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Dendity functional theory calculations in electronic structure studies of n-Bu,SnL, (where L is the monoanion of
chlordiazepoxide (LH), a benzodiazepine derivative with hypnotic action) have been reported using the Gaussian09 software.
The molecular geometries of LH and tetrahedra n-Bu,SnL, have been optimized at B3LYP/6-31G(d,p) and B3LYP/
6-31G(d,p)/Def2-SVP(Sn) level of theory, respectively. Harmonic vibrationa frequencies are computed at the same level of
theory to find the true potential energy surface minima. The effect of functional, basis set and computational cost is analyzed.
The various geometrica and thermochemical parameters have been obtained in gas phase and in the solvent. The atomic
charges at al the atoms are calculated using Mulliken population anaysis, Hirshfeld population anaysis and natural population
analysis. The charge distribution within the studied complex is explained on the basis of molecular €l ectrostatic potential maps,
and conceptual-DFT based global reactivity descriptors using the finite difference approximation method. The calculated
parameters suggest a distorted tetrahedral geometry around the central Sn atom. The calculated Sn—O bond lengths reveds
different degree of interaction of two chlordiazepoxide units with the di-n-butyltin(1VV) moiety. Among the atoms coordinated to
the central Sn atom, oxygen from one LH unit is nucleophilic, whereas the second oxygen atom from the other LH unit is
electrophilic in nature. The results provide an insight into the efficacy of computational methods in understanding the structure
and reactivity of organotin(IV) derivatives of hetero donor atoms.
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The contemporary research has drawn considerable
research interest in organotin(lV) compounds due to
their structural diversity, apart from their wide range of
industrial  and  biological  applications’  These
compounds are characterized by the presence of
tetravalent Sn centres and at least one covalent Sn—C
bond. Most significantly, they often form structures in
which previously tetravalent Sn aoms become
hypervalent, owing to the large size of Sn-atom and the
availability of low lying empty 5d atomic orbitals? In
such cases, the Sn atoms are involved in additiona
inter- and/or intramolecular interactions that expand
their coordination number, and the appearance of such
additiona interactions results from the pronounced
electron-acceptor ability of the Sn atoms. In the
presence of eectron donors which can provide a lone
electron pair to the Sn atom, these interactions get
strengthened and lead to the formation of coordination
(dative) bonds. Apart from these unique structura
features, more recently organotin(lV) compounds have

found possible use as potential biologicaly active non-
platinum chemotherapeutic metallopharmaceuticals
possessing anti-tumour activity.>” The speciation of
the organotins in the biologica systems has revealed
that the biological activity of these compounds may be
due to the presence of easily hydrolysable groups
(easily dissociable chdating ligands), yielding
intermediates, such as R,Sn“™* (n = 2 or 3 moieties),
number of Sn—C bonds, electronic and geometrica
properties, mode of coordinating ligands and the
structure of organotin(lV) complex.? For instance, it
has been suggested® that for antiproliferative activity,
the organotin(lV) compounds should possess available
coordination positions at Sn centre and relatively stable
ligand-Sn bonds (for e.g., Sh—N and Sn—S) as well as
their dow hydrolytic decomposition.

The organotin(lV) complexes with active drugs as
ligands have emerged as an approach to new drug
development with the goal to prepare compounds with
better or different pharmacological profile than that of
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the free ligand, as the biological activity of the organic
drug can be enhanced by masking it upon coordination
to an organotin(lVV) moiety. In the last two decades, the
investigations on organotin(lV)-drug system have been
carried out extensively with the drugs having hetero
donor atoms (N/O/S) such as, non-steroidal anti-
inflammatory ~ drugs  (NSAIDs),**  antibiotics,™
quinolone antibacterials,>*® anti-hypertensive drugs,’
and antivirds® s a to design new
metallopharmaceuticals with different pharmacological
profile. A few among these studied organotin(IV)
complexes have been reported to exhibit good in vitro
anticancer,">*®  antituberculosis™®® and antiviral
activities™® Recently,” a series of organotin(IV)
complexes of chlordiazepoxide (LH, Fig. 1(a), a
benzodiazepine derivative with anticonvulsant and
hypnotic properties, which acts on benzodiazepine
allosteric Stesthat are part of the GABA 4 receptor/ion-
channel complex thereby producing inhibitory effects
on the central nervous system and body,”® have been
synthesized, spectroscopically characterized, and their
potentid biological application has been analysed by
screening against several antibacteria indictor strains.
For instance, its di-n-butyltin(IV) complex exhibited
good inhibition against Escherichia Coli and Vibrio
Cholera.”® However, the structure activity relationship
of these synthesized complexes in terms of their
electronic structure has not been highlighted, though
the density functional theory (DFT) calculations based
guantum-chemical methods can well be utilized to
correlate the electronic structure properties of a
particular system with its potential biological activity.
The geometric structures of several organotin(lV)
derivatives with ligands containing hetero donor
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Fig. 1-Structure (along with atom number) of (a) chlordiazepoxide
(LH), and, (b) di-n-butyltin(IV) derivative of chlordiazepoxide.

atoms such as N/O/S are credibly represented by
guantum-chemical calculations performed within a
domain of DFT, owing to the fact that DFT-based
methods represents a reasonabl e approach to take into
account the electron correlation for such systems®
However, the structura analysis based on conceptual -
DFT based reactivity descriptors is hardly reported.
Nevertheless, the study of these descriptors to
comprehend the electronic structure of an
organotin(lV) complex which has far reaching
consequences on its interaction with macromolecular
receptors is indispensable for the design of new
metallopharmaceuticals. Further, in an attempt to
design new molecular entities possessing unique
structural features and broad range of biological
activity, we have systematically initiated efforts on
organotin(lV)-drug systems. However, in order to
gain a better insight into the physicochemical and
biological properties of organotin(lV) complexes with
drugs a thorough knowledge of their electronic and
geometric molecular structures is  significant.
As a part of our continuing work on structure and
reactivity study of organotin(IV)-drug system in the
light of conceptual-DFT based quantum-chemical
calculations® the present work highlights the
theoretical investigation based on an appropriate DFT
method for  di-n-butyltin(lV)  derivative  of
chlordiazepoxide (n-Bu,SnL,, where L is the
monoanion of chlordiazepoxide) (Fig. 1(b)). The
conceptual-DFT based global reactivity descriptors
thus calculated are interpreted in terms of electronic
distribution within the complex to account for its
binding towards macromolecular receptors.

Theoretical

DFT is atheory of electronic ground state structure,
embedded in terms of electronic density distribution
o(7), which holds significance for the understanding
and calculation of the ground state density, o(r), and
energy, E, of the molecules, clusters, and solids- any
system consisting of nuclel and electrons- with or
without applied static perturbations® Within the
domain of DFT, conceptual-DFT (or chemica
reactivity theory) attempts to delineate and explicate
important universal concepts of molecular structure
and molecular reactivity.?® The conceptual-DFT based
global reactivity descriptors considered in the present
study are given below.

Electronic chemical potential (1), which measures
the sensitiveness of the system’s energy E to a change
in number of electrons N:%
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The finite-difference approximation, alongwith the
Koopman's approximation, gives | in terms of the
energies of frontier molecular orbitals as;

— Erumot Enomo (2)
EE—

where, Epomo 1S the energy of the highest occupied
molecular orbital and E ymo is the energy of the
lowest unoccupied molecular orbital.

Globa hardness (n), a globa property is regarded as
aresistance to charge transfer, and can be defined as:®

= (%)v(y) - (Z_Il\ll)v(rﬂ) - (3

The finite-difference approximation, alongwith the
Koopman's approximation, gives 77 in terms of the
energies of frontier molecular orbitals as:?®

n= Erymo — Enomo o (4

Global softness (S), measures the ease of charge
transfer and is associated with high polarizability. It
can be defined as:*"*

S = }7 = (Z_’:)v(?) ... (5

Electrophilicity index (w), measures the
electrophilic power of an electrophile (ligand) to
stahilize a covalent (soft) interaction on the basis of
lowering of the total binding energy upon partia
electron transfer (with maximal flow) between an
electron donor and an electron acceptor.®* The
electrophilicity of the ligand can be expressed as:

2

w= —AE = ’2‘—7 ... (6)

-AE

28,32,33

where, in the €ectronic

energy

is the change

Computational details

All the quantum chemical calculations have been
performed using the Gaussian 09 program package.*
The molecular geometries of LH and n-Bu,SnL, were
fully optimized in the gas phase as well asin solution
at the DFT level using the B3LY P functional which is
a combination of Becke's three parameter (B3)
gradient corrected hybrid exchange functional (which
includes a mixture of Hartree-Fock exchange with
DFT exchange-corrdation)® with the dynamical

correlation functional of Lee, Yang and Parr (LYP)
(which includes both local and non-local correlation
provided by LYP expresson and VWN correlation
functional (functional 111) for required excess local
correlation).®®% All the atoms except Sn were
described by 6-31G(d,p) basis set, which is a double
zeta split valence polarized basis set of contracted
Gaussian-type function with d-type Cartesian-
Gaussian polarization functions added to each heavy
atoms and p-type polarization functions to hydrogen
atoms. This basis set contains a reasonable number of
basis set functions that are able to reproduce the
experimental observations and led to accurate
predictions on geometric parameters of organic parts
of the organometallic systems® The Sn atom in
n-Bu,SnL, was described by two different basis sets.
The first one consists of Ahlrich’s basis set in its
Def2-SVP version developed by Weigend,® in which
the inner core shells of Sn (15°2572p°3s3p°3d™) were
described using the effective core potential of the
Stuttgart group (ECP28MDF),* and outer shells were
described by (10s7p6d)/[4s4p2d]. The second basis
set consists of LANL2DZ in which Sn inner shells are
described by effective core potential ECPA6MWB
(15°25°2p°3s°3p°3d™°45°4p%4d™) aong with the basis
set (3s3p)/[2s2p].* All the parameters of the basis
sets and core potentials for Def2-SVP basis set were
taken from the EMSL basis set exchange.”* The
molecular geometry of n-Bu,SnL, was also optimized
using four more DFT methods: M06-2X (a hybrid
functional), Cam-B3LYP (a hybrid-exchange
correlation functional which is along range corrected
version of B3LYP using the coulomb-attenuating
method),”® PBEPBE (a gradient corrected hybrid
correlation functional),” and B3PW91 (a gradient-
corrected correlation functional which specifies Becke
Three Parameter Hybrid Functional with the non-local
correlation provided by Perdew/Wang 91)," as
implemented in the Gaussian 09 program package.
All the calculations presented in this work were
carried out without any symmetry constraint at
B3LYP/6-31G(d,p)/Def2-SVP(Sn) level of theory.
The geometry optimization was carried out through an
algorithm of iterative steps to locate true global
minima on the potential energy surface (PES) with
default parameters for convergence is met. The
absence of an imaginary frequency in a harmonic
frequency calculation carried out at the same level of
theory indicates that the calculated geometry is a true
global minimum on the PES. The optimized
geometrical parameters and the atomic charges at all



POKHARIA et al.: DFT STUDIESON ELECTRONIC STRUCTURE OF n-Bu, SnL, 941

the atoms in the studied systems were calculated
using Mulliken population analysis (MPA), Hirshfeld
population analysis (HPA), and natural population
analysis (NPA) at the same level of theory. The
energies of frontier molecular orbitals have been
calculated using finite difference approximation
(whereby, single point energy caculation was
performed on the previoudy optimized geometry for
the neutral (N), cationic (N-1) and anionic (N+1)
systems).®* The conceptual-DFT based global
reactivity descriptors, as described under theoretical
background, have been calculated for the studied
systems, based on MPA, HPA and NPA, using finite
difference approximation. The bulk solvent effect
(water as solvent) has been included through integral
equation formalism variant of polarizable continuum
model (IEF-PCM) method, which creates the solute
cavity via a set of overlapping spheres and computes
the energy in solution by making the solvent reaction
field sdf-consistent with the solute electrostatic
field.* The molecular electrostatic potential maps and
visualization of al results have been performed using
Gauss View 5.0.%

Results and Discussion

The DFT based quantum chemical studies on
n-Bu,Sn(1V) derivative of chlordiazepoxide have been
successfully accomplished in the gas phase and in the
presence of solvent with the methods mentioned
above in the computational details. In order to search
a computationally economic and viable method for
the eectronic structure calculations of n-Bu,SnL,, a
comparative anaysis of the performance of various
basis sets and functionals has been carried out and the
results are presented in Table S1 (Supplementary
Data). The results indicate that all the functionals and
basis sets satisfactorily describe the molecular
geometry of the studied derivative, though small
differences are evident.

The €ectronic structure calculation of n-Bu,SnL,
in gas phase was successfully achieved with different
functionals, as mentioned in computational details.
Since the crysta dructure parameters for the
n-Bu,SnL, are not available, hence in order to
validate the efficacy of the method employed, the
reported Sn-O bond length,***>* for other di-n-
butyltin(1VV) derivatives of drugs having oxygen as a
coordinating atom has been taken as a reference. As
evident from the results (Table S1), except Hartree-
Fock (HF), al other functionals gave similar degree
of divergence. Further, with a particular combination

of the basis set the minimum energy structure on the
PES obtained upon geometry optimization is always
attained with the hybrid functional B3LY P, indicating
that among the studied methods B3LYP functional
gives the most stable structure (most negative Egcr in
absolute terms). Likewise with a particular
combination of the basis set, the maximum calculated
dipole moment is aways obtained with M06-2X
functional. Furthermore, with dl the sudied
functionas the two calculated Sn—O bond lengths are
not equal, indicating that the two chlordiazepoxide
unitsin n-Bu,SnL, have different degree of interactions
with the n-Bu,Sn(1V) moiety. Similar trend is observed
for al other significant bond distances and various
geometrical parameters. Most significantly, the
calculated Sn—-O bond length in n-Bu,SnL, with the
chlordiazepoxide units, 2.08+0.06 A, is closer to the
values reported for other systems.*>

Theeffect of basis set

The calculations for n-Bu,SnL, in gas phase have
been successfully performed with  different
combinations of basis set, as mentioned in
computational details. All the studied basis sets gave
similar quality of results (Table S1). As evident from
the results, with a particular functional, the minimum
energy structure on the PES obtained upon geometry
optimization is aways attained upon addition of
polarization functions to all the atoms except Sn atom,
irrespective of the type of basis set used to define the
Sn atom. Further, with a particular functional and
basis set for al the elements (except Sn), the
minimum energy structure on the PES is aways
attained with Def2-SVP basis set. Furthermore, with a
particular functiona the application of larger basis
sets containing polarization functions to all the atoms,
except Sn atom, lengthens the two calculated Sn—O
bond lengths closer to the reported values for other
systems®> The results obtained with 6-31G(d,p)/
Def2-SVP(Sn) basis set are most appropriate
regardless of the DFT method used, as this
combination of basis sets adongwith B3LYP
functional gave cdculated Sn—O bond lengths closer
to the reported values.

The results, thus, indicate that irrespective of the
basis set used, the performance with B3LY P method
is the best among the functionals considered for the
present study, and hence all of the study for
n-Bu,SnL, has been peformed a B3LYP/
6-31G(d,p)/Def2-SVP(Sn) level of theory. The
functional B3LYP has been credibly reported
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previoudy for the electronic structure calculations of
several organotin(lV) derivatives with hetero donor
atoms.*%

Geometry optimization

The theoretical studies on chlordiazepoxide (LH)
have been accomplished a B3LYP/6-31G(d,p),
whereas that on n-Bu,SnL, have been accomplished
using Hartree-Fock (HF) and different DFT methods
with different combinations of basis sets as mentioned
in computational details. The selected bond lengths
and bond angles in the studied systems calculated
using respective methods at 6-31G(d,p)/Def2-SV P(Sn)
level of theory are presented in Table &2
(Supplementary  Data). Since the B3LYPF/
6-31G(d,p)/Def2-SV P(Sn) method has been considered
an appropriate method for the study of n-Bu,SnL,, the
results are thus discussed at this level of theory only.
The ground state optimized geometries in the gas phase
for LH and n-Bu,SnL; are presented in Fig. 2 (cf. Fig. 1
for atom number notation). As evident from the results
(cf. Table S2), the calculated Sn—O bond lengths in
n-Bu,SnlL, are 2.117 A and 2.065 A, respectively for
023 and O57, signifying that the two chlordiazepoxide
units have different degrees of interaction with the
n-Bu,Sn(1V) moiety in n-Bu,SnL,. Moreover, these
values correspond largely to the single covalent radius
value of ca. 20 A, and compare well with those found
in other organotin(lVV) complexes with oxygen atom as
donor atom.>*%13145L52 | jkawise, the calculated Sn-C
bond lengths in n-Bu,SnL,, viz. Sn—C70 and Sn—C73
are 2,192 A and 2.177 A, respectively, which are in
accordance with the values reported for organotin(lV)-
drug systems with oxygen as coordinating
atom. %32 Fyrther, the calculated bond angles
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around the central Sn atom in n-Bu,SnL, indicates a
distorted tetrahedral arrangement of two butyl groups
and two chlordiazepoxide units coordinating through
deprotonated oxygen atoms, as reported previously.™

Ther mochemical studies

The various energetic and thermochemical
parameters for LH and n-Bu,SnL, both in the gas
phase and in the solvent field have been obtained at
1 am and 298.15 K a B3LYP/6-31G(d,p) and
B3LYP/6-31G(d,p)/Def2-SVP(Sn) level of theory,
respectively, and the results are presented in Table S3
(Supplementary Data). The rotational temperature (6,)
is useful in deciding whether a molecule will show
classical or quantum behaviour depending on the
temperature.”® Since for both LH and n-Bu,SnL,,
T >> 0, (cf. Table S3), these molecules will show
classical behaviour. Further, the zero point vibrational
energy (ZPVE) is the difference in the energy of the
bottom of the internuclear potential energy well
(Vgor) and the energy of the vibrational ground state
(v = 0).%** The caculated ZPVE for LH and
n-Bu,SnL, in gas phase is 170.08 kca/mol and
480.88 kcal/mol, respectively, which gets lowered for
both LH and n-Bu,SnL, in the solvent field (cf. Table S3),
indicating that vibrational ground state (v = 0) gets
stabilized in the solvent field. Furthermore, the tota
energy of LH and n-Bu,SnL, in gas phase as well as
in the solvent field has been calculated after
zero-point correction, and thermal correction to
energy, enthalpy and Gibbs free energy, and the
results indicate that all of the electronic energy of LH
and n-Bu,SnL, is exothermic. For instance, the
calculated total (cf. Table S3) energy of n-Bu,SnL,
after thermal correction to Gibbs free energy is

u=0.0194
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Fig. 2-Ground state optimized geometry (in gas phase) of (a) chlordiazepoxide (LH) calculated at B3LY P/6-31G(d,p) level of theory,
and, (b) n-Bu,SnL, calculated at B3LY P/6-31G(d,p)/Def2-SVP(Sn) level of theory.
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-3163.638622 au., which further decreases to
-3163.674822 a.u. in the solvent field, indicating the
stabilization of the complex (-22.72 kcal/mol) in the
solvent field.

The number of thermally accessible energy levels at
a given temperature is represented by total partition
function. Since, an individual molecule in an idead gas
has energy due to the different types of motion, viz.,
trandation (Eyans), rotation (E;) and vibration (E,,), as
well as due to its eectronic state (Ege), therefore
assuming these four processes as independent, the total
partition function for a molecule has contributions from

each of these form of energy as:>>**

q(v,T) =dq'q"q” - (7)
where, o is the eectronic, q is trandationd, o is
rotational and q” is vibrational partition function. The
partition function from each component can thus be
used to determine the contribution to interna thermal
energy (Ew), entropy (Se) and constant volume molar
heat capacity (CV). The electronic heat capacity and
the internal thermal energy due to electronic motion
are both zero, because eectronic partition function
does not contain temperature dependent terms. The
value of Ey, So and CVy for n-Bu,SnL, in gas
phase is 513.182 kcal/mol, 304.108 ca/mol/K and
193.07 cal/mol/K, respectively (cf. Table S3). As
evident from the results, the maximum contribution to
Eit, Sot and CVyy of LH as well as n-Bu,SnL, in gas
phase and in the solvent field is due to vibrationa
motion of the molecule. Further, the individual
contribution due to each component to the partition
function has aso been caculated for LH and
n-Bu,SnL, in gas phase and in the solvent field. The
results indicate that the maximum contribution is due
to vibrational partition function computed with the
zero of energy being the bottom of the well (Qyib, ot)-
In n-Bu,SnL,, in the gas phase the of, q', o, """
and q”"=° contribution to the total molecular partition
function is 10°, 10%974 10%%%, 10731913 gnd 10%%*,
respectively (cf. Table S1), whereas in the solvent
field the contribution from these components is 10°,
108972 1089 10737 and 10", respectively.
These results reveal that in the solvent field, the
contribution due to g° and g ™ increases, whereas
that due to q"®°" decreases, which indicates that in
the solvent field the number of thermally accessible
rotational and ground vibrational level is increased.
Moreover, the free energy of the solvation (AG%,) for
N-Bu,SnL, is estimated to be —31.39 kcal/mol.

Atomic charges

The cdculation of effective atomic charges plays a
significant role in the application of quantum-
chemical calculations to molecular systems, since
they affect dipole moment, molecular polarizability,
electronic structure, acidity-basicity behaviour and
several properties of molecular systems. In molecular
systems, the attribution of net atomic charges is
allowed by population analysis, though the atomic
charge is not a physical reality. Since, in quantum
mechanics neither an atom nor an atomic charge in a
molecule is oObservable, therefore different
mathematical treatments can be applied to assign a
function of the electron density to a particular atom,
and, hence based on limitations of each method, the
results obtained should be carefully analysed.
Though, MPA is the most common population
analysis method, but it is known to be quite
inaccurate, sensitive to conformational equilibriums
and strongly dependent on the choice of the basis set;
more reliable and robust values are obtained from
HPA and NPA.® The electron density distribution
analysis has been performed on the basis of atomic
charges determined by three different population
schemes, viz., MPA, HPA and NPA in the gas phase
within the LH and n-Bu,SnL,, respectively, at
B3LYP/6-31G(d,p) and B3LYP/6-31G(d,p)/Def2-
SVP(Sn) level of theory. The calculated atomic
charges based on MPA, HPA and NPA at the selected
atoms in n-Bu,SnL, are presented in Fig. 3, and
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Fig. 3-Plot of atomic charges at the selected atoms of n-Bu,SnL,

based on MPA, NPA and HPA caculated a B3LYP/6-
31G(d,p)/Def2-SVP(Sn) level of theory.
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calculated atomic charges along with the population at
the sdlected atoms of LH and n-Bu,SnL, are
tabulated, respectively in Tables $4, S5 and S6
(Supplementary Data). The population of the atomic
orbitals suggest that in n-Bu,SnL, the natural electron
configuration  of central Sn  aom is
[core] 5s™1%5p235d° % which differs significantly
from n-Bu,Sn(IV)? cation configuration [core]5s’.
The absolute value of the natural charge of Sn in
n-Bu,SnL., is about 2.049 (cf. Table S6) on the basis
of NPA, whereas on the basis of MPA and HPA the
charge is about 1.016 (cf. Table $4) and 0.693
(cf. Table S5), respectively. The NPA charge suggests
that charge transfer is very minor and interaction of
n-Bu,Sn(1V) moiety and two chlordiazepoxide unitsis
mostly ionic. Similar results are reported for
diorganotin(lV) systems with ligands having hetero
donor atoms®* Further, the natural eectron
configuration of coordinating oxygen atoms in two
chlordiazepoxide units, viz., 023 and O57 is
[core] 2s-°2p***3p°*3d** and [core]2s-"°2p**3p"*,
respectively. The absolute value of natural charge of
023 and O57 on the basis of NPA is -0.698 and
-0.708, respectively (cf. Table S6), whereas the
charge on these atoms on the basis of MPA (cf. Table $4)
is about —0.549 and —0.533, respectively, and on the
basis of HPA (cf. Table S5) it is about —0.238 and
-0.240, respectively. Moreover, the natural electron
configuration of two carbon atoms (covalently bonded
to the centra Sn atom), viz.,, C70 and C73 is
[core]2s1%2p*"23p°"  and  [core]2st2p®°3p° %,
respectively. The absolute value of natural charge of
C70 and C73 on the basis of NPA is —0.906 and
-0.937, respectively (cf. Table S6), whereas the
charge on these atoms on the basis of MPA (cf. Table $4)
is about —0.064 and —0.113, respectively, and on the
basis of HPA (cf. Table S5) it is about —0.051 and
-0.065, respectively. The existence of such oppositely
charged centres around the central Sn atom further
confirms the ionic interaction in the Sn—O bond,
resulting in the existence of dative Sn— O bonds.
Such an ionic interaction in n-Bu,SnL, may lead to
dow hydrolytic decomposition of Sn—O bond,
suggesting that the complex can exhibit potential
antiproliferative activity owing to the existence of
n-Bu,Sn(1V)?* moiety in the biological system.

Molecular electrostatic potential (M EP)

The MEP, V(#) that is created in the space around
amolecule by its nuclei and electrons is related to the
electron density. It is a significant descriptor that has

provided substantial insight of the sites within the
molecule where the electron distribution effect is
dominant, for instance, for the intermolecular
association and molecular properties of small
molecules and actions of drug molecules and their
analogues® and predicting molecular reactive
behaviour.>” Thus, it is a useful indicator of the sites
or regions of a molecule to which an approaching
electrophile isinitially attracted, and also to the study
of interactions that involve a certain optimum level of
orientation of the reactants, for instance analysing
processes based on the ‘recognition’ of one molecule
by another, such as between a drug and its cellular
receptor because it is through their potentials that the
two species first ‘see’ each other.>” For a system with

an electron density function p (7) the MEP at any
point (¥) is given rigorously as:>’

o Za ¢ p@)ar
V@ = Saps@i lieoe -8

where Z, is the charge on the nucleus A, located at

E. The summation runs over al the nuclei A in the
molecule, with polarization and reorganization effects
neglected. The first term which represents the
contribution of the nuclei is a positive quantity,
whereas the second term accounts for the effect of the
electrons and is a negative quantity. Since the MEP
surfaces illustrates the charge distribution of the
molecules three dimensionally, its significance liesin
the fact that apart from visuaization of variably
charged regions of a molecule it simultaneously
displays molecular size, shape and electrostatic
potential regions (positive, negative and neutral) in
terms of colour grading.”® The information obtained
from the charge distribution of MEP can thus be
utilized to understand the interaction between the
molecules and to determine the nature of the chemical
bond. The MEP surface of chlordiazepoxide (LH) and
n-Bu,SnL, calculated on the ground state optimized
geometries in gas phase at B3LYP/6-31G(d,p) and
B3LYP/6-31G(d,p)/Def2-SVP(Sn) level of theory,
respectively are presented in Fig. 4. The colour code
of these maps is in the range between —-0.0838 a.u.
(deepest red) and 0.0838 au. (deepest blue). An
analysis of the MEP map suggests that in LH, the
negative region (red coded regions) of the entire
molecule is localized around the oxygen atom (023)
and larger parts of the molecule are of intermediary
potential. In n-Bu,SnL,, the negative regions of the
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Fig. 4-Molecular electrostatic potential map for ground state optimized geometry (in gas phase) of (a) chlordiazepoxide (LH) calculated
at B3LYP/6-31G(d,p) level of theory, and, (b) n-Bu,SnL, calculated at B3LY P/6-31G(d,p)/Def2-SVP(Sn) level of theory (red coded and

bluish-green coded regions are represented separately).

entire molecule are localized around the hetero atoms
in the chlordiazepoxide unit O57 as a coordinating
atom, and the positive regions (bluish-green coded
regions) of entire molecule are localized in the
chlordiazepoxide unit with O23 as a coordinating
atom. Further, in n-Bu,SnL, relative to the centra Sn
atom, the region in close proximity to the bonded
oxygen atoms (023 and O57) has excess charge
density. These results indicate that upon complex
formation, the intramolecular distribution of charge
density creates an electropositive centre at the central
Sn atom. The MEP maps suggest that an
unsymmetrical charge distribution in the n-Bu,SnL,
may |lead to easy transportation of the complex within
the biologica system and also creates a charge
deficient centre at the central Sn atom which can lead
to its potential biological activity.
Conceptual-DFT based global reactivity descriptors

The global reactivity descriptors measures the
overall reactivity of a molecule and can be considered
as response functions describing the system's
response to perturbations in number of electrons (N)
of a system at constant externa (i.e., the potential
acting on an electron at the position 7 due to the
nuclear attraction along with the other external forces

that may be present in the system) potentid v(7). The
molecular properties and conceptua-DFT based
global reactivity descriptors for the ground state
optimized geometries (in the gas phase and in solvent
field) of chlordiazepoxide (LH) and n-Bu,SnL,,
calculated using finite difference approximation are
presented in Table 1. The results indicate that the
dipole moment that accounts for the existence of
charged separated regions within the system is greater
for n-Bu,SnL, (9.0194 Debye) in comparison to LH
(4.1351 Debye) in the gas phase, which increases
further in the solvent field in both LH and n-Bu,SnL.
The ionization potentia (IP) for n-Bu,SnL, (5.9772 eV)
is lower than that for LH (6.7451 eV), as dso, the
electron affinity (EA) for n-Bu,SnL, (1.341 eV)
which is lower than that of LH (1.0226 eV). As a
result, the band gap (AE) for n-Bu,SnL, (4.636 V) is
lower than that for LH (5.722 eV). In the solvent
field, for both LH and n-Bu,SnL,, the |P decreases
whereas EA increases as a result AE decreases.
Further, the values for all of these parameters in
n-Bu,SnL , are lower than those in LH. Since the band
gap measures the stability and reactivity of the
system,® therefore, the observed AE value indicates
that the n-Bu,SnL, complex is stable, and a decrease
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Table 1-Calculated molecular properties and conceptual-DFT based global reactivity descriptors for the ground state optimized
geometries (in gas phase and in solvent field) of chlordiazepoxide (LH) and n-Bu,SnL, at B3LY P/6-31G(d,p) and
B3LY P/6-31G(d,p)/Def2-SVP(Sn) level of theory, respectively

Parameter / Property Chlordiazepoxide (LH) n-Bu,SnL,
Gas phase Solvent field Gas phase Solvent field

En(au.)? -1317.716063 -1317.732576 -3164.312883 -3164.348319
Enes (UL -1317.753644 -1317.822394 -3164.362163 -3164.435812
En-t (au) -1317.468186 -1317.546929 -3164.093227 -3164.169722
Dipole moment (Debye)® 41351 7.888 9.0194 14.684

IP (eV)* 6.7451 5.0517 59772 4.8599

EA (eV)® 1.0226 2.4441 1.3410 2.3808
AE (eV)® 5.7225 2.6076 4.6362 2.4791
Eromo (€V)f -6.7451 -5.0517 -5.9772 -4.8599
ELuwmo (eV)° -1.0226 -2.4441 -1.3410 -2.3808
H(eV)" -3.8839 -3.7479 -3.6591 -3.6204

X (eV)! 3.8839 3.7479 3.6591 3.6204

n (ev) 5.7225 2.6076 4.6362 2.4791
S(eV)* 0.1747 0.3835 0.2157 0.4034

w (ev)' 1.3180 2.6934 1.4440 2.6436

3, Ensq and Ey_; are the total energies of the system containing respectively, N, N+1 and N-1 eectrons; "Dipole moment for the system
containing N number of electrons; °IP is the ionization potential given by Ey_; — Ex; “EA is the electron affinity given by Ex—En.q; *AE isthe
band gap given by IP-EA; ‘Energy of the highest occupied molecular orbital as —Eyouo = |P; %Energy of the lowest unoccupied molecular

orbital as —E, ywo = EA; "Electronic chemical potential of the system given by (

'Electronegativity of the system given by —;

Enomo+ ELUMO).
- 5 b

IGlobal hardness of the system given by E, ymo = Enomo; “Global softness of the system given by 1/n; 'Electrophilicity index of the system

given by p%2n.

in the band gap upon complexation indicates that
Nn-Bu,SnL, is more reactive than LH.

The frontier molecular orbita analysis is
significant from the perspective of understanding the
distribution of charge density within a system as it
helps in estimating the energies and type of frontier
molecular orbitals, because these orbitas are the sites
of exchange of charge density which leads to the
interaction between molecules. The frontier molecular
orbital anaysis for LH and n-Bu,SnL, was performed
through the Koopman's approximation within the
molecular orbital theory.® The Enomo and E umo
energies for LH and n-Bu,SnL ,, both in gas phase and
in solvent field are presented in Table 1. The Exomo
and E, yuo plots along with the band gap (AE) for LH
and n-Bu,SnL,, in the gas phase are presented in
Fig. 5. The Epomo for n-Bu,SnL, (-5.9772 €V) is
higher than that for LH (-6.7451 eV), and the E_ymo
for n-Bu,SnL, (-1.341 eV) is lower than that of LH
(-1.0226 eV), which indicates that upon complex
formation the band gap (AE) decreases. Since, when
the band gap is large (other things being equal), the
system attains high stability and low reactivity, and,
when the band gap is small, the system attains low

stability and high reactivity,”” therefore the n-Bu,SnL,
complex of chlordiazepoxide is more reactive than the
ligand itself. Further, as evident from the HOMO and
LUMO plots (cf. Fig. 5(&), in LH HOMO is
concentrated over the diazepine ring (over N24) and
benzene ring (containing CI25), whereas LUMO is
concentrated over N22, 023 and phenyl ring at C21,
which indicates the interaction of LH with
n-Bu,Sn(1V) moiety through deprotonated oxygen
atom, as reported earlier.”® The HOMO and LUMO
plots for n-Bu,SnL, presents a distinctive structural
feature of the complex. In n-Bu,SnL,, the HOMO is
concentrated over the chlordiazepoxide unit with O57
as a coordinating atom, whereas the LUMO is
concentrated over the second chlordiazepoxide unit
with 023 as a coordinating atom (cf. Fig. 5(b)), which
indicates the different degree of interaction of two
chlordiazepoxide units with di-n-butyltin(1V) moiety
resulting in two unequa Sn—-O bond lengths as
mentioned above. The frontier orbital analysis further
indicates that the studied complex interacts with
macromolecular receptors through the central Sn atom
upon hydrolysis of two Sn—O bonds.
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Fig. 5-Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) plots along with band gap (AE)
in the gas phase for (a) chlordiazepoxide (LH) calculated at B3LYP/6-31G(d,p) level of theory, and, (b) n-Bu,SnL, calculated at

B3LY P/6-31G(d,p)/Def2-SVP(Sn) level of theory.

The global reactivity descriptors calculated based
on frontier molecular orbital analysis are electronic
chemical potentia (u), electronegativity (x), global
hardness (n), globa softnesss (S) and electrophilicity
index (w). As evident from the results (cf. Table 1),
the eectronic chemica potentid () for LH (-3.8839 V)
is greater than that for n-BuySnL, (-3.6591 eV),
which suggests that the energy of the complex is more
sensitive towards the change in the number of
electrons. Further, since electronegativity (x) is
negative of |, it decreases upon complex formation.

Furthermore, global hardness (n) is a globa
property that can be regarded as a resistance to charge
transfer, whereas global softness (S measures the
ease of charge transfer and is associated with high
polarizability.® The value of n for LH (5.7225 eV) is
greater than that for n-Bu,SnL, (4.6362 €V), whereas
the value of Sfor LH (0.1747 eV) is smaller than that
for n-Bu,SnL, (0.2157 €V). These values of n and S
decrease and increase, respectively, in the solvent
field (cf. Table 1). Since finite difference
approximation to global hardness equates it to band
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gap (cf. Eq. 4), therefore these results indicate that
n-Bu,SnL, with small band gap is softer and
polarizable in comparison to LH. In the presence of
solvent, athough n-Bu,SnL, still remains softer and
polarizable as compared to LH, in comparison to the
gas phase both LH and n-Bu,SnL , becomes softer and
more polarizable. Moreover, the dectrophilicity index (w),
which measures the electrophilic power of a
system,®%® and which can be described as the
maximum ability of a molecule to accept electronsin
the neighbourhood of an electron reservoir,*® has
higher value for n-Bu,SnL, (1.444 eV) relative to that
for LH (1.318 eV). This dectrophilic power of both
LH and n-Bu,SnL, further increases in the solvent
field. Since w is positive and greater for the complex,
therefore the charge transfer (cf. Eq. 6) is an
energeticaly favourable process, and assuming both
the systems as electron donor, in comparison to LH
the complex has a greater electrophilic power during
partial electron transfer to an electron acceptor. These
results suggest that n-Bu,SnL, can exhibit potentia
antiproliferative activity, because it is soft, polarizable
and the charge transfer resulting upon its probable
interaction with macromolecular receptor is an
energetically favourable process.

Computational cost

In gquantum-chemical calculations an important
criterion for the applicability of a DFT method is
affordability or computational time needed. The
scaled CPU time (normalized to PBEPBE/
6-31G(d,p)/Def2-SVP(Sn)) for single point energy
calculation for a particular method used for electronic
structure calculation of n-Bu,SnL, is given in Table
S1. As evident from the results, with a particular
functional, application of larger basis sets containing
polarization functions to all the atoms, except the Sn
atom, increases the computationa time. Further, with
a particular combination of basis sets, PBEBPBE
functional requires minimum computationa time.
Furthermore, though an improvement in the quality of
basis set to 6-31G(d,p)/Def2-SVP(Sn) increases the
computational time with all the studied DFT methods,
but simultaneously it better describes the energetic
and geometrical parameters closer to the reference
system.”*"** Hence, a balance between the DFT
method chosen and computing time needed is
indispensable for the calculation of electronic
structure properties of n-Bu,SnL .

Conclusions

The present study validates that the theoretical
calculations can be successfully performed for di-n-
butyltin(lV) complex of chlordiazepoxide at
B3LYP/6-31G(d,p)/Def2-SVP(Sn) level of theory.
This level of theory demonstrates its efficacy over
other DFT methods employed as the calculated values
for the coordinating bond length and various other
geometrical parameters in n-Bu,SnL, are closer to
those reported for other organotin(lVV) complexes with
hetero donor atoms. Further, the thermochemical
studies performed, successfully calculates total
molecular ~ partition ~ function and  various
thermochemical parameters, indicating that all of the
electronic energy of the studied systems is
exothermic.

The calculated conceptua-DFT globa reactivity
descriptors indicate that complexation leads to
softness in n-Bu,SnL, relative to LH. Further, the
charge transfer from the complex is an energeticaly
favourable process and as aresult n-Bu,SnL , can have
greater biological significance, since it provides some
insight for its probable interaction  with
macromolecular receptors in order to explain the
biological activity. The theoretical calculations
performed have identified the HOMO and LUMO
orbitals for LH and n-Bu,SnL, based on the frontier
molecular orbital analysis. In n-Bu,SnL,, the HOMO
is concentrated over O57 containing chlordiazepoxide
unit, whereas LUMO is concentrated over the second
chlordiazepoxide unit containing 023 as the
coordinating atom. Likewise, the molecular
electrostatic potential plots further confirm the charge
distribution within the n-Bu,SnL, complex. These
studies explain the general behaviour of organotin(1V)
complexes, in which the Sn centre is found to be
electrophilic and also, the coordinating bond lengths
are weak enough to undergo slow hydrolysis.

Supplementary Data

Supplementary data associated with this article, i.e,
Table S1-S6, are available in the éectronic form at
http://www.niscair.res.in/jinfo/ijca/l JCA_55A(08)938
-949 SupplData.pdf.
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