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Abstract

The [M(tmtaa)] and [M(acacen)] fragments employed in the organometallic chemistry of titanium and vanadium have been
investigated by a density functional approach. The frontier orbitals and the geometrical structure of the two macrocyclic ligands
have been compared and the effect of the nature of the metal on the ligand environments has been studied. Some interesting
complexes in which the metal contains a reactive organometallic functionality, such as metal–halogen (F and Cl) or metal–alkyl
(CH3) units, have been investigated. Moreover, the [Mo(acacen)]2 dimer has been considered because of its interest as a
metal�metal bonded complex with non-bridging ligands restraining the metal�metal distance. © 2002 Elsevier Science B.V. All
rights reserved.

Keywords: Density functional calculations; N,N �-ethylenebis(acetylacetoneiminato)dianion Schiff base ([acacen]2−); Dibenzotetramethylte-
traaza[14]annulene dianion ([tmtaa]2−); Early transition metal complexes

1. Introduction

The study of polydentate macrocyclic ligands repre-
sent a vast area of chemical and biochemical research
under broad development during the last number of
years. The attraction of these macrocyclic ligands is due
to the fact that they can not only offer a wide variety of
donor atom types, ligand charges, coordination num-
bers and resultant complex geometries, but that the
macrocyclic complexes can also exhibit enhanced ki-
netic and thermodynamic stability in comparison with
those of monodentate ligands [1,2].

The present paper will deal with two tetradentate
macrocyclic ligands as the N,N �-ethylenebis(acetylace-
toneiminato)dianion Schiff base ([acacen]2−) and the
dibenzotetramethyltetraaza[14]annulene dianion ([tm-
taa]2−) and with their early transition metal complexes,
namely titanium [3,4] and vanadium [5,6] derivatives.
Transition metal complexes of these two ligands have
received much recent attention as potential alternatives

to the ubiquitous bis(�-cyclopentadienyl) ligand set
and, in particular, the organometallic and coordination
chemistry of early transition metal complexes has been
extensively developed by the Floriani and Jordan
groups [7–15]. The late transition metal complexes are
very similar to some biological systems and act as
precursors of polymeric electroactive films. The macro-
cyclic complexes of the middle to late transition metals
have continued to be studied, in the area of bioinor-
ganic chemistry, as models for the active sites of certain
naturally-occurring enzymes. Electrochemical studies of
middle to late transition metal macrocyclic complexes
can lead to the synthesis of new materials since modifi-
cation of the ring substituents can affect the redox
properties of the complexes and influence their ten-
dency to form dimeric or polymeric systems.

The chemistry of unbridged [M(tmtaa)]2 or [M(aca-
cen)]2 type dimers is small in comparison to the large
field of monomeric species. These metal�metal bonded
complexes with non-bridging macrocycles warrant more
study in view of their stability despite the potential
steric repulsions of the macrocyclic ligands. Further-
more, these porphyrin-like systems have potential as
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catalysts in redox processes. Since a [Mo(acacen)]2 com-
plex has been synthesized [16] we decided to study this
dimeric species from a theoretical point of view and to
compare it with the theoretically characterized complex
[Mo(tmtaa)]2 [17].

The title macrocyclic ligands share many common
structural characteristics with porphyrins. The tmtaa
ligand, similarly to porphyrins, has four coplanar nitro-
gen atoms and a completely conjugated system of dou-
ble bonds; the acacen ligand has two nitrogen atoms
and two oxygen atoms on the same plane and a system
of double bonds. Upon transition metal complexation
the two macrocyclic ligands show some differences with
porphyrins, more noticeable for tmtaa. While por-
phyrin retains a planar structure with the metal lying
on the same plane as the four nitrogen atoms, a saddle
shape conformation is produced for tmtaa and this
causes displacement of the coordinated metal out from
the N4 plane; for acacen, a planar conformation is
retained and the coordinated metal is only slightly
displaced from the N2O2 plane. The degree of non-pla-
narity of the macrocyclic tmtaa in its metal complexes
depends on different factors, such as the radius and
d-electron count of the metal ion itself and, to a lesser
extent, the number and type of any axial ligands. An
important consequence of the saddle shape conforma-
tion of the metal coordinated tmtaa is that of favoring
five-coordination over six-coordination.

While the late transition metal tmtaa and acacen
complexes have been extensively studied (see for exam-
ple [18]), the early transition metal analogues need still
to be theoretically characterized [19].

2. Computational details

The calculations reported in this paper are based on
the ADF (Amsterdam Density Functional) program
[20–24]. The main characteristics of this computational
package are the use of a density fitting procedure to
obtain accurate Coulomb and exchange potentials in
each self-consistent field (SCF) cycle, the accurate and
efficient numerical integration of the effective one-elec-
tron Hamiltonian matrix elements, and the possibility
to freeze core orbitals. The molecular orbitals were
expanded in uncontracted Slater-type atomic orbitals.
The following orbitals were kept frozen in the core:
C(1s); N(1s); O(1s); F(1s); Ti(1s-2p); V(1s-2p); Cl(1s-
2p); Mo(1s-4p). The valence basis set we used is de-
scribed as a double-� plus polarization quality basis set
for all atoms with the exception of the Ti, V and Mo
for which we chose a triple-� plus polarization basis set.
As polarization functions one 2p STO was used for H,
one 3d for C, N, O, F and Cl atoms, one 4p for Ti and
V, and one 5p for Mo. Singlet ground states were
calculated by spin restricted approach, while higher

spin ground states by spin unrestricted treatment. The
spin multiplicity of the ground state has been accurately
checked for all the investigated systems. The LDA
exchange potential and energy were used, in the Vosko
et al. [25] parametrization for homogeneous electron
gas correlation, including the Perdew’s non-local cor-
rection [26] for correlation and the Becke’s non-local
correction [27] to the local exchange expression.

In order to simplify the theoretical analysis tmtaa
and acacen are replaced by model systems shown in
Scheme 1.

The methyl groups are replaced by hydrogen and,
due to the lack of conjugation between the 1,3-diimi-
nato and o-phenylene fragments, o-C6H4 can be suc-
cessfully substituted by cis-C2H2 [8,18,28]. Moreover, in
acacen, the sp3 carbons bridging the nitrogen atoms are
forced to lie in the N2O2 plane to preserve the highest
possible symmetry. Due to this constraint, the CCN
angle shifts from 109 to 114°. The structures of tmtaa
and acacen are usually non-planar. For tmtaa this is
generally attributed to the steric interactions of the
methyl groups in the 1,3-diiminato linkages with the
benzenoid rings [29]. In their metal complexes, tmtaa
has a pronounced saddle shape, with the two 1,3-diimi-
nato chelates bending down and the two benzenoid
rings warping up (i.e. towards the metal coordination
site), while acacen shows slight twisting of the N2O2

core, and the metal atom lies out of the N4 and, to a
small extent, out of the N2O2 planes. In our calcula-
tions the molecular structures of tmtaa and acacen
dianionic ligands were taken from the experimental
X-ray crystallographic data of the corresponding vana-
dium chloride derivatives [9,30] and were partially opti-
mized in C2� symmetry for [tmtaa]2− and in Cs

Scheme 1. Geometrical structures of the considered model ligands,
[tmtaa]2− and [acacen]2−.
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Table 1
Frontier orbitals of the [tmtaa]2− and [acacen]2− ligands

Orbital E (eV) % N % cis-C2H2 % C�,� % C�

[tmtaa]2−

6.44710b2 34(pz) 28(pz)
11(px) 24(pz) 24(pz)+13(pz)5.5608a2 LUMO

11a1 HOMO 4.055 36(pz) 18(pz) 18(pz)
28(py)+11(2s)9b2 3.274
26(px)+17(pz)+10(py)3.215 18(pz)9b1

E (eV)Orbital % N % O % C�,� % C�

[acacen]2−

17a� 23(py)6.804 18(py) 49(py)
16(py) 15(py) 46(py)6.43018a � LUMO

16a� HOMO 4.109 18(px) 34(px)
17a � 3.729 44(px)

30(py) 17(py)3.17615a� 38(py)
31(py) 18(py)16a � 39(py)2.904

Only the main contributions are reported.

symmetry for [acacen]2−. In particular, the dihedral
angles have been frozen. Analogously, geometries of
the corresponding metal complexes and metal com-
plexes including additional X ligand have been partially
optimized in C2� or Cs symmetries.

For [Mo(acacen)]2 compound calculations we used a
model system, where the macrocyclic acacen ligand was
simplified to that shown in Scheme 1 and the relevant
bond distances, bond angles, and dihedral angles were
taken from the experimental crystal structure of the real
molecule [16], showing an Mo�Mo distance of 2.168 A� ,
and were averaged to conform to C2h idealized
symmetry.

3. Results and discussion

3.1. The [tmtaa] 2− and [acacen] 2− ligands

Density functional calculations have been performed
to study the difference in the chemical environments
provided by two macrocyclic ligands as the N,N �-
ethylenebis(acetylacetoneiminato)dianion Schiff base
([acacen]2−) and the dibenzotetramethyltetraaza-
[14]annulene dianion ([tmtaa]2−). In their mononuclear
metal complexes, tmtaa and acacen behave as dianionic
tetradentate ligands. Recently those two classes of te-
tradentate ligands have received much attention as po-
tential alternatives to the ubiquitous bis (�-cyclo-
pentadienyl) ligand set and have been used for studying
M�C functionalities in the area of early transition
metals [31–34].

At first we endeavor to understand the major differ-
ences existing between a N4 and a N2O2 donor core in
a square or near-square planar arrangement, respec-

tively. As for the ligand geometries, it has been shown
from previous calculations [18] that deformation from
planarity on going from taa to tmtaa has negligible
electronic effects on the nature and energy of the
macrocycle orbitals involved in the interactions with the
metal and for this reason for [tmtaa]2− only the dis-
tances between the nitrogen atoms, for [acacen]2− only
the distances between nitrogen and oxygen atoms, have
been optimized (see Section 2). The optimized distances
(for the atom labels see Scheme 1) are for tmtaa
N1�N4=N2�N3=2.780, N1�N2=N3�N4=2.589 A�
and for acacen N1�N2=2.710, O3�O4=3.117 and
N1�O4=N2�O3=2.401 A� . The frontier orbitals of the
two model dianionic ligands are shown in Table 1,
where the percentage composition in terms of atomic
orbitals is specified. Highest occupied and lowest unoc-
cupied orbitals perpendicular to the N4 (N2O2) plane
are depicted in Fig. 1. The circles in the figure indicate
the phase relationship of the top lobe of each �-orbital.

We can recognize two highest occupied and two
lowest unoccupied orbitals which are characteristic of
[tmtaa]2−. Although these four orbitals are delocalized
over the entire � system, they may be considered as
primarily in-phase and out-of-phase combinations of �
(or �*) orbitals of two 1,3-diiminato chelates. In partic-
ular, the two highest occupied orbitals of tmtaa, 11a1

and 9b1, contain contributions from the meso-carbon
atoms of the 1,3-diiminato chelates, while the two
lowest unoccupied orbitals, 8a2 and 10b2, contain con-
tributions from the iminato (�C�N) carbon atoms of
the same group. It should be noticed that the 9b1

orbital contains also contributions from the nitrogen p
in-plane atomic orbitals. The ethylene-like carbons con-
tribute to the 11a1 highest occupied orbital and 8a2

lowest unoccupied orbital compositions, while the
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Fig. 1. Highest occupied and lowest unoccupied orbitals perpendicu-
lar to the N4 (N2O2) plane of the simplified [tmtaa]2− and [acacen]2−

ligands.

Mulliken charge distribution analysis, which allows the
localization of the electrophilic and the nucleophilic
centers on the two ligands. For [tmtaa]2− the negative
charge is distributed mainly over the four nitrogen
atoms (−0.51) and at the meso-carbon atoms (−0.18),
thus representing the electrophilic sites, while the imi-
nato carbon atoms of the 1,3-diiminato chelates, carry-
ing a partial positive charge (+0.24), act as
nucleophilic centers. Only a small positive charge is
seen at the carbon atoms of the ethylene-like groups
(+0.11). For [acacen]2− the negative charge is delocal-
ized over the N2O2 core, with a larger value on oxygen
atoms (−0.67 vs. −0.55 at nitrogen) and significant
deposits at the meso-carbon atoms of the five-mem-
bered chelation group (−0.25). The nucleophilic char-
acter of the carbon atoms connected to oxygen and
nitrogen is increased (+0.57 at C�O and +0.35 at
C�N) with respect to the corresponding iminato atoms
in [tmtaa]2−, and a small amount of positive charge is
calculated on carbon atoms of the nitrogen bridging
C2H4 group (+0.15). The ability of the iminato car-
bons to ‘carry’ some of the positive charge contributes
also to the reduced electrophilicity of the
[Zr(Me4taa)]2+ fragment versus the apparently related
[Zr(�-C5H5)2]2+ [8].

The majority of the reaction chemistry of tmtaa
complexes concerns changes at the metal center with
the macrocycle acting only as a supporting ligand,
while the most common site for reactions occurring at
the ligand itself is at the meso-carbon atoms. The same
behavior can be expected from acacen complexes. High
oxidation state, early transition metal alkyl complexes
(such as Zr) can undergo intramolecular migratory
nucleophilic attack at an iminato carbon atom [8].
Lower oxidation state metal [e.g. Ti(III) and V(III)]
alkyl complexes are however stable to this type of
migration, possibly as a consequence of the reduced
positive charge at the iminato carbon atoms.

3.2. The [M(tmtaa)]+ and [M(acacen)]+, M=Ti, V
complexes

We introduce now early transition metal atoms (Ti
and V) in those two macrocyclic environments, in order
to investigate the effect of the nature of the metal on
the ligands. Partial geometry optimization calculations
have been done, in C2� symmetry for [M(tmtaa)]+ and
in Cs symmetry for [M(acacen)]+ complexes, to opti-
mize the distances between the metal and the N4 or
N2O2 plane and between the atoms constituting the N4

or N2O2 plane. The results are shown in Table 2. The
frontier orbitals of the four related organometallic frag-
ments are illustrated in Fig. 2.

The MO treatment applied to these complexes allows
the analysis of the energy level diagram and hence the

meso-carbon atoms of the 1,3-diiminato chelates do not
enter in the composition of the virtual orbitals. The
second highest occupied orbital, 9b2, omitted from the
figure, is mainly localized over the nitrogen atoms in
plane, without mixing significantly with any carbon
atom.

The two highest occupied and the two lowest unoccu-
pied orbitals characteristic of the [acacen]2− may be
analogously considered as in-phase and out-of-phase
combinations of � (or �*) orbitals of two five-mem-
bered chelates. Apart from the contributions from
N2O2 core, the two highest occupied orbitals, 15a� and
16a�, involve the meso-carbon atoms, while the two
lowest unoccupied orbitals, 18a� and 17a�, involve the
carbon atoms connected to nitrogen and oxygen atoms
(C� and C�). The 17a� orbital, not illustrated in Fig. 1,
is mainly localized over the oxygen atoms in the plane
of the ligand (xz) and can be described primarily as a
px combination of oxygen orbitals. The highest occu-
pied orbital 16a� is principally localized over the nitro-
gen and oxygen atoms on the N2O2 plane.

Some further information can be provided by the
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Table 2
Optimized geometrical distances (in A� ) for [M(tmtaa)]+ and [M(aca-
cen)]+ M=Ti, V complexes

[Ti(tmtaa)]+ [V(tmtaa)]+

DistanceDistance

N1�N4 (�N2�N3)2.727 2.705N1�N4 (�N2�N3)
N1�N2 (�N3�N4)N1�N2 (�N3�N4) 2.576 2.565
V�NTi�N 2.020 1.977

[Ti(acacen)]+ [V(acacen)]+

Distance Distance

2.822N1�N2 N1�N2 2.673
O3�O43.182O3�O4 2.989

2.429 N1�O4 (�N2�O3)N1�O4 (�N2�O3) 2.827
1.866 V�NTi�N 1.949
2.006 2.060V�OTi�O

V(III) species with a d2 configuration and bonded to
tmtaa are depicted in the second column of Fig. 2. The
dxy-orbital (9a2), which more strongly interacts with the
N lone pairs of the tmtaa ligand, pointing towards the
atoms of the N4 core, is pushed quite high in energy,
leaving as the lowest metal orbital the 14a1 (dz 2), stabi-
lized by the lacking of axial ligands and fully occupied.
The 15a1 and 11b1 (dx 2−y 2 and dxz, respectively) or-
bitals are close in energy and lie ca. 0.2 and 0.3 eV,
respectively, above the dz 2. On the other hand, the
energy separation between the 12b2 (dyz) and 14a1 (dz 2)
orbitals is ca. 1.8 eV, due to the repulsive interaction of
the dyz orbital with the ligand orbital of the same
symmetry (11b2). Two tmtaa LUMO’s character or-
bitals (8a2 and 11b2) are localized in energy just above
the 14a1 orbital and, as noted before, 11b2 is slightly
mixed with dyz metal orbital.

The frontier orbitals of [Ti(tmtaa)]+ (d1 configura-
tion) are depicted in the first column of Fig. 2, and are
quite similar to those calculated in the corresponding
vanadium fragment, as we could expect, since we are
considering the same ligand. Therefore, when compar-
ing the electronic structure of titanium and vanadium

interpretation of the ‘ligand field’ effect acting on the
central transition metal. Obviously, since the d-orbitals
mix strongly with the tmtaa and acacen frontier or-
bitals, no pure d-orbital can be assigned. However, ‘five
metal d-based orbitals’ can be recognized, where the d
character is large. The metal d-orbitals of the formally

Fig. 2. Frontier orbitals of the [Ti(tmtaa)]+, [V(tmtaa)]+, [Ti(acacen)]+ and [V(acacen)]+ fragments.
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tetraazamacrocycles the only noticeable difference is a
downward energy shift of the metal orbitals when going
from titanium to vanadium.

The frontier orbitals for the d2 [V(acacen)]+

organometallic fragment are depicted in the last column
of Fig. 2. They are quite different from those calculated
in the corresponding tmtaa fragment, the main differ-
ence consisting in a larger separation between the or-
bitals which span a broader range of energy, thus
indicating a stronger interaction between metal and
ligand orbitals. The dxz-orbital (20a�), interacting with
the acacen N and O centers lone pairs, is strongly
destabilized, while the dz 2 (22a�) and dxy (21a�) orbitals,
not interacting with ligand orbitals, are stabilized and
result each in single occupation. The LUMO’s acacen
character orbitals (19a� and 24a�) are pushed higher in
energy, due to the stronger interaction with the metal
which is at a smaller distance to the ligand pseudo-
plane and, consequently, the 23a� and 18a�, which are
dx 2−y 2 and dyz metal orbitals, are stabilized but still lie
above the dz 2 (22a�) and dxy (21a�) orbitals.

A very similar orbital pattern is shown by the [Ti(a-
cacen)]+ analogue, with the same energy order of the
d-orbitals except for the empty dz 2-orbital which is
destabilized and pushed in energy between the dx 2−y 2

and the dyz by the overlap with the � system of the
ligand, caused again by the short distance of the metal
to the ligand pseudo-plane. Shorter distances between
the metal and the ligand N and O centers are reported
for the Ti system, thus the dz 2-orbital showing a larger
destabilization for the latter system. Note also that the
metal d character orbitals in the [V(acacen)]+ are
shifted down in energy respect to [Ti(acacen)]+

fragment.
Substantially, no important difference in the frontier

orbital patterns between these classes of compounds
exists: the [M(tmtaa)]+ fragment has four low-lying
metal d-orbitals (dz 2, dx 2−y 2, dxz, dyz) available for
additional ligands (see coordinate system in Fig. 1) and
two low-lying empty orbitals localized on the tmtaa
imine carbons; analogously, the [M(acacen)]+ fragment
has four metal-based frontier orbitals (dxy, dx 2−y 2, dz 2,
dyz) and two higher-lying empty orbitals localized on
the acacen � and � carbons available for additional
ligands. Not only the number of low-lying metal or-
bitals is the same in the two fragments, but also the
spatial extension of these orbitals does not permit the
clear identification of the preference for a cis or trans
coordination of two additional ligands. Therefore, the
similarity in frontier orbital patterns existing between
those two classes of tetradentate ligands explains why
they show similar conformation in their complexes.
However, two major differences exist between tmtaa
and acacen. One is the significantly shorter metal to
ligand pseudo-plane distance in acacen molecules than
in tmtaa molecules. The other difference lies in the

number of � electrons. A tmtaa dianion ligand carries
16 � electrons and can be described as a conjugated,
anti-aromatic (4n) system; the acacen dianion ligand
has 12 � electrons, it is non-cyclic and has a saturated
ethylene group. The negative charge of tmtaa dianion is
considered to be delocalized over the �-�-pentadiimi-
nato chelates, and in acacen is considered to be delocal-
ized over the �-�-pentadiiminato chelate and partially
localized on oxygen atoms.

In the molecular shape and coordination conforma-
tion preference [M(tmtaa)X2] bears more resemblance
with the [Cp2MX2] compounds, while [M(acacen)X2]
can be considered more similar to porphyrins. How-
ever, among the important differences existing between
[M(tmtaa)X2] and [Cp2MX2] classes of compounds [14],
the experimental evidence should be mentioned here
which emphasizes the major difference of chemical re-
activity between the V-R functionality, when bonded to
the [V(tmtaa)] or the [Cp2V] fragment [9], namely the
insertion of carbon monoxide reaction. While for
[Cp2V] the reaction leads to the corresponding acylcar-
bonyl derivatives, for [V(tmtaa)] it gives rise to a oxo-
vanadium complex through an intermediate acyl where
V interacts in a �2-bonding mode with C�O. The
formation of this intermediate can be easily explained
by the frontier orbital pattern shown in the second

Table 3
Optimized geometrical distances (in A� ) for [M(tmtaa)X] and [M(aca-
cen)X] M=Ti, V and X=F, Cl, CH3 complexes

DistanceComplex L= tmtaa L=acacen

2.033TiLF 1.931Ti�N
2.054Ti�O

Ti-plane 0.771 0.530
Ti�F 1.801 1.809

TiLCl Ti�N 2.025 (2.060) 1.907
Ti�O 2.031

0.3650.763 (0.785)Ti-plane
Ti�Cl 2.2672.263 (2.293)

Ti�N 2.024 1.893 (2.121)TiLCH3

Ti�O 2.020 (1.927)
Ti-plane 0.739 0.498 (0.499)
Ti�CH3 2.105 2.115 (2.216)

V�N 2.002VLF 1.883
V�O 2.009

0.2220.682V-plane
1.789V�F 1.771

VLCl 1.882 (2.062)1.981 (2.009)V�N
V�O 2.011 (1.949)
V-plane 0.597 (0.644) 0.172 (0.143)
V�Cl 2.227 (2.221) 2.230 (2.352)

V�NVLCH3 1.989 (2.006) 1.871 (2.025)
2.003 (1.925)V�O

V-plane 0.581 (0.570) 0.437 (0.421)
V�CH3 2.071 (2.073) 2.057 (2.064)

Experimental values are given in parentheses [7,9,30,31].
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column of Fig. 2; the empty low-lying 11b2, partially dyz

in character, can act as a � acceptor orbital toward the
CO, oriented along the y-axis, while the HOMO with
some dx 2−y 2 character orbital can be involved in the
back-donation �-interaction (V along the z-axis, tmtaa
lying on the xy plane).

An analysis of the Mulliken charges of [M(tmtaa)]+

fragments shows an increase of the negative charges at
the nitrogen atoms (from −0.51 to −0.75 for Ti and
−0.72 for V), while the negative charge at the meso-
carbon atoms remains unchanged, and an enhanced
positive charge at the carbons of the C2H2 groups (from
+0.11 to +0.14 for Ti and +0.16 for V), while the
positive charge at the iminato carbon atoms is only
slightly increased (from +0.24 to +0.28 for Ti and
+0.31 for V). The most electrophilic center in these
fragments is the metal, which bears the highest positive
charge, +1.64 for Ti and +1.33 for V. Therefore, the
metal should undergo direct attack by the base (nucle-
ophile). For [M(acacen)]+ fragments, the negative
charge is enhanced at the nitrogen (from −0.55 to
−0.85 for Ti and −0.82 for V), at the oxygen (from
−0.67 to −0.81 for Ti and −0.77 for V) and reduced

at the meso-carbon atoms (from −0.18 to −0.13 for
Ti and −0.11 for V), while significant reduction of the
positive charge is seen at the C2H4 carbons (from
+0.15 to −0.04 for Ti and −0.03 for V). The positive
charges on C� and C� carbons do not noticeably
change. The metal atoms show a large deposit of
positive charge, +1.86 for Ti and +1.46 for V, giving
them a more electrophilic character than that in [M(tm-
taa)]+ fragments.

3.3. The [M(tmtaa)X] and [M(acacen)X], M=Ti, V
and X=F, Cl, CH3 complexes

It is experimentally known that the nature of X
influences the redox potential of the metal, which can
be a one-electron donor to a variety of substrates, and
the reactivity of the systems [35]. Interesting com-
pounds would be those in which the metal in a low
oxidation state contains a reactive organometallic func-
tionality, such as metal–halogen or metal–alkyl units.
As our last step we are going to investigate the effect of
an axial ligand on the [M(tmtaa)]+ and [M(acacen)]+

(M=Ti, V) fragment chemistry, by considering the

Fig. 3. Molecular orbital diagram for the [Ti(tmtaa)X], X=F, Cl, CH3, complexes.
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ligand series X=F, Cl, CH3 with �-donor (CH3) and
�-donor (F, Cl) character. The evidence for stabiliza-
tion of such M-X functionalities can be explained by
analysing the frontier orbitals of the resulting com-
plexes. The geometry of the considered complexes has
been partially optimized and the resulting parameters
are shown in Table 3, where experimental values, if
available, have been also reported for comparison. The
calculated parameters can be considered in reasonable
agreement with experiment for tmtaa complexes, while
for acacen complexes larger deviations from experiment
are observed. This can be due to the simplified model
systems considered, which constrain the sp3 carbon to
be coplanar with N2O2 core. Density functional calcula-
tions have been also performed, starting from the corre-
sponding [M(tmtaa)]+, or [M(acacen)]+, and X−

fragments, in order to analyze the type of bonding
between these two fragments building up the molecule.
In Figs. 3 and 4 molecular orbital diagrams are re-
ported for [Ti(tmtaa)X] and [V(tmtaa)X] (X=F, Cl,
CH3 from the left to the right), respectively, built from
the corresponding [M(tmtaa)]+ and X− fragments. In
each complex, of the four lowest lying metal d-orbitals,

the dz 2 for F and Cl, the dx 2−y 2 for CH3 is pushed up
substantially by addition of the fifth ligand X−. In the
F and Cl complexes , the dyz and even more the
dxz-orbitals are pushed up significantly, as a conse-
quence of the �-donor effect of these ligands. On com-
paring the two metals, the titanium shows a stronger
�-acceptor character, as the dyz- and dxz-orbitals inter-
act more strongly with the F and Cl �-orbitals and in
agreement with the larger electrophilic character (Mul-
liken charge on Ti in [Ti(tmtaa)]+ +1.64 vs. +1.33 on
V in [V(tmtaa)]+). As a general trend, the titanium
complexes are predicted to have an unpaired electron in
one of the two tmtaa � LUMO’s character orbital (2A2

or 2A� ground state), where the other tmtaa LUMO
represents the LUMO of the CH3 complex and dx 2−y 2

represents the LUMO of the F and Cl complexes.
The vanadium complexes are predicted to be para-

magnetic with two unpaired electrons (3A2, 3B2, 3A�
ground state, respectively) localized in a dx 2−y 2 and
one of the two tmtaa LUMO’s character orbitals for F
and Cl, and in dz 2- and dyz-orbitals for CH3.

From the Mulliken population analysis, it is observed
that the nucleophilicity of the metal is enhanced: the

Fig. 4. Molecular orbital diagram for the [V(tmtaa)X], X=F, Cl, CH3, complexes.
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titanium increases its positive charge from +1.64 in
[Ti(tmtaa)]+ to +2.01 for F, +1.78 for Cl and +1.84
for CH3 insertion, the vanadium from +1.33 in [V(tm-
taa)]+ to +1.70 for F, +1.43 for Cl and +1.46 for
CH3 insertion.

In Figs. 5 and 6 molecular orbital diagrams are
shown for [Ti(acacen)X] and [V(acacen)X] (X=F, Cl,
CH3 from the left to the right), respectively, built from
the corresponding [M(acacen)]+ and X− fragments.

Analogously to the tmtaa fragments, the dx 2−y 2 or-
bital, pointing toward the axial position, is pushed up
by the ligand X− introduction.

In the vanadium complexes, the dz 2- and dxy-orbitals
are always singly occupied, with the dyz-orbital being
the first LUMO. The frontier orbitals for the titanium
complexes show a similar pattern, with the dz 2-orbital
being the LUMO and the singly occupied orbital hav-
ing larger acacen LUMO character.

As a general trend, the introduction of the additional
ligand causes a reduction of the metal in the [M(aca-
cen)] based complexes and an oxidation of the metal in
the [M(tmtaa)] complexes, in agreement with the fron-
tier orbital patterns shown in Figs. 3–6.

In [Ti(tmtaa)X] complexes the positive charge at the
metal ranges from +2.01 (X=F) to +1.78 (X=Cl)
and +1.84 (X=CH3) and, due to the unpaired elec-
tron now localized on the ligand character 8a2 orbital,
the positive charge at the imino carbon atoms is re-
duced from +0.28 to +0.22 (X=F, Cl, CH3). The
meso-carbon atoms are not involved in this X coordina-
tion process.

In [V(tmtaa)X] compounds the positive charge at the
metal varies from +1.70 (X=F) to +1.43 (X=Cl)
and +1.46 (X=CH3); the single occupation of the
orbitals reflects the tmtaa LUMO character as the
positive charge at the iminato carbon atoms reduces
significantly from +0.31 to +0.24. Again, no charge
variation is seen at the meso-carbon atoms. Therefore,
the interaction with �- and �-donor ligands does not
underline a different behavior for the [Ti(tmtaa)]+ and
[V(tmtaa)]+ fragments.

As for the [Ti(acacen)X] compounds, the ‘largest’
variation is seen at the metal center, whose positive
charge reduces from +1.87 to +1.73 for X=Cl and
+1.81 for X=CH3 (for F it remains unchanged), with
a slight changing in the charges of the C� ligand atoms
(from −0.13 to −0.17).

Fig. 5. Molecular orbital diagram for the [Ti(acacen)X], X=F, Cl, CH3, complexes.
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Fig. 6. Molecular orbital diagram for the [V(acacen)X], X=F, Cl, CH3, complexes.

Finally, the [V(acacen)X] compounds show
analogously the largest variation of the metal charge,
which ranges from +1.46 to +1.70 for X=F to
+1.40 for X=Cl and +1.49 for X=CH3, and only
small at the C� atom centers (from −0.11 to −0.17).

3.4. The [Mo(acacen)]2 complex

The [Mo(acacen)]2 compound has been experimen-
tally prepared [16] and its molecular structure deter-
mined by X-ray crystallography. This compound,
together with the [Mo(tmtaa)]2 analogue which has
been both synthesized and theoretically studied [17], is
of particular interest because it affords the opportunity
to compare multiple Mo�Mo bonds in isostructural
compounds in which there are no bridging ligands to
restrain the metal�metal distances and there are no
axial ligands to influence the metal�metal bonding. In
addition, the acacen ligands are bulky enough to cause
significant repulsive forces between the halves of the
molecule, thus causing the staggered conformation of
the two monomeric fragments in the dimer, and these

ligands have considerable potential for interaction with
metal d-orbitals through their delocalized � (bonding)
and �* (antibonding) orbitals. The study of the
Mo�Mo bonding has been performed by considering
the interaction between the two monomeric [Mo(aca-
cen)] species as neutral fragments. To this aim, an
unrestricted single point calculation has been carried
out on the monomer in the experimental geometry it
has in the dimer and in an electronic configuration
suitable for the interaction with the other monomer,
that is four unpaired electrons which will be involved in
the multiple bond when the dimer is formed. The
composition of the frontier molecular orbitals is shown
in Table 4, where the d-orbitals which can be involved
in the multiple bond are explicitly indicated. A coordi-
nate system was defined with the y-axis collinear with
the M�M bond, so that the singly occupied lowest lying
dx 2−y 2 orbital (18a �) will give rise to a � type interac-
tion. Higher in energy, the dxy (19a �) orbital will be
involved in a � type interaction, the dz 2 (20a �) orbital in
a �-type one and the highest singly occupied dyz (17a�)
orbital in a � interaction. The most destabilized d-or-
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Table 4
Percentage composition of the lowest unoccupied and highest occupied molecular orbitals of the [Mo(acacen)] monomer complex

E (eV) % Mo % N % O % C�,�Orbital % C� %
C2H4

0.53424a� 12(py) 14(py)
0.170 15(5py)+11(6s)23a�

−0.287 51(4dxz)19a�dxz

−0.819 29(5py)+24(5s)+12(6s)22a�
−2.088 16(4dxy) 15(py) 13(py)21a� 40(py)
−2.466 – 18(py)18a� (LUMO) 10(py) 53(py)

−3.887 63(4dyz)dyz (�) 17a� (SOMO)
−4.345 55(4dz 2)dz 2 (�) 11(px)20a� (SOMO)
−4.699 30(4dxy)+25(4dx 2-y 2)+14(5s)19a� (SOMO)dxy (�)
−4.895 44(4dx 2−y 2)+21(4dxy)+12(4dz 2)dx 2−y 2 (�) 18a� (SOMO)
−5.834 13(4dyz) 16(py) 12(py)16a� (HOMO) 32(py)
−6.013 15(py) 12(py)17a� 32(py)
−6.956 44(px)16a�
−7.125 58(px)15a�
−8.257 13(py) 21(py)14a�

13a� −8.464 25(px)

bital is dxz (19a�) which interacts with the �-orbitals of
acacen and is therefore not available for the formation
of a M�M bond. In Table 5 the frontier molecular
orbitals for [Mo(acacen)]2 are shown. We can notice
that the 17bu is predominantly a Mo�Mo � bonding
orbital. The Mo�Mo � bonding is distributed over two
orbitals, 18ag and 17au, and the Mo�Mo � bonding, if
it is to occur, should entail the pair of dz 2-orbitals
combined with ag symmetry. The MOs featuring the
�-type interaction are 19ag and 19bu orbitals in Table 5.
In Fig. 7 the orbital correlation diagram between the

two monomeric fragments is shown for [Mo(acacen)]2,
where we can note the fully occupied 17bu, 18ag, 17au

and 19ag (�, �, � and � bonding); only two unoccupied
antibonding counterparts 19bu (�*) and 18bg (�*) are
present in the diagram while the other two lie at much
higher energies and are not shown.

The non-negligible overlap between the 4dz 2-orbitals
indicates unambiguously that a Mo�Mo � bond exists.
The 4d-orbitals, which are more diffuse than the 3d-or-
bitals, have poorer overlap with the ligand �-orbitals
but better overlap with each other. Consequentely, as it
has been observed by Cotton et al. [17], the dimolybde-
num complex is still a quadruply bonded system, while
there is ca. only a triple bond in [Cr(tmtaa)]2. It is also
important to note that the calculated HOMO–LUMO
energy gap is 1.03 eV, sufficiently high to indicate the
existence of a �-type bond between the Mo, and to
suggest that the Mo compound is likely to be fully
diamagnetic. Another point of comparison is that
Mo�Mo bond length in [Mo(tmtaa)]2 exceeds the
Mo�Mo bond length in [Mo(acacen)]2 by only 0.007 A� .
The Mo�Mo bond itself is actually a little longer than
the values found in many other unbridged Mo2

4+ com-
pounds [17] but the small difference can be attributed
to the repulsive contacts of the ligands on the two metal
atoms that resist any closer approach.

4. Conclusions

The [M(tmtaa)] and [M(acacen)] fragments employed
in the organometallic chemistry of early transition
metals, namely titanium and vanadium, have been in-
vestigated by a density functional approach. The fron-
tier orbitals and the geometrical structure of the two

Table 5
Percentage composition of the lowest unoccupied and highest occu-
pied molecular orbitals of the [Mo(acacen)]2 complex in terms of
monomer fragment [Mo(acacen)]

Orbital E (eV) % [Mo(acacen)]

19bg 0.145 45(19a�)
−0.65518bg (�*) 40(17a�)

21bu 37(19a�)+11(23a�)−0.770
49(18a�)18au −1.977

−2.16920bu 46(21a�)
−2.58617bg 45(18a�)

29(18a�)+12(20a�)+10(21a�)−2.63920ag

−3.04419bu (LUMO) �* 37(20a�)

19ag (HOMO) � −4.070 28(20a�)+13(18a�)
−4.378 44(17a�)17au �
−5.16916bg 48(16a�)

24(17a�)+21(18a�)18bu −5.173
−5.25918ag � 33(19a �)
−5.66817bu � 26(17a�)+16(18a�)
−6.16517ag 40(17a�)

41(16a�)−6.21916au

−6.70616ag 49(16a�)
16bu −6.851 45(16a�)
15bg −6.854 49(15a�)
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Fig. 7. Molecular orbital diagram for the [Mo(acacen)]2 complexes.

macrocyclic ligands have been compared and the effect
of the nature of the metal on the ligand environments
has been studied. Some interesting complexes in which
the metal in a formal (III) oxidation state contains a
reactive organometallic functionality, such as metal–
halogen (F and Cl) or metal–alkyl (CH3) units, have
been investigated. Moreover, the [Mo(acacen)]2 dimer
has been considered because of its interest as a
metal�metal bonded complex with non-bridging ligands
restraining the metal�metal distance.

The comparison between Ti and V has shown them
to be very similar when bonded to the same ligand.
Some analogies between the [M(tmtaa)]+ and [M(aca-
cen)]+ (M=Ti, V) fragments have been also found
and, consequently, the similar electronic structures of
the two fragments are responsible for the similar reac-
tivity pattern when coordinating one additional reactive
functionality.

Finally, it has been found that the considered di-
molybdenum complex is a stable, diamagnetic quadru-
ply bonded system, which strongly resembles the
isostructural analogue [Mo(tmtaa)]2.
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