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ABSTRACT

New divalent transition metal nicotinamide (nia) complexes containing fumarate (fum) dianion and
fumaric acid (H,fum), [M(H,0)4(nia),l(fum)-(H>fum) [M = Co (1), Cu (2), and Ni (3)] have been synthesized.
The compounds were characterized by elemental analyses, infrared, UV-vis, XRPD, and TGA. Structural
analysis of 3 using single-crystal X-ray diffraction technique revealed that the Ni(ll) ion is coordinated by
four aqua and two nia ligands in an octahedral geometry. The structure of 3 is completed with fumarate
(fum?~) dianion acting as a counterion while fumaric acid (H>fum) is present as a molecule of solvation.

The three complexes were investigated for biological activities.

Introduction

Design and synthesis of new complexes with potent biological
activities often require the preparation of derivatives of the exist-
ing ones.!"! This can be achieved by introducing transition metals
into the structures of the existing drugs, and literature reports
have revealed that in some cases the efficacy of the drugs was
enhanced on coordination to metals.’”) Numerous reports on the
effects of metal-drug interaction with the objective of finding
more effective pharmaceutical agents have, therefore, appeared in
the chemical literature.”! Apart from other exciting properties
and applications,*® metal carboxylate complexes have been
reported to be highly active as pharmaceutical agents.”~*! For this
purpose, dicarboxylates are the most widely employed as biologi-
cal molecules due to the four electron oxygen donor atoms in
their structure, which enhances non-covalent bonds interactions
between inorganic moieties through their carboxylate groups.!”!
Fumarate (fum) dianion is a typical dicarboxylate generated from
dicarboxylic acid, fumaric acid (Scheme 1a).

A number of transition metal dicarboxylate complexes having
mononuclear and dinuclear structures constructed from fum dia-
nion framework have been reported.""! Reports on the antimicro-
bial properties of metal complexes derived from dicarboxylic acids
exist in the literature."?"**! Nicotinamide (nia) (Scheme 1b), also
known as niacin, is a derivative of vitamin B; it is water soluble and
contains a coenzyme NAD™ that acts as an oxidizing agent in the
conversion of alcohols to aldehydes and ketones.""” Deficiency of
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nia results in the disease condition known as pellagra, and nia is
one of the nitrogen donor ligands that have been employed in the
treatment of a number of diseases such as atopic eczema, hypercho-
lesteremia, and some psychological disorders.">""”! Increase in the
solubility of some physiologically potent pharmaceutical agents has
been reportedly enhanced by complexation with nia."®!

Transition metal ions play a very significant role in the biologi-
cal processes in human systems; they are found to be abundant in
the active sites or as components in structures of most enzymes.”!
Our choice of metals in this study stems from the fact that cobalt is
an essential element in the formation of cobalamin or vitamin B12
and is also required for the normal functioning of the pancreas '
while copper and nickel are among the most abundant transition
metals in the human body.""*2") We hereby report the synthesis,
characterization, and antimicrobial activity of cobalt(Il), copper
(II), and nickel(IT) complexes containing both nia and fumaric acid
in their structures in continuation of our studies on synthesis and
characterization of biologically important ligands.****! The crystal
structure of a new nickel(II) complex containing fumaric acid and
nia is herein reported.

Experimental
Materials and instrumentation

All chemicals were commercially sourced from Sigma-Aldrich
and were used as received. Elemental analyses (C, H, N) were
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Scheme 1. The chemical structure of (a) fumaric acid, and (b) nicotinamide.

performed by standard methods using a Carlo Erba Model
EA1108 elemental analyzer at Medac Laboratory, UK. Infrared
(IR) spectra were recorded on a FTIR-8501 Shimadzu spectro-
photometer using KBr pellets between 4000 and 400 cm™'. A
Jenway 6405 UV-Vis spectrophotometer was used for the UV-
vis spectra analyses while the XRPD patterns were recorded on
a Bruker D8 Advance X-ray diffractometer. A TGA Q500
V20.13 Build 39 instrument was used for thermal analysis.
Measurements were made under a nitrogen atmosphere at a
heating rate of 10°C min~' from room temperature up to a
temperature of 600°C.

Synthesis of the metal(ll) nicotinamide complexes

a. [Cu(H,0)4(Nia),](Fum)-(H,Fum) (2) was prepared as its
cobalt analog 1 except that Cu(NOs3),-4H,O (0.260 g,
1 mmol) was used instead of Co(NO3),-6H,0. The prod-
uct was obtained as blue crystals. Mr.: 609.82 g mol ™",
Yield: 55.3%, m. pt: 258°C, Anal. Caled for
Cyo0H26N,CuOy4 (%): C, 39.56; H, 4.26; N, 9.18; Found:
C, 39.54; H, 4.23; N, 9.20. IR (KBr pellet, cm™") 3443s,
3379m, 3186w, 2360vw, 1934m, 1704vs, 1695vs, 1608m,
1577vs, 1558vs, 1427m, 1371vs, 1327w, 1197w, 1155w,
1058w, 997w, 802vw, 690m, 657vw.

b. [Co(H,0),(Nia),](Fum)-(H,Fum) (1), Co(NO;),-6H,0O
(0.291 g, 1 mmol) in 10 mL ethanol was added drop wise
to a stirred mixture of 10 mL methanolic solution of
fumaric acid (0.232 g, 2 mmol) and 10 mL ethanolic
solution of nia (0.244 g, 2 mmol). The stirring was con-
tinued for 1 h at room temperature. The solution was left
to stand at room temperature; brown crystals were pro-
duced after several days. The crystals were collected
through filtration, washed several times with a mixture
of ethanol and methanol in ratio 2:1, and dried under
vacuum. Mr.: 605.38 g mol ', Yield: 51.6%, m.pt: 215°C,
Anal. Calcd for C,oH6N4CoO14 (%): C 39.64; H 4.29; N
9.25; Found: C, 39.63; H, 4.31; N, 9.24. IR (KBr pellet,
cm™') 3447s, 3377m, 3205s, 2320vw, 1934m, 1911m,
1705vs, 1674vs, 1573vs, 1541vs, 1429m, 1371vs, 1311w,
1198w, 1118w, 779m, 688m, 644vw, 561m.

¢. [Ni(H,0)4(Nia),](Fum)-(H,Fum) (3) was prepared as
the previous two complexes except that Ni(NO3),-6H,O
(0.291 g, 1 mmol) was used instead of Co(NO3),-6H,0O
in 1 and Cu(NO;),-4H,0) in 2. The product was
obtained as green crystals suitable for X-ray crystallogra-
phy. Mr.: 605.16 g mol ', Yield: 65.6%, m. pt: 202°C,
Anal. Caled for C,oH,6N4NiO4 (%): C 39.66; H 4.29; N
9.25; Found: C, 39.62; H, 4.29; N, 9.20. IR (KBr pellet,

cm™ ') 3445 s, 3377 m, 3207w, 3057vw, 2852m, 2486w,
1934 m, 1705vs, 1674vs, 1575vs, 1541vs, 1426m, 1371vs,
1311w, 1201w, 1178w, 1120w, 1016w, 976w, 808vw,
779 m, 688 m, 646 s, 561w, 503 m.

Antibacterial experiments

Isolation and detection of bacteria from jet fuel

Isolation of microorganisms was done using nutrient agar,
brain heart infusion agar, and trypticase soy broth agar. The
isolates were characterized morphologically, biochemically, and
eventually sequenced analytically and blasted after DNA
extraction and polymerase chain reaction analysis. Four bacte-
rial isolates: Staphylococcus aureus, Bacillus flexus, Brevibacillus
sp., and Exiguobacterium sp. were isolated from jet fuel. The
isolates were screened for antibacterial properties using stan-
dardized sensitivity test agar. The four laboratory isolates were
subjected to different concentrations of the metal complex
using the agar diffusion method and zones of inhibition were
interpreted using standard procedure of the Clinical and Labo-
ratory Standards Institute.!*”!

Minimum inhibitory concentration (MIC)

MIC of the samples was determined using the broth dilution
technique. Nutrient broth was seeded with standardized inoc-
ula of the test organisms. These were subjected to varying con-
centrations of the nickel complex, fumaric acid, and nia
samples.

Ten clinical antibiotics with their concentrations given in
parentheses were used as control, as recommended by the Clin-
ical and Laboratory Standards Institute.”** The antibiotics used
to challenge isolates were those for Gram-positive bacteria since
all the isolates are Gram-positive. The clinical antibiotics used
are amoxycillin (21 ug), ofloxacin (1 ug), streptomycin
(10 pg), chloramphenicol (20 pug), ceftazidime (30 ng), genta-
mycin (10 pg), pefloxacin (1 g), cotrimoxazole (20 ug), cipro-
floxacin (10 ug), and erythromycin (30 pg).

Crystallographic analysis of 3

Suitable crystals of complex 3 for single-crystal X-ray diffrac-
tion were obtained by slow evaporation of its solution in a mix-
ture of ethanol and methanol (2:1). Data were collected at
100 K on a Bruker D8 Venture Dual Source diffractometer
equipped with a CMOS detector using graphite-monochro-
mated Mo Ko radiation (y = 0.71073 A). The crystal structure
was solved by charge flipping using Superflip *®! and refined by
full-matrix least-squares methods based on F*> using
SHELXL.'*”! Molecular graphics or complete structure solution,
refinement and analysis program was achieved using
OLEX2.”% Crystal data and refinement details are listed in
Table 1 while selected bond distances and angles are summa-
rized in Table 2.

Results and discussion

The structural composition of the complexes was determined
by elemental analysis, FT-IR and UV-vis spectroscopy, and
XRPD analysis. The compounds were generally soluble in dis-
tilled water and DMSO, but insoluble in other common organic



Table 1. Crystal data and structure refinement for complex 3.

Empirical formula CyoH26N4NiO44

Formula weight 605.16
Temperature (K) 100.0
Crystal system triclinic
Space group P-1
a(A) 7.2272(4)
b (A) 8.2329(5)
c(A) 11.2178(7)
a () 89.209(4)
B©) 73.639(4)
y () 71.596(4)
Volume (A% 605.61(6)
z 1
Peaic (Mg/mm3) 1.659
m/mm™" 1.903
F(000) 314.0

8.242-136.824°
—-8<h=<8 -9<k=<9 -8

26 range for data collection
Index ranges

<l<13
Reflections collected 5231
Independent reflections 2137 [R(int) = 0.0363]
Data/restraints/parameters 2137/0/181
Goodness-of-fit on F? 1.075

Final R indexes [| > 20 (I)]
Final R indexes [all data] .
Largest diff. peak/hole (e A=)

Ry = 0.0473, wR, = 0.1237
R; = 0.0605, wR, = 0.1337
0.94/—-0.72

solvents. The elemental analysis data of the complexes are in
good agreement with the formula [M(H,0)(nia),](fum)-
(H,fum), which indicate that the complexes contain two mole-
cules of nia, a fum dianion, and fumaric acid ligands as well as
four coordinated water molecules per mole formula unit.
Determination of stoichiometric ratio using Job’s method also
suggests a mole ratio of 1:2:2 metal to nia to fumaric acid to
fum dianion in agreement with the proposed structure. The
structure of 3 was confirmed by X-ray single-crystal diffraction
analysis.

Infrared spectra studies

The IR spectra of the metal carboxylates recorded in the region
of 4000-400 cm ™" were compared with those of the ligands as
shown in Figure S1. The IR spectra of the metal carboxylates
were not entirely the same as those of the ligand; there is either
a shift or a complete disappearance of some characteristic fre-
quencies in the reactant and appearance of some new frequen-
cies in the complexes.

The characteristic bands of fum, fumaric acid (H,fum), and
nia were observed in the IR spectra of complexes 1-3. The pres-
ence of strong but broad bands between 3450 and 2500 cm™},
which were generally centered at around 3337 cm ™" in all the
three complexes, were assigned to the v(OH) vibrations of
coordinated water molecules with overlapping N-H and C-H
stretches of the organic ligands.!"! The v(NH) in free nia

Table 2. Selected bond distances (A) and angles (°) for complex 3.

Bond length N Bond angles (°)

Ni1-03 2.0594 03w-Ni1-03w 180.00(9)
Ni1-04 2.0519 N8-Ni1-04w 91.08(9)
Ni1-N8 2.1199 04w-Ni1-03w 90.45(8)

04w-Ni1-04w 180.00(9)
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normally appear at 3366 and 3157 cm™ ', but in compounds 1-
3 the amide absorption bands were observed at higher wave-
number between 3445 and 3200 cm ™" due to the involvement
of this group in the hydrogen bonding.!"*! The bands between
2952 and 3058 cm ™' are due to aromatic and aliphatic v(CH)
stretching vibrations.!"*! The stretching bands of the amide car-
bonyl group were observed in the complexes at 1674, 1695, and
1674 cm™ ! for 1, 2, and 3, respectively, and when compared
with that of free nia usually observed at 1681 cm ™" it can be
concluded that the carbonyl group is not involved in coordina-
tion.?**") The presence of strong bands at 1705, 1704, and
1705 cm ™', respectively, in 1, 2, and 3 is attributed to the v(C
= 0) stretch of the COOH group.!"”! The C-O stretching and
O-H bending vibrations were observed in 1 at 1429 and
1198 cm™', in 2 at 1425 and 1197 cm ™', and in 3 at 1426 and
1201 cm ™ LBY The Av (v, — v,) values for the carboxylate
group in 1, 2, and 3 are 202, 206, and 204 cm respectively,
which suggest monodentate coordination of fum ions in the
three complexes.*?! This result is in variance with a bidentate
coordination mode predicted for a copper(II) complex contain-
ing analogous succinate ligand.""*’ The medium and strong
bands in the 1000-500 cm™' region are attributed to ring
stretching, deformation, and lattice vibrations occurring in the
complexes.!"!

Thermal analysis of 1 and 3

The thermal stabilities of the complexes were investigated using
thermogravimetric (TG) analysis carried out in a nitrogen
atmosphere at a heating rate of 10°C min~' from room temper-
ature to 600°C. The TG diagrams of complexes 1 and 3 are
shown in Figure la and b, respectively. Complex 1 starts to
decompose at 53°C and this step continues up to 205°C attrib-
utable to simultaneous loss of both the fum ions and fumaric
acid ligands (calcd./found: 37.71/37.5%).%) Loss of the four
coordinated water molecules follows between 205°C and 230°C
(caled./found: 11.81/11.10%). The third weight loss between
230°C and 598°C was attributed to the departure of the nia
ligand (calcd./found: 40.01/38.9%). The TG diagram of com-
plex 3 is shown in Figure 1b. The complex was thermally stable

Neight (%)

Temperature (°C)

Figure 1. The TGA curve for (a) [Cu(H,0)4(Nia),](Fum)-(H,Fum) (1) and (b) [Ni
(H;0)4(Nia),](Fum)-(H,Fum) (3).



862 A.C.TELLAETAL.

z
2
o
£
2
E " A A h)\ - )
: |
T N | Mo 2]
A l i)
‘ Nia
a um
5 10 15 20 25 30 35 40

2theta (°)

Figure 2. XRPD pattern of fumaric acid, nicotinamide, [Cu(H,0)4(Nia),](Fum)-
(H,Fum) (1), [Co(H,0)4(Nia),1(Fum)-(Ho,Fum)  (2), and  [Ni(H,0)4(Nia),](Fum)-
(HyFum) (3).

up to 133°C and starts to decompose at this temperature up to
186°C; this step is assigned to simultaneous loss of four coordi-
nated water and fumaric acid molecules (calcd./found: 30.71/
26.99%).54 The results indicate that the metal-water bond
strength is almost the same for all the water molecules.”* The
experimental values for the mass loss of the partial dehydration
stage and loss of fumaric acid molecule are well consistent with
the calculated values. At the temperature of 226°C, loss of all
the ligands except the two coordinated nia molecules was evi-
dent from the TGA curve in Figure 1b (calcd./found: 50.00/
52.24%). The final decomposition step involves the release of
nia ligands as well as formation of metal oxide as the final
product.

X-ray powder diffraction analysis

The XRPD patterns of the metal carboxylates 1, 2, and 3 were
obtained and compared with those of the ligands as shown in
Figure 2. The XRPD patterns of the metal carboxylates were
found to be different from those of the ligand and the appear-
ance of some new peaks in the three compounds and also either
a shift or disappearance of some characteristic peaks in the
ligands were noticed, indicating the formation of new com-
pounds. For example, in compound 3, new peaks were
observed at 20 = 8.2, 13.7, 16.5, 17.7, 20.7, 22.8, 24.5. 27.2,
31.6, and 34.8. Quantitative estimation of the 26 values in the
PXRD patterns of 2 and that of 3 was carried out. The major
peaks in the PXRD pattern of 2 were observed at 26 = 8.15,
12.04, 13.5, 14.3, 16.5, 22.8, 24.5, 27.1, 28.7, 29.5, 33.2, and 36.5
while those of 3 were observed at 20 = 8.2, 13.7, 16.5, 17.7,
19.8, 20.7, 22.8, 24.2, 27.2, 31.6, and 34.8. It can be observed
that the 26 values for products 1 are also in close agreement
with those of 2 and 3—an indication that the three compounds
are isostructural in agreement with the IR spectral data.

Description of the crystal structure of 3

The ORTEP representation of the structure of 3, indicating
atom numbering scheme, is shown in Figure 3. The crystal data
are summarized in Table 1 while the selected bond length and
angles are given in Table 2. The structure of 3 consists of a [Ni

-

Tm )u(eﬂ\/.

1.6804A

Figure 3. ORTEP diagram of 3 with numbering scheme adopted. Ellipsoids are
shown at 50% probability level.

(H,0)4(Nia),]*" monomeric complex cation with the nickel
(IT) center coordinated to four water molecules in plane and
two nia molecules at the axial positions in an almost ideal octa-
hedral arrangement. The structure of 3 is completed with a
fum dianion and one fumaric acid molecule, another case of a
very rare situation encountered in coordination compounds.'**!
The complex crystallizes in a triclinic space group P-1 with the
asymmetric unit consisting of exactly half the molecule. Bond
distances and angles in 3 did not deviate significantly from
those reported for similar structures in the literature *'* and
also the geometrical parameters of the nia ligands are
normal.**!

The coordinated water molecules are involved in intra-
molecular hydrogen bonding; this is evident in the fum anions
and the H,fum molecules that are linked by the O-H O
hydrogen bonds resulting in a one-dimensional alternating
chain as reported for a closely related molecule."* The effect of
these hydrogen bonds on the IR was well pronounced in the
spectra of the three complexes. The carboxylic group of the
fumaric acid molecule is connected to the fum dianion O7
atom through the O-H resulting in a short hydrogen bond.
The Ni-O distances 2.0594(19) and 2.0519(19) A are slightly
shorter than those found in the related structures '*'***! but
have the Ni-N bond distance of 2.120(19) A longer than those
reported for similar compounds."**’ The measured fum dia-
nion and fumaric acid C-O, C = C, C = O, C-C (1.261(3),
1.328(6), 1.212(3), and 1.484(4) A, respectively) bond lengths
in 3 are very close to those reported for the neutral fumaric
acid molecule (1.293, 1.348, 1.224, and 1.465 A, respec-
tively).””! The determined mean values of the angles, C = C-C
121.3(3)°, C-C-0O 112.5(2)°, and O = C-0 123.8(3)°, in the
fumaric acid moiety are all within the range usually found in
carboxylic acids except C-C = O 123.8(3)°, which is much lon-
ger than the reported value of 119.9°.*”! The other geometrical
parameters in 3 are all close to the expected values. The com-
plex cation, [Ni(H,0),(Nia),]**, fumaric acid, and fum dianion
in 3 are connected by a network of hydrogen bonds. The



Table 3. Antibacterial activities of complex 3, nicotinamide, and fumaric acid at
different concentrations on test bacteria.

Zones of inhibition (mm)

Concentration (g L™") S. aureus B. flexus B. sp. E. sp.
Complex 3

0.01 0.00 0.00 0.00 0.00
0.10 0.00 0.00 0.00 0.00
1.00 0.00 0.00 0.00 0.00
10.00 0.00 24.00 15.00 0.00
Nicotinamide

3.00 0.00 0.00 0.00 0.00
7.50 0.00 0.00 0.00 0.00
15.00 0.00 0.00 13.00 0.00
35.00 16.00 0.00 12.00 0.00
Fumaric acid

2.00 0.00 0.00 0.00 0.00
5.00 0.00 0.00 0.00 0.00
10.00 0.00 0.00 0.00 0.00
19.10 0.00 11.00 12.00 0.00

complex cation interact with the fum through the coordinated
water molecules via O-H O and the fum connects with H,
fum molecule through the carboxylic acid O-H via O-H O
hydrogen bonds.

Antibacterial results

The results of the sequenced and blasted DNA extracts of the
organisms yielded four bacterial isolates: S. aureus, B. flexus,
Brevibacillus sp., and Exiguobacterium sp. Table S1 shows the
names of the organisms, and their domain/phylum and origin.

The results of the antibacterial screening as displayed in
Tables 3 and 4 show the activity of the test compounds when
challenged with test organisms at different concentrations. The
nickel complex had its greatest effect on B. flexus followed
closely by Brevibacillus sp., but did not show any effect on S.
aureus and Exiguobacterium sp. Nia showed high activity
against S. aureus and Brevibacillus sp. at 35 g L', but did not
exhibit any effect on the other two organisms. At concentration
of 15 g L™, nia was able to inhibit the growth of Brevibacillus
sp., but was unable to do the same for others at this concentra-
tion. Fumaric acid displayed antibacterial activity against B.
flexus and Brevibacillus sp. The highest susceptibility to the
nickel complex was recorded for B. flexus while that to nia was
recorded for S. aureus and that to fumaric acid was recorded
for Brevibacillus sp.

All the test samples did not show activity at lower concen-
trations as portrayed in Tables 3 and 4. The results are in har-
mony with the work of previous workers that antibacterial
property is usually dependent on concentration.****) The

Table 4. Inhibition zones (mm) of control clinical antibiotics on the test organisms.

Organism Amx Ofl  Str  Chl Cfx Gen Pef Cot Cpx Ery
S.aureus 000 18 000 10 000 000 000 26 25 0.0
B. flexus 0.00 22 0.00 0.00 000 0.00 000 000 24 0.00
B. sp 0.00 0.0 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00
E sp 0.00 0.00 0.00 0.00 000 0.00 0.00 000 0.00 0.00

Amx, Amoxycillin; Ofl, Ofloxacin; Str, Streptomycin; Chl, Chloramphenicol; Cfx, Cef-
tazidime; Gen, Gentamycin; Pef, Pefloxacin; Cot, Cotrimoxazole; Cpx, Ciprofloxa-
cin; Ery, Erythromycin. >11 mm = sensitive; 7-10 mm = moderately sensitive;
2-6 mm = resistant.
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higher the concentration, the higher the antibacterial activity.
This study further shows that organisms from the same domain
and phylum can still behave differently to test compounds
when their genus and species are different. The test compounds
were not bactericidal but bacteriostatic.

Conclusions

Three new divalent transition metal complexes containing fum
dianion, fumaric acid, and nia have been prepared and charac-
terized by elemental analysis, IR, UV-vis, TGA, and XRPD.
The structure of [Ni(H,O)4(nia),](fum).(H,fum) (3) was con-
firmed by single-crystal X-ray diffraction analysis. The IR spec-
tra and XRPD showed that the three complexes are
isostructural. The presence of a non-coordinated fum dianion
and a fumaric acid molecule in these compounds represent one
of the rare occurrences in coordination chemistry. The antimi-
crobial screening data revealed that complex 3 exhibits more
efficient biological activity than the free ligands.
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