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1. Introduction

1.1. Overview

ABSTRACT

Understanding the coordination of dinitrogen to iron is important for understanding biological nitrogen
fixation as well as for designing synthetic systems that are capable of reducing N, to NH3 under mild con-
ditions. This review discusses recent advances in iron-dinitrogen coordination complexes and describes
the factors that contribute to the degree of activation of the coordinated N,. The reactivity of the N, ligand
is also reviewed, with an emphasis on protonation reactions that yield ammonia and/or hydrazine. Coor-
dination complexes containing N, reduction intermediates such as diazene (N;H,), hydrazido (N;H2-),
hydrazine (N,Hy), nitride (N3-), imide (NH?~), and amide (NH; ) are also discussed in the context of the
mechanism of N, reduction to NH3 mediated by iron coordination complexes.

© 2010 Elsevier B.V. All rights reserved.

into molecules such as proteins and nuclei acids, reduced forms
of dinitrogen are needed for biomolecule synthesis. Although
having a source of reduced N, is crucial for life to exist, the
process of reducing N, is very energy intensive. The inertness

All life on earth depends on nitrogen fixation, the pro-
cess by which atmospheric dinitrogen is reduced to ammonia.
Because most organisms cannot directly incorporate dinitrogen
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of the dinitrogen molecule is partly due to its triple bond, as
evidenced by a dissociation energy of 944 kJ/mol. However, this
factor is not solely responsible for the inertness of N, because
other triply bonded small molecules, notably CO, readily undergo
a wide variety of chemical transformations. Rather, the inertness
of N, arises from the lack of a dipole moment and the large gap
between the HOMO and LUMO (22.9eV), causing the molecule


http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:dtyler@uoregon.edu
dx.doi.org/10.1016/j.ccr.2010.01.005

1884 J.L. Crossland, D.R. Tyler / Coordination Chemistry Reviews 254 (2010) 1883-1894

to be resistant to electron transfer and Lewis acid/base reactivity
[1].

In spite of this inertness, both biological and industrial pro-
cesses exist that reduce dinitrogen to ammonia, with each process
accounting for roughly half of the global ammonia supply [2].
Because of the high energy requirements for the current indus-
trial production of ammonia, a low-energy alternative is desirable.
Since the discovery of the first dinitrogen complex in 1965 by
Allen and Senoff [3], chemists have sought an alternative means to
achieve this reduction using homogeneous catalysis. One feature
common to both the biological and industrial routes to ammo-
nia is the use of iron as the active metal. Coordination chemists
have taken this inspiration and made significant advancements
in the coordination chemistry of iron-dinitrogen complexes, as
well as the reduction of dinitrogen using homogeneous iron com-
plexes.

This review will briefly cover the biological and industrial pro-
duction of ammonia and then delve into the coordination chemistry
of homogeneous iron complexes with dinitrogen and reduced dini-
trogen intermediates (i.e. NyHy, NyHy2~, NpHy, N3-, NH2-, and
NH; ™). The transformations of coordinated N, will be explored,
particularly the protonation of coordinated dinitrogen to yield
ammonia and/or hydrazine. This review will focus on mono and
binuclear iron complexes; the chemistry of iron clusters as related
to nitrogen fixation will not be covered here [4,5]. The chemistry
of simple iron salts and their ability to catalyze N, reduction in the
presence of a strong reducing agent will also not be covered. The
reader is instead directed to the literature [1,6-10].

1.2. Haber-Bosch process

The industrial production of ammonia is achieved using the
Haber-Bosch process [11,12]. In this process, hydrogen gas, typ-
ically produced by steam reformation of natural gas or partial
oxidation of hydrocarbons, is reacted with dinitrogen gas over
a promoted iron catalyst (other metals, such as ruthenium are
also commonly used) at high temperature (>200°C) and pressure
(>400 atm) (Eq. (1)).

Ny +H, -5
> 200°C
>400atm

2NH; (1)

The reaction of H, with N, to produce NHj3 is exothermic
(—46kJ/mol), but due to the significant activation barrier, high
temperatures are needed to increase the rate of ammonia forma-
tion. However, as the temperature is increased the equilibrium of
the reaction shifts toward the reactant gases, and thus increased
pressure is needed to shift the equilibrium in favor of ammonia.
Although this process requires large amounts of energy it must
be mentioned that the process is actually quite energy efficient,
with state-of-the-art Haber-Bosch plant efficiencies approaching
the theoretical limit [12].

1.3. Biological N, reduction

Nature uses nitrogenase enzymes to convert atmospheric N, to
NH3 [13-16]. These enzymes, which are limited to certain bacterial
species (100-200 species), are responsible for all biologically fixed
nitrogen [2]. Nitrogenase enzymes catalyze the reduction and pro-
tonation of dinitrogen, and although the breaking of the dinitrogen
bond is extremely energy intensive, these enzymes are able to per-
form the conversion at biological temperatures and atmospheric
pressure (Eq. (2)).

N, +8H* +8e~ + 16MgATP — 2NH3 +H; + 16MgADP + 16Pi
(2)
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Fig. 1. Structure of the FeMo cofactor in nitrogenase [19]. The identity of X is cur-
rently unknown, but thought to be either C, N, or O.

There are three types of nitrogenase enzymes, which vary by the
metal composition in the active site: iron and molybdenum, iron
and vanadium, and iron only [17]. The three nitrogenases all have
similar structures and reactivity, with the latter two types typically
produced only under molybdenum deficient conditions [18]. The
structure of the iron-molybdenum nitrogenase enzyme, which is
the most efficient and commonly studied type, consists of two sep-
arate protein clusters: dinitrogenase reductase (an iron containing
dimer) that supplies electrons for the reduction and dinitrogenase
(an iron and molybdenum containing tetramer) where dinitrogen
binding and reduction occur [18].

The active site of nitrogenase is the FeMo cofactor, which is
located within the dinitrogenase protein cluster. The FeMo cofactor
consists of seven iron atoms and one molybdenum atom bridged
by nine sulfur atoms (Fig. 1). The FeMo cofactor is ligated to the
protein structure through a cysteine residue (iron bound) and a
histidine residue (molybdenum bound). A homocitrate ligand com-
pletes the coordination sphere of the molybdenum atom. Refined
crystal structure data of the FeMo cofactor at 1.16 A resolution
revealed the existence of a central atom within the iron-sulfur
cluster (Fig. 1) [19]. The identity of this central atom is still hotly
debated, but from the electron density data it is expected to be
either C, N, or O [20-29].

The FeMo cofactor is accepted to be the site of N, binding
and reduction based on a wide variety of evidence [13]. In fact,
recent site-directed mutagenesis studies have suggested that two
of the “belt” iron atoms of the FeMo cofactor are the site of N,
binding and reduction [30-33]. The exact mechanism of N, reduc-
tion mediated by nitrogenase remains unknown; however, growing
biochemical evidence supports a mechanism that proceeds through
diazene and hydrazine intermediates in route to ammonia for-
mation [34-38]. This proposed mechanism is in contrast to the
mechanisms detailed by Chatt [39] and Schrock [40] for synthetic
Mo and W systems.

Because of the growing biochemical evidence suggesting that
iron is responsible for the reduction of N, to ammonia in nitro-
genase, understanding the coordination chemistry of iron with
dinitrogen and reduced dinitrogen species, such as diazene and
hydrazine, is becoming increasingly important.

2. Coordination of N; to iron

The coordination of dinitrogen to a transition metal is described
by the Dewar-Chatt-Duncanson o-donor/m-acceptor model of lig-
and bonding [1,41]. Despite the fact that dinitrogen is both a poor
o donor and a poor T acceptor (making it a very poor ligand)
numerous iron-dinitrogen complexes have been synthesized with
a variety of ancillary ligands (Tables 1 and 2). All iron-dinitrogen
complexes display an n!, or end-on, binding geometry (Table 1).
The N, ligand is bridging between two metals in a small number of
these complexes (Table 2), but the majority of the complexes have
non-bridging N, ligands. Iron-dinitrogen complexes are typically
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Table 1
Terminal dinitrogen iron complexes.
Complex vnn (cm™1) N-N bond length (A) Ref.
[Fe(n°-CsHs)(DIPPE)(N>)][BPha4] 2112 1.13 [45]
Fe(PEtPh;)3(N2)(H)2 2055 - [46]
Fe(PBuPh;)3(N2)(H) 2060 - [46]
Fe(PEtPh;)2(N )(H)2 1989 - [46]
Fe(PPh3)3(N2)(H), 2074 = [47]
Fe(PMePh;)3(N3)(H), 2058 - [48]
[Fe(P(EtPPhy )3 )(N2 )H][BPh4] 2100 - [49]
[Fe(N(EtPPh; )3 )(N2)H][BPh4] 2090 1.102 [49,50]
Fe(N(EtPPh;)3)(N2) 1967 - [49,50]
[Fe(DPPE),(N2)H][BPhy] 2130 - [51]
[Fe(DPPE),(N3)] 2068 - [52]
Fe(PhBP!Pr3 )(N, )(MgCl~(THF),) 1830 - [53]
[Fe(PhBP!Pr3 )(N;)][Mg(18-C-6)] 1884 - [53]
[Fe(N(EtPPr )3 )(N2 )(H)][PFs] 2090 1.113 [54]
[Fe(DMeOPrPE), (N )H][BPh4] 2088 1.112 [55]
[Fe(DMeOPrPE), (N> )Cl][Cl] 2094 - [56]
Fe(DMeOPrPE),(N;) 1966 - [57]
[Fe(DHBUPE), (N2 )H][Cl] 2095 - [56]
[Fe(DMPE);(N2)H] 2094 1.13 [58]
[Fe(DMPE),(N3)] 1975 - [59]
[Fe(DEPE),(N3)H] 2090 1.070 [60,61]
[Fe(DEPE),(N3)] 1955 1.139 [62]
[Fe(DEPE),(N>)Cl][BPhy4] 2088 1.073 [63]
[Fe(DEPE),(N>)Br][BPh4] 2091 - [63]
[Fe(DMPE),(N2)Cl][BPh4] 2105 - [58]
[Fe(Ph, PEtPPhEtPPhEtPh; )(N, )H][Br] 2130 1.076 [64]
[Fe(P(EtPMe; )3 )(N2 )H][BPh4] 2117 - [65]
[Fe(P(EtPiPr;)3)(N2)][BPhy] 1985 1.1279 [66]
[Fe(P(EtPiPr; )3)(N2)H][BF4] 2095 = [66]
[Fe(Si(0-CeH4PPh; )3 )(N3)] 2041 1.106 [67,68]
[Fe(Si(0-CsH4PPh3)3)(N2)][Na([12]c-4); ] 1961 - [67]
[Fe(Si(0-CsH4P'Pr;)3)(N2)] 2008 1.065 [67,68]
Fe(((2,6-HMe; ),C¢H3N=CMe),CsH3N)3(N3 )» 2124, 2053 1.090, 1.104 [69]
Fe(((2,6-HMe; ), C¢H3N=CPh),C5H3N)3(N> ), 2130, 2074 1.106, 1.107 [70]
Fe(((Z,G—HM62 )2C5H3N=Cph)2C5H3N)3(N2) 2061 - [70]
Fe((2,6-'PryPCH; ), CsH3N)(N> )(SiH,Ph)H 2032 1.120 [71]
Fe((2,6-'Pr2PCH; ), CsH3N)(N2 )H, 2016 - [71]
Fe(NHC)(N3), 2109, 2031 1.115 [72]
Fe(NHC)(N3)(C2Ha) 2056 - [72]
Fe(NHC)(N; )(PMes) 2032 - [72]
Fe(PEt3 )2(CO)(Nz) 2097 1.078 [73]
Fe(POPr3),(C0O)>(N3) 2141 = [73]

NHC = 2,6-bis((2,6-diisopropylbenzene)imidazol-2-ylidene)pyridine.

prepared by (i) displacement of a weakly bound ligand (such as
H,), (ii) abstraction of a halide ligand, (iii) addition of N, to a coor-
dinatively unsaturated precursor, or (iv) reduction of a precursor
complex under an N, atmosphere.

The extent of activation of the coordinated N, ligand in these
complexes is measured by the N-N bond length in those molecules
where a crystal structure has been obtained, or by IR or Raman
spectroscopy (by examining the N-N stretching frequency) in those
complexes without X-ray structural data. Tables 1 and 2 list the

N-N bond lengths and/or N-N stretching frequencies for all the
Fe-N, complexes synthesized to date. As can be seen from the
N-N bond lengths and N-N stretching frequencies, most of the
iron-dinitrogen complexes exhibit minimal activation of the N,
ligand as compared with dinitrogen complexes of other metals
[42-44]. It is important to note however that the term activation
refers only to the lengthening of the N-N bond and the decrease
in the N-N stretching frequency as compared with uncoordinated
N,; strong activation is not necessarily a requirement to observe

Table 2

Bridging dinitrogen iron complexes.
Complex van (em™1) N-N bond length (A) Ref.
[{Fe(n®-CsHs)(DPPE)}(N2)J2* 2040 = (74]
[{Fe(1°-CsHs)(DMPE)},(N2)]** 2054 = [75]
[Fe(PPhs ) Et(£e-N3 )12 [Mg(THF)4] 1830 - [76]
{Fe(PhBP'Pr3)}2(-N2) - 1.138 [53,77]
[{Fe(PhBP!Pr3)}2(jt-Ny)][Na(THF)s] = 1.171 [53]
[{FECI(DEPE)Z }2(N2)][BPh4]2 2081 = [78]
{Fe(PEt; )2(CO)2 }2(14-N2) = 1134 (73]
{Fe(POMe3)>(C0O)2}2(14-N2) = 1.13 [79]
{Fe(MesNC*BuCHC!BuNMes)}»(u-N3) 1778 1.182 [80]
[{Fe(MesNC'BuCHC'BuNMes)}(1-N2)][K]2 1589, 1123 1.233 [80]
{Fe(MesNCMeCHCMeNMes)},(4-N2) 1810 1.186 [81]
[{Fe(MesNCMeCHCMeNMes)}»(14-N2)][K]2 1625, 1437 1.215 [81]
{Fe(MesNC*BuCHC'BuNMes)(‘BuCsH4N)}>(14-N2) - 1.161 [81]
{Fe(MesNCMeCHCMeNMes)(‘BuCsH4N)}2(-N2) 1770 1.151 [81]
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reactivity of the coordinated N, molecule, as will be seen in the
following section.

Nearly all iron-dinitrogen complexes contain phosphine lig-
ands. An electron rich metal center is needed to coordinate N,
(because -backdonation is an important component of the bond-
ing), and thus electron donating ligands such as phosphines are
typically used. As expected, the oxidation state of the iron affects
the degree of N, activation, with iron(0) N, complexes being among
the most activated. Coordination number also has a large effect on
the activation of N,. The lower coordination numbers often show
increased activation of the N, molecule, with the most activated N,
complexes to date having a coordination number of only three.

3. Reactivity of N, coordinated to iron

Now that the coordination of dinitrogen to iron has been
explored, the reactivity of the coordinated dinitrogen ligand will
be discussed. The reactivity of Fe-N, complexes will be separated
into three categories: displacement of N,, protonation of N5, and
elongation of the N-N bond.

3.1. Displacement of N,

The N, ligand is in general weakly coordinated to the iron cen-
ter, and consequently the displacement of the dinitrogen ligand
is a commonly observed reaction pathway. The ancillary ligands
often dictate the binding strength of the N, ligand, with increased
electron-donating ability increasing backdonation and stabilizing
the coordinated N,.

Dinitrogen ligands of iron complexes are typically substituted
by CO and nitriles, e.g.,, MeCN and PhCN [51,55,57,59,82,83].
Some N, ligands can also be displaced by organic solvents. In
trans-[Fe(DPPE),(N,)H][BPh4] the N, ligand can be displaced by
pyridine, acetone, or THF [51]. Acetone also displaces the N, ligand
of [Fe(n>-CsHs)(N,)(DPPE)]|[PFg] [74]. Although organic solvents
displace N,, one of the few water-soluble N, complexes, trans-
[Fe(DMeOPrPE), (N, )H]* is inert to substitution by H,0 [82].

The substitution reactivity of N, in the five-coordinate
Fe(DEPE);N, complex has been extensively studied. The N, ligand
can be displaced by a wide variety of ligands including CO, CS,, Hy,
CO,, and HCl [84,85]. The Fe(DEPE),;N, complex also cleaves C-S,
C-H, and N-H bonds of various heterocycles; however, this resulted
in loss of the dinitrogen ligand without functionalization [86].

3.2. Protonation of Fe—-N, complexes

The most common type of reactivity studied for iron-dinitrogen
complexes is protonation of the coordinated N, [87]. This mode

of reactivity is aimed at mimicking biological nitrogen fixation
by using a proton source and the electrons of the iron to reduce
dinitrogen to ammonia. Leigh and coworkers were the first to
observe such reactivity in 1991. Using DMPE as the ancillary
ligand, the trans-[Fe(DMPE),(N,)H]* complex (Scheme 1), was
synthesized by N, substitution of H, in trans-[Fe(DMPE),(H)H]*
[59,88,89].

The dinitrogen ligand in trans-[Fe(DMPE), (N, )H]|* is minimally
activated, as indicated by the N-N bond length of 1.13A and
VNN =2094 cm~!. The complex produces trace amounts of ammo-
nia (<4%) upon protonation with H,SO,4 and no NH3 upon exposure
to HC1 [88]. However, by deprotonating the hydride ligand to form
Fe(DMPE);N,, resulting in the formal reduction of the iron cen-
ter from 2+ to O, the activation of the dinitrogen ligand can be
sufficiently increased (vyy =1975cm™1) to allow reaction with a
strong acid (Scheme 1). Optimized yields of ammonia produced
from this five coordinate Fe—-N, complex reached 20% using HCl at
low temperatures [89]. Using HCI Leigh and coworkers also showed
that the iron dichloride starting material, trans-Fe(DMPE),Cl,, was
regenerated, hinting at the possibility of a catalytic cycle [88]. The
Fe(DMPE),; N, complex was never isolated and assignment of this
complex as the active ammonia producing species was thrown into
question by work done on the analogous DEPE system, discussed
next.

In contrast to the reactivity observed by Leigh, Komiya and
coworkers were unable to detect any ammonia formation during
the protonation of Fe(DEPE); N, (Scheme 2) [62,84]. Access to this
complex was achieved by a different route than that described
for the DMPE system. Fe(DEPE),;N, was directly generated from
trans-Fe(DEPE),Cl, and sodium metal under an atmosphere of N,
(Scheme 2). This species was isolated and the crystal structure was
obtained, confirming the proposed structure.

Upon protonation with HCl or H,SOy4, neither NH3 nor NyHy
were produced, and only N, and H, were observed (Scheme 2).
This result is puzzling as both the Fe(DMPE),;N, and Fe(DEPE); N,
complexes display similar activation of the coordinated dinitro-
gen, vyn=1975cm~! and vy =1955cm™!, respectively. Because
Fe(DEPE),;N, was isolated in pure form it threw into doubt that
the Fe(DMPE);N, complex was in fact responsible for ammo-
nia formation. However, continued work on the protonation of

"\12 Lii Ra '|\|2

RoPr,, |~ -Bul P,

2peed OB Fe—RR, —2l » N,H, + NHs

R2 (/‘N:)PR? RZ |:/l|\|\) 11% 3%
‘0 ‘0

Scheme 3.
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Recently, protonation of an iron N, complex utilizing a tripo-
dal ligand system was revisited. Using a unique tripodal ligand,
Fe—PPh, HBF, Si(1,2-CgH4PPhy )3, Peters and coworkers synthesized an iron(I)-
N2H4 N, complex that generated hydrazine on exposure to a strong acid
17% (Scheme 5) [67]. The N; ligand seemed to be minimally activated
0

Scheme 5.

iron N, phosphine complexes showed that the production of
ammonia observed in the protonation of Fe(DMPE);N, was not
unique.

Using a nitrogen phosphine tripodal ligand, N(CH,CH,PPh;)s,
and following a similar synthetic strategy as that used by Leigh,
George et al. were able to produce hydrazine and ammonia
from the protonation of an iron-dinitrogen complex (Scheme 3)
[50]. Starting from [Fe(N(CH,CH,PPh; )3 )(N3)H][BPhy], which had
previously been synthesized by Sacconi, they were able to depro-
tonate the hydride ligand using n-BulLi to form the Fe(0) complex
Fe(N(CH,CH,PPh;)3)N; (Scheme 3). This complex displayed sim-
ilar N, activation to that of other Fe(0) complexes, with a
vnn =1967 cm~!. Upon exposure to HBr, hydrazine (11%) and a
small amount of ammonia (3%) were produced.

Following the work of Leigh, the Tyler group was also
able to observe ammonia upon protonation of an iron(0)
N, complex (Scheme 4) [57]. The dinitrogen hydride
complex, trans-|Fe(DMeOPrPE), (N, )H]* (DMeOPrPE=1,2-
(bis(dimethoxypropyl)phosphino)ethane), was again synthesized
by substitution of N, for H, in trans-[Fe(DMeOPrPE),(H,)H]*. Of
particular note is that this dihydrogen complex was generated
directly from H, and trans-Fe(DMeOPrPE),Cl,, instead of sodium
borohydride. Thus, H, was the ultimate source of electrons for
the reduction of N, to NHs. Again, the N, ligand in the six-
coordinate hydride species is minimally activated, N-N=1.112A
and vyy =2088 cm~1, and is unreactive toward protonation [55]. By
deprotonating the hydride ligand to form Fe(DMeOPrPE);N,, the
activation of the Ny is increased (vyy = 1966 cm~1!) and protonation
of the complex with 1 M triflic acid produces 15% NH3 and 2% NyH,4
(Scheme 4) [57].

(vnn =2041 cm~1). However, the complex produced 17% hydrazine
on reaction with HBF4. The yield of hydrazine was increased to 47%
by addition of a one-electron reducing agent (CrCl, ). Interestingly,
further reduction of the iron(I)-N, complex to the iron(0) N, com-
plex resulted in increased activation of the N, (vyn=1967 cm™1),
yet no reduction of N, was observed under the same protonation
conditions. The authors hypothesized that the increased reducing
ability of the iron(0) N, complex favored H* reduction over N,
reduction.

Field and coworkers also recently utilized a tripodal lig-
and. Fe(P(CH,CH,PPry)3)N, was synthesized by reducing the
chloride precursor under an N, atmosphere (Scheme 6) [66].
Exposure of the complex to a weak acid, lutidinium tetraflu-
oroborate, resulted in protonation of the iron center to
yield [Fe(P(CH,CH,PiPr;)3(N2)H)]* (Scheme 6). No ammonia or
hydrazine was observed, although the protonation of this complex
using strong acids was not reported.

As shown by the examples above, the protonation of iron-N;
complexes is very inefficient, producing limited yields of ammonia
and/or hydrazine. From the results of these protonation experi-
ments, an important conclusion was made, namely that increasing
the activation of the coordinated N, ligand does not necessarily
lead to increased yields of NH3 or N,H,4. The absence of a correla-
tion between N, activation and the yields results from the fact that
increasing the reducing ability of the iron center favors H* reduc-
tion and protonation of the metal center rather than reduction and
protonation of the dinitrogen ligand. DFT calculations have shown
that, for the reaction of Fe(DMPE), N, with acid, protonation of the
electronrich iron center is favored over protonation of the terminal
nitrogen by 40 kcal/mol [90].

Another factor limiting the yields of N, reduction in these sys-
tems is that the only source of electrons is the iron center. Because
theseiron centers are transferring only two electrons in the reaction
(FeY — Fell), three separate iron complexes must be used to fully
reduce N, to NHj (a six electron process), thus limiting the theo-
retical yields. Note, however, that Peters has shown that addition
of an external reducing reagent can increase the yield of N,Hy4 [67].

T+ ak
Ry ClI Rz |T|2 '|*12
Pt, KC Pf,, HLut][BF R P’fr, " H
Fe—PR, ———> [ CFe—PR; [HLUBRl, "2 N
P\> Ny R lL\> R é’ PR
'\/ | \v/ AN
R="Pr

Scheme 6.
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An interesting trend that can be observed from the exam-
ples discussed above is that systems using tripodal ligands
favor the formation of hydrazine, while systems using biden-
tate ligands favor the formation of ammonia. This observation
perhaps provides information about the mechanism of N, reduc-
tion is these systems. Thus, one speculation is that tripodal
ligands may not be able to accommodate n? ligands, whereas
accommodation of an n? ligand is possible with bidentate phos-
phine systems, as was shown recently in the syntheses and
structural characterizations of cis-[Fe(P;)2(n%-NoHy)]%*, where
P, =DMPE or DMeOPrPE [91,92]. Subsequent protonation of cis-
[Fe(DMeOPIPE),(1n2-N,Hy4)]?* resulted in the disproportionation of
hydrazine, yielding a mixture of ammonia and hydrazine [91]. Thus,
for systems containing bidentate phosphine ligands, the dispro-
portionation of hydrazine via an 72-N,H4 intermediate may be
responsible for the observed yields of ammonia. In systems con-
taining tripodal ligands it may be that the n2-N,H, intermediate is
not formed and the reduction of N, therefore stops at hydrazine.
Another key difference between the two ligand geometries is that
protonation of the iron center results in a trans hydride in com-
plexes with bidentate phosphines and a cis hydride complex in the
tripodal complexes. The strong trans influence of the hydride ligand
in the bidentate systems could affect the stability of an interme-
diate complex, such as a coordinated n'-N,H,4 molecule, perhaps
favoring cleavage of the N,H, to NH3. One speculation is that this
could explain why ammonia is observed in bidentate phosphine
systems but not in the tripodal ligand systems. Consistent with
this conjecture is the Tyler group’s unpublished observation that
the trans-[Fe(DMeOPrPE),(n'-N,H4)(H)]* complex is unstable and
forms the trans-[Fe(DMeOPrPE),(NH3)(H)]* complex without the
addition of an acid.

3.3. Elongation of the N-N bond

Complete cleavage of dinitrogen yielding a nitride ligand has
been observed for some group 5 and 6 metals [93-96]. However, no
suchreaction has yet been observed for iron-dinitrogen complexes.
Toward this goal, recent progress has been made in elongating the
N-N bond using unique ligand sets.

Peters and coworkers synthesized three Fe—-N, complexes that
show atypical activation of the coordinated N, ligand [53]. Reduc-
tion of a tris(phosphino)borate iron chloride complex with Mg?
under a dinitrogen atmosphere resulted in formation of a termi-
nally bonded N, complex (Scheme 7).

The complex shows a relatively low energy stretching frequency
of 1830 cm™!. This activated N, molecule can be functionalized by
reaction with an electrophile such as methyl tosylate (Scheme 7).
While this type of reactivity had been previously observed for Mo
and W systems [97], this represents the first and only example
of the direct conversion of an iron-coordinated N, molecule to a
diazenido (N,R~) complex by addition of an electrophile.

If the iron halide precursor is reduced using Na/Hg amalgam, a
bridged dinitrogen complex is obtained (Scheme 8). This dinuclear
Fe(I)-N,-bridged complex has an N-N bond length of 1.138 A. Fur-
ther reduction of this complex using Na/Hg amalgam resulted in a
mixed valence Fe'Fe® N, complex, which lengthens the N-N bond
to 1.171A.

Holland and coworkers have been able to achieve significant
elongation of the N-N bond using low-coordinate iron complexes
stabilized by bulky g-diketiminate ligands [80,81]. By reducing
the chloride precursor with sodium naphthalenide or potas-
sium/graphite they were able to synthesize bridged dinitrogen
complexes with N-N bond lengths of ~1.18 A (Scheme 9).

The stability of these complexes was explored in the presence
of a variety of ligands (CO, PPhs, CgHg), with reactivity resulting
in loss of N, and coordination of the ligand. The stability of the

F\'Z
I
&
=

RS H

NI
Il \
Fe

z
=
Ty
N
I=z—z
n=

N —= N NH, — NHj
Fe e Le
\ NH NHa NH,
lr\l;H —_— IixllH—l- rquz NH;
A

Fig. 2. Asymmetric/distal mechanism (top pathway) and symmetric/alternating
(bottom pathway) mechanism for the reduction of Fe-coordinated N, to NH3 [36].

bridged dinitrogen complex is affected by the steric bulk of the
ligand, with the {Bu complex being more stable than the Me com-
plex. Further reduction of these complexes resulted in increased
activation of the N-N bond, with the N-N bond lengths reaching
over 1.2 A (Scheme 9). These N-N bond distances are the longest
observed for any iron-dinitrogen complex. Even though the N, lig-
and in these complexes is quite activated, reaction with a variety of
electrophiles yielded no evidence for successful functionalization
of the N, molecule.

4. Coordination chemistry of reduced dinitrogen species

The sections above demonstrate: (i) iron readily binds dinitro-
gen, and (ii) some iron-dinitrogen complexes have the ability to
reduce dinitrogen to ammonia, similar to the reactivity observed
in nitrogenase enzymes. One remaining puzzle in both the syn-
theticammonia-producing systems as well as in biological systems
is the mechanism of N, reduction. There are two general reaction
pathways that can be envisioned for the reduction of N, to ammo-
nia: a symmetric (or alternating) pathway and an asymmetric (or
distal) pathway (Fig. 2) [36]. In the symmetric pathway, protona-
tion of the coordinated dinitrogen ligand occurs in an alternating
fashion, with diazene (N,H;) and hydrazine (N,H4) intermediates
being formed (Fig. 2, bottom pathway). In the asymmetric pathway,
protonation occurs at the distal nitrogen atom of N, resulting in
N-N bond cleavage to form a nitride intermediate (Fig. 2, top path-
way). This next section will describe the coordination chemistry of
iron with reduced dinitrogen species in the context of N, reduction
mechanisms.

4.1. Symmetric N, reduction pathway

The symmetric N, reduction pathway, in which diazene and
hydrazine intermediates are formed (the bottom pathway in Fig. 2),
is currently the favored mechanism for nitrogenase [13,35]. Both
diazene and hydrazine are substrates of nitrogenase, and spectro-
scopic data of trapped intermediates has been obtained [37,38].
Synthetic iron complexes containing parent diazene (N,H;),
hydrazido (N;H,2-), and hydrazine (N,Hy) ligands could provide
useful data to compare with that obtained for nitrogenase and these
complexes will be discussed next. The coordination chemistry of
aryl and alkyl substituted N, species (i.e. NyR;, NyR4, etc.) will not
be included.

4.1.1. Iron diazene and hydrazido complexes

Diazene (NyH,) is formed by the addition of two electrons
and two protons to dinitrogen and is thought to be an impor-
tant intermediate during nitrogenase turnover [37]. Unfortunately,
coordination complexes of diazene are rare [98,99], especially
those containing iron. The lack of diazene complexes likely arises
from the reactive nature of the diazene molecule. Uncoordi-
nated diazene is very reactive and readily decomposes (Eq. (3))
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or disproportionates (Eq. (4)) within seconds [100,101]. How-
ever, coordination of diazene to a transition metal center can
stabilize the molecule. Diazene complexes are primarily synthe-
sized by oxidation of hydrazine, typically using Pb(OAc)4, although
other oxidizing reagents such as O, and [FeCp]* have been
used successfully. This method of preparation circumvents the
problem of having uncoordinated diazene in solution, although
as will be discussed below, there are examples where diazene
has been generated in solution and coordinated to an iron
center.

NoH; — Ny +Hy (3)

(4)

Using a variety of iron sulfur scaffolds, Sellmann et al. suc-
cessfully synthesized a number of bridging n' diazene complexes
[102-105]. Starting with the iron hydrazine complex shown in Eq.
(5), they were able to oxidize the terminal n'-NyHy4 ligand to a
bridging n!-N,H, complex using air (Eq. (5))[102]. The coordinated
diazene has a trans geometry with a N-N bond distance of 1.30A.

O

Si., wS

LA \SD

@:: oy
\/w

2N>Hy; — NyH4 + Ny

(N

s,,, S 0,
SNl g

Nng

(5)

A related complex using an all-sulfur donor ligand was syn-
thesized later by Sellmann. In this case, the bridging n! diazene
complex could be prepared by either oxidation of the hydrazine
complex [103] or by trapping diazene gas generated in situ
(Scheme 10) [104]. The diazene ligand again coordinates in a trans
geometry with a N-N bond distance of 1.288 A. The diazene ligands
in these bridged complexes are stabilized by steric shielding, strong
T-bonds between the iron d-orbitals and the 1 system of diazene,
and bifurcated hydrogen bonding between the diazene protons and
the thiolate ligands.

Iron-phosphine scaffolds have also recently been used to sta-
bilize diazene, although the assignment of the N,H, ligands as
true diazene complexes is unsettled. Reaction of Fe(P, ), N, (where
P, = DMPE or DMeOPrPE) with hydrazine results in the formation of
aniron(0) n? diazene complex and loss of H, (Scheme 11)[106,107].
The crystal structure of cis-Fe(DMPE),(N,H,) was obtained and
showed trans-diazene coordinated in an n? geometry. These
iron(0)-diazene complexes can also be synthesized by an alterna-
tive route. Reaction of the Fe(P;),(n2-N,H,)2* complex with K'BuO
resulted in the deprotonation of the coordinated hydrazine to form
the n%-N,H, complex (Scheme 11) [92,106]. These complexes can
be represented by two resonance forms; an iron(0) diazene com-
plex or an iron(Il) hydrazido(2-) complex. Charge decomposition
analysis calculations favor the iron(0) diazene resonance form, but
the N-N bond length and chemical shifts of the nitrogen bound
protons suggest the iron(Il) hydrazido(2-) resonance form [92].

Interestingly, the hydrazine ligand of cis-[Fe(DMPE),(N,H,4)]%*
can be converted to N, using Schlosser’s base (K‘BuO and ‘BulLi)
[92]. The mechanism of this conversion is currently unknown; how-
ever, labeling studies have shown that the dinitrogen ligand comes
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rial in Scheme 12 resulted in the formation of a dinuclear iron Ar Ar H2

complex containing bridging hydrazine and hydrazido(2-) ligands.
With electron donating groups (-CH,Cy; Cy=CgHj1) present on
the tris(phosphino)borate ligand, the hydrazine and hydrazido(2-)
ligands were converted to diazene and amide ligands after sit-
ting at room temperature for 36 h. With less electron donating
groups (-Ph) the complex is thermally stable. The conversion of
the phenyl complex to a diazene hydrazido complex was achieved
by oxidation using Pb(OAc)4. These two bridged diazene complexes
are unique in that they contain cis-diazene; all other examples of
transition metal diazene complexes contain a trans-diazene lig-
and.

4.1.2. Iron hydrazine (N;H,) complexes

Hydrazine represents the addition of four electrons and four
protons to dinitrogen and is also considered a likely intermedi-
ate in biological nitrogen fixation. Nearly all iron N,H4 complexes
contain hydrazine bonded in a terminal [109-120] ' geometry
or a bridging [108,116,121] ! geometry. Recently an n? coordina-
tion mode was observed using iron-phosphine scaffolds [91,92]. A
representative selection of these iron hydrazine complexes will be
highlighted here.

Sellmann and coworkers synthesized several iron hydrazine
complexes using biologically relevant thiolate ligands. Most sig-
nificantly, one iron thiolate system (the scaffold shown in Eq.
(5)) stabilizes NyH,, NyHy, and NH3 ligands. Unfortunately, the
final ligand in the series, N5, did not coordinate to the complex
[112].

Holland’s research group showed that an !-N,H4 complex of Fe
undergoes N-N bond cleavage at elevated temperatures (60°C) to
yield a bridged -NH; complex (Eq. (6)) [120]. This represents a rare
example of N-N bond cleavage among iron systems and demon-
strates the utility of low-coordinate iron complexes in the discovery

(6)

Tyler and coworkers recently synthesized a novel n2-N,Hy
complex and explored the acid base reactivity of the hydrazine
ligand [91,106]. Addition of a strong acid (1M TfOH) to a solu-
tion of cis-[Fe(DMeOPIPE),(N,H,)]?* resulted in the formation of
ammonia (21%) via a disproportionation reaction. This reaction
suggests that the hydrazine complex could be an intermediate
in the reduction of N, to NHj3 in iron-phosphine systems. As
described in the previous section, the n2-N,H4 complex can also
be deprotonated to yield n? diazene (NH,) and hydrazido(1-)
(N2H3~) complexes. Notably, these deprotonation reactions are
reversible by addition of acid. From this work, Tyler and cowork-
ers proposed the mechanism shown in Scheme 13. This particular
reaction pathway was examined by DFT calculations and was
thermodynamically favorable, especially compared to an asym-
metric N, reduction pathway. This work showed that diazene
can be converted to hydrazine and then to ammonia by addition
of protons. However, further work is needed, especially in the
early stages of N, reduction to elucidate how N, is converted to
diazene.

4.2. Asymmetric N, reduction pathway

As discussed above, biochemical studies on nitrogenase and
reactivity studies of iron diazene complexes and iron hydrazine
complexes suggest a symmetric pathway for the reduction of Nj.
However, an asymmetric N, reduction pathway cannot be ruled
out, especially because an asymmetric pathway has been observed
insynthetic Mo and W systems that convert dinitrogen to ammonia.
In the following section, potential intermediates in an asymmetric
N, reduction pathway (top pathway, Fig. 2) will be explored, includ-
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ing complexes with nitrido (N3-), imido (NH2-), and amido (NH; ™) Peters and coworkers showed the  utility of

ligands.

4.2.1. Iron nitride complexes

Several bridging and terminal nitride complexes of iron have
been synthesized in a variety of oxidation states [53,77,123-128].
Even though iron forms nitride complexes, one problem limiting
the validity of the asymmetric reaction pathway is that no iron
nitride complex has yet been generated directly from N. Instead,
these iron nitride complexes are typically generated by loss of N,
from an iron azide precursor. In keeping with the theme of this
review, only those iron nitrido complexes that exhibit reactivity
related to nitrogen fixation will be highlighted here.

Smith and coworkers recently synthesized an iron nitride
complex using the phenyltris(1-mesitylimidazol-2-ylidene)borate
ligand (Scheme 14) [129]. Reaction of the chloride precursor with
sodium azide followed by irradiation and loss of N, generates the
four-coordinate iron nitrido complex.

Reaction of the nitride complex with TEMPO-H (TEMPO-
H =1-hydroxy-2,2,6,6-tetramethylpiperidine) resulted in yields of
ammonia up to 74% (Scheme 14). It was proposed that the initial
N-H bond forming step occurs through a hydrogen atom transfer.
Metal hydrides can also act as hydrogen atom sources, although
with significantly lower yields of ammonia. This reaction is unique
among ammonia producing reactions using iron in that the protons
and electrons come from the same source.

tris(phosphino)borate ligands in stabilizing many potential
intermediates of nitrogen fixation [130]. Using these ancil-
lary ligands, they were able to generate a low-oxidation state
bridging nitride species [128]. The nitride complex is generated
using sodium azide followed by reduction with sodium mercury
amalgam (Scheme 15).

The nitride ligand was converted to ammonia in good yield
(80-95%) upon exposure to three equivalents of HCl (Scheme 14).
In an analogous system where the phenyl groups on the phosphines
were replaced by isopropyl groups, they observed the coupling
reaction of the terminal nitride species to produce a bridging dini-
trogen complex (Eq. (7)) [53,77]. This nitride coupling reaction
represents the microscopic reverse of the dinitrogen cleavage reac-
tion; however, with this system they have yet been unable to
achieve the N-N cleavage reaction.

M R
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The examples above show the utility of low-coordinate iron to
stabilize nitride ligands. These iron nitride complexes can then be
converted to ammonia by addition of protons and electrons. While
the conversion of the nitride ligand to ammonia is significant, the
ultimate source of nitrogen for the ammonia is azide, not dinitro-
gen. However, the observation of the coupling of two iron nitride
complexes to form a bridged dinitrogen complex may hint at the
possibility of nitride formation directly from dinitrogen.

4.2.2. Iron imide and amide complexes

After formation of an iron nitride complex, further protonation
and reduction would yield imide and amide complexes. Only a few
iron imide and iron amide complexes have thus far been described
in the literature. In one example, the Peters group, once again using
the tris(phosphino)borate scaffold, observed imide [108,131] and
amide [108] bridged dinuclear iron complexes.

Bridged u-NH, and u-NH complexes were also synthesized
by Peters’ group by thermal and oxidative transformations.
The reactivity depended on the R group present on the
tris(phosphino)borate ligand, PhB(CH; PR, )3~ [108]. With electron
donating groups (R=CH,Cy), the hydrazine hydrazido(2-) com-
plex thermally decayed to give the diazene bis ©-NH, complex
(top reaction, Scheme 12). With electron withdrawing groups (e.g.,
R=Ph), the hydrazine hydrazido(2-) complex is thermally stable
but can be converted to a bis u-NH complex by oxidation with
Pb(OAc)4 (bottom reaction, Scheme 12), followed by further oxi-
dation with p-benzoquinone (Eq. (8)). Particularly intriguing is the
observation of N-N bond cleavage in a hydrazido(2-) ligand to yield
a bis ;-NH;, complex at room temperature. This work again high-
lights the ability of diiron complexes to mediate a wide variety of
transformations.

HN=—/NH P
P H\ P AE W
LRSS\ IR p-benzoquinone  Pam_r_.Nu.,
Fel'| Fe Fe ‘Fe
7 N7 [ Ny S ONTNT
P H P H P

In another example, Bergman'’s group synthesized a terminal
amide complex via the addition of sodium amide to trans-
Fe(DMPE),(H)Cl (Scheme 16) [122]. The amide complex, which
quickly isomerizes between cis and trans geometries, is strongly
basic and can be protonated with a variety of weak carbon acids or
water to form trans-[Fe(DMPE),(NH3 )H]*.

There are relatively few iron complexes containing nitride,
imide, or amide ligands. However, from the work reported thus
far it is apparent that both nitride and amide complexes have the
ability to produce ammonia by the addition of a proton or hydrogen
atom source. Determining when the N-N bond is cleaved in these
pathways remains an important unanswered question. Although
direct cleavage of N, to form a nitride has not yet been observed
with iron, the cleavage of hydrazine to form bridging imides and
amides has been observed [108,120].

5. Summary

The coordination chemistry of dinitrogen and reduced dinitro-
gen species with iron has seen a growth spurt in the past ten years.
The goals of research in this area are to shed light on the active
mechanism in nitrogenase enzymes and to find synthetic systems
capable of fixing atmospheric dinitrogen, either by forming ammo-
nia or by incorporating dinitrogen into useful nitrogen-containing
organic chemicals under mild reaction conditions.

More and more biochemical evidence implicates iron as the
active metal in biological nitrogen fixation. Therefore, understand-
ing how dinitrogen and reduced dinitrogen species interact with
iron is becoming increasingly important. There are now numer-
ous synthetic Fe-N; coordination complexes, all of which contain
an end-on (n!) bonded N;. The activation of the coordinated Nj is
governed by the electronics of the ancillary ligands, with increased
electron donation increasing activation. Coordination number and
metal oxidation state also greatly influence the activation of dini-
trogen, with iron(0) complexes and four-coordinate complexes
displaying the highest degree on N-N bond activation. However,
as shown by examples discussed above, increased activation does
not necessarily lead to increased reactivity of the dinitrogen ligand.
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The reactivity of iron-dinitrogen complexes can be separated
into three categories: displacement, protonation, and elongation.
Because dinitrogen is often weakly bound, a commonly observed
reaction pathway is the displacement of the N, ligand. Numer-
ous ligands displace N, including H,, CO, acetonitrile, and acetone.
The protonation of iron coordinated dinitrogen has been one of
the most commonly studied reaction pathways. Dinitrogen can be
successfully reduced to ammonia and/or hydrazine by addition
of a strong acid to five-coordinate Fe-N, phosphine complexes.
Although these complexes do not contain biologically relevant
ancillary ligands, this class of compounds represents one of the few
functional mimics of nitrogenase. Recently, progress has been made
toward the goal of cleaving the N-N bond of dinitrogen to form
nitrides, with low-coordinate iron-dinitrogen complexes showing
the highest degree of N-N bond elongation.

Finally, it is noted that the iron coordination chemistry of
diazene, hydrazine, nitride and other reduced dinitrogen species
is growing more important and relevant because biochemical evi-
dence suggests that these species are formed during nitrogen
fixation in nitrogenase enzymes. Biological and theoretical evi-
dence suggest that the mechanism of N, reduction mediated by iron
proceeds through a symmetric protonation mechanism in which
diazene and hydrazine intermediates are formed. The reactivity of
iron coordination complexes of diazene and hydrazine also suggest
that these intermediate can directly lead to ammonia. However,
continued work is needed in this area to determine the actual N,
reduction pathway. In particular, questions about the early stages
of N, reduction, i.e. the conversion of dinitrogen to diazene and
the N-N bond cleavage event, are important questions that remain
unanswered.
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