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Abstract: The N�N bond of molecular dinitrogen bridging two
molybdenum atoms in the pentamethylcyclopentadienyl
molybdenum complexes that bear ferrocenyldiphosphine as
an auxiliary ligand is homolytically cleaved under visible light
irradiation at room temperature to afford two molar molyb-
denum nitride complexes. Conversely, the bridging molecular
dinitrogen is reformed by the oxidation of the molybdenum
nitride complex at room temperature. This result provides
a successful example of the cleavage and formation of
molecular dinitrogen induced by a pair of two different
external stimuli using a single system assisted by molybdenum
complexes bearing ferrocenyldiphosphine under ambient con-
ditions.

Nitrogen fixation, the production of ammonia from molec-
ular dinitrogen, is one of the most important chemical
processes on earth because ammonia is widely used as an
essential source of nitrogen fertilizers. Industrially, ammonia
is produced from molecular dinitrogen and molecular dihy-
drogen using iron-based heterogeneous catalysts under harsh
reaction conditions, such as quite high temperatures and
pressures.[1] In the Haber–Bosch process, the rate-determin-
ing step is the dissociative chemisorption of dinitrogen on the
surface of the iron catalyst, which includes adsorption of
dinitrogen, cleavage of the N�N triple bond, and the bonding
of two nitrogen atoms to the iron surface as nitride species.[1]

Although all these elementary steps are known to occur

reversibly, it is still quite difficult to understand the hetero-
geneous reaction in detail on the atomic and molecular levels.

Since the first discovery of a transition-metal–dinitrogen
complex,[2] various stoichiometric and catalytic transforma-
tions using transition-metal–dinitrogen complexes have been
well investigated toward the development of the next
generation nitrogen fixation system.[3, 4] During our study on
the development of novel nitrogen fixation system under mild
reaction conditions,[4b, 5] we have focused on use of ferroce-
nyldiphosphine as an auxiliary ligand chelating to molybde-
num atom to capture and activate molecular dinitrogen.[6] We
have now found that molecular dinitrogen is cleaved and
reformed on the pentamethylcyclopentadienyl molybdenum
complexes in medium oxidation states bearing ferrocenyldi-
phosphine as an auxiliary ligand. In this reaction system,
molecular dinitrogen bridging two molybdenum moieties is
cleaved under visible light irradiation at room temperature to
afford the corresponding molybdenum nitride complex.
Conversely, the bridging molecular dinitrogen is reformed
by oxidation of the molybdenum nitride complex at room
temperature. This result provides a successful example of the
cleavage and formation of molecular dinitrogen induced by
a pair of two different external stimuli (both photochemically
and oxidatively) using a single system under ambient
conditions.

When the monocationic dinitrogen-bridged dimolybde-
num complex chelated by 1,1’-bis(diethylphosphino)ferro-
cene (depf)[6a] (1), which was prepared by the reaction of
molybdenum(II)-dinitrogen hydride complex (2)[6c] with the
trityl cation, was reduced with KC8 in dark or oxidized with
FcBArF

4 (Fc = Fe(h5-C5H5)2, ArF = 3,5-(CF3)2C6H3), the neu-
tral dinitrogen-bridged dimolybdenum complex (3) or the
dicationic dinitrogen-bridged dimolybdenum complex (4) was
obtained in 34% or 96 % yield, respectively (Scheme 1). A
cyclic voltammetric study of 4 has revealed two consecutive
one-electron reversible processes, leading us to examine the
direct back-and-forth transformations between 3 and 4. Thus,
treatment of 4 with KC8 afforded 3 in 94% yield (determined
by the UV/Vis spectrum), while that of 3 with FcBArF

4 gave 4
in 53% yield (Scheme 1).

Detailed molecular structures of 1, 3, and 4 were
determined by X-ray crystallographic analyses (Figure 1 a).[7]

In all these complexes, two {Cp*Mo(depf)} moieties are
bridged by one dinitrogen ligand in an end-on fashion with an
almost linear Mo-N-N-Mo backbone. However, other metric
features around the Mo-N-N-Mo backbone depend on the
oxidation states of molybdenum atoms in 1, 3, and 4. In fact,
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the N�N bond lengths of 4 (1.256(9) �), 1 (1.226(4) �) and 3
(1.182(5) �) correspond to the bonding modes of the bridging
dinitrogen ligand as [N2]

4�, [N2]
3�, and [N2]

2�, respectively.[8]

Characteristics of the Mo-N-N-Mo backbone of 1, 3, and 4
have been investigated by using density-functional-theory
(DFT) calculations at the BP86 level of theory. Table 1
summarizes the distances and Mayer bond orders[9] of the N�

N and Mo�N bonds of 1’, 3, and 4’, where 1’ and 4’ are the
cationic part of 1 and 4, respectively. Results of the BP86
functionals satisfactorily reproduce both the N�N and Mo�N
distances in all the complexes. Two-electron reduction of 4
causes an increase in the N�N bond order (1.40 (4’)!1.60
(1’)!1.80(3)) with a decrease in the Mo�N bond order (1.22
(4’)!1.03 (1’)!0.84 (3) in average), implying that the
bridging dinitrogen ligand in the dimolybdenum complexes
is reductively activated by at least two electrons, although the
Mo-N-N-Mo backbone is close to linear in all the complexes.
The structural differences in the Mo-N-N-Mo backbone can
be understood from the singly-occupied molecular orbitals
(SOMOs) of 3 (Figure 1b). Two SOMOs of 3, which are
occupied by two electrons added to the dicationic complex 4’,
have a bonding character between two nitrogen atoms, while
they have an antibonding character between the molybdenum
and nitrogen atoms.

When a benzene solution of 3 was irradiated by visible
light (l> 400 nm), cleavage of the bridging dinitrogen ligand
occurred to give the corresponding molybdenum(IV) nitride
complex (5) in 33% NMR yield (Scheme 2).[8, 10, 11] In contrast,

irradiation of visible light (l> 580 nm) to 3 at room temper-
ature or heating of 3 at 70 8C in dark did not give 5, indicating
that the cleavage of the dinitrogen ligand in 3 proceeds
specifically under the photochemical conditions (400 nm<

l< 580 nm). Separately, we confirmed that irradiation of
visible light to 1 and 4 did not give the corresponding
molybdenum nitride complexes, where release of free depf
was only observed by NMR spectra after reactions.

The molecular structure of 5 was characterized by 1H and
31P{1H} NMR spectra. The IR spectrum of 5 exhibits
a moderate nMoN absorption at 1024 cm�1 that is assignable
to the terminal nitride ligand. More detailed molecular
structure of 5 was unequivocally characterized by an X-ray
analysis (Scheme 2).[7]

To obtain more information on the reaction pathway of
the photo-induced cleavage of the coordinated dinitrogen, we
investigated the time-course change of the absorption spec-
trum of 3 under irradiation (l> 400 nm). As a typical
absorbance at 748 nm derived from 3 decreased, shoulder
peaks at 292 nm and 332 nm derived from 5 newly appeared
(Figure 2a).

For the assignment of the absorption band responsible for
the N�N bond cleavage, electronic transition energies of 3
were obtained with a time-dependent DFT calculation using
the BP86 functional. Use of the BP86 functional was

Scheme 1. Redox interconversions between dinitrogen-bridged dimo-
lybdenum complexes chelated by depf.

Figure 1. Molecular structures of dinitrogen-bridged dinitrogen com-
plexes. a) Crystallographic structures of the main parts of 4, 1, and 3.
b) Optimized structure of 3 in the triplet spin state and spatial
distribution of the SOMOs (HOMO�1 (left) and HOMO (right)).

Table 1: Distances (d) and the Mayer bond orders (b.o.) of the N�N and
Mo�N bonds of the dimolybdenum complexes 1’, 3, and 4’.

Complex
(total charge) N�N Mo�N

dexp dcalc b.o. dexp dcalc b.o.

4’ (+ 2) 1.256(9) 1.254 1.40 1.835(6) 1.853 1.22
1.824(6) 1.852 1.22

1’ (+ 1) 1.226(4) 1.228 1.60 1.888(3) 1.907 1.02
1.874(3) 1.904 1.04

3 (0) 1.182(5) 1.208 1.80 1.955(4) 1.971 0.83
1.955(4) 1.969 0.85

Scheme 2. Photoinduced conversion of 3 into 5 and the X-ray crystallo-
graphic structure of 5.
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validated by comparing UV/Vis spectra simulated with
various functionals.[12] As shown in Figure 2b, the calculated
electronic transitions (200 transitions, l> ca. 400 nm) rea-
sonably reproduced the shape of the measured UV/Vis
spectrum of 3. Three distinguished electronic transitions
were found at 383, 495, and 657 nm in the simulated spectrum.
Electron density differential maps (EDDMs) present isosur-
face plots of loss (light blue) and gain (purple) of electron
density for the transitions at 495 and 657 nm. The loss of
electron density between the two nitrogen atoms observed for
the transition at 495 nm could be responsible for the cleavage
of the bridging dinitrogen ligand induced by irradiation (l>

400 nm).
Oxidation of the nitride complex 5 with 1 equiv of

FcBArF
4 led to its dimerization to generate the dinitrogen-

bridged dimolybdenum complex 4 in 36% NMR yield
(Scheme 3a). This result is in sharp contrast to the previously
reported dimerization of electrophilic late-transition-metal–
nitride complexes, where coupling of nitrides is not induced
by oxidation.[13] In fact, Schneider, de Bruin, and their co-
workers have recently found that dimerization of iridium and
rhodium nitride complexes bearing PNP-type pincer ligand is
induced by reduction or photoirradiation, where the corre-

sponding nitridyl complexes are proposed to work as key
reactive intermediates.[13j,k]

To investigate the reaction pathway for the oxidation-
triggered dimerization of 5, we next examined the effect of
addition of a hydrogen source. When the oxidation of 5 with
1 equiv of FcBArF

4 was carried out in the presence of 1,4-
cyclohexadiene as a hydrogen source, formation of 4 was
observed in 16 % NMR yield together with the cationic
molybdenum(IV) imide complex (6) and benzene in 21 % and
8% NMR yields, respectively (Scheme 3b). We also con-
firmed that no direct dimerization of 6 into 4 occurred under
the similar reaction conditions, and thus 6 was revealed to be
not a reaction intermediate for the dimerization of 5. Rather
surprisingly, treatment of 5 with [LutH][BArF

4] (LutH = 2,6-
lutidinium) as a protic acid also afforded a mixture of 6 and 4
in 39% and 37 % NMR yields, respectively, together with
molecular dihydrogen (H2) in 9% GC yield (Scheme 3b), as
we had expected that only protonation of 5 took place to
afford 6 as the sole product. These results demonstrate that
the one-electron oxidation of 5 rather preferentially takes
place to afford an oxidized cationic nitride species (A), which
further dimerizes into 4 via the homocoupling reaction or
transfers a hydrogen atom from 1,4-cyclohexadiene to afford
6 and benzene (Scheme 3c). Furthermore, treatment of 5 with
an excess amount of CoCp*2 as a reductant and an excess
amount of [LutH][BArF

4] as a proton source under an
atmospheric pressure of argon in toluene at room temper-
ature for 20 h in dark gave 0.37 equiv of ammonia based on
5.[12] This result provides a successful example of the
formation of ammonia derived from the metal nitride

Figure 2. Time-dependent and simulated UV/Vis spectra of 3. a) Time-
dependent UV/Vis spectra of the conversion of 3 into 5 recorded every
3 min for 51 min under visible-light irradiation. b) UV/Vis spectrum of
3 simulated with the time-dependent BP86 method. Two inserts are
electron density difference maps (EDDMs) showing isosurface plots of
loss (light blue) and gain (purple) of electron density for the calculated
electronic transitions.

Scheme 3. Reactivity of 5. a) Dimerization of 5 into 4. b) Formation of
4 and 6 by the reaction with additives. c) A proposed reaction pathway
for 4 and 6.
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complex formed via the light-induced cleavage of the nitro-
gen–nitrogen bond of molecular dinitrogen.[14]

Herein we theoretically discuss the electronic structure
and reactivity of the proposed intermediate A. Optimized
structures of A and the cationic part of imide complex 6 (6’)
are presented in Figure 3a. The Mo�N bond distance (Mayer
bond order) of A is elongated from 1.689 � (2.59) to 1.754 �
(1.91) after hydrogen transfer. Although the calculated Mo�
N distance of 6’ is slightly longer than the experimental value
(1.718(4) �),[7] the N�H stretching frequency of the imide
moiety is reasonably reproduced (3444 cm�1). The spin
density of 6’ is localized at the molybdenum atom (0.91),
while a negligibly small amount of the spin density is assigned
to the nitrogen atom (�0.06). This spin localization reflects
spatial distribution of the SOMO of 6’ (Figure 3b). These
results are completely different from the iridium and rhodium
nitride complexes reported by Schneider, de Bruin, and their
co-workers.[13j,k] Their metal nitride complexes possess
a nitridyl M=NC radical character, where the spin density is
almost equally distributed on both the metal and nitrogen
atoms. Figure 3c shows an energy profile calculated for
hydrogen transfer from 1,4-cyclohexadiene by intermediate A
to afford 6’. The calculated activation energy (17.4 kcalmol�1)
indicates that A is capable of picking a hydrogen atom up
from cyclohexadiene at room temperature. Although this
process is endothermic by 7.1 kcalmol�1, the generated
cyclohexadiene radical is readily converted into benzene by
the following hydrogen transfer by A. Hydrogen transfer
from the cyclohexadiene radical by A requires a lower
activation energy of 10.7 kcalmol�1 in the triplet state, and the

resulting 6’ and benzene in the singlet state is 37.4 kcalmol�1

more stable than the reactant complex (Supporting Informa-
tion, Figure S8).[12] The DFT calculations demonstrate that
the intermediate A is able to transfer hydrogen atoms from
1,4-cyclohexadiene at room temperature, despite no spin
density at the nitride N atom, and therefore A is a possible
candidate for the reactive species in the dimerization of 5.

In summary, we have prepared a series of molybdenum–
dinitrogen complexes bearing ferrocenyldiphosphine and
have revealed their interconversions by redox and light-
induced processes. We believe that our findings provide a new
aspect in molybdenum–dinitrogen complexes in medium
oxidation states.
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