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ABBREVIATIONS 

acac 
APS 
bz 
CNDO 

CP 
das 
depe 
DMF 
dmpe 

dPPe 
dpse 
EHT 

acetylacetonate (MeCOCH,COMe) 
adiabatic potential surface 
benzyl (C,H.,) 
complete neglect of differential overlap method 
cyclopentadienyl (C,H,) 
ethylene bisdiphenyl arsine (Ph 2 AsCH ,CH z AsPh 2) 
ethylene bisdiethyl phosphine (Et 2 PCH,CH,PEt 2) 
dimethyl.formamide (C,H,ON) 
ethylene bisdimethyl phosphine (Me,PCH,CH,PMe,) 
ethylene bisdiphenyl phosphine (Ph,PCHJH,PPh,) 
1,2-bisdiphenyl thioethane (PhSCH,CH,SPh) 
extended Htickel theory 
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: 
ethylene diamine (C,H,N,) 

ethyl (C,H,) 
EXAFS extended X-ray absorption fine structure 
ESR electron spin resonance 
F-H Fenske-Hall method 
GVB generalized valence bond method 
HFS-DVM Hartree-Fock-Slater discrete variational method 
hmb 
HOMO 
IEHT 
INDO 
i-Pr 
IR 
LUMO 
Me 
mes 
MO 
LCAO 
NMR 
Ph 
SCF 
t-Bu 
THF 
UHF 
ZDO 

hexamethyl benzene (C,(Me),) 
highest occupied molecular orbital 
iterative extended Htickel theory 
intermediate neglect of differential overlap method 

isopropyl (C, H , ) 
infrared 
lowest unoccupied molecular orbital 
methyl (CH 3) 
mesitylene (C,H,(Me),) 
molecular orbital 
linear combination of atomic orbitals 
nuclear magnetic resonance 

phenyl (C,H,) 
self-consistent field method 
tert-butyl (C,H,) 
tetrahydrofuran (C_,H,O) 
unrestricted Hartree-Fock method 
zero differential overlap method 

A. INTRODUCTION 

Contemporary trends in agricultural production require an extreme in- 
crease in nitrogen fertilizer production [l]. The high energy requirements of 
current technology, the need for colossal quantities of relatively pure hydro- 
gen, as well as the environmental problems engendered by increasing pro- 
duction of nitrogen compounds encourage the development of new technolo- 
gies. These can be realized in two ways: (1) biological accessibility of genetic 
modification which can make possible gene-transmission from the nitrogen 
fixing bacteria to other organisms; (2) a new catalytic system for nitrogen 
fixation under normal conditions. 

A characteristic feature of chemical processes in nature is the utilization of 
biological catalysts (enzymes) which are more effective than synthetic cata- 
lysts, both in their activity and specificity. However, a synthetic catalyst, in 
contrast to a biological catalyst has to fulfil only one function: to catalyze 
only a selected chemical reaction. For this reason it is important to know the 
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principles of action of the competent active centre of the enzyme, taking into 
account its ligand sphere. 

There are two principal problems in the development of new catalytic 
systems for nitrogen fixation. 

(1) Owing to the complexity of enzyme systems, detailed experimental 
studies of elementary reaction mechanisms and properties of their active 
centres become extremely difficult. 

(2) The extraordinary stability of molecular nitrogen (the most stable 
system among diatomic molecules) manifests itself in high barriers to direct 
oxidation and reduction, (the ionization potential is 15.6 eV [2] and the 
electron affinity is 3.6 eV [3]). Comparing the energy balances for individual 
bond-splitting in the dinitrogen molecule (5.41, 2.69 and 1.65 eV for the first, 
second and third bonds, respectively, [4]) we may conclude that the critical 
step in molecular nitrogen fixation is splitting of the first N-N bond. This 
step can be facilitated by dinitrogen coordination. Although the dinitrogen 
molecule is a weak u donor, its a acceptor ability is of medium magnitude 
[5]. Thus, factors raising the metal-to-dinitrogen charge transfer (the filling 
of dinitrogen rr* orbitals) become crucial for dinitrogen activation: a way of 
processing dinitrogen reduction under “soft” conditions. 

However, a synthetic catalyst as efficient as natural nitrogenase is not yet 
known. Scientists throughout the world in thousands of publications have 
reported aspects of formation, structure, electronic structure, thermody- 
namics, kinetics, reactivity, catalytic and biological activity of dinitrogen 
complexes and related systems. Selected topics from this field have been 
summarized in several extensive reviews [5-171. Quantum-chemical studies 
of model dinitrogen-containing systems appear in the literature with increas- 
ing frequency. The scope of the present review is to summarize modem 
knowledge of the metal-dinitrogen moiety including mutual relationships 
between geometric and electronic structures of dinitrogen complexes. 

B. THE COORDINATION MODE OF THE DINITROGEN LIGAND 

(i) Experimental structure data 

Despite its low (I donor ability, the dinitrogen molecule can interact with 
metal centres yielding metal-dinitrogen complexes. Dinitrogen can be coor- 
dinated to one or more central atoms (usually on Ti, Zr, V, MO, Nb, Ta, Cr, 
W, Mn, Re, Fe, Ru, OS, Co, Rh, Ir, Ni, Pd and Pt) to function as a terminal 
or a bridging ligand. Various metal-to-dinitrogen (M : N,) ratios can be met, 
viz., 1 : 1, 1 : 2, 2 : 1, 2 : 3, 4 : 2 and 3 : 2, as covered by examples in Table 1. 
The coordination mode of dinitrogen can be represented by several struc- 



TABLE 1 

Geometric arrangements of dinitrogen containing transition metal complexes 

Geometric arrangements 

Mononuclear complexes 
I linear 
II bent 
III perpendicular 
IV bent 

Binuclear complexes 
V linear 
VI bent 
VII perpendicular 
VIII linear 

Polynuclear complexes 
IX linear 
X nonplanar 
XI bent 

M:N, 

1:l 
I:1 
1:l 
1:2 

2:l 
2:x 

2:3 

3:2 
4:2 
3:2 

Example 

~R~(NH~)~tN~)lCl~ 
ICoW’h,),WN, )lEt,O 

PO’(C,H,,),1&KN,) 
Wotdppe)zWz)21 

[(N~)(Ru(NH~)~)zI(BF~), 
[(N,)(Ta(CHCMe,)(CH,CMe,)(PMe3),), I 
Unknown 

I(% KW% )(?‘-Cs Me, 1 2 ) 2 1 

IMoCl,((N,)ReCl(PMe,Ph),),l 

[(PfiLi),Ni,(N,)(Et,O),j2 
[(Co(PMe,),(N2))2Mg(THF),I 

tures: the relevant geometric arrangements of the metal-dinitrogen moiety 
are included in Table 1 and illustrated in Fig. 1. 

As shown in Tables 2 and 3, the linear (end-on) mode of dinitrogen 
coordination prevails over the alternative triangular (side-on) mode. Devia- 
tions from linearity of the M-N-N linkage are manifest in the bond angle cy 
being not lower than 175” and 171” for mononuclear and binuclear com- 
plexes, respectively. The N-N bond lengths in mononuclear complexes (the 
end-on coordination mode) range between 1.03-1.16 (hereafter in units of 
lo-‘* m). Notice, the N-N bond length in the free N, molecule is 1.0975 
1561. The lengthening of the N-N bond indicates slight dinitrogen activation 
upon coordination. However, X-ray data underestimate N-N bond lengths, 
mainly as a consequence of high thermal motion, or possible disorder or 
libration (Fig. 2). The reported decrease in N-N bond lengths from the 
free-molecule value is often in disagreement with other experimental data 
based mainly on vibrational spectroscopy [32]. 

A more detailed analysis of Table 2 leads to the following conclusions: 
(I) Two MO* complexes (nos. 1 and 2 in Table 2, hereafter marked as f/2 

and 2/2) reveal that with increasing bond angle CY, the N-N bond length (rt) 
decreases with simultaneous increase of the M-N bond length (r2), i.e., r2 is 
inversely proportional to r,. 

(2) Similar behaviour may be found for three Re’ complexes (nos. 3-5/2) 
and for two Co’ complexes (nos. 10, 11/2). This indicates that geometric 
factors descriptive of the dinitrogen coordination mode are mutually condi- 
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I 

I 
I 

I 
l- J 

Fig. 1. The geometric structures of .dinitrogen containing transition metal complexes. 

Fig. 2. Elongation of N-N and M-N bond distances taking into account thermal motion, 
disorder or libration: r; > r,; r; > r,. 

tioned and can reflect the degree of dinitrogen activation. This observation is 
similar to that reported recently for dioxygen complexes [53] and may be 
classified as a consequence of the mutual influence of ligands [54] or the 
equatorial-axial influence [55]. Notice the central atoms exhibit rather un- 
usual, low oxidation states (MO, M’ and Mu). The triangular (side-on) mode 
of dinitrogen coordination was reported for only one compound (no. 13/2); 
the very short distance for r, (much lower in comparison with the free-mole- 
cule value) seems underestimated. 

Table 3 reveals additional information: 
(1) Nearly linear end-on coordination is typical of binuclear complexes 

(nos. l-10/3) while the side-on mode is found in tetranuclear complexes 
(nos. 13, 14/3). 

(2) The range of N-N bond lengths ,is shifted towards higher values 
(typically between 1.12-1.30 and 1.15-1.36 for binuclear and oligonuclear 
complexes, respectively) thus indicating a higher degree of dinitrogen activa- 
tion over mononuclear complexes. 

(3) For two Run complexes (nos. 7/2 and 9/3) the lengthening-of r, and 
the shortening of r, both occur with dimerization. Within the series of three 
Re’ complexes (nos. 5/2, 11/3 and 5/3) r, increases (1.055, 1.15 and 1.18) 
with increasing bond angle cy (177”, 177” and 179O) while r, decreases (1.966, 
1.89 and 1.815). Thus, dimerization and trimerization raise the degree of 
dinitrogen activation. 
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(4) The Zr” complex (no. 4/3) is of extraordinary interest. Here one 
dinitrogen ligand bridges the metal centres, each of them having a terminally 
coordinated dinitrogen (M : N, = 2 : 3). With increasing mean value of r, 
(1.115 vs. 1.182), (Y decreases (177.8” vs. 177.0’) and r, decreases (2.188 vs. 
2.081) for terminal vs. bridging dinitrogen. 

(5) Two tantalum complexes (nos. 1, 2/3) were originally interpreted as 
being of the Ta=N-N=Ta type with a strong (N2)4- to TaV(do) ligand-to- 
metal charge transfer [35-371 with bond lengths of 1.282 or 1.298. Notice, 
the single N-N bond in hydrazine is characterized by a bond length of 1.47 
[56] and the double N=N in azomethane by 1.24 [57]. Thus, the above 
assignment of oxidation number remains questionable. 

(6) Tetranuclear 4: 2 (M: N2) complexes (nos. 13, 14/3) exhibit the 
greatest extension of the N-N bond length over the free-molecule value, 
taking place via side-on coordination. 

In summary, X-ray structure analysis brings valuable information about 
the nature of the M-N-N bonds. However, it is limited to systems yielding 
single crystals of good quality. Unfortunately, this occurs rather rarely, so 
that structural information in solution or for kinetically labile complexes 
(mostly of catalytic interest) may be obtained only by indirect inference 
from spectroscopy. 

(ii) Spectroscopic data 

Dinitrogen containing complexes exhibit in their vibrational spectra (IR 
and Raman) a strong band in the region 1700-2200 cm-’ [58] attributable to 
the N-N stretching vibration (Tables 4 and 5). The high intensity of this 
band in the IR spectra of asymmetric complexes is caused by the polar 
character of the coordinated dinitrogen. Comparison of the wavenumbers for 
N-N and C-O stretching vibrations in analogous complexes is shown in 
Table 6 [58]. In general, fi(N-N) have lower values than G(C-0), indicating 
that the metal-to-ligand charge transfer (filling of the T antibonding orbitals) 
is higher for the dinitrogen ligand compared with the CO ligand. The relative 
decrease of V’(N-N) in dinitrogen complexes and F(C-0) in carbonyl 
complexes is similar in analogous complexes (Table 6). This fact, however, 
does not imply similarity in the M-N and M-C bonds. In the dinitrogen 
ligand the occupied 3ug MO functions as an electron donor, while the empty 
1~~ MO is an electron acceptor. In the carbonyl ligand the corresponding 
MOs are formally nonbonding 5a MO (in reality weakly antibonding) and 
antibonding 27r MO. In dinitrogen complexes both the u donor and 7~ 
acceptor interaction weakens the N-N bond, while in CO containing com- 
plexes the electron donation slightly strengthens the CO bond. According to 
this picture the relative decrease of V”(N-N) may be higher in comparison 
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TABLE 4 

Wavenumbers for NiN stretching vibrations in characteristic mononuclear dinitrogen-con- 
taining complexes 

Metal 

M d” 

Compound i(N-N) 
-1 

(cm 1 

Ref. 

Cr” 
Cr” 
Cr” 
Mn’ 
Fe” 
Fe” 
Fe” 
Fe” 

coo 
co’ 
co’ - 
Ni’ 
Moo 
Moo 
Moo 
Ru” 
Ru” 
Ru” 
Ru” 
Ru” 
Ru” 

Rh” 
OS” 
WO 
W0 
Re’ 
Re’ 
Re” 
Re’ 
OS” 
OS” 
OS” 
OS” 
Ir’ 

,“: 
d6 
d6 
d6 

;“9 
da 
d" 
d9 

$I 
d6 

;: 
;: 
d6 
d6 
d8 
d6 

;I 
;: 
d* 
d6 
d6 
d6 
d6 

tCrtl16-C,H,)tCo),tN,)1 2145 59 

W(meWO)2 W2 11 2132 60 

MhmWCO) 2 W2 )I 2112 60 

[Mn(q5-C5H5)(CO),tN,)I 2169 59 

FeWPEtPh2)AW1 1989 61 

FeH2(PEtPW3(W1 2057 61 

WWW%(Wl+ 2090 62 

[WW5(W13- 2120 63 

WWW’h,),l 2093 64,65 

GWN,)W’h,),l 2090 66,67 

PW)Wt,Ph),l- 1876 68 

NW2 @‘Et 3 1 2 1 2152 69 

WW% 1 2 @‘Me2 Phh 1 1925 70 

Wo(WWW,l 2000 68 

[Mo(W2~%e)21 2040 68 

[RuH,(N,)Wh,),l 2147 71 

NC1 2 W Was) z I 2130 83 

[WNH3)5(W1% 2114 73 

[Wen) 2 (%W% )I 2+ 2130 74 

FWn) 2 (N2 ) 2 1 2+ 2220 75 

[RuCl,(N,)(H,O),(THF)I 2153 76,77 

ifiCl,W,W’b),l 2152 78 

PsH,(N,)V’EtPh,),l 2085 72,82 

W(N2)2(PMe2Ph)41 1931 79 

W(N2)2(dppe)21 1953 83 

[Reck, )PMe2 PM4 1 1925 80 

[Reck, NW ,(PPh 3 ) 2 1 2020 81 

WCW, )(W=)l + 2060 80 

[Re(s’-C,H,)(CO),(N,)l 2141 78 

PC1,(N2)(PMe2PhM 2082 83 

[OsHCl(N,)(PMe,Ph),] 2057 72 

P@JH3MN2)1Br2 2028 68 

PNNH,),(W,lCL 2120 84 

VrCW2)(PPh3)21 2105 85 

with v”(C-0). Since the relative decrease of these quantities is approximately 
the same, the dinitrogen ligand is to be considered as a weaker (I donor and 
also a weaker ?T acceptor than carbon monoxide. Chatt [166] assumed that 
the “donor properties” are superior to the “acceptor properties “, by the 
donor-acceptor interaction of dinitrogen with transition metal centres; every 
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TABLE 5 

Wavenumbers for N-N stretching vibrations in characteristic binuclear dinitrogen containing 
complexes 

Metal Compound a(N-N) Ref. 

M, d” M, d” (cm-‘) 

Ti’ d3 Ti’ d3 I(($-C,H,),Ti),(NJ 1280 86 
Coo d9 Coo d9 [((PEt,Ph),Co),(N,)] 2028 87 
Ni” d” Ni” d” K(C,H”)sP)sNi(Na)Ni((C,H,,),P),I 2028 88 
Fe” d” Fe” d6 [(Fe(q5-C,H5)(dmpe)),(N,)12+ 2054 89 
Fe’ d7 Fe0 da [(pph,)2FeH(oEt,)(N2)Fe(OEt2)(PPh,),l 1761 90 
Re’ d6 Cr”’ d3 [(PMe,Ph),CIRe(N,)CrC1,(THF)z] 1875 91 
Ru” d6 Ru” d6 [(NH,),Ru(N,)Ru(H,O),l(BF,), 2080 92 
Re’ d6 MO” d’ [ReCl(PMe,Ph),(N,)MoCI,(OMe)] 1660 93 
Ru” d6 Ru” d6 [(NH~)~Ru(N~)Ru(NH~)~~(BF,), 2100 94 
Moo d6 Moo d6 [(Mo(PPh~)2(176-C,H,)),(N,)1 1910 95 
Moo d6 Fe” d6 [(C,H,CH,)(PPh,),Mo(N2)Fe(OEt2)(PPh,)2] 1930 95 
Ru” d6 OS” d6 [(NH~)~R~(N~)OS(NH,),I(BF,), 2080 96 

OS” d6 OS”’ d5 [C~(NH,),O~(N,)OS(NH,),I(BF,), 1995 97 

substitution which raises the energy of u-type metal orbitals causes complex 
destabilization. Jaffe and Orchin [169] compared the ability of dinitrogen 
and carbon monoxide to form transition metal complexes. They concluded 
that the 5a orbital of CO is more suited to creating u-bonds with transition 
metals than the 317s orbital of dinitrogen because of its higher p character. 
The 2~ energy level in CO is a better acceptor than the 17~~ level in 
dinitrogen; this is supported by the IR spectra of analogous complexes. The 

TABLE 6 

Corresponding @(N-N) and I(C-0) wavenumbers and their relative decrease (P) in analo- 
gous dinitrogen and carbonyl complexes a 

Compound fi(N-N) (cm-‘) P(N-N) (4%) i(C-0) (cm-‘) P(C-0) (%) 

;oH(LXPPh,),l 

2331 
2088 

WW-XPPhd21 2104 

[LrBr(L)(PPhs)21 2108 
[OsCl,(L)(PMe,Ph),] 2082 
[OsBr,(L)(PMe,Ph),] 2092 
[ReCI(L)(PMe,Ph),] 1922 

lWLWW~12+ 2123 

2140 
10.4 1910 10.7 

9.7 1964 8.2 
9.6 1965 8.2 

10.7 1930 9.8 
10.3 1932 9.7 
17.5 1780 16.8 

8.9 1974 9.0 

a L=N,orCO. 
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intensity of the IR band ascribed to the M-C vibration in carbonyls is about 
three times higher than the intensity of the M-N vibrations in dinitrogen 
complexes. As this intensity depends on the 7~ electron density in the 
metal-ligand bond it may be inferred that CO is a better r acceptor than 
N,. This statement is also confirmed by the lower ‘H chemical shift of 
hydrido ligands in hydrido-carbonyl complexes versus analogous hydrido-di- 
nitrogen complexes [98]. The NMR chemical shift of hydrido resonance 
depends upon the electron density in metal d-orbitals. This agrees with the 
lower population of metal d orbitals in carbonyls and also with the higher 
acceptor capacity of the CO ligand in comparison with N,. 

The metal-to-dinitrogen 7r electron back donation is supported by a high 
ligand field strength A. The high value of A is important mainly for 
stabilization of the first-row transition metal complexes. 

The back donation of electron density into empty 1~~ orbitals of dinitro- 

gen is the principal contributor to the M-N bond strength. Ligands which 
increase the electron density on the central atom (by increasing its basicity), 
make the M-N bond stronger and simultaneously the N-N bond weaker. 
This effect is documented in Table 7 [98] with the changes in F(N-N) values. 

Dinitrogen transition metal complexes with the same ligand sphere and 
containing the transition metal in various oxidation states are known only 
for Re and OS [99,100]. Their wavenumbers are given in Table 8. The 
wavenumber for the N-N stretching vibration increases with increasing 
oxidation state of the transition metal; thus the activation of coordinated 
dinitrogen is supported by decrease of the transition metal oxidation state. 

X-ray spectroscopy (ESCA) has frequently been applied to the study of 
the metal-dinitrogen moiety. It was observed that the dinitrogen ligand is a 
stronger 7r acceptor than the CO ligand [101,102]. Linear dependence of the 
N 1s binding energy versus the effective charge on the nitrogen atom may be 
exploited to estimate charges QN, if the N 1s values are measured. The 
dinitrogen-containing transition metal complexes exhibit two peaks in ESCA 

TABLE 7 

Dependence of wavenumbers I(N-N) on the basicity of ligands 

Compound f(N-N) (cm-‘) 

IWWPPWJ 2113 
Wr(W(PPh3)J 2107 
PrClWWh3)21 2105 
[RuCl,(N,)(H,O)(NH,),1 2163 
IRuCl,(WPJW,l 2080 
IWNH,),(W12+ 2028 
IWNW,(W,12+ 2120 
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TABLE 8 

Dependence of wavenumbers i(N-N) on the oxidation state of the transition metal 

Metal Compound a(N-N) (cm-‘) 

M d” 

Ret 
Re” 

OS” 
OS” 

d6 

d5 
d6 
d5 

WCW, )(4w) z 1 1980 

[ReWW(dppe),l+ 2060 

PsU’WMN,)l*+ 2120 

PsWW,(N,)13+ 2140 

spectra which differ from each other by l-2 eV (Table 9). This confirms that 
the nitrogen atoms have different effective charges (both negative) as a 
consequence of the v acceptor ability of the dinitrogen ligand. 

TABLE 9 

ESCA results of N Is binding energies for some dinitrogen containing complexes 

Complex 

ReCI(N,)(PMePh,), 
ReCl(N,)(PMe,Ph), 

ReCl(N,)(Ph,PCH,PPh,), 
ReCL(N, )(dppe) 2 
CoH(N,)(PPh,), 
Ir’J(N,PPW, 

trans-RuCl(N,)(diars) 2 
Mo(N, ) 2 (dppe) 2 
MoCKN, Xdppe) 2 
MoBr(N,)(dppe) 2 

Mn(q5-C5H5)(W2(N2) 
[ReCl(N, )(dppe) 2 IFeCL, 
ReChN, )py(PMe, Ph) 3 
FeH,(N,)(PPh,)3 
PG’JH,),W,W, 
[RuCI(N,)(das),]SbF, 
]Os(NH,),(N,)ICL, 
Mof(N2 )(OMe)(dppe) a 
MoCl,(OMe){(N,)ReCl(PMe,Ph),} 
FWNH3MNJBr, 
[WNH3)5(NJIz 
[Os(NH,),(%)lC1, 
FW%),(N2)1Br2 
Ws(NH,),(N,)P, 

N 1s binding energies (eV) Ref. 

398.2 400.3 104 
398.2 400.3 104 
398.4 400.1 108 
398.6 400.0 109 
398.5 400.4 104 
397.9 399.9 103 
399.9 400.9 110 
399.9 400.5 104 
400.7 402.3 103 
398.6 399.6 111 
399.1 399.9 111 
398.9 400.1 111 
401.8 403.0 112 
400.3 108 
398.3 399.8 108 
399.0 400.1 113 
399.6 (2.0) a 104 
400.7 402.3 103 
399.5 (2.2) a 104 
399.7 111 
398.6 108 
399.4 (2.2) a 104 
399.6 (1.8) a 104 

399.5 (2.2) a ‘1 
399.7 (2.0) a ,34 
399.6 (1.9) a 104 

a Broad unresolved line, half-width in parentheses were quoted. 



Folkesson [104] recorded the N 1s spectra of dinitrogen complexes of Re 
and Ir. It was found that both nitrogen atoms carry a negative charge 
between - 0.7 and -0.9 (in units of e). Increase of the N-N IR stretching 
frequency correlates well with the decrease of N-N bond polarity. Dinitro- 
gen complexes with intense N-N stretching frequencies are those most likely 
to interact with Lewis acids [105]. The above mentioned donor-acceptor 
interaction is expected to be critical in the reduction of the dinitrogen ligand, 
particularly in dinitrogen complexes of Fe and Co [106,107]. 

Finn and Jolly [103] found partial multiple bond character in some 
dinitrogen complexes of Ru and Re. They assum$d the metal-dinitrogen 
linkage to be a resonance hybrid of two forms: M-N,=N, and M=Nz=N; . 
Since the atom N, has a formal positive charge in both resonance forms, a 
decrease of electron density on atom N, has been proposed (contrary to 
other authors) and its higher binding energy so explained. 

C. MOLECULAR ORBITAL CALCULATIONS OF DINITROGEN COMPLEXES AND 
RELATED SYSTEMS 

MO electronic structure calculations of the free nitrogen molecule 
[114-1181 may be considered to be the first indirect contribution of quantum 
chemistry to the problem of molecular nitrogen fixation. The majority of 
papers, dealing with theoretical interpretation of experimental data for 
model systems of nitrogen fixation, accept the scheme of dinitrogen MOs 
presented in ref. 115; unfortunately, the quantitative description of the 
energy levels in this work is incorrect. For example, the first unoccupied MO 
(the doubly degenerate 1~~ orbital) was interpreted as having an energy of 
- 7 eV, which implies spontaneous reduction of molecular nitrogen. The 
authors also mention an estimate of + 3.6 eV for the electron affinity, 
although the energy of the first unoccupied MO approximately determines 
the electron affinity value. On the other hand, Caulton et al. [153] quote a 
value of + 7.43 eV for the 1~~ MO of dinitrogen. The majority of discrepan- 
cies in interpretation of the dinitrogen electronic structure originate from the 
dominant role of the correlation effects. The configuration interaction 
changes not only the energy values of individual states but can also alter 
their sequence [118]. Thus it is necessary to be careful in interpreting MO 
calculations of dinitrogen electronic structure. 

Quantum-chemical studies of dinitrogen fixation can be classified accord- 
ing to various criteria. One of the classifications distinguishes four ap- 
proaches (Table 10): (1) qualitative consideration without any quantitative 
calculations [119-1231; (2) calculations of model metal-dinitrogen fragments 
where the ligand sphere is not explicitly considered [124-1351; (3) calcula- 
tions in which the transition metal is not explicitly included [140-1451; (4) 
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TABLE 10 

Quantum-chemical calculations of dinitrogen activation model systems 

Model system Calc. 
level 

Method Ref. 

Fe. . . N, 2 
M.. N,; M = SC, Ti, V, Cr, Mn, Fe, 

Co, Ni, Cu, Zn 2 
M...N,.. . M; M = SC, Ti, V, Cr, Mn, 

Fe, Co, Ni, Cu, Zn 2 
M...N,.. . M; M = Ti, Cr, Fe 2 
M . . . N,; M = Ca, SC, Ti, V, Cr, Mn, 

Fe, Co, Ni, Cu 2 
M.. . N,; M = Fe, Ru 2 
M...N,... M; M=Ti, Ru 2 
[M . . . N,14; M = Ti, V, Cr, Mn, Fe, 

Co, Ni, Zr, Nb, MO, Tc, Ru, Rh, Pd 
q=o, +1, +2 2 

M...N,; M=Ti, V, Cr, Mn, Fe, Co, Ni 2 
M.. . N, . . . M; M = Ti, V, Cr, Mn, Fe, Co, Ni 2 
M.. . (W, . . . M; M = Ti, V, Cr, Mn, Fe, Co, Ni 2 
M..*N,; M=Cr, Fe,Ni 
M...N,; M=Fe, Co, Ni 
N, . . . M . . . N,; M = Ti, V, Cr, Mn, Fe, Co, Ni 
x.. . N,; X = B, Be, Li, H, BA! 
X . . . N, . . . X; X = B, Be, Li, H, BA3 

. . . (N,H)+ . . . [XN, . . . H]+ 
X; X = B, Be, Li, H, BAT 

. ..Nz...H]2+ 

tNH2 . ..H]q. q=-1, 0, +1 
[N,...H*]q; q=-1, 0, +1 

WW-W,W,),l 
WW-W,CW,)I 
[WNHddW1*+ 
[WN%LWd12+ 
KWPW2)2(N2)1 
G’WW,(N,)l 
IMUCO),W,)l; ML = cr(l16-c,H,), 

Mn($-GH,h Wq4-C4H4X 
FeWW, 

N@J%MWl*+ 
W4N2M 
PWUJ*- 
FeWWsW2)12’ 
WWHJ)~,W~)~I 
WOH,M%)l 
DW’H,),(N,M 
[C+,),l 

2 
2 
2 

3 
3 
3 
3 
3 
3 

3 
4 
4 
4 
4 
4 
4 

4 
4 
4 
4 
4 
4 
4 
4 
4 

EHT 126, 127 

EHT 128 

EHT 129 
EHT 130 

EHT 131 
IEHT 132 
IEHT 132 

IEHT 133 
IEHT 134 
IEHT 134 
IEHT 134 
Ab initio 135 
Ab initio 162 
IEHT 124 
CNDO 143 
CNDO 143 
CNDO 144 
Ab initio 145 
Ab initio 145 
INDO 140, 142 
INDO 141, 142 
EHT 149 
EHT 149 
CNDO 146 
Ab initio 152 
CNDO 146 
CNDO 146 

CNDO 147 
HFS-DVM 150 

X, 151 

X, 151 
Ab initio 152 
Ab initio 152 
Ab initio 152 
Ab initio 152 
F-H 153 
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TABLE 10 (continued) 

Model system Calc. 
level 

Method Ref. 

IWNHMW1*+ 
[Cl,Ti(N,)TiCl,] 
[Cl,Ti(N,)TiCl,]‘J; q = 0, -2 

lTiCMW1 
[Ti(N*)(~5-C,H,),(N,)l 
[COZ(W~(P-N~)I 
I%Ph,(~-Wl 
“‘PWW,CW,)Iq; M = Ti, V, Cr, Mn, Fe 

q=-l,O, +1 
m = 1, 2, 3, 4, 5, 6 

“IM(L,),WN,)lq; M = Ti, V, Cr, Mn, Fe 
L, = H,O, H,S, PH, 
q=-LO, +1 
m =l, 2, 3, 4, 5, 6 

“PW,)&W,)14; M = Ti, V, Cr, Mn, Fe 
L, = OH-, SH- 
q=-5, -4, -3 
m =l, 2, 3, 4, 5, 6 

“[Cl(NH,),M,(N,)M,(NH,),C1lq 
1M,,W,I = lMn,vl, [Mn,Crl, 

Ikvl, [Fe,Crl, 
[Ti,Crl, WMnl, 
IWW, lv,Crl, 
[Ti,Ti], PJ,Vl, 
PWvW P,Crl, 
[Fe,W, [Ti,Fe], [Mn,Fe] 

q=-l,O, +1 
m = 1, 2, 3, 4 

4 HFS-DVM 154 
4 Ab initio 155 
4 EHT 146 
4 CNDO 148 
4 CNDO 148 
4 CNDO 148 
4 Ab initio 162 
4 EHT 163 
4 EHT 163 

4 CNDO 156 

4 CNDO 158 

4 CNDO 

4 CNDO 157, 160 

159 

calculation of dinitrogen-containing complexes taking into account the ac- 
tual ligand sphere [146-1631. 

According to the typical features of the method used, model calculations 
of molecular nitrogen fixation may be further divided into four groups (see 
Table 10): (i) semiempirical methods with application of an effective Hamil- 
tonian (EHT and IEHT); (ii) semiempirical methods based on the zero-dif- 
ferential-overlap approximation (CNDO and INDO); (iii) non-empirical 
calculations with simplifications in the Hamiltonian or wavefunction (GVB, 
X,, HFS and F-H); (iv) ab initio calculations prevalently in the minimal 
basis sets of atomic orbitals. 
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A number of authors [124-1351 studied the electronic structure of model 
fragments without explicit inclusion of the ligand sphere on the metal 
centres. 

EHT calculations of M-N-N linear fragments of the first and second 
transition metal rows [132] show, that the N-N bond strength increases with 
increasing proton number of the transition metal used, while the M-N bond 
strength decreases in this series. Oxidation raises the r-acceptor interaction 

of dinitrogen with transition metals in the series [MN,]’ < [MN,]‘+< 
[MN,]‘+. 

On the other hand Yatzimirskii and co-workers [127,128] showed that by 
summing the creation of the M-N bond and the simultaneous weakening of 
the N-N bond, the most stable dinitrogen complexes were formed with 
transition metals lying in the centre of a given transition row. These authors 
showed that the greatest weakening of the N-N bond occurs at the begin- 
ning of the transition row; here the 3d metal orbitals most effectively 
interact with the 1~~ MO of dinitrogen. A considerable weakening of the 
N-N bond in complexes of Cu and Zn was explained by filling the higher 
antibonding orbitals. The linear complexes (end-on mode of coordination) 
exhibit a stronger M-N bond than those of perpendicular (side-on) struc- 
ture; simultaneously, the N-N bond weakening is more apparent in per- 
pendicular complexes. Due to the combination of these two effects, com- 
plexes with the perpendicular structure are energetically more advantageous 
for central atoms from the beginning of the given transition row, while for 
metals from the centre to the end of the transition row the linear structure is 
energetically preferred. 

The above conclusions follow from the application of an effective Hamil- 
tonian (the EHT method); they may also be influenced by neglecting the real 
structure of dinitrogen complexes (influence of the central atom under 
consideration, its oxidation and spin state, influence of ligand sphere quality, 
ligand field symmetry, influence of environment, etc.). 

Nazarenko et al. [130] studied the bonding relations in binuclear linear 
and perpendicular fragments (nos. V and VII in Fig. 1). They showed that 
for Ti and Cr complexes both configurations meet a low energy barrier. For 
Fe complexes two stationary points corresponding to the two structures 
considered were found; since the energy barrier between them disappears, 
such complexes may exist only in an energetically lower configuration. 

Shustorovich et al. [124,125,134] studied the stability of various mono- 
nuclear and binuclear systems (Scheme 1). The results showed that all 
configurations except for the cyclic structures (7) and (14) must be consid- 
ered, because of low energy barriers between them. 

Itoh et al. [135] studied the interactions of single metal atoms (Cr, Fe, Ni) 
with dinitrogen using ab initio calculation with an effective potential ap- 
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Scheme 1 

proximation [136]. The properties calculated for the end-on configuration 
agree with experimental data [137-1391 available for dinitrogen absorbed on 
transition metal surfaces. The side-on configuration can clearly be ruled out. 
Both, the 50 and 4a orbitals of dinitrogen take part in bonding with the 
transition metal, whereby the energy separation between these levels in- 
creases upon bond formation. A SJT back-bonding contribution indicates a 
little metal-to-dinitrogen charge transfer and the terminal nitrogen atom is 
more negatively charged. Furthermore, a slight expansion of the N-N bond 
length upon bond formation is suggested. 

Golovanov et al. [143,144] studied a‘ series of dinitrogen fixation model 
systems. They used a CNDO method with some simplifications: metal d 
orbitals were replaced by the corresponding combination of p atomic orbitals 
and a “quasiatom approximation”, A*, for ligands. However, no combina- 
tion of p orbitals can give the right symmetry of d orbitals which play a key 
role in the dinitrogen activation. The metal centres were modelled by B, Be, 
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Li and H atoms in various oxidation states. The results obtained confirm the 
well-known statement that the weakening of the N-N bond is obtained by 
filling the dinitrogen n antibonding orbitals and that the optimum number 
of metal electrons ranges between 4 and 8. 

On the basis of the above approximation it was found that the presence of 
a ligand sphere lowers the energy of complex formation, but has no influence 
on the N-N bond length in mononuclear complexes, while for binuclear 
complexes an increase of the N-N bond length was noted. The authors also 
followed the electronic relationship in the simple models of the nitrogenase 
active centre. The influence of the protonated form of histidine was mod- 
elled by adding one proton in systems 

i;+ N 

Scheme 2 
#+ 

Golovanov et al. [143,144] showed that in these systems weakening of the 
N-N bond and electron density transfer from dinitrogen to other ligands is 
more significant in comparison with other complexes studied. The N,--H and 
N-N bond characteristics in the systems studied were sensitive to the 
geometry, the type of model used, the nature of the quasiatom A* and to the 
number of electrons on the central atom. In spite of this discussion, a 
criterion for evaluation of the various models as to their suitability for 
dinitrogen fixation is not given in the paper. 

The non-empirical Fenske-Hall method of LCAO-MO-SCF calculation 
was used [153] to investigate the bonding characteristics of Cr(CO), and 
Cr(N,), complexes. Differences in the 7~ acceptor ability of the N, ligand 
compared with CO appear as a consequence of the off-diagonal matrix 
elements between metal d orbitals and the ligand 7~ antibonding orbitals. The 
u bonding interactions may be classified as electron donation of the ligand to 
the metal type. However, the u donor orbitals have slight antibonding 
character, so that a certain degree of “within ligand” (T bond strengthening 
by complex formation cannot be ruled out. Thus, apparent conflicts ‘in 7~ 
acceptor ability of N, and CO ligands may be attributed to a combination of 
the (3-1~ factors. 

Sobolyev et al. [148] studied the relative stabilities of the models 

“\Ti.....N_N.....~i”’ 

a/ ‘c, 
(15) 

c’\ ./” 
c,,Tl.....N-N....‘T~,c, 

(16) 

(planar) 

( perpendicular) 

Scheme 3 
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(18) 
Scheme 4 

They used a version of the CNDO method where only 3d atomic orbitals, or 
only s,p atomic orbitals were considered for the Ti centre. The necessary 
atomic parameters were only roughly estimated. The most stable structure 
was found to be configuration (18) with TiCl, fragments in mutually 
perpendicular planes. The authors showed that the N-N bond length 
increases and its energy decreases with increasing negative charge on the 
nitrogen atoms. Dinitrogen is less activated in the [TiC1,(N,)TiC1,]4- anion 
than in the neutral complex. On the other hand, more negative charges on 
nitrogen atoms support a subsequent protonation of the complex in the 
anionic form. This conclusion, however, is questionable because the electro- 
static potential of the chlorine ligands preferentially attracts a proton. 

Jansen and Ros [155] compared the electronic structure of Ni(CO), and 
Ni(N,), tetrahedral complexes calculated by the ab initio MO-LCAO-SCF 
method in the minimum basis set. The authors reported a resemblance of 
Ni(N,), to Ni(CO), except that carbon has a lower 7~ electron density than 
the nitrogen atom. Therefore the 7~* orbitals of CO are lower in energy and 
more favourable for a metal-to-ligand back-donation. Consequently, the CJ 
electrons are donated towards the nickel to a smaller extent. A difference in 
M-C and M-N bond energies was reported to be ca. 75 kJ mol-‘. 

Ziegler and Rauk [154] used a non-empirical Hartree-Fock-Slater dis- 
crete variation method (HFS-DVM) in the valence basis set for the Ni(CO),L 
complexes studied, in order to investigate the ability of various ligands L to 
act as (I donors and ?T acceptors. The CI electron donation decreases within 
the series CS - PF, > CNCH, > CO - N, and the electron back-bonding 
varies as CNCH, > CS > CO > PF, > N,. The contributions to the total 
bonding energy between Ni(CO), and L were evaluated separately for u 
donation and ?T back-donation. The (I donation contributes 100 kJ mol-’ 

’ and 105 kJ mol-’ in N, and CO containing complexes respectively, whereas 
it is in the narrow range of 135-160 kJ mol-’ for other ligands. The r 
acceptor contribution is 150-160 kJ mol-’ except for the dinitrogen contri- 
bution which is 100 kJ mol-‘. The dinitrogen complex is, in accordance with 
theory, less stable than three other Ni(CO),L complexes and was isolated 
only at low temperatures in an inert-gas matrix [170]. 



Braga et al. [151] presented a comparative study of the isoelectronic 
tetrahedral complexes Ni(CO),, Co(CO);, Fe(CO)i-, Ni(N,),, Co(N,); 
and Fe(N,)i- by the multiple scattering X, method. The results show 
back-donation increasing in the series Ni < Co < Fe, a fact correlating well 
with the decrease of N, and CO stretching frequencies. Back-donation was 
reported to be approximately the same for carbonyl and dinitrogen com- 
plexes of a given central atom. Higher stability of the carbonyl-containing 
complexes was ascribed to stronger bonding via the 4s and 4p orbitals. 

Fitzpatrick et al. [147] investigated the electronic structure of the isoelec- 
tronic series [ML(CO),(N,)] and [ML(CO), J (ML = Cr( $-C6H6), Mn( n5- 
C,H,), Fe(q’-C,Hq) and FeC(CH,),) within the CNDO formalism using 
both the experimental and “standard” geometries. The computed trends for 
C-O and N-N bond strengths (measured by Wiberg indices, charge distri- 
butions, and orbital populations) correlate well with the experimental CO 
and N, stretching frequencies and energy-factored stretching force constants, 
i.e., they increase Cr < Mn < Fe. The M-N Wiberg indices are small, 
especially for iron complexes, thus indicating a destabilization of these 
complexes. A decrease of C-O and N-N Wiberg indices in complexes 

W-V%1 and W4C%(WI over a free-ligand value is lower for N, in 
comparison with CO; this may be interpreted in terms of a lower affinity of 
N, in forming metal complexes. In the [ML(CO),(N,)] complexes the C-O 
Wiberg indices fall between those of [ML(CO),] and [ML(CO),], thus 
showing the N, ligand to the less effective for ~7 back-bonding. 

The dinitrogen complexes [Ru(NH~)~(N~)]~+, [CoH(PH,),(N,)] and 

KWW,W,(N2)1 were studied [146] using the CNDO type semiempirical 
method. The bicentric part of the absolute value of the total energy EN_, 
decreases in the order N, > Co(N,) > Ru(N,) > Ni(N,). This trend is con- 
sistent with the tendency observed in experimental IR frequencies for the 
N-N bond. The absolute value EN_, in the side-on complexes is signifi- 
cantly decreased over the end-on type; the interactions between the bonding 
r orbital of N, and the unoccupied d,Z and s,p orbitals of M make the N-N 
bond weaker and the M-N bond stronger. Although the M--N bond is 
strengthened by these interactions, experimental data show that the side-on 
coordination is unfavourable. This result may be explained in the following 
way: the destabilization of the N-N bond in the side-on complex may be 
greater than the stabilization by formation of the M-N bond. On the 
contrary, weakening of the N-N bond by end-on coordination is counter- 
acted by the gain of the relatively large M-N bonding energy, mainly caused 
by u donation. In summary, both u donation and ‘TT back-donation operate in 
the formation of the metal-nitrogen bond in dinitrogen complexes. The ?r 
back-donation contributes primarily to the weakening of the N-N bond. 
The N-N bond in side-on complexes is appreciably weakened because of the 
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electron donation from the bonding 7~ orbital and u orbital of the N, ligand 

to the unoccupied MOs of the central atom. Moreover, there is metal-to- 
ligand charge transfer from the occupied MOs of the central atom to the 
empty VT* orbitals of dinitrogen. Therefore, the end-on coordination seems to 
be more advantageous than the side-on type. The weak N-N bond in the 
side-on complex indicates that here the N, ligand is fairly activated. 

Murrell et al. [152] performed ab initio calculations in the Huzinaga basis 

set for the complexes [Ru(NH3)J2+, [Ru(N2)(NH,)J2+, [Fe(N2)(NH3)J2+, 

[Ru(NH,),(H,0)12+, [Ru(CWNH,),12+, WW,),(NH,)‘,l, 
W(WWH,M and [Mo(N~)~(PH~)~]. The authors indicate that’ the 
calculated properties are in good agreement with experimental data availa- 
ble. Different polarization of the N-N bond in the MO and Ru complexes 
was predicted, viz., MO-N”+=N’- and Ru-N”-=N*+. Although the Fe and 
Ru complexes are quite similar, reduced mixing of metal and ammonia 
orbitals was observed in the Fe complex. The net charge on the N, ligand 
and its polarization are different in these two complexes. It was concluded 
that the Fe complex differs from the Ru analogue in the metal-amine bond 
rather than in the metal-dinitrogen bond. Thus, the instability of 

~WW(NW,12+ compared with [Ru(N2)(NH,),j2+ is predicted as a con- 
sequence of the lability of the iron-ammonia system. 

The orbital pattern for [Mo(N,),(NH,),] indicates that this complex is 
more stable than [Mo(N,)(NH,),] because of more negative energies for all 
occupied MOs. The HOMO shows a substantial d mixing in comparison 
with the Ru analogue. No low-lying u acceptor orbital on the central atom 
exists for the mono-dinitrogen complex. Therefore, the dinitrogen ligand 
behaves predominantly as a v acceptor and consequently it carries a substan- 
tial negative charge. 

Calculations on the molybdenum-phosphine complex were made in a 
valence-electron approximation and difficulty in obtaining convergence of 
the SCF procedure was encountered. It was shown that in comparison with 
the amine ligands, the phosphine ligands stabilize the orbital energies. It is 
known that trutis-[Mo(N,),(PR,),] (PR, = tertiary phosphine) reacts with 
proton acids under mild conditions to yield hydrazine and ammonia [174]. 
There is a strong presumption that these reactions involve a proton attack on 
the terminal nitrogen atom as a first step. This is consistent with the negative 
charge inferred from the calculations. 

Du Bois and Hoffmann [149] presented a qualitative molecular orbital 
(EHT) picture of the structure and reactivity of six- and five-coordinate 
complexes including dinitrogen (N,), diazenido (NNH), hydrazido (NNH,), 
imido (NNH,) and nitrido (N) ligands. The results clearly indicate that in 
dinitrogen complexes the terminal nitrogen atom is more negatively charged 
than the donor nitrogen atom. Such a charge polarization is in agreement 
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with the interpretation of X-ray photoelectron spectra [175-1771. The re- 
placement of phosphine or halide ligands for a second dinitrogen ligand has 
some interesting consequences. In bis-dinitrogen complexes a low-lying 
unoccupied orbital exists, primarily localized on the dinitrogen groups. This 
low-lying orbital may be responsible for the unusual photochemical reactions 
exhibited, for example, by trans-[W(diphos),(N,),] and trans- 
[Mo(diphos),(N,),]. The calculations showed a higher electron density on 
the dinitrogen ligands of the cis-bis-dinitrogen in comparison with the 
trans-bis-dinitrogen complexes. 

Geometry optimization of the diazenido ligands showed that both the 
donor and the acceptor properties of NNH+ are a function of the NNH 
angle. Bending of the diazenido ligand produces a stronger r acceptor orbital 
in the plane of the bending and a u donor orbital lying in the tram position 
to the hydrogen atom. Good donating ligands, low oxidation states and 
negative charge favour a small NNH angle. 

Ondrechen et al. [150] used the X, variation method in studying the 
electronic structure of [Ru(NH3)J2+, [Ru(NH,),(N,)]*+ and [Ru(NH~)~]~’ 
complexes. They used a minimum basis set for N and H atoms, while the 5s 
and 5p polarization functions were included for the Ru atom. The 
exchange-correlation factor was X, = 0.7. The authors showed that substitu- 
tion of one NH, for the N, ligand makes the m back-bonding relevant and 
the electronic structure undergoes a significant change. The Ru t,, levels are 
split and stabilized by back-donation. The authors found the donor N atom 
being more negative; a result which is in disagreement with other calcula- 
tions on analogous complexes [161]. The calculated bonding situation and 
the energy levels are very sensitive to Ru-N, distance. Both the u and r 
interactions are expected to become stronger when the N-N distance is 
shortened. Simultaneously, the total stabilization of the occupied d levels 
and the total positive charge of Ru increase by approach of the N, ligand. 

Veillard [162] investigated the dinitrogen interaction with transition metals 
for the systems MN, (M = Fe, Co and Ni) and for [Ti(Cp),(N,)]. The ab 
initio MO-LCAO-SCF calculations were carried out using the contracted 
Gaussian basis set of double-zeta quality. The end-on and side-on coordina- 
tion mode of dinitrogen were considered. The hybridization effects on the 
metal and ligand levels were found to be important in the description of the 
dinitrogen bonding. The side-on coordination mode of the dinitrogen ligand 
was reported to be energetically unfavourable. Thus, the calculations do not 
agree with experimental data for the matrix isolated species of Co(N,) [164] 
and for the dinitrogen complex of permethyltitanocene [165]. 

Comparative EHT calculations [163] were performed on bridging bi- 
nuclear complexes Co,(CO),(p-X2) and Ni2Phz(p-N2)4- (X, = N,, P2, Sz- 
and C,H,). From the two possibilities for the orientation of a 7~ bonded 
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bridging dinitrogen (A and B) to the dimetal fragment it was found that only 
perpendicular geometry (A) has a large HOMO-LUMO gap, a classical 
indicator of kinetic and thermodynamic stability. The parallel bonded geom- 
etry (B) is very different. It has only weaker interactions, a very small 

&%=& 

/ \ 
M---_--M 

.Y 
/’ ’ 

/ 
N---N 

/ t 

(A) (5) 

HOMO-LUMO gap, and its energy is much higher than in the analogous 
perpendicular geometry. Thus calculations indicate that there is nothing 
wrong with a side-on or v bonded (perpendicular geometry) dinitrogen 
ligand in the M,L,(p-N,) systems. These compounds are predicted to be 
stable. 

The model systems [N2 + HI’; [N, + HI’, [N, + HI-, [N2 + HZ], [N2 + 
H,]’ and [N, f HZ]- were studied [140-1421 using the semiempirical INDO 
method. The symmetry of possible reaction coordinates was determined 
from the shape of valleys of the energy hypersurfaces by performing the 
complete geometry optimization. The following criteria were investigated for 
possible reaction coordinates: (1) the energy characteristics of the reaction: 
the height of the energy barrier and thermal effect of the reaction (quantita- 
tive criteria); Woodward-Hoffmann rules and frontier orbital interaction 
(qualitative criteria); (2) the charge distribution: Wiberg indices of particular 
bonds; charges on atoms. 

The splitting of the first N-N bond, accompanied by the creation of the 
N-H bond, is the critical step for molecular nitrogen fixation. Nevertheless, 
all reactions in which the N-N bond is weakened are symmetrically forbid- 
den and must be catalyzed by an appropriate catalyst. The electron density 
transfer from the molecular orbital antibonding with respect to the N-H 
bond and simultaneously bonding with respect to the N-N bond onto the 
N-N antibonding molecular orbital is realized at the top of the energy 
barrier. The symmetry restrictions may be removed by the catalytic system 
which is able to realize the electron density transfer at the beginning of the 
reaction. The formal analogy between the catalytic reactions, and the photo- 
chemical, radical, and ionic reactions on the other side, was used for 
determining the symmetry and donor-acceptor properties of catalytic sys- 
tems of nitrogen fixation. One model system was examined in terms of MO 
calculations (CNDO method) with the explicit inclusion of transition metal 
atoms (Fe, V). The results confirm the reliability of the proposed model of 
catalytic activation of coordinated dinitrogen [142]. 

Ab initio MO-LCAO-SCF calculations in the 4-310 basis set have been 
performed to study the minimum paths for the protonation of dinitrogen to 
give NNH+ and HNNH*+ species 11451. 
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D. THE CENTRAL ATOM EFFECT AND THE EQUATORIAL-AXIAL INFLUENCE 
ON DINITROGEN ACTIVATION 

(i) Qualitatioe considerations 

X-ray structure analysis shows that the mode of dinitrogen coordination is 
preferentially of the end-on type. Only a slight deviation from the linearity 
of the M-N-N unit occurs as a consequence of dinitrogen activation. 
Therefore, the linear M-N-N arrangement represents a good starting point 
for studying electronic factors of dinitrogen activation in a theoretical way. 
The nature of the donor-acceptor interaction within bipyramidal complexes 
of the [M(L,),L,(N,)] type is shown in Fig. 3. Using group theory it is 
possible to predict which orbitals can mix by symmetry to form molecular 
orbitals. For example, Table 11 shows the irreducible representations of the 
C 4v7 C,, and C, point groups and their metal and ligand components. 
Therefore, the dinitrogen bonding orbital (orbital 5~) can combine with the 
metal 3dz2 orbital into an MO of a-type. Analogously, the dinitrogen 7~* 
orbitals (27 orbitals) can interact with the metal 3d,, or 3dyz orbitals 
yielding e-type MOs. Depending on the relative energies of interacting 
orbitals, some electron transfer from metal to dinitrogen takes place. The 
desirable electron transfer is represented with: (1) CJ donor properties of 
dinitrogen which increase with decreasing energy of the d,z orbital; (2) 7~ 

Fig. 3. A qualitative description of dinitrogen activation. 
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acceptor properties of dinitrogen which increase with increasing energy of 
the d,, and d,, orbitals. In this way the strength of .both u and r bonds in 
dinitrogen decrease because the electron density from the bonding orbital is 
drained off and simultaneously the vacant 7~ antibonding orbitals are filled 
(back-bonding takes place). If the second effect predominates, the coordi- 
nated dinitrogen is reduced and the metal undergoes oxidation from the 
formal M4 to form an M4+X(N2)X- system. 

The efficiency of the metal-to-dinitrogen charge transfer significantly 
depends on the relative energy levels of interacting orbitals. The most 
important electronic factors influencing dinitrogen activation are discussed 
below. 

(a) Proton number A,, 
An increase in the proton number of the central atom M shifts the centre 

of gravity for metal 3d orbitals to lower values. Therefore, the elements with 
low electronegativity (in the beginning of the first transition metal series Ti, 
V, Cr, Mn and Fe) will support dinitrogen activation. 

(b) Oxidation state A, 
The oxidation of the central atom shifts the centre of gravity for metal 3d 

TABLE 11 

List of irreducible representations of the C,,, C, and C, point groups and their metal and 
ligand components 

Group Component a Direct product 

Metal b Ligand ’ 

c 4v a, s, z, z2 0 a, x a, = u,, a, x a2 = a2, 

a2 
- a, x b, = b,, a, x b, = b,, 

b, X2- Y2 a2 x b, = b,, a2 x b, = b,, 

b, XY a2Xe=e,a2Xa2=a,, 

e =,yz,&y ?I*, II’* b, x b, = a,, b, x b, = a2, 
b,Xe=e,eXe=a,+ 
+ a2 + b, + b,, b, X e = 
= e, b, X b, = a, 

c4 

; 
s, z,z 

2 
u aXa=a,aXb=b,aXe= 

xy, x2 - y2 =e,bXb=a,bXe=e, 

e xz, yz, X,Y II*, d* eXe=a+b 

G a’ s, z, z2, xy, xz, x o,+=s a’X a’= a’, a’X a”= a” 

a” x2 - y2, Yz, Y vr,*=A a” x a” = a’ 

a Valid for the axis choice according to Fig. 4. b X = (x + y )/a, Y = (x - y )/fi, XZ = (XZ 
+ yz)/&, Yz = (XZ - yz)/fi. ’ Dinitrogen orbitals. 
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levels to lower values, so that the low oxidation states (MO, Mt and 
particularly M”) support the dinitrogen activation. 

(c) Spin state 
The factors stabilizing the local electron configurations of (r*)‘(rr’*)‘, 

( v*)~( r’*)’ and ( ?T*)‘( n’“)’ will support the one-electron and two-electron 
activation of dinitrogen, respectively. Thus, the low-spin or medium-spin 
states will be suitable for this stabilization (the spin multiplicity m = 1, 2 
and 3). 

(d) Axial hgand Aa 
The axial ligand L, being localized tram versus the coordinated dinitrogen 

influences the energy of the d,z orbital and thus the ligand-to-metal charge 
transfer. Therefore, the weak u donor ability of the dinitrogen can be 
increased by an axial ligand with significant electron-withdrawing effect 

(Cl-, OH-, etc.). On the other hand ligands with a low tram activity can 
stabilize the M-N bond within the L,-M-N . . . N unit so that the irreversi- 
ble nitride type mechanism of a subsequent protonation might be preferred. 

fe) Equatorial-axial factors 
The collective, integral cis influence of the equatorial ligand plane (Le)4 

on the electronic properties of an axial ligand (N2 in this particular case) has 
been termed the equato~al-axial (equ-ax) influence [55,177]. Its electronic 
origin is incorporated in the ligand field strength. The strong ligand field A, 
is insufficient for dinitrogen activation, especially if the additional tetragonal 
splitting A, is small. Thus a weak ligand field makes the energy difference of 
dz2 and d,,, d,,, levels, A,, low, so that the effectiveness of the forward 
(dinitrogen-to-metal) as well as the backward (metal-to-dinitrogen) charge 
transfer increases. On the other hand the high-spin complexes will be 
stabilized. 

These particular factors were recently studied over an extensive series of 
dinitrogen-containing complexes of the type “[M(L,),Cl(N,)]” and 
m[Cl(NH3),M,(N2)Mb(NH3)qC114 [156-1601. The electronic factors under 
study were classified as follows: (1) the central atom effect which covers the 
proton number influence of the central atom (M = Ti, V, Cr, Mn and Fe), its 
oxidation state (MO, M’ and Mu), as well as its spin state (the spin 
multiplicity m = 1, 2, 3, 4, 5 and 6); (2) the equatorial-axial influence 
(L, = NH,, H,O, H,S, PH,, OH-, SH- and Cl-). 

(ii) Method of calculation 

The se~empi~cal CNDO-UHF method 11781 was used for MO-LCAO- 
SCF calculations. Its basic features and parametrization are described 



elsewhere [178-1801. The valence basis 
orbitals for transition metal elements 
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set consists of 3d, 4s and 4p atomic 
and valence ns and np orbitals for 

other atoms. Slater AOs [181] were used with the Zerner-Gouterman type 
exponents for transition metals [182] and the hydrogen exponent equal to 
1.2. The convergence of the SCF procedure was secured using a variable 
damping approach [183], if necessary. The sub-set of occupied MOs was 
selected as usual, according to the lowest eigenvalues in each step of the SCF 
procedure. 

Several quantitative criteria descriptive of the degree of dinitrogen activa- 
tion were considered as follows: 

(1) The Wiberg index, WN_N, which represents the N-N bond order [185]. 

Recalling its definition using the LCAO coefficient matrix KCj,p 

W N-N (1) 

Its value is equal to 3.0, 2.5, 2.0 and 1.5 for free N,, N; , Nz- ( ‘Ag state) and 
N:- (3X, or tZ, states), respectively. 

(2) The bicentric part of the total molecular energy, EN-N, which reflects 
the N-N bond strength [184]. The energy partitioning is based on the 
expression of the total molecular energy, E,, over the one-centre, EA, and 
two-centre, EA_B, terms 

E-r=CE*+ c E&B (2) 
A A<B 

The quantity EN_, adopts a negative value; its increase corresponds to an 
N-N bond softening. 

(3) The 7r-acceptor index, X( rrA), which represents an electron density on 
the dinitrogen 7r* orbitals [156], so that it can be accepted as a criterion of 

dinitrogen 7r acceptor ability. Moreover, the u donor (nitrogen-to-central 
atom) transfer does not reach significant values and is approximately con- 
stant for all characteristics “M4 of the central atom considered. Thus the 
n-acceptor index may be regarded as a suitable criterion of the degree of 
dinitrogen activation. Its exact definition may be formulated as 

x (rsZ + %*)(I - 6signY5,signY6)) (3) 
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where LCAO coefficients projected out of the u bond direction are 

Y, = yx, cos e 

Y, =KC~,~, cos e 

Y, =IL& cos 8 

Y, = yyh cos e 

Y, =“C,,*, sin e 

Y, = “Cj,z, sin e 

(4 

(see Fig. 4 for definition of the angle 6). This means that the electron density 
within the N,-N, unit is summed over all occupied MOs in which the 
LCAO coefficients have opposite signs and are out of the u-bond orientation 
(of r* nature). The linear relationship of the Wiberg index or the bicentric 
part of the total molecular energy versus the 7r-acceptor index proves 
self-consistency for these criteria. 

(4) Owing to weak u donor properties (dinitrogen-to-central atom charge 
transfer) the total dinitrogen charge, Q(N,), belongs to the set of criteria far 
dinitrogen activation. Its value, however, represents both the ligand-to-metal 
and the metal-to-ligand charge transfer via the donor-acceptor interaction. 

Consequently it adopts only a fractional negative value. 
(5) Subsequent protonation of the coordinated dinitrogen seems to be 

more efficient if the negative charge is mostly localized on the terminal 

Fig. 4. Geometry choice for the dinitrogen complexes. 
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nitrogen atom. In this case the relation ]Q(N,)] < ]Q(Nt,)l will hold within 
the M-N,-N, skeleton. 

(6) The 3d electron population, d”, brings information about the actual 
occupation of 3d levels, critical for donor-acceptor interaction. 

(7) The atomic spin densities, p(A), are useful mostly in assignment of 
oxidation states, regardless of the atomic charges, group charges and d” 
populations. 

(8) The strength of the M-N bond plays an important role in the 
prediction of either nitride (non-catalytic, irreversible, with the N-N bond 
splitting M-N . - - NH,) or more favourable diazene (catalytic, reversible, 
with the M-N bond splitting M - - - NH-NH) mechanism of subsequent 

protonation. 
(9) Finally, the spatial distribution of the electrostatic potential [190] 

around the whole complex provides information about the most active sites 
for the proton attack. 

The model complexes covered three structural types (see Fig. 4): (1) 
mononuclear complexes with linear M-N,-N, linkage (symmetry point 
group C,, or C,); (2) mononuclear complexes with bending of the M-N,-N, 
unit by angle 8 = 10” and 20” (symmetry point group C,); (3) binuclear 
complexes with a linear M,-N,-N,-M, bridge (symmetry point groups Ddh 

and C, for M, = M, and M, # M,, respectively). 
Experimental geometries of ligands L = NH,, H,O, PH,, H,S, OH- and 

SH- were used if available or calculated values otherwise. The metal-ligand 
distances were optimized for square planar low-spin complexes of the 
[M”LJq type (Table 12) and the equilibrium values of R(M-L) were used in 
the dinitrogen-containing model complexes under study. The interatomic 
distances M-N and N-N were fixed as follows: R(M-NJ = 1.90 and 

R(N,-NJ = 1.15 (in units of lo-” m). 

TABLE 12 

Calculated equilibrium metal-l&and distances (lo-” m) in planar low-spin [M”L,]q com- 
plexes 

L M 

Ti V Cr Mn Fe 

NH, 2.45 2.24 2.08 1.95 1.90 
Hz0 2.57 2.32 2.18 2.00 1.96 
PH, 2.86 2.66 2.52 2.41 2.36 
H,S 2.85 2.65 2.50 2.37 2.32 
OH- 2.39 2.24 2.10 1.98 1.94 
SH- 2.75 2.60 2.47 2.36 2.31 
cl- 2.75 2.60 2.48 2.36 2.31 
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(iii) Mononuclear linear end-on complexes 

The central atom characteristics “M” were varied, 35 different complexes 
being considered for a given ligand sphere. The central atom effect on the 
degree of dinitrogen activation was investigated through considering the 
local N-N bond characteristics ( WN_N, I?,_,, X( v*), Q(N*) and Q(Nb)) as 
discrete functions of “Mq. Such variations are presented in Table 13 for 
complexes of the “[M(NH,),C1(N,)]q type. With increasing X(n,) the 
bond-strength index IV,_, decreases, the interaction energy EN_, increases 
(it is less negative) and the metal-to-ligand charge transfer Q(N2) increases 
(it is more negative). The unique behaviour of these systems lies in the fact 
that the metal d orbitals as well as the dinitrogen 7~* orbitals are highly 
localized. Consequently, the local electron configurations dl”d,y 
. . - (x*)“( d*)” approach integer values, viz., m, n = 0, 1 and 2. This allows 
classification of the 35 dinitrogen-containing complexes into three groups: 
(1) complexes with the non-activated dinitrogen where m + n = 0; (2) com- 

Ti” v” CP Mn” Fe” 

Fig. 5. Plot of the dinitrogen a-acceptor index X( rA) vs. the number of valence electrons in 
dinitrogen complexes “[M(NH,),Cl(N,)]s of a given spin multiplicity (--- non-activated 
systems; - - - - - - one-electron activated systems; . -. -. two-electron activated systems). 

Fig. 6. Plot of the Wiberg index W,_, vs. the number of valence electrons in dinitrogen 
complexes m[M(NH,),Cl(N,)]q of a given spin multiplicity (- non-activated systems; 
______ one-electron activated systems; . -. -. two-electron activated systems). 
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plexes with one-electron activated dinitrogen where m + n = 1; (3) com- 
plexes with two-electron activated dinitrogen where M + n = 2. The classifi- 
cation can be seen more distinctly in Figs. 5-9 where the local N-N bond 
characteristics are plotted versus the number of valence electrons in a 
complex of given spin multiplicity. Three groups of dinitrogen complexes are 
distinguished. An intermediate sub-group with considerable metal-ligand 
mixing, (m + n = 0.5) is shown separately. 

The quantities WN_N, EN_, and Q(N2) exhibit linear relationships when 
plotted versus the X(r*) values (Fig. 10). This proves self-consistency of 
these quantitative criteria of dinitrogen activation despite the fact that they 
were defined in a completely different way. The wide variation in WN_N, 
E N-NT Q(3) and Q(Nd h owever, proves the existence of a strong effect of 
the central atom on dinitrogen activation. 

The one- or two-electron reduction of coordinated dinitrogen makes a new 

60 

-EN-N 

l&l 

55 

50 

45 ,- 

4C I- 

0 

.’ 
HA 

.’ 

4r dff _.-a 

-0.5 I- 

-l.C )- 

&,^^*A 
T,O ~0 CrO Mn” Fe0 

v Ti’ Fe’ 

Fig. 7. Plot of the bicentric part of the total molecular energy EN_, vs. the number of valence 
electrons in dinitrogen complexes m[M(NHs)4Cl(N,)]9 of a given spin multiplicity (- 
non-activated systems; - - - - - - one-electron activated systems; . -. - + two-electron activated 

systems). 

Fig. 8. Plot of the dinitrogen group charge Q(N,) vs. the number of valence electrons in 
dinitrogen complexes ‘“[M(NH,),CI(N,)]~ of a given spin multiplicity (- non-activated 

systems; - - - - - - one-electron activated systems; . -. -. two-electron activated systems). 
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-0.6 i 
- 

n 2 - 
TI' V* Cra Mn* Fe0 

Cr” Mn” Fe” 

Fig. 9. Plot of the charge on the terminal nitrogen Q(Nb) vs. the number of valence electrons 
in dinitrogen complexes m[M(NH3)4C1(N2)]4 of a given spin multiplicity (- non- 
activated systems; -_____ one-electron activated systems; -. -. -. two-electron activated 
systems). 

assignment of the oxidation states necessary (Table 13). Neither the charge 
distributions (atomic and group charges), nor the electron populations d” are 
superior for such a formulation. Here it is based mainly on the spin densities 
and the electron configurations of ( T*)~( T’*)~. Frequently, charge transfer 
of M + N, or M + N, must be noted to reproduce correct oxidation and 
spin states. In several cases resonance hybrids secure self-consistency in 
assignment of both oxidation numbers and spin densities within the M-N, 
unit. 

The substitution of ammonia for other equatorial ligands L, = H,O, PH,, 
H,S, OH-, SH- and Cl- leads to significant changes in dinitrogen activa- 
tion. The characteristics calculated for “[MCl,(N,)]+’ complexes are pre- 
sented in Table 14, showing the equ-ax influence when compared with Table 
13 for “[M(NH3)4C1(N,)]4 complexes. Notice the original set of 35 different 
complexes is multiplied by seven so that 245 dinitrogen containing com- 
plexes represent a series where the equatorial-axial influence is examined 
side by side with the central atom effect. The equ-ax influence shows itself in 
three ways: (1) by a change in the degree of electron localization on 
d+j,?. . . ( ?I.*)~( s-‘*)~ levels (Tables 15 and 16); (2) by a discrete change in 
the local electron configurations of ( m*)m( ?T’*)” (Table 17); (3) by a shift of 
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2.5 - 

2.0 - 

60 

-EN-N 

kV1 
cl 

55 

50 

45 

LO 

1.5 I I I I 

0.0 0.5 1.0 XlFAI 1.5 

Fig. 10. Linear relationship of the Wiberg index W,_, and the bicentric part of the total 
molecular energy EN_ N vs. the dinitrogen a-acceptor index X(lr,) in dinitrogen complexes 

“MNH,),C&N,)lq. 

quantitative N-N bond characteristics upon substitution of L, for another 
ligand (Table 18). 

On the basis of calculation the equatorial ligands L, may be ordered 
within the following series OH-- Cl->> NH, - H,O - SH-B- H,S > PH,, 
where the efficiency of dinitrogen activation decreases. 

In order to predict the most active sites of a complex for their proton 
affinity, electrostatic isopotential maps were plotted for selected systems 
(Figs. 11, 12). Within the neutral equatorial ligands the case of L, = H,O is 
somewhat more favourable in comparison with L, = H,S; a more negative 
charge is localized in the site of coordinated dinitrogen. The anionic ligands 
L, = OH- and SH- show a high negative potential around themselves so 



T
A

B
L

E
 

14
 

C
al

cu
la

te
d 

ch
ar

ac
te

ri
st

ic
s 

of
 “

[M
C

l,
(N

,)
]‘r

 
co

m
pl

ex
es

 a
 

M
 

q 
m

 
d”

 
X

(%
) 

W
N

-N
 

-E
 

N
-N

 
Q

W
, 

1 
Q

(W
 

P
W

,)
 

A
ss

ig
n

m
en

t 

T
i 

-3
 

-4
 

-5
 

1 
1.

48
 

2 
1.

64
 

4 
1.

63
 

6 
2.

23
 

1 
2.

34
 

3 
2.

14
 

5 
2.

21
 

V
 

-3
 

-4
 

-5
 

2 
2.

74
 

1 
3.

14
 

3 
3.

09
 

5 
3.

10
 

2 
3.

21
 

4 
3.

21
 

6 
3.

20
 

C
r 

-3
 

1 
3.

87
 

-4
 

2 
4.

11
 

0.
75

 
2.

28
 

51
.1

 
1.

56
 

1.
93

 
40

.8
 

1.
59

 
1.

61
 

40
.3

 
1.

69
 

1.
57

 
39

.8
 

1.
71

 
1.

65
 

40
.0

 
1.

07
 

2.
15

 
49

.9
 

1.
75

 
1.

54
 

39
.2

 

0.
51

 
2.

49
 

54
.8

 
1.

06
 

2.
07

 
48

.8
 

1.
07

 
2.

14
 

49
.4

 
1.

03
 

2.
15

 
49

.7
 

1.
80

 
1.

91
 

38
.8

 
1.

80
 

1.
52

 
38

.8
 

1.
83

 
1.

51
 

38
.7

 

0.
37

 
2.

61
 

56
.7

 
1.

08
 

2.
16

 
49

.9
 

- 
0.

43
 

- 
1.

08
 

- 
1.

10
 

- 
1.

11
 

- 
1.

13
 

- 
0.

67
 

-1
.2

0 

-0
.1

9 
- 

0.
62

 
- 

0.
66

 
- 

0.
64

 
- 

1.
23

 
- 

1.
21

 
- 

1.
22

 

- 
0.

06
 

- 
0.

63
 

- 
0.

24
 

- 
0.

61
 

- 
0.

05
 

- 
0.

60
 

1.
60

 
- 

0.
70

 
1.

72
 

- 
0.

90
 

- 
0.

55
 

0.
98

 
- 

0.
77

 
1.

79
 

- 
0.

20
 

0.
15

 
- 

0.
55

 
- 

0.
48

 
0.

96
 

-0
.4

6 
1.

03
 

- 
0.

83
 

0.
01

 
- 

0.
81

 
1.

79
 

- 
0.

80
 

1.
85

 

- 
0.

19
 

- 
0.

50
 

0.
93

 

(T
i”

) 
--

+
 (N

:)
; 

(T
i’“

) 
+

- 
(N

il
’) 

( 
t 

T
i”

‘) 
+

 
(N

;“
) 

( 
T

 T
i”

‘) 
t 

( 
f 

T
 N

Y
”)

 
f 

t 
T

 T
i”

)(
 

T
 t 

N
-“

)(
 

1 
c~

-iV
) 

(T
i”

xN
~

“)
 

’ 
5 

( 
T

 T
i’)

( 
r 

N
;‘)

 
(T

TT
~

II)
(T

TN
;“

) 

( 
’ 

V
u

) 
-+

 (
N

;)
 

(V
”‘

)c
- 

(N
;“

);
 

(V
i)

 
-+

 (
N

;)
 

(T
 T

 1 
I’

“)
( 

T
 N

;‘)
 

(r
T

T
V

ir
)(

T
N

;i
) 

( 
T

 V
”)

(N
;“

) 
( 

T 
T 

1
 v

”)
( 

T 
TN

;“
) 

(T
tT

v”
)(

Tt
~

;‘
i) 

(C
r’

t)
 

-+
 (

N
;)

 
(C

r’
t)

( 
T

N
;‘)

 



M
n 

F
e 

-5
 

-3
 

-4
 

-5
 

-3
 

-4
 

-5
 

4 
4.

11
 

1.
05

 
2.

16
 

50
.2

 
- 

0.
62

 
- 

0.
49

 
0.

98
 

6 
3.

80
 

1.
33

 
1.

79
 

44
.0

 
-0

.8
7 

- 
0.

58
 

1.
36

 

1 
4.

22
 

3 
4.

21
 

5 
4.

18
 

1.
83

 
1.

92
 

38
.8

 
1.

83
 

1.
51

 
38

.7
 

1.
91

 
1.

49
 

38
.3

 

0.
33

 
2.

68
 

57
.7

 
1.

35
 

2.
02

 
44

.5
 

0.
96

 
2.

17
 

50
.4

 
1.

09
 

2.
18

 
50

.3
 

1.
86

 
1.

50
 

38
.8

 
1.

94
 

1.
48

 
38

.3
 

1.
89

 
1.

50
 

38
.4

 

0.
25

 
2.

74
 

58
.6

 
0.

97
 

2.
18

 
50

.7
 

0.
97

 
2.

18
 

50
.5

 
0.

97
 

2.
18

 
50

.5
 

1.
52

 
1.

93
 

38
.6

 
1.

85
 

1.
50

 
38

.7
 

1.
26

 
1.

97
 

41
.9

 

- 
1.

24
 

- 
1.

23
 

- 
1.

26
 

2 
4.

97
 

1 
4.

89
 

3 
5.

12
 

5 
5.

09
 

2 
5.

22
 

4 
5.

19
 

6 
5.

15
 

+
 0

.0
2 

- 
0.

86
 

- 
0.

60
 

- 
0.

61
 

- 
1.

27
 

- 
1.

28
 

- 
1.

27
 

1 
6.

03
 

2 
6.

13
 

4 
6.

08
 

6 
6.

09
 

1 
6.

55
 

3 
6.

16
 

5 
6.

76
 

+
 0

.0
9 

-0
.5

8 
- 

0.
59

 
- 

0.
60

 
- 

1.
25

 
- 

1.
26

 
-0

.7
6 

-0
.8

6 
- 

0.
85

 
1.

80
 

-0
.8

5 
1.

90
 

-0
.1

9 
0.

00
 

- 
0.

62
 

- 
0.

51
 

- 
0.

96
 

- 
0.

50
 

1.
00

 
- 

0.
88

 
0.

00
 

- 
0.

89
 

1.
91

 
- 

0.
87

 
1.

91
 

-0
.1

7 
-0

.5
1 

-0
.9

6 
- 

0.
51

 
0.

99
 

-0
.5

1 
1.

02
 

-0
.8

9 
- 

0.
89

 
0.

03
 

- 
0.

76
 

0.
91

 

( 
’ 

f C
r"

)(
 

T
N

;')
 

( 
7 

‘I 
t 

@
I’)

 
+_

 (
 

t 
t 

N
C

”)
; 

(~
~

t~
C

rr
f)

+
(~

N
;‘)

 

(C
r”

)(
N

;“
) 

( 
t 

f 
1 

1 
C

r”
)(

 
t 

t 
N

;“
) 

( 
t 

T
 C

r"
)(

 
f 

t 
N

;"
) 

( 
T

 M
n

’*
) 

+
 

(N
;)

 
(M

n
”‘

) 
+

 
(N

T
”)

 
(T

rt
M

n
”)

(L
N

;‘)
 

(T
T

T
M

n
”)

(t
N

;‘)
 

(T
M

n
ll

xt
lN

~
“)

 
(r

M
n

’l)
(r

fN
;l

’) 
(T

TT
M

~
“)(

TT
N;

” 
) 

(F
e”

)(
N

:)
 

( 
t 

1 
F

e”
)(

 
i 

N
;‘)

 
(t

tT
rF

e”
)(

fN
;‘)

 
(T

TT
~

Qx
TN

;‘)
 

(F
e”

) 
+

 
(N

;“
) 

(T
tt

~
Fe

”~
tlN

~
“) 

(T
tT

F
e’

)-
+

(T
N

;‘)
 

a 
E

,_
, 

in
 u

n
it

s 
of

 e
V

, 
Q

(N
2)

 
an

d 
Q

(N
b)

 
in

 u
n

it
s 

of
 e

. 



T
A

B
L

E
 

15
 

S
u

m
m

ar
y 

of
 t

h
e 

X
( 

rr
A

) v
al

u
es

 f
or

 m
on

on
u

cl
ea

r 
co

m
pl

ex
es

 a
 

L 
M

” 
m

-l
,2

 
m

=
3,

4 
m

=
5,

6 

T
i 

V
 

C
r 

M
n

 
F

e 
T

i 
V

 
C

r 
M

n
 

F
e 

T
i 

V
 

C
r 

M
n

 
F

e 

O
H

- 

cl
- 

N
H

, 

S
H

- 

H
,S

 

P
H

, 

M
” 

M
’ 

M
O

 

M
” 

M
’ 

M
D

 

M
” 

M
’ 

M
O

 

M
” 

M
’ 

M
O

 

M
” 

,“
: 

M
” 

$ M
” 

M
’ 

M
O

 

0.
85

 
0.

92
 

0.
46

 
0.

97
 

0.
29

 
I.

32
 

1.
11

 
1.

04
 

1.
50

 
1.

19
 

1.
73

 
1.

81
 

1.
84

 
1.

85
 

1.
33

 

0.
75

 
0.

51
 

0.
37

 
0.

33
 

0.
25

 
1.

56
 

1.
06

 
1.

08
 

1.
35

 
0.

97
 

1.
71

 
1.

80
 

1.
83

 
1.

86
 

7.
52

 

0.
41

 
0.

28
 

0.
12

 
0.

11
 

0.
08

 
0.

81
 

0.
79

 
0.

95
 

0.
72

 
0.

96
 

1.
34

 
0.

98
 

1.
29

 
0.

95
 

1.
25

 

0.
34

 
0.

16
 

0.
19

 
0.

12
 

0.
05

 
0.

95
 

0.
68

 
0.

96
 

0.
41

 
0.

24
 

1.
51

 
0.

99
 

1.
50

 
0.

96
 

1.
33

 

0.
92

 
0.

48
 

0.
28

 
0.

23
 

0.
19

 
1.

37
 

1.
01

 
1.

24
 

0.
99

 
0.

93
 

1.
48

 
0.

93
 

1.
16

 
0.

88
 

0.
27

 

0.
36

 
0.

21
 

0.
11

 
0.

08
 

0.
01

 
0.

91
 

0.
77

 
0.

76
 

0.
37

 
0.

07
 

0.
43

 
0.

85
 

0.
61

 
0.

17
 

0.
10

 

0.
28

 
0.

19
 

0.
15

 
0.

02
 

0.
00

 
0.

91
 

0.
52

 
0.

30
 

0.
25

 
0.

17
 

0.
52

 
0.

85
 

0.
44

 
0.

29
 

0.
34

 

1.
61

 
1.

09
 

1.
08

 
1.

02
 

0.
74

 
1.

71
 

1.
57

 
1.

40
 

0.
97

 
0.

97
 

1.
08

 
1.

82
 

1.
83

 
1.

84
 

1.
85

 
1.

79
 

1.
83

 
1.

86
 

1.
15

 
1.

13
 

1.
59

 
1.

07
 

1.
05

 
0.

96
 

0.
97

 
1.

69
 

1.
03

 
1.

33
 

1.
09

 
0.

97
 

1.
07

 
1.

80
 

1.
83

 
1.

94
 

1.
85

 
1.

75
 

1.
83

 
1.

91
 

1.
89

 
1.

26
 

1.
27

 
0.

95
 

0.
95

 
0.

95
 

0.
24

 
0.

89
 

1.
11

 
0.

81
 

0.
54

 
0.

96
 

1.
31

 
0.

95
 

0.
95

 
0.

95
 

0.
95

 
0.

94
 

1.
15

 
0.

95
 

0.
97

 
0.

97
 

1.
16

 
0.

96
 

0.
95

 
0.

38
 

0.
99

 
0.

88
 

0.
96

 
0.

64
 

0.
99

 
0.

96
 

1.
52

 
0.

98
 

0.
96

 
0.

98
 

0.
98

 
0.

86
 

0.
99

 
0.

96
 

0.
95

 
1.

03
 

1.
49

 
1.

05
 

0.
95

 
0.

36
 

0.
23

 
0.

95
 

1.
37

 
1.

04
 

0.
25

 
0.

94
 

0.
95

 
0.

98
 

0.
95

 
0.

84
 

0.
94

 
1.

05
 

0.
95

 
0.

87
 

0.
95

 
0.

95
 

0.
37

 
0.

87
 

0.
84

 
0.

10
 

0.
02

 
0.

77
 

0.
70

 
0.

11
 

0.
06

 
0.

12
 

0.
93

 
0.

89
 

0.
12

 
0.

11
 

0.
07

 
0.

55
 

0.
84

 
0.

12
 

0.
11

 
0.

06
 

0.
90

 
0.

90
 

0.
32

 
0.

21
 

0.
06

 
0.

88
 

0.
90

 
0.

16
 

0.
09

 
0.

24
 

0.
90

 
0.

89
 

0.
14

 
0.

22
 

0.
19

 
0.

92
 

0.
75

 
0.

21
 

0.
03

 
0.

07
 

* 
T

h
e 

de
gr

ee
 o

f 
di

n
it

ro
ge

n
 a

ct
iv

at
io

n
, 

m
ea

su
re

d 
th

ro
u

gh
 X

(Q
) 

va
lu

es
 o

f 
co

or
di

n
at

ed
 

di
n

it
to

ge
n

, 
de

cr
ea

se
s 

w
it

h
in

 t
h

e 
se

ri
es

 o
f 

eq
u

at
or

ia
l 

li
ga

n
ds

 O
H

- 
r 

C
l-

 
>

 
H

,O
 

1 
N

H
, 

>
 S

H
- 

B
 

H
,S

 
) 

P
H

,. 



T
A

B
L

E
 

16
 

S
u

m
m

ar
y 

of
 t

h
e 

d”
 v

al
u

es
 f

or
 m

on
on

u
cl

ea
r 

co
m

pl
ex

es
 a

 

L
, 

M
” 

m
=

l,2
 

m
=

3,
4 

m
=

5,
6 

T
i 

V
 

C
r 

M
n

 
F

e 
T

i 
V

 
C

r 
M

n
 

F
e 

T
i 

V
 

C
r 

M
n

 
F

e 

O
H

- 
2.

17
 

2.
66

 
3.

74
 

2.
20

 
3.

11
 

4.
09

 

cl
- 

N
H

, 

4.
15

 
6.

02
 

4.
83

 
6.

05
 

1.
62

 
3.

10
 

4.
05

 
5.

11
 

6.
28

 
5.

05
 

6.
06

 
5.

18
 

6.
53

 
2.

15
 

3.
18

 
4.

18
 

5.
11

 
6.

11
 

5.
22

 
6.

58
 

4.
97

 
6.

03
 

4.
89

 
6.

13
 

1.
63

 
3.

09
 

4.
11

 
5.

12
 

6.
08

 
2.

23
 

3.
10

 
3.

80
 

5.
09

 
6.

09
 

5.
22

 
6.

55
 

2.
14

 
3.

21
 

4.
21

 
5.

19
 

6.
16

 
2.

21
 

3.
20

 
4.

18
 

5.
15

 
6.

76
 

5.
14

 
6.

16
 

5.
42

 
6.

17
 

1.
87

 
3.

13
 

4.
13

 
5.

16
 

6.
43

 
2.

25
 

3.
01

 
4.

19
 

5.
36

 
6.

08
 

5.
26

 
6.

20
 

2.
22

 
3.

09
 

4.
20

 
5.

18
 

6.
20

 
2.

17
 

3.
01

 
4.

17
 

5.
18

 
6.

20
 

5.
32

 
6.

33
 

5.
76

 
6.

80
 

2.
05

 
3.

23
 

4.
22

 
5.

74
 

6.
30

 
2.

31
 

3.
21

 
4.

44
 

5.
27

 
6.

22
 

5.
36

 
6.

37
 

2.
32

 
3.

19
 

4.
88

 
5.

37
 

6.
38

 
2.

41
 

3.
22

 
4.

25
 

5.
28

 
6.

28
 

4.
94

 
6.

04
 

4.
95

 
5.

96
 

1.
59

 
3.

08
 

4.
03

 
4.

97
 

6.
03

 
1.

33
 

2.
67

 
3.

87
 

4.
96

 
5.

98
 

5.
01

 
6.

07
 ’

 
2.

08
 

3.
11

 
4.

13
 

5.
03

 
6.

05
 

1.
96

 
2.

45
 

3.
99

 
5.

10
 

6.
07

 

5.
18

 
6.

17
 

5.
62

 
6.

24
 

1.
82

 
3.

13
 

4.
10

 
5.

16
 

5.
25

 
2.

03
 

2.
73

 
4.

06
 

5.
13

 
6.

04
 

5.
08

 
6.

28
 

1.
37

 
2.

47
 

4.
10

 
5.

12
 

6.
22

 
1.

40
 

2.
90

 
4.

06
 

5.
09

 
6.

11
 

5.
26

 
6.

28
 

5.
77

 
6.

81
 

2.
13

 
3.

19
 

4.
61

 
5.

14
 

6.
27

 
2.

16
 

3.
17

 
4.

15
 

5.
23

 
6.

16
 

5.
27

 
6.

27
 

2.
15

 
3.

11
 

4.
15

 
5.

62
 

6.
69

 
1.

99
 

3.
14

 
4.

16
 

5.
24

 
6.

27
 

a 
T

h
e 

do
n

or
 a

bi
li

ty
 o

f 
eq

u
at

or
ia

l 
li

ga
n

ds
 m

ea
su

re
d 

th
ro

u
gh

 d
” 

va
lu

es
 o

f 
ce

n
tr

al
 a

to
m

s 
de

cr
ea

se
s 

in
 t

h
e 

se
ri

es
 o

f 
N

H
, 

>
 P

H
, 

>
 H

,O
 

>
 H

,S
 

- 
C

l-
 

>
 O

H
->

 
S

H
-.

 

S
H

- 

H
,S

 

P
H

, 

M
” 

1.
42

 
2.

38
 

3.
84

 
M

’ 
1.

89
 

3.
11

 
4.

20
 

M
O

 
2.

32
 

3.
23

 
4.

25
 

M
” 

1.
48

 
2.

14
 

3.
87

 
$ 

2.
34

 
1.

64
 

3.
14

 
3.

21
 

4.
11

 
4.

22
 

M
” 

1.
75

 
2.

92
 

4.
02

 
M

’ 
2.

16
 

3.
38

 
4.

16
 

M
O

 
2.

22
 

3.
15

 
4.

24
 

M
” 

1.
89

 
3.

03
 

4.
19

 
M

’ 
2.

16
 

3.
53

 
4.

28
 

M
O

 
2.

32
 

3.
24

 
4.

41
 

M
” 

1.
49

 
2.

74
 

3.
88

 
M

’ 
1.

73
 

3.
13

 
3.

78
 

M
O

 
1.

76
 

3.
09

 
4.

15
 

M
” 

1.
82

 
2.

97
 

4.
08

 

$ 
2.

11
 

2.
04

 
2.

90
 

2.
50

 
4.

15
 

4.
13

 

M
” 

1.
91

 
3.

06
 

4.
15

 
M

’ 
2.

12
 

3.
52

 
4.

67
 

M
O

 
2.

12
 

3.
19

 
4.

23
 



T
A

B
L

E
 

17
 

D
eg

re
e 

of
 d

in
itr

og
en

 
ac

tiv
at

io
n 

in
 

m
on

on
uc

le
ar

 
co

m
pl

ex
es

 
a 

L
_ 

M
” 

m
-l

,2
 

m
=3

,4
 

m
=5

,6
 

c 

T
i 

V
 

C
r 

M
n 

Fe
 

T
i 

V
 

C
r 

M
n 

Fe
 

T
i 

V
 

C
r 

M
n 

Fe
 

O
H

- 
M

” 

C
l-

 

J&
O

 

N
H

3 

S
H

- 

H
,S

 

P
H

, 

$I
 

M
” 

M
’ 

M
O

 

M
” 

$ M
” 

;b
 

M
” 

M
’ 

M
O

 

M
” 

M
’ 

M
O

 

M
” 

M
’ 

M
O

 

1 
<

2 2 

20
 2 2 0 1 

<
2 0 1 2 1 2 2 0 1 

>
o 

>
O

 1 
>

o 

1 1 2 0 
(2

 2 0 

>
O

 1 0 
>

o 1 

>
O

 1 1 0 1 1 

>
O

 
>

o 1 

so
 1 2 0 1 2 0 1 

(2
 0 1 2 

>
o (2
 

<
2 0 1 

>
O

 

>
o 

>
o >
o 

1 
<

2 2 0 
<

2 2 0 
>

o 1 0 
>

O
 1 

>
O

 1 1 0 
>

O
 0 0 

>
o 

>
o 

- 

0 1 

12
 0 1 2 0 1 

<
2 0 

>
o <
2 

>
o 1 

20
 0 0 0 0 

>
o 

>
o 

2 1 2 1 

>
l <
2 

>
1 2 2 1 0 1 1 1 

1 
1 

2 
2 

1 
1 

2 
2 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
0 

1 
>

o 
1 

20
 

1 2 1 2 1 1 

>
o 1 

>
o 1 0 0 

>
o 

>
o 

>
o 2 1 2 0 1 1 I 

ro
 1 0 0 0 

>
o 

2 2 2 2 1 1 

<
l 1 1 1 1 

<
l 1 1 

2 
12

 
2 

2 

1 
<

2 
2 

2 

>
l 

1 
>

l 
1 

1 
1 

1 
1 

2 
1 

1 
1 

1 
0 

1 
0 

1 
>

o 

1 
>

o 

1 1 1 2 

>
o 1 1 1 

>
o 1 0 0 0 0 

1 1 1 

=
-1

 1 1 1 1 1 1 0 0 

>
o 0 

a 
0:

 
no

 
ac

tiv
at

io
n;

 
1:

 o
ne

-e
le

ct
ro

n 
ac

tiv
at

io
n;

 
2:

 t
w

o-
el

ec
tr

on
 

ac
tiv

at
io

n.
 



T
A

B
L

E
 

18
 

E
qu

-a
x 

in
fl

u
en

ce
 o

n
 a

ct
iv

at
io

n
 c

h
ar

ac
te

ri
st

ic
s 

in
 d

in
it

ro
ge

n
 c

om
pl

ex
es

 

L
, 

D
eg

re
e 

N
” 

X
(l

r,
) 

W
 N

-N
 

-E
 

N
-N

 
Q

(W
 

Q
&

J 

M
on

on
u

cl
ea

r 
co

m
p

le
xe

s 

O
H

- 
0 1 2 

3 
0.

29
-0

.7
4 

2.
28

-2
.6

8 
52

:6
-5

8.
0 

14
 

0.
85

-1
.1

9 
1.

95
-2

.2
3 

47
.8

-5
2.

1 
18

 
1.

32
-1

.8
6 

1.
51

-1
.9

8 
38

.3
-4

9.
4 

cl
- 

0 
5 

0.
25

-0
.7

5 
2.

28
-2

.7
4 

51
.1

-5
8.

6 
1 

11
 

0.
96

-1
.2

6 
1.

97
-2

.1
8 

47
.9

-5
0.

7 
2 

19
 

1.
06

-1
.9

4 
1.

48
-2

.0
7 

38
.3

-4
8.

8 

H
a0

 
0 

9 
0.

08
-0

.7
9 

2.
28

-2
.8

7 
51

.7
-5

9.
4 

1 
22

 
0.

81
-1

.2
7 

1.
78

-2
.1

9 
43

.8
-5

0.
8 

2 
4 

1.
25

-1
.3

4 
1.

77
-2

.0
1 

43
.7

-4
5.

4 

N
H

, 
0 

9 
0.

05
-0

.6
8 

2.
38

-2
.8

9 
53

.3
-5

9.
7 

1 
22

 
0.

64
-1

.1
6 

1.
87

-2
.3

2 
45

.7
-5

2.
6 

2 
4 

1.
33

-1
.5

2 
1.

65
-2

.0
1 

41
.9

-4
4.

9 

S
H

- 
0 

8 
0.

19
-0

.4
8 

2.
52

-2
.7

9 
55

.2
-5

9.
0 

1 
21

 
0.

84
-1

.0
5 

2.
01

-2
.3

0 
47

.0
-5

1.
3 

2 
6 

1.
16

-1
.4

9 
1.

67
-2

.0
7 

41
.5

-4
6.

7 

H
,S

 
0 1 

P
H

, 
0 1 

23
 

12
 

0.
01

-0
.6

1 
2.

42
-2

.8
8 

0.
55

-0
.9

2 
2.

16
-2

.3
8 

0.
00

-0
.5

2 
2.

43
-2

.8
8 

0.
75

-0
.9

2 
2.

15
-2

.2
7 

54
.0

-5
9.

6 
49

.9
-5

3.
6 

25
 

10
 

53
.8

-5
9.

6 
50

.0
-5

1.
8 

B
in

u
cl

ea
r 

co
m

p
le

xe
s 

N
H

,,N
H

, 
0 1 2 3 4 

1 
0.

73
 

2.
25

 
52

.0
 

+
 0

.0
8 

11
 

0.
95

-1
.3

3 
1.

86
-2

.1
4 

45
.2

-5
0.

7 
-0

.3
6;

 
-0

.1
5 

44
 

1.
68

-1
.9

9 
1.

48
-1

.9
0 

38
.8

-4
2.

1 
- 

0.
86

; 
- 

0.
56

 
2 

2.
03

-2
.1

1 
1.

39
-1

.4
1 

36
.3

-3
6.

6 
- 

0.
85

; 
- 

0.
83

 
2 

2.
07

-2
.1

6 
1.

28
-1

.3
3 

33
.2

-3
4.

9 
- 

0.
99

; 
- 

0.
86

 

- 
0.

37
; 

+
 0

.0
3 

- 
0.

50
; 

- 
0.

22
 

- 
0.

72
; 

- 
0.

52
 

- 
0.

69
; 

- 
0.

29
 

- 
1.

27
; 

-0
.8

0 
- 

0.
93

; 
- 

0.
62

 

- 
0.

43
; 

+
 0

.0
9 

- 
0.

24
; 

- 
0.

17
 

- 
0.

76
; 

- 
0.

51
 

- 
0.

76
; 

- 
0.

46
 

- 
1.

28
; 

- 
0.

62
 

- 
0.

89
; 

- 
0.

55
 

- 
0.

30
; 

+
 0

.3
0 

- 
0.

25
; 

+
 0

.1
4 

- 
0.

74
; 

- 
0.

32
 

- 
0.

36
; 

- 
0.

21
 

- 
0.

77
; 

- 
0.

65
 

- 
0.

46
; 

- 
0.

44
 

- 
0.

22
; 

i-
 0

.2
8 

-0
.2

3;
 

+
O

.l
O

 
- 

0.
66

; 
- 

0.
22

 
-0

.3
3;

 
- 

0.
19

 
- 

0.
88

; 
- 

0.
74

 
- 

0.
55

; 
- 

0.
52

 

-0
.1

5;
 

+
0.

15
 

-0
.2

5;
 

-0
.1

2 
- 

0.
70

; 
- 

0.
40

 
- 

0.
51

; 
- 

0.
21

 
- 

1.
02

; 
- 

0.
73

 
- 

0.
60

; 
- 

0.
52

 

- 
0.

20
; 

+
 0

.3
2 

- 
0.

20
; 

+
 0

.1
3 

- 
0.

53
; 

- 
0.

22
 

- 
0.

22
; 

- 
0.

02
 

- 
0.

22
; 

+
 0

.3
3 

-0
.1

6;
 

+
0.

14
 

- 
0.

49
; 

- 
0.

33
 

-0
.2

4;
 

-0
.1

7 

a 
N

 =
 n

u
m

be
r 

of
 c

om
pl

ex
es

 i
n

 t
h

is
 g

ro
u

p.
 



96 

Fig. 11. The isopotential (xz) map of electrostatic potential for 5[V(H20)4C1(Nz)]a. 

that the whole complex exhibits several active sites for subsequent protona- 
tion. 

Summarizing the most significant results of our model calculations on 
mononuclear dinitrogen complexes it may be concluded: 

(1) The degree of dinitrogen activation in mononuclear complexes can 
reach one or two electrons and is strongly dependent on the characteristics 
of the central atom “Mq. 

(2) Owing to their lower electronegativity elements from the beginning of 
the first transition metal row (Ti, V) better support dinitrogen activation or 
metal-to-dinitrogen charge transfer. For titanium complexes the irreversible 
nitride mechanism (relatively strong Ti-N bond) is preferred, while for 
vanadium complexes the reversible, catalytic mechanism (relatively weak 
V-N bond) is more probable. 

(3) The lower oxidation states of the central atom (MO and M’) support 
dinitrogen activation. 

(4) The nature of the equatorial ligands significantly affects the efficiency 
of activation (a strong equ-ax influence is operating side by side with the 
central atom effect). 
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Fig. 12. The isopotential (XT) map of electrostatic potential for 5[V(OH),Cl(N,)]4-. 

(5) The first-row donor atoms (0, N) of equatorial ligands L, increase the 
degree of dinitrogen activation relative to the second-row donor atoms (S, P). 

(6) The anionic equatorial ligands L, = OH- and SH- support a degree of 
activation over the neutral ligands L, = H,O and H,S but, on the other 
hand, exhibit a large negative electrostatic potential around themselves; thus 
the subsequent protonation can have several sites. 

(iv) Mononuclear bent end-on complexes 

The possible bending of the M-N-N group (M-X-Y in general) has 
attracted attention for many years. It has been interesting to rationalize why 
the M-CO unit is usually linear, M-N, preferentially linear or slightly bent, 
M-NO either linear or bent and M-O, strongly bent or triangular (side-on 
coordination). The available literature in this field covers two different 
approaches [186,187]: (1) the “inorganic functional group” concept; (2) the 
vibronic coupling approach for the electron degenerate states. 
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The first approach involves consideration of the metal d electrons plus ?T* 
electrons of the diatomic molecule, hereafter { MXY} x, e.g., { OsN, } 6 for the 
complex [Os(NH,),(N,)]Cl,. Usually, a Walsh type correlation diagram is 
constructed between the critical orbitals (metal d- and ligand u- and n*- 
orbitals) for limiting C,,, C, and C, point groups (Fig. 13). Depending on the 
number of “active” electrons {MN,} x, either the linear or the bent geometry 
of the M-N, unit is predicted. This concept, however, is fairly idealized. Its 
failure may be expected for higher spin multiplicities (especially in a weak 
ligand field), for a strong metal-ligand mixing and for a particular filling of 
the metal s and p valence orbitals. 

The second approach states that the orbitally degenerate (accidentally 
degenerate) electronic state exhibits significant coupling with the vibrational 
bending mode. Consequently, no energy minimum corresponds to the linear 
geometry so that the vibronic coupling via a Renner-Teller (Jahn-Teller) 
effect makes the bent geometry more stable. Since that approach is based 
only on symmetry considerations, it is unable to predict the strength of 
vibronic coupling, so that quantitative calculations are required in order to 
evaluate the extent of vibronic coupling. 

The “[MCl,(N,)Jq complexes were studied in three geometries: in the 
linear (8 = 0’) and in two bent (0 = 10” and 20’) geometries. The principal 
results are collected in Table 19 and lead to the following conclusions: 

(1) The inorganic functional group {MN, } x for C,, complexes (the linear 
M-N-N unit) varies from 2.23 to 8.07 and, for the given oxidation state, 

n’*-vz 
a” 

c ----- 

¶“-xz 
a’ _________ ____ 

aI 
a’-___----____ 

a” 

CL” CS 

Fig. 13. A Walsh-type diagram of C,, ++ C, interconversion for [ML,(N,)J complexes. 
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TABLE 19 

Calculated characteristics of “[MCI,(N,)]q complexes by the bending of M-N-N unit a 

M 4 m e = 00 e=ioo e = 200 

Er d” (MN,}” AE d” AE d” 

Ti -3 1 - 2888.20 
-4 2 - 2873.51 

4 - 2873.59 
6 - 2861.26 

-5 1 - 2846.07 
3 - 2850.73 
5 - 2850.61 

+ 0.01 1.48 + 0.04 1.48 
- 1.06 2.04 - 1.01 2.04 
+ 0.03 1.64 •t- 0.10 1.67 
- 2.68 2.14 + 0.16 2.22 
- 4.72 2.19 - 4.60 2.22 
+ 0.05 2.14 +0.11 2.14 
+ 0.03 2.21 +0.15 2.21 

V -3 2 - 2947.64 
-4 1 - 2930.37 

3 - 2934.07 
5 - 2933.61 

-5 2 - 2909.69 
4 - 2909.40 
6 - 2909.11 

- 1.95 2.35 - 1.96 2.35 
- 2.08 2.72 -2.15 2.73 
+ 0.03 3.08 +0.11 3.08 
+ 0.03 3.10 + 0.07 3.10 
+ 0.04 3.21 +0.16 3.22 
+ 0.04 3.21 +0.15 3.21 
+ 0.05 3.20 +0.12 3.20 

Cr -3 1 - 3031.36 
-4 2 - 3017.61 

4 - 3017.10 
6 - 3013.67 

-5 1 - 2992.49 
3 - 2992.11 
5 - 2991.99 

1.48 2.23 
1.64 3.20 
1.63 3.22 
2.23 3.92 
2.34 4.05 
2.14 3.21 
2.21 3.96 

2.74 3.25 
3.14 4.20 
3.09 4.16 
3.10 4.13 
3.21 5.01 
3.21 5.01 
3.20 5.03 

3.87 4.24 
4.11 5.19 
4.11 5.16 
3.80 5.13 
4.22 6.05 
4.21 6.04 
4.18 6.09 

4.97 5.30 
4.89 6.24 
5.12 6.08 
5.08 6.17 
5.22 7.08 
5.19 7.13 
5.15 7.04 

+ 0.05 3.87 + 0.06 3.85 
+ 0.02 4.11 + 0.07 4.11 
+ 0.01 4.11 + 0.05 4.11 
- 3.15 4.12 - 3.07 4.11 
+0.04 4.23 +0.13 4.23 
-I- 0.03 4.21 + 0.15 4.21 
-I- 0.03 4.18 +0.11 4.19 

Mn -3 2 - 3142.40 
-4 1 - 3125.64 

3 - 3127.96 
5 - 3126.95 

-5 2 - 3102.29 
4 - 3102.33 
6 - 3101.08 

+ 0.01 4.97 + 0.05 4.96 
- 0.03 4.89 - 0.15 4.89 
-t- 0.02 5.12 + 0.06 5.12 
- 0.65 5.12 - 0.73 5.13 
+ 0.02 5.22 - 0.17 5.23 
+ 0.05 5.19 + 0.12 5.20 
-0.75 5.18 - 0.63 5.19 

Fe -3 1 - 3276.78 6.03 6.28 + 0.01 6.03 + 0.04 6.03 
-4 2 - 3262.37 6.13 7.10 -I- 0.02 6.13 + 0.08 6.13 

4 - 3261.47 6.08 7.05 - 0.67 6.12 - 0.73 6.12 
6 - 3261.32 6.09 7.06 + 0.01 6.08 + 0.03 6.08 

-5 1 - 3229.63 6.55 8.07 - 6.30 6.19 - 6.24 6.20 
3 -3235.48 6.16 8.01 - 0.67 6.19 - 0.63 6.20 
5 - 3233.68 6.76 8.02 - 2.24 6.17 - 2.23 6.18 

a E,, total energy for linear M-N-N unit; AE, energy difference relative to linear M-N-N 
unit (ev). 
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may depend on the actual spin state. For example, {MN, } x adopts values of 
4.05 and 3.21 for ‘[Ti”15- and 3[Tio]5- complexes, respectively. 

(2) The bending of the M-N-N group leads either to a slight increase in 
the total energy E, (destabilization), or to a significant decrease (stabiliza- 
tion). The stabilization is not a simple function of {MN,}” values within 
x = 2, 3, 4, 5, 6, 7 and 8. It is strongly dependent on the central atom 
characteristics mMq, so that the actual electronic state might be responsible 
for the complex stabilization via bending. 

(3) The strong stabilization afforded by significant bending changes the 
metal 3d electron populations d”; both an increase and a decrease in the 
degree of dinitrogen activation may occur. 

(4) Although electron degeneracy makes the linear M-N-N unit unstable 
(the Renner-Teller effect), the actual stabilization of the geometry depends, 
for various “M4 on the relative arrangement of relevant adiabatic potential 
surfaces (APS). 

For example, the electronic state of the linear ‘[Cr114- complex is ap- 
parently non-degenerate, i.e. 6A1, as follows from Fig. 14. Therefore, this 
complex is not subject to bending by the Renner-Teller effect, unless a 
crossover of APSs appears. On the other hand, the electronic state 6A” 

becomes degenerate ( 6E) for the linear M-N, unit. Consequently it under- 

et -t- 
¶*+xz Yi- l yz 

01-i-2’ 

bJ -+y; 

d--~y 

I I I I 

0 10 20 a I"1 

Fig. 14. The adiabatic potential surfaces 6A1( + 6A’) and 6E( + 6A”) for 6[CrC15(N2)]4- by 
bending ( -+ ) of the Cr-N-N unit. 
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goes a vibronic coupling and stabilization of the complex is obtained by 
bending. The adiabatic potential surfaces for 6A1 ( +6A’) and 6E ( +‘A”) are 
situated in such a way that quite unusual behaviour may be recognised: the 
6[Cr’]4- complex seems to be stabilized by bending despite the non-degener- 
ate electronic state 6A1 for the linear M-N-N unit. 

A more complicated situation may be discussed for the “[Mn”15- com- 
plexes (Fig. 15). The electronic state of 4[Mno]5-, arising from the configura- 
tion e( xz) T * e( yz) fLb2(xy)fe(?r*)‘e(n’*)T, is 4B, and no energy stabili- 

zation is obtained by bending. The corresponding configuration 
a”( Yz) f ‘a’(xJJ)W(Xz)~l a’( m*) T a”( ?r ‘*) T is unchanged by bending (0 = 
10” and 20’) and yields the state 4A”. By contrast the bent geometry of 
6[Mno]5- corresponds to the configuration a’( xy) T a”( Yz) T L a’( Xz) T a”( x2 
-y2)%2(7r*)%z”(7r’*)~, i.e. the 6A’ state is obtained for 19 = 20” and loo, 
respectively. For the limiting case of t9 + 0” it yields the degenerate state 6E 

arising from the electron configuration e( xz) T 1 e( yz) T b2( xy) T b,( x2 - 
JJ’) T e( v*) T e( ?I’*) T. Nevertheless, the linear system has the electron config- 
uration e( xz) T 1 e(vz)‘b2(xv) T 4(x2 - ~2)Tu1(z2)Te(7r*)Te(~‘*)T, i.e. the 
6A1 state (accidentally degenerate) which is lower in energy in comparison 
with the 6E state. Finally, the 2[Mn0]5- complex has the state 2B,, arising 
from the configuration b2(x~)T1e(xz)Te(yz)“b,(x2 -~‘)~e(l*)~ 
e( r’*) T, for the linear system which correlates with the 2A” state, arising 
from the configuration u’(xy)TLu”(Yz)T1u”(x2-y2)Tu’(~*)T1, for the 
bent system with 8 = 10’. Consequently, an increase in energy is observed. 
For 13 = 20”, however, the state 2A’ is obtained because the configuration 
a’( xy) T J a’( Xz) T a”( Yz) T 1 a’( IT*) T J which has the degenerate counterpart 

I I 

0 10 20 8 101 

Fig. 15. Schematic drawing of adiabatic potential surfaces for the “[Mn’]‘- complexes. 0, 
Calculated energy values for the geometry given. 
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2E for the linear system where b2(xy) T le(xz)Oe(yz) T lb,(x2 -y2) ‘I 
e( a*) T 1 e( a’*)’ is a correlating configuration. Therefore, lower total energy 
is recorded for 8 = 20” in comparison with the cases where 8 = 0” and 10”. 

Finally, the crucial factor operating in stabilization of the M-N-N unit 
via bending is the actual electronic state. Unfortunately, the relative order of 
APSs cannot be predicted unless configuration interaction of good quality is 
included, especially for in the case of a weak ligand field. 

(v) Binuclear amine EL-dinitrogen complexes 

The electronic structure of sixty binuclear p-dinitrogen complexes has 
been investigated via model complexes of the type “[CI(NH,),M,- 
(N2)Mb(NH3)4C1]q. The central atoms M, and M, covered all combinations 
of Ti, V, Cr, Mn and Fe centres, for 4 = 0 and - 1 and for low-spin 
(m = 1,2), as well as for medium-spin (m = 3,4) states. The central atom 
effect, i.e. the influence of “[M,, M,]“, on the degree of dinitrogen activa- 
tion was studied in this way. The most important results are collected in 
Table 20 and lead to the following conclusions. 

(1) The binuclear amine dinitrogen containing complexes display a wide 
range of degree of activation covering one non-activated system, 11 one-elec- 
tron activated systems, 44 two-electron activated systems, two systems with a 
three-electron activation and two systems with a four-electron activated 
dinitrogen (Table 21). This represents an important difference with respect 
to mononuclear amine complexes where only two-electron activation was 
achieved. Three-electron and four-electron activation was obtained only for 
medium-spin “[Ti, Ti]q and low-spin “[V, V]q complexes. 

(2) The local N-N bond characteristics exhibit a systematic shift which 
indicates that dinitrogen activation is more efficient on binuclear amine 
complexes than on mononuclear amine complexes. For example, the range 
of the r-acceptor index is 0.64-1.16 and 1.33-1.52 on mononuclear com- 
plexes compared with 0.95-1.33 and 1.68-1.99 on binuclear complexes for 
one-electron and two-electron activation, respectively (Table 18). 

(3) The quantities WN_N, E,_, and Q(N2) exhibit a linear relationship 
when plotted versus X( TV) values, so that self-consistency of these quantita- 
tive criteria of dinitrogen activation is again registered. 

(4) The ground states of binuclear complexes involve two-electron activated 
dinitrogen while one-electron activation mostly occurs in the ground states 
on mononuclear complexes. 

(5) Weakening of the N-N bond is usually accompanied by strengthening 
of the M-N bonds. Several systems, e.g. ‘,3[Ti, Ti]‘, 4[Ti, Till-, ‘j3[Ti, VI’-, 
‘[V, VI’, 2[V, VI’-, etc., exhibit a strong M-N bond (the Wiberg index 
W M-N is greater than 1.0). These systems will favour a nitride mechanism of 
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TABLE 21 

Degree of dinitrogen activation in binuclear amine p-dinitrogen complexes a 

Mb 
Low-spin (m = 1, 2) Medium-spin (m = 3, 4) 

Ti V Cr Mn Fe Ti V Cr Mn Fe 

Ti 0 2 2 2 2 2 <4 2 2 2 2 
-1 2 2 2 2 2 3 2 2 1 1 

V 0 <4 2 1 2 2 2 2 2 
-1 3 2 2 2 2 2 2 2 

Cr 0 2 2 2 2 1 2 
-1 1 2 1 2 1 1 

Mn 0 >o 1 2 2 
-1 1 2 2 2 

Fe 0 2 2 
-1 2 1 

a 1: one-electron activation; 2: two-electron activation; 3: three-electron activation; 4: 
four-electron activation: 0: no activation. 

protonation, so that they are not advantageous to operate in a catalytic cycle. 
The most convenient situation is given when softening of all three bonds 
M,-N,, M,-N, and N,-N, takes place simultaneously. 

(6) Charge polarization within the M,-N,-N,--M, unit depends on the 
composition of occupied MOs, as schematically shown in Fig. 16. This 
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Fig. 16. A simplified MO diagram for 1[Cl(NH,),Ti(N,)Fe(NH3)4c1]o. 
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dictates the most active site of the complex for subsequent protonation. 
Finally it may be concluded that binuclear complexes bring new qualita- 

tive conditions for efficiency of dinitrogen activation with respect to mono- 
nuclear complexes. Therefore, more detailed study of these systems or 
oligonuclear dinitrogen containing complexes is fully justified. 

E. CONCLUDING REMARKS 

The contribution of quantum chemistry to the study of catalytic reactions 
has been fairly limited up to now. Methodologically, the quantum-chemical 
interpretation in transition metal chemistry was influenced considerably by 
crystal field theory. Without doubt this theory fulfilled its historical mission 
in the development of coordination chemistry. Considering the ligands only 
as points however has nothing to say about the changes of electronic 
structure of ligands upon coordination, a phenomenon which is actually the 
subject of catalysis. A number of molecular orbital methods at the LCAO 
level exist at the present time and are able to ascribe characteristics from the 
point of view of catalysis on transition metal centres. These methods involve 
semiempirical methods with an effective Hamiltonian (EHT, IEHT) or the 
zero-differential-overlap approximation (CNDO, INDO), as well as the 
non-empirical approaches (X,, F-H) and the ab initio methods. 

The methods using an effective Hamiltonian are advantageous because of 
their simplicity, especially for large molecules. An unequivocal parametriza- 
tion, however, does not exist. Semiempirical methods based on the ZDO 
approximation enable us to study a larger set of various physicochemical 
properties in a series of related molecules, including acceptable results for 
equilibrium geometries (unlike the EHT and IEHT methods). Complete ab 
initio calculations in good basis sets, including the correlation effects and 
relativistic corrections, are able to describe exactly a system under study. 
Unfortunately such extensive calculations for more complicated systems are 
a matter for the future. The minimum basis sets presently used are unable to 
describe the systems authentically, so that one must be careful in interpret- 
ing the ab initio results. 

Dinitrogen fixation and activation have been studied in terms of quantum 
chemical calculations with increasing sophistication. The molecular orbital 
methods quantitatively confirm a suggestion, formulated previously on 
qualitative considerations, that donor-acceptor interactions operate in di- 
nitrogen-containing complexes. The electron localization on the dinitrogen 
7r* orbitals (an excess of metal-to-ligand charge transfer via back-donation) 
is considered a crucial factor for dinitrogen activation in the reductive 
pathway. In this sense the dinitrogen complexes are similar to other di- 
atomic-ligand containing complexes of the M-AB type: AB = NO [186] or 
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0, [98,188,189]. The central atom is.of crucial importance in explaining the 
nature of the M-N-N linkage. This means not only the influence of proton 
number of the central atom but also that of oxidation and spin state. 
However, no valuable results can be obtained by an abstraction of the actual 
ligand sphere. The influence of the quality of ligands and the symmetry of 
the ligand field must be investigated side by side with the effect of the 
central atom. Such a project has been realized only to a limited extent; 
considering the equatorial-axial influence on the dinitrogen activation in 
square-bipyramidal complexes. 

The contribution of quantum chemistry to the problem of dinitrogen 
fixation and activation is not of course exhausted. The authors suppose that 
future research will be oriented at least in the following ways: 

(1) Investigation of the effect of the central atom over a wider range of 
central atoms, especially for second- and third-row transition metals. 

(2) Utilization of either the fragmental (like the cis- and trans-influence) or 
more integral (like the equ-ax influence) approach for the problems of 
mutual influence of ligands in dinitrogen containing complexes [55,177]: the 
influence of quality and symmetry of the ligand sphere needs further study. 

(3) The task of bridging ligands in binuclear and polynuclear complexes. 
(4) The study of possible reaction pathways of the activated dinitrogen, 

and at least the reaction coordinates for the proton attack. 
(5) The examination of intermediates and final products of dinitrogen 

reduction, mainly the step of the metal-ligand splitting in order to secure 
regeneration of the catalyst. 

The above model approach is expected to reduce the range of possibilities 
in synthesizing an efficient catalyst for conversion of the dinitrogen molecule 
to its reduced form. 
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