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In the present study, density functional theory (DFT/@B97XD) is employed to
investigate cation—m interactions in Altretamine-M (M = Fe?', Zn?", Si**, Ge*',
Mg?*, and Ca?") complexes in both the gas phase and solution. Overall, metals
contribute to drug interactions through coordination chemistry, redox activity,
enzyme modulation, metabolic transformations, and effects on pharmacokinetics
and pharmacodynamics. Metals, either as components of a drug or through
interactions with metal ions, can also influence drug solubility, stability, and
delivery, thereby affecting absorption and bioavailability. The results show that the

Keywords: binding strength in the gas phase is higher than in the solution. The chemical
Altretamine bonding properties and population analysis of the structures are evaluated using the
DFT atoms-in-molecules (AIM) and natural bond orbital (NBO) analyses. According to
ﬁg\g the results, cation-m interactions in the complexes are of a closed-shell nature. The
NMR aromaticity of the complexes is assessed using two widely recognized indices,

which facilitate detailed evaluation of the electronic structure and aromatic
character of the molecules. The NMR analysis is performed to calculate some
coupling constants and nitrogen shielding tensors in the complexes. Finally, the
electronic properties of structures are estimated using conceptual DFT parameters.

Aromaticity indices

The interaction energy depends on the type of cation and
the m system, which plays a key role in molecular
recognition [14]. In drug-receptor binding, cation-n
interactions play a crucial role in stabilizing the drug in
aromatic-rich binding sites, thereby enhancing specificity
and affinity [15-20]. These interactions also contribute to
binding in various biological systems, such as
acetylcholine receptors, neurotransmitter binding, and

1. Introduction

Altretamine (ALT) is an anticancer drug mostly used
for the palliative treatment of persistent or recurrent
ovarian cancer, particularly after initial treatment with
cisplatin or combinations of alkylating agents [1]. It is a
small-molecule drug that acts as an alkylating agent. ALT
breaks down through N-demethylation into alkylating

agents that harm tumor cells by interfering with DNA and
RNA production [2]. This drug is highly soluble in lipids
and is also known as hexamethylmelamine (HMM) [3].
While ALT has relatively low liver toxicity, it can
temporarily lower white blood cells and platelets, which
raises the risks of infections and bleeding [4]. ALT is
primarily used for ovarian cancer, but it may also be
considered for second-line treatment in other cancers [5].

The interaction between drugs and cations through
cation-m interactions involves the attraction between a
positively charged cation, often a metal ion or a group on
the drug, and the negatively charged electron cloud of an
aromatic ring within the drug molecule or receptor [6-13].

enzyme active sites [21-26]. In silico modeling and
structural studies demonstrate how cation-n interactions
are involved in drug binding, guiding the design of drugs
to enhance potency and selectivity [27-35]. Thus, cation-
T interactions are a vital non-covalent binding force in
pharmaceuticals. Cations interact with aromatic =«
systems to stabilize drug-target complexes and affect
pharmacodynamics [36-45].

Metals can significantly affect drug solubility,
stability, and delivery using their interactions with metal
ions. This influences absorption and bioavailability in
several ways. For instance, Metal ions can form
coordination complexes with drug molecules. This
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changes the solubility of the drug by increasing its ability
to dissolve in water or fat, depending on the metal and
ligand involved. Such complexation often improves
aqueous solubility, which is crucial for bioavailability in
oral administration [46-48]. Coordination bonds between
metals and drugs enhance molecular stability. This
prevents  degradation or  aggregation  during
manufacturing and storage. The improved stability
extends shelf-life and boosts therapeutic effectiveness
[49-51]. Metal-drug complexes can change drug release
profiles and delivery in the body. They enable sustained
or targeted release, as seen in metal-coordinated
nanoparticles and hydrogels used in drug delivery
systems [52]. Additionally, drug-metal complexation can
affect pharmacokinetics by changing distribution
coefficients and membrane permeability. This ultimately
influences overall bioavailability [53]. Using metal
coordination thoughtfully can improve drug formulation,
as seen in metallodrugs and drug delivery systems
designed for better solubility, stability, and targeted
therapeutic effects [54, 55].

The characteristics and energies of cation-n
interactions have been the focus of numerous studies [56—
61]. In 2019, Mohammadi et al. [62] applied the DFT
method to analyze complexes formed between the
acetaminophen drug with alkali-metal and alkaline-earth
cations. Additional studies by Alirezapour et al. [63]
examined the structural and electronic effects of metal
cations interacting with the n-system of phenylalaninal in
various environments, which helps elucidate how these
cations influence molecular stability and behavior. In
2020, a similar computational investigation was
conducted to explore cation-mt interactions between the
anticancer drug altretamine and metal cations, evaluating
the stability and electronic properties of these drug-metal
complexes [64]. Lastly, the effect of cation-w interactions
on the structural and electronic features of para-
aminosalicylic acid complex was assessed in 2020 [65].

Our objective is to explore the energetic, geometric,
spectroscopic, and topological properties of Altretamine
anticancer drug complexed with transition metal ions,
quasi-metal ions, and group IIA metal ions. To these
evaluations, we apply the DFT method, along with the
AIM and NBO analyses. To determine the aromaticity
and electron delocalization in complexes, different
aromaticity indices are considered. Finally, the electronic
properties of complexes are estimated using conceptual
DFT parameters. These investigations provide vital
insights into the nature of cation-m interactions, showing
that cations can form stable complexes with drugs
through interactions with aromatic or n-electron systems,
which alter drug properties such as stability and reactivity
[66-70].

This study stands out by including quasi-metal ions
like Si** and Ge*' alongside conventional group IIA
(Mg, Ca*") and transition metals (Fe**, Zn**), which are
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rarely combined in single investigations of Altretamine
complexes. Employing computational tools for structural
optimization, vibrational analysis, and electronic
properties provides fresh atomic-level insights absent in
experimental-only studies of similar chelates. This
approach highlights potential stability enhancements or
reactivity shifts for pharmaceutical applications,
differentiating it from heterocyclic metal complexes
focused on synthesis rather than predictive modeling. No
prior publications directly simulate Altretamine with
Si?*/Ge*" or juxtapose them against Mg?'/Ca®>" and
Fe**/Zn**, filling a void in understanding metal-induced
modifications to Altretamine's aromaticity and
bioactivity.

2. Quantum chemical calculations

The Gaussian 09 suite of programs [71] is used to
perform all calculations on monomers and complexes.
The method and basis set used to optimize the structures
are ®B97XD [72] and 6-311++G(d,p) [73], respectively.
The ©B97X-D functional is a long-range corrected
hybrid DFT method designed for accurate treatment of
thermochemistry, kinetics, and non-covalent interactions
[74]. It builds on the ®B97X functional by incorporating
empirical atom-atom dispersion corrections with a
damped function, addressing limitations in van der Waals
interactions. The range-separation parameter ® = (.2
bohr™! splits short-range DFT exchange from long-range
Hartree-Fock exchange, improving charge-transfer and
dispersion descriptions [75]. Geometry optimizations
require explicit reporting of convergence criteria to
ensure reproducibility. Force convergence typically
targets a maximum gradient below 3x10™* hartree/bohr,
while RMS force is set under 1x10* hartree/bohr.
Displacement convergence often uses an RMS step below
2x1073 bohr and a maximum displacement under 4x1073
bohr [76]. In the Gaussian, "opt = tight" enforces an RMS
force of 3x10™* and a maximum force of 4.5x10™*
hartree/bohr. SCF convergence also includes tighter
settings like TightSCF, which reduce gradient noise [77].

One of the most important calculations on the
optimized structures is the evaluation of vibrational
frequencies. These results are obtained at the same
theoretical level. The binding energy (AEion.x) of the ALT
monomer and the metal cations is calculated as follows:

(1

where the total energy of the complexes, the energy of
the ALT monomer, and the energy of the isolated cations
are shown as Ecaion-n, En-system, and Ecaion, respectively.
Boys and Bernardi's counterpoise method is applied to
correct basis set superposition error (BSSE) [78]. The
effect of the solvent on the complexes is evaluated using
the self-consistent reaction field (SCRF) method
combined with the polarized continuum model (PCM)
[79].

AEion-n = Ecation-r - (Ecation + En-system)
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The chemical bonding properties and population
analysis of the structures are evaluated using the AIM
[80] and NBO [81] analyses. The AIM 2000 package [82]
is used for the AIM analysis. These calculations are
performed on optimized structures at the ®B97XD/6-
311++G(d,p) level. The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), known as frontier molecular orbitals
(FMOs), evaluate the electronic properties of the selected
complexes. The aromaticity of the ALT ring is examined
using two well-known indices of the harmonic oscillator
model of aromaticity (HOMA) [83] and the aromatic
fluctuation index (FLU) [84]. The results are obtained
with the Multiwfn 3.7 program [85]. Finally, NMR
analysis is performed to calculate some coupling
constants and nitrogen shielding tensor in the selected
complexes [86].

3. Results and Discussion

3.1. Energies

A schematic of the optimized ALT--M complexes
with M = Fe**, Zn*', Si**, Ge**, Mg?', and Ca*' is shown
in Fig. 1. Table 1 lists the binding energies (AEionx) of the
cations and the selected m system. The trend in AEionx
values of the complexes is as follows: Fe*" > Si** > Zn**
> Ge*' > Mg?" > Ca*". The results obtained show that the
strength of the cation-m interaction in complexes
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containing Fe?* and Si*" ions is the highest, while the
lowest values are observed in complexes containing Mg>*
and Ca?" ions. According to the results in Table 1, the
solvent effect leads to significant changes in the binding
energy results. The data show that the strength of cation-
7 interaction in the gas phase is greater than in solution.
In the solution phase, the quasi-metal complexes (Si** and
Ge?") exhibit stronger interactions than the other metal
complexes. The binding energy of the Si** complex in the
gas phase is -227.28 kcal/mol, which decreases
significantly to -91.79 kcal/mol in the aqueous solvent
(Table 1).

Under standard conditions of one atmosphere pressure
and 298.15 Kelvin, thermodynamic parameters such as
entropy (AS), enthalpy (AH), and Gibbs free energy (AG)
are calculated to gain better insight into the properties of
the considered complexes. The data obtained are
summarized in Table 1. As shown in this table, the
calculated AH values are negative. This indicates that the
formation of all complexes is enthalpically favorable
(exothermic). On the other hand, the AG values are
positive. This means that the formation of the complexes
is a non-spontaneous process. The obtained AS values are
also negative and AH| < |TAS|. This implies that the
entropy factor controls the stability of the complexes.
Therefore, it can be concluded that the nature of the
different cations plays an important role in the values of
the thermodynamic parameters.

(b)

Fig. 1. The model representation for the ALT:M complexes, with M = Fe?*, Zn?*', Si*", Ge?*, Mg?*, and Ca?' from front view (a)

and top view (b).

Table 1. Binding energy values (AEionr, in kcal/mol), geometrical parameters (bond length (d), in A), stretching frequencies (v,
in cm™) of ion-w, and thermodynamic parameters of complex formation (AH, AG and AS, in kcal/mol).

AEion-n dion-n Vion-n AHa9s AGa9s AS298
Fe?* -258.79 (-18.95)* 1.603 463.89 -0.683 8.565 -0.031
Zn* -205.02 (-19.30) 1.797 291.00 -0.845 8.628 -0.032
Siz* -227.28 (-91.79) 1.739 447.76 -1.822 9.932 -0.039
Ge** -200.52 (-68.01) 1.895 302.00 -0.398 8.313 -0.029
Mg? -149.48 (-0.69) 1.844 393.19 -1.695 9.429 -0.037
Ca?* -113.43 (-1.02) 2.163 304.89 -0.060 6.851 -0.023

* Values in parentheses refer to the obtained binding energies in the water solvent.
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3.2. Geometric parameters and spectroscopic data

The results of the structural parameters are reported in
Table 1. The dionr (distance between the ion and the
center of the aromatic ring) is an important quantity for
assessing the strength of cation-m interactions. In the
investigated complexes, there is an inverse relationship
between binding energy and interaction distance (dion-r).
According to the results, in each ion group, Fe?*, Si**, and
Mg?*" complexes have the highest AEio.. and the lowest
dionn. On the other hand, an inverse relationship exists
between these quantities in Zn*, Ge**, and Ca*
complexes.

A measurable relationship can also be observed
between the geometric parameters and spectroscopic
data. Table 1 lists the vibrational frequencies (Vion-x) Of
ALT complexes. It is well known that stronger cation-nt
interactions shift vibrational frequencies to higher values.
The data in Table 1 indicate that the relationship between
AEionr and Vion.x 1s consistent with the studied complexes
in each ion group. Based on the calculated results, the
largest shifts are in the Fe**, Si**, and Mg?" complexes
with higher AEionr, and the smallest shifts are in the Zn?",
Ge?", and Ca*" complexes with lower AEionr.

3.3. AIM analysis

The chemical properties of the atom and bonds in the
structure are investigated by analyzing AIM. The
quantities used in this method include electron density (p)
and its Laplacian (V?p), as well as total electron energy
density (H), along with its components containing
potential energy density (V), and kinetic energy density
(G) at critical bond points (BCPs). An important
relationship can be observed between the Laplacian and
the energy quantities at critical points [80], as shown
below:

% V2p(r) = 2G(r) + V(r) and H(r) = G() + V(1) )

The interaction characteristics between species are
measured by the Laplacian of the electron density and the
sum of principal curvatures as V?p = A; + A + As. The
perpendicular curvatures (A; and A,) of electron density at
the BCP are negative, while the parallel curvature (A3) is
positive. The charge concentration is determined by the
ratio |M|/A; at the bond critical points [87].

Moreover, there are two distinct benchmarks on the
features of bonding, including the bond ellipticity (&) and
the Virial theorem [88]. The ellipticity of bonds (g)
affords the comparative accumulation of the two
perpendicular axes and could be described as

e =A1/A2 - 1, where 2] < [Al] 3)

where A < A» < 0 < A3 represent the eigenvalues of
the Hessian related to the BCP electron density. The
benchmark of the character of n—bond for each interaction
is the €, which provides criteria for ¢ and m bond
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characters. Lower values of € represent the bond character
of o, whilst the greater amount of € (> 0.1) demonstrates
the bond character of @ [88]. According to Table 2, the
parameters of ellipticity for ion7 bonding of Si*" and
Ge?" complexes are 0.0492 and 0.0490, respectively, and
it could be considered as the bond character of ¢, but the
ellipticity for the ion 7 bonding of other complexes is
bigger than 0.1 and could be considered as © bonding.

The Laplacian of the electron charge density is locally
depleted (V2pgcp > 0) or concentrated (V?ppcp < 0). A
negative value indicates shared-shell interactions such as
covalent bonds, and a positive value denotes closed-shell
interactions such as ionic and van der Waals interactions.
In addition, the partially covalent nature of the
interactions is defined by the quantities V?ppcp > 0 and
Hgcp <0. The topological parameters in Table 2 show that
cation-t interactions are of a closed-shell nature. This is
due to the small values of pgcp, V2ppcp > 0, and |Mi|/A; <
1. In complexes with transition metal ions and
quasi-metal ions, because of their negative H values
(Hgcp < 0), they have a partially covalent nature. On the
other hand, the group IIA metal complexes exhibit a non-
covalent character (Hpcp > 0).

The amounts of the charge density (p) at BCP have
been implemented to illuminate bond strength. In other
words, the notable values of p uncover that there exists
substantial interaction between vicinal atoms. When the
amount of p is more than 0.1 au, the presence of potent
interactions, for instance, electrostatic interactions or
hydrogen bonding, can be concluded. Besides, when the
amount of p is lower than 0.1, weaker interactions such
as van der Waals can be deduced. Our computed
achievements divulged that the ppcp values of the studied
complexes are weak interactions. Furthermore, the results
show that for each ion group, pscp values have a direct
relationship with the binding energies. The molecular
graph and contour plot of the ALT:--Fe?* complex are
shown in Figure 2. In this Figure, three (3, -1) BCPs are
formed between the metal ion and the ring nitrogen atoms
in the corresponding complex. To better understand the
nature of interactions, the electron localization function
(ELF) of the ALT---Fe*" complex is also imagined (see
Figure 3).

The -G/V ratio can also assess the properties of cation-
7 interactions [89]. Indeed, there are three categories for
interaction types, namely covalent bonding (G(r)/V(r) =
0.1-0.5), polar covalent interaction (G(r)/V(r) = 0.5-1),
and electrostatic attraction (G (r)/V(r)> 1). The results
obtained in Table 2 show that the -G/V ratio lies in the
range 0.5496-1.0852. Based on these findings, the cation-
7 interactions in the Mg?" and Ca?* complexes are of the
type electrostatic attraction, while in the other complexes,
the polar covalent interaction is observed.

The reduced density gradient (RDG) method is also
used to gain insight into the cation-m interactions. The
Multiwfn program [85] is applied to virtualize the map.
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The colored RDG diagrams show the binding nature and  depicted in Figure 4. The strength of cation-w interaction
interaction regions in the complexes. The blue and green  in the ALT---Fe*" complex is revealed by the blue and red
colors indicate strong and weak attractions, respectively,  regions, which are created between the chosen ion and the
while the red color directs repulsive interactions. The iso-  center of the aromatic ring. Steric effects are significantly

surface map of the RDG for the ALT---Fe?*" complex is  affected by red areas.
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Fig. 2. Molecular graph (a) and contour map (b) of ALT---Fe?" complex obtained from ®B97XD/6-311++G(d,p) wave function.
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Fig. 3. ELF snapshot of ALT molecule interaction with Fe?*.
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Fig. 4. Reduced density gradient iso-surface map of the ALT---Fe?* complex.

Table 2. The selected topological properties of electron density (in a.u.) obtained by AIM analysis.

PBCP Vpece H G \4 -G/V € [M)/As
Fe** 0.0977 0.3889 -0.0236 0.1202 -0.1438 0.8357 0.3280 0.1075
Zn** 0.0633 0.1907 -0.0150 0.0629 -0.0782 0.8046 0.1884 0.0629
Si%* 0.0739 0.0359 -0.0410 0.0497 -0.0904 0.5496 0.0492 0.0690
Ge** 0.0668 0.1058 -0.0200 0.0462 -0.0660 0.7004 0.0490 0.0644
Mg? 0.0350 0.1873 0.0034 0.0434 -0.0400 1.0852 0.1918 0.0348
Ca*" 0.0345 0.1363 0.0020 0.0321 -0.0301 1.0663 0.2288 0.0336

3.4. NBO analysis

In this method, we evaluate the effects of
delocalization between the donor and acceptor orbitals
[81]. For each donor NBO (i) and acceptor NBO (j), the
stabilization energy, E®, related to the delocalization of i
— ], is defined as follows:
E@ = —q T

Sj—Si

“

where q; is the orbital occupancy, & and g denote
diagonal elements, and F(i,j) indicates the off-diagonal
NBO Fock matrix elements [81]. Table 3 shows the
results of the NBO analysis in the corresponding
complexes. According to the data, the key interactions in
the selected complexes occur between the bonding
orbitals (or lone pairs) of the donor species with the anti-
bonding orbitals (or anti-bonding lone pairs) of the
acceptor groups.

The amounts of donor-acceptor energies, E@,
obtained are in the range of 0.52-5.13 kcal/mol. Our data
display that the maximum and minimum values of E®
belong to the Fe?" and Ca*" complexes, respectively. As
a result, the charge transfer from donor species to
acceptor groups is larger in the first case than in the
second case. Furthermore, the E® values can give
qualitative information about the intensity of binding
energies (Table 1 and 3). For each ionic group, these
results follow the same trend as the AEinnr and pscp
values. This indicates that charge transfer can be an

appropriate feature in assessing the strength of cation-n
interactions.

The NBO analysis also evaluates the allocation of
atomic charges, s-character percentage of o(c.n), and p-
character proportion of the Fe** and Ca*" cations in the
ALT---Fe** and ALT---Ca’" complexes. Theoretical
predictions suggest that the p-character of LP*pe+ (sp'?)
is greater than that of the LP*cq+ (sp®). Furthermore,
the dion.r distance of the ALT---Fe?" complex (1.603 A) is
less than that of ALT---Ca?" (2.163 A). Our findings
confirm that the dionr is primarily affected by the p-
character of the hybrid orbitals. Moreover, the s-character
proportion in the C-N bonding orbitals (cc.x) reduces in
the ALT---Ca** (34.62%) when compared to the
ALT:--Fe** (38.08%). These results show that the
ALT---Fe** complex requires more energy than the
ALT:---Ca®".

3.5. Aromaticity analysis

The aromaticity of the complexes is assessed using
two widely recognized indices: the HOMA and the FLU.
These aromaticity indices are calculated using the
Multiwfn 3.7 program [85], which facilitates detailed
evaluation of the electronic structure and aromatic
character of the molecules [90]. Both HOMA and FLU
offer complementary insights. HOMA focuses on
geometric parameters related to bond lengths, while FLU
measures fluctuations in electron delocalization,
providing a robust quantification of aromaticity. The
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HOMA index is evaluated by a scale ranging from 0 to 1.
A value of 1 signifies complete delocalization within
aromatic rings, while a value of zero indicates total
localization. An analysis of Table 4 reveals that, except
for the complexes with transition ions, the ALT
complexes with Ge*" and Ca®* exhibit greater aromaticity
compared to those with Si** and Mg?*. This demonstrates
a greater impact on aromaticity in the former complexes
compared to the latter. As a result, aromaticity values are
influenced by the nature of the cations.

Table 4 also shows that in each ion group, the
ALTM complexes (M = Zn*", Ge**, and Ca?") have the
lowest FLU indices. It is well-known that for more
aromatic species, the FLU values are close to zero.
According to the findings, in most cases, the results of
indices are similar, indicating that complexes with a
higher HOMA index have a lower FLU index. The
relationship among aromaticity indices and cation-n
interaction parameters can also be considered. The results
demonstrate that both aromaticity indices exhibit good
linear connections with AEionr ~With correlation
coefficients (R) greater than 0.8. Based on these findings,
the strength of the cation-m interaction can be estimated
using aromaticity indices.

The one-electron characteristics, such as dipole
moment and polarizability, are also evaluated on the
complexes. The dipole moment is defined as the first
derivative of the energy with respect to an applied electric
field [91]. Table 4 shows the obtained dipole moment (u°)
values in the complexes. The results show that the dipole
moment values range from 0.04 to 8.84 D. For each ionic
group, the dipole moments increase for the Zn**, Ge?**,
and Ca?" complexes, with the highest value observed for
the Ca*" complex. On the other hand, the smallest dipole
moments are observed in the Fe?', Si**, and Mg*
complexes, with the lowest value being detected for the
Fe?" complex. This indicates that the dipole moments of
different complexes depend on the nature of the selected
metal cations. Polarizability is defined as the second
derivative of energy with respect to the applied electric
field [91]. The results show that a similar trend exists
between the dipole moment and the polarizability of
complexes (Table 4).

Garau et al. [92] showed that molecules with small
permanent quadrupole moment values, Q,,, can interact
acceptably with cations. The presence of different cations
influences the aromatic ring’s n-electron density, leading
to an increase (or decrease) in the quadrupole moment of
the m-system. Our findings show that, in most cases, there
are significant relationships among the dipole moment,
polarizability, and quadrupole moment of the complexes,
such that the values of these parameters are greater in
complexes with weaker binding energy than in those with
higher energy (Table 4). This means that these quantities
exert the same effects on the interaction between the ALT
system and the selected metal cations.
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3.6. Electronic properties

Using frontier molecular orbital (FMO) theory, the
electronic properties of the designed complexes can be
determined. The nucleophilic and electrophilic properties
of compounds are attributed to their molecular orbitals
(HOMO and LUMO). The energy gap between these
orbitals determines the kinetic stability and chemical
reactivity of these compounds (E; = Erumo - Enomo). A
large energy gap means that the system has high stability
and consequently low reactivity, and vice versa. Figure 5
shows a diagram of the HOMO and LUMO molecular
orbitals and their energy gap for the ALT---Fe** complex.
The quantities related to the chemical reactivity of
the complexes collected in Table 5 are defined as
follows:

1= @y ©
1= veor ¢
S= - ®)
0= ©)

where chemical potential (i) [93], chemical hardness
(n) [94], global softness (S), and electrophilicity index
(®) [95] are described as conceptual DFT parameters. In
an N-electron system, p and 1) are defined as the first and
second derivatives of the total energy relative to the
external potential, respectively. Softness is the inverse
of hardness, which estimates the molecule's
polarizability and the ease of charge transfer. The
electrophilicity index is also determined based on the
electrophilic nature of the compounds.

The results in Table 5 show that the maximum
energy gap is for the Si*" complex, while the
minimum amount is for the Zn*" complex. These
results confirm increased stability in the former
complex and greater reactivity in the latter complex.
To prove our analysis, energy gaps are also calculated
with the PBEO functional (Table 5). The results show
a similar trend to the obtained results at the
®B97XD/6-311++G(d,p) level of theory. There is a
direct relationship between the energy gap values
and chemical hardness. Negative values of the
chemical potential confirm the stability of all
complexes (see Table 5).

The electronegativity value is proportional to the
negative chemical potential (y = -p) [96]. In the
complexes studied, the highest electronegativity is
observed in the ALT---Zn** complex; hence, this
compound is the best electron acceptor.

The energy gaps of large and small are associated with
the hard and soft molecules, respectively.
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Table 3. Values of second-order perturbation energy (E®, in kcal mol ™) and occupation numbers of donor (O.N.p) and acceptor

(O.N.a) orbitals.
Donor orbital Acceptor orbital E® O.N.p O.N.a
Fe BD(1)C-N LP*(Fe>) 4.43 1.9681 0.0157
LP(1)N LP*(Fe2) 5.13 1.8769 0.0272
Zn* BD(1)C-N LP*(Zn) 2.05 1.9772 0.0132
si?* BD(1)C-N BD*(1)N-Si 1.48 1.9725 0.0138
LP(1)N RY*(Si2) 0.62 1.913 0.0028
Ge?* BD(1)C-N BD*(1)N-Ge 0.83 1.9759 0.0122
Mg?* BD(1)C-N LP*(Mg2") 1.30 1.9779 0.0482
LP(1)N LP*(Mg2") 0.59 1.9048 0.0482
Ca2* BD(1)C-N LP*(Ca2") 0.56 1.9803 0.0275
LP(1)N LP*(Ca2") 0.52 1.9007 0.0275

Table 4. Calculated aromaticity indices, values of the dipole moment (u°, in Deby), quadrupole moment (Qzz, in B) and
polarizability (in B¥) of ALT-M complexes.

HOMA FLU p° (D) Qzz Polarizability
Fe? 0.6923 0.1268 0.04 -76.76 166.76
Zn? 0.6695 0.0997 1.39 -73.02 174.67
Si%* 0.6360 0.1004 1.15 -83.58 170.98
Ge? 0.6847 0.0948 1.38 -81.86 174.06
Mg?* 0.7465 0.0778 6.96 -58.88 163.76
Ca** 0.8816 0.0570 8.84 -59.49 168.33

Table 5. Values of the HOMO and LUMO energies (Exomo and Erumo), energy gap (E;), chemical hardness (1), electronic
chemical potential (), electronegativity (), softness (S), and electrophilicity index (o) of ALT complexes.

Enovo (eV) ELuvo (V) Eg (eV) neV)  pev) 1(V)  S(eV) (V)
Fe**  -16.760 8.116 8.644 (4.895)° 4322 12438 12438 0.231 17.898
Zn¥  -16.547 -10.210 6.340 (2.958) 3.170 13377 13377 0315 28.225
Si* -16.619 7217 9.402 (5.928) 4.701 11918 11918 0.213 15.108
Ge**  -16.585 7713 8.872 (5.452) 4.436 12,149 12,149 0.225 16.636
Mg>  -16.215 -8.865 7.350 (3.571) 3.675 12,540 12,540 0.272 21.394
Ca®*  -15.604 -7.433 8.171 (4.629) 4.085 11519 11519 0.245 16.239

* Values in parentheses refer to the estimated energy gaps in the PBEO level of theory.

343,

E; o= 512V

LUMO PLOT

E:=8.64 eV
HOMO PLOT
),.’ ? J’" > oo = -16.76 €V

ALT--Fe*
Fig. 5. HOMO and LUMO plot of ALT:--Fe?* complex obtained at the ®B97XD/6-311++G(d,p) level of theory.
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Soft molecules are more polarizable than hard ones
because they require less energy to excite. The results in
Table 5 show that the most reactive complex belongs to
ALT---Zn*", which has the highest chemical softness.
There is an inverse relationship between the HOMO-
LUMO energy gap and the softness of the complexes. In
other words, reduction of the energy gap is accompanied
by an increase in softness.

Figure 6 shows the linear relationship between the
energy gap and the softness of the complexes.

The electrophilicity index (w) also evaluates the
chemical reactivity of complexes.

It is classified into three groups based on the
electrophilic nature of the structures: weak, medium, and
strong electrophiles, and are shown as ® < 0.8 eV, 0.8 <
o < 15eV, and ® > 1.5eV [95, 97], respectively.
According to the results, the lowest energy gap leads to
the highest electrophilicity, and vice versa.

Our findings in Table 5 show that the highest
electrophilicity index is for the Zn*" complex, and
the lowest value is for the Si** complex. It is in
agreement with previous results.

This means that the electrophilic nature of the
former complex is greater than the latter.

3.7. Electrostatic potential

In intermolecular interactions, the effective
localization of electron density within a molecule, the
charge distribution, shape, and size of structures can be
visualized through molecular electrostatic potential
(MPE) maps [98, 99].

Nucleophilic and electrophilic reaction sites are
evaluated with this method. The electron density
isosurface of the ALT---Fe*" complex computed using
the ®B97XD method and the 6-311++G(d,p) basis set is
shown in Figure 7 On the MPE surface, the electron-rich
and electron-poor regions are depicted in red and blue,
respectively. The neutral electrostatic potential is
represented in green. As shown in Figure 7, electron-poor
areas are located on the Fe*" cation and the plane of the
aromatic ring (blue), which can participate in
nucleophilic attacks.

3.8. Nuclear magnetic resonance (NMR) analysis

In this section, the values of the nitrogen shielding (N
shielding) tensor, along with coupling constants ('Jcx) of
the complexes, are computed. Some NMR data acquired
at the ®B97XD/6-311++G(d,p) level are displayed in
Table 6.

0.35
0.31 e..
—0.27 e
e
» ...
“0.23 y=-0.0335x + 0.5222 “®..q
RE=09858 el o
0.19
0.15
6 6.5 7 7.5 8 8.5 9 9.5
Eg/eV

Fig. 6. Correlation between the softness (S) and the energy gap (E,) for the ALT---M complexes.

Fig. 7. Electron density isosurface of ALT---Fe*" complex calculated by ®B97XD method and 6-311++G(d,p) basis set.
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Table 6. Some NMR data calculated at the ®B97XD/6-311++G(d,p) level of theory.

N shielding (ppm) 8" (ppm) 'Jon' (Hz) Jon"(Hz) FC___SD __PSO _DSO FC __ SD __PSO_ DSO
e N 1Jenb

Fe?*  311.98 -280.22  -0.76 21.74 0.92 0.05 -1.88 0.15 2443 095 -3.77 0.13
Zn**  60.63 -28.87 -0.17 22.25 1.35 0.13 -1.79 0.15 2478 1.16 -3.83 0.13
Si?*  78.68 -46.92 0.26 22.05 1.79  0.03 -1.69 0.13 2465 1.15 -3.87 0.12
Ge** 7532 -43.56 0.37 22.13 1.96 0.05 -1.78 0.15 2475 1.04 -3.79 0.13
Mg?* 102.11 -70.35 -0.18 21.81 1.66 0.02 -198 0.12 2445 0.87 -3.62 0.12
Ca?" 78.88 -47.12 1.20 21.40 3.35 0.02 -230 0.13 2398 0.62 -3.32 0.13

# Cyclic C—N coupling constant. ® Exocyclic C—N coupling constant

Examination of NMR data and binding energies
shows the significant relationships between them (see
Table 1 and 6). In each ion group, stronger binding
energies of the complexes lead to an increase in the
isotropic of the N shielding tensors.

Thus, the highest |AEion.| value corresponds with the
greatest N shielding. The calculated chemical shifts of
nitrogen atoms (8~) within the ALT complexes are also
presented in Table 6. The findings indicate that as the
values of the N shielding tensors increase, the chemical
shifts of this atom decrease. Consequently, the
relationships between N shielding and the dion-z, AEion-r,
and p values computed at the BCP are inverted when
substituting N shielding with chemical shifts.

The influence of the cation-r interaction on the spin-
spin coupling constants of 'Jc. (cyclic and exocyclic) is
also examined in this framework (refer to Table 6). As
shown in this table, for each ion group, the 'Jcn (cyclic)
of the Zn*", Ge**, and Ca*" complexes increases relative
to the Fe?, Si**, and Mg*" complexes. Similar results are
also observed for 'Jcn values of exocyclic. (except for
group IIA ions). Our findings establish that, in most
cases, 'Jcn values and |AEion.| exhibit contrasting trends.
This implies that coupling constants could be valuable
indicators in evaluating the cation-m interactions of the
selected complexes.

There are 4 components for the total spin-spin
coupling constant, including the paramagnetic spin-orbit
(PSO), diamagnetic spin-orbit (DSO), Fermi contact
(FC), and spin-dipole (SD) terms [100-102]. The results
are collected in Table 6. According to the obtained data,
the Fermi contact term is the most important component,
and its trend is identical to 'Jen (cyclic). Also, the
diamagnetic spin-orbit term is constant and does not
change with the transition metal complexes, while a
direct relationship exists between these values and 'Jen
in the other complexes. In the cation-n complexes, the
decrease in the value of 'Jcn is accompanied by an
increase in the value of the paramagnetic spin-orbit
(except for Fe** and Zn?" complexes). The direct order
between the spin-dipole term in these complexes and its
order in 'Jc. is present.

The components of 'Jc.n (exocyclic) are also collected
in Table 6. The calculations show that the FC term is also
the most important factor in 'Jc.n. Because the SD, DSO,
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and PSO terms are negligible compared to the values of
the FC term. Our findings show that the order of the FC
term is similar to 'Jc.n. No meaningful relationships can
be observed between 'Jc.n values and PSO or SD terms.
Also, the DSO term is nearly constant and does not
change with the different complexes.

4. Conclusion

In this work, the evaluation of cation-m interactions
between the ALT drug and Fe**, Zn*, Si**, Ge*', Mg,
and Ca®" cations is carried out in the gas phase and
solution. Results show that the binding strength in the gas
phase is higher than in the solution.

In the gas phase, the highest binding energy is
observed for the Fe** complex, whereas in solution, it is
detected for the Si*" complex. According to the results,
cation-1 interactions in the complexes are of a closed-
shell nature. In complexes with transition metal ions and
quasi-metal ions, because of their negative H values, they
have a partially covalent nature.

On the other hand, the group IIA metal complexes
exhibit a non-covalent character. The results of NBO
analysis show that the maximum and minimum values of
E® belong to the Fe?" and Ca?* complexes, respectively.
As a result, the charge transfer from donor species to
acceptor groups is larger in the first case than in the
second case. Moreover, for each ion group, the E® values
have an identical trend with AEion and pscp values.

According to the aromaticity analyses, in most cases,
the results of indices are similar, indicating that
complexes with a higher HOMA index have a lower FLU
index. In general, there are significant relationships
among the dipole moment, polarizability, and quadrupole
moment of the complexes, such that the values of these
parameters are greater in complexes with weaker binding
energy than in those with higher energy. This means that
these quantities exert the same effects on the interaction
between the ALT system and the selected metal cations.

Results of the FMO analysis show that the maximum
energy gap is for the Si*" complex, while the
minimum value is for the Zn?>" complex. These
results confirm increased stability in the former
complex and greater reactivity in the latter complex.
The results of NMR analysis show that, for each ion
group, stronger binding energies lead to an increase in the
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isotropic of the N shielding tensors. The findings also
indicate that as the values of the N shielding tensors
increase, the chemical shifts of this atom decrease.
Consequently, the relationships between N shielding and
the dion—r, AEion-n, and p values computed at the BCP are
inverted when substituting N shielding with chemical
shifts. This computational study holds strong promise for
advancing pharmaceutical chemistry by revealing metal-
specific structural and electronic modulations that could
enhance the drug's anticancer efficacy. The findings lay
the groundwork for designing metal-altretamine
conjugates with tailored stability and reactivity,
potentially improving bioavailability or targeting in
chemotherapy.

Quasi-metal complexes (Si**, Ge?") may introduce
unique covalent bonding traits, opening avenues for
novel nanomaterials or hybrid therapeutics. This work
contributes to rational drug design in metal-drug
interactions, fostering interdisciplinary links between
quantum chemistry and oncology for next-generation
altretamine derivatives.
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