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/Abstract: Dinitrogen (N,) is the most abundant gas in
Earth’s atmosphere, but its inertness hinders its use as a ni-
trogen source in the biosphere and in industry. Efficient cat-
alysts are hence required to ov. ercome the high kinetic bar-
riers associated to N, transformation. In that respect, molec-
ular complexes have demonstrated strong potential to medi-
ate N, functionalization reactions under mild conditions
while providing a straightforward understanding of the reac-
tion mechanisms. This Review emphasizes the strategies for

N, reduction and functionalization using molecular transition
metal and actinide complexes according to their proposed
reaction mechanisms, distinguishing complexes inducing
cleavage of the N=N bond before (dissociative mechanism)
or concomitantly with functionalization (associative mecha-
nism). We present here the main examples of stoichiometric
and catalytic N, functionalization reactions following these
strategies.

/

1. Introduction

Atmospheric N, is the primary source of all nitrogen atoms
present on earth, but its assimilation by most living organisms
requires its initial transformation into more reactive nitrogen
species, all originating from ammonia. The conversion of mo-
lecular dinitrogen into ammonia is one of the most important
chemical processes from both an industrial and a biological
perspective. The biological fixation of dinitrogen occurs in the
nitrogenase enzymes, which can effectively reduce N, to NH,
under ambient conditions. However, the amount of dinitrogen
fixed in such biological systems is not sufficient to replenish
the reserves of nutrients needed in current agriculture practi-
ces.l" The ground-breaking discovery of artificial N, reduction
by Fritz Haber and its industrialization and optimization by
Carl Bosch and Alwin Mittasch at the beginning of the
20th century,>¥ allows to currently transform about half of the
total reactive nitrogen available on Earth and is crucial to sus-
tain the current 7.8 billion population.”

This process however requires reactors operating at high
temperature and pressure and using highly purified N, and H,.
The use of H, (mainly derived from fossil fuels steam reform-
ing) as a reductant and the harsh conditions required result in
a high CO, footprint accounting for about 2% of the world’s
CO, emissions.” Industrial ammonia production can be carried
out at very high energy efficiency, but the high temperature
and pressure and the complex management of thermodynam-
ic losses required render it only profitable at large scale, and
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therefore requires substantial capital investment. Consequent-
ly, a distribution infrastructure to ship from centralized sources
to the local users is required, further increasing the overall en-
vironmental and energetic footprint of the process. More sus-
tainable, delocalized and energy efficient alternatives to syn-
thetic dinitrogen fixation are hence highly desirable in this
context.”” Nonetheless, energy-efficient processes to reduce N,
under ambient conditions still face major challenges due to its
chemical inertness, resulting from the thermodynamic strength
of the N=N bond (bond dissociation enthalpy of 944 kJmol™),
the low proton affinity of N, and its high kinetic stability to-
wards reduction and oxidation. This high reduction stability of
N, originates from a poor electron affinity (calculated value of
—1.903 eV) and a large LUMO-HOMO gap (10.82 eV) resulting
from strongly antibonding st* lowest unoccupied molecular or-
bitals (Scheme 2).”? To overcome such high kinetic barriers re-
quires energy along with an efficient catalyst.

The Mo-nitrogenase enzyme meets these challenges utilizing
the energy of 16 equiv of ATP to transform one dinitrogen
molecule, using water as the proton source (Scheme 1). The
ability to mediate this reaction under mild conditions relies in
that nitrogenases are effective promoters of multi-electron and
multi-proton transfers, but the complete reaction mechanism
is complex and still not completely uncovered today.*"" The
Fe-based heterogeneous catalysts currently used in the Haber-
Bosch process rely on a very different strategy, using H, as a
source of electrons and protons (Scheme 1)."? However, these

HABER-BOSCH

E cat. Fe204/K20/A|203

? 500-600°C i
200-500 atm 5

Fe-Mo cofactor

20°C
1 atm

Mo-NITROGENASE

| 8 e~ +8H" + 16 MgATP H, + 16 MgADP + 16 P; |

Scheme 1. Comparative dinitrogen reduction to ammonia by the Haber-
Bosch process (top) and in the Mo-nitrogenase enzyme (bottom).
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require harsh conditions (>400°C, > 200 bar) to overcome the
severe kinetic barriers to the dissociative nitrogen chemisorp-
tion on the catalyst surface.

By providing a straightforward understanding of the reaction
mechanisms and by allowing for the fine management of elec-
tron and proton transfer steps via the tuning of the active sites
properties, molecular complexes have shown a strong poten-
tial to promote catalytic nitrogen reduction under mild condi-
tions.">™ " To date, dinitrogen metal complexes have been
isolated with almost all metals from first to third row to rare-
earth metals,'®"” but very few have led to the stoichiometric
functionalization of dinitrogen and only a handful have been
reported to enable catalytic functionalization.'®*” Although
recent reviews have surveyed dinitrogen activation by poly-
nuclear complexes,”” bond-forming reactions from activated
dinitrogen and catalytic dinitrogen to ammonia formation
using molecular complexes,™ this Review will explore a com-
plementary approach, encompassing aspects from all these re-
views. We aim to provide an overview of the successful strat-
egies utilizing molecular complexes to promote nitrogen re-
duction and functionalization with H, C and Si sources under
mild conditions according to their proposed reaction mecha-
nisms. For this purpose, we provide here two tools for a
simple overview of the reactivity and performances of all com-
plexes reported throughout this Review: the diversity of prod-
ucts obtained are compiled in Schemes 15, 19 and 47, while
the performances of the complexes to mediate these transfor-
mations are summarized in Tables S1-S7 (Supporting Informa-
tion). Other bond-forming reactions with elements such as
boron, phosphorous or with other Lewis acids are excluded
from the scope of the current Review as their scarcity compli-
cates the possibility to draw mechanistic conclusions. The in-
terested reader may refer to the recent reviews from Chirik
and co-workers"™ and Simmoneau and Etienne,”" which pro-
vide a good overview on the recent research in the field.

1.1. Molecular orbital considerations

Understanding the N,-metal interaction is key in rationalizing
strategies for activating and functionalizing dinitrogen. Simple
molecular orbitals models are a convenient way to simply illus-
trate and understand structural details and reactivity, and com-
plementary to more in-depth computational studies.”? The
free dinitrogen molecular orbital diagram is shown in
Scheme 2.

Most mononuclear d-block metal complexes coordinate N,
in an end-on fashion. Side-on N, bonding has been rarely ob-
served in isolated mononuclear complexes,”** but may occur
for f-block metal complexes or during the end-to-end rotation
of mononuclear dinitrogen complexes.” In an end-on coordi-
nation mode, the o-character of the HOMO and the w*-charac-
ter of the LUMO of N, enable its coordination to the metal via
a o-donation/mt-backbonding binding scheme, yet much less
effective than for the more polarized isoelectronic CO molecule
(Scheme 3). Such an interaction can weaken the triple bond of
N, by populating the m* molecular orbitals and by removing
electron density from the bonding s-orbital.
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This binding scheme allows identifying optimal scenarios for
N, activation. Electron rich ligands have the potential to in-
crease the electron density at the metal center and strengthen
m-backbonding. Following the same reasoning, metal com-
plexes with a large number of valence electrons should lead to
stronger activation. This effect may yet be limited by the de-
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Scheme 2. Molecular orbital diagram of free dinitrogen along with DFT-com-
puted HOMO and LUMO (B3LYP).
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Scheme 3. o-donation/wt-backbonding scheme of metal-bound dinitrogen.

crease in energy of the d-orbitals from left to right in the peri-
odic table, lowering the overlap with dinitrogen’s antibonding
orbitals. For that reason, middle and group 8 transition metals
often present the best compromise, as highlighted by the nu-
merous complexes from these groups in N, activation litera-
ture and the present review.!”

However, binding N, to a single metal center in ambient
conditions and in the absence of other reagents is not suffi-
cient to induce N, cleavage. The presence of a second metal
center or of a Lewis or Brgnsted acid is required to induce the
scission of the N=N bond. Two mechanistic paths can then be
observed, involving either the initial cleavage of the triple
bond to form metal nitrides functionalized in a second step by
proton sources or electrophiles or the concomitant reduction
and functionalization of the coordinated N, molecule with

Bond

proton sources or electrophiles. By analogy with the terms typ-
ically used to describe N, mechanisms on heterogeneous cata-
lysts, in this Review we will use the terms associative and dis-
sociative to describe these two reaction paths. The terms may
be over simplistic when describing activity of molecular com-
plexes but are effective to identify common features in series
of complexes. Within associative paths, the site of exogeneous
substrate binding differentiates two mechanistic pathways de-
pending on the distal or alternating functionalization of N,, as
depicted in Scheme 4.

This Review will cover the most representative examples of
N, functionalization according to their proposed reaction
mechanisms, highlighting first complexes reacting via a disso-
ciative mechanism followed by associative pathway examples,
to end on a brief exploration of reported catalytic systems.

2. Dissociative Mechanism

The major driving force in a dissociative mechanism is the for-
mation of thermodynamically stable nitride complexes, while
the later functionalization of the formed nitrides is the key pa-
rameter to envision a catalytic reduction of N,. Most complexes
mediating N, cleavage necessitate the use of external reducing
agents and only a small number of compounds have been re-
ported to cleave N, without using reducing equivalents origi-
nating from an exogeneous electron source. Both possibilities
will be distinguished here, further differentiating complexes
forming terminal or bridging nitrides, summarized in Table S1.
When reported, the functionalization of the formed nitrido li-
gands will be presented. An overview of all dissociative func-
tionalizations is provided in Scheme 15 at the end of this sec-
tion and summarized in Table S2.

2.1. Cleavage without external reducing agents

To date, only a limited number of complexes have been report-
ed to split the dinitrogen triple bond without the use of exo-
geneous electron sources. In such a case, the complex is over-
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Scheme 4. Dissociative and associative mechanisms for dinitrogen functionalization at a metal center M.
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all oxidized, the electrons being either provided by the metal
center or from a concomitant reductive elimination step.

To our knowledge, only two examples of mononuclear metal
complexes have been shown to cleave N, into terminal ni-
trides, both being Mo" complexes. The first example is a Mo"-
trisamide complex introduced by Cummins in 1995.%” Stirring
a toluene solution of [Mo"(N(tBu)Ar);] (1, Ar=3,5-(CH;),C¢Hs)
under a dinitrogen atmosphere resulted in the successive bind-
ing and cleavage of the dinitrogen molecule to form the mon-
onuclear Mo"-nitride complex 2 (Scheme 5a). The end-on
bridging intermediate (u-N,)[Mo(N(tBu)Ar);], was observed and
characterized by EXAFS®® and later on by single crystal XRD.

This work, constituting the first example of full dinitrogen
cleavage by a well-defined transition metal complex, opened
new perspectives for designing strategies for N, reduction. The
key feature for N, activation is the presence of a highly reac-
tive unsaturated trivalent Mo" species. In the case of C; sym-
metric [Mo"(N(tBu)Ar);] (1), the three bulky amide ligands help
to stabilize such species for example, by preventing them from
dimerization. In addition, the MoL; fragment is isolobal to a ni-
trogen atom by its three unpaired electrons populating the
mainly d,., d,, and d,, molecular orbitals, providing a signifi-
cant thermodynamic stability to the corresponding Mo nitrides.
A second Mo" complex displaying similar reactivity towards di-
nitrogen was reported more than 20 years later.”” When the
octahedral complex [Mo"(0Si(OtBu),);] (3) was exposed to dini-
trogen, the corresponding mononuclear nitride complex (4)

could be formed (Scheme 5b). At the difference of the tris-
amide complex 1, the tris-silanolate complex 3, is coordinative-
ly saturated, but was shown to form a three-coordinate Mo"
complex in situ from the parent distorted octahedral complex
thanks to the hemilabile character of the x? coordinated silano-
late ligands.

In addition to these two mononuclear examples, a few mul-
timetallic complexes that react with dinitrogen in the absence
of external reducing agents have been reported. In that case,
N, splitting results in the formation of multinuclear bridging ni-
tride complexes. The trinuclear titanium(lll) polyhydride com-
plex 5 was shown to react with dinitrogen to form the bridg-
ing dinitride complex 6 with concomitant evolution of two
equivalents of dihydrogen (Scheme 5¢)."" In that complex, the
electrons required for the reaction are formally not only deliv-
ered by the metal centers but also resulted from the reductive
elimination of two equivalents of H, per dinitrogen molecule.
This system is relevant in the understanding of the biological
dinitrogen fixation process, since bridging hydride ligands and
analogous H, elimination prior to N, binding have been shown
to be of key importance in the nitrogenase enzyme.**3% The
cleavage of N, by the related chromium(ll) and chromium(lll)
hydride complexes 7 and 8 was demonstrated very recently
(Scheme 5d).*¥ These compounds, which are the first well-de-
fined chromium hydride complexes capable of fixing N,, were
shown to generate the corresponding bridging imide com-
plexes 9 and 10 upon treatment with N,(/H,).

Bu
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Scheme 5. Dissociative N,-splitting by mononuclear molybdenum complexes 1 (a) and 3 (b), trinuclear Ti" and Cr" hydride complexes 5 (c) and 7/8 (d) and di-

nuclear Nb" complexes 11 (e) and 13 (f).
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Reductive elimination of H, as a strategy to provide elec-
trons for the reduction of dinitrogen was also found for the
niobium(lV) tridentate aryloxide bridging tetrahydride dimer
[((anti-O;)Nb),(u-H),J[K(dme)l, (11, anti-O,, see Scheme 5e).5”
Complex 11 was reported to react with N, to afford the bridg-
ing dinitride, dinuclear NbY complex [((anti-O35)Nb),(u-N),]
[K(thf)l, (12). Among the six electrons required for the reduc-
tion of N,, four of them result from the reductive elimination
of two equivalents of H,, while two electrons originate from
the one-electron oxidation of the two niobium centers. A very
recent study demonstrated that the corresponding tetrahy-
dride complexes with Na™ and Li* counter cations showed a
very different behavior. In both cases, reaction with N, did not
result in its full cleavage but lead to the elimination of only
one equivalent of H, and to the formation of corresponding
side-on/end-on bridging dinitrogen complexes.®

Another low-valent dinuclear Nb" complex 13, supported by
a tetra-anionic calix[4]arene ligand (Scheme 5 f), had been earli-
er reported by Floriani and co-workers.®*® In toluene, this
highly reducing species readily cleaved the N, triple bond to
yield a dimeric or a trimeric complex (14 and 15) with two
bridging nitrido ligands. However, in more polar solvents such
as THF, the corresponding dinitrogen bridged complex 16 was
formed. The [N-NI*" unit could be further reduced for exam-
ple, with sodium, again leading to full cleavage of the dinitro-
gen moiety and the formation of the bridging nitride com-
plex 17.

2.2. In situ reduction under dinitrogen

The vast majority of complexes mediating dinitrogen reduction
via a dissociative mechanism necessitate employing an exter-
nal reducing agent concomitantly to N, addition. This strategy
avoids the challenging isolation of highly reactive reduced
metal species, but implies that in most cases the reaction
mechanism can only be proposed based on theoretical calcula-
tions and in situ spectroscopy. This should nevertheless not be
seen as a drawback when targeting a catalytic system which

requires dinitrogen and reducing agent to be present simulta-
neously.

2.2.1. In situ reduction under dinitrogen using alkali reducing
agents

Frequently employed reducing agents such as sodium naph-
thalenide, sodium mercury amalgam, potassium graphite etc.,
contain alkali metal cations which may significantly contribute
to the activation and cleavage of dinitrogen. Lewis acidic alkali
metal cations can interact with coordinated dinitrogen mole-
cules and further weaken their N—N bonds, as comprehensively
reviewed by Holland in 2017.5¥ We will focus here in two sub-
sections on terminal and bridging nitride complexes formed
by in situ N, reduction using alkali-metal reducing agents.

Formation of terminal nitrides: A significant number of
transition metal complexes with pincer ligands were shown to
cleave dinitrogen via both associative or dissociative mecha-
nisms, depending on the ligand steric bulk and transition
metal used. These bulky planar three-coordinate neutral or
mono-anionic ligands are particularly suited for N, activation:
The T-shaped geometry and tunable steric bulk of pincer li-
gands prevent the dimerization and deactivation of the corre-
sponding complexes, of key importance to maintain reactivity
of the formed nitride compounds. Molybdenum has been the
most frequently studied metal in pincer complexes mediating
dinitrogen activation, and Mo-pincer catalytic systems with
outstanding performances have been developed. Schrock and
co-workers reported dinitrogen cleavage by the Mo" PCP-
pincer complex 18 (Scheme 6a)."” Reduction with sodium
mercury amalgam under dinitrogen afforded the correspond-
ing terminal nitride complex [Mo"I(N)(PCP)]~ (PCP=1,3-[OP(t-
Bu),l,C¢H;, 19) which was isolated as an -ate complex with a
sodium-crown ether counter cation. Surprisingly, attempts to
selectively protonate the formed nitride with a variety of differ-
ent acids only led to the undesired protonation of the phos-
phinite ligands.

Furthermore, a variety of molybdenum pincer complexes
with PNP and PPP scaffolds were shown to be able to cleave
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o—P\('Bu)2 O-R(Bu),
Na(Hg), 15-crown-5
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Scheme 6. Dissociative N,-splitting by molybdenum complexes 18 (a), 20 (b), 24 (c), 28 (d), and 29 (e), all bearing pincer ligands.
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the dinitrogen molecule into nitrides. A pyridine-based PNP-
pincer ligand scaffold was employed by Nishibayashi and co-
workers for the catalytic transformation of dinitrogen into am-
monia. Stoichiometric reduction of the Mo" trisiodide complex
20 with either decamethylcobaltocene (CoCp*,)™*" or samarium
diiodide™ under dinitrogen yielded the corresponding termi-
nal MoV nitride complex 21 (Scheme 6b). An end-on bridging
dinitrogen Mo' intermediate was postulated as an intermediate
based on synthetic experiments and theoretical calculations.
Interestingly, a distinct mechanism was proposed for the corre-
sponding Mo® dinitrogen complex 22 supported by the same
pincer ligand. This mechanism will be discussed in further de-
tails in Section 4.1.1349

Molybdenum complexes bearing PNP-pincer ligands for dini-
trogen cleavage were studied by the group of Schneider.* In
2017, the formation of a Mo" nitride complex [Mo(HPNP)(N)CI]
[OTf] (HPNP =NH(CH,CH,PtBu,),, 23) from the corresponding
Mo" complex 24 and N, was reported (Scheme 6c¢). The two-
electron reduction of 24 with sodium mercury amalgam under
a dinitrogen atmosphere yielded the end-on bridging dinitro-
gen complex 25, in which, according to its N-N bond length
and vibrational frequency, the N-N double bond was still
intact. However, treatment of 25 with a Brensted acid such as
HOTf ("OTf="0S(0),CF;), induced full splitting of the dinitro-
gen unit into the corresponding nitride 23 (Scheme 6d). While
the reaction scheme may suggest an associative mechanism,
the structure of 23 revealed that protonation took place at the
amide ligand backbone. This proton-assisted dinitrogen split-
ting was assigned to a lowering of the energy of the N-N anti-
bonding o* orbital upon protonation of the amine in the
pincer ligand backbone. Population of this N-N antibonding
orbital subsequently promotes full dinitrogen cleavage. Dini-
trogen scission was also demonstrated by the analogous tung-
sten complex."®

A catalytic system for dinitrogen reduction to ammonia
based on PPP-type Mo-pincer complexes was developed.””
There are two main advantages in the modulation of the
ligand scaffold from PNP to PPP. Tridentate phosphine ligands
are less Brgnsted basic and thus more stable towards protona-
tion, disfavoring the competitive hydrogen evolution reaction.
The presence of acidic protons on the ligand scaffold may lead
to undesired hydrogen evolution reaction under the reducing
conditions applied during catalysis. Furthermore, their m-ac-
cepting properties can stabilize a variety of molybdenum oxi-
dation states during the catalytic cycle. Although independent-
ly synthesized from the corresponding azide, the Mo"“-nitride
complex [Mo(N)CI(PPP)] (PPP=PhP(CH,CH,PtBu,), 26) served
as an active catalyst for nitrogen reduction, implying that catal-
ysis proceeds through a dissociative mechanism (Scheme 6d).
A bridging dinitrogen Mo° complex 27 was identified as an in-
termediate species during catalysis and as a byproduct in the
stoichiometric reduction of 28 under dinitrogen by IR spectros-
copy and mass spectrometry (Scheme 6dii).

Another PPP Mo nitride complex [Mo(N)CI(PPP)] (PPP=
PhP(CH,CH,PCy,),, 29) was prepared recently from dinitrogen
cleavage by Mézailles and co-workers.”® The triphosphino mo-
lybdenum(l) iodide complex 30, generated in situ from the
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parent Mo"

perature to the corresponding terminal
(Scheme 6e).

Schneider and co-workers investigated PNP pincer ligands as
supporting scaffolds for rhenium complexes.*” Reduction of
[Re"'Cl,(PNP)] (PNP = N(CH,CH,PtBu,),, 32) with sodium-mercury
amalgam under dinitrogen led to the cleavage of the dinitro-
gen triple bond and to the formation of the Re'-nitride com-
plex [ReCI(N)(PNP)] (33) (Scheme 7a)."” Complex 33 could
also be prepared by using an outer-sphere reducing agent or
by electrochemical means, and will be discussed in Sec-
tion 2.2.2. Mechanistic studies revealed that dinitrogen is acti-
vated via the formation of a bridging u«-N, dinuclear intermedi-
ate 34, which was isolated at low temperature and character-
ized by XRD.F” The influence of backbone unsaturation on
the pincer ligand was investigated in a follow-up study
(Scheme 7b).”" The Re" complex 35 was shown to cleave N,
into the corresponding Re' nitride 36 either by chemical or
electrochemical reduction, at less cathodic potentials but yet
with lower yields than reported for complex 32 with a saturat-
ed ligand backbone.

trischloride precursor, readily split N, at room tem-
Mo"-nitride 31

a)

Cl,,  Na(Hg) or CoCp*, N b) Cl_, CoCp*; or Na(Hg) or KCg N
TP orEg=-190V AP =P OrEreg=-167V AP
2 N-pe, o IRT L TRl l2 Nemé —— . FRY
LP‘/ Cl N, QP‘/ Cl : &P'/ Cl N, Qp-/ ~cl
32 P'=PBu 3 35 P'=PBu, 36
N
N e
") T
R‘Je—N=N—R‘e)
-30°C W
Pa e P‘\C|

Scheme 7. (Electro)chemically induced N,-splitting by rhenium complexes
32 (a) and 35 (b).

Formation of bridging nitrides: The high nucleophilicity of
metal nitrides strongly favors their behavior as bridging li-
gands, resulting in the formation of di- or multinuclear com-
plexes, reviewed in this section. Formation of such multinu-
clear assemblies was often shown to be further promoted by
the presence of alkali cations originating from the reducing
agents and acting as bridging groups between the nitride moi-
eties and ligands scaffolds.

Reported in 1999, the vanadium(lll) silylamino(disilylamido)
complex 37 constituted of the earliest reported complexes ca-
pable of cleaving N,. The presence of one equivalent of potas-
sium graphite afforded the bridging bis(u-nitrido) V¥ com-
plex 38 upon N, cleavage (Scheme 9a).*? When two equiva-
lents of potassium graphite were used, the mixed valent VV-V"
complex 39 was obtained. Structural analysis of 39 revealed
that one potassium cation was bridging between a supporting
amide- and a nitride ligand, highlighting its potential role in
the reaction of the calixpyrrole uranium(lll) complex 40 with
one equivalent of potassium naphthalenide under a dinitrogen
atmosphere led to the formation of the dinuclear, p-nitrido U"/
UY mixed-valent complex 41 (Scheme 8). X-ray structural
analysis revealed that each of the bridging nitride ligands of
41 were here also additionally coordinated to a potassium
cation.
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Scheme 8. Dissociative N,-splitting by uranium complex 40.

Analogous alkali ion incorporation was observed upon treat-
ment of the tris-aryloxide (chelating OOO ligand) Nb" com-
plex 42 with excess LiBHEt; under a dinitrogen atmosphere, af-
fording the bridging dinitride complex 43 (Scheme 9b).** Two
lithium cations are there bridging between a nitride and an ar-
yloxide ligand. An analogous reactivity was observed using in-
stead a monodentate but sterically more encumbered arylox-
ide ligand. The NbY dimeric complex 44 can cleave the N,
triple bond in presence of potassium graphite to form the di-
meric niobium nitride complex 45 (Scheme 9c¢). Protonolysis of
45 with anhydrous HCI resulted in the formation of ammoni-
um chloride.®¥

Incorporation of four potassium ions coordinated to the ni-
tride ligands and the ligand framework was observed upon
treatment of the bis-aryloxy-amide (chelating ONO ligand) va-
nadium(lll) complex 46 with potassium hydride under dinitro-
gen affording the bis(u-nitride) V' dimer 47 (Scheme 9d).®*

Using a triamidoamine ligand scaffold, Liddle and co-workers
further illustrated the influence of alkali or alkali-earth reducing
agents mediating the cleavage of dinitrogen by a Ti" com-
plex 48.°%°”" When potassium graphite was used as the reduc-
tant, four-electron reduction of N, was observed (Scheme 10,
left arrow). The dinuclear Ti" complex 49 with two potassium
cations coordinating to the bridging [N-N]*~ unit was then
characterized. When performing the reduction with three
equivalents of Mg° instead, six-electron reduction of N, took
place and afforded the bridging nitride complex 50
(Scheme 10, right arrow). The structure of 50 revealed that
transmetallation from titanium to magnesium occurred. This
work underlines the importance of cooperativity between the
transition metal and the (earth-)alkali cation used for dinitro-
gen reduction, since Mg®* ions appeared to be necessary to

SiMe, St Sitteg Siviey
SiMe; Me3Si,
N/\ ) //N\ ol 30 ) 3 '.\ N /N/\
\ N KCg (4 equiv.) 1 MgP, dioxane N‘M/ N h)l N
2 - -~ Ti- TMg—| —Mg
/_>/N N,, hexane ’i‘ N,, DME EN\/‘J / /‘—J/\/Nl
RN \ 3 N= 5 N \
! i A '
SiMe; Me,Si SiMes SiMes SiMe; Me3Si SiMes
49 48 50

Scheme 10. Dissociative N,-splitting by titanium complex 48.

induce full N, cleavage. Treatment of the bridging nitride com-
plex either with a strong acid (HCl) or with H, in combination
with a frustrated Lewis base pair (PtBu; -+ B(C4F¢);) led to the re-
lease of ammonia.

A whole series of low-valent, three-coordinate Fe" complexes
with B-diketiminate supporting ligands were reported by Hol-
land and co-workers to bind and cleave N, upon treatment
with a variety of alkali metal based reducing agents.**" Trinu-
clear and tetranuclear iron dinitrogen and nitride complexes
were isolated and characterized. The degree of dinitrogen acti-
vation was observed to depend on the type and the amount
of the reducing agent used as well as on the steric demand of
the p-diketiminate ligand substituents. The dinitrogen mole-
cule was proposed to be cooperatively activated by 7t dona-
tion from the low-valent iron centers as well as by the Lewis
acidic activation of the alkali ions. Scheme 11a displays the
synthesis of the mixed-valent tetranuclear Fe'"/Fe" nitride com-
plex 51 from the corresponding dimeric Fe" chloride com-
plex 52. Interestingly, the solid-state structure of 51 revealed
that the potassium ions coordinate to the nitride and chloride
ligands as well as to the aryl rings of the p-diketiminate li-
gands. A fine tuning of the acid used to protonate the nitride
ligands allowed identifying weak acids such as tBu;C¢H,OH to
selectively protonate the nitride to form ammonia in high
yields.”" When metallic Na as an external reducing agent was
used instead of KCg, the formation of the trinuclear iron nitride
complex 53 was observed.?

Bridging of three p-diketiminate moieties by two phenyl
rings gave access to the trinuclear Fe" bromide complex 54
which enabled reductive cleavage of the dinitrogen triple
bond. This afforded the trinuclear complex 55 containing p-
imide and/or p-amide bridging groups (abbreviated as NH,,
x=1 or 2) between the iron centers (Scheme 11b).** Mé&ss-

v, SiMe; M e R RS
a) / . N N3 ?:Me3 o
[, V7, 2NN SiMe : :
s Me3Si~ Nz 7"\ J ; Ar= :
Y SiMeg SiMe. KCg (1 equiv.) N = 38 : '
N al \ Ny, Toluene S'Me:’ MesSi’ N :
N, 7N _aN_SiMeg 2 \ / \ / : g H
Mo &V /v\»...,,l/? | ArOu. N mOAT KCg ArOw., 7 N, OAT | P
s>l N N SiMe ' Aro’ ; 1 / V~OAr N, Toluene/THF  Ar0”  » /"~oar | Ph :
M N= . 4 3 SiMes cl N H :
SiMe; MegSi” KCg (2 equiv.) [N\ N N 45 H H
™ N, 2 N, AN SiMey 44 Bu :
37 N,, Toluene Messid / \ /v\ N‘7 : i
SiMes & Me33| 7%
b S B d
) thf : 9 o ){ 5
lioy | S 07/ o
¢lo /X : = : T KH
CI-Nb-+-0" 0, \ : : _ _ _ ; V. .
7 T o LiBHEt; < N / / : o o o : £ Ny, THF " .
0 of /«W) CI'N,, Toluene/THF 07 \N/ (ALY B | \ jo et N
oa it RORCASEIR
42 43
tht Me Bu Me 46

Scheme 9. Dissociative N,-splitting by group 5 transition metal complexes 37 (a), 42 (b), 44 (c), and 46 (d).
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Scheme 11. Dissociative N,-splitting by iron complexes 52 (a) and 54 (b)
bearing S-diketiminate ligands.

bauer spectroscopy revealed that the iron centers in 55 were
present as Fe'" and Fe". In comparison to the iron nitride com-
plexes supported by non-bridging -diketiminate ligands (vide
supra), no potassium cations were incorporated into the struc-
ture of 55. The origin of the protons bound to the bridging N-
containing ligands could however not be unambiguously as-
signed.

Sita and co-workers reported the synthesis of the dinitride-
bridged tantalum dimer [{Cp*Ta[N(iPr)C(R)N(PrI(u-N)},] (56,
Cp*=n>-CsMe;, R=Me, NMe,, Ph) obtained by reduction of
the tantalum amidinate trichloride complexes [Cp*Ta-
[N(PNC(RIN(PR)]Cl;] (57, Cp* =1-CsMes) with four equivalents
of potassium graphite under a dinitrogen atmosphere
(Scheme 12a).¥

The same ligand set was used to prepare a series of group 5
and 6 transition metals complexes.*>*”” Among those, only the
niobium complex [Cp*Nb[N(iPr)C(R)N(iPr)ICl;] (58, R=Me, Ph)
presented the same dinitrogen cleavage activity in presence of
potassium graphite, forming the bridging nitride complex 59
(Scheme 12b).%” Reducing the steric demand on the N sub-
stituents of the amidinate ligand (Et vs. iPr) allowed for homo-
lytic cleavage of N, promoted by the corresponding group 6
transition metal complexes 60 and 61 in presence of sodium
amalgam (Scheme 12¢)./*®

2.2.2. N, splitting induced by light or electrochemistry

As highlighted above, the use of alkali-metal reducing agents
may complexify the evaluation of their individual roles in the
reaction mechanism, as potentially acting both as reducing
agents and Lewis acids. In addition, the highly negative redox
potential of alkali ions restrains their use for the development
of catalytic systems, as large thermodynamic costs would be
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Scheme 12. Dissociative N,-splitting by group 5 and 6 amidinate complexes,
57 (a), 58 (b), 60 and 61 (c).

associated. Strategies allowing to separately investigate N,
cleavage and functionalization while being able to easily tune
the energy provided to the system are hence highly desirable
for both mechanistic analysis and the discovery of new catalyt-
ic systems. The following section aims at discussing the forma-
tion of metal nitride complexes from dinitrogen triggered by
photo- or electrochemical means.

Photochemical activation of dinitrogen was described in few
reports, taking advantage of potential MLCT transitions to the
N-N m* orbital to promote N, splitting.®>’® The first example
of photoactivation of N, was reported by Floriani and co-work-
ers. The three coordinate complex [Mo(Mes);] (Mes=2,4,6-
Me;(C¢H,)), which was generated in situ by treatment of
[MoCl,-dme] with four equivalents of mesitylene-Grignard, re-
acted with dinitrogen by a four-electron reduction under the
formation of a dimeric Mo" complex 62 with a bridging [N-
NI*~ unit (Scheme 13a)."" Compared to the tris-amide com-
plex 1 developed by Cummins (Scheme 5),*”’ the mesitylene li-
gands in 62 are less electron donating than the anionic amide
ligands and could not induce full cleavage of the dinitrogen
moiety. 62 was reported to be stable in refluxing benzene,
however, the formation of the bridging nitride complex 63 was
observed upon exposure to UV light (1 =365 nm).

Transient absorption spectroscopy experiments revealed
that the bridging dinitrogen complex 64 prepared by Cum-
mins et al. could also be photoactivated, resulting in both Mo—
N and N—N bond cleavage (Scheme 13b).>72

The photolytic cleavage of the rhenium bridging dinitrogen
complex 65 was reported very recently (Scheme 13 ¢).”® Similar
to complex 62 (vide supra), 65 was found to be thermally
stable, whereas irradiation with visible light (1 =405 nm) led to
photolytic cleavage of the dinitrogen unit into the correspond-
ing terminal nitride complex 66. Nitride functionalization to
ammonia was achieved by a PCET-type mechanism using Sml,
and H,0 as reducing agent and proton source, respectively.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 13. Photolytic N,-splitting of dinitrogen bridged group 6 and 7 metal complexes 62 (a), 64 (b), 65 (c), 67 (d), 69 and 70 (e).

An additional example of photochemically triggered dinitro-
gen splitting was uncovered by Nishibayashi et al.” The ferro-
cenyl-diphosphine and pentamethyl-cyclopentadienyl support-
ed dinitrogen bridged Mo-complex 67, obtained from a molyb-
denum hydride complex and dinitrogen in two steps, was
transformed to the corresponding Mo-nitride 68 by irradiation
with visible light (1>400 nm) (Scheme 13d). Note that the
original dinitrogen-bridging dinuclear Mo-complex 67 could be
regenerated by sequential oxidation with [FeCp,][BAr",] and re-
duction with potassium graphite. Treatment of Mo-nitride 68
with excess decamethylcobaltocene (CoCp*,) and [LutH][BAr",]
led to the formation of ammonia (0.37 equiv based on 68).

Sita and co-workers disclosed the light mediated dinitrogen
cleavage of group VI (M=Mo or W) bridging dinitrogen com-
plexes (69 and 70) (Scheme 13e).” Upon photolysis of 69 or
70, the respective bridging dinitride complexes 71 and 72
were obtained, together with small amounts of mono-nitride
complex 73 when Mo complex 69 was used. As mentioned in
the previous section, modifying the steric demand of the sup-
porting amidinate ligand from isopropyl to ethyl (Scheme 12¢)
allowed for the conversion of the photochemically driven
cleaving step into a thermally driven reaction.”®

Electrochemical (or outer-sphere) dinitrogen reduction to ni-
trides may represent a key step to the development of catalyt-
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ic systems, however very few complexes have been reported
to mediate dinitrogen cleavage in the absence of external
functionalization agents such as protons or electrophiles. The
first of such an example was reported by Schneider and co-
workers, showing that dinitrogen splitting and subsequent
preparation of complex 32 could also be accomplished by con-
trolled potential electrolysis under an N, atmosphere (E. 4=
—1.90V vs. Fc¢/Fc*, 0.2m nBu,N*PF¢~ in THF) (Scheme 7a), or
by using an outer-sphere reducing agent (CoCp*,).>” The same
behavior was observed for the analogous complex 35.5"

The one-electron oxidation induced dinitrogen splitting re-
ported by Masuda shortly after represents another rare exam-
ple of nitride formation enabled by electrochemistry, yet with
a very different strategy.”® This approach relied on the oxida-
tion of the Mo°® complex trans-[Mo(depe),(N,),] (74, depe=
Et,PCH,CH,PEt,) by chemical ([FeCp,l[BAr",]) or electrochemical
means (E,,=+0.5V vs. Pt-wire), generating in situ [(u-
N,)(Mo"(depe),),]*" with a Mo"-N=N—Mo" core followed by the
formation of the Mo" nitride complex 75 (Scheme 14). Never-
theless, this protocol could not be easily exploited for catalytic
N, reduction as it operates under oxidative conditions, whereas
the conversion of dinitrogen to ammonia requires an overall
reduction of the substrate.
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Scheme 14. Electrochemical N,-splitting by molybdenum complex 74.

2.3. Nitride functionalization

The previous section provided a significant number of metal
complexes able to fully cleave dinitrogen to nitrides, but to
date only very few catalytic systems were identified with such
complexes (see Scheme 47 in Section 4). One of the main chal-
lenges to establish such catalytic system is to functionalize the
formed nitrides. Transition metal nitrides that are formed upon
dissociative N, cleavage are often very stable and their func-
tionalization hence requires strong electrophiles/proton sour-
ces. These harsh conditions could interfere with the low-valent
metal precursor. To overcome this limitation, a few synthetic
cycles were developed, providing the reducing agents and
functionalizing groups in a stepwise manner.”” Following this
strategy, most of the formed nitrides react with strong proton
sources to generate ammonia, but in many cases destruction
of the metal complex is observed simultaneously. These exam-
ples were treated together with the description of the nitride
formation in the previous sections. The following section fo-
cuses on synthetic cycles enabling the formation of N—C and
N—Si bonds from nitrides that originate from N,. Such reactions
allow for the synthesis of fine chemicals with the N atom origi-

i.) BnBr, AgOT/, DTBMP,
ii) (KN(SiMes);)
[

\ Me-OTf
Schneder 2014)

nating from dinitrogen. This can be especially interesting for
the manufacture of value-added products from N, as well as
for the synthesis of N labelled compounds (if using "°N, as
the nitrogen source). All nitride functionalization reactions re-
ported here are summarized in Scheme 15 and Table S2. The
reader is asked to refer to this scheme for all structures men-
tioned in this section.

2.3.1. N—C bond formation

Many investigations have been performed on the Mo" trisa-
mide nitride complex 2.*”" The weak nucleophilic character of
this nitride allowed for functionalization with a variety of
strong electrophiles such as methyl iodide, Me,SiOTf or
PhC(O)OTf vyielding  substituted imido complexes 76
(Scheme 15).”® Cummins and co-workers developed a synthet-
ic cycle consisting of the molybdenum- and niobium trisamide
complex 1 and 77, which converted dinitrogen into nitriles.”
The N—C bond forming reaction took place in between a Nb"
nitride and an acyl chloride species. The first well defined
transfer of the nitride ligand from [Mo"'(NtBUuAr)(**N)] (2-"°N) to
an organic molecule was achieved using trifluoroacetic anhy-
dride as an acceptor.®” Quantitative formation of CF,CO'°NH,
was observed with concomitant decomposition of the molyb-
denum complex. A full synthetic cycle that converted dinitro-
gen into organic nitriles was later disclosed by Cummins
(Scheme 16a). Key step was the use of SnCl, or ZnCl, as strong
Lewis acids and chloride donors to release the free nitrile and
to form the Mo" trisamide chloride complex 78 which could
be reduced back to the initial Mo" trisamide complex 1 and
thus close the synthetic cycle.®”

PhHS)
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Scheme 15. Stoichiometric functionalization of metal-nitrides originating from N

Chem. Eur. J. 2021, 27, 3892 -3928 www.chemeurj.org

3902

, (N-C and N—Si bond formation).
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Scheme 16. Synthetic cycles promoted by transition metal complexes 2 (a),
46 (b) and 68 (c) for the synthesis of isocyanates and nitriles utilizing N, as a
nitrogen source.

Similarly, Kawaguchi etal. reported the alkylation of the
bridging p-nitrido niobium dimer 12 with methyl iodide to
afford the corresponding imide bridged complex 79 (overview
Scheme 15).5° Subsequent addition of pyridine and reaction
with CO, afforded the Nb'-ureate complex 80.%?

N—C bond formation, integrated into a synthetic cycle could
also be accomplished from the V" nitride complex 47, which
was obtained from the V" complex 46 by reductive cleavage
of N, (Scheme 16b). The nitride ligand of 47 was functionalized
with CO to the corresponding isocyanate complex 81. Free po-
tassium isocyanate precipitated upon addition of dimethylace-
tylene and dissolving in THF recovered the original com-
plex 46.°°" Additional reactivity of 5 was observed with 2,6-xy-
lylisocyanide, which formed a carbodiimide complex 82.

Formation of isocyanates was also observed using the end-
on dinitrogen bridged dimer [(Cp*Mo[N(iPr)C(Me)N(iPr)1),(u-N,)]
(69). Complex 69 was used in a chemical cycle producing iso-
cyanates (R;ENCO) from N,, CO, and R;ECI (R;E=Me;Si, PhsSi,
Me,Ge or Me;C) (Scheme 16¢).” Treatment of 69 with R;ECI
under UV light afforded the corresponding terminal imido
complexes 83. Reaction with CO, and excess R;ECI followed by
reduction under N, led to the release of substituted isocyanate
(R;ENCO) and regeneration of the original complex 69.

Organic nitriles were likewise obtained from PNP-type pincer
rhenium nitrido complexes in high yields.®™ While the nitride
moiety in complex [Re'(PNP)CI(N)] (33, PNP = ((tBu,PCH,CH,),N)
could not be protonated with HOTf (which led to protonation
of the ligand backbone), it could be functionalized to the

a) Me ks b) Me I
e E N
MeOTf N/_'R”e/ MeOT! 7, FLL/
&P'/ ~Cl f &F"/ ~Cl
N 84 [OT] N [oTf]
fFIJl;P _ 5 /FI‘II;P _
N—Re_ i N—Re_
e + e +
ars N_Pj P pl N_Pl_l
33 HoTf 'L”/ : 35 HOTH /}ﬁl,
BN=TCsa = N7
I ! H pv
rom | i rota

Scheme 17. Functionalization of metal-nitride complexes 33 (a) and 35 (b).

methylimide complex 84 using MeOTf (Scheme 17a)."® The
very same outcome was reported for functionalization of the
nitrido complex 35 bearing a pincer ligand with an unsaturat-
ed backbone (Scheme 17b)."" Methylation of the nitrido
ligand of the iron complex 51 was also achieved upon reaction
with methyl tosylate (MeOTs, TsO~ = p-CH;-C,H,-S0;7).B¥

Analogously, reaction of 33 with ethyl triflate yielded a rhe-
nium ethyl imido complex which was deprotonated with the
strong base (KN(SiMe;),) to afford the corresponding Re" keti-
mide complex 85 (Scheme 18a). Treatment with N-chlorosucci-
nimide (NCS) led to the release of free acetonitrile and the rhe-
nium(lV) trichloride complex 86. Reduction of this trichloride
complex with sodium mercury amalgam under dinitrogen re-
generated the putative rhenium nitride 33 and closed the
chemical cycle which produced acetonitrile from ethyl triflate
and N,. The very same protocol was applied for the synthesis
of benzonitrile with in situ generated benzyl triflate as the
carbon source.® Use of a sterically less demanding pincer
ligand (isopropyl instead of tertiary butyl substituents on the
phosphorous) enabled the formation of benzonitrile and ben-
zamide from dinitrogen and benzoyl chloride (Scheme 18b).%¢
Interestingly, this synthetic cycle exploited for each step a dif-
ferent activation strategy: i) photochemical splitting of Re-dini-
trogen complex 87, i) thermally induced reaction of benzoyl
chloride with the formed nitride complex 88 and iii) electro-
chemical reduction of 89 under N, to regenerate the dinitro-
gen bridged Re-complex 87.

a Pob cl P c)
' o) s cp cp
| P Cl N L
N 1 1. EtOTf ! H. C;l/—NfNARIe‘\)’H \/N/ d
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v
33 Ereg=-185V, ce g0
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H_ Me ' phenol, N, 4Rl
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Scheme 18. Synthetic cycles promoted by transition metal complexes 33 (a), 89 (b) and 91 (c) for the synthesis of organic nitriles utilizing N, as a nitrogen

source.
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Multinuclear titanium complexes were also used as a plat-
form to split dinitrogen followed by functionalization of the
formed nitrides into organic nitriles (Scheme 18¢).2"#” The tet-
ranuclear bisimido/bisnitrido complex [(Cp/Ti,(*-NH),(u*-N),]
(90, Cp’'=C;Me,SiMe;) was obtained from [Cp'Ti(CH,SiMes);]
(91) by hydrogenation under dinitrogen and heating under di-
nitrogen at 180°C. Reaction with a variety of acyl chlorides
yielded the corresponding organic nitrile compounds. The
original titanium complex 90 could be obtained again upon
treatment with HCl followed by Me,SiCH,Li.

2.3.2. N-Si bond formation

Alternatively, a few examples of electrophilic functionalization
of metal nitride obtained by N, reduction have been reported
using silylation reagents such as silanes of silyl halides.

Mézailles and co-workers used the bis(silane) HSi-
Me,(CH,),SiMe,H to functionalize the PPP-type pincer support-
ed Mo" nitride complex 31. The use of a bis(silane) functional-
izing group allowed the release of the N-containing product as
a cyclic silylamine in good yields (see overview Scheme 15).14¥

A different behavior had been disclosed by Sita and co-
workers using PhSiH; to functionalize the bridging bis(u-nitri-
do)-tantalum complex [{Cp*Ta[N(iPr)C(Me)N(iPr)](u-N)},] (56).
The functionalization product could not be released, affording
the silyl substituted Ta-imido complex 92.°Y However, as de-
picted in overview Scheme 15, using the Mo analogue
[Cp*Mo[N(Et)C(Ph)N(E)ICL,] (60), quantitative formation of hex-
amethyldisilazane (HN(SiMe;),) could be obtained upon
reacting the terminal imido complex 93 with an alcohol X—OH
(X=iPr, Me;Si)) and Me,SiCl, allowing for the full cleavage of
the metal nitride bond and release of the N-containing prod-
uct

The proposed mechanism for the generation of HN(SiMe;),
involves the formal addition of HCl (generated from the reac-
tion of X—OH with Me,SiCl) across the Mo=N double bond of
the imido complex 93, generating a transient Mo" amido com-
plex. This intermediates further reacts with a second equivalent
of Me,SiCl to yield HN(SiMe;), and regenerate the initial Mo"
dichloride complex 60.

2.4. Summary

The review of the complexes above highlights that, despite a
significant number of molecular complexes are able to mediate
the full cleavage of dinitrogen, only a few of them have been
identified to mediate this cleavage in the absence of external
reducing agents. In addition, the high stability of the formed
nitrides is generally a key driving force of dissociative mecha-
nisms. However, this high stability represents a challenge to be
overcome when considering the functionalization of metal ni-
trides, which requires to utilize strong electrophiles and proton
sources. The common incompatibility of such reagents with
the metal complex precursors nevertheless constitutes one of
the main limiting factors for the use of such complexes in cata-
lytic conditions. Milder homolytic bond formation mechanisms,
notably via PCET, may provide a promising strategy to utilize
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these metal complexes in a catalytic way, without the need of
stepwise synthetic cycles.

3. Associative Pathways

The major driving force of associative reaction pathways relies
on the activation of M—N, species through the functionaliza-
tion of the coordinated N, moiety with electron deficient sub-
stituents, facilitating the transfer of electron density onto the
N, moiety and its subsequent reductive cleavage. We will dis-
tinguish in this section key associative N, cleavage strategies
based on the stepwise protonation and silylation of N, or on
the functionalization of N, with carbon-based electrophiles.
This section will mainly focus on the stoichiometric transforma-
tion of N,, while systems enabling catalytic conversion of dini-
trogen will be discussed in Section 4. Associative mechanisms
typically involve the initial coordination of N, without full
cleavage: for most examples presented here we will hence not
specifically focus on the N, binding step but mainly on subse-
quent functionalization steps. An overview of all functionaliza-
tion strategies towards N—H, N—Si and N—C bond formation re-
ported in this section are compiled in Scheme 19 and Ta-
bles S3-S5.

3.1. N-H bond formation

Hydrogenation strategies of N, require the provision of pro-
tons and electrons. Several strategies have been explored and
will be reported in this section, differentiating mechanisms in-
volving the separate supply of electrons and protons using
Brgnsted acid sources and reducing agents (that could be the
complex itself) and reaction pathways providing protons and
electrons via a sole source, namely dihydrogen or hydrides.

3.1.1. Protonation pathways

Direct protonation of the metal bound dinitrogen is one of the
predominant criteria towards its conversion to ammonia. The
key requirement for such protonation to occur relies on pro-
viding sufficient electron density to the bound dinitrogen
moiety.®? This often necessitates the use of low-valent metal
centers, which however typically display low Lewis acidity and
N, binding affinity while enhancing the risk of competitive
proton reduction to dihydrogen. The Lewis acidity of the metal
centers can yet be modulated by the ligand used. This allows
for an advantageous N, over H* binding as well as furnishing
substantial electron density on the N, moiety for directed pro-
tonation via concomitant electron transfer in so-called proton-
coupled electron transfer steps. Such strategies towards the
protonation of metal ligated N, species will be addressed in
this section.

Bis-diphosphine dinitrogen complexes of molybdenum and
tungsten were early synthesized by the reduction under a N,
atmosphere of [MoCls(thf);] or [WCl,(thf),] with sodium amal-
gam or metallic Mg® or of molybdenum tris-acetylacetonate
complexes with AIEt;®” This series of dinitrogen complexes
enabled an extensive number of studies on N, functionaliza-

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry—A European Journal

Review
doi.org/10.1002/chem.202003134

Chemistry
Europe

European Chemical
Societies Publishing

Et,
New _ (CH;C0CN, R R @Fé P\Mk Me25i/\:,\SiMeZ o Sies oo ,Si/\:,\SiMez Me,_ Me Me;” Me
[ o ) h Pal N Il ) il N
N PN N P - [ N |
pn\(rﬁ. £ oot | E:"/}}"\‘\gj F s, potes) (Prip—Fo2pign (Pr),PfFée-"p?.‘;,,;” PSRy F"z"*:-m
N Ph PR o] H W ht %
) ‘ X b m BN
3 o N—AISY
N-Si Bonc \N:N'B" BnBr | 4 ol & Ny 180 181 222 21
Formatior Bl \ \ Pt o A '
\ HC! \ fx " R EP;/M\;PJ b ‘ N e /
HN=NH = \ r . e /
\ ‘ \ ! 201208 (M= W) = ii) TMSCI Sgi~SIS ity MeoTt
b A \ ; N o 205.206(M=10) _— I)}I:((;,:.,m-cm‘wn-s e
J=| i, WP - i, f
I ve Pro CpetMspd ' ch‘u”\/ & Poe ;r‘
? N X I
N ANS ""/Q 207-211 (M= W) A eeen,
Bl 4 pn [N N o 187 7 ®np” N\
T .| . >:7 TLNIO e ’V;‘/\!Bu 212, 213 (M = Mo) // B(P;
Bu" &7 i) Na(Hg) P(Pr),  (PrP J B
L \ K TMSCI v
Ly \\/ (L) or (L) \'/ ©) R 2 "()e:noee‘s)_r)' RX, nD ol 7 z:: M=Fe)
z;s 240 H(CsMe. N - / /‘ 217 (M= Co)
i o Ll ds) MeOT! (3 equiv.) P s
¥ \ : :
OT=N—N—7() - MBINCO i)k KCuHe) % MgP +| Kc,(exaes,s}, P v‘ 3
T || = e S
238 N'Bu \ [ / d
o \ [Chatt 1972) | [Peters 20161 \ P(P’)?
N 4 (Pp” b,
ii.) CO; < P |
Meas‘oJ< SiMes Sivey) Womgu2017] ™ \1 | P :I))':AQOTS i
MesS'°w< Joses pl
p - \\ " (Peters 2003
L _siMey |)Na(Hg) Poanas  W)TMSCI N
Me,SiO z = & SiMes| i) €O, i e N SiH,Ph
- —Fe 2
0SiMes \/ /l( ) /'f/ 3 ‘\\r‘vmzoul i.) Na(Hg) " :slv/_\&— Mez B 185
[ Messl <'\‘/ SMez  (ieaz0 ) | \ % S ac @ /Fe—N N j @
0_OMe o e / \ \‘\ Me;Si
o \ 184 /
\ _N MeOTf | 224 S S— N N | H P/"‘ SiMe;
MesSi A S y f[mm‘.c.me Halzla) \\ N ) 2 P o —NH1
/ HC=—Ar / / [Ko{[U"(OSi(0Bu))z(n-O)] (242 186
4 i.) Na(Hg) 4 & ‘ : \\co
/i) ) CySily ([-Caver) o\ ™
IH’ SiMes! H_N=N C=—Ar 7 tone200m \ e
' AT o, 5%
1PNy Sit, / N
:<0Me :<0Me AR, 288 ! /i) Na(Hg) \ o
(o} M O; M o ~ / \
N-N ¢ N-N ¢ pgipP: Zg; 3 //'I‘Qm/ s ) ¢ i
H  )-OMe M’ )-OMe =P HI =M V. e ('BuOhS|\O\ /0\ /Qfs|(ofsu)3 ('BuO);Sl\o 8 /Oiil(O’Bu)g
g @ 197 / ('BuO);Si- O/U’O\U 0 'Si(0'Bu)y ('EuO);,SI / éo;u<oj‘8|(0’5u)g + Nzc®K®
/ N N o
&- on K H\}% i)75°C 7 Y05 // (BuO)SI~ ﬁ ©-si(0Bu)s ('BuO);;S! ¢ Si(0Bu)y
i) Hy 5 / / o
L /S\ M= i) PhNCO [ 244 241
S N \y |
P (1 equiv.) |
% L - . # | )
i)co P szm/ \Wsz / Bu-N=C=
o u)Hc[ / u-N=C= X=C= Ph-N=C=N-Ph BnBr RSiH;
HJ\NH; NH,CI = ok\( )Z,-o // l ' 1 |
o Ph
i zza S Ph - Ph Me; i
Bt e NN Staneny PN < HzSi”
SN _N 8 N sl D ) s~ N—y ey 1
§ /4N\ hicp,  PhNCO Cp'HI~ N‘TCP’ PhNCO  CpHI= ) —~HICp Ph—P7 A~ N~ ~~N\1P7Ph N Ph- N\/ [N\ \N
CP:”'\ N (1 equiv.) o= o (1 equiv)) / (//[l Nepp ™8~ & x= (NPN)Taf _—Ta(NPN)  (NPN)Ta', .~ Ta(NPN) /Ta(NPN) = (NPN)Ta Ta(NPN)
o= o * N —_— o” N ¢S Ve, / X=NPh SHY | S THT
o N L Ph 7~ Me; X B W oW _
i P N-Ph X o o 194R=Ph
N-Ph 192,R=Ph _SiH, 195R="Bu
193, R = "Bu R
Scheme 19. Stoichiometric functionalization of metal-bound N, (N-C and N-Si bond formation).
. e . . "
tion utilizing these species as starting N, synthons. Chatt and N NH NHZ—I
" I \
co-workers demonstrated as early as 1972 that such bis-di- N i . b o -
) o . P LR o Mg X=ClorBr
phosphine dinitrogen complexes can undergo direct protona-  Cp~¥ \p-:‘ Ep-’ 9 ] - ‘:p" ~p
. . . I . N X X
tion using strong acids. Bis-diphosphine complexes of tung- b
_ [91]
sten, trans-[(dppe),W(N,),] (94) (dppe=Ph,PCH,CH,PPh,), 94 M=W p_ppp, 97 M=w 100 M=W
95 M= Mo 98 M= Mo
and molybdenum, trans-[(dppe),Mo(N,),] (95), trans-[(de-
96 M=No P'=PEt, 99 M=No

pe),Mo(N,),] (96) can be protonated using strong inorganic
acids (e.g. HBr or HCl) in toluene or THF to produce the corre-
sponding diazene complexes [MX,(dppe),NH=NH] (M=W
(97), Mo (98), and X=Cl or Br) and [MoBr,(depe),NH =NH] (99)

plex 100.

in good yields (Scheme 20).°"? These seven coordinated dia-

zene complexes further underwent proton reorganization to
generate the corresponding hydrazido complexes, for example,
100, upon dissociation of an anionic halide ligand. The en-
hanced cationic character of the metal resulting from halide
dissociation was attributed as a possible reason for this reor-
ganization. Interestingly, Pickett and Talarmin demonstrated in
1985 that such hydrazido complexes could also be generated
electrochemically but with a p-TsO counterion.®
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trans-

[M(depf),(

Scheme 20. Associative N, protonation using group 6 bis-diphosphine com-
plexes, 94-96 resulting in hydrazine complexes 97-99 and hydrazido com-

This reactivity was shown to be maintained for a broad
range of bis-diphosphine complexes [M(
redox active moieties such as ferrocenyl-, ruthenocenyl-, and
chromobenzene-based bis-diphosphine ligands (PP) where the
redox active moieties were incorporated in place of the
-CH,CH,- group, as highlighted in Scheme 21a. The formation
intermediates
(M=W (101) or Mo (102), depf=nbis-diethylphosphinoferro-

N,),(PP),] that include

=N-NH,)(OTf)]OTf

cene) was also identified upon treatment with triflic acid
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Scheme 21. Associative N, protonation using group 6 metal complexes,
bearing metallocene diphosphine ligands 103-110 (a) and (b), and resulting
hydrazido complexes 101-102 (c).

(Scheme 21¢). At the difference of ethylene(bis-diphoshine)
complexes 94-96 presented above, formation of NH; was ob-
served upon treatment of complexes 103-107 with H,50,.*%
This different behavior regarding the formation of NH; was
suggested to originate from the hemilabile character of the
nonflexible metallocene ligands. Analogous complexes in
mixed ligand environments with both bidentate and mono-
dentate ligands such as 108-110 also showed similar reaction
patterns, yet with an overall lower activity towards ammonia
formation (Scheme 21 b).*®

This behavior appeared to be characteristic of a broad range
of bis-diphosphine dinitrogen complexes, notably based on
other transition metals such as Cr and Fe. Trans-
[Cr(dmpe),(N,),] (dmpe =Me,P-CH,CH,-PMe,) could be ob-
tained by reduction of trans-[Cr(dmpe),Cl,] using sodium-mer-
cury amalgam,”” Rieke magnesium® or nBuLi.®” While ammo-
nia or hydrazine were not released by protonation using a vari-
ety of proton sources!™ the Cr hydrazido complex
[Cr(OTf)(dmpe),(= N-NH,)][OTf], similar to the Mo and W ana-
logues described before, was isolated."®" Leigh et al. reported
the stoichiometric activation of dinitrogen to ammonia using
the  iron(0)-dinitrogen  complex  [Fe(dmpe),N,]  (111)
(Scheme 22a)."'% |nterestingly, different reaction products
could be observed depending on the protonation condition
used: 0.12 equiv of NH; and trace amounts of hydrazine were
obtained upon reaction with HCl in THF whereas only hydra-
zine was formed when MgCl, was added to the reaction mix-
ture in presence of HCl.

Very similar type of reactivity was also encountered for other
iron-diphosphine complexes such as [(dppe),Fe’-N,] (112)'*¥
and water soluble trans-[Fe(DMeOPrPE),(N,)] (113). Formation
of the [Fe=N-NH,] species 114 in the presence of weaker
acids, for example, HOTf or [Ph,NH,][OTf], and excess of
[CoCp*,] further suggested the occurrence of a distal associa-
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Scheme 22. Associative N, protonation using iron complexes 111-113 sup-
ported by chelating diphosphines (a), and resulting hydrazido complex 114,
diazenido complex 115 and ammonia complex 116 (b). Iron complexes 117-
118 supported by chelating triphosphines and hydrides 119-120 (c).

tive mechanism for N, reduction."® It should be noted that in
addition of the hydrazine complex 114 mentioned above, the
other potential intermediates formed en route to NH;, for ex-
ample, diazine 115 and ammonia complex 116 were isolated
by ex situ reaction with the corresponding N-containing syn-
thons,'% allowing to propose the reaction mechanism
shown in Scheme 22b.

The overall six electron reduction yielding to ammonia for-
mation was proposed to occur via the participation of multiple
Fe® complexes acting as sacrificial reducing agents to provide
the six electrons, as further suggested by the isolation of the
bridging N, dimer [{Fe(dmpe),},(u-N,)1."% In addition, product
distribution was observed to be highly solvent dependent, as a
consequence of the modulation of the acidity of the proton
sources in different solvents: Complex 111 produced N,H, in
pentane, only NH; in THF and a mixture of both N,H, and NH,
in Et,0 when treated with [H(OEt,),][OTf].'*”

The use of tetradentate tripodal phosphine ligands allowed
to identify that iron hydrides were key reaction intermediates
obtained upon protonation of the Fe dinitrogen complex: the
protonation of tris-(2-diphenylphosphino)-ethylene)phosphine
(PP™,) iron dinitrogen complex [Fe(PPP",)(N,)1 (117)"% or tris-
(2-diphenylphosphino)-(ethylene)amine (NP™,) iron dinitrogen
complex [Fe(NPP)(N,)] (118)"" resulted in the formation of
stable iron hydride complexes 119 and 120 (Scheme 22c). DFT
calculations® and experimental® studies by Tyler and co-
workers allowed to demonstrate that such iron-hydride species
were also formed with the bis-diphosphine complex 113
(Scheme 22a). These studies suggested that protonation of the
iron centre occurred first to generate hydrides trans to the N,
ligand, followed by protonation of the latter. The complete
series of trans-hydride dinitrogen, hydrazido-, hydrazine- and
amido-complexes was characterized, highlighting the stability
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of these trans-hydride species at all steps of ammonia genera-
tion.l'*®

Essentially analogous reactivity to that observed with biden-
tate phosphine ligands was noticed with Mo and W complexes
bearing monodentate phosphines. Protonation of trans-
[W(N,),(MePPh,),] (121) with HCI lead to the formation of the
diazene complex trans-[WCl(MePPh,),NH=NH]ICI"¥ (122). How-
ever, the cis-isomer of [W(N,),(Me,PPh),] (123) showed signifi-
cantly higher activity, leading to the quantitative formation
of ammonia upon treatment with H,SO, in methanol
(Scheme 23)."3" Mixtures of ammonia and hydrazine were

m NH Pll

N [ = H,SO,
oo ool o M ml oo NHs
prSP TR pe W ¢

N Cl Il 123, M=W

N 121 35 N 124 M= Mo
P’ = PPh,Me P" = PPhMe,

Scheme 23. Associative N, protonation using group 6 monodentate phos-
phine complexes 121, 123, 124 and resulting hydrazine complex 122.

observed for the molybdenum analogue, cis-[Mo(N,),(Me,PPh),]
(124) under the same conditions.">""® These studies were key
to identify the relatively lower reactivity of trans isomers to-
wards NH; formation™* and constituted the first example of
the use of H,SO, in methanol as a proton source for ammonia
generation, which inspired many following studies.""? Direct
coordination of methanol to the metal centers in these reac-
tion conditions was early proposed as a key step for ammonia
formation.""” The difference of activity of complexes 123 and
124 with respect to their bidentate analogues 94 and 95
(Scheme 20, vide supra) towards NH; formation (the latter two
showing essentially no activity) was attributed to the easier
dissociation of one of the monodentate PMe,Ph ligand upon
protonation of N,.['"

This behavior was exploited to design complexes bearing
both tridentate and monodentate phosphine ligands. Protona-
tion of the complex cis-[Mo(N,),(PPP)(PPh;)] (125) (PPP=
PhP(CH,CH,PPh,),) under milder conditions (HBr in Toluene) re-
sulted in the quantitative formation of NH; (Scheme 24a).l'"® "
This complex allowed the identification of the origin of the
electrons required for N, reduction: isolation of [Mo(PPP)Br;]

p = B
Ph\p(—;llé—NEN BB NH; + Ph\p(-;llé—Br
QP'/l Toluene P'/
N P=PPh, Br
125 N P =PPh, 126
b) L’w
/_|7P' HBr . L @, PEt; |
Ph—p—Mo—L — 2~ NH; | < = Fe :
<_P'|!| Toluene : L PEt, E
127 N S :

Scheme 24. Associative N, protonation by molybdenum complexes 125 and
127 bearing chelating triphosphines.
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(126) after NH; formation suggested that each Mo center pro-
vided three electrons. The easier dissociation of monodentate
PPh; ligand provided access to the anionic Br-, leading to a
further increase in electron density on the reaction center.*®'2”
To circumvent the use of one equivalent of complex acting as
a sacrificial electron donor, Mo complexes bearing redox non-
innocent ferrocenyl diphosphine ligands in combination with
tridentate PPP ligands were investigated for N, activation
(Scheme 24b) and exhibited the highest catalytic activity to-
wards NH; formation among a series of PPP Mo complexes
with bidentate diphosphine ligands."™

Inspired by active catalysts for H, production replicating the
proton relays found in the second coordination sphere of hy-
drogenase enzymes,'”"'? Mock and Bullock incorporated
pendant amines to polydentate phosphine ligands for Cr dini-
trogen complexes. Such ligands can act as proton relays and
could mediate the challenging multiple protons transfers re-
quired for N, reduction to ammonia. While Cr dinitrogen com-
plexes bearing diphosphine® and triphosphine® ligands
[Cr(N,),(P®",N™.),] (128) and [Cr(N,)(P®";N™";)] (129) with pend-
ant amines were not reported to mediate N, protonation
(Scheme 25a), the macrocyclic P,N, chromium complex
[Cr(N,)(P®",N"",)] (130) generates a mixture of N,H;" and NH,*,
in presence of excess acid and reducing agent. The ratio be-
tween the two products being dependent of the reaction con-
ditions: hydrazine is favored at low temperature while ammo-
nia is obtained in quantitative yield at room temperature.['2*12
DFT calculations suggested that upon protonation, 130 gener-
ates the diazenido complex [Cr(N=NH)(P",N"")]* (131), to-
gether with the hydride complex [CrH(N,)(P®",N"")1" (132)
(Scheme 25b, inset)."* Most importantly, this complex was
used to illustrate the first functionalization by hydrogen atom
transfer of an end-on bound dinitrogen ligand: NH; was quan-
titively obtained from the reaction of 130 with TEMPOH
(2,2,6,6-tetramethylpiperidine-1-ol) (Scheme 25b)."*

a) l?n
N
Bn N
NN Bn 1l
Bn N, P'J\) N N Me,
“_p. | P \_p,,. | P
kP:., . P 8 +
ery or N v Sl H
NP7 1 NG > P —
Bn""V m SN Bn’N\/ P Me,
N N N=— P=PPh
n
128 P'=PPh 129
) w Bn Bn _I H Bn _l |
Ph.,—|-N— P Bn Ph. —N—__Ph Ph. N— __Ph gq!
Bn P N Bl porr B Pl el B B P"‘(.lr““P\,N’Bn'
= S P3Pt RSP
" \—NL/P\ ! PH \=N—r \Ph 7 NNt ¥
Bri m | intermediates Bri w Br m
N  proposed by NH N
130 1 theoretical 131 132
\ calculations.

Scheme 25. N, protonation by chromium complexes bearing macrocyclic
phosphines ligands: no reactivity towards protonation of complexes 128-
129 (a) and protonation of complex 130 using proton or hydrogen atom
donors (b). Hydrazido complex 131 and hydride complex 132 proposed by
DFT calculations are provided in inset.
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In addition to above described end-on coordinated mono-
nuclear N, complexes, a few studies explored the protonation
of complexes containing bridging end-on M-N,-M cores
(Scheme 26). Bercaw and co-worker reported the preparation

Toluene
-80 °C

NH,-NH,

SIS S’ 'S

s,/ /s HCl
EtzN—<~Sf:;M—N=N—C_M\S‘«>—NEtz e NHorNH; =+ NH;
S8 S.s
NEt, NEt,
134 M = Nb
135M
c) P
1IN Cp*,Co (10 equiv.)
LutH][OTf (20 equiv.
P-rln | N—N—= (LUtHIIOTA (20 €9UV) | Ny 4+ NH-NH,
N 4 THF
P 136-P' P

P' = PPh,Me, PPhy,
PPh,EL, P(p-MeCgHa)s,
P(p-OMeCgHy)s

Scheme 26. Associative N, protonation by complexes 133 (a), 134 and 135
(b) and gold clusters 136-P’ (c).

of [{(Cp"),Zr(Ny)}L-(u>-N,)] (133) upon reduction of [Zr(Cp),Cl,]
under a N, atmosphere.?*'%'?1 Addition of Brgnsted acids to
this N,-bridged complex resulted in the formation of hydrazine
and the release of two equivalents of dinitrogen.'* End-on
bridging N, dithioguadinate niobium and tantalum com-
plexes 134 and 135 were reported,"?*"*? and analogously af-
forded hydrazine as the main product upon stoichiometric pro-
tonation, whereas in presence of excess additional reducing
agent, NH; was generated instead."**'*? Quantitative genera-
tion of NH; and N,H, was also observed for a series of dinitro-
gen bridged, phosphine (P’) supported dimeric gold clusters
136-P'."** The presence of hydrazine as the main reduction
product for this series of complexes suggested that N, reduc-
tion occurred via an alternating associative pathway.

In 2011, Evans and co-workers reported the first example of
reductive protonation of a rare-earth dinitrogen bridged com-
plex using the bis-yttrium complex {[(Me;Si),NI,(thf)Y},(u-n?:17>-
N,) (137).*” Reduction of complex 137 with KC, afforded the
N,*>~ bridging complex {[(Me;Si),NI,(thf)Y},(u-177:17°-N,[K(thf)]
(138). Upon treatment of 137 with one equiv of [Et;NH][BPh,],
disproportionation to a 1:1 mixture of 138 and complex
{[(Me;Si),N1,(thf)Y},(u-N,H,) (139) occurred (Scheme 27). Com-
plex 139 had also been isolated in lower yields via the direct
reduction of the precursor complex Y{[N(SiMe,),}; with excess
KCg in THF under N,. The hydrogen atoms in the latter case
were hypothesized to originate from the methyl groups of the
N(SiMe;),  ligand.
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Scheme 27. Protonation of the bridging N,>~ moiety in bis-yttrium complex
137 to produce the corresponding hydrazido complex 139 via disproportio-
nation.

The potential of actinide complexes to mediate the reduc-
tive protonation of dinitrogen was first demonstrated using
the thorium bis-phenoxide complex 140, which formed
the amide complex 141 upon treatment with excess
potassium naphthalenide under a dinitrogen atmosphere
(Scheme 28a)."*® However, reaction intermediates in this reac-

a)

o, T o~

Bu O o

By 'Bu

Me 140 Me

4 equiv. KCg.

H H (l)\ e

1Bu BU tBu tBu 18U Bu

142 (M = )
143 (M = Th)

144 (M = U)
145 (M = Th)

Scheme 28. (a) Activation of dinitrogen by mononuclear Th complex (140)
with diphenoxide ligand. (b) Associative activation of dinitrogen with poly-
phenoxide complex of U (144) and Th (145) via ligand deprotonation.

tion and the source of the protons could not be identified in
this seminal study. Very recently, Arnold et al. further illustrated
the potential of poly-phenoxide actinide complexes for dinitro-
gen activation. The m-tetraphenoxide-arene ligated binuclear
complex of UY and Th" (142 and 143) readily react with dini-
trogen in presence of 4 equiv of KCg to generate correspond-
ing hydrazido (N,H,?") bridged dimeric dianionic complexex
(144 and 145) (Scheme 28b)."® The source of protons was
identified as the ligand benzylic C—H bond, resulting in the for-
mation of a new metal-carbon bond to each metal center. Sub-
sequent protonation of the of the bridging hydrazido complex
with weak acids (e.g. PyHCI or [HNEt;][BPh,]) afforded ammo-
nia in yields up to 1.1 equiv with respect to complex 144 and
145.

Last, the recent work of Mazzanti and co-workers has illus-
trated the potential of actinides to mediate dinitrogen cleav-
age and hydrogenation."* The strongly reducing dinuclear U"
complex 146, which incorporates a bridging nitride ligand and
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the coordination of three potassium cations, was shown to
react even in the solid state with one equivalent of dinitrogen
(Scheme 29). Four electron reduction 2x U"—UY) led to the
formation of complex 147 with a side-on bridging [N-N]*
unit. This side-on bridging N,*~ moiety could be cleaved upon
protonation with excess acid (e.g. HCl) to afford ammonia in
42% yield. Higher ammonia yields of 77% could be obtained
upon initial treatment with H, followed by protonation.

Bu Bu

Bu
O-. .0, excess
BuO. O TKogy N H*
RS o B 3
(‘BUO)ZSI\O——’:}‘(:‘~O/SI(OrBU)2 ('BUO)ZSi\/gu ,'-_,O‘L‘\{S'.(O'B“k
U=ti=U, Ny (’BuO)ZSi\\Q K\/ t o) ‘SI(O’Bu)z
~U= - | S
(Bu0),8i< O™+, 4 —si(0fBu), SO tate o-ug N>y0
'BUO- " dO'Bu o, N Q
Kl si ('BUO),Si k. Si(0Bu),
(BuO),Si— JiBu o8 > BY2 #Buo” " Bug 77%
146 147

Scheme 29. Associative N, splitting and protonation/hydrogenation by ura-
nium siloxide complex 146.

3.1.2. Hydrogenation pathways

Reduction of N, to hydrazine or ammonia necessitates the use
of protons and electrons. All examples presented so far in this
section involved the use of protons from Brgnsted acids, the
electrons being provided by the complexes themselves. Alter-
natively, protons and electrons can be both supplied using H,
or hydrides to hydrogenate N,, furnishing one or two electrons
per proton added. In direct analogy with the Haber-Bosch pro-
cess, early attempts of direct hydrogenation of end-on bound
terminal dinitrogen complexes were not successful.”®'* Nev-
ertheless, acidic transition metal hydrides [(1°-CsH,),ZrHCI"™"
(148), [H,Fe(CO),] (149), [HFeCo,(CO);,] (150) or [HCo(CO),1"**
(151) were shown to be effective at promoting the hydro-
genation of cis-[W(N,),(PPh,Me),] (123) to NH; and N,H,
(Scheme 30). Morris and Hidai showed separately that the Ru-
H, complex [1°-CsHsRu (17°-H,)(dtfpe)IBF, (152) and in situ gen-
erated trans-[RuCl(*H,)(dppe),IX (153) are capable of hydro-
genating the coordinated N, molecule in trans-[W(N,),(dppe).]
(94) to produce the hydrazido complex 100" and subse-
quently NH,.'**'*! Following the same strategy, hydrogen acti-
vation and transfer steps could also be realized via the cou-
pling of polysulfido bridged iron, iridium or rhodium com-
plexes, able to activate H, to form polyhydrosulfido com-
plexes 154-156, which were used to hydrogenate the dinitro-
gen tetraphosphine W complex 123 to yield NH, "

Budzelaar and co-workers proposed an alternative strategy
for N, hydrogenation based on the use of sodium hydride as
reducing agent and proton source and promoted by a Cr com-
plex with redox non-innocent diiminepyridine ligands."*®
Treatment of the formally monovalent Cr' complex 157 with an
excess of sodium hydride under a dinitrogen atmosphere af-
forded the high spin Cr" imide complex 158 (Scheme 31). Inter-
estingly, when sodium hydride was added in a stepwise
manner, bridging dinitrogen intermediates either bearing a
[N=NI>" or a [N-N]*~ bridging unit could be isolated and fully
characterized, indicative of an associative mechanism.

The first example of direct hydrogenation of dinitrogen was
reported by Fryzuk and co-workers upon treatment of a side-
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Scheme 30. Associative N, hydrogenation by tungsten complexes 123 (a
and ¢) and 93 (b) using various metal hydrides 148-156.
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Scheme 31. Associative N, functionalization with sodium hydride mediated
by the diiminepyridine Cr complex 157 and resulting amido complex 158.

on bridging N, zirconium complex [(P,N,)Zr-(u-N,)-Zr(P,N,)]
(159) (P,N,={(Ph-PCH,SiMe,),N},) with dihydrogen, generating
complex 160 with a singly protonated dinitrogen moiety [N-
NHI*~ (Scheme 32a)."*”™*8 Applying this strategy to the side-
on bridged N, zirconocene complex [(CpMe,H),Zr-N,-
Zr(CpMe,H),] (161) allowed the hydrogenative activation of N,
at 1 atmosphere of H, at room temperature to afford complex
[(CpMe,H),Zr-(u-NH-NH)-Zr(CpMe,H),] (162) (Scheme 32b). Fur-
ther heating of complex 162 under H, led to the cleavage of
the N—N bond and formation of NH,.['#""

Alternatively, hydrogenation of N, can be carried out using
pre-formed metal hydride complexes. Hou and co-workers
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Scheme 32. Associative N, hydrogenation by zirconium complexes, 159 (a),
161 (b) and resulting hydrazine complexes 160 (a), 162 (b).

showed that the polyhydride bridged titanium PNP com-
plex 163 readily coordinated N, by releasing one equivalent of
H, and forming the side-on/end-on dinitrogen bridging com-
plex 164.°" Upon heating to 60°C, complex 164 was trans-
formed to the p,-imido/p,-nitrido/hydrido bis-titanium com-
plex 165. The same product was also isolated from the direct
reaction of [(PNP)Ti(L),] (166, X=CH,SiMe;) with H, and N, at
room temperature (Scheme 33).

H H
N -----------------
2N, | S '
(PNP)Ti(X), (PNP) <N ZPNP) L (e = |
166 ; g
165 ; QP‘Prz :
H, : S
H 60 °C ; N
P /%prrz
5H’1 NQN 1
“H~ 2 '
7% N, L S onpy |
(PNP) N7 (PNP) " (PNP)Timq g ! X =CH,SiMej |
=HS H, H e '
L 164
163

Scheme 33. Associative N, hydrogenation by titanium hydride complex 163
and resulting dinitrogen complex 164 and nitrido-imido complex 165.

The molecularly-defined silica-supported tantalum bisneo-
pentyl neopentylidene complex 167 showed analogous reac-
tivity after initial treatment at 150 °C with molecular H, to gen-
erate the tantalum hydride species 168 (Scheme 34). Upon ex-
posure to N,, these complexes afforded the amido-imido com-
plex [(= 0Si),Ta(=NH)(NH,)] (169).* In situ spectroscopic stud-
ies and theoretical analysis allowed proposing an associative
distal mechanism and identifying several reaction intermedi-
ates (Scheme 34, dashed insert).!'*>1>¥

3.2. N-Si bond formation

A significant number of complexes have been shown to medi-
ate N, silylation via associative pathways. Yet, the vast majority
of silylation reactions were demonstrated to be catalytic in the
presence of excess reducing agents and silylation reagents and
will be reported in Section 4 on catalytic systems. Only exam-
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Scheme 34. Associative N,-splitting and protonation by silica-supported tan-
talum complex 167. The structures in the inset describe intermediates ob-
served by in situ spectroscopy and theoretical studies.

ples of stoichiometric functionalization will be discussed in the
present section.

Stoichiometric distal N-silylation was reported for the very
stable complex [MoCp*(depf)(N,)] (170)."*" Reduction with
excess sodium amalgam followed by silylation with trimethyl-
silyl choride afforded the corresponding [Mo—N=N—SiMe;] spe-
cies (171) (Scheme 35a).

In 2003, Peters etal. showed that a cobalt-dinitrogen
complex bearing a phosphine borate ligand
Mg(thf),[Co(PhBP™,)(N,)], (172) [PhBP*;=PhB(CH,P™,),] could
be silylated at the terminal nitrogen of the coordinated N,
ligand (Scheme 35b)."** Stepwise reduction of the complex
[Co(PhBP™,)I] (173) with metallic Mg in THF under N, atmos-
phere allowed generating complex 172. Addition of trimethyl-
silyl chloride to 172 led to the formation of [(PhBP™;)CoN=N-
SiMe;] (174). This activity was demonstrated to be preserved
upon variation of the heteroatom in the triphos ligand. Reduc-
tion of the cobalt complexes [Co(EP™,)CI] (175, E=N; or 176,
E=CMe; EP™, =E(CH,CH,PPh,);) under a dinitrogen atmos-
phere with excess reducing agent (e.g. Li, Na, Mg) followed by
reaction with Me,SiCl also afforded the terminally monosilylat-
ed complexes [Co(XP™,)(N=N-SiMe,)] (177, E=N; 178 E=CMe)
(Scheme 35b)."*® Analogous monosilylation was also shown
later on for [Fe(P;%)(N,)] (179) (P,® = tris-[2-(diisopropylphosphi-
no)-phenyl]lborane) which resulted in the formation of the N-si-
lylated complex 180 (Scheme 35 ¢)."*” The bis-silylated product
[(P;%)Fe = N-N(Me,SiCH,CH,SiMe,)] (181) could also be obtained
from complex [Fe(P;®)Br] (182) upon treatment with 1,2-bis(-
chlorodimethylsilyl)ethane in presence of excess sodium mer-
cury amalgam (see overview Scheme 19). Observation of the
dissociation of one of the phosphines in presence of exoge-
nous ligands (e.g. MeCN) motivated the investigation of di-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 35. Mono- and bis-silylated N, complexes: mono-silylated com-
plexes of molybdenum (171) (a), cobalt (174) and iron (180-181) (b), bis-si-
lylation of N, coordinated by the iron dimer 183 (c), mono-silylated com-
plexes 177-178 (d) and of the bis-silylated alumatrane complex 189 (e).

phosphino complexes such as [Fe,(P,%)(u-1,2-N,)IFe,(P,%)] (183)
(P,® =bis-diphenylphosphinophenylborane) (Scheme 35d).
Complex 183 similarly showed the formation of [(P,?)Fe=N-
N(Me,SiCH,CH,SiMe,)] (184), but also allowed for further func-
tionalization using H, or phenylsilane to afford complexes 185
and 186, respectively.!*®

An original approach involving an alumatrane ligand was in-
vestigated by Lu and co-workers.® The ligand AltraPhos (Al-
traPhos = Al[N(o-C¢H,NCH,PiPr,);]) allowed for the isolation of
the zero-valent iron complex [Fe(N,)AltraPhos] (187). Reduction
of complex 187 with potassium graphite in the presence of
18-crown-6 yielded the reduced complex [K(18-crown-6)][Fe(-
N,)AltraPhos] (188) (Scheme 35e). Treatment of complex 188
with 1,2-bis(chlorodimethylsilyl)ethane at —78°C afforded the
Fe' complex [Fe{N,(SiMe,CH,),})AltraPhos] (189). Despite the
difference in size between alumina and boron, 189 displays a
similar iron-imide bond distance to that of Peters’ metallabora-
trane complex 181.

Fryzuk and co-workers investigated the silylation of the Ta-
N, complex [(u-n'm*N,){Ta(NPN)H},] (190) obtained upon treat-
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ment of the tetrahydrido Ta dimer [{(NPN)Ta},(u-H),] (191) with
N,. Unlike for previously presented complexes, the authors
here used a reductive strategy utilizing silanes instead of chlor-
osilanes to functionalize the N, synthon. Treatment of com-
plex 190 with one equivalent of silane RSiH; (R=Ph, nBu) led
to the formation of the mono-silylated complexes 192 (R=Ph)
and 193 (R=nBu) respectively. In presence of excess silane,
these monosilylated complexes reacted further with a second
molecule of silane to produce the bis-silylated complexes 194
and 195 via an unprecedented Si—H bond activation on a N,
complex (Scheme 36).6% 161

R
HySi

H e

H SN N
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Scheme 36. Associative N, silylation by tantalum hydride complex 191.

Chirik and co-workers reported an original example of a
stepwise dinitrogen functionalization via the intermediacy of a
silylilated dinitrogen moiety."*? Treatment of the dinitrogen
complex [{(17°-CsH,-1,2,4-Mes),Hf}, (o’ m?-N,)1 (196) with cyclo-
hexyl silane generated the mono silylated dinitrogen com-
plex 197 (Scheme 37). Complete N—N bond cleavage was ob-
served upon heating complex 197, inducing the isomerization
to complex 198. Further hydrogenation of complex 198 afford-
ed the -NH-Si(HCy)-NH- bridged dimetallic hafnocene hydride
complex 199. This pre-activation of the dinitrogen unit by sily-
lation in complex 197 also enabled its reactivity with carbon

Scheme 37. Silylation of the bridging dinitrogen moiety in substituted dinu-
clear hafnocene complex 196 and further functionalization of the dinitrogen
ligand.
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monoxide to produce the amide complex 200, generating for-
mamide and ammonia with excess hydrochloric acid.

3.3. N—C bond formation

Chatt and co-workers early reported the functionalization of
bis-diphosphino tungsten and molybdenum complexes 94 and
95 with acyl chlorides (RCOCI; R=Me, Et, Ph, or p-MeOC4H,) in
THF to form trans-[WCl,(dppe),(N-NHC(O)R)]"* (201-204)
and trans-[MoCl,(dppe),(N-NHC(O)R)]"*! (205-206) complexes
(Scheme 38a). The surprising presence of protons in the prod-
uct was proposed to result from the presence of HCl generat-
ed by the reaction of acyl chlorides with traces of moisture.
Using the same starting complexes 94 and 95, photochemical
alkylation with various alkyl halides R-X (R=Me, Et, nPr, iPr,
tBu, -(CH,CH,-),, X=Cl, Br) led to the preparation of monoalky-
lated diazenido complexes [(dppe),M-N=NR] ((207-211, M=W)
and (212 and 213), M=Mo))"* as well as of dialkylated hydra-
zido complexes [(dppe),u=N-NR,] (214-215), M=W) (R=Me,
-(CH,CH,),), depending of the alkyl moiety used
(Scheme 38b).1"'¢"] Transfer of the alkyl groups was suggest-
ed to occur in a stepwise manner on the distal nitrogen atom,
and both diazenido [(dppe),M—N=NR] and hydrazido
[(dppe)w=N-NR,] species were isolated."* Similarly, acylation
of the Re complex [(PhMe,P);Re(N,)Cl,] with acetyl- and ben-
zoylchloride resulted in the formation of the monoacylated di-
azenido complexes [(PhMe,P);Re(N,COR)Cl,]* (R=Me, Ph ).
Peters and co-workers further explored N—C bond formation
on N, using iron and cobalt complexes with phosphino borane
and silane ligand scaffolds. The reaction of complex 173 and
its iron analogue [Fe(PhBP™,)(N,)I[CI] (216) with 1 equiv of
MeOTs and in presence of excess Mg as a reducing agent af-
forded the  monomethylated  diazenido  complexes
[(PhBP®;)CoN=NMe] (217) and [(PhBP™;)FeN=NMe] (218)
(Scheme 39a)."** Modification of the ligand, leading to a trigo-
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Scheme 38. Associative N, acylation (a) and alkylation (b) by group 6 di-
phosphine complexes.
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Scheme 39. Associative N, alkylation by cobalt complex 173 (a), and iron
complexes 216 (a) and 219/220 (b).

nal pyramidal coordination, allowed for bis-methylation of the
dinitrogen unit. Silylide (P,* = tris(2-(diisopropylphosphino)phe-
nyl)silylide)) and borane (P:?) supported iron complexes 219
and 220 were used as starting materials to obtain the bis-me-
thylated diazenido complexes 221 and 222 upon treatment
with excess MeOTf (Scheme 39b)."®17%!

This early work triggered a significant interest for the func-
tionalization of activated dinitrogen moieties with alkyl groups.
Metallocene N, complexes demonstrated a rich reactivity in
that context. The complex [Zr((17°-CsMe,R),SiMe,)l,(u-1%5*-N,)
(223), where a flanked SiMe, moiety holds the Cp rings rigidly
together, could be functionalized with CO, to generate a trans-
(NCO,), bridged bis-zirconium complex 224. Treatment of 224
with excess electrophiles (e.g. MeOTf or Me,Sil) allowed releas-
ing the corresponding methylated or silylated organic syn-
thons (Scheme 40). The rigid ligand framework was proposed
to minimize the N, loss via lowering its ligand exchange rate
favoring the formation of more reactive dimeric ansa-zircono-
cene dinitrogen complex."”"

The hafnium analogues of side-on bound [{Zr(y*-
CsMe,R),},(u-n7%1*-N,)] were also explored for N—C bond forma-
tion using CO,"? or electrophiles such as organic isocya-
nates’® 7% and alkyl halides.”™ Unlike the Zr analogues, reac-
tion of CO, with the dimeric Hf metallocene N, complex [{(n’-
CsMe H),HfL- (17 177-N,)] (225) revealed the formation of the
N,C,0,%" bridged Hf complex [(m*-CsMe,H),HfL,(NCO,), (226),
where both CO, molecules reacted at the same nitrogen atom
(Scheme 41a)."”? The activated N, ligand in complex 225
could be further functionalized by the stepwise addition of
phenyl isocyanate in an alternating manner (Scheme 41b).
Three equivalents of isocyanate were necessary to functional-
ize both nitrogen atoms, as the second equivalent reacts on

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 40. Associative N, functionalization with CO, and subsequent meth-
ylation/silylation by the ansa-zirconocene complex 223.
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Scheme 41. Associative N, functionalization by hafnocene complex 225
with CO, (a) and isocyanate (b).

the N-site of the isocyanate itself, to generate a N,C,0,%"
bridging dimeric Hf cluster. The bond distances of these spe-
cies indicate a substantial imido character for the nitrogen
atom bound to the Hf center.
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The scope of N, functionalization was further broadened
upon replacing one cyclopentadiene ligand in 225 with
a guanidinate ligand (227). In presence of this new ligand set,
fast mono alkylation could be obtained using ethyl bromide,
while only sluggish reactivity was observed using same reac-
tion conditions with the bis cyclopentadienyl analogue
(Scheme 42a).% The stronger electron-donating properties of

N N )2
NN EtBr A N
_HIZ—N—Hf") —_— HI—NZHES
Et-N"| 50 Et-N" |\~
):N N Me )—N Br N Me
md Et Et vé  Et
227
b) v Pr ©Heol), N
e U
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[K(2,2,2 d)]* ‘P X /N‘\Q/B/ N ﬁ
,2,2-cryptan ™~N e —=N="1) [e)
) A 10Ti e N BU prcoct L& _pn
Pr 7 By [ Ph” N
- N excess Pr 229 Pr I o
N i AL MeOTf n /
4 rpr\N —N— l}\rB ™ ipr BnBr N=N
e / N PR N /" Bn
By Nipy or NN A i
228 Py 26N, HN=NH
Wi N Bu
o
U Nipp iPr 1, o
230 g

Scheme 42. Associative N, alkylation by hafnium complex 227 (a), and scan-
dium complex 228 (b).

the guanidinate ligand likely increased the nucleophilicity of
the N,-moiety and explains its easier functionalization. This
effect can be further strengthened upon exchanging hafnium
with scandium in such half-sandwich architecture (com-
plex 228) to generate a further reduced N,>~ moiety."®’ The
electropositive nature of scandium assists in furnishing more
electron density on the bridging N,*~ site and allowed isolating
the bis-methylated (N,Me,)*-bridged discandium complex 229
in a 1:1 ratio together with the N,*~ bound complex 230 via a
similar disproportion mechanism than introduced in Sec-
tion 3.1.1. Complex 229 proved to be a versatile precursor for
the preparation of tetrasubstituted hydrazides upon subse-
quent alkylation (Scheme 42b).

NPN complexes bearing a bridging N, ligand had also been
investigated for alkylation. The [(u-17"7*N,)Ta,(NPN),(u-H),]
(190) complex reacted with benzyl bromide to afford the cor-
responding N-alkylated complex [(NPN)Ta-(u-1'#*-N,CH,Ph)(u-
H),TaBr(NPN)] (231) (Scheme 43a).'"”¥ Complex 190 proved to
be very versatile for N, functionalization, showing reactivity
with carbodiimide, sulfidoimides or CS, (Scheme 43b).'”*

Functionalization of side-on bridged N, complexes was later
demonstrated on the diphosphino-diamido zirconium dinitro-
gen complex 159 supported by the macrocyclic ligand scaffold
(Scheme 44)."7% Cycloaddition of substituted alkynes across a
Zr—N bond resulted in the formation of zircona-aza-cyclobu-
tene intermediates 232 that subsequently underwent cleavage
of the Zr—C bond by protonation from another terminal alkyne
to produce N,-substituted alkyne bound complexes 233-235.
It should be noted that such reactivity with terminal alkynes
could not be observed for the Ta complex 190, suggesting an
increased basicity of the side-on bridged N, moiety in the Zr
complex 159.1'%%
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Scheme 43. Associative N, alkylation (a) and functionalization (b) by tanta-
lum complex 190 using various electrophiles,.
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Scheme 44. Associative N, alkylation by zirconium complex 159.

Alkoxide ligands have also demonstrated to be very efficient
at increasing the nucleophilicity of metal-bound N,-moieties.
Kawaguchi and co-workers have recently reported a Ti" com-
plex supported by a tris-phenoxide carbide ligand scaffold
(0,0* that binds an N, molecule to generate the anionic
complex [(0,0),Ti,(u-N,)K;(thf);1[K(thf)] (236).""” Reaction of
excess CO, with this end-on bound dinitrogen ligand resulted
in the formation of a dimeric Ti complex 237 bridged by a rare
[N,C;04]*~ moiety. Removal of this [N,C;0¢]*" unit using Me;Sil
afforded N,(SiMe;)(CO,SiMe;); that degraded via CO, loss to
convert to 1,1- and 1,2-N,(SiMe,),(CO,SiMe;), (Scheme 45).
Treatment of complex 236 with an excess of tert-butyl isocya-
nate showed insertion of isocyanate at each nitrogen atom of
the N, ligand to generate a [N,(CONtBu),] bridging group in
complex 238 while reaction with phenylallene afforded two
isomers of N-substituted alkene complexes 239 and 240 via
2+ 2 cycloaddition reactions on the Ti=N bond.

Finally, the dinuclear U" complex 147 from Mazzanti and co-
workers introduced above also demonstrated N—C bond for-
mation upon addition of CO onto the N,*" unit, promoting the
full cleavage of the N—N bond.™*? Both the nitride and the hy-
drazido bridging groups reacted with CO affording the bridg-
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Scheme 45. Associative N, functionalization by titanium complex 236 with
allene, isocyanate and CO,.

ing oxo/cyanate U"/U" complex 241 and KCN as a byproduct
(Scheme 46a). In case of the analogous oxo-hydrazido-com-
plex 242 (Scheme 46b) obtained from dinitrogen and the cor-
responding oxo-complexhighlighted 243, reaction with CO
however differed and the formation of complex 244 with a
bridging cyanamide ligand was observed.!'”®

In addition, it should be noted that, beyond direct N, trans-
formation to another chemical entity, Lewis acid binding to
metal-coordinated N, is key to further increase the charge de-
localization from the metal to the N, moiety and, hence,
enable its catalytic transformation, as recently by Simonneau
and Etienne.?"
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Scheme 46. Associative N, functionalization by uranium siloxide complexes,
147 (a), and 243 (b).
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3.4. Summary

The cooperativity between the metal center and the function-
alizing group in associative pathways enables the efficient po-
larization and activation of dinitrogen via “push-pull” mecha-
nisms,*>'7%%% in which the functionalizing group increases
electron density withdrawal at one side of dinitrogen and trig-
gers enhanced m-back-donation from the metal center. This fa-
cilitated activation explains that associative mechanisms consti-
tute the vast majority of currently reported stoichiometric N,
functionalization routes. It should be noted, however, that in-
complete N=N bond cleavage is often observed in associative
reaction pathway, increasing the likelihood to afford a broader
distribution of products. This constitutes a key challenge for
the development of catalytic reactions with high selectivity.

4, Catalytic systems

As discussed previously, the synthesis of dinitrogen metal com-
plexes and the stoichiometric transformation of coordinated N,
under ambient conditions have been widely investigated. Yet,
only a limited number of catalytic systems have been reported
to date.*"*' The main catalytic systems will be discussed in

this section according to the nature of the bond formed (N-H,
N—Si, N—C). Finally, electrocatalytic systems will be discussed as
a promising path towards sustainable nitrogen fixation.'s" All
catalytic systems reported here for N—H, N-Si, and N—C bond
formation are overviewed in Scheme 47 and their respective
catalytic performances are summarized in Tables S6 and S7.

4.1. Catalytic formation of N-H bonds

In the 1960s, Vol'pin and Shur reported the catalytic reduction
of dinitrogen to a mixture of ammonia and hydrazine using
metal chlorides and acetylacetonate complexes in the pres-
ence of strong alkali reducing agents and hydrogen gas.!'®%'%
This very early work was followed by reports from Shilov
and co-workers of N, reduction in protic media, using
trivalent group 5-6 hydroxides™ or a Mo-Mg cluster,
Mg[Mg,Mo40,,(0OMe)s(MeOH),] (245)" and sodium mercury
amalgam. Complex 245 was shown to be selective for hydra-
zine with TONs of up to 1000 in protic solvents. However, the
reaction mechanisms for N, reduction using these systems has
not been investigated and the molecular origin of the active
sites was not unambiguously demonstrated.
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Scheme 47. Catalytic systems for N, functionalization (N—H, N—Si and N—C bond formation) and associated mechanism.
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The first example of a well-defined mononuclear complex
capable of catalytically converting dinitrogen to ammonia was
disclosed in 2003 by Schrock and co-workers."® The use of a
very bulky hexa-iso-propyl-terphenyl (HIPT) triamidoamine
ligand allowed the isolation of the mononuclear dinitrogen
complex [Mo"(N,)(HIPTN;N)] (246).

Treatment of complex 246 with excess CrCp’, and 2,6-lutidi-
nium tetraarylborate ([LutH][BAr",]) afforded ammonia with
66% yield. In contrast of Cummins’ tris-amidate Mo" com-
plex 1, the steric bulk of the ligand in the case of 246 pre-
vented the binuclear dinitrogen cleavage to the corresponding
nitride. The full catalytic mechanism was determined via a
combination of theoretical studies"®"'®*¥ and the spectroscop-
ic and structural characterization of reaction intermedi-
ates.?"'% The key steps of the reaction could be identified by
the stepwise addition of reactant to isolate reaction intermedi-
ates. Reaction of 246 with 1 equiv of [LutH][BAr",] and 2 equiv
of cobaltocene (CoCp,) led to quantitative formation of
[Mo(N=NH)(HIPTN;N)] (247). Treating 246 with an excess of
[LutH][BAr",] (7 equiv) and CoCp, (8.2 equiv) led to the isola-
tion of the last intermediate of the reaction cycle, the
ammonia complex [Mo(NH5)(HIPTN;N)] (248). The stepwise
protonation of complex 247 afforded complex [Mo=N—NH,)-
(HIPTN;N)I* (249) which could be further reduced to yield the
nitride complex [Mo =N(HIPTN;N)] (250). These results unam-
biguously confirmed that catalyst 246 follows an associative
distal pathway as presented in Scheme 48a.

Interestingly, the catalytic activity appeared specific to Mo in
this exact ligand framework: Cr, W and V complexes bearing
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HIPTN ligands were prepared”®* "% along with Mo complexes
supported by tripodal amide ligands with different substitu-
ents,"”! but none presented a significant catalytic activity to-
wards N, reduction. Using a less sterically encumbered triami-
doamine ligand scaffold, Liddle and co-workers reported re-
cently that the titanium dimer [{(Tren™®)Ti},(u-n'm"m?m>N,K,)]
(49) was catalytically active for N, reduction, achieving up to
18 equiv of ammonia using potassium graphite and [Cy;PH]I as
a reductant/acid source (Scheme 48b).”® Control experiments
suggested that N,H, was formed and then converted into NH;
in the presence of acid and reductant, which is in agreement
with an alternating associative mechanism.

A key example for the catalytic conversion of dinitrogen to
ammonia was provided by Nishibayashi and co-workers in
2011, using the PNP Mo complex [MoCl;(PNP)] (251)."® Reduc-
tion of 251 under an N, atmosphere allowed the isolation of
the terminal/bridging dinitrogen complex [{Mo(N,),(PNP)},(u-
N,)] (22) Treating complex 22 with excess cobaltocene and luti-
dinium trifluoromethanesulfonate ([LutH]OTf) allowed for the
generation of up to 23 equiv of ammonia, yet with significant
amounts of dihydrogen as a byproduct (44 equiv). The mecha-
nism was postulated as depicted in Scheme 49a, following an
associative distal pathway. Despite the high number of coordi-
nated N, moieties in 22, only one of the terminal dinitrogen li-
gands is involved in the catalytic cycle. The formation of the
dimeric species was, however, shown to be key to catalytic ac-
tivity: the activation of N, occurs at one Mo center while the
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Scheme 48. Proposed catalytic cycle for catalyst 246 (a) and structure of
complex 49 (b).
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Scheme 49. Proposed catalytic cycle for catalyst 22 (a) and structure of mo-
lybdenum complexes bearing PNP ligands 254-257 (b).
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other Mo center acts as an electron storage site, donating elec-
trons through the bridging dinitrogen ligand (Scheme 49a). In-
volvement of a terminal nitride intermediate 252 was suggest-
ed based on the catalytic activity of the independently synthe-
tized molybdenum nitride complex [Mo=N(PNP)CI]* (253) for
N, reduction to NH,."¥

This study triggered a significant number of studies aimed
at modulating the PNP ligand framework to improve catalytic
activity. The effect of the para-substituent on the PNP scaffold
was investigated, and an increase in activity was observed in
the case of an electron-donating methoxy group (com-
plex 254),"% as well as in the case of a ferrocene moiety with
complexes 255 and 256 (Scheme 49b)."*® The activity did not
further increase when ferrocene was used as a bridging moiety
(complex 257).%° |t is worth mentioning that H, evolution was
similarly observed in all these systems due to the easy forma-
tion of Mo-hydride species upon reaction of the reduced com-
plex with protons. Interestingly, varying the halide ligand in
the starting complex had a tremendous influence on catalytic
activity. As mentioned in Section 2.2, at the difference of its
chloride analogue forming a bridging N, complex that remains
stable during reducing conditions, reduction of [Mo(PNP)I,]
(20) under N, allowed for the isolation of the terminal molyb-
denum nitride complex 21. Higher activity and selectivity vs.
H, evolution were observed for the molybdenum iodide com-
plex 21 suggesting that it operates via a different catalytic
cycle than the binuclear complex 22. The reaction was pro-
posed to proceed via the dissociative cleavage of a bridging
N, to form a terminal Mo nitride. Favoring this reaction path al-
lowed increasing activity while decreasing the competitive hy-
drogen evolution by destabilizing potential Mo-hydride inter-
mediates (Scheme 50a).*" Recently, the introduction of an
anionic pyrrole-based PNP’ ligand allowed the isolation
of the complex [Mo(PNP’)I,] (258), which reacted with N, in
the presence of metallic lithium at —50°C to afford the
dimeric Mo" nitride complex [{Li(PhMe)Mo=N(PNP")I},] (259)
(Scheme 50b).*°" Complex 259 catalyzes the formation of NH,
(12 equiv) in the presence of Sml, and ethylene glycol, via a
similar mechanism than the one proposed for complex 20. It is
interesting to note that contrary to the previously reported
PNP complexes, the coordination and cleavage of N, is reversi-
ble in this case. The lower stability of the formed nitride was
proposed to constitute a key factor to explain the higher turn-
over numbers observed with this complex.

The same anionic pyrrole-based PNP ligand also allowed for
the isolation of the iron-based complex 260,%°? along with the
first well-defined cobalt® and vanadium™®? complexes 261
and 262 acting as catalysts for nitrogen reduction
(Scheme 50c). The Fe complex 260 was able to catalyze the
formation of NH; and N,H, with TONs of up to 14.3 and 2.4 re-
spectively, while the Co and V analogues 261 and 262 cata-
lyzed the formation of NH; with TONs of 4.2 and 12, respec-
tively. Interestingly, the ratio of NH; and N,H, produced using
complex 260 was shown to depend on the nature of the sol-
vent used with stronger coordinating solvents, such as THF, fa-
voring N,H, formation. An associative distal mechanism was
proposed according to DFT calculations.
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Scheme 50. Proposed catalytic cycle for complex 20 (a). Structure of PNP-
pyrrole molybdenum 258 (b), iron 260, cobalt 261 and vanadium 262 (c)
catalysts and of NHC-PCP molybdenum catalyst 263.

Variation of the ligand scaffold and use of PPP-pincer ana-
logues permitted the synthesis of the terminal Mo nitride com-
plex 26 (Scheme 6d). As highlighted in Section 2.2, the lower
Brgnsted acidity of the PPP-pincer ligands with respect to their
PNP counterparts increases their stability towards protonation,
which helps preventing the competitive hydrogen evolution
arising from the reduction of the protonated ligand. This strat-
egy allowed significantly decreasing H, formation and accord-
ingly increasing ammonia selectivity of catalyst 26, to reach
TONs of up to 63 for ammonia, compared to the 23 TONs of
the PNP-based complex 22."7

The highest catalytic activity reported to date was disclosed
by Nishibayashi and co-workers using the molybdenum cata-
lyst 263 supported by a NHC-PCP type ligand (Scheme 50d)
via a proposed associative distal pathway. Similar to com-
plex 22,*2%°) TONs as high as 58 per Mo for NH; could be ob-
tained using CrCp*, as a reducing agent.”® A benchmark TON
of 2175 was obtained using Sml, as a reducing agent in the
presence of mild proton sources such as alcohols or water.*”
By analogy with the reduction of enamines and carbonyls with
Sml, in the presence of water, a PCET mechanism was pro-
posed here to explain the increased activity.?%*%°”
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Mechanistic investigations of N, reduction at the nitrogenase
co-factor and identification of the role of iron sites in N, activa-
tion®"3¥ have been the driving force for the intense
development of iron-based catalysts for dinitrogen reduction.
In 2013, Peters etal. reported that the P;® Fe complex 264
(Scheme 51a) catalyzed the formation of ammonia at —78°C
in the presence of Brookhart's acid (7 equiv).?® The flexibility
of the coordination sphere of the iron center was demonstrat-
ed to be of prime importance for the activity of the complex.
Structural, computational and spectroscopic studies allowed
for the identification of the formation of a terminal nitride in-
termediate and an associative distal reaction path was there-
fore proposed, as highlighted in Scheme 51b.'7"22" The
ligand scaffold showed high versatility and allowed for the iso-
lation of a Co-based complex which proved to be also active
for N, reduction to NH,.?'?

The existence of a central carbide moiety in the Fe-Mo co-
factor motivated the investigation of complexes containing
Fe—C bonds. Peters and co-workers hence isolated an Fe tri-
s(phoshine) complex (265) with a carbon anchor provided by a
P, ligand (P;“=tri(phosphine)methyl) (Scheme 51a). Complex
265 is an active catalyst for the reduction of N, to ammonia,
albeit with lower efficiency than complex 264 (4.6 equiv).?™
However, yield for both systems could be increased by raising
the loading of electron and proton sources to form up to
64 equiv of ammonia for 264 and 47 equiv for 265. The effec-
tiveness of 264 as a catalyst could be further increased by
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N
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" i
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Scheme 51. Structure of complexes 264-266 (a) and proposed catalytic
cycle for 264 (b).
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using milder reductants and acids. Using potassium graphite
(E°< —3.0V vs. Fc™) and [H(OEt,),[BAr",] (pK, <0 in THF) as a
reducing agent and proton source resulted in lower ammonia
yields than using the milder decamethylcobaltocene (E°=
—1.96 V vs. Fc*”°) and [Ph,NH,][OTf] (pK,=3.2 in THF) (7 equiv
of NH, vs. 12.8 equiv, respectively).”'” This enhanced activity
was rationalized by DFT calculations, proving that the proton-
ated metallocene could act as an effective PCET mediator.

Surprisingly, the P,;* analogue 266 bearing a ligand with a
silicon anchor showed only minor activity for NH; generation
(Scheme 51a). This low reactivity enabled the isolation and
structural characterization of a [Fe=NNH,(P,*)]* intermediate
and the spectroscopic identification of [Fe=NH,NH,(P;*)]" pro-
viding evidence of a so-called hybrid associative mechanism,
where the distal nitrogen is being doubly protonated before
the proximal nitrogen is also doubly protonated. This modula-
tion of reactivity can be linked to the contrasting associative
distal mechanism proposed for complex 264.17%%"® The P,
ligand scaffold also allowed for the preparation of the first
ruthenium and osmium-based catalysts for dinitrogen reduc-
tion, and TONs of up to 120 were observed for the osmium
system.”'® The multielectron reduction of N, was rendered
possible by the redox properties of the ligand scaffold that can
share the reducing equivalents of the metal center, similar to
metalloclusters in biological systems.

A more flexible and electron rich PPP-pincer scaffold was
used by Peters and co-workers to afford the unusual iron dihy-
dride dinitrogen complex 267, showing enhanced catalytic ac-
tivity under photolytic conditions (Scheme 52). Combining
complex 267 with excess [HOEt,][BAr,] and potassium graph-
ite at —78°C led to the formation of 66.7 equiv of NH; upon ir-
radiation with a mercury lamp, vs. 24.5 equiv in the absence of
light.”'” While mechanistic studies are ongoing, this observa-
tion was attributed to the known tendency of iron dihydride
species to undergo H, elimination under photolytic conditions,
allowing for in situ complex reactivation and faster turnover.
Mézailles and co-workers reported another PPP iron complex,
[(P"P,”)Fe(N,)(H),] (268) (Scheme 52), which yields 2.7 equiv of
NH; when treated with 200 equiv of potassium graphite and
HBAr,S at —80°C.”'® The weak activity for both complexes can

268

N 5 l
Ph, 2 LU PEL, :
P INPoy | BP— L oy |
(P/Fle\H | EP” | ! :
Cy2 H : PEt . Dipp =

Scheme 52. Structure of iron complexes 267-270.
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tive catalysts for dinitrogen reduction. The carbene complex
[Fe(CAAQ),]" (269) (Scheme 52) was shown by Peters and co-
workers to convert N, to NH, at low temperature with excess
acid and potassium graphite as a reducing agent, reaching
3.4 equiv of ammonia at —95°C.?'? Additionally, a rare exam-
ple of selective catalytic hydrazine formation was reported by
Ashley and co-workers using the previously described complex
[Fe(depe),N,] (270) (Scheme 52)**% in the presence of excess
[LutH][BAr",] and CoCp*, (24.5 equiv).'% %

The examples above highlight that a broad series of metal
complexes (M=Ti, V, Cr, Mo, Fe, Ru, Os, Co) were shown to act
as catalysts for dinitrogen reduction to ammonia. Among
these, the highest catalytic activities were observed with Mo
and Fe complexes bearing multidentate, electron-rich ligands.
Most importantly, the choice of sacrificial reducing agent has
evolved throughout the years from strong alkali reductants
(sodium mercury amalgam, potassium graphite) to milder re-
ductants that can effectively promote PCET and provide higher
activity (CoCp*,, CrCp*,, Sml,). Table S6 aims at providing a
comparative view on all examples reported in this section.

4.2. Catalytic formation of N—Si bonds

Historically, dinitrogen silylation by molecular catalysts under
mild conditions preceded its conversion to ammonia. Silylation
of N, allows the preparation of value-added chemicals contain-
ing N—Si bonds. In addition, the thus formed silylamines can
be converted quantitatively to NH; upon hydrolysis. Catalytic
silylation strategies rely on the in situ generation of silyl radi-
cals, by combining an excess of silylating and alkali reducing
agents. Interestingly, such a homolytic N, functionalization
using silyl radicals is somewhat reminiscent of PCET or HAT
mechanisms recently proposed for the reduction of N, to am-
monia and discussed above in Section 4.1. Table S7 summarizes
the catalytic performances of all systems presented in the text
below.

The first molecular catalytic system for N, silylation was re-
ported by Shiina in 1972. Within a wide range of metal chlor-
ides, CrCl; was found to be the only one to convert N, to
N(SiMe;); in a catalytic fashion (2.7 TONs) in presence of lithi-
um wire as a reducing agent.”?" Two other families of chromi-
um-based catalysts have been disclosed since then. The macro-
cyclic Cr complex 130 (Scheme 25) reported by Mock and co-
worker, presented high performances for N, silylation with
TONs up to 17 using metallic sodium as a reducing agent.!*”
DFT calculations suggested an associative distal mechanism in-
volving the formation of the hydrazido [Cr=N—N(Si-
Me,),](P®",NP")] and imido [Cr=NSiMe;)(P®",N*",)] intermediates.
More recently, chromium complexes bearing cyclopentadienyl-
phosphine ligand 271-273 were shown to catalytically convert
dinitrogen into tris(trimethylsilyllamine with a highest the TON
of 13 determined for complex 273. The isolation of the chromi-
um hydrazido intermediate 274 by treating the dinitrogen
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Scheme 53. Structure of chromium complexes bearing cyclopentadienyl-
phosphine ligand 271-275.

complex 275 with one equivalent of trimethylsilyl chloride is
suggested an associative mechanism (Scheme 53).2%?

The second example of a molecular catalyst for N, silylation
was also constituted by group 6 metal complexes. Hidai and
co-workers demonstrated in the late 80s that the molybdenum
and tungsten phosphine dinitrogen complexes 94, 95 and 124
(Scheme 20 and 23) converted dinitrogen into tris(trimethylsi-
lyllamine, the highest TON of 18.3 being obtained using com-
plex 124 and sodium dispersion as a reducing agent.** The
functionalization of the distal nitrogen of the coordinated N,
by a trimethylsilyl radical was proposed as the first step of the
reaction. The ferrocenyldiphosphine analogue, complex 106,
was reported by Nishibayashi and co-workers to convert N, to
tris(trimethylsilyllamine with TONs about one order of magni-
tude higher than complex 124.%%* DFT calculations suggested
the associative alternating functionalization of N, with Me,Si’
radicals (Scheme 54).
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Scheme 54. Proposed catalytic cycle for N, silylation mediated by the ferro-
cenyldiphosphine molybdenum complex 106.

Mo-mediated catalytic silylation was also reported using
bulky tetradentate phosphine ligands by Mézailles and co-
workers. The molybdenum complex [Mo(PPY,)ClI" (276)
(PPY, =tris-[2-(dicyclohexylphosphino)ethyllphosphine)  could
be converted into the dinitrogen complex [Mo(PP;)N,] (277)
upon reduction in the presence of N,. Complex 276 catalyzed
the silylation of N, in the presence of trimethylsilyl chloride
and potassium with 5.9 TONs.”” The authors identified and
isolated two key intermediates of the reaction: the hydrazido
complex [Mo(PP%3)=N—N(SiMe;),] (278) and the imido complex
[Mo(PPY,)=N(SiMe,)] (279). Both complexes catalyze N, silyla-
tion in the presence of metallic potassium with TONs of 7.5
and 5.9, respectively, suggesting an associative distal mecha-
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Scheme 55. Proposed catalytic cycle for N, silylation using complexes 276 (a) and 28 (b).

nism (Scheme 55a). Reducing the steric bulk of the ligand
framework by using the tridentate PPP-pincer allowed the au-
thors to increase the catalytic performances and to isolate all
key intermediates in the catalytic cycle (Scheme 55b). The mo-
lybdenum complex [Mo(PPP)Cl,] (28), previously discussed in
Section 2.2.1, also catalyzes the silylation of N, with up to 38
TONs. In addition to the dinitrogen complex 280, the hydrazi-
do complex 281, the terminal nitride complex 282, and along
with the imido complex 283 were also isolated here, allowing
to build the full reaction cycle (Scheme 55b).?%

The role of the iron centers in the N, silylation catalytic activ-
ity of the ferrocenyldiphosphine complex 106 was further in-
vestigated by Nishibayashi and co-workers. Ferrocene was
shown to be active for N, silylation in the presence of excess
sodium and Me;SiCl, reaching up to 6.5 equiv of N(SiMe;);
based on Fe.”” Surprisingly, very similar catalytic activity was
obtained using iron pentacarbonyl as an Fe precursor, suggest-
ing that the catalytically active complex was generated in situ
and was common to both precursors. In agreement with this
hypothesis, DFT calculations allowed proposing the in situ for-
mation of an [Fe'(SiMe,),(THF)] active site (284), which reacts
via an associative distal mechanism to afford N(SiMe;); under
catalytic conditions (Scheme 56a). This catalytic activity could
also be observed using Co analogues, both cobaltocene and
dicobalt octacarbonyl mediating N, silylation.”” For both pre-
cursors, the highest activity (up to 40 TONs for N(SiMe;);) was
observed in presence of 2,2"-bipyridine (bpy) as an additive.
The origin of this increased activity in presence of bpy ligand
was suggested by DFT calculations to arise from the stabiliza-
tion of the reactive Co-N, intermediate via the in situ forma-
tion of the Co" complex [Co(SiMe;);(bpy)(N,)].

The identification of complexes with metal-Si bonds as key
intermediates in these catalytic cycles motivated the investiga-
tion of the iron dinitrogen complexes 285 and 286 as electro-
catalysts for N, silylation (Scheme 56b). Despite slightly lower
TONs than those obtained from the metallocene or carbonyl
complexes mentioned above, both PSiP complexes 285 and
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286 promote the catalytic silylation of N, with faster initial ki-
netics.”? The higher initial kinetics originate from the immedi-
ate availability of the catalytically active species, while the met-
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Scheme 56. Catalytic N, silylation using for ferrocene or iron pentacarbonyl
(a) and structure of iron-based catalysts bearing silicon-containing ligands
285-287 (b).

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Review
Chemistry—A European Journal

doi.org/10.1002/chem.202003134

Chemistry
Europe

European Chemical
Societies Publishing

allocene and carbonyl precursors experienced a long induction
period to generate the catalytically active species containing
metal—Si bonds. This strategy was further pursued by Li and
co-workers with the recent report of an Fe complex bearing
(Scheme 56 ¢).
plex 287 was shown to be the most efficient Fe-based catalyst
for N, silylation reaching TONs of 37.5 under ambient condi-

bis(silylene)-C(sp®) pincer ligand 287

tions [230]

This series of Fe complexes can be completed by two
[Fe(depe);N,
(Scheme 52). Indeed, 269 and 270 selectively reduce dinitro-

others: [Fe(CAAC),]" (269)*" and

gen to N(SiMe;); at room temperature in the

Me,SiCl and excess potassium graphite, with TONs of 12.2%'
and 60.5 respectively.”*" Based on the isolation and characteri-
zation of a [Fe =N—N(SiMe;),(dppe),] intermediate (288) and
DFT calculations, complex 270 was proposed to follow an anal-

Com-

][220]

(270)

presence of

ogous associative distal mechanism to the one proposed for
complexes 257 and 28 (Scheme 57a). Chelating phosphine li-
gands were introduced by Mock and co-workers to provide a @

stable planar ligand framework able to stabilize axial dinitro-
gen coordination and to resist the harsh silylation conditions.
These guidelines allowed the isolation of the iron complex
[Fe(P,N,)N,] (289) (Scheme 57 b) that actively catalyzed the for- N
mation of N(SiMes); with TONs up to 37.5 under 100 atm of N, Hopg—
(TONs of up to 10.5 were determined under 1 atm of N,). The
mechanism proposed involved the stepwise addition of -SiMe;
groups to the distal N, site.”®? Chelating phosphine ligands

were also used by Mézailles and co-workers to
iron complexes [(P""P,%)Fe(N,),] (290) and
(291) (Scheme 57c), which catalyze N, silylation

ence of Me;SiCl and potassium as a reducing agent to afford

N(SiMes); with 32 and 27 TONs, respectively.?'®

Multinuclear Fe complexes were also shown to activate N,
under ambient conditions. The tris-iron complex 54 supported
by a trinuclear tris(3-diketimine)cyclophane scaffold from
Murray et al. and introduced in Section 2.2 (Scheme 11)*% ef-
fectively catalyzed the formation of N(SiMes); from N, in the

[(P®“P,”)Fe(N,),]

presence of excess Me,SiCl and potassium graphite.* The
same ligand scaffold was reported recently with other first row
transition metals (Cr, Mn, Co, Ni), showing that the TON was a
function the metal ion employed, and was following the trend
Co>Fe>Cr>Ni>Mn, which correlates with the electronega-
tivity of the metal center.*” High catalytic activities for the si-
lylation of N, were also reported by Ohki and co-workers using
polynuclear iron hydride clusters.
H),{N(SiMe;),},(PMe,),] (292),
and (°®-C,Hg)Fe,(u-H),{u-N- (SiMe;),},{N(SiMe;),}, (294) exhibited
TONs of 80, 91 and 74, respectively, (per catalyst equivalents)
for the catalytic silylation of N, with Me;SiCl and in presence of
metallic sodium as reducing agent (Scheme 58a).*% As illus-
trated above with the iron complex 270 (Scheme 57a), the
hemilability of bridging ligands to generate open coordination
sites on the metal is a key feature of these polynuclear com-
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Scheme 58. Structure of polynuclear iron hydride clusters 292-294. (a) and
heterometallic hydride clusters 295-298 (b).
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plexes. This is closely related to the mechanism of the nitroge-
nase cofactor, as evidence for ligand dissociation to generate
active sites was probed recently.® The same group took a step
further by synthesizing the heteropolymetallic molybdenum-
iron and molybdenum-manganese hydride clusters 295-298
(Scheme 58b), which were all shown to catalytically convert N,
to N(SiMe;); in the presence of Me,SiCl and metallic sodium as
a reducing agent.”®” The iron and manganese clusters 295 and
296 could, respectively afford 69 and 12 equiv of N(SiMe;); per
equiv of cluster. In light of the high activity of the molybde-
nume-iron hydride cluster 295, the authors substituted the tri-
methylsilyamine ligands by thiolate ligands, resulting in clus-
ters 297 and 298. Both clusters showed high catalytic activity
towards dinitrogen silylation with TONs of 65 and 69, respec-
tively.

An original strategy involving multinuclear complexes was
investigated by Lu and co-workers using trisphosphino(triami-
do)amine ligands (P;N;) to stabilize a dimeric Co complex fea-
turing a Co—Co interaction, [Co,(P;N;)] (299). This complex was
revealed to be highly active for N, silylation, with turnover
numbers of ca. 200 being reported.”*® Based on kinetic studies
and DFT calculations, the reaction mechanism shown in
Scheme 59a was proposed, which involves a similar associative
alternating functionalization of N, as proposed for com-
plexes 106 and 125. It should be noted that the presence of
the second Co center is important to observe high catalytic ac-
tivity: the Co—Co interaction was shown to present a hemila-
bile character, being modulated during the catalytic cycle and
stabilizing the different steps of the reaction. Such an effect
was reduced with an Al—-Co analogue, showing a significant
drop in catalytic activity.?*"

Another example of a Co-based catalyst was provided by
Deng and co-workers, who explored the combination of low-
valent Co' and strong o-donating NHC ligands to isolate the di-
nitrogen complex [Co(ICy);(N,)] (300). Complex 300 catalyzed
the silylation of N, with TONs of 125.%* |solation and catalytic
activity of the diazene complex 301 pointed towards its role as
a potential intermediate in the catalytic cycle (Scheme 59b),

sty
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302 303
e
Me'Si—Co—N=N ; N_JW_N:N
/PR, PO |
PCyz ! PBu,
304 | 205

PR; = PMes,PMe,Ph, PMePh,

Scheme 60. Structure of group 9 complexes 302-305.

suggesting an alternating associative mechanism. The
use of cobalt to mediate N, silylation was further studied by
Fryzuk and Masuda using PNN-type frameworks. Complexes
[Co(NpNP)]  (302)®*"  and  [Co(QuiNacNacP)]  (303)**
(Scheme 60) reduced N, in the presence of potassium graphite
and trimethylsilyl chloride to afford N(SiMe;); (TONs of 100 and
19 respectively). Additionally, the cobalt analogue 304 of the
above mentioned iron PSiP complex 285 (Scheme 56b) also
promoted the catalytic conversion to N(SiMe;); with up to
20.5 TONs.”*!

Beyond Co, another group 9 catalyst for nitrogen silylation
was recently reported by the groups of Yoshizawa and Nishi-
bayashi. Using an anionic pyrrole-based PNP'-pincer ligand, the
Rh complex [Rh(PNP’)(N,)] (305) (Scheme 60) could be isolated.
This constituted the first rhodium complex catalyzing N, reduc-
tion and promoted nitrogen silylation with 11.5 TONs.>* This
activity is noteworthy as contrary to the previously mentioned
iron, cobalt and vanadium analogues 260, 261 and 262
(Scheme 50¢) which worked as effective catalysts toward the
formation of ammonia and hydrazine, the rhodium-based N,
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Scheme 59. Proposed catalytic cycle for complex 299 (a) and 300 (b).

Chem. Eur. J. 2021, 27, 3892 -3928 www.chemeurj.org

3922

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202003134

complex 305 only favored the production of hydrogen in pres-
ence of proton sources.

Other early transition metals such as vanadium and titanium
have demonstrated catalytic activity for dinitrogen silylation.
Okuda and co-workers developed a triamidoamine scaffold
and prepared the bridging dinitrogen titanium complex
KoH(Xy-N3sN)Tik(p-N,)1 (306) (Xy = 3,5-dimethylbenzene), which
catalyzed N, silylation to N(SiMe;); with a TON of 83
(Scheme 61).2* Polyamine ligands were also recently reported
by Nishibayashi and co-workers as efficient ligands for the
preparation of vanadium catalysts for dinitrogen silylation. The
dinuclear diamideamine vanadium nitride complexes 38 and
39 previously reported by Cloke et al.,*” were shown to medi-
ate the catalytic silylation of dinitrogen to N(SiMes);, achieving
up to 12 TONs.**! Slightly lower TONs of 7.5 and 10.5 were de-
termined under the same conditions as the other vanadium
complexes trans-[VCl,(tmeda),] (307) (tmeda= N,N,N,N-tetrame-
thylethylenediamine) and trans-[Na(thf)][V(N,),(dppe),] (308)
(Scheme 61).124

Xy\ ’6\ ' ==
N N,Xy K/ N/w Me, ~, Me; m
(_f\ A | oo N G HET [Pl‘_\b_‘\P
N RN (o M EPAIN
A W B e Nl A T
N P /N N ! Me, el Me, | il
et : N
Xy ! '
XV=/é\ 306 : 307 | 308
: P’=PPhy .
2 ,SiMeg :|3iMe3 ; 2z ,N,SiMeae SiMey
N ; : :
Uned 7o 2Nissiest Ly, 2 oNssivteg
MesSiSN=" N7 \NN7 | MesSiTSN N\ Q"'N]
N N= : K-~ N=
SiMes Me,Si 8 v, K esi o 39

Scheme 61. Structures of group 4 and 5 complexes 306-308 and 38-39.

Last, Arnold and co-workers disclosed very recently the first
actinide based catalytic system for N—Si bond formation. The
use of the tetradentate meta-tetraphenol-arene ligand mTp
(MTP =[{2-(OC¢H,-tBu-2,Me-4),CH}-C,H,-1,31*) allowed the syn-
thesis of the dinuclear complex [U,(mTP),] (142), as described
in Section 3.1.1 (Scheme 28b)."® Upon reduction with potassi-
um graphite, a mild acid and chlorosilane, complex 142 con-

verts catalytically dinitrogen into bis(trimethylsilyllamine

(Scheme 62). Catalytic formation of hexamethyldisilazane
Bu tBu

tBu O O 7 /_tBu

% - ANGS )

50 O\O H H "90, \lBu
\u KO, TMSCI, [HNEt;][BPh,] MesSi., -SiMes

tBu w N3, CgHg H
OH H \ (6.4 equiv.)

142

Scheme 62. Catalytic N, silylation using actinide complex 142.
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(HMDS) (6.4 equiv)—instead of the more common N(SiMe;),
product—was observed upon treatment of 144 with excess re-
ducing agent, [HNEt;][BPh,] and Me,SiCl.

4.3. Catalytic formation of N—C bonds

Surprisingly, only very few catalytic N—C bond formation reac-
tions using N, as a nitrogen source have been reported, de-
spite being a key strategy to incorporate dinitrogen in value-
added organic molecules.

Mori and co-workers first showed in 1993 that dinitrogen
can be transferred to heterocycles using ketone precursors in
the presence of a catalytic amount of TiCl, excess lithium
and Me;SiCl.**® Hydrolysis or removal of the silyl groups using
CsF allowed for the isolation of a wide variety of N-heterocy-
cles, such as indole, quinoline, pyrrole, pyrrolizine and indoli-
zine®” even using dry air instead of pure dinitrogen
(Scheme 63).[248'249]

1. Np, Me3SiCl, Li
2.10% HCI
3. KoCOs3
Substrate Product
Catalyst
Yield (%)
Substrate Product Catalyst (N, source)
o) o ' ;
E 86 (N;)
&Y ; B ek 56 @)
0° : N
o o i
WOB Jm Tk s
H air,
o ” OEt
o
T : ] ; 82 (N,)
CE\COOMe : [ OMe i Ti(OPr), 72 ain
o ! N :
i H
o] :
(\/\(QLOPO(OB)2 ‘ e Ti(OPr) s ﬁ:.?i
o : H

Scheme 63. Examples of heterocycles formed catalytically from dinitrogen.

The molecular nature of the active catalysts has not been
unambiguously determined, but the isolation of the titanium-
nitride complex [TiINMg,Cl,(thf)] upon reaction of TiCl, or TiCl,
with magnesium under a dinitrogen atmosphere®® suggested
a dissociative mechanism. Nevertheless, the nature of the Ti
complex involved in the transfer of the nitrogen synthons to
the heterocycles has not been identified so far.>*®

4.4. Electrocatalytic conversion

While all the systems described in Section 4.1 are based on the
use of excess proton sources and reducing agents to mimic
the PCET-mediated route to dinitrogen fixation operating in ni-
trogenases, a more sustainable and scalable approach is to
achieve electroreduction of N,.**" Electroreduction also allows
for a better control of the potential applied, avoiding unwant-
ed reductive decomposition of the complex sometimes en-
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Potential, V vs. SHE

Scheme 64. Pourbaix diagram of dinitrogen. Solid lines correspond to N, re-
duction to NH," or NH; (red line) and N, oxidation to NO,~ (blue line).
Dotted lines straddle the region of water stability (reduction to H, for
bottom line and oxidation to O, for top line).*?

countered in the presence of strong reducing agents. The
Pourbaix diagram for the N,-H,O system shows that reduction
of N, to NH; or NH," is thermodynamically possible under
mild reducing conditions (Scheme 64)%? Nevertheless, the
electrochemical reduction of N, utilizing molecular complexes
in the presence of proton sources is yet limited by both elec-
trocatalytic overpotential and selectivity over kinetically fa-
vored H, evolution. In that context, Miller and co-workers have
demonstrated that the use of organic solvents for catalytic am-
monia reduction further favorizes the thermodynamically fa-
vored dinitrogen reduction to ammonium over the competi-
tive hydrogen evolution reaction, a key aspect to develop mo-
lecular N, reduction electrocatalysts.”**

Early work by Pickett and Talarmin paved the way to the
electrochemical reduction of dinitrogen to ammonia. By treat-
ing trans-(dppe),W(N,), (94) with tosylic acid in THF, the hydra-
zido tungsten precursor [W(NNH,)OTs(dppe),]” (313) was ob-
tained. Electrolysis of the latter in THF and 0.2 m [NBu,][BF,] sa-
turated with 1 atm N, at a mercury pool cathode (E=-2,6V
vs. Fc/Fc') could afford 0.24 equiv of NH; (Scheme 65a).°% In

a) NH, T ip) i o)
r|1 : L s s
1 . PP 1
P Il P i PrP—Felpip,? | .2 N;@
C ,)W* j : | N ' S-NI\S\ _s5 i
I3 | P ! :RUs : \ Oni /
OTf 1 J s” s
P’ = PPh, : :
/3& : /3& ¢ 315
N, NH, LN NH; | N, NoH,
Ereg=-26Vvs.Fc® | E4=-2.1Vvs Fc'0 | Ereq =-2.35V vs. Fc*0

Scheme 65. Well-defined molecular complexes promoting dinitrogen elec-
troreduction 313-315.
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this case, the proton source was not present directly in the
media but provided in a stepwise manner after the electrolysis
step, forming the hydrazido complex 313.

To our knowledge, the iron complex [FeN,(P;®)]" (314) has
been the only molecular complex reported to electrocatalyti-
cally convert dinitrogen to ammonia, with Faradic efficiency
of up to 28% (4equiv of NH; at —2.1V vs. Fc'”)
(Scheme 65b).2*¥ The role of CoCp*, as a redox mediator was
highlighted as a key feature to enable catalytic activity: DFT
calculations suggested that the protonated cobaltocene acts
as a PCET donor, essential to promote the first protonation of
N,. In that regard, the authors highlighted that the influence of
the pK, of the proton source on catalytic activity can be as-
signed to the ability to generate such protonated decamethyl-
cobaltocene species.

This example was very recently complemented by the report
of the first selective molecular electrocatalyst promoting N, re-
duction to hydrazine by Dey and co-workers. The trinuclear
nickel complex 315 catalyzed the selective electrochemical N,
reduction to N,H, using phenol as a proton source at —2.35V
vs. Fc/Fc*. (Scheme 65¢).”**! The author proposed here that
the trinuclear arrangement of the Ni centers play a key role for
N, activation.

4.5. Summary

The summary Scheme 47 clearly illustrates that most catalytic
systems undergo associative mechanisms. As stressed in Sec-
tion 3, the cooperativity between functionalizing groups and
metal centers is key to facilitate N, activation and functionali-
zation. Nevertheless, it should be noted that the most efficient
molecular system identified so far for dinitrogen reduction to
ammonia by Nishibayashi and co-workers is one of the very
few systems proposed to follow a dissociative mechanism. Effi-
ciency of that system however mainly originates from the use
of reducing agents and proton sources promoting PCET path-
ways. We anticipate that the growing numbers of PCET medi-
ated N, reduction reactions will allow for more comprehensive
conclusions to be drawn in the coming years regarding the
most favored reaction pathways towards N, functionalization.

5. Conclusions and Outlook

As the main limitations in N, functionalization are of kinetic
origin, mechanistic consideration of N, activation are of key im-
portance to enable its transformation under mild conditions.
The considerable number of complexes promoting N, func-
tionalization via dissociative or associative pathways reported
in the last 50 years and surveyed here all fulfil this kinetic chal-
lenge. As such, they constitute unique s to rationally design
new complexes for N, valorization with improved performan-
ces. Nevertheless, among this large number of molecular com-
plexes, only a small portion demonstrates catalytic activity, and
significant research efforts are still needed in this area. This
Review particularly highlights that among all catalytic reactions
reported so far and despite a significant number of studies tar-
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geting dissociative pathways, most of the successful catalysts
undergo associative mechanisms, as spotlighted in Scheme 47.

The current paradigm is hence shifting from the activation
of N, to the functionalization of N, to value-added product in
a catalytic way. Besides the simplest silylation of N,, efficient
catalytic protonation and N—C bond formation remain mainly
elusive, notably since the employed functionalizing agents
(protons, carbon-containing electrophiles) are often incompati-
ble with the reducing agents required for N, activation and re-
duction. In addition, the use of complex and expensive sacrifi-
cial reducing agents in large excess significantly lowers the ap-
plicability and profitability of such functionalization routes.

Therefore, the investigation of more sustainable and tunable
catalytic strategies, in particular by utilizing electrical energy
sources in electrocatalytic pathways are highly desirable and
represent the most exciting development of the field in the
coming years.
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