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4.1 Introduction

Researchers are currently focused on finding metallic compounds as metal ions are
known to enhance many biological activities by combining with many drugs and organic
ligands!?. According to recent reports, metal complexes are widely used in
pharmaceutical, medicinal, agriculture, chemical industries and in the treatment of
numerous disorders, including both communicable and non-communicable diseases 3.
As a result, scientists are now more interested in creating metal complexes with
biological properties, metal complexes have been shown in studies to exhibit promise

antibacterial, anti-oxidant, anti-tumor, and antidiabetic effects over the past few decades
6-9

Studies in the fields of drug design and pharmacology clarified how metal complexes
and plasma proteins interact. HSA and BSA, two of the most prevalent human proteins,
function as transporters in the plasma, respectively. The solubility of metal complexes
can be improved and their toxicity can be reduced by interacting with protein molecules
1011 " Numerous assessments of the literature indicated that DNA binding plays important
role in medicinal research. The interaction of metal complexes with DNA and BSA plays

a crucial role in the development of metal-based medicine 1714,

Transition metal complexes play essential roles in biological activities. Both the V(1V)
and V(V) oxidation states of vanadium are possible. In this regard, the well-known
biological actions of the oxovanadium complexes caught the researcher’s attention 16,
Various vanadium complexes have been successfully synthesized using a variety of
ligands, and their magnetic characteristics, anti-diabetic, anti-inflammatory, and catalytic
activity have been assessed in publications 1”8, But there aren't many reports on the
investigation of vanadium-based compounds for anticancer, and antibacterial activities
along with DNA/BSA binding studies. There are also several reports for Ni(Il) complex
with antibacterial, anticancer, and antimicrobial activities ®*. Ruthenium (11/111)
complexes are believed to exhibit promising anti-cancer and other biological activities.
The remarkable affinity of ruthenium complexes to attach to biomolecules and bovine
serum albumin has also been shown to make them less hazardous, highly effective, and
selective against particular types of cancers 2%?*. The distinctive characteristics of

ruthenium complexes result from coordination ligands with metal center 2.

The M. S. University of Baroda Page 127



Chapter-4

Ligands with different chelating sites in metal complexes also play a crucial role in the
rational design of new drugs because they can increase the biological activity of the
compounds 2. A good approach is the introduction of ligands with prior biological
activity, which can result in synergistic effects with the metal center or with the complex.
FDA approved drugs such as doxorubicin, mitomycin C and Mitoxantrone contain active
quinone moiety. As discussed in chapter 2 mannich bases derived from natural product
lawsone enhanced anticancer activity. It also proved that metal complexes of Mannich
bases can significantly improve activity as reported in the literature and chapter 3 242,

Herein, we report metal complexes derived by the reaction of Lawsone, N,N-dimethyl
ethylene diamine, and 4-nitrobenzaldehyde. The metal complexes such as V(IV), Ru(ll),
and Ni(ll) were synthesized and characterized by different spectral and analytical
techniques. Our research focuses on structure elucidation, structure, and optimization
using DFT calculations. Furthermore, the interaction of complexes with biomolecules
such as DNA and BSA was studied. In addition, anticancer activity on HepG2 cell line

and antimicrobial activities on gram-positive and gram-negative bacteria were screened.
4.2 Result and Discussion

4.2.1 Synthesis of ligand and complexes

The ligand was produced in good yield from the reaction of lawsone with N, N-dimethyl
ethylene diamine, and 4-nitrobenzaldehyde using ethanol as a solvent, as shown in
scheme 4.1 (discussed in chapter 2, section 2.2.1). Various spectroscopic and analytical

techniques were used to confirm the ligand's structure.
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Scheme 4.1 Schematic for the synthesis of 19

Complex 7 was synthesized by adding a methanolic solution of vanadyl sulfate
pentahydrate to a suspension of 19 and a clear reaction mass was observed. Then it was

refluxed for 8 h and the resulting brown solid was filtered, washed with hot water

The M. S. University of Baroda Page 128



Chapter-4

followed by methanol, and dried under vacuum. The schematic for the synthesis of

complex 7 is shown in scheme 4.2.
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Scheme 4.2 Schematic for the synthesis of complex 7

A similar procedure was followed to synthesize complex 8 and 9, a clear solution was
observed after the addition of ruthenium chloride or nickel acetate solution to a
suspension of 19 and was refluxed for 8 h. Then, 2,2-bipyridyl dissolved in methanol
was added and the resulting dark red solution was refluxed for another 6 hours. Then
KPFs was added and the mixture was refluxed for another 4 hours. Following
complexation, the resultant solution was concentrated under vacuum, yielding radish
brown precipitates. The substance was filtered and washed with hot water followed by
methanol and dried under vacuum. Scheme 4.3 depicts a generic schematic for the
synthesis of complexes 8 and 9. The structure and formation of synthesized complexes
were confirmed by FT-IR, UV-Visible, Mass spectroscopy along with DFT calculations

PFg

o Metal Salt

o 2,2"-bipyridyl

N _ >
\/\T KPFg
° Methanol, Reflux
18 h
NO, NO,
19 N Complex 8 & 9 B

M = Ru, Ni
Scheme 4.3 Schematic for the synthesis of complex 8 and complex 9
4.2.2 Spectral characterization

'H NMR spectrum showed singlet for six protons at & 2.30 ppm of two methyl groups
(figure S4.1). The aliphatic hydrogens of two methylene groups were observed between
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8 2.55 to 3.02 ppm as multiplet. A singlet was also observed at & 5.645 ppm due new
bond formed between aldehyde, amine, and lawsone. While all aromatic protons were
observed in 6 7.54 to 8.19 ppm as double doublet (dd), and triplet of doublet (td).

Similarly, the *C NMR spectra showed three peaks at & 184.97, 178.90, and 170.96
corresponding to the naphthoquinone carbonyl group and hydroxyl carbon (figure S4.2).
The remaining aromatic protons were observed between 6 148.31 to 112.55 ppm. While
aliphatic protons were observed between 6 57.93 to 35.19 ppm. These data confirm the

structure of desired ligand 19.

The functional groups involved in the ligand and complexes observed from FT-IR were
depicted in table 4.1. The FT-IR spectra of 19 showed a broad band at 3440 cm™ for
hydroxyl (O-H) group (figure S4.3). While weak and broad band stretching frequencies
that are observed (3420-3480 cm™) for metal complexes could be assigned as O-H of
water molecules on the surface and coordination sphere >27. The C=0 stretching of 19
was observed at 1676 cm™. This band does not show any shift in the spectra of complexes
8 and 9 which indicates it does not participate in complexation 2. However, it shifted
to lower frequency of 1635 cm™ in complex 7 suggesting that the oxygen atom of the
carbonyl group may be involved in complexation (figure S4.4) 2. The FT-IR spectra of
19 showed a strong N-H bending frequency at 1527 cm™, which shifted to a higher
frequency to 1565, 1564, and 1546 cm™ for complex 7, 8, and 9 respectively. It indicates
the participation of nitrogen atoms in complexation . In spectra complex 8 and 9 C=N
stretching frequency observed at 1625 and 1629 cm™ confirms the binding of bipyridyl
co-ligand (figure 4S.5 & S4.6) 3. The C-O stretching frequency also complexes 7, 8,
and 9 shifted to a higher frequency as compared to ligand 19, which confirms the oxygen

of hydroxyl group participated in dative bond formation.

The characteristic V=0 stretching frequency of complex 7 was observed at 971 cm™,
which is in the usual range previously reported for the majority of oxovanadium(IV)
complexes 3. The hexafluorophosphate counter-ion found in complexes 8 and 9 is
connected with the significant absorption frequencies at 843 and 844 cm™ observed
in the fingerprint regions, which confirms the formation of complexes. In the far IR
region, medium intensity bands at 650-550 cm™ and 485-440 cm™ were observed and it

can be attributed to M-N and M-O vibrations respectively in all complexes 32,
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Table 4.1: The FT-IR spectral data of 19 and metal complexes 7-9

Comp. | O-H | C-H [C=O0 | C=N| N=O | 8N-H | C-O P-F | M-N | M-O
1589,
19 3440 | 2952 | 1676 - 1527 | 1240 - - -
1346
Complex 3033, 1592, 971
3419 1635 - 1565 | 1289 606 | 444
7 2708 1345 (V=0)
Complex 1601,
3480 | 3075 | 1675 | 1625 1554 | 1274 | 843 557 | 484
8 1345
Complex 1588,
9 3460 | 2927 | 1673 | 1629 1346 1546 | 1293 | 844 650 -

UV-Vis spectra of ligand and complexes were recorded over a wavelength range of 200
nm to 800 nm in DMSO are shown in figure 4.1. The absorption band caused by n-*
and n-r* transitions were observed at 452 and 246 nm respectively for ligand 19. It can
be due to oxygen atom of a hydroxyl group in lawsone quinoid ring **. These bands
showed a blue shift and red shift during metal complexation. This band shifted to 430 nm
for complex 7 and 8 (figure 4.1a & 4.1b), while it was observed at 488 nm for complex
9 (figure 4.1c). These bands can be assigned as ligand to metal charge transfer (LMCT).
This could be another evidence that the ligand is involved in complex formation 3%,

Likewise, b2(dxy) — e+ (dxy; dyz) transitions of VO?* ion (d-d transition) were observed
at 838 nm for complex 7 (inset of figure 4.1a). These bands are typical for distorted
octahedral VO?* complex ¥, Similarly, d-d transition for complex 9 was observed at
646 nm further confirm the formation of Ni(ll) complex (inset figure 4.1c). The n-o*
transition 288 and 278 nm for complex 8 and 9 respectively confirms the participation

of bipyridyl ring in complexation of Ru(ll) and Ni(Il) complexes.
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Figure 4.1 UV-visible spectra of (a) complex 7, (b) complex 8, and (c) complex 9

The electrolytic nature of complexes 7-9 was obtained by recording molar conductance
in DMSO (1.0x10° M) solution. The molar conductance values are 121, 87, and 95 S
cm? mol™? for complexes 7-9 respectively. These determined values revealed the 1:1

electrolytic nature of complexes *°.

The ESI-MS was used to examine the mass spectra of complexes 7 and 8. Whereas,
HRMS was used to obtain mass spectra of complex 9. The prominent molecular ion peak
was observed at m/z = 479.90 in mass spectrum of complex 7, which is similar to formula
[C21H22VN3O7]™ (figure 4.2). There are several other fragmentation peaks at m/z =
324.13 and m/z = 173.03 in spectra of complex 7 correlated with formula [C17H11N20s]*
and [C1o0Hs03]* respectively. Similarly, mass spectra of complex 8 showed m/z = 815 for
[Ca1H30RUPFsNsOs6]™ (figure 4.3). While, prominent fragmentation peaks of complex 8
observed at m/z = 715 and m/z = 526.80 related to formula [C2:H22RuFsN3OsP]" and
[C22H23RUN306]".

The M. S. University of Baroda Page 132



Chapter-4

O nEos

EEL. o 1-veER

TVER # AT: 0.00 AV: 1 MNL: 6.28E4
T OTMS - e ESI Full ms [50.00-1500.00]

100 479.90
25|
a0
as
ao
7S az4.1a
=] |
&5
SO
565 17303
s0

a5

Refive Abundance

A0
as
=

15 1 562 06

3sa.81
26.94 ‘

10

b H, e 2,??'?Y?A‘:L | - l bdin J”L\I‘ILH".‘.., kbt kB Tk ot 0 et b S A8 b iy
Is] 200 3OO A00 50

ot . y Jotig Wbty
500 soo 700 800 200 1000

o

Figure 4.2 ESI-MS spectra of complex 7
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Figure 4.3 ESI-MS spectra of complex 8

On the other hand, mass spectra of complex 9 show a parent molecular ion peak at m/z
= 772, which matches the formula [C31H30NiFsNsOsP]* (figure 4.4). The peak at m/z =
625.30 was ascribed to [C31H30NiNsOg]*. The molecular ion peak due to fragmentation
of complex 9 to the corresponding ligand observed at m/z = 396 with formula
[C21H21N30s]*. The peak at m/z = 308 was observed due to further fragmentation of
ligand (figure 4.4). Based on mass measurements, complexes can be classified as

hexagonal coordinated system and proves the formation of desired metal complexes.
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Figure 4.4 HRMS spectra of complex 9

The electron paramagnetic resonance (EPR) spectra of vanadium complex 7 was
recorded in DMSO at 100K. The EPR spectrum (figure 4.5a) of complex 7 exhibited a
typical eight line pattern revealing the oxidation state of vanadium as +4. The hyperfine
structure corresponds to the interaction of a single unpaired electron (S = 1/2) with a

vanadium nucleus (I = 7/2) °. The observed g-values and A-values are in order g, (2.016)

>9, (2.004) and A | (175.79) > A, (75.177). This EPR spectra revealed the presence of

single vanadium V/(IV) center in the complex and unpaired electron is most likely to
localize in d orbital of VO(IV) ion %L,
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Figure 4.5 (a) ESR spectra and (b) 51V NMR of complex 7

Apart from ESI-MS and EPR, %'V NMR spectroscopy was used to definitively confirm
the presence of vanadium in complex 7. 5V NMR of complex 7 was recorded in DMSO

solution at room temperature. The peak was observed at & = -529.77 ppm as shown in
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figure 11b due to oxidation of vanadium complex to VO(V) species. It further confirms

the existence of monomeric vanadium (V) species in solution 4243,

4.2.3 DFT based Frontier molecular orbital analysis

As discussed in chapter 3, molecular orbitals of highest occupied and lowest unoccupied
(MOs) are collectively referred to as frontier orbitals (FMOSs). The impact of FMO is
indispensable in the determination of electronic, optical activity, chemical stability,

biological activity, and molecule reactivity.

Table 4.2 HOMO-LUMO energy gap of 19, and complexes 7-9

B3LYP/6-31G (d, p) (eV) and LanL2DZ
Parameters
19 Complex7 | Complex 8 Complex 9
HOMO -5.7533 -6.7125 -3.3616 -6.0373
LUMO -3.4359 -6.1361 -2.8710 -2.0860
AE 2.3173 0.5764 0.4906 3.1769

Because FMOs are significant factors for describing chemical behavior, they were
estimated theoretically. The LUMOs are predominantly electron acceptors, while the
HOMOs are predominantly electron donors. According to literature, compounds with a
small energy gap have higher chemical reactivity, low kinetic stability, and are soft in
nature, whereas compounds with a large energy gap have higher chemical reactivity, high
Kinetic stability, and are hard in nature *4*°. Table 4.2 summarizes the details of frontier
molecular orbitals as well as the HOMO-LUMO energy gap of ligand 19 and complexes
7, 8, and 9. Complexes 7, 8, and 9 have negative energies for the FMOs, indicating that
the complexes are stable. Complexes 7 and 8 have a HOMO-LUMO energy gap (AE) of
0.5764 eV and 0.4906 eV, respectively, which is substantially lower than ligand 19.
However, the AE value for complex 9 (3.1769 eV) was higher than ligand 19 (2.3173).
This might be due to the lower activity of the nickel complex than ligand and other

complexes, which may affect the biological activity.

The patterns of the HOMO and LUMO of complexes 7-9 have been displayed in figure
4.6a. The HOMO electron density was delocalized over oxygen atom of hydroxyl group
and quinonoid ring of lawsone moiety along with metal and bipyridyl ring for complex
7 and 8 respectively. This confirms the participation of metal and bipyridyl ring in

complexation. However, low or no electron density was observed on bipyridyl ring in
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case of complex 9. Moreover, the LUMO electron density is localized on nitrobenzene
ring in all complexes The chemical reactivity of complexes revealed that ruthenium
complex 8 is highest than other complexes as the HOMO-LUMO gap for the ruthenium
complex 8 was found to be 0.4906 eV. Table 4.3 lists the important bond lengths and
bond angles of metal-ligand bonds for complexes 7, 8, and 9 derived from geometry

optimization. These data suggest that complexes may have distorted octahedral

geometry.
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Figure 4.6 (a) HOMO-LUMO pictures and (b) MEP diagram of complexes 7, 8 and
9

As described in chapter 3, MEP is widely used as a reactivity map. It is very important
to determine electrophilic and nucleophilic sites based on electrostatic potential, which
are represented by red and blue colors respectively %64’ The MEP diagram and
electrostatic potentials of complexes 7-9 are represented in figure 4.6b. Complex 7 has
red area near the O atoms of hydroxyl group, naphthoquinone ring, and V=0 atom, which
symbolizes the acceptor site. The blue region observed near N atoms symbolizes the
donor. A similar trend was also observed in complex 8 and 9 for red region, while blue
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region was observed near N atoms of bipyridyl ring and amine region. These data suggest
that electron density near oxygen atom of naphthoquinone and metal plays an important

role in biological activity.

Table 4.3 Metal ligand bond length and bond angle of complex 7, 8, and 9 under
study obtained from geometry optimization

Complex 7
R(9,46) 09-V46 1.9562
R(42,46) N42-V46 2.1556
Bond length (A) R(43,46) N43-V46 2.1658
R(46,47) \V46-047 1.6082
R(46,48) V46-048 1.8396
A(9,46,42) 09-V46-N42 81.3201
A(9,46,43) 09-V46-N43 151.5039
A(9,46,47) 09-V46-047 108.5103
A(9,46,48) 09-V46-048 89.8063
Bond angle (in °) A(42,46,43) N42-V46-N43 81.3512
A(42,46,47) N42-V46-047 106.638
A(43,46,47) N43-V46-047 98.0505
A(43,46,48) N43-V46-048 86.4038
A(47,46,48) 047-V46-048 118.4236
Complex 8
R(14,73) N14-Ru73 2.1181
R(17,73) N17- Ru73 2.2875
R(18,73) 018- Ru73 2.0547
Bond length (A)
R(46,73) N46- Ru73 2.0589
R(47,73) N47-Ru73 2.1074
R(54,73) 054-Ru73 2.2207
A(14,73,17) N14-Ru73-N17 84.1832
A(14,73,18) N14-Ru73-018 88.6343
Bond angle (in °) A(14,73,46) N14-Ru73-N46 92.726
A(14,73,47) N14-Ru73-N47 93.2507
A(17,73,18) N17-Ru73-018 80.8329
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A(17,73,47) N17-Ru73-N47 105.8766
A(17,73,54) N17-Ru73-054 91.2379
A(18,73,46) 018-Ru73-N46 94.8006
A(18,73,54) 018-Ru73-054 77.1869
A(46,73,47) N46-Ru73-N47 78.5655
A(46,73,54) N46-Ru73-054 90.7332
A(47,73,54) N47-Ru73-054 101.0947
Complex 9
R(14,28) N14-Ni28 2.1232
R(17,28) N17-Ni28 2.3219
R(18,28) O18-Ni28 2.0277
Bond length (A) _
R(28,47) Ni28-N47 2.0907
R(28,48) Ni28-N48 2.1101
R(28,55) Ni28-055 2.1821
A(14,28,17) N14-Ni28-N17 84.2034
A(14,28,18) N14-Ni28-018 87.2948
A(14,28,47) N14-Ni28-N47 95.3449
A(14,28,48) N14-Ni28-N48 96.9767
A(17,28,18) N17-Ni28-018 82.4625
Bond angle (in °) A(17,28,48) N17-N?28-N48 106.0328
A(17,28,55) N17-Ni28-055 89.2641
A(18,28,47) 018-Ni28-N47 92.1652
A(18,28,55) 018-Ni28-055 76.1312
A(47,28,48) N47-Ni28-N48 79.344
A(47,28,55) N47-Ni28-055 89.6794
A(48,28,55) N48-Ni28-055 100.0524
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4.3 Biological studies

4.3.1 DNA binding studies

To ascertain the degree of binding and the mechanisms of all produced metal complexes
toward DNA, the CT-DNA binding of each complex was examined using the UV-visible
titration method. The recorded titration spectra of complex 7-9 in the absence and
presence of varying CT-DNA concentrations are shown in figure 4.7. The complex 7
and 9 in DMSO solution displays absorption peak at 270 nm. The incorporation of CT-
DNA in metal complexes causes hypochromism in absorption bands. These
distinguishing characteristics suggest that complexes 7 and 9 interact with CT-DNA in
an intercalative manner “. On the contrary, ruthenium complex 8 demonstrated

hyperchromism (figure 4.7c¢). It can be due to groove binding of CT-DNA with complex
49

As described in chapter 3 (section 3.3.1), a plot of [DNA]/(ea-€f) vs. [DNA] gave a slope
of 1/(ep-¢r) and an intercept (1/Kp)(en-€f), Kb is the ratio of the slope to intercept (figure
4.7b, 4.7d and 4.7e). The intrinsic binding constant (Ky) of complexes was calculated

from Wolf —Shimer equation given below equation 3.1 (chapter 3, section 3.3.1)*°.

Table 4.4: Kpand Ksv values of complexes 7-9

Compound Kb (M1) Ksv (M) | AG® (KJ mol?)
Complex 7 3.56 x 10° 8.5 x 10* -31.675
Complex 8 2.3 x 10 1.29 x 10* -24.882
Complex 9 1.996x 10° 6.3 x 10° -30.196

The binding constant Ky of complexes ranges from 10* to 10° M (table 4.4) revealing
strong binding of complexes with DNA. Complex 7 showed good binding affinity may
be due to positive charge (+2), which could be owing to electrostatic interactions between
the positively charged complex unit and the negatively charged phosphate backbone of
CT-DNA double helix . The higher high binding affinity of complex 7 to DNA can also
be due to their higher chemical reactivity as it has low AE value (0.5764 eV).
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Spontaneity/non-spontaneity is a crucial element that has been taken into account while
examining the nature of complexes towards DNA. Equation 3.2 was used to determine
Gibb's free energy (AG) (chapter 3, section 3.3.1).

The observed negative values of AG (table 4.4) suggests that the binding process of

complexes towards DNA was energetically favourable and spontaneous *2.
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Figure 4.7 UV absorption spectra of (a) complex 7, (c) complex 8 and (e) complex 9
at increasing concentration of CT-DNA. Plots of [DNA]/(ga-¢f) vs. [DNA] of (b)
complex 7, (d) complex 8, and (f) complex 9.
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A competitive binding analysis using a quenching experiment and a fluorescence
spectroscopy tool was conducted to further clarify the precise binding mode of the
complexes with CT-DNA. Quenching in emission intensity at 609 nm was observed as
increasing concentration of metal complexes in DNA-EB solution as shown in figure
4.8. This quenching is due to the metal complexes that can intercalate into the DNA
model and replace the EB binding site with CT-DNA. This observation implies that all
complexes 7-9 have a great tendency to displace EB from the DNA-EB conjugate and
strongly bind with DNA via intercalative or groove binding mode®?

As discussed in chapter 3, the quenching ability of DNA-EB conjugates by complexes
was analyzed according to Stern Volmer equation 3.3 (chapter 3, section 3.3.1). The
Ksv values follows the order complex 7 > complex 8 > complex 9 as depicted in table
4.4. This order suggests that complex 7 gives best results. This might be due to low
HOMO-LUMO gap as shown in DFT study and presence of a higher positive charge (+2)
in oxovanadium complex 7. The magnitude of the binding constant value indicated

medium to strong binding strength of complexes with CT-DNA %3,
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Figure 4.9 Plot of fluorescence emission intensity | versus wavelength A for CT-
DNA-EB complex at different concentration of (a) complex 7, (b) complex 8, (c)
complex 9 and (d) Stern-Volmer quenching plot of DNA-EB emission in presence of
complex 7-9.
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4.3.2 BSA binding studies

Albumin is the most abundant protein and BSA is selected as a target protein in our case
due to its structural similarity with human serum albumin, easy availability and low cost
%, The binding properties of BSA with the synthesized compounds have been also
studied using fluorescence spectroscopy to confirm whether the BSA-complex formation
follows a static or a dynamic quenching mechanism. The successive addition of
complexes 7-9 (a ratio of 0-4.5) to a solution of BSA leads to quenching in fluorescence
intensity as shown in figure 4.10. Since the secondary structure of BSA changes as a
result of binding to the compounds, this quenching is typically attributed to a static
mechanism, which suggests the development of a ground state new complex between
BSA and metal complexes rather than dynamic collision 2. This quenching effect was
also analyzed by the Stern-Volmer equation 3.3. For static quenching interaction, the
apparent binding constant Ka and the number of binding sites n could be obtained from
the Scatchard equation: log((lo-1)/1) = logKa + nlog[Q] >

The plot of log[lo-1/1] versus log[Q] for all the complexes 7-9 is linear as shown in figure
4.10d. The binding constant (Ka) and the number of binding sites per albumin (n) have
been obtained from the intercept and slope respectively (table 4.5). There was just one
class of independent binding sites for complexes 7-9, according to the values of n, which
are about in the range of 0.8 to 1.4. Complex 8 showed higher binding to BSA compared
to complexes 7 and 9 may be due to static and dynamic quenching mechanism .

Table 4.5 Kaand Ksv values of complexes 7-9

Compound Ka (M) Ksv (M) n
Complex 7 1.66x 10° 3.42x 108 1.4
Complex 8 8.21 x 107 1.11 x 10° 1.36
Complex 9 2.16 x 10° 2.86 x 10° 0.812

The values of the Stern VVolmer quenching constant K, obtained for complexes 7-9 is in
order of complex 7 > complex 8 > complex 9. The Stern—VVolmer plot for the quenching
of BSA fluorescence by complexes 7-9 is shown in figure 4.10e. Additionally, the
double logarithm plot's linear behavior suggests that just one of the protein's tryptophan
residues is interacting with the complexes. The lower value of Ka and Ks, for complex 9

might be due to higher AE values as determined earlier by DFT calculations.
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Figure 4.10 (a, b, c) plot of fluorescence emission intensity | versus wavelength A (d)
double logarithmic plot for the quenching of BSA fluorescence and (e) Stern VVolmer
guenching plot of BSA emission in presence of complexes 7-9

All spectroscopic method clearly proved that the complex 7 and complex 8 exhibits the

strongest binding with both DNA and BSA.

The M. S. University of Baroda

Page 143



Chapter-4

4.3.3 Cytotoxicity

The resazurin dye-based test was used to assess the cytotoxicity of complexes 7-9 and

19 on HepG2 cells. All the compounds were screened from 15.6 uM to 1000 uM

concentrations. The cell viability obtained for HepG2 cells exposed to complexes for 72

h. Figure 4.11 displays the plot of percent viability vs. compound concentration from the

resazurin dye-based test of complexes 7-9 and 19. A very steep decline in the cell

viability was observed in complex 7 and 9 at 250 uM of concentration. While complex

8 showed a steep decline at 62.5 uM of concentration. This data was used to calculate

ICso values for all the compounds. The cytotoxicity data of complexes are depicted table

4.6.
Table 4.6 1Cso values of Complexes
compound 19 Complex 7 Complex8 | Complex 9
1Cs0 (M) 169+0.63 | 141.27%+1.05 | 52.05 =0.73 | 184.8 =0.85
19 Complex 7
2001 150 -
1504
z = B £
8 100 B E 2
> — =
S — 2
504 E
o- =
00&&
1507 Complex 9
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E" 100 L
g
>
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Figure 4.11 The plot of % viability vs concentration of compound obtained from

cytotoxicity assay of ligand 19 and complexes 7-9.
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The obtained cytotoxic values are compared with 19. It was found that complex 8 has
higher cytotoxicity. Whereas, complex 9 showed lower cytotoxicity as compared to its
precursor ligand 19 as evident by their DFT study. The obtained 1Cso value of complex
8 is comparable with 1Cso value of cis platin 15.9 uM on HepG2 cell line %,

4.3.4 Antimicrobial activity

Chloramphenicol was used as positive control to test the 19 and its complexes 7-9 to see
how well they inhibited the growth of both gram-positive and gram-negative bacteria.

Table 4.7 provides a summary of the test outcomes.

Table 4.7 Effect of complexes 7-9 and ligand 19 on the test microorganism

Compound (u[g)/olfli) E.coli | P.aeruginosa | S.aureus | B.subtilis
10 NA NA NA 9+0.7
19 50 NA NA NA 10+£0.9
100 NA NA NA 11+£0.3
10 NA NA NA NA
Complex 7 50 NA NA NA 10+£0.2
100 NA NA NA 12+0.3
10 NA NA 11+£0.8 9+1.0
Complex 8 50 NA NA 15+04 12+ 0.6
100 NA NA 18+0.9 15+ 0.7
10 NA NA NA NA
Complex 9 50 NA NA NA NA
100 NA NA NA NA
Chloram- 30 | 21+11| 1004 26408 | 26+0.7
phenicol

The maximum activity against B. subtilis (15 £ 0.7 mm) and S. aureus (18 + 0.9 mm)
was shown by the Ru(Il) complex 8, whereas complex 7 and 19 showed activity against
B. subtilis. Complex 9 exhibited no inhibition against any bacteria indicating the
inactivity of a compound. It was discovered that complex 7 has moderate antibacterial
action against B. subtilis only. In this work, it was found that neither 19 nor complexes
were active against gram-negative bacteria. Overall, the test findings showed that the
produced complexes 7 and 8 outperformed the 19 in terms of antibacterial efficacy and

comparable with standard drug.
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4.4 Experimental

4.4.1 Material and methods

Ruthenium chloride, Vanadyl sulfate pentahydrate were purchased from Sigma-
Aldrich, Mumbai, India and N, N-dimethyl ethylene diamine was procured from
TCI, India. Nickel acetate was purchased from Loba Chemie, India. 4-nitro
benzaldehyde, Calf thymus DNA (CT-DNA), trisodium citrate (NazCsHsO7),
Ethidium Bromide (EB) and bovine serum albumin (BSA) were procured from Sisco
Research Laboratory (SRL) Mumbai, India. HepG2 cell line was procured from
National Center for Cell Science (NCCS) Pune, India. 5 mM trisodium citrate and 50
mM NaCl were dissolved in doubly distilled water to prepare buffer solution. The pH

of buffer was adjusted to 7.3 by using dilute NaOH.

The description of instruments used for FT-IR, NMR, elemental, and Mass analysis is
depicted in chapter 2 (section 2.3.1). JOEL 600 MHz NMR was used to record >V
NMR of vanadium complex. ESR spectrum was recorded using Bruker Biospin ESR
spectrometer operating with X-band (9.6 GHz) microwave at 100K temperature in a suitable
solvent. Thermogravimetric Analysis (TGA) of ligands and complexes was performed TG—
DTA 6300 INCARP EXSTAR 6000 at a heating rate of 10°C/min in the temperature
range of 30-500°C, nitrogen atmosphere was maintained throughout the measurement.
UV-Visible spectra were recorded on Agilent UV Cary 60 and Perkin ElImer Lambda-
35 dual-beam spectrophotometer. Fluorescence spectra were recorded in solution on
JASCO FP-6300 fluorescence spectrophotometer. Powder XRD was recorded on

Bruker D2-Phased instrument with Lynux-eye detector.

4.4.2 Synthesis of 19

The 19 was synthesized according to the procedure reported in chapter 2. Briefly, to a
suspension of lawsone (1, 2 mmol) in absolute ethanol (6 mL), N, N-dimethyl ethylene
diamine (2.2 mmol) was added and allowed to stir for 15 minutes. Then, 4 nitro
benzaldehyde (2.4 mmol) was added to the reaction mixture and the resulting reaction
mixture was left stirring at 30 °C for 8 h. The progress of the reaction was monitored by
TLC. The obtained solid product was filtered and washed with water, ethanol followed
by diethyl ether. The isolated product was dried in a vacuum oven. The crude product

The M. S. University of Baroda Page 146



Chapter-4

was recrystallized in ethanol. The schematic for synthesis is shown in scheme 4.1. The

crude product was recrystallized in ethanol.

2-(((2-(dimethylamino)ethyl)amino)(4-nitrophenyl)methyl)-3 hydroxynaphthalene-
1,4-dione (19)

(o]
OH
sed
\/\N/
‘O
NO,

Reddish brown; Yield: 76%; M.P: 140-142 °C

IH NMR (DMSO-d6, 400 MHz) & (ppm): 8.18 (2H, d, J=8.8 Hz), 7.88 (1H, dd, J=6.8
Hz, J=0.8 Hz), 7.80 (3H, d, J=1.2 Hz), 7.68 (1H, td, J=6.8 Hz, J=1.2 Hz), 7.56 (1H, td,
J=6.8 Hz, J=1.2 Hz), 3.02 (1H, t, J=6.0 Hz), 2.94 (1H, m, J=8.6 Hz), 2.65 (1H, t, J=6.8
Hz), 2.58 (1H, m, J=8.6 Hz), 2.30 (6H, s). *C NMR (DMSO0-d6, 100 MHz) § (ppm):
35.19, 43.30, 44.83, 55.43, 57.93, 112.55, 123.77, 124.30, 125.55, 125.80, 128.87,
129.44,131.29, 131.89, 134.23, 135.13, 146.84, 148.31, 170.96, 178.90, and 184.97. IR
(KBr) cm: 3440 (O-H), 2952 (=C-H), 2850 (C-H), 1676 (C=0), 1589 (N=0), 1527 (3
N-H), 1346 (N=0), 1240 (C-O), 1110 (C-N). ESI/MS 396.17 [M+1]" calculated for
C21H21N30s. UV-Vis (DMSO) A/nm, (log £): 246 (5.072), 452 (3.737). Molar
conductance: 11.3 S cm? mol*

4.5.3 Synthesis of complexes 7-9

The methanolic solution of vanadyl sulfate pentahydrate (1 mmol) was added dropwise
to a suspension of 19 (1 mmol) in methanol (15 mL) and refluxed for 8 h. The resulting
brown solid was filtered, washed with hot water followed by methanol, and dried under

vacuum. The Schematic for the synthesis of complex 7 is shown in scheme 4.2.
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Complex 7

NO,

Brown powder; Yield: 72%; M.P: >250 °C

IR (KBr) cm™: 3419 (O-H), 3033 (C-H), 2708 (C-H), 1635 (C=0), 1592 (N=0), 1565
(6 N-H), 1345 (N=0), 1289 (C-0), 1133 (C-N), 971 (V=0), 606 (V-N), 444 (V-O)
(figure S4.4), ESI/MS 479.90 [M+1]* For C21H22VN3Oy (figure 4.2) Anal. Calculated
%: C,52.62;H,4.63; N, 8.75. Found %: C, 51.08; H, 4.40; N, 8.79 UV-Vis (DMSO)
A/nm, (log €): 430 (3.187), 838 (1.740). Molar conductance: 121 S cm? mol*

Ruthenium chloride (0.5 mmol) or nickel acetate (0.5 mmol) dissolved in methanol was
added dropwise to a suspension of 19 (0.5 mmol) in methanol (15 mL) and refluxed for
8 h. Then 2,2’-bipyridyl dissolved in methanol was added and resulting dark red solution
was refluxed for 6 h. Then KPFg (0.5 mmol) was added and further refluxed for 4 h. After
complexation resulting solution was concentrated under vacuum and radish brown
precipitates was obtained. The obtained solid was filtered and given washing with hot
water followed by methanol, and dried under vacuum. The general schematic for the

synthesis of complexes 8 and 9 are shown in scheme 4.3.

Complex 8

PFe

Brownish black; Yield: 58%; M.P: 178-182 °C
IR (KBr) cm: 3480 (O-H), 3075 (C-H), 1645 (C=0), 1625 (C=N), 1601 (N=0), 1554
(8 N-H), 1345 (N=0), 1274 (C-0), 1160 (C-N), 843 (P-F), 557 (Ru-N), 484 (Ru-O)
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(figure S4.5), ESI/MS 815.89 [M+1]* For CsiH30FsNsOsPRu (figure 4.3), Anal.
Calculated %: C, 45.89; H, 3.71; N, 8.6. Found %: C, 45.92; H, 3.65; N, 8.65 UV-
Vis (DMSO) AMnm, (log €): 288 (7.837), 430 (6.781). Molar conductance: 87 S

cm? mol?

Complex 9
_ P — Pr,
N l ‘ SN
HZO\ //N F

i\
O K
0

NO,

Radish brown; Yield: 64%; M.P: 158-162 °C
IR (KBr) cm™: 3440 (O-H), 2927 (C-H), 1629 (C=N), 1588 (N=0), 1546 (6 N-H), 1346
(N=0), 1293 (C-0), 1160 (C-N), 844 (P-F) (figure S4.6), ESI/MS 625.30 [M+1]* For
Cs1H30NsO6Ni (figure 4.4), Anal. Calculated %: C, 59.36; H, 4.82; N, 11.16. Found
%: C, 59.08; H, 4.40; N, 11.17 UV-Vis (DMSO) A/nm, (log £): 277 (1.928), 488
(6.696), 646 (6.249). Molar conductance: 95 S cm? mol*

4.5.4 Computational Studies

Theoretical calculations were carried out using Gaussian 16 software program and
followed the procedure as depicted in chapter 3 (section 3.4.4)

4.5.5 DNA Binding Experiments

DNA is considered as the primary biological target on numerous antitumor drugs, a series
of spectroscopic tools have been employed for the determination of in vitro binding
modes and binding strength of the complexes towards DNA. All the experiments were
performed in buffer solution (5 mM trisodium citrate and 50 mM NaCl at pH 7.4) at room

temperature and followed the procedure as depicted in chapter 3 (section 3.4.5)

4.5.6 BSA binding experiments

BSA binding studies were carried out using protocol mentioned in chapter 3 (section
3.4.6)
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4.5.7 Cytotoxicity assay

The cytotoxicity of the compounds on HepG2 cells was evaluated by the resazurin dye-
based assay. 96 well plate was seeded with 1000 cells per well with culture growth media
as follows: DMEM (Hyclone, GE) supplemented with 10% Fetal Bovine Serum (Gibco)
and Antibiotic-Antimycotic (1x) (Thermo, USA). Following overnight incubation, the
media was replaced with fresh media containing test compounds at various
concentrations incubated for 72 hours in a humidified incubator at 37 °C and CO2
maintained at 5%. Test compounds were diluted in Dimethyl sulfoxide Hybri-Max™
(Sigma-Aldrich, USA) at 100mM concentration and serially diluted in growth media to
obtain concentrations 1000 uM, 500 uM, 250 uM, 125 uM, 62.5 uM, 31.5 uM, 15.62
uM. Subsequently, cells were incubated with 1X Resazurin dye solution (100ug/ml)
(Sigma-Aldrich, St. Louis, MO, USA) for 4 h, and fluorescence was measured at 530nm
excitation/590nm emission on a Synergy HT microplate reader (BioTeklInstruments,
USA). The experiment was performed with three replicates for each concentration. ICso
values and Cytotoxicity graph was plotted using Quest Graph™ ICso Calculator (AAT
Bioquest).

4.5.8 Antimicrobial activity

The synthesized complexes were examined for their potential application in
antimicrobial activity against two gram positive (Staphylococcus aureus, Bacillus
subtilis) and two gram negative (Pseudomonas aeruginosa, Escherichia coli) bacterial
strains. The Kirby-Bauer disk diffusion methodology employed with the nutrient agar
medium for antimicrobial activity®®. In the sterile autoclaved medium, the bacteria was
subculture and incubated for up to 24 hours (37« 2°C). Chloramphenicol (30 pg/mL) and
DMSO were taken as positive and negative control respectively. The stock solution of
complexes and ligand (1 mg/mL) was prepared in DMSO. Following dilution of the stock
solution, the antimicrobial activity of each compound was assessed at three different
concentrations, namely 10, 50, and 100 pg/mL. The 5 mm-diameter discs were
submerged in the test solutions of the aforementioned three concentrations, then set on a
suitable nutrient medium that had already been seeded with organisms in petri plates and
kept in an incubator throughout the aforementioned time. The inhibition area of

microorganism were measured with the mm scale after 24h and reported.
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4.5 Conclusion

Finally, using the oxygen and two nitrogen atoms (ONN) donor Mannich base ligand,
unique V(IV), Ru(ll), and Ni(ll) metal complexes were successfully synthesized.
Different methods, such as molar conductivity, spectroscopic, and analytical approaches,
were used to characterize the ligand and complexes (1H NMR, 13C NMR, Uv-Visible,
FT-IR, ESI-MS and ESR). Bond length, bond angle, HUMO and LUMO energy gaps
(E), among other crucial geometry optimization parameters, were also established. It is
feasible to conclude that the successful synthesis of metal complexes under particular
circumstances from these various spectroscopic analyses. UV-visible and fluorescence
spectroscopy were used to confirm the intercalative and groove binding interactions of
complexes with biomolecules such as CT-DNA and BSA. All available spectroscopic
techniques demonstrated unequivocally that V(1) and Ru(ll) complexes exhibit the
strongest binding with both DNA and BSA, but Ni(ll) complex showed only modest
contact. DFT research backed up the experimental results. The cytotoxicity potential of
ligand and complexes was assessed using a resazurin dye-based assay on HepG2 cells,
and the results showed that the ruthenium complex had significantly higher activity than
ligand and other complexes, and that it was comparable to standard medication. In vitro
antibacterial test results also revealed that the generated complexes 7 and 8 performed

better than the 19 in terms of antibacterial activity and were equivalent to standard drugs.
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