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Abstract: The structure and binding mode of N-Salicylidene alanine Ni (II) Schiff-base complex has been analyzed using
experimental and computational techniques. The synthesis, characterization and computational studies of the Schiff-base
complex revealed a more stable square planar geometry (structure 4a). Characterization of the complex was done using melting
point/decomposition temperatures, solubility test, FT-IR and UV-visible spectroscopy. The N-Salicylidene alanine Schiff-base
complex was seen to have a different melting point from alanine, which was used in the synthesis. The complex was soluble in
water and most polar solvents, which is important for its intended application in biological systems. In addition, IR spectra of
the complex revealed prominent stretching frequencies including the -C=N- imine group that are similar within 5-10% margin
to that of the most stable square planar computational model structure 4a. Furthermore, the UV-visible studies of the Schiff-
base complex showed two prominent electronic transitions in both the experimental and computational model structures. These
electronic transitions were assigned to the the 3T1 — 3A2 and 3T1 — 3T2 observed at 232 nm and 362 nm respectively. These
transitions agree with the most stable square planar computational model structure corresponding to HOMO-6>LUMO+2, and
HOMO->LUMO+1 observed at 236 nm and 372 nm respectively. Based on both the experimental and computational studies,
the most stable structure of N-Salicylidene alanine Ni (IT) Schiff-base complex adopts a square planar geometry around the Ni
(IT) center corresponding to structure 4a. The Schiff-base complex was found to be non-toxic towards prokaryotic gram
positive (Staphylococcus aureus, Staphylococcus epidermis, Streptococcus mutants) and gram negative (Aquaspirillum serpens
Escherichia coli) bacterial and eukaryotic (Saccharomyces cerevisiae) bacterial.
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drugs. In addition, Schiff-base complexes with transition
metals have been shown to exhibit enhanced biological
activities [1-8]. The presence of the imine (-C=N-) functional
group in addition to the electronegative oxygen, nitrogen
and/or sulfur donor atoms in transition metal Schiff-base
complexes enhances their transportation across biological
membranes. Furthermore, transition metal Schiff-base
complexes have been used industrially as catalysts and exhibit
a wide range of biological activities and/or properties such as

1. Introduction

The study of Schiff-bases and their transition metal
complexes is an ongoing process with substantial applications
in biochemistry, bio-inorganic and medicinal chemistry.
Previous research has shown that Schiff-base complexes
contain potential binding sites to biomolecules that play
essential roles in pharmacological processes and for use as
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anti-fungal, anti-malarial, anti-bacterial, anti-diabetic, anti-
cancer, anti-proliferative, anti-tumor, etc. There is ongoing
research to design and develop new chemotherapeutic
compounds from Schiff-bases derived from amino acids and
their transition metal complexes for potential use in
biochemistry, medicinal chemistry and/or drugs [9-15]. This
publication will present a comparative analysis of the synthesis
and preliminary characterization of N-Salicylidene Alanine Ni
(I1) complex, toxicity of the complex, and computational
B3LYP density functional theory (DFT) studies on the
structure of Ni (IT) alanine Schiff-base complex by simulating
the potential binding sites at the Ni (II) metal center.

Preliminary characterization of the complex will include
melting/decomposition temperatures, solubility in different
solvents, Fourier Transform Infra-red spectroscopy (FT-IR),
and ultra violet-visible spectroscopy (UV-Vis). The
computational DFT studies will compare the calculated
results with the experimental results and predict the possible
binding sites in the complex. In addition, the biological
properties of the complex were assessed by determining its
toxicity against a variety of bacterial cells. This is a very
important consideration since this complex is intended to be
used in biological systems with application as a drug.

2. Experimentation

2.1. General Synthetic Method

This is an in-situ synthesis. An equimolar amount of
NaOH pellets and the amino acid were completely dissolved
in a beaker using a suitable solvent (water, etc) with a
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magnetic stirrer at room temperature. An equimolar amount
of the carbonyl compound was added drop-wise to the
resulting solution while stirring continuously. The reaction
was allowed to go on for about 45 minutes - 1 hour with
stirring. A metal salt was added slowly in a 1:2 metal-ligand
mole ratio and allowed to react for an additional 30 - 45
minutes with continuous stirring. The resulting solution was
concentrated to approximately 50 - 60% of the original
volume. The mixture was kept in the fume hood at room
temperature. After 1 — 3 days, the resulting brightly colored
crystals (powder) were filtered by suction, washed with cold
solvent, air dried, and stored in well-protected vials. The
percentage yield ranges from 60-85%.

2.1.1. Synthesis of N-Salicylidene Alanine Ni (I1) Complex

Sodium hydroxide (0.0112 mols) and alanine (0.0112 mols)
were dissolved in 30.0 mL of water in a 250 mL beaker while
stirring continuously with the help of a magnetic stirrer at
room temperature. An equimolar amount of salicylaldehyde
(0.0112 mols) was added drop wise to the resulting mixture
while stirring. The reaction was allowed to go on for 1 hour
and a 30.0 mL aqueous solution of Nickel (II) Chloride (NiCl,;
0.0061 mols) was slowly added onto the resulting solution and
allowed to react for an additional 45 minutes in the fume hood.
The resulting mixture was concentrated to 60% of the original
volume to initiate crystallization. A bright green powder
obtained was filtered through suction, air dried and stored in
vials for subsequent characterization. The percentage yield was
85%.

All chemicals in this research were used as purchased
without modification.
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Figure 1. Reaction scheme showing proposed structure for the Synthesis of N-Salicylidene Alanine Ni (1I) Complex.

2.1.2. Toxicity Test of N-Salicylidene Alanine Ni (1)
Complex

The Kirby-Bauer assay was used to test our compound for
bacterial growth against the following bacterial species:
Aquaspirillum serpens, Escherichia coli strain K12,
Saccharomyces cerevisiae strain Alpha 1, Staphylococcus
aureus, Staphylococcus epidermis, and Streptococcus
mutants. The Kirby-Bauer assay is the most sensitive test

used for bacterial growth against prokaryotes and eukaryotes
in microbiology [16-18].

In this paper, an aqueous solution of N-Salicylidene
alanine (Ni (IT) complex was prepared with a slightly higher
antibiotic concentration (1uM) than those used in the Kirby-
Bauer assay (30 pg). The antimicrobial and antimicrobial-
free discs used in this research were purchased from Becton,
Dickinson and Company located in New Jersey. The
antimicrobial-free discs were placed in a sterile 2.0 mL
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microcentrifuge tube containing the aqueous solution of the
compound to be tested and centrifuged for 5 minutes at
12,000 x g to remove all air from the discs. The discs were
stored at room temperature over night before being
transferred to the culture plates. Each compound in the disk
was placed greater than 24 mm apart, center to center, on the
same 100 mm inoculated Mueller-Hinton culture plate. There
were three culture plates of the same organism tested, these
served as biological replicates in case there was inhibition of
organism growth. The incubated plates were observed in log
phase of growth to prevent bacteria with slower growth from
skewing results [19].

2.2. Computational Method

The computational method used in this paper was the
density functional theory technique B3LYP embedded in
G09 with 6-31G (d, p) all electron basis set [20-22]. The
structural geometries were fully optimized and all elements
were analysed using this basis set with the exception of
Nickel, which uses the LANL2DZ basis set for the valence
electrons with the corresponding effective core potentials
(ECPs). The lowest energy structure conformations were
confirmed by separate frequency calculations using the same
method and basis set [23-25]. The UV-Visible absorption
spectra simulated using TD-DFT method and infrared (IR)
spectra of these Ni-containing complexes were all modeled
from the most stable conformation of the optimized
structures [26, 27]. These calculated spectra of the different
structural geometries would be compared to the experiment
results to determine the potential binding modes of the
alanine Schiff-base ligand to the Ni (II)-metal center. The
geometric parameters (bond lengths and bond angles) of the

most stable optimized structures are presented in Table Al of
the supporting materials.

3. Results and Discussion
3.1. Melting Point/Decomposition Temperature

Melting point/decomposition temperature is the basic and
first characterization technique to differentiate between
compounds. The melting point/decomposition temperature of
the presumed N-Salicylidene Alanine Ni (II) complex was
compared to the melting point of alanine using a melting
point apparatus. The N-Salicylidene alanine Ni (II) complex
melts at a temperature range of 210 - 212°C, which is
different from the melting point range of alanine of 300 -
302°C indicates the synthesis of a new compound. The
melting point of alanine agrees with the literature value [1, 2].

3.2. FT-IR Spectra of N-Salicylidene Alanine Ni (II)
Complex

The FT-IR spectra of a solid sample of N-Salicylidene
alanine Ni (II) complex was obtained using a FLUKA table
top FT-IR instrument. Results of the prominent peaks are
shown in table 2. The aromatic C-H stretch vibrates at from
3357 cm™, the C=0 vibrates at 1625 cm™, while the imine (-
C=N-) stretching shifts to 1520 cm’, the symmetric or
asymmetric O-H vibrates at 3085 cm™ and the aliphatic C-H
stretch vibrates at 2951 cm™. This shift in stretching
frequencies can be attributed to the bonding of these donor
atoms to the Ni (II) center [1, 2]. The FT-IR spectra reveal
that the proposed structure on N-Salicylidene alanine Ni (II)
complex adopts a tetrahedral or square planar geometry.

FT-IR Plot of N-Salicylidene Alanine Ni(II) Complex

500 1000 150 2000

Wavenumbers (cm™?)

Figure 2. FT-IR plot of N-Salicylidene Alanine Ni (II) Complex showing prominent peaks.
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Table 1. IR vibration frequencies showing prominent peaks in the Ni (1)
complex.

IR stretching frequencies (cm™) Assignment

3299, 3357 Aromatic C-H stretching
O-H (symmetric or asymmetric
3085 o
vibration of water)
1625 C=0 stretching
1520 Imine (-C=N-) stretching
2951 Aliphatic C-H stretching

3.3. UV-Visible Spectroscopy and Energy Calculation

N-Salicylidene Alanine Ni (II) complex was pale blue,
which implies that it can undergo electronic transition in both
tetrahedral (square planar) and octahedral environments. The
UV-visible spectra of our compound showed two prominent
absorption peaks around 232 nm 362 nm, the middle weak
peak absorbs at 276 nm (see figure 3).

These peaks can be assign to the 3T1 — 3A2 and 3T1 — 3T2
electronic transitions in the tetrahedral or square planar
environment or 3T1g — 3Azg and 3T1g — 3ng electronic
transitions in the octahedral environment. The electronic
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transitions and energies are shown in Table 2. The electronic
transition at 232 nm is more intense and absorbs at a higher
energy (8.568 x 10" 1) than the electronic transition at 362
nm (5.491 x 107 J).

UV-Vis Spectra of N-Salicylidene Alanine Ni (I1)

T, A,
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Figure 3. UV-visible spectra showing the electronic transitions in the Ni (1I)
complex.

Table 2. Electronic transitions showing the maximum wavelength in N-Salicylidene Alanine Ni (1) Complex.

Compound Colour Max. wavelength (Anax, NM) Energy (x 10 J) Transition
N-Salicylidene alanine Ni (IT) 232 8.568 T, — A,
Green 362 5.491 T, —°T,

3.4. Solubility on N-Salicylidene Alanine Ni (I1) Complex

The solubility of our Ni (II) complex was determined in
different solvents. This was done by dissolving
approximately 0.100 g sample of the complex in
approximately 10.00 mL of solvent. It is important to note

that our complex is soluble in water and other polar solvents
an insoluble in non-polar solvents. The solubility of the
complex increases in the warm solvent. The increased
solubility of our complex is paramount since it is intended to
be used in biological systems. Results of the test are shown in
table 3.

Table 3. Solubility of N-Salicylidene Alanine in selected solvents.

Compound/solvent Water Ethanol

methanol chloroform hexane D,0

N-Salicylidene alanine Ni (II) s s

SS 1 i S

s = soluble; i = insoluble; ss = sparingly soluble.

4. Growth Inhibition Properties of
N-Salicylidene Alanaine Ni (IT)
Complex

The Kirby-Bauer assay test was used to investigate the
growth inhibition properties of our compound against

bacterial cells-prokaryotes and a eukaryote. The bacterial
cells used include: gram negative Aquaspirillum serpens and
Escherichia coli, and gram-positive Staphylococcus aureus,
Staphylococcus epidermis, and Streptococcus mutants. The
results indicate that N-Salicylidene alanine Ni (II) complex
was growth resistance or non-toxic against gram-negative,
gram-positive and eukaryotic bacterial cells. The results
including all replicates are shown in table 4.

Table 4. Kirby-Bauer Susceptibility Test.

Prokaryotes N-Salicylidene Alanine Ni (II) Positive control Negative control
Gram negative

Aquaspirillum serpens R S R

Escherichia coli R S R

Gram positive

Staphylococcus aureus R S R
Staphylococcus epidermis R S R

Streptococcus mutants R S R
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Prokaryotes N-Salicylidene Alanine Ni (II) Positive control Negative control
Eukaryote
Saccharomyces cerevisiae R S R

S = isolates were susceptible to growth, R = isolates were resistant to growth.

5. Computational Studies on
N-Salicylidene Alanine Ni (II)
Complex

Computational simulations were employed to investigate
the binding environment of the alanine Schiff-base ligand
and its possible binding modes to the Ni (II) center. Four
Nickel-alanine Schiff-base structural models were proposed

and the most stable geometries are shown in figure 4. We can
see from figure 4 that Ni (II) prefers to adopt a square planar
geometry. The ligand in models 4a and 4b contains
deprotonated carboxylate group and deprotonated hydroxyl
group while the ligand in models 4c and 4d contains only the
deprotonated carboxylate group [28, 29]. All four structural
models showed a square planar geometry around the Ni (II)
center where three of the binding sites are from the ligand (N,
carboxylate O, hydroxyl O), and the fourth binding site is
from either water (4a and 4c) or Chlorine (4b and 4d).

Figure 4. Proposed structural geometries of four Ni (II)-alanine Schiff-base models.

From Table Al and figure 4, one can see that the Ni-N
bond lengths were slightly elongated when Ni binds to a CI’
ligand than to a H,O ligand. For example, Ni-N bond length
increases from 1.8387 A in 4a to 1.8951 A in 4b. A similar

elongation is observed from 1.8577 A in 4c to 1.8851 A in 4d.

This gives an elongation of 0.03 - 0.05 A. The similar
elongation in bond length of 0.03 — 0.04 A was observed
between Ni-O1 and Ni-O2. The elongation induced by the
fourth ligand (water or chloride) on the rest of bond lengths
between 4a vs 4b and 4c¢ vs 4d models was insignificant.

The deprotonated hydroxyl groups of alanine Schiff-base
also influences the bond lengths around the Ni (II) center
greatly. For example, the bond length of Ni-Ol increases
from 1.8305 A in 4a (deprotonated) to 1.9430 A in 4c
(protonated), and 1.8722 A in 4b (deprotonated) to 1.9462 A

in 4d (protonated). Furthermore, the O-H bond length of
phenol group increases by 0.09 A in 4c and 4d. This might be
due to the fact that the hydrogen on the hydroxyl group
weakens its oxygen (O) binding ability to the Ni (II) center.
Correspondingly, the opposite Ni-O2 bond lengths were
shortened by 0.05 A in 4c and 4d.

Interestingly, the square planar geometries at the Ni (II)
center were slightly distorted. For example, the N-Ni-Ol
bond angles were 97.6°, 93.5°, 94.1°, 91.1° and N-Ni-O2
bond angles 87.9°, 85.7°, 88.3°, 87.5° for 4a — 4d
respectively. This is probably due to the formation of the six-
member ring on the left side vs the five-member ring on the
right side. As such the N-Ni-O4 bond angles were 173.4° (4a)
and 176.2° (4c), and N-Ni-Cl bond angles were 176.8° (4b)
and 173.9° (4d), respectively.
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Figure 5. The calculated IR spectra of the model structures 4a - 4d.

The calculated IR spectra of structures 4a — 4d are shown
in figure 5. When compared with the experimental IR spectra
of N-Salicylidene alanine Ni (II) complex (figure 2), we can

A

see the profile of calculated IR spectra of 4a resembles
closely with the experimental spectra. By examining the
stretching mode of these peaks, the peak at 1811 cm” was
assigned to the stretching of carbonyl (C=0) group, the peak
1682 cm™ was assigned to the imine (-C=N-) functional
group, and the peaks 603 and 1581 cm™ were assigned to the
rocking vibration modes of water. Various peaks around
3000 - 3800 cm™ were assigned to symmetric or asymmetric
vibration of water or hydroxyl groups [30, 31]. While the
absolute values of the calculated IR peaks differ slightly, the
peak profile at 600, 1700 and 3700 cm™ regions match well
with the experiment results.

Figure 6 shows the calculated UV-visible spectra of model
structures 4a — 4d. We can observe that the calculated spectra
profile of 4a matches well with the experiment results. The
prominent peaks predicted were shown at 239 nm, 284 nm,
and 372 nm. The corresponding transition occurred mainly at
HOMO-6>LUMO+2, HOMO-1->LUMO+2, and
HOMO—->LUMO++1. Based on these modeling results, the
most probable structure would be 4a.

—— 4b

e
v}

o

Z00 400 &o0 S00

0 200 400 &00 00
0 200 400 &00 =]

0 Z00 400 &00 aoo

Figure 6. The calculated UV-vis spectra of model structures 4a - 4d.

6. Conclusion

We have successfully synthesized and characterize the Ni
(IT) Schiff-base complex derived from alanine; N-
Salicylidene Alanine Ni (II) supported with computational
results. The melting point/decomposition temperature of our
complex was different from the melting point of alanine,
which was the starting amino acid. This is a simple chemical
technique to confirm that a new compound was synthesized.
In addition, the compound was seen to dissolve in water and
other polar solvents tested. This is an important aspect about
the complex since it is required to be used in biological
systems. The FT-IR and UV-visible spectra reveal prominent
vibrational peaks and electronic transitions that agrees with
computational results and literature. Most of the stretching
frequencies in the complex were shifted due to binding to the
central Ni (I) center and the two prominent electronic

transitions were assigned to 3T1 — 3A2 and 3T1—>3T2
observed at 232 nm and 362 nm respectively. These
transitions agree with the calculated transitions HOMO-
6>LUMO+2 and HOMO->LUMO+1. Furthermore, the IR
spectra of the experimental structure resembles the calculated
IR spectra of the most stable square planar model structure 4a.
The binding sites on the ligand are on the nitrogen,
carboxylate oxygen, and hydroxyl oxygen atoms with the
fourth binding site on the oxygen atom of water ligand.
Finally, our complex was found to be non-toxic towards
prokaryotic ~gram  positive  (Staphylococcus aureus,
Staphylococcus epidermis, Streptococcus mutants) and gram
negative (Aquaspirillum serpens Escherichia coli) bacterial
and eukaryotic (Saccharomyces cerevisiae) bacterial.
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Appendix

Table Al. The geometric parameters (bond lengths and bond angles) of the
most stable optimized structures (4a-4d).

4a 4b 4c 4d
Ni-N1 1.8387 1.8951 1.8577 1.8851
Ni-O1 1.8305 1.8722 1.9430 1.9462
Ni-02 1.8361 1.8682 1.7865 1.8133
Ni-O4 1.9659 1.9653
Ni-Cl 2.2407 2.2205
C1-C2 1.4207 1.4324 1.3870 1.3914
C1-C6 1.4351 1.4400 1.4089 14110
C1-01 1.3066 1.2885 1.3923 1.3752
C2-C3 1.3817 1.3790 1.3970 1.3951
C2-H1 1.0873 1.0859 1.0873 1.0864
C3-C4 14112 1.4143 1.3976 1.3979
C3-H2 1.0873 1.0889 1.0853 1.0858
C4-C5 1.3790 1.3805 1.3886 1.3897
C4-H3 1.0853 1.0865 1.0845 1.0850
C5-C6 1.4182 1.4156 1.4118 1.4081
C5-H4 1.0882 1.0899 1.0863 1.0869
C6-C7 1.4302 1.4301 1.4507 1.4585
C7-H5 1.0938 1.0968 1.0925 1.0944
C7-N1 1.2976 1.2956 1.2900 1.2862
C8-H6 1.0979 1.0991 1.0967 1.0967
C8-N1 1.4757 1.4678 1.4858 1.4719
C8-H6 1.0979 1.0991 1.0967 1.0967
C8-C9 1.5343 1.5350 1.5344 1.5354
C9-H7 1.0954 1.0970 1.0944 1.0958
C9-H8 1.0953 1.0958 1.0948 1.0957
C9-H9 1.0932 1.0937 1.0931 1.0931
C8-C10 1.5441 1.5446 1.5359 1.5451
C10-02 1.3163 1.2961 1.3366 1.3146
C10-03 1.2168 1.2288 1.2055 1.2158
04-H10 0.9717 0.9765
0O4-H11 0.9754 0.9788
O1-H12 0.9739 0.9883
C1-O1-Ni 126.23 128.14 128.57 126.71
O1-Ni-N1 97.62 93.58 94.09 91.11
02-Ni-N1 87.94 85.65 88.27 87.49
O1-Ni-Cl 89.56 83.88
0O1-Ni-04 88.92 89.70
02-Ni-04 85.58 87.91
02-Ni-Cl 91.23 97.58
01-Ni-O2 173.36 178.01 176.98 178.28
N1-Ni-O4 173.41 176.15
NI1-Ni-Cl 176.80 173.9
Ni-02-C10 116.31 117.52 117.22 116.61
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