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Abstract

New thio/carbohydrazone derivatives (1-10) have been synthesized from various
iso(thio)/cyanates. The chemical structures of synthesized compounds were eluci-
dated with UV—Vis, IR, 'H NMR, '3C NMR spectroscopic methods, and elemental
analysis. Antimicrobial activities of all synthesized compounds against Gram-pos-
itive, Gram-negative mold and yeast were screened by disc diffusion and microdi-
lution methods. Ground state structures were obtained with the DFT approach, and
also, experimental data were supported by spectroscopy calculations. In addition to
calculating the reactivity parameters, intramolecular interactions and electron den-
sity distributions were analyzed and approaches to the antimicrobial properties of the
compounds were presented. Furthermore, the interaction between the compounds and
pBR322 plasmid DNA was investigated by gel electrophoresis. In this study to inves-
tigate the antibacterial and antifungal activity of new thio/carbohydrazone derivatives
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(1-10), it was determined that compound 7 has a remarkable inhibitory effect on
S. aureus (12.66+1.52 mm) and compound 10 on S. aureus (20.33+0.57 mm), S.
mutans (16.33+0.57 mm) and A. niger (15.33+0.57 mm). The interaction results of
compounds 1-10 with plasmid pBR322 DNA showed that compounds 1, 8, and 10
caused a reduction in the densities of form I and form II DNA. Compounds 2-7, 9
caused a double-stranded break of plasmid DNA (Form III).

Graphical abstract

New thio/carbohydrazone derivatives have been synthesized. Structures of all com-
pounds have been elucidated with spectroscopic approaches. Antimicrobial activi-
ties of all synthesized compounds were determined. The interaction between the
compounds and pBR322 plasmid DNA was investigated by gel electrophoresis. DFT
studies were performed about reactivity parameters, intramolecular interactions and
electron density distributions.
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Introduction

Thio/carbohydrazone and its derivatives are a significant field of organic and hetero

chemistry in recent years. These compounds have many applications in pharmaceu-
tical and biological fields such as anti-oxidant [1, 2], anti-bacterial [3], anti-fungi
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Scheme 1 Chemical structures of some antimicrobial compounds

[4], anti-microbial [5, 6], antileishmanial [7], antiviral [8], cytotoxicity [9], and anti-
tumor activity [10]. In a study, N,N’-bis(thioamido)thiocarbohydrazone and carbo-
hydrazone derivatives have very strong antioxidant and corrosion inhibitor activity
[1]. Furthermore, mono- and bis- thiocarbohydrazone compounds with heterostruc-
ture exhibited a good antimicrobial activity against S. aureus, P. aeruginosa and C.
albicans as shown in Scheme la [6]. In another study, some thiocarbohydrazones
bearing 5-methylisatin scaffold exhibited moderate antimicrobial activity against C.
albicans and A. fumigatus as shown in Scheme 1b [9].

The accelerating emergence of multidrug-resistant pathogens causing life-threat-
ening infections is a worldwide concern. Infections caused by pathogens resistant
to antimicrobial agents are estimated to cause 0.7 million deaths per year and are
increasing rapidly daily [11]. Antibiotics used in the treatment of infections are less
effective due to the increase in microbial resistance. Therefore, the development
of new antimicrobial agents to combat resistant pathogens is being considered by
researchers [12]. In recent years, some studies have attracted attention to investigate
the interaction of newly synthesized potential antimicrobial compounds with DNA
[13, 14, 15, 16, 17, 18, 19, 20].

In this study, ten thio/carbohydrazone compounds (1-10) were synthesized and
the spectroscopic structures of the compounds (FTIR, 'H, and '3C NMR spectro-
scopic methods and elemental analysis) were characterized. Experimental results
were supported by spectroscopy data obtained from density functional theory (DFT)
calculations. In addition, the electronic parameters of the compounds were calcu-
lated and the effect of the substituted groups on the electronic and spectral proper-
ties of the compounds was investigated. How substituents and intramolecular inter-
actions change electron distributions was investigated using the quantum theory of
atom in molecule (QTAIM) and interaction region indicator (IRI) analyses. Further-
more, we report in vitro testing of antimicrobial activities of the synthesized com-
pounds against four Gram-positive, four Gram-negative, and two fungi, as well as
the plasmid DNA interactions of the new thio/carbohydrazone derivatives.

Experimental
Measurement and reagents

The detailed knowledge is given in Supporting Materials.
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Scheme 2 Synthesis route of new thio/carbohydrazone derivatives (1-10)

Synthesis of thio/carbohydrazone derivatives (1-10)

In 50-mL glass flask, various iso(thio)/cyanates (10.0 mmol) and thio/carbohy-
drazide (5.0 mmol) in ethanol (20 mL) was refluxed at 78 °C for 5 h. The formed
solid was filtered, washed, and dried in air. The compounds were successfully syn-
thesized with good yields (65-94%) as shown in Scheme 2.

DFT calculation procedure

DFT [21, 22] calculations of the study were performed using Gaussian 09 software
[23] at B3ALYP/311++G(2d,2p) level of theory. The IR calculations of the com-
pounds were successfully concluded without any imaginary frequency modes, and
thus, it was checked that compounds are optimized to the ground state energies cor-
responding to the minimum energy points on the potential energy surface. The elec-
tronic parameters of the compounds were also obtained from the gas phase calcula-
tions at the same theory level. Using the boundary molecular orbital (FMO) energy
eigenvalues, global chemical reactivity parameters such as HOMO-LUMO band
gap, chemical hardness, electronegativity, electrophilic index, nucleophilic index,
electroaccepting and electrodonating power were calculated. Multiwfn software [24]
was used for visualization of QTAIM [24-26]and IRI [27] analyses.

In accordance with the experiments, 'H and '3C NMR calculations were per-
formed in the dimethyl sulfoxide (DMSO) phase using the Gauge-independent
atomic orbit (GIAO) method, with the solvent effect approximation of the conductor-
like polarizable continuum model (CPCM). Relative chemical shift values were cal-
culated by subtracting the absolute chemical shielding of tetramethylsilane (TMS),
which was calculated separately at the theory level for B3LYP/6-311++G(2d,2p)
(31.8149 and 183.737 ppm for 'H and 1*C NMR, respectively).

Biological studies
Bacterial—fungal strains and growth media

The antimicrobial activities of compounds 1-10 were evaluated against four
Gram-positive (Staphylococcus aureus ATCC®25923, Streptococcus mutans
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ATCC®35668, Enterococcus faecalis ATCC®29212, Bacillus cereus ATCC®7064)
and four Gram-negative (Escherichia coli ATCC®25922, Pseudomonas aeruginosa
ATCC®27853, Klebsiella pneumoniae ATCC®700603, Salmonella enteritidis
ATCC®13076) bacteria and two fungi (Candida albicans ATCC®10231, Aspergil-
lus niger ATCC®9642). All of the bacterial and fungal strains were obtained from
the Culture Collection of Ordu University Microbiology Laboratory, Turkey. Tryp-
tic soy agar (TSA, Merck, Germany) or Tryptic soy broth (TSB, Merck, Germany)
and Sabouraud Dextrose agar (SDB, Condalab, Spain) or Sabouraud Dextrose
Agar (SDA, Condalab, Spain) were used for growth of bacterial and fungal cells,
respectively.

Disc diffusion test

The antimicrobial activities of the new thio/carbohydrazone derivatives were meas-
ured on Mueller Hinton agar plates using Kirby-Bauer disk diffusion methods [28,
29]. Suspensions were prepared in sterile physiological saline solution (0.9%, NaCl)
with bacterial and fungal concentrations of 1x 10% cells/mL and 1x 107 cells/mL,
respectively. The prepared microorganism suspension was inoculated on Mueller
Hinton Agar (MHA, Merck, Germany) with a sterile swab. Then, sterile paper discs
(6 mm in diameter, Bio-analyse Ltd., Turkey) were impregnated with 20 uL (4 mg/
mL) of each synthesized compound and placed on the MHA plate. Gentamicin (Bio-
analyse Ltd., CN, Turkey ASD04300, 30 pg) and Ketoconazole (Bio-analyse Ltd.,
KTC, Turkey ASD04751, 50 pg) were used as positive controls, and dimethyl sul-
foxide (DMSO, Sigma, Steinheim, Germany) was used as a negative control. After
24-h incubations at 37 °C and 27 °C for bacteria and fungi, respectively, antimicro-
bial activity was determined by measuring the inhibition zones using a digital cali-
per. It was repeated three times for all bacteria and synthesized compounds.

Microdilution test

The minimum inhibition concentration (MIC) value was determined by the micro-
dilution method. The smallest concentration at which microbial growth is not
observed is defined as the MIC value. The new thio/carbohydrazone derivatives
were dissolved in dimethyl sulfoxide and then serial dilutions (4000-125 pg/mL) in
cation-adjusted Mueller Hinton Broth (CAMHB) (Oxoid, Hampshire, UK) for bac-
teria and Sabouraud Dextrose broth for fungi were performed in a 96-well U-bottom
plate. Prepared cultures were adjusted to 108 CFU/mL for bacteria and 107 CFU/
mL for fungi in sterile 0.9% NaCl solution. After the bacteria were inoculated, the
prepared plates were incubated for 24 h at 37 °C and 27 °C for bacteria and fungi,
respectively. The smallest concentration that stopped bacterial growth after incuba-
tion was determined as the MIC value [28]. MIC value was repeated three times for
all synthesized compounds.
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DNA interaction test

The interactions between new thio/carbohydrazone derivatives (1-10) and pBR322
plasmid DNA (Thermo Fisher Scientific, USA) were studied by agarose electropho-
resis. First, concentration of pBR322 plasmid DNA in Tris—EDTA (TE) buffer was
adjusted (0.125 pg/uL). Then, the synthesized compounds were dissolved in DMSO
at a concentration of 4000 ug/mL to prepare stock solutions. These stock solutions
were diluted in decreasing concentrations (4000-250 pg/mL), and pBR322 plasmid
DNA was incubated at 37 °C for 24 h. Then, aliquots of DNA/compound mixtures
were loaded onto 1% agarose gel. Finally, the gel was stained with ethidium bromide
and visualized under UV light [30-32].

Results and discussion
Chemical and physical properties

The results for the structure names, solubility, yields, melting points, physical prop-
erties, and elemental analyses are given in Tables 1 and 2.

Vibrational frequencies

In the FTIR spectra of the synthesized compounds (1-10), while the —NH stretch-
ing vibrations of vicinal amino (R—C=X) were observed at 3376-3307 cm,
the —NH stretching vibrations of thio/carbohydrazone moiety were detected at
3344-3069 cm™!, respectively. The —C=0 stretching vibrations were observed at
1706-1660 cm™', the —C=S signal were observed at 1457-1417 cm™!, the —C-N
stretching vibrations were appeared at 1314—1200 cm™! (see Figs. S1-S10 in Sup-
plementary information). For compound 4, the —C-F stretching vibration were
observed at 1115 cm™!. For compounds 5 and 6, the —C—Cl stretching vibration were
observed at 1119 and 1058 cm™'. For compounds 7 and 8, the aliphatic and aro-
matic —C-O stretching vibrations were observed at 958, 1132 and 1023, 1226 cm™!,
respectively. For compound 9, the —C-NO, symmetric and asymmetric vibrations
were observed at 1516 and 1339 cm™', respectively. These values provided signifi-
cant proofs for the products formation and the experimental/theoretical IR values of
the products are presented in Table 3. The frequency data of all of the molecules are
consistent with those reported for similar compounds [33-36].

"H NMR interpretations

The 'H NMR spectra of the compounds 1-10 having symmetrical structures
were recorded in DMSO-d, using tetramethylsilane as the internal reference. The
detailed experimental and calculated chemical shift data and coupling constants (J)
are given in Tables 4, 5. Signals of DMSO-d, and water in DMSO (HOD, H,0)
were observed around 2.00, 2.55 (quintet), and 3.40 (variable, depending on the
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Table 2 Elemental analysis results of the compounds

Comp.  Molecular mass ~ Molecular formula ~ Calculated Experimental
(g/mol)

C% H% N% O% MH% MN%
1 340.43 C;5sHygNgO5 5292 829 24.69 5301 827 24.75
2 372.55 C,sH,gN4OS, 4836  7.58 2256 4829 7.57 22.60
3 356.49 C;5HNgO,S 50.54 792 2357 5048 797 23.55
4 396.43 C,sH,,F,N,OS, 4545 356 2120 4550 3.53 21.26
5 429.34 C,sH,,CL,N,OS, 4196 329 19.57 4204 3.28 19.54
6 429.34 C;sH,,CLN,OS, 4196 329 1957 4193 331 19.61
7 420.51 C,7HNgO3S, 4856 479 1999 4851 4.80 20.03
8 420.51 C7H,NgO5S, 4856 479 1999 48.64 478 19.96
9 450.45 C,sH,4,NgOsS, 40.00 3.13 2488 3992 3.15 24.92
10 404.57 C;7HNgS;5 5047 498 20.77 5054 5.02 20.75

solvent and its concentration) ppm, respectively [33]. In the 'H NMR spectra; for
all compounds, the amino peaks of the thio/carbohydrazide units (N—H1, N—H2)
were resonated as a broad singlet at 10.36-7.47 ppm while the N-H3 peaks were
detected at around 9.15-6.14 ppm. The protons of cyclohexyl unit (H4, H5, H6, and
H7) of compounds 1-3 resonated between 1.95-0.78 ppm in the aliphatic region, as
expected. On the other hand, the aromatic ring protons (H4, HS, H6, H7 and HS8) of
compounds 4-10 resonated in the aromatic region. For compounds 4-10, these aro-
matic protons were observed 6.74-8.26 ppm. For compound 10, the benzylic proton
(—CH,) signals appeared as a broad singlet at 4.72 ppm. For compound 6, the -NH
(H1), -NH (H2), and -NH (H3) proton signals of the thio/carbohydrazide moiety
were observed a broad at 9.73, 9.73, and 9.03 ppm, respectively. The aromatic pro-
ton signals (H4-HS8) were detected between 7.71 and 7.23 ppm as shown in Fig. 1.
The H8 proton signal was observed as a singlet at 7.71 ppm. The H4 proton coupled
to the H5 proton gave a doublet peak at 7.50 (d, J=6.9 Hz) ppm. The HS5 proton
coupled to the H4 and H6 protons gave a doublet peak at a triplet peak at 7.36 (t,
J=28.0 Hz) ppm. The H6 proton coupled to the HS5 proton gave rise to a doublet peak
at 7.23 (d, J=7.9 Hz) ppm.

All other aromatic and aliphatic protons appeared in expected regions for all
derivatives (see Figs. S11-S20 in Supplementary Information for spectra). The 'H
NMR results of all molecules are consistent with the similar compounds reported in
the literature [33-36].

13C NMR interpretations

The '>C NMR spectra of the compounds were recorded in DMSO-d; (heptet peaks,
39-41 ppm) using tetramethylsilane as the internal reference. The detailed experi-
mental and calculated chemical shift data are given in Tables 6, 7. The —C=S
peaks of the thio/carbohydrazide units were observed at 180.95-184.72 ppm. For
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Fig. 1 'H NMR spectrum of compound 6 (400 MHz, DMSO-dy)

all compounds, the C1 and C2 carbon (-C=S or -C=0) peaks were detected at
156.39-184.72 ppm as shown in Fig. 2. The carbons of cyclohexyl unit (C3, C4,
C5, and C6) of compounds 1-3 resonated between 52.73 and 24.48 ppm in the ali-
phatic region, as expected. On the other hand, the aromatic ring carbons (C3—C8) of
compounds 4-10 resonated in the aromatic region. For compound 10, the benzylic
carbon (—CH,) signals appeared at 46.87 ppm. For the compounds 7-8, the char-
acteristic OCHj; carbons resonated at 55.68 and 55.06 ppm, respectively. All other
aromatic and aliphatic carbons appeared in expected regions for all derivatives (see
Figs. S21-S30 in Supplementary Information for details). For compound 6, the
—C=0 (C1) signal of the carbohydrazide moiety was observed at 156.44 ppm, and
the characteristic -C=S (C2) peak of thiourea unit was observed at 181.19 ppm.
The carbon atoms (C3-CS8) of the aryl ring were detected at 140.48, 124.49, 132.23,
124.70, 129.68, and 123.28 ppm, respectively. The C3 and C5 aromatic carbon sig-
nals were observed at 140.48 and 132.23 ppm. These carbon signals were down-
field shifted due to the presence of the nitrogen and chloride atom, respectively. The
NMR data are in very good agreement with the structure of the compounds. The *C
NMR values of all compounds are consistent with the similar compounds reported
in the literature [33-36].
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Fig.2 '3C NMR spectrum of compound 6 (100 MHz, DMSO-d,)

UV-Vis interpretations

The electronic absorption spectra of the synthesized compounds (1-10) dem-
onstrated that absorption bands of all products were exhibited range from 210 to
800 nm in dimethylsulfoxide (see in Figs. S31-S40). The electronic spectra of these
compounds show remarkable absorption bands of aromatic ring (C=C) and thio/car-
bohydrazone (C=S, C=0) region owing to transitions of a #— z* and an n— z*.
Except for compounds 1-3, the #— 7* type transitions of C=C on the aromatic ring
are seen at 255.9 nm. This transition is characteristic benzenoid (B) band of aromatic
structure [37]. While the n — z* transitions of the C=0 double bond were assigned
at 243.2-260.7 nm for all compounds, the bands at 261.7-347.7 nm were observed
to the electronic transition n— z* of the thiocarbohydrazone moiety (C=S). The
electronic spectral data of the all compounds are summarized in Table 8. These val-
ues are in agreement with the results that reported similar compounds [38, 39].

DFT analysis

The calculated electronic parameters of the compounds may allow us to make some
assumptions about their reactivity. In a rough approximation, we can say that the
smaller the HOMO-LUMO energy gap, Eg, of a compound, the lower its kinetic sta-
bility or the higher its tendency to react (see Fig. 3 for a demonstration on compound
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Table 8 Electronic spectral

data (nm) of all the compounds Compound r— ¥, B band n—r*, C=0 n— ¥, C=S
(1-10) in DMSO 1 _ 260.7 _
2 - 250.0 261.7
3 - 247.1 261.7
4 255.9 247.1 272.4
5 255.9 243.3 277.3,287.9
6 255.9 2432 274.4
7 255.9 2432 264.6,291.8
8 255.9 247.1 271.4
9 255.9 257.8 296.6, 347.7
10 255.9 - 271.4

o
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ELumo -0.447 eV ELumo == -1,199 eV
1 1
< {E,=5.704 &V {E,=4.930 eV
2 v v
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o
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Fig.3 ESP, HOMO and LUMO surface of compounds 1 and 10

1 and 10; see Fig. S41 in Supplementary information for all compounds). In this
context, compounds 1-3 with higher E, values than other compounds are expected
to show lower reactivity. Consistent with the experimental results, it can be said that
the activities of compounds 1-3 were weaker than the other compounds in general
of the test bacterial strains. Among these three compounds, it is seen that especially
compound 1 is more reactive against Gram-positive bacteria, albeit weakly. In these
compounds, which do not contain any substituents on the cyclohexane structure, it
can be said that the oxygen atoms in the structure of compound 1 are one of the
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triggering parameters of this reactivity. Considering compounds 1-3, the pres-
ence of sulfur atom in compound 3 appears to play a role in reducing the activity
on Gram-positive species (see Table 10). An electronegativity-enhancing effect of
sulfur is observed in compounds 1-3: compound 1 had the lowest electronegativity,
while compound 2 with more sulfur was calculated the highest. In the other group,
the electronegativity values of compounds 4-10 were higher (see Table 9).

The shift of the substituents from the ortho position to the meta position (com-
pounds 5 and 6; 7 and 8) caused both HOMO and LUMO energies of the compounds
to decrease, which corresponds to a more electrophilic behavior of the compounds.
In accordance with this expectation, the electrophilic indices of the meta-substituted
compounds were also calculated larger, or in other words, the nucleophilic indices
were calculated smaller. The calculated electronic parameters of p-NO,-substituted
compound 9 differed markedly from those of the other compounds. This compound
with the smallest E, value has the largest both electronegativity and electrophilic
index. In addition to being high in electron accepting and electron donating power
values, it showed reactivity almost only against fungi species (except S. enteritidis).
Although compound 10 had the highest antimicrobial effect compared to other com-
pounds, electronic parameter values obtained from FMO eigenvalues did not show
any significant deviation from those of other compounds.

The electron distribution of a compound is not a static variable and is sensitively
dependent on conformation and intra/intermolecular interactions. In addition to
determining the physical and chemical properties of the compound, it can enable us
to make some predictions about the behavior of the compound in chemical reactions
and, accordingly, its biological activity. At this point, it should be noted that these
parameters alone are far from being used as determinants of the dynamics of a reac-
tion mechanism.

Figure 4 gives some QTAIM data including the IRI surfaces of compound 7, as
well as electron densities in RCPs and BCPs.

The electron density of the cyclohexane structure in compounds 1-3 in RCP and
in BCP of C—C bonds was calculated to be lower than that of all other compounds.
In addition, it was observed that the sulfur atom enters the intramolecular interac-
tions more than the oxygen atom and exhibits stronger intramolecular interactions
(see Supplementary Fig. S42 for all compounds). This interaction increases the delo-
calization of electrons and as a result changes the electron density distribution on
the compound. It can be predicted that weaker bound electrons, which are delocal-
ized through intramolecular interactions, will be easier to participate in the reaction
processes. The electron densities of (N)H—(C)S and (N)H—(N)H bonds in BCP are
higher in compound 10 than in other compounds, and the electron density between
S—N(H) is lower. These data strengthen the possibility that reactions to antibacterial
and fungal species are concentrated around the central skeleton of the compounds.
Besides, the more freely dihedral rotation of the benzyl group may also enable it to
perform conformational changes that will facilitate reactions more easily and be less
affected by steric effects.

Compounds 4-9 differ among themselves only in terms of substituted groups, and
in general, these compounds are not reactive to Gram-negative bacterial strains. o-F-
substituted compound 4 and o-Cl-substituted compound 5, which showed reactivity
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Fig.4 IRI surface of intramolecular interaction. QTAIM data of electron density (e/bohr®) on RCP and
BCP of compound 7

against fungal species, also showed reactivity against S. aureus. The stronger partici-
pation of the chlorine atom in the intramolecular interactions than the fluorine atom
is expected to increase electron delocalization and therefore the reactivity of the
compound is expected to be higher, which has been experimentally shown that com-
pound 5 has slightly higher antimicrobial reactivity than compound 4 (see Table 10).

Although experimental studies of antimicrobial activities and DNA interactions
of compounds have a wide field of study in the literature, the effectiveness of DFT
calculations in understanding the biological activities of compounds has not reached
a remarkable point yet. The calculations are mostly based on the determination of
the geometric and electronic properties of the synthesized compounds [40—46], and
the relationship of the calculated electronic data with the biological reactivity prop-
erties of the compounds could not be clarified. Since electronic data are obtained
from the single states of the compounds, the effects of intermolecular interactions
on the conformations cannot be taken into account, and the thermodynamic vari-
ables of the reaction processes cannot be determined and kept constant, it is not pos-
sible to talk about the absolute accuracy of the predictions regarding a reaction. The
usability of electronic parameters can be improved by evaluating and testing the pre-
dictions or assumptions made as a reference for newly synthesized compounds. For
this, it is inevitable to make experiments and calculations on more compounds.

Biological studies
Antimicrobial studies

The antimicrobial activities of the new thio/carbohydrazone derivatives (1-10) were
determined by disc diffusion and microdilution method. The results are shown in
Table 10. It was determined that DMSO used as solvent control did not have any anti-
microbial effect (>4000 pg/mL). Among the tested compounds, especially compound
10 exhibited good activity against Gram-positive bacteria S. aureus (20.33 +057 mm)
and S. mutans (16.33+0.57 mm) when compared with the positive control antibiotic.
Compound 10 showed moderate antibacterial activity (15.33+0.57 mm) against S.
enteritidis among Gram-negative bacteria. In addition, compound 10 demonstrated
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moderate effect against C. albicans (12.66+1.52 mm) and A. niger (15.33+0.57 mm).
Therefore, compound 10 from thio/carbohydrazone derivatives was determined to be
the most effective compound in this study. Compound 7 showed moderate antibacterial
activity against Gram-positive bacteria used in the study. On the other hand, compound
7 displayed low activity against only P. aeruginosa from Gram-negative bacteria. Com-
pound 9 demonstrated moderate activity against C. albicans (12.00+0.53 mm) and
A. niger (10.33+0.57 mm). Compounds 5 and 8 showed moderate inhibitory activity
against B. cereus (respectively, 14.33+1.52 and 13.334+0.57 mm). On the other hand,
compounds 2, 3 and 6 indicated slight activity against tested microorganisms. MIC
values for control (DMSO) are >4000 pg/mL. It is seen that this value is 250 pg/mL
for compound 10 against S. aureus. As seen in Table 10, MIC values for compound
10 against S. mutans, which is Gram-positive bacteria, were 1000 pg/mL, while it was
1000 pg/mL for S. enteritidis, which is Gram-negative bacteria. Moreover, compound
10 has antifungal activity and the MIC for A. niger was determined to be 1000 pg/mL.
These results show that the new thio/carbohydrazone derivatives have antimicrobial
activity against some microorganisms. In previous studies on this subject, it has been
found that these compounds with similar structures have significant antimicrobial activ-
ities [47, 48]. According to these literature studies, it has been determined that these
synthesis compounds have an inhibitory effect on S. aureus. Similarly, in the present
study, especially compound 10 showed significant antibacterial effect on S. aureus.

DNA and compound interactions

DNA interaction studies damage and conformational change due to the binding of
syntheses and plasmid DNA are determined by gel electrophoresis. The conforma-
tional change in DNA has been interpreted considering the conversion of supercoiled
DNA (Form I) to open circular DNA (Form II) and linear DNA (Form III) [49, 50].
Therefore, in this study, we used the agarose gel electrophoresis method to determine
whether the synthesized compounds (1-10) cause conformational changes on plas-
mid DNA. Figure 5 shows the separation of pPBR322 plasmid DNA on gel after incu-
bation with different concentrations of compounds between 4000 and 250 uM.

As seen in Fig. 5, according to the result of Gel electrophoresis, lane 1 used as
plasmid control presented two bands for untreated plasmid DNA. Lane 2 and Lane 3
represent TRIS—-EDTA and DMSO control, respectively. Lane 48 refers to plasmid
DNA incubated with compounds ranging from 4000 to 250 ug/mL. In Fig. 5, com-
pounds 2-7, 9 appear to have DNA nuclease activity that converts supercoiled Form
I DNA to linear Form IIT DNA. Compounds 1, 8 and 10 caused a decrease in the
densities of Form I and Form II DNA.

Conclusion
Ten new thio/carbohydrazone derivatives (1-10) have been synthesized and isolated

in good yields with 65-94%. The structures of these new compounds have been elu-
cidated by UV—Vis, FTIR, 'H, and '*C NMR spectroscopy, and elemental analysis.
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Fig.5 Agarose gel electrophoresis pattern of the interaction of pBR322 plasmid DNA and different con-
centrations of synthesized compounds (1-10). (Lane 1: untreated plasmid DNA, Lane 2: Tris EDTA con-
trol, Lane 3: DMSO control, Lanes 4-8: DNA treated by compounds at the different concentration as
4000, 2000, 1000, 500 and 250 pg/mL

To support the experimental spectroscopic data of the compounds, DFT calcula-
tions were performed and good agreement was observed between them. Although
the CPCM approach was used for solvent effects, deviations in the hydrogen chemi-
cal shift values due to atoms with high electronegativity in 'H NMR data naturally
arose because the intermolecular interactions could not be fully reflected in the cal-
culations. It was observed that the sulfur atom exhibits stronger intramolecular inter-
actions than the oxygen atom. In this way, it can be said that the delocalization of
electrons increases and it will be easier for weakly bound delocalized electrons to
participate in the reaction processes. It can also be further tested experimentally that
the free dihedral rotation of the benzyl group may be a property that will facilitate
reactions.

The antimicrobial activities of all the compounds were evaluated against four
Gram-positive (S. aureus, S. mutans, E. faecalis, B. cereus), four Gram-negative (E.
coli, P. aeruginosa, K. pneumoniae, S. enteritidis) bacterial strains using gentamicin

@ Springer



Thio/carbohydrazone derivatives from iso(thio)/cyanates:... 2665

as a positive control and two fungal strains (C. albicans, A. niger) using keto-
conazole as positive controls. We found that compound 10, one of the new thio/
carbohydrazone derivatives compounds, showed promising antibacterial activi-
ties (20.33 +0.57 mm, MIC values =250 pg/mL) especially against S. aureus from
Gram (+) bacteria. It has also been observed that this compound has a moderate
antifungal effect on A. niger (15.33 +0.57 mm, MIC values=1000 ug/mL). In addi-
tion, compounds 2-7, 9 were determined to have a strong interaction with pBR322
plasmid DNA.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11164-023-05014-6.
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