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Computational Study on the Structural
and Electronic Properties of Multi-Nuclear
Palladium and Nickel Silyl Complexes via DFT
and QTAIM Approaches

TAYEBEH HOSSEINNEJAD*

Department of Chemistry, Faculty of Science, Alzahra University, Vanak,
Tehran, Iran

In this research, we have concentrated on the survey of ability of density functional
methods and also modern semi-empirical approaches to reproduce the crystal struc-
ture of a binuclear silyl nickel complex and a trinuclear palladium silyl complex. In
the structural analysis of the aforesaid nickel and palladium complexes, we have also
interested to investigate the possibility of Si-Si bond formation between SiH, and w-SiH
moieties from the structural and electronic viewpoints. Comparison of our calculated
structural parameters of aforementioned complexes with the available X-ray crystallo-
graphical data reveals that both functionals (B3LYP and M062X) can well reproduce
X-ray structure of the complex with a near accuracy while the PM6-D2 semi-empirical
calculated values are not in a reliable agreement with the crystallographical data. In
the next step, we assessed the nature of interactions between palladium and nickel metal
ions with silyl ligands via Quantum Theory of Atoms in Molecule (QTAIM) compu-
tations. Furthermore, we have analyzed the possibility of Si-Si bond formation in the
aforementioned complexes by means of topological electronic indices. Strictly speaking,
QTAIM calculations have been performed to explore the electronic density, its laplacian
and electronic energy density at some key bond critical points to interpret the structural
features of aforesaid complexes from the electronic point of view.

Keywords Binuclear nickel silyl complex; QTAIM approach; semiempirical calcula-
tions, DFT method; trinuclear palladium silyl complex

Introduction

Investigation on the structure and reactivity of silyl transition metal complexes is indis-
pensable for the development of new catalytic methodologies. The utility of multinuclear
silyl complexes of metals as the versatile catalysis for transformation of organosilicon com-
pounds has been established in many experimental researches [1-3]. Although a number
of mononuclear silyl metal complexes are known for all Groupl10 metals, there are few
structurally characterized silylene-bridged multinuclear complexes [4-8].
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Figure 1. Schematic representation of trinuclear palladium complex with bidentate silyl ligands,
complex-1, and the dinuclear nickel complex with bidentate silyl ligands, complex-2. Note that Si-Si
bond formation issue has been illustrated as —- dashed line.

The binuclear (u-silylene) silyl nickel complexes and also trinuclear palladium com-
plexes with bidentate silyl ligands have been synthesized and surveyed structurally by
X-ray crystallography [7,8] (that was illustrated schematically in Fig. 1). The aforemen-
tioned trinuclear palladium complex (hereafter denoted as complex-1) was synthesized
via trimerization reaction of Pd(Il) complex bearing the bidentate silyl ligands. Although
palladium generally prefers lower oxidation states (Pd ® or Pd ) and high oxidation
states are often attained with highly electronegative ligand, such as fluorides or oxides,
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complex-1 was introduced as a formally hexavalent palladium complex with electroposi-
tive silyl ligands. In the other hand, the structural analysis of crystallographical data of the
aforementioned complex showed that there is short contact between SiH; and p-SiH moi-
eties and consequently Si-Si bond-forming reaction can possibly take place in this complex.
So, the central palladium atom is not Pd ¥! and the complex can be described as bis o-
complex of Pd " with Si-Si bonds [9]. This issue has been also surveyed for the dinuclear
(u-silylene) silyl nickel complex (that was illustrated schematically in Fig. 1 and hereafter
denoted as complex-2) based on X-ray structural data [10].

In this research, we confined our attention on the survey of some structural and elec-
tronic aspects of complex-1 and complex-2 and the possibility of Si-Si bond formation
has been studied using quantum chemistry methods. In the first step, we have examined
the ability of density functional theory (DFT) [11,12] and semi-empirical computational
methods [13] to predict the crystallographical data of complex-1 and complex-2. In this
respect, we have compared the calculated values of structural parameters, obtained via DFT
and semi-empirical computations, with the available crystallographical data [9, 10]. The
comparison demonstrated a reliable agreement between our obtained optimized geometry
with the crystal structure with the preference in using DFT methods in comparison with
semi-empirical approach while two DFT methods have the near accuracy in reproducing
X-ray structure.

In the next step, since QTAIM approach [14] provides a great deal of information about
the nature of bondings, we then assessed the possibility of Si-Si bond formation in complex-
1 and complex-2 via analysis of the topological properties of electron density, p (r), and
Laplacian of the electron density,Vz,o (r), at various bond critical points (BCPs). On the
basis of QTAIM electronic energy density indicators, we have characterized quantitatively
the covalent or electrostatic natures of metal-ligand interactions in the aforesaid complexes.
Furthermore, we have confirmed that Si-Si covalent bond formation could only take place
in complex-1 that is in agreement with the experimental elucidations [9, 10].

Computational Details

Geometry optimization of complex-1 and complex-2, without any symmetry constraint,
was performed at semi-empirical PM6-D2 computational level [13] and two levels of DFT
methods to assess the performance of these methods in prediction of geometry and en-
ergy: (i) 6-31G* using the popular B3LYP level of theory [12] and (ii) 6-31G™* basis set
with M062X functional which has been introduced recently as a hybrid meta-GGA (gen-
eralized gradient approximation) exchange-correlation functional that was parameterized
including both transition metals and nonmetals and was recommended for application in
organometallic and inorganometallic thermochemistry, kinetic studies, and noncovalent in-
teractions [15, 16]. It is important to state that the popular B3LYP functional is classified
as a hybrid functional and incorporate a portion of exact exchange from Hartree-Fock the-
ory with exchange and correlation from ab initio and semi-empirical sources. In general,
B3LYP/631G* level of theory is a standard model chemistry with relatively good perfor-
mance for predicting molecular geometries and vibrational frequencies [17]. Therefore, we
have employed M062X as a more modern functional and also as a top performer within
06 modern functionals to compare its performance and accuracy with popular B3LYP
functional [18].

It should be noted that although semi-empirical computational methods are not as
precise as DFT approach in prediction of molecular structures, but we have employed
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PM6-D2 method (which has been recently parameterized to reproduce interaction energies
for geometries obtained from high-level quantum mechanical calculations) to evaluate com-
paratively the ability of this modern semi-empirical method in predicting crystallographical
data of complex-1 and complex-2.

In the case of palladium, the effective core potential (ECP), LANL2TZ(f), was used
together with the accompanying basis set to describe the valence electron density [19].
All stationary points were characterized as minima after verifying the presence of all real
frequencies. All DFT computations have been performed using GAMESS suite of programs
[20] and MOPAC 2012 software [21] was utilized for PM6-D2 computations.

Topological analysis of M062X/6-3114+G** calculated wave function of electron den-
sity at DFT optimized structures of complex-1 and complex-2 was performed via QTAIM
approach [14, 22]. In this respect, resulting M062X/6-3114+G** wave function files were
used as inputs to AIM2000 program [23]. Considering the local virial theorem, the fol-
lowing characteristics of BCPs were taken into account: electron density, p;, its Laplacian,
V2, the electronic kinetic energy density, G,, the electronic potential energy density, V,,
and the total electronic energy density, Hj,. These properties have been employed as the use-
ful indicators for quantitative representation of interatomic interactions in the coordination
sphere of complex-1 and complex-2.

Result and Discussion

The main objective of this work is to investigate comparatively the ability of computational
methods for prediction of X-ray crystal structure of complex-1 and complex-2. In this
respect, we have first determined the optimized structure of complex-1 and complex-2
using density functional methods and semi-empirical approach. Then a comparison has
been made between our calculated bond lengths and angles of complex-1 and complex-2,
performed at B3LYP/6-31G* and M062X/6-31G* levels of theory and PM6-D2 method
with the available X-ray crystallographical data [9, 10]. It is important to note that the
difference between molecular geometries in the gas and solid states arises mainly from the
dihedral angles and so, the calculated values of bond lengths and angles in the gas phase
are close and so comparable with their corresponded crystallographical data in the solid
states.

In Figs. 2 and 3, we have displayed the calculated optimized geometry of complex-
1 and complex-2 obtained at M062X/6-31G™* level, respectively. We have also reported
some of selected bond lengths and angles of complex-1 and complex-2 calculated at
B3LYP/6-31G* and M062X/6-31G* levels of theory and PM6-D2 method, as well as
X-ray ones in Tables 1 and 2, respectively. The average absolute deviation (AAD) of X-
ray experimental data of complex-1 with B3LYP/6-31G*, M062X/6-31G*, and PM6-D2
calculated bond lengths are 2.28%, 2.04%, and 4.29%, respectively. Moreover, the AAD
of X-ray data of complex-1 with the calculated bond angles at B3LYP/6-31G*, M062X/6-
31G*, and PM6-D2 levels are 3.81%, 3.68%, and 6.32%, respectively. As it can be seen
in the reported results of Table 2, the AAD of X-ray experimental data of complex-2
with B3LYP/6-31G*, M062X/6-31G*, and PM6-D2 calculated bond lengths are 0.97%,
1.11%, and 5.35%, respectively. Moreover, the AAD of X-ray data of complex-2 with
the calculated bond angles at B3LYP/6-31G*, M062X/6-31G*, and PM6-D2 levels are
1.09%, 1.34%, and 6.61%, respectively. Our obtained results indicate that in overall, these
computational levels have a reliable agreement with the X-ray structure of complexes
while there is a significant superiority in using density functional methods. Furthermore,
B3LYP and M062X density functional methods have a near accuracy to reproduce the
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Table 2. The selected bond lengths and angles of complex-2, calculated at B3LYP/6-31G*,

M062X/6-31G*, and PM6-D2 levels of theory together with the X-ray values. Three last

columns contain the deviation percents between the calculated results with crystallograph-
ical data. Note that numbering of atoms is in accordance with Fig. 3

Experimental
Calculated X-ray Dev (%)

B3LYP/ MO062X/ B3LYP/ MO062X/

6-31G* 6-31G* PM6-D2 6-31G* 6-31G* PM6-D2
Bond lengths A)
Ni(1)-Ni(2) 2.68 2.62 2.69 2.66 0.75 —1.50 1.12
Ni(1)-Si(7) 2.20 2.19 2.35 221 —-045 —-0.90 6.33
Ni(1)-Si(8) 4.23 4.17 4.10 4.19 095 —-047 —-2.14
Ni(1)-Si(9) 2.23 2.22 2.38 224 —-044 —0.89 6.25
Ni(1)-Si(10) 2.32 2.35 2.43 2.29 1.31 2.62 6.11
Ni(2)-Si(7) 2.23 2.22 2.33 224 —-044 —0.89 4.01
Ni(2)-Si(8) 2.32 2.35 2.04 2.3 0.86 217 —11.30
Ni(2)-Si(9) 2.20 2.19 2.40 221 —-045 —-0.90 8.59
Ni(2)-Si(10) 4.23 4.17 4.27 4.2 071 -0.71 1.66
Ni(1)-P(3) 2.16 2.16 2.34 2.14 0.93 0.93 9.34
Ni(1)-P(4) 2.20 2.22 2.35 2.18 0.91 1.83 7.79
Ni(2)-P(5) 2.16 2.16 2.32 2.14 0.93 0.93 8.41
Ni(2)-P(6) 2.20 2.22 2.32 2.18 0.91 1.83 6.42
P(3)-C(23) 1.86 1.85 1.94 1.83 1.63 1.09 6.01
P(4)-C(24) 1.87 1.86 1.93 1.84 1.63 1.08 4.89
P(5)-C(29) 1.86 1.85 1.92 1.83 1.63 1.09 491
P(6)-C(30) 1.87 1.86 1.96 1.84 1.63 1.08 6.52
Si(7)-Si(10) 2.73 2.63 2.47 2.69 1.48 —2.23 —8.17
Si(8)-Si(9) 2.73 2.63 2.58 2.68 1.86 —1.86 —3.73
Si(7)-C(11) 1.91 1.90 1.86 1.9 0.52 0 —2.10
Si(9)-C(17) 1.91 1.90 1.82 1.9 0.52 0 —4.21
Si(8)-C(16) 1.90 1.89 1.86 1.89 0.52 0 —1.58
Si(10)-C(22) 1.90 1.89 1.85 1.88 1.06 0.53 —1.59

Bond angles (°)

Ni(1)-Si(7)-Ni(2) 74.3 72.9 66.8 734 1.22 —-0.68 —8.99
Ni(1)-Si(9)-Ni(2) 74.3 72.9 70.2 73.5 1.08 —0.81 —4.48
Ni(1)-Ni(2)-Si(8) 115.3 113.8 1059 111 3.87 2.52 —4.59
Ni(2)-Ni(1)-Si(10) 115.3 113.7 107.3 115.4 —0.08 —1.47 —7.01
Si(7)-Ni(1)-Si(9) 83.4 83.3 76.8 83.9 —-0.59 -0.71 —8.46
Si(7)-Ni(2)-Si(9) 83.4 83.3 73.9 83.9 -0.59 -0.71 -—11.91
Si(7)-Ni(1)-Si(10) 74.4 70.7 76.1 73.3 1.50 -3.54 3.81
Si(9)-Ni(2)-Si(10) 89.5 90.6 84.2 91.4 -2.07 —-0.87 —7.87
Si(7)-Ni(2)-Si(8) 90.8 90.6 85.2 91.3 —-0.54 -0.76 —6.68
Si(9)-Ni(2)-Si(8) 74.4 70.7 65.6 72.9 2.05 -3.01 —10.01
Ni(1)-Ni(2)-P(5) 128.6 129.6 135.3 129.7 —-0.84 —-0.07 4.31
Ni(1)-Ni(2)-P(6) 113.7 115.0 103.7 113.9 —-0.17 0.96 —8.95
Ni(2)-Ni(1)-P(3) 128.7 129.6 131.9 128.6 0.07 0.77 2.56
Ni(2)-Ni(1)-P(4) 113.7 115.1 116.3 112.9 0.70 1.94 3.01
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Figure 2. Atomic numbering and energy-minimized structure of complex-1 obtained at M062X/6-
31G* level of theory.

crystallographical data of complex-1 and complex-2 [9, 10] and also have predicted the
crystal structure of complex-2 more precisely than complex-1.

In the next stage, we concentrated on topological study of electron density to interpret
the nature of metal-ligand interactions in complex-1 and complex-2. In this respect, we
focused on the QTAIM analysis of M062X/6-3114-G** calculated wave function of electron
density obtained for the optimized structures of complex-1 and complex-2. Moreover, in
order to survey the possibility of Si-Si bond formation, we focused on the calculation of
BCPs of M062X/6-3114G** electron density and their associated bond paths on Si10-Sil2
and Sil1-Sil3 in complex-1 and Si8-Si9 and Si7-Sil0 in complex-2. QTAIM molecular
graph of complex-1 has been presented in Fig. 4. It should be noticed that due to the large
size of complex-1, we have not illustrated the whole QTAIM molecular graph. We have
shown this molecular graph so that Si-Si bond formation can be illustrated more clearly via
bond paths and critical points.
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Figure 3. Atomic numbering and optimized structure of complex-2 obtained at M062X/6-31G*
level of theory.

In Tables 3 and 4, we have listed the calculated values of electron density, its laplacian,
electronic kinetic energy density, electronic potential energy density, and total electronic
energy density of some selected BCPs for complex-1 and complex-2, respectively. It is
important to state that the electron density at BCPs usually correlates with the strength of
the bond between two atoms. Values of p, < 0.1 au are indicative of a closed-shell (i.e.,
predominantly electrostatic) interaction [22]; it is usually accompanied by a relatively small
and positive value of V2p, [24]. By contrast, for a shared (i.e., predominantly covalent)
interaction, pj, is usually > 0.1 au [22], and V?p, is usually negative [25] and typically
of the same order as p,. Furthermore, a good reliable indicator for classifying interatomic
interactions is the total electronic energy density that is defined as H, = G, + V), at BCPs.
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Table 3. Mathematical properties of BCPs associated to Pd-Si and Si-Si interactions in

complex-1. The properties have been obtained via QTAIM analysis on the M062X/6-

3114-G** calculated wave function of electron density. Note that numbering of atoms is in
accordance with Fig. 2

bonded atoms of BCPs Ob V2pp Gy Vi H, Vol /Gy
Pd(1)-Si(13) 0.051 0.047 0.026 —-0.012 0.014 0.461
Pd(1)-Si(8) 0.084 —0.074  0.028 —0.039 —0.011 1.392
Pd(1)-Si(10) 0.058 0.033 0.028 —0.016 0.012 0.571
Pd(1)-Si(9) 0.082 —-0.077 0.028 —0.038 —0.010 1.357
Pd(1)-Si(11) 0064 0011 0029 -0016 0013 0551
Pd(1)-Si(12) 0.065 0.015 0.029 —0.016 0.013 0.551
Pd(2)-Si(10) 0.077 —0.049 0.026 —0.040 —-0.014 1.538
Pd(2)-Si(12) 0.075 —0.036 0.025 —0.041 —0.016 1.640
Pd(3)-Si(11) 0.080 —0.053 0.026 —0.038 —0.012 1.461
Pd(3)-Si(13) 0.078 —0.048 0.025 —0.036 —0.011 1.440
Si(10)-Si(12) 0.191 —-0.172  0.089 —0.201 —-0.112 2.258
Si(11)-Si(13) 0.213 —0.208 0.098 —0.231 —0.133 2.357

In the closed-shell interactions, Hp, has the positive value (viz., G, is dominating) and for
shared interactions, it is negative (viz., V}, is dominating).

According to the reported results of Tables 3 and 4, the following facts can be dis-
cussed: (i) by considering the positive values of Laplacian of electron density, V2 pj, and

Figure 4. Molecular graph of complex-1 obtained by QTAIM analysis of M062X/6-311+G** elec-
tron density. Bond critical points: red circles; ring critical points: yellow circles; bond paths: pink
lines. Note that we have shown this molecular graph so that Si-Si bond formation can be illustrated
more clearly.
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Table 4. Mathematical properties of BCPs associated to Ni-Si and Si-Si interactions in

complex-2. The properties have been obtained via QTAIM analysis on the M062X/6-

3114-G** calculated wave function of electron density. Note that numbering of atoms is in
accordance with Fig. 3

bonded atoms of BCPs Ob V2pp Gy W H, Vol /Gy
Ni(1)-Si(9) 0.082 —0.074  0.028 —0.050 —0.022 1.793
Ni(1)-Si(7) 0.085 —0.083 0.030 —0.060 —0.029 1.981
Ni(1)-Si(10) 0.074 —0.023 0.031 —0.048 —0.017 1.546
Ni(2)-Si(7) 0.082 —0.075 0.027 —0.044 —-0.016 1.594
Ni(2)-Si(9) 0.085 —0081 0030 —0057 —0026  1.879
Ni(2)-Si(8) 0.073 —0.018 0.031 —0.055 —-0.024 1.784
Si(8)-Si(9) 0.054 0.034  0.012 —0.016 —0.004 1.336
Si(7)-Si(10) 0.053 0.012 0.014 —0.019 —0.005 1.372

its corresponding small values of electron density, pp, at Pd(1)-Si(13), Pd(1)-Si(10), Pd(1)-
Si(11), and Pd(1)-Si(12) BCPs in complex-1, we can deduce the electrostatic behavior of
interactions between Pd-Si. While the negative values of Laplacian of electron density,
V2 py, in connection with the larger values of p,, at Pd(1)-Si(8), Pd(1)-Si(9), Pd(2)-Si(10),
Pd(2)-Si(12), Pd(3)-Si(11), and Pd(3)-Si(13) BCPs in complex-1 reveal the partially elec-
trostatic and covalent character of Pd-Si interactions. In complex-2, we have obtained the
negative small calculated values for V2, on all Ni-Si BCPs which can be attributed to the
semi-covalent semi-electrostatic character of Ni-Si interactions (ii) increasing in the calcu-
lated values of p;, together with the corresponding V2 p, negative values at Si(10)-Si(12) and
Si(11)-Si(13) BCPs in complex-1 confirms the possibility of Si-Si covalent bond formation
which has been elucidated experimentally, while the positive values of V2 pj, together with
its corresponding small values of p; at Si(8)-Si(9) and Si(7)-Si(10) BCPs of complex-2
reveals that Si-Si bond formation could not take place in complex-2.

Moreover, as it is clear from QTAIM reported results of Tables 3 and 4, the calculated
total electronic energy density values at Pd-Si, Ni-Si, and Si-Si BCPs are all in agree-
ment with our earlier interpretations on the nature of interactions. Strictly speaking, the
positive values of Hj at Pd(1)-Si(13), Pd(1)-Si(10), Pd(1)-Si(11), and Pd(1)-Si(12) BCPs
in complex-1 correlate with the electrostatic nature of Pd-Si interactions while the small
negative values of H,, at Pd(1)-Si(8), Pd(1)-Si(9), Pd(2)-Si(10), Pd(2)-Si(12), Pd(3)-Si(11),
and Pd(3)-Si(13) BCPs in complex-1 and all Ni-Si BCPs in complex-2 confirms the pres-
ence of partially covalent-electrostatic interactions. More importantly, at Si(10)-Si(12) and
Si(11)-Si(13) BCPs in complex-1, the large negative values of Hj, strongly approve the
covalent character of Si-Si chemical bonds while the small positive values of H;, at Si(8)-
Si(9) and Si(7)-Si(10) BCPs in complex-2 is in agreement with the impossibility of Si-Si
covalent bond forming.

Another reliable indicator for classify interatomic interactions via QTAIM approach
has been recently introduced by Espinosaetal. [26]is | V}| / G} ratio. On the basis of this sug-
gested indicator, closed-shell interactions are associated with | V},| /G <1 (or H, = Gy, + V}p
>0), intermediate interactions 1 < |V,| /G, < 2, and shared interactions |V},| /G, > 2. In
Tables 3 and 4, we have also summarized the calculated values of |V} | / Gratio for complex-
1 and complex-2. Based on the calculated |V,| /G, values of complex-1 and complex-2,
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we can approve the following facts: (i) electrostatic character of Pd(1)-Si(13), Pd(1)-
Si(10), Pd(1)-Si(11), and Pd(1)-Si(12) interactions in complex-1, with the corresponding
|Vp| /Gp < 1 values. (ii) Partially covalent-electrostatic nature of Pd(1)-Si(8), Pd(1)-Si(9),
Pd(2)-Si(10), Pd(2)-Si(12), Pd(3)-Si(11), and Pd(3)-Si(13) interactions in complex-1 and
all Ni-Si interactions in complex-2, with the corresponding 1 < |V,| /Gj < 2 values and
(iii) the covalent character of Si(10)-Si(12) and Si(11)-Si(13) interactions in complex-1,
with the corresponding |V, | /G, > 2 values and semi-covalent semi-electrostatic nature
of Si(8)-Si(9) and Si(7)-Si(10) in complex-2, with the corresponding 1 < |V,| /Gy < 2
values.

Conclusion

As a primary purpose, calculations performed at two levels of DFT (B3LYP/6-31G* and
M062X/6-31G*) and PM6-D2 semi-empirical method confirm the following two facts: (i)
the ability of DFT methods to reproduce X-ray crystallographical structure of complex-1
and complex-2 with a reliable agreement while PM6-D2 semi-empirical approach could
not predict accurately the crystal structure of complex-1 and complex-2 and (ii) there is
a close accuracy between two levels of DFT computations for the prediction of geometry
with a relative preference in using M062X functional.

In the next step, the electronic aspects in the crystal structure of complex-1 and
complex-2 have been studied via topological analysis of electron density and its Lapla-
cian at some selected BCPs. On the basis of several QTAIM electronic energy density
indicators, the following facts can be deduced about the nature of metal-ligand interac-
tions: (i) in complex-1, the interaction of Pd(1) with Si(10), Si(11), Si(12), and Si(13) has
the electrostatic character while other Pd-Si interactions in complex-1 shows the partially
electrostatic and covalent nature, (ii) in complex-2, all Ni-Si BCPs demonstrate semi-
electrostatic semi-covalent character, and (iii) Si-Si covalent bond formation could only be
probable in complex-1 that is in agreement with the experimental elucidations.
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