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"Ab initio’ calculations have been performed on the systems Ni(PH,),L, with L = N,, N,CH,, or
N,H,, to investigate the nature and the energetics of the interaction between nickel and dinitrogen
or related molecules. The results indicate that the bonding between the fragment Ni(PH,), and the
unsaturated molecule can be explained by the Chatt-Dewar-Duncanson model, although = back
donation is much more relevant than o donation. Dinitrogen prefers to bind to the fragment
Ni(PH,), in a side-on fashion rather than in an end-on one, since the former mode implies a more
pronounced m back donation than the latter. The most efficient electron transfer from the metal to
the dinitrogen, therefore, is achieved by side-on bonding and this point is particularly relevant to
nitrogen fixation. Also diazomethane prefers to bind in a side-on mode because of the increased n

back donation. This molecule gives rise to a stronger bond than dinitrogen with the fragment
Ni(PH,), since it is a better t-acceptor ligand. The species N,H, prefers to bind in a n?-di-imide
form rather than in a 6-hydrazido(2—) one and this may account for the hydrogenation of side-on
bonded dinitrogen, and provides some information on the problem of nitrogen reduction.

The dicovalent L,M° (M = Ni, Pd, or Pt) fragment is the most
appropriate for an experimental and theoretical study
concerning the interaction with unsaturated diatomics X=Y and
X=Y. We will consider the interaction of the electron-rich
carbenoid species Ni(PH;), with N,. Two limiting bonding
modes of N, have to be considered: end-on, as found in a
number of complexes,'~® and side-on which has never been
observed in any of the monometallic complexes so far identified,
but spectroscopically detected in some matrix-isolated M-N,
species.?* The relative stabilities of the end-on and side-on co-
ordination of N, in terms of o donation and n back donation
have been discussed by several authors.>® The dinitrogen
activation in dinitrogen-bridged transition-metal dimers has
been analysed, too.!~!2 All the mononuclear complexes so far
theoretically investigated prefer the end-on co-ordination of
dinitrogen.®> ° However, the co-ordination of dinitrogen to a
metallic fragment which shows a strong Lewis basicity has never
been analysed. The special attention we devoted to the side-on
bonding mode, along with the comparison with end-on N,, is
justified by the fact that the most efficient electron transfer can
be achieved in this bonding mode.? '3 This results in the efficient
reduction of the N, molecule. Our calculations, though on a
relative energy scale, suggest that the failure to observe side-on
bonding of the N, molecule is not associated with any intrinsic
bonding instability. On the contrary, we found the side-on to be
relatively more stable than the end-on bonding mode for the
complex [Ni(PH;),(N,)]. Moreover, the results of our
calculations confirm that the side-on bonding mode is the best
way to transfer electrons from the metal to the N, molecule.
The comparison of the two limiting bonding modes was
extended to diazomethane, which is an organic functionality

+ Non-S.1. units employed: cal = 4.184 J, Hartree = 4.36 x 107'8 J.

closely related to the M===N:===N fragment. The diazo-fragment
>C=N*=N" may be viewed as a species with a polarized N,
molecule. Significant differences have been found in the amount
of electron transfer from the metal to the N, fragment,
depending on the bonding mode, the most stable being the
complex containing a side-on diazoalkane. Both bonding
modes have been found in the co-ordination of R,C=N=Nto a
metal centre.!4~!¢

Studies on the metal-bonded N, fragment have also been
carried out by an investigation of the energetics of N,H,
bonded to the metal in the di-imide (diazene) HN=NH and
hydrazido(2—) N™=N*H, form. Such a species has been
considered as the first intermediate derived from the
hydrogenation of N,.!'>!7720 The higher stability of the
n2-N,H, species may account for the hydrogenation of a side-
on bonded dinitrogen.

Computational Details

Basis Sets—The s,p basis for nickel was taken from the
(12s6p4d) set of ref. 21 with the addition of two basis functions
to describe the 4p orbital,?? while the Ni d basis was the
reoptimized (5d) set of ref. 23, contracted (4/1). This leads to an
(11s8p5d) primitive basis for nickel, contracted (8s6p2d). The
MINI-1 basis?* was used for the phosphorus atoms, while a
double { expansion was used for all the other ligand atoms, with
a (4s/2s) basis for hydrogen 2* and a (9s5p/4s2p) contraction for
carbon and nitrogen.?®

Methods.—Two levels of theory have been employed. ‘4b
initio’ spin-restricted Hartree-Fock gradient calculations were
used in partial geometry optimizations of the dinitrogen (with
N bonded both side-on and end-on to the metal), the di-imide
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and hydrazido(2 —) complexes, and in deriving estimates of the
binding enezgies of all complexes with respect to free Ni(PH,),
and N- N,CH,, or N,H,. Single- and multi-reference state
corfiguration interaction calculations [hereafter referred to
as single plus double configuration interaction (s.d.ci) and
multi-reference single plus double configuration interaction
(m.r.s.d.c.i.), respectively] were subsequently performed on the
dinitrogen complex and associated fragments, including single
and double excitations from the outer valence orbitals using the
direct-c.i. method.?® The SCF ground-state configuration was
chosen as the reference function in the s.d.c.i. calculations. All
the configurations with a coefficient greater than 0.05 in the
s.d.c.i. wavefunction were chosen as reference functions in the
m.r.s.d.ci. calculations. Davidson’s correction?’ was always
added to correct for the effect of unlinked clusters in the s.d.c.i.
calculations. A multi-reference analogue of Davidson’s
correction 28 was added in the m.r.s.d.c.i. calculations.

All computations were performed by using the GAMESS
program package,?® implemented on a CRAY XMP/48
computer.

Although the electronic states 3D(3d°4s'), 3F(3d%4s?), and
15(3d!°) lie energetically close to each other in the free nickel
atom, the ground state of a zerovalent nickel complex
Ni(PH,),L, with L an unsaturated ligand, is considered to
be a closed-shell singlet.>® Indeed the ground state of the
fragment NiL (with L = N,,® C,H,*' or CO3%33%) is
calculated to be a closed-shell singlet, when correlation effects
are considered; moreover, the presence of the two PH, ligands
should destabilize the more diffuse 45 and 4p orbitals to a larger
extent than the 34 Both factors justify the assumed d*°
electronic configuration in Ni(PH,),L. Dissociation of this
complex to the fragments Ni(PH;), and L may lead to either
singlet or triplet products. The ground state of dinitrogen,3*
diazomethane,?® and trans-diazene 3® is experimentally known
to be a singlet. To our knowledge, no experimental information
is available on the ground state of hydrazido(2 —), although it
has been calculated to be the singlet *4,, when correlation is
considered.?” The ground state of the Ni(PH;), fragment, too,
was recently calculated to be a singlet.>® Fragmentation of the
analysed complexes should therefore lead to singlet products.
Consequently, the theoretical results which will be discussed in
the following sections refer to the lowest singlet states of the
molecular species investigated.

Geometries and Geometry Optimization—In the complexes
Ni(PH,),L, with L =N, N,CH,, or N,H,, we have
considered both side-on and end-on co-ordination of the ligand
L. The Ni-P bond length and the starting value for the
optimization of the P-Ni-P bond angle were derived from the
experimental  structure of [Ni{P(C¢H,Me-p);},(PhN=
NPh)J;*® the experimental geometry of free PH; was used.*®

For L = N,, we have optimized the Ni-N, N-N, and
P-Ni-P geometrical parameters for both side-on and end-on co-
ordination modes; the results are shown in Figure 1. For the
side-on complex both a planar and a pseudo-tetrahedral
structure were examined: the latter is calculated to be less stable
than the former by about 17 kcal mol™! and, therefore, only the
results relative to the planar compound have been reported. In
the s.d.ci. and m.rs.d.ci. calculations the Hartree—Fock
optimized geometries were used, with P-Ni—P 118° for both
dinitrogen complexes and the Ni(PH;), fragment.

For the diazomethane complexes, we derived the Ni-N and
N-N bond lengths from the corresponding dinitrogen
complexes; standard values were employed for N-C (1.34), C-H
(1.08 A), and H-C-H (120°). The N-N-C bond angle was 180°
in the end-on complex and 140° in the side-on one. No geometry
optimizations were performed for the diazo-complexes since the
energy difference between the side-on and the end-on
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Figure 1. Optimized geometries of the n2-N, (a), -N, (b), n>-HNNH
(¢), and 6-NNH,, (d) compounds. Bond lengths in A, angles in °

compounds at the fixed geometries was very high (about 36 kcal
mol™).

For L = N,H,, we have considered the side-on co-
ordination of trans-diazene and the end-on binding of
hydrazido(2—). It is well established that cis-diazene is less
stable.*® The Ni-N, N-N, and N-H bond lengths and H-N-N
bond angles were optimized and the results are shown in Figure
1; the P-Ni-P bond angle was fixed at 118° {value taken from
the optimized structures of [Ni(PH;),(N,)]} for both
compounds.

The geometry of the Ni(PH,), fragment was assumed equal
to that of the corresponding Ni(PH;),L complexes, while the
geometries of the free L ligands were optimized.

Results and Discussion

Interaction between Ni(PH;), and N,—The total SCF
energies of the complexes under investigation, together with
estimates of the binding energies, are listed in Table 1. We start
our analysis with the complex [Ni(PH;),(N,)], with dinitrogen
bonded side-on and end-on to the metal. Bond formation
between nickel and the unsaturated ligand can result either from
a substitution reaction [equation (1)], or from addition to a
‘hot’ metallic fragment [equation (3)] thermally or photo-
chemically generated in a previous stage [equation (2)]. The

Ni(PH,),L" + L Ni(PH,),L + L' (1)

Ni(PH,),L' 221 Ni(PH,), + L (2)

‘Ni(PH,)," + L Ni(PH,),L 3)

binding energy between the metal and the ligand L is that
related to reaction (3). Since we use frozen-geometry fragments
and partially optimized complex geometries, we expect our
calculated binding energies to overestimate somewhat (in
absolute value) the true fragmentation energies of the
complexes, but this should not unduly affect our comparative
analysis.

In our model the binding energy (b.e.) can be thought of as
the sum of a positive deformation energy arising from the
distortion of an unsaturated ligand and a negative interaction
energy resulting from the interaction between the nickel
fragment and the distorted ligand.*® The deformation and
interaction energies are also reported in Table 1.

The SCF binding energies are calculated to be —15.1 and
—12.6 kcal mol* for side-on and end-on dinitrogen complexes,
respectively (Table 1). To attempt an interpretation of these
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Table 1. Total SCF energies (Hartree) and binding (b.e.), deformation, and interaction energies (kcal mol™*) of the analysed systems; £y and e,* are the
total SCF and the m*-orbital energies (Hartree) of the deformed unsaturated ligands N,, N,CH,, or N,H,. The total SCF ¢nergy (Hartree) of the
Ni(PH,), fragment is —2187.7252 and —2187.7183 for P-Ni-P 118 and 107.4°, respectively

[Ni(PH;),(N,)] [Ni(PH;),(N,CH,)] NiPhyy /Tl‘IH
p A - N I 3)2
Side-on End-on Side-on End-on “\NH Ni(PH,),-N-NH,
Egcr —2296.6275 —2296.6236 —2335.5684 —2335.5115 —2297.7491 —2297.7167
E. —108.8635 —108.8782 —147.7547 —147.7780 —109.9138 —109.9358
b.e. —15.1 —~12.6 —429 -72 —45.9 -32.6
Deformation energy 93 0.06 18.4 38 23.2 23
Interaction energy —244 —-12.7 —61.3 —11.0 —69.1 —349
e * 0.1067 0.1394 0.0677 0.1253 0.0562 0.1246
Table 2. Mulliken population changes * for interaction between Ni(PH,), and L (L = N,, N,CH,, or N,H,)
[Ni(PH;),(N2)] {Ni(PH),(N,CH,)] _~NH
— A \r % v Ni(PH,); |
Side-on End-on Side-on End-on “SNH Ni(PH,),-N-NH,

Nis +0.11 +0.09 +0.10 +0.07 +0.16 +0.07

Nip +0.22 +0.12 +0.23 +0.07 +0.28 +0.26

P +0.02 —0.01 +0.03 —-0.01 +0.03 +0.06

Py +0.02 —0.01 +0.03 —-0.03 +0.03 +0.01

. +0.18 +0.14 +0.17 +0.11 +022 +0.19

Nid —0.43 —0.19 —-0.67 -0.17 —0.67 —0.61

d._ +0.05 +0.03 +0.06 +0.02 +0.07 +0.05

d, +0.03 -0.07 +0.05 —0.08 +0.06 +0.01

d,, +0.01 +0.01 +0.02 +0.01 +0.03 +0.02

d,. +0.04 —0.03 +0.04 ~0.09 +0.04 +0.02

d,. —0.56 -0.13 --0.84 —0.03 —0.87 —0.71

2PH, -0.20 —0.04 -0.29 —0.01 -0.27 —-0.15

L +0.30 +0.02 +0.63 +0.04 +0.50 +0.43

* [Mulliken population of the complex] — [Mulliken population of fragment Ni(PH,), or L].
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Figure 2. Schematic representation of orbital interactions involved in
the Chatt-Dewar-Duncanson model for (a) side-on and (b) end-on
bonded dinitrogen

data we must first analyse the bond structure of the complexes.
The binding of an unsaturated ligand, such as dinitrogen, to a
carbenoid metallic fragment is usually described by the Chatt—
Dewar—-Duncanson model*! with ¢ donation from the ligand
lone pair or © orbital to the metal atom and & back donation
from the metal to the n* orbital of the ligand. A schematic
representation of these interactions is shown in Figure 2. This
picture holds also for [Ni(PH,),(N,)] with the dinitrogen
bonded both side-on or end-on, although = back donation is
more relevant than ¢ donation. Indeed, the analysis of the
molecular orbitals of [Ni(PH,),(N,)] shows that the main
bonding orbital between nickel and dinitrogen is the highest
occupied one (h.o.m.o.) for both co-ordination modes of N,.
This orbital can be viewed as the overlap between the occupied

3d,, orbital of the nickel (hereafter denoted as d,) and one of the
two components of the virtual Im, orbital of N, (hereafter
denoted as ©*). Thus the h.o.m.o. describes © back donation
from the nickel to the dinitrogen. ¢ Donation takes place from
one component of the Im, orbital of N, for side-on co-
ordination and from the 3o, orbital for end-on co-ordination to
an hybrid orbital of nickel (hereafter denoted as d,), formed
mainly by 4s4p, The predominant role played by m back
donation, with respect to o donation, is confirmed by the
Mulliken population analysis, whose results are reported in
Table 2 as population changes, i.e. Mulliken population of the
complex minus Mulliken population of the fragments. We
notice a strong decrease of the population of the d, orbital of the
nickel (0.56 e for side-on, 0.13 e for end-on co-ordination) and,
consequently, an increase of the population of the n* orbital of
dinitrogen. The increase of the population of the d, orbital of
the nickel is also substantial, but, for side-on co-ordination, it is
mainly due to the electron-donor character of the phosphine
ligands. The results of Table 2 show that there is a stronger
interaction, and, particularly, a more pronounced m back
donation, for side-on co-ordination of dinitrogen, in agreement
with the binding energies of Table 1. Instead, the ¢ and =
interactions are almost comparable for end-on co-ordination.
The presence of a higher n back donation in the side-on complex
is also confirmed by the energy of the n* orbital of N, in the
distorted geometry of the complexes, reported in Table 1. This
orbital overlaps with the d, orbital of the nickel fragment whose
energy is —0.2438 Hartree: the side-on co-ordination implies a
better overlap and, therefore, an increased interaction. The
energies of the mn* orbital are related to the degree of
deformation of dinitrogen upon co-ordination; from Figure 1,
where we have reported the partially optimized structures of the
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Table 3. Details and results of the c.i. calculations on [Ni(PH,),(N,)] and the separated fragments; E in Hartree and b.e. in kcal mol™!

[Ni(PHj)z(Nz)]
Ni(PH,), N, Side-on End-on
Naroiass 39 16 55 55
Negtive 26 10 36 36
NSsE 14 867 260 57797 58 029
Ntsaes 2228 298 247 115363
Escr —2 187.7252 —108.8783 —2296.6275 —2 296.6236
Eoqen —2188.1149 —109.0996 —2297.2582 ~2297.2492
Eorodoi ~109.1110 ~2297.2799 —2297.2574
b.e.gcr —15.1 —~126
b acs —274 —218
b eaes —~339 —1938
-015 parison with the diazoalkane functionality, R2C=N‘+=N“ This
+0.21 N +0.09 +0.02 -0.04 result suggests that an enq-on metal.-bonded dlmtr_ogen can
Ni< ‘ Ni——N—N engage in the same reactions as diazoalkanes with metal
N complexes.*® Such a reaction will produce complexes of
dinitrogen interacting with two different metals, which is a
-0.28 major prospect in this field.*”
+002 _CH, The preference for side-on co-ordination, with respect to the
+0.45 +014 00 +0.04 -0.08 end-on one, for the dinitrogen interacting with the Ni(PH;),
Ni | Ni—N—N—CH> fragment is a rather unexpected result, since it is well known
that dinitrogen interacting with an isolated nickel atom prefers
-037 end-on co-ordination.®-®*® Since correlation effects may play a
+0.24 fundamental role and even reverse the relative stabilities of the
‘0-49/ ) +0.31 analysed systems because of the small energy difference between
+0.34 N +039 -0#1 ‘0'64/ H them, configuration interaction calculations have been
N'< I N'_—N_N\ H performed on the two dinitrogen complexes and relative
N< H fragments, by using the direct-c.i. method.?® To reduce the size

Figure 3. Net atomic charges (electronic units) obtained by accumul-
ating the Mulliken populations

complexes, we can see that the N-N bond is elongated in the
side-on complex (1.170 A), but not in the end-on one (1.106 A)
(the experimental N-N bond distance is 1.097 68 A).>* The
deformation energy of the side-on complex (9.3 kcal mol™!) is
much higher than that of the end-on one (0.06 kcal mol™!), but it
1s more than compensated by the increased interaction energy
(—24.4 for side-on, —12.7 kcal mol™ for end-on).

It is interesting that in the end-on dinitrogen complex the
terminal nitrogen atom is more negatively charged than the co-
ordinating one. Indeed the charges on the atoms, obtained by
accumulating the Mulliken populations and reported in Figure
3, are computed to be —0.04 ¢ on the terminal nitrogen atom
and +0.02 ¢ on the co-ordinating one. This result is in
agreement with ESCA (electron spectroscopy for chemical
analysis) studies*? and electron emission spectra,*?® which
suggest that the terminal nitrogen atom presents a higher
negative charge than the co-ordinating one. Hoffmann et al**
have explained this fact by considering the allyl-type orbital
mixing. Sakaki er al® suggest that two factors, the orbital
mixing and the positive charge of the central metal, influence the
N, electron distribution. In the case of complexes with a highly
positively charged central metal the co-ordinating nitrogen
atom is more negatively charged than the terminal one, as is
observed in Rh-N, complexes,® while when the metal is in a
low oxidation state, as in [Ni(PH3),(N,)], the orbital mixing is
more important and the terminal nitrogen atom is the nucleo-
philic centre, which could react with electron-acceptor
molecules.**

The charge distribution on the dinitrogen end-on bonded to a
low-valent metal, M-N®*~N?®", allows an interesting com-

of the c.i. problem (39 doubly occupied orbitals and 88 basis
functions) for the [Ni(PH;),(N,)] complexes, 42 electrons have
been frozen. In the evaluation of the energies of Ni(PHj;), and
N,, the orbitals correlating with those frozen in the complex
have also been frozen. For the Ni(PH;), fragment only s.d.c.i.
calculations have been performed since no configurations with a
coefficient greater than 0.05 were present in the s.d.c.i
wavefunction. The preference for the side-on co-ordination of
dinitrogen, with respect to the end-on one, in the case of the
Ni(PH,), fragment is confirmed by the c.i. calculations, whose
results are reported in Table 3. We notice an increase of the
binding energy for both co-ordination modes of dinitrogen; this
increase, however, is more pronounced for side-on co-
ordination and it is particularly relevant in the m.rs.d.ci
calculations.

At this point we can suggest with some confidence that the
dinitrogen molecule prefers to bind to the Ni(PH ), fragment in
a side-on fashion, rather than in an end-on mode. This point is
particularly interesting for its implications in the problem of
nitrogen fixation. In the side-on bonded dinitrogen complex we
have a higher electron transfer from the metal to N,: the
negative charge in the dinitrogen molecule is 0.30 e in the side-
on complex and just 0.02 e in the end-on one. Moreover, the
N-N bond is stretched only in the side-on complex. Therefore,
we can conclude that only side-on co-ordination leads to an
activation of dinitrogen. Such a co-ordination seems to be
possible in the presence of appropriate ligands. The preference
of Ni® in [Ni{P(CeH,,)3}2(N;)] and [{Ni[P(CcHyy)3]z)2-
N,1*° may be associated with a more complex energetic
balance. The end-on bonding mode allows the co-ordination of
a fourth ligand,®° ie. solvent, ezc., or the formation of a dimer.*°

Interaction between Ni(PH3), and N,CH,—The total SCF
energies of the [Ni(PH,;),(N,CH,)] complex, with the
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diazomethane bonded both side-on and end-on to the metal
centre, are reported in Table 1, together with estimates of the
binding energies. These energies are computed to be —42.9 and
—7.2kcal mol™ for side-on and end-on co-ordination of N,CH,,
respectively: therefore, the diazomethane prefers to bind to the
Ni(PH,), fragment in a side-on fashion. This result is in
agreement with the known structures of nickel(0) complexes
containing diazoalkanes,'> which show an n? co-ordination of
the diazo-molecule. The analysis of the molecular orbitals
shows that the bonding between the nickel fragment and the
diazo-molecule can be described, as in the case of the dinitrogen
molecule, by the Chatt-Dewar-Duncanson model,*! with
ligand-to-metal ¢ donation and metal-to-ligand n back
donation. However, t back donation is much more relevant
than ¢ donation and this is confirmed by the Mulliken
population analysis, whose results are shown in Table 2. © Back
donation is particularly important for side-on co-ordination of
N,CH,: the decrease in population of the d, orbital, upon
co-ordination, is 0.84 e. We notice also a non-negligible increase
in population of the 4, orbital in the case of side-on co-
ordination, but this is mainly due to the donor character of the
phosphine ligands: there is a decrease of 0.29 e in the population
of the phosphines upon co-ordination of N,CH,. The
diazomethane prefers to bind to the Ni(PH;), fragment in a
side-on fashion, rather than in an end-on one, since this co-
ordination mode implies an increased m back donation and,
therefore, a stronger interaction with the metal centre. The
n*-orbital energies of the deformed N,CH, molecule, Table 1,
also suggest that m back donation is higher in the side-on
complex, because of the smaller energy gap with the d, orbital.
The deformation energy required by side-on co-ordination of
N,CH, is higher, with respect to the end-on one (18.4 and 3.8
kcal mol™!, respectively), but it is more than compensated by the
increased interaction energy (—61.3 and — 11.0 kcal mol™! for
side-on and end-on bonding, respectively).

Of interest is the polarizing effect exhibited by the CH, group.
The nitrogen atom bonded to the CH, group shows a small
positive charge, as we can see from Figure 3 where we have
reported the charges obtained by accumulating the Mulliken
populations, while the other nitrogen atom presents a more
nucleophilic character, particularly evident in the side-on
complex, where the negative charge on this nitrogen atom is
0.37 e. In the free diazomethane molecule, too, the terminal
nitrogen atom is more nucleophilic than the CH,-bound one,
but the side-on co-ordination of N,CH, to the nickel centre
strengthens this feature.

It is interesting to compare the electronic charges on the
nitrogen atoms of the side-on bonded dinitrogen and
diazomethane molecules. In the dinitrogen compound both N
atoms exhibit a nucleophilic character, while in the
diazomethane compound only the N atom not bonded to the
CH, group shows a nucleophilic character, which, however, is
much higher due to the polarizing effect of CH,.

Finally it is worth noting that the N,CH, molecule gives rise
to a stronger bond with the Ni(PH;), fragment than the
dinitrogen, for side-on co-ordination, due to the higher n back
donation, as is suggested by the Mulliken populations of Table
2 and by the n*-orbital energies of Table 1.

Interaction between Ni(PH ), and N,H, —The reduction ofa
dinitrogen molecule co-ordinated to a metal centre is supposed
to proceed through a di-imide intermediate, sometimes.2® It
undoubtedly passes through a hydrazido(2 — )-intermediate in
reactions of compounds of the type [M(N,),L,] (M = Mo or
W; L = monotertiary phosphine).?"5! To analyse the nature of
such an intermediate, we have studied the co-ordination of
trans-diazene and hydrazido(2—) to the Ni(PH,), fragment.
The optimized structures of the investigated complexes are

37

shown in Figure 1. We notice a strong lengthening of the N-N
bond distance upon co-ordination in both compounds. In
particular, in the trans-diazene ligand the N-N bond length
changes from the experimental value of 1.252 A found in the free
molecule,*? which corresponds to a double bond, to 1.421 A
which can be considered typical of a single bond. This value is
even longer than the experimental ones found in some
complexes of azobenzene co-ordinated to nickel(0) frag-
ments.33:53 The value of 1.318 A, calculated for the N-N bond
distance in the hydrazido(2—)-compound, is intermediate
between a single and a double bond and is longer than the
optimized value for the free molecule (1.216 A).3” The Ni-N
distance of 1.882 A calculated for the trans-diazene compound is
comparable with those found in some compiexes of azobenzene
co-ordinated to Ni®3853 The Ni-N distance of 1.692 A
calculated for the hydrazido(2~)-compound suggests the
presence of a partial double bond between the metal centre and
the nitrogen atom.

The total SCF energies of the two analysed systems,
Ni-n3-N,H, and Ni-oc-NNH,, are reported in Table 1,
together with estimates of the binding energies. These energies
are computed to be —45.9 and — 32.6 kcal mol™ for the trans-
diazene and hydrazido(2 —), respectively. trans-Diazene gives
rise to a stronger bond with the Ni(PH;), fragment than
hydrazido(2—), even though it requires a much higher
deformation energy [23.2 kcal mol™! for trans-diazene and 2.3
kcal mol™? for hydrazido(2—)]. The analysis of the molecular
orbitals shows that the bonding between N,H, and Ni(PH;),
can again be explained by the Chatt-Dewar-Duncanson
model,*! although the main bonding interaction is m back
donation, as already found in the case of dinitrogen and
diazomethane.

The Mulliken population analysis (Table 2) suggests that the
trans-diazene molecule exhibits both a stronger m back
donation and ¢ donation than hydrazido(2—), in agreement
with the binding energies of Table 1. Indeed, from Table 2 we
can see that the decrease of the 4, orbital population upon
co-ordination of N,H, is 0.87 e for trans-diazene and 0.71 e
for hydrazido(2—). Also the increase of the d, orbital
population is larger in the case of trans-diazene with respect to
hydrazido(2—): however, this increase is partly due to the
electron-donor character of the phosphine ligands, whose
population decreases upon co-ordination of the unsaturated L
molecule.

The charges reported in Figure 3 show that the nitrogen
atoms in both compounds are negatively charged and can
support electrophilic attack, as is required in the proposed
reduction mechanisms for dinitrogen. Our calculations suggest
the preference for a di-imido-intermediate rather than a
hydrazido(2 —) one and, therefore, give some support to the
mechanism which implies the presence of a di-imido-inter-
mediate for the reduction of dinitrogen,2° although they do not
allow one to discard the other mechanism? since the energy
difference between the two analysed intermediates is not very
high and correlation effects are not included.

At this point we notice that in all the analysed systems © back
donation is more important that ¢ donation: indeed, in all the
studied Ni(PH,),L systems the L ligand shows an overall
negative charge. This result is in agreement with the conclusions
of Sakaki et al.® which suggest that the Ni(PH;), fragment can
form only a strong back-donative interaction since it has both
d, and d, orbitals at a considerably higher energy with respect
to other metallic fragments.

Conclusions
The study at ‘ab initio’ level of the systems Ni(PH;),L with L =
N,, N,CH,, or N,H, has shown that the bonding between the
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fragment Ni(PH,), and the unsaturated molecule can be
explained by the Chatt—Dewar—-Duncanson model, although =
back donation is much more relevant than ¢ donation.
Dinitrogen prefers to bind to the fragment Ni(PH,), in a side-
on fashion rather than in an end-on one, since this co-
ordination mode implies an increased m back-donative
interaction. This point is particularly important for its
implications in the problem of nitrogen fixation. Indeed, the
most efficient electron transfer can be achieved by the side-on
bonding mode. This results in an efficient activation mechanism
of the N, molecule.

Diazomethane, too, prefers to bind in a side-on mode because
of the increased © back donation and this molecule gives rise to
a stronger bond than dinitrogen with the fragment Ni(PH,),
since its n* orbital lies at lower energy.

The higher stability of the n2-N,H, complex, with respect to
the o-NNH, species, may account for the hydrogenation of a
side-on bonded dinitrogen and gives some support to the
reduction mechanism of dinitrogen, which implies the presence
of a di-imido-intermediate.
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