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ABSTRACT

Ammonia is a compelling candidate for a carbon-free energy carrier, offering potential
applications as both a hydrogen vector and a fuel. Unlocking these applications requires the
development of efficient ammonia oxidation catalysts. Building on recent work with a fluorinated
Cu(I) p-diketiminate catalyst for homogeneous ammonia oxidation, we present the first examples
of hybrid electrodes employing first-row metal complexes and supramolecular anchoring for
heterogeneous ammonia oxidation. In this study, we developed innovative synthetic
methodologies to produce a family of f-diketiminate ligands and complexes. Some analogues
clarified the role of each functional group in the original ligand, while others incorporated moieties
designed to facilitate immobilization on graphitic surfaces via CH-n and n-w interactions. These
structural modifications not only broadened the scope of ligand design but also advanced our
understanding of their roles in catalysis and immobilization. Unexpectedly, all synthesized Cu
complexes, including the previously reported catalyst, formed an equilibrium with [Cu'(NH3)4]*
or [Cu''(NH3)4]" in the presence of ammonia, leading to ligand dissociation and subsequent catalyst
deactivation. Despite these challenges, we demonstrated that anchoring these complexes is feasible
and confirmed that heterogeneous ammonia oxidation is possible with this system. This work
represents a pivotal step toward the construction of ammonia oxidation systems based on earth-
abundant metals, highlighting the promise of Cu f-diketiminate complexes. Addressing the
challenges of ligand loss and catalyst stability will pave the way for robust and efficient systems,

driving advancements in sustainable ammonia-based energy technologies.
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INTRODUCTION

The massive anthropogenic use of fossil fuels over recent decades has significantly contributed
to the rise in Earth’s temperature, a phenomenon known as global warming.!* This temperature
increase has, in turn, triggered extreme climate events, intensifying the global climate crisis we
face today.>” It is thus imperative and urgent to start the transition from fossil to clean and
sustainable energy sources such as solar fuels.®

In this context ammonia stands out as a potential solar fuel vector due to its relatively high
energy density,” low flammability, and ease of liquefaction, making it well-suited for transport
through the existing global logistics infrastructure.®® Moreover, ammonia is especially attractive
as a fuel because it is carbon-free, positioning it as an environmentally friendly energy solution.!°
To harness ammonia as a fuel, catalysts capable of efficiently and selectively facilitating the

ammonia oxidation reaction are essential for designing practical ammonia-based fuel cell

technologies (Equation 1).!"1°

4NH; +3 022 2 N2+ 6 H,0; E°=0.68 V (1)
2NH; = Ny +3 Ha; E°=-0.55V )
8 NH; +3 CO2 = 4 Ny +3 CHy + 6 Ho0; E°=-0.38 V 3)
4NH; +2 COy = 2 Ny + CoHy + 4 HO; E° = -0.49 V (4)

Additionally, ammonia can serve as a source of hydrogen (Equation 2), which can then be used

to generate energy in situ.'®!” Furthermore, when combined with CO; reduction, ammonia can be

) 18,19
b

utilized to produce carbon-neutral fuels such as methane (Equation 3 or valuable industrial



synthons, like ethylene (Equation 4).2° For these technological applications to be feasible, catalysts

are required for the reactions outlined in Equations 1-4.%2!-2

In homogenous phase, a limited number of molecular catalysts based on transition metal
complexes of Mn??, Ni?*, Cu®?’, Fe?®3* and Ru*>*® have been explored for ammonia oxidation,
although their performance is often constrained by both stability and effectiveness.?!*” Moreover,
solid-state photo(electro)anodes and cathodes are needed to significantly simplify the operation of
photo(electro)chemical cells. To achieve this, it is essential to robustly anchor the molecular
catalyst onto solid conductive and/or semiconductive surfaces.

Anchoring well-defined molecular catalysts onto solid supports offers significant advantages
over both traditional homogeneous and heterogeneous catalysts. A key benefit is the minimal
amount of catalyst required, which enables uniform activity across the entire solid support. This
contrasts with conventional drop-casting methods, which typically lead to an inhomogeneous
dispersion of active centers and necessitate larger amounts of catalyst. Additionally, in drop-
casting, only a small fraction of the deposited catalyst is active, as most of it does not come into
contact with the electrolyte solution.*® From an environmental standpoint, anchoring of molecular
catalysts via supramolecular interactions, rather than covalent bonds, represents a significant step
toward more sustainable technologies in the chemical sector, due to its reduced environmental
impact.*’

Recently, we reported the first successful example of a molecular hybrid material where a
molecular Ru ammonia oxidation catalyst was anchored on graphitic surfaces via CH-n
interactions.**>* Building on this, we now turn our focus to anchoring ammonia oxidation catalysts

based on first-row transition metals using a similar immobilization strategy. For this purpose, we



have selected the recently reported S-diketiminate complex [Cul(L2)(MeCN)]?’ (Scheme 2),
which has been proposed to oxidize ammonia to dinitrogen in homogeneous phase. To facilitate
heterogenous ammonia oxidation with molecular complexes, we have functionalized the p-
diketiminate ligand framework enabling it to be anchored on graphitic surfaces without altering
the intrinsic electronic properties of the Cu active center, following a supramolecular strategy
similar to the one previously reported for related redox catalysts.*31-54

In this work, we describe the preparation of a family of f-diketiminate ligands, shown in Chart
1, and their corresponding Cu complexes (Scheme 2). We further investigate their electrochemical

and electrocatalytic properties both in homogeneous phase and when anchored on carbon fiber

paper (Crp) electrodes, evaluating them as heterogeneous ammonia oxidation catalysts.



RESULTS AND DISCUSSION

Synthesis of p-Diketiminate Ligands

The general strategy for preparing f-diketiminate ligands is outlined in Scheme 1. It involves
the reaction between the S-diketone with the corresponding amine (for detailed procedures, see
SI). Using this approach, we have synthesized several ligands, with their structures displayed in

Chart 1.

Scheme 1. General synthetic strategy for the preparation of f-diketiminate HLX (X = 1-9) ligands.
Typical conditions: HCI, absolute EtOH, reflux, overnight (for R = Me); TiCl4, anhydrous toluene,

reflux, overnight (for R = CF3).

These ligands were designed with some modifications to the original ligand HL2.,?” to
investigate the roles of the CF; and isopropyl groups. Specifically, the exploration aimed to
determine whether CF3 groups were essential for catalysis or if they could be replaced by Me
groups to potentially lower the overpotential for ammonia oxidation. Additionally, the necessity
of isopropyl groups for ensuring mono-chelation was examined, as their removal could optimize
the geometry of the complexes to facilitate immobilization onto the surface of the electrodes.
Moreover, aromatic moieties such as biphenyl or triphenyl groups were incorporated to promote

immobilization onto graphitic electrodes via CH-rt and n-m interactions.
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Chart 1. Ligands (HLX) described in this work. Abbreviations: Phy, 4-biphenyl; dipPh, 1,3-
diisopropylbenzene; dipPhz, 2,6-diisopropylbenzene-4-phenyl; dipPhs, 2,6-diisopropylbenzene-4-
biphenyl; dipPhBr, 5-bromo-1,3-diisopropylbenzene. *HL®6 is a f-ketoiminate ligand with just one

substituent at the N atom.

The non-fluorinated ligands HL1, HL3 and HL9 were prepared through the acid-catalyzed
double condensation of acetylacetone.> ! Although HL3 was already known in the literature,!
we developed a new synthetic procedure, and its SC-XRD structure was resolved for the first time
(Figure S104).

The HL10 ligand, containing a triphenyl moiety, was synthesized through a Suzuki coupling
between HL9 and 4-biphenylboronic acid, since the corresponding anilinium chloride from 3 (3,5-

diisopropyl-[1,1":4",1"-terphenyl]-4-amine) was insufficiently soluble for the direct double



condensation approach (see SI). This synthetic strategy, described here for the first time for f-
diketiminate-type ligands, offers a straightforward method for preparing a wide variety of
substituted ligands.

The fluorinated ligands HL2, HL4, HLS, HL6, HL7, and HL8 were prepared using titanium
tetrachloride as a Lewis acid to activate the aromatic amine, forming an equilibrium of highly
reactive Ti complexes that react with the low-boiling point hexafluoroacetylacetone.®? 8 Notably,
changing the molar ratio between hexafluoroacetylacetone, TiCls, and aniline 3 from 1.0/2.1/6.0
to 1.0/4.2/12.0 enabled the formation of either the monosubstituted f-ketoiminate ligand HL6 or
the disubstituted diketiminate HL7 ligand, respectively (see SI). HL6 can be then used as a
synthetic intermediate to prepare non-symmetric fluorinated ligands such as HL8, which contains
dipPh and dipPhs substituents, representing the first example of its kind (see Figure la for SC-

XRD structure).
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Figure 1. Solid-state structures with thermal ellipsoids at 50% probability of representative
compounds prepared in this work: (a) HLS8, (b) [Cu''(L4)2], and (¢) [Cu'(L7)(MeCN)]. Color
code: C, black; N, dark blue, H, light blue; F, green; Cu, orange. In (b) one of the two L4 ligands

is drawn in gray for better visualization of the molecular structure.

All the p-diketiminate ligands were purified by trituration, recrystallization, and/or column
chromatography using triethylamine-deactivated silica gel (see SI for additional details). The
newly synthesized ligands were characterized using standard analytical and spectroscopic

techniques, including NMR, elemental analysis, and SC-XRD.

Synthesis of p-Diketiminate Cu Complexes
Scheme 2 provides a general overview of the synthesis of the Cu(I) and Cu(Il) f-diketiminate
complexes prepared in this work, which were subsequently evaluated as catalysts for ammonia

oxidation. Cu"(AcO), was used as the starting material for the preparation of non-fluorinated

10



[Cu™(LX)(AcO)] (X =1 and 3) complexes, employing a 1:1 Cu:HLX stoichiometry.®® Under the
same conditions, and after screening various Cu(Il) precursors and bases, the fluorinated f-
diketiminate ligand HL2 failed to form the corresponding Cu(Il) complex due to the reduced

coordination ability of the ligand in the presence of the highly electron-withdrawing CF3 groups.
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Scheme 2. Synthetic strategies for the preparation of f-diketiminate Cu-LX complexes. The LX

ligands are described in Chart 1.

On the other hand, bis-chelated complexes [Cu'(LX)2] (X = 3 and 4) were obtained with ligands
HL3 and HL4, resulting in structures similar to those reported for Ni(II) complexes.®' Complex
[Cu'(L4)2] could also be synthesized starting from [Cu'(MeCN)4]JCF3SO;, followed by
disproportionation as outlined in Equation 5, a process previously described for related

complexes.”®

2 [Cul(L4)(MeCN)] — Cu® + [Cu'(L4)2] + 2 MeCN (5)
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Sufficiently good single crystals were obtained for this complex, and its SC-XRD structure is
displayed in Figure 1b, showing a pseudotetrahedral geometry for the Cu(Il) metal center.
Similarly, [Cu'(L3)2] was also obtained via the disproportionation route, and its SC-XRD
structure is reported in the SI (Figure S112).

The [Cu'(MeCN)4]CF3SO; complex was also used as the starting material for the preparation of
[Cu'(LX)(MeCN)] (X =1, 2, 7 and 10) complexes, which contain sufficiently sterically hindered
ligands to prevent the disproportionation reaction. An ORTEP plot of the crystal structure of
[Cu'(L7)(MeCN)] is presented in Figure 1c, showing the typical T-shape tricoordination of the
Cu(I) center,?” which is bonded to the anionic L7 ligand in a chelate manner and completed with
the coordination of a monodentate MeCN ligand. To our knowledge, this is the first time that these
one-pot conditions have been employed for the preparation of fluorinated f-diketiminate Cu(I)
complexes, including the previously reported [Cul(L2)(MeCN)],>”-%* with an obtained yield of
29% (see SI). In contrast, a three-step process was used in the literature to prepare
[Cu'(L2)(MeCN)] from HL2 (Scheme 3a) with an overall yield of 66%.27% Alternatively,
[Cu'(L2)(MeCN)] was synthesized in one step from HL2 with a 76% yield,®* using

[Cul(CH2SiMes3)]s as a synthetic precursor (Scheme 3b).
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(b)
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Scheme 3. Reported synthetic strategies for the preparation of [Cu'(L2)(MeCN)].27:0364

Electrochemical Properties of the Cu-LX Complexes in Homogeneous Phase

The electrochemical properties of the complexes described in this work were investigated using
cyclic voltammetry (CV) in THF and/or MeCN, with a 1 mM concentration of the complex and
100 mM TBAPFs as the supporting electrolyte. The measurements were performed with a glassy
carbon disk, GClisk, (S = 0.07 cm?) as the working electrode (WE), a Pt disk as the counter electrode
(CE), and a Ag/AgCl wire as the pseudo-reference electrode (pseudo-RE). The ferrocene Fc*°
redox couple served as an internal reference.

For the [Cu'(LX)(MeCN)] (X = 1, 2, 7 and 10) complexes, a chemically reversible and

electrochemically quasi-reversible wave was observed, attributed to the Cu'”!

redox couple (Figure
2a and SI). In the case of [Cu'(L1)(MeCN)], this wave appears at -0.13 V vs Fc™® in THF and it
is shifted to +0.31 V vs Fc"? (AE = 440 mV) with respect to [Cul(L2)(MeCN)], due to the
electron-withdrawing effect of the CF3 groups. On the other hand, the triphenyl [Cu'(L7)(MeCN)]
and [Cu'(L10)(MeCN)] complexes show slightly higher half-wave potentials compared to
[Cu'(L1)(MeCN)] and [Cul(L2)(MeCN)], respectively, likely due to the larger electron

delocalization of the ligands, which contain four additional aromatic rings (see Figure S100 for

comparison).
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Figure 2. (a) Cyclic voltammograms in THF (4 = 0.1 M TBAPFs) of non-fluorinated

[Cu'(L1)(MeCN)] (light/dark green solid lines) and fluorinated [Cu'(L2)(MeCN)] (red/orange
solid lines) complexes and their free ligands HL.1 (dashed blue line) and HL2 (dashed pink line)
under an inert atmosphere. (b) Cyclic voltammograms in THF (x# = 0.1 M TBAPFs) of non-
fluorinated [Cu'(L3)2] (light/dark green solid lines) and fluorinated [Cu'(L4)2] (red/orange solid
lines) complexes and their respective free ligands HL.3 (dashed blue line) and HL4 (dashed pink
line) under air. Conditions: 1 mM concentration, GCuisk (S = 0.07 cm?), WE; Pt disk, CE; Ag/AgCl

wire, pseudo-RE; v=100 mV s’

It is also important to note that applying potentials above and below the Cu™™!

couple (dark green
and orange CVs in Figure 2a) leads to ill-defined, chemically irreversible processes for both
[Cu!(L1)(MeCN)] and [Cu'(L2)(MeCN)] complexes, respectively. This indicates the high

reactivity of these complexes when operating beyond the Cu(II)/Cu(I) redox species. In the case

of [Cu!(L1)(MeCN)], an irreversible process can be observed around +0.4 V vs Fc*° (dark green
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CV), which may be associated with ligand oxidation, as compared with the CV of the free ligand
HL1 shown in Figure 2a (blue dashed line).

The electrochemistry of the bischelated [Cu'(LX)2] (X = 3 and 4) complexes is shown in Figure
2b. For [Cu''(LL4)2], a chemically reversible and electrochemically irreversible wave is observed
at -0.73 V vs Fc™® (AE, = 151 mV), associated with the Cu'”! couple (OCP = -0.54 V vs Fc™?).
This wave is expected to appear at lower potentials for the more electron-rich [Cu''(L3)2] (OCP =
-0.39 V vs Fc™), although the absence of this wave is due to limitations of the solvent potential
window. In contrast, at higher anodic potentials, only chemically irreversible processes are
observed. For the case of [Cu'(L3)2], a prominent chemically irreversible wave appears around
0.0 V vs Fc™°, while for [Cu'/(L4)2], a similar wave is observed at approximately +0.55 V vs F¢°.
These waves are likely due to ligand oxidation, as compared with the CVs of the free ligands HL3
and HL4, shown in Figure 2b.

For the [Cu(LX)(AcO)] (X = 1 and 3) complexes, only chemically irreversible processes were

observed, which may be associated with the loss of the acetate ligand once electron transfer

processes occur (see SI).

Ammonia Oxidation Electrocatalytic Activity in Homogeneous Phase

The ammonia oxidation electrocatalytic activity of the Cu complexes described in this work was
investigated using CV in THF and/or MeCN with a 1 mM concentration of the Cu complex, 100
mM TBAPF as supporting electrolyte, a GCisk (S = 0.07 cm?) as the WE, a Pt disk as the CE and
a Ag/AgCl wire as the pseudo-RE. Commercially available 0.5 M NHj3 solution in THF (Acros
+0

Organics) or self-prepared NH3 solutions were used (see SI for preparation details). The Fc

couple served as the internal reference.
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Our primary focus was to investigate the behavior of complexes [Cu'(LX)(MeCN)] (X =1, 2)

in the presence of ammonia, and the results are presented in Figures 3-5, Scheme 4 and in the SI.

We have also tested the behavior of the other complexes in the presence of ammonia, with the

results described in the SI. Additionally, we investigated the redox properties of [Cul(MeCN)4]"

under the same conditions, given the coordination properties of ammonia as monodentate ligand

and the general lability of Cu(I) complexes. The results obtained are reported in Figure 3, Scheme

4 and in the SI (Figures S50-S51).
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Figure 3. Cyclic voltammograms using a = 0.1 M TBAPFs in MeCN (top) and THF (bottom),

in the absence (solid lines) and the presence (dashed lines) of 0.5 M NH3, of [Cu'(MeCN)4]" (a and

d), [Cu'(L1](MeCN)] (b and e), and [Cu'(L2](MeCN)] (c and f) in red lines, and the bare
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electrodes in black with the same line codes. Conditions: under an inert atmosphere, | mM

concentration, GCuisk (S = 0.07 cm?), WE; Pt disk, CE; Ag/AgCl wire, pseudo-RE; v=100 mV s

1

The [Cu/(MeCN)4]" complex in MeCN exhibits a Cu'! redox couple at +0.65 V vs Fc™°, as
shown in Figure 3a. In THF, this redox couple shifts cathodically to +0.05 V vs Fc™ (Figure 3d),
which is consistent with the potential formation of [Cu/(MeCN);]" as the main species generated
in THF (Scheme 4). In the presence of 0.5 M NH3, a new wave appears at -0.57 V vs Fc¢',
representing a 1.2 V cathodic shift in MeCN, which is associated with the formation of
[Cu'(NH3)4]". Similarly, in THF, this redox wave is further shifted to -0.80 V vs Fc™° (Figure 3d).
Upon scanning anodically in the presence of 0.5 M NHj3 (Figures 3a and 3d, dashed red lines), a

0 which is attributed to the oxidation of

large current emerges at approximately +0.4 V vs Fc
ammonia by the bare electrode, since it coincides closely with the current densities observed in the
blank experiments (Figures 3a and 3d, dashed black lines).

A similar experiment was conducted with the non-fluorinated [Cu'(L1)(MeCN)] complex. As

redox couple appears at -0.17 V vs Fc¢*? in MeCN and at -0.13

seen in Figures 3b and 3e, the Cu
V vs Fc¢? in THF, indicating that the main species remains the same in both solvents. However,
upon addition of 0.5 M NH3 new waves appear at -0.56 V vs F¢™? in MeCN and at -0.81 V vs Fc™°
in THF, which coincide with the waves observed for the [Cul(MeCN)4]" complex in 0.5 M NHs.

This observation suggests the existence of an equilibrium that involves the loss of the L.1"ligand,

as described in Equation 6.

[Cul(L1)(MeCN)] + 4 NH; = [Cu(NH3)4]" + L1+ MeCN (6)
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The loss of the f-diketiminate ligand is further supported by the large cathodic shift of 390 mV
and 660 mV in MeCN and THF, respectively. Continuing the anodic scan in MeCN (Figure 3b),
the current obtained aligns with that of the blank. In contrast, in THF, a significant current emerges
at-0.1 V vs Fc™°, which is attributed to the catalytic activity of [Cu'(IL.1)(NH3)] species (Equation

7).

[Cu!(NH3)4]" + L1"= [Cul(L1)(NH3)] + 3 NH; (7)

This observation is consistent with previous findings where a similar species, [Cu'(L2)(NH3)],
was proposed as the active catalyst for ammonia oxidation to nitrogen, which is reflected by the
anodic wave at 0.0 V vs Fc"? in MeCN (Figure 3c).?” For the [Cu!(L2)(MeCN)] complex, a
reversible wave appears at +0.22 V vs Fc™* in MeCN and at +0.31 V vs Fc™ in THF. As with
[Cu'(L1)(MeCN)], the presence of 0.5 M NHj3 induces similar equilibria as described in Equations
6-7, with clear waves associated with [Cu'(NH3)4]" formation. In this case, though, no fast catalytic
currents are observed in either MeCN or THF (Figures 3¢ and 3f), suggesting a higher shift towards
catalytically unactive [Cu'(NH3)4]" complex. Finally, it is noteworthy that the Cu'"! wave for
[Cu'(L2)(MeCN)] in MeCN shifts anodically by 110 mV when measured in THF, indicating a
solvation effect. Thus, the equilibria shown in Equations 6 and 7 for the [Cu'(L1)(MeCN)]
complex also applies to the complex containing the fluorinated L2 ligand, as illustrated in

Equations 8 and 9.

[Cu'(L2)(MeCN)] + NH; = [Cu!(L2)(NH3)] + MeCN (8)

[Cu'(L2)(NH3)] + 3 NH; = [Cul(NH3)s]" + L2- 9)
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This was corroborated by adding varying amounts of deprotonated ligand, in the form of Lil or
LiL2, to the initial solutions of [Cu'(L1)(MeCN)] and [Cu'(L2)(MeCN)] in MeCN with 0.5 M
NHs, respectively, to shift the equilibrium towards [Cu(NH3)4]* consumption. As shown in Figure

0 agsociated with the

4, as the amount of free ligand increases, the wave at -0.56 V vs Fc
[Cul(NH3)4]" complex diminishes in accordance with Le Chatelier’s principle. In all cases, no

catalytic activity is observed for both [Cu'(L1)(NH3)] and [Cu'(L2)(NH3)] species under these

conditions.
(a) (b)
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Figure 4. (a) Cyclic voltammograms of 1 mM [Cu!(L2)(MeCN)] in MeCN (u = 0.1 M TBAPF)
containing 0.5 M NH3 and different equivalents (0-3) of LiL2 (solid lines), overlaid with cyclic
voltammograms of LiL.2 alone as blanks (dashed lines). The pink trace corresponds to 1
mM [Cu'(L2)(MeCN)] under identical conditions in the absence of both NH3 and LiL.2 added. (b)

Analogous data for [Cu'(L1)(MeCN)], using the same color code.

Further evidence for the presence of these equilibria is based on spectroscopic UV-Vis and NMR

experiments that are reported in Figures S101 and S102 respectively in the SI. The wave at -0.6 V
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in the CV is thus consistent with the equilibrium process indicated in Equation 9, being very fast
and thus showing a complete conversion to [Cu'(NH3)4]".

Altogether, Scheme 4 summarizes the equilibria involving complexes containing both L1 and
L2 ligands. We anticipate that this improved understanding of ligand dissociation pathways in Cu
f-diketiminate complexes for ammonia oxidation catalysis will enable the rational design of

improved catalysts in future studies.

[Cu(MeCN),J*
+0.65

NH3

NH, NH,
[Cu'(L1)(MeCN)] T [Cu'(NH3),l* T [Cu'(L2)(MeCN)]
L1 L2

MeCN/( -0.17 -0.56 +0.22 weCN

[Cu'(L1)(MeCN)] [Cul(L2)(MeCN)]

THF\ » L /I'HF

[Cu'(u)(MeCN)]J» [Cu'(NH3),l* # [Cu'(L2)(MeCN)]

NH3 NH3
-0.13 -0.79 +0.31

NH;

[Cu'(MeCN),]*

+0.05

Scheme 4. Reaction scheme for [Cu'(MeCN)4]", [Cu'(L1)(MeCN)], and [Cu!(L2)(MeCN)]
complexes in MeCN (blue) and in THF (red) in the presence and absence of 0.5 M NH3, based on
electrochemical data. Redox potentials for the Cu'”! couple are given in V vs Fc*? and are indicated
below each species. For the [Cu”(NH3)s]" couple, the values shown represent the average

obtained from the three different synthetic strategies (see Figure 3).
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The electrocatalytic activity of [Cu'(L1)(NH3)] species in THF was further investigated by
multiple CV cycles within different potential ranges, with the results shown in Figure 5. As seen

in Figure 5a, within the potential range from -0.3 V to +0.1 V vs Fc*°

, a catalytic wave with a foot
at -0.1 V vs Fc"? begins to emerge. After 100 cycles, the catalytic activity decreases gradually,
losing about 50% of the initial current. This is indicative of progressive catalyst degradation within

the double layer. When a broader potential range up to 0.9 V vs Fc*°

is used (Figure 5b), large
currents are observed, which could indicate some catalytic activity. However, the current densities
obtained from the blank (Figures 5a and 5b; dashed black line), associated with ammonia oxidation
by the bare electrode, reach values of about 50% of the observed current. Nevertheless, we have

carried out a bulk electrolysis for [Cu'(L1)(NH3)] species in THF at Eapp = 0.63 V vs Fc™? and we

have managed to detect a limited amount of N> (Figures S64-S66).
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Figure 5. Cyclic voltammograms in THF (¢ = 0.1 M TBAPF¢) of 1 mM [Cu!(L1)(MeCN)] at
different potential windows (a and b), in the absence (solid red line) and in the presence (dashed
red line) of 0.5 M NHj3. The bare electrode is shown under the same conditions in the absence
(solid black line) and the presence (dashed black line) of 0.5 M NH3. Conditions: under an inert

atmosphere, GCqisk (S = 0.07 cm?), WE; Pt disk, CE; Ag/AgCl wire, pseudo-RE; v=100 mV s!.

The remaining complexes prepared in this work were also investigated by CV in THF and/or
MeCN in the presence and absence of 0.5 M NHs. However, none of these complexes exhibited
clear catalytic activity (see SI). Nonetheless, all of them, including Cu'((AcO). as a control

0 in THF in the presence of

experiment, displayed a quasi-reversible wave around -0.7 V vs Fc
500 equivalents of NH3 (see Figures S49 and S52-S56). This behavior highlights the ability of

NHj3 to compete for the first coordination sphere of the Cu center, resulting in the formation of the

[Cu'V{(NH3)4]" species in all cases.
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Anchoring via CH-n and ©-r Interactions and Heterogeneous Electrocatalytic Ammonia
Oxidation

Supramolecular anchoring via CH-n and n-m interactions provides an exceptionally simple and
effective method to immobilize redox catalysts, as previously demonstrated by our group for both
water oxidation and CO; reduction catalysts.*48-5

To explore this approach, we synthesized f-diketiminate ligands featuring additional aromatic
units capable of providing supramolecular interactions with a graphitic surface, leading to the first
example of heterogeneous ammonia oxidation using first-row transition metals. Figure 6
represents a DFT model for these interactions with [Cu'(L7)(MeCN)] and [Cu'(L10)(MeCN)]
complexes. In these complexes, the triphenyl moiety facilitates up to 8 aromatic CH-m interactions
(from the biphenyl group) and 8 aliphatic CH-nt interactions (from the isopropyl groups), in
addition to m-m interactions with the graphene surface, as shown by the red cloud representation
(Figure 6). For the [Cu'(L7)(MeCN)] complex, the anchoring energy between the molecule and

the surface in THF is 67.3 kcal mol™! when considering only CH-r interactions, increasing to 101.6

kcal/mol when accounting for the optimal geometry for n-n interactions (Table S4).

(a) (b)

e

Figure 6. Optimized structures of (a) [Cu'(L7)(MeCN)] and (b) [Cu'(L10)(MeCN)] anchored

onto a graphene layer via CH-n and n-m interactions. The supramolecular interactions are depicted
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in red (more details provided in the Non-Covalent Interactions section of the SI). Color code: Gray

(C), blue (N), white (H), green (F), orange (Cu).

We utilized Crp electrodes, a highly porous graphitic material, as a support for immobilizing the
complex [Cu!(L7)(MeCN)]. Functionalization of the electrode was carried out under an inert
atmosphere by either dipping the Cgp into a 0.5-1 mM solution of [Cu'(L7)(MeCN)] in THF or
MeCN for specific immersion times, or by drop-casting the solution directly onto the electrode
surface (see SI for detailed protocols and conditions). The resulting molecular hybrid material,
labelled as [Cu!(L7)(MeCN)]@Crp, was rinsed and/or used directly as the WE to evaluate its
capacity for heterogeneous electrocatalytic ammonia oxidation in MeOH or TFE. Catalyst
loadings onto the electrode, obtained via the dipping method, were typically ranged from 0.2-1.2
nmol cm™, reflecting a balance between the complex’ surface affinity and its solubility in the
solvent used. These values were estimated in MeOH from the integrated charge of the irreversible
oxidative wave, assuming a one-electron transfer process (see Figure S87 for calculation details).

Figure 7a displays the CV of the [Cu'(L7)(MeCN)]@Crp (I" = 1.2 nmol cm’; 0.25 cm?)
electrode in MeOH using 0.1 M TBAPFs as the supporting electrolyte. In the potential range from

0.0 to 0.2 V vs Fc™, a cathodic wave appears, associated with the Cu'™"

redox couple, the same
process observed at -0.17 V vs Fc™ in homogeneous phase for [Cu'(L7)(MeCN)] in MeCN. The
presence of 0.4 M NHj3 to the solution generates an electrocatalytic wave that reaches 0.66 mA
cm™ at +0.3 V vs Fc*® (background subtracted), as seen in the figure. A controlled potential
electrolysis (CPE) at Eapp = 0.24 V vs Fc™? was performed for the same electrode, and the j vs. t

plot is shown in Figure 7b (red line), together with the blank for the bare electrode (black line). A

total of 8.7-:10 C (blank subtracted) were passed for [Cu'(L7)(MeCN)]@Crp, corresponding to
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9.0-10" mol of electrons, which would imply 520 turnover numbers (TONs), assuming 100%
faradaic efficiency (FE) for N2 generation (see SI for calculations). A CV of the electrode after the
CPE (Figure S87a) shows approximately 76% less electrocatalytic current density (0.16 mA cm™
at+0.3 V vs Fc™°) compared to the initial stage, due to mass loss of the catalyst from the electrode,
most likely caused by the solubility of the potential intermediates generated during the process and
ligand loss associated with the equilibrium indicated in Equation 9. The low stability of the
anchored species during catalysis, along with the small amount of catalyst anchored on the
electrode surface, hindered a quantitative analysis of the products generated during catalysis after

several trials.

(a) (b)

1.61
1.41

—~1.21

£ 1.0

(&)

< 0.8

Eo6]
0.4l \k
0.2

06 04 02 00 02 04 00 1000 2000 3000
E (V vs. Fc*) t(s)

Figure 7. (a) Cyclic voltammograms in MeOH (= 0.1 M TBAPF) of [Cu'(L7)(MeCN)]@Crr
(S=0.25 cm?; I"= 1.2 nmol cm™) in the absence (solid red line) and in the presence (dashed red
line) of 0.4 M NH3. The bare electrode is shown under the same conditions in the absence (solid
black line) and in the presence (dashed black line) of 0.4 M NHj. Conditions: under an inert

atmosphere, Pt disk, CE; Ag/AgCl wire, pseudo-RE; v=100mV s™'. (b) CPE of the same electrode
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(red line) and the bare electrode (black line) at Eapp =0.24 V in MeOH (u= 0.1 M TBAPFs) in the
presence of 0.4 M NHs. Background subtracted Ocpe = 8.7-102 C, TON = 520 assuming 100%

FE.

As a comparison, the [Cu'(L10)(MeCN)]@Crr electrode in MeOH shows a rapid decrease in
current after cycling in the absence of NH3, indicating its lower anchoring stability in this solvent
(Figure S70). Although DFT calculations indicated similar immobilization energies for both
[Cu'(L10)(MeCN)] and [Cul(L10)(MeCN)] complexes (Tables S3-S6), we attribute the

detachment to the higher solubility of [Cu'(L10)(MeCN)] in that solvent.

We also attempted to perform heterogeneous electrocatalytic ammonia oxidation using
[Cu'(L7)(MeCN)|@Crp and [Cu'(L10)(MeCN)]@Crr electrodes in TFE, a solvent in which
both complexes are insoluble (Tables S1-S2). However, the resulting redox processes were less
defined and inconsistent, preventing the extraction of meaningful trends (Figures S91-S97 and
S71-S72, respectively). Moreover, a comparative study of [Cu'(L2)(MeCN)]@Crp and
[Cu'(L7)(MeCN)]|@Crr electrodes in TFE revealed that the additional phenyl units contribute to
more distinct electrochemical waves, likely due to the increased surface loading resulting from a
greater number of supramolecular interactions with the graphitic surface, as shown in Figures S96-

97.

CONCLUSIONS

We have prepared and thoroughly characterized a series of f-diketiminate ligands (LX, X = 1-
10) containing Me and CF; groups, along with various aromatic substituents at the nitrogen atoms.

These ligands were designed to explore catalysis and immobilization for heterogeneous ammonia
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oxidation. Additionally, we synthesized a non-symmetric fluorinated S-diketiminate ligand, HLS,
by isolating a f-ketoiminate intermediate (HL6), which enables the stepwise addition of
substituents. Furthermore, we established a novel methodology for introducing new moieties into
brominated f-diketiminate ligands based on Suzuki coupling. The Cu complexes of several f-
diketiminate ligands were synthesized and characterized, and their redox properties were studied
using CV and CPE electrochemical techniques. In the presence of 0.5 M NH3, both non-fluorinated
[Cu'(L1)(MeCN)] and fluorinated [Cu'(L2)(MeCN)] complexes rapidly establish an equilibrium
involving complete ligand dissociation, resulting in the formation of [Cul(NH3)4]*, as depicted in
Scheme 4. In homogeneous conditions, [Cu'(L1)(MeCN)] demonstrated electrocatalytic activity
for ammonia oxidation, whereas [Cu'(L2)(MeCN)] was either inactive or very slow under the
employed conditions, in contrast to previous literature results.?” The [Cu'(L7)(MeCN)] complex,
containing triphenyl groups, was anchored onto Crp via supramolecular CH-r and n-m interactions,
resulting in the molecular hybrid material [Cu'(L7)(MeCN)]@Crp. This material demonstrated
activity for heterogeneous electrocatalytic ammonia oxidation, achieving 520 TONs assuming
100% FE. While this work represents the first example of heterogenous ammonia electrocatalyzed
oxidation using first-row transition metal complexes, several limitations of this approach must be
addressed. These include low catalyst loading, the high solubility of potential reaction
intermediates, and the equilibrium formation of [Cu'(NH3)4]", which results in S-diketaminato
ligand dissociation and compromises system stability. Therefore, to develop improved molecular
hybrid materials utilizing first-row transition metal complexes, particularly Cu, it is essential to
minimize or eliminate the equilibrium that leads to [Cu'(NH3)4]" formation. This would prevent f-
diketaminato ligand loss and mitigate catalyst deactivation, enhancing the overall stability and

efficiency of the catalytic system.
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EXPERIMENTAL SECTION

General Considerations

All manipulations, unless stated otherwise, were performed under a dry inert atmosphere by
utilizing an MBraun glovebox and/or Schlenk techniques. All reagents were purchased from
common suppliers (e.g., Sigma Aldrich, Acros Organics, abcr GmbH, TCI, Carlo Erba Reagents)
and used without further purification unless otherwise noted. Full experimental details, including
synthesis, characterization, and electrochemical experiments, are provided in the Supporting
Information. 4-Bromo-2,6-diisopropylaniline (1),”!  3,5-diisopropyl-[1,1'-biphenyl]-4-amine
(), HL1,° HL25% HL3)" [Cul(L1)(MeCN)],’*” [Cu'(L1)(0OA0)]," and

[Cu'(L2)(MeCN)]*”%* have been previously reported in the literature.

Preparation of 3,5-diisopropyl-[1,1':4'" 1"-terphenyl]-4-amine (3)

1 (18.0 g, 70 mmol), 4-biphenylboronic acid (21.3 g, 106 mmol, 98%) and Pd(PPh3)4 (4.10 g,
3.51 mmol, 99%) were dissolved in toluene (200 mL) and EtOH (50 mL). The mixture was purged
with inert gas for 30 min. Meanwhile, NaxCO3 (80 mL, 2 M solution in water) was also purged
with inert gas for 30 min, and then added to the reaction mixture. The biphasic reaction mixture
was slowly heated to reflux, during which an exothermic reaction occurred, causing the reaction
mixture to turn black. The resulting mixture was maintained under reflux overnight under an inert
atmosphere. After cooling to RT, this was filtered through toluene-rinsed Celite pad, and the dark
organic layer was separated and dried over anhydrous Na>SO4. The solvent was removed under
reduced pressure and a brown/purple solid was obtained as a residue, which was purified by
column chromatography (silica gel, wet loading in DCM, hexane/DCM 8:2 to DCM, Ry~ 0.1) and

triturated in hexane to obtain pure 3 (7.55 g, 22.9 mmol, 33%) as a white solid.
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General protocol for the preparation of non-fluorinated HL1 and HL3 ligands

A solution of acetylacetone (1 equiv.) and the corresponding aromatic amine (2.1 equiv.) in
absolute EtOH was prepared under an inert atmosphere. Then, concentrated HCI (1.0 equiv.) was
added dropwise to the solution under stirring, and the reaction mixture was then refluxed for 24 h.
Upon cooling to 0 °C, the hydrochloride salt HLX-HCI precipitated as a solid, which was collected
by filtration, washed with cold EtOH, and dried under vacuum. To obtain the neutral (-
diketiminate ligand HLX, the dried salt was dissolved in DCM or CHClI3, and the solution was
treated with an equal volume of saturated aqueous Na>COs. After thorough mixing, the organic
layer was separated, washed with brine, dried over anhydrous Na>SOs, filtered, and concentrated
under reduced pressure. The resulting residue was either used directly (HL1, 78% yield) or
purified by recrystallization from 1:1 THF/"heptane (HL3, 36% yield).

General protocol for the preparation of fluorinated HL2, HL4, HLS, and HL7 ligands

Under an inert atmosphere, TiCls (6.0-12.0 equiv.) was added dropwise to a vigorously stirred
solution of the corresponding aromatic amine (2.1-4.2 equiv.) in anhydrous toluene or "heptane. A
dense precipitate formed immediately. The reaction mixture was stirred for 2 h at either RT or 0
°C. Hexafluoroacetylacetone (1.0 equiv.) was then added to the reaction mixture, and in some
cases, additional solvent was introduced to aid stirring. The resulting mixture was refluxed
overnight under an inert atmosphere. During the reaction, the color of the solution typically
changed (e.g., from orange or red to yellow or brown), and a precipitate consisting of TiO, and
aminium chloride byproducts formed. After cooling to RT, the precipitate was removed by vacuum
filtration, and the reaction flask was rinsed with "pentane or "hexane. The combined filtrate was
washed with water (x 3) and brine (x 1), then dried over anhydrous MgSO4 or Na>xSO4. The solution

was filtered, and the solvent was removed under reduced pressure to afford a crude orange or
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yellow residue. This residue was purified by recrystallization from MeOH (HL2, 23% yield) or
hexane (HL4, 68% yield; HLS, 1% yield), or in some cases, further purification was achieved by
column chromatography (e.g., using silica gel deactivated with 3% TEA and eluted with
hexane/EtOAc 9.5/0.5, HL.7, quantitative yield).

Preparation of HL6

Under an inert atmosphere, titanium tetrachloride (1.66 mL, 15.1 mmol) was added dropwise to
a vigorously stirring solution of 3 (14.2 g, 43.1 mmol) in anhydrous toluene (150 mL) at 0 °C. The
reaction mixture immediately turned dark and was stirred overnight at RT.
Hexafluoroacetylacetone (1.04 mL, 7.2 mmol, 98%) was then added, and the mixture was stirred
for 2 h at 90 °C. After this time, the color of the reaction mixture turned brown, and a significant
amount of precipitate consisting of titanium dioxide and P3 hydrochloride formed. A red solution
was isolated by vacuum filtration, which was washed with water (x 3) and brine (x 1). The organic
layer obtained was dried over anhydrous Na>SOs, and the solvent was removed under reduced
pressure to afford a red oil. MeOH (100 mL) was added, and the mixture was stirred at RT to form
a tan powder, which was isolated by vacuum filtration and washed with MeOH to yield HL6 (2.02
g, 3.89 mmol, 54%).

General protocol for the preparation of HL7 and HL8 from HL6

Under an inert atmosphere, TiCls (6.0 equiv.) was added dropwise to a vigorously stirred
solution of the corresponding aromatic amine (2.1 equiv.) in anhydrous toluene. A dense
precipitate formed immediately, indicating coordination to the amine. The reaction mixture was
stirred for 2 h at RT. After this time, a solution of HL6 (1.0 equiv.) in anhydrous toluene was
added to the reaction mixture. The resulting mixture was refluxed overnight under an inert

atmosphere. During this period, the reaction mixture typically darked in color (e.g., orange to dark

30



brown) and a substantial precipitate formed, primarily composed of TiCls and aminium chloride
byproducts. Upon completion, the mixture was cooled to RT, and the solid byproducts were
removed by vacuum filtration. The filtrate was washed sequentially with water (x 3) and brine (x
1), then dried over anhydrous Na;SO4. The organic phase was filtered and concentrated under
reduced pressure to yield a crude solid residue. The crude residue was triturated with MeOH,
affording the desired products (HL7, 78% yield; HLS8, 64% yield) as a yellow solid, which was
collected by filtration and dried under vacuum.

Preparation of HL9

Concentrated HCI (4.6 mL, 55 mmol, 37%) was added dropwise to a solution of acetylacetone
(5.8 mL, 56 mmol) and 1 (28.5 g, 111 mmol) in absolute EtOH (200 mL). The resulting mixture
was refluxed overnight. After cooling the reaction mixture to RT, hydrochloride salt HL9-HCI
formed as a white precipitate. The solvent was removed under vacuum, leaving an orange residue,
which was refluxed with cyclohexane (300 mL) for 1 h. The resulting slurry was then allowed to
cool to RT, filtered, and the solid was dissolved in DCM (300 mL). This solution was mixed with
a saturated aqueous NaCOs3 solution (200 mL) and stirred until the solid dissolved. The organic
layer was separated, washed with water (3 x 200 mL) and brine (200 mL), dried over anhydrous
NaxSOs, and filtered. The solvent was removed under reduced pressure, yielding a pinkish residue,
which was triturated with hexane and filtered to obtain HL9 (10.11 g, 17.5 mmol, 31%) as a white
solid.

Preparation of HL10

HL9 (5.76 g, 10.0 mmol), 4-biphenylboronic acid (5.95 g, 30.0 mmol) and Pd(PPhs3)4 (584 mg,
0.50 mmol) were mixed in toluene (100 mL) and EtOH (25 mL). The mixture was purged with

inert gas for 30 min. Meanwhile, NaxCOs3 (25 mL, 2 M solution in water) was also purged with
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inert gas for 30 min, and then added to the reaction mixture. The biphasic reaction mixture was
refluxed overnight. After cooling to RT, the mixture was filtered through a toluene-rinsed Celite
pad, and the dark organic layer was separated, washed with brine, and dried over anhydrous
NazS04 and filtered. The solvent was removed under reduced pressure, yielding a brown solid
residue. This residue was purified by column chromatography (wet loading in eluent, silica gel
deactivated with 3% TEA, DCM/hexane 8:2, Ry~ 0.9) and triturated with hexane to afford HL.10
(5.49 g, 7.6 mmol, 76%) as a white solid.

Preparation of [Cu(L3)(0Ac)]

A solution of HL.3 (40 mg, 0.1 mmol) in CHCI; (5 mL) was added to a stirring MeOH (15 mL)
solution of Cuf(AcO), (19 mg, 0.1 mmol, 98%). The resulting dark mixture was refluxed
overnight. After this time, the solvent was removed under reduced pressure, and the residue was
triturated with Et;0O (10 mL). The solid was filtered and washed with MeOH to yield
[Cu(L3)(AcO)] (18 mg, 0.034 mmol, 34%) as a dark brown powder.

Preparation of [Cu'l(L3);]

Inside a glovebox ([H2O < 0.1 ppm, [O2] < 0.1 ppm), a solution of "BuLi (2.5 M in hexanes,
0.24 mL, 0.60 mmol) was carefully added dropwise at RT to a stirring solution of HL.3 (200 mg,
0.50 mmol) in anhydrous THF (5 mL), avoiding overheating. The resulting orange mixture was
stirred at RT for 3 h. After this time, [Cu'(MeCN)4]CF3SOs (189 mg, 0.50 mmol) was added to the
reaction mixture, turning it dark. The mixture was stirred at RT for an additional 10 min. All
volatiles were then removed under dynamic vacuum, leaving a red residue that was suspended in
anhydrous "pentane (3 x 20 mL) and filtered through a Celite plug. The volatiles of the filtrate

were removed under dynamic vacuum, yielding a brown residue. This residue was recrystallized
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from "pentane (RT/-40 °C) to obtain [Cu''(L3)2] (37 mg, 0.042 mmol, 17%) as dark brown crystals.
Preparation of [Cu'l(L4);]

A solution of HL4 (102 mg, 0.1 mmol) in CHCI; (5 mL) was added to a stirring MeOH (15 mL)
solution of Cu'(AcO): (19 mg, 0.1 mmol). The resulting dark mixture was refluxed overnight.
After this time, the reaction mixture was left to cool to RT, and dark brown precipitates formed.
The solvent of the reaction mixture was removed under reduced pressure, and the residue was
triturated with MeOH (10 mL) and filtered to yield [Cu'(L4)2] (57 mg, 0.053 mmol, 53%) as a
dark brown powder.

General protocol for the preparation of [Cu'(L1)(MeCN)], [Cu'(L2)(MeCN)],
[Cu!(L7)(MeCN)], and [Cu'(L10)(MeCN)] complexes

Inside a glovebox ([H20] < 0.1 ppm, [O2] < 0.1 ppm), a solution of "BuLi (2.5 M in hexanes,
1.0-2.0 equiv.) was carefully added dropwise at RT to a stirring solution of the corresponding -
diketiminate ligand HLX (1.0 equiv.) in anhydrous THF, avoiding overheating. The resulting
mixture was stirred at RT for 3 h. After this time, [Cu'(MeCN)4]CF3SOs3 (1.0 equiv.) was added to
the reaction mixture, resulting in a darkening of the solution. The reaction was stirred at RT for an
additional 10 min. All volatiles were then removed under dynamic vacuum, leaving behind a
colored residue that was suspended in anhydrous "pentane or benzene (3 x 10-20 mL) and filtered
through a Celite plug. The volatiles from the filtrate were removed under dynamic vacuum to yield
a crude product. The resulting solid residue was then recrystallized from "pentane or MeCN (RT/-
40 °C), and washed with cold "pentane to afford the pure [Cu'(LX)(MeCN)] complex as crystalline

material (X =1, 40% yield; X =2, 29% yield; X =7, 48% yield; X =10, 18%).
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Experimental protocols, electrochemical data, X-ray diffraction characterization and
computational details can be found free of charge in the supporting information (PDF). CCDC
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Union Road, Cambridge CB2 1EZ, UK; fax +44 1223 336033. Calculations are uploaded on
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