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Catalytic Nitrogen Fixation Using
Molybdenum-Dinitrogen Complexes
as Catalysts

Aya Eizawa and Yoshiaki Nishibayashi

Abstract This chapter describes recent advances of molybdenum-catalyzed catalytic
nitrogen fixation such as catalytic formation of silylamine and ammonia from di-
nitrogen under ambient reaction conditions. Hidai, Nishibayashi, Masuda, Mézailles,
and their coworkers have achieved the molybdenum-catalyzed silylation and Schrock,
Nishibayashi, and their coworkers have achieved the molybdenum-catalyzed forma-
tion of ammonia from nitrogen gas under ambient reaction conditions.
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1 Introduction: Brief History of Preparation of Transition
Metal-Dinitrogen Complexes and Their Use
for Stoichiometric Nitrogen Fixation

In 1965, the first transition metal-dinitrogen complex [Ru(Nz)(NH3)5]2+ (1) was
reported by Allen and Senoff (Fig. 1) [1]. The first transition metal-dinitrogen
complex [Co(N,)H(PPhs3);] (2), whose dinitrogen ligand was directly derived from
nitrogen gas, was reported by Yamamoto and coworkers in 1967 [2]. With regard to
molybdenum—dinitrogen complex, the first example is trans-[Mo(N,),(dppe),] (3,
dppe = 1,2-bis(diphenylphosphino)ethane) reported by Hidai and coworkers in
1969 [3].

The first conversion of coordinated dinitrogen ligand to ammonia was achieved by
Chatt and coworkers in 1975 (Fig. 2) [4, 5]. The reaction of cis-[M(N,),(PMe,Ph),]
(M = Mo, 4; M = W, 5) with strong acids such as sulfuric acid and hydrobromic acid
afforded up to 0.88 equivalents of ammonia for 4 and up to 1.98 equivalents of ammonia
for S. Stoichiometric reactions of 4 and 5 with strong acids afforded the corresponding
hydrazido(2—) complexes, which were considered to be reactive intermediates in the
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Fig. 2 Protonation of molybdenum- and tungsten—dinitrogen complexes with strong acids
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formation of ammonia from dinitrogen complexes [6—8]. Since this discovery, synthesis
and reactivity of a number of molybdenum—dinitrogen complexes have been reported
[9-29]. In this chapter, we describe a recent advance on catalytic conversion of nitrogen
gas using molybdenum—dinitrogen and related complexes as catalysts under ambient
reaction conditions.

2 Catalytic Transformation of Dinitrogen to Silylamine
with Molybdenum Complexes

Catalytic transformation of dinitrogen to silylamine was first accomplished by Shiina
using chromium trichloride CrCl; as a catalyst in 1972 [30]. However, the possibility of
lithium—nitride as nitrogen source was not completely excluded because Li was used as
a reductant. With regard to molybdenum catalysis, the first example was achieved by
Hidai, Mizobe, and coworkers in 1989 [31]. This report is the first example of catalytic
transformation of the coordinated dinitrogen into silylamine. In the presence of a
molybdenum—dinitrogen complex cis-[Mo(N,),(PMe,Ph),] (4) as a catalyst, the reac-
tion of an atmospheric pressure of nitrogen gas with sodium and Me;SiCl in THF at
room temperature afforded 24.3 equivalents of tris(trimethylsilyl)amine (N(SiMes)3)
(Fig. 3). After this report, several molybdenum-catalyzed reactions of nitrogen gas into
silylamine were reported by some research groups. In 2011, the use of a molybdenum—
dinitrogen complex bearing ferrocenyldiphosphine ligands (6) as a catalyst was found
to produce 226 equivalents of silylamine per catalyst by Nishibayashi, Yoshizawa, and
coworkers [32]. Masuda and coworkers reported that a molybdenum—dinitrogen com-
plex bearing diphosphine ligands (7) worked as a catalyst in transforming dinitrogen
into silylamine [33]. Recently, molybdenum-bis(silyl)hydrazido(2—) complexes bear-
ing a tetradentate tetraphosphine ligand (8) [34] and a tridentate triphosphine ligand (9)
[35] have also been revealed to work as effective catalysts for the catalytic silylation by
Mézailles and coworkers. Quite recently, Nishibayashi and coworkers found that the
use of molybdenum—dinitrogen complexes bearing azaferrocene-based PNP pincer
ligands 10 and 11 promoted the same catalytic reaction [36]. Typical results are
shown in Fig. 3.

Novel plausible reaction pathways for the catalytic silylation using 6, 8, and 9 as
catalysts have been examined (Fig. 4). As to the catalytic cycle for using 6, a reaction
pathway was studied with DFT calculations (Fig. 4a) [32]. Chlorotrimethylsilane is
reduced to generate trimethylsilyl radical, which is a real silylating agent for this
catalytic reaction. At first, one of the dinitrogen ligands of I is silylated to form [Mo
(NNSiMes)] (IT) and then [Mo(NN(SiMes),)] (IIT) species. Then further silylation
proceeds at the nitrogen atom adjacent to the molybdenum atom to generate
a silylhydrazido(1-) (IV) species. Successive one-electron reduction liberates
(Me5Si),NN(SiMes;)~ and the coordination of another dinitrogen molecule to the
vacant site of the molybdenum atom of V regenerates the molybdenum—dinitrogen
complex I. The generated (Me3Si),NN(SiMe3) anion would be converted to two
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¢ The amount of NH,* obtained after hydrolysis.

Fig. 3 Molybdenum-catalyzed catalytic conversion of nitrogen gas to silylamine

molecules of N(SiMes)s. On the other hand, Mézailles and coworkers carried out
stoichiometric reactions of the molybdenum complexes 8 and 9 with reductants
and/or silylating agents to obtain information on the catalytic cycle. Based on the
stoichiometric reactions, a reaction pathway has been proposed (Fig. 4b) [34, 35].
First, a molybdenum-bis(silyl)hydrazido(2—) species VI is silylated to afford one
molecule of silylamine and a molybdenum-imido complex VII. Further silylation of
VII affords another silylamine and the coordination of another dinitrogen molecule
generates a molybdenum—dinitrogen species VIII. Silylation to the dinitrogen ligand
regenerates VL.
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Fig.4 Proposed catalytic cycle for the formation of silylamine. (a) Catalytic cycle for using 6; (b)
catalytic cycle for using 8 and 9
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3 Catalytic Transformation of Dinitrogen to Ammonia
with Molybdenum Complexes

3.1 Molybdenum Complexes Bearing Tetradentate Ligands
as Catalysts

The first successful example of the catalytic transformation of dinitrogen to ammonia
under ambient reaction conditions was reported by Yandulov and Schrock in 2003
[37]. Employing a molybdenum—dinitrogen complex bearing a triamidoamine ligand
[HIPTN3N]MON2 (12, HIP’TNgN = (3,5-(2,4,6-i—Pr3C6H2)2C6H3NCH2CH2)3N) as a
catalyst, the reaction of an atmospheric pressure of nitrogen gas with decamethyl-
chromocene (CrCp*,, Cp* = nS -CsMes; areductant) and 2,6-Iutidinium tetraarylborate
([LutH]BArl= , Lut = 2,6-lutidine, Ar" = 3,5-(CF;5),CgHs; a proton source) in heptane
at room temperature afforded 7.56 equivalents of ammonia per catalyst (Fig. 5). A
plausible reaction pathway is shown in Fig. 6, based on intensive stoichiometric
reactions of 12 with a proton source and/or a reductant [16, 17, 38—41]. At first, the
formation of a diazenido species XI from 12 proceeds via either one of the following
two reaction pathways. One is the stepwise reduction and protonation of the coordi-
nating dinitrogen ligand in 12. The other pathway is the protonation of one of the amido
nitrogens in the supporting ligand in 12 to give X and then successive protonation and
reduction of X to afford XI. Next, stepwise protonation and reduction liberates one
ammonia molecule and gives a nitrido species XV. Further protonation and reduction
of XV affords an ammonia complex XXI. Finally, the ligand exchange liberates the
second ammonia molecule and regenerates 12. Electrochemical mechanistic study
strongly suggested a proton-coupled electron transfer in the catalytic cycle

Q BAFF cat.

N, + 6 ————>  2NHs

b
@\ N heptane
H rt

1atm 36 equiv/cat. 48 equiv/cat.
(reductant) (proton source)

cat.

7.56 equiv/cat.

Fig. 5 The first catalytic transformation of nitrogen gas to ammonia using Schrock molybdenum—
dinitrogen complex as a catalyst
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Fig. 6 A plausible reaction pathway of the catalytic transformation of dinitrogen to ammonia
employing 12 as a catalyst

[42]. Some key intermediates IX, XI, XII, XV, XVI, XX, and XXI were isolated and
characterized spectroscopically. Complexes XI, XV, and XX have almost the same
catalytic activity as 12.

Dozens of molybdenum complexes bearing slightly modified tetradentate ligands
were synthesized and their catalytic activity was examined in detail (Fig. 7). Typical
examples are as follows: molybdenum complexes with triamidoamine ligands
containing hexa-tert-butylterphenyl groups (13), hexamethylterphenyl groups (14),
p-bromohexaisopropylterphenyl groups (15) [43], DPP groups (16, DPP = 3,5-bis
(2,5-diisopropylpyrrolyl),CgHz) [44], and with asymmetrical tetradentate ligands such
as [(HIPTNCH,CH,),NCH,CH,N-aryl] ligands (17-20) [45] and diamidopyrrolyl
ligand (21) [46]. Unfortunately, most of them, except for 15, failed to catalytically
convert dinitrogen to ammonia under the same reaction conditions.

Some other transition metal complexes bearing a HIPTN;N ligand such as
vanadium (22) [47], chromium (23) [48], and tungsten (24) [49] complexes were
synthesized and their catalytic activity was examined in detail (Fig. 8). However, no
catalytic reaction occurred at all when these complexes were used as catalysts.



N2+6

BArF
Q@ !
N
H
1atm 36 equiv/cat. 48 equiv/cat.

cat. R?

R' =H, R2=1Bu (13) 1.06 equiv/cat.
R' =H, R2=Me (14) 1.49 equiv/cat.

R' = Br, R2=/Pr (15) 6.4-7.0 equiv/cat.

R

HIPT
HlPT N/ HI

)

R =CH3 (17) 0.6 equiv/cat.
R =Ph (18)

7N HIPT
= HlPT N/ |I|

0.3 equivicat. R = ipr (20)

A. Eizawa and Y. Nishibayashi

cat.
B —

heptane
r

2NH,

DPR

N
DPP N, ||| ) : Nﬁ

NJ DPP

2.53 equw/cat.

R

R
Q M
Ary Y
vV _Mo—N" N\
N7 | _
L n

R = CH; (19) 0.2 equiv/cat. 2
2.0 equiv/cat.

1.02 equiv/cat.
Ar = 3,5-Buy-CgH3

Fig.7 Catalytic activity of molybdenum complexes bearing slightly modified tetradentate ligands

Q \T BArF, cat.
Ny +6 7~ cr > +6 | — > 2NHg
@ N heptane
H rt
1 atm 36 equiv/cat. 48 equiv/cat.
cat.
HIPT 11l HIPT HIPT i
N N /HIPT \ 0 ) IPT \N | HIPT
HIPT\/ . V—N HIPT\/ ;CF_N HIPT\/ 4 W—N
N7 | N7 | (N™ |
NN k/N N
22 23 24

0.20 equiv/cat.

0.8 equiv/cat.

1.31 equiv/cat.

Fig. 8 Catalytic activity of vanadium—, chromium—, and tungsten—HIPTN;N complexes



Catalytic Nitrogen Fixation Using Molybdenum—Dinitrogen Complexes as Catalysts

3.2 Molybdenum Complexes Bearing Pincer Ligands
as Catalysts

The second example of the catalytic transformation of dinitrogen into ammonia under
ambient reaction conditions was reported by Nishibayashi and coworkers in 2011
[50]. The catalyst for this reaction system is a dinitrogen-bridged dimolybdenum—
dinitrogen complex bearing PNP-type pincer ligands (25, PNP = 2,6-bis(di-zert-
butylphosphinomethyl)pyridine; Fig. 9). The molecular structure of the molybdenum
catalyst was determined to maintain its dinuclear structure also in a solution by
measuring >N NMR of the '"N,-labeled complex. In the presence of 25 as a catalyst,
the reaction of an atmospheric pressure of nitrogen gas with lutidinium trifluoro-
methanesulfonate ([LutH]OTf; OTf = OSO,CF;; a proton source) and cobaltocene
(CoCps; Cp = 1°-CsHs; a reductant) at room temperature afforded up to 23.2 equiv-
alents of ammonia together with 43.5 equivalents of dihydrogen (Fig. 9). Since then,
the preparation of a series of molybdenum complexes and the investigation of their
catalytic activity have been reported by Nishibayashi and coworkers [51-55].

Detailed experimental studies on a plausible reaction pathway have been conducted
by Nishibayashi, Yoshizawa, and coworkers [51]. Some molybdenum-—nitrido com-
plexes bearing the same PNP ligand were synthesized and their catalytic activity was
investigated in detail (Fig. 10). The use of molybdenum-nitrido complexes 26 and 27
as catalysts produced a similar amount of ammonia with that using 25. The result of
DFT calculations indicated that a nitrido complex such as 27 is one of key reactive
intermediates in the catalytic transformation of ammonia catalyzed by 25.

A plausible reaction pathway is shown in Fig. 11. At first, one of the terminal
dinitrogen ligands in 25 is protonated to give XXII. Successive protonation and
reduction liberate one ammonia molecule and nitrido complex XXIII. Further
stepwise protonation and reduction of XXIII afford an ammonia complex XXIV
and ligand exchange liberates another ammonia molecule to regenerate 25. A
theoretical study also revealed that the dinuclear structure of the dinitrogen-bridged
dimolybdenum complex is essential to the first protonation of one of the terminal

cat.

- X ] ©TF (0.010 mmol)
N, + 6 Co + 6 | — > 2NHs +H,
UGN ” toluene

r, 20 h
1atm 216 equiv/cat. 288 equiv/cat.
(108 equiv/Mo) (144 equiv/Mo)
cat.
Ha
23.2 equw/cat 43.5 equiv/cat.
N M° N=N- MB} (11.6 equiviMo)  (21.7 equiv/Mo)

P =PBu,

Fig. 9 Catalytic conversion of nitrogen gas to ammonia under ambient conditions employing 25
as a catalyst



A. Eizawa and Y. Nishibayashi

at

cat.
= |07 (0.020 mmoliMo)
N + 6 Co +6 | _ — > 2NH,
N

toluene
H i, 20 h
1 atm 36 equiv/Mo 48 equiv/Mo
cat. N OTf
N p: T N
dﬁf NzN |\|/|’N N =N 7 N M’P
—Mo-N:zN-Mo- —Mo —Mo
N P/| N,I N\~ P \Cl \__~ P/ \CI
25 P =PBu, 26 27
5.9 equiv/Mo 7.1 equiv/Mo 6.6 equiv/Mo

(11.8 equiv/cat.)

Fig. 10 Catalytic conversion of nitrogen gas to ammonia using molybdenum—dinitrogen complex
and molybdenum-nitrido complexes as catalysts
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Fig. 11 Proposed catalytic cycle of converting dinitrogen to ammonia using 25 as a catalyst

dinitrogen ligands in 25 for the catalytic cycle (Fig. 12). Yoshizawa and Tanaka
describe more detailed results in this book (Sect. 3.1 in ref. [56]).

Substituent effects on the phosphorus atoms of the PNP ligand were examined
by Nishibayashi, Yoshizawa, and coworkers [50-52]. From the PNP ligand bearing
either isopropyl (‘Pr) groups or 1-adamantyl (Ad) groups in place of fert-butyl (‘Bu)
groups on both phosphorus atoms, the corresponding dimolybdenum—dinitrogen
complexes cannot be prepared by the same procedure as that for 25. On the other
hand, dinitrogen-bridged dimolybdenum complexes bearing asymmetrical PNP
ligands, where one phosphorus atom in the PNP ligand has two tert-butyl (‘Bu)
groups and the other has two other substituents such as 1-adamantyl (Ad), phenyl
(Ph), isopropyl, and cyclohexyl (Cy) groups, can be prepared (28, 29, 30, and 31,
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Fig. 12 The first protonation step of molybdenum—dinitrogen complex 25
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Fig. 13 Catalytic activity of molybdenum—dinitrogen complexes bearing asymmetrical PNP
ligands

respectively; Fig. 13). Molecular structures of 28 and 29 were almost the same as
25, where two trans-[Mo(N,),(PNP)] units are bridged by one dinitrogen ligand in
an end-on fashion. On the other hand, from the PNP ligands bearing isopropyl or
cyclohexyl groups on one phosphorus atom, the complexes bearing a trans-[Mo
(N3)>(PNP)] unit and a cis-[Mo(N,),(PNP)] unit bridged by one dinitrogen ligand
in an end-on fashion were obtained. The catalytic activity of 28-31 was also
investigated in detail. In the presence of 28, the reaction of an atmospheric pressure
of nitrogen gas with 72 equivalents of CoCp, and 96 equivalents of [LutH]JOTf in
toluene at room temperature produced 14 equivalents of ammonia, which are
comparable to the result using 25. Meanwhile, the use of 29-31 as catalysts
produced only a stoichiometric amount of ammonia under the same conditions
(Fig. 13). These results show that the presence of bulky substituents on the
phosphorus atoms in PNP ligands is necessary for catalytic conversion of nitrogen
gas into ammonia.
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Substituent effects at the 4-position in the pyridine ring of the PNP ligands were
also explored (Fig. 14) [53]. The introduction of electron-withdrawing groups such
as phenyl group (32) and trimethylsilyl group (33) at the 4-position in the pyridine
ring weakened the activation of terminal dinitrogen ligands of the complexes. On
the other hand, that of electron-donating groups such as fert-butyl group (34),
methyl group (35), and methoxy group (36) strengthened the activation of the
terminal dinitrogen ligands. In the presence of 32-36 as catalysts, reactions of an
atmospheric pressure of nitrogen gas with 216 equivalents of CoCp, and 288 equiv-
alents of [LutH]OTf in toluene at room temperature produced 21, 23, 28, 31, and
34 equivalents of ammonia and 46, 44, 45, 36, and 36 equivalents of dihydrogen,
respectively. The activation of terminal dinitrogen ligands of the complexes suc-
ceeded in improving the catalytic activity to convert dinitrogen into ammonia. This
is due to the acceleration of the first protonation step of the terminal dinitrogen
ligand. The activation of terminal dinitrogen ligands of the complexes also suc-
ceeded in suppressing the formation of dihydrogen, which competes with ammonia
formation. In addition, turnover frequency (TOF, defined as equivalents of ammo-
nia produced in the initial 1 h) of catalytic reactions using 25, 35, and 36 as catalysts
was monitored. For 25 and 35, the TOFs were 17 and 28 h™!, respectively. On the
other hand, the TOF was 7 h™' when 36 was used as a catalyst. These results
indicated that the use of 36 as a catalyst reduces the reaction rate because of the
difficulty of reducing steps.

Redox active substituents such as ferrocene were also introduced at the 4-position
of the PNP ligand (37, Fig. 15) [54]. The introduction of a ferrocene moiety to the
PNP ligand did not affect the activation of terminal dinitrogen ligands, but an
electronic interaction appeared between the molybdenum atom and the iron atom
of ferrocene on the cyclic voltammetry of the molybdenum complexes bearing a
ferrocene-substituted PNP ligand. In the presence of 37 as a catalyst, the reaction of
an atmospheric pressure of nitrogen gas with 216 equivalents of CoCp, and

cat.

S |97 (0.010 mmol)

N, + 6 Co + 6 | — > 2NHg+H,
@ H toluene

rt, 20 h
1atm 216 equiv/cat. 288 equiv/cat.
(108 equiv/Mo) (144 equiv/Mo) NHj3 Ho WN  TOF of NH4
R (equiv/cat.) (equiv/cat) (cm-1) (h=)
N H (25) 23 46 1944 17
N p_N Ph (32) 21 46 1950
[P IN" i
RdMO_NEN_MO_N \ g MesSi(33) 23 44 1947
Pl N V= Bu (34) 28 45 1939
.’T‘. N’ P Me (35) 31 36 1939 28
N P = PBU, MeO (36) 34 36 1932 7

Fig. 14 Catalytic conversion of nitrogen gas to ammonia using molybdenum—dinitrogen com-
plexes bearing 4-substituted PNP ligands
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toluene
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cat.
N x| ©Tf (0.010 mmol)
N, + 6 Co + 6 || _ — > 2NHg+H,
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NHj3 Ho WN  TOF of NH3
R (equiv/cat.) (equiv/cat.) (cm~) (h=1
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37 36 1944 23
R N Mo N=N- ME}R
Fe

P = PBu, @

Fig. 15 Catalytic conversion of nitrogen gas to ammonia using a molybdenum—dinitrogen
complex bearing 4-Fc-PNP ligands 37 as a catalyst

288 equivalents of [LutH]OTT in toluene at room temperature produced 37 equiva-
lents of ammonia and 36 equivalents of dihydrogen, respectively. Mechanistic study
indicates that an intramolecular electron transfer from the iron atom of ferrocene to
the molybdenum center may accelerate the reduction step in the catalytic cycle.

The employment of PPP-type (PPP = bis(di-fert-butylphosphinoethyl)phenyl-
phosphine) pincer ligand to the molybdenum complexes was investigated in detail
[55]. The phosphines in the PPP ligand had advantages of lower Brgnsted basicity
and higher stability for the protonation in the catalytic reaction. Furthermore, the
n-accepting property of the PPP ligand can stabilize a variety of molybdenum
complexes bearing a broad range of oxidation states of the molybdenum center in
the catalytic cycle. The corresponding dinitrogen-bridged dimolybdenum complex
bearing the PPP ligands could not be prepared probably due to the low bond energy
of the terminal dinitrogen ligand; however, molybdenum-nitrido complexes 38 and
39 were prepared according to the previous procedure (Fig. 16). In the presence of
38 and 39 as catalysts, reactions of an atmospheric pressure of nitrogen gas with
36 equivalents of decamethylcobaltocene (CoCp*,; a reductant) and 48 equivalents
of 2.4,6-trimethylpyridinium trifluoromethanesulfonate ([ColH]OTf, Col = 2.,4,6-
trimethylpyridine; a proton source) per molybdenum atom in toluene at room tem-
perature produced 9.6 and 11.0 equivalents of ammonia and 1.1 and 0.3 equivalents of
dihydrogen per molybdenum atom, respectively. The presence of PPP ligand greatly
suppressed the formation of dihydrogen. It is noteworthy that a molybdenum—
trichloride complex bearing the PPP ligand 40 also worked as an effective catalyst,
where 6.4 equivalents of ammonia were produced under the same reaction conditions.
Finally, the use of a larger amount of a reductant and a proton source using 39 as a
catalyst resulted in the formation of up to 63 equivalents of ammonia per molybdenum
atom (Fig. 17). The molybdenum—nitrido complex 39 showed much higher perfor-
mance for the catalytic conversion of dinitrogen into ammonia than other molybde-
num complexes.
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cat.
Q X 9T (0.010 mmol)
Co> +6 |

N, + 6 P — > 2NHz+H,
N toluene
H i, 20 h
1 atm 36 equiv/Mo 48 equiv/Mo
cat.
N N BArF, (|;|P
P -P -
ph-c Ll P Ll Ph—~p-Mo—cl
P /MO\ P /MO\ Q / |
<pf el <p’ Tl P& P=PBu,
38 39 40
NH3 (equiv/Mo) 11.0 9.6 6.4
H, (equiv/Mo) 0.3 1.1 1.7

Fig. 16 Catalytic conversion of nitrogen gas to ammonia using molybdenum-—nitrido complexes
and a molybdenum-—trichloride complex bearing PPP ligand

cat. 39
X 1T (0.002 mmol)
N, +6 7~ Co > + 6 _ ——————>  2NHg
N toluene
H 1, 20 h 63 equiv/Mo

1 atm 540 equiv/Mo 720 equiv/Mo

Fig. 17 Catalytic conversion of dinitrogen to ammonia using 39 as a catalyst with larger amounts
of reductant and proton source

4 Perspective

As described in this chapter, a number of molybdenum—dinitrogen complexes have
been prepared and their catalytic activity has been examined for the last decade.
Subtle tuning of supporting ligands greatly improved the catalytic activity. Surely
the catalytic activity is improved year by year, but multiple breakthroughs for
improving catalytic activity are yet necessary for the industrial application [56].
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