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The first dinitrogen complex, [ R U ( N H ~ ) ~ ( N ~ ) ] ~ + ,  was 
identified in 1965 by Allen and Senoff,' who were at- 
tempting to obtain [ R u ( N H ~ ) ~ ] ~ +  using a method of 
preparation which had been published some 20 years 
earlier.2 This makes it very likely that it was syn- 
thesized unknowingly considerably earlier than 1965, 
but the discovery was certainly greeted with consider- 
able acclaim. It had been foreseen in many circles, in 
part because of the isoelectronic nature of carbon 
monoxide and dinitrogen, and in part because it was 
known that microorganisms could convert dinitrogen 
to ammonia, and that this transformation is metal-de- 
pendent (molybdenum- and/or vanadium-de~endent).~ 
It was a simple matter to postulate initial metal-di- 
nitrogen binding in these biological sy~teme.~  

The discovery of [RU(NH~)~(N~)]~+,  together with the 
announcement of some less-well-characterized systems 
for fixing nitrogen uncovered by Vol'pin and his co- 
workers in MOSCOW,~ encouraged a huge amount of re- 
search into dinitrogen complexes and their reactions. 
The fears of some of us (who were privileged to be paid 
to do this kind of research) that [ R U ( N H ~ ) ~ ( N ~ ) ] ~ +  
would provide a facile route from dinitrogen to am- 
monia and force us to seek alternative employment were 
confounded. Despite the steady stream of new di- 
nitrogen complexes,6 it was not until 1972 that the first 
reaction of cc"t.ed dinitrogen to give a well-defined 
complex product was announ~ed.~ This was an ace- 
tylation and was followed shortly by the discovery of 
the protonation of coordinated dinitrogen to give hy- 
drazido(2-) complexes and the subsequent conversion 
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of this intermediate species to ammonia.8 Despite all 
this, it is only now that patterns of reactivity and 
mechanism are beginning to emerge. This Account 
attempts to assess the data a t  hand at  present. 
Dinitrogen Complexes 

By far the largest single class of dinitrogen complex 
has end-on coordinated dinitrogen, singly bound. Sta- 
ble compounds with as many as three dinitrogens per 
metal atom, as in [MO(NJ,(PPP~P~)~], are known? All 
the structural studies indicate that the N-N bond 
length is ca. 1.12 A, and no obvious relation of N-N 
length with structure or reactivity has emerged among 
the many dinitrogen complexes of this class now known. 
A distance of 1.12 A represents a minor lengthenin of 
the N-N bond compared to free dinitrogen (1.0968 1 )lo 
and cannot in any way be construed as an indication 
of "activation". The metal-nitrogen bonds are generally 
believed to be multiple, with u- and *-components very 
much like the classical picture for the binding of carbon 
monoxide (Figure 1). 

Complexes of iron show N-N bond lengths very sim- 
ilar to those of vanadium, though their reactivities are 
very different. It has been assumed that v(NN), which 
is generally infrared active in these compounds, will be 
a measure of the strength of metal-dinitrogen binding 
because a low value of v(NN) suggests metal d a  dona- 
tion into the N-N antibonding system. In addition (see 
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Figure 1. The N2 molecule donates a lone pair of electrons to 
the metal atom and receives n-electrons in return from metal d 
orbitals into ita n-antibonding orbitals. Note that on symmetry 
grounds a similar interaction with a metal is feasible along the 
axis represented by the vertical arrow (side-on bonding). 

below), a low value of v(NN) should be indicative of 
activation to protonation since it should imply negative 
charge buildup on the dinitrogen. Consequently, ac- 
tivation and strong metal-dinitrogen binding might be 
expected to go together and be indicated by low values 
of v(NN). It is therefore not obvious why [FeH(N,)- 
(dm~e)~] '  (dmpe = Me2PCH2CH2PMe2), v(NN) = 2094 
cm-l , 11 should have a nonactivated and relatively non- 
labile dinitrogen, whereas trans-[V(N2)2(dmpe)2]- has 
an exceedingly low value of u(NN), 1763 cm-l, and as 
expected, an activated dinitrogen, which can, however, 
be easily pumped away at  room temperature.12 The 
theory is not entirely adequate to explain this. 

The second most numerous class of dinitrogen com- 
plexes contains bridging dinitrogen. In the symmetrical 
linear case, the most usual, the NN stretching vibration 
is not IR active, though it is of course Raman active. 
Consequently, there is less information available as to 
v(NN). The N-N separations tend to be larger than in 
the terminally-bound case, but vary from 1.12 A to 
about 1.3 A. Formally one can envisage the dinitrogen 
moiety as neutral dinitrogen at  one extreme, ( N 2 P  at  
an intermediate length, and (N2)4-, i.e., a hydrazine 
derivative, at  the other. Often it is a matter of fancy 
which formulation one adopts. For example, [(V- 
(CBH4CH2NMe2-2)2(C HSN))2N2] has magnetic proper- 
ties consistent with Vjl, but an N-N separation of ca. 
1.23 A, suggestive of an N-N double bond, and hence 

There are other kinds of binding, side-on as in 
[(Sm(C5Me5)2)2N2]14 and simultaneously side-on and 
end-on as in K [ C O ( N ~ ) ( P M ~ ~ ) ~ ] , ~ ~  but these are rela- 
tively rare, often contain very "stretched" dinitrogen 
molecules [(N2)4-], and usually contain activated di- 
nitrogen. The protonation reactions have not been fully 
reported for even the few cases which are current, and 
they show no obvious pattern as yet. They will not be 
discussed further here. 
Reactivity of Singly Bound End-On Dinitrogen 

The first reaction of a coordinated dinitrogen to give 
a completely characterized dinitrogen-containing com- 
plex product is that shown in reaction 1.' We inter- 
[W(N2)2(d~~e)21 + CH3COC1 - 

[ W C ~ ( N ~ C O C H ~ ) ( ~ P P ~ ) ~ I  + N2 (1) 
dppe = Ph2PCH2CH2PPh2 
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Figure 2. The mechanism of protonation of end-on singly-bound 
coordinated dinitrogen in molybdenum(0) and tungsten(0) com- 
plexes by acids in tetrahydrofuran." Note that the diphosphine, 
Ph2PCH2CH2PPh2, is omitted in all representations except the 
first. 

preted this reaction as being essentially an oxidative 
addition to a WNEN fragment, with the principal step 
being nucleophilic attack of the coordinated N2 on the 
carbon of the acetyl group. Subsequently, this work was 
extended to protonation reactions: and even to alkyl- 
ation reactions, which, however, generally proceed via 
attack of an alkyl radical R', generated by homolysis 
of an alkyl halide, upon dinitrogen.le The mechanism 
of the protonations, at  least in the initial stages as far 
as the ="H2 stage, was established by kinetic studies 
and is shown in Figure 2.17 In circumstances where 
some ligands are labile, as in [W(N2)2(PMe2Ph)4], but 
not in [W(N2)2(Ph2PCH2CH2PPh2)2], the protonation 
may be carried through to ammonia. Even where no 
ligands are labile, the reduction may be carried through 
to ammonia if additional electrons are supplied chem- 
ically18 or electro~hemically.~~ In the latter case, a 
genuine cyclic process has been evolved. 

Figure 3 shows the pattern of N2 complex formation 
and of activation to protonation of dinitrogen com- 
plexes. The vertical line shows the boundary between 
those complexes in reasonably accessible oxidation 
states with dinitrogen which react with acids, and those 
which do not produce hydrazine and/or ammonia upon 
addition of acid. The elements which activate di- 

(16) Chatt, J.; Head, R. A,; Leigh, G. J.; Pickett, C. J. J. Chem. Soc., 
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(PMe2Ph),] change with acid and with solvent. 
As long as all nitrogenases were believed to be of a 

similar kind, namely, with molybdenum supposedly at 
the active site, the chemistry of dinitrogen as exhibited 
in complexes of transition metals of group 6 was be- 
lieved in many circles to exemplify the kind of chem- 
istry used by nitrogenase. The discovery of a vanadi- 
um-iron nitrogenase entailed some adjustment of views, 
there being a rather limited vanadium dinitrogen 
chemistry. The recognition of a third kind of nitroge- 
nase,20 containing iron as the only metal species, posed 
the question, how is it possible to convert dinitrogen 
to ammonia on iron, when theory and practice suggest 
that this should require very high degrees of reduction 
of iron, perhaps into negative oxidation states? Until 
recently, chemistry seemed to imply that conditions 
very far removed from those pertaining to biological 
systems might be obligatory. We can employ strong 
reducing agents to produce very reactive, reduced 
species which can pick up dinitrogen and then be pro- 
tonated. An example is the species Li2[Fe(CloH7),]- 
2Eh0 of tetrahedral structure, which can be reduced 
with LiPr to yield a species which picks up N2 and gives 
hydrazone upon acid solvolysis. The active species may 
be related to the characterized nitrogen-fixing species 
Li4[FePhJ.21 Such complexes are of inherent interest, 
but do not seem to provide realistic models for nit- 
rogenase function. 

These systems may be distinct from those containing 
a transition metal compound and a nonaqueous re- 
ducing agent, such as FeCl,/LiPh. There is no hard 
evidence of mechanism in most of them. It is likely that 
many involve nitridation of dispersed metal formed by 
strong reduction and that N-N bond splitting occurs 
before the acid hydrolysis produces ammonia. However, 
very recently it has been shown that a formally iron(0) 
dinitrogen complex can be reached simply by adding 
base to an iron(I1) dinitrogen complex.22 This is 
sketched out below. The iron(0) dinitrogen complex 
[Fe(N2)(dmpe)2] has a relatively high value of v(N2) 
(1975 cm-l) and reacts with acids, when there is then 
apparently a choice of protonation sites, the iron atom 
or the dinitrogen. When the iron is protonated, N2 and 
H2 are generated. When the dinitrogen is protonated, 
the ultimate product is apparently ammonia Currently 
our best yields are ca. 18% though the mechanism of 
the formation of ammonia is completely obscure at 
present. Reference to Figure 3 suggests that ruthenium 
might be an even better bet for this kind of reaction, 
but clearly more than simple consideration of ionization 
energies is required to develop a general theory of di- 
nitrogen activation. 

N2 
[FeH,(dm~e)J' -[FeH(N,)(dmpe),l' 

KOBu' 

HCI 
H, + N, + NH, + [FeCh(dmpeh]-[Fe(N,) dmpe)J I BH,'iEtOH T 

C f  MnF FeAD Coo NID 

L-l 
Yo ZfiB',c NbB MoABSE 5 RuF RhF Pd' 

LaC Hf Tae WhBsE j ReD OsF If Pto 

Figure 3. Binding of dinitrogen and its activation toward pro- 
tonation. A Terminal, end-bound Nz activated to protonation, 
yielding ammonia and/or hydrazine. B: Bridging, end-bound 
Nz activated to protonation. In some cases (represented by B?) 
it is not clear whether bridging or terminal dinitrogen (or both) 
is activated. C: Side-on Nz activated to protonation. Sm is the 
unique example to date among the lanthanoids and lanthanum. 
D: Other activated NZ. In these systems additional reductant 
is required. For Re, acetylation, but not protonation, haa been 
observed. E: Terminal, end-bound N2 activated to alkylation, 
yielding diazenido complexes. F Nz complexes reported, but 
no evidence suggesting N reactivity. G No Nz complexes stable 
at 20 O C  unambiguously characterized. 

Sc Ti V Cr Mn Fe Co Nt 

6.54 6.82 6.74 6.77 7.44 7.87 7.86 7.64 

Y Zr Nb Mo Tc R u  Rh Pd 

6.38 6.84 6.08 7.10 7.28 7.37 7.46 8.34 

La Hf Ta W Re Os Ir Pt 

5.08 6.65 7.89 7.98 7.88 8.7 9.1 9.0 

Figure 4. First ionization energies (eV) of some transition ele- 
ments for the reaction M(g) - M+(g) + e. 

nitrogen are primarily those of transition metal groups 
4-6 of the periodic table. 

Why this should be can be explained reasonably 
satisfactorily. If we are dealing with nucleophilic attack 
by coordinated dinitrogen on protons, those dinitrogens 
with the higher negative charge provided by the met- 
al-dinitrogen ?r-donation into the N2 antibonding or- 
bitals should be the more effective. The first ionization 
potentials of the elements can give us an indication of 
how easy the release of electrons from a metal into 
coordinated dinitrogen might be. Thus, for the reaction 
M - M+ + e, the energy rises from 6.54 at Sc to 6.77 
at Cr and 7.44 at Mn (all in electronvolts) and remains 
above 7.5 V thereafter. Successive ionization energies 
show the same pattern. This is shown in Figure 4 for 
most of the transition elements. Of course, to make 
comparisons simply on the basis of observed reactivity 
in a diverse selection of compounds with different ox- 
idation levels, stoichiometries, and structure and expect 
correlation with a single parameter such as ionization 
potential is not reasonable. We do not have enough 
dinitrogen compounds of different elements which are 
strictly comparable (e.g., [V(N2)2(dmpe)21-, [Mo(N2)2- 
( d ~ p e ) ~ ] )  to be able to make the detailed comparisons 
one would wish for. However, at least within a period, 
it is apparent that those elements which ionize the more 
easily are also those which activate dinitrogen to pro- 
tonation. 

This rationale is obviously very superficial. For ex- 
ample, we do not yet understand, and the analysis 
cannot explain, why the yields and products (ammonia 
and/or hydrazine) from the protonation of [Mo(N~)~-  

(20) Chisnell, J. R.; Premakumar, R.; Bishop, P. E. J.  Bacteriol. 1988, 
170,27-33. Pau, R. N.; Mitchenall, L.; Robson, R. L. J. Bacteriol. 1989, 

(21) Bagenova, T. A.; Gruselle, M.; Le Ng, G.; Shilov, A. E.; Shdova, 
A. K. Kinet. Katal. 1982,23, 246. 

(22) Jimenez-Tenorio, M.; Leigh, G. J. J. Am. Chem. SOC. 1991,113, 

171, 124-129. 
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Figure 5. Mechanism of the protonation of bridging dinitrogen in [(M(SZCNEt&Nz] (M = Nb or Tal, after Henderson.n 

Table I. 
Protonations" and Structures of Bridging Dinitrogen Complexes 

MNN/deg N-N/A products (yields)b ref 
t(Mo(C~Me6)Med~N~l 172.0 (2), 176.7 (2) 1.236 (3) NH3 (16%) (Schrock)" 
[1W(CSMes)Me31~NzI 167.0 (16), 170.2 (16) 1.334 (26) [(W(CsMes)MezC1)zNz] (Schrock)a 
~ ~ W ~ ~ J Z N ~ I Z N Z I  176.7 (3), 177.4 (3) 1.182 (5) NZ (67%), N2H4 (33%), [Zr(CsMes)zC121 (BercawIs1 
[lNb(SzCNEh)&NzI 166.8 (9), 163.1 (9) 1.252 (16) NzH4 (lOO%), [Nb(S&NEt&lz] (Henderson)n 
[1Ta(SzCNEh),IzNzl N2Hl (100% 1, [Ta(SzCNEh)3C121 (Hender~on)~' 
[(V(CBH4CHzNMez)z(C6H6N))zNz] 171.6 (3), 171.3 (3) 1.228 (4) NH, (33%), Nz (67%), Vm (Leigh) 29 

" With HC1. Based on total Nz content. 

Special Case of Bridging Dinitrogen Complexes 
We consider here simple bridging compounds of the 

form M-N2-M. Many of these have now been de- 
scribed, the majority with both M atoms of the same 
metal, others, but fewer, with M atoms that are dif- 
ferent. They all seem to have linear M-N-N-M sys- 
tems, but the N-N bond lengths cover a considerable 
range, always larger than in free N2 This is interpreted 
as meaning that the metal atoms are already beginning 
the reduction of the dinitrogen. 

Bridging dinitrogen complexes are also important for 
other reasons. Several proposals have been made to the 
effect that bridging dinitrogen, perhaps in the moiety 
Fe-N2-Mo, is important in nitrogenase function. Al- 
ternatively, a considerable number of aqueous di- 
nitrogen-fixing systems are known. The most important 
from the point of view of this discussion are those based 
on vanadium. Although the key intermediates have not 
been isolated and characterized in the usual sense, there 
has been a wide range of kinetic studies which have 
been interpreted in terms of a mechanism. Thus, in two 
rather different systems, V(OH)2/Mg(OH)2/KOH, a 
solid gel which converts dinitrogen to ammonia and 
hydrazine,= and Vn/ C6H4( OH)z- 1,2, which catalytically 
reduces dinitrogen to ammonia in the pH range 9-11,% 
the key intermediates have been suggested to contain 
dinitrogen bridging between two Vu atoms, themselves 
part of dinuclear clusters in the gel system or of a 
polynuclear catechol-vanadium chain species in the 
second case. In both cases, reduction of dinitrogen by 
four electrons to give N2H4 has been postulated, any 
ammonia arising by subsequent reduction of hydrazine 
by more vanadium(I1). In these reductions, vanadium- 
(11) is oxidized to vanadium(II1). 

It should be noted that for the gel systems an alter- 
native mechanistic interpretation has been advanced, 
involving side-on binding to a single vanadium(I1) (for 
which there is little precedent in model compounds), 
production successively of diazene and hydrazine, and 
oxidation of vanadium(I1) to vanadium(Iv).2S Whether 

(23) Denisov, N. T.; Efimov, 0. N.; Shuvalova, N. I.; Shilova, A. K.; 
Shilov. A. E. Zh. Fiz. Khim. 1970. 44. 2694. 

I --,  - - -  -- 
(24) Luneva, N. P.; Nikonova, L. A.; Shilov, A. E. Kinet. Catal. 1980, 

(25) Zones, S. I.; Vickrey, T. M.; Palmer, J. G.; Schrauzer, G. N. J. Am. 
21, 1041-1045. 

Chem. SOC. 1976, 98, 7289-7295. 

this mechanism is valid is a matter of considerable 
disagreement It has also been claimed for some related 
molybdenum systems.26 

The protonation of bridging dinitrogen in the com- 
plexes [(M(S2CNEtJ3)N2] (M = Nb or Ta) has been 
studied kinetically by Henderson.27 The production 
of hydrazine from these complexes by HC1 results in 
the formation of [M(S2CNE~,),C12] ( M L M " ) .  The 
mechanism proposed is shown in Figure 5. 

This observation of hydrazine in these systems lends 
credence to the idea, reinforced by some of the selected 
data shown in Table I, that hydrazine (or possibly 
diazene) is the likely product of protonation of bridging 
dinitrogen. Most recent results suggest that this is not 
necessarily the case. 

In a recent paper, Schrock28 has described how the 
protonation of [ ( M o ( C ~ M ~ ~ ) M ~ ~ ) ~ N ~ ]  (N-N = 1.236 (3) 
A) with HCl gives rise to ammonia derived from 16% 
of the coordinated N2, and no hydrazine. No other 
products have been identified. This corresponds to 
about one electron used per two Mo atoms or per di- 
nitrogen molecule. Yields are higher if a subsidiary 
reducing agent is present, but this introduces a com- 
plication which we shall not consider here. Apparently, 
the tungsten analogue yields [ (W(C5Me5)Me2C1),N2] 
(N-N = 1.334 (26) A) and also ca. 16% ammonia in 
similar conditions. 

The vanadium(I1) dinitrogen bridging complex [(V- 
(C6H,CH2NMe2-2)2(C5H5N))2N2] (N-N = 1.228 (4) A) 
with HC1 produces '/$JH,, 2/3N2, no N2H4, no H2, and 
what are certainly V -containing products,29 though 
they have yet to be characterized. Other experimental 
data make it clear that the dinitrogen is the source of 
the ammonia and that hydrazine is not an intermediate. 
Consequently, it is evident that ammonia can be a di- 
rect product of the protonation of bridging dinitrogen. 
In this context, it should be noted that the vanadium- 
iron nitrogenase produces a little hydrazine from N2, 

(26) Liu, N. H.; Strampach, N.; Palmer, J. G.; Schrauzer, G. N. I n o g .  
Chem. 1984,23, 2772-2777. 

(27) Dilworth, J. R.; Henderson, R. A.; Hills, A.; Hughes, D. L.; Mac- 
donald, C.; Stephens, A. N.; Walton, D. R. M. J. Chem. SOC., Dalton 
Trans. 1990, 1077-1085 and succeeding papers. 
(28) Schrock, R. R.; Kolodziej, R. M.; Liu, A. H.; Davis, W. M.; Vale, 

M. G .  J. Am. Chem. SOC. 1990,112,4338-4345. 
(29) Leih, G. J.; PriebAl&n, R.; Sanders, J. R. J. Chem. Soc.. Chem. 

Commun. i991,920-921. 
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as well as ammonia, whereas the molybdenum-iron 
nitrogenase produces only 

Conclusions 
These results cannot be explained simply, but some 

generalizations can be made. First, there is a general 
rule about ease of release of electrons from a metal atom 
correlating with activation of dinitrogen to protonation. 
This holds both for end-on singly-bound dinitrogen and 
for bridging dinitrogen, but it is not sufficient to explain 
all the observations. It applies only to the first step of 
the protonation reaction, which can lead either to am- 
monia or to hydrazine. Second, for conversion to am- 
monia six electrons are necessary for a stoichiometric 
reaction, but ammonia can still be produced if fewer are 
available. For example, with singly-bound end-on N2 
as in [V(N2)2(dmpe)2]-, reaction with HC1 gives ap- 
proximately 4/3NH3 and four electrons are involved (V-I - Vm).12 Thus four electrons do not invariably produce 
hydrazine. Third, if fewer than four electrons are 
available in the system, then protonation of end-on N2 
cannot give the formal MW=NNH2 intermediate from 
Mo - NO, because this requires four electrons. How- 
ever, if the intermediate were to be more accurately 
described by M+N-=N+H2 (an isodiazene complex), 
then this might be attainable with only two electrons 
used. Examples of isodiazene complexes are rare. 
Protonation of bridging dinitrogen when fewer than 
four electrons are available apparently also leads 
preferentially to ammonia rather than hydrazine. 

The availability of electrons from a metal atom is 
clearly an expression of the redox potential exhibited 
for the oxidation states selected and in the specific 
ligand environment. However, for none of the fixing 
systems we have discussed are meaningful redox po- 
tentials available. Nevertheless, it is not unexpected, 
thinking, for example, of the group V dinitrogen com- 
plexes, that niobium and tantalum reach higher oxi- 
dation states than does vanadium under comparable 
conditions. In general, the best we can do is to look at  
data for a standard set of conditions, and these do in- 
deed reveal some interesting features. 

Figure 6 shows some oxidation potentials for a series 
of couples which are of interest in the present context. 
They refer to aqueous solution a t  unit activity for the 
hydrogen ion. The convention used is such that couples 
lower (more negative) should be capable of reducing 
couples higher (more positive). The data are taken 
directly from, or interpolated from, ref 32. The data 

v02+ I (0.22) 

v'' 1 v2* (-0.26) 

Acc. Chem. Res., Vol. 25, No. 4, 1992 181 

_- N, I NH: (0.27) 

0.0 H' I H, 
-TI@ / Ti2+ (-0.1 4) 

-- N2H,' 1 N, (-0.23) 

-Nb20S / Nb3+ (-0.46) 

--Zn2+ / Zn (-0.76) 

(30) Dilworth, M. J.; Eady, R. R. Biochem. J .  1991, 277, 465-468. 
(31) Sanner, R. D.; Manriquez, J. M.; Marsh, R. E.; Bercaw, J. E. J. 

Am. Chem. SOC. 1976,98,8351-8357. Manriquez, J. M.; Sanner, R. D.; 
Marsh, R. E.; Bercaw, J. E. J. Am. Chem. SOC. 1976, 98, 3042-3044. 

(32) Phillips, C. G. S.; Williams, R. J. P. Inorganic Chemistry; Oxford 
University Press: Oxford, 1965; Vol. 2, pp 649-654. 

EONolt 

N,H,'/ NH4+ (1 2 8 )  t 
I + l - O  

t -Ia0 
Figure 6. Redox potentials for selected systems in acid solution 
(UH = 1). 

suggest that Zn should be capable of producing both 
hydrazine and ammonia from dinitrogen in aqueous 
acid solution. To data we have no indication that it can. 
The Nb205/Nb3+ couple should be able to do the same. 
In fact, only hydrazine has been observed. The 
Ti02+/Ti2+ couple also produces hydrazine, though 
these data suggest that it is about 0.1 V too positive. 
The most interesting observation is that V02+/V2+ is 
nearly 0.5 V too positive to produce hydrazine and has 
nearly the same potential as N2/NH4+. However, 
V3+/V2+ should be well able to reduce dinitrogen to 
ammonia, but the reaction to give hydrazine is much 
more evenly balanced. This is happily consistent with 
the observations of ourselves and others in vanadium 
systems where Vm is claimed to be the oxidation state 
resulting from dinitrogen protonations. Whether any 
other predictions made with such data will turn out to 
be justified remains to be proven. 

These considerations indicate only what is thermo- 
dynamically feasible and give no information about 
kinetic factors. It may happen that the pathway less 
favored thermodynamically is kinetically the more fa- 
cile. Much more mechanistic work on well-defined 
dinitrogen protonation systems is clearly called for. 

Our current data suggest that the availability of four 
electrons may produce hydrazine and will certainly do 
so in bridging dinitrogen compounds. Fewer or more 
than four electrons will probably give ammonia whether 
the dinitrogen is singly bound or bridging. The N-N 
separation in the complexes as well as, by extension, 
v(NJ is a guide neither to activation to protonation nor 
to the eventual product. 


