N

N

Prediction by DFT and Docking Calculations of a Series
of Hypothetical 3d Transition Element Isostructural
Complexes [M(hfac) 2 (TTF) 2 ]: A Comparative Study
Samira Zeroual, Saliha Belhouchat, Saad Bouchekioua, Rafik Menacer,

Oussama Khaoua, Noura Benbellat, Henry Chermette

» To cite this version:

Samira Zeroual, Saliha Belhouchat, Saad Bouchekioua, Rafik Menacer, Oussama Khaoua, et al..
Prediction by DFT and Docking Calculations of a Series of Hypothetical 3d Transition Element
Isostructural Complexes [M(hfac) 2 (TTF) 2 |: A Comparative Study. ChemistrySelect, 2024, 9 (38),
10.1002/slct.202403632 . hal-04798942

HAL Id: hal-04798942
https://hal.science/hal-04798942v1

Submitted on 22 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04798942v1
https://hal.archives-ouvertes.fr

Prediction by DFT and Docking calculations of a series of hypothetical 3d transition element

isostructural complexes [M (hfac), (TTF),], a comparative study.

Samira ZEROUAL?, Saliha BELHOUCHAT?, Saad BOUCHEKIOUA" , Rafik MENACER "¢, Oussama

KHAOUA? Noura BENBELLAT? and Henry CHERMETTE®"

4Laboratoire de Chimie des Matériaux et des Vivants: Activité & Réactivit¢(LCMVAR), Département
chimie, Faculté des Sciences de la Matiere, Université de Batna 1, Algeria.

PCentre de recherche en Sciences Pharmaceutiques (CRSP) , Constantine, Algérie.

‘Centre de Recherche Scientifique et Technique en Analyses Physico-Chimiques (CRAPC), Tipaza,
Algeria

¢ Institut des Sciences Analytiques de Lyon, UMR 5280 CNRS, Université Claude Bernard Lyon 1,F-
69622 VILLEURBANNE Cedex, France.

e-mails: samira.zeroual@univ-batna.dz, henry.chermette@univ-lyon1.fr

Abstract.

The aim of this study is to predict and compare the structural, electronic, conductivity and
biological properties of a series of 3d transition element complexes with those of the previously studied
iso structural copper complex [Cu(hfac)(TTF),][PF6]. (TTF: Tetrathiafulvalene, hfac:
hexafluoroacetylacetonate). Because transition metals hold open electronic shells, All possible spin states
for all compounds divalent have to be considered in order to determine the most stable configurations.
These configurations are those corresponding to the highest spin state (5 for Mn, 4 for Fe, 3 for Co, 2 for
Ni, 1 for Cu and 0 for Zn), However, the configurations with the smallest gap are Mn (3) and Co (1),

suggesting that these are the most conductive complexes.



A significant metal-ligand charge transfer is observed for both Mn and Co complexes. Antifungal
(CYP121 (PDB: 21J7) and CYP51 (PDB: 1EAL)) and antibacterial (E. coli (PDB: 1KZN)) of the
compounds studied were evaluated by molecular docking; the results obtained reveal that the following
complexes show significant activity: Zn(hfac),(TTF)2][PF6]. (-8.9 kcal/mol), Ni(hfac)(TTF)2][PF6]. (-

7.8 kcal/mol) and Cu(hfac),(TTF)2][PF6]. (-8.2 kcal/mol).
Introduction

Transition elements form many coordination compounds thanks to the presence of the incomplete
d-orbital shell [1]. In complexes, the metal cations hold empty s orbitals, and, in part, some d orbitals
capable of receiving electron doublets from ligands. All transition elements have several properties in
common: they are all metals, relatively hard, have high melting and boiling temperatures, conduct heat
and electricity. They have low electronegativity; hence good reducing properties. Finally, they can form
ions in different oxidation states, due to their electronic structure. Transition elements and their
compounds very often exhibit catalytic properties [2, 3].

Cordination complexes have been the subject of a great deal of work over the last few decades [4]
[5-7], and in particular they have experienced astonishing development due to their numerous
applications in catalysis [8], biology [9] and the pharmaceutical industry [10].

The history of conductive organic materials goes back to 1954, when H. Akamatu reported that
perylene bromide is highly conductive [11]. Following this initial discovery, in 1960, a series of
conducting salts were synthesized from the organic acceptor tetracyanoquinodimethane (TCNQ) [12]. In
1962, Wudl et al. described the synthesis of an electron-z donor molecule (TTF: tetrathiafulvalene) [13],
soon followed by the first conductivity measurements of the TTF chloride salt [14]. The fundamental step
was taken in 1973 by Cowan et al [15] with the formation of the first true "organometallic” charge
transfer complex (CTC) conductor by combining the acceptor TCNQ and the organic donor TTF: TTF-

TCNQ (tetrathiafulvalene-tetracyanoquinoquinodimethane) [16- 18].



This discovery encouraged researchers to synthesize numerous TTF-TCNQ-type organic conductive
materials with high conductivity at room temperature, such as (TSF-TCNQ)[19], (HMTSF-TCNQ) [20]
and (HMTSF-2, 5-DMTCNQ) [21]. Unfortunately, at low temperatures, most CTCs undergo a metal-
insulator transition, known as the Peierls transition, due to the structural deformation known to occur in
one-dimensional systems. Note that in the TTF-TCNQ compound, a structural and electronic transition
takes place below 60 K, leading to semiconducting behavior;

In 1992, the synthesis of the first molecular system with multiple properties suitable for electrical and
magnetic applications mobilized chemists, physicists and theorists. This first molecular conductor
incorporating paramagnetic ions demonstrated a stable metallic state and ferromagnetic interaction
between Cu (Il) ions: (BEDTTTF)3CuCls.H20. In 2003, Ouahab et al [22] developed a new series of
organic/inorganic hybrid materials involving coordination between a paramagnetic transition metal and a
TTF derivative, where the ligands are either in the trans or cis position. Their oxidation by
electrocrystallization enabled us to isolate salts with radical cations of the formula [M(hfac),(TTF-
CH=CH-py).](PF6),. hfac = hexafluoroacetylacetonate, M = Cu (Il), Mn(ll) which are either fully
oxidized (n = 2) or mixed valence (n = 1). The magnetic properties of the Cu(hfac),(TTF-CH=CH-py).
complex, measured from 5 to 300 K, reveal paramagnetic behaviour corresponding to the isolated spin S
=1/2 of Cu (I1).

The main factors known to influence the conductivity of this type of material are structural and electronic.
Our work therefore aims to elucidate, via theoretical approaches, these two factors and also the effect of
changing the central metal on the various properties of the compounds in question [23].

DFT and TDDFT calculations were carried out using the B3LYP/6-311G(d,p) level of theory to analyze
the frontier orbitals, molecular electrostatic potentials and vertical excitation energies of the title
compounds.  Atoms In Molecules (AIM), Energy Decomposition Analysis (EDA), Molecular

Electrostatic Potential (MEP), and Non-Covalent Interactions (NCI plot) are reliable methods we have



used to identify and examine the nature of intra- and intermolecular bonding in our compounds. In

addition, molecular docking studies have enabled a theoretical assessment of likely biological activities.

Methods and Results

As mentioned previously, this study is a follow-up and comparative to a first one concerning the
[Cu(hfac),(TTF),] [PF6]. complex [23], and accordingly, all the calculations were carried out with the
same theoretical protocol. Density Functional Theory (DFT) was used using Generalized Gradient
Approximation (GGA), including scalar relativistic corrections through Zero-Order Regular
Approximation (ZORA) [24]. These DFT/ZORA calculations were performed with the ADF (Density
Functional Theory) code [25]. We used the same GGA (Generalized Gradient Approximation) functional:
PBE (Perdew-Burke-Ernzerhof) [26, 27], and the TZP (Triple Zeta + Polarization) basis set. The bonding
characteristics of the compounds are analyzed using Bader's AIM [28] theory and carried out using the
DGrid/Basin [29] program. TD-DFT [30] was used to obtain the absorption wavelengths, oscillation
force, gap energies, major contribution and charge transfer character. All calculations were carried out in
the gas phase. All possible spin states for each metal have been taken into consideration.

Finally, molecular docking studies were carried out using Autodock 4.1 package, in order to examine the
mechanism of actions and the binding mode of the complex, towards the target proteins [31- 35].

1. DFT Study of Transition Metal Complexes Based on TTF Ligand

The transition metal coordination complexes with the 4-methylthio-5-(3-picolylthio)-4,5-
dimethylenedithiotétrathiafulvalene ligand of formula M(hfac),(TTF), (where: M = Mn, Fe, Co, Ni,
Cu and Zn) have been studied to predict the properties of the corresponding complexes. The DFT results
on the M-complexes behave as a regular octahedral. The EDA analysis is employed to interpret the
nature of the metal-ligand bond in the complexes. Photophysical properties of the coordination
complexes have been studied by time dependent density functional theory (TD-DFT) calculations to
identify the nature of the different electronic transitions according to their molecular orbital localization
and to reproduce the absorption spectrum.

1.1. Structural Analysis of the Organometallic Complexes



At this level, we have undertaken a theoretical study of the real compound [M (hfac), (TTF),] (with M =
Cu) and hypothetical ones (M = Mn, Fe, Co, Ni and Zn) in Ci symmetry. The goal of this series is to see
how the ligand interaction changes along the period.

The optimized structure of the investigated organometallic complexes for each metal ion is depicted in
Fig.1, while the geometry parameters are represented in the Fig. 2 highlights the variation of them along
the series.

For all [M (hfac), (TTF),] complexes the M metal atom is at the center of inversion in a distorted
octahedral coordination geometry. M is coordinated by four oxygen atoms from the bidentate hfac ligands

in the basal plane and two nitrogen atoms from the L TTF ligands in the apical positions.

e v N2
< _0g ™ Z
~ . ‘\ ¢ -
. & o 9 ol a4 ‘¢ v
¢« & Ty - . .
-9 - ¢ @ - M ‘.% —& [ S5
@ - Us : o e 4 " .
s [ - - \t“ .W ) ¢
by (¥
v & w\‘ “.\
@ )
w U

Fig. 1 The optimized structure for organometallic complex [M(hfac),(TTF),] (with M= Mn, Fe, Co, Ni,
Cu, Zn).
It is remarkable that the [Zn (hfac), (TTF),] (6) has the longest average C3-C4 bond length at 1.371 A
and the shortest value at 1.349 A is found in [Cu (hfac), (TTF),] (5). The computed distances of metal-
oxygen coordination bonds M-O1 and M-O2 vary in the ranges (1.941 A [Fe] -2.201 A [Co]), and (1.939
A [Fe] -2.254 A [Cu]). Also, the longest average M-N distance is 2.198 A and the shortest value is 1.953
A, respectively, in 6 and 5 metal complexes. As a result, the M—N values are shorter in the order of Cu <
Co < Fe <Mn<Ni <Zn. There is little variation of the M-N bond lengths for different metal complexes.
One can observe that the changes on the bond distances is small among the studied compounds. The

optimized O1-M-01, N1-M-N1 and 0O2-M-02 bond angles in all metal complexes are equal to 180° and



O-M-N bond angles vary, not significantly, from 89° to 91°. The net atomic charges of these complexes
are obtained using the Hirshfeld analysis. The charges on the metals are (+0.219), (+0.148), (+0.149),

(+0.463), (+0.415) and (+0.455), from Mn to Zn respectively.
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Fig. 2 Graphical representation of the evolution of A: bonds length and ionic radius[36], B: atomic
charge depending on atomic number Z and C: dihedral angles

The complexes of Mn, Fe, Ni and Zn present regular octahedral geometries, however the two complexes
based on Co and Cu are deformed (pseudo-octahedrons), this is due to the Jahn-Teller effect which is
responsible for the distortion of the complex having a degenerate fundamental electronic level.

The bond length in the apical position (between the metal and the nitrogen) decreases with the increase in
the atomic number Z with the exception of Ni and Zn. The metal charge increases with Z with the
exception of Co. In general, for odd Z atomic numbers, the charge of the metal decreases when the charge
of the coordinated atoms increases, and the reverse is obtained for the even Zn Fig 2 C. In addition, the
charge carried by the metal [Ni] is the highest so this compound shows a stronger ionic bond. It is worth
to notice that the MO1 and MO2 follow the Irving-Williams series (Fe being slightly off), whereas for the
Jahn-Teller distorted complexes, the M-O1 does not follow the rule (especially the copper complex),
underlining the stabilizing role of that bond, since M-N and M-O2 keep similar lengths.

1.2. Molecular Orbital Analysis

The frontier molecular orbitals (FMOs) play a crucial role to determine the electronic properties of a

chemical system. The selected molecular orbitals FMOs compositions in addition to the energy gaps AE



gap of the studied complexes are tabulated in Table 1, where the nodal properties of SOMOs and
LUMOs of a-spin and the molecular orbital diagrams are displayed in Figs. 3 and 4.

All calculations are performed on neutral complexes, which can exist with different spin states;

1, 3, or 5 SOMOs for the complex with Mn. Fort the Co complex, we should have 1, or 3 SOMOs, for Cu,
we have one SOMO. For Fe, we should have zero, or 2, or 4 SOMOs, and for Ni, we should have 0 or 2
SOMOs. In the case of 0, we're talking about a HOMO.

Table 6 shows the different spin state possibilities for each complex and, their Total Energies (ET) and
the corresponding gap.

All calculations are in the unrestricted formalism, except for the Zn complex which is known by its
diamagnetic state, and Fe, which can be either para- or diamagnetic.

The analysis of the distribution and the spin of the electrons confirm that the other complexes (with Mn,
Co, Ni and Cu) are paramagnetic.

Table 1. The different spin state possibilities for each complex and their Total Energies

Spin states with Total Energies (eV) and Gap energies (bold italic)
Central
metal 0 1 2 3 4 5
Mn -617.301 -617.731 -617.901
1.088 0.243 1.112
Fe -616.660 -615.994 -617.031
1.036 1.026 1.430
Co -615.095 -615.633
0.894 1.401
Ni -612.445
1.233
Cu -598.590
1.141
Zn -608.932
1.154

The most stable compounds have the largest gap (maximum hardness principle) and the maximum spin
multiplicity. The energy gap between the different spin states is small, so configuration changes are

possible.



Mn (3) has the smallest gap (0.2 eV) followed by Co (1) with 0.8 eV. The other compounds have a
similar gap with a value around 1 eV.
Table 2. The HOMO/SOMO, LUMO, and the AE gap (in eV) calculated at the PBE / TZP level for the

most stable configurations (Mn (5), Fe (4), Co (3), Ni (2), Cu (1) and Zn (0).

Mn (5) Fe (4) Co (3) Ni (2) Cu() Zn (0)
FOMs SOMO | LUMO | SsOMO | LUMO SOMO | LUMO SOMO LUMO SOMO LUMO HOMO | LUMO
E(eV) | -4525 | -3.413 | -4.803 | -3.373 -4.794 | -4.341 -4.482 | -3.249 -4.477 | -3.335 -4.370 | -3.216
M % 63.40 0 0 0 1.67 88.07 0 0 0 0 0 0
0O % 22.26 28.26 0 26.98 0 1.80 0 27.61 0 27.47 9.12 0
N % 1.37 0 0 0 0 0 0 0 0 0 0 0
AEgap 1.112 1.026 1.401 1.233 1.141 1.154

the percentage of the contribution of the metal in the HOMO and the LUMO orbitals gives us a very good
insight into the ability of this metal to be a good catalyst [37].

According to our results, it appears that Mn, Ni, Cu and Zn transition metals may exhibit good catalytic
activity, while, the others complexes are good conductors.

The energy gap is closely associated with the reactivity and stability of a molecule and shows its nature
with AE of the studied complexes varying between 1.026 eV for complex Fe(4) more reactive and 1.4 eV
for complex Co (4) less reactive (Table 2) than the other complexes, so that an electron fluctuation
between these orbitals may occur. As well as the energy gap of a-spin for these compounds increases of

the orderof Fe<Mn<Cu<Zn<Ni<Co
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Fig. 3 Frontier molecular orbitals HOMO/ SOMOs and LUMOs of the most stable configurations (Mn
(5), Fe (4), Co (3), Ni (2), Cu (1) and Zn (0), obtained at PBE / TZP level.

For Fe, Ni and Cu complexes, the electron density of the SOMO is localized mainly on the TTF moiety,
whereas the LUMO is localized only on the bidentate hfac. In the Zn complex, the HOMO is localized on
all atoms of TTF, whereas the LUMO is focused only in the two hfac parts. In Co complex, the SOMO
localized on TTF moiety with a small contribution on Co ion (1.67%), but the LUMO is mainly
distributed on the metal with a percentage of metal contribution 88.07% with a weak participation of the

O atoms with 1.8 % , which gives rise to the possibility of metal- to- ligand charge transfer.
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Figure. 4 Frontier molecular diagrams for the most stable configurations (Mn (5), Fe (4), Co (3), Ni (2),

Cu (1) and Zn (0) metal complexes obtained at PBE/TZP level of theory.

For the Mn complex the SOMO is localized mainly on the metal with a percentage of metal contribution

63.4% which indicates a metallic character with a weak participation of the N atom of percentage 1.37%,

while the LUMO is mainly localized on metal with a metallic percentage of 61.05%. The SOMO of the

Fe complex exhibits a weak metallic character (2.85%) and ligand of (87.55%), while the LUMO is

localized on the atoms of hfac ligands.
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The degeneracy of the orbitals HOMO/SOMO and HOMO-1/SOMO-1 (until even SOMO-2 for the
complexes of Cu and Zn) on the one hand, and of the LUMO/LUMO+1 on the other hand, is in favor of
the conductive nature of these complexes. The complexes with Mn, Ni, Cu and Zn have a ligand-type
HOMO/SOMO, and a metal-type LUMO, and this allows the electron to pass from one side of the
complex to the other. In the two complexes with Co and Fe, however, the two frontier orbitals are of the
same type (located on the ligand).

Changing of HOMO/LUMO energy gap value leads to a change in the conductivity of the studied
compounds. The well-known relationship between the energy gap and conductivity is expressed by the
following equation [38] : 0 = e E/2kpT

Where o is the electrical conductivity, kg is the Boltzmann constant and T is Kelvin temperature. As the
equation shows, the conductivity increases as the energy gap decreases. Thus, the conductivity of
complexes with Mn, Fe and Co is the highest because they have smaller energy gaps.

1.3. Energy Decomposition Analysis

Energy decomposition analysis have been done to emphasize the nature of the considered chemical

bonds. The total bonding energy is decomposed into three terms, AEpayi, AEec, and AEqp, Which
correspond respectively to the repulsive, electrostatic and orbital interactions between the fragments. For
performing EDA analysis, we considered the TTF ligand L is as one fragment to study its binding energy
with the M metal and the (hfac) part as the other fragment. The bonding energies and the type of the
corresponding bonds between pair of fragments reported in Table 3.

Table 3. Energy decomposition analysis (EDA) into Pauli, electrostatic energies, and orbital interactions

of M-N and M-O (M= (Mn (5), Fe (4), Co (3), Ni (2), Cu (1) and Zn (0)) at BLYP/TZP level.

Complexes
Bond Energy Mn (5) Fe (4) Co(3) Ni (2) Cu (1) Zn (0)
parameters
M-N AEpauii 12.61 12.62 12.35 7.46 7.2 4.79
AEgjecst -8.37 -9.04 -8.79 -5.82 -6.2 -4.88
AEqrp -8.98 -11.29 -7.23 -4.08 -3.3 -2.15
AEint -4.74 -7.71 -3.67 -2.40 -2.3 -2.24

12



% covalent 51.76 55.53 45.13 41.21 34.7 30.58

% ionic 48.24 44.47 54.87 58.79 65.3 69.42

M-O AEpayii 27.83 16.92 15.82 8.12 15.97
AEejecst -14.24 -8.64 -8.89 -5.02 -9.1

AEorp 27.84 -17.70 -14.77 -9.97 -16.22

AEint -14.25 -9.42 -7.85 -6.87 -9.35

% covalent 66.16 67.20 62.43 66.51 64.06

% ionic 33.84 32.8 37.57 33.49 35.94

In the case of the M-N bonds the major contributions on the total bonding energy is the Pauli repulsion
rather than electrostatic energy AEgec and orbital energy (AEy,) for all the complexes. Then, the
contribution of AEq, is less than the AEgec for Co, Ni, Cu and Zn metals. The % contribution of the
electrostatic interaction (ionic character) is the major interaction in Co, Ni, Cu and Zn complexes. AEq
can be considered as an estimation of the covalent contributions to the attractive interactions, whereas in
the case of the M-O bonds in the complex [M(hfac) » (TTF).] the covalent contribution is dominant in all
complexes.

1.4. Topological Analysis (AIM)

The analysis by the AIM method that we applied to our compounds to get significant information on the
Metal-L chemical bonds,in particular the weak non-covalent interactions. The results of this analysis
clearly indicate the existence of six critical points (BCPs) metal- ligand interactions of the coordination of
the metal with pyridine and hfac bidentate units and the intramolecular interactions. The number of
existing intramolecular BCPs differs according to the complexes. For the [Mn, Co, Cu and Zn] we
observed five non covalent intramolecular BCPs, while in [Fe and Ni], we observe six BCPs as shown in
Fig. 19.Chemical bonds can be characterized and classified based on electron properties and energy

densities at the BCP level. In this work, the calculation of topological parameters such as the electron

13



density p (r), its Laplacian V?p (r), and the energy density H, at the BCPs of the M-L bond and

noncovalent intramolecular bonds for the considered systems are provided in Table SI (Supplementary).

The analysis of topological parameters suggested a positive value of both V%p (r), and H(r) with a very
small value of p (r) for the non-covalent bonds whereas a positive value of V?p (r), and a negative value of
H(r) with moderate p (r) correspond to a bond which is partially covalent in nature. The larger Value of p
(r) BCPs are mainly due to the M — N bonds signifying that they are the stronger than M-O and increases
in the order Zn < Ni <Mn< Fe < Cu. Other parameters of the theory AIM prove the existence of weak
intramolecular hydrogen bond F ... H-C and S ... H-C, with a low value of electron density, and a positive

Laplacian, the ratio | V |/ G < I, with H (r) > 0, indicating mainly an electrostatic nature.

H
s el )
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Cu (1) Zn (0)

Fig. 5. Molecular graph showing magenta Bond Critical Points (BCPs) of [M(hfac),TTF;] (Mn (5), Fe
(4), Co (3), Ni (2), Cu (1) and Zn (0)

1.5. The Electronic Absorption Spectra

The electronic properties of the transition metals (Cu, Co, Mn, Ni, Zn and Fe) having TTF ligands are
investigated using the TD-DFT method. The identification of the nature of the different electronic
transitions is based on the coefficients of molecular orbitals. Theoretical calculations on the shape and the

position of such transition are identified as MLCT, ILCT or LMCT charge transfer.
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The electronic spectra calculated at the PBE / TZP level of the optimized complexes are presented in
Fig.6 and the main electronic transitions, the wavelengths, the percentage of the dominant contributions
of the electronic excitations, are reported in Table S2. These complexes absorb in the same wavelength

range, with a significant shift of the maximum wavelength going from Mn to Zn.
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Fig.6 TD-DFT theoretical electronic spectra of the metal complexes [Mn, Fe, Co, Ni, Cu and Zn]

obtained at DFT/PBE level.

The TD-DFT calculation of the Mn complex presents three bands, the first absorption band at 519 nm
for the B-spin due to electronic transition HOMO-5 — LUMO (99.7%) and at 516 nm consisting of two
transitions (SOMO-1—-LUMO+4) for the B-spin and (SOMO-3—LUMO+4) for the a-spin, of nature
55.8% ( LMCT) and 20.8 % (ILCT) respectively. The second absorption band arising at 612nm

correspond to MLCT transfer transition from SOMO— LUMO+4 (99.9%) for the a-spin. The third
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absorption band located at 664 nm for the a-spin consisted the transition SOMO— LUMO+2 (99.9%) of
the character MLCT. (Figure S1 ). The electronic transitions for the Mn complex are the MLCT, LMCT
and ILCT types.

The Fe complex mainly shows two absorption bands at 529nm and 685nm. The band 529nm is associated
with two transitions SOMO— LUMO+3 (15.6%) and SOMO-2— LUMO+5 (63.9%) respectively of type
ILCT for the a-spin and B-spin. At 685nm band correspond to MLCT electronic transition from SOMO-
2—> LUMO+1 (98.6%).

The theoretical absorption spectrum of Co complex presents tow absorption bands at 544nm, and 642nm
.The first contain two transitions (SOMO-1—-LUMO+4) (27.7%) and (SOMO—LUMO+4) (19.7%) of
same type ILCT for the a-spin and tow transition (SOMO —LUMO + 6) (41.8%) and (SOMO
—LUMO3) (99.6%) of same type LMCT for the B-spin. The second absorption band represented by the
transitions HOMO-3—LUMO (9.9%) for the a-spin and HOMO-3—LUMO+1 (81.3%) for the B-spin of
the same character MLCT. The absorption spectra of the Co complex are the MLCT, LMCT and ILCT
transfers.

The theoretical absorption spectrum of Ni complex shows two bands, the first intense band consists of
two peaks located at 599 nm and 600 nm correspond to the transitions (HOMO-1—LUMO + 3) (23.2%)
for the a-spin, (HOMO-1—LUMO + 5) (62.0%) for the B-spin and (SOMO%LUMO + 3) (86.3%) for the
a-spin (HOMO-1-LUMO + 5) (86.3%) for the PB-spin of the same ILCT character for the four
Transitions. The states calculated at 508 nm and 508 nm constitute the weak band, which gathers four
main transitions (HOMO-1—-LUMO + 6) (13.1%) for the a-spin, (HOMO-1—LUMO + 9) (62.5%) for
the B-spin and (HOMO-1—-LUMO + 7) (30.0%) for the a-spin (SOMO—LUMO + 9) (32.3%) for the B-
spin respectively of character ILCT (see Figure S1) (Supplementary).

The Cu complex mainly presents three absorption band, the first located at 603 nm due to the transitions
(SOMO—LUMO + 3), (HOMO-1—LUMO + 2) for the a-spin and HOMO-1—-LUMO + 4), (SOMO

—LUMO + 3) for the B-spin of the same ILCT character for the four Transitions, the second located at
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592 nm constitutes three transitions corresponding to the same ILCT character since all the orbitals
involved in these transitions are located on the ligand, the third peak calculated at 594 nm corresponds to
a (HOMO-14—LUMO) (87.5%) transition with a charge transfer of metal-centered (MC) dominant
character. The absorption spectrum of the Cu complex is mainly ILCT type.

The Zn complex shows five absorption bands of the same ILCT character, the first the most intense
387nm, corresponding to the transitions (HOMO-3—LUMO + 7) of nature (64.9%). The second located
at 427nm correspond to the transitions (HOMO-2—LUMO + 3) (50.7%).the third absorption band
presented the transition HOMO-1—-LUMO+9 about 49.6%. the fourth less intense located at 549nm due
to electronic transition from HOMO-1—» LUMO+7 (70.3%) .

1.6. Molecular electrostatic potential analysis (MEP)

To predict reactive sites for electrophilic or nucleophilic attack for the investigated molecules, the
molecular electrostatic potential MEP has been calculated using the DFT- PBE/TZP. The MEPs surfaces
of the compounds are shown in Fig. 7. It can be suggested that there are regions rich in electrons (deepest
red) around the fluorine atoms F and the oxygen atoms of the hfac parts reflect the most electronegative
region and have an excess of negative charge, subject to electrophilic attack. The green color surfaces

over the carbon atoms characterizes a neutral region.
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Fig. 7 3D molecular electrostatic potential (MEP) surfaces of M(hfac),(TTF),] (where M= (Mn (5), Fe

(4), Co (3), Ni (2), Cu (1) and Zn (0)).

The hydrogen atoms of the ligand part contain the positive electrostatic potential (blue regions), a zone
subject to a nucleophilic attack. A partial negative charge covers the rest region of the TTF unit,
establishing this region as subject to weak electrophilic attack. The yellow color is slightly inclined to the
red color for the two compounds (Mn and Co). From Fig. 7 understandably, the MEPs isosurfaces of

designed molecules are almost similar. These results provide the necessary information about the possible

reactive regions.

1.7. Non-Covalent Interaction (NCI)

To determine the positions and nature of the noncovalent interactions in the studied complexes, their NCI

are visualized in 3D space, as shown in Fig. 8.
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Fig. 8 Three-dimensional NCI surfaces of [M(hfac),(TTF),] (where M= (Mn (5), Fe (4), Co (3), Ni (2),
Cu (1) and Zn (0)).

As we observed through the NCI plots, greenish yellow isosurfaces are evidenced between the hydrogen
(H) atoms of pyridine rings and the (S) of TTF unit indicating the existence of H-bondings.

The results show that the Zn and Cu complexes have weak repulsion contact between the fluorine and
sulfur atoms. These laters were represented by low percentage of yellow zones. However the other
complexes (Mn, Fe, Co, Ni) have strong repulsive interactions (deep red).

In addition, the destabilized interactions (steric repulsion) are also observed as red color isosurfaces
between S (5) and S(6) atoms in the ligand and the fluorine (F) and oxygen (O) atoms in the (hfac) part. A

comparison of compounds studied reveals similar binding regions obtained from hydrogen and sulfur
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bonding interactions. The relatively large contributions from the electrostatic interactions are reflected in
the increase of spattered green regions. The steric repulsions decrease significantly for Cu and Zn, which
exhibit diminutive red regions as shown in Fig. 8. These results highlight the existence of various types of

weak interactions and show the agreement between AIM and NCI conclusions.
2. Molecular docking investigation

2.1. Computational details

It is known that tetrathiafulvalene ligands and complexes have two major biological activities: antifungal
[39]and antibacterial [40]. To identify how our studied complexes M(hfac)2(TTF)2 ( M = Mn, Fe, Co, Ni,
Cu and Zn) could interact as antifungal and antibacterial agents, the molecular docking of the DFT-
optimized complexes was performed against three related proteins taken from the Protein Data bank
(http://www.rcsb.org/pdb): CYP121 (PDB: 21J7) [41] and CYP51 (PDB: 1EAL)[42]proteins were chosen
as targets for antifungal activity evaluation in addition to

E. coli DNA gyrase B protein (PDB: 1KZN) [32]for antibacterial activity evaluation. The proteins were
cleaned from water and freed from ligands (fluconazole and Clorobiocin) by Discovery Studio 3.5
Visualizer [33]. Then polar hydrogen atoms and Gasteiger charges were added to the proteins by using
the AutoDockTools4 [34]. The molecular[43]docking was performed with deep learning by the means of
GNINA 1.0 code [43] by choosing the “rescore” function based on convolutional neural networks
(CNNSs) scoring function. As the CNN score increases, the stability of the protein-ligand complex also
improves. The GNINA algorithm is time consuming but gives better ligands ranking than AutoDock Vina
scoring on redocking and cross-docking tasks [43]. The molecular docking was performed for the studied
complexes and native ligands in the following search spaces (SS) and the box dimensions (BD): (PDB:
2107; SS: X=10.69, Y=42.92, Z=134.01; BD: X=40, Y=40, Z=40), (PDB: 1KZN; SS: X=19.53, Y =
19.50, Z = 43.03 ; BD: X=40, Y=40, Z=40) and (PDB: 1EAL; SS: X =-12.12, Y =-2.91, Z = 62.51; BD:

X=40, Y=40, Z=40). The molecular docking protocol was validated by redocking using the published
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crystal structures of protein—ligand complexes. The visualization of the results were depicted by

Discovery Studio Visualizer software [6] [33].

2.2. Molecular Docking Results

Molecular docking became an important drug design tool to make new potent agents by investigating the
binding pattern compounds toward target proteins. To identify how the studied ligands can bind to
CYP121 (PDB: 21J7) and Cytochrome P450 14 alpha-sterol demethylase CYP51 (PDB: 1EA1) from
Mycobacterium tuberculosis and E. coli DNA gyrase B protein (PDB : 1KZN) proteins. The complete
molecular docking results of the studied complexes M(hfac),(TTF), (where: M = Mn, Fe, Co, Ni, Cu and
Zn) i.e. CNN scores are listed in Table 4. It was found that the complexes Co/21J7, Zn/1EA1 and
Co/1KZN show the best CNN scores, 0.2655, 0.3432 and 03862, respectively, as shown in Fig. 9, 10 and
11 : An overview of the Protein—-Complex binding surrounding interactions (a) interaction residues. Fig.9
depicts the 2137 residues in interaction with Co: ARG95 and LYS105 by Hydrogen Bonding; PHE344,
LYS100, ALA349, MET99 and LYS96 by hydrophobic interactions; ARG95, MET99, LYS96:NZ and
PHE344 by other types of interactions. Fig. 10 depicts the 1EA1 residues in interaction with Zn: ASN102
and GLY107 by Hydrogen Bonding; LEU301, ARG393, ALA398, ILE401 and LEU301 by hydrophobic
interactions and LEU105 by other types of interactions. Fig. 11 depicts the 1KZN residues in interaction
with Co: ARG76 by Hydrogen Bonding; ALA53 and HIS116 by hydrophobic interactions with ASP49,

GLU50, GLU50, ASP49 and HIS116 by other types of interactions.

Fluconazole, the native ligand for 1EAL, has a CNN score of 0.2935, indicating effective binding. The
complex Zn0 has a slightly higher score of 0.3432, suggesting potentially stronger binding interactions
compared to Fluconazole. For 1KZN, CBN, the native ligand, exhibits the highest CNN score of 0.3960,
reflecting very strong binding. Co3opt shows a similar high score of 0.3862, indicating that it is a strong
competitor. For 21J7, NAPD, the native ligand, has a CNN score of 0.3454, demonstrating effective

binding. In comparison, Zn0 scores 0.2021, which is lower, suggesting weaker binding relative to NAPD.
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Table 4. CNN Scores for Studied Complexes and Native Ligands Binding to Targets leal, 1KZN, and
2ij7

Compound leal 1KZN 2ij7
Fluconazole 0.2935

Clorobiocin 0.3960

NAPD 0.3454
Zn (0) 0.3432 0,2044 0.2021
Cu () 0.2661 0.3778 0.2248
Ni (2) 0.2911 0.3547 0.2376
Co (3) 0.2478 0.3862 0.2655
Fe (4) 0.1092 0.2945 0.2258
Mn (5) 0.0709 0.2141 0.1573

4. Conclusion

In this article, a comparative study between a synthetized complex Cu(hfac),(TTF), and a series of
homologous complexes has been reported with their electronic properties. Molecular geometries have
been optimized with different spin states.

The most stable compounds (bonding energy) have the widest energy gap (maximum hardness principle)
and a maximum spin multiplicity.

The small difference between the calculated total energies of different spin states, suggests the possibility
of configuration changes. The complex with the Mn (0, 3) has the smallest energy gap (0.2 eV) so it is
more conductive than the other compounds; which are rather semi-conductive with a gap of ~ 1 eV.
Electronic population analysis of atomic orbitals 3d/4s in SOMO, HOMO/SOMO-1,-2 and -3 with
different oxidation states 1+ and 12+ confirms that the copper is complexed into its ionic state.

TDDFT calculations show that the majority of transitions are of ILCT type for Ni, Cu and Zn complexes.
The use of AIM and NCI methods enabled us to look at the strength and type of interactions on the basis
of electron density. The analysis of the topological parameters mainly suggests an electrostatic nature of
most of the bonds. A high electron density value for M - N bonds proves that the latter are stronger than
M-O bonds. This strength varies in the order Zn < Ni < Mn < Fe < Co < Cu. We also noted the existence
of weak intramolecular hydrogen bonds F --- H-Cand S --- H.
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The results of molecular docking revealed that Zn and Cu could be potent antifungal agents in addition to

Zn as antibacterial agent.
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