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The bonding nature of diazomethane, diazirine, and dinitrogen complexes is studied with molecular orbital calculations 
and is discussed by the mode of the orbital interaction. I t  is ascertained that the end-on coordination of the dinitrogen 
ligand is more favorable than the side-on one. For the end-on coordination, it is suggested that “u  donation” is more important 
for the formation of the metal-nitrogen bond than ‘‘K back-donation”, which mainly contributes to the weakening of the 
nitrogen-nitrogen bond. 

Introduction 
Nitrogen fixation has been one of the current topics in recent 

organometallic chemistry. After the synthesis of the dinitrogen 
complex [Ru(NH3),(N2)]X2, (X = Br-, I-, BF,-, PF6J by 
Allen and Senoff,’ a large number of dinitrogen complexes 
of transition metals (Fe, Co, Ni, Mo, etc.) have been syn- 
thesized and investigated. Most of them had the structure not 
of the side-on but of the end-on coordination, and the N-N 
bond of the dinitrogen ligand (N2) was not so largely weakened 
in the complex, irrespective of the strong-bond formation 
between a metal and a dinitrogen ligand.2 

The stable conformations of these dinitrogen complexes were 
discussed by Hoffmann et al. by use of a correlation diagram 
which they p r ~ p o s e d . ~  They demonstrated that the end-on 
coordination is more advantageous than the side-on one in 
some dinitrogen complexes. Recently, Vaillard4 carried out 
a b  initio calculations for the dinitrogen complexes of the metals 
Fe, Co, Ni, and Ti and showed that the end-on coordination 
is more favorable than the side-on one. H e  also discussed the 
bonding nature in the end-on coordination, pointing out that 
the weakening of the N-N bond cannot be explained on the 
basis of the R back-donation only and the hybridization of the 
u orbital in the N2 ligand is important for the bonding. 

In regard to the bonding nature of the dinitrogen complex, 
there are two kinds of important interactions between the metal 
(M) and N2 (Figure 1) .  One is the K back-donation from 
the occupied d orbitals of M to the unoccupied K* of N2, and 
the other is the u donation from the lone pair of the latter to 
the unoccupied orbitals of the former. The energy gap between 
the occupied orbitals of M and R* of N2 is small, and hence 
this interaction is favored. On the other hand, the lone-pair 
orbital of N 2  is considered to lie too low to interact with the 
unoccupied d and sp orbitals of M. Therefore, the R back- 
donation has been attributed to the main origin of the met- 
al-nitrogen bond, and the r donation has not been considered 
to contribute to it so muchS2 It seems, however, to be insuf- 
ficient to inspect the magnitude of the orbital interaction only 
by the energy gap, since this interaction depends on the 
overlapping of the molecular orbitals (MO’s) as well as the 
energy gap. It is interesting and necessary to analyze the 
contribution of each interaction in order to understand the 
bonding nature of dinitrogen complexes. In the present paper, 
the general aspect of the bonding nature of the N-N and M-N 
bonds in the dinitrogen complex is studied by the mode of the 
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503 (1977); (b) D. L. DuBois and R. Hoffmann, Nouu. J .  Chim., 1,479 
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orbital interaction between the MO’s of N2 and those of M. 
Before the investigation of the dinitrogen complexes, it seems 

quite suggestive to examine the bonding nature of the model 
compounds such as diazomethane and its geometrical isomer 
diazirine5 because these compounds show some similarities to 
the bonding properties of dinitrogen complexes. For example, 
the force constant of the weak bond between CH2 and N2 in 
diazomethane6 is found to be very close to that of the Ru-N, 
bond in R u ( N H ~ ) ~ ( N ~ ) ~ + .  Moreover, diazomethane is formed 
by the direct reaction of carbene (CH,) and N2,’ just as di- 
nitrogen complexes are formed by the direct reaction of metal 
complexes and N2. In the former reaction, two electrons are 
regarded as being promoted from the lone-pair orbital, nc, to 

z - 
t 

“C PY “N 

pv in CH2.* Therefore, the orbital interactions in the model 
compounds are considered to be very similar to those of di- 
nitrogen complexes; Le., the charge transfer (CT) interaction 
from pv to R* in diazomethane corresponds to the T back- 
donation from the occupied d orbitals of M to the unoccupied 
R* of N2 in the end-on complex. The C T  interaction from 
the lone-pair orbital of N2, nN,  to nc corresponds to the u 
donation from n N  to the dr2 and sp orbitals of M (Figure la) .  
The orbital interactions in diazirine also correspond to those 
in the side-on complex. Therefore, diazomethane and diazirine 
seem to be good model compounds for understanding the 
essence of the bonding nature of the N-N and M-N bonds 
in the end-on and side-on complexes, respectively. 

The first part of this paper will be devoted to the discussion 
of the interaction between CH2 and N2 by the mode of the 
orbital interaction. In the second part, the M-N and N-N 
bonding nature will be discussed by comparing the calculated 

~ ~~~ ~ ~ ~~~ 
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Figure 1. Schematic representation of orbital interactions in dinitrogen 

results of dinitrogen complexes with those of the model com- 
pounds. These consideratima of the bonding nature will be 
applied to the explanation of the observed IR frequencies of 
some dinitrogen complexes. 
Method of Calculation 

The model compounds diazomethane and diazirine9 are calculated 
by the STO-3G minimal basis set. The MO's of these model com- 
pounds are transformed into the localized MO's (LMO) in order to 
represent the nature of the lone-pair orbital explicitly and expanded 
by the LMOs of N2 and CH2 The bond strength is discussed in terms 
of the atomic bond population (ABP). 

The transition-metal complexes RU(NH~)~(N~)'+, COH(PH~)~(N~),  
and [(PH3)2Ni]2(N2) were determined by the CNDO-type semi-em- 
pirical method.I0 For metals, the ionization potentials are estimated 
by using the data of Di Sipio et a1.,l1 and the values of one-center 
Coulomb repulsion integrals are also taken from the same paper. For 
ligands, these parameters are taken from Hinze's work.12 The 
double-{-type wave functions of Richardson" are used for the Ni and 
Co complexes. The wave function of Ru defined by Hoffmann et aL3 
is used here. For the ligands, overlap integrals are calculated with 
single Slater-type orbitals by Clementi and Raimondi.14 The EAB 
values which are defined as the energy contribution of the A-B bond 
to the total energyI5 are used for the measure of the bond strength. 
The EAB value 
EAB = CACB(2pIsHIs  - O.~P,ZY,)  + 

I S  

C A C B ( P r ,  - N,)(P,S - NS)YIS 
I S  

has two components which are considered to be the covalent (the first 
term) and the electrostatic (ES, the second term) interactions. The 
covalent component of EAB is divided into each type interaction16 such 
as Ed,,y, +, EsVnc, and so on. 

(9) (a) B. Bigot, R. Ponec, A. Sevin, and A. Devaquet, J .  Am. Chem. SOC., 
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J .  Chem. Phys., 36, 1057 (1962). 
E. Clementi and D. L. Raimondi, J .  Chem. Phys., 38, 2686 (1963). 
(a) J. A. Pople, D. P. Santry, and G. A. Segal, J .  Chem. Phys., 43, s129 
(1965); (b) M. S. Gordon, J .  Am. Chem. SOC., 91,3122 (1969); (c) S. 
Sakaki and H. Kato, Bull. Chem. SOC. Jpn., 46, 2227 (1973). 
S. Sakaki, K. Hori, and A. Ohyoshi, Inorg. Chem., 17, 3183 (1978). 

( b )  

complexes and model compounds. 

Table I. Atomic Bond Populations (ABP) and Their Differences 
before and after the C-N Bond Formation of 
the Model Comoounds 

N, diazomethane diazirine 

N-N Bond 
n 0.424 -0.117 -0.198 
a 0.195 0.058 0.002 
total 0.619 -0.059 -0.196 

C-N Bond 
n 0.129 0.1 80a 
a 0.313 0.180 
total 0.442 0.360 

a This value is the sum of the ABP's of two C-N bonds. 

Table 11. Molecular Orbital Populations of 
Diazomethane and Diazirine 

diazomethane Aend-on diazirine *side-on 

CH, "c 0.610 0.6 10 0.663 0.663 
PY 1.380 -0.620 1.020 -0.980 

N, nN 1.400 -0.600 1.952 -0.048 
n* 0.634 0.634 0.8 26 0.826 
$7 1.985 -0.015 1.413 -0.587 

Although dinitrogen complexes have tertiary phosphines as ligands, 
we employed the PH3 group for simplicity. However, this replacement 
would not give rise to the essential difference on the M-N and N-N 
bonding nature. Bond lengths and bond angles of dinitrogen complexes 
were taken from X-ray studies.l' 
Result and Discussion 

Bonding Nature of Diazornethane. The ABP of the N-N 
bond in the free N2 and those of the C-N bonds in diazo- 
methane and diazirine are given in Table I. The differences 
in these values between the free N2 molecule and the N2 in 
the model compounds, A = ABP(CH2N2) - ABP(N2), are also 
displayed in Table I. 

The difference population of the N-N bond, A, gives the 
negative value for diazomethane (-0.059), indicating the 
weakening of this bond through the C-N bond formation. The 

(17) (a) F. Bottomely and S. C. Nyburg, Chem. Commun., 897 (1966); (b) 
J.  H. Evemark, B. R. Davis, J. A. McGinnety, and J.  A. Ibers, ibid., 
96 (1968); (e )  P. W. Jolly, K. Jones, C. Kriiger, and Y.-H. Tsay, J .  
Organomet. Chem., 33, 109 (1971). 
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Figure 2. Schematic representation of the orbital interaction causing the u and P back-donations in diazomethane. 

a ABP increases slightly (0.058), and the P ABP largely de- 
creases (-0,117). The decrease of the ABP of this bond is 
primarily attributed to that of the P-type population. The 
electron densities (the molecular orbital populations) and the 
change of these values in some MO's before and after the C-N 
bond formation are listed in Table 11. The change of the 
electron densities in n N  and P* is considerably large (nN 
-0.600, P* 0.634). The decrease of the density in the former 
orbital is caused by the a donation, and the increase of that 
in the latter is due to the P back-donation. It implies that the 
P back-donation is important to weakening of the N-N bond. 

The change of the N-N bond strength is explained in terms 
of the orbital interaction. The schematic representation of the 
orbital interaction is shown in Figure 2. The CT interaction 
from pv of CHz  to n* of N, contributes to the weakening of 
the N-N bond because of the antibonding nature of P* (Figure 
2a). For the CT interaction from n N  to nc, two types of orbital 
interactions are considered; one is the interaction which con- 
tributes to the strengthening of the a-bond nature because of 
the mixing of n N  with a,,' through nc as shown in Figure 2b. 
The interaction of nc with n N  and a,,' gives dZ, and 43 
MO's, and the orbital mixing of n N  and uu+ is considered to 
be the largest in a,.'* In this orbital, n N  and nc overlap in 
an  in-phase manner, whereas up+ and nc overlap in an out- 
of-phase fashion. Consequently, the interaction between the 
2s A 0  of the N, atom and the 2p, A 0  of the Nb atom in @2 
contributes to strengthening of the N-N bond. This trend is 
clearly shown in the change of the atomic orbital bond pop- 
ulation (AOBP; 0.055 - 0.138). The other is the polarization 
from u to a* through nc as shown in Figure 2c. This inter- 
action weakens the N-N bond because of the antibonding 
nature of u*, In the case of diazomethane, the former in- 
teraction is more important than the latter, since the ABP of 
the a-bond nature increases. 

The C-N ABP of the P-bond nature is smaller than that 
of the a-bond nature (0.313 (u) > 0.129 (P)). From this trend 
of the ABP, the u donation is more important to the formation 
of the C-N bond than the P back-donation. However, the 

(18) S. Inagaki, H. Fujimoto, and K. Fukui, J .  Am. Chem. SOC., 98, 4054 
(1976). 

decrement of the pv density due to the P back-donation 
(-0.620) is larger than that of the n N  density due to the a 
donation (-0.600). It means that the n back-donation gives 
charge transfer without the effective contribution to the C-N 
bond formation, whereas the a donation mainly contributes 
to the C-N bond formation. This is probably attributed to 
the fact that the overlapping between py and P* is smaller than 
that between nN and nc. 

Bonding Nature of Diazirine. As Table I shows, the N-N 
bond of diazirine is largely weakened in comparison with that 
of diazomethane. The origin of its weakening is of course the 
decrease of the n-bond nature. The P* density of N2 in dia- 
zirine (0.826) is larger than that in diazomethane (0.634). 
This is easily explained in terms of the concept of the orbital 
interaction. Since the overlapping between py of CH2 and P* 
of N2 in diazirine is larger than that in diazomethane, the CT 
interaction from py to n*  in the former is stronger than that 
in the latter. The P density of the N 2  ligand of diazirine 
(1.41 3) is smaller than that of diazomethane (1.985), because 
in the case of the latter the C T  interaction from P of N z  to 
nc of CH2 is negligibly small due to the nodal property. The 
electron densities of P and P* show that the P nature of the 
N-N bond in diazirine is more weakened than that in diazo- 
methane. Therefore, the N-N bond of diazirine is more 
weakened than that of diazomethane. In the case of diazo- 
methane, only the P back-donation leads to the weakening of 
the N-N bond, whereas in the case of diazirine the P back- 
donation and CT interaction from P of N, to nc of CH2 
contribute to it. These CT interactions also contribute to the 
formation of the C-N bond of diazirine. 

Configuration Analysis. In order to understand the bonding 
nature of these compounds more quantitatively, we carried out 
the method of configuration a n a l y ~ i s . ' ~  The results of the 
model compounds using the LMO's of the Nz and CH2 
fragments are shown in eq 1 and 2 for diazomethane and 
diazirine, respectively. &, stands for the adiabatically inter- 

(19) (a) H. Baba, S. Suzuki, and T. Takemura, J .  Chem. Phys., 50, 2078 
(1969); (b) H. Fujimoto, S. Kato, S. Yamabe, and K. Fukui., ibid., 60, 
572 (1974); (c) S. Kato, H. Fujimoto, S. Yamabe, and K. Fukui., J .  
Am. Chem. SOC., 96, 2024 (1974). 
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$cH~~.J-N = 0.30440 + 0.2734,,-,, + 0.12042,,,-,,) - 
0.1234,,,* + 0.0704,,py--n*) + ... (1) 

+Hzp.J-p.J = 0.23340 - 0.2004,-,, + O.O664,,,-,,, - 
0.2684,,,* + 0.1424,,,,,*) + ... (2) 

acting configuration, indicates the configuration in which 
one electron is transferred from MO i to M O  j ,  and 
also indicates the configuration of two-electron transfer. It 
should be noted that in the present calculation the CH2 
fragment is assumed to have the doubly occupied py and the 
unoccupied nc.8 

Equation 1 shows that the CT interaction from nN to nc (u  
donation) as well as that from py to a* (a back-donation) is 
important to the diazomethane formation. The coefficients 
of the configuration representing the u donation, $nN-nc and 
42,nN-nc), are larger than those representing the a back-do- 
nation, &,,,-+ and 42(py-,*). The configuration analysis to- 
gether with the results of ABP demonstrates that the u do- 
nation plays a more important role in the C-N bond formation 
of diazomethane than the K back-donation. The a back-do- 
nation seems to contribute to mainly weakening of the N-N 
bond. 

In the case of diazirine, the coefficients of eq 2 show that 
both the CT from K to nc and the a back-donation are im- 
portant to the formation of this molecule. These two inter- 
actions contribute to weakening of the N-N bond, because 
of the decrease of the electron density in the bonding a orbital 
and the increase of that in the antibonding K* orbital. 
Therefore, the N-N bond in diazirine would be more weakened 
than that in diazomethane. 

Dinitrogen Complexes of Transition Metals. R U ( N H ~ ) ~ -  
(N$+ (1) has a square-bipyramidal structure. The structures 
of dinitrogen complexes C O H ( P H ; ) ~ ( N ~ )  (2) and [(pH,),- 
Ni],(Nz) (3) are shown. Ru, Co, and Ni complexes are 

PI i 
I 

Ru(NH,),(N,) CoH(PH,),W,) [(PH,)Nil 2(NZ) 
1 2 3 

formally characterized as the complexes with d6, d8, and dl0 
configurations, respectively. The calculated M O  levels of the 
fragmentsZo Ru(NH3)?+ and C O H ( P H ~ ) ~  are shown in Figure 
3. The LUMO of the Ru fragment is found to be d,z, and 
its H O M O  is found to be not dxr,yz but the lone-pair orbitals 
of the N H 3  ligands in the equatorial plane. The order of the 
energy levels of the d orbitals is in agreement with that ex- 
pected by the ligand field theory. The LUMO of the Co 
fragment is composed of dZz, 4p, AO's of M and the Is A 0  
of the hydride ligand (sH). The L U M O s  of these metal 
fragments indicate the ability to accept electrons from the N 2  
ligand to dZ2 of M in an end-on manner. On the other hand, 
in the Ni complex of dl0 configuration its dZz is an occupied 
MO. The u donation is limited to that from the N 2  ligand 
to sp orbitals of M. 

Calculated EAB's indicating the strength of the bond A-B 
are given in Table 111. The absolute values of the E"'s are 
in the order N2 > Co(Nz), Ru(N2) > Ni(N2), being consistent 
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Figure 3. Upper portions of the MO energy diagram of the fragments 
R u ( N H ~ ) ~ +  and Co(PH,),, nNH; (i = 1-4) indicates the lone-pair 
orbital of the NH, ligand in the equatorial plane. 

Table 111. EA, Values and Their Covalent and Electrostatic 
Components in Some Dinitrogen Complexes 

. .. 
N, end-on side-on end-on side-on end-on 

N-N Bond 
2312 2105 2105 
-59.64 -57.18 -54.16 -58.91 -54.04 
-24.48 -23.42 -21.28 -23.56 -22.01 
-35.16 -34.14 -33.17 -34.93 -33.35 
0.00 0.38 -0.57 -0.38 0.14 

M-N Bond 
, -15.52 -18.64b -21.98 -26.3Sb 

-0.56 -1.13 -0.57 -2.04 
-4.28 -3.97 -1.41 -1.32 
-9.71 -11.09 -14.98 -14.42 
0.00 -1.85 0.00 -1.36 
0.00 -6.71 0.00 -15.36 
-0.68 -1.15 -3.66 -2.06 

2028 
-55.03 
- 22.00 
-33.90 
0.87 

-21.03 
-0.99 
-0.69 
-15.90 
0.00 
0.00 
-1.62 

a See Method of Calculation, This value is the sum of the 
EAB'S of two M-N bonds. 

with the tendency observed in the experimental results of the 
IR frequencies of the N-N bond, Y N N . ' ~  The *-bonding 
energies of the ENN's decrease by 0.92-2.48 eV, being con- 
sistent with the trend seen in diazomethane. The u-type in- 
teraction, however, decreases in contrast with the case of the 
model compound. The difference can be interpreted in terms 
of the orbital interactions, which are schematically shown in 
Figure 4. In this case, there are also two types of important 
interactions as is considered in diazomethane. One is the 
polarization from cr to cr*, which makes the N-N bond of the 

(20) The MO levels of these fraements are calculated with the use of the 
' same geometries of the parent complexes, Le., RU(NH,)~(NZ)*+ and 

COH(PHJ)J(N~). 

(21) (a) J. Chatt, J. R. Dilorth, and G. J .  Leigh, J.  Organomet. Chem., 21, 
49 (1970); (b) J. P. Collmann, M. Kubota, J.-Y. Sun, and F. V. Vastine, 
J .  Am. Chem. Soc., 89,169 (1967); (c) Yu. G. Borodoko, A. K. Shilova, 
and A. E. Shilov, Dokl. Akad. Nauk SSSR, 176, 1297 (1967). 
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Metal M- N2 N2 Metal  M-N2 N2 Metal M-NZ Nz 

( b )  

( a )  
Figure 4. Schematic representation of the u and a back-donations in the dinitrogen complex. 

Table IV. Observed V N N  Frequencies of Some 
Dinitrogen Complexes 

no. of 
transition d elec- V N ~ ;  

complex seriesa trons cm 

a See ref 23. 

u nature weak (Figure 4c). The other is the orbital mixing 
of u,+ with a through dZ2 and sp, which makes this bond 
stronger (Figure 4b). The decrease of the absolute value of 
the u nature indicates that the former interaction is more 
important than the latter, opposite to the result of diazo- 
methane, whereas the u donation influences little the N-N 
bond strength because the destabilization of the u-type E" 
is small. Thus, the a back-donation from dxz,yz to a* con- 
tributes primarily to the weakening of the N-N bond. 

In the Ni complex, the decrease of the absolute value of E" 
is considerably large in comparison with other end-on-type 
complexes. This is because the Ni  complex has two metal 
atoms which can donate electrons to x*. 

is in the order Ru > Co > 
Ni in the M-N bond is clearly related to the properties of the 
LUMO of each fragment. As previously mentioned, LUMO's 
of the Ru and Co fragments are mainly constructed with d,z 
and that of the latter one has sH nature. The hydride ligands 
prevent the electron in nN from transferring to the metal. The 
absolute value of is smaller than those of and 
EspnN. This result shows the importance of the u donation to 
the formation of M-N bond, being agreement with that of the 
ABP in diazomethane. Thus, we may come to the conclusion 
that the u donation is important to the formation of the M-N 
bond and the x back-donation plays a minor role in the bond 
formation. 

That the magnitude of 

The absolute values of the E"'s of the side-on complexes22 
considerably decrease in comparison with those of the end-on 
ones, owing to the interactions of the types dxz,yz-r* and dZ2, 
sp-x. Moreover, the interactions between the a orbital of N 2  
and the unoccupied dZ2 and sp orbitals of M make the N-N 
bond weaker and the M-N bond stronger as shown in 4. 

4 
Although the M-N bond is fairly strengthened by these in- 
teractions, experimental evidence shows that the side-on co- 
ordination is unfavorable. This result may be explained in 
terms of the followings: the N-N bond of the side-on complex 
is fairly weakened in comparison with that of the end-on one. 
For example, in the Ru complex the absolute values of the 
E"'s decrease by 1.86 and 5.48 eV for the end-on and the 
side-on complexes, respectively. On the other hand, those of 
the EMN's in the same complexes increase by 15.52 and 18.64 
eV, respectively. The total stabilization energies due to the 
complex formation are 13.66 and 13.16 eV for the end-on and 
the side-on complexes, respectively. I t  is, therefore, expected 
that the end-on complex is more stable than the side-on one. 
In the side-on complex, the N-N bond is considerably weak- 
ened. The destabilization of the N-N bond may overwhelm 
the stabilization by the formation of the M-N bond. On the 
contrary, the small weakening of the N-N bond by the end-on 
coordination is made up for by the gain of the relatively large 
M-N bonding energy which is mainly caused by the u do- 
nation. The same trend is seen in the Co complex. Thus, the 

(22) The geometries of the side-on complexes are assumed. The distance 
between M and the center of N2 is same as the M-N distance in the 
end-an complexes, and the other factors are the same in the geometrical 
isomers. 
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end-on coordination is more favorable than the side-on one. 
Hereafter, the former coordination will be discussed by com- 
paring the theoretical consideration with experimental data. 
Comparison with Experimental Results 

As a result of the present considerations, it is found that 
both the u donation and the a back-donation contribute to the 
formation of the M-N bond, and the former is more important 
than the latter. Furthermore, the weakening of the N-N bond 
due to the formation of the dinitrogen complex is found to be 
ascribable to the a back-donation. Therefore, it is considered 
that the observed V" values are primarily related not to the 
strength of the M-N bond but to the magnitude of the a 
back-donation. 

The magnitude of the x back-donation is clearly related to 
the energy levels of the d orbitals of the central metal atom. 
Since these values are, in general, parallel to the transition 
series 3d < 4d < 5d, the N-N frequencies, which may be 
expected by the strength of the a back-donation, are parallel 
to the transition series.23 Experimental results reported so 
far are summarized in Table IV, in which complexes are co- 
ordinated with the same ligands but are changed by the central 
atoms of the same group of the different transition series. In 
the M(NH3)s(N2)2+-type complexes21 (M = Ru, Os), the urn's 
decrease in the order Ru (4d) > Os (5d), and other pairs of 
the dinitrogen complexes indicate the same trend, being con- 
sistent with the present prediction. Moreover, the Os(II1) 
complex is a weaker electron donor than the Os(I1) complex. 
The former has a strong N-N bond in comparison with the 
latter. The same result is seen in the Re complexes. 

While the N-N bond strength has the parallel relationship 
with the transition series, the M-N bond strength is not so 
simple, because this is affected by the contribution from the 
7~ back-donation as well as the u donation even though the 
bond itself is formed mainly by the u donation. For example, 
the M-N bond in O S ( N H ~ ) ~ ( N ~ ) * +  is stronger than that in 
the Ru analogue.24 It may be attributed to the larger a 

(23) The first transition series is that of metals which have 3d valence or- 
bitals. The second and third ones are those of metals with 4d and 5d 
valence orbitals, respectively. 

(24) The IR absorption band near 500 cm-' is assigned to the M-N 
stretching frequency in M(NH3)5(N2)2* even though it may couple with 
other metal-ligand stretching modes. Moreover, the dissociation energy 
of the M-N bond in the Os complex is larger than that in the Ru one. 
These facts show that the M-N bond in the former is stronger than that 
of the latter. 

back-donation of the Os complex. On the other hand, a 
complex, Fe(Et2PC2H4PEt2)2H(N2), has been synthesized, but 
the Ru and Os analogues have not been done yet.2 It is 
considered that there is not u donation enough to form the 
stable Os or Ru complex, probably because of the higher 
energy levels of the unoccupied dZ2 or sp orbitals of metals 
owing to the electron transfer from Et2PC2H4PEt2 ligands. 

Concluding Remarks 

In the present work, the dinitrogen complexes of transition 
metals are investigated in terms of the MO calculations and 
the mode of orbital interactions. The calculated results, in 
the light of experimental data reported so far, suggest the 
following. 

(1) Both the u donation and the T back-donation are related 
to the formation of the metal-nitrogen bond in dinitrogen 
complexes. The former interaction is more important to it than 
the latter one. The a back-donation contributes to the 
weakening of the N-N bond. 

(2) The N-N bond of the side-on complex is appreciably 
weakened because of the electron donation from the bonding 
a orbital and u orbital of the N2 ligand to the unoccupied 
MO's of the metal. Moreover, there is the electron acceptance 
from the occupied MO's of the latter to the antibonding a* 
of the former. Therefore, the end-on coordination is considered 
to be more advantageous than the side-on one. The weak N-N 
bond in the side-on complex indicates that the N 2  ligand in 
this type complex is fairly activated. It may be suggested that 
the reduction of the coordinated nitrogen molecule proceeds 
through this activated form.25 
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Group 6 transition-metal carbonyl complexes of the macrocyclic ligands cis-2,10-diphenyl-6-phenyl-6-aza-2,lO-diphos- 
phabicyclo[9.4.0]pentadeca-l( 1 1),12,14-triene (1, 1 l-P2NPh) and cis-2,1O-diphenyl-6-methyl-6-aza-2,1O-diphosphabicy- 
clo[9.4.0]pentadeca-l(l1),12,14-triene (2, 1 1-P2NMe) have been synthesized from the metal hexacarbonyls and the macrocycles 
by thermolysis. Ligand 1 gives only the tetracarbonyl, whereas 2 yields thefuc-tricarbonyl via the corresponding tetracarbonyl 
species. The complexes have been characterized by using 'H, I3C, and 31P N M R ,  as well as IR spectroscopy. 

The synthesis and chemistry of phosphine complexes of the 
group 6 transition-metal carbonyls have received considerable 

attention over the years, as indicated by several reviews2 We 
recently described the synthesis and structure of a number of 
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