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Preface

Detailed studies of the preparation of various transition metal-dinitrogen com-
plexes and their reactivity have been achieved in the past 50 years. This volume
is not intended to provide a comprehensive view of Nitrogen Fixation by using
transition metal—-dinitrogen complexes but to focus on recent advances of the
explosive field in the last decade. Although many research groups have already
reported their excellent results, the authors representing the field have introduced
their latest achievements in this volume.

I believe that this volume will be helpful to researchers, teachers, and students
who are interested in innovative and sustainable chemistry. I would like to thank all
the contributors for their participation in this project and their enthusiastic efforts to
present recent advances of Nitrogen Fixation by using transition metal-dinitrogen
complexes. I anticipate that their contributions will stimulate further study in
Nitrogen Fixation. I would like also to offer my warm thanks to the Springer Nature
team for their continuous support. Finally, I deeply appreciate the staff and students
in my research group for their valuable assistance.

Tokyo, Japan Yoshiaki Nishibayashi
December 2016
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Determining and Understanding N-H Bond
Strengths in Synthetic Nitrogen Fixation
Cycles

Maté J. Bezdek, Iraklis Pappas, and Paul J. Chirik

Abstract The fixation of atmospheric dinitrogen to ammonia using molecular
catalysts has been a long-standing challenge in homogeneous catalysis and syn-
thetic chemistry. New approaches to this problem may offer more energy-efficient
and carbon-neutral routes to this important industrial compound. Despite the
ubiquity of ammine, amide, imide and diazenide ligands in coordination chemistry,
little thermodynamic data is available for understanding N-H bond strengths in
molecules bearing these nitrogenous fragments. This article presents an overview of
both computational and experimental approaches for the determination of N-H
bond dissociation free energies in a variety of compounds relevant to nitrogen
fixation to ammonia. The influence of metal oxidation state, ancillary ligand and
identity of the nitrogen donor are highlighted. Implications for future design of
molecular systems for the reduction of dinitrogen are discussed.

Keywords Ammonia * Bond dissociation free energy ¢ Nitrogen fixation
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1 Introduction

The synthesis of ammonia from its elements is one of the most important trans-
formations in synthetic chemistry owing to the reliance of global food production
on NHj; and its derivatives as fertilizer [1]. One of the most significant technological
achievements of the twentieth century is the Haber—Bosch ammonia synthesis
whereby NHj is produced over an iron or ruthenium catalyst from N, and H, [2—
6]. Optimized catalysts are known that produce 1-10 tons of ammonia per minute!
The high temperature and pressure conditions used for optimal and economic
ammonia production are often classified as “harsh.” Sources often cite consumption
of 1-2% of the world’s energy supply as motivation for finding “more efficient”
versions of the Haber—Bosch reaction [7]. How accurate are such claims and if there
are motivations for alternatives to the Haber—Bosch process, what are they?

It is instructive to compare the energetics of the Haber—Bosch reaction to
biological ammonia synthesis catalyzed by the nitrogenase family of enzymes
(Fig. 1). Because the latter process occurs at ambient temperature and pressure, it
may seem as if the biological reaction is more energy efficient. Simply comparing
the stoichiometry of the two reactions suggests otherwise: the requirement of the
enzymatic reaction for 16 equivalents of ATP coupled with the formation of one
equivalent of dihydrogen per turnover of ammonia [8] generates a chemical
overpotential of approximately 117 kcal/mol [9]. By comparison, the Haber—
Bosch ammonia synthesis has been determined to operate with 75% efficiency,

Haber-Bosch Ammonia Synthesis

Fe/Ru on Al,O4
N, + 3H, =————2 2NH;
400 °C, 400 atm

Overpotential = 14 kcal/mol
Nitrogenase Enzymes

[enzyme]

N, + 8e + 8H* /—\> 2NH3; + H, + 16 P,

16 ATP 16 ADP
Overpotential =117 kcal/mol

Fig. 1 Comparison of the energetics of industrial (top) versus biological (bottom) ammonia
synthesis
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corresponding to a chemical overpotential of approximately 14 kcal/mol. If the
Haber—Bosch process is relatively energy efficient, why then search for alternatives?

In addition to a fundamental challenge in chemical synthesis, solution methods
for the fixation of molecular nitrogen to ammonia could also have practical benefit.
The hydrogen used for the Haber—Bosch ammonia synthesis is almost exclusively
fossil fuel derived [10], linking the world’s largest chemical process and hence
global food production to a carbon footprint [11]. This is particularly troubling as
the hydrogenation of nitrogen to ammonia does not involve carbon! While it is
possible that hydrogen generated from renewable sources would obviate this
pollution, current Haber—Bosch technology requires a continuous flow of ultrapure
hydrogen that renders it inherently incompatible with the discontinuous H, output
of alternative fuels. Given that disruption of the renewable energy source could
result in destruction of the catalyst [12], ammonia synthesis technologies that
operate in batch and are therefore compatible with intermittent energy sources are
attractive.

Although the first transition metal dinitrogen complex was reported in 1965 [13]
and extensive effort has been devoted to the synthesis of NH; from coordinated N,
typically from protonolysis (the so-called Chatt cycle) [14, 15], molecular catalysts
for NH3 generation are rare [16]. Pickett explored addition of an external source of
electrons by coupling protonolysis of tungsten dinitrogen complexes to a mercury
pool electrode although turnover was not observed [17, 18]. Shilov later reported Ti
(OH)3, phosphine-phospholipid mixtures in the presence of catalytic Mo(III) that
were effective for the catalytic synthesis of ammonia and hydrazine at 150 atm of
N, [19, 20]. Ashley and coworkers have recently reported iron phosphine com-
plexes that promote the catalytic formation of hydrazine upon addition of protons
and electrons [21].

In 2003, Yandulov and Schrock’s landmark paper demonstrated that a well-
defined molybdenum(IID)tris(amido)amine complex was effective for the synthesis
of eight equivalents of ammonia per metal center upon addition of
decamethylchromocene and a lutidinium salt as electron and proton sources,
respectively [22]. Following this report, Nishibayashi revitalized the area with the
demonstration that pincer-ligated molybdenum(0) complexes were -effective
pre-catalysts for catalytic ammonia synthesis, again using strong acid-reductant
combinations as the sources of protons and electrons, respectively [23-25]. Peters
[26-28] and later Nishibayashi [29] have extended the approach to iron catalysts,
demonstrating that molecular catalysts for ammonia synthesis may be available
with metals from across the transition series (Fig. 2).

All of the molecular catalysts reported to date operate at ambient temperature or
below with 1 atm of dinitrogen. Are these conditions mild and how do the
energetics compare to the industrial Haber—Bosch ammonia synthesis? Analysis
of the thermodynamics of ammonia synthesis using strong acids and reductants tells
a different story and reveals that the introduction of each reagent pair results in a
tremendous chemical overpotential when compared to optimal dinitrogen reduction
using H, (Table 1) [31]. As a result, alternative pathways for ammonia synthesis
using H, as the thermodynamically ideal reductant are of interest.
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8Eq. NH; 12 Eq. NH3 7 Eq. NH,
R R Schrock (2003) Y. Nishibayashi (2011) J. C. Peters (2013)

Fig. 2 Molecular catalyst precursors for catalytic ammonia synthesis

Table 1 Calculated chemical overpotentials for NH; formation using various acid/reductant pairs

Acid Reductant Chemical overpotential® (kcal/mol)
[LutH][OTI] Cp,Co 26.4
[LutH][BArF,4] Cp*,Cr 444
[H(OEt,),][BArFy4] KCg 291.6

“Refers to excess thermodynamic driving force using the acid/reductant pair in comparison to
ammonia synthesis from dihydrogen [30]

N

{1
i N
7NN
1 atm H, Hz  popr c;;lczle 1 atm N,

NN
[ ]

Fig. 3 Dual catalytic cycle for the synthesis of ammonia via PCET

Our laboratory has been exploring the possibility of a dual catalytic strategy
where one metal activates and cleaves H, while the other activates N, and the key
N-H bond forming steps occur by proton coupled electron transfer (PCET, Fig. 3)
[30, 32]. In the idealized dual catalytic scheme presented in Fig. 3, it is assumed
that N-H bond formation is largely governed by the thermodynamics associated
with M-H bonds broken and N-H bonds formed. As a consequence, understanding
N-H bond dissociation free energies of coordinated nitrogen ligands such as
diazenides, hydrazides, imides, and amides bound to a variety of transition metal
complexes are at the core of our efforts. Somewhat surprisingly, these values are
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by and large absent from the literature (For an example of a detailed thermody-
namic analysis of electrocatalytic dinitrogen reduction to diazene, hydrazine and
ammonia in an organic solvent, see: [33]). Here we highlight the role of proton
coupled electron transfer in both N-H bond formation and cleavage and summarize
the state of the art in understanding N-H bond dissociation free energies relevant to
N, fixation.

2 Proton Coupled Electron Transfer in Synthetic
Dinitrogen Reduction Schemes

The favorable thermodynamics associated with N, hydrogenation to ammonia demon-
strates that the challenge with nitrogen fixation is principally kinetic in origin. The
pathways typically associated with both PCET or hydrogen atom transfer (HAT) often
avoid high-energy intermediates and therefore may facilitate smooth N-H bond forma-
tion and ultimately release of free ammonia, offering a potential advantage over
conventional dinitrogen reduction strategies [31]. It is important to note that the
homogeneous ammonia synthesis catalysts reported by Schrock and Nishibayashi
could operate by PCET or HAT [34, 35], as the combination of strong pyridinium
acids and metallocene reductants can, in principle, lead to the in situ formation of
pyridinyl radical species with exceedingly weak N-H bonds (BDFEy_y; ~35 kcal/mol)
(For the determination of the N-H BDFEs in related Hantzsch ester derivatives, see:
[36]). It is feasible that pyridinyl radicals are thermodynamically poised to deliver
hydrogen atom equivalents to the nitrogen-containing ligands during the catalytic
cycle, ultimately leading to ammonia formation (Fig. 4). It is also possible that PCET/
HAT steps are operative for some steps while others operate by discrete protonation and
reduction sequences.

To evaluate the thermodynamic feasibility of PCET or HAT mechanisms with a
known molecular ammonia synthesis catalyst, we have conducted thermochemical
DFT calculations on diazenido, hydrazido, nitrido, imido amido, and ammine
intermediates in the Schrock cycle. While previous studies have examined the
thermodynamics associated with stepwise protonation-reduction events using

N=N-Mo™—
H
[ 3
N €
J—Q
§Z
H |n+1

Y
BDFE -~ 35 kealimol - NN _‘Mo —

Fig. 4 Delivery of a hydrogen atom equivalent to a bound dinitrogen fragment by a pyridinyl
radical species
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r el
<
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AG®=-60.3 ,He S=12 =0 )/«H-
+ Ph .H Ph,

,Ph

AG° =-42.3

Fig. 5 DFT-computed thermodynamics of N-H bond formation in model Schrock-type com-
plexes. Numbers are reported in kcal/mol. The 3,5-(2,4,6-iPr;CH,),CgH; substituents were
truncated to CgHs groups for computational expediency. Bolded spin states refer to isolated
intermediates. Where multiple spin states were possible with no isolated complex for reference,
both high and low spin possibilities were examined

specific acid/reductant pairs for the Schrock cycle [37], we aimed to computation-
ally study the strengths of N-H bonds en route to ammonia formation. Such
information allows for determination of the feasibility of PCET pathways with
this particular catalyst. As shown in Fig. 5, the thermodynamics of each of the N-H
bond forming steps have been computed and range from 39.4 to 64.4 kcal/mol,
where some ambiguity arises in the values of two steps due to the possibility of two
different spin states of a molybdenum amido intermediate (M. J. Bezdek and P. J.
Chirik, Unpublished data). Importantly, these results demonstrate that if pyridinyl
radicals do indeed form under the catalytic conditions reported for the Schrock
catalyst, the elementary N-H bond forming events leading to the intermediates in
Fig. 5 are thermodynamically feasible to be formed by PCET or HAT (BDFEN.»
~35 kcal/mol, vide supra). It should be noted that no experimental evidence has
been presented to support or refute these pathways—the calculations presented in
Fig. 5 simply demonstrate that, from a thermodynamic perspective, such mecha-
nisms should be considered.

The computational results in Fig. 5 raise an intriguing possibility for evaluation
of ammonia synthesis catalysts—with the knowledge about the thermochemical
requirements for N-H bond formation, is it possible to design reaction conditions to
effect the desired N-H bond forming reactivity without incurring large chemical
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overpotentials in the process? Can hydrogen be used in place of strong acid-
reductant combinations that reduce the energetic efficiency of ammonia synthesis?
To answer these questions, a thorough and systematic understanding of the ther-
mochemical requirements for N-H bond formation in various transition metal-
ligand platforms is needed. Despite the long-standing role of ammonia and other
nitrogen-containing ligands in coordination chemistry, few experimental studies to
determine these values have been conducted. The lessons learned from these studies
will likely have application in the development of new ammonia synthesis catalysts
that operate under truly mild reaction conditions.

3 Determination of N-H Bond Dissociation Free Energies
in Transition Metal Complexes

3.1 Thermochemical Considerations

The experimental determination of N-H bond dissociation free energies (BDFEs) in
coordinated nitrogen ligands provides the foundation for understanding transfor-
mations relevant to ammonia synthesis. While the thermochemical background
associated with a broad range of organic and inorganic proton-coupled electron
transfer reagents has been extensively reviewed [31], a brief introduction is pro-
vided here specifically in the context of N-H bond strengths in transition metal
complexes.

The strength—the bond dissociation free energy—of an N-H bond in a transition
metal complex is described by the Gibbs free energy change (AG®) associated with
its homolytic cleavage (Eq. 1). It is important to note that the interchangeable use of
bond dissociation enthalpies (BDEs) and bond dissociation free energies (BDFEs)
is not appropriate. When working with transition metals, BDFEs are necessary to
account for the often significant entropic contributions that accompany changes in
spin state. The calculations on the Schrock cycle in Fig. 5 reinforce this concept as
differences of approximately 4 kcal/mol were obtained for various spin states
within the same intermediate. In addition, large vibrational entropic changes have
been reported for iron(I) complexes undergoing high-spin to low-spin transitions
during the course of hydrogen atom abstraction reactions, giving rise to large
non-zero entropy terms in the net free energy change of the reaction [38, 39]. As
a consequence, BDFE values will be presented and used exclusively throughout.

M|]-N=NH — [M|]—-N=N+H+ AG° =BDFEn.4 (1)

In the following sections, two primary approaches are used to obtain N-H bond
dissociation free energies. The first and often the most rapid way to obtain such
values experimentally is “chemical bracketing”—a method that relies on addition
of hydrogen atom abstracting reagents forming R-H (R=C, N, O) bonds with



8 M.J. Bezdek et al.

known BDFE values. In this case, the hydrogen atom transfer (HAT) reaction of the
transition metal complex containing the N-H bond of interest with such reagents
will be governed by the relative thermodynamics of bonds broken and bonds
formed. Assuming no significant kinetic barrier to a HAT event, one can determine
upper and lower bounds for a metal-bound N-H BDFE based on the radical
abstracting reagents that lead to productive chemistry or promote no reaction
(Egs. 2 and 3). While this approach is straightforward operationally, bracketing
experiments are by definition limited to BDFE bounds set by the availability of
hydrogen atom abstracting reagents, which have been extensively reviewed by
Mayer et al. [31]

a) BDFEN.y < BDFER g

( @)
M —-N=NH+R+ - [M-N=N+R-H

(b)BDFER_H < BDFEnN-4 3
M|]-N=N+R—-H— [M]—-N=NH+R- (3)

A second, more accurate but time-consuming method for the determination of an
N-H bond strength in a transition metal complex relies on the notion that a
homolytic N-H bond dissociation (or bond forming) event can be represented by
a closed thermochemical square scheme. According to this view, the net abstraction
of a hydrogen atom is deconstructed into constituent proton and electron transfer
steps (Fig. 6). Following the analysis of Bordwell and Tilset (Eq. 4), BDFEs are
commonly derived from experimentally determined values of pKa and E° lying on
adjacent sides of the square scheme [40, 41]. Typically, pKa values are determined
by acid-base titrations against standards of known reference values, while E° is
obtained from cyclic voltammetry. It is important to note that an accurate electro-
chemical determination of E° is critical for reliable BDFE determinations, typically
taken as the £/, value between the anodic and cathodic peaks of a reversible wave
in a cyclic voltammogram. As can be inferred from the relative weights of the pKa
and E° terms in Eq. 4, uncertainty in E° results in a much more pronounced range of
BDEFE values than an inaccurate pKa determination. The inclusion of the constant
Cg is necessary when determining solution BDFEs in order to satisfy Hess” Law for
a closed thermochemical cycle and denotes the H*/H: reduction potential that is
specific to the solvent medium. The value used for Cg is solvent dependent and is
ideally selected for consistency with the conditions used for pKa and E° measure-
ments [42]. While the Bordwell equation can be used to determine exact values for

Fig. 6 Thermochemical
square scheme for

measuring the bond
dissociation free energy H++H BDFEN H H %w*

(BDFE) of a transition
metal-bound N-H fragment [M]—N =N - 1)__> M]—N=N —In

[M]—N = N_ln —> [M]—N = N_|(n+1)
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N-H BDFEs, it is predicated upon the stability of either (1) both the starting
material and product of the hydrogen atom abstraction event or (2) one of the two
intermediate complexes in the stepwise protonation-reduction (or vice versa) paths
(top right and bottom left in Fig. 6). Without access to either set of these com-
pounds, a reliable determination of pKa and E° is not possible using the thermo-
chemical square scheme approach.

BDFEy.y; = 1.37(pKa) + 23.06(E°) + Cg (4)

3.2 Diazenides (M-N=NH)

The first N-H bond-forming step in a hypothetical dinitrogen reduction cycle
generates a transition metal diazenido ligand, M-N=NH. The direct measure of
N-H BDFEs associated with diazenides has been hampered by the paucity of these
compounds in the literature. While numerous substituted diazenides, M-N=N-E
have been prepared with boryl [43], silyl [44], benzyl [45], phenyl [46, 47], and
alkyl [48] substituents, the only structurally characterized “parent” (E=H) example
is Schrock’s [N;N"PTIMo-N=NH complex (N;N"FT=[""PTNCH,CH,);N]*",
where HIPT = 3,5-(2,4,6-'Pr;CsH,),CoH3) [49].

While the N-H BDFE of [N3N"""T]Mo-N=NH has not been explicitly presented
in the literature, the physical data are available to estimate its value. The cyclic
voltammogram of [N3NHIP T]MO-N2 has been obtained and a Mo(I1I)-Mo(II) couple
of —1.81 V (vs. Fc/Fc™) has been reported in THF [49]. Additionally, qualitative
deprotonation experiments using DBU (DBU = 1,8-Diazabicycloundec-7-ene)
have also been conducted demonstrating that the pKa of [N3NHIPT]M0-N:NH
can be approximated as 16.6, the value of DBUH" [50]. Application of these values
in the Bordwell equation resulted in an experimentally determined N-H BDFE of
47.0 kcal/mol in [N3N"""TIMo-N=N-H, comparing favorably to our DFT com-
puted value of 42.3 kcal/mol. The slight discrepancy between these values may be a
consequence of the model complex used in the calculations or the use of an
unoptimized acid-base combination for the experimental pKa determination in
[N;NPPTIMo-N=N-H (Fig. 7).

3.3 Hydrazides (M-N-NH,)

The next N-H bond forming event in a Chatt-type ammonia synthesis cycle is
formation of a metal hydrazide, M=N-NH, from the corresponding diazenide. In
this case the “distal” mechanism of ammonia synthesis is invoked, where N-H bond
formation and subsequent ammonia release occur first at the distal nitrogen as
opposed to an “alternating” path in which hydrogen atoms add alternately to both
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Fig. 7 Thermodynamic
square scheme for the
estimation of the N-H bond
strength in [NsNHPTIMo-
N=N-H. E° 4 and pKa
values cited in THF
solution. DFT-calculated
N-H BDEFE value in kcal/
mol for the gas-phase
reaction [N;N""]Mo-
N=NH — [N5N""]Mo-
N=N + H- where [N5N™"

M.J. Bezdek et al.
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N
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nitrogen atoms [51]. Unlike diazenides, numerous examples of transition metal
complexes with parent hydrazido ligands have been synthesized [52]. The early
examples are the well-known bis(diphosphine) molybdenum and tungsten com-
pounds that are of interest due to their intermediacy in the Chatt cycle for ammonia
synthesis from coordinated dinitrogen. Despite their ubiquity and long-standing
role in N, fixation chemistry, little is known about the bond dissociation free
energies of the N-H linkage in transition metal hydrazides.

Our laboratory recently reported a study that examined the strengths of N-H
bonds in bis(diphosphine) molybdenum compounds bearing cyclohexyl-substituted
hydrazide ligands [53]. The cyclohexyl rather than parent examples were selected
due to their isolability and ability to conduct reliable acidity and electrochemical
measurements. The target molybdenum(IV) alkyl hydrazido complexes were syn-
thesized according to the sequence presented in Fig. 8. Alkylation of the molybde-
num(0) dinitrogen complex, (dppe)>Mo(N,), (dppe = Ph,PCH,CH,PPh,) with
cyclohexyl iodide yielded the molybdenum(II) diazenido complex (dppe).Mo
(NNCy)(I) as previously described [54]. Treatment of this product with the strong
acid, [H(OEt,),][BArF**] (ArF**=(C¢Hs-3,5-(CF),)s) afforded the cationic
molybdenum(IV) hydrazide, [(dppe)>Mo(NNHCy)(I)]*. Halide abstraction with
Na[BArF24] in the presence of neutral donors such as CH;CN or
3,5-(CF3),C¢H3CN provided the cationic diazenides, [(dppe),(CH;CN)Mo
(NNCy)]™ and [(dppe)»(3,5-(CF3),CsH;CN)Mo(NNCy)]*. The corresponding
dicationic hydrazides were also synthesized with the goal of determining the
influence of the trans ligand on the N-H BDFE (Fig. 8).

Titration experiments on this family of compounds demonstrated that more
electron withdrawing ligands resulted in more acidic N-H bonds with pKa values
between 9.3 (L = I) and <2.6 (L = 3,5-(CF3),C¢H3;CN). Likewise, electron
withdrawing frans ligands also produced less reducing reduction potentials and
hence resulted in stronger N-H BDFEs. The experimental measurements were
corroborated by DFT calculations, where the N-H BDFE trend as a function of
trans ligand was confirmed by frequency calculations (Fig. 9).

Despite the marginal increase in BDFE observed with more electron withdraw-
ing trans ligands, values between 30 and 35 kcal/mol for the putative Chatt-type
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BDFE.; = 32.8 kcal/mol (DFT) BDFEy.; = 51.6 kcal/mol (DFT)

Fig. 10 Comparison of DFT-computed N-H BDFEs and corresponding spin density plots for
(dmpe),Mo(NNHCYy)(I) (left) and (dmpe)(MeDl)Mo(NNHCy)(l) (right)

molybdenum(IIl) complexes are very low and are therefore unstable to H, loss
(AGy, = 48.6 kcal/mol). The low BDFEs are driven, principally, by the reducing
Mo(IV)-Mo(III) redox couple also presenting obstacles for isolation. Such low
N-H BDEFE values also imply a thermodynamic difficulty associated with their
formation, necessitating the use of strong acid/strong reductant combinations that
are often employed in catalytic ammonia synthesis methods. A possible strategy for
strengthening such low N-H BDFE:s is outlined in Fig. 10. DFT frequency calcu-
lations revealed that a simple substitution of a strong field phosphine ligand
for a potentially redox non-innocent a-diimine M°DI=[CH3;N=C(CH3)],)
chelate in (dmpe),Mo(NNHCy)(I) (dmpe=1,2-bis(dimethylphosphino)ethane;
Cy = cyclohexyl) resulted in a significant increase in the N-H BDFE by nearly
20 kcal/mol (M. J. Bezdek and P. J. Chirik, Unpublished data). Examining the
DFT-computed spin density plots of the respective hydrazido complexes suggests
an explanation: in the case of (dmpe),Mo(NNHCYy)(I), the spin density resides
principally on molybdenum while in (dmpe)(DI)Mo(NNHCy)(I), the spin density is
localized on the redox non-innocent DI chelate. Participation of the redox active
chelate in the electronic structure of the compound likely results in an energetically
accessible redox couple, thus resulting in a net stronger bond as implied by the
Bordwell equation.

3.4 Imides (M=NH)

Following NHj release and cleavage of the N-N bond to generate a terminal metal-
nitride, M=N, the subsequent N-H bond formation generates the corresponding
transition metal imido derivative, M=N-H. While the synthesis and reaction chem-
istry of substituted transition metal imido complexes (M=N-R) has been well
studied for early (For selected reviews on the synthesis and reactivity of early
transition metal imides, see: [55-58]) as well as late (For selected reviews on the
synthesis and reactivity late transition metal imides, see: [59, 60]) transition metals
with a variety of substituents on the nitrogen atom, parent imido complexes, M=N-
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H, are typically difficult to access and often extremely reactive, rendering the
associated thermochemical studies challenging.

Although the paucity of parent imido transition metal complexes limits system-
atic thermochemical measurements of the N-H bonds, chemical bracketing studies
using hydrogen atom donors and acceptors with isolable metal nitrides have
enabled the approximate definition of upper and lower bounds. Seminal work by
Smith and coworkers have described stoichiometric ammonia synthesis from a
terminal iron(IV) nitrido complex by reaction with the hydrogen atom donor
TEMPO-H (TEMPO = 2,2,6,6-tetramethylpiperidine 1-oxyl, Fig. 11) [61]. As
part of these studies, the strength of the putative iron(Ill) imido N-H bond was
bracketed between 67.5 kcal/mol (TEMPO-H, DMSO) and 73.3 kcal/mol (xan-
thene, DMSO) given that productive N-H bond forming chemistry was not
observed with weaker H-atom donors. The results unequivocally demonstrate that
an N-H bond forming strategy involving concerted hydrogen atom transfer steps
(as opposed to stepwise protonation-reduction with strong acids and reductants) is
viable for ammonia synthesis.

Schneider and coworkers have also examined the N-H bond strengths of parent
imides with mononuclear iridium complexes relevant to the reverse of dinitrogen
reduction—the oxidation of ammonia to N, [62]. Although detailed thermochem-
ical studies were hampered by rapid disproportionation of the iridium imido species
to the corresponding amido and bridging dinitrogen complexes (Fig. 12),
bracketing experiments with various hydrogen atom donors have established an
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/N‘\/< Xs N\< N \Nr—-\
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N N__/< Y

: 1
N
~Mes Mes + {N/\|< + NHj3
BDFE.;; = 67.5 - 73.3 kcal/mol

Fig. 11 Ammonia synthesis by hydrogen atom transfer from TEMPO-H to an Fe(IV) nitride
supported by a tris(carbene) borate ligand. BDFE reference values cited in DMSO solution [31]
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Fig. 12 Synthesis of a terminal imido complex supported by a PNP-pincer ligand by hydrogen
atom abstraction and subsequent disproportionation chemistry. BDFE reference value cited in
benzene solution [31]
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approximate upper bound for the N-H BDFE in the putative iridium imido complex
as that of the O-H bond strength of ‘BusPhOH (76.7 kcal/mol, benzene) [31]. These
results were supported by DFT calculations and provide rare thermochemical
insight into the thermodynamics of N-H bond formation in late transition metal
nitrides to generate the corresponding parent imido ligand. While such thermo-
chemical information is highly valuable, we note that N-H BDFE measurements in
transition metal imido complexes derived from atmospheric dinitrogen are absent
from the literature.

3.5 Amides (M-NH,)

Transition metal amido (M-NH,) complexes are generated by N-H bond formation
from the corresponding imido complex. As with metal imides, substituted transition
metal amide complexes of the type M-NRH are ubiquitous in the literature and
selected approximate N-H bond strengths have been reported [63—66]. An espe-
cially well-defined report was provided by Smith and coworkers establishing an
N-H BDFE of 88 kcal/mol in the tetrahedral Fe(IlI) complex, [(LMes)Fe(HNAd)]*
(LMes = phenyltris(1-mesitylimidazol-2-ylidine)borate) [67].

As part of a research program studying potentially redox-active ligands in early
transition metal chemistry with the goal of lowering the barriers to M-NH,
hydrogenolysis [68], our research group has examined the influence of ligand
redox-activity on N-H BDFEs in bis(imino)pyridine complexes of vanadium
[69]. Complexes featuring phenyl-substituted bis(imido), imido/anilido and bis
(anilido) ligands were synthesized, providing a rare opportunity for studying
model amido N-H bond strengths in the series of related complexes featuring an
electronically responsive ligand.

As shown in Fig. 13, the redox-active bis(imino) pyridine ligand (*"BPDI = 2,6-
(2,6-1Pr,-CcH3;N=CPh),CsH3N) adjusts to the electronic demands of the transition
metal center and can store and release reducing equivalents throughout a series of

- N
S Nn—A | 2 Nn—A T~ NN
AN + - N V/ +[H]- N S
SV Em—— 4 / / ~
ipr °N ” N |p N p N N Ph
N OPh
| Ph” \H h/ \H
Ph
'Pr
(P'BPDI)V(NAr):2 (P'BPDI)V(NHAR)(NAr) (PBPDI)V(NHAN),
BDFEy., = 67.1-73.3 kcal/mol (exp.) BDFE)._y < 67.1 kcal/mol (exp.)
= 69.2 kcal/mol (calc.) = 64.1 kcal/mol (calc.)

Fig. 13 Summary of hydrogen atom transfer events and associated N-H bond dissociation free
energies in bis(imino) pyridine complexes of vanadium
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hydrogen atom transfer events, each a formally one-electron transformation. In the
substituted bis(imido) complex (iP "BPDI)V(NAr),, two strongly n-donating imido
(=NAr) ligands dominate the ligand field and generate a high oxidation state
vanadium compound (V(V+), d® with the additional reducing equivalent stored
in the [""BPDI]~ chelate. When a hydrogen atom is transferred to the apical imido
ligand and forms the mixed imido/anilido complex (P"BPDI)V(NHA)(NAr),
the incoming electron is relayed to the redox-active ligand to form doubly reduced
[P'BPDI|>", with the vanadium metal center maintaining the +5 oxidation state.
Again, the n-donating imido/anilido ligands likely dominate the bonding and hence
the highest metal oxidation state is observed. When the second hydrogen-atom is
added to form the vanadium bis(anilido) complex (P'BPDI)V(NHAr),, the disrup-
tion of the second V=NAr zn-interaction results in a highly electropositive metal
thereby necessitating a primarily metal-based one-electron reduction that is accom-
panied by the transfer for an additional electron from the redox active chelate.
The vanadium bis(anilido) complex is best described as V(III+) with a singly reduced
[P"BPDI] ™ chelate (Fig. 13).

The series of vanadium bis(imido), imido-anilido, and bis(anilido) complexes
provided a rare opportunity to study N-H BDFEs within a family of related
compounds separated by H-atom transfer events. Hydrogen atom donors such as
TEMPO-H (BDFEqy = 67.5 kcal/mol, DMSO) or 1,2-diphenylhydrazine
(BDFEyN.y = 67.1 kcal/mol, DMSO) were effective in facilitating the conversion
from (""BPDI)V(NAr), to (""BPDI)V(NHAr)(NAr), while weaker donors with
stronger E-H bonds such as xanthene (BDFEcy = 73.3 kcal/mol, DMSO) and
9,10-dihydroanthracene (BDFE_ = 76.0 kcal/mol, DMSO) were unreactive. This
set of experiments bracket the N-H BDFE of (iPrBPDI)V(NHAr)(NAr) to be in the
range of 67.1-73.3 kcal/mol, confirmed by DFT frequency calculations (69.2 kcal/
mol, gas phase). A similar set of experiments established an upper bound for the
N-H BDEFE in (iPrBPDI)V(NHAr)z to be <67 kcal/mol, as the compound proved
unreactive toward TEMPO-H. A value of 64.1 kcal/mol (gas phase) was obtained
from DFT computations, thus supporting the experimental results. Interestingly,
unlike in the case of group(IV) metallocene amido complexes lacking electroni-
cally responsive ligands (vide infra), the thermodynamics of N-H bond formation
do not change significantly as a function of the net redox state of the molecule and
result in notably weaker bonds in comparison to late metal examples.

3.6 Ammines (M-NH3)

The final N-H bond-forming step in a dinitrogen reduction cycle generates a
transition metal-bound ammonia molecule that is ideally displaced by a dinitrogen
ligand to regenerate the starting transition metal dinitrogen complex. Despite the
ubiquity and historical significance of ammine ligands in coordination chemistry
(For historically significant ammine complexes, see: [70-72]), little thermochem-
ical information exists regarding how the N-H bond strength of ammonia is
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influenced upon coordination to a transition metal center. Consequently, the asso-
ciated thermochemical requirements for forming N-H bonds by the transfer of a
hydrogen atom to transition metal amido complexes are generally not well
understood.

As part of our investigations into ammonia synthesis by hydrogenolysis of strong
titanium-nitrogen bonds using proton coupled electron transfer, the N-H bond
dissociation free energies of NH;5 coordinated bis(cyclopentadienyl) Ti(II), Ti(IIT)
and Zr(Ill) compounds were measured (Fig. 14). The thermochemical results
presented in Fig. 14 established two trends in the observed N-H BDFEs of ammine
complexes of these group(IV) metallocenes: reduction from Ti(III) to Ti(II) results
in lower N-H BDFEs while substitution of the titanium(III) metal center to the more
reducing zirconium(IIl) has a similar effect. The pKas among the ammine com-
pounds in this series vary little, consistent with the same overall charge in each
metallocene. It should be noted that although absolute BDFE values for the
complexes 1-(C1)NHj3, 2-(CI)NH; and 1-NHj; could not be determined experimen-
tally due to the observed irreversibility in electrochemical behavior of the
corresponding cations, computational studies were used to support the BDFE
trend in the series of compounds. While the complex 1-(CI)NHj3 features the
strongest ammine N-H BDEFE in the series (61 kcal/mol), the more reducing Ti
(IT) and Zr(I1T) analogues, 1-NHj3 and 2-(C1)NH; have markedly lower N-H BDFEs
of 42 and 41 kcal/mol. These complexes were not isolated; the exceedingly weak
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Fig. 14 Thermochemical square scheme for the determination of N-H bond strengths in
Group (IV) metallocenes. “Peak cathodic potential reported relative to Fc/Fc* in Me—THF
solution. PAcidity determined by UV/vis titration against standards in Me—THF. “Defined as
BDFE(2-(CI)NH;3)—BDFE(1-(C)NH3) and BDFE(1-NH3)—BDFE(1-(C)NH3). “DFT-calculated
free energy change for the reaction of [M][NH,—H — [M]NH, + H-
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N-H BDFEs likely contribute to their instability and suggested that 1-(CI)NH, was
the most promising for ammonia liberation by PCET.

Because of the favorable thermodynamics of N-H bond formation in 1-(CI)NH,,
this compound was selected for ammonia synthesis studies by PCET. It should be
noted that breaking strong early transition metal-nitrogen bonds with dihydrogen is
rare likely due to unfavorable kinetics. Knowledge about the N-H BDFE of the
corresponding ammine complex 1-(CI)NHj led to rational selection of (nS—CSMes)
(py-Ph)RhH (Rh—H; py-Ph = 2-pyridylphenyl) as the hydrogen atom transfer
reagent. With a homolytic Rh-H BDFE of 52.3 kcal/mol [73], hydrogen atom
transfer from Rh—H to 1-(C)NH, should be thermodynamically favorable to
generate 1-(C)NH; (BDFEy_y = 61 kcal/mol) accompanied by ammonia release.
Additionally, upon transferring a hydrogen atom, the rhodium complex Rh—H can
be regenerated under an atmosphere of dihydrogen, potentially enabling a catalytic
PCET method with respect to the hydrogen atom donor. With these design princi-
ples in hand, a method was developed for the liberation of ammonia from the
coordination sphere of an early transition metal complex, where dihydrogen was the
stoichiometric hydrogen atom source (Fig. 15). Notably, these results demonstrate
that application of PCET to ammonia synthesis offers considerable promise for a
method for N-H bond formation with low chemical overpotential.

The advantage of obtaining a thorough and systematic understanding of N-H
bond strengths in ammine complexes of transition metals is multifold. Such knowl-
edge could be used to form typically strong ammine N-H bonds bound to metal
centers that ultimately facilitate ammonia release using a PCET strategy. On the
other hand, coordination of ammonia to a transition metal can induce “bond
weakening by coordination”—a phenomenon whereby the redox potential and
pKa of the metal lower the BDFE of ammonia from its gas phase value. This effect
can be significant and BDFEs reduced by over 50 kcal/mol have been observed
[74]. Recognition and systematic understanding of this effect could in principle
enable a new activation mode for small molecules containing typically inert E-H
bonds (E = N, O) bonds. To better understand and explore the effect of coordina-
tion induced bond weakening, our laboratory initiated a research program studying
the reactivity of ammonia with molybdenum phosphine complexes supported by
redox active terpyridine ligands (Fig. 16).

SiMe; @/ SiMe;
i @
cl 2
il — / H — Ti—Cl  +NHs
NH N
2 / . 5 mol % é 92% (18 turnovers)
— 4 atm H,
SiMes 5 days, 23°C, THF SiMe;

Fig. 15 Catalytic hydrogenolysis of 1-(CI)NH, using 5 mol% of Rh-H for the generation of
ammonia
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Fig. 16 (a) Thermolysis of a “non-classical” ammine complex to furnish the corresponding
amido complex and liberating dihydrogen. (b) Thermochemical N-H bond strength studies on a
series of Mo(Il), Mo(I), and Mo(0) ammine complexes. “Values obtained from gas-phase DFT
calculations, bolded value determined experimentally. "Oxidation potentials reported relative to
Fc/Fc* in THF solution. “Calculated value in THF from the Bordwell equation for the reaction
[Mo™V-NH;]""** — [Mo"*P-NH,]™*, assuming the corresponding DFT-calculated N-H
BDFE value and C;(THF) = 66 kcal/mol

As shown in Fig. 16a, the complex [(Pthy)(PthMe)zMo(NH3)]Jr ([1-NH3]%;
PATpy = 4/-Ph-2,2',6/ 2"-terpyridine) is an example of a so-called non-classical
ammine complex in that it features as unusually weak N-H bond. The term
non-classical refers to a compound where the N-H BDFE of the molecule is
<49 kcal/mol and is therefore thermodynamically unstable toward H, loss.
Analysis of the constituent thermodynamic parameters (Fig. 16b) revealed a
remarkably weak ammine N-H bond of 45.8 kcal/mol (THF) as supported by
computational studies (BDFEN.y = 45.1 kcal/mol, gas phase). The individual
E°. and pKa values suggested that the exceptionally weak N-H bond in [1-NH;3]*
arises from both a reducing Mo(I/I) couple (E,x = —1.09 V, THF) and a very acidic
N-H bond in the corresponding dicationic complex [l-NH3]2+ (pKa = 3.6, THF),
likely a result of the overall charge of the molecule. The analogous values in the
one-electron oxidized and one-electron reduced complexes [1-NH3]2+ and [l-NH3]0
were examined to understand the coordination-induced bond weakening phenome-
non in a redox series. There is a marked weakening of N-H bonds across the series
with the most reduced [1-NH;]® complex featuring the weakest N-H bond, driven
largely by the highly reducing Mo(I)/Mo(0) couple of (—2.56 V, THF). On the other
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hand, the N-H bond weakening in the oxidized, dicationic complex [l-NH3]2+ is
influenced by the acidic nature of the N-H bond (pKa = 2.2), likely a consequence of
the dicationic overall charge of the molecule.

These studies are also valuable beyond the context of ammonia activation. Given
that many transition metal catalysts contain ligands with N-H bonds, particularly
those involved in metal-ligand cooperative reductions, avoiding “bond weakening
by coordination” is critical for catalyst stability. Defining and parameterizing the
criteria for this phenomenon will contribute to enabling rational catalyst design for
ammonia synthesis or small molecule activation chemistry.

4 Conclusions and Outlook

Understanding the thermodynamics of N-H bond formation and its microscopic
reverse, N-H bond homolysis, is critical for both ammonia synthesis and oxidation
chemistry. Despite the maturity of coordination chemistry with nitrogen-containing
ligands, until recently little was known about the strengths of the N-H bonds in
compounds relevant to dinitrogen reduction and oxidation schemes. Throughout,
we have highlighted studies that examine how factors such as ligand environment,
identity of the transition metal as well as metal oxidation state affect the thermo-
dynamics of N-H bond formation in a range of model compounds and ammonia
synthesis catalysts. Although considerable progress has been made, many chal-
lenges remain. It is important to point out that in the latter part of a hypothetical
dinitrogen reduction cycle following the formation of a transition metal nitride, all
model compounds reported to date where thermochemical data are available are not
derived from N,. Related studies on dinitrogen derived imido, amide, and ammine
complexes are completely absent from the literature. This is likely a consequence of
a recurring challenge and dichotomy in the field of dinitrogen reduction chemistry:
metals that promote the activation and cleavage of molecular dinitrogen tend
generate inert nitrido complexes with strong M=N bonds that tend not to undergo
further N-H bond forming chemistry. Future efforts in this area should focus on
compounds more relevant to N,-derived ammonia synthesis as well as understand-
ing molecular catalysts in more detail. One of the primary advantages of
approaching ammonia synthesis using a PCET strategy is that, assuming minimal
kinetic barriers to a HAT event, the reactivities of the compounds in question are
entirely predictable based on thermodynamics. In this regard, computational studies
will be valuable in predicting the thermochemical requirements of N-H bond
formation in transition metal systems with nitrogen-containing ligands derived
from dinitrogen.



20

M.J. Bezdek et al.

References

—

AN LN AW

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.
217.
28.
29.

30.
31.
32.
33.

34.
35.
. Cheng JP, Lu Y, Zhu XQ, Sun Y, Bi F, He J (2000) J Org Chem 65:3853
37.
38.
39.
40.
41.

. Smil V (2001) Enriching the earth: Fritz Haber, Carl Bosch, and the transformation of world

food production. MIT Press, Cambridge, MA

. Smil V (1999) Nature 400:415

. Haber F, van Oordt G (1905) Z Anorg Chem 43:111

. Haber F, van Oordt G (1905) Z Anorg Chem 44:341

. Haber F, van Oordt G (1905) Anorg Chem 47:42

. Tamaru K (1991) In: Jennings JR (ed) Catalytic ammonia synthesis, Plenum Press, New York,

NY

. Worrell E, Phylipsen D, Einstein D, Martin N (2000) Energy use and energy intensity of the

U.S. Chemical Industry, E. O. Lawrence Berkeley National Laboratory, Publication number
LBNL-44313

. Hoffman B, Lukoyanov D, Dean DR, Seefeldt LC (2013) Acc Chem Res 46:587
. van der Ham CJM, Koper MTM, Hetterscheid DGH (2014) Chem Soc Rev 43:5183
. Appl M (2011) In: Bellussi G et al (eds) Ullmann’s encyclopedia of industrial chemistry. 7th

edn, vol 3. Wiley-VCH, Weinheim, p 139

Chagas AP (2007) Quim Nova 30:240

Shlogl R (2003) Angew Chem Int Ed 42:2004

Allen AD, Senoff CV (1965) Chem Commun 621

Chatt J, Dilworth JR, Richards RL (1978) Chem Rev 78:589

Chatt J, Richards RL (1982) J Organomet Chem 239:65

Schrock RR (2005) Acc Chem Res 38:955

Pickett CJ, Ryder KS, Talarmin J (1986) J Chem Soc Dalton Trans 1453

Pickett CJ, Talarmin J (1985) Nature 317:652

Shilov AE (2003) Russ Chem Bull 52:2555

Bazhenova TA, Shilov AE (1995) Coord Chem Rev 144:69

Hill PJ, Doyle LR, Crawford AD, Myers WK, Ashley AE (2016) J Am Chem Soc 138:13521
Yandulov D, Schrock RR (2003) Science 301:76

Arashiba K, Miyake Y, Nishibayashi Y (2011) Nat Chem 3:120

Kuriyama S, Arashiba K, Nakajima K, Tanaka H, Kamaru N, Yoshizawa K, Nishibayashi Y
(2014) J Am Chem Soc 136:9719

Kuriyama S, Arashiba K, Nakajima K, Tanaka H, Yoshizawa K, Nishibayashi Y (2015) Chem
Sci 6:3940

Ung G, Peters JC (2015) Angew Chem Int Ed 54:532

Creutz SE, Peters JC (2014) J Am Chem Soc 136:1105

Anderson JS, Rittle J, Peters JC (2013) Nature 501:84

Kuriyama S, Arashiba K, Nakajima K, Matsuo Y, Tanaka H, Ishii K, Yoshizawa K,
Nishibayashi Y (2016) Nat Commun 7:12181

Pappas I, Chirik PJ (2016) J Am Chem Soc 138:13379

Warren JJ, Tronic TA, Mayer JM (2010) Chem Rev 110:6961

Pappas I, Chirik PJ (2015) J Am Chem Soc 137:3498

Lindley BM, Appel AM, Krogh-Jespersen K, Mayer JM, Miller AJM (2016) ACS Energy Lett
1:698

Munisamy T, Schrock RR (2012) Dalton Trans 41:130

Nishibayashi Y (2015) Inorg Chem 54:9234

Thimm W, Gradert C, Broda H, Wennmohs F, Neese F, Tuczek F (2015) Inorg Chem 54:9248
Mader EA, Davidson ER, Mayer JM (2007) J Am Chem Soc 129:5153

Sorai M, Seki S (1974) J Phys Chem Solids 35:555

Bordwell F, Chang JP, Harrelson JA (1988) J Am Chem Soc 110:1229

Tilset M (2001) In: Balzani V (ed) Electron transfer in chemistry. Wiley-VCH, Weinheim, p
677



Determining and Understanding N-H Bond Strengths in Synthetic Nitrogen. . . 21

42.
43.
44.
45.

46.
47.
48.
49.
50.

51

57

63.
64.

65.
66.

67.
68.
69.
70.
71.
72.
73.
74.

Parker VD (1992) J Am Chem Soc 114:7458

Takahashi T, Mizobe Y, Sato M, Uchida Y, Hidai M (1980) J Am Chem Soc 102:7461
O’Donoghue MB, Davis WM, Schrock RR (1998) Inorg Chem 37:5149

Chew KC, Clegg W, Coles MP, Elsegood MRJ, Gibson VC, White AJP, Williams DJ (1999) J
Chem Soc Dalton Trans 2633

Hsieh TC, Gebreyes K, Zubieta J (1984) J] Chem Soc Chem Commun 1172

Hsieh TC, Nicholson T, Zubieta J (1988) Inorg Chem 27:241

Bossard GE, Busby DC, Chang M, George TA, Iske Jr SDA (1980) ] Am Chem Soc 102:1001
Yandulov DV, Schrock RR (2005) Inorg Chem 44:1103

Rodima T, Kaljurand I, Pihl A, Méemets V, Leito I, Koppel IA (2002) J Org Chem 67:1873

. Hoffmann BM, Dean DR, Seefeldt LC (2009) Acc Chem Res 42:609
52.
53.
54.
55.
56.

Hidai M, Mizobe Y (1995) Chem Rev 95:1115

Bezdek MJ, Chirik PJ (2016) Dalton Trans 45:15922

Busby DC, George TA, Iske SDA, Wagner SD (1981) Inorg Chem 20:22
Schrock RR (1990) Acc Chem Res 23:158

Duncan AP, Bergman RG (2002) Chem Rec 2:431

. Hazari N, Mountford P (2005) Acc Chem Res 38:839
58.
59.
60.
61.
62.

Mindiola DJ (2006) Acc Chem Res 39:813

Sharp PR (1999) Comments Inorg Chem 21:85

Berry JF (2009) Comments Inorg Chem 30:28

Scepaniak JJ, Young JA, Bontchev RP, Smith JM (2009) Angew Chem Int Ed 48:3158
Scheibel MG, Abbenseth J, Kinauer M, Heinemann FW, Wiirtele C, de Bruin B, Schneider S
(2015) Inorg Chem 54:9290

Cowley RE, Holland PL (2012) Inorg Chem 51:8352

Tluc VM, Miller AJM, Anderson JS, Monreal MJ, Mehn MP, Hillhouse GL (2011) J Am Chem
Soc 133:13055

Tluc VM, Hillhouse GL (2010) J Am Chem Soc 132:15148

Cowley RE, Bontchev RP, Sorrell J, Sarracino O, Feng Y, Wang H, Smith JM (2007) J Am
Chem Soc 129:2424

Nieto I, Ding F, Bontchev RP, Wang H, Smith JM (2008) J Am Chem Soc 130:2716

Bart SC, Lobkovsky E, Bill E, Chirik PJ (2006) J Am Chem Soc 128:5302

Milsmann C, Semproni SP, Chirik PJ (2014) J Am Chem Soc 136:12099

Werner A (1893) Z Anorg Chem 3:267

Peyrone M (1844) Ann Chem Pharm 51:1

Ford PC, Rudd DFP, Gaunder R, Taube H (1968) J] Am Chem Soc 90:1187

Hu Y, Norton JR (2014) J Am Chem Soc 136:5938

Bezdek MJ, Guo S, Chirik PJ (2016) Science 354:730



Top Organomet Chem (2017) 60: 2344
DOI: 10.1007/3418_2016_3

© Springer International Publishing AG 2017
Published online: 12 January 2017

Dinitrogen Fixation by Transition Metal
Hydride Complexes

Takanori Shima and Zhaomin Hou

Abstract This chapter describes the activation of dinitrogen by various transition
metal hydride complexes. A number of mononuclear transition metal hydride com-
plexes can incorporate dinitrogen, but they are usually difficult to induce N-N bond
cleavage. In contrast, multimetallic hydride complexes can split and hydrogenate di-
nitrogen through cooperation of the multiple metal hydrides. In this transformation,
the hydride ligands serve as the source of both electron and proton, thus enabling the
cleavage and hydrogenation of dinitrogen without extra reducing agents and proton
sources. Generally, the reactivity of the metal hydride complexes is significantly in-
fluenced by their composition (nuclearity) and metal/ligand combination.

Keywords Dinitrogen cleavage ¢ Hydride ¢« Hydrogenation ¢ Multimetallic o
Nitride
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1 Introduction

Dinitrogen (N,) is an abundant and easily accessible resource, which occupies about
78% of Earth’s atmosphere. However, N, molecule is chemically inert under ordi-
nary conditions due to its strong N—N triple bond (944.84 + 0.10 kJ/mol) [1], large
HOMO-LUMO energy gap (10.82 eV) [2], and nonpolarity. Certain microbial or-
ganisms can reduce N, to NH; by using nitrogenase enzymes at ambient temperature
and pressure. This process consumes eight protons (H*) and eight electrons (e7) to
convert one molecule of N, to two molecules of NH;3 with release of one molecule
of H,. Recent studies revealed that the multiple metal centers having two hydrides and
two sulfur-bound protons in the iron—-molybdenum cofactor play a key role to promote
H, release and N, reduction (Scheme 1a) [3—6]. However, the biological ammonia
synthesis is not yet well understood and is difficult to mimic artificially. Industrially,
ammonia is produced from N, and H, by the Haber—Bosch process under relatively
harsh conditions (350~550°C, 150~350 atm) to activate N, on the solid catalyst sur-
face. It was proposed that the reaction is initiated by dissociative absorption of N,
and H, on low valent multiple iron metal sites to form metal hydrides and nitrides,
followed by reversible hydrogenation of the nitride species to provide NH; (Scheme
1b) [7-11]. Both the biological and the Haber—Bosch processes are thought to take
place through the cooperation of multiple metal sites bearing hydride ligands.

A S NN B
\7e/ \Fe/ o 7e/ /
s\ >s _dean S\ H /s H H, N,/H, NN
\ H H H H
Fesg-fe Fel e = N TN
H T T
2NH; N, N, catalyst surface
NH
4e7/4H* ]AK 3 ‘\i T H,
H, Ha H,
N\ S N S
Fe™F& P Fg Hy, H H
- > N" N HH N NH
S< H':‘:H>S - S< i >S-H (AN PR WA\
/Fe\s/\Fe\ /Fe\s/i:e\ TS TS
1
H

Scheme 1 Proposed pathways for catalytic ammonia formation by (a) nitrogenase enzyme (only
the core structure is shown) and (b) the Haber—Bosch process (only part of the catalyst surface is
shown)
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In order to further explore the mechanism of N, reduction at the molecular level
and thereby develop milder chemical processes for ammonia synthesis, extensive
studies on the activation of N, with organometallic complexes have been carried
out over the past decades [12]. As model reactions of the enzyme process, the use of
strong metal reducing agents as an electron source in combination with transition
metal complexes has been extensively studied, and the catalytic transformation of
N, to ammonia has been achieved at ambient temperature and pressure by using
carefully designed proton sources [13—15]. An alternative approach is the activation
of N, by transition metal hydrides without the use of extra reducing agents or proton
sources [16]. This approach is of particular interest, in view of the fact that both the
biological and the industrial Haber—Bosch processes may involve metal hydrides as
true active catalyst species. This chapter focuses on the activation and function-
alization of N, by transition metal hydride complexes.

2 Dinitrogen Complexes Derived from Mononuclear
Transition Metal Hydride Complexes

2.1 Group 9 Transition Metal Hydrides

The first dinitrogen complex [(NH3)5Ru(N2)]2+ was obtained serendipitously from
the reaction of a ruthenium trichloride with hydrazine hydrate in 1965 [17]. Shortly
after this discovery, the Nj-derived end-on coordinated cobalt dinitrogen complex
[(Ph3P);Co(N,)H] (1) was synthesized from the reaction of a cobalt acetylacetonate,
diethylaluminium monoethoxide, and triphenylphosphine ligands in the presence of
N, gas (Scheme 2) [18]. When 1 was kept under an atmosphere of H,, the coordinated
N, ligand was displaced by H, to afford the cobalt hydride complex [(Ph3;P);CoH;]
(2) [19]. Complex 2 could also be prepared by the reaction of [CoX,(PPh;),] (X = Cl,
Br, I) with borohydride in the presence of H, and free PPh;, and the reaction of 2 with
N, easily took place to give 1 (Scheme 2) [20]. Thus, the hydrogenation/dinitrogen
coordination reactions are reversible.

N
\ H
N, | wPPhy _ Hp PhsP,, |‘\\\\\\\\Pph3
Co(acac); + AIEt,OEt + PPh; ——> PhaP—Co\ —= /Co
| Sppng N2 e |
H H
1 2
_ H, N
CoXo(PPhs)2 + BHy™ + PPhy —————> 2 ———> 1
X =Cl, Br, | Hz

Scheme 2 Synthesis and reversible hydrogenation of the cobalt dinitrogen complex 1
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N
N PhyP
| wPPhs gyl H
Ph3P—C0\ Co—N=N—Li(Et0); ———— NH3 + NH,NH,
| “ppng PhsP"/
) Ph,P 3
Scheme 3 Protonation of the cobalt dinitrogen complex 1
PRs PR PR,
H, o H N, o /
RNhCl+3H20 + Na/Hg + PRy —— > H—RH__ T>H—R|h—N:N — > H—Rh
H 2
PR; PRy Nz PRy
4 5

(PR3 = PCys, P/Prs)

Scheme 4 Synthesis of the rhodium dinitrogen complex 5

The reaction of 1 with MgEt,, BuLi, or Na metal afforded the N,-bridged hetero-
bimetallic complex, [{(Ph;P);Co(p-N,) },Mg(THF),], [(Ph3P);Co(p-N,)Li(Et,O)3] (3),
or [(Ph3P);Co(u-N,)Na(THF);], respectively [21]. While the coordinated N, ligand in
1 is unable to react with protic acids, the coordinated N, ligand in the electron-rich
heterobimetallic complexes such as 3 gives 20-30% of hydrazine and ammonia by
addition of H,SO, or HCI (Scheme 3). However, reaction of the Co-N,-Li complex
3 with H; afforded an analogous hydrogen complex Co-H,-Li, with quantitative evo-
lution of N,. Upon exposure to an N, atmosphere, the hydrogen complex Co-H,-Li
released H, and regenerated 3, demonstrating the reversibility of the coordination of H,
and N, to the Ph3P-Co-Li moiety.

With regard to other group 9 metals, the reduction of RhCl3-3H,0 with Na/Hg in
the presence of sterically demanding phosphines and H, afforded the hydride com-
plexes [(RsP),RhH;] (4) (R = Cy, ‘Pr), which upon reaction with N, gave the end-on
coordinated dinitrogen/hydride complexes [(R;P)RhH(N,)] (5) (Scheme 4) [22, 23].
The dinitrogen ligands in these compounds were weakly activated and could readily be
released by gentle heating.

2.2 Group 8 Transition Metal Hydrides

The iron hydride complexes [FeH,(H,)(PR3);] (6, PR3 = PEtPh,, PBuPh,), which
were prepared by treating FeCl, with PR3 and NaBH, under an H, atmosphere,
could incorporate atmospheric nitrogen to give the end-on coordinated dinitrogen
complexes [FeH,(N,)(PR3)3] (7) in an irreversible way (Scheme 5) [24-27]. Com-
plex 7 released N, when heated under vacuum or upon addition of I, HCI, or CO.
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Scheme 5 Synthesis and dinitrogen coordination of the iron hydride complex 6
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Scheme 6 Synthesis and hydrogenation of the ruthenium dinitrogen complex 8

The ruthenium dinitrogen compound [RuH,(N,)(PPhs);] (8) was obtained from
the reaction of [RuHCI(PPhs);] [28] with AlEt; under an N, atmosphere (Scheme 6)
[29]. Treatment of 8 with H, gave the corresponding dihydride/dihydrogen complex
[RuH,(H,)(PPhs);] (9). This conversion was readily reversed by exposing 9 to N,. It
is worth noting that the reactions of [RuH,(PPhs),] with N, and H, did not afford
isolable 8 and 9 due to the presence of the dissociated free PPh; ligand [30]. The
ruthenium dinitrogen complexes bearing sterically demanding phosphines [31], [PNP]
pincer ligand [32], and tris(pyrazolyl)borate ligand [33], were also synthesized from
the corresponding hydrogen complexes with Nj.

The reaction of [FeCl,(dmpe),] (10) bearing the bidentate dmpe (bis(dimethyl-
phosphino)ethane) ligand with sodium borohydride (NaBH,) afforded the hydride
complex [FeH(H,)(dmpe),]" (11) in high yield (Scheme 7) [34]. Complex 11 reacted
with N, to give an end-on coordinated dinitrogen complex [FeH(N,)(dmpe),]* (12).
Deprotonation of 12 by KO'Bu provided an unstable iron (0) complex [Fe(N,)(dmpe)-]
(13). Treatment of 13 with HCl yielded ammonia (12%) and the chloride complex 10
(80%) with release of N, and H, [35-37]. The dichloride complex 10 could serve as a
precursor to the hydride complex, and therefore, a synthetic cycle for the transforma-
tion of N, to ammonia could be realized.

Hydrogenolysis of an iron chloride complex bearing the bidentate 1,2-bis(bis(meth-
oxypropyl)phosphino)ethane ligands with H, gave the corresponding hydride/dihy-
drogen complex 14 (Scheme 8) [38]. The H, ligand in 14 could be substituted by N,
quantitatively affording the dinitrogen complex 15. The reaction with KO'Bu yielded a
neutral Fe(0) complex 16. Protonation of 16 with triflic acid produced NH,* (15%) and
trace N,Hs" (2%), but did not give a characterizable iron complex [39].
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Scheme 7 A synthetic cycle for transformation of dinitrogen to ammonia by the iron complexes
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Scheme 8 Dinitrogen activation by the iron hydride complex 14

2.3 Group 7 Transition Metal Hydrides

Addition of LiAlH, to a suspension of [MnBr,(dmpe),] followed by hydrolysis with
water afforded the hydride complex [MnH(H,)(dmpe),] (17) (Scheme 9) [40]. Com-
plex 17 readily reacted with N, to give the corresponding end-on coordinated dini-
trogen complex [MnH(N,)(dmpe),] (18) [41]. Half-sandwich manganase dihydride
complex [(CsHs)MnH,(dfepe)] (dfepe = diperfluoroethylphosphinoethane) with N,
afforded a binuclear end-on coordinated dinitrogen complex [(CsHs)Mn(dfepe)],(N5,)
via the formation of a mononuclear dinitrogen complex [(CsHs)Mn(N,)(dfepe)] [42].

The rhenium dinitrogen complex [ReH(N,)(dmpe),] (20) was obtained from the
reaction of the nonahydride complex [NEt4],[ReHo] (19) [43] with dppe (dppe = 1,2-
bis(diphenylphosphino)ethane) under an N, atmosphere (Scheme 10) [44]. In con-
trast, the reactions of monodentate tertiary phosphines with 19 in an N, atmosphere
gave only the hydride complexes. The dinitrogen complex 20 was readily protonated
at the metal center by HBF, to form the cationic dihydro dinitrogen rhenium com-
plex [ReH,(N,)(dmpe),]BF,4, while protonation at the N, ligand was not observed.
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Scheme 9 Synthesis of the manganese hydride complex 17 and its reaction with N,
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Scheme 10 Synthesis of the rhenium dinitrogen complex 19 from the reactions of rhenium
hydride complexes with N,

Synthesis of the dinitrogen complex 20 by photolysis of the trihydride complex
[ReH;(dmpe),] (21) with UV light in an N, atmosphere was also reported [45].

2.4 Group 6 Transition Metal Hydrides

The molybdenum and tungsten hydride complexes having bidentate phosphine li-
gands [MH4(dppe),] (M = Mo (22), W) were obtained from the reactions of the
chloride precursors [MCly(dppe)] and excess of dppe ligand with NaBH, [46, 47]. Pho-
tolysis of [MoH4(dppe),] (22) with UV light gave an end-on coordinated dinitrogen
complex [Mo(N,),(dppe).] (23) in high yield (Scheme 11) [48], while irradiation of
[MH,(dppe),] M = Mo, W) with y-ray gave the dinitrogen complexes [M(N,),(dppe)-]
together with ammonia and hydrazine [49-51]. Hydrogenolysis of [Mo(N;),(dppe),]
(23) with H, regenerated the tetrahydride complex [MoH4(dppe),] (22) [52, 53]. The
reaction of a C¢Hg-coordinated half-sandwich molybdenum dihydride complex [(CsHg)
MoH,(PPhs),] (24) with N, afforded a binuclear end-on coordinated dinitrogen com-
plex [(C¢Hg)Mo(PPhs),],(N), (25) in quantitative yield with release of H; in a reversible
fashion (Scheme 12) [54].

The reaction of the dinitrogen tungsten complex [W(N;),(PMe,Ph),] (26) with the
dihydrogen ruthenium complex [RuCl(H,)(dppp).] (27) in the presence of H, gen-
erated NH3 (55%) (Scheme 13) [55]. In this reaction, one H atom of the H, unit in
27 worked as a proton source, which protonated the coordinated N, in 26 to form
initially a hydrazido (W=N-NH,) species, and the other H atom remained at the Ru
atom as a hydride. Further protonation of the hydrazido units with 27 resulted in the
formation of NH;. Although the reaction allowed the formation of NH3 from N, in
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Scheme 11 Synthesis of the molybdenum hydride complex 22 and its reaction with N, under UV

irradiation

" D P
§ PPh
\ i

(CgHg)MOCI(C3Hs)(PPhy) ——— Mo, !
+ PPh, + NaBH HY/ \PPhs Ph P“‘/ S
3 4 H PPh,

24 25

Scheme 12 Formation of a binuclear molybdenum dinitrogen complex 25
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Scheme 13 Formation of ammonia from the reaction of the tungsten dinitrogen complex 26 with
the ruthenium dihydrogen complex 27

the presence of H,, the electrons required for the cleavage of N=N bond were

provided by the tungsten species.

As to group 5 transition metals, solid surface-supported tantalum hydrides were
reported to cleave and hydrogenate N, [56]. However, the activation of dinitrogen
by a well-defined mononuclear group 5 transition metal hydride complex remained

unknown.
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Scheme 14 Synthesis of the titanocene hydride complex 29 and the formation of an end-on bound
dinitrogen complex 30

2.5 Group 4 Transition Metal Hydrides

The activation of dinitrogen by titanium metallocene hydride complexes bearing
different cyclopentadienyl ligands was investigated [57-59]. Acid hydrolysis of a
reaction mixture of (CsHs),TiCl, and ethylmagnesium halide in the presence of N,
was reported to yield NH; [59]. It was thought that a titanium hydride species was
an active species for the reduction of N, in this reaction, though no structural
evidence was available. Hydrogenolysis of [(CsMes)(CsMe,CH,)TiCH3] with H,
followed by introduction of N, (1 atm), afforded an end-on coordinated N,-bridged
complex [(CsMes),Ti(u-N,)Ti(CsMes),] [60, 61]. This reaction was proposed to
proceed through initial hydrogenolysis of the alkyl complex with H, to a dihydride
species [(CsMes),TiH,], followed by releases of H, and incorporation of N, to the
resulting titanocene species [(CsMes),Ti]. Similarly, hydrogenolysis of the triva-
lent titanium complexes [(CsMe4H),TiR] (28) (R = Me, Ph) with H, followed by
the reaction with N, afforded the corresponding N, complex [(CsMe4H),Ti(u-N5)
Ti(CsMe,4H),] (30) via the hydride complex [(CsMe4H),TiH] (29) (Scheme 14) [62].
It was found that the Ti(IIl) metallocene hydride complex 29 could be dispropor-
tionated to the Ti(IV) dihydride 31 and the Ti(II) complex 32. The dihydride 31 could
lose H, to give 32 in a reversible fashion. The Ti(II) metallocene 32 reacted with N, to
form the dinuclear titanium N, complex 30. The N ligand in 30 could be released
under vacuum to give 32.

Regarding the bonding mode of dinitrogen, the side-on (5%,5%) bridging form is
expected to enhance the reactivity of the dinitrogen ligand compared to the end-on



32 T. Shima and Z. Hou

\Ti<"\\/|/|e LT ; \Ti—H L \Ti</N>Ti/ i L»decompose
e
Rqﬁ \Q%/% @% 4\7—?9

n

33

Scheme 15 Formation of the side-on bound dinitrogen complex 33 from the reaction of a less
sterically hindered titanocene hydride complex with N,
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Scheme 16 Reversible formation of the side-on bound dinitrogen complex 36 from the reaction
of the ansa-zirconocene hydride complex 35 with N,

mode [63]. Metallocene complexes bearing less sterically demanding cyclopenta-
dienyl ligands could provide a more sterically accessible and electron-poor metal
center that potentially favors side-on 5”,#°-N, coordination [64]. Indeed, hydro-
genolysis of the 1,2,4-trimethylcyclopentadienyl-ligated titanocene dimethyl com-
plex [(CsMe3H;),TiMe,] with H, followed by reaction with N, afforded the side-
on #7°,7>-N, complex [(CsMesHy),Tilo(u->7°-N>) (33) (Scheme 15) [65]. The
reaction of the dinitrogen complex 33 with H, (1 atm) did take place, but a charac-
terizable product was not obtained.

The ansa-zirconocene dihydride complex 35, which was formed by hydrogen-
olysis of the dialkyl precursor 34, reacted with N, reversibly to afford a side-on
coordinated dinitrogen complex 36 (Scheme 16) [66]. In contrast, the zirconium
metallocene dihydride complex bearing two CsMes ligands [(CsMes),ZrH,] did not
give an Nj-incorporated complex under similar conditions [67], suggesting that the
ansa bridge structure of 35 should play an important role for the formation of the
dinitrogen complex 36.

3 Activation and Functionalization of Dinitrogen by
Binuclear Transition Metal Hydride Complexes

The reaction of a tris(pyrazolyl)borate (*">Tp)-ligated binuclear copper hydroxide
[iprszCu]z(/,t-OH)z (37) with triphenylsilane under an N, atmosphere afforded an
end-on bridged dinitrogen complex [iP r2TpCu]2(;4-N2) (41) (Scheme 17) [68]. A
mixed valence Cu(I)/Cu(Il) binuclear copper monohydride complex [iP IQTpCu]z(,u—H)
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(40) was isolated as a key intermediate. Complex 40 could be formed via combination
of the highly reactive terminal Cu(II) hydride species ["">TpCu-H] (38), which was
produced by reaction between HSiPh; and the hydroxide 37, with the unsaturated Cu
(D) species [ipﬂTpCu] (39) generated by release of H, from 38. Under an N, atmo-
sphere, complex 40 changed to the dinitrogen complex 41 with release of H,. Alter-
natively, the reaction of 39 with N, could also afford 41. The N, ligand in 41 is quite
labile, which could be replaced by 15N2, MeCN, or O,.

The reaction of the sterically hindered p-diketiminate ligated iron chloride com-
plex with KBEt;H afforded the binuclear Fe(Il) dihydride complex 42, which upon
UV irradiation under N resulted in loss of H, and formation of the end-on dinitrogen
complex 43 (Scheme 18) [69, 70].

The p-diketiminate-ligated cobalt and nickel hydride complexes 44 were obtained
from the reaction of the chloride precursors with 1.0 equiv. of KBEt;H (Scheme 19)
[71, 72]. When 2.0 equiv. of KBEt;H were used to react with the cobalt chloride
complex, the potassium-bridged cobalt dihydride complex 45 was formed in high
yield [71]. These binuclear dihydride complexes 44 and 45 readily reacted with N, at
room temperature to afford the end-on bridged dinitrogen complexes 46 and 47,
respectively (Scheme 19). Attempts to reduce the dinitrogen ligand in the nickel
dinitrogen complex with H; led to loss of N, [73].

The reaction of the PNP-ligated zirconium chloride complex [{P,N,}ZrCl,] with
KCg under N, yielded a side-on bound dinitrogen complex of zirconium, [{P,N,}
Zrl(p-n*n*N,) (48) (P,N, = PhP(CH,SiMe,NSiMe,CH,),PPh) (Scheme 20) [74].

TpiPrz_Cu
H . 39 H
TpP'e-cy g/Cu P PSS P gy e TP Seu-TpP
H 38 40
37
e H iPr l—1/2 H, N 1—1/2 H,
IFr /| N N\ N
o {ll\l | N TpPeocy  ——2» TpP2—Cu—N=N—Cu-TpP"
M= =N Pr i 39 41

Bu
\ i Pr \ 'P" Ipr ‘Pr N
KBEt,H
( 7 e 3KCl / > \ Fe_N_N_Fe
N P a7 ‘Pr pr H Ip N 'Pr
Bu
'Pr

Scheme 18 Synthesis of the binuclear iron hydride complex 42 and its reaction with N, to generate
the end-on dinitrogen complex 43

42 43



34 T. Shima and Z. Hou

Bu @
i ‘Pr ‘Pr N
Pr 'Pr r
\ KBEt;H \ /
M—X ———3 / \ M—N_N—M
’\{ i —BEt;, -KX .
Pr Pr Ipr 'Pr

By
'Pr-
M = Co, Ni;
X =Cl, Br
\
\ 2KBEtH § N 'P' \ ‘Pr N

Co—"H H———Co Co—N—N—Co
'Pr x;' .P,

45 47

Scheme 19 Synthesis of binuclear cobalt and nickel hydride complexes 44 and 45 and their
reactions with N, to generate the end-on dinitrogen complexes 46 and 47

Hydrogenolysis of 48 with H, afforded [{P,N.}Zr]>(u-n*.n*-NoH)(u-H) (49) con-
taining both a bridging hydride and a bridging hydrazido unit through addition of one
molecule of H, across to a Zr-N bond. Theoretical studies suggested that addition
of a second equivalent of H, is feasible, but this reaction was not observed
experimentally [75].

The analogous side-on bound dinitrogen metallocene complex [(C5M4H)ZZr]2(p—n2,n2—
N5) (50), which was formed by the reaction of the chloride precursor [(CsM4H),ZrCl,]
with Na/Hg under N,, underwent the addition of 2 equiv. of H, to furnish a dihydrido/
diazenido complex [(C5M4H)ZZrH]z(p-nz,nz-Nsz) (51) (Scheme 21) [64, 76, 77]. The
reaction proceeded through a concerted, highly ordered transition state, in which the
H-H bond is simultaneously cleaved with Zr—H and N-H bond formation. Thermolysis
of the dihydrido/diazenido complex 51 caused H, loss and N-N bond cleavage to give
the nitrido/amido complex [(CsM4H),Zr],(1u-N)(1-NH) (52). In this sequence of the
reaction, H, worked as both proton and electron sources. It is also worth noting that
thermolysis of the dihydrido/diazenido complex under an H, atmosphere yielded the
dihydride complex [(CsM4H),ZrH,] with release of trace amount of ammonia [64].

A binuclear tantalum tetrahydride complex ([NPN]Ta),(u-H)4 (53) ((NPN] = PhP
(CH,SiMe,NPh),), which was obtained from hydrogenolysis of the trimethyl pre-
cursor [NPN]TaMe;3, reacted spontaneously with N, to give a side-on, end-on bound
dinitrogen complex ([INPN]Ta),(p-n ! ,n2-N2)(p-H)2 (54) with elimination of H, (Scheme
22) [78, 79]. In this transformation, [N=N] was formally reduced to [N—N]47 by four
electrons generated by the reductive elimination of one molecule of H, and the oxidation
state change of the two Ta ions from Ta(IV) to Ta(V). The unique side-on end-on
coordination fashion of the bridging N, resulted in substantial reactivity of the N,
fragment, leading to its cleavage and functionalization. While no apparent reaction of
54 with H, was observed, complete cleavage of the N-N bond in 54 was achieved by
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Scheme 21 Cleavage and hydrogenation of the side-on bound dinitrogen ligand in complex 50 by

H,

reaction with a variety of hydride reagents (E-H = R,BH, R,AlH, RSiH3) (Scheme 22)
[80-82].

The anionic binuclear niobium tetrahydride complex 55 bearing triaryloxide
ligands readily reacted with N, (1 atm) to afford the dinitrido complex 56 via N-N
bond cleavage without using external reducing agent (Scheme 23) [83, 84]. This
process corresponds to an overall six-electron reduction of N, in which four elec-
trons are provided by formation of two molecules of H; from four hydride ligands and
two electrons generated by oxidation of the metal-metal bond. The methylation of
the nitride units in 56 by Mel proceeded in a stepwise fashion to give the bisimide
complex 57 (Scheme 23). A reaction of 56 with H, did not take place.
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Scheme 23 Dinitrogen cleavage by a binuclear niobium tetrahydride complex
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4 Activation and Functionalization of Dinitrogen
by Tri- and Tetranuclear Transition Metal
Hydride Complexes

Hydrogenolysis of the half-sandwich titanium trialkyl complex [Cp’Ti(CH,SiMej3);]
(Cp’ = CsMe,SiMes) with H, afforded the mixed valence Ti(II)/Ti(IV) heptahydride
complex [(Cp’Ti);(p3-H)(p-H)el (58) (Scheme 24) [85, 86]. This hydride cluster readily
reacted with atmospheric pressure of N, at room temperature, giving an imido/nitrido
complex [(Cp’Ti)z(ps-N)(p-NH)(p-H),] (61) via N-N bond cleavage and N-H bond
formation without the need of extra reducing agent or proton source. Monitoring the
reaction by "H and "N NMR revealed the initial formation of a dinitrogen complex
[(Cp’Tis(ps-n", 07, n*-No)(u-H)] (59) with release of two molecules of H,, followed
by N-N bond cleavage to give a dinitrido (N*7) complex [(Cp’Ti);(p3-N)(p-N)(p-H)s]
(60), and hydride migration from titanium to the i,-nitrido unit to give the imido/nitrido
complex 61. The six electrons for the cleavage of the N-N bond were supplied by the
reductive elimination of two molecules of H, and the oxidation of two Ti(IIl) species to
two Ti(IV) species. The proton (H") for the formation of the N-H bond was generated
by oxidation of a bridging hydride (H™) by two Ti(IV) species which were both reduced
to Ti(II). Obviously, the hydride ligands in 58 served as the source of both electron and
proton for the dinitrogen cleavage and hydrogenation, resembling in part the industrial
Haber—Bosch process at the molecular level.

When the hydrogenolysis of the trialkyl titanium complex [Cp’Ti(CH,SiMes)s]
with H, was carried out in the presence of N,, a tetranuclear diimido/tetrahydrido
complex [(Cp’Ti)4(u3-NH)>(-H)4] (62), instead of the trinuclear heptahydride com-
plex [(Cp’Ti);(us-H)(u-H)s] (58), was obtained in high yield (Scheme 25) [85]. The
formation of 62 could also be achieved by hydrogenolysis of [Cp’Ti(CH,SiMes)s] in
the presence of 1 equiv. of the trinuclear imido/nitrido complex 61, suggesting that the
hydrogenation of 61 with a mononuclear titanium hydride species such as “Cp’TiH3”
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Scheme 24 Dinitrogen cleavage and hydrogenation by a trinuclear titanium heptahydride com-
plex 58
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Scheme 26 Transformation to nitriles by reaction of 63 with acid chlorides

generated in situ by the hydrogenolysis of [Cp’Ti(CH,SiMe3);] may take place. No
apparent reaction between 61 and H, was observed at room or higher temperatures.
Complex 62 reacted with atmospheric pressure of N, at 180°C to afford a mixed
diimido/dinitrido complex [(Cp’Ti)4(u3-N)2(u3-NH),] (63) with release of two mole-
cules of H, (Scheme 25) [87]. When 62 was heated at 130°C, one molecule of H, was
released to give the dinitrido/tetrahydrido complex [(Cp’Ti)4(u3-N)>(u-H)4] (64).
Exposure of 64 to H, (1 atm) at 80°C regenerated 62 quantitatively, demonstrating
that 62 and 64 are facilely interconvertible through dehydrogenation and hydrogena-
tion of the imido/nitrido ligands. When the dinitrido/tetrahydrido complex 64 was
heated at 180°C in the presence of N, (1 atm), the diimido/dinitrido complex 63 was
formed quantitatively. The hydrogenation of 63 with H, to give the tetraimido com-
plex [(Cp’Ti)4(u3-NH)4] (65) took place in a reversible way at 180°C (Scheme 25).
Remarkably, the imido and nitride species in 63 could be easily converted to
nitriles through reaction with acid chlorides at 60°C (Scheme 26) [87]. This
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transformation did not require any extra reagents (either reducing agents or bases) and
was compatible with functional groups such as aromatic C—X (X = CI, Br, I) bonds,
nitro group, aldehyde and chloromethyl moieties. '*N-isotope labeled nitriles could
also be efficiently prepared by using the '’N-enriched analogue [(Cp’Ti)a(us-""N)»(u5-
5NH),] (63-"°N) derived from >N, gas.

S Concluding Remarks and Outlook

It is clear from the results described above that molecular transition metal hydride
complexes can serve as a platform for dinitrogen activation. Mononuclear transition
metal hydride complexes can bind N to form end-on dinitrogen complexes with loss
of H,. This process is generally reversible and N-N bond cleavage is difficult. Bi-
nuclear transition metal hydride complexes can show higher reactivity and induce
N-N bond cleavage in some cases. A trinuclear titanium polyhydride complex has
demonstrated even higher activity for the activation of dinitrogen, which enabled
both N-N bond cleavage and N-H bond formation without the need of an external
reducing agent or proton source. Obviously, the hydride ligands can serve as the
source of both electron and proton for the reduction and hydrogenation of dinitrogen,
and the cooperation of multiple metal hydride sites may play an important role in this
process. A few functionalization reactions of the nitrogen species generated by the
activation of dinitrogen with transition metal hydrides have been reported, among
which the recent conversion of a tetranuclear titanium imido/nitrido complex to nitriles
is particularly noteworthy. Despite recent progress in this area, the study on the acti-
vation and functionalization of dinitrogen by molecular transition metal hydrides,
especially multimetallic polyhydride complexes, is still in infancy. The direct use of
dinitrogen as a feedstock for organic synthesis remains a challenge.
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Abstract Progress in the development of dinitrogen activation by well-defined,
molecular complexes of group 5 elements is reviewed. This chapter focuses on the
reactivity of dinitrogen coordinated to group 5 metal centers. Functionalization of
isolated, molecular group 5 metal nitride species derived from dinitrogen will also
be mentioned.
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1 Introduction

The research into the coordination chemistry of dinitrogen in group 5 metal com-
pounds has been stimulated by Shilov’s findings that the vanadium(II)-magnesium
(IT) hydroxide system or vanadium(II) compounds with oxygen-donor ligands such
as catechol are efficient in conversion of dinitrogen into ammonia and hydrazine in
protic solvents at high pH under mild conditions [1, 2]. Niobium(III) and tantalum
(IIT) hydroxides are also found to undergo reduction of dinitrogen but be less
efficient in nitrogen fixation than the vanadium-containing system [3]. Coupled
with these findings, the role of vanadium in nitrogenase enzymes directed initial
research efforts toward the development of vanadium species capable of binding
and activating dinitrogen [5]. The scope of these investigations in this field has soon
been extended to compounds of heavier group 5 metals, niobium and tantalum,
which offers a unique opportunity to elucidate structure-reactivity correlations for
nitrogen fixation and provides the possibility to discover new methods for
transforming N, into valuable materials.

The focus of this chapter is to give an overview of selected current results from
the chemistry of well-defined, molecular, group 5 metal complexes relevant to
fixation of dinitrogen. Our perspective on these complexes derives primarily from
their potential as strong activators in dinitrogen chemistry. Therefore, we will pay
particular attention on the reactivity of dinitrogen coordinated to group 5 metal
centers, including reductive cleavage of dinitrogen by group 5 metal complexes.
Functionalization of isolated, molecular group 5 metal nitride species derived from
dinitrogen will also be mentioned. However, we do not intend to cover biomimetic
models of nitrogenase, because this area has been reviewed elsewhere [5-7]. Fur-
thermore, dinitrogen reduction by group 5 metal compounds in protic media [1-3,
8] and hydrogenation of N, by silica supported tantalum hydrides [9, 10] will be
excluded.

2  Vanadium

2.1 Vanadium Dinitrogen Complexes

The chemistry of vanadium dinitrogen complexes has received considerable atten-
tion due to the presence of vanadium as an essential element in synthetic and
biological systems that can convert N, into NH;3 and/or N,H, [1, 4]. However,
the development of well-defined, molecular vanadium complexes relevant to nitro-
gen fixation has been relatively slow, especially in comparison with neighboring
titanium dinitrogen chemistry [11-13]. This might be mainly due to the absence of
suitable precursors and the frequently occurring paramagnetism associated with
vanadium analogues. Structurally characterized vanadium dinitrogen complexes
are listed in Table 1. There is only one report of a fully characterized mononuclear
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Table 1 Structurally characterized vanadium dinitrogen complexes
V(NN)

Compound N-N (A) (em™h Ref.
End-on terminal

[Na(thf)][(dppe)>V(N,),] (1) 1.130(16) 1790 [14-16]
End-on bridging

[(Me3sCCH,)3V](p-No) (2) 1.2503) 850 [21]

W(V=N))
[(Mes);V]>(p-Na) (3) 1.222(4) [22]
[K(digly)s][{(Mes);V }2(p-N2)] (4) 1.222(4) (22, 23]
[K(digly)(Mes); V]2(p-N2) (5) 1.233(3) [22]
[Na(digly)a]o[{ (Mes);V }2(p-N2)] (6) 1.225(7) [22]
[Na(digly),][Na{(Mes)3V }>(p-No)] (7) 1.271(8) [22, 23]
[(2-MeoN-CoHa)(py) VI2(1-No) (8) 1.223(4) [24]
[Cp*{MeC(N'Pr),} VI»(p-Ny) (10-V,Me) 1.225(2) [32]
[(‘Bu;MeCO);V1,(u-Ny) (11) 1.232(3) 775 [33]
1.225(3) W(V=N))

[(Ar'BuN)3;Mo](p-No)[V{N'Bu(2-NMe,-5-Me- 1.210(4) 1646 [36]
CeH3) 121 (12)

(Ar = 3,5-Me,CgH3)

E i §)5 -[(2-C4H3N)(CsHs)2Cla(MeNCyH) } VIn(p-Np) | 1.248(5) [41]
[{MeC(CH,N'Pr)3} V15(u-N>) 1.257(6) [43]
[{PhC(NSiMe3), } V]o(p-N,) 1.235(6) [44, 45]
[(iPer)sV]z(H-Nz) 1.27(1) [46]
[{2,6-(2,6-'Pr,-CsH3N=CPh),CsH3N } V(thf)],(u-N,) | 1.232(3) [47, 48]
[{2,6-(2,6-Pr,CsHsN=CMe),CsH;N } V 1.259(6) [49]
(THF)]z(llez)

[{2,6-(2,6-'Pr,CcHsNC=CH,),CsH3N} V 1.242(5) [49]
(THF)]>(p-N2)

[(CsH4CH,CH,NMe,) V(PhCCPh)(PMes)]»(p-N») 1.212(8) [50]
[{N(4-Me-2-Pr,P-CeH3)o }(X)VI(1-Na)

X = CH'Bu 1.246(6) 1370 [51]
X = NC'Bu=CH'Bu 1.222(4) [52]

[{N(CH,CH,NSiMej3); }Mo(p-N»)]13V(CI)(thf) 1.217(7) 1579 [53]

vanadium dinitrogen complex [Na(thf)][(dppe),V(N,),] (1), [14—16] whereas all
other complexes are dinuclear with an end-on bridging N, ligand (pu-n":n'-N>).
Protonation of the coordinated N, has been intensively investigated due to its
biological relevance. Products resulting from protonation vary depending on the nature
of ligands and oxidation states of metal centers. The mononuclear complex 1 is isoelec-
tronic to neutral molybdenum complexes generally formulated as [(P);Mo(N,),] (Pis a
phosphine ligand) [17-21], and these V and Mo complexes react similarly towards
acids. Treatment of 1 with dry HBr results in conversion of 25% of the coordinated N,
into NH; concomitant with a small amount of N,H,, where protonation may proceed via
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the intermediacy of a hydrazide and/or hydrazinyl complex [14, 15]. In the case of the
N,-bridged neopentyl (Np) complex [(Np)s;V]>(1-N») (2), protonation of the V-C bond
instead of the coordinated N, takes place concurrent with quantitative release of N,
[22]. The mesityl (Mes) analogue [(Mes);V]»(1-N5) (3) likewise loses N, upon proton-
ation, whereas anionic [{(Mes)3V },(1-N,)]"™ (n = 1, 2) (4-7) prefers to be protonated at
the nitrogen atoms of the coordinated N, to generate a mixture of NHz and N,H,
[23, 24]. This is mainly due to the increased charge density on the coordinated N, moiety
in going from neutral 3 to anionic 4-7. When the neutral complex [(2-Me,N-CgH,)(py)-
V1,(p-N5) (8) is protonated, formation of NH;3 and N, in a 1:2 ratio is observed [25, 26].

Following the seminal work on the molybdenum system capable of catalyzing
conversion of N, to NH; [27], Schrock and coworkers reported that the sterically
encumbering tris(amido)amine ligand scaffold [HIPTN;N]*~ (HIPTN;N =
(HIPTNCH,CH,);N, HIPT = 3,5-(2,4,6-Pr;C¢H,),CsH;) was utilized to assess
the potential of vanadium species for catalytic reduction of N, to NHj [28]. A series
of vanadium complexes relevant to a hypothetical pathway for dinitrogen reduction
has been synthesized by using the THF adduct [(HIPTN;N)V(thf)] as a starting mat-
erial, and these complexes include [{ (HIPTN;N)V(N,)}K] ((NN) = 1883 cmfl),
[(HIPTN3;N)V=NH], and [(HIPTN;N)V(NH3)]. However, unlike molybdenum
complexes, no conversion of N, to NH; has been observed using these vanadium
complexes under conditions described for the [(HIPTN;N)Mo] system. In compar-
ison with the molybdenum congener, theoretical considerations suggest that the
inability of the vanadium system to mediate reduction of N, to NHj is attributed to
several factors including higher barriers to protonation, lower exergonic character
of the N-N bond cleavage step, and the limitation of the NH3/N, exchange step via
a dissociative mechanism [29].

Cummins and coworkers established that the Mo(Ill) trisamide complex is cap-
able of splitting the triple bond of dinitrogen under mild conditions via an end-on
N,-bridged dinuclear intermediate [30]. Based on this successful work and some
diagonal V/Mo relationship, vanadium derivatives with a d* configuration are
expected to cleave dinitrogen in a bimolecular fashion. However, there are the
numerous examples of stable, end-on N,-bridged binuclear complexes with the
requisite number of electrons required for N, scission. For instance, a d®> V
(II) complex [(nacnac)(ArO)V] (9) (nacnac = [ArNC(CHj3)],CH, Ar =2,6-
iPr2C6H3) reversibly binds N, to generate [(nacnac)(ArO)V],(p-N,), in which
neither thermal nor photochemical N, cleavage can be realized [31]. Complex
[Cp*{MeC(NiPr)z}V]z(p-Nz) (10-V,Me) is not observed to undergo N, cleavage,
whereas the heavier group 5 congeners generate the nitride-bridged dinuclear com-
plexes (vide infra) [32]. An alkoxide-supported N, complex [(‘Bu,MeCO);V],(u-N»)
(11) does not react with reducing reagents such as Na/Hg, magnesium anthracene, and
potassium graphite, resulting in recovery of 11 [33]. The mesityl complex [(Mes);V
(thf)] reversibly binds THF in the presence of AlPh; or B(CgFs); under N to produce
[{(Mes);V}(p-No)] (3), which can be further reduced with Na or K to generate a
series of anionic species [{(Mes);V },(u-No)I"™ (n = 1, 2) (4-7) (Scheme 1)
[23]. Regardless of the (V/alkali metal) stoichiometry, the degree of N, reduction in
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the V,(p-N5) unit and the ion-separated/ion-pare structure are found to depend on the
nature of the solvent used. The dianionic complexes [ { (Mes)3V}2(p—N2)]27 with the
V(II)-N-N-V(II) skeleton are stable towards N, scission. This behavior is in contrast
to the d*> molybdenum(III) analogue, which undergoes N, cleavage upon photolysis
[34]. Treatment of a mixture of Mo(Ill) and V(I) precursors in THF under N,
furnishes a heterodinuclear complex [{"Bu(Ar)N}3Mo](u-No)[V{NBu(2-NMe,-5-
Me-CgH3) }»] (12, Ar = 3,5-Me,-CgH3) (Scheme 2) [35]. Complex 12 liberates N,
upon thermolysis or photolysis, and further reduction of 12 with KCg results in
formation of K[(N,)Mo(N'BuAr);] and the starting V(II) complex. This contrasts
with the observation of N-N bond cleavage in the heterodinuclear Mo(p-N;)Nb
system (vide infra).
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2.2 Vanadium Nitride Complexes Prepared from N,

One approach toward achieving conversion of dinitrogen into valuable materials is
six-electron reductive N, cleavage followed by functionalization of the resulting
metal nitride species. One of the simplest systems is reduction of VCl;(thf); with
Mg under N,, which produces a black material formulated as [VNMg,Cl,(thf)] (13)
according to stoichiometry [36]. Compound 13 is diamagnetic, soluble in benzene,
and very sensitive to air. The structure of 13 remains unclear, but the nitride group
is speculated to bridge between the vanadium and magnesium metal centers. Upon
hydrolysis of 13, formation of 1 mol of NH; per vanadium is observed. The reaction
of 13 with benzyl chloride gives a mixture of [VNMgCl, 5(thf)], MgCl,(thf),, and
dibenzyl, in which no N-C bond formation is observed. Treatment of 13 with CO,
results in N—C bond formation and deoxygenation, yielding a cyanate compound
[VO(NCO)Mg,Cly(thf);]. The titanium compound analogous to 13 can be prepared
in the similar manner, and its reactivity has been intensively studied as a nitrogen
source for organic syntheses [37].

An amide-stabilized mononuclear vanadacylobutane [{(Me;Si),N}V{(CH,SiMe,)-
N(SiMes) }(PMe3)] reacts with H, (60 atm) to produce [{(MesP);V},](p-H)s]-
[({(Me5Si),N}, V), (p-N),] (14), which is composed of a hydride-bridged divanadium
cation and a nitride-bridged divanadium anion (Scheme 3) [38]. Attempts to prepare 14
following the same procedure under exclusion of N, have failed to isolate any tractable
material, and the possibility of hydrogenolysis of the N-Si bond is ruled out due to
detecting no formation of methane and silanes. These findings suggest that the bridging
nitride groups arise from the cleavage of N,. During the reaction, the electrons required
for the N=N triple bond scission are partially provided by added H, molecules.

The Cloke group demonstrated that reduction of a V(III) precursor [(N,N)VCl],
(IN,N] = (Me;SiNCH,CH,),NSiMe3) with one equivalent of KCg (V:K = 1:1) under

(Megsnzr ‘lsw:%
H
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|| —— N
Si— G—V——N(SiMes) /S‘\ SN
- Ha 3 . PMe;
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3 3

H {Me,Si),N N(SiMea),
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Scheme 3 Synthesis of the vanadium nitride complex
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N, leads to a mixture of doubly nitride-bridged dimers, [(NoN)V],(1-N), (15) and
[K{(NoN)V }2(p-N)>] (15-K) (Scheme 4) [39]. Formation of a mixture of 15 and
15-K is due to the fact that 15 reacts with the available reducing agent faster than
does [(N,N)VCl],. Increasing the amount of added KCg to 2 equivalents (V:K = 1:2)
results in isolation of only 15-K, and oxidation of 15-K with Ag[BPh,] generates 185.
The experiment using a mixture of "*N, and "N, unambiguously confirmed that both
bridging nitride atoms in 15 originate from the same N, molecule [40]. With the
assumption of a transient V(II) species [(N,N)V] as an initial complex upon reduction,
computational studies suggest that this V(II) intermediate binds N in a side-on fashion
[40]. Further reaction with a second molecule of [(N,N)V] would result in the N-N bond
cleavage, yielding the final product 15.

A tripyrrole ligand containing one N-methylated pyrrolyl ring [MeTP]*~
(Hy[MeTP] = 2,5-[(2-pyrrolyl)(CgHs),Clo,(MeNC4H,)) can support a V(II) com-
plex [(MeTP)V(thf)], which reversibly loses THF to AlMes under N, to form
[MeTP)V](p-N,) (16) (Scheme 5) [41]. Further reduction of 16 with KCg
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provides a nitride-bridged, mixed-valence V(II)/V(IV) dimer [(MeTP)V,](pu-N)
(17) in moderate yield. Treatment of 17 with aqueous HCI followed by addition of
NaBPh, results in isolation of NH4BPh,, while the [(MeTP)V] moiety is comp-
letely hydrolyzed and not recovered.

A bis(p-nitride) divanadium(IV) complex supported by the [ONO]*>~ ligand
([ONOJP*~ = 2,6-(3-'Bu-5-Me-2-OC¢H,CH,),-4-"Bu-(p-tolyl)NC¢H,) can be pre-
pared by reduction of [(ONO)V(thf)] with KH under N, (Scheme 6) [42]. This
nitride complex [{(ONO)V },(p-N),{K(dme)}4] (18) is oxidized by p-benzoqui-
none, yielding a V(V) nitride [{(ONO)VN},{K(dme)},] (19). The reactions of 19
with CO and xylyl isocyanide (xyINC) afford isocyanate and carbodiimide com-
plexes, in which the metal center is reduced from V(V) to V(II). The isocyanate
complex liberates KOCN upon addition of 2-butyne to give an alkyne complex,
which can be recycled back to the starting complex [(ONO)V(thf)]. These results
establish a synthetic cycle for production of cyanate from N, and CO, which
proceeds under relatively mild conditions.

1) xyINC

‘Bu
'‘Bu N—-V N=C=N_
G 2) crypt-222
[K(crypt- 222)]+

O 'Bu J( ‘E.u@/ ’Bu 'Bu
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Scheme 6 Assembly of N, and CO into OCN™ by vanadium [ONO]-supported complexes
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3 Niobium and Tantalum

3.1 Niobium and Tantalum Dinitrogen Complexes

Structurally characterized dinitrogen complexes of niobium and tantalum are listed
in Tables 2 and 3, respectively. Compared to vanadium, the congeners of the
heavier group 5 elements, niobium and tantalum, are known to contain more
strongly activated N, ligands and generate more robust M—N-N-M linkages. For
example, ligand replacement reactions using [(MCl;)(thf),],(p-N,) (M = Nb, Ta)
as starting complexes generate a series of binuclear Nb and Ta complexes
with retention of the M—-N-N-M framework [54, 55]. Studies on protonation of
[M(S,CNEt)3]5(p-Ny) (20-M, M = Nb, Ta) with an excess of anhydrous HX
(X = (I, Br) have revealed that the reaction proceeds in a stepwise manner to
produce an NHNH,-bridged dinuclear intermediate, which subsequently undergoes
fragmentation via M-N bond cleavage and further protonation, resulting in a
stoichiometric amount of [M(S,CNEt;);X5] and hydrazine [21, 54, 56, 57].

The Sita group reported that a series of paramagnetic, p-n':n'-N, complexes of
group 5 elements [Cp*{RC(NiPr)z}M]z(p-Nz) (10-M,R; M =V,R =Me; M = Nb,
R =Me, Ph; M =Ta, R = Me, Ph, NMe,) are prepared by treating Cp*{RC-
(N'Pr),}MCl, (M = Nb, Ta) or Cp*{MeC(N'Pr),}VCI with KCg or 0.5% Na/Hg
under N, (Scheme 7) [32]. The tantalum and niobium complexes contain more strongly
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Table 2 Structurally characterized niobium dinitrogen complexes

Compound N-N (A) V(NN) (ecm™ ") Ref.
End-on bridging [53]
[(Et,NCS5)3Nb]»(1-N») 1.252(16) [53]
[Cp*{PhC(N'Pr), }Nb],(u-N3) (10-Nb,Ph) 1.300(3) [61]
[(P2N2)Nb>(p-No) (23) 1.272(5) [64]
[(NPN)(CD)Nb]»(p-N) (26) 1.237(4) [65]
[(PNP)(C1),Nb](p-Ny) (27) 1.277(6) [79, 80]
[Na(digly),]-[{(calix)Nb},(pn-N»)] (38) 1.390(17) 1372 [87]
[{(Ar)'BuN}3Mo](1-N,)[Nb{N'Pr(Ar) }5] 1.235(10) 1583 [89]
[(Cy2N)3Nb]>(p-No) 1.34(1) [90]
[(‘Bu3SiO)3Nb],(u-N,) 1.310(4) [91]
[(PhMe,P)4(Cl)W](p-No)[Nb(C1);Cp] 1.25409) 1395 [92]
[(P2N2)MeNb]»(p-N») 1.280(7)

Side-on bridging [80]
[{(calix)Nb },(u-n*1>-N,)Na,(dme)s] (40) 1.402(8) [80]
[{(calix)Nb} ,(O)(p-n*n*-Ny)Nay(dme), ] 1.424(5) [53]

activated N, ligands than the vanadium analogue as evidenced by N-N bond
distances. Each metal center in these N, dinuclear complexes is formally d* for V
and d' for niobium and tantalum. The tantalum complex 10-Ta,Me undergoes
1,4-addition of H,, PhSiH3, and PhSSPh across the Ta—N,—Ta linkage to form the
dihydride, silyl-hydride, and dithiolate complexes [Cp*{RC(NiPr)z}zTaz(X)(Y)]—
(p-Ny) (X, X = H, H; H, SiH,Ph; SPh, SPh), respectively, along with oxidation of
Ta(IV) to Ta(V). During all these reactions, the dinuclear structure is retained
without affecting the end-on-bridging N, moiety [58, 59]. In contrast, when
10-Ta,R is oxidized with N,O, the N, coordination mode changes from p-n':n'
(end-on) to p-nz:n2 (side-on) to form [Cp*{RC(NiPr)z}Ta]z(p-nz:nz-Nz)(p-O) 21
[32]. This finding indicates that the p-O moiety can act as an efficient ligand to
enforce the side-on binding N, coordination mode.

In a series of these Cp*-amidinate group 5 metal complexes 10-M,R, two metal
centers could supply totally six electrons to reduce the coordinated N, to two nitride
N>~ moieties. Indeed, the niobium and tantalum complexes are thermolyzed to
quantitatively produce the corresponding bis(p-nitride) dimers [Cp*{RC(N'Pr), }-
M],(p-N), (22-M,R; M = Nb, R = Me; M = Ta, R = Me, Ph, NMe,) [32, 58].
This contrasts the thermal stability of the vanadium congener, in which formation
of nitride complexes through cleavage of the coordinated N ligand is unfavorable.
The Tay(u-N), core is found to undergo hydrosilylation. Treatment of the
bis(p-nitride) complex 22-Ta,Me with PhSiH; results in formation of an imide-
nitride complex [Cp*{RC(NiPr)z } Ta]l,(H)(NSiH,Ph)(p-N) through o-bond metath-
esis of a Ta—N single bond [58].

Kinetic and mechanistic investigations of thermal conversion of 10-M,R to
22-M,R suggest that the process of the nitride formation is first-order in the N,
complex with appreciable negative entropies of activation and that no significant
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Table 3 Structurally characterized tantalum dinitrogen complexes

Compound N-N (A) UNN) (cm™ 1) Ref.
End-on bridging
[(2,6-'Pro-CsH30)5(thf) Tal,(p-N>) 1.32(1) [54]
[(2,6-'Pro-C6H3S)(thf) Talo(1-No) 1.29(6) [54]
[Cp*{RC(N'Pr),} Tal»(u-N»)
R = Ph (10-Ta,Ph) 1.308(2) [32]
R = Me (10-Ta,Me) 1.313(4) [32, 58]
R = NMe, (10-Ta,NMe,) 1.306(5) [32]
[Cp*{MeC(N'Pr), }(X)Tal,(p-N>)
X = H, SiH,Ph 1.284(4) [58]
X =H,H 1.307(6) [58]
X = SPh, SPh 1.297(3) [59]
[(Bz5P)(thf)(C1); Ta],(p-N») 1.282(6) [93]
[(‘BuCH)('BuCH,)(Me;P),Tal(i-N») 1.298(12) [94, 95]
[(‘BusSiO)»(Cl)Tal(u-N») 1.355(11) [96]
[{C,HsBN(CHMe,), } (C1)(PMe3),Tal,(j1-N>) 1.309(9) 1720 [97]
[Cp*2(CHTal2(1-No) 1.235(13) 98]
[(CsMe4Et)(Cl);Tala(p-N>) 1.280(6) [99]
[Cp*(4-MeCgH,S),Tal»(p-N») 1.280(6) [100]
[Cp*{(2,6-Me>CHz)N'BuC(0) } (CI)Ta]»(p-N>) 1.292(4) [101]
1.290(4)
[(PhMe,P)4(Cl)W](p-N»)[Ta(Cl);Cp] 1.275(9) 1435 [91]
Side-on bridging
[Cp*{RC(N'Pr),} Tal»(p-n"m*-N,)(p-0) (21) (32]
R =Ph 1.504(4)
1.489(4)
R =Me 1.493(14)
1.507(13)
R = NMe, 1.499(4)
Side-on end-on bridging
[(NPN)Tal»(u-H)>(p-n"in'-No)
R = Ph (28) 1.319(6) 1165 (64, 69]
R=Cy 1.328(7) [67]

N-N bond cleavage occurs in the transition state [32]. The N-N bond cleavage step
is postulated to proceed via a p-n*n>-N, dinuclear intermediate. The activation
barrier is higher for the tantalum reaction than the niobium reaction. The thermal
stability of these p-n':n'-N, complexes can be modulated by the choice of the distal
R-substituent groups of the amidinate ligands, and the sterically demanding phenyl
substituent is crucial for kinetically stabilizing the p-n':n'-N, diniobium complex
10-Nb,Me. This process is reminiscent of the N-N bond cleavage mechanism
proposed in the [(calix[4]arene)Nb] system (vide infra).
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3.2 Niobium and Tantalum Dinitrogen Complexes Supported
by Mixed Amide-Phosphine Ligands

Fryzuk and coworkers have developed the mixed amide-phosphine hybrid
multidentate ligands and have very successfully employed [P,N,]*~ and
[NPN]*~ ligands to expand the coordination chemistry of dinitrogen in
niobium and tantalum ([P.N,]*~ = [(PhP),(CH,SiMe,NSiMe,CH,),]*";
[NPN]>~ = [PhP(CH,SiMe,NPh),]*>7) [60-62]. These ligand systems incorpo-
rate hard amide and soft phosphine donors into their ligand frameworks,
allowing them to stabilize a variety of oxidation states and facilitate intriguing
molecular transformations including N, activation.

Reduction of [(P,N,)NbCI] with KCg under N, leads to formation of a para-
magnetic p-n ! :nl-Nz diniobium complex [(P,N;)Nb],(p-N5) (23), in which two Nb
(IV) centers are bridged by a formal [N,]*~ unit as evidenced by EPR and variable-
temperature magnetic susceptibility measurements [63]. Complex 23 is found to be
inert toward H, and primary silanes, while the coordinated N, is replaced with
phenylacetylene to afford an alkyne complex [(P2N2)Nb(n2-PhCCH)] (24) (Scheme
8). Protonation of 23 by Me;N-HCI produces hydrazine in 62% yield. Upon
thermolysis, the dinitrogen complex 23 undergoes conversion to [{(P,N,)Nb}-
(1-N){(PN3)Nb}]  (25) ([PN3] =  PhPMe(CHSiMe,NSiMe,CH,P(Ph)-
CH,SiMe,NSiMe,N)). It has been proposed that the arrangements leading to 25
include N-N bond scission of the p-n*n*-N, dinuclear intermediate and nucleo-
philic attack of a phosphine to the bridging nitride. The metal centers change their
oxidation states from Nb(IV)-Nb(IV) to Nb(III)-Nb(V), which is consistent with
magnetic data.

In parallel studies, coordination of the [NPN] ligand to niobium has been
investigated. Treatment of [NbCl;(dme)] with [(NPN)Li,(thf),] under N, results
in formation of a diamagnetic p-n]:nl-Nz complex [(NPN)NbCI],(p-N,) (26)
(Scheme 9) [64].

Mindiola and coworkers reported the related [PNP]-supported complex [(PNP)-
NbCL],(p-N,) (27, [PNP]™ = N(2—PiPr2—4—methylphenyl)z), which is prepared in
good yields by reacting [(NbCl5)(thf),],(p-N5) with [(PNP)Li] or reducing [(PNP)-
NbCl;] with BusSnH under N, [65]. According to the structural parameters of 26
and 27, the Nb=N-N=Nb resonance formula is thought best to represent the
bonding situation. Computational studies suggest that two-electron reduction of
27 does not induce N—-N bond rupture. Indeed, further reduction using reagents such
as KCg, [Mg(thf)s(anthracene)], [Na(C;oHg)], Na/Hg, and Bu3SnH leads to decom-
position mixtures or no reaction.

The utility of the [NPN] ligand has been extended to tantalum, resulting in the
synthesis of a ditantalum dinitrogen complex [(NPN)Ta],(p-H),(p-N») (28) [64, 66,
67]. Complex 28 contains a p-1':n* (side-on end-on) bound N», which is strongly
activated as evidenced by a long N-N bond distance (1.319(6) f\). The hydrides
bridging two metals in close proximity is responsible for the observation of side-on
end-on N, coordination in 28. Besides the unique binding mode of N,, this complex
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is notable for its synthetic procedure. A tetrahydride ditantalum complex [(NPN)-
Ta],(p-H)4, prepared by hydrogenolysis of [NPN]TaMes, spontaneously reacts with
N, along with H, reductive elimination to form the dinitrogen complex 28 (Scheme
10). In the two-step synthesis of 28 starting from [NPN]TaMes, H; is utilized as a
reducing reagent, and the use of strong reducing reagents such as Na/Hg or KCg can
be avoided. Thus, this strategy offers attractive avenues for the synthesis of strongly
activated N, complexes and for the use of N, as a nitrogen source.

Complex 28 exhibits a wide range of reactivity patterns due to the ability of the
side-on end-on bound N, moiety and/or the bridging hydrides to engage in inter-
actions with a substrate [62]. This complex is found to (a) insert propene into Ta—H
bonds, a reaction characteristic of metal hydride complexes (Scheme 11a) [64],
(b) serve as a precursor for low-valent species via N, displacement upon reacting
with terminal alkynes (Scheme 11b) [68], and (c) display dinitrogen-based reactiv-
ity, often concurrent with N-N bond cleavage (Schemes 12-16).
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The terminal nitrogen of the side-on end-on bound N in 28 is nucleophilic, and a
series of adducts [{ (NPN)Ta}z(p-nl;nz-NzMX3)(p—H)2] (29-M; M = B, Al, Ga) are
readily derived by treating with Group 13 Lewis acids MX; such as B(CgFs)s,
AlMes, and GaMe; (Scheme 12) [69]. Adduct formation with Lewis acids increases
the extent of dinitrogen activation, which is reflected in elongation of the N-N
bond distances (28, 1.319(6) A; 29-B, 1.393(7) A; 29-Al, 1.363(7) A; 29-Ga,
1.356(18) A). When benzyl bromide is used as an electrophile, alkylation at the terminal
nitrogen is observed to give [{(NPN)Ta}(p-n1;nz-NZCHzPh)(p-H)z{TaBr(NPN)}]
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(30) [64]. In all these products, the bridging hydrides remain intact, which accounts
for the retention of the p-n';n? binding N, moiety.

Further functionalization of the side-on end-on bound N, moiety concomitant
with N-N bond cleavage is achieved by treating 28 with main-group element
hydrides (E-H) such as R,BH, R,AlH, and RH,SiH (Scheme 13) [70-74]. In all
these transformations, the first step is E-H addition across the Ta—N bond at the
terminal nitrogen of the side-on end-on bound N,. The next step includes elimina-
tion of H, along with N—N bond cleavage, generating a nitride-imide species as a
key intermediate. The last step is observed to depend on the nature of the E-H
hydride reagents. For example, the reactions of 28 with 9-BBN and Cy,BH lead to
auxiliary ligand rearrangement involving the silyl group migration and benzene
elimination [70, 71]. With ‘Bu,AlH, loss of isobutene takes place with a phosphine
arm of one [NPN] ligand migrating from tantalum to aluminum [72]. When slightly
more than 2 equivalents of BuSiHj; are used, the coordinated N, moiety is converted
into two bridging bis(silylimide) groups concomitant with H, evolution [73-75]. In
contrast to hydroboration and hydroalumination, hydrosilylation of the coordinated
N, moiety takes place with the [NPN] ligands remaining intact. However, in the
presence of excess BuSiH;, one phenyl substitute of the [NPN] ligand is ortho-
cyclometalated. Therefore, auxiliary ligand degradations have hampered attempts
to extrude N-containing products such as N(SiH,Bu); and regenerate the starting
hydride complex [(NPN)Ta],(p-H),4 in the 28/E-H reaction systems.
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hydrides

As an extension of Fryzuk’s work on addition of hydride reagents to the side-on
end-on bound Ny, the reaction of 28 with [Cp,ZrHCI], was investigated (Scheme
14) [76]. The reaction proceeds differently, where the zirconocene hydride behaves
as a Zr(Il) precursor. The reaction would be initiated by coordination of the Zr
(I) fragment to the N, unit and subsequent inner-sphere two-electron reduction
concomitant with N—N bond cleavage, yielding a transient nitride-bridged species.
Finally, nucleophilic attack of a phosphine to one of the bridging nitrides results in
formation of [{[NP(N)N]Ta}(p-N)(p-H),{[NPN]Ta}(ZrCp,)] (31). The analogous
reactions of 28 with [Cp,ZrH,], and [Cp,Zr(py)(Me3SiC=CSiMe;)] afford the
same product 31 in better yields.

Another intriguing transformation of the side-on end-on bound N, is C-N bond
formation by the reaction of 28 with 1,2-cumulenes X=C=Y (X, Y = N, S)
(Scheme 15) [77]. This transformation is proposed to include initial formation of
a [2+2] cycloaddition species. Upon reacting with PhAN=C=NPh, the cycloaddition
product can be isolated as [{(NPN)Ta},(u-H),{p-PhNC(NPh)N,}] (32) and
undergo no further reaction. With S=C=S and PhN=C=S, H, elimination
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Scheme 15 Reactions of the side-on end-on N, tantalum complex with 1,2-cumulenes

subsequently occurs to generate p-nitride, p-sulfide complexes [{(NPN)Ta},(pu-N)-
(p-S)(NCS)] (33) and [{(NPN)Ta},(p-N)(p-S)(NCNPh)] (34) concomitant with
successive cleavage of N-N and C—S bonds. The reaction of 28 with ‘BuN=C=S
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Scheme 16 Reaction of the side-on end-on N, tantalum complex with CS,

proceeds in a similar manner, but the corresponding nitride-sulfide species
[{(NPN)Ta},(p-H),(u-S)(NCN‘Bu)] (35) is thermally unstable and undergoes aux-
iliary ligand rearrangement, resulting in amide-to-nitride silyl migration and for-
mation of 36.

The outcome of the reaction of 28 with carbon disulfide S=C=S may be altered
dramatically by changing the reaction conditions to higher temperatures (Scheme
16) [78]. In so doing, conversion of carbon disulfide into two bridging sulfides and
one bridging methylene is observed to produce [{(NPN)Ta},(u-CHy)(p-S),] (37).
This process includes N, displacement, C—S bond cleavage, and CS insertion into
the bridging hydrides.

3.3 Dinitrogen Cleavage by Niobium Aryloxide Complexes

Aryloxide ligands are effective at stabilizing novel early transition metal chemistry and
employed to prepare reactive metal complexes that imitate or surpass the role of the
metal anchored to heterogeneous, oxygen-rich surfaces. In this context, calixarenes have
the potential to provide a preorganized set of oxygen donors that mimics oxide surfaces.
Floriani and coworkers presented stepwise cleavage of N, by a niobium calix[4]arene
complex, where electrons stored in the metal-metal bond are used to reduce N, (Scheme
17) [79, 80]. A diniobium complex [({p-'Bu-calix[4]-(O)4}Nb), (u-M),] (M = Li, Na,
K) containing a Nb(IIT)=Nb(III) double bond reacts with N, to afford an end-on N,
bridged dimer [({p-tBu-calix[4]-(0)4}Nb)z(p-nlznl-Nz)(M)z] (38-M; M = Li, Na, K),
in which the long N-N bond distance (1.390(17) 10\) corresponds to a four-electron
reduced form [N,]*". The p-n':n'-N, complex 38 can accept two extra electrons
by treating with sodium, which facilitates complete N-N bond cleavage and formation
of a dinuclear species with two bridging nitrides [({p-'Bu-calix[4]-(0)4}Nb),(p-N),-
(n-Na)x(Na),] (39).

Two reaction pathways for conversion of 38 into 39 are proposed. In both
pathways, reduction of niobium by sodium initially generates a biradical system
containing two d' Nb(IV) centers. In one pathway, N-N bond cleavage proceeds
via a transition state with a zigzag Nb=N-N=Nb structure. This process closely
resembles N—N bond cleavage in the molybdenum trisamide N, complex [{(R(Ar)-
N)sMo},(p-N5)] [81]. The resulting monomeric nitride complex dimerizes to
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produce 39. The other pathway includes formation of a metal-metal bond, which
stores two electrons supplied by sodium and stabilizes a side-on bound N, inter-
mediate [({p-"Bu-calix[4]-(0)4 }Nb),(p-n*1?-N,)(1-Na);Na] (40). This intermedi-
ate undergoes intramolecular two-electron transfer from the metal-metal bond to
the N-N bond, with accompanying cleavage of the N-N and the Nb—Nb bonds and
yielding the bis(p-nitride) dimer 39. The reaction of 38 with sodium is dependent on
the nature of the solvent used. In THF, the reaction leads to isolation of 39 as a
major product. When the reaction is carried out in DME, the side-on N,-bridged
complex 40 is obtained along with a small amount of 39. Complex 40 is thermally
unstable, and heating a pyridine solution of 40 at 90 °C provides 39 as a unique
product.

A related ligand system to calix[4]arene is a triaryloxide ligand [000]°~,
known as the Koebner trimer. This [OOO] ligand system lacks the fourth aryloxide
unit found in calix[4]arene and has an acyclic structure. A niobium chloride
[(OOO)NDBCl,], was treated with LiBHEt; under N, to produce a bis(p-nitride)
dimer [{(OOO)Nb},(u-N),{Li(thf)},] (41) (Scheme 18) [82]. Computational stud-
ies suggest that N, is p-n';n*-coordinated to the Nb(IIT) dinuclear core bridged by
two hydrides and reduced to the [N2]47 form [83]. The additional two electrons
required for N-N cleavage are provided by migration of one hydride to an N atom.
In the final step, the N-bound H atom is coupled with the remaining hydride to
produce the bis(p-nitride) dimer 41 along with H, elimination.
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Scheme 19 Synthesis and reactions of the N,-derived niobium nitride complex supported by the
[O;] ligand

When a tripodal triaryloxide ligand [Os]’~ is used, the reaction of
[(NEt;H)[(O3)NbCl3] with KBHEt; under Ar affords a tetra(p-hydride) Nb(IV)
dimer [{(O3)Nb},(p-H)4{K(dme)},] (42) (Scheme 19) [84]. This hydride complex
42 is thermally stable under Ar but reacts with N, to generate a bis(p-nitride)
species [{(O3)Nb},(p-N),{K(thf),},] (43) along with H, evolution. This N=N
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Scheme 20 N cleavage by the niobium aryloxide complex

triple bond cleavage requires no external reducing reagents. The reaction sponta-
neously proceeds, where two electrons are provided by the metal-metal cleavage
and four additional electrons are supplied by H, elimination. The bridging nitrides
in 43 are nucleophilic enough to undergo protonation and methylation
[84, 85]. Addition of 2,6-lutidinium chloride to 43 affords NH; and the anionic
complex [(O3)NbCl3] . The reaction of this anionic complex with KBHEt; regen-
erates the hydride complex 42, thereby completing a synthetic cycle for conversion
of N, to NH; [85]. Methylation of 43 with methyl iodide proceeds in a stepwise
manner to yield a p-nitride-imide and a bis(p-imide) dimer, [{(O3)Nb},(p-N)
(p-NMe){K(thf)}] (44) and [{(O3)Nb},(p-NMe),] (45) [84]. The p-imide dimer
45 is inert toward CO,. However, treatment of 45 with pyridine affords a mono-
meric imide species [(O3;)Nb(NMe)(py).] (46). This imide monomer 46 is
observed to undergo [2+2] cycloaddition with CO, to give an ureate complex
[(O3)Nb(MeNCONMe)(py)] (47) and a bis(p-oxo) dimer [{(O3)Nb}(p-O),] (48)
in a 2:1 ratio [85].

Mindiola and coworkers accomplished dinitrogen cleavage by niobium complexes
bearing a sterically encumbering aryloxide ligand, 2,6-bis(diphenylmethyl)-4-
tert-butylphenoxide (OAr) (Scheme 20) [86]. The reaction of [(ArO),Nb,Cls],
or [(ArO),NbCl,(thf),] with KCg under N, provides a bis(p-nitride) dimer
[{(ArO),Nb},(p-N),] (49), which can be further reduced by 1 equivalent of KCg to
provide a paramagnetic nitride species [{ (ArO),Nb},(p-N),K] (50). Conversion of 49 to
50 is reversible, and 49 is regenerated by oxidation of 50 with AgOTT. This behavior is
similar to that found in the V,(p-N), structure reported by the Cloke group (vide supra).
Upon protonation by anhydrous HCI, both nitride complexes give NH4Cl and free
ArOH in a 1:2 ratio.
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Scheme 21 Conversion of acid chloride into organic nitrile by the N,-derived niobium nitride
complex

3.4 Dinitrogen Cleavage and Nitrogen Atom Transfer
Mediated by Niobium Tris(amide) Complexes

The Cummins group established the connection between N, cleavage reaction and
N-atom transfer reactivity by utilizing the reactivity of an anionic niobium nitride
complex [(Np(Ar)N);NbNNa] (51) derived from N, activation (Scheme 21). An
end-on N,-bridged Mo/Nb complex [{(R(Ar)N)3Mo}(p—nlznl—Nz){NbN(Ar)Np}]
(82), which is prepared by salt metathesis of [(Np(Ar)N);NbCl] or [(Np(Ar)-
N);NbOTT(] with [Na(thf),][(R(Ar)N);Mo(N,)], has served as an entry to dinitrogen
chemistry of the niobium trisamide system [87, 88]. Reduction of the Mo/Nb
dinitrogen complex 52 with Na/Hg results in a 1:1 mixture of the anionic niobium
nitride 51 and the neutral molybdenum nitride [(R(Ar)N);MoN] (53). These com-
plexes 51 and 53 could be easily separated by differential solubility.

The anionic nitride 51 readily reacts with acid chlorides RC(O)Cl (R = Me, ‘Bu,
Ph, 1-adamantyl, CH=CH),), yielding the corresponding organic nitriles RCN along
with a niobium oxo complex [(R(Ar)N);NbO] (54) [88]. According to experimental
and computational studies, formation of organic nitriles could be ascribed to retro
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[2+2] fragmentation by a transient niobacyclobutene Nb—-N=C(R)-O species.
To achieve a synthetic cycle for conversion of N, to organic nitriles, treatment
of the oxo complex 54 with trific anhydride affords a bistriflate complex
[(R(Ar)N);Nb(OTf),] (55). The bis(triflate) complex 55 is subsequently
one-electron reduced using cobaltocene or magnesium anthracene to regenerate
the starting monotriflic complex [(R(Ar)N);Nb(OTf)].
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Functionalization of N, by Mid to Late
Transition Metals via N-N Bond Cleavage

Isabel Klopsch, Ekaterina Yu Yuzik-Klimova, and Sven Schneider

Abstract This review focuses on the recent efforts to functionalize dinitrogen via
complete cleavage of the N=N bond with particular emphasis on mid to late tran-
sition metal complexes. The relationships of electronic and structural parameters
for the most common N,-bonding modes (end-on and side-on bridging) with N,-
splitting reactivity are discussed. This analysis points towards electronic configu-
rations with rt'° (end-on) and 8% (side-on) electrons within the M,N,-cores for full
N-N bond cleavage into terminal and bridging nitride complexes, respectively. The
full body of work on N,-splitting with group 6-8 metals is comprehensively
presented. Ligand electronic and steric effects are discussed in detail for privileged
platforms, such as low coordinate, electron rich complexes with n-donating ligands.
Finally, several strategies for functionalization of the nitrides resulting from N-
splitting are presented that lead to N—C bond formation. The developed pseudo-
catalytic cycles reported so far that combine N,-cleavage, nitride functionalization,
and N-transfer provide guidelines for rational catalyst design.

Keywords Bonding ¢ Dinitrogen splitting * Nitrogen fixation ¢ Transition metal
nitrides
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1 Nitrogenase, Haber-Bosch, and Catalytic N, Fixation

Nitrogen is, next to oxygen, hydrogen, and carbon, one of the main elements found
in organic compounds, but atmospheric N,, which constitutes about 78 vol% of air
and more than 99% of global nitrogen, is chemically highly inert. Hence, its
conversion into the more reactive nitrogen source ammonia by biological [1, 2]
“nitrogen fixation” was crucial for the development of life. Furthermore, our
modern societies strongly rely on the industrial Haber-Bosch process [3, 4] for
the production of fertilizers and as feedstock for the chemical synthesis of organic
nitrogen compounds, the latter consuming approx. 20% of industrially produced
NHj; [5]. Fundamentally different mechanisms were proposed for the conversion of
N, via these two processes. Nitrogen fixation by the enzyme [Fe,Mo]-nitrogenase
proceeds through a series of alternating nitrogen reduction and protonation steps
with gradual N-N bond order reduction. In contrast, heterogeneously catalyzed
ammonia synthesis proceeds via initial, turn-over limiting dissociative chemisorp-
tion of N, on the catalyst surface and subsequent stepwise N—H bond formation.
These pathways provide the basis for the development of synthetic catalysts that
enable the transformation of N, at ambient conditions, which is a longstanding goal.
To date, a small number of well-defined, biomimetic homogeneous catalysts were
reported [6—8]. Alternative electrochemical and photochemical approaches are
currently intensively studied, but still suffer from comparatively low selectivities
(H, evolution) and energy efficiency [9, 10]. Full N,-splitting into well-defined
molecular nitrides was also reported on several instances, but homogeneous cata-
lysts that operate via initial N,-cleavage remain elusive. However, this approach
might offer alternatives to nitrogen fixation beyond NH3. Molecular nitride chem-
istry is well developed and several methods for C—N bond formation starting from
nitrides are known [11]. Hence, catalysts that directly transform dinitrogen into
nitrogen compounds, such as amines, nitriles, or isocyanates, via N,-splitting and
nitride transfer cycles are attractive goals and recent examples that demonstrated
stoichiometric routes fuel this idea [5, 12]. In this context, the current review
focuses on well-defined molecular systems that enable the functionalization of N,
via initial full cleavage of the N-N bond with the aim at developing some guide-
lines that ultimately lead to the design of catalysts for the synthesis of value added
nitrogen compounds directly from Nj.
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2 Bonding in N,-Bridged Complexes

2.1 General Considerations

The high bond dissociation (941 kJ mol ~1 and ionization energies (15.6 eV), low
proton (5.1 eV) and electron affinities (—1.9 eV), and the lack of a dipole moment all
account for the high thermodynamic and kinetic stability of dinitrogen [13—
15]. Cleavage of the first N-N bond defines a major challenge and requires about
half of the total triple bond energy (410 kJ mol ~'). In comparison, acetylene features
an even stronger triple bond (962 kJ mol ~ 1) but the n-bonds are much weaker (222 kJ
mol "), which provides a rationale for the higher reactivity compared with N,
[16]. A wide range of charge transfer to coordinated N,-ligands is well documented,
reaching from barely activated, neutral N, to highly reduced hydrazide [N2]4_
(Table 1). This degree of activation is expressed within spectroscopic (N-N
stretching vibration) and structural parameters (N-N bond distance) [17, 18], which
are inversely proportional according to Badger’s rule [19]. While reduction to
diazenide (N,>7) and hydrazide (N,*) ligands are more commonly observed only
a few examples for complexes with [N,]*~ radical anion ligands were reported
[20]. The monoanionic N, radical was only detected in solid matrix upon photode-
composition of metal azide single crystals and adsorbed on MO (M = Mg, Ca)
surfaces at low temperatures [21-24]. According to computations, the unknown free
radical species HN, is endothermic with respect to decay into N, and H by
AE = 9 kcal/mol and has a lifetime of only around 10~'° s at room temperature
[25]. Hence, the unfavorable one-electron reduction of N, emphasizes the use
of multi-electron redox catalysts for nitrogen fixation. The current model for nitro-
genase also implies initial two-electron Nj-reduction. These electrons are stored
within two Fe—H bonds and charge transfer is triggered by H, reductive elimination
from the active site [2]. Besides vibrational and structural data, the spin state can also
provide information on the redox state of coordinated N,-ligands due to magnetic
coupling of the metal ion with radical ligands, such as N,>~ (S = 1). Alternatively, a
covalent picture can be very useful to rationalize bonding with metal ions that have
efficient orbital overlap with N,-ligands (see below).

Four coordination modes of N, to metal ions are most frequently found (Fig. 1),
i.e., mononuclear end-on (1), dinuclear end-on (2), dinuclear side-on (3), and

Table 1 Bond distances and stretching frequencies for free and coordinated nitrogen species

Free N, [26] 1.10 A 2,331 cm™!

N=N S=0 ~1.10-1.20 A ~1,700-2,331 cm ™!
[N=N]~ S=% n.a. n.a.

Free H,N, [27, 28] 125 A 1,583/1,529 cm ™!
[N=N]>~ S=1 ~1.20-1.35 A ~1,200-1,700 cm ™!
[N=N]*" [20] S=1% 1.40 A 989-1,040 cm ™!
Free HyN, [29] 1.45 A 885 cm ™!

[N-NJ*~ S=0 ~1.40-1.60 A ~700-1,100 cm ™!
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Fig. 1 Most common bonding motifs in N, complexes

dinuclear side-on-end-on (4), with (1) being predominant. More than one metal ion
will be required for full 6-electron reduction to nitrides. Therefore, only
multinuclear activation is discussed in this review. These coordination modes
generally show different degrees of Nj-activation, which can be attributed to
metal-N, bonding and will therefore be discussed in the next two sections for the
more common coordination modes (2) and (3). As an important difference, the
terminal binding mode (1) and particularly the side-on modes (3) and (4) generally
exhibit enhanced reactivity, e.g., with respect to N-H, N-C, or N-Si bond forma-
tion. In contrast, such N, functionalization reactions were not observed directly for
the end-on bridging mode (2). However, (2) proved to be important en route to full
Nj-splitting into nitrides, which will be discussed below and in Sect. 3.

2.2 End-On Bridging N,

The end-on bridging mode, M-(-n'-n'-N)-M, is most frequently observed for
dinuclear complexes. N, activation upon 1n'-coordination to the first metal ion
increases the electron density on the ligand thus increasing its basicity for binding
of the second metal. Charge delocalization over the whole M—N-N-M unit in the
dinuclear complex further stabilizes the dinuclear binding motif [30]. End-on
bridging N,-complexes, which are best described by diazenide N,>~ (M—N=N—
M) and hydrazide N,*~ (M=N-N=M) resonance structures, are well documented,
while radical N,-ligands (N, or N,>7) were not reported in this bonding mode
[31]. The charge transfer to the N,-ligand can be rationalized based on orbital
interactions as first considered by Gray and Chatt [32, 33]. N, activation is a
consequence of back donation from the metal to the N-N rw*-antibonding orbitals.
In threefold symmetry, two metal d-orbitals (dy,, dy,) are available from each metal
ion for t-bonding [46]. Linear combination with the nitrogen &t and n* orbitals gives
rise to four sets of degenerate m-orbitals (le,, le,, 2e,, 2e4; Scheme 1). It was
pointed out in early theoretical work from Fenske-Hall computations that mixing
of the N—-N n-bonding orbitals with metal d-orbitals is weak, i.e., that occupation
of the e,-levels contributes to M-N bonding and N, activation to a minor
extend [34]. However, the effect of occupation of the 2e, level on N, activation
was demonstrated by Cummins and coworkers within the redox series
[{(ArtBuN)3M0}2(u-nl:nl-Nz)]"+ (n = 0-2; Fig. 2; see below for discussion).
Besides the M-N-N-M zn-manifold, the frontier orbitals are complemented by
M-N bonding MOs (a,/ay,) that result from mixing of metal d,;-orbitals with the
N-N oc-antibonding orbital [37, 101]. This MO is strongly N-N antibonding in
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nature. Hence, its occupation strongly weakens the N, bond. Furthermore, it drops
in energy upon splitting the N,-complex into terminal nitrides (see Scheme 7). In
addition to these o— and n—M, N, interactions, in fourfold symmetry (octahedral or
square pyramidal geometry) two metal-based non-bonding MOs with §/5*-charac-
ter are derived from dyy. In threefold symmetry these MOs should be much higher
in energy due to interaction with the auxiliary ligands.

Based on this simple qualitative MO scheme, the degree of N,-activation can be
correlated to m-orbital occupancy within closely related systems upon filling the
MOs with the four electrons from N, n-bonding and the valence electrons contrib-
uted from the two ML,, fragments. Occupation of the e, levels weakens the N-N
bond in contrast to the MOs with e, symmetry. Hence, it is evident that a 7 valence
electron configuration should result in maximal N, bond weakening. For example,
the N,-bridged dirtuthenium complex [(NH3)sRuN,Ru(NH;)s]** (1) exhibits a '*
configuration ((1eu)4(1eg)4(blu)z(qu)z(Zeu)4(2eg)0) with a very small degree of N,
bond weakening (dyy = 1.12 A, vnN = 2,100 cm_l) [32]. In contrast, the bimetallic
complex [(PMe,Ph),CIReN,MoCl,(OMe)] (2) with z* configuration ((le,)*(ley)*
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(blu)z(bzl,)1(2eu)0(2eg)0) displays much stronger N,-activation (dyy = 1.21 A,
Uan = 1,660 cm ™) [35].

This dependence of the degree of activation on valence electron configuration is
nicely reflected within the redox series [{(ArtBuN)3M0}2(p-nl:nl-N2)]”+ n=0
3), 1 4), 2 (5); Ar = 3,5-C¢H3Me,; Fig. 2) reported by Cummins and coworkers
[36, 37]. According to this model, these compounds adopt (leu)4(leg)4(2eu)(z'")
(Zeg)o configurations, i.e., 10 (n =0, 3),9 (n = 1, 4), and 8 (n = 2, 5) electrons in
Mo-N-N-Mo n-type orbitals, respectively. The electronic triplet (3), doublet (4),
and singlet (5) ground states and the increasing activation upon oxidation of the
parent 7' system 3 (Fig. 2) are in agreement with the bonding model. Interestingly,
while 4 and § are thermally stable, only the supposedly least activated N,-complex
3 splits into the terminal nitrides [NMo(N7BuAr);] [38]. Splitting of the 7'°-dimer
3 produces two closed shell, pseudo-tetrahedral molybdenum(VI) nitrides. As the
N-N oc-antibonding a,-orbital drops in energy upon splitting, two electrons are
transferred from the n- to the o-manifold (Scheme 7). In comparison, the oxidized
dimers 4 and 5 are short by one and two electrons, respectively, to form nitrides
where all M—N o- and n-bonding orbitals are fully occupied. These simple consid-
erations emphasize the preference for a ©'°-configuration in splitting of linearly N,-
bridged dinuclear complexes into terminal nitrides. The same arguments were
applied to analogous systems, which are discussed in more detail in Sect. 3.

The subtle influence of different metals within strongly related coordination
spheres on N,-activation was systematically examined by Sita and coworkers.
They reported a series of group 4—6 n5—cyclopentadienyl/n2—amidinate complexes
(am = N(iPr)C(Me)N(iPr); M = Ti (6), Zr (7), Hf (8), V (9), Nb (10), Ta (11), Mo
(12), W (13); Fig. 3 and Table 2) [39-41]. Except for Zr and Hf, isostructural
end-on bridging N,-coordination was found. The diamagnetic Ti-complex 6 was
described as two Ti"™ d'-ions spin-coupled with an N>~ bridge. The high fourth
ionization potential of Ti prevents further reduction of N, [42]. Slightly less ac-
tivation was observed for the analogous vanadium complex 9, leading to the
description as two antiferromagnetically coupled V'-ions bridged by N,, which
qualitatively reflects the decreased reduction potential compared with titanium.
The higher degree of activation for the niobium and tantalum dimers 10 and 11
also reflects the trends in reduction potential upon moving down group 5. These
compounds were described as containing Ta"" and Nb'Y, respectively, which are
bridged by [N,]*~ ligands. For 11, preliminary magnetic data supported a singlet
ground state and thermally populated triplet state with antiferromagnetic exchange
above 2K. 11 also splits the strongly reduced Nj-ligand to form the tantalum(V)

Fig. 3 Sita’s isostructural

(Cp*amM),(p-N>) ) ﬁf PN =]
complexes =N s | __NPr

M===N==N==
PN i !
/f;;N'Pr

M =Ti, V, Nb, Ta, Mo, W
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;a?cle 3anll\ll\;ll)\l(b0;d)dlstances Metal Coordination mode d(NN) [ A] Reference
compliexes e Ti (6) (r-n'-n'-No) 1.270(2) [40]
Zr* (7) (pn*-n*-Ny) 1.518(2) [43]
Hf (8) (pn*-n°-Ny) 1.611(4) [43]
V9 (pn'-n'-Na) 1.225(2) [41]
Nb° (10) | (u-n'-n'-No) 13003) | [41]
Ta(1) | (p-n'-n'-No) 1.313(4) [39]
Mo (12) | (u-n'-n'-No) 1.267(2) [40]
W (13) (pn'-n'-Np) 1.2778) [40]

“Exchange of methyl group in amidinate against NMe,
bExchange of methyl group in amidinate against phenyl

nitride bridged complex [{Cp*(am)Ta},(pu-N),] above 0°C. In turn, the diamagnetic
group 6 analogues 12 and 13 are again in agreement with decreasing reduction
potential and show weaker activation of the N, bridge compared to Nb and
Ta. While 12 and 13 are thermally stable, N,-splitting was realized photochemically
(c.f. Sect. 3).

Strong ligand influences on N,-activation are also well documented. An instructive
example was provided by the group of Chirik, who reported the isolation of the ex-
tensive terpyridine dimolybdenum dinitrogen series [{(""Tpy)(PPh,Me),Mo }»(p-n':n
LNY)I[BAr ], (n = 0 (14), 1 (15), 2 (16), 3 (17), 4 (18); Scheme 2) [44]. Spectro-
scopic data of the dicationic complex 16 indicates an N,?~ bridge. DFT computations
support a ©'°(8*) configuration, yet with a singlet ground state as the degeneracy of
the frontier =*-MOs is strongly lifted due to electronic coupling with the Tpy ligand.
Single and double oxidation leads to stronger Nj-activation as the electrons are
removed from the N-N bonding m*-orbital. Intriguingly, reduction also results in
N-N bond weakening since the SOMO of 15 is Tpy-ligand centered, which was also
found for the second reduction. The use of redox active ligands for electron storage
provides an attractive approach for multi-electron redox reactions like nitrogen
fixation.

2.3 Side-On Bridging N,

The side-on N,-bridging coordination mode is less common in dinuclear complexes
than end-on coordination [17, 45, 46]. First evidence was provided by the linkage
isomerization of the isotopomers of [(NH3)5Ru(14/ 15Nz)]2+ which is too fast to
proceed via N, dissociation, suggesting intermediate side-on coordination
[47]. The first structurally characterized side-on N, complex, a polynuclear
nickel-lithium compound, was reported in 1973 [48, 49]. By now, several other
examples were reported, mostly with early transition metals and f-block elements,
exhibiting varying degrees of activation, as exemplified by Evans’ [(Cp*>Sm),(p-1>
N>-No)1 (19, dan = 1.088(12) A) vs. Fryzuk’s [{(PNP)ZrCl}(p-n*1>-No)] (20,



78 I. Klopsch et al.

viNN) = 1530 em™ viNN}=n.a
S=112 Lk

Pha M ¥ _
v
s
N J S N J
o -~

N,

Mo
-~ \N PPh;Me

2+
2 [BAF,]

Ty

PPhaMe ™1~
4 | ~

A

4+
PPhMe —|4 [BAF

|
FPhMe Ph

viNN) = 1563 cm™?

NP
$=0 PPhoMe i~

viNN} = 1482 cm? wNN) = 1477 cm”?
s=12 s=1

PPhMe Ph

Scheme 2 [{(pthy)(PthMe)zMo}z(p—r]l—r]l—Nz)][BArFé‘]n (n = 0-4) redox series reported by
Chirik and coworkers [44]

[PNP] = (iPr,PCH,SiMe,), N) (dnn = 1.548(7) A) [50, 51]. Bonding of the two
metal centers with side-on bound N, is more complex compared with the end-on
isomer, as considerable distortion from planarity of the M,N, core is often
observed. A simplified model for two side-on N,-bridged square-pyramidal ML,
fragments is shown in Scheme 3, based on considerations first described by Fryzuk
and coworkers [46]. Metal N, bonding should be dominated by back donation from
suitable d-orbitals into the N, n*-orbitals. In contrast to end-on coordination, only
one w-interaction results from out of phase combination of the two d,, orbitals
and the horizontal N, w*-level. In addition, an interaction with &-symmetry is
constructed by the in-phase d,, combination with the vertical N, n*-orbital. Both
MOs are N—N antibonding in character. However, weaker orbital overlap for the &-
with respect to m-interactions suggests an energetic preference for end-on
Nj,-coordination. In fact, isolable mononuclear complexes with side-on terminal n
l-nl-Nz-coordination remain unknown [52].

One reason for the occurrence of side-on bridging N,-ligands can be the absence
of an accessible d-orbital that is suitable to form the second n-bond. Semi-empirical
computations for the model complex [{Zr(C)N(SiH,CH,PH,), }z(p—nzznz—Nz)] con-
firmed this picture revealing that one of the d-orbitals required for n-bonding is
raised in energy due to m-donation by the amide and chloride ligands [46]. In fact,
ligand exchange of chloride vs. cyclopentadienide (Cp) results in N, linkage iso-
merization and isolation of the end-on bridged complex [{(PNP)ZrCp},(p-n'm'-
N>)] (21, Scheme 4) [46]. Hence, exchange of chloride by Cp stabilizes the end-on
coordination by reducing the C17/N, t-MO competition and destabilizes the side-
on coordination as the Cp ligand overlaps with a d-orbital that would be required for
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Scheme 4 Transformation of side-on to end-on N, configuration by ligand exchange [46]

d-bonding with a side-on N, complex. The remaining N, ,,;qe—Z1—N, Tt-interaction is
expressed in an unusually long Zr—N,;¢c bond of 21 (2.306(3)/2.303(3) 10\) [53,
54]. Bonding analysis of the zirconium system on a higher computational level
(DFT) by Tuczek and coworkers qualitatively confirmed the earlier picture and
showed that distortion of the M,N, core from planarity to a butterfly structure aids
at charge delocalization of the N,-ligand [55]. Furthermore, the LUMO was de-
scribed as a non-bonding, metal-based MO from out of phase combination of two
dyy orbitals (dy, ). Slightly higher, an MO was found from combination of metal
d-orbitals with the N, c*-orbital (drawn below d,,” in simplified Scheme 3).
Occupation of this MO should strongly weaken the N-N bond. However, the
Zr,N, core does not contain enough electrons for full N, cleavage. In contrast,
model computations for [{SiMe3N(CH2CH2NSiMe3)2V}2(p—n2:n2—N2)], which in
fact splits the Nj-ligand into the dinitride bridged divanadium(V) isomer [56],
indicate the population of such an MO with N, c*-character [57, 58]. Together
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with the filled N, m-orbitals, this picture emphasizes an overall 1°6® valence
electron configuration to be favorable for N,-splitting for the side-on coordination.
Importantly, comparison of the two simplified MO-schemes for end-on (Dy4;,) and
side-on (D,},) coordination suggests that a lower valence electron count of the ML,
fragments is required for splitting from the side-on linkage isomer. This is in fact
corroborated by computational DFT analysis of the conversion of [{Cp*(am)
Ta},(p-N»)] into [{Cp*(am)Ta},(p-N),] [41, 59]. The proposed mechanism pro-
ceeds via initial isomerization of the triplet end-on (J‘ES) to the singlet side-on (x862)
form prior to N,-splitting, in full agreement with this very simple model.

The electronic structures of [{RzM}z(p-nZ:nz-Nz)] (M = group 4-9, R = amide,
cyclopentadienide) complexes with planar M;N,-cores were examined computa-
tionally by Stranger and coworkers [60]. An increase in activation was found upon
descending a group, presumably due to more diffuse d-orbitals resulting in better
overlap. Furthermore, the conformation of M(NH,), fragments with respect to the
M;N,-core was predicted to have a strong impact on N, activation and cleavage. In
general, perpendicular arrangement leads to stronger activation due to better elec-
tron delocalization into the MNNM moiety. Moving along the transition series
eventually results in N,-splitting as predicted by the simple model in Scheme 3.
Additional metal-metal interactions stabilize the nitride bridged products.

Besides these electronic considerations, sterics also play an important role, as the
two metal moieties are closer in the side-on bonding mode. This was demonstrated
for a series of zirconocenes [61, 62]. In contrast to Bercaw’s classic decamethyl-
zirconocene dimer [{Cp*QZr(nl—Nz)}z(p—nl—nl—Nz)] (22; Cp* = CsMes) and anal-
ogous [{Cp*Cp'Zr(n'-No) }r(u-n'm'-N,)] (23; Cp' = CsMe,H), removal of a
second methyl group results in the side-on bridged octametylzirconocene dimer
[(Cp/ZZr)z(p—n2:n2-N2)] (24) with side-on bridging N, (Fig. 4) [63-65]. DFT cal-
culations predict the relative stability of side-on N, bridged isomers to increase
down group 4 in the periodic table [42]. This trend is confirmed experimentally for
the series [(Cp*amM),(p-N,)] (M = Ti, Zr, Hf), which exhibits end-on for Ti (6)
and side-on configuration for the Zr (7) and Hf (8) complexes (Table 2) [40]. It is
assumed that only the larger Zr and Hf (ionic radii: 1.75 A) are able to accommodate
the more crowded side-on coordination, while the smaller homologue Ti (1.60 A) and
other metals like V (1.53 A), Nb (1.64 A), or Mo (1.54 A) adopt the end-on bonding
motif with this ligand set.

An important difference between end-on and side-on bridging coordination is
the reactivity. In fact, the only N,-functionalization reaction that is known for the
end-on bridging mode is splitting into nitrides. In contrast, reactions like C-N
coupling with CO, which can lead to full scission of the N-N bond, are well

'% 2 ’% % Nz\Zr/ _é |”-\ ’;@—
% \N2 ;éﬁ» \N2 & _gi&g\ = z&?g_

22 23

Fig. 4 Steric effect on end-on vs. side-on N, binding
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documented for side-on bonding [63, 66] and computations indicate that side-on
binding is a prerequisite for Np-hydrogenation [67]. Related reactivity was also
observed for the rare, side-on/end-on coordination mode, e.g., for [{(NPN)Ta},(-
p-H)o(p-n'm%N,)] (25, NPN = (Ph)P(CH,SiMe,NPh),) (Fig. 5) [68, 69]. This
compound is formed upon reaction of dinuclear Ta(IV) hydride complex [{(NPN)
Ta},(u-H)4] (NPN = PhP(CH,SiMe,NPh),) with N, under partial release of H,.
Hence, the reducing equivalents for N, reduction are stored in two Ta—H bonds
providing an early model for nitrogenase reactivity. The energetic advantage of
maintaining the remaining bridging hydrides, which force the two metal centers in
25 in close proximity, is believed to prevail over the energy difference to dinuclear
end-on coordination. Subsequent treatment with boranes [70], silanes [71-73],
alanes [74], zirconocenes [75], or with 1,2-cumulenes [76] led to full cleavage of
the dinitrogen bond.

3 Splitting of N, into Nitride Complexes of Group
6 Elements and Beyond

As discussed in Sect. 2, the type of metal, oxidation state, coordination geometry,
ligand type, and electronic configuration are essential features that govern the ability
of N,-bridged multinuclear complexes to split into nitrides. In this section, we want to
illustrate these principles with a comprehensive overview over N,-splitting reactions
mediated by mid to late transition metal complexes (group 6-8). Other examples from
group 4-5 and f-block chemistry are not part of this section, but will be covered by
other reviews in this book.

3.1 N,-Splitting by Homoleptic Group 6 Amide Complexes

Arguably the best examined system regarding both N,-splitting and transfer of the
resulting nitride ligands is Cummins’ molybdenum triamides, which also marks the
first example for N,-cleavage into well-defined nitrides [36, 38]. [(ArfBuN);Mo
(u-n"-n'-N,)Mo(N7BuAr)s] (3, Ar = 3,5-C¢H;Me,) forms upon reaction of the
isolable molybdenum(IIl) complex [Mo(N7BuAr);] (26) at —35°C under N,
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(1 atm) and splits into the molybdenum(VI) nitrides [NMo(N7BuAr);] (27) when
warmed to room temperature (Scheme 5) in near quantitative yield. Nj-splitting
was computed to be exothermic by about 20 kcal/mol [77], but N,-uptake on this
route requires several days. It can be significantly accelerated by addition of
reductants, and isolation of terminal dinitrogen complex Na[(N,)Mo(N(sBu)Ar);]
(28) allowed for the proposal of a redox-catalytic mechanism (Scheme 6) [78].
The spectroscopic, magnetic, and structural features of intermediate 3
indicate moderate to strong N,-activation, in agreement with MoIV{szf}MoIV
and the covalent x'° bonding model described above [36, 37]. The reaction can
also be rationalized by extension of the 7-MO scheme in the dimer. Full splitting into
nitride complexes requires additional charge transfer to the N,-ligand, more exactly
form the 2e, m-orbitals to the a, 6*-MO of triplet 3 (Scheme 7), which drops in
energy upon N-N bond cleavage and formation of the closed-shell molybdenum
(VI) nitride products. Hence, dissociation of the dimer along the N-N bond vector is
symmetry forbidden but requires breaking of the high symmetry of 3 (Se) for
o/n-MO-mixing. Accordingly, Morokuma and coworkers computed a zigzag tran-
sition state (TS) with approximate N—N single bond character for model complex
[(NH,);MoN,Mo(NH,)3], [77]. In the TS the antibonding character of the 3b, is
reduced upon M—N-N-M bending and mixing with the 2b,, orbital enabling charge
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Scheme 5 Cleavage of N, in terminal nitrides mediated by a triamido molybdenum(III) complex
[38]
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transfer to the nitride. This picture also resolves the apparent dichotomy observed
for the oxidized compounds [(ArtBuN)3M0(p-n]-nl-Nz)Mo(NtBuAr)3]+ (4) and
[(ArrBuN);Mo(p-n'-n'-N,)Mo(NrBuAr);]** (5). While the 7’ (4) and ©® (5) config-
urations exhibit stronger N, activation (see Sect. 2) in the ground state, they are short
by one and two electrons, respectively, to split into stable closed-shell nitrido
complexes.

An interesting comparison is given with Schrock’s related triamidoamine dimer
[{(R’'NCH,CH,);sNMo},(u-n":n'-N,)] (29, R’ = rBuMe,Si) [36, 79, 80]. Both 3 and
29 exhibit the same formal oxidation and spin states and display similar structural
parameters within the central Mo—N-N-Mo moiety. However, Schrock’s dimer
does not split into the respective nitrides (Scheme 8), which could be prepared on
another route. This observation can be attributed to the trans-influence of the
additional amine donor, which destabilizes c-bonding with the nitride ligand and
the a, orbital in the dimer. Hence, splitting is both thermodynamically and kinet-
ically more unfavorable and splitting of a simplified model of 29 was calculated to
be endothermic [77]. Computational work on truncated models by Stranger and
coworkers suggests that the conformational rigidity of the triamidoamine vs. the
monodentate amido ligands might also contribute to the difference in reactivity
[81, 82]. Rotation of an amido ligand by 90° increases charge transfer from the
metal to N, (Scheme 9). This conformation also stabilizes an electronic singlet with
respect to the triplet state, en route to the singlet zigzag transition state. However, in
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Scheme 9 Rotation of one NR, group at each Mo center in [Mo(NR);],(p-N3)

agreement with the experimentally confirmed triplet ground state of 3 [37], compu-
tations on full 3 revealed that the bulky fers-butylanilide ligands strongly destabilize
the singlet and N,-splitting might in fact not pass through this intermediate [83].

n-Donor ancillary ligands generally lead to stronger N, activation and more
exothermic splitting [77, 81]. In fact, the triaryl analogue [(MeszMo),(jt-n'":'-N»)]
(30, Mes = 2,4,6-Me;CgH,) reported by Floriani and coworkers is stable in refluxing
benzene [84]. However, irradiation in the UV range (4 = 365.0 nm) produces the
nitride bridged dimer [(MeszMo),(p-N)] (31), which marked the first example of
photochemical N,-splitting. The authors proposed a mechanism (Scheme 10, top) via
initial photolysis into monomeric nitrides, which form a transient tetranuclear inter-
mediate with parent 30 and finally the nitride bridged dinuclear product 31 after
N,-loss. Cummins proposed an alternative mechanism based on detailed examination
of the trianilide platform. Bulk irradiation of 3 with visible light (4 > 480 nm) at
—78°C produces a 1:1 mixture of nitride 27 and parent [Mo(NtBuAr)3] 26 (Scheme
10, bottom) [37]. Frequency resolved pump-probe spectroscopy revealed that exci-
tation at 2.3 eV creates an excited triplet state, which relaxes through internal
conversion (IC) within 300 fs. to a vibrationally excited ground state [85]. Rapid
cooling of the hot ground state (sub-ps) explains the modest quantum yield
(® = 0.05) for the two Mo—N and N-N dissociative reaction channels. Importantly,
coupling of IC with structural distortions of the Mo—-N-N-Mo core facilitates the
entry into the higher barrier N-N cleavage channel through the singlet zigzag
transition state and thereby compensates the thermal bias for Mo-N cleavage,
which results in the photochemical 1:1 product mixture. Such distortions were
predicted computationally for the photochemical states of linearly bridged diiron
and -ruthenium p-N, complexes (M = Fe, Ru) by Reiher et al. [86].
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3 (bottom) [37, 84]

The necessity for 3 to distort from linearity for N-N bond cleavage indicates that
ligand sterics are crucial not only for the formation of N,-bridged complexes but
also for splitting into nitrides. For example, [Mo(NAdAr)3;] (Ad = 1-adamantyl)
does not form nitrides under N,, presumably due to the excessive steric bulk of the
amide ligands [78]. However, steric shielding is required to prevent metal-metal
bonding and formation, as found for Mo,(NR,)s (NR, = NMe,, NMeEt, NEt,),
which do not react with N, (Scheme 11, top) [87]. These considerations were
confirmed by DFT computations [88]. For the same reason, use of alkoxide ligands
was unsuccessful, although rapid nitride transfer between the alkoxide and amide
platforms was demonstrated (Scheme 11, mid) [89-91]. N,-splitting with a smaller
ispropylamide ligand was also reported (Scheme 11, bottom). However, in case of
the iso-propylanilide metal-metal bond formation is suppressed by reversible
methyne C-H cyclometalation [92]. Reaction of [MoH(n2-MeZC:NAr)(NiPrAr)2]
(32) with N, gives the nitride bridged complex [{(AriPrN);Mo},(p-N)] (33). The
proposed mechanism implies a CH reductive elimination preequilibrium, N,-split-
ting, and dimerization with the parent triamide. Mixing 32 and [NMo(N/PrAr)s]
gives the same product.

3.2 N,-Splitting by Group 6 and 7 Pincer Complexes

Tridentate, monoanionic, meridionally coordinating (“pincer”) ligands are exten-
sively used in small molecule activation and homogeneous catalysis [93, 94]. Bulky
substituents aid in enforcing rigid square-planar, square-pyramidal, or octahedral
coordination geometries and direct the reactivity to predefined sites. Four accounts
on N cleavage into nitrides with group 6 and 7 complexes were reported that carry
pincer-type or related ligands. Schrock pointed out that N, activation with



86 I. Klopsch et al.

RN NR;
NR; R = Me, Et N
2 RyN—Mo, - RN Mo—=Mo—=NR;
8 / 3
NR; RyM MR,
1] i ITl BuQ, O'Bu
2 _Me + 2adeun—me "N L 2 e 4 £
Buo” N\ OBu bl S U NBupar T BuOnMoSMo—O'Bu
'0'Bu M(Bu)Ar Ar'Bu)N N(Bu)Ar 'BuO’ "O!Bu
Pr 1 N Ar('PriN N(Pr)Ar
A H /J Ar, f N, I Mo[N(Pr)Ar; R
N—MoZ_| —~— N mo-"”-\m /Mo —————— Ar{PrjN=—Mo=N-=-Mo—=N{'PrjAr
e N fN \ N(PrjAr / A
PN Ar b N—Pr ACPON' Nprar Ar(PON N(PrIAr
. ; : Y 33
'Pr Ar
32 =
Scheme 11 Dimerization of molybdenum triamides/trialkoxides
A\ Ar
4 Ar
= e o
1 ——
2 NaH / &\ (& \  THF, [ -
-_— { N—Cr— N\-\\_ \ / AY
= e DA 4
/ Ng M \
N\ Na II{J_ 7
4 =
Ar
3 )\[/ X
3 NaH NaH
M 1
A >w/’ /Ar
4 =N
y \ HCI
y \, 7
N 4 NaBPh
{ W—&r—n 36 PN BPhy
—f 1 \
/ ~ Na—THF B87%
=N_Pr /
Sy
Ipr | 3

Scheme 12 N, cleavage by reduction of a chromium N, bridged dimer with NaH [96]

chromium is more difficult compared with molybdenum due to low lying high-spin
states and the weak reduction potential of Cr'"'-compounds [95]. In addition, DFT
calculations by Stranger predict unfavorable thermochemistry of N,-splitting for
chromium triamides [81]. Regardless, Budzelaar, Gambarotta, and coworkers re-
ported N,-cleavage mediated by a well-defined chromium complex [96]. Reduction
of N, bridged [{(NNN)Cr(THF)},(ju:n'-n'-N»)] (34, NNN=CsH;N-2,6-{2,6-("
Pr,CcH3)N=C(CH3)},) with 2 eq. of NaH led to the protonated hydrazide species
35 (Scheme 12). The hydrogen atom of the N,H ligand was transferred from a
methyl group of the diimine ligand. Treatment with an additional equivalent NaH
results in full N-N bond scission and formation of imide 36. Ammonia could be
collected in 87% yield after addition of aqueous HCI.

Schrock and coworkers reported full N,-cleavage into terminal nitrides for the
reduction of molybdenum(III) pincer complex [Mol,(POCOP)] (37, POCOP=C¢Hs-
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Scheme 13 N, cleavage and subsequent protonation of the terminal nitride in Schrock’s
{(POCOP)Mo} system [97]

2,6-(OP'Bu,),) with Na/Hg under N, in the presence of crown ether 15-crown-5
(Scheme 13) [97]. The square-pyramidal, diamagnetic nitrido molybdate(IV) [Na
(15-crown-5)][Mo(N)I(POCOP)] (38) was isolated. The authors proposed a mecha-
nism via an end-on N,-bridged dinuclear intermediate, which splits into nitrides, in
analogy with Cummins’ molybdenum trianilide system. Two reducing equivalents
are overall required per {Mo(POCOP)} moiety which raises the question about
the electronic configuration of the state that undergoes N—N bond scission. The
authors favored cleavage on the neutral [(POCOP)IMo(N,)MolI(POCOP)] (39) stage
into intermediate molybdenum(V) nitrides over splitting of [(POCOP)IMo(N,)Mol
(POCOP)*~ (40) into the final molybdenum(IV) product. Within a simplified
covalent binding model in idealized fourfold symmetry (Scheme 1), the Mo—N-N-—
Mo core of neutral dimer 39 exhibits a ©° electronic configuration (in case of low
spin) vs. 7' expected for dianionic 40. Within this simple isolobal analogy the
putative dianionic n'° dimer 40 with Mo in square-pyramidal geometry resembles
Cummins’ 7' trianilide dimer 3 in threefold symmetry more closely. Alternatively,
splitting of 39 implies additional charge transfer from the metal to the N,-ligand
when starting from a singlet ©® ground state, e.g., by crossing to a x'° quintet en route
to a molybdenum(V) nitride splitting product, which is then further reduced to final
38. Experimental or computational information about the reaction pathway or the
structures and spin-states of intermediates are not yet available. Protonation of the
molybdenum(IV) nitrido complex 38 with [Et3NH][BArF 4] leads to formation of a
hydride species in which the proton bridges the metal ion and a phosphorous ligand.
Nitride protonation was not observed and with a mixture of organometallic reduc-
tants and acid only around 0.3 equivalents of ammonia were detected.

In analogy to Schrock’s pincer system, the group of Mézailles reported N,-splitting
upon reduction of molybdenum trichloride [MoCl;(PPP<Y)] (41, PPP<Y = PhP
(CH,CH,PCy,),) with Na/Hg in the presence of Nal under N, atmosphere [98].
The terminal nitride [MO(N)I(PPPCY)] (42) was observed in 80% spectroscopic
and 60% isolated yield (Scheme 14). The authors also proposed N,-cleavage of
dinuclear intermediate [{(PPP<Y)IMo },(p:n'-n'-N>)] (43) into the nitride 42. Not-
ably, such an intermediate should have a ©'° electronic configuration resembling
the Cummins dimer 3. Interestingly, the molybdenum(0) complexes [{(PPPCy)
(N2),Mo}o(pn'-n'-N2)] (44) and [{(PPP™)(N,),Mo},(jin'-n'-Ny)] (45) with
weakly activated bridging N, were independently reported by Nishibayashi and
Mezailles [99, 100]. They are excellent precatalysts for ammonia generation and
N, silylation but do not split into nitrides. Starting from nitride 42, Mezailles and



88 I. Klopsch et al.

Ph
cl )

N
TPCy, 2 NaiHg, Nal, N; ~p Cyzp Y-PCy,
Ph‘p(‘_..w‘ -3 NaCl CyzPy | |/‘;-Ph Ph, f||
Mo— —_— Mo—N=N—Mac" —_— P—Mo
/| cl or c F’(| 7 |j L / ~
P 2 NaBEtH, Nal, N | ~¥27 | "p PCy
Cy, Cl -3 NaCl, - 2 BEt, Cyz 2
41 43 42
IR
Zsi Slif_
56 H H
- Fik N?E NV
— — P— 1 r—
A% + (_ /MO\ ~80°C —~8i SiT
[ ~PCy, H i | H
R - Npcy
i:Ih\ K_|i|.-‘? ;
i // P—No—I
~J L\~ Ph f_i}Pcyg ~~ 80°C <_p/,L
—S8i Si— ~ PMes
W + P—/N‘io—PMeg Cya
|
H -P' H

Cy

Scheme 14 2 Electron reduction of (PPP)MoCl; yielding the terminal nitride (PPP)Mo(N)(I) [98]

coworkers were also able to transfer the nitrogen upon metal re-reduction with
silanes [98]. Heating with 1,2-bisdimethylsilyethane results in release of the free
bis(silyl)amine and presumably reduction of the metal to a molybdenum(II) hydride
which was trapped in the presence of PMe; as [{Mo"(H)I(PMe;)(PPP'®%)]. Full re-
generation of the metal in terms of a synthetic or even catalytic cycle could not be
accomplished so far.

Schneider and coworkers extended this approach beyond group 6. Reduction of
the rhenium(III) PNP pincer complexes [ReCl,(PNP)] (46, PNP = N(CH,CH,P’
Bu,),) or [ReCl3(PNP)] (47) with Na/Hg under N, atmosphere gives the rhenium
(V) nitride [Re(N)CI(PNP)] (48) in spectroscopic yields up to 90% (Scheme 15)
[101, 102]. Alternatively, milder organometallic reductants such as CoCp*, can
also be used, albeit with slightly lower yield. Intermediates were not detected, but
DFT computations supported a mechanism via formation of dinuclear complex
[{(PN P)ClRe}z(p:nl-nl—Nz)] (49). For this putative intermediate, triplet, open shell
singlet (BS[1,1]), and singlet wavefunctions were found close in energy. However,
they all resemble the 7' configuration expected for such a dimer from the simple
symmetry considerations in Scheme 1, again in analogy with Cummins’ molybdenum
triamide and possibly with Schrock’s and Mézailles’ pincer systems (see above).
Splitting of 49 into 48 was computed to be exergonic by AG® = 98 kJ mol ~' via a
zigzag hydrazido transition state with a moderate kinetic barrier (AG* = 84 kJ mol ~").
The PNP pincer ligand also features a strongly n-donating dialkylamide group in the
ligand backbone. It can overlap with the Re—-N-N-Re n-manifold to promote charge
transfer to N,, which requires ligand rotation for the triamide platform where the amide
ligands are orthogonal (see above). Starting from nitride 48 the group of Schneider also
reported nitrogen transfer by formation of acetonitrile within a synthetic cycle, which
will be discussed in Sect. 4.
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The microscopic reverse, i.e., nitride coupling to N,, was also examined with
pincer complexes, to elucidate the boundaries for the covalent N,-bonding model
[103—105]. Schneider and coworkers examined the coupling of the iridium nitrides
[I'N(PNP)]"* (n = 0 (50), 1 (51); PNP = N(CHCHPBu,),) to the three possible
N,-bridged dimers of the Ir'/IrY redox series [(PNP)IrNLIr(PNP)]"* (n = 0 (52),
1 (83), 2 (54)), and structurally characterized them [105] (Scheme 16). From a
simple isolobal relationship with octahedral LsM—N-N-MLs complexes (Scheme
1), the square-planar geometry gives rise to ©'* configuration for Ir'/Ir* dimer 52, 7'
for mixed-valent Ir'/Ir'" species 53 and 7'° for dicationic Ir"/Ir'" compound 54,
which was qualitatively confirmed by DFT computations. All three coupling
reactions were found to be thermodynamically downhill and all proceed via zigzag
transition states in analogy to the reverse N,-splitting. Hence, N,-splitting of the r'°
dimer 54 is thermodynamically unfavorable due to weak M—N multiple bonding for
late transition metals such as iridium. This observation emphasizes the limitations
of the covalent N,-bonding scheme with respect to N,-splitting reactivity. How-
ever, a decreasing driving force for coupling to dimers 52 (AG = —102 kcal/mol),
53 (AG = —97 kcal/mol), and 54 (AG = —74 kcal/mol) was computed, respec-
tively. This trend in fact reflects the MO picture, as for the ©'' (53) and n'? (52)
dimers the respective iridium(IV) nitride 50 is destabilized by population of
antibonding Ir-N #*-MO [103].

3.3 N,-Splitting by Group 6 Cyclopentadienide Complexes

The end-on bridged dinuclear group 6 dinitrogen complexes [{ Cp*M(am) },(pn-N»)]
M = Mo (12), W (13); am = iPrNC(Me)NiPr) were prepared by Sita and co-
workers upon reduction of the respective M"Y dichlorides [40]. These diamagnetic
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Scheme 17 N, cleavage in p-nitrido and bis(p-nitrido) complexes by Sita’s group [106]

complexes exhibit a 7® M—-N—-N-M core with moderate activation and are thermally
stable with respect to splitting into nitrides. However, irradiation with a mercury
lamp results in splitting of the N-N bond to the dimeric, diamagnetic M" nitrides
[{Cp*M(am) },(p-N)2] M = Mo (55), W (56)) and, in case of M = Mo, together
with mixed valent Mo"/Mo™ mononitride bridged [{Cp*Mo(am)},(p-N)] (57)
(Scheme 17) [106]. The mechanism of this reaction is not known. However, the
product distribution is reminiscent of the photolysis of Cummins’ trianilide
[{(ArtBuN)3M0}2(p-n]:nl-Nz)] 3 (see Sect. 3.1). There, relaxation of a hot ground
state that arises from photoexcitation and internal conversion provides entry to
competing N-N and Mo-N cleavage pathways upon coupling with vibrational dis-
tortions of the Mo—N-N—-Mo core. In the present case, such a mechanism could result
in the formation of [Cp*Mo(am)N] and [Cp*Mo(am)] which subsequently dimerize
to a statistical mixture of the dinitride and nitride dimers. Importantly, such a
mechanism implies the formation of the molybdenum(V) (d") nitride from the x®-
dimer. Hence, charge transfer from metal-based d-orbitals to the N,-ligand required
for N-N bond splitting might be possible at least photochemically. This photochem-
ical N,-splitting reaction was complemented with nitride transfer within a synthetic
cycle producing isocyanate with CO, and chlorosilane. This reaction is discussed in
Sect. 4.

This work is related to the reactivity of a redox series of N,-bridged
dimolybdenum pianostool complexes supported by a ferrocenyldiphosphine ligand.
The three complexes [{Cp*Mo(depf) }»(p-n"-n'-N)I[BAr ], (n = 0 (58), 1 (59),
2 (60); depf = 1,1’-bisdiethylphosphinoferrocene; Scheme 18) were reported by
Nishibayashi and Yoshizawa [107, 108]. The solution magnetic properties of 60
(diamagnetic), 59 (Uesr = 2.1 pp), and 58 (pegr = 3.2 pp) at room temperature in
combination with the moderate (58: dyny = 1.182(5) 10%) to strong (60: dyn = 1.256
) A) degrees of N, activation support low-spin ° (60), T 59), x'0 (58), configu-
rations, respectively. This is reminiscent of the series 3-5 [{(ArtBuN)3Mo}2(p-n1:n1—
No)I™ (n = 0-2; see Sect. 3.1) reported by Cummins. In analogy, the allegedly least
activated N, complex 58 splits into nitride [{Cp*MoIVN(depf) }»1 (61) upon irradia-
tion at 400 < 4 < 580 nm. TD-DFT computations point towards a transition at
Acale = 495 nm with strong metal to N,-ligand charge transfer character that might be
relevant for the splitting reactivity. Importantly, oxidation of 61 with ferrocenium
results in the reverse, i.e., thermal coupling to dinitrogen complex 60. This inversion
of the N,-splitting/coupling thermochemistry is in line with the electronic configu-
rations of 58 (x': splitting) and 60 (z*: coupling), respectively. Interestingly,
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Scheme 18 N, cleavage and functionalization mediated by a { Mo(depf)(Cp*)} complex [107]

oxidation of 61 in the presence of the hydrogen atom donor 1,4-cyclohexadiene
results in the hydrogen atom transfer product [{Cp*MoIV(N H)(depf) },]" (62) besides
nitride coupling, which might give entry into nitride transfer reactivity. Moreover,
protonation of 61 gives the same products, but the mechanism for this disproportion-
ation remains unclear.

3.4 N,-Splitting Beyond Group 7 Elements

Group 8 elements, in particular iron, are the metals used as catalysts for the Haber-
Bosch process, which in fact proceeds via initial, turnover limiting dissociative N,
chemisorption. However, despite intense efforts [109-113], for a long time only the
reverse reaction of N,-splitting, i.e., nitride coupling, were known for molecular
iron [114—116], ruthenium [117], and osmium [118-122] complexes. Most of these
dimerize as octahedral or square-planar M" nitrides. They are destabilized due to
the population of an antibonding M-N n*-MO, which drives dimerization to the
N,-bridged complexes with ©'> M-N-N-M cores. The same situation was shown
for isolobal, square-planar group 9 M"Y (M = Rh, Ir) nitrides, which were examined
by Schneider and coworkers (see Sect. 3.2). In contrast, the iron(IV) nitride [FeN
(BP3)] (BP;~ = PhB(CH,PiPr,);7) (63) also undergoes coupling at room temper-
ature, yet exhibiting an electronic closed-shell ground state. Coupling produces
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Scheme 19 Photoinduced N, cleavage mediated by an osmium complex [123]

[{ (BP3)Fe}2(p-r|l-nl-N2)] (64) with two exchange-coupled high-spin Fe(I) ions in
threefold symmetry bridged by neutral N,. Analysis of the magnetic data favored
this valence state assignment over a three-spin model constituted by two high-spin
Fe(Il) ions bridged by szf (S = 1). Hence, the metal high-spin state reduces
charge transfer to the N, ligand resulting in only moderate activation (dyy = 1.138

6) A) thereby contributing to the instability of the iron(IV) nitride.

The first report of Nj-cleavage beyond group 6 was reported by Kunkely and
Vogler in 2010. Irradiation of mixed-valent 0Osos™ N,-complex [{(NH3)sO0s}(p-n
l-nl-NZ)]5+ (65) in acidic aqueous solution was reported to yield osmium(VI) nitride
[OsN(NH;),1** (66) and [Os™(NH3)s(H,O0)]** (67) (Scheme 19) [123]. The authors
proposed a mechanism via photochemical N,-splitting into Os"" and transient Os"
nitrides. The latter disproportionates with subsequent hydrolysis forming ammonia
with an overall yield of 16%.

Shortly after, Holland and coworkers presented the first example of N,-splitting
to a well-defined molecular iron nitride complex. Reduction of the dimeric iron(II)
p-diketiminate complex [FeCl(L)], (L = MeC[C(Me)N(2,6-Me,C¢H3)],) (68)
with KCg under N, affords the isolation of the remarkable dinitride complex
Ks[{Fe(L) }4(p-N)>(p-Cl)5] (69) (Scheme 20) upon full scission of the N—N bond
(dnn = 2.799(2) A) [124]. NMR studies indicate that the complex, multinuclear
structure is maintained in solution. Mossbauer spectra suggest the valence assign-
ments as two high-spin Fe"" and two high-spin Fe'"" ions, in agreement with the
overall charge balance for 6-electron N, reduction. The cooperativity of four iron
centers avoids the unfavorable formation of high-valent iron. Previous work from
that group emphasizes the strong influence of subtle ligand variations. Reduction of
the mononuclear p-diketiminate complex [(L’)FeCl] (L’ = HC[C('Bu)N(2,6—i
PryCgH3)]») (70) yields N,-bridged K> [{(L*)Fe }z(p—nl-nl-N »)] (71), which exhibits
strong Nj-activation (dyy = 1.23 A, oan = 1,589 cm ™) but does not split into
nitrides [125]. This difference was attributed to ligand sterics, which prevent nitride
stabilization by cluster formation in the latter case. Computational analysis for 68
suggested initial formation of a Fe-N—N-Fe core followed by side-on coordination
of a third Fe(I) fragment for the smaller ligand [126]. After structural rearrangement
to a side-on/side-on/end-on conformation, coordination of the fourth iron fragment
leads to N-N cleavage. This study and subsequent experimental work emphasized
an important influence of the alkaline cation in stabilizing the nitride cluster and
enabling N,-splitting [127, 128]. Splitting is reversible as demonstrated by addition
of the strong m-acceptor CO, which results in N, reductive elimination
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[129]. Addition of several acids to 68 yields ammonia in up to 96% yield [130]. An
impressive number of intermediates could be isolated for the protonolysis, giving
insights into a potential mechanism for ammonia formation. They also illustrate the
strong basicity of the system and the strong reductants that are required for stepwise
reduction/protonation can be offset by proton-coupled electron transfer reactions.
Removal of the supporting potassium ion in 68 by addition of 18-crown-6 reveals a
very basic nitrogen moiety, which ends up in intramolecular C-H activation of a
benzylic CH; group of the ancillary ligand to form N-H bonds [131]. Strong
nucleophilicity of the unmasked nitride is also displayed by C—N bond formation
with methyl tosylate resulting in a bridging imide/nitride.

Murray and coworkers used a multimetallic, cooperative approach to split N,
upon reduction of a triiron(I) complex 72 with KCg (Scheme 21) [132]. The three
Fe ions in the main product 73 were found to bridge through three NH, functions.
Mossbauer spectra show the presence of localized triiron(II/II/III) at low tempera-
tures. The presence of three nitrogen atoms per cluster suggests intra- and
intermolecular cooperativity. The origin of the hydrogen atoms in the bridging
NH, moieties could not be determined so far. Reaction in silylated glassware,
deuterium labeling experiments, and addition of compounds with weak C-H
bonds (9,10-dihydroanthracene) did not give a satisfactory explanation. Addition
of HCI to this compound yields about 30% ammonia, indicating that only one of
three nitrogen units can be liberated in this way.
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4 Nitride Functionalization Following N,-Splitting

The reactivity of transition metal nitrides, as depending on the metal type and
oxidation state, was extensively examined and summarized in several comprehen-
sive review articles [11, 133, 134]. Nitride ligands mostly exhibit nucleophilic
reactivity except for some examples of high-valent late transition metal nitride
complexes (Ru, Os, Ir). Accordingly, the reactivity of nitrides that originated from
N;-splitting with electrophiles was examined. Several groups reported the genera-
tion of ammonia upon protonolysis of well-defined N,-derived nitride complexes.
Concerning group 6-8 metals the reports by the groups of Budzelaar (Cr) [96],
Nishibayashi (Mo) [107], Vogler (Os) [123], Holland (Fe) [113, 124], and Murray
(Fe) [132] were already presented in the preceding section. Besides these, further
examples from Chirik (Ti) [63], Hou (Ti) [135], Gambarotta (Ti and V) [136, 137],
Kawaguchi (Nb) [138], and Mindiola (Nb) [139] using early transition metals are
also known. However, the generation of ammonia is not in the main focus of this
review. Instead, in this section the transfer of nitrogen from N, by N-C bond
formation via initial N,-splitting will be discussed. When considering possible
target molecules for the synthesis of organics with N, as nitrogen source it is
instructive to assess the thermochemistry of hypothetical reactions. Caulton and
coworkers discussed several reactions where N, is incorporated into organic mol-
ecules with retention of one or two N-N bonds (selected reactions in Scheme 22)
[140]. With high energy starting materials like acetylenes and N-heterocycles
as synthetic targets, particularly when stabilized by aromaticity, several
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Scheme 22 Computed reaction enthalpies AH, for N, functionalization from Caulton and
coworkers [140] (numbers marked with * are experimental values for gas phase reactions retrieved
from Ref. [142])
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thermodynamically accessible reactions were pointed out. In addition, formation of
strong C=N (e.g., heterocummulenes) or C=N (nitriles) bonds can offset the high
energy demand for complete N, cleavage [141]. For example the C=N bond
dissociation energy (D°(HC=N) = 937 kJ mol ") is close to that of N, providing
a driving force for catalytic transformations of Nj, to nitriles. Unfavorable reactions
can be turned exothermic by simultaneous hydrogenation. Besides, H, can serve as
attractive mild reductant for nitrogen.

4.1 Formation of Heterocummulenes

The group of Kawaguchi demonstrated N, cleavage upon reaction of a Nb(V)
dichloride with a chelating triphenoxide ligand with LiHBEt; (6 eq.) [143]. Subse-
quent work with a related triphenoxy ligand gave further insights into the mecha-
nism (Scheme 23). The (p-H),-bridged dimer K,[(LOP*Nb"™),(u-H)4] (74) directly
reacts with N, upon H; elimination and N—-N bond cleavage to the bis(p-nitrido)
complex K,[(LOP™Nb),(u-N),] (75; L™ = HC-0-(C¢H,0-4,6-tBu,)3) [138].
Within a series of stoichiometric reactions, this compound could be transformed
to a mononuclear ureate complex via nitride alkylation, dimer cleavage with
pyridine and oxo/imido-metathesis with CO, [144]. Importantly, the immediate
product from N,-splitting does not react with CO,, presumably because of low
nucleophilicity of the bridging nitride and steric bulk. Ureate formation from the
imide intermediate is proposed to proceed via initial [2 + 2] addition of CO, and
subsequent extrusion of methyl isocyanate. Besides the dimeric oxo complex, the
ureate would then result from MeNCO addition to another parent imido complex.
However, reaction intermediates or free MeNCO could not be detected. Liberation
of free heterocummulenes like isocyanate or carbodiimide or of dimethylurea was
not reported.

The same group later established a full synthetic cycle for isocyanate from N,
formation with a related system. Reduction of vanadium complex [(ONO)Vm
(THF)] (ONO = 2,6-(3-'Bu-5-Me-2-OC¢H,CH,)-4-"Bu-(p-tolyl)NCsH,) (76) with
KH (2 equiv) under N, atmosphere gives the nitride bridged [{ K(DME)},{(ONO)V
Y(@-N)}1» (77) in 61% yield (Scheme 24) [145]. Oxidation with benzoquinone
affords the terminal vanadium(V) nitride K[(ONO)VYN] (78). Regeneration of the
V! nitride dimer with KH was not successful, suggesting that the V" nitride is not
an intermediate in N,-splitting. Nitrogen atom transfer to CO or isonitriles was
accomplished, generating the respective vanadium(IIl) isocyanate (79) and
carbodiimide (80) complexes. After C—N bond formation free potassium isocyanate
precipitates in toluene upon trapping the alkyne complex [(ONO)V(n*-MeCCMe)]
(81) with dimethylacetylene. From there, parent 76 could be regenerated by dis-
solving 81 in THF.

A full synthetic cycle to isocyanates from N, could also be established by Sita
and coworkers [106]. Earlier work of this group demonstrated thermal N,-splitting
for the N,-bridged group 5 complexes [{Cp*(am)M}z(p:nl—nl—NQ)] (M = Nb (10),
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Scheme 23 N,-splitting by a Nb hydrido complex and functionalization of the resulting bis
(p-nitrido) [138, 144]

Ta (11); Scheme 25, top), which exhibit strong N, activation in the ground state (see
Sect. 2.2) [39, 41]. Functionalization of the tantalum nitride was achieved by N-Si
bond formation with silanes [39], reminiscent of work by the group of Mézailles
(c.f. Sect. 3.2). This approach could be transferred to the analogous group 6 system.
Photolysis of [{Cp*(am)M },(j:n'-n'-N»)] (M = Mo (12), W (13)) yields nitride-
bridged dinuclear complexes 55 and 56 (c.f. Sect. 3.3) [40]. Addition of R;ECI
(R3E = Me;Si, Ph3Si, Me3Ge, Me;C) to the bis(p-nitrido) complexes 55 and 56
produces a 1:1 mixture of the mononuclear nitride [Cp*M(am)M(N)CI] and the
imide [Cp*M(am)(N-ER3)] (82). A radical mechanism was proposed. In contrast,
irradiation of 12 or 13 in the presence of Me;SiCl gives the imide complex 82 and
dichloride [Cp*M(am)Cl,] (83) in 2:1 ratio (Scheme 25, bottom). Reaction of the
imide with CO affords free silylisocyanate in up to 64% yield and the bis(carbonyl)
complex [Cp*M(am)(CO),] [106, 146]. To close the synthetic cycle, the latter
complexes could be converted to the respective dichlorides 83 either by reaction
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Scheme 25 N,-splitting and functionalization mediated by group 5 complexes (fop, [39]) and a
synthetic cycle for N, to isocyanate conversion by group 6 metal complexes (bottom, [146])

with CO, and subsequent treatment of the resulting oxo complex with Me;SiCl or
directly by reaction of the silylimide under CO, (1.4—4.8 bar) in the presence of
Me;SiCl (Scheme 25). On this route, free isocyanate could be generated from N, in
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a pseudo-catalytic, four step one-pot synthesis with up to 82% recovered catalyst
per cycle.

Attempts to get isocyanates from the reaction of CO with Cummins’ molybde-
num(VI) nitride [MoN(N7BuAr);], which results from N,-splitting failed [147].
While DFT computations predicted that this reaction should be thermodynamically
possible, a large kinetic barrier presumably arises from the lack of a carbonyl
complex intermediate that can rearrange to an isocyanate. In comparison, this
pathway was computationally proposed for a related vanadium(V) nitride, which
forms isocyanates with CO, but which is not derived from N, [147-149].

4.2 Formation of Nitriles

Nitriles represent another synthetic target that was addressed by several groups
using molybdenum (Cummins), thenium (Schneider), and titanium (Hou) plat-
forms. Seminal work in this area was reported by Cummins and coworkers starting
from the trisanilide molybdenum(VI) nitrides that arise from N,-splitting (c.f. Sect.
3.1). [Mo(N)(N7BuAr)s] (27) exhibits only weak nucleophilicity but can be acti-
vated with strong Lewis acids, including alkylation, silylation, and acylation with
MeOTf, Me;SiOTH, or in situ prepared PhC(O)OTf, respectively [150]. The
methylimido complex 84 can be deprotonated (Scheme 26). The resulting ketimide
85, with approximately linear Mo=N=CH, unit, is a C-nucleophile giving the
ethylimide [Mo(NEt)(N/BuAr);]* 86 with Mel. Interestingly, the ethylimide could
not be obtained by direct ethylation of the nitride with EtOTf, Etl, or [Et;0]BF,,
respectively [150]. As an extension of this work, Cummins later reported the
formation of a cyanide complex from nitride 27 (Scheme 26). With a mixture of
MeOCH,CI and ‘Pr;SiOTf a methoxymethylimide complex 87 was obtained and
deprotonation leads to the respective alkoxyketimide [Mo(NCHOMe)(N7BuAr)s]
(88) [151]. Release of free prussic acid with Lewis acid was not successful, but a
mixture of Lewis acid/Brgnsted base (SnCl,/Me3;SiNMe,) gave the molybdenum
(IV) cyanide complex [Mo(CN)(NzBuAr)s;] (89). While this approach of
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Scheme 26 Functionalization of N,-derived terminal nitrido complex 27 with electrophiles
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N,-functionalization via splitting, alkylation, and ligand oxidation processes did not
lead to pseudo-catalytic synthetic cycles or even catalysis with this system yet, it is
conceptually relevant concerning the redox-balance. It demonstrates that metal -
re-reduction, in this case Mo " to Mo'", can at least in part be accomplished without
external reducing equivalents, but through a charge transfer from the ligand to
metal that is coupled with imide deprotonation. In fact, deprotonation of
alkylimides to ketimides and even double deprotonation to nitriles — a formal
transfer of four electrons to the metal — were well known but previously not applied
to N, functionalization [152, 153]. This approach was later also picked up by
Schneider and coworkers to establish a full synthetic cycle for nitrile generation
from N, (see below).

De Vries and coworkers were the first ones to transfer the N,-derived nitride
from Cummins’ system to an organic compound. Reaction of 27 with trifluoroacetic
anhydride in DMF results in release of free amide CF;C(O)NH, in high yield with
respect to nitrogen [154]. However, the molybdenum trisanilide platform is de-
graded and, in fact, the tert-butylamide groups serve as proton source, preventing
catalytic turnover. An elegant route for full nitrogen transfer starting from 27 was
provided by Cummins in 2006 [155]. Acylation with RC(O)Cl/SiMe;OTf (R = Ph, ’
Bu, Me) gives the respective acylimide complexes 90 (Scheme 27). These can be
reduced with Mg/anthracene in the presence of Me;SiCl to a trimethylsiloxy-
ketimide 91. Salt metathesis with Lewis acids like SnCl, or ZnCl, results in
fragmentation to the free organonitrile and molybdenum(IV) chloride [MoCl
(N7BuAr)s] (92). Further reduction restores the parent Mo™ triamide. In this
synthetic cycle, nitriles were produced in up to 38% yield over all steps. Each
molybdenum center is oxidized by 3 electrons upon N, cleavage and re-reduction is
a purely metal centered process.

This system was later extended to heterobimetallic (Mo/Nb) N,-cleavage and
-functionalization. N,-bridged (ng—electron) complex [(Ar'BuN)3Mo(p—n1—n1—N2)
Nb(N'PrAr);] (93) splits into Mo"" nitride 27 and Nb" nitride [NbN(N'PrAr);]~

Scheme 27 Synthetic o R TOTf
cycle for N, cleavage and \[/
conversion to nitriles [155] m W
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(94) upon reduction (Scheme 28) [156]. This nitrido niobate is more reactive than
the isoelectronic Mo complex. With acyl chlorides, unusual oxo/nitride metathesis
is observed directly producing the free nitrile and the Nb" oxo complex (95) [157].
Closing of the cycle with respect to niobium was accomplished by addition of
trifluoromethanesulfonic anhydride, reduction with CoCp, and metathesis of the Nb
V' triflate 96 with [(N,)Mo(N'BuAr);]~ 28. Ligand modification allowed for trap-
ping of an Nb" acylimido complex, which converts into the oxo-complex upon
heating. A variety of nitriles can be synthesized in high yield, providing the
opportunity of selective, atom-efficient '°N-labelling employing '°N,. However,
while this synthetic cycle is pseudo-catalytic in Nb it is still stoichiometric in Mo.

Related work was reported by Hou and coworkers with a titanium cyclopen-
tadienide platform, which even enabled the use of H, as reductant for N,-cleavage.
(Scheme 29) [135, 158]. Hydrogenolysis of the titanium(I'V) alkyl complex [Cp“Ti
(CH,SiMes3);3] (Cp” = CsMe4SiMes) (97) with dihydrogen (4 atm) affords a mixture
of the partially reduced, mixed-valent, trinuclear polyhydride [(Cp Ti);(p3-H)(H,-
H)s] (98: 69%) and [(Cp“Ti)4(p-H)g] (10%, not shown in Scheme 29). [(Cp”
M)4(p-H)g] is the main product in case of homologous Zr and Hf [159]. However,
only 98 reacts with N, (1 atm) upon partial H, elimination and formation of [(Cp”
T1)3(po-NH)(p3-N)(po-H),] (99) with full N,-cleavage and retention of the formal
metal oxidation states {Ti"™,/Ti'V}. The side-on end-on N »-bridged complex [(Cp”
Ti)s(p-n"m?n*Ny)(u-H);] was spectroscopically identified as an intermediate at
—30°C. Above —10°C, N,-splitting is observed to the bis-p-nitride [(Cp Ti);(p3-N)
(Po-N)(po-H)3], which isomerizes to the final product at 20°C. Further
Nj-incorporation was observed upon prolonged heating as solid at 180°C. Impor-
tantly, direct reaction of [Cp Ti(CH,SiMes;);] under H, (4 atm) and N, (1 atm) at
60°C gives the bisimide complex [(Cp Ti)z(p3-NH),(po-H),4] (100) in 90% yield.
Heating of the latter under N, (180°C, neat) also results in more N,-incorportation
to the diimide dinitride complex [(Cp'Ti)4(p>-NH),(p>-N),] (101) in about 95%
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Scheme 29 N, functionalization via polynuclear titanium hydrides [135, 160]

yield (Scheme 29) [160]. This complex directly forms a variety of organic nitriles in
good yields (60-85%) with acyl chlorides (60°C, 12 h) allowing for nitrogen
transfer from N, into organic substrates in two simple reaction steps. The p-oxo
complex [(Cp'TiCl,),(p-O)] and several unidentified paramagnetic titanium species
also result, which can be recovered as [Cp'TiCls] (102) in 83% yield upon addition
of ethereal HCI to the crude mixture. This enabled a full synthetic cycle by salt
metathesis with lithium neosyl. Most importantly, this system does not require
strong reductants like alkali metals.

Schneider and coworkers also reported the formation of acetonitrile with N, as
nitrogen source within a synthetic cycle based on their rhenium pincer platform
(Scheme 30). The nitride [Re(N)CI(PNP)] (48, PNP = N(CH,CH,PrBu,),), which
results from N,-splitting (c.f. Sect. 3.2), does not react with H, (3 bar) in contrast
with the related square-planar group 8 compounds [M(N)(PNP)] (M = Ru, Os) that
form ammonia in high yield [161, 162]. This lack of reactivity was attributed
to the strong trans-effect of the nitride ligand, which prevents H, heterolysis in
trans-position. However, 48 can be N-alkylated by strong electrophiles, such as
alkyltriflates ROTf (R = Me, Et) to the respective imido complexes [Re(NR)CI
(PNP)]* [102]. In contrast, with Brgnsted acids protonation at the amide instead of
the nitride nitrogen is observed. The different selectivity follows the computed
thermochemical preference for reaction with protons and C-nucleophiles, respec-
tively. Caulton and coworkers reported similar findings for a ruthenium(IV) nitride
that was obtained with azide as nitrogen source [163]. Deprotonation of ethylimide
[Re(NEt)CI(PNP)]* (103) gives the respective ketimide [Re(N=CHMe)CI(PNP)]
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(104) in near quantitative yield. The Re-N (1.822(4) A) and C=N (1.273(7) A)
bond distances and near linearity indicate strong Il-azavinylidene Re=N=C
heterocummulene character, also explaining the observation of two stereoisomers
of 104. The formation of 104 directly from the nitride can also be carried out in a
two-step, one-pot synthesis. Previous work on other group 6 and group
7 alkylimides that were not derived from N, suggests the formation of nitriles
(M « N=CR) upon double deprotonation of primary alkylimides (M=N-CH,R)
via ketimido (M—N=CHR) intermediates [152, 153]. Both deprotonation steps also
represent formal 2-electron reductions of the metal. Hence, this route implies
intramolecular proton coupled metal reduction, instead of the use of external
reductants used in the protocols of Cummins (Mg/anthracene) and Hou (H),
respectively. Deprotonation of 104 was possible upon trapping of the resulting
rhenium(I) species with strong n-acceptor ligands, like isonitriles, with concomitant
free acetonitrile release in near quantitative yield. Alternatively, external oxidants
can be used to avoid the need for additional m-accepting ligands. Net 2e /H*
removal by stepwise, one-pot oxidation with Ag” and subsequent hydrogen atom
abstraction with tri-ferz-butylphenoxy radical gave the vinylimide [Re(NCHCH,)Cl
(PNP)]* (105) in high yield. The preference of the Re" vinylimido vs. the Re™
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Scheme 31 Schematic pathways of nitrile synthesis after functionalization of N,-derived nitrides:
Nitride acylation (a) and alkylation (b, c) [102]

nitrile complex tautomer emphasizes the electron rich nature of the {Re(PNP)}-
platform. However, release of free acetonitrile from 105 is possible by adding a
chloride source with catalytic amounts of base (DBU) for tautomerization, albeit in
moderate yields. The most efficient route for acetonitrile release from ketimide 104
was obtained using N-chlorosuccinimide (NCS) as combined oxidant, chloride
source and base, giving free MeCN and rhenium(IV) chloride [ReCl3(PNP)] 47 in
over 90% yield. Versatile reduction of 47 closes a full synthetic cycle.

In comparing the synthetic strategies of the three nitrile protocols discussed
above it is instructive to assess the overall redox economy. Both Cummins (Mo,
Mo/Nb) and Hou (Ti) used organic acyl electrophiles for C-N bond formation.
Hence, a full cycle comprising N,-splitting and N-transfer further requires three
electrons per N-atom for re-reduction of the metal (Scheme 31a). This can be
accomplished with external chemical reductants, like electropositive metals
(Cummins) or H, (Hou). In contrast, the strategy evaluated by Schneider and
coworkers relies on intramolecular proton-coupled ligand-to-metal charge transfer.
Each deprotonation step is associated with formal 2-electron reduction of the metal.
Odd electron N, reduction (3e~ per N-atom) requires additional reductive or
oxidative redox steps for (pseudo)catalytic turnover (Scheme 31b and c).

5 Conclusions

In this tutorial review, the electronic structures of the most common end-on and
side-on bridging N,-complexes and the parameters that determine splitting into
nitrides were discussed. Some general trends such as increasing N,-activation of the
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heavier metal homologues due to better orbital overlap are apparent. Importantly,
dinuclear N,-complexes with x'0 (end-on) and 7°8° (side-on) electrons within the
M,N; core, respectively, were pointed out as preferred electronic configurations for
splitting into nitrides. Several other parameters, such as n-donating auxiliar ligands,
steric influences, high/low-spin transitions, and decreasing M=N bond strengths
along the transition series complicate this simplified picture. However, it provides a
good starting point in future efforts to design catalyst platforms that functionalize
N, via splitting into nitrides. For nitride functionalization that follows N,-splitting,
several synthetic targets were pointed out that could offset cleavage of the strong N,
bond, such as nitriles, heterocycles, or heterocummulenes. Catalytic protocols that
proceed through N,-splitting are yet to be developed. However, several stoichio-
metric and pseudo-catalytic variants offer possible solutions to combine C—N bond
formation and 6-electron redox reactivity and open up a path towards catalytic N,
functionalization beyond ammonia in the future.
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Synthetic Nitrogen Fixation with
Mononuclear Molybdenum(0) Phosphine
Complexes: Occupying the trans-Position
of Coordinated N,

Nadja Stucke, Thomas Weyrich, Mareike Pfeil, Katharina Grund,
Andrei Kindjajev, and Felix Tuczek

Abstract Synthetic nitrogen fixation with molybdenum phosphine complexes has
witnessed a renaissance recently due to the discovery that such systems are com-
petent to catalytically convert N, to ammonia. In the framework of this research
area, we have prepared complexes of the type [Mo(N,)(PEP)(P,)] (E = N, P;
P, = dppm, dmpm) in which the linear PEP ligand coordinates in a facial geometry.
Similar complexes have been prepared using mixed carbene—phosphine (PCP)
ligands. Furthermore, molybdenum bis(dinitrogen) complexes have been synthe-
sized which are facially coordinated by a tripod ligand and contain the bidentate
coligands dppm and dmpm. Recently, both of these approaches have been united
in the synthesis of a Mo(0)-N, complex supported by a pentadentate tetrapodal
(pentaPod) ligand. The structural, electronic, and vibrational properties of all of
these dinitrogen complexes have been investigated by NMR, IR, and Raman spect-
roscopy, and their reactivities in a nitrogen fixing cycle have been evaluated. To this
end, protonated derivatives have been investigated as well. On the basis of these
results and DFT calculations, these systems are promising candidates for the cata-
lytic conversion of N, to ammonia.

Keywords Mixed phosphine/carbene ligands ¢ Molybdenum complexes
Multidentate phosphine ligands ¢ Nitrogen fixation
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1 Introduction

One of the grand challenges of biological, inorganic, and organometallic chemistry
is the conversion of molecular dinitrogen to ammonia under ambient conditions
[1]. In nature, this process is catalyzed by the enzyme nitrogenase according to the
equation [2]:

N>+8H'+8e~ + 16MgATP — 2NH;+H,+16MgADP + 16P;

This process is highly energy consuming [3], and during the reduction not only
ammonia but also H is developed. Nitrogenase consists of two proteins. The larger
one, called molybdenum—iron (MoFe) protein, is an o,f,-tetramer which contains
two iron—sulfur clusters, the P-clusters, and two iron—-molybdenum cofactors (FeMoco)
which are the active site of the enzyme where the reduction of dinitrogen occurs [4—
7]. The electrons needed are provided by the iron (Fe) protein by forming a complex
with the MoFe protein. One electron is transferred from the Fe protein; then the Fe
protein dissociates and is recharged, so it is able to reduce the MoFe protein again.
After accomplishing this process eight times, one catalytic cycle is completed [8].

Dinitrogen can also be converted to ammonia under ambient conditions by tran-
sition metal complexes [9, 10]. In the last years, synthetic model systems have been
established that even allow a catalytic ammonia synthesis in a nitrogenase-like
fashion with turnover numbers of up to 60 per mononuclear catalytic metal site
[11, 12]. The earliest of these systems was discovered by Schrock and coworkers in
2003 and is based on a molybdenum complex with a sterically shielding HIPTN;N
ligand (HIPTN;3N = [{3,5-(2,4,6-iPr;CH,),CsH;NCH,CH, }sN1* ) [13, 14]. Using
decamethylchromocene as reductant and lutidinium BAr" (BArF = tetrakis[3,5-bis
(trifluoromethyl)phenyl]borate) as proton source, ammonia was generated from N,
with this system in four cycles with an overall yield of 65% [14]. A few years later,
Nishibayashi et al. established a dinuclear molybdenum—dinitrogen complex supported
by a PNP-pincer ligand [15-17]. With a combination of decamethylcobaltocene and
lutidinium triflate, this system generated 12 equiv. NH; per molybdenum center. Most
recently, the original catalyst was modified by applying tridentate triphosphine ligands
instead of the PNP-pincer ligand which led to a further increase in catalytic activity
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(63 NH3/Mo, respectively) [18]. In 2013, Peters et al. demonstrated that a catalytic
synthesis of ammonia from N is also possible based on iron complexes [19]. Using KCg
and HBAr" at low temperature, up to 64 eq. NH; are generated per Fe center [12].

The earliest complete mechanistic scenario for synthetic nitrogen fixation is
the Chatt cycle. This reactive scheme is based on mononuclear bis(dinitrogen)
phosphine-Mo/W dinitrogen complexes supported by diphosphine ligands like
dppe (dppe = Ph,PCH,CH,PPh,) or depe (depe = Et,PCH,CH,PEt,), which first
have been synthesized by the groups of Chatt and Hidai [20-24]. Our group has been
involved in synthetic, spectroscopic, and theoretical investigations of these com-
plexes and their protonated/reduced derivatives over the last years [25-37]. The
classic Chatt cycle, however, suffers from a couple of drawbacks that have limited
its performance in a catalytic reaction mode. In particular, the conjugate base of the
acid applied for protonation displaces one of the dinitrogen ligands in the parent bis
(dinitrogen) complex, leading to a loss of 50% of bound substrate. Moreover, the
presence of anionic coligands causes disproportionation at the Mo(I) stage which
corresponds to 50% loss of reactive complex [38].

Herein we describe our attempts to modify the design of the original mononu-
clear Mo(0) phosphine complexes in order to eventually achieve a catalytic action
of these systems. This in particular involves shielding the frans-position of coordi-
nated N, in order to prevent ligand-exchange reactions at this site. The last stage of
these developments is a molybdenum(0)-N, complex supported by a pentadentate
tetrapodal (pentaPod) ligand. The N, H,, (x = 1, 2; y = 0-3) intermediates in these
types of systems should be related to those of the Schrock cycle and the Fe-based
systems of Peters, but differ from those of Nishibayashi’s system which does
involve ligand-exchange reactions at the trans-position of coordinated N,.

2  Mo(0)-Dinitrogen Complexes Supported by Tridentate
PEP Ligands (E = P, N)

A first approach to occupy the frans-position of the coordinated dinitrogen ligand
involved the use of tridentate PEP ligands. With the diphosphine coligand dmpm
(dmpm = Me,PCH,PMe,), we synthesized dinitrogen pentaphosphine complexes
of the type [Mo(N,)(PEP)(dmpm)] in which the frans-position of N is occupied by
the central donor atom E (E = P or N) of the tridentate ligand PEP. In 1988, George
et al. had already prepared the mono(dinitrogen) complex [Mo(N,)(dpepp)(dmpm)]
supported by the tridentate ligand dpepp (dpepp = PhP(CH,CH,PPh,),) [39]. The
authors were also able to generate the corresponding NNH; complex by protonation
with trifluoromethane sulfonic acid [40]. It should be mentioned that a range of
molybdenum bis(dinitrogen) complexes with PEP ligands have been described in
the literature [41-45], but — apart from [Mo(N,)(dpepp)(dmpm)] and the related
complex [Mo(N,)(dpepp)(dppm)] (1) — no other molybdenum mono(dinitrogen)
complexes with facially coordinating PEP ligands (E = P, N) were described. It was
possible to obtain single crystals of 1 suitable for single crystal X-ray structure
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Fig. 1 Single crystal X-ray
structure of [Mo(N,)
(dpepp)(dppm)] (1).
Hydrogen atoms are
omitted for clarity [41]

analysis (Fig. 1; [41]) demonstrating that the dpepp ligand coordinates facially to
the molybdenum center.

In order to further explore such systems, we decided to investigate molybdenum-—
dinitrogen complexes with tridentate PEP ligands, varying the central donor atom E
(E = N, P) and the chain length of the aliphatic linkages. Our goal was thereby to
examine the stability of the respective N, complexes and the activation of the N,
ligand [46]. A similar problem will be addressed when comparing the literature-
known NPj ligand [47] (NP; = N(CH,CH,PPh,);) with the new prNP; (prNP; = N
(CH,CH,CH,PPh,);) ligand which has C; bridges (cf. Sect. 6) [48].

Elongation of the C, linkage of the tridentate ligand dpepp by an additional
methylene group leads to the literature-known ligand prPP(Ph)P (prPP(Ph)P = PhP
(CH,CH,CH,PPh,),) [49, 50]. In 1986, Dahlenburg et al. synthesized the corres-
ponding molybdenum(IIl) complex [MoCl;(prPP(Ph)P)]-CH,Cl, which was converted
to the bis(dinitrogen) complex [Mo(N,),(prPP(Ph)P)(PR3)] by sodium amalgam reduc-
tion using different monotertiary phosphines (PR3) [50]. To the best of our knowledge,
however, a corresponding molybdenum mono(dinitrogen) complex has not been syn-
thesized yet. By sodium amalgam reduction of [MoCl;(prPP(Ph)P)]-CH,Cl, under a
dinitrogen atmosphere in tetrahydrofuran in the presence of dmpm, we obtained the
complex [Mo(N,)(prPP(Ph)P)(dmpm)] (2) (Scheme 1) [46].

An X-ray single crystal structure determination of 2 has been performed (Fig. 2)
[46]. Comparison with [Mo(N,)(dpepp)(dppm)] 1 (Fig. 1) reveals similar bond
lengths and angles (note that no crystal structure of [Mo(N,)(dpepp)(dmpm)] is
available).

Nevertheless, the Mo—P,, bond of [Mo(N,)(dpepp)(dppm)] 1 is about 0.0246(18) A

shorter than in 2 (2.4460(6) A) [41, 46]. This significant difference is certainly due
to higher steric demand of the C; bridges compared to the C, counterparts [46].
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Scheme 1 Synthesis of the complexes [Mo(N,)(prPP(Ph)P)(dmpm)] (2) and [Mo(N,)(prPPHP)
(dmpm)] (3)

Fig. 2 Single crystal X-ray
structure of [Mo(N,)
(prPP(Ph)P)(dmpm)] (2).
Hydrogen atoms are
omitted for clarity [46]

The degree of activation of the N, ligand can be investigated with the help of
vibrational spectroscopy. Interestingly, replacement of the C, by a C; linkage hardly
influences the N-N stretching frequency. For [Mo(N,)(dpepp)(dmpm)] Vnn is
located at 1,966 cm ™' [39], and for [Mo(N,)(prPP(Ph)P)(dmpm)] (2) a strong NN
stretching vibration is observed at ¥y = 1,970 cm ™', Because of broadened signals
and a quintet associated with the rrans-phosphine in the *'P-NMR spectrum of [Mo
(N,)(prPP(Ph)P)(dmpm)] (2), we assume that several conformers exist in solution.
The corresponding complex [Mo(N,)(dpepp)(dppm)] (1) shows a triplet for the
trans-phosphine instead of a quintet. The presence of several conformers of 2 can
be explained by the higher flexibility of the C; linkages as compared to the C,
bridges of dpepp in [Mo(N,)(dpepp)(dmpm)] [39].

In view of the fact that the flexibility of the ligand backbone is restricted by
phenyl groups [51], we wanted to know what happens if the tertiary phosphine trans
to the N, ligand is replaced by a secondary phosphine. Therefore we synthesized the
complex [Mo(N,)(prPPHP)(dmpm)] (3) with the ligand prPPHP (prPPHP = HP
(CH,CH,CH,PPhj,),) (Scheme 2). The synthesis of the diallylphosphonic acid ethyl
ester was adapted from Bujard et al. [52]. After addition of diphenylphosphine,
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Scheme 2 Synthesis of the ligand prPPHP

promoted by AIBN, we obtained ethyl-bis(3-(diphenylphosphino)propyl)phosphinate,
which was subjected to a lithium aluminium hydride reduction, leading to the ligand
prPPHP [46].

By amalgam reduction of the Mo(IIl) precursor, the Mo(0)-N, complex [Mo
(N,)(prPPHP)(dmpm)] (3) was obtained. Again the 3IP_.NMR spectrum indicates
the presence of several conformers. Moreover a strongly high-field shifted signal
for the trans secondary phosphine is observed [46]. A single crystal structure
of 3 shows similar bond lengths and angles as compared to 2. However, with
2.4015(6) A the Mo-P,, bond is significantly shorter than those present in [Mo(N,)
(prPP(Ph)P)(dmpm)] (2) (2.4460(6) A) [46] and [Mo(N,)(dpepp)(dppm)] (2.4214(18) A)
[41]. This is readily explained by the smaller steric demand of the PH group
as compared to the PPh moiety [46]. Interestingly the NN stretching band of
3 (ay = 1,974 cm_l) is nearly the same as in 2 (Van = 1,970 cm™Y) so that the
activation of N, is not influenced by replacing the PPh moiety by PH [46].

The effect of changing the central donor atom of the PEP ligand was investigated
by replacing the central phosphorus donors of dpepp and prPP(Ph)P by nitrogen,
leading to the ligands PN(Ph)P (PN(Ph)P = PhN(CH,CH,PPh,),) and prPN(Ph)P
(prPN(Ph)P = PhN(CH,CH,CH,PPh,),). The former ligand has been prepared
earlier by Kostas [53]. The ligand PN(Ph)P was converted to Mo(IIl) complexes
[MoX5(PN(Ph)P)] using the Mo(III) precursors [MoCls(thf)s], [MoBrs(thf)s], and
[Mol;(thf);] (Scheme 3) [54-56]. The highest yield was achieved with the pre-
cursor [Molj;(thf);] [46]. Interestingly ligand prPN(Ph)P could only be converted to
the Mo(III) complex with [Mol;(thf);] [46].

Reduction of the Mo(IIl) complexes with sodium amalgam under a dinitrogen
atmosphere predominantly leads to the mono(dinitrogen) complex [Mo(N,)(PN(Ph)P)
(dmpm)] (4) and the bis(dinitrogen) complex [Mo(Nz)z(Kz—PN(Ph)P)(dmpm)] S;
Scheme 3) [46]. A similar pathway has been employed to synthesize the corresponding
prPN(Ph)P complexes [Mo(N,)(prPN(Ph)P)(dmpm)] (6) and the [Mo(N,),
(Kz—prPN(Ph)P)(dmpm)] (7). The occurrence of the bis(dinitrogen) complexes in
both systems indicates a partial dissociation of the N-donor in trans-position of the N,
ligand. Thereby a k*-coordination of the prPN(Ph)P ligand results and another N,
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Scheme 3 Synthesis of the complexes [MoX;3(PN(Ph)P)] (X = Cl, Br, I), [Mo(N,)(PN(Ph)P)
(dmpm)] (4), and [Mo(N2),(PN(Ph)P)(dmpm)] (5)

ligand coordinates at the free position (Scheme 3). Note that the smallest fraction of the
respective bis(dinitrogen) complex was observed if [Mol;(PN(Ph)P)] was used as a
precursor [46].

The NN stretching vibration of [Mo(N,)(PN(Ph)P)(dmpm)] (4) is observed at
1,940 cm ™" and that of [Mo(N,)(prPN(Ph)P)(dmpm)] (6) at 1,939 cm~'. This dem-
onstrates again that an elongation of the C, to a C; linkage does not influence the N,
activation (vide infra). Comparing the NN stretch of [Mo(N,)(PN(Ph)P)(dmpm)] (4)
with that of the phosphorus analogue [Mo(N,)(dpepp)(dmpm)] (Van = 1,966 cm™ ), a
low-frequency shift of 26 cm ™' is observed. Exchange of a phosphine by an amine
in trans-position to the N, ligand thus drastically increases the activation of Nj.
Supported by DFT calculations, we assume that the absence of a n-backbonding
interaction in the PNP system ensures a better activation. By contrast, a P-donor trans
to the N, ligand shows significant n-backbonding, leading to a stronger bond between
the metal and the trans P-donor which reduces the activation of N, [46].

Summing up, the elongation of a C, to a C; linkage and the exchange of tertiary
phosphine by a secondary phosphine hardly influence the activation of N, but an
N-donor trans to N, leads to a better activation of N,. On the other hand, mono
(dinitrogen) complexes with PNP ligands are less stable than their PPP counterpart
ligands so that bis(dinitrogen) complexes are formed [46].

3 Mo(0)-Dinitrogen Complexes Supported by Mixed
Imidazol-Ylidene/Phosphanyl Hybrid Ligands

Since the isolation of the first stable N-heterocyclic carbene by Arduengo and coworkers
in 1991 [57, 58], these molecules have become increasingly important, particularly in
organometallic catalysis [59-63]. For that reason, it appeared of significant interest
to explore the application of mixed phosphine/carbene ligands in the field of small
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Scheme 4 Different molybdenum complexes have been prepared starting from the precursor [Mo
(CO)4(pip)-]

molecule activation, especially molybdenum-based dinitrogen fixation [64—66]. In our
studies of molybdenum—dinitrogen complexes supported by multidentate phosphine
ligands, we investigated the electronic influences of aryl and alkyl substituents in detail
[46, 67-71]. Far more drastic changes are to be expected if a phosphine group is
replaced by a carbene residue [64]. To determine the impact of N-heterocyclic carbenes
coordinating to a molybdenum center on the activation of small molecules, Gradert
et al. synthesized a range of molybdenum tricarbonyl complexes supported by differ-
ent carbene and mixed carbene/phosphine ligands. Starting from the precursor [Mo
(CO)4(pip),] and replacing the piperidine ligands (and one carbonyl ligand), four new
complexes have been obtained (Scheme 4). Using vibrational spectroscopy and single
crystal X-ray structure analysis, these complexes have been characterized. Furthermore
DFT calculations have been performed to determine the electronic properties of the
carbene unit [64].

As evident from Scheme 4, the bidentate CP ligand and the CC ligand coordinate
to the molybdenum center via the phosphine and carbene unit or the pure carbene
groups, respectively. The PCP ligand and the CPC ligand substitute the two pipe-
ridine ligands and one CO ligand of the precursor [Mo(CO)4(pip),].

In almost all cases, potassium fert-butoxide was used as deprotonating agent.
The free carbene reacts with the metal precursor in tetrahydrofuran to yield the
molybdenum complexes [Mo(CO)4(CP)], [Mo(CO);(PCP)], [Mo(CO);(CPC)], and
[Mo(CO)4(CC)] supported by mixed NHC/phosphine ligands. It could be shown
that the [Mo(CO)4(pip),] precursor with its internal base piperidine is able to act as
the deprotonating agent. Consequently the use of an external base was not required.
The molybdenum triscarbonyl complexes containing the PCP or CPC ligand have
been investigated using vibrational spectroscopy, nuclear magnetic resonance spec-
troscopy, and single crystal X-ray structure analysis. Importantly, the tridentate
ligand PCP coordinates facially to the molybdenum center (Fig. 3); the same is
observed for the CPC ligand [64].

Relevant information regarding the properties of the metal-carbene bond could
be obtained from single crystal X-ray structure determination. Comparing the
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Fig. 3 Crystal structure of
fac-[Mo(CO);(PCP)].
Hydrogen atoms are
omitted for clarity [64]

impact of the carbene unit on the carbonyl ligand in frans-position with the influence
of a phosphine group in frans-position to a carbonyl ligand, it became clear that the
C-0 bond distance of the carbonyl ligand frans to the carbene (1.158 A) is longer
than the C-O distances of the CO ligands trans to the phosphines (1.149 A/1.150 A).
This was interpreted as evidence that carbene is a weaker m-acceptor than phosphine.
To assess the 6-donor capabilities of the different donor atoms of the PCP ligand, the
metal—Ccarbony1 bond distances of the three CO ligands were compared. The metal—
Ccarbony1 distance of the CO frans to the carbene (1.969 A) is marginally shorter than
the distances of the CO ligands trans to the phosphine moieties (1.978 A/1.972 A).
Because of the missing elongation of the metal-Cco bond trans to the carbene unit,
the o-donor capability of the carbene has to be comparable to that of the phosphine [64].

To check these conclusions, DFT calculations have been performed. Between the
lone pair of the carbene and the metal do orbital, a distinct, strong c-interaction
exists. Furthermore a mt-interaction between the C_,ene atom and the metal center is
conceivable. Depending on the nature of the metal center (number of d electrons), the
n-contribution varies between 10 and 30% [72]. In a molybdenum(0) center, the d,,,
d,., and d,; orbitals are doubly occupied so that the lone pair of the carbene donates
into the d,2_ > ([Mo(CO)4(CP)] and [Mo(CO)4(CC)]) and d.> ([Mo(CO)3(PCP)], [Mo
(CO);(CPC)]) orbitals, respectively. Comparing the different contributions of the
carbene and phosphine lone pairs, it is obvious that the o-donor capability of these
groups is of about equal strength. This is illustrated by the isodensity plots of the
frontier orbitals shown in Fig. 4.

Regarding the carbene moiety in Fig. 4, it becomes clear that there is no
n-interaction (neither m-bonding nor n-backbonding) between the dr orbitals of
the metal center and the carbene C atom. DFT thus indicates that the carbene unit of
the PCP ligand coordinating to a Mo(0) center is only a strong c-donor, but not a
m-acceptor [64].
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Fig. 4 Isodensity plots of the frontier molecular orbitals of [Mo(CO)4(CP)], [Mo(CO);(PCP)],

[Mo(CO);3(CPC)], and [Mo(CO)4(CC)]. The o-donor capability of the phosphine and carbene unit
is of comparable strength [64]
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The results of vibrational spectroscopy support these findings. The bond length
between two atoms correlates with the vibrational frequency; that is, the longer the
bond, the lower the frequency. In order to obtain information regarding this issue,
seven complexes with phosphine, carbene, and mixed phosphine/carbene donor sets
have been synthesized and investigated with IR and Raman spectroscopy (Scheme 5).
Four complexes are tetracarbonyl complexes containing bidentate coligands, whereas
three complexes are tricarbonyl complexes supported by tridentate coligands. Com-
plexes [Mo(CO)4(CC)] and [Mo(CO)4(dppp)] (dppp = Ph,PCH,CH,CH,PPh,)
exhibit C,, symmetry; hence four bands (2*A;, By, and B,) appear in the vibrational
spectrum. Due to the mixed ligand sphere, the point group of [Mo(CO)4(CP)] is
lowered to Cy, and as a result the four observable bands transform according to 2*A’
and 2*A" [64].

The frequency of the totally symmetric mode A /A’ in the complexes with PP, CP,
and CC ligands decreases from 2,016 cm”! (PP) over 2,005 cm ™! (CP) to 1,987 cm”!
(CQO). This indicates that carbonyl ligands are more activated in carbene complexes
than in complexes with pure phosphine ligands. The same behavior can be observed
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Scheme 5 Analysis of the vibrational modes depending on the symmetry of the complexes
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Scheme 6 New synthesized molybdenum complexes bearing benzimidazole-based mixed
NHC/phosphine ligands

in the complexes with tridentate ligands. Three bands are observed in the IR and
Raman spectra of [Mo(CO);(CPC)], [Mo(CO)3(PCP)], and [Mo(CO)3(dpepp)] which
in C, symmetry transform according to 2*A’ and A” [73]. The stretching vibration of
[Mo(CO);(CPC)] is located at 1,889 cm™ !, the vibration of [Mo(CO);(PCP)] at
1,905 cm ™', and the totally symmetric mode of [Mo(CO)s(dpepp)] is located at
1,925 cm™! [64]; that is, the more carbene units are coordinated to the metal center,
the lower are the CO frequencies.

In a later study, Gradert et al. synthesized similar molybdenum carbonyl com-
plexes with mixed N-heterocyclic/phosphine ligands. The effect of a carbene unit
with a benzimidazole backbone towards small molecules like CO was also inves-
tigated and compared to the imidazole-based carbene moiety. In Scheme 6, the new
complexes [Mo(CO)4(Benz-CC)], [Mo(CO)4(Benz-CP)], and [Mo(CO),(DMBenz-
PCP)] are shown [65, 74].
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Vibrational studies showed that the benzimidazole-based ligands have comparable
properties to the imidazole-based counterparts. However, the CO stretching vibrations
of the molybdenum complexes coordinated by the carbene ligand with benzimidazole
backbones are slightly shifted to higher wavenumbers (Scheme 6). In comparison to
the [Mo(CO)4(CC)] complex, e.g., the stretching frequency of the benzimidazole
analogue [Mo(CO)4(Benz-CC)] is shifted by 7 cm~ ! to 1994 cm™!. The same effect
can be observed in the complexes with tridentate ligands, where the totally symmetric
stretching mode in the benzimidazole-based NHC/phosphine CO complex is shifted
by 7 cm ™! to higher frequency compared to the imidazole-based analogue [64, 65]. Two
explanations can be invoked to explain these findings: (1) The carbene unit of the
benzimidazole-based ligand is a weaker o-donor than the carbene of the imidazole-
based ligand. (2) The o-donor capabilities of both ligand systems are comparable and
the benzimidazole-based carbene ligand also functions as a m-acceptor. To evaluate
these possibilities, DFT calculations were performed. As evident from Fig. 5, the
isodensity plots of the uncoordinated benzimidazole ligand exhibit an unoccupied *
orbital which is located at the carbene atom (LUMO, —0.59 eV) [65]. Backbonding to
this orbital could in principle be possible. Although the DFT-optimized and the X-ray
structure exhibit a slightly shortened Mo—Cnpce bond for [Mo(CO)s;(DMBenz-PCP)],
no significant contribution of ©* orbitals is found in the dr orbitals of the molybdenum
atom of the complex. Consequently the lower activation of the carbonyl ligand in the

LUMO+2 1.04eV 1.08eV w LUMO+1

LUMO+1 ﬂﬁg 0.19eV 0.83eV W LUMO

LUMO | -0.59 eV

HOMO % -5.90eV -5.65eV ‘#\%V HOMO

HOMO-1 | I  .6.29eV -6.15eV W FOMCS
Benzimidazole-2-ylidene Imidazole-2-ylidene

Fig. 5 Isodensity plots of the frontier molecular orbitals of the imidazole and benzimidazole-
based PCP ligands and the energies [65]
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benzimidazole—PCP moiety is caused by a lower o-donor capability of the carbene
moiety as compared to the imidazole-based system [65].

In conclusion, the first molybdenum carbonyl complexes supported by mixed
phosphine/NHC ligands have been prepared and characterized by different methods.
In agreement with single crystal X-ray structure determination and vibrational spec-
troscopy, DFT calculations indicate that the carbene unit within the ligand systems is a
pure o-donor, in contrast to a phosphine moiety which is a 6-donor/z-acceptor. Due to
the missing m-acceptor properties, the carbonyl ligands in the carbene complexes are
significantly more activated than those in complexes with pure phosphine coligands
[64]. Additionally three carbonyl complexes containing mixed benzimidazole-based
NHC/phosphine ligands have been prepared, characterized, and compared to their
imidazole analogues. The benzimidazole-based ligand is a weaker ¢-donor than the
imidazole-based ligand and, therefore, the CO ligands are slightly less activated in
molybdenum carbonyl complexes supported by benzimidazole- as compared to
imidazole-based ligands [65].

Having analyzed the bonding properties of NHC ligands based on molybdenum
carbonyl complexes, the next step involved the application of the mixed NHC/
phosphine ligands in molybdenum-based nitrogen fixation [66]. The tridentate mixed
NHC/phosphine ligand 1,3-bis(2-diphenylphosphanylethyl)imidazol-2-ylidene (PCP)
was chosen for the synthesis of molybdenum—dinitrogen complexes. Starting from the
precursor [Mo(N,),(PPh,Me),], ligand-exchange reactions were explored to synthe-
size mono(dinitrogen) complexes containing the PCP ligand or to synthesize other
suitable precursors (Scheme 7) [66, 75-77]. The four monophosphine ligands in the
complex [Mo(N,)(PPh,Me),] can easily be substituted by two diphosphine ligands or
two phosphite ligands. The resulting molybdenum—dinitrogen complexes have been
investigated using NMR and vibrational spectroscopy. Depending on the dppm,
dmpm, or two trimethyl phosphite ligands, the dinitrogen moieties are more or less
activated. The symmetric stretching mode is located at 2,034 em ! ([Mo(N»),(dppm)
(PPh,Me),] (8)), at 2,004 cem ! ([Mo(N»),(dmpm)(PPh,Me),] (9)), and at 2,048 cem !
([IMo(N5)»(PPh,Me),(P(OMe)s3),] (10)). The typical AA’XX' coupling pattern can be
observed for the two complexes with pure phosphine ligands [Mo(N,),(dppm)
(PPhoMe)] (8) and [Mo(N>)(dmpm)(PPh,Me),] (9) [66].

Starting from [Mo(N,),(PPh,Me),], the ligand-exchange reaction with the PCP
ligand has been monitored using IR spectroscopy. Within 2 h, the symmetric and
antisymmetric stretching modes of the bis(dinitrogen) precursors disappear and a
new band emerges at 1,876 cm ™" (Fig. 6) [66].

Due to the very strong activation of the N, ligand and the results of the investi-
gations of the molybdenum carbonyl complexes supported by the PCP ligand, it can
be assumed that the dinitrogen ligand coordinates in trans-position to the carbene
atom. Because of the flexibility of the PCP ligand and steric hindrance of the phenyl
groups, the constitution corresponds to the meridionally coordinated complex mer-
[Mo(N,)(PCP)(PPh,Me),] (11). However, the strong activation of the N, ligand is
accompanied by a high thermal instability of the dinitrogen complex, and therefore
further investigations using NMR spectroscopy could not be performed. Reaction of
the precursor [Mo(N,),(dppm)(PPh,Me),] (8) with the carbene ligand did not lead
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Scheme 7 Dinitrogen complexes with different phosphine and phosphite ligands

to the expected N, complex. A possible reason is the high steric demand of the
phenyl groups of the dppm ligand. The PCP ligand has to coordinate facially to the
molybdenum center, so that the four phenyl groups in the horizontal plane interfere
excessively. The analogous complex with the dmpm coligand could be obtained,
exhibiting an NN stretching vibration at 1,881 cm™'. Time-dependent NMR spec-
troscopy revealed the formation of the fac-[Mo(N,)(dmpm)(PCP)] (12) complex
during the reaction. Nevertheless, due to the strong activation of the dinitrogen
ligand, the product also was thermally unstable. The strong activation of the N,
ligand and the thermal instability of the complex are caused by the pure 5-donor and
the missing m-acceptor character of the PCP ligand. In order to obtain dinitrogen
complexes which exhibit a higher thermal stability, the PCP ligand was substituted
by the DMBenzPCP ligand [74]. However, the desired complexes could not be
isolated [66].

In view of these results, we decided to replace the phosphine coligands by less
activating trimethyl phosphite ligands. This way the electron density at the molyb-
denum center should be reduced so that the coordinating N, ligand is less activated
and the corresponding complex is stable at room temperature. First of all a ligand-
exchange reaction starting from [Mo(N,),(PPh,Me),(P(OMe)3),] (10) with the PCP
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Fig. 6 IR spectra of the reaction of [Mo(N,),(PPh,Me),] and the PCP ligand [66]

ligand has been performed. The structure of the precursor [Mo(N,),(PPh,Me),
(P(OMe)3),] (10) was proven by single X-ray structure analysis in the solid state
and by NMR spectroscopy in solution. In the solid state, the pure trans—trans isomer
exists, where the two phosphines as well as the two phosphites are in frans-position
to each other. In solution, this complex converts into several isomers. Hence the
ligand-exchange reaction of this precursor with the PCP ligand does not yield the
dinitrogen complex.

A further possibility to obtain molybdenum(0)—dinitrogen complexes is the
reduction of a molybdenum(IIl) complex by use of, e.g., sodium amalgam. The
single crystal X-ray structure determination of the precursor [MoCl;(PCP)] proves a
meridional coordination of the PCP ligand. Comparing this coordination geometry
to that of the molybdenum triscarbonyl complexes (vide supra), it becomes clear
that the coordination mode of the PCP ligand depends on the electronic properties of
the coligand (chloride vs. carbonyl) [66]. Sodium amalgam reduction of the molyb-
denum(III) precursor [MoCl;(PCP)] under N, atmosphere in the presence of two
equivalents of trimethyl phosphite finally led to two molybdenum(0) complexes 13
and 14 (Scheme 8).

The target complex mer-[Mo(N,)(PCP)(P(OMe)3),] (13) could be obtained this
way and was found to be thermally stable. In accordance to our expectations, the NN
stretching vibration of this dinitrogen complex is located at higher wavenumbers at
1,932 cm ™. The decrease in the activation of the dinitrogen ligand leads to a stable
product which could be characterized completely. DFT calculations of the complex
mer-[Mo(N,)(PCP)(P(OMe)3),] (13) exhibit no n-backbonding into n* orbitals of
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Scheme 8 Reaction of the free carbene with the molybdenum precursor [MoCls(thf);] and the
sodium amalgam reduction under N, atmosphere and two equivalents of trimethyl phosphite
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Fig. 7 3SIP.NMR spectrum of mer-[Mo(N,)(PCP)(P(OMe)s3),] (13) (blue) and [Mo(PCP)
(P(OMe)3)2(P(0)(OMe))] (14) (red) [66]

the PCP ligand. Again, the carbene atom of the PCP ligand is a pure o-donor.
Regarding the *'P-NMR spectrum of the product of the sodium amalgam reduction,
it is apparent that an additional product has been formed. Because of the signal in the
'3C HMBC NMR spectrum at 193.8 ppm, the coordination of the carbene atom to the
molybdenum center in this additional product is proven. In the *'P-NMR spectrum,
the expected two triplets of the dinitrogen complex can be observed (Fig. 7) [66].
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Furthermore three additional signals of the other product are visible. A multiplet
at 271.0 ppm points towards a new phosphorus species coordinated to the molyb-
denum center. This strong shift is not compatible with the trimethyl phosphite or
phosphine groups. Ultimately, the structure of the by-product 14 could be solved by
single X-ray structure determination. It is shown in Fig. 8 [66].

In trans-position to the carbene unit, the species P(O)(OMe) coordinates to the
molybdenum center. The Mo-Ppo)0ome) bond is significantly shortened (2.254(1) A)
compared to the other Mo—P bonds (2.397(8) A and 2.453(8) A). As a result of this, it
can be inferred that the Mo—Pp)0ome) bond has a double-bond character. Vibrational
spectroscopic analysis reveals a P-Op(oyome) Stretching vibration at 1,146 cm~ ! which
is indicative of a double bond. The ligand P(O)(OMe) can be described as an ester of
meta phosphorous acid, so it can be denoted as a meta phosphite ligand [78-82]. By
varying the amount of trimethyl phosphite, it is possible to change the ratio of the
dinitrogen complex and the meta phosphite complex up to 3:2 (1.4 equiv. of trimethyl
phosphite). However, it is not possible to suppress the formation of the meta phosphite
complex completely. By further lowering the amount of trimethyl phosphite, the yield
of the dinitrogen complex decreases but the ratio of the products is unchanged. Using
an excess of trimethyl phosphite leads to the exclusive formation of the meta phosphite
complex. These experiments show that the formation of the meta phosphite complex
[Mo(PCP)(P(OMe);),(P(O)(OMe))] (14) is preferred; that is, this is the thermodynam-
ically stable product [66].

The formation of this complex has been investigated in more detail. Using the
ligand dpepp instead of PCP during the sodium amalgam reduction and applying
an excess of trimethyl phosphite lead to the molybdenum complex fac-[Mo
(P(OMe);)3(dpepp)]. No formation of a meta phosphite complex is observed. Accord-
ingly the reaction of trimethyl phosphite to a meta phosphite ligand is exclusively
mediated by the Mo-NHC unit. During time-dependent NMR studies of the product
mixture ([Mo(PCP)(P(OMe);),(P(O)(OMe))] (14) and mer-[Mo(N,)(PCP)(P(OMe)3),]
(13)) in presence of an excess of trimethyl phosphite, the ratio of the starting products

Fig. 8 Crystal structure of
[Mo(PCP)(P(OMe)5),
(P(O)(OMe))] (14).
Hydrogen atoms are
omitted for clarity [66]
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does not change. Thus the sodium amalgam reduction of a molybdenum(III) complex to
a molybdenum(0) complex is needed to generate the meta phosphite [66].

The reactivity of the dinitrogen complex mer-[Mo(N,)(PCP)(P(OMe);),] (13)
towards Brgnsted and Lewis acids has been investigated in order to evaluate the
influence of the NHC unit. Intermediates like NNH,— or AlMe; complexes could not
be observed during the reaction using *'P-NMR spectroscopy. Instead the meta
phosphite complex reacts with the Lewis acid AlMe; under formation of two
different products, in which the AlMe; coordinates to the two different oxygen
atoms of the meta phosphite ligand [66].

To summarize, new molybdenum complexes containing the imidazole- and
benzimidazole-based pincer ligand PCP (1,3-bis(2-diphenylphosphanylethyl)
imidazol-2-ylidene, resp., 1,3-bis(2-diphenylphosphanylethyl)benzimidazol-2-
ylidene) have been synthesized, characterized, and investigated in connection with
small molecule, especially dinitrogen fixation [64—66]. It became apparent that the
carbene atom of the PCP ligand is a pure o-donor because of the exact cancellation of
the n-donor and m-acceptor properties. Hence small molecules like carbonyl or
dinitrogen coordinating to the metal center exhibit a very strong activation of the
triple bond [64-66]. Unfortunately, this high activation of the dinitrogen ligand is
accompanied by a thermal instability of the resulting complexes [66]. Therefore the
electron density at the metal center has been reduced using phosphite ligands. A
stable dinitrogen molybdenum complex with a mixed phosphine/carbene ligand
could be obtained and characterized. During this reaction, the by-product [Mo
(PCP)(P(OMe)3),(P(O)(OMe))] (14) with a meta phosphite ligand has emerged as
the thermodynamically stable product. The derivatization of the dinitrogen complex
mer-[Mo(N,)(PCP)(P(OMe)3),] (13) only leads to a decomposition [66]. The study
of the mixed ligands with phosphine and carbene units revealed the remarkable
properties of the PCP ligand although the application in mononuclear molybdenum-—
dinitrogen complexes is delicate [64—66].

4 Mo(0)-Dinitrogen Complexes Supported by Tripodal
Ligands with Aryl Substituents

In this section, we return to molybdenum—dinitrogen complexes supported by
polydentate phosphine ligands. In Sect. 2, the use of linear tridentate PEP ligands
was explored, varying the donor atom E (N, P) and the chain length of the
phosphine arms (C, vs. C3). A potential disadvantage especially of the dpepp system
is the possibility of the existence of different facial isomers, leading to different
degrees of N, activation [41, 83].

In order to establish a design that both remedies the drawbacks of the Chatt
system and avoids the problem of isomerization, our working group explored the
use of tripodal triphosphine ligands for molybdenum-based nitrogen fixation. In
contrast to their linear PPP counterparts, especially the dpepp ligand, these ligands
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enforce facial coordination [84]. In this way, the pivotal trans-position to the
dinitrogen ligand is also saturated. Moreover, due to the chelating effect of the
ligand, an increased stability at higher oxidation states of the metal center is
expected. In this respect, tripodal triphosphine ligands represent an alternative to
tridentate macrocyclic P3 ligands [85]. In 2011, we reported the first successful
coordination of the tripod ligand tdppme (tdppme = 1,1,1-tris(diphenylphos-
phanylmethyl)ethane) to a low-valent Mo—dinitrogen complex along with the
bidentate coligands dmpm and dppm, respectively [67]. The applied synthetic
approach involved the reaction of strong reducing agents like sodium amalgam
with Mo(IIl) halide complexes to generate — along with the respective coligands
under a dinitrogen atmosphere — the corresponding molybdenum—dinitrogen com-
plexes (vide supra). In the case of the tdppme ligand, the best results were achieved
by starting from [MoBrs(thf);] (Scheme 9). Reaction with the tripod led to
[MoBr;(tdppme)]; notably that the mer-isomer of [MoBrs(thf);] changes to the
fac-isomer of [MoBr;(tdppme)] in the course of the reaction. The sodium amalgam
reduction under an N, atmosphere in the presence of the appropriate diphos
coligand ultimately produced the complexes [Mo(N,)(tdppme)(diphos)] (15, 16).

The constitution of these complexes in the solid state was elucidated by the single
crystal X-ray structure analysis of the complex [Mo(N,)(tdppme)(dmpm)] (16)
(Fig. 9). The data show a rather small bite angle of 66.86° of the dmpm coligand
which seems to fit to the higher steric demand of the tripod ligand exhibiting a larger
bite angle of the equatorial phosphines (82.30°).

This solid state structure also exists in solution. The *'P-NMR spectra of both
15 and 16 show an AA’XX'M signal structure, which can be attributed to the
pentaphosphine environment surrounding the molybdenum center.

For the complex [Mo(N,)(tdppme)(dppm)] (15), three signals at 43.92, 33.32,
and 10.58 ppm are observed (Fig. 10, top).

The multiplet at 43.92 ppm corresponds to the equatorially bound P-donor atoms
of the tripod ligand while the signal for the trans-phosphine donor can be found at
33.32 ppm. The multiplet at 10.58 ppm is attributed to the P-donor atoms of the
dppm ligand. After extraction of the coupling constants, a corresponding *'P-NMR
spectrum has been simulated (Fig. 10, bottom). The same signal structure is
observed for the complex [Mo(N,)(tdppme)(dmpm)] (16), however, with slightly
different chemical shifts.

N
th Ph, Br Na.Hg Ph, 2 R,
Bra, | 4Br ibPMe Py, | Br dmpmordppm Pea | Pa
Mo - Mo N2 Mo,
Br? | “wnf reflux B | “Br THF Py | P
i 3h 2 PPh, Phz_p P2
R=Ph15
R =Me 16

Scheme 9 Synthesis of [Mo(N,)(tdppme)(diphos)] (15, 16) via reduction of the reactive precursor
[MoBr;(tdppme)] (diphos = dmpm, dppm)
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Fig. 9 Single crystal
structure of [Mo(N,)
(tdppme)(dmpm)] (16).
Hydrogen atoms are
omitted for clarity [67]
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Fig. 10 Comparison of the measured (fop) and the simulated (bottom) 3Ip_NMR spectrum of [Mo
(No)(tdppme)(dppm)] (15). Simulation of a 3S'lP.NMR spectrum has been carried out after extrac-
tion of the coupling constants [67]
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Fig. 11 IR (top) and Raman (bottom) spectra of [Mo(N,)(tdppme)(dmpm)] (16, left, black) and
[Mo(N,)(tdppme)(dppm)] (15, right). Left: [Mo('*Ny)(tdppme)(dmpm)] (*’N-16) (red) [67]

After confirming the constitution of the Mo—N, complexes 15 and 16, the next
step was to obtain information regarding the degree of activation of the N, ligand.
Compared to the free dinitrogen molecule (¥ny = 2,331 cm™ '), moderately acti-
vated N, complexes exhibit stretching frequencies lower than 2,000 cm ™'
[86]. While the complex [Mo(N,)(tdppme)(dmpm)] (16) shows an NN stretching
frequency at 1,979 cm ™' and thus is considered to be activated moderately, the
complex [Mo(N,)(tdppme)(dppm)] (15) exhibits a stretching frequency of the
coordinated N, ligand at 2,035 cm™ ' and thus is out of the range of moderately
activated N, complexes (Fig. 11).

Clearly, the coligand has a significant influence on the degree of activation. In
order to activate the N, ligand, electron density has to be transferred from d orbitals
of the metal center to the antibonding orbitals of the dinitrogen ligand which
ultimately leads to a weakening of the NN bond. By employing an alkyl phosphine
coligand like dmpm, more electron density is donated to the metal center than in
case of the dppm coligand. Due to the electron withdrawing character of phenyl
groups present in the latter ligand, less electron density is located at the metal
center, leading to a shift of ¥y to higher frequency by 55 cm ™.

The next step was the investigation of the reactivity of the N, complexes 15 and
16 towards strong acids. As mentioned above, [Mo(N,)(tdppme)(dppm)] (15),
which is less activated than [Mo(N,)(tdppme)(dmpm)] (16), does not exhibit any
reactivity towards acids. However, the N, ligand of [Mo(N,)(tdppme)(dmpm)] (16)
could be protonated using 2 equiv. of trifluoromethanesulfonic acid, leading to the
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Fig. 12 3SIP.NMR spectrum of [Mo(NNH,)(tdppme)(dmpm)](OTf), (NNH,-16). Signals marked
by asterisks at 24.82 and —23.35 ppm (AA’XX’) are probably a consequence of a decomposition
product during the NMR measurement [67]

diamagnetic complex [Mo(NNH,)(tdppme)(dmpm)](OTf), (NNH,-16). The con-
version occurred under full retention of the pentaphosphine environment as evidenced
by the *'P-NMR spectrum which still exhibits an AA’XX’M signal structure (Fig. 12).
In comparison to the parent complex [Mo(N,)(tdppme)(dmpm)] (16), all resonances
shift to higher field by 10-44 ppm.

Derivatization of N, in the isotopomer [Mo(lsNz)(tdppme)(dmpm)] ('°N-16)
has been carried out as well using 2 equiv. of HOTf. Coupling of the protons of the
>N'SNH, species to the terminal Ny atom was detected via "H-">"N HMQC-NMR.
With the help of vibrational spectroscopy, more information was obtained regard-
ing the NNH, species (Fig. 13). Signals at 3,301 and 3,238 cm ™" of the complex
[Mo(NNH,)(tdppme)(dmpm)](OTf), (NNH,-16) can be assigned to the antisym-
metric and symmetric NH, stretches. A shift to lower wavenumbers of the NH,
stretch has been detected as well for the N, marked isotopomer [Mo('>N'>NH,)
(tdppme)(dmpm)](OTf), ("’N'*NH,-16; 3,289 cm™' and 3,230 cm ™' respectively;
Fig. 13). Moreover, the NN stretch of the NNH, complex can be identified at
1,410 cm ™' (Fig. 13).
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Fig. 13 IR (fop) and Raman (bottom) spectra of [Mo(NNH,)(tdppme)(dmpm)] (NNH,-16)
(black) and [Mo(">N">NH,)(tdppme)(dmpm)] (‘’N'°NH,-16) (red). Inset: enlargement of the
range of the NN stretching vibration of (NNH,-16) [67]

5 Mo(0)-Dinitrogen Complexes Supported by Hybrid
Tripodal Ligands with Mixed Dialkylphosphine/
Diarylphosphine Donor Groups

As shown in the previous section, changing the coligand in tripod-supported
molybdenum—dinitrogen complexes from dppm to dmpm leads to a higher activa-
tion of N, [67]. As a next stage in our investigations of these systems, we also
wanted to implement this increase of activation by replacing aryl- by alkyl-
phosphine groups in the tripod ligand. In the framework of this project, we prepared
a set of different tripod ligands in which the diphenylphosphine donor groups of
tdppme are substituted in a stepwise fashion by diisopropylphosphine groups [68].

By exchanging one diphenylphosphine group of the tdppme ligand by a diiso-
propylphosphine moiety, the ligand trpd-1 was obtained. The corresponding ligands
trpd-2 and trpd-3 possess two and three diisopropylphosphine groups, respectively.
Due to preparative reasons, trpd-2 and trpd-3 contain an isobutyl backbone [87]. To
investigate the effect of the backbone on the coordination behavior of these ligands,
a fourth ligand has been synthesized which contains three diphenylphosphine
groups on an isobutyl backbone (Scheme 10) [88]. All four ligands were utilized
in combination with the coligands dppm and dmpm to synthesize molybdenum—
dinitrogen complexes [69].
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Scheme 10 Schematic PPh,
representation of the

o PPh,
substitution pattern of the
tripod ligand. Note that the PPh
ligands trpd-2, trpd-3, and 2
tdppmm are based on an tdppme PPr
isobutyl backbone
y PPh, PPh,
PPh, PPh,
H— trpd-1
PPh,
tdppmm
PPry
PIPrz F’iPrz
PPr, H—
H <_/ PPt
PPr, trpd-2
trpd-3

Scheme 11 Representation
of the sodium amalgam
reduction of the reactive
precursor [Mols(trpd-1)] in
the presence of dmpm or
dppm, respectively

In order to obtain the desired N, complexes, the typical procedure has been
applied (vide supra). First, the tripod ligands are coordinated to a reactive Mo(III)
precursor, secondly a reduction of the molybdenum(III) complexes through sodium
amalgam in an N, atmosphere with addition of a coligand affords the corresponding
Mo-N, complexes (Scheme 11). For our set of tripod ligands, we used [Mol3(thf);]
[55, 89] as a precursor, because it enabled preparation of the Mo(Ill) tripod
complexes in good yields and purities.

Subsequent reduction of the aforementioned complexes by sodium amalgam and
addition of the coligand (dppm or dmpm) yielded in cases of trpd-2, trpd-3 and
tdppmm complexes with a k>-coordination. One explanation for this observation is
the high steric demand of the diisopropylphosphine groups incorporated in the
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ligands trpd-2 and trpd-3. Another problem is the isobutyl backbone. While the
apical methyl group in the neopentyl backbone supports the facial coordination of
the tripod ligand, the isobutyl backbone does not possess this methyl group.
Because the pivotal frans-position to N, is not saturated by the ligand, the k-
complexes are not suitable for further investigations.

Interestingly, sodium amalgam reduction of [Mols(trpd-1)] precursor and dppm
as coligand resulted in a molybdenum complex without coordinated dinitrogen.
Although the *'P-NMR spectrum showed five sets of signals, which are indicative
of five different phosphorus species coordinated to the metal center, no signals or
traces of dinitrogen could be found by elemental analysis or vibrational spectros-
copy. Thus the complex [Mo(trpd-1)(dppm)] (18) has been obtained which pos-
sesses a rare fivefold coordination, certainly due to the high steric demand of the
P'Pr, [90] group and the bigger coligand dppm.

On the other hand, a six-coordinate Mo(0)-N, complex has been successfully
synthesized with trpd-1 and dmpm as coligand. Single crystal X-ray structure
analysis of this complex (17) shows that the diisopropylphosphine group is located
in the equatorial plane, i.e., cis to the axial N, ligand. As expected, the structure
determination proved the existence of five coordinated phosphine donor groups
besides the N, ligand. Compared to the symmetric tdppme complex 16, the trpd-1
complex 17 possesses a distorted octahedral structure (Fig. 14).

*'P_NMR spectroscopy has been applied to gain further information concerning
the structure of the complex (Fig. 15). This spectrum shows different sets of dddd-
signals which can be found at 47.3, 41.1, 40.3, and —24.5 ppm. The signals at
—24.5 ppm can be ascribed to the P atoms of the dmpm coligand and are in the
range of our previous result for [Mo(N,)(tdppme)(dmpm)] (16) [67]. The signal at
40.3 ppm corresponds to the diphenylphosphine group trans to the N, ligand of the

Fig. 14 Single crystal
structure of [Mo(N,)
(trpd-1)(dmpm)] (17).
Hydrogen atoms are
omitted for clarity [69]
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Fig. 15 *'P-NMR of [Mo(N,)(trpd-1)(dmpm)] (17) with the detailed zoom for the simulation
(top) and the measurement (bottom) [69]

complex. The second diphenylphosphine group can be found at 41.1 ppm, while the
signal of the diisopropylphosphine group is located at 47.3 ppm (Fig. 15).

IR and Raman spectra of the dinitrogen complex 17 show an NN stretch at
1,965 cm™' which is in the range of moderately activated dinitrogen complexes.
Moreover, the additional alkylphosphine group of the aforementioned complex
increased the activation of the N, ligand compared to the parent system [Mo(N,)
(tdppme)(dmpm)] (16) (Vyn = 1,979 cm 1) [67].

The reactivity of this complex towards acids has been investigated as well.
Although several experiments with HOTf, H,SO,4, or HCI have been performed,
the desired NNH, complex could not be obtained. However, application of HBAr"
[91] led to generation and detection of the NNH, species under retention of the
pentaphosphine coordination, as evidenced by subsequent *'P-NMR measurement.

Obviously, HBAr" is a suitable acid for this experiment because of the non-
coordinating anion (Scheme 12). The signals of the complex [Mo(NNH,)(trpd-1)
(dmpm)](BArF)z (NNH,-17) are shifted to high field as evidenced before for the
complex [Mo(NNH,)(tdppme)(dmpm)](OTf), (NNH,-16) (Fig. 16).
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Scheme 12 Derivatization of the ligand N, by using 2 equiv. of the acid HBAr"
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Fig. 16 3Ip.NMR of [Mo(NNH,)(trpd-1)(dmpm)] (NNH,-17) with detailed zoom of the simu-
lated (top) and measured (bottom) spectra [69]

6 Mo(0)-Dinitrogen Complexes Supported by
Tetradentate NP3 Ligands

A further approach towards occupying the rans-position of a dinitrogen ligand
in molybdenum—dinitrogen complexes is based on tetradentate NP3 ligands.
Towards this goal, our group synthesized the new tetradentate ligands prNP;
(NP3 = N(CH,CH,CH,PPh,);) and prPNetP, (prPNetP, = (Ph,PCH,CH,CH,)N
(CH,CH,PPhy),) (Scheme 13). The ligand prPNetP, is an asymmetric ligand which
contains mixed ethylene/propylene bridges. The coordination of these ligands to
molybdenum(0) centers and their impact to the activation of the N, ligand have
been studied [48].
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Scheme 13 The PP N SNTNANPRh,  phap SN PPI:
tetradentate prNP; (/eft) and : : ;
prPNetP, ligand (right)

PPh, PPh,
Ph,P PPh, | Ph | Ph
BEONOE [Mols(thf)s] e M\sz BN __»sz
o] (o]
> PhPT | N * Ph,P” | N
NLZ >N pph, L I epn,
PPh,
N
sym l NaHg asym
N, Ph N, Ph,
NZ"’".quz_.\I\\P . Nza,, '2..np
prgp~ 9o Y PPNy
_ <7 /

20

Scheme 14 Synthesis of the complexes [Mol;(prPNetP,)] and [Mo(N,),(prPNetP,)] (20)

To obtain Mo(0)—dinitrogen complexes, we first synthesized the Mo(III) complexes
[MoCl5(prNP5)] and [Mols(prPNetP,)] by reaction of prNP; and prPNetP, with
[MoClj(thf);] and [Mol;(thf)s]. Reduction of the respective Mo(IIl) complexes with
sodium amalgam in a dinitrogen atmosphere led to the cis-bis(dinitrogen) Mo(0) com-
plexes [Mo(N,),(prNP3)] (19) and [Mo(N,),(prPNetP,)] (20). The synthesis of the
latter is shown in Scheme 14 [48].

Reaction of the asymmetric prPNetP, ligand with the Mo(IIl) precursor
[Mol;(thf)s] leads to formation of two isomers: (1) sym (coordination of prPNetP,
by two ethylene bridged phosphines) and (2) asym (coordination of prPNetP, by
one ethylene and one propylene bridged phosphines; Scheme 14). With the help of
DFT calculations, we found out that the sym-isomer is energetically disfavored by
7.4 kcal mol ' [48]. Reduction with Na,Hg generates the corresponding dinitrogen
complexes, which also exist in different isomeric forms (vide infra). Importantly,
we observed a k*-coordination of the new ligands prPNetP, and prNP; for all bis-
(dinitrogen) Mo(0) complexes in solution. However, the thermal stability of the
new complexes is limited [48].

The new Mo(0)—dinitrogen complexes [Mo(N,)(prNP;)] (19) and [Mo
(N,)>(prPNetP,)] (20) were characterized by vibrational and NMR spectroscopy
[48]. The IR spectrum of [Mo(N,),(prNP5)] (19) shows a symmetric (1,950 cmfl)
and an antisymmetric (1,904 cm™') combination of NN vibrations, reflecting a
moderate activation of N,. The relative intensities of the two vibrations indicate
that the cis-bis(dinitrogen) complex 19 was obtained [48]. It was expected that in the
3Ip.NMR spectrum of [Mo(N,),(prNP3)] (19) an A,M spin system appears, similar to
the literature-known complex cis-[Mo(N,),(NP3)] (21) of Fernandez-Trujillo et al.
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(NP3 = N(CH,CH,PPhj,); [48]. However, in place of an A,M spin system an AMX
system was observed (Fig. 17) [48].

The observation of the AMX spectrum can be explained by DFT. In Fig. 18, the
geometry optimized structures of cis-[Mo(N5),(NP3)] (21) and [Mo(N,),(prNP3)]
(19) are shown. In the structure of cis-[Mo(N,),(NP3)] (21) (Fig. 18, left), the
phosphines trans to each other are symmetric with respect to a plane containing
both dinitrogen ligands and thus are magnetically equivalent. In contrast, the
optimized structure of [Mo(N,),(prNP3)] (19) (Fig. 18, right) shows a rotation of
the prNP; ligand around the N-Mo—N,, axis. Therefore the phosphines trans to each
other are not equivalent anymore. Breaking the mirror symmetry of the parent
complex 21 is the reason for the splitting of the signals in the *'P-NMR spectrum
(Fig. 19) [48].

| |

84 B2 BO V7B T6 T4 72 TO 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34
ppm

Fig. 17 *'P-NMR spectrum of [Mo(N,),(prNP5)] (19) [46]

Fig. 18 Geometry optimized structures of [Mo(N;),(NP3)] (21, left) and [Mo(N,),(prNP3)] (19,
right) [46]
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Fig. 19 3IP_NMR spectrum of [Mo(N,),(prPNetP,)] (20) (top: measured; bottom: simulated).
Three types of frames (green, red, and blue) indicate the AMX subspectra of three species [48]

The IR spectrum of [Mo(N,),(prPNetP,)] (20) exhibits a symmetric (1,991 cm_l)
and an antisymmetric (1,925 cm™') stretching vibration of the N, ligands. Again,
the relative intensities indicate that the cis-bis(dinitrogen) complex is formed [48]. In
the *'P-NMR spectrum of 20 (Fig. 19), three AMX patterns are observed. Due to the
appearance of AMX systems, it can be inferred that the two phosphines frans to each
other are magnetically inequivalent (vide supra) [48]. The observation of three AMX
patterns leads to the conclusion that three different isomers of the complex 20 have been
formed during the reaction.

With the help of DFT calculations, more information about the structure of
possible isomers was obtained. The geometry optimized structures are shown in
Figs. 20 and 21. All these isomers differ with respect to the configuration of the Cs
bridge relative to the cis-C, bridge. The calculated relative energies (in kcal mol ™)
for the asym-isomers are 0 for 20e, +0.28 for 20b, +2.22 for 20c, +3.94 for 20d, and
for the sym-isomer (20a) +2.53 [48].

Probably, all of the signals in the *'"P-NMR spectrum belong to the asym form of
the [Mo(N,),(prPNetP,)] complex (20). In the asym form, the ethylene and propylene
bridges are located within the PNP plane and a mirror plane is lacking. Comparing the
trans coupling constant of the phosphorus nuclei in [Mo(N,),(prPNetP»)] (20) with
the equivalent phosphorus species in [Mo(N,),(prNP3)] (19), it can be noted that the
coupling constants are significantly different. On the other hand, the respective
coupling constants of the three isomers are nearly equal. If one of the isomers was
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Fig. 20 Optimized
structure of the isomer of
sym-[Mo(N»),(prPNetP,)]
(20a) [48]
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Fig. 21 Optimized structures of the four possible isomers of asym-[Mo(N,),(prPNetP,)] (asym-
20) (left to right: 20b, 20c, 20d, and 20e). Top: front view; bottom: rear view with indication of the
conformation [48]

the sym-isomer, we would observe one different frans coupling constant. Therefore
we assume that the three species observed in the *'P-NMR spectrum are asym-
isomers. Maybe the product distribution of the Mo(0) complexes is also influenced
by the Mo(III) precursor, where the sym-isomer is disfavored (vide supra) [48].

According to the DFT calculations, the formation of four asym-isomers is in
principle possible (20b—e, Fig. 21), but only three sets of AMX signals are apparent
in the *'P-NMR spectrum (Fig. 19). Compound 20d is the energetically least
favorable product; consequently, we assume that this complex is not formed during
the reaction [48].
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7 Mo(0)-Dinitrogen Complex Supported by a Pentadentate
Tetrapodal Phosphine (pentaPod") Ligand

In the preceding sections, several possibilities to occupy the trans-position of
coordinated N in Chatt type systems have been explored. Our first attempt towards
this goal was based on complexes with a combination of a trident and a diphos
ligand as present in, e.g., [Mo(N,)(dpepp)(dppm)] [41]. Then, in order to ensure a
higher stability of the phosphine environment, the use of tripod ligands was
explored. The neopentyl backbone enforces a facial coordination of these ligands
[67, 69, 70]. However, also in these systems the phosphine group in the axial
position to the N, ligand was found to be prone to dissociation, leading to coordi-
nation of external ligands such as the conjugated base of the acid employed for
protonation or a solvent molecule. The ultimate solution to this problem is the
synthesis of a pentadentate tetrapodal phosphine (pentaPod") ligand [92]. This type
of ligand derives from the fusion of a tripod and a trident ligand (Fig. 22).

The synthesis of the pentaPod” ligand is shown in Scheme 15. The trident part of
the ligand is composed of bis(3-(diphenylphosphino)propyl)phosphine (prPPHP)
which has already been presented in Sect. 2. The synthesis of the tripod part starts

Fig. 22 The pentaPod®

ligand consists of a Fripodal R,P PR,
part (green) and a tridentate p g
part (red) PN PR,
PR;
R = Aryl, Alkyl

m’j\cr LiAIH, Et,0 CI/\k\CI Tf,0, Pyridin CI/\E\CI
—_— —_—
07 “OH OH BOM

OTf

prPPHP
n-Buli

THF

PPh; PPh;
P,Mepp,Ph CIClprPPP

Scheme 15 Synthesis of the pentapod" ligand P,™°PP,™
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from 3,3-dichloropivalic acid. After reduction of the acid function and the conver-
sion of the resulting alcohol residue to the triflate [93], prPPLiP was reacted with
the triflate function of the tripod part to yield the proligand CIClprPPP. The last step
of the reaction required 2 eq. of LiPMe, which reacted with CIClprPPP to ulti-
mately produce the pentaPod” ligand P,M°PP,™ [92].

Coordination of the pentadentate phosphine ligand (P,™°PP,™) was achieved by
addition of an equimolar amount of [MoCl5(thf);] [50, 92, 94]. Due to the incor-
poration of different phosphine donor groups in the trident and the tripod part of the
ligand (alkyl vs. aryl phosphines), the pentaPod” ligand possesses a unique coordi-
nation behavior. While the tripod part inevitably leads to a facially coordinated
product, coordination of the trident part is more likely to result in a complex with a
meridional isomer [67, 95]. It is expected that the tripod part of P,™°PP,™
coordinates selectively to [MoCl5(thf)s], yielding fac(trpd)-[MoC13(P2MePP2Ph)]
(trpd = tripod) (Scheme 16). This is a consequence of the stronger c-donor
character and the smaller steric demand of the dimethylphosphines in comparison
to the diphenylphosphine donor groups. Subsequent sodium amalgam reduction of
fac(trpd)—[M0C13(P2M‘5PP2P h)] leads to a mononuclear dinitrogen complex with
coordination of the remaining diphenylphosphine donor groups of the trident part
of the ligand [92].

This way, the desired pentaphosphine environment, which is necessary to mini-
mize the shortcomings of Chatt type systems, has been achieved by the employment
of just one ligand. The structure of 22 was proven by *'P-NMR spectroscopy and
single crystal structure determination. As explained earlier, an AA’XX'M signal
structure in the *'"P-NMR spectrum is expected for a complex with five coordinated
phosphine donors (Fig. 23). After extraction of the necessary coupling constants, a
simulation has been performed [96].

A further proof for the structure of 22 was obtained by single crystal X-ray
structure determination (Fig. 24). The data clearly show the pentaPod” ligand occu-
pying five coordination sites of the molybdenum center and the dinitrogen ligand
binding to the remaining coordination site. The activation of N in the complex [Mo
(N2)(P,™PP,™)] (22) leads to an elongation of the NN distance (1.099(5) A)

compared to elemental N, (1.0975 A).

te

Me,P . PMe Pa. | _aCl Me, N2 ph

e i -~ Mo P, P
MeP™ | ~ai ( Mo\
p “PPh; [MoCly(thf)s) | P ; o NarHg, N. MeP™” | PPh,\

DCMWTHF . ~/ THF s ’

22
~PPh, /

Scheme 16 Coordination of the pentaPodP ligand P,M°PP,™ on [MoCls(thf);] and subsequent
sodium amalgam reduction under the atmosphere of N, to generate the molybdenum—dinitrogen
complex [Mo(N,)(P,MPP,"™)] (22)
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Fig. 23 *'P-NMR spectrum of [Mo(N,)(P,M°PP,"™)] (22) (bottom) with magnifications of the
simulation (top) and the measurement (middle) [92]

Fig. 24 Crystal structure of
[Mo(N,)(P,**PP,™)] (22).
Hydrogen atoms are
omitted for clarity [92]
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While the bond lengths between the equatorially bound phosphine donor atoms
and the molybdenum atom (Mo-P.) exhibit an average value of 2.4481 A, the
phosphine donor atom located frans to the dinitrogen ligand shows quite a short
bond length (2.3868(5) A) to the metal center. This proves the successful strapping
of the central phosphine donor in the pentaPod” design. The strong Mo—P,, bond
hinders dissociation at this position, solving one of the problems of the original
Chatt systems [92].

IR and Raman spectra were measured to examine the degree of activation of the
coordinated dinitrogen ligand (Fig. 25). The spectra show an NN stretching vibra-
tion at 1,929 cm ™!, To the best of our knowledge, this is the lowest value of an
NN stretch for a mononuclear molybdenum—dinitrogen complex with phosphine
ligands. For comparison and further characterization, the 15N2-complex of [Mo(N,)
(P,MPP,™™)] (22) has been synthesized as well. The NN stretching frequency of
[Mo("°N,)(P,MPP,"™)] (°N-22) is observed at 1,868 cm™'. Theoretically
(Afpeo = 65 cmfl) and experimentally determined (A, = 61 cmfl) isotope shifts
are in good agreement [92].

The reactivity of the complex [Mo(NZ)(PzMePPZPh)] (22) towards acids was
investigated as well. For the protonation reactions, two different acids have been
employed, HOTf and HBAr" [92]. Protonation with trifluoromethanesulfonic acid
in THF was unsuccessful because ligand-exchange reactions with solvent molecules
took place. Analysis of the protonation products was performed using NMR and IR

1868

1929

I I I I I !
3000 2500 2000 1500 1000 500

=]
wavenumber / cm

Fig. 25 Comparison of IR and Raman spectra of [Mo(N,)(P,MPP,™™)] (22) (black) and [Mo(*°N,)
(P2VPP,™)] (1N-22) (red) [92]
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spectroscopy [12, 69]. It was possible to characterize the [Mo(NNHz)(PzMePPzP h)]
(NNH,-22) species at a temperature of 250 K, whereas it became unstable at
270 K. The *'P-NMR spectrum of NNH,-22 shows a shift of the signals to high
field compared to 22; in particular, a shift for trans-phosphine by 45.9 ppm has been
observed (Fig. 26). Moreover, a signal at —234 ppm could be obtained from '°N-
INEPT-NMR spectroscopy, reflecting a doubly protonated Ng atom, which indicates
a successful protonation experiment [97, 98].

In situ IR investigations revealed that upon protonation the NN stretch at 1,929 cm™
disappears and two new NH stretching vibrations emerge at 3,198 cm™ ' and 3,179 cm ™',
respectively (Fig. 27) [67]. Again, these findings indicate formation of the NNH,
complex.

1

AA' xx M

AA' M| XX

20 0 -20 -40
ppm
Fig. 26 Comparison of 3Ip_.NMR spectra of [Mo(N,)(P,MPP,™™)] (22) (black) and [Mo(NNH,)

(P,MPP,P")|(NNH,-22) (red). All signals undergo a downfield shift which is most significant for
the M signal [92]
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Fig. 27 Comparison of the NH-vibration regions of Mo-N,- (22, black) and Mo-NNH,- (NNH,-22,
red) complexes. The protonation was carried out with HBAr" [92]

8 Summary and Conclusion

In the present review, our synthetic efforts towards the development of an efficient
catalyst for N, reduction on the basis of mononuclear Mo(0) phosphine complexes are
described. One of the major problems of the Chatt system is the disproportionation
reaction at the level of the Mo(I) complex which is caused by the coordination of an
anionic ligand in trans-position of the N, ligand. To prevent this problematic reaction,
the trans-position must be blocked by the ligand system. Several concepts to achieve
this goal have been pursued. Our first approach involved the use of PEP ligands with the
donor atom E (N, P) in trans-position to Nj. Interestingly, dinitrogen complexes with
PNP ligands exhibited a much higher activation of N, than their analogues supported by
PPP ligands. Then, complexes with PCP ligands were examined, the central carbon
donor being contained in an N-heterocyclic carbene. Importantly, the presence of a
carbene donor in trans-position of N, caused a dramatic increase in the activation of this
ligand. On the other hand, the corresponding dinitrogen complexes became thermally
unstable, which could be remedied by employing phosphite instead of phosphine
coligands.

A major focus in our investigations has also been directed towards the synthesis of
molybdenum—dinitrogen complexes supported by tripod ligands. We started these
investigations with the commercially available ligand tris(diphosphinomethyl)ethane
(tdppme), complemented by dppm and dmpm coligands. Later on, we also replaced
the diphenylphosphine endgroups of the tdppme ligand by aliphatic phosphine groups
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PR,, starting with R = isopropyl substituents. The resulting Mo(0)—dinitrogen com-
plexes exhibited a greater activation of N, than their tdppme-supported counterparts,
but the accommodation of more than one diisopropylphosphine group in the tripod
ligand proved to be difficult.

The ultimate stage of our studies involved the development of pentaPod” ligands
which derive from the fusion of a PEP and a tripod ligand. Importantly, this ligand
contains PMe, groups on the tripod and PPh, groups on the trident part of the
pentaPod backbone. This allows a stepwise coordination of this ligand to Mo centers,
leading to the first molybdenum—dinitrogen complex supported by a pentadentate
tetrapodal phosphine ligand.

An important aspect in the design of these multidentate phosphine ligands is the
proper choice of the chain length in tridentate PEP ligands and the tridentate parts of
pentaPod" ligands, respectively. This problem has both been investigated on the basis
of the above-mentioned, tridentate PNP/PPP ligands and on the basis of tetradentate
NP; ligands. While the replacement of C, by C; groups has little influence on the
activation of N, in Mo(0) complexes supported by these types of ligands, the presence
of C; bridges leads to a higher flexibility of the ligand framework which is reflected by
the appearance of conformers and/or line broadening in the *'"P-NMR spectra. With
regard to the pentaPod® design, the use of Cs bridges in the trident part appears to
provide a stable, yet flexible coordination environment. The reactivity of the [Mo(N,)
(pentaPod")] complex 22 towards acids and reductants now is being studied in detail,
as well as the conversion of N, to ammonia on the basis of this system.
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Catalytic Nitrogen Fixation Using
Molybdenum-Dinitrogen Complexes
as Catalysts

Aya Eizawa and Yoshiaki Nishibayashi

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

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

The first conversion of coordinated dinitrogen ligand to ammonia was achieved by
Chatt and coworkers in 1975 (Fig. 2) [4, 5]. The reaction of cis-[M(N,),(PMe,Ph),]
(M = Mo, 4; M = W, 5) with strong acids such as sulfuric acid and hydrobromic acid
afforded up to 0.88 equivalents of ammonia for 4 and up to 1.98 equivalents of ammonia
for 5. Stoichiometric reactions of 4 and 5 with strong acids afforded the corresponding
hydrazido(2—) complexes, which were considered to be reactive intermediates in the

N N

11 N th N Ph2
N N P.. | P
HaN,, | NH3 | [ /""Mo"‘“\
Ru_ PhaPe... “
HN"" | NH Co—PPhg | ~p
3 3 PheP” | Phy N Php
NH3 H i
N
1 2 3
The first The first The first
dinitrogen complex dinitrogen complex molybdenum—dinitrogen
derived from nitrogen gas complex

Fig. 1 Historic transition metal—dinitrogen complexes

N
PhMe,P., | .PMesPh acid
M NH,
N/,/N/ | “>PMe,Ph oo
PMe,Ph 1.98 equiv/iW
M = Mo (4), W (5) 0.88 equiv/Mo
acid = H,S0,, HBr, etc. H H
\—> E
PhMe,P.,, || ..PMesPh
M
X7 | PMe,Ph
X
hydrazido(2—) complex

Fig. 2 Protonation of molybdenum- and tungsten—dinitrogen complexes with strong acids
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formation of ammonia from dinitrogen complexes [6-8]. Since this discovery, synthesis
and reactivity of a number of molybdenum—dinitrogen complexes have been reported
[9-29]. In this chapter, we describe a recent advance on catalytic conversion of nitrogen
gas using molybdenum—dinitrogen and related complexes as catalysts under ambient
reaction conditions.

2 Catalytic Transformation of Dinitrogen to Silylamine
with Molybdenum Complexes

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

Novel plausible reaction pathways for the catalytic silylation using 6, 8, and 9 as
catalysts have been examined (Fig. 4). As to the catalytic cycle for using 6, a reaction
pathway was studied with DFT calculations (Fig. 4a) [32]. Chlorotrimethylsilane is
reduced to generate trimethylsilyl radical, which is a real silylating agent for this
catalytic reaction. At first, one of the dinitrogen ligands of I is silylated to form [Mo
(NNSiMes)] (ITI) and then [Mo(NN(SiMes),)] (IIT) species. Then further silylation
proceeds at the nitrogen atom adjacent to the molybdenum atom to generate
a silylhydrazido(1-) (IV) species. Successive one-electron reduction liberates
(Me5Si),NN(SiMe;)~ and the coordination of another dinitrogen molecule to the
vacant site of the molybdenum atom of V regenerates the molybdenum—dinitrogen
complex I. The generated (Me3Si),NN(SiMe3) anion would be converted to two
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cat.
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N/,,N/ | “PMe,Ph = nll\F”@ p” ’ll\P/
PMe,Ph Et, 1 Et, Ph, I Phy
N N
4 6 7
24.3 equiv/cat. 226 equiv/cat. 2.95 equiv/cat.
Ar = 3,5-PrCgHs
i si M\
MegSiy SMes MezSiv, SiMle,
|
N |
Cy, P, N
Y7 Mo—RCy, 8 o IPCY2 o
Cya FLJ 15.0 equiv/cat. PN 39,0 equivicat a0¢
Cy,, CI
1 1
N Ph2P // N
I PPh, | N Fe -PCy,
/ / /
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2 Potassium was used as a reductant in place of sodium.
b 1,2-Bis(chlorodimethylsilyl)ethane was used in place of MeSiCl.
¢ The amount of NH,* obtained after hydrolysis.

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

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

3.1 Molybdenum Complexes Bearing Tetradentate Ligands
as Catalysts

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

Q BAI’F cat.

N, + 6 ————>  2NHj4

b
@\ N heptane
H rt

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

cat.

7.56 equiv/cat.

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

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

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

Some other transition metal complexes bearing a HIPTN3;N ligand such as
vanadium (22) [47], chromium (23) [48], and tungsten (24) [49] complexes were
synthesized and their catalytic activity was examined in detail (Fig. 8). However, no
catalytic reaction occurred at all when these complexes were used as catalysts.
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cat.
HIPT 11l HIPT HIPT i
N N /HIPT \ 0 ) IPT \N | HIPT
HIPT\/ . V—N HIPT\/ ;CF_N HIPT\/ 4 W—N
N7 | N7 | (N™ |
NN k/N N
22 23 24

0.20 equiv/cat.

0.8 equiv/cat.

1.31 equiv/cat.

Fig. 8 Catalytic activity of vanadium—, chromium—, and tungsten—HIPTN;N complexes
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3.2 Molybdenum Complexes Bearing Pincer Ligands
as Catalysts

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

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

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

cat.

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

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

P = PBu,

Fig. 9 Catalytic conversion of nitrogen gas to ammonia under ambient conditions employing 25
as a catalyst
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cat.
= |07 (0.020 mmoliMo)
N + 6 Co +6 | _ — > 2NH,
N

toluene
H i, 20 h
1 atm 36 equiv/Mo 48 equiv/Mo
cat. N OTf
N pN T N
P IN" ) __ I[P 1P
< /N—Mo—NEN—/Mo—N <7 _N= o_ < /N—Mo\
Pl N p Cl p’ Cl
25 P =PBu, 26 27
5.9 equiv/Mo 7.1 equiv/Mo 6.6 equiv/Mo

(11.8 equiv/cat.)

Fig. 10 Catalytic conversion of nitrogen gas to ammonia using molybdenum—dinitrogen complex
and molybdenum-nitrido complexes as catalysts

__ P IN 7
NH3 (—2N-Mo-N:=N-Mo-N
P N

N, \_)/ m ’\],, P \Q‘
N
25 P=P'Bu, NH
Il
N

NH,4 N
P
|-,P |/N 7
Q _/N—/I\I/Io—NEN—/I\lllo—N
Pm N,[\IP
N XXIV
X T K 2H+2 e"
I[P IN" )
3H% 4e” 7 (TTN-Mo-N:N-M A NH3
Porr Nh_ =
N P
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Fig. 11 Proposed catalytic cycle of converting dinitrogen to ammonia using 25 as a catalyst

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

Substituent effects on the phosphorus atoms of the PNP ligand were examined
by Nishibayashi, Yoshizawa, and coworkers [S0-52]. From the PNP ligand bearing
either isopropyl (‘Pr) groups or 1-adamantyl (Ad) groups in place of fert-butyl (‘Bu)
groups on both phosphorus atoms, the corresponding dimolybdenum—dinitrogen
complexes cannot be prepared by the same procedure as that for 25. On the other
hand, dinitrogen-bridged dimolybdenum complexes bearing asymmetrical PNP
ligands, where one phosphorus atom in the PNP ligand has two tert-butyl (‘Bu)
groups and the other has two other substituents such as 1-adamantyl (Ad), phenyl
(Ph), isopropyl, and cyclohexyl (Cy) groups, can be prepared (28, 29, 30, and 31,
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N N ’.‘.“" Y T
’TI'P | N’ 7 H+ W P ' \
/N|\|/|0NN|\|/ION e /N|\|/|0NN|\|/ION
P N P N
25 P = P'Bu,
N
1
h|l','° H+
@?’\lﬂo—NzN —H—
PN
1
N

Fig. 12 The first protonation step of molybdenum—dinitrogen complex 25

cat.

(0.010 mmol)
N, + 6 Co + / —— > 2NH3+H,
toluene

H r,20h
1 atm 72 equiv/cat. 96 equiv/cat.
(36 equiv/Mo) (48 equiv/Mo)

Ct 1
’BugP = ',{j fBugP
7 P
/NMoNNMoN /NMoNNMo

P PBu,(25) PAd,(28) PPh,(29)
NHj3 (equiv/cat.) 12 14 2
H, (equiv/cat.) 10 8 22

u2||| N 3 u2|||
j PPr, (30) PCy, (31)
; 3 1
; 21 22

Fig. 13 Catalytic activity of molybdenum—dinitrogen complexes bearing asymmetrical PNP
ligands

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

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

cat.

S |97 (0.010 mmol)

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

rt, 20 h
1atm 216 equiv/cat. 288 equiv/cat.
(108 equiv/Mo) (144 equiv/Mo) NHj3 Ho WN  TOF of NH4
R (equiv/cat.) (equiv/cat) (cm-1) (h=)
N H (25) 23 46 1944 17
N p_N Ph (32) 21 46 1950
[P IN" i
RdMO_NEN_MO_N N\ Me3Si (33) 23 44 1947
Pl NI N= Bu (34) 28 45 1939
.'T‘. N’ P Me (35) 31 36 1939 28
N P = PBU, MeO (36) 34 36 1932 7

Fig. 14 Catalytic conversion of nitrogen gas to ammonia using molybdenum—dinitrogen com-
plexes bearing 4-substituted PNP ligands
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toluene

H r, 20 h
1 atm 216 equiv/cat. 288 equiv/cat.
(108 equiv/Mo) (144 equiv/Mo)

cat.
N x| ©Tf (0.010 mmol)
N, + 6 Co + 6 || _ — > 2NHg+H,
N N

NHj3 Ho WN  TOF of NH3
R (equiv/cat.) (equiv/cat.) (cm~) (h=1
23 46 1944 17
37 36 1944 23
R N Mo N=N- M£l>>:\>—R
Fe

P = PBu, @

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

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

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

N, + 6 P —————> 2NHg+H,
N toluene
H i, 20 h
1 atm 36 equiv/Mo 48 equiv/Mo
cat.
N N BArF, (|;|P
P -P -
ph-o Il P Ll Ph—~p-Mo—cl
P /Mo\ P /MO\ 4
<pf el <p’ Tl P& P=PBu,
38 39 40
NH3 (equiv/Mo) 11.0 9.6 6.4
H, (equiv/Mo) 0.3 1.1 1.7

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

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

1 atm 540 equiv/Mo 720 equiv/Mo

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

4 Perspective

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

Hiromasa Tanaka and Kazunari Yoshizawa

Abstract The transformation of N, into NH; (nitrogen fixation) on transition metal
complexes generally involves complicated elementary reaction steps and a number of
possible reaction intermediates because at least six pairs of proton and electron (or six
hydrogen atoms) must take part in this process. Mechanistic details of nitrogen fixation
will be disclosed by close liaison between theory and experiment. In this chapter, recent
advances in the mechanistic understanding of the catalytic transformation of N, to NHj;
on mono- and dinuclear Mo—N, complexes are overviewed from a theoretical perspec-
tive. In particular, catalytic mechanisms of nitrogen fixation by dinitrogen-bridged
dimolybdenum complexes bearing pincer ligands are discussed in detail based on
density-functional-theory calculations corroborated by experimental findings.

Keywords Catalytic mechanism ¢ Molybdenum ¢ Nitrogen fixation ¢ Pincer
ligand * Theoretical calculation
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1 Introduction

As a part of the global nitrogen cycle on the earth, biological nitrogen fixation is
efficiently accomplished by nitrogenases in certain bacteria. The Mo-containing nitro-
genase has a double cubane-type iron—molybdenum—sulfur complex MoFe;S¢C called
FeMo-cofactor at the active site, and the multinuclear transition-metal complex binds
dinitrogen (N,) and reduces it to ammonia (NH3) at ambient temperature under atmo-
spheric pressure (Fig. 1a) [1-4]. According to the optimal reaction, eight pairs of proton
and electron are utilized for the formation of two molecules of NH; and the obligatory
evolution of one molecule of H,. Although the exact reaction mechanism of the
biological nitrogen fixation has not been fully understood, a compelling mechanism is
proposed on the basis of a series of excellent spectroscopic studies [5]. In the proposed
mechanism, the binding of N, occurs at the E, intermediate, where four pairs of proton
and electron are accumulated in the FeMo cofactor and two of the hydrogens bridge
between iron atoms to form [Fe—H—Fe] moieties (Fig. 1b).

The biological nitrogen fixation system is an attractive model for designing an
alternative to the industrial Haber—Bosch process, in which NH3 is produced from
N, and H, under harsh conditions. It should be noted that more than 90% of the total
energy for the industrial NH; production is consumed for the production of H, (and
CO,) from fossil fuels [6]. From an environmental point of view, much attention
has been paid to novel nitrogen fixation systems that operate without the use of H,
under ambient conditions in the homogeneous phase. Since the discovery of the first
transition-metal-N, complex in 1965 [7], a large number of metal-N, complexes
have been synthesized and the stoichiometric reactivity of coordinated N, has been
thoroughly examined [8—12]. At present, however, very limited transition metal
complexes are known to work as catalysts for the direct formation of NH; from N,
in the presence of proton and electron sources (Fig. 2) [13-22]. Interestingly, all the
catalysts ever reported contain Mo and Fe at their metal centers, similar to the FeMo
cofactor. Quite recently, two research groups have independently demonstrated a
cobalt-catalyzed transformation of N, into NH; [23, 24]. Unfortunately, the turn-
over numbers of all the catalysts mentioned above are still low compared with

(a)
My (1atm) + 8 H* +8 e~
nitrogenase
1 2 NH; +H.

16 MgATP 16 MgADP
+ 16 Pi

S, 00
Cys / Sil:Fe)S-.‘Fe Al
S _Fe\_s e~ ¢-Fe 5 Mo-0 " __ s
'FB.S'FB s N"His 50 \F /H;b/

FeMo-cofactor H*

Fig. 1 (a) Biological nitrogen fixation by the Mo-containing nitrogenase. (b) A possible structure
of the E,4 intermediate
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catalyst
N, (1atm)+ H* + e —————— NH,
ambient conditions

iPr

" N-Mo—N=N Mlo N

Pr— ’Eﬁz i N :PB.I.IQ
1 2 Peters et al. (2013)
Yandulov and Schrock (2003) Nishibayashiet al. (2011) 64 equiv NH,/Fe atom
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—|-P'B
Ph. ¢ |H "
P—Mo__ |
< /el |
—Pgy, ——PBu,
Nishibayashiet al. (2015) Nishibayashi et al. (2016)
63 equiv NHy/Mo atom 14.3 equiv NH,/Fe atom

+ 1.8 equiv N,H,/Fe atom
Peters et al. (2015) ( * o )

4.4 equiv NH,/Fe atom

Fig. 2 Mo and Fe-based synthetic catalysts for nitrogen fixation with their turnover numbers of
NHj; production per metal atom

heterogeneous Fe catalysts utilized for the Haber-Bosch process. Relevant to the
biological nitrogen fixation by the Mo-containing nitrogenase, it should be noted
that Fe and Co complexes bearing an anionic PNP pincer ligand catalyzes the
formation of NH; and hydrazine N,H, [22, 24], where N,H, is known as an
intermediate during the biological N, reduction [1]. Very recently, Ashley and
coworkers reported a selective catalytic reduction of N, to N,H, using an Fe
(0) complex Fe(depe),(N,) (depe=Et,PCH,CH,PEt,) [25].

To develop more effective nitrogen fixation catalysts under ambient conditions in the
homogenous phase, we must extract as much information as possible from the limited
successful examples. Computational chemistry will be able to provide useful mecha-
nistic insights into the complicated catalytic cycles involving short-lived intermediates
that are often difficult to detect or characterize experimentally. In particular for the
Mo-catalyzed nitrogen fixation systems in Fig. 2, quantum chemical calculations by
density-functional-theory (DFT) methods have been applied for elucidating detailed
mechanisms of the transformation of N, based on experimental findings, and also been
exploited for designing more effective catalysts [15, 26]. In this chapter, we overview
recent advances in the mechanistic understanding of catalytic transformation of N, to
NH; by mono- and dimolybdenum complexes from a theoretical perspective.
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2 Nitrogen Fixation Catalyzed by an Mo-Triamidoamine
Complex: The Yandulov-Schrock Cycle

In 2003, Yandulov and Schrock showed a pioneering example of the direct forma-
tion of NH; from N, under ambient conditions using an Mo—triamidoamine com-
plex, [HIPTN3;N]Mo(N,) 1 (HIPT = hexaisopropylterphenyl). In the presence of
2,6-lutidinium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate ([LutH]BArF 4) as a
proton source and decamethylchromocene (CrCp*,) as a reducing reagent, 1 served
as the catalyst for nitrogen fixation at room temperature, where up to 8.2 equiv of
NH; was produced based on 1 (Scheme 1) [16]. Unfortunately, the turnover number
of the catalyst has not been updated despite various modifications of the original
complex 1. The preparation and characterization of intermediates relevant to the
catalytic reaction led them to propose a catalytic mechanism involving a stepwise
addition of protons and electrons, the so-called Yandulov—Schrock cycle [16, 26—
29]. Their proposal based on concrete experimental evidence received much inter-
est from theoretical researchers, and the validity of the proposed catalytic mecha-
nism has been advocated by intensive computational studies on the energetics of
possible reaction pathways conducted by Cao et al. [30], Studt and Tuczek [31],
Magistrato et al. [32], and Reiher and coworkers [33-38].

Figure 3 describes the Yandulov—Schrock cycle for nitrogen fixation catalyzed
by 1, where [Mo] represents [HIPTN;N]Mo. The catalytic formation of NH; in the
Yandulov—Schrock cycle involves a successive protonation of the distal N atom of
coordinated N,, which is the one far from Mo. Each protonation step is followed by
one-electron reduction step. Addition of three pairs of proton/electron to 1 affords a
nitride intermediate [Mo(=N)] and the first molecule of NH; via the formation of
diazenide [Mo(N=NH)], hydrazide(2-) [Mo(NNH,)], and hydrazidium [Mo

H ] BAr 4 \’:‘Sf = 1
N, + \I‘- NvI ~ + C> —s NH,
B L. L5 heptane
i ’zﬁ*» rt 8.2
1 atm 36 equiv 48 equiv basgguc;: 1

Scheme 1 Transformation of N, into NH; catalyzed by a Mo-triamidoamine complex 1

H*/e H'/e H*/e
[Mo(N,)] + [Mo(-N=NH)] + [Mo(=N-NH,)] +» [Mo(=N-NH,)]
NH.xj \
N, | | NH;
i H*/e H*/e H*/e
[Mo(NH,)] « - [Mo(-NH,)] = [Mo(=NH)] « — [Mo(=N))

Fig.3 The Yandulov—Schrock cycle for the transformation of dinitrogen into ammonia catalyzed
by 1. [Mo] represents [HIPTN;N]Mo
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(NNH3;)] intermediates. Protonation of the proximal N atom of the N, ligand, which
is the one directly connected with Mo, is not considered in this catalytic cycle
because diazene (HN=NH) and hydrazine (H,N-NH,) were not observed experi-
mentally. The remaining nitride N atom in [Mo(=N)] is then protonated and
reduced to give an ammine intermediate [Mo(NHj3)] via imide [Mo(NH)] and
amide [Mo(NH,)] intermediates. Finally the NH3 ligand is replaced by an incoming
N, molecule to complete the catalytic cycle. For the first protonation of 1, Reiher
and coworkers theoretically suggested an alternative pathway in which protonation
of an amide N atom of the HIPTN;N ligand precedes protonation of the N, ligand
[33, 35]. Later, Schrock and coworkers confirmed this computational suggestion by
ENDOR spectroscopy [28].

3 Nitrogen Fixation Catalyzed by Dinitrogen-Bridged
Dimolybdenum Complexes

3.1 Dimolybdenum Complexes Bearing PNP-Type Pincer
Ligands

In 2011, Nishibayashi and coworkers reported a new nitrogen fixation system
operating under mild conditions using a dinitrogen-bridged dimolybdenum com-
plex bearing a pyridine-based PNP-type pincer ligand, [{Mo(N,),(PNP)},(p-N»)]
(2: PNP=2,6-bis(di-tert-butylphosphinomethyl)pyridine), as a catalyst (Scheme 2)
[17]. In the presence of [LutH]JOTf (OTf=CF3;SO;) as a proton source and
cobaltocene (CoCp,) as a reducing reagent, up to 23 equiv of NH; based on the
catalyst was produced from N, gas. In this first report, they postulated a catalytic
mechanism of the transformation of N, into NH3 by reference to the Yandulov—
Schrock mechanism, i.e., mononuclear Mo—N, complexes separated from 2, such
as [Mo(N,);(PNP)], work as key reactive intermediates in the catalytic cycle
(Fig. 4a). Batista and coworkers pointed out a remarkable role of dinuclear Mo
complexes in the catalytic activity of 2 based on theoretical calculations from a
thermodynamic aspect [39]. To get a mechanistic insight into nitrogen fixation in
the dimolybdenum system, Yoshizawa, Nishibayashi, and coworkers demonstrated
a synergetic relationship between theory and experiment [40].

A theoretically plausible catalytic cycle described in Fig. 4b is corroborated by
the following experimental findings: [17, 40] (1) Dimolybdenum complex 2 con-
tains five N, ligands, four terminal and one bridging. The terminal N, ligands can be
replaced by CO molecules to afford [{ Mo(CO),(PNP)},(pu-N3)]. The CO-substituted
dimolybdenum complex produced less than a stoichiometric amount of NH;. (2) A
six-coordinate mononuclear Mo-N, complex, trans-[Mo(N,),(PMe,Ph)(PNP)],
showed no catalytic activity. (3) The catalytic activity of 2 strongly depends on the
nature of the counter anion of the proton source (LutH"). The amount of produced NH;
was drastically decreased when [LutH]Cl and [LutH]BAr1= 4 were adopted as proton



176

Scheme 2 Transformation
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Fig. 4 Proposed catalytic cycles of the transformation of N, into NH; by 2. (a) First proposed
mechanism [17]. (b) Theory-based mechanism corroborated by experimental findings [39]. The
numbering of intermediates is presented in Fig. 5

sources. (4) Two Mo-nitride complexes, [Mo(=N)(PNP)Cl] and [Mo(=N)(PNP)Cl]
OTf exhibited almost the same catalytic activity as 2. (5) Fragments assignable to [Mo
(=N)(OTT)(PNP)-N=N-Mo(N,)(PNP)] and [Mo(=N)(OTf)(PNP)] were observed by
mass spectrometry from the stoichiometric reaction of 2 with 2 equiv of [LutH]OTf in
toluene at room temperature. (6) A mononuclear Mo—imide complex [Mo(=NH)
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(CsHsN)(PNP)CIJOTH, in which a pyridine molecule occupies the equatorial coordi-
nation site, was isolated. (7) A fragment assignable to [Mo(NH3)(PNP)-N=N-Mo
(N2)2(PNP)] or [Mo(NH;3)(N,)(PNP)-N=N-Mo(N,)(PNP)] was observed by mass
spectrometry from a reaction mixture of the catalytic reaction of 2 with excess amounts
of [LutH]OTf and CoCp,. These experimental findings were exploited for developing a
hypothesis in the theory-based proposal: (a) Terminal N, ligands are essential for the
catalytic formation of NH;. (b) Dimolybdenum complexes with the bridging N, ligand
must be involved in the catalytic cycle. (c) Triflate (OTf ") as the counter anion of
LutH" would play a role in the catalytic cycle. (d) A dinuclear Mo complex is
separated into mononuclear ones to afford [Mo(=N)(OTf)(PNP)] as a key interme-
diate at a certain stage in the catalytic cycle. (e) Six-coordinate mononuclear
Mo-imide complexes such as [Mo(=NH)(OTf)(N,)(PNP)] and its cation, in which
N, occupies the equatorial site, are formed in the course of protonation and reduction
of [Mo(=N)(OTf)(PNP)]. This process is prepared for regeneration of 2 to complete
the catalytic cycle.

The proposed catalytic cycle shown in Fig. 4b involves hydrogenations of an N,
ligand in 2 leading to generation of the first NH3 molecule without separation of the
dinuclear Mo-N=N-Mo structure. The numbering of intermediates is given in
Fig. 5. The first protonation should occur at one of the terminal N, ligands in
2 and is followed by exchange of the N, ligand trans to the protonated N, ligand for
the counter anion of the proton source, OTf (2 — C). Addition of two proton/
electron pairs to C leads to the formation of the first NH; molecule. The protonation
and reduction of the NNH group in C prompts a facile dissociation of a dative Mo—
N bond between an Mo atom and the bridging N, ligand to give two mononuclear
Mo complexes, a nitride complex G and a dinitrogen complex H. Addition of three
proton/electron pairs to G accompanied by the coordination of N, at the equatorial
position results in the formation of a six-coordinate ammine complex L. Addition
of the sixth electron to L liberates the OTf  ligand to form a five-coordinate
ammine complex M, which couples with H to regenerate a dimolybdenum com-
plex. The regeneration of the Mo—N=N-Mo structure is linked with the replace-
ment of the NH; ligand by an incoming N, molecule to complete the catalytic cycle.

Figure 5 presents the energetics of detailed reaction pathways for the transforma-
tion of N, into NHj catalyzed by 2. Alternating protonation/reduction steps were
assumed in the calculated pathways. Activation energies of the proton transfer from
LutH* were evaluated for all protonation steps. Energy profiles of the reduction steps
were obtained as the energy difference between protonated and neutral intermediates.
The values in italics correspond to the reaction energies calculated based on the
equation [XH]* + [CoCp,] — [XH] + [CoCp,]*, where [XH]" is a protonated
intermediate. The latter values should be carefully treated because each species in
the equation is separately calculated at infinite distance [35]. Energy changes (AE) and
activation energies (E, in parenthesis) were calculated at the B3LYP* level of theory
[41, 42]. For optimization, the LANL2DZ and 6-31G(d) basis sets were chosen for the
Mo atom and the other atoms, respectively (BS1). To determine the energy profiles of
individual reaction steps, single-point energy calculations were performed at the
optimized geometries by BS1 using the Stuttgart-Dresden pseudopotentials (SDD)
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Fig. 5 (a) Protonation of a terminal N, ligand. (b) First NH; formation and separation into mononu-
clear Mo complexes. (¢) Second NH; formation. (d) Regeneration of dinuclear structure and ligand
exchange. A possible reaction pathway for the transformation of N, into NHj starting from 2. L
represents the PNP pincer ligand. Energy changes and activation energies (in parenthesis) for individual
reaction steps were calculated at the B3LYP*/BS2 level of theory (units in kcal mol™ 1). NB means that
the corresponding reaction has no activation barrier. Protons are supplied by lutidinium. For reduction
steps, energy difference between protonated and neutral species is presented. Values in italics corre-
spond to the reaction energies obtained with cobaltocene

and 6-311+G(d,p) basis sets (BS2) in place of the LANL2DZ and 6-31G(d) basis sets,
respectively. In this review, we concentrate on the three important steps in the catalytic
cycle, (1) the protonation of a terminal N, ligand in 2 leading to C, (2) the formation of
mononuclear Mo—nitride complex G, and (3) the ligand exchange of NH; for N, at the
final step of the catalytic cycle.
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To start the catalytic cycle for the transformation of N,, one of the N, ligands in
2 must be protonated. Dinitrogen complex 2 has at least two possible sites for
protonation, four equivalent terminal N, ligands and one bridging N, ligand. The
N=N stretching frequencies of 2 in THF were experimentally observed at 1944 cm '
(terminal N,) and 1890 cm ™" (bridging N,), indicating that the bridging N, ligand is
more strongly activated [17]. However, as shown in Fig. 6a, the protonation of the
bridging N, ligand is not likely to occur at room temperature due to its extremely high
activation energy (40.7 kcal mol ). In contrast, the activation energy for the proton-
ation of a terminal N, ligand is relatively low (8.4 kcal mol ") although the reaction is
endothermic by 6.5 kcal mol™'. A space-filling model of 2 will give a clue for the
difference in reactivity of coordinated N, with LutH" (Fig. 6b). Eight tert-butyl groups
in 2 makes LutH" inaccessible to the bridging N, ligand without a large distortion in
the Mo—N=N-Mo moiety. On the other hand, the distal N atom of terminal N, ligands
that sticks out from the molecular surface is likely to accept a proton from LutH". It
should be noted that the separation of 2 into two mononuclear Mo—N, complexes [Mo
(N»)3(PNP)] H and frans-[Mo(N,),(PNP)] is endothermic by 24.9 kcal mol ', The
calculated results strongly suggest that the formation of mononuclear Mo—N, com-
plexes from 2 is an unacceptable reaction pathway for the transformation of N into
NH;.

(a) H p——
H* NN
(terminalN;) ~  _—-p N_‘}ﬁ
———  {__N-Mo-N=N-Mo—N_ )
6.5 o) N
N N (8.4) b N
A = A
¢ _N-Mo-N=N-Mo—N_ ) —
&/ ¥ W A
PN Np—
" 12.0
2 (40.7)
R
P = PBu, ™
(bridging N,)
(b) distal N atom
of N,(terminal)

N(bridging)

Fig. 6 (a) Energy profiles of protonation of terminal and bridging N, ligands by LutH". Energy
changes and activation energies (in parenthesis) are given in kcal mol ™. (b) A space-filling model
of 2. The bridging N, ligand is sterically protected by ‘Bu groups in the pincer ligands
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As shown in Fig. 5a, the proton detachment from A, which is the backward reaction
of the protonation of 2, can easily proceed due to a very small activation energy of
1.9 keal mol . On the other hand, the protonation of 2 dramatically activates the Mo—
N, bond between the Mo atom and the N, ligand frans to the NNH group. The
elimination of the N, ligand is endothermic by 14.7 kcal mol ! (E, = 20.0 kcal mol ")
for 2 and exothermic by 2.7 kcal mol ™" (E, = 4.4 kcal mol™ ") for A. After the N,
elimination, the counter anion of LutH* (OTf ") will attack the vacant coordinate site in
B to compensate electric charges. This speculation is reasonable because OTf™ can
exist in the vicinity of B after the protonation of a terminal N, ligand in 2. The
coordination of OTf™ to B is exothermic by 15.6 kcal mol™", and thereby the NNH
moiety is thermodynamically stabilized for the following protonation/reduction steps.
Totally, the first protonation process (2 — C) is exothermic by 11.8 kcal mol L.

In the proposed catalytic cycle, mononuclear Mo-nitride complex [Mo(=N)
(OT1)(PNP)] G is regarded as a key reaction intermediate (Fig. 4b). It is reasonable
to consider the formation of dinuclear Mo—nitride complex F, [Mo(=N)(OTf)
(PNP)-NN-Mo(N,),(PNP)], based on the experimental observation of a fragment
assignable to [Mo(=N)(OTf)(PNP)-NN-Mo(N,)(PNP)] by mass spectrometry.
Actually, the dissociation energy of the Mo—N, bond between the Mo(=N) atom
and the bridging N, ligand in F is calculated to be only 4.4 kcal mol "' (Fig. 5b).
The small bond dissociation energy indicates that F should be separated into the
corresponding mononuclear complexes G and H. It should be emphasized here that
[Mo(N,)3(PNP)] H does not accept a proton from LutH*. All efforts to obtain a
product complex consisting of the protonated H and Lut resulted in failure, and
instead, only a reactant complex consisting of H and LutH* was optimized. The
computational result suggests that a dimolybdenum complex with the Mo—-N=N-Mo
structure must be regenerated to start the next catalytic cycle.

As described in Fig. 5d, the regeneration of dimolybdenum complex 2 as the
final step of the catalytic cycle involves the exchange of the coordinated NH; for a
newly incoming N, molecule (N — O — 2). For Schrock’s Mo—triamidoamine
system, interconversion of Mo—NH3; and Mo-N, complexes has been investigated
both experimentally [26, 27, 43] and theoretically [34-36] in great detail. In this
system, the Mo—NH; complex readily reacted with N; to yield the Mo—N, complex,
and 1-2 h was required to establish the thermal equilibrium between Mo—NH3, Mo—
N,, N,, and NH3 [43]. Reiher and coworkers reported that energy change (AE) in
the exchange of NH; for N, is calculated to be —9.8 kcal mol ' by using full
[HIPTN3;N]Mo complexes [35]. Very recently, Tuczek and coworkers reported
AE = —7.6 kcal mol~' [44]. Reiher and coworkers investigated the ligand
exchange step with Car-Parrinello molecular dynamics simulations followed by
stationary DFT calculations [36]. They found that N, can access the Mo center
through an entrance channel in the plane of three amide N atoms of [HIPTN;N]Mo
(NH3) to form a six-coordinate intermediate [HIPTN;N]Mo(N,)(NH3).

For the exchange of NH; for N, in the dimolybdenum system, DFT calculations
predicted a dissociation—addition mechanism via the formation of a five-coordinate
intermediate [Mo(N,)(PNP)-NN-Mo(N,),(PNP)] O (Fig. 5d). Elimination of the
NHj; ligand in [Mo(NH;3)(N,)(PNP)-NN-Mo(N,),(PNP)] N is endothermic by only
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2.7 kcal mol ! with an activation energy of 7.1 kcal mol~'. Addition of N, to O, the
final step toward the regeneration of 2, is exothermic by 14.7 kcal mol ™' with a low
activation barrier of 5.3 kcal mol~'. Totally, the ligand exchange is exothermic by
12.0 kcal mol™! and it will be smoothly attained at room temperature via the
dissociation—addition mechanism.

Mononuclear Mo—N, complexes such as [Mo(N,)3(PNP)] and [Mo(N,),(PNP)] do
not serve as active catalytic species since their N, ligands cannot be protonated by
LutH". This is the reason why the regeneration of dinuclear complex 2 is considered as
the final step of the catalytic cycle in Fig. 4b. Cooperation between the two Mo units in
2 apparently plays an essential role in exhibiting the catalytic activity. The origin of the
catalytic activity can be explained in terms of atomic charge of N in the dinuclear and
mononuclear Mo—N, complexes and their protonated ones at the first protonation step.
Table 1 summarizes calculated differences (Ag) in the NPA atomic charge (g) [45]
between the Mo-N, and Mo-NNH" complexes for the dinuclear (2 and A) and
mononuclear (H and P) Mo complexes. The values of Ag obtained for the Mo
atoms, N,, NNH and PNP indicate how the positive charge of the added proton is
redistributed in the Mo-NNH" complexes. In the mononuclear system, the proton-
ation of an axial N, ligand varies the NPA charges of the Mo atom, the NNH ligand,
the remaining axial N, ligand, the equatorial N, ligand, and the pincer ligand by +0.38,
+0.07, +0.17, +0.09, and +0.29, respectively (Ag = +1.00 in total). The Ag values of

Table 1 Differences in the NPA atomic charge (Ag) between Mo—N, and protonated complexes
obtained for dinuclear (2 and A) and mononuclear (H and P) molybdenum complexes

unitA unit B
+
/H lermma\2—| /H
) 7. IN )= e 7
P m ging ,,,N o P H equatoria
Saciaiial N terminal1 N axial
A P
q9(A)  |qB) | Aqg(A-2) qP)  |qH) | Aq(P-H)
Unit A | Mo —-0.02 | -0.35 |+0.33 Mo 0.00 —0.38 | +0.38
NN(H) —0.15 | -0.12 | —-0.03 NN(H) —-0.04 | -0.11 |+0.07
NNerminar | +0.04 | —=0.13 | +0.17 NN.xial +0.06 |—-0.11 |+0.17
NNprigging | —0.13 | —0.08 | —0.05 NNeguatoriat | —0.01 | —0.10 | +0.09
Pincer +0.89 | +0.64 |+0.24 Pincer +0.99 |+0.70 |+0.29
Total +0.66 Total +1.00
Unit B | Mo —-0.24 | -0.35 |+0.11
NNeerminai1 | —0.10 | —=0.13 | +0.03
NNierminarz | —0.10 | —=0.13 | +0.03
Pincer +0.81 |+0.64 |+0.17
Total +0.34
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Fig. 7 Spatial distribution of the HOMO of 2

the dinuclear system were obtained for units A and B separately, where unit A is
identical to H. Comparison between Ag (A-2) of unit A and Ag (P-H) provides
insight into the function of unit B in the protonation of 2. The total Aqg values of units A
(+0.66) and B (+0.34) indicate that a large amount of electron (0.34e ™) is donated from
unit B to unit A upon protonation. The donated electron mainly distributes on the NNH
ligand and bridging N, ligand. Large differences in Ag between unit A of A-2 and P-
H are observed for the NNH ligand (—0.10) and the bridging N, (—0.14). The electron
transfer between the two Mo units enhances the Brgnsted basicity of the terminal N,
ligand attacked by LutH*, and an unprotonated Mo unit (unit B in this case) works as a
mobile ligand in the first protonation step.

In general the degree of N, activation in a metal-N, complex is experimentally
judged from elongation of the N=N bond and red-shift of the N=N stretching
frequency relative to free N,. Deeth and Field [46], and Studt and Tuczek [47]
reported that atomic charges on coordinated N, is also a useful criterion for judging
the degree of N, activation. In a biomimetic nitrogen fixation system, a catalytic
cycle starts with protonation of N, on a metal center (reduction may occur first).
Therefore, the reactivity of a metal-N, complex with a proton donor should closely
correlate with the amount of negative charge on the coordinated N,. Yoshizawa and
coworkers reported that the gross NPA charge on an N, ligand in M—-N, (M = Mo,
Ru, and W) complexes showed a good correlation with activation energies of
protonation by LutH" [48]. As shown in Table 1, the gross NPA charges on a
terminal/axial N, ligand are almost identical in the di- and mononuclear Mo—N,
complexes (—0.12 for 2 and —0.11 for H). From the criteria of atomic charge, the
degree of N, activation in 2 is not sufficient for the protonation by LutH". The small
negative charge on N, in 2 implies that the terminal N, ligand to be protonated is
not “preactivated” but activated through an on-demand electron transfer between
the two Mo units induced by the approach of LutH". Synergy of the two Mo centers
in 2 can be understood by looking at the HOMO (Fig. 7). The HOMO of 2 is highly
delocalized between d orbitals of the two Mo atoms and a & orbital of the bridging
N; ligand. Their overlap is distorted due to the twisted connection between the two
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Mo units, where the dihedral angle of N,—Mo—Mo-N, is —54.4°. The intermetallic
electron transfer allows 2 to receive a proton from LutH" at the first step toward the
catalytic transformation of N, into NHs.

3.2 Dimolybdenum Complexes Bearing Substituted
PNP-Type Pincer Ligands

The theory-based reaction pathways supported by the experimental findings (Fig. 4b)
give useful information on the development of more effective catalysts for nitrogen
fixation using dinitrogen-bridged dimolybdenum complexes. The computational
results indicate that the protonation of a terminal N ligand in 2 is one of the most
energetically unfavorable steps. As a strategy for the improvement of catalytic activity
of 2, introduction of an electron-donating group to the pyridine ring in PNP is expected
to reinforce the backdonating ability of the Mo atoms. Enhancing the electron-
donating ability of PNP will lead to the increase of electron density on the N, ligands
to strongly attract a proton at the first protonation step.

Yoshizawa and coworkers theoretically assessed the impact of introduction of
electron-donating groups to the 4-position of the pyridine ring in PNP [49]. Substituent
effects of the electron-donating groups were evaluated based on the energetics of the
first protonation process in Fig. 5a. In the presence of [LutH]OTT as a proton source, this
process involves three elementary reaction steps: protonation of a terminal N ligand,
elimination of the N ligand trans to the generated NNH ligand, and coordination of
OTf™ to prevent the Mo—-NNH complex from proton detachment. Figure 8 shows
energy profiles of the first protonation process for 2a (equivalent to 2), methyl-
substituted 2b, and methoxy-substituted 2¢. While the use of methyl- and methoxy-
substituted PNP ligands does not significantly affect the trend of the energy profiles,
the introduction of an electron-donating group lowers the activation barrier for the
protonation and stabilizes the generated diazenide complex A. The activation energy
for the protonation step is decreased from 8.4 kcal mol ! (2a) to 7.4 kcal mol ! (2b)
and 7.0 kcal mol ™' (2¢). In addition, the backward reaction from A to 2 will be
suppressed by using 2b and 2c as catalysts. The corresponding activation energies are
calculated to be 2.4 kcal mol™! for 2b and 3.7 kcal mol ™! for 2¢, both of which are
higher than that of 2a (1.9 kcal mol_l). On the other hand, the introduction of the
methyl and methoxy groups does not change the energetics of the N, elimination step.
The elimination of the trans N, ligand is exothermic by 2.6-2.8 kcal mol ' and
requires activation energies of 4.4—4.5 kcal mol™' for all complexes. The N=N
stretching frequency calculated for 2a (1960 cm ™' in THF) is slightly red-shifted by
introducing the methyl group (2b, 1958 cm™") and the methoxy group (2¢, 1954 cm ™).
The gross NPA charge on a terminal N, ligand is slightly increased from —0.125 (2a) to
—0.127 (2b) and —0.133 (2¢). The characteristics of the N, ligands indicate a higher
degree of N activation in the Mo complexes bearing the substituted PNP-pincer ligands.
DFT calculations have predicted that the introduction of an electron-donating group to
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Fig. 8 Energy profiles of the first protonation process of 2a-2¢ calculated at the B3LYP*/BS2//
B3LYP*/BS1 level of theory. Energy changes and activation energies (in parenthesis) are
presented in kcal mol™". Proton is transferred from LutH*
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PNP facilitated the protonation of 2 and the methoxy-substituted 2¢ would serve as an
effective catalyst.

Nishibayashi and coworkers synthesized a series of substituted dinitrogen-
bridged dimolybdenum complexes including 2b and 2¢, and examined the catalytic
transformation of N, into NH; using them as catalysts (Scheme 3) [49]. The N=N
stretching frequencies were observed at 1944 cm ™! (2a), 1939 cm ! (2b), and
1932 cm ™" (2¢) in THF, which reasonably agreed with the computational trend. In
accordance with the theory-based design, the methoxy-substituted 2¢ produced the
largest amount of NH3 (34 equiv) based on the catalyst. They eventually succeeded
in producing 52 equiv of NHj3 by using 2¢ in the presence of larger amounts of
[LutH]JOTTf (480 equiv) and CoCp, (360 equiv).
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3.3 Dimolybdenum Complexes Bearing PCP-Type Pincer
Ligands

Experimental and theoretical investigations on a series of dimolybdenum complexes
bearing PNP-type pincer ligands have provided three important clues to designing a
new pincer ligand for the development of more effective catalysts for nitrogen
fixation. (1) As mentioned in the former section, enhancement of the backdonating
ability of the Mo centers will accelerate the protonation of a terminal N, ligand, which
is energetically less favorable. (2) The dinitrogen-bridged dimolybdenum (Mo—
N=N-Mo) structure must be retained because the intermetallic electron transfer via
the bridging N, ligand is essential for the protonation of a terminal N, ligand. (3) The
pincer ligand must be strongly coordinated to the Mo center in order to extend the
lifetime of the catalyst. Dissociation of PNP from the Mo center was generally
observed after the catalytic reaction, and it should lead to deactivation of the catalyst.

As a candidate pincer ligand that could meet the above requirements, Nishibayashi
and coworkers adopted an N-heterocyclic carbene-based PCP-type pincer ligand
[50]. N-heterocyclic carbene (NHC) is known to serve as a ¢ donor stronger than
pyridine as well as a & acceptor [51-55], which is expected to coordinate to a metal
center tightly. They newly synthesized two dinitrogen-bridged dimolybdenum com-
plexes bearing two types of PCP pincer ligands containing 1,3-bis((di-tert-
butylphosphino)methyl)benzimidazol-2-ylidene (Bim-PCP[1], 3a) and 1,3-bis
(2-(di-tert-butylphosphino)ethyl)imidazol-2-ylidene (Im-PCP[2], 3b) (Scheme 4).
These PCP ligands were prepared for investigating how the length of methylene
linkers between the NHC framework and P'Bu, groups influences the catalytic activity
for nitrogen fixation. The catalytic activities of 3a and 3b for nitrogen fixation were
quite different. In the presence of 96 equiv of [LutH]JOTf as a proton source and
72 equiv of decamethylchromocene (CrCp*;) as a reducing agent, 3a worked as a

H |OTi j@(’ catalyst
N, + Ny~ + Cr —_— NH,
| ] ,@f\ toluene

rt
1 atm
96 equiv 72 equiv 18 equiv (3a)
96 equiv 72 equiv 3.5 equiv (3b)
1920 equiv 1440 equiv 2.0x10%equiv (3a)
catalyst
N N
A N N,
N ) PN NNP N N
"':.'N ~—Mo-N=N-Mo— N"'J" gy .~-_MD—N?N--_M0—.N
Py Np N7 Ry Np
P = PBu, N N N N
3a (Bim-PCP[1]) 3b (Im-PCP[2])

Scheme 4 Transformation of N, into NHj catalyzed by dimolybdenum complexes bearing
PCP-type pincer ligands
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catalyst for nitrogen fixation to produce 18 equiv of NH; based on the catalyst in
toluene at room temperature. On the other hand, 3b produced only 3.5 equiv of NH3
under the same reaction conditions. Surprisingly, the amount of generated NHj;
reached 2.0 x 107 equiv by using 3a as a catalyst in the presence of larger amounts
of [LutH]OTf (1920 equiv) and CrCp*, (1440 equiv), which is about an order of
magnitude greater than the Mo—PNP complex 2a. A sharp contrast between 3a and 3b
was observed in the stability of the dimolybdenum structure. IR and '’N{'H} NMR
measurements in THF as a solvent revealed that 3b was separated into two mononu-
clear Mo-N, complexes, such as [Mo(N,);(Im-PCP[2])] 3b’ at room temperature.

Figure 9 depicts structures of 3a and 3b optimized at the B3LYP* level of
theory. The SDD and 6-31G* basis sets (BS3) were employed for the Mo atoms and
the others, respectively. The Mo—N bond distance for the bridging N, ligand is
2.108 A (3a) and 2.133 A (3b), indicating a weaker binding of the bridging N,
ligand to the Mo atom in 3b. In terms of the separation of a dimolybdenum complex
into two mononuclear complexes, the bond dissociation energy (BDE) of the Mo—
N, (bridging) bond of 3b is calculated to be 9.0 kcal mol ', which is much lower
than that of 3a (18.8 kcal mol ). The low BDE of the Mo—N,(bridging) bond of 3b
can be associated with the IR and 15N{ 'H} NMR spectra of 3b measured in
solution. Moreover, the low reactivity of 3b for nitrogen fixation experimentally
proves the importance of the dinuclear Mo—N=N-Mo structure for exhibiting the
catalytic activity. In fact, DFT calculations demonstrated that mononuclear Mo—N,
complexes such as [Mo(N,);(Bim-PCP[1])] 3a’ and [Mo(N,);(Im-PCP[2])] 3b’
cannot be protonated by LutH" in a similar manner as [Mo(N,);(PNP)]
G presented in the former section.

Optimized structures of 3a’ and 3b’ in Fig. 10 and their space-filling models in
Fig. 11 explain how the length of CH, linkers in the PCP ligands influences
thermodynamic stability of the dimolybdenum structure. The Mo—N distances for
the equatorial N, ligand are 2.084 A for 3a’ and 2.041 for 3b’, and they are

increased by 0.024 A (3a’ — 3a) and 0.092 A (3b’ — 3b) upon formation of the
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Fig. 9 Optimized structures of dimolybdenum complexes 3a, 3b, and 2 calculated at the
B3LYP#/BS3 level of theory. Bond distances are given in A
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NA-C-Mo-NB = 69.6° NA-C-Mo-NE = 43.8° C-NA-Mo-N® = 67.7¢
P-Mo-P = 151.2° P-Mo-P = 164.3° P-Mo—P = 157.1¢

3a’ 3b’ 2'

Fig. 10 Optimized structures of mononuclear Mo-N, complexes 3a’, 3b/, and 2’ calculated at the
B3LYP*/BS3 level of theory. Bond distances are given in A

corresponding dimolybdenum complexes. Contrary to the large difference in the
BDE of the Mo-N,(bridging) bond between 3a and 3b, the BDEs of the Mo—
N,(equatorial) bond are almost identical for 3a’ and 3b’, 21.2 and 21.5 kcal mol ',
respectively. These results would imply that steric hindrance between terz-butyl
groups on the phosphorus atoms in the PCP ligands governs the thermodynamic
stability of the Mo—N=N-Mo structure. The bond angle of P-Mo—P in 3b’ (164.3°)
is larger than that in 3a’ (151.2°) due to the longer CH, linkers in Im-PCP[2]. As
shown in space-filling models in Fig. 11, the tert-butyl groups in Im-PCP[2] stick
out along the equatorial N, ligand compared to those in Bim-PCP[1] so as to
effectively protect the N, ligand utilized for the connection with another Mo unit.
As a result, the Mo—N=N-Mo structure of 3b is destabilized by steric repulsions
between the tert-butyl groups in two mononuclear Mo units facing each other.

Reaction pathways for the transformation of N, into NH3 using 3a as a catalyst
are expected to be basically similar to those using 2 as a catalyst shown in Fig. 5. As
the first step toward the mechanistic understanding of the nitrogen fixation cata-
lyzed by 3a, theoretical investigations [50] have been particularly focused on the
first protonation process because this process involves one of the most energetically
unfavorable reaction steps in the catalytic cycle proposed for 2.

Figure 12 compares energy profiles of two possible reaction pathways of the first
protonation process leading to intermediate C from 3a and 2. The pathway shown
above (Path I) is the same one as shown in Fig. 5a, i.e. the transformation of N, starts
with the protonation of a terminal N, ligand. The protonation of 3a by LutH™ (3a — A-
PCP) is endothermic by 8.1 kcal mol ™' with an activation energy of 8.3 kcal mol ™"
This energy profile indicates that the backward reaction to release H* from N, would
occur very rapidly due to a very low activation energy of 0.2 kcal mol ', which is
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top view

side view

3a’ (Bim-PCP[1]) 3b’ (Im-PCP[2])

Fig. 11 Space-filling models of 3a’ and 3b’. fert-Butyl groups in Im-PCP[2] stick out to desta-
bilize a dimolybdenum structure connected through the equatorial N, ligand

much lower than that in the Mo—PNP system (1.9 kcal mol_l). On the other hand, the
following N, elimination step (A-PCP — B-PCP) is exothermic by 5.2 kcal mol '
with a low activation energy of 4.0 kcal mol~'. The low reactivity of terminal N,
ligands in 3a with LutH* appears to be strange because the NHC-based PCP ligands
were expected to work as a strong electron donor compared with the pyridine-based
PNP ones.

Another possible pathway to C (Path II in Fig. 12) involves the elimination of a
terminal N, ligand in the initial complex 3a (2) followed by the protonation of the
remaining terminal N, ligand (3a (2) — Q — B — C). In the Mo-PCP system, the
elimination reaction (3a — Q-PCP) proceeds in an endothermic way by 11.9 kcal mol !
and requires an activation energy of 19.7 kcal mol !, which is acceptable for a reaction
occurring at room temperature. In the Mo—PNP system, this reaction is endothermic by
14.4 keal mol ™" with an activation energy of 20.0 kcal mol . Since the energy changes
calculated here correspond to the BDEs of the Mo—N,(terminal) bond in 3a and 2, the
Mo—N,(terminal) bond in 3a is 2.5 kcal mol ' weaker than that in 2. The weaker Mo—
N,(terminal) bond as well as the lower reactivity of 3a with LutH" in Path I can be
associated with less activation of the terminal N ligands. The N=N stretching frequen-
cies of terminal N, ligands in 3a and 2 were experimentally observed at 1978 and
1936 cm ™" in the solid state, respectively, indicating that the terminal N, ligands in 3a
are less activated than those in 2. The N=N stretching frequencies calculated for 3a
(2012 cm ™" in vacuo) and 2 (1993 cm ™! in vacuo) reproduced the experimental trend;
1978 cm ™! (KBr) for 3a [50] and 1936 cem ! (KBr) for 2 [17]. The dissociation of the
terminal N, ligand in 3a markedly activates the remaining N, ligand at the trans
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Fig. 12 Two possible reaction pathways and energy profiles of the first protonation process on a
terminal N, ligand in 3a and 2 calculated at the B3LYP*/BS2//B3LYP*/BS3 level of theory.
Energy changes and activation energies (in parenthesis) are presented in kcal mol~'. Proton is
supplied by LutH*

position. The negative NPA charge on the trans N, ligand is increased from —0.10 (3a)
to —0.19 (Q-PCP). The protonation of Q-PCP is exothermic by 1.6 kcal mol ! with a
very low activation energy of 1.2 kcal mol ™. This activation energy is much lower than
that of the backward reaction yielding 3a from Q-PCP and N, (7.8 kcal mol ™ 1). A
similar trend was observed for Path II in the Mo—PNP system. At present, unfortu-
nately, it is difficult to determine which reaction pathway is a major pathway for the first
protonation process in the Mo—PCP system because of the quick proton detachment
from A-PCP in Path I and the high activation barrier for the N elimination of 3a in Path
IL

The NHC-based PCP ligands were first expected to work as a strong electron donor
so as to activate coordinated N, through the enhanced n-backbonding from Mo to N,.
Actually, the improvement of catalytic activity of the Mo—PNP system was achieved
by introducing electron-donating groups to the PNP ligand, as described in the Sect.
3.2. However, the N=N stretching frequencies indicate that the N, ligands in 3a
(Bim-PCP[1]) are less activated than those in 2 (PNP). In order to elucidate how the
pincer ligands influence the coordination of N, to Mo, structural and electronic



190 H. Tanaka and K. Yoshizawa

Table 2 Changes in the NPA atomic charge (Ag) in the coordination of the pincer ligands to the
Mo(N,); moiety

NHC __F.'?’ __________ NHC
S PBY, —PBu, | f\-:-TBuz
@ womzh o Lot
E N ’Bue —PBy, |\ TPBY
3a 2 3b’
q(3a’) | q(free) |Aq q(2) | q(free) |Aq q@3b’) | g(free) |Aq
Mo —0.55 |0 —0.55 | =039 |0 —039 |—0.54 |0 —0.54
N, ligands | —0.26 |0 —-0.26 |-0.31 |0 -0.31 | =036 |0 —0.36

PBu, (1) |+0.59 |+0.30 |[+0.29 |+0.60 |+0.31 |+0.29 |+0.59 |+0.29 |+0.30
PBu, 2) |+0.59 |+0.30 |[+0.29 |+0.60 |+0.31 |+0.29 |+0.59 |[+0.29 |+0.30
NHC (Py) |-0.37 |-0.60 |+0.23 |-0.50 |—-0.62 |+0.12 |-0.28 | —0.58 |+0.30
The values of Ag are obtained as differences of the NPA charges (¢) between mononuclear Mo—N,
complexes (3a’, 2/, and 3b’) and free pincer ligands (Bim-PCP[1] for 3a’, PNP for 2, and Im-PCP
[2] for 3b')

Table 3 Selected bond 3a’ 2
: R / /

distances (A) in 3a’and 2" and "1y, T Vo C(carbene) 2.099 (0.91)

bond dissociation energies of —

the Mo—Nj,(equatorial) and Mo-N(pyridine) 2.240 (0.39)

Mo-N,(axial) bonds Mo-N,(equatorial) | 2.084 (0.50) |2.018 (0.62)

(kcal mol™h Mo—N,(axial) 2.034 (0.53) |2.024 (0.54)
BDE Mo-N,(equatorial) | 21.2 30.1

Mo—N,(axial) 12.5 14.0

The values in parenthesis present the Mayer bond order

properties of mononuclear Mo—-N, complexes [Mo(N,);(Bim-PCP[1])] 3a’ and [Mo
(N,)3(PNP)] 2’ have been investigated in detail.

Table 2 compares the electron-donating ability of Bim-PCP[1] and PNP in terms
of the NPA charge. Changes in the NPA charge (Ag) between the Mo—N, com-
plexes and the free pincer ligands were calculated for estimating the amount of
electron donated from the pincer ligands to the Mo center and three N, ligands
during complexation. The Ag values were independently calculated for four moi-
eties in 3a’ (2'); the NHC (pyridine) moiety with the CH, linkers, the P'Bu, groups,
the Mo atom, and the N, ligands. The NPA charges of the Mo and N, ligands were
set to be zero for the free ligands, and hence Ag of the Mo(N,); moiety is identical
to the sum of the NPA charges assigned to this moiety. As shown in Table 2,
Bim-PCP[1] and PNP donate 0.81e™ and 0.70e™ to the Mo(N;); moiety during
complexation, respectively. From a viewpoint of atomic charge, the NHC-based
pincer ligand surely works as a strong electron-donor compared with the pyridine-
based one. The electron-donating ability of the pincer ligands is governed by the
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NHC and pyridine moieties because Aq of the P'Bu, groups are identical (+0.29) in
both Bim-PCP[1] and PNP. The difference in the amount of the donated electron
comes from the Ag values of the NHC moiety (+0.23) and the pyridine moiety
(+0.12).

Optimized structures in Fig. 10 and BDEs of the Mo—N,(equatorial) and Mo—
N,(axial) bonds also provide useful information on the evaluation of the electron-
donating ability of the pincer ligands. Table 3 summarizes geometric parameters
around the Mo center in 3a’ and 2/, together with the BDEs of the Mo—N, bonds.
The Mo—C(carbene) bond distance of 2.099 A in 3a’ is much shorter than the Mo—-N
(pyridine) bond distance of 2.240 A in 2/, indicating a stronger binding of Bim-PCP
[1] to the Mo center. The Mayer bond orders (b.o.) [56] of the Mo—C(carbene) bond
(0.91) and Mo—N(pyridine) bond (0.39) also suggest a strong bonding interaction
between the Mo center and Bim-PCP[1]. The solid connection between Mo and
Bim-PCP[1] well explains the experimental result that 3a has a long lifetime as a
catalyst for nitrogen fixation with a high turnover number of NH; production
compared with 2. On the other hand, the Mo—N,(equatorial) bond is weakened by
a strong trans influence of the NHC moiety. The Mo—N,(equatorial) bond distance

(a)

HOMO-1 (3a’) HOMO-1 (2')

Fig. 13 Spatial distribution of frontier orbitals of 3a’ and 2": (a) HOMO-6 (3a’) and HOMO-5 (2')
contributing to ¢ donation from the pincer ligand to Mo, and (b) HOMO-1 contributing to &
backdonation from Mo to both equatorial and axial N, ligands. An “extra” backdonation from Mo
to the pincer ligand is observed only in 3a’ (dashed circle). The molecular structures in (b) are
rotated by 90° along the axis containing the Mo atom and the equatorial N, ligand from those in (a)
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of 2.084 A (b.o. = 0.50) in 3a’ is much longer than that of 2.018 A (b.0. = 0.62) in
2. The elongated Mo-N,(equatorial) bond in 3a’ results in a low BDE of
21.2 keal mol ! compared with that of 2’ (30.1 kcal molfl). It is notable that the
coordination of Bim-PCP[1] influences not only the equatorial N, ligand but also
the axial N, ligands so as to weaken all Mo—N, bonds. The Mo—N,(axial) bond
distances (b.0.) are 2.034 A (0.53) for 3a’ and 2.024 A (0.54) for 2/, while the BDEs
are 12.5 kcal mol ™' for 3a’ and 14.0 kcal mol~" for 2'. Dimolybdenum complexes
3a and 2 show a similar trend in the BDEs of the Mo—N,(bridging) and Mo—
N,(terminal) bonds. The BDEs of the Mo—-N,(bridging) and Mo—N,(terminal)
bonds are 18.8 and 11.9 kcal mol " for 3a, respectively, both of which are lower
than those for 2 (24.9 and 14.4 kcal mol ™).

The influence of coordination of the NHC-based PCP ligand to the Mo center can
be rationalized by spatial distribution of frontier orbitals responsible for the Mo-C
(carbene) and Mo-N, bonds. The HOMO-6 (3a’) and HOMO-5 (2') in Fig. 13a
contribute to a ¢ bond between the Mo center and the carbene C atom (or the pyridine
N atom). The large amplitude of the lobe observed between Mo and C implies a strong
o-donating ability of Bim-PCP[1] compared to PNP. The HOMO-1 in Fig. 13b shows

N,(axial)

0
C(carbene) N,(equatorial)

N,(axial)

n backdonation (Mo — N,)
+ 1 backdonation (Mo — C)

Fig. 14 Schematic drawing of the n-bonding interaction between the Mo atom and ligands in the
HOMO-1 of 3a’
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7 backdonation from an out-of-plane d orbital of Mo to a n* orbital of N, ligands. In
general the © backdonation from metal to N, plays an essential role in the binding and
activation of N, upon formation of a metal-N, complex. It should be emphasized here
that both equatorial and axial N, ligands are affected by occupation of the HOMO-1. A
large difference between the HOMO-1 of 3a’ and 2’ is the presence of & backdonation
from Mo to the vacant p orbital of the carbene C atom in 3a’. The weak Mo—N, bonds
in 3a’ can be ascribed to the m-accepting ability of the NHC that decreases the
propensity of Mo for m backdonation to both equatorial and axial N, ligands
(Fig. 14). Actually, as presented in Table 2, Ag of the three N, ligands in 3a’
(—0.26) is smaller than that in 3b’ (—0.31) despite the higher electron-donating ability
of Bim-PCP[1]. Whereas the & backdonation to the NHC weakens the Mo—N, bonding
in 3a’, it also contributes to the solid connection between Mo and Bim-PCP[1].

On the other hand, the contribution of the m backdonation seems to be less
significant for the bonding between Mo and Im-PCP[2] in [Mo(N,);(Im-PCP[2])]
3b’. As shown in Fig. 10, the coordination of the NHC moiety of Im-PCP[2] to Mo
is highly twisted due to the ethylene linkers; the dihedral angle of N*~C-Mo-N® in
3b’ (43.8°) is much smaller than that in 3a’ (69.6°) and the dihedral angle of C-N“—
Mo—N® in 2/ (67.7°). Because the overlap between the vacant p orbital of the
carbene C atom and the out-of-plane d orbital of the Mo atom is maximized at the N
A_C-Mo-NP dihedral angle of 90°, the twisted coordination of the NHC moiety
decreases the propensity of Mo for & backdonation to the NHC. As a result, Im-PCP
[2] only exhibits a very strong c-donating ability and donates 0.90e™ to the Mo
atom during complexation. The gross NPA charge on the three N, ligands (—0.36)
as well as a high BDE of the Mo—N,(axial) bond of 3b’ (14.3 kcal molfl) indicates
that the coordination of Im-PCP[2] effectively activates the N, ligands compared
with Bim-PCP[1]. However, the N ligands in the mononuclear Mo complex 3b’ are
not sufficiently activated for the reaction with LutH*, as mentioned in Sect. 3.1.
Again, the low catalytic activity of 3b for nitrogen fixation would stem from the
thermodynamic instability of the Mo—N=N-Mo structure caused by the ethylene
linkers of Im-PCP[2].

4 Conclusions

In this chapter, we have overviewed recent topics in the mechanistic understanding
of artificial nitrogen fixation catalyzed by mono- and dimolybdenum complexes
from a theoretical point of view. The Yandulov—Schrock cycle proposed for the
mononuclear Mo—triamidoamine system involves alternating protonation/reduction
steps via the formation of a Mo—-nitride (Mo=N) intermediate. The validity of the
Yandulov—Schrock cycle has been thoroughly investigated both experimentally and
theoretically, and this cycle is now accepted as an established catalytic mechanism
of nitrogen fixation at a single metal site.

In the dimolybdenum Mo—PNP system, a dinuclear Mo—NN-Mo structure plays a
decisive role in the transformation of N, into NHj3, particularly in the protonation of
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coordinated N,. While the catalytic cycle deduced from experimental and theoretical
findings is analogous to the Yandulov—Schrock cycle in that one of the terminal N,
ligands at an Mo unit of 2 is converted to two molecules of NH; via the formation of a
Mo-nitride intermediate, a main difference from the Mo—triamidoamine system is that
the other Mo unit works as a mobile ligand to donate electron in the first protonation
process. Intermetallic electron transfer between the two Mo units through the bridging
N, ligand efficiently activates the terminal N, ligand to be protonated, and opens the
path to further protonation and reduction steps leading to the generation of NH;. Based
on the catalytic mechanism proposed for the Mo—PNP system, dimolybdenum com-
plexes bearing substituted PNP-pincer ligands were designed to achieve higher
catalytic activity than the original complex. As predicted by theoretical calculations,
the introduction of electron-donating groups to the pyridine moiety of the pincer
ligand improved the turnover number of NH3 production from 23 (2a) to 52 (2c¢)
equiv/catalyst.

As an alternative strategy for enhancing the electron-donating ability of pincer
ligands, dimolybdenum complexes bearing N-heterocyclic carbene-based PCP-type
pincer ligands (Bim-PCP[1] and Im-PCP[2]) have been newly designed and syn-
thesized. Dimolybdenum complex 3a bearing Bim-PCP[1] exhibited high catalytic
activity for nitrogen fixation, where up to 200 equiv of NH; was produced on the
catalyst. On the other hand, 3b bearing Im-PCP[2] exhibited very low catalytic
activity. Separation of 3b into mononuclear Mo—N, complexes observed in solution
was rationalized by a low bond dissociation energy calculated for the Mo—N,(bridg-
ing) bond of 3b. The large differences in catalytic activity and behavior in solution
testify the theory-based proposal that the dinuclear Mo—NN-Mo structure must be
preserved at a certain stage of the nitrogen fixation in the Mo—PCP system (prob-
ably also the Mo-PNP system). Calculated reaction pathways of the first proton-
ation process toward the transformation of N, into NH; by 3a demonstrated that a
weak Mo—N,(terminal) bond of 3a may be associated with the high catalytic
activity. The strong o donation as well as n backdonation between Mo and
Bim-PCP[1] provides a solid connection between the metal center and pincer ligand
in 3a, and would contribute to the long lifetime of 3a as a catalyst. The catalytic
activity of dimolybdenum complexes bearing pincer ligands is exquisitely con-
trolled by both geometric and electronic factors. The former mainly influences the
thermodynamic stability of the dimolybdenum structure through steric hindrance
stemmed from the length of the phosphorus arms. The latter affects the binding of a
pincer ligand to Mo through the ¢ donation and ® backdonation. A pincer ligand
with a strong o-donating ability binds to Mo tightly, but its pronounced trans
influence can decrease the thermodynamic stability of the dimolybdenum structure.
The m-accepting ability of a pincer ligand should also be considered in tuning the
catalytic activity of a dimolybdenum complex because the backdonation from Mo
to the pincer ligand can weaken all the Mo—N, bonds.

The mechanism of nitrogen fixation is quite complicated because at least six
pairs of proton and electron must take part in the transformation of N, into NH3.
Therefore, the catalytic reaction pathway should compete with unexpected side
reactions that limit the turnover number of NHj production, but they are often
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difficult to observe and characterize experimentally. Automated screening tech-
niques can be applied for locating such undesired pathways leading to deactivation
of catalysts. For example, a heuristics-guided protocol for the automatic exploration
of chemical reaction spaces developed by Reiher and coworkers [38] has recently
been exploited for finding possible elementary reactions in the Mo—triamidoamine
system. In their study, about 10,000 intermediates and more than 2000 transition
states were optimized using a simplified model complex of 1. Computational and
experimental researches in close coordination become increasingly important for
accelerating the development of more effective nitrogen fixation catalysts working
under ambient reaction conditions.
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Sulfur-Supported Iron Complexes
for Understanding N, Reduction

Amy L. Speelman and Patrick L. Holland

Abstract This chapter focuses on the use of synthetic complexes for modeling iron
sites in the iron-molybdenum nitrogenase enzyme, particularly on those with sulfur
donors in the coordination sphere. This is an under-explored area that has promise to
elucidate the way that Fe—S bonds contribute to N, binding and activation. We review
iron complexes with sulfide, thiolate, and thioether-containing supporting ligands and
discuss the binding of N, as well as reduced species such as hydrazine and diazene.
The structures, spectroscopy, reactions, and other properties of key complexes are
described, including recent results.
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1 N, Reduction in Biological Systems

Nitrogen atoms are essential building blocks of biomacromolecules. Although atmo-
spheric dinitrogen is a plentiful source of N atoms, N, is relatively inert and only
specialized organisms are capable of “fixing” N, to a bioavailable form such as
ammonia or nitrate [1]. In these nitrogen-processing (“diazotrophic’) bacteria and
archaea, biological nitrogen fixation is catalyzed by nitrogenase enzymes according
to the overall idealized reaction stoichiometry [2]:

N, +8H" 4 8¢ + 16 ATP — 2 NH; + H, + 16 ADP + 16 phosphate

Nitrogenase enzymes are complicated multicomponent systems, and the reader
may look elsewhere for detailed descriptions of their enzymology [3-5]. Here, we
focus on the inorganic chemistry at the N,-binding cofactors, which are metallo-
clusters called the FeMoco (in molybdenum-dependent nitrogenases), the FeVco (in
vanadium-dependent nitrogenases), or the FeFeco (in iron-only nitrogenases). Thus
far, the only structurally characterized one of these cofactors is the FeMoco, which is
an unusual [Fe;MoSyC] cluster (Fig. 1). In alternative nitrogenases, the molybdenum
center is replaced by vanadium or iron, but the overall shape of the cofactor is thought
to be similar [6, 7]. Based on the shared reactivity of all nitrogenase variants, as well as
mutagenesis studies that show loss of N, reduction ability upon mutation of His'®> and
Val” (Fig. 1; numbering is for Azotobacter vinelandii FeMo-nitrogenase), the central
iron atoms are most strongly implicated as the site of N, binding [8].

Given the importance of nitrogenases in the global nitrogen cycle, and the prospect
of unusual chemistry at the FeMoco, the mechanism of nitrogen reduction in the
molybdenum-dependent nitrogenases has been a topic of great interest in the bioin-
organic chemistry community. Substantial recent advances on the mechanism of N,
reduction by the FeMoco come from pulsed EPR studies on trapped intermediates from
Seefeldt, Hoffman, Dean, and coworkers [5, 11-14]. They have constructed models

Fig. 1 Structure of the
resting state of the FeMoco.
(Top) Crystal structure of
the FeMoco (PDB ID
4TKU) shown with key
residues near the active site.
(Bottom) The proposed
oxidation state assignments
for the iron and
molybdenum ions based on
spatially resolved
anomalous dispersion

refinement [9] and Mo . Fe 7 o

K-edge X-ray absorption (Cys)S—Fe?"—=s Fe?(c:)—(‘ Fe\’<. -\—n’; ©

spectroscopy [10], \ }\Fe/ \Fe‘ / \N H
- sl e

respectively
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that are based on the Lowe—Thorneley kinetic scheme [2, 15], which specifies that from
the resting state (Eg), four electrons and four protons are added to give the intermediate
E,, which is the state that binds N,. Electron-nuclear double resonance (ENDOR)
studies indicate that E4 has two hydrides bridging between iron centers, implying that
the other two H atoms are probably protonated sulfides [16—18]. According to the
Lowe—Thomeley model, the reversible reductive elimination of H, is accompanied by
N, binding to iron [15]. Seefeldt and Hoffman propose that the bound N, is immedi-
ately converted to a species at the diazene redox level, although the steps in this
transformation and the structure of the resulting “N,H,” species are not clear. The sites
of subsequent protonation are also unclear, but the possibilities are typically catego-
rized as distal and alternating (see Fig. 2). In the distal pathway, proposed by analogy
to small molecule molybdenum complexes [19, 20], the first molecule of ammonia is
released following three protonations at the distal nitrogen. This results in the forma-
tion of a nitride that can accept three more protons and electrons to release a second
equivalent of ammonia. In the alternating pathway, each N atom is protonated in turn
to eventually yield a hydrazine species that undergoes N-N bond cleavage. The
alternating mechanism has generally been favored for the FeMoco on the basis that
diazene and hydrazine (which are intermediates unique to the alternating pathway) are
also nitrogenase substrates, and that hydrazine is released from the enzyme during
turnover under some conditions [5]. Although species following N-N cleavage (which
are common to both the alternating and distal pathways) have been trapped and char-
acterized by pulsed EPR [5], no intermediate that is unique to the distal or alternating
pathway has been observed in the FeMoco. Furthermore, a recent study of a model
complex suggests that crossover between intermediates in the distal and alternating
pathways should also be considered [21]. Within each limiting mechanism, there are
additional ambiguities to be resolved because the intermediates may be terminally
bound or bridging between metal centers, and their coordination modes could change
throughout the catalytic cycle. Thus, many questions remain about the mechanism of
NH; formation, even in the best-understood nitrogenase.

Only the resting state of the FeMoco has been structurally characterized. Rear-
rangement of synthetic iron—sulfur clusters upon ligand binding or redox changes is
known [22-24], and therefore it is reasonable to predict that internal bond cleavage
might occur upon reduction and N, binding in the FeMoco. Additional evidence for
this hypothesis comes from experimental studies of nitrogenase. For example, in the
crystal structure of the CO-inhibited form of nitrogenase, one of the central bridging
sulfides (S2B; see Fig. 1) is replaced by CO [25]. When CO is removed and the en-
zyme is exposed to catalytic conditions, the bridging sulfide is reincorporated and the
enzyme regains full activity. In another example, Rees and coworkers replaced S2B
with a selenide. Crystallographic studies demonstrated that the selenide migrates to the
other central “belt” sites and is eventually extruded from the active site (with rein-
corporation of a sulfide) during acetylene reduction [26]. The fate of the released S*~
or Se’~ and the mechanism of the exchange processes in these experiments are not
yet clear. Nevertheless, these studies demonstrate that sulfide dissociation and cluster
rearrangement certainly can occur during turnover. However, '>C and '“C labeling
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studies confirm that the central carbide does not exchange during reduction of C,H,,
CO, or N, [27].
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Given the uncertainty surrounding the mechanism of nitrogenase and its structure
during turnover, many different intermediates could be postulated. A wide variety of
mechanistic steps have been proposed based on DFT calculations [28—39]. Synthetic
model compounds have been used to test the feasibility of some of these proposed
chemical transformations. Iron complexes that cleave N, [40—43] as well as iron
complexes that catalytically reduce N, to ammonia and/or silylamine [44—49] have
been reported. However, these compounds and others that bind N, and/or partially
reduced N, species (N H,; x = 1-2, y = 1-4) typically contain phosphorus, nitrogen,
and/or carbon donors and it is unclear what effects these abiological ligands have on
catalysis. Nitrogenase-relevant compounds with these types of ligand frameworks
have been reviewed elsewhere [20, 50-56].

Iron complexes with sulfur supporting ligands that bind N,H, fragments can give
distinctive insight into the reactivity patterns that can be expected in the FeMoco [57].
As shown in the examples below, the sulfur donors may serve as functional models
for sulfides, for example, by facilitating proton delivery or by stabilizing N H, species
through hydrogen bonding interactions. Furthermore, these complexes can replicate the
weak ligand field, the low coordination number, and the high-spin electronic con-
figuration of the iron sites in the FeMoco. Complexes containing sulfides are the most
relevant to nitrogenase, but more often thiolates are used as anionic donors. A number of
iron complexes with thioether ligands, which model protonated sulfides in nitrogenases,
are also known. Here, we discuss these iron complexes with sulfur-containing ligands
that bind N, and N,H,, fragments in the context of nitrogenase modeling.

2 Fe-N, Complexes with S Ligands

A variety of coordination modes have been proposed for N, in the FeMoco [30, 33,
58]. These include bridging, terminal, and side-on coordination, in some cases involv-
ing rearrangement of the cofactor. Model complexes can illustrate the plausibility of
N, binding in these coordination modes in a sulfur-rich coordination environment.

The interaction of N, with transition metals consists primarily of n-backbonding
from filled iron d-orbitals into the empty ©* orbitals of N,, which results in a weak-
ening of the NN triple bond [50, 59]. The deviation of the N-N bond length and/or
N-N stretching frequency from the values for free N, can be used as measures of the
degree of activation of the N-N bond. The parameters for structurally characterized
N, complexes with sulfur supporting ligands are given in Table 1. These complexes,
along with other species that can be shown by reactivity or spectroscopic studies to
bind N,, are discussed below.
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Table 1 Key bond lengths and N=N stretching frequencies of N, complexes with sulfur donors

Complex Fe-N (A) N-N (A) vnn (em™h Ref.

Free N, - 1.098 2,359 [60]

Thioether complexes

[Fe(*"PDI)(N,)] (1) 1.797(2) 1.118(3) 2,045 [61]
1.799(2) 1.111(3)

[Fe(SiPTL) (N (2) 1.913(2) 1.091(3) 2,143 [62]

[Fe(SiPFLSAY) (NI (3) 1.954(3) 1.037(5) 2,156 [63]

[Fe(SiPTTSAL)H)(NL)] (5) 1.828(2) 1.116(3) 2,060 [63]

Thiolate complexes

[Fe'(N,)(u-SAr)Fe'(N,)] ™~ (7) 1.808(1) 1.128(1) 2,017, 1,979 [64]
1.822(1) 1.122(2)

[Fe'(NL)(p-SAr)Fe''(N,)] (8) 1.854(7) 1.05(1) 2,070, 1,983 [64]

[Fe" (N,)(u-SArnFe"(N,)]* (9) 1.889(3) 1.048(5) 2,129 [64]
1.917(3) 1.034(5)

[Fe'(NL)(H)(u-SArFe(N,)] ~ (10) 1.804(3) 1.124(4) 1,981, 2,044 [64]
1.819(3) 1.120(6)

[Fe"(NL)(H)(p-SAnFe"(N,)] (11) 1.8392(9) 1.110(1) 2,036, 2,096 [64]

[Fe(L)(N,)I*~ (13) 1.790(5) 1.132(8) 1,880 [65]

Values in parentheses are estimated standard deviations (esd)

2.1 N, Complexes with Thioether-Containing Ligands

The first structurally characterized iron—N, complex with any type of sulfur donor
was the tetrahydrothiophene (THT) adduct of the complex [Fe(*'PDI)(N,)] (1) [61]
(Fig. 3). Peters and coworkers later reported a set of thioether derivatives of the
complex [Fe(SiPiP 3(N2)]* (2) [62, 63]. When a thioether was incorporated in place
of one of the phosphine ligands in 2, the complex was still able to bind N,, although
the replacement of the phosphine with thioether made the N, more labile and slightly
less activated, as demonstrated by the increase in vy from 2,143 cm” ! in the pa-
rent complex 2 to 2,156 cm ™' in 3. When a second phosphine was replaced with a
thioether, N, binding was no longer observed. Addition of a hydride led to N, binding
to both the mono and bis(thioether) complexes and a more activated N, ligand as
compared to analogous complexes without a hydride ligand, as shown by the 101 cm ™"
decrease in vy in 4 (Unn = 2,055 cm™ 1) as compared to 3. The formation of hydrides
could play a similar role in promoting N, binding and activation in the FeMoco. Al-
though it could not be crystallographically characterized, the mixed-valence iron(I)/
iron(II) bridging N, complex 6 was also accessible via treatment of the solvent
adduct [Fe(SiP"$*)(Et,0)]* with 0.5 equivalents of CrCp, or CoCp,. Complex
6 exhibits an N—N stretching vibration at 1,881 cm ™', significantly lower than any of
the monometallic complexes with this ligand, which illustrates how N, binding and
activation could be facilitated by multimetallic cooperativity [66].
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Fig. 3 N, complexes with thioether-containing ligands. Ad = adamantyl

2.2 N, Complexes with Thiolate Ligands

There are also examples of thiolate complexes with N, ligands. Peters and coworkers
generated a series of thiolate-bridged terminal N, complexes in three different oxida-
tion states (7-9) [64] (Fig. 4). Terminal hydride analogs of complexes 8 and 9 (10 and
11) were also reported. Complex 9 catalyzed low turnovers of NH; formation from N,
but was much more effective for hydrazine disproportionation into NHz and N».
Interestingly, under the same conditions the analogous monometallic complex 3 did
not perform either of these reactions efficiently, suggesting that the thiolate plays an
important role in catalysis, perhaps by allowing cooperativity between the iron centers
and/or acting as a proton shuttle during turnover.

In complexes 3—11, N, binding is in part promoted by the presence of phosphine
ligands. More recently, it has been possible to observe N, binding using a supporting
ligand that contains only sulfur and carbon donors [65]. Reduction of the tris(thiolate)
complex 12 yielded the terminal N, complex 13, in which the iron center is coordi-
nated to two thiolates and has an n” interaction with the central arene ring (Fig. 5),
which models a potential S,C donor set in the FeMoco. The observation of Fe—S bond
cleavage upon reduction and N, binding shows that dissociation of a sulfide is a
chemically reasonable step for N, binding and activation in the FeMoco. The re-
latively low vy of this complex (1,880 cmfl) is indicative of an N, unit that is quite
weakened, despite the high-spin electronic configuration of the complex. This dem-
onstrates that a low-coordinate iron center with weak-field ligands can lead to
substantial weakening of N, and suggests that the electron-rich thiolates lead to
strong backbonding.
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2.3 Interaction of N, with Iron-Sulfide Clusters

The study of synthetic iron—sulfur clusters in the context of nitrogenase has also
been the topic of a significant body of work [22-24, 67, 68]. Although there are no
structurally characterized iron—sulfur clusters with bound N, ligands, catalytic and
spectroscopic studies have demonstrated that N, can bind to synthetic iron—sulfur
clusters. Electrochemical reduction of N, to NHj is catalyzed by [Fe4S4(SPh)4]27
and [Mo,FesSs(SPh)o]®~ clusters, albeit with very low Faradaic efficiency [69].
More recently, the photochemical conversion of N, to NH; by chalcogenide aerogels
(chalcogels) containing Mo,FesSg(SPh); and Fe,S, clusters has been reported [70,
71]. Using infrared spectroscopy, N—N stretching bands were observed at 1,746 and
1,753 cm ™' upon irradiation of these chalcogels with visible light under N, atmo-
sphere. The N—N stretching frequencies are even lower than the S,C supported com-
plex above and are indicative of some form of reduced N, species, but the redox and
protonation state of this species are not known. Nevertheless, these data provide evi-
dence for the formation of a cluster-bound N,H, species during turnover. N, binding
to Fe,S,*, FesS;*, and Fe,S,* clusters in the gas phase has also been observed by
mass spectrometry in ion-trapping experiments [72]. The structures of the N, adducts
are not known experimentally but were suggested from DFT calculations.

Finally, in a recent study, a diferrous iron sulfide hydride complex with a p-
diketiminate coligand was reduced under N, to give a diiron(0) N, complex in 24%
spectroscopic yield [73]. Gas chromatography indicates that H, is produced during
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this process. The reactivity of this complex thus models the E, state of the FeMoco,
in which H; loss from an iron hydride sulfide core results in N, binding [14, 74—
76]. However, in the model complex the H, production results from a bimolecular
reaction, the N,-containing product did not also contain a sulfide, and mechanistic
studies of the reaction leading to sulfide extrusion and N, binding were precluded
by the presence of a significant number of unidentified byproducts in the reaction
mixture.

3 Fe Complexes with N H, Ligands

There are no examples of N, functionalization giving a well-defined N, H,, complex
for iron complexes with sulfur supporting ligands. However, a number of diazene
(HN=NH) and hydrazine (NH,—NH,) complexes are known with sulfur-based sup-
porting ligands, as are alkyl- or aryl-substituted diazene and hydrazine derivatives.
Generation of the hydrazine species typically proceeds in a straightforward manner
by addition of hydrazine to precursor complexes. In some cases, hydrazine addition
instead results in isolable diazene complexes accompanied by formation of amines,
implying that the diazene was generated via hydrazine disproportionation. The gen-
eration of diazene complexes via direct addition of diazene to a precursor is more
problematic because diazene is unstable in solution [77-79], but there are examples
where diazene is generated and trapped in situ by iron complexes. Isolated diazene
complexes are most commonly synthesized by hydrazine disproportionation or by
oxidation of corresponding hydrazine species. In this section, we discuss the gen-
eration, structural characterization, and reactivity of these N, H, compounds.

3.1 N.H, Complexes with Iron-Sulfide Clusters

An early report demonstrated that the electrochemical reduction of hydrazine is
catalyzed with high Faradaic efficiency by [Fe4S4(SPh)4]*~ and [Mo,FesSs(SPh)o]*~
clusters, but the mechanism of NH; formation was not examined [80]. Chemical
reduction of vanadium- and molybdenum-containing iron—sulfur cubanes also gener-
ates ammonia from hydrazine, but in all of these cases the V or Mo centers were
implicated as the sites of hydrazine binding and reduction [§1-89].

The only examples of structurally characterized iron N,H, complexes incorpor-
ating sulfides are the f-diketiminate supported complexes 14-16 [90, 91]
(Fig. 6). Reaction of the diferrous monosulfide-bridged precursor with ammonia,
methylhydrazine, or 1,1-dimethylhydrazine yielded 2:1 complexes in which one of
the N-donors is bound to each iron center (14). In contrast, reaction with the parent
hydrazine yielded complex 15 in which an N,H, ligand bridges between the iron
centers. Treatment of the diferrous precursor with 1.5 equivalents of phenylhydrazine
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resulted in the formation of the mixed-valence iron(Il)/iron(Ill) phenylhydrazido-
bridged complex 16 via the overall reaction:

2 LFe"(u—S)LFe" + 3 PANH—NH, — 2 16 + PhNH, 4 NH3

This reactivity demonstrates that sulfide-bridged iron centers are capable of N-N
bond cleavage. The phenylhydrazido species 16 was also the subject of a detailed
ENDOR study, which enabled the first determination of the hyperfine coupling
parameters of a well-defined bridging hydrazido species that could be compared to
the ENDOR parameters of nitrogenase intermediates [92].

3.2 NH, Complexes with Thioether/Thiolate Ligands

Sellmann and coworkers reported a series of complexes with supporting ligands con-
taining two thiolate donors with additional thioether, amine, and/or pyridine groups
[93-95]. Of particular note are several trans diazene complexes (two representative
examples are shown in Fig. 7), which were generated either by air oxidation of a
corresponding hydrazine species [96, 97] or by trapping of diazene generated in situ
from potassium azodicarboxylate or benzenesulfonic acid hydrazide [98, 99]. In these
complexes, the diazene ligand bridges between two iron centers, with the protons of
the diazene forming one long (~2.8 A) and one short (~2.2 A) hydrogen bond to the
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Fig. 6 Sulfide-bridged p-diketiminate complexes with nitrogenase-relevant N H, fragments.
Ar=12,6-diisopropylphenyl
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Fig. 7 Structure of diazene-bridged complexes 17 and 18



Sulfur-Supported Iron Complexes for Understanding N, Reduction 207

thiolate moieties of the supporting ligand [96, 97, 99]. DFT calculations suggest that
the strong hydrogen-bonding interaction contributes significantly to the overall
stability of the complex [100, 101]. The sulfides in the FeMoco, as well as
adjacent amino acids, may play a similar role in stabilizing intermediates during N,
reduction. A further contribution to the stability of these complexes arises from the
strong w-backbonding interaction between the iron center and the diazene ligand, as
demonstrated by their intense blue color that arises from an iron to diazene charge
transfer transition [102, 103]. This interaction leads to slight weakening of the N-N
bond as compared to free diazene: for example, in complex 17, the N-N bond length
[96] is 1.301(5) A compared to 1.252 A in free diazene [104]. The N-N stretching
frequency is 1,382 cm”! [103], which falls between the values for free diazene
(nn = 1,529 cm™ ! [105]) and free hydrazine (vny = 876 cm™ ! [106]). Using normal
coordinate analysis, Lehnert and coworkers determined an N-N bond order of 1.6 for
this complex indicating partial reduction to a hydrazido(2—) species [103]. SCF-
Xa-SW calculations indicated that the LUMO of this complex consists primarily of a
diazene 7* orbital, which implies that reduction of the complex should further weaken
the N-N bond of the diazene moiety [102]. However, in practice the reduction occurred
at an extremely negative potential and led instead to decomposition of the complex.

Although structurally characterized monometallic iron complexes that bind hydra-
zine [107-109] and ammonia [107] are also known in these systems, a corresponding
N, species could not be generated. Interestingly, however, oxidation of the diazene
complex 18 with two equivalents of ferrocenium at —78 °C caused a color change
from blue to purple [110, 111]. Since the HOMO of complex 18 is primarily an iron
orbital [102], this oxidation was expected to result in the formation of a diferric
diazene species. Warming the purple oxidized species above —40 °C resulted in N,
evolution and formation of a green ferrous product. This implies that the purple species
may be a ferrous N, complex, which is a valence tautomer of the expected diferric
diazene complex (Fig. 8). This process would model the reverse of N, binding in the
FeMoco and illustrate how sulfides could facilitate proton transfer. Unfortunately, the
instability of the purple oxidized species prevented further characterization and its
identity remains unclear.

Fig. 8 Two-electron oxidation of diazene complex 18, with the presumed product shown in two
tautomeric forms: a diferric diazene complex and a diferrous dinitrogen adduct. The supporting
ligands have been omitted for clarity
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3.3 N.H, Complexes with Thiolate Ligands

Other complexes containing thiolate donors are also known to bind N,H4 and NHj3. In
these systems, like those described above, the hydrazine ligands often form extensive
hydrogen-bonding networks with the thiolates and/or solvents of crystallization. For
example, Sellmann and coworkers crystallized iron bis(benzenedithiolate) complexes
with hydrazine bound in bridging [112] and terminal [113] coordination modes. The
terminal complex in particular contains an extensive hydrogen-bonding network bet-
ween the metal-bound hydrazine and N,H, and N,Hs molecules in the crystal lattice.

Upon reaction of the sterically hindered thiolate-bridged dimer Fe,(p-STriph),(STriph),
(STriph = 2,4,6-triphenylbenzenethiolate) with hydrazine, rearrangement to the
hydrazine-bridged dimer Fe,(pu-NoH;)>(N,H,)»(STriph), (19) was observed [114]
(Fig. 9). The precursor complex Fe,(pu-STriph),(STriph), also reacted with amines to
yield mono- and bimetallic coordination compounds and was observed to catalyze the
disproportionation of 1,2-diphenylhydrazine to aniline and azobenzene (PhN=NPh).
Complex 20 also coordinates ammonia and hydrazine [115]. The NH; and N,H,
ligands in 20 are labile in solution but are stabilized in the solid state by hydrogen-
bonding interactions to solvent molecules. This complex catalyzes hydrazine reduc-
tion, but the number of turnovers is low and no intermediates could be observed during
the reaction.

Hydrazine cleavage at iron sites has also been observed in other systems. A series
of ferric iron-imide heterocubanes (21) were generated by the reaction of ferrous com-
plexes containing sterically hindered thiolate ligands with 1,2-diarylhydrazines [116,
117]. The mechanism of the N-N bond cleavage step leading to imide formation is not
clear but was proposed to occur through formation of a diferrous complex containing
an arylhydrazine bound in a p-n*n? fashion, followed by electron transfer from the
ferrous centers to the hydrazine resulting in N—N bond cleavage. A similar reaction
leading to N-N bond cleavage and formation of a bridging imide could be envisioned
in the FeMoco. Note that these cubane structures were obtained only with sterically
hindered thiolates and 1,2-diarylhydrazines; all other substrates gave mixtures of pro-
ducts. In a different set of studies, iron-imide-sulfide heterocubanes were also struc-
turally and spectroscopically characterized [118, 119].
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Fig.9 Complexes generated by the addition of hydrazines to iron precursors with sterically bulky
thiolate ligands
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3.4 N.H, Complexes with Thiolate and Cp Ligands

Several complexes incorporating thiolate and Cp donors are also known to catalyze
the N-N bond cleavage of hydrazines. Qu and coworkers reported that alkylthiolate-
bridged iron complexes react with hydrazines to form cis diazene complexes (22)
[120, 121]:

2 [Cp*FeI(p—RISEt)3FeHCp*] + 3 R?NH-NH,
— 2 [Cp*Fe" (4—R'SEt), (4—N,R*H)Fe"'Cp*| (22) + R*NH, + NH;
+ 2 HSR!

In the presence of reductant and acid, these compounds catalytically cleave the N—
N bond of various alkyl- and aryl-substituted hydrazines. No intermediates could be
detected in this reaction, but DFT calculations suggested that protonation and reduc-
tion of diazene involves isomerization to a (u-NH)-NH,; species [122]. The strong
donation of the thiolates and their ability to shift coordination mode are thought to be
important in allowing this isomerization to occur. Nishibayashi and coworkers report-
ed a similar system containing an ortho-substituted aryl thiolate in which a methyl-
diazene (CH3;—N=NH) or methyldiazenido (N=NCH; ) moiety is bound side-on
between two iron centers (23-24) [123] (Fig. 10). In this case, the bridging structure
was important for promoting selective hydrazine cleavage; a corresponding mono-
meric complex promoted H, formation rather than NH3 production. Again, how-
ever, the mechanism of N—N bond cleavage was not clear and the key hydrazido
(R,N-NR ") intermediate could not be detected.

In another system, Qu and coworkers studied the generation of ammonia from
treatment of a benzenedithiolate-bridged diiron complex with hydrazine [124]. Sev-
eral intermediates along the pathway to NHj; release were accessible via stepwise
protonation and/or reduction. Starting from a diferrous complex with cis-diazene
bound p-n':n' between the iron centers (25), protonation led to electron transfer
from the iron centers to the diazene ligand and rearrangement to afford a diferric
complex in which a hydrazido (N,H3 ") ligand is bound asymmetrically in a p—nlznz
fashion (26). The bridging benzenedithiolate ligand also rearranged to a p-n'm?
coordination mode, which resembles the hypothesized rearrangement of sulfides in
the FeMoco during turnover. Subsequent two-electron reduction and protonation of
26 resulted in ammonia release and formation of an amido-bridged diferrous
complex (27). DFT calculations suggest that the ammonia comes from the non-
bridging NH, of the hydrazido species via the mechanism shown in Fig. 11. Note
that this process involves an NH-NH; intermediate that is not part of the traditional
distal or alternating pathways but has been proposed for the FeMoco based on
computational results [34]. The amido complex 27 also produces NH; upon further re-
duction and protonation, although the yield is low due to competitive proton reduction.
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Fig. 10 Structures of Cp-supported thiolate-bridged diazene complexes reported by Qu and
Nishibayashi
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Fig. 11 Proposed mechanism of NHj release leading to the formation of 27 upon protonation and
reduction of 25 via 26. Of the complexes shown in this figure, only 26 and 27 are structurally
characterized, although the structure of 25 (which is an isolable species) can be inferred based on
the structure of the analogous one-electron oxidized species. The sequence of protonation and
electron transfer steps is proposed based on DFT calculations

4 Conclusions

The results presented above show the variety of synthetic strategies that have yielded
N, and N, H, complexes of iron with sulfur-containing supporting ligands. It is becom-
ing clear that the coordinative flexibility, electron-rich character, and hydrogen-bonding
capability of sulfur atoms can influence the behavior of bound N, and N,H,, coligands.
Understanding the electronic structure and reactivity of these compounds has begun to
provide insight into the possible role(s) of the sulfides in the FeMoco of nitrogenase.
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Catalytic Transformations of Molecular
Dinitrogen by Iron and Cobalt-Dinitrogen
Complexes as Catalysts

Shogo Kuriyama and Yoshiaki Nishibayashi

Abstract This chapter describes the recent advances of the iron and cobalt-
catalyzed transformations of molecular dinitrogen into not only silylamine but
also ammonia and hydrazine under mild reaction conditions. In both reaction
systems, reaction pathways are proposed based on the experimental and theoretical
studies on iron and cobalt—dinitrogen complexes.
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1 Introduction

Nitrogen is an essential element for living things. Because nitrogen gas, which is
abundant in atmosphere, cannot be directly utilized by most of the living things, the
development of nitrogen fixation, ammonia formation from nitrogen gas, is one of
the most important reactions in chemistry. Industrially, the Haber—Bosch process
produces ammonia from nitrogen and hydrogen gases (Fig. 1) [1]. This process
produces ca. 1.6 million tons of ammonia annually and the produced ammonia is
used for fertilizer and other materials. Because the Haber—Bosch process requires
harsh reaction conditions such as high temperature and high pressure and consumes
at least 1-2% of the annual primary energy supply in the world, the development of
nitrogen fixation under mild reaction conditions has been strongly desired for
human beings.

In biological nitrogen fixation, nitrogenase enzymes convert nitrogen gas into
ammonia under ambient reaction conditions (Fig. 2) [2]. The recent spectroscopic
and X-ray studies revealed the structure of the active site of nitrogenase in FeMo
cofactor (Fig. 2) [3—6]. The active site consists of a thiolate-bridged polynuclear
complex containing carbon, iron, and molybdenum atoms. The FeV- and Fe-only
nitrogenases, which contain vanadium and iron atoms in place of the molybdenum
atom in the FeMo cofactor, are also known, although the catalytic activity of these
nitrogenases is lower than that of FeMo-nitrogenase. Despite extensive mechanistic
studies, the detailed mechanism of dinitrogen reduction by nitrogenases remains
unclear. However, nitrogenase provides a fundamental clue to a design for nitrogen
fixation system under mild reaction conditions, where transition metal—dinitrogen
complexes play a key role in converting nitrogen gas into ammonia [7-10].

Iron—dinitrogen complexes have been extensively studied because the iron atom
plays an essential role in both industrial and biological nitrogen fixations [11-
14]. Especially, the existence of iron atoms in all types of nitrogenases has
prompted chemists to synthesize a variety of iron—dinitrogen complexes as model
complexes and to use them as catalysts for nitrogen fixation. On the other hand, the
development of nitrogen fixation by use of cobalt—dinitrogen complexes as cata-
lysts has also attracted attention recently after 50 years when Yamamoto and
co-workers prepared a cobalt dinitrogen complex as the first example of the
transition metal—dinitrogen complex bearing a dinitrogen ligand directly derived
from nitrogen gas [15]. This chapter describes a quite recent advance of the
catalytic transformation of nitrogen gas by using iron and cobalt—dinitrogen com-
plexes as catalysts.

cat. Fe304/K,0/A1,04
N + 3H, ——————> 2NH;,4
200-500 atm
500-600 °C

Fig. 1 Industrial nitrogen fixation by Haber—Bosch process



Catalytic Transformations of Molecular Dinitrogen by Iron and Cobalt-. .. 217

nitrogenase
N, + 8e- + 8H* + 16 ATP 4rt>2NH3+ Hy + 16 ADP + 16 P;

1 atm
(0]

S
AN COy
~S_ s—Fé S Fe—S. O z
Active site of nitrogenase \Fe{SyFe/EC{FeXS—\Mc/)”O

FeM fact N_X N N\ 3
(FeMo cofactor) S/—Fe< /FeéS/ N= CO,

S ~ NH
Fig. 2 Biological nitrogen fixation by nitrogenase
2 Iron-Dinitrogen Complexes

2.1 Background of Iron-Dinitrogen Complexes

Since the discovery of the first iron—dinitrogen complex in 1968 [16], synthesis and
reactivity of a variety of iron—dinitrogen complexes bearing various phosphine ligands
have been extensively studied by Leigh, Tyler, Field, and other groups [11-14]. Pro-
tonation of iron—dinitrogen complexes [Fe(N,)(diphophine),] with HCl or HOTf
afforded a mixture of ammonia and hydrazine. Based on the reactivities of isolated
and generated intermediates, Tyler and co-workers have proposed a reaction pathway
for the formation of ammonia from an iron—dinitrogen complex 1, where symmetrical
protonation of the coordinated dinitrogen ligand occurs to afford the corresponding
diazene (NHNH) and hydrazine (NH,NH,) complexes as reactive intermediates
(Fig. 3) [17]. However, no catalytic reduction of dinitrogen was achieved in this
reaction system.

2.2 Catalytic Silylation of Dinitrogen Using Iron Catalysts

Tris(trimethylsilyl)amine (N(SiMes)s) is considered as an equivalent to ammonia
because N(SiMes); can be quantitatively converted into ammonia upon hydrolysis.
Generally, N(SiMe;); is produced from the reaction of nitrogen gas with alkali
metals (Na and K) as reductants and chlorotrimethylsilane (Me3SiCl) as a silylating
agent in the presence of transition metal complexes as catalysts [18—24], where the
catalytic formation using transition metal—dinitrogen complexes has so far been
achieved only in the case of molybdenum complexes. Although chromium- and
titanium-catalyzed reactions were reported by using Li as a reductant, the possibil-
ity of lithium—nitride as nitrogen source was not completely excluded [18-24].

In 2012, Nishibayashi and co-workers found the iron-catalyzed silylation of
nitrogen gas under ambient reaction conditions (Fig. 4) [25]. Even simple iron
complexes such as iron carbonyls and ferrocene derivatives worked as effective
catalysts for the formation of N(SiMe3); from an atmospheric pressure of nitrogen
gas with sodium as a reductant and Me3SiCl as a silylating agent. Especially,
trimethylsilyl-substituted ferrocene 2 produced the largest amount of N(SiMes;);
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N
| HOTF P Meo/\/\p/\/\OMe
[P)Fe\tu —rmg Mo v NHNH - Pj
PP 2 15% 2% P Meo— " N OMe
m —| 2+
HN—NH _
I 2H* 2e- \ / 2H* H2N\ Nz
[P"/‘Fe\"Pj p.-Fe p > pi-Fé P
P P EP/ \Pj [ /7 N\ j \
P P
H* i n2-diazene n2-hydrazine NH,
+
+
] —| * HZN\ NH,NH,
3 WP~ 2H%2e H* 2 e 2H% 2e
o . > _
[P/ \Pj EP/ |\pj [P/ I\Pj //
111-d|azene ' hydrazine

Fig. 3 The plausible reaction pathways for the formation of ammonia and hydrazine starting from
an iron—dinitrogen complex bearing diphosphine ligands

cat. . H3;0*
N2 + 6Na + 6MesSiCl ——> 2N(SiMes)s —> 2NH;3
(1atm) (600 equiv) (600 equiv) THF o0 ire

rt, 20 h
cat.
Me3Si
co co (@ @—SiMe N
| .co .o i MesSi ’ N
OC*Fle\ Me;Si—Fe g—; Fe SiMes |
Fe: 1SiMe
oc €O oc ©© O Measi/@is.M i N ves
Vies SiMe;
25 equiv 29 equiv 13 equiv 2, 34 equiv 3, proposed active species

Fig. 4 Catalytic formation of N(SiMes); from molecular dinitrogen using iron complexes as
catalysts

(34 equiv. based on the iron atom in the catalyst). On the other hand, ferrous
chloride and [Fe{N(SiMes;),},] did not exhibit any catalytic activity under the
same reaction conditions.

No catalytically relevant intermediate or dinitrogen complexes were detected in
the reaction system. However, the possibility that iron nanoparticles generated in
situ worked as an active species was excluded because the addition of a large excess
amount of Hg did not affect the catalytic activity. As proposed in the previous
molybdenum systems [18-24], a trimethylsilyl radical is considered to play an
important role to promote the reduction of nitrogen gas. Based on the results of DFT
calculations, an iron—dinitrogen complex bearing trimethylsilyl groups 3, which
was generated in situ from Na, Me;SiCl, and iron precatalysts, was proposed to
work as a real active species.
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cat.
Pr PrPr iPr
cat M Me

N, + 6KCs + 6MesSiCl — > 2N(SiMes)s Mex N N
(1 atm) (600 equiv) (600 equiv) rtT2H‘::h 24 equiv Me@:» Fe<—: Me

Et Et Et' Et
4

Fig. 5 Catalytic silylation of molecular dinitrogen using an iron complex bearing cyclic (alkyl)
(amino)carbenes as a catalyst

In 2015, Peters and a co-worker reported that an iron complex bearing two cyclic
(alkyl)(amino)carbene (CAAC) ligands 4 worked as a catalyst for the formation of
N(SiMej3)s, where 24 equiv. of N(SiMes); were formed based on the iron atom of
the catalyst (Fig. 5) [26]. In this system, the presence of KCg was necessary to
produce N(SiMes);. Only a trace amount of N(SiMe3); was obtained when Na was
used as a reductant.

2.3 Catalytic Formation of Ammonia Using Iron Catalysts
2.3.1 Iron-Dinitrogen Complexes Bearing Triphosphineborane Ligand

Peters and a co-worker studied iron—dinitrogen and related complexes bearing a
triphosphineborane (TPB) ligand. The electronic nature of the TPB ligand changes
Fe-B interaction to stabilize both n-acidic and n-basic ligands. In 2011, Peters and a
co-worker reported the synthesis of formally iron(0)- and iron(-I)-dinitrogen com-
plexes bearing the TPB ligand 5-7 as well as the corresponding N-aryl imide
complex 8 (Fig. 6) [27]. The strong iron—boron interaction was observed in the
iron(-I) complexes (6 and 7), whereas the interaction between Fe and B atoms was
weak in the imide complex. This flexibility of the Fe—-B bond is considered to
realize the catalytic transformation of nitrogen gas under mild reaction conditions.

2.3.2 Catalytic Conversion of Nitrogen Gas into Ammonia

In 2013, Peters and co-workers reported the first example of the iron-catalyzed
reduction of nitrogen gas into ammonia [28]. The reaction of an atmospheric
pressure of nitrogen gas with [H(OEt,),]BAr", (46 equiv.) as a proton source and
KCg (50 equiv.) as reductant in Et,O at —78°C for 1 h in the presence of the iron—
dinitrogen complex 7 afforded 7.0 equiv. of ammonia based on the iron atom in the
catalyst (Fig. 7). Hydrogen gas was obtained as a by-product in 35% yield based on
the proton source (5.1 equiv.) in this reaction. No hydrazine was detected as a
by-product under this reaction conditions. Separately, it was confirmed that hydra-
zine was completely converted into ammonia under the catalytic reaction condi-
tions, suggesting that hydrazine cannot be detected even if hydrazine is formed as a
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Ar
hll \
Br N
| NaCqoHg H'
p/FlengP _No(tam) P/Ff ANy /Fe
Bl A - > L _BuJAN —> LB,
,ﬁj THF ©/ J) benzene ©/
\k| Z -60°C tort
P =PPr, Ar= p-MeOCgHy, 8
N X
2 NaCyoHg BOE%Ft ] N h
Ny (1 atm) | = 0 ‘
P—Fesp

X =Na, 6
. : 2 12-crwon-4
BN X = [Na(12-cronw-4),], 7 2 212-crwon
m/
\

Fig. 6 Synthesis of iron—dinitrogen and —imide complexes bearing a triphosphineborane ligand

Ny + 6 [H(OEt,),]BAF, + 6 KCg —_— 2 NH3
(1 atm) (46 equiv) (50 equiv) Et,0

Fig. 7 Catalytic formation of ammonia from molecular dinitrogen using an iron—dinitrogen
complex 7 as a catalyst

primary product. When simple iron complexes such as FeCl,, FeCls, ferrocene, and
Fe(CO)s were used as catalysts, only a trace amount of ammonia was formed under
the same reaction conditions. The reaction using a well-known iron—dinitrogen
complex [Fe(depe),(N,)] as a catalyst gave only less than 1 equiv. of ammonia
based on the iron atom. In the absence of any iron complex, the reaction of KCg and
[H(OEt,),]BAr", in Et,0 at —78°C under N, afforded only hydrogen gas in >75%
yield.

The catalytic reaction should be carried out at a low temperature such as —78°C
to inhibit the direct reaction between the reductant and the proton source forming
hydrogen gas. Strong acidity and non-coordinating nature of [H(OEt,),|BAr", are
of importance in the present catalytic reaction. In fact, trifluoromethanesulfonic
acid, hydrogen chloride, and [2,6-1utidinium]BArF 4 did not work as an efficient
proton source at all. Strong reducing power of KCg was necessary to promote the
catalytic reaction. Metallocenes such as CoCp*, and CrCp*, did not work as an
efficient reductant because of their weaker reducing ability. When the electrolysis
of an cationic complex [(TPB)Fe]BAr, (9) was held at —2.3 V vs. Feszo/ * in the
presence of [H(OEtz)z]BArF 4 (50 equiv.) in Et,O at —78°C under N for 17 h, 2.2
equiv. of ammonia based on the Fe atom was obtained in 25% faradaic efficiency
(Fig. 8) [29].

The time profile of ammonia formation using 7 as a catalyst indicated that the
reaction was completed within 1 h at —78°C [29]. The initial turnover frequency
(TOF), which was determined as moles of ammonia produced per minute per an
iron atom, was estimated to be 1.2 min~'. The kinetic measurement also revealed
that the reaction is the first order in an iron complex and zero order in a proton
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1 BAF,
cat. 9 ——Fen
Ny + B[HOEL)BAF, — > » )NH, PSP
(1 atm) (50 equiv) EtZO 2.2 equiv Bds
“78°CATh 559, faradaic efficienc Q-
23V ° Y N
P=PPr, 9

Fig. 8 Control potential electrolysis of an iron—dinitrogen complex 9 under 1 atm of N,

5
Ha
(1 atm)
N

[H(OEty),]BAr,

excess N (150 equiv)
[H(OEt,),]BArF 4 Ho | KCg
and KCg P//Feﬁ"'P (185 equiv)
7 Et,0 Be ] T Euofolene . Ha
2 B oS EtoOftoluene ¢ o o0 iv/re
-78°C @/ 78°C,1h

10 .
P = PPr,

excess KCg
then 12-crown-4 [H(OEt,),]BArF,

Et,Oftoluene Et,Oltoluene
-78°C -78°C
-0.5H, -H,

Fig. 9 Reactivity of a borohydride-hydride complex 10

source, indicating that a monomeric iron species is involved in the rate-determining
step for the formation of ammonia. The time profile of dihydrogen formation in the
presence or absence of the catalyst showed that both iron-catalyzed and background
hydrogen formation competed with ammonia formation in the catalytic reaction.
Mossbauer spectra of the catalytic reaction mixture indicated the formation of a Fe
(—1)—dinitrogen complex 6, a Fe(0)—dinitrogen complex 5, and a Fe—hydride
complex 10 as the iron species during the reaction (Fig. 9) [29]. Based on the
results of stoichiometric and catalytic reactions of 10 shown in Figs. 9 and 10,
complex 10 is considered as a resting state of the catalytic system.

2.3.3 Nature of Ligands in Catalytic Reaction

Peters and co-workers investigated the catalytic activity of isostructural Fe—
dinitrogen complexes bearing (triphosphine)alkyl (TPC) [30] and (triphosphine)
silyl (TPSi) [28, 31] ligands (11 and 12) to check the effect of the atom at the trans
position to the dinitrogen ligand. The reaction using these complexes as catalysts
afforded 59, 36, and 3.8 equiv. of ammonia, respectively, when larger amounts of
KCg (1600-1800 equiv.) and [H(OEt,),]BAr", (1500 equiv.) were loaded (Fig. 10)
[29]. The Fe—-B bond was revealed to be the most flexible, while the Fe—Si bond was
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N2 + 6[H(OEty)y]BArf, + 6KCq ELO 2 NH3
(1 atm) (1500 equiv) (1600-1800 equiv)  _* ‘Eé 1 equivicat
cat.

m "1 [K(OEty)g.5] m 1 [Na(12-crown-4),]
| I
p—Fegp  p—Fegyu
7, 5946 equiv { l ,,,,, J) i _SI ,,,,, )j
P =PiPr,
11, 36%7 equiv 12 3.8+0.8 equiv

Fig. 10 Catalytic activities of iron—dinitrogen complexes bearing TPB, TPC, and TPSi ligands for
the formation of ammonia from molecular dinitrogen

the least. The flexibility of the Fe—B bond of the complex realized appropriate
geometric and redox environment on the Fe center to exhibit the catalytic activity.
Peters and a co-worker also reported the catalytic formation of ammonia by using
4 as a catalyst (Fig. 11) [26]. When the catalytic reaction was carried out at a very low
reaction temperature such as —95°C, 3.3 equiv. of ammonia were produced based on
the iron atom. At —95°C, an anionic dinitrogen complex 14 was formed from the
reduction of the corresponding dinitrogen complex 13, which was formed below
—80°C (Fig. 11). Furthermore, Peters and co-workers investigated the catalytic
activity of two kinds of diiron—dinitrogen complexes (Fig. 12) [32, 33]. One is a
diiron—dinitrogen complex bearing bridging hydride ligands 15, and the other is a
diiron—dinitrogen complex bearing a bridging thiolate ligand 16. However, both
complexes did not show any catalytic activity toward the formation of ammonia.

2.3.4 Stoichiometric Reactivity of Iron-Dinitrogen Complexes

Peters and co-workers succeeded in isolation and characterization of several key
intermediates relating to nitrogen fixation using their iron—dinitrogen complexes
[34-36]. An amido complex [(TPB)FeNH,] (17) was prepared from the reaction of
the cationic complex 9 with NaNH, in Et,O (Fig. 13). Protonation of 17 with [H
(OEt,),]BAr", in Et,0 afforded the corresponding ammonia complex 18. Reduc-
tion of 18 with KCg under atmospheric pressure of nitrogen gas gave the dinitrogen
complex 5 together with ammonia (Fig. 13). Treatment of 9 with hydrazine
afforded the corresponding hydrazine complex 19, which decomposed into 18
upon standing in solution at room temperature (Fig. 13) [34]. The same research
group also reported the reaction of the dinitrogen complex 7 with an excess amount
(10 equiv.) of [H(OEtz)z]BArF4 in 2-MeTHF at —136°C or Et,O at —78°C to give
the corresponding hydrazide(2-) complex 20 (Fig. 14) [35]. The complex 20 was
thermally unstable and decomposed at higher temperature such as —40°C.

Peters and a co-worker succeeded in elucidating the crystal structure and reac-
tivity of the corresponding hydrazide complex in the TPSi system [36]. Treatment
of a complex [(TPSi)Fe(N,)](K(THF),) (21) with a slight excess amount of either



Catalytic Transformations of Molecular Dinitrogen by Iron and Cobalt-. .. 223

a [K(18-crown-6)]

KC N
T< 80 oC pr | ‘Pr 8 ’PI‘ | Pr

18 -crown-6

4 — > Me 7 Fe~ /VFE\ Me
- N2 m Et20 Me Me
_95 °C EEt Etg,
T>-80°C
b
P +  B[H(OEt,),|BAF, + 6KCq e _ NHs
(1 atm) (50 equiv) (50 equiv) Et,0
-95°C,1h 4, 3.3 equiv
14, 2.6 equiv

Fig. 11 Reactivity and catalytic activities of iron complexes bearing CAAC ligands

N,  + 6[HOEL),BAF, +  6KCg cat 2NH,
(1 atm) (50 equiv) (42-46 equiv)  Et20
-78°C,1h equiv/Fe

N N 1[Na(12-crown-4),]

1l Ul 1
N
Fe\ e\S/Fe\”P
f@s'\ Y 5 Qj US' """ 5
15, 0.7 equiv P =PiPr, 16, 1.8 equiv

Fig. 12 Catalytic activities of diiron—dinitrogen complexes supported by bridging-hydride and
-thiolate ligands

NHz NHs T1BA, KC
NaNH2 P/Fle\ p [ (OEt,),]BAF, P/Fe\ p 1 atm
Et20 ©/ """ TR0 B J) Etzo
_35°Ctort
- NH3
=piPr,
1 BArF,
NH,NH, P/Fe\,,p
E,0 ABy, | \ CeDg/THF-dg
t k
\l 7 it
19

Fig. 13 Synthesis and reactivities of iron—amide, —ammonia, and —hydrazine complexes bearing
the TPB ligand



224 S. Kuriyama and Y. Nishibayashi

THZ _‘ BAI‘F4
N
[H(OEtp),IBAI, [l
_ (10equv) P/Fei”‘
7 |
2-MeTHF, -136 °C ©/ """
Et,0, 78 °C
2 P PiPr,

Fig. 14 Protonation of 7 at low temperature to afford a hydrazide(2-) complex 20

NH, 71X
N TTK(THF),] | ’ e
N W
‘ 2 [H(OEt,),]BAIF, H
P—Fop _ or2HOTE p/Fe vvvv ‘P _CoCpm PRSP
Sig | 2-MeTHF di 2-MeTHF or THF SIS
0, 135 °C -1 35 °o 0=
N \
P =PPr,, 21 X = BArF,, 22 R=H, 24
X = OTY, 23 R =Me, 26
NMez T oTr
I
2 MeOTf P/FIGVI;P Na-Hg
DME Sive )N\ 2-MeTHF
-78°C 0, it
\
25

Fig. 15 Synthesis of cationic and neutral hydrazide(2-) complexes bearing a TPSi ligand

[H(OEt,),]BAr", or HOTf in 2-MeTHF at —135°C afforded the corresponding
hydrazide complexes 22 and 23, respectively (Fig. 15). Crystal structures of these
complexes showed that they have an NNH, ligand making hydrogen bonding
interactions with Et,O (22) or OTf (23). The structure of 23 featured a short Fe—
N distance and a long N-N distance. Reduction of 23 with 1 equiv. of CoCp*; in
2-MeTHF at —135°C afforded the corresponding neutral hydrazide complex 24,
which was rapidly decomposed upon warming to —78°C (Fig. 15). Methylated
analogues of the cationic and the neutral hydrazide complexes 25 and 26 were
isolated and fully characterized (Fig. 15). When the complex 24, generated in situ
from 23 at —135°C, was warmed to room temperature, the reaction of 24 with 23
afforded nearly equal amounts of hydrazine and dinitrogen complexes 27 and 28 as
major products. In this reaction, further disproportionation of 27 gave a mixture of a
triflate complex 29 and a cationic ammonia complex 30 as minor products (Fig. 16).

Separately, the complex 30 was obtained from the one-pot reaction of 21 with
HOTf and CoCp*;, in 2-MeTHF at —135°C (Fig. 17). Quenching this reaction with
HCI1 10 min after warming afforded a mixture of hydrazine (0.53 equiv.) and
ammonia (0.16 equiv.) (Fig. 17). When the reaction was quenched after stirring at
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NH T oTf N
HZN ',{"
CoCp*, P/Fe ,,,,, /Fe .....
23 | 24
THF H*and e S' """""
-135°Ctort transfer
27 p=ppr,
disproportionation
OTf NHs el
/Fe ..... P/Fe vvvvvv

Fig. 16 Reactivity of the hydrazide(2-) complexes bearing a TPSi ligand

1) HOTf (2 equiv)
2) CoCp*, (0.5 equiv)
B — e

21
2-MeTHF

-135°Ctort

1) HOTf (2 equiv)

2) CoCp*, (0.5 equiv) HCI
NH; + NH.NH,
2-MeTHF ) . .
_135 °C tort, time 0.16 equiv.  0.53 equiv  rt, 10 min

0.27 equiv 0.39 equiv t, 24 h

Fig. 17 Reactions of the dinitrogen complex bearing a TPSi ligand with an acid and a reductant

room temperature for 24 h, further conversion of hydrazine into ammonia was
observed (Fig. 17).

2.3.5 Overview of Catalytic Cycle

By careful investigation of the TPB and TPSi systems [29, 34-36], Peters and
co-workers revealed the following: (1) [(TPB)Fe(N,)]™ and [(TPSi)Fe(N,)]™ were
doubly protonated at low temperature to produce the corresponding hydrazide(2-)
complexes [Fe(NNH,)]", (2) reduction of [(TPSi)Fe(NNH,)]* at low temperature
afforded [(TPSi)Fe(NNH,)], which was converted into [(TPSi)Fe(NH,NH,)]" and
[(TPSi)Fe(N,)], (3) disproportionation of the hydrazine ligand on [(TPSi)Fe] or
[(TPB)Fe] proceeded smoothly to give the corresponding ammonia complexes, and
(4) protonation of [(TPB)Fe(NH,)] afforded [(TPB)Fe(NH3)]*, which was reduced
to [(TPB)Fe(N,)] or [(TPB)Fe(N,)]  together with ammonia. Based on these
findings, they proposed a reaction pathway as shown in Fig. 18. As the former
part, protonation of dinitrogen complex proceeded via a distal pathway or the Chatt



226 S. Kuriyama and Y. Nishibayashi

Hoe L Hie 102 He NH2 e o
Alternating pathway - > NH
: “NH;
NT® M
L) NHz H* o NHs
[Fe] — [Fe] [Fe] ~ IFe]
Distal pathway 7'1? e Ny, e
) [Fel [Fel -NH;
hydrazide(2-)
complex

Fig. 18 Possible reaction pathways for the catalytic formation of ammonia from molecular
dinitrogen

cycle to give hydrazide(2-) complex. A hybrid of the distal and alternating path-
ways was proposed as the latter part. Hydrazide(2-) complex was converted into an
ammonia complex via a hydrazine complex as a reactive intermediate. However,
unfortunately, no formation of hydrazine was observed in the Peters system.

2.4 Catalytic Formation of Ammonia and Hydrazine Using
Iron-Dinitrogen Complex as Catalyst

2.4.1 Synthesis and Catalytic Activity

Nishibayashi and co-workers found that an iron—dinitrogen complex bearing a
pyrrole-based PNP pincer ligand 31 worked as a catalyst for the formation of
ammonia and hydrazine from nitrogen gas (Fig. 19) [37]. The pyrrole-based
PNP-pincer ligand was used because this ligand contains both hard and soft donors
to stabilize metal centers of various oxidation states. Reduction of an iron
(II) chloride complex 32 with KCg under an atmospheric pressure of nitrogen gas
in THF at room temperature afforded a paramagnetic iron(I)—dinitrogen complex
31, which has a square planar geometry around the iron atom (Fig. 19). The
corresponding hydride and methyl complexes 33 and 34 were also prepared from
reactions of iron chloride complex with KHBEt; and MeMgCl, respectively
(Fig. 19).

The catalytic activity of these iron complexes toward nitrogen fixation was
investigated under the Peters’ reaction conditions. The reaction of an atmospheric
pressure of nitrogen gas with KCg (50 equiv.) as a reductant and [H(OEt,),]BAr",
(46 equiv.) as a proton source in Et,O at —78°C in the presence of 31 afforded 4.4
equiv. of ammonia and 0.2 equiv. of hydrazine based on the iron atom of the
catalyst (Fig. 20a). The use of larger amounts of both reductant and proton source
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PBu,

KHBEt, N=Fe—H 1) [H(OEty)IBAF, (- Hy)

THF, rt/ F’,,BUZ 2)KCa, N, (1 atm) Et,0, rt
33

PBu, KCsg PBU,
_— N—F o N, (1 atm) _
—re— — Fe—N—|
~ THF N Fe—N=N
PtBUQ

PPBUZ

) [H(OEt,),]BAF 4 (- CHy)
ptBu2 2)KCg, N, (1 atm) Et,0, rt

P’Bu2
MeMgCl
Et,0, rt —CHs; NI

Fig. 19 Synthesis of iron complexes bearing a pyrrole-based PNP-pincer ligand

a cat.
Ny + KCg + [H(OEty),]BAFf, ————— NH; + NH,NH,
(1 atm) (40 equiv) (38 equiv) EL0
-78°C,1h
cat. 31 32 33 34
NH;3 (equiv) 44102 11106  3.0+1.0 3.740.5
NH2NH, (equiv) 02:02 0.1+0.1  <0.1
fixed N atom (equiv) 4.8 1.1 3.2 3.7
b
cat. 31
Ny + KCg + [H(OEty),]BAF, ———— NH3 + NHoNH,
(1 atm) (200 equiv) (184 equiv) EL0 )
-78°C,1h 14.3+0.3 equiv  1.8+0.2 equiv
c 17.9 equiv of fixed N atom
cat. 31
N, + KCqg + [H(OEty),]BAF, ——— NH; +  NH,NH,
(1 atm) (80 equiv) (76 equiv) THF

-78°C,1h 2.9+0.2 equiv 2.4+0.1 equiv

7.7 equiv of fixed N atom

Fig. 20 Catalytic formation of ammonia and hydrazine from molecular dinitrogen using iron
complexes as catalysts

increased the catalytic activity. The largest amounts of ammonia and hydrazine
(14.3 equiv. of ammonia and 1.8 equiv. of hydrazine) were obtained when
200 equiv. of KCg and 184 equiv. of [H(OEtz)z]BArF4 were employed under the
same reaction conditions (Fig. 20b). Interestingly, the ratio of ammonia to hydra-
zine depended on the nature of solvent employed. Thus, when THF was used in
place of Et,O, hydrazine became the major product, where up to 2.4 equiv. of
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hydrazine (4.8 equiv. based on fixed N atom) and 2.9 equiv. of ammonia were
produced based on the iron atom of the catalyst (Fig. 20c).

Complexes 33 and 34 also had a similar catalytic activity and produced 3.0 equiv.
and 3.7 equiv. of ammonia based on the iron atom of the catalyst, respectively (Fig. 20a).
Separately, it was confirmed that both 33 and 34 were converted into 31 together with
hydrogen gas and methane by treatment with [H(OEt,),|BAr", and KCg under an
atmospheric pressure of nitrogen gas in Et,O at room temperature, respectively. These
results indicated that 33 and 34 are easily converted into 31 under the catalytic reaction
conditions. When 32 was subjected to the catalytic conditions, only a stoichiometric
amount of ammonia was formed (Fig. 20a).

2.4.2 Mechanistic Consideration

In contrast to the Peters’ system described in the previous section, both ammonia
and hydrazine were formed when Fe—PNP complexes were used as catalysts. In this
reaction system, the conversion of hydrazine into ammonia proceeded under the
catalytic reaction conditions. Interestingly, the use of THF as a solvent inhibited the
full conversion of hydrazine into ammonia. The detailed reaction pathway has not
yet been clarified, but the catalytic reaction was proposed to proceed via a hydra-
zine complex as a key reactive intermediate.

After the catalytic reaction using Fe-PNP complexes as catalysts, only a free
PNP ligand was detected without any iron species. The reaction of the dinitrogen
complex 31 with [H(OEtz)z]BArF 4 in Et,O at room temperature afforded the
corresponding dinitrogen complex bearing the protonated pyrrole ring of PNP
ligand (35) (Fig. 21). Reduction of the protonated dinitrogen complex 35 with
KCg at room temperature gave a mixture of the starting dinitrogen complex 31 and
free PNP ligand (Fig. 21). Unfortunately, the protonated dinitrogen complex 35
showed only a low catalytic activity for nitrogen fixation. These results indicate that
the protonated dinitrogen complex should be one of the deactivated species in the
catalytic reaction.

Reduction of 32 with an excess amount of sodium in the presence of 15-crown-5
gave the corresponding dinitrogen complex 31 together with an anionic dinitrogen
complex 36 (Fig. 22). This result indicated that a similar dinitrogen complex may
be formed under the catalytic reaction conditions.

Nishibayashi and co-workers also carried out DFT calculations on the first
protonation step of the dinitrogen complexes (Fig. 23). The result of the protonation
of 31 indicated that protonation on the f-carbon atom on the pyrrole ring proceeds
in an exergonic way with a low activation barrier, while that on the N, ligand
requires a similar activation barrier and is endergonic (Fig. 23a). On the other hand,
protonation of an anionic dinitrogen complex 37 occurred on both dinitrogen ligand
and a pyrrole moiety in an exergonic way (Fig. 23b). However, the former requires
a lower activation barrier than the latter. As a result, the complex 37 was considered
to work as a key intermediate in the catalytic cycle.
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PBu,  |BArf, PBu,
[H(OEt,)2]BAF, _— KCsg “\H
31— 4 N—Fe—N=N — 31 +
Et,0 H 7 [ Et20 =
rt PBu, rt PBu,
35

Fig. 21 Protonation of the iron—dinitrogen complex 31

excess Na
15-crown-5 PBu,
N (1 atm) = o
—_— > 31 + N—Fe—N=N---Na(15-crown-5)
THF =
rt PBu,

36

Fig. 22 Synthesis of an anionic iron(0)—dinitrogen complex

a
PEu, Y PBu, |+
_ [H(OEty),]" [H(OEt)o]* _—
~ N—Fe—N=NH 31 a H] N—Fe—N=N
+71 T
PBu, (+7.3) (+6.8) PBu,
b
PBu, Sl PBuy PBu, |+
_ [H(OEt)l" = | ~ [H(OEt),]" =
_ N—Fe—N=NH W - N—F]e—N:N T» HJ N—Fe—N=N
-21, -3 H
PBu, (+6.7) PBu, (+13.2) PBu,
‘K(OEty), "K(OEt), "K(OEt);
37

Gibbs free energy changes at 195 K are presented in kcal/mol

Fig. 23 DFT calculations on protonation on iron(I)- and iron(0)-dinitrogen complexes with [H
(OEty),]"

3 Cobalt-Dinitrogen Complexes

3.1 Background of Cobalt-Dinitrogen Complexes

In 1967, Yamamoto and co-workers reported the first cobalt—dinitrogen complex
[Co(N,)H(PPh3)s] (38) [15]. After this discovery, some stoichiometric reactions of
38 were investigated in detail, but any formation of ammonia was not observed. In
contrast, the protonation of an anionic dinitrogen complex 39, which was prepared
by deprotonation of 38 with strong bases such as "BuLi, afforded a mixture of
ammonia and hydrazine (Fig. 24) [38].
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Li(thf)
N \
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Fig. 24 Reactivity of the complex 38

3.2 Catalytic Silylation of Dinitrogen Using Cobalt Catalysts

In 2015, Lu and co-workers reported the first example of cobalt-catalyzed reduction
of nitrogen gas into N(SiMe3); under ambient reaction conditions. In this reaction
system, a dicobalt complex bearing a trisphosphino(triamido)amine ligand 40
worked as the most effective catalyst for the formation of N(SiMes); (Fig. 25)
[39]. The reaction of an atmospheric pressure of nitrogen gas with KCg (2000 equiv.
to the catalyst) as a reductant and Me3;SiCl (2000 equiv. to the catalyst) as a
silylating agent in the presence of 40 as a catalyst afforded 98 equiv. of
N(SiMej3); based on the cobalt atom in the catalyst (195 equiv. based on the
catalyst). In two consecutive catalytic reactions using 40, the overall amount of
silylamine was 160 equiv. based on the cobalt atom in the catalyst. An anionic
dicobalt dinitrogen complex 41 had a similar catalytic activity, while an
isostructural cobalt—aluminum dinuclear complex 42 worked as a less efficient
catalyst. Simple cobalt phosphine complexes such as CoCl(PPh;); also worked as
catalysts.

Independently, at the same time, Nishibayashi and co-workers reported the
cobalt-catalyzed transformation of nitrogen gas into N(SiMes); under similar
reaction conditions [40]. Some simple cobalt complexes such as [Co,(CO)g] and
[Co(SiMe;3)(CO)4] worked as effective catalysts using Na as a reductant and
Me;SiCl as a silylating agent (Fig. 26). Addition of 2,2'-bipyridine as a ligand to
the cobalt complex was found to substantially increase the catalytic activity, where
up to 49 equiv. of N(SiMe;); based on the catalyst were produced. Interestingly,
Yamamoto’s dinitrogen complex also worked as an effective catalyst under the
same reaction conditions. The negative results of Hg- and quantitative-poisoning
tests suggested that some cobalt complexes truly worked as the active species in the
catalytic reaction. Based on the results of DFT calculations, a cobalt—dinitrogen
complex bearing trimethylsilyl groups and 2,2’-bipyridine 43, which may be gen-
erated in situ, worked as a real active species.

3.3 Catalytic Formation of Ammonia Using Cobalt Catalysts

Peters and co-workers investigated the reactivity of a series of cobalt—dinitrogen
complexes toward the catalytic formation of ammonia from nitrogen gas (Fig. 27)
[41]. The reaction using an anionic cobalt—dinitrogen complex bearing the TPB
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cat. .
Ny + 6 KCg + 6 Me3SiCl —> 2N(SiMej);
(1atm) (2000 equivicat) (2000 equivicat) 12Fh equiviCo
cat. N —| [K(crypt-222)]
1
|
P——C|0—P>F; P——CO\—P>—P> CO\P >
N/C|°<‘NN N/Clo N/A‘I ‘‘‘‘‘‘
S e
d
IL/ L CoCI(PPhs);
P =PPr,
40 41 42
98 equiv 79 equiv 30 equiv 44 equiv
(195 equiv/cat.) (178 equiv/cat.)
*160 equiv

(320 equiv/cat.)
after 2 cycles

Fig. 25 Cobalt-catalyzed silylation of molecular dinitrogen reported by Lu and co-workers

cat. .
Ny + 6Na + 6MesSiCl —— 2N(SiMes)s
(1 atm) (600 equiv) (600 equiv) PME e

rt, 40 h
cat.
{o] Co,(CO)s Me;Si —
Coy(CO) MesSi— ' wCOo + MesSiv, | . New=
2 3 |\ co 38 7\ = N/CO\N/
co N N TN
N N SiMes
36 equiv 36 equiv 29 equiv 49 equiv 43
*20h proposed active species

Fig. 26 Cobalt-catalyzed silylation of molecular dinitrogen reported by Nishibayashi and
co-workers

cat

N, + 6 KCq +  6[H(OEty),]BAr, E4> 2NH3
(1 atm) (60 equiv) (47 equiv) 78 °C240 min equiv/cat.
cat.
N 71 [Na(12-crown-4),] N
N N
P‘Buz
P/CIO\ p P/Co .,p
ﬁj""ﬁ ﬁj""ﬁ @
P =PPr, LF"BUz
44, 2.4 equiv X =B: 45, 0.8 equiv 48, 0.4 equiv
X=C: 46 0.1 equiv
X = Si: 47, <0.1 equiv

Fig. 27 Formation of ammonia from molecular dinitrogen using cobalt—dinitrogen complexes as
catalysts
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cat.
N, + KCg + [H(OEt,),BAF, ————— NH; +  NHyNH,

. ) Et,0
1 4 2
(1 atm) (40 equiv) (38 equiv) _78°C.1h
cat. PBU, PCy,
o e
N—Co—N=N N—Co—N=N
= =
PtBUQ PCyz
49 50
NH3 (equiv) 4.2 15.9* 3.1
NH,NH;, (equiv) 0 1.0* 0.1
fixed N atom (equiv) 4.2 17.9* 3.3

* 200 equiv of KCg and 184 equiv of [H(OEt,),]BAr", were used.

Fig. 28 Reduction of molecular dinitrogen into ammonia and hydrazine using cobalt—dinitrogen
complexes bearing pincer ligands as catalysts

ligand 44 as a catalyst afforded 2.4 equiv. of ammonia based on the cobalt atom in
the catalyst under the conditions shown in Fig. 27. Neutral cobalt—dinitrogen
complexes bearing TPB, TPC, TPSi, and PBP-type pincer ligands 45-48 did not
work as catalysts effectively.

In 2016, Nishibayashi and co-workers reported the first successful example of
the cobalt-catalyzed reduction of nitrogen gas into ammonia under ambient reaction
conditions [42]. In this reaction system, cobalt—dinitrogen complexes bearing the
pyrrole-based PNP-pincer ligand worked as effective catalysts. The reaction using
cobalt—dinitrogen complexes 49 and 50 as catalysts afforded 4.2 equiv. and 3.1
equiv. of ammonia based on the catalyst, respectively, under the conditions shown
in Fig. 28. When larger amounts of KCg and [H(OEt,),]BAr", were employed, the
amounts of nitrogenous products much improved; ammonia (15.9 equiv.) and
hydrazine (1.0 equiv.) (Fig. 28). The detailed reaction pathway has not yet been
clarified, but some cobalt—hydrazine complexes may work as key reactive interme-
diates in these reactions.

4 Summary

Iron and cobalt—dinitrogen complexes are capable of reducing nitrogen gas into not
only N(SiMes); but also ammonia and hydrazine in a catalytic manner. The newly
disclosed unique catalytic activity of some iron—dinitrogen complexes as catalysts
may provide important information for the elucidation of biological nitrogen
fixation by the nitrogenase [43, 44]. In addition, new recent findings of the catalytic
activity of cobalt—dinitrogen complexes toward the direct reduction of nitrogen gas
into ammonia opened an avenue to develop a novel nitrogen fixation system using
transition metal—dinitrogen complexes as catalysts. In both cases, however, a low
reaction temperature such as —78°C is required to promote the catalytic reaction.
The development of catalytic nitrogen fixation under ambient reaction conditions
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using iron and cobalt—dinitrogen complexes as catalysts remains to be challenged in
this research area.
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