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In this study, the effect of substitution (CH>,OCHs, CI, F, NHCHs, NO2, OH, Ph,
PhOCHs;, and SH) on the hydrogen bonding energies of N-H---S intramolecular
bridges in the 3-amino-propene thial and its analogous compound, 2-
hydrazineylidene-ethane thial, is examined using density functional theory (DFT).
The outcomes reveal that the compounds containing the Ph and F substitutions
possess the strongest and weakest hydrogen bonds. In other words, the electron-
donating substitutions strengthen the hydrogen bond, whereas electron-withdrawing
ones weaken it. The hydrogen bonding formation can cause elongation of the N-H
bond and shortening of the H-S distance. The findings derived from atoms in
molecules (AIM) calculations show characteristics of closed-shell interactions and
also the electrostatic nature of the H--*S bonding. Moreover, the natural bond orbital
(NBO) approach is employed to compute the interaction between the LPs and the
o*Nn-u, Which reveals that the largest interaction is related to the strongest hydrogen
bond. Finally, to investigate the effect of the environment on the strength of hydrogen
bonding, the calculations are conducted in two solvents, namely water and CCls. The
outcomes indicate that hydrogen bonding strength is lower in the solution as
compared to the gas phase.

1. Introduction

The comprehension of the configuration and

van der Waals radii [5]. These properties are particularly
evident when acceptors bind hydrogens from more
electronegative donors [6]. The formation of

characteristics of hydrogen bonding (HB) is of great
significance owing to its pervasiveness in both inorganic
and organic compounds, as well as biomolecules,
inclusive of hormones, coenzymes, and proteins [1-3].
HB plays a pivotal role in biological procedures,
chemical reactions, and the generation of crystalline
structures, potentially leading to structural distortions in
a plethora of molecules, spanning from water to DNA [4].
The HB is commonly known as an electrostatic dipole-
dipole interaction, but it also exhibits characteristics of
covalent bonding. It is directional, robust, and can
generate interatomic distances shorter than the sum of

intramolecular HB significantly affects the molecular
structure and modulates the properties of molecules and
numerous chemical processes.

The theoretical and experimental interest in this type
of HBs has increased over many years [7-16]. The HB
has significant impacts on the mechanical, thermal, and
electrical properties of materials, as indicated in [17]. A
thorough understanding of the fundamental nature of HB
can aid in the design of materials with customized
properties for various applications. For instance,
polymers with strong HB can function as adhesives or
coatings, while those with weak HB can serve as

* Corresponding author.; e-mail: malihehjavdani2023@gmail.com

https://doi.org/ 10.22034/CRL.2023.416216.1248

This work is licensed under Creative Commons license CC-BY 4.0


mailto:malihehjavdani2023@gmail.com
https://creativecommons.org/licenses/by/4.0/legalcode
http://www.chemrevlett.com/

Chem Rev Lett 6 (2023) 308-326

insulators [18]. Moreover, HB can greatly affect material
processing, such as solubility and viscosity, thereby
improving the efficiency and effectiveness of different
manufacturing processes [19].

The HB also plays a vital role in the development of
novel materials for energy storage [20, 21]. Specifically,
the HB can stabilize polymers and enhance their charge
transport properties, thus enabling the creation of
innovative materials for energy storage purposes, e.g.,
batteries and supercapacitors. Moreover, HB can be
utilized in the development of new materials for drug
delivery [22, 23]. For example, the HB can be employed
to fabricate self-assembling materials that can
encapsulate drugs and release them in a controlled
manner. By comprehending the nature of HB, researchers
can design highly effective materials that can deliver
drugs to specific targets in the body.

3-Amino-propene thial is a chemical compound that
has been studied for its potential medical and
antibacterial properties [24]. Specifically, it has been
shown to have revascularizing effects in the pancreas and
is being studied as a radioprotectant [25]. Additionally,
some 1,3-Bis(aryloxy)propan-2-amines, which are
structurally similar to 3-amino-propene thial, have been
found to inhibit the growth of Gram-positive bacteria in
the low micromolar range [24]. Understanding the
chemical properties and behavior of this compound could
also provide insight into its potential uses in other fields.
For example, studying the reactivity and stability of
similar flavor compounds has led to the discovery of
important secondary products [26].

Due to the fundamental significance of intramolecular
HBs in structural, chemical, and biological processes, a
thorough investigation of the substitution effects (H,
CH20OCHjs, CI, F, NHCH3, NO2, OH, Ph, PhOCHjs, and
SH) on the characteristics of HB in 3-amino-propene
thiol (APT) and 2-hydrazineylidene-ethane thial (HET)
has been conducted in both gas phase and solution (CCl,
and water). In these compounds, the HB strength has
been assessed by replacing the carbon atom (APT) with
nitrogen (HET) within the structure (refer to Scheme 1).
An asymmetric N-H--S intramolecular HB is present,
which is significantly influenced by =n-electron
delocalization, thereby affecting the HB geometry and
strength.

The aim of this study is to explore various calculations
encompassing  energetic,  electronic,  geometric,
spectroscopic, and topological parameters of the
aforementioned molecules. Physical properties such as
dipole moment, chemical potential, and chemical
hardness have been evaluated to achieve this objective.
Additionally, aromaticity indices, vibrational
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frequencies, charge transfer analysis, and HNMR
chemical shifts have been performed to gain an
understanding of the electronic structure of these
compounds.

The findings of this study can potentially be used in

the development of novel molecules with specific
hydrogen bonding interactions. By selectively
incorporating substitutions that reinforce or weaken the
H---S contact, researchers may be able to optimize the
properties of the molecule for a specific application. The
implications of these findings could be significant in the
field of drug design, where understanding the strength
and nature of intramolecular interactions is crucial in
determining the efficacy and stability of drugs. Here are
some examples of relevant drugs and their structures,
which can help readers understand the potential
applications and significance of the study:
Anticancer drugs: This investigation can have
implications for the design of new anticancer drugs. For
example, the structure of the anticancer drug cisplatin,
which contains a platinum atom coordinated with two
ammonia ligands and two chloride ligands, can be
included to illustrate the relevance of the research.
Antibiotics: The research can also be relevant to the
design of new antibiotics. For example, the structure of
the antibiotic penicillin, which contains a beta-lactam
ring and a thiazolidine ring, can be included to
demonstrate the potential applications of the study.
Antiviral drugs: This study can also be relevant to the
design of new antiviral drugs. For example, the structure
of the antiviral drug oseltamivir, which contains a
guanidine group and a cyclohexene ring, can be included
to illustrate the potential applications of the research.
Neurotransmitters: The research can also have
implications for the design of new drugs that target
neurotransmitter receptors. For example, the structure of
the neurotransmitter acetylcholine, which contains a
quaternary ammonium group and an acetyl group, can be
included to demonstrate the relevance of the study.

2. Computational details

All computations are performed using the quantum
chemistry package Gaussian 09 [27]. The optimized
structural parameters of the species and their derivatives
are obtained at the B3LYP computational level
employing the 6-311++G(d,p) basis set. Frequency
computations are conducted to validate the
characteristics of the stationary points and to provide a
description for the correction of zero-point vibrational
energy (ZPVE). The effect of the solvent is assessed in
two solutions consisting of CCl4 and water, utilizing the
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polarizable continuum model (PCM) [28]. To identify the
crucial points (bond critical points, BCPs, and ring
critical points, RCPs) and analyze them in terms of
electron density (p), its Laplacian (V2p), the total electron
energy density at the critical point (Hc), and its two
components, including the potential electron energy
density (Vc) and the kinetic electron energy density (Gc),
the Quantum Theory of "Atoms in Molecules” (QTAIM)
of Bader [29, 30] is applied. The AIM2000 program is
employed for the AIM calculations [31]. The Laplacian
and the energetic characteristics of the critical point have
a well-established relationship [29] as follows:

1/4 (Vzpc) =2Gc + Vcand He = Ge + V¢ (D)

The estimation of HB energy is achieved by utilizing
the Espinosa method [32], which involves analyzing the
properties of bond critical points. In order to evaluate the
nature of intramolecular interactions, the natural bond
orbital (NBO) [33] analysis is employed. Additionally,
the calculation of absolute NMR shielding values [34] is
carried out using the Gauge-Independent Atomic Orbital
(GIAO) method [35]. To measure the aromaticity of the
formed rings, several well-established indices of
aromaticity are utilized. One such measure is the
harmonic oscillator model of aromaticity (HOMA\) index,

which is a structure-based indicator defined by
Kruszewski and Krygowski [36-38] as

o n
HOMA =1- — Z(ROpt - R’ (2)

1=1

The quantity "n" represents the number of bonds taken
into consideration in the present context, and the symbol
"o denotes an empirical constant. "Rep' indicates the
optimal bond length value for ideally aromatic systems,
whereas "R;" represents a running bond length. Ideally,
aromatic systems exhibit an HOMA value of 1, while
nonaromatic models have a HOMA value of O.
Additionally, the Nucleus Independent Chemical Shift
(NICS) [39] serves as an alternative aromaticity index,
which is the most popular magnetic factor of aromaticity.
Poater et al. also proposed a para-delocalization index
(PDI), which calculates the average of the delocalization
indices of para-related atoms in a six-membered ring [40]
as

_8(L4) +8(2,5) + 8(3,6)

PDI
3

(3)
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The primary limitation of PDI entails its applicability
only to six-membered rings. However, this inadequacy is
effectively resolved through the implementation of
average two-center indices (ATI) [41] as follows:

1 n
ATI== ) &(A B) 4)

where the summation runs over all adjacent pairs of
atoms surrounding the n-membered ring and the
delocalization index 6(A, B) is derived from the AIM
theory. Another criterion for determining aromaticity is
the aromatic fluctuation index (FLU) [42]. This index
characterizes the fluctuation of the electronic charge
between adjacent atoms within a given ring and is based
on a comparison with the cyclic electron delocalization
of a typical aromatic molecule. In this study, we compute
the Ropt, @, and drs parameters for the HOMA and FLU
indices at the B3LYP/6-311++G(d,p) level of theory (for
CS, CC, CN, and NN bonds: Roptcs = 1.689 A, Roptcc =
1.399 A, Ropten = 1.333 A, Ropean = 1.286 A, acs =
74.563, Occ — 80.661, OcN — 91.476, ONN — 75.696, 5ref,cs
=4.626, dretcc = 1.385, Sreron = 1.32, and Orernn = 1.526).
Finally, the selected compounds and their derivatives
undergo molecular orbital calculations, including the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO).

3. Results and discussion
3.1. Molecular geometry and energetic analysis

The present study illustrates the structural difference
between APT and HET compounds based on the position
of substitutions (R) on the ring, where R includes H,
CH,0OCHgs, CI, F, NHCHs, NO,, OH, Ph, PhOCHj3, and
SH, as depicted in Scheme 1. These compounds are fully
optimized at the B3LYP/6-311++G(d,p) level of theory
and the outcomes are reported in Table 1. It is a well-
established fact that the geometrical parameters of HB
systems (X-H--Y) reflect the bond strength [43].
Typically, a stronger HB is associated with a shorter
H-Y distance. For the N-H:--S intramolecular bridges,
this leads to the elongation of the N-H bond and the
reduction of the H--S distance. Analysis of geometrical
parameters reveals that the H---S distances in the chelated
rings of APT and HET are in the ranges of 2.210-2.287
A and 2.170-2.262 A, respectively, indicating lower
H---S values in the HET group compared to APT. This
implies that the HB strength in the HET compound and
its derivatives is higher than that in APT. In other words,
the replacement of the nitrogen atom instead of carbon in
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the structure leads to an increase in the HB strength, as
shown in Scheme 1.

APT HET

Scheme 1. The optimized structures of APT and HET, R = H, CH,OCHjs, Cl, F, NHCH3;, NO2, OH, Ph, PhOCHjs, and SH.

Table 1. HB geometrical parameters (distances (d), in A and angles (0), in °), HB energies (Eus, in ki mol?)
and stretching frequencies (v, in cm™) of APT, HET and their derivatives.

APT HET
R dn-H di-s OsHn E*nB UN-H dn-H di-s OsHn E*nB UN-H
H 1.024 2262 1355 -25.38 3309.0 1.026 2.214 136.0 -28.90 3263.1

CH,OCHs 1025 2230 1359 -27.78 3291.9 1.026 2.196 136.0 -30.39 32679

Cl 1.024 2251 1350 -26.28 33158 1.024 2224 1342 -2831 33024
F 1.023 2287 1346 -23.80 3336.8 1.022 2262 133.6 -25.51 33340
NHCH;s 1.024 2238 1356 -27.21 3304.3 1.022 2215 1350 -28.78 3320.2
NO2 1.027 2235 1358 -27.61 3267.5 1.028 2211 1348 -29.62 32409
OH 1.023 2258 1351 -25.75 33229 1.023 2215 1348 -28.89 33157
Ph 1.026 2210 136.2 -29.43 32783 1.027 2170 136.3 -32.83 3248.1

PhOCHs3 1.025 2211 136.2 -29.34 3279.2 1.026 2170 136.3 -32.79 32529

SH 1.025 2231 1357 -27.76 3296.2 1.026 2.189 1357 -31.15 3258.7
The results obtained from the study reveal that the Ph and be inferred that the compounds containing the Ph
F substitutions have the minimum and maximum H---S substitution possess the strongest HBs, while those with
contacts in the APT and HET groups, respectively. It can the F substitution have the weakest HBs. Additionally,
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upon evaluating all substitutions, it is observed that the
H---S distance for electron-donating substitutions, such as
Ph and PhOCHSs, is shorter than that of electron-
withdrawing substitutions, such as F, Cl, and OH. This
indicates that the electron-donating substitutions
strengthen the HB, while the electron-withdrawing ones
weaken it. In the APT group, the H--S distance decreases
compared to that of the parent molecule (H substitution)
except for the F substitution. This suggests that the HB
strength in the APT molecule is relatively weaker than its
derivatives. The NHS bond angle may also explain the
strength of HBs, where a closer bond angle to 180°
corresponds to a stronger HB. Table 1 indicates that the
maximum NHS bond angle in groups of APT and HET is
associated with the shortest H---S contact.

This study assesses the intramolecular HB energies
(E™4g) using the Espinosa method [32]. The estimation of
E'ns may be derived from the features of bond critical
points. The correlation between E*4g and potential energy
density at the critical point, V(rcp), corresponding to H---S
contact, is expressed as E g =1/2 V/(rcp). The E'vis values
are tabulated in Table 1. Based on the outcomes, the
studied substitutions can be divided into two groups as
follows:

-20
22
~ 24
|
©
e
- 26
4
N
*% 2 y = 80.085x - 206.43
o R =0.996
-30
.32
.34

2.16 2.18 2.2

1. The substitutions that increase the HB strength
compared to the parent compound are as follows:

In the APT group: Ph > PhOCHz > CH,OCH3 > SH >
NOz > NHCHz > Cl > OH

In the HET group: Ph > PhOCH; > SH > CH,OCH3; >
NO-

2. The substitutions that decrease the HB strength
compared to the parent molecule are as follows:

In the APT group: F
In the HET group: OH > NHCH; > CIl > F

Linear relationships exist between E"ng and the H--S
distances (du-s) with correlation coefficients equal to
0.998 and 0.996 for the APT and HET groups,
respectively (see Scheme 2). As shown in the Scheme,
the HB strength increases as the H--S distance decreases.
Conversely, an opposite pattern is observed for the N-H
distances, demonstrating that HB strength enhances as
the N-H bond length increases.

y =73.859x - 192.57
R =0.998

APT
HET

2.24 2.26 2.28 23

Scheme 2. The relationship between the E*yg and di...s.
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3.2. Vibrational frequencies

In order to perform a more comprehensive
investigation of the effectiveness of HBs, the vibrational
frequencies of all compounds have been calculated and
recorded in Table 1. The formation of HB results in a
decrease in the frequency of the N-H stretching mode as
observed. This study examines molecules that exhibit
both red and blue shifts. Notably, the N-H stretching
frequencies for the F substitution of APT and HET
displays blue shifts of approximately 28 and 80 cm™
relative to the parent molecule, whereas those for the Ph
substitution exhibit red shifts of nearly 31 and 15 cm?,
respectively. Stronger HBs result in greater red shifts of
stretching frequencies, as the proton-donor bond
lengthens due to HB formation.

The results of our investigation demonstrate that in the
majority of instances, the electron-withdrawing
substituents (F and Cl) exhibit the greatest stretching
frequencies, while electron-donating ones (Ph and
PhOCHs) display the smallest values (see Table 1).
Among all compounds examined, the F substitution
yields the highest stretching frequency, while the Ph
substitution presents the lowest value, denoting that the
strongest HB corresponds to the smallest stretching
frequency and vice versa (apart from NO2). Remarkably,
exceptional linear relationships exist between vn-n and
dn-n, with correlation coefficients (R) amounting to 0.946

(a)

(b) HET F

and 0.981 in APT and HET groups, respectively, and an
equation as follows:
UN-H = -16275 (-15876) dn-+ + 19975 (19554)

The aforementioned finding implies that the
reinforcement of the HB results in a rise in the N-H
distance, which is accompanied by a decrease in its
stretching frequency.

3.3. AIM analysis

Bader's theory represents a valuable instrument in
elucidating the interaction between atoms [29]. The bond
critical points (BCPs) possess various properties, among
which the electron density (psce) and its Laplacian
(V?pacp) provide information on the nature of the
interaction. Two general classes are considered for
atomic interactions. Specifically, when VZpgcp < 0 and
pecp assumes a large value, it indicates the concentration
of electronic charge within the internuclear region, which
is suggestive of shared-shell interactions (covalent
bonds). Conversely, when VZpgce > 0 and pece assumes
a small value, the electronic charge within the
internuclear region is depleted, and such interactions are
characteristic of closed-shell systems, such as ionic, van
der Waals, and HB. Koch and Popelier have posited that
the electron density value of the hydrogen bond critical
point (pre) spans the range of 0.002-0.040 a.u. [44].

Ph

Ph

Scheme 3. The contour map representing (a) APT and (b) HET molecules, along with their F and Ph derivatives.
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Table 2. The selected topological properties of electron density (in a.u.) obtained by AIM analysis.

APT HET
pH-s  V?pH..s preP  VZpRep Hc -GelVe PH--s  VZpH..s PRCP V2pRep Hc -GelVe
H 0.0275 0.0596 0.0119 0.0691 0.0040 1.4277 0.0300 0.0646 0.0133 0.0779 0.0043  1.4018
CH20CHs
0.0293 0.0619 0.0123 0.0718 0.0041  1.4220 0.0311 0.0663 0.0136 0.0794 0.0044  1.3983
cl 0.0281 0.0610 0.0121 0.0695 0.0040 1.4204 0.0294 0.0653 0.0132 0.0759 0.0042  1.3965
F 0.0262 0.0585 0.0117 0.0666 0.0038  1.4255 0.0273 0.0628 0.0129 0.0727 0.0040  1.3979
NHCHs 0.0288 0.0618 0.0121 0.0706 0.0041  1.4251 0.0297 0.0663 0.0132 0.0768 0.0043  1.4012
NO 0.0293 0.0608 0.0120 0.0713 0.0041 1.4164 0.0306 0.0644 0.0136 0.0779 0.0043  1.3895
OH 0.0277 0.0606 0.0119 0.0690 0.0040 1.4266 0.0298 0.0665 0.0134 0.0769 0.0043  1.3966
Ph 0.0305 0.0633 0.0125 0.0733 0.0042  1.4200 0.0328 0.0682 0.0139 0.0816 0.0045 1.3940
PhOCHs 0.0305 0.0633 0.0125 0.0732 0.0042 1.4202 0.0328 0.0683 0.0139 0.0816 0.0045 1.3940
SH 0.0293 0.0621 0.0123 0.0712 0.0041  1.4199 0.0316 0.0668 0.0136 0.0796 0.0044  1.3965
2.30
2.28
y = -17.321x + 2.7388
2.26 R=0.998
~ 224
T APT
n
; 222 HET
5 y = -16.295x + 2.7039
2.20 R =0.994
2.18
2.16
0.026 0.028 0.030 0.032 0.034
Py--s (@u.)

Scheme 4. The relationship between the du...s and ph...s.

The topological parameters of the compounds under
investigation are presented in Table 2. As illustrated in
the aforementioned table, the H---S bonds exhibit low p
values (ranging from 0.0262 to 0.0305 for APT and
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0.0273 to 0.0328 for HET) and positive V?p values
(ranging from 0.0585 to 0.0633 for APT and 0.0628 to
0.0683 for HET). These attributes are characteristic of
closed-shell interactions and indicate the electrostatic
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nature of the H---S bonds. Furthermore, within the APT
and HET groups, the pw...s values for the Ph and PhOCHj3
substitutions are notably higher than the others, providing
further evidence for the existence of stronger HBs (refer
to Table 2). It is noteworthy that the replacement of C
with N within the structure induces greater changes in the
topological parameters of the compounds. The contour
maps of Laplacian of electron density (V?p) for the APT
and HET molecules, along with their F and Ph
derivatives, are depicted in Scheme 3.

The analyzed species exhibit exceptional
correlations between their topological and geometrical
parameters. Linear relationships between the distance
and electron density of H--S contacts are established with

-22
-24
-26

-28

y =-6478.5x + 51.395

E*.5 (kJ mol™)

-32

-34

0.011 0.012

0.013

Prep (aU.)

correlation coefficients greater than 0.99, as illustrated in
Scheme 4. This implies that the pn...s values play a crucial
role in assessing the strength of HBs in the investigated
systems. The ring critical point (RCP) represents a
location where the electron density is at its lowest point
on the ring surface, while simultaneously reaching its
highest on the ring line, as cited in reference [45].
Notably, substituted systems display good correlations
between the E'ws and the prcp, With correlation
coefficients of 0.957 and 0.978 for APT and HET groups,
respectively (refer to Scheme 5). Therefore, it is evident
that RCP properties can serve as a reliable measure of HB
strength [46].

APT
HET

y =-6837.7x + 62.344
R=0.978

0.014 0.015

Scheme 5. The relationship between the E*ng and pree.

The -Gc/Vc ratio also acts as a criterion for
determining the nature of HBs [47, 48]: the value of -
Gc/Vc > 1 indicates a non-covalent HB, while 0.5 < -
Gc/Vc < 1 suggests a partially covalent HB. Based on the
calculated electron density properties of the studied
species, H:--S contacts exhibit positive Hc values and -
Gc/Ve>1, as depicted in Table 2. These findings confirm
that the HBs within the studied systems are non-covalent.

3.4. NBO analysis
The analysis of NBO [33] serves as a useful

foundation for exploring molecular structures with regard
to charge transfer or conjugative interactions. In the
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context of NBO analysis for HB systems, the transfer of
charge between the lone pairs of the proton acceptor and
the antibonding of the proton donor is of utmost
significance. Table 3 presents the occupation numbers of
sulfur lone pairs (LPs) and o*n-n antibonding, as well as
second-order perturbation energies (E@), which
correspond to the charge transfer between LPs and 6*n.n
(LPs — o*n-1). In this case, the HB leads to an increase
in the occupancy of the o*n-4 antibonding orbital, thereby
resulting in a longer and weaker N-H bond. In certain
instances, the alteration in the occupation numbers of LPs
and o*n-+ aligns with the energy of charge transfer and
the HB formation energy.
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Table 3. The NBO analysis of the compounds including the second-order
perturbation energy (E®, in kcal mol™*) and occupation numbers of LPs and

G*N.H.
APT HET
R E®@ LPs O¥N-H E®@ LPs G*N-H
H 1401  1.882  0.061 16.15  1.879  0.077
CH,OCH; 1553  1.877  0.065 16.95  1.879  0.078
cl 1409  1.875  0.061 1472 1875  0.072
F 12.61  1.882  0.056 12.98  1.883  0.065
NHCH; 1498 1879  0.063 15.00  1.883  0.071
NO; 15.65  1.876  0.068 1657  1.877  0.079
OH 13.82  1.879  0.059 15.01  1.878  0.071
Ph 1658  1.875  0.068 1842  1.875  0.082
PhOCH; 1651  1.875  0.068 18.32  1.876  0.082
SH 15.30  1.875  0.065 17.16  1.873  0.080
-20
22
~2% y = -1.3775x - 6.497
T R =0.989
O -26
£ APT
g 28 HET
[an]
%730 y = -1.251x - 9.5388
w R =0.974
-32
-34
10 12 14 16 18 20

E®@ (kcal mol?)

Scheme 6. The relationship between the E*yg and E@,

Our research findings, as depicted in Table 3,
demonstrate that the highest and lowest values of E@ are
attributed to the Ph and F substitutions, respectively. It is
evident that the most substantial interaction is related to
the strongest HB. The replacement of C with N atom in
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the molecular structure elicits an upsurge increase in the
E®@ values of the HET group and its derivatives.
Favorable associations can be drawn between the E® and
E"we values. The corresponding correlation coefficients
for the APT and HET compounds and their derivatives
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stand at 0.989 and 0.974, respectively (refer to Scheme
6). This indicates that the characteristics of the charge
transfer between the lone pairs of proton acceptor and
antibonding of proton donor could be exceptionally
useful in evaluating the strength of the HB.

The outcomes of computational analyses further
demonstrate that the E® values display a substantial
correlation with other geometrical and topological
parameters. To illustrate, the linear correlation
coefficients of E@ dependence on dy..s and py-sare noted
to be greater than 0.9 for both the APT and HET groups.

3.5. NMR analysis

The 'HNMR chemical shift (3") is a valuable tool for

comprehending the electronic structure of molecules.

The increase in strength of HB elicits a change in the
'H chemical shift towards down fields. Examination of
Table 4 reveals that the highest chemical shift values in
the APT and HET groups are related to Ph substitution,
which exhibits the strongest HBs. This observation
illustrates that the formation of HB exerts a significant
effect on the alteration of electronic charge distribution
on hydrogen atom and its movement towards proton
acceptor atom. Moreover, the lowest chemical shift is
attributed to the F substitution (representing the
compound with the weakest HB strength). A regression
analysis has been conducted to assess the relationship
between the *H chemical shifts and the E*4g, as depicted
in Scheme 7.

Table 4. The chemical shifts (8", in ppm) and spin-spin coupling constants
(Yn-m and Yy..s, in Hz) of APT, HET and their derivatives.

APT HET
R M LIN-H s St LIN-H Yh-s
H 11.89 7045 441 14.42 7169 5091
CH,OCHs 1222 7009  4.54 1443 7184 584
Cl 1170  70.74 455 1368  73.16  5.69
F 10.92 7124  4.48 12.74 7408 552
NHCH; 11.88 7050  4.62 1360 7320 584
NO2 1225  69.82 4.8 1444 7233 560
OH 1132 7074 461 1339 7345  6.20
Ph 1272 69.89  4.74 1514 7171 6.20
PhOCHs 1265  69.89 475 1505 7177  6.22
SH 12.14 7006  4.53 1463 7164 594
-20
-22
—~ 24
T y = -2.6664x + 8.0214
o .26 c - R =0.932
E -
g 08 e ® APT
@ y=-2.982x +8.6636 HET
xT -0 R=0.948
Ll
-32
-34
10 1 12 13 14 15 16
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Scheme 7. The relationship between the E*yg and 3"
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Scheme 8. The relationship between the E*yg and *Jy.n.

Another aim of the present work is to provide a
valuable and informative tool for representing the shift in
electron density in regions where the formation of HB is
expected. This has been achieved through the calculation
of NMR spin Hamiltonian parameters, particularly the
spin-spin coupling constants (J) for hydrogen nuclei
involved in HB, with the resulting values being reported
in Table 4. Notably, all “Jn.n coupling constants display
positive values. Of particular interest, the highest value
of . observed in the APT and HET groups is
associated with F substitution. As depicted in Scheme 8,
the strength of HB exhibits a clear change relative to the
LIn-n coupling constant. A relatively good correlation
between these two parameters is observed in both APT
and HET compounds, as well as their derivatives.
Moreover, Table 4 indicates that the replacement of C by
N atoms enhances both 8" and Jn.u values in the
considered compounds.

3.6. Resonance parameters

The findings of the aromaticity indices are presented
in Table 5. As demonstrated in said table, the HOMA
values exhibit proximity to the optimal aromaticity index
(HOMA = 1). A higher HOMA index signifies greater
delocalization of the m-system, thus indicating heightened
aromaticity within the molecules. The results reveal that
the HOMA values of APT and HET groups are within the
ranges of 0.9716-0.9791 and 0.9391-0.9684,
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respectively. Based on these results, the APT group,
characterized by high electron delocalization, becomes
increasingly aromatic compared to the HET group.
Consequently, the maximum HOMA index value in the
APT group is attributed to R = OH. In the HET group, the
substitution of H displays the highest degree of
aromaticity. In certain cases, electron-withdrawing
substitutions exhibit greater aromaticity than their
electron-donating counterparts.

One of the most commonly employed magnetic
indicators for detecting aromaticity is the nucleus-
independent chemical shift (NICS), which is defined as
the negative value of the absolute shielding computed at
the center of the ring or at other significant points within
the system [49]. Large negative values indicate the
presence of aromaticity, while large positive values
correspond to anti-aromaticity. Near-zero values, on the
other hand, suggest non-aromaticity [50]. The
computations for NICS are executed using Gaussian
software at a distance of 1.5 A above the chelate ring
relative to the ring's center. Results are presented in Table
5. As evident from the Table, the highest aromaticity
values in the APT and HET groups are associated with
the CH,OCHj5 substitution, whereas the lowest values are
related to the H and NHCH3 substitutions, respectively.
As a more negative NICS value is indicative of a higher
degree of aromaticity, it can be inferred from the findings
that the system becomes more aromatic with the
CH>OCHg substitution.
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Table 5. Calculated aromaticity indices related to the chelate ring of the examined structures.

APT HET
R HOMA FLU PDI ATl  NICS HOMA FLU  PDI ATl  NICS
H 0.9774 01736 00596 1.0625 -0.8695  0.9684 02526 0.0698 1.1024 -13175
CH,OCH; 09756 01719 00568 10474 -16310 09540 02510 0.0660 1.0879 -1.9761
cl 09771 01679 00583 10538 -0.9821 09510 0.2441 0.0657 1.0965 -1.2860
F 0.9743 0.1661 00635 10532 -11506 09515 02392 00701 1.0879 -1.4062
NHCH: 09716 0.1698 00601 10428 -1.0606 09391 0.2459 0.0699 10738 -0.9445
NO; 0.9750 0.1574 00437 10551 -12039 09575 02409 00557 1.1003 -15315
OH 09791 0.1723 00644 10434 -11081 09570 02449 00762 1.0750 -1.4244
Ph 0.9748 01735 00580 10415 -1.4888 09508 02531 0.0674 1.0795 -1.0105
PhOCH; 09748 01768 00588 10366 -1.6141 09497 0.2547 00682 10759 -1.1401
SH 0.9754 0.1695 00545 10527 -1.0808 09527 02487 00641 1.0981 -1.2379

Another index of aromaticity utilized for investigating
chemical bonds is the aromatic fluctuation index (FLU).
The FLU index measures the relative electronic deviation
of a molecule compared to a reference molecule, and the
closer the parameter value is to zero, the greater the
degree of aromaticity in the ring. As indicated by Table
5, the NO- substitution possesses the lowest FLU index
value of 0.1574 in the APT, suggesting the presence of
greater aromaticity in this compound. Similarly, the F
substitution exhibits the lowest value of this index in
HET, implying that the maximum degree of aromaticity
corresponds to the weakest HB. Based on a comparison
of FLU electronic indices across the compounds, it can
be inferred that the order of decreasing aromaticity is as
follows: APT > HET.

The PDI, which is exclusively proposed for six-
membered rings, is another index of aromaticity.
However, due to its limited usage for these rings, the ATI
parameter is employed to rectify this deficiency. Based
on Table 5, the NO; substitution in the compounds of
APT and HET corresponds to the lowest values of PDI,
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while OH substitution corresponds to the highest values.
In both sets, the substituted compounds exhibit lower
values of the ATI index compared to the parent molecule.
The substituted PhOCHs; in APT has the lowest value of
this index at 1.0366, while the NHCHj5 substitution in the
HET group has a numerical value of 1.0738.

3.7. Dependence between substituent constants and
resonance parameters

The observed changes in this study can be attributed
to the effect of R substitution on the electronic structure
of the pseudo-ring of the HB. It is noteworthy that this
effect manifests itself in two distinct ways: firstly, the
mesomeric effect, whereby the substitution is positioned
with regards to the pseudo-ring m-electrons; and
secondly, the field/inductive effect, which s
predominantly associated with the electronegativity of
the group attached to the pseudo-ring.



Chem Rev Lett 6 (2023) 308-326

o H. o H
H. ¥ O @
o o, - S N
5 '\. M ﬁl |
VR
“‘m:‘j\,’:;’ T
1 - T
/ la o R
R
&
Ho o H Ho_ M LA
5° N 9 s N TJ ﬂl
h T ":::J H“‘HH f:::li;J T
" L:’ o ’h H
R \ R RE
H H
Mo _H N
5 N S N
N |
U ( = ~ s
*-HHH.___:___.-' S
f[ 14 3b
\ R R®

Scheme 9. Schematic representation of resonance (mesomeric) effect in APT systems substituted at position R.

Table 6. Substituent constants corresponding to the
substituent’s considered in this work.

R c* o F R* R
H 0.00 0.00 0.00 0.00 0.00
CHOCHs  -0.05 —* 0.13 -0.18 —*
Cl 0.11 0.19 0.42 -0.31  -0.23
F -0.07  -0.03 0.45 -0.52  -0.48
NHCHs -1.81 —* -0.03 -1.78 —*
NO; 0.79 1.27 0.65 0.14 0.62
OH -0.92 -0.37 033 -125 -0.70
Ph -0.18  0.02 012 -030 -0.10
PhOCHs3 —* —* —* —* —*
SH -0.03 —* 030 -0.33 —*

* Has not reported in the literature
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Three mesomeric effects that cooperate or compete
with each other demonstrate the three-way resonance in
the APT system, as illustrated in Scheme 9. In the first
case, the resonance effect occurs within the quasi-ring of
the APT moiety (la <1b). In this situation, the
substitution does not impact the delocalization of =-
electrons and the associated substitution retains its
characteristic, which is similar to that of the unsubstituted
APT molecule (R = H). This effect results in partial
delocalization of w-bonds, thereby favoring the formation
of HB.

The second case relates to the situation where the
substituent appended to APT possesses electron-
withdrawing characteristics and the entire system
contributes to the delocalization of w-electrons (structures
2a and 2b). It can be hypothesized that induction and
delocalization effects collaborate with each other.
Indeed, for all systems with -electron-withdrawing
properties, there is a smaller N-H distance and a larger
H---S distance, which suggests a weaker HB. In the third
case, regarding electron-donating  substitutions
(structures 3a and 3b), the resonance effect in the HB is
seriously restricted due to the presence of a negative
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charge on the carbon atom. The HB energy calculations
demonstrate that this effect enhances the HB strength in
electron-donating substituents like Ph.

The substitution constants, namely ¢*, ¢”, F, R¥, and
R, are crucial parameters that are empirically determined
to explore the effect of substituent [51]. The
corresponding values for the investigated substituents are
comprehensively tabulated in Table 6. Certain
correlations exist between the substitution constants and
the aromaticity indices. Specifically, the PDI electronic
index exhibits the most promising associations with ¢
and R. The correlation coefficients (R) are 0.976 and
0.950 for the APT group, and 0.972 and 0.922 for the
HET group, respectively. Additionally, relatively
favorable correlations are discovered between FLU and
o, as well as between FLU and F in the APT group.
Furthermore, the HET group manifests significant linear
relationships between the ATT index with ¢* and R*.

3.8. HOMO and LUMO analysis

The HOMO and LUMO parameters exert a significant
influence on chemical reactions [52]. The HOMO
represents the electron donating ability, while the LUMO
signifies the electron accepting capability. In determining
molecular electrical transport properties, the energy gap
between the HOMO and LUMO (AEw..) operates as a
significant parameter [53]. Furthermore, it has been
demonstrated that the HOMO-LUMO gap primarily
controls bond strength [54, 55]. The larger the bond
dissociation energy of the HB, the smaller the AEn... In
both the APT and HET groups, electron-donating
substitutions such as Ph, PhOCH3s, and NHCHj5 lead to an
increase in the HOMO and LUMO energies; conversely,
electron-withdrawing substitutions such as F, CI, and
NO; result in a decrease in energy. Additionally, the
composition with PhOCHs; substitution exhibits the
highest reactivity because it possesses the lowest energy
gap (refer to Table 7). The determination of chemical
hardness (1) and electronic chemical potential (p) for
molecules is achieved through the utilization of
Koopman's theorem [56] as presented below:

_ (ELumo — Enomo)

(5)
(6)

_ (ELumo *+ Enomo)
H= 2

where E_umo is the energy of the lowest unoccupied
molecular orbital and Enowmo is the energy of the highest
occupied molecular orbital. Chemical hardness, as
defined by literature sources [57, 58], can be
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characterized as the degree of resistance exhibited by a
given chemical species to alter its electronic
configuration. Additionally, the electronic chemical
potential provides insight into the tendency of an electron
cloud to escape. Conversely, softness, which is the
opposite of hardness, measures the ease of charge
transfer.

Based on the findings presented in Table 7, it is
evident that PhOCHj is the softest compound in both the
APT and HET groups, while CH,OCH; and F are
identified as the hardest, respectively. A thorough
examination of Table 7 also indicates that the chemical
potential values increase for electron-donating
substituents, whereas they decrease for electron-
withdrawing ones. Notably, the NO, substitution exhibits
the lowest chemical potential, whereas the PhOCHs;
substitution corresponds to the highest amount. The
HOMO and LUMO orbitals for APT and its F and Ph
derivatives are illustrated in Scheme 10. The HOMO of
APT depicts an antibonding character at C=S and C-N
bonds, and there is no electronic projection over the
phenyl ring and H and F atoms. Meanwhile, the LUMO
displays a larger electronic projection over the N-H and
C—C bonds among the analyzed systems.

3.9. Water and CCl, solutions

The effect of the solvent on the HB energy is
evaluated in this study by employing the PCM method as
described in reference [28]. It is important to note that the
PCM approach does not incorporate the explicit presence
of solvent molecules but rather is based solely on the
mutual electrostatic polarities of the solute and solvent.
Two solvents with distinct polarities are selected for
analysis. These solvents, water and CCls, exhibit
dielectric constants of 80.0 and 2.3, respectively. The
disparity in the calculated results between the gas phase
and solution can be attributed to the polarity of the
substituents, intramolecular interactions within the
structures under investigation, and the solvent
environment. The outcomes of the study indicate that the
relative stability of the studied molecules reduces with an
increment in the dielectric constant of the solvent (Table
S1 of the supplementary material). As a result, the least
stable structures are observed in the water.

The structural parameters determined thro

the employed solutions have been documented in
Table S1. Our research reveals that the parameters
relating to HB energy, such as the N-H bond length and
H---S distance, undergo significant changes when solvent
influence is considered. For the studied compounds, the
N-H bond length experiences a reduction from the gas
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phase to CCls and subsequently to water (excluding F in
HET), while the H---S distance increases. This indicates a
decrease in HB strength in the solution phase compared
to the gas phase. In the solution phase, systems with Ph
substitution are found to be the strongest, while those
with F substitution are the weakest, similar to the gas
phase. The topological parameters are significantly
altered by the solvent effect. Table S1 demonstrates that
the parameters determining the strength of the HB,
specifically, pu..s and V?py..s, decrease from the gas
phase to CCl, and then to water. These findings confirm
that the interaction in the solution phase is weaker than
that in the gas phase.

The dipole moment is a crucial factor in determining
the stability of molecules in a specific phase, and its
assessment provides valuable insights. The presence of

non-zero dipole moment signifies the molecule's polarity,
which expounds on the movement of electric charge
within the molecule [59]. Moreover, the direction of the
dipole moment vector in a molecule is directly related to
the positive and negative charge centers [60]. Table S2
presents the calculated dipole moments (p°) in both the
gas phase and solution. The results indicate an increment
in dipole moment with an increase in the solvent's
dielectric constant. The highest dipole moment is
observed in water and the lowest value is in the gas phase.
Among all phases, the APT and HET groups exhibit the
highest and lowest dipole moments, respectively.
Additionally, the NO; substitution results in the largest
dipole moment within the gas phase and CCls, while the
smallest dipole moment is associated with the OH
substitution.

Table 7. The energy values of HOMO and LUMO (Enomo and E_umo) and their energy gap (AEn-L), chemical hardness (1)

and electronic chemical potential (i) in terms of eV.

APT HET
EHomo  Ewumo  AEnL n u Evomo  EiLumo  AEHL n n

H -0.218 -0.082 0.136 0.068 -0.150 -0.234 -0.110 0.124 0.062 -0.172
CH,OCH; -0.217 -0.080 0.137 0.069 -0.149 -0.231 -0.106 0.125 0.062 -0.168
Cl -0.232  -0.096 0.136 0.068 -0.164 -0.250 -0.124 0.126 0.063 -0.187
F -0.231  -0.096 0.135 0.067 -0.163 -0.251 -0.124 0.127 0.063 -0.188
NHCH; -0.215 -0.081 0.135 0.067 -0.148 -0.220 -0.107 0.113 0.057 -0.163
NO; -0.248 -0.111 0.137 0.068 -0.179 -0.261 -0.138 0.122 0.061 -0.200
OH -0.219 -0.088 0.131 0.065 -0.153 -0.234 -0.116 0.118 0.059 -0.175
Ph -0.219 -0.084 0.136 0.068 -0.151 -0.231 -0.110 0.121 0.061 -0.171
PhOCH3 -0.210 -0.081 0.129 0.065 -0.146 -0.217  -0.107 0.110 0.055 -0.162
SH -0.227 -0.091 0.136 0.068 -0.159 -0.241 -0.118 0.124 0.062 -0.180
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Scheme 10. The HOMO and LUMO orbitals for APT and its F and Ph derivatives.

4. Conclusions

This investigation considers the influence of
substitution on the HB energies of N-H---S
intramolecular bridges in the APT and HET groups
employing the B3LYP/6-311++G(d,p) computational
level. Both gas phase and solution data are scrutinized.
The outcomes of DFT calculations reveal that HB
formation can cause elongation of the N-H bond and
shortening of the H-S distance. Moreover, quantum
mechanical studies demonstrate that HB formation leads
to shifts in the N-H stretching frequencies towards lower
values. Based on the collected data, the HB strength of
the HET group and its derivatives is higher than that of
the APT. In other words, replacing the carbon atom with
nitrogen within the structure increases the HB energy. In
the evaluation of all substituents, electron-donating
groups, such as Ph, strengthen the HB, whereas electron-
withdrawing groups, such as F, weaken it. The findings
derived from AIM calculations illustrate that the strength
of the HB is heightened with an increase in the ph...s
value. For all investigated compounds, it is observed that
the H--S bond exhibits low p, V?p > 0, Hc > 0, and -
Gc/Ve > 1. These attributes are characteristic of closed-
shell interactions and signify the electrostatic nature of
the H---S bonding. The NBO approach is employed to
compute the interaction between the LPs and the 6*x-n,
which revealed that the largest interaction is related to
the strongest HB.

An additional methodology employed to examine
HBs is the utilization of NMR. The strengthening of the
HB leads to a displacement of the H chemical shift
towards the lower fields. The obtained outcomes reveal
that in both the APT and HET groups, the Ph
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substitution, which has the strongest HB, is
associated with the highest chemical shift value. The
evaluation of the aromaticity of the HB pseudo-ring is
conducted by applying different indices such as HOMA,
FLU, NICS, PDI, and ATI, and the correlation between
these indices with substitution constants is scrutinized.
The findings reveal that the PDI index displays the most
substantial correlations with ¢~ and R in both the APT
and HET groups. In the molecular orbital analysis of the
APT and HET compounds, PhOCHj3 exhibits the softest
attributes, while CH,OCH3z and F exhibit the hardest,
respectively. Additionally, the NO, substitution
demonstrates the lowest chemical potential, whereas the
PhOCHj5 substitution corresponds to the highest amount.
To investigate the effect of the environment on the
strength of HBs, the calculations are conducted in two
solvents, namely water and CCl.. The outcomes indicate
that HB strength is lower in the solution as compared to
the gas phase. A noteworthy correlation is observed
between the HB energy and the various parameters such
as geometrical, topological, frequency, NMR data, and
second-order perturbation energy, thus implying that
these parameters are instrumental in assessing the HB
strength.

The future scope of the present work includes some
potential areas of interest and applications for this type
of research such as: Understanding molecular
interactions: The study of hydrogen bonding, charge
transfer, and resonance in organic compounds can
contribute to a better understanding of molecular
interactions and their effects on the properties and
behavior of these compounds. Designing new
materials: Insights gained from these investigations can
be applied to the design and synthesis of new materials
with desired properties, such as improved conductivity,
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catalytic activity, or optical properties. Catalysis: This
analysis can be applied to the design of more efficient
catalysts for various chemical reactions, including those
involved in the conversion of epoxides. Corrosion
resistance: This exploration can help in the development
of corrosion-resistant alloys and coatings. Drug design:
This study can contribute to the design of new drugs that
target specific molecular interactions, such as the post-
synaptic action of excitatory amino acids.
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