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CONSPECTUS

Molecular nitrogen is the source of all of the nitrogen necessary
to sustain life on this planet. How it is incorporated into the bio-
sphere is complicated by its intrinsic inertness. For example, biolog- ,NPN]T< >:ra[NpN] T [NP% >ra1NPN
ical nitrogen fixation takes N, and converts it into ammonia using
various nitrogenase enzymes, whereas industrial nitrogen fixation con- 5 /E \
verts N, and H, to NH; using heterogeneous iron or ruthenium sur-

faces. In both cases, the processes are energy-intensive. Is it possible

to discover a homogeneous catalyst that can convert molecular nitrogen into higher-value organonitrogen compounds using
a less energy-intensive pathway? If this could be achieved, it would be considered a major breakthrough in this area.

In contrast to carbon monoxide, which is reactive and an important feedstock in many homogeneous catalytic reac-
tions, the isoelectronic but inert N, molecule is a very poor ligand and not a common industrial feedstock, except for the
above-mentioned industrial production of NH,. Because N, is readily available from the atmosphere and because nitrogen
is an essential element for the biosphere, attempts to discover new processes involving this simple small molecule have
occupied chemists for over a century. Since the first discovery of a dinitrogen complex in 1965, inorganic chemists have
been key players in this area and have contributed much fundamental knowledge on structures, binding modes, and reac-
tivity patterns. For the most part, the synthesis of dinitrogen complexes relies on the use of reducing agents to generate
an electron-rich intermediate that can interact with this rather inert molecule.

In this Account, a facile reaction of dinitrogen with a ditantalum tetrahydride species to generate the unusual side-on end-on
bound N, moiety is described. This particular process is one of a growing number of new, milder ways to generate dinitrogen
complexes. Furthermore, the resulting dinitrogen complex undergoes a number of reactions that expand the known patterns of
reactivity for coordinated N,. This Account reviews the reactions of (INPN|Ta),(u-H),(u-1":*N,), 2 (where NPN =
PhP(CH,SiMe,NPh),), with a variety of simple hydride reagents, E-H (where E-H = R,BH, R,AIH, RSiH,, and Cp,ZrCI(H)), each of
which results in the deavage of the N—N bond to form various functionalized imide and nitride moieties. This work is described
in the context of a possible catalytic cycle that in principle could generate higher-value nitrogen-containing materials and regen-
erate the starting ditantalum tetrahydride. How this fails for each particular reagent is discussed and evaluated.

LY

Introduction

A long-standing goal in chemistry is the activa-
tion and functionalization of molecular nitrogen.
Despite its ready availability (78% of the air we
breathe) and its importance to life in the biosphere
of this planet,’ this simple diatomic molecule is
inert, which makes it challenging to use as a feed-
stock. Of course, exceptions to its lack of reactiv-
ity include the conversion of N, to ammonia
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(NHs), industrially via the Haber—Bosch process®>
and biologically by nitrogenase enzymes con-
tained in certain bacteria.*°In fact, ammonia is
one of primary biological inputs for protein syn-
thesis and comprises one of the key elements of
the nitrogen cycle. It is estimated that 40% of the
nitrogen contained in the human body originates
from ammonia produced by the Haber—Bosch
process.'
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The conversion of dinitrogen to ammonia has occupied the
attention of inorganic chemists for some time.®~® Ammonia can
be detected upon hydrolysis of reduced titanocene complexes,®
hydrogenation of a dinuclear zirconium derivative,'® and
protonation of certain molybdenum— and iron—dinitrogen
complexes.'"'? The Chatt cycle refers specifically to the proton-
ation of coordinated molybdenum— and tungsten—dinitrogen
complexes and represents an enormous amount of work in
attempts to model nitrogenase. A few years ago, a catalytic vari-
ant was reported that takes advantage of the different solubili-
ties of a reducing agent and an acid to slow down a possible side
reaction and allow the protonation of coordinated N, to produce
ammonia catalytically with four turnovers using a soluble molyb-
denum catalyst.'® This remarkable achievement is unfortunately
not transferable to any other system.

Trisilylamines have also been produced catalytically via the
reduction of dinitrogen at a molybdenum complex using sodium
amalgam and reacting the system with Me5SiCl.'# This reaction
is catalytic with 34 turnovers of N(SiMes); produced. This reac-
tion, while quite intriguing, is also flawed because the produc-
tion of Me;SiSiMe; indicates that the reducing agent and the
electrophile (Me5SiCl) undergo a competing short-circuiting reac-
tion. However, it does represent a new Kind of target to consider,
that of a substituted amine.

All of the above reactions can be summarized as a lead up to
what some call the “holy grail” of nitrogen fixation, that is, a
homogeneously catalyzed process that converts readily avail-
able N, into some higher-value organonitrogen species, such as
an amine, an N-heterocycle, or some related nitrogen-contain-
ing compound. This is represented in Scheme 1 using a simpli-
fied, generic cycle. In this Account, some hints about possible
solutions to this lofty goal will be described in the context of some
of our recent research involving a ditantalum—dinitrogen complex.

SCHEME 1

A aiecs \|\u Amines,

N, + reagents —— \ J N-heterocycle:
\ S
o 2 -

Catalysis Preamble

Catalytic cycles involving transition metal complexes have a
number of elementary or fundamental steps that are common to
many transformations. From the organometallic literature, terms
such as migratory insertion, oxidative addition, and reductive
elimination are part of the vocabulary of homogeneous cataly-
sis.'® For example, processes that involve CO as a reactant such
as hydroformylation, acetic acid synthesis, and ethylene/CO
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polymerization all involve migratory insertion of the CO unit into
a metal—carbon bond to generate acyl species. Yet with the iso-
electronic N, molecule, there are no examples of dinitrogen
undergoing any migratory insertion process.'® In fact, forma-
tion of N—C or N—H bonds at a coordinated dinitrogen gener-
ally involves external attack by some reagent, typically an
electrophile.®'" Thus, even with this very cursory analysis, it is
clear that any catalytic process that involves molecular nitrogen
will rely on alternative steps.

As already mentioned, the Haber—Bosch process generates NH;
from N, and H,. Can this heterogeneously catalyzed process pro-
vide hints as to what might work in a homogeneously catalyzed sys-
tem? Dinitrogen is cleaved on the activated Fe or Ru surface to
generate nitrides that react directly with surface hydrogen atoms to
generate imido (=NH), amido (—NH), and ammine (—NH) spe-
cies.? There are some interesting case studies on diiron—nitride
complexes that can add H, to generate bridging imide—hydride
structures.’” However, in this particular case, the nitride was not gen-
erated from N, and so an important first step is missing.

One of biggest hurdles to the utilization of molecular nitro-
gen as a reagent in a homogeneous catalytic process is the fact
that N, is a poor ligand. A central dogma to the activation of
small molecules by transition metal complexes is that the small
molecule must bind to the metal center at some point or at least
be proximate to some reactive portion of the complex. Because
N, has no dipole moment and is both a poor o-electron donor
and a poor sr-acceptor, getting it to bind to metal complexes has
been a long-standing challenge.

Background

In 1998, we serendipitously discovered a simple way to pre-
pare a new dinitrogen complex.'®'? The eureka transforma-
tion is shown in eq 1.

P
Ph i

S
5
Ph

iMe,
iMEQ

(1

Me,Si -
MeQS'\i

At the time we were heavily involved in group 5 chemistry
using the macrocyclic P,N, ligand (where P,N, = PhP-

Ph

2
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(CH,SiMe,NSiMe,CH,),PPh), attempting to extend some intrigu-
ing group 4 dinitrogen chemistry.?® Eventually we happened
onto the Ta(V) starting material TaMe5Cl, from which we could
generate TaMes[P,N,] in excellent yields.?'2 Since the stan-
dard method of generating dinitrogen complexes is reduction of
a high oxidation state halide complex, generally using an alkali
metal reagent such as Na/Hg or KCg, we examined ways to con-
vert this precursor into some halide-containing material. To
accomplish this, we first hydrogenated the trimethyl complex and
obtained the dinuclear tetrahydride, ([P.N,|Ta),(u-H),. While this
complex does display some interesting reactivity, we were
unable to convert the hydrides to halides by reaction with CH;l
because this resulted in oxidation to generate Ta(V)/Ta(lV) mixed-
valent dinudlear species, {([P.N5]Ta),(u-H),}1~.2" We reasoned
that the tetradentate P,N, ligand system may be hindering attack
at the metal by external reagents, so we examined a tridentate
ligand system NPN that is derived from the P,N, donor set. A
similar sequence of generating the trimethyltantalum complex
TaMes[NPN] followed by reaction with H, generates the dinuclear
tetrahydride ([NPN]Ta),(«-H),. As shown in eq 1, we were sur-
prised to discover that this dinuclear hydride reacts spontane-
ously with dinitrogen to generate a dinuclear dinitrogen complex
that has a side-on end-on bound dinitrogen.'®

This reaction was remarkable for a number of reasons. First,
typical conditions for the preparation of dinitrogen complexes of
the early transition elements (groups 4—6) require the addition
of strong reducing agents such as the alkali metals (e.g., Na/Hg;
KCg) to reduce a precursor complex in the presence of N,; by
avoiding an external reducing agent, one can facilitate a possi-
ble catalytic cycle. Second, the coordinated dinitrogen formed
during this process is activated on the basis of the lengthened
N—N bond (from 1.1 A in free N, to 1.342 A in the complex).
Third, the side-on, end-on coordination mode is itself unusual
and represents a new motif in dinitrogen chemistry.

We reasoned that given the facility of this reaction, it might be
possible to design a productive, potentially catalytic cycle that
could generate functionalized hydrazines by multiple additions
of simple element hydride reagents across the side-on end-on
dinitrogen unit; in essence this would be a proof of principle of
the generic cycle shown in Scheme 1. This proposed cycle is out-
lined in Scheme 2.

To us, this seemed like a straightforward matter of searching
for the correct simple E-H reagent that would add multiple times
across the coordinated N, unit. In retrospect, we were quite naive.
But we ended up learning a lot about how things can go awry.

Side-on End-on Bound Dinitrogen Fryzuk

SCHEME 2

Addition of E-H = Boranes

Our first foray into finding that reagent was with 9-BBN (where
9-BBN = 9-borobicyclononane).>®> While this produced a very
promising first result, it became clear that there were intrinsic
problems to getting this reaction to succeed beyond a first B—H
addition. The overall cascade of reactions is shown in Scheme 3.

SCHEME 3

One equivalent of 9-BBN adds across 2 to generate adduct
3a, which has been structurally characterized. Interestingly,
attempts to grow crystals of 3a over a long period of time
resulted in the formation of a new product that was eventually
characterized as borylimide 4. This species is also accompanied
by the formation of benzene, which originates from one N-Ph
group of the andillary ligand and the hydrogen originally
installed from the hydroboration reagent; also produced is 1
equiv of H, that derives from the bridging hydrides. A mecha-
nism was proposed on the basis of the isolation of a number of
intermediates, and is shown in Scheme 4.

The formation of 3 (for E-H = 9-BBN, 3a in Scheme 3) trig-
gers loss of H, to produce the first general intermediate A, in
which the pair of electrons that results from dihydrogen reduc-
tive elimination is stored as a Ta—Ta bond. How exactly the elec-
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trons are stored is unimportant since they are shunted to the
dinitrogen unit, which results in N—N bond cleavage to gener-
ate the imide—nitride intermediate B.** What occurs next is spe-
cific to boron hydride reagents; migration of a silyl group from
one of the NPN arms of the ancillary ligand to the exposed
nitride of B occurs to generate an isolable intermediate 5 that
was structurally characterized. Without this particular structure, it
would be difficult to propose a compelling mechanism for the
conversion of 3a to 4. Further evidence for the migration of one
of the silyl units to a bridging nitride was obtained by 2°Si NMR
spectroscopy in which '>N-labeled starting dinitrogen complex 2
resulted in evidence for the migrated silyl group attachment to
a nitrogen atom that originated from coordinated N,. Obviously
this cascade of reactions in which the andillary ligand undergoes
an irreversible transformation is not a solution to the proposed
catalytic cycle shown in Scheme 2.
We examined other readily available boron hydride
reagents such as Cy,BH and thexylborane, both of which gave
similar outcomes.?> Even when excess borane reagents are

present similar silyl group migrations still occur, but the result-
ing excess borane reagents trap the final product.

Addition of E-H = Alanes

Another readily available simple element hydride reagent is
DIBAL (diisobutylaluminum hydride, (Bu,AIH)). Addition of 1
equiv of DIBAL to dinitrogen complex 2 resulted in a very fast
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reaction and the formation of two diastereoisomers 6 and 7, the
difference being in the relative stereochemistry of the intact NPN
units.?® This overall process is shown in Scheme 5.

SCHEME 5

As can be seen, a different kind of ligand rearrangement
occurs with this E-H reagent; while both NPN ligands remain
intact, one arm of one NPN undergoes a migration from Ta to
Al. In addition to this ligand rearrangement, the bridging
hydrides of 2 are eliminated along with 1 equiv of isobutene.
By monitoring this reaction at low temperature, a series of
intermediates could be observed, which provided the basis for
the mechanism shown in Scheme 6.

SCHEME 6

DIBAI-H
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The first intermediate observed (at —60 °C) is the initial
adduct 3b that is identical to the hydroboration adduct 3a
formed in Scheme 2. However, the alane system diverges
here as isobutene is eliminated to generate another interme-
diate C that loses H,, undergoes N—N bond cleavage (pre-
sumably by the general process outlined in Scheme 4 via A
and B), and ultimately undergoes migration of the one termi-
nus of the NPN ligand from tantalum to aluminum.

Addition of E-H = Silanes

Primary silanes such as butylsilane or phenylsilane add to the
dinitrogen complex 2 to generate analogous silyl—hydride
adducts 3¢ (R = Bu) and 3d (R = Ph) shown below in eq 2.2”

Fh

Vlezsﬁ F\/

In the presence of excess butylsilane, 3¢ cleanly converts
into the disilylimide dimer 8 (eq 3).

The mechanism of this transformation has been elucidated
by a similar sequence of studies already described for the
hydroboration and hydroalumination reactions; this is shown
in Scheme 7.

Similar to the hydroboration and hydroalumination, the
first silane addition adduct 3c triggers H, loss to generate the
proposed Ta—Ta bonded intermediate, which subsequently
generates the imide—nitride 9; in the hydrosilyation sequence,

Side-on End-on Bound Dinitrogen Fryzuk

we were able to structurally characterize 9 to provide further
evidence for the viability of all of the mechanisms discussed
for E-H addition and N—N bond cleavage. In the presence of
an additional equivalent of H5SiBu, addition of Si—H across
the nitride double bond of 9 results in the formation of pre-
sumed intermediate E, which upon loss of H, generates the
observed disilylimide product 8.

The formation of 8 is tantalizingly close to achieving the
goal outlined in Scheme 2. Indeed for a successful out-
come, all that is needed is the addition of more silane, elim-
ination of tris(butylsilyllamine and regeneration of the
ditantalum tetrahydride 1. However, even in the presence
of excess silane, no elimination of silylated amines could be
detected; instead, a C—H activation process occurs along
with a core rearrangement that thwarts the desired pro-
cess; this is shown in eq 4.%8

/I:SLI
B H,si” Ph
% =\
Ph] N '/P‘\SiMez
MezS| "“"Ta< \Ta ..... N/SiM82
“"23'\\ 4 \ ”\'Ph cat. BuSiH;
Ph SiHy o (—Hy)
Bu/ Y
8
Ph pEgiMe;
Ph\N f!SiMeg
Me.Si ) 'N"'--Ta Ta‘i;N “ph (4]
M823| \\ / F'h
™
\Ph HS|/ ?le
i0 By By

Interestingly, formation of 10 requires some silane to be
present, even less than 1 equiv is sufficient to initiate loss
H, via C—H and Si—H bond activations. In the absence of
added silane, the disilylimide 8 is stable to heating at 100
°C for 8 h. The exact sequence of reactions in this process
is not known.

Addition of E-H = Cp,ZrCI(H)

We decided to examine other hydridic reagents and
chlorobis(cyclopentadienyl)—hydridozirconium(lV) (Schwartz's
reagent) was investigated. The reaction of Cp,ZrCI(H) with 2
resulted in the formation of a deep purple material in rather
modest yield (only 35%).2° Unlike any of the other reactions
thus far described, which always began with formation of the
C,-symmetric adducts of the general structure 3 (3a, E = BR;
3b, E = AIBU',; 3¢, E = SiH,R), the material produced in this
reaction was C,-symmetric. Moreover, there was no evidence
for a terminal hydride, which is also common for the initial
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SCHEME 7
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adducts 3. The identity of this reaction product was shown to
be 11 by X-ray crystallography (eq 5).

1=
Ph

iMe
iMe

Me,S Ta
Ute:ES {\ ik\ ?
THF

35%

CpoZrCl(H)

The outcome of the reaction of this zirconium hydride
reagent is dramatically different from the previous main-group
element hydrides described above. The new ditantalum—
zirconium derivative 11 shows a zirconocene unit inserted into
the N—N bond of the coordinated dinitrogen, and one of the
phosphine donors has dissociated from tantalum and formed
a phosphinimide unit. What was also unusual about this reac-
tion was that the hydride of the starting zirconocene reagent
was apparently not involved, and the chloride was also miss-
ing. We explored this process further by modifying the zir-
conocene reagent; for example, use of the chloride-free
dihydride Cp,ZrH, generated 11 in higher yield (76%) with
release of H,, implying that neither Cp,ZrCI(H) nor Cp,ZrH,
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reacts as an E-H reagent as was originally anticipated. In fact,
the highest yields of 11 were obtained by using a nonhydride
source of zirconocene, Cp,Zr(Me5SiCCSiMes)(py); this is shown
in eq 6.

P‘
Ph.:

h
h

I-’F\
“2?%213?

;:-
e u,_u
=

MeSi—==—SiMes  Me,S rx'i 5
+ Mezs
: t, AN
TN W
r
Cpz
1

1

A mechanism for this transformation has been proposed
that involves generation of zirconocene that binds to 2, trans-
fers two electrons to split the N—N bond, and then promotes
phosphinimine formation by dissociation of the ancillary phos-
phine ligand and subsequent attack at the bridging nitride.>°

Prognosis

With this particular combination of NPN ancillary ligand and
group 5 metal, we have been able to achieve a number of
remarkable transformations. The generation of the dinitro-
gen complex 2 from the tetrahydride precursor 1 is an impor-
tant first step to any potential catalytic cycle. Bypassing the
use of a strong reducing agent like an alkali metal is neces-
sary to provide mild conditions for the incorporation of the N,
ligand. And as already mentioned, if the dinitrogen could be
functionalized by addition of simple hydride reagents such as
E-H, this could in principle regenerate the precursor tetrahy-
dride, as outlined in Scheme 2. Unfortunately, this could not
be achieved despite a variety of simple hydride reagents
examined. What did happen was that in every case, addition
of hydride reagents resulted in nitrogen—nitrogen bond cleav-
age and functionalization at nitrogen. While these results were
encouraging, other processes occurred that made these trans-
formations problematic. Ancillary ligand rearrangements were
observed in hydroboration, hydroalumination, and even in
hydrosilylation in certain cases. Our attempts to extend this to
hydrozirconation resulted in a different mechanism and out-
come, but the ancillary ligand rearrangement was also
observed.

Our present goals use the above successes as starting
points and the obvious shortcomings as new leads to rede-
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sign the ancillary ligand. Some of the initial results are prom-
ising.3° We also need to focus on how to release the
functionalized nitrogen material away from the metal. Some
synthetic cycles have been recently reported, which unfortu-
nately are not catalytic. Part of the problem will ultimately rely
on matching the right ancillary ligand set with the appropri-
ate metal such that the combination will be azophilic enough
to promote N, coordination and activation, but not so azo-
philic that a functionalized, higher value nitrogen material is
not releasable. Searching chemical space for these particular
combinations is the goal of many groups including our
OWn.3O_32
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