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When the studies are examined, it has been seen 
that heterocyclic molecules are generally used 

for the biological activity tests of the compounds. Thi-
adiazole rings containing two nitrogens and one sulp-
hur atom are very popular compounds for such stu-
dies. In particular, the 1,3,4-thiadiazole isomers are 
the prominent derivatives in the thiadiazole class in 
terms of their pharmacological properties. 1,3,4-thi-
adiazole molecules and their derivatives possess a 
wide range of pharmacological activities like antican-
cer/antitumor (1,2), anticonvulsant (3,4), antidiabetic 
(5,6), anti-inflammatory (7,8), antidepressant (9), an-
tihypertensive (10), antiviral (11,12), antileishmanial 
(13,14), antimicrobial (15,16) and many more. Among 
these studies, the most common pharmacological 
feature is antimicrobial studies. Because of the over/
misuse of antibiotics, antibiotic resistance caused by 
microorganisms is now recognized as a serious global 
threat. As a precaution against this situation, studies 
are being carried out for developing novel agents that 
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target the mechanisms of virulence. These studies 
aim indeed at imposing limited selective pressure 
on the improving of the antibiotic-resistance (17–19). 
The ability to form biofilms is one of the major na-
tural resistance mechanisms improved by pathogens 
and this is the main reason why many infections are 
difficult to treat with conventional antibiotics (20,21). 
In recent years, some studies have been done on the 
synthesis of new molecules that can interfere with 
biofilm formation suitable for the treatment of bio-
film-associated infections (22,23). Generally, inhi-
bitors of biofilm formation are types of compounds 
that can inhibit microbial attachment to surfaces by 
interfering with bacterial adhesion. Although there 
are many studies on 1,3,4-thiadiazole derivatives (24), 
detailed studies on their biofilm forming properties 
are scarce.

Based on all these situations described in deta-
il, we synthesized 1,3,4-thiadiazole derivatives, from 

A B S T R A C T

In this study, 1,3,4-thiadiazole derivatives were obtained from the reaction of benzophe-
none-4,4'-dicarboxylic acid and N-substitute-thiosemicarbazide compounds with each 

other. After the synthesis of the final products, some biological properties of these com-
pounds such as antibiofilm, antimicrobial and eff lux pump inhibiting efficiencies were 
evaluated. According to the MBC/MFC test, all the activities were found to be bacte-
riostatic, also, especially the biofilm inhibition activity of C1 against K. pneumoniae is 
noteworthy. In addition, C4 was observed to exhibit eff lux pump inhibition activity in E. 
coli, whereas C2 and C3 in K. pneumoniae. The absorption and emission values of the mol-
ecules were obtained and electrochemical studies were performed. In addition; absorption, 
metabolism, distribution, excretion and toxicity (ADMET) scores were predicted using the 
pharmacokinetic properties of all 1,3,4-thiadiazole compounds. Finally, the electrochemi-
cal stabilities of the synthesized molecules have been analyzed by using cyclic voltammetry 
in 0.1 M TBAPF6 in DMSO as a supporting electrolyte.
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General procedure for the synthesis of new 
1,3,4-thiadiazole derivatives

4,4'-benzophenonedicarboxylic acid (1 g, 0.0037 mol, 
nmol), thiosemicarbazide derivative (0.0074 mol, 2n mol), 
and POCl3 (0.0222 mol, 6n mol) were stirred under ref-
lux for 4 hours at 90 °C. The cooled product precipitated 
with ice water. The neutralized mixture with ammonia 
solution was left in the refrigerator overnight. Final ma-
terial was filtered and washed, then dried using a vacuum 
oven and crystallized in DMF/water (2:1) mixture. Other 
compounds were performed using the same procedure. 
Thiosemicarbazide derivatives were obtained as seen in 
the literature. The synthesis scheme is given in Fig 1.

Bis(4-(5-(N-cyclohexylamino)-1,3,4-thiadiazol-2-yl)
phenyl)methanone (C1)

This compound was obtained as a light yellow solid. Yi-
eld: (67%), melting point (mp): 175 °C; ATR-FTIR (ν/cm−1): 
3200.05 (stretching, -NH); 3051.67 (Ar-H); 2926.65, 
2852.56 (Aliph.-H); 1656.43 (-C=O-); 1603.05 (-C=N-
); 706.88 (-C-S-C-). 1H-NMR (300 MHz, DMSO-d6, δ/
ppm): 8.16-7.83 (8H, Aromatic C-H); 6.97-7.29 (2H, N-H); 
3.73-1.21 (22H, Aliphatic C-H in cyclohexyl). 13C NMR 
(DMSO-d6): C-19 (194.61), C-4 and C-23 (168.84), C-1 
and C-21 (154.72), C-7 and C-17 (137.54), C-12 and C-14 
(135.09), C-8, C-9, C-15 and C-18 (131.06), C-10, C-11, 
C-13 and C-16 (126.70), C-27 and C-33 (54.14), C-28, 
C-29, C-34 and C-35 (32.65), C-32 and C-38 (25.67), C-30, 
C-31, C-36 and C-37 (24.74) (NMR details are shown in 
Supplementary file). Elemental analysis: (% calculated/
found) for C29H32N6OS2 (Mw: 544.73) C: 63.94/63.37; H: 
5.92/5.98; N:15.43/15.67 

the reaction of benzophenone-4,4'-dicarboxylic acid and 
N-substitute-thiosemicarbazide derivatives with each other. 
After that, some biological properties of the compounds 
such as antibiofilm, antimicrobial, and efflux pump inhibi-
ting efficiencies were evaluated. The absorption-emission 
spectra of the compounds were examined and their elect-
rochemical properties were determined. In addition; ab-
sorption, distribution, metabolism, excretion, and toxicity 
(ADMET) scores were predicted by using the pharmacoki-
netic properties of all compounds.

MATERIAL AND METHODS

Materials

All reagents were gotten from commercial suppliers. 
All solvents used in synthesis and purification steps 
are analytical reagent-grade (Merck, Darmstadt, Ger-
many, and Sigma-Aldrich, USA). Benzophenone-4,4'-
dicarboxylic acid was gotten from TCI chemicals. Phosp-
horous oxychloride (99%) was obtained from Merck. Tet-
rabutylammonium hexafluorophosphate (TBAPF6) was 
provided from Aldrich. N-substitute-thiosemicarbazide 
derivatives were obtained as seen in the literature (25).

Instrumentation

It was used for enstrumental analysis follows: Stuart 
SMP10 apparatus (For Melting points); Shimadzu UV 
Mini-1240 UV-Vis spectrophotometer (For absorption 
analysis DMSO was used as solvent); Alpha FT-IR spect-
rometer Bruker (For FTIR analysis); Alpha FT-IR spectro-
meter Bruker (For 1H and 13C-NMR analysis); the Perkin 
Elmer LS55 fluorescence spectrometer (For Emission 
spectra).

Figure 1. Synthesis route of compounds
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Bis(4-(5-(N-phenylamino)-1,3,4-thiadiazol-2-yl)phenyl)
methanone (C2)

Dark brown powder. Yield: (71%), melting point (mp):186 
°C; ATR-FTIR (ν/cm−1): 3294.82, 3194.49 (stretching, 
-NH); 2981.85 (Ar C-H); 1655.41 (-C=O-); 1596.78 (-C=N-
); 686.66 (-C-S-C-). 1H-NMR (300 MHz, DMSO-d6, δ/
ppm): 8.35-6.83 (18H, Aromatic C-H); 6.08-6.73 (2H,
N-H). 13C NMR (DMSO-d6): C-19 (198.61), C-4 and C-23 
(152.34), C-1 and C21 (167.97), C-7 and C-17 (139.24), C-12 
and C-14 (138.17), C-8, C-9, C-15 and C-18 (129.16), C-10,
C-11, C-13 and C-16 (128.78), C-27 and C-33 (140.54),
C-28, C-29, C-34 and C-35 (117.36), C-32 and C-38
(122.57), C-30, C-31, C-36 and C-37 (129.34) (NMR deta-
ils are shown in Supplementary file). Elemental analysis:
(% calculated/found) for C30H21N6OS2 (Mw: 545.65) C:
66.03/65.92; H: 3.88/3.93; N:15.40/15.58.

Bis(4-(5-(N-ethylamino)-1,3,4-thiadiazol-2-yl)phenyl)
methanone (C3)

This compound was obtained as a light brown solid.
Yield: (63%), melting point (mp): 225 °C; ATR-FTIR (ν/
cm−1): 3212.02 (stretching, -NH); 3107.54, 2981.68 (Ar-H); 
2869.55 (Aliph. C-H); 1643.23 (-C=O-); 1602.10 (-C=N-
); 709.19 (-C-S-C-). 1H-NMR (300 MHz, DMSO-d6, δ/
ppm): 8.20-7.87 (8H, Aromatic C-H and 2H, –NH); 0.84-
1.58 (10H, Aliphatic -CH2-CH3). 13C NMR (DMSO-d6):
C-19 (193.93), C-4 and C-23 (169.67), C-1 and C-21
(165.31), C-7 and C-17 (131.36), C-12 and C-14 (130.23),
C-8, C-9, C-15 and C-18 (128.35), C-10, C-11, C-13 and
C-16 (126.70), C-27 and C-29 (14.40), C-28 and C-30 (5.69) 
(NMR details are shown in Supplementary file). Elemen-
tal analysis: (% calculated/found) for C211H20N6OS2 (Mw
436.55) C: 57.78/57.43; H: 4.62/4.84; N:19.25/19.57.

Bis(4-(5-(N-phenethylamino)-1,3,4-thiadiazol-2-yl)
phenyl)methanone (C4)

This compound was obtained as a light yellow. Yield: (%65), 
melting point (mp): 270 °C; ATR-FTIR (ν/cm−1): 3187.89 
(stretching, -NH); 2981.77 (Ar C-H); 2930.37, 28670.15 
(Aliph. C-H); 1649.22 (-C=O-); 1537.69 (-C=N-); 719.12 
(-C-S-C-). 1H-NMR (300 MHz, DMSO-d6, δ/ppm):8.16-
7.13 (18H, Aromatic C-H); 6.98-7.13 (2H, -NH); 2.79-3.01 
(8H, Aliphatic -CH2-CH2-). 13C NMR (DMSO-d6): C-19 
(201.52), C-4 and C-23 (166.96), C-1 and C21 (155.24), C-7 
and C-17 (139.47), C-31 and C37 (137.59), C-12 and C-14 
(131.06), C-34, C-35, C-40 and C-41 (130.30), C-32, C-33, 
C-36 and C-39 (129.96), C-8, C-9, C-15 and C-18 (129.24), 
C-10, C-11, C-13 and C-16 (128.87), C-36 and C-42 
(126.76), C-27 and C-28 (46.47), C-29 and C-30 (35.06) 
(NMR details are shown in Supplementary file). Elemen-
tal analysis: (% calculated/found) for C33H28N6OS2 (Mw 

588.74) C: 67.32/67.43; H: 4.79/4.62; N:14.27/14.35. 

Determination of antimicrobial activity

Microorganisms

The 1,3,4-thiadiazole compounds were investigated for 
antimicrobial activity against three microorganisms, 
namely Candida albicans DSMZ 1386, Escherichia coli 
(MDR), and Klebsiella pneumoniae (MDR). The strains 
used in this study were previously tested for their biofilm 
production capacities and efflux pump activities (24).

Preparing stock test solutions

1,3,4-thiadiazole compounds were dissolved in DMSO 
(Merck, Germany) to prepare 20 mM stock test solutions. 
In order to keep the final DMSO concentration below 1% 
in antimicrobial, antibiofilm, and efflux pump inhibition 
tests, the stock test solutions were diluted (26).

Preparation of the inocula

C. albicans was incubated at 27 °C for 48 hours and E.
coli, and K. pneumoniae were incubated (at 37 °C for 24
hours). To prepare the inocula of the microorganisms,
colonies, which were developed after incubation, were
collected and suspended in 0.9% sterile saline solution
until the turbidity of the inocula was equal to 0.5 Mc Far-
land standard (27).

Minimum inhibition concentration (MIC) test

A broth microdilution test was used for the MIC test, in 
which serial 2-fold dilutions were obtained in a 96-well 
plate in triplicates (28). The lowest compound concent-
ration that inhibits visible microbial growth was defined 
as the MIC value.

Minimum bactericidal/fungicidal concentration (MBC/
MFC) test

The contents of wells, in which the visible microbial 
growth was inhibited, were further transferred to a su-
itable agar medium to observe the lowest compound 
concentration that reduces the viability of the initial ino-
culum higher than 99.9%, and this concentration was de-
fined as the MBC/MFC value (29).

Positive and negative controls

1% DMSO was used as a negative control, and gentami-
cin (GEN), tobramycin (TOB), and ciprofloxacin (CPFX) 
were positive controls.
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Determination of antibiofilm activity

Determination of optimum biofilm-forming conditions

The optimum incubation time was determined by testing 
24 and 48 hours for all microorganisms and optimum 
glucose-containing culture media was obtained by tes-
ting different glucose concentrations ranging between 
0.00 and 1.25% (30).

Antibiofilm test

In antibiofilm test, compounds were used at MIC/2 con-
centrations. All bacteria were incubated at 37 °C and C. 
albicans at 27 °C with optimum biofilm-forming condi-
tions obtained from the previous step (48 hours and 0.5% 
glucose-containing culture media) as five replicates. Af-
ter the incubation period, the plates were washed with 
sterile distilled water (sdH2O) several times and air-dried 
at 25 °C. When the plates were dried, 1 % (w/v) crystal vi-
olet solution was transferred into the wells, and the plates 
were re-incubated for 30 minutes at 25°C (31). The plates 
were washed by sdH2O and air-dried again. An ethanol-
acetone (70:30 (v/v)) solution was added to each well and 
incubated at room temperature for 30 minutes to dissol-
ve the crystal violet remaining in the biofilm layer. Lastly, 
the content of each well was transferred into a blank plate, 
the absorptions of each well were recorded at 595 nm by a 
plate reader (BioTek) (32).

Positive and negative controls

A well containing a culture medium was used as a negati-
ve control and Halamid® as a positive control.
Investigation of efflux pump inhibition activity

Ethidium bromide cartwheel test

To determine the efflux pump inhibition activity, the et-
hidium bromide (EtBr) cartwheel test previously defined 
by Martins et al was used (33). TSB agar plates containing 
0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 mg/L EtBr (Merck) were tes-
ted to observe the highest EtBr concentration, which can 
be effluxed out by each microorganism. To do that, the 
inocula, which was prepared as it was described previo-
usly, were transferred to EtBr containing agars and incu-
bated under optimum conditions. After incubation, the 
highest EtBr concentrations effluxed out by each micro-
organism were distinguished by exposing EtBr contai-
ning TSB agar plates to UV light (33).

EtBr cartwheel test based efflux pump inhibition assay

TSB agar plates containing 0.5 mg/L EtBr, which was de-
termined from the previous test, were used in this assay 
for all microorganisms. Tested compounds were joined 
to TSB plates at MIC/2 concentrations (34). The incuba-
ted plates were observed under UV light, whether tested 
compounds presented efflux pump inhibition activities, 
or not.

Positive and negative controls

TSB agar plate containing only 0.5 mg/L EtBr was used as 
a negative control and thioridazine hydrochloride (Sigma 
Aldrich), a commercial efflux pump inhibitor, as a posi-
tive control.

Drug-likeness evaluation

The drug-likeness of all 1,3,4-thiadiazole compounds 
were evaluated by using DruLiTo software (35) and 
SWISSADME server (36) according to Lipinski’s (Pfizer) 
(37), Ghose (Amgen) (38), Veber (GSK) (39), Egan (Phar-
macia) (40), and Muegge (Bayer) (41) methods by using 
their structural and physicochemical properties.

ADMET Analysis

Absorption, excretion, metabolism, distribution, and 
toxicity (ADMET) scores were predicted by using the 
pharmacokinetic properties of all 1,3,4-thiadiazole com-
pounds.

By using four different tools, namely, ADMETLab 
server (42), admetSAR (43, 44), PreADMET (45, 46), and 
SWISSADME (36), some parameters like human oral bioa-
vailability (HOB), human intestinal absorption (HIA), plas-
ma protein binding (PPB), Caco-2 permeability, blood-brain 
barrier penetration (BBB), p-glycoprotein substrate/inhibi-
tor, renal organic cation transporter (OCT2), cytochrome 
p450 (CYP450) substrate/inhibitor, half-time, renal clearan-
ce, drug-induced liver injury (DILI), human ether-a-go-go-
related gene (hERG) inhibition, acute oral toxicity, eye injury 
& eye corrosion, AMES toxicity, and carcinogenicity assays 
were predicted.

QSAR analysis of antimicrobial activity

In QSAR analysis the numerical descriptors, which were 
given in Table 1, were used to identify the physicochemi-
cal properties of 1,3,4-thiadiazole compounds.
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Suitable descriptors for the QSAR equations were de-
termined by Pearson’s correlation matrix, and multiple line-
ar regression (MLR) test was used for constructing QSAR 
models. 0.500 was selected as the limit for correlation as 
mentioned previously by Datar for excepting the descriptors 
from MLR tests (47).

Statistical analysis

All studies were conducted either in triplicates or in five 
replicates as mentioned above. R Studio, version 1.3.1093 
was used to conduct a one-way analysis of variance 
(ANOVA) to obtain the results (P = 0.05) (48).

RESULTS AND DISCUSSION

The synthesis route for the compounds is presented in 
Experimental Section Figure 1. The compounds were ob-
tained from 4,4’-carbonyldibenzoic acid (benzophenone-
4,4'-dicarboxylic acid) and N-(substituted)-
thiosemicarbazide derivatives (presence with aromatic 
and aliphatic groups). The compounds were obtained 
in good yields. Experimental and structural data of the 
compounds are given in the supplementary file.

Spectroscopic data

The FT-IR values of all molecules are summarized in 
Table 2. FT-IR bands arising from –NH vibrations are 
obtained at 3187.89-3294.82 cm-1. νmax values; aroma-
tic C–H peaks are seen between 2981.68-3107.54 cm-1, 
aliphatic C–H peaks are seen at 2852.56-2930.37 cm-

1. –C=O– peaks are seen between  1643.23-1656.43 cm-

1, 1537.69-1603.05 cm-1 C=N peaks on the thiadiazole

structure, 686.66-719.12 cm-1 peaks C–S–C for all the 
compounds. FT-IR spectra of all compounds are given in 
Supplementary File (Fig. 1-4).

The 1H-NMR values of all compounds are given in Tab-
le 3. The peaks of aliphatic protons in the structures of the 
compounds are in the range of 0.89-3.73 ppm. While the 
peaks of aromatic protons are seen in the range of 6.83-8.35 
ppm, the N–H protons are observed broadly in the range of 
6.08-8.20 ppm. It is understood from the spectroscopic re-
sults that the resonance integration of H atoms in the struc-
tures is compatible with the structures.

Absorption and fluorescence studies

The absorption and fluorescence spectra of the compo-
unds (C1-C4) were obtained in DMSO and the corres-
ponding data were given in Table 4 (Concentrations of 
synthesized compounds were prepared in the range of 
10-4-10-5 M). The UV-Vis spectra of C1-C4 show a band
between 325 nm and 351 nm due to the n→π* transitions
of the carbonyl group of benzophenone.

The fluorescence spectra of C1-C4 show emission wa-
velengths in the range 490 nm and 504 nm which give blue 
emission colour (Figure 2). The emission band of C3 with 
ethyl substituents exhibits red-shifted compared to C1, C2, 
and C4 with cyclohexyl, phenyl, and 2-phenylethyl substitu-
ents. The electron donor property of ethyl substituent can 
stabilize the LUMO energy level of the compounds, leading 
to the redshift of emission wavelength (25). The emission in-
tensity of C3 increases in the presence of ethyl substituents 
at 1,3,4-thiadiazole-2-amine when comparing the molecu-

MW Molecular waight

Volume Van der Waals volume

logP Log of the octanol/water partition coefficient

logS Log of aqueous solubility

Dipole The calculated dipole moment

EA Electron Affinity (eV)

nHA Number of hydrogen bond acceptors

nHD Number of hydrogen bond donors

TPSA Topological polar surface area

PSA Van der Waals surface area of polar nitrogen and oxygen 
atoms

SASA Total solvent accessible surface area

PISA Carbon Pi SASA

WPSA Weak Polar SASA

FISA Hydrophilic SASA

FOSA Hydrophobic SASA

Table 1. The descriptors for QSAR analysis.

Compounds

(u, cm-1)

u(-NH)
uC-H 
(Aromatic)

uC-H 
(Aliphatic)

u(C=O) u(C=N) u(C-S-C)

C1 3200.05 2981.85
2926.65
2852.56

1656.43 1603.05 706.88

C2
3294.82
3194.49

3051.67 - 1655.41 1596.78 686.66

C3 3212.02
3107.54
2981.68

2869.55 1643.23 1602.10 709.19

C4 3187.89 2981.77
2930.37
2870.15

1649.22 1537.69 719.12

Table 2. FT-IR results for all compounds

Compounds
(δ,ppm)

δ(Aliphatic C-H) δ(Aromatic C-H) δ(N-H)

C1 1.21-3.73 (22 H, cyclohexyl C-H) 7.83-8.16 (8H, phenyl C-H) 6.97-7.29

C2 -
6.83-8.35 (18H, phenyl 
C-H)

6.08-6.73

C3 0.84-1.58 (10 H, -CH2-CH3) 7.87-8.20 (8H, phenyl C-H) 7.87-8.20

C4 2.79-3.01 (8H, -CH2-CH2-)
7.13-8.16 (18H, phenyl 
C-H)

6.98-7.13

Table 3. 1H-NMR results for all compounds
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les with other substituents. The obtained results indicate 
that the substituents of the compounds have an important 
effect on the absorption (49) and fluorescence properties.

Electrochemical data

The electrochemical studies were conducted using cyclic 
voltammetry in 0.1 M TBAPF6 in DMSO as a supporting 
electrolyte. The electrochemical data were summarized 
in Table 4. The compounds (C1-C4) show one oxidation 
peak in the range of 1.32 V and 1.46 V due to thiadiazole 
fragments of the molecules (Figure 3a) (25). 

The HOMO energy levels of C1-C4 were determined 
using the oxidation potential of the compounds and ferro-
cene as an internal standard (E1/2(Fe) = 0.60 V vs. Ag/Ag+) 
(EHOMO = -e(E1/2(ox.,dye) - E1/2(Fe) + 4.8) (50).  The 
LUMO energy levels of the C1-C4 were calculated with the 
equation, ELUMO = EHOMO + Eg, (50). The calculated 
HOMO and LUMO energy levels are between (-5.52) to 
(-5.66) eV and (-2.56) to (-2.71) eV, respectively. The elect-
rochemical characterizations of molecules are significant 
for bioactivity, biofilm, and molecules-bacteria interaction 
(51, 52). The electrochemical stability of molecules plays an 
important role in biofilms which are used in the photosyn-
thetic plasmonic voltaic device (53) and energy batteries 
(54). In the consecutive cyclic voltammograms of C1-C4, no 
significant changes in peak currents and potentials are ob-
served (Figure 3b). This indicates that the compounds have 

electrochemical stability.
MIC and MBC/MFC tests results

MIC values for all 1,3,4-thiadiazole compounds and posi-
tive control antibiotics (GEN, TOB, and CPFX) against C. 
albicans, E. coli, and K. pneumoniae are given in Table 5. 

The results of the MIC test, which are not given in Tab-
le 5, showed that negative control (1% DMSO) had no acti-

vity on any of the microorganisms. 
The results showed that only GEN had activity on C. 

albicans with a MIC value of 10.00 µg/mL, and all positive 
control antibiotics (GEN, TOB, and CPFX) presented acti-
vity against K. pneumoniae with MIC values of 2.50, 2.50, 
and 0.08 µg/mL respectively. According to the MIC test re-
sults, all compounds presented higher antibacterial activity 
compared to all positive control antibiotics. In addition, C1 
and C2 showed antibacterial activity against K. pneumoniae, 
but the MIC values are higher than GEN, TOB, and CPFX. 

On the other hand, any positive control antibiotics did 
not show activity on E. coli, but C1 and C3 presented relati-
vely high antibacterial activities.

Several researchers have published studies until now 
about the antimicrobial results of 1,3,4-thiadiazole deriva-
tives. In one of the studies, the antimicrobial properties of 
some the compounds were tried against several microorga-
nisms including C. albicans ATCC 10231, and E. coli ATCC 
25922. Accordingly, these compounds were observed to be 
only active against C. albicans among these three strains 
(55). In another study, several 1,3,4-thiadiazole derivatives 
were tested for their antibacterial and antifungal properties 
in several microorganisms including E. coli ATCC 25922, 
but these compounds presented no activity against E. coli 
(56). Another research observed either no activity, weak or 
moderate activities of some 1,3,4-thiadiazole derivatives on 

Figure 2. The absorption (a) and emission (b) spectra of C1, C3, C4.

Figure 3. a) The cyclic voltammograms of C1, C2, C3 ve C4, b) The 
consecutive cyclic voltammograms of C1.

Compounds max

Absλ
(nm)

max

Emλ
(nm)

Eox

(V)

Band 
Gap 
(eV)

HOMO
(eV)

LUMO
(eV)

C1 351 496 1.32 2.96 -5.52 -2.56

C2 325 500 1.39 3.01 -5.59 -2.58

C3 346 504 1.46 2.95 -5.66 -2.71

C4 348 490 1.37 2.94 -5.57 -2.63

Table 4. The absorption, emission, and electrochemical data of C1-C4.

C1 C2 C3 C4 GEN TOB CPFX

C. albicans 3.77 0.91 2.68 4.21 10.00 NA NA

E. coli 3.77 NA 2.68 NA NA NA NA

K. pneumonia 15.08 7.30 NA NA 2.50 2.50 0.08

“NA”: No Activity.

Table 5. MIC test results (µg /mL)
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E. coli (57). One of the previous studies published by our
group presents that some of these derivatives had antimic-
robial activities against C. albicans, and K. pneumoniae, but
none of them were active against E. coli, which were the
same strains used in this present study (24). These studies
reveal that the results on the subject of the antibacterial and 
antifungal effects of the 1,3,4-thiadiazole derivatives were
conflicting. The dissimilarities regarding the antibacterial
and antifungal activities are mainly due to the differences in 
the strains used in different studies and the atoms attached
to the main structure of the 1,3,4-thiadiazole derivatives.

Antibiofilm tests results

According to the antibiofilm tests, the compounds tested 
in this study showed dose-dependent activities, such as 
some concentrations activated biofilm formation, where-
as some others inactivated.

In the Table 6, it was presented the maximum inhibiti-
on percentages in biofilm with a minimum 1,3,4-thiadiazole 
derivative concentration. The antibiofilm tests revealed that 
the compounds presented an antibiofilm effect on all the 
bacteria tested, where no activity was observed on C. albi-

cans.
The percentages of the biofilm inhibition of the test 

compounds on E. coli were calculated to be between 6 and 
32 %, which were lower than the activity of Halamid®.

According to the results, C1 was observed to inhibit 
100% of biofilm formation in K. pneumoniae, whereas Hala-
mid® could only inhibit 53 % of biofilm formation. In additi-
on, C2 inhibited 52 % of biofilm formation, which was quite 
close to the activity of Halamid®.

Biofilms are known to be the main reason for the infec-
tious diseases generally linked to Foley catheters, cerebros-
pinal shunts, and vascular catheters (58–61). Furthermore, 
they cause several health problems in some tissues, such 
as the skin, urinary tract, and teeth (62, 63). In biofilm-for-
ming microorganisms, biofilms also play an important role 
in increasing resistance to antibiotics or antifungal agents 
(64). For this reason, inhibiting the formation of biofilms 

has great importance in both the industry and public health. 
Looking at Table 6, it appears that some of the test com-
pounds have promising antibiofilm potential on the tested 
microorganisms.

There are several studies in the literature proving that 
1,3,4-thiadiazole derivatives possibly inhibit biofilm forma-
tion. One of these studies also tested some 1,3,4-thiadiazole 
compounds on E. coli ATCC 25922. As a result, they propo-
sed that some 3,4-thiadiazole derivatives presented antibio-
film activities on these strains (65).

In another study, it was concluded that some benzothi-
ophene and indole derivatives had biofilm inhibiting activi-
ties on E. coli and MRSA too (66).

One of our previous studies proved that nearly all of the 
1,3,4-thiadiazole compounds had biofilm inhibiting activiti-
es against C. albicans, E. coli, and K. pneumoniae, but the 
inhibition percentages in K. pneumoniae were observed to 
be better in this present study (24).

In addition to biofilm inhibiting activities, the test com-
pounds were observed to present dose-dependent biofilm 
activating properties. Table 7 shows the maximum activati-
on percentages in biofilm with a minimum 1,3,4-thiadiazole 

derivative concentration.
The results showed that all compounds triggered bi-

ofilm formation between 35 and 49 % in C. albicans. For 
E. coli and K. pneumoniae, all compounds except C4 were
observed to trigger biofilm formation with relatively lower
percentages, which were between 9 and 17 % for E. coli and
between 4 and 11 % for K. pneumoniae.

Some studies in the literature proved that 1,3,4-thia-
diazole derivatives may promote biofilm formation. One 
of these studies demonstrated that some 1,3,4-thiadiazole 
indole and benzothiophene derivatives stimulated biofilm 
formation by 50% in E. coli (66).

One of our recent studies confirmed that 1,3,4-thiadia-
zole derivatives may trigger biofilm formation in C. albicans, 
E. coli, and K. pneumoniae (24).

C1 C2 C3 C4 Halamid®

C. albicans - - - -
69 %
(1.95 µg/mL)

E. coli
10 %
(3.77 
µg/mL)

32 %
(1.83 
µg/mL)

6 %
(1.34 
µg/mL)

12 %
(0.13 
µg/mL)

46 %
(0.41 µg/mL)

K. pneumonia
100 %
(0.12 
µg/mL)

52 %
(0.11 
µg/mL)

25 %
(0.08 
µg/mL)

33 %
(0.13 
µg/mL)

53 %
(0.41 µg/mL)

“-”: No inhibition observed.

Table 6. The maximum inhibition percentages in biofilm with a mini-
mum 1,3,4-thiadiazole derivative concentration

C1 C2 C3 C4

C. albicans
49 %
(0.24 µg/mL)

47 %
(0.23 µg/mL)

45 %
(0.17 µg/mL)

35 %
(4.21 µg/mL)

E. coli
17 %
(0.94 µg/mL)

9 %
(0.46 µg/mL)

11 %
(0.34 µg/mL)

-

K. pneumonia
5 %
(0.94 µg/mL)

11 %
(0.46 µg/mL)

4 %
(0.17 µg/mL)

-

“-”: No inhibition observed.

Table 7. The highest biofilm activation percentages (%) with the lowest 
compound concentrations (µg /mL)
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Biofilms have several practical uses to progress some 
beneficial products, such as foods for animals, input for bi-
ofuel production, high valuable chemicals, pharmaceuticals, 
and bioplastics (67, 68). Biofilms are also used in photosyn-
thetic plasmonic voltaic devices to produce electrical power 
(53). Moreover, some other studies proved that biofilms can 
be used in high power and high energy batteries to coat se-
parators (54). This study also verified that biofilm-covered 
nanofibers have the potential of enhancing adhesions bet-
ween electrodes and separators. In addition, they impro-
ve electrolytes to maintain solid-liquid interactions and 
the number of lithium transference. According to this 
perspective, activating the production of biofilms could 
have some benefits.

Efflux pump inhibiting test results

In the efflux pump inhibiting test, all compounds were 
joined into TSB plates containing 0.5 mg/L EtBr with su-
binhibitory concentrations (MIC/2). Results of the efflux 
pump inhibiting test presented that the 1,3,4-thiadiazole 
compounds inhibited the activities of efflux pumps in 
some of the microorganisms and EtBr reacted with nuc-
leic acids and cause fluorescence. But no fluorescence 
was observed in negative control plates, but in all bacte-
ria and C. albicans the positive control plates containing 
thioridazine hydrochloride triggered fluorescence. The 
results given in Table 8 showed that C2 and C3 inhibited 
efflux pump activity in K. pneumoniae and C4 in E. coli. 
On the other hand, none of the compounds caused an 

inhibition in C. albicans.
Since efflux pumps are important in obtaining antibio-

tic resistance, inhibition of efflux pumps could help prevent 
the development of antibiotic resistance (69). As a result of 
this, the results of the efflux pump inhibition test are quite 
promising.

Several researchers also previously tested the efflux 
pump inhibiting activities of some 1,3,4-thiadiazole deriva-
tives. One of these studies proved that some 1,3,4-thiadia-
zole derivatives caused antimicrobial activity by inhibiting 
efflux pumps in E. coli, and C. albicans (70).

A group of researchers synthesized some 3-nitro-6-
amino-indole and 3-amino-6-carboxyl-indole derivatives 
specifically to bind and inhibit the TolC type efflux pumps. 

As a result, they observed that these compounds decreased 
MIC values of ciprofloxacin, erythromycin, tetracycline, 
and chloramphenicol by 2 to 64 folds in two different E. coli 
strains (71). However, some researchers presented that in-
dole derivatives activated efflux pump types of ramA and 
acrAB in Salmonella Typhimurium (72) and TtgGHI in Pse-
udomonas putida (73) and as a result, they caused an increa-
sed antibiotic resistance.

Druglikeness results

The clinical research steps of testing any drug candidate 
are long, exhausting, and expensive. Thus, any candidate 
compound having promising results in the pre-clinical 
research should be evaluated regarding its druglikeness 
properties before conducting further clinical research. In 
resulting the druglikeness properties of a candidate com-
pound several chemical and physicochemical properties 
are taken into account. Lipinski’s, Ghose, Veber, Egan, 
and Muegge approaches are the common methods to de-
fine the druglikeness properties of any candidate compo-
und. The number of druglikeness violations of 1,3,4-thia-
diazole compounds are given in Table 9.

Table 9 presents that only C3 fulfilled Lipinski’s drug-
likeness rules, but some violations were observed according 
to other approaches. On the other hand, other compounds 
have violations for all druglikeness approaches. Lipinski’s is 
the most common approach in defining the druglikeness 
properties of target compounds. In addition, most of the 
values causing violations according to other approaches are 
very close to the limits. Thus, it is possible to propose that 
C3 has a drug-like nature.

Fig. 4 shows that all 1,3,4-thiadiazole derivatives other 
than C3 are out of the colored zone. But C3 is very close to 
the colored zone, which presents its oral availability poten-
tial. 

ADMET Analysis

The pharmacokinetic properties and ADMET (absorp-
tion, excretion, distribution, metabolism and toxicity) 
profiles of test compounds were calculated by admetSAR, 
SWISSADME, PreADMET, and pharmacokinetic pro-
perties were screened by ADMETLab server. The data 
were presented in Table 10.

There are several parameters that can be used to obtain 
the absorption of drug candidates. In this study, the human 
intestinal absorption (HIA), Madin-Darby canine kidney 
(MDCK) cell permeability and Caco-2 permeability para-
meters, which are commonly used tools to evaluate memb-
rane permeability screening (74,75), were selected. The 

C1 C2 C3 C4

C. albicans - - - -

E. coli - - - +

K. pneumonia - + + -

“+”: Inhibition observed.“-”: No inhibition observed.

Table 8. Efflux pump inhibition
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Physicochemical Characterizations

MW (mw) MLogP XLOGP3 WLogP H-Bond 
Acceptor

H-Bond
Donor TPSA AMR RB

(nRB) NoA

C1 544.73 4.23 7.73 7.06 5 2 149.17 156.58 8 70

C2 532.64 4.36 7.23 7.44 5 2 149.17 153.21 8 58

C3 464.61 3.01 5.9 5.22 5 2 149.17 131.96 10 56

C4 588.75 4.58 8.02 6.88 5 2 149.17 171.32 12 70

Druglikeness Violations

Lipinski’s (Pfizer) Ghose (Amgen) Veber 
(GSK) Egan (Pharmacia) Muegge (Bayer)

Bioava-
ilability 
Score

C1 2: MW>500, 
MLOGP>4.15

3: MW>480, WLOGP>5.6, 
MR>130

1: 
TPSA>140

2: WLOGP>5.88, 
TPSA>131.6 1: XLOGP3>5 0.17

C2 2: MW>500, 
MLOGP>4.15

3: MW>480, WLOGP>5.6, 
MR>130

1: 
TPSA>140

2: WLOGP>5.88, 
TPSA>131.6 1: XLOGP3>5 0.17

C3 0 1: MR>130 1: 
TPSA>140 1: TPSA>131.6 1: XLOGP3>5 0.55

C4 2: MW>500, 
MLOGP>4.15

3: MW>480, WLOGP>5.6, 
MR>130

2: Ro-
tors>10, 
TPSA>140

2: WLOGP>5.88, 
TPSA>131.6 1: XLOGP3>5 0.17

MW: Molecular weight, TPSA: Total Polar Surface Area, AMR: Atom Molar Refractivity, RB: Rotable Bond, NoA: Number of Atom

Table 9. Drug property screening results of 1,3,4-thiadiazole derivatives.

Figure 4. The graphs regarding the quality of being efficacious when taken by mouth (oral availability) for 1,3,4-thiadiazole derivatives. (* Size (SIZE), 
polarity (POLAR), insolubility (INSOLU), insaturation (INSATU), flexibility (FLEX), and lipophilicity (LIPO))
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results about the absorption of the compounds confirmed 
that C1 and C3 are in an acceptable range for all absorpti-
on parameters, thus it is possible to accept them as effici-
ent drug candidates, but C2 and C4 have problems only for 
HIA. All 1,3,4-thiadiazole compounds presented acceptable 
results both for MDCK permeability and Caco-2 permeabi-
lity. These results present that passive diffusion through the 
epithelium of intestines is possible (74). Another important 
step in ADMET tests is evaluating the distribution parame-
ters for drug candidates. In the literature, several tests were 
proposed to evaluate the distribution properties. In this 
study, plasma protein binding (PPB), P-glycoprotein subs-
trate/inhibitor, and blood-brain barrier penetration (BBB) 
were chosen (43, 44). In addition to these, volume distri-

bution and the fraction unbound in plasma data were also 
supported.

According to the results, C2 and C4 presented the hig-
hest PPB affinities, which were over 100%, and the lowest 
was for C3 at 96.728%. It was previously proposed that the 
drug candidates with a PPB affinity of more than 90 % show 
insufficient accuracy (75) and a PPB affinity exceeding 95% 
are recognized as having a lower therapeutic index (76), 
which is related to a high risk of toxicity (77). Since having 
high toxicity risk is a limiting problem for a therapeutic 
compound, it can be recommended to use a combination 
of compounds that help in displacing them from plasma 
proteins. In contrast, to keep free therapeutic compound 

C1 C2 C3 C4

1. Absorption

Human intestinal absorption (%) HIA+ HIA- HIA+ HIA-

MDCK Permeability (cm/s) 3.4e-05 1.6e-05 2.8e-05 2.7e-05

Caco-2 permeability (Log Unit) -4.49 -4.616 -4.132 -4.670

2. Distribution

Plasma protein binding (%) 98.718 100.400 96.728 100.106

P-glycoprotein substrate Yes No Yes Yes

P-glycoprotein inhibitor Yes Yes Yes Yes

Blood-brain barrier penetration BBB+ BBB+ BBB+ BBB-

Volume distribution (L/kg) 1.477 0.805 1.557 1.241

The fraction unbound in plasma (%) 0.335 0.299 2.118 0.345

3. Metabolism

CYP450 2C9 Substrate No Yes No No

CYP450 2D6 Substrate No No No No

CYP450 2C19 Substrate No No No No

CYP450 3A4 Substrate No No No No

CYP450 1A2 Substrate No No Yes No

CYP450 2C9 Inhibitor Yes Yes Yes Yes

CYP450 2D6 Inhibitor Yes No Yes Yes

CYP450 2C19 Inhibitor Yes Yes Yes Yes

CYP450 3A4 Inhibitor Yes Yes Yes Yes

CYP450 1A2 Inhibitor Yes Yes Yes Yes

4. Excretion

Half-time (t1/2) (h) 0.002 0.01 0.011 0.005

Renal clearance (mL/min/kg) 1.026 0.697 1.157 1.273

5. Toxicity

Organ Toxicity

Drug-induced liver injury DILI+ DILI+ DILI+ DILI+

hERG inhibition hERG + hERG - hERG + hERG +

Acute oral toxicity - - - -

Eye injury & eye corrosion No No No No

Genomic Toxicity

AMES toxicity AMES+ AMES+ AMES- AMES+

Carcinogenicity + + + -

Table 10. ADMET profiles for 1,3,4-thiadiazole derivatives.
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concentrations comparatively constant, therapeutic compo-
und-protein complexes in the blood plasma serve as a drug 
reservoir. This serves as an extended activity of drugs (75).

One of the efflux transporters is P-glycoproteins and 
they alter the ADE (absorption, distribution, and eliminati-
on) properties of drugs. These proteins especially limit the 
absorption of drugs through the intestines, which are deli-
vered orally (78, 79). According to the results, all 1,3,4-thia-
diazole derivatives were P-glycoprotein inhibitors.

BBB is taken into account for drugs that can be used 
against neurodegenerative problems. Previous studies pro-
ved that in clinical trials 98% of drugs presented inadequ-
ate BBB permeability (80, 81). Table 9 demonstrates that all 
compounds except C4 are BBB+. Any drug directing the 
central nervous system (CNS) should have BBB permeable 
properties (82, 83).

Plasma protein binding significantly affects the volume 
of distribution and the volume of distribution is sensitive to 
the fraction unbound in plasma. The results showed that 
the volume of distributions for all compounds was between 
0.04 and 20 L/kg, which is accepted to be at the optimal le-
vel and the values of fraction unbound in plasma were <5%, 
which is low. Even though therapeutic compounds highly 
bound to plasma proteins restrict the concentration of the 
drugs in the blood plasma, hydrophobic bases which bind 
to α-acid glycoprotein can be highly partitioned into tissues 
(84, 85).

To understand how therapeutic compounds are meta-
bolized, cytochromes P450 (CYP) studies are usually con-
ducted. These enzymes (CYP1, CYP2, and CYP3) are the 
enzymes controlling the biotransformation of many drugs. 
In addition, they are significant in the metabolism of fatty 
acids too (86, 87).

The data that is given in Table 10 presents that only 
C2 is a substrate for CYP450 2C9 and C3 for CYP450 1A2. 
On the other hand, all the test compounds are inhibitors 
of CYP1, CYP2, and CYP3 enzymes except for C2 against 
CYP450 2D6.

The excretion parameters for drug candidates are also 
evaluated by ADMET tests. The renal clearance and half-
time parameters were used for this purpose. If these values 
are lower than 5mL/min/kg and 3 hours respectively, Di and 
Kerns accepted that half-time and renal clearance are low 
(88). Thus, the results in Table 10 show that the renal clea-
rances and half-times of all test compounds are low.

The last parameter used in ADMET tests is the toxicity 
of therapeutic compounds, and for this purpose, genomic 

and organ toxicity tests were applied.
Hepatotoxicity induced by therapeutic compounds is a 

common reason for injury in the liver. DILI (Drug-induced 
liver injury) is one of the significant parameters, which led 
to withdrawals of drugs on the market for safety reasons 
(89). Results showed that the test compounds used in this 
study were DILI+. 

The hERG (human ether-a-go-go-related gene) is 
known to encode some potassium channels, and it is accep-
ted that any compound inhibiting the hERG, also inhibits 
these potassium channels, which causes severe cardiac 
problems (90). According to the results, all test compounds 
used in this study, except C2, inhibit the hERG.

The results showed that no acute oral toxicity was ob-
served for all the 1,3,4-thiadiazole compounds. Moreover, 
none of these 1,3,4-thiadiazole derivatives was observed to 
cause eye corrosion or eye injury.

To predict any carcinogenicity or mutagenesis possibi-
lities at the early stages, the AMES test is applied commonly 
(91). The results show that (Table 10) all test compounds, ex-
cept C3 were AMES positive.

Most likely, the main concern in assessing drug candi-
dates is the carcinogenicity test to determine whether they 
are suitable for human health or not (92). Data obtained 
from this test presented that only C4 is a non-carcinogen.

QSAR analysis for antimicrobial properties

The values for the descriptors of the test compounds 
used for QSAR analysis are given in Table 11 (see Table 1 
for descriptions of the descriptors of the QSAR analysis). 
Since there are some correlations between the descrip-
tors, some of them were excluded before MLR analysis 
based on the limit of the correlation of 0.500, and linear 
QSAR equations were developed by the stepwise addition 
of terms (47). In order to determine the important desc-
riptors for biofilm inhibition, antibacterial and antifungal 
activities of 1,3,4-thiadiazole derivatives QSAR analysis 
was conducted. 

QSAR analysis was carried out only for C. albicans for 
antimicrobial activity, and E. coli and K. pneumoniae for bi-
ofilm inhibiting activities, since reliable MRL analysis can 
only be conducted for these values.

The data about the best MRL models calculated by 
applying stepwise regression are given in Table 12.

The QSAR results presented that TPSA (topological 
polar surface area) is the main descriptor important in the 
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antifungal effect of test compounds on C. albicans only for 
p= 0.100. On the other hand, WPSA (Weak Polar SASA) is 
the main descriptor for the biofilm inhibition effect of the 
test compounds on E. coli (p < 0.05) but none of the descrip-
tors are observed to have importance for the biofilm inhibi-
ting effect of test compounds on K. pneumoniae.

CONCLUSION

To sum up, Bis(4-(5-(N-cyclohexylamino)-1,3,4-
thiadiazol-2-yl)phenyl)methanone (C1), Bis(4-(5-(N-
phenylamino)-1,3,4-thiadiazol-2-yl)phenyl)metha-
none (C2), Bis(4-(5-(N-ethylamino)-1,3,4-thiadiazol-
2-yl)phenyl)methanone (C3), and Bis(4-(5-(N-
phenethylamino)-1,3,4-thiadiazol-2-yl)phenyl)metha-
none (C4) were synthesised. Also, their spectroscopic 
characterizations were conducted with FTIR, 1H-NMR, 
and 13C-NMR spectroscopic techniques with elemental 
analysis. Furthermore, this study cover synthesized the 
new four compounds and their  antibiofilm, antimicrobi-
al, efflux pump inhibiting activities, and ADMET featu-
rities were examined in detail. The MIC test results sho-
wed that all derivatives presented better antimicrobial 

activity against C. albicans compared to GEN, and some 
of them had antimicrobial activity against K. pneumoni-
ae and E. coli. But according to the MBC and MFC tests, 
all the antimicrobial activities of compounds were found 
to be bacteriostatic. Moreover, test compounds showed 
biofilm inhibiting or activating properties depending on 
the concentration. Especially the biofilm inhibition acti-
vity of C1 against K. pneumoniae is noteworthy. In addi-
tion, C4 was observed to exhibit efflux pump inhibition 
activity in E. coli, whereas C2 and C3 in K. pneumoniae. 
ADMET tests showed that some of these compounds 
have therapeutic compound potentials, nevertheless it is 
possible to rise toxicity concerns. Therefore, it is possible 
to propose to conduct additional tests to determine con-
centrations which are active but non-toxic. Furthermore, 
based on the fact that no significant changes in peak cur-
rents and potentials were observed in consecutive cyclic 
voltammograms of C1-C4, it can be suggested that the 
compounds have electrochemical stability.
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Compounds C1 C2 C3 C4

MW 544.731 532.637 436.549 588.744

Volume 6.567 6.176 4.239 7.729

logP -10.158 -8.982 -7.139 -10.847

logS 1.072 1.538 1.524 1.308

Dipole 1.226 1.387 1.249 1.280

EA 2.000 2.000 2.000 2.000

nHA 7.000 7.000 7.000 7.000

nHD 149.170 149.170 149.170 149.170

TPSA 1702.639 1570.678 1349.072 1827.815

PSA 100.093 96.625 103.073 101.862

SASA 949.217 883.243 777.796 1023.973

PISA 270.613 666.164 271.103 660.599

WPSA 81.571 80.821 81.590 81.603

FISA 132.693 136.258 150.617 143.870

FOSA 464.339 0.000 274.486 137.901

Table 11. Descriptor values regarding test compounds.

Antimicrobial activity

Microorganism Equation N R2 Adjusted R2 Std. Error p-Value

C. albicans MIC = -278.11 + 3.452 TPSA 4 0.812 0.719 0.780 0.100

Antibiofilm activity

E. coli Inhibition% = 24.136 - 0.295 WPSA 4 0.950 0.924 0.032 0.026

Table 12. Best MLR models for antimicrobial and antibiofilm activity predictions.
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The electrochemical properties of the compounds were 
studied by Çigdem Sahin. All authors reviewed the ma-
nuscript.
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APPENDIX

S1. Experimental results for all synthesized 
compounds are presented in Table 1.

S2. FT-IR spectrum of all compounds are given in 
Figure 1-4.

S3. 13C-NMR spectrum of all compounds are 
given in Figure 5-7.

Table 1. Experimental data of all synthesized compounds

Compounds Molecular formula Molecular weight Yield (%) Melting point Colour

C1 C29H32N6OS2 544.73 - 175°C Yellow

C2 C30H21N6OS2 545.65 - 186°C Dark brown

C3 C211H20N6OS2 436.55 - 225°C Light brown

C4 C33H28N6OS2 588.74 - 270°C Ligt yellow

Figure 1. FT-IR spectrum of compound C1.

Figure 2. FT-IR spectrum of compound C2

Figure 3. FT-IR spectrum of compound C3

Figure 4. FT-IR spectrum of compound C4

Figure 5. 13C-NMR spectrum of compound C1

Figure 6. 13C-NMR spectrum of compound C3
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S4. 1H-NMR spectrum of all compounds are given 
in Figure 8-11.

Figure 7. 13C-NMR spectrum of compound C4

Figure 8. 1H-NMR spectrum of compound C1

Figure 9. 1H-NMR spectrum of compound C2

Figure 10. 1H-NMR spectrum of compound C3

Figure 11. 1H-NMR spectrum of compound C4




