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Abstract—A series of ferrocenyl substituted hydrazones (I—VII) derived from ferrocene carboxaldehyde and
substituted hydrazides have been prepared and characterized by FTIR, "H NMR spectroscopy, and crystal-
lographic studies. The single-crystal X-ray analysis for III-0.5H,0-0.5CH;CN (CIF file CCDC no. 1968937)
further authenticates the structural motif of the synthesized compounds. The C(11) of ferrocene carboxalde-
hyde is linked with N(1) of the hydrazide moiety with a bond length of 1.283(5) A, confirming the binding of
the two structural units present in the final product. They were preliminarily screened for their antimicrobial
activity and demonstrate good results. The free radical scavenging activity for the compounds (II1, IV) has
been found to be more than 90% when compared with the ascorbic acid. The total antioxidant capacity and
total reducing power assays for VI show significant activity whereas the data for the other compounds are also
encouraging. Quantum chemical calculations at the DFT level predict that compound II is the softest while
VII is the hardest within the series, resultantly II can be used as a synthon for further chemical reactions.
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INTRODUCTION

Hydrazones, being vital species in heterocyclic
chemistry, exhibit vast pharmacological activities [1—
4]. They are considered significant compounds in bio-
active regime covering clinical and biological applica-
tions [5—7] and are also associated in analytical chem-
istry as chelating agents and sensors [8, 9]. The func-
tionality is considered to be linked with antimicrobial
[10], antiplatelet [11—13], and antidiabetic [12] activi-
ties.

Ferrocene, being phenomenal in the field of
medicinal organometallic chemistry [14, 15],
engrossed the attention of researchers based on its
unusual properties such as aromaticity, low toxicity,
stability and redox activity, therefore, the core is an
attractive pharmacophore in drug design [16, 17].
Considering the above mentioned structural aspects
and in continuation to our previous research work
[18—22], we report herein the design and synthesis of
a new series of ferrocenyl substituted hydrazones with
a few exceptions that have already been reported [23,
24]. In these structures, the ferrocene core is con-
nected to heterocyclic and non-heterocyclic moieties
through a hydrazine linkage. The synthesized com-
pounds have also been bio-assayed for their possible

antimicrobial as well as free radical scavenging activity
besides the total antioxidant capacity (TAC) and the
total reducing power (TRP) studies.

EXPERIMENTAL

Materials and methods. The hydrazides and ferro-
cene-carboxaldehyde are available commercially and
were used as received. The organic and inorganic sol-
vents of analytical grade were utilized in synthetic pro-
tocol. The melting point apparatus, model MP-D
Mitamura Riken Kogyo Japan, was used to determine
the melting points of newly synthesized compounds
and are uncorrected. The IR spectrophotometer of
model FTS 3000 MX was used to record IR spectra of
the compounds as KBr discs. Bruker Advanced Digital
300 MHz FT-NMR spectrometer was used to record
'H NMR spectra in deuterated solvents relative to
Me,Si. The METTLER TOLEDO Switzerland,
model 823e was used to record the differential scan-
ning calorimetry (DSC) curves.

Synthesis. The ferrocene containing hydrazones I—
VII were carried out by reacting the stoichiometric
amounts of ferroenecarboxaldehyde and the respec-
tive substituted hydrazide. The hydrazides were dis-
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solved in dried ethanol followed by the addition of the
respective aldehyde. The reaction mixture was
refluxed for 6—7 h with constant stirring. The resultant
solution was rotary evaporated to get the crude prod-
uct which was recrystallized in acetonitrile—acetone
mixture (3 : 1) to obtain the pure product and in some
cases as crystalline substances.

Ferrocenyl-4-methylbenzohydrazone (L'). Quanti-
ties used: 4-methylbenzhydrazide (0.150 g, 1 mmol),
ferrocene carboxaldehyde (0.214 g, 1 mmol). Reddish
brown powder, the yield was 60%; m.p. = 215°C.

FT-IR data (KBr; v, cm™'): 3213 v(NH), 1633

v(C=0), 1558 v(C=N), 1118 v(N—N), 485 v(Cp—
Fe—Cp); '"H NMR data (300 MHz; DMSO; 8, ppm):
2.38 (CH,;), 8.3 (CH=N), 11.49 (NH), 7.32—7.82 (C—
HAromatic)’ 423_446 (C_HFerrocene)~

For C19H18N20Fe (M: 3462)
Anal. caled., % C, 65.92
Found, % C, 65.89

H, 5.24
H, 5.20

N, 8.09
N, 8.07

Ferrocenyl-3-hydroxy-2-naphthoicbenzoyl hydra-
zone (L?). Quantities used: 3-hydroxy-2-naphthoic
acid hydrazide (0.202 g, 1 mmol), ferrocenecarboxal-
dehyde (0.214 g, 1 mmol). Reddish brown powder; the
yield was 65%; dec.= 148°C.

FT-IR data (KBr; v, cm™'): 3463 v(NH), 1635
v(C=0), 1546 v(C=N), 1104 v(N—N), 471 v(Cp—
Fe—Cp). '"H NMR data (300 MHz; DMSO; 8, ppm):
11.78 (OH), 8.48 (CH=N), 11.49 (NH), 7.32—-8.32
(C_HAromatic)s 426_470 (C_HFerrocene)-

For C22H18N202F€ (M: 3982)
Anal. caled., % C, 66.35
Found, % C, 66.33

H, 4.56
H, 4.57

N, 7.03
N, 6.98

Ferrocenylnicotinicacid hydrazone (L?). Quantities
used: nicotinicacid hydrazide (0.685 g, 5 mmol), fer-
rocenecarboxaldehyde (0.750 g, 5 mmol). Red crys-
tals, the yield was 67%; m.p. = 230°C.

FT-IR (KBr; v, cm™): 3229 v(NH), 1688
v(C=0), 1556 v(C=N), 1144 v(N—N), 480 v(Cp—
Fe—Cp). '"H NMR data (300 MHz; DMSO; 8, ppm):
9.06 (CH=N), 11.59 (NH), 7.21-7.93 (C—H ;omatic)>
4.22—4.71 (C—Hperrocene)-

For C|;H sN;OFe (M = 333.17)
Anal. caled., % C, 61.29
Found, % C,61.22

H, 4.54
H, 4.52

N, 12.61
N, 12.60

Ferrocenylisonicotinicacid hydrazone (L*). Quanti-
ties used: isonicotinicacid hydrazide (0.137 g,
1 mmol), ferrocenecarboxaldehyde (0.214 g, 1 mmol).
Chocolate brown powder, the vyield was 60%;
m.p. 236°C.
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FT-IR data (KBr, v, cm™'): 3101 v(NH), 1666
v(C=0), 1549 v(C=N), 1150 v(N—N), 481 v(Cp—
Fe—Cp). '"H NMR data (300 MHz; DMSO; 8, ppm):
8.77 (CH=N), 11.76 (NH), 7.66—8.78 (C—H x.rrai),
4.25—4.68 (C—H perrocens)-

For C;H5N;0Fe (M = 333.17)
Anal. caled., % C, 61.29
Found, % C, 61.27

H, 4.54
H, 4.55

N, 12.61
N, 12.60

Ferrocenyl-4-hydroxybenzohydrazone (L’). Quan-
tities used: 4-hydroxybenzohydrazide (0.152 g,
1 mmol), ferrocenecarboxaldehyde (0.214 g, 1 mmol).
Reddish crystals, the yield was 65%; m.p. = 250°C.

FT-IR data (KBr; v, cm™!): 3233 v(NH), 1632
v(C=0), 1549 V(C=N), 1172 v(N—N), 477 v(Cp—
Fe—Cp). 'H NMR data (300 MHz; DMSO; d, ppm):
11.53 (OH), 8.26 (CH=N), 10.09 (NH), 6.84—7.80
(C_HAromatic)a 4.22—4.63 (C_HFerrocene)-

For CgH {N,0O,Fe (M = 348.18)
Anal. caled., % C, 62.09
Found, % C, 62.05

H, 4.63
H, 4.60

N, 8.05
N, 8.02

Ferrocenyl thiophenebenzohydrazone (LS). Quanti-
ties used: thiophene-2-carboxylic acid hydrazide
(0.142 g, 1 mmol), ferrocenecarboxaldehyde (0.214 g,
1 mmol). Reddish orange powder, the yield was 63%;
dec. = 350°C.

FT-IR data (KBr; v, cm™"): 3080 v(NH), 1631
v(C=0), 1557 v(C=N), 1105 V(N—N), 482 V(Cp—
Fe—Cp). '"H NMR data (300 MHz; DMSO; 8, ppm):
8.27 (CH=N), 11.59 (NH), 7.21=7.93 (C—H xromat)s
4.22—4.71 (C—Hgerrocene) -

For C4H 4N,OSFe (M = 338.21)
Anal. caled., % C, 56.82 H, 4.17
Found, % C, 56.78 H, 4.16

N, 8.28
N, 8.25

Ferrocenyl-4-methylbenzenesulfonohydrazone (L7).
Quantities used: 4-methylbenzenesulfonic acid hydra-
zide (0.186 g, 1 mmol), ferrocenecarboxaldehyde
(0.214 g, 1 mmol). Black product, the yield was 60%;
dec. = 184°C.

FT-IR data (KBr; v, cm™'): 3175 v(NH), 1645
v(C=0), 1609 v(C=N), 1163 v(N—N), 493 v(Cp—
Fe—Cp). '"H NMR data (300 MHz; DMSO; 8, ppm):
221 (CHj), 10.78 (NH), 7.06—7.67 (C—H i),
4.23—4.42 (C—Hgerrocene) -

For C gH sN,0,SFe (M = 382.26)

Anal. caled., % C, 56.56 H, 4.75 N, 7.33
Found, % C, 56.53 H, 4.73 N, 7.32
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SYNTHESIS AND STRUCTURAL CHARACTERIZATION

X-ray crystallography. On a glass fiber, a red crystal
was installed. The data was then compiled using a
Bruker kappa APEXII CCD diffractometer [25]. The
diffractometer was fitted with graphite monochro-
mated MoK, radiation (A = 0.71073 A). MULABS
option in PLATON executes empirical absorption
correction [26]. Lorentz and polarization effects were
also taken into account when analyzing the data. All
nonhydrogen atoms were anisotropically refined with
SHELXL97, structural refinements were carried out
with full matrix least squares on £? [27]. Table S1 sum-
marizes the crystal data and collection information (as
supporting information). Mercury software was used
for molecular graphics [28].

Supplementary material for structure 111-0.5H,0-
0.5CH;CN has been deposited with the Cambridge
Crystallographic Data Centre (CCDC no. 1968937,
www.ccdc.cam.ac.uk/data_request/cif or by emailing
data_ request@ccdc.cam.ac.uk).

Biological studies. Antibacterial activity. The bacte-
ricidal activity for the synthesized compounds were
assessed by using disc diffusion method [29]. The bac-
terial culture of various strains were used to make agar
plates, which are Staphylococcus aureus (ATCC-6538),
Bacillus  subtilis (ATCC-6633), Escherichia coli
(ATCC-25922), Klebsiella pneumoniae (ATCC-1705),
Pseudomonas aeruginosa (ATCC-15442). Each of the
compound (5 uL from 20 mg/mL DMSO), standard
(cefixime 5 UL from 4 mg/mL DMSO) and negative
control (DMSO, 5 uL) was loaded on the agar plates.
The samples were incubated for 24 h at 37°C and then
average zone of inhibition was measured.

Antifungal activity. Antifungal potential of the syn-
thesized compounds was investigated using agar disc
diffusion method [24]. The fungal culture of various
strains was used to make agar plates, which are Fusar-
ium solani (FCBP-0291), Aspergillus fumigatus
(FCBP-66), Mucor species (FCBP-0300) and Asper-
gillus flavus (FCBP-0064). The strains were then sus-
pended in 0.02% Tween 20 solution. The 100 uL of
each fungal strain was swabbed onto dextrose agar
plates. Impregnation of sterile filter paper discs were
done with 5 UL of the synthesized compound
(20 mg/mL DMSO), DMSO (negative control) and
clotrimazole (standard, 4 mg/mL DMSO). The zone
of inhibition was documented after an incubation of
24—48 h at 28°C.

Free radical scavenging assay (FRSA). The synthe-
sized compounds were also screened for FRSA using
the standard procedure [30]. An aliquot of 20 uLL from
each of the compounds (2 mg/mL DMSO) was added
to 180 uL of DPPH solution (9.20 mg/100 mL meth-
anol) and mixed thoroughly. Afterward incubation
was done at 37°C for 30 min, and finally the absor-
bance was measured at 515 nm and the results were
computed as percentage.
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Total antioxidant capacity. The TAC of the com-
pounds was evaluated using phosphomolybdenum
based assay [30]. A volume of 900 uL of the reagent
(0.6 M sulphuric acid, 28 mM sodium phosphate and
4 mM ammonium molybdate) was mixed with 100 uL
of the compound (2 mg/mL DMSO), whereas DMSO
was used as a blank. This reaction mixture was incu-
bated at 95°C for 90 min and finally absorbance was
measured at 695 nm.

Total reducing power. The TRP values of the syn-
thesized compounds were estimated by using potas-
sium ferricyanide colorimetric assay with slight modi-
fications [30]. An aliquot of 200 uL of each compound
(2 mg/mL DMSO) was added into potassium ferricy-
anide (1% w/v in H,0) and 400 uL phosphate buffer
(0.2 mol/L, pH 6.6) solutions, then it was incubated
for 20 min at 50°C. After pouring 400 uL of trichloro-
acetic acid (10% w/v in H,0O) into each of the test
extract and the mixture was, then, centrifuged for
10 min at room temperature. The 500 uL of superna-
tant was separated and mixed with 500 uL distilled
water and 100 uL of FeCl; (0.1% w/v in H,0). The
absorbance was measured at 700 nm and the PRP
value was expressed as ug AAE/mg of the compound.

The quantum chemical calculations. The time-depen-
dent density functional theory (TD-DFT) employed
Gaussian 16 program package with revision B.01 for all
quantum chemical (QC) calculations [29]. The standard
density functional theory (DFT) was used for geometry
optimizations. The DFT methods have relatively lower
cost than ab-initio methods and the results are compara-
bly accurate, therefore, they are chosen for investigating
the electronic structure of compounds. Furthermore,
calculations of the harmonic vibrational analytical fre-
quencies confirmed that these structures are real mini-
mum and displayed no imaginary frequencies (N, = 0).
All geometry optimizations were carried out in the gas
phase. The TD-DFT was also used to study the proper-
ties of frontier molecular orbitals. In all the QC calcula-
tions, the B3LYP hybrid functional, Becki three-param-
eter exchange [30, 31] and Lee, Yang, and Parr correla-
tion functional [30] were employed. The LANL2DZ
basis set [32—34] was used for Fe atom while 6-
311+G(d,p) basis set [35—37] was used for all other ele-
ments, C, H, O, N, and S. Geometry of all the molecules
was fully optimized in the electronic ground state in the
gas phase by using these split basis set 6-311+
G(d,p)/LANL2DZ. Similarly, mixed basis set was also
used for.

These computational approaches give insights into
the detailed electronic structural information of mole-
cules and optimize the energies, ionization energies (IE),
electron affinities (EA), HOMO-LUMO energy
gaps/band gap (AFE), hardness (1), softness (o), and
electronegativity ()). Following equations were
employed to calculate the above-mentioned properties.
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RESULTS AND DISCUSSION

Seven compounds I—-VII were synthesized by con-
densation reaction between ferrocene carboxaldehyde
and the respective hydrazides in mole ratio 1 : 1 as
enunciated in Scheme 1. They are stable in moist air
and are characterized by spectroscopic and single
crystal XRD data in addition to DSC data and ele-
mental analyses.

HC

Vs <>
H/N —N Fe
R—C Keto

(VD

Scheme 1.

The FTIR data revealed the presence of all the
functionality in the target compounds I-VII. The
most prominent stretching vibrational band for C=N
was observed in range 1609—1546 cm~!. Another
investigative absorption band, which defines the bind-
ing mode with the ferrocenyl moiety, is carbonyl
stretch (C=O0) that appeared in range 1631—1688 cm™!.
The absorption band for ferrocene moiety was
observed around 480 cm™! as reported earlier [15]. All
the IR absorption bands give validity to the structural
motifs of the target compounds. The FTIR spectra of
the synthesized compounds are given as supplemen-
tary information (Figs. S1-S7).

The structures of all the synthesized ferrocenyl
substituted hydrazones (I—-VII) have been further elu-
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cidated by using '"H NMR data which clearly described
the existence of all the magnetically non-equivalent
full stop after protons. The chemical shift values for
various groups assist in determining the structural
motifs that are present in the target compounds. The
chemical shifts appeared in ranges 11.53—11.78,
10.78—11.90 and 8.26—9.06 ppm for OH, NH and CH
functionality, respectively. The aromatic protons reso-
nate in their usual region and the ferrocenyl protons
resolved around 4.22—4.71 ppm in all the compounds
as earlier reports manifested [14, 15]. All the chemical
shift values validate the proposed chemical structure
of the target compounds. The '"H NMR spectra for the
synthesized compounds are provided as supplemen-
tary information (Figs. S8—S14).

No. 12 2021
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Fig. 1. ORTEP diagram for III-0.5H,0-0.5CH;CN (a) for single moiety drawn at 50% thermal ellipsoid level with atomic num-

bering scheme; (b) where H-atoms are removed for clarity.

The ORTEP diagram for III-0.5H,0-0.5CH;CN is
delineated in Fig. 1a, whereas its structural refinement
parameters and crystallographic data are presented in
Table 1. The bond lengths and bond angles have been
given in Tables 2 and 3, respectively. The compound
crystallizes in monoclinic system with space group
P2,/c. The crystalline structure revealed that its single
crystal comprises of two molecules and are solvated
with acetonitrile and water molecules as depicted in
Fig. 1a whereas Fig. 1b represents only one moiety of
the twinned structure. Therefore, molecular formula
for the compound may be designated as Fc—CH=N—
NH-C(0O)—Py-3-0.5H,0-0.5CH;CN  (III-0.5H,0-
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0.5CH;CN). The packing diagram demonstrated the
presence of four formula units per unit cell.

The compound III is a new one but shows some
similarity to the structure that has already been
reported by Tirkey et al. [38], but here Fc—CH=N-—
NH-moiety is present instead of Fc—C(CH;)=N—
NH- in the already reported structure whereas N of
the pyridine functionality is at meta position in the
presented structure instead of the reported para posi-
tion. The compound reported here crystalizes out with
acetonitrile and water molecules whereas the crystal
structure reported by Tirkey, demonstrated only
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Table 1. Crystallographic data and structure refinement for III-0.5H,0-0.5CH;CN

Parameter Value
Empirical formula 2(C;7HsN;OFe)-CH;CN-H,O
Formula weight 725.41
Temperature, K 296(2)
Crystal system Monoclinic
Space group P2,/c
a, A 16.659(2)
b, A 10.2546(10)
¢, A 21.063(2)
o, deg 90
B, deg 110.382(3)
Y, deg 90
Volume, A3 3373.0(7)
Z 4
Pcaled> g/cm3 1.428
w, mm~! 0.907
F(000) 1504.0
Crystal size, mm 0.40 x 0.24 x 0.20
Radiation (A, A) MoK, (0.71073)
20 Range for data collection, deg 4.752—-52
Index ranges —20<h<20,—-12<5k<12,-25<51<525
Reflections collected 12729
Independent reflections 6622 (R;pye = 0.0812, Rgjopm, = 0.1457)
Data/restraints/parameters 6622/7/439
Goodness-of-fit on F? 0.967

Final R indexes (/ = 206(/))
Final R indexes (all data)

R, =0.0636, wR, = 0.1132
R, =0.1263, wR, = 0.1309

Largest diff. peak/hole, e A= 0.39/—0.45
Table 2. Selected bond lengths (A) for complex III-5H,0-0.5CH;CN
Bond d,A Bond d,A Bond d,A
Fe(1)—C(1) 2.053(5) Fe(1)—C(7) 2.045(5) N(1)—C(11) 1.285(5)
Fe(1)—C(2) 2.041(4) Fe(1)—C(8) 2.027(5) N(2)—C(12) 1.356(5)
Fe(1)—C(3) 2.041(5) Fe(1)—C(9) 2.027(4) N(3)—C(16) 1.344(5)
Fe(1)—C(4) 2.047(5) Fe(1)—C(10) 2.040(4) N(3)—C(17) 1.324(5)
Fe(1)—C(5) 2.037(5) O(1)—C(12) 1.229(4) C(1)-C(2) 1.413(6)
Fe(1)—C(6) 2.050(5) N(1)—-N(2) 1.376(5) C(1)—C(5) 1.412(7)
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 47 No. 12 2021
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Table 3. Selected angles (deg) for complex III'5H,0:0.5CH;CN

Angle o, deg Angle o, deg Angle o, deg
C(2)Fe(1)C(1) 40.37(18) CI(HN(1)N(?2) 115.9(4) C(9)C(10)Fe(1) 68.8(2)
C(3)Fe(1)C(1) 67.8(2) CI(1)N(1)N(2) 119.4(3) C(9)C(10)C(6) 108.2(4)
C(3)Fe(1)C(2) 40.22(19) CI(7)N(3)CI(6) 118.2(4) C(11)C(10)Fe(1) 124.9(3)
C@)Fe(1)C(1) 68.1(2) C(2)C(1)Fe 69.4(3) C(11)C(10)C(6) 126.3(4)
C(4)Fe(1)C(2) 67.5(2) C(5)C(1)Fe 69.2(3) C(11)C(10)C(9) 125.5(4)
C(4)Fe(1)C(3) 39.76(19) C(OC(HC?2) 106.3(5) C(10)C(11)N(1) 121.2(4)

hydrated molecule. The C(11) of ferrocene carboxal-
dehyde is linked with N(1) of the hydrazide moiety
with the bond length of 1.283(5) A, which confirmed
the binding of two structural moieties (ferrocene and
hydrazide) in the final product. The bond distance
between N(1) and N(2) is 1.376(4) A which is shorter
than the usual single bond indicating some double
bond character, whereas the bond distance between
C(11) and N(1) is 1.282(6) A. Which is in agreement
with the previously reported ferrocenyl Schiff bases
[23, 25—27], such as [(n’-CsHs)Fe{(n*>-CsH,)C(H)=
NN(H)C(O)CH,OH}] (1.284(3) A), [(n*-CsHs)-
Fe{(n>-CsH,)C(H)=NN(H)C(0)C¢Hs}] (1.277(4) A),
and  [(n’-CsHs)Fe{(n’-CsH,)C(H)=NN(H)C(0)-
CcH N} (1.291(4) A). The bond angle for
N(1)C(11)C(10) is 121.2°(4), another important geo-
metric parameter, describing the linkage of the two
moieties (C(10) of the ferrocene linked with N(1) of
the hydrazide).

A strong intermolecular hydrogen bonding has
been found for II1-0.5H,0-0.5CH;CN. The hydrogen
atom of the moiety, N(2)—H(2A) of the first mole-
cule, interact through H-bonding to the two different
electronegative atoms of second molecule, that is, car-
bonyl oxygen O(2) and the N(4) atom with bond dis-
tances of 2.34 and 2.56 A, respectively. These dis-
tances clearly indicate that the bond between H(2) and
O(2) is stronger than the bond between H(2) and
N(4). The bond angle of N(2)H(24)O(2) and
N(Q)H(2A4)N(4) is 127.0° and 156.3°, respectively. The
hydrogen atom of the water molecule, [O3(2)—H(3A)]
formed H-bonds with carbonyl oxygen O(1) and N(1)
atoms of the first molecule III with bond distances of
2.13 and 2.65 A, respectively. The bond angle of
03(2)H(34)0O(1) and O3(2)H(3A)N(1) is 154.4° and
135.7°, respectively. The nonclassical type of intramo-
lecular H-bonding (NH--Fe) has also been reported
in [39]. The H-bonding for III-0.5H,0:0.5CH;CN is
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delineated in Fig. 2 and the relevant data are the fol-
lowing:

D—H, H-A, D-A, Angle
D-H..A A A A DHA, deg

N(2)—H(24)...0(2) 0.86 2.34 2.936(4)  127.0

N(Q2)—H(24)..N(4) 0.86 2.56 3.362(4)  156.3

The thermal analytical techniques are useful to
study the physical state as well as thermal stability of
the target compounds. The DSC data have been col-
lected for the selective compounds I, III to assess their
thermal behavior. The DSC thermogram for I is given
as supplementary information (Fig. S15). A sharp
endothermic peak at 228°C (with onset at 226 and end
set at 237°C) has been found for III while for I exhib-
ited the sharp endothermic peak at 211°C (with onset
at 205 and end set at 216°C) which may be ascribed to
melting temperature of the respective compounds.
The sharpness of the peaks indicates purity of the
compounds. Moreover, they exhibit only one melting
peak which demonstrates the absence of polymor-
phism. The compounds I, III exhibit broad exother-
mic peaks that described their decomposition pattern.

All the synthesized ferrocenyl hydrazones (I-VII)
were evaluated for their possible bactericidal activity.
For that, the samples were dissolved in DMSO and
screened against two gram-positive (B. subtilis
(ATCC-6633), S. aureus (ATCC-6538), and three
gram negative-bacterial strains (P. aeruginosa (ATCC-
15442), K. pneumonia (ATCC-1705) and E. coli
(ATCC-25922). Most of the ferrocene substituted
hydrazones exhibit considerable activity against gram
positive strains, whereas compounds (I-III, V and
VII) revealed good to moderate activity against
S. aureus and E. coli. The minimum inhibitory con-
centration for all the synthesized ferrocenyl hydra-
zones is 100 ug/mL. Substituents on the hydrazide
moiety affect the bactericidal efficacy of the deriva-
tives having ferrocene core [40]. The presence of het-
eroatom in the compounds further increase their lipo-
philic character and help to enhancing the electro-
static affinity of the compounds by entering the
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Fig. 2. Hydrogen bonding diagram for III-0.5H,0-0.5CH;CN.
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Fig. 3. Antibacterial activity for I-VII.

bacteria through lipo-polysaccharide sheath of cell
wall. The synthesized compounds were also evaluated
with respect to their fungicidal potential against Mucor
(FCBP-0300), F solani (FCBP-434), A. fumigatus
(FCBP-66) and A. flavus (FCBP-0064). The data
demonstrate that compounds (I, V and VI) exhibit
very good antifungal potential against Mucor, A. fumi-
gatus and F solani, respectively. The target products
are known to have less toxicity as compare to parent
hydrazides, that might be attributed to the blocking of
free entry of amino groups into the living species [41].
The antibacterial and antifungal activity data for the
compounds have been provided in Tables S1 and S2,
respectively, as supplementary information whereas
the graphical presentations for antibacterial and anti-
fungal activity have been delineated in Figs. 3 and 4,
respectively.
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The graphical representation for free radical scav-
enging activity for the target compounds I-VII is
given in Fig. 5 and the data have been provided in
Table S3 as supplementary information. The hydra-
zones showed supportive results vis-a-vis percentage
free radical scavenging activity. The ferrocenyl nico-
tinic acid hydrazone (III) and ferrocenyl iso-nicotinic
acid hydrazone (IV) revealed significant scavenging
ability and have more than 90% activity which is com-
parable to the positive control (ascorbic acid). It may
be argued that pyridyl containing ferrocenyl hydra-
zones exhibit high percent scavenging activity as they
contain nitrogen in the ring, being electron donor in
nature, it may stabilize the DPPH free radicals more
effectively.
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Fig. 5. % Free radical scavenging for I-VII.

The compounds I-VII were also explored with
respect to their antioxidant capacity and reducing
power, the data are quite significant (Table S4) and the
graphical representation is given in Fig. 6. The struc-
tures possess conjugated aromatic system as well as the
ferrocene moiety, the main contributors for the
enhancement of their antioxidant capacity and reduc-
ing power as they dispense single electron on the
whole molecule. The data manifest that the com-
pounds may serve as potent antioxidants for future
drug designing processes in the treatment of reactive
oxygen species-induced diseases [42].

The quantum calculation data have been summa-
rized in Table 4. The molecular properties like reactiv-
ity and stability of the compounds depend on their
electronic structure and for that studies on HOMO
and LUMO are conducted. Mostly oxidation
(removal of an electron from HOMO) and reduction
(addition of an electron to LUMO) depend on the
energies of these two orbitals, therefore, it is important
to predict such properties of the compounds. Here dif-
ferent electronic parameters were evaluated to investi-
gate the reactivity and stability of ferrocenyl hydra-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

zones I-VII. The results are also compared with the
unsubstituted ferrocene molecule. Regarding frontier
molecular orbitals, HOMO is located on the ferroce-
nyl part of the molecule and LUMO on the other ter-
minal, the hydrazide side which has aromatic substit-
uents. All the compounds follow the same trends in
displaying their Frontier molecular orbitals (Fig. 7)

200 -

B TAC ETRP

150

100

50

Total antioxident

capacity/total reducing
power, ug AAE/mg

I IT 1IIr 1v.v VI VII

Fig. 6. Total antioxidant capacity and total reducing power
for I-VII.
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Table 4. The quantum chemical calculations data for I-VII, obtained at B3SLYP/LANL2DZ-6-311+G(d,P) level
AE, I (=Eyomo)s | A (—ELumo)s
H M, D
Compound oV oV ey X c , Debye

1 3.99 5.61 1.61 3.61 1.99 0.50 2.40
I 3.54 5.52 1.99 3.76 1.77 0.57 4.08
111 3.78 6.73 1.96 3.84 1.89 0.53 1.29
v 3.65 5.78 2.13 3.96 1.82 0.55 2.51
A\ 4.06 5.61 1.55 3.58 2.03 0.49 3.12
VI 3.75 5.65 1.90 3.78 1.87 0.53 2.34
VII 4.12 5.95 1.83 3.89 2.06 0.49 7.83
Ferrocene 5.18 5.59 0.41 2.99 2.59 0.39 0.00

and showed complete delocalization across the entire
molecule. The results of Mulliken charge distribution
showed the sites of positive and negative charges and
give an illustration of where the negative and positive
sides are in the molecule and how electrons can flow
from negative to the positive site. Unsubstituted ferro-
cene molecule has very high band gap of 5.18 eV in
comparison to its hydrazone derivatives, having the
values of about 3.54—4.12 eV. Different substituents,
on the terminal side of the hydrazide, have significant
impact on the electronic structure of these hydra-
zones. For example, the lowest band gap has been
observed for II which has 1-naphthol as a substituent
whereas highest band gap was observed for VII. The
band gap energies decrease in the following order: fer-
rocene > VII>V>I>1I1 > VI > 1V > 11

(b)

Ferrocene displayed lowest values vis-a-vis electro-
negativity, electron affinity, and ionization energy
within the reported series of compounds, whereas sub-
stitution on the hydrazide part of these hydrazones’
derivatives may reduce/enhance these properties sig-
nificantly owing to influence of conjugation and aro-
maticity within the framework. Moreover, compound
III showed highest ionization energy whereas highest
electron affinity and electronegativity values have
been observed for IV. The values of hardness (1)
appeared in range 1.77—2.59 and the compound VII
exhibits the hardest character within the series.
Regarding softness (0) characteristics, the values are
in range 0.39—0.57, describing that II is the softest and
VII is the least soft compound among the synthesized
products. In other words, VII has been observed to be

Fig. 7. Mullikan charge density (a) and molecular orbitals (iso-surface: 0.02) with band gap (AE) of ferrocene (left) and com-
pound (II) (right) (b). Red color indicates sites of negative charge and green color indicates sites of positive charge in Mullikan

charge density plots.
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the hardest, while II displayed high softness within the
series and vice versa. The outcome of the study is that
the compound 1II is a favorable entity for further syn-
thetic reactions, possibly due to the presence of —OH
substituent on the naphthalene moiety. It has been
argued that hard compounds are more resistant
towards chemical reactions in comparison to the softer
ones because of increased deformation of electronic
cloud. The values of dipole moments have also been
determined for the compounds and are found in range
0.0—7.83 D. The data show that III is the least polar
compound whereas VII is the highly polar species
within the series.

Thus, results of DFT studies provide mechanistic
interpretation of various experimental properties of
the compounds which may help in designing new
chemical reactions. It is anticipated that similar strat-
egies may be applied before designing further chemical
reactions in future research endeavors.

CONCLUSIONS

Seven Schiff base hydrazones I—VII containing
ferrocenyl core have been synthesized and character-
ized by spectroscopy and single crystal X-ray analysis.
The structures of some new compounds have also
been compared with the already synthesized ones and
found good structural correlation among them. Some-
times these types of studies have to be done to further
explore their biological and non-biological properties.
They were preliminary screened for their antimicro-
bial activity and found good results. The compounds
IIT and IV exhibit excellent free radical scavenging
activity when compared to ascorbic acid, using as a
standard. The total antioxidant capacity and total
reducing power assay data for some of the compounds
provide a fundamental outline for drug discovery pro-
cess and need to be further explored in this regard. The
results of QC calculations such as DFT indicated that
the electronic properties of ferrocene can be modi-
fied/tuned by making its hydrazone derivatives. It has
been observed that II has the lowest HOMO-LUMO
gap, lowest ionization energy, softer and least hard
within the reported compounds. Thus, compound II
can serve as an important synthon for designing futur-
istic chemical reactions.
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