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Abstract 
The +4 oxidation state of manganese has sparsely been 

documented so far. Few studies have reported deriving 

the high valent state of metals from dihydrazones. In 

this study, the synthesis and structure elucidation 

coupled with the study of electron transfer and 

biological properties of the polyfunctional ligand, 

bis(2-hydroxy-1-naphthaldehyde)fumaryldihydrazone 

(napfhH4) and its manganese(IV) complexes 

([MnIV(napfh)](A)2].2H2O and [MnIV(napfh)(NN)], 

where A= H2O, (1); pyridine, (py, 2); 2-picoline, (2-

pic, 3); 3-picoline, (3-pic, 4); 4-picoline, (4-pic, 5) and 

NN = 2, 2’-bipyridine, (bpy, 6) and 1, 10-

phenanthroline, (phen, 7)) were undertaken. IR 

spectral studies revealed that napfhH4 coordinates to 

manganese center in a tetradentate manner arranged 

in anti-cis configurations in these complexes and in 

keto-enol form in the complexes (1), (2), (6) and (7) 

while in complexes (3)-(5), it exists in keto form.  

 

The magnetic moment, electronic and electron 

paramagnetic resonance spectral studies 

corresponded to Mn(IV) center within six-coordinate 

octahedral geometry around the manganese center. 

Molar conductances in DMSO indicated their non-

electrolytic nature. The redox activity of the ligand and 

one electron transfer of Mn(IV)/Mn(III) in complexes 

were evaluated. Further, the increased antimicrobial 

efficacies against different pathogenic gram-positive 

and gram-negative bacteria suggest these complexes as 

good candidates for other biological studies such as 

antitumour activity. 
 
Keywords: Manganese(IV), Bis(2-hydroxy-1-

naphthaldehyde)fumaryldihydrazone, Pyridine bases, 

Redox-activity, Antimicrobial activity. 

 

Introduction 
In nature, the high-valent manganese gives impetus to 

several biological processes13. It serves to supply electrons 

for O2 evolution from water oxidation during green plant 

photosynthesis18 and promotes superoxide dismutase6, 

arginase2 and catalase27 activity. Notably, the high-valent 

manganese in O, N donor sites of synthetic complexes is 

well known to be good candidate  as  biomimetic  model  for 

* Author for Correspondence  

biological systems27. Further, Mn (IV) oxides were 

established in many reports to facilitate abiotic humification 

in the environment better than any other metal oxides due to 

their high reduction potentials and mixed-valence 

configurations34. Also, they are known to play a pivotal role 

in many synthetic processes2,11,28,33 and as large molecular 

magnets33. Incidentally, the higher valent manganese 

complexes have sparsely been documented so far27,29. 

 

Many studies have reported that the dihydrazones are 

electron-rich systems8,11,12 and are redox-active chelates11. 

Literature records and many of our studies on transition 

metal complexes of dihydrazones have shown that these 

polychelates have the potential to stabilize the high oxidation 

state of metals2,11,12. In continuation of our work on 

manganese complexes of dihydrazones, we intended to 

synthesize high valent manganese complexes, so it was of 

our pertinent interest to synthesize and study these 

complexes.  

 

The ligand, bis(2-hydroxy-1-naphthaldehyde)fumaryldihyd- 

razone (napfhH4) was selected in this study. The 

condensation of an o-hydroxy aromatic aldehyde with an 

acylhydrazine has formed the dihydrazone, napfhH4 which 

contains two identical moieties of secondary amido (R-CO-

NH-), azomethine (-C=N-) and o-hydroxy (-OH) functional 

groups in its molecular skeleton11,26. Such bulky 

polynucleating chelates have tremendous potential of 

discrete structural variability and accessibility to different 

oxidation states of metals on coordination2,29,30. The 

dihydrazones may yield mononuclear or polynuclear 

complexes that can exist in keto, enol or keto-enol form 

having discrete molecularity15. 

 

Another facet of this study is that the N2O2 donor, core of 

the dihydrazones provide a simple mechanistic model to 

support the closely related biological systems9. Numerous 

studies have attributed their biological and chemical 

properties that pertain to their wide applications in areas like 

inorganic, organic, medicinal and analytical chemistry to the 

presence of -NC=O and –C=NH moieties in their 

structure3,15.  

 

In the present study, the monodentate and bidentate pyridine 

bases were also incorporated as secondary ligands. Pyridine 

and its derivatives are found in alkaloids, enzymes and many 

such biological molecules and so have the promising 

potential of applications in the pharmaceutical industry5. 
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Thus, the work carried out aimed to synthesize, characterize, 

study the redox behaviour and screen the antimicrobial 

activity of the manganese(IV) complexes derived from 

bis(2-hydroxy-1-naphthaldehyde)fumaryldihydrazone.  

 

Material and Methods  
Materials: The chemicals Mn(OAc)2.4H2O, hydrazine 

hydrate (N2H4.H2O), salicylaldehyde, diethyl fumarate 

(C2H5OCOCH=CHCOOC2H5), ethanol and methanol were 

of analytical grade reagents. 

 

Physical measurements: Standard procedure was followed 

to determine manganese32. Metal complexes in DMSO    

( ̴10-3 M) were prepared and their molar conductances were 

measured using direct reading conductivity meter-304 with 

a dip-type conductivity cell at room temperature. Magnetic 

susceptibilities were measured on a Sherwood Scientific 

Magnetic Susceptibility Balance with Hg[Co(SCN)4] as the 

calibrating agent at room temperature. Infrared (IR) spectral 

data were obtained using Spectrum 2 Perkin-Elmer FTIR 

spectrometer from 500-4000 cm-1 in KBr disks. EPR spectral 

data of the complexes as powders and in DMSO were 

measured on the JES-FA200 ESR spectrometer with X-band 

frequency at room temperature (RT) and liquid nitrogen 

temperature (LNT). ESI-MS spectrum was obtained from 

UHPLC-ULTIMATE 3000, Thermo scientific, MS-

Exactive Plus spectrometer.  
 

Electronic spectral data were obtained within the range 250 

to 800 nm in DMSO on a Perkin-Elmer Lambda 35 UV-Vis 

spectrophotometer. Melting point and decomposition 

temperatures were obtained using the Analab melting 

apparatus, µ Thermocal 10. Thermal analysis of the 

complexes was studied as representative cases by using  

Mettler Toledo thermal analyzer system recording TGA and 

DTG curves within the temperature range 25-700 ºC under 

the nitrogen atmosphere at a heating rate of 20 ºC/min. 

Electrochemical studies for complexes in DMSO were 

carried under pure and dry dinitrogen atmosphere using 

CHI660D CH INSTRUMENT electrochemical work station 

with Pt disk as a working electrode, a Pt wire auxiliary 

electrode and Ag/AgCl reference electrode. 

 

Synthesis of napfhH4: The ligand, bis(2-hydroxy-1-

naphthaldehyde)fumaryldihydrazone (napfhH4) was 

prepared in two steps. In the first step, fumaric hydrazide 

was prepared by reacting diethyl fumarate (3.40 g, 19.75 

mmol) and hydrazine hydrate (1.90 g, 39.50 mmol) in 1:2 

molar ratios. In the second step, fumaric dihydrazide thus 

obtained was allowed to react with 2-hydroxy-1-

naphthaldehyde (1.45 g, 8.42 mmol) in 1:2 molar ratios by 

refluxing for 1 hour in methanol. A yellow precipitate was 

obtained that was washed several times with hot methanol 

and dried over anhydrous CaCl2 (D.P 250 ºC). 

 

Synthesis of [MnIV(napfh)(H2O)].2H2O (1): 
Mn(OAc)2.4H2O (0.22g, 1 mmol)  in methanol (15 ml)  was 

added to a methanolic solution of ligand (napfhH4) (0.38 g, 

1 mmol) at 1:1 molar ratio. This reaction mixture was stirred 

at room temperature for 30 minutes and then refluxed for 2 

hrs. This precipitated a reddish-brown compound that was 

filtered hot, washed with hot methanol several times and 

finally dried over anhydrous CaCl2, (Yield: 65%). 

 

Synthesis of [MnIV(napfh)(A)2)].2H2O (2)-(5): The 

compounds [MnIV(napfh)(A)2].2H2O (A= pyridine (py, 2); 

2-picoline (2-pic, 3); 3-picoline (3-pic, 4) and 4-picoline (4-

pic, 5) were prepared by essentially following the above 

procedure except that the pyridine bases were also 

simultaneously added to the solution mixture of 

Mn(OAc)2.4H2O and ligand in the molar ratio 1:1:10 of 

Mn(OAc)2.4H2O: ligand: pyridine bases. The reddish-brown 

and brick red coloured compounds obtained were isolated by 

filtering and washing several times with methanol and dried 

over CaCl2, [Yield (2), (3) = 62%; (4), (5) =63 %]. 

 

Synthesis of [MnIV(napfh)(NN))] (6) and (7): The 

compounds [MnIV(napfh)(NN)] (where NN = 2, 2 bipyridine 

(bpy, 6) and 1, 10-phenanthroline (phen, 7)) were prepared 

by following the above essential procedure except that the 

bipyridine and 1, 10 phenanthroline bases were also added 

to Mn(OAc)2.4H2O and ligand solution mixture in the molar 

ratio of 1:1:2 in methanol. The brick-red coloured 

compounds obtained were isolated by filtering and washing 

with methanol and dried over CaCl2 [Yield (6) = 64%; (7) = 

67 %]. 

 

Antimicrobial susceptibility tests: The in vitro 

antibacterial properties of the uncoordinated ligand and its 

manganese complexes (1)-(5) were screened against the 

gram-positive bacteria-Staphylococcus epidermis (MTCC 

435), Bacillus cereus (MTCC 1305) and gram-negative 

bacteria-Klebsiella pneumonia (MTCC 10309), Escherichia 
coli (MTCC 1669), Enterobacter aerogenes (MTCC 8559) 

and Proteus vulgaris (MTCC 426). The standard agar well 

diffusion method was followed for studying the 

antimicrobial activities25.   

 

In this method the ligand and complexes (1) - (5) that were 

used as test compounds were allowed to diffuse through an 

agar gel previously inoculated with a test bacterial pathogen. 

After incubation of the plates for 24-48h, the bacterial 

colonies showed growth wherever it was possible and also 

produced a haze in the agar. The solvent (dilute DMSO) used 

for test compounds was also tested as the negative control to 

ascertain that the antimicrobial activity was not due to the 

solvent.  

 

Results and Discussion 
The complexes are stable in air and non-hygroscopic. They 

are found to be insoluble in water and common organic 

solvents like acetone, ethanol, methanol etc. However, they 

are completely soluble in solvents like dimethyl sulphoxide 

(DMSO) and dimethylformamide (DMF). Their insolubility 

in most solvents has rendered their inability to crystallize by 
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different methods in several attempts and has only produced 

degraded solid compounds. 

 

The characterization data for complexes with their elemental 

analysis, colour, decomposition point (D.P.), magnetic 

moment and molar conductance are presented in table 1. 

 

Thermal studies: The complexes do not decompose or melt 

up to the observed temperature range of 250 ºC that reveals 

strong metal-ligand bonds with higher ionic character. The 

complexes (1)-(3) were studied as representative samples by 

thermogravimetric analysis. The TGA/DTG curve of 

complex (1) exhibited degradation within the temperature 

range of 26-135 ◦C with a DTG peak at 66 ◦C. The 

corresponding weight loss of 8.2% (calcd. 6.3%) was 

suggested to be due to the weight loss of two lattice water 

molecules. The second stage degradation within the 

temperature range of 135-285 ◦C with DTG peak at 226 ◦C 

and weight loss of 5.16% (calcd. 6.3%) corresponds to the 

liberation of two coordinated water molecules. 

 

Details for the stages of thermal decomposition and the 

percentage loss of masses along with their assigned 

molecules/fragments are summarized in table 2.

 

Table 1 

Colour, decomposition point, molar conductance for monometallic manganese (IV) of  dihydrazone 
 

Complex Colour D.P 

(⁰C) 

Analysis: 

Found 

(calcd.)% 

μB 

(B.M) 

Molar conductance 

(Λm) 

(ohm-1cm2 mol-1) 

Mn 

[MnIV(napfh)(H2O)2].2H2O (1) 

 

Reddish 

brown 

 

>250 

9.10 

(9.55) 

 

3.52 

 

1.5 

[MnIV(napfh)(py)2].2H2O (2) 

 

Reddish 

brown 

 

>250 

6.94 

(7.53) 

 

3.77 

 

1.9 

[MnIV(napfh)(2-pic)2].2H2O (3) 

 

Reddish 

brown 

 

>250 

7.21 

(7.55) 

 

3.82 

 

2.5 

[MnIV(napfh)(3-pic)2].2H2O (4) 

 

Reddish 

brown 

 

>250 

7.68 

(7.55) 

 

4.1 

 

2.8 

[MnIV(napfh)(4-pic)2].2H2O (5) Brick red  

>250 

7.11 

(7.55) 

 

4.21 

 

1.5 

[MnIV(napfh)(bpy)] (6) Brick red  

>250 

7.50 

(8.33) 

 

3.44 

 

2.2 

[MnIV(napfh)(phen)] (7) Brick red  

>250 

8.01 

(8.33) 

 

3.91 

 

2.7 

 

Table 2 

Thermoanalytical results (TG and DTG) of manganese(IV) complexes of napfhH4 
 

Complexes TG range 

(°C) 

DT

G 

(°C) 

Found (calcd. %) Assignment 

 Mass loss Total  

mass loss 

[MnIV(napfh)(H2O)2].2H2O (1) 26-135 

135-285 

285-328 

328-375 

375-428 

499-609 

66 

226 

301 

352 

392 

551 

8.2(6.3) 

5.16(6.3) 

12.42(11.8) 

23.71(23.26) 

31.87(31.60) 

4.59(5.9) 

87.65(85.16) Loss of two lattice H2O molecules 

Loss of two coordinated H2O molecules 

Loss of organic moiety (CHCON2) 

Loss of organic moiety (CHCON2C5H6) 

Loss of organic moiety (C11H9ON2) 

Loss of two OH molecules 

[MnIV(napfh)(py)2].2H2O (2) 35-145 

145-275 

275-329 

329-383 

383-490 

490-610 

61 

225 

321 

355 

397 

566 

3.84(5.15) 

2.93(2.29)  

12.25(11.8) 

25.6(26.39) 

17.37(16.62) 

6.75(7.74) 

68.74(69.99) 

 

 

Loss of two lattice H2O molecule 

Loss of NH2 

Loss of organic moiety (CHCON2) 

Loss of two pyridine molecules & C2H2 

Loss of two organic moieties (CON2H2) 

Loss of C2H2N2 

[MnIV(napfh)(2-pic)2].2H2O (3) 31-118 

118-276 

276-324 

 

324-380 

380-439 

71 

229 

312 

 

353 

394 

4.94(4.96) 

2.4(2.20) 

14.03(13.35) 

 

29.85(29.23) 

8.96(7.45) 

60.18(59.32) Loss of two lattice H2O molecules  

Loss of NH2 

Loss of organic moiety (CHCON2) & 

C2H2 

Loss of two 2-picoline molecules & C2H2 

Loss of C2H2N2 
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These thermal investigations indicated the presence of two 

water molecules in the lattice of complexes (1) - (3) and also 

two coordinated water molecules in the structure of complex 

(1) which are in good agreement with their IR spectral 

studies.  

 

Molar conductance: The complexes have molar 

conductance value within the range 1.5-2.8 ohm-1cm2mol_1 

in DMSO solution (table 1) that indicate their non-

electrolytic nature in this solvent7,11,29. 

 

Magnetic moment: The μB values for Mn(IV) complexes 

reported here lie in the range 3.44-4.21 B.M (table 1) 

suggesting the presence of d3 configuration (S=3/2) in 

octahedral geometry ruling out the possibility of any spin-

spin coupling in the solid-state between unpaired electrons 

belonging to different Mn(IV) centers in the structural unit 

of the complexes2,11,29. 

 

Mass spectrum: The complex (3) was studied by ESI-MS 

spectroscopy as a representative sample. The fragmentation 

peak observed at m/z = 556.4024 in the mass spectrum of the 

complex is attributed to its cleavage and may have resulted 

from the formation of the fragmented species of [Mn(napfh)-

C3H3N)]+. Another intense signal at m/z = 570.4184 is 

probably due to the formation of [Mn(napfh)-C4H5N)]+ 

species. These signals in the mass spectrum of different 

chemical species are indicative of the composition of this 

complex and its monomeric nature. 

 
Electronic spectra: The absorption spectrum of the free 

ligand is characterized by the absorption bands at 287(3264), 

292(1398), 294(3053), 320(4095), 332(5155) 380(6505) and 

472(666) nm (table 3). The band at 380 nm is reported to be 

a characteristic feature of naphthaldimine moiety17,22,29 and 

the band at 472 nm is correlated with the forbidden transition 

in dihydrazone29. The intra-ligand bands between 287-294 

nm are assigned to arise from π-π* and those between 320-

380 nm are attributed to n-π* transitions.  

 

The complexes display similar absorptions to that observed 

in the ligand with no shifts or small shifts in the position of 

bands between the region 287-380 nm; they however 

exhibited hyperchromic effects with a large increase in 

intensities of bands, so they are most likely to occur due to 

transitions involving the ligand orbitals only. Likewise, the 

complexes also exhibit a band at 472 or 475 nm. The high 

molar extinction coefficient of this band at 472 or 475 nm 

with no shift or small redshift by 3 nm in band position in 

the complexes may be attributed to ligand centered band 

with contributions from charge transfer transitions. In 

complexes (3)-(7), an additional band at 448 or 452 nm is 

observed.  

 

In complexes (3)-(7), an additional band at 448 or 452 nm is 

observed. The large intensity of this band may be attributed 

to charge-transfer between the ligand and the metal center. 

The complexes (6) and (7) possess another band at 503 nm 

that is attributed to d-d transitions of the Mn(IV) center with 

contribution from the charge transfer band due to its 

reasonably high molar extinction coefficient value 

unexpected from bands due to d-d transitions only11,16,29.   

 

Octahedral Mn(IV) complexes are usually expected to show 

three spin allowed d-d transitions which are 4A2g→4T2g, 
4A2g→4T1g(F) and 4A2g→4T1g(P)11,30. In correlation with the 

works reported by Kessissoglou at al10 and Okawa at al21, it 

is suggested that the band at 503 nm in the complexes (6) 

and (7) may be attributed to d-d transition, 4A2g→4T2g(F). 

Thus, these electronic spectral features of the complexes 

indicate strong chelation of the dihydrazone to the 

manganese center.

 

Table 3 

Important electronic spectral bands and EPR  data for manganese(IV) complexes 
 

Ligand/ complex    λmax(nm) (Ɛmax M-1 cm-1)   for conc. 10-4 M soln Temp   solid/soln  g-value  AMn(G) 

napfhH4 287(3264), 292(1389), 294(3053), 320(4095), 332(5155), 380(6505),        

              472(666) 

 

1.           287(4758), 292(4479), 294(4200), 321(4407), 333(4949), 369(5280),           

              472(3284) 

RT     DMSO    1.990         91.80   

LNT   DMSO    1.997         95.64 

2.           287(3735), 292(4058), 294(4045), 321(4019), 333(4419), 366(4674),   

              472(3074) 

RT     DMSO    1.993         92.95  

LNT   DMSO    1.928         90.88 

3.           287(3393), 291(3390), 295(3312), 319(4182), 332(3983), 372(4455), 448(1944)sh,  

              472(2073) 

 

4.           287(3683), 292(2810), 294(3792), 319(3928), 332(4656), 375(5384),  448(1675),      

              475(1636) 

 

5.           -      293(5090)  -  319(6131), 333(7509), 374(8263),   448(2750),     472(2671)  

6.           287(3065), 289(2853), 292(2666), 318(3273), 333(4110), 376(4650),  452(935),       

              475(919),  503(650) 

LNT   DMSO     1.984         96.52 

RT      DMSO     1.998        92.61 

7.           287(3760), 291(4079), 294(4025), 320(5466), 333(7015), 376(8263),   452(1191),     

              475(1160), 503(687) 
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EPR spectra: The complexes (1), (2) and (6) were studied 

by EPR spectroscopy at LNT and RT in DMSO as 

representative samples (table 3). At LNT, the complexes in 

DMSO exhibited similar spectral features displaying 

isotropic signal and superhyperfine lines. Likewise, at RT, 

the complexes exhibited similar spectral features in DMSO 

with six hyperfine lines. 

 

The 55Mn hyperfine splitting constant for these complexes at 

LNT and RT falls in the range of 90.88–96.52 G with g value 

in the range of 1.928-1.998. The Mn hyperfine splitting 

constant is characteristic of Mn(IV) complexes for d3 ion 

rather than for Mn(II) complexes11,29. The zero-field splitting 

parameters are used to describe the magnetostructural 

properties for transition metal complexes with S >1/2. These 

Mn(IV) complexes display an isotropic metallic center with 

a strong signal at g= 2 due to spatially nondegenerate 4A2g 

ground term that affirms an octahedral symmetry of Mn(IV) 

mononuclear species with D=023,33. 
 

Infrared spectra: The IR spectra of free dihydrazone, 

complexes (1), (3) and (6) are presented in fig. 1. The ligand 

shows a strong and sharp band at 3337 cm-1 that is attributed 

to νOH while another strong and sharp signal at 3256 cm-1 is 

assigned to νΝH11,29
 (table 4).  The dihydrazone exhibits a 

strong band of ν(C=O) at 1657 cm-1. The appearance of νNH 

and ν(C=O) concurrent bands indicates that the ligand exists 

in keto form11,29. 
 

The strong couple of bands at 1624 (s) and 1598 (s) is 

attributed to ν(C=N)24,31 that indicates the presence of the 

free ligand in anti-cis configuration11,29.  In such a situation, 

one hydrazone arm of the dihydrazone is present axially and 

relatively absorbs at a lower frequency compared to the other 

(equatorial). The bands at 1538 (s); 1283 (m) and 1018(s) in 

free ligands are attributed to ν(Amide-II), ν(C-O) 

(naphtholic); β(C-O)(naphtholic) and ν(N-N) 

respectively11,29,24,31. 

 

Notably, the peak to peak comparisons of the spectrum of 

the ligand with those of complexes showed that the 

complexes (1), (2), (6) and (7)) exhibit almost no shift of the 

bands with their intensities reduced to almost half. It is noted 

that the shape of spectral bands of complexes (1) and (2) is 

very similar to the ligand. Meanwhile, the infrared spectral 

shape of complexes (6) and (7) are similar to the ligand and 

also to one another but are significantly subdued. The 

appearance of un-shifted ν(OH+NH), ν(C=O), ν(N-N) and 

ν(Amide-II) + ν(C-O) (naphtholic) bands in complexes (1), 

(2), (6) and (7) with reduced intensities may indicate that 

half of the ligand molecule retained the keto form or in other 

words, the existence of keto-enol form.  
 

 
 

Table 4 

Structurally significant IR spectral bands of ligand  and its monometallic manganese(IV) complexes 
 

 

Ligand/ 

Complex 

ν(OH)+ν(NH) ν(C=O) ν(C=N) Amide(II)+ 

ν(CO)naphtholic 

β(C-O) 

(naphtholic) 

ν(N-N) ν(M-O) 

naphtholic 

ν(M-N) 

py/bpy/phen 

vibration in 

plane 

napfhH4 3337(s) 

3256(s) 

1657(s) 

 

1624(s) 

1598(s) 

1538(s) 1283(m) 1018(s) - - 

1 3000-3600(sbr) 

3435(sbr) 

3338(s) 

3256(s) 

1657(s) 1617(s) 

1598(s) 

1537(s) 1283(w) 

1300(m) 

1018(s) 512(w) 

582(w) 

- 

2 3000-3600(sbr) 

3432(sbr) 

3338(m) 

3256(m) 

1657(s) 1617(s) 

1598(s) 

1537(s) 1283(w) 

1300(w) 

1018(s) 513(w) 

582(w) 

696(m) 

3 3000-3600(sbr) 

3443(sbr) 

1655(s) 1624(s) 

1597(s) 

1537(s) 1283(w) 

1300(w) 

1018(m) 533(w) 

554(w) 

619(w) 

646(w) 

4 3000-3600(sbr) 

3449(sbr) 

1656(s) 1625(s) 

1601(s) 

 

1537(s) 1283(w) 

1300(w) 

1017(m) 532(m) 

554(w) 

616(w) 

650(w) 

5 3000-3600(sbr) 

3443(sbr) 

 

1657(s) 1625(s) 

1601(s) 

1537(s) 1283(m) 

1300(w) 

1017(m) 532(m) 

554(w) 

619(w) 

649(w) 

6 3337(m) 

3256(m) 

1658(s) 1626(s) 

1598(s) 

1537(m) 1283(m) 1017(m) 532(w) 

554(w) 

697(s) 

7 3338(m) 

3257(m) 

1658(s) 1627(s) 

1598(s) 

1538(s) 1283(m) 1018(m) 532(w) 

552(w) 

699(m) 
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Fig. 1: IR spectra of (a) ligand napfhH4 and complexes (b) [MnIV(napfh)(H2O)2].2H2O (2) 

(c) [MnIV(napfh)(2-pic)2].2H2O (3) (d) [MnIV(napfh)(bpy)] (6) 
 

The reduced intensities and un-shifted positions of these 

bands in these complexes also dismiss the possibility of 

involvement of twin donors of -OH, -NH, >C=O and >C=N 

groups and hence their association in coordination to the 

metal center may be partly. The β(C-O) (naphtholic) at 1283 

cm-1 in the ligand undergoes splitting into two weak bands at 

1283 and 1300 cm-1 in complexes (1) and (2) which also have 

reduced intensities that appear to be the effect of bonding of 

one of the naphtholic C-O group to the metal center11,24,29,31 

while it remains as a single un-shifted band in complexes (6) 

and (7). 

 

Likewise, the un-shifted position of one of the couple of 

ν(C=N) bands suggests that one bond is coordinated and the 

other remains free as depicted by the presence of one un-

shifted band position at 1598 cm-1 and the other band is 

shifted in the region between 1617-1627 cm-1 in the 

complexes. The ν(N–N) band appears weak in IR spectra of 

the complexes (1), (2), (6) and (7) and retains almost the 

same positions as in free ligand, indicating bonding of only 

one hydrazinic nitrogen to the metal.  

 

In complexes (3) - (5), the disappearance of νOH and νNH 

bands indicates the absence of –OH and –NH groups and 

suggests their involvement in complexation to the metal 

center. Almost similar band position of ν(C=O) as that of the 

ligand rules out its involvement in coordination to the metal 

center and indicates the existence of keto form of the 

dihydrazone in complexes (3) - (5). The un-drifted or small 

shift in position of ν(C=N) dismisses the possibility of 

coordination of azomethine nitrogen. The splitting of β(C-

O)(naphtholic) band of the dihydrazone affirms the 

coordination through naphtholic –C-O group. Further, the 

appearance of a medium band of ν(N-N) and its un-shifted 

position affirms that only one hydrazinic nitrogen is 

involved in bonding to the metal center. Hence, it may be 

suggested that the dihydrazone coordinates through NNOO 

donors of naphtholic oxygens and secondary nitrogens in 

complexes (3) - (5). Also, the new weak broad band between 

2350-1850 cm-1 in these three complexes may be attributed 

to (C-H) modes of vibration and overtones of aromatic ring 

in the picolines35. 

 

On examining the spectra of complexes (1) - (7) below 600 

cm-1, two new weak bands in the region 512-582 cm-1 are 

observed which is assigned to ν(M-O)(naphtholic) that 

indicates π-electron density flow of aromatic ring to the 

metal center through one of the naphtholic oxygen 

atom11,24,29,31. This is also corroborated by the fact that the 

band at 1538 cm-1 due to ν(amide II) + ν(C-O)(naphtholic) 

is stronger in feature as compared to that in the free ligand.  

 

The appearance of new medium, weak or strong band(s) in 

the complexes (2)-(7) in the region 616-699 cm-1 may be 

attributed to the in-plane ring deformation due to pyridine 

bases signifying their coordination to the manganese 

center11,24,29,31. The strong broad  band centered at 3432 and 

3449 cm-1 in complexes (2)-(5) is assignable to the presence 

of water molecules present in lattice while in the complex 

(1), the broad band centered at 3435 cm-1 is attributed to the 

existence of both lattice and coordinated water molecules11. 

 

The far IR spectrum of napfhH4 and complex (3) were 

studied in the region between 700-50 cm-1 as a representative 

sample. The complex (3) showed weak intensity bands in the 

range below 500 cm-1. A new weak band at 426 cm-1 and a 

couple of weak intensity bands at 311 and 314 cm-1 may be 

assigned to ν(C-O)enolate and ν(M-N)azomethine 

respectively11,24,29,31. The weak intensity band at 263 nm 

may be assigned to ν(M-N)pic
11,24,29,31. 
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Cyclic voltammetry:  The cyclic voltammograms of 2 

mmol solutions of the ligand and complexes (1) and (3) in 

DMSO under nitrogen were carried out as representative 

cases using 0.1 M TBAP as a supporting electrolyte. The 

data have been set out in table 5 at a scan rate of 100 mV/s. 

The voltammograms were recorded within the potential 

range of +1.5 V to -1.5 V. The free ligand exhibited redox 

activity with irreversible cathodic and anodic peaks at 

potentials -0.4604V and +0.8802 V, respectively. The 

complexes (1) and (3) exhibited almost similar 

voltammograms with no shift or small shift of the 

irreversible cathodic peak potentials and a small shift of the 

irreversible anodic peaks towards lower potential. Hence, 

both these cathodic and anodic peaks in complexes (1) and 

(3) are suggested to be ligand-based. The current intensity of 

the ligand-based cathodic peaks at -0.4551 and -0.4604 V 

appears to be increased in complexes (1) and (3), 

respectively. Correspondingly, such features indicate 

changes due to overlap of the metal-associated cathodic peak 

with that of the uncoordinated dihydrazone. Besides these, a 

new additional anodic peak potential at -0.2405 V in the 

complex (1) and -0.3125 V in the case of complex (3) was 

observed. 

 

The electrochemical reversibility of the redox couple at 

-0.35 V (E1/2) (∆E = 214 mV) for the complex (1) and -0.39V 

(E1/2) (∆E = 148 mV) for complex (3) against Ag/AgCl 

electrode indicates the process is quasi-reversible. The 

features of these redox couples in both complexes indicate 

the existence of Mn(IV)/Mn(III) transition-based redox 

activity. The decrease in oxidation potential in going from 

the complex (1) to (3) indicates the ease in removal of 

electron density towards the metal due to the incorporation 

of the N-donor base (methyl pyridine) in the complex (3)11. 

 

Antibacterial study: A clear zone of inhibition is observed 

near agar well in the plates when the samples of ligand and 

complexes limited the growth of the microorganisms that 

indicated their activities25. The results obtained from the 

measurement of the observed zone of inhibition for the 

tested different bacterial species are tabulated in table 6. 

Evaluation of this table showed that the inhibition zone of 6-

8 mm observed for napfhH4 against Staphylococcus 
epidermis (MTCC 435), Enterobacter aerogenes (MTCC 

8559) and Proteus vulgaris (MTCC 426) indicated its 

modest activity while it is found to be highly active against 
Escherichia coli (MTCC 1669) with an inhibition zone of 10 

mm. The metal complexes (1)-(5) that were screened for 

antibacterial activity showed the zone of inhibition values in 

the range 4-25 mm, thus exhibiting higher activity against 

both the gram-positive and gram-negative bacteria than the 

uncoordinated ligand. 

 

It was noted that these complexes exhibited the highest 

potent activity against gram-negative bacteria Enterobacter 

aerogenes (MTCC 8559) with inhibition zones in the range 

of 14-25 mm. Notably, with the incorporation of axial 

monodentate secondary ligands, the complexes (2) - (5) 

showed an increased potency of bioactivity more than the 

complex (1) without a pyridine base. 

 

Examination of table 6 reveals that the activity of Schiff base 

ligand has increased on complexation with the metal which 

is in good agreement with the reports on the enhancement of 

antibacterial activities due to Tweedy’s chelation effect4,19. 

Studies have shown that the presence of amido, 

azomethine3,15 and pyridine5 moieties as structural 

components enhances the bactericidal activity.  

 

It is worthy to mention here that most gram-negative bacteria 

are known to be resistant to antimicrobial agents, hence, 

these microorganisms are difficult to treat14,20. As reported 

by Abdallah et al1, the antibiotics that affect the gram-

negative bacteria may have potency as antitumour drugs 

since researchers working in the field of antitimours consider 

antimicrobial activity against the gram-negative bacteria for 

preliminary tests. Hence, these manganese(IV) complexes 

might be considered good in line for investigation on their 

antitumour activity and therefore would need to be further 

studied. 

 

Conclusion 
The study documents the formation of Mn(IV) complexes 

under a set of experimental conditions where aerial oxidation 

of Mn(II) to Mn(IV) has occurred. The redox-active and 

deprotonated electron-rich ligand napfhH4 was able to 

stabilize the high oxidation state (+4) of manganese.

 

Table 5 

Electrochemical data for the ligand and its manganese(IV) complexes (Pot. vs Ag/AgCl)  

at a scan rate of 100 mV/s 
 

Ligand/Complex Cathodic Peak Potential, 

Epc(V) 

Anodic Peak Potential 

Epa(V) 

napfhH4 -0.4604 

- 

- 

+0.8802 

[MnIV(napfh)(H2O)2].2H2O (1) -0.4551 

- 

-0.2405 

+0.8496 

 [MnIV(napfh)(2-pic)2].2H2O (3) -0.4604 

- 

-0.3125 

+0.8442 
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Table 6 

Antimicrobial studies of ligand and  its monometallic manganese(IV) complexes 
 

Zone of inhibition(mm) 

Schiff base / 

complexes 

Gram-positive  Gram-negative 

Staphylococcus 

epidermis 

Bacillus 

cereus 

 Klebsiella 

pneumonia 

Escherichia 

coli 

Enterobacter 

aerogenes 

Proteus 

vulgaris 

Ligand 08++ -  - 10+++ 06++ 08+++ 

1 12+++ 08++  10+++ - 14+++ 08+++ 

2 10+++ 12++  12+++ - 22+++ 08+++ 

3 - -  06++ - 25+++ 10+++ 

4 - 06++  20++ 04+ 18+++ - 

5 12+++ 20+++  20+++ 20+++ 22+++ 18+++ 

 Highly active = +++ (inhibition zone > 8.2mm); moderately active = ++( inhibition zone > 5.0- 8.2); slightly active = + (inhibition  

 zone > 2.5-5.0 mm); Inactive = - (inhibition zone <2.5mm) 

 

 
Fig. 2:  Schematic drawings of (a) Ligand (napfhH4) (b) Complex [MnIV(napfh)(A)2].2H2O (where A = H2O, (1); py, 

(2)) (c) Complex [MnIV(napfh)(A)2].2H2O (where A = 2-pic, (3); 3-pic, (4); 4-pic(5) and (d) Complex 

[MnIV(napfh)(NN)] (where NN = bpy, (6); 1, 10-phen, (7) 
 

As inferred from the IR spectra, the dihydrazone is present 

in a keto-enol form in complexes (1), (2), (6) and (7) while 

it exists in keto form in complexes (3) - (5). The dihydrazone 

functions as a tetradentate ligand and incorporates NNOO 

donors to coordinate Mn(IV) ion. In complexes (1), (2), (6) 

and (7), the binding is through a naphtholate oxygen and 

azomethine nitrogen of one hydrazone arm and enolate and 

secondary nitrogen of the other hydrazone moiety. 

Meanwhile, in complexes (3)-(5), the coordination is 

through the naphtholate oxygens and secondary nitrogens. 

In complexes (1)-(5), two monodentate secondary ligands 

such as H2O(1)/py(2)/2-pic(3)/3-pic(4) or 4-pic(5) occupy 

the axial positions while in complexes (6) and (7), a single 

bidentate secondary ligand (bpy(6)/phen(7)) occupies the 

equatorial positions. The concurrent bonding through the 

NNOO tetradentate donors of dihydrazone and monodentate 

(O/N donors) or bidentate (N-donors) of secondary ligands 

to the same metal center introduces steric crowding, hence, 

one hydrazone arm remains in the equatorial plane while the 

other hydrazone arm is axial. In such configurations, the 
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axial azomethine absorbs at a lower frequency than the 

equatorial azomethine as predicted from the presence of a 

couple of ν(C=N) bands in IR spectra of all the complexes 

and splitting of the β(C-O) (naphtholic) bands in complexes 

(1)-(5). Such features in IR spectra have also been reported 

in many previous metal complexes of dihydrazones11,29,30. 

Thus, the ligand is suggested to be coordinated to manganese 

in an anti-cis configuration.  

 

The magnetic susceptibility data in all cases support the 

electronic and EPR data suggesting that the Mn(IV) ion is in 

octahedral stereochemistry in the complexes. The 

dihydrazone is electroactive and the redox potentials in the 

complexes (1) and (3) are consistent with the ligand as well 

as metal-centered Mn(IV)/Mn(III) redox activity. 

 

The antibacterial studies on complexes (1) - (5) suggested a 

good antibacterial activity towards both gram-positive and 

gram-negative bacteria. Also, it is noticeable that 

incorporation of the axial monodentate secondary ligands in 

complexes (2) - (5) showed increased bioactivity, more than 

complex (1) without a pyridine base. Here, it is worth 

mentioning that most gram-negative bacteria are seemed as 

difficult to be treated when inferred in terms of their relation 

to barrier function of the envelope1,20.  

 

On the assessment of various analytical and spectral 

investigations, the tentative structures for the complexes 

were proposed that are presented as a schematic diagram in 

fig. 2. 
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