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static potential surface (Molecular Electrostatic Potential, MEP)

and Hirschfeld surface (HSA) and Fingerprint (FP) analysis to sup-
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1. Introduction

There is a huge number of reports on Schiff bases (S.Bs) and their transition metal
complexes including tetradentate S.Bs with ONNO type of ligands [1-5]. This is
because S.B metal complexes are becoming increasingly important as antimicrobial
agents and involved in the biochemical basis for the role of extensive effects of met-
als, e.g. zinc in cell division [6-12]. A motivating fact about S.Bs is that they can be
easily obtained under mild reaction conditions and in high percentage yield [12-20].
Also, they are successful models of biological systems and they have unique proper-
ties, e.g. the azomethine linkage which is responsible for medical actions: e.g. the
delivery of doxorubicin from biodegradable PEG hydrogels can form Schiff base
linkages [14-22]. Noticeably, more symmetrical ONNO types, when compared to
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unsymmetrically substituted S.Bs, are known, although unsymmetrically substituted
S.Bs as polymerization catalysts are found to be more effective than symmetrically
substituted S.B metal complexes [23, 24]. Related examples of nickel complexes have
been reported recently [25-27]. Given these facts, we have been stimulated to study
the unsymmetrical (H,L: N,N-bis(3,5-di-t-butylsalicylidene)-1,2-diamino-2-methylpro-
pane) ligand and its nickel complex NiL. Interestingly, H,L possesses four tertiary butyl
groups at two different positions on each ring; hence, it enhances solubility in many
organic solvents [13]. In addition, H,L favors monomeric complexes due to the steric
hindrance on the ligand. In this study, the steric effect from bulky groups of this Salen
complex has suppressed the formation of oxo dimeric or polymeric metal com-
plexes [28-30].

2. Experimental and methodology
2.1. Chemicals, instruments and computation

Chemicals which were used in this study were received from Sigma-Aldrich. HSA was
carried out using Crystal Explorer Version 3.1 software [31]. MS were measured on a
Varian MAT 711. CHN: Perkin-Elmer Series 11 Analyzer 2400. IR (v/cm™') were recorded
on a Nicolet Nexus spectrometer. '3C and "H NMR were carried out on a JEOL ECS 400
spectrometer. The UV-vis spectrophotometer was measured on a ThermoScientific
Genesys 10s. The salicylaldimine H,L used in this study was obtained through con-
densation of two equivalents of commercially available 3,5-di-tert-butyl-2-hydroxyben-
zaldehyde with 2-methylpropane-1,2-diamine according to a standard literature
procedure with a slight modification [29]. The DFT-computations were carried out in
gaseous phase using Gaussian09 software at the B3LYP/DFT level with the 6-311 G(d,p)
basis set for all the light atoms; for Cd and | their potential effective core LANL2DZ
was also performed using Gaussian09 software [32].

2.2. Synthesis

[2,2'-{(2-methylpropane-1,2-diyl)bis[(azanylylidene)methanylylidene] } bis(4,6-di-
t-butylphenolato)]-(oxido)-nickel, NiL. H,L (0.50g, 0.96 mmol) and Ni(OAc),-2H,0
(0.24 g, 0.96 mmol) were added to a two-necked flask charged with a stir bar under
argon gas in the presence of EtsN (0.26 mL, 0.19g, 1.92 mmol). A mixture of degassed
(degassed with argon for 10 min) methanol and chloroform (30mL) in 5:1 ratio was
added and stirred under reflux overnight. The solvents were reduced to one-third,
using a vacuum pump, and placed in an ice bath for 35 min. The mixture was filtered
in air and the product then washed well with cold ethanol (20ml) and ice water
(10mL) kept in the fridge beforehand. The yield was (0.43g, 78%). HRMS (ESI) m/z
calc. (Ca34H50N,NiO,) 576.32, found 576.32 (M-H).

2.3. Xrd data collection

The X-ray data for the NiL complex were recorded at 100(2) K on a Bruker APEX-II
CCD diffractometer, with 0.71073 A Mo-Ka radiation. The procedure and data reduction
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Table 1. Crystal data for NiL.

Chemical formula C34H50N5NiO2
CCDC 1992035
M, 577.47
Crystal system, space group Monoclinic, P2,/c
Temperature (K) 100
a, b, c (R 10.0272(7), 27.2922(15), 11.6233(7)
B 90.622(4)
Vv (A3 3180.7(3)
V4 4
Radiation type Cu Ko
i (mm™) 1.1
Crystal size (mm) 0.07 x 0.02 x 0.003
Diffractometer Bruker APEX-Il CCD
No. of measured, independent and 18737, 4282, 3763
observed [I > 2o(/)] reflections
Rine 0.052
emax (O) 58.8
(sin 0/M)max (A7) 0.555
RIF? > 26(F)], wR(F), S 0.085, 0.217, 1.08
No. of reflections, parameters 4282, 367
Apmax: Apmin (e A_B) 0.87, —-0.49
2 or + 1 MeOH N1C12 4H,0
0 HzN OH HO
CHCl3

Scheme 1. Synthesis of unsymmetrical ligand (H,L) and its NiL complex.

were obtained using SAINT PLUS [33]. The structure was solved using the SHELXS
structure solution program by direct methods and refined with the SHELXL [34, 35]
refinement package using least squares minimization. The geometrical calculations
were carried out using PLATON [36] and the diagrams were generated using
MERCURY [37]. The crystal data are illustrated in Table 1.

3. Results and discussion
3.1. Synthesis and CHN analysis

The desired S.B, H,L of type ONNO tetradentate ligand, was synthesized following a
slightly modified known condensation reaction [29] (see Supporting Information). The
reaction of H,L with Ni(OAc),-2H,0, in 1:1 molar ratio, progressed in a mixture of sol-
vents (degassed methanol and chloroform, 1:5 ratio) in the presence of triethylamine
to afford the NiL complex in high yield as illustrated in scheme 1. Elemental analysis
indicated the theoretical values, for the formation of 1:1 nickel complex, were in
agreement with the actual results (Table 2).

The NiL complex is stable in air, colored, a non-hygroscopic solid and melts at a higher
temperature. The nickel complex is not soluble in water; however, it is soluble in many
common organic solvents. The H,L ligand coordinated to the Ni center in a tetradentate
mode, using ONNO donor sites of the azomethine-N and phenolic-O (scheme 1).
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Table 2. Physical data for compounds H,L and NiL.

Cpd. Color T(°Q) C% (found) C% (Calc.) H (found) H (Calc.) N (found) N (Calc.)
H,L Yellow 165-167 78.43 78.41 10.07 10.6 5.42 535
NiL Green >360 70.91 70.72 8.97 8.73 4.88 4.85

Figure 1. NiL complex structural belongings (a) ORTEP, (b) optimized B3LYP structure, (c) H-bonds
and (d) 2H....C=C interactions.

3.2. Nil solid-state XRD and DFT structures

The solid-state ORTEP structure of the desired NiL complex is illustrated together with
the DFT-optimized structure (Figures 1(a,b)); XRD/DFT selected bond lengths and
angles are illustrated in Table 3. The neutral NiL complex crystallized in a monoclinic
lattice, space group P2:/c, without any solvent molecules in the crystal lattice. The
Ni(ll) ion was found to be surrounded by 2N-imine and 2 O-phenolic atoms, where
each N atom is trans to an O atom to form three new five-membered rings via metal
center coordination, which have also been observed by DFT structural optimization. A
slightly distorted square-planar geometry around Ni(ll) with t ~ —15.55(°) was
observed by both DFT and XRD. The bond lengths of Ni-N were found to be ~1.84
and Ni-O ~ 1.83A; the main angles around the center are N(1)-Ni-N(2) 86.8(3),
0O(2)-Ni-0(2) 86.2(2), O(1)-Ni-N(2) 94.6(2) and O(1)-Ni-N(1) 169.9(2). These results are
consistent with similar Ni(ll) complexes [17, 30]. In the crystal packing system, two
types of short interactions were detected: 2H-bonds C-H....O0 of 2433A and
2H....C=C bonds of 2.665A.
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Table 3. Selected exp. XRD and DFT-B3LYP bond lengths and angles.

Bond no. Bonds (A) Exp. XRD  DFT/B3LYP  Angle no. Angles (°) Exp. XRD  DFT/B3LYP
1 Ni1 01 1.834(5) 1.8051 1 o1 Ni1 02 86.2(2) 88.8
2 Ni1 02 1.838(5) 1.8068 2 o1 Nil N7 169.9(2) 16358
3 Ni1 N7 1.849(6) 1.7762 3 01  Nil FN8 94.6(2) 94.03
4 Ni1 N8 1.836(6) 1.7866 4 02 Ni1 N7 94.002) 93.37
5 01 a 1.318(7) 1.3252 5 02 Nil N8 171.4(2) 163.27
6 02 c4 1312(7) 13272 6 N7 Nil N8 86.8(3) 88.57
7 a s 1.442(9) 1.438 7 Nil 01 3 129.4(4) 131.01
8 a c6 1.39(1) 1.4253 8 Nil 02 4 128.5(4) 131.2
9 ca 13 1.42(1) 1.4292 9 o1 @G G 119.9(6) 12128
10 c4 Cl6 1.438(9) 1.434 10 o1 @G 6 121.5(6) 121.19
11 s c14 1.389(8) 13842 11 G @ 118.5(6) 117.54
12 s 25 1.52(1) 1.5391 12 02 C4 CI13 122506 121.22
13 6 c11 1.43(1) 1.4182 13 02 C4 C16  119.00) 12141
14 6 24 1.43(1) 14212 14 C13 G4 C16  1186(6) 117.37
15 N7 ) 1.29(1) 13115 15 @B G Cl4  117.86) 11839
16 N7 22 1.486(9) 1.4867 16 @ G 5 120305 120.23
17 N8 Q4 1.30(1) 1312 17 C14 G5 25 121.9(6) 12138
18 N8 32 1.493(9) 15162 18 G G C1 o 119.8(6) 12146
19 ) 13 1.40(1) 1.4209 19 @3 6 4 122306 120.01
20 clo Cl6 1.392(8) 1.3886 20 C11 C6 C24  117.9(6) 118.52
(a)
b)
1.85 | (P) Re-oss2
< 1.8 :
€ )
¥1.6 c 1.65
[ 2
T 1.4 e 145
o 8
()
1-2 t 1.25
0 4 8121620242832364044 O 175 145 165 1.85
Bond No. XRD bond length A
(c) o
< 170 =170 (d) ge-g.9907
< 80
Y, c
c 140 @ 140
K] n
n 2
9 110 %0110
[T c
c @
< g0 E 80
1357 91113151719 80 110 140 170
Angles No. XRD angles length (°)

Figure 2. (a) XRD/DFT bonds distances relation, (b) bonds distances graphical correlation, (c) DFT/
XRD angles relation and (d) angles graphical correlation.

Very good agreement between DFT/XRD bond distances and angles were observed
as shown in Figure 2(a,c), respectively. The bond lengths graphical correlation (R?) was
found to be 0.982 (Figure 2(b)), whereas the angles graphical correlation (R?) was
found to be 0.9907 (Figure 2(d)). In general, significant matching between XRD/DFT
structural parameters was observed.
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3.3. HSA, FP and MPE computation

Figure 3 elucidates the molecular interactions in the NiL complex with the aid of HSA
and FP calculations using the CIF. The result was compared with the XRD-packing
result [38-43]. HSA reflects the presence of 2 red points around O atoms (Figure 3(a)),
indicating the H-O....H and H....C=C bonds connected the NiL complex lattice in
layer-by-layer diminutions. This finding supported the XRD-packing result. The percen-
tages ratio of atom...atom FP contacts are ordered as H—H(82.0%)>H—C >H—
O >H—N and H—Ni (<0.4%), as shown in Figure 3(d).

The MEP created in space around the NiL complex by the charge allocation is use-
ful in showing the interacting sites for an electrophilic and nucleophilic hit in the bio-
logical system. The MEP result of the NiL complex strongly supports the HSA and XRD
results. The different electrostatics potential values are presented by various colors;
blue represents the positive region of electrostatic potential that is due to CH, in the
diamine ligand part. The red color reflected the high electrostatic potential that is
around e-rich O atoms only. The green color represents less positive potential regions
in the complex. MEP suggests the HCH ... O hydrogen bond and HCH ... tC=C bonds
can be formed via the interaction between the e-rich (20) with e-poor (CHs;, CH,
and =CH) functional groups [40-44]. This observation is matched with the XRD and
HSA results (Figure 4).

3.4. Infra-red studies of H,L ligand and NiL complex

Several functional groups such as Cg,>-H, Cs,>-H C=N, C=C, C-O, C-C, Ni-O and Ni-N
were detected by FT-IR, theoretically and experimentally as shown in Figure 5.
Noticeably, the B3LYP-IR frequencies of the main functional groups in the gaseous
sate are higher than those experimentally observed for the equivalent groups, in solid
state. The Exp./DFT IR are in high agreement as seen by the 0.998 correlation coeffi-
cient shown in Figure 5. The solid state infrared spectrum of the free H,L exhibits no
broad band for the pronounced OH vibration in the region of 3410-3450cm™", prob-
ably due to the strong (O-H...N=C) intra-molecular hydrogen bonding [44].
Therefore, the undistinguished broad band of the OH in the free H,L is not helpful in
confirming Ni coordination. However, coordination of the free ligand with the Ni cen-
ter can be confirmed by two other options. The chemical shift of the azomethine
C=N group in the complex shifted to lower energy by 17 units (1612cm™") when
compared to the same azomethine group in the free ligand (1629cm™"), as can be
seen in Figure 5(a). The Ni-O and Ni-N exhibit a broad peak at 540cm™" in the spec-
trum of the complex, indicating a coordination mode through these two atoms as
shown in Figure 5(b) [28]. The DFT-IR for NiL was performed for comparison. The
study shows several functional groups consistent with the complex structure
(Figure 5).

3.5. UV-Vis

UV-Vis behaviors of both free H,L ligand and its NiL complex were compared in etha-
nol (Figure 6). The n—n* electron transfer H,L ligand bands were observed at 277 nm



8 M. A. SAID ET AL.

H....All 90.0% H....H 82.0%

(d)

H...N 0.4%

Figure 3. Hirshfeld surfaces views for the NiL complex (a) dnorm, (b) shape index, (c) curvedness
structures and (d) inside/outside 2 D-FP plot.

and 335nm, whereas in the NiL complex these bands were shifted slightly to lower
energy 280nm and 342 nm, respectively. These shifts confirm formation of the new
Ni-N and Ni-O bonds. The new MLCT broadband appeared only in the NiL complex
(at 425 nm), supporting the formation of square planar geometry around the Ni center
(Figure 6(b)).

3.6. Thermal gravimetric analysis

TG/DSC analysis of the NiL complex showed one stage of decomposition pattern with
heating rate of 10°C min~' in the 25 to 800°C temperature range and air atmosphere
(Figure 7). Below 260°C, the NiL complex displayed significant thermal stability; no
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Figure 4. MEP map of NiL complex.

@ TN A O
AT \;.
o 'o g; 2 8 §
< 4 3 )  §
" & '$ § 38R
£ 2ol & g3
: $ia%
g P
18 5
(b)"M"“'/ ~ 2 s oy /_A\‘/,ﬁ\\w/‘_“M",,.‘n‘.‘,-., , ) o h
W i '._ I‘
i I'_;:, }, [
213 = 5| |
A WL | [\
g 228 ] 3
g 2% || 38
i|a
¥ |
¥ 3
(©
-
£ “
K 4 g
S ; pis
o Q = i
= 2500 Al X S
g o 298
I o S| =
S 2 g8 =
T 1500 | " Re-g9078 = =
@ B K
E 500
G| A 500 1500 2500 3500
- Exp. wavenumber cm!

3500 3000 2500 2000 1500 1000 500
Wavenumber cm!

Figure 5. Exp. IR spectra of (a) free H,L ligand, (b) NiL complex, (c) DFT/B3LYP/6-311G(d) of NiL
and (d) DFT/Exp. correlation coefficient.
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0.8
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0.0 o - —
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Figure 6. UV-vis spectra of free H,L (a) and NiL complex (b) dissolved in ethanol.

120 1.2
TG
100 1
S
= 80 0.8
DSC

60 0.6
40 0.4
20 0.2

0 = 0

0 200 400 600 800
Temp. °C

Figure 7. TG/DSC curves.

loss of water or other solvent molecules in the complex lattice were observed. This obser-
vation is in agreement with the IR and XRD results. The ligand ONNO was thermally de-
structured from the NiL through a broad one step in ~280-450 °C with two Tpsc = 305
and 318°C. The organic content completely decomposed parallel to NiO formation with
12.5% as a final product; the NiO final product was confirmed by IR [45].

4. Conclusion

In this study, the X-ray crystallography study confirms the structure of a newly synthe-
sized Ni complex. The Schiff base acts as a single tetradentate ONNO chelating agent
through the azomethine nitrogen atoms and the phenolic oxygen atoms. It shows a
Ni" center with slightly distorted square planar geometry. Moreover, a sufficient num-
ber of H-bonds and H... 7 stacks stabilized the lattice. Electrostatic potential surface
(MEP) and Hirschfeld surface analysis (HSA) were found to be in good agreement with
the corresponding experimental data. The DFT-optimized NiL reflected significant ther-
mal stability and it decomposed in open atmosphere in a one-step thermal decompos-
ition process.
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