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ABSTRACT: Molecular catalysts for ammonia oxidation to dinitrogen represent enabling components to utilize ammonia as a fuel
and/or source of hydrogen. Ammonia oxidation requires not only the breaking of multiple strong N—H bonds, but also controlled
N-N bond formation. We report a novel S-diketiminato copper complex [‘Pr;NNgs]Cu'-NH; ([Cu']-NHj3 (2)) as a robust electrocatalyst
for NH3 oxidation in acetonitrile under homogeneous conditions. Complex 2 operates at a moderate overpotential (7= 700 mV) with
a TOF ax = 940 h™! as determined from CV data in 1.3 M NH; MeCN solvent. Prolonged (>5 h) controlled potential electrolysis (CPE)
reveals the stability and robustness of the catalyst under electrocatalytic conditions. Detailed mechanistic investigations indicate that
electrochemical oxidation of [Cu']-NH; forms {[Cu"]-NH;}" (4) which undergoes deprotonation by excess NH; to form reactive
copper(Il)-amide [Cu]-NH, (6) unstable towards N—N bond formation to give the dinuclear hydrazine complex [Cu'lo(z-N>Hy).
Electrochemical studies reveal that the bisammine complex [Cu'](NH;), (7) forms at high ammonia concentration as part of the
{[Cu™(NH3),}*/[Cu"](NH;), redox couple that is electrocatalytically inactive. DFT analysis reveals a much higher thermodynamic
barrier for deprotonation of {[Cu'J(NH;),}" (8) by NH; to give the four-coordinate copper(Il) amide [CuJ(NH2)(NH3) (9) (AG =
31.7 kcal/mol) as compared to deprotonation of the three coordinate {[Cu']-NH;}" by NHj to provide the reactive three coordinate
parent amide [Cu"]-NH, (AG = 18.1 kcal/mol) susceptible to N-N coupling to form [Cu']o(x-N2H,) (AG = —11.8 kcal/mol).
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structural, spectroscopic and mechanistic studies.’

Ammonia oxidation is a six-electron process that generates Figure 2. Selected molecular complexes that mediate catalytic

nitrogen gas (N2) di'rectly from ammonia. Protons releas'ed in ammonia oxidation chemically or electrochemically.
the anodic half reaction may be captured by NH3 present in so-
lution with a thermodynamic potential E° = —0.942 mV vs Fc¢*'* in MeCN, a non-aqueous solvent with relatively high NH3 sol-
ubility (Figure 1a). Coupling this anodic reaction with oxygen
a Ammonia Oxidation reduction in MeCN (E°orr = 0.233 V vs Fc*'*) requires a max-
2NH; —— Ny+6H"+6¢ E° =0.08 V (NHE) imum overpotential of +1.18 V to generate useful energy in a
. ) " direct ammonia fuel cell (DAFC).!® Alternatively, ammonia
8 NH; > Ny +6NH, " +6€ E®=-0.942V (Fc™) electrolysis generates N, and H, (Figure 1b), the later for poten-
b Ammonia Electrolysis tial qse1 71_1118H2 fuel cells once scrubbed from any remaining am-
monia.
2NH; —= Np+3H, AG = 8 keal/mol

Figure 1. Thermodynamics of ammonia oxidation.



Ru-based complexes similar to those employed in water
oxidation catalysis!>?! offered an initial blueprint for molecular
ammonia oxidation catalysts (Figure 2). Hamann and Smith
achieved electrocatalytic ammonia oxidation to N, and H, using
[Ru(trpy)(dmabpy)(NH3)][PFs]> (trpy = 2,2',2"-terpyridine;
dmabpy = 4,4'-bis(dimethylamino)-2,2'-bipyridine) as cata-
lyst.” 22 Nishibayashi and co-workers reported ruthenium com-
plexes bearing 2,2"-bipyridyl-6,6’-dicarboxylate ligands work
as catalysts for the ammonia oxidation reaction.'® Llobet and
co-workers described the catalytic ammonia oxidation reaction
activity using [Ru(tda-x-N>0)(py)2], (tda?" is 2,2":6',2" -terpyri-
dine-6,6"-dicarboxylate; py is pyridine) as a catalyst precur-
sor.”® Recently, Berry and co-workers reported the metal-metal
bonded mixed-valent Rux(chp)sOTf (chp™ = 6-chloro-2-hydrox-
ypyridinate) that spontaneously forms nitrogen from ammonia
without any applied potential. This dinuclear ruthenium species
mediates electrocatalytic oxidation of ammonia with an onset
potential at =255 mV, generating N, and H; via controlled po-
tential electrolysis (CPE) at 0.0 V vs Fc%*.!¢ Aryloxy radicals
ArOe may be used to chemically oxidize ammonia bound to a
ruthenium porphyrin complex (porph)Ru(NH3;).!!

Sustainability considerations motivate the use of earth-
abundant transition metals for ammonia oxidation.!? 141524 Pe-
ters and co-workers have recently described two Fe based elec-
trocatalysts, [(bpyPy2Me)Fe(MeCN),]** and
[(TPA)Fe(NH;3),]OTf, that show efficient ammonia oxida-
tion.'> ' The [(bpyPyMe)Fe(MeCN),]** catalyst shows the
highest turnover number (TON = 149), yet requires significant
overpotential (~1.8 V). Very recently, Liao, Ye, Wang and co-
workers reported a ferric ammine complex [Cp*Fe(1,2-
Ph,PC¢HsNH)(NH3)]* that oxidizes ammonia to N, and H> elec-
trocatalytically under homogeneous conditions with an overpo-
tential of 770 mV. The redox non-innocent nature of the phe-
nylamido ligand facilitates the concerted transfer of one proton
and two electrons.'

N-N bond formation represents a key step in ammonia ox-
idation en route to N, formation. Mechanistic data on current
homogeneous systems for ammonia oxidation suggest that N-N
bond formation may occur after 3-, 2-, or 1-electron oxidation
of a metal-ammine complex [M"]-NH; (Scheme 1). Three elec-
tron oxidation to a metal nitride [M]=N can result in direct for-
mation of metal-bound N, [M]-N»-[M] through bimolecular
coupling (Scheme 1).” 2526 Alternatively, two- or one-electron
oxidation can generate electrophilic metal-imide [M]=NH or
metal-amide species [M]-NHo, respectively, susceptible to nu-
cleophilic attack by NHj3 to ultimately form a metal-bound hy-
drazine ligand in [M]-NH,NH,.>?” Although not catalytic, a re-
cent stoichiometric report of a nickel-amide complex [Ni™]-
NH; revealed bimolecular N-N coupling to give the corre-
sponding dinculear [Ni"]»(4~N,Hy4) complex.?®

Scheme 1. Pathways for N-N bond formation in ammonia ox-
idation.
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Based on the longstanding oxidation of anilines ArNH, to
diazenes ArN=NAr facilitated by copper(I) complexes,”*° we
explore the use of copper catalysts for ammonia oxidation. Pre-
vious mechanistic studies suggest that A-diketiminato cop-
per(Il) [Cu'']-NHATr species engage in bimolecular coupling to
form hydrazines ArNH-NHAr that are readily oxidized to di-
azenes ArN=NAr.?>3! Moreover, related copper(Il) ketimides
[Cu'']-N=CPh, undergo bimolecular N-N coupling to Ph,C=N-
N=CPh, with reduction of routes to the corresponding copper
center to [Cu'].3> Chemical and electrochemical conversion of
HNC=Ph, to Ph,C=N-N=CPh, represents a model system for
ammonia oxidation to hydrazine.**** These observations moti-
vate the exploration of simple S-diketiminato copper ammine
complexes [Cu']-NH; and {[Cu"]-NH;}" that potentially could
generate reactive copper(Il) amide intermediates [Cu®]-NH,
susceptible to hydrazine formation via bimolecular N-N cou-
pling. This work describes electrocatalytic ammonia oxidation
enabled by three coordinate copper(l) and copper(Il) ammine
complexes.

Results and Discussion

Synthesis of Three Coordinate Copper(I) Complexes. A
solution of the yellow p-diketiminato copper(I) complex
['Pr,NNp6]Cu(n*-benzene)® turns orange-red upon dissolution
in acetonitrile to form ['Pr,NNgs]Cu-NCMe ([Cu']-NCMe; 1)
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{ Cu-NCMe + NH; =——= {  Cu'-NHj3
RT =N

Figure 3. Reversible binding of NH3 to [Cu'] in MeCN and X-
ray structures of [Cu!]-NCMe (1) and [Cu']-NH3 (2).



isolated in 88% yield. Addition of excess anhydrous ammonia
to a solution of 1 in fluorobenzene enables the isolation of
["Pr,NNg6]Cu-NH; ([Cu']-NH3; 2) via crystallization at —40 °C
in 80% yield.

The X-ray structures of 1 and 2 reveal trigonal-planar ge-
ometry at the Cu(I) center with X(angles about Cu) = 357.70(9)
and 359.96(8)°, respectively, for 1 and 2. The Cu—N bond dis-
tance in [Cu']-NH; of 1.905(9) A is quite similar to the C-N
distance in [Cu']-NCMe of 1.891(4) A despite the difference in
hybridization at N (sp* vs sp). There is modest asymmetry in the
N1-Cu-L and N2-Cu-L angles (L = MeCN: 109.1(2) and
150.5(2)°; L =NHj: 116.2(3) and 144.5(3)°).

"H NMR spectra of 1 and 2 in CD;CN each show a diag-
nostic singlet at 65.54 ppm for the f-diketiminato C—H methine
resonance (Figures S1 & S5). 'H NMR spectra of [Cu']-NHj; in
CD;CN, however, possess signals at both 62.14 and 0.63 ppm
corresponding to both bound and free NHs. In the absence of
[Cul], free NH;3 (0.6 mM) in CD;CN appears as a broad signal
at 0 0.42 ppm (Figure S11). Addition of excess NH3 to 2 in
CD;CN results in an increase in the intensity of the signal ini-
tially at 6 2.14 ppm that also gently shifts downfield while the
broad signal initially at 6 0.63 ppm increases in intensity and
shifts upfield toward free NH; in the absence of the copper(l)
S-diketiminate [Cu']. The observations are consistent with an
equilibrium between [Cu']-NCMe (1) and [Cu']-NHj (2), ulti-
mately favoring 2 at higher ammonia concentrations (Figure 3).
At room temperature in MeCN, the equilibrium constant K¢q =
[21/[11[NH;] is 23.3(2) mML. IR spectroscopy of [Cu']-NHj (2)
in fluorobenzene reveals a v(N—H) band at 3370 while [Cu']-
NDjs (2P%) possesses a ¥(N-D) band at 2508 cm™" (Figures S8 &
S9). Each of these bands appear at lower energy relative to free
NH; and NDj; in fluorobenzene at 3409 and 2543 cm™, respec-
tively (Figure S10).

Electrochemical Investigation of [Cu'|-NCMe (1) and
[Cu']-NH3 (2) Complexes. Cyclic voltammetry studies using
a glassy carbon (GC) working electrode in CH;CN with 0.1 M
n-tetrabutylammonium hexafluorophosphate ([BusN]PF¢) as
electrolyte shows a redox process for complex 1 centered at
0.225 V vs Fc™ which we attribute to the Cu'™ redox couple
(Figure 4a).3¢ The nearly identical oxidation and reduction cur-

rents (I,/Ip,.= 1) invariant of scan rate illustrates that this cou-
ple is essentially fully reversible under these conditions; the
peak-to-peak separation AE = 72 mV shows near-Nernstian be-
havior. The peak current (I,) increases as the square root of the
scan rate consistent with a well-behaved, homogeneous redox
couple in solution. The electrochemical diffusion coefficient of
4.1 x 10 cm?s! comes from application of the Randles-Sevcik
equation (Figure S26).

On the other hand, cyclic voltammetry of [Cu']-NHj (2) in
CH;CN shows an irreversible redox event at 0.07 V vs Fc*?
(Figure 4b). The large peak-to-peak separation (AE =300 mV)
and I,. > I, values suggest electron transfer followed by a
chemical reaction (EC process).>” Addition of 10 equiv. NHj to
complex 2 further cathodically shifts £1, by 160 mV to —0.08
V; addition of a large excess NH; (~ 200 equiv.) results in an
irreversible faradaic process with loss of the cathodic wave (I,
>> ;). These observations suggest an electrocatalytic process
that depends on the concentration of NH;.3’

Electrochemical Ammonia Oxidation. To gain insight
into the mechanism responsible for electrocatalysis, we investi-
gated the CV response as a function of the concentration of both
the copper(I) fdiketiminate catalyst [Cu'] as well as ammonia.
Varying the catalyst concentration over the range 0.09 — 1.22
mM, the catalytic current (I..) increases linearly under condi-
tions of constant ammonia concentration ([NH3] = 1.3 M) (Fig-
ure 5a). Thus, the reaction is first order in [catalyst] that exists
as [Cu']-NHj; (2) under conditions employed for electrocataly-
sis. Holding the catalyst concentration constant ([Cu] = 1.0
mM), varying the ammonia concentration over the range 0.55 —
1.30 M results in Icy values that increase as the square-root of
[NHs]. Following the relationship that relates I with [sub-
strate] (Figure 5b, inset),*® the electrocatalytic process is also
first order in [NH3] (Figure 5b). Thus, we arrive at the rate law:
rate = knus[Cu'-NH;3][NH;]. At an ammonia concentration of
1.3 M, the TOF . determined from the catalytic response ob-
tained at various scan rates® is 0.26(1)s™! or ca. 940 h!' (Figure
5¢) leading to knns = 0.2 M''sL. Electrocatalysis with varying
concentrations of ND; led to a linear response of Ly vs [ND3]"2,
yet one shallower than I vs [NH3]"? corresponding to a pri-
mary kinetic isotope effect ku/kp of 2.4(2) (Figure 5d). In elec-
trocatalysis of 1.3 M NH; with 1.0 mM [Cu'], we note an onset

30
200 eq. NH

a ——500 mVps =400 mVps b €q 3 /_ -

20 T E 0.090V

———300 mVps 200 mVps ] [Cu]-NH3 < icat/2 =~ ~VY-

10 | ~———100 mVps =50 mVps —[Cu]-NCMe
é_ 0 J i Ey; =-0.085V
§ £
E e
S -10 4 =
© 3

E,, =0.075V
-20 4 )
30 k
Ey;=0.225V 20uAI
-40 T T T T T
0.6 0.4 0.2 0 0.2 -0.4 0.6 o7 o ol 02 G 08
E(V vs Fc'/9) E(V vs Fc'/?)

Figure 4. (a) Cyclic voltammograms of 1.0 mM [Cu]-NCMe (1) in acetonitrile referenced vs Fc*? at scan rates: 50 — 500 mV/s. (b)
Cyclic voltammograms in acetonitrile of 1.0 mM [Cu']-NCMe (1) (maroon) as well as 1.8 mM [Cu']-NH3 (2) (blue) in the presence of
10 equiv. NH3 (green) and 200 equiv. NH3 (orange): scan rate: 100 mV/s. Conditions: 100 mM [BusN]PFs supporting electrolyte with

GC working, Pt counter and Ag/AgNOs reference electrodes.
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Figure 5. Electrocatalytic ammonia oxidation. (a) Cyclic voltammograms of 0.09 — 1.22 mM [Cu']-NCMe (1) in 1.3 M NH3 in
acetonitrile; scan rate: 100 mV/s. (b) Cyclic voltammograms of 1.0 mM [Cu]-NCMe in acetonitrile containing 0.55 — 1.3 M NH3; scan
rate: 100 mV/s. (¢) Cyclic voltammograms of 1.0 mM [Cu]-NCMe in acetonitrile containing 1.3 M NH3 at scan rates of 50 — 500 mV/s.
(inset) Lea/Ip vs v'2 plot. (d) Plots of catalytic peak current vs [substrate]'? to determine kx/kp. Conditions: 100 mM [BusN]PFs sup-
porting electrolyte with GC working, Pt counter and Ag/AgNOs reference electrodes.

potential of —0.24 V corresponding to a modest onset overpo-
tential 7=10.70 V.

Controlled Potential Electrolysis and Product Analysis.
Controlled potential electrolysis (CPE) of a 1.3 M NHj solution
in MeCN at 0.0 V vs Fc** by [Cu']-NH; (2) (1.0 mM) generates
N; and H, (Figures 6 and S35). CPE performed using a 2 cm?
glassy carbon working electrode with Pt mesh and Ag/AgNOs
as counter and reference electrodes, respectively. Headspace
gas analysis of the CPE cell by gas chromatography revealed
N, and H; in the molar ratio of 1:2.64. This corresponds to a
faradaic efficiency (FY) of 84% for N> evolution (Figure S34)
as well as a TON of 6.2 after 3 h. A separate experiment under
identical conditions produces the same current (0.98 mA) sus-
tained for at least 5 h (Figure 6).

The sustained CPE currents in 1.3 M NH3; MeCN solutions
result from ammonia oxidation by the homogeneous [Cu!] cat-
alyst. There is minimal background current in the absence of the
copper(I) f-diketiminate complex (Figure 6, red trace). After
carrying out CPE for 2 h, the glassy carbon electrode alone after
rinsing showed no electrocatalytic current in the absence of
added [Cu'] catalyst (Figure S32). Moreover, the copper cata-
lyst appears quite stable under CPE conditions. UV-vis spec-
troscopy before and after CPE experiment (3 h) showed mini-
mal (~8%) catalyst degradation with respect to its initial con-
centration (Figure S36).
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Figure 6. Long-term controlled potential electrolysis of [Cu]
catalyst. Chronoamperometric measurement at 0.0 V vs Fc*/0
of 1.3 M NHj3 in acetonitrile (1.0 mM [Cu'], blue line; no
catalyst, red line). Gas chromatograms illustrating increasing
N2 and Hz in the electrochemical cell headspace with increas-
ing time (inset).



Synthetic and Mechanistic Studies: Intermediates in
Ammonia Oxidation. To gain insight into the discrete copper
complexes responsible for the electrocatalytic oxidation of am-
monia, we sought to outline the chemical reactivity of likely
copper(Il) intermediates (Scheme 3). One electron oxidation of
[Cu']-NCMe (1) by AgPFs in fluorobenzene (PhF) produced a
stable purple salt assigned as {[Cu""](PhF)}PFs (3-PhF) that
converts to {{Cu!](THF)}PF¢ (3-THF) when crystallized from
a THF/pentane mixture at —40 °C. While we were unable to de-
termine the X-ray structure of the fluorobenzene adduct 3-PhF,
the X-ray structure of 3-THF displays a three-coordinate cop-
per(Il) center with short Cu—N1, Cu—N2, and Cu—-O distances
of 1.860(6), 1.874(5), and 1.923(5) A, respectively (Figure 7).
The EPR spectrum of 3-THF shows an axial pattern simulated
with g = 2.400 and g1 = 2.091 that exhibits clearly resolved
hyperfine 4,(****Cu) = 400 MHz from the low field component
(Figure S17).

Careful addition of just less than 1 equiv. NHj to
{[Cu"](PhF)}PFs (3-PhF) in fluorobenzene at —40 °C enabled
crystallization of thermally unstable {[Cu"]-NH;}PFs (4)
(Scheme 3ii). X-ray characterization of 4 reveals a three coor-
dinate, T-shaped monoammine complex with dramatically dif-
ferent Np.qik-Cu-Nammine angles of 107.2(4) and 157.2(1)° (Fig-
ure 7). The Cu-Nammine distance of 1.905(9) A in cationic 4 is
contracted compared to 1.936(9) A in neutral Cu(I) analogue 2.
Frozen glass EPR spectra in fluorobenzene reveal an axially bi-
ased spectrum simulated with g, = 2.200, gy = 2.060, and g\ =
2.050 along with a large copper hyperfine A4,(*Cu) = 518
MHz from the low field component (Figure S18). Cyclic volt-
ammetry of a solution of 4 in acetonitrile gives similar waves
as [Cu']-NH; (2) (Figures 4b and S19).

Anticipating hydrazine (N>H4) as a possible direct oxida-
tion product of NH3, we added hydrazine to the copper(I) f-
diketminato catalyst [Cu'] in fluorobenzene (Scheme 3iii). The

dinuclear {['Pr,NNgs]Cu}2(z-NoHs) ([Cu'l2(1-N2Hy), 5) forms,
isolated as red crystals in 86% yield. The X-ray structure of 5
possesses an inversion center that relates the two f-diketiminato
copper fragments with distances Cu—N3 1.984(2) and N3-N3'
1.497(2) A for the bound hydrazine (Figure 7). 'H NMR spec-
troscopy of 5 in CD3;CN exhibits a singlet at 6 2.09 ppm due to
coordinated NoH4 along with a diagnostic signal for the j-
diketiminate backbone C—H methine at J 5.55 ppm (Figure
S13). The F NMR spectrum of 5 shows a sharp peak at § 63.64
ppm (Figure S15).

The cationic monoammine complex {[Cu]-NH;}PF¢ (4)
is unstable in the presence of added base. Addition of a slight
excess of NH3 (4 equiv.) to 4 in fluorobenzene at —40 °C forms
red [Cu'lo(x-N2Hy) (5) along with the free Bdiketiminato ligand
H['Prs2NNgs] in a 2:1 ratio as analyzed by 'H NMR (Scheme 3iv-
3v and Figure S20). We hypothesize that NH," formed as a re-
sult of deprotonation of the ammine ligand in {[Cu]-NH;}" by
added NHj leads to an acid-base reaction between NH," and the
anionic S-diketiminate ligand in [Cu']-NCMe. Accordingly, ad-
dition of 1 equiv. [NH4]PFs to [Cu']-NCMe in CDsCN forms
the free S-diketimine ligand H['Pr,NNg] in 33% yield (Figure
S24).

We then examined the reaction of {[Cu"]-NH;)}PFs (4)
with DBU, a strong, non-nucleophilic base whose conjugate
acid [H-DBU]" (pK,= 24.3 in MeCN) is much less acidic than
NH4" (pKa = 16.5 in MeCN). Addition of 4 equiv. DBU to 4 in
PhF results in [Cu']2(4-N,Hs) (5) along with a small amount of
H['ProNNg] in 4:1 ratio as observed in °F NMR spectroscopy
(Scheme 3vi and Figure S21). Thus, the cationic monoammine
complex {[Cu"]-NH;}PF (4) undergoes ready deprotonation to
ultimately form the dinuclear copper(I) hydrazine complex
[Cu'l2(4-N2Ha) (5).

To provide evidence for the anticipated copper(Il) amido
intermediate [Cu"]-NH, (6) that we hypothesize dimerizes to

Scheme 3. Synthetic investigation of key copper complexes in ammonia oxidation. (i) Oxidation of [Cu']-NCMe (1) by AgPFs to give
{[Cu")(PhF)}* (3-PhF); (ii) reaction of 3-PhF with NH3 to form {[Cu"]-NH3}" (4); (iii) addition of N2Has to 1 to form [Cu']2(z-N2Hs)
(5); (iv) formation of [Cu'']-NHz (6) via deprotonation of 4; (v) dimerization of [Cu"]-NH2 to [Cu']2(~N2Ha); (vi) deprotonation of 4 to
give 5; (vii) reaction of trityl radical with 6 to give PhsC—NHoa: (viii) displacement of N2H4 from 5 with excess NHs to give 2.
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Figure 7. X-ray structures of copper complexes {{Cu"]-THF}PFs (3-THF), {{Cu"'|-NH3}PFs (4), and [Cu"]2(x-N2H4) (5). Thermal
ellipsoids are shown at 50% probability. All hydrogen atoms bound to carbon are omitted for clarity.

form [Cu'lo(x-N2Hy) (5) (Scheme 3v), we considered chemical
probes to trap the reactive amido functionality in [Cu®!]-NH,.
Along with many Adiketiminato copper(Il) complexes [Cu"]-
X that react with radicals Re to form R—X,?*3% 3¢ the copper(II)
anilide [CLNN]Cu-NH(2-py) undergoes reaction with Gom-
berg’s dimer that generates a small equilibrium amount of the
trityl radical (Ph;Ce) to provide Ph;C-NH(2-py) in 78% yield.*!
Anticipating formation of [Cu'l]-NH, via deprotonation of
{[Cu™-NH;} PF (4) in the presence of excess NH3, carrying out
this reaction in acetone-ds with Gomberg’s dimer gives
Ph3;C-NH: in 32% yield (Scheme 3iv and 3vii). Importantly, a
control experiment between Gomberg’s dimer and excess NH;
in absence of {[Cu'"]-NH;}PFs (4) does not show the formation
of Ph}C—NHz.

Fate of Hydrazine. Synthetic studies show that the addi-
tion of excess ammonia (200 equiv.) to [Cu'lo(x-N2Hy) (5) re-
sults in loss of hydrazine to give [Cu']-NH; (2) (Scheme 3viii
and Figure S25). Thus, under electrocatalytic conditions that
employ excess NHj, free hydrazine will form from {[Cu'l]-
NH;}* (4) via the dinuclear hydrazine complex [Cu']o(x-N2Hy)
3.

Free hydrazine undergoes oxidation at the bare glassy car-
bon electrode with an onset potential of —0.40 V vs Fc™ (Figure
S37a). Since electrocatalytic ammonia oxidation by
['Pr,NNE6]Cu occurs at potentials —0.24 V and higher, any hy-
drazine produced via ammonia oxidation electrocatalysis would
be rapidly oxidized by the glassy carbon working electrode.
Nonetheless, we investigated the cyclic voltammetry of
[Cu'l2(1-NoHy) (5) that shows evidence of a quasi-reversible
wave centered at 0.21 V vs Fc*°. Additionally, there is evidence
of an irreversible oxidation feature at ca. 0.1 V that corresponds
to the oxidation of free hydrazine (Figure S37c) confirmed
through cyclic voltammograms of hydrazine (1 — 10 mM) in the
presence of [Cu'] (2.0 mM) (Figure S37b).

Electrocatalytic Ammonia Oxidation: Catalytic Cycle.
The combination of electrochemical and mechanistic studies al-
lows us to describe an overall catalytic cycle for ammonia elec-
trooxidation by the copper(I) f-diketiminato catalyst
['Pro2NNg6]Cu in acetonitrile (Figure 8). In the presence of ex-
cess NHj (typically 1.3 M NHj3), the copper f~diketiminato cat-
alyst ['ProNNgg]Cu rests as [Cu']-NH; (2). Oxidation at the an-
ode produces cationic {[Cu"]-NH;}" (3) that undergoes turno-
ver limiting deprotonation by excess NH; to give [Cu"]-NH,,

1
<«=<— "I NyH4 1|
electrode [Cul-NHs
e 2 RO
NH3 d a
"I [CU-NH, {Cu"NHz}®
5 NHp{Cu! 4
c b NH
N-N coupling 3
[Cu"}-NH, NH2
6

Figure 8. Proposed catalytic cycle for electrocatalytic NH3
oxidation via [Cu!]-NH3 (2).

consistent with the electrochemical rate law (rate = k[Cu'-
NH;][NH;]). The copper(Il) amide [Cu™]-NH, undergoes rapid
N-N bond formation to give [Cu']o(z-N,H,) that releases hy-
drazine upon displacement by excess NHj3 (Figure S25). Oxida-
tion of free N,H, occurs at the anode to give N». Under CPE
conditions that employ an open cell, we anticipate that reduc-
tion of NH4" occurs to generate H, at the counter electrode to
complete the cell circuit.

Low Potential Reversible Redox Process. [[Pr2NNgs]Cu
exhibits a reversible redox feature in MeCN at a potential below
—0.4 V vs Fc™ in reasonably concentrated NH; solutions. Both
the current and the potential for this redox event depend on the
concentration of NHz. As [NH;] increases from 0.60 to 1.3 M,
CV of a 1.0 mM solution of [ProNNgs]Cu using a 0.07 cm? GC
electrode with a scan rate of 100 mV/s results in an increase in
the current from 1.8 to 4.8 pA while E), becomes more ca-
thodic, shifting from —0.44 to —0.60 V (vs Fc'*) (Figure 9a).
These observations are consistent with the formation of a bis-
ammine complex.

[Cu'](NH:), (7) undergoes essentially reversible oxidation
to {[Cu"J(NH;):}" (8) at a much lower potential than the mon-
oammine complex [Cu']-NH; (2) (Eox =—0.1 V) due to the elec-
tron-rich nature of the bisammine complex (Figure 9b). The
current increases with increasing [NH;3] due to a shift of the
equilibrium position towards [Cu'J(NH;), that increases the
concentration of this bisammine complex. Moreover, plotting
the E;» vs log[NHs] reveals a linear relationship that signals
binding of NH; to [Cu']-NH; in solution to generate the species
involved in the redox event (Figure 9a, inset).*
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Figure 9. (a) Low potential region of CVs taken with 1.0 mM
[Cu]-NCMe in acetonitrile with increasing concentration of am-
monia; scan rate: 100 mV/s. (inset) E12 and current intensities
change linearly with log [NH3]. (b) Equilibrium between mon-
oamine and bisammine complexes at neutral copper(l) and cat-
ionic copper(II) f-diketiminato complexes.

Computational Studies. Recognizing {[Cu']-NH;}* (4)
as a key intermediate generated upon electrochemical oxidation
of [Cu']-NHj (2), we examined transformations that cationic 4
may engage in based on electrochemical and synthetic studies
employing computational methods at the UBP86+GD3BJ/6-
311++G(d,p)/SMD-acetonitrile//BP86/6-311+G(d,p)/gas)
level of theory.

A

Deprotonation of {[Cu']-NH;}* (4) by NHj; to give [Cu"l]-
NH; and NH4" is endergonic by 18.1 kcal/mol. A relaxed energy
scan reveals no additional barrier for deprotonation. Consider-
ing the presence of excess ammonia, NH4" exists as
[NH4*NH3]", 3.1 kcal/mol lower in free energy than NH," alone.
Dimerization of [Cu']-NH, (6) via N-N coupling to form
[Cu'l2(1~N,Hy) (5) is exergonic by 11.8 kcal/mol (per Cu cen-
ter). While displacement of hydrazine from [Cu']o(x-N2H,) (5)
to form [Cu']-NH; (2) is endergonic by 6.1 kcal/mol, experi-
mental studies show that the presence of a large excess of NH;
leads to the observation of free NoHs and [Cu']-NH; by 'H NMR
spectroscopy (Scheme 3viii and Figure S25).

Binding of NH; to {[Cu!]-NHs;}* (4) to form
{[Cu™(NH;)2}* (8) is endergonic by 8.8 kcal/mol, although
thermodynamically more favored than deprotonation of 4 by
NH; to give reactive [Cu"]-NH; (6) and NH4*. Thus, we exam-
ined the possibility of deprotonation of {[Cu"](NH;).}* (8) to
give  the  four-coordinate  amide-ammine  complex
[Cu"(NH2)(NH3) (9) which has a thermodynamic barrier of
22.9 kcal/mol (31.7 kcal/mol uphill from {[Cul]-NH;}" + 2
NH3). The unfavorable thermodynamics for deprotonation to
[Cu"](NH2)(NH3) (9) is consistent with the reversible
[Cu'J(NH3), / {{Cut](NH3),}* redox couple observed in the low
potential region in cyclic voltammograms of [Cu'] with excess
NH; (Figure 9). Moreover, the increase in current and cathodic
shift of this feature with increasing ammonia concentration
(Figure 9a) reflects the endergonicity of NH3 binding of a sec-
ond equivalent of NH; to [Cu']-NH; and {[Cu']-NH;}*, each
uphill in free energy by 15.1 and 8.8 kcal/mol, respectively.

Two features account for the dramatically lower thermo-
dynamic barrier for deprotonation of the cationic, three coordi-
nate {[Cu]-NH;}" (4) vs. {{Cu"]J(NH;):}" (8). The greater
Lewis acidity of the three coordinate center in {[Cu"]-NH;}"
certainly results in a greater acidity of the ammine N—H bond
that primes it for deprotonation as compared to the more elec-
tron rich, four coordinate {[Cu](NH;),}".

>

{ICu"|(NH3),}®@intermediate: non-productive
31.7 g

NH
[CU”KN

3 0.0 ®
[Cu'l—NH; |
4

+2 NHs

{ICu"-NH,}®Pintermediate: productive pathway for N-N bond formation

wH o+ NHD =.3.
[Cu"I=NQ L NHE+ Ny 2873 N, Nk ®
g “H +NHg
18.1
‘ 15.0
\H
Cu"]=N —_—
[cul g ~H 9.3
+ [NHz*NH3]® [Cu']—zNH3
+ 1/2 N2H4
32 + [NHz*NH3]®
1 [CU'l—NH,
5
HaN—[Cu"]
- + [NHy*NHg]®

Figure 10. Reaction coordinate diagram for NH3 oxidation from {[Cu"]-NH3}" (4). (Right) Productive pathway begins with deprotona-

tion to [Cu']-NHz (6) subject to dimerization to [Cu']2(u-N2Ha) (5).

(Left) Non-productive pathway involves coordination of NH3 to 4 to

give bisammmine complex {[Cu'J(NH3)2}* (8). Free energies (bold) in kcal/mol at 298.15 K.
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Figure 11. Electronic structure of copper(Il) amide 6

illustrating (a) Cu-N n-bonding and (b) a spin density plot.

The unique electronic structure of the three coordinate
[Cu']-NH; (6) also contributes to the ability of {[Cu']-NH;}*
(4) to undergo deprotonation by NHj. There is a 2-center, 3-
electron m-interaction between the highest energy d-orbital of
the d® Cu" center destabilized by o-donor interactions with the
S-diketiminate ligand and the N-lone pair of the sp>-hybridized
amide ligand (Figure 11a). This results in a n-bond order of 2
that strengthens the Cu-N interaction and places considerable
unpaired electron density at the amide N atom (0.51 e”) (Figure
11b). In contrast, there is no empty or half-occupied d orbital in
the four-coordinate [Cu](NH,)(NH3) (9) positioned to overlap
with the amide lone pair, resulting in a longer Cu—NH, bond
(1.927 A) and a pyramidalized amide ligand (Z(angles about
Namide) = 335.9°) with somewhat less unpaired electron density
on the amide N atom (0.40 ) (Figure S47). The significant un-
paired electron density at the amide N atom in the three-coordi-
nate [Cu""]-NH, (6) enables facile N-N coupling to form ob-
served [Cu']o(-N>Hy) (5).

Conclusions

The B-diketiminato copper complex ['Pr,NN]Cu oxidizes
ammonia electrocatalytically in acetonitrile medium at a mod-
erate onset overpotential (700 mV) with a TOF ., = 940 h!
from CV data in 1.3 M NH; in MeCN solvent. This catalyst
rests as [Cu']-NHj3 (2) in acetonitrile in the presence of excess
NH;. Electrochemical data reveal that ammonia oxidation is
first order in both [Cu']-NH; (2) and [NH3] give the overall rate
law: rate = k[Cu-NH3][NH3]. A primary KIE of 2.4 observed
with NDs suggests N—H bond cleavage in or before the turno-
ver-limiting step. Run under controlled potential electrolysis
conditions in an open cell, this system exhibits good Faradaic
efficiency for N, (84%) and H» (74%) formation with constant
activity for hours in 1.3 M NH3 in acetonitrile.

Chemical reactivity studies suggest that [Cu']-NH; (2)
likely forms {[Cu"]-NH;}* (4) under electrooxidative condi-
tions, synthetically prepared by addition of less than 1 equiv.
NHj to copper(Il) solvent species {[Cu'J(PhF)}* (3-PhF). This
copper(Il) monoammine complex 4 undergoes ready deproto-
nation by NHj to form the hydrazine complex [Cu']2(z-N>Hy)
(5) via the likely intermediacy of copper(Il) amide [Cu"]-NH,
(6). Displaced by NHj3, the hydrazine ligand in 5 becomes oxi-
dized at the glassy carbon working electrode surface at potential
lower than NHj3 at [Cu], leading to N, formation.

The low coordination number of three appears critical for
facile electrocatalytic oxidation of ammonia to hydrazine. Cy-
clic voltammetry in ammonia-rich solutions reveals
[Cu'l((NH:), / {[Cu](NH3),}" as a reversible redox couple at
low potential (ca. —0.6 V vs Fc™) that does not participate in

electrocatalysis. Instead, the three coordinate {{Cu"]-NH;}* un-
dergoes ready deprotonation by NHj to give the trigonal [Cu"]-
NH: (6). The Cu-Namidge 7-bond order of 5 in 6 both facilitates
deprotonation as well as places significant electron density at
the Nami¢e atom, priming it for N-N coupling with another
equivalent of copper(Il) amide 6 to give hydrazine complex
[Cu'l(u-N2Hy) (5).

These studies underscore the importance of supporting lig-
and design to produce three coordinate monoamminecopper(I)
complexes {[Cu]-NH;}" that resist reaction with excess NH;
to form ubiquitous, stable polyammine species {Cu(NH3),}>" (n
= 4-6).*! A testament to their stability, over 400 years ago An-
dreas Libavius described the deep blue color of the complex
now known to be aqueous [Cu(NH;)4]*" that results from the
action of ammonia in water on bronze (a copper alloy) under
aerobic conditions.**

Future efforts will focus on ancillary ligands that limit the
formation of catalytically inactive, four coordinate diammine
complexes {[Cu"](NH;),}*. Synthetic, electrochemical, and
computational investigations suggest turnover-limiting N-H
deprotonation of three coordinate {[Cu"]-NH;}" species to give
[Cu']-NH, susceptible to dimerization to [Cu']o(«-N>Hy) that
releases hydrazine. In this copper system for electrocatalytic
ammonia oxidation, balancing the ease of oxidation of [Cu']-
NH; complexes along with ability to deprotonate the resulting
{[Cu"]-NH3}" species appear two key factors to control over-
potential (77) and rate (TOF), respectively.
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