that
usually consist of planar and fused aromatic orreatromatic rings that can insert or
intercalate between two adjacent base pairs ofedupNA and inhibit nucleic acid synthesis
[9]. The combination of the benzimidazole moietyhndther heteroaromatic groups can lead
to highly conjugated, planar benzannulated benzamotes with improved biological
properties. Their high fluorescence intensity andssbility of interaction with
biomacromolecules suggest the potential use ofdrendated benzimidazoles as fluorescent
probes for detection of biologically important muiées such as DNA or proteins in
biomedicinal diagnostics [10, 11]. Moreover, thengline ring system, which widely exists
in a large number of alkaloids and synthetic anaésgwith various biological actions, is also
of great importance in medicinal and natural proeghemistry [12, 13].

Quinoline-fused benzimidazoles, recently preparad published in our research
group, have been shown to be a very promising dasstracyclic intercalators; studies of
their biological activity comprising cytostatic éuation, DNA/RNA interaction, inhibition of
topoisomerase | and I, and proteomic profiling dawonfirmed the anticancer potential of
this class of compounds [14, 15]. Positively chdrgenidino-substituted benzimidazo[1,2-
ajquinolines intercalate into double-stranded DNARMA with the pronounced selectivity
towards colon carcinoma cells [14].

In addition, we have reported on the biologicaliactof 2-aminobenzimidazo[1,2-
aJquinoline-6-carbonitriles as antiproliferativeeags [15]. The obtained biological activity

demonstrated that the structural features and Hheafjithe amino side chains influence the



antiproliferative potency of these compounds. Sarheéhe examined amino side chains
yielded analogues with activities in the sub-micotem range. In a more recent paper, we
reported the synthesis, antiproliferative actiatyd DNA binding properties of a series of 5-
aminobenzimidazo[1,2}quinoline-6-carbonitriles and showed that the Bispment of the
amino side chain to position 5 of the quinolinegidisbenzimidazole moiety leads to
compounds with significantly decreased potency.[B&sed on previous knowledge and in
consideration of the promising anticancer potenbélthe benzimidazo[l,2}quinoline
scaffold, herein we described the design and sgigh& novel 2-amino, 5-amino and 2,5-
diamino substituted analogues, aimed at improvimgpeoliferative activity and selectivity.
The newly synthesized compounds were testedtro for their antitumor properties using
three human tumor cell lines, and for each celé IBD-QSAR models were obtained.

Moreover, we present the DNA binding ability resudf selected compounds.
2. Methods
2.1 Chemistry

The new target compounds-9 and 18-39 were synthesized according to the
procedures shown in Schemes 1 and 2, respectiwelgmployment of conventional methods
for construction of structurally related fused hemdazole derivatives. Thus, 4-
fluorobenzaldehydd (Scheme 1) or benzoyl chlorides (Scheme 2) wergleased with 2-
(1H-benzimidazol-2-yl)acetonitril® in the presence of piperidine in absolute ethanol
provide the corresponding benzimidazol substitutgdles 3, 12 and 15 in suitable yields
(75 %, 44 %, and 49 %, respectively) accordingrevipusly published procedures [15, 16].
As shown in Scheme 1, compouBdnderwent a thermal cyclization in sulfolane ttoed 2-
fluorobenzimidazo[1,&]quinoline-6-carbonitriled (72 %), which was the common precursor
for the preparation of the desired compourtsi®. On the other hand, the acyclic
intermediatesl2 and 13 were subjected to thermal cyclization reactioDMF under basic
conditions  (potassium tert-butoxide) to give the corresponding 5-0x0-5,7-
dihydrobenzimidazo[1,2}quinoline-6-carbonitrilesl4 and 15 in 57 % and 96 % yields,
respectively (Scheme 2). Subsequent treatmentesktintermediates with PQGInd POG
gave the respective 5-chloro substituted benzinojda2-a]quinoline-6-carbonitriles16
(70 % vyield) andlL7 (96 % vyield), which were the precursors for thegaration of the final
products18-39.
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Scheme 1Synthesis of 2-amino substituted derivatigeS

The halogen compound$ 16 and 17 were converted to the targeted amino and
diamino analogue5-9 and18-39, respectively in 15-74 % yields upon reaction Vile- to
seven-fold excess of the appropriate amine in adete under microwave irradiation. After
determining the optimal yields in the shortest tieac time, this microwave assisted
amination was conducted by using 800 W power, 1C0ahd 40 bar pressure. Tins-
guaternary iodide saBi7 was obtained in 47 % yield by treating piperazanalogue36 with
an excess of methyl iodide in the presence of amugdpotassium carbonate in acetonitrile.

The structures of all prepared compounds were miéted by NMR spectroscopyH
and™*C NMR), mass spectrometry, and elemental anafiidislMR spectra of the cyclization
reaction products showed a downfield shift of thensatic protons and absence of the
benzimidazol NH proton in comparison with the resive acyclic intermediates. TheSd
NMR spectroscopic differences confirmed the forovatdf the benzimidazo[1,8lquinoline

heterocycle.
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Scheme 2Synthesis of 5-amindl8-22) and 2,5-diamino23-39) substituted derivatives

2.2 3D-QSAR analysis

3D-QSAR models were derived using antiproliferatagivity data against H460,
HCT 116, MCF-7 of the compounds presented in thigep and similar compounds whose
antiproliferative activities have been measuredtlie same laboratory and published
previously [15, 16]. Altogether, 51 compounds wased (Table S1 in the Supplement).
The 3D structure of each compound was generated fre@ SMILES code using VolSurf+
3D structure generator. Molecular descriptors farthrecompound were generated based on its
3D structure using the VolSurf+ program [17]. Aiesrof 128 descriptors that refer to
molecular size and shape, to hydrophilic and hyldobgc regions and to the balance between
them, to the "charge state" descriptors, to lipl@ty, to molecular diffusion (loB, logD) to
the presence/distribution of pharmacophoric detmsp to molecular flexibility, to H-bond



interaction, and to descriptors of some other @&WDME properties were considered. The
definition of all 128 VolSurf+ descriptors is givanthe VolSurf+ manual [17, 18].

Using Partial Least Square (PLS) analysis, thdioglship between the 3D structure-
based molecular descriptors and biological acéisitivas studied. Autoscaling pretreatment,
by which every variable is the mean centered amateddo give unit variance, was applied.
For each cell line, different 3D-QSAR models weeagrated (models labeldd2, and3, for
the cell lines H460, HCT 116, and MCF-7, respetyiveThe number of significant latent
variables (nLV) and quality of the models were deieed using the leave-one-out (LOO)
cross-validation procedure. Standard deviationrodreof calculation (SDEC) and standard
deviation of error of prediction (SDEP) were castatl for each model. The PLS coefficients
of the obtained models were analyzed in order vestigate influence of each descriptor on
compounds’ antiproliferative activity.

3D-QSAR analysis was used to explore the physicdl @hemical properties having
the highest influence on the antiproliferative atgs of investigated benzimidazo[1,2-
ajquinoline-6-carbonitriles. 3D-QSAR models 2, and3 (Table 1, Figure 1) were derived
using the antiproliferative activities of the hergiresented compounds together with the
antiproliferative activities of similar compoundss| 16] against H460, HCT 116 and MCF-7
cell lines, respectively.

Table 1. Statistical properties of 3D-QSAR models.

Cellline Model nO? LVP® R? Q’¢ SDEC' SDEF

H460 1 49 5 0.817 0489 0.345 0.577
HCT 116 2 50 5 0.790 0427 0.370 0.611
MCF-7 3 50 5 0.857 0.614 0.266 0.437

2Number of objects used to build the modéllumber of latent variable§Q” is the cross-validated predictive

n
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Figure 1. Predictedvs experimental antiproliferative activity (expressasl pCso — negative
logarithmic value of concentration that causes 5@rétvth inhibition of the tumor cell lines
of: A) modell (H460), B) modeR (HCT 116) and C) mod& (MCF-7).

3. Results and Discussion
3.1 Antiproliferative activity
3.1.1. Antiproliferative activity in human cell &a

The antiproliferative activities of new benzimid@kz@-alquinoline-6-carbonitriles
bearing different amino side chains were testedhman colon, breast and lung tumor cell
lines (Table 2) [15, 16, 18]. The most active andtoucturally interesting compounds were

also tested on immortalized human mammary epithedils to test their potential selectivity



towards tumor cells. The obtained results were @egp with known antitumor agents

doxorubicin and etoposide.

Table 2.ICsq values (inuM)?

Cell lines
Compounds HCT 116 MCF-7 H460 HMLE
5 0.8+£0.2 0.7£0.4 2+0.8 1+0.1
6 3+0.3 2+0.09 4+0.3 3+0.4
7 5+0.3 5+0.6 5+2 N.T.
8 0.6+£0.3 2+1 1+0.8 0.5£0.4
9 0.3+£0.08 0.6+£0.2 0.5£0.04 0.2+0.03
18 13+0.4 20+3 5+2 N.T.
19 5+1 4+0.5 2+0.5 N.T.
20 4+1 3+0.6 2+0.3 N.T.
21 3+0.2 3+0.3 4+0.6 N.T.
22 3+0.2 6+2 4+0.3 3+0.4
23 73 2+1 >100 N.T.
24 71 5+0.8 411 N.T.
25 >10 7+1 212 N.T.
26 2+0.2 2+0.6 3+0.2 N.T.
27 6+0.3 2+0.05 5+0.2 6+0.8
28 >100 >100 >100 N.T.
30 1644 22+3 25+2 N.T.
31 14+5 216 29+0.2 N.T.
32 >100 >100 >100 N.T.
33 2+0.5 2+0.6 12+1 N.T.
34 1143 10+3 1542 N.T.
35 1145 9+1 1848 N.T.
36 1.5+0.3 1+0.001 4+0.6 2+0.8
37 >100 >100 >100 N.T.
38 2+0.5 441 3+0.5 N.T.
39 0.4+0.09 1+0.2 0.8+0.3 0.2+0.01
doxorubicin  0.07+0.02 0.02+0.01 0.03+0.01 0.01+0.002
etoposide 5+2 1+0.7 0.1+0.04 0.4+0.09

& |Cyq; the concentration that causes 50 % growth inbifbit
® The highest tested concentration was 10 uM.
°N.T.; not tested



Among the 2-amino substituted derivativésqy), three compounds strongly inhibited
the growth of all cell lines. The most cytotoxi€éy < 1 uM) were the 4-methyl-1-piperazinyl
and 3,5-dimethyl-1-piperazinyl substituted compa@dnd9.

The comparison of antiproliferative activity witliffdrent amino side chains lengths
(5-7) displayed that the side chain length decreasedthivity, probably due to the increase
of the amphiphilic moment (A) and the unbalancestrdiution of hydrophobic regions in the
molecule (see Section 3.1.2). On the other harelrdbults obtained for compountl8, 19
and 20 revealed theopposite effect of the side chain length on thaviigts; for these
compounds, the amino side chain is displaced t&thmosition and since the aliphatic chain
does not decrease the unbalanced distribution dfopyobic regions in the molecule, an
increase in antiproliferative activity results. Té#re, the activities of compound® and20
are comparable t6 and 7 bearing the 2-methylbutyl and 1-hexyl amino sidaich. The
activity of compound5, bearing the 2-methylethyl side chain, is morenprtoced in
comparison to the activity of compoud8. Among the most abundant group of 2,5-diamino
substituted derivatives, 1-piperazinyl substitutechpounds36, 38 and39 displayed the most
pronounced antiproliferative activity, whereby 8liBaethyl-1-piperazinyl substituted
derivative39 was the most active one. The high antiprolifeetetivity of these compounds
can be explained by the presence of an additiondiederoatom, which contributes to
additional interactions with potential biologicabrgets. Interestingly, the substituted
quaternary iodide sal37 was completely inactive, which is comparable te greviously
obtained antiproliferative activity of a similar rdeative with the substituent placed at the
position 5 [16], and is captured by QSAR analysithe results regarding the percentage of
unionized species (see Section 3.1.2). 1-Pipefiding 4-morpholinyl substituted analogues
34 and 35 showed moderate activity (46 10—-20 uM), while 1-pyrrolidinyl substituted
analogue33 showed pronounced activity on HCT 116 and MCF-II lgges. 2,5-diamino
substituted derivatives with secondary amino sidwirs 23-27 showed moderate
antiproliferative activity in comparison to the $eactive derivative30-32 with tertiary
amino side chains.

The lower antiproliferative activity displayed byervatives with tertiary, rather than
secondary, amino side chains confirmed that therstry amine side chain is generally
slightly preferred for antiproliferative activitywhich is in agreement with previously
published results [15, 16]. Moreover, disubstitutiedivatives28 and 32 bearing the longest
amino side chains did not show any antiprolifeteffect towards the tested cell lines. In
general, there was no significant difference in ¢basitivity towards the tested compounds



between the cell lines, which may indicate commoecmanisms of action of the new
compounds. The exception was compoBBadwith less pronounced activity toward H460 cell
line. Furthermore, although the selected compowsiaslarly affected the proliferation of
healthy (non-tumor) and tumor cells, it is evidémat the control anti-tumor compounds -
doxorubicin and etoposide were more cytotoxic talsdhe non-tumor cells.

Within this scientific study we have additionallgrdirmed that the antiproliferative
activity is highly dependent both on the type amadgth as well as the position of the amino
substituent on the tetracyclic skeleton (FigureT2)e obtained results indicated that the most
promising antiproliferative agents are those beatire amino substituent at the position 2,
and displacement of the amino side chain from mwsR to position 5 significantly decreased
the activity. Introduction of two amino substitugmatt the positions 2 and 5, in comparison to
the 2-substituted derivatives, slightly decreasedantiproliferative activity.

2

s 2@

decrease of antiproliferativ
activity by introduction of
two amino substituents
N |
N PN

5 Rz

1"

significant decrease of antiproliferative activityby
displacement of the amino side chain from positio to position 5

antiproliferative activity

the most pronounced
with submicromolar IC gq

Figure 3. SAR of amino substituted benzimidazo[BJgtuinoline-6-carbonitriles

Since previously published results clearly showed the most active compounds are
those bearing the 2-methylpropylamino and 1-pipeshdzide chains at position 2 [15], we
designed and prepared the derivatives with thelkglaanine and substituted 1-piperazinyl
side chains. 2-methylethyl and 2-methylbutylamimgeschains were used to evaluate the
influence of the isoalkylamine side chain lengthtlo& antiproliferative activity. The obtained
results confirmed that the 2-methylpropylamino sied derivative displayed the strongest
activity, in sub-micromolar range. Furthermore, dhposing the 4-methyl-1-piperazinyl and
3,5-dimethyl-1-piperazinyl side chains, our intentiwas to confirm the assumption that the
presence of another N heteroatom contributes toirttexactions with biological targets
probably due to hydrogen bonding. The obtainedlt®sndicated that the antiproliferative



activity decreased in comparison to the 1-piperznbstituted derivatives bearing the side
chain at 2-, 5- and 2,5-positions. The lowest @gtiamong the 1-piperazinyl substituted
derivatives was observed for compounds bearing #hwyhé-piperazinyl side chains, which
do not posses a N atom accessible for interactitiisbiological targets. Derivatives bearing
the 3,5-dimethyl-1-piperazinyl side chains showedrdased activity due, presumably, to the
steric hindrance of methyl groups which reduce iteractions of N heteroatom with
potential biological targets. Benzimidazo[BJRinoline-6-carbonitriles, especially those
bearing amino side chains at position 2 of thetsitlic skeleton, should be further optimized
as promising compounds for anticancer therapy. &tiqular interest would be the synthesis
of derivatives with different types and lengthsamfino side chains at different positions by
combining the amino side chains that showed thatgse impact on the antiproliferative

activity herein.
3.1.2 QSAR analysis of antiproliferative activities

QSAR analysis of the obtained models identified t@ecular properties with the
highest influence on the antiproliferative acte#tiagainst the studied cell lines (Figure 3A).
Analysis of modell (H460 cell line) revealed that molecular flexikjlifFLEX RB),
descriptors related to H-bond properties (WN5, WN8O1-4, DRDRDO, DRACAC,
DRACDO, ACACDO, ACACAC), protein binding (PB) and/drophobicity (D3-7, ID2-4,
CD3-6) have the largest positive influence on theipeoliferative activity. Also, the
percentage of unionized species at different piasa(%FU4, %FUS5), amphiphilic moment
(A; the vector that connects the center of hydragghvand center of hydrophilic regions) and
ratio of molecular volume to molecular surface {ye identified as the descriptors with the
greatest negative influence on antiproliferativevéty against H460 cell line.

Similar descriptors are found to be important foe tactivity against cell line HCT 116
(Figure 3B). The descriptors having the highesitp@sinfluence on antiproliferative activity
are those related to H-bonding properties (WN6, W5, DRDRDO, DRACAC,
DRACDO, ACACDO, ACACAC), molecular flexibility (FLE_RB), hydrophobic regions
(D3-D8, ID3, ID4, CD3, CD4, DD1-DD4) and proteinnding (PB). The percentage of
unionized species at different pH values (%FU4, %f-dmphiphilic moment (A) and integy
moment (ID1; the vector that connects the center widlecule and the center of hydrophobic
regions) had the largest negative influence orpasitferative activity on the HCT 116 cell
line. In the case of the MCF-7 cell line (Figure)3the same descriptors as for cell line HCT

116 had the greatest positive influence on antijeraltive activity.
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Furthermore, the descriptors related to the unloaldretween the centre of mass of the
molecule and the barycentre of its hydrophobicargi(amphiphilic moment, A, and integy
moment, ID1), the partition coefficient of cyclofame/water (LOGP c-Hex) and the ratio of
molecular volume and molecular surface (R) showedhighest negative influence on the
antiproliferative activity.

Therefore, an increase of H-bonding properties,rédplaobicity and flexibility, as well as
decrease of the uneven distribution of hydropha@inid hydrophilic regions in the molecule

should lead to an increase of antiproliferativevitgtagainst all three studied cell lines.

3.2. DNA Binding Properties

Considering the simplicity and mutual similarity d¢ie studied structures, fast
screening by thermal denaturation experiments wardged out. The temperature at which
half of the double stranded DNA is degeneratedrtgles stand DNA (T,) may increase upon
binding of the tested compound to DNA (positd&,,), thus suggesting the stabilization of
the DNA helix; rarely a decrease is observed upddADbinding, evidencing DNA
denaturation by the bound compound (negafiVg). Evaluation of the DNA degeneration
temperature values obtained after binding of thesseh compounds, 23, 24, 26 and30to 37
to circulating tumor DNA (ct-DNA) revealed compowigb and37 as strong DNA binders
(Table 3).

Table 3. DNA melting temperature studies. The measuremeetewperformed at the

indicated drug/DNA ratios (R); nd = not determined.

Compounds ATm (°C)

R=0.5 R=0.25 R=0.1
9 0 nd nd
23 1.2 nd nd
31 0 nd nd
33 0.6 nd nd
34 0.7 nd nd
35 0.5 nd nd
36 20.1 15.9 5.1

R=0.25 R=0.1 R=0.05

37 nd 20.7 2.1




Compounds bearing amino substituents on positionwRich showed significant
antiproliferative activity were not chosen since DNA binding of similar compounds was
already studied [16]. Exception was compo@niith 3,5-dimethylpiperazin-1-yl substituent.
Interestingly, only compound36 and 37 presented potent DNA helix stabilization whereas
none of the other tested compounds changed thiasiatrdegeneration temperature of ct-
DNA. Compound36 revealed\T, values 15.9 °C and 20.1 °C at 1:2 and 1:4 comp@x4
ratios, respectivelyAT, values using higher compound/DNA ratios could b@tdetermined
since less than half of the DNA denaturation cdwgdachieved using temperature as high as
100 °C. This observation suggested very strongsagmificant DNA stabilization due to the
binding 0of37 to DNA.

Based on the aforementioned considerations, congs@fand 37 were chosen for
further evaluation by using spectrophotometric ysial The DNA binding properties 86
and 37 were underlined firstly by using UV/Visible spextcopy. UV/Visible measurements
were performed using a fixed concentration of coomas incubated with increasing
concentrations of ct-DNA. Obtained results showmel dbsorption spectra modification for
both studied compound®$ and37 (Figure 4A); hypsochromic and bathochromic shifese
observed, which are frequently associated with DiArcalation. However, spectral changes
did not reveal any isosbestic point (typically atveel for a single binding mode), suggesting
that the mode of binding of the compounds to theADNlix is rather a complex. In addition,
the intrinsic fluorescence properties of compourdds and 37 were studied by using
fluorescence spectroscopy in the presence of isgrgat-DNA/compound ratios (Figure 4B)
and evidenced an increase of the fluorescencesityest compound$6 or 37 upon binding
to ct-DNA.
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Figure 4. A) UV/Vis titration of compound6 with ct-DNA, B) Fluorimetric titration of
compound36 with ct-DNA

To gain insight into the binding mode of compoul@sand 37, circular dichroism
measurements and topoisomerase I-induced DNA rwdaixavere performed. By using
circular dichroism, the orientations of the molesutelative to the DNA helix (intercalation,
groove binding) were investigated. The absencentvinsic CD of36 and 37 was validated

using the highest evaluated dose (60 UM, Figudashed lines).
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Figure 5. Circular dichroism spectra. ct-DNA (50 uM of base pairs) was incubated alone
(dashed bold lines) with increasing concentratioh86 or 37 from 1 to 60 (full bold lines)
UM (top to bottom). Pointed bold lines correspoodhte CD spectra of the compound alone
(60 pM).

Binding of either compoun®6 or 37 on ct-DNA decreased the intensity of the positive
intrinsic CD of ct-DNA at 275 nm, thus suggestingdifications in the base stacking and/or
the ellipticity of the DNA helix. Furthermore, bimgd) of the compounds to DNA induced the
appearance of a new negative induced circular dichiiCD) signal from 290 to 440 nm
corresponding to the absorption bands of either ppamds 36 or 37, suggesting the
intercalation of the planar compound/chromophoreveen adjacent base pairs of the DNA
and creation of a new dichroic signal. Both changese dependent on the compounds
concentration.

In order to compare the DNA intercalation profife3® and37 with other derivatives,
the DNA topoisomerase | enzyme was used to dissiffa@ constraints of a negatively
supercoiled circular DNA and to generate positivalypercoiled circular DNA upon
intercalation between adjacent base pairs [18krdadation between adjacent base pairs
lengthens the DNA helix, diminishes the angle dation between each base pair and thus
induces major constraints to the DNA structure. Td@isomerase | enzyme resolves the
constraints that are generated upon negative saipegcof the plasmid DNA when produced
in bacteria $9 (Figure 6) and thus generates different DNA tepoiers Topo
corresponding to different number of released sagiksrin the circular plasmid and up to
fully relaxed circular DNA Rel)). Blockage of the topoisomerase | re-ligation dtggpoison

drugs such as camptothecin (CPT) results in thergéon of a nicked plasmidN¢K that is



only opened on one strand whereas DNA intercalagoassociated with the formation of
progressive positive supercoiled plasmid with eagoisomers being more difficult to assign
individually due to binding of the compounds thetiuce DNA migration within the agarose
gel, as seen witl36 and 37 in Figure 5. Within this experiment we confirmduetDNA
intercalation propensity a86 and 37 but not the other evaluated compounds that wete no
found to bind to DNA.

Observed DNA intercalation is not associated with topoisomerase | poisoning
effect of36 and37 as demonstrated by the lack of increase in tlengitly of the nicked form
(NcK of the DNA. Such an intercalation process is asgociated with sequence selective
binding as evaluated using DNase | footprintingezkpents with increasing concentrations
of either36 or 37 (data shown in Fig. S35).
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Figure 6. Topoisomerase I-induced DNA relaxation. The pUC1fescoiled plasmid
(“DNA") was incubated with topoisomerase | (“0”)oale or in the presence of the indicated
concentrations (LM) of compounds as specified enttip of the laneRel relaxed DNA,;
Nck nicked DNA;Topq topoisomersSg supercoiled DNA.



Compounds33 and 23 displayed a small increase of the band correspgntli the
relaxed/nicked form. However, only compouBd presented a very weak topoisomerase |
poisoning activity as confirmed upon migration thidium bromide-containing agarose gels
(see the weak increase in the nicked form usingldOas the highest drug concentration)

whereas no poisoning activity was evidenced usomgpound23 (Figure 7).
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Figure 7. Topoisomerase | poisoning effects of compnds 33 and 23Native supercoiled
pUC19 plasmid DNA (lanes “DNA”") was incubated witbpoisomerase | in the absence
(lanes “Topo I") or presence of increasing concamins of compound33 and23 and the
reference drugs camptothecin (CPT). DNA sample®weparated under electrophoresis on
an ethidium bromide containing 1 % agarose gel. géls were photographed under UV

light. S supercoiledRel relaxedNck nicked;Lin, linear.

4. Conclusions

Herein we present the synthesis of amino substitbemnzimidazo[1,2]quinoline-6-
carbonitriles with different structural featuresdldangth of amino side chains incorporated at
either one or two positions on the tetracyclic st@t. The new compounds have been
designed and synthesized by uncatalyzed microwssistad amination and explored with
3D-QSAR analysis, and their antiproliferative aittes and DNA binding abilities were
evaluated. The antiproliferative activities havetevindenced on human colon, breast and
lung tumor cell lines. 2-amino substituted anal@yted demonstrated a more pronounced
antiproliferative activity when compared to 548(22) and 2,5-diamino substituted
derivatives23-39.



The results obtained from antiproliferative acgiviexamination were in good
agreement with previously published results. Theeasliferative activity results obtained for
the synthesized compounds, in particular those thiéhmost pronounced activity of the 2-
substituted derivatives, were in good agreement witr previously published results [15].
Among the 2-substituted derivatives, 4-methyl-lepgzinyl8 or 3,5-dimethyl-1-piperazinyl
9 substituted analogues were the most active. Mermeoderivatives with long and/or
branched side chains were less active (mono-sutestitanalogues) or completely inactive
(di-substituted analogues).

In general, 3D-QSAR analysis revealed the same culale properties having the
largest positive and the largest negative influeageantiproliferative activity on all three
studied cell lines. The increase of antiprolifaratactivity against all three studied cell lines
could be explained by increased H-bonding propgrtigdrophobicity and flexibility, as well
as the decrease of unbalance in distribution ofdpfibbic and hydrophilic regions in the
molecule.

Compounds36 and 37 were to be the most potent DNA binders of the coumols
studied and was associated with strong DNA helbization evidenced by using melting
temperature studies and intercalative mode of DiAraction (Figures 5 and 6). Additional
experiments with topoisomerase Il-induced DNA rdiaxaconfirmed that DNA binding is
not associated with sequence selective binding.OMXA intercalation process of the studied
compounds does not correlate with the cytotoxie@$f evaluated on colon (HCT 116), breast
(MCF-7) and lung (H460) carcinoma cells.

1-Piperazinyl substituted compou36 displayed a potent cytotoxic effect in all cell
lines (1.5, 1 and 4 puM, respectively), while thexgunary iodide saB7 was totally inactive
(ICs0> 100 uM). The new series of derivatives, bearlmg amino substituent at position 2,
demonstrated a high potential for expansion andnogdtion for their antiproliferative
activity, in particular when either 2-methylpropygt 1-piperazinyl amino substituents were
used.

5. Experimental part
5.1 General methods

All chemicals and solvents were purchased from ceroial suppliers Aldrich and
Acros. Melting points were recorded on SMP11 Bilatoyl Blichi 535 apparatus. All NMR

spectra were measured in DM$solutions using TMS as an internal standard. Fhand



13C NMR spectra were recorded on a Varian Gemini @20300 and 75 MHz) or Varian
Gemini 600 (at 600 and 150 MHz) respectively. Clwainshifts are reported in ppm)(
relative to TMS. All compounds were routinely chedkoy TLC with Merck silica gel 60F-
254 glass plates. Microwave-assisted synthesis maaformed in a Milestone start S
microwave oven using quartz cuvettes under thespresof 40 bar. Mass spectra were
recorded on an Agilent 1200 series LC/6410 QQQrunsént. The electronic absorption
spectra were recorded on Varian Cary 50 spectrarasieg quartz cuvette (1 cm). Elemental
analysis for carbon, hydrogen and nitrogen werép®med on a Perkin-Elmer 2400 elemental
analyzer. Analyses are indicated by the symboth®Elements, and the results obtained were

within £0,4 % of the theoretical values.

5.2 Synthesis of 2-amino substituted benzimidazoptalquinolines

5.2.1 General method for preparation of compoubes

Compounds5-9 were prepared by reacting 4 with excess of theragp@te amine in
acetonitrile (10 mL) under microwave irradiation0O8W power) at 170 °C and 40 bar
pressure for the required reaction time. After caplthe reaction mixture was filtered off and
and the crude solid was purified by column chromaphy on SiQ using

dichloromethane/methanol 100:1 as eluent.

5.2.1.1 2-[(1-Methylethyl)amino]benzimidazo[1,2-ajgoline-6-carbonitrile5. Following the
above general method, compouh@00 mg, 0.38 mmol) reacted with isopropylaming 0
ml, 1.76 mmol) after 6 h of irradiation to yield #6g (43 %) of5 as yellow crystals; m.p.
230-233 °C!H NMR (300 MHz, DMSOs): &/ppm= 8.51 (d, 1H,J=8.10 Hz, Hyom), 8.46
(s, 1H, Hyom), 7.94 (dd, 1HJ;=1.28 Hz,J,=7.50 Hz, Hom), 7.81 (d, 1H,J=8.85 Hz, Hom),
7.77 (S, 1H, Hom), 7.58 (dt, 1HJ;=1.28 Hz,J,=7.30 Hz, Hwom), 7.52 (dt, 1H,J,;=1.28 Hz,
J>=7.30 Hz, Hiom), 7.27 (d, 1H,J=7.56 Hz, NH), 6.91 (dd, 1HL=1.75 Hz,J,=8.85 Hz,
Harom), 3.98-3.87 (m, 1H, CH), 1.28 (d, 68£6.59 Hz, CH); **C NMR (150 MHz, DMSO-
ds): &/ppm= 152.97 (s), 145.90 (s), 144.18 (d), 140.92188.11 (s), 132.93 (d), 130.40 (s),
124.70 (d), 122.40 (d, 2C), 119.56 (d), 116.7618%.33 (d, 2C), 111.04 (s), 91.92 (s), 43.36
(d), 22.24 (q, 2C); Found: C, 75.73; H, 5,52; N,783 Calc. for GgHieN4: C, 75.98; H, 5.37;
N, 18.65 %; MS (ESI)m/z= 301.2 ([M+1]).

5.2.1.2 2-[(3-Methylbutyl)amino]benzimidazo[1,2-a]qoline-6-carbonitrile 6. Following

the above general method, compouhd80 mg, 0.30 mmol) reacted with isopentylamine



(0.25 ml, 2.15 mmol) after 5 h of irradiation teld 29 mg (29 %) o6 as yellow crystals;
m.p. 200-205 °C*H NMR (300 MHz, DMSOds): d/ppm= 8.50 (d, 1HJ=8.36 Hz, Hom),
8.46 (s, 1H, Hom), 7.94 (dd, 1H,0,=1.40 Hz,J,=7.77 Hz, Hiom), 7.80 (d, 1H,J=8.93,
Harom), 7.74 (s, 1H, Hom), 7.57 (dt, 1H,J,=1.00 Hz,J,=7.39 Hz, Hom), 7.51 (dt, 1H,
J1=1.28 Hz,J,=7.52 Hz, Hiom), 7.31 (t, 1H,J=5.17 Hz, NH), 6.90 (dd, 1H};=1.70 Hz,
J,=8.85 Hz, Hiom), 3.32 (q, 2H,J=7.08 Hz, CH), 1.80-1.75 (m, 1H, CH), 1.57 (q, 2H,
J=6.85 Hz, CH), 0.98 (d, 6H,J=6.54 Hz, CH); *C NMR (150 MHz, DMSOds): &/ppm=
153.84 (s), 145.92 (s), 144.21 (s), 140.10 (d), 1B&s), 132.81 (d), 130.40 (s), 124.34 (d),
122.34 (d), 119.56 (d), 116.73 (s), 114.32 (d),.161s), 92.00 (s), 40.60 (t), 37.28 (t), 25.23
(d), 22.37 (q, 2C); Found: C, 76.93; H, 5.99; N,0B7 Calc. for GiH>oN,4: C, 76.80; H, 6.14;
N, 17.06 %; MS (ESI)m/z= 329.3 ([M+1]).

5.2.1.3 2-(Hexylamino)benzimidazo[1,2-a]quinolinedbonitrile 7. Following the above
general method, compourd (90 mg, 0.34 mmol) reacted with hexylamine (0.24 120
mmol) after 3 h of irradiation to yield 60 mg (59 @f 7 as yellow crystals; m.p. 97-104 °C.
'H NMR (600 MHz, DMSO¢): 8/ppm= 8.48 (d, 1HJ)=8.28 Hz, Hrom), 8.43 (S, 1H, Hom),
7.92 (d, 1H,J=7.62 Hz, Hiom), 7.78 (d, 1HJ=8.76 Hz, Hiom), 7.70 (s, 1H, Hom), 7.56 (t,
1H, J=7.62 Hz, Hiom), 7.50 (dt, 1HJ,=1.06 Hz,J,=7.72 Hz, H;om), 7.31 (t, 1HJ=5.10 Hz,
NH), 6.88 (dd, 1HJ;=1.74 Hz,J,=8.76 Hz, Hiom), 3.35-3.28 (m, 2H, CH), 1.66 (p, 2H,
J=7.26 Hz, CH), 1.44 (p, 2HJ=7.36 Hz, CH), 1.36-1.31 (m, 4H, C#), 0.88 (t, 3H,J=7.08
Hz, CHs); *C NMR (150 MHz, DMSQdg): &/ppm= 153.87 (s), 145.85 (s), 144.00 (s), 140.14
(d), 130.34 (s), 124.73 (d), 122.38 (d, 2C), 1195 116.72 (s), 114.34 (d, 2C), 111.14 (s),
91.61 (s), 42.40 (t), 31.06 (t), 28.36 (t), 26.9)7 22.68 (t), 13.90 (q); Found: C, 76.98; H,
6.28; N, 16.74. Calc. for £HoN,: C, 77.16; H, 6.48; N, 16.36 %; MS (EShvz= 343.2
([M+1]%).

5.2.1.4 2-(4-Methyl-1-piperazinyl)benzimidazo[1]atanoline-6-carbonitrile 8. Following
the above general method, compodn@®0 mg, 0.34 mmol) reacted with 1-methylpiperazine
(0.10 ml, 0.90 mmol) after 3 h of irradiation teld 65 mg (56 %) o8 as yellow crystals;
m.p. 267—273 °C*H NMR (300 MHz, DMSO¢): 8/ppm= 8.56 (s, 1H, kbom), 8.55 (d, 1H,
J=7.68 Hz, Hiom), 7.94 (dd, 1HJ,=1.36 Hz,J,=7.48 Hz, Hiom), 7.91 (d, 1H,J=9.15 Hz,
Harom), 7.80 (d, 1HJ=1.05 Hz, Hiom), 7.59 (t, 1HJ=6.78 Hz, Hiom), 7.54 (dt, 1H,J;=1.42
Hz, 3,=7.34 Hz, Hrom), 7.33 (dd, 1HJ,=1.72 Hz,3,=9.25 Hz, Hrom), 3.61 (t, 4H,J=4.80 Hz,
CHy), 2.54 (t, 4H,J=5.09 Hz, CH), 2.27 (s, 3H, Ch); *C NMR (75 MHz, DMSOd):



dlppm= 154.61 (s), 146.15 (s), 144.57 (s), 140.34 188.60 (s), 132.83 (d), 130.78 (s),
125.38 (d), 123.46 (d), 120.17 (d), 116.87 (s),.355d), 113.02 (d), 112.84 (s), 98.13 (d),
94.88 (s), 54.79 (t, 2C), 47.14 (t, 2C), 46.1€Q@); Found: C, 73.98; H, 5.71; N, 20.31. Calc.
for Co1H1oNs: C, 73.88: H, 5.61; N, 20.51 %:; MS (EShiz= 342.2 ((M+1]).

5.2.1.5 2-(3,5-Dimethyl-1-piperazinyl)benzimidazafa]quinoline-6-carbonitrile9.

Following the above general method, compodn(@0 mg, 0.34 mmol) reacted with 2,6-
dimethylpiperazine (0.150 g, 1.30 mmol) after 6f lr@diation to yield 39 mg (33 %) & as
yellow powder; m.p. 263-268 °CH NMR (300 MHz, DMSOd): &/ppm= 8.47 (s, 1H,
Harom), 8.43 (dd, 1HJ;=1.19Hz,3,=7.13 Hz, Hiom), 7.94 (dd, 1HJ;=1.41 Hz,J,=7.56 Hz,
Harom), 7.84 (d, 1HJ=9.12 Hz, Hom), 7.68 (S, 1H, Hom), 7.58 (dt, 1H,J;=1.21,J,=6.59 Hz,
Harom), 7.53 (dt, 1H,J:=1.28 Hz,3,=6.69 Hz, Hiom), 7.27 (dd, 1H);=1.66 Hz ,J,=9.13 Hz,
Harom), 4.01 (d, 2H,J=10.53 Hz, CH), 2.95-2,90 (m, 2H, CH), 2.55 (d, 2B511.70 Hz,
CHy), 1.13 (d, 6H,J=6.21 Hz, CH); *C NMR (75 MHz, DMSOds): &/ppm= 154.27 (s),
146.15 (s), 144.56 (s), 140.18 (d), 138.57 (s),.282d), 130.72 (s), 125.29 (d), 123.38 (d),
120.13 (d), 116.92 (s), 115.14 (d), 112.93 (d),.5334s), 97.85 (d), 94.51 (s), 53.67 (t, 2C),
50.61 (d, 2C), 19.56 (q, 2C); Found: C, 74.40; H86 N, 19.52. Calc. for £H2Ns: C,
74.34; H, 5.96; N, 19.70 %; MS (ESHv= 356.3 ([M+1]).

5.3 Synthesis of 5-amino substituted benzimidazoPptalquinolines
5.3.1 General method for preparation of compoub8is22

Compoundsl8-22 were prepared by reactints with excess of the appropriate amine in
acetonitrile (10 mL) under microwave irradiation0O8W power) at 170 °C and 40 bar
pressure for the required reaction time. After caplthe reaction mixture was filtered off and
and the crude solid was purified by column chromaphy on SiQ using
dichloromethane/methanol 100:1 as eluent.

5.3.3.1 5-[(1-Methylethyl)amino]benzimidazo[1,2-ajaoline-6-carbonitrile 18. Following
the above general method, compoursd(100 mg, 0.38 mmol) reacted with isopropylamine
(0.10 ml, 1.122 mmol) after 2 h of irradiation teel 42 mg (39 %) ofl8 as white powder;
m.p. 260-263 °C*H NMR (300 MHz, DMSOds): d/ppm= 8.66 (d, 1HJ=8.08 Hz, Hrom),
8.55 (dd, 1H,3,=0.92 Hz,J,=7.76 Hz, Hiom), 8.43 (d, 1HJ=8.08 Hz, Hom), 7.93 (dt, 1H,
J1=0.92 Hz,3,=8.12 Hz, Hiom), 7.75 (dd, 1HJ;=0.60 Hz,J,=7.86 Hz, Hiom), 7.59 (t, 1H,
J=7.60 Hz, Hrom), 7.55 (t, 1HJ=6.81 Hz, NH), 7.42 (t, 1H]=7.50 Hz, Hiom), 7.33 (dt, 1H,



3=1.17 Hz,3,=7.40 Hz, Hrom), 4.90—4.79 (m, 1H, CH), 5.99 (d, 6Bk6.68 Hz, CH); *C
NMR (150 MHz, DMSO#ds): &/ppm= 149.15 (s), 148.99 (s), 144.67 (s), 135.0513}.96
(d), 130.79 (s), 124.78 (d), 124.13 (d), 123.88 {@1.28 (d), 118.36 (d), 117.53 (s), 116.54
(s), 116.14 (d), 113.62 (d), 71.84 (s), 45.87 &B.00 (q, 2C); Found: C, 75.77; H, 5.69; N,
18.54. Calc. for @H1eNs: C, 75.98; H, 5.37; N, 18.65 %; MS (EShiz= 301.2 ((M+1]).

5.3.3.2 5-[(3-Methylbutyl)amino]benzimidazo[1,2-a]qoline-6-carbonitrile 19. Following
the above general method, compout@ (50 mg, 0.18 mmol) reacted withpentylamine
(0.11 ml, 0.90 mmol) after 2 h of irradiation teld 9 mg (15 %) o019 as white powder; m.p.
105-108 °CH NMR (300 MHz, DMSOds): 8/ppm= 8.67 (d, 1H,)=8.65 Hz, Hiom), 8.49
(d, 1H,J=8.35 Hz, Hom), 8.43 (d, 1H,J=8.35 Hz, Hrom), 8.11 (t, 1HJ=5.68 Hz, NH), 7.93
(t, 1H,J=7.46 Hz, Hiom), 7.74 (d, 1HJ=7.76 Hz, Hom), 7.59 (t, 1HJ=7.76 Hz, Hom), 7.41
(t, 1H,J=7.46 Hz, Hiom), 7.33 (t, 1HJ=7.61 Hz, Hom), 3.91 (q, 2H,)=6.86 Hz, CH), 1.67—
1.58 (m, 1H, CH), 1.43 (g, 2H=7.16 Hz, CH), 0.88 (g, 6HJ=6.27 Hz, CH); *C NMR
(150 MHz, DMSOdg): &/ppm= 149.95 (s), 149.03 (s), 144.67 (s), 135.02 ¥32.95 (d),
130.81 (s), 124.40 (d), 124.28 (d), 123.88 (d),.221d), 118.34 (d), 117.60 (s), 116.57 (s),
116.25 (d), 113.62 (d), 71.46 (s), 42.59 (t), 37(®122.39 (d), 22.09 (g, 2C); Found: C,
77.05; H, 6.02; N, 16.93. Calc. forfEl,oN4: C, 76.80; H, 6.14; N, 17.06 %; MS (ESt/z=
329.3 ([M+1]).

5.3.3.3 5-(Hexylamino)benzimidazo[1,2-a]quinolined&bonitrile 20. Following the above
general method, compourd® (100 mg, 0.36 mmol) reacted with hexylamine (0n2Q1.52
mmol) after 3 h of irradiation to yield 56 mg (48 %f 20 as yellow powder; m.p. 121-125
°C.H NMR (600 MHz, DMSOd): &/ppm= 8.65 (d, 1HJ=8.34 Hz, Hiom), 8.44 (dd, 1H,
J;=0.84 Hz,J,=8.37 Hz, Hiom), 8.41 (d, 1H,J=8.27 Hz, Hrom), 8.07 (t, 1HJ=5.58 Hz, NH),
7.90 (dt, 1H,3,=0.87 Hz,3,=7.73 Hz, Hiom), 7.73 (d, 1HJ=7.80 Hz, Hiom), 7.57 (t, 1H,
J=7.59 Hz, Hom), 7.40 (t, 1H,J=7.47 Hz, Hiom), 7.32 (dt, 1H,,=0.93 Hz,J,=7.73 Hz,
Harom), 3.86 (g, 2HJ=6.58 Hz, CH), 1.78 (p, 2H,J=7.19 Hz, CH), 1.42 (p, 2HJ=7.28 Hz,
CHy), 1.31 (m, 4H, Ch), 0.86 (t, 3H,J=7.08 Hz, CH); **C NMR (150 MHz, DMSOd):
o/ppm= 149.88 (s), 149.00 (s), 144.65 (s), 135.00 82.11 (d), 130.79 (s), 124.31 (d),
124.25(d), 123.86 (d), 121.25 (d), 118.32 (d), 347s), 116.51 (s), 116.22 (d), 113.59 (d),
71.42(s), 44.05 (t), 30.92 (t), 29.37 (t), 25.56 §1.96 (t), 13.60 (q); Found: C, 77.36; H,
6.18; N, 16.46. Calc. for £HooN4: C, 77.16; H, 6.48; N, 16.36 %; MS (EShvz= 343.2
(IM+1]%).



5.3.3.4 5-(4-Methyl-1-piperazinyl)benzimidazo[1]gtanoline-6-carbonitrile 21. Following
the above general method, compoudé (100 mg, 0.36 mmol) reacted with 1-
methylpiperazine (0.120 ml, 0.90 mmol) after 3 hroddiation to yield 53 mg (43 %) &1 as
yellow powder; m.p. 253-257 °CGH NMR (300 MHz, DMSOdg): &ppm= 8.77 (d, 1H,
J=8.46 Hz, Hiom), 8.59 (d, 1H,J=7.86 Hz, Hiom), 8.17 (dd, 1HJ,=0.78 Hz,J,=8.04 Hz,
Harom), 7.95 (dt, 1H3,=0.95 Hz,3,=7.38 Hz, Hiom), 7.89 (dd, 1HJ;=1.08 Hz,J,=7.44 Hz,
Harom), 7.63 (t, 1HJ=7.70 Hz, Hiom), 7.52 (t, 1HJ=7.20 Hz, Hiom), 7.46 (dt, 1HJ;=1.06
Hz, J,=7.69 Hz, Hiom), 3.63 (t, 4HJ=4.58 Hz, CH), 2.66 (t, 4HJ=4.51 Hz, CH), 2.33 (s,
3H, CHy); *C NMR (150 MHz, DMSOdg): &/ppm= 157.28 (s), 146.94 (s), 144.31 (s), 136.10
(s), 133.18 (d), 130.63 (d), 127.53 (d), 124.65 1@4.60 (d), 122.58 (d), 119.46 (s), 119.41
(d), 116.33 (d), 115.91 (s), 114.26 (d), 89.09 &).88 (t, 2C), 52.10 (t, 2C), 45.77 (q);
Found: C, 73.76; H, 5.81; N, 20.40. Calc. fortioNs: C, 73.88; H, 5.61; N, 20.51 %; MS
(ESI): m/z= 342.2 ((M+1]).

5.3.3.5 5-(3,5-Dimethyl-1-piperazinyl)benzimidaz@fa]quinoline-6-carbonitrile22.

Following the above general method, compodsd100 mg, 0.36 mmol) reacted with 2,6-
dimethylpiperazine (0.100 g, 0.87 mmol) after 3fhr@diation to yield 60 mg (47 %) &2

as yellow powder; m.p. 247-250 °&4 NMR (300 MHz, DMSOdg): d/ppm= 8.73 (d, 1H,
J=8.46 Hz, Hiom), 8.56 (d, 1HJ=7.86 Hz, Hiom), 8.14 (d, 1HJ=8.19 Hz, Hwom), 7.93 (t,
1H, J=7.88 Hz, Hiom), 7.87 (d, 1H,J=7.86 Hz, Hrom), 7.61 (t, 1HJ=7.53 Hz, Hiom), 7.51 (t,
1H, J=7.45 Hz, Hiom), 7.44 (t, 1H,J=7.63 Hz, Hom), 3.60 (d, 2HJ=11.16 Hz, CH), 3.10
(m, 2H, CH), 3.04 (d, 2H}=11.11 Hz, CH), 1.05 (d, 6H,J=5.97 Hz, CH); *C NMR (150
MHz, DMSO-d): d/ppm= 157.06 (s), 147.13 (s), 144.36 (s), 136.14133.08 (d), 130.54
(s), 127.53 (d), 127.68 (d), 124.60 (d), 124.45 (@R.47 (d), 119.49 (s), 119.41 (s), 119.33
(d), 116.30 (d), 115.99 (s), 114.19 (d), 100.41%9)01 (t, 2C), 50.85 (d, 2C), 39.24 (q, 2C);
Found: C, 74.18; H, 6.16; N, 19.60. Calc. fapNs: C, 74.34; H, 5.96; N, 19.70 %; MS
(ESI): m/z= 356.3 ([M+1]).

5.4 Synthesis of 2,5-diamino substituted benzimidafl,2-alquinolines

5.4.1 a-(1H-benzimidazol-(3H)-idene)-2-chloro-4-fluoyeeaxobenzenepropanenitrilé3. A
solution of (H-benzimidazol-2-yl)acetonitrile 2 (1.63 g, 10.40 mmol) and 2-chloro-4-
fluorobenzoyl chloride11 (2.00 g, 10.40 mmol) in pyridine (13 ml) was uid for 1.5 h.
After being cooled to room temperature, the reactioxture was poured into water (100 ml)

and the precipitated solid was filtered off andrystallized from ethanol to obtaih3 as a



brown powder(1.36 g, 49 %); m.p. >300 °GH NMR (300 MHz, DMSOds): 8/ppm=13.10
(bs, 2H, NH), 7.59-7.51 (m, 4H, aldn), 7.36-7,30 (m, 3H, kbm); °C NMR (75 MHz,
DMSO-ds): d/ppm= 184.75 (s), 162.40 (3=247.17 Hz), 150.84 (s), 137.56 (=3.50
Hz), 131.24 (sJcr=10.75 Hz), 130.86 (s), 130.65 (@;r=9.17 Hz), 124.14 (d, 2C), 120.30
(s), 117.46 (dJc=25.01 Hz), 114.83 (dlc=21.13 Hz), 112.74 (d, 2C), 67.77 (s).

5.4.2 2-Fluoro-5-0x0-5,7-dyhidrobenzimidgg2-a/quinoline-6-carbonitrile15. A solution
of compoundl3 (1.00 g, 3.37 mmol) and t-BuOK (0.88 g, 7.84 mmpoIPMF (12 ml) was
refluxed for 2 h. After cooling, the reaction mixtuwas evaporated under vacuum, and the
residue was triturated with water (50 ml). The hesg solid was filtered off and
recrystallized from ethanol to obtals as a white powder (0.85 g, 96 %); m.p. >300%¢€.
NMR (300 MHz, DMSO#€k): &/ppm= 8.29 (dd, 1H};=6.99 Hz,J,=8.79 Hz, Hom), 8.19 (d,
1H, J=8.10 Hz, Hiom), 8.13 (dd, 1H,);=2.30 Hz,J,=11.06 Hz, Hiom), 7.48 (dd, 1H,,=0.84
Hz, J,=7.86 Hz, Hom), 7.27 (dd, 1H,J;=0.95 Hz,J,=6.20 Hz, Hiom), 7.23 (dt, 1HJ;=2.19
Hz, J,=8.53 Hz, Hiom), 7.11(dt, 1H,J;=1.10 Hz,J,=7.87 Hz, Hiom); °C NMR (150 MHz,
DMSO-ds): d/ppm= 171.64 (s), 163.59 (3c=245.44 Hz), 154.08 (s), 137.13 (B=5.85
Hz), 130.90 (s), 128.02 (dc=10.45 Hz), 122.99 (d), 121.30 (s), 120.27 (s),.089d),
116.35 (d), 112.31 (d), 110.33 @~=21.68 Hz), 101.83 (dc;=27.06 Hz), 73.59 (s).

5.4.3 5-chloro-2-fluorobenzimidaZin2-a/quinoline-6-carbonitrilel?.

A solution of 0.60 g (2.15 mmol) 2-fluoro-5-ketolzémidazd1,2-a]quinoline-6-carbonitrile
and 0.24 g (1.15 mmol) P&ih POCE (12 ml) was refluxed for 1.5 h. After cooling, the
reaction mixture was evaporated under vacuum amdetsidue was triturated with water (10
mL). The resulting solid was filtered off and wadhsith water to obtain 17 as a yellow
powder (0.62 g, 96 %); m.p. 250-257 °6. NMR (300 MHz, DMSOd): &/ppm= 8.71 (d,
1H, J=8.49 Hz, Hiom), 8.58 (dd, 1H,,=2.27 Hz,3,=10.37 Hz, Hiom), 8.41 (dd, 1H,),=6.06
Hz, J,=9.12 Hz, H;om), 8.00 (dd, 1HJ;=1.32 Hz,J,=7.67 Hz, Hiom), 7.67—7.60 (m, 2H,
Harom), 7.57 (dt, 1H,3:=1.34 Hz,J,=7.61 Hz, Hom); *C NMR (150 MHz, DMSOds):
o/ppm= 165.29 (SJc=253.77 Hz), 144.34 (s), 143.82 (s), 142.18 (sh.83 (s,Jcr=12.18
Hz), 130.91 (d,Jc=10.95 Hz), 130.21 (s), 125.66 (d), 124.13 (d),.220(d), 116.32 (s,
Jc=1.61 Hz), 114.99 (d), 114.01 (d;~=23.40 Hz), 113.32 (s), 103.43 (@=27.53 Hz),
101.64 (s).

5.4.4 General method for preparation of compound®-29



Compounds23-39 were prepared by reacting/ with excess of the appropriate amine in
acetonitrile (10 mL) under microwave irradiation0O8W power) at 170 °C and 40 bar
pressure for the required reaction time. After caplthe reaction mixture was filtered off and
and the crude solid was purified by column chromaphy on SiQ using

dichloromethane/methanol 100:1 as eluent.

5.44.1 2,5-Bis(methylamino)benzimidazo[1,2-a]qlime6-carbonitrile 23.
Following the above general method, compoa@d50 mg, 0.50 mmol) reacted with 33 %
solution of methylamine in ethanol (0.26 ml, 1.96hat) after 12 h of irradiation to yield 35
mg (57 %) of23 as light brown powder; m.p. >280 °&4 NMR (300 MHz, DMSOd):
&/ppm= 8.29 (d, 1HJ=8.07 Hz, Hiom), 8.08 (d, 1HJ=9.21 Hz, Hiom), 7.89 (d, 1HJ=5.16
Hz, NH), 7.69 (dd, 1HJ;=0.78 Hz,3,=7.89 Hz, Hom), 7.55 (d, 1HJ=1.62 Hz, Hiom), 7.41
(t, 1H, J=7.52 Hz, Hiom), 7.33 (dt, 1HJ3,=1.03 Hz,J,=7.73 Hz, Hiom), 7.06 (d, 1HJ=4.62
Hz, NH), 6.78 (dd, 1HJ;=1.86 Hz,J,=9.18 Hz, Hiom), 3.39 (d, 3HJ=4.98 Hz, CH), 2.93
(d, 3H,J=4.59 Hz, CH); *C NMR (75 MHz, DMSOd): 8/ppm= 153.99 (s, 2C), 152.41 (s),
137.26 (s), 131.06 (s), 126.07 (d), 124.61 (d),.421d), 118.93 (s), 117.96 (d), 113.94 (d),
109.72 (d), 104.98 (s), 96.56 (d), 94.79 (s), 839432.41 (q), 29.74 (q); Found: C, 71.60;
H, 5.09; N, 23.31. Calc. forgHisNs: C, 71.74; H, 5.02; N, 23.24 %; MS (ESty/z= 302.4
([M+1]").

5.4.4.2 2,5-Bis(butylamino)benzimidazo[1,2-aJquinet6-carbonitrile 24. Following the
above general method, compoubid (100 mg, 0.34 mmol) reacted withbutylamine (0.18
ml, 1.80 mmol) after 4 h of irradiation to yield &g (57 %) of24 as light yellow powder;
m.p. 150-153 °C*H NMR (600 MHz, DMSOds): d/ppm= 8.26 (d, 1HJ=8.22 Hz, Hrom),
8.16 (d, 1HJ=9.18 Hz, Hiom), 7.67 (d, 1H,J=7.86 Hz, Hiom), 7.64 (t, 1HJ=6.09 Hz, NH),
7.61 (s, 1H, Hom), 7.37 (t, 1H,J=7.67 Hz, Hom), 7.28 (dt, 1H,J;=1.08 Hz,J,=7.76 Hz,
Harom), 6.94 (t, 1H,J=5.22 Hz, NH), 6.77 (dd, 1H;=1.98 Hz,J,=9.18 Hz, Hom), 3.81 (q,
2H, J=6.88 Hz, CH), 3.25 (q, 2HJ=6.36 Hz, CH), 1.74 (m, 1H, Ch), 1.63 (m, 2H, CH),
1.46 (m, 2H, CH), 1.42 (m, 2H, CH), 0.96 (t, 3HJ=7.38 Hz, CH), 0.94 (t, 3HJ=7.38 Hz,
CHs); **C NMR (75 MHz, DMSOd): &/ppm= 153.19 (s), 151.18 (s), 150.61 (s), 145.33 (s
137.37 (s), 131.28 (s), 126.40 (d), 124.08 (d),.92@d), 119.06 (s), 118.42 (d), 113.74 (d),
109.01 (d), 105.08 (s), 97.17 (d), 68.35 (s), 44tPA2.51 (t), 32.27 (t), 31.09 (t), 20.25 (1),
19.72 (t), 14.24 (q, 2C); Found: C, 74.75; H, 7.R0:18.25. Calc. for @H,7/Ns: C, 74.72; H,
7.06; N, 18.17 %; MS (ESIjn/z= 386.5 ([M+1]).



5.4.4.3 2,5-Bis[(1-methylethyl)amino]benzimidazafa]quinoline-6-carbonitrile25.

Following the above general method, compoufd(100 mg, 0.34 mmol) reacted with
isopropylamine (0.40 ml, 2.35 mmol) after 7 h gadiation to yield 31 mg (26 %) &5 as
white powder; m.p. 240-245 °CH NMR (300 MHz, DMSOds): d/ppm= 8.27 (d, 1H,
J=8.19 Hz, Hiom), 8.21 (d, 1HJ=9.24 Hz, Hom), 7.68 (d, 1HJ=7.80 Hz, Hiom), 7.62 (d,
1H, J=1.30 Hz, Hrom), 7.38 (t, 1HJ=7.56 Hz, Hiom), 7.29 (t, 1HJ=7.40 Hz, Hom), 7.11 (d,
1H, J=8.55 Hz, NH), 6.90 (d, 1HJ=7.68 Hz, NH), 6.78 (dd, 1H;=1.29 Hz,J,=9.03 Hz,
Harom), 4.83—4.72 (m, 1H, CH), 3.91-3.80 (m, 1H, CHR8L(t, 6H,J=6.30 Hz, CH), 1.25 (t,
6H, J=6.27 Hz, CH); **C NMR (75 MHz, DMSOds): &/ppm= 152.37 (s, 2C), 152.33 (s),
150.53 (s), 145.44 (s), 137.49 (s), 131.28 (s),926d), 124.10 (d), 121.02 (d), 118.93 (s),
118.45 (d), 113.73 (d), 109.14 (d), 105.06 (s)561d), 68.90 (s), 46.12 (d), 43.66 (d), 23.67
(q, 2C), 22.78 (q, 2C); Found: C, 73.84; H, 6.53;18.63. Calc. for &H»3Ns: C, 73.92; H,
6.49; N, 19.59 %; MS (ESIn/z= 358.2 ([M+1]).

5.4.4.4  2,5-Bis[(2-methylpropyl)amino]benzimidaz@Fa]quinoline-6-carbonitrile  26.
Following the above general method, compour®d (100 mg, 0.34 mmol) reacted with
isobutylamine (0.50 ml, 5.04 mmol) after 6 h ofadration to yield 25 mg (19 %) &6 as
yellow crystals; m.p. 128-133 °GH NMR (300 MHz, DMSOeg): &ppm= 8.29 (d, 1H,
J=8.10 Hz, Hiom), 8.19 (d, 1HJ=9.24 Hz, H,om), 7.76 (t, 1H,J=6.16 Hz, NH), 7.68 (d, 1H,
J=7.86 Hz, Hiom), 7.67 (S, 1H, Hom), 7.37 (t, 1HJ=7.37 Hz, Hiom), 7.30 (dt, 1HJ,=1.05
Hz, J,=7.67 Hz, Hiom), 7.04 (t, 1HJ=5.48 Hz, NH), 6.81 (dd, 1H;=1.64 Hz,J,=9.17 Hz,
Harom), 3.62 (t, 2H,J=6.63 Hz, CH), 3.10 (t, 2HJ=6.11 Hz, CH), 2.20-2.11 (m, 1H, CH),
1.99-1.91 (m, 1H, CH), 1.03 (d, 6H56.66 Hz, CH), 0.98 (d, 6H,J=6.63 Hz, CH); **C
NMR (75 MHz, DMSO¢k): &/ppm= 153.39 (s), 151.25 (s), 150.60 (s), 145.4341(37.39 (s),
131.29 (s), 126.41 (d), 124.08 (d), 120.97 (d),.918s), 118.43 (d, 2C), 113.73 (d, 2C),
105.11 (s), 51.38 (t), 50.60 (t), 28.72 (d), 28(dB 20.83 (g, 2C), 20.04 (g, 2C); Found: C,
74.25; H, 7.10; N, 18.56. Calc. fopfEl,7Ns: C, 74.77; H, 7.06; N, 18.17 %; MS (ESt/z=
386.3 ([M+1]).

5445 2,5-Bis[(3-methylbutyl)amino]benzimidaz@fa)quinoline-6-carbonitrile  27.
Following the above general method, compourd (200 mg, 0.72 mmol) reacted with
isopentylamine (0.17 ml, 1.50 mmol) after 6 h ahdtiation to yield 34 mg (28 %) &7 as
white powder; m.p. 111-113 °GH NMR (300 MHz, DMSOds): &/ppm= 8.27 (d, 1H,
J=8.19 Hz, Hiom), 8.13 (d, 1HJ=9.26 Hz, Hiom), 7.68 (d, 1HJ=7.48 Hz, Hom), 7.62 (s,



1H, Harom), 7.61 (t, 1H,J=5.68 Hz, NH), 7.38 (t, 1H]=7.66 Hz, Hiom), 7.28 (t, 1HJ=7.83
Hz, Harom), 6.93 (t, 1H,J=4.63 Hz, NH), 6.78 (d, 1Hl=9.26 Hz, H,om), 3.85 (g, 2H,J=6.88
Hz, CH), 3.26 (g, 2H,J=7.48 Hz, CH), 1.81-1.69 (m, 2H, CH), 1.66 (q, 2B57.12 Hz,
CH,), 1.55 (q, 2HJ=6.77 Hz, CH), 0.97 (d, 6H,J=5.26 Hz, CH), 0.94 (d, 6HJ=5.33 Hz,
CHs); °C NMR (150 MHz, DMSOde): &/ppm= 157.72 (s), 150.90 (s), 150.13 (s), 145.06 (s
136.99 (s), 130.86 (s), 130.52 (s), 125.91 (d),.323d), 120.92 (d), 118.34 (s), 117.97(d),
113.18 (d), 108.11 (d), 104.86 (s), 96.85 (d), BQtH 40.16 (t), 38.47 (1), 37.51 (t), 25.39 (d),
25.28 (d), 22.40 (q, 4C); Found: C, 75.37; H, 718417.09. Calc. for §Ha:Ns: C, 75.51; H,
7.56; N, 16.93 %; MS (ESljn/= 414.3 (IM+1]).

5.4.4.6 2,5-Bis(hexylamino)benzimidazo[1,2-a]quimai6-carbonitrile 28. Following the
above general method, compouliti(100 mg, 0.34 mmol) reacted with hexylamine ((hdy
3.90 mmol) after 6 h of irradiation to yield 58 rigfl %) of28 as light yellow powder; m.p.
156—160 °C'H NMR (600 MHz, DMSOds): &/ppm= 8.26 (d, 1HJ=8.13 Hz, Hom), 8.13
(d, 1H,J=9.15 Hz, Hiom), 7.69 (s, 1H, Hom), 7.68 (d, 1HJ=7.42 Hz, Hiom), 7.61 (s, 1H,
NH), 7.37 (t, 1H,J=7.44 Hz, Hiom), 7.28 (dt, 1H,J:=0.99 Hz,J,=7.68 Hz, Hiom), 6.97 (t,
1H, J=5.13 Hz, NH), 6.76 (dd, 2Hl;=1.53 Hz,J,=9.09 Hz, H/om), 3.80 (t, 2H,J=6.45 Hz,
CH,), 3.24 (g, 2HJ=6.29 Hz, CH), 1.74 (p, 2HJ=7.29 Hz, CH), 1.64 (p, 2HJ=7.14 Hz,
CH,), 1.49-1.37 (m, 4H, C#), 1.37-1.28 (m, 8H, CH, 0.89 (t, 3H,J=6.75 Hz, CH), 0.87 (t,
3H, J=6.81 Hz, CH); *C NMR (75 MHz, DMSOds): &/ppm= 153.17 (s), 151.16 (s), 150.62
(s), 145.45 (s), 137.39 (s), 131.29 (s), 126.3918%.06 (d, 2C), 120.24 (d, 2C), 118.96 (s),
118.41 (d), 113.72 (d), 105.10 (s), 44.37 (t), 8213, 31.69 (t), 31.44 (t), 30.11 (t), 28.97 (1),
26.79 (t), 26.08 (1), 22.58 (t), 22.49 (t), 14.39,(14.31 (q); Found: C, 76.19; H, 7.96; N,
15.85. Calc. for GHasNs: C, 76.15; H, 7.99; N, 15.86 %; MS (ESH)/z= 442.6 ((M+1]).

5.4.4.7 2,5-Bis(dimethylamino)benzimidazo[1,2-ahqline-6-carbonitrile29. Following the
above general method, compoutid(260 mg, 0.88 mmol) reacted with dimethylamin®QO.
ml, 13.60 mmol) after 4 h of irradiation to yiel®&2 mg (52 %) oR9 as light brown powder;
m.p. 235-238 °C'H NMR (300 MHz, DMSOds): 8/ppm= 8.25 (d, 1HJ=8.52 Hz, Hom),
7.89 (d, 1H,3=9.30 Hz, Hwom), 7.79 (d, 1H,J=7.65 Hz, Hwom), 7.45 (t, 1H,J=7.46 Hz,
Harom), 7.40 (t, 1H,J=8.25 Hz, Hiom), 7.37 (S, 1H, Hom), 6.92 (d, 1HJ=8.19 Hz, H/om),
3.29 (s, 6H, Ch), 3.19 (s, 6H, Ch); *C NMR (150 MHz, DMSOdg): 8/ppm= 158.74 (s),
152.65 (s), 148.57 (s), 144.76 (s), 138.11 (s),4BQs), 129.49 (d), 124.04 (d), 121.59 (d),
118.68 (d), 117.18 (s), 113.77 (d), 109.29 (d),.697s), 95.52 (d), 81.69 (s), 44.57 (q, 2C),



39.81 (g, 2C); Found: C, 72.89; H, 5.83; N, 21Qalc. for GoHNs: C, 72.93; H, 5.81; N,
21.26 %; MS (ESI)m/z 330.4 ((M+1]).

5.4.4.8 2,5-Bis(diethylamino)benzimidazo[1,2-a]aqulime-6-carbonitrile 30. Following the
above general method, compoutitl(80 mg, 0.27 mmol) reacted with diethylamine (Onil2
1.10 mmol) after 5 h of irradiation to yield 36 {8 %) of30 as yellow crystals; m.p. 211—
215 °C."H NMR (300 MHz, DMSO#): 8/ppm= 8.27 (d, 1HJ=7.65 Hz, Hrom), 7.95 (d, 1H,
J=9.39 Hz, Hiom), 7.86 (dd, 1HJ;=1.32 Hz,J,=7.56 Hz, Hiom), 7.50 (s, 1H, Hom), 7.48 (t,
1H, J=7.60 Hz, Hiom), 7.44 (dt, 1H3,=1.29 Hz,J,=7.70 Hz, Hwom), 7.01 (dd, 1H),=2.18
Hz, J,=9.41 Hz, Hiom), 3.64 (g, 4HJ=7.03 Hz, CH), 3.60 (q, 4HJ=7.02 Hz, CH), 1.27 (t,
6H, J=7.00 Hz, CH), 1.16 (t, 6HJ=7.05 Hz, CH); *C NMR (75 MHz, DMSOs): &/ppm=
158.28 (s), 151.20 (s), 148.51 (s), 145.18 (s),18%s), 130.93 (s), 129.83 (d), 124.78 (d),
122.50 (d), 119.56 (d), 117.16 (s), 114.04 (d),.24Qd), 109.93 (s), 95.58 (d), 87.94 (s),
47.53 (t, 2C), 44.93 (t, 2C), 13.56 (g, 2C), 12A662C); Found.: C, 74.29; H, 7.16; N, 18.55.
Calc. for G4Hx/Ns: C, 74.77; H, 7.06; N, 18.17 %; MS (ESti= 386.5 ([M+1]).

5.4.4.9 2,5-Bis(dipropylamino)benzimidazo[1,2-aJtpline-6-carbonitrile31. Following the
above general method, compoulidl(100 mg, 0.34 mmol) reacted with dipropylamine(0.
ml, 5.90 mmol) after 4 h of irradiation to yield 3&g (23 %) of31 as yellow powder; m.p.
223-226 °CH NMR (300 MHz, DMSOds): 8/ppm= 8.23 (d, 1HJ=7.92 Hz, Hiom), 7.95
(d, 1H,3=9.39 Hz, Hiom), 7.85 (dd, 1HJ);=1.07 Hz %L=8.11 Hz, Hom), 7.50 (t, 1HJ=7.23
Hz, Haom), 7.50 (s, 1H), 7.44 (dt, 1H,=1.04 Hz,J,=7.31 Hz, Hiom), 7.02 (dd, 1H,,=1.88
Hz, J,=9.35 Hz, Hiom), 3.62-3.52 (m, 8H, Ch, 1.78-1.59 (m, 8H, Ch, 1.01 (t, 6HJ=7.34
Hz, CHs), 0.88 (t, 6HJ=7.31 Hz, CH); **C NMR (75 MHz, DMSOs): &/ppm= 159.10 (s),
151.52 (s), 148.71 (s), 145.27 (s), 139.14 (s),9B(0s), 129.94 (d), 124.77 (d), 122.24 (d),
119.55 (d), 117.41 (s), 113.85 (d), 110.27 (d),.289s), 95.85 (d), 86.46 (s), 55.21 (t, 2C),
52.73 (t, 2C), 21.22 (t, 2C), 20.33 (t, 2C), 11(d52C), 11.68 (g, 2C); Found: C, 76.14; H,
8.06; N, 15.80. Calc. for gH3sNs: C, 76.15; H, 7.99; N, 15.86 %; MS (EShv/z= 442.6
(IM+1]%).

5.4.4.10 2,5-Bis(dipentylamino)benzimidazo[1,2-apgline-6-carbonitrile32. Following the
above general method, compoutid(150 mg, 0.50 mmol) reacted with dipentylamine3QO.
ml, 3.90 mmol) after 4 h of irradiation to yield hag (27 %) of32 as yellow powder; m.p.
126-128 °C!H NMR (300 MHz, DMSO#d): &/ppm= 8.23 (d, 1HJ=8.40 Hz, Hom), 7.92
(d, 1H,J=9.36 Hz, Hiom), 7.84 (d, 1HJ=7.83 Hz, Hiom), 7.50 (t, 1H,J=7.20 Hz, Hiom),



7.48 (s, 1H,J=1.95 Hz, Hiom), 7.40 (t, 1H,J=7.23 Hz, Hiom), 6.93 (dd, 1HJ;=1.82 Hz,
J,=9.36 Hz Hz, Hom), 3.61-3.52 (m, 8H, C#), 1.72—-1.65 (m, 4H, CH, 1.64-1.60 (m, 4H,
CH,), 1.44-1.63 (m, 8H, CH, 1.29-1.21 (m, 8H, C#), 0.92 (t, 6H,J=6.89 Hz, CH), 0.82 (t,
6H, J=6.89 Hz, CH); *C NMR (150 MHz, DMSOds): d/ppm= 158.45 (s), 150.98 (s),
148.21 (s), 144.79 (s), 138.61 (s), 130.40 (s),329d), 124.30 (d), 121.52 (d), 119.06 (d),
116.80 (s), 113.34 (d), 109.70 (d), 108.83 (s)36%d), 86.15 (s), 52.95 (t, 2C), 50.62 (t, 2C),
28.64 (t, 2C), 28.44 (t, 2C), 27.07 (t, 2C), 26(22C), 21.99 (t, 2C), 21.77 (t, 2C), 13.93 (q,
2C), 13.78 (g, 2C); Found: C, 78.06; H, 9.24; N.,7D2 Calc. for GsHsiNs: C, 78.07; H, 9.28;
N, 12.65 %; MS (ESm/z= 554.8 ([M+1]).

5.2.4.11 2,5-Di-(1-pyrrolidinyl)benzimidazo[1,2-ajepoline-6-carbonitrile33. Following the
above general method, compoutid(210 mg, 0.70 mmol) reacted with pyrrolidine (0rhQ
1.22 mmol) after 5 h of irradiation to yield 58 R %) of33 as yellow powder; m.p. 265—
270 °C."H NMR (300 MHz, DMSOd): 8/ppm= 8.16 (d, 1HJ=8.22 Hz, Hom), 7.97 (d, 1H,
J=9.24 Hz, Hrom), 7.71 (d, 1HJ=7.68 Hz, Hrom), 7.39 (t, 1HJ=7.56 Hz, Hrom), 7.31 (t, 1H,
J=7.71 Hz, Hiom), 7.19 (d, 1H,J=1.86 Hz, Hiom), 6.63 (dd, 1HJ;=1.98 Hz,J,=9.27 Hz,
Harom), 3.93 (t, 4HJ=6.54 Hz, CH), 3.44 (t, 4HJ=6.24 Hz, CH), 2.05-2.03 (m, 4H, C}),
1.99-1.96 (m, 4H, CH; *C NMR (150 MHz, DMSOdg): 8/ppm= 154.67 (s), 150.24 (s),
149.63 (s), 145.06 (s), 137.52 (s), 130.55 (s),.8R%d), 123.76 (d), 120.85 (d), 118.77 (s),
118.07 (d), 113.42 (d), 108.60 (d), 106.61 (s)38%d), 73.78 (s), 54.03 (t, 2C), 47.47 (t, 2C),
25.33 (t, 2C), 24.94 (t, 2C); Found: C, 75.36; ;36 N, 18.51. Calc. for £H2aNs: C, 75.56;
H, 6.08; N, 18.36 %; MS (ESlin/z= 382.5 ([M+1]).

5.4.4.12 2,5-Di-(1-piperidinyl)benzimidazo[1,2-a]galine-6-carbonitrile 34. Following the
above general method, compoutid(420 mg, 1.42 mmol) reacted with piperidine (OB
1.50 mmol) after 10 h of irradiation to yield 15@ 43 %) of34 as yellow powder; m.p.
248-250°C. 'H NMR (300 MHz, DMSOds): 8/ppm= 8.33 (d, 1H,J=8.34 Hz, Hom), 7.89
(d, 1H,J=2.34 Hz, H;om), 7.82 (dd, 1H,,=7.92 Hz,J,=0.90 Hz, Hom), 7.70 (d, 1HJ=2.34
Hz, Hiom), 7.48 (dt, 1H,J,=0.90 Hz,J,=7.80 Hz, Hiom), 7.43 (dt, 1HJ;=1.35 Hz,J,=7.17
Hz, Harom), 7.23 (dd, 1H,J;=2.40 Hz,J,=9.42 Hz, Hiom), 3.59 (m, 4H, CH), 3.54 (t, 4H,
J=5.38 Hz, CH), 1.80 (m, 4H, Ch), 1.70 (m, 8H, Ch); **C NMR (75 MHz, DMSO#):
o/ppm= 158.32 (s), 153.41 (s), 148.29 (s), 144.62 X38.33 (s), 130.34 (s), 128.70 (d),
124.21 (d), 121.95 (d), 118.89 (d), 116.91 (s),.933d), 111.72 (d), 109.15 (s), 97.65 (d),
83.63 (s), 53.56 (t, 2C), 47.92 (t, 2C), 26.12(@), 24.90 (t, 2C), 23.80 (t), 23.68 (t); Found:



C, 76.05; H, 6.75; N, 17.20. Calc. fopH,7Ns: C, 76.25; H, 6.65; N, 17.10 %; MS (ESI):
m/z 410.5 ([M+1]).

5.4.4.13 2,5-Di-(4-morpholinyl)benzimidazo[1,2-aijgpline-6-carbonitrile35. Following the
above general method, compoutid(70 mg, 0.24 mmol) reacted with morpholine (0.20 m
2.31 mmol) after 5 h of irradiation to yield 73 njg4 %) of 35 as yellow powder; m.p.
>300°C. '*H NMR (300 MHz, DMSOds): 8/ppm= 8.39 (d, 1H,=8.16 Hz, Hom), 7.98 (d,
1H, J=9.24 Hz, Hiom), 7.85 (dd, 1H,,=0.84 Hz,J,=7.89 Hz, Hiom), 7.73 (d, 1HJ=1.71 Hz,
Harom), 7.50 (t, 1HJ=7.23 Hz, Hiom), 7.43 (dt, 1H,;=0.93 Hz,J,=7.70 Hz, Hom), 7.23 (dd,
1H, J;=1.83 Hz,J,=9.34 Hz, Hiom), 3.89 (t, 4H,J=4.38 Hz, CH), 3.84 (t, 4H,J=5.19 Hz,
CHy), 3.59 (t, 4H,J=4.35 Hz, CH), 3.53 (t, 4H,J=4.69 Hz, CH); **C NMR (150 MHz,
DMSO-tg): &/ppm= 157.19 (s), 153.81 (s), 147.92 (s), 144.55188.19 (s), 130.33 (s),
128.85 (d), 124.41 (d), 122.18 (d), 119.06 (d),.3I§s), 114.26 (d), 111.49 (d), 109.88 (s),
98.03 (d), 84.90 (s), 66.54 (t, 2C), 65.85 (t, Z2.50 (t, 2C), 46.74 (t, 2C); Found: C, 69.62;
H, 5.65; N, 16.97. Calc. for £H.3NsO,: C, 69.72; H, 5.61; N, 16.94 %; MS (ESij/z=
414.5 (IM+1]).

5.4.4.14 2,5-Di-(1-piperazinyl)benzimidazo[1,2-aljupline-6-carbonitrile 36. Following the
above general method, compoubd (50 mg, 0.17 mmol) reacted with piperazine (0.8§00
1.20 mmol) after 1 h of irradiation to yield 50 ¥ %) of36 as yellow crystals; m.p. >300
°C.'H NMR (300 MHz, DMSO#s): &ppm= 8.39 (d, 1HJ=8.01 Hz, Hiom), 7.97 (d, 1H,
J=9.33 Hz, Hiom), 7.85 (dd, 1HJ,=1.20 Hz,J,=7.86 Hz, Hiom), 7.73 (d, 1HJ=1.92 Hz,
Harom), 7.50 (dt, 1H,J,=0.97 Hz,3,=7.57 Hz, Hiom), 7.44 (dt, 1HJ:=1.45 Hz,J,=7.71 Hz,
Harom), 7.25 (dd, 1H),=2.03 Hz,J,=9.40 Hz, Hiom), 3.50 (m, 8H, CH), 2.99 (t, 4HJ=4.68
Hz, CH), 2.93 (t, 4HJ=4.89 Hz, CH); **C NMR (75 MHz, DMSO#€): d/ppm= 158.36 (s),
154.39 (s), 145.06 (s), 138.75 (s), 130.83 (s),32%d), 124.80 (d), 122.57 (d), 119.44 (d),
117.33 (s), 114.44 (d), 114.64 (d), 112.04 (d),.Q09s), 100.53 (s), 98.24 (d), 84.42 (s),
54.09 (t, 2C), 48.13 (t, 2C), 46.47 (t, 2C), 45(82C); Found: C, 70.12; H, 6.00; N, 23.88.
Calc. for G4HasN7: C, 70.05; H, 6.12; N, 23.83 %: MS (ESt{z= 412.2 ([M+1]).

5.4.4.15  2,5-Di(4-methyl-1-piperazinyl)benzimidaz@fa]quinoline-6-carbonitrile  38.
Following the above general method, compow7d(100 mg, 0.34 mmol) reacted with 1-
methylpiperazine (0.10 ml, 0.90 mmol) after 3 hroddiation to yield 50 mg (34 %) &8 as
yellow powder; m.p. 250-256 °CH NMR (600 MHz, DMSOdg): &ppm= 8.38 (d, 1H,
J=8.28 Hz, Hiom), 7.94 (d, 1H,J=9.36 Hz, Hiom), 7.83 (dd, 1HJ:=0.96 Hz,J,=8.22 Hz,



Harom), 7.73 (d, 1H,J=2.16 Hz, Hom), 7.49 (dt, 1H,);=0.62 Hz,J,=7.50 Hz, Hiom), 7.43 (d

t, 1H, J;=1.00 Hz,J,=7.73 Hz, Hrom), 7.25 (dd, 1H);=2.22 Hz,J,=9.36 Hz, Hiom), 3.58 {t,
4H, J=4.80 Hz, CH), 3.56 (t, 4H,J=5.10 Hz, CH), 2.62 (bs, 4H, CbJ, 2.54 (t, 4H,J=4.92
Hz, CH), 2.31 (s, 3H, Ch), 2.27 (s, 3H, Ch; *C NMR (75 MHz, DMSOsd): &/ppm=
157.46 (s), 153.55 (s), 148.06 (s), 144.55 (s),2B8s), 130.33 (s), 128.74 (d), 124.34 (d),
122.13 (d), 118.98 (d), 116.69 (s), 114.19 (d),.741d), 109.56 (s), 98.02 (d), 54.99 (t, 2C),
54.25 (t, 2C), 52.02 (t, 2C), 45.55 (t, 2C), 45(@8 45.66 (q); Found: C, 71.10; H, 6.73; N,
22.17. Calc. for @HagN7: C, 71.04; H, 6.65; N, 22.31 %; MS (ESHiz= 440.2 ((M+1]).

5.4.4.16 2,5-Di(3,5-dimethyl-1-piperazinyl)benziard[1,2-a]quinoline-6-carbonitrile 39.
Following the above general method, compod@d100 mg, 0.34 mmol) reacted with 2,6-
dimethylpiperazine (0.100 g, 0.90 mmol) after 3fhrn@diation to yield 51 mg (32 %) &9

as yellow powder; m.p. 233—-236 °&4 NMR (300 MHz, DMSOd): d/ppm= 8.27 (d, 1H,
J=7.95 Hz, Hom), 7.86 (d, 1H,J=9.36 Hz, Hiom), 7.81 (d, 1HJ=7.56 Hz, Hiom), 7.61 (s,
1H, Harom), 7.47 (t, 1H,J=7.68 Hz, Hiom), 7.41 (t, 1H,J=7.29 Hz, Hiom), 7.23 (dd, 1H,
J1=1.36 Hz,J,=9.68 Hz, H/om), 3.95 (d, 2H,J=10.74 Hz, CH), 3.54 (d, 2H,J=11.01 Hz,
CHy), 3.07 (m, 2H, CH), 3.00 (d, 2H=11.25 Hz, CH), 2.89 (m, 2H, CH), 2.46 (d, 2H,
J=9.54 Hz, CH), 1.11 (d, 6H,J=6.18 Hz CH), 1.05 (d, 6H,=6.18 Hz CH); **C NMR (75
MHz, DMSO-dg): &ppm= 157.71 (s), 153.68 (s), 148.73 (s), 145.091(38.77 (s), 130.60
(s), 129.31 (d), 124.71 (d), 122.45 (d), 119.38 d)/.29 (s), 114.44 (d), 112.07 (d), 109.65
(s), 101.52 (s), 98.15(d), 59.34 (t, 2C), 53.62@), 51.43 (d, 2C), 50.56 (d, 2C), 19.65 (q,
2C), 19.24 (q, 2C); Found: C, 71.72; H, 7.15; NJ131 Calc. for GgHsz3N7: C, 71.92; H, 7.11;
N, 20.97 %; MS (ESI)m/z= 468.2 ([M+1]).

4.4.5 4,4’-(6-cyanobenzimidazo[1,2-a]auinoline-2i$t)-bis(1,1-dimethylpiperazinium)-
jodide 37. A mixture of compound36 (50 mg, 0.12 mmol) and anhydrous potassium
carbonate (0.017 g, 0.11 mmol) was refluxed in augile (30 mL) with methyl jodide
(0.063 mL, 0.96 mmol) for 2 h. The reaction mixtusas concentrated under reduced
pressure to a volume of 5 mL and filtered off telgi pure compoun87 as yellow powder
(42 mg, 47 %); m.p. >30TC.

'H NMR (300 MHz, DMSO#d): 8/ppm= 8.55 (d, 1HJ=7.95 Hz, Hrom), 8.10 (d, 1H,J=9.30
Hz, Harom), 7.91 (dd, 1HJ;=0.93 Hz,J,=7.92 Hz, Hom), 7.88 (d, 1H,J=1.62 Hz, H;om),
7.57 (t, 1H,J=7.27 HZ, Hm), 7.50 (dt, 1HJ;=1.05 Hz,J,=7.89 Hz, H/om), 7.32 (dd, 1H,
J1=1.56 Hz,J,=9.33 Hz, Hiom), 3.97 (t, 8HJ=4.41 Hz, CH), 3.78 (t, 4HJ=4.34 Hz, CH),



3.69 (t, 4H,J=4.74 Hz, CH), 3.34 (s, 6H, Ch), 3.30 (s, 6H, Ch): °C NMR (150 MHz,
DMSO-ds): &/ppm= 155.95 (s), 152.79 (s), 148.37 (s), 144.50 188.08 (s), 130.24 (s),
129.18 (d), 124.75 (d), 122.53 (d), 119.35 (d),.21§s), 114.52 (d), 112.20 (d), 110.37 (s),
99.09 (d), 86.82 (s), 60.72 (t, 2C), 59.96 (t, Z).45 (q, 4C), 45.62 (q), 45.66 (t, 2C), 40.95
(t, 2C); Found: C, 46.39; H, 4.78; N, 13.70. Cébr.CygH3sloN7: C, 46.49; H, 4.88; N, 13.55
%; MS (ESI):m/z= 234.8 ([M+1]).

5.3 3D-QSAR modelling

3D-QSAR models were derived using antiproliferataivity data against against H460,
HCT 116, MCF-7 of the compounds presented in thigep and similar compounds whose
antiproliferative activities have been measuredtlie same laboratory and published
previously [15, 16]. Altogether 51 compounds wesedi (Table S1 in the Supplement).
Negative logarithmic values of concentrations tetise 50 % growth inhibition of the cell
lines (dCsg) were used as measure of biological activity fenerating 3D- QSAR models.
For the poorly active compounds whosegl@alues were not explicitly measured, but just
estimated as>10", ">10", 100", "> 100", plGy was set to 5.000, 4.301, 4.000, 3.301,
respectively.

3D structure of each compound was generated frenSMILES code using VolSurf+
3D structure generator. Molecular descriptors fachecompound, based on its 3D structure,
were generated by the VolSurf+ program [17]. Senésl28 descriptors that refer to
molecular size and shape, to hydrophilic and hyldobp: regions and to the balance between
them, to the "charge state" descriptors, to liplg@ty, to molecular diffusion, loB, logD, to
the presence/distribution of pharmacophoric desmsp to molecular flexibility, to H-bond
interaction, and to descriptors on some other egleADME properties were considered. The
definition of all 128 VolSurf+ descriptors is givanthe VolSurf+ manual [17, 18].

Using Partial Least Square (PLS) analysis, thdioglship between the 3D structure-
based molecular descriptors and biological acéisitivas studied. Autoscaling pretreatment,
by which every variable is the mean centered amateddo give unit variance, was applied.
For each cell line, different 3D-QSAR models weeagrated (models labeldd2, and3, for
the cell lines H460, HCT 116, and MCF-7, respetyiveThe number of significant latent
variables (nLV) and quality of the models were d®ieed using the leave-one-out (LOO)
cross-validation procedure. Standard deviationrodreof calculation (SDEC) and standard

deviation of error of prediction (SDEP) were castatl for each model. The PLS coefficients



of the obtained models were analyzed in order vestigate influence of each descriptor on

compounds’ antiproliferative activity.

5.4 Antiproliferative evaluation assay

The experiments were carried out on three humadrices, which are derived from
three cancer types: HCT 116 (colon carcinoma), Bl @éng carcinoma) and MCF-7 (breast
carcinoma) and one non-tumor cell line (HMLE-shGHmRmortalized human mammary
epithelial cells (kindly provided by Prof. R. Wemng, MIT). The tumor cells were cultured
as monolayers and maintained in Dulbecco's modiiagle medium (DMEM) supplemented
with 10 % fetal bovine serum (FBS), 2 mM L-glutasiri00 U/ml penicillin and 100g/ml
streptomycin, while HMLE-shGFP cells were maintdime a 1:1 mixture of DMEM + 10 %
FBS, insulin, hydrocortisone, and HUMEC medium (hhe Scientific) in a humidified
atmosphere with 5 % GGt 37 °C.

The growth inhibition activity was assessed asuesd previously [15, 16, 18]. The cell
lines were inoculated onto a series of standaravé-microtiter plates on day 0, at 3¥10
cells/mL (HCT 116, H 460) to 5xi@ells/mL (MCF-7), depending on the doubling tinoés
a specific cell line. Test agents were then addeten-fold dilutions (18 to 10* M) and
incubated for further 72 h. Working dilutions wedreshly prepared on the day of testing.
After 72 h of incubation the cell growth rate wasleated by performing the MTT assay,
which detects dehydrogenase activity in viablescélhe absorbance (A) was measured on a
microplate reader at 570 nm. The absorbance isttiingroportional to the number of living,
metabolically active cells. The percentage of gloWRG) of the cell lines was calculated
according to one or the other of the following tesgressions:

If (mean Aest— mean Aerg > 0, then PG = 100 x (meansA— mean Aerg / (Mean Ay —
meanAgero).

If (mean Aest— Mean Aerg < 0, then: PG = 100 x (meane&— mean Ayerg / Azero Where the
mean Ayero IS the average of optical density measurementx®defxposure of cells to the test
compound, the meand is the average of optical density measurements #ie desired
period of time and the mean;/Ais the average of optical density measuremenes dfie
desired period of time with no exposure of cellsthe test compound. The results are
expressed as Hg which is the concentration necessary for 50 %nbfbition. The 1Go
values for each compound are calculated from cdrat@mn-response curves using linear

regression analysis by fitting the test concerdratithat give PG values above and below the



reference valuei.e. 50 %). If however, for all of the tested concetinas produce PGs
exceeding the respective reference level of effegt PG value of 50), then the highest tested
concentration is assigned as the default valuegtwisi preceded by a ">" sign. Minimum two

individual experiments were carried out and eashpeint was performed in quadruplicate.

5.5 DNA binding experiments

The tested compounds were dissolved in DMSO as B0omM stock solutions. ct-DNA
(Sigma Aldrich, France) was prepared in water alatyzed overnight. Both were aliquoted

and stored at -20 °C to then be freshly dilutethenappropriate aqueous buffer.

5.5.1 DNA melting temperature

The DNA melting temperature analysis was performgdiescribed in [19, 20]. Briefly, ct-
DNA (20 uM) was incubated or not with 10 or 20 uNMtbe various tested compounds
(R=drug/base pair ratio of 0.5 or 1) in 1 mL BPHféu(6 mM NaHPQ,, 2 mM NaHPQ,, 1
mM EDTA, pH 7.1). The absorbency at 260 nm was mmeakin quartz cells using an
Uvikon XL spectrophotometer thermostated with d@ipekryostat every min over a range of
20 to 100 °C with an increment of 1 °C per min. Tha values were deduced from the
midpoint of the hyperchromic transition obtainednfr first-derivative plots. The variation of
melting temperature ATm) were obtained by subtracting the melting terapee
measurement of ct-DNA alone (control Tm) to thataoted with DNA incubated with the

compounds&Tm values = TRompound + DNA]= TMDNA alone])-

5.5.2 UV/Visible spectroscopy

The UV/Visible spectra were obtained essentiallgescribed [20, 21]. In a quartz cuvette of
10 mm pathlength containing compour8&sor 37 (20 uM) diluted in 1 mL of BPE buffer in
the absence or presence of increasing concentsatioct-DNA (1, 2, 4, 6, 8, 10, 20, 30, 40,
50, 60, 80, 100, 120, 140 uM). Due to precipitatarhnigher DNA/drug ratio, spectra were
only measured up to 80 uM 6f Each spectrum was recorded from 240 nm to 48@siny

an Uvikon XL spectrophotometer and referenced a&fgain cuvette containing DNA at

identical concentration.

5.5.3 Fluorescence spectroscopy



Fluorescence spectra were recorded from 400 tani#D@ssentially as described [15, 16, 22].
The fluorescent drugs (10 uM) were diluted in 1 aflBPE buffer in the presence or absence
of increasing concentrations of ct-DNA. The quenghtonstanKg,was deduced from Stern-
Volmer method where the ratio of fluorescence o ttompound alone ¢ over the
fluorescence of the compound in the presence BiNA- (F) is presented as a function of ct-
DNA concentration. In this configurationg/F = 1+#gJct-DNA]. The slopeKs, is considered

as an equilibrium constant for the static quencipirggess.

5.5.4 Circular dichroism

For circular dichroism, ct-DNA (50 pM) was incubéteith or without (control) increasing
concentrations of compoun@$ or 37 (1, 5, 10, 20, 30, 40, 50, 60 uM) in BPE. The abse
of intriniseque CD was validated using the highesicentration of compound (60 uM). The
CD spectra were collected in a quartz cell of 10 path length from 480 to 230 nm using a
J-810 Jasco spectropolarimeter at a controlled ¢eatyre of 20 °C fixed by a PTC-424S/L
peltier type cell changer (Jasco) as describedquely [19].

5.5.5 Topoisomerase | — mediated DNA relaxation@midoning activities

DNA intercalation and topoisomerase | poisoningvédas were evaluated using pUC19
supercoiled plasmid DNA and human topoisomerasddpggen, USA) as previously
described [19, 20, 23, 24].

5.5.6 DNase | footprinting

DNase | footprinting experiments were conductectieally as described [25, 26]. The gels
were exposed to storage screen for the appropragty at room temperature. The results

were collected using a Pharos-PMI equipment (BigRad
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Figure 2. SAR of amino substituted benzimidazo[1,2-a] quinoline-6-carbonitriles
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