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Molecular catalysts for the electrocatalytic ammonia 7\
oxidation reaction (eAOR) have much to offer in terms of N\ °

mechanistic investigations and practical energy issues. This work @"/T{C__?—//
reports the use of complex [Ru(pdc-x-N'O?)(bpy)(NH;)] (Ru- °
NH;) (H,pdc = 2, 6-pyridinedicarboxylic acid; bpy = 2,2’
bipyridine) bearing a readily accessible pdc*~ ligand to catalyze r

ammonia oxidation under electrochemical conditions. The rich j
structural variations of Ru-NHj; in coordinating solvents and an

ammonia atmosphere were fully characterized by cyclic voltammo- 7\
grams (CVs), NMR, and XRD. CV experiments showed that Ru- N\ o 0.85V T 18.9
- -Ru"—Ng
NH; promotes electrocatalytic ammonia oxidation at a low & ) l\ :,\I\J R Y &
NH n

overpotential of 0.85 V with a calculated catalytic rate (k) of e ©
18.9 s™!. Controlled potential electrolysis (CPE) at an applied

potential of 0.3 V vs Fc*/° achieves 76.1 equiv of N, with a faradaic efficiency of 89.8%. Experimental and computational analyses
indicated that oxidation of Ru-NHj generates a reactive Ru"-NH; intermediate, which undergoes sequential electron and proton
transfer steps to form a Ru"’=N species. N—N bond formation occurs via the nucleophilic attack of an ammonia molecule on the
Ru""'=N moiety with a facile barrier of 8.6 kcal/mol. Eventually, N, evolved as the product after releasing two electrons and three
protons.

ammonia oxidation

ammonia oxidation, electrocatalysis, ruthenium, molecular catalyst, anionic ligand, carboxylate arm

Since Hamann et al. first demonstrated the electrocatalytic
ammonia oxidation to 2.1 equiv of N, by a ruthenium complex
in 2019,”'° numerous Mn-,"" Fe-,'>""" Ni-,'"® Cu-,'”*° Mo-,
and Ru-based molecular catalysts bearing different auxiliary
ligands have been explored (Scheme 1).'7*' To date, Berry
4 ] o ‘ ) and co-workers reported a diruthenium complex
conditions has practical significance for developing direct Ru,(chp),OTf (chp- = 6-chloro-2-hydroxypyridinate) with a

As a carbon-free fuel, ammonia is an appealing candidate for
addressing harmful CO, emissions and global energy demands
because of its high energy density and transportability."”
Catalytic ammonia oxidation to N, under electrochemical

amn.loriii fuel cells and utilizing ammonia as a hydrogen lowest overpotential (~0.7 V), but only 5 equiv of N,

carrier.” - generated spontaneously.”” Two excellent research works
As a burgeoning research topic, studying homogeneous reported by Wang et al. and Warren et al. both achieved an

catalysts for ammonia oxidation has attracted increasing overpotential under 0.8 V, while the conversion of ammonia to

attention in recent years. A molecular-level understanding of dinitrogen is finite.'**° Recently, Phearman and Bullock found

ammonia oxidation provides several merits with respect to the that by modulating the electronic effects of the N-heterocyclic

mechanistic details and structure—activity relationships.é’7 The carbene ligands in an Fe-based catalyst, a 0.6 V shift in Fe'/"

challenge in catalyst development lies in overcoming the

inherent stability of the N—H bonds of ammonia as well as the January 16, 2025

sluggish electron and proton transfers during N, formation. April 3, 2025

Transition metal-mediated N—H activation can take place April 3, 2025

when ammonia coordinates with the metal center. The April 15, 2025

magnitude of this activation relies on the nature of the metal
and the coordination environment.®
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Scheme 1. Representative Molecular Catalysts for Electrocatalytic Ammonia Oxidation”
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“n = overpotential of ammonia oxidation in organic solvents. TON = turnover number of N,.

potential was observed.'® Such a significant reduction in
potential still results in no electrocatalytic performance of the
catalyst, which indicated that simply reducing the redox
potential has no positive effect on ammonia oxidation. In
addition, Zott and Peters reported a series of works on an iron
polypyridyl electrocatalyst for ammonia oxidation that exhibits
an improved turnover number (TON) of N, from 16 to 149,
and then to 381.'%'>'® Unfortunately, this high TON was
obtained at the expense of overpotential, meaning that ~1.3 V
of overpotential is needed to drive the eAOR. By contrast, the
catalyst with low overpotential and high TON is the Ru-bda
(bda®~ = 2,2'-bipyridyl-6,6'-dicarboxylate) series reported by
Nishibayashi and co-workers.””””*” A TON of 145 can be
achieved by optimizing substituents for axial pyridine ligands,
and the TON is as high as 319 when phthalazines are used as
axial ligands. Ménard and co-workers further reported the use
of Ru-bda to electrocatalyze aqueous NHj; to over 600 of N,.**
Moreover, when Llobet and co-workers loaded Ru-bda on the
electrode surface, 7500 of TON could be obtained.>* These
studies show that the TON of ammonia oxidation can be
greatly improved through the regulation of ligands and metals;
however, developing ammonia oxidation catalysts with both
low overpotential and high TON remains a challenge.
Herein, we report a new ammonia oxidation catalyst,
[Ru(pdc-x-N'O?)(bpy)(NH;)] (Ru-NH;), which can pro-
mote eAOR at a low overpotential of 0.85 V with a TON of
9.4. Up to 76.1 equiv of N, can be generated at a higher
applied potential of 0.3 V vs Fc*/%. The presence of the anionic
pdc®™ ligand increases the electron density on the Ru center,
providing stability to the metal high oxidation states and
lowering the overpotential of the reaction. Mechanistic
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investigation indicates that the N—N bond forms when
ammonia attacks a Ru"’=N species, releasing N, as the final
product.

As shown in Figure la, complex [Ru(pdc-x-N'O?)(bpy)-
(NH;)] (Ru-NH;) was prepared from complex [Ru(pdc-k-
N'0?)(bpy)Cl] (Ru-Cl), which was synthesized according to
the literature method,” by halide abstraction with AgPF in
aqueous ammonia solution. Crystallographic characterization
of Ru-NHj showed that the twisted bpy ligand with a torsion
angle of 13.0(13)° was perpendicular to the pdc*~ ligand. The
Ru—N3 bond length of 2.140(7) A is consistent with the
reported values of similar Ru"—NH; complexes (Figure 1b).
Due to the labile coordination of carboxylate groups of pdc*”,
Ru-NHj can be completely converted into complex [Ru(pdc-
k-N'O") (bpy)(NH;),] (Ru-(NHj;),) in the presence of excess
ammonia and the latter can be transitioned back to Ru-NHj,
after removal of ammonia (Figure la, for details, see the
Supporting Information).

The carboxylate ligation in Ru-NHj; is also labile in
coordinating solvents (Figure 1a). In DMSO, decoordination
of the carboxylate arm of Ru-NH; happened to form the
complex [Ru(pdc-x-N'O')(bpy)(NH;)(DMSO)] (Ru-
(NH;)(DMSO)) (Figure S2). X-ray diffraction study of Ru-
(NH;)(DMSO) showed that solvent DMSO binds trans to the
N4 atom of the pdc®™ ligand, and it has a distorted octahedral
configuration: The N2—Ru—N3 angle is 96.50(15)°, and the
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Figure 1. Synthesis and structure of complexes explored in this work. (a) Synthetic strategy for preparation of complex Ru-NH;, Ru-
(NH;)(DMSO), Ru-(NH;)(CH;CN), and Ru-(NH;),. (b) Solid-state structures of Ru-NH;, Ru-(NH,)(DMSO), Ru-(NH,)(CH,;CN)-O, Ru-
(NH;),-0O, and Ru-(NHj;),-N determined by X-ray diffraction. Thermal ellipsoids are displayed at S0% probability. All hydrogen atoms bound to

carbon are omitted for the sake of clarity.

chelating bpy ligand has a torsion angle of 15.4(7)° (Figure
1b).

Ru-NH; has poor solubility in acetonitrile. By addition of
2% trifluoroethanol (TFE) in CD,CN to assist dissolution, two
sets of proton resonances with an intensity ratio of ~2:1
appeared (Figure S3). '"H NMR and selective-ROESY NMR
experiments suggested that this presumably corresponded to
two isomers of complex [Ru(pdc-x-N'O')(bpy)(NH;)-
(CD;CN)] (Ru-(NH;)(CD;CN)), named as Ru-(NHj;)-
(CD;CN)-N (the CD;CN ligand ligates trans to the N atom
of the pdc®™ ligand, 8y 2.18 ppm) and Ru-(NH;)(CD;CN)-O
(the CD5CN ligand ligates trans to the O atom of the pdc*~
ligand, & 2.21 ppm), respectively (Figures S3 and S4). Single
crystals grown in CH;CN gave the isomer Ru-(NH,)-
(CH4CN)-0O, and multiple attempts to separate isomer Ru-
(NH;)(CH;CN)-N failed probably because of the non-
dominant configuration. X-ray diffraction study of Ru-(NH,)-
(CH4CN)-O showed that the length of Ru—N3 is 2.122(6) A,
similar to the Ru—N3 (2.120(4) A) of Ru-(NH,)(DMSO),
but shorter than the Ru—N3 (2.140(7) A) of Ru-NH;. A
hydrogen-bonding interaction is evident between the dangling
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carboxylate and the incoming NH; ligand, exhibiting an N3---
Ol distance of 2.955 A.

Upon adding 400 equiv of NH; to a CH3CN solution of Ru-
NH;, the stronger o-donating NH; displaced the CH;CN
ligand of Ru-(NH;)(CH;CN) to form Ru-(NH;), within 3 h,
and a color change from amber to red was observed. This
transformation process was monitored by a variable time 'H
NMR experiment (Figure S5). Via structural assignments and
detailed analysis of "H NMR, 'H-'"H COSY, '"H-"*N HSQC,
and 'H-'H ROESY spectra of the reaction product, we
confirmed the formation of two new isomers Ru-(NH;),-N
(NH; ligand ligates trans to the N atom of pdc®~ ligand) and
Ru-(NH;),-O (the NH; ligand ligates trans to the O atom of
the pdc*™ ligand), both of which have an additional amino
group coordinating to Ru (Figures S6—S10). Two doublets
observed at 5y 1.82 ppm (Y] sn.1n = 68.7 Hz) and 8y 2.01 ppm
(MJ1sn-1m = 68.3 Hz) in the 'H NMR spectrum were assigned
to the bound *NHj; ligands of the two isomers. The 2D
"H-"*N HSQC spectrum displays their cross peaks at &;; 1.82
ppm and dy —49.2 ppm and Jy 2.01 ppm and oy —39.9 ppm,
and 2D ROESY correlations at oy 1.82/0y 3.13 ppm and dy
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Figure 2. (a) Cyclic voltammograms of 0.5 mM Ru-NHj at variable scan rates: 100 (black), 250 (red), S00 (blue), 750 (green), and 1000 mV/s
(purple). (b) Cyclic voltammograms of background ammonia oxidation in the presence of 0.2 M NHj, (blue), 0.5 mM Ru-NHj in the absence of
NH; (red), and ammonia oxidation by 0.5 mM Ru-NH; with 0.2 M NH; (black). (c) Controlled potential electrolysis of Ru-NH; at different
applied potentials. 0.5 mM Ru-NH; and 0.2 M NHj at 0.3 V vs Fc*/? (black), 0 V vs Fc*° (red), and 0.2 M NH; without catalyst at 0.3 V vs Fc*/*
(blue). CVs were recorded with a glassy carbon electrode (0.07 cm?), a Pt counter electrode, and an Ag/[Ag(NH,),]NO; reference electrode
(homemade, for details, see the SI). All acetonitrile solutions contained 2% TFE and 0.1 M [Bu,N][PF].

2.01/6y 3.26 ppm were observed, further corroborating this
assignment.

Furthermore, the molecular structure of isomer Ru-(NHj;),-
O was successfully characterized by the X-ray diffraction
experiment (Figure 1b). The dissociation of the carboxylate
moiety results in a large N3—Ru—N#4 angle (103.45(9)°). The
two NH; ligands bind to the Ru center with Ru—N3 and Ru—
NS bond lengths of 2.127(2) and 2.151(2) A, and both
construct hydrogen bonds with the pendant carboxylate
moieties. Attempts to isolate isomer Ru-(NH;),-N were
made by carefully selecting different crystals. Although the
unsatisfactory crystal quality would not diffract to a resolution
below 1 A, the low-resolution crystal structure unequivocally
confirmed the identity of the isomer Ru-(NH;),-N. The
molecular structure of isomer Ru-(NH,),-N is of significant
difference in contrast to Ru-(NH;),-O, which means that the
incoming NHj; ligand ligates trans to the N4 atom of the pdc*~
ligand and no hydrogen bond is observed between the pendent
carboxylate moiety and the two NH; ligands. The N3—N$§
length (3.054 A) between two NH; ligands is slightly longer
than that of Ru-(NHj,),-O (2.987 A), which agrees well with
the greater intensity of ROESY cross peaks between the two
amino ligands (8y; 3.13 ppm and &y 1.82 ppm for Ru-(NHj;),-
O) than that between the other two amino ligands (5 3.26
ppm and &y 2.01 ppm for Ru-(NHj;),-N).

The redox properties of Ru-NH; in CH;CN were studied by
cyclic voltammograms at different scan rates in Figure 2a. Note
again that Ru-NHj; in anhydrous acetonitrile leads to Ru-
(NH;)(CH,CN). At a scan rate of 100 mV/s, an irreversible
oxidation peak appears at 0.09 V vs Fc*/%, which we attributed
to the Ru™-(NH,)(CH;CN)/Ru"-(NH;)(CH,;CN) process.
This is confirmed by our DFT calculations, which gave a
potential of 0.08 V for this one-electron oxidation. This
irreversible redox event suggested that a chemical reaction
occurs once Ru'-(NH,)(CH,CN) is oxidized to Ru™™. Because
the O atom is a harder base than the N atom when Ru™-
(NH;)(CH;CN) reaches Ru", the pendent carboxylate arm
recoordinating to the Ru center is more favored, concomitant
with the dissociation of the solvent CH;CN ligand to form
Ru"-NHj;. This phenomenon is common in related catalysts
for water oxidation reactions.””*® Such dissociation was
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computed to be exergonic by 12.3 kcal/mol from our DFT
calculations. On the reverse scan, a cathodic wave appears at
—0.19 V vs Fc"/° which was tentatively assigned to the
reduction of Ru™-NH; to Ru"-NH,. Our DFT calculations
gave a potential of —0.29 V vs Fc*/° for this one-electron
reduction. Compared to the fast scan rate (100 to 1000 mV/s),
the relatively slow reaction rate between electrogenerated Ru"-
NH; and CH;CN makes the anodic wave at —0.12 V vs Fc*/°
reversible. Likewise, the electrochemical behavior of Ru-NHj,
in DMSO also showed the recoordination of the carboxylate
ligand when the harder acid Ru'™ formed (Figure S11).

Upon adding NHj; into the CH;CN solution, two new redox
features present at —0.06 and 0.14 V vs Fc™/°, respectively, in
Figure 2b. The first oxidation peak at —0.06 V was tentatively
attributed to Ru'-(NH,), to Ru™-(NH,),, which was also
consistent with our calculated result of —0.10 V (Figure S34).
Once Ru™-(NH,), forms, it can be converted into the
complex Ru"(pdc-x-N'0?)(bpy)(NH;) (Ru™-NH;), which
may drive the reaction at a low rate (see below for more
details.) Although we are currently unable to attribute the
redox feature at 0.14 V, a prominent enhancement of catalytic
current is observed afterward, indicating that the reaction takes
another pathway at higher potential. To simplify the problem,
all discussions below focus on the catalytic process at high
potential (0.4 V vs Fc™/?), unless otherwise noted. Kinetics
analysis was conducted by examining the CV response as a
function of the catalyst and the ammonia concentration. The
catalytic current increases linearly with respect to [Ru-NHj]
and [NH;]"?, revealing that the reaction is first order in both
[Ru-NH;] and [NH,;] (Figures S12 and S13). These
observations suggest that Ru-NHj initiates the electrocatalytic
oxidation of ammonia.

E = —0.942 — 0.07891g[NH;] + 0.0592Ig[NH,*] 1)
iplateau _ n RTkobs
iy 04463\ Fo (2)

Given that the practical electrode potential of AOR in
acetonitrile under nonstandard conditions depends on the
concentration of ammonium, 0.05 M NH,PF, was added into
the solution to obtain the overpotential.***” A calculated
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overpotential of 0.85 V is achieved by employing eq 1, which
corresponds to the low rate catalysis near the initial onset
potential of —0.11 V vs Fc*/® (Figure S14). To estimate a
catalytic rate (k,;), an approximate model for the pseudo-first-
order catalytic system is applied.”**” In eq 2, iplateau 1S the
catalytic plateau current, i, is the noncatalytic peak current in
the absence of NH;, # is the number of transferred electrons (6
for AOR), R is the ideal gas constant, F is Faraday’s constant, T
is the temperature, and v is the scan rate. Although this
method has only rigorously been verified for simple EC’
mechanisms (a simple electron transfer followed by a catalytic
process), it can still be useful in an initial assessment of catalyst
performance with more complicated or undetermined catalytic
mechanisms. Ideally, under pure kinetic conditions without
substrate depletion, k., can be estimated from the plateau
current of an S-shaped CV response. In our case, an ideal S-
shaped response is not readily achieved, but a plateau region
can be approximated at fast scan rates. Accordingly, a ky,, =
18.9 s™! value is deduced from eq 2 (Figure S15).

Controlled potential electrolysis (CPE) experiments were
conducted to ensure an electrocatalytic AOR promoted by Ru-
NH;. In a sealable electrolysis cell, CPE was performed by
using a 2 cm” carbon paper working electrode, a spiral Pt wire
counter electrode, and an Ag/[Ag(NH;),]NO; reference
electrode. At a high potential of 0.3 V vs Fc*/°, CPE of a 0.5
mM Ru-NHj acetonitrile solution containing 0.2 M NH; and
2% TFE maintained a high catalytic current in the initial S h
(Figure 2c). After 32 h, a charge amount of 98.1 C had passed
during electrolysis. Analysis of headspace gas via gas
chromatography showed that N, and H, evolved with faradaic
efficiencies of 89.8 and 97.8%, respectively. A TON of 76.1 was
achieved based on the amount of N,. An additional experiment
under identical conditions without the presence of Ru-NHj
showed no catalytic activity. To further confirm that catalytic
ammonia oxidation by Ru-NH; can take place at a low applied
potential, CPE was conducted at an applied potential of 0 V vs
Fc*/° for 24 h. A total amount of 12.62 C charges had passed,
and 9.4 equiv of N, was generated with 86.6% faradaic
efficiency, which indicated that electrocatalysis has already
begun at this stage. According to the Tafel relationship, current
often increases with increasing overpotential. However, the
significant current difference between 0 and 0.3 V may not be
due to the Tafel relationship but to the different mechanisms
operating at different potentials (Figure 2c).

Furthermore, a rinse test was carried out to exclude the
possibility of catalysis arising from the heterogeneous species
(Figure S17). After CPE, the carbon paper electrode was
rinsed with dry CH;CN thoroughly and was reinserted into a
fresh NH;-CH;CN solution. No catalytic current was
observed, implying that homogeneous Ru-NH; worked as
the active species during catalysis. When CPE was carried out
with Ru-"*NH; and "*NH,, the gas products were detected by
GC-MS. The formation of *N, confirmed that the nitrogen
produced originates from ammonia oxidation (Figure S21).
Other possible anodic products (NO,~, NO;~, and N,H,) in
the electrolyte were not detected by chemical titration method
(Figures 822—527).19’26’40

Based on the CVs analysis, we believed that recoordination of
the pendent carboxylate moiety to the Ru center occurred once
Ru'-(NH,)(S)(S = CH;CN/DMSO) was oxidized to Ru'™
DFT calculations*' confirmed that the transformation of Ru'-
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(NH,)(S) to Ru"™-NH; is a downhill process (—17.3 kal/mol,
Figure S34). The reduction potential of the Ru™-(NH,)(S)/
Ru-(NH;)(S) couple was calculated to be 0.08 V, and the
dissociation of the acetonitrile molecule from Ru™-(NH;)(S)
is exergonic by 12.3 kcal/mol. Accordingly, we speculated that
RuII-(NH3)2 underwent a similar process to generate Ru'-
NH;, accompanied by the dissociation of an ammonia ligand.
The calculations showed that one-electron oxidation of Ru'
(NH,;), is associated with a potential of —0.10 V, and the
dissociation of an ammonia ligand from Ru™-(NH;), is
exergonic by 6.7 kcal/mol. To validate the plausible Ru™'-NH;
species, a stoichiometric chemical oxidation experiment was
examined. Upon treatment of Ru-(NH;), with one equivalent
FcPF; in acetonitrile, a black solid was obtained with an 87%
yield. HR-MS measurements showed that an m/z value of
440.0061 fitted exactly to the simulated value (440.0091),
confirming the existence of Ru™-NHj species (Figure 3).

Experimental 440.0061 Simulated 440.0091

434 435 436 437 438 439 440 441 442 443 434 435 436 437 438 439 440 441 442 443

Figure 3. HR-MS spectra of Ru"-NHj;, experimental (blue) and
simulated (red).

The elementary steps involved in the electrochemical
ammonia oxidation reaction were explored using DFT
calculations to gain more insight into the catalytic mechanism,
and the calculated Gibbs energy diagram is displayed in
Figures 4 and 5. A reference potential of 0.3 V (vs Fc*’?) in the
CPE was used to set up the energy diagram. During oxidation,
the proton is released into the solution and captured by
ammonia molecules, forming an ammonium
([NH,e0eNH,]*) cation. Therefore, a pH of 15.1 was
applied, corresponding to the pK, of an ammonium
([NH,e@eNH,]") cation in acetonitrile. The whole reaction
was calculated to be exergonic by 141.5 kcal/mol as the
potential for ammonia oxidation was calculated to be —0.723 V
at pH = 15.1 (0.170 V at pH = 0). Starting from the Ru"—NH,
complex (labeled as '1, Ru—N distance of 2.17 A), one-
electron oxidation (potential of —0.29 V) with the electron
released from the metal center takes place to generate the
Ru™—NH; complex *2 (Ru—N distance of 2.17 A), in which
the spin population on Ru is 0.82. From 2, removing a proton
and an electron is associated with a potential of 0.79 V, leading
to a Ru™Y—NH, complex '3 (Ru—N distance of 1.87 A). The
subsequent oxidation of '3 to generate ?4 is a two-proton
coupled electron transfer process with a potential of 0.07 V,
which is even lower than the oxidation of *2. The pK,s of
Ru'—NH, and Ru"=NH were calculated to be —2.5 and 3.0,
respectively, suggesting that both protons are released into the
solution during the oxidation. In 24, the spin populations on
Ru and N1 are 0.15 and 0.77, respectively. The electronic
structure of 24 (Ru'V=Ne, Ru—N distance of 1.70 A) can thus
be described as low-spin Ru' (Sg, = 0) interacting with a
nitrogen radical (Sy 1/2). Furthermore, one-electron
oxidation of 4 to produce a Ru"'=N complex '5 (Ru—N

https://doi.org/10.1021/jacsau.5c00054
JACS Au 2025, 5, 1812—-1821


https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00054/suppl_file/au5c00054_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00054/suppl_file/au5c00054_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00054/suppl_file/au5c00054_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00054/suppl_file/au5c00054_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00054/suppl_file/au5c00054_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00054/suppl_file/au5c00054_si_001.docx
https://pubs.acs.org/doi/10.1021/jacsau.5c00054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00054?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

kcal/mol i H, '
C NG T

Ref: 0.3V N Y

pH=15.1 F | |

TS3

0=
C_
<

Figure 4. Gibbs energy diagram (in kcal/mol) for NH; oxidation processes in CH;CN. An applied potential of 0.3 V vs Fc*/® and pH = 15.1 were
used to calculate the thermodynamics for every oxidation steps. The left superscript indicates the spin multiplicity of the species.
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Ref: 0.3V

pH=15.1
-9.9

Figure 5. Gibbs energy diagram (in kcal/mol) for N, release
processes in CH,CN. An applied potential of 0.3 V vs Fc*’® and pH =
15.1 were used to calculate the thermodynamics for every oxidation
step. The left superscript indicates the spin multiplicity of the species.

distance of 1.61 A) has a potential of —0.14 V. The calculations
thus suggested that the oxidative conversion of 22 to 'S may
proceed concomitantly with the release of three electrons and
three protons, with a potential of 0.24 V. This potential is
slightly lower than the applied potential of 0.3 V, suggesting
that the formation of 'S is exergonic.

!5 could react with one ammonia molecule by forming one
N—N bond, and the transition state for this step (TS1) is
shown in Figure 6. TS1 was calculated to have a barrier of 8.6
kcal/mol relative to 'S plus an NH; molecule. In TSI, the
nascent N1—N2 bond distance is 1.78 A and the Ru—N1 bond
distance is 1.72 A. During the N—N bond formation, two
electrons are delivered from the ammonia group to the metal
center, which is reduced to Ru" in Intl. Importantly,
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Figure 6. Optimized transition states for N—N bond formation at the
Ru'! (TS1) and Ru" (TS2) states. Distances are given in angstrom,
spin populations are presented in red italics, and the imaginary
frequency for each transition state is shown.

deprotonation of the ammonia group is not needed for the
present N—N bond formation process. This mechanism is
similar to the suggested mechanism for other Ru-catalyzed
ammonia oxidation, in which Ru=N is used for N—N bond
formation.””***> When neutral nitrogen-based ligands were
used, Ru'"Y=NH was suggested to be the key oxidant for N—N
bond formation.” Furthermore, during ammonia oxidation
using first-row transition metal complexes, an M-NH, species
is commonly formed, which leads to either an ammonia attack
or a biomolecular coupling.'"** The pK, of the resulting
intermediate 'Int1 (formally Ru"'=N-NH;*") was calculated to
be —9.0, suggesting that 'Intl prefers to release a proton to
form 'Intldp (RuV=N-NH,) with an energy release of 32.9
kcal/mol (Figure S). From 'Int1dp, removing a proton and an
electron to generate Ru'""—=N = NH complex *Int2 (Ru—N
distance of 1.21 A) is associated with a potential of —0.55 V,
with an energy release of 19.6 kcal/mol (Figure S). The proton
and an electron are both from the —NH, group, and an
intramolecular electron transfer from the NNH moiety to the
Ru' center takes place to generate Ru" complex ’Int2.
Further PCET oxidation of “Int2 (potential of —2.78 V)
results in the production of dinitrogen-coordinated Ru"
complex 'Int3. The release of one H atom from the —NH
moiety of *Int2 leads to a shorter N—N bond in 'Int3 (N-N
distance of 1.12 A). Similarly to the previous oxidation step,
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intramolecular electron transfer occurs from the NN moiety to
the metal. Eventually, the ligand exchange of N, by NH;
regenerates '1 for the next catalytic cycle.

The calculations suggested that the critical N—N bond
formation requires access to the highly valent Ru"" state. N—N
bond formation has also been considered at the formal Ru"
state via TS2 and at the formal Ru"V state via TS3. However,
the barrier of TS2 is 20.0 kcal/mol relative to that of *4 plus
NH; or 30.1 kcal/mol relative to that of 'S plus NH,.
Furthermore, TS3 is associated with a barrier of 15.6 kcal/mol,
which is also higher than that of TS1. It should be noted that
further one-electron oxidation of the Ru"' complex is not
possible, as its potential was calculated to be as high as 2.80 V.

In summary, we described electrocatalytic ammonia oxidation
to N, by the complex [Ru(pdc-x-N'0*)(bpy)(NH;)] (Ru-
NH;) at a mild potential. Experimental and theoretical
investigations indicated that the oxidation of Ru-NHj affords
a Ru"™'—NH; intermediate, which can undergo three sequential
electron and proton transfer steps to give a Ru"'=N species.
We suggested that N—N bond formation occurs upon
ammonia attack of this Ru"'=N species. On the other hand,
the catalysis observed at a low potential of 0 V vs Fc*/° may
suggest another catalytic mechanism. We speculated that Ru—
N,H, analogues might be generated, as high-valent species are
not required at low applied potentials. The oxidation of
hydrazine eventually leads to N,. Studies are underway to
experimentally decipher these two different catalytic mecha-
nisms.

In this molecular system, the anionic nature of the pdc*~
ligand significantly reduces the overpotential of ammonia
oxidation and stabilizes Ru in high oxidation states. The labile
carboxylate moieties, however, also led to the formation of
various Ru-(NH;)(S)(S = CH;CN/DMSO/NH;) species.
This study emphasizes the importance of ligand selection, i.e.,
how to sustain the catalytic activity while decreasing the
overpotential. Future efforts are aimed at controlling the
opening process of the carboxylate moiety to avoid the
unnecessary structural transformation.

NMR. All NMR experiments were performed at 25 °C on a Bruker
NEO 600 MHz NMR spectrometer (600.23 MHz for proton
frequency) equipped with a QCI-F Cryoprobe. Chemical shifts (&)
were reported in parts per million with the solvent resonance as the
internal standard.

Gas Chromatography (GC) and GC-MS Methods. Evolved
nitrogen gas was quantified with a gas chromatograph (FULI
9790PLUS) equipped with a modified Porapak Q (2m X 4 mm
60—80 mesh), a S A molecular sieve column (3 m X 4 mm 60—80
mesh), and a thermal conductivity detector. Argon was used as the
carrier gas. Standard curves were generated by the direct injection of
known volumes of hydrogen or nitrogen gas. Quantification of the
background nitrogen was determined using the background oxygen
signal. Isotopic N, formation was detected by mass spectrometry with
a Thermo Scientific ISQ 7000 single quadrupole mass spectrometer
using helium as the carrier gas.

Mass Spectra (MS) and High-Resolution Mass Spectra (HR-
MS). MS and HR-MS were performed with a Q-Tof Micro and
Synapt G2-Si HDMS mass spectrometer, respectively.

UV—Vis. The UV—vis spectra were collected by using a
PerkinElmer spectrophotometer.
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X-ray Crystallography. X-ray crystallographic analyses were
recorded on a Bruker D8 Venture diffractometer with a PHOTON
IT detector in shutterless mode with an incoat microfocus source (Mo
K, radiation, A = 0.71073 A or Cu K, radiation, 1 = 1.54178 A)
equipped with an Oxford 800 Plus liquid nitrogen vapor cooling
device. All the data were collected at 301 or 100 K. The computing
indexing, cell refinement, and data reduction were processed using
APEX4 software. All data were integrated with SAINT, and a
multiscan absorption correction using SADABS was applied. The
structure was solved by dual methods using SHELXT and refined by
full-matrix least-square methods against F> by SHELXL.

Electrochemistry. All electrochemical experiments were meas-
ured with a CHI 660e electrochemical workstation (Shanghai Chen
Hua Instrument Co., Ltd.) using a one-compartment, three-electrode
custom-built cell (56 mL). For CVs, a glassy carbon disk electrode (A
0.07 cm?), a Pt wire, and an Ag/[Ag(NH;),]NO; reference
electrode (homemade) were used as the working, counter, and
auxiliary electrodes, respectively. Since testing under environmental
conditions has no significant impact on test results compared with
testing under inert gas protection, all CV tests were performed under
environmental conditions for convenience. For CPE, the same
reference electrode was used, but a carbon paper (geometric area: 2
cm?) and a spiral Pt wire were used as the working and counter
electrodes. The sealed electrolytic cell was purged with argon for 20
min before each CPE test to eliminate residual air. All redox potentials
are reported versus the Fc*/® couple in this work.

All reactions were performed using standard Schlenk or glovebox
techniques under a nitrogen or argon atmosphere, unless otherwise
noted. All reagents were purchased from commercial sources and used
without further purification unless otherwise mentioned. All solvents
were dried by general methods and degassed before use. Research-
grade NH; gas of 99.999% purity was purchased from Air Liquide and
used as received. Anhydrous ammonia gas was dried by passage
through a calcium oxide drying tube. '*N-labeled ammonia gas (98
atom % '“N) was purchased from Cambridge Isotope Laboratories.
Super-dry acetonitrile with molecular sieves (99.9%) was purchased
from J&KSeal. 2,2,2-Trifluoroethanol (99.9%) was purchased from
Innochem. Ferrocenium hexafluorophosphate (98%) was purchased
from Yuanye. Ruthenium trichloride trihydrate, dipicolinic (H,pdc)
acid, and 2,2'-bipyridine (bpy) were purchased from Picasso, Leyan,
and TCI, respectively. [Bu,N]PF; (tetrabutylammonium hexafluor-
ophosphate, 99%+) was purchased from Adamas-beta. To ensure its
purity, the electrolyte was further recrystallized in a hot ethanol
solution, and the resulting needle crystals were rigorously vacuum-
dried for several days to remove the residual solvents.

Ru(pdc-k-N'0?) (bpy)Cl was prepared as reported previously.*

Ru(pde-x-N'0?)(bpy)Cl (200 mg, 0.44 mmol) was suspended in
CH,;0H/H,0 (80 mL/20 mL), and AgPF, (110 mg, 0.44 mmol) was
added. The suspension was heated to a reflux temperature for 2 h.
Then, an excess of aqueous ammonia (20 mL) was added. The
solution immediately changed to dark red, and the resulting mixture
was refluxed for another 2 h. After 2 h, the solution was then allowed
to cool to room temperature and filtered to remove the AgCl
precipitate. The filtrate was evaporated to dryness. The resulting
mixture was purified by chromatography on alumina with CH;OH/
CH,Cl, (1/5 to 2/5) as eluent. The first red bend was attained as the
desired product Ru-NHj. The second red bend belonged to complex
[Ru(pdc-x-N'O") (bpy) (NH;),] (Ru-(NH;),), which was not stable
on an alumina column and would gradually convert to Ru-NHj
without ammonia protection. Thus, attempts to isolate pure Ru-
(NH;), failed. The black solid of Ru-NH; was recrystallized from
CH;0H/Et,0O to provide a red crystal for X-ray crystallography. ESI-
HR-MS: caled for C,,H,,N,O,Ru + H, 441.0141; found, 441.0138.
'H NMR (600 MHz, CD,0D) & = 9.60 (d, ] = 5.6, 1H), 8.68 (d, ] =
8.2, 1H), 8.52 (d, J = 8.1, 1H), 8.22 (d, J = 7.8, 2H), 8.09 (t, ] = 7.8,
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1H), 8.00 (t, 1H), 7.74 (m, 2H), 7.44 (d, 1H), 7.26 (t, 1H), proton
signals of NHj ligand overlaps with CD;0D.

The synthesis of complex Ru—'SNHj is similar to that of complex Ru-
NH;. Ru(pdc-x-N'0?)(bpy)Cl (50 mg, 0.11 mmol) was suspended in
CH;0H/H,0 (20 mL/S mL), and AgPF, (27.5 mg, 0.11 mmol) was
added. The suspension was heated to reflux temperature for 2 h.
Then, the reaction solution was bubbled with *N-labeled ammonia
gas until it changed to dark red. The resulting mixture was refluxed for
another 2 h. After that, the solution was allowed to cool to room
temperature and filtered to remove AgCl precipitate. The filtrate was
evaporated to dryness and further purified by chromatography on
alumina.

Rull(pdc-x-N'0?)(bpy) (NH;) (S mg, 0.011 mmol) was dissolved in
CH;CN (S mL, containing 5% TFE) and bubbled with excess
ammonia gas. The resulting solution was left for 1 day to completely
convert to Ru-(NHj;),. The solution was treated with 1 equiv of
FcPF, (3.8 mg, 0.011 mmol) and stirred for 30 min at —35 °C. After
reaction, excess cold diethyl ether was added to the system, and the

solution was kept stationary for 2 h to obtain a dark-red precipitate
(yield 87%).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00054.
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