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Abstract: A cyclobenzaprine-tetraphenylborate (CBP-TPB) complex was synthesized, achieving a
78% yield through an anion exchange reaction. The white crystals of the complex were formed in
acetonitrile and characterized using a variety of spectroscopic and analytical techniques, includ-
ing ultraviolet, infrared, mass, elemental, and nuclear magnetic resonance (NMR) spectroscopy, as
well as X-ray crystallography. The study employed a comprehensive approach to investigate the
structural properties, stability, and behavior of the CBP-TPB complex. The use of crystallographic
analysis, Hirshfeld surface analysis, quantum theory of atoms in molecules, noncovalent interaction
reduced density gradient, global reactivity descriptors, frontier molecular orbitals, molecular electro-
static potential, and ultraviolet-visible spectroscopy provided valuable insights into the complex’s
molecular geometries, supramolecular features, and intermolecular interactions. These findings
contribute to a better understanding of the CBP-TPB complex’s potential applications in fields such
as pharmaceuticals and materials science and emphasize the importance of combining theoretical
predictions and experimental measurements in understanding molecular properties. The study also
demonstrated the potential of density functional theory-based computational methods for predicting
NMR spectroscopic parameters.

Keywords: synthesis; characterization; Hirshfeld surface calculations; non-covalent interaction plots;
interaction energies; molecular packing

1. Introduction

Cyclobenzaprine hydrochloride (CBP) is chemically known as 3-(5H-Dibenzo[a,d]
1 annulen-5-ylidene)-N,Ndimethyl-1-propanamine hydrochloride (Figure 1). Cycloben-
zaprine acts centrally as a skeletal muscle relaxant with antidepressant properties [1,2].
Cyclobenzaprine’s exact mode of action is still unknown; however, it appears to work
predominantly on the brain stem to decrease tonic somatic motor activity, affecting both
gamma and alpha motor neurons and reducing muscle spasms. Muscle spasms related to
acute, painful musculoskeletal problems are treated in the short term with cyclobenzaprine.
It frequently coexists with physical treatment and rest. It functions by assisting with muscle
relaxation [1,2]. Sodium tetraphenyl borate, an organic anion molecule, is used as an ion-
pair reagent for a variety of cationic compounds [3,4], it forms an ion-pair or ion-associate
complex when it combines with cyclobenzaprine [5].
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Figure 1. Graphical representation of the asymmetric units for CBP-TPB: (A) displays the atom
numbering, and (B) showcases the DIAMOND plots.

A complex known as an ion-associate complex or an ionic compound is made up of
ions bound together by electrostatic forces known as ionic bonding. Although the formed
compound is generally neutral, it does contain positively charged ions known as cations
and negatively charged ions known as anions. Ionic compounds are often rigid and brittle,
with high melting and boiling temperatures. They are usually electrically insulating when
they are solid, but when they are melted or dissolved, the ions become mobilized, and as
a result, they become highly conductive. Ions dissociate when ionic substances dissolve,
becoming solvated by the solvent and distributed throughout the resultant solution [6].
Solvable ionic compounds are the most prevalent type of strong electrolytes because their
solutions have high electrical conductivity and the ability to transmit charge when the ions
are discharged into the solution [6].

ion-pair or ion-associate compounds can be used as sensing components in electro-
chemical sensors [3,4]. The synthesis of ionic compounds based on known active medicinal
substances as the cationic component and tiny ions (halogens, nitrates) as the anionic
part is one of the contemporary trends in pharmacology [7]. In particular for peptides in
particular, ion pairs are employed to create innovative, controlled-release medicinal formu-
lations [8,9]. One of the key advantages of employing drugs that form ion-pair complexes
is that the active ingredient does not go through structural changes, making the medication
more stable [10], have a longer half-life, and be more bioavailable [11,12]. Meanwhile, the
creation of an ion-pair medicine results in a brand-new drug with improved absorption
properties [13,14].

The study of noncovalent interactions and chemical reactivity is essential for under-
standing the behavior of molecules in various chemical, biological, and material systems.
Computational chemistry methods have emerged as indispensable tools in this field, al-
lowing researchers to delve into the underlying mechanisms and characteristics of these
interactions and reactivity patterns. In this context, the importance of computational chem-
istry methods in assessing the strength and nature of noncovalent interactions, as well as
chemical reactivity behaviors, cannot be overstated [15-18]

These powerful techniques provide valuable insights into the electronic properties
and structural characteristics of molecules, enabling scientists to more accurately predict
and understand the intricacies of noncovalent interactions and chemical reactivity. By em-
ploying advanced computational approaches, researchers can explore complex molecular
systems, unravel the driving forces behind chemical processes, and guide the develop-
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ment of innovative materials and drug candidates. In this work, we utilize computational
chemistry methods to investigate the noncovalent interactions and chemical reactivity of a
specific molecular system, contributing to the growing body of knowledge in this important
area of research [19-21].

In this paper, we present the synthesis, characterization, single-crystal structure de-
termination, and DFT calculations of the tetraphenylborate cyclobenzaprine complex.
Hydrogen bonds and noncovalent interactions, which were investigated via Hirshfeld
surface analysis, stabilize the molecular structure. Differential spectroscopic methods, UV,
infrared, mass spectrometry, elemental analysis, and NMR spectroscopy were used to
characterize this compound. The DFT calculation method was employed to investigate the
interaction mechanism of cyclobenzaprine complex with tetraphenylborate anions. The
interaction strength and type of the complex were studied through the reduced density
gradient function.

2. Methods
2.1. Experimental (Chemistry)
2.1.1. General

The melting point was determined using a Gallenkamp melting point apparatus. X-ray
crystallography was measured on a Bruker APEX-II D8 venture diffractometer equipped
with graphite monochromatic Mo K« radiation, with [ = 0.71073 A at100 (2) K. The IR
spectra were recorded with a Perkin-Elmer FTIR spectrometer. Bruker 500 and 700 MHz
and 125 and 176 MHz instruments were used to record 1H NMR and 13 C NMR in DMSQOd6,
respectively, using TMS as an internal standard (with chemical shifts in § ppm). The mass
spectrum was measured on an Agilent triple quadrupole 6410 QQQ LC/MS equipped
with an ESI (electrospray ionization) source. Elemental analysis was carried out via Perkin
Elmer, 2400 series II, CHNS/O elemental analysis. A Shimadzu 1800 UV double-beam
spectrophotometer with quartz cell was used to scan the spectra of the formed complex.

2.1.2. Synthesis

A solution of sodium tetraphenyl borate (0.3422 g, 1 mmol) in deionized water (30 mL)
was added to a solution of 3-(5H-dibenzo [a,d]cyclohepten-5-ylidene)-N,N-dimethyl-1-
propanamine (0.260375 g, 1 mmol) in deionized water. A white precipitate was produced
and rinsed with deionized water after being filtered off. The precipitate was dried at room
temperature to produce the complex of matching ion pairs. The proposed chemical was
discovered to have a 76% yield and a melting point of 131 °C upon recrystallization from
acetonitrile. Various spectroscopic and instrumentation analyses supported the generated
ion-pair complex. Mass spectrometry, UV spectral analysis, IR, elemental analysis, and
NMR were applied.

R(KBr) 3025 cm~! (amino group). 'H NMR (700 MHz, DMSO_d6) é: 2.2 (m, 2H, CH)),
2.6 (s, 6H, N-CH3), 3.0 (m, 2H, CHy), 5.4 (t, ] = 7.0 Hz, 1H, CH), 6.80 (d, ] = 7.0 Hz, 1H, CH),
6.92 (d, ] = 7.0 Hz, 1H, CH), 7.15 -7.45 (all, ArH). 3C NMR &: 24.55, 42.31, 56.56, 122.33,
126.13, 127.83,128.10, 128.73, 128.97, 129.18, 129.41, 129.79, 131.18, 131.36, 131.60, 134.11,
134.33, 136.24, 136.38, 141.69, 144.49, 152.15, 163.30, 163.69, 164.10. Elemental analysis:
(C44H41BN); cal. C 88.79%, H 6.89%, and N 2.35% found C 87.43%, H: 6.89%, and N 2.27%.

2.2. Theoretical Methodology
2.2.1. Single-Crystal X-ray Diffraction

Data collection: Intensity data for the crystalline structures were measured at room
temperature (293 K) using a SMART APEX BRUKER AXS diffractometer. The instrument
was equipped with graphite monochromated Mo Ko radiation (A = 0.71073 A) and operated
in the w/26 scan mode.

Structure solution: The structures of CBP-TPB complex were solved using direct
methods within the Olex2-1.5-alpha [22] and SHELXS software [23]. Crystal data and
details of the structural determination are provided in Table 1 and Figure S1.
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Table 1. Crystal data and structure refinement parameters for (CBP-TPB) (CCDC 1518156).

Empirical Formula Cy44HgyyBNO
Formula weight 613.61
Temperature/K 293 (2)
Crystal system monoclinic

Space group C2/c
a/A 41.072 (2)
b/A 9.9974 (6)
c/A 16.8148 (8)
«/° 90
B/° 93.115 (2)
v/° 90

Volume/ A3 6894.2 (6)

Z 8
Pealeg/cm? 1.182
p/mm~! 0.069
F(000) 2624.0

Crystal size/mm?

0.27 x 0.19 x 0.14

Radiation MoK« (A =0.71073)
20 range for data collection/° 4.194 to 66.446
Index ranges —63<h<62 -12<k<15 -25<1<25
Reflections collected 55,034
Independent reflections 13,176 [Rint = 0.1232, Rgigma = 0.1548]
Data/restraints/parameters 13,176,/0/600
Goodness-of-fit on F2 1.014

Final R indexes [I > 20 (I)] Ry = 0.0785, wR, = 0.1430
Final R indexes [all data] Ry =0.1724, wR; = 0.1711
Largest diff. peak/hole/e A~3 0.40/-0.28

Geometrical calculations and weak interaction identification: Geometrical calculations
and weak interaction identification were performed using PLATON, CrystalExplorer [24],
and Expo2014 programs [25].

Visualization and molecular graphics: DIAMOND 4.5 [26] software was employed for
creating visualizations and molecular graphics.

In summary, the SCXRD methodology involved sample preparation, data collection
using a diffractometer, structural solution with direct methods, geometrical calculations and
weak interaction identification using specialized software, and visualization of the crystal
structures through various molecular graphics programs. The resulting bond distances and
angles were compiled in tables for further analysis.

2.2.2. Computational Details

The methodology for computational details in this study was as follows:

Initial geometries: All DFT calculations were performed using experimental single-
crystal X-ray data (Table S1 and Figure 1).

Geometry optimization: Geometry optimizations for various isolated monomer and
dimer models were carried out in the gas phase using the Gaussian 09, Rev D.01 software
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package [6,27]. The GaussView 6.0 program [28] was utilized for visualization, analysis,
modification, and export of data results.

DFT functional and basis set: The B3LYP/6-31G(d,p) functional, ref. [29], was em-
ployed [30,31].

Frequency calculations: Frequency calculations were performed on optimized geome-
tries, ensuring that all stationary points were true minima (zero imaginary frequency) on
the potential energy surface.

Single-point calculations: The obtained stable geometries were used at the same level
of theory for all single-point (SP) calculations for NCI, QTAIM, BSs, reactivity descriptors,
and aromaticity [30,32].

Counterpoise correction: For hydrogen-bonded dimers, computed interaction energies
were corrected for basis set superposition errors using the counterpoise method (CP) [30,33]

Hirshfeld surfaces and fingerprint maps: Three-dimensional (3D) Hirshfeld surfaces
(HSs) and associated 2D fingerprint maps were generated using the CrystalExplorerl7.5
program in conjunction with the TONTO system [34].

Bader’s atom-in-molecules (AIM) analysis: QTAIM topological properties of electron
densities at bond critical points (BCPs) were computed and displayed using the AIMALL
software packages [32,35].

Reduced density gradient noncovalent interaction (RDG-NCI) analysis: RDG-NCI
analysis was performed, and corresponding color-filled isosurface graphs were drawn
using the VMD visualizer [36].

Global chemical reactivity descriptors: All global and local chemical reactivity descrip-
tors for the systems were calculated using conceptual density functional theory (CDFT),
also known as chemical reactivity theory (CRT) [37].

3. Results and Discussion
3.1. Chemistry

A white precipitate of an ion-pair or ion-associate complex of cyclobenzaprine and
sodium tetraphenyl borate is produced when cyclobenzaprine hydrochloride (1) and
sodium tetraphenyl borate (2) react in water. In accordance with Scheme 1, the yields,
which were at 75%, were recrystallized in acetonitrile.

@@
N

Scheme 1. Chemical reaction of cyclobenzapyrine with sodium tetraphenyl borate.

Specifically, the 'H NMR spectra of the cyclobenzaprine-tetraphenylboric complex
is distinguished by a singlet signal of N-(CHz), protons at 2.6 ppm, as well as multiple
signals of protons at 3.0 and 2.2 ppm for N-CH,-CH, and N-CH,—CH,, respectively. In the
case of N-CH,-CH,CH, the triplet signal can be detected at 5.4 ppm. Resonance peaks for
N-CH,-CH,, N-(CHj3),, N-CH»-CH,, and N-CH,-CH,CH were observed at 24.47, 42.57,
56.61, and 122.33 ppm in the 13C NMR spectra. The olefinic ethylene in the cyclobenzaprine
ring manifests as two distinctive 'H resonances, with intrinsic splitting patterns at around
6.92 and 6.80 ppm, and a resonance peak at 131.18 ppm in the '3C NMR spectra. The
tetraphenylboric ring’s aromatic protons appeared in the 7.15-7.45 ppm range. The IR
spectrum of the target complex was characterized by the appearance of the absorption
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band at 3025 cm ! assignable for the amino group. ESI-MS of compound 3 revealed a
peak at m/z 276 equal to [M]*, in addition to a negative scan at (1m/z) for [(Ph)4B]~ at 319.
The spectra of the named compound 3 are depicted in Section 3.2.7, which shows show a
maximum absorption at 294, 226, and 207 nm.

3.2. Molecular Geometries and Computational Details
3.2.1. An Investigation through Crystallography

In this study, the crystallographic structure of the cyclobenzaprine-tetraphenylboric
complex is investigated. The complex has an empirical formula of C44H44BNO and a
molecular weight of 613.61 g/mol. The crystal data and structural refinement details are
provided in Table S1 and Figure 1. The crystal structure was determined at a temperature
of 293 K (about room temperature), exhibiting a monoclinic crystal system with a space
group of C2/c. The unit cell dimensions are as follows: a = 41.072 A, b = 9.9974 A,
and c = 16.8148 A. The angles between the unit cell axes are o« = 90°, = 93.115°, and
v = 90°, indicating that the crystal structure is slightly distorted from a perfect rectangular
prism. The volume of the unit cell is 6894.2 A3 and contains eight formula units (Z = 8),
resulting in a calculated density of 1.182 g/cm?3. The X-ray diffraction data was collected
using MoK« radiation (A = 0.71073 A), and the 20 range for data collection was 4.194° to
66.446°. A total of 55,034 reflections were collected, out of which 13,176 were found to be
independent reflections with an Ryt of 0.1232 and an Rgjgma of 0.1548. The final structure
was refined with no restraints, resulting in 600 refined parameters. The goodness-of-fit
on F? was found to be 1.014, indicating that the model is a reasonable representation
of the experimental data. The final R indexes for the reflections with I > 20(I) were
R1 =0.0785 and wR2 = 0.1430, while the final R indexes for all the data were R1 = 0.1724
and wR2 = 0.1711. These values suggest that the structure refinement was successful and
produced a reliable crystallographic model. The largest difference electron density peak
and hole are 0.40 e/ A% and —0.28 e/ A3, respectively, reflecting the quality of the electron
density map.

3.2.2. Quantifying Intermolecular Interactions: A Hirshfeld Surface Analysis

Interactions between atoms in the crystal of the CBP-TPB complex were investigated
using Hirshfeld surface analysis. Figures 2a and 3a—d show the CBP-TPB complex Hir-
shfeld surface mapped using dnorm, di, de, shape index, curvedness, and fragment patch,
respectively. The distance between the atoms existing in the crystal system is described
by the sum of the d; and d. pair. Lists of all 3D surfaces with their lowest, maximum, and
mean values as well as their dnorm, di, de, shape index, curvedness, and fragment values
are given in Supplementary Materials, Figure S1.

In the CBP-TPB complex, the dporm value ranged from —0.0916-1.7427 A, the shape
index ranged from —1.00 to 1.00 A, and the curvedness ranged from —4.00 to 4.00 A, as
shown in Supplementary Materials, Figure S1. The dnorm surface has brick-red circular
patches, representing close interaction with surrounding molecules; a hydrogen connection
between O-H and N-H was discovered despite the fact that the intermolecular H-H, N-H,
and C-H interactions were defined by blue and white patches. Because the O atom has
a greater electronegativity (3.34) than the N atom (3.04), it is possible that the oxygen
atom had the most influence on the electron density on the H atom. One of the key
characteristics of Hirshfeld analysis is the shape index, which identifies complementarity
between molecules in crystal packing [38]. Patches of varied colors on a “shape index”
surface exhibiting intermolecular complementarity zones are shown in Figure 2b. The
pi-stacked molecules in the concave section are represented by red highlighted patches.
The ring structure of the molecule inside the crystal surface is depicted by the convex area
in blue.
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(a)

Figure 2. Depiction of the Hirshfeld surface for the CBP-TPB complex, showcasing (a) dnorm, visu-
alization of the complex where red denotes negative values, white corresponds to zero, and blue
represents positive values. (b) Shape index, emphasizing the presence of red and blue triangles
enclosed by the black ellipse, signifying bumps and hollow areas on the shape index surface, respec-
tively. (c) Curvedness, identifying planar (green) and curved (blue edge) regions relevant to planar
stacking interactions, and (d) Fragment patches, unique (colored) areas based on atoms external to
the Hirshfeld surface, illustrating the closest neighboring molecule.

Curvature is used to determine the surface area of a molecule’s shape [39]. The elec-
trostatic contact between the molecules is represented by the curvature. Figure 2c depicts
the curvedness of the CBP-TPB complex, which ranges between —4.00 and 4.00. Low
curvedness on the surface refers to flat disc-like regions, but high curvedness corresponds
to sharp edge-like curvature that is likely to stretch the surface into patches, indicating
contact between neighboring molecules. The blue edge that divides flat parts illustrates
m—m stacking interactions. Two-dimensional fingerprint pictures reflect the type of inter-
molecular interactions between atoms, as well as the variations in these patterns, and they
are a significant intermolecular link in the overall crystal structure [38]. The fingerprint
plot specifically reveals that all components of the molecule are in close proximity. Two-
dimensional fingerprint plots of distinct intermolecular interactions of CBP-TPB complex
and corresponding dnorm figures along with the proportion of intermolecular contacts
provided by each atom are available in Supplementary Materials, Figure S1.
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Figure 3. Three-dimensional Hirshfeld surfaces, featuring dnorm property mapping, illustrating
noncovalent homodimers: (a) anionic dimer, (b) cationic dimer in the presence of water, (c) anionic
dimer with water, and (d) cationic dimer established through O46---H91 hydrogen bond. Green
dashed lines represent intermolecular contacts.

These 2D plots revealed small spikes, such as a pseudo-symmetrical region with a
high concentration of blue color that encircled the entire contributing area. Almost all of
the exchanges listed above provide information about the 3D network of the CBP-TPB
complex [38]. The enrichment ratio was determined in order to confirm the accuracy of
the data on the contribution of bonds produced in the molecule. Because of the enormous
amount of hydrogen on the molecular surface, H ... H contacts were the most stable
(around 69.4%) in the CBP-TPB complex. In the CBP-TPB complex, according to calculations,
H-H bonds created 69.4% of the molecular surface, accompanied by C-H with 28.0%, C-C
with 1.7%, and O-H with 0.8%, as shown in Supplementary Materials, Figure S1.

The interaction data reveal that H---O and C---H contacts in all of the anion-bound
complexes as well as the receptor molecule have relatively higher contributions in com-
parison to the N---H contacts (Table 2). This discrepancy may be due to a greater number
of C-H---O or N-H---O contacts associated with the oxyanion-bound coordinated struc-
tures of the neutral receptor segments. Hence, the interaction spots including C-H---O or
N-H:--O H-bonding contacts were observed prominently on the crystal structure surface.
As a result, the solid-state results obtained from SCXRD studies are validated by these data
and the information collected from Hirshfeld surfaces, the relevant 2D FPs of free ligand
segments, and negatively charged ion-bound receptor complexes.

Table 2. Hydrogen Bonds for CBP-TPB complex.

D-H--A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
N;-H; -0y 10.99 (2) 1.69 (2) 2.680 (2) 171.8 (18)
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3.2.3. Quantum Theory of Atoms in Molecules (QTAIM) Analysis

The topological AIM analysis calculations are directly related to any chemical bond,
including hydrogen bonding, which is characterized by the existence of a bond critical
point (BCP) [40]. In order to understand the nature and strength of the hydrogen bonding
interactions in the CBP-TPB complex, we further investigated them with the help of
the Multiwfn software based on Bader’s AIM theory. The AIM graph displaying all
the BCPs is presented in Figure 4. There are nine BCPs (BCP20, BCP29, BCP34, BCP41,
BCP49, BCP56, BCP91 and BCP95) between LIG, H,O, and TTB in the reaction paths of
C25---H47, H19---C25, C3---H30, C36---H48, H8---C36, O46---H91, C71---H78, C29---H84,
and C31---H88, respectively. The nature of the chemical bonds and molecular reactivity is
described by the total electron density p(r), Laplacian electron density /2p(r), and electron
energy density H(r), which is composed of the electron potential energy density V(r). The
values of the AIM topological parameters of C25---H47, H19---C25, C3---H30, C36---H48,
H8.--C36, O46---H91, C71---H78, C29---H84, and C31---HS88 for the complex are listed in
Table 3 [32,33].

Figure 4. Representation of atoms in molecules (AIM) graph for the CBP-TPB complex. This figure
illustrates three molecules within the CBP-TPB complex. Atoms are depicted as colored spheres, with
each hue corresponding to a distinct element: blue for nitrogen, pink for boron, red for oxygen, the
conventional color for carbon, and white for hydrogen. Atom numbering ranges from 1-45 for the
first TPB molecule, 46-48 for the water molecule, and 49-91 for the CBP molecule.
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Table 3. The AIM properties of selected values for the main interactions in EAMT. These properties
include the electronic density (p(r)), Laplacian of density (V2p(r)), Hamiltonian kinetic H(r), Ellipticity
(e(r)), Lagrangian kinetic G(r), and density of potential energy (V(r)).

BPL— IV 1/G

BCP Atoms p(r) V2p(r) Ellipticity H(r) GBL_I G \% GBL_I ® Interaction
20 C25---H47  0.0156 0.0439 0.3638 0.0007 4.3745 0.0103  —0.0096  0.0248 0.9318 TPB-Water
29 H19---C25  0.0101 0.039 0.5689 0.0021 4.9259 0.0076  —0.0055  0.1849 0.72 TPB-TPB
34 C3---H30 0.0092 0.0346 1.311 0.0019 5.0574 0.0067  —0.0048  0.4009 0.7144 CBP-TPB
41 C36---H48  0.0147 0.0431 1.0738 0.001 4.5084 0.0098  —0.0088  0.1609 0.8965 TPB-Water
49 HS8.--C36 0.0092 0.0355 1.1298 0.002 5.045 0.0069  —0.0049  0.2378 0.7094 TPB-TPB
56 046---H91  0.0796 0.2191 0.0504 —0.012 2.844 0.0668  —0.0788  0.0015 1.1799 TPB-Water
91 C71---H78  0.0097 0.0346 1.0606 0.0017 4.9338 0.0069  —0.0052  0.0988 0.7537 CBP-CBP
95 C29---H84 0.007 0.0203 0.2076 0.001 5.1945 0.0041  —0.0031  0.0106 0.7584 CBP-TPB

100 C31---H88  0.0072 0.0208 0.208 0.001 5.1949 0.0042  —0.0032  0.0095 0.7605 CBP-TPB

Rozas et al. [41] and Fuster et al. [42] proposed that these criteria can be employed
to characterize interaction types. Interactions can be categorized as strong or extremely
strong hydrogen bonds (covalent interactions) when V2p(r) < 0 and H(r) < 0, moderate
hydrogen bonds when V2p(r) > 0 and H(r) < 0, and weak hydrogen bonds when V2p(r)>0
and H(r) > 0. The |'V(r) | /G(r) ratio is utilized for bonding characterization in three regions,
specifically, closed shell interaction: |1V(r)|/G(r) < 1, intermediate: 1 < | V(r) | /G(r) <2,
and shared shell interaction: |'V(r)| /G(r) > 2. Additionally, van der Waals interactions
contribute to the molecular structure.

As shown in Table 2, the intermolecular and intramolecular bonds within and be-
tween the three compounds (comp1, comp2, and comp3) was analyzed using the QTAIM
approach and the calculated topological parameters. The focus was on electron density
(p(r)), Laplacian values (V2p(r)), ellipticity (¢), Hamiltonian kinetic energy (H(r)), and the
I V(r) | /G(r) ratio to classify the interactions.

Intramolecular interactions: TPB: BCP29 (H19-C25), BCP34 (C3-H30), and BCP49
(H8-C36) display weak hydrogen bonds, as indicated by V2p(r) > 0 and H(r) > 0. These
interactions contribute to the stability of the molecular structure.

CBP: BCP91 (C71-H78) exhibits a weak hydrogen bond, as indicated by V2p(r) > 0
and H(r) > 0. This interaction may influence the conformation, stability, and reactivity
of CBP.

Intermolecular Interactions:

CBP-Water: BCP20 (C25-H47) and BCP41 (C36—-H48) show closed-shell interactions, as
evidenced by the | V(r) | /G(r) ratio (0.9318 and 0.8965, respectively) being less than 1. These
interactions are attributed to van der Waals forces, indicating that comp1 can interact with
water molecules, potentially affecting its solubility and reactivity in aqueous environments.

CBP-TPB: BCP95 (C29-H84) and BCP100 (C31-H88) display closed-shell interactions,
as indicated by the 1'V(r)| /G(r) ratio (0.7584 and 0.7605, respectively) being less than 1.
These interactions are attributed to van der Waals forces, suggesting that comp1 and comp3
can form non-covalent interactions with each other. This information could be valuable for
designing new drug candidates based on comp3, as the non-covalent interactions with other
molecules can affect the compound’s binding affinity, selectivity, and biological activity.
CBP-Water: BCP56 (O46-H91) shows an intermediate interaction, as indicated by the
I'V(r)| /G(r) ratio (1.1799) being between 1 and 2. This interaction suggests that comp2 and
comp3 can form moderate hydrogen bonds, which may have implications for the solubility
and reactivity of comp3 in aqueous environments.
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3.2.4. NCI-RDG Analysis

The NCI-RDG analysis for the CBP-TPB complex was performed to determine the
non-covalent interactions (NCls) among the compound’s different entities. This approach
is effective in providing details about weak NClIs in real space and visualizing regions
where these interactions occur. It can differentiate between hydrogen bonding, van der
Waals forces, and repulsive steric interactions using simple color codes [43,44]. Figure 5
presents the NCI scatter diagrams and RDG isosurfaces for the CBP-TPB complex. The
red regions represent strong repulsion, blue regions correspond to strong attraction, and
green regions signify electrostatic interactions. The function sign(A2)p, which results from
the combination of the sign of A2 (the second largest eigenvalue of the Hessian matrix of
electron density) and p, is employed to distinguish hydrogen bond interactions from other
types of interactions.
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Figure 5. (A) Scatter plot representing non-covalent interactions (NCI) and (B) reduced density
gradient (RDG) examination of the CBP-TPB complex.

As depicted in Figure 5A, the values of sign(A2)p range from —0.05 to 0.05 atomic units
(a.u.). The absence of spikes on the left is related to negative sign(A2)p, while the spikes
on the right are associated with positive sign(A2)p, with the smallest positive value in red
being 0.02 a.u. This indicates that strong hydrogen bonding, van der Waals forces, and
steric interactions collectively contribute to the high stability of the CBP-TPB complex [37].

In the RDG isosurface map (Figure 5B), green and red regions represent the presence of
van der Waals forces and steric effects within the CBP-TPB complex, respectively. Moreover,
the blue circular intermolecular hydrogen bonding regions imply that the complex has
hydrogen bonding interactions in these areas, with a bluer isosurface suggesting a stronger
hydrogen bond. As illustrated in Figure 6, the hydrogen bond interaction of O46---H91
is robust, promoting system stability. This finding is in line with the topological analysis
discussed in Section 3.2.3.
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Figure 6. The MESP for (A) TPB neutral molecule, ranging from —5.117 x 1072 t0 4.117 x 1072, with
a red region (negative) found around boron; (B) negative ion of TPB, covered by yellow to orange
on all surfaces and the red region around carbons bonded to boron, ranging from —1.510 x 10~ to
1.510 x 10~ }; (C) positive ion of CBP molecule, with blue color around amine groups, ranging from
—2.010 x 107! t0 2.010 x 10~1; and (D) MESP for the CBP-TPB complex, ranging from —8.314~2 to
6.31472. This range highlights the electrostatic interactions occurring between CBP and TPB within
the complex. The interaction between the two molecules can be attributed to the complementary
electrostatic properties, where the high electron-density regions of CBP (blue) interact with the low
electron-density regions of TPB (red).

3.2.5. Interaction Energies (IE)

The results presented demonstrate the effectiveness of the DFT technique at the
B3LYP level with the 6-311G (d,p) basis set for determining the most stable configurations
and binding energies of the structures. In this case, the complexation energy and BSSE
energy of the cyclobenzaprine cation, tetraphenylborate anion, and crystalline water (CBP-
TPB) (molar ratio 1:1:1) were computed, as shown in Table 4. The salts formed between
the cyclobenzaprine cation and the tetraphenylborate anion in the gas phase exhibit a
complexation energy (corrected) of —146.86 kcal/mole and a BSSE energy of 0.0378. These
values indicate that both salts have a low formation energy, suggesting that the complexes
are stable. The negative complexation energy further supports this interpretation, as
it implies that the complexes can be spontaneously produced, making their formation
energetically favourable.
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Table 4. Corrected interaction energies (AE) and AEBSSE (in kcal mol 1) calculated at the B3LYP/
6-311G(d,p) theoretical level.

(AE) Corrected
(kcal/mol)

CBP-TPB-Water —170.59 —146.86 0.0378

Complexes (AE) Raw (kcal/mol) AEBSSE

This finding is consistent with the experimental procedure and confirms the stability
of the complexes formed between the cyclobenzaprine cation and the tetraphenylborate
anion in the presence of crystalline water.

3.2.6. Chemical Reactivity Study
The Global Reactivity Descriptors

The global reactivity descriptors can provide insights into the formation of the CBP-
TPB complex from the interaction between the cation CBP and the anion TPB. By comparing
the reactivity of the cation and anion, we can better understand the driving forces behind
complex formation. Table 5 below summarizes the computed values for various reactivity
descriptors:

Table 5. Comparison of Global Reactivity Descriptors for CBP-TPB Complex Formation: A Quantita-
tive Analysis of the Cation CBP and Anion TPB’s Chemical Reactivity Properties.

Global Reactivity Descriptors CBP-TPB TPB CBP Unit
E_HOMO(N) —4.5807 —5.7199 —1.0073 eV
E_HOMO(N + 1) 1.0594 —2.4276 2.6896 eV
E_HOMO(N — 1) —7.5916 —9.4675 —8.2117 eV
Vertical IP 6.0209 7.5047 2.3711 eV
Vertical EA 0.4338 3.7312 —1.4214 eV
Mulliken electronegativity 3.2273 5.6179 0.4748 eV
Chemical potential —3.2273 —5.6179 —0.4748 eV
Hardness (=fundamental gap) 5.587 3.7735 3.7925 eV

Softness 0.179 0.265 0.2637 ev!
Electrophilicity index 0.9321 4.182 0.0297 eV
Nucleophilicity index 4.5405 3.4013 8.1139 eV

The interaction between the cation CBP and the anion TPB to form the complex
CBP-TPB can be understood through their contrasting reactivity properties:

Mulliken electronegativity: TPB has significantly higher electronegativity than CBP,
indicating that TPB has a stronger ability to attract electrons. This difference in electronega-
tivity can drive ionic interactions as TPB attracts electrons from CBP, facilitating complex
formation. A high electronegativity value would indicate that the oxygen atom in water
has a strong ability to attract electrons.

Chemical potential: The chemical potential of TPB is more negative compared with
CBP, suggesting that TPB is more stable and less prone to losing electrons. Conversely, CBP
has a higher chemical potential, indicating it is more likely to lose electrons. This difference
in chemical potential can promote electron transfer from CBP to TPB, fostering complex
formation. A negative chemical potential would suggest that H;O would be more stable
and less likely to lose electrons.

Vertical ionization potential (IP) and vertical electron affinity (EA): TPB has a higher
IP and EA than CBP, meaning TPB is more resistant to losing electrons and more likely to
gain electrons. This difference in IP and EA can promote electron transfer from CBP to
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TPB, contributing to the formation of the CBP-TPB complex. High IP and EA values would
imply that water is more resistant to losing electrons and more likely to gain electrons,
respectively.

Electrophilicity and nucleophilicity indices: TPB exhibits a higher electrophilicity in-
dex, indicating its propensity to accept electrons. In contrast, CBP has a higher nucleophilic-
ity index, suggesting its preference for donating electrons. The contrasting electrophilic
and nucleophilic tendencies of TPB and CBP, respectively, can drive the formation of the
CBP-TPB complex. These indices can help us understand the propensity of water to accept
or donate electrons in chemical reactions.

Hardness and softness: Hardness represents the resistance of a molecule to changes
in electron density. A high hardness value would suggest that water is more resistant to
such changes. Softness, on the other hand, would indicate the molecule’s susceptibility to
changes in electron density.

Discussion on the Analysis of Frontier Molecular Orbitals (FMOs) Based on the
Given Results

Frontier molecular orbital (FMO) theory is a crucial tool in understanding the reactivity
and reaction mechanisms of molecules in quantum chemistry. FMOs, which include the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), are the primary orbitals that participate in chemical reactions. The importance
of HOMO and LUMO energy levels in determining the electron-donating and electron-
accepting abilities of molecules has been highlighted in the given results. The HOMO
energy (Egomo) is directly proportional to the electron-donating ability of a molecule.
As Egomo increases, the electron-donating ability of the molecule also increases. On the
other hand, the LUMO energy (Epuymo) is inversely proportional to the electron-accepting
ability of the molecule. Therefore, a decrease in Ej ypo corresponds to an increase in the
electron-accepting ability.

The study analyzed the frontier molecular orbitals of CBP, water, and TPB after opti-
mizing their structures using the B3LYP/6-31G(d,p) method. The resulting frontier orbital
parameters, including Egomo, ELumo, and the electrophilicity index (w), are presented in
Table 6 below.

Table 6. Frontier orbital parameters: Ejomo, ELumo, and w of CBP and TPB.

TPB CBP H,O CBP-TPB
LUMO —1.395 —3.821 —0.063 —0.079
HOMO —5.937 —-8.211 —-0.291 -0.178
(w) 4.1820 0.0297 0.460 0.9321

From Table 6, it can be observed that CBP has a higher Efopmo (—8.211 eV) compared
with TPB (—5.937 eV). This indicates that CBP has a greater electron-donating ability than
TPB. Similarly, CBP has a lower E; ymo (—3.821 eV) compared with TPB (—1.395 eV), which
implies that CBP has a higher electron-accepting ability than TPB.

The electrophilicity index (w) is another parameter that can be used to determine the
reactivity of molecules. A higher w value suggests a greater electrophilic nature of the
molecule. In the given results, TPB has a significantly higher electrophilicity index (4.1820)
compared to CBP (0.0297), indicating that TPB is more electrophilic and susceptible to
nucleophilic attack.

Molecular Electrostatic Nature of Interactions—MESP

The molecular electrostatic potential (MESP) is an essential aspect to evaluate when
analyzing molecular interactions within a complex, such as the CBP-TPB system. MESP
provides insights into the electrostatic properties of the molecules, which in turn helps to
elucidate the interaction mechanisms and behavior of the complex. In contrast, Figure 6A,B
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illustrate the MESP for the neutral and anionic TPB molecules, respectively. In both cases, a
red region is observed on the phenyl ring, with MESP values of —0.155 a.u. for the anion
and —5.117 x 1072 a.u. for the neutral molecule. The red region signifies electron-rich
areas, or “shells”, which can potentially interact with the electron-poor regions in CBP.

Figure 6C presents the MESP for CBP, highlighting the blue region around the amine
groups with a MESP value of 0.201 a.u. This value is obtained by mapping the electron
density total SCF density (isoval = 0.0004) with ESP. The blue region indicates electron-
poor areas, or “holes”, which are particularly significant for electrostatic interactions.
Figure 6D presents the MESP for the CBP-TPB complex, ranging from —8.314 x 1072 to
6.314 x 10~2. This range highlights the electrostatic interactions occurring between CBP
and TPB within the complex. The interaction between the two molecules can be attributed
to the complementary electrostatic properties, where the electron-poor regions of CBP
(blue) interact with the electron-rich regions of TPB (red).

The analysis of the MESP for CBP, TPB, and the CBP-TPB complex sheds light on the
electrostatic properties of the system and the interaction between CBP and TPB. Under-
standing these electrostatic interactions is essential for comprehending the behavior and
function of the CBP-TPB complex. Further studies focusing on other molecular properties,
such as intermolecular interactions and atomic charge distributions, could provide a more
comprehensive understanding of the complex and its potential applications [45,46].

3.2.7. UV Spectral Analysis

The study presents an analysis of the electronic absorption spectrum for a specific
chemical structure using UV-vis spectroscopy. The researchers conducted the analysis
in both gas and acetonitrile solvent phases. For the computational part, they employed
the time-dependent density functional theory (TD-DFT) IEFPCM model at the B3LYP/
6-311G(d,p) theoretical level on the optimized ground-state geometry.

The acquired absorption spectra were investigated at room temperature in aqueous
solvents with a concentration of 50 ppm. The resulting plots are displayed in Figure 7. The
researchers determined the experimental maximum wavelength (Amax) and absorbance at
room temperature, and the data are provided in Table 6.

Various parameters such as dipole moment (u, D), main absorption energy (E), oscil-
lator strength (f), maximum wavelength (max), electronic transition of excitation energy;,
and atomic orbital contribution were computed in both solvent and gas phases. The
corresponding data are shown in Table 7.

Table 7. Computed energy values, dipole moments (D), peak absorption wavelengths (Amax), €x-
citation energies (eV), oscillator strengths (f), identification of electronic transitions (HOMO(H) —
LUMO(L)), and primary contributions (%) for the target compound’s S1 and S2 excited states in the
gas phase.

Transition

Dipole Electronic Major %

Solvent Etotar (a.0) Moment Amax f E?ee\l;%y Transition Contribution
Gas phase 34,916.5 286.4 0.235 4.27 H-5—L 94
21.9 H-12 — L 23
43,207.1 ) 2314 0.1502 5.35 H5—-L+1 20
H5—->L+2 21
34,456.8 290.2 0.326 4.33 H-1—L 95
H-10 — L 26
43,105.5 231.98 0.3081 5.34 H-1—-L+1 27
. H-1—-L+4 19
Acetonitrile 17.6 TR 7

solvent ’ — L+

44,739.6 2235 0.2296 5.547 Hol2 > L+6 3
H-6 — L 21
45,292.1 220.8 0.2641 5.616 H-1—-L+5 45

H-14 - L 9
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Figure 7. (a,b) Absorption spectra obtained through TD-DFT calculations for complex in the acetoni-
trile solvent and gas phase, respectively. (c) Experimentally measured absorption spectrum of the
target complex in acetonitrile solvents at room temperature.

The analysis of the UV-vis spectra revealed that the molecule exhibited different ab-
sorption bands in the gas phase and the acetonitrile solvent phase. These differences can
be attributed to the solvent effect, which influences the electronic structure and transi-
tions within the molecule due to various factors such as solvent polarity, solute-solvent
interactions, and solvent-induced conformational changes.

The high-intensity bands observed in the acetonitrile solvent phase at 290.2 nm,
223.5 nm, and 220.8 nm, and in the gas phase at 286.4 nm and 231.4 nm, are attributed to
the n — 7* electronic transition. The n — 7* transition typically involves the promotion of
an electron from a non-bonding orbital (n) to an anti-bonding pi orbital (7*). This type of
transition is commonly observed in molecules containing multiple bonds, such as carbonyl
groups, double bonds, or triple bonds.

The calculated parameters, such as dipole moment, main absorption energy, oscillator
strength, maximum wavelength, electronic transition of excitation energy, and atomic
orbital contribution, provide valuable insights into the molecule’s behavior in different
environments. For example, the dipole moment in the acetonitrile solvent phase (17.6 D)
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is lower than in the gas phase (21.9 D), suggesting that the solvent environment affects
the molecule’s overall charge distribution. Additionally, the major % contribution column
in Table 5 indicates which electronic transitions have the most significant impact on the
observed absorption bands.

The UV spectra analysis for the CBP-TPB complex indicates that there are differences
between the maximum absorption spectra obtained through TD-DFT calculations for
the complex in acetonitrile solvent and gas phase, with values of 290 nm and 286.4 nm,
respectively. However, the experimentally measured absorption spectrum of the complex in
acetonitrile solvent at room temperature is very close to the TD-DFT prediction in the same
solvent, with a value of 291 nm (Table 6). This suggests that the theoretical calculations
are a good approximation of the experimental results in this case, and that the complex is
likely to absorb light at around 290 nm in acetonitrile solvent at room temperature. Overall,
the comparison and interpretation of the UV spectra highlight the importance of both
theoretical predictions and experimental measurements in understanding the electronic
properties and absorption spectra of molecules in different environments [47].

3.2.8. NMR Spectral Analysis

The comparison of experimental and calculated NMR data for the title molecule
demonstrates the potential of DFT-based computational methods for reliably predicting
and interpreting NMR spectroscopic parameters. In this study, isotropic chemical shifts
were calculated for 13C and 'H NMR in DMSO solution using the IEF-PCM model, with
the results presented in Table 7.

Considering that the range of '3C NMR chemical shifts for analogous organic molecules
is typically greater than 100 ppm [23,26], the accuracy of the calculated values in this study
is deemed sufficient to allow for reliable interpretation of the data. As expected, the 13C
NMR chemical shifts in the ring for the title molecule are greater than 100 ppm (Table 8).

The experimental carbon NMR spectrum displays sixteen peaks with varying intensi-
ties, which is less than the twenty peaks that would be expected based on the molecular
formula. This observation suggests the presence of symmetry within the molecule, caus-
ing certain carbon atoms to be equivalent. The calculated carbon NMR spectrum shows
twenty-two peaks in the range of 122.6 to 164.60 ppm, while the experimental data ranges
from 124.1 to 175.7 ppm.

The calculated proton NMR chemical shifts demonstrate moderate agreement with the
experimental values. This discrepancy can be attributed to the free rotation of one methyl
group within the molecule. Due to this rotation, the chemical shifts associated with the
protons in a given methyl group were averaged, resulting in equal values as observed in
the experimental results. The calculations, however, yielded different isotropic shielding
values, as a fixed geometry was employed for this purpose [48].

The observed difference in the carbon NMR data may be due to structural implications
originating from the theoretical calculations. Despite this, the overall agreement between
the experimental and calculated NMR data supports the validity of using DFT-based
computational methods for predicting and interpreting NMR spectroscopic parameters.
Further refinement of the computational models and inclusion of dynamic effects, such
as the free rotation of methyl groups, could potentially improve the accuracy of these
predictions and enhance the reliability of the calculated NMR data [48].
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Table 8. Experimental and theoretical chemical shifts of MTX 13C and 1H NMR spectra.

Atom Position CBP—TPB Atom Position CBP—TPB
Hydrogen B3LYP/6-311G(d) Exp Carbon B3LYP/6-311G(d) Exp
91 8.0644 37,24 175.8
42,30 7.59305 743 ..737 13,2 169.94 164.54
28,43,6,8 7.35675 7.34..7.29 74 154.9247 163.7
19,17,70, 54, 68, 56 7.2118 7.20..7.11 50 147.8053 144.48
66,52, 41, 58, 33 7.05614 6.95 .. 6.85 73, 36, 26, 64 141.8078 142.1
722’13/ 21’ {4/ 4:;)41/0452 % 6.8379 6.83..6.77 59,3,14,14, 4 138.4057
23,61, 63,12 6.631 5.46 .. 5.35 15,25 137.8711 136.59
76 5.04 3.13..3.06 60 135.5883 136.29
82 1.9995 2.63..2.57 62 135.3271 134.99
78,79, 85, 84 1.7552 75 134.4803 134.18
86 1.6041 2.54 ..2.50 71,53 132.628 132
90, 88 1.5217 2.50..2.42 65 696’7295’135’ 57, 131.9058 131.59
81 1.4379 2.30..2.24 55 130.2556 129.9
89 1.0723 7.43..737 27 129.7315 129.67
Atom positioncarbon 39 129.6271 129.37
20 124.2605 126.32 18 128.9938 129.21
9 124.1405 122.67 5 128.9252 129.14
80 56.4247 56.88 16 128.7955 128.51
83 39.6608 43.01 7 128.6164 128.24
87 38.5887 39.16 40 126.7416 128.19
77 21.2847 24.75 31 126.5995 126.35

4. Conclusions

In conclusion, this comprehensive study utilized a multifaceted approach to investigate
the structural properties, stability, and behavior of the cyclobenzaprine-tetraphenylboric
(CBP-TPB) complex. A detailed crystallographic analysis revealed the complex’s monoclinic
crystal system, unit cell dimensions, and refined atomic positions, providing valuable
insights into its molecular geometries and supramolecular features. These insights have
potential applications in various fields, such as pharmaceuticals and materials science.
Hirshfeld surface analysis was employed to investigate the interactions within the CBP-TPB
complex, providing valuable insights into the intermolecular contacts and complementarity
between the molecules in the crystal packing. The prevalence of H...H contacts and the
significance of H---O and C---H contacts were revealed in the complex. These findings,
supported by solid-state results from single-crystal X-ray diffraction (SCXRD) studies,
contribute to a better understanding of the structural properties and potential applications
of the CBP-TPB complex.

The study also carried out QTAIM analysis for TPB, water, and CBP, revealing various
types of intramolecular and intermolecular interactions, including weak hydrogen bonds
and van der Waals interactions. Understanding these interactions is crucial for designing
functional materials, catalysts, and drug candidates based on these compounds, leading
to more efficient and selective systems for applications in chemistry, materials science,
and biology.
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The noncovalent interaction reduced density gradient (NCI-RDG) analysis of the CBP-
TPB complex provided insights into the presence and contributions of hydrogen bonding,
van der Waals forces, and steric interactions, highlighting the robust O46---H91 hydrogen
bond interaction as a key factor promoting system stability. These findings contribute to
our understanding of the CBP-TPB complex’s structural properties and potential applica-
tions. Global reactivity descriptors revealed that the formation of the CBP-TPB complex is
primarily driven by differences in electronegativity, chemical potential, ionization potential,
electron affinity, and electrophilicity /nucleophilicity indices between the cation CBP and
the anion TPB. These differences promote electron transfer from CBP to TPB, leading to
the formation of the ionic complex. The analysis of frontier molecular orbitals using the
B3LYP/6-31G(d,p) method disclosed significant differences in the electron-donating and
electron-accepting abilities of CBP and TPB, as well as their electrophilicity indices. Un-
derstanding these differences is essential for comprehending the reaction mechanisms and
reactivity of these molecules.

Molecular electrostatic potential (MESP) analysis provided insights into the electro-
static properties of the system and the interaction between CBP and TPB. Further studies
focusing on other molecular properties, such as intermolecular interactions and atomic
charge distributions, could offer a more comprehensive understanding of the complex and
its potential applications.

UV-vis spectroscopy analysis, in conjunction with computational methods like TD-
DFT, demonstrated the potential for investigating molecular properties and understanding
the behavior of molecules in various environments. This study compared the maximum
absorption spectra of the CBP-TPB complex obtained through TD-DFT calculations and
experimental measurements in different environments, emphasizing the importance of both
theoretical predictions and experimental measurements in understanding the electronic
properties and absorption spectra of molecules.

Furthermore, the study showcased the potential of DFT-based computational methods
for reliably predicting and interpreting NMR spectroscopic parameters for '3C and 'H NMR
in DMSO solution. Despite some discrepancies between experimental and calculated NMR
data, the overall agreement supports the use of DFT-based methods for predicting NMR
parameters. Further refinement of computational models and the inclusion of dynamic
effects could potentially enhance the accuracy and reliability of these predictions.
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