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Topological analyses of the electron density on N-benzoyl-L-pheylalanine and its palla-
dium(Il) complexes are carried out using the quantum theory of atoms in molecules (QTAIM)
at the M06/6-31G(d) theoretical level. The topological parameters derived from the Bader the-
ory are also analyzed; these are characteristics of Pd bond critical points and ring critical
points. The calculated structural parameters are the highest occupied molecular orbital energy
(Enomo), the lowest unoccupied molecular orbital energy (ELumo), the hardness (n), the soft-
ness (), the absolute electronegativity (y), the electrophilicity index (), and the fractions of
electrons transferred (AN) from ethylenediamine, 2,2'-bipyridine and 1,10-phenanthroline
complexes to N-benzoyl-L-pheylalanine. The numerous correlations and dependences between
the energy terms of the symmetry adapted perturbation theory approach, geometrical, topo-
logical, and energy parameters are detected and described.
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INTRODUCTION

The important discovery of cisplatin heralded a new period of anticancer drug research based on
metallopharmaceuticals [ 1 ]. Now cisplatin is very effective in the treatment of testicular and ovarian
cancers and is also employed for treating bladder, cervical, head and neck, esophageal, and small cell
lung cancer. Moreover, lobaplatin, nedaplatin, and heptaplatin have gained regional approval; a few
platinum drugs continue to be evaluated in clinical studies. The main problems of current platinum
drugs, including a limited range of cancers, acquired or intrinsic resistance, and severe side effects,
prompted chemists to develop new metal anticancer drugs [ 2, 3 ]. However, some tumors such as non-
small and colorectal cell lung cancers have intrinsic resistance to cisplatin, while others such as ova-
rian or small cell lung cancers develop acquired resistance after the initial treatment [ 4 ]. Owing to the
thermodynamic and structural similarities between palladium(Il) and platinum(II) complexes, there is
increased interest in the study of palladium(II) derivatives as potential anticancer drugs [ 4—6 ]. For
the first time, L.-W. Wang et al. synthesized palladium(II) complexes [Pd(en)A] (1), [Pd(bipy)A] (2),
and [Pd(ph)A] (3) where A, en, bipy, and ph are N-benzoyl-L-pheylalanine, ethylenediamine, 2,2'-
bipyridine, and 1,10-phenanthroline respectively [7]. It was established that the hydrolysis of the
leaving ligands in palladium complexes was too rapid, therefore the complexes dissociated readily in
the solution, leading to very reactive species unable to reach their pharmacological targets. This con-
note that if anticancer palladium drugs can be developed, they must be stabilized by strongly coordi-
nated nitrogen ligands and suitable leaving ligands. Phen and bipy or their derivatives have been used
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to synthesize palladium anticancer complexes because bipy or phen have the capability to act as DNA
intercalators [ 8, 9 . Many palladium complexes with aromatic N-containing ligands were shown to be
effective against tumors. However, after more than 30 years of research since the discovery of the anti-
tumor activity of cisplatin and cispalladium, no more than 30 compounds displaying sufficient phar-
macological advantages relative to cisplatin and cispalladium have been found to be tested in clinical
trials [ 10 ].

The theory that is able to identify the connectivity of bonds within molecules is QTAIM [ 11 ]
which has also been applied for the characterization of long Pd—N and Pd—O bonds in palladium(II)
complexes. Since the QTAIM approach provides much information about the nature of bondings, we
have explored the topological properties of the electron density p(r) and the Laplacian of the electron
density V*p(r) at various bond critical points (BCPs) to characterize the presence of possible open-
shell and closed-shell interactions. The goal of this study is to apply density functional theory (DFT)
calculations [ 12 | and QTAIM theory [ 13 | to quantitatively analyze the nature of bonds around palla-
dium(II). We applied the charge analysis to investigate the properties of the bond and the electron
charge transfer in palladium(II) complexes.

COMPUTATIONAL METHOD

All calculations, including optimizations and the NBO analysis were performed using the Gaus-
sian 03 sets of code [ 14 ] at the M06/6-31G(d) level of theory without any symmetry restraints. Quan-
tum chemical calculations of N-benzoyl-L-pheylalanine, ethylenediamine, 2,2’-bipyridine and 1,10-
phenanthroline and palladium(II) complexes (1—3) were carried out with the M06/6-31G(d) basis set
for C, H, N, O, Cl atoms and the LANL2DZ basis set for the palladium atoms.

QTAIM is also applied here, and the BCP and ring critical point (RCP) characteristics are ana-
lyzed in terms of the following properties: the electron density at the critical point, its Laplacian and
the total electron energy density at the critical point. For the latter its components are also investi-
gated: the potential electron energy density (/},) and the kinetic electron energy density (G,). The fol-
lowing relations are well-known if all terms are expressed in atomic units:

%Vzpb =2G, +V;, (1)

H

C.

b :Gb +Vb' (2)

The SAPT approach was applied to deepen the understanding of the nature of interactions [ 15 ]
for complexes 1—3 and the MOLPRO package [ 16 | was used to perform these calculations. SAPT is
a well-established approach to calculate the interaction energy of two closed-shell moieties where the
interaction energy is obtained directly as a sum of defined contributions. Thus, it is different from the
commonly applied approaches where the binding energy is calculated as a difference between the en-
ergy of the complex and the sum of energies of monomers. In the SAPT approach the interaction en-

ergy consists of the following terms: the first-order electrostatics Eélls)t, second order induction Ei(nzd),

energies, and their exchange counterparts (first order exchange £, () ' second or-

: . )
and dispersion E exch?

disp

and exchange-dispersion E® ). The SAPT method up to the se-

der exchange-induction E (2) exch-disp

exch-ind>
cond order gives the main part of the interaction energy. The SAPT2 interaction energy is calculated
according to Eq. (3)

SAPT2 _ (1) (2) 2) 2) 2)
Eint - Eelst + Eint + Edisp + Eexch—int + Eexch—disp + 8EHF' (3)
RESULTS AND DISCUSSION

Pd(bipy)Cl, crystallizes in the monoclinic space group P2(1)/c; selected bond distances and an-
gles are listed in Table 1. The considered bond lengths and bond angles of the optimized structures of
Pd(ph)Cl,, Pd(en)Cl, and complexes 1—3 are also listed in Table 1 and all optimized structures are
displayed in Fig. 1.
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Table 1

Selected bond lengths (&) and angles (deg.) for the
Pd(en)A, Pd(bipy)A, and Pd(ph)A complexes

Molecule Bond length Bond angle

Pd(en)A |Pd—O1| 1.8904 |O1—Pd—NI1| 98.25
Pd—N1| 1.9708 |Ol—Pd—N2| 175.21
Pd(bipy)A |Pd—O1| 1.8932 |O1—Pd—NI1| 95.36

(1.9953)* (94.18)*
Pd—NI| 1.9656 |O01—Pd—N2| 173.5
(2.0095)" (172.2)°

Pd(ph)A |Pd—O1| 1.9300 |O1—Pd—NI1| 95.98
Pd—N1| 1.9662 |O1—Pd—N2| 174.2
Pd—N2| 1.9726 |[O1—Pd—N3| 84.39
Pd—N3| 1.9486 [N1—Pd—N3| 174.30
Pd—N2| 1.9701 [O1—Pd—N3| 83.75

(2.019)* (81.40)°
Pd—N3| 1.9576 [N1—Pd—N3| 176.27
(2.0030)° (175.30)"

Pd—N2| 1.9663 |O1—Pd—N3| 82.18
Pd—N3| 2.000 |NI1—Pd—N3| 177.22

[71

Relationships between the geometrical and
topological parameters. The variety of atomic
interactions can be approximately divided into
shared (or covalent) interactions, intermediate Fig. /. Molecular structures of bipy and Pd(bipy)A (a),
(partially covalent) interactions, and closed-shell Ph and Pd(ph)A (b), and en and Pd(en)A (c)
(van der Waals, ionic, metal, etc.) interactions
[ 17—19]. The electron density feature at BCP is the fundamental difference between the two limiting
extremes in the interactions, i.e., the closed-shell interactions and shared ones. In this way, the
H., = Gy + V}, equation can be used to calculate the energy density, where ¥}, and G, are the potential
and kinetic energy densities, respectively [ 18, 19]. The shared interactions exhibit p, > 0.14 a.u.,
Vzpb <0, and H, <0, while closed-shell interactions show p, < 0.05 a.u., Vzpb >0, and H, > 0. In the
intermediate region V?p(r) >0 and H(r) < 0. Table 2 shows the geometrical and topological parame-
ters of RCPs in complexes 1—3. Briefly summarizing, a greater electron density at RCP of the intra-
molecular bond corresponds to a stronger interaction and a shorter bond length. Relatively negative
Vzpb values and positive H., values at a, b, and ¢ bonds indicate that the electron density in the corre-
sponding bonds in complex 3 is more than that in other complexes, so that the main nature of these
bonds is partially covalent.

Local reactivity descriptors. The electron transition is due to the interaction between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of reacting
species, which is related to the frontier molecular orbital (FMO) theory of chemical reactivity [ 20 ].
Enomo measures the tendency towards the electron donation by a molecule; therefore, higher Eyomo
values indicate a better tendency towards the electron donation. Epyyo indicates the ability of the
molecule to accept electrons. The FMO diagram of A, Pd(en)Cl,, Pd(bipy)Cl,, and Pd(ph)Cl, is pre-
sented in Fig. 2.

The highest value Eyomo, —2.88 €V in Pd(ph)Cl, indicates that the power attack in this molecule
is more than in the other molecules. The Eyomo values are in good agreement with the VZp(r) values,

¢ Pd(en)CI2
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Fig. 2. Side view and molecular levels of A, Pd(en)Cl,, Pd(bipy)Cl,, and Pd(ph)Cl,

Table 2

Topological properties of the charge density at BCP (p(r), V>p(r),
and Gy, Vy, and H.p; a.u.) of complexes 1—3

0.12036 | —0.17050 | 0.18263 | —0.19477 | 0.01213
0.11264 | —0.15305 | 0.16511 | —0.1716 | 0.01205
0.12328 | —0.20568 | 0.21542 | —0.22516 | 0.00974

Molecule | Bond Pb Vpp Gy Vs Hep
Pd(en)A a 0.12512 | —0.11458 | 0.13287 | —0.15115 | 0.01828
b 0.12504 | —0.12817 | 0.14650 | —0.16482 | 0.01833
c 0.12783 | —0.14589 | 0.16491 | —0.18393 | 0.01902
d |0.13444 | —0.23274 | 0.24437 | —0.25601 | 0.01164
Pd(bipy)A a 0.11967 | —0.17815 | 0.19037 | —0.20259 | 0.01222
b 0.30677 | 0.14846 | 0.49890 | —0.54625 | 0.34736
c 0.12386 | —0.15133 | 0.16864 | —0.18594 | 0.01730
d [0.13368 | —0.21255 | 0.22526 | —0.23796 | 0.01271
Pd(ph)A a 0.12140 | —0.18258 | 0.19514 | —0.20768 | 0.01254
b
c
d

which can show that an increase in the HOMO energy can increase the electron density value at BCP
and then increase the V>p(r) value. As can be seen from Table 3, Pd(ph)Cl, has the highest absolute
values of Eyomo and Vzp(r).

DFT has been found to be a successful theoretical method for the chemical reactivity and selecti-
vity, in terms of popular qualitative chemical concepts such as y, n, S, ® and local reactivity descrip-

tors such as the Fukui function
OFE
n= [—} ==X “
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Table 3

Calculated Evomu, ELumo, AE, %, W, M, S, and o for A, Pd(en)Cl,, Pd(bipy)Cl,, Pd(ph)Cl,,
Pd(en)A, Pd(bipy)A, and Pd(ph)A

Molecule Enomo, au. | Ergmo, a.u. | AE,au. | y,eV u, eV n, eV S, eV o, eV

Pd(en)A —0.18213 | -0.13015 | 0.05198 | 0.156 | —0.156 | 0.0259 | 0.0129 | 0.4690
Pd(bipy)A | —0.13518 | —0.09543 | 0.03975 | 0.115 | —0.115 | 0.0199 | 0.0099 | 0.3343
Pd(ph)A —0.16675 | —0.10133 | 0.06542 | 0.134 | —0.134 | 0.0327 | 0.0163 | 0.2746

Pd(en)Cl, -0.26973 | —0.16553 | 0.1042 | 0.218 | —0.218 | 0.0521 | 0.0260 | 0.4545
Pd(bipy)Cl, | —0.22087 | —0.10885 | 0.11202 | 0.165 | —0.165 | 0.0560 | 0.0280 | 0.2426
Pd(ph)Cl, -0.2197 —0.10608 | 0.11362 | 0.163 | —0.163 | 0.0568 | 0.0284 | 0.2334
A —0.24237 | -0.04316 | 0.19921 | 0.143 | —0.143 | 0.0996 | 0.0498 | 0.1023

where p, E, N, and V(r) are the chemical potential, the total energy, the number of electrons, and the
external potential of the system. The hardness has been defined as the second derivative of E with re-
spect to N as the V(r) property which measures both stability and reactivity of the molecule [ 21, 22 ]

1| 0°E 1 o
n= 5[—2} =5{ﬁ} (5)
oN” |, )
where V(r) and p are the external and electronic chemical potentials, respectively.

According to Koopmans' theorem [ 12 ] for closed-shell molecules, the ionization potential (/)
and the electron affinity (4) can be expressed in terms of Eyomo and Ej ymo as follows:

I =—Evnowmo, (6)

A =—Erumo. (7
When the / and A values are known, one can determine the absolute y and n values through the fol-
lowing expression [ 23 :

1
u=—5(1+A), ®)
1
n= 5(1 —A). ()]
The softness is the inverse of the global hardness [ 24 ]
S=1/m. (10)

For a reaction of two molecules with different electronegativities the electronic flow occurs from
the molecule with a lower electronegativity towards that with a higher value, until the chemical poten-
tials are equal [ 25 ]. Therefore AN from the inhibitor molecule to the metallic atom was calculated
according to the Pearson electronegativity scale [ 26 |. The electrophilicity is a descriptor of the reac-
tivity that allows a quantitative classification of the global electrophilic nature of a molecule within
a relative scale. Parr et al. [ 22 | have proposed the electrophilicity index as a measure of energy lowe-
ring due to the maximum electron flow between the donor and the acceptor. According to the defini-
tion, this index measures the tendency of chemical species to accept electrons. A more reactive nu-
cleophile is characterized by lower 1 and o values, then a good electrophile is characterized by high p
and o values. This new reactivity index measures the stabilization in energy when the system receives
an additional electronic charge AN from the environment. They defined the electrophilicity index (w)
as follows:

o=t (11)

Electrophilic charge transfer (ECT) [ 27 ] is explained as the difference between the AN,,,x values
of interacting molecules. We consider the approach of two Z (A) and Y (Pd(en)Cl,, Pd(bipy)Cl, and
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Pd(Ph)Cl,) molecules to each other, where two cases exit: (i) ECT > 0, charge flows from Y to Z and
(ii) ECT <0, charge flows from Z to Y. ECT is calculated by the following equation:

ECT = (ANmax)Z - (ANmax)Y, (12)

where (ANma)z = 1z / Mz and (ANma)y = py / My.

ECT is calculated as 2.744, 1.510, and 1.434 for complexes 1—3, respectively. These results
show that electrons are transferred from Pd(en)Cl,, Pd(bipy)Cl,, and Pd(Ph)Cl,) to A. Therefore, A is
treated as an electron acceptor and Pd(en)Cl,, Pd(bipy)Cl,, and Pd(Ph)Cl,) are treated as electron do-
nors. A exhibits the electrophilic behavior because the chemical potential value is low. As shown in
Table 3, the high chemical potential and the low electrophilicity index for complexes 1—3 show their
nucleophilic behavior.

The absolute hardness and softness are the important properties to measure the molecular stability
and reactivity. A hard molecule has a large energy gap and a soft molecule has a small energy gap, it
can be seen that the highest energy gap is related to the A molecule, since the charge transfer values
show the direction of the charge from Pd(en)Cl,, Pd(bipy)Cl,, and Pd(ph)Cl, to the A molecule.

In our study, the preferred site for the nucleophilic attack in the compound A is at Ol and H
atoms. These results agree with the analysis of the LUMO densities, which also predicted these sites to
be the most electron-deficient centers. The electrophilic attack would preferably occur at Pd atoms in
Pd(en)Cl,, Pd(bipy)Cl,, and Pd(ph)Cl,. These results agree with the analysis of the HOMO densities,
which also predicted these sites to be the most electron-rich centers. The parameters such as 1, S, p, 4,
1, v, and AN confirm the direction of ECT from Pd(en)Cl,, Pd(bipy)Cl,, and Pd(ph)Cl, to the ligand A.

SAPT calculations. SAPT applied here seems to be the proper approach to analyze the closed-
shell interactions. It was mentioned previously that the nucleophilic attack of the palladium atom in
en, bipy, and ph molecules on the A molecule leads to the formation of complexes 1—3. Table 4
shows the SAPT?2 interaction energy as well as the interaction energy terms in Eq. (3). If one considers

the attractive (negative) terms of the interaction energy, the induction one El(fg seems to be most im-

portant, followed by the electrostatic term EY

ot and the dispersive term. However, the induction and

dispersive terms are strongly damped by their exchange counterparts Eggh_ind and Eéigh-disp’

respec-
tively. In the case of the induction interaction energy, it is reduced by 70—S82 % while for the disper-
sive energy its reduction is 29—30 %. On the other hand, the first order electrostatic energy is out-
weighed by the first order exchange energy. Hence it shows the role of the induction energy in spite of
the fact that the latter one is strongly reduced by its counterpart. There are other observations; the ab-
solute dispersive energy values are greater for ph and bipy complexes than those for en complexes,
even if the exchange counterpart of the dispersion energy is taken into account. However, all inter-
action energy terms are interrelated for the stronger interaction, and consequently, the shorter the in-
termolecular distance is, the greater the absolute values of all interaction energy terms. From a com-
parison of the dispersive energies with the total SAPT2 ones it follows that the dispersion contributes
more to the stabilization energy for ph and bipy complexes than for en ones.

Table 4
SAPT interaction energies for Pd(en)A, Pd(bipy)A, and Pd(ph)A
Energy term, a.u. | Pd(en)A | Pd(bipy)A | Pd(ph)A [ Energy term, a.u. | Pd(en)A | Pd(bipy)A | Pd(ph)A
E ~9585.54 | ~10184.66 | —10225.6|  EZ) . 14696.23 | 15442.13 | 15627.33
EZ) 11227.12| 11784.44 | 1192680 |  ES) 959.7 | 1008.46 | 1020.56
E5, ~18535.24 | —19475.99 | -19789.57 OEyp ~1524.66 | —1575.72 | —1594.07
ED -3216.07 | —3404.57 | —3445.39 ENTT? ~5997.36 | —6312.81 | -6376.50
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CONCLUSIONS

Complexes 1—3 and partially covalent interactions are considered here. It is found that for all in-
teractions where the palladium atom acts as a nucleophile, we can state the relationship between the
Pd—N distance and the Laplacian of the electron density at the corresponding BCP. It indicates the
region of partially covalent bonds where the Laplacian is negative and the electron density is below
0.15 a.u. The electrophilic charge transfer confirms that electrons are transferred from Pd(en)Cl,,
Pd(bipy)Cl,, and Pd(ph)CI, to the ligand A, so that the corresponding ligand is treated as an electron
acceptor. The results of Fukui functions indicate the Pd atom attack of the ligand N atom.

The SAPT approach was also applied to analyze the interactions in the palladium complexes. It is
found that the induction energy is the most important attractive interaction energy term for the com-
plexes, followed by the electrostatic and dispersive terms. It means that for such strong interactions the
electron density shift is very important for the complexation process, but the electrostatic interactions
steer the arrangement of subunits in the complexes.

The authors express their great appreciation to the Department of Chemistry, Shahid Bahonar
University of Kerman for supporting this investigation.
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