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The structures of linear, bent and side-on coordinated dinitrogen fragments to
transition metals have been investigated using the frontier orbital approach. The
linear M—N—N structures are discussed on the basis of ReCl,(PR;);NNR’; the main
interactions between the NNR'~ fragment and the ReCl,(PR;); fragment are be-
tween the antibonding ®{_y orbitals and the metal d,, and d,, orbitals. The bent
structures are discussed on the basis of RhCI(PR;);NNR’*. The essential difference
between the linear and the bent M—N—N complexes is the presence of a two-orbital
four-electron interaction in the latter type of complexes, which causes the long M—N
bond lengths for the bent complexes compared with the linear ones. Other types of
linear and bent complexes are discussed, and also complexes with both a linear and a
bent M—N—N functionality are analyzed. The orbital population and atomic charge
changes when moving from a linear to a bent M—N—N structure are also discussed.
The reactivity of some M—N—N complexes is also presented. The side-on coor-
dinated M(NR—NR,) structures are analyzed for complexes containing either a d” or

a d’ metal.

There has been increased interest among chemists over the
last two decades in finding methods for the activation of
strong bonds in small molecules, such as molecular nitro-
gen and molecular oxygen. The interest in the activation
of molecular oxygen has been manifold: including the
mechanism of the activation and the potential to carry out
oxidation reactions with molecular oxygen as the oxygen
source.' With regard to the activation of molecular nitro-
gen the understanding of its reduction to ammonia, which
is catalyzed by nitrogenase enzymes has been of prime
importance.**

In an attempt to gain insight into the activation of molec-
ular nitrogen a lot of attention has been devoted to transi-
tion-metal complexes that react with molecular nitrogen or
various nitrogen compounds. Consequently a variety of
transition-metal complexes with different nitrogen func-
tionalities have been prepared and characterized by X-ray
crystallography.*> One group of transition-metal nitrogen
complexes contains the diazenido unit, M—N—N-R,
which serves as a model to mimic the first intermediate on
the route to the reduction of molecular nitrogen to
ammonia. The transition-metal diazenido unit may display
a number of conformations depending on the substituents
on the nitrogens, on the transition metal and on the co-
ligands. It can adopt a ‘linear’ conformation, Ia,*' or a
‘bent’ conformation, Ib.'>1¢

Protonation or alkylation of the B-nitrogen of the diaze-
nido ligand leads to the ‘linear,” IIa,*”'""?' or the ‘bent,’
IIb,*'"%3 hydrazido (2—) or ‘isodiazene’ ligand. If the
a-nitrogen is protonated, the result is the ‘diazene’ (Ilc)
ligand."** Doubly protonated diazenido ligands may ob-

*To whom correspondence should be addressed.
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tain a ‘diazene’-like structure, IIla,' %% with double bond
character between the two nitrogens, or a hydrazido (1-)
ligand structure with a single N—N bond. The latter can
coordinate either in an ‘end on’ (IIIb)*'>!7 or a ‘side on’
manner (Ill¢).'2!13.18.27-30

An example of each of the eight basis structures, depicted
in Fig. 1, is shown in 1-8, with the M—N and N—N bond
lengths and MNN bond angles given as well.57:12.15.16.22.23
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Fig. 1. Different structural conformations of transition-metal
nitrogen complexes.
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Inspection of the N—N bond lengths for the different
types of complex 1-8 shows that they vary from being
triple—double-bond-like in 2 (1.17 A) to single-bond-like in
7 (1.44 A). The M—N bond length varies from 1.75 Ain3
to 2.21 A in 7. Several interesting trends appear from the
structures of the transition-metal nitrogen complexes:
(i) the linear M—N—N complexes have shorter M—N bond
lengths than the corresponding bond in the bent M—N—N
complexes, (ii) different nitrogen protonation/alkylation
sites are observed and (iii) for complexes with two similar
ligands, the M—N—N bending angle influences both the
M—N and N—N bond lengths. ‘

A series of complexes in which both a linear and a bent
M—N-—N fragment are present have also been character-
ized.51%!! Two examples are shown, 7 and 9. The Re—'N
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and Re—>N bond lengths are 1.79 and 1.92 A in 9, and the
IN—2N and *N—*N bond lengths are 1.21 and 1.29 A, re-
spectively. The angle Re'N?N is 172° and the angle Re’N*‘N
is 131°.

One might wonder why these differences in the structure
of the M—N—N fragments exist and why different nitrogen
protonation/alkylation sites are observed. Some of the dif-
ferences can be attributed to the number of electrons on
the metal whereas others are not so obvious. In the present
work we attempt to gain a better understanding of the
different types of structure of the different transition-metal
nitrogen complexes shown in Fig. 1 and, to a certain ex-
tent, try to explain some of their reactions. To this end, we
have used theoretical calculations based on extended
Hiickel theory and on fragment molecular orbital (FMO)
analysis.®! It is our intention to analyze the interaction
between the metal and nitrogen fragments for the different
types of complex within the FMO framework. Our work
is not the first in which transition-metal dinitrogen
complexes are considered theoretically,”* but to our
knowledge it is the first time that the types of complex in
Fig. 1 exemplified by 1-9 are considered in a theoretical
analysis.

Resulits

Linear M—N—N structures. Let us start with the electronic
structure of the linear M—N—N fragments of the type Ia.
The interaction between the N—N—R and the transition-
metal fragment is analyzed by means of an interaction
diagram. The different linear structures can be under-
stood by viewing the results of our calculation on the
ReCI*(PR;);,NNR’, 1. For the 18-electron rule to be ful-
filled, the diazenido fragment in 1 must be considered as a
three-electron donor. The interaction diagram is shown in
Fig. 2, with the ReCl(PR;,); fragment shown to the left
and the NNR'~ fragment to the right.

The ReCl,(PR;); fragment has two nearly degenerate
levels at —12.25 eV. These are the d,, and d,, orbitals, and
both are occupied, making up the highest occupied molec-
ular orbitals (HOMO:s) for the system. Right above these,
at —12.07 eV, is located the lowest unoccupied molecular
orbital (LUMO), d,,. At —10.64 eV is found a hybrid
orbital of d,2, p, and s, and higher in energy at —5.56 eV is
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Fig. 2. Interaction diagram for the ReCl,(PR;);NNR’ from ReCl,
(PR;3); and NNR' .

the d,2_ > orbital (not shown in Fig. 2). The HOMO of the
NNR'~ fragment at —11.16 eV is of p, symmetry, and is
antibonding between the two nitrogens. Two orbitals made
from a mixing of p, * p., bonding between the two nitro-
gens, are located at —13.95 and —15.17 eV, with the anti-
bonding combinations found above the LUMO shown in
Fig. 2. The LUMO is the ni{_y of p, symmetry at —10.46
eV. The primary interactions in ReCL(PR;);NNR’ (1) are
the HOMO-LUMO interactions. The n; LUMO of the
NNR'" fragment interacts with the Re HOMO d,, orbital,
and the nf HOMO of the NNR'~ fragment interacts with
the Re LUMO d,, orbital. The two occupied mty_y orbitals
of the NNR'~ fragment, lower in energy, interact with the
metal d2 hybrid orbital. The LUMO of the NNR'~ frag-
ment accepts 0.51 electrons from the d,, orbital of the metal
fragment, whereas the HOMO of the NNR’~ fragment
donates 1.22 electrons to the metal by the interaction with
the d,. orbital. The interactions outlined in Fig. 2 lead to a
transfer of 1.31 electrons from the nitrogen fragment to the
metal fragment.

The HOMO of 1 is mainly Re d,, and is not of interest,
since it does not participate in the interaction with the
NNR'~ fragment. Directly below the HOMO are located
the second and third HOMOs. The third HOMO in 3
evidently forms the ni-bond between the two fragments, as
can easily be seen from Fig. 3.

70

Fig. 3. Plot of the third HOMO of ReCl,(PR;);NNR’. The
contours y are: 0.04, 0.07, 0.10, 0.20 and 0.30. The orbital is
plotted in the xz plane.

The second HOMO, also a n-type of orbital, is perpen-
dicular to the Re—N n-bond depicted in Fig. 3. It is mainly
composed of the interaction of the d,, orbital between the
metal center and zt;" orbital of the diazenido unit. There is
also a minor contribution from the t, orbital, which dimin-
ishes the amplitude on the a-nitrogen and enhances the
amplitude on the B-nitrogen. Thus the second HOMO can
be regarded as a pseudo-allylic system, as depicted in 10.

The third HOMO depicted in Fig. 3 also has a higher
amplitude on the B-nitrogen (0.560) than on the a-nitrogen
(0.281). The atomic charges of the two nitrogens in 1 are
also different, with a charge of 0.36 on the a-nitrogen and
—0.34 on the B-nitrogen. Therefore, from both an orbital
and a charge point of view, it seems reasonable that the
B-nitrogen is more nucleophilic than the o-nitrogen, and
that this type of complex will react with electrophiles at the
f-nitrogen. This has been found for 3, a type Ila complex,
which is protonated at the $-nitrogen. The protonation of
the B-nitrogen leading to 3 should be expected not to affect
the N—N and M—N bond lengths significantly compared
with 1, as very little amplitude is found at the a-nitrogen.
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Fig. 4. Interaction diagram for the RhCI(PR;);NNR'* from
RhCI(PR;)3* and NNR' .

This is also in accordance with the observed structures for
the type Ia and Ila complexes.”'*'"*' We have also
found that the bonding picture given here for the linear
M—N—N—R’ structure is also valid for the trigonal bi-
pyramidal rhenium and technetium complexes (not shown
here).®® Therefore all the complexes containing a linear
M—N-N framework may be grouped together.

Bent M—N—N structures. Let us continue with the Ib com-
plexes in which the M—N—N angle is bent. We have, as a
starting point, chosen 2 as a model for these types of
complex. The phenyldiazenido fragment in this complex
can be considered as a two-electron donor. The interaction
diagram for RhCI(PR;);NNR'* is shown in Fig. 4, with the
RhCI(PR,)}* fragment shown to the left and the NNR'~
fragment to the right.

The RhCI(PR;)3* fragment has four MOs located very
close in energy of d,,, d.2, d,; and d,, symmetry at about
—12.25 eV. These four orbitals are occupied by six elec-
trons. Several eV higher in energy is placed the d.z_p
orbital at —4.60 eV (not shown in Fig. 4). The frontier
orbitals of the NNR'~ fragment to the right are similar to
those shown in Fig. 2. The occupied Rh d,, orbital interacts
with the LUMO =tj;_y, of p, symmetry of the nitrogen frag-
ment. The HOMO of the NNR'~ fragment, a combination
of p, and p,, which is antibonding between the nitrogens,
interacts with the d_, orbital at the metal, to give the bond-
ing and antibonding Rh—N combinations, both occupied
by two electrons, shown in the middle of Fig. 4. The Rhd,2
orbital interacts with the N—N bonding orbital located at
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—13.89 eV. Through the interaction of the NNR'~ frag-
ment with the RhCI(PR;)3* fragment, the LUMO of the
former fragment accepts 0.25 electrons from the metal,
whereas the HOMO and the second HOMO donate 0.59
and 0.25 electrons, respectively, to the metal. The NNR'~
fragment donates in total 0.74 electrons to the metal by the
interaction leading to 2, which is 0.57 electrons less than
the interaction between the NNR'~ fragment and the metal
leading to 1. The frontier orbitals for the various Re com-
plexes with a bent Re—N~N fragment also lead to an
orbital picture with the antibonding Re—N orbital occupied
by two electrons as the HOMO.

It appears from the interaction diagram, shown in Fig. 4,
that the HOMO of 2 is the antibonding Rh—N orbital. This
orbital is shown in Fig. 5, where the antibonding character
is visualized.

Comparison of the frontier orbitals of 1 and 3 with 2
reveals an explanation for the difference in M—N bond
lengths; in the former type of complex an antibonding
M—N orbital is the LUMO of the system, whereas for the
bent type of complex the antibonding M—N orbital is occu-
pied, which causes the longer M—N bond length in the
latter case. The reason for the short N—N bond in 2 com-
pared with 1 and 3 is a mixing of nitrogen s-character into
the m}_y orbitals, as depicted in 11, by which the anti-
bonding character is diminished.

Another difference between the two types of fragment is
the electron donation; the linear N—N—R’~ fragment
donates 1.31 electrons to the metal fragment, whereas the
bent fragment donates only 0.74 electrons. The remaining
electron density in the latter case is located on the a-
nitrogen which has a charge of —0.24 (compared with 0.36
in 1), whereas the B-nitrogen has nearly the same charge in
2 (—=0.31) asin 1 (—0.34).

Fig. 5. Plot of the HOMO of RhCI(PR;);NNR'*. The contours ¢
are: 0.07, 0.10, 0.20 and 0.30. The orbital is plotted in the xz
plane.
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The frontier orbitals and the charge consideration of 2
indicate that the reactions of the bent type of M—N—N
complex with electrophiles can lead to reaction at both the
a-nitrogen and the B-nitrogen as they have nearly the same
net charge and amplitude in the HOMO (0.638 on the
o-nitrogen and 0.583 on the $-nitrogen). It should thus be
expected that changes in the R'-substituent in the N—N—R'’
part of the complex might cause a change in reaction at the
o-nitrogen or the B-nitrogen of the bent M—N—-N-R’
complexes with electrophiles. This phenomenon is ob-
served in 4 and 5. In 4, in which a 4-methoxyphenyl group
is attached to the B-nitrogen, the B-nitrogen is protonated
because of the electron-donating properties of the sub-
stituent which increases the electron density at the 3-nitro-
gen, whereas in 5, where the substituent contains an
electron-withdrawing group — the 4-fluorophenyl group,
the protonation site is the a-nitrogen.

Let us finish this section with a discussion of the differ-
ence between 6 and 7, which are complexes substituted on
both the a- and the B-nitrogen. The major difference in the
bonding picture of these two complexes is the Re—N and
N—N bond lengths. The rhenium atom in 6 is in an irreg-
ular tetrahedral environment, which causes a mixing of the
d-orbitals into the three over two situation, whereas in 7, it
is coordinated in an octahedral manner, with the metal
orbitals two over three.

Because of the different electronic environments at the
metal center in 6 and 7, the interaction patterns between

the metal orbitals and the nitrogen fragment orbitals
change. The interaction diagrams are shown in Fig. 6,
where only the major interactions are depicted. To the left
is the interaction diagram for 6, and to the right is that
for 7.

For the CpRe(CO);* fragment to the left are shown d,,
orbital and the two orbitals resulting from a mixing of the
d,. and d,2 orbitals. The d,, orbital is the LUMO, and the
two others make the HOMO and a second LUMO. In the
ReCl,(PR;),NNHCHj fragment to the right, the ordering
of the orbitals is reversed, such that the HOMO is d,, and
the two mixed orbitals are unoccupied. The two orbitals
outlined for the NHNRR'~ fragment, in the middle, are

“the antibonding my_y of y and z character.

The interaction between the two orbitals arising of d,,
and d,2 and the &} orbital on the nitrogen fragment forms
the three expected orbitals, namely a Re—N bonding, a
non-bonding and an antibonding orbital. The Re~N and
N—N overlap populations are not significantly affected
whether the non-bonding orbital is filled (6) or not (7).
Thus the d,—m;" y_y orbital interaction is solely responsible
for the bond-length differences observed for 6 and 7.

For 6 we observe a two-orbital two-electron interaction
between the d,, on the metal fragment and the 7t;_y_y on
the nitrogen fragment. Through this interaction, the }_y_y
orbital donates 1.4 electrons to the metal. This leads to a
shorter N—N bond because of the depletion of electrons
from an antibonding n;_\_y. Furthermore, this orbital in-
teraction has a m-bonding feature between the Re and N,
which accounts for the shorter Re—N bond length found
in 6.

For 7 the same orbitals make a two-orbital four-electron
interaction. This interaction prevents electron donation
from the n;_\_y orbital to the metal. The n;__y orbital is
thus filled in 7, which causes the longer Re—N and N—N
bond lengths observed.

z
y
LX/RQ;coj'Z llQ j'
co N—R
% 6 H\N/ 7

PRy
Cl——Rie'—N—N
R,P® Cl

CH, I+

oo ¥

Fig. 6. A partial interaction diagram for
6 to the left and for 7 to the right.
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Linear-bent M—N—N structures. A series of complexes in
which both a linear and bent M—N—N fragment is present
has also been found and characterized; two examples are 7
and 9. We have performed calculations for different types
of these complexes. The interactions outlined above for the
‘isolated’ linear and the bent M—N—N fragment with a
metal fragment are also found for such complexes. We
suggest that the reason for the presence of a linear and a
bent M—N—N fragment in these types of complex is to
fulfil the 18-electron rule.

From linear to bent M—N—N structures. The interaction
diagrams for the linear and bent forms of the diazenido
complexes show a different ordering of the frontier orbi-
tals. We will, in the following, account for this difference in
terms of an orbital correlation diagram. The correlation
diagram for the bending of the M—N—N fragment in 1
from 180° to 105° is shown in Fig. 7 where the orbitals are
classified as symmetric/antisymmetric with respect to the
mirror plane.

Two avoided crossings are observed in Fig. 7; one is
between the HOMO and the second HOMO, both anti-
symmetric, at about 130°. The other, between two sym-
metric orbitals, occurs at about 115°. The two antibonding
orbitals which are orthogonal to the plane of the bending
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T 124 070 %
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7 060 %
z &
= 120 050 &

118 1 1 1 1 ULO
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Fig. 8. Change in N—N and Re—N overlap populations as a
function of the bending at the B-nitrogen in ReCl,(PR;);NNR'.
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Fig. 7. Correlation diagram for bending at the f3-nitrogen
in ReCl,(PR;);NNR’.

are only slightly affected. The largest change in energy is
found for the orbitals in the plane of the bending. The
orbital which is bonding between the metal and the
a-nitrogen and antibonding between the two nitrogens is
destabilized by the bending, while the orbital which is
antibonding between all three atoms is stabilized.

The changes in orbital energy between the two sym-
metric orbitals can be traced to changes in overlap pop-
ulation between the atoms of the M—N—N fragment. The
LUMO, which crosses the HOMO of the system, is a
hybrid of some s and p, character as a results of the bend-
ing, and, in the product, this initially m-antibonding N—N
orbital changes to a oy_y orbital, shown to the right in the
correlation diagram. The LUMO of the bent structure also
shows some N—N bonding character, but not as much as
the HOMO. The LUMO is also shown to the right in
Fig. 7. It should be pointed out that the avoided crossings
in Fig. 7 occur at a rather late stage of the bending, due to
the fact that no changes in bond length of the linear
M-N-N-R'’ fragment take place upon bending. Further-
more, by adjusting the bond lengths of the bent framework
of 1, according to the known structures, an interchange of
some of the occupied orbitals takes place, to give an orbital
picture matching that observed for the bent M—~N—N—R'’
structure, 2.

We also calculated the change in overlap population
between Re—N and N—N as a function of the bending
angle and the results are shown in Fig. 8.

Two interesting observations can be made from Fig. 8.
At the point where the avoided crossing takes place, the
N—N overlap population increases from 1.190 at 135° to
1.283 at 105°, whereas the Re—N overlap population de-
creases from 0.817 to 0.487 for the same change in angle.
These changes account then for the increase in Re—N and
decrease in N—N bond lengths, on going from a linear to a
bent M—N—-N-R’ complex.

Side-on coordinated M(NR—NR,) structures. The inter-
action diagram for the type IIlc complexes, represented by
8, is shown in Fig. 9. The Mo(N,R)(SR); fragment is
shown to the left and the HNNHR' ~ fragment to the right.

Complex 8 can, to a certain extent, be compared to a
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Fig. 9. Interaction diagram for the formation of
Mo(dmtc),(NNCO,Me)(n?>~-NHNHCO,Me) from
Mo(dmtc),(NNCO,Me)* and n>-NHNHCO,Me".

bidentate coordinated peroxide which has been character-
ized by X-ray crystallography.* The interaction diagram
for 8 shows some similarities to that presented for bidentate
coordinated peroxide.*® The HOMO of the Mo(N,R)(SR);
fragment, the d,, orbital, interacts with the second HOMO
of the HNNHR'~ fragment, the nj_y orbital of p, sym-
metry, in a two-orbital four-electron 6-type interaction.
This results in the occupation of the bonding as well as the
and antibonding combinations. The second LUMO of the
metal fragment, the d,, orbital, interacts with the m{_y
orbital of p, symmetry (the HOMO); and, furthermore, an
unoccupied molecular orbital located higher in energy at
the Mo(N,R)(SR); fragment interacts with the my_ orbital
of p, symmetry of the HNNNR'~ fragment. The interaction
of the two fragments in Fig. 9 leads to donation of 0.86
electrons from HNNHR' ~ to the Mo(N,R)(SR); fragment.
The main interaction is the Mo-d,~m{_x by which 0.55
electrons are donated to the metal. It is interesting to note
the difference in the interactions between a bidentate
coordinated peroxide/peroxo fragment and a bidentate co-
ordinated hydrazido fragment. In the interaction between
the peroxo fragment and an Mo-complex two lone-pair
combinations are formed at the per-oxygens; one is ori-
ented parallel and one perpendicular to the metal-peroxo
plane.*® The frontier orbitals and the interaction diagram
in Fig. 9 indicate that such lone pairs are not formed in the
same significant way in 8 compared with the bidentate
coordinated peroxo-d’-metal complexes. Changing to a
d’-metal complex with a side-on coordinated hydrazido
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ligand, as, e.g.. in CpCL, TifCH;NN(CH,).], the interaction
diagram changes slightly for the interaction between CpCL,Ti*
and CH;NN(CH;); compared with that shown in Fig. 9.
The interaction diagram of the CpClL,Ti[CH;NN(CH,),]
complex leads to an orbital picture, in which the my_y
orbitals of p, and p, symmetry do not interact significantly
with the Ti d-orbitals and thus are nearly lone-pair combi-
nations on the nitrogen ligands in the complex. The metal
of 8 and of CpCLTi[CH;NN(CH,),] are in two different
oxidation states. In the former a d° molybdenum complex is
found, whereas Ti is d" in the latter case. The change in the
metal is evident from the net charges at the nitrogens in
the R'NNR’, fragment, the charge on the singly sub-
stituted nitrogen in 8 is —0.86, whereas it is —0.40 in
CpCLTi[CH;NN(CH;),] and for the doubly substituted
nitrogen the charges are (.00 and —0.19, respectively.

Discussion

Let us in the following discuss the results obtained in rela-
tion to the different types of interaction and to the bindings
of the N-N—R fragment to the metal. as depicted in
Scheme 1. From Fig. 1, eight types of complex are con-
sidered. Using a frontier orbital approach, it is probably
more appropriate and convenient to consider only three
types of N—N—R structure: (i) linear, (ii) bent and (iii)
side-on.

The interaction diagram for the frontier orbitals of the
linear M—N—N-R complexes (type la) is presented in
Figs. 2 and 3. The orbital of the M—N—N—R fragment
which interacts with an electrophile leading to a type Ila
complex has amplitude located mainly on the B-nitrogen,
whereas less amplitude is found at the a-nitrogen. It should
thus be expected that protonation and alkylation of a
type Ia complex should not affect the bonding patterns
significantly. This is in accordance with the structural data
for the type Ia and IIa complexes, in which only small
changes in the M—N and N—N bond lengths are observed.
The average M—~N bond length for 16 Ia complexes®!
is .76 £0.02 A and 1.72+0.02 A for 7 Ila com-
plexes. 67121721

Finally, with regard to the linear structures, the small
deviation from 180° for the M—~N—N bond angle should be
mentioned. DuBois and Hoffmann have argued that for
[MNNR]® complexes that the MNN angle is coupled to the
NNR angle.” It was argued that a minimum MNN angle of
172° would give an NNR angle of 120°. An MNN angle of
180° was suggested also to cause an NNR angle of 180°. It
was pointed out that the variation in the extent of the
7 bonding complicates matters in seeking such a correla-
tion.*

The interaction diagrams based on the frontier orbitals
for the bent structures are shown in Figs. 4, 5 and 6. From
the present work, linear M—N—N complexes should be
expected to have shorter M—N bond lengths than the bent
M—-N-N complexes, and this has been borne out experi-



Table 1. Atomic parameters used in the extended Hickel
calculations.

Orbital H, Exponents
Cra Coa

H 1s -13.6 1.30
C 2s -21.4 1.625

2p —-11.4 1.625
N 2s —-26.0 1.95

2p -13.4 1.95
(e} 2s -323 2.275

2p -14.8 2.275
P 3s —-18.6 1.60

3p -14.0 1.60
S 3s -20.0 1.817

3p -13.3 1.817
Cl 3s -30.0 2.033

3p —-15.0 2.033
Mo 5s —-8.34 1.956

5p -524  1.900

ad —-10.50 4.542 (0.58986) 1.901 (0.58986)
Rh 5s -8.09 2.135

5p -457  2.099

4d —1250  4.290 (0.58070)  1.970 (0.56850)
Re 6s —9.36 2.398

6p -596 2372

5d —12.66 5.343 (0.63775) 2.277 (0.56576)
Pt 6s -9.08 2.544

6p —5.48 2.535

5d —-12.59 6.013 (0.63307) 2.696 (0.55161)

2Exponents in the double zeta-expansion, numbers in
parantheses are the coefficients.

mentally.*?® Inspection of the structural data for the M—N
and N—N bond lengths as well as the M—N—N bond angles
for the bent M—N—N complexes reveal that much greater
variation is found.*'2161722% Thjs could be the reason for
the different types of complex depicted in Fig. 1. Com-
plexes IIb, Ilc, Illa and IIIb are, in principle, the prot-
onated, alkylated, acylated or phenylated form of Ib (see 4,
5, 6 and 7). The variation in bond lengths and angles for the
bent M—N—N complexes is not as simple to interpret as
that for the linear M—N—N complexes. The reason for the
greater structural variation in the M—N bond lengths for
the bent complexes may be due to the mixing of orbitals in
the region 135-115° as shown in Fig. 7. By this mixing of
orbitals, especially between the occupied and unoccupied
orbitals, great variations in bond length can be expected
and we believe that this mixing, to a certain extent, ac-
counts for the structural M—N variations. A simple expla-

TRANSITION-METAL NITROGEN COMPLEXES

nation for the variation in the N—N bond lengths for the
bent M—N—N complexes is not feasible as both electronic
effects and substitution effects at the nitrogens must be
taken into consideration. However, our results for com-
plexes with two similar nitrogen ligands indicate that the
bent one should be expected to have a longer N—N bond
length than the linear N—N complexes, which is in accord-
ance with the experimental results.’

The third group of complexes is the side-on coordinated
hydrazido structures. The variation in structures between
the titanium and molybdenum complexes is mainly due to
the difference in electron density and in the structural
environment around the metal.

Appendix

All calculations were performed by the extended Hiickel
method.” The orbital parameters are summarized in
Table 1. For all geometries experimental data were used;
substituents at phosphorus were modelled by hydrogen,
and at the nitrogens either by hydrogen or by a methyl
substituent depending on the complex. Standard bond
lengths and angles for the substituents on the nitrogens and
phosphines were used.
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