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Abstract: Ab initio quantum chemical calculations have been performed on two different structures of M2N2 for first-
and second-row transition metal systems involving titanium, yttrium, and zirconium. In both structures N2 is bridging 
the metal atoms, either in a perpendicular side-on coordination mode, or in a parallel end-on coordination mode leading 
to a linear M-N-N-M. Both types of structures have been observed experimentally for ligated complexes of the type 
(LnM)2N2. Comparisons between experiment and theory show that the geometries of the M2N2 unit in the experimentally 
observed complexes correspond closely to the calculated geometries for different states of the naked M2N2 systems. 
On the basis of these geometric similarities, the electronic structure of the ligated complexes is analyzed and discussed. 
Furthermore, it is found that of the first- and second-row transition metals, only the leftmost metals of the second row 
can form the type of M2N2 complex where the N-N distance corresponds to a single bond. This type of complex has 
the N2 molecule perpendicularly coordinated, and it has been experimentally observed for the case of zirconium. The 
calculations predict that a similar complex should be possible to make for yttrium. 

Introduction 

Research on transition metal-N2 complexes is to a large extent 
inspired by the interest in nitrogen fixation, i.e. the reduction of 
molecular nitrogen to ammonia. The major source of fixed 
nitrogen in nature is the enzymatic process occurring in certain 
bacteria. The active enzyme, nitrogenase, contains molybdenum 
and iron, and the biological nitrogen fixation process is an example 
of a homogeneous catalytic reaction, occurring under mild 
conditions, i.e. under atmospheric pressure and ambient tem
perature. The need to augment the natural supply of fixed nitrogen 
led to the development of the Haber-Bosch process, in which 
ammonia is produced from dinitrogen and dihydrogen over a 
heterogeneous iron-based catalyst at high pressure and high 
temperature. This is the only artificial source of fixed nitrogen 
of any importance, and since this process requires high inputs in 
terms of both energy and capital, there is a strong motivation for 
finding an artificial catalyst operating under the same conditions 
as the nitrogenase enzyme. Searching for a homogeneous nitrogen 
fixation catalyst naturally involves the investigation of dinitrogen 
coordination to transition metal complexes, since this is expected 
to be the first step in a reduction process. 

Although the interest in the nitrogen fixation process is quite 
old (the Haber-Bosch process was first developed in 1913), the 
first dinitrogen transition metal complex, [Ru(NH3)5N2]

2+, was 
not prepared until 1965.1 Since then dinitrogen complexes have 
been synthesized for most transition metals. The bonding mode 
of N2 in the vast majority of mononuclear complexes is end-on, 
with a linear M-N-N structure, and the N2 molecule is very 
little perturbed. The N-N bond distance is within 0.02 A of that 
of the free nitrogen molecule (1.10 A), and the N-N stretch 
frequency is shifted to somewhat lower values compared to the 
free ligand (2331 cm-1), ranging down to about 2000 cm-1. The 
end-on coordination of N2 is also common in dinuclear complexes, 
with an almost linear M-N-N-M bridging structure. In these 
bridging dinitrogen complexes the variation in N-N bond distance 
is larger than in the terminal dinitrogen complexes. For example, 
in a Ru-N-N-Ru complex1 the N-N bond distance is 1.097 A, 
while in a Re-N-N-Mo complex1 the N-N distance is as large 
as 1.21 A. In the latter complex the N-N stretching frequency 
is as low as 1660 cm-1. 

(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles 
and Applications of Organotransition Metal Chemistry; University Science 
Books: Mill Valley, 1987. 

Side-on bonding of N2 in metal complexes, which is expected 
to lead to a more perturbed N2 than the end-on coordination, is 
very rare, and the only cases known are some multinuclear (mostly 
dinuclear) complexes where N2 is bridging two metal atoms. In 
1973 and 1976 dinuclear nickel complexes with tetrahedral Ni2N2 
cores were synthesized,2-4 and in 1982 a titanium complex with 
a Ti2N2 unit similar in structure to that of the nickel complexes 
was synthesized.5 In these complexes, however, the structure is 
quite complicated and the bridging N2 molecule is also end-on 
bonded to other parts of the molecule (lithium atoms in the nickel 
complexes and another Ti2 unit in the titanium complex). The 
N2 distance in these complexes is in the range 1.30—1.36 A. 
Recently (1990) a Zr2N2-containing complex was synthesized, 
and it was found that the Zr2N2 unit is planar with the N2 molecule 
perpendicularly bridging the metal dimer.6 The N-N distance 
in this complex is as long as 1.55 A, which is the longest N-N 
distance observed in any transition metal-dinitrogen complex. 
There has also recently (1991) been a report on the isolation of 
a Ti2 complex with two N2 molecules perpendicularly bridging 
the Ti2 unit in a side-on, nonplanar manner,7 and with an N-N 
distance of 1.38 A. 

The present study was inspired by the experimental report on 
the Zr2N2 complex, ([(Pr'2PCH2SiMe2)2N]ZrCl)2(N2).« The 
very long N-N distance (1.55 A) observed in this complex is 
significantly longer than the N-N distance calculated for several 
M2N2 systems in a previous theoretical study.8 In that study, 
where several first-row transition metals were investigated, the 
M2N2 systems were found to have a planar side-on bridging 
structure of the same kind as the Zr2N2 complex, and the N-N 
bond distance was found to be in the range 1.26-1.28 A. The 
Fe2N2 system has also been theoretically investigated by Baus-
chlicher et al.9 To investigate, among other things, the difference 
between the previously studied first-row M2N2 systems and the 
experimentally observed Zr2N2 complex, calculations were 

(2) Jonas, K. Angew. Chem., Int. Ed. Engl. 1973,12, 997. 
(3) Krfiger, C; Tsay, Y.-H. Angew. Chem., Int. Ed. Engl. 1973,12,998. 
(4) Jonas, K.; Brauer, D. J.; Kruger, C; Roberts, P. J.; Tsay, Y.-H. / . Am. 

Chem. Soc. 1976, PS, 74. 
(5) Pez, G. P.; Apgar, P.; Crissey, R. K. / . Am. Chem. Soc. 1982,104,482. 
(6) Fryzuk, M. D.; Haddad, T. S.; Rettig, S. J. J. Am. Chem. Soc. 1990, 

112, 8185. 
(7) Duchateau, R.; Gambarotta, S.; Beydoun, N.; Bensimon, C. / . Am. 

Chem. Soc. 1991, 113, 8986. 
(8) Siegbahn, P. E. M. J. Chem. Phys. 1991, 95, 364. 
(9) Bauschlicher, C. W., Jr.; Pettersson, L. G. M.; Siegbahn, P. E. M. J. 

Chem. Phys. 1987, 87, 2129. 
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Figure 1. Structure of the perpendicular coordination of the M2N2 

complexes. 

Figure 2. Structure of the parallel coordination of the M2N2 complexes. 

performed on the ligand-free neutral Zr 2N 2 molecule. It can, of 
course, be argued that at least some of this difference is caused 
by the ligands on the Zr 2N 2 complex, but as will be seen below, 
some of the major features of the experimentally observed complex 
are found already in the naked Zr2N2 molecule. Therefore, 
important differences between the metals in the interaction with 
the dinitrogen molecule can be explored in the ligand-free M 2 N 2 

molecules. Another purpose of the present study is to investigate 
if there are other metals that can be expected to form the same 
type of complexes as the observed Zr 2N 2 complex. The com
parisons between metals include the second-row metals yttrium 
and niobium and the first-row metal titanium. Some calculations 
were also performed for scandium, chromium, and palladium. 

The main objective of the present study is to contribute to the 
understanding of different coordination modes of the dinitrogen 
molecule to transition metal complexes. In particular, the focus 
is on cases with a strongly perturbed N 2 molecule, since these are 
potential precursors for a homogeneous dissociation of N2 . 
Another experimental area for which the present calculations are 
of relevance is the study of the gas-phase reactivity of small metal 
clusters toward dinitrogen. For example, an experiment with 
small palladium clusters showed that N 2 was chemisorbed on 
several Pdn clusters in the range n = 2-25.1 0 This experiment 
was interpreted to show a dissociative chemisorption of N2 ,1 0 but 
a theoretical study on Pd2N2 has shown that N 2 is molecularly 
bound." It is therefore interesting to ask the question whether 
any of the presently studied M2N2 molecules would be possible 
to observe in cluster experiments. 

Results 

Calculations were performed for two different coordination 
modes of N 2 to the metal dimers, perpendicular and parallel 
coordination, respectively; see Figures 1 and 2. In the perpen
dicular mode N2 is coordinating side-on, bridging the two metal 
atoms. On the basis of the results from the previous theoretical 
M2N2 study8 and the experimentally determined structure of the 
Zr 2N 2 complex,6 a planar structure was assumed for this 
coordination mode, i.e. N 2 is inserted between the two metal 
atoms, Figure 1. A few calculations were performed for nonplanar 
structures, indicating that the planar structure is actually the 
most stable one for the perpendicular coordination. In a previous 
study on Pd 2N 2 ' ' it was found that one of the most stable structures 
had the N 2 molecule side-on coordinated with the N 2 axis parallel 
to the Pd2 axis. Therefore, a parallel side-on coordination of N 2 

to the zirconium dimer was also investigated in the present study. 
However, it was found that the optimal structure for the parallel 
coordination has the N 2 molecule completely inserted into the 

(10) Fayet, P.; Kaldor, A.; Cox, D. M. J. Chem. Phys. 1990, 92, 254. 
(11) Blomberg, M. R. A.;Siegbahn, P. E. M. Chem. Phys. Un. 1991,179, 

524. 
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Table I. Calculated Vibrational Frequencies (cnr') for the M2N2 

Systems at the CASSCF or SCF Level (See Appendix) 

Ti ~ Y Zr 

state Ue(N2) state o>,(N2) state we(N2) 

Perpendicular 
high spin 7B2u 1560 5A8 1610 'B2u 1520 
low spin 5A, 860 3B211 780 5A8 830 

Parallel 
high spin 7B211 1920 'B2n 1830 
low spin 5A8 1620 'A8 1550 

Zr2 bond, and a linear structure is obtained. Thus, in the parallel 
coordination mode discussed in this paper, N 2 is end-on coor
dinated to two metal atoms. Figure 2. 

The results are presented below, in the first section for the 
perpendicular coordination and in the second section for the 
parallel coordination. For both coordination modes two different 
spin states were investigated. Below, the type of bonding for the 
different states is described in terms of electronic structure, bond 
distances, and vibrational frequencies. The results are summa
rized in Tables I-V. In Tables I and II vibrational frequencies 
and optimized bond distances are given, and the results from 
Mulliken population analysis are summarized in Table III. In 
Table IV the splittings between different states and structures 
are given at the SCF level, and in Table V excitation energies for 
some of the systems are given at the correlated level. 

In general terms the bonding of N 2 to transition metals can 
be described within the Dewar-Chatt-Duncanson model, with a 
a donation from a filled orbital on N 2 to the metal and it back-
donation from the metal to the empty *-*-orbitals on N2 . These 
interactions tend to weaken the N - N triple bond, and depending 
on the size of the donations the N 2 ligand is more or less perturbed 
compared to the free N 2 molecule, which can be observed as a 
prolongation of the N - N bond distance and a decrease of the 
N - N stretch frequency. The Dewar-Chatt-Duncanson model 
is preferably used for rather weak metal-ligand interactions, and 
for stronger interactions either an ionic or a covalent model often 
gives a better description of the electronic structure. In the 
experimental paper on the Zr 2N 2 complex,6 the dinitrogen is 
referred to as a ( N - N ) 4 - hydrazido ligand, which implies an ionic 
picture of the bonding. The ( N - N ) 4 - hydrazido notation is, 
however, used by Schrock and co-workers12 together with a 
M = N — N = M notation for linearly coordinated dinuclear 
dinitrogen complexes, the latter notation implying a covalent 
picture of the bonding. It should thus be emphasized that in 
many respects the different models used for describing the 
electronic structure of the metal-N2 interaction are equivalent, 
all leading to the same observable effects, namely, a prolongation 
of the N - N bond distance and a decrease of the N - N stretch 
frequency. Which model is used in a particular case can be a 
matter of convenience or the desire to emphasize certain aspects 
of the bonding. As a reference the triple bond in free N 2 is 1.10 
A with a frequency of 2331 cm -1 , the N - N double bond in 
azomethane is 1.24 A, and the N - N single bond in hydrazine is 
1.47 A, all experimentally determined values. 

Perpendicular Coordination (Figure 1). One of the most 
important results of the present study is that there are two different 
states of interest for the perpendicularly coordinated M2N2 

systems, and the order of these two states varies among the metals 
in a regular way. One of the states is characterized by an 
intermediately perturbed N2 unit, with an N - N distance close 
to the double bond in azomethane (1.24 A) and an N - N stretch 
frequency around 1500 cm-1; see Tables I and II. Theotherstate 
is characterized by a strongly perturbed N 2 unit, with an N - N 
distance close to the single bond in hydrazine (1.47 A) and an 

(12) Schrock, R. R.; Wesolek, M.; Liu, A. H.; Wallace, K. C; Dewan, J. 
C. Inorg. Chem. 1988, 27, 2050. 
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Table II. Optimized Geometries (in A) for the M2N2 Systems at 
the CASSCF or SCF Level (See Appendix) 

Ti Y Zr 

state /{n-N Rs-N state Ry-s Rs-s state Rzr-rt Rs-N 
Perpendicular 

high spin 7B21, 2.16 1.26 5A, 2.29 1.25 7B2* 2.27 1.23 
low spin 5A, 1.91 1.47 3B2,, 2.09 1.48 5A, 2.02 1.48 

Parallel 
high spin 7B21, 2.01 1.18 7B21, 2.07 1.17 
low spin 5A, 1.70 1.29 5A, 1.85 1.29 

N N ^ 
M Il M ^ M H M 

N N 

a 

N N ^ 
M ^ | M ^ M I "^ M 

b 

M — N = N — M 

M * - N 3 N —* M 

d 

Figure 3. Electronic structure of the different states of the M2N2 
complexes: (a) perpendicular high-spin state, (b) perpendicular low-
spin state, (c) parallel low-spin state (it should be noted that the M-N 
bonding mainly has x-character), and (d) parallel high-spin state. 

N-N stretch frequency around 800 cm-1; see Tables I and II. The 
latter state is the ground state for the second-row metals to the 
left in the periodic table (yttrium and zirconium), while the former 
state is lower in energy for the second-row metals to the right of 
zirconium and for all first-row metals. The state with an 
intermediately perturbed N2 unit has higher spin than the state 
with a strongly perturbed N2 unit, and therefore the two states 
will be referred to as the high-spin state and the low-spin state, 
respectively. 

As mentioned above, the electronic structure of the M2N2 

complexes can be described in either an ionic or a covalent picture. 
In the covalent picture electrons in the ir-orbitals on the N2 unit 
can be thought of as transferred internally to the x*-orbital, 
yielding unpaired electrons in both the ir- and the ir*-orbitals. 
These unpaired electrons form covalent bonds with metal electrons. 
For the intermediately perturbed state (the high-spin state) only 
the x*-orbital in the molecular plane becomes occupied, and two 
covalent bonds are thus formed in the molecular plane. These 
bonds are delocalized over the molecule and can be described as 
a resonance between the two valence bond structures in Figure 
3a. There is thus a double bond in N2, explaining why the N-N 
bond distance is close to the azomethane value. The nonbonding 
valence s- and d-electrons on the metal atoms are high-spin 
coupled. For the strongly perturbed state (the low-spin state) 
also the out of plane ir*-orbital becomes occupied and two 
additional covalent bonds are formed, having x-character with 

Table m. Mulliken Population Analysis for the Zr2N2 Systems at 
the MCPF Level 

Perpendicular 

low spin 
high spin 

low spin 
high spin 

4d 
2.33 
2.32 

4d 

2.68 
2.64 

Zr 

5s 

0.90 
0.95 

Zr 

5s 

0.96 
0.91 

5p ?N2 

0.38 -0.58 
0.44 -0.46 

Parallel 

5p 9N2 

0.25 -0.07 
0.25 -0.30 

"1 
1.36 
1.61 

X* 

1.69 
1.88 

N2" 

«1* 'J-
1.12 1.52 
1.21 1.78 

N2* 

Tx Xy 

0.95 1.69 
0.32 1.86 

*x* 
1.23 
0.22 

•>* 
0.95 
0.99 

" I denotes orbitals in the molecular plane, and _L denotes orbitals 
perpendicular to the molecular plane. * The molecular axis is along the 
z-axis. 

respect to the molecular plane. Also these bonds are delocalized 
over the molecule, and the electronic structure of this state can 
be described as a resonance between the two valence bond 
structures in Figure 3b. There is thus only a single bond in N2, 
explaining why the N-N bond distance is close to the hydrazine 
value. The nonbonding valence s- and d-electrons on the metal 
atoms are high-spin coupled, and since there are two fewer 
nonbonding electrons on the metal atoms for this state, the spin 
is two steps lower than the spin of the intermediately perturbed 
state. All covalent bonds thus formed are polarized toward the 
nitrogens, yielding a negative charge on the N2 unit, which is 
slightly larger for the low-spin state where a larger number of 
covalent bonds are formed. 

In the ionic picture the electronic structure of the intermediately 
perturbed state (the high-spin state) can be described as two M+ 

ionically bound to N2
2-. The two electrons transferred from the 

metal atoms to the N2 unit are donated from metal d-orbitals into 
the x*-orbital in the molecular plane. With two electrons in one 
of the N2 x*-orbitals, there is effectively a double bond in N2. 
Correspondingly, the electronic structure of the strongly perturbed 
state (the low-spin state) can be described as two M2+ ionically 
bound to N2

4-. The two extra electrons, as compared to the 
intermediately perturbed state, transferred from the metal atoms 
to the N2 unit are donated from metal d-orbitals into the x*-
orbital out of the molecular plane. With two electrons in each 
of the N2 x*-orbitals, there is effectively only a single bond in 
N2. This picture thus gives the same final bond order for both 
the high-spin and the low-spin states as the covalent picture. 

The population analysis given in Table III shows that the charge 
distributions calculated for the M2N2 systems are far from those 
expected from the pure ionic picture and much closer to a covalent 
picture with some polarization in the bonds. At this point it can 
be noted that the bond strength of a x-bond is determined by the 
excess of electrons in the bonding x-orbital compared to the 
antibonding x*-orbital. In the simple picture of the N2 molecule 
there are four more electrons in the x-oribtal than in the x*-
orbital. In a correlated calculation on the free N2 molecule, the 
excess of bonding x-electrons is about 3.6 electrons. In the high-
spin state of M2N2 the occupation difference between the x- and 
x*-orbitals is between 1.7 and 2.0 electrons. It is thus clear that 
there is a decrease of the x-bonding, compared to free N2, which 
corresponds closely to one bond, and the remaining ir-bond is 
mainly located out of the molecular plane. This yields a net 
bonding in the N2-unit close to a double bond, in agreement with 
both the covalent and the ionic picture. In the low-spin state of 
M2N2 the occupation difference between the x- and x*-orbitals 
is between 0.3 and 0.5 electrons, and again there is a decrease 
of the ir-bonding, which corresponds almost to one bond this time 
compared to the high-spin state. This yields a net bonding in the 
N2 unit close to a single bond, in agreement with both the covalent 
and the ionic picture. These populations thus show that in the 
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ionic description the metal to N2 donation is strongly compensated 
by a back-donation from the N2 x-orbitals to the metal atoms, 
leading to a rather low charge on the N 2 unit. Furthermore, both 
these types of donation, from the metal atoms into the N2 r*-
orbitals and to the metal atoms from the N2 r-orbitals, lead to 
a decrease of the x-bonding in N2, and therefore smaller donations 
are needed than in the simplest form of the ionic picture, to explain 
the decreased N2 bonding. 

For the case of Zr2N2 the calculated geometries can be 
compared to the experimentally determined structure for the 
([(Pr'2PCH2SiMe2)2N]ZrCl)2(N2) complex.6 For the experi
mental complex an N-N bond distance of 1.55 A was obtained 
and a Zr-N distance of 2.02 A.6 By comparing these results to 
the presently optimized structures, given in Table II, it can be 
seen that the low-spin state, with an N - N bond distance of 1.48 
A and a Zr-N distance of 2.02 A, has a structure that closely 
corresponds to the experimentally observed complex. It is thus 
concluded that the experimentally observed complex has an 
electronic structure corresponding to the low-spin ground state 
of the ligand-free Zr2N2 complex. The additional ligands on the 
zirconium atoms in the experimental complex induce a further 
weakening of the N - N bond, representing by the increase in 
bond length of 0.07 A as compared to the ligand-free case. As 
can be seen from Table I the N - N stretch frequency for the 
low-spin state of the ligand-free Zr2N2 is very low, around 800 
cm-1, and the potential surface is therefore rather flat, which 
means that small perturbations can result in rather large effects 
on the N - N bond distance. Comparisons can also be made to 
the two observed titanium complexes with side-on coordinated 
N2 molecules.5,7 In the first observed complex the N - N distance 
was determined to be 1.30 A,5 and in the most recently observed 
one the N - N distance was determined to be 1.38 A. These 
structures fall in between the low-spin and the high-spin structure 
of the planar Ti2N2 complex studied here, with N - N distances 
of 1.47 and 1.26 A, respectively; see Table II. Since both the 
observed complexes have nonplanar Ti2N2 cores, it is highly 
unlikely that the type of bonding described in the present study 
for the low-spin state of the planar M2N2 complexes could be 
present in these complexes. It is therefore concluded that the 
electronic structure of the experimental complexes having side-
on coordinated Ti2N2 cores mostly resembles the high-spin state 
of the naked planar Ti2N2 complex, and the observed long N - N 
distances have to be explained by other effects. The N - N distance 
of the complex described in ref 5,1.30 A, is in fact rather close 
to the result obtained for the high-spin state of the naked complex, 
1.26 A, and the slightly longer N-N distance in the experimental 
compound can be explained by the fact that the same N2 molecule 
that is side-on coordinated to two titanium atoms is also end-on 
coordinated to a third titanium atom. In the most recently 
observed of these Ti2N2 complexes with a side-on dinitrogen 
coordination, the N-N distance is considerably longer, 1.38 A,7 

and this prolongation compared to the high-spin state of the planar 
complex, 1.26 A, is probably explained by the fact that the observed 
complex has a negative charge and the extra electron is placed 
in one of the ir-orbitals that are N - N antibonding. 

For the high-spin state of the M2N2 systems comparisons can 
be made to the results obtained for the first-row metals in the 
theoretical study of naked M2N2 complexes in ref 8. The N - N 
distances calculated for the M2N2 systems in ref 8 are all in the 
range 1.26-1.28 A; the results for titanium are given in Table II. 
The results obtained here for the high-spin states of yttrium and 
zirconium, N - N distances of 1.23-1.25 A, are thus very close to 
those obtained for the first-row metals. The similarity between 
the first- and second-row metals for the high-spin state is further 
emphasized by the fact that the formula developed in ref 8 for 
predicting the trend in M2N2 binding energies works very well 
also for the high-spin states of the second-row metals studied 
here. This formula is strongly based on an ionic picture of the 

Table IV. Calculated Relative Energies (in kcal/mol) for the M2N2 
Systems at the SCF Level 

Ti Y Zr Nb 

state AE state AE state AE state AE 

Perpendicular 
high spin 7B21, 0 5A, 0 7B2,, 0 9A, 0 
low spin 5A, 82.7 3B2n -4.6 5A, 11.0 7B2, 69.9 

Parallel 
high spin 7B2,, 22.6 7B2,, 9.7 
low spin SA, 86.5 3B2,, 36.0 5A, 26.3 

Table V. 
Systems 

Calculated Relative Energies (in kcal/mol) for the M2N2 
at the MCPF Level 

state 

Y 

AE 

Zr 

state AE 

Perpendicular 
low spin 3B211 0 5 A , 0 
high spin 5 A , 30.7 7B211 27.8 

Parallel 
low spin 3B21, 41.3 5 A , 11.3 
high spin 5 A , 7B211 30.5 

2M° + N2 60.3 53.0 
M2 + N2 35 

" Two ground-state metal atoms. 

bonding, and the fact that the very irregular trend of calculated 
binding energies is predicted to within a few kcalories/mole 
indicates that the ionic picture has some validity. The calculated 
binding energies for the high-spin states of the M2N2 systems, 
relative to N2 and two metal atoms in the d^'s state, are 57.4 
kcal/mol for yttrium, 18.3 kcal/mol for zirconium, and -11.3 
kcal/mol for niobium. These results are obtained for the smaller 
basis set at the SCF level. Using Ti2N2 as the standard, the 
corresponding predicted values using the formula in ref 8 are 
53.1,12.9, and-22.0 kcal/mol, respectively. Thus, the deviations 
from the predicted values are somewhat larger than if the first 
row is considered, where the largest deviation was about 4 kcal/ 
mol,8 but considering the large variation in binding energies the 
agreement between predicted and calculated values must be 
considered as very good. The large decrease in binding energy 
going from yttrium to niobium is explained by the increase in 4d-
and 5s-ionization potentials going from left to right in the periodic 
table for these metals. 

An interesting comparison to be made is for the relative energy 
of the two states, the high-spin, intermediately perturbed state 
and the low-spin, strongly perturbed state. As can be seen from 
Table V the low-spin state is the ground state of the M2N2 system 
for both yttrium and zirconium. These are the only systems for 
which correlated calculations have been performed. However, 
the SCF results, which are given in Table IV, indicate that for 
both titanium and niobium the high-spin state is the ground state. 
Calculations were also performed for metals farther to the right 
in the periodic table (e.g. chromium and palladium), and it was 
not even possible to obtain convergence to a low-spin solution of 
the type discussed above. Therefore, the conclusion is that the 
strongly perturbed low-spin state is the ground state only for 
yttrium and zirconium, if the first- and second-row transition 
metals are considered. One possible explanation of this result 
involves the repulsion between the nonbonding valence electrons 
on the metal atoms and the N2 electrons. In the covalent picture 
discussed above, covalent bonds are formed between the p-orbitals 
on the nitrogens and the d- and to a minor extent s-orbitals on 
the metal atoms. For the low-spin state both in plane and out 
of plane covalent bonds are formed, with the out of plane bonds 
having ir-character with respect to the molecular plane. In 
particular for this out of plane interaction it is important to have 
a short metal-to-nitrogen distance, since the overlap between the 
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orbitals will otherwise be very poor. As can be seen from Table 
II the M-N distance is much shorter for the low-spin than for 
the high-spin state. Therefore the low-spin state is most sensitive 
to repulsive effects from the nonbonding electrons, and the binding 
energy of this state is expected to decrease on going from the left 
end of the periodic table toward the right, since the number of 
nonbonding d-electrons increases. This explains why only the 
leftmost metals have the low-spin state as the ground state of 
M2N2. Furthermore, for yttrium and zirconium all nonbonding 
electrons can be placed in d-orbitals that can be s- and p-hybridized 
away from the N2 unit, and the difference between these two 
metals is rather small. For the niobium complex, the two extra 
electrons, as compared to the zirconium complex, have to be 
placed in pure d-orbitals, which are to a large extent located in 
the bonding region, leading to a large repulsive effect, which can 
be noted on the high excitation energy of the low-spin state relative 
to the high-spin state for niobium. At the SCF level, the difference 
in excitation energy of the low-spin complex is 15 kcal/mol 
between yttrium and zirconium, and it is 59 kcal/mol between 
zirconium and niobium. Going farther to the right in the periodic 
table the repulsive effects will increase and the low-spin state will 
become less and less stable. As noted above, for the first transition 
row all metals have the high-spin state lower than the low-spin 
state, which was further corroborated by preliminary calculations 
on the scandium system. The explanation for this difference 
between the two rows of metals involves differences in radial 
extension of the atomic orbitals. The atomic s- and d-orbitals 
have radii which are much more similar for the second-row metals 
than for the first-row metals. For the first-row metals the 4s-
orbital is much more diffuse than the 3d-orbital, and therefore 
the optimal s-bond is much longer than the optimal d-bond. For 
the low-spin state of the first-row M2N2 complexes there is 
therefore a strong conflict between the very short M-N bond 
distance needed for the out of plane bonds and the much longer 
M-N bond distance optimal for the in plane bonding, which 
involves the s-electrons. Furthermore, the s- and p-hybridization 
of nonbonding d-electrons to reduce the repulsion is less efficient 
when s- and d-electrons have very different radii, which also leads 
to a larger repulsion for the first-row metals. Finally it should 
be pointed out that the difference between the first- and second-
row metals in the stability of the low-spin M2N2 complex is 
expected to be somewhat exaggerated in the calculations since, 
as is well-known from calculations on for example the Cr2 
molecule,13 it is more difficult to describe multiple bonds for the 
first-row metals than for the second-row metals. This difference 
between the rows is due to the more compact character of the 
valence d-orbitals for the first-row metals. 

Parallel Coordination (Figure 2). A parallel side-on coordi
nation of N2 to the metal dimer was also investigated for the 
zirconium case. As mentioned above it turned out that the lowest 
energy is obtained when the N2 molecule is completely inserted 
between the two metal atoms, yielding a linear M-N-N-M 
structure rather frequently observed in dinuclear N2 complexes. 
The energy of this structure was found to be reasonably close to 
that of the perpendicular coordination, and therefore this linear 
system with end-on coordination of N2 to two metal atoms was 
studied for the three metals titanium, yttrium, and zirconium. 
Also for the parallel coordination two different spin states were 
investigated, one which was found to have a more perturbed N2 
unit than the other. The state with the most perturbed N2, having 
an N-N distance of 1.29 A and an N-N stretch frequency around 
1600 cm-1, has the same spin as the low-spin state of the 
perpendicular coordination; see Tables I and II. The state with 
the least perturbed N2, having an N-N distance of about 1.17 
A and an N-N stretch frequency around 1900 cm-1, has the same 
spin as the high-spin state of the perpendicular coordination; see 
Tables I and II. Therefore, the two states will, as in the case of 

(13) Scuseria, G. E. / . Chem. Phys. 1991, 94, 442. 

perpendicular coordination, be referred to as the low-spin state 
and the high-spin state, respectively. It can be noted already at 
this point that for each spin state the linear M2N2 structure gives 
a less perturbed N2 unit than the perpendicularly coordinated 
M2N2. From the point of view of N2 activation the perpendicular 
coordination therefore seems to be the most interesting one, but 
for a more general understanding of N2 coordination to transition 
metal systems also the parallel coordination has an interest. 

The electronic structure of the linear M2N2 system is easiest 
to describe by using a donation-back-donation picture. For the 
low-spin state the donation from N2 to the metal atoms occurs 
mainly in the (r-system, from the nitrogen lone pairs to spd-hybrids 
on the metal atoms, but there is also some donation from the 
ir-orbital on N2 to the empty symmetric combination of the dT-
orbitals on the metal atoms. The back-donation from the metal 
occurs for the low-spin state from the fully occupied (four 
electrons) antisymmetric combination of the dT-orbitais into the 
ir*-orbital on N2. These interactions in the ir-system can also be 
described by using two four-center molecular orbitals (see ref 15 
and references therein). One of these orbitals involves the N2 T 
combination and is mainly located on N2, and the other orbital 
involves the N2 «•* combination and is more evenly delocalized 
over the whole system. Both these four-center x-orbitals are 
bonding between M and N. As can be seen from Table III these 
donations and back-donations lead to an essentially neutral N2 
unit for the low-spin state, and the excess of bonding ̂ --electrons 
has decreased from about 3.6 in free N2 to about 1.5 electrons 
in M2N2. These populations imply a decrease of the N2 bond 
order with about one bond, leading to an N-N double bond as 
in azomethane. The N-N distances in the linear M2N2 systems 
were optimized for titanium and zirconium, yielding a bond 
distance of 1.29 A in both cases. This is slightly longer than the 
N-N distance in azomethane, 1.24 A, which might be due to the 
fact that the donation from N2 in the <x-system occurs not only 
from the lone pair but also to some extent from the N-N <x-bond, 
thereby decreasing the N-N bonding slightly in the <r-system, 
too. Also the M-N bond distances were optimized, and 
remarkably short M-N distances were obtained, 1.70 A for 
titanium and 1.85 A for zirconium, showing that the M-N bonding 
in the low-spin state of the linear M2N2 complex is considerably 
stronger than a normal single <x-bond. Comparisons can be made 
to the results of calculations on the simpler MHNH2 systems, 
where a value of 2.07 A was obtained for the Zr-N distance in 
the ZrHNH2 molecule.14 The discussion above of the metal-
nitrogen ir-interaction shows that there is effectively a single 
M-N bond of ^-character. As was also mentioned above, there 
is furthermore some M-N interaction in the a-system, strength
ening the M-N bond and weakening the N-N bond. The linear 
structure of the M2N2 complex indicates that the ir-interaction 
is the most important one. It is thus somewhat difficult to use 
a covalent picture of the bonding for this system, but the best 
description of the electronic structure seems to be the one given 
in Figure 3c, where it should be remembered that the M-N 
bonding mainly has ^-character. 

The high-spin state of the linear M2N2 system can be described 
by taking the starting point in the electronic structure of the 
low-spin state described above. One electron is excited from the 
antisymmetric combination of the metal dT-orbitals, which was 
fully occupied with four electrons in the low-spin state, to the 
symmetric combination of the metal d»-orbitals, which was empty 
in the low-spin case. This excitation leads both to a decreased 
donation from the N2 ir-orbital to the metal atoms, since the 
metal orbital of correct symmetry is now partly occupied, and to 
a decreased back-donation from the metal d, combination, since 
this orbital is no longer fully occupied. Therefore, the high-spin 
state of the linear M2N2 system has a less perturbed N2 compared 
to the low-spin state. The excess of bonding x-electrons has 

(14) Blomberg, M. R. A.; Siegbahn, P. E. M.; Svensson, M. Inorg. Chem., 
in press. 



Bridge Bonding of N2 J. Am. Chem. Soc, Vol. 115, No. 15, 1993 6913 

decreased from about 3.6 in free N2 to about 2.4 electrons in the 
high-spin state of the linear M2N2, i.e. a reduction of about half 
a bond compared to the triple bond in free N2. The N2 bonding 
could thus be described as a two and a half bond, which fits very 
well with the fact that the optimized bond length for this state 
of M2N2 is 1.17-1.18 A, which is about half-way between the 
triple bond of free N2(LlOA) and the double bond in azomethane 
(1.24 A). The electronic structure of this state is best described 
by Figure 3d. 

The linear M-N-N-M structure has been experimentally 
observed for several dinuclear metal complexes; see ref 1 and 
references therein. For example, the [(Cp*)2Ti]2N2 complex 
was studied in ref 16 and the [(Cp*)2ZrN2]2N2 complex was 
studied in ref 15. The N-N distance of the bridging N2 unit in 
these two complexes was determined to be 1.16 A for the titanium 
case and 1.18 A for the zirconium case. These results are thus 
very close to the results obtained for the high-spin state of the 
ligand-free linear M2N2 systems in the present study, 1.18 A for 
the titanium case and 1.17 A for the zirconium case. Also the 
M-N distances agree very closely between the experimentally 
studied complexes and the high-spin state of the ligand-free M2N2 
systems. The experimentally obtained M-N distances are 2.01— 
2.02 A for the titanium complex16 and 2.08-2.09 A for the 
zirconium complex.15 The corresponding values for the ligand-
free M2N2 complexes are 2.01 and 2.07 A, respectively; see Table 
II. It should also be noted that the [(Cp*)2Ti]2N2 complex studied 
in ref 16 was determined to have an effective magnetic moment 
of 2.18 MB per titanium atom, indicating a high-spin character 
of the electronic structure (see further below). 

Another complex with a linear Ti-N-N-Ti structure was 
described recently in ref 7, where also the more unusual side-on 
coordination was observed as discussed above. In this [((Me3-
Si)2N)TiCl(TMEDAJ]2N2 complex, which was found to be 
diamagnetic, the N-N bond is 1.29 A and the Ti-N distance is 
1.69 A.7 Thus, the structure of the linear Ti-N-N-Ti unit in 
this complex is almost identical to that of the low-spin state of 
the naked Ti2N2 complex studied here (see Table II), and it can 
be concluded that the electronic structure of the two complexes 
should be the same. 

Comparison to Experiment. Comparisons between theory and 
experiment for M2N2-containing complexes have been made above 
for geometric and electronic structures. In this section a summary 
and an overview of these comparisons will be given for each metal. 
The main purpose in this section is to compare the relative stability 
of the different states or structures investigated here for the ligand-
free M2N2 complex with experimentally observed complexes. 

Starting with Zr2N2, which was the compound of original 
interest in this study, the ground state of the naked complex is 
the low-spin state of the perpendicular coordination (5Ai8). As 
mentioned above, the structure of this state is very close to the 
Zr2N2 unit of the experimentally observed ([(Pr'2PCH2SiMe2)2N] -
ZrCl)2(N2) complex,6 and it is concluded that the electronic 
structure of the experimental complex should be the same as for 
the low-spin state of the naked complex. For the naked complex 
there are two unpaired electrons on each zirconium atom, and 
in the experimental complex these four electrons are used to form 
covalent (or ionic) bonds to one nitrogen and one chlorine on 
each zirconium. The experimental complex is therefore expected 
to be diamagnetic. 

The next lowest structure of the naked Zr2N2 is the low-spin 
state of the parallel coordination, which is only 11 kcal/mol higher 
than the ground-state structure. To our knowledge there is no 
observation of this state in ligated complexes. The high-spin 
states of both coordination types are rather close in energy, 28 
kcal/mol above the ground state for the perpendicular coordi-

(15) Sanner, R. D.; Manriquez, J. M.; Marsh, R. E.; Bercaw, J. E. J. Am. 
Chem. Soc. 197«, 98, 8351. 

(16) Sanner, R. D.; Duggan, D. M.; McKenzie, T. C; Marsh, R. E.; Bercaw, 
J. E. / . Am. Chem. Soc. 1976, 98, 8358. 

nation and 31 kcal/mol for the linear coordination. As mentioned 
above, the high-spin state of the linear coordination (7Su+) has 
a structure very close to the Zr2N2 unit of the experimentally 
observed [(Cp*)2ZrN2]2N2 complex.15 Of the six unpaired 
electrons on the naked Zr2N2 complex, four are used in the 
experimental complex to form the bonds to the two Cp* rings on 
each zirconium atom. This should leave two unpaired electrons 
on the experimental complex, thus predicting a paramagnetic 
compound, which is in agreement with the paramagnetic character 
observed for the corresponding titanium compound; see below. 
It is perhaps surprising that this high-spin state, which is rather 
highly excited for the naked Zr2N2 complex, is the one that is 
observed for the parallelly coordinated experimental complex 
and not the low-spin state, which is much lower in energy for the 
naked system. It must be concluded that the auxiliary ligands 
on the zirconium atoms, even if they have a surprisingly small 
effect on the structure of the Zr2N2 unit, can have a rather large 
effect on the relative stability of the different states. 

For yttrium we are not aware of any experimentally observed 
complexes containing an M2N2 unit. The ground state of Y2N2 
is, as the case of zirconium, the low-spin state of the perpendicular 
coordination. Y2N2 is the most stable of the naked M2N2 
complexes studied here and in ref 8, relative to free N2 and two 
ground-state metal atoms. Therefore an experimental search for 
an yttrium complex similar to the ([(Pr'2PCH2SiMe2)2N] ZrCl)2-
(N2) complex6 would be of interest. It is also interesting to 
investigate if this complex should be possible to observe in cluster 
experiments, as was the case with Pd2N2. Calculations were 
performed on the metal dimer, Y2, and as can be seen in Table 
V the present calculations predict that Y2N2 should be bound by 
approximately 35 kcal/mol relative to free N2 and ground-state 
Y2. Thus, it can be concluded that the naked Y2N2 complex 
should be possible to observe. 

The spectrum of the naked Ti2N2 is quite different from the 
M2N2 spectra of the second-row metals, yttrium and zirconium. 
Although no correlated calculations were performed for the 
titanium system, it is clear from the SCF results given in Table 
IV that the high-spin state is lower than the low-spin state for 
each of the coordination modes, in contrast to e.g. zirconium, 
where the low-spin states are lowest for each coordination mode. 
The ground state of Ti2N2 is thus the high-spin state of the 
perpendicular coordination, followed by the high-spin state of 
the parallel coordination which is about 20 kcal/mol higher in 
energy. The low-spin states are close to each other in energy and 
are at the SCF level more than 80 kcal/mol above the ground 
state. Experimentally, several different complexes containing 
two or more titanium atoms and multiply coordinated N2 have 
been observed. The only ones of these experimentally observed 
complexes that have a Ti2N2 structure that closely resembles any 
of those studied in this paper have a parallel coordination mode, 
i.e. a linear Ti-N-N-Ti structure. One of these, the [(Cp*)2-
Ti]2N2 complex16 discussed above, has N-N and Ti-N distances 
very close to the high-spin parallel naked complex. This complex 
is furthermore determined to be paramagnetic with an effective 
magnetic moment of 2.18 ^B per titanium atom16 to be compared 
to the septet spin of the naked complex. As mentioned above for 
the corresponding zirconium complex, four of the six unpaired 
electrons on the naked complex are used to form the bonds to the 
two Cp* rings on each titanium atom in the experimental complex, 
leaving one unpaired electron per titanium atom. This should 
lead to an effective magnetic moment of about 1.73 /i£ per titanium 
atom. It is easy to find mechanisms that could lower the effective 
magnetic moment in a measurement on a system of molecules, 
but the high value observed for the [(Cp*)2Ti]2N2 complex is 
difficult to explain. In ref 7 a different linear Ti-N-N-Ti complex 
is described, [((Me3Si)2N)TiCl(TMEDA)]2N2, with a Ti2N2 
geometry almost identical to the low-spin state of the naked parallel 
complex. This complex is further shown to be diamagnetic, in 
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good agreement with the quintet spin of the naked complex, leaving 
no unpaired electrons after the two bonds per titanium atom are 
formed to nitrogen and chlorine. Again it is shown that the 
auxiliary ligands on the metal atoms in M2N2 complexes leave 
the electronic structure almost unchanged, while the relative 
stability of the different states can be shifted substantially and 
differently for different ligands. 

There are also two observations of side-on, perpendicular 
coordination of N2 to titanium complexes.5,7 The coordination 
modes of these complexes are, however, more complicated than 
the one investigated in the present study, and in no case is there 
a planar Ti2N2 unit. It is still interesting to compare these 
complexes with the perpendicular coordination of the naked planar 
Ti2N2 in the present study. The N-N distances in these 
experimentally observed complexes are in between the results for 
the low-spin and the high-spin state of the naked planar Ti2N2 
complex. It was argued above that the nonplanar structure of 
these complexes makes it likely that they have electronic structures 
most similar to the high-spin state of the naked complex. The 
fact that the high-spin state of the perpendicular coordination 
actually is the ground state of the naked planar Ti2N2 complex 
further strengthens this conclusion. 

Finally, it should be mentioned that the first observation of a 
side-on coordinated N2 molecule was made in 1988 for a samarium 
complex, [(Cp*)2Sm]2N2.

17 However, the bonding in this complex 
is very different from that in the type of complexes studied in the 
present paper. Although the central Sm2N2 unit is planar with 
a bridging N2 molecule, just like the perpendicular structure 
studied here, the very short N2 bond distance of 1.09 A reveals 
a different type of bonding. The ground state of the samarium 
atom is 4f*5d°6s2, indicating that when the two bonds per 
samarium atom are formed to the Cp* groups, there are no easily 
accessible electrons left to interact with the N2 ir*-orbitals. 
Therefore, the N2 unit is unperturbed, and the bonding force 
keeping the complex together must be of a different kind than 
the one described above. 

Conclusions 

The coordination of molecular N2 to two transition metal atoms 
in a bridging mode has been investigated in this paper. This type 
of coordination can occur in multinuclear metal complexes, on 
metal surfaces, and in small metal clusters. Comparisons to 
experimental systems have been made mainly for dinuclear 
transition metal complexes. Two types of important conclusions 
can be drawn, one concerning the stability of the electronic 
structure of the central M2N2 unit irrespective of the surroundings 
and one concerning the existence of highly perturbed M2N2 
systems with a strongly weakened N-N bond. 

Different electronic states of the naked M2N2 molecules were 
studied, and it was found that the different states have rather 
different geometric parameters. It was furthermore found that 
the same type of electronic states could be identified for different 
transition metals and that the geometric parameters for a 
particular state are rather stable over the metals, in particular 
the N-N distance. The geometric parameters calculated for the 
naked M2N2 molecules (both N-N and M-N distances) were 
compared to those determined experimentally for the central M2N2 
unit in different ligated complexes. In this comparison it is found 
that there is a very close correspondence between the experi
mentally observed ligated complexes and the theoretically 
investigated naked systems. On the basis of this geometric 
correspondence, conclusions can be drawn about the electronic 
structure and bonding mode for each of the experimentally 
observed complexes. One of the most interesting conclusions in 
this context is that the auxiliary ligands on the metal atoms seem 
to have a very small influence on the electronic structure of the 

(17) Evans, W. J.; Ulibarri, T. A.; Ziller, J. W. J. Am. Chem. Soc. 1988, 
UO, 6877. 

central M2N2 unit. The effect of the ligands is mainly to determine 
which of the electronic states is the preferred one for a particular 
complex. A similar conclusion was drawn in a previous study of 
M2N2 molecules,8 where it furthermore was noted that the N-N 
stretch frequency for a particular state of the M2N2 systems is 
the same as that observed for the a-state OfN2 adsorbed on metal 
surfaces. 

Of the different electronic states of the naked M2N2 systems 
studied here, the most interesting one is the low-spin state of the 
perpendicularly coordinated structure. This state is interesting 
because it leads to a strongly perturbed N2 with a long N-N bond 
corresponding to a single bond, as compared to the triple bond 
in free N2. The strong perturbation of the N-N bond is caused 
by metal interaction with both the in plane and the out of plane 
T*-orbitals of N2, and it is somewhat surprising that such a strong 
out of plane T-bonding between N2 and the metal atoms is possible. 
In this context an important result of the present study is that 
this type of state is stable only for the metals on the very left of 
the periodic table and not for the first-row metals. In agreement 
with these conclusions this type of state has been observed 
experimentally for a dinuclear zirconium complex.6 From the 
results of the present study it can be predicted that the same type 
of complex should be possible to observe also for yttrium. 
Appendix: Computational Details 

In the calculations reported in the present paper for the 
interaction between the dinitrogen molecule and transition metal 
dimers, large basis sets were used in a generalized contraction 
scheme.18 Geometries were optimized at the SCF or CASSCF 
(complete active space SCF) level. For the yttrium and zirconium 
systems correlated calculations were performed. For the second-
row metals relativistic effects were accounted for using first-
order perturbation theory including the mass-velocity and Darwin 
terms." For the first-row metals no relativistic effects were 
included. 

For the first-row metals the Wachters (14s, 9p, 5d) primitive 
basis20 was used, augmented with a diffuse d-function and two 
4p-functions, leading to a (14s, lip, 6d) primitive basis. The 
generalized contraction scheme18 gives minimal basis in the core 
and double-£ in the valence shells. The addition of the diffuse 
d-function leads to a triple-f description of the d-shell. The 
contracted basis sets are thus [Ss, 4p, 3d]. For the second-row 
metals the Huzinaga primitive basis21 was extended by adding 
one diffuse d-function and two p-functions in the 5p-region, 
yielding a (17s, 13p, 9d) primitive basis. The core orbitals were 
totally contracted except for the 4s and 4p orbitals which have 
to be described by at least two functions each to properly reproduce 
the relativistic effects.22 The 5s- and 5p-orbitals were described 
by a double- f contraction and the 4d by a triple- f contraction 
giving a [7s, 6p, 4d] contracted basis. In the correlated 
calculations on the second-row metals, three primitive f- functions 
were added and contracted to one function, giving a [7s, 6p, 4d, 
1 f] contracted basis. For nitrogen the primitive (9s, Sp) basis of 
Huzinaga23 was used, contracted according to the generalized 
contraction scheme to [3s, 2p], and one d-function with exponent 
1.0 was added. In the correlated calculations the nitrogen basis 
was extended by adding one diffuse p-function in an even-tempered 
manner and by replacing the single d-function with two functions, 
exponents 1.7 and 0.6, yielding a [3s, 3p, 2d] contracted basis. 

Calculations were performed for different states and different 
geometries of the M2N2 systems at the CASSCF (or SCF) level.24 

(18) (a) Almldf, J.; Taylor, P. R. / . Chem. Phys. 1987, 86, 4070. (b) 
Raffenetti, R. C. / . Chem. Phys. 1973, 58, 4452. 

(19) Martin, R. L. J. Phys. Chem. 1983, 87, 750. See also: Cowan, R. 
D.; Griffin, D. C. J. Opt. Soc. Am. 1976, 66, 1010. 

(20) Wachters, A. J. H. J. Chem. Phys. 1970, 52, 1033. 
(21) Huzinaga, S. J. Chem. Phys. 1977, 66, 4245. 
(22) Blomberg, M. R. A.; Wahlgren, U. Chem. Phys. Lett. 1988,145,393. 
(23) Huzinaga, S. / . Chem. Phys. 1965, 42, 1293. 
(24) Roos, B. O.; Taylor, P. R.; Siegbahn, P. E. M. Chem. Phys. 1988,48, 

157. 
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For the perpendicular coordination (see Figure 1) the starting 
point was taken in the results of ref 8, where some first-row M2N2 

complexes were studied. In ref 8 it was found that the ground-
state spin for these systems is very high, with a maximum of 11 
for both Fe2N2 and Cr2N2. The state of the M2N2 complexes 
studied in ref 8 is in the present paper referred to as the 
perpendicular high-spin state, and the corresponding states for 
the second transition row systems Y2N2, Zr2N2, and Nb2N2 are 
5A1,7B2u, and 9A8, respectively. The geometries for the yttrium 
and the zirconium systems were, in accordance with the findings 
in ref 8, optimized at the SCF level. The resulting bond distances 
and N - N stretch frequencies are given in Tables I and II. For 
the niobium system an SCF calculation was performed in only 
one geometry, which was extrapolated from the zirconium results, 
taking the N - N distance to be 2.30 do and the Nb-Nb distance 
to be 8.00 a0. 

For the perpendicularly coordinated Zr2N2 it was found that 
another state, the 5A8 state, was also low in energy, and the 
corresponding states for Y2N2 and Nb2N2 are 3B211 and 7B2u, 
respectively. This state is referred to as the perpendicular low-
spin state, and the geometry optimizations were performed at the 
CASSCF level. The active space in the CASSCF calculations 
consists of, besides open shell orbitals containing the high-spin 
coupled electrons, the bonding and antibonding orbitals for the 
two M-N ir-bonds. The geometry was optimized for the yttrium, 
zirconium, and titanium systems and the resulting bond distances 
and N - N stretch frequencies are given in Tables I and II. For 
the niobium system an SCF calculation was performed in the 
geometry of the zirconium system, since the CASSCF calculation 
did not converge to the same type of solution as for the other 
metals. For Y2N2 and Zr2N2 the geometries were also optimized 
at the SCF level, yielding an N - N distance of 1.54 A, very close 
to the experimental result for the ligated Zr2N2 complex (1.55 
A6). The corresponding CASSCF result is 1.48 A, and one reason 
for the rather large sensitivity of the N - N bond distance to the 
computational method is that the potential surface is very flat; 
the N-N stretch frequency is around 800 cm-1. 

In accordance with results for Pd2N2 obtained in ref 11, a 
parallel side-on coordination was also investigated for the low-
spin (quintet) Zr2N2 complex. As mentioned in the Results it 
was found that the linear structure of Figure 2 gave the lowest 

energy, yielding a 5A, state for Zr2N2 and a 3B211 state for Y2N2. 
This state is referred to as the parallel low-spin state, and geometry 
optimizations for Zr2N2 were performed at the CASSCF level. 
The CASSCF wave function was constructed in a similar way 
as for the perpendicular low-spin state, with bonding and 
antibonding orbitals active for two Zr-N bonds of ir-character. 
The resulting bond distances and N - N stretch frequency are 
given in Tables I and II. It turned out that SCF calculations 
gave a very similar structure, the N - N distance differing by about 
0.01 A between the SCF and the CASSCF optimizations, and 
therefore the geometry of the Ti2N2 complex was optimized at 
the SCF level. The results are included in Tables I and II. For 
Y2N2 the geometry was extrapolated from the zirconium results, 
taking the N - N distance to be 2.44 OQ and the Nb-Nb distance 
to be 9.70 O0. 

In order to make comparisons to experimental results on linear 
M2N2 complexes for zirconium and titanium, calculations were 
also performed on a linear high-spin 7B2u state for these two 
metals. This state is referred to as the parallel high-spin state, 
and the geometry optimizations were performed at the CASSCF 
level, with the same number of active electrons and active orbitals 
as in the parallel low-spin case. The resulting bond distances and 
N - N stretch frequencies are given in Tables I and II. 

For the second-row systems Zr2N2 and Y2N2, correlated 
calculations were performed for all states, except that the parallel 
high-spin state was not treated for the yttrium case. The correlated 
calculations were performed using the modified coupled pair 
functional (MCPF) method,25 which is a size-consistent, single 
reference state method. The zeroth-order wave functions are 
determined at the SCF level. The metal valence electrons (4d 
and 5s for the second row) and all electrons on N2 except the Is 
electrons were correlated. Correlated calculations were also 
performed for the yttrium dimer, Y2, to obtain an estimate of the 
Y2N2 binding energy relative to Y2 + N2. A quintet state was 
found to be bound by about 25 kcal/mol relative to two ground-
state yttrium atoms. However, in the correlated calculations 
many large coefficients occurred for excited configurations, and 
therefore this value is taken to be rather approximate. The Y-Y 
bond distance was found to be about 2.85 A. 

(25) Chong, D. P.; Langhoff, S. R. / . Chem. Phys. 1986, 84, 5606. 


