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Metal-Metal vs Metal-Ligand Cooperation in Iron-Mediated
Activation and Catalytic Reduction of Nitrous Oxide and
Nitrobenzene

Nadir Jori,® Helena Corona,? Enrique Soto,? Israel Fernandez,** and Jesus Campos*?

There is increasing interest in developing catalysts for transforming nitrous oxide (N,0), though systems based on Earth-
abundant metals are limited. We report the synthesis of [Fe'(depe)(Cp*)N2][BArf] (2; depe = 1,2-bis(diethylphosphino)-
ethane; Cp* = n>-CsMes) and its intriguing reactivity with N,O, which involves a complex manifold of competing routes. This
includes an exotic metal-ligand cooperation pathway towards a Cp*-tethered hydrazenyl oxide ({O-N(R)-N(H),) moiety
competing with a metal-metal cooperation route to form a transient FeV-oxo species. The latter leads to
[Fe"(depe)(Cp*)(OH)][BArf] (3) and a product with a dehydrogenated phosphine arm (5). Precursor 2 also reacts with
nitrobenzene, allowing the identification of a unique nitrosobenzene complex, [Fe"(depe)(Cp*)(k N-CsHsNO)][BArF] (6-N),
via bimetallic cooperation. The proposed mechanisms are supported by experimental methods and DFT calculations.
Furthermore, 2 is an efficient catalyst for the O-transfer reaction from N,O to HBpin (pinacolborane), as well as for the

reduction of nitrobenzene, where it surpasses the performance of current catalysts.

Introduction

The considerable increase of nitrous oxide (N;O) levels in the
atmosphere has raised some major concerns, as it is one of the
greenhouse gases contributing to global warming and the
depletion of ozone in the atmosphere.[!l Therefore, a pressing
need for its degradation has spanned the development of
catalysts capable of its transformation to more inert products,
such as dinitrogen (N,).23! In this context, a wide range of
heterogeneous catalysts for the conversion of N,O into higher-
added value chemicals has been reported.[-¢]

At variance, homogeneous catalysts for the transformation of
N,O are comparatively far more limited.[’l They rely on the
deoxygenation of nitrous oxide via O-transfer reactions to
different substrates, for which a variety of molecular catalysts
based on precious metals have been used.[28-17) |n turn, the
development of environmentally friendly, inexpensive catalysts
based on non-precious first-row metals has been a major recent
focus, (18191 which is starting to permeate into N,O catalytic
protocols. Although this has so far been mostly restricted to
nickel, 20231 two recent reports from Chaplin and Mo reveal the
potential of copper24 and iron,[2%] respectively, to catalytically
transform N>O (Figure 1, top). Besides, recent studies revealed
that Fe-porphyrin complexes are also competent for N,O
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reduction processes.[26:27] Alternatively, catalysts based on main
group elements have recently shown great potential for N,O
reduction.[28-30] Nonetheless, there is a need to better
understand the operating mechanisms, often difficult to
investigate for these transformations, in order to speed-up
catalyst development.31l

First-row transition metal catalysts for N,O reduction
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Figure 1. Selected examples of first-row transition metal catalysts for the reduction of
N0 (top) and the cooperative iron system investigated in this work (bottom).

Being the most abundant transition metal on the Earth's crust,
the aforesaid use of iron for N,O conversion is particularly
appealing. We have recently explored the cooperative
activation of the isolectronic CO, molecule using [Fe®(depe),]
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(depe = 1,2-bis(diethylphosphino)-ethane), which however
decomposes under N,O atmosphere.[32 To provide further
stability while enabling the iron centre to accommodate a wide
range of oxidation states, we have now focused on its derivative
[Fe'(depe)(Cp*)Cl] (1; Cp* = n>-CsMes). Our choice was
encouraged by the fact that the only prior iron system to
mediate the catalytic reduction of N,O relied on metal-ligand
cooperation.[?3 In turn, the non-innocent role of the Cp* ligand
in compounds like 1 is well-documented®336] and we
hypothesized that it might aid N,O activation and catalysis. In
this work, we report the synthesis, characterization and
reactivity studies of the iron motif [Fe(depe)(Cp*)] in various
oxidation states with N,O and nitrobenzene, including a deep
mechanistic understanding by experimental and computational
means. In addition, we describe the catalytic reduction of these
molecules with pinacol borane.

Results and Discussion
Synthesis and characterization of Fe(ll) complexes

We first attempted the synthesis of 1 through previously
reported routes for analogous complexes with different
diphosphines (dppe = 1,2-bis(diphenylphosphino)-ethane,
dippe = 1,2-bis(diisopropylphosphino)-ethane or dnppe = 1,2-
bis(din-propylphosphino)-ethane),37-3%] but they led to the
concomitant formation of [Fe'(depe).Clz] and [Fe"(Cp*).], and
prevented the isolation of pure complex 1 in sufficient yield.
However, 1 could be synthesized by the reaction between depe
and the previously reported complex [Fe'(tmeda)(Cp*)Cl]
(tmeda = tetramethylethylenediamine), A, in THF solution at
-80°C (Scheme 1). Upon addition of the phosphine ligand, the
solution changes colour from light green-yellow to deep purple.
Evaporation of the solvent and extraction in pentane afforded a
clear dark violet-purple solution. Dark violet needles could be
grown from a saturated pentane solution at -35 °C over the
course of 20 h in 82% yield. Other attempted reaction
conditions gave poorer yields or led as well to the concomitant
formation of [Fe'(Cp*),] and/or [Fe'(depe).Cl,].

To activate N;O, a vacant site at the metal centre would be
required. To achieve this, and as reported for previous Fe(ll) half
sandwich complexes, 3941421 removal of the chloride anion from
1 under dinitrogen atmosphere resulted in the formation of the
terminal end-on Nz-complex 2, [Fe'(depe)(Cp*)(N2)][BArf]
([BArF]- = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate). More
precisely, the addition of NaBAr* to a violet-purple solution 1 in
Et,0 under N3 resulted in an orange suspension over the course
of 3 h (Scheme 1). Upon filtration, the orange solution was
stored at -35°C, affording orange crystals of 2 over the course
of 2 days in 92% yield. The formation of 2 was inferred from a
slightly down-shifted 3'P{'H} NMR resonance at 79.3 ppm (c.f.
83.8 for 1). Besides, the solid-state IR spectrum of 2 shows a van
band at 2106 cm™ (Figure S75), which compares well with the
literature values for analogue half-sandwich complexes of Fe(ll)
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(2098-2117 cm™1),343841 syggesting a low degree of agtivation
of the N-N bond. DOI: 10.1039/D5SC07656K
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Scheme 1. Synthesis of [Fe(depe)(Cp*)Cl] (1) and [Fe(depe)(Cp*)N,][BArf] (2). ORTEP of
2 with hydrogen atoms and [BArf]- counterion excluded for clarity. Thermal ellipsoids are
set at 50 % probability.

As expected, the solid-state molecular structures of 1 and 2
(Scheme 1 and Figure S71) corroborate the piano-stool
coordination of the Fe centers, with one leg occupied by either
a chloride (1) or a N, (2) ligand. Despite the neutral vs ionic
nature of 1 and 2, the Fe(ll) center in both complexes exhibits
comparable Fe-Cp* centroid (1.721(2) and 1.748(8) A) and Fe—-P
(2.2133(6) and 2.2341(18) A in average) distances. The Fe—Cl
bond distance in 1 (2.3441(6) A) falls within the range of
previously reported half-sandwich Fe(ll) complexes bearing Cp*
and phosphine ligands (2.342-2.34(1) A).394043] Similarly, the
Fe—N distance in 2 (1.847(6) A), together with the very short
distance observed between the two nitrogen atoms (0.828(12)
A) falls within the range of what was reported previously and
support the formulation of 2 as a Fe(ll) complex bearing a N,
neutral ligand with little activation of the N-N bond, as
confirmed by IR spectroscopy (vide supra).13942]

Stoichiometric reactivity with N>O and nitrobenzene

With 2 in hand, we explored its reactivity with N,O (Scheme 2).
Addition of 1 bar of N,O to a light orange-yellow THF solution of
2 at 25 °C led to slow consumption of the starting material over
the course of 24 h, as confirmed by multinuclear NMR studies
and also a change of color to dark orange-red (Figures S7-S9).
However, the formation of paramagnetic species over the
course of the reaction prevents further characterization by
NMR spectroscopy. The reaction in Et,0 solution or in a toluene
suspension yielded similar results (see SI).

X-band EPR studies of the reaction mixture at 77 K indicate the
presence of multiple Fe(lll) paramagnetic species (Figure 2).
Indeed, we managed to grow crystals of three different species
from vapor diffusion of pentane into an Et,O solution of the
reaction mixture at -35 °C over the course of 2 days (Scheme 2
and Figure 3).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. Reactivity of [Fe(depe)(Cp*)(N,)][BArf] (2) with N,O (top) and nitrobenzene (bottom).

The first product, [Fe"'(depe)(Cp*)(OH)][BArF] (3), is an iron(lll)-
hydroxido complex, that we attributed to the formation of a
very reactive Fe'V=0 species from N,O cleavage, which would
subsequently abstract a hydrogen atom from other
molecules.[4445] The second crystalline product,
[Fe"(depe)(n>,kt0-CsMesCH2N(NH>)O)][BArF] (4), represents an
unprecedented cooperative ligand-metal activation product of
N>O, yielding an Fe(lll) complex in which nitrous oxide has been
formally hydrogenated towards a tethered hydrazenyl oxide (-
O-N(R)—N(H)2) moiety.

Although one of the incorporated hydrogen atoms seems to
originate from a methyl group of the Cp* ligand, the second one
probably derives from other complex, as suggested by the
crystallization of [Fe'(k?P:k2C-depe’)(Cp*)][BArf] (5), where
depe’ denotes a diphosphine ligand in which one of the ethyl
arms has been dehydrogenated towards a vinyl group, that in
turn coordinates to Fe(ll) in a k2-fashion. The mechanism of
formation of these three exotic species has been investigated
by computational means (vide infra), which suggests a complex
manifold of reactivities associated with the activation of nitrous
oxide.

Attempts to isolate these products in analytical pure form were
unsuccessful. Indeed, independent microcrystalline samples
isolated from different reaction mixtures were analyzed by X-
band EPR spectroscopy at 77 K, always showing the presence of
both 3 and 4 (Figure 2). Simulation of the EPR spectrum of a
frozen solution (THF: Et,O 1:1) of these crystals yielded two
distinct components in a 1:1 ratio. The first component (g« =
2.194; g,=2.053; g, = 2.004) is attributed to compound 3 (Figure
2), consistent with its formation in the reaction of 2 with
nitrobenzene (vide infra). The second component (g« = 2.377, gy

= 2.069; g, = 1.994) is associated with compound 4.
Nonetheless, we cannot completely rule out the formation of
other minor species with S > % species, that may be not
observed at the temperature used for our measurements (77K).
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2,4 2,3 2,2 21 2
Sim
Exp
m
Red
3 3
‘/\——J\/\ﬁ
280 300 320 340 360
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Figure 2. EPR spectra of a frozen solution (THF: Et,0 1:1) of crystals isolated from the
reaction of 2 with N,O yielding 3 and 4 (modulation amplitude: 4 G, 9.635223 GHz, 77 K,
4 scans; each individual simulation (3 and 4) is weighted at 50%).

The solid-state molecular structure of 3 (Figure 3) shows a
piano-stool cationic iron complex, coordinated by the Cp*
ligand, the two phosphorus atoms of the depe and a hydroxido
ligand and accompanied by [BArf]- as counterion. The relatively

Please do not adjust margins
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Figure 3. ORTEP of [Fe'"(depe)(Cp*)(OH)][BArf] (3), [Fe"(depe)(n®,k*0-CsMesCH,N(NH,)O)][BArf] (4), [Fe'(«k2P:k?C-depe’)(Cp*)]1[BArf] (5) and [Fe'(depe)(Cp*)(k'O-CcHsNO)][BArF] (6-
0). Hydrogen atoms and [BArf]- counterions have been excluded, and ethyl groups are represented in wireframe format for clarity. Thermal ellipsoids are set at 50 % probability

except for complex 3 where thermal ellipsoids are set at 50% probability due to the quality of the crystals

long Fe—O bond distance (2.030(6) A) is more consistent with an
Fe(ll)-OH motif,[46-501 rather than an Fe(IV)=0 complex, for
which a shorter Fe—O length would be expected. Indeed,
Density Functional Theory (DFT) calculations at the RI-BP86-
D3(BJ)/def2-TZVP level confirm the much longer Fe(lll)-OH
distance in 3 (1.858 A) than in the possible Fe(IV)=0 species
(1.695 A).The formulation of 3 as a Fe(Ill)-OH complex is further
supported by the X-band EPR spectra from the reaction mixture
and from the mixed crystallized material obtained from it. Not
surprisingly, our DFT calculations indicate that the unpaired
electron in 3 is mainly located at the iron center (computed spin
density of 0.93e).

In complex 4, the C—CH; bond is slightly elongated (ca. 1.506(6)
A) in comparison with the other methyl groups of the Cp* ring,
though the distance between the Cp* centroid and the iron
center (1.763(4) A) is comparable to the other Fe(lll) compound
reported herein (3, ¢f. 1.764(14) A), though slightly longer than
in Fe(ll) species 2, 5 and 6 (within 1.72 to 1.74 A range). The
Fe—O bond distance of 1.844(2) A falls in the reported range for
single bonds between Fe(lll) and -OR.[46-50]

The two hydrogen atoms of the newly formed NH, group in
complex 4 could be unambiguously located in the Fourier
electron density map derived from X-ray diffraction studies of
different crystal samples. This is also consistent with a N-N
distance of 1.497(7) A, common for a single bond, the presence
of a single O—N bond (1.421(5) A) and the overall charge at the
molecule. It is important to highlight that compound 4
represents an unprecedented product of N,O activation and
demonstrates the active participation of the Cp* ligand to make
it possible.

Complex 5 also exhibits a piano-stool conformation, but besides
the two phosphorus atoms, the iron center is coordinated to a
new vinyl fragment from the formal dehydrogenation of an

ethyl arm. This results in a shorter C—C bond distance (1.404(6)
A), as well as short Fe—CH and Fe—CH; bond lengths of 2.0566(4)
and 2.097(4) A, respectively. Other angles and distances follow
similar patterns and orders compared to those found in 1 and
2. Once more, among the plausible scenarios that would in
principle fit with the hydrogen-free model obtained from X-ray
diffraction studies for compound 5, DFT calculations supported
the aforesaid formulation. In particular, the computed Fe(ll)-CH
and Fe(ll)=CH, distances of 2.059 A and 2.101 A concur quite
well with those derived from the X-ray diffraction (2.057 and
2.097 A, respectively).

The unique and complex reactivity discussed with N,O
prompted us to investigate the behaviour of 2 with
nitrobenzene (CgHsNO;). Addition of the latter to a CgDe
suspension of 2 at 25 °C results in the very slow consumption of
the starting material. However, by warming up the reaction
mixture to 50 °C, a complete consumption of 2 together with a
change of colour to deep blue is observed over the course of 24
h. The 31P{*H} NMR spectrum of the reaction mixture shows the
appearance of new resonances around 81.08 and 89.09 ppm
(Figure S25). Once again, two different types of crystals co-
crystallize from the vapor diffusion of pentane into a deep blue
Et,0 solution of the reaction mixture, over the course of 2 days
at-35°C. On one side, we obtained orange blocks corresponding
to the already described Fe(lll)-OH complex, 3. The formation
of 3 was also independently confirmed by X-band EPR
spectroscopy of the reaction mixture at 77 K (Figure S77).
Besides, very small blue-green plates crystallized as well, which
allowed us to determine the overall connectivity (Figure S69),
corresponding to the formation of the Fe(ll) nitrosobenzene
adduct [Fe'(depe)(Cp*)(kIN-CsHsNO)][BArf], 6-N.

The concomitant formation of these two species suggests a
bimolecular activation of the nitrobenzene, which is indeed

Page 4 of 10
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supported by DFT calculations (vide infra). However, this results
in the isolation of 6-N in pure form being challenging, thereby
we attempted its independent synthesis by the addition of
nitrosobenzene (C¢HsNO) to a CgDe suspension of 2 at 25°C.
Immediately after addition, the suspension acquired the
expected deep blue colour, with the presence of oil due to the
sparing solubility of the products. Multinuclear NMR
spectroscopy confirmed the formation of 6-N in the reaction
mixture, together with other species. Single crystals could be
grown from the vapor diffusion of pentane into an Et,0 solution
of the crude. The grown crystals, however, showed the
formation of a linkage isomer of 6-N, the O-coordinated

— Reaction with N,O
+2
PE
EtoP - 7
. 'S
Eel O\N:fo.ei EtgP\E_Etz Etzlg'/\}?az H
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nitrosobenzene adduct [Fe(depe)(Cp*)(k*O-CsHsNR)IIBAL Y62
0. Computational studies described beloW arE EdT¥SistERt /Rt
the presence of the two isomers, which are almost
thermoneutral and may rapidly interconvert (vide infra).
Crystals of isomer 6-0 (Figure 3) were of high quality and further
confirmed the formation of the nitrosobenzene adduct. The
structure is characterized by an Fe—O bond length of 1.833(3) A,
shorter than the one found in 3. As foreseen, the N=O bond
distance (1.300(5)A) is longer than in free nitrosobenzene
(1.223 A)51 due to the interaction of the lone pair of electrons
at the oxygen atom with the metal and the backdonation from
the iron fragment into the *(NO).
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Figure 4. Computed reaction profiles for the reaction of 2 with N,O (top) and nitrobenzene (bottom). Relative free energies (AG, at 298 K) and bond distances are given in kcal/mol
and angstroms, respectively. All data have been computed at the RI-BP86-D3(BJ)/def2-SVP level.
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Computational studies

The formation of species 3-5 in the reaction of complex 2 with
N>O was explored by means of DFT calculations at the RI-BP86-
D3(BJ)/def2-SVP level (Figure 4, top). First, the process begins
with the displacement of the N; ligand by N,O to form the Fe(ll)
species [Fe]-ON,. From this cationic intermediate, a H-transfer
from a phosphine-ethyl group of the naked [Fe(depe)Cp*]*
complex 2’ would take place, in a slightly exergonic process (AG
= -1.8 kcal/mol), to produce complex 5’ along with the Fe(lll)
radical-cation [Fe]-ON;H (the analogous reaction involving a
solvent molecule, i.e. Et;0, as a H-donor is highly endergonic,
AE =+27.0 kcal/mol, and therefore, unlikely). From this species,
an intramolecular H-migration from a methyl group of the Cp*
ligand occurs through transition state TS1 with a relatively low
barrier of 19.4 kcal/mol, consistent with a process occurring at
room-temperature.

This step leads to the formation of the radical-cation INT1
whose unpaired electron is mainly located at the transition
metal and also at the CH; fragment (computed spin density at
carbon of 0.36e). This directs the subsequent formation of the
observed C—N bond, which takes place via TS2 with a rather low
barrier of only 2.8 kcal/mol leading to the observed complex 4
in a strongly exergonic reaction which compensates the
endergonicity computed for the previous step driving the
transformation forward.

The formation of the hydroxido species 3 would also occur from
the initially formed [Fe]-ON2 complex. In this case, instead of a
H-transfer, the reaction of this species with 2’ leads to the
slightly endergonic formation of bimetallic species INT2, where
the ON; ligand binds two different [Fe(depe)Cp*]* transition
metal fragments.[16:52] From this intermediate, the oxo-complex
Fe(IV)=0 3’ is formed with concomitant release of a molecule of
2 in an essentially barrierless process (see Figure S74 in the
Supporting Information).

From 3’, an intermolecular H-transfer from 5’ would lead to the
formation of both the hydroxido complex 3 and species 5, in a
process highly favored thermodynamically (AG = -41.6
kcal/mol). Alternatively, complex 5 could also derive directly
from 2’ upon the abstraction of two H-atoms by two molecules
of 3’ (therefore leading to two molecules of 3 as well). This
alternative process is also highly exergonic (AG =-71.5 kcal/mol)
and seems favored over the 3’ + 5 — 3 + 5 reaction. Moreover,
5 might also result from 5’ upon H-abstraction from a new
molecule of [Fe]-ON2 complex. Although exergonic (AG =-13.5
kcal/mol), this process seems non-competitive as compared to
the above commented reactions.

Similar to the reaction with N;O, the process involving
nitrobenzene also begins with the formation of the analogous
bimetallic complex INT3, where the PhNO, acts as a bridging
ligand between two different [Fe(depe)Cp*]* fragments (Figure
4, bottom). In this case, the N—O bond rupture is not barrierless
but proceeds through the transition state TS3, with a low barrier
of only 12.0 kcal/mol, in a highly exergonic (AG = -50.4 kcal/mol)
transformation leading to the Fe(lV)-oxo complex 3’ and the
cationic nitrosobenzene complex 6-0. Our calculations indicate

6 | J. Name., 2012, 00, 1-3
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that the experimentally observed isomer 65N, WHeF&/ BReHitr656
ligand binds the transition metal through its nitrogen atom, is
ca. 2 kcal/mol more stable than 6-0O. This ligand slippage
process takes place via intermediate INT4, lying only 6.7
kcal/mol above 6-0, where both the nitrogen and oxygen atoms
bind the transition metal. This confirms that the 6-0O->6-N
conversion is feasible under the experimental conditions used
and therefore consistent with the crystallization of both isomers
during our experimental studies.

Catalytic investigations

After demonstrating the capacity of compound 2 to activate
N>O and nitrobenzene in several cooperative ways, we decided
to explore its implementation into catalytic regimes. In fact, the
proposed formation of the iron(IV)-oxo complex (3’) upon
reactivity of 2 with N,O (see Figure 4), offers an ideal platform
for studying catalytic oxygen-atom-transfer (OAT)
reactions.[?5531 We first explored the deoxygenation of N,O by
reaction with 20 equiv. of pinacolborane (HBpin) in different
solvents at 25 °C (Table 1). Gratifyingly, in THF and Et,O
solutions, the conversion is complete over the course of 6 h
(entries 1 and 2). No formation of Bpin(OH) is observed, being
all reagents transformed into the corresponding bis-boryloxide
O(Bpin),. In toluene suspension, the reaction is not complete
even after 24 h, probably due to the low solubility of the pre-
catalyst and reaction intermediates (entry 4). No conversion is
observed in dichloromethane solution (entry 3), as a result of
the instability of 2 in this solvent, which was confirmed
separately. Similarly, no conversion was observed in the
absence of catalyst or using precursors [FeCl,(depe)] or [FeCp*,]
(entries 8 — 10).

We then decreased catalyst loading to 0.5 mol%, reaching
moderate to good vyields at variable temperatures, with a
maximum of 85% with mild heating at 50 °C (Table 1, entry 6;
TON = 171). However, a further increase in the temperature
results in lower yields (entry 7), which we attribute to both the
lower solubility of the gases and the possibility of catalyst
decomposition. The same effect was observed for temperature
screening in THF and toluene solvents (see Table S1).
Alternatively, using Bypin, as the reducing agent did not yield
any conversion to O(Bpin), under our optimized conditions and
using 2 as precatalyst.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Reduction of N,O with HBpin catalyzed by 2.

T, Solvent, 24 h

N,O + 2 HBpin > N, + H, + 2 O(Bpin),
[cat] (x mol %)

Entry [cat] (mol %) Solvent T(°C) Yield (%)
1 2(5) Et.0 25 100!
2 2(5) THF 25 100!
3 2(5) CH.Cl, 25 0
4 2(5) Toluene 25 89
5 2(0.5) Et,O 25 49
6 2(0.5) Et,O 50 85
7 2(0.5) Et,O 80 67
8 - Et,0 80 0
9 [FeCly(depe)] (5) Et,0 80 0
10 [FeCp*,] (5) Et,0 80 0

[a] Conversion to O(Bpin), was calculated by *'B{*H} NMR spectroscopy using BPh;
as internal standard; [b] the conversion was already complete after 6 h of reaction.

Interestingly, we noticed a distinctive mechanistic feature that
contrasts with most prior studies. In particular, it seems that
this system escapes from the common hydridic mechanism
involving oxygen atom insertion into a metal-hydridel2.8-13,22,54-
56l (or M—C, as seen in other OAT reactions).[3In this line, HBpin
does not react with 2 to produce any potentially reactive Fe—
hydride. Indeed, 2 is inert towards HBpin in all solvents used
even under more forcing conditions, as confirmed by
multinuclear NMR experiments (Figures S30 and S31), while it
directly transforms in the presence of N,O (vide supra). Despite
these facts, we do observe the formation of distinctive low-
frequency hydridic signals during catalysis. More precisely,
31p{*H} NMR monitoring shows the formation of a diamagnetic
iron complex 7 during catalysis, with a chemical shift at 5 =91.1
ppm (Figure S34 and S35) that correlates to a low-frequency *H
triplet at -9.21 ppm (%up = 67.4 Hz). This suggests the formation
of the iron-bishydride [Fe'V(depe)(Cp*)(H)21[BArF] (7) during the
course of the catalytic experiments (Figure S36). We could
corroborate its structure by X-ray diffraction analysis (Figure
S70), which compares well with analogous species by the
groups of Valerga and LaPinte with different diphosphine
ligands.[36:37]

To test the catalytic competence of dihydride 7, we attempted
its independent synthesis, which was achieved by the reaction
of 2 with 1 bar of H; (Figures S16-S24). In fact, this experiment
suggests that this bis-hydride may form during catalysis due to
the production of H, from the deoxygenative reaction of N,O
with HBpin (Table 1). However, this independent synthesis does
not lead to pure 7. EPR studies of the reaction mixture at 77 K
also showed the concomitant formation of a paramagnetic
species with S = %, suggesting also the potential formation of a
Fe(lll)-hydride (Figure S76). The obtained EPR spectrum
compares well with previously reported Fe(lll)-hydrides by
Peters and co-workers using the dppe ligand,3¢! supporting our
postulated formation of [Fe''(depe)(Cp*)H][BArF] (B).

In any case, the mixture of hydride complexes 7 and B is inactive
towards NO reduction in the absence of HBpin and we
therefore attribute their formation to off-cycle species during
catalysis. Although at this stage we cannot yet provide a full

This journal is © The Royal Society of Chemistry 20xx
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mechanistic catalytic picture, we postulate that formation,of
hydrides 7 and B is reversible, giving acc&$3/t8) 2030HIeAG &4y
reacts with N,O to form the oxo complex 3’. Then, instead of
intramolecularly abstracting a hydrogen atom, the oxo complex
reacts HBpin, possibly leading to hydride B and -OBpin, as
proposed by Kaltsoyannis and Mehtal28l. The -OBpin anion may
deprotonate B to regenerate 2 and form HOBpin, which readily
reacts with HBpin to release H; (explaining the appearance of 7)

yielding O(Bpin)a.
| Et,0, | |

H, (1 atm)
~H +
er” - Ny | e |Eewr” Ny EwP” - M
L N L L
2 7 B
Scheme 3. Reaction of 2 with H, to access iron-hydride complexes

[Fe"V(depe)(Cp*)(H).][BArf] (7) and [Fe"(depe)(Cp*)(H)]1[BArF] (B) (BArf anion has been
omitted in the Scheme for clarity).

We also investigated the catalytic reduction of nitrobenzene by
HBpin, which has been reported only recently for two Fe
complexes.[?5571 In a prototype experiment, a J-Young NMR
tube was charged with precatalyst 2, HBpin (5 equiv) and
solvent (0.5 mL), and the reactants were mixed thoroughly. To
this mixture, nitrobenzene was added and the reaction was
monitored by multinuclear NMR spectroscopy. The reaction
works well in Et;O even at room temperature to produce the
corresponding N-borylated amine, reaching completion in 30
hours when using 5 mol% catalyst loading (Table 2, entry 2).

Table 2. Catalytic reduction of nitrobenzene by complex 2.

Bpin
NO, NP
+ HBpin Solvent T

+ H, + 2 O(Bpin),
(5.0 equiv)

[cat] (x mol %)

Entry [cat] (mol %) Solvent T(°C) t Yield
(%)[al
1 2(5) CeDs 25 30h 65
2 2(5) Et.0 25 30h 100
3 2(5) CsDe 50 S5h 100
4 2(5) CeDs 80 30 min 100
5 2(0.1) CeDs 80 30 min 81
6 2(0.1) CeDs 80 4h 100
7 - CsDg 80 30h 0
8 [FeCly(depe)] (5) CsDe 80 16 h 10
9 [FeCp*2] (5) CeDs 80 16 h 0

[a] Yield calculated by 1*B{*H} NMR spectroscopy using BPhs as internal standard,
[b] 94% isolated yield after derivatization into anilinium chloride

The reaction proceeded at a slower rate in benzene (4 days to
completion at 25 °C likely due to reduced solubility), however,
the reaction was finished after only 30 min when heating at 80
°C (entry 4). Indeed, this allowed us to decrease catalyst
concentration to 0.1 mol%, reaching full conversion in only 4
hours (entry 6), thereby surpassing the efficiency of the two

J. Name., 2013, 00, 1-3 | 7
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prior iron systems in terms of turnover number (TON = 1000) by
an order of magnitude.?5571 In turn, there was no catalysis in
the absence of catalyst or using [FeCp*;], while minimal
conversion was observed for precursor [FeCl,(depe)].

It is worth noting that over the course of the reaction, the
mixture became green-blue, as observed in the reaction of 2
with nitrobenzene, suggesting the formation of the
nitrosobenzene adduct 6-N as an intermediate of the catalytic
transformation. Furthermore, even though the 'H NMR spectra
of the reaction mixtures show the formation of H, (6 = 4.56
ppm), the presence of the aforesaid Fe(IV)-bis hydride 7 was not
observed, suggesting that the reaction with nitrobenzene is
faster (Figures S58-S70). Moreover, the isolation of 3 from the
reactivity of 2 with both nitrobenzene and N,O separately,
suggests that both catalytic transformations involve common

intermediates and therefore proceed through related
mechanisms, as it will be disclosed in due course.
Conclusions

We have shown that the Cp* ligand in complex

[Fe"(depe)(Cp*)N2][BArf] (2) stabilizes the metal centre in three
different oxidation states (l1,111,IV) while playing an active role in
the activation of N,O through an unprecedented mechanism.
This metal-ligand cooperation pathway results in an exotic Cp*-
tethered hydrazenyl oxide (‘O—-N(R)-N(H)2) moiety which has
been structurally characterized and whose formation has been
rationalized by DFT calculations. Nonetheless, an alternative
bimetallic mechanism involving two iron fragments competes
with the latter route. This results in the isolation of the
hydroxido complex [Fe'(depe)(Cp*)(OH)I[BArf] (3), which
points towards the formation of a very reactive Fe(lV) oxo
complex (3’) that readily abstracts a hydrogen atom from one
ethyl group of the diphosphine ligand, eventually leading to the
dehydrogenated complex 5.

The bimetallic activation of the N,O molecule is directly related
to the N-O cleavage in nitrobenzene (CsHsNO;). Herein,
bimetallic cooperation yields two complexes, the corresponding
nitrosobenzene adduct (6) and, once more, the highly reactive
Fe(IV) intermediate (3’) that rapidly converts into the hydroxido
complex 3 via H-atom abstraction. Despite the reactive nature
of 3’, we have demonstrated that 2 can be used as a precatalyst
for O-transfer reactions from N,O and nitrobenzene to HBpin,
nicely adding to the still reduced number of catalytic systems
based on first-row transition metals competent for these
transformations. Overall, the results presented in this work
evidence how an apparently simple ligand framework may offer
a rather complex manifold of reactivity that resulted in an
unprecedented mechanism for nitrous oxide activation and for
its implementation into catalytic regimes.
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