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DFT calculations have been carried out on the organometallic clusters [(#-CsHs) TiN]4 and
[CIsMoN], with the aim of comparing the energies and the electronic structures of the cubane
and planar forms for these two clusters. Calculations indicate for the titanium cluster that
the cubane conformation is much more stable than the structure in which the four metals
and the four nitrogens are in the same plane, whereas the square planar structure is
preferred for the molybdenum complex. The octahedral coordination of the metal in the
cubane-like form implies an important reorganization of the [CIsMoN] unit. The high cost
of this reorganization explains the relative stability of the square planar conformation in
that case. Metal—metal interactions have been characterized in the vanadium cubanes [(3-
CsHs)V(us-X)]a, X = N, P, and As. The distortion of the cage observed in some cubanes is
discussed in relation to the metal—metal bonding interactions evidenced in these clusters.

Introduction

Clusters containing the MyX4 core where M is a
transition metal and X is an element of group 16 or 17
are quite common.>2 However, clusters with X belonging
to group 15 are not so frequent. Dahl and co-workers
characterized in the early 1970s the compounds [Co-
(CO)3(u3-Sb)]43a and [(7]-C5H5)CO(#3-P)]4,3b which were
the first organometallic clusters to contain group 15
elements in a cubane-like structure (see Chart 1). Later,
the X-ray characterization of [Co(CO)s(us-Bi)]s showed
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that its structure is also cubane-like.3¢ More recently,
Mena and co-workers synthesized the clusters [(7-Cs-
Mes) Ti(us-N)]4 and [(7-CsMes) Ti(us-CH)]4, two cubane-
like compounds in which the metal atoms are formally
do.4 At the same time, Bottomley et al. reported the
structure of [(7-CsMes)V(u3-N)]4, a cluster with similar
topology containing four metal electrons.®> The diamag-
netism of this vanadium cluster was explained from
EHT calculations. Several clusters of manganese(ll)
[R-Mn(us-N-R")]4, in which a R’ group is attached to the
N atom, have been synthesized by Dehnicke and co-
workers.6~8 Related clusters of Co(I1),%1° Ni(l1),” and Zn-
(1219 have also been prepared by the same group.
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[Fe(CO)s(us-AsCHs)]s and [Ru(CO)s(us-PCF3)]s are the
only group 8—group 15 cubanes characterized from
X-ray diffraction.’12 This variety in the metals and in
the ligands external to the cubane core results in a great
diversity of the metal valence electron (MVE) counts as
defined by Wade and Mingos.2 For M4X, clusters where
Xis a group 15 element, the MVE count varies from 56
electrons in [(7-CsMes)Ti(us-N)]s, none of which is
formally assigned to the metal atoms, up to 80 electrons
in [Co(CO)3(us-Sb)l4, including 24 metal electrons.
Another set of metal—nitrogen clusters with [R-M(u.-
N)]s formula and square planar structures involve
metal—nitrogen bonding either unsymmetrical (M=
N—M bridges with M = Mo!*~16 and W,17~18 Chart 2)
or symmetrical (M=N=M as in [(CH3);OPS;M0N]y).1°
Different structures have also been found for clusters
containing the Ma(u-Xe) core, with X = O or Se. Although
most of them have an adamantane-like conformation
with Tgq symmetry,2® a Dy structure with the metal
atoms in a rectangular conformation has been proposed
for [(7-CsMes)NDb]4(u-O)s from the NMR spectra.?! Ab
initio calculations carried out in our group showed that
the Dy structure is more stable than the tetrahedral
conformation, in agreement with the experimental
data.?? In the case of the analogue vanadium cluster,
for which an adamantane-like geometry has been
observed,?3 the calculations however indicated that the
D2 form is the most stable one for [(7-CsHs)V]a(u-O)s.
The theoretical results were reconciled with the ob-
served structure when considering the steric strain
induced by the four bulky CsMes ligands in the Do, form.
The goal of the present study is to carry out DFT
calculations on the model system [(3-CsHs) Ti(uz-N)]4 and
on the real complex [CIzMoN], in order to compare the
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cubane with the planar structure for two clusters
containing the M4N4 core and exemplifying each con-
formational type, respectively. An analysis of the metal-
centered frontier orbitals and of their respective popu-
lations in the [(7-CsHs)V(us-X)]s series (X = N, P, As)
will allow an understanding of the distorted geometry
and the electronic configuration of the dicapped cubane
compound [(5-CsHs)V (ta-P)Ja(u-P)2.2*

Computational Details

All calculations have been carried out by means of density
functional calculations including gradient corrections. We used
the local spin density approximation characterized by the
electron gas exchange (Xa with oo = 2/3) together with Vosko—
Wilk—Nusair? parametrization for correlation. Becke’s non-
local corrections to the exchange energy?® and Perdew'’s
nonlocal corrections to the correlation energy?” have been
added. Those calculations have been carried out with the ADF
program,?® using triple-{ + polarization Slater basis sets to
describe the valence electrons of C, N, P, As, and H. For metal
atoms, a frozen core composed of the 1s to 2sp shells for
titanium and vanadium, 1s to 3spd shells for molybdenum,
and 1s to 4spd for tungsten was described by means of single
Slater functions. ns and np electrons were described by
double-¢ Slater functions, nd and (n+1)s by triple-¢ functions,
and (n+1)p by a single orbital.?>3°As in the very accurate work
of Rosa et al.®! on the dissociation of Mn,(CO);o, it was not
found necessary to supplement the metal basis set with f-type
polarization functions. Spin-unrestricted calculations were
used for the open shell configurations. Calculations for the
cubane clusters (Chart 1) have been carried out under the
constraints of the D,y symmetry group, whereas calculations
for the conformation in which the metal and N atoms are
coplanar (Chart 2) were carried out with the constraints of
the C4 symmetry group.

Results and Discussion

[(37-CsHs)Ti(u3-N)1a. The geometry computed for the
ground state of [(57-CsHs)Ti(us-N)]4 corresponds to an
almost perfect cube. The optimized titanium—nitrogen
distances for this cubane structure (1.941 and 1.937 A)
are almost identical to the Ti—N distances reported for
[(7-CsMes) Ti(us-N)]4 (1.939 A).42 The distance from the
metal to the centroid of the Cp ring is computed to be
2.138 A, a value that is also very close to the experi-
mental distance of 2.091 A. For the nonbonding Ti—Ti
and N—N distances the agreement between the opti-
mized (2.80 and 2.68 A) and experimental (2.79 and 2.69
A) values is also almost perfect.
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Figure 1. Orbital diagram for [(-CsHs) Ti(u3-N)]a4.

The formal oxidation state for titanium atoms in the
cubane structure of [(7-CsMes)Ti(us-N)]4 is 1V. In full
agreement with this assignment, the block of d metal
orbitals occurs first in the unoccupied set of [(17-CsHs)-
Ti(us-N)la, whereas the highest occupied molecular
orbitals are symmetry-adapted orbitals of the Cp ligands.
A scheme of the frontier orbitals including their orbital
energies and symmetries is displayed in Figure 1. In
this work, the orbitals and electronic configurations
were classified using the symmetry properties of the Ty
group since the M4X,4 core has an almost tetrahedral
symmetry. However, it is necessary in some cases to use
the actual symmetry of the molecule (Dyg). In those
cases we explicitly indicate that the symmetry labels
correspond to the Dyg symmetry group. In Figure 1 the
two sets of labels were included. Two consequences arise
from the lack of metal electrons:

(1) The relatively short Ti—Ti distances (~2.8 A) must
be attributed to important metal—ligand interactions
and not to direct titanium—titanium couplings.

(2) With no more than 12 electrons in their coordina-
tion sphere, the titanium atoms are highly unsaturated
and show a strong tendency to accept electrons. This is
fully consistent with the presence of low-lying unoc-
cupied orbitals and with the high value computed for
the adiabatic electron affinity of [(7-CsHs)Ti(us-N)]4 (2.14
eV).

The optimization process for the planar D, conforma-
tion yielded a structure in which all of the Ti—N
distances are equal to 1.812 A. Calculations were also
carried out in order to find the alternative structure
with the bridging N atoms asymmetrically bonded to
the Ti atoms (Ti—N=Ti). However, the optimization
process always yielded structures very close to the Dyp
conformation with the Ti—N bonds all identical. The
energy of this structure is very high (+123 kcal mol—1)
with respect to the cubane conformation. As in the
cubane structure, the lowest unoccupied orbitals are
d-titanium orbitals, whereas the highest occupied mo-
lecular orbitals are combinations of atomic orbitals
centered on the N and C atoms. Therefore, we are led
to the conclusion that the oxidation state of the titanium
atoms in the Dy, conformation is also 1V, which implies
that the nitrogen atoms are assigned a formal charge
of —3. The Mulliken charge computed for the planar
conformation is —0.99. This should be compared to the
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Mulliken charges of —0.53e on the triply bonded nitro-
gen in the N=Ti—Cp monomer and of —0.87e in the
cubane conformation of the tetramer. In this latter
complex, the nitrogen atoms are formally N3~ as in the
planar form, but this charge is more delocalized through
donation interactions to three metal centers.

The identity of the eight titanium—nitrogen bonds
found in the planar form of [(#-CsHs)Ti(us-N)]4 makes
this conformation geometrically different from the pla-
nar structure observed for the isoelectronic complexes
[MNCI3]s (M = Mo, W) and characterized by a strong
alternation of the metal—nitrogen bond lengths.32:36
Wheeler et al explained the M—N bond alternation in
the [(MNCIy4)4]*~ complexes with planar framework by
a second-order Jahn—Teller distortion involving the
N-localized HOMO and the metal-based LUMO of the
tetramer.3® These nonbonding orbitals respectively be-
longing to the byg and to the byy representations of the
Dan point group are allowed to undergo a second-order
mixing when the symmetry is decreased to C4n. The
extent of this distortion is monitored by the HOMO—
LUMO gap.® For the molybdenum complexes investi-
gated by Wheeler et al, the frontier orbitals in the Dgp
conformation are close in energy and the second-order
Jahn—Teller effect is an efficient driving force to the
distortion through an enhancement of the metal—
nitrogen s bonds. In planar [(3-CsHs)Ti(us-N)]s, the
interaction between the metal and the Cp rings desta-
bilizes the in-plane combination of the metal d,y orbitals
with byg symmetry. The energy gap with the N-centered
HOMO rises to almost 3 eV, and the tendency toward
distortion vanishes accordingly. The important energy
difference between the planar and the cubane structures
is explained by the attractive term gathering the effects
of the Coulombic interaction, the mutual polarization,
and the orbital interactions among the four monomers.
This attractive term is intrinsically higher in the
compact cubane-like isomer, and the difference is only
partially offset by the steric and Pauli repulsive contri-
butions. We will come back to this point in more detail
when the relative stabilities of the tetrameric structures
are discussed.

[(n-CsHs)V (u3-N)]4. The cluster obtained by replacing
Ti by V in [(#-CsMes)Ti(us-N)]a also has a cubane
conformation.® As for the titanium cluster, the present
DFT calculations reproduce very well the experimental
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X

Figure 2. 3D plot of the occupied e-like metal orbitals (1a; + 1b; in the actual D,y symmetry) in the cubane conformation

of the complex [(7-CsHs)V (u3-N)]a4.

geometry. The computed bond lengths of 2.675 and
2.678 A for V-V distances, and of 1.875 A for V—N
bonds, exactly coincide with the X-ray values of 2.674
and 1.87 A. The computed distance between the vana-
dium atom and the centroid of the Cp ring is 2.038 A,
also very close to the experimental value of 2.01 A.5 One
of the structural points of interest in this vanadium
cluster is the presence of short V—V distances. The four
metal electrons are in two quasi-degenerate orbitals of
symmetry a; and b; (e-like orbitals). A 3D drawing of
these two molecular orbitals (Figure 2) shows a certain
vanadium—vanadium overlap in some regions of the
cube. Should the short metal—metal distances be as-
signed to this bonding character? To determine if there
is a relationship between the number of metal electrons
and the size of the cube, we have optimized the structure
of the doubly ionized cluster [(17-CsHs)V(us-N)]42". After
removing two metal electrons from the cluster the V—N
and V-V distances slightly increase (0.007 and 0.03 A,
respectively). A first analysis of these values could
suggest that the changes in the V—V separations are
quite small and could be correlated with a low overlap
between the vanadium orbitals. Secondary effects due
to ionization could also be responsible for small distor-
tions of the cubic structure. The electrostatic repulsion
due to the positive charges on the metal atoms will
increase the V—V distances, whereas the same positive
holes tend to strengthen the vanadium-—nitrogen o
bonds and are then expected to contract the cube. To
sum up, we believe that the small size of the cube in
the [(#-CsHs5)V(u3-N)]4 cluster is mainly due to the
presence of strong metal—ligand bonds, as pointed out
by Bottomley and co-workers,> but the possible contri-
bution of metal—metal bonding interactions should not
be neglected. More important in view of the discussion
below are the geometry changes induced by the addition
of one electron to the unoccupied a; orbital (see Figure
3). After reoptimizing the geometry, the cube becomes
somewhat distorted since the V—N bond lengths slightly
increase (~0.02 A), whereas the V—V distances become
0.05 A shorter than in the neutral cluster. This contrac-
tion is obtained despite the opposite trend induced by

2 = X=N X=P X=As

tp —— —

B T R A

E (eV) | AE(a;-e) 1.335 0.275 0.086

Figure 3. Energy diagram of the frontier orbitals obtained
for [(7-CsHs)V(us-X)1a with X = N, P, and As, assuming for
all three complexes the singlet ground-state configuration
computed for the vanadium nitride cluster (e*t,%a;°). The
symmetry labels refer to the pseudo-tetrahedral symmetry
of the MyX4 core.

Chart 3

the combined effects of the electrostatic and the Pauli
repulsion. This is an indication of the strong metal—
metal bonding nature of the a; orbital, schematized in
Chart 3. Quite logically, a still enhanced distortion can
be expected from the transfer of one electron from the
e-like orbitals to the a; level (see next section and Table
2). Note that a similar in-phase combination of four d,2-
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Table 1. Relative Energies (in kcal mol?) of the
Singlet and Triplet Lowest States for the Cubane
Clusters [(#-CsHs)V(us-X)]4 (X = N, P, and As)

occupation® state X=N X=P X =As
1a;%1b;2(e?) singlet 0.0 2.8 13.8
1a;22a,? singlet 47.1 0.9 1.2

la;?1bs2a;t (€3 asl)  triplet 13.8 0.0 0.0

a Distribution of the four metal electrons among the lowest
metal orbitals. The electronic configurations have been classified
using the actual symmetry of the molecule (Dyg). In Tables 1 and
2 labels in parentheses identify the associated configuration in
the undistorted T4 cube.

Table 2. Selected Bond Distances? and Bond
Angles? for [(7-CsHs)V(u3-X)]4 (X = P and As)
Computed for the 1a;21b;2? (e?), 1a;21b;12a;! (edal),
and 1a;%2a;? Configurations (see the text)

[(7-CsHs)V (uz-P)]a

13121b12 13121b1126111 16122312
V—-P 231 2.33 2.34
V-V 3.07 2.97 2.80
V—-P—-V 83.2 79.1 72.5
P—-V—-P 96.3 100.1 104.5
[(7-CsHs)V(uz-As)]s
13121b12 13121b112311 13122312
V—As 2.42 2.46 2.44
V-V 3.17 291 2.86
V—As—V 81.8 72.6 715
As—V—As 97.6 105.0 106.5

a Averaged values.

like orbitals has been shown to account for the metal—
metal bonding interactions in metallocarbohedrenes
Mgclz.33

The Clusters [(7-CsHs)V(us-X)]4, X = P, As, and
[(7-CsHs)V (u3-P)]a(r-P)2. The cubane clusters [RV/(us-
P)]s and [RV(u3-As)]4 have not been synthesized yet, but
the analysis of these molecules is very useful for
understanding the structure and electronic properties
of vanadium cubane clusters with elements of group 15.
Figure 3 displays orbital energies computed for the
clusters [RV(us-X)]4 with X = N, P, and As, assuming
for all three complexes the ground-state configuration
e*t,%;% computed for the vanadium nitride cluster. Most
interesting in this series of diagrams is the strong
stabilization of the metal orbital with a; symmetry when
N atoms are substituted by P or As. Hence, whereas
the energy difference between the a; and e orbitals is
1.3 eV in [(7-CsHs)V(us-N)]4, this difference drops to 0.27
eV in [(77-C5H5)V(/43-P)]4 and 0.09 eV in [(77-C5H5)V(/,£3-
As)]s. This stabilization is assigned to the diminution
of the repulsive interactions between X and the toroidal
part of the pseudo-d,2 metal orbitals (see Chart 3) as
the M—X distance increases. As a consequence of the
stabilization of orbital 2a;, the ground state for the
phosphide and arsenide vanadium clusters becomes the
triplet state e3a;'t,° (in the actual Dyg symmetry the
electronic configuration is 1a;%1b,;'2a;'). For both clus-
ters the energy of the singlet corresponding to four
metal electrons in the e-like orbitals (configuration 1a;?-
1bs? in the Dyg symmetry) is higher than that of the
triplet ground state. The relative energy of this singlet
with respect to the ground state was computed to be
2.8 kcal mol~1 for [(-CsHs)V(us-P)]s. Despite this low
energy difference, the geometries of the singlet and
triplet states are relatively different. For the singlet
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(B)

Figure 4. Optimized triplet (A) and singlet (B) structures
for [(7-CsHs)V(us-As)]s. The singlet state corresponds to the
configuration with four electrons in the e-like metal orbit-
als.

Chart 4

geometry the cube is slightly distorted and the V—P—V
and P—V—P angles are ~83° and 96°, respectively. In
this diamagnetic state the vanadium—vanadium dis-
tances are equal to ~3.07 A. But if one electron from
the e-like orbital is allowed to populate the a; orbital
(or 2a; in the Dyg symmetry, Chart 3-like orbital) the
metal—metal interactions lead to a shortening of the
V-V distances by 0.1 A (Table 2) and to a significant
distortion of the cube. Similar geometrical changes were
found for the [(7-CsHs)V(us-As)]a cubane cluster. In this
case, the singlet—triplet energy difference was computed
to be more important, 13.8 kcal mol~t. As in the
phosphide cluster, the geometry of the triplet state can
be seen as a strongly distorted cube (see Figure 4). It is
noteworthy that for both X = P and X = As the singlet
state obtained by fully populating the 2a; orbital ap-
pears very close in energy to the triplet ground state
(Table 1).

Somewhat different is the situation in the [(7-CsHs)V-
(u3-P)]4P2 cluster, which can be described as a cube with
two capping phosphorus atoms, Chart 4. Assuming that
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Figure 5. Structure optimized for [(7-CsHs)V (us-P)]a(u-P)..

Table 3. Some Computed and X-ray Bond Lengths
and Bond Angles for [(-CsHs)V (#3-P)1a(1-P)2

DFT2 X-ray?
V—P; 2.419 2.432
V—P, 2.468—2.363 2.44—2.35
V-V 2.902—-3.179 2.87-3.18
P1—P> 2.242 2.179
P2—P1—P3 108.4 109.0
P>—V—P, 94.8—105.7 92.7-106.3

a The presence of the capping phosphorus atoms breaks the Ty
symmetry of the V4P4 core and generates two sets of V-V and
V—P, distances (see Scheme 4 for notation). The shortest V-V
and V—P; distances belong to the uncapped faces.

the P—P bonds have covalent nature and that the P —
V bonds are coordinative bonds, the phosphorus at the
vertexes of the cube are formally P2~ ligands, whereas
the capping phosphorus are P~ ligands. Therefore, it
appears from an elemental electron counting that this
cluster has six metal electrons. In full agreement with
this formal distribution, the ground state computed for
[(7-CsHs)V (u3-P)]4P2 under the constraints of D, sym-
metry is a singlet corresponding to the 1a22a23a? con-
figuration for the metal electrons. The electron distri-
bution generated by those three a orbitals is very similar
to the electron density associated with the e+a; orbitals
in the cubane conformation of cluster [(1-CsHs)V (u3-X)]a.
Figure 5 shows the optimized molecular geometry, and
Table 3 compares some computed and experimental
geometrical parameters. The important distortion of the
cube in [(7-CsHs)V (us-P)la(u-P)2 results in part from the
presence of two electrons in the vanadium bonding
Chart 3-like orbital, which tends to reduce all metal—
metal distances by attracting the vanadium atoms
toward the center of the cube, as discussed for [(7-
CsHs)V(us-P)ls and [(7-CsHs)V(us-As)]s. The capping
phosphorus P; is bonded to two P, and two vanadium
atoms with relatively short distances. To analyze the
bonding within the (P); fragments as well as between
these fragments and the metal framework, we have
computed the Laplacian of the charge density in a plane
that contains the two capping P, two V, and two P atoms
of the cuboid (Figure 6). The internuclear charge density
concentration linking P1 and P is typical of a covalent
interaction,3* whereas the presence of the P lone pairs
directed toward the V atoms is a clear indication of the
donor nature of the phosphorus — metal bonds.3° Note
the existence in both types of phosphorus atoms of a

(40) Schoeller, W. W.; Sundermann, A. Inorg. Chem. 1998, 37, 3034.
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Figure 6. Laplacian of the charge density for [(#-CsHs)V-
(u3-P)]a(u-P), in a plane containing the two capping phos-
phorus, two vanadium, and two capped phosphorus atoms.
This map illustrates the covalent and coordinative nature
of the P—P and P — V bonds, respectively.

fifth region of charge accumulation opposite the square
pyramid of the P—V and P—P bonds.

[CIsMoN]4. The structure of [CIsMoN]4, known since
1970, appears as a ring composed of four series of Mo=
N—Mo bridges with pairs of Mo—N bond distances of
1.66 and 2.13 A.36 The metallic center, which has a
distorted trigonal bipyramid coordination, can incorpo-
rate an additional ligand to the coordination sphere. The
[CIzMON-OPCl3]4 adduct®” is one of the various tet-
rameric cyclic structures characterized in the 1970s in
which the coordination around the molybdenum is
octahedral.®® We have chosen to investigate the [Cls-
MoN]4 complex in the second part of this work in order
to compare the hypothetical cubane form with the ring
structure and to delineate the factors that govern the
formation of one or the other isomer.

The present DFT calculations reproduce quite well the
observed distortion resulting from the breaking of the
D4n symmetry. The values of 1.70 and 2.18 A computed
for the Mo—N bond lengths are in keeping with the
distances of 1.66 and 2.13 A observed from X-rays and
assigned to a triple and to a single Mo—N bond,
respectively. Molecular orbitals for closely related sys-
tems were analyzed in detail by Wheeler and co-workers
by means of extended Huckel calculations.3® More
recently, Schoeller and Sundermann.*° reported ab initio
and DFT calculations on the CIsMoN tetramers (M =
Cr, Mo, W) in the square planar conformation of the
M4N4 framework. This study showed that the bonding
energy of [CIsMoN]s with respect to the four isolated
monomers is relatively weak (~29 kcal mol~* from DFT/
B3LYP/ECP calculations carried out with valence basis
sets including polarization functions on nonmetal at-
oms).0 It was concluded that the bonding in the cyclic
[CIsMN], polymers results from weak donor—acceptor
interactions between the nitrogen lone pair of a mono-
mer and an empty d orbital centered on the metal of
the next fragment.
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Table 4. Decomposition of the Binding Energy
(BE) Calculated for the Cubane (D,g4) and for the
Square Planar (C4,) Forms of [TiNCp],; and
[MoCI3N], with Respect to Four Isolated, Fully
Relaxed Monomers (all values in eV)

[TINCpla [MoClI3N]4
D2d Cay D2g Cay
FE?2 —73.05 —7381 —21.74 —2544
FIEP —23.22 —1489 -13.85 —3.90
steric repulsion +10.3 +6.52 +25.4 +5.84
electron reorganization —33.5 —2141 —-39.2 —-9.74
FDE® +5.83 +2.81 +17.30 +2.50
BEd —17.38 —12.07 +3.45 —1.40

a The fragment energy is the energy of an isolated monomer
calculated assuming its structure optimized in the cluster. Ener-
gies in DFT methods are usually given as binding energies with
respect to the sum of energies of the isolated atoms. Energies of
the relaxed fragments FEjax for TINCp and MoCI3N are —74.51
and —26.06 eV, respectively. P The fragment interaction energy
(FIE) is the energy assigned to the interaction between the four
mononuclear units. It is globally attractive and can be decomposed
into the sum of an attractive term referred to as the electron
reorganization term (but also accounting for the Coulombic
attraction) and of a repulsive term accounting for the steric and
Pauli interactions. ¢ The fragment deformation energy (FDE)
represents the energy requested to transform the four fragments
from their equilibrium structure to the geometry of the fragment
in the complex. It is given by FDE = 4(FE — FEeiax). 9 The total
binding energy term (BE) corresponds to the difference between
the total energy of the complex and four times that of a relaxed
fragment. It is also given by the sum of FIE + FDE.

At variance with [TiNCp]a, the isoelectronic molyb-
denum tetramer [CI3sMoN], is much more stable in the
square planar (or Cy4y) than in the cubane-like (or Dag)
conformation. The energy difference is very high, 112
kcal mol™t. Let us remember that the preference of
[TiINCp]4 for the opposite conformation was also based
upon a great energy difference (123 kcal mol~1). Sur-
prisingly, the reasons for these markedly opposite
preferences are not easily outlined. To get a better
understanding of the electronic and steric strain associ-
ated with each conformation state, we have calculated
the fragment energies (FE) of the isolated TiNCp and
MoNCI3; monomers in the geometry they adopt in the
ring-like and in the cubane-like tetramers. The fragment
deformation energy (FDE) is defined as 4 times the
energy difference between the fragment energy and the
energy of the corresponding monomer in its optimal,
fully relaxed conformation. The FDE therefore repre-
sents the energy required for transforming four nonin-
teracting fragments from their equilibrium structure to
the geometry best suited to each conformation of the
tetramer (Table 4). The other contribution to the binding
energy of the complex is the fragment interaction energy
(FIE) accounting for the interactions among the four
monomers. The FIE itself can be decomposed into (i) a
repulsive term, accounting for both the steric strain and
the Pauli repulsion and (ii) an attractive contribution
which gathers the Coulombic interactions (mutual
polarization and orbital interactions). These contribu-
tions and the resulting binding energy, defined as

BE = FDE + FIE

are displayed in Table 4.

An analysis restricted to the FIE components shows
that the Dog structure implies for both complexes a large
electronic reorganization. The benefit of this redistribu-

Sarasa et al.

tion of the electron density is however partly offset in
the molybdenum cubane-like tetramer by a high value
of the steric and Pauli repulsion (Table 4). The repulsive
term remains moderate in the cubic form of [TiNCp]a,
which displays the largest attractive fragment interac-
tion energy (—23.2 eV, Table 4). If we now consider the
isomers with a square planar framework, Table 4 shows
that the attractive term is also relatively high for the
titanium complex, in relation to the strong interfrag-
ment Ti—N bonds. Since the steric + Pauli repulsion is
lower in the Cy4, framework than in the cube, as can be
expected for this less compact conformation, the FIE
ranks second largest (—14.9 eV). The energetic balance
of the fragment interactions is not so favorable in either
conformation of the molybdenum tetramer. In the
observed “planar” form, the attractive and the repulsive
interactions are moderate, as they should be in the
“weak donor—acceptor complexes” previously described
by Schoeller and Sundermann.*® The interaction balance
eventually remains attractive, but the FIE does not
exceed —3.9 eV. The balance is more favorable in the
cubic-like conformation (—13.8 eV) despite an extremely
large repulsive term (Table 4).

At variance with the case of the titanium tetramer,
the FIE term alone is not sufficient to explain the high
stability of the observed conformer of [ClsMoN]4, As a
matter of fact, the fragment deformation energy (FDE)
is the key factor inducing the relative stability of the
molybdenum complex in its square planar conformation.
In the form with C,, symmetry, the formation of the
tetramer does not require significant changes either in
the Mo=N bond length or in the CI-Mo—N angles.
Thus, the fragment deformation energy associated with
the ring formation is quite small (+2.50 eV), and the
total binding energy remains slightly stabilizing. The
overall binding energy (—1.40 eV = —32. 3 kcal mol™%)
is comparable to the value obtained by Schoeller and
Sundermann with their best basis set (—28.6 kcal
mol~1).40 In contrast to the case of the planar form, the
FDE is especially high in the cubane structure (+17.3
eV). This is sufficient to offset the FIE and to yield a
repulsive binding energy (+3.45 eV) with respect to the
isolated monomers. What is the origin of this huge FDE
term? It should be assigned to the combination of two
structural characters, both highly penalizing, encoun-
tered in the conformation adopted by the NMoCls
fragment in the D,q complex. First comes the stretching
of the Mo—N bond from 1.665 to 2.05 A. The Mo—N
stretching in the four fragments contributes ~5 eV to
the FDE. The second transformation relates to the
orientation of the MoCl; tripod with respect to the
Mo—N bond. The relaxed NMoCl; monomer has a
perfect Cz, symmetry, with all N—Mo—ClI angles equal
to 104.8°. Those angles are only slightly modified in the
ring-like tetramer (102.8° and 104.9°). In the cubane-
like tetramer, the octahedral coordination of the metal
requires a dramatic rotation of the Cl; tripod around
an axis that contains the metal atom and is perpen-
dicular to one N—Mo—CI plane (Chart 5). The angular
amplitude of the rotation is ~70° and the resulting
N—Mo—Cl angles in the D,q complex are 176°, 94°, and
93°. The energy cost of this tilting is 2.32 eV per
monomer and therefore accounts for the rest of the FDE.
It is finally important to note that, at variance with
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Figure 7. Potential energy curves associated (i) with the
bending of the N—Ti—Q angle in NTiCp (Q is the centroid
of the Cp ring) and (ii) with the rotation of the Cl; tripod
around an axis containing Mo and perpendicular to one
N—Mo—CI plane in NMoCl; (see Scheme 5).

Chart 5

iy,

NMoCls, the relaxed CpTiN monomer is not linear, but
bent with a N-Ti—Q angle close to 130° (Q is the
centroid of the Cp ring). The transition to an octahedral
coordination in the cubane-like tetramer does not
require a substantial modification of this tilt angle. The
stretching of the Ti—N bond therefore remains the only
deformation inducing a large energy cost, and the FDE
in the D,y form of [TiINCp]a is limited to 5.8 eV (Table
4).

It is finally interesting to compare the response of the
NM(L) monomers (M, L = Ti, Cp; Mo, Cls) to the tilting
of the M—L fragments described above (Figure 7). The
potential energy curve obtained for the rotation of the
Clz tripod is extremely steep, as expected from the
analysis of the FDE term (Table 4). This means that
the CIsMo=N molecule is markedly rigid, and this can
be interpreted as the sign of a certain stability of the
monomeric species. This is confirmed by the calculations
of Schoeller and Sundermann?® and by those of the
present work, showing that the thermodynamic balance
of polymerization is unfavorable for a cubane-like form
and no more than weakly exothermic for polymers with
ring-like (MoN), frameworks (n = 3—6). The experi-
mental characterization of ClzMo=N*! despite the
strongly unsaturated electronic environment of the
metal and the synthesis of ClsMo=N"%2 and that of
other mononuclear nitrido complexes containing a metal

(41) Dehnicke, K.; Strahle, J. Z. Anorg. Allg. Chem. 1965, 339, 171.

(42) Muller, U.; Schweda, E.; Strahle, J. Z. Naturforsch. 1983, 38b,
1299. Jones, P. G.; Schroeder, T.; Sheldrick, G. M. Acta Crystallogr.
1987, 43C, 355. Knopp, B.; Lércher, K.-P.; Stréahle, J. Z. Naturforsch.
1977, 32b, 1361.
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atom of group 6384344 give support to this interpretation.
The behavior of NTiCp is opposite: the titanium mono-
mer appears fluxional since the N—Ti—Q angle can be
varied between 110° and 180° at a cost limited to 7 kcal
mol~! (Figure 7). As for CIzMo=N but in the opposite
way, the flexibility of NTiCp can be correlated with its
instability as a monomer: the energetic balance of Table
4 shows that NTiCp has a strong tendency to polymer-
ize. On the experimental side, it seems that no mono-
metallic nitrido complex has been reported to date with
metals of group 4, and only two such complexes have
been characterized with elements of group 5.4°

Summary and Conclusion

The DFT calculations carried out on the cubane and
on the ring-like structures of [CpTiN]4 and [ClsMoN]4
illustrate the strikingly different behavior of these two
isoelectronic clusters. Whereas the cubane form of
[CpTiN]4 outperforms the square planar isomer by 123
kcal mol~1, the energy balance between the two struc-
tures is practically opposite for the isoelectronic cluster
[ClsMoN]4. Other differences have been outlined. In [Cls-
MoN],4 the four fragments get assembled into the square
planar structure by means of weak donor—acceptor
interactions with little geometric reorganization and
moderate amounts of energy involved in the interfrag-
ment interactions, either attractive (Coulombic interac-
tion, electron reorganization) or repulsive (steric strain,
Pauli repulsion). The formation of the cubane isomer,
which would require an important structural rearrange-
ment of the fragments, is energetically unfavorable,
even with respect to the isolated monomers. This has
to do with the rigidity of the CIsMoN monomer, which
is highly penalized by the reorganization of the coordi-
nation sphere. In contrast to that, the bent and flexible
structure of the CpTiN monomer can adapt at low cost
and easily takes place into a cubane framework, result-
ing in a high binding energy for the tetramer. An
extension of that study to the vanadium clusters with
cubane-like framework, (CpVX)4 (X =N, P, and As), and
to the dicapped derivative of the vanadium—phosphorus
cluster (CpVP)4P2 has enlightened the importance of the
metal—metal interactions in some of those compounds
and their influence on the geometry of the V4X4 cubic-
like framework. Let us finally mention the very recent

(43) Schweda, E.; Strahle, J. Z. Naturforsch. 1980, 35b, 1146.
Chisholm, M. H.; Hoffman, D. M.; Huffman, J. C. Inorg. Chem. 1983,
22,2903. Mindiola, D. J.; Cummins, C. C. Angew. Chem., Int. Ed. Engl.
1998, 37, 945. Fenske, D.; Frankenau, A.; Dehnicke, K. Z. Anorg. Allg.
Chem. 1989, 574, 14. Caulton, K. G.; Chisholm, M. H.; Doherty, S.;
Folting, K. Organometallics 1995, 14, 2585. Chiu, H.-T.; Chen, Y.-P.;
Chuang, S.-H.; Jen, J.-S,; Lee, G.-H.; Peng, S.-M. J. Chem. Soc., Chem.
Commun. 1996, 139.

(44) Rentschler, E.; Dehnicke, K. Z. Naturforsch. 1993, 48b, 1841.
Young, C. G.; Janos, F.; Bruck, M. A.; Wexler, P. A,; Enemark, J. H.
Aust. J. Chem. 1990, 43, 1347. Azuma, N.; Imori, Y.; Yoshida, H.;
Tajima, K.; Li, Y.; Yamauchi, J. Inorg. Chim. Acta 1997, 266, 29.
Laplaza, C. E.; Johnson, M. J. A;; Peters, J. C.; Odom, A. L.; Kim, E;
Cummins, C. C.; George, G. N.; Pickering, I. 3. 3. Am. Chem. Soc. 1996,
118, 8623. Odom, A. L.; Cummins, C. C.; Protasiewicz, J. D. J. Am.
Chem. Soc. 1995, 117, 6613. Kim, J. C.; Rees, W. S., Jr.; Goedken, V.
L. Inorg. Chem. 1994, 33, 3191.

(45) Willing, W.; Christophersen, R.; Muller, U.; Dehnicke, K. Z.
Anorg. Allg. Chem. 1987, 555, 16. Critchlow, S. C.; Lerchen, M. E.;
Smith, R. C.; Doherty, N. M. 3. Am. Chem. Soc. 1988, 110, 8071.

(46) McGrady, J. E. J. Chem. Soc., Dalton Trans. 1999, 1393.

(47) Abarca, A.; Galakhov, M.; Gomez-Sal P.; Martin A.; Mena, M;
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work by McGrady, who emphasized the importance of
the metal—metal bonds in closely related complexes
with cubane-like structure, (CpMoX)4 (X = O and S).46
The delocalization of the charge density of the metal
carbonyl fragment in the heterometallic cubanes [{ Tis-
Cp*3(usz-CR)} (us-O)s{ Mo(CO)s}] (R = H, Me) and [{Tis-
Cp*3(uz-N)} (us-NH)3{ M(CO)3}] (M = Cr, Mo, W) has also
been described in terms of metal—metal couplings.*’
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