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The electrocatalytic reduction of dinitrogen to ammonia by molecular complexes is fundamentally limited
by poorly understood proton—electron transfer sequences and catalyst deactivation pathways. Here we
report a detailed mechanistic investigation of nitrogen reduction mediated by a Mo(v) nitride complex
involving a bis-aryloxy-carbene ligand. Combined electrochemical, spectroscopic, and computational
studies reveal stepwise electron transfer and proton transfer processes proceeding through Mo(v) imide
and Mol(iv) amide intermediates. Notably, we demonstrate that a Mo(v) imide intermediate undergoes a
key disproportionation reaction producing the corresponding amide species, ultimately enabling NHz for-
mation. We also establish that the catalytic activity is impeded by competitive chloride coordination and
the formation of a stable Mo(i) dimer that prevents N, binding. These findings identify critical mechanistic
bottlenecks in molecular N, electroreduction and establish clear ligand-design criteria for suppressing
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Introduction

The N, to NH; reduction involves a challenging 6 electrons-6
protons transfer and is currently achieved in industry via the
Haber-Bosch process requiring drastic conditions, thus
leading to massive CO, emission."™ The discovery in the mid-
sixties of the first coordination complex [Ru(NH;)(N,)]** incor-
porating nitrogen as a ligand opened up the possibility to
develop milder approaches, i.e. using homogeneous chemistry,
to activate and functionalize N,.>® Since then, numerous
studies have shown that the activation mechanism depends
both on the nature of the metal center and on the ligand plat-
form, and that a rational development of efficient catalysts
requires understanding the elementary steps involved in the
activation of N, at the metal center.>>*'® However, few of
them focus on the electrocatalytical nitrogen reaction
reduction using coordination complexes, and even fewer on
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deactivation pathways and enabling efficient ammonia synthesis under mild conditions.

mechanistic studies.'’**77° In this article, we present a new
electrochemical ammonia synthesis reaction using a bis-ary-
loxycarbene-molybdenum nitride complex. Based on extensive
electrochemical, spectroscopical characterization and theore-
tical calculations, intermediates have been identified and a
reaction mechanism is proposed.

Among the metal complexes used so far in this context,
those based on Mo have been the most studied and are today
by far the most effective. In particular, Schrock designed
tunable tris-amido-amine ligands (N;N)*~ forming C,, sym-
metry complexes with Mo that led to the discovery of the first
N,-to-NHj; catalytic process 20 years ago (Scheme 1A).° In a
series of papers, they studied the protonation and electron
transfer steps and isolated several key intermediates involved
in the proposed catalytic cycle.'®>* Most notably, the ligand
was designed to favor the formation of an end-on Mo-N=N
complex, while preventing the formation of the corresponding
Mo-N=N-Mo dimer which hamper functionalization at the N
centers. They brought to light the sequential functionalization
of the nitrogen atoms with one electron and one proton and
isolated the stable nitride complex (N3;N)Mo(vi)=N after
addition of three protons/three electrons to the dinitrogen
complex (N3;N)Mo(m)(N,). The authors also established that the
N center of the nitride function is a rather weak base that can
be fully protonated with a strong acid such as [H(OEt,),][BAr,]
and only partially (25%) with a weaker acid such as [2,6-
LutH][BAr’;]. The cycle was subsequently computed by Tuczek,
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Scheme 1 Context of the present study (D) put into perspective with regard to the work of (A) Schrock,® (B) Cummins,'° and (C) Hu.?*

who confirmed the “strictly" alternating “one proton/one elec- On the other hand, Cummins reported in 1995 the first
tron” sequence of events.”® They pointed a very strong driving example of a direct N, cleavage (Scheme 1B). A designed trisa-
force for N-N splitting from the (N;N)Mo(N-NH;)" intermediate mido complex, Mo(NRR'); Mo(m) is capable of N, coordination
leading to the first equivalent of NH; and (N;N)Mo(N). to yield the (NRR');Mo-N=N-Mo(NRR'); p-end-on dimer. This
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intermediate allows a six electron transfer (3 per Mo center) to
the o* and n* orbitals of the N,, yielding the nitride complex
(NRR');Mo(N) Mo(v1)."® Subsequent NH bond formation was
not reported with this complex which appears to require quite
strong electrophiles to functionalize the terminal nitrogen
atom, such as acyl triflates.>® One of the main drawbacks of
using amide ligands with Mo complexes is their strong basic
character which can affect the protonation equilibria involved
in the medium and lead to a deactivation/decomposition of
the catalyst. Several groups have built on these results, demon-
strating facile N, splitting with group 6 and 7 metal complexes.
Nishibayashi, Yoshizawa and coworkers have reported in the
past years impressive catalytic results in N,-to-NH; transform-
ation, relying on both N, splitting and proton coupled electron
transfer (PCET), using SmI,/ROH, including H,O, as electron/
proton source respectively.>>*® Recent efforts by Peters have
been directed to transpose this PCET chemical process into an
electrochemical one, that would avoid the generation of stoi-
chiometric Sm(m) waste (three equivalents per equivalent of
NH; produced).'” It should be noted that, despite their unde-
niable interest, the performance of the electrochemical
approaches remains significantly inferior to that of the chemi-
cal ones. This calls for massive research in the electrocatalytic
nitrogen reduction into ammonia.

While this work was underway, Hu reported the catalytic
silylation of N, using a (OCO)MoNCI complex featuring a related
bis-aryloxy-carbene ligand (with a saturated carbene moiety, see
Scheme 1C). Most importantly, they demonstrated the highest
yield (86%) and good TON (57) for this transformation, and pro-
posed silyl radical functionalization of N,. The (OCO)MoNCl
platform is therefore of interest for the studies of N, fixation.?*

In this work, we endeavored the electrocatalytic N,-to-NH;
synthesis using a Mo=N complex incorporating a bis-aryloxy-
carbene ligand previously designed by some of us.>’' We
present a full investigation of the stepwise H'/e” addition
events using a coupled -electrochemical/UV-visible/ESR
approach. We highlight here an unprecedented mechanism
leading to the amide [(OCO)Mo(NH,)Cl] complex involving dis-
mutation of the imide [(OCO)Mo(=NH)CI] complex. Chemical
syntheses of the intermediates in the N-functionalization steps
revealed easy reduction of the Mo(vi) nitride complex, facile
NH; formation and dissociation from the Mo(iv) center.
Finally, DFT calculations not only fully rationalize these experi-
mental findings, but also provide key insights into the possible
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Scheme 2 Synthesis of complex [1V].
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bottlenecks of the N, functionalization using this ligand
framework.

Results and discussion

Synthesis and characterization of the nitride complexes [(0CO)
Mo(=N)cl] ([1*"]) and [(OCO)Mo(=N)Cl]~ ([Cp,Co]" [1*]~
[Cp2Co]")

Complex [1Y'] was synthesized in a one-step procedure invol-
ving an acid-base reaction between the ligand [H3;L]Cl and the
metallic nitride precursor [(O'Bu);Mo(N)] (Scheme 2).2%3%33
After 48 hours of stirring at room temperature and concen-
tration of the reaction mixture, the addition of n-pentane
yielded a purple precipitate of complex [1""] which was isolated
in 73% yield. The "H NMR spectrum recorded for this diamag-
netic Mo(vi) complex [1Y"], is in agreement with the proposed
structure incorporating a central carbene unit (Fig. S22-S27).
It is worth mentioning that this synthesis was independently
reported by Hohloch et al. during the writing of this manu-
script.®* Note that all attempts to form complex [1"] by reac-
tion of the deprotonated ligand L*~ (“O-C-0”) with [Mo(N)
Cl;], failed.

Single crystals suitable for X-ray diffraction were obtained
by layering a solution of [1'"] in dichloromethane with pentane
(Fig. 1). The obtained structure presented in Fig. 1 reveals that
the first coordination sphere of the Mo center forms a dis-
torted pyramid with a square base, which is identical to that
described by Hohloch et al. The two oxygen atoms are located
opposite to each other, and the nitrogen atom is at the tip of
the pyramid. The length of the Mo=N measured at 1.649(1) A
is within the typical range of a Mo(vi) nitrido bond.**"*® The
Mo-C length of 2.205(1) A is also characteristic of metal-
carbene bonds.*”*®

Electrocatalytic properties of complex [1''] in presence of a
proton source

The ability of complex [1V"] to promote the reduction of nitro-
gen in the presence of protons was assessed under catalytic
conditions using acetonitrile tetra-n-butylammonium bis-tri-
fluoromethanesulfonimidate (TBATFSI) as an electrolyte.
Lutidinium triflate (LutHOTf) was selected as the proton
source for (electro)catalytical experiments considering the
poor solubility of the corresponding halide derivatives in the

f
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Fig. 1 Molecular structure of [1V'] obtained by single crystal X-ray diffr-
action. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn for a
50% probability.

electrolyte. The cyclic voltammogram recorded in the presence
of an excess of LutHOTf is shown in SI (Fig. S12). It demon-
strates that the hydrogen evolving reaction (HER) occurs at
—-1.7 V (vs. Ag" (107> M)/Ag). Controlled potential electrolyzes
were thus conducted at more positive potential values to
prevent the unwanted HER, at room temperature in a dedi-
cated glovebox operating under N, using a homemade divided
cell and a glassy carbon foam working electrode. After electro-
lysis, the samples were subjected to hydrolysis (excess HCI)
and the quantity of NH," formed was quantified by NMR spec-
troscopy measurements using a calibration curve (see SI,
Fig. S1). The results obtained by varying the applied potential,
the dissolved gas and the electrolyte are presented in Table 1.
These data reveal that the amount of ammonia obtained is not
catalytic but only super-stoichiometric (Table 1, entries 1 and
2). Measurements carried out under argon (entry 3) produced
one equivalent of ammonium chloride, which demonstrated
the stoichiometric functionalization of the starting molyb-
denum nitride complex [1V'] by an excess of acid/electrons.
Inspired by previous work showing the positive effect of iodide
anions on the nitrogen splitting reaction involving molyb-
denum complexes,*® the same electrolysis was conducted by
replacing TBATFSI with tetra-n-butylammonium iodide (TBAI).
The data shown in entry 4 reveal that this change has no sig-
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nificant effect on the outcome of the reaction (Table 1,
entry 4). Overall, the results of entries 1, 2 and 4 (under N,) vs.
3 (under Ar) demonstrated that the species formed after
functionalization of the N center of the nitride does not allow
the subsequent functionalization of N,.

Additional experiments were also carried out to evaluate the
properties of complex [1""] under chemical catalysis con-
ditions, using Cp,Co as a reducing agent and LutH' as a
proton source. The amount of ammonia formed under these
conditions was also found to be low (TON % 1, yield ~ 1.7%),
which indicates that the system does not function catalytically
under either chemical or electrochemical conditions.

We therefore studied in detail the reactivity of complex [1"]
in order to understand the N-functionalization sequence by
protons and electrons and to identify the blocking points that
prevent the existence of a catalytic process.

As mentioned above, it is now well known that high oxi-
dation state metal-nitrides of group 6 metals exhibit very weak
nucleophilic and basic properties. These features can be
rationalized by the strong donation of the formal N*~ ligand
toward the metal center. In accordance with this, we first
established on the ground of "H NMR and UV-visible absorp-
tion spectroscopy measurements (Fig. S17) that the nitride
ligand in [1""] is not basic enough to react with protons, even
when added in excess lutidinium chloride (LutHCl).

Complex [1¥"] was then subjected to cyclic voltammetry (CV)
and UV-visible absorption spectroscopy measurements carried
out in acetonitrile in presence of TBATFSI. In agreement with
the preliminary data reported by Hohloch et al** the CV
curves display a Nernstian one electron reduction wave at E;,
= —0.69 V and three successive irreversible reduction waves at
E, = —2.10, —2.68 and —2.94 V (Fig. 2). The first reduction
wave, attributed to the one-electron reduction of the Mo
center, was found to be reversible at all scan rates investigated
(5 and 1000 mV s™*, see Fig. $2). The following fully irrevers-
ible reduction waves observed below —2 V were attributed to
subsequent reductions of the Mo coupled to chemical pro-
cesses. The diffusion coefficient of [1"'] was estimated at 1.32 x
10~ em® s from the Cottrel equation (Fig. S3) and the
number of electrons involved in the first reduction wave was
estimated to be 1 by exhaustive controlled potential electrolysis
(see below). The UV-visible absorption spectrum of [1V]

Table 1 Results of electrolysis experiments carried out in potentiostatic regime with millimolar (1 mM, 5 mL) solutions of [1'] in acetonitrile +
TBA-TFSI/TBA:l (0.1 M), followed by hydrolysis of the crude mixture with an excess of HCL. E,p, (volts vs. AGNOs (1072 M)/Aqg) is the potential applied
at a glassy carbon foam working electrode. The yield, FE and TON values were calculated by averaging 2 experiments (standard variation given). TON
is defined as the amount of NH,* per amount of complex, yield = 4n(NH,4*)/n(LutH-OTf); FE = 3n(NH,*)F/Q, where n(NH,*) and n(LutH-OTf) are the
number of moles of ammonium and lutidinium triflate, respectively. F is the Faraday constant and Q the charge (in Coulomb) consumed during

electrolyses

Ent. Electrolyte LutH OTf ™ : [1V1] Eqpp (V) Charge (C) Yield (%) FE (%) TON

14 TBATFSI (0.1 M) 50:1 -1.4V -7C 11.2 £ 0.6 28.9+0.7 1.4+0.1
2° TBATFSI (0.1 M) 50:1 -1.6V -7¢C 12.6 + 0.7 323+1.7 1.6 + 0.1
3P TBATFSI (0.1 M) 50:1 -1.6V -7C 8.4+0.5 21.8+1.2 1.0+ 0.1
4° TBAI (0.1 M) 50:1 -1.4V -7C 12.6 £ 0.7 32.3+1.7 1.6 +0.1

“ Controlled potential electrolysis performed under N,. ? Controlled potential electrolysis performed under Ar.
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Fig. 2 Cyclic voltammetry (CV) curves recorded for a 1 mM solution of
[1Y] in acetonitrile + TBATFSI (0.1 M) (WE: GC (@: 3 mm), ref: Ag*(10~2
M)/Ag, v = 100 mV s7%).

(Fig. 3B) displays two main absorption bands centered at
Amax = 302 nm (e = 8797 L mol™* em™") and at A = 500 nm
(e = 340 L mol™ em™), both attributed to ligand-to-metal
charge transfer processes (Fig. S16).

These conclusion were further confirmed by exhaustive
electrolysis experiments first revealing that the anionic
complex [1V]7, generated in situ by controlled potential electro-
lysis (CPE) at —1.0 V vs. Ag'/Ag on platinum (Fig. 3A and B), is
stable at the electrolysis time scale (hour) (Fig. 34, inset). The
advancement of the reduction was followed by UV-visible
absorption measurement and the stability of the electrogener-
ated complex [1V]” was demonstrated with CV and rotating
disk measurements carried out after addition of 1 e~ per

M —— 1" +e.

View Article Online

Research Article

moles. The accumulation of [1V]™ results in the decrease of the
absorption band at 302 nm and 500 nm and the appearance of
an absorption band at 350 nm. ESR data collected at 110 K
before and after reduction also confirmed the localization of
the electron transfer on the metal center (Fig. 3B, inset). The
silent ESR spectrum obtained with complex [1¥'] (Fig. S19)
evolved into an intense ESR signal which was assigned to a § =
1 square-pyramidal Mo" complex (Fig. S20, g, = 1.958)."°*?
This analysis demonstrates the absence of ligand (i.e. solvent)
on the Mo" center in the trans position to the nitride ligand.
The electrochemical stability of the one electron reduction
complex of [1V"] was finally validated by performing a chemical
reduction of [1""] in THF, using Cobaltocene (E° = —1.33 V vs.
Fc'°) as a suitable one electron reducing agent.** Mixing [1""]
with cobaltocene in stoichiometric amount resulted in the for-
mation of a grey precipitate of complex [1¥]"-Cp,Co". X-ray
diffraction analyses performed on single crystals obtained
after a few days of slow evaporation of a saturated solution con-
firmed the structure. As can be seen in Fig. 4, the first coordi-
nation sphere around the Mo" center exhibits a distorted
square base pyramid geometry involving two oxygen, one
carbon, one chloride and one nitrogen. The apical atom is the
strongest trans effect ligand, N. This structure is consistent
with the experimental data discussed above (CV, UV-visible
absorption and ESR). An important feature of this complex is
that the Cl~ ligand remains bound to the Mo" center to form
the zwitterionic complex [1¥]7-Cp,Co". It is likely that the geo-
metrical constraints brought by the OCO ligand (meridional
coordination) precludes the formation of the tetracoordinated
neutral [(OCO)MoN] complex, via CI~ elimination, thereby cor-
roborating the reversibility of the redox wave observed for
complex [1¥"]. The Mo=N bond length is slightly shorter in
[1Y]” (1.627(7) A) than in [1¥"] (1.649(1) A). A similar shortening
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(A) CV and RDV curves recorded for a solution of [1'] (1 mM) in acetonitrile + TBATFSI (0.1 M) before (solid and dotted black lines) and after

absorption spectra (L = 1 mm) recorded during the CPE of [1V'] (1 mM) in

acetonitrile + TBATFSI (0.1 M) at —1.0 V (1 electron per mole). Inset: ESR spectrum (X band) recorded at 110 K after CPE at —1.0 V. CV and RDE
measurements were carried out on GC (@: 3 mm, RDE: 3 mm), reference: Ag*(10~2 M)/Ag, v: 100 mV s~* for CV and 20 mV s~* for RDV (500 rpm),
counter electrode: Pt wire/carbon in acetonitrile + TBATFSI. Electrolyses were carried out on platinum at E,,, = -1 V.
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Fig. 4 X-ray structure of [1Y]~ Cp,Co*. Hydrogen atoms are omitted for
clarity. Ellipsoids are drawn for a 50% probability.

of the Mo-C bond is observed upon reduction (Mo-C 2.156(7)
A in [1¥]" vs. 2.205(1) A in [1Y"]), indicating a stronger inter-
action. On the other hand, the Mo-Cl bond is ca. 0.1 A longer
in [1Y]” (2.447(2) A) than in [1Y"] (2.349(3) A). The increase of
the Mo-Cl distance upon reduction could be explained by the
presence of the single electron in an antibonding orbital of the
Mo-Cl bond.

View Article Online
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Mechanistic study of the reduction of [1""] in the presence of
protons

Having demonstrated the stability of the reduced species [1'],
we expected that the increase in electron density would facili-
tate protonation. This hypothesis was readily verified by
showing that the electrochemical signature of complex [1"7]
evolves significantly upon addition of acids. As can be seen in
Fig. 5A, the first wave at E;,, = —0.69 V attributed to the one
electron reduction of [1""] (Fig. 5A, black curve) loses its rever-
sibility upon addition of LutHCl (pK, = 6.7, Fig. 5A).** This
result thus clearly demonstrates that the electrogenerated
complex [1V]™ is rapidly transformed into the monoprotonated
complex [2Y] (OCO)Mo(=NH)CI at the electrode. A detailed
analysis of this evolution shows that the peak potential
measured on the first reduction wave in the presence of
50 molar equivalents of LutHCI (Fig. 5A, dotted grey curves)
varies linearly with the decimal logarithm of scan rate (50 to
5000 mV s') with a slope of —27.7 + 3.6 mV (Fig. 5B). Other
studies revealed that this same peak potential value is inde-
pendent of the concentration in complex [1%'] (Fig. 5C) and
that the intensity of the cathodic peak current, as well as the
number of electrons exchanged, increases with the concen-
tration of LutHCI. These results thus led us to consider either
an ECE or an EC-disproportionation mechanism.*” Further
efforts were paid to discriminate between these two
mechanisms.
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Fig. 5 (A) Cyclic voltammetry curves recorded for a solution of [1"'] (1 mM in acetonitrile + 0.1 M TBATFSI) after addition of O (black), 1 (grey), 5
(dotted black) and 50 molar equivalents (dotted grey line) of LutHCL. (B) Evolution of the peak potential value as a function of scan rate (black
square). The linear fit to the experimental data is shown in solid red line. (C) Evolution of the peak potential value measured for a solution of [1"']
(1 mM in acetonitrile + 0.1 M TBATFSI) + 50 molar equivalent of LutH-Cl as a function of the concentration in [1V'] (black square). WE: GC (: 3 mm),

ref: Ag*(10~2M)/Ag, CE: Pt wire.
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The first evidence was obtained by following the protona-
tion of the electrogenerated anion [1¥]” (obtained by CPE of a
millimolar solution of [1Y']) by UV-visible absorption spec-
troscopy measurements. The spectra presented in Fig. 6A and
B, recorded after addition of 1 molar equivalent of LutHCI,
show a rapid development (¢ < 60 s) of an absorption band at
435 nm attributed to the protonated complex [2V] [(OCO)Mo
(=NH)CI] (Scheme 2). In a second step, we then see that this
band loses around 33% of its initial intensity in 1 h, while
undergoing a blue shift up to 440 nm. The isosbestic point
observed at 552 nm indicates that the protonated complex [2"]
undergoes a slow transformation, with an invariant stoichio-
metry over time. The kinetics of both successive steps could be
estimated from those UV-visible data using second order
kinetic models to k; = 175.2 L mol™ s and k, = 0.205 L™!
mol " 57" (Fig. S18).

These reactions were also studied by electrochemical
methods. The CV curves recorded 1h30 after the addition of
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1 molar equivalent of LutHCI to a solution of the previously
electrogenerated complex [1V]” show a reversible wave at E, =
-0.69 V, attributed to the reduction of [1"'], followed by a
second irreversible reduction wave at E, = —1.09 V (Fig. 7A,
grey curve). The data recorded at a rotating electrode before
and after one electron reduction of [1''] and addition of
1 molar equivalent of LutHCI also revealed that the diffusion
limited currents measured on the two consecutive plateau at
Ey; = —0.69 V and at E, = —1.09 V are of the same intensity,
each corresponding to half the initial reduction wave recorded
with the starting solution of [1V"] (Fig. 7B, grey and black
curves).

The spectroscopic and electrochemical data discussed
above, including the formation of 1 equivalent of [1"] by proto-
nation of [1V], are thus consistent with the EC-disproportiona-
tion mechanism presented in Scheme 3. The first step is the
one electron reduction of [1""] generating the basic anion [1V]~
which undergoes a rapid protonation (within 1 minute) with

Absorbance (a.u)

600 700 800 900

A (nm)

300 400 500

Fig. 6 (A) UV-visible absorption spectra recorded for [1"']” (1 mM) + 1 molar equivalent of LutHCL: t0 to t0 + 1 min. (B) UV-visible absorption
spectra of [1V]™ (1 mM) + 1 molar equivalent of LutHCI t0 + 1 min to t0 + 60 min (acetonitrile + TBATFSI 0.1 M, optical path: 1 mm).
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Fig. 7 (A) CV curves recorded for a 1 mM solution of [1"'] in acetonitrile (+TBATFSI), before (black solid line) and after exhaustive electrolysis at
Eapp = —1V (CPE, 1 e™ per mol) (dashed grey line), then 1h30 after addition of 1.0 molar equivalent of LutHCl (solid grey line). (B) RDE curve recorded
for a 1 mM solution of [1"'] in acetonitrile (+TBATFSI) (black solid line) and 1h30 after exhaustive electrolysis at E,pp = —1 V (CPE, 1 e~ per mol) fol-
lowed by 1.0 molar equivalent of LutHCI (solid grey line). CV and RDE curves were recorded at GC working electrodes (@: 3 mm) either at 100 mV
s~ (CV) or 20 mV s~* (RDE, 500 rpm). In all cases, the reference electrode was Ag*(10~2 M)/Ag.
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Scheme 3 Mechanism proposed for the reduction/protonation of nitrido complex [1V'].

LutHCI to afford complex [2"] [(0OCO)Mo(=NH)CI] (see eqn (1)
and (2) in Scheme 3). This species is then transformed within
an hour by a disproportionation reaction affording an equi-
molar mixture of the initial nitrido complex [1V'] [(OCO)Mo
(=N)Cl1] and the amido complex [3"] [(OCO)Mo(NH,)CI] (see
eqn (3) in Scheme 3). The presence of the known complex [1V]
in the mixture is unambiguously demonstrated by the
reduction wave observed at —0.69 V and by the absorption
signal developing at 302 nm. On the other hand, the irrevers-
ible reduction wave at E, = —1.09 V and the absorption signal
at 440 are both attributed to the second product of the dismu-
tation, the amido [3"] complex incorporating an amido ligand
linked to a Mo(wv) center. It should be mentioned that the pro-
posed mechanism bears resemblance to previous results pub-
lished by Yandulov and Schrock showing that the reduction of
complex [(HIPTN;N)MoY)=NH]" (with HIPT = hexaisopropyl-
terphenyl) yields the corresponding species [(HIPTN;N)
MoV"=N] and [(HIPTN;N)Mo"")-NH,].?>

Inorg. Chem. Front.

Overall, the process triggered by addition of one electron
and one proton leads to the consumption of only half of the
starting nitride and to the formation of 1 equivalent of the
amide complex [3"].

Formation and protonation of the amido complex [(OCO)Mo
(NH)CI] [3"]

We then looked for experimental conditions allowing to
achieve a complete conversion of [1"'] into [3"]. These studies
led us to establish that the remaining nitride complex, visible
on the CV curves shown in Fig. 8, can be converted into [3"]
by subjecting the mixture to an additional reduction/protona-
tion cycle involving further addition of 1 molar eq. of LutHCI
(2 molar equivalents versus complex [1V]) followed by CPE at
-1.0 V (2 e~ per mole of [1'"]). The CV and RDV curves
recorded after completion of this electrolysis (Fig. 8A, solid
and dashed grey and black curves) reveal a disappearance of
the first reduction wave at E;,, = —0.69 V in favor of an increase

This journal is © the Partner Organisations 2026
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Fig. 8 (A) CV curves recorded on static (solid line) and rotating disk electrodes (dashed line) of the equimolar mixture of [1¥'] and [3'] (0.5 Mm
each) in presence of 1 mM of LutHCI before (black) and after (grey) controlled potential electrolysis (E,, = —0.9 V) (B) Corresponding UV-visible
absorption spectra. Optical path: 1 mm. Electrode GC (: 3 mm, RDE: 3 mm), reference: Ag*(1072 M)/Ag, v: 100 mV s* (20 mV s~* RDE), 500 rpm,

counter electrode: Pt wire/carbon in acetonitrile + TBATFSI 0.1 M.

in the intensity of the second one at Ej, = —1.09 V, attributed to
the reduction of [3"]. Accumulation of this complex in the
mixture is also confirmed by an increase in the intensity of the
band at A, = 440 nm (see solid grey and black curves in
Fig. 8B). Overall, these (spectro)electrochemical data validate
the disproportionation mechanism and show that the amido
complex [3"] can be produced quantitatively in situ after
addition of 2 molar equivalents of e /H" to complex [1V].

The full electrochemical signature of complex [3"] recorded in
acetonitrile (TBATFSI 0.1 M) is presented in Fig. S13. The curves
recorded at a static carbon electrode include an intense irrevers-
ible wave at E, = —1.09 V attributed to one electron reduction of
[3"] yielding an unstable Mo™ complex which evolves rapidly at
the CV time scale. We then studied the protonation of [3"] in the
presence of LutHCl. The CV curves recorded in the cathodic
domain before and after addition of 50 molar equivalents of
LutHClI (ie. conditions of electrocatalysis) on a millimolar solu-
tion of [3"] in acetonitrile (Fig. $13) show that the protonation of
[3™] results in an increase in the intensity of the first reduction
wave coming along with a slow shift of the pic potential (+50 mV
after 1 hour of reaction). UV-visible absorption spectra recorded
after the addition of 50 molar equivalents of LutHCI revealed a
bathochromic shift of the main absorption band from 440 to
470 nm concomitent with its slow disappearance. These results
thus support the conclusion that the amide (OCO)Mo(NH,)Cl
complex [3"] can be protonated in the presence of excess
LutHCl, to form [(OCO)Mo(NH;)Cl,] complex [4"].

The experimental data discussed above are thus consistent
with the mechanism shown in Scheme 4. Protonation of the
amide moiety in [3"] yields [5"]", which subsequently under-
goes the addition of a chloride ion on the metal center in trans
position to the amine ligand to form the neutral ammonia
complex [(OCO)Mo(NH;)Cl,] [4™] (Scheme 4). Alternatively,
coordination of CI”™ on the unsaturated Mo center in complex

This journal is © the Partner Organisations 2026
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Scheme 4 Alternative pathways to complex [4'V].

[3"] yields the anionic, hexacoordinated complex [6™]~, which
is then readily protonated to afford [4"]. These two mechanisms
were evaluated by DFT calculations, vide infra.

Attempts at chemical synthesis of complex [4"]: synthesis of
complexes [7"]” and [8™V]~

Thanks to the understanding of the step-by-step transform-
ations of the nitrido complex [1""], we undertook the chemical
synthesis of complex [4"], which requires the addition of 3
protons and 2 electrons. In view of the results described in the
preceding paragraphs, we used cobaltocene (Cp,Co™/Cp,Co™
~ —1.3 V vs. Ag'/Ag), to achieve a selective one electron chemi-
cal reduction of complex [1V"].** The reaction between [1V7],
two equivalents of Cp,Co and three equivalents of LutHCI in

Inorg. Chem. Front.
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THEF led to the precipitation of a salt which was removed by fil-
tration (eqn (5) in Scheme 5). The remaining mixture was evap-
orated, washed with pentane and recrystallized form THEF/
heptane to give single crystals which could be subjected to X-ray
diffraction analysis. The unexpected structure thus obtained
(Fig. 9) features two metal centers bridged by a nitrogen atom.

The presence of a “N*>~” bridging ligand linking an (OCO)
MoCl fragment and an (OCO)MoCl,~ fragment, led us to con-
sider two Mo centers in different oxidation states. The Mo'-N
and Mo’>-N bond lengths are very different at 2.020(2) A and
1.702(2) A respectively. The latter bond distance is only slightly
elongated compared to the MoN in the nitride complexes
[(0co)MoNClI] [1Y'] (1.649(1) A) and [(OCO)MoNCI]™ [1Y]
(1.627(7) A) while the Mo-Cl bond is almost identical to the
one measured in the reduced complex [(OCO)MoNCI]™ [1V]
(2.434(8) A vs. 2.447(2) A in [1¥]7). All together, these data
support the existence of a Mo=N bond in complex [8V]".
The much longer Mo1-N bond, at 2.020(2) A is more compati-
ble with a donor-acceptor interaction. Overall, this bimetallic
p-N bridged structure is an assembly of one nitride-Mo" frag-
ment [0COMo™NCI]|~ which acts as a donor to the unsatu-
rated Mo" fragment [OCOMoCl,]. Notably, the Mo-Cl bond in
trans position (2.497(8) A) to the strong N donor is elongated
vs. the Mo-Cl cis (2.444(8) A).

Furthermore, the in situ generation of an (OCO)MoCl, frag-
ment demonstrates the possibility of easily functionalizing the
N center of the nitrido complex by reduction/protonation and
displacing the NH; ligand (Scheme 5). It also shows that the N
center of the anionic nitrido complex [1V]” is a very suitable
ligand for an unsaturated Mo" center, which in turn precludes
subsequent transformations.

View Article Online
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Fig. 9 X-ray structure of anionic part of [8V~'V]~-Cp,Co®. Ellipsoids are
shown with a 50% probability. Hydrogen atoms and cobalticinium cation
are omitted for clarity.

We reasoned that the formation of this bridged N dimer
[8"™]” could result from two undesirable facts. Firstly, Cp,Co
is a reducing agent powerful enough to reduce the in situ gen-
erated amido complex [3"] into [3™], which seems to be
unstable in our experimental conditions (see the irreversible
reduction wave at —1.1 V in Fig. 8). We therefore sought to
achieve a more selective chemical reduction using a milder

8y 'Bu T o

®
CpoCo

tBu
IR et
@EN (V., +2CpyCo  THF 12 CI’MO% +1/2 NH,Cl + Cp,CoCl +  (5)
+3LutHCI  RT, 24 h { 2 Lut + 1/2 CpCo + LutHCI
Q el By By l?j By Bu
(ON
8y Bu ::NN\ ~Mo—Cl
(v V-V -
:Bp‘au (8T CpaCo”
t t,
Bu tBu CpCo BthBu
o
o N 0, NH;
) N Nl N N
via >—Mo¥ + >—Mo—Cl
N VARG N 7 \
S« &
cl
'Bu Bu Bu Bu
1)
CH4CN o Cl ®
@EN O\ //(w) + 2 (CgHg)oCr ’ N N (CeHe)Cr
N N Mo Cl * NHCI ®)

o7 e
tBu tBu

vy

\
'Bu’g?au ;

so% 7V (CeHg)Cr*
0

Scheme 5 Synthesis of complexes [7"V]~ and [8V~"V]~ by chemical reduction of complex [1"].
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reducing agent such as (CeHy),Cr (E°[(CeHpg),Cr™/(CeHe),Cr'™ ] =
—1.1 V in CH,Cl, vs. Cp,Fe).*?

Thus, reacting [1"] with two equivalents of (CqHe),Cr and
four equivalents of LutHCI in CH;CN led to the formation of a
precipitate. Filtration and slow evaporation of the solution
afforded single crystals of complex [7"V]™ (C¢Hg),Cr" obtained
in a good 69% yield. The structure determined by X-ray diffrac-
tion corresponds to an octahedral trichloro Mo"™ anionic
complex (Fig. 10), the existence of which had previously been
postulated on the ground of experimental data.

The negative charge of the complex and the +IV oxidation
state of the Mo center in [7"V]” (C¢Hg),Cr" were confirmed by
ESR measurements showing an intense signal centered at g =
1.99 exhibiting hyperfine coupling constants, characteristic of
a bis(benzene)chromium cation (Fig. $21).*® Attempts to charac-
terize [7"] (C¢He),Cr" by electrochemical methods have been
seriously limited by the presence of the bis(benzene)chromium
cation whose signature overlaps with that of the Mo complex.
The CV curves recorded in the anodic domain for a solution of
[7V] (0.5 mM) in acetonitrile (TBATFSI 0.1 M) (Fig. S14)
however displays a reversible oxidation wave at E;;, = —0.18 V
matching the one obtained one hour after the addition of
50 molar equivalents of LutHCI to a solution of [3"].

Theoretical calculations

DFT (PBE0-D3) calculations were carried out to gain further
insight into the mechanism (see SI for computational details).
In each case, the different spin states for the species were eval-
uated (singlet or triplet on one side, or doublet or quartet in
other cases). The structures reported correspond to the most
stable case in each situation (see computation details in SI,
Table S12 with the relative energies of the different spin
states). Our goal was also to identify the step(s) preventing the
establishment of an efficient electrocatalytic process.

/ ~
s
w "
o \] ; o~ ’///
~ /M e W S~ <

Fig. 10 Molecular structure of [7"V]7(C¢He)-Cr* determined by single
crystal X-ray diffraction analyses. Hydrogen atoms are omitted for
clarity. 50% thermal ellipsoids are show.
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The one-electron reduction of the starting nitrido complex
[17] (S = 0) with Cp,Co was calculated at AG = —8.8 kcal mol ™"
(Scheme 6). Further calculations revealed that the protonation
of the anionic complex [1¥]” with LutH" yielding the imido
complex [2"] (S = 1) is an equilibrium, as attested by the low
positive AG = +1.9 keal mol ™. Subsequent reactions are driven
by the dismutation process. Indeed, formation of [1V"] + [3"]
from two complexes [2V] is mildly exergonic, with AG =
—4.3 kcal mol™". Complex [3"] is computed to be more stable
in the triplet state (S = 1). Two pathways were then evaluated to
reach the ammonia complex [4"] upon addition of LutHCI,
either protonation of complex [3"] followed by coordination of
Cl™ or the reverse. This process is overall significantly exergo-
nic (AG = —15.1 keal mol™"). Protonation of complex [3"] at
the N center of the amido moiety with LutH" leads to complex
[5™]" (S = 0) in an endergonic fashion, AG = 6.1 kcal mol™".
Subsequent CI™ coordination on the unsaturated pentacoordi-
nated complex is then computed to be strongly exergonic, with
AG = —21.2 kecal mol™", forming the hexacoordinated complex
[4™] in its singlet state. Alternatively, chloride coordination on
the coordinatively unsaturated complex [3""] forms the anionic
complex [6™] in a favorable fashion (AG = —4.8 keal mol ™),
followed by protonation, also exergonic (AG = —10.3 kecal mol ™).
This second pathway thus appears more favorable. It is interest-
ing to note that the coordination of chloride increases the elec-
tron density at the NH, moiety, rendering it more basic. Thus,
the added anionic charge is not compensated by the strong elec-
tron withdrawing character of the Cl atom. At this stage, three
N-H bonds have been created upon addition of 2 electrons and
3 LutHCL. Most notably, this sequence of events is exergonic,
which rationalizes the experimental findings presented above,
demonstrating that NH; formation from the (OCO)MoNCl Mo-
nitride complex [1""] is readily achieved. In order to achieve a
catalytic cycle, ammonia needs to be displaced from the Mo
center for subsequent N, coordination. Functionalization of N,
would then occur via the dissociative pathway, implying N, split-
ting, or associative (Schrock type) (Scheme 7).

The evaluation of the different paths was therefore studied
by calculation. At first, NH; substitution reactions by CI™ and
N, at the Mo(iv) oxidation state were computed. Complex [4"]
being hexacoordinated, a dissociation of NH; is a prerequisite
to substitution. As shown in Scheme 8, the unsaturated
complex [A] is computed at AG = 22.0 kcal mol™* higher.
Subsequent coordination of N, is then only marginally favor-
able (AG = —1.9 kcal mol™"), making the overall exchange NH;
to N, unfavorable by 20.1 kcal mol ™. Halide anions CI™ being
potential competitive ligands, their coordination was com-
puted. Most interestingly, it is even favored compared to NH;
coordination, with a AG = —0.7 kcal mol™". The overall reaction
of complex [6™] with LutHCl yielding [7"]", NH," and Lut was
computed almost thermo neutral (AG = +0.3 kcal mol™).
These results are therefore in agreement with the isolation of
the [(OCO)MoCl;]” complex (vide infra). In conclusion, coordi-
nation of N, at the Mo(wv) oxidation state is clearly unfavored
vs. both CI” and NH;. Reduction of the Mo(wv)(N,) complexes
into Mo(m) was thus computed, with either Cp,Co (E° =

Inorg. Chem. Front.
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—1.33 V in CH,Cl, vs. Fc) and Cp*,Co (E° = —1.91 V in CH3CN
vs. Fc) (Scheme 8).** Interestingly, reduction of complex [B]
[(OCO)MOCI,(N,)] by both agents is exergonic, with AG =
-7.7 keal mol™" with Cp,Co, and very exergonic AG =
-25.7 kcal mol™' with Cp*,Co. Most importantly, this
reduction step now provides a viable NH; to N, substitution,
with an exergonic transformation [4"] + Cp*,Co + N, — [9"]~
+ NH; + Cp*,Co” (AG = —5.6 keal mol™). Overall, it rationalizes
the fact that three electrons and three protons are needed to
functionalize the N center in complex [1""], followed by the
substitution of NH; by N,. In this case also, coordination of
the CI~ ligand to form the hexacoordinated complex [9™] is
favored over the unsaturated pentacoordinated complex [10™],
by 12.3 keal mol™. It is not surprisingly less so than at the Mo
(iv) oxidation state (favored by 22.7 kcal mol™).

Overall, the DFT calculations fully rationalize our experi-
mental findings. Namely, they support a facile dismutation
process from the imido complex Mo(NH)(v) [2V], leading to an
overall efficient 2 electrons 2 proton transfers forming the
amido complex [3"] Mo(iv). Subsequent reaction with one and
two eq. of LutHCI is favorable. The first step generates co-
ordinated NH; while the second one leads to the corres-
ponding (OCO)MoCl;~ complex and NH," formation.
Interestingly, chloride Cl™ is as good a ligand as NH; for the
(OCO)MoCl, fragment. Coordination of N, becomes only poss-
ible upon one electron reduction of the Mo(v) into Mo(u).

Reduction of complex [7"V]~

These theoretical studies prompted us to investigate the
reduction of [7"]7-Cr(C¢Hs)," in order to evaluate the ability of
the in situ generated Mo(m) center to coordinate N,. This pre-
sents a technical issue as Cr(C¢Hs), would also be generated
by reduction. We identified the one electron oxidized neutral
complex [7"], featuring a Mo(v) center, as appropriate precur-
sor. This species was synthesized in 71% yield following the
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strategy reported recently by Hu, relying on the reaction of
complex [1"] with PCl;.>! The electrochemical signature of [7"]
is shown in Fig. S15. The CV curve recorded in ACN exhibits a
fully reversible reduction wave around —0.2 V, which is in
agreement with the expected stability of the electrogenerated
species [7"V]". Most importantly, this wave is also found to be
identical to the first reversible oxidation observed on the vol-
tammogram shown in Fig. $14 obtained with complex [7™V]".
An irreversible reduction is also observed at E, ~ —-1.30 V
which results from chemical reactions following the formation
of [7"]*~, most likely following the release of Cl™.

Several chemical agents and conditions were tested to
reduce [7"] by two electrons and yield the Mo(m) complexes
[9™]" [(OCO)Mo(N,)CL,]~ or [10™] [(OCO)Mo(N,)Cl]. In all
cases, several complexes were formed, as attested by the "H
NMR spectra recorded for the crude mixtures. The most selec-
tive reaction was obtained between complex [7V] and 2 eq. of
Na/Hg, under N,, in 2-Me-THF for 12 h. Under these con-
ditions, 58% of the Mo-Mo dimer [11""] featuring a triple
bond was isolated (Scheme 9). The crystal structure of this
complex was reported by Hohloch while this work was under-
way.>* Note that in their case, this complex was obtained in
<2% yield by reduction of their complex [(OCO)Mo(N)Cl] with
Cp*,Co. Most importantly, the formation of this complex
demonstrates that the two electrons reduction of [(OCO)MoCl;]
[7Y] Mo(v), results in the expected elimination of Cl~ to form
the desired “(OCO)MoCl” Mo(m) fragment. At this stage,
dimerization occurs rather than N, coordination, creating a
dead-end that prevents the existence of a catalytic process.

Closing the loop to complex [1Y] via N, splitting: DFT
calculations

Having identified experimentally a first bottleneck that pre-
vents efficient N,-to-NH; electrocatalysis using complex [1"'],
we evaluated by theoretical calculations the N, splitting from
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Scheme 9 Formation of [11"'~"] by reduction of [7"].
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Scheme 10 Computations of the N, splitting process.

two “(OCO)MoCl” Mo(m) fragments, to yield complex [1Y']
(Scheme 10). As previously highlighted, it involves an overall
six electron transfer between two metal centers and the N,
moiety, thus three electrons per M center. Starting from two
equivalents of [9™']", formation of the dimer [11"™™] would
result from the elimination of two CI™ and the dissociation of
one N, molecule. This process was found to be endergonic by
6.6 kcal mol™'. From the dimer, the splitting of N, is com-
puted to be exergonic (AG = —2.6 kcal mol™'), and thus ender-
gonic from [9"""]” (AG = by 4.0 kcal mol™"). This would still be
acceptable for a catalytic process, however a high energy
barrier for the splitting was computed (AG = 30.7 kcal mol™
from the dimer, and AG = 37.3 kcal mol™" above complex
[9"]7), which clearly precludes a thermal process under mild
conditions.

These computations therefore strongly suggest that if a
pathway for N, functionalization exists with this (OCO)MoCl
type fragment, as demonstrated by the group of Hu,>" it does
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not involve N, splitting, but a more classical “Schrock” cycle,
involving sequential electron/electrophile (or radical) addition
on coordinated N,.

Conclusions

We have reported here the synthesis of a molybdenum nitride
bis-aryloxycarbene complex [(OCO)MoNCl] [1™]. This complex
was evaluated as a possible entry point into an electro-catalytic
cycle for N,-to-NH3, using LutHOTS as proton source and con-
trolled potential. The poor catalytic efficiency of this process
prompted us to study in depth the elementary steps of the H'/
e~ transfers. By electrochemistry we have identified a facile,
dismutation process from the [(OCO)Mo(NH)CI] intermediate
Mo(v), leading to reformation of the starting complex [1"']
together with the amido complex [(OCO)Mo(NH,)Cl] Mo(v)
[3"™]. Following this mechanism, reduction of complex [1""] by

This journal is © the Partner Organisations 2026
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two electrons (CPE) in the presence of 2 equivalents of acid
results in quantitative formation of the [(OCO)Mo(NH,)Cl]
Mo(v) complex. Subsequent addition of LutHCl is also facile,
leading to the ammonia complex [(OCO)Mo(NH;)Cl,] Mo(wv)
[4"™]. At this point, functionalization of the N of the nitride by
3 LutHCl/2 electrons is achieved. Closing the catalytic cycle to
reform the nitride complex [1""] proved very unfavorable for
two different reasons. First, the presence of Cl™ in the
medium, as in catalytic conditions, would favor NH; displace-
ment to yield complex [(OCO)MoCl;]” [7™]", which is readily
reduced by one electron to form the highly unsaturated “(OCO)
MoCl” fragment. One of the unfavorable evolutions of this
fragment, in terms of catalysis, is to dimerize to form the very
stable dimer [(OCO)MoCl], Mo(m) [11™™], which we have iso-
lated. Alternatively, ammonia can be substituted by N, to form
the [(OCO)Mo(N,)Cl,] Mo(wv). Reduction of this complex by one
electron would yield the dinitrogen complex [(OCO)Mo(N,)Cl]
Mo(m). Direct splitting of N, from the corresponding [(OCO)
MoCl],(u-N,) bridging dimer to form (OCO)MoNCI [1"'] was
computed to be prohibitively high in energy. Reaching the
nitride complex via N, splitting is not a prerequisite of N,
functionalization using the (OCO) ligand, as Hu has demon-
strated catalytic silylation of N, using a similar (OCO)MoNCl
complex. This process thus most likely occurs via associative
mechanism.

Our work therefore provides key understanding on the
elementary steps of the H'/e” transfer from the “(OCO)MoCl/
N,” system. Efforts are currently focused experimentally and
theoretically on ligand design to prevent dimerization of the
“(OCO)MoCl” intermediate, as well as to favor the N, splitting,
i.e. to decrease the energy of the corresponding transition
state, as functionalization of the nitride to NHj; is then facile.
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