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Ab initio RHF and CI calculations have been carried out on the [H3VN,;VH;(u-Na)]~, [H3VN;VH;]™, [H3VN,-
VH3)}, and [H3VN;VH;]*~ complexes and related fragments in order to study the energetics and the mechanism
of dinuclear dinitrogen activation by vanadium(II) and vanadium(IIT). Analogous calculations have been performed
also on the [H3VN,], [H3VN;]~, and [H3VN;Na] complexes to compare mononuclear and dinuclear activation.
Various energy gradient optimizations have been performed on the complexes and the various fragments, followed
by MRCI calculations on the stationary structures. The results indicate that in the dinuclear complexes dinitrogen
is poorly to strongly activated through mechanisms which depend on the presence of the alkali atom, the net
charge, and the spin multiplicity of the considered state, while in the mononuclear complexes dinitrogen is always

poorly activated.

Introduction

Dinitrogen coordination by metal complexes has received
much interest for a long time as it can be considered the first
step in the dinitrogen fixation process.!™* The huge stability
of the nitrogen molecule has always made its activation and
fixation to useful products a difficult problem. From an
experimental point of view several kind of dinitrogen transition
metal complexes have been observed differing both in their
nuclearity and in the bonding mode of the N; molecule.’~7 In
particular, we recall the end-on and side-on bonding in mono-
nuclear complexes and the terminal bridge bonding with a metal
atom on each nitrogen atom in the dinuclear complexes; see
Chart 1.

Although several ab initio investigations have been performed
on mononuclear metal—dinitrogen complexes,?~18 only few1%24-28
and mainly semiempirical calculations®202! have been performed
on dinuclear complexes.
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The binding of dinitrogen to a nucleophilic metallic fragment
in a mononuclear complex is usually qualitatively described by
the Chatt—Dewar—Duncanson model?? with ¢ donation from
the dinitrogen lone pair to an empty orbital of the metal atom
and st back-donation from an occupied metal orbital to the empty
dinitrogen m* orbital. When a dinuclear metal—dinitrogen
complex is considered, the four-center M—N—N—M 7 interac-
tions have been described more in detail through the simple
qualitative molecular orbital scheme reported in Figure 1.23
There are actually two sets of these four-center molecular
orbitals which are obtained by linear combinations of respec-
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Figure 1. Schematic representation of orbital interactions involved in
the end-on bonded dinuclear dinitrogen complexes.

tively Md,,, Np. or Md,, Np, orbitals (with the y-axis
determined by the o bond direction). As overall result, we have
four doubly degenerate energy levels whose energies increase
with increasing nodal number of the molecular orbitals and
which are designated as le, 2e, 3e, and 4e. The scheme is
completed by the & bond type orbitals built by the bonding and
antibonding combinations of d, and d.-,2 orbitals which
contribute practically nothing to the bonding because of the high
M—M distance. The relative strength of the M—N and N—N
bonds depends mainly on the occupancy number of these levels
by the d electrons of the metals and the 7 electrons of N». Such
strength considerations must take into account (i) the N—N
bonding character of the le and 3e orbitals and the N—N
antibonding character of the 2e and 4e orbitals, (ii) the M—N
bonding character of le and 2e orbitals and the M—N anti-
bonding character of 3e and 4e orbitals, and (iii) the mainly
dinitrogen character of the le and 4e orbitals and metal character
of the 2e and 3e orbitals. Most of the theoretical calculations
performed on dinuclear N; complexes!®2024=28 have been
interpreted in terms of the le—4e levels occupancy and also in
terms of the relative metal—nitrogen composition of the
corresponding orbitals.

Activation of dinitrogen by bridging end-on coordination in
dinuclear systems has been studied for a long time?®~%* and is
particularly efficient for early transition metals. Dinitrogen
activation is commonly thought to be gauged by a lengthening
in N—N bond distance with respect to free N, (1.10 A). Indeed,
the lengthening of the N—N bond distance is usually related to
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a reduction of the N—N bond order by direct comparison with
the values for an N—N double bond in azomethane (1.24 A)
and N—N single bond in hydrazine (1.47 A). However, recent
experimental studies on dinitrogen coordination in dinuclear
systems?#35 have shown that lengthening of the N—N distance
is not always strictly related to its activation, very elongated
N, molecules being sometimes inert to protonation.’

This theoretical study is addressed to very recent experimental
results reported in vanadium dinitrogen chemistry.’” Such an
investigation led to the isolation and full characterization of two
dinuclear V(II)-V(II) and V(II)-V(II) complexes: [Mes;V]—
N;—~VMes;(u-Na)] " [Na(diglyme),]*, 1, and [Mes;V—N,—
VMes;]~[K(diglyme),]*, 2 [Mes = 2,4,6-(CH3);CeHy; diglyme
= CH30CH,CH,OCH,CH,0CHj3]. Complexes 1 and 2 showed
some peculiar and unique characteristics, as follows: (i)
magnetic moments correspond to two unpaired electrons in 1
and one unpaired electron in 2; (ii) protonation of 1 and 2 led
to the evolution of N;Hs and NHj, proving that dinitrogen is
present in reduced form. The origin of 1 and 2 has been
proposed to occur very likely as reported in the scheme of ref
37 along with their structures.

Those results prompted us to investigate the following model
compounds where the mesityl residue has been replaced by a
hydrido ligand, though the bonding connectivity remains the
same: [H;V—N,—VH3], 3; [HsV—N,—VH3] 7, 4; [H3V—N,—
VH;]*7, §; [HsV—N;—VH;3(u-Na)l~, 6; [HsV—Na], 7; [H3V—
No]~, 8; [H3V—N;Na], 9.

Complexes 4—6 are model compounds very close to isolated
and characterized species, while 7—9 should be considered as
plausible precursors of the isolated species.

Computational Details

Basis Set. The s, p basis for vanadium was taken from the (12s6p4d)
set of ref 38 with the addition of two basis functions to describe the 4p
orbital®® and the deletion of the outermost s function, while the V d
basis was the reoptimized (5d) set of ref 40, contracted (4/1). This
leads to an (11s8p5d) primitive basis for vanadium, contracted (8s6p2d).
A double-{ expansion was used for all the other ligand atoms, with a
(4s/2s) basis for hydrogen*! and a (9s5p/4s2p) contraction for nitrogen.*!

Methods. The calculations have been performed at two levels of
accuracy. An LCAO—SCF—MO scheme has been employed to derive
ground-state energies and wave functions for all the investigated
structures of the system and to perform the various geometry optimiza-
tions and transition state calculations. Multiple-reference configuration
interaction (MRCI) calculations, including all the configurations with
a CI expansion coefficient greater than 0.05, were subsequently
performed on some of the stationary points determined at the SCF level.
These calculations have been performed with the direct CI method.*?
To reduce the size of the CI problem, the V 1s, 2s, and 2p core orbitals
have been frozen in all the calculations. A Davidson correction*® was
added to correct for the effect of unlinked clusters in these CI
calculations.

All computations were performed by using the GAMESS program
package,* implemented on IBM RS 6000 workstations.

(35) Leigh, G.J. Acc. Chem. Res. 1992, 25, 177.

(36) Buijink, J.-K. F.; Meetsma, A.; Teuben, J. H. Organometallics 1993,
12, 2004,

(37) Ferguson, R.; Solari, E.; Floriani, C.; Chiesi—Villa, A.; Rizzoli, C.
Angew. Chem., Int. Ed. Engl. 1993, 32, 396 and unpublished results.

(38) Ross, R.; Veillard, A.; Vinot, G. Theor. Chim. Acta 1971, 20, 1.

(39) Hood, D. M.; Pitzer, R. M.; Schaeffer, H. F., III. J. Chem. Phys.
1979, 71, 705.

(40) Rappé, A. K; Smedley, T. A.; Goddard, W. A,, II. J. Phys. Chem.
1981, 85, 2607.

(41) Dunning, T. H., Jr. J. Chem. Phys. 1970, 53, 2823,

(42) Saunders, V. R.; Van Lenthe, J. H. Mol. Phys. 1983, 48, 923.

(43) Davidson, E. R. In The World of Quantum Chemistry; Daudel, R.,
Pullman, B., Eds.; Reidel: Dordrecht, The Netherlands, 1974.

(44) Guest, M. F.; Sherwood, P. GAMESS User Manual. Daresbury
Technical Memorandum; Daresbury Laboratory, 1991.



4392 [Inorganic Chemistry, Vol. 33, No. 19, 1994

Table 1. Total SCF and CI Energies (hartree) for the
[HsVN;(Na)VH:]~ Complex in the Lowest Singlet and Triplet
States and Its VH;~, N, and Na* Fragments”

SCF CI
[HsVN,(Na)VH,]~ (*Ay) —2158.2884 —2159.0592
[H3VN:(Na)VH;]~ °B2) —2158.3048 —2159.1408
VH;™ (*A") —944.3124 —944.5501
N, (1Z) —108.8481 —109.1215
Na* (1S) —160.6737 —160.6747

“In the same geometry as that of the [HiVN,(Na)VHi]~ (°By)
complex.
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Figure 2. Optimized geometries of the [H3VN,VH3(u-Na)]~ complex
in the (a) °B; and (b) !A, states.

Geometry and Geometry Optimization. In all the SCF calcula-
tions we have optimized all the geometrical parameters with the only
exception of the VH; dihedral angle, fixed at 120°. The coordinate
system has been chosen so that the z axis is the main symmetry axis.
In the binuclear complexes this choice corresponds to the y axis parallel
to the N—N direction. All the geometry optimizations have been
performed using the quasi-Newton procedure available in the GAMESS
package.

Results and Discussion

Dinuclear Complexes. Calculations were first performed
on the [H3VN;VH;3(p-Na)]~ complex. SCF geometry optimiza-
tion of the lowest singlet and triplet states leads to the total
energies and the geometries reported in Table 1 and Figure 2,
respectively. In Table 1 we report also the CI energies obtained
by performing direct CI calculations on the two optimized
structures. We see that at the more accurate CI level the ground
state is a triplet, >B,, with the first excited state, 'A;, 49 kcal
mol~! higher in energy. This agrees with the experimentally
observed magnetic character of complex 1 as a triplet ground
state has been observed with a magnetic moment of 1.69 pg
per vanadium at 293 K (two unpaired electrons per dimer). The
short V—N bond length (1.68 A) and the long N—N bond length
(1.32 A) indicate a very perturbed dinitrogen moiety.

We have then considered the dinuclear vanadium nitrogen
complex without the alkali metal, performing SCF geometry
optimization of [H3VN,;VH;] ™ in the doublet and quartet states
and evaluating the correlation energy through CI calculations
on the optimized structures. We have also performed analogus
calculations on [H;VN;VH;] and [H3VN;VH;3]?~ in singlet and
triplet states. We report the total energies in Table 2 and the
main geometrical parameters of the optimized structures in Table
3. All these complexes have an optimized linear geometry, the

Re et al.

Table 2. Total SCF and CI Energies (hartree) for the H;VN,VH;,
[H;VN,VH;]", and [H;VN,VH;]*>~ Complexes in the Lowest Singlet
and Triplet or Doublet and Quartet States (According to the Even or
Odd Number of Electrons)

SCF CI
H:VN,VH; (°By) —1997.2460 —1997.9876
HsVN,VH; (*A)) —1997.2378 —1997.9715
[H;VN.VH:]™ (PAy) —1997.3970 —1998.2138
[HsVN,VH;3]~ (*By) —1997.3132 —1998.2093
[H;VN,VH3}?~ (°By) —1997.2987 —1998.1387
[HsVNVH3)?" (1A —1997.2753 —1998.0407

Table 3. Main Geometrical Parameters for the Optimized
Structures of H;VN,VH;, [H:VN;VH3]~, and [HgVNzVHg]Z_
Complexes in the Ground and First Excited States”

N-N V-N V-H Z/NVH
(H;VN,VH3] (°B)) 1.19 1.85 1.63 1117
[H;VN,VH3) ('A)) 1.21 1.82 1.63 104.1
[H;VN,VH;)™ (“Aj) 1.24 1.77 1.68 115.5
[H;VN,VH;]~ (2By) 1.22 172 1.70 106.4
[H;VN,VH3)?- (°By) 1.32 1.67 1.77 115.2
[HsVN,VH: > ('A)) 1.21 1.89 1.78 112.1

9 Bond lengths are in angstroms, and angles in degrees.

distorsion observed in [H3VN;VH;3(u-Na)]~ being prevented by
the absence of the alkali ion.

From Table 2 we see that the [H3VN;VH;]~ complex, in the
4A; state, is the most stable one both at the SCF and CI level,
while the [H3VN,VHj3] complex is far higher in energy and will
not be discussed.

Considering first of all the [H;VN,VH;]™ complex, we see
that the calculated ground state at the CI level is an A, although
the first excited state is a B; only 3 kcal mol~! higher in energy.
However, taking into account (i) that the error due to the
correlation energy, not completely corrected by a CI calculation
based on the SCF wave function, favors the high-spin configu-
ration and (ii) that there is a difference between the real complex
2 and our model, our calculations cannot provide a definitive
assignment of the experimental ground state. The observed
magnetic moment of 2, 1.83 pg at 293 K per bimetallic unit,
indicates a doublet ground state, so that we will discuss the 2B,
wave function as the ground state. For this V(II)-V(III) complex
we find a less perturbed dinitrogen moiety than that found for
the V(ID)-V{I) [H3VN,VH;(u-Na)]™ and [H3VN,VH;3]? spe-
cies. Indeed, from Table 3 we see that the main difference in
the optimized geometry is the slightly longer V—N bond length
(1.72 A) and the shorter N—N bond length (1.22 A.

Finally, the [H3VN,VH;3]>~ complex can be regarded as
derived from the [H3VN;VH3(u-Na)]~ pulling off the Na* ion.
Indeed, from Table 2 we see that the triplet state is lower than
the singlet one by almost the same energy amount found for
the [H;VN,VH3(p-Na)]~ complex, while from Table 3 we note
the strong similarity of the common geometrical parameters
(V—N, N—N, and V—H bond lengths and ZNVH angle) for
the two complexes in states of the same spin simmetry, with a
parallel trend when we pass from the singlet to the triplet states
in both cases. The comparison between the two complexes may
help to elucidate the role of the alkali ion. The binding energy
of the Na* ion is easily evaluated as 212 and 202 kcal mol ™! at
the SCF level, respectively for the triplet and the singlet state.
The high value of this binding energy must not surprise as it
corresponds 1o the electrostatic interaction between the Na™ ion
and the [H3VN;VH;]?~ dianion, as supported by the fact that
repeating the calculation on the [H;VN;VH;3]?~ complex in the
geometry of the [H;VN,;VH3(u-Na)]~ 3B; optimized structure
with a +1 point charge replacing the Nat ion we obtain a
stabilization energy of 190 kcal mol~! and a bonding situation
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essentially identical to that found for the whole [HaVN;VH;(u-
Na)]~ *B; complex.

The main results which can be drawn from these calculations
is that all the considered complexes can be classified in two
distinct classes which differ both in the spin state and in the
degree of perturbation of the N> unit. The [(H3VN;VHz(p-Na)]™
and [H3VN;VH3]?~ complexes have a more perturbed N» unit
(N-N = 1.32 A) and a high spin state (§ = 1), while the
[H3VN,VH3]~ complex has a less perturbed N; unit (N—N =
1.22 A) and a low spin state (S = !/). An explanation of these
differences can be made on the basis of the different occupancy
number of the four-center molecular orbitals scheme of Figure
1 and will be considered in detail in the next paragraph.

In a recent paper’® Siegbhan et al. performed ab initio
calculations on analogous dinuclear systems but with ligand-
free metals. Their results also led to two different kind of states,
one with a more perturbed N, unit (N—N about 1.3 A) and one
with a less perturbed N, unit (N—N about 1.2 A), but in that
case the most perturbed state has a lower spin. Although they
interpreted their results with the same four-center molecular
orbitals scheme, a direct comparison is not possible both because
they considered different metals and because they did not
account for ligand effects. However, the different results
obtained by us for the spins of the two differently perturbed
states are essentially due to the possible occupation of the
nonbonding symmetric and antisymmetric combinations of the
ds orbitals?3 which were not considered in ref 28.

Bonding Mode and Molecular Orbital Analysis. In an
effort to localize the factors determining the differences between
the two classes of complexes identified by our calculations, we
performed an accurate analysis of the frontier molecular orbitals
and therefore of the electronic structure of all the considered
complexes.

We begin to analyze the electronic structure of the [H3VN,-
VHi(u-Na)]~ complex. Starting with the 3B, ground state,
several interesting features come out from its geometrical
structure reported in Figure 2a: (i) There is the very short V—N
bond length (1.69 A) and the long N—N one (1.32 A), fairly
close to the experimental values for complex 1 (1.76 and 1.28
A), which indicate bond orders much higher than one and lower
than three, respectively. (ii) There is an overall VNNV structure
close to the linear geometry (ZVNN = 170°). (iii) There is a
relatively short distance between the Na atom and the two
hydrogen atoms lying in the plane of the molecule (2.39 A)
which indicates a Na-H interaction. Such effect is also indicated
by the optimized ZNVH angles which have a smaller value
(103°) for the two interacting hydrogens than that for the other
four hydrogens (115°). In order to quantify the energy of the
Na-H interaction we have repeated the calculation on the [Hs-
VNoVH;(u-Na)]~ complex in a geometry differing from the
optimized one only for a 180° rotation of the dihedral ZNVH
angles, obtaining an energy value 21 kcal mol™! higher.
Assuming that the only difference in the electronic structure
for the two geometries is the absence of the two Na-H
interactions, we estimate an energy for each interaction of about
10.5 kcal mol™!. (iv) There is an intermediate Na-N distance
(2.41 A) which indicates a not-negligible contact between the
sodium and the two nitrogens and hence an ion pair interaction
with a noncovalent character of the Na-N bond itself. This latter
point is confirmed by the analysis of the electronic structure
discussed below.

A better interpretation of the metal—nitrogen bonding requires
the analysis of the bonding pictures of the complexes. A more
detailed and physically meaningful analysis of the molecular
orbitals (MOs) of [H3VN,;VH3(u-Na)]~ may be performed in
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Figure 3. Molecular orbital diagram for the [HiVN;VHi(u-Na)]~
complex in the B, state.

terms of orbital interactions between preformed fragments.
Assuming the [H;VN,;VH3(u-Na)]~ complex as composed of a
[HsVN,;VH;]?~ unit and a Nat ion—as we will justify below—we
can identify as one N, molecule and two VH;™ species as the
interacting fragments. In Figure 3 we show a diagram depicting
the MOs for the two VH;™ metallic fragments interacting with
the MOs of the bridging N, molecule to reproduce the energy
levels of the upper valence region of the [H;VN,VH3(u-Na)]™
complex. The VH3;™ metallic fragment has been considered in
its SCF optimized structure in the lowest “A’; state. This
structure corresponds to a planar geometry with D3, symmetry,
and its higher MOs are reported in Figure 4. The highest
orbitals of VH;™ in the lowest “A’; state are the doubly occupied
44’ and 3¢’, which are involved in the ¢ V-H bonding, and the
singly occupied 5a’; and 1e”, which are essentially pure d,2 and
dy;, dy, metal orbitals, respectively. The lowest unoccupied
orbital is the doubly degenerate 4e’, which corresponds es-
sentially to d,, and d,2—y2 metal orbitals.

Actually in Figure 3 we report the energy levels for the two
VH;~ fragments at the same distance observed in the whole
complex (=5 A); due to extremely small interactions these levels
consist in almost degenerate symmetric and antiSymmetric
combinations of those for the single fragment. In Figure 3 we
report also the main valence orbitals of the N, molecule, i.e.
the doubly occupied 30, the doubly degenerate quadruply
occupied 1, and the empty 17, MO.

The main bonding orbitals between vanadium atoms and
dinitrogen are the two highest occupied ones, 13b; and 4aa,
which correspond respectively to the overlap between the
antisymmetric 3d,, — 3d’,, combination of vanadium orbitals
and one of the two components of the virtual 17, orbital of N,
(hereafter also denoted as 7*) and between the antisymmetric
3d,, ~ 3d’,; combination of vanadium orbitals and the other
component of the virtual 17, orbital of N». Therefore these
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Figure 4. Molecular orbital diagram for the VH;~ fragment in a planar
geometry of Dy, symmetry.

two MOs describe 7 back-donation from vanadium to dinitro-
gen; it is worth noting that there is a double back-donation effect
which could be interpreted as leading to a single bond between
nitrogen in N and a triple bond between vanadium and nitrogen.
The two singly occupied orbitals, 145, and 17a;, are essentially
symmetric combinations of pure d,2-2 and d,; vanadium orbitals.
o donation is described by the MO 13a;, which corresponds to
a weak overlap between the 30, orbital of N3 and a hybrid orbital
of the two vanadium atoms formed mainly by 4s, 3d,2. The
bonding analysis can be completed by discussing it in terms of
the M—N—N—M molecular orbital scheme of Figure 1,
accounting for the slight deformations due to the nonlinear
geometry. First of all we note that the 135, and 4a, MOs
correspond to the 2e orbitals and show a relevant mixing of
metal and dinitrogen orbitals. The lower 4b; and 14a; MOs
correspond to the le orbitals. Their character is almost pure
N; 17, for the former but is fairly stabilized by the symmetric
d,; + d’y, combination of metal orbitals for the latter (leading
to a slight weakening of the N—N bond strength). This scheme
is completed by identifying the two singly occupied orbitals
with the d,2~2 and d., 0 type orbitals. In this scheme the
nonoccupancy of the N—N bonding 3e orbitals and the high
metal—dinitrogen orbital mixing in the 2e orbitals enable us to
predict a consistent reduction of the N—N bond order and an
increase of the V—N one.

A Mulliken population analysis of the various complexes
helps in understanding the bonding picture for the [H3VN,VH3-
(n-Na)]~ complex. In Table 4 we report the Mulliken atomic
charges and the Mulliken population changes of the whole
complex with respect to the VH;~, Ny, and Na* fragments. First
of all we see that the sodium atom bears a charge of about
+0.50, which indicates its ionic character and supports the
assumption of a Na't fragment. The two N atoms gain almost
1.3 electron charge units mainly localized on the 2p, and 2p,
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Table 4. Total Mulliken Atomic Charges, Spin Populations, and
Mulliken Population Changes of Various Orbitals for the
[H3sVN2(Na)VH;]~ (*B,) Complex with Respect to the VH:™, N,
and Na* Fragments

atomic charge spin population population change

v +0.64 0.98 -0.50
Vs +0.17
Vp 0.02 0.00
Dx —0.02
P +0.08
p: 0.02 -0.06
Vd 0.96 -0.37
de_p 0.31 +0.04
dye 0.42 +0.15
dy —0.28
d.. +0.07
dy; 023 -0.30

—0.64 0.01 +0.64
Ns —0.11
Px +0.46
Py -0.20
p: +0.45
Na +0.50 0.01 —0.50
Nas 0.01 —0.81
Px +0.03
Py +0.24
p- +0.04
H, -0.29 —0.10
H; —0.23 —0.15

orbitals (+0.46 and +0.45, respectively), i.e. on the lm,
antibonding orbitals of the N, molecule; at the same time there
is a strong decrease of the population of the d, orbitals (~0.28
for the d., and —0.30 for the d,;). This effect is directly related
to «r back-donation, and it has been observed in all the previous
ab initio calculations on mononuclear metal—dinitrogen com-
plexes but at a remarkably lesser extent, especially for the end-
on coordination which directly compares with our dinuclear
complexes.® 15 The ¢ donation, on the other hand, is reflected
in the increase of the population of the vanadium 4s and d,
orbitals (+0.17 and +0.19 electrons, respectively) and in the
simultaneous decrease of the nitrogen s and p, populations (0.11
and 0.20 e, respectively). Such effect is however much less
relevant than the previous one.

Altogether, the results of the MO and Mulliken population
analysis indicate a strong perturbation of the dinitrogen mol-
ecule, in good agreement with the experimental data, and suggest
that v back-donation plays a predominant role with respect to
o donation.

It may be interesting to analyze also the lowest excited singlet
state, !Aj, to point out the reasons of its differences with the
triplet ground state. An accurate analysis of this 'A; state
reveals many features in common with the triplet state but also
some important differences. The optimized geometrical struc-
ture reported in Figure 2b shows the following relevant points
with respect to the triplet ground state: (i) There is a longer
V—N bond length (1.87 A) and a shorter N—N bond length
(1.21 A), which indicate a significantly lower perturbation of
N». (ii) There is a shorter distance between the Na atom and
the two hydrogen atoms lying in the plane of the molecule (2.14
A). Such shortening implies an increase of the Na-H interaction.
Repeating the calculation on the same complex in a geometry
differing from the optimized one only for a 180° rotation of
the dihedral NNVH angle, we obtain an energy value 37 kcal
mol~! higher (cf. 21 kcal mol™! for the triplet case).

Other features of the singlet state come out from the analysis
of the bonding picture and of the orbital interactions among
preformed fragments. In Figure 5 we show a diagram depicting
the MOs for the two VH; ™ metallic fragments interacting with
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Figure 5. Molecular orbital diagram for the [H;VN:VHs(p-Na)]~
complex in the !A; state.

the MOs of the bridging N, molecule to reproduce the energy
levels of the upper valence region of the singlet [H;VN,;VH;-
(u-Na)]~ complex. The VH;~ metallic fragments have been
considered in the same optimized planar geometry discussed
above, whose MO structure is reported in Figure 4.

The main bonding orbitals between vanadium atoms and
dinitrogen are still the 135, and 4a,, which correspond to the
two antisymmetric 3d,, — 3d’y, and 3d,; — 3d’y; combinations
of vanadium orbitals, respectively, only slightly mixed with the
components of the virtual s* orbital of N,. ¢ donation is
described by the MO 134; which corresponds to a weak overlap
between the 30, orbital of N, and the 4s orbital of the two
vanadium atoms. In terms of the M—N—N—M molecular
orbital scheme, the 135, and 4a; orbitals correspond to the 2e
orbitals while the le orbitals are constituted by the 144; and
4b; MOs, with a doubly occupied 14b;, orbital corresponding
to a dye—2 O type orbital.

We can therefore conclude that the lowest excited state, 1A,
corresponds essentially to the same configuration of the ground
triplet state with the two unpaired electrons paired on a
vanadium d orbital.

The results of this analysis of the singlet state indicate a lower
perturbation of the dinitrogen molecule with respect to the triplet
ground state.

We then consider the [H3VN,VH;]~ complex to point out
why, for this V(ID)-V(I) complex, we find an electronic
structure slightly different from that found for the V(II)-V(II)
[H;VN,VH;(u-Na)]~ and [H3VN,;VH;3)?~ species. This differ-
ence can be interpreted from an analysis of the bonding scheme
for the two states which follows from the Mulliken population
reported in Table 5 and from the diagram of the higher energy
levels with the related interactions between the VH;~ and N;
MOs reported in Figure 6. In particular, the analysis of the
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Table 5. Total Mulliken Atomic Charges, Spin Populations, and
Mulliken Population Changes of Various Orbitals for the
[H;VN,VH;]~ Complex in the (a) ?B; and (b) *A; States with
Respect to the VHs~ and N; Fragments in the Same Geometry of
the Corresponding Optimized Complex

atomic charge spin population

(a) 2B, State

population change

\Y% +0.43 0.43 -0.29
Vs +0.45
Vp —0.03
P« —0.02
py +0.02
p: —0.03
vd —0.34
de-p2 —0.07
d,? ~0.30
dy 0.37 +0.41
dx, 0.05 +0.03
d,. —0.40
N —0.33 0.05 +0.33
Ns -0.07
P« 0.05 +0.14
Py —-0.24
P: +0.51
H, -0.21 -0.17
H -0.20 -0.18
(b) “A; State

\Y% +0.58 1.13 —0.44
Vs +0.28
Vp 0.05 —0.05
Ps —0.01
py +0.02
p: 0.05 —0.06
vd 1.08 —0.42
de-gz 0.11 —0.01
dy 0.62 +0.06

- -0.24
d, +0.05
d, 0.36 —0.28
N -0.52 0.35 +0.52
Ns —0.09
P: +0.48
py —0.15
p: 0.35 +0.30
H; —0.20 —0.18
H; —0.18 -0.20

molecular orbitals reveals that in both cases the main bonding
orbitals are the two highest doubly occupied ones (12b, and
4a,), which correspond to the overlap of the two r* N, orbitals
with the antisymmetric 3d,, — 3d’y, and 3d,. — 3d’,; combina-
tions of vanadium orbitals and describe 7t back-donation from
vanadium to dinitrogen, and the lower 10 a;, which corresponds
to the overlap between the N; 30, orbital and an s,d vanadium
hybrid orbital and describes ¢ donation from dinitrogen to
vanadium. This is essentially the same situation found for the
[H3VN,VH;(p-Na)]~ or [H3VNoVH;3)?~ complexes. The main
difference lies in the singly occupied orbital, which is a 5b;
corresponding to an antibonding combination of the 17, of N,
and the symmetric d,, + d’s, combination of vanadium orbitals
(the same situation is found for the A, state where, however,
there are two more singly occupied orbitals, 14a; and 13b,, of
mainly metallic d character). This feature is confirmed by the
increase of the d,, population, which should have otherwise
decreased due to back-donation; see Mulliken populations in
Table 5. In terms of the M—N—N—M bonding scheme we
have that in addition to the completely occupied le (3b; and
11a;) and 2e (4a; and 12b,) orbitals there is one electron in
one of the 3e orbitals (the 5b;). This difference in the bonding
picture explains very well the observed geometric effect, as such
3e occupancy weakens the V-—N bond and strengthens the N—N
one.
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We will finally consider the [H;VN;VH;3]?2~ complex to
confirm that it can be regarded as derived from the [H3VN,-
VHi(u-Na)]~ pulling off the Na* ion as already anticipated
above. Indeed, an accurate analysis of the Mulliken population
and of the molecular orbitals (which is not reported) shows that
the bonding picture between dinitrogen and the two VH;~
fragments in the B, and !A; states is qualitatively very similar
to that found for the corresponding states of the [H;VN,VH3-
(u-Na)]~™ complex as discussed above. That discussion can be,
therefore, almost exactly repeated with only a renumbering of
the MOs (due to the absence of Na*) and small differences in
quantitative composition of the o(V—N), le, and 2e orbitals.
Moreover, in this case the linearity of the complexes and the
absence of the alkali ion make the situation much clear and
more similar to the ideal M—N—N-—M orbital scheme.

Thermodynamics. When we consider the thermodynamics
of the formation of the various complexes there is a certain
degree of ambiguity depending on the possible choice of the
fragments in the reaction leading to the considered dinitrogen
complexes. We choose however the ground state for each
considered dinitrogen complex and the simpler possible frag-
ments in the states correlating with it obtaining the following
results at CI level (AE in kcal mol™1);

2VH,” + N, + Na™ — [H,VN,VH,(u-Na)]~
AE=—153 (1)

VH,” + VH, + N, + Na — [H,VN,VH,(p-Na)]~
AE=—46 (2)

2VH,” + N, — [H,VN,VH,]*" AE=+51  (3)
VH,” + VH, + N, — [H,VN,VH,]” AE=-8 (4)

The high exothermicity of reaction 1 is essentially due to
the electrostatic interaction of the Na* ion with the remaining
dianionic species, which is in itself unstable as shown by the
thermodynamics of reaction 3. However, when we consider
the more realistic reaction 2 starting from the sodium atom, in
which the electrostatic interaction is correctly counterbalanced
by the sodium ionization energy (119 kcal mol™!), we obtain a
more plausible value of —46 kcal mol™!. On the other hand,
reaction 4 shows that dinitrogen is exothermically bonded in
the monoanion [H;VN,VH3] ™, although for only 8 kcal mol ™.

Note that the N; binding energy in these complexes is found
to be low (in the [H3VN,;VH3]™ case) or even to be due mainly
to the stabilization of the alkali ion (in the [H3VN;VH3(u-Na)j~
case) in spite of the resulting strongly perturbed structure of
the complexed Ny, a situation very favorable for dinitrogen
activation.

The theoretical calculations on the isolated species, while
remaining very valuable in understanding the metal—Nj inter-
actions, the charge distribution, and the activation degree of
N,, are not very appropriate for justifying the energetics
concerning the formation of the above N> complexes for a very
important aspect. The driving force for the reaction should not
be associated with the fragment assembly as reported in eqs
1—4 but rather with the formation and solvation of the
countercations.

Mononuclear Complexes. The formation of the dinuclear
vanadium—dinitrogen complexes, 1 and 2, occurs very probably
through the formation of intermediate mononuclear species as
discussed in ref 37. This prompted us to extend our calculations
to some plausible mononuclear precursors like 7—9.
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Figure 6. Molecular orbital diagram for the [H3VN,VH;]~ complex
in the 2B, state.

Table 6. Total SCF and CI Energies (hartree) and Binding
Energies (b.e.) (kcal mol™) for the [H;VN,]~ and [H;VN,Na]
Complexes in the Lowest Doublet and Quartet States

Escr Ec b.e.
HaVN2]™ (FA) —~1053.1274 —1053.6141 +35
[H3VN,]™ (*A) —1053.2095 —1053.6673 +3
H3VN;Na (A" —~1213.9708 —1214.4584 -70
H;VN;Na (*A%) —1214.0516 —1214.5102 —103

We considered only end-on bonding as this is the geometry
correlating with the one observed in the bridging dinuclear
complexes we are going to compare and also as end-on bonding
is the only geometry observed in stable mononuclear dinitrogen
complexes.

The total SCF and CI energies together with the correspond-
ing binding energies for the SCF optimized structures of various
states in the end-on configuration are reported in Table 6, while
the optimized geometries for the two lowest states are shown
in Figure 7. Only data for the [H3VN;]~ and [H3;VN:Na]
complexes are reported as the neutral [H3VNj;] species is not
stable. From these data we see that the ground state is a quartet
in both the [H3VN;]~ and [H3VN;Na] species and that dinitro-
gen is slightly nonbonding (+3 kcal mol™! at the CI level) in
the [H3VN_,]~ species and is strongly bonding (—103 kcal mol™!
at the CI level) in the [H3VN;Na] one. However, we must
consider that the high value for the [H3VN;Na] case is mainly
due to the electrostatic interaction between Na* and the
[H3VN,]~ fragments which constitute its structural units, as
shown below, so that accounting for the sodium ionization
energy (119 kcal mol™!) N; is slightly not bonding also in this
latter case.

Considering first the simpler [H3VN;]~ complex, we see that
in the doublet state the bonding structure can be interpreted in
terms of the Chatt—Dewar—Duncanson model with minor
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Figure 7. Optimized geometries of the (a) [HsVN;]™ and (b) [HiVN;-
Na} complexes both in the “A” state.

modifications due to the extra negative charge and to the open
shell nature. Indeed, the analysis of the molecular orbitals shows
that the main bonding orbitals between vanadium and dinitrogen
are the highest doubly occupied 4a4” and the singly occupied
164’, which can be viewed as the overlap between the occupied
vanadium 3d,, and the z component of the virtual 17, orbital
of N; and between the occupied vanadium 3d,, and the x
component of the virtual lm, orbital of N, respectively.
Although both these orbitals describe 7 back-donation from
vanadium to dinitrogen, it is worth noting that the first one is
mainly of metallic character while the second one is mainly of
dinitrogen character so that dinitrogen is not much activated
and supports most of the spin population (0.89). ¢ donation is
described by the 124" orbital which represents the overlap
between the 3¢ orbital of dinitrogen and an hybrid vanadium
orbital, formed mainly by 4s and 4p,. This description is
confirmed by the analysis of the Mulliken population changes
and leads to the diagram of the highest energy levels with the
corresponding interactions between the MOs of the VH3™ and
N, fragments reported in Figure 8.

Passing to the quartet state, we found a fairly similar situation,
with one of the two MOs describing 7 back-donation, the singly
occupied 6a” one, with more metallic character (the other two
singly occupied ones being essentially constituted by pure metal
d orbitals). The more relevant difference with the doublet state
is therefore the weaker V—N bond as indicated also by the
longer V—N distance (2.04 A versus 1.98 A for the doublet).

When we consider the [H;VN,Na] compleX, the analysis of
the atomic Mulliken populations shows an atomic charge of
+0.92 e on the sodium, which clearly indicates that such
complex is constituted of a Na™ ion and a [H3VN;] ™ unit. This
fact is confirmed by the analysis of the highest molecular orbitals
which are almost identical (same energy ordering and qualita-
tively similar compositions) to those of the [H3VN,]~ complex,
in both the doublet and quartet states, so that the [H3VN;Na]
complex presents essentially the same bonding picture of the
[H3VN;]™ unit in the corresponding states.

Altogether, the results discussed above indicate a fairly poor
perturbation of the dinitrogen molecule (N—N distances of 1.18
and 1.17 A, respectively, for the complexes with and without
Na) caused by an essentially single occupation of the dinitrogen
antibonding 17, orbitals only slightly mixed with metal d
orbitals and a weak V—N bond (cf. the V—N distances of 2.03
and 2.04 A) mainly due to o donation. Moreover the binding
energies obtained show that these complexes are essentially very
slightly unstable (at most a few kcal mol™!) or thermoneutral.
This result supports the hypothesis of the not isolable species 8
and 9 as intermediates in the formation of complex 6. It also
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Figure 8. Molecular orbital diagram for the [H;VN,]~ complex in the
2A” state.

explains the unsuccessful trials to isolate mononuclear dinitrogen
complexes of vanadium(I) and vanadium(III).

Conclusions

This study at the ab initio RHF and CI level has shown that
dinitrogen is (i) bonded and strongly activated in the [H3VN;-
VH;(u-Na)]~ and [H3VN;VH;3]?~ complexes of V(II)-V(II)
character, (ii) bonded and perturbed, although to a lesser extent,
in the [H3VN,;VH3]~ complex of V(II)-V(III) character, and (iii)
neither bonded nor perturbed in the [H3VN;VH3] complex of
V(IID)-V(III) character. This shows a strong dependence of the
dinitrogen activation in the considered dinuclear complexes on
the oxidation states of the two vanadium centers with a decrease
of the activation passing from V(II) to V({II). Moreover the
peculiar magnetic behavior of these complexes can be explained
as due to a quasi-degeneracy of the higher monoelectronic levels,
corresponding to nonbonding d—d and slightly bonding d—m*
interactions, whose order depends critically on the vanadium
oxidation state. The analogous calculations performed on the
mononuclear [H;VN,Na], [H3VN;]~, and [H3VN;] complexes,
of V(III) and V(II) character, have shown an almost negligible
activation in the V(II) case only, ruling out a real mononuclear
dinitrogen activation by V(II) or V(III) complexes.
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