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COMBINED EXPERIMENTAL AND COMPUTATIONAL
APPROACH TO THE STRUCTURE OF A NEW NICKEL(I)
COMPLEX WITH TRIDENTATE SCHIFF BASE LIGAND

S. Thakurta'*, M. Maiti?, R. J. Butcher’,
J. Wang", and J. Leszczynski4

A combined experimental and theoretical study on a new complex [NiL(NCS)], derived from the Schiff
base ligand HL, (E)-2-methoxy-6-(((pyridin-2-ylmethyl)imino)methyl)phenol is described herein. X-ray
structure reveals that metal center of the complex has a square planar environment with a N3O donor set
from the ligand and terminal thiocyanate anion. In the solid state, n—n stacking interactions lead to a one-
dimensional arrangement with alternating short and long Ni...Ni distances. The different isomeric forms of
the ligand can provide alternative molecular structures for the nickel(II) complex. Density functional theory
calculations at B3LYP/6-311+G(d,p) level were performed to elucidate the structure and stability of the

possible isomeric forms of the complex.
DOI: 10.1134/50022476621060135
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INTRODUCTION

The chemistry of nickel complexes plays a significant role in bioinorganic chemistry providing biomimic models for
active sites of metalloenzymes such as carbon monoxide dehydrogenase, cytochrome-c3 hydrogenase, urease etc [1-3]. Such
complexes have been extensively studied in connection to catalytic redox reactions, catechol oxidase activity, and alkaline
phosphatase reactivity [4-6]. Synthesis of mononuclear Ni(II) complexes of Schiff base ligands are relevant since they can
function as efficient antimicrobial, antifungal and anticancer agents [7-9]. In this regard, monocondensed NOO or NNO
donor ligands react readily with nickel salts to form square planar nickel(I) complexes occupying three of their equatorial
coordination sites. The fourth coordination site of the square plane can be coordinated to several neutral or anionic ligands.
Pseudohalides, especially azide, thiocyanate and cyanate, act as suitable coligands utilizing their versatile coordination modes
[10]. These mononuclear complexes are considered as “metalloligand” which can coordinate to another metal ion through
oxygen atoms leading to phenoxo-bridged binuclear and trinuclear complexes.

The o-hydroxy aromatic imines a represent a leading group of ligands in coordination chemistry, producing very

stable complexes with fascinating physicochemical, biological, and pharmacological properties. The keto-amine/enolimine
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tautomerism appears in o-hydroxy Schiff bases due to the intramolecular proton transfer from the oxygen to the nitrogen
atom [11, 12]. Identification of the influence of isomerism on chemical and biological properties of molecules is a major task
in pharmacophore-based virtual screening and drug discovery programs. Recently, computational approaches, including
density functional theory (DFT) methods have been used for predicting electronic structures, geometrical parameters, and
spectral properties since they can reproduce efficiently the experimental structures and provide vital information. These
theoretical methods have gained considerable importance for understanding the tautomeric forms of DNA and RNA bases,
heterocycles and Schiff bases, both in solution and solid state [13-16].

Combined experimental study and DFT insight on isomeric forms of metal chelates has become an emerging field of
research [17-21]. However, such studies are still scarce for metal chelates as compared to the organic molecules, and this has
prompted us to undertake a research in this area. In continuation of our previous work [22], we investigate here the structural
aspects of a nickel(I) complex with particular emphasis on the stability of possible isomeric structures. Herein, we report the
synthesis of a new nickel(Il) complex [NiL(NCS)] (1) from (E)-2-methoxy-6-(((pyridin-2-ylmethyl)imino)methyl)phenol
(HL) and thiocyanate co-ligand (Scheme 1). The square-planar geometry around the central Ni(II) atom in complex 1 is
confirmed by spectroscopic characterization and X-ray crystal structure. Molecular geometries of all the possible structures of
ligand and complex are fully optimized using B3LYP/6-311+G(d,p) theoretical level, both in gas phase and methanol
solution, to evaluate their stability and the energy gap between the frontier molecular orbitals.
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Scheme 1. Synthesis of the ligand and the complex.

EXPERIMENTAL

Materials. All the chemicals and solvents employed for the syntheses were of analytical grade. 2-Picolylamine (or
2-aminomethylpyridine) and o-vanillin were purchased from Aldrich Chemical Company. Nickel(I) perchlorate hexahydrate
was prepared by treating an aqueous suspension of nickel carbonate with 80% perchloric acid (E. Merck, India). It was then
filtered through a fine glass-frit and preserved in a CaCl, desiccator.

Caution! Perchorate salts are potentially explosive and should be handled with much care and in small amount,
though no problem was encountered.

Physical measurements. The FTIR spectra of the ligand and the complex were recorded on a PerkinElmer RX I
FTIR spectrometer with KBr pellets in the range 4000-400 cm™'. The electronic spectrum of the complex in HPLC grade
acetonitrile was recorded at 300 K on a PerkinElmer LAMBDA 40 UV-Vis spectrophotometer in a 1 cm quartz cuvette in the
range 200-800 nm. C, H, and N microanalyses were carried out with a PerkinElmer 2400 II elemental analyzer.

Synthesis of [NiL(NCS)] (1). HL was prepared following a reported method [23]. A methanolic solution of HL
(0.291 g, 1 mmol) was added dropwise to a clear solution of Ni(ClO4),-6H,O (0.366 g, 1 mmol) in 25 mL methanol and
immediately an intense brown color developed. The solution was heated to boiling followed by the addition of sodium

thiocyanate (0.081 g, 1 mmol) in a minimum volume of methanol. The solution, on being concentrated in the open
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TABLE 1. Crystallographic Data and Refinement Details for 1

Empirical formula
Formula weight
Crystal system
Space group
a, b, c, A
a, B, v, deg
v, A®
z
Deate, mg/m3
W, mm”'
F(000)

0 range, deg

Data total / unique / observed (/ > 20(/))

R,/ wRy, (I>20(]))
GOOF
Rint
APrmax ! APmin, e/A°

C5H13N;3NiO,S
358.05
Triclinic
P-1
6.8512(8), 10.9284(11), 20.171(2)
94.847(7), 96.660(7), 102.942(7)
1452.4(3)
4
1.637
1.489
736
1.023-26.370
18907 /5921 /3418
0.1474/0.3244
1.228
0.0837
1.539, -1.360

atmosphere, yielded brown rectangular plate-shaped single crystals after 5 days. Anal. caled (%) for C;sH;3N3NiO,S (FW:
358.05 g/mol) C 50.32, H 3.66, N 11.74. Found (%): C 50.28, H 3.71, N 11.58.

Crystal structure determination. Intensity data of 1 were collected at 133(2) K using MoK, radiation
(L=0.71069 A with a Bruker APEX-II CCD diffractometer. Cell refinement and data reduction were performed with the
Bruker SAINT program [24]. The data set was collected using the ® scan mode over the 26 range up to 53°. The structure
was solved by direct methods using the SHELXS-97 program [25] and refined by full-matrix least-squares methods with
SHELXL-2018/3 programs [26]. The non-hydrogen atoms were refined with anisotropic factors. All hydrogen atoms were
positioned geometrically and treated as riding on the bound atom. Selected crystallographic data and structural refinements
for the complex are summarized in Table 1. CCDC 2013418 contains the crystallographic data for complex 1. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223 336 033; or E-mail: deposit@ccdc.cam.ac.uk.

Computational methods. The density functional theory (DFT) with Becke's three parameter (B3) [27] exchange
functional, along with the Lee—Yang—Parr (LYP) [28, 29] nonlocal correlation functional (B3LYP), was applied in this
investigation. The basis set used was the standard valence triple zeta basis set, augmented by diffuse functions, d-type
polarization functions for heavy elements, and p-type polarization functions for H, noted as 6-311+G(d,p) [30]. The
molecular geometries of the studied species have been fully optimized by analytical gradient techniques. In the analysis of
harmonic vibrational frequencies, the force constants were determined analytically for all the considered species. The
stationary structures were confirmed by harmonic frequencies being all positive. The polarizable continuum model (PCM)
self-consistent reaction field of Tomasi and co-workers [31] was employed to evaluate the solvent effects (with a dielectric
constant of 32.613 to mimic the solvent methanol) at the same calculation level. The Gaussian-16 A03 package of programs

[32] was used for all the computations.
RESULTS AND DISCUSSION

The crystal structure of the Schiff base ligand has been previously established, which shows the molecule to exist in
the enol-imine form rather than in the keto-amine form in the solid state [23]. Interestingly, we find that another structural

isomer of the ligand, denoted as HL® is also possible (Scheme 2). All these isomeric forms of the ligand can provide
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alternative molecular structures for the nickel(Il) complex described here. Therefore, it was of importance to perform

a comparative theoretical study on the stability of different isomeric forms of this metal complex.

CH%N/Csz@ CHz\N4CH | N
OH N2 OH NP2
OCH, OCH,4
HL Enol forms HLb
CH\N CHZ\‘(j
H
o N
OCH,4 HLA
Keto form

Scheme 2. Different isomeric forms of the ligand.

IR and UV-Vis spectra. In the IR spectra of the ligand the characteristic azomethine absorption band is obtained at
1640 cm™' but for the complex this band is observed at 1611 cm™". The shift of this band upon complexation towards lower
wavenumbers is due to the coordination of the imine nitrogen atom to the metal ion [33]. The lowering of the phenolic C—-O
stretching frequency to 1225 cm™ in the spectrum of the complex provides evidence for coordination to the metal ion through
the deprotonated phenolic oxygen atom. New bands at 452 cm™ and 377 cm™' are observed only in the spectra of the
complex, which can be attributed to v(Ni-N) and v(Ni-O), respectively [34]. The sharp single peak at 2084 cm™' corresponds
to the N-bonded thiocyanate as the terminal ligand [35].

The electronic spectrum of complex 1 in the HPLC grade acetonitrile solvent shows a low-intensity broad band
around 550 nm, which is a typical d—d band for Ni(Il) in the square-planar environment with a diamagnetic nature [36]. The
intense band at 380 nm region can be attributed to a ligand—metal charge transfer transition (LMCT) [37]. The bands in the
region 245-290 nm are due to the n—n* electronic transition within the ligand.

Crystal structure of [Ni(L)NCS] (1). The perspective view of complex 1 with the atom labeling scheme is shown

in Fig. 1 and selected bond lengths and angles are summarized in Table 2. The crystal structure has two independent

Fig. 1. ORTEP view of complex 1 (A and B) with the atom labelling scheme. Thermal ellipsoids are drawn at
the 40% probability level. Dashed lines represent hydrogen bonds.
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TABLE 2. Selected Bond Distances (A) and Angles (deg) for 1

Bond lengths Bond angles

Nil-N1A 1.835(12) NI1A-Nil-O1A 94.8(5)

Nil-O1A 1.842(10) NIA-Nil-N2A 85.3(5)
Nil-N2A 1.881(12) O1A-Nil-N2A 178.7(5)
Nil-N1 1.890(13) N1A-Nil-NI 176.6(6)

Ni2-O1B 1.832(12) O1B—Ni2-N2 87.4(6)
Ni2-N1B 1.865(14) N1B-Ni2-N2 175.0(7)

Ni2-N2B 1.890(14) N2B-Ni2-N2 93.2(6)
Ni2-N2 1.898(15) O1B-Ni2-N2B 178.1(6)
CI1-N1-Nil 163.7(13)
C2-N2-Ni2 159.1(17)

molecules (A and B) in the asymmetric unit, with similar geometrical features. During complexation, yhe enol form of the
Schiff base ligand (L") coordinates central Ni(I) (Nil or Ni2) using the NNO donor set. A terminal thiocyanato ligand
completes the coordination around the nickel(Il) center giving rise to a square planar geometry. Slight distortion in the square
plane is manifested in the deviations of the trans angles from the ideal value of 180° (Table 2). The dihedral angle between
Nimine/Ni/Npy and O/Ni/Ny,, planes is 3.62° for A and 4.94° for B as compared with 0° for a perfect square-planar geometry,
which indicates a minor “twist” in the square towards the tetrahedral arrangement. The deviations of the central nickel and
other concerned atoms from the mean N3O plane are statistically insignificant (within 0.038 A for A and within 0.052 A for
B). The terminal thiocyanate ligand is almost linear and shows a bent coordination mode with metal. The five-membered and
six-membered rings formed by HL at the nickel(II) center lie almost in the same plane (intraplanar angle: 3.07° for A and
3.4° for B), with chelate bite angles of =85° and =95° respectively [38]. The Ni-N(Py) bond length in the present complex is
longer than the Ni-N(azomethine) bonds, comparing well with those observed for other four-coordinate nickel(II) complexes
of related ligands [39]. This variation in bond lengths despite of presence of sp* N atoms as donors can be attributed to
considerable m-back donation ability of the azo function. The Ni—N(thiocyanato) bond length agrees with the reported
literature values for similar complexes [40].

The two crystallographically independent molecules form a dimeric unit through C-H---O intermolecular hydrogen
bonding via the uncoordinated —OCHj; side arms of the ligands (Fig. 1). The hydrogen bonding parameters are listed in
Table 3. In the solid state, m—n stacking interactions involving the pyridine and phenolic rings of the neighbouring molecules
give rise to a one-dimensional supramolecular substructure (Fig. 2). In the case of molecule A, two types of stacks with
alternating short and long interplanar distances are observed with Ni---Ni distances 3.554(4) A and 4.870(4) A, respectively
and the corresponding centroid-to-centroid ring distances are 3.510(8) A and 3.781(8) A, respectively. For molecule B, the
inter-unit Ni---Ni distances are similar (3.638(5) A and 3.654(5) A) and the centroid-to-centroid ring distances (3.831(11) A
and 3.527(11) A) are as expected for stacks [41].

TABLE 3. Hydrogen Bonds for 1: Distances (A) and Angles (deg)

D-H...A d(D-H) d(H...A) dD...4) Z(DHA)
C3A-H3AA...O2B 0.98 2.48 3.23(2) 133.0
C3A-H3AC...S2 0.98 2.97 3.610(17) 124 .4
C14A-H14A...N1 0.95 2.42 2.921(19) 113.0
C3B-H3BA...02A 0.98 2.48 3.26(2) 136.6
C13B-HI3B...S2" 0.95 2.96 3.74(2) 139.2
C14B-H14B...N2 0.95 2.38 2.90(2) 114.0

Symmetry transformations used to generate equivalent atoms: *' —x+1, —y—1, —z+1.
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Fig. 2. Unit cell packing diagram of 1 showing one-dimensional arrangements via m—m
stacking.

Theoretical calculations. The three possible isomeric forms for the Schiff base ligand (including enol-imine forms:
HL and HL®, and keto-amine form: HL?) were fully optimized at the B3LYP/6-311+G(d.p) level in both gas phase and
methanol solution (PCM model) (as shown in Fig. 3). Our calculation results suggest that the enol form HL is most stable in
both gas phase and methanol solvent. In the gas phase, HL is 3.5 kcal/mol and 5.6 kcal/mol more stable than HL* and HL",
respectively. In the methanol solvent, HL is 5.1 kcal/mol more stable than HL® and slightly (0.3 kcal/mol) more stable than
HL". All the energies discussed here are zero-point corrected.

For the ligand-nickel compounds, two structures were explored by a computational study (Fig. 4). The HL-Ni complex

is the compound corresponding to the HL ligand and it assumes a planar structure. The C1C203Ni4 dihedral angle is 180°

SR
L gz

Fig. 3. Optimized structures of the ligands at the B3LYP/6-311+G(dp) level (PCM model,
solvent = methanol).

HL-Ni HLY>-Ni

Fig. 4. Optimized structures of the ligand-nickel(II) compounds at the B3LYP/6-
311+G(d,p) level (PCM model, solvent = methanol).
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HOMO LUMO

Fig. 5. Frontier molecular orbitals in the ligands and the complexes with B3LYP/6-
311+G(d,p) optimized geometries.

in both gas phase and methanol solvent. The HL"-Ni complex that corresponds to the HL® ligand adopts a non-planar
structure. Its C1C203Ni4 dihedral angle of atoms is predicted to be 133° and 136° in gas phase and methanol solvent,
respectively. Moreover, the HL-Ni complex with the enol form ligand is more stable than its isomeric HL*~Ni complex by
15.9 kcal/mol and 13.3 kcal/mol, in gas phase and methanol solution, respectively. Hence, HL—Ni is the favoured form of the
Schiff base ligand binding the nickel(Il) complex, which also agrees well with the experimentally determined
crystallographic structure.

The frontier orbital gap helps to characterize the chemical reactivity and kinetic stability of the molecules. The
HOMO, LUMO, and HOMO-LUMO gap energies for the optimized forms of the ligand and the complex are calculated at
the B3LYP/6-311+(d,p) level. The HOMO-LUMO gap was calculated to be 4.23 eV and 4.33 eV for HL ligand in gas phase
and solvent, respectively. However, the HOMO-LUMO gaps for HL-Ni are significantly altered after complexation. The
calculated values amount to 2.89 eV in gas phase and 3.59 eV in solvent.

It can be seen from the plot of HOMO and LUMO in Fig. 5 that the electrons reside around the methoxy phenol ring
for both HOMO and LUMO of the Schiff base ligands HL. The HOMO of the nickel-ligand complexes (HL—Ni) is similar to
that of the ligands with electrons occupying the methoxy phenol ring. However, it is noted that the electrons shifted to the
pyridine rings at the LUMO of the complex. This provides an evidence of the electron transfer upon the complexation of
nickel(II).

CONCLUSIONS

The Schiff base ligand may exist in two enol-imine forms (HL and HL®) and one keto-amine form (HL?). The enol
form HL is most stable in both gas phase and methanol solvent, The HL ligand containing the NNO donor set was
successfully coordinated to nickel(Il). The corresponding crystallographic data show that the chelate [Ni(L)NCS] has

a square planar coordination structure and this is supported through the theoretical calculations.
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