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Nitrogen fixation using homogeneous transition metal complexes under mild reaction conditions is a challenging topic in the
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field of chemistry. Several successful examples of the catalytic conversion of nitrogen molecule into ammonia using various

transition metal complexes in the presence of reductants and proton sources have been reported so far, together with

detailed investigations on the reaction mechanism. Among those, only molybdenum complexes have been shown to serve

as effective catalysts under ambient reaction conditions, in stark contrast with other transition metal-catalysed reactions

that proceed at low reaction temperature such as =78 °C. In this feature article, we classify the molybdenum-catalysed

reactions into four types: reactions via the Schrock cycle, reactions via dinuclear reaction systems, reactions via direct

cleavage of the nitrogen—nitrogen triple bond of dinitrogen, and reactions via the Chatt-type cycle. We describe these

catalytic systems focusing on the catalytic activity and mechanistic investigations. We hope that the present feature article

provides useful information to develop more efficient nitrogen fixation systems under mild reaction conditions.

Introduction

Ammonia is one of the most important industrial chemicals. The
amount of ammonia production reached 182 million metric tons in
2019, according to Mineral Commodity Summaries 2020.* About 75
to 90 percent of the ammonia produced in industry is converted to
nitrogen-based fertilizers for worldwide food production.? Ammonia
is also used as raw material for pharmaceuticals, plastics, textiles,
explosives and other chemicals containing nitrogen atoms. Recently,
ammonia has attracted attention not only as a raw material for
fertilizers and chemicals but also as energy carrier.®

Today, ammonia is produced industrially by the Haber—Bosch
process developed in the early 20th century.” In this process, ammonia
is produced from the reaction of dinitrogen with dihydrogen using
heterogeneous iron catalysts (Scheme 1a). This process is a powerful
method that supports current chemical industry and food production.
However, it requires high pressure (100-200 atm) and high
temperature (300 °C-500 °C) to overcome the strong thermodynamic
barrier (94.1 kJ/mol) for the dissociation of the nitrogen—nitrogen
triple bond of the nitrogen molecule. In addition, dihydrogen as the
raw material for ammonia production is obtained from fossil fuels.*
The production of ammonia accounts for over 1.8% of the world’s
consumption of fossil fuels and ~1% of global carbon dioxide
emissions (451 million metric tons per year).>® Hence, the
development of novel nitrogen fixation systems under mild and clean
reaction conditions is highly desirable.

In nature, nitrogenase is a well-known enzyme that can fix dinitrogen
and convert it into ammonia under ambient conditions (Scheme 1b).56
The active site of nitrogenase has cluster structures containing
transition metals (Mo, V or Fe), sulfur and carbon atoms. Nitrogenase
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Scheme 1 Industrial and biological nitrogen fixation. (a) Typical
Haber-Bosch process. (b) Biological ammonia formation with
nitrogenase.

is classified into three groups depending on the transition metals.
Among them, the enzyme containing molybdenum is known to be the
most effective for nitrogen fixation. Reduction of dinitrogen by
nitrogenase proceeds under ambient reaction conditions, where
electrons, protons and adenosine triphosphate are consumed to
produce ammonia, dihydrogen, adenosine diphosphate and
phosphoric acids. The reaction rate of the formation of ammonia using
nitrogenase (Fe—Mo cofactor) has been estimated to be up to 155 nmol
ammonia per nmol Fe-Mo cofactor per min (TOF: up to 155
equiv/Mo min-t) under various reaction conditions using Na2S204 as
a reductant.” On the basis of the structure of nitrogenase enzymes and
their catalytic activity, the development of novel nitrogen fixation
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systems using homogeneous transition metal complexes as catalysts
by mimicking the active site of nitrogenase has been envisaged.

In the last decades, various stoichiometric and catalytic conversion
reactions of dinitrogen into ammonia have been reported.®° Although
a variety of homogeneous transition metal complexes (titanium,°
vanadium,'*1? jron,'31415 cobalt,'6'7 molybdenum, 81920 rythenium?
and osmium?%) have been discovered as catalysts, only molybdenum
complexes are effective under ambient reaction conditions. This
feature article overviews the development of the conversion of
nitrogen molecule into ammonia using molybdenum complexes, with
a special focus on the reaction mechanism.

Stoichiometric Reactions

The first example of the formation of ammonia from coordinated
dinitrogen was reported by Chatt and co-workers in 1975 (Scheme
2).22 The reactions of cis-[M(N2)2(PMez2Ph)s] or trans-
[M(N2)2(PMePhz)4] (M = Mo or W) with excess amount of sulfuric
acid in MeOH at room temperature gave up to 0.66 and 1.98
equivalents of ammonia per molybdenum atom and per tungsten atom,
respectively. In these reactions, the six electrons used for the
formation of two ammonia molecules are supplied from the metal
centre, which is oxidized from the oxidation state 0 to V1.

N
N
PhMezP/,M_\\PMezph H2S0, NH;
_N"| “PMe,Ph Me?H 4 et
epn o OSee
M = Mo or W :
N
I11
thMeP/,,’\’\w/ll_\\PMeth H,SO0, "
Ph;MeP” | ~PMePh, MeOH 3
1] rt 0.66 equiv/Mo
1.80 equiv/iW
M = Mo or W

Scheme 2 Stoichiometric ammonia formation from molybdenum-
and tungsten-dinitrogen complexes.
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Scheme 3 Chatt cycle: virtual catalytic cycle using molybdenum- and
tungsten-dinitrogen complexes.
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After the report by Chatt, several research groups explored
stoichiometric reactions of various metal dinitrogen complexes or
other precursors to isolate related complexes such as diazenide (M—
N=NH), hydrazide (M=N-NH3), hydrazidium (M=N-NHs), nitride
(M=N), imide (M=NH) and amide (M-NH2) complexes as key
reactive intermediates.?® From these results, ‘the Chatt cycle’ shown
in Scheme 3 was proposed, in which dinitrogen is converted to
ammonia via transition metal complexes containing zerovalent to
tetravalent metal centres.”®> However, no successful example of the
catalytic reaction following the Chatt cycle was reported until our
recent findings.®

Schrock Cycle

The first successful example of the catalytic transformation of
dinitrogen into ammonia under ambient reaction conditions using
homogeneous transition metal complexes as catalysts was reported by
Yandulov and Schrock in 2003.1% The reaction of an atmospheric
pressure of dinitrogen with decamethylchromocene (CrCp*z, Cp* =
n%>CsMes) as a reductant and 2,6-lutidinium tetraarylborate
([LutHIBArfs, Lut = 26-dimethylpyridine, Arf = 35-
bis(trifluoromethyl)phenyl) as a proton source in the presence of a
catalytic amount of a molybdenum dinitrogen complex bearing a
triamidoamine ligand, i.e., [Mo(N2)(HIPTNsN)] (HIPTNsN = (3,5-
(2,4,6-i-PrsCeH2)2CsH3NCH2CH2)3N), in  heptane at  room
temperature afforded 7.6 equivalents of ammonia per molybdenum
atom (Scheme 4). Some reactive intermediates such as anionic
dinitrogen (IMo(N2)(HIPTNsN)T), diazenide
([Mo(NNH)(HIPTNsN)]), hydrazide ([Mo(NNHz)(HIPTNsN)]*),
nitride ([Mo(N)(HIPTNsN)]), imide ([Mo(NH)(HIPTNsN)]*) and
ammonia complexes (IMo(NHs)(HIPTNsN)]* and
[Mo(NHs)(HIPTNsN)]) were prepared from protonation and/or
reduction of the starting dinitrogen complex [Mo(N2)(HIPTN3sN)] and
its derivatives.?#?> On the basis of these experimental results, a
plausible reaction pathway called the Schrock cycle, which includes
trivalent to hexavalent molybdenum complexes as intermediates, was
proposed by Schrock and co-workers (Scheme 5).2 First, two reaction
pathways can be considered for the conversion of
[Mo(N2)(HIPTNsN)] into the diazenide complex. One reaction
pathway proceeds via stepwise reduction and protonation of the
dinitrogen ligand through the formation of the corresponding anionic
dinitrogen complex. The other reaction pathway involves conversion
of the cationic dinitrogen complex resulting from the protonation of

<~z 7y
| cat.
Nz + 6 SCrc o+ 6 Ay — .

2 NHj
heptane
H r, 7 h 7.6
1atm 36 equiv/Mo 48 equiv/iMo equiv/Mo
cat.
N
HIPT 1l
}\l N /HIPT
HIPTY, Mo—N

(N7 ]
N

HIPT
Scheme 4 Catalytic ammonia formation under ambient reaction
conditions using molybdenum-dinitrogen complex bearing a
triamideamine lioand.
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Scheme 5 Schrock cycle:
molybdenum-dinitrogen complex
Yandulov.

the nitrogen atom of the amide group in [Mo(N2)(HIPTN3sN)] into the
corresponding diazenide complex via reduction and proton-catalysed
isomerization. Next, in both cases, stepwise protonation and reduction
of the diazenide complex proceeds to release one ammonia molecule
and the corresponding nitride complex via hydrazide and hydrazidium
complexes. Then, the nitride complex is converted to the ammonia
complex through imide and amide complexes via alternation of
protonation and reduction steps three times. Finally, an exchange of
the ammonia ligand with another dinitrogen molecule occurs with the
concomitant release of the second ammonia molecule, and
[Mo(N2)(HIPTNsN)] is regenerated. In this catalytic cycle, some
reactive  intermediates such as  [Mo(NNH)(HIPTNsN)],
[Mo(N)(HIPTNzN)] and  [Mo(NH3)(HIPTNsN)](BArs)  were
reported to show almost the same catalytic activity as the dinitrogen
complex [Mo(N2)(HIPTNzN)].1&

plausible catalytic cycle using
reported by Schrock and

Catalytic Cycle via Dinuclear Complexes

Our group reported the second successful example of catalytic
ammonia formation under ambient reaction conditions in 2010, using
a dinitrogen-bridged dimolybdenum complex bearing PNP-type
pincer ligands, namely, [{Mo(Nz2)2(PNP)}2(p-N2)] (PNP = 2,6-bis(di-
tert-butylphosphinomethyl)pyridine), as a catalyst (Scheme 6).1% In
the presence of a catalytic amount of [{Mo(N2)2(PNP)}2(u-N2)], the
reaction of an atmospheric pressure of dinitrogen with 108 equivalents
of cobaltocene (CoCpz, Cp = n°-CsHs) per molybdenum atom as a
reductant and 144 equivalents of 2,6-lutidinium triflate ([LutH]OTf,
OTf = OSO2CF3) per molybdenum atom as a proton source in toluene
at room temperature afforded 11.6 equivalents of ammonia per

This journal is © The Royal Society of Chemistry 20xx
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molybdenum atom, together with 21.7 equivalents of dihydrogen as a
byproduct.

~1OTf
@ \/ ‘ cat.
N, + 6 Co + 6 N e
LN

2 NH;
toluene
H t, 20 h
1 atm reductant proton source 11.6
108 equiv/Mo 144 equiv/Mo equiv/Mo
cat.
\'\\l\
N tBUz P 7/
P'Bu IN7
p— R / -
<y Nf}\/l‘ofoNflylofN\ /
P /N |
Bug s
tBUZ

Scheme 6 Catalytic ammonia formation under ambient reaction
conditions using dinitrogen-bridged dimolybdenum complex bearing
PNP-type pincer ligands.

To obtain mechanistic information, some stoichiometric reactions
were  performed  (Scheme  7).1°%%  The reaction of
[{Mo(N2)2(PNP)}2(u-N2)] with 2 equivalents of HBF4-OEt. and
pyridine gave a hydrazide(2-) complex, ie.,
([Mo(F)(Py)(NNH2)(PNP)](BFs))  (Scheme  7a).  However,
unfortunately, the latter complex exhibited no catalytic activity under
the same reaction conditions because the strong bond energy between
the molybdenum and fluorine atoms inhibits the regeneration of the
dinitrogen complex. The corresponding mononuclear nitride and
imide complexes were separately isolated as plausible reactive
intermediates (Scheme 7b). Fortunately, the nitride complexes
[Mo(N)CI(PNP)] and [Mo(N)CI(PNP)][OTf] acted as effective
catalysts, whereas nitride ([Mo(N)CI2(PCP)] and imide
(IMo(NH)CI(Py)(PNP)] complexes did not. These results indicate
that the strong coordination of chloride and pyridine ligands may
prevent the regeneration of the dinitrogen complex. It was confirmed
that the nitride ligand of [Mo(N)CI(PNP)] can be converted into
ammonia quantitatively under the catalytic reaction conditions
(Scheme 7b).

To elucidate the mechanism of the reaction in which
[{Mo(N2)2(PNP)}2(u-N2)] acts as a catalyst, DFT calculations were
independently conducted by Batista’s group?” and our groups,?6?
although Batista’s group did not estimate the activation energy in all
steps. Both calculations revealed that the dinuclear structure plays
important roles during the catalytic reaction. The reaction pathway
proposed by our groups is shown in Scheme 8, which includes the free
energy changes at 298 K and free energies of activation in the
individual steps. According to these calculations, the dinuclear
structure of [{Mo(N2)2(PNP)}2(u-N2)] remains unaltered during the
catalytic cycle. First, the formation of diazenide complex I from
[{Mo(N2)2(PNP)}2(1-N2)] proceeds via protonation and subsequent
exchange of the terminal dinitrogen located at the trans-position of
the diazenide ligand with the triflate anion derived from [LutH]OTf.
Then, alternating protonation and reduction of | affords the
corresponding nitride complex Il with the concomitant release of one
ammonia molecule. Subsequent alternating protonation and reduction
steps from Il gives ammonia complex I11. Then, elimination of the
ammonia ligand and coordination of a dinitrogen ligand occurs to give

J. Name., 2013, 00, 1-3 | 3
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Scheme 8 Plausible reaction pathway using dinitrogen-bridged dimolybdenum complex bearing PNP-type pincer ligands.

dinitrogen complex V. Finally, stepwise protonation and reduction of ~ammonia catalysed by dinitrogen-bridged dimolybdenum complexes
IV regenerates 1. In this catalytic cycle, the first protonation of the  (Scheme 9).2° The introduction of electron-donating substituents such
coordinated dinitrogen ligand is the most endergonic process; as tert-butyl, methyl and methoxy groups increased the catalytic
therefore, facilitating the protonation step is important to improve the  activity for ammonia formation,?% most likely due to the acceleration
catalytic activity. of the protonation steps by increased n-back donation and activation
Our groups investigated the effect of substituents at the 4-position of  of the terminal dinitrogen ligand, as was suggested by infrared (IR)
the pyridine ring of the PNP ligand on the reduction of dinitrogen into  spectroscopy analysis and DFT calculations. On the other hand, no

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Scheme 9 Catalytic ammonia formation using various dinitrogen-
bridaed dimolvbdenum complexes.

influence on the activation of the dinitrogen ligand was observed
when introducing a ferrocenyl (Fc) group as a redox active moiety at
the 4-position of the pyridine ring of the PNP ligand.?°® However, the
complex containing a Fc group showed higher catalytic activity than
[{Mo(N2)2(PNP)}2(1-N2)]. It was proposed that the electronic
interaction between the molybdenum atom of the catalyst and the iron
atom of the ferrocene moiety might accelerate the reduction step in
the catalytic cycle.

Dinitrogen-bridged dimolybdenum complexes bearing PNP ligands
with 1-adamantyl (Ad) or phenyl groups instead of tert-butyl groups
on one of the phosphorus atoms of [{Mo(N2)2(PNP)}2(u-N2)] were
designed and prepared for comparison (Scheme 9).2° The catalytic
activity of these complexes for ammonia formation was investigated
under similar reaction conditions as those for [{Mo(N2)2(PNP)}2(u-
N2)]. As a result, the introduction of phenyl groups on the phosphorus
atoms decreased the amount of ammonia, and the complex containing
1-adamantyl groups exhibited similar catalytic activity to that of
[{Mo(N2)2(PNP)}2(1-N2)]. These results indicate that the presence of
bulky substituents on the phosphorus atoms in the PNP ligand is an
essential factor to promote the catalytic formation of ammonia from
dinitrogen.

The use of a PPP-type pincer ligand (PPP = bis(di-tert-
butylphosphinoethyl)phenylphosphine) in place of the PNP-type
pincer ligand was investigated by our groups in 2015 (Scheme 10).%!
Since the PPP-type pincer ligand has weaker Brgnsted basicity than
the PNP-type pincer ligand, it is expected that the dissociation of the
ligand from the metal centre caused by protonation of the ligand is

This journal is © The Royal Society of Chemistry 20xx
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prevented during the catalytic reaction. In the presence of a catalytic
amount of [MoCI(N)(PPP)][BAr4] or [MoCI(N)(PPP)], the reaction
of an atmospheric pressure of dinitrogen with 36 equivalents of
CoCp*2 and 48 equivalents of 2,4,6-colidinium triflate ([Col]OTf, Col
= 2,4,6-trimethylpyridine) per molybdenum atom in toluene at room
temperature afforded 9.3 or 11.0 equivalents of ammonia per
molybdenum atom, respectively. The use of larger amounts of
reductant and proton source in the presence of
[MoCI(N)(PPP)][BArfs] gave 63 equivalents of ammonia per
molybdenum atom. Although the corresponding dinitrogen bridged
complex was not isolated, reduction of [MoClz(PPP)] with reductants
such as Na—-Hg, KCs and CoCp*2 gave a mixture with a strong IR
absorption derived from the terminal dinitrogen ligands
(van(terminal) = 1944 cm™ in THF). DFT calculations revealed the
possibility of the formation of dinitrogen-bridged complex
[{Mo(N2)2(PPP)}2(n-N2)] with a similar structure to that of
[{Mo(N2)2(PNP)}2(u-N2)]. According to these results, the catalytic
reaction was proposed to proceed via [{Mo(N2)2(PPP)}2(u-N2)] as a
key reactive intermediate.

“1OTf
ﬁ+ 6 /%j\ cat.
N

N, + 6 ZCo 2 NHj
@ toluene
H t, 20 h
1 atm reductant  proton source
36 equiv/IMo 48 equiv/Mo
cat.
N pig i N pig
u .
e N
P~ P~
C Cp
tBUQ tBUz
9.6 (639) 11.0
equiv/Mo equiv/Mo

4540 equivalents of CoCp*, and 720 equivalents of [Col]OTf were used.

Scheme 10 Catalytic ammonia formation using molybdenum-nitride
complexes bearing triphosphine ligand.

A dinitrogen-bridged dimolybdenum complex bearing PCP-type
pincer ligands [{Mo(N2)2(PCP)}2(p-N2)] (PCP = 1,3-bis(di-tert-
butylphosphinomethyl)benzimidazole-2-ylidene) proved to be an
excellent catalyst (Scheme 11).1%° The PCP ligand is characterized by
its N-heterocyclic carbene moiety, which is known to coordinate more
strongly than the pyridine moiety of the PNP ligand due to its high o-
donation ability. The reaction of an atmospheric pressure of dinitrogen
with 720 equivalents of CoCp*2 and 960 equivalents of [LutH]OTf
per molybdenum atom in the presence of a catalytic amount of
[{Mo(N2)2(PCP)}2(u-N2)] in toluene at room temperature for 20 hours
afforded 100 equivalents of ammonia per molybdenum atom. The
introduction of two methyl groups at the 5- and 6-positions of the
benzimidazole ring of the PCP ligand as electron-donating groups
increased the catalytic activity. A similar reaction pathway to that of
[{M0o(N2)2(PNP)}2(u-N2)]  (Scheme 8) was proposed for this
reaction.?®?® Detailed experimental studies on the stability of
[{Mo(N2)2(PCP)}2(u1-N2)] indicate that the dissociation of the PCP
ligand was suppressed. Meanwhile, a dinitrogen-bridged
dimolybdenum complex [{Mo(N2)2(PCP”)} 2(1-N2)] (PCP’: 1,3-bis(2-
(di-tert-butylphosphino)ethyl)imidazole-2-ylidene) bearing similar

J. Name., 2013, 00, 1-3 | 5
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Scheme 11 Catalytic ammonia formation using dinitrogen-bridged
dimolybdenum complexes bearing PCP-type pincer ligands.

PCP-type pincer ligands with longer linkers between the NHC
skeleton and the phosphorus atom did not catalyse the reaction. This
lack of catalytic activity is due to the thermodynamic instability of the
dinitrogen-bridged dimolybdenum structure in solution.

Catalytic Cycle via Direct Cleavage of the N=N
Bond

As described in the previous sections, molybdenum nitride
complexes are considered as key reactive intermediates in the
catalytic reduction of dinitrogen into ammonia. In the Schrock cycle
and the catalytic cycle via dinuclear complexes, a terminal nitride
complex is formed in six steps via stepwise protonation and reduction
of the dinitrogen ligand (Scheme 12a). When the nitride complex is
generated via direct cleavage of the bridging dinitrogen ligand in the
catalytic cycle, the number of steps from the dinitrogen complex to
the nitride complex decreases dramatically, and the catalytic activity
increases (Scheme 12b).

(a) N (b) N
I I
N N
NHz o NH; o
dinitrogen dinitrogen
NZ‘// complex N2‘// complex
NH3 3H" NH3 Mo
Mo 3e” Mo N dinitrogen-
ammonia ammonia, N~ bridged
complex NH3 complex Mo l \( complex
m N
Mo Mo
3H* nitride 3H* nitride
3o complex 3o complex

Scheme 12 Catalytic cycles of ammonia formation (a) via stepwise
protonation and reduction of dinitrogen ligand (b) via direct cleavage
of bridging dinitrogen ligand.
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The first report on the generation of terminal nitride complex via
direct cleavage of a bridging dinitrogen ligand was presented by
Lapiaza and Cummins in 1995 (Scheme 13).*> The reaction of
molybdenum triamido complex [Mo(N('Bu)Ar)3] (Ar = 3,5-CsHsMez)
with an atmospheric pressure of dinitrogen in diethyl ether at —35 °C
afforded the dinitrogen-bridged  dimolybdenum  complex
[{Mo(N(‘Bu)Ar)s}2(u-N2)]. Increasing the reaction temperature to
30 °C gave the corresponding molybdenum nitride complex
[Mo(N)(N('Bu)Ar)s] via direct cleavage of the bridging dinitrogen
ligand. Since this report, the generation of terminal nitride complex
via direct cleavage of dinitrogen ligand has been reported with various
transition metals such as niobium,® molybdenum,?3* tungsten® and
rhenium.36

Ar('Bu)N ;
Ar(’Bu)N/,\ /N( BU)AF
Mo
N2 ‘ N
4 (1 atm) N 1
2 Mo(N(‘Bu)Ar)3 ] W 2 Mo.
EtZO N 2 A tB N/ \//N(tBU)AI'
_35°C | 30°c Ar(Bu) t
Ar = 3,5-CgHsMe, Mo N('Bu)Ar
Ar(BuN” \'N(Bu)Ar

N('‘Bu)Ar

Scheme 13 First example of direct cleavage of bridged-dinitrogen
ligand to afford terminal nitride complex.

Inspired by these researches, we investigated the direct cleavage of
the dinitrogen ligand with our molybdenum complexes bearing a
PNP-type pincer ligand.**>%" First, we performed the reduction of a
molybdenum triiodide complex bearing a PNP ligand [Mol3(PNP)]
with 2.2 equivalents of CoCp*2 under an atmospheric pressure of
dinitrogen at room temperature for 15 min to afford the corresponding
nitride complex [Mol(N)(PNP)] in 90% NMR yield (Scheme 14).
This result suggests that a nitride complex was formed via direct
cleavage of the nitrogen—nitrogen triple bond of the bridging
dinitrogen ligand in [Mol(PNP)-N=N-Mol(PNP)]. This experimental
result is in sharp contrast with the formation of [{Mo(N2)2(PNP)}2(u-
Nz2)] from the reaction of [MoClI3(PNP)] with an excess amount of Na—
Hg wunder an atmospheric pressure of dinitrogen at room
temperature.'®® To gain more insight on the reaction pathway, we
carried out a stoichiometric reaction of [Mol2(PNP)] derived from
[Mol3(PNP)] with 1 equivalent of CoCp*2 under an atmospheric
pressure of dinitrogen at low temperature, obtaining the
molybdenum(l) dinitrogen complex trans-[Mol(N2)2(PNP)] in 45%
yield. The conversion of trans-[Mol(N2)2(PNP)] into [Mol(N)(PNP)]
in toluene at room temperature was confirmed, demonstrating that
trans-[Mol(N2)2(PNP)] was an intermediate in the formation of
[Mol(N)(PNP)]. Separately, ammonia was formed from the reaction
of [Mol(N)(PNP)] with 3 equivalents of CoCp*2 and 4 equivalents of
[ColH]OTf under an argon atmosphere. In this reaction, the direct
release of ammonia from [Mol(N)(PNP)] in the presence of a
reductant and a proton source was confirmed.

The catalytic activity of several molybdenum complexes bearing a
PNP ligand is shown in Scheme 15.1°¢%7 The reaction of an
atmospheric pressure of dinitrogen with 180 equivalents of CoCp*:
and 240 equivalents of [ColH]OTf per molybdenum atom in the
presence of a catalytic amount of [Mol3(PNP)] in toluene at room
temperature for 20 hours afforded 51 equivalents of ammonia per

This journal is © The Royal Society of Chemistry 20xx
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Scheme 15 Catalytic ammonia formation using various molybdenum
complexes bearing PNP-type pincer ligand.

molybdenum atom. The catalytic activity of [Mol2(PNP)], trans-
[Mol(N2)2(PNP)] and [Mol(N)(PNP)] was comparable to that of
[Mol3(PNP)] under the same reaction conditions. It is noteworthy that
the catalytic activity of these complexes was higher than that of
[{Mo(N2)2(PNP)}2(u-N2)]. The catalytic activity of [MoX3(PNP)]
depended on the nature of the halide ligands, being the order of the
catalytic activity as follows: [Mol3(PNP)] > [MoBr3(PNP)] >
[MoClI3(PNP)]. This tendency is comparable to the electron-donating
ability of the halide ligands.®® In fact, this tendency was supported
by the cyclic voltammetry of the corresponding nitride complexes
(IMoX(N)(PNP)]). These results suggest that reduction steps of the
catalytic reaction by using [Mol3(PNP)] proceed more smoothly than

This journal is © The Royal Society of Chemistry 20xx
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Scheme 16 Plausible reaction pathway via direct cleavage of bridged
dinitrogen ligand.

those using [MoBr3(PNP)] and [MoClz(PNP)]. The catalytic reaction
using larger amounts of CoCp*2 and [ColH]OTf in the presence of
[Mol3(PNP)] as a catalyst gave up to 415 equivalents of ammonia per
molybdenum atom.

A plausible reaction pathway for the catalytic reaction was proposed
on the basis of experimental and theoretical results (Scheme 16).19¢%7
The catalytic cycle starts with the reduction of [Mols(PNP)] to form
trans-[Mol(N2)2(PNP)]. According to DFT calculations, an
equilibrium between trans-[Mol(N2)2(PNP)] and [Mol(PNP)-N=N-
Mol(PNP)] exists, accompanied by elimination of dinitrogen ligands
and dimerization. In this equilibrium, trans-[Mol(N2)2(PNP)] is
thermodynamically more favourable than [Mol(PNP)-N=N-
Mol(PNP)] by 12.6 kcal/mol. The highest activation energy of the first
elimination of dinitrogen ligand from dinitrogen-bridged complex
[Mo(N2)I(PNP)-N=N-Mo(N2)I(PNP)] to another dinitrogen-bridged
complex, i.e., [Mo(N2)I(PNP)-N=N-Mol(PNP)], was estimated to be
15.9 kcal/mol. Then, direct cleavage of the bridged dinitrogen ligand
on [Mol(PNP)-N=N-Mol(PNP)], which is a minor species in the

J. Name., 2013, 00, 1-3 | 7
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thermal equilibrium, occurs at room temperature to generate the

corresponding nitride complex [Mol(N)(PNP)] (AG* = 21.8 kcal/mol).

Ammonia complex [Mol(NHs)(PNP)] is formed by stepwise
protonation and reduction of [Mol(N)(PNP)] via imide complex
(IMol(NH)(PNP)]) and amide complex ([Mol(NH2)(PNP)]). Finally,
ammonia is released from dinitrogen-bridged ammonia complex
[Mo(NH3)I(PNP)-N=N-Mo(NH3)I(PNP)] after dimerization of
[MoI(NH3s)(PNP)], and the starting complex [Mol(PNP)-N=N-
Mol(PNP)] is regenerated.

We investigated the effect of substitution at the 4-position of the PNP
pyridine ring in [Mols(PNP)] on the catalytic reaction via direct
cleavage of nitrogen—nitrogen triple bond (Scheme 17).3° The
introduction of electron-deficient substituents such as the phenyl
group resulted in higher catalytic activity. This tendency is in sharp
contrast with that observed for the dinitrogen-bridged dimolybdenum
catalysts shown in Scheme 9. These results indicate that the rate-
limiting step of the catalytic reaction involving direct cleavage of the
dinitrogen triple bond is not protonation but reduction. In addition,
complexes having Fc and ruthenocenyl groups as redox active
moieties showed higher catalytic activity, which suggests that the
introduction of a redox active moiety accelerates the rate-determining
reduction step in the catalytic cycle. We also investigated the catalytic
activity of molybdenum triiodide complexes bearing a PNP ligand
containing various substituents on the two phosphorus atoms, finding
that bulky substituents play an important role, as previously described
for the reaction system shown in Scheme 9.

“10Tf
= cat.
@ N toluene

H rt,20 h

2 NH,3

1atm 360 equiv/Mo 480 equiv/Mo
cat. |
_PR'
R@Aéf Fc = *g? Rc = ’g?
=l < <
R R (eqSi}\;I/?\Ao) R R (eq:}\j/?\/lo)
H Bu 66 (10.99) H Ad 8.42
Ph Bu 75 H Pr 5.67
Me Bu 49 H Ph 1.99
MeO Bu 20
Fc Bu 83
Rc Bu 75

236 equivalents of CoCp, and 48 equivalents of [LutH]JOTf were used.

Scheme 17 Substituent effect on catalytic ammonia formation using
various molybdenum triiodide complexes.

The catalytic activity of molybdenum trihalide complexes bearing a
PCP-type pincer ligand was investigated under the same reaction
conditions (Scheme 18).“ Complexes of the type [MoXs(PCP)]
showed higher catalytic activity than the corresponding dinitrogen-
bridged dimolybdenum complex [{Mo(N2)2(PCP)}2(u-N2)] (Scheme
15). Interestingly, the addition of iodide ion to the reaction catalysed
by [{Mo(N2)2(PCP)}2(u-N2)] substantially improved the catalytic

8| J. Name., 2012, 00, 1-3

activity, which suggests that the catalytic reaction using [Mols(PCP)]
may proceed via direct cleavage of the nitrogen—nitrogen triple bond
of the bridging dinitrogen ligand as a key step. In contrast with the
result for [{Mo(N2)2(PCP’)}2(u-N2)], which exhibited no catalytic
activity (Scheme 11), the catalytic activity of molybdenum trihalide
complexes bearing the PCP’ ligand was similar to that of
[MoX3(PCP)]. We believe that the catalytic reaction using
[MoX3(PCP’)] as catalysts proceeds via direct cleavage of the triple
bond of the dinitrogen ligand as a key step.

Recently, we reported the first successful example of catalytic

0TS
Q = cat
6:C0:+6 o

N2 + — 2 NH3
N toluene
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1 atm 180 equiv/Mo 240 equiv/Mo
N
cat. N N
N Uy P4
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>—Mo—X >—Mo—N=N-Mo—~
X
tBUg tBUQ Il [\/j// tBUz
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X = Br 49 equiv/Mo

52 equiviMo (with 3 Nal
X = Cl 34 equiv/Mo equiviMo (with 3 Nal)

N
cl N e )
NA‘;PtBUZ NA‘;PtBuzBUZT/N N
7 >—Mo—cl £ >—NMo—N=N-Mo— ]
> A
N P
tBUZCI tBUz\,\\l\ l\/l//tBUZ
39 equiviMo 52 equiv/Mo (with 3 Nal)

Scheme 18 Catalytic ammonia formation using molybdenum
complexes bearing PCP-type pincer ligands.

formation of ammonia using alcohol or water as mild, abundant, and
easily available proton sources and samarium diiodide (Sml2) as a
reductant (Scheme 19).1%44! The reaction of an atmospheric pressure
of dinitrogen with 180 equivalents of Smlz and 180 equivalents of
ethylene glycol per molybdenum atom in the presence of a catalytic
amount of [Mol3(PNP)] in THF at room temperature for 18 hours
afforded 42.8 equivalents of ammonia per molybdenum atom. A time
course study revealed that this reaction was completed within 30 min,
with formation of 21.7 equivalents of ammonia within the initial 1 min
(TOF =21.7 equiv/Mo min™?). The catalytic activity of [MoBrs(PNP)]
and [MoCI3(PNP)] was slightly higher than that of [Mols(PNP)].
Dinitrogen-bridged dimolybdenum complex [{Mo(N2)2(PNP)}2(u-
N2)] was a less effective catalyst than molybdenum trihalide
complexes [MoX3(PNP)]. It is noteworthy that the catalytic reaction
using molybdenum oxo complex [Mol(O)(H20)(PNP)][I] gave 44.1
equivalents of ammonia under the same reaction conditions. This
result indicates that reactive species can be generated from
molybdenum oxo complexes such as [Mol(O)(H20)(PNP)][1] under
the catalytic reaction conditions. The catalytic activity of
molybdenum complexes bearing the PCP ligand was higher than that
of molybdenum complexes bearing the PNP ligand under the present
reaction conditions using Smlz and ethylene glycol. Interestingly,
water was a better proton source than ethylene glycol, affording a

This journal is © The Royal Society of Chemistry 20xx
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Scheme 19 Catalytic ammonia formation using Sml2 and ethylene
glycol.

(a)

[MoCl3(PCP)]
(0.002mmol)
N + 6 Sml, + 6 H,O 2NH; + 6 Smly(OH)
1atm 360 se0 TP
ivIM ivIM ’
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(b)
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Scheme 20 Catalytic ammonia formation using Sml and water.

reaction rate of 113 equiv/Mo min™t, which is comparable to the

reported values of nitrogenase enzyme,” and a maximum amount of

ammonia of 4350 equivalents per molybdenum atom (Scheme 20).

According to the results of the stoichiometric reactions of
[MoXs(PNP)] with Smlz under nitrogen to produce the corresponding
nitride complex [Mol(N)(PNP)] (Scheme 21), it seems reasonable to
conclude that the reaction using molybdenum complexes with pincer
ligands as catalysts and Smlz as a reductant proceeds via direct
cleavage of the triple bond of the dinitrogen ligand. As shown in
Scheme 21, the stoichiometric reaction of [Mol(N)(PNP)] with 3
equivalents of Smlz and ethylene glycol under argon atmosphere gave
ammonia  quantitatively.  However, no consumption  of
[Mol(N)(PNP)] was observed in the reaction with either Smlz or
ethylene glycol. These results suggest that at least the first nitrogen—

This journal is © The Royal Society of Chemistry 20xx
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Scheme 21 Stoichiometric reactions of molybdenum complexes with
Smlz and ethylene glycol.

hydrogen bond formation may proceed via proton-coupled electron
transfer (PCET) process.*? In many cases, the activation energy of the
reaction via PCET is lower than that via stepwise proton/electron
transfer process. As a result, the reaction via PCET proceeds more
smoothly. Flowers’ and Mayer’s groups have found that reduction
with Smlz and proton sources such as water or glycol proceeds via
PCET process.*“445 In these reaction systems, the coordination of
proton sources to the samarium centre of Smiz weakens the X—H bond
of the bound protic ligand. From these results, it can be concluded that
the PCET process achieves high catalytic reactivity from the
viewpoints of reaction rate and amount of ammonia production.

Chatt Cycle

As shown in the previous sections, the catalytic formation of
ammonia can be divided into three types according to the reaction
mechanism: the catalytic reaction via the Schrock cycle,*®4% the
reaction via the dinuclear reaction system,'%22628 and the catalytic
reaction via direct cleavage of the nitrogen—nitrogen triple bond of the
dinitrogen ligand.'°1%4:37 The catalytic reaction via the Chatt cycle
shown in Scheme 3,2% in contrast, was not developed until recently.
On the basis of our recent findings on the reaction using Sml, and
water or alcohol, we applied these conditions to the reaction catalysed
by conventional molybdenum dinitrogen complexes bearing
phosphines as auxiliary ligands, such as trans-[Mo(Nz)2(PMePh2)4]
and cis-[Mo(N2)2(PMe2Ph)4].%6 The reaction of an atmospheric

cat.
N, + 6Sml, + 6 ROH 2 NH3 + 6 Sml,(OR)
1 atm 180 equiv/Mo 180 equiv/Mo it 18 h
R = CH,CH,OH "
cat N N N
thMeP/ N \PMePh, PhMe,P,, \NZN F’theF’«,_V'\w\'/.\\PMeth
v |\/| e~
Ph;MeP ’\\l “PMePh; ppyte,p” | "~PMe,Ph PhoMeP™ | ~PMePh;
Il Il
u PMe,Ph \
25.2 (40.1)2 0.9° 1.40
equiv/Mo equiv/Mo equiviW

aSmaller amounts of Sml, (36 equiv) and ethylene glycol (36 equiv) were used.
bwater was used as a proton source instead of ethylene glycol.

Scheme 22 Catalytic ammonia formation using molybdenum-
dinitrogen complexes bearing simple phosphines.
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pressure of dinitrogen with 180 equivalents of Sml. and 180
equivalents of ethylene glycol per molybdenum atom in the presence
of a catalytic amount of trans-[Mo(Nz)2(PMePhz)4] in THF at room
temperature for 18 hours afforded 25.2 equivalents of ammonia per
molybdenum atom (Scheme 22). In this reaction, water was more
efficient as a proton source than ethylene glycol, affording 40.1
equivalents of ammonia per molybdenum atom. In contrast, cis-
[Mo(N2)2(PMe2zPh)s] and a similar tungsten dinitrogen complex,
trans-[W(N2)2(PMezPh)4], exhibited no catalytic activity under the
same reaction conditions (Scheme 22). These experimental results
prompted us to prepare in situ the molybdenum complexes from the
reaction of [Mols(THF)s] with various phosphines, as shown in
Scheme 23. A screening of phosphines revealed that 1,5-
bis(diphenylphosphino)pentane was the best ligand, producing up to
82.9 equivalents of ammonia per molybdenum atom.

Mol3(THF)3 (0.01 mmol)
ligand

0.04 mmol/P
N, + 6Sml, + 6 RoH (0:04mmolR)

1 atm 180 equiv/Mo 180 equiv/Mo

2 NH; + 6 Smly(OR)

rt, 38-86 h
ligand ROH = HOCH,CH,0H  ROH = H,0
PMePh, 24.3 40.0

Pthk\}sPth 39.7 46.1 (82.9)°

4Larger amounts of Sml, (360 equiv) and ethylene glycol (360 equiv) were
used.
Scheme 23 Catalytic ammonia formation using molybdenum
complexes.

A series of experiments were performed to shed some light on the
reaction mechanism. The reaction of [Mols(THF)s] with 4 equivalents
of PMePhz and 6 equivalents of Smlz in THF at room temperature for
18 h gave trans-[Mo(N2)2(PMePhz)4] in 42% yield without formation
of the corresponding nitride complexes (Scheme 24), indicating that
no direct cleavage of the nitrogen—nitrogen triple bond of the bridging
dinitrogen ligand occurred. This is in sharp contrast with the
formation of the nitride complex from the reaction of trans-
[Mo(Nz2)2(depe)2] (depe = 1,2-bis(diethylphosphino)ethane) with 1

N
N, (1 atm) PhMeP, N PMePh,

Mols(THF)3 + PMePh, + Sml, Mo
THF  pp,MeP” A “PMePh,

4 equiv 6 equiv rt 18 h
’ Il
N
42%
HOTf to:guene
| =78 tort
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(2 equiv) 18 h
Sml, (12 equiv) NH,
HOCH,CH,OH N
(12 equiv) PhoMeP,,, || OTf
2 NH; Mo
77% Ar(1atm)  Ph,MeP” | ~PMePh,
THF oTf
based on N atom
rt, 18 h 83%

Scheme 24 Stoichiometric reactions of molybdenum-dinitrogen
complex with Smlz and ethylene glycol.
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Scheme 25 DFT calculations of BDFE(N-H) of molybdenum
diazenide complexes.

equivalent of oxidant via direct cleavage of the nitrogen—nitrogen
triple bond of the bridging dinitrogen ligand.>*" In fact, the
stoichiometric  reaction of hydrazide(2—) complex cis,mer-
[Mo(NNH2)(OTf)2(PMePhz)s], prepared from protonation of trans-
[Mo(N2)2(PMePhz)4] with 2 equivalents of HOTf, with Sml> and
ethylene glycol under argon atmosphere gave ammonia in 77% yield
based on the Mo atom. Separately, we confirmed that cis,mer-
[Mo(NNH2)(OTf)2(PMePhz)s] showed a catalytic activity similar to
that of trans-[Mo(N2)2(PMePhz)4].

DFT calculations supported the formation of an N-H bond via PCET
process. The bond dissociation free energy (BDFE) values calculated
in THF at 298 K for the N-H bond in related molybdenum diazenide
complexes are shown in Scheme 25. The BDFE (N-H) of trans-
[Mo(N2)(NNH)(PMePhz)s] was 10.8 kcal/mol, which was
considerably smaller than the BDFE value of an O—H bond estimated
for Smi2(H20)n (26 kcal/mol).*> Meanwhile, the BDFE (N-H) of
molybdenum diazenide complex [Mo(NNH)(PMePhz)s] was
estimated to be 28.7 kcal/mol. These results suggest that hydrogen
transfer may occur from Smlz(H20)n or an Sml—ethylene glycol
complex to the terminal dinitrogen ligand of [Mo(N2)(PMePhz)4].
Considering the experimental and theoretical results, we believe that
the catalytic reaction using trans-[Mo(N2)2(PMePhz)4] as a catalyst
proceeds via sequential N-H bond formation of the terminal
dinitrogen ligand, with formation of a hydrazide(2—) complex as a key
reactive intermediate. This can be considered as the first successful

cat.
N, + 6Sml, + 6 H,O ————— 2 NH3 + 6 Smly(OH)

. . THF
1 at
atm 180 equiv/Mo 180 equw/MorL overnight

cat. \’\\‘\
Me, Ph,
N
o~
2R
25.7
equiv/Mo

Scheme 26 Catalytic ammonia formation using molybdenum-
dinitrogen complexes bearing pentadentate tetrapodal phosphine
ligand.
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example of catalytic ammonia formation via the Chatt-type cycle,
although further investigation on the reaction mechanism is required.
Quite recently, Tuczek and co-workers reported that a molybdenum
dinitrogen complex bearing a pentadentate tetrapodal phosphine
ligand ([Mo(N2)PMe,PPPh]) served as a catalyst for ammonia
formation from the reaction with Smlz and water (Scheme 26).2° The
reaction of an atmospheric pressure of dinitrogen with 180 equivalents
of Sml2 and water in the presence of a catalytic amount of
[Mo(N2)PMe,PPPh,]  gave 25.7 equivalents of ammonia per
molybdenum atom. The experimental and computational results point
toward this reaction system as the second successful example of the
catalytic ammonia formation via the Chatt cycle.

Outlook

Numerous catalytic reaction systems for nitrogen fixation using
transition metal complexes as catalysts under mild reaction conditions
have been reported in the last decade. Of particular interest is our
novel reaction system for catalytic ammonia formation from nitrogen
under ambient reaction conditions, which proceeds via direct cleavage
of the nitrogen—nitrogen triple bond of a bridging dinitrogen ligand as
a key step of the catalytic cycle. In the reaction using Smlz as
reductant and water as proton source, molybdenum complexes
bearing a PCP-type pincer ligand proved to be the most effective
catalysts. A high catalytic activity, comparable to that obtained with
nitrogenase enzyme, was achieved. However, further investigation is
required to develop a next generation of catalysts for nitrogen fixation
that can replace the Haber—Bosch process.

Table 1 Chemical overpotentials with combination of reductants
and proton sources.?

12N, + 3H" + 3ec ———— NH,;

AAG{NH,) = 3(AG(H-) — BDFE)
BDFEqq = 1.37(pKy) + 23.06(E,eq) + Cg

AAGHNHj3):chemical overpotential (kcal/mol)
BDFE.g: effective bond dissociation energy (kcal/mol)
AG{°(H-): standard Gibbs energy of formation of H-

Eup’ K

reductant in Iv::ezCN proton source in MeaCN BDFEer  AAGHNH3)
KCg -3.24 [(Et0)H]* 1.32 0) 156
KCq -3.24 [PCy,HI* 16.1 (0) 156
CoCp*,  -1.91 [PhoNH,J* 5.98 16.7 106
Smiy(Hz0), [Smiy(H20),1* 26° 78
CoCp*,  -1.91 [LutH* 14.16 27.9 72
CoCp*,  —1.91 [ColH]* 15.00 29.0 69
CrCp*,  -145 [LutH]* 14.16 385 41
CoCp,  -1.32 [LutH]* 14.16 415 32

3BDFE and AAG¢° values are calculated from Ey,° (KCs,***° CoCp*,,*t
CrCp*,,° and CoCp,™) and pK, values ([(Et,0);H]*,*® [PCysH]*,**
[PhaNH,]*,%° [LutH]*,% and [ColH]* %) in MeCN at 25 °C with C¢*® and
AG¢°(H-)* values. "The BDFE. values of Sml,(H,0), was estimated by
Mayer and co-workers by using E1,° of Sm(H,0),?*(aq) and pKa values
of [Eu(H20)q]**(aq). "’
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As described in the present paper, the combination of reductants and
proton sources consumes higher energy than is ideally required for
ammonia production.’®?! The excess energy required for ammonia
production is calculated as chemical overpotentials on the basis of
effective bond dissociation free energy (BDFEes). Chirik and co-
workers have defined chemical overpotentials in the transition metal-
catalysed formation of ammonia using a reductant and a proton source
as an excess thermodynamic driving force in comparison with
ammonia production from hydrogen gas.*’*® Chemical overpotential
values of the combinations of reductants and proton sources for
ammonia production are summarized in Table 1. As can be seen,
combinations such as CoCp*2/[ColH]* or Sml2/H20 have relatively
high chemical overpotential values for ammonia production.
Accordingly, the exploration of more effective combinations of
reductants and proton sources with lower chemical overpotentials
seems an obvious and challenging future research topic.

We believe that the development of nitrogen fixation using the energy
of visible light is an important research topic from the viewpoint of
sustainable chemistry. In fact, our group reported catalytic ammonia
formation using proton sources generated from water assisted by
photoredox catalysts under visible light.5® Although this is not an ideal
system because reductants are not generated from the energy of visible
light, it constitutes a successful example of ammonia formation in a
photoredox reaction system. In 2019, Chirik and Knowles reported the
photoredox-assisted formation of ammonia from a manganese nitride
complex with 1,10-dihydroacridine acting as both reductant and
proton source.>® Further investigation of novel photoredox-catalysed
reaction systems using the energy of visible light is, therefore, another
challenging subject.

The development of nitrogen fixation using renewable energy such
as solar, wind or geothermal power is also an important research topic
in terms of sustainable chemistry. To achieve this goal, the formation
of ammonia should proceed under electrochemical conditions without
reductants. Although electrochemical ammonia formation catalysed
by transition metal complexes have been reported, the faraday
efficiency of these reactions was quite low.%° Nonetheless, Peters and
co-workers have recently reported the electrochemical formation of
ammonia using an iron complex as a catalyst with high faraday
efficiency.®* Therefore, the development of highly efficient reaction
systems under electrochemical conditions for practical purposes
deserves special research attention.®?
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