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Fixation of atmospheric dinitrogen in plants by [Mo—Fe] cofactor of nitrogenase enzyme takes place
efficiently under atmospheric pressure and normal temperature. In search for an alternative
methodology for the highly energy intensive Haber—Bosch process, design and synthesis of highly
efficient inorganic and organometallic complexes by mimicking the structure and function of [Mo—Fe]
cofactor system is highly desirable for ammonia synthesis from dinitrogen. An ideal catalyst for ammonia
synthesis should effectively catalyse the reduction of dinitrogen in the presence of a proton source
under mild to moderate conditions, and thereby, significantly reducing the cost of ammonia production
and increasing the energy efficacy of the process. In the light of current research, it is evident that there
is a plenty of scope for the development and enhanced performance of the inorganic and
organometallic catalysts for ammonia synthesis under ambient temperature and pressure. The review
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1. Introduction

The transformation of dinitrogen into simple nitrogenous
compounds like ammonia is one of the most important
processes of chemical and fertilizer industries. Ammonia solu-
tions can directly be used as a fertilizer or can be converted to
fertilizers of different chemical composition such as urea and
diammonium phosphates. Ammonia is also used as building
block for the synthesis of many important pharmaceutical and
cleansing products and hence, ammonia production is very
much essential for enduring sustainable human life on earth.
Nitrogen fixation (NF) is a highly energy-demanding chemical
reaction (AH = —92.28 k] mol ) due to the shorter bond length
and high bond strength associated with the nitrogen-nitrogen
triple bond. The inertness of molecular nitrogen can also be
justified based on the stable molecular orbital electronic
configuration. Fritz Haber and Carl Bosch introduced
a nitrogen fixation process in 1913 that benefitted the World's
growing population by providing the main industrial route to
ammonia synthesis. Haber was awarded the Nobel Prize in
Chemistry for ammonia synthesis in 1918. Earlier to the
development of the Haber-Bosch (H-B) process, ammonia
synthesis by Birkeland-Eyde and the Frank-Caro processes
were proved to be highly inefficient and ammonia production
was merely impossible on an industrial scale. It was through the
invention of Haber and Bosch, that the ammonia production
was made possible on an industrial scale which ultimately
benefitted the World's growing population with artificial fertil-
izers ensuing adequate food production and supply. This is
a fundamental redox chemical process where high pressure
(200-400 atm.) and elevated temperature (400-650 °C) was used
to convert dinitrogen into ammonia in the presence of
hydrogen using a metal catalyst (iron/iron oxide) and a catalyst
promoter (aluminium/magnesium/calcium oxides). Although,
this process is the most important process to date for nitrogen
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fixation, it is allied with much environmental concern as it is
a highly energy-intensive process and require non-renewable
source like natural gas to generate hydrogen.> H-B process
expends more than 6% of the total energy produced in the
world, and emits an enormous amount of carbon dioxide. Also,
it consumes about 2% of the World's non-renewable feedstock,
such as natural gas output as a hydrogen source, which can be
achieved by the steam reforming process.>* Moreover, the
harsh reaction condition used in this process is also not envi-
ronmentally benign. From then on, with the increasing human
population, nitrogen fixation has evolved in such a manner that
nowadays, about 40% of the world's total population depends
on H-B process for ammonia production.*” Hence, active
research has been carried out to minimize the high energy
consumed and also to improve the reaction conditions
employed in this process. Therefore, there is a scope for opti-
mizing the efficiency of the process by considering even
moderate reduction in terms of operating temperature and
pressure which will result in significant economic gain for the
industrial sector.

Considering the environmental concerns related to the H-B
process, intensive research has been carried out in the following
fields: to improve the catalyst used to significantly lower the
operating temperature and pressure, exploring the mechanism
of biological nitrogen fixation system which will benefit in
designing effective catalysts for ammonia synthesis under
ambient conditions and, development of organometallic cata-
lysts to explore the various methods of nitrogen fixation at
ambient reaction conditions. This review evaluates the various
methods of nitrogen fixation and compares their efficiency in
terms of energy, environmental impacts and sustainability with
the current research on this topic till date.

In order to develop an effective catalyst which could perform
the energy intensive reaction at lower temperature and pressure
as compared to H-B process, researchers are constantly evalu-
ating the performance of new catalysts for ammonia synthesis.
Iron catalysts in the H-B process require high temperatures of
about 650-750 K and elevated pressure of 100 bars to recom-
pense for the shift in equilibrium concentration of ammonia. As
aresult, very high energy is consumed in the process, along with
the requirement of high equipment and gas compression
costs.® Ruthenium nanoparticle (Ru-NP) based catalysts were
used and applied industrially instead of iron catalysts to
produce ammonia in the presence of caesium (Cs), barium (Ba)
and potassium (K) which acts as catalyst promoter.>® Ru-based
catalysts can considerably lower the reaction temperature and
pressure to 400 °C and 4-63 bar, respectively. Caesium and
barium as catalyst promoters can cause substantial increase in
the electron density of Ru-NPs and thus, the reaction can be
carried out under less severe conditions. The promoting action
of basic supports or promoters on the activity of ruthenium
catalysts generally deals with the electron donating ability to the
Ru-NP surfaces. When adsorption of dinitrogen occurs on the
Ru crystallites, the extra electron density present in the d-
orbitals of Ru atoms is donated to the antibonding orbitals of
molecular nitrogen. As a result, the N-N triple bond get weak-
ened and dissociation of dinitrogen occurs, which is considered

© 2022 The Author(s). Published by the Royal Society of Chemistry
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as the rate determining step in ammonia synthesis.'®'* Barium
(Ba) was observed to be the most active promoter although used
in a smaller amount. The catalytic activity of Ru-NP catalyst can
be further increased by adding a mixture of barium (Ba),
caesium (Cs), and potassium (K) as promoters. The triply
promoted catalyst resists methanation to a great extent and
showed highest catalytic activity towards ammonia synthesis.
Further studies have revealed the electronic nature of the alkali
and alkaline earth metal promoters.

The efficacy of metal catalysed ammonia production can
largely be increased by combining Ru with Fe catalyst, demon-
strated in a small-scale reaction volume. However, Ru catalysts
are susceptible to deactivation in the presence of sulphur or
chlorine,”” ¢ and are also very expensive, which has restricted
their use in the H-B process industrially. A pioneering work on
ternary metal nitride catalyst Co;Mo;N* (and control catalyst
Fe;MozN") for nitrogen fixation showed that the catalyst is two
times more active (Cs used as a promoter) than the commercial
iron catalyst under industrial H-B reaction conditions and
sturdy enough to resist deactivation for a long period of
time'16,19—22

Another important aspect is to understand the mechanism
of naturally occurring nitrogen fixation in plants. A wide variety
of bacteria, such as blue-green algae, can fix nitrogen in vivo
(natural life process) at ambient temperature and pressure.
These bacteria are free living or form symbiotic associations
with plants or other organisms. Rhizobium, Azotobacter viner-
landii, and Clostridium pasteurianum are some of the important
classes of bacteria which fixes nitrogen, of which rhizobium is
the best known and is found in the root nodules of leguminous
plants such as clover, beans, peas, etc. Microorganisms like
bacteria fix nitrogen with the help of the nitrogenase enzyme,
which functions like a catalyst during the reduction of dini-
trogen to ammonia. Three types of nitrogenases are known such
as, molybdenum (Mo), iron (Fe) and vanadium (V) nitrogenases.
Nitrogenases are composed of two metalloproteins: an iron
protein and MFe (M = Mo, V, and Fe) protein as a cofactor. The
most commonly known and best learned is the molybdenum
nitrogenase, where the Mo centre of the cofactor serves as the
N, binding site and carries out the reduction of N,.”* The
enzyme nitrogenases in various bacteria catalyses the activation
of dinitrogen for the formation of ammonia according to the
equation (Fig. 1).

The electrons necessary for nitrogen reduction are trans-
ferred to nitrogen by the reduced form of ferredoxins and fla-
vodoxins. The source of these electrons is the oxidation of
pyruvate. The electrons are first transferred to a smaller protein
(Fe protein or P-cluster). The reduced Fe protein transfers its
reducing electron to the Mo-Fe protein and then to the nitrogen
attached to the Mo atom. A series of such electron transfer steps
are (Fig. 2):

N,+16MgATP + 8H"+ 8e— 2NH3+ 16MgADP + 16P; + H,

Fig. 1 Dinitrogen reduction into ammonia by enzyme nitrogenases
present in various bacteria, where Pi is inorganic phosphorous.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Electron transfer in Mo—Fe protein.
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Fig. 3 Group 6 (M = Mo, W) dinitrogen complexes towards ammonia
synthesis.

The energy for this electron transfer process is provided by
the hydrolysis of ATP (adenosine triphospate) to ADP (adeno-
sine diphospate) and inorganic phosphorous (P;). While inves-
tigating the mechanism of the biological nitrogen fixation
system, researchers were interested in marking it as a paradigm
for a method that can substitute the H-B process at room
temperature.

Various catalytic systems were designed to mimic the bio-
logical fixation of molecular nitrogen. Different transition
metals were employed, and their dinitrogen complexes were
designed and synthesized to achieve a stoichiometric amount of
ammonia under mild reaction conditions. But there are only
a few examples for catalytic conversion of a molecular N, using
these transition metal catalysts to produce ammonia under
atmospheric pressure and room temperature. Shrock and co-
workers in 2003 reported a molybdenum-N, complex bearing
a tetradentate ligand named triamidomonoamine that cata-
lyzed the reduction of dinitrogen into ammonia. Less than 8
equiv. of NH; was obtained as per the catalyst.> Another
successful example to catalytically convert dinitrogen was re-
ported by Nishibayashi and co-workers, where an N,-bridged
complex bearing two molybdenum atoms with tridentate PNP-
based pincer ligands was used as a catalyst. They could
successfully achieve ammonia up to 23 equiv. based on their
catalyst (12 equiv. ammonia per molybdenum atom) at ambient
conditions.”® More recently, Peters and co-workers described
a tris(phosphine)borane-supported iron complex that catalyses
the direct transformation of N, into NH; at a temperature of
—78 ©°C.”® More than 40% of protons, as well as reducing
equivalents, were supplied to N, in their case, and 7 equiv. of
ammonia could be obtained by the anionic Fe-N, complex
consisting of tris(phosphine)borane. This review covers almost
all aspects of Schrock, Nishibayashi, Peters, and Chirik type
catalysts for N, fixation under mild conditions.

2. Early work
2.1. Chatt's work

Homogeneous ammonia production was explored by Chatt and
Hidai in the 1960s, where they synthesized group 6 metal

RSC Adv, 2022, 12, 33567-33583 | 33569
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complexes with bidentate phosphine ligands like dppe (bis(di-
phenylphosphino)ethane) and depe (bis(diethylphosphino)
ethane) (Fig. 3).>” The reaction of the cis-[M(N,),(PMe,Ph),]
complex and trans-[M(N,),(PMePh,),] complex (where M = Mo,
W) with sulphuric acid in methanol as solvent at 20 °C gives 1.9
and 0.7 NH; per W atom and Mo atom respectively, along with
a minimal amount of hydrazine for (M = W). The mechanism
involved in these reactions is relevant to the action of nitroge-
nase, ie., biological nitrogen fixation. From there two points
can be considered - (1) in the presence of monotertiary phos-
phines, dinitrogen reduction to ammonia can be achieved at
room temperature (2) oxygen-containing solvents or oxo-anions
facilitate the reduction.

A clear view of the reaction pathway can be obtained by
isolating the intermediates formed and identifying the dia-
zenido, hydrazido, and hydrazinium complexes attained from
the dinitrogen complexes. Also, the other complexes like nitride
(MN), amido (MNH,), imido (MNH), and ammine (MNH;)
formed were isolated and identified. These intermediates ulti-
mately led to the formation of a catalytic amount of ammonia,
and this cycle was named the Chatt cycle,*® which runs between
oxidation states, Mo(0) and Mo(wv). All the electrons required for
catalytic conversion into ammonia were provided by the zero
valent Mo and W metals. It is one of the pioneering examples of
converting dinitrogen into ammonia at room temperature and
pressure through metal-based catalysis.

Comparatively, in the biological nitrogen fixation system,
hydrazine was coordinated as a reactive intermediate* as is
evident from the reaction mechanism but in the case of this
Chatt cycle, hydrazine is obtained in a side reaction rather than
in the main reaction stream.

3. Present development

3.1. Richard R. Schrock’s work

Shrock and Yandulov reported the first successful example in
2003 to catalytically transform dinitrogen into ammonia under
ambient reaction conditions. They introduced a molybdenum-
based dinitrogen catalyst having triamidoamine as a ligand
consisting of a bulky substituent HIPT (hexa-iso-propyl-
terphenyl) attached to it to achieve ammonia at mild reaction
conditions (Fig. 4). Along with this catalyst, deca-
methylchromocene (CrCp,) was used as a reductant, and the
proton source used here was 2,6-lutidinium tetrakis [3,5-
bis(trifluoromethyl)phenylborate] ([LutH]|BArF,) to achieve 8

talyst 1
N, + 6H* + [

H
N,
| A
U

36 equivalent

Y 2NH,
heptane, rt iPr

7h
e
1
Cr

48 equivalent

1atm catalyst:

iPr

Fig. 4 Nitrogen fixation with Mo-triamidoamine catalyst.
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Fig. 5 Schrock—-Yandulov cycle using complex 1 as a catalyst.

equiv. of ammonia from dinitrogen based upon the catalyst at
ambient temperature and pressure.***°

The reaction was effectuated by the controlled step-by-step
inclusion of protons and electrons without the need for
molecular dihydrogen (Fig. 5), which was unique, although H,
was obtained as a by-product, leading to the generation of two
molecules of ammonia.**>** The well-known Schrock cycle was
accomplished by theoretical studies and isolation of some of
the intermediates formed like diazenido, nitride, hydrido, and
ammonia complexes which gave a mechanistic insight of the
detailed reaction pathway. Studies were also carried out by
synthesizing different complexes involving the molybdenum
triamidoamine system,*> diamido pyrrolyl molybdenum
complexes,®® [(DPPNCH,CH,);N]*” molybdenum complexes
where DPP stands for 3,5-(2,5-diisopropylpyrrolyl)2C¢H;)** and
investigation of these catalysts towards catalytic dinitrogen
reduction were screened. Electrochemical studies were per-
formed for N, reduction using [HIPTN;N]Mo complexes (where
HIPTN;N = (3,5-(2,4,6-i-Pr;C¢H,),~CsH;NCH,CH,);N) and the
redox properties of the intermediates in the catalytic cycle were
discussed.’® Then again, Schrock and his co-workers in 2017
developed and synthesized molybdenum diamido complexes
and achieved up to 10 equiv. ammonia per Mo atom.*® On the
contrary, vanadium (V) and other group 6 transition metals,
tungsten (W) and chromium (Cr), gave stoichiometric conver-
sion of ammonia.*”

catalyst 2

N, + 6H* + 6e” 2NH;
toluene, rt
H oTf 200
latm N Q
A
| Co catalyst: N
- < N ¢
P P
([LutH|OTf) (CoCpy) / | / —
Proton Source Reducing /_\ N—NMo—N=N—~Mo-N /
agent / / l
P P
N /N
4

U] N
N P=P'Bu,
2

Fig. 6 Dimolybdenum PNP pincer complex catalyzed nitrogen
fixation.
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3.2. Y. Nishibayashi's work

The next successful example of the catalytic ammonia synthesis
after the Schrock group was reported in 2010 by Nishibayashi
and his co-workers. Thus, a complex having a dinitrogen
bridged dimolybdenum system has been proposed consisting of
a tridentate PNP-based pincer ligand for the production of
ammonia at room temperature and pressure (Fig. 6). A milder
reducing agent i.e., cobaltocene, and a proton source namely,
[LutH]OTf was used along with a catalytic amount of the Mo
catalyst and 23 equiv. ammonia was obtained based upon the
catalyst (12 equiv. acquired per Mo atom).* To favour the
formation of ammonia, the nature of the proton source and
reductant should be taken into account. A milder reductant
with high reducing ability along with a proton source with
suitable acidity is essential for the effective change of dinitrogen
to ammonia. On the other hand, different Mo-complexes were
prepared to check the feasibility of this reaction which
concluded the formation of ammonia in less than a stoichio-
metric amount. Only the dimolybdenum complex possessing
tridentate PNP kind of pincer ligand, i.e. [{Mo(N,),(PNP)},(p-
N,)], was efficacious in ammonia formation from dinitrogen.

A catalytic cycle in the synthesis of ammonia from dinitrogen
was proposed, relying on the catalytic and stoichiometric reac-
tions (Fig. 7). In the initiation step, protonation occurs on one of
the molybdenum atoms in the catalyst leading to a catalytically
active mononuclear dinitrogen species and an inactive hydride
complex. After that the dinitrogen species was protonated to
afford a hydrazidium molybdenum complex by means of
a hydrazido complex, wherein the bond between the two
nitrogen atoms gets cleaved releasing ammonia and a nitride
complex altogether. Successively, the nitride complex upon
reduction and protonation, gives the ammine complex that
gives another ammonia molecule along with the dinitrogen
complex regenerating the starting complex. Dihydrogen is also
produced by reducing the hydride complex obtained in the
initiation step.

Although the appropriate reason why this PNP-type pincer
ligand containing complex is more efficient is not adequately
understood, yet it can be assumed that the way of coordination

i N
7
N p—u

/ /= _

7 SN—Mo—N=N—NMo-N 2

N2
[Mo]—N=N—[Mo]
2H*
wa-

P P

I (Mo ]-H M[Mo}

N NH;

" [Mo]-N=N 2H", 2e°
P =PBu, N Dinitrogen
2 complex
Mo]—NH N
Catalytic cycle: AlElmi!le 3 [Mo]=N—NH,

Hydrazido complex

compﬂ\ H*
3¢

[Mo]=N [Mo]=N—NHz*
Nitrido > Hydrazidium
complex NH3 € complex

Fig. 7 Proposed reaction pathway with PNP-type pincer dimolybde-
num system.
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of the pincer ligand in a meridional configuration to the metal
center forefronts the stability of the binding site for dinitrogen
transformation.’

Nishibayashi's group further investigated the formation of
ammonia by reporting different novel Mo and W dinitrogen
complexes having PNP-based pincer ligands in 2012. Both these
complexes, on treatment with an excess amount of sulphuric
acid, yielded ammonia and hydrazine at room temperature
(Fig. 8). A dinitrogen-bridged dimolybdenum carbonyl complex
was also prepared from the previously reported dinitrogen-
bridged dimolybdenum complex, but unfortunately this
complex gave a lower yield of ammonia. In the case of the
tungsten complex, 0.62 equiv. hydrazine could be achieved
based on W atom along with 0.17 equiv. NH; based on the W
atom. It could be understood that the protonation steps of the
dinitrogen complexes are affected by the nature of the metal
incorporated in them and by the type of solvents, ligands and
acids used in the reaction process.*®

After this, they tried to figure out why the dinitrogen bridged
PNP-based dimolybdenum complex performs as a better cata-
lyst than the monometallic dinitrogen complexes. Hence, the
outset in the catalytic performance of dinitrogen-bridged
dimolybdenum catalyst supported by pincer ligand has been
investigated with DFT calculations with respect to stoichio-
metric and catalytic production of ammonia under mild
conditions. Nishibayashi et al. in 2014 reported a plausible
reaction mechanism based on both experimental and theoret-
ical learnings. According to their study, a synergy exists between
the Mo atoms linked to a dinitrogen bounded ligand while
protonating the coordinated N, ligand.** One of the molyb-
denum atoms donates one electron via bridging dinitrogen
ligand to the other molybdenum core's active site, thus making
a terminal dinitrogen ligand ready to accept a proton at their
active site. One metal center containing the PNP-based pincer
ligand acts as a mobile electron carrier ligand to the other metal
core at their active site. These findings were indifferent to the
usual part played by the dinuclear N,-bridged metal complexes
possessing PNP-based and PCP-based pincer ligands. These
complexes were observed to be employed as precursors to the
reactive mononuclear species.**"**

Then again, research was continued regarding the dimo-
lybdenum dinitrogen bounded complex with a PNP-supported
ligand to investigate whether the introduction of any

NH,

M= Mo, W
P = P'Bu,

Fig. 8 Molybdenum (Mo), tungsten (W) dinitrogen complexes in the
production of ammonia and hydrazine respectively.
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substituent in the ligand of this complex would bring about any
effect or change in the catalytic activity towards ammonia
formation. In 2014, the same group has reported that intro-
ducing methoxy group in the 4™ position of PNP aided ligand
system in the complex works best as a catalyst in dinitrogen
reduction to ammonia. Dihydrogen was formed as by-product
that was complementary to the ammonia production in the
reaction system. 52 equiv. ammonia was obtained based upon
the catalyst (up to 26 equiv. ammonia achieved per molyb-
denum atom). Electron donating groups present in the ligand
not only affect the electronic environment but also boost the
protonation steps during the initial protonation step in the
catalytic transformation of dinitrogen into ammonia.*

In 2015, Nishibayashi explored the catalytic activity of the
previously reported PNP-based pincer ligand by introducing
a redox-active moiety ferrocene like ferrocenyl (Fc), 4-ferroce-
nylphenyl (PhFc), 2-ferrocenylethyl (EtFc), and ruthenocenyl
(Re), etc. to the 4™ position of the pyridine ring (Fig. 9). This
redox-active moiety enhances the reduction process by trans-
ferring electrons intramolecularly from the iron atom of ferro-
cene moiety into the active site of the Mo atom of the
dimolybdenum dinitrogen complex, thus accelerating its cata-
lytic activity towards nitrogen fixation. Thus, the complex
[{Mo(N,),(4-Fc-"BuPNP)},(*u-N,)] was proved to be the most
active and efficient catalyst for the production of ammonia
where 37 equiv. ammonia was attained as per the catalyst (19
equiv. based upon each Mo atom). When the proton source and
reducing agent were used in a greater amount (228 equiv. CoCp,
and 384 equiv. [LutH]OT{, respectively) the amount of ammonia
produced was 45 equiv., 22 equiv. based upon apiece Mo atom.**

Therefore, the presence of the redox-active moiety seemed to
play a pivotal role by providing electrons to the metal and
increasing the oxidation state on the Mo atom. Henceforth,
a conclusion could be made that the presence of electron
releasing groups in the pyridine ring of the complex accelerates

P'Bu,
/ MoCls(thf); R
THF, 50 °C, 18 h
P'Bu,

Na-Hg (6 equiv.) THF,

1 "i// N (1atm) |t,12h

N o P

/ R

0—N=N—~NMo-N

P
N Y/

P = P'Bu,
R = Ferrocene (Fc)/ EtF¢/ PhFe/
Ruthenocene (Rc)

Fig. 9 Dimolybdenum dinitrogen catalyst with a redox-active PNP-
based pincer ligand towards nitrogen fixation.
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protonation of the dinitrogen and introducing any redox active
group into the pyridine ligand accelerates the reduction steps in
the catalytic alteration of dinitrogen to ammonia.

Catalytic dinitrogen reductions using other transition metals
complexed with dinitrogen ligand as catalysts were realized and
hence along with Mo, Fe and Co systems were used. It
confirmed ammonia and silylamine formation under mild
reaction conditions or at low temperatures (Fig. 10a). Especially
in the case of the molybdenum-nitrido complex consisting of
PPP ligand, 63 equiv. NH; could be achieved for one Mo atom in
the catalyst at ambient reaction conditions (Fig. 10b).** For the
formation of silylamine, atmospheric molecular dinitrogen (N,)
was reacted with Me;SiCl using Na as the reducing agent along
with the catalyst to catalytically change N, into N(SiMej;); under
ambient reaction conditions.

An iron-dinitrogen catalyst having an anionic pincer ligand,
([Fe(N,)(PNP)]) was reported in 2016, which worked as an effi-
cient catalyst to convert dinitrogen to form ammonia and
hydrazine catalytically (Fig. 11). An important intermediate
formed in the naturally occurring biological nitrogen fixation is
hydrazine. Thus, this work gives a mechanistic insight into the
formation of a catalytic amount of hydrazine from dinitrogen at
ambient conditions with the help of well-established iron-
dinitrogen catalysts. KCg was used as a reducing agent and
a proton source, [H(OEt,),|BArF, was used in the reaction,
and when a large amount of reducing agent and also proton
source were used along with the catalyst with Et,O as a solvent
at —78 °C, 14.3 and 1.8 equiv. of ammonia and hydrazine were
obtained, respectively.*®

The same group also investigated other transition metal
complexes as catalysts for nitrogen fixation. They reported
a cobalt dinitrogen complex consisting of an anionic pincer-

cat. Mo, Fe, Co
(a) NH;
(1 atm)
N
room temperature
p cat. Mo, Fe, Co .
N(SIM93)3
(b)
ot catalyst
> —q Y c2yst o onNm
N, + 6 Co + 6 toluene, rt N
N
= a0 T
63 equiv. of
(1atm) reducing reagent proton source ammonia based
(540 equivalent) (720 equivalent) on the catalyst
catalyst: N ot BArF,
uz
17
—NMo,
AR
P'Bu,
Mo complex bearing PPP ligand
Fig. 10 (a) Ammonia or silylamine formation from dinitrogen using

Mo, Fe, and Co catalyst at ambient reaction condition. (b) Catalytic
nitrogen fixation using a molybdenum catalyst bearing PPP ligand.
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catalyst
N, + KCg + [H(OEtz)z]BArF4m NH; + NHyNH,
-78°C,1h

(1 atm) (40 equivalent) (38 equivalent)
catalyst:
P Bu, P Bu, P Bu, P Bu2
N—Fe-N N [CN- Fe-H E({T—Fe -CH, @Fe NN
P‘Bu2 P‘Bu2 P'Bu, P:BUZ

Fig. 11 Fe complexes having PNP pincer ligand towards ammonia

formation.
catalyst
N, + KCg + [H(OEty),]BAr", W’N'ﬁ + NHy;NH,
(1 atm) (40 equivalent) (38 equivalent) ‘78 C,1h
I
catalyst: P Bu, P Bu,
EiN:m NEN E\(N:CO -cl - Co-H E(\ECO ~CH
P'Buz P'Bu2
R=Bu, C R=Bu, C
7 Y 8 Y 10

Fig. 12 Cobalt complexes towards ammonia formation.

type PNP ligand for catalytic preparation of ammonia from
dinitrogen (Fig. 12). The utilization of a bulk amount of
reductant (KCg) and excess [H(OEt,),|BAr’, as a proton source
gave the highest yield of ammonia (15.9 equiv.) and hydrazine
(1.0 equiv.) based on Co catalyst.*”

Again, this group has newly designed and developed new
vanadium complexes with an anionic pyrrole functionalized
PNP-based pincer along with aryloxy ligands which worked as
efficient catalysts towards the direct catalytic dinitrogen
reduction to ammonia and also hydrazine at room temperature
and pressure (Fig. 13). Up to 14 equiv. and 2 equiv. of ammonia
and hydrazine (16 equiv. of fixed N atom) were produced
respectively based on the vanadium atom. This was the first
reported example of early transition metal-catalyzed reduction
of dinitrogen under ambient reaction conditions.*®

This group also investigated a set of azaferrocene-supported
PNP-based pincer complexes of molybdenum, chromium, and
iron complexes as catalysts for nitrogen fixation (Fig. 14). But
unfortunately, these complexes were not very effective catalysts

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

catalyst 11

N2 + e’ + H+ 78 OC NH3 + N2H4
(1 atm) up to 16 equiv. fixed N atom
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Fig. 13 Pyrrole based vanadium complexes as catalysts toward
nitrogen fixation.
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Fig. 14 Azaferrocene-supported PNP pincer ligands for ammonia
synthesis.

for catalytic alteration of dinitrogen to ammonia but proved to
be efficient for catalytic silylamine formation from dinitrogen.*’

In 2017, an iron-dinitrogen catalyst possessing a dimethyl-
substituted pyrrole bound PNP-type pincer ligand was
explored, which functioned as an effective and better catalyst
compared to that of an unsubstituted pyrrole bound PNP-type
ligand towards the catalytic formation of ammonia plus
hydrazine under an encompassing atmosphere. 22.7 and 1.7
equiv. of NH; and N,H, respectively, based on iron atom were
obtained.*® Nishibayashi group also designed and synthesized
new Fe-dinitrogen complexes consisting of an anionic carba-
zole functionalized PNP-based pincer ligands, [Fe(N,)(carb-
PNP)] where carb-PNP = 1,8 bis(dialkylphosphinomethyl)-3,6-
di-tert-butyl-carbazolide, and explored its catalytic activity in
nitrogen fixation reaction (Fig. 15). The prepared iron
complexes consisting of a carb-PNP-type pincer ligand provide
a structure which is tetrahedral in geometry surrounding the Fe
atom, and they claimed that the molecular structure of the iro