Dhaka Univ. J. Sci. 66(1): 67-71, 2018 (January)

A DFT Investigation of Tris-(4"-(Amino)(1,1" -biphenyl)-3,4-diol) Fe(l111) Complex
Mohammad A. Matin', Mohammed A. Aziz? and M. Saiful Islam"™
!Centre for Advanced Research in Sciences (CARS), Dhaka University, Dhaka, Dhaka-1000, Bangladesh
Department of Theoretical and Computational Chemistry, Dhaka University, Dhaka-1000, Bangladesh
( Received: 3 December 2017 ; Accepted : 16 January 2018)
Abstract

Phenolic compounds, known as the pyrocatechol act as a metal chelating agent. Molecular details of cross-linking of pyrocatechol by
transition metal ions are largely unknown. In the present study, the molecular properties of the tris-(4"-(amino)(1,1"-biphenyl)-3,4-diol)-
Fe(I11) complex have been investigated using density functional theory (DFT) at 6-311G(d,p). Calculated molecular properties of the
optimized structure, the binding energies and spectroscopic properties are compared with the available experimental results. For the tris-
complex investigated, the binding of Fe (111) with the catechol derivative is not as strong as the binding of other metal ions with catechol.
The IR stretching bands show that the strong IR intensities is due to large charge polarization. Calculated electronic band gap is 2.45 eV
which is in the range of transition metal ion-tris-(4"-(amino)(1,1"-biphenyl)-3,4-diol) complexes. The metal-ligand binding energy is 513.54
kcal mol™, which could be used in understanding the speciation of Fe(l11)-catechol complex. Structural parameters obtained from the DFT

calculations are in good agreement with the crystallographic data.
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|. Introduction

The ligand (4"-(amino)(1,1"-biphenyl)-3,4-diol) is one of the
phenolic compounds known as pyrocatechol, acts as iron
chelating agent™?. Pyrocatechol, in alkaline solution reacts
with iron ion and forms [Fe(cat)s]"™ complexes, (where n=1,
2 and 3) which have been used for the treatment of human
metal intoxication®. The binding of iron ion with catechol
derivatives and other chelating agents are an important area
of research activities. A good understanding of the metal ion
pyrocatechol complexes may play an important role in
determining the speciation of Fe(lll), chelating complexes
in its biological activity®.

An adequate supply of iron is necessary for optimal plant
productivity and their quality”. Iron is important for the
correct functioning of all living cells on one hand, whereas
on the other hand, presence of excess iron causes the
toxicity. Excess iron may originate from the aggregation of
iron in the body. This aggregation of iron maybe reduced by
the iron chelating. Several researchers have attempted to
obtain a clear understanding of Fe(lll)-catechol interaction
mechanism®®.

Experimental work showed that the coordination between
Fe(lll) and (4"-(amino)(1,1"-biphenyl)-3,4-diol) ligand is
strongly pH dependent’ and in Fe(ll1)-catechol cross-link
polymer, Fe(l11) does not affect a significant covalent cross-
linking via oxidation of catechol. However, spectroscopic
studies have linked the presence of Fe(lll) to catechol
oxidation®™®. Fe (I11) ion mediate the cross-linking of
modified catechol in acidic pH™™"2 Therefore, an extensive
study of the mechanism of interactions between Fe(l11) and
(4"-(amino)(1,1"-biphenyl)-3,4-diol) catechol derivative is
necessary.

There have been only a limited number of theoretical studies

of Fe(111) complexes of catechol™. Liu et al. have simulated
the Fe(l11)-DOPA mediated bridging at both the gas phase

* Author for correspondence. e-mail: dr.mdsaifulislam@yahoo.com

and in agueous solution'**at the B3LYP/LACVP(d) level.
To date, no theoretical investigation of the [Fe(4'-
(amino)(1,1"-biphenyl)-3,4-diol);]* complex has been
reported as far known to us. We have performed the
calculation on the complex to provide a detailed
investigation on the structures, binding energy and
spectroscopic properties. The natural bond orbital (NBO)
analysis'® and analysis of the frontier MO energies (HOMO
and LUMO) along with the corresponding energy gap have
been done and reported here.

1. Computational Method

Density functional theory (DFT) calculations were carried
out with Gaussian09 package'’. All structures in this study
were fully optimized in the gas phase and in solvent (water)
using PCM at B3LYP level of theory. For, C, H, N and O
atoms, 6-311G (d, p) basis set and for Fe, LANL2DZ basis
set were employed. Vibrational frequencies of the optimized
structure were obtained to check for the absence of any
imaginary frequencies. Gauss View 5.0.8 program was used
for the visualization of the optimized structures and
simulated vibrational spectra. The metal ion-ligand binding
energy was calculated according to the equation

[(Ecomplex B (Emetal + Eligand)]
3

whereE o Emetar @M Ejy,,q  are the energies of the

tris-(4"-(amino)(1,1 -biphenyl)-3,4-diol)Fe(l11) complex, the
metal ion and isolated ligand (4"-(amino)(1,1"-biphenyl)-3,4-
diol), respectively.

AE =

The IR frequencies of the complex were calculated using the
analytic gradient and Hessian. Scaling of computed
vibrational frequencies by 0.9668 was found good
agreement with experimental results'®. Analysis of the
frontier MO have been done by finding the energy gap
between the HOMO and LUMO.
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I11. Results and Discussion
Structural parameters

Calculated structural parameters for the optimized structure
of the tris-(4"-amino-(1, 1-biphenyl)-3, 4-diol)-Fe (11I)
complex (Figure 1) in the gas phase are presented in the
Table 1 along with the available corresponding X-ray data
of the complex. The agreement between the calculated and
experimental structural parameters are good. The calculated
value for the O-Fe-O angles indicate near octahedral
geometry around the Fe(l1l) ion in the complex.

Previous DFT study™ on [Fe(cat®)s]* and X-ray analysis of
the tris-catecholate-Fe (111) complex (The K; [M (cat)s].
1.5H,0 complex where M=Cr, Fe)® reported Fe (I11)-O
distances of 2.05 and 2.015A, respectively. Therefore the
present Fe(111)-O distances are close to these theoretical and
experimental values.

Fig. 1. Optimized structure of the tris-(4"-(amino)(1,1 -biphenyl)-
3,4-diol)-Fe(l11) complex.

The present O—Fe—0O angle is significantly larger by 9.29°
than the previous® X-ray crystal structure, 81.13°. Another
DFT study on a monocatecholate Fe(I11) complex® reported
a Fe-O distance and O-Fe-O angle of 1.933 A and 86.5°,
respectively.

Vibrational spectra of the complex

IR spectrum of the complex obtained by the quantum
chemical calculation in this work is shown in the Figure 2
and the vibrational frequencies are given in the Table 2.
Two intense peaks at 1288 and 1456 cm™ are observed.

Each of these two major intense peaks has originated from
the in-plane deformation mode involving the C-C and C-O
stretching and the C-H bending of the biphenyl
pyrocatecholate, which is in the good agreement with the
experimental results?.

Table 1. Structural parameters of the optimized tris-(4"-
amino-(1,1"-biphenyl)-3,4-diol)-Fe(111) complex.

Calculated Expt®
(this work)
Bond distances (A)
Fe-O 2.074 2.015
C-O 1.296 1.349
Bond angles (°)
O-Fe-O 90.42 81.13
C-C-O0 125.16 123.9
Fe-O-C 114.71 112.0

The O-Fe stretching (vFe-O) was observed in the range of
401-651 cm™.The stretching frequencies at 570 cm™ and
634 cm™ are originated from the interaction between Fe(l11)
ion and C; and C, oxygens (here the two carbon atoms that
attached with oxygens are denoted as C; and C,) of the
pyrocatecholate respectively.

Table 2. Selected IR data of the optimized complex
obtained at B3LYP/6-311G(d,p).

Assignments Scaled Expt.”
frequencies/cm™

d,v-Fe-O 520 530(vFe-0)

vFe-O 570 -

vFe-O 634 636(vFe-0)

6CCH 1149 1164(vCO+

vCC)

vCC 1288 -

vCO+6CCH 1332 1387(vC-0)

vCC+3CCH 1456 1439(vCC)

VasymC-H 3083 -

VeymN-H 3347 -

Vasym N-H 3437 -

Fe means Fe(ll1) ion.
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Fig. 2. Theoretical IR spectrum of tris-(4"-(amino)(1,1"-biphenyl)-
3,4-diol)-Fe(lI1) complex.
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The intense vFe(III)-O band experimentally observed? at 636
cm™. The C-O stretching (vC-O) vibrational frequencies of
the complex were obtained in the range of 1283-1517 cm™.
The most intense vibrations of the vC-O as symmetric
frequency at 1332 cm™ and the vC-C aromatic ring
vibrations were observed at 1456 cm™. The vC-H aliphatic
vibrations were found in the range of 3043 cm™. The
veymNH and vagmNH vibrations were in 3347 and 3437
cm™ respectively. The high intensities of IR peaks obtained
in this work occur because of the highly positive iron ion
surrounded by the negatively charged oxygen of the ligands

Analysis of frontier molecular orbital (MO)

To characterize the electronic transitions of the complex,
two frontier molecular orbitals (MOs) are illustrated in the
Figure 3, highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). In the
HOMO, the electrons are distributed mainly over three
pyrocatecholate ligands. Strong metal ligand delocalization
is found to occur between two of the three ligands in each
case. An electronic system with a larger HOMO-LUMO
gap should be less reactive than one having a smaller gap®.
The HOMO-LUMO gap of this model complex is 2.45 eV.
This higher HOMO-LUMO gap indicates the weaker
complex between Fe(lll) ion and the ligand studied in this
work.

Charges on the metal ion in the complex

The charge on the ion obtained from four different schemes
is given in the Table 3.These schemes are natural population
analysis, NPA? Merz-Singh-Kollman scheme, MK?,
CHarges from Electrostatic Potentials with grid oriented,
CHelpG? and
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Fig. 3. Frontier MOs for the optimized complex. The
isosurface value is 0.02 electrons Bohr 2,

CHarges from Electrostatic Potentials CHelp?’. Charges on
the ion in the complex obtained by NPA and MK scheme
are very close, but the charge obtained by CHelpG method
is higher by 0.172. However, the charge obtained by CHelp
method is overestimated by 0.459.

Table 3. Charges on the metal ion at various charge
schemes and binding energy (AE) of the complex.

Charge AE(kcal mol™)

This work Reference?
1.304(NPA), 513.54 540.05-553.41
1.295(MK), 1.467
(CHelpG)

1.754(CHelp)

Binding energy and the solvent effect

We have investigated the metal ion-ligand binding energy
(AE) and is given in the Table 3 obtained in this work. The
calculated metal ion binding energy (513.54 kcal mol™)
obtained in this work is very close to those of the metal ion
hexa-aqua complexes (540.05 to 553.41 kcal mol™)*.

We also investigated the solvent effects for the Fe(lll)
complex by employing the conductor-like polarizable
continuum model (CPCM)*®. The energy of metal ion —
ligand complex is virtually unchanged in a water solvent,
only varying by less than 0.018% (Table 4). The structural
change of the complex due to the presence of the solvent
was neglected in this calculation. However, we considered
that the near octahedral geometry around the central metal
ion of the complex remains unchanged with the introduction
of the solvent. Therefore, the present metal-ligand binding
energy presumably will not deviate much from those in the
solvent.

Table 4. Solvent effect on the metal complex.

Metal Electronic Electronic Solvent  %Relative
complex  energy/a.u.  energy(sol. effect/ deviation
Phase)¥a.u.  kcal
mol™
Fe(111) -2127.71 -2127.32 -244.73  0.018

®gas phase optimized geometry was taken.

Natural Bond Orbital (NBO) analysis

NBO calculations provides a reasonable picture from the
structural, energetic, bonding and stereo electronic points of
view®:. DFT level computation is used to investigate the
various second-order inter-actions between the filled
orbitals of one subsystem and vacant orbital of another
subsystem®. The relevant NBO of the complex are collected
in the Table 5. Inspection of this results indicate that
interaction between the lone pair orbitals of the oxygen of
the pyrocatecholate ligand and the iron ion (LPgy—LPr) is
about 16.92 kcal mol™, relatively stronger. The interactions
LPoss—LP*g and LPg7o—LP*g are 14.01 and 14.54 kcal
mol™ respectively. The most important interaction energies
of the complex are due to the interactions between the lone
pair(LP) electrons of the O atom (LPo) and antibonding
orbital of the Fe(Ill)(LP*g). These results given in the
Table 5 clearly shows that the relative intense LPo—LP*g,
hyperconjugative interaction plays an important role in
stabilizing the complex, thus enabling the formation of
octahedral complex.
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Table 5. Energies of orbitals interactions (in kcal mol™)
of the optimized complex in the gas phase.

Interaction Engo (kcal mol™)
LPox—LP 13.17

LPo2—LP 16.92

LPoss—LP 13.19

LPoss—LP 14.01

LPoge—LP e 13.08

LPo70—LP e 14.54
LPn23—BD cs.c6 6.76

LPns7—BD cs.co9 6.65

LPn71—BD csocss 7.35

BD"=bonding electrons, LP=lone pair, Fe*=Fe(l1l)
1V. Conclusion

A complete description of the geometrical parameters,
spectroscopic, electronic properties of the tris-(4"-amino-(1,
1"-biphenyl)-3, 4-diolate)-Fe(lll) complex was performed
theoretically using DFT level of the theory. The present
study will be helpful to understand the structure of the tris-
(4"-amino-(1, 1"-biphenyl)-3, 4-diolate)-Fe(111) complex for
studying the metal ion-ligand interaction. The optimized
bond distances and bond angles are in well accord with the
experimental data®®. The simulated IR spectra of the model
compound are all consistent with the previous
measurements. The calculated binding energy, structural
parameters and atomic charges can be a good approxi-
mation for further study by molecular dynamics or Monte
Carlo simulation.
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