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A monocarbonyl analog of curcumin, (2E,5FE)-2,5-bis(2-methoxybenzylidene)-cyclopentanone
(B2MBCP), was prepared and characterized via spectroscopic methods (NMR, UV-Vis, FT-IR, and MS).
Furthermore, density functional calculations were implemented to study the molecular structure and spec-
troscopic features, as well as adsorption properties. In addition, Hirshfeld surface and NBO theoretical
analysis were carried out. The reduced density gradient (RDG) analysis via non-covalent interactions
(NCI) and interaction region indicator (IRI) indicate the presence of extensive Van der Waals interac-
tions. These interactions are classified in different contributions and energy stabilization from Hirshfeld
surface analysis where the dominant type of contacts are H---H contacts. The molecular docking studies
of B2MBCP with DNA revealed cooperative interactions that led to intercalation. The results from the
cyclic voltammetry (CV) measurements agreed with the calculated energies of the frontier orbitals and
the compound structure. Theoretical studies indicated that the relatively flat B2ZMBCP is adsorbed onto a
graphene surface, with a significant adsorption energy of —41.19 kcal/mol. The results of this study pro-
vide a better overall picture of the properties of MAC with a cyclopentanone core and can be taken as a
useful guide in the search for new biologically active compounds and new possible means of delivery.

Keywords: (2E,5E)-2,5-bis(2-methoxybenzylidene)cyclopentanone; spectroscopic characterization;
cyclic voltammetry; DFT; graphene; adsorption; molecular docking; solid-state interactions

EKCIIEPUMEHTAJIHA 1 TEOPETCKA CTYINJA
HA (2E,5E)-2,5-BUC(2-METOKCUBEH3WINJIEH)[IUKJIOIIEHTAHOH:
CTPYKTYPHU, EJEKTPOXEMUCKH U CIIEKTPOCKOIICKH OJJIUKU, THTEPAKIIUU
BO IIBPCTA ®A3A, MOJIEKYJICKO TPUITOJYBAIE U ANCOPIIIIIIAOHN UCITUTYBAIBA
KOH 2D JATJIEPOJHU HAHOMATEPUJAJIN

Monoxkap6onmreH aHamor Ha KypkymuH (MAC), (2E,5E)-2,5-6uc(2-MeTOKCHOCH3MINACH)-
mukionentaHoH (B2ZMBCP), Oemie cHHTETH3MpaH W KapaKTEpPU3HPAH CO CHEKTPOCKOIICKH METOIU
(NMR, UV-Vis, FT-IR u MS). HNmmnementupann Oea DFT-npecmerkum 3a mnpoydyBame Ha
MOJIEKyJlapHaTa CTPYKTYpa M CIIEKTPOCKOIICKUTE KapaKTEPHUCTHKH, KaKO M aTCOPNIMOHHUTE CBOjCTBATA.
JomomauTenHO Oeme U3BpIISHa TEOPETCKa aHamu3a Ha XupmdengoBaTa nospmuHa 1 NBO. Ananuszara
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Ha peaynupan rpaaueHT Ha ryctuHa (RDG) npeky nHexoBanentHu uHTepakiuu (NCI) m naaukaTop 3a
peruon Ha uHTepakuuja (IRI) ykaxyBa Ha nmpucycTBO Ha ekcTeH3UBHHM Ban nep BancoBn mHTEepakimy.
OBHe MHTEepakIMu ce KiIacupHUIMpPaHH Ha Pa3IMYHU IPUAOHECH W EHeprercka crabwinzanuja onx
aHanM3ara Ha XwupuidengoBara MOBpIIMHA, Kaae AomMuHaHTeH TN ce H---H konrakrute. Ctyaunte 3a
MoJiekysapHo npunojyBame Ha B2ZMBCP na JIHK oTkpuja KoonepaTuBHH MHTEPAKIUH, IITO PE3yATHpPa
co MHTepKanmpame. Pesynrature on nnkinyHata Boiramerpuja (CV) ce cornacyBaar co mpecMeTaHuTe
€HEepruy Ha TPaHUYHHUTE OPOWTAIM M CTPYKTypaTa Ha COEJIMHEHHETO. TEeOpeTCKHTEe CTYAWH MOKaKaie
neka penatuBHO paMHHOT B2ZMBCP ce atcopOmpa Ha moBpIIrHATa Ha TpadeH, co 3HAUUTENIHA SHepTHja
Ha atcoprmyja ox —41,19 kcal/mol. Pesynratute on oBaa cTyauja qaBaat momoOpa MElOKyIHa CIHKa 3a
cBojctBata Ha 0B0j MAC cO IUKJIONIEHTAHOHCKO jaJpo M MOJKaT Jia € 3eMaT KaKo KOPHUCEH BOJHY BO
MOTparaTa 1o HOBH OMOJIOIIKH aKTHBHY COEIMHEHHU]a 1 HOBH MOXKHU HAUYMHM 3a JOCTABa.

Kayunu 360poBu: (2E,5E)-2,5-61c(2-MeTOKCHOCH3WIHICH ) INKIIOTICHTaHOH;
CHEKTPOCKOIICKA KapaKTepHu3alyja; NukiInyHa Boaramerpuja; DFT; rpaden; arcopmmja;
MOJIEKYJIapHO TPHII0]yBamke; HHTEPAKLIMHU BO LIBPCTA COCTOj0a

1. INTRODUCTION

Curcumin is a natural product obtained from
the dried rhizome of the plant Curcuma longa.' Cur-
cumin has been approved as a food additive and is
frequently used as a herbal supplement, a coloring
agent and flavoring in food, and as a cosmetic ingre-
dient.? Furthermore, it has a wide range of biological
activities such as anti-inflammatory, anti-amyloid,
anticancer, anti-ischemic, antimicrobial, and antioxi-
dant, among others.? Curcumin has a number of tradi-
tional pharmacological uses in the treatment of ail-
ments, including external/internal wounds, liver dis-
orders, blood purification, antimicrobial activity, and
swollen joints.*® Curcumin, however, has significant
pharmacokinetic drawbacks, including low absorp-
tion, rapid metabolism, and the requirement for re-
peated oral dosages, limiting its use.”®

The role of curcumin as a lead compound has
been controversial, and certain authors classify it as

PAINS (pan-assay interference compounds), as well
as an IMPS (invalid metabolic panaceas).” Besides all
of the drawbacks mentioned above, curcumin has
been a starting point and inspired researchers to make
analogs in order to improve the chemical stability and
bioavailability. Curcumin is relatively stable at pH
values less than 6.5. However, the enolizable 1,3-
diketo moiety is the culprit for the low stability at
higher pH, including physiological conditions (pH
7.4 and 37 °C). Moreover, the phenolic OH groups
are prone to oxidation.'” One way to circumvent this
is to replace the 1,3-diketo functionality with a single
ketone but keep the enone system, which is important
for bioactivity (Scheme 1). The resulting compounds
were named monocarbonyl analogs of curcumin
(MACs), and they are based on the 1,5-diaryl-1,4-
pentadien-3-one system.!''* Indeed, these MACs
have been shown to have higher stability than curcu-
min'>, and they have diverse biological activity.'>!3

2,5-diarylidenecyclopentanones

HyC CH
o 0 o
‘ \“/ ‘

B2MBCP

Scheme 1. Removal of the diketo functionality from curcumin leads to more stable monocarbonyl analogs.
The biologically active MACs can be acyclic (n = 0), with a cyclopentanone core (n = 2), a cyclohexanone core (n = 3),
or a 4-piperidone core. The most conformationally rigid MACs are 2,5-diarylbenzylidenecyclopentanones.
The structural formula of the title compound is (2E,5E)-bis(2-methoxybenzylidene)cyclopentanone (B2MBCP).
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Our research groups have been involved in
the synthesis and purification of these compounds
and methodically exploring their biological activi-
ty.!62% For this study we have chosen the symmet-
rical (2E,5F)-2,5-bis(2-methoxybenzylidene)cyclo-
pentanone (B2MBCP), because it has been evident
from previous studies that MACs with methoxy
and alkoxy groups, but without reactive phenolic
OH group, have improved stability and biological
activity.'>?! The title compound represents the
simplest cyclopentanone MAC with methoxy
groups in the ortho position, where the influence on
the dienone system will be the greatest. Moreover,
B2MBCP in biological tests exhibited cytotoxicity
to human KB cells and was shown to be active after
72 hours against human PC3 cells by MTT analysis.
It also has superior hydrolytic stability compared to
curcumin and other classes of MACs."> Also, ac-
cording to the study by Zoete et al. it is expected to
be potent in inducing the activity of NAD(P)H :
quinone reductase (NQOI1), a prototypic phase 2
cancer-protective enzyme.?> Here, the potency of the
compounds was correlated/ranked with the energy
of the HOMO. The general idea was to synthesize
and purify BZMBCP and carry out more detailed
experimental and theoretical investigations with
emphasis on its spectroscopic properties, structure,
and solid-state interactions.'®

It is necessary to control the electrophilicity
and redox characteristics of the Michael acceptor for
the optimal biological activity of MAC. For MACs
with a cyclopentanone core, there is data for redox
potentials of unsubstituted and para-substituted de-
rivatives. Herein, we utilize cyclic voltammetry
(CV) using glassy carbon (GC) in acetonitrile solu-
tion to obtain valuable electrochemical data. These
measurements were made to see the effect of or-
thomethoxy substituents on the benzene rings of the
cross-linked dienone on the redox potentials and
also to examine the energy and other features of the
frontier orbitals of the molecule.”

Graphene is a pure form of carbon with a
two-dimensional structure, which makes it highly
appealing and provides a large surface area for ad-
sorption. Graphene has shown excellent absorbent
properties for flat conjugated organic compounds
through Van der Waals forces and m-m stacking
interactions.’** Graphene and graphene oxide
have a high selectivity surface area for specific
molecules due to their unique electronic struc-
tures.?® This will be a preliminary study to explore
the efficiency of the adsorption utilizing a solution
of B2MBCP in organic solvent(s).

Furthermore, it is interesting to note that the
experimental and theoretical studies of the interac-
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tion/binding of MAC to DNA are scarce.”” From
the experimental in vitro study by Huber et al., it
was established that there was no DNA binding of
4-piperidone and cyclohexanone MACs. However,
the “flattest” cyclopentanone analogs were not in-
vestigated.

Herein, we would like to present our theoret-
ical and experimental studies of the title compound
(B2MBCP) regarding structural, spectroscopic,
and electrochemical features, solid-state interac-
tions, and adsorption on graphene. Additionally, its
interaction with DNA may be relevant to its bio-
logical activity, which was probed via a molecular
docking study with DNA.

2. EXPERIMENTAL SECTION

2.1. Reagents and instruments

Cyclopentanone  (99.8%), benzaldehyde
(98%), and 2-methoxybenzaldehyde (98%) were
obtained from Sigma Aldrich. Methanol (99.9%,
Chromasolv HPLC grade), dichloromethane, chlo-
roform, carbon tetrachloride, ammonium chloride,
and sodium hydroxide were obtained from Merck.
All chemicals were used without further purifica-
tion. The progress of the reactions was monitored
by thin-layer chromatography (TLC) plates, which
were aluminum sheets pre-coated with silica gel
containing fluorescent indicator (Merck, Kieselgel
60, F2s4). The plates were visualized by direct in-
spection (yellow spots) or by using a Camag UV
lamp (254 nm and 266 nm). Melting points were
determined using a Buchi B-545 melting-point ap-
paratus. Infrared spectra were recorded on an FT-
IR, Shimadzu 8400s and Agilent Cary 630. The IR
absorption spectra were recorded on a Perkin-
Elmer System 2000 FTIR spectrometer with the
KBr pellet technique. The spectra were recorded
with a resolution of 4 cm™!, using 32 scans. The
solution spectra (CH2Cl, or CCls) were recorded in
a sealed cell for liquids (SLC) with KBr windows,
with a path length of 0.024 mm (conc. of
B2MBCP of 30 mg/ml). The ATR spectra were
recorded on the same Agilent Cary 630 FTIR spec-
trometer using a diamond ATR accessory. 'H and
BC NMR spectra were obtained on a Bruker
Avance 400 MHz spectrometer (at 400 and 100
MHz, respectively) in dg-chloroform solvent with
tetramethylsilane (TMS) as an internal standard.
Chemical shifts were measured relative to TMS or
the residual solvent in CDCls. The UV-Vis spectra
were recorded on a Helios Alpha Spectrophotome-
ter in CCl4 and CH,Cl, solvents. The mass spectral
measurements were carried out on an Agilent 1100
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HPLC system equipped with an atmospheric-
pressure chemical ionization (APCI) interface and
an ion-trap mass analyzer (G2445A Spectrometer)
controlled by LCMSD software (Agilent, v.4.1).
Mass spectral data were acquired in the positive
ionization mode. The full scan covered the mass
range of 15-600 m/z. Electrochemical measure-
ments were performed with the PalmSens BV de-
vice, version 5.9, with the cyclic voltammetry
method in a closed cell deaerated with N, gas us-
ing a three-electrode system. A glassy carbon elec-
trode was used as the working electrode. An
Ag/AgCl electrode (saturated KCl) was the refer-
ence electrode, and a graphite electrode was the
counter electrode. The measurements were per-
formed after dissolving the compound in acetonitrile
at a concentration of 1 mmol and in the presence of
the basic electrolyte TBAHPh with a concentration
of 0.1 M, degassing every 5 min with nitrogen gas,
and in the potential range —1.6 to 1.8 V.

For the determination of adsorption onto
graphene, first, a 100 ¢m® solution was prepared
with a concentration of 100 ppm (100 mg/dm®)
using acetonitrile as the solvent. The concentration
of the compound was kept unchanged at 100 ppm
(it was diluted 10 times to avoid errors because it
had an absorbance higher than 2), while the
amount of graphene was changed to 10, 25, and 50
mg. The solutions were stirred for 24 h with a
magnetic stirrer at 700 rpm, then filtered with a 45
um nylon membrane prior to UV-Vis measurement
(Amax = 380 nm). The residual concentration meas-
urement was determined by UV-Vis. The UV-Vis
spectra were recorded on a Helios Alpha Spectro-
photometer using a quartz cuvette.

2.2. Synthesis of (2E,5E)-bis(2-
methoxybenzylidene)cyclopentanone (B2MBCP)

The title compound was prepared by adapta-
tion of the procedure described by Hadzi Petrusev
et al. ', Cyclopentanone (0.6309 g, 10 mmol) and
2-methoxybenzaldehyde (2.042 g, 15 mmol), fol-
lowed by methanol (10 ml), were added to a round-
bottomed flask (25 ml) equipped with a condenser.
The solution was stirred at ambient temperature for
5 min. Afterward, a 20% (w/v) aqueous solution of
sodium hydroxide (2.0 ml) was added dropwise
over a 5 min period. Initially, the reaction mixture
turned yellow, and after a few minutes, a yellow
precipitate appeared. The reaction mixture was
stirred for an additional 50 min at ambient temper-
ature. The reaction mixture was cooled at 0 °C for
10 min, then 5 ml of water was added. The result-
ing yellow suspension was filtered on a Biichner

funnel. The yellow solid was washed with saturat-
ed aqueous ammonium chloride solution (1 x 10
mL), distilled water (3 x 10 ml), and ice-cold
methanol (5 ml). The yellow solid obtained was
dried in vacuo. Recrystallization from a metha-
nol/chloroform mixture was carried out as de-
scribed in the literature,”® giving 1.680 g (53%) of
B2MBCP as yellow crystals. mp 176.6-178.4 °C
(mp 150-152 °C, lit.!5;155 °C, lit.*); R¢ (4:1 n-
hexane/ EtOAc) = 0.32; '"H NMR (400 MHz, chlo-
roform-d): 6 7.68 — 7.55 (m, 6H), 7.49 — 7.41 (m,
4H), 7.38 (dd, J = 8.4, 6.2 Hz, 2H), 3.13 (s, 4H).
BC NMR (100 MHz, chloroform-d): & 196.22,
158.90, 137.63, 130.67, 129.77, 127.99, 125.03,
120.23, 110.81, 55.52, 26.84; FT-IR (KBr): 1677
cm! (m, C=0), FT-IR (ATR): 1678 cm™' (m,
C=0), FT-IR (SLC with CCl): 1698 cm™' (m,
C=0) and FT-IR (SLC with CH,Cl,): 1692 ¢cm™!
(m, C=0). UV-Vis (CCly): Amax= 367 nm, & =
31980 M 'em™!; (CH2ClL): Amax = 371 nm, & =
35307 M 'em™'; MS-APCI (m/z) = 321 (MH").

2.3. Theoretical calculations

The molecular structure of (2F,5E)-2,5-bis(2-
methoxybenzylidene)cyclopentanone (in vacuo and
solvent) was optimized using density functional
theory (DFT) and B3LYP functional using 6-
31+G(d,p) basis set via the Gaussian 16 software.
The B3LYP functional,®® which employs Becke's
three-parameter hybrid exchange functional and the
Lee-Yang-Parr correlation functional, has been used
effectively to assess the characteristics of numerous
organic compounds.’!*? The vibrational frequencies
of the optimized geometries were validated.**** The
excited-state geometry of B2ZMBCP was optimized
using TD-DFT with the same functional and basis
set. In all calculations, the solvent effect was con-
sidered a polarizable continuum model (PCM) using
the integral equation formalism variant (IE-FPCM).
The non-covalent interaction (NCI) analysis was
performed using Multiwfn software, and the NCI
surface® was plotted using Visual Molecular Dy-
namics software.>*3’

All  calculations based on density-
functional-based tight-binding (DFTB) were exe-
cuted using the software tool known as
DFTB+.%%3 This software package is widely used
for conducting quantum mechanical simulations of
various types of materials, including solids, insula-
tors, metals, and biological systems. The DFTB+
software tool is highly efficient and enables rapid
computation of large systems while being signifi-
cantly faster than the ab initio methods. It also of-
fers several advantages such as the ability to model
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chemical reactions, predict molecular properties,
and simulate reactions in complex environments.
The 30B-Koster library set was used to compute
the likelihood of interaction and collision between
pairs of C, N, O, H, and S. For the calculations, the
convergence tolerance for energy was 0.01
kcal/mol, for force it was 0.1 kcal/mol, and the
displacement was 0.001.

CrystalExplorer 17.5 was used to generate
Hirshfeld surfaces and their associated two-
dimensional fingerprint maps. The normalized con-
tact distance (dworm) Was calculated using both d.
(distance from the point to the nearest nucleus ex-
ternal to the surface) and d; (distance from the
point to the nearest nucleus external to the sur-
face). The combination of d. and di in the form of a
two-dimensional fingerprint plot offers an over-
view of a crystal's intermolecular interactions. In-
teraction energies in the molecule were calculated
using CE-B3LYP/6-31G(d,p) quantum level of
theory, as available in CrystalExplorer 17.5.

3. RESULTS AND DISCUSSION

3.1.'H and ">C NMR spectroscopy

The title compound was prepared by a
Claisen-Schmidt reaction and purified by recrystal-
lization from a 5:1 chloroform/methanol mixture.
Based on the NMR spectroscopic data and compar-
ison with the literature®, it can be concluded that
B2MBCP is a symmetric molecule and has E,E
stereochemistry. This stereochemical assignment is
supported by the crystallographic data.”® In 'H
NMR, the protons of the CH, groups from the cy-

Table 1

clopentanone ring appear at 3.00 ppm, whereas the
protons from the methoxy groups appear as a sin-
glet at 3.87 ppm. The olefinic protons from the
dienone system appear as a singlet at 8.00 ppm.
There are 8 aromatic protons, and their splitting
and coupling correspond to a 1,2-disubstituted
benzene (Fig. 1). There are 11 peaks in the C
NMR broadband decoupled spectrum, which con-
firms the symmetric structure. The carbonyl group
appears at 196.27 ppm. There are 8 olefinic and
aromatic carbons; the carbon from the methoxy
group appears at 55.55 ppm, and the CH, group
from the cyclopentanone moiety is at 26.87 ppm.
The C NMR spectrum was also simulated via
calculation, and the experimental and theoretical
values are in good agreement (Table 2). The con-
jugated nature of the compound and the dienone
system is confirmed by UV-Vis spectra and IR
data (sections 3.2 and 3.3). Similarly, *C NMR
spectra (Figure 2) agree with the (2E,5E)-2,5-

bis(2-methoxybenzylidene)cyclopentanone  struc-
ture and the previously reported data.
H Hao
H 41 H
40~ 2/ 22 \Q4/43
(@) H o o~
H/ > 20 29 H34 21 \H
H39 * + LJ 1[3 1|5 44H
NN \8/ \12¢ 14 167
| N S A
RN, J T N~ \H
26 28 36 38
30 33 |J.|
27 37

Theoretical and experimental 'H and '*C spectra of B2MBCP.
Chemical shifts are given relative to TMS, and all values are given in ppm.

13C NMR 'H NMR
Atoms Exp. Theor. Atoms Exp. Theor.
(ppm) (ppm) (ppm) (ppm)
C9 (C=0) 196.27 197.25 H29, H34 8.00 (s) 7.73 (s)
Ceo, C15 158.94 158.99 H28, H36 7.52 (dd) 7.51 (dd)
C8, C12 137.66 140.43 H26, H38 7.34 (ddd) 7.41 (ddd)
C7,C13 130.71 135.67 H27, H37 6.99 (td) 7.19 (td
C2,C19 129.81 133.06 H25, H35 6.92 (dd) 6.98 (dd)
C4, C17 128.02 130.21 H39, H40, H41, H42, 3.87 (s) 3.84 (s)
H43, H44
C5, C14 125.07 126.15 H30, H31, H32, H33 3.00 (s) 2.96 (s)
C3,C18 120.26 123.22
C1, C16 110.84 113.55
C23, C24 (O-CH3) 55.55 55.39
C10, C11 (CH2) 26.87 26.70
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Fig. 3. UV-VIS spectra of BAMBCP in CCl4 (a) and CH2Cl2 (b) and absorbance vs. concentration plots
for determining the molar absorptivity (c)

3.2. UV-Vis spectroscopic studies

To get molecular insight into these com-
pounds, UV-Vis absorption spectra were obtained
in CCly and CH,Cl, (200-800 nm) and compared to
the computed spectra using time-dependent density

functional theory (TDDEFT). The graphs of the cal-
culated spectra are depicted in Figure 3. The calcu-
lated UV-Vis spectra agree with those obtained
experimentally. This compound had an absorption
maximum at 364 nm in CCly and at 371 nm in di-
chloromethane.
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The compound has moderate molar extinc-
tion coefficients (g) with a value of 31980 M 'cm™!
in CCls and 35307 M 'em™! in CH,CL. These ab-
sorptions, as evidenced in previous similar com-
pounds, are due to ®1 — 7* transition at a lower
wavelength (presented as a shoulder at 312 nm)
and n — * at higher ones.*’ It was observed that
the long wavelength absorption band (LAB) is sen-
sitive to the polarity of the solvent, where the Amax
shifts to higher wavelengths as the polarity of the
solvent increases (364 nm (CCly), 371 nm
(CH2Cl,), 378 nm (CH3CN)). This is another con-
firmation that the LAB arises from the n — w*
transition, which is known to be sensitive to sol-
vent polarity.

3.3. Vibrational spectroscopy (FT-IR)

Considering the calculated wavenumbers,
the assignments of the molecule’s vibrational
wavenumbers were interpreted by comparing with
similar molecules*'* and expressed in terms of the

900 1000 1100

1200 1300

total energy distribution (TED) values. Also, theo-
retical vibration wavenumbers of B2ZMBCP were
calculated at the same level theory with 6-31G(d,p)
as the basis set. The calculated vibrational wave-
numbers of the free form and the dissolved form of
the molecule (in CCly and CH>Cl, solutions and
solid-state). Also, experimental wavenumbers of
the spectrum of solid samples (ATR) and dissolved
forms of (2E,5E)-2,5-bis(2-methoxybenzylidene)
cyclopentanone are given in Figure 4. They show
the experimental and theoretical infrared spectra of
the solid phase and solvation forms of 2,5-bis(2-
methoxybenzylidene)cyclopentanone, respectively.
From the experimental data, it can be concluded
that the key C=0O group is conjugated, which
agrees with NMR and UV-Vis data. The C=0
stretching vibration in the solid sample (ATR tech-
nique) was observed at 1675 cm™!, at 1692 cm™! in
CH)Cl; solution, and in the least polar solvent
(CCly) at 1698 cm™'. The same trends were ob-
served in the calculated IR spectra.
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U

[
J ,'I

| : WA .
\\"“/MT—/\‘—r‘/\J'\"\‘—l—"’/J ] \\‘. S Eere—

900 1000 1100 1200 1300

1400 1500 1600 1700 1800

Wavenumber [1/cm]

Fig. 4. Theoretical and experimental FTIR spectra of (2E,5E)-bis(2-methoxybenzylidene)cyclopentanone in different media:
solid state, CCls, and CH2Cl2
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Table 2

Theoretical and experimental IR spectra of B2MBCP. Displacements of C=0 and C-O-C groups
in relation to the solid state and the influence of CCly and CH>Cl, solutions with values given in cm™

Modes Solid Solid (theo.) CH:CL: CH:Cl: (theo.) CCl4 CCl4 (theo.)
C=0 1675 cm™'str. 1613 cm ! str. 1692 cm!'str. 1665 cm™! str. 1698 cm!'str. 1677 cm! str.
939 cm'rock 1022 cm™'rock  94lem'rock  971.68 cm™! rock 936 cm'rock 971 ecm ™! rock
and wag and wag and wag and wag and wag and wag
C-0-C 1280 cm™! 1265 cm™! 1249 cm™! 1287 cm! strong 1279 cm! 1289 cm!
strong asym- strong asymmet-  strong asym- asymmetric. strong asym- strong asym-
metric. ric. and metric. and metric. and metric.
and 1069 cm™! very  and 1151 cm! very 1051 cm™! and
1053 cm™! weak asymmet- 1051 cm™! weak asymmetric. very weak 1013 cm™! very
very weak ric. very weak asymmetric. weak asymmet-
asymmetric. asymmetric. ric.
3.4. Cyclic voltammetry (CV) surface of glassy carbon (GC) electrodes in acetoni-

trile solvent (Fig. 5, Table 3). The CV curves were
Electrochemical properties of B2MBCP were recorded from 0 V to the anodic (—1.6V) or cathodic
studied by cyclic voltammetry (CV) on a cleaned (+1.6V) region of potentials.*

Table 3

Electrochemical potentials of compound B2MBCP in acetonitrile measured relative
to Ag/AgCIl/KCI (sat.) by cyclic voltammetry (CV) in the presence of 0.1 M TBAHPh
on glassy carbon (GC) electrode with the potential sweep speed 100 mV s™.

Compound Erea Ired AEreax Eox AEox++ AE=Eox-Ered
™ (MA/V) (mV) ™ (mV) \2)
B2MBCP —1.417 -131.35 3.565 1.467 0 2.884

*shift of reduction potential relative to B2MBCP
**shift of oxidation potential relative to B2MBCP

30 gomBCP
25

20
15
10

5 8N el /

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

-5 P WV e
-10

- /1 T Blank

-20

-25

-30

-35

-40

18 14 10 06 02 02 06 10 14 18

E/mV

I/mA

B2MBCP

Fig. 5. Cyclic current-potential curves of (2E,5E)-bis-(2-methoxybenzylidene)cyclopentanone (B2ZMBCP)
(a) blank in MeCN (dashed blue line) on glassy carbon (GC) electrode, (b) B2MBCP in MeCN (solid orange line)
on GC electrode. Both were carried out with potential sweep speed of 100 mV s
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The reduction potential (—1.417 V) and the
current measured in the potential range of —1.6 to
+1.6 V indicate the potential at which the studied
compound undergoes reduction at the working elec-
trode. The compound was dissolved in MeCN and
showed an adsorption in the potential region —1.6 to
+1.6 V.» The experimental data indicates that the
B2MBCP cathodic peaks in this study are electro-
chemically irreversible, which corresponds to the
transfer of one electron. This finding is in agree-
ment with previously reported findings for related
MACs.2** The electron transfer to the conjugated
system of the m-bonds of the substrate (in E1) is
mainly localized on the oxygen atom of the car-
bonyl group. The anion radical formed most likely
dimerizes or undergoes protonation (ECE mecha-
nism) with the formation of a free radical, which, as
a rule, undergoes reduction at E1 of the substrate.*
If one compares the experimental results to the pre-
viously reported ones for the para—substituted ana-
log ((2E,5E)-bis-(4-methoxybenzylidene)cyclopen-
tanone), B4AMBCP), they are quite close. The re-
duction potential (Erq) for B4MBCP is —1.39 V,
the oxidation potential (Eox) is 1.48 V, and AE is
2.87 V.

Graphene

B2MBCP

3.5. Adsorption properties of graphene.
Synthesis of graphene

Graphene oxide was prepared by oxidizing
graphite with potassium permanganate (KMnOs) and
sulfuric acid (H2SOs). This oxidation method forms
graphene oxide by creating several oxygen-
containing functional groups on graphene flakes.*
The graphene oxide suspension was rinsed many
times with distilled water after oxidation to eliminate
acids and salts. Membrane filtering of the solution
yields solid graphene oxide powder. The oxidizing
agent type and concentration, reaction duration, tem-
perature, and reaction mixture pH affect graphene
oxide quality and characteristics.”**

Chemical reduction of graphene oxide is a
popular way to make high-quality graphene. The
oxygen-containing functional groups in graphene
oxide must be removed chemically to restore its
sp? hybridization of carbon atoms. This is done
with ascorbic acid. After chemical reduction, gra-
phene has little oxygen and good electrical and
mechanical characteristics. Chemically reduced
graphene quality varies depending on the kind of
reducing agent, concentration, reaction time, reac-
tion mixture temperature, and pH.*

Adsorption Mechanisms

Fig. 6. The interaction mechanism between graphene and the yellow-colored title compound, B2ZMBCP
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The adsorption was performed using a spe-
cific adsorption mass (10, 25, and 50 mg) of gra-
phene (G) or graphene oxide (GOy). The solution
was stirred for 24 h and afterwards was centri-
fuged and filtered (45 pm a nylon membrane prior
to UV-Vis measurement (Amax = 380 nm)). Based
on the UV-Vis assay, graphene was superior to
graphene oxide (GO,) with maximum adsorption
effects of 96.35 % compared to 37.9 %. These
results align with previous scientific reports on
other organic compounds,* and graphene can po-
tentially be used as a biocompatible carrier for
biologically active MACs.

3.6. Density-functional-based
tight-binding + (DFTB+) calculations

As mentioned before, the DFTB+ soft-
ware tool is considered a useful and reliable com-
putational tool for performing theoretical calcula-

tions.*>® DFTB+ is a comprehensive software
package that is openly accessible and enables rap-
id and efficient atom quantum mechanical simula-
tions. It enables reasonably precise simulations of
enormous systems and lengthy timescales while
also being significantly faster than the ab initio
methods employed by applying various approxi-
mations of density functional theory (DFT), such
as the density-functional-based tight-binding
(DFTB) and the extended tight-binding method.’!
DFTB is a highly effective and accurate method
for studying organic matter, insulators, solids,
clusters, semiconductors, and metals, as well as
biological systems. We utilized the 30B-Koster
library set to compute the likelihood of interaction
and collision between pairs of C, N, O, H, and S.

Based on previous work,*=% the follow-
ing equation was used to calculate the adsorption
energies (Faqs) for all systems:

Eass = E Graphene/molecule - [(E Graphene) + (Emolecule)] (eq l)

where E Graphene/molecule TEpresents the total energy of
the interacting system, Egrphene represents the ener-
gy of a clean graphene surface, and Emolecule TEpre-

Table 4

sents the energy of an isolated molecule. Under
this notion, a negative value of Eaugs fits a virtually
stable adsorbate—substrate system.

DFTB+ derived parameters and the interaction energy for graphene and B2MBCP

Parameter Molecule (B2MBCP) Graphene model Graphene@molecule
HOMO [eV] —-5.4028 —4.4061 —4.3733
LUMO [eV] -2.8119 -4.3533 -4.3217

AE [eV] 2.59 0.052 0.0516
Energy [kcal/mol] —33334.4252377 —82650.6062284 —116026.229857
Adsorption ener

[lzf:)al/mol] & ~41.198

Fig. 7. Optimized geometry and the corresponding means surface plane of graphene to atom distances of the adsorbed
(2E,5E)-2,5-bis(2-methoxybenzylidene)cyclopentanone. As assessed through the analysis of relatively short distances,
this surface “closeness” of the adsorbate supports the relatively high adsorption energies.
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As represented in Figure 7, the (2E,5E)-2,5-
bis(2-methoxybenzylidene)cyclopentanone is spon-
taneously flat and adsorbed onto the graphene sur-
face, with the significant adsorption energy of 41.19
kcal/mol. These promising results indicate that gra-
phene can be used for the removal of B2MBCP from
solution(s), or it can be used as a potential carrier of
B2MBC in biomedical applications.

3.7. Frontier molecular orbital analysis

Generally, the highest occupied molecular
orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO) are referred to as frontier
molecular orbitals.**** The HOMO-LUMO energy
gap (—5.836 eV) indicates that the molecule is
quite stable. The LUMO directly senses the mole-
cule's capacity to acquire an electron, whereas the
HOMO symbol denotes the molecule's ability to
give an electron.>®

In the title compound, the HOMO orbital is
located over the entire structure, and LUMO or-
bital is mainly dispersed in the central cyclopenta-
none moiety (Figure 8). Using Koopman’s theo-
rem, the energy gap (Eg) of a molecule (3.565 eV)
reflects the stability, chemical activity, softness,
hardness, chemical potential, electronegativity, and
electrophilicity index.>” The relatively high dipole
moment value indicates that the title chemical is

Energy [eV]

")

4

amenable to additional interactions with other sys-
tems.

A summary of all global reactivity parameters
is given in Table 5. The negative value of chemical
potential indicates that the molecule is stable, while
the high value of chemical hardness indicates that
the title compound is less reactive and more stable.
Due to the compound's high electrophilicity index, it
is suitable for biological activity.*®

Table 5

Calculated parameters of the title compound

Theoretical parameters

HOMO —5.8360
LUMO -2.2710
AE(HOMO-LUMO) 3.565

Dipole moment (D) 1.813

Ionization energy (I) 5.8360
Electron affinity A) 22710
Electronegativity (X) 4.0535
Global hardness (n) 1.7825
Chemical potential (7) —4.0535
Global softness (o) 0.5610

Fig. 8. Optimized structure, HOMO, LUMO and ESP for (2E,5E)-2,5-bis(2-methoxybenzylidene)cyclopentanone
using the B3LYP/6-311+g(d,p) plus empirical dispersion=gd3 method
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3.8. Hirshfeld surface (HS) analysis

The Hirshfeld surface (HS) divides crystal
space into regions for a molecule and its adjacent
molecules. In a crystal, > fingerprint intermolec-
ular interactions can be studied using the HS's spa-
tial separation. HS analysis can reveal and quantify
non-covalent interactions that stabilize crystal
packing. HS dwom, €lectrostatic potential, shape
index, and curvature can be mapped. The dnom
property is symmetrical and depends on the van
der Waals radii of nuclei inside and outside the
Hirshfeld surface (d;i and d.). Red and blue sections
on the dnom represent shorter and longer inter con-
tacts, respectively, while white represents the con-
tact around the Van der Waals radii. Two-
dimensional fingerprint plots reveal important
crystal intermolecular interactions. HS analysis has

e RE ST NE mr s rewc ks ¥e

All contacts [ 100 % |

B RESTRE Er o reac e e

H...H[59.7%]

e
X

4

T T T T T IO I T I

C..0[19%]

become a powerful tool for understanding intermo-
lecular interactions that affect crystal packing.
Over shape index and curvedness, Hirshfeld sur-
faces show C—H---m and n—n intermolecular in-
teractions.®!

Energy framework analysis was used to in-
vestigate the energies of intermolecular interac-
tions between the molecules in cluster 3.8. These
computations were carried out with Crystal Ex-
plorer 17.5 with the basis set B3LYP/6-31. The
cylinder's radius is related to the amount of the
interaction energy in a given direction.®?

The overall fingerprint plot for the molecule
is shown in Figure 9. Those decomposed into
H---H, H---C/C-+-H, H---0O/O---H, and

C---O/O---C contacts illustrated in the same figure
together with their relative contributions to the
Hirshfeld surface (bottom right).

di
L D L 0 S D

H...C[16.6%]

i
p < | -
Yvve

TOTT TR TS T A IO I I IR TN TR

H...0[14.2%]

Contributions of individual interactions for all
intermolecular contacts

«H H..0 C.C
H..H “H...C “H...0 C..C

@ \ b’ ’-t/ H...C

Fig. 9. Two-dimensional fingerprint plots for all intermolecular contacts in the molecule.
Contributions of individual interactions: H---H, H---C/C---H, H---O/O---H, and C:--O/O---C.
The outline of the full fingerprint plot is shown in grey. Surfaces to the right highlight the relevant dnorm surface
patches associated with the specific contacts. The percentage of contribution is specified for each contact

The most prominent type of contacts in the
structure corresponds to H---H contacts; they con-
tribute 59.7 % to the overall surface contacts. The
presence of C—H-- 7 interactions gives rise to a
pair of characteristic wings in the fingerprint plot
decomposed into C---H/H:--C contacts contrib-
uting 16.6 % to the Hirshfeld surface. Short

O---H/H---O contacts contribute 14.2 % to the HS
and form a pair of spikes.

Koenderink's useful curvature measures,
curvedness and shape index,* provide additional
chemical insight into molecular packing. A flat area
is defined as a surface with a low curvedness, which
may be suggestive of m—n stacking in the crystal. On
the other hand, a Hirshfeld surface with a high de-
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gree of curvature is shown by dark-blue edges, indi-
cating the lack of m—m stacking.®* The shape index is
a qualitative measure of shape that is very sensitive
to tiny changes in the form of a surface, especially
in a flat region. Two sign-differentiated shape indi-
ces depict complimentary “bumps and hollows”.
The blue bump form with a shape index of more
than 1 represents a donor, while the red hollow
shape with an index of less than 1 represents an ac-
ceptor of intermolecular interaction.

Interaction energies in the molecule were
calculated using CE-B3LYP/6-31G(d,p) quantum
level of theory, as available in CrystalExplorer 15.
The total intermolecular interaction energy (Eior) is
the sum of four energy terms: electrostatic (Eei),
polarization (Eyq1), dispersion (Egisp) and exchange-
repulsion (Erp) with scale factors of 1.057, 0.740,
0.871 and 0.618, respectively %. The interaction
energies between different molecular pairs are sep-
arated into the corresponding coulomb, dispersion,
and total energy.*®® The differences in the strengths
of interactions between the molecular pair are giv-
en in Table 6.

Curvedness

Shape Index

Fig. 10. Calculated Curvedness and Shape index for the
(2E,5E)-2,5-bis(2-methoxybenzylidene)cyclopentanone using
Crystal Explorer 17.5

Table 6
Interaction energy (kJ/mol) of the molecule

N  Symop R Electron density Eee  Epol Edis Erep  Etot
I 2 —x+1/2, —y+1/2, -z 10.39  B3LYP/6-31G(d,p) -199 -63 -194 135 -343

2 x+1/2, y+1/2, z 11.80  B3LYP/6-31G(d,p) -2.7 -10 -11.8 57 -103
I 1 —X, -y, —Z 3.83  B3LYP/6-31G(d,p) -147 -73 -1103 57.6 -81.5

1 xyz 1528  B3LYP/6-31G(d,p) 65 06 -143 00 6.1

1 x,y,z 16.56  B3LYP/6-31G(d,p) 12 04 82 00 -62

0 —x+1/2, =y+1/2, -z 10.73  B3LYP/6-31G(d,p) -07 -03 -151 76 94

Scale factors for benchmarked energy models

Energy model

kele kpol kad isp krep

CE-HF ... HF/3-21G electron densities

CE-B3LYP ... B3LYP/6-31G(d,p) electron densities

1.019  0.651 0.901 0.811

1.057  0.740  0.871 0.618

The relative strengths of interaction ener-
gies in individual directions are represented by cyl-
inder-shaped energy frameworks (Fig. 11). Insig-
nificant contacts weaker than a threshold energy of
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figure for clarity. Dispersion forces play the domi-
nant role in the molecule.
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Figure 11. Energy-framework diagrams of Euis for a cluster of molecules. The cylindrical radius is proportional to the relative
strength of the corresponding energy and was adjusted to the scale factor of 80 kJ mol™' with a cut-off value of 10 kJ mol™!

3.9. Molecular docking study

A literature review indicates that several in-
vestigations have been conducted on drug—-DNA
interactions. In biological systems, nucleic acids
are the primary target molecule. Interactions be-
tween molecular compounds and DNA can result
in cell DNA damage. Meanwhile, the feasibility of

associating with DNA is always determined by
non-covalent interactions, such as electrostatic in-
teractions, complexation, or minor-groove binding.
For structure-based drug design, the molecular
docking approach is typically used to predict drug—
DNA interactions and the binding orientation of
the molecule drug. As a result, docking is critical
in the rational design of drugs.®’

DG 11
14

g
NGy

Fig. 12. Molecular docked model of B2MBCP with DNA (PDB ID: 1BNA)
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The negative binding energies of docked
substances indicate that they bind to DNA compo-
nents. As a result, the binding free energy of the
molecule was determined to be —7.8 kcal/mol, in-
dicating a greater capacity to bind. Typically, the
geometries of the groove-binding molecules fit the
curvature of the grooves. Thus, an ideal binding fit
is achieved by interactions such as van der Waals
contacts and hydrogen bonding. As seen in Figure
12, the compound is held in place by hydrogen
bonds in the minor groove. Additionally, the sub-
sequent docking analysis demonstrates that the title
compound binds to DNA (PDB ID: 1BNA)
through H-bonds. The —C=0O group of the
B2MBCP interacts with DG16 (2.83 A) and DG10
(2.83 A) of the DNA through H-bonds. Two more
of these H-bonds take place through the H atoms
of the methoxy group of the BZMBCP [DG16
(2.60 A) and DC9 (2.57 A)]. There is also an 7-
anion interaction between one of the benzene rings
of the B2ZMBCP and the DA(18) moiety of the
DNA (4.23 A). These cooperative interactions are
responsible for the intercalation. This intercalation
is one of the most important interactions substan-
tial to DNA-binding mechanisms, which may be

related to some of the compound's biological activ-
ity‘27,68,69

3.10. Natural bond orbital (NBO) analysis

Natural bond orbital (NBO) analysis can
provide an accurate Lewis structure of a molecule
by maximizing the electron density of an orbital
and, in general, as a sensitive tool for analyzing
intra- and intermolecular interactions due to infor-
mation about filled and virtual orbital interac-
tions.” For each donor (i) and acceptor (j), the sta-
bilization energy E(2) associated with i—j delocali-
zation is estimated as follows:

_ _  FG)?
E(2) = AE;; = q; B~ (eq. 2)

where qi is the donor orbital occupancy, Ei, Ej is
the diagonal elements, and F(i,j) is the off-diagonal
NBO Fock matrix element. The stronger the E(2)
value, the more intense the contact between donor
and acceptor, the greater the inclination of electron
donor to acceptor to donate, and the greater the
amount of conjugation of the entire system. The
NBO analysis of the title compound is presented in
Figure 13.

LP{1) 0, // BD*(1) C6-C8
LP{1) 0, // BD*(1) C2-C3

6857 keal/mol
46.12 keal/mol

LP(2) O, // BD*(1) C5-C6 608.87 keal/mol
LP(2) O, // BD*(1)€5-C14  304.14 kcal/mol

LP(1) O,,// BD*{1)C8-C10  272.34 keal/mol
LP(1) 0,,// BD*(1) C6-C8 114.22 keal/meol

LP(2) O, // BD*(2) C2C3  3580.26 keal/mol
LP(2) O,,// BD*(1) CB-C10  4405.99 keal/mol

a

LP(1) O,,// BD*{1) CB-C10  1321.84 keal/mol
LP(1) O,,// BD*(1) €23-C40  1425.77 keal/mol

LP(2) O, // BD*(1) 022-C36  77.60 keal/mol
LP(2) O,,// BD*(1) C26-C35  47.64 keal/mol

Fig. 13. NBO visualization and some of the highest corresponding stabilization energies form oxygen (O)
lone pairs to anti-bonding orbitals
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As seen in Figure 13, the whole molecular
structure is stabilized to a large extent by the hy-
perconjugation of the oxygen lone pairs (with dif-
ferent contributions). Significant stability results
from hyperconjugation of oxygen's lone pairs with
adjacent double-bond carbons in the -C=0 group.
This interaction transfers electron density to anti-
bonding orbitals, leading to resonance and altering
the molecule's reactivity.

3.11. Reduced density gradient (RDG) study

The non-covalent interaction (NCI) surface
plot and the reduced density gradient (RDG) vs. A
sign are used to determine the nature of the interac-
tion between the molecules within the crystal
structure. The greenish-blueish colored surface and
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spikes with negative sign (1) values in the 2D NCI
plot indicate that the generated structures exhibit
van der Waals interactions (Fig. 14).

Chemists can quickly identify relevant inter-
actions in a chemical system by graphically illustrat-
ing them. Reduced density gradients (RDGs) have
been extensively used in the literature to depict
weak interaction zones visually. In reality, they may
also be used to highlight chemical bonding regions.
In this context, the distinctive feature of Tian Lu's
interaction region indicator (IRI) is its ability to re-
veal all types of interactions in a chemical system,
including covalent and non-covalent interactions.”!
As seen in Figure 15, the presence of both bonding
and Van der Waals interactions are visible in the
structure (in line with results from the NCI plot).

Fig. 14. Non-covalent interaction (NCI) surfaces and the plot of RDG vs sign (1)p for the Van der Waals interactions
among packed molecules within the crystal

-

B e i 128,
o b

©

p=0

A, <0

sign( 4, )p decreases

sign(£,)p p>0

0~ (0 increases
g A =0

chemical bond

notable attraction:
H-bond, halogen-bond..

vdw notable repulsion:

interaction Steric effect in ring

and cage...

Fig. 15. Interaction region indicator of the packed molecules within the crystal
(the bonding and lateral van der Waals interactions are visible in the plot)
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3.12. Rotation energy barrier

The dihedral scan from 0 to 360 degrees us-
ing a 15-degree step scan for both the molecules in
the gas phase is presented in Figure 16. The re-
quired energy for complete rotation across a dou-

T T T T

Energy [kcal/mol]

ble bond is 73.66 kcal/mol. Whereas for single
bond rotation, it is only 3.72 kcal/mol. The rotation
barrier of the molecule due to the presence of a
bulky substituent is higher than the non-substituted
derivative, namely (2E,5E)-2,5-dibenzylidenecy-
clopentanone.’

-
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Fig. 16. Calculated rotation barrier across -C=C and C—C for the title compound
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4. CONCLUSIONS
The title compound, (2E,5E)-2,5-bis(2-

methoxybenzylidene)cyclopentanone, was pre-
pared and spectroscopically characterized (UV-
Vis, FT-IR, 'H and '3C NMR). There is good
agreement between the experimental and theoreti-
cal spectroscopic data. GO adsorption features, as
well as an electrochemical study with CV, were
performed in this study. Using the DFT calcula-
tions, we investigated its molecular structure, ab-
sorption properties, molecular docking, rotation
barrier, noncovalent interaction surfaces, Hirshfeld
surface, and NBO analysis. The rotation barrier
study shows that the energy for complete rotation
across the double bond is 73.66 kcal/mol, whereas
for single bond rotation it is only 3.72 kcal/mol —
explaining the flexibility of the side group during
the docking study.

The relatively bulky methoxy groups cause a
slight increase in the rotation barrier compared to
the unsubstituted MAC. The analysis of the crystal
structure reveals that the packing of this molecule
is dominated by Van der Waals interactions. The
NBO analysis shows that the whole molecular
structure is stabilized to a large extent by the hy-
perconjugation of the oxygen lone pairs (with dif-
ferent contributions). Graphene has shown excel-
lent adsorbent properties for B2ZMBCP through
Van der Waals forces and m-m stacking interac-
tions. Exploring additional fluorescent cyclopenta-
none derivatives for adsorption onto graphene is
intriguing, especially when considering the possi-
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bility of investigating their transport through fluo-
rescence analysis within in vitro cell membranes.
Such research holds the potential to provide valua-
ble insights into drug delivery mechanisms, allow-
ing for direct observation of transport and potential
accumulation of the fluorescent graphene-cyclo-
pentanone derivative within cellular organelles.
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