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ABSTRACT ARTICLE HISTORY
Despite the crucial role of CDK2 in tumorigenesis, few inhibitors reached clinical trials for managing lung Received 25 September 2023
cancer, the leading cause of cancer death. Herein, we report combinatorial stereoselective synthesis of Revised 24 October 2023
rationally designed spiroindeno[1,2-blquinoxaline-based CDK2 inhibitors for NSCLC therapy. The design ~ Accepted 5 November 2023
relied on merging pharmacophoric motifs and biomimetic scaffold hopping into this privileged skeleton
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via cost-effective one-pot multicomponent [3+ 2] cycloaddition reaction. Absolute configuration was L .

. . . . . . . . Spiro-indeno[12-b]quinoxa-
assigned by single crystal x-ray diffraction analysis and reaction mechanism was studied by Molecular lines: Molecular Electron
Electron Density Theory. Initial MTT screening of the series against A549 cells and normal lung fibroblasts Dens’ity Theory; Lung
Wi-38 elected 6b as the study hit regarding potency (ICso = 54nM) and safety (SI = 6.64). In vitro CDK2 Cancer; CDK2; Molecular
inhibition assay revealed that 6b (ICs, = 177 nM) was comparable to roscovitine (ICs, = 141 nM). Docking dynamics
and molecular dynamic simulations suggested that 6b was stabilised into CDK2 cavity by hydrophobic
interactions with key aminoacids.
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Introduction

Cyclin-dependent kinase 2 (CDK2) is a key mediator of multiple
oncogenic signalling pathways. Its activity is crucial for loss of pro-
liferative control during tumorigenesis’. Initial interest in drugging
CDK2 as anticancer target was tempered by realising that CDK2
inhibition using antisense oligonucleotides, anti-CDK2 shRNA or a
dominant-negative CDK2 failed to arrest cancer cells proliferation?.
These methods resulted in ablation of CDK2 expression at the pro-
tein level, possibly allowing compensation by other related CDKs,
and therefore they are likely to exert different effects than acute
CDK2 kinase inhibition using small molecules. Further examination
of various human cancers with defined molecular features for
CDK2 inhibition susceptibility has unveiled the optimum scope of
CDK2 targeting. For example, in cancers with amplified Cyclin E1
(CCNET) expression such as ovarian cancer® and non-small cell
lung cancer cells (NSCLC) with special focus on KRAS mutated
subtype, the most frequently mutated oncogenes in human
NSCLC*®. Along these observations, CDK2 knockout animals
showed no apparent abnormalities pointing to the conclusion
that CDK2 inhibitors might have preferentially targeted tumour
cells, sparing the normal tissues®. Evidences supporting the thera-
peutic role of CDK2 inhibition in cancer has also been manifested
by several combination studies’™'". Interestingly, CDK2 inhibition
could revert the acquired resistance to CDK4/6 inhibitors'>">. It is
worth mentioning that the therapeutic applications of CDK2 inhib-
itors are also expanding beyond oncology into other clinical set-
tings including infectious diseases '* and neurodegenerative
disorders'. However, few inhibitors reached clinical studies as
anticancer agents of which some have been discontinued due to
the associated side effects (e.g. AZD5438, SNS-032 and R547) or
failure to achieve the acceptable clinical outcome (e.g. AG-
024322)'®". Alvocidib (flavopiridol)'®'®, the first clinical-stage
CDK inhibitor induces G1 and G2 cell cycle arrest due to inhibition
of CDK2/4 and CDK1 activities, respectively. It has been studied
clinically, as a single agent or in combinations, but demonstrated
unsatisfactory safety and efficacy. Seliciclib (roscovitine)?®?', a pur-
ine analog and the second inhibitor to reach clinical trials, was
identified as a pan-CDK inhibitor. Despite the ongoing reasearch
introducing other lead CDK2 inihibitors for clinical managment of
different types of cancers, relatively few studies were focusing on
halting lung cancer®?, the leading cause of cancer death, account-
ing for over 2 million deaths worldwide in 2020%. For instance,
the next-generation CDK2/9 inhibitors, CCT68127 and CYCO065,
induced apoptosis through anaphase catastrophe in lung cancer
cell lines**. When administered to quiescent NSCLC cells, the
CDK2 inhibitor SNS-032 increased the tumour radiosensitivity?>.
AZD5438, also enhanced the radiosensitivity of NSCLC?S.

Most recently, our group has introduced series of spirooxin-
dole-based CDK2 inhibitors surpassing roscovitine, via cost-effect-
ive single-step multicomponent [3+2] cycloaddition (32CA)
reaction allowing easy access to combinatorial libraries. These
leads exhibited efficient tumour-selective cytotoxic activities
against breast and liver cancers?. Inspired by these findings, we
speculated that combination of CDK2 inhibitors pharmacophores
as well as motifs from efficient anti-lung cancer agents into this
multifunctionalized privileged skeleton could facilitate the discov-
ery of new lead molecules for targeting NSCLC. Accordingly,
herein we reported combinatorial stereoselective synthesis of
rationally designed hybrids with absolute configuration assigned
by single crystal x-ray diffraction analysis of representative deriva-
tive and reaction mechanism studies. All derivatives were then
subjected to cytotoxicity screening against A549 NSCLC cells and
in vitro CDK2 inhibition evaluation guided by docking and

molecular dynamic simulation studies to aid identifying the pos-
sible binding modes, stability and structural determinants of
activity.

Design rationale

Building upon the benchmark spiro CDK2 inhibitors with anti-
breast cancer potential, we adopted pharmacophoric hybridisation
and biomimetic scaffold hopping strategies to develop efficient
CDK2 inhibitors for NSCLC management. Accordingly, we started
from spirooxindole | (Figure 1) being a privileged framework. The
oxindole fragment was replaced by quinoxaline; the pharmaco-
phoric core of erdafitinib that was recently found to inhibit
tumorigenesis of NSCLC A549 cells via CDK2 inhibition®®, With
that, a pioneer study probing the effect of indeno ring substitu-
tion pattern and fusion to a heterocyclic motif on CDK2 inhibition
potential®® directed our design rationale to assemble indeno[1,2-
blquinoxaline-based spiro compounds. Literature review for phar-
macophoric fragments to be installed into the target scaffold
highlighted benzimidazole as the most common motif in anti-
cancer agents targeting NSCLC with KRAS mutation following
screening a drug library of 1271 small molecules®. It comes as no
surprise also that benzimidazole has been widely represented in
CDK2 inhibitors®'32, A biomimetic scaffold hopping approach was
employed where hexahydro-1H-pyrrolizine was selected as the
spiro ring inspired by the natural mitomycin; a first-generation
anticancer agent that has been directed to advanced NSCLC33.
Moreover, the design strategy adopted broadening the chemical
space of the designed compounds and influencing their electronic
and steric environment, to perform SAR study, via diversifying the
terminal aromatic substitution and the installed spiro ring as hexa-
hydro-1H-pyrrolizine and (9aR)-decahydro-1H-pyrrolo[1,2-alindole,
while conserving the heterocyclic scaffold. Therefore, a library of
16 new derivatives was successfully synthesised, then subjected to
computational studies and biological evaluation.

Results and discussion
Chemistry

Despite the tremendous importance of indenoquinoxaline hetero-
cyclic derivatives due to their biological activities, there are only a
few studies available on the assembly of spiropyrrolidine deriva-
tives in a single structural framework containing both bioactive
classes. In Scheme 1, the targeted new structurally complex and
diverse benzimidazole-tethered indenoquinoxaline-based spiro-
heterocycles 4a-h and 6a-h were synthesised. Considering the
growing interest in multicomponent reactions gaining access to
bioactive spiropyrrolidine derivatives***°, we have synthesised the
the title spiro compounds 4a-h and 6a-h via 32CA reaction of
11H-indeno[1,2-blquinoxalin-11-one 2 with the benzimidazolyl
chalcones 1a-h and L-proline or octahydroindole-2-carboxylic acid.
The products of cycloaddition reaction were separated using silica
gel (petroleum ether/ethyl acetate (4:1)) column chromatography.
The structures of all compounds 4a-h and 6a-h were established
using IR, "H- and '*C-NMR spectroscopy, and elemental analysis as
detailed in the experimental section. Moreover, the absolute con-
figuration of a representative derivative was assigned by X-ray dif-
fraction analysis of single crystal.

It is worth mentioning that the reaction of chalcones 1a-h with
stabilised azomethine ylides generated from indenoquinoxalinone
2, cyclic amino acids 3 and 5 are accompanied by binding of a
more electrophilic f-C atom of the ethylene derivative with the



JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 3

CDK2 inhibitor

Pharmacophoric Hybridization REL R
Mitomycin C (Ref. 33)
Scaffold Hopping (0]
OY NH, NH
.. 4 % =
Erdafitinib (Ref. 28) nl @ = 0
HN HN__N
N NH, "Target compounds"

CDK2 Inhlbltor (U}
Ref. 29

Figure 1. Rational design of the target indeno[1,2-b]quinoxaline-based spiro compounds 4(a-h) and 6(a-h) as CDK2 inhibitors for halting non-small cell lung cancer.
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(1H-Benzo[d]imidazol-2-yl)((1'R,2'S,11R)-1'-(3-fluorophenyl)-
1',2',5',6', 7', 7a'-hexahydrospiro[indeno[1,2-b]quinoxaline-

11,3'-pyrrolizin]-2'-yl)methanone
Figure 2. ORTEP (single crystal X-ray diffraction analysis) of 4e.

Table 1. B3LYP/6-31G(d) electronic chemical potential g, chemical hardness #,
electrophilicity ® and nucleophilicity N indices, in eV, of AY 7 and ethylene 1h.

Iz n Q) N
Ethylene 1h -4.26 376 235 2.92
AY 7 -3.01 3.02 1.49 4.60

less substituted C-3 atom of the three-atom-component (TAC) of
the cycloaddition process.

Crystal structure of compound 4e

To establish the absolute configuration of the synthesised com-
pounds 4a-h and 6a-h, we performed X-ray diffraction analysis of
single crystals of 4e, which were isolated via crystallisation from
ethanol/CH,Cl,. The general form of molecule 4e is shown in
Figure 2, and the main geometrical parameters of compound 4e
were listed in tables in the supplementary material (Table S1-S3,
supplementary material) along with technical procedure for data
collection and refinments3®—3°,

MEDT study of the 32CA reaction between AY 7 and
ethylene 1h

In this section, the 32CA reaction of AY 7 with the electrophilic
ethylene 1h yielding the spiro-indeno[1,2-blquinoxaline 4h was
theoretically studied with Molecular Electron Density Theory*°
(MEDT).

Analysis of the DFT-based reactvity indices at the GS of the
reagents
The analysis of the DFT-based reactvity indices at the ground
state (GS) of the reagents have shown to be powerful tool to
understand the reactivity in polar reactions**. The global reactivity
indices, namely, the electronic chemical potential g, chemical
hardness #, electrophilicity @ and nucleophilicity N indices, for AY
7 and ethylene Th are gathered in Table 1.

The electronic chemical potentials y** of AY 7, u = —3.01eV, is
above than that of ethylene 1h, 1 = —4.26eV, indicating that
along a polar 32CA reaction the global electron density transfer *°

41,42

(GEDT) will take place from AY 7 to the ethylene 1h, the 32CA
reaction being classified as the forward electron density flux*®
(FEDF).

AY 7 presents an electrophilicity @ index*” of 1.49eV, being
classified as moderate electrophile within the electrophilicity
scale*?, and a nucleophilicity N index*® of 4.60 eV, being classified
as a strong nucleophile within the electrophilicity scale*?. The very
strong nucleophilic character of AY 7, higher than 4.0eV, allows
its classification as supernucleophile participating in high polar
reactions™®.

Ethylene 1h presents an electrophilicity w index of 2.35eV,
being classified as a strong electrophile within the electrophilicity
scale. On the other hand, Th presents a nucleophilicity N index of
2.92eV, being classified as moderate nucleophiles within the
nucleophilicity scale.

The supernucleophilic character of AY 7 together with the
strong electrophilic character of ethylene 1h suggests that the cor-
responding 32CA reaction of FEDF will have a high polar character.

Study of the 32CA reaction of AY 7 with electrophilic ethylene 1h
Due to the non-symmetry of both reagents, two pairs of endo and
exo stereoisomeric and two pairs of ortho and meta regioisomeric
reaction paths are feasible. The four competitive reaction paths
were studied (see Scheme 2). Analysis of the stationary points
found in the four reaction paths indicates that this 32CA reaction
takes place though a one-step mechanism. The ®B97X-D/6-
311G(d,p) relative enthalpies and Gibbs free energies are given in
Table 2. Electronic energies and the thermodynamic data are
given in Table S4 in Supplementary Material.

A series of molecular complexes (MCs) in which the two reagents
are already joined by weak intermolecular interactions were also
found. Only the most stable of them, MC-on, was selected as the
energy reference. The distance between the two frameworks at this
MC is ca. 3.2 A; MC-on is found 26.0 kcal-mol™" below the separated
reagents (see Table 2). Some appealing conclusion can be obtained
from the gas relative enthalpies given in Table 2: (i) the most
favourable TS-on is found 18.1kcal-mol™" below the separated
reagents, but if the formation of MC-on is considered, the activation
enthalpy becomes positive by 7.9 kcal-mol™"; (ii) this 32CA reaction
is completely endo stereoselective as TS-ox is found 3.1 kcal-mol™
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Scheme 2. 32CA reaction of AY 7 with the ethylene 1h.
Table 2. wB97X-D/6-311G(d,p) relative enthalpies (AH in kcal-mol™"), entropies 20 —
(AS in cal-mol™'K™"), and Gibbs free energies (AG in kcal-mol™"), with respect
to the separated reagents, computed at 337.75K and 1atm in methanol, for the AG
stationary points involved in the 32CA reaction of AY 7 with ethylene 1h. AH
AE AH As AG 10 -
MC-on -27.5 -26.0 -493 -93 — TS-mx
TS-on -19.0 —18.1 —57.7 14 i '
TS-ox -15.8 -15.0 -57.6 44 ) — TS-ox
TS-mn ~16.0 ~15.1 _547 34 0 A F ¢ TS-mn
TS-mx -9.1 -8.2 —513 9.2 " o ¢ _
4h -515 —48.8 —54.8 -30.3 1h+7‘|‘\ ,”,' ?;-TS on
8h —47.9 —45.2 —54.0 —27.0 . Y V4 ?;
%h —49.2 —46.1 —53.9 —27.9 1N 4 . 0 ‘:'
— ' ¥
10h -50.9 —47.9 —53.6 —-29.8 -10 ' MC-On ; , ‘:‘
\ \
l. 1’ I,'_‘II ‘:“
% ",
above TS-on; (iii) this 32CA reaction is completely ortho regioselec- t e '.:. '::
) ]
tive as TS-mx is found 3.0kcal-mol™' above TS-on. Both endo 207 i ' R 8h
stereoselectivity and ortho regioselectivity are in complete agree- i & L 9h
ment with the experimental outcomes; and iv) this 32CA reaction is . 10h
strongly exothermic as spiro compound 4h is found 48.8 kcal-mol™" 30— u 4h
below the separated reagents. Consequently, formation of spiro .
. . . . L)
compound 4h is attained by a kinetic control. .
A representation of the enthalpy and Gibbs free energy profiles ]
associated with the four competitive reaction paths is given in -40 N
Figure 3. Inclusion of the thermal corrections and entropies to il
enthalpies increases the relative Gibbs free energies by between .
16.7 and 19.5kcal-mol™" as a consequence of the unfavourable 50
activation entropies associated with this bimolecular process,

which are found in the range —49.3 and —57.7cal-mol™"-K™".

Figure 3. wB97X-D/6-311G(d,p) enthalpy, in blue, AH in kcal mol™", and Gibbs
Formation of MC-on is exergonic by 9.3 kcal-mol™". The activation

free energy, in red, AG in kcal mol~’, profiles, in methanol at 65 °C, for the 32CA
reaction of AY 7 with the ethylene 1h.

Gibbs free energy associated with the 32CA reaction of AY 7 with

ethylene 1h via TS-on rises to 10.7 kcal-mol™’, while the formation
of

is completely endo stereoselective and ortho regioselective as TS-
spiro  compound 4h is exergonic by 30.3kcal-mol™’.
Considering the activation Gibbs free energies, this 32CA reaction

ox and TS-mn are located 3.0 and 2.0kcal-mol™", respectively,
above TS-on (see Figure 3).
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Figure 4. wB97X-D/6-311G(d,p) geometry obtained in methanol of the TSs involved in the 32CA reaction of AY 7 with ethylene 1h. The distances are given in

Angstrom.

Considering that this 32CA reaction takes place under favourable
kinetic control, the Eyring-Polanyi relation®®, which allows to correlate
the relative reaction rate constants k. with the relative activation
Gibbs free energies AAG”, was used to estimate the composition of
the reaction mixture. Considering the Gibbs free energies associated
to TS-on, TS-ox, TS-mn and TS-mx, given in Table 2, and the reac-
tion temperature, 65 °C, the following relationship 94.1 (4h): 1.1 (8h):
4.8 (9h): 0.0 (10h) between the four isomeric spiro compounds can
be estimated, in reasonable agreement with the experimental out-
come, in which only spiro compound 4h is obtained.

The geometries of the four TSs optimised in methanol are given
in Figure 4. The C—C distances between the four interacting car-
bons at the four TSs indicate that, less the most unfavourable TS-
mXx, the other three TSs correspond with high asynchronous C—C
single bond formation processes, in which the shorter C—C dis-
tance corresponds to that involving the participation of the most
electrophilic fi-conjugated C4 carbon of ethylene Th. Note that at
the most favourable TS-on, the C—C distances between the two
pair of interacting carbons are 2.110 (C3 —C4) and 2.794 (C1—C5)
A. Analysis of the intrinsic reaction coordinates>® associated to the
high asynchronous TS-on indicates that this 32CA reaction takes
place through a non-concerted two-stage one-step mechanism®' in
which formation of the second C— C single bond begins when the
first C—C single bond is completely formed.

Finally, analysis of GEDT at the most favourable TS-on permits
assessment of the polar character of this 32CA reaction. GEDT val-
ues lower than 0.05 e correspond with non-polar processes, while
values higher than 0.20 e correspond with high polar processes.
The computed GEDT value at TS-on is 0.34 e. This high value,
which is a consequence of the supernucleophilic character of AY 7
and the strong nucleophilic character of ethylene 1h (see Table 1),
indicates that this 32CA reaction has high polar character. The flux
of the electron density, which goes form AY 7 to ethylene 1h, clas-
sifies this 32CA reaction as FEDF, in clear agreement with the ana-
lysis of the reactivity indices.

Cytotoxicity screening of 4(a-h) and 6(a-h)

All the synthesised compounds were preliminarily screened via
MTT assay for their cytotoxicity on normal human lung fibroblasts

(Wi-38) to evaluate their safety and selectivity profiles in terms of
ECi00 and ICso. Then, the compounds were evaluated for their
potential in vitro anticancer activities against human lung cancer
A549 compared to 5-fluorouracil (5-FU) utilising MTT assay
(Table 3).

All the screened compounds were more active than the refer-
ence chemotherapy 5-FU against A549 cells with 6b (ICs, =
0.054 uM) at the top of the list followed by the comparable deriv-
atives 4a, 69, 6d, 6a and 6f recording IC5, values ranging from
0.082 to 0.107 uM. Nearly equipotent cytotoxic activities (ICsq =
0.135-0.146 uM) were observed for 4d, 6e, 6¢, and 4f. The moder-
ately active derivatives 4h, 4g, 6h, 4c and 4b exhibited slighly
lower potency (ICso = 0.177-0.225uM), whereas 4e (ICso =
0.321 uM) was the least active derivative among the evalauted ser-
ies. While potency is an important consideration, assessing the
compound’s selectivity to A549 cancer cells over Wi-38 normal
lung fobroblasts expressed as compound’s selectivity index (SI) is
key to lead identification. Hence, the selectivty indices of the
tested compounds were calculated. Herein, the most potent deriv-
atives 6b and 4a displayed the highest selectivity (SI = 6.648 and
7.402, respectively) followed by 6f (SI = 5.130). 4b, 4e and 4f
were moderately selective (SI = 3.942, 3.429 and 3.082, respect-
ively). Other derivatives were beyond the acceptable selectivity
limit (SI<3), hampering their further evaluation.

A546 cells were examined morphologically after treatment with
6b in comparison with 5-FU-treated cells and the untreated ones
(Figure 5). As seen, the cancerous cells treated with 6b lost their
characteristic shape and suffered severe shrinkage due to the
potent apoptotic potential of the evaluated compound relative to
the control.

Docking and molecular dynamics simulations into CDK2 active
site

Among the evaluated series, only potent derivatives with accept-
able selectivity profile (SI > 3) were subjected to virtual screening
protocol involving docking and molecualr dynamic simulations to
identify the hit compound for further in vitro CDK2 inhibition
studies. Using the MOE docking suit, the title derivatives namely
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Table 3. Cytotoxicity screening of 4(a-h) and 6(a-h) against human lung fibroblasts (Wi-38) and lung cancer cells (A549) and their selectivity index (SI) values.

Wi-38 A549

Compound No. Chemical structures ECso (UM) ECi00 (LM) 1Cs50 (LM) S|

4a 0.607 +£0.050 0.234 +0.006 0.082 +0.002 7.402
4b 0.887+0.011 0.263 +0.083 0.225+0.005 3.942
4c 0.217 £0.007 0.090+0.003 0.206 +0.009 1.053
4d 0.176 +0.002 0.071+0.001 0.135+0.002 1.303
4e 1.101 £0.205 0.073 £0.007 0.321+0.005 3.429
4f 0.450+0.016 0.086 +0.003 0.146 +0.005 3.082
49 0.252+0.001 0.110+0.002 0.182 +0.004 1.384

(continued)
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Table 3. Continued.

Wi-38 A549

Compound No. Chemical structures ECso (UM) ECq00 (LM) 1Cs (LM) S|

4h 0.193+0.010 0.086 +0.003 0.177 £0.003 1.090
6a 0.112+0.001 0.019£0.003 0.098 £ 0.006 1.142
6b 0.359+0.008 0.131+0.007 0.054 +0.008 6.648
6¢ 0.168 +£0.019 0.014+0.002 0.139+0.003 1.208
6d 0.077 £0.001 0.044 +0.004 0.087 £0.003 0.885
6e 0.114+0.003 0.050+0.002 0.137£0.016 0.832
6f 0.549+0.010 0.109 +0.004 0.107 £0.002 5.130

(continued)



Table 3. Continued.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 9

Wi-38 A549
Compound No. Chemical structures ECso (M) ECi00 (uM) 1Cs0 (M) SI
69 0.164 +0.060 0.065+0.015 0.084 +0.004 1.952
6h 0.173 +£0.001 0.117 +0.003 0.202 +0.006 0.856
5-Fu - 4.189+0.168 2.719+0.405 3.781+£0.52 1.107

*Values are expressed as Mean + SD, of three independent replicates. Sl values were calculated as the ratio of 1Cso values against Wi-38 and A549 cells.

Untreated healthy control 6b

Figure 5. Morphological changes of A549 cells after 72 h treatment with the most active derivative 6b.

4a, 4b, 4e, 4f, 6b and 6f were docked into the active site of
CDK2 and ranked based on their docking scores. Results
(Supplemetary data; Table 5S) indicated that 6b was the top
ranked derivative (AG = —11.44Kcal/mol). Inspection of the most
stable docking poses within CDK2, revealed that most compounds
could bind favourably with the catalytic domain (Figure 1S, sup-
plementary material). The binding mode of the hit spiro derivative
6b into the active site of CDK2 was then investigated in compari-
son to the reference CDK2 inhibitor roscovitine (Figures 6 and 7).
As illustrated in Figure 6, roscovitine could bind with the ATP-
binding pocket, where its purine ring occupied a region that
closely aligned with the purine ring of ATP. Both ring systems
generally overlapped within the same plane, but there is a notice-
able difference in the orientation of roscovitine’s purine ring com-
pared to ATP within the protein structure. In this particular
orientation, the N7 of roscovitine was proximate to the position
occupied by the N7 in ATP’s purine ring. Additionally, the benzyl
ring extended outward from the ATP-binding pocket. The inter-
action between roscovitine and CDK2 is primarily characterised by
hydrophobic and van der Waals interactions, engaging the same
hydrophobic residues within the enzyme that typically form the
pocket for ATP’s adenine base in the ATP complex. Besides hydro-
phobic and van der Waals interactions, hydrogen bonds were also
observed between the ligand and protein, involving two hydrogen

bonds linking the purine ring nitrogens with Phe83 at a distance
of 2.8 and 3.4A. While a third bond was observed between the
oxygen of the ligand and Glu12 at a distance of 3.5 A.

Figure 7 depicted the binding mode of 6b within CDK2. The
terminal phenyl ring exhibited pi-pi stacking interaction face-to-
face with the aromatic ring of Tyr15. Both nitrogen of quinoxaline
ring demonstrated hydrogen bond interactions with the backbone
and side chain of Thr14 and Lys33 at a distance of 2.9 and 1.8A,
respectively. The compound was further stabilised by hydrophobic
contacts with lle10, Tyr15, Val18, Lys33, Phe82, Lys129 and
GIn131.

In order to comprehend the dynamic behaviour of the hit com-
pound 6b, a short simulation of 100ns was performed using
AMBER22. Simulation trajectories were analysed (Figure 7(b)). The
overall stability of system and quality of the simulation were
assessed by analysing the root mean square deviation (RMSD),
root mean square fluctuation (RMSF) and radius of gyration (RoG)
(Figures 8-10). The RMSD of the heavy atoms of main chain of
protein was calculated using the “rms” command in CPPTRAJ.
Figure 8 depicts the RMSD deviation of heavy atoms of protein
backbone. As evident, the system showed stability with an aver-
age RMSD value of 2.7 A. This observation was further supported
by investigating RoG, which suggests that the systems was well-
compacted (Figure 9). Further, to understand the dynamics of side
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chains of residues, RMSF of the protein was calculated as a func-
tion of time (Figure 10). The results highlighted the amino acid
residues in the protein-ligand complex were stable after binding
with the active compound of the series.

The visual analysis of simulation trajectories suggested that com-
pound 6b (Figure 7b) stabilises in the cavity of CDK2 by strongly
mediating hydrophobic and pi-pi interaction with Tyr15, Val18,
lle35, Phe80, Leu134 and Val163. Further the nitrogen of quinoxa-
line ring exhibits pi-cation interaction with Lys33. A part of hydro-
phobic interaction, the nitrogen of the imidazole ring is involved in
hydrogen bond interaction involving the side chain of Lys33 with
the occupancy of 85%. Collectively, these pieces of evidence

Figure 6. Binding pose of the reference drug roscovitine within the active site of
CDK2 protein. The dashed black line depicts hydrogen bond interaction.

A

Asp86
|
GIn131

proposed the crucial role of hydrophobic interaction in lowering
the solvation energy. During simulation, most of the protein-ligand
interaction was found consistent with the docking pose.

In light of the aforementioned in silico results, we selected 6b
for further in vitro enzymatic studies to evaluate its potential as a
CDK2 inhibitor.

In vitro CDK2 inhibition

As shown in Table 4 and Figure 11, compound 6b exhibited
promising CDK2 inhibition with an 1Cs, value of 177.4nM and
70.7% CDK2 inhbition at 10 uM compared to roscovitine (ICsq =
141 nM and 89.6% CDK2 inhibition at 10 uM). These results high-
lighted the potency of 6b as CDK2 inhibitor and suggested that
CDK2 may be its main molecular target in A549 cells.

Structure-activity relationship

The general cytotoxicity pattern of the screened series 4a-h and
6a-h highlighted the promising potency of the designed scaffold
against A549 cells. However, the relative activity and, to a greater

0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

time (ns)

Figure 8. RMSD of the system calculated as a function of time.

Tle10 ?
f
\\d

|

Lys129 Jﬁ—l

Thr14

xms

Figure 7. Binding poses of the active compound 6b with CDK2 protein (a) Docking pose (b) MD simulation pose. The protein residues of the target CDK2 protein are
presented as light grey. The dashed black line depicts hydrogen bond interaction.



extent, the selectivity were found to be a function of the spiro
ring’s size as well as the terminal aromatic substituent’s nature
(Figure 12). Within the hexahydrospiro-indeno[1,2-b]quinoxaline-
11,3'-pyrrolizine derivatives 4a-h, the furan-2-yl substituent in 4a
conferred the optimum cytotoxic profile to the scaffold regarding
potency and selectivity. Replacing the furan-2-yl group by a thio-
phen-2-yl in 4g led to 2 folds drop in the scaffold’s cytotoxic

205

1Gyr
(%]
(=]

195

19 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
time (ns)

Figure 9. RoG of the system calculated as a function of time.
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Figure 10. RMSF of the system calculated as a function of time.

Table 4. Summarised 1Cso values with the percentage of CDK2 inhibition of
compound 6b and roscovitine.

Code % inhibition + SD at [10 uM] ICso (NM £ SD¥)
6b 70.72+2.8 177.4+4.12
Roscovitine 89.6+3.1 141+£45

*Values are expressed as Mean + SD, of three independent replicates. I1Cso values
were calculated using sigmoidal non-linear regression curve fit of percentage
inhibition against five concentrations of each compound.

6

b

=

LoglC50
IC50

-0.7503
0.1777

-3 -2 -1 0 1 2
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activity and critical decrease in selectivity towards A549 cells over
Wi-38 cells. Isosteric replacement of thiophene by unsubstituted
phenyl group in 4h didn't notably affect the cytotoxic character of
the scaffold. Bromination of the terminal phenyl group in para
position led to supplemental increase in potency and selectivity of
the respective derivative 4d compared to the unsubstituted
derivative 4h. On the other hand, the p-fluorinated derivative 4c
was slightly less active and selective than the unsubstituted ana-
log 4h. Shifting the fluoro substituent to the meta-position in 4e
decreased the anticancer potency but enhanced the selectivity
index of the scaffold. Improved selectivity was accomplished by
chlorination of the aromatic ring in ortho and para positions (com-
pound 4b), whereas p-methoxy substitution led to both higher
potency and selectivity in 4f. Seemingly, the decahydrospiro
indeno[1,2-b]lquinoxaline-11,3’-pyrrolizine derivatives 6a-h showed
relatively better anticancer activities than their hexahydrospiro
analogs. Herein, the chlorinated derivative 6b exhibited the high-
est cytotoxic activity among all the screened spiro compounds
with promising selectivity. Replacing the dichlorophenyl group by
thiophen-2-yl, p-bromophenyl or furan-2-yl in 6g, 6d and 6a,
respectively, slightly decreased the observed potency, but dramat-
ically abolished the compounds selectivity. Further diversification
of the halogen type and position didnt improve the scaffold
activity as observed in case of the p- and m- fluoro derivatives 6c
and 6e. The p-methoxyphenyl derivative 6f was more active and
selective than the latter derivatives, whereas the unsubstituted
phenyl derivative 6h was the least active and selective derivative
among the series.

Conclusion

CDK2 inhibition continues to appeal as a strategy to exploit in
developing efficient anticancer agents. In the current study, we
outline hybridisation and scaffold hopping strategies for the
rational design of new spiroindeno[1,2-b]quinoxaline-based CDK2
inhibitors for halting lung cancer. A cost-effective one-pot multi-
component [3 + 2] cycloaddition reaction was employed to afford
the designed library. The reaction mechanism was studied by
MEDT and the scaffold absolute configuration was assigned by
single crystal x-ray diffraction analysis. Cytotoxicity screening of
the series against A549 cells and normal lung fibroblasts Wi-38
revealed that 6b was the most promising derivative (ICso = 54 nM
and SI = 6.64). Docking simulations and molecular dynamic stud-
ies suggested that 6b resided well and was stabilised into the cav-
ity of CDK2 by strong hydrophobic interactions and pi-pi stacking
with several key amino acid residues. Enzymatic evaluation

Roscovitine
100

LogIC50
IC50

-0.8502
0.1412

40+

20+

-3 -2 -1 0 1 2
Log [concentration](pM)

Figure 11. Dose-response curve for the CDK2 inhibition versus serial dilutions of compound 6b and roscovitine [0.01-10 uM].
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Figure 12. SAR of 4(a-h) and 6(a-h).

revealed that 6b (ICso = 177 nM) was nearly equipotent to rosco-
vitine (ICsp = 141 nM) against CDK2. Collectively, we attempt to
provide a quick outlook on introducing hybrid CDK2 inhibitors as
new avenues for lung cancer therapy.

Materials and methods
Chemistry

General information

“All chemicals were purchased from Aldrich, Sigma-Aldrich and
Fluka, which were used without further purification unless other-
wise stated. All melting points were measured using a Gallenkamp
melting point apparatus in open glass capillaries and were uncor-
rected. Crude products were purified by column chromatography
on silica gel of 100-200 mesh. IR spectra were measured as KBr pel-
lets using a Nicolet 6700 FT-IR spectrophotometer. The NMR spectra
were recorded using a Varian Mercury Jeol-400 NMR spectrometer.
'H NMR (400, 500 or 700 MHz) and *C NMR (101, 126 or 176 MHz)
spectroscopy were performed in deuterated dimethylsulfoxide
(DMSO-dg). Chemical shifts (0) are reported in terms of ppm and
coupling constants J are given in Hz. Elemental analysis was carried
out using an Elmer 2400 Elemental Analyzer in CHN mode”.

General procedure for the synthesis of spiro compounds (4a-h,
6a-h)

A mixture of the enone derivative 1a-h (0.5 mmol), indeno[1,2-b]
quinoxalin-11-one 2 (0.5mmol, 116 mg) and L-proline (0.5 mmol,
57.5mq) or octahydroindole-2-carboxylic acid (0.5 mmol, 84.5mg)

v' Cytotoxicity on A549 cells.

gomocsy M1
3-FC(H, :

1 4-FCoH g

© v CDK2 in vitro inhibition.
cl

i v Potent against A549 (ICso = 54 nM).

v' Safe on normal lung cells (SI = 6.64).
i v CDK2 inhibition (ICso = 177 nM). i
i v Comparable to roscovitine.

in methanol (20 ml) was stirred at 60-65°C using an oil bath for
3h to give 4a-h and 6a-h, respectively. After completion of the
reaction evident by TLC, the solvent was then removed under vac-
uum. The crude compound was purified by column chromatog-
raphy on silica gel (petroleum ether/ethyl acetate (4:1)) to afford
the spiro compound as solid in pure form.

(1H-Benzo[d]imidazol-2-yl)((1'S,2'S,7a’R,11R)-1’-(furan-2-yl)-
1,2',5",6',7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-11,3’-
pyrrolizin]-2’-yl)methanone 4a. Yield (%): 78; Yellow solid mater-
ial; m.p.: 178-180°C; Molecular Formula: C33H,5N50,; [MT] m/z
523; (KBr, Cm™"): 3361 (NH), 1678(C=0), 1619(C=N); [oc]ZD5=
+3.82 (c=0.05, MeOH); "H-NMR (500 MHz, DMSO-dg) 6 12.76 (s,
1H, NH), 831 (dd, J=8.1, 1.7Hz, 1H, ArH), 7.95 (dd, J=8.1,
1.7Hz, 1H, ArH), 7.83 (t, J=10.0Hz, 2H, ArH), 7.62 (dd, J=7.3,
1.4Hz, 2H, ArH), 7.53 (d, J=2.7Hz, 1H, ArH), 7.49 (td, J=7.5,
1.3Hz, 1H, ArH), 7.37 —=7.31 (m, 1H, ArH), 7.17 (d, J=8.1 Hz, 1H,
ArH), 7.09 (td, J=8.2, 1.3Hz, 1H, ArH), 6.87 (td, J=8.2, 1.3Hz,
1H, ArH), 6.34 (dd, J=3.3, 1.7Hz, 1H, ArH), 6.27 (d, J=3.2Hz,
1H, ArH), 6.16 (d, J=8.2Hz, 1H, ArH), 5.53 (d, J=11.6Hz, 1H,
COCH), 4.30-4.17 (m, 2H), 2.58 (dt, J=9.1, 7.1Hz, 1H),
2.30-2.23 (m, 1H), 2.13-2.06 (m, TH), 2.02-1.89 (m, 2H),
1.88-1.78 (m, 1H); "C-NMR (126 MHz, DMSO-de) & 189.32,
165.84, 154.02, 152.92, 147.26, 143.57, 142.70, 142.64, 142.61,
142.14, 137.38, 134.51, 131.45, 130.23, 129.98, 129.89, 129.53,
129.25, 128.35, 126.18, 123.23, 122.18, 120.71, 113.03, 111.04,
106.60, 74.57, 69.70, 63.75, 47.27, 44.95, 30.89, 28.16; Anal. for
C33H25NsO,; caled: C, 75.70; H, 4.81; N, 13.38 Found: C, 74.89;
H, 5.03; N, 13.04.



(1H-Benzo[d]imidazol-2-yl)((1'R,2’S,7a’R,11R)-1’-(2,4-dichloro-
phenyl)-1',2",5",6’,7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-
11,3’-pyrrolizin]-2’-yl)methanone 4b. Yield (%): 85; Pale yellow
solid material; m.p.: 205-207 °C; Molecular Formula: C35H,5C,N50;
[IM*] m/Z 601; (KBr, Cm™"): 3364 (NH), 1677(C=0), 1619 (C=N);
[oc]é5= +3.82 (c=0.05, MeOH);'"H-NMR (500 MHz, DMSO-ds) &
12.74 (s, 1H, NH), 8.36 (dd, /=8.0, 1.8Hz, 1H, ArH), 8.01 (dd,
J=28.1, 1.7 Hz, 1H, ArH), 7.91 —7.79 (m, 3H, ArH), 7.66 (d, J=7.5Hz,
1H, ArH), 7.63 —7.55 (m, 2H, ArH), 7.52 (t, J=6.8Hz, 1H, ArH), 7.44
(dd, J=8.6, 2.3Hz, 1H, ArH), 7.34 (t, J=7.5Hz, 1H, ArH), 7.16 (d,
J=8.1Hz, 1H, ArH), 7.11—=7.05 (m, 1H, ArH), 6.88 (t, /=7.1Hz, 1H,
ArH), 6.25 (d, J=8.4Hz, 1H, ArH), 5.62 (d, J=11.6Hz, 1H, COCH),
475—-4.63 (m, 1H), 4.19 (dt, J=9.8, 6.3Hz, 1H), 2.74—-2.60 (m,
1H), 2.35—-2.25 (m, TH), 2.01-1.94 (m, 2H), 1.91-=1.75 (m, 2H);
13C- NMR (126 MHz, DMSO-dg) & 189.55, 165.94, 153.01, 147.32,
143.56, 142.75, 142.51, 142.13, 137.66, 137.06, 135.28, 13447,
132.49, 131.62, 130.41, 130.31, 130.08, 130.02, 129.63, 129.51,
129.33, 128.65, 127.77, 126.19, 123.26, 122.34, 120.78, 113.03,
7451, 7290, 66.15, 47.40, 46.80, 30.15, 27.82; Anal. for
C35H,5C5Ns0; caled: C, 69.77; H, 4.18; N, 11.62 Found: C, 68.89; H,
5.01; N, 12.04.

(1H-Benzo[d]imidazol-2-yl)((1'R,2'S,7a’R,11R)-1’-(4-fluorophenyl)-
1,2,5,6',7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-11,3’-
pyrrolizin]-2’-yl)methanone 4c. Yield (%): 89; Yellow solid material;
m.p.:188-190°C; Molecular Formula: C3sH,6FNsO; [M*] m/Z 557;
(KBr, Cm™"): 3369 (NH), 1682(C=0), 1621(C=N); [oc}zD5= +7.47
(c=0.05, MeOH);'H-NMR (400 MHz, DMSO-dg) 6 12.76 (s, TH, NH),
8.40 (d, J=8.1Hz, 1H, ArH), 8.02 (d, J=8.1Hz, 1H, ArH), 7.89 (dq,
J=15.4, 70Hz, 2H, ArH), 7.71 (dd, /=125, 7.3Hz, 2H, ArH),
7.63—7.51 (m, 3H, ArH), 7.38 (t, J=7.3Hz, 1H, ArH), 7.15 (m, 4H,
ArH), 6.91 (t, J=7.7Hz, 1H, ArH), 6.26 (d, J=8.1Hz, 1H, ArH), 5.57
(d, J=11.0Hz, 1H, COCH), 4.32—-4.24 (m, 1H), 4.20 (d, J=11.7 Hz,
1H), 2.68 (g, /J=7.3, 6.6Hz, 1H), 236—-2.28 (m, 1H), 2.01 (dd,
J=11.7, 5.9 Hz, 2H), 1.95—1.80 (m, 2H); "*C-NMR (101 MHz, DMSO-
de) 6 189.84, 166.13, 153.01, 147.47, 143.85, 142.76, 142.62, 142.18,
137.51, 136.80, 134.52, 131.48, 130.23, 130.16, 130.09, 129.95,
129.60, 129.32, 128.32, 126.20, 123.26, 122.25, 120.79, 116.13,
115.92, 113.05, 74.65, 72.61, 66.29, 50.80, 47.43, 30.40, 28.11; Anal.
for C35H,6FNsO; caled: C, 76.21; H, 4.75; N, 12.70 Found: C, 76.16;
H, 4.62; N, 12.79.

(1H-Benzo[d]imidazol-2-yl)((1'R,2'S,7a’R,11R)-1’-(4-bromophenyl)-
1,2,5,6',7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-11,3’-
pyrrolizin]-2’-yl)methanone 4d. Yield (%): 85; Yellow solid material;
m.p.: 163-165°C; Molecular Formula: C35H,6BrNsO; [MT] m/z 611;
(KBr, Cm™"): 3364 (NH), 1679(C=0), 1619(C=N); [2]F= +2.97
(c=0.05, MeOH);'H-NMR (700 MHz, DMSO-dg) 6 12.76 (s, TH, NH),
8.40 (d, J=8.1Hz, 1H, ArH), 8.03 (d, J/=8.2Hz, 1H, ArH), 7.94 -7.85
(m, 2H, ArH), 7.71 (dd, J=25.9, 7.6 Hz, 2H, ArH), 7.59 —7.51 (m, 5H,
ArH), 7.39 (t, J=7.4Hz, 1H, ArH), 7.20 (d, J/=8.1Hz, 1H, ArH), 7.13
(t, J=7.6Hz, 1H, ArH), 6.92 (t, J=7.7Hz, 1H, ArH), 6.26 (d,
J=83Hz, 1H, ArH), 558 (d, J=11.8Hz 1H, COCH), 4.26 (dt,
J=9.9, 6.5Hz, 1H), 418 (t, J=10.8Hz, 1H), 2.90 (s, TH), 2.74 (s,
1H), 2.69 (q, J=7.5, 7.1Hz, 1H), 2.06—-1.99 (m, 2H), 1.93 (dd,
J=135, 69Hz, 1H), 1.88-1.82 (m, 1H); "C- NMR (176 MHz,
DMSO-ds) 6 189.62, 165.98, 162.78, 152.91, 147.30, 143.66, 142.65,
142.52, 142.06, 139.98, 137.40, 134.42, 132.06, 131.38, 130.53,
130.15, 129.99, 129.85, 129.50, 129.22, 128.20, 126.10, 123.16,
122.14, 120.67, 120.37, 112.96, 74.56, 72.42, 65.92, 55.40, 50.87,
47.34, 36.25, 30.26, 28.01; Anal. for C55H,6BrNsO; calcd: C, 68.63; H,
4.28; N, 11.43 Found: C, 67.75; H, 4.35; N, 12.04.
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(1H-Benzo[d]imidazol-2-yl)((1'R,2'S,7a'R,11R)-1’-(3-fluorophenyl)-
1,2',5",6',7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-11,3’-
pyrrolizin]-2’-yl)methanone 4e. Yield (%): 88; Yellow solid material;
m.p.: 200-202°C; Molecular Formula: C55H,FNsO; [M*T] m/Z 551;
(KBr, Cm~"): 3362(NH), 1681(C=0), 1621(C=N); [¢]¥= +9.35
(c=0.05, MeOH);'H-NMR (400 MHz, DMSO-dg) 6 12.77 (s, 1H, NH),
8.39 (d, J=8.1Hz, 1H, ArH), 8.03 (d, J=8.1Hz, 1H, ArH), 7.89 (dq,
J=154, 7.0Hz, 2H, ArH), 7.71 (dd, J=11.0, 7.3Hz, 2H, ArH), 7.55
(t, J=7.7Hz, 1H, ArH), 7.45—-7.32 (m, 4H, ArH), 7.20 (d, /=8.1Hz,
1H, ArH), 7.15—-7.02 (m, 2H, ArH), 6.91 (t, J=7.7Hz, 1H, ArH), 6.28
(d, J=8.8Hz, 1H, ArH), 5.58 (d, J=11.7Hz, 1H, COCH), 4.38 —4.27
(m, TH), 426—-4.15 (m, 1H), 2.69 (q, J=8.4Hz, 1H), 2.33 (h,
J=3.7Hz, 1H), 2.08 — 1.78 (m, 4H); *C-NMR (101 MHz, DMSO-dg) &
189.79, 166.10, 164.08, 161.66, 153.04, 147.44, 143.77, 142.76,
142.60, 142.18, 137.54, 134.53, 131.73, 130.23, 123.84, 117.52,
74.66, 72.98, 67.06, 54.59, 50.77, 46.26, 30.29, 25.61; Anal. for
C35H,6FNsO; caled: C, 76.21; H, 4.75; N, 12.70 Found: C, 75.92; H,
4.13; N, 12.01.

(1H-Benzo[d]imidazol-2-yl)((1'R2’S7a’R11R)-1’-(4-methoxyphenyl)-
1’,2,5',6’,7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-11,3’-
pyrrolizin]-2’-yl)methanone 4f. Yield (%): 74; Yellow solid material;
m.p.: 158-160°C; Molecular Formula: C5gH2oN50,; [MT] m/z' 563;
(KBr, Cm™"): 3360 (NH), 1678(C=0), 1618(C=N); [0]5'= +2.26
(c=0.05, MeOH); "H-NMR (500 MHz, DMSO-d) & 12.69 (s, TH, NH),
8.35 (dd, J=8.2, 1.5Hz, TH, ArH), 7.97 (dd, J=8.2, 1.6 Hz, 1H, ArH),
7.87 (ddd, /=83, 6.9, 1.6Hz, 1H, ArH), 7.81 (ddd, J=8.3, 6.9,
1.5Hz, 1H, ArH), 7.69—-7.63 (m, 2H, ArH), 7.50 (td, J=7.5, 1.3Hz,
1H, ArH), 7.42 (d, J=8.8Hz, 2H, ArH), 7.34 (td, J=7.4, 1.0Hz, 1H,
ArH), 7.15 (dt, J=8.2, 1.1Hz, 1H, ArH), 7.07 (ddd, J=8.1, 6.9,
1.2Hz, 1H, ArH), 6.87 (dd, J=8.7, 25Hz, 3H, ArH), 6.23 (d,
J=83Hz, TH, ArH), 552 (d, J=11.9Hz, TH, COCH), 4.26 —4.18 (m,
1H), 4.06 (dd, J=12.0, 9.7 Hz, 1H), 3.65 (s, 3H), 2.69—2.59 (m, 1H),
232-225 (m, 1H), 1.97 (dd, J=14.8, 11.2Hz, 2H), 1.88—-1.74 (m,
2H); "*C-NMR (126 MHz, DMSO-dq) 6 189.95, 166.15, 158.68, 152.94,
147.52, 143.93, 142.70, 142.59, 142.16, 137.41, 13447, 13240,
13142, 130.12, 130.06, 129.87, 129.53, 129.29, 129.26, 128.32,
126.11, 123.19, 122.18, 120.74, 114.65, 113.00, 74.66, 72.56, 66.27,
55.52, 50.88, 47.39, 30.51, 28.11; Anal. for CsgH,oNsOs; calcd: C,
76.71; H, 5.19; N, 12.43 Found: C, 76.12; H, 5.01; N, 12.78.

(1H-Benzo[d]imidazol-2-yl)((1'S,2'S,7a'R,11R)-1’-(thiophen-2-yl)-
1,2,5,6',7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-11,3’-
pyrrolizin]-2’-yl)methanone 4g. Yield (%): 87; White solid material;
m.p.: 176-178°C; Molecular Formula: C53H,5N50S; [IM*] m/z 539;
(KBr, Cm™"): 3359 (NH), 1678(C=0), 1617(C=N); [0]5’= +4.85
(c=0.05, MeOH); '"H-NMR (400 MHz, DMSO-dg) 6 12.86 (s, TH, NH),
837 (d, J=8.1Hz, 1H, ArH), 8.01 (d, J=8.1Hz, 1H, ArH), 7.87 (dq,
J=154, 70Hz, 2H, ArH), 7.69 (d, J=8.8Hz, 2H, ArH), 7.54 (t,
J=77Hz, 1H, ArH), 7.38 (q, J=5.5, 3.7Hz, 2H, ArH), 7.22 (d,
J=8.8Hz, 1H, ArH), 7.12 (dd, J=13.9, 5.9Hz, 2H, ArH), 7.01 — 6.95
(m, 1H, ArH), 6.91 (t, J=7.7Hz, 1H, ArH), 6.26 (d, J=8.1Hz, 1H,
ArH), 5.52 (d, J=11.0Hz, 1H, COCH), 4.44 (d, J=11.7Hz, 1H),
440-432 (m, 1H), 2.68 (g, J=8.1Hz, 1H), 2.37-2.27 (m, 1H),
210 (dd, J=11.0, 6.6Hz, 1H), 204—1.82 (m, 3H); "*C-NMR
(101 MHz, DMSO-dg) o 189.61, 165.88, 152.96, 147.43, 143.66,
143.59, 142.77, 142.63, 142.23, 137.45, 13459, 131.49, 130.28,
130.05, 129.61, 129.32, 12842, 127.70, 126.28, 125.43, 124.84,
123.32, 122.26, 120.82, 113.10, 74.80, 72.51, 67.21, 47.46, 46.78,
30.58, 28.09; Anal. for C33HpsNsOS; caled: C, 73.45; H, 4.67; N, 12.98
Found: C, 73.36; H, 4.61; N, 12.91.
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(TH-Benzo[d]imidazol-2-yl)((1'R,2'S,7a’R,11R)-1’-phenyl-
1,2',5",6',7',7a’-hexahydrospiro[indeno[1,2-b]quinoxaline-11,3’-
pyrrolizin]-2’-yl)methanone 4h. Yield (%): 92; Yellow solid material;
m.p.: 192-194°C; Molecular Formula: C3sH5/NsO; [M*] m/Z 533;
(KBr, Cm™"): 3360 (NH), 1675(C=0), 1619(C=N); [0]5°’= +8.53
(c=0.05, MeOH); "H-NMR (400 MHz, DMSO-dg) § 12.75 (s, TH, NH),
8.40 (d, J=8.1Hz, 1H, ArH), 8.02 (d, J=8.1Hz, 1H, ArH), 7.89 (dt,
J=227, 70Hz, 2H, ArH), 771 (dd, J=12.5, 8.1Hz, 2H, ArH),
7.59-7.51 (m, 3H, ArH), 7.37 (dt, J=11.0, 7.3 Hz, 3H, ArH), 7.21
(dd, J=15.4, 8.1Hz, 2H, ArH), 7.12 (t, J=7.7Hz, 1H, ArH), 6.91 (t,
J=77Hz, 1H, ArH), 626 (d, J=81Hz, 1H, ArH), 5.63 (d,
J=12.5Hz, 1H, COCH), 435-4.25 (m, 1H), 422-4.12 (m, 1H),
2.69 (q, J=8.1Hz, 1H), 2.33 (m, 1H), 2.07 —1.97 (m, 2H), 1.88 (m,
2H); "*C-NMR (101 MHz, DMSO-d) 6 189.91, 166.19, 153.02, 147.51,
143.92, 142.76, 142.64, 142.20, 140.70, 137.50, 134.53, 131.49,
130.20, 130.11, 129.94, 129.59, 129.32, 129.27, 128.37, 127.40,
126.18, 123.25, 122.24, 120.79, 113.05, 74.71, 72.68, 66.18, 51.60,
47.42, 30.58, 28.16; Anal. for C35H,,NsO; caled: C, 78.78; H, 5.10; N,
13.12 Found: C, 78.72; H, 5.15; N, 13.08.

(1H-Benzo[d]imidazol-2-yl)((1'S,2’S,11R)-1’-(furan-2-yl)-
1,2',4a’,5',6',7',8',8a’,9’,9a’-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-aJindol]-2’-yl)methanone 6a. Yield (%): 74;
Orange solid material; m.p.. 175-177°C;, Molecular Formula:
C37H25Ns05; [IMT] m/z° 571; (KBr, Cm™"): 3432 (NH), 1677(C=0),
1620(C=N); [o]5’= +56.44 (c=0.05, MeOH); "H-NMR (400 MHz,
DMSO-dg) 6 12.74 (s, 1H, NH), 8.42 (d, J=8.1Hz, 1H, ArH), 7.96 (d,
J=8.1Hz, 1H, ArH), 7.85 (d, J=8.1Hz, 2H, ArH), 7.76 (d, J=8.1Hz,
1H, ArH), 7.65 (d, J=7.3Hz, 1H, ArH), 7.60 — 7.53 (m, 2H, ArH), 7.40
(t, J=7.7Hz, 1H, ArH), 7.19 (d, J=8.1Hz, 1H, ArH), 7.12 (%,
J=7.7Hz, 1H, ArH), 6.89 (t, J/=8.1Hz, 1H, ArH), 6.42 - 6.33 (m, 1H,
ArH), 6.27 (d, J=3.7Hz, 1H, ArH), 6.06 (d, J=8.8Hz, 1H, ArH), 5.59
(d, J=11.7Hz, 1H, COCH), 4.49 (q, /=8.8, 6.6 Hz, 1H), 4.36 —4.24
(m, TH), 2.14 (dd, J=29.7, 14.3 Hz, 2H), 1.90 - 1.81 (m, 1H), 1.53 (d,
J=6.6Hz, 1H), 1.44 (dd, J=13.2, 44Hz 2H), 1.39 (s, 1H), 1.35 (d,
J=7.3Hz, 1H), 1.23 (d, J=7.3Hz, 1H), 1.01 (d, J=6.6 Hz, 2H), 0.78
(d, J=44Hz, 1H), 068 (d, J=12.5Hz, 1H); *C-NMR (101 MHz,
DMSO-ds) 0 188.82, 153.88, 152.72, 147.19, 142.58, 142.15, 137.26,
134.52, 130.10, 129.44, 129.26, 126.20, 123.20, 122.08, 120.71,
111.04, 106.57, 73.65, 71.49, 70.18, 69.34, 64.56, 51.17, 46.75,
33.90, 31.20, 29.86, 29.65, 27.01, 25.53, 18.26, 17.72, 15.29; Anal.
for C3;H3;NsO,; Caled: C, 76.93; H, 5.41; N, 12.12 Found: C, 76.99;
H, 5.36; N, 12.20.

(TH-Benzo[d]imidazol-2-yl)((1'R,2'S,11R)-1’-(2,4-dichlorophenyl)-

1,2,4a’,5',6’,7',8',8a’,9’,9a’-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-ajindol]-2’-yl)methanone 6b. Yield (%): 84;
Yellow solid material;, m.p.. 161-163°C; Molecular Formula:
C30H25CILNSO; [MT] m/Z 649; (KBr, Cm™"): 3430 (NH), 1672(C=0),
1619(C=N); [oc]ff: +62.15 (c=0.05, MeOH);"H-NMR (500 MHz,
DMSO-dg) 6 12.60 (s, TH, NH), 8.41 (d, J=8.4Hz, 1H, ArH), 7.96 (d,
J=9.2Hz, 1H, ArH), 7.89—-7.80 (m, 2H, ArH), 7.68 —7.55 (m, 5H,
ArH), 741—-7.33 (m, 2H, ArH), 7.15-7.04 (m, 2H, ArH), 6.85 (t,
J=76Hz, 1H, ArH), 6.03 (d, J=84Hz, 1H, ArH), 570 (d,
J=12.2Hz, 1H, COCH), 4.70 (dd, J=12.2, 99Hz, 1H), 4.29 (td,
J=96, 6.1Hz, 1H), 3.26 (d, J=7.6Hz, 1H), 2.18—-2.09 (m, 1H),
208-199 (m, 1H), 1.73—-1.63 (m, 1H), 145-1.32 (m, 3H),
1.15-1.02 (m, 1H), 0.80 (d, J=19.9Hz, 1H), 0.70—-0.57 (m, 2H),
0.22 (d, J=10.7Hz, 1H); "*C-NMR (126 MHz, DMSO-ds) & 188.77,
166.57, 152.79, 147.03, 143.00, 142.74, 142.04, 137.48, 136.53,
135.40, 134.38, 132.39, 131.30, 130.23, 130.11, 129.82, 129.73,
129.51, 12943, 129.27, 128.46, 128.36, 126.19, 123.18, 122.22,

12067, 112.98, 73.54, 71.76, 66.57, 57.15, 47.69, 4195, 37.39,
28.35, 27.61, 24.67, 19.08; Anal. for C3oH3;Cl,NsO; Caled: C, 71.34;
H, 4.76; N, 10.67 Found: C, 71.29; H, 4.82; N, 10.61.

(1H-Benzo[d]imidazol-2-yl)((1'R,2’S,11R)-1’-(4-fluorophenyl)-
1,2',4a’,5’,6',7',8',8a’,9’,9a’-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-aJindol]-2’-yl)methanone 6c. Yield (%): 93;
Yellow solid material; m.p.. 187-189°C; Molecular Formula:
C30H3,FNsO; [M*] m/z 605; (KBr, Cm™"): 3434 (NH), 1678(C=0),
1620(C=N); [2]>= +90.21 (c=0.05, MeOH);'H-NMR (400 MHz,
DMSO-dg) ¢ 12.68 (s, 1TH, NH), 8.46 (d, J=8.1Hz, 1H, ArH), 7.98 (d,
J=8.1Hz, 1H, ArH), 7.87 (m, 3H, ArH), 7.68 (d, J=7.3Hz, 1H, ArH),
7.56 (m, 3H, ArH), 7.41 (t, J=7.3Hz, 1H, ArH), 7.15 (m, 4H, ArH),
6.93—-6.85 (m, 1H, ArH), 6.10 (d, J=8.8Hz, 1H, ArH), 5.66 (d,
J=125Hz, 1H, COCH), 4.39 (q, J=8.8Hz, 1H), 429-4.19 (m, 1H),
2.20-2.03 (m, 2H), 1.68 (dd, J=11.7, 5.9Hz, 1H), 1.48 —1.37 (m,
3H), 1.25-1.15 (m, 1H), 1.15-1.07 (m, TH), 0.92—-0.81 (m, 1H),
065 (t, J=117Hz, 2H), 025 (d, J=11.0Hz, 1H); "C-NMR
(101 MHz, DMSO-dg) ¢ 189.22, 166.92, 152.77, 147.29, 143.08,
142.75, 142.32, 142.16, 137.33, 136.31, 134.49, 131.10, 130.12,
130.01, 129.93, 129.69, 129.42, 129.28, 129.08, 126.18, 123.19,
122.10, 120.75, 116.02, 115.81, 113.02, 73.76, 71.55, 66.34, 57.20,
51.67, 42.06, 37.46, 30.98, 28.45, 27.86, 24.83, 19.15; Anal. for
C39H3,FNsO; caled: C, 77.33; H, 5.33; N, 11.56 Found: C, 77.27; H,
539; N, 11.51.

(TH-Benzo[d]imidazol-2-yl)((1'R,2’S,11R)-1’-(4-bromophenyl)-
1,2,4a’,5,6’,7',8",8a’,9’,9a’"-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-aJindol]-2’-yl)methanone 6d. Yield (%): 83;
Yellow solid material; m.p.. 160-162°C; Molecular Formula:
C30H26BrNsO; [MT1 m/z 659; (KBr, Cm™"): 3437 (NH), 1675(C=0),
1621(C=N); [oc]ZDS= +7591 (c=0.05, MeOH);'"H-NMR (700 MHz,
DMSO-dg) ¢ 12.66 (s, TH, NH), 8.45 (dd, J=8.2, 1.5Hz, 1H, ArH),
7.98 (dd, J=8.1, 1.5Hz, 1H, ArH), 7.91 (ddd, J=8.3, 6.9, 1.6 Hz, 2H,
ArH), 7.86 (t, J=6.8Hz, 2H, ArH), 7.67 (d, J=7.5Hz, 1H, ArH), 7.59
(td, J=7.5, 1.2Hz, 1H, ArH), 7.54 (d, J=8.6Hz, 2H, ArH), 7.47 (d,
J=8.6Hz, 2H, ArH), 742 (td, J=7.4, 1.0Hz, 1H, ArH), 7.20-7.17
(m, TH, ArH), 7.12 (ddd, J=8.0, 6.9, 1.1Hz, 1H, ArH), 6.90 (ddd,
J=82, 7.0, 1.1Hz, 1H, ArH), 564 (d, J=12.4Hz, 1H, COCH), 4.37
(td, J=9.3, 59Hz, 1H), 431-4.18 (m, 1H), 2.22-2.09 (m, 2H),
1.71 (dd, J=11.8, 59Hz, 1H), 1.53-139 (m, 3H), 1.18 (¢,
J=7.1Hz, 1H), 1.09 (tt, J=13.0, 2.8Hz, 1H), 0.91 (dt, /=133,
32Hz, 1H), 0.73-0.63 (m, 2H), 0.29-0.20 (m, 1H); *C- NMR
(176 MHz, DMSO-d¢) 6 189.00, 166.74, 152.64, 147.10, 142.94,
142,61, 142.13, 142.01, 139.52, 137.20, 134.36, 131.97, 131.01,
130.32, 130.06, 130.03, 129.60, 129.33, 129.16, 128.97, 126.09,
124.72, 123.09, 122.79, 121.98, 120.59, 120.29, 112.91, 73.62, 71.39,
65.96, 60.23, 57.10, 51.64, 41.93, 37.25, 28.32, 27.77, 24.71, 21.24,
19.01, 14.56; Anal. for C39H3,BrN;O; Calcd: C, 70.27; H, 4.84; N,
10.51 Found: C, 70.21; H, 4.78; N, 10.45.

(1H-Benzo[d]imidazol-2-yl)((1'R,2'S,11R)-1’-(3-fluorophenyl)-
1,2',4a’,5',6',7',8',8a’,9’,9a’-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-aJindol]-2’-yl)methanone 6e. Yield (%): 65;
Orange solid material; m.p: 160-162°C; Molecular Formula:
C3oH26FNsO; [MT] m/z 599; (KBr, Cm™"): 3434 (NH), 1681(C=0),
1617(C=N); [0]¥= +79.12 (c=0.05, MeOH);"H-NMR (400 MHz,
DMSO-dg) 6 12.69 (s, 1TH, NH), 8.45 (d, J=8.1Hz, 1H, ArH), 7.97 (d,
J=8.1Hz, 1H, ArH), 7.94—7.77 (m, 4H, ArH), 7.67 (d, J=7.3Hz, 1H,
ArH), 7.59 (t, J=7.7Hz, 2H, ArH), 7.45—-7.26 (m, 5H, ArH), 7.05 (t,
J=9.2Hz, 2H, ArH), 5.64 (d, J=12.5Hz, 1H, COCH), 441 (q, J=7.7,
6.6 Hz, 1H), 4.34—4.20 (m, 1H), 2.15 (d, J=8.8Hz, 2H), 1.73-1.65



(m, 1H), 154-138 (m, 4H), 1.10-1.03 (m, 1H), 0.89 (d,
J=11.7Hz, 1H), 0.68 (d, J=9.5Hz, 2H), 0.25 (d, J=11.7Hz, 1H);
3C-NMR (101 MHz, DMSO-dg) 6 189.11, 166.84, 164.04, 161.61,
152.77, 147.23, 143.25, 143.18, 143.04, 142.72, 142.22, 137.32,
131.13, 130.13, 129.33, 124.55, 122.66, 114.20, 73.75, 71.37, 66.17,
57.21, 52.03, 42.03, 36.82, 28.42, 27.85, 24.81, 19.13; Anal. for
C39H3,FNsO; caled: C, 77.33; H, 5.33; N, 11.56 Found: C, 77.38; H,
5.25; N, 11.48.

(1H-Benzo[d]imidazol-2-yl)((1'R,2'S,11R)-1’-(4-methoxyphenyl)-
1,2',4a’,5',6,7',8",8a’,9’,9a’"-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-aJindol]-2’-yl)methanone 6f. Yield (%): 73;
Orange solid material; m.p.: 161-163°C; Molecular Formula:
CaoH2oNs05; [MT1 m/z 611; (KBr, Cm™"): 3432 (NH), 1674(C=0),
1620(C=N); [0]>= +85.67 (c=0.05, MeOH);'H-NMR (400 MHz,
DMSO-dg) 6 12.64 (s, 1H, NH), 846 (d, J=8.1Hz, 1H, ArH),
8.00—7.78 (m, 4H, ArH), 7.67 (d, J=7.3Hz, 1H, ArH), 7.59 (t,
J=17.7Hz, 1H, ArH), 7.41 (t, J=8.1Hz, 3H, ArH), 7.18 (d, /=8.1Hz,
1H, ArH), 7.11 (t, J=7.7Hz, 1H, ArH), 6.90 (d, /=8.8Hz, 3H, ArH),
6.09 (d, J=8.1Hz, 1H, ArH), 563 (d, J=125Hz, 1H, COCH),
444 —-430 (m, TH), 4.23 -4.09 (m, 1H), 3.69 (s, 3H), 2.23 -2.03 (m,
2H), 1.70 (dd, J=11.7, 5.9Hz, 1H), 1.53-1.35 (m, 3H), 1.23-1.04
(m, 2H), 0.89 (q, /=16.9, 14.3Hz, 1H), 0.68 (d, J=8.8 Hz, 2H), 0.25
(d, J=10.3Hz, 1H); "*C-NMR (101 MHz, DMSO-dg) & 189.34, 166.96,
158.67, 152.71, 147.38, 143.07, 142.71, 142.44, 142.16, 137.25,
134.47, 13198, 130.11, 129.12, 126.15, 123.15, 122.47, 114.60,
113.00, 73.81, 71.56, 66.31, 57.18, 55.53, 51.75, 42.09, 27.47, 24.83,
19.16; Anal. for C4oH35N505; caled: C, 77.77; H, 5.71; N, 11.34
Found: C, 77.84; H, 5.63; N, 11.41.

(TH-Benzo[d]imidazol-2-yl)((1'S,2’S,11R)-1’-(thiophen-2-yl)-

1,2',4a’,5',6',7',8',8a’,9’,9a’-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-aJindol]-2’-yl)methanone 6g. Yield (%): 95;
Yellow solid material; m.p.. 182-184°C; Molecular Formula:
C37H3;Ns0S; M1 m/z 593; (KBr, Cm™"): 3433 (NH), 1674(C=0),
1621(C=N); [0]5’= +59.74 (c=0.05, MeOH); "H-NMR (400 MHz,
DMSO-dg) 6 12.81 (s, TH, NH), 8.45 (d, J=8.8Hz, 1H, ArH), 7.99 (d,
J=8.1Hz, 1H, ArH), 7.88 (dd, J=15.8, 7.7 Hz, 2H, ArH), 7.80 (m, 1H,
ArH), 7.70 (d, J=7.3Hz, 1H, ArH), 7.58 (t, J=7.3Hz, 1H, ArH), 7.41
(t, J=73Hz, 1H, ArH), 735 (m, J=5.1Hz, 1H, ArH), 7.23 (d,
J=8.1Hz, 1H, ArH), 7.12 (t, J=7.7Hz, 1H, ArH), 7.07 (d, J=4.4Hz,
1H, ArH), 6.95 (t, J=4.4Hz, 1H, ArH), 6.89 (t, J=7.7Hz, 1H, ArH),
6.13 (d, J=8.1Hz, 1H, ArH), 5.58 (d, J=11.0Hz, 1H, COCH), 4.53 (t,
J=8.4Hz, 2H), 2.17-2.05 (m, 2H), 1.83 (dd, J=11.4, 5.5Hz, 1H),
143 (t, J=12.8Hz, 3H), 1.18—-1.03 (m, 1H), 0.90—-0.76 (m, TH),
066 (d, J=125Hz, 2H), 026 (d, J=11.7Hz 1H); "“C-NMR
(101 MHz, DMSO-ds) o 189.05, 166.64, 152.71, 147.30, 143.25,
143.07, 142.77, 142.24, 142.10, 137.30, 134.58, 131.11, 130.14,
129.73, 129.45, 12930, 127.64, 126.25, 12531, 124.66, 123.24,
122.13, 120.80, 113.08, 73.98, 71.49, 67.63, 57.22, 55.48, 47.67,
42.04, 37.61, 2841, 27.92, 24.85, 19.16; Anal. for Cs;H3;NsOS;
Calcd: C, 74.85; H, 5.26; N, 11.80 Found: C, 74.79; H, 5.32; N, 11.73.

(TH-Benzo[d]imidazol-2-yl)((1'R,2’S,11R)-1’-phenyl-

1,2',4a’,5,6',7',8',8a’,9’,9a’-decahydrospiro[indeno[1,2-b]quinoxa-
line-11,3’-pyrrolo[1,2-aJindol]-2’-yl)methanone 6h. Yield (%): 84;
Yellow solid material; m.p.. 176-178°C; Molecular Formula:
C3oH33Ns0; M1 m/z 587; (KBr, Cm™"): 3428(NH), 1679(C=0),
1617(C=N); [0]7= +33.57 (c=0.05, MeOH);'H-NMR (400 MHz,
DMSO-dg) 0 12.68 (s, 1H, NH), 8.47 (d, J=8.1Hz, 1H, ArH), 7.99 (d,
J=8.1Hz, 1H, ArH), 7.95—-7.80 (m, 3H, ArH), 7.69 (d, J=7.3Hz, 1H,
ArH), 7.60 (t, J=7.3Hz, 1H, ArH), 7.46 (dd, J=24.9, 7.3Hz, 3H,
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ArH), 7.32 (t, J=7.3Hz, 2H, ArH), 7.23 —7.12 (m, 3H, ArH), 7.10 (d,
J=8.1Hz, TH, ArH), 6.89 (t, J=7.7Hz, 1H, ArH), 6.12 (d, J=8.1Hz,
1H, ArH), 5.73 (d, J=12.5Hz, 1H, COCH), 4.48—437 (m, 1H),
428-4.18 (m, 1H), 3.34 (s, 1H), 2.17—2.03 (m, 2H), 1.69 (dd,
J=11.0, 59Hz, 1H), 143 (t, J=11.0Hz 3H), 1.13 (dt, J=16.1,
7.7Hz, 2H), 0.66 (d, J=9.5Hz, 2H), 0.27 (d, J=11.0Hz, 1H); "3C-
NMR (101 MHz, DMSO-d,) & 189.31, 167.00, 152.78, 147.35, 143.11,
142,76, 142.40, 142.19, 14022, 137.33, 134.51, 131.10, 130.15,
130.10, 129.68, 129.41, 129.29, 129.18, 129.11, 128.14, 127.32,
126.16, 123.18, 122.11, 120.76, 113.03, 73.83, 71.64, 66.17, 57.21,
52.50, 42.09, 37.68, 28.48, 27.86, 24.85, 19.16; Anal. for C3oH33NsO;
caled: C, 79.70; H, 5.66; N, 11.92 Found: C, 79.65; H, 5.71; N, 12.85.

Biology

MTT assay

A549 cancer cells and normal human lung fibroblasts (Wi-38) were
purchased from the National Cancer Institute in Cairo, Egypt, and
were cultured in “RPMI-1640 medium L-Glutamine (Lonza Verviers
SPRL, Belgium, cat#12-604F), 10% foetal bovine serum (FBS,
Sigma-Aldrich, MO, USA) and 1% penicillin-streptomycin (Lonza,
Belgium)”. All cells were incubated at 37°C in 5% carbon dioxide
atmosphere (NuAire). In a 96-well plate, cells were plated in tripli-
cate at a density of 5 x 1074 cells and were treated with the com-
pounds at concentrations of (0.01, 0.1, 1, 10, and 100 uM) on the
second day. Cell viability was assessed using MTT solution
(Promega, USA)>%. The viability was calculated in comparison to
the control, and the ICso values were computed®>.

CDK2 inhbition assay

CDK2 luminescence kinase Assay kit (Catalog #79599, Kinase-Glo
Plus, Promega, USA) was used to evaluate the inhibitory potency
of compound 6b using serial dilutions of 0.01-10 uM against the
CDK2 inhbition. The autophosphorylation percentage inhibition by
compound 6b was calculated using the following equation: 100-
[Control/Treated-Control)] using the curves of percentage inhib-
ition of eight concentrations of each compound, ICs, was calcu-
lated using the GraphPad prism7 software®*>°.

Computational studies

MEDT. The wB97X-D°® functional, together with the standard 6-
311G(d,p)*>’ basis set, were used throughout this MEDT study.
Solvent effects of methanol were taken into account by full opti-
misation of the gas phase structures at the same computational
level using the polarisable continuum model (PCM)*®>° in the
framework of the self-consistent reaction field (SCRF)*°®2. The
GEDT values were computed by using the equation GEDT(f) =
Zqr, were q are the natural charges®®®* of the atoms belonging to
one of the two frameworks (f) at the TS geometries. Global and
local CDFT indices were calculated by using the equations given
in reference.*> The Gaussian 16 suite of programs was used to
perform the calculations.®

Docking and molecular dynamics. To comprehend the binding
modes and potential activities of the newly developed spiro-
indenol[1,2-blquinoxaline derivatives, molecular docking was per-
formed against the established target: CDK2 (PDB ID 2A4L)%. The
crystal structure of the target protein was retrieved from the
Protein Data Bank (www.rcsb.org/pdb). CDK2 protein was proto-
nated, charged and minimised by using MOE 2019.01 suite®”. The
chemical structure of the screened compounds and the reference
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drug roscovitine were constructed using the Builder tool imple-
mented into MOE. The structures were further prepared including
atom-type corrections, protonation, minimisation, and charge
assignment and saved in its respective 3D conformations. Prior to
the molecular docking experiments, a re-docking was performed
to assess the efficiency of the software and docking protocol. The
re-docking outcomes confirmed the suitability of MOE as an
appropriate software for further docking studies of the quinoxa-
line derivatives. Further, to investigate the dynamic stability of
compound 6b in the active site of CDK2, a short production run
of 100ns was performed using AMBER22%¢, System preparation
including minimisation and equilibrium process were done as pre-
viously described®. The CPPTRAJ module integrated in AMBER
suite was used for trajectory analysis”®.
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