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The B3LYP/6-311++G(d,p) method is employed to carry out calculations of the interaction
strength of bidentate dithiolene ligands with the [M(H,0)4]** and [M(H,0),]** (M = Mg or Ca)
aquacations. Two series of ligands are studied: one with a phenyl ring directly bonded to the S
interacting atoms and the other with a substituted ethylene (>C=C<) bonded to the two sulfide
groups. These ligands present substituents with distinct induction and resonance electronic
donor/acceptor effects. Fundamental characteristics, such as geometry, charges and energy of the
complexed aquacations and isolated ligands, are analyzed and rationalized to correlate with the
substituents effects and the metal-ligand affinity. The thermodynamic results, energy decomposition
analysis (EDA) and natural bond order (NBO) show the chelate effect has an important contribution
to complex stabilization and leading to an enhanced knowledge of the metal-dithiolene interaction
and coordination affinity between the alkaline earth metals and sulfured ligands.
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Introduction

The complexation of metal cations by 1,2-dithiolene
ligands is an important research field of coordination
and materials chemistry.!* Homoleptic dithiolene
complexes are important precursors of molecular
devices,” semiconductors for field-effect transistors,®
near infrared (NIR) dyes for lasers,”® liquid crystal and
non-linear optical devices,”! electronic recording disks'!
and in olefin purification systems.'? In the heteroleptic
dithiolene complexes, the metal cation interacts with the
dithiolate ligand and also with several other ligands, such as
cyclopentadienyl, ortho-diimines and diphosphines. These
molecules have multiple applications, such as models
compounds of enzymes,'* luminescent properties,'* photo
and thermo-solvatochromism,'>!” catalyst for molecular
hydrogen production'® and dye-sensitized solar cell.' In

*e-mail: glauciobf @ vm.uff.br; Imcosta@id.uff.br; stoyanov @ualberta.ca

addition, structural modifications on the ligands, such as
the number of sulfur atoms, can change the crystalline
arrangement of the system leading to new electronic,
optical and magnetic properties.” The high thermal and
photochemical stability and the intense absorptions near
the infrared region are due to the combination of these
ligands with the metal cations with enhanced orbital
overlap.?!

The interaction between divalent metal cations and
organic ligands was analyzed in a large number of studies.?>’
The interaction of alkaline earth metal cations with O-
and N-coordinating ligands was quantified by binding
energies, highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies
and energy gap values as well as metal-ligand bond length,
and ligand-to-metal electronic donation. It was seen
that the O-coordinating ligands have the largest affinity
for those cations.”” Huang et al.?® studied the structure,
bonding nature, and stability of divalent and trivalent
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metal complexes with O-interacting ligands, where the
principal parameter to measure the ligand’s affinity for the
metal cation was the Gibbs free energy of coordination.
Ligands with neighboring electron donor groups have
stronger interaction with the metallic center than ligands
with electron withdrawing groups. Wolf and Hummel**
have studied the interaction between dithiolene ligands
(as maleonitrile-2,3-dithiolate, mnt) with alkaline earth
cations. They reported that the ligands bind preferentially
the sulfur and nitrogen atoms. The synthesis of dithiolene
compounds complexed (cyclobutene-1,2-dithione-
3,4-dithiolate) with alkaline earth metal cations was
reported by Becher et al.>>?° They found that the dithiolene
ligands bind strongly to the metallic center than the water
molecule.

The interaction of the divalent metal cations (Co?*, Ni%*,
Cu?), from the water environment, with divalent ligands
(2,4-dichlorophenoxyacetic acids, herbicides) was analyzed
by Drzewiecka-Antonik et al.?’’ It was noted that after
the first and second ligand complexation the octahedral
interaction geometry was maintained. Xia et al.?® performed
a theoretical investigation on electronic structures and
stability of palladium and platinum complexes, and
obtained structural parameters comparable with the
experimental values. The natural bond order (NBO)
analysis results showed that the metal-ligand bonding
was predominantly ionic in nature and the electrostatic
interaction was dominant, with strong donor-acceptor
interactions. Plazinski and Drach® studied the interaction
of amino acid residues with Zn*, Cd*", Cu*, Mn** and
Co?*. These authors determined the preferred binding
trends for the coordination with each cation and the
affinity order by the calculation of the Gibbs free energy
change for the metal complexation. Tavassoli and Fattahi*
analyzed the interaction between the Zn**, Ca** and Mg**
with the histidine ligand. They concluded that the stronger
interaction is with the softest transition metal cation
due to the larger covalent component of the interaction,
even though the electrostatic character is predominant.
Yanez et al.** extensively studied the interaction of metal
cations with O-, N- and S-coordinating ligands.*'-**

Geometrical, electronic and energetic characteristics of
the complexes and the isolated ligands were rationalized
to explain metal-ligand affinity trends. It was found that
the peripheral groups bonded to the anchoring atom
that binds to the metal cation modulate the interaction
strength. Pesonen er al.* performed a density functional
theory (DFT) study of the interaction of mono- and
bidentate ligands with metal cations, where the interaction
with the bidentate ligands was stronger than that with
monodentate ones. The size of the cation, its softness
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and the stabilization energy of ligand’s chelation directly
affected the coordination preferences. The octahedral
arrangement was maintained around Mg** and Ca** in the
first substitution reaction. In the metal-ligand interaction
field, Despotovic* and Kowalsak-Baron®” observed that
the nature of the interaction was directly influenced by
the charges on the interacting atoms, bond length and
cation hardness as well as orbital overlap, HOMO-LUMO
energy gap, according to NBO and energy decomposition
analysis (EDA) results.

These previous studies analyzed geometrical, electronic
and energetic parameters of the metal-ligand interaction
to help understand the affinity of each class of molecule
for the metal cation.*®*” With the same objective, here we
employ the B3LYP functional®® to analyze the affinity of
the Mg* and Ca®* aquacations for the dithiolene ligands
and to rationalize it through correlations with parameters of
fundamental chemistry. Moreover, the EDA,*' NBO* and
donor-acceptor analysis methods are employed to further
elucidate the character of the metal-dithiolene coordination
interactions.

Methodology

Geometry optimization and energy calculations
were carried out using the hybrid B3LYP* functional
and the 6-311++G(d,p) basis set,>**’ as implemented
in the Gaussian 09 software.”® Frequency calculations
were performed to ensure each optimized structure is a
genuine minimum on the potential energy surface and
compute the thermochemistry results. The counterpoise
procedure was used to calculate the basis set superposition
error (BSSE).>*% The B3LYP/6-311++G(d,p) method
leads to results in agreement with higher level of theory
ab initio calculations.’’> The EDA calculations*->!
were also performed using the B3LYP/6-311++G(d,p)
method, as implemented in the GAMESS software.®*%* In
the EDA procedure, the sum of the electrostatic (Eg,..),
polarization (Ep, ), exchange (Ey), dispersion (Ep,)
and Pauli repulsion (E,,,;) components leads to the
total interaction energy (Eqp,).*"' The sum of the
polarization and exchange components gives the covalent
term. The NBO analysis was performed using the
B3LYP/6-311++G(d,p) method as implemented in the
FIREFLY (PC-GAMESS)®% software to obtain the
percentage contribution of each resonance structure to the
final hybrid molecule. We also computed the acid-base
interaction between the aquacomplexes and the ligands
using the second-order perturbation energy analysis.®’
All the structures were drawn with the Gaussview 5.0
program.®
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Results and Discussion
Complexes and reactions studied

Two series of dithiolate ligands are studied, one
containing a phenyl ring directly bonded to the S
interacting atoms (Figures 1a-1c) and the other containing a
substituted ethylene group bonded to the two sulfide groups
(Figures 1d-1g). Experimental measurements show that
the most common coordination number in water solutions
for both the Mg?* and Ca** cations is 6 with an octahedral
arrangement.®’ In this way, we analyze two substitution
reactions for the Mg?* and Ca?* aquacations, according to
equations 1 and 2, to determine the energy for substitution
of water molecules by a bidentate dithiolene ligand, as
shown in Figure 2. Several studies report this methodology
to determine the strength of binding of metal cations and
ligands. 22363847

[M(H,0),]** + L>* —» [M(H,0),L] + 2 H,0 @))
[M(H,0),L] + L* — [M(H,0),L,]* + 2 H,0 ()

The focus of this study is to rationalize the role of ligand
structural modifications, as the insertion of electron donor,
acceptor and aromatic groups, in the modulation of the
metal-ligand interaction strength. Both EDA*-! and NBO
analysis®®> methods are employed to elucidate important
contributions to the stabilization of the complexes.

Ligand affinity

The geometries of the 14 calcium and 14 magnesium
aquacomplexes were fully optimized using the
B3LYP\6-311++G(d,p) method. Figures 3 and 4 show the
Mg? and Ca* aquacomplexes after the first and second
substitutions by the dithiolene ligand, respectively. We
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Figure 1. Dithiolene ligands with respective abbreviations:
(a) toluene-3,4-dithiolate (tdt); (b) benzene-1,2-dithiolate (bdt);
(c) 3,6-dichlorobenzene-1,2-dithiolate (Cl,-bdt); (d) ethylene-
1,2-dithiolate (edt); (e) 1,2-dimethyl-1,2-ethylenedithiolate (mdt);
(f) bis(trifluoromethyl) ethylenedithiolate (tfd); (g) maleonitrile-
2,3-dithiolate (mnt).

observe that the first ligand substitution did not change
the coordination geometry around the metal cation,
maintaining the octahedral arrangement, and yielding
neutral complexes. However, the second ligand substitution
promoted a distortion in the final aquacomplex geometry.
We found three distinct coordination geometries for
the disubstituted aquacomplexes: octahedral, distorted
bipyramidal with trigonal base and tetrahedral. In the
tetra and penta coordinated geometries, we observed a
withdrawal of water molecules from the coordination
sphere that migrate to form a second solvation shell. These
water molecules continue to solvate the substituted metallic
complex by electrostatic and hydrogen bond interactions
with water molecules of the first coordination sphere and
with the S atom. The largest distortion in the coordination
sphere is obtained for the tetrahedral complex with
ethylene-1,2-dithiolate (edt), [Ca(H,0),(edt),]*". Table 1
shows the symmetry of each final complex structure after
the first and the second ligands substitution. In the second
ligand substitution, the complexation of Mg** with the
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Figure 2. First and second substitution reactions of [M(H,0),]** and [M(H,0),L] (M = Ca or Mg), respectively, with the bdt dithiolene ligand (L).
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Figure 3. Optimized structures of the monosubstituted aquacomplexes [Mg(H,0),L] and [Ca(H,0),L] containing tdt (a, h), bdt (b, i), Cl,-bdt (c, j), edt (d, k),

mdt (e, 1), tfd (f, m) and mnt (g, n) ligands.

toluene-3,4-dithiolate (tdt), benzene-1,2-dithiolate (bdt)
and edt leads to a tetrahedral arrangement, the 1,2-dimethyl-
1,2-ethylenedithiolate (mdt) presents a bipyramidal
structure, whereas 3,6-dichlorobenzene-1,2-dithiolate
(Cl,-bdt), bis(trifluoromethyl) ethylenedithiolate (tfd)
and maleonitrile-2,3-dithiolate (mnt) conserved the initial
octahedral symmetry. It is interesting to note that on one
hand the 3 ligands (Cl,-bdt, tfd and mnt) with electron
withdrawing groups yield complexes with the same
symmetry of interaction (octahedral). On the other hand, the
ligands (tdt, bdt, edt and mnt) that do not possess electron
withdrawing groups present final coordination geometry

with a decreased coordination number. This may be due
to the ligand charge transfer to the metal center. As Mg**
is a dication, the second substitution by a dianionic ligand
causes an increase in the electron density on the metal
center, which may promote electronic repulsion between
the ligands and saturation of electronic charge on the metal
atom. The combination of these two effects may force the
migration of weakly-binding ligands, such as neutral water
molecules, to the second solvation shell and modify the
coordination geometry. For the Ca** complexes a similar
behavior is found. All the monosubstituted [Ca(H,0),L]
aquacomplexes maintain the octahedral arrangement. For
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Figure 4. Optimized structures of the disubstituted aquacomplexes [Mg(H,0),L,]* and [Ca(H,0),L,]* containing tdt (a, h), bdt (b, i), Cl,-bdt (c, j),

edt (d, k), mdt (e, 1), tfd (f, m) and mnt (g, n) ligands.

the disubstituted [Ca(H,0),L,]*~ aquacomplexes the tdt,
bdt, tfd and mnt ligands maintains the coordination axis
with an octahedral, arrangement. The interaction with
the Cl,-bdt, mdt ligands present the bipyramidal final
coordination geometry, whereas the edt the tetrahedral
optimized geometry. As Ca*" has larger ionic radius
(190 pm) than Mg?* (145 pm),”" it can accommodate more
electron density donated from the ligands, as evidenced
from the larger number of complexes with octahedral and
bipyramidal geometries, the two highest coordination
numbers. Additionally, the repulsion between the ligands
is larger in the Mg?* aquacomplexes than in the Ca?*
derivatives due to the shorter M—L bonds.

The affinity of each ligand for the metal cations was
determined from the interaction enthalpy (AH) and Gibbs
free energy at 298 K (AG) for the water exchange by one
or two ligand molecules. The affinity results of the ligands
for Mg?* and Ca?* are listed in Table 1.

The analysis of Table 1 shows that all the interacting
enthalpy values are negative indicating that the substitutions
of water molecules for one and two dithiolene ligands are
exothermic. Table 1 shows that the second ligand substitution
presents less negative interaction enthalpy values than the
first substitution by 292.10 and 276.09 kcal mol™! for the
Mg* and the Ca* complexes, respectively. In the first
substitution, the aquacomplex is a dication that interacts
strongly with a dianion, while in the second substitution
the aquacomplex is a neutral specie that interacts with the
dianion. In this way, in the first substitution the electrostatic
stabilization energy is larger (interaction of two charged
moieties) than in the second substitution (interaction of a
neutral and a charged molecule), leading to more negative
interaction enthalpy values.

Table 1 also shows that for the first ligand substitution the
interaction of the ligands with Mg?* is 5.97 + 2.40 kcal mol !
stronger than with Ca?*. This is related to the electrostatic
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Table 1. Optimized geometry of the mono- and disubstituted aquacations (Geo), interaction enthalpy (AH), Gibbs free energy (AG) and entropic component
(=TAS) at 298 K, for the water exchange by one (monosubstituted complexes) or two ligands (disubstituted complexes) molecules

Mg* Ca*
Ligand Geometry: AHP / AG®/ —TAS / Geometry: AHY/ AG®/ ~TAS/
(kcal mol™) (kcal mol ™) (kcal mol™) (kcal mol ™) (kcal mol™) (kcal mol ™)
Monosubstituted complexes
tdt Oh -339.92 -349.25 -9.33 Oh -336.38 —335.06 1.32
bdt Oh —341.52 —-349.05 -7.53 Oh -336.10 —334.54 1.56
Cl,-bdt Oh —322.82 -334.10 -11.28 Oh -318.65 -318.19 0.46
edt Oh —355,44 -362.53 -7.09 Oh -350.28 —348.57 1.71
mdt Oh -354.61 -361.49 —-6.88 Oh —-349.49 -347.91 1.58
tfd Oh —320.08 -327.71 -7.63 Oh -312.08 -312.27 —-0.19
mnt Oh —-308.70 -313.30 -4.60 Oh —-298.30 —298.32 -0.02
Disubstituted complexes
(tdt), Td -39.55 —48.64 -9.09 Oh —45.61 —53.86 -8.25
(bdt), Td —41.75 -51.56 -9.81 Oh —-60.65 —68.57 -7.92
(Cl,-bdt), Oh -36.96 —42.83 -5.87 Bp -55.53 —62.39 —6.86
(edt), Td —44.47 -53.42 -8.95 Td —43.79 -53.65 -9.86
(mdt), Bp —44.94 -50.94 -6.00 Bp —46.08 -53.36 -7.28
(tfd), Oh —46.05 -51.96 -5.91 Oh -57.86 —64.55 —6.69
(mnt), Oh —44.66 -51.38 -6.72 Oh -59.13 —66.29 -7.16

*Oh: octahedral; Bp: bipyramidal; Td: tetrahedral; *including the BSSE correction (Table S1, in Supplementary Information section); tdt: toluene-
3,4-dithiolate; bdt: benzene-1,2-dithiolate; Cl,-bdt: 3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate; mdt: 1,2-dimethyl-1,2-ethylenedithiolate;
tfd: bis(trifluoromethyl) ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate.

stabilization energy of the interaction. As this bond is
formed by a cation and an anion, the size of each specie
must be strictly related with its strength. As Mg?* has a
smaller ionic radius than Ca?*, its electrostatic stabilization
energy is higher, leading to more negative interaction
enthalpies and larger affinity.

In the second substitution by the dithiolene ligand,
the trend is the opposite seen for the first substitution.
Almost all ligands have larger affinity for the Ca** cation,
11.83 = 7.85 kcal mol™! stronger than with the Mg?* cation.
As the ionic radius of the Ca** cation is larger than the
Mg?*, it can be more stabilized by orbital overlap with the
ligands, indicating stronger covalent character. Only the
edt ligand presented larger affinity for the Mg>* cation of
0.88 kcal mol, that may be related to its structure, as it is
the only molecule that complex in a tetrahedral arrangement
with both cations.

The analysis of the interaction enthalpy change can
be done by comparing the values for the tdt and mnt
ligands, which are in the extremes. The first and the
second ligand substitution have the same trend for both
metal cations. The AH for the first substitution varies
31.22 and 38.08 kcal mol! for the Mg?* and Ca?* cations,
respectively. Whereas for the second substitution the AH
varies 9.09 and 16.86 kcal mol* for the Mg?* and Ca**

complexes, respectively. We observe that the AH is larger
for the first substitution than for the second substitution.
This must be related to the charges on the metallic center of
the complexes. In the first substitution, the charges on the
metal cations are more positive than the ones in the second
substitution. This enhances the affinity of the ligand by the
cation and justifies the homogeneity of the results on the
second ligand substitution.

The analysis of the interaction enthalpy of each
ligand for Mg?* and Ca** shows similar behaviors that
can be rationalized based on the resonance and induction
electronic effects inherent to each ligand substituent. The
AH values are negative showing the preference of the metal
cation to coordinate with the dithiolene ligands instead of
with water molecules. As previously shown in Figure 1,
there are two types of ligands: the double bond, containing
the ethylenic disulfide functional group (Figures la-1c) and
the aromatic ligands (Figures 1d-1g). In the first substitution
of the aromatic series we note that the tdt and bdt ligands
have similar affinity for the Mg** (1.60 kcal mol') and
the Ca** (0.28 kcal mol"') cations. This is probably due
to the weak electron donation effect of the methyl group
promoting a small enhancement of the charge on the
ligand’s interacting atom. The Cl,-bdt ligand has the most
positive AH values of this series, showing the weakest
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interaction. The metal interaction with the Cl,-bdt ligand is
18.70 and 17.45 kcal mol! weaker than with the bdt ligand
for the Mg?* and Ca?* cations, respectively. This is due to
the inductive effect of the aromatic chloro substituents, that
reduces the charge on the benzene ring and consequently
on the S atoms, weakening the interaction magnitude. In
the second ligand substitution, this trend is maintained for
the Mg?* complexes, with the following interacting order
bdt > tdt > Cl,-bdt. However, for the Ca?* complexes this
trend is distinct (bdt > Cl,-bdt > tdt), maybe due to the
different coordination spheres. The coordination geometry
of the tdt and bdt is octahedral (6 ligand donation sites for
the metal) and for the Cl,-bdt bipyramidal with trigonal base
(5 donation sites, where the interaction is strengthened).
The reduced coordination number of the metal center for
the CL,-bdt complex makes the cations more electrophilic,
enhancing the interaction strength.

The affinity of the second series of ligands containing
the ethylenic disulfide group (Figures 1d-1g) for the metal
cations is also modulated by the electronic nature of the
substituent on the ligands. In the first ligand substitution,
the interaction order strength is edt > mdt > tfd > mnt
for both the Mg?* and Ca** aquacations. The edt and mdt
compounds are very similar in structure, differing by two
methyl groups. The methyl groups have a weak inductive
effect that slightly enhances the negative charge on the
ethylene moiety and thus in the coordinating S atoms,
strengthening the interaction. The interaction enthalpy
difference between the edt and mnt ligands is 0.83
and 0.89 kcal mol! for the Mg? and Ca’* complexes,
respectively. The two compounds of this series that have
the weakest interaction strength are the tfd and mnt,
respectively, due to the strong electron acceptor substituents
on the C=C bond. The tfd contains 3 F atoms that withdraw
electron density from each of the coordinating S atoms by
the inductive effect, decreasing the interaction enthalpy by
34.53 and 37.41 kcal mol™! (comparing with the mdt ligand)
for the Mg?* and Ca*, respectively. The mnt has two CN
substituents that also withdraw electron density, by the
resonance effect, and reduce the interaction enthalpy by
45.91 and 51.19 kcal mol ™! (comparing with the mdt ligand)
for the Mg?* and Ca*, respectively. In the mnt ligand the
entire m-electron system is conjugated with parallel orbitals,
allowing strong electronic acceptance by the CN group,
which leads to a less stable aqua complex. In the second
ligand substitution, the interaction strength order for the
Mg?* complexes is tfd > mdt > mnt > edt > bdt > Cl,-bdt.
For the Ca’" cation the interaction order strength is
bdt > mnt > tfd > Cl,-bdt > mdt > edt. It is interesting to
observe that ligands with electron withdrawing groups (tfd,
mnt) have the strongest interactions. This is probably due to
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the amount of negative charge that the Mg?* and Ca** metal
cations can receive to form the interactions. In the second
substitution the metal aquacenter is neutral and does not
tend to form interactions with predominant electrostatic
character, being the covalent term also important to describe
the bond. The electronic character analysis of the metal-
ligand bond is discussed in the EDA part below.

The analysis of the AG values shows similar trends as
the enthalpy strength order, for the two series of ligands
and for the first and second ligand substitution. All the AG
values are negative, showing that the substitutions of two
and four water molecules by bidentate ligands are both
spontaneous processes. The AG values are 7.62 + 1.85 and
3.40 +4.57 kcal mol! more negative than the AH values for
the Mg?* and Ca?* aquacations, respectively. The analysis
of the set of substituents follows similar trends, as for the
enthalpy. In the first substitution of the aromatic ligands,
the interaction strength order is tdt 0.20 (0.52) kcal mol"!
stronger than bdt and 15.15 (16.35) kcal mol! stronger
than Cl,-bdt for the Mg** (Ca*") complexes. The double
bond ligands interaction order is: edt 0.83 (0.79) kcal mol!
stronger than mdt 34.53 (37.41) kcal mol"! stronger than
tfd and 11.38 (13.78) kcal mol™' stronger than mnt for the
Mg?>* (Ca*") aquacomplexes. In the second substitution,
the analysis of the interaction of Mg?** with the aromatic
ligands shows the following trend bdt (2.92 kcal mol!
more negative than) > tdt (5.81 kcal mol' more negative
than) > Cl,-bdt. This order is justified by the electronic
effects related to the methyl group and CI atom. For the
Ca’ complexes, the interaction order with the aromatic
ligands is bdt (6.18 kcal mol! more negative than) > Cl,-bdt
(8.53 kcal mol' more negative than) > tdt, due to the
change of the coordination geometry. The interaction
order of the Ca*" cation with the ethylenic ligands is mnt
(1.74 kcal mol' more negative than) > tfd (10.90 kcal mol™!
more negative than) > edt (0.29 kcal mol! more negative
than) > mdt. As previously seen for the enthalpy analysis,
the modulation of these interactions is mainly due to the
inductive and mesomeric electronic effects inherent to
the substituents of the dithiolene ligands. These results
are in agreement with the work performed by Ghiasi and
Monajjemi’ in the calculation of the affinity of alkaline
earth metal cations with dithiolene ligands (cyclobutene-
1,2-dithione-3,4-dithiolate) that also reports the substituent
modulation.

Table 1 also shows the values for the entropic (—TAS)
parameter for each complex. All entropic contributions are
negative for the first and the second ligand substitutions of
the Mg?* complexes. For the Ca?* complexes the (-TAS)
term is negative (second substitution reaction) or nearly
zero (first substitution reaction). In the substitutions
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reactions (equations 1 and 2), the number of products is
larger than the number of reactants, due to the coordination
of the metal cation with a bidentate ligand and the release
of two water molecules. This confirms the effect of the
enhancement of the system disorder as expected for chelate
ligands. Specifically, for the first ligand substitution,
it is observed that the values for Mg complexes are
8.68 +2.13 kcal mol! more negative than those for the Ca*
complexes, while in the second substitution the values are
almost the same (0.24 + 1.08 kcal mol™).

Chelate effect

The chelate effect arises from the entropic stabilization
of complexes with polydentate ligands relative to analogous
complexes in which the ligand is monodentate. Ligands that
contain more than one anchor point to coordinate with a
metal cation form chelate systems. The formation constants
for the chelate formation reaction generally have high
values due the stabilizing effect of the product. The chelate
effect can be explained using the additional stabilization
caused by the difficulty to break the complex. In a
previous study” we quantified the stabilization energy for
O-containing bidentate ligands with Ca*". For dithiolenes,
this phenomenon can be quantified in equation 3, by the
calculation of half of the AH and AG values. In this case,
we chose to evaluate the structure with bridged dithiolate
ligands, considering this specie as a theoretical model. In
this way, it was possible to calculate the substitution energy
with the edt ligand like monodentate ligand. The results
are listed in Table 2.

2[Ca(H,0)¢]** + L — [(Ca(H,0);),L] + 2H,0 3)

The entropic contributions in Table 2 are positive, as
the number of specie on both sides of equation 3 is the
same. The —TAS term changes from —7.09 (bidentate) to
2.78 (monodentate) and 1.71 (bidentate) to 3.92 kcal mol™!
(monodentate), for the Mg?* and Ca* complexes,
respectively, for the first substitution reaction. This shows

B Mg2"and Ca2" Bo

Figure 5. Complexation reaction of [M(H,0),]** with edt dithiolene ligand (L).
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Table 2. Interaction enthalpy (AH), Gibbs free energy (AG) and entropic
component (<TAS) at 298 K, for the interaction of the edt ligand (L) with
two molecules of the [M(H,0);]** (M = Mg or Ca) complexes

AH/ AG/ -TAS /
(kcal mol™") (kcal mol™) (kcal mol™)
[(Mg(H,0),),L] -318.04 -315.26 2.78
[(Ca(H,0)s),L] -209.39 —205.47 3.92

that the bidentate coordination is substantially more
favorable entropically. Also, the results in Table 2 show that
the interaction of the edt ligand as a monodentate specie
yields less negative AH and AG than those calculated for
the bidentate type of (Table 1).

Energy decomposition analysis (EDA)

This procedure fragments the interaction energy
(Er,) between two moieties in the electrostatic (Eg,..),
polarization (Ey, ), exchange (Exc), dispersion (Ep, ) and
Pauli repulsion (Ep,,;) terms.*! In the complexes, one
fragment is the aquacation [M(H,0),]** or [M(H,0),L]
and the other is the ligand L that binds to the aquacation
according to equations 1 and 2.

Table 3 shows the EDA results for both the Mg*
and Ca>* aquacomplexes for the first and second ligand
substitutions. The total interaction energy orders for the
first and second substitutions are the same as these of the
substitution enthalpy and Gibbs free energy. Therefore,
the electronic nature of each substituent on the ligand
molecule modulates this parameter, as discussed in
the previous section. The total interaction energy is
112.55 = 5.34 kcal mol! (108.96 + 8.97 kcal mol!)
and 75.02 £ 9.94 kcal mol! (69.04 + 9.17 kcal mol")
more negative than the interaction enthalpy for the first
substitution and second ligand substitution, respectively,
of the Mg?* (Ca*") complexes. The metal-ligand interaction
in the first ligand substitution is stronger than that in the
second substitution because initially the metal is more
electrophilic as it is surrounded only by neutral ligands and

H S BC
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Table 3. Total interaction energy (E, ), electrostatic (Eg,. ), polarization (E,, ), exchange (Ey), dispersion (E,

Theoretical Study of the Interaction of 1,2-Dithiolene Ligands with the Mg?* and Ca®* Aquacations

of the interaction, calculated using the EDA method

Disp.
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) and Pauli repulsion (Ey,,;) components

Mg Ca*
Ligand En/  Ewo/  Bw/  BEx/  Eng/  Enal En/ B/ Bul/  Exl Byl Eual
(kcal mol!) (kcal mol!) (kcal mol!) (kcal mol!) (kcal mol') (kcal mol') (kcal mol!) (kcal mol!) (kcal mol!) (kcal mol!) (kcal mol!) (kcal mol')
Monosubstituted complexes [M(H,0),L]
tdt -453.82 46332 -109.26 —49.78 -18.61 168.15 —469.27 454,57 -109.80  -58.39 -21.36 204.24
bdt -453.72 46121 -107.35 -49.84 -18.62 168.32 —470.68 —454.11 -107.75 -58.68 -21.41 204.42
Cl,-bdt -434.35 44406 -106.00 4641 —-17.05 159.76 —441.21 42727 -10448 -53.46 -19.17 191.05
edt -483.38 47734 -98.14 —54.83 -20.22 179.23 -489.76  —467.52 -101.63 —-60.84 -23.95 208.66
mdt —478.03 -480.46 -107.97 -54.67 -20.20 180.41 —494.02 —468.62 -108.67 —65.03 —22.94 222.04
tfd —43530 43580 -95.51 —45.86 -15.61 156.48 -439.26 —416.16 -92.24 -51.44 -17.39 184.17
mnt -407.39 -414.67 -93.55 —41.50 -16.04 143.82 -409.43 39420 -87.83 —45.75 -17.31 166.12
Disubstituted complexes [M(H,0),L,]*-
(tdt), -156.84 15441 -94.81 -58.39 —-14.35 165.12 -132.98 -145.81 —63.88 —-38.94 -12.34 128.00
(bdt), -160.99 -160.93  -96.83 —62.20 -15.97 174.93 —142.27 15885 —65.69 —44.21 —-13.81 140.29
(Cl,-bdt), -138.41 -150.68 -81.61 —58.28 -14.60 166.76 —132.12 -144.83  -58.59 -33.50 -11.03 115.84
(edt), -161.15 -167.21 -93.71 —66.65 -16.81 183.22 -159.24  -175.88  -68.66 —47.46 -17.05 149.81
(mdt), -132.82 -142.80 -85.04 —63.67 -14.61 173.29 -134.86 -151.81 —-62.75 —42.44 -12.87 135.01
(tfd), —144.43  -159.10  -75.87 -56.38 -14.81 161.73 -146.05 -163.12  -58.80 -38.50 -12.82 127.19
(mnt), -135.87 -140.81  -72.15 —46.38 -13.22 136.69 -135.01 -146.41  -55.77 -31.70 —-11.33 110.21

Tdt: toluene-3,4-dithiolate; bdt: benzene-1,2-dithiolate; Cl,-bdt: 3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate; mdt: 1,2-dimethyl-
1,2-ethylenedithiolate; tfd: bis(trifluoromethyl) ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate.

the entire complex is a dication. After the first substitution,
the entire complex becomes neutral and the electrophilicity
of the metal center is decreased due to the coordination with
one anionic dithiolene ligand.

In the first ligand substitution, the electrostatic component
of the interaction is the major one, with contribution of
72.81 = 0.55 and 71.19 = 0.77% of the total stabilizing
terms for the Mg?* and Ca?* complexes, respectively.
The metal-S chemical bond in the complexes produced
in the first substituted aquacomplexes is predominantly
ionic, as noted above. The electronic character of the
ligand substituents also modulates the electrostatic term.
The complexes containing electron-donating ligand
substituents have more negative electrostatic component
than those containing electron-withdrawing substituents.
The electrostatic component of the Mg?** aquacations is
13.49 + 5.43 kcal mol ™' larger than of the Ca®* complexes
for the first ligand substitution.

For the second ligand substitution, we observe two
trends. The electrostatic component of the Mg?* complexes
containing phenyl dithiolenes is 5.51 + 3.27 kcal mol!
more negative than that of the Ca** complexes, with the
same interaction order as the monosubstituted complexes.
For the ethylenic dithiolenes, the electrostatic component
of the Ca* complexes are 3.90 + 2.42 kcal mol! more
negative than that of the Mg?* complexes, with a reverse

interaction order compared to the monosubstituted
complexes. As Mg?* has a smaller ionic radius than Ca*, it
can accommodate a smaller quantity of electron density. As
both cations are interacting with two dianionic ligands, in
the second substitution the Mg?* complex is more saturated
with electron density, while the Ca** complex can still
receive electrons. This behavior enhances the electrostatic
component of Ca—S bonding in comparison with the Mg—S
bonding in the second ligand substitution.

It is important to consider the electrostatic term in
comparison between the first and second dithiolene
substitution for the same metal center. The electrostatic
terms of the first substitution in the Mg?* and Ca?* complexes
are 300.13 + 21.87 and 285.10 + 26.26 kcal mol! more
negative, respectively, than these of the second substitution.
This is related with the affinity of the aquacenters for the
ligands. The first substitution occurs in the [M(H,0)4]**
specie, where the cation is surrounded by neutral ligands,
whereas the second substitution occurs in the neutral
complex [M(H,0),L]. In the latter, the metal center has a
weaker attraction for the second dithiolene ligand due to the
interaction with the first dithiolene that largely neutralized
its electronic charge, decreasing its electrophilicity.

In EDA, the covalent character is accounted by the sum
of the polarization and exchange terms. The polarization
is the main term of the covalent component representing
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67.70% (64.46%) and 59.28% (61.21%) of the covalent
terms of the first and second dithiolene substitutions,
respectively, for the Mg?* (Ca?") complexes. As seen
for the electrostatic term, the polarization component
of the first substitution is larger than that of the second
substitution by 16.82 +7.33 and 39.75 + 6.63 kcal mol™! for
the Mg?* and Ca** complexes, respectively. Before the first
dithiolene substitution, the metal center is only bound to
neutral molecules with low orbital overlap. After the first
dianion coordination, the metal-ligand distance decreases,
enhancing the orbital overlap and leading to increased
polarization term values. In the second substitution,
besides the metal having a lower electrophilicity that
weakens the interaction (and decreases the polarization
term), the metal aquacomplex has higher electronic density
that repulses the electronic cloud of the second dithiolene
ligand, decreasing the coordination strength and lowering
the polarization term. The dispersion (Ep,) term is the
one with the smallest change, of less than 8 kcal mol!
for both cations. The dispersion terms for the first ligand
substitution are 3.14 + 1.51 and 7.47 + 1.85 kcal mol
more negative than for the second substitution in the Mg>*
and Ca** complexes. This is also related to the decrease of
the electrophilicity and saturation of the electronic charge
of the metal center.
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Table 3 also lists the variation of the Pauli repulsion
term with each dithiolene ligand. The results show that the
Pauli repulsion is larger for the aquacomplexes that have the
strongest interaction with the ligands. This is probably due
to larger electronic repulsion between the electron density
of the ligand and the metal that may be enhanced as the M-S
distance is shortened. We also note that the Cl,-bdt ligand
has lower electrostatic and Pauli repulsion term values
compared with the other phenyl dithiolene ligands. This is
due to the inductive effect of electron density withdrawal
discussed above. In the ethylenic dithiolene ligand series,
the electronic nature of the substituent reveals the same
behavior: the tfd and mnt ligands F and CN substituents
have lower Pauli repulsion due to the weaker metal-ligand
interaction and longer M-S bonds.

Figure 6 shows a graph of the ionic and covalent
terms of the dithiolene coordination, which gives a visual
presentation of their magnitudes. The results show that
for the monosubstituted [Mg(H,0),L] and [Ca(H,0),L]
complexes the principal electronic stabilizing effect is
through the electrostatic character. This term stabilizes
completely the metal-ligand coordination interaction,
demonstrating that electron donating moieties contribute
for this interaction. It is noteworthy that the disubstituted
[Ca(H,0),L,]* and [Mg(H,0),L,]* complexes have smaller
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Figure 6. Ionic (blue) and covalent (red) components of the metal-ligand interaction, in kcal mol, for the (a) [Mg(H,0),L]; (b) [Mg(H,0),L,]*;

(c) [Ca(H,0),L] and (d) [Ca(H,0),L,]* complexes.
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electrostatic term compared with the monosubstituted
complexes. In the evaluation of the second dithiolene
substitution, a reduction of the ionic component of 55 to
35% compared to the first dithiolene ligand substitution is
evident. This is due to the nature of the interaction of the
neutral complexes [M(H,0),L] with the dianionic dithiolene
ligands. Even if there were a positive partial charge in the
metal center, it will be much lower than in the [M(H,0)4]**
aquacomplexes. Coordination is favored by maintaining
of the covalent character that gradually becomes relevant,
as observed in Figure 3. However, it is evident that for the
Mg?* complexes the covalent component is comparable
to the ionic term, confirming the relevance of the electron
donation effect in this coordination. For the Ca** complexes,
we found the ionic character more dominant in the metal-
ligand interaction, with more than 50% contribution to the
total metal-ligand interaction energy.

Geometrical, electronic and energetic parameters analysis

We observed that some geometrical (metal-ligand
distance and chelation angle), electronic (charge on
specific atoms) and energetic (softness) parameters of
the complexed aquacations are strictly correlated with
the metal-ligand bond strength. As the first metal-ligand
substitution has a substantial ionic character, the distance
between the charged atoms must be important in the

Theoretical Study of the Interaction of 1,2-Dithiolene Ligands with the Mg?* and Ca®* Aquacations
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modulation of the bond strength. A bibliographic review
in the Cambridge Crystallography Data Centre (CCDC)
database™" reveals a few complexes of polydentate ligands
coordinating via a S atom with Mg and Ca. We found
13 structures containing Ca®* coordinated with bidentate
S chelates and 4 structures with tetradentate S chelates. A
search for analogous Mg complexes found 3 Mg chelates
with tetradentate S ligands. The bond lengths in the
bidentate systems are 2.55-2.66 and 2.74-3.14 A for Mg-S
and Ca-S, respectively. The small number of structures
could be associated with the ionic character of the bonds,
high solubility in water and in the solid state the weak direct
interaction with the metallic ions.”

Table 4 lists the metal-ligand bond distances for
[M(H,0),L] and [M(H,0),(L),] complexes. It is important
to note that there is an asymmetry in the Mg—S binding
distances in the aquacomplex formed after the first ligand
substitution, indicating that one of the dithiolene S atoms
interacts stronger than the other. All the M-S distances
for the Mg** complexes are shorter than those of the Ca**
aquacomplexes. As the ligands are the same, the ionic
radius of the metal center can justify this effect. As Ca** has
a larger ionic radius than Mg, the Ca** complexes must
have longer M-S bonds than the Mg* aquacomplexes.
After the second substitution, the variations of the M-S
bond lengths are much smaller, showing more equivalent
coordination. This may be related to the steric arrangement

Table 4. Metal-ligand bond distances (Dy ;, Dy.1, Dy s and Dy ), of the [M(H,0),L] and [M(H,0),L,]* (M = Mg or Ca) complexes

Ligand : [M(H,0),L] i : Q[M(H20)2L2]2’ : :
Dy /A Dy /A Dy, /A Dy,/A Dyus/A Dys/A
Mg
tdt 2411 2.498 2.449 2.468 2.482 2.501
bdt 2.411 2.506 2.477 2477 2.483 2.484
Cl,-bdt 2.407 2.487 2.544 2.544 2.545 2.546
edt 2434 2.513 2.501 2.501 2.514 2.514
mdt 2.423 2.470 2.478 2.550 2.598 2.630
tfd 2411 2.498 2.553 2.554 2.554 2.555
mnt 2.440 2.513 2.528 2.593 2.613 2.640
Ca*
(tdt), 2.731 2.732 2.777 2.850 2.854 2913
(bdt), 2.734 2.734 2.837 2.837 2.846 2.846
(Cl,-bdt), 2.741 2.741 2.747 2.802 2.814 2.832
(edt), 2.721 2.722 2.765 2.765 2.772 2.722
(mdt), 2.722 2.722 2.758 2.826 2.834 2.847
(tfd), 2.740 2.761 2.823 2.825 2.829 2.829
(mnt), 2.749 2.793 2.415 2.798 2.866 2.866

Tdt: toluene-3,4-dithiolate; bdt: benzene-1,2-dithiolate; Cl,-bdt: 3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate; mdt: 1,2-dimethyl-
1,2-ethylenedithiolate; tfd: bis(trifluoromethyl) ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate.
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of the hydrogen atoms of the water molecules near the S Table 5 lists the chelation angles for the [M(H,0),(L)]
atoms that could weaken the M-S interactions. In general, and [M(H,0),L,]*~ complexes. As expected through the
the bond lengths correlate with the sizes of the calcium analysis of the M-S bond lengths in Table 3, we find
and magnesium ions, where the Mg—S bond lengths are that the larger S—-M-S angles are observed for the Mg**
always shorter. aquacomplexes. This can be justified due to the large
Upon further examination of the results, we observe electronic repulsion effect observed in the accommodation
the influence of the substituent groups on the first ligand of the bulky atoms, such as sulfur. In the case of the Ca**
substitution reaction. The Mg complexes containing phenyl complexes, the chelation angle values are always smaller
and ethylenic dithiolenes with electron-withdrawing than for the Mg?* analogs, regardless of the number of
groups, such as Cl,-bdt and tfd, have shorter Mg—S ligands. Evaluation of the chelate angles variation as a
distances than those with electron-donating groups. As function of the number of ligands shows that the angles
Cl,-bdt and tfd molecules have electron withdrawing are probably decreased to accommodate the larger electron
substituents, they cause the reduction of the electronic density available at the S atoms. The chelate angle variation
repulsion between the ligands and the metal center allowing for the second ligand substitution is associated with the
enhanced metal-ligand coordination. The smaller size of the formation of tetrahedral complexes with a smaller number
magnesium aquacenter reduces even more the electronic of ligands around the metal ions, as for edt, tdt and bdt
repulsion,” being with the smallest metal-ligand distances. ligands. Finally, by evaluating the influence of the ligand
In the Ca®* complexes, we found an inverse trend as the substituents we highlight the effect of electron-withdrawing
larger metal center can better accommodate the bidentate groups, such as CI and F for Cl,-bdt and tfd, decreasing
ligands and will have larger metal-ligand distances. the electron density on the S atoms and consequently
In the second ligand substitution, we observe an decreasing the chelation angles.
alteration of the coordination sphere with fewer water The analysis of the charge distribution on the
molecules coordinated in some cases. Thus, in the Mg** aquacomplexes is performed on the metal center to
complexes, the phenyl dithiolenes favor tetrahedral corroborate the observations discussed previously. Table 6
geometry with shorter Mg—S distances for tdt and bdt contains the Mulliken charges on the metal atoms. The
ligands. In the Cl,-bdt complex, we found longer Mg—S results indicate that for the first ligands substitution the
bonds accommodating the octahedral coordination obtained charge on Cais twice as large as that on Mg. This may
was octahedral. This trend repeated for the ethylenic be associated with a larger concentration of charge on the
dithiolene complexes. Shorter bond distances are found larger Ca, justifying a possible more pronounced ionic
in tetra- and pentacoordinated aquacomplexes (edt and character of the Ca-S interactions. This holds in part for
mdt, respectively), whereas for the tfd and mnt ligands the second substitution, where, on average, the charges are
with inductive electron-withdrawing effect, the octahedral decreased for both metals, but with slightly larger values for
coordination is retained. For the Ca?* complexes, the the Ca center, indicating a probable increase in the covalent
variations in the coordination sphere followed the trend character of the metal-ligand interactions.
that less crowded coordination sphere favors a reduction Lastly, we perform a comparative analysis of the softness
in the bonding distance. of the complexes and ligands evaluated in this work based

Table 5. Chelation angle, upon first and second ligands substitution in the Ca** and Mg?* complexes

Ligand [M(H,0),(L)] / degree [M(H,0),L,]* / degree
S—Ca-S S-Mg-S 1§,—Ca-S,. 1§,—Ca-S,. *S,—Mg-S,. *S,~Mg-S,.

tdt 79.07 90.68 73.71 76.13 86.33 89.07
bdt 78.83 90.23 75.44 75.44 86.93 86.93
Cl,-bdt 77.18 88.95 75.57 73.50 83.11 83.11
edt 84.93 92.49 82.24 82.24 88.44 88.44
mdt 78.85 90.16 76.62 74.62 83.87 81.79
tfd 76.91 88.30 74.19 74.18 81.77 84.53
mnt 78.86 89.80 76.29 74.53 83.06 80.96

‘In the disubstituted complexes, the S atoms of each ligand are labeled as S,, S,. and S,, S,; tdt: toluene-3,4-dithiolate; bdt: benzene-1,2-dithiolate;
Cl,-bdt: 3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate; mdt: 1,2-dimethyl-1,2-ethylenedithiolate; tfd: bis(trifluoromethyl) ethylenedithiolate;
mnt: maleonitrile-2,3-dithiolate.
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Table 6. Mulliken charge, on the metal centers of the aquacomplexes

[M(H,0),(L)] / le] [M(H,0),L,]*" / le]

Ligand
Mg Ca Mg Ca

tdt 0.533 0.898 0.332 0.484
bdt 0.561 0.900 0.249 0.464
Cl,-bdt 0.451 0.942 0.418 0.574
edt 0.304 0.946 0.438 0.698
mdt 0.248 0.933 0.407 0.566
tfd 0.401 0.960 0.398 0.482
mnt 0.458 0.908 0.452 0.469

Tdt: toluene-3,4-dithiolate; bdt: benzene-1,2-dithiolate; Cl,-bdt:
3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate;
mdt: 1,2-dimethyl-1,2-ethylenedithiolate; tfd: bis(trifluoromethyl)
ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate.

on the HOMO and LUMO energies, as presented in Table 7.
Using the interpretation of Pearson,”””® we clearly confirm
the effect of the expected softness for the dithiolenes with
values 4-9 times larger than 2.86 and 2.89 of [Mg(H,0)]**
and [Ca(H,0)]**, respectively. After the substitution of the
first dithiolene, we notice a decrease of the softness of the
aquacomplexes compared to the pure ligands, evidencing
the effect of the presence of the soft ligands on the hard
hexaaquacations. In the second substitution, we observed
an increase in softness in most cases with a probable effect
on the change of the coordination compounds.

Table 7. Softness, ¢ [6 = 1/(E(LUMO) — E(HOMO)], of the isolated
ligands and the Mg?* and Ca®* aquacomplexes

Ligand . [M(H,0),L)] [M(H,0),L,]*
Mg? Ca* Mg? Ca*
tdt 19.23 17.86 15.15 16.67 20.00
bdt 20.00 17.24 14.71 19.23 27.78
Cl,-bdt 17.24 14.71 12.50 14.29 8.93
edt 13.89 19.23 7.14 33.33 13.16
mdt 26.32 25.00 20.00 27.78 17.24
tfd 13.16 14.29 7.35 17.24 21.74
mnt 11.11 12.50 11.11 11.63 8.20

Tdt: toluene-3,4-dithiolate; bdt: benzene-1,2-dithiolate; Cl,-bdt:
3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate;
mdt: 1,2-dimethyl-1,2-ethylenedithiolate; tfd: bis(trifluoromethyl)
ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate.

Natural bond order NBO analysis

The natural resonance theory (NRT) procedure’’ is
employed to evaluate the resonance structures that have
large contributions to the final hybrid of each dithiolene
ligand. The NRT results are presented in Table 8 and

J. Braz. Chem. Soc.

interpreted based on Supplementary Information section
(Table S2). The NRT analysis allows the evaluation of the
statistical weight of the structures with larger electronic
density on the S atoms in the final hybrid structure. In
these results, we verify that the edt and mdt ligands have
the largest percentage of structures with negative charge
on the S atoms, indicating the presence of 3 free electron
pairs. These ethylenic ligands have C=C group between the
S atoms, which has larger contribution of structures with
negative charge on the S atom to the final resonance hybrid
than the ligands with the aromatic ring. In the ethylenic
dithiolene series, we clearly observe that the presence
of electron withdrawing groups (F and CN) decreases
the contribution of resonance structures with negative
charge on the S atom. This characterizes the coordination
sites with two electron pairs and C=S bond. For phenyl
dithiolene ligands, the effect of m-relocation increases the
participation of structures with C=S bond, compared to
the previous case, but significantly increases the relocation
of the partial charges on the aromatic ring. In the case of
the Cl,-bdt system, the structures with C=S bond (neutral
S atom) contribute the most, evidencing the inductive effect
of the Cl atoms.

Table 8. NRT analysis of the sulfur anionic ligands: Percentage
contribution of the resonance structures of (S7)—R—(S"), (S)—R*—(S") and
(S)-R—(S). See Supplementary Information section (Table S1) for details

Ligand® (SH)-R-(S)/% (S)»R"=(S)/% (SH)-R—=(S)/ %

tdt 29.58 27.01 24.94
bdt 35.48 19.66 28.74
Cl,-bdt 27.05 24.30 46.01
edt 75.49 2.90 21.59
mdt 69.66 3.71 23.48
tfd 33.26 5.06 21.55
mnt 44.10 5.50 33.36

“The contributions do not total 100% due to the 1% cutoff applied in
this analysis; tdt: toluene-3,4-dithiolate; bdt: benzene-1,2-dithiolate;
Cl,-bdt: 3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate;
mdt: 1,2-dimethyl-1,2-ethylenedithiolate; tfd: bis(trifluoromethyl)
ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate.

Table 9 lists the second-order perturbation energy
results, which represents account for the donor-acceptor
interactions between the bonding orbitals (S atoms as the
Lewis base) and anti-bonding (metal ion as Lewis acid). The
donor-acceptor energies are asymmetric in the first ligand
substitution of the Mg** aquacomplexes. This is justified
by the effect of the electrostatic interaction between the
H atoms of the water ligands and the S atoms of dithiolenes
that weaken the Mg—S coordination, as previously
discussed in the previous section. For the Ca?* complexes,
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the values of donor-acceptor energy are symmetrical, which
is justified by the larger size of the metal center that more
effectively accommodates the octahedral coordination
geometry. However, the Ca-dithiolene donor-acceptor
energy values are much lower than those observed for the
respective magnesium aquacomplexes, reflecting the lower
covalent character of the Ca—S bonds. The evaluation of the
hybrid orbitals of S atoms reveals enhanced p character in
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the orbital contributing to M—L bonding, where the metal
center participates mainly with the s orbital. Specifically
for the magnesium aquacomplexes, the hybrid orbitals also
indicate low s-orbital participation in the hybridization.
Evaluation of the second substitution confirms the
enhancement of the covalent character of the Ca—S bonds,
with twice large donor-acceptor energy values compared to
the monosubstituted complexes. The donor-acceptor energy

Table 9. Donor-acceptor energy (Ej, ,) and s, p and d character of the metal-ligand bonding orbital

. Ep 4 / (kcal mol™) s/ % p/ % d/ % Ep 4 / (kcal mol™) s/ % p/ % d/ %
Ligand (L)
[Mg(H,0).L] [Ca(H,0),L]
tdt S 69.15 10.51 89.35 11.37 3.32 96.62
S 43.23 7.38 92.52 11.44 3.45 96.49
M 98.56 1.30 0.14 92.76 1.43 5.81
bdt S, 69.09 10.54 89.31 11.36 3.33 96.61
S 52.33 9.59 90.29 11.36 3.29 96.64
M 98.53 1.34 0.13 92.77 1.43 5.80
Cl,-bdt S, 67.06 13.87 86.02 12.53 3.10 96.83
S 56.12 7.60 92.26 13.59 3.74 96.19
M 98.55 1.33 0.12 94.20 1.43 5.80
edt S, 61.94 8.36 91.51 9.38 3.10 96.84
S 47.72 8.09 91.80 9.39 3.06 96.87
98.31 1.52 0.17 92.76 1.41 5.83
mdt S, 45.63 5.19 94.68 11.21 3.44 96.50
S 22.73 3.13 96.80 11.22 3.45 96.49
98.62 1.24 0.14 92.42 1.41 5.83
tfd S, 40.95 3.03 96.86 13.58 2.47 97.44
S 55.22 7.25 92.61 11.05 341 96.51
98.45 1.41 0.14 94.47 0.93 4.60
mnt S, 64.46 11.70 88.19 11.93 1.46 98.45
S 54.26 5.12 94.72 13.10 2.34 97.53
M 98.31 1.51 0.17 95.05 0.85 4.11
[Mg(H,0),L,[* [Ca(H,0),L,1*
tdt S, 27.72 5.62 96.65 20.72 12.49 87.48
S 49.33 9.74 90.16 22.50 7.41 92.52
S, 41.69 10.16 99.27 19.69 68.47 31.51
S, 52.43 14.72 85.20 28.26 8.52 91.41
M 99.75 0.01 0.24 97.09 0.05 2.86
bdt S, 49.72 9.70 90.19 30.98 15.70 84.23
S, 49.32 9.71 90.19 30.73 16.09 83.83
S, 49.33 9.71 90.19 30.73 16.09 83.83
S, 49.72 9.69 90.20 30.98 15.70 84.22
M 99.73 0.01 0.25 98.09 0.02 1.90
Cl,-bdt S, 49.00 9.15 90.75 26.27 12.58 87.35
S 50.16 9.23 90.67 26.65 12.96 86.96
S, 50.18 9.24 90.66 30.29 13.81 86.10
S, 48.96 9.14 90.76 26.06 11.48 88.44
M 99.58 0.09 0.33 97.26 0.10 2.64
edt S, 36.73 7.24 94.74 12.04 77.31 94.79
S, 33.88 7.78 95.40 13.62 77.07 98.11
S, 36.67 7.27 94.76 12.04 77.31 98.13
S, 33.92 7.76 95.38 13.61 77.07 98.11
M 99.78 0.01 0.21 98.06 0.16 1.78
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Table 9. Donor-acceptor energy (Ep,_,) and s, p and d character of the metal-ligand bonding orbital (cont.)

. Ep A / (kcal mol ™) s/ % p/ % d/ % Ep 4 / (kcal mol ™) s/ % p/ % d/ %
Ligand (L)
[Mg(H,0),L,]* [Ca(H,0),L,]>
mdt S, 40.26 9.00 90.92 20.16 71.30 28.68
S, 43.38 9.72 90.20 22.35 7.26 92.68
S, 26.17 7.34 98.12 19.23 10.11 89.85
S, 53.12 16.55 83.39 26.15 12.53 87.43
M 99.56 0.13 0.32 96.31 0.10 0.04
tfd S, 55.92 8.70 91.04 23.54 3.92 95.99
S, 45.79 8.45 91.45 20.99 4.94 94.97
S, 43.97 8.40 91.51 22.32 4.80 95.12
S, 49.62 7.30 92.59 22.17 74.00 25.97
M 99.52 0.11 0.36 96.93 0.02 3.05
mnt S, 24.00 2.14 98.00 17.09 74.45 98.25
S, 41.11 3.96 95.91 15.75 75.26 99.38
S, 48.80 5.41 94.45 26.65 74.12 97.22
S, 30.87 3.08 97.56 12.29 73.88 99.13
M 99.41 0.24 0.35 96.98 0.05 297

“The S, and S,. parameters refer to the two S atoms of the monodentate ligand in the monosubstitution case. In the disubstitution case the S, and S, parameters
refer to the S atoms of the second monodentate ligand; the M parameter refers to the metal ion (Mg or Ca); tdt: toluene-3,4-dithiolate; bdt: benzene-
1,2-dithiolate; Cl,-bdt: 3,6-dichlorobenzene-1,2-dithiolate; edt: ethylene-1,2-dithiolate; mdt: 1,2-dimethyl-1,2-ethylenedithiolate; tfd: bis(trifluoromethyl)

ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate.

remains in the same range for the magnesium mono- and
disubstituted complexes. The geometry variations already
discussed are also reflected in the hybridization results,
with the participation of more than one S atom electron
pairs with high p%.

Conclusions

The ability of bidentate ethylenic and phenyl dithiolene
ligands to substitute water in the [Ca(H,0)]*" and
[Mg(H,0),]* in two substitution reaction steps is evaluated
in terms of energetic and geometric parameters. Generally,
the ethylenic dithiolene complexes have more negative
enthalpy and Gibbs free energy values than the respective
phenyl dithiolene complexes. The interaction enthalpy
increase for ethylenic dithiolenes: mnt < tfd < edt < mdt
for both Mg?* and Ca** cations and for phenyl dithiolenes:
Cl,-bdt < tdt < bdt for Mg** and Cl,-bdt < bdt < tdt for the
Ca?* cation. These orders are mainly determined by the
electronic nature of the functional group. The optimized
structures of the complexes have coordination numbers
of 4 (tetrahedral), 5 (bipyramidal with trigonal base) and
6 (octahedral).

The EDA results show that dithiolene modulates
the electrostatic contribution of the interaction stronger
than the covalent term. The EDA method shows that the
differences in the ability of the ligands to coordinate to
the metal center are mainly reflected in the electrostatic
component of the interaction energy, which is the major

term for the first ligand substitution. In the second ligand
substitution, the covalent term becomes as important as the
ionic component for the stabilization of the complex. The
exchange and dispersion components are almost constant
for the series of ligands analyzed, while the Pauli repulsion
varies within about one fourth of the variation range of
the electrostatic interaction term. The metal-ligand bond
lengths, chelation angles, charge on the metal center and
the softness of the aquacomplexes are strictly correlated
with the of metal-ligand coordination strength.

The NBO results indicate that the steric and
electron-withdrawing effects of the atoms adjacent to the
metal-ligand coordination modulate the bonding strength of
the complexes as well as that the geometric parameters are in a
good agreement with the NBO analysis. The donor-acceptor
energy of the monosubstituted Mg?* complexes is larger
than that of the respective Ca** complexes, showing
increased covalent stabilization. In the second substitution,
this trend is maintained, but with a lower magnitude. The
evaluation of the hybrid orbitals of S atoms reveals enhanced
p character in the orbital contributing to M—L bonding,
where the metal the metal center participates mainly with
the s orbital. The computational results presented here are
important for the rational design of dithiolene complexes
for a wide range of advanced applications.

For all the complexes analyzed, the p character of the
metal-ligand interacting orbital is the predominant. The
computational results presented here are important for the
rational design of dithiolene complexes for a wide range of
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advanced applications, as previously shown. Additionally,
experimental results show that alkaline earth complexes
are known as being purely ionic. In this study we show
that complexes of alkaline earth metal cations are also
stabilized by covalent interactions, as seen in the second
ligand substitution for the dithiolene ligands.

Supplementary Information

Supplementary data (BSSE, NRT and cartesian
coordinate data) are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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