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Abstract: Recent developments in the activation and
reactivity of coordinated dinitrogen are reviewed.
Examples of weakly activated dinitrogen metal com-
plexes, strongly reduced nitrogen-nitrogen bonds and
N2 cleavage reactions are discussed. Protonation
reactions to form ammonia or hydrazido derivatives
are covered along with processes in which nitrogen-
boron, nitrogen-silicon or nitrogen-carbon bonds can
form. Although this review builds on previous
publications, a general introduction to this field is
included.

1 Introduction
1.1 Background
1.2 Coordination Chemistry of Dinitrogen
2 Dinitrogen Activation
3 Dinitrogen Cleavage
4 Reactivity of Coordinated Dinitrogen
4.1 Formation of N�H Bonds From Coordinated

Dinitrogen
4.2 Formation of N-Element Bonds From Coordi-

nated Dinitrogen
5 Final Thoughts

Keywords: activation; coordination modes; dinitro-
gen; metal complexes; nitrogen fixation; reactivity

1 Introduction

1.1 Background

One of the challenges remaining in chemistry is the
efficient utilization ofmolecular nitrogen, or dinitrogen,
in the generation of complex nitrogen-containing prod-
ucts.[1±9] The use of N2 as a feedstock is appealing for
industrial use, as it is abundant, accessible and inex-
pensive. One can imagine a catalytic cycle in which
dinitrogen and appropriate reagents could be combined
to provide such materials as amines or N-heterocycles
(Figure 1).
One of the barriers in generating such a cycle is the

inertness of molecular nitrogen. Dinitrogen is a simple
triply-bonded diatomic molecule that is very difficult to
activate as reflected by its high ionization potential
(15.058 eV), negative electron affinity (�1.8 eV) and
high bond dissociation enthalpy (945 kJ mol�1). The inert-
ness of dinitrogen is not just due to its strong triple bond;

carbon monoxide, which is isoelectronic with dinitrogen
and undergoes a wide variety of chemical reactions,[10] has
an even greater bond dissociation enthalpy (1076
kJ mol�1), suggesting other factors must be responsible.
The orbital energies of N2 provide a rationale for this

inertness. The low energy highest occupied molecular
orbital (HOMO; � 15.6 eV) combined with the high
energy lowest unoccupied molecular orbital (LUMO;
7.3 eV)disfavorelectrontransferandLewisacid-basereac-
tions.[11,12] It is all of these intrinsic properties together that
make N2 unreactive. In fact, only one commercially
successful process utilizes N2 gas as a reagent.[13±15] The
Haber±Bosch process involves the reaction of dinitrogen
with three equivalents of H2 gas over a promoted iron- or
ruthenium-based catalyst to produce ammonia (Equa-
tion 1). This reaction is thermodynamically favorable
under ambient conditions but high temperatures (400±
550�C) are required to give viable reaction rates and, as a
result, the gases must be compressed to 100±300 atm to
favor ammonia production. By providing a route to fixed
nitrogen in the form of ammonia, used widely as fertilizer,
Haber won the Nobel Prize in chemistry in 1918. Bosch
developed the high-pressure techniques that made indus-
trial ammonia synthesis feasible and was subsequently
awarded the Nobel Prize in 1931.

metal catalyst
N2 (g)  +  3 H2 (g)

100−300 atm
2 NH3 (g)

400−550 oC

�1�Figure 1. Conversion of molecular nitrogen into value added
products mediated by a transition metal catalyst.
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1.2 Coordination Chemistry of Dinitrogen

While the necessity of a transition metal-based catalyst
in the Haber-Bosch system was known, it was not until
1965, with the synthesis of [Ru(NH3)5N2]2�, that interest
in the coordination chemistry of dinitrogen to transition
metals began (Equation 2).[16,17] While other systems
including elemental lithium[18,19] under ambient condi-
tions and thermolysis of borabenzene[20] have been
shown to activate molecular nitrogen (Equations 3 and
4), complexes of the transition metals and lanthanide
elements have dominated the field of dinitrogen coor-
dination chemistry.

Ru

NH3

N NH3N

NH3

H3N

NH3

Cl2

2+

N2H4⋅H2O
RuCl3⋅x H2O �2�

N2 (g)  +  6 Li (s) 2 Li3N (s)
25 oC

1 atm
�3�

B OMe

SiMe3

B N NN2 (g) + �4�

The Dewar±Chatt�Duncanson synergistic bonding
model rationalizes the activation of a dinitrogen ligand
in a transition metal complex. Simplistically, if dinitro-
gen is bound end-on to a singlemetal center, the filledN2

non-bonding � orbital forms a dative bond with empty
metal dz2 or dx2-y2 orbitals. The filled dxz, dyz, or dxy orbitals
of the metal employ back-donation into the vacant �*
of N2, further stabilizing the metal-N2 complex. This
back-donation weakens the N�N bond, effectively
activating the ligand towards further reactivity. Un-
fortunately, the stability of the N2 lone pair, combined
with the large HOMO-LUMO gap, minimizes over-
lap between metal and dinitrogen orbitals. As a con-
sequence, dinitrogen is both a poor �-donor and a poor
�-acceptor, especially as compared to isoelectronic
CO.
Strongly reducing early metals have the ability to

activate coordinated dinitrogen further than synergistic
bonding. By donating electrons into the N2 unit, the
dinitrogen bond order can be reduced; formalisms for
reduction to an N�N double bond, (N2)2±, or an N�N
single bond, (N2)4±, have been applied to describe many
of these systems. These formalisms must not simply be
taken at face value; while no controversies arise in
mononuclear systems, in dinuclear dinitrogen com-
plexes the situation is more complex. In many instances,
an examination of the N�Nbond length can correlate to
the dinitrogen bond order and generally the greater the
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bond is lengthened from free N2 (1.0975 ä), the greater
the degree of dinitrogen activation. The infrared or
Raman stretching frequency �(N�N) is also often
indicative of activation, with lower frequencies indicat-
ing longer N�N bonds. However, these experimental
observations must be examined along with the formal
oxidation state of the metal center; in many cases
the results of these bond order determinations can
be subject to interpretation. For instance, in the
dinuclear dinitrogen alkylidene complex {Cl(PMe3)2 ¥
(CMe3CH�)Ta}2(�-N2), C, the observed N�N bond
length is 1.298 ä which is comparable to the N�N
double bond in PhN�NPh (1.255 ä) and supports the
presence of an (N2)2± unit.[21] The complex, however, is
better described as a diamagnetic Ta(V) species, which
in turn implies the presence of an (N2)4± unit. These
controversies are usually limited to strongly activated
dinuclear end-on bound dinitrogen complexes.
The metal complexes in Figure 2 illustrate three

common bonding modes for the dinitrogen ligand. In
general, dinitrogen bound in a terminal end-on fashion
is not extensively activated as is shown in examples
A[16,17] andB.[22] This terminal bondingmode is by far the
most prevalent, especially in late metal chemistry.

Greater activation can be achieved where dinitrogen
bridges twometal centers. Back-donation also increases
the basicity of the N�N unit; the donation from one
metal renders it a better base to the second metal.
Dinuclear end-on dinitrogen coordination is a par-
ticularly common mode for early transition metal
dinitrogen complexes as the formation of strong multi-
ple bonds to nitrogen ligands is facilitated by additional
reduction from a second metal-nitrogen bond. This
bonding mode is observed in examples C[21] and D.[23]

The N�N bond lengths in complexes C and D are both
similar to an N�N double bond. However, the presence
ofTa(V) andW(VI) formal oxidation states respectively
indicates (N2)4± systems, and for this reason a single bond
is drawn. The third common bonding mode is a side-on
bound dinitrogen unit, as in structures E[24] and F.[25] In
this bonding mode filled �-N2 orbitals form an M(�2-
N2)M unit where one d orbital of �-symmetry from each
metal center interacts with the dinitrogen� system. This
bonding mode is most commonly seen in dinuclear
complexes of the earlymetals, andmay be contingent on
the lack of a second available d orbital appropriate for
back-donation. Depending on available orbitals and
steric congestion, activation can be quite weak, as in
complex E, but extensive activation occurs in many of
these systems; the exceedingly long N�Nbond length of
1.548 ä in complex F is an example.
This review will focus on recent reports from the

literature that document activation and functionaliza-
tion of coordinated dinitrogen. In addition, studies that
describe cleavage of the N-N bond will be presented.

2 Dinitrogen Activation

Much of the literature from the last decade on the
coordination chemistry of dinitrogen has focused on the
early transition metals, as they have the strongly
reducing metal centers needed to provide highly acti-
vated systems.[1±9] Nevertheless, there are some recent
reports on late metal systems, and it is useful to digress
and examine some of these weakly activated dinitrogen
complexes. For example, reduction of [N3N]ReCl
([N3N]� {[(C6F5)NCH2CH2]2NCH2CH2CH2N(C6F5)})
withNa/Hg under an atmosphere of dinitrogen gives the
mononuclear dinitrogen complex [N3N]Re(N2).[26] The
dinitrogen unit is only weakly activated; the N�N bond
length of 1.087(4) ä corresponds to a triple bond,
virtually identical to that of free N2 (1.0976 ä).
The reaction of CpRuCl(P)2 [(P)2� 1,2-bis(diisopro-

pylphosphino)ethane (dippe), (PEt3)2, (PMeiPr2)2] with
Na(BAr4) [Ar� 3,5-bis(trifluoromethyl)phenyl] in flu-
orobenzene affords the dinitrogen complex
[CpRu(N2)(P)2][BAr4]. If dinitrogen is the limiting
reagent, however, the dinitrogen-bridged complex
[{CpRu(P)2}2(�-N2)][BAr4] forms. The amount of dini-
trogen available in the system determines whether the

Figure 2. Examples of metal complexes exhibiting three
different coordination modes for the dinitrogen ligand. The
corresponding N�N bond lengths are given and show the
breadth of activation that can be achieved with each bonding
mode.
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terminal or bridged ruthenium half-sandwich com-
plexes form.[27] If the complex Cp*RuCl(dppm) is used
instead of the Cp derivative, reactivity toward NaBAr4
yields the cationic terminal dinitrogen complex
[Cp*Ru(N2)(dppm)][BAr4] irrespective of the amount
of molecular nitrogen.[28] The N2 unit is bound more
tightly and the generation of the bimetallic complex is
much slower.
An interesting recent finding details the reaction of

the acetonitrile complex Ru(MeCN)(PiPr3)(N2Me2S2)
[N2Me2S2� (SC6H4NMeCH2)2] with N2 to form
Ru(N2)(PiPr3)(N2Me2S2).[29] The N2 ligand binds end-
on to the Ru center, and is not highly activated
(1.110 ä). This finding is, however, important as it
represents the first time dinitrogen has been bound to a
metal thiolate core. The biological fixation of nitrogen
takes place in nitrogenase enzymes that contain the
FeMo-cofactor core.[30] This core has been crystallo-
graphically characterized[31,32] and, as is shown in
Figure 3, contains an iron-sulfur motif in which mo-
lecular nitrogen is presumably converted to ammonia.
Previous attempts at forming metal sulfide or metal
thiolate dinitrogen complexes[33,34] were complicated by
the formation of M�S�M bridges and oligo- or poly-
nuclear complexes.[29] In the FeMo-cofactor, vacant
binding sites are available due to steric strain and
shielding from the surrounding enzyme.
The hydridotris(3,5-dimethylpyrazolyl)borate (TpMe2)

iridium complex (TpMe2)(PMe3)Ir(Me)OTf is isoelec-
tronic with the iridium methyl complex, Cp*(PMe3)Ir-
(Me)OTf (Cp*�C5Me5; OTf�OSO2CF3), that has
shown particular utility in C�H bond activation.[35]

Exchange of the triflate leaving group for a more labile
dinitrogen ligand, however, promoted the formation of
the cationic iridiumspecies thought to be responsible for
C�H activation. The complex (TpMe2)(PMe3)Ir(Me)N2,
G, shows weak activation with a 1.095(6) ä N�N bond
length.Of note, however, is that this complex represents
the first structurally characterized example of a mono-
meric iridium dinitrogen complex (Figure 4).[36,37]

It is often beneficial that dinitrogen is a poor ligand.
Dinitrogen can act as a dative ligand to stabilize a
reactive metal fragment, as it stabilizes the cationic
[TpMe2(PMe3)IrMe]� fragment in the previous example.
There are several recent exampleswhereN2 dissociation
leads to enhanced reactivity. Reaction of the bridging-
dinitrogen complex Ru2Cl4(PP)2(N2) with phenyl-
diazomethane generates a benzylidene catalyst

RuCl2(PP)(CHPh) [PP�Cy2P(CH2)4PCy2] that is high-
ly active in ring-opening metathesis polymerization
(ROMP).[38] The dinuclear dinitrogen complex
{RuCl2(�3-NN�N)}2(�-N2) {NN�N� 2,6-bis[(dimethyl-
amino)methyl]pyridine} also readily loses dinitrogen
upon reaction with nitriles to form neutral or cationic
ruthenium nitrile derivatives.[39]

Early metals can have weakly activated dinitrogen
ligands as well. The tantalum dinitrogen dimer
(Cp*2TaCl)2(�-N2) is preparedby reduction ofCp*TaCl2
with Na/Hg amalgam. This complex loses dinitrogen
upon exposure to H2 yielding Cp*2TaH2Cl isomers that
were identified by para-hydrogen-induced polarization
studies.[40] The complex trans-[Mo(N2)2(dppe)2]
(dppe�Ph2PCH2CH2PPh2) can bind and activate such
diverse substrates as N,N-dimethylformamide (dmf),
nitriles, imines, isocyanides and alkynes[41] upon loss of
N2 as described in a recent review.[42]

Of course, dinitrogen does not always dissociate so
easily. An increase in activation is concomitant with a
lengthening of the N�N bond and usually reduces the
tendency for N2 to dissociate. For example, decompo-
sition of [iPr-NON]Ti(CH2CHMe2)2 in the presence of
PMe3 under dinitrogen affords the bridging dinitrogen
complex {[iPr-NON]Ti(PMe3)2}2(�-N2), H (Figure 5),
where [iPr-NON]� (iPrN-o-C6H4)2O. This complex is
similar to other titanium dinitrogen complexes with
nitrogen-based ligands in that the N2 unit is formally
reduced to a hydrazido4-moiety, although theN�Nbond
length is only 1.264(8) ä.[43] A similar titanium complex
supported by guanidinate ligands has been prepared.
The dinitrogen complex, {[(Me2N)C(NiPr)2]2Ti}2(N2), I
(Figure 6), is synthesized by reduction of the dichloride
precursor, [(Me2N)C(NiPr)2]TiCl2. In this case, theN�N
bond length and the paramagnetism of the complex
support reduction to an (N2)2± diazenido unit. The
dinitrogen unit is still somewhat labile; it reacts with
phenyl azide to give a titanium imido complex, pyridine
N-oxide to give a bridging oxo complex and propylene
sulfide to afford a bridging sulfido titaniumdimer, all via
loss of N2.[44]

The paramagnetic [Cp���2Zr]2(�-�2-�2-N2) complex
[Cp���� 1,3-(Me3Si)C5H3

�] was recently reported. An
N�Nbonddistance of 1.47(3)ä is observed.[45]Reaction
of N2 with a destabilized cyclometalated zirconocene
hydride, produced from the elimination of HCMe3 from

Figure 3. The metal-sulfido core (FeMo-cofactor) of the iron-
molybdenum nitrogenase enzyme.

Figure 4.
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Cp���2Zr(H)(CMe3), gives the resultant complex.
Strangely, the paramagnetism of the resultant complex
implies an (N2)3± unit, but this is not supported by
requisite magnetics studies.
While all of the compounds discussed so far have

shown either side-on or end-on bound dinitrogen, there
are examples of a third type of coordination mode. The
−side-on end-on× coordination mode for the N2 unit is
observed in the complex ([NPN]Ta)2(�-H)2(�-�1:�2-N2)
{[NPN]� (PhNSiMe2CH2)2PPh}.[46] The tetrahydride
([NPN]Ta)2(�-H)4 reacts under N2 to form the sym-
metrically bonded dinitrogen complex. It is interesting
that the generation of the complex does not require
strong reducing agents as is characteristic of the
preparation of many dinitrogen complexes. Rather,
electrons from the reductive elimination of H2 and the
Ta�Ta bond present in the tetrahydride precursor
provide the reducing power needed to activate N2.
While the end-on binding mode predominates for
related group 5 systems, it is thought that the bridging
hydrides make the asymmetric bonding mode energeti-
cally and sterically favorable. This is supported by the
reaction of ([NPN]Ta)2(�-H)2(�-�1:�2-N2) with propene
to generate {[NPN]Ta(CH2CH2CH3)}2(�-�1:�1-N2),
which has a symmetrically end-on bound dinitrogen
fragment. As well, the isoelectronic complex
([NPN]NbCl)2(�-N2) was synthesized and also contains
nobridging ligands andnoasymmetric bondingmode.[47]

This chemistry is summarized in Equations 5, 6 and 7.
Similar bonding modes have been observed for the
isoelectronic CO, NO� and CN� ligands in bimetallic
systems.[48±51] Related binding modes for N2 have been
found in polymetallic complexes ofNi with Li[52], andCo
with K[53] and a trinuclear titanocene system.[54]
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Another interesting study in activation utilizes a low-
coordinate iron complex to promote the reduction of
the dinitrogen bond. Using the �-diketiminato ligands
as shown in Scheme 1, the complexes LFeNNFeL
[L� ({2,6-(CH3CHCH3)C6H3}NC(CMe3)2CH2], K2-
[LFeNNFeL] and Na2[LFeNNFeL] can be prepared
via reduction of LFeCl. TheN�Nbond lengths for these

Figure 5.

Figure 6.
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Scheme 1.
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systems are 1.182(5) ä, 1.233(6) ä, and 1.239(4) ä
respectively.[55] This is the first well-characterized exam-
ple of an iron system in which there is lengthening of the
N�N bond to such an extent.
There have also been recent advances in developing

heterobimetallic complexes that contain activated
dinitrogen. The magnesium-molybdenum dinitrogen
complex {[N3N]Mo(N2)}2Mg(THF)2 {[N3N]� (Me3-
SiNCH2CH2)3N} can be used to prepare several other
heterobimetallic dinitrogen complexes. Reaction of
{[N3N]Mo(N2)}2Mg(THF)2 with FeCl2 gives the trigonal
planar {[N3N]Mo(N�N)}3Fe. Similarly, the complexes
{[N3N]Mo(N2)}2VCl(THF) and {[N3N]Mo(N2)}2ZrCl2
are prepared by reaction with VCl3(THF)3 and
ZrCl4(THF)2, respectively (Scheme 2). These com-
plexes can be considered to have {[N3N]Mo(N2)}� units
replacing the halide ligands.[56]

Treatment of Fe(por)(OTf) [por� octaethylpor-
phyrinate, tetra(p-tolyl)porphyrinate] with Re(N2) ¥
(PMe2Ph)4Cl led to the heterobimetallic dinitrogen
complex [(por)Fe(N2)Re(PMe2Ph)4Cl][OTf].[57] The
bonding in this complex is similar to the previously
published (MeO)Cl4Mo(N2)Re(PMe2Ph)4Cl;[58] the di-
nitrogen bond lengthens to 1.17 ä upon coordination to
iron. Similarly, the reaction of Cr(por)(OTf) with
Re(N2)(PMe2Ph)4Cl affords [(por)Cr(N2)Re(PMe2Ph)4Cl]
[OTf]. These are the first heterometallic bridged
dinitrogen complexes of iron(III) and chromium(III)
porphyrins.
Reaction of the tungsten or molybdenum dinitrogen

complexes cis-[W(N2)2(PMe2Ph)4] and trans-
[M(N2)2(dppe)2] with CpTiCl3, Cp2MCl2 (M�Ti, Zr,
Hf), or Cp*MCl4 (M�Nb, Ta) yields numerous hetero-
bimetallic dinitrogen complexes with cyclopentadienyl
coligands. Crystal structures of WCl(PMe2Ph)4(�-
N2)TiCpCl2 and WCl(PMe2Ph)4(�-N2)NbCpCl3 show
M�N�N�M� cores withN�Nbonds activated compared
to the terminally bonded systems. While most linkages
were essentially linear, canting of the M�N�N�M�

bondswas observed in some systems.Aswell, dinitrogen
methyl complexes were prepared from the above
terminal dinitrogen complex reacting with Cp2ZrMeCl,
TaMe3Cl2 and NbMe2Cl3 forming WCl(PMe2Ph)4-
(�-N2)ZrCp2Me, WCl(PMe2Ph)4(�-N2)TaClMe3 and
WCl(PMe2Ph)4(�-N2)NbCl2Me2, respectively. Some of
these systems could be protonated with inorganic acids
to form hydrazine or ammonia. An example of these
reactions, the synthesis of WCl(PMe2Ph)4(�-
N2)NbCpCl3, is shown in Equation 8.[59]

W
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PMe2PhPhMe2P

PhMe2P N
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PMe2PhPhMe2P
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Cl
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Cp*NbCl4

N-N = 1.255 

�8�

The emergence of numerous lanthanide and actinide
dinitrogen complexes with reduced N�N bond orders
has piqued interest in this area. For example, TmI2,
prepared directly fromTmand I2, reacts withKC5Me5 in
Et2O under nitrogen to form [(C5Me5)2Tm]2(�-�2:�2-
N2), J (Figure 7), in low yields. The complex contains
side-on bound dinitrogen in a coplanar array with the
two thulium centers. Control of the reaction can be
improved by changing KC5Me5 with KC5H3(SiMe3)2. If
the reaction is conducted with the monosubstituted
silylcyclopentadienyl derivative, KC5H4(SiMe3), the
resulting complex is not decomposed by THF, as
in the previous cases, and the complex
{[C5H4(SiMe3)]2Tm(THF)}2(�-�2:�2-N2), K (Figure 8),
forms. The N�N bond lengths in these systems,
1.259(4) and 1.236(8) ä, respectively, indicate mode-
rate activation.[60] An analogous product forms upon
reaction of DyI2 with KC5H3(SiMe3)2 under an at-
mosphere of dinitrogen, namely the complex
{[C5H3(SiMe3)2]2Dy}2(�-N2), L (Figure 9). Preliminary
crystallographic studies show a similar planar core to J
and K, but the structure could not be refined.[61]

A new study details the preparation of amido and aryl
oxide supported lanthanide dinitrogen complexes.[62]
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The synthesis of {[(Me3Si)2N]2(THF)Tm}2(�-�2:�2-N2)
and {[(Me3Si)2N]2(THF)Dy}2(�-�2:�2-N2) was accom-
plished via addition of NaN(SiMe3)2 to TmI2(THF)3
and DyI2, respectively. X-ray crystallography revealed
the two complexes are isomorphous. The N-N distances
are 1.264(7) ä and 1.305(6) ä, respectively, supporting
the presence of an (N2)2± moiety. Similarly, addition of
KOC6H3

tBu2 to NdI2 gives [(tBu2C6H3O)2(THF)Nd]2(�-
�2:�2-N2), with an N-N distance of 1.242(7) ä. The
extensive dinitrogen chemistry with the strongly reduc-
ing Tm(II), Dy(II) and Nd(II) consistently supports the
activation of dinitrogen to (N2)2±.
The synthesis of {U(NN�3)}2(�-�2:�2-N2), M (Fig-

ure 10), was accomplished simply by storing U(NN�3)
[NN�3�N(CH2CH2NSiMe2tBu)3] under dinitrogen.
Consistent with weak activation, ordination of N2 is a

reversible process in this system, and the molecule has a
side-on U(�-�2:�2-N2)U core supported by �-back
donation, but lacking significant dative N2 to metal
bonding, as supported bymolecular orbital calculations.
The bulky triamidoamine ligands prevent optimum
overlap for N2 activation so the N�N distance does not
lengthen significantly from free N2 and dinitrogen
coordination is reversible.[63] A recent paper shows
that uranium systems do have the potential to activate
N2 to a greater extent. The reaction of UI3 with KCp*
followed by K2[C8H4{SiiPr3-1,4}2] affords U(Cp*)(�8-
C8H4{SiiPr3-1,4}2). Under N2, this complex coordinates
and activates dinitrogen to form {U(�-Cp*)(�-
C8H4{SiiPr3-1,4}2)}2(�-�2:�2-N2), N (Figure 11). This
complex exhibits an N�N bond length of 1.232 ä,
showing significant activation compared to the N�N
bond length in {U(NN�3)}2(�-�2:�2-N2) of 1.109 ä.[64] This
difference is surprising considering these two uranium
dinitrogen complexes are isoelectronic, and shows how
small structural changes can greatly affect dinitrogen
coordination.
Themost extensive lanthanide dinitrogen chemistry is

that with samarium; these reactions continue to spur
novel dinitrogen activation research. Samarium is able
to accomplish a four electron dinitrogen reduc-
tion through the cooperative one electron oxidation
of four metal centers. The reaction of SmI2(THF)2
with K2[Ph2C(C4H3N)2] yields {[�-Ph2C(�1:�5-
C4H3N)2]Sm}4(�-�1:�1:�2:�2-N2) (Equation 9). The com-
plex is composed of four [Ph2C(C4H3N)2]Sm units
arranged around a dinitrogen unit coordinated side-on
to two samarium centers and end-on to the remaining
samarium atoms. TheN�Nbond length of 1.412(17)ä is
evident of extensive activation.[65] Performing the anal-
ogous reduction with the cyclohexyldipyrrolide dianion
[(CH2)5C(C4H3N)2]2± with Na in THF gives a similar
dinitrogen complex, {[(CH2)5C(C4H3N)2]Sm}4 ¥
(THF)2(�-N2)[Na(THF)]2 ¥ 2 THF.[66] Reduction of the
tetranuclear dinitrogen cluster {[1,1-(H5C3)2(C4H3N)2] ¥
Sm4(THF)2}(�-N2) with Na sand affords the linear
polymeric divalent Sm complex {[1,1-(H5C3)2(C4H3N)2]2 ¥
Sm[Na(THF)]2}n. This reaction proceeds presumably
through a tetranuclear intermediate and then loses two
™Sm-N∫ units to create the polymeric structure.[67]
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By using a divalent calix-tetrapyrrole samarium com-
plex, {[(CH2)5]4-calix-tetrapyrrole}Sm(THF)[Li(THF)]2-
[Li(THF)2](�-Cl), the dinitrogen complex [{[(CH2)5]4-
calix-tetrapyrrole}Sm[Li(THF)]3(�-Cl)]2(�-N2) ¥ 2THF
is obtained, as shown in Equation 10. Further addition
of calix-tetrapyrrole samarium complex produces a
four-electron reduction of the coordinated dinitrogen,
forming [{[(CH2)5]4-calix-tetrapyrrole}2Sm3Li2](�N2)-
[Li(THF)2] ¥ THF.[68]
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The breadth of these examples of dinitrogen activa-
tion shows a wide array of synthetically feasible metal
dinitrogen complexes. Recent findings like the first
metal thiolate dinitrogen complex, the side-on end-on
coordination mode for molecular nitrogen, and the
increasing number of heterobimetallic and lanthanide
dinitrogen complexes show continuing advances in
synthesizing dinitrogen complexes. Unfortunately,
these examples are not based on activation for a purpose
and merely represent a kind of trophy-collecting. A
more important goal is the transformation of coordi-
nated dinitrogen. This does not simply involve coordi-
nation of N2, but implies the need for chemical change
within the bound dinitrogen fragment. Activation of the
N�Nbond is the first step towards utilizing the abundant
N2 feedstock. The biological or industrial conversion of
N2 to ammonia requires the eventual cleavage of
dinitrogen, but the coordination and activation of
dinitrogen represents the preliminary step.

3 Dinitrogen Cleavage

A particularly important study of the N2 cleavage
process by transition metals was provided by the
serendipitous observation that the coordinatively unsa-
turated molybdenum complex Mo[N(R)Ar]3 [R�
C(CD3)2CH3; Ar� 3,5-C6H3Me2] activates the dinitro-
gen triple bond and eventually cleaves it. The reaction
proceeds through a dinuclear end-on bridged N2 inter-
mediate {[N(R)Ar]3Mo}2(�-N2) at � 35 �C and upon
warming this product decomposes to the terminal
nitride Mo(�N)[N(R)Ar]3.[69,70] Since this discovery,
numerous other dinitrogen cleavage reactions have
been reported.An isoelectronic vanadium systemwith a
diamidoamine ligand set[71] and a niobium calixarene
reduced with sodium[72,73] both support N�N bond
cleavage reactions.
When preparation of the N-isopropylanilide deriva-

tive of Mo[N(R)Ar]3 is attempted, the cyclometalated
species Mo(H)(�2-Me2C�NAr)(N[iPr]Ar)2 forms, as
shown in Equation 11. The reaction of this complex
with dinitrogen gives the nitrido-bridged dimolybde-
num complex (�-N)[Mo(N[iPr]Ar)3]2 where the hydrido
ligand has migrated back to carbon. Most likely, the
formation of the terminal nitrido complex observed for
the tert-butyl derivative is slow compared to combina-
tion with a second cyclometalated species to form the
linear Mo�N�Mo core.[74]
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As well, this Mo[N(R)Ar]3 system can work in cooper-
ation with niobium to afford N2-scission. The niobium
chloride NbCl(N[iPr]Ar)3 reacts with
Mg(THF)2[N2Mo(N[tBu]Ar)3]2 to form the dinitrogen
bridged species (N[tBu]Ar)3Mo�N�N�Nb(N[iPr]Ar)3.
This species does not spontaneously decompose to form
the requisite Mo and Nb nitrides, but upon addition of
KC8 and the cation coordinator cryptand-222 liberates
theniobiumnitride [K(cryptand-222)][N�Nb(N[iPr]Ar)3].
Interestingly, the addition of I2 unexpectedly forms the
niobazene trimer {(�-N)Nb(N[iPr]Ar)2}3, O (Fig-
ure 12).[75]
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A molybdenum species isoelectronic to the tris(ami-
do) molybdenum complex that is supported instead by
three mesityl ligands has been reported. The complex
(Mes)3Mo�N�N�Mo(Mes)3, formed from reaction of
MoCl4 ¥DME (DME� dimethoxyethane) and four
equivalents of MesMgBr under N2, is thermally stable
unlike the triamido derivative. However, when exposed
to UV light, (Mes)3Mo�N�N�Mo(Mes)3 splits dinitro-
gen and forms the bridging nitride complex (Mes)3-
Mo�N�Mo(Mes)3. This complex is presumably formed
when the initially produced terminal molybdenum
nitride attacks a bridged N2 complex.[76]

A niobium complex supported by triaryl oxide ligands
also displays the ability to split dinitrogen. Addition of
an excess of LiBHEt3 to {Nb(tBu-L)Cl2}2 (Bu-L as
shown inEquation 12) underN2 gave {Nb(tBu-L)(�-N) ¥
Li(THF)}2.[77] It is suspected that the reaction proceeds
throughanNbIII(�-H)2NbIII dimer that binds and cleaves
N2with the reductive elimination ofH2, a process known
to generate dinitrogen complexes.[46,47,78,79]
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The first example of a lanthanide metal induced N�N
bond scission was reported recently. The reaction of
UI3(dme)2 with K4(Et8-calix-[4]-tetrapyrrole) ligand
produces [(Et8-calix[4]tetrapyrrole)U(dme)][K(dme)].
Reduction of this complex with potassium naphthale-
nide under a nitrogen atmosphere affords the dinu-
clear �-nitrido complex, [{K(dme)(calix[4]tetrapyrro-
le)U}2(�-NK)2][K(dme)4]. This chemistry is shown in
Equation 13.[80]
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While not an example of dinitrogen conversion, nitrogen-
nitrogen bond cleavage of hydrazine derivatives by a
trinuclear pentahydride complex of ruthenium was re-
cently reported. (Cp*Ru)3(�-H)3(�3-H)2 reactswithmono-
substituted hydrazines RHN-NH2 (R�Ph, Me) to give
(Cp*Ru)3(�3-NR)(�3-NH)(�-H), where the hydrazine
bond has split and formed two bridging imido units, as
shown in Equation 14. This complex indicates that poly-
hydridecomplexes canaffectnitrogencleavage; theyoffer
reducing power via the reductive elimination of H2.[81]
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The final example of dinitrogen bond cleavage again
employs a niobium based system. Reduction of
[P2N2]NbCl {where [P2N2]�PhP(CH2SiMe2NSiMe2 ¥
CH2)2PPh} with KC8 under a dinitrogen atmosphere
generates the paramagnetic dinuclear dinitrogen com-
plex ([P2N2]Nb)2(�-N2). Interestingly, thermolysis of
this complex in toluene generates a bridging nitride
species where one N atom from the activated N2 inserts
into the macrocycle backbone, forming the complex
[P2N2]Nb(�-N)Nb[PN3] {where [PN3]�PhPMe(CHSi-
Me2NSiMe2CH2P(Ph)CH2SiMe2NSiMe2N)}.[82] In this
example, shown in Equation 15, N2 has not only been
cleaved, but also functionalized via incorporation into
the macrocyclic ring. The formation of new N�P and
N�Si bonds degrades the ligand, but shows that
functionalization of coordinated nitrogen is possible in
these cleavage processes.

Figure 12.
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The problem with developing a viable process cou-
pling nitride formation with the production of useful
nitrogen-containingmaterials is the inherent stability of
the metal nitrides generated. Reactions of nitrides
employ harsh reagents to affect moderate changes. In
fact, in designing a catalytic cycle one must be careful
not to employ activation bymetal systems to too great an
extent. If two metal centers reduce a dinitrogen frag-
ment by three electrons each, convertingN�N to 2 N3±,
these metals must be subsequently reduced themselves
to close a catalytic cycle; an external source of reducing
electrons is preferable.

4 Reactivity of Coordinated Dinitrogen

4.1 Formation of N�H Bonds from Coordinated
Dinitrogen

If the synthesis of dinitrogen compounds is an arduous
task, then finding controlled reactivities of the N2 unit is
even more challenging. By far the most studied reaction
of activated N2 involves protonation. Studies have
focused on this reactivity because of the desire to mimic
biological nitrogen fixation and to find a less energy
intensive industrial synthesis for ammonia,[1,8] but the
scope of these reactions is limited; only NH3, N2H4 and
free N2 products can be produced. Many molybdenum
N2 complexes are easy to protonate. Compounds of the
type M(N2)2(PR3)4 (M�Mo, W; PR3�PMe2Ph,
PMePh2) can yield up to two equivalents of ammonia
upon addition of acid. Even with intensive research in
the past thirty years in this area, no well-defined
homogeneous catalyst capable of the reduction and
protonation of dinitrogen to ammonia has been
found.[83±86] Note added in proof : A mononuclear
molybdenum complex has been shown to catalytically
convert N2 toNH3 (8 turnovers); seeD. V.Yandulov and
R. R. Schrock, Science 2003, 301, 76.
These N�H bonds can be produced through various

routes. Often inorganic acids such as HCl or H2SO4 are
added to group 6 dinitrogen complexes to afford N�H
bonds. Acidic metal carbonyl hydrides such as HCo ¥
(CO)4 prepared from Co2(CO)8 and H2 can affect N�H

bond formation on N2 units coordinated to tungsten.[87]

The cationic ruthenium complex [CpRu(�2-H2) ¥
(dtfpe)][BF4] {dtfpe� 1,2-bis[bis(4-trifluoromethylphe-
nyl)phosphino]ethane} also protonates the activated N2

in W(N2)2(dppe)2, forming the requisite hydrazido
complex.[88] Coordinated N2 is transformed into ammo-
nia by the action of hydrosulfido-bridged dinuclear
iridium and iron complexes, which may mimic the
protonation reactions in the metal-sulfido core of the
nitrogenase enzyme.[89] In a rare case, N�H bonds can
form by addition of H2. The dinuclear zirconium
complex {[P2N2]Zr}2(�-�2:�2-N2) generates {[P2N2]Zr}2 ¥
(�-H)(�-�2:�2-NNH) upon exposure to H2.[90,91] These
protonation reactions have been discussed previously.[1,3]

Several new examples of protonation of metal N2

complexes have arisen. The highly acidic [RuCl(�2-
H2)(dppp)2][PF6] [dppp� 1,3-bis(diphenylphosphino)-
propane] reacts stoichiometrically with cis-
W(N2)2(PMe2Ph)4 to produce ammonia (Scheme 3).
Yields of ammonia depend heavily on the geometry and
electronics of the tungsten complex and the acidity of
the ruthenium hydride used, and the reaction is by no
means catalytic; the second hydride remains on ruthe-
nium and is not transferred to nitrogen.[92,93]

The reaction of related tungsten complexes with
sulfido-bridged dimolybdenum complexes under H2

has been recently reported.[94] The bis(dinitrogen) com-
plex trans-W(N2)2(dppe)2 [dppe� 1,2-bis(diphenyl-
phosphino)ethane] reacts with two equivalents of
[Cp�Mo(�-S2CH2)(�-S)(�-SR)MoCp�][OTf] (Cp��
C5H5, C5H4Me; R�H, Me; OTf�OSO2CF3) under H2

to produce the hydrazido complex trans-
[W(OTf)(NNH2)(dppe)2]OTf and Cp�Mo(�-S2CH2)(�-
SH)(�-SR)MoCp�. The heterolytic cleavage of H2

occurs on the molybdenum sulfido complex, where
oneH atom is used for theN�Hbond formation and the
other H atom remains at the bridging sulfido ligand.
Interestingly, if the complex cis-W(N2)2(PMe2Ph)4 is
usedwith a large excess of the sulfido reagent and excess
H2, low yields of ammonia can be detected. If the
hydrazido complex cis-W(NNH2)(OTf)(PMe2Ph)4 is
prepared prior to reaction, ammonia yields can be
near quantitative. This chemistry is shown in Equa-
tions 16 and 17.
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Acomprehensive study of molybdenum and tungsten
dinitrogen complexes with trans nitrile ligands was
recently published.[95] This work complements previous
studies on reduction pathways in Mo/W N2, NNH,
and NNH2 complexes. DFT calculations on model
systems Mo(N2)2(dppe)2, MoF(NNH)(dppe)2 and
[MoF(NNH2)(dppe)2]� [dppe� 1,2-bis(diphenylphos-
phino)ethane], combined with observed vibration fre-
quencies and force constants elucidated mechanistic
details of dinitrogen protonation.[96,97] While many cis
derivatives of molybdenum and tungsten dinitrogen
complexes have shown higher activity than their trans
analogues, the trans nitrile derivatives retain the trans
ligand upon protonation to the corresponding NNH2

complex and improve activity. The bis(dinitrogen)
complexes exchange the second N2 ligand with the
counter-ion of the acid used for protonation. The new
work reports the structure ofW(N2)(NCEt)(dppe)2, the
first tungsten dinitrogen nitrile complex having a P4

ligand set, along with electronic, vibrational and DFT
calculations on this and related complexes.[95] In these
systems, the N2 ligand is activated to a higher degree
than the corresponding bis(dinitrogen) systems, making
the first protonation step more facile. Further addition
of protons is more difficult because the N�NH2 ligand is
less activated; in addition, the nitrile ligand becomes
labile at this stage and this prevents formation of NH3.
The V(II) pyrocatechol complexes first described in

1976 have the unique property of reducing nitrogen to
ammonia in homogeneous protic media like water or
alcohol.[98] In the polynuclear complex, several metals
assist in activation and support the protonation of
dinitrogen, however the mechanism of this process,
specifically the number of vanadium ions in the poly-
nuclear active center was unclear. A new report uses
structural data on related systems and hyperfine EPR
studies to show that aV4 catechol unit is a possible active
site for ammonia production.[99]

Finally, a new molybdenum system capable of affect-
ing the conversion of dinitrogen into ammonia was
reported.[100] The highly sterically encumbered molyb-
denum triamidoamine complex [HIPTN3N]MoCl

{[HIPTN3N]� [(HIPTNCH2CH2)3N]3±; HIPT� hexa-
isopropylterphenyl; 3,5-(2,4,6-iPr3C6H2)2C6H3} can per-
form a diverse set of transformations. Reaction with
NH3 and NaBR4 gives the corresponding cationic
ammonia complex; reaction with TMS-N3 affords the
corresponding molybdenum nitride. This nitride can be
reduced to the Mo�N�H imide by action of HBAr4. If,
however, cobaltocene is the chosen reductant, and {2,6-
lutidinium}BAr4 the proton source [[HIPTN3N]-
Mo(NH3)]BAr4 is produced. Addition of three equiv-
alents of CoCp2 and BPh3 reforms the N2 complex.
These transformations are shown in Scheme 4.
The Haber±Bosch process is unlikely to be replaced.

When Bosch converted Haber×s bench-top ammonia
synthesis to an industrial scale, great capital costs were
incurred, but now that the infrastructure is in place,
production of ammonia is relatively inexpensive. While
a catalytic cycle that could bypass the high pressures and
high temperatures required by this process would be
beneficial, transforming dinitrogen into more valuable
materials is more likely to find widespread applicability.

4.2 Formation of N�Element Bonds from
Coordinated Dinitrogen

Development of a process to cheaply prepare high-
value-added nitrogenous compounds directly from
molecular nitrogen has become the −holy grail× of
modern dinitrogen activation research,[101] and thus
many studies are examining the basic reactivity of
activated dinitrogen. In the above protonation reac-
tions, each proton source (inorganic acids, metal hy-
drides,metal thiols, proticmedia) canbe thought of as an
electrophile attacking the nucleophilic N2 unit. In
mononuclear end-on bound systems, polarization of
the N2 fragment induces nucleophilicity; in the corre-
sponding dinuclear systems, the reduced (N2)2± or (N2)4±

systems are inherently nucleophilic.
Many other electrophiles can react with coordinated

N2 such as RBH2, GaCl3, or AlCl3 yielding newN�B,[102]
N�Ga,[103] or N�Al[104] bonds. Nitrogen-carbon bond
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forming reactions are also known. Reaction of terminal
tungsten dinitrogen systems with acyl chlorides or alkyl
chlorides, for example, form N�C bonds.[105,106] These
same systems can react with silyl iodides to afford
silyldiazenido complexes.[107] Germyldiazenido com-
plexes can be formed in much the same way.[108] This
early reactivity is summarized in Scheme 5.Again, these
reactions and others have been previously reviewed in
several publications.[1,3]

It was mentioned that Si�N bonds could be generated
by the actionof silyl iodides on terminalN2molybdenum
and tungsten complexes. This process can be made
catalytic, albeit with low efficiency and low turnover
numbers, by employing Me3SiCl with an equimolar
quantity of sodium metal under an atmosphere of N2

with 5 mol % of a molybdenum dinitrogen complex, as
shown in Equation 18.[109] Unfortunately, the harsh
reagents required to facilitate this reaction are incom-
patible with one another; metallic sodium will react
preferentially with Me3SiCl to effect Si�Si bond for-
mation.While the optimumyield for this reaction is only
37% relative to N(SiMe)3 production, the simple proof
of concept that the dinitrogen feedstock can be used to
catalytically produce value-added products is notable.

�18�

The reactivity of these molybdenum and tungsten
systems can be expanded by prior protonation of the
dinitrogen complexes. The resulting hydrazido deriva-
tives can be used to generate heterocycles such as
hydrazones, pyrroles, pyrazoles, pyridines and indoles.
With control of reaction conditions, a synthetic cycle can
be generated which makes this process quasi-catalytic;
the reaction must be performed in a stepwise fashion in
order to produce products catalytically. As an example,
the preparation of N-aminopiperidine, employing irra-
diation of the sample to facilitate the transformation, is

shown in Scheme 6.[110] There are many similar Mo and
W systems to these that have been recently reviewed.[1,3]

A recent report details the effect of sodium amalgam
on the molybdenum-based cleavage reaction discussed
earlier.Dinitrogen cleavageby [NRAr]3Mo systemswas
found to be accelerated by the presence of sodium
amalgam via an intermediate [(THF)xNa][(N2)Mo-
(NRAr)3. This intermediate could even be trapped by
Me3SiCl to form (Me3SiNN)Mo(NRAr)3, or by methyl
triflate to give a cationic dimethylhydrazido product.
Heterobimetallic systems were synthesized from reac-
tion of the in situ generated intermediate and the
corresponding metal chlorides.[111]

A related system also employs alkali metal activation
of the coordinated dinitrogen unit to promote further
reactivity. The reduction of [N3N]MoCl {[N3N]�
N(CH2CH2NSiMe3)3} with Mg had already been shown
to form ([N3N]Mo�N�N)2Mg(THF)2, which reacts with
the strong electrophile Me3SiCl to form a new N�Si
bond.[112] A new report has shown that modifying the
ligand with various aryl-based substituents changes the
observed reactivity slightly. As shown in Scheme 7, the
[ArN3N]MoCl can react with Na/naphthalenide under
N2 to afford ([ArN3N]Mo�N�N)Na(THF)3 which re-
acts with Me3SiCl and MeOTs to form new N�SiMe3
and N�Me linkages stoichiometrically.[113]

While the end-on dinitrogen complexes discussed
above used alkali metals to promote reactivity, the slight
polarity of the side-on end-on dinitrogen complex
([NPN]Ta)2(�-H)2(�-�1:�2-N2) {[NPN]� (PhNSi-
Me2CH2)2PPh} has also shown novel reactivity in two
recent reports. The reaction of 9-BBN (9-borabicy-
clo[3.3.1]nonane) with the aforementioned dinitrogen
complex proceeds first via addition of the B-H bond
across a Ta-N bond to form {(NPN)Ta(H)}(�-H)2(�-N2-
BC8H14){Ta(NPN)} (P). Reductive elimination of the
two remaining hydride ligands as H2 provides the final
two electrons required to split the N2 unit. Silicon
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migration from the ligand to thebridging nitride gives an
imide nitride species (Q) that loses benzene over time to
afford the final product: an imido nitride (R) as shown in
Scheme 8.[114] The involvement of the silicon in the
ligand backbone inspired the reaction of primary silanes
(RSiH3;R� nBu, Ph)with the side-on end-ondinitrogen
complex. Similar to the reaction with boranes, Si�H
addition across the Ta�N bond comprises the first step.
Reductive loss of H2 splits the N�N bond, and reaction
with an additional silane affords the complex
{[NPN]Ta}2(�-NSiH2R)2 with two bridging silylimido
units. The progression of this reaction is shown in
Scheme 9.[115]

Even with the intensive studies conducted today, one
of the more intriguing reactivities observed from
molecular nitrogen was found in 1965, soon after the

first dinitrogen complex was reported, and this chem-
istry has been slowly refined over the following
years.[116,117] Systems based on titanium compounds
such as Cp2TiCl2, Cp2TiPh2, CpTiCl3 and others react
with excess aryllithium reagents (PhLi, MeC6H4Li, etc.)
and dinitrogen in ether to afford aromatic amines
(NH2Ph, NH2C6H4Me) following hydrolysis. Diaryltita-
nocenes, Cp2TiAr2, react with excess Li, Na or Mg and
also form the corresponding aromatic amines after
hydrolysis. Much of this work had not been published in
its entirety until a recent publication commemorating
Professor Vol×pin×s extensive contributions to the field
of dinitrogen fixation.[118]

Any production of a value-added nitrogen-containing
product must compete with already established indus-
trial syntheses, but several recent publications have
shown that dinitrogen activation can have true utility in
the development of new synthetic strategies. The use of
in situ prepared titanium dinitrogen complexes to
synthesize N-heterocycles has shown surprising utility.
The synthesis of a wide variety of heterocycles, such as
indole, quinoline, pyrrole, pyrrolizine, and indolizine
derivatives can be realized using an N2-TiCl4-Li-TMSCl
system. These components added to the appropriate
reagents in situ can afford the desired transforma-
tion.[119] In fact, the preparation of these heterocycles
has been made catalytic; yields of indole derivatives
were over 200%based on TiCl4 when excess lithium and
TMSCl were used. Interestingly, use of dry air as the
nitrogen source gave nearly the same results as with
molecular nitrogen.[120] New transformations brought
about by this system continue to grow. For instance, non-
substituted anilines can be synthesized via transmetala-
tion of arylpalladium complexes with the in situ
generated titanium dinitrogen complexes.[121] Tetrahy-
droindole derivatives have been synthesized usingmuch
the same route.[122] Amides have been synthesized by
palladium-catalyzed carbonylation and nitrogenation.
Reaction of the titanium dinitrogen fixing system with
RX and CO in the presence of a Pd(0) catalyst gives the
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corresponding amides (RCONH2) in good yields.[123]

Most interestingly, however, is how many of these
processes have found their way into more complicated
syntheses. The syntheses of the natural products mono-
morine I,[124] (� )-lycopodine[121] and pumiliotoxine
C[125] have all been developed from a dinitrogen feed-
stock. The broad chemistry accomplished by these
systems is shown in Scheme 10.

5 Final Thoughts

Despite the flurry of activity and growth in dinitrogen
activation and the chemistry promoted by it, there are
still few processeswhereby the use ofN2 as a feedstock is
applicable to industrial syntheses. The preparation of
dinitrogen complexes often requires strongly reducing
conditions unsuitable for large scale syntheses. The few
systems that show true potential in this regard are not
fully understood from a mechanistic standpoint and
oftentimes require stoichiometric amounts of dinitro-
gen complex. Still, while development of N2 as an
industrial feedstock is certainly an as yet unrealized
goal, N2 should now be considered a viable synthetic
reagent. The significant recent advances documented
here show the breadth of chemistry that dinitrogen can
undergo and support the need for continuedwork in this
area. It is hoped that this review will not only inspire
current researchers to new chemical discoveries, but
also drive others to employ molecular nitrogen as a
synthon in their research.
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