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Abstract: Three copper(I) dithiocarbamate-phosphine complexes of the general formula Cu(PPhs),L

were synthesized by metathesis reactions of the potassium salt of the dithiocarbamate ligand

L and the precursor complex Cu(PPh3),NO; in an equimolar ratio. L represents N,N'-bis(2,6-
dimethylphenyl)formamidine dithiocarbamate L1 in complex 1, N,N’-bis(2,6-disopropylphenyl)

formamidine dithiocarbamate L2 in complex 2, and N,N’-dimesitylformamidine dithiocarbamate

L3 in complex 3. The single-crystal X-ray structure revealed the coordination of the copper atom to

two sulfur atoms of the dithiocarbamates, as well as two phosphorus atoms of the PPhj units, which

resulted in distorted tetrahedral geometries. The calculated T4 (tau factor) values for 1, 2 and 3 were

ﬁf;)eéigtfgsr 0.82, 0.81 and 0.85, respectively, confirming the pseudo-tetrahedral geometry proposed. Complexes
) ) 1-3 showed remarkable luminescent properties in CH,Cl, at room temperature. All three complexes
Citation: Oladipo, S.D.; Omondi, B.

showed moderate-to-low antibacterial potential against Gram-negative bacteria, while none of the
Pseudo-Tetrahedral Copper(I)

complexes were active against Gram-positive bacteria. The DPPH assay studies showed that complex
2 had the lowest ICsq (4.99 x 1073 mM),and had higher DPPH free radical scavenging ability than 1
and 3. The pharmacological estimations of 1-3 showed that all of the complexes showed minimal
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Antimicrobial resistance is a fundamental predicament that has been in existence since
the advent of the antibiotic period [1]. In the last two decades, bacteria resisting antibiotic
drugs have become a global concern for the healthcare sector [2]; therefore, a holistic
approach is required to abate this concern. Previous studies have shown that at least one
Publisher’s Note: MDPIstaysneutral  mechanism of resistance is present in the general environment for a recently discovered
with regard to jurisdictional claims in - natural product with antibiotic potential, and this extremely accelerates emergence of
published maps and institutional affil- - antibiotic resistance [3]. The misuse and overuse of commercially available antibiotic drugs
iations. is also one of the causes of antimicrobial resistance [4]. Due to the acquired mechanism

of antimicrobial resistance along with the presence of multiple intrinsic resistances to

several antibiotics, it is now difficult to control the spread of deadly microbes in healthcare
B settings [5]. One of the possible techniques to overcome antibiotic resistance is to develop
novel synthetic drugs of which the chemical structures do not occur naturally [6], hence the
increase in research related to the synthesis of novel antibiotics that can outsmart bacteria
which are resisting available drugs.
conditions of the Creative Commons Similarly, havoc caused by free radicals in the body system has been reported in
Attribution (CC BY) license (https://  Literature [7,8]. Though in small quantity, i.e., their generation during normal metabolism
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diabetes, Alzheimer’s, and Parkinson’s disease, among others [7]. For this reason, studies
on the development of natural and synthetic antioxidants to counterbalance excess free
radicals produced in our body system is on the increase.

Medical properties such as antimicrobial [9], antioxidant [5], anticancer [10], and
antidiabetes [11] activities of copper complexes have been reported. It is important to
know that, among copper’s eminent oxidation states, Cu(I) has remarkable antibacterial
potential [12]. Cu(]) is readily available in human blood, and is also in abundance in the
cytoplasm of mammalian cells [12]; hence, it is not toxic to the body system. Recently, it
was revealed that Cu(I)’s bactericidal mechanisms entail macrophage-derived antibacterial
activity. These mechanisms include decreasing osmotic pressure in bacteria by Cu(I), which
weakens the bacteria cell membrane. Cu(I) in this case acts as the chemical hydrolase of
the sugar—phosphate bond, hydrolysing the bacteria’s DNA and RNA, among others [13].
Recently, we reported the antibacterial and antioxidant studies of Cu(I) complexes de-
rived from unsymmetrical formamidine dithiocarbamates alongside triphenyl phosphine
(PPhg) [14]. Herein, we are using symmetrical formamidine dithiocarbamate to see how the
electronic properties of the complexes would influence the antibacterial and antioxidant
potential of the complexes. We also predicted their pharmacokinetics and pharmacological
properties using an appropriate in silico method.

2. Materials and Methods

The chloroform, acetonitrile, and methanol were of ACS reagent grades; they were
purchased from Sigma-Aldrich (Johannesburg, South Africa), and were used without
further purification. The reagents 2,6-di(propan-2-yl)aniline (97%), 2,6-Xylidine (99%),
Mesitylamine (98%), triphenylphosphane (99%), 1,1,1-Triethoxymethane (99%) and carbon
disulfide were also purchased from Sigma Aldrich, while copper(ll) nitrate trihydrate
(99.5%) and potassium hydroxide (85%) were obtained from Promark Chemicals, Johannes-
burg, South Africa.

The melting points of complexes 1-3 were recorded using the Electrothermal 9100
(Goteburg, Sweden). The emission spectra were recorded using a PerkinElmer LS 55
fluorescence spectrometer, while the electronic absorption spectra were recorded using the
Shimadzu UV-Vis-NIR spectrophotometer (Kyoto, Japan) in the range of 800-200 nm. The
IR spectra were recorded on a PerkinElmer Universal ATR spectrum 100 FT-IR (Shelton,
CT, USA) in the range of 4000-300 cm ™. The *C and 'H NMR spectra were recorded at
room temperature on a Bruker Avance' 400 MHz spectrometer (Karlsruhe, German). The
elemental analyses and mass spectra of the complexes were recorded on a Vario elemental
EL cube CHNS analyzer and the Water synaptic GR electrospray positive spectrometer,
respectively.

3. General Synthesis Method
3.1. Synthesis of Heteroleptic Coper(I) Dithiocarbamate-PPhz Complexes

The potassium salts of the formamidine dithiocarbamates (L1-L3) have been commu-
nicated elsewhere [5,15], while the metal salt [Cu(PPh3),NO3] was synthesized following a
procedure reported by Gysling et al. [16]. We followed the general synthetic technique as
reported in the literature [17] to prepare the complexes. Briefly, 1 mmol of the respective
potassium dithiocarbamate salts was dissolved in 20 mL acetonitrile in a round bottom
flask. To the resultant solution, 1 mmol Cu(PPh3),NOj3 dissolved in 10 mL dichloromethane
was added drop-wise and stirred for 30 min at room temperature. The resultant yellow
solids were collected by filtration, washed three times with ethanol, and then washed twice
with ether. The pure products were dried in the oven at 40 °C and stored in a desiccator.

3.1.1. Synthesis of [Cu(PPhs),L1] (1)

The reaction of L1 (0.37 g, 1 mmol) and Cu(PPh3),NO; (0.65 g, 1 mmol) in acetonitrile
furnished complex 1 as a yellow powder. The yield was 80%. The melting point was
244-245 °C. '"H NMR (CDCl3, 400 MHz): & (ppm) 2.12 (s, 6H, CHs-Ar), 2.18 (s, 6H, CH3-
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Ar), 6.83 (t, 1H, ] gy = 7.48 Hz, Ar-H), 6.95 (d, 2H, ] yg = 7.48 Hz, Ar-H), 7.11 (d, 2H,
Juu = 7.44 Hz, Ar-H), 7.17 (t, 13H, Jgyg = 7.40 Hz, PPh3), 7.30 (t, 18H, Jyy = 7.92 Hz, PPhj),
9.56 (s, 1H, -CH=N). 13C NMR (CDClz, 100 MHz) & (ppm) 17.91, 18.89, 123.10, 127.89,
128.12, 128.22, 129.43, 133.69, 135.82, 148.65 149.59. 215.90. 3P NMR (121.50 MHZ, CDCl;):
& =0.0027. IR v (cm™1): 3042(w), 1643(s), 1476(s), 1092(s), 880(s), 492. ESI-TOF MS: 11/z (%);
[M + 3Na — 5H]* 979.21, [M — DL1]* 587.15. UV-Vis (CHCls, Amax, nm): 272 and 330. The
analysis calculated for Cs;CuHsoN,P»S; was C, 70.76; H, 5.50; N, 3.06; S, 7.00. We found C,
69.71; H, 5.32; N, 2.89; S, 7.01.

3.1.2. Synthesis of [Cu(PPhs);L2] (2)

The reaction of L2 (0.48 g, 1 mmol) and Cu(PPh3);NOj3 (0.65 g, 1 mmol) in acetonitrile
furnished complex 2 as a yellow powder. The yield was 74%. The melting point was
218-220 °C. 'H NMR (CDClg, 400 MHz): & (ppm) 0.98 (d, 6H, Jyyy = 6.80 Hz CH3-CH),
1.19 (d, 12H, Jyp = 6.80 Hz, CH3-CH), 1.23 (d, 6H, Jyr = 6.76 Hz CH3-CH), 2.85 (m, 2H,
Jan = 6.72 Hz CH-CHy), 3.07 (m, 2H, iy = 6.64 Hz CH-CHy), 7.01 (s, 1H, Ar-H), 7.07
(t, 3H, ] gy = 6.60 Hz, Ar-H), 7.16 (t, 12H, ] gy = 7.48 Hz, PPh;3), 7.21 (s, 1H, PPh3), 7.29
(d, 18H, Jg = 7.00 Hz, PPhy), 7.36 (t, 1H, Jyy = 7.72 Hz, Ar-H), 9.77 (s, 1H, -CH=N). 13C
NMR (CDCls, 100 MHz) 6 (ppm): 10.98, 14.07, 23.00, 23.77, 24.15, 24.26, 24.97, 27.43, 28.97,
30.39, 30.93, 38.76, 122.85, 123.67, 124.04, 128.31, 128.82, 129.04, 129.36, 130.91, 133.70, 134.18,
139.33, 146.04, 146.49, 151.12, and 217.47. 3P NMR (121.50 MHZ, CDCl3): & = —0.8479 IR v
(em™1): 3042(w), 1643(s), 1476(s), 1092(s), 880(s), 492. ESI-TOF MS: m/z (%); [M + 3Na]*
1099, [M — DL2]* 587.09. UV-Vis (CHCl3, Amax, nm): 274 and 333. The analysis calculated
for Ce;CuHggN,P»S, was C, 72.38; H, 6.47; N, 2.72; S, 6.23. We found C, 72.18; H, 6.34; N,
2.63; S, 6.30.

3.1.3. Synthesis of [Cu(PPhs),L3] (3)

The reaction of L3 (0.39 g, 1 mmol) and Cu(PPh3);NOj3 (0.65 g, 1 mmol) in acetonitrile
furnished complex 3 as a yellow powder. The yield was 75%. The melting point was
214-216 °C. 'H NMR (CDClz, 400 MHz): § (ppm) 2.09 (s, 6H, CH3-Ar), 2.14 (d, 6H, CH3-
Ar),2.20 (s, 3H, CH3-CH), 2.27 (s, 3H, CH3-Ar), 6.76 (s, 2H, Ar-H), 6.93 (s, 2H, Ar-H), 7.17
(t, 12H, J gy = 7.40 Hz, PPh3), 7.29 (s, 2H, PPh;3), 7.31 (d, 16H, Jir = 8.28 Hz, PPhj), 9.53 (s,
1H, -CH=N). 3C NMR (CDCl3, 100 MHz) & (ppm): 17.83, 18.84, 20.73, 21.33, 128.04, 128.35,
128.54,129.78, 129.09, 129.21, 129.44, 129.76, 132.16, 133.73, 134.08, 135.38, 135.89, 137.81,
146.29, 150.17 and 216.05. 3P NMR (121.50 MHZ, CDCl3): § = 0.1251 IR v (cm™1): 3055(w),
1633(s), 1478(s), 1024(s), 844(s), 494. ESI-TOF MS: m/z (%); [M — 3CHj3]* 900.08. UV-Vis
(CHCl3, Amax, nm): 274 and 333. The analysis calculated for C5sCuHz4N2P»S, was C, 71.20;
H,5.76; N, 2.97; S, 6.79. We found C, 70.75; H, 5.60; N, 2.79; S, 6.94.

3.2. Single-Crystal X-ray Crystallography

Appropriate single crystals of 1-3 were grown by the slow evaporation of a 1,1-
dichloromethane/methanol (3:1, v/v) solution of each complex. For all of the complexes,
single-crystal evaluation and data collection were carried out using a Bruker Smart APEXII
diffractometer with Molybdenum Ka radiation (I = 0.71073 A) equipped with an Oxford
Cryostream low-temperature apparatus operating at 100 Kelvin. At different starting
angles, reflections were collected and the APEXII program suite was utilized to index
the reflections [18]. SAINT software (Saint Nazianz, WI, USA) [19] was used to execute
data reduction, while the SADABS multi-scan technique [20] was used to perform scaling
and absorption corrections. The SHELXS program was used to solve the structures of
the complexes by exploring the direct method, while the SHELXL program was used for
refining [21]. Mercury software [22] was used to draw the structure of each complex.
Non-hydrogen atoms were first refined isotropically and then by anisotropic refinement
with the full-matrix least square method based on F? using SHELXL. The carbon atom of
the dichloromethane solvent in 3 was disordered over an inversion center with 50% site
occupancy, and was modelled utilizing PART-1 instruction with a fixed site occupancy
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factor of 0.5. The structure refinement parameters and crystallographic data for the available
structures are presented in Table 1.

Table 1. X-ray crystal data collection and structure refinement parameters for 1-3.

1 2 3
Empirical formula C54 H49 Cu Nz Pz 52 C62_68H65_36C110_60CUN2P282 C115H116C12C1.12 N4 P4 5402
Formula weight 915.55 1057.56 2036.24
Crystal system monoclinic triclinic triclinic
Space group P21/ P-1 P-1
a/A 22.4044(4) 11.5681(4) 12.5065(3)
b/A 9.5916(2) 15.9024(5) 13.1610(2)
c/A 22.9024(4) 17.1608(6) 15.9918(2)
o/° 90° 104.286(2) 85.803(10)
B/° 109.010(10)° 104.050(2) 89.170(2)
v/° 90° 105.939(2) 77.974(3)
Volume/ A3 4653.17(15) 2773.51(17) 2567.55(3)
Z 4 2 1
Pealeg/cm> 1.307 1.266 1.317
p/mm-! 0.667 0.596 0.663
F(000) 1912 1113 1066
Crystal size/mm? 0.370 x 0.230 x 0.140 0.36 x 0.24 x 0.14 0.4 x 0.27 x 0.14
20 range for data collection (°) 1.104 to 28.382 1.942 to 28.540 1.665 to 28.342
Index ranges —-29<h<29 —-15<h<15 —-16<h<16
—12<k<12 —-18<k<21 -17<k <17
-30<1<30 -22<1<22 -21<1<21
Reflections collected 58617 43604 9988
Independent reflections 11,622 [Rjn = 0.0255] 13,740 [Rint = 0.0179] 12,357 [Rint = 0.0151]
Data/restraints/parameters 11,622/0/550 13,740/0/622 12,357/1/621
Goodness-of-fit on F2 1.041 1.018 1.022
Final R indexes [I > 20 (I)] 0.0537, 0.1076 0.0316, 0.0756 0.0436, 0.0814
Final R indexes [all data] 0.0537, 0.1166 0.0397, 0.0801 0.0336, 0.0864
Largest diff. peak and hole (e A3 0.687 and —0.614 0.519 and —0.378 0.97 and —1.10

3.3. In Vitro Antimicrobial Studies

The antimicrobial studies of complexes 1-3 were performed using Clinical and Labora-
tory Standard Institute (CSLI) guidelines [23], with slight modification. They were screened
against two Gram-positive bacteria—Staphylococcus aureus ATCC 700,699 (methicillin-resistant)
and Staphylococcus aureus ATCC 25,923—and four Gram-negative bacteria: Salmonella ty-
phimurium ATCC 14,026, Pseudomonas aeruginosa ATCC 27,853, Escherichia coli ATCC 25,922
and Klebsiella pneumoniae ATCC 31,488. Ciprofloxacin was used as a reference antibiotic for
assessment. The dimethyl sulfoxide (DMSO) showed no antibacterial activity against any
of the bacterial strains used for this study at the concentrations tested. The test samples
were prepared in dimethyl sulfoxide with a concentration of approximately 1000 uM/mL.
The bacteria were inoculated onto nutrient agar (NA) Biolab (Cape-Town South Africa)
plates using the streak plate technique and incubated at 37 °C for 18 h. A single colony
was isolated and inoculated into 10 mL sterile nutrient broth (NB) Biolab (Cape-Town,
South Africa). This was incubated at 37 °C for 18 h in a shaking incubator (100 rpm). The
concentration of each bacterial strain was adjusted with sterile distilled water to achieve a
final concentration equivalent to 0.5 Mc Farland’s Standard (i.e., 1.0 x 10® cfu/mL) using
a densitometer (Mc Farland Latvia). Thereafter, the MHA plates were lawn inoculated
with the diluted bacteria using a sterile throat swab. In total, 5 pL of each sample was
spotted onto the MHA plates, and the plates were incubated at 37 °C for 18 h and then
assessed for antibacterial activity, which was denoted by a clear zone at the point of spot-
ting. Samples that showed antimicrobial potential during the antibacterial screening were
tested further to determine their MIC. The samples were serially diluted 10 times to achieve
concentrations ranging from 1000 pM/mL to 0.2 uM/mL. In total, 5 pL of each sample at
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different concentrations was spotted onto the MHA plates, and the plates were incubated
at 37 °C for 18 h and then assessed for their MIC. This was performed in triplicate to ensure
reproducibility, and the MIC was determined as the lowest concentration of the compounds
at which no visible bacterial growth was observed after incubation.

3.4. Determination of Free Radical Scavenging Activity

A 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay was used to evaluate the antioxidant
potential of complexes 1-3, and the experiment was carried out as reported by Liyana-
Pathirana and Shahidi [24], with slight alterations. To 100 pL 0.1 mM ethanolic solution of
DPPH was added 100 pL of the test samples of different concentrations (1.0 mM, 0.75 mM,
0.50 mM, and 0.25 mM). The resulting mixture was vortexed cautiously and left in the dark
at 25 °C for half an hour. After half an hour of incubation at 25 °C, the DPPH reduction
was measured by reading the absorbance at 517 nm. Different concentrations of ascorbic
acid (1.0 mM, 0.75 mM, 0.50 mM, and 0.25 mM) were used as the standard. Equation (1),
below, was used to calculate the ability of the complexes to scavenge DPPH radicals.

Absorbance control — Absorbance of sample x 100
Absorbance control

% Scavenging Activity = 1)
4. Results and Discussion
4.1. Synthesis of Cu(I) Complexes 1-3

The protocol for the preparation of L1-L3 has been reported in the literature [5,15],
while we followed the procedure reported by Rajput et al. [17] for the synthesis of Cu(I)
complexes 1 to 3. Briefly, an equimolar ratio of each of the respective formamidines, the
potassium hydroxide, and the carbon disulfide were reacted under suitable experimental
conditions, as previously reported [5], to afford the dithiocarbamate ligands L1-L3. The
heteroleptic Cu(I) dithiocarbamate-PPhz complexes (1-3) were synthesized by reacting an
acetonitrile potassium salt solution of the ligand with a solution of the metal precursor
[Cu(PPh3),]NOs] in dichloromethane of in equimolar ratios at 25 °C (Scheme 1). The
pale-yellow complexes 1 to 3 were obtained in good yields of between 74 and 80% as air
stable solids with melting points between 214 and 245 °C.

EN/\)N?
s%(}@
L2

[Cu(PPh3)2NO;]

[Cu(PPh3),L]
X E——— - P
N N X
/K [Cu(PPh3)2NO;] [Cu(PPh3)2NO3] /L N
s s
o) K2
L1 L3

Scheme 1. Synthesis pathway for heteroleptic Cu(I) complexes [Cu(PPh3),Ln] (n = 1-3).

4.2. Spectroscopic Studies
4.2.1. Nuclear Magnetic Resonance

The 'H, 13C and 3'P NMR data of diamagnetic complexes 1-3 were all obtained in
chloroform. The azomethine proton (NC(H)=N) gives an insight into the successful syn-
thesis of 1-3 from their free ligands due to an upfield shift from 9.86-10.15 ppm in the
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spectra of L1-L3 to 8.82-9.20 ppm in the spectra of 1-3, confirming complexation (Table 2)
(see Supplementary Materials Figures S1-56). Generally, there were downfield shifts in the
signal of aliphatic protons between the potassium dithiocarbamate salts and the complexes.
For example, the peaks for the CH3 protons (CH3-Ar) in L1 at 1.90 and 1.99 ppm shifted
to 2.12 and 2.18 ppm in the spectrum of complex 1 (see Supplementary Materials Figures
S1 and S4). This noticeable downfield shift can be ascribed to the movement of electron
density towards the positive Cu(l) centre in the heteroleptic complexes [25,26]. In addition,
there was also a shift of the protons of the aromatic ring of the triphenylphosphine units
and the ligands compared to those of the complexes which were observed between 6.83 and
7.36 ppm in the spectra of the complexes. In the '>C-NMR spectra, a noticeable upfield shift
(6 =1.72-3.47 ppm) in the resonances for the carbon atom of -NCS; in 1-3 relatively to that
of L1-L3 substantiates the metal-to-sulfur bonding in the complexes (see Supplementary
Material Figures S7-S15). A sharp singlet peak appeared at —3.88 ppm in the 3! P-NMR spec-
trum of the Cu(l) precursor, [Cu(PPh3),NOs]; upon coordination with L1-L3, it appeared
at around —0.85-0.13 ppm (see Supplementary Materials Figures S13-516), confirming the
coordination of the Cu atom in the precursor to the dithiocarbamate ligands [27].

Table 2. The comparison of -NCS; and NC(H)=N signals for L1-L3 and 1-3, and IR bands of (C—N)s¢,
and (C=Ngt) for L1-L3 and 1-3.

)

Ligands 5 (-NCS3) As NC(H)=N As v(C=_1;I) Av U(Cti\]) AL
(Complex) ppm cm cm
ppm
L1 (@D 217.62 1.72 9.86 (9.56) 0.30 1640 (1643) 3 1467 (1476) 9
(215.90) ' ' ' ’
220.94
L2(2) (217.47) 3.47 10.15 (9.77) 0.38 1639 (1643) 4 1452 (1476) 24
L3 (3) (;}2(9);) 2.90 9.92 (9.53) 0.39 1629 (1633) 4 1477 (1478) 1

4.2.2. Fourier Transform Infrared Spectroscopy

The IR spectra of complexes 1-3 exhibited vibrational bands corresponding to the
V(C—NCS,), v(C—S), and M—S bonds, which are diagnostic bands of dithiocarbamate
salts’ coordination [28] and v(C=Nstr) of the azomethine [29]. As seen in Table 2, the
V(C—Ngtr) band appeared at higher wave numbers between 1476 and 1478 cm ™! relative
to those of L1-L3 (1452-1477 cm™1). This shift can be attributed to the mesomeric drift of
electrons from the dithiocarbamate units of L1-L3 towards the metal center in 1-3 [15]. The
noticeable enhancement in the v(C—N) frequency of 1-3 relative to the potassium salts
of the free ligands L1-L3 is an indication of the dithiocarbamate ligands coordinating in
a symmetrical bidentate manner due to the dominance of the canonical form RyN=CS,~,
thereby indicating the partial double bond character in the thiouride band. A single
band around 1024-1092 cm ™! (see Supplementary Materials Figures $17-522) indicates
V(C—Sstr), and thus alludes to the bidentate coordination mode of the ligands L1-L3
to the metal center [30]. The vibrational bands for v(C=Nstr) in 1-3 appeared around
1616-1643 cm !, while the ones for L1-L3 appeared around 1603-1640 cm ™. The bands
around 429-445 cm ! and 492-500 cm ! were assigned to Cu—P and Cu—S, respectively.

4.2.3. Electronic Absorption and Emission Spectroscopy

The electronic absorption spectra of complexes 1-3 in 1,1-dichloromethane solution
are presented in Figure 1. The spectra of ligands L1-L3 displayed two strong absorption
bands at around 289-300 nm and 338-345 nm. The absorption bands of 1-3 have the same
features as their parent ligands, with two strong absorption bands. However, these two
bands are shifted to shorter wavelengths (blue shift), and appear at around 272-277 nm
and 330-336 nm. These bands can be allotted to metal-perturbed 7=—* intraligand charged
transfer transitions within dithiocarbamate and PPhs ligands [17].
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Figure 1. (a) UV-Visible absorption spectra of 1-3 in CH,Cl,. (b) Emission spectra of 1-3 in CH,Cl,.

When excited at 380 nm in 1,1-dichloromethane solution at 25°C, 1-3 displayed an
unstructured emission band at about 464 and 465 nm (Figure 1b), emitting a bluish-green
light with a large stoke shift, averaging 84-85 nm, which emanated from the admixture of
n—rt* IL and MLCT in the perturbed coordination environment about the metal atoms [31].
Previous reports have suggested that there is tendency for the complexes to have slight
structural changes in the excited state relative to the ground state, due to a small force
imposed on them from the bulkiness of the substituents on the dithiocarbamates alongside
with the phosphine ligands. For example, a tetrahedral geometry is transformed to a
flattened structure, as reported in the case of Cu(l), a d'° system, and this influences the
luminescent pattern after metal ligand charge transfer transition [32,33]. The calculated
energy band gap from the emission spectra of the complexes is 2.673 eV for 1 and 3 and
2.666 eV for 2.

4.3. X-ray Crystal Structures

Appropriate single crystals of 1-3 were grown by the slow evaporation of a 1,1-
dichloromethane/methanol (3:1, v/v) solution of each complex. Figure 2 depicts the
structures of the complexes, while Table 3 entails the selected bond lengths and angles.
The asymmetric units of each of complexes 1-3 contain a whole molecule of the Cu(I)
dithiocarbamate-PPh; complex. In the molecular structures of 1-3, the copper atom
coordinates to two sulfur atoms of the dithiocarbamate ligand and to two phosphorus
atoms of the PPhs unit. The CuP;,S, core in each of the complexes has a distorted tetrahedral
geometry around the Cu(l) center, as can also be observed in the bond angles (Table 2).
Using Equation (2), T4 for each of the complexes confirmed the proposed tetrahedral
geometry [34]:

| 360° — (B+a)
- 141° (2)

where the two largest angles in the four-coordinate species are expressed as oc and 3. For
14 =1 and 14 = 0, the geometries of the complex are perfect tetrahedral and perfect square
planar, respectively. The calculated T4 values for complexes 1, 2 and 3 are 0.82, 0.81 and 0.85,
respectively, and these fit in Yang et al.’s pseudo-tetrahedral geometry description [34].

T4
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Figure 2. Molecular structures of 1, 2 and 3 drawn at 50% thermal ellipsoid probability. Hydrogen
atoms have been omitted for clarity.

Table 3. Selected bond length (A) and angles (°) for complexes 1, 2 and 3.

Parameters 1 2 3
Bond length
Cu(1)—P(1) 2.2509(5) 2.2307(5) 2.2393(5)
Cu(1)—P(2) 2.2351(7) 2.2472(7) 2.2525(5)
Cu(1)—S(1) 2.3891(9) 2.2472(7) 2.4060(5)
Cu(1)—5(2) 2.4186(7) 2.3915(8) 2.4165(4)
Caie—S(1) 1.696(2) 1.692(3) 1.687(2)
Cate—5S(2) 1.697(2) 1.697(3) 1.704(2)
Caie—N 1.376(3) 1.384(2) 1.395(2)
Bond angles
P(1)—Cu(1)—P(2) 125.73(3) 126.55(3) 121.81(2)
P(1)—Cu(1)—S(1) 111.30(3) 112.60(2) 115.55(2)
P(1)—Cu(1)—S(2) 105.10(2) 115.71(3) 115.17(2)
P(2)—Cu(1)—S(1) 112.74(3) 107.92(2) 105.14(2)
P(2)—Cu(1)—S(2) 115.65(2) 108.10(2) 114.51(2)
Cu(1)—S(1)—Cgic 83.09(8) 82.70(5) 83.34(6)
Cu(1)—S(2)—Clgtc 82.17(17) 83.87(5) 82.67(6)
S(1)—Cgtc—S(2) 119.0(1) 118.72(9) 119.1(1)

S(1)—Cu(1)—S(2) 75.03(2) 74.62(1) 74.61(2)
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The deviation from the perfect tetrahedral arises mainly as a result of the constraint
imposed by CS,Cu(I) chelate rings, and this leads to small bite angles S(1)-Cu-5(2) of
75.03(2)°, 74.62(1)°, and 74.61(2)° for 1, 2, and 3, respectively [12]. Furthermore, the angle
formed by the least-square planes of the four-member metallacycles Cu-S-5-C and P-Cu-P
for complexes 1, 2 and 3 are almost perpendicular to each other (87.0°, 87.6° and 87.2°).
The CS,Cu metallacycle in 1, 2 and 3 deviate from planarity with RMS values of 0.0530,
0.0171 and 0.0404, respectively.

Cu-P and Cu-S are comparable to those found in analogous Cu(1) complexes [35].
The values for the C-N bond in each complex, as shown in Table 3, are in between those

published for C=N (1.28 1&) and C-N (1.47 &) [36]. This indicates the delocalization of
m-electrons over the entire S,CN fragment in the complexes, bringing about the partial
double-bond character of the C-N bond [37,38].

4.4. Antimicrobial Activities Evaluation

Complexes 1-3 were assessed for their antibacterial potential against six strains, K.
pneumoniae, P. aeruginosa, S. typhimurium, E. coli, S. aureus (methicillin resistant) (MSRA)
and S. aureus, with ciprofloxacin as the standard against 1 to 3. The antibacterial potential
was evaluated using the minimum inhibition concentration (MIC) values (Table 4). It was
observed that the complexes exhibited poor-to-moderate antimicrobial activities against
the Gram-negative bacteria strains E. coli, K. pneumoniae, P. aeruginosa and S. typhimurium,
and none were active against the Gram-positive bacteria strains S. aureus and MRSA. This
difference in the activity of all of the complexes against the two types of bacteria might be
due to the differing nature of their cell membranes, which determines the degree to which
compounds can penetrate the bacteria [39], with the Gram-positive bacteria having thick
layers of peptidoglycan in their cell walls. It is also possible that complexes 1 to 3 were
destroyed or modified as they entered the cell walls of the S. aureus and the methicillin-
resistant S. aureus [40].

Table 4. MIC of the metal complexes 1-3 (uM/mL).

Gram (—) Bacteria Gram (+) Bacteria
Complexes
E. coli S. typhimurium P. aeruginosa K. pneumoniae S. aureus MRSA
1 3.409 13.637 >1000 >1000 N N
2 97.196 24.299 48.598 97.196 N N
3 26.464 105.855 >1000 >1000 N N
Ciprofloxacin ? 0.603 1.207 2414 4.828 75.450 75.450

N = no activity; ? = standard.

Complex 1 showed fairly good activity against E. coli and S. typhimurium, while others
exhibited moderate-to-low activity against the bacterial strains. Against P aeruginosa, com-
plex 2 showed moderate activity, with an MIC value of 48.598 uM/mL, whilst 1 and 3 were
only effectively inactive (MIC >1000 uM/mL (highest concentration)). Against K. pneumonia,
1 and 3 were active only at >1000 ug/mL, while 2 was active at 97.196 uM/mL (Figure 3).
Comparing the antimicrobial potential of the reported compounds with Ciprofloxacin as
the reference drug, none of them performed better. We could say it categorically that the
replacement of the electron-withdrawing group (chlorine) with the electron-donating group
(i.e., methyl, diisopropyl) in the dithiocarbamate of unsymmetrical N, N’-diaryformamidine
dithiocarbamate-PPhs Cu(l) complexes we previously reported [14] does not influence their
antimicrobial potential.



Inorganics 2022, 10, 79 10 of 15

Minimum Inhibitory Concentration

=
o
[=]
o

=0

£

S~

=

=4

Q

= 3
(7]
o
c
=]
o
o
£
o
()

E. Coli S. typhimurium P. aeruginosa K. pneumoniae S. aureus MRSA
Bacteria

M Ciprofloxacin m1 m2 m3

Figure 3. MIC values of complexes 1-3 against bacteria. The blank spaces represent no activity.

4.5. Antioxidant Studies
DPPH Radical Scavenging Ability

The abilities of 1-3 to scavenge DPPH radicals are summarized in Table 5; therein,
complex 2 has the lowest ICsq value of 4.99 x 103 mM, followed by 3 and 1. Thus, the
antioxidant potential is in the order of 2 > 3 > 1. It was observed that the ligands’ associated
electronic factor seems to influence the antioxidant potential of the complexes. Complex 2
with diisopropyl substituents has higher antioxidant ability when compared to 1 with
the methyl group. This might be due to complex 2 having more electron density in its
aromatic ring as a result of diisopropyl moiety (a better electron-donating group), thereby
donating electrons better than complex 1 with the methyl group [29]. Therefore, we could
ascribe their free radical ability to their tendency to release the loosely held electrons at
the metal center to checkmate the propagation of the free radicals of DPPH. Contrary to
the antibacterial studies, the introduction of more electron-donating substituents to the
dithiocarbamate ligand backbone of the complexes enhances the antioxidant potential of
the previously reported Cu(I) complexes [14]. Generally, the antioxidant activity of 1-3
increases as the concentration increases—see Figure 4.

Table 5. Antioxidant potential of tested compounds 1-3 at varying concentrations using a

DPPH assay.
Complexes IC59 (mM)
1 6.29 x 1072
2 499 x 1073
3 5.66 x 1073

Ascorbic acid 1.04 x 1073
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Figure 4. Percentage of free radical scavenging against the concentration (mM) of 1-3.
The results presented here are the mean values from three independent experiments.

4.6. Analysis of the Drug-Likeness and Pharmacokinetics of the Cu Complexes

The pharmacology and pharmacokinetic properties of complexes 1-3 were predicted
to pre-determine their drug-likeness, thereby revealing their drug bioactivities. This was
achieved using the SwissADME, a web-based analytical tool that computes the physico-
chemical descriptors, ADME parameters, drug-like nature, and pharmacokinetic properties
of molecules [41]. The physicochemical and pharmacokinetics properties of compounds
1-3 are presented in Table 6. The estimated values were compared with the accepted
standard Lipinski’s Ro5 to pinpoint their violations, as potential drug molecules should
have relatively slight violations [42,43].

Table 6. Predicted physicochemical and pharmacokinetic properties of complex 1-6.

Physicochemical Properties 1 2 3 Acceptable Threshold (Ro5)
Molecular weight (Da) 916.61 1028.82 944.66 <500 Da
LogP 9.83 11.87 10.38 <5
LogS (mol/L) —14.97 —17.26 —15.59 0——6
TPSA (A?) 93.38 93.38 93.38 <140
HBA 1 1 1 <10
HBD 0 0 0 <5
Rotatable bonds 12 16 12 <10
Pharmacokinetics properties
GI absorption Low Low Low
BBB Permeant No No No
P-gp Substrate Yes Yes Yes
LogKp (skin permeation) —1.01 0.47 —0.66

We estimated the molecular weight (MW), lipophilicity (logP), aqueous solubility
(logS), hydrogen bond donor (HBD) and acceptor (HBA) ability, topological polar surface
area (TPSA), rotatable bonds (RotB), and skin permeation (LogK}). Pharmacokinetic prop-
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erties such as the gastrointestinal (GI) absorption, blood-brain barrier (BBB) permeant, and
P-glycoprotein (P-gp) substrate were also predicted. The molecular weight of a compound
is one of the factors that determine the extent of absorption and cellular uptake in a living
system, and this significantly affects its bioavailability and drug-likeness [38]. A low MW
enhances the access of a compound to the target biomolecules while also increasing the con-
centration at the intestinal epithelium surface and aiding better absorption [44]. According
to Lipinski’s Ro5, the acceptable MW of a compound is <500 g/mol. All of the complexes
exceeded this threshold, and thus violated this Lipinski rule. The TPSA is another crucial
descriptor that describes the bioactivity of compounds in terms of transportation across a
lipid bilayer membrane that is closely packed, such as in the blood—-brain barrier (BBB) [45]
and gastrointestinal tract (GT). Compounds with a low TPSA have a higher tendency to
permeate through the cells relative to those with a high TPSA. All of the complexes have a
uniform TPSA of 93.38 A2, and this value agrees with Lipinski’s Ro5 (TPSA < 140), which
implies that they have a high propensity to permeate the cells, especially if they are further
optimized [38]. The estimated values for LogP and LogS showed that all of the compounds
violated the acceptable threshold of Lipinski’s Ro5 (<5 for LogP and 0 — —6 for Log$),
indicating poor solubility and lipophilicity. However, methods such as nanoencapsulation
and structural fragmentation could be employed to improve the bioavailabilities of such
drugs [46].

Their RotBs can predict the molecular flexibility of potential drug compounds, and it
increases with molecular weights. Rotable bonds are a single bond, not in a ring, bound
to a nonterminal heavy atom [47]. The values for the RotBs for all of the complexes
violated Lipinski’s Ro5 with RotB counts of <10. Hydrogen bond donors were taken as
any heteroatom with at least one bonded hydrogen. In contrast, hydrogen bond acceptors
are heteroatom without a formal positive charge, excluding pyrrole, sulfur, and halogen,
etc., but including the oxygens bonded to them [47]. Compounds with HBD and HBA
counts of <5 and <10 are considered orally active, according to Lipinski’s Ro5. Complexes
1-3 have a uniform HBA count of 1, with no HBD count, and these values indicate their
potential to be bioavailable and orally active. When developing an oral drug product,
intestinal absorption must be sufficient to be successful [48]. All of the complexes exhibited
low gastrointestinal absorption and did not have the potential to permeate through the
brain-blood barrier. All of the compounds are P-gp substrates, and the literature has it
that the activity of P-gp in the intestine may reduce the oral bioavailability of a wide range
of drugs [49]. Interestingly, a number of excipients are usually added to pharmaceutical
formulations to disrupt intestinal P-gp and thus enhance the permeability of a substrate
drug in the intestine [50]. The rate at which the compounds penetrate the skin is in the
order of 2>3>1

5. Conclusions

Three Cu(I) symmetrical N,N’-diarylformamidine dithiocarbamate-PPhs complexes
were synthesized and characterized using spectroscopy and analytical techniques. The
crystal structures of 1-3 showed that the geometry around the CuS,P; core is distorted
tetrahedral, and their calculated 74 values showed that they fit into a pseudo-tetrahedral
geometry description. At room temperature, complexes 1-3 displayed interesting lumines-
cent in dichloromethane solutions as a result of an admixture of ILCT and MLCT states. The
MIC values for all of the complexes showed that they all had moderate-to-low antibacterial
activities against Gram (—) bacteria and displayed no activity against the Gram (+) bacteria
used in this study. All of the complexes showed good-to-moderate antioxidant activities,
with 2 having the highest free radical scavenging ability. The estimated pharmacological
properties showed that all of the complexes had some violations of Lipinski’s rule Ro5, and
could probably relate to the lower activity against the bacterial strains tested.
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CCDC 2155724, and CCDC 2155725 contain the supplementary crystallographic data for complexes 1,
2 and 3. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, 17 May 2022, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336-033; or via e-mail: deposit@ccdc.cam.ac.uk.

Author Contributions: Conceptualization, S.D.O. and B.O.; methodology, S.D.O.; software, S.D.O.
and B.O.; validation, S.D.O. and B.O.; formal analysis, S.D.O. and B.O.; resources, B.O.; data curation,
S5.D.O. and B.O.; writing—original draft preparation, S.D.O. and B.O.; writing—review and editing,
S.D.O. and B.O.; visualization, 5.D.O. and B.O.; supervision, B.O.; project administration, B.O.;
funding acquisition, S.D.O. and B.O. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors acknowledge the College of Agriculture, Science and Engineering, University
of Kwazulu-Natal (UKZN), and the National Research Foundation (NRF) South Africa for financial
support (Grant number: 119324).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Appelbaum, P.C. 2012 and beyond: Potential for the start of a second pre-antibiotic era? J. Antimicrob. Chemother. 2012, 67,
2062-2068. [CrossRef] [PubMed]

2. Fair, RJ,; Tor, Y. Antibiotics and bacterial resistance in the 21st century. Perspect. Med. Chem. 2014, 6, 25-64. [CrossRef] [PubMed]

3.  D’Costa, V.M.; King, C.E.; Kalan, L.; Morar, M.; Sung, W.W.; Schwarz, C.; Froese, D.; Zazula, G.; Calmels, F.; Debruyne, R.; et al.
Antibiotic resistance is ancient. Nature 2011, 477, 457—461. [CrossRef] [PubMed]

4. Bush, K.; Courvalin, P,; Dantas, G.; Davies, J.; Eisenstein, B.; Huovinen, P,; Jacoby, G.A.; Kishony, R.; Kreiswirth, B.N.; Kutter, E.
Tackling antibiotic resistance. Nat. Rev. Microbiol. 2011, 9, 894-896. [CrossRef]

5. Oladipo, S.D.; Omondi, B.; Mocktar, C. Synthesis and structural studies of nickel (IT)-and copper (II)-N, N’ -diarylformamidine
dithiocarbamate complexes as antimicrobial and antioxidant agents. Polyhedron 2019, 170, 712-722. [CrossRef]

6. Akl, M.A.; Mostafa, M.M.; Abdel Hamid, A.I.; Hassanin, E.E.; Abdel-Raouf, M. Assessment of the antimicrobial activities of
trioctylphosphine oxide modified silica nanoparticles. Egypt. J. Chem. 2020, 63, 1325-1339. [CrossRef]

7. Valko, M,; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in normal physiological
functions and human disease. Int. Biochem. Cell Biol. 2007, 39, 44-84. [CrossRef]

8.  Adeleke, A.A;Islam, M.S.; Sanni, O.; Mocktar, C.; Zamisa, S.J.; Omondi, B. Aryl variation and anion effect on CT-DNA binding
and in vitro biological studies of pyrindinyl Ag(I) complexes. J. Inorg. Biochem. 2021, 214, 111266. [CrossRef]

9. Nasiri Sovari, S.; Zobi, F. Recent studies on the antimicrobial activity of transition metal complexes of group 6-12. Chemistry 2020,
2,418-452. [CrossRef]

10. Tisato, F.; Marzano, C.; Porchia, M.; Pellei, M.; Santini, C. Copper in diseases and treatments, and copper-based anticancer
strategies. Med. Res. Rev. 2010, 30, 708-749. [CrossRef]

11.  Omoregie, H.O.; Yusuf, T.L.; Oladipo, S.D.; Olofinsan, K.A.; Kassim, M.B.; Yousuf, S. Antidiabetes, Antimicrobial and Antioxidant
studies of mixed -diketone and diimine Copper(II) complexes. Polyhedron 2022, 217, 115738. [CrossRef]

12. Mandal, T,; Kar, S.; Maji, S.; Sen, S.; Gupta, A. Structural and functional diversity among the members of CTR, the membrane
copper transporter family. J. Membr. Biol. 2020, 253, 459-468. [CrossRef] [PubMed]

13.  Delpe Acharige, A. Designing Novel Thiosemicarbazone Cu (I) Complexes Against Gram Positive MSSA and MRSA. Ph.D.Thesis,

Kansas State University, Manhattan, KS, USA, 2021.


https://www.mdpi.com/article/10.3390/inorganics10060079/s1
https://www.mdpi.com/article/10.3390/inorganics10060079/s1
http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://doi.org/10.1093/jac/dks213
http://www.ncbi.nlm.nih.gov/pubmed/22687888
http://doi.org/10.4137/PMC.S14459
http://www.ncbi.nlm.nih.gov/pubmed/25232278
http://doi.org/10.1038/nature10388
http://www.ncbi.nlm.nih.gov/pubmed/21881561
http://doi.org/10.1038/nrmicro2693
http://doi.org/10.1016/j.poly.2019.06.038
http://doi.org/10.21608/ejchem.2019.15032.1910
http://doi.org/10.1016/j.biocel.2006.07.001
http://doi.org/10.1016/j.jinorgbio.2020.111266
http://doi.org/10.3390/chemistry2020026
http://doi.org/10.1002/med.20174
http://doi.org/10.1016/j.poly.2022.115738
http://doi.org/10.1007/s00232-020-00139-w
http://www.ncbi.nlm.nih.gov/pubmed/32975619

Inorganics 2022, 10, 79 14 of 15

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Oladipo, S.D.; Mocktar, C.; Omondi, B. In vitro biological studies of heteroleptic Ag (I) and Cu (I) unsymmetrical N, N'-
diarylformamidine dithiocarbamate phosphine complexes; the effect of the metal center. Arab. J. Chem. 2020, 13, 6379—-6394.
[CrossRef]

Oladipo, S.D.; Omondji, B.; Mocktar, C. Co (III) N, N’—diarylformamidine dithiocarbamate complexes: Synthesis, characterization,
crystal structures and biological studies. Appl. Organomet. Chem. 2020, 34, €5610. [CrossRef]

Gysling, H.J.; Kubas, G.J. Coordination complexes of copper (I) nitrate. Inorg. Synth. 1979, 19, 92-97.

Rajput, G.; Singh, V.; Singh, S K.; Prasad, L.B.; Drew, M.G.; Singh, N. Cooperative Metal-Ligand-Induced Properties of Heteroleptic
Copper (I) Xanthate/Dithiocarbamate PPh3 Complexes. Eur. ]. Inorg. Chem. 2012, 24, 3885-3891. [CrossRef]

Bruker. APEXII; APEXII Bruker AXS, Inc.: Madison, WI, USA, 2009.

Bruker. SAINT; SAINT Bruker AXS, Inc.: Madison, WI, USA, 2009.

Bruker. SADABS; SADABS Bruker AXS, Inc.: Madison, WI, USA, 2009.

Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. Sect. A 2008, 64, 112-122. [CrossRef]

Macrae, C.F,; Bruno, L].; Chisholm, J.A.; Edginton, PR.; McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.; Taylor, R.; Streek, ].V.D.;
Wood, P.A. Mercury CSD 2.0—New Features for the Visualization and Investigation of Crystal Structures. J. Appl. Crystallogr.
2008, 41, 466—-470. [CrossRef]

CLSI. Performance Standards for Antimicrobial Susceptibility Testing; Clinical and Laboratory Standards Institute: Wayne, PA, USA,
2011; pp. 100-121.

Liyana-Pathirana, C.M.; Shahidi, F. Antioxidant activity of commercial soft and hard wheat (Triticum aestivum L.) as affected by
gastric pH conditions. J. Argic. Food Chem. 2005, 53, 2433-2440. [CrossRef]

Mohammad, A.; Varshney, C.; Nami, S.A. Synthesis, characterization and antifungal activities of 3d-transition metal complexes of
1-acetylpiperazinyldithioc arbamate, M (acpdtc) 2, Spectrochim. Acta A Mol. Biomol. Spectrosc. 2009, 73, 20-24. [CrossRef]
Siddiqi, K.S.; Nami, S.A.; Chebude, Y. Template synthesis of symmetrical transition metal dithiocarbamates. J. Braz. Chem. Soc.
2006, 17, 107-112. [CrossRef]

Gupta, A.N.; Singh, V.; Kumar, V.; Prasad, L.B.; Drew, M.G.; Singh, N. Syntheses, crystal structures and optical properties of
heteroleptic copper (I) dithio/PPh3 complexes. Polyhedron 2014, 79, 324-329. [CrossRef]

Heard, PJ. Main group dithiocarbamate complexes. Prog. Inorg. Chem. 2005, 53, 1-69.

Oladipo, S.D.; Tolufashe, G.F.; Mocktar, C.; Omondi, B. Ag (I) symmetrical N, N’-diarylformamidine dithiocarbamate PPh3
complexes: Synthesis, Structural characterization, quantum chemical calculations and in vitro biological studies. Inorg. Chim.
Acta 2021, 520, 120316. [CrossRef]

Coucouvanis, D. The Chemistry of the Dithioacid and 1, 1-Dithiolate Complexes, 1968-1977. Prog. Inorg. Chem. 2007, 26, 301-469.
Segers, D.P.; DeArmond, M.K.; Grutsch, P.A.; Kutal, C. Multiple luminescence from borohydridobis (triphenylphosphine) copper
(I). Inorg. Chem. 1984, 23, 2874-2878. [CrossRef]

Cunningham, C.T.; Cunningham, K.L.; Michalec, J.E.; McMillin, D.R. Cooperative substituent effects on the excited states of
copper phenanthrolines. Inorg. Chem. 1999, 38, 4388-4392. [CrossRef]

Cunningham, C.T.; Moore, ].J.; Cunningham, K.L.; Fanwick, P.E.; McMillin, D.R. Structural and photophysical studies of Cu (NN)
2+ systems in the solid state. Emission at last from complexes with simple 1, 10-phenanthroline ligands. Inorg. Chem. 2000, 39,
3638-3644. [CrossRef]

Yang, L.; Powell, D.R.; Houser, R.P. Structural variation in copper (I) complexes with pyridylmethylamide ligands: Structural
analysis with a new four-coordinate geometry index, t. Dalton Trans. 2007, 4, 955-964. [CrossRef]

Haiduc, I; Cea-Olivares, R.; Toscano, R.A.; Silvestru, C. X-ray crystal structure of (tetraphenyldithiomidodiphosphi-
nato)(triphenylphosphine) copper (I),(Ph3P) Cu (SPPh2) 2N, a monocyclic inorganic (carbon-free) chelate ring compound.
Polyhedron 1995, 14, 1067-1071. [CrossRef]

Oladipo, S.D.; Omondi, B. Mercury (II) N, N'-diarylformamidine dithiocarbamates as single-source precursors for the preparation
of oleylamine-capped HgS nanoparticles. Trans. Met. Chem. 2020, 45, 391-402. [CrossRef]

Oladipo, S.D.; Omondji, B. N, N'-Diarylformamidine Dithiocarbamate Ag (I) Cluster and Coordination Polymer. Molbank 2022,
2022, M1327. [CrossRef]

Oladipo, S.D.; Olotu, FE.A ; Soliman, M.; Mocktar, C.; Omondi, B. Formamidine-based thiuram disulfides: Synthesis, structural
characterization, biological studies, and preliminary cheminformatics evaluation. J. Mol. Struct. 2020, 1219, 128553. [CrossRef]
Ruhal, R.; Kataria, R. Biofilm patterns in gram-positive and gram-negative bacteria. Microbiol. Res. 2021, 251, 1268291. [CrossRef]
Batzing, B.L. Microbiology: An Introduction; Brooks/Cole: Pacific Grove, CA, USA, 2002.

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

Lipinski, C.A. Drug-like properties and the causes of poor solubility and poor permeability. . Pharmacol. Toxicol. Methods 2000, 44,
235-249. [CrossRef]

Lipinski, C.A.; Lombardo, E; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. 2012, 64, 4-17. [CrossRef]

Oladipo, S.D.; Yusuf, T.L.; Zamisa, S.J.; Tolufashe, G.F.; Olofinsan, K.A.; Tywabi-Ngeva, Z.; Mabuba, N. Synthesis, crystal structure
with free radical scavenging activity and theoretical studies of Schiff bases derived from 1-naphthylamine, 2, 6-diisopropylaniline,
and substituted benzaldehyde. Eur. J. Chem. 2021, 12, 204-215. [CrossRef]


http://doi.org/10.1016/j.arabjc.2020.05.039
http://doi.org/10.1002/aoc.5610
http://doi.org/10.1002/ejic.201200307
http://doi.org/10.1107/S0108767307043930
http://doi.org/10.1107/S0021889807067908
http://doi.org/10.1021/jf049320i
http://doi.org/10.1016/j.saa.2009.01.005
http://doi.org/10.1590/S0103-50532006000100016
http://doi.org/10.1016/j.poly.2014.04.068
http://doi.org/10.1016/j.ica.2021.120316
http://doi.org/10.1021/ic00186a032
http://doi.org/10.1021/ic9906611
http://doi.org/10.1021/ic000082s
http://doi.org/10.1039/B617136B
http://doi.org/10.1016/0277-5387(94)00342-C
http://doi.org/10.1007/s11243-020-00391-y
http://doi.org/10.3390/M1327
http://doi.org/10.1016/j.molstruc.2020.128553
http://doi.org/10.1016/j.micres.2021.126829
http://doi.org/10.1038/srep42717
http://doi.org/10.1016/S1056-8719(00)00107-6
http://doi.org/10.1016/j.addr.2012.09.019
http://doi.org/10.5155/eurjchem.12.2.204-215.2088

Inorganics 2022, 10, 79 15 of 15

45.

46.

47.

48.

49.

50.

Shityakov, S.; Neuhaus, W.; Dandekar, T.; Forster, C. Analysing molecular polar surface descriptors to predict blood-brain barrier
permeation. Int. J. Comput. Biol. Drug Des. 2013, 6, 146-156. [CrossRef]

Olotu, FA.; Munsamy, G.; Soliman, M.E. Does size really matter? Probing the efficacy of structural reduction in the optimization
of bioderived compoundse A computational “proof-of-concept”. Comput. Struct. Biotechnol. ]. 2018, 16, 573-586. [CrossRef]
Veber, D.F; Johnson, S.R.; Cheng, Y.-H.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular properties that influence the oral
bioavailability of drug candidates. J. Med. Chem. 2002, 45, 2615-2623. [CrossRef] [PubMed]

Sjogren, E.; Westergren, J.; Grant, I.; Hanisch, G.; Lindfors, L.; Lennernéds, H.; Abrahamsson, B.; Tannergren, C. In silico predictions
of gastrointestinal drug absorption in pharmaceutical product development: Application of the mechanistic absorption model
GI-Sim. Eur. J. Pharm. Sci. 2013, 49, 679-698. [CrossRef] [PubMed]

Cornaire, G.; Woodley, J.; Hermann, P; Cloarec, A.; Arellano, C.; Houin, G. Impact of excipients on the absorption of P-glycoprotein
substrates in vitro and in vivo. Int. . Pharm. 2004, 278, 119-131. [CrossRef] [PubMed]

Yu, L.; Bridgers, A.; Polli, ].; Vickers, A.; Long, S.; Roy, A.; Winnike, R.; Coffin, M. Vitamin E-TPGS increases absorption flux of an
HIV protease inhibitor by enhancing its solubility and permeabilityl. Pharm. Res. 1999, 16, 1812-1817. [CrossRef] [PubMed]


http://doi.org/10.1504/IJCBDD.2013.052195
http://doi.org/10.1016/j.csbj.2018.11.005
http://doi.org/10.1021/jm020017n
http://www.ncbi.nlm.nih.gov/pubmed/12036371
http://doi.org/10.1016/j.ejps.2013.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23727464
http://doi.org/10.1016/j.ijpharm.2004.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15158955
http://doi.org/10.1023/A:1018939006780
http://www.ncbi.nlm.nih.gov/pubmed/10644067

	Introduction 
	Materials and Methods 
	General Synthesis Method 
	Synthesis of Heteroleptic Coper(I) Dithiocarbamate-PPh3 Complexes 
	Synthesis of [Cu(PPh3)2L1] (1) 
	Synthesis of [Cu(PPh3)2L2] (2) 
	Synthesis of [Cu(PPh3)2L3] (3) 

	Single-Crystal X-ray Crystallography 
	In Vitro Antimicrobial Studies 
	Determination of Free Radical Scavenging Activity 

	Results and Discussion 
	Synthesis of Cu(I) Complexes 1–3 
	Spectroscopic Studies 
	Nuclear Magnetic Resonance 
	Fourier Transform Infrared Spectroscopy 
	Electronic Absorption and Emission Spectroscopy 

	X-ray Crystal Structures 
	Antimicrobial Activities Evaluation 
	Antioxidant Studies 
	Analysis of the Drug-Likeness and Pharmacokinetics of the Cu Complexes 

	Conclusions 
	References

