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ABSTRACT

We report herein the simulation of Tricarbonyl (1-4-n-5-exo-N-X,X-dimethyl pyridino-cyclohexa-1,3-
diene) iron complexes that were carried out on the theoretical ground state geometries, electronic,
thermodynamic properties and vibrational frequencies using semi empirical PM6 method. The
geometries, electronic states, thermodynamic properties and vibrational frequencies were
discussed. The calculated infra red vibrational frequency of all optimized geometries reveal
imaginary frequency values indicating that they are dynamically unstable.

Keywords: Geometry optimization; thermodynamics; dimethylpyridino; HOMO — LUMO energy gap;
vibrational frequencies.
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1. INTRODUCTION

Molecular simulation has bacome a powerful tool
to aid the experimental scientist in understanding
the structure and property relationship of existing
materials and predicting the properties of new
ones [1-3]. Its advent and popularity have
improved the the studies of new molecular
systems. Theoretical experiments by computer
simulations [4-6] have succeeded in determining
the properties of compounds within limits of
accuracy of the experimental values [7,8]. The
James Stewart Semi-empirical parameterization
method three, PM 3, ab initio and density
functional theory (DFT) have been reported to
produce  suitable calculations  concerning
Transition metal complexes and organometallic
compounds [8-17] and in particular the PM3 has
made tremedous progress in computing a wide
variety of ground state properties of similar
complexes of irontricarbonyl [18-23]. Therefore, it
is interesting extending the parameterization
method six, PM6 approach to the study of
Tricarbonyl (1-4-n-5-exo-N-X,X-dimethylpyridino-
cyclohexa-1,3-diene) iron complexes. The PM6
method combines the simplicity and general
applicability of the ab initio method without
necessarily increasing the computation cost of
PM3 [24]. The complexes reported in this paper
were modeled using Spartan’ 14.V1.1.2 [25], and
the theoretical investigations carried out on
optimized geometries. The electronic structures,
dipole moments, thermodynamic stabilities and
vibrational frequencies were calculated using
Semi-empirical PM6 parameterization method.
The PM6 offers great advantage over PM3 with
Molecular mechanics’ correction terms for a
number of difficult cases, improved parameters
and adjustment of the core repulsion functions,
development of new methods for computing one-
center, two-electron integrals for Transition
metals and introduction of recent experimental
data. The use of ab initio and density functional
theoretical results to complement experimental
data and careful study and pruning of
experimental data to achieve quality and
consistency of results [24]. Hence, the use of
PM6 method for the calculation and determination
of the molecular properties of Tricarbonyl (1-4-n-
5-ex0-N-X,X-dimethylyridino-cyclohexa-1,3-diene)
iron complexes. The structure is shown in Fig. 1,
while the optimized structures are shown in
Fig. 2.

2. COMPUTATIONAL METHODOLOGY

All the complexes were modeled using Spartan
14 series of programms [25]. The quantum
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calculations were performed on the geometries
of the resulting conformers. Semi-empirical
molecular orbital calculations were carried out on
a number of species involved. All structures were
fully optimized. The theoretical ground state
geometries, electronic structure, thermodynamic
parameters and vibrational frequencies of these
modeled compounds were all investigated at the
Semi-empirical PM6 method and the results are
discussed. We have also examined HOMO and
LUMO levels; the energy band gap is evaluated
as the difference between the HOMO and LUMO
energies. The optimized geometries of these
Tricarbonyl(1-4-n-5-exo-N-X, X-imethylyridino-
cyclohexa-1,3-diene) iron complexes are shown
in Fig. 2.
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Fig. 1. Structure of Tricarbonyl(1-4- n-5-exo-N-

X,X-dimethylpyridino-cyclohexa-1,3-diene)iron
tetrafluoroborate complexes

3. RESULTS AND DISCUSSION

3.1 Geometrical Parameters

Geometric parameters (bond Iength/A, bond
angles and dihedral angles in degrees) of the
studied  Tricarbonyl(1-4-n-5-exo-N-X,X-dimethyl
pyridino-cyclohexa-1,3-diene iron complexes [26,
27] in their global minimum obtained by Semi-
empirical PM6 are shown Table 1. The ground
state geometrical parameters showed the bond
Iength C5'N, C7-N, C7-C8, Cs-Cg, C7-C12 and Cll'N
with values 1.581, 1.388, 1.419, 1.402, 1.489 and
1.378 A for 2,3-dimethylpyridino organometallic
complex. The corresponding values of C,-N and
Ci;-N  increased to 1.405 and 1.390 A



respectively, this increase is attributed to the
electron donor methyl substituents [28-30] in 2
and 6 position of the pyridine ring. The metal -
carbon bond distances range from 1.756 - 1.799
A, while the metal-ligand bond distance ranges
between 1.743 A and 1.760 A. The variations
observed for the bond length C;-Cgis as a result
of electron donating ability of the methyl group on
the ortho and meta and para positions. This
observation also reflected in the bond angle Cj,-
C,-Cg which displayed a progressive increase in
value as a result of electron donating ability of the
second methyl substituent which changes from
the meta to para position thus increasing the bond
angle C;,-C+-N from 120.12°to 120.63° The H -
Cs-N-Cy; and He-Cs-N-C; dihedral angles also
increased progressively as the position of the
methyl group are varied except for the 3,4-Me,
and 3,5-Me;, which displayed a radical departure
from others due to the donor ability of the methyl
substituents [31]. The results are collected in
Table 1.
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Fig. 2. Optimized structures of Tricarbonyl (1-4-

diene) iron tetrafluoroborate complexes. (BF
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3.2 Electronic Property

The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO)
are very important parameters for quantum
chemistry and play vital role in electrical, optical
and chemical properties of a molecule. These
orbitals determine the polarizability, kinetic
stability and a number of properties.
Spectroscopic data for a number of T-systems
are usually determined either in solution or in the
solid state (crystals or thin film). Our calculations
are for isolated molecules in the gas phase.
Experimentally, the HOMO and the LUMO
energies can be obtained from an empirical data
based on the onset of the oxidation and reduction
of peaks measured by cyclic voltametry, in gas-
phase chemistry, the HOMO and the LUMO
energies are calculated using quantum
mechanical calculations [32,33,34]. However,
solid state packing effects are not included in our
calculations as this tends to affect the
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HOMO and the LUMO energy levels in a thin
film compared to an isolated molecule [27-29].
The calculated electronic parameters (energy
band gaps, i.e. HOMO- LUMO) of the X, X-
substituted pyridino-organometallic complexes
are 7.23, 7.36, 7.23, 7.34, 7.26 and 7.21 eV
respectively for X = 2,3-Me,, 2,4- Me,, 2,5-Me,,
2,6-Me;, 3,4-Me, and 3,5-Me,. They LUMO level
suffers destabilization from the electron donor
methyl substituents on the pyridine ring. There
are no significant changes in band gap even

Table 1. Geometric parameters (bond length/A,bond a
degrees) of the studied Tricarbonyl (1-4-
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though the position of the substituent changes.
The HOMO energy is concentrated on the
cyclohexa-1,3-diene irontricarbonyl unit while
the LUMO energy is found on the
dimethylpyridine moiety. The HOMO and LUMO
energies and energy band gaps are
shown in Table 2. The HOMO and
LUMO diagrams are presented in Fig. 3 while
the orbital energy diagrams are displayed in
Fig. 4.

ngles and dihedral angles in

1,3-diene iron complexes

n-5-exo-N-X,X-dimethyl pyridino-cyclohexa-

Bond length in angstroms units

Bond/ A 2,3-diMe 2,4-diMe 2,5-diMe 2,6-diMe 3,4-diMe 3,5-diMe
Cs-N 1.581 1.577 1.579 1.595 1.575 1.756
C+-N 1.388 1.392 1.382 1.405 1.382 1.372
C:-Cq 1.419 1.399 1.410 1.395 1.396 1.408
Cg-Cy 1.402 1.404 1.387 1.398 1.425 1.404
C;-Cy 1.489 1.487 1.487 1.490 - -

Cy-N 1.378 1.384 1.380 1.390 1.368 1.364
Bond angles in degrees

Bond Angle / ° 2,3-diMe 2,4-diMe  2,5-diMe 2,6-diMe 3,4-diMe 3,5-diMe
Cs-N-C; 121.76 121.30 120.76 116.27 119.07 118.66
Cs-N-Cy3 118.60 119.86 119.85 125.51 122.82 121.58
C12-C+-N 95.40 120.12 120.63 120.73 - -
C12-C;-Cq 120.98 119.17 119.74 118.15 - -
Cg-Co-Cy3 119.42 121.08 - - 121.25 -
Dihedral angles in degrees

Bond/® 2,3-diMe 2,4-diMe  2,5-diMe 2,6-diMe 3,4-diMe 3,5-diMe
Cs-N-C-Cys 3.38 0.31 0.09 1.50 - -
He-Cs-N-C5 15.47 23.90 27.60 29.76 10.62 12.84
He-Cs-N-Cyy -158.64 -156.49 -152.81 -150.26 -164.63 -167.36
C12-C7-Cg-Cy 177.03 179.35 179.51 179.60 - -

HOMO

Fig. 3. HOMO and LUMO energy diagrams of X, X-dime
cyclohexa-1,3-diene iron tricarbonyl complexes

LUMO

thylpyridino derivatives of 1-4- n-



Table 2. Electronic parameters for Tricarbonyl(1-4-
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n-5-exo-N-X,X dimethyl pyridino-cyclohexa-
1,3-diene) iron complexes

Dimethyl group Dipole moment/Debye Enomo/eV ELumo/eV Band gap Eg/eV
2,3- 5.31 -11.79 -4.56 7.23
2,4- 5.61 -11.76 -4.40 7.36
2,5- 5.60 -11.78 -4.55 7.23
2,6- 5.36 -11.80 -4.46 7.34
3,4- 5.22 -11.76 -4.50 7.26
3,5- 5.20 -11.78 -4.57 7.21
2,3-Me, 2,4-Me, 2,5-Me, 2,6-Me,

Fig. 4. Orbital energy diagrams of X, X-dimethylpy

ridino derivatives of 1,4- n-cyclohexa-1,3-

diene iron tricarbonyl complexes

Fig. 5. Infra-red spectrum showing vibrational freq
5-ex0-N-X,X-dimethylyridino-cyclohexa-1,3-diene) ir

3.3 Thermodynamics Parameters and
Stabilities
The calculated thermodynamic parameters

include the standard heat of formation, absolute
enthalpy, free energy and absolute entropy for
these complexes. Thermodynamic stabilities are
expected when AH and AG values are negative
thus indicating the spontaneity of the formation of

uencies and intensities for Tricarbonyl(1-4- n
on complexes

the complexes. The more negative these values
are and the more positive AS, the more stable
would be the pyridino complexes. The free
energy, heat of reaction and entropy are all
positive. This implies that the formation of these
complexes is not spontaneous hence their
formation is accompanied by external effects.
The thermodynamic parameters are displayed in
Table 3.



Table 3. Thermodynamic parameters for Tricarbonyl(1
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-4-n-5-ex0-N-X,X- dimethylyridino-

cyclohexa-1,3-diene) iron complexes.at 298.15K

X,X-Me, Heat of formation H ¢ Free energy G/ Entropy Enthalpy
kmol kJmol * S/ Jmol 'K H/ kdmol *
2,3- 160.81 734.86 545.99 897.62
2,4- 140.29 714.29 546.56 877.22
2,5- 151.71 726.05 546.33 888.91
2,6- 177.38 753.44 542.22 915.07
3,4- 146.09 720.08 548.14 883.47
3,5- 146.74 720.15 549.68 884.00

3.4 Vibrational Frequencies

The calculated vibrational frequencies for the
Tricarbonyl(1-4-n-5-ex0-N-X,X-dimethyl pyridine-
cyclohexa-1,3-diene) iron complexes are shown
in Fig. 5. According to group representation
theory in chemistry, we are able to deduce that,
there are 105 kinds of vibrational modes. The
calculated Hessian matrices reveal that all
optimized geometries are local minima with
Modifying values for 37 low frequency terms for
2,3-Me,, 2,4-Me,, 2,5-Me, and 2,6-Me, while
3,4-Me, and 3,5-Me, show 36 and 38 low
frequency values respectively, while the
remaining frequency values correspond to
normal vibrational mode thus indicating they are
dynamically unstable.

4. CONCLUSION

The C1 symmetry point group Tricarbonyl (1-4-n-
5-exo0-N-X,X-dimethylyridino-cyclohexa-1,3-
diene) iron complexes were calculated using
Semi-empirical PM6. The properties investigated
include optimized geometries, dipole moments,
electronic structure, thermodynamic properties
and vibrational frequencies. The PM6 method
reveal that the formation of these complexes is
not spontaneous and all the optimized
geometries present modifying values of low
frequency terms indicating that they are
dynamically unstable.

The calculated energy band gaps Eg (HOMO-
LUMO) present no appreciable change, in value
however, the dipole moments changes. We have
been able to take critical look at these complexes
at the molecular level which may rather be
difficult to accomplish under experimental
conditions. Our results may therefore form the
basis for reference for further experimental and
theoretical work.

COMPETING INTERESTS

Authors have declared that no competing
interests exist.

REFERENCES

1. Dearing A. Computer-aided molecular
modeling; research tool. Journal
Computer-aided Molecular Design. 1988;
2:179-189.

2. Gund P, Barry DC, Blaney JM, Cohen NC.
Guidelines for publications in molecular
modeling related to medicinal chemistry.
Journal of Medicinal Chem. 1988;31:2230-
2234.

3. Kritayakornupong C. Ab inito QM/MM
molecular dynamics simulations of Ru™ in
aqueous solution. Chem. Phys. Lett. 2007;
441:226-231.

4. Ebejer JP, Fulle S, Morris GM, Finn PW.
The emerging role of cloud computing in
molecular modeling. Journal of Molecular
Graphics and Modelling. 2013;44:177-187.

5. Plimpton S, Crozier P, Thompson A.
LAMMPS: Large-scale atomic/molecular
massively parallel simulator. Sandia
National Laboratories. 2007;18.

6. Gunsteren WF, Berendsen HJC. Computer
simulation  of molecular  dynamics:
Methodology, applications, and
perspectives in chemistry. Angewandte
Chemie International Edition. 1990;29(9):
992-1023.

7. Bouzzine SM, Bouzakraoui S, Bouachrine
M, Hamidi M, Hamdaoui. Phy. Chem.
News. 2004;19:110.

8. Bouzakaraoui S, Bouzzine SM, Bouachrine
M, Hamidi M. J. Mol. Struct. Theochem.
2005;725:39.

9. Maseras Felix. Hybrid quantum mechanics

/  molecular mechanics methods in
Transition metal chemistry. Topics in



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Organometallic Chemistry. Edited by
Brown, J. M and Hofmann P. Spring-
Verlag, Berlin Heidelberg NY. 1999;4:166-
189.

ISBN: 3-540-64253-6.

Gorling A, Trickey SB, Gisdakis P, Rosch
N. A critical assessment of density
functional theory with regard to
applications in organometallic chemistry;
1999.

Brown JM, Hofmann P. Topics in
organometallic chemistry. Spring-Verlag,
Berlin Heidelberg NY; 1999.

ISBN: 3-540-64253-6.

Eluvathingal D. Jemmis, Mariappan
Manoharan, Pankaz K. Sharma. Exohedra
n° and n’ transition-metal organometallic
complexes of Cg and Cyo; A theoretical

study. Organometallics.  2000;19(10):
1879-1887.

Barckholtz TA, Bursten EB. Density
Functional calculations of dinuclear

organometallic carbonyl complexes. Part
1; Metal-metal and metal-CO bond

energies. J. Organomet. Chem.
2000;596:212-220.
Cundari TR. Computational organo-

metallics. Marcel Dekker Inc; 2001a.

ISBN: 0-8247-0478-9.

Schultz NE, Zhao Y, Truhlar DG. Density
functionals for inorganometallic and
organometallic chemistry. J. Phys. Chem.
A. 2005;109:11127-11143.

Carbonniere P, Ciofini |, Adamo C,
Pouchan C. Vibrational behavior of
tetrahedral d®  oxo-compounds: A
theoretical study. Chem. Phys. Lett. 2006;
429:52-57.

Cramer CJ, Truhlar DG. Density functional
theory for transition metal and transition
metal chemistry. Phys. Chem. Chem.
Phys. 2009;11:10757-10816.

Akinyele OF. Ph. D Thesis, University of
Ibadan, Ibadan Nigeria; 2015.

Adejoro IA, Odiaka TI, Akinyele OF.
Structure, electronic and thermodynamic
properties of new pyridino-1-4-n-cyclohexa
-1,3-diene) derivatives of irontricarbonyl
complexes — a theoretical approach.
European Jour. of Sci. Research. 2010;
47(2):230-240.

Adejoro 1A, Odiaka TI, Akinyele OF. Semi-
empirical (PM3) studies of new pyridino-1-
4-n-2-methoxycyclohexa-1,3-diene
irontricarbonyl complexes. Inorganic
Chemistry: An Indian Journal, Trade Sci.
Inc. 2011;6(1):1-5.

Akinyele et al.; ACSJ, 16(4): 1-8, 2016; Article no.ACSJ.27275

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Odiaka TI, Adejoro IA, Akinyele OF. Semi-
empirical (PM3) studies of novel
aminopyridino-1-4-n-cyclohexa-1,3-diene
irontricarbonyl complexes. American
Journal of Science and Industrial (AJSIR)
2012;3(1):1-13.

Adejorol A, Odiaka TI, Akinyele OF.
Molecula rmodeling and computational
studies of dimethylpyridino-1-4-n-2-
methoxycyclohexa-1,3-diene iron
tricarbonyl complexes. Asian Journal of

Research in Chemistry (AJRC). 2012;
5(1):146-152.
Adejoro IA, Odiaka TI, Akinyele OF.

Structure and electronic properties of
Aminopyridino-1-4-n—-2-methoxycyclohexa-
1,3-diene irontricarbonyl complexes- A
Semi Empirical PM3 Approach. Asian
Journal of Research in Chemistry (AJRC).
2013;6(11):1034-1039.

James J. P. Stewart. Optimization of
parameters for semi empirical methods V:
Modification of NDDO approximations and
application to 70 elements. J. Mol. Model
2000;13:1173-1213.
Spartan’1l4  V1.1.2.
Japan.

Gross KC, Seybold PG. Substituent effects
on the physical properties and pKa of
aniline. Int. Jour. of Quant. Chem. 2000;
80:1107-1115.

Warren J. Henre. A guide to molecular
mechanics and molecular orbital
calculations in spartan. Wavefunction Inc;
2003.

ISBN: 1-890661-18-X.

Odiaka TI. Mechanism of addition of
Ethylpyridine to tricarbonyl (1-5-n-dienyl)
Iron Il cations. (dienyl = C¢H;, 2-MeOCgHg
or C;Hg. Jour. of Chem. Soc. Dalton Trans.
1986;2707-2710.

Odiaka TI, Kane-Maguire LAP. Kinetics of
nucleophilic attack on coordinated organic
moieties: Addition of pyridines to dienyl
cations. J. Chem. Soc. Dalton Trans.
1981;1162-1168.

Manna MR, Ichord HA, Sperhn DW.
Nuclear spin statistics on the structure of
extended aromatics C48N12 azafullerene.
Chem. Phys. Lett. 2003;378:449.

Bouzzine SM, Bouzakraoui S, Bouachrine
M, Hamidi M. Structure and electronic
properties of new materials based on
thiophene and phenylene. Phys. Chem.
News. 2004;19:110.

Brewer SH, Wicaksana D, Jon-Paul M.
Investigation of the electrical and optical

Wavefunction Inc.



33.

properties of iridium oxide by reflectance
FTIR spectroscopy and density functional
theory calculations. Chem. Phys. 2005;
313:25-31.

Lewars E. Computational chemistry-
introduction to the theory and applications
of molecular and quantum mechanics.

Akinyele et al.; ACSJ, 16(4): 1-8, 2016; Article no.ACSJ.27275

34.

Kluwer Acad. Publishers: Norwell, MA,
USA; 2003.
Young D. Computational chemistry; A

practical guide for applying techniques to
Real world problems. New York. John-
Wiley & Sons; 2001.

© 2016 Akinyele et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://sciencedomain.org/review-history/16159




