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Two new square planar Ni(II) complexes, [Ni(L')SCN] (1) and [Ni(L?)SCN] (2) are synthesized
from pyridoxal-based Schiff base ligands and structurally characterized. DFT calculations are also
done to establish their optimized electronic structures.

Two new complexes based on a Schiff base derived from pyridoxal N,N-dimethylethylenediamine
(HL") and N,N-diethylethylenediamine (HL?), [Ni(L')SCN] (1) and [Ni(L?>)SCN] (2), have been
synthesized and structurally characterized by single-crystal X-ray diffraction along with other physi-
cal techniques, including elemental analyses, IR spectra, cyclic voltammetry, UV—vis, and lumines-
cence studies. X-ray studies suggest that in both the complexes nickel lies in a slightly distorted
square planar environment occupied by the tridentate ONN ligand and an isothiocyanate moiety.
Density functional theory computations have been carried out to characterize the complexes.
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1. Introduction

The biologically active form of vitamin Bg, pyridoxal-5-phosphate (PLP), is a versatile
enzyme cofactor responsible for amino acid metabolism in all organisms from bacteria to
human [1-3]. From a mechanistic standpoint, a PLP mediated transamination most likely
begins with the formation of a Schiff base at the N-terminus [1, 4]. Hence, the study of
metal complexes derived from pyridoxal Schiff bases will be important for understanding
of the mechanism of action of pyridoxal in vivo, and also for developing new bioactive
compounds [5, 6]. In our previous work, we characterized a copper(Il)-pyridoxal complex
and studied its fluorescence behavior, which showed that the fluorescence intensity of the
pyridoxal ligand was efficiently and selectively quenched by Cu(Il) [7].

Mononuclear Ni(Il) complexes play an important role in modeling metallo-protein sites
[8]. Bio-inspired nickel coordination chemistry has flourished and the resulting synthetic
models for the active sites of nickel-containing enzymes have been reviewed [9]. Nickel is
present in the environment originating from natural and anthropogenic sources and also
important in modern industry [9]. Nickel may also be a serious enemy in human organism
and a threat to oxidative stress [10] and the effect of nickel on human health is pronounced.
Knowledge of Ni(Il) chemistry towards biologically relevant ligands is crucial. The scarcity
of well-characterized materials in the field of pyridoxal-based Schiff bases prompted us to
continue research in this direction with Ni(II). The projected ligand can promote binding to
a single metal center in a tridentate fashion, thereby making room for another monodentate
ligand. This article reports on the syntheses, structural and spectroscopic characterizations,
and electrochemical properties of two mononuclear Ni(I) complexes, [Ni(L')SCN] (1) and
[Ni(L?)SCN] (2). A theoretical investigation utilizing density functional theory (DFT)
allows rationalization of experimental findings.

2. Experimental

2.1. Materials and equipment

All reagents were purchased from Sigma—Aldrich and used as received. Solvents were of
analytical grade and used without purification. Elemental (C, H, and N) analyses were per-
formed on a Perkin-Elmer 2400 II analyzer. IR spectra were recorded from 400 to
4000 cm™" on a Bruker-Optics Alpha-T spectrophotometer with samples as KBr disks.
Electronic spectra were obtained by using a Hitachi U-3501 spectrophotometer. The lumi-
nescence was measured using a LS-55 Perkin-Elmer fluorescence spectrophotometer at
room temperature (298 K) in a 1 cm path length quartz cell. Cyclic voltammetric (CV) mea-
surements were done using a BASi Epsilon-EC electrochemical analyzer. The concentration
of the supporting electrolyte, tetrabutylammonium perchlorate, was 0.1 M, while that of the
complex was 1 mM. CV measurements were carried out in DMF solution at 295 K with a
glassy carbon disk working electrode and the scan rate was 50-400 mVs ™.

2.2. DFT calculations

The Gaussian 09 software suite was used for all computational modeling [11]. Optimized
geometries for 1 and 2 were determined with a DFT method, B3LYP/3-21G(d).
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2.3. Syntheses

2.3.1. Synthesis of HL' and HL? HL' [((2-(dimethylamino)ethylimino)methyl)-5-
(hydroxymethyl)-2-methylpyridin-3-ol] and HL? [((2-(diethylamino)ethylimino)methyl)-5-
(hydroxymethyl)-2-methylpyridin-3-ol] were synthesized following a common procedure.
Details of the synthesis for HL' are given below.

Pyridoxal hydrochloride (0.406 g, 2 mM) was dissolved in absolute methanol (15 mL) in
the presence of KOH (0.112 g, 2 mM) under stirring. After 1h of stirring, the separated
white solid (KCl) was filtered and the obtained clear solution was added to a solution of N,
N-dimethylethylenediamine (0.176 g, 2mM) (for HL') and of N,N-diethylethylenediamine
(0.232 g, 2mM) (for HL?) in methanol (15 mL) under stirring, and the resulting reaction
mixture was refluxed for 4h. The volume of solvent was reduced to ca. 10 mL and the
in situ formed yellow—orange ligand was used as such for further reaction. '"H NMR CDCl;:
5 8.90 (s, 1H), 7.74 (s, 1H), 4.72 (s, 1H), 3.78 (t, 2H), 3.42 (s, 1H), 2.69 (t, 2H), 2.46 (s,
3H), 2.30 (s, 6H).

HL?* 'H NMR CDCls: & 8.87(s, 1H), 7.72 (s, 1H), 4.71 (s, 1H), 3.73 (t, 2H), 3.39 (s,
1H), 2.78 (t, 2H), 2.60 (q, 4H), 2.45 (s, 3H), 1.02 (t, 6H).

2.3.2. Synthesis of [Ni(L'")SCN] (1). To the methanolic solution of 2mM (0.474 g) of
HL', a methanolic solution of 2 mM NiCl,-6H,O (0.475 g) was added dropwise and stirred
for 5min. Then to the resulting green solution, a methanolic solution of 2 mM NH4SCN
(0.152 g) was added. The color of the solution changed from green to red. This resulting
solution was stirred for 6 h and then filtered to remove any suspended particles. The clear
filtrate was kept undisturbed by standing. The dark red well-formed block shaped single
crystals, suitable for X-ray diffraction obtained in 73% yield based on Ni after several
weeks, was washed with ether. Anal. Calcd (%) for C;3H;sN4NiO,S (353.07): C, 44.20; H,
5.14; N, 15.87. Found: C, 43.78; H, 5.09; N, 14.31.

2.3.3. Synthesis of [Ni(L?)SCN] (2). The preparation was carried out with a method simi-
lar to that for 1. The dark red well-formed needle shaped single crystals, suitable for X-ray
diffraction obtained in 62% yield based on Ni after several weeks, was washed with ether.
Anal. Calcd (%) for Ci5sHpN4NiO,S (381.13): C, 47.27; H, 5.84; N, 14.70. Found: C,
46.89; H, 5.72; N, 14.08.

2.4. X-ray crystallography

Single crystals of [Ni(L')SCN] and [Ni(L*)SCN] were grown by slow evaporation of meth-
anol solutions at 298 K. Diffraction data were collected on a Nonius APEX-II diffractometer
with a CCD-area detector at 293 K using graphite-monochromated Mo Ka radiation
(k=0.71073 A). Crystal structure was determined by direct methods and subsequent Fourier
and difference Fourier syntheses, followed by full-matrix least-squares refinements on F~
using SHELXL.-97 and SHELXL-2013 [12]. Absorption correction was done by SADABS.
Hydrogens were located and refined freely. Hydrogens were refined isotropically, while the
non-hydrogen atoms were refined anisotropically.
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3. Results and discussion

3.1. Syntheses and characterization

The interaction of a methanolic solution of NiCl,-6H,O with HL'/HL? in the presence of
NH4SCN afforded dark red crystals of 1 and 2, respectively (scheme 1). The isolated com-
plexes were characterized by IR and UV—vis spectroscopy, CV, and by single-crystal X-ray
crystallography. Both complexes are air stable.

/O
/ \ R
HO . + H,N N<
OH R
/
N
HC1 MeOH
KOH
1 hr. stir, N KCl1
4 hr. reflux
Y
/ \ /R
R
HO \
| OH
/
N
NiCl, 6H,0
NH,4SCN
MeOH, 6 hr. stir
N/R
/
/N\Ni Where, R = CH;
TNCS for HL'
HO (0} R=CH2CH3 for
| AN HL?
/
N

Scheme 1. Schematic illustration of preparation of ligands and their Ni(II) complexes.
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3.2. Characterization

3.2.1. UV-vis spectra. The electronic absorption spectra of both 1 and 2, recorded in UV-
grade DMF, are shown in figure S1 (see online supplemental material at http://dx.doi.org/
10.1080/00958972.2014.890190). The absorption bands at 416 and 388 nm are assigned to
the 1A]g_>18]g transition for a square planar Ni(II) species. The absorptions at 844 and
874 nm can be assigned to the lAlgﬁlAzg transition. The electronic spectra in the solid
state (figure S2) taken in Nujol mull reveals the presence of two distinct bands at 466 and
796 nm (for 1) and 410 and 811 nm (for 2), which are in accord with the spectral data
obtained for the solution phase [13].

3.2.2. Infrared spectra. IR spectra of 1 and 2 (figure S3) display a very strong absorption
around 2043 and 2117 cm™ ", respectively, due to v,(C=N) of the coordinated isothiocyanate
[14-18]. The preference of the divalent first-row transition metal ions to coordinate to the
thiocyanate N instead of S is well documented and usually explained in terms of their hard
(N) and soft (S) character [19]. Complexes 1 and 2 also display a broad band of medium
intensity at 3222 and 3355 cm ™', respectively, attributed to the —OH stretching vibration of
the ~CH,OH of the pyridoxal part of the ligand. A moderately sharp band around 1617 cm™"
for both the complexes is assigned as stretching vibration of the azomethine (C=N).

3.2.3. "H NMR spectra. HL' and HL? were characterized by '"H NMR spectra and the data
are given in the experimental section (figure S4). The azomethine protons in HL' and HL?
are sharp singlets at 8.90 and 8.87 ppm, respectively. A sharp singlet at 7.75 and 7.72 ppm
for HL' and HL? respectively, is assigned as the proton ortho to nitrogen of the pyridine
ring. Another sharp singlet at 4.72 and 4.71 ppm for HL' and HL?, respectively, is assigned
as the proton attached to carbon of the —.CH,OH moiety. A triplet at 3.78 and 3.73 ppm for
HL' and HL? respectively, is assigned to the two protons attached to the carbon which is
further attached to the azomethine nitrogen. Another sharp singlet at 3.42 and 3.39 ppm for
HL' and HL?, respectively, is assigned as the proton attached to oxygen of —CH,OH.
Another triplet at 2.69 and 2.70 ppm for HL' and HL?, respectively, is assigned as the two
protons attached to carbon near the tertiary nitrogen of amine. A strong sharp singlet at
2.45 ppm is due to the three protons of —CHj attached to the ortho position with respect to
nitrogen of pyridine. For HL', we observed a sharp singlet at 2.30 ppm for two methyl
hydrogens of the end nitrogen of amine, whereas for HL?, one quartet at 2.60 ppm and one
singlet at 1.02 ppm clearly indicate the presence of -CH,CHj attached to the tertiary nitro-
gen of the amine for both cases. Peaks for the phenolic proton are absent probably due to
rapid exchange of deuterium of CDCl;.

3.3. Description of crystal structures

Compound 1 crystallizes in the monoclinic space group C2/c. The relevant crystal data and
structural refinement parameters are presented in table 1. The asymmetric unit contains one
crystallographically independent Ni(Il), one HL', and one thiocyanate. As depicted in
figure 1, Nil is surrounded by a N3O ligand environment to give a slightly distorted square
planar geometry. The coordination sites are occupied by phenoxo O2, imine N2, and amine
N1 of the Schiff base and the remaining position contains an isothiocyanate (N4). The
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Table 1. Summary of crystal data, data collection, structure, and refinement
details for 1 and 2.

Parameters 1 2

Empirical formula C3H gN4NiO,S C;5H,,N4NiO,S
Mr 353.07 381.13
Temp/K 296(2) 296(2)
Crystal system Monoclinic Triclinic
Space group C2/c P-1

alA 14.5525(4) 6.8146(13)
b/A 10.9871(3) 8.7463(18)
c/A 17.9459(5) 14.996(3)
a/° 90 100.638(10)
pIr° 92.667(10) 100.735(10)
y/° 90 101.430(6)
VA3 2866.26(14) 837.7(3)

VA 8 2

Dcaea/g cm™ 1.557 1.515
wmm™! 1.506 1.297
Reflections collected 17925 7100
Independent reflections 2446 2667

Rine 0.023 0.021

R, [I>20(D]* 0.0612 0.0633

WRy [I>20(])] 0.1803 0.2167
Goodness of fit on 2 1.064 1.108

Ry = Z(|Fol = |FIVZIFol; wRy=[Ew(Fo” = FY/ZwFy’y1".

deviations of the basal N1, N2, 02, and N4 from the least-square mean plane are —0.007,
—0.002, —0.007, and 0.002 A, respectively. Nil is displaced 0.010 A above the mean plane.
The Nil-02 bond length is 1.835 A, whereas the Ni-N bond lengths are 1.9 A [table 2(a)]
(Nil-N1=1.953 A, Nil-N2=1.848 A, Nil-N4 =1.897 A, falling within the normal range)
[20-25]. Yang ef al. defined a four-coordinate geometry index, 74, to quantitatively ascertain
the geometry of a four-coordinate complex [26]. They proposed a very simple geometry
index, 74,=[360° — (a + f)])/141°. It is the sum of angles a and f—the two largest angles in
the four-coordinate species, subtracted from 360°, all divided by 141°. The values of 7,4 will

Figure 1. ORTEP representation of 1.
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Table 2. (a). Selected bond dis-
tances (A) and angles (°) for 1.

Bond lengths

Nil-02 1.835(3)
Nil-N1 1.953(4)
Nil-N2 1.848(4)
Nil-N4 1.897(5)
Bond angles

02-Nil-NI 178.60(16)
02-Nil-N2 94.27(16)
02-Nil-N4 89.95(18)
NI1-Nil-N2 86.70(18)
N1-Nil-N4 89.1(2)
N2-Nil-N4 175.7(2)

Table 2. (b). Selected bond dis-
tances (A) and angles (°) for 2.

Bond lengths

Nil-Ol 1.848(3)
Nil-N2 1.844(4)
Nil-N3 1.998(4)
Nil-N4 1.885(5)
Bond angles

O1-Nil-N2 93.69(17)
O1-Nil-N3 178.55(18)
O1-Nil-N4 86.42(17)
N2-Nil-N3 86.49(19)
N2-Nil-N4 179.72)
N3-Nil-N4 93.40(19)

range from 1.00 for a perfect tetrahedral geometry, since 360 —2(109.5)= 141, to zero for a
perfect square planar geometry, since 360 —2(180)=0. Intermediate structures, including
trigonal pyramidal and seesaw, fall within the range of 0—1.00. Complex 1 has a 74 value of
0.04 (a=Z£02-Nil-N1=178.60(16)° and pS=/4N2-Nil-N4=175.7(2)°) supporting an

Figure 2(a). Hydrogen bonded dimeric entity showing the separation between the mean planes in 1.
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Figure 2(b).
interaction.

Offset parallel fashion of dinuclear units of 1, stacked by adjacent H-bonds and weak van der Waal’s

Figure 2(c).

Stacking of dinuclear unit in slightly offset parallel fashion in 1.
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Figure 2(d). 3-D supramolecular framework having corrugated sheet-like pattern of 1.

assignment of slightly distorted square planar geometry around nickel. The almost linear
conformation of the isothiocyanate shows a N-C-S angle of 176.17°. A large bending is
observed at N4 with a Nil-N4—C13 angle of 124.05° [27-30]. A very weak intramolecular

Figure 3. ORTEP representation of 2.
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Figure 4(a). Hydrogen bonded dimeric entity showing the separation between the mean planes in 2.

Figure 4(b). Column-like stacking of dimeric unit generating a 3-D supramolecular architecture in 2.

sulfur-oxygen interaction is observed in the crystal packing with a S1---O2 distance of
3.212A.

The uncoordinated pyridine and oxygen of the —CH,OH group actively participate in
hydrogen bonding interaction (O1-H1---N3=2.868(6) A), leading to a hydrogen bonded
pseudo-dimeric entity [figure 2(a)] with a Ni---Ni distance of 12.183 A and mean plane
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separation of 2.770 A. The adjacent H-bonded dinuclear units stack in a slightly offset
parallel fashion through weak van der Waal’s interaction [figure 2(b)]. There is another such
parallel form oriented slightly tilted from the previous one [figure 2(c)]. Therefore, the
overall packing diagram exhibits a 3-D supramolecular framework having a corrugated
sheet-like pattern [figure 2(d)].

The single-crystal analysis reveals that 2 crystallizes in triclinic space group P-/. The
relevant crystal data and structural refinement parameters are presented in table 1. The
local coordination geometry around Ni*" is depicted in figure 3. Nil coordinates to
one phenoxo oxygen (O1l), one imine nitrogen (N2), and an amine nitrogen (N3) from
the ligand, whereas the fourth position is occupied by the isothiocyanate (N4), resulting
in a slightly distorted square planar structure. The deviations of the basal coordinating
atoms N2, N3, Ol, and N4 from the least-square mean plane through them are 0.007,
—0.012, 0.013, and 0.006 A, respectively. Nil is displaced 0.012 A above the mean plane.
The value of the 74 index is 0.013 for 2. The Ni-O bond length is 1.848 A and the
Ni-N lengths are 1.844 and 1.998 A, which are similar to the values found in other
Ni(Il) complexes [table 2(b)] [20-25]. The isothiocyanate is practically linear with a
N-C-S angle of 177.86°. Unlike 1, here the departure from the strict linearity of the
/Nil-N4-C15 fragment is small (167.78°).

Hydrogen bonding also plays an essential role in generating the dimeric entity through
O-H:--O interactions (02-H2---O1=2.917 A) involving the phenoxo oxygen and the —
CH,OH group. The Ni---Ni distance in the dimer is 6.704 A, whereas the mean plane sepa-
ration is 2.866 A [figure 4(a)]. These dimeric units are further stacked in segregated col-
umns by weak van der Waal’s interaction generating a 3-D supramolecular architecture
[figure 4(b)].

1 and 2 are comparable with other reported Ni(Il) complexes of various Schiff base
ligands with a N,O environment [31].

3.4. Electrochemical measurements

The electrochemical properties of the complexes were studied by CV in DMF at 295K
using a glassy carbon disk working electrode (figure 5). The cyclic voltammogram of 1 dis-
plays an electrochemically irreversible reduction at £, =—1.72 V and a facile oxidation at
Ei»=—0.618V attributable to the Ni"/Ni' and Ni"/Ni"" couples, respectively. Complex 2
exhibits irreversible reduction at £y, =—1.59 V and oxidation at £,,= +0.52 V, which may
be assigned to Ni'/Ni' and Ni'"/Ni'"! couples, respectively. The E;, values remain almost
the same on variation of the scan rate (50400 mVs™') [32].

3.5. Fluorescence spectra

The fluorescence spectra of HL' and HL? were obtained by excitation at 411 and 334 nm,
respectively, in methanol. In the absence of a metal ion, a strong emission was observed at
472 nm and 438 nm, respectively, which are assigned to the intraligand (z—z*) transitions.
On addition of Ni(II), the fluorescence intensity of HL' was diminished to some extent but
no red shift was observed with respect to the emission peak of the ligand. For HL?, the
emission intensity remained unchanged on addition of Ni(Il) (figure S5) [33].
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(a) Scan Rate mVs™'

Complex 1 in DMF 50
— 100
— 200
S5nA —— 400

-0.5 -1.0 -1.5 -2.0

(b) Scan Rate mVs™'
50

— 100

— 200
5uA —— 400

T T T T T T

T
1.0 0.5 0.0 05 1.0 15 -20
E/V

Figure 5. (a) Cyclic voltammogram of 1 and (b) cyclic voltammogram of 2 in DMF.

3.6. Theoretical investigations

The geometry optimization was performed for both complexes and the data of energy
minimization showed that 1 and 2 are stabilized by —75298.28 and —77415.45¢V,
respectively, indicating that they are stable and their electronic structures are similar (figure
S6). The forms of the HOMO and LUMO wave functions are given in figures 6 and 7. The
plot of the highest occupied molecular orbitals or HOMOs of 1 and 2 indicate that the
HOMOs are delocalized and reside mainly on the orbitals of Ni(Il), the isothiocyanate, and
partially on the pyridoxal unit of the Schiff base. The LUMOs are comparatively less
localized and spread over the orbitals of the entire pyridoxal fragment and Ni(I). The
HOMO-LUMO gap of 2.8717 and 2.8775 eV is consistent with the experimental observation
that 1 and 2 have very similar absorption and photoluminescence spectral output.
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Figure 6. Surface plots of (a) HOMO and (b) LUMO of 1.

(@) J

Figure 7. Surface plots of (a) HOMO and (b) LUMO of 2.

4. Conclusion

Two ONN donor pyridoxal derived Schiff base Ni(Il) complexes have been synthesized and
characterized in detail by X-ray crystallography, electrochemistry, and photo-physical
studies. Structural investigations reveal slightly distorted square planar geometry around
Ni(IT) with different angle of coordination of the isothiocyanate nitrogen to Ni(Il). These
compounds exhibit irreversible Ni'/Ni' reduction and Ni"/Ni'" oxidation couples in DMEF.
Single-point DFT calculations showed that the electronic structure of the complexes and
photo-physical output are very similar.
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Supplementary material

Figures S1-S6 show the UV/Vis, FT-IR, '"H NMR, emission spectra, and geometry opti-
mized structures of ligands and complexes. CCDC Nos. 950997-950998 (1 and 2) contain
the supplementary crystallographic data. These data can be obtained free of charge via the
Cambridge Crystallographic Data Center (e-mail: deposit@ccdc.cam.ac.uk; website: http://
www.ccdc.cam.ac.uk/deposit).
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