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/. Introduction 

Development of the chemical N2-fixing system 
converting a quite inert N2 molecule into nitrogenous 
compounds under mild conditions is a challenging 
topic in chemistry. Inductrial NH3 production from 
N2 and H2 gases (Haber-Bosch process) has success­
fully been carried out for more than 80 years by the 
use of Fe-based heterogeneous catalysts, but it 
requires extremely drastic conditions. Although a 
Ru-on-graphite catalyst developed recently in the 
Kellogg advanced ammonia process allows some 
milder operating conditions (70—105 bar, 350-470 
0C),1 this apparently awaits further improvement. 

In contrast, biological N2-fixing system can reduce 
N2 gas into NH3 at ambient temperature and pres-
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sure (eq 1), and it has long been recognized that Mo 

N2 + 8H* + 8e" + 16MgATP *- 2NH3 + H2 + 16MgADP + 16P1 (1) 

is involved in the catalytic component as an element 
essential to display an activity. More recent studies 
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Figure 1. Structural model of the FeMo cof actor site of 
resting state in Mo-containing nitrogenases determined by 
X-ray crystallography. The third bridging ligand Y, which 
was unknown according to the initial reports,2 is now 
considered to be a third sulfide.4 

have clarified the presence of two associated proteins 
in the enzyme nitrogenase, viz. FeMo and Fe 
proteins, and it is believed that the substrate binding 
and reduction occur at the multimetallic site involved 
in the former, which consists of Mo and Fe atoms 
bridged by sulfide ligands. Quite attractive is the 
FeMo cofactor structure model deduced recently 
from single-crystal X-ray analysis for FeMo 
proteins of Azotobacter vinelandii 2 and Clostridium 
pasteurianum,3 which contains the cuboidal Fe4S3 
and Fe3MoS3 units bridged by three sulfides (Figure 
1). EXAFS analysis also confirmed the presence of 
this core in both the isolated A. vinelandii FeMo 
protein and cofactor, with a slight relaxation of the 
cluster structure in the latter upon removal from the 
protein matrix.4 How the N2 molecule binds to this 
active site is still uncertain. At a glance, a trigonal 
prismatic cavity surrounded by six coordinatively 
unsaturated Fe atoms seems to be susceptible to N2 
insertion, giving the ,«6-N2 ligand, although the 
cavity size demonstrated at least for this dithionite 
reduced form is considered to be too small to 
accommodate N2.2a Alternatively, extended Hiickel 
type calculations using a model [HFe^-S^Fes^-S^-
Fe3</<3-S)3MoH3]~ suggested the coordination of N2 
rather to the edge or the face of the Fe6 trigonal prism 
as a bridge between two cuboidal units.5 On the 
other hand, coordination of CN - to the isolated FeMo 
cofactor has been reported to take place at the Mo 
atom from the EXAFS criteria.4 

Albeit this ambiguity of the binding and reduction 
mechanism of N2 in the biological system, it is 
apparent that the transition metals play an impor­
tant role in promoting this transformation under mild 
conditions. Studies of the syntheses and reactions 
of N2 complexes are therefore of particular interest. 
The recent discovery of the nitrogenases containing 
either V in place of Mo or only Fe as a transition 
metal component6 may imply that a wide range of 
transition metals possibly facilitate the intriguing 
reactions of N2 in their coordination sphere. 

Two pioneering findings associated with the 
chemical N2-fixing system using transition metal 
compounds are the isolation of the first dinitrogen 
complex [Ru(NH3)5(N2)]

2+ 7 and the formation OfNH3 
by treatment of N2 gas with a mixture of transition 
metal salt and organomagnesium, -lithium, or 
-aluminum followed by hydrolysis,8 demonstrating 
that even N2 can coordinate to the metal to give a 
stable N2 complex and N2 can be converted readily 
into nitrogenous compounds in the presence of 
transition metal species. Stimulated by these obser­
vations, syntheses of N2 complexes have been 
attempted for a wide range of transition metals, and 

now unequivocally characterized N2 complexes are 
known for almost all transition metals. However, 
despite the occurrence of numerous N2 complexes, 
those which react in a well-defined manner to give 
nitrogen-containing ligands and/or compounds are 
relatively limited. It may be emphasized that Mo 
and W dinitrogen complexes containing tertiary 
phosphines as ancillary ligands are most intensively 
studied since the initial preparation of trans-[Mo-
(N2)2(dppe>2] (la) in this laboratory9 because of, at 
least in part, their possible relevance to the active 
site of FeMo nitrogenases. Interestingly, these Mo 
and W complexes, especially £rarcs-[M(N2)2(dppe)2] (D 
and cis-[M(N2)2(PMe2Ph)4] (2), have actually proved 
to undergo numerous transformations of their N2 
ligands, demonstrating the rich chemistry of N2. 

r""P**"M-' ,*P " " I PhMe2Bo,,,, I ^PMe2Ph 
p ^ N N p ^ PhMe2P^ I X * N 

IJ! P. P _ PhMe2P 
N N 1 ' 

Ph2PCH2CH2PPh2 
1a: M = Mo 2a: M = Mo 
1b: M = W 2b: M = W 

This review deals with the recent progress in the 
syntheses and reactions of N2 complexes. Significant 
emphasis is also placed upon the organic chemistry 
of the hydrazido(2-) (MNNH2) complexes readily 
derived from N2 complexes of Mo and W and that of 
the nitrido (MN) complexes prepared from gaseous 
N2. In relation to these reactions, some intriguing 
reactivities displayed at the M-N multiple bonds in 
certain imido complexes are also cited regardless of 
whether the origin of the nitrogen atom in the 
organonitrogen ligand comes from molecular nitrogen 
or not. As for the older works, readers can refer to 
several comprehensive reviews which appeared 
previously.10-13 More reviews are also available, 
which cover some limited areas in this chemistry.14-21 

II. Advances in Syntheses and Structures of 
Dinitrogen Complexes 

Since syntheses and structures of N2 complexes 
were extensively surveyed previously,10 this chapter 
deals mainly with N2 complexes reported more 
recently. Furthermore, herein are cited only the 
complexes which are considered to be of significant 
importance due to involvement of new metals or 
coligands, the novel coordination mode displayed by 
N2 ligand, or the new synthetic route. 

A. Metals 
Dinitrogen complexes of V have been attracting 

considerable attention because of the presence of 
V-containing nitrogenases. However, it was in 1989 
that the structurally characterized V dinitrogen 
complex was reported for the first time, although the 
N2 fixing ability of V(II) species had been well 
demonstrated much earlier. The first dinitrogen 
complex [{(o-Me2NCH2C6H4)2V(py)}2(/*-N2)] (3)22 was 
prepared from [V(TMEDA)2Cl2] with 0-Me2NCH2C6H4-
Li, which contains &/x-n1:t]1-'N2 ligand with essentially 
linear V—N—N—V linkage. Several V complexes 
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have subsequently been isolated, which include 
mononuclear complexes with terminal end-on N2 
ligands, e.g. [Na(THF)][V(N2MdPPe)2] (4)23 and di-
nuclear complexes with a fi-r]1:t]1-'N2 ligand such as 
[(V(CH2BUt)3I2(^-N2)] (5),24 [((PrW)3V)2(^-N2)],25 

[{[(Me3Si)NC(Ph)N(SiMe3)]2V}2(^-N2)],
26 and [Na-

(diglyme)][Na{(2,4,6-Me3C6H2)3V)2(^-N2)] (6).27 In 
the latter complex, a /i-N2 ligand further interacts 
with a Na+ cation in a side-on manner. 

/•£"*&> $ 42 
By the finding of these V complexes, only Pd and 

Pt are left as the metals involved in groups 4 to 10 
for which no stable N2 complexes have been isolated. 
With respect to f-block elements, two Sm complexes 
with a fi-ri2:ri2-N2 ligand, [(Cp*Sm)2(^-N2)] (7)28 and 
[((THF)2Li(OEPG)SmJ2(N2)Li4] (8),29 are known. An­
other N2 complex to be noted is a [((THF)3Li)2(M-
N2)]

2+ cation (9).30 Although interaction OfLi+ cation 
with N2 ligand has been demonstrated already in 
certain transition metal complexes, the N2 ligand 
bound only to non-transition metals had been un­
precedented. 

cpv 
Cp-

s<^'^sn/ 
Cp' 

Cp* 

THF 

THF-Li - ^ V 

THF 
9 

THF 
/ 

THF 

~l 2+ 

THF 

B. Ancillary Ligands 
It is well known that the formation and structures 

of N2 complexes are very sensitive to the nature of 
ligands such as phosphines. For example, the cis or 
trans geometry of Mo and W dinitrogen complexes 
of the type [M(N2)2(P)4], prepared from WCl6, MoCl5, 
or MCl4(P)2 by the reduction with Mg in the presence 
of an appropriate phosphine, is controlled by subtle 
factors. Thus the N2-diphosphine complexes with 
(P)4 = (dppe)2, (dppp)2, (dppeXdppm), (dppeXdppp), 
(dppeXdepe), etc.,9,31'32 as well as the PPh2Me com­
plexes33 are trans, while the N2 complexes containing 
dppm34 and PMe3

35 are cis. Interestingly, [Mo(N2M 
(dppm)2] obtained from Mo(acac)a/AlEt3 under N2 
proved to be trans.9b It is to be noted that for 
Na[V(N2)2(dmpe)2], which is isoelectronic with these 
Mo(O) and W(O) complexes, both the cis and trans 
isomers are formed from the reaction Of[VCl3(THF)3] 
with Na in the presence of dmpe under N2. The cis 
and trans product ratio depends on the temperature, 
and the ratio of 12:1 at 195 K changes to 4:1 at 250 
K and then to 3:1 at 290 K. The interconversion 
between two isomers with varying temperature is 
reversible.230 

The recent study of the syntheses of W(O) 
complexes containing PR2Ph (R = Et, Pr") ligands 
disclosed the formation of three different types 
of N2 complexes: [{W(N2)2(PR2Ph)3}2(>-N2)], trans -
[W(Na)2(PR2Ph)4], and [W-C6H5PR2XN2XPR2Ph)2].

36 

This presents a sharp contrast to the fact that, for R 
= Me, only cis-[W(N2)2(PMe2Ph)4] (2b) and its less 
common trans isomer37 are known to be formed by 
similar reactions. Interestingly, the Mo complex 
£rans-[Mo(N2)2(PPrn

2Ph)4] has proved to be converted 
into a novel mononuclear tris(dinitrogen) complex 
mer-[Mo(N2)3(PPrn

2Ph)3] on being dissolved in THF.38 

Typical ancillary ligands widely utilized for the 
syntheses of N2 complexes may be organophosphines, 
amines, and cyclopentadienyl groups. However, 
recent studies have revealed that more diversified 
types of ligands can be used to isolate stable N2 
complexes. One important class of ligands is those 
containing sulfur atoms. The importance of sulfur 
coligands apparently arises from the structure of N2 
binding site proposed for nitrogenases, which consists 
of the metal centers surrounded by sulfur atoms. 
However, well-characterized N2 complexes having 
sulfur donor ligands are still limited, and coordina­
tion of N2 to the multimetallic core with sulfide 
ligand(s) has not yet been demonstrated. The 
complexes reported to date include the relatively 
low-valent complexes £rans-[Mo(N2)2(Me8[16]aneS4)] 
(1O)39 and [OsCl(SC6F5XN2)(PMe2Ph)3]

40 as well as 
the higher valent complexes [Re(N2)(SC6H2PrV 
2,4,6)3(PPh3)],

41 [(Nb(S2CNEt2)S)2(^-N2)] (Ha),42 

[(Cp*WMe2(SR))2(/<-N2)],
43 and [(Ta(SR)3(THF))^-

N2)].
44 Comparison of electrochemical, spectral, and 

structural data for 10 with those of l a suggests that 
the {Mo(Mes[16]aneS4)} unit can exhibit the stronger 
w-basic character than the related phosphine moiety 
(Mo(dppe)2) and high reactivities observed for the N2 
ligand in 10 described later may, at least in part, be 
ascribed to the strong back-donation from the metal 
to the N2 ligand. As for the reactivities of the other 
complexes shown above, few are reported to date 
except for the protonation of H a (vide infra). 

0 w 
A0 

10 

\_Tc-N=N—Tc' ,-A. 

13 

Other N2 complexes containing biologically impor­
tant ancillary ligands are those with porphyrins and 
pyrazolylborate. Mono- and dinuclear Ru complexes 
[Ru(TMP)(N2)(L)] (L = N2, THF, DMF, NEt3)

45 and 
[Ru2(DPB)(Im*)2(w-N2)] (12)46 have been isolated, and 

the structure of the former (L = THF) has been 
determined in detail by the X-ray analysis, while two 



1118 Chemical Reviews, 1995, Vol. 95, No. 4 Hidai and Mizobe 

dinuclear complexes [([HB(S^-Me2C3N2H)3]Tc(CO)2J2-
(^-N2)] (13)47 and [{[HB(3-Pri-5-MeC3N2H)3]Co}2-
(Jw-N2)]

48 have appeared recently as the first examples 
of the N2 complex with pyrazolylborate ligand. It is 
also to be noted that several N2 complexes of early 
transition metals such as V (vide supra) and Ti 
[([(Me3Si)2N]2Ti)2(^-Na)2]" (14)49 are available by 
employment of sterically congested amido ligands, 
which demonstrate another new class of complexes 
containing N-donor ligands solely or predominantly. 
Novel mono- and dinuclear N2 complexes of Mo with 
triamidoamine ligand [CeFs-N3N] have also been 
prepared recently, although the X-ray structure is 
available only for the silyldiazenido derivative 
[[C6F5-N3N]Mo(NNSiPr1S)] obtained from [[C6F5-N3N]-
Mo(N2)(Na(ether)J] and Pr1SSiCl.50 Quite recently 
the dinuclear N2 complex containing a triamidoamine 
ligand with Bu1Me2Si substituent [([Bu1Me2Si-N3N]-
Mo)2(M-N2)] (15) was successfully isolated and char­
acterized by X-ray crystallography.51 

Me3Si SiMe3 

Me 3 Si -Ns / V / N - s i M e 3 

M e 3 S I - N ' ^ V \ N ^ SiMe3 

N 

^Mc£iw SiMe2Bu' 
Bu1Me2Si ||° N s 

SiMe2Bu1 

\ 
Me3Si 

\ 
SiMe3 

B U 1 M B 2 S K N
 N 

14 

Bu1Me2Si - - N V | 0 " - N 

CO 
\;Mo ^SiMe2Bu' 

15 

In addition to the thioether, porphyrin, and pyra­
zolylborate complexes shown above, a significant 
number of N2 complexes having tridentate or quadri-
dentate ligands have appeared recently. Most of 
these contain polyphosphines or modified polyphos-
phines in which one P atom is replaced by other 
heteroatoms such as N, O, or S. Among the com­
plexes of this type, those exhibiting interesting 
properties or reactivities will be referred later. 

Another N2 complex to be noted with respect to the 
nature of coligand is the resin-supported N2 complex 
*rans-[Mo(N2)2(PS-diphos)(PPh2Me)2] (16).52 The N2 
ligand attached to Mo anchored to polystyrene -
divinylbenzene (2%) resin through a CH2P(Ph)CH2-
CH2PPh2 moiety is susceptible to protonation, afford­
ing hydrazido(2—) ligand or hydrazine. Polymer-
bound N2 complexes of Mo,53 Co,54 and Mn55 were also 
reported earlier, but the reactions of coordinated N2 
had not been uncovered in a well-defined manner. 

Qt-Q-H2CA N 
r « - p «* . l . ..>*PPh2Me 

S P * ' ^ P P n 2 M e 
P h ' / * 

Ph N 
16 

C. Coordination Modes 

Among the various binding modes of N2 to transi­
tion metals summarized in Figure 2, a terminal end-
on type (i) is most ubiquitous. There exist many 

M — N = N 

M—N N 
\ / 

M 

M — N = N — M 

li-a 

M = N = N = M 

il-b 

M = N - N = M 

H-C 

Figure 2. Binding modes of N2 in mononuclear and 
multinuclear complexes. 

structurally characterized complexes of this type, and 
their N - N bond distances are essentially similar at 
around 1.12 A irrespective of the nature of metals 
and coligands.1017 The other well-known coordina­
tion mode is an end-on bridging type with the almost 
linear M - N - N - M linkage (ii). For group 4 and 5 
metal complexes, type ii is commonly observed and 
type i is rather rare. Most of these («-?71:̂ 1-N2 
complexes are homometallic, having a symmetrical 
structure,18 but some heterometallic complexes are 
also known. In the latter are included the Re/Mo,56 

W/Mo,57 W/Ta,58 and W/Zr59 complexes analyzed by 
X-ray crystallography. The pL-rf-.r}1-^ complexes may 
formally be classified into three types, viz. those 
containing the dinitrogen (N2)

0, diazenido(2-) (N2)
2", 

or hydrazido(4-) (N2)
4" ligand, which may be repre­

sented by the form ii-a, ii-b, or ii-c, respectively. 
Although the choice of the formalism often becomes 
arbitrary, complexes formulated as ii-a show rela­
tively short N - N distances (1.12-1.20 A), while the 
N - N bonds in those represented by ii-c are much 
longer and fall in the range of 1.25-1.34 A.18 For 
[WI(PMe2Ph)3(Py)(^-N2)ZrCp2Cl] (17), the electron 
count around two metals as well as the bonding 
parameters associated with the M - N - N - M moiety 
might suggest that the N2 binding mode in 17 can 
be described by ii-b as a predominant form.59 

\ / T 
I — W = N = N = Z r - CP 

py P 
/ Cl 

P = PMe2Ph 
17 

Complexes with a side-on bridging N2 ligand are 
also known. Examples of this type initially reported 
were Ni complexes consisting of a folded M2N2 ring 
(Hi).60 More recently dititanium complex 14 has been 
isolated, whose X-ray study has revealed the presence 
of two /i-t]2:r}2-N2 ligands of this type iii.49 The N - N 
bond in this complex is significantly long at 1.38(2) 
A. Several side-on bridging N2 complexes with a 



Chemistry of Dinitrogen Complexes Chemical Reviews, 1995, Vol. 95, No. 4 1119 

planar M2N2 moiety (iv) have appeared recently. In 
the Sm complex 7,28 the N - N distance (1.09(1) A) is 
comparable to those of free N2 (1.10 A) and the N2 
bound only to two Li+ cations in 9 (1.06(1) A).30 In 
contrast, the Zr complex [{[(PftPCRjSiM^^ZrClh-
(M-N2)] (18) has a remarkably long N - N bond at 1.55-
(1) A.61 This and the Sm complex 829 with the N - N 
bond at 1.525(4) A, in which the planar Sm2N2 core 
is present but the ^-?72:^2-N2 ligand is further bound 
to four Li+ cations, are those containing the most 
elongated N - N units reported to date. The unusu­
ally long feature of these N - N bonds is apparent if 
compared with the N - N distance of 1.47 A in N2H4. 

For the /u-r]2;r]2-'N2 complex 18 and its Cp derivative 
containing the pi-rjhr}1-^ ligand [{[(Pri

2PCH2SiMe2)2N]-
ZrCpJ2(M-N2)] (19), it has been shown that the 

Pr'-P\ " / Zr-P\-Pr' 
yi—-R— Pr' y i " Pr' 

C l ~ > \ W Cp 1 
Pr' N\~~»N P^ W ^ 0 P 

Pr'4_Jz("'«CI P ^ L - ^ , 

/p >vpr s ^VPr 

18 19 

resonance Raman spectroscopy can be used as a good 
measure to distinguish the two modes of N2 coordina­
tion, viz. side-on bridging for the former and end-on 
bridging for the latter. Full assignment of the peaks 
associated with the N2 moiety has been done by 
comparing the spectra of 18 and 19 with those of 15N 
analogues. In contrast to the spectrum of 18 exhibit­
ing a single intense peak at 1211 cm-1, which can be 
ascribed to the symmetrical v(NN), that of 19 is more 
complicated due to the presence of many isotope-
sensitive peaks, among which the strong 731 cm-1 

peak can be assigned to a totally symmetric mode 
composed primarily of v(NN) character.62 Apparent 
differences in the spectral features between these two 
types of N2 ligands may indicate that the resonance 
Raman spectroscopy provides a convenient method 
for determining the N2 bridging mode unambigu­
ously. 

Ab initio quantum calculations performed on the 
M2N2 unit have demonstrated that the unusually 
long N - N distance observed in 18 can be interpreted 
in terms of the metal interaction with both the in-
plane and the out-of-plane jr*-orbitals of N2. It has 
also been concluded that such type of state is stable 
only for the metals on the very left of the periodic 
table and not the first-row metals, i.e. for Zr and Y.63 

Another fully characterized coordination mode of 
N2 was found in the Ti complex [{(CioHg)Cp2-
Ti2K(C5H4)Cp3Ti2)(U3-N2)] (20) reported much earlier, 
in which the N2 unit with a N - N distance at 1.30(1) 
A exists as a nz-rf-.rf-.t)2 ligand (v).64 Side-on coordi­
nation of N2 to a single metal center (vi) has not yet 
been demonstrated, although such a species was 
proposed as the intermediate of the end-to-end rota­
tion of coordinated ^-N2 ligand in [Cp*Re(CO)2-
(N2)].

65 The Zr complex [Cp2Zr(CH2SiMe3)(N2)] was 

suggested to contain this ^-N2 ligand on the basis 
of EPR and IR data,66 but details are still uncertain. 

20 

D. Formation of Dinitrogen Ligands 

Not only N2 gas but numerous nitrogenous moieties 
can be used to synthesize N2 complexes. In fact, the 
N2 ligand in the first N2 complex [Ru(NH3)5(N2)]

2+ 

had its origin in hydrazine. Although N2 complexes 
derivable from molecular N2 seem more attractive in 
view of the development of effective chemical N2-
fixing systems, those prepared by indirect methods 
are also of importance in their own right since they 
also can provide much fundamental information 
associated with the N2 chemistry. 

Some terminal end-on N2 ligands have been de­
rived from certain organonitrogen ligands. Thus 
[RhCl(N2)(PPr1S)2] has been prepared by thermal 
decomposition of the diazoalkane complex [RhCl(N2-
CPh2)(PPr1S)2],

67 while [Cp*Re(CO)(L)(N2)] has been 
obtained by treatment of the aryldiazenido complex 
[Cp*Re(CO)(L)(NNC6H4OMe-p)][BF4] with Bu'Li (L 
= phosphines, phosphites).68 Conversion of an orga-
nodiazenido ligand into coordinated N2 had been 
manifested earlier for the syntheses of a series of Re 
complexes of the type [ReCl(^)(L)4] from [ReCl2-
(NNCOPh)(PPh3)2].

69 

For /i-r}1:i]l-N2 complexes, several new synthetic 
routes have been developed. These include firstly the 
coupling of two Ni moieties; Os complexes [(pic)2Cl3-
Os(^-N2)OsCl(pic)4]

+ 70 and [{Os(NH3)4(MeCN)}2(A-
N2)J

5+ 71 have been obtained by dissolving [OsNCl4]" 
in neat pic for the former and upon photoirradiation 
of a mixture of [Os(NHs)4N]3+ and hexamethylben-
zene in MeCN for the latter, respectively, while the 
oxidative coupling of two ammine ligands in [(NHs)2-
Ru2(DPB)(Im*)2] has afforded a N2 complex of a 
cofacial metallodiporphyrin (12).46b 

On the other hand, hydrazine and azine are also 
used as the sources of the -̂?71:?71-N2 ligand, although 
formation of a terminal N2 ligand from N2H4 has been 
well demonstrated, for example, for the Ru complex 
[Ru(NHs)5(N2)]

2+ shown above and [CpM(CO)2(N2)] 
(M = Mn,72 Re73) obtained from [CpM(CO)2(N2H4)]/ 
H2O2ZCu2+. Thus the reaction of N2H4 with alkoxide 
complex [W(PhCCPh)(OBUt)4] gives a ^-N2 complex 
[{W(PhCCPh)(OBut)2}2(W-N2)] accompanied by the 
liberation of Bu'OH.74 Essentially the same method 
has been used for preparing [(Cp*MoMes)2(M-N2)] 
(21a) from [Cp*MoMe3(OC6H3Pr12-2,6)][PF6] and 
N2H4,

57 which has further been extended to the 
reaction of this aryloxide complex with a hydrazido-
(2-) complex [Cp^WMe3(NNH2)] to give a heterome-
tallic complex [(Cp*MoMe3)(^-N2)(Cp'WMe3)].

57 As 
closely related reactions, formation of [(Cp*WMe3)2-



1120 Chemical Reviews, 1995, Vol. 95, No. 4 

CM-N2)] (21b) or [(Cp*WMe3)(a-N2)(Cp*TaMe2)] from 
a diazenido complex [{Cp*WMe3(NNH)}2{JM-Mg(T-
MEDA)}] with [Cp*WMe4][PF6] or [Cp*TaMe3Cl], 
respectively, has been reported,58 in which the dia­
zenido proton is eliminated as CH4. Preparation of 
^-N2 complexes by the use of the azine as a N2 source 
was reported earlier, as shown, for example, in eq 
2.75 

2[M(=CHBu')(THF)2CI3] + PhCH=NN=CHPh 

KM(THF)2Cy2(H-N2)I + 2PhCH=CHBu' (M = Nb, Ta) 
(2) 

Employment of the electroreductive conditions for 
the synthesis of low-valent complexes is less common, 
compared with the use of chemical reduction. Most 
of the low-valent N2 complexes are prepared from the 
higher valent precursors in the presence of reduc-
tants such as Na, Mg, and Zn under N2. For 
complexes 1, it has been shown that the controlled 
potential electrolysis of the solutions containing a 
range of precursors including oxide,76 imide,77 hy-
drazido(2-),78 halide, and thiolate79 complexes under 
N2 affords the N2 complexes in satisfactory yields. 

///. Protonation Reactions of Coordinated 
Dinitrogen 

As expected, molecular nitrogen bound to the metal 
center(s) is activated more or less and in certain 
complexes it becomes susceptible to protonation 
under mild conditions. Such reactions have been 
extensively studied in relation to the biological N2 
fixation. A significant number of mono- and multi-
nuclear N2 complexes are now available which can 
facilitate the conversion of N2 into NH3 and in some 
cases into N2H4 upon protonation by acid or, less 
commonly, by water. Although biological N2 reduc­
tion gives NH3 exclusively as the nitrogen-containing 
product, it should be noted that the enzyme during 
turnover has proved to liberate N2H4 upon quench 
by acid or base.80 

A. Protonation of N2 Coordinated to a Single 
Transition Metal Center 

Almost quantitative conversion of one N2 ligand in 
2b into NH3 by treatment with sulfuric acid in MeOH 
at room temperature was observed by Chatt and his 
co-workers in 1975,81 and since then intensive studies 
have been made for clarifying the mechanism of N2 
reduction operating in this and related systems using 
complexes of the type [M(N2)Z(P)4] (M = W, Mo; P = 
tertiary phosphine). The M-N2 interactions in end-
on N2 complexes are ascribed to the synergistic 
cr-bonding and jr-back bonding, as is well recognized 
for CO ligand. Molecular orbital and charge distri­
bution analyses using the model compounds [M(N2)2-
(PH3)4] have suggested stronger M-N2 interactions 
for group 6 metals than the later transition metals 
with the order of W > Mo > Cr, along with the 
presence of significant negative charges on the N2 
ligand, especialy on the terminal N atom.82 The 
latter feature is in good agreement with the fact that 
the protonation of these W and Mo complexes pro-
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ceeds not at the metal center but at the terminal N 
atom in the N2 ligand. 

Although formation of NH3 and/or N2H4 upon 
protonation by acid or water has been demonstrated 
for a considerable number of N2 complexes, these Mo 
and W systems are unique in that several intermedi­
ate stages have been isolated and characterized 
unambiguously. Accumulated data for these systems 
indicate that the protonation of the N2 ligand pro­
ceeds in a stepwise manner, accompanied by the 
transfer of required electrons from the central metal 
to the nitrogenous ligand (Scheme 1). Considerably 
high yields of nitrogen hydrides presumably arise 
from the strong reducing power of the W and Mo 
atoms. The hydrazido(2-) complexes isolated 
widely3183 demonstrate the most important interme­
diate stage involved in the reduction pathway, and 
structural details of the hydrazido(2-) ligand have 
already been clarified by X-ray analyses for more 
than ten complexes containing dppe,83a_d PMe2Ph,83ef 

or depe83gh as coligands. All of these complexes 
contain essentially linear M—N—N linkages in which 
the N - N bond lengths are of the bond order between 
1 and 2 and the M-N distances are suggestive of the 
multiple bonding nature. Diazenido complexes prob­
ably formed prior to the hydrazido(2-) complexes 
have not yet been isolated directly from the corre­
sponding N2 complexes but were derived from hy-
drazido(2-) complexes and weak base (eq 3).84 Be­
cause of the lack of X-ray structure determination, a 
detailed structure of the diazenido ligand in these 
complexes is still unknown. 

NEt 
[MX(NNH2)(dppe)2r 5 ; 

I3 or K2CO3 _ 

H* 
(MX(NNHMdPPe)2) 

x = halide 

(3) 

After the formation of the hydrazido(2—) com­
plexes, reduction is believed to follow the different 
reaction courses, depending upon the nature of the 
metal and coligand as well as the reaction conditions. 
Thus, as proposed for the reaction of 2b with sulfuric 
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acid in MeOH, further protonation at the terminal 
nitrogen atom gives a hydrazidium complex and then 
the following N - N bond scission affords a nitrido 
complex and NH3. Additional NH3 is produced by 
subsequent acidolysis of the nitrido complex with 
concurrent formation of M(VI) species.81b Recently 
the first hydrazidium complex JrCmS-[WCI(NNH3)-
(PMe3)4]Cl2 was isolated from the reaction of either 
ds-[W(N2)2(PMe3)4] or [WCl(NNH2)(PMeS)4]Cl with 
HCl gas and fully characterized, although the reac­
tion of this hydrazidium complex with HCl in MeOH 
gives neither NH3 nor N2H4.85 

In the second reaction course, protonation of the 
hydrazido(2-) complex occurs at the central metal, 
generating a hydrido-hydrazido(2-) complex. Sub­
sequent protonation finally results in the predomi­
nant formation of N2H4 and M(IV) species. Such a 
mechanism may operate, for example, in the reaction 
of 2 (M = W, Mo) with HCl gas,86 and several 
hydrido-hydrazido(2—) complexes have been isolated 
and fully characterized.86,87 

The third reaction course involves the dispropor­
t i o n a t e of two hydrazido(2—) ligands, forming NH3 
and N2 together with M(III) product. In contrast to 
the first and second mechanisms above, this mech­
anism is essentially intermolecular, where one hy-
drazido(2—) complex acts as a reducing agent for the 
other. Reactions of Mo complexes, e.g. trans-[Mo-
(N2)2(dpepp)(PPh3)]

88 and *rares-[Mo(N2)2(dppe)(PPh2-
Me)2] (22), with HBr in THF and protonolysis of the 
hydrazido(2-) complexes derived from these44 are 
considered to follow this pathway. This can be 
supported by the facts that the N2 complex 16 as well 
as the hydrazido(2-) complex [MoF(NNH2)(PS-
diphos)(PPh2Me)2][BF4], in which the direct interac­
tion between the N2 ligands or the hydrazido(2-) 
ligands hardly takes place, give no NH3 by the 
reaction with HBr in THF, whereas the addition of 
soluble Mo or W hydrazido(2-) complexes as the 
reductant results in the production of NH3 from the 
polymer-bound hydrazido(2—) moiety.52 

These findings have subsequently led to the obser­
vation that, in the reactions of both the polymer-
bound and the soluble Mo dinitrogen complexes 16, 
22, and *rans-[Mo(N2)2(dppee)(PPh3)] with HBr, ad­
dition of two electron reducing agents such as Sn(II) 
and Ge(II) halides considerably increases the yields 
of NH3, since all of the hydrazido(2-) ligand gener­
ated in this system can be used as the NH3 source 
due to the presence of the added reductant.830'89 As 
a related reaction, the two-electron reduction of 
[W(OTs)(NNH2)(dppe)2]

+ under the conditions of 
controlled potential electrolysis have been shown to 
give NH3. An interesting feature of the present 
system is the recovery of the parent N2 complex 
£rans-[W(N2)2(dppe)2] (lb) in high yield, which in 
principle allows for repetition of the cycle involving 
(a) the protonation of the N2 complex to the hy-
drazido(2—) complex and (6) electroreduction of the 
hydrazido(2—) complex forming NH3 accompanied by 
regeneration of the N2 complex (eq 4). However, the 
total amount of NH3 produced after three cycles in 
one vessel has been reported to be 0.72 mol/W atom.78 

Further, it should be noted that the evolution of a 

large amount of H2 takes place during the electro­
chemistry when acid is present, e.g. in the cycle. 

a 
frans-[W(N2)2(dppe)2] « » frans-[W(OTs)(NNH2)(dppe)2]* 

{ t> (4) 

NH3 

a) TsOWTHF; b) Nj/electrolysis/THF. 

The V(—1) complexes 4 and its dmpe analogue, 
which are isoelectronic with Mo(O) and W(O) com­
plexes shown above, have been reported to give 1 mol 
of NH3 per mole of V by treatment with HBr gas.23b 

Concomitant oxidation of the V(-l) center to the V(II) 
state has been suggested. 

Recent elucidation of the nitrogenase active site 
structure cited above has evoked renewed interest 
in the chemistry of Fe dinitrogen complexes. Mono-
and dinuclear complexes of Fe containing a terminal 
end-on or bridging N2 ligand have been known since 
the early 1970s, but reactivities of coordinated N2 in 
these complexes have not been demonstrated except 
for the replacement by certain jr-acceptor ligands. 
Only the poorly defined complex [{FeEt(N2)(PPh3)2}2-
Mg(THF)4] was previously shown to give N2H4 (0.11 
mol/Fe atom) and NH3 (0.11 mol/Fe atom).90 Recent 
investigation has clarified that the Fe(O) complex [Fe-
(N2)(dmpe)2] generated in situ from [FeH(N2)(dmpe)2] 
and KOBu4 produces NH3 (0.06-0.12 mol/Fe atom) 
upon protonation by H2SO4 or HCl.91 The resultant 
major Fe species was assigned as [FeCl2(dmpe)2] for 
the latter system. Formation of comparable amounts 
of NH3 was also observed for [Fe(N2)(depe)2] analo­
gously obtained in situ from [FeH(N2)(depe)2]. Very 
recently, isolation and full characterization of [Fe-
(N2)(depe)2] have been carried out by a different 
group, and somehow the isolated complex gave no 
NH3 but only N2 and H2 gases by acidolysis.92 

B. Protonation of N2 Coordinated to More Than 
Two Transition Metals 

Since the complete reduction of coordinated N2 into 
NH3 or N2H4 by protonolysis requires the concomi­
tant transfer of six or four electrons, formation of 
these nitrogen hydrides in high yields from mono­
nuclear N2 complexes may be expected only for N2 
bound to a strongly reducing metal, which can supply 
the multielectrons to the coordinated N2. This pre­
sumably accounts, at least in part, for the highly 
effective NH3 and N2H4 production observed for zero-
valent W and Mo complexes described above. On the 
other hand, multimetallic activation of N2 may 
require less electrons per one metal for the formation 
of nitrogen hydrides, and therefore more diversified 
metals are possibly used for this transformation. 

Actually a considerable number of multinuclear N2 
complexes have been proven to afford NH3 or N2H4 
by protonolysis under mild conditions. Thus the 
previous reports described the formation OfNH3 from 
a binuclear Ni complex dimer [{(LiPh)3(Et20)i-i.5-
Ni}2(a-?/2:?72-N2)]2

93 and a tetranuclear ,M3-N2 Ti com­
plex 2064 as well as the formation of N2H4 from a 
binuclear Zr complex [{Cp*2Zr(N2)}2(w-N2)]

94 and a 
series of binuclear Ta complexes, e.g. [{TaCl3(THF)2}2-
(,M-N2)].

75 In addition, recent studies have demon­
strated the formation of NH3 from 21 (M = Mo, 
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Table 1. Protonation of Bridging Dinitrogen Ligands Forming Ammonia and/or Hydrazine 

complex acid/solvent product (%)° 

[((C1OH8)Cp2Ti2H(C5H4)Cp3Ti2)Ca3-N2)I(ZO) 
[(Cp*Zr(N2)}2C«-N2)] 
[{(o-Me2NCH2C6H4)2V(py)}2CM-N2)](3) 
[Na{(2,4,6-Me3C6H2)3V}2CM-N2)]-(6) 
[(Nb(S2CNEt2)S)2(^-N2)] ( l ib) 
[(TaCl3(THFM2CM-N2)] 
[(Ta(CH2BUt)3(THF)I2Cu-N2)] 
[(Cp*MoMe3)2C«-N2)] (21a) 
[(Cp*WMe3)2C«-N2)] (21b) 
[((LiPh)3(Et2O)I-L5Ni)2Cw-N2)L 
[WCl(PMe2Ph)4Cw-N2)TiCp2Cl] 
[WI(PMe2Ph)4CM-N2)ZrCp2Cl] 

0 Based on total nitrogen in the N2 complex. b A half of N2H4 results from the initial ^-N2 ligand. c THF, CH2Cl2, or MeCN. 

H2O 
HCl/toluene 
HCl 
HCVH2O 
HCVsolvent0 

HCVether 
HCVether 
HCVTHF 
HCVTHF 
H2O 
H2SO4ZMeOH 
H2SO4ZMeOH 

N2H4 (major) + NH3 (total 90) 
N2H4 (33)» 
NH3 (33) 
N2H4 (36) + NH3 (11) 
N2H4 (> 90) 
N2H4 (80) 
N2H4 (86) 
NH3 (16) 
NH3 (17) 
NH3 (33) 
N2H4 (8) + NH3 (43) 
N2H4 (16) + NH3 (17) 

Scheme 2 
|{M(SjCNEt2)3}2(n-N2)] + 4HBr 

11a: M = Nb, 
l ib: M = Ta 

• 2[MBr2(S2CNEt2J3] + N2H4 

HX HX . HX 
M-N.N-M ̂ ^ r [M-NH-N=M]* :^S [M=NH-NH=M]2*—- [M=NH-NH2-MX]2* 

[M=NH-NH2]* 

HX 

[MX]* 

I" I 
MX2 + N2H4 MX, 

W)43'57 and V complex 3,95 the formation of N2H4 from 
[(M(S2CNEt2)S)2(M-N2)] (M = Nb, 11a; M = Ta, l ib) 9 6 

and Zr complexes 18 and 19,61b and the formation of 
both N2H4 and NH3 from V complex 627 and hetero-
bimetallic complexes [WX(PMe2Ph)4(W-N2)MCp2Cl] 
(M = Ti, X = Cl; M = Zr, X = I).59 These results are 
summarized in Table 1. 

Interestingly, by reaction with HCl, the V alkyl 
complex 5 liberates the whole coordinated N2 as a 
N2 gas with concurrent formation of neopentane,24 

indicating the attack by proton occurs on the a-car-
bon atom, while related Ta complex [(Ta(CH2Bu^s-
(THF)J2(M-N2)] is treated similarly to afford N2H4 in 
moderate yield.75 It should also be noted that the 
multinuclear Ni and Ti dinitrogen complexes give 
NH3 by treatment with such a weak acid as water 
(Table 1), and in the case of 20 the reaction with HCl 
instead of water surprisingly results in the evolution 
of N2 gas exclusively.64 

Despite the appearance of many multinuclear N2 

complexes giving nitrogen hydrides, none of these 
have given any isolable intermediate stages, and the 
mechanism of the protonation operating on the 
multimetallic center is still uncertain. It may be 
quite important to clarify until which stage the 
multinuclearity of the complex is retained. However, 
even such a fundamental feature has been specified 
for only a few of the systems reported to date. For 
only the Nb and Ta complexes 11 has it been 
suggested by spectroscopic data that the protonation 
of N2 proceeds in a stepwise manner with retention 
of a dinuclear core until the M-NHNH2 stage (Scheme 
2) 18,96 Another important finding associated with 
this system is that the proton transfer to the bridging 
N2 in 11 is much slower than that of the terminal N2 

in mononuclear [M(N2)2(P)4].97 This significant dif­

ference in the reactivity has been accounted for by 
attack by a proton at the electrons delocalizing over 
the M - N - N - M moiety in the former, which is in 
contrast to the proton attack at the lone-pair elec­
trons localized on the terminal N atom in the latter. 

IV. Reactions of Hydrazines Relevant to Nitrogen 
Fixation 

Nitrogenase is a catalyst capable of reducing 
numerous substrates, and it has been shown that free 
N2H4 is also reduced to NH3, i.e. N2H4 + 2H+ + 2e" 
—* 2NH3.98 Reactivities of N2H4 toward transition 
metal complexes are therefore of much interest. 

The high-valent mononuclear hydrazine complex 
[Cp*WMe3(?72-NH2NH2)][OTf] (23) prepared from 
[Cp*WMe3(OTf)] and N2H4 undergoes reduction by 
NaZHg to give NH3 and [Cp*WMe3(NH)]. Almost 
stoichiometric formation of NH3 has been observed 
when 23 is reduced by ZnZHg or Cp2Co in the 
presence of lutidine hydrochloride as a proton source. 
This system has successfully been extended to the 
catalytic reaction converting N2H4 into NH3. Thus, 
when 23 is reduced in the presence of 10 equiv of 
N2H4, the yield of NH3 reaches ca. 16 mol/W atom 
(Scheme 3 ) . " Essentially the same result has been 
obtained also for the Mo analogue.100 

In certain systems without external reduction, 
coordinated N2H4 can be converted into NH3 by the 
disproportionation reaction, i.e. 3N2H4 — 4NH3 + N2. 
Recently we have shown that the coordinatively 
unsaturated diruthenium complex [Cp*Ru(M-SPri)2-
RuCp*] catalyzes this reaction effectively.101 Spec-
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Scheme 4 
2 N2H4 2 NH3 

N=N 
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R R R R 

N2 + 2 NH3 N2H4 

troscopic data of the reaction mixture suggest the 
involvement of the /t-diazene complex [Cp*Ru(w-
SPrO2(W-NHNH)RuCp*] as an intermediate. The 
catalytic cycles proposed for this Ru system are 
shown in Scheme 4. 

The reaction of silylated 2-pyridinethiol 2-HSC5H3N-
3-SiMe3 with MoCl5 or [MoCl4(MeCN)2] has been 
shown to give mononuclear lff-pyridine-2-thione 
complex [MoCl4(2-SC5H3NH-3-SiMe3)2] or a dinuclear 
complex with bridging disulfide and the thione 
ligands, [Mo2Cl4(M-S2)(w-2-SC5H3NH-3-SiMe3X2-
SC5H3N-3-SiMe3)2], respectively. These two com­
plexes catalyze not only the disproportionation of 
hydrazine in the absence of an external reductant 
and a proton source but also the reduction of hydra­
zine in the presence of Zn/Hg and lutidine hydro­
chloride. Experimental evidence suggests that for 
the catalytic NH3 production both systems using the 
mono- and dinuclear complexes as the catalyst pre­
cursor involve the same intermediate [Mo2Cl3(2-
SC5H3N-3-SiMe3)3].

102 

A more sophisticated model system which relates 
to the reduction of N2H4 in nitrogenase is found in 
reactions using MoFe3S4 single cubane clusters [(Cl4-
cat)MoFe3S4Cl3(MeCN)]2- (24) and [(CiIr)MoFe3S4Cl3]

3-
(25).103 In the absence of a reducing agent and a 

Cl-I-̂ Fe-I-S Cl 

8 ci 
Me 

24 

proton source, the disproportionation of N2H4 is 
slowly catalyzed by the former but not by the latter. 
On the other hand, by addition of Cp2Co and 2,6-
lutidine hydrochloride, both clusters catalyze the 
reduction OfN2H4 into NH3 with good turnovers. The 
EPR study confirms the retention of the cluster core 
during the whole turnovers. From the reaction of 24 
containing an easily displaceable MeCN ligand with 
PhNHNH2, [(Cl4-cat)MoFe3S4Cl3(NH2NHPh)]2- has 
been isolated103104 and the stoichiometric and cata­
lytic reduction of the terminally bound PhNHNH2 in 
this adduct has afforded PhNH2 and NH3, while the 
N2Hi-bridged double cubane [{(Cl4-cat)MoFe3S4Cl3}2(«-
NH2NH2)]

4" 105 available from 24 and N2H4 exhibits 
only a low catalytic activity. In addition, [Fe4S4Cl4]

2" 

shows no catalytic activity. These results suggest 
that the Mo atom in the MoFe3S4 single cubanes is 
directly involved as the reaction site in this catalysis. 
Furthermore, the finding that the activity observed 
for 25 containing the Mo atom coordinated by tri-
dentate citrate ligand is similar to that of 24 implies 
that in the structurally resembling FeMo cofactor 
(Figure 1) the coordinatively saturated Mo atom by 
bidentate homocitrate as well as one N and three S 
atoms may also serve as the site of substrate binding 
and reduction. The hapticity change of the citrate 
ligand upon protonation, for example, might provide 
the coordination site for substrate reduction. It has 
been clarified subsequently that the double cubane 
cluster [MoFe3S4Cl3{ SCH(CH3)COO) ]2

4", which con­
tains the Mo atom coordinated by carboxylate, also 
exhibits a high catalytic activity. The active species 
in this system has also been characterized to be a 
single cubane cluster.106 

V. Conversion of Coordinated Dinitrogen into 
Organonitrogen Ligands and Compounds 

One-pot synthesis of nitrogen-containing organic 
compounds from molecular nitrogen may open a new 
field in organic syntheses. Initial study associated 
with this area appeared in 1966, which showed the 
formation of PhNH2 along with NH3 by treatment of 
Cp2TiCl2 or Cp2TiPh2 with excess PhLi in ether at 
room temperature and under an atmospheric pres­
sure ofN2 followed by hydrolysis. An increase in the 
N2 pressure up to 80-100 bar considerably raised the 
yield OfPhNH2 (0.10-0.15 mol/Ti atom).107 However, 
the details of this reaction are unknown due to the 
lack of any information about the intermediate spe­
cies. Several C-N bond-forming reactions that pro­
ceed in well-defined N2 complexes have subsequently 
been clarified, and most of these have been observed 
for the Mo and W complexes. 

A. C-N Bond Formation at Coordinated N2 by 
Reaction with Organic Halides 

Formation of a C-N bond at the N2 ligand was 
initially observed in the reactions of Mo and W 
complexes 1 with RCOCl.108 The products were 
characterized to be acyl- and aroyldiazenido com­
plexes £rans-[MCl(NNCOR)(dppe)2], and the X-ray 
structure is available for £rarcs-[MoCl(NNCOPh)-
(dppe)2].

109 A similar reaction also proceeds for trans-
[ReCl(N2)(PMe2Ph)4].

1083 Another C-N bond-forming 
reaction defined in detail is the formation of alkyl-
diazenido complexes ^rans-[MX(NNR)(dppe)2] from 1 
and alkyl halides under irradiation of a W lamp.108a'110 

The mechanism of this alkylation involves attack of 
the alkyl radical on the N2 ligand, which is generated 
by homolysis of RX occurring within the coordination 
sphere.111 In contrast, the former acylation is now 
believed to proceed via nucleophilic attack of the 
terminal N atom on the acyl carbon.17 The terminal 
N atoms in these diazenido ligands are significantly 
nucleophilic, and a series of acyl-, aroyl-, and alkyl-
hydrazido(2-) complexes £rans-[MCl(NNHCOR)-
(dppe)2]

+ and £rans-[MX(NNHR)(dppe)2]
+ are readily 

derived upon protonation by acid. Analogously, di-
alkylhydrazido(2-) complexes i!rarcs-[MBr(NNMeEt)-
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Scheme 5 Scheme 6 
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(R2PCH2CH2PR2^]+ (M = Mo, W) have been prepared 
for R = Et and various aryl groups from the reaction 
of *rans-[MBr(NNEt)(R2PCH2CH2PR2)2] and MeI that 
proceeds via an SN2 mechanism.112 One-pot dialky-
lation observed upon treatment of l b with MeBr to 
give £rans-[WBr(NNMe2)(dppe)2]Br is also believed 
to follow these two steps. A series of dialkyl-
hydrazido(2-) complexes of the type trans-[MBr-

{NN(CH2)nCH2}(dppe)2]Br (M = Mo, W; n = 2-4) are 
similarly available by the use of a,co-dibromides,113 

while extention of this reaction to that with gem-
dibromide has led to the isolation of diazoalkane 
complexes £raras-[WBr(NNCRR')(dppe)2]Br (R, R' = 
H, Me).114 It should be noted that the C-N bond 
formation at coordinated N2 by reaction with alkyl 
halides is only observed for diphosphine complexes 
such as 1 but not for monophosphine complexes such 
as 2. 

The much higher reactivity of the Mo tetrathio-
ether N2 complex 10 toward organic halides com­
pared with the phosphine complex l a is noteworthy. 
Thus 10 reacts not only with MeI but also with 
PhCH2Br to give dialkylhydrazido(2-) complexes 
^ra/zs-[MoX(NNR2)(Me8[16]aneS4)]X. Furthermore, 
even aryl halides (ArX) such as PhBr, PhI, and 
P-MeOCOCeH4I react readily with 10 to afford novel 
aryldiazenido complexes £rarcs-[MoX(NNAr)(Me8[16]-
aneS4)].115 Neither benzylation nor arylation of the 
coordinated N2 in Mo and W phosphine complexes 
has been successful except for the arylation using a 
unique bimetallic system (vide infra). 

The C-N bond-forming reactions described in this 
section are summarized in Scheme 5. 

B. C-N Bond Formation at Coordinated N2 via 
Hydrazido(2-) or Diazenido Complexes 

The Mo and W hydrazido(2-) complexes such as 
£rarcs-[MF(NNH2)(dppe)2][BF4] (26) and cis,mer-
[MX2(NNH2)(PMe2Ph)3] (27; X = Cl, Br, I), easily 
derived from the reactions of 1 with aqueous HBF4 
in THF or those of 2 with aqueous HX in MeOH, are 
not only the important intermediate stages for the 
reduction of coordinated N2 but serve as the versatile 
precursors to prepare organodinitrogen ligands. Ow­
ing to the significant nucleophilicity of the terminal 
N atom, the hydrazido(2—) ligands in 26 and 27 react 
with various substrates containing a >C=0 group, 

" - " - 1 Sp-CHPh , Ph 'CC° 

MeO O OMe 

V l = N - N ^ ] 

C=CHCOMe 

H M = N - N ' 

CICOCH2CH2COCI 

\ C 

M=N-N 

* C B 

giving a series of organodinitrogen ligands (Scheme 
6). 

The reaction of 26b (M = W) with succinyl chloride 
results in the formation of cyclic diacylhydrazido(2-) 

complex *ra/is-[WF(NNC0CH2CH2C0)(dppe)2][BF4] 
(nucleophilic substitution),116 while the reaction of 27 
(X = Cl) with diphenylketene gives the monoacylhy-
drazido(2-) complexes [MCl2(NNHCOCHPh2)(PMe2-
Ph)3] (nucleophilic addition).117 Similar reaction of 
[MBr(NNH2)(dppe)2]Br (M = Mo, W) with phenyl 
isocyanate seems to occur, but the products contain­
ing the NNHCONHPh ligand were only poorly char­
acterized.116 

More intriguing reactions of the hydrazido(2—) 
ligand are the condensation with ketones and alde­
hydes to give a numerous body of diazoalkane com­
plexes such as *ra?is-[MF(NN=CRR')(dppe)2][BF4] 
(28) and cis,mer-[MX2(NN=CRR')(PMe2Ph)3] (29).118 

The reactions are markedly enhanced by the addition 
of catalytic amounts of acid, HBF4 or HX. Related 
diazoalkane complexes ^rares-[WBr(NN=CRR'Xdppe)2]-
Br are accessible from the reactions of l b with gem-
dibromides as described already.114 However, this 
condensation method may provide a more convenient 
route to derive diazoalkane ligands since the carbonyl 
compounds with various substituents are more easily 
available than gem-dibromides. Furthermore, the 
present method is applicable to both dppe and PMe2-
Ph complexes 1 and 2, whereas the reactions of 2 
with organic halides giving diazoalkane complexes 
are unknown. 

Formation of an alkenyldiazenido ligand from a N2 
ligand has been demonstrated for the reaction of 2b 
with acetylacetone in MeOH. The product has been 
spectroscopically characterized to be mer-[W(acac)-
(NNCMe=CHCOMe)(PMe2Ph)3] (30), which has been 
supported by the X-ray structure determination of 
its HBr adduct roer-[W(acac)(NNHCMe=CHCOMe)-
(PMe2Ph)3]Br.119 Formation of the alkenyldiazenido 
ligand in 30 may proceed via initial protonation 
presumably by acetylacetone forming hydrazido(2—) 
ligand and its successive condensation with acety­
lacetone followed by deprotonation. 

Free diazoalkanes are highly reactive species, but 
their instability sets the limitation in utilizing these 
potential reagents for organic synthesis. Reactivities 
of coordinated diazoalkanes in 28 and 29 derived 
from a variety of aldehydes and ketones are therefore 
of particular interest,120 the study of which may lead 
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to the development of new synthetic pathways toward 
organonitrogen compounds from molecular N2. The 
reactions of 28 and 29 demonstrated recently in this 
context are as follows. 

Reactions of diazoalkane complexes 28 formulated 
as ^CrW-[MF(NN=CR1CHR2R3XdPPe)2][BF4] with LDA 
or NaN(SiMe3)2 afford alkenyldiazenido complexes 
^ra«s-[MF(N=NCR1=CR2R3)(dppe)2] (31) quantita­
tively.121 This presents a potential route to a series 
of alkenyldiazenido complexes. Reactions giving 
alkenyldiazenido complexes reported earlier had been 
the formation of 30 from l b (vide supra) and the 
synthesis of *rans-[MF(N=NCMe=CHCOMe)(dppe)2] 
from 28 (R = Me, R' = CH2COMe) and NaOMe.119 

The complexes containing the alkenyldiazenido Ugand 
highly substituted with electron-withdrawing groups 
were also obtained from the iV-vinylation reaction of 
£r<ms-[WX(NNH2)(dppe)2]

+ (X = F, Br) with equimo-
lar amounts of the corresponding alkenes in the 
presence of NEt3 (eq 5).122 The probable nucleophile 

<rans-[WX(NNH2)(dppe)2]
+ + RR'C=CR"Z 

NEt3 [WXf=N=N /R' XdPPe)2] 
.C=C . 

(5) 

RCHO, etc., yielding new diazoalkane complexes 
containing ligands such as NN=CR1CR2R3R, NN= 
CMeCH2CONHPh, NN=CMeCH(CONHPh)2, and 
NN=CHCH=CHR. On the other hand, oxidation of 
31 (R1 = R2 = H, R3 = Me; R1 = Me, R2 = R3 = H) by 
I2 or CuCl2 gave dinuclear bis(diazo)alkane complexes 
[{^ans-MF(dppe)2}2( jW-NN=CR1CR2R3CR2R3-
CR1=NN)].121a Transformations starting from 28 
described herein are summarized in Scheme 7 for the 
case of £rcms-[MF(NN=CMe2)(dppe)2]

+. 
In 29, the PMe2Ph ligand trans to the halide can 

be replaced by a range of Jt-acceptor molecules L at 
elevated temperatures, and the resultant complexes 
containing these molecules cis to the diazoalkane 
ligand cJs,£rans-[MX2(NN=CRR')(PMe2Ph)2(L)] (32) 
have been isolated (L = CO, alkene, aldehyde, Bu4-
NC) (eq 7).124 From complexes 32 (L = Bu4NC) were 
derived the carbene-diazoalkane complexes cis,trans-
[MX2(NN=CMePh)(PMe2Ph)2(=CMeNHBut)] upon 
treatment with AlMe3 followed by hydrolysis.125 In 
contrast to the formation of 32 from the thermal 
reaction with CO, 29 (M = W, X = Cl) gives cationic 
diazoalkane complex mer-[WCl(NN=CMe2)(PMe2-
Ph)3(CO)]+ (33) when reacted with CO in the pres­
ence of ZnCl2(dioxane).126 

R = R' = CN, R" = H or Cl, Z = Cl or OEt 
R = CN, R' = COOEt, R" = H, Z = Cl 

in this system is not the hydrazido(2—) complex but 
the diazenido complex [WX(NNH)(dppe)2] produced 
in situ from the hydrazido(2-) complex and the base. 
More recently, another route toward alkenyldiaz­
enido complexes has been clarified, which involves 
the /S-alkylation of a,/?-unsaturated diazoalkane com­
plexes by LiCuR2 (eq 6).123 

[MFt-N-N=CH-CR=CHR1XdPPe)2] 
+ LiCuR2

2 

[MF(=N=N-CH=CR-CHR1 R2XdPPe)2] 
(6) 

Complexes 31 are susceptible to electrophilic attack 
at the terminal alkenyl carbon by RX, PhNCO, 

R 
I 

I 
N 

' ] / ' 
PMe2Ph 

X—M—PMe2Ph 
RhMe2P^ I 

X 

29 

R 
I 

N ^ R ' 
I 

- - IJj^PMe2Ph 
PhMe, 80 "C X - M — L 

PhMe2P^ I 
X 
32 

L = CO, alkene, aldehyde, Bu1NC 

(7) 

The reactivities of the coordinated L in 32 and CO 
in 33 toward the adjacent diazoalkane ligand is of 
particular interest, since this might open the alterna­
tive novel routes for preparing a variety of organo-
nitrogenous ligands and compounds. Recently, the 
highly reactive nature of the metal—imido bonds has 
been clarified in coordinatively unsaturated Zr and 
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Ir complexes such as [Cp2Zr=NR] generated from 
either [Cp2Zr(=NR)(THF)] or [Cp2Zr(NHR)2] and 
[CpTr=NBu']. Thus reactions of the former Zr 
species with alkynes afforded azametallacyclobutene 
complexes (eq 8),127 while treatment of the latter Ir 

[Cp2Zr=NR] + R'CCR' Cp2Zr 

T 
R' 

(8) 

complex with e.g. Bu'NC, CO, CO2, and alkynes also 
resulted in the addition of these molecules to the 
I r -N multiple bond as depicted in Scheme 8.128 

Scheme 8 
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However, in spite of intensive investigation of the 
reactivities of the M S N bond in 32, its carbene-
diazoalkane derivatives, and 33, any reactions have 
not yet been found in which the diazoalkane ligand 
interacts with the substrate species in cis position. 
It might be noteworthy that reduction of the cationic 
complex 33 by Mg under CO resulted in the isolation 
of the dinuclear bis(diazenido) complex [{trans,trans-
WCl(CO)2(PMe2Ph)2I2(^-N=NCMe2CMe2N=N)].126 

Complexes 29 (M = W) also react with excess 
CH2X2 in hot toluene, resulting in the formation of 
paramagnetic diazoalkane comlexes mer,trans-
[WX3(NN=CRRO(PMe2Ph)2] (X = Br, I).129 The bond­
ing parameters associated with the diazoalkane 
ligand in this W(V) complex (X = Br, R = Me, R' = 
Ph) are quite similar to those in the W(TV) complexes. 

Recent extention of the condensation reaction of 
hydrazido(2-) complexes with monocarbonyl com­
pounds to that with dialdehydes has led to the 
formation of nitrogen heterocyclic ligands. Thus the 
reaction of 26 with 2,5-dimethoxytetrahydrofuran, a 
succinaldehyde equivalent, yields 1-pyrrolylimido 

complexes £rarcs-[MF(NNCH=CHCH=CH)(dppe)2]-
[BF4] (34).130 Interestingly, the pyrrole ring in 34b 
(M = W) undergoes /3-regioselective electrophilic 
substitution reactions; treatment of 34b with NBS 
gives only the /3-bromo derivative. Exclusive /3-cya-
nation and /3-benzoylation also occur, when reacted 
with chlorosulfonyl isocyanate and PI1COCI/AICI3, 
respectively (eq 9). This presents a sharp contrast 
to the electrophilic substitutions of free pyrrole, 
which are known to proceed preferentially at the 
a-position. This remarkable difference in the reac­
tivity between the pyrrole ring in 34b and free 

pyrrole is presumably ascribed to the steric effect of 
the dppe ligands, protecting the a-position of the 
pyrrole ring. 

N ' N ' 

Cr^. MI ̂ r ^ , 

P ^ I ^a-^ 
F 

34b 

electrophlle 

X 

(9) 

electrophile 

NBS 
CISO2NCO 

PhCOCI/AICI3 

Br F 
CN F 

COPh Cl 

The reaction of 27b (X = Cl) with phthalaldehyde 
results in the formation of a phthalimidine ring. For 
the dppe complex 26b, only the condensation of the 
hydrazido(2-) ligand with one aldehyde group pro­
ceeds to give the diazoalkane complex trans-[WF-
(NN=CHC6H4CHO-O)(dppe)2]

+ in high yield. How­
ever, this diazoalkane ligand can also be converted 
into the phthalimidine ring by subsequent reaction 
with AlCl3 in THF at reflux (Scheme 6). 

C. Synthesis of Nitrogen-Containing Organic 
Compounds from Coordinated N2 

As shown in the previous sections, considerably 
diversified routes are now available to obtain the 
organodinitrogen ligands from coordinated N2, al­
though most of these are still limited to the Mo and 
W complexes with tertiary phosphine ligands. The 
products characterized in a well-defined manner 
include organodiazenido, organohydrazido(2-), or 
diazoalkane ligands. Much effort has been given to 
liberating these ligands as the nitrogen-containing 
organic compounds, since such reactions may provide 
important information in designing the chemical N2-
fixing system capable of producing organonitrogen 
compounds catalytically from gaseous N2. It is now 
apparent that some organodinitrogen complexes re­
ferred above can produce nitrogenous compounds 
under certain conditions. In this section, the reac­
tions which appeared in fairly old references have 
also been cited to cover the whole reactivities of 
organonitrogen ligands. 

Initial observation concerning the liberation of 
organonitrogen compounds was the reductive de­
struction of the Mo and W dialkylhydrazido(2-) 

1 1 
complexes *r£ms-[MBr{NN(CH2)3CH2}(dppe)23Br by 
LiAlH4 at 80 0C for 65 h. Pyrrolidine was obtained 
in moderate yields after workup of the reaction 
mixtures with MeOH and then HBr. Analogous 
treatment of £raras-[WBr(NNMe2)(dppe)2]Br afforded 
Me2NH in high yield. Direct base distillation of these 
complexes also resulted in the formation of the 
amines, although the yields were lower, while treat­
ment of the latter complex with H2SO4 afforded 
MeNH2 and Me2NH in low yields.131 In the reaction 
of 34 with LiAlH4 followed by treatment with MeOH, 
pyrrole was obtained in high yield along with a small 
amount of iV-aminopyrrole.130 The reaction of 34 
proceeds readily at room temperature and completes 
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in only 2 h. More importantly, [MH4(dppe)2] can be 
isolated in moderate yields from the resultant reac­
tion mixtures. Since the conversion of these hydrido 
complexes to the parent N2 complexes 1 has been 
reported previously, the present pyrrole synthesis can 
be represented as the cyclic system shown in Scheme 
9. 

On the other hand, the reaction with acid also 
proceeds cleanly, when the hydrazido(2-) complex 
reduced by two electrons is used. Thus [Mo-

1 1 
(NN(CH2)4CH2}(dppe)2], prepared from trans-[MoBr-
{NN(CH2)4CH2}(dppe)2]Br (35) by either electrore-
duction or reaction with LiBu*, reacted with excess 
HBr in THF to give piperidine and />ans-[MoBr(NH)-
(dppe)2]Br in 74 and 67% yields, respectively.132 

As for organodiazenido complexes, the reaction of 
£rans-[MoBr(NNBun)(dppe)2] with NaBH4 or NaOMe 
in benzene/MeOH at elevated temperature was car­
ried out, which gave NH3 together with butylamines 
(BunNH2 and Bu11NMeH).110 

Treatment of the diazoalkane complexes 29 (X = 
Br, R = R' = Me) with HX results in the formation 
of a mixture of N2H4 and acetone azine, while that 
with LiAlH4 gives Pr1NH2 together with NH3.U8b Both 
reactions proceed at room temperature. In relevance 
to the former system, formation of acetone azine has 
been observed by treatment of 2b or £rans-[W(N2)2-
(PPh2Me)4] with a MeOH/acetone mixture at 50 0C.133 

Details of this reaction course are uncertain, but the 
mechanism involving the formation of a hydrazido-
(2—) complex and the subsequent condensation of this 
species with acetone forming a diazoalkane complex 
has been suggested. The Mo complex 2a gives no 
azine, but the Mo tetrathioether complex 10 does 
afford the azine under similar conditions.115 It is to 
be noted that conversion of coordinated N2 into 
acetone azine was also observed for the reactions of 
dinuclear Ta complexes such as [{TaCl3(PR3)2}2(Jw-
N2)] and [(TaL3(THF))^-N2)] (L = CH2Bu*, OBu') 
with acetone. In these reactions, formation of ac­
etone azine presumably results from the double bond 
metathesis between the Ta=N and >C=0 units, 

Scheme 10 
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which may support the diimide structure proposed 
for these ditantalum complexes.75 

Reactions of organodinitrogen complexes under 
electroreductive conditions were also investigated 
previously. An important feature of these systems 
is that the elimination of the nitrogenous compound 
may be accompanied by the recovery of the parent 
N2 complex in the case of the organodinitrogen 
complexes containing appropriate coligands. Thus 
controlled potential electrolysis of 35 (M = Mo) in 
THF under N2 gave iV-aminopyrrolidine and the N2 
complex l a in 60-70 and 45% yields, respectively 
(Scheme 1O).134 As a related reaction, formation of 
5-amino-4-cyanopyrazole in ca. 40% yield from dicy-
anovinylhydrazido(2-) complex £rarcs-[WF{NNHCH= 
C(CN)2}(dppe)2][BF4] under electroreductive condi­
tions has been reported.135 Dicyanovinylhydrazine 
may be liberated by electrolysis prior to the cycliza-
tion to give the pyrazole. The W species present in 
the reaction mixture under N2 was characterized to 
be the hydrazido(2-) complex 26b. In these reac­
tions using organohydrazido(2-) complexes, the M-N 
bond cleavage occurs favorably rather than the N - N 
bond fission, which presents a sharp contrast to the 
almost exclusive NH3 formation from trans-[W(OTs)-
(NNH2)(dppe)2]

+ by electrolysis (vide supra).78 

D. Organic Synthesis Using Nitrido Complexes 
Derived from Molecular N2 as Key Intermediate 

In certain systems, molecular nitrogen is incorpo­
rated into organometallic compounds with concurrent 
N - N bond scission, although in most cases the 
resultant nitrido species are poorly defined. The 
complex obtained from the reaction of N2 with a 
TiCla/Mg/THF system is believed to be a nitrido 
species having a composition of [TiNMg2Cl2(THF)] 
(36),136 which further reacts with PhCOCl or CO2 
to give the Ti compounds formulated as [TiNCl-
(PhCO)i.5]

136 or [Ti(NCO)Mg2Cl2O(THF)3] (37),137 re­
spectively. Recently synthesis of a variety of orga-
nonitrogen compounds using in situ generated 36 and 
37 has been reported. 
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Treatment of 36, prepared from TiCl3 or TiCl4, with 
excess aroyl chloride in THF at room temperature 
or at reflux followed by hydrolysis gives a mixture of 
RCONH2 and (RCO)2NH. From the reaction of 37 
with phthaloyl dichloride or phthalic anhydride in py, 
phthalimide is obtained. Alternatively, when this 
reaction using 37 is combined with the carbonylation 
reaction of aryl halide using [Pd(PPlIa)4] catalyst, the 
imides are produced directly from the corresponding 
aryl halides, e.g. (PhCO)2NH from PhBr and phthal­
imide from 0-BrC6H4COOH.138 This combination of 
carbonylation and nitrogenation has further been 
extended to the one-step synthesis of isoindolinones 
from o-halophenyl alkyl ketones and that of quinazoli-
nones from o-haloanilides (Scheme II).139 The re­
lated reactions forming indole and quinoline deriva­
tives have also been reported.140 

More recently, catalytic synthesis of PhCONH2 
from PhCOCl has been demonstrated by the use of a 
mixture of TiCl4ZLiZMe3SiCl under N2 (2.43 molZTi 
atom). Phthalic anhydride was also converted into 
phthalimide catalytically in the presence of CsF along 
with TiCl4ZLiZMe3SiCl under N2 (2.04 molZTi atom).141 

The mechanism proposed for these reactions involves 
the catalytic formation of N(SiMe3)3 on the reduced 
Ti species, which subsequently reacts with HCl(aq) 
or CsF, respectively, and is finally trapped as the 
amide or imide (Scheme 12). Catalytic formation of 
N(SiMe3)3 was observed earlier by treatment of Me3-
SiCl and Li in the presence of several transition 
metal salts such as CrCl3 under N2.

142 This catalytic 
nitrogenation reaction using TiCl4ZLiZMe3SiClZCsF 
has also applied to the synthesis of a variety of 
heterocyclic compounds including indole and pyrrole 
derivatives using numerous diketo compounds.143 

Stepwise transformation of nitrido ligand in trans-
[MoCl(N)(dppe)2] toward glycine and alanine methyl 
esters has been demonstrated in a well-defined 
manner.144 The nitrido complex may be prepared 
from l a by dialkylation of a coordinated N2 and 
subsequent N - N bond cleavage upon acidolysis.132b 

The pathway converting the nitrido ligand into amino 
acid methyl esters involves initial N-C bond forma­
tion by treatment with ICH2COOMe, giving imido 
complex £rcms-[MoCl(NCH2COOMeXdppe)2]I. Re­
moval of one proton attached to the a-carbon atom 
gives £ra/is-[MoCl(N=CHCOOMe)(dppe)2], which is 
further treated with MeI to give another imido 
complex, £rans-[MoCl{NCH(Me)COOMe}(dppe)2]I. The 
Mo-N bond cleavage in these imido complexes takes 
place under electroreductive conditions, resulting in 
the liberation of glycine and alanine methyl esters 
in 70 and 80% yields, respectively. 

E. Silylation and Germylation of Coordinated N2 
and Catalytic Conversion of Molecular N2 into 
Silylamines 

The Mo and W complexes 1 and 2 react with Me3-
SiI at 50 0C in benzene under rigorouly dry conditions 
to give the silyldiazenido complexes [MI(NNSiMe3)-
(dppe)2] and frans-[MI(NNSiMe3)(PMe2Ph)4] (38) (eq 
10). In the presence of adventitious moisture, the 

N 
N 
I PMe2Ph Me3SiI or 

PhMe 2P-;M-N=HN « 
2 , / I R3SICIZNaI PhMe2P' 

•SiR3 

if PMe2Ph 
P h M e 2 P - M - PMe2Ph (10) 

PMe2Ph 

2 

PhMe2P / 
I 

R = Me: 38 

silylhydrazido(2-) complexes [MI(NNHSiMe3)(dppe)2]I 
and cis,mer-[MI2(NNHSiMe3)(PMe2Ph)3] are also 
formed.145 Silylation of the terminal nitrogen in l b 
and 2b also proceeds by the use OfMe3SiOTf, yielding 
the corresponding OTf complexes.146 Although Me3-
SiCl does not react with 1 and 2 under similar 
conditions, treatment of 2b with Me3SiCl in the 
presence of excess NaI results in the formation of 38b 
(M = W) in moderate yield. Following this procedure, 
a variety of silyldiazenido complexes are readily 
derived from 2b by the use of numerous R3SiCl (eq 
1O).147 It is to be noted that the further silylation of 
the silyldiazenido ligands did not proceed in any 
reactions using excess amounts of monosilyl halides. 
However, treatment of 2 with a mixture of ClSiMe2-
CH2CH2SiMe2ClZNaI afforded disilylhydrazido(2-) 

i 1 

COmPIeXeSCiS1TnCr-[MI2(NNSiMe2CH2CH2SiMe2XPMe2-
Ph)3], and a subsequent replacement of one PMe2Ph 
ligand by a series of ^-acceptor molecules L gave 

i 1 

numerous cis,£raras-[MI2(NNSiMe2CH2CH2SiMe2)-
(PMe2Ph)2(L)] (eq H).148 Moreover, the germyldi-

^SiMe2Q M e ' s l v S i M e s 

r i 
^SiMe2CI W PMe2Ph 

I—M—PMe2Ph 
PhMe2P^ I 

I 

r~\ 
Me2SIv. ,SlMe2 

,PMe2Ph 
I—-M—L 

PhMe2P^ I 
I 

L = CO, alkene, Bu1NC, nitrile 

azenido complexes ^aTiS-[WI(NNGeR3XPMe2Ph)4] (R 
= Me, Ph) were also obtained from the reactions 
using R3GeCl in place of R3SiCl.147-1483 Silylation of 
coordinated N2 by silyl halide has also been observed 
in the reaction of Mo complex [[C6F5-N3N]Mo(N2)-
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{Na(ether)x}] and Pr^SiCl (vide supra).50 Further 
study of the silylation of the N2 ligand in 1 and 2 
has led to the finding that the silylcobalt complex 
[Pli2MeSiCo(CO)4] can also serve as the silylating 
reagent and the silyldiazenido complexes of the type 
JmT1S-[IM(NNSiPh2MeXP)4^-OC)Co(CO)3] have been 
isolated.149 Upon protonation by water, MeOH, or 
HBr, the diazenido complex (M = W, P = V2 dppe) is 
converted into a cationic silylhydrazido(2-) com­
plexes Jrcms-[WX(NNHSiPh2Me)(dppe)2][Co(CO)4] (X 
= OH, OMe, Br). 

Interestingly the reduction of the silyldiazenido 
complexes 38 with Na in THF under Ar gives a 
mixture of Ni products such as NH3, HN(SiMe3)2, 
NaNH2, NaNHSiMe3, and NaN(SiMe3)2, along with 
some N2 gas. Furthermore, the parent N2 complexes 
2 can be isolated from the reaction mixtures in 
moderate yields when the reduction is carried out 
under N2. In the presence of excess Me3SiCl under 
Ar, complexes 38 give N(SiMe3)3 as a principal 
nitrogenous product. On the other hand, treatment 
of 2 with Na in the presence of Me3SiCl under Ar 
gives N(SiMe3)3 in good yield.146'150 These findings 
shown in Scheme 13 have led to the attempts in 
converting N2 gas directly into N(SiMe3)3 by using 
the Me3SiCl/Na system containing complexes 2 as the 
catalyst (eq 12). In consequence, the Mo complex 2a 

N2 + Me3SICI + Na 
1or2 

THF 

N(SiMe3)3 + HN(SiMe3)2 + Me3SiSiMe3 

(12) 

has been found to remarkably facilitate the expected 
transformation.150 In an optimum run using the 
equimolar mixture OfMe3SiCl and Na in the presence 
of 0.5 mol % of 2a, N(SiMe3)3 was obtained in 37% 
yield (ca. 24 mol/Mo atom) at 30 0C after 15 h. The 
major byproduct was Me3SiSiMe3, the formation of 
which was also accelerated by 2a. Among the 
complexes studied, the catalytic activity decreases in 
the order 2a » l a » lb , 2b. 

One possible mechanism for the formation of 
N(SiMe3)3 along with Me3SiSiMe3 is depicted in 
Scheme 14. As in the alkylation of coordinated N2 
(vide supra), the silyl radical Me3Si- may be generated 
by homolytic cleavage of Me3SiCl within the coordi­
nation sphere and then attack on the remaining N2 
ligand to form a silyldiazenido ligand. If the radical 
couples to each other, Me3SiSiMe3 may be formed. 
However, we must await further investigation to 
elucidate the detailed mechanism for this catalytic 
N2 fixation. Other chlorosilanes can also be used for 
the transformation of N2 gas into the corresponding 

Scheme 14 

N(SiMe3J3 
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silylamines by the catalysis of 2a, although the 
turnover was lower.147 

Vl. Reactions of Coordinated N2 with Lewis Acids 
or Organometallic Reagents 

Besides the reactivities toward a variety of protic 
acids and organic electrophiles described above, reac­
tions of coordinated N2 with metal species have also 
been investigated. As expected from the nucleophi-
licity or basicity of the terminal N atom in an end-
on N2 ligand, the reactions with various Lewis acidic 
metal compounds result in the formation of the 
corresponding Lewis acid—base adducts. Thus the 
adducts with a main group acceptor, e.g. [M-
(NNAlMe3)(N2XdPPe)2] and JTOnS-[ReCl(NNAlMe3)(P)4] 
(P = PMe2Ph, V2 dppe), as well as those with a 
transition metal ^-acceptor, e.g. [ReCl(PMe2Ph)4-
(NNMCl5)] (M = Nb, Ta) and [(ReCl(PMe2Ph)4-
(NN)}2MCLJ (M = Ti, Zr), are known.151 It may be 
noteworthy that the reactions of 2b with AlX3 (X = 
Cl, Br) in the presence of py afford not the simple 
adducts but the ditungsten complexes with a bridging 
NN(A1X2)2NN unit, [{WX(PMe2Ph)3(py)}2{/*-NN(AlX2)2-
NN}] (39).152 A structurally similar dicobalt complex, 

v y \/ 
Cl-W=N=N N=N=W-CI 

py p AJx
 p y V 

Cl Cl 
P = PMe2Ph 

39 

[{(Me3P)3Co}2(^-NN(AlMe2)2NN}], was also prepared 
upon treatment of [(Me3P)3CoNNK] with Me2AlCl.153 

The transition metal heteronuclear complexes 
[(WX(PMe2Ph)4X^-NN)MCp2Cl] (M = Ti, X = Cl; M 
= Zr, Hf, X = I)59 described already are also available 
in the related reactions of 2b with Cp2TiCl2 or Cp2-
MCl2TNaI (M = Zr, Hf). 

The N2 ligand in [CpMn(CO)2(N2)] (40) can exhibit 
quite interesting reactivity. Thus 40 reacts with 
MeLi and then with [Me3O][BF4] to give methyldia-
zene complex [CpMn(CO)2(MeN=NMe)]. The initial 
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product obtained from the reaction with MeLi has 
been formulated as [CpMn(CO)2(MeN=N-Li+)], which 
may be formed by the nucleophilic attack of the Me 
carbanion on the inner N atom.154 This reaction was 
reported as early as 1978, but it is still unique in that 
the coordinated N2 undergoes nucleophilic attack, 
forming the satisfactorily characterizable metal spe­
cies. When treated with pressurized N2, the meth-
yldiazene complex is converted into 40 with concur­
rent liberation of the diazene. 

Although 40 does not react with the metal hydrides 
such as MH (M = Li, Na, K), LiAlH4, and LiBEt3H,154 

2b reacts with NaAlH2(OCH2CH2OMe)2 and the base 
distillation of the evaporated reaction mixture resi­
due gives NH3 in moderate yield.155 Reactions of 2 
with a range of transition metal hydrides have also 
been investigated. As expected from the facile NH3 
formation from the reactions with sulfuric acid, 2b 
reacts with acidic transition metal carbonyl hydrides 
such as [HCo(CO)4], [H2Fe(CO)4], and [HFeCo3(CO)i2] 
to give NH3 in substantial yields after base distilla­
tion of the reaction mixture.830'155,156 Besides these 
acidic hydrides, the hydridic transition metal com­
pound [Cp2ZrHCl] also reacts with 2 to give NH3 
under the similar conditions.155 Although any inter­
mediate stages are unknown for the whole reactions 
of 2 with metal hydrides, a series of hydrazido(2—) 
complexes, *rarcs-[W(OR)(NNH2)(dppe)2][A] (A = Co-
(CO)4, FeCo3(CO)i2), were isolated from the reactions 
of l b with [HCo(CO)4] or [HFeCo3(CO)i2] in various 
ROH.83c Related silylation reaction of 1 and 2b with 
[Ph2MeSiCo(CO)4] giving the silyldiazenido com­
plexes has been cited already.149 More recently, 
formation of 26b from the reaction of l b with 2 equiv 
of acidic Ru complex [CpRu(dtfpe)H2][BF4] (41) has 
been reported (Scheme 15).157 Complex 41 exists in 
solution as a slowly interconverting mixture of the 
dihydrogen and dihydride species [CpRu(dtfpe)(^2-
H2)]+ and [CpRu(dtfpe)(H)2]

+, the p#a values of which 
are estimated to be 4.3 and 4.4, respectively. In this 
reaction the heterolytic cleavage of the dihydrogen 
ligand within 41 into HBF4 and [CpRu(dtfpe)H] is 
taking place. Formation of 26b may be important 
toward development of the N2-reducing system by H2, 
including two different metal sites suitable for acti­
vating N2 and H2, although at present 41 is not 
available from gaseous H2. 

Arylation of coordinated N2 is of significant interest 
due to its possible relevance to the synthesis of 
aromatic amines. Although alkylation of coordinated 
N2 proceeds smoothly by reaction with alkyl halides, 
arylation of coordinated N2 is hardly accessible, 
except for the reaction of aryl halides with the Mo 
tetrathioether complex 10 (vide supra)115 and the 
reaction of 2,4-(O2N)CeH3F with in situ generated 
[WX(NNH)(dppe)2] (X = F, Br, CF3COO) (eq 13).158 

NO, 

(13) 

y ~ 1 + 

N 

L - P - I ^ P - J 

X 

O 2 N - ^ N O 2 

K2CO3 aq. 

0^O 
Il 
N 

L -P^IS>- J 

X 

Recently it has been demonstrated that the anionic 
N2 complex »cms-[Bun

4N][W(N2)(NCS)(dppe)2] (42) 
reacts with fluoroarene complexes such as [(r]6-p-
FC6H4COOMe)Cr(CO)3] (43) and [CpRu(^-FC6H4R)]-
[PF6] (44, R = H, Me, OMe, COOMe) under ambient 
conditions to give a series of novel dinuclear ,w-aryl-
diazenido complexes £rans-[W(NCS){N=N[(j76-/>-C6H4-
COOMe)Cr(CO)3]}(dppe)2] (45) and *rares-[W(NCS)-
(N=Nt(^-P-C6H4R)RuCp]XdPPe)2][PF6] (46) (Scheme 
16).159 Activation of both the N2 ligand and the 
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46 
fluoroarene is required here; neither the reaction of 
the parent neutral complex l b with 43 or 44a (R = 
H) nor that of the anionic complex 42 with free 
P-FC6H4COOMe proceeds. It is also to be noted that, 
in contrast to the smooth reaction of 44a with 42 to 
give 46, the reaction of C6HsF bound to the Cr(CO)3 
moiety with 42 did not yield the iV-arylated product, 
indicating that the CpRu+ is a more efficient activat­
ing group for fluoroarenes than Cr(CO)3. On the 
other hand, the reaction of [CpFe(^-C6H5F)][PF6] 
with 42 presumably results in the redox reaction 
between these two complexes, since one electron 
oxidized product [W(N2)(NCS)(dppe)2] has been iso­
lated from the reaction mixture. 

Instead of starting from isolated 42, when 1 was 
treated with 43 in the presence of [Bun

4N]X (X = 
NCS, F) under irradiation by a W filament, the NCS 
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complex 45 and its F analogue are obtained, by way 
of the in situ generation of [WX(N2)(dppe)2]_ (eq 14). 

N 
III 

p *f 

N 
III 
N 

1b 

[Bun
4N]X 

COOMe 

43 

OC. CO 
(14) 

V / 

THF1 r.t., hv P 
COOMe 

X = NCS, F 

N 
Il 

X 
k p - ' i ^ 

In related reactions, formations of £rcms-[WF{N=N-
[7/6-P-C6H4R]MKdPPe)2] (M = Cr(CO)3, R = H; M = 
CpFe+PF6", R = H, Me) were observed from the 
reactions of the diazenido complex [WF(NNH)(dppe)2] 
with [(^-P-FC6H4R)M] (eq 15).159 

k P ' i ^ P > 
THF 

r.t. or reflux 
D N „ 

< - p s Il ^ P 
kp- ' i ^p. 2 

(15) 

M = Cr(CO)3: R = H, COOMe 
M = [CpFe]+[PF6)-: R = H, Me 

VII. Conclusions 
It is now apparent that molecular nitrogen is 

activated sufficiently through coordination to one or 
more transition metals to form N-H, N-C, and N-Si 
bonds under mild conditions. Extensive studies on 
the synthesis and reactivities of N2 complexes have 
disclosed that the reduction of N2 can be promoted 
not only by the metals relevant to biological N2-fixing 
system such as Fe, Mo, and V but also by the more 
diversified transition metals. Results of these studies 
may provide some basis for understanding reduction 
mechanism operating in the biological N2-fixing 
system. 

Other important advances in the chemistry of N2 
complexes are found in the discovery of numerous 
transformations of coordinated N2 into organonitro-
gen compounds through the C-N bond formation at 
coordinated N2 by reactions with organic compounds. 
Although the reaction systems demonstrated to date 
give the organonitrogen compounds mostly in less 
than stoichiometric amounts, further studies will lead 
to the development of the effective systems for the 
production of valuable nitrogen-containing organic 
compounds directly from molecular nitrogen as a 
nitrogen source. 

VIII. Abbreviations 

acac 
[Bu4Me2Si-N3N]3" 
[C6F5-N3Np-
citr 

acetylacetonate 
(Bu1Me2SiNCH2CH2)SN trianion 
(C6F5NCH2CH2)3N trianion 
citrate trianion 

Cl4-cat 
Cp 
Cp* 
Cp' 
depe 
diglyme 
dmpe 
DPB 
dpepp 
dppe 
dppee 
dppm 
dppp 
dtfpe 
EXAFS 

Im* 
LDA 
Me8[16]aneS4 

NBS 
NMP 
OEPG 
pic 
py 
TMEDA 
TMP 
Ts 
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