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Structure of N'-(adamantan-2-ylidene)benzohydrazide, a potential
antibacterial agent, in solution: Molecular dynamics simulations,
quantum chemical calculations and Ultraviolet—visible spectroscopy

studies

1. Introduction

The insertion of an adamantyl fragment into the structure

ALEXANDER M ANDRIANOV?, IVAN A KASHYN#?, VIKTOR M ANDRIANOV®,
MAKSIM B SHUNDALAU®*, ANTON V HLINISTY¢, SERGEY V GAPONENKO"*,
ELENA V SHABUNYA-KLYACHKOVSKAYAP, ANNA MATSUKOVICH®,
ABDUL-MALEK S AL-TAMIMIY and ALI A EL-EMAM®

Institute of Bioorganic Chemistry, National Academy of Sciences of Belarus, 5/2 Kuprevich Str.,
220141, Minsk, Belarus

PBI Stepanov Institute of Physics, National Academy of Sciences of Belarus, 68 NezaleZnasci Ave.,
220072, Minsk, Belarus

“Physics Department, Belarusian State University, 4 NezaleZnasci Ave., 220030, Minsk, Belarus
dDepartment of Pharmaceutical Chemistry, College of Pharmacy, Salman Bin Abdulaziz University,
Alkharj 11942, Saudi Arabia

“Department of Pharmaceutical Chemistry, College of Pharmacy, King Saud University,

Riyadh 11451, Saudi Arabia

e-mail: shundalov@bsu.by

MS received 22 July 2016; revised 16 September 2016; accepted 30 September 2016

Abstract. The molecular dynamics simulations of the structure of the N’-(adamantan-2-ylidene)benzohy-
drazide followed by the quantum chemical calculations at the DFT level of theory have identified four stable
conformers of this potential antibacterial agent in solution: one “central” cis- and three (“central”, “left” and
“right”) trans-conformers. The UV-Vis absorption spectrum in the 220-320 nm region in the ethanol solution
reveals two bands that can be primarily explained based on the ab initio calculations of the spectral charac-
teristics of the “side” trans-conformers at the MRPT level of theory. However, the close energy values for the
calculated cis- S; < Sp and “side” trans- S, <— Sy transitions cannot exclude the presence of cis-conformer
in solution. Therefore, the data obtained show that the coexistence of both trans-conformers and cis-conformer
should be taken into consideration when studying the pharmaceutical properties of the title molecule.
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associated with antimicrobial®™'* and anti-inflammatory
activities.'#!°
The title compound (N’-(adamantan-2-ylidene)

of some molecules leads to compounds with relatively
high hydrophobicity. It can modify the biological acti-
vity of these molecules. Usually, an adamantane-
containing compound will be more lipophilic than the
analogue which does not contain an adamantyl moiety.
Through various mechanisms adamantyl fragment
positively modulates the therapeutic index of many
compounds.!-? Derivatives of adamantane are known
for their antiviral activity against Influenza A*7 and
HIV viruses.®™® Several adamantane derivatives are also

*For correspondence

benzohydrazide, or AYBH, C,;H,,N,0) was synthesized
among a series of N’-(adamantan-2-ylidene)aroyl-
hydrazides,'” which displayed potent broad-spectrum
antibacterial activity. However, the mechanism of this
activity of the AYBH is uncertain. The coexistence of
the different conformers may have a dominant role in
biological activity. In order to explore the mechanism
of the antibacterial activity of the title compound and
its related derivatives, herein the structure of AYBH in
solution is studied in detail.

AYBH consists of an aromatic ring and adamantine
nucleus connected by a bridge of three atoms including
double bond (dihedral angle o), amide bond («,) and
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Figure 1. Two-dimensional structure of the title molecule.
Dihedral angles are shown by circled arrows.

two single bonds («; and «3) (Figure 1). The aromatic
ring and the adamantine nucleus are conformationally
stable and rotation around double bond is hindered.
Conformational rearrangements of the molecule may
appear by change of the dihedral angles «, and o3 (and
possibly «;). Thus, the title molecule can exhibit sev-
eral equilibrium configurations in dilute solutions and
in the absence of steric distortions.

In the crystal structure,!” the AYBH molecules are
linked via N-H- - - N hydrogen bonds. There are also
C-H---0, C-H:--N and C-H. - - 7 interactions within
the chains. Based on the IR and Raman spectra and the
DFT calculations, we have recently shown'® that two
preferable isomers (trans- and cis-isomers for C=0 and
N-H bonds) of the AYBH may appear in crystalline
phase. Based on the data of a study,'® the trans- and cis-
isomers correspond to the «, angle of about 180° and
0°, respectively. The X-ray study!’ predicts the trans-
isomer as the more stable one for the crystalline struc-
ture. According to the calculations,'® the energy of the
trans-isomer is 9.2 kJ/mol greater than the energy of
the cis-isomer. The trans-isomer is more polar (5.13 D)
than the cis-isomer (4.29 D), and the electric dipole
moment of the frans- isomer is oriented rather along the
C=0 and N-H bonds, while the electric dipole moment
of the cis-isomer is oriented rather along the C-N and
N=C bonds.'® Thus, it is assumed that for the crys-
talline structure, an “open” configuration of the chain
of the trans-isomers is more favorable. In this case each
of the frans-isomers connects with two (or more) of its
neighbors.

To get an insight into the conformational features of
the AYBH molecule in solutions, its X-ray structure!’
was subject to molecular dynamics simulations followed
by the quantum chemical calculations at the density
functional theory (DFT) and multi-reference pertur-
bation theory (MRPT) approximations. The findings
obtained were used for the interpretation of the UV-Vis
spectrum of AYBH in ethanol.

Time-dependent density functional theory (TDDFT)
is currently widely used to model electronic spectra of

polyatomic systems.'*~?* It is known'” that typical quan-
tum chemical calculations using the hybrid functional
B3LYP in terms of the TDDFT approximation display
deviations of the excited state energies from the avail-
able experimental values coming up to 0.4eV. More-
over, the presence of carbonyl and phenyl groups and
the heteroatom (N) in AYBH allows one to classify it
as a molecular system that may exhibit the intramolec-
ular charge transfer (ICT). In particular, aniline* and
benzaldehyde®* are the examples of such compounds.
The phenyl group acts as the acceptor in the former
(one of the possible reasons for this relates to the donor
property of the amine itself) and as the donor, in the
latter. It is also known?*~% that methods for calculating
of electronic spectra based on a local density approxi-
mation (even taking into account gradient corrections)
in terms of TDDFT are not always able to correctly
predict the spectral and energy characteristics of the
excited electronic states of the molecular systems with
intra- and intermolecular charge transfer (for example,
common sources of errors have been comprehensively
analyzed in a study?’). One needs to note that this fun-
damental inadequacy of the local density approxima-
tion does not appear for all molecular systems with ICT.
In general, this situation is characteristic of the DFT
calculations.*

As opposed to the excited states, the geometric struc-
ture parameters of the ground state of organic com-
pounds are predicted by DFT methods with the high
accuracy.’® This enables one to use the data of the DFT
calculations of molecular structures as the basis for
the calculations of UV-Vis spectra at a higher level of
theory.

Ab initio calculations of spectral and energetic char-
acteristics of the excited electronic states for the
complex molecular system are often performed in
such approximations as CASSCF/MRCI (Complete
Active Space Self-Consistent Field/Multi-Reference
Configuration Interaction), CASSCF/MRCC (Multi-
Reference Coupled Clusters), or CASSCF/MRPT
(Multi-Reference Perturbation Theory).?! A new approach
to the MS-MR-PT (Multi-State Multi-Reference Per-
turbation Theory) level of theory, which is called
XMCQDPT (Extended Multi-Configuration Quasi-
Degenerate Perturbation Theory), which is free from
some disadvantages of the earlier versions of the
MS-MR-PT, has been developed by Granovsky.*
Recently,** we have shown that the ab initio calculations
at the CASSCF/XMCQDPT2 (Extended Multi-Con-
figuration Quasi-Degenerate 2" Order Perturbation
Theory)*? level of theory predict the spectroscopic
parameters of the ground and some excited states of the
KRb molecule with the high accuracy.
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In this study, the above quantum chemical methods
were used in conjunction with molecular dynamics
simulations as described in section 2.2.

2. Experimental and Computational
2.1 UV-Vis Spectra

The electronic absorption spectrum of solution of
AYBH in ethanol was measured by a Cary 500 (Varian)
spectrophotometer. Since the main absorption bands lie
in the near ultraviolet range, care has been taken to min-
imize contribution from the solvent. For this reason, a
cell with the solvent was used in the reference chan-
nel during measurements to ensure correct subtraction
of solvent contribution. Experimental results are shown
in Figure 2. The ethanol solution shows the presence
of the two absorption bands: long-wavelength band at
280 nm and short-wavelength band at 248 nm. The band
positions were determined using fitting of two Gaussian
contours.

2.2 Molecular dynamics simulation

Molecular dynamics (MD) simulation of the X-ray
three-dimensional structure of the title molecule,"”
AYBH was performed using Amber 113 with the
implementation of the generalized Amber force field.*
Hydrogen atoms were added to the crystal structure!’
by the xleap procedure of AMBER 11.3* The molecule
was solvated using ethanol as an explicit solvent and
simulated in an octahedron box with periodic bound-
ary conditions. The ethanol potential was constructed
with the Antechamber program in Amber 113* using
the generalized Amber force field.*> The system was
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Figure 2. The experimental absorption spectrum of AYBH
in ethanol (1) and the absorption bands calculated at the
CASSCF(2,8)/ XMCQDPT?2 level of theory (2).

first energy minimized by 500 steps of steepest descent
algorithm followed by 500 steps of conjugate gradient
method. Harmonic restraints with force constant of
1.0kcal/mol were then imposed on the atoms of the
system and heating it from 0 to 310 K was carried out
over 1 ns at constant volume. Additional equilibration
was performed over 1.0ns by setting the system pres-
sure to 1.0atm and by using a weak coupling of the
system temperature to a 310 K bath*® with a 2.0 ps char-
acteristic time. In the next stage, all the restraints were
removed, and the structure was balanced again at 310 K
over 2ns. Finally, the isothermal-isobaric MD simula-
tion (I = 310K, P = 1.0atm) was performed dur-
ing 60ns time domain. A Langevin thermostat with
collision frequency of 2.0 ps~! and a Berendsen baro-
stat with 2.0 ps characteristic time** were used to main-
tain temperature and pressure, respectively. A simple
leapfrog integrator** with 2.0 fs time step was used. The
non-bonded cut-off distance was set at 8 A. All bonds
with hydrogen atoms were restrained by the SHAKE
algorithm.?” Electrostatic interactions were calculated
by the particle mesh Ewald method.*

2.3 DFT calculations

The structural analysis of the most probable conform-
ers of AYBH was carried out by the GAMESS-US*+40
quantum chemical package. The obtained results were
visualized by the MacMolPIlt*' program. All calcu-
lations were performed using the standard cc-pVDZ
basis set*> by DFT methods using the hybrid B3LYP
functional.**™* The influence of solvent (ethanol) was
taken into account in the approximation of the Polar-
izable Continuum Model (PCM). The full geometric
optimization without any constraints was carried out
for each probable conformer. Analysis of the calculated
Hessian matrices testifies to the absence of imaginary
frequencies, confirming the stability of the conformers.
The scans of the potential energy surface along the o,
and o3 angles were carried out with the step of 20°.
An appropriate angle was fixed and others geometric
parameters optimized without other constraints.

2.4 CASSCF/XMCQDPT? calculations

The CASSCE/XMCQDPT?2 calculations for the AYBH
were performed using the Firefly*® quantum chemical
package with the standard cc-pVDZ basis set.*? Firstly,
the CASSCEF calculations with the state-averaged (SA)
procedure were done. The active space for the CASSCF
calculations was two electrons in eight orbitals. The
SA-CASSCF(2,8) procedure was realized for singlet
and triplet states. Finally, the calculations for singlets
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and triplets were performed at the XMCQDPT2*? level
of theory. All seventy-one lowest double occupied
orbitals were included in the perturbation based calcu-
lation. The recommended*® value of the ISA shift (0.02)
was used in present approach.

3. Results and Discussion
3.1 Molecular dynamics simulations

Conformational flexibility of the title molecule was
examined in terms of root-mean-square deviations
(RMSD) of atomic coordinates between its MD struc-
tures and the first structure of the MD trajectory.®* At
the same time, only the heavy C, N and O atoms were
used. The RMSD value versus time for the molecule in
ethanol is plotted in Figure 3. Analysis of this figure
shows that the structure of the molecule does not
undergo considerable changes within the 60ns time
domain. The RMSD values averaged over all the MD
structures are 0.8 + 0.5 A and 1.5 4 0.8 A for the rrans-
and cis-conformer, respectively. However, inspection of
Figure 3 allows one to reveal two novel conformational
states for the conformers of interest that differ in the
value of the o3 angle. The time dependences of dihe-
dral angles of the title molecule for the trans-conformer

18

are presented in Figure 4. The data obtained for the cis-
conformer are close to those for the frans-conformer.
The average values of dihedral angles for the trans-
conformer are o; = 179.97 £ 8.11°, a, = 179.89 +
10.51°, a4 = 180.03 &+ 10.55°, a3 = 94.48 £ 17.55°
and o3 = 264.74 £+ 19.36°. The corresponding val-
ues for the cis-conformer are «; = 179.91 £ 10.36°,
a, = 0.04 £17.41°, oy = 179.93 £+ 10.25°, a3 =
98.19 £ 22.45° and a3 = 261.77 £ 22.4°.

The MD structures of AYBH clustering in the dihe-
drals space (&1, or3) are shown in Figure 5. With the data
of this figure, we identified two structural clusters for
each conformer. The first cluster was that containing
the MD structures with the a3 angle that did not exceed
180°, whereas the second one was that containing the
structures with the a3 angle that did exceed 180°.
According to this criterion, the cluster occupation was
evaluated. For the trans-conformer, the occupation of
the first cluster (a3 = 94.48 £ 17.55°, trans-left-
conformer) is 50.4%, and this value for the second
one (a3 = 264.74 £+ 19.36°, trans-right-conformer) is
49.6%. The RMSD value between the structures equals
to 4.50 A. For the cis-conformer, the occupation of the
first cluster (a3 = 98.19 4 22.45°, cis-left-conformer)
18 49.0%, and for the second one (o3 = 261.77 +22.4°,
cis-right-conformer) it comes to 51.0%. The RMSD
value between the structures equals to 5.34 A.
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Figure 3. Time dependence of the RMSD of atomic coordinates between the MD struc-
tures and the first MD trajectory structure for the trans- (a) and cis-conformer (b) of the title

molecule in ethanol.
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Figure 4. Time dependencies of dihedral angles for the frans-conformer of the title molecule in ethanol.

Figure 6 casts light on the structures of AYBH in
the above clusters superimposed with matching of the
aromatic ring. Analysis of this Figure indicates that,
both in frans- and cis-conformation, AYBH changes in
dynamics only the spatial orientation of the adaman-
tine nucleus relative to the aromatic ring, the orientation
being defined by the «; angle.

Clustering the MD trajectory over atomic coordi-
nates was performed by the Means method using the
RMS distance metric.** Based on the angle analyses,

the MD trajectory was divided into two clusters for
each conformer. For the trans-conformer, two clusters
were found with the following parameters: (i) occupa-
tion value is 50.3%, the average distance to the cen-
troid being 0.316 A; (ii) occupation value is 49.7%, the
average distance to the centroid being 0.317 A. The
RMSD value between the structures equals to 3.90 A.
For the cis-conformer, two clusters were found with the
following parameters: (i) occupation value is 49.0%,
the average distance to the centroid being 0.377 A;
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Figure 5. MD structures for the trans- (a) and cis-conformer (b) of AYBH in ethanol clustering over «; and a3 angles.

Figure 6. Superimposed structures of the identified clusters for the trans- (a)
and cis-conformer (b) of the title molecule in ethanol. The structures are the
closest to those with geometric parameters averaged over all the conformers of
clusters 1 and 2.

(ii) occupation value is 51.0%, the average distance to
the centroid being 0.377 A. The RMSD value between
the structures equals to 5.94 A.

The data on the dihedral angles for every represen-
tative structure of the conformers of AYBH in ethanol
resulting from clustering the MD trajectory over dihe-
dral angles and atomic coordinates are cited in Table 1.

3.2 DFT calculations

So the DFT calculations'® and MD simulations pre-
dict six possible conformers of the title molecule.
Two conformers presenting trans- and cis-isomers of

the molecule were previously detected by the DFT
methods.'® In these conformers, the a3 angle is close
to 180°, and the «, angle is approximately 180° and
0° for trans- and cis-isomers respectively.'® In addition,
the MD simulations reveal for these configurations two
probable conformers that may appear in the two “side”
versions: the leff-conformer with the «; angle varying
from 95° to 98° and the right-conformer with the o;
angle varying from 264° to 261°. At the same time,
the DFT conformers'® are not stable within the MD
simulations.

To refine the above structures, the potential energy
surface of the title molecule was scanned along the
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Table 1.
trajectory over angular and Cartesian coordinates.

Dihedral angles for the trans- and cis-conformers of the title molecule in ethanol obtained by clustering the MD

Dihedral Dihedral
Clustering Cluster Dihedral o Dihedral o5 a3 angle, oy angle,
type number angle, deg angle, deg deg deg
Trans-conformer Over coordinates 1 182.71 181.54 94.90 177.91
2 175.65 175.67 282.12 175.36
Over angles 1 180.32 180.67 93.81 179.07
2 179.84 179.57 266.30 179.23
Cis-conformer Over coordinates 1 181.32 11.54 93.22 178.11
2 176.15 —14.80 257.55 180.20
Over angles 1 179.99 0.36 98.29 179.67
2 179.70 0.94 261.82 180.34
5000F B L
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= AN
85 2000 10 \ \ /
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M 1000 500 J \
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Figure 7. The PEC of the title molecule as a function of the o, angle (a) and the PEC of
the trans-conformer as a function of the o3 angle (b) at B3LYP/cc-pVDZ level of theory.

Table 2. Dihedral angles and relative energies for the conformers of AYBH calculated at the B3LYP/cc-pVDZ+PCM level

of theory.

Dihedral «; Dihedral > Dihedral a3 Dihedral oy Relative
Conformer angle, deg angle, deg angle, deg angle, deg energy, kJ/mol
Cis 151.00 0.00 182.20 180.0 2.81
Trans 159.14 168.54 186.89 180.0 0
Trans-left 163.17 155.29 70.31 180.0 8.16
Trans-right —161.15 —155.03 249.43 180.0 8.09

o, angle with the step of 20°. The calculated poten-
tial energy curve (PEC) is shown in Figure 7a in which
the minima at 0° and 180° correspond to the cis- and
trans-isomers, respectively. To detect the “side” con-
figurations of the trans- and cis-isomers, the potential
energy surface was scanned along the o3 angle with the
step of 20°. For the trans-isomer, the calculated PEC
(Figure 7b) shows three minima located at 65°, 180° and
295°. The first and the third minima relate to the “side”
configurations. For the cis-isomer, the “side” configu-
rations were not found. In this case, the PEC displays
within the a3 angle ranges of 40° to 90° and of 320° to
240° rather plateaus with slopes toward the o3 value
of 180°.

One should underlay that the minima of the calcu-
lated PECs are not equivalent and potential barriers for
the cis-trans and left-center-right conversations under

the normal conditions are too high, suggesting that the
AYBH molecule may exist in solution as an equilibrium
mixture of different conformations.

In the next point of the DFT calculations, the equi-
librium structures of the conformers of interest were
identified at the B3LYP/cc-pVDZ+-PCM level of the-
ory based on a full geometric optimization. Dihedral
angles and relative energies of the design conformers
are cited in Table 2, and their equilibrium structures are
shown in Figure 8. According to the data of Table 2 and
Figure 8, the presence of solvent results in the addi-
tional stabilization of the trans-isomer.

Thus, four stable conformers of the AYBH molecule
were identified at the B3LYP/cc-pVDZ+PCM level of
theory: one “central” cis-conformer and three trans-
conformers associated with the “left”, “central” and
“right” configurations (Figure 8). The frontier molecular
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(c) © (d ©

Figure 8. The equilibrium structures of the conformers of the title molecule calculated at the B3LYP/cc-pVDZ+PCM level
of theory: (a) cis-, (D) trans-, (c) trans-left- and (d) trans-right-conformations.
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Figure 9. The HOMO and LUMO for the conformers of the title molecule at the B3LYP/cc-pVDZ level of theory.

orbitals (HOMO and LUMO) for these conformers are  multi-reference methods should be used to calculate
presented in Figure 9. All the identified conformers  their contributions to the electronic absorption spectrum
demonstrate the ICT features, and therefore, ab initio of AYBH (see Introduction section).
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Table 3.
CASSCF(2,8)/XMCQDPT?2 level of theory.

Spectral characteristics for the lowest electronic states of the conformers of AYBH calculated at the

Conformer Singlet states Triplet states
(Boltzmann’s Relative A (S, < Sp), Transition dipole Relative A (T, < Sp),
weight) S,  energy,cm™! nm (S, < So) T,  energy,cm ! nm
Cis (0.060) 0 426

1 43477 232 2.255 1 31010 327

2 49049 206 0.714 2 43191 234
Trans (0.002) 0 1127

1 43560 236 2.260 1 31910 325

2 51014 200 0.880 2 44642 230
Trans-left (0.470) 0 0

1 37914 264 1.705 1 30802 324

2 43040 233 0.939 2 39095 256
Trans-right (0.468) 0 1

1 37975 263 1.711 1 30714 326

2 43315 231 0.942 2 39361 254

3.3 CASSCF/XMCQDPT?2 calculations

Finally, the equilibrium configurations of AYBH
optimized by the B3LYP/cc-pVDZ+PCM procedure
were subject to the calculations at the CASSCF(2,8)/
XMCQDPT?2 level of theory. The results of these cal-
culations obtained for the lowest singlet and triplet
states are given in Table 3. As compared to the
B3LYP/cc-pVDZ+PCM calculations, the CASSCF(2,8)/
XMCQDPT?2 level of theory predicts greater stability
for the “side” conformers: trans-left- and trans-right-
conformers exhibit the minimal values of energy. We
suppose that it is caused by different contributions of
the excited configurations to the ground state for these
conformers. The DFT calculations describe only non-
excited electronic configuration and, therefore, allow
one to derive for each conformer a certain distribution
of the electron density and the total energy. In contrast
to DFT, the CASSCF/MRPT level of theory is a multi-
configuration method taking into consideration contri-
butions of the excited configurations to the ground state.
These contributions are unique and determined by the
structural features of the conformer.

The ““side” conformers exhibit the long-wavelength
S; < S, transition at 264 nm and S, < S, transition
at 232 nm (Table 3). For both “central” conformers, the
S) < Sy transition is in the same spectral range (near
235 nm). The differences in the values of the S; < Sy
excitation energy for the ‘“side” and “central” con-
formers may be caused by different positions of the
adamantyl moiety relative to the molecular “frame”,
leading to the difference in the values of the tran-
sition moments and their orientations relative to the
molecular coordinate axes. For the “central” conform-
ers, the transition moments have significant x- and
y-components (the x axis is directed along the long axis

of the molecule). In the case of the “side” conform-
ers, the x-component is considerably greater than the y-
component. The absorption bands calculated for these
conformers are presented in Figure 2.

Taking into account (i) possible deviation of calcu-
lated versus experimental values of the transition ener-
gies, (ii) the Boltzmann’s weight of each conformer,
and (iii) long-wavelength shifts due to polar solvent
(ethanol) effect, one can suggest that the experimental
long-wavelength band (280 nm) contains contributions
from the “side” conformers S; <« S, transitions and
the experimental short-wavelength band (248 nm) con-
tains contributions from the “side” conformers S, < S
transitions and the “central” conformers and S; <« S,
transitions (see Table 3 and Figure 2). It is worth
mentioning that both calculated groups of bands (near
264 and 232nm) have identical systematic short-
wavelength shift of about 16 nm with respect to the
experimental bands (280 and 248 nm).

4. Conclusions

The systematic conformational analysis of the N’-
(adamantan-2-ylidene)benzohydrazide, AYBH, a potential
antibacterial agent, was carried out by molecular
dynamics simulations and quantum chemical calcula-
tions at a high level of theory. The calculations identify
four stable conformers of AYBH: one possible cis-
and three possible trans-conformers, whereas the UV-
Vis absorption spectrum in the 220-320 nm exhibits
two absorption bands in ethanol. Despite the “side”
trans-conformers explaining satisfactorily the experi-
mental data, the presence of the cis-conformer and the
“central” trans-conformer cannot be excluded because
of the very close energy values for the cis- and “central”
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trans- S, < S transition and the “side” trans- S, < S,
transitions. Therefore, the coexistence of different con-
formers in solution should be taken into account when
analyzing the pharmaceutical properties of the title
molecule.
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