FULL PAPER

C—C Bond as Shuttle of Two Electrons in Intermolecular and Intramolecular
Processes: A Theoretical Approach to Molecular Batteries

Marzio Rosi,?! Antonio Sgamellotti,**! Federico Franceschi, Carlo Floriani!™

Abstract: Density functional calculations have been carried out on titanium Schiff
base complexes and titanium porphyrinogen complexes in order to understand the

behavior of these systems in redox processes. In titanium Schiff base complexes C—C
o bonds are formed upon the acquisition of pairs of electrons, while in titanium
porphyrinogen complexes C—C o bonds are formed upon the donation of pairs of
electrons. In both systems, the formation or the breaking of C—C bonds avoids a
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variation in the oxidation state of the metal. These C—C bonds, therefore, act not only
as electron reservoirs, but also as a buffer for the oxidation state of the metal.

Introduction

The most common mechanisms by which we can store and
release electrons involve coordination compounds, in which
the electrons are made available through a variation in the
oxidation state of the metal and polyaromatic systems, able to
accept electrons in the w* orbitals. More recently systems in
which the electron reservoir is a C—C o bond have been
investigated.l'>] In this context, we can distinguish between
two main classes of compounds: i) transition metal Schiff base
complexes, in which the C—C o bond arises from a reductive
process, as depicted in Scheme 1, and ii) porphyrinogen
complexes, in which the C—C o bond originates from an
oxidative process, as shown in Scheme 2.
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Scheme 1. C—C o bond formation upon a reductive process.
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In both classes of compounds, systems that show a redox
process which is reversible have been synthesized.'>] Because
of this peculiarity, these systems are particularly interesting
for the design of molecular batteries. The first class of
compounds includes systems in which the formation of the
C—C bonds occurs through the reversible reductive coupling
of imino groups belonging to a tetradentate Schiff base ligand,
for example, salophen [N,N'-phenylenebis(salicylideneamina-
to) dianion] (see Figure 1) bonded to a transition metal.
Complexes of titanium,[! vanadium,[) manganese,? zirconi-
umPl and cobalt¥l have been recently reported. The reductive
coupling of imino groups is an intramolecular process in the
manganese system, while it is intermolecular for the other
complexes. The second class of compounds consists of metals
coordinated by the meso-octaethylporphyrinogen tetraan-
ionl® (see Figure 2); these compounds have an unusual redox
chemistry. Indeed, the absence of meso-hydrogen atoms in the
meso-octaethylporphyrinogen prevents the aromatization to
porphyrin. The complexation of several metals by meso-
octaethylporphyrinogen has been recently reported.’! In
these complexes an oxidative process implies the formation
of cyclopropane units within the porphyrinogen skeleton. The
cyclopropane units can be seen as two-electron shuttles, since
the redox process is reversible.!”)

The present paper is focused on density functional calcu-
lations on model systems of the above-mentioned classes of
complexes; these calculations were performed in order to
understand how C—C units can function as electron shuttles in
redox processes, the role played by the metal, and the
requisites for the reversibility of the electron storage.

[Ti(salophen)Cl,] and [Ti(salophen)],>* were considered as
models of oxidized transition metal Schiff base com-
plexes, while [Ti,(*salophen,*)]?>~, in which *salophen,* (see
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Scheme 2. C—C o bond formation upon an oxidative process.
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Figure 1. Salophen ligand.

Et Et
E Et
E Et
t Et

Figure 2. meso-Octaethylporphyrinogen tetraanion ligand.

Abstract in Italian: Sono stati studiati mediante calcoli DFT
complessi del titanio con basi di Schiff e con il porfirinogeno
allo scopo di comprenderne il comportamento in processi
redox. Nei complessi del titanio con basi di Schiff si ha
formazione dilegami o C—C in seguito all’acquisto di coppie di
elettroni, mentre nei complessi del titanio con il porfirinogeno i
legami o C—C si formano in seguito alla perdita di coppie di
elettroni. In entrambi i sistemi la formazione o la rottura di
legami C—C evita una variazione nello stato di ossidazione del
metallo. Questi legami C—C agiscono quindi non solo da
serbatoi di elettroni, ma anche da sistemi tampone per lo stato
di ossidazione del metallo.

Chem. Eur. J. 1999, 5, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

Figure 3) functions as a dinu-
cleating, octadentate, octa-
anionic ligand, was considered
as a model of a reduced, imino-
coupled, transition metal Schiff
base complex. The Ilatter is
closely related to the experi-
mentally characterized species
[Ti,(*salophen,*)(Na,)(thf)e] .l
In order to make calculations
feasible, some simplifications
have been made to the model
representation of the salophen
ligand (see below).

For the second class of com-
plexes, porphyrinogen com-
plexes of titanium were consid-
ered. In the experimental com-
plexes the meso groups are
usually ethyl groups, and it is
of fundamental importance that
they are different from hydro-
gen in order to avoid the con-
version of the porphyrinogen
into a porphyrin;” however,

(2
Figure 3. *Salophen,* ligand.

from an electronic point of view, we do not expect to find a
very different situation when the meso groups are ethyl
groups or hydrogen atoms. For this reason we considered
hydrogen instead of ethyl groups in order to simplify the
calculations. Apart from this simplification, the investigated
model systems are strictly related to the experimentally
characterized complexes.P!

Computational Details

Methods: Density functional theory (DFT), which has been found to be a
very cost effective method to study transition metal systems,® was used for
the determination of equilibrium geometries and the evaluation of the
energetics of all the investigated systems and processes. The BP86
exchange-correlation functional was used for all the calculations. This
functional is based on Becke’s functionall” and includes Slater exchange
along with corrections that involve the gradient of the density for the
exchange potential together with the local gradient-corrected correlation
functional proposed by Perdew.['”] Open-shell systems were calculated with
the spin-unrestricted approach. All the calculations were performed by
using the Gaussian 94 program packagel'!l and were done on a cluster of
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IBM RISC/6000 workstations. The atomic charges were obtained through a
natural bond orbital (NBO) analysis!'” by means of the NBO program.["*l
Basis sets: The basis set employed for the calculations on the titanium
Schiff base complexes was based on the Wachters—Hay set!™ for the
transition metal atom and on the 6-31G* set!’ for all the other atoms,
except chlorine, which was described with a 6-31G set.'’! The same basis
set, with the addition of diffuse functions!'®! on nitrogen, was used for most
of the calculations performed on the titanium porphyrinogen complexes.
Owing to the size of these systems, however, some geometric optimizations
of these complexes were performed with a smaller set, based on the
Wachters - Hay set!'¥! for the transition metal atom, the 6-31G set!™ for
nitrogen and the 3-21G set!'”) for carbon and hydrogen. Only the spherical
harmonic components of the basis sets are used.

Model systems and geometry optimization: In order to make the
calculation feasible, the salophen ligand in the transition metal Schiff base
complexes was simplified by replacing the aromatic rings with C=C double
bonds. This simplified ligand (see Figure 4) will be called salophen’,
hereafter. The geometry of the model systems considered was fully
optimized starting from parameters deduced from the available exper-
imental X-ray structures. We considered C,, symmetry for [Ti(salophen’)-
Cl,], and C; symmetry for [Ti(salophen’) |,>* and [Ti,(*salophens*)]*~.

salophen'

Figure 4. Model representation of the salophen ligand.

For the metal porphyrinogen complexes, first we fully optimized the
geometry of [HgN,]*~ and [HgN,(A),], where [HgN,H,] is the porphyri-
nogen and A denotes a cyclopropane unit, in order to compare the reduced
with the oxidized forms of the free ligand. Starting from this optimized
geometry for the ligands, we subsequently optimized the geometry of the
titanium complexes. We considered both the species [H{N,M!] and
[HgN4(A),M] in order to analyze the relative stability. The geometry
optimizations of the free ligands were performed with the larger basis set,
while those of the complexes were performed with the smaller basis set; for
the titanium complexes, however, we computed the energies at the
optimized geometries also with the larger basis set. The optimizations
were performed considering an S, symmetry for [HN,M] and a C,
symmetry for [HgN,(A),M]. The fully optimized geometries of all the
investigated species are available from the authors on request.

Results and Discussion

Titanium Schiff base complexes: The optimized structures of
the oxidized and reduced forms of the titanium Schiff base
model systems investigated are reported in Figures5-7.
Figure 5 shows the optimized structure of [Ti(salophen’)Cl,],
in which salophen’ denotes the simplified form of salophen we
have considered in our model systems (see above). This
structure shows an octahedral coordination around the
transition metal and is similar, as expected, to that exper-
imentally found for [Zr(salophen)Cl(thf)].”! Figure 6
depicts the optimized geometry of the dimeric species
[Ti(salophen’)],>*. The coordination around the metal is
square pyramidal, since we have omitted in our model the
presence of the sixth ligand (chlorine) in order to simplify the
calculation. The structure is similar to the one reported for
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Figure 5. Optimized structure of [Ti(salophen’)Cl,]. For clarity only the
main geometrical parameters are shown. Bond lengths in A, angles in °.
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Figure 6. Optimized structure of [Ti(salophen’)],**. For clarity only the
main geometrical parameters are shown. Bond lengths in A, angles in °.

[Mn(salophen)(Py)],, with oxygen bridges between the two
metal centers. The optimized titanium —titanium distance is
computed to be 3.167 A, and this value suggests the lack of
any interaction between the two metals. Figure 7 shows the
optimized geometry of [Ti,(*salophen’,*)]?>~. The main fea-
tures of this structure are a clear rearrangement of the
geometry of the salophen’ ligands, the presence of two C—C
bonds (r(C—C)=1.618 A) between carbon atoms of imino
groups of the two original salophen’ ligands, and the presence

H H H
H
H
o) o] AN
2.095
H N\ T 2.17N H
2.452 1618
\ / 2.157 .
H H
N——Ti——N
H o [o] S y
H H H H

Figure 7. Optimized structure of [Ti,(*salophen’,*)]>~. For clarity only the
main geometrical parameters are shown. Bond lengths in A, angles in °.
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of an interaction between the two metal centers, the
titanium — titanium distance being 2.452 A. The geometry of
this species can be compared directly with that found in the
X-ray structure of [Tiy(*salophen,*)(Na,)(thf)]:l!! our model
system, indeed, only differs from the experimental system in
the lack of the Na* cations and solvent molecules, and in the
simplifications in the ligand, as mentioned above. Table 1
gives the main geometrical parameters of the model system

Table 1. Main geometrical parameters of the optimized structure of
[Ti,(*salophen’,*)]*~, compared with the experimental geometry of [Ti,-
(*salophen,*)(Na,)(thf)s]. Prime denotes a different salophen unit. Bond
lengths in A, angles in degrees.

Parameter Optimized Experimental
r(Ti—Ti") 2.452 2.518
r(Ti—0) 2.095 2.051
r(Ti—N) 2171 2.134
r(Ti—N’) 2.157 2.124
r(C-0) 1.310 1.330
r(N—C) 1.498 1.464
1.395 1.398
r(C—C) 1.513 1.516
r(C-C) 1.618 1.605
X N'TIN' 74.5 69.6
X NTIN' 68.3 69.7
111.0 107.5
X OTiN’ 91.6 98.0
146.3 157.9
X OTiN 91.0 83.6
144.7 1324
X OTiO 83.3 87.4
X TiOC 125.0 133.2
X TINC 108.7 110.1
X TIN'C 119.5 114.8

[Ti,(**salophen’,*)]*>~ and the experimental species [Ti,(*salo-
phen,*)(Na,)(thf)].[ The agreement between the optimized
and the experimental values is generally very good; this
suggests that the simplifications we made in the ligand are
acceptable. Significant differences are observed only for the
bond angles; this is to be expected as a result of the presence
in the model system of the salophen’ ligand, which is more
flexible with respect to the rigid salophen ligand. We can
deduce, therefore, that the main differences between the
model system and the experimental complex are in the steric
conformation and not in the electronic structure.

Figure 8 shows the energy levels of the frontier orbitals of
the oxidized species [Ti(salophen’)Cl,] and [Ti(salophen’)],>*.
In order to simplify the description for [Ti(salophen’)],>*, we
consider a spin-restricted picture, since the a and 3 orbitals
are very close in energy, although the calculation was
performed at a spin-unrestricted level. The ground state of
[Ti(salophen’)CL,] is the singlet 'A,, and the highest occupied
molecular orbital (HOMO) is 13b,, which is mainly localized
on the salophen’ ligand. The lowest unoccupied molecular
orbital (LUMO) and the orbitals immediately at higher
energy have mainly titanium d character, with small C=N
m-antibonding components. The ground state of
[Ti(salophen’) ],** is the triplet *A,. The 53a, and 53a, orbitals
are doubly occupied and are mainly salophen’ in character,
while the 54a, and 54a, are singly occupied and are essentially

Chem. Eur. J. 1999, 5, No. 10
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Figure 8. Frontier orbitals of the oxidized species [Ti(salophen’)Cl,] and
[Ti(salophen’) ],>*.

metal in character. In particular, these last two orbitals are the
bonding and antibonding combination, respectively, of the
d,. . orbitals of the two titanium atoms. In the complex, the
Ti,O, core lies on the xy plane, with the Ti atoms along the x
axis. The bonding and antibonding combinations of d,._,. are
almost degenerate, since the two titanium atoms are far away
(r(Ti—Ti) =3.167 A) and do not interact at all. For this reason
these orbitals are both singly occupied. The LUMO and the
orbitals immediately above are mainly bonding and anti-
bonding combinations of d orbitals of the two titanium atoms.

In both the model systems we have considered for the
oxidized species, we notice that the LUMO is mainly metal d
in character. A reductive process should involve the metal,
with a change in its oxidation state, at least in so far as the
structure of the complex does not change.

Figure 9 depicts the frontier orbitals of the reduced species
[Ti(*salophen’,*) ]*~. The ground state is the singlet 'A,, and
the HOMO is the orbital 55a,, which is the bonding
combination of the d,. . orbitals of the two titanium atoms.
Since the metal centers lie along the y axis we can say that
there is a 0 bond between the two metal centers, and this is in
agreement with the relatively short Ti—Ti distance equal to
2.452 A. The orbitals immediately lower in energy are mainly
ligand (nitrogen) in character. The C—C ¢ bonds of the imino
groups of the two different salophen units are described by the
orbitals 47a, and 48a, which lie at even lower energy. The
LUMO is a bonding combination of metal d orbitals.
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Figure 9. Frontier orbitals of the reduced species [Ti,(*salophen’,*)]*~.

It is interesting to note that an oxidative process of this
system involves in the first place the metal centers and should
cause a change in the oxidation state of the metal. The charge
on the titanium atoms, obtained through a natural bond
orbital (NBO) analysis,l'”l however, does not differ appreci-
ably between the oxidized species [Ti(salophen’)],>* and the
reduced species [Ti,(*salophen’,*)]>~: in the first system it is
1.24 e and in the latter 1.18 e. We can say at this point that in
the redox process the metal is the first species that acquires or
loses electrons, but the geometry rearrangement of the system
is able to buffer the variation in the number of the electrons
and to maintain an unchanged oxidation state of the metal.

Titanium porphyrinogen complexes: Let us start our analysis
with the free ligands. The fully optimized structures of
[HgN,]*~ and [HgN,(A),] are shown in Figures 10 and 11, and
their total energies are reported in Table 2. From Figure 10,
we can see that [HgN,]*~ has a very distorted structure that
allows the nitrogen atoms, which carry most of the negative
charge, to be as far away as possible from each other. From
Figure 11 we can see that [HgN,(A),] has a calix structure, with

2918 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

H H
Figure 10. Optimized structure of [HgN,]*~.

Figure 11. Optimized structure of [HgN,(A),]. For clarity only the main
geometrical parameters are shown. Bond lengths in A, angles in °.

Table 2. Total energies (hartree) [atomic units] of the titanium porphyri-
nogen complexes.

Smaller basis set Larger basis set

(HgN,)* —990.175752
(HN,(A),) —990.602776
(HgN,Ti) — 1836.081799 — 1840381424
(HgN,(A),Ti)* — 1834381183
(HN,(A),T)(CA) — 1835.895905 — 1840.225565
(HN,(A),Ti)(CA) — 1835.880065

the two cyclopropane rings pointing away from the cavity of
the system. From the energies reported in Table 2, we can
note that the reduced species is strongly destabilized, mainly
because of the repulsive interactions among the negatively
charged nitrogen atoms. The redox cycle shown in Scheme 2,
therefore, does not seem to be possible for the free
ligands.

In the next step, we considered the presence of a Ti** ion
interacting with the ligands. The optimized structures of
[HgN,Ti] and [HsN,(A),Ti]** are shown in Figures 12 and 13,
respectively. The geometry optimizations of these systems
have been performed with the smaller basis set. From
Figure 12 we see that the presence of the metal in the middle
of the N, core gives rise to an almost planar structure, because
of the presence of the four Ti—N bonds. From Figure 13 we
can see that in [HgN,(A),Ti] the metal is located on top of the
calix; the structure of the ligand in this case is similar to the
one optimized for the metal-free species. The energies of
these species are reported in Table 2 and from these values we
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Figure 12. Optimized structure of [HgN,Ti]. For clarity only the main
geometrical parameters are shown. Bond lengths in A, angles in °.

Figure 13. Optimized structure of [HgN4(A),Ti]**. For clarity only the main
geometrical parameters are shown. Bond lengths in A, angles in °.

can see that the reduced species in this case is much more
stable than the oxidized one, as expected.

In order to compare species with the same number of
electrons, we also considered the system [HgN,(A),Ti‘].
However, the geometry optimization of [HgN,(A),Ti’] con-
verges to the geometry of [HgN,Ti'V], confirming that a metal
like titanium which is difficult to reduce prefers high oxidation
states in the presence of a ligand able to accept electrons. The
only way to study the electronic structure of [HgN,(A),Ti’] was
to assume a fixed geometry for this species; we considered the
same geometry as that for [HgN,(A),Ti'V]*". The ground state
of [HgN,(A),Ti’] was computed to be a quintet, with a triplet
state only 9.9 kcalmol~! above. This quintet state was
computed, with the larger basis set (see Table?2), to be
97.8 kcalmol~! above the ground state of [HgN,Ti'V]. We can
conclude that titanium prefers high oxidation states in the
presence of ligands like porphyrinogen that are able to accept
electrons. An intramolecular redox process involving the

Chem. Eur. J. 1999, 5, No. 10
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species [HgN,4(A),Ti’] and [HgN,Ti'V] does not seem to be
reversible.

At this point, it is clear that porphyrinogen is able to satisfy
the requirements of the metal at which it is coordinated, as far
as electrons are concerned. With a metal that needs electrons,
porphyrinogen assumes the structure with two cyclopropane
units and it is able to donate up to four electrons, while with a
metal that can be easily oxidized porphyrinogen accepts up to
four electrons. The effect of any perturbation from the
environment that will end with a variation in the oxidation
state of the metal can be minimized by a rearrangement of the
structure of the porphyrinogen. We conclude that the
presence of the porphyrinogen coordinated to a metal has a
buffering effect on the oxidation state of the metal. The only
requirement is that electrons must be exchanged in couples;
the removal of each couple corresponds to the formation of a
cyclopropane unit on the porphyrinogen skeleton. This point
does not exclude the possibility of a redox process involving
only one electron; however, in this case the oxidation state of
the metal must necessarily change, as shown in Scheme 3
(page 2920) for a metal which prefers a +2 oxidation state.

Conclusion

This study, at DFT level, has shown that transition metal
Schiff base complexes and transition metal porphyrinogen
complexes show similar, although complementary, behavior
in redox processes. In transition metal Schiff base complexes
C—C o bonds are formed upon acquisition of pairs of
electrons, while in transition metal porphyrinogen complexes,
C—C o bonds are formed upon loss of pairs of electrons. In
both systems, the formation or the breaking of the C—C bonds
avoids a variation in the oxidation state of the metal. These
C—C bonds, therefore, act not only as electron reservoirs, but
also as a buffer of the oxidation state of the metal. The lack of
variation in the oxidation state of the metal is the first step
towards the reversibility of the redox process. In the energetic
balance of the whole redox cycle, however, it is also necessary
to include the energetics of the reaction partner, and this point
will be investigated in future work.
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