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Meta-Siyanobenzil-Sübstitüentli NHC İçeren Yeni Pd(II)PPh3 Kompleksi: Kristal Yapı ve 

Hesaplamalı Çalışmalar 

Betül ŞEN YÜKSEL 

ÖZET: Meta-siyanobenzil sübstitüentli NHC ve trifenilfosfin içeren paladyum(II) bileşiğinin kristal 

yapısı, tek kristal XRD yöntemi ile belirlendi. Moleküler geometrinin optimize hali, GEN baz seti 

kullanılarak DFT/B3LYP hibrit fonksiyonel yöntemi yardımıyla araştırılmıştır. Enerji aralığını 

hesaplamak ve yumuşaklık, sertlik, kimyasal potansiyel ve elektronegatiflik gibi bazı moleküler 

özellikleri belirlemek için HOMO ve LUMO analizleri kullanıldı. Ayrıca, hiperkonjugatif 

etkileşimlerden kaynaklanan molekül stabilitesi ve yük delokalizasyonu, doğal bağ orbital analizinden 

yararlanılarak gerçekleştirilmiştir. DFT yöntemi ile atomik yük analizi de yapılmıştır. 

Anahtar Kelimeler: N-heterosiklik karbenler, kristal yapı, DFT 

New Pd(II)PPh3 Complex Bearing Meta-Cyanobenzyl-Substituted NHC: Crystal Structure and 

Computational Studies 

ABSTRACT: Crystal structure of palladium(II) complex containing meta-cyanobenzyl substituted 

NHC and triphenylphosphine were established by single-crystal XRD method. The molecular geometry 

in optimized form has been studied based on DFT/B3LYP hybrid functional method using the GEN 

basis set. The HOMO and LUMO analyses are used to compute the energy gap and to determine a 

number of molecular properties including softness, hardness, chemical potential, and electronegativity. 

Besides, the molecular stability due to hyperconjugative interactions and charge delocalization have 

been executed benefiting from the natural bond orbital analysis. Also, atomic charge analysis was 

conducted by the DFT method. 
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INTRODUCTION 

N-heterocyclic carbenes (NHCs) were discovered almost five decades ago by the works of 

Wanzlick (Wanzlick and Schönherr, 1968) and Öfele (Öfele, 1968) independent from each other as an 

unstable and non-isolable form. After their seminal works, Arduengo et al. (Arduengo et al., 1991) 

reported the synthesis of stable NHC compounds which could also be stored and isolated. These stable 

NHCs have a strong coordinating ability with the majority of the transition metals due to their unique 

peculiarities such as strong σ-donor, poor π-acceptor, tunable steric, and electronic properties (Jafarpour 

and Nolan, 2000; Hu et al. 2004; Cavallo et al, 2005; Dragutan, 2007; Velazquez and Verpoort, 2012). 

These transition metal–NHC complexes have a prominent place in many fields of chemistry such as 

organometallics, organocatalysis, pharmacology, and biochemistry. For instance, Pd-based NHC 

complexes constitute an important class of metal-NHC complexes due to a number of peculiar properties 

including biological activities (Dahm et al, 2015; Akkoç et al., 2017) and catalytic properties (Gök et 

al., 2018; Erdoğan et al., 2018). Their catalytic activities were examined in a wide variety of organic 

transformations including C-C cross-coupling reactions of Suzuki-Miyaura (Benhamou et al., 2014), 

Sonogashira (Bhojane et al., 2017), Hiyama (Osińska et al., 2016), Mizoroki–Heck (Lin et al., 2013), 

and Negishi (Cinderella et al., 2017). Also, Pd-catalyzed cross-coupling reactions are one of the 

techniques with a wide area of use for the synthesis of sensitive chemicals. (Aravinda et al., 2013). 

Although electron-rich phosphine ligands are effectively used in these reactions, it is generally not 

possible to synthesize them in a clear-cut process due to the need for high-cost features and sensitivity 

to air and moisture. On the other hand, as a commonly used variety of phosphine ligands, 

triphenylphosphine is cheap but it offers low activity in catalytic reactions (Valentine and Hillhouse, 

2003). However, PPh3 is a good candidate since it exhibits resistance to air, low cost, and commercial 

accessibility (Guram and Buchwald, 1994). Due to their above-mentioned superior performance and 

beneficial properties, NHCs become promising alternative ligands against phosphines (Zhong et al., 

2017; Erdemir et al., 2019). Furthermore, in recent years, the Pd-based mixed-ligand complexes from 

NHC and phosphine ligands were synthesized. Besides, their catalytic activities in the cross-coupling 

reactions were studied (Herrmann et al., 2003; Liao et al., 2009) and the catalytic activities in the 

Sonogashira reactions have also been published in the literature (Boubakri et al., 2017; Dehimat et al., 

2018).  

The palladium-based complexes with NHC ligands attract significant attention not only from an 

academic point of view but also for technological and medical purposes as candidate materials. 

Therefore, in the present article, we aim to describe the structural characterization of NHC and 

triphenylphosphine substituted mixed ligand palladium(II) complex. We used the single-crystal X-ray 

diffraction technique to analyze the molecular structure of the Pd-NHC complex. Another significant 

purpose of this paper is to present a detailed picture of the molecular geometry and HOMO–LUMO 

energies of the complex. Furthermore, the calculation results extracted by density functional theory 

(DFT) have been compared with the experimental findings regarding the molecular structure. We have 

also applied natural bond orbital (NBO) analysis to investigate the stability of the molecule emerging 

from charge delocalization and hyperconjugative interactions. 

MATERIALS AND METHODS 

X-ray Study 

The X-ray diffraction study of the title complex was collected using Rigaku-Oxford Xcalibur 

diffractometer with an Eos CCD area detector. CrysAlisPro program (CrysAlisPro, 2015) has also been 
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used to collect and reduce the data, as well as to handle the cell refinement. The structure was solved by 

the SHELXT (Sheldrick, 2015) and refined with the help of the SHELXL (Sheldrick, 2015) program. 

These calculations are carried out under the OLEX2 system (Dolomanov et al., 2009). To handle the 

geometric calculations, we have utilized the PLATON package (Spek, 2003; Spek, 2009). Table 1 

contains details of the crystallographic data and some parameters of refinement. 

Table 1. Crystal data and experimental details for the title compound 

Computational Procedure  

All calculations were done using Gaussian 09 program package (Frisch et al., 2010) and Gauss–

View6 molecular visualization (Dennington et al., 2016) using Becke’s three-parameter hybrid and Lee-

Yang-Parr correlation functional (B3LYP) (Lee et al., 1988; Becke, 1993). The molecular geometry of 

the complex was optimized at the GEN basis set. The GEN keyword provides user-specified basis sets 

which are different basis sets for different atoms in the same molecule in a Gaussian calculation. Hence, 

we used LANL2DZ for the Pd atom whereas, for C, N, P, Br, and H atoms, optimization and single-

point calculations were performed using 6-31G and 6-311G(d,p), respectively. NBO calculations were 

performed utilizing the NBO 6.0 program (Glendening et al., 2013) under the Gaussian 09W package. 

Using NBO analysis results, orbital decomposition analysis was also performed by means of the AOMix 

package program (Gorelsky et al., 2006). 

RESULTS AND DISCUSSION 

Structural Definition of Complex 

The molecular structure of the title complex is presented in Figure 1. The palladium atom is in an 

approximately square planar environment, coordinated by the carbon atom of NHC, the P atom of the 

triphenylphosphine group, and two bromine atoms in a cis configuration.  

As seen in Table 2, the bond angles surrounding the Pd atom of the compound are closer to 180˚ 

which is an expected value for a perfect square-planar coordination arrangement. The Pd atom lies 0.038 

(1) Å out of the coordination plane composed of atoms C1, P1, Br1, and Br2. The benzimidazole ring 

makes a dihedral angle of 76.45(10)° with the mean plane containing PdBr2CP.  

Formula C42H33Br2Cl2N4PPd 

Formula weight 961.81 

Temperature (K) 150.01(10) 

Crystal system; space group Triclinic; P-1 

a; b; c (Å) 9.1220(3); 14.6290(6); 16.0967(8) 

α; β; γ (o) 107.469(4); 102.564(3); 92.195(3) 

Cell volume (Å3) 1987.48(14) 

Z 2 

ρcalc (g/cm3) 1.607 

F(000) 956.0 

μ (mm-1) 2.688 

Crystal size (mm3) 0.286 × 0.203 × 0.073 

Radiation/Wavelength (Å) MoKα/0.71070 

Reflections collected 11257 

Data/restraints/parameters 6945/12/469 

Final R indeces [I≥2σ(I)] R1= 0.0484, wR2= 0.1120 

Final R indeces [all data] R1= 0.0629, wR2= 0.1203 

GOOF on F2 1.042 

Largest diff. Peak/hole (e Å-3) 1.21/-1.70 
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Figure 1. The molecular structure with the scheme of the atom labeling of the title compound. Thermal ellipsoids enclose 

40% of the electron density 

The bond angles and lengths in the benzimidazole ring are in usual values and they agree well with 

the reported Pd(II) complexes in the literature (Gökçe et al., 2006; Sarı et al.,2017; Aktaş et al., 2018; 

Bal et al., 2021). The two Pd–Br bond distances are almost the same as each other. These metal-ligand 

bond lengths are within the expected range compared to the values of known Pd(II) complexes (Özdemir 

et al., 2011). The Pd–C(carbene) bond length [1.995(5) Å] is slightly shorter than bond distances in the 

trans Pd(II) structures (Caló et al., 2000; Huynh et al., 2005; Özdemir et al., 2011; Sarı et al.,2017) 

indicating the presence of relatively strong bonded NHC ligands to the Pd atom in the cis form. As can 

be seen from the angles around the phosphorus atom (Table 2), the phosphorus atom presents distorted 

tetrahedral geometry. Likewise, the bond length of Pd–P falls in the range reported for related 

palladium(II) complexes (Asma et al., 2006; Aktaş et al., 2018; Aktaş et al., 2019). The two carbonitrile 

groups occupy meta positions on the benzene rings which have typical C≡N triple bonds with the 

C15≡N3 [C23≡N4] bond lengths of 1.091(12) Å [1.038(13) Å] and the C13–C15≡N3 [C21–C23≡N4] 

bond angles of 171.5(10)° [175.8(12)°].  

Regarding the crystal structure, C11 atom acts as a hydrogen bond donor to the N4 atom of an 

inversion-related molecule, producing an 𝑅2
2(28) hydrogen-bonded dimer through the C11–H11∙∙∙N4 

hydrogen bond. These dimer linkages are held together by intermolecular C18–H18∙∙∙Br2 hydrogen 

bonds and create one-dimensional chains through the [100] direction. Since each ring in the molecule is 

considered as a separate π system in PLATON analysis, π···π interaction analysis indicates that there 

are many π···π interactions in the crystal structure. If the distance between the centroids of the 

overlapping rings is less than 3.8 Å which corresponds to the maximum separation value for π···π 

interactions, a remarkable π···π interaction within the crystal structure can be mentioned (Janiak, 2000). 

Therefore, there exists a sole ring···ring interaction [Cg2∙∙∙Cg2iii=3.642(3) Å, inter-planar distance=-

3.381(2) Å, slippage=1.354 Å, α=0.0(3)o, symmetry code: (v) 1-x,1-y,-z. Cg2 is the centroid of the 

aromatic ring (C2–C7)] contributing to the stacking of the molecule. 

Furthermore, there are two intermolecular C–H∙ring interactions participating in the crystal 

structure stability. The molecules are also involved in a cyclic intramolecular C14–H14∙∙∙N2 hydrogen 

bond which generates S(5) ring motifs as a five-membered N2–C8–C9–C14–H14 (Bernstein et al., 

1995). The stacking of the molecules by dint of these hydrogen bonds and the intermolecular interactions 

is illustrated in Figure 2, and details are given in Table 3. 
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Table 2. Chosen bond lengths and angles for the present compound 
Geometric 

parameters 

Experimental 

(X-ray) 

Calculated 

B3LYP 

Geometric 

parameters 

Experimental 

(X-ray) 

Calculated 

B3LYP 

Bond lengths (Å) 

Pd1–Br1  2.4858(7) 2.5417 N1–C1 1.354(6) 1.3700 

Pd1–Br2  2.4637(7) 2.5348 N1–C2 1.403(7) 1.4094 

Pd1–P1  2.2815(14) 2.4302 N2–C1 1.348(7) 1.3743 

Pd1–C1 1.995(5) 2.0263 N2–C7 1.401(6) 1.4093 

P1–C24 1.818(6) 1.8868 N3–C15 1.091(12) 1.1748 

P1–C30 1.821(5) 1.8888 N4–C23 1.038(13) 1.1739 

P1–C36 1.830(5) 1.8929 C2–C3 1.386(7) 1.4071 

Bond angles (o) 

Br1–Pd1–Br2  90.28(2) 91.70 C30–P1–Pd1 109.37(19) 115.69 

Br1–Pd1–P1  175.52(4) 177.62 C30–P1–C36 104.0(3) 103.21 

P1–Pd1–Br2  90.09(4) 87.93 C36–P1–Pd1 118.08(18) 114.82 

Br1–Pd1–C1  87.89(14) 82.61 N2–C1–N1 107.1(4) 106.34 

Br2–Pd1–C1  177.05(15) 174.16 N1–C1–Pd1 127.0(4) 127.53 

C1–Pd1–P1  91.55(15) 97.80 N2–C1–Pd1 125.9(4) 125.67 

C24–P1–Pd1  113.87(19) 113.12 C25–C24–P1 118.1(4) 119.32 

C24–P1–C30  107.1(2) 106.42 C31–C30–P1 119.7(4) 119.21 

C24–P1–C36  103.5(3) 102.19 C37–C36–P1 118.3(4) 119.96 

Figure 2. A portion of the crystal structure of the title compound which shows the formation of cyclic R ring motifs (painted in 

turquoise) formed by intermolecular C–H⋯N hydrogen bonds, as well as the arrangement of these motifs connected via intermolecular C–

H⋯Br hydrogen bonds (the dotted red lines) along the a-axis. H atoms those not contribute to interactions are not displayed 

Molecular Geometry 

The starting geometry gathered from the X-ray structure study was utilized for the theoretical 

investigation of the structure, then the optimization of molecular geometry was performed via DFT using 

the B3LYP hybrid functional in the ground state (Figure 3a). Some optimized parameters are given in 

Table 2 and compared with the corresponding experimental values using two different methods. First of 

them, accounted for the comparison of theoretical and experimental values for geometric parameters is 

the root mean square error (RMSE) which was put forth by Palafox (Palafox, 2018). The RMSE values 

are obtained as 0.038 Å for bond length whereas they are found as 1.69o for bond angle. Secondly, the 

Table 3. Hydrogen bonds and other weak interactions for the title complex (Å, o) 

D – H ∙∙∙ A D – H H ∙∙∙ A D ∙∙∙ A D – H ∙∙∙ A 

C14–H14∙∙∙N2 0.93 2.53 2.885(8) 103 

C11–H11∙∙∙ N4i 0.93 2.52 3.349(15) 150 

C18–H18∙∙∙Br2ii 0.93 2.83 3.726(6) 162 

C6–H6∙∙∙Cg1iii 0.93 2.80 3.570(6) 141 

C26–H26∙∙∙Cg1iv 0.93 2.72 3.580(7) 153 

Symmetry codes:(i) -x,1-y,-z; (ii) 1+x,y,z; (iii) 1-x,1-y,-z; (iv) - 1-x,1-y,1-z. Cg1 denotes the centroid of the (C17–C22) ring 
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RMSE value resulting from the overlapping of molecular frameworks obtained by both X-ray 

determination and theoretical analysis is found to be 0.863 Å. Figure 3b shows that experimental and 

theoretical structures perfectly overlap with each other around the metal center. However, in the PPh3 

moiety, we can observe a remarkable discrepancy. Note that the reason for general deviation in results 

is that in the X-ray study we consider the inter- and intra-molecular forces in the solid state whereas 

those forces are neglected in the calculations. These results indicate that the geometry of the compound 

is neatly realized by the DFT/B3LYP calculation. 

 

 

 

 

 

 

Figure 3. (a) The optimized structures of the complex. (b) Atom–by–atom superimposition of the theoretical structure 

(blue) on the experimental structure (orange) for the compound 

Frontier Molecular Orbital Analysis 

HOMO and LUMO orbitals are major molecular orbitals of the molecule in which chemical 

reactions take place. The HOMO and LUMO energy characteristics are descriptive of the donor-acceptor 

characteristics of the molecule. According to the orbital energy calculations, we obtain E(gap)= 

E(LUMO)-E(HOMO) = (-2.398)-(-5.832) =3.434 eV which corresponds to a moderately lower energy 

gap indicating a more polarizable molecule (Abbas et al, 2016) and represents large efficient electrical 

activity. In this regard, our results yield; electronegativity (χ) 4.115 eV, chemical hardness(η) 1.717 eV, 

chemical potential (μ) -4.115 eV, electrophilicity index (ω) 4.931 eV.  

Estimation of the most reactive position in the π-electron distribution in conjugated systems can 

be done with the help of Frontier electron density. Figure 4 demonstrates HOMO and LUMO orbitals. 

As expected, HOMO is localized around Br atoms, but LUMO is spread around the Pd atom and its 

neighbor atoms. The decomposition of HOMO and LUMO from atomic orbitals is calculated as follows 

[37,38]. HOMO: 16.9%pX(Br1) + 16.1%pz(Br1) + 10.0%pz(Br1) + 9.8%px(Br1) + 7.5%py(Br2); 

LUMO: 13.0%d-1(Pd1) + 11.8% d+1(Pd1) + 9.5% d+2(Pd1). 

Figure 4. Molecular orbital surfaces and energy levels for the LUMO and HOMO of the title compound 
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To determine the contributions to the complex from the metal atom and neighbor groups, the 

complex is separated into four fragments, Pd (1), Br atoms (2), TPP group (3), and the remaining part 

(4). HOMO and LUMO decomposition of the frontier molecular orbitals of these fragments are: 

HOMO:56.4%(2L) + 14.8%(2H-1) + 9.4%(2H) and LUMO:14.5%(4H) + 12.4%(3H) + 12.1%(2L) + 

11.5%(1H-4). In this presentation, (1), (2), (3), and (4) denote the fragments, and the subscripts H, H-1, 

H-4, and L show HOFO, HOFO-1, HOFO-4, and LUFO of the corresponding fragment. Since these 

fragments are not molecules, just fragments, these frontier orbitals are called HOFO and LUFO (highest 

occupied and lowest unoccupied fragment orbitals, respectively). 

Atomic Charge Analysis 

Calculated atomic charges are of great importance for calculations in quantum mechanics. In this 

regard, the Mulliken Population Analysis (MPA) and Natural Population Analysis (NPA) with B3LYP 

based on 6-311G(d,p) give the following charge distributions of Pd and neighbor atoms to metal. 

Mulliken charges: Pd1 -0.34, Br1 -0.26, Br2 -0.28, C1 0.22, P1 0.89. Natural Population charges: Pd1 

0.40, Br1 -0.50, Br2 -0.54, C1 0.30, P1 1.0. In particular, the difference in the metal atom charge can be 

noticed. The main reason for this difference is that while MPA is sensitive to the basis set, NPA is not. 

In this manner, we can conclude that NPA charges are more reasonable. Due to NPA charges, the partial 

charges of metal and carbene are close to each other.  

NBO Analysis 

The NBO analysis is performed to study the charge transfer between the localized bonds and lone 

pairs. NBO analysis was performed to enlighten the charge transfer interaction in the bonds and lone 

pairs, for the complex at the B3LYP/6-311G(d,p) level. For the interaction energy, the off-diagonal NBO 

Fock matrix elements F(i,j) are given. We used the second-order perturbation method to perform this 

calculation (Foster and Weinhold, 1980; Glendening et al., 2013; Weinhold et al., 2016). The extra-

valence-shell Rydberg (RY∗) orbitals, valence anti-bonds (BD∗), and unoccupied valence nonbonding 

(LP∗) are covered by the non-Lewis set. With the occupancy of these NBOs (Meenatchi and 

Meenakshisundaram, 2015), it is possible to quantify the deficiency of the Lewis-type NBOs for the 

representation of the density matrix. The delocalization energy ΔEij can be computed using E(2)=ΔEij= 

qiF(i,j)2/(εj-εi); where E(2) stands for the hyperconjugation interaction, qi denotes the occupancy of the 

Lewis type orbital. εj and εi respectively correspond to the donating and accepting orbital energies (Foster 

and Weinhold, 1980; Weinhold et al., 2016). A remarkable contribution to stabilization energy of n → 

σ* (P1 → Pd1-Br2) 72.35 kcal/mol and n → π* (N1→ N2-C1) 70.80 kcal/mol are the largest values for 

lowering the perturbation energy. Besides, σ→σ* (Pd1-C8 → Pd1-Br2) with 34.74 kcal/mol is observed. 

In addition, some interactions contribute ~20 kcal/mol in phenyl groups containing conjugated electrons. 

CONCLUSION 

The crystal structure of the Pd(II) complex has been obtained by X-ray crystallography revealing 

that the complex is four-coordinated in a more or less distorted square-planar environment. To reinforce 

the structure of the solid-state, the molecular structure is clarified by the DFT/B3LYP with GEN basis 

set (LanL2DZ for Pd atom and 6.31G for the other atoms), and obtained geometric parameters are 

compared with the experimental observation. Most of the theoretical outcomes are consonant with the 

available experimental values. The computed HOMO–LUMO band gap presents a moderately lower 

energy gap and shows the chemical reactivity of the molecule. The molecule stability due to 

hyperconjugative interactions and charge delocalization have been executed benefiting from NBO 

analysis 
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