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ABSTRACT. As part of our attempt to discover novel active compounds against multi-drug resistant pathogens, we hereby

report two new complexes of iron(III) with formulae: [Fe(L1)2(H2O)2]Cl3 and [Fe(L1)2(L2)(H2O)]Cl2 where L1 = 1,10-phenan-

throline (C12H8N2) and L2 = guanide (C5H4N5O
-). The synthesized complexes were characterized using spectroscopic analysis

(ESI-MS, ICP-OES, FT-IR, and UV-Vis), cyclic voltammetry, CHN analysis, gravimetric chloride determination, melting point deter-

mination, and conductance measurement. Octahedral geometries are assigned to both complexes. In vitro antibacterial activity was

tested on two Gram-positive (Staphylococcus aureus, Streptococcus epidermidis) and two Gram-negative (Escherichia coli and Klebsi-

ella pneumoniae) bacteria using the disc diffusion method. The complexes demonstrated appreciable activity against these pathogens.

Interestingly, the [Fe(L1)2(L2)(H2O)]Cl2 complex manifested a higher degree of inhibition against the drug-resistant Gram-negative bac-

teria than the commercially available drug, namely erythromycin. 
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INTRODUCTION

Drugs derived from transition metals have been used for

treating many infectious diseases1 including cancer,2

infections,3 and inflammation.4 The dynamic properties of

transition metal compounds such as stability, redox, or

coordination have been of interest, especially for multi-

drug-resistant bacteria,5–8 where natural product-based

drugs become ineffective.9–10 Quick penetrating in the cell

membrane11–12 or strong coordination to the DNA strand

enhances the efficiency of metal-based drugs.13–15

The use of different ligands having different structures

and properties is the primary strategy in tuning the prop-

erties of transition metal ions to obtain the desired appli-

cations.16–18 Among various transition metals, Fe(III) is

stable under physiological conditions and results in a ther-

modynamically stable complex. In particular, its mixed-ligand

complexes have attracted growing attention for their bio-

logical activities. Especially, its complexes with aromatic

heterocyclic ligands showed promising antibacterial activ-

ity.12,19

Nevertheless, any report on the synthesis and biological

application in the form of mixed-ligand complexes con-

taining flat heterocyclic ligands with nucleobases could

not be found. 

A large number of biologically active pharmaceutical

ingredients containing flat heterocyclic ligands are com-

monly used in a wide variety of therapeutic areas. 1,10-

Phenanthroline, among flat heterocyclic ligands, is a superb

chelating bidentate ligand due to its ideally placed nitrogen

atoms in the π-acidic rigid electron-poor heteroaromatic

planar structure (Fig. 1). These properties endowed it with

stacking interaction ability with DNA base pairs. Further-

more, when coordinated to metal ions, its complexes experi-

ence ionic or covalent or both interactions through the metal

center with the organic base residues of the genetic mate-

rials.20–22 Guanine is an oxypurine heteroaromatic organic

base. It is a component of DNA and capable of interacting

with cytosine residue of the genetic material of the pathogen,

which interrupts the normal growth of bacteria (Fig. 1).23

Previously, our group reported ruthenium complexes

with similar ligands for biological applications.24 However,

ruthenium is rare and expensive, whereas iron is compara-

Figure 1. Ligands used in this work.
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tively abundant and cheap.25 In terms of health benefits

also iron is physiologically more relevant than ruthenium.

These properties make us interested in the development of

iron-based drugs along with ruthenium for multi-drug resis-

tant pathogens.

Therefore, in this study, the structural investigation and

biological activities of new iron complexes in a 1:2 Fe(III)

to phen (L1) ratio alone as well as mixed with guanide (L2)

in a 1:2:1 Fe(III) to phen (L1) to guanide (L2) are exam-

ined. The composition would result in a rigid three-dimen-

sional structure and orchestrate the binding ability of iron(III)

with a range of pathogen molecules and hinders their pro-

liferation in the body of the host organism. As a result, the

complexes would be a potential alternative drug for drug-

resistant pathogens.

EXPERIMENTAL

Synthesis

New mononuclear Iron(III) complexes containing 1,10-

phenanthroline alone and mixed with guanide were syn-

thesized under optimized reaction conditions (Scheme 1).

Diaquabis(1,10-phenanthroline)ferrate(III) chloride

[Fe(L1)2(H2O)2]Cl3(1)

35 mL of methanolic solution of 1,10-phenanthroline

monohydrated (0.3605 g, 2 mmol) was very slowly added

from a buret to a 35 mL methanolic solution of FeCl3

(0.1623 g, 1 mmol) magnetically stirred in 100 mL round

bottom flask at room temperature. The reaction progress

was monitored by TLC and the mixture was stirred for 2 h.

Finally, a brown homogeneous solution was obtained. The

solvent was removed at reduced pressure using a rotary

evaporator. A brown powder was collected and washed

and recrystallized from methanol.

mp; 160–162 °C; UV-Vis (Methanol, nm): 221 π→π*

(C=C), 268 n→π*(C=N), 480, 512, 670 (d-d transition

bands); FT-IR (KBr pellet, cm-1): 3395 νO-H, 1543 νC=N;

ESI MS (Methanol, m/z): calculated for [Fe(L1)2-H
+]:415.27

[M-H]+; found: 415.45; Anal. Calc. for FeC24H20N4O2Cl3:

C, 51.60; H, 3.61; N, 10.03; Cl, 19.06; Fe, 9.82. Found: C,

51.55; H, 3.58; N, 9.66; Cl, 19.03; Fe, 9.99. Molar con-

ductivity: 234 (in H2O) and 78 (in nitrobenzene) Scm2mol−1;

Color: Brown; Yield: (0.4778 g, 86%).

Aquaguanidebis(1,10-phenantroline)ferrate(III) chlo-

ride [Fe(L1)2(L2)(H2O)]Cl2 (2)

A solution of guanide (0.150 g, 1 mmol), that was formerly

prepared by reacting a hot aqueous solution of a mmol of

guanine with NaOH (0.041 g, 1 mmol) at 75 °C, was added

from a dropping funnel to an aqueous solution of complex 1

(0.559 g, 1 mmol) in a 100 mL round-bottomed flask being

magnetically stirred. The mixture was stirred for 12 min

and a break red homogeneous solution was obtained. The

solution was refluxed at 65 °C for 30 min. Finally, a pink

precipitate was formed, and the mixture was left to stand

overnight at room temperature. The precipitate was separated

from the solution phase using filter-paper and washed three

times with double distilled water.

mp; >300 °C; UV-Vis (Methanol, nm): 270 n→π*

(C=N), 420, 516, 739 (d-d transition bands); FT-IR (KBr

pellet, cm-1): 3460 νO-H, 1451 νC=N; ESI MS (Methanol, m/z):

calcd for [Fe(L1)2+Na+]:439.30 [M+Na]+; found: 439.45;

Anal. Calc. for FeC29H22N9O2Cl2: C, 53.15; H, 3.38; N,

19.24; Cl, 10.84; Fe, 8.53. Found: C, 53.01; H, 3.28; N,

18.98; Cl, 10.55; Fe, 8.22. Molar conductivity: 91.4 (in

H2O) and 57 (in nitrobenzene) Scm2mol-1; Color: Pink;

Yield: (0.1880 g, 77%).

Antibacterial Activity Testing

In vitro antibacterial activities of the compounds against

strains of two Gram-positive (S. aureus (ATCC25923) and S.

Scheme 1. Synthesis strategy of Fe(III)-complexes.
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epidermidis (ATCC12228) and two Gram-negative E. coli

(ATCC25922) and K. pneumoniae (ATCC986605) bac-

teria were investigated by disc diffusion methods. Muller

Hinton agar (MHA) and nutrient blood agar (BA) were

used for culturing the bacterial isolates while diagnostic

sensitivity test agar (oxoid Ltd BASINGSTOKE England)

was used for sensitivity. All plates and Nutrient Broth

(Difco) were autoclaved for 30 min at 121 °C in a steam

sterilizer. The compounds dissolved in double-distilled

water were applied at a fixed concentration of 500 μg/mL.

Zones of inhibition were measured after 24 h incubation at

37 °C. Antibiotic discs Erythromycin was used as a ref-

erence. The minimum inhibitory concentration (MIC) of

the two complexes against each bacterium was determined

by preparing different concentrations of the complexes by

serial dilution (75 μg/mL, 150 μg/mL, 300 μg/mL, 500 μg/

mL, and 600 μg/mL). The antibacterial tests were performed

at the Amhara Regional Health Research Microbiology

Laboratory Center, Bahir Dar, Ethiopia.

RESULTS AND DISCUSSION

The analytical data of the complexes agree well with the

assigned molecular formulae of complexes 1 and 2. The

gravimetric chloride determination confirmed the pres-

ence of three and two chloride ions in the outer sphere of

complexes 1 and 2, respectively. The molar conductivity

values of complexes 1 and 2 revealed their electrolytic nature.

Their conductivities were found higher in an aqueous

solution than in nitrobenzene. The result is in close agree-

ment with the literature.26 ICP-OES metal determination

showed the anticipated amount of iron in complexes. Fur-

thermore, the experimental and theoretical data of C, H,

and N elemental analyses for complexes are in good agree-

ment, which confirms the achievement of the intended

complexes (see experimental section).

FT-IR Spectroscopy

The infrared spectra of the ligands and the complex are

indicated in Fig. S1 and selected characteristic frequen-

cies are listed in Table S1. The sharp band at 3430 cm-1 (s),

characteristic for ν(OH) stretching in the free 1,10-phenanth-

roline monohydrate appeared broad at 3395 cm-1 (m) in

[Fe(L1)2(H2O)2]Cl3. This change in the absorption frequency

of water explains the change like its interaction, consequently

confirmed the transformation of crystalline H2O to coor-

dinated H2O. The band arising due to vibrational ν(C=N)

mode at 1588 cm-1(m) in the free 1,10-phenanthroline was

shifted to lower frequencies, at 1543 cm-1(m) in [Fe(L1)2

(H2O)2]Cl3. This shift suggested that 1,10-phenanthroline

binds with the metal center via ring nitrogen. 

The presence of the characteristic peaks, in the region of

1490–1475 cm-1, of guanine in [Fe(L1)2(L2)(H2O)]Cl2 attributed

to the successful coordination of guanide to the metal cen-

ter. Besides, the coordination of guanide with metal via the

imidazole ring nitrogen was confirmed by the shift in ν(C=N)

vibration.27−29 Furthermore, the similarity in the stretching fre-

quency of ν(C=O) and scissoring of δ(NH2) in free gua-

nine with that of the stretching frequency of ν(C=O) and

scissoring of δ(NH2) in [Fe(L1)2(L2)(H2O)]Cl2 respectively

confirmed oxygen of the carbonyl group (C=O) and nitrogen

of amine (NH2) group of guanide are not used for coor-

dination.27

The two sharp peaks at frequencies 3118 and 3320 cm-1 are

assigned to symmetrical and antisymmetric ν(NH2) stretch-

ing-modes.30 These were shifted to 3108 and 3344 cm-1 (b)

in [Fe(L1)2(L2)(H2O)]Cl2 Fig. 2. It is worth mentioning

that because of its special structure and the position of the

double bonds in the rings, guanide is presumably subjected

to electron delocalization. This may result in shifts in ν(NH2)

vibration due to an increase in the sp2 character of the amino

nitrogen atom31 upon coordination with imidazole ring nitro-

gen.

The changes in absorption frequencies and peak strength

together with the appearance of non-ligand bands on the

complexes suggested that 1,10-phenanthroline and guanide

are successfully coordinated to the metal center. 

Electronic Absorption Spectroscopy

The electronic spectra of the complexes run in aqueous

solutions are displayed in Table S2 and Fig. S2. The aque-

ous solution of FeCl3 results in slightly elongated octahedral

[Fe(H2O)6]Cl3. The band at 300 nm represents LMCT from

Figure 2. FT-IR spectra of [Fe(L1)2(L2)(H2O)]Cl2 (2).
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the electron-rich H2O orbitals to the low-lying all singly

occupied Fe(III) t2g orbitals. In complex 1, the coordina-

tion of the electron-deficient, bidentate strong field 1,10-

phenanthroline in the equatorial position results in a short

but strong bond. This results in the lowering of the dz2 as

well as the population of all the d electrons in the t2g orbit-

als of Fe(III). Consequently, the LMCT takes place in the

low-lying dz2 orbitals. This fact is signaled by the band at

353 nm. The increase in the LMCT resonance wavelength

indicates the lower energy gap between the donor ligand

and recipient metal orbitals.32 The non-ligand bands newly

observed in complexes 1 and 2 in the range of 13333–

23809 cm-1 corresponding to the transitions 2T2g→
2A2g,

2T2g→
2T1g, 

2T2g→
2Eg confirm the possible coordination

of metal and ligands.33

MS Spectroscopy

The ESI MS spectra of the complexes recorded dis-

solving in methanol showed a characteristic molecular ion

peak of [Fe(L1)2(H2O)2]Cl3 with the best accuracy at m/z

calculated for [Fe(L1)2-H
+]:415.27 [M-H]+; found: 415.45.

This is presumably due to the electron-deficient [Fe(L1)2]
3+

complex captured low-energy electron generated in the

ionization chamber and undergone reduction to [Fe(L1)2]
2+

before deprotonation.34 Alternatively, the observed unique

fragmentation patterns of [Fe(L1)2(L2)(H2O)]Cl2 at m/z =

439.3 and 465.3, which represent the molecular ion peaks

of [Fe(L1)2+Na+]35 and [Fe(L1)2(H2O)(CH3OH)-H+],36

respectively, and the multiple-deprotonated species at

563.2, and 383.1 corresponds to [Fe(L1)2(L2)-3H+] and

[Fe(L1)(L2)-3H+] respectively37 Fig. S3, windup the shreds

of evidence found in the former techniques in confirming

the achievement of the intended complexes.

Cyclic Voltammetry

Fig. S4 shows the CVs of [Fe(L1)2(H2O)2]Cl3 and

[Fe(L1)2(L2)(H2O)]Cl2 for successive cycles at a scan rate

of 100 mVs-1. The voltammogram displays a cathodic peak

at the potentials 0.84 and 0.84 V and an anodic peak at 0.87

and 0.86 V of [Fe(L1)2(H2O)2]Cl3 and [Fe(L1)2(L2)(H2O)]Cl2,

respectively. The pair of peaks in both complexes corre-

sponds to the reversible redox process of the species as

Fe(II) and Fe(III) system.38 The absence of peaks other

than expected cathodic and anodic peaks for the Fe(II) and

Fe(III) system signifies that the complexes are stable in

the voltage range scanned here. These results conform to

the literature values.39

Antimicrobial Activity

Antibacterial Activity Testing: The examination showed

that the complexes demonstrated biological activities against

all tested strains (Fig. 4 and Table S3).

The observed increase in antibacterial activity compared

to the ligands can be based on Overton’s concept40 and

Tweedy’s chelation theory.41 An important condition for the

antimicrobial activity of a compound is its ability to pass

through the lipid membrane that surrounds the cell. On coor-

dination, the polarity of the metal ion will be reduced to a

greater extent due to the overlap of the ligand orbitals and

partial sharing of the positive charge of the metal ion with

the donor groups, which significantly increases the lipo-

philicity of the complex. This increased liposolubility enhances

the penetration of the complexes into the lipid membrane

and interferes with the normal activities of the bacteria.40-43

Figure 3. Proposed structures of complexes.

Figure 4. Inhibition zone at 500 µg/mL concentration of (1) metal
salt (FeCl3), (2)[Fe(L2)2(H2O)2]Cl3, (3) [Fe(L1)2(L2)(H2O)]Cl2 and
(4) commercial antibiotic (erythromycin) against Gram-positive
(Staphylococcus aureus, Streptococcus epidermidis) and Gram-
negative (K. pneumoniae and E. coli) bacteria.
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The two newly synthesized Fe(III)-complexes manifested

two interesting phenomena compared with commercially

available drug erythromycin. A comparative study verified

that [Fe(L1)(H2O)2]Cl3 showed virtually equal activity to

erythromycin against Gram-positive bacteria, whereas

[Fe(L1)2(L2)(H2O)]Cl2 demonstrated a notably high anti-

bacterial activity than erythromycin even against Gram-

negative bacteria. The latter observation is crucial as Gram-

negative bacteria are highly drug-resistant due to their thick

impenetrable cell wall and deadliest pathogens.44 The better

activities demonstrated by [Fe(L1)2(L2)(H2O)]Cl2 against

Gram-negative bacteria compared to [Fe(L1)2(H2O)2]Cl3

are presumably due to its additional interaction with the

cytosine residue of the genetic material of the cell by guanide.23

The observed biological activities of the complexes are

different from those of the starting materials and the pos-

sible fragments, which suggested a unique characteristic

of complexes and their inertness in the media. This argument

is based on the strong field nature of the ligands coordi-

nated to the metal.

Literature data revealed that Fe(II) complexes with acyclic

chelating ligands demonstrated low or virtually no anti-

bacterial activity against the tested Gram-negative and Gram-

positive bacterial.45-46 This shows a mixed ligand Fe(III)

complexes of aromatic heterocyclic chelating ligands and

nucleobase are promising combinations to develop new

metal-based drugs with better antibacterial activity. The small

ionic radii of the Fe(III) ion comparing to Fe(II) together

with the aforementioned mixed ligands effect explains the

exceptional antibacterial activity due to the ease of pen-

etration of Fe(III) complexes of the cell membrane.12 A

comparative study of the latter complexes with clinical drugs

such as Gentamycin17 and Ciprofloxacin18 also showed an

analogous or even higher antibacterial activity against the

tested Gram-negative and Gram-positive bacterial depend-

ing on the ligand and metal. In our current investigation,

erythromycin, which was used as a clinical drug for com-

parison, is an antibiotic obtained from the bacterial Strep-

tomyces erythreus and is effective against many Gram-

positive and some Gram-negative bacteria.47

The high antibacterial activity of [Fe(L1)2(L2)(H2O)]Cl2

against Gram-negative bacteria compared to erythromycin,

makes the complex potential alternative drug for treating

diseases caused by Gram-negative bacteria after passing

cytotoxicity testing.

Minimum Inhibitory Concentration (MIC) Determination:

The minimum inhibitory concentrations of [Fe(L1)2

(L2)(H2O)]Cl2 complex are listed in Table S4. Both com-

plexes at 75 μg/mL were inactive against the whole bac-

terial species. As far as this specific condition is concerned, the

lowest concentration of [Fe(L1)2(L2)(H2O)]Cl2 complex that

completely inhibited the growth of microorganisms after

24 h of exposure is 150 μg/mL for Gram-negative bacteria

and 500μg/mL for Gram-positive bacteria. The aforemen-

tioned complex has higher antibacterial activity for Gram-

negative bacteria at lower concentrations than for Gram-

positive bacteria.

CONCLUSION

In this work, we successfully synthesized new iron(III)-

1,10-phenanthroline complex in 1:2 metal to ligand ratio

and its mixed ligand complex with guanide. The physi-

cochemical and spectroscopic data suggest that Fe(III) and

the ligands are brought together with rigid configuration and

hence both the complexes proposed having octahedral

geometry (Fig. 3). The cyclic voltammetry study confirmed

the redox stability of the synthesized complexes. The anti-

bacterial test showed a high degree of inhibition by the

complex with guanide against drug resisting Gram-negative

bacteria. The results provide new insights on metal-based

drugs, particularly coordinated with nucleobases, thus the

overall biological findings of this work would be useful in

improving the effectiveness of therapeutic drugs. Based

on the observations, the in vivo shall be investigated, as a

continuation of this study.
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