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Cleavage of dinitrogen to yield a (t-BuPOCOP)molybdenum(IV) nitridew
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(t-BuPOCOP)MoI2 (1; t-BuPOCOP= C6H3-1,3-[OP(t-Bu)2]2)

has been synthesized fromMoI3(THF)3. Upon reduction of 1 with

Na/Hg under dinitrogen molecular nitrogen is cleaved to form

[(t-BuPOCOP)Mo(I)(N)]�. The origin of the N atom was confirmed

using
15
N2. Protonation of [(t-BuPOCOP)Mo(I)(N)]

�
results in the

formation of a neutral species in which it is proposed that the proton

has added across the Mo–P bond.

The catalytic reduction of N2 to NH3 at low temperature (22 1C)

and pressure (1 atm) has been a long standing goal, both in terms of

understanding how this transformation might be achieved in

various nitrogenases,1 but also in terms of creating an abiological

catalytic system that could become a practical method of preparing

ammonia (or other nitrogen-containing products) from dinitrogen.2

Two homogenous catalytic reductions of dinitrogen directly

to ammonia employing protons and electrons are known. The

first was reported in 2003.3 The catalyst is a molybdenum

complex that contains a hexaisopropylterphenyl-substituted

triamidoamine ligand (Mo[HIPTN3N]). The reaction is run in

heptane with [2,6-lutidinium][BAr04] or [2,4,6-trimethylpyridinium]-

[BAr04] (Ar0 = 3,5-(CF3)2C6H3) as the proton source and

decamethylchromocene as the reducing agent. Seven to eight

equivalents of ammonia are formed, with the remaining electrons

being used to make dihydrogen. Eight of the proposed intermedi-

ates have been prepared and characterized crystallographically4

and extensive calculations5 support the proposed mechanism.6

A second example of the catalytic reduction of dinitrogen to

ammonia employs a [Mo(L)(N2)2]2(m-N2) complex (where L is

a neutral ‘‘PNP pincer’’ ligand) in toluene.7 Protons are added

in the form of [2,6-lutidinium][OSO2CF3] and electrons are

added in the form of cobaltocene. Approximately twelve

equivalents of NH3 are formed per molybdenum atom.

No mechanistic details for the [Mo(L)(N2)2]2(m-N2) system

have been elucidated, while mechanistic studies of the

Mo[HIPTN3N] system reveal that one or more intermediates

prior to the formation of a nitride intermediate has some

significant issues in terms of stability. Both systems have

limited longevity due to ligand dissociation from the metal.

In view of the many ‘‘pincer’’ ligands that have been

prepared in the last two decades8 we became interested in

preparing Mo complexes bearing an anionic ‘‘PCP’’ ligand as

opposed to neutral ‘‘PNP’’ ligand in the hope that the PCP

ligand would remain bound to the metal. An example of a

‘‘PCP’’ ligand which is bound to late transition metal complexes

is the t-BuPOCOP (t-BuPOCOP = C6H3-1,3-[OP(t-Bu)2]2)

anion. We found no examples of Mo complexes in the literature

that contain a PCP ligand.

A t-BuPOCOP complex of molybdenum was prepared

through lithiation of 1-iodo-2,6-[OP(t-Bu)2]2C6H3 and reac-

tion of that lithium reagent with MoI3(THF)3 to give

(t-BuPOCOP)MoI2 (1, Scheme 1), a procedure similar to that

employed to prepare a cobalt t-BuPOCOP complex.9 Com-

pound 1 was obtained as a yellow-brown solid in modest yield

(46%). However, a diamagnetic impurity is present (10–15%),

which is proposed to be (t-BuPOCOP)Mo(O)I (2), on the basis

of NMR spectra and the fact that MoI3(THF)3 is known to

decompose to give MoQO species and 1,4-di-iodobutane.10

An X-ray study of crystals of 1 was consistent with the

presence of two cocrystallized square pyramidal species, but

was plagued by an unsolvable disorder problem (see ESIw). All

efforts to separate 1 and 2 by fractional crystallizaton failed.

Proton NMR spectra of 1 contain resonances (in a

2 : 1 : 18 : 18 ratio) consistent with diamagnetic 2 and one set

of broad, paramagnetically shifted resonances that integrate

(approximately) in the ratio 2 : 36 : 1 (see ESI). The largest

paramagnetically shifted resonance is the t-butyl resonance at

18.14 ppm. Elemental analysis of this mixture is consistent

with the sample of 1 containing 12% 2.

Lithiation of 1-iodo-2,6-[OP(t-Bu)2]2C6H3 and reaction

of that lithium reagent with MoCl3(THF)3 yielded a product

with three major t-butyl resonances, along with a small

resonance for (t-BuPOCOP)MoI2, that we attribute to

(t-BuPOCOP)MoCl2 (at 23.08 ppm) and two geometrical

isomers of (t-BuPOCOP)MoICl (at 24.35 and 17.42 ppm), in

addition to (t-BuPOCOP)Mo(O)X impurities (see ESI).

Scheme 1
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Finally, lithiation of 1-iodo-2,6-[OP(t-Bu)2]2C6H3 and reaction

of that lithium reagent with MoBr3(THF)3 produced a mixture

of (t-BuPOCOP)MoBr2 (at 20.79 ppm) and two geometrical

isomers of (t-BuPOCOP)MoIBr (at 22.92 and 16.66 ppm), in

addition to (t-BuPOCOP)Mo(O)X impurities (see ESIw). So far

no synthesis of a (t-BuPOCOP)MoX2 species that avoids the use

of THF, and therefore formation of (t-BuPOCOP)Mo(O)X, has

been successful.

A THF solution of 1 (contaminated with 2) was reduced

with Na amalgam in the presence of 15-crown-5 under N2. A

dark brown solid was isolated in 57% yield. The 1H NMR

spectrum contained four resonances in the diamagnetic region

in a 1 : 2 : 18 : 18 ratio. The 31P{1H} NMR spectrum contained

one resonance. No resonances attributable to 2 were observed.

An X-ray diffraction study confirmed that the product is

[(t-BuPOCOP)Mo(I)(N)][Na(15-crown-5)] (3, Fig. 1). Crystal

and data collection parameters can be found in ESI.w
Complex 3 is best described as having a pseudo square

pyramidal structure (t = 0.06)11 analogous to the proposed

structures of 1 and 2, with which 3 is isoelectronic. The

Mo1�N1 bond distance (1.659(2) Å) in 3 is within the typical

range for a Mo nitrido bond. The N1�Na1 distance (2.365(3) Å)

is characteristic of a relatively weak bonding interaction.12 The
1H NMR spectrum is consistent with 3 being a diamagnetic

Mo(IV) complex analogous to 2.

Synthesis of 3 under an 15N2 atmosphere yielded 3-
15
N. The

nitride resonance is observed in the 15N{1H} NMR spectrum

at 801.1 ppm relative to ammonia.13 These data confirm

gaseous N2 as the source of the nitride in 3. No 31P-15N

coupling was observed, but a small JPN is not unusual.14

Compounds containing [(t-BuPOCOP)Mo(I)(N)]� were observed

when two or more equivalents of KC8 or Na naphthalenide were

employed as reductants, but no [(t-BuPOCOP)Mo(I)(N)]� was

observed using cobaltocene or decamethylchromocene as reducing

agents.

Several examples of dinitrogen cleavage in the presence of a

transition metal species to give bis-m-nitrido complexes15 or

m-nitrido complexes16 have been reported, but to our knowledge

only Cummins and coworkers have reported homogeneous

cleavage of N2 to form a monotransition metal nitrido complex,

as we have found here.17 We propose that the key intermediate

is a Mo(II)/Mo(II) complex, (I)(L)Mo(m-N2)Mo(L)(I), which

cleaves to give a Mo(V) nitride, (I)(L)Mo(N), to which an

electron is then added. Alternatively, the Mo(II)/Mo(II) complex

could cleave after addition of two electrons. Bimetallic cleavage

via a Mo�N�N�Mo intermediate is a common feature

of each mechanism. A plausible mechanism for forming

[Mo(t-BuPOCOP)(I)(N)]� is shown Scheme 2.

Complex 3 was protonated by [Et3NH][BAr04] in benzene to

give a diamagnetic yellow solid (4) in 64% isolated yield. The
1H NMR spectrum of 4 showed no resonances attributable to

Et3N, BAr 04, or 15-crown-5; the proton resonance (a doublet

of doublets) was found at 3.94 ppm. The splitting pattern

(J = 6, 133 Hz) arises from coupling of the proton to two

inequivalent phosphorous nuclei (confirmed by 1H{31P} selective

decoupling NMR experiments). However, a JHP of 133 Hz is only

a fraction of a typical JHP in a phosphonium salt (B350 Hz). The
31P{1H}NMR spectrum contained two doublets of equal intensity

with JPP = 20 Hz. A similar experiment with 3-15N produced

4-15N in which the proton resonance is a double doublet with an

additional splitting of 2.5 Hz (JHN). This small JHN coupling and

the location of the 15N resonance (945.0 ppm relative to NH3)

suggest there is no direct bonding between the hydrogen and

nitrogen atoms. Therefore we are forced to propose that the

proton is bridging between Mo and one P (Scheme 3), a structure

that would be consistent with all NMR data. Although rare,

examples of a proton bridging a Pd�P18 or a Re�P19 bond have

been published.

Fig. 1 Thermal ellipsoid representation of [(t-BuPOCOP)Mo(I)(N)]

[Na(15-crown-5)] (3) at 50% probability level.z H atoms and disordered

atoms in the crown ether are omitted. Selected bond distances (Å) and

angles (1): Mo1�C1 2.167(3), Mo1�P1 2.4314(8), Mo1�P2 2.4362(8),

Mo1�I1 2.8523(3), Mo1�N1 1.659(2), N1�Na1 2.365(3), C1�Mo1�I1
149.55(7), P1�Mo1�P2 146.20(3), I1�Mo1�N1 106.67(9), N1�Mo1�
Na1 151.72(16).

Scheme 2 A mechanism of forming [Mo(t-BuPOCOP)(I)(N)]�.

Scheme 3

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 2

9 
Fe

br
ua

ry
 2

01
2

Pu
bl

is
he

d 
on

 1
2 

D
ec

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

C
17

63
4C

View Online

http://dx.doi.org/10.1039/c2cc17634c


This journal is c The Royal Society of Chemistry 2012 Chem. Commun., 2012, 48, 1851–1853 1853

A crystal of 4 that was grown by slowly diffusing pentane

vapor into a benzene solution proved to be a merohedral and

racemic twin, disordered over three positions, only two of which

were refined (see ESIw). The overall quality of the structure of 4
was poor. Therefore the H atom could not be located and the

geometrical arrangement of non-H atoms around theMo center

was similar to that found in 3 (Fig. 1), i.e., the Mo–P bond

lengths were not statistically different.

A catalytic dinitrogen reduction system in which bimetallic

cleavage of dinitrogen is part of the overall mechanism is

potentially shorter and simpler than a scheme in which species

of borderline stability, e.g., a [HIPTN3N]Mo–NQNH species

in the Mo[HIPTN3N] system, must be formed. However, the

surprising failure to protonate the nitride in 3 to give a neutral

MoQNH species did not bode well for 3 behaving as a catalyst

for dinitrogen reduction. The failure to form 3 employing

cobaltocene or decamethylchromocene was also not promising.

Therefore, we were not surprised to find that attempted dinitrogen

reduction with 3 as a catalyst yielded only 0.34 equivalents of

ammonia under Nishibayashi’s conditions7 and 0.30 equivalents

under conditions employed for dinitrogen reduction by

[HIPTN3N]Mo complexes.3 Catalytic reduction of dinitrogen

to ammonia after all is still an extraordinarily rare event. We

are continuing to probe the dinitrogen chemistry of Mo

complexes that contain an anionic pincer ligand, especially

those that contain Mo in an oxidation state of 3+ or higher.

We gratefully acknowledge the Bill & Melinda Gates Founda-

tion for funding this work. The departmental X-ray diffraction

instrumentation was purchased with the help of funding from the

National Science Foundation (CHE-0946721).
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