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Abstract Synthesis and structural characterization of nano crystallites of bis-violurate-based man-
ganese(II) and copper(I1) chelates is the subject of the present study. Analytical data and mass spec-
tra as well as thermal analysis determined the molecular formulas of the present metal chelates.
Spectroscopic and magnetic measurements assigned the structural formula of the present violurate
metal complexes. The spectroscopic and magnetic investigations along with structural analysis
results indicated the square planar geometry of both the Mn(II) and Cu(Il) complexes. The struc-
tural analysis of the synthesized metal complexes was achieved by processing the PXRD data using
specialized software Expo 2014. Spectrophotometeric and viscosity measurements showed that vio-
luric acid and its Mn(IT) and Cu(II) complexes successfully bind to DNA with intrinsic binding con-
stants K, from 38.2 x 10° to 26.4 x 10° M~'. The antiviral activity study displayed that the
inhibitory concentrations (ICsy) of SARS-CoV-2 by violuric acid and its Mn(II) and Cu(II) com-
plexes are 84.01, 39.58 and 44.86 uM respectively. Molecular docking calculations were performed
on the SARS-CoV-2 virus protein and the computed binding energy values are —0.8, —3.860 —5.187
and —4.790, kcal/mol for the native ligand, violuric acid and its Mn(II) and Cu(II) complexes
respectively. Insights into the relationship between structures of the current compounds and their
degree of reactivity are discussed.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Peer review under responsibility of King Saud University. Severe acute respiratory syndrome corona virus 2 (SARS-
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CoV-2) has now been proven to be the causative agent of
the COVID-19 pandemic, as announced by the World Health
Organization (WHO) on March 11, 2020. In this context, the
relevant studies reported that one of the ways to eliminate
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SARS-CoV-2 comes from inhibiting the work of some
enzymes necessary for the continuation of the life cycle of
the corona virus [1,2]. In this regard, some studies have proven
the success of Au-complexes in eliminating Corona virus by
inhibiting the activity of some vital enzymes such
angiotensin-converting enzyme II (ACE 2) [3]. In addition,
the Au complexes showed inhibitory activity of the Papain-
like protease (PLP™®) enzyme, which along with 3-
Chymotrypsin-Like Protease (3CLP™), are essential for the
survival of SARS-CoV-2 virus [4-7]. In this context, the ther-
apeutic use of these gold complexes with a half-maximal inhi-
bitory concentration (ICsg) of 4 uM reduced SARS-CoV-2
infection in human cells by 95% after 48 h. [8]. Despite the suc-
cess of these gold complexes in inhibiting the activity of corona
virus, their high toxicity prevented them from being used as
treatments against SARS-CoV-2 [1,2]. However, this promis-
ing therapeutic use of gold complexes against SARS-CoV-2
has excited chemists and pharmacologists to prepare metal
complexes with low toxicity and effective therapeutic potential.
Among these metal complexes that have shown a lethal effect
against the Corona virus are Re(I) tricarbonyl complexes that
acted as 3-Chymotrypsin-like protease (3CLP™) inhibitors
[1,2]. In the same respect, a series of Bi(III) complexes showed
an inhibitory effect on the activity of RNA — responsible for
viral replication and thus they were considered replication
inhibitors, making them potential therapeutics for SARS-
CoV-2[9]. It should be noted here that the WHO has approved
the use of safe antiviral agents that act as inhibitors of SARS-
CoV-2 replication in the treatment protocol for COVID-19
[1,2].

A survey in the literature indicates the limited or paucity of
experimental studies of the therapeutic uses of metal com-
plexes towards the SARS-CoV-2 [1,2,10-13]. On the other
hand, the application of computational docking method to dis-
cover the therapeutic ability of metal complexes against SARS-
CoV-2 virus indicated the therapeutic potential of many metal
complexes [14-18]. In this regard and based on molecular
docking calculations a series of the transition metal complexes
including metal ions belonging to the three series of transition
elements, showed significant antiviral activity against a series
of pathogenic viruses, including COVID-19 by inhibiting the
entry of the virus into the host cells, the RNA replication pro-
cess or virus budding processes [16]. In the same respect, the
results of the molecular docking calculations of these metal
complexes showed their virucidal effect against SARS-CoV-2
by inhibiting the RNA replication of the virus making them
therapeutic agents against COVID-19 [18].

It is scientifically proven in the medical and pharmaceutical
communities, that the ability to bind any drug with DNA is the
initial spark in the therapeutic protocol for many diseases. In
this regard, several studies have indicated the ability of several
metal complexes to bind to DNA, thus giving them the poten-
tial to be used as therapeutic agents. In the same context, a
number of scientific reports stated that the therapeutic effect
of metal complexes against viruses is due to their binding to
the virus protein and the inhibition of its replication and activ-
ity [19-24]. The lack of a specific drug to treat infection with
the Corona virus requires intensifying the efforts of chemists
and pharmacists to discover an effective and safe treatment
against SARS-CoV-2, which is responsible for the outbreak
of the Corona virus pandemic. In this regard, extensive
in vitro investigations to determine the potential of a number

of metal complexes as therapeutic agents against SARS-
CoV-2 replication will lead to the discovery of an effective
and safe treatment for COVID-19.

The occurrence of an oximato functional group in the
organic ligand provides multiple possibility of bonding to a
metal ion, resulting in the formation of many stereochemical
forms of the formed metal-containing compound [25]. One
of these oxime-containing organic ligands is violuric acid in
which its deprotonated form, violurato anion, forms versatile
metallic complexes. In this respect, bis-violurate — based metal
complexes exhibited promising biological potentials such as
antitumour, antifungal and antibacterial activity [25].

It is worth noting here that iron, copper and manganese are
the most abundant trace elements in human cells. Therefore,
the use of complexes of these elements as therapeutic agents
will provide higher safety aspect over the complexes of other
elements. A literature survey indicates the scarcity of use of
both Cu(Il) and Mn(II) complexes as therapeutic agents
against SARS-CoV-2. Accordingly, studying the synthesis
and characterization of violurate-based Cu(II) and Mn(II)
complexes and examining their therapeutic potential against
SARS-CoV-2 will enrich efforts to reach an effective and safe
treatment that limits the spread of the Corona epidemic.

The aim of the current study is to synthesize bis-violurate —
based manganese(I) and copper(Il) complexes and to test
them as DNA binders and in vitro as therapeutic agents
against SARS-CoV-2 virus.

2. Experimental

2.1. Chemicals and materials

The chemicals used in the current study were obtained from
Aldrich and Merck, which are distinguished for the high purity
and quality of their products.

2.2. Synthesis of violurate-based Mn(11) and Cu(1l) complexes

Both the violurate-based Mn(II) and Cu(II) complexes synthe-
sized according to the following procedure: An ethanolic solu-
tion of (20 mL) containing the hydrated MnCl, or CuCl,
(0.01 M) was added dropwise to the stirred hot ethanolic solu-
tion (30 mL) of violuric acid (0.02 M). This reaction mixture
was refluxed for 1 h during which a solid colored precipitate
was formed. The vessels containing these solid colored prod-
ucts were left to cool to room temperature and then filtered
and washed several times with hot ethanol and finally with
ether. Drying these metal complexes was performed by keeping
them in a desiccator over CaO for one week. The purity of
these isolated solid colored metal complexes was confirmed
by the analytical data presented in Table 1.

2.3. Synthesis of [ Cul;BF,] complex

One gram of the synthesized violurate — copper(Il) complex
was suspended in 50 mL diethyl ether and stirred for half an
hour at room temperature. To this stirred mixture 5 mL of
boron trifluoride etherate (BF;OEt,) dissolved in 50 mL
diethyl ether was added dropwise. After 24 h of stirring at
room temperature, the black suspension formed was separated
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Table 1 Analytical data, mass spectral results, molar conductance, color of violurate — based Mn(II) and Cu(II) complexes.
Complex Color m/z An* Found (Calcd.)
—1 2 —1
(@ e o) %C %H %N %M

1) [MnL,] Light pink 366.1 15.33 26.16 1.66 22.55 14.84

(26.15) (1.09) (22.90) (14.96)
2) [CuL,] Faint olive green 374.7 16.78 42.34 2.64 18.87 16.77

(25.55) (1.06) (22.38) (16.91)

by filtration which was washed with aqueous methanol solu-
tion several times and finally left to dry in a desiccator over
CaO for 1 week. Analytical data determined the molecular for-
mula and confirmed the purity of the separated precipitate.

2.4. Physicochemical measurements

DNA-binding studies, investigations of antiviral activity and
method of molecular docking calculations are described in
the supplementary materials (S1).

3. Results and discussion

3.1. General

Violuric acid is a heterocyclic compound containing pyrim-
idine nucleus and known also as 6-Hydroxy-5-nitroso-1H-pyr
imidine-2,4-dione (HsL). It is a tribasic acid showing three val-
ues of pK, which are 4.56, 9.60 and 13.10 [26]. The structural
features of the parent violuric acid I (Scheme 1) permit the
presence of 10 tautomeric forms at room temperature [27].
Based on PM3 calculation the energy difference between the
most stable and the second most stable tautomers is
1.59 kcal mol™! [27]. Among these tautomers are II and III
shown in Scheme | which can be used as promising chelators.

Despite there are three ionizable protons of a molecule of
violuric acid (HsL), in the present case it behaves like a
monobasic acid. Previous studies have reported that the com-
mon mode of coordination of the violurate anion to metal ion
is the bidentate pattern via the oximato nitrogen and neighbor-
ing carbonyl oxygen of the tautomeric form I [25]. However, in
an ethanolic solution, the interaction of violuric acid and
MnCl, or CuCl, salts in a stoichiometric ratio 1:2 (metal:
Ligand) gave the binary metal complex ML,; M = Mn(II)
or Cu(Il). The molecular formulas of the pure isolated com-
plexes were set mainly based on the analytical data (Table 1).
In the solid stat, manganese(II) violurate complex appears as
beautiful bright pink microcrystalline and copper(Il) complex

I—I\
? 9 %
N N
NH
NS /g
H— O N (6] (6]
111
Scheme 1

is powder crystals olive green in color. The metal complexes
under study show a high degree of stability in the atmospheric
ambient conditions. These metal complexes display good solu-
bility only in DMF and DMSO.

Measurements of the molar conductivity in a DMF solu-
tion of 0.001 M concentration of the present metal violurate
chelates are in the range 17.87-20.56 Q~' cm? mol~' indicating
their non-electrolytic nature [28]. This finding points out to the
removal of the counter anions (chloride ions) in the form of
HCl as a result of their union with the ionizable acidic proton
of violuric acid molecule upon complex formation. Accord-
ingly violuric acid behaves as a mono acidic bidentate ligand
as previously reported in similar studies [25].

3.2. Mass spectra measurements

To increase the certainty of the molecular formulas that were
determined from the analytical data, the mass spectra of the
metal violurate complexes in question were measured by elec-
tron ionization mass spectrometry (EI-MS) technique. In this
regard, the results obtained for the present monovalent violu-
rato metal chelates indicate that the corresponding peaks of
the molecular ions (M ™) at m/z values (Table 1) highly corre-
spond to the specific molecular formulas based on the analyt-
ical information. The m/z values in Table | indicate the purity
and the monomeric nature of the prepared metal violurate che-
lates. The mass spectrum of manganese(Il) violurate complex
is shown in Fig. I, while the corresponding EI-MS chart of
copper(Il) violurate complex is presented in the Supplemen-
tary Information S2.

3.3. Thermal analysis

3.3.1. TGA and DTG measurements

Thermal analysis is a practical technique that supports the
results of elemental analysis to determine the molecular for-
mula of metallic complexes. From this point of view, the ther-
mal analysis of the violurate — based metal chelates under

(?H OH
N
NH SN
0 0 N/go
H

Possible tautomeric equilibrium of the parent violuric acid L.
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Fig. 1 Mass spectrum of violurate — based Mn(II) complex.

study was studied. In this regard TGA and DTG measure-
ments were performed within the temperature range 50—
1000 °C in an N, atmosphere. The resulting thermograms
are included in the Supplementary Information S3 and S4
while the relevant pyrolysis information is recorded in the
Table 2.

Investigation the thermograms of the present metal violu-
rate complexes shows that the pyrolysis proceeds in three suc-
cessive phases. The first stage that represents the initial weight
loss starts at relatively high temperature i.e. 180-245 °C with
DGT,.x peaks at 210 and 205 °C. This thermal behavior indi-
cates the absence of any type of water content and confirms the
anhydrous nature of these metal complexes in accordance with
the analytical data. Comparison the theoretical (39.34—
42.08%) and practical (39.00-41.50%) weight loss values for
this stage indicates the thermal degradation corresponding to
the partial loss in the organic content of the metal complex.

Pyrolysis of the organic content continues in the second
phase of thermal decomposition, which is accompanied by
weight loss that falls in the temperature range 210-450 °C.
The corresponding DGT,,,x peaks appear at 385 and 380 °C
for manganese(Il) and copper(I) complexes respectively.

The final pyrolysis stage saw the complete thermal removal
of the remaining organic moiety with the concomitant forma-
tion of metal oxide (MnO, and CuO) as a residual from the

overall thermal degradation process of the investigated metal
complexes. Theoretical and experimental values for the formed
metal oxides are in good agreement based on the percentage of
metal content determined by the elemental analysis technique
as shown in Table 1.

3.3.2. Kinetic and thermodynamic coefficients determination

Further elucidation the thermal nature of the present
violurate-based Mn(II) and Cu(II) complexes can be obtained
from the determination of the kinetic and thermodynamic
parameters of the three successive pyrolysis steps. To achieve
this goal, the Costa-Redefine (CR) [29] and Horowitz-
Metzger (HM) [30] approaches were used for calculating the
activation energy (E,), pre-exponential factor (A), and thermo-
dynamic parameters namely AH*, AG* and AS* and the
obtained data are collected in Table 3. In the same respect,
the relevant data derived from the analysis of TGA and
DTG curves for both Mn(II) and Cu(II) complexes based on
the CR and HM approaches are represented in Figs. 2 and 3
in the case of first step, while the corresponding plots for the
second and third steps are included in S5- S8. Some relations
including Boltzmann’s (k) and Plank’s (h) constants have also
been used to calculate the thermodynamic factors such as
AH*, AG* and AS* as shown in the following equations:

Table 2 Thermal analysis data of-based violurate Mn(II) and Cu(II) complexes.

*Complex Temperature DTG ax % Weight loss Species formed
°C °C Found (Calcd.)

1) [MnL,] 190-245 210 39.00(39.34) [(MnL]
245-450 385 12.50(13.77) [(MnLq6s)]
450-570 530 25.50(25.57) MnO,

2) [CuL,] 180-210 205 41.50(42.08) [CuLg.95)]
210-420 380 20.50(20.04) [CuLg.45)]
420-550 495 17.50(17.33) CuO
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Table 3 Thermal parameters for the three pyrolysis stages of violurate-based Cu(Il) and Mn(II) complexes.

Comp. Step Method E, A AS* AH* AG* R?
(KJ mol ™) s (@ mol LK) (KJ mol ™" (KJ mol ™
[CuL,] Ist CR 15.54529 0.108421 —268.557 10.92683 160.1117 0.99464
HM 25.15972 1.383416 —247.382 20.54439 157.8727 0.99935
2nd CR 38.80254 0.82076 —253.774 32.8956 213.1971 0.9502
HM 50.73895 8.08310 —234.757 44.83201 211.6226 0.9738
3rd CR 121.2100 8.36 x 10° —0.1391 115.0400 218.3400 0.9863
HM 165.5000 9.08 x 10° —0.0819 158.6200 226.3400 0.9875
[MnL,] Ist CR 16.96678 0.130014 —267.296 12.20835 165.1921 0.9950
HM 27.0073 1.673818 —246.071 22.23765 163.4061 0.9974
2nd CR 17.0500 3.62 x 1073 —0.2990 11.0300 225.3216 0.9526
HM 29.1700 5.24 x 107 —0.2768 23.1500 223.6500 0.9857
3rd CR 111.420 1.16 x 10° —0.1563 104.65 232.1100 0.9758
HM 128.570 1.64 x 10° —0.1344 121.72 232.3100 0.9765
1.4
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Fig. 2 Coats—Redfern plots of Ist pyrolysis step of violurate-based Cu(Il) and Mn(II) complexes.
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Fig. 3 Horowitz-Metzger (HM) plots of the Ist step pyrolysis step of violurate-based Cu(Il) and Mn(II) complexes.
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AH* =E,— RT
AS* = R[n(Ah/kT) — 1].

G = AH" — TAS".

By examining the data given in Table 3, the following facts
can be drawn out:

i) There is a marked difference in the average values of the
total activation energy for the complete pyrolysis of the
violurate-based Mn(II) and Cu(II) complexes. This
result can be attributed to the difference in the radii
lengths of the Cu(Il) and Mn(II) ions. Since the radius
of the copper(Il) ion is shorter than that of the man-
ganese(Il) ion, a stronger bonding between the ligand
and the copper(Il) ion is expected here. Accordingly,
the activation energy is expected to be higher for Cu
(IT) complex than for Mn(II) complex and this is the case
for the data presented in Table 3. However, the E, val-
ues indicate the thermal stability of present metal com-
plexes due to the strong bonding between the
monobasic violurate anions and Mn(II) and Cu(II) ions.

il) The negative sign of AS* (Table 3) indicates that the cur-
rent pyrolysis process proceeds slowly and the reactants
are less ordered than the activated complexes [31]. In the
same context, negative values of AS* can be traced back
to the low value of A and possibly due to the non-
spontaneous behavior of the studied pyrolysis steps
[32]. This interpretation is supported by the positive
value of Gibbs free energy AG* of the studied thermal
decomposition step for the violurate-based Mn(II) and
Cu(II) chelates [33]. In the same respect, the calculated
positive values of AH* indicate that the current pyrolysis
processes proceed in an endothermic pattern.

iii) The correlation coefficients (R?) of the Arrhenius plots
for this thermal degradation steps for both Mn(II) and
Cu(IT) complexes are in the range 0.9502-0.9995, indica-
tive of good agreement with the linear function.

iv) The convergence of the thermodynamic and kinetic coef-
ficients values determined by both Costa-Redefine and
Horowitz-Metzger methods confirms the accuracy of
the results.

v) First-order kinetics (n = 1) is the pattern of kinetics of
pyrolysis reactions for all phases of the two metal com-
plexes under study.

3.4. Verification of the coordination pattern

FTIR spectra of violuric acid and its Mn(II) and Cu(II) che-
lates were recorded to verify the coordination mode and the

related charts are given in S9-S12. The frequencies of charac-
teristic groups of the free violuric acid are tabulated in Table 4.
The distinctive stretching vibrations appear at 3450 (broad),
1760 (strong) and 1595 cm™' (strong) are assignable to v
(OH), v(C=0), and v(C=N) of the oximato linkage respec-
tively [34]. The broad pattern of the v(OH) band and its fre-
quency value indicate the presence of a hydrogen bond in
the free violuric acid molecule [34,35].

Previous studies demonstrated that violuric acid exhibits
many tautomeric forms as shown in scheme 1 because the
energy difference between the most stable and the second most
stable tautomers is 1.59 kcal mol™' [25]. These structural fea-
tures of violuric acid lead to different modes of coordination
to the metal ion. In this regard, violurate Mn(II) complex
was formed as a result of interaction of Mn(II) ion with the
tautomer I (Scheme 1) through the donor oxygen atoms of oxi-
mato group and carbonyl oxygen neighboring to oxime link-
age. This mode of coordination has led to the formation of
six-membered chelate ring. The validity of this explanation
can be inferred from the fact that the spectrum of Mn(II) vio-
lurate displays the stretching frequency of the v(N—O) band at
wavenumber value of 1200 cm~". The current case is compara-
ble to the reported bands for v(N—O) that appear at 1171 and
1143 cm ™' for coordinating oximato-oxygen in nickel(IT) and
copper(I) complexes [36,37]. As shown in the spectrum of
the free violuric acid the v(N—O) band is located at wavenum-
ber value (1240 cm™!) higher than in the case of Mn(II) com-
plex. It is worth noting here that the bonding of the oxime
group to the metal ion through oxygen would reduce the dou-
ble bond character of the (N—O) bond and thus reduce its
stretching vibration frequency [38]. However, the O,O-
bidentate coordination mode of violurate anion with forma-
tion of a six-membered chelate ring has been reported in the
case of a bis-violurate Sr(II) complex [39].

As regards violurate—based copper(I) complex, its FTIR
spectrum displays different vibrations from what is found in
the manganese(Il) violurate complex, which indicates the dif-
ferent pattern of the coordination in this metal complex. Of
these vibrational differences is the observed higher wavenum-
ber for V(N—O), 1270 cm™", in the case of Cu(Il) complex as
compared to that of free violuric acid and Mn(II) violurate
complex. This is a vibrational evidence for oximato nitrogen
coordination to Cu(Il) ion in the five membered chelate ring
[40]. Another spectral difference in the spectrum of the copper
complex is the appearance of the broad, medium intensity
band at 3350 similar to that observed in the free violuric acid
but shifted to lower wavenumber and assignable to OH of v
(O—H...O) of the hydrogen bond [35,41]. This finding sup-
ports the formation of the copper(Il) violurate complex
through the reaction of the Cu(Il) ion with tautomeric form
II or III (Scheme 1).

Table 4 FTIR spectral data (cm™") of violuric acid and its Mn(II) and Cu(II) chelates.

Compound v(OH) v(C=0) v(C=N) v(N—O) V(N-M) v(0-M)
VA 3450 1760 1595 1240

MnL, - 1710 1595 1200 550 480
CuL, 3420 1720 1610 1290 550 470
CuL,BF, - 1720 1610 1290 550 470

VA is Violuric acid and L is violurate anion.
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To confirm the non involvement of the oximato OH group
(= N-OH) in complex formation and the presence of a hydro-
gen bond in the existing violurate-based Cu(II) compound,
one gram of this complex is suspended in ether and then trea-
ted by BF;OEt, [42]. Interaction of [CuL,] with BF;OEt,
resulted in the formation of [CulL,BF,] that is more stable
because it contains a bridge of O-BF,-O. The spectrum of
[CuL,BF,] exhibits similar vibrations to [Cul,] in addition
to a new weak band at 1180 and other strong peak at
809 cm~! which are ascribed to B-O stretching modes [37].
Other weak bands observed at 1040 and 1005 cm ™" are attrib-
uted to the B-F stretches of the BF, derivative [43].

In the same regard, the OH-deformation mode of (—AN-
OH) is known to appear around 1300 cm™!, so the medium
peak observed at 1280 cm ™' in the spectrum of violuric acid
is assignable to the OH-deformation stretching mode [34]. In
the spectrum of [CuL,], this peak appears at almost the same
position as in the case of free violuric acid indicating that
the oximato OH group (<N-OH) is not involved in the com-
plex formation. On the other hand, the OH deformation peak
disappeared in the spectrum of [MnL,], indicating the partici-
pation of OH in the complex formation. This interpretation is
consistent with the present results of structural analysis by X-
ray diffraction as described below.

The formation of the hydrogen bond in the case of the cop-
per(IT) complex led to the formation of macrocyclic in which
two of its members are hydrogen bonds. The ability of the
macrocyclic chelated ring system to assimilate the Cu(Il) ion
into its central cavity may be easier than in the case of the
Mn(II) ion because the Cu(Il) ion has a smaller size than the
Mn(II) ion.

The spectra of Cu(Il) and Mn(II) violurate display new
peaks at 550 and 470-480 cm™! attributable to V(M—N) and
v(M-0) which are additional spectral evidence for the forma-
tion of these metal chelates [34].

Based on the results obtained during this work so far, it is
possible to visualize the structural formulas of the metal com-
plexes under study in Scheme 2.
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3.5. Stereochemistry diagnostics

Measurements of both electromagnetic spectra (in the ultravi-
olet and visible regions) and magnetic properties of transition
metal complexes are commonly used techniques to determine
the stereochemistry and the electronic properties of the metal
complex. In this context, the room temperature spectral mea-
surements were performed for DMF solution of violuric acid
the Mn(I) and Cu(II) violurate and the recorded spectral data
are given as charts in S13 - S15. The electronic absorption
spectrum of violuric acid exhibits two distinctive bands at
340 and 410 nm. The spectra of violurate — Mn(II) and Cu
(II) complexes show these transitions at 370 and 415 nm.
The spectral activity of the uncomplexed monovalent violurate
anion is due to the n — n* electronic transition [44].

Regarding the manganese(Il) violurate complex, Mn(II) is
known to exist in its mononuclear complexes, mostly in the
high spin state where S = 5/2 of the °S ground term. A survey
of the literature indicates that the presence of Mn(II) in its
complexes in the low - spin state is rare, and the reported cases
are found to be in the square-planar coordination geometry
[45-49]. The recorded spectrum of the synthesized Mn(II) vio-
lurate complex exhibits two absorption peaks at 580 and
690 nm arising from 4A1g - 4Eg and 4A1g - 4B1g transitions
characteristic to square-planar geometry of the four-
coordinated Mn(II) ion [46-49].

Concerning the Cu(II) violurate its UV—vis spectrum shows
three d-d spin allowed transitions at wavenumber values of
560, 595 and 685 nm assignable to ZBlg - 2Bzg, 2Blg — 2A1g
and 2Blg - 2Eg, respectively [50-52]. These spectral features
are characteristic to the square-planar geometry of the four-
coordinated Cu(Il) complexes [53,54]. Confirmation of this
result is based on the fact that no electronic transitions were
observed at a wavenumber value below 100,000 cm™' which
confirms the exclusion of the tetrahedral or the pseudo-
tetrahedral geometry of the present Cu(Il) violurate complex
[50].

\
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Scheme 2 Molecular Structural visualization of violurate — based Mn(II) and Cu(Il) complexes.



S.A. Al-Harbi

The effective magnetic moment value of the present Mn(II)
violurate chelate is 4.16 BM characteristic to three unpaired
electrons in a dsp? hybridization conformation and confirms
the square — planar stereochemistry of this Mn(II) complex.
In the same regard, the experimental magnetic moment of
the violurate — based Cu(IT) complex is 1.97 BM indicating
the magnetically dilute environment around copper(I]) ion.

EPR spectra are complementing spectroscopic technique
for determining the stereochemistry of metal complexes.
Accordingly the X-band EPR spectra of the current violurate
— based Mn(II) and Cu(II) complexes were recorded for the
polycrystalline samples at ambient temperature (22 °C) and
the relevant charts are included in S16. The spectral features
of the studied mineral complexes are characterized by the type
of axial symmetry and show two values of g at magnetic field
strengths 2400 and 3200 Gauss and can be assigned to g and
gl1-

The computed values of g, and g, are 2.312 and 2.051
respectively for Mn(II) complex and 2.192 and 2.044 in the
case of Cu(Il) complex. For the four-coordinated copper(Il)
complexes the trend g, > g, > 2.0023 indicates that the
difi orbital is the ground state (ZB]g) of the square-planar
structure [55,56]. Concerning Mn(II) violurate complex its
EPR spectrum indicates that the violurate ligand system main-
tains the bivalent state of manganese ion in the square planar
coordination polyhedron. The calculated g,, values are 2.138
and 2.093 for Mn(II) and Cu(II) complexes confirm the cova-
lent character of the metal-ligand bond [57].

3.6. PXRD — structural analysis

In many cases, it is difficult to obtain an appropriate single
crystal of the metal complex so that its exact composition
can be proven by X-ray structural analysis. Recently, XRD
data processing by specialized software has become well estab-
lished as a scientific technique for the structural determination
of microcrystalline sample for metal complexes [58-61].

However, the XRD spectra of the metal violurate chelates
were measured and the related PXRD-charts are displayed in
Figs. 4 and S17. In this regard the well known software Expo
2014 was used for performing the structural analysis of metal
violurate chelates under study.

In the same context the Rietveld refinement approach was
used to maximize the fit between the XRD spectroscopic data
and the computationally generated data as shown in Figs. 5
and S18.

The obtained results are given in Tables 5-7 where contain
crystallographic data and the related structural parameters e.g.
selected bond length and bond angles. Both Mn(II) and Cu(II)
violurate complexes crystallized in the crystal systems triclinic
of the space group P1 and monoclinic with space group P21/n
respectively (Table 5). The corresponding unite cell dimensions
in the case of Mn(II) complex are a = 9.538 A b =945 A,
¢ = 7.660 A, o = 97.967°, B = 90.362° and 7 = 100.475°,
while for Cu(Il) complex the lattice data are a = 15.598 A,
b = 5503 A, ¢ = 15043 A, & = 90.0°, p = 114.704° and
y = 90.0°. In the same context the bond length and bond
angles around Mn(II) and Cu(II) centers in addition to the
computed geometrical index 14 are tabulated in Tables 6 and 7.

The optimized structure of Mn(II) violurate complex is
shown in Fig. 6 in which the donors sites O(1), O(2), O(3)
and O(4) are located in corners of the equatorial coordination
polyhedron around Mn(II) center. Since the coordination
number of this metallic complex is four, the geometry is likely
to be either a square planar or a tetrahedron.

However, the present structural analysis date can solve this
problem by determining the geometrical index t4. By knowing
the values of angles around the central metal ion Mn(II) t4 can
be determined from the relation 14 = [360 — (a0 + P)]/141;
where o and B are the two largest angles around Mn(II) center
[62]. It is known that if the value of 14 is zero, then the geom-
etry is ideal square planar while for t4 equals 1 the geometry is
perfect tetrahedron [62]. In this respect, the computed value of
14 is 0.001 approaching zero indicating mostly ideal square-
planar stereochemistry.

The crystallites size of the present violurate — based metal
complexes were determined by using Scherer-equation:

.z
" fBcosd

where D is the grain size of the particle (nm), k is Scherer con-
stant (k = 0.94), X-ray wavelength (1.54178 /D\) was given by A,
B is full width at half maximum (FWHM) of the diffraction
peak and 0 is the angle of diffraction. The obtained results,
which are listed in Tables 6 and 7, indicate that the crystallites
size of the manganese(Il) and copper(Il) complexes are 25.754
and 21.267 nm, respectively.

Concerning the four-coordinated violurate-based Cu(II)
complex the four corners of the equatorial plan of the coordi-
nation polyhedron around Cu(Il) center are occupied by the
donor atoms O(1), n(1), O(2) and N(2). As in the case of
Mn(II) violurate complex, the given data in Table 7 was uti-
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Fig. 4 XRD pattern of violurate —based Mn(II) complex.
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Fig. 5 The maximize fit between the XRD spectroscopic data and the computationally generated data.

Table 5 Crystallographic results of violurate-based Mn(II)

and Cu(II) complexes.

Empirical formula
Formula weight

T (K)

A (A)

Crystal system
Space group
Centro symmetry
Space Group Number
V4

Multiplicity
Bravais Lattice
Lattice Symbol

Uniﬂt cell dﬂimensig)ns:
a (A), b (A), ¢ (A)

% (9, B ()7 ()

Cell volume (A%)
Volume per atom (A3)
Calculated density (g/
cm’)

0 range for data
collection (°)

Total reflection

Rietveld results:
Rp

Rwp

R-Bragg

R-F

C8H4MHN6OS
367.09
279
1.5406
Triclinic
P-1
Centric
2

2

2

P

tP

9.538, 9.459, 7.660

97.967, 90.362,
100.475
672.629

14.622

1.812

5-80

819

8.303
10.835
8.83
5.312

CgHzCHN603
373.7

281

1.5406
Monoclinic
P2/m
Acentric

3

2

2

P

mP

15.598, 5.503,
15.043

90.0, 114.704,
90.0

1172.95
25.499

1.058

12 - 80

821

8.962
11.76
23.141
3.897

lized to determine the value of the geometrical coefficient. The
computed value 14 is 0.0006 getting closer to zero pointing to
the perfect square-planar geometry and the corresponding
optimized structure is given in Fig. 7.

3.7. DNA binding study

It has become known that DNA is the primary drug target for
many drugs that treat some diseases, and therefore, under-
standing the mechanism of binding between DNA and small
compounds such as organic ligands and their metal complexes
is necessary for the potential therapeutic use of these
substances.

3.7.1. Spectral study

The spectral activity of the DNA is due to its structure, which
includes a chromophore consisting of purine and pyrimidine

Table 7 Bond angle (®) and bond length (A) around Cu(II)
center and crystallite size (nm).

Square planar 4 = 0.0006 Bond Type Bond distance (A)
05-Cul-N5 87.35 05-Cul 1.72657
05-Cul-O7 179.96 N5-Cul 1.84717
05-Cul-N6 92.64 N6-Cul 1.84691
N5-Cul-O7 92.61 07-Cul 1.72571
N5-Cul-N6 179.95 Crystallite size 21.267 nm
07-Cul-N6 87.40

Table 6 Bond angle (®) and bond length around Mn(II)
center and crystallite size (nm).

Square planar 14 = 0.001 Bond Type Bond distance (A)

0O1-Mn1-O2 93.63 Mnl-O1 1.83531

O1-Mnl-O7 86.36 Mnl-O2 1.84033

01-Mn1-0O8 179.92 Mnl-O7 1.83907

02-Mnl-0O7 179.93 Mnl-O8 1.83386

02-Mnl-0O8 86.45 Crystallite size  25.754 nm

07-Mn1-08 93.56 Fig. 6 The optimized structure of violurate — based Mn(II)

complex, hydrogen atoms have been omitted for clarity.
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Fig. 7 The optimized structure of violurate — based Cu(Il),
hydrogen atoms have been omitted for clarity.

rings. These structural properties allow DNA to absorb light
well in the ultraviolet and visible regions. Accordingly, the
interaction of DNA and its binding to another small molecule
can be studied by spectrophotometry. The scientific literature
reported that interaction of DNA with a small molecule such
as a metal complex or organic ligand may cause hypochro-
mism or hyperchromism accompanied by a bathochromic or
hypsochromic shift in the electronic absorption spectra of
these substances [63]. The shape of the spectrogram resulting
from the increased addition of DNA to a constant concentra-
tion of ligand or metallic complex can determine the mode of
DNA binding. In this context, if the spectrum shows hypo-
chromism (a decrease in the absorbance) the binding mode
of DNA is the intercalation while the presence of hyper-
chromism (an increase in the absorbance) indicates the
groove/electrostatic binding mode [64].

In the present work, spectrophotometeric titrations experi-
ments were performed using a constant concentration (20 pM)
of violuric acid and its Mn(II) and Cu(Il) complexes treated
with increments (5-45 pM) of CT-DNA solution and the
resulting spectral changes are shown in Figs. 8, 10 and S19.
All the tests conducted at 22 °C in presence of a tris-HCI buffer

2.0

-
o
1

[DNA] /(g,-€9) x 10 M? em
g

0.5

0.0 T T T T T T

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
[DNA]x10™° M

Fig. 8 Plot of [DNA]/(e, — &) versus [DNA] for the DNA
binding assay of Mn(II) complex.

(pH = 7.6). DNA purity was ascertained by spectrophotome-
try under ongoing experimental conditions. The obtained spec-
trum shows the two characteristic absorption bands of protein-
free DNA at 260 and 280 nm in a ratio of 1.9:1 [65]. By know-
ing the absorptivity coefficient value of 6600 M~! cm™' at
260 nm the concentration of DNA per nucleotide was deter-
mined [66].

In the absence of ct-DNA the absorption spectra of violuric
acid and its metal chelates display-one well-resolved band at
311 nm. The high energy band observed at the wavelength of
311 nm is attributed to the internal ligand charge transfer tran-
sitions and is assigned to the 1 — =m* transition. Addition of
CT-DNA to solution of the studied compounds leads to a
marked hypochromism of 5.323% without a change in the
band position for Cu(II) complex (S19). The same hypochro-
mism of 15.09% with hypsochromic shift (1 nm) is observed
for Mn(II) complex (Fig. 9) and indicative of stabilization of
the DNA helix. On the other hand, the spectrum of violuric
acid showed a significant hyperchromic effect of about
19.89% and no change occurred in the band position as shown
in the Fig. 10.

The observed hypochromicity in the spectrograms of Mn
(II) and Cu(Il) indicates that these metal chelates bind to
CT-DNA via the intercalation mode [67,68]. The present spec-
tral features are consistent with that seen for many Metallo-
intercalators indicating that these violurate -based metal che-
lates bind strongly to DNA via the intercalating mode
[67,68]. With respect to violuric acid the observed hyper-
chromism could be due to non-covalent synergistic reactions
such as electrostatic, hydrogen and groove bonding along the
outer portion of the DNA helix. This interpretation finds sup-
port from the observation that the absorption site at 311 nm
(Table 8) in the spectrum of violuric acid does not change
when a CT-DNA solution is added [69].

Quantitative comparison of the binding strength of violuric
acid and its Mn(II) and Cu(II) complexes with DNA can be
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Fig. 9 Spectrograph of the spectrophotometeric titration of
manganese(1l) complex (20 uM) and ct-DNA (545 pM) in Tris-
HCI bufter (pH = 7.2).
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Fig. 10 Plot of [DNA]/(s, — &) versus [DNA] for the DNA
binding assay of violuric acid.

Table 8 Binding constant data for complexes and ligand.

Compound Ky maxh AT %hypo
Mn(II) complex 26.4 x 10° 312 1 15.09
Cu(II) complex x0.27 10° 311 0 4.49
hyper%
Violuric acid 38.2 x 10° 310 0 19.89

achieved by determining their intrinsic binding constants with
CT-DNA.

Quantitative comparison of the degree of binding of the
compounds under study with DNA can be achieved by deter-
mining their intrinsic binding constants (k,) with CT-DNA
based on the spectrophotometeric titration results and using
the Benesi — Hildebrand relation [70]:

[DNA] _ [DNA] 1

(O R s R )

The graphical representation between [DNA]/(e, — &) on
the y—axis and [DNA] on the x—axis gives the plot in Figs. 9,
11 and S20 from which the slope to y-intercept ratio is equal
to Kp. and the obtained data are listed in Table 8. & and &
are the extinction coefficients of the free and bound complex
to DNA respectively.

Table 8 shows that the calculated intrinsic binding con-
stants are 2.38 x 10, 15.09 x 10° and 5.32 x 10° M~ for vio-
luric acid, Mn(IT) and Cu(II) chelates respectively. Therefore
the binding strength of violuric acid and its metal chelates with
ct-DNA follows the sequence Mn(II) > Cu(Il) > violuric
acid. The question now is why the calculated K;, in the case
of violuric acid is lower than in the case of its Mn(II) and
Cu(Il) chelates? This may be attributed to the different binding
pattern in the case of metal complexes (intercalation) than in
the case of violuric acid (groove/electrostatic). This reasoning
finds support from has been stated in the literature that the cal-

Vilouric acid

increasing DNA

Absorbance
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0.0 B s

T T T T T
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Fig. 11  Spectrograph of the spectrophotometeric titration of
violuric acid (20 pM) and ct-DNA (545 pM) in Tris-HCI buffer
(pH = 7.2).

culated binding constant (Ky) in the case of groove binder was
found to be lower than in the case of classical intercalator [71].
In the same context, the Ky, value of the Mn(II) complex is
greater than that of the Cu(II) complex which means that the
Mn(II) complex forms a more stable complex with the double
helix of DAN than that of the Cu(II) complex where the bind-
ing mode is intercalation. The reason why the Cu(II) complex
forms a less stable complex with DNA than the Mn(II) com-
plex may be attributed to structural reasons. Both Mn(II)
and Cu(Il) complexes are four coordinate in a square planar
geometrical polyhedron. Since the binding mode of these metal
complexes is intercalation one expected that two organic bases
(coordinative sites widely diffused in many protein and DNA
targets) of the double helix of DNA form two covalent-
coordinate bonds with the metal ion and consequently the
coordination number becomes six. The Mn(II) ion forms a
stable six-coordinate complex in the octahedron structure
without difficulties while Cu(II) cannot easily form a stable
octahedron complex due to the Jahn-Teller effect.

3.7.2. Viscosity titration measurements

The change in the viscosity of the CT-DNA solution as a result
of the increased addition of the violuric acid and its manganese
(IT) and copper(II) chelates gives an indication of the binding
affinity of these compounds as well as the type of bonding
between them and the DNA [72,73]. An increase the viscosity
of the CT-DNA solution is attributed to the classical interca-
lation of the molecules of these substances under test, as this
requires the separation of the DNA base pairs to accommo-
date these bonding compounds [74]. While, the decrease in
the viscosity of the CT-DNA solution with the addition of
increasing amounts of the studied compounds is indicative of
the partial and/or non-classical intercalation behavior [75].
To further identify the binding mode of the studied com-
pounds with CT-DNA solution, viscosity titration measure-
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Fig. 12 Effect of the increasing concentrations of violuric acid
(A) and its Mn(II) (m) and Cu(ll) (@) chelates on the relative
viscosity of CT-DNA solution.

ments were performed at room temperature and the results
obtained are shown in the graph of Fig. 12.

Fig. 12 shows that, the viscosity of the CT-DNA solution
increases continuously with the increase in the concentrations
of the compounds under study. The results presented in the
Fig. 12 indicate a convergent increase in the viscosity of the
DNA solution in the case of violuric acid and its Cu(II) com-
plex. The larger linear increase in viscosity for the Mn(II) com-
plex indicates a stronger association with CT-DNA in
agreement with the results of the current spectroscopic studies.
In conclusion the present viscosity titration results are consis-
tent with the intercalation pattern of the interaction of violuric
acid and its Mn(II) and Cu(II) chelates with the DNA helix
[72].

3.8. Antiviral activity study

Since the outbreak of the Corona virus (Covid-19) pandemic in
the world, efforts have joined forces to discover an effective
drug against this epidemic, and this has led to the production
of some drugs that are currently being evaluated in clinical tri-
als [76,77]. The research strategy has been to focus on tradi-
tional small organic molecules or antibody-based therapies
[78,79]. Since the metal complexes have proven successful in
treating some viral diseases [80], this has encouraged research-
ers to test some of them in vitro as therapeutic agents against
Covid-19 [81-86]. In this context, the metal complexes in the
test must be effective and clinically appropriate and showing
an acceptable toxicity.

3.8.1. Cytotoxicity

The cytotoxicity of the current candidates as anti SARS-CoV-
2 agents, namely violuric acid and its Mn(II) and Cu(II) che-
lates, was first examined to determine the half-maximal cyto-
toxic concentration (CCsy) in Vero-E6 cells using MTT
assay. As shown in the Fig. 13, the obtained results showed
that the half-maximal cytotoxic concentration (CCsy) values
are 43.87, 93.45 and 88.38 uM for the violuric acid its Mn

25+
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Fig. 13 Cell viability of violuric acid (A) and its Mn(II) (®) and
Cu(Il) (W) complexes.

(IT) and Cu(II) complexes, respectively. These results indicate
that the cytotoxicity of the tested compounds is dose depen-
dent, and therefore the non-toxic doses were used in the subse-
quent antiviral assays of the compounds under study.

3.8.2. Inhibition of SARS-CoV-2 virus replication

In the going study, a plaque reduction assay used to determine
the half-maximal inhibition concentration (ICsy) in Vero-E6
cell line model of SARS-CoV-2 virus in presence and absence
of violuric acid and its manganese(II) and copper(I) chelates.

Fig. 14 and Table 9 show that the inhibitory concentrations
(ICsp) of SARS-CoV-2 by violuric acid, Mn(II) and Cu(II)
complexes are 84.01, 39.58 and 44.86 uM respectively. These
results indicates to dose dependent antiviral behavior and con-
firm the inhibitory ability of SARS-CoV-2 replication by vio-
luric acid and its manganese(I) and copper(Il) chelates. In
the same respect the highest inhibition percent of SARS-
CoV-2 virus replication of the tested compounds are 20, 49
and 72%, for violuric acid, manganese(Il) and copper(II) che-
lates respectively. It should be noted here that in the blank
experiment, in the absence of the compounds under study,
no significant decrease in viral inhibition was observed.

It is more appropriate to describe the antiviral activity
using the selectivity index ratio CCsy/ICso, and the values cal-
culated in Table 9 show approximately the same order as in the
case of ICsy. However, based on the values of CCsy/ICs ratio
given in Table 9 the antiviral potency follows the order Mn(I
I) > Cu(Il) > violuric acid. The remarkable discrepancy in
the ability of the compounds under study to inhibit SARS-
CoV-2 virus replication may be due to the difference in their
ability to bind to the virus, as evidenced by DNA binding stud-
ies and also demonstrated by molecular docking calculations.
As shown in the Table 9, the potential for antiviral activity
of Mn(II) and Cu(II) chelates are comparable with other inhi-
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bitors of SARS-CoV-2 virus replication. In the same regard,
Remdesivir remains more effective and safer compared to the
compounds listed in Table 9. In the same context, violuric acid
exhibits lower antiviral activity than its Mn(II) and Cu(II)
complexes and this finding is reported in previous related stud-
ies where the metal complexes showed a higher antiviral activ-
ity than the single organic ligand [10,14,16]. In general, it is
known that the bonding of a metal atom or ion to the organic
ligand gives the resulting metal complex molecule biological
potentials that do not appear in the case of a single organic
ligand [10,14,16].

3.8.3. Molecular docking study

At present, molecular docking calculations are an accepted sci-
entific approach that aids in understanding the way in which
metal complexes as therapeutic agents interact with a micro-
bial target substrate. To confirm the experimental antiviral
results and to clarify the relationship between the structural
features and the potential therapeutic ability of violuric acid
and its Mn(II) and Cu(II) complexes, molecular docking calcu-
lations were performed on the SARS-CoV-2 virus protein. In
this regard, the spike protein (PDB code: 6LZG), of the exper-
imentally studied virus cells (Vero-E6 cells) was selected. The

computational chemistry method used is included in the Sl
and results of the ongoing molecular docking calculations
are given in Table 10, Figs. 15, 16 and S21-S22.

The measure of a drug’s success in binding to a biological
protein containing an organic ligand is that the drug binds
to the protein at the same binding sites as the organic ligand
after its exclusion. The current molecular docking calculations
demonstrated that the native organic ligand which associated
to the spike protein 6LZG binds to this protein via H-
acceptor interaction between Asn 322 amino acid residue of
chain (A) of spike protein and O(6) of acetamide moiety of this
ligand as shown in Fig. 5.

In the same respect 2D and 3D diagrams for the interaction
of violuric acid and its Mn(II) and Cu(II) chelates with active
sites of 6LZG protein Figs. 16 and S21-S22 showed H-
acceptor interaction between Asn 322 amino acid residue of
chain (A) of spike protein.

The data in Table 10 point out to the binding - bond dis-
tance of the native ligand, violuric acid and its Mn(II) and
Cu(Il) complexes are 2.82, 2.97, 3.33, and 2.97 A respectively.
In the same regard the computed binding energy values or
dock score (Table 10) are —0.8, —3.860, —5.187 and —4.790,
kcal/mol for the native ligand, violuric acid and its Mn(II)
and Cu(II) complexes respectively.

The overall molecular docking calculations demonstrated
that the Mn(II), Cu(II) complexes and violuric acid success-
fully bind to the spike protein of 6LZG in 3D direction and
thus contributed in the inhibition of SARS-CoV-2 virus repli-
cation. However, the docking score energy in kcal/mol, RMSD
and type of ligand interaction (Table 10) determined the bind-
ing affinity of the studied compounds. In the same context,
these results indicate that Mn(II) and Cu(II) chelates showed
a greater binding affinity than violuric acid in an agreement
with the experimental results of the current DNA binding
and antiviral study. The current docking analysis showed that
Mn(II)-complex has lower docking energy value
(—5.1875 kcal/mol) with half-maximal inhibition concentra-
tion (ICsp) of 39.38 uM and an antiviral activity ratio CCsy/
1Csp of 2.36. These data are comparable with those reported
for manganese carbonyl complex as an inhibitor for protein
(PDB ID: 5 V13), of SARS-CoV-2 virus which revealed the
binding energy of —5.45 kcal/mol and ICs, value of
101.07 uM [87]. Concerning Cu(Il) violurate complex its
antiviral activity data (Table 9) are comparable with Cu(II) -
based curcumin complex [88] which showed docking binding
energy of —7.06 kcal/mol with ICsy value of 6.63 mM for
SARS-CoV-2 virus.

Table 9 Cytotoxicity and inhibitors of SARS-CoV-2 virus replication activity of violuric acid and its Mn(II) and Cu(II) complexes

and other compounds.

Compound CCsy (UM) ICsp (uM) CCs0/ICsq Reference
Mn(II) complex 93.45 39.58 2.36 This work
Cu(II) complex 88.38 44.86 1.97 This work
Violuric acid 43.87 84.01 0.52 This work
Aubipyc 67 6.3 £ 3.1 10.6 [1]
TiCp,Cl, >200 473 + 1.4 >4.2 [1]
Remdesivir 97 0.2 £ 0.05 485 [1]

CCsp and ICsq are the concentrations of both half-maximal cytotoxic and the half-maximal inhibitory respectively.
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Table 10 Docking core and molecular interactions predicted for antiviral binding to 6LZG towards violuric acid and its Mn(II) and

Cu(II) chelates.

Compound Dock Score (kcal/mol) RMSD Interaction Type Distance E (kcal/mol)
Mn-complex —5.187 1.8 ND2 ASN 322 (A) —» Ol6 H-bonding 3.33 —0.8
028 - OEI GLU 312 (A) H-bonding 2.62 —48
NZ LYS 309 (A) - O4 H-bonding 2.90 -1.0
OE1 GLU 312 (A) - 02 Tonic 3.89 —0.7
OE2 GLU 312 (A) - 02 Tonic 3.01 —4.4
OE1 GLU 312 (A) — 028 Ionic 2.62 —7.6
Cu-complex —4.790 1.4 ND2 ASN 322 (A) - N1 H-bonding 2.97 —45
018 — OE1 GLU 312 (A) H-bonding 2.80 -9.6
018 - OE2 GLU 312 (A) H-bonding 3.48 —038
023 - O MET 323 (A) H-bonding 2.76 —6.9
OE1 GLU 312 (A) — N20 Ionic 3.60 —1.5
Violuric acid —3.860 1.9 ND2 ASN 322 (A) —» Ol12 H-bonding 2.97 —5.0
NAG ND2 ASN 322 (A) —» O7 H-bonding 2.82 —038

(native ligand)

3.9. Insights into the relationship between structure and
reactivity

Several studies have shown that metal complexes exhibit signif-
icant pharmacological effects that are not observed when the
parent ligand or the inorganic form of the metal is used alone
[89]. In the current work, the compounds under study showed
the same trend of biological and pharmacological activity in

agreement with the results of similar studies. In this context,
the superiority of metal complexes over organic ligands can
be understood based on chelation theory [89].

Chelation of the organic ligand to a metal ion blocks the
charges on the donor sites and thus reduces the overall charge
on the ligand molecule. In addition, the bonding of the ligand
to the metal ion also reduces the polarity of the metal ion.
These two effects cooperate to increase the susceptibility of cell
wall lipids to metal chelates and enhance their penetration
across the lipid layer of the cell membrane [90].

Fig. 15 2D and 3D -molecular interaction of NAG (native
ligand) with active sites of 6LZG protein.

Fig. 16 2D and 3D -molecular interaction of violurate-based
Mn(II) complex with active sites of 6LZG protein.
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Spectroscopic measurements of the binding of the com-
pounds under study to DNA indicated that violuric acid binds
to DNA by non-covalent synergistic reactions while Mn(II)
and Cu(II) bind strongly to DNA via the intercalating mode.
In intercalation mode covalent bonding between the metal cen-
ter of metal complex and the bases of DNA helix can not be
ruled out. Metallic complexes with a low coordination number
as in the case of square planar structure are most suitable for
binding with DNA. This is because, the nitrogen donors of the
helical bases of DNA can easily bind to the metal center with-
out the need for dissociation energy to provide an empty coor-
dination site on the metal center as in the case of
coordinationally saturated metal complexes. Accordingly, the
superiority of the Mn(II) complex in the degree of bonding
with DND over the Cu(IT) complex may be attributed to the
degree of stability of the complex resulting from the binding
of these complexes to DNA.

Since DNA is rich in nitrogen bases, it is expected that the
metal ion of the metal complex will bind to the two helixes and
produce hexacoordinated complex in an octahedral structure.
Here the degree of stability of the Cu(I) complex with DNA
is expected to be lower than in the case of the Mn(II) complex
due to the Jahn-Teller effect that reduces the stability of the six
coordinate copper(Il) complexes.

This discussion can also be applied to explain the antiviral
superiority of manganese(II) complex over copper(Il) complex
against SARS-CoV-2 virus.

4. Conclusion

Violuric acid interacts with Mn(II) and Cu(II) ions in a stoi-
chiometric ratio 1:2 (metal:Ligand) to give the binary metal
complex ML, where L is violurate monovalent anion and M
is Mn(II) or Cu(II) ions. The bis-violurate ligand system coor-
dinates to copper(Il) ion via the N,O, coordination chro-
mophore which results in the formation of equatorial
macrocycle stabilized by an intramolecular hydrogen bond.
The ability of the macrocyclic chelated ring system to accom-
modate the Cu(Il) ion in its central cavity is easier than in the
case of Mn(II) due to the smaller size of the Cu(II) ion than the
Mn(II) ion. Accordingly, the bis-violurate system binds to Mn
(II) ion by the O,0-bidentate coordination mode with forma-
tion of a six-membered chelate ring. The exact structure of
the metal complexes under study was confirmed by processing
the XRD- data using the software Expo 2014. Spectroscopic
investigations and viscosity measurements indicate the success
of the compounds under study in binding to CT-DNA. Inter-
calation is the binding mode in the case of Mn(II) and Cu(II)
complexes while the groove/electrostatic is the binding mode
for violuric acid. Based on the results of spectroscopic mea-
surements of the binding of the compounds under study with
DNA, it can be concluded that the pattern of binding and type
of metal ion control the degree of binding of these compounds
to DNA.

The results of cytotoxicity tests for the examined com-
pounds indicate that they are dose-dependent, and non-toxic
doses were used in the studied antiviral assays. Molecular
docking calculations reported that the native organic ligand
present for the studied 6LZG protein from SARS-CoV-2 has
lower binding affinity compared to violuric acid and its metal
complexes. The overall results (biological assays and

computational study) are consistent and emphasize the fact
that violuric acid and its Mn(II) and Cu(II) complexes have
a virucidal effect in vitro infection of SARS-CoV-2. The results
of the study indicate that the Mn(II) complex can be used as a
treatment for the COVID-19 pandemic after appropriate
in vivo and clinical trials are performed.

Overall, the stability degree of the complex formed between
DNA and the metal ion of the present metal complexes
demonstrates the superiority of the Mn(II) complex over the
Cu(Il) complex as a DNA-binder and therapeutic agent
against SARS-CoV-2.
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