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Abstract

This paper focuses on the synthesis, structural characterization, and biological ac-
tivity evaluation of three new Schiff bases: N, N“bis(4-nitrophenylmethylene)ben-
zene-1,3-diamine (compound 4-BD), N,N'bis(4-nitrophenylmethylene)cy-
clohexane-1,2-diamine (compound 4-CD), and N,N"-bis(4-nitrophénylmé-

thyléne)hexane-1,6-diamine (compound 4-HD). They were obtained respec-
tively by condensation reaction of metaphenylenediamine, cyclohexane-1,2-
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diamine, and hexane-1,6-diamine with 4-nitrobenzaldehyde. The structural
characterization of these compounds was carried out using standard spectros-

copy techniques such as 'H and »C NMR, infrared spectroscopy (IR), and
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mass spectrometry, which confirmed the expected structures. Biological activ-
ity evaluation through antimicrobial and antioxidant tests showed that com-
pound 4-BD possesses significant antibacterial activity against Staphylococcus
aureus (MIC of 48.87 (ug/mL)), moderate activity against S. aureus sensible,
but remains inactive against Escherichia coli, Pseudomonas aeruginosa, and
Candida albicans. It also shows significant antioxidant activity (71.559), much
more pronounced than its tested structural homologs. Indeed, compound 4-
CD possesses an antibacterial activity of 187.5 ug/mL and an inhibition capac-
ity of 15.521. Regarding compound 4-HD, we have an antibacterial activity of
375 pg/mL and an antiradical activity of 14.507. These observations highlight
the importance of the presence of a central aromatic group in this specific case
for the biological properties of Schiff bases. Opportunities are emerging for
the synthesis of a wider range of analogous compounds, to better understand
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structure-activity relationships and to optimize their pharmacological appli-
cations.
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1. Introduction

Schiff bases represent a very interesting class of ligands, as they contain a variety
of donor atoms, such as nitrogen, oxygen, and sulfur. They result from condensa-
tion reaction products of primary amines with carbonyl compounds [1] [2]. A
common structural feature of these compounds is the azomethine group with the
general formula R1IHC = N-R2, where R1 and R2 are alkyl, aryl, cycloalkyl, or
heterocyclic groups. Biologically active Schiff bases (BDSs) can be synthesized us-
ing simple procedures with very good yields. Therefore, a wide variety of these
bases can be prepared. The imine group present in such compounds has proven
essential to their biological activities [3]-[5]. Given the diversity of their applica-
tions and the relative stability of their complexes with the majority of transition
metals, this category of chemical compounds presents very varied potential inter-
ests in many areas, particularly in biological systems, where they have been used
as bactericides, fungicides, anticancer agents, antituberculosis agents, anti-inflam-
matories, antivirals, and anti-HIV agents, and in the treatment of several incura-
ble diseases [6]-[10]. In recent years, researchers have placed great importance
on the synthesis and characterization of Schiff base ligands and, like several au-
thors [11]-[14], our systematic research on BDS has enabled us to synthesize many
diimines.

Thus, this document deals with the synthesis, characterization, and biological

studies of synthesized compounds shown in Figure 1.
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Figure 1. Condensed molecular structure of the symmetrical Schiff bases synthesized with
atomic numbering.
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1.1. Chemistry

Synthesis of the title compounds was accomplished as outlined in Figure 2.
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Figure 2. Way of general synthesis of compounds.

2

1.2. Experimental Protocols

All of the chemicals used in the synthesis were purchased from Sigma-Aldrich and
were used as such. Thin layer chromatography was used to monitor the progress
of the reactions. Melting points were determined in capillary tube using an MPD
Mitamura Riken Kogyo (Japan) electrothermal melting point apparatus and are
uncorrected. IR spectra in the range 4000 - 400 cm™ were obtained on a Bruker-
Vector FTIR spectrophotometer, with samples investigated as thin film from CDCls
solution. '"H NMR spectra were recorded on a Bruker-Avance-300 spectrometer,
operating at 300 MHz. Mass spectra were recorded on a TOF LCT Premier (WA-
TERS) spectrometer coupled to an HPLC Alliance 2695 chain.

2. Synthesis and Characterization of Compounds

2.1. Synthesis and Characterization of
N,N'-bis(4-nitrophenylmethylene)hexane-1,6-diamine

4-nitrobenzaldehyde (0.8 mmol) and hexane-1,6-diamine (0.4 mmol) were dis-

solved in ether (30 ml). At room temperature, the mixture was stirred for three

days to give a white precipitate. The precipitate obtained was filtered and recrys-
tallized in methanol. Rf: 0.81 in hexane/acetone (50:50), yield: 86.26%; IR (thin
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film from CDCl; solution, cm™): 2853; 2819; 1643; 1535; 850; 1H NMR (300 MHz,
MeOD): 8.50 (s, 2H), 7.98-8.30 (m, 8H), 1.39-3.64 (m, 12H); 13C NMR (75 MHz,
MeOD): 155.92, 146.44, 139.27, 126.14, 129.06, 121.33, 59.33, 28.12, 24.65; ESI-
HR-MS: peak at m/2383.1741 [M + H]+ corresponding to C;oH2.N4O..

2.2. Synthesis and Characterization of
N,N'-bis(4-nitrophenylmethylene)benzene-1,3-diamine

In a 250 mL flask, 0.8 mmol of 4-nitrobenzaldehyde and 0.4 mmol of benzene-
1,3-diamine were introduced in 30 mL of ether. At room temperature, the mixture
was stirred for three days to give a burgundy-red precipitate. The resulting pre-
cipitate was washed and recrystallized in ethanol Rf: 0.74 in benzene/acetone (50;
50), yield: 80.25%; IR (Thin film from CDCI; solution, cm™): 2987; 2903; 1660;
1550; '"H NMR (300 MHz, DMSO): 8.90 (s, 2H), 7.30 (dd, 2H), 7.53 (dd, 1H), 7.35
(t, 1H), 8.25 (i, 8H); *C NMR (75 MHz, DMSO): 159.67, 151.63, 148.93, 141.40,
130.16, 129.73, 124.07, 120.13, 113.44; ESI-HR-MS: peak at m/z 383.1741 [M +
H]+ corresponding to CzoHz0N4O4.

2.3. Synthesis and Characterization of
N,N’-bis(4-nitrophenylmethylene)cyclohexane-1,2-diamine

4-Nitrobenzaldehyde (0.8 mmol) and cyclohexane-1,2-diamine (0.4 mmol) were
dissolved in diethyl ether (30 mL). At room temperature, the mixture was stirred
for three days to give a pale yellow precipitate. The resulting precipitate was fil-
tered, washed, and recrystallized in ethanol. Rf: 0.75 in hexane/acetone (50:50),
yield: 83%; IR (Thin film from CDCl; solution, cm™): 2939; 2851; 1642; 'H NMR
(300 MHz, CDCl;): 8.46 (s, 2H), 8.15 (d, 4H), 7.85 (d, 4H), 3.69 (im, 1H), 3.52 (i,
1H), 1.78 (m, 2H), 1.50 (m, 2H), 2.05 (m, 2H), 1.63 (m, 2H); *C NMR (75 MHz,
CDCl;): 158.57; 148.9; 141.60; 130.5; 124.25; 74.01; 30.89; 24.22 ; ESI-HR-MS: peak
at m/z381.1522 [M + H]+ corresponding to CyHz0N4O,.

3. Biological Activities
3.1. Antibacterial and Antifungal Activity

We evaluated the antimicrobial activity of our tested compounds on seven micro-
bial strains, and bacteriological tests were carried out at the laboratory of the Swiss
Center for Scientific Research (CSRS) in Abidjan.

3.2. Preparation of Pure Compound and Control Antibiotic
Solutions

Stock solutions of the compound to be tested were prepared in dimethyl sulfoxide
(DMSO) at a concentration of 30 mg/mL. These solutions were then diluted to a
concentration of 1500 ug/mL to form stock solutions, which were stored in a re-
frigerator at 4°C until use.

Furthermore, a stock solution of the control antibiotics was prepared at a con-

centration of 1 mg/mL from gentamicin and tetracycline powders. This solution
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was then diluted to obtain a final concentration of 25 pg/mL, used as a positive

control in the antimicrobial activity tests.

3.3. Preparation of the Bacterial Inoculum

After 18 hours of incubation, a well-isolated bacterial colony was collected using a
Pasteur pipette and suspended in a tube containing 10 mL of sterile distilled water.
Subsequently, 5 to 6 drops of this pre-culture were transferred to a second tube also
containing 10 mL of distilled water to obtain the appropriate dilution. This suspen-
sion allows for a concentration estimated at approximately 10° CFU/mL, corre-
sponding to standard inoculation conditions. This suspension constitutes the bac-

terial inoculum used for the tests, corresponding to a 1:100 dilution [15].

3.4. Molecules to Be Evaluated on Bacterial Strains

Our compounds evaluated for their antimicrobial activity were dissolved in DMSO
to prepare stock solutions at an initial concentration of 30 mg/mL. The solutions
were then diluted to 1500 pug/mL and stored at 4°C until use in microbiological

testing.

3.5. Evaluation of Bacterial Strain Sensitivity

To determine the activity of the pure compounds against the tested microbial
strains, the well diffusion method on agar was used, in accordance with the pro-
tocols described by Bakkiyaraj and Pandiyaraj (2011) [16].

This method allowed us to screen the antibacterial activity of our pure com-
pounds using a standardized device.

Petri dishes containing nutrient agar (or Sabouraud agar for Candida albicans)
were surface-inoculated with bacterial inoculum standardized to 10° CFU/mL.

Six-mm diameter wells were then made in the agar using a sterile punch and
filled with a precise volume of the solution of the compound to be tested. The
plates were incubated at 37°C for 18 to 24 hours for bacteria and at 30°C for yeasts.

Antimicrobial activity was assessed by measuring the diameter of the microbial
growth inhibition zone around the wells, compared to those obtained with the

control antibiotics (gentamicin and tetracycline at 25 ug/mL).

3.5.1. Principle

This method relies on the diffusion of the antimicrobial product in a solid medium
(agar) contained in a Petri dish. After a certain contact time, a concentration gra-
dient forms around the well containing the compound to be tested. The product
gradually diffuses through the agar, interacting with the target microorganism in-
oculated onto the surface of the medium.

The efficacy of an antimicrobial compound is assessed by formation of a zone of
microbial growth inhibition around the well. The diameter of this zone (expressed
in millimeters) is measured after incubation and determines susceptibility of the
microbial strain to the tested compound. Based on the size of this zone, the strain is

classified as resistant, susceptible, highly susceptible, or extremely susceptible.
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3.5.2. Experimental Protocol

Petri dishes containing Mueller-Hinton agar were used for antibacterial assays.
Each dish was uniformly flood-inoculated with a suspension of microbial inocu-
lum diluted 1:100 (approximately 10° CFU/mL). After a few moments, the excess
suspension was removed using a Pasteur pipette fitted with a bulb, and inoculated
plates were left to dry at room temperature for 15 minutes. Under sterile condi-
tions, wells were then made in the agar using a Pasteur pipette. A 50 pL sample of
each substance to be tested was added to each well. The plates were incubated at
37°C for 18 hours for bacterial strains in an incubator. This procedure was re-
peated three times to ensure reproducibility of the results. Gentamicin (25 ug/mL)
was used as a positive control for bacteria, while amphotericin B was used for fun-
gal strains (Candida albicans).

The results were read by measuring the diameter of the inhibition zone (in mil-
limeters) around each well using a ruler. The results are expressed as the size of
this inhibition zone [17].

In accordance with the criteria defined by Ponce et al. (2003) [17], the interpre-
tation of the results is based on the following classification:

Non-sensitive or resistant: diameter < 8 mm.

Sensitive: 9 mm < diameter < 14 mm.

Very sensitive: 15 mm < diameter < 19 mm.

Extremely sensitive: diameter > 20 mm.

3.6. Determination of Minimum Inhibitory Concentrations (MICs)

For MIC determination, the inoculum is prepared by taking 0.3 mL of an 18-hour
culture of Staphylococcus aureus in broth and subculturing it in 10 mL of Mueller-
Hinton broth. These new suspensions are incubated at 37°C for 3 to 5 hours, until
slight opalescence appears, equivalent to an optical density of 0.5 on the MacFar-
land scale. For the final inoculum, 1 mL of these cultures is added to 10 mL of
Mueller-Hinton broth [18].

Each microplate contains 96 wells arranged in 8 rows of 12 columns each. The
first and second columns of each microplate contain 100 pL of broth; these are used
to monitor for potential contamination of the culture medium. The third column,
containing 50 pL of broth, was used after inoculation to monitor the quality and
growth of the bacterial strain. It is unaffected by the dilution of the pure com-
pounds. The following 8 columns receive 50 pL of broth. The twelfth column is
reserved for the pure compounds and the control antibiotics (gentamicin and tet-
racycline). For each pure compound (1500 pg/mL) and each antibiotic (25 ug/mL),
100 pL of solution are loaded in a double row. Next, using a precision multipipette,
successive dilutions are performed applying a geometric progression with a ratio
of 2, starting from the column containing the solutions to be tested. Finally, 50 uL
of the inoculum are added to the contents of each well from the third to the twelfth
column. The final volume (culture medium, inoculum and drugs) of all wells is
100 puL. The number of bacteria is estimated at 5.10* per well, except in the first

two columns, which were not inoculated. The experiment was repeated twice for
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each pure compound. The microplates were incubated at 37°C for 18 hours, fol-
lowed by a visual reading of 100 pL. The bacterial count was estimated at 5 x 10*
per well, except in the first two columns, which were not inoculated. The experi-
ment was repeated twice for each pure compound. The microplates were incu-
bated at 37°C for 18 hours, followed by a visual reading.

3.7. Protocols for Antioxidant Activity Tests

3.7.1. Test with DiPhenyl-1-PicrylHydrazyl (DPPH)
2,2-diphenyl-1-picrylhydrazyl was one of the first free radicals used to study the

structure-antioxidant activity relationship of phenolic compounds [19]-[21].

3.7.2. Principle

Reduction of free radical DPPH by an antioxidant can be followed by UV-Visible
spectrometry, by measuring the decrease in absorbance at 517 nm caused by an-
tioxidants [22]. In the presence of free radical traps, purple-colored DPPH is re-

duced to yellow 2,2-diphenyl-1-picrylhydrazine [23].

3.7.3. Dosage
DPPH radical trapping activity was measured according to the protocol described
by Lopes-Lutz et al. [24] and Athamena ef al. [22] 100 pL of each methanolic so-
lution of the pure compound at different concentrations (3.125 - 100 mg/mL) was
added to 2.5 mL of methanolic solution of DPPH (0.025 g/L). In parallel, a nega-
tive control was prepared by mixing 100 uL of methanol with 2.5 mL of meth-
anolic solution of DPPH. Absorbance reading was made against a blank prepared
for each concentration at 517 nm after 30 minutes of incubation in the dark and
at room temperature. Positive control was represented by a solution of a standard
antioxidant, ascorbic acid, whose absorbance was measured under the same con-
ditions as the samples and for each concentration [25].

The results were expressed in inhibition percentages (1%) of free radicals using

the following formula:

1% = [(Abs of con neg — Abs sample)/Abs of con neg] x 100

1%: Percentage of DPPH inhibition.
Abs Sample: Absorbance of the sample.

Abs of con neg: Absorbance of the negative control.

3.7.4. Statistical Analysis of the Results
For data analysis, STATISTICA 7.1 software [26].

-. was used. The influence of the activities of the different compounds was stud-
ied by comparing means using one-way analysis of variance (ANOVA).

When there is a significant difference between activities, multiple comparisons
are performed using the smallest significant difference (SSD) test. This test allows
us to identify the compound(s) that differ from each other. The significance of the
test is determined by comparing the probability P associated with the Fisher F-
test statistic at the theoretical threshold a= 5% [27].

Thus, when P> 5%, we conclude that there is no significant difference between
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the means, and when P < 5%, there is a significant difference between the means.
The Pvalues are read from a reference table after calculating the chi-square (%)
value. y* = Z((o — e)?*/e), where “0” corresponds to observed or actual data, while

« _»

e” corresponds to expected or theoretical data.

4. Results and Discussion

Results of antibacterial screening of compounds are presented in Table 1. Anti-
bacterial screening of compounds 4-BD, 4-CD, and 4-HD at a concentration of
1500 pg/mL against Staphylococcus aureus (CIP) 4.83 and Staphylococcus aureus
sensitive to penicillin has been found. Antibacterial activity (Table 1) of com-
pound 4-BD is strongly manifested against Staphylococcus aureus (CIP) 4.83 and
S. aureus sensitive, with a zone of inhibition diameter of 10 mm, with an MIC of
48.87 (ug/mL) concerning Staphylococcus aureus (CIP) 4.83.

However, no activity was observed against Escherichia coli (CIP 54127AF), Pseu-
domonas aeruginosa (CIP 103467), and Staphylococcus aureus (ATCC 25923).

Similarly, these 4-HD and 4-CD homologs are also sensitive against Staphylo-
coccus aureus (CIP) 4,83 and S. aureus Sensitive (only for 4-CD), with inhibition
zone diameters between 10 and 18 mm, with MICs of 375 (ug/mL) and 187.5
(ng/mL), respectively, for Staphylococcus aureus (CIP) 4,83. No activity was ob-
served on the other strains. Based on these results, it appears that compound 4-
BD, possessing a central benzene ring, is the most active. Gentamicin and tetracy-
cline showed activity on all strains, with an MIC of 0.78 and 0.0976 ug/mL, re-
spectively, on Staphylococcus aureus (CIP) 4.83.

Comparisons with standard antibiotics such as gentamicin and tetracycline,
having MICs of 0.7800 and 0.0976 pg/mL, respectively, against S. aureus (CIP)

4.83, have put the effectiveness of synthesized compounds into perspective.

Table 1. Average diameters (mm) of inhibition zones and minimum inhibitory concentration (MIC) values of compounds for an-

tibacterial activity.

Strains tested

Measurement of inhibition diameters Value of MICs
(mm) (ng/mL)
P. aeruginosa S. aureus S. aureus E. coli S. aureus S. aureus S. aureus
CIP CIP Sensible CIP ATTC CIP Sensible

Concentrations (pg/mL)

Compounds C1 = 1500; C2 = 250; C3 = 25
C1 c2 cI C C € C C Cl 2

4-CD 0 0 18 10 11 0 0 0 0 0 187.5 >1500
4-HD 0 0 16 10 0 0 0 0 0 0 375 -
4-BD 0 0 10 0 10 0 0 0 0 0 48.87 -

Witnesses C3 C3 c3 i C3 € €3 C C C3
Gen. 23 10 29 23 32 23 12 0 19 10 0.78 12,5
Tetra. 0 0 3 29 27 19 29 17 24 15 0.0976 125

The values are averages of three repetitions; Gen: Gentamicine; Tetra.: tétracycline; S. aureus Sensible: Staphylococcus aureus sen-
sible a la pénicilline, S. aureus.: Staphylococcus aureus; P. aeruginosa: Pseudomonas aeruginosa; E. coli: Escherichia coll.
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Antifungal tests performed show that compounds 4-BD and 4-HD are moder-
ately active on Candida Glabatra strain with an inhibition diameter of 11 mm, for
a MIC greater than 1500 pg/mL. However, all compounds are inactive against C.
albicans CIP. Results are recorded in Table 2. The 4-HD compound has antifungal
activity similar to 4-BD. As for the 4-CD compound, it is insensitive to all fungal

strains.

Table 2. Average diameters (mm) of inhibition zones and minimum inhibitory concentra-
tion (MIC) values of compounds for antifungal activity.

Measurement of inhibition diameters Value of MICs Value of MICs
(mm) (ng/mL) (ug/mL)
C. albi C. albi
Strains tested aCII;ans C. glabatra aCIlpcans C. glabatra

Concentrations (pg/mL)
C1 =1500; C3 =25

Compound
C1 C3
4-CD 0 0 - -
4-HD 0 11 - 1500
4-BD 0 11 >1500
witnesses C3 C3
Ampho. B 0 0 - -
Nyst. 11 0 50 -

Ampho. B. Amphotericin B; Nyst.: Nystatin.

The antioxidant power of the compounds was demonstrated by trapping the
DPPH free radical (Assessment of anti-radical activity by the 2,2-diphenyl-1-pic-
rylhydrazyl method).

Statistical analysis in this study gave results recorded in Table 3. It is noted that
compound 4-BD has significant inhibitory power, which is even beyond that of
the reference (vitamin C).

Compared to 4-CD and 4-HD counterparts, the latter exhibit very weak inhibi-
tion with limited DPPH reduction, indicating a moderate capacity to neutralize
free radicals. Substitution at para, in addition to the presence of a third benzene
ring, could be the best combination for the manifestation of important activities

for this pharmacophore. Solubility or conformation effects may also occur.

Table 3. Percentages of DPPH inhibition by the tested compounds.

Compound Mean inhibition + standard deviation
4-CD 15.521 + 0.183 (*)
4-HD 14.507 + 6.007 (*)
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Continued
4-BD 71.559 + 5.972 ()
Vitamin C 68.896 + 7.540 ()
F 34.2852
P <0.001

Values represent means + standard deviation, n = 3 (number of trials). Compounds with
the same symbol () have activities that are not very different from each other (): Highest
activity (): Average activity (): Low activity (*): Very low activity.

5. Conclusions

This work enabled us to synthesize and characterize N,N-bis(4-nitrophenylme-
thylene)benzene-1,3-diamine, N,N"bis(4-nitrophenylmethylene)cyclohexane-1,2-
diamine, and N,N-bis(4-nitrophenylmethylene)hexane-1,6-diamine compounds.

Structural characterization of the molecules in this study was carried out using
classical spectrometric methods (NMR, IR, and MS).

Regarding the antimicrobial activity of 4-BD, which has three aromatic rings in
its structure, the result shows that this compound has good antibacterial and an-
tifungal activities, but above all, an exceptional antiradical activity higher than that
of vitamin C, chosen as a reference. For this type of molecule, this is the first time,
to our knowledge, that such significant antioxidant properties have been observed.

Compared to 4-BD, compounds 4-CD and 4-HD, which have only two aro-
matic rings in their molecular structures, exhibit moderate biological activity.

The complete delocalization of m electrons along the entire structure of the 4-
DB molecule, therefore, appears to be a key factor in the biological activity of this
series of compounds.

Looking ahead, we plan to synthesize a larger number of Schiff base ligands of
this type and then test different molecules at various concentrations on a large

number of bacterial and fungal strains.
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