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ABSTRACT: The development of earth-abundant transition metal complexes for electrocatalytic ammonia oxidation is
needed to facilitate a renewable energy economy. Important to this goal is a fundamental understanding of how ammonia
binds to complexes as a function of ligand geometry and electronic effects. We report the synthesis and characterization of a
series of Fe(I[)-NHs complexes supported by tetradentate, facially-binding ligands with a combination of pyridine and N-
heterocyclic carbene donors. Electronic modification of the supporting ligand led to significant shifts in the Fe!''/!! potential
and variations in NH bond acidities. Finally, investigations of ammonia oxidation by cyclic voltammetry, controlled potential
bulk electrolysis, and through addition of stoichiometric organic radicals TEMPO and ®3Ar0O- are reported. No catalysis of
oxidation of NH3 to N2 was observed, and >N was detected only in reactions with Bu3ArQ-.

The transition from a fossil fuel-based system to a
sustainable economy requires discovery of new scientific
principles that support the development of clean
technologies. While progress has been made in the design
and implementation of renewable, carbon-neutral energy
production, further advances are needed in large scale
energy storage because of solar and wind energy sources
are intermittent. Ammonia has been targeted as a potential
carbon-free energy storage solution because of its high
energy density and ease of liquefaction.! In addition,
adoption of ammonia as an energy storage vector would be
facilitated because of ammonia’s large-scale use as a
fertilizer and the existing storage and distribution
networks.

While NHs can be used as a fuel in internal combustion
engines, significant improvement in efficiency and
reduction in NOx emissions can be realized if the six-
electron, six proton oxidation of NHs3 to N: is carried out
electrochemically in a fuel cell (Equation 1). Fundamental
studies of NHs binding and oxidation by transition metals
will facilitate the design of catalytic ammonia oxidation

2NH3—>N2+6e-+6H+ (1)

technology.

Ammonia is a classical ligand in coordination chemistry,
and its oxidation and coupling mediated by transition
metals has been demonstrated. Collman and coworkers
found that the formal removal of H* (via oxidation and
deprotonation) from cofacial Ru porphyrins resulted in N-
N coupling to give a binuclear Ru(¢-NzH4)Ru complex.z We
later reported catalytic NHs oxidation to Nz by

[Ru(tetramesitylporphyrin)(NHs)z] using organic aryloxy
compounds as a hydrogen atom abstraction (HAA) reagent.3
These HAA reagents have also been used for oxidation of M-
NHs complexes with Cr,* Mo,> Mn,® Os,” and Ni® complexes,
and have the potential to function as mediators that are
regenerated at an electrode.? Progress has also been made
in homogeneous electrochemical ammonia oxidation using
Mn,10 Fe, 11 Cu,'? and Ru.'® Llobet and coworkers recently
reported an immobilized molecular Ru catalyst that
displayed high stability and activity at a potential of 0.1 V vs
Fc*/0,14 a significant improvement over the corresponding
homogeneous molecular electrocatalyst.13b

The key step of N-N bond formation has a large favorable
influence on the thermodynamics of oxidation of NH3.%2 This
step has been proposed to proceed by (a) bimolecular
coupling of two M—NH, species, (b) nucleophilic attack of
ammonia on an oxidized M-NH, species, or (c) coupling of
two cis-coordinated M(NH.)(NHm) species (Figure 1). The
coupling of cis ligands has only been proposed recently,!12b
as most transition metal complexes investigated for
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Figure 1. Proposed modes of N-N coupling in ammonia
oxidation catalysis.

ligands in a trans-orientation. Zott and Petersreported an
Fell polypyridyl electrocatalyst for ammonia oxidation that
exhibits a turnover number (TON) of 149 equiv. N2 per
Fe.l1» Their catalyst required an applied potential of +0.85
V vs Fc*/9, giving an overpotential of >1.7 V and requiring
the use of a boron-doped diamond electrode to avoid
deleterious ammonia oxidation at a glassy carbon electrode
(onset at ~0.2 V vs Fc*/9). In addition, both catalysts
proposed to operate by mechanism C were found to be
unstable at high [NHz].

With the goal of addressing the limitations described
above and gaining more understanding of the reactivity of
transition metal complexes containing cis-coordinated
ammonia ligands, we sought to identify ligands that would
enable retention of the desired binding geometry while
allowing the systematic modification of ligand electronics.
Kithn and coworkers have developed a series of
tetradentate ligands containing both pyridine and N-
heterocyclic carbene (NHC) donors.'> When a three carbon
linker is installed between the two halves of the ligand,
complexes bind these ligands in a facial coordination
geometry, binding two cis MeCN ligands.

RESULTS AND DISCUSSION

We initially targeted [H(NCCN)Fe(NCCH3)z][PFs]2,1%
(Scheme 1) where the tetradentate ligand, H(NCCN),
consists of two NHC and two pyridine donors. When
[H(NCCN)Fe(NCCHs3)2]?* is treated with "NH3 (1 atm) a color
change from red to dark red was observed upon NHs3
dissolution, giving facile, clean conversion to
[M(NCCN)Fe(*>NH3)2]?* (Scheme 1), which was stable in
solution for weeks with <5%  decomposition. Two
diagnostic doublets for the Fe-15NHs ligands appeared in
the 'H NMR spectrum at 0.19 (Ywu = 67.0 Hz) and 2.48 ppm
(Ynu = 65.6 Hz); both collapse to singlets in the 'H{>N} NMR
spectra.

Scheme 1. Reaction of Ammonia to Give a bis-(NHs)
Complex.
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The 15N NMR spectrum displays two quartets at -399.4
and -430.4 ppm that are shifted upfield of free >NH3 (-383
ppm), demonstrating a significant difference between
pyridine or NHC as trans donors. 2D NOESY and selective
1D NOESY NMR experiments allow assignment of the -399.4
ppm 5N signal to the ammonia ligand trans to the NHC and
the -430.4 ppm signal to the ammonia ligand trans to the
pyridine (Figure S9). In the B3C{'H} NMR spectrum, two
bond 1°N-13C (¥nc = 4 Hz) coupling is observed to the
carbene carbon resonance at 216.7 ppm.

When [H(NCCN)Fe(NCCHs3)2]?* is treated with 0.25 atm
15NHs, the formation of [H(NCCN)Fe(5NHz)z]?*, as well as
two isomers of [H(NCCN)Fe(NHs)(NCCHs)]?* are observed,
where the single NHs ligand is bound trans to either a
pyridine or NHC. Complete conversion  to
[M(NCCN)Fe(*>NH3)2]?* is observed under 1 atm NHs. Single
crystals of [M(NCCN)Fe(NHs)2]?* were grown under an NHs
atmosphere, and X-ray diffraction studies show Fe-NHj3
bond lengths of 2.084(2) and 2.047(2) A for the ammonia
ligands trans to the NHC (N1) and pyridine (N2),
respectively (Figure 2).

Figure 2. Solid state structure of [NMe2(NCCN)Fe(NH3)2]2* as
determined by X-ray diffraction. Cocrystallized solvent and PFs
anions are not shown. Thermal ellipsoids are displayed at 50%
probability.

These values are consistent with reported values of
similar Fe(NHs) complexes (2.09 + 0.07 A).112 b 16 While
adjacent pyridine and NHC'’s are coplanar, because of the
propyl-linker and 5-membered pyridine-NHC chelate, the
NHC ligands are slightly twisted, with Nnuc-Cnuc-Fe angles of
114.5°/141.7° and 115.0°/140.5° away from typical angles
of 128° for monodentate NHC transition metal complexes
(Figure 2). When these single crystals were redissolved in
CD3CN, a mixture of species was observed due to
substitution of NH3 by CD3CN.

In electrochemical characterization using cyclic
voltammetry, a reversible wave for the Fe/I' couple of
[F(NCCN)Fe(NCCH3)2]?* occurs at E1/2 = +0.55 V vs Fc*/% in
MeCN (Figure 3). In the presence of NH3z (~1.8 M), a
significant cathodic shift is observed, with a new,
irreversible Felll/ll pxidation with Epa = +0.10 V vs Fc*/0
(Figure S48). When the potential was swept to more
oxidizing potentials a significant increase in current was
observed, but background NHs oxidation by the glassy
carbon electrode’3¢ made it difficult to distinguish possible
Fe-mediated ammonia oxidation.’3 17 A controlled
potential bulk electrolysis experimentat 0.36 Vvs Fc*/? with
[M(NCCN)Fe(NCCHs3)2]?* in the presence of NH3z (1 atm) in
MeCN using a carbon felt working electrode only passed 8
e-/Fe, and no N2 was detected in the headspace by GC using
a thermal conductivity detector.

The reactivity of [H(NCCN)Fe(NHs)z]2* with organic
radicals was also investigated. While of
[F(NCCN)Fe(NHs3)2]?* does not react with TEMPO radical
under an ammonia atmosphere, it does react with 2,4,6-tri-
tert-butyl-aryloxy radical (‘BuzArO-). After 25 h with 13
equiv. fBusArO* and 0.5 atm 1°NHsz, 1°N{'H} NMR
spectroscopy revealed formation of a small amount of 5Nz,
as well as larger unidentified peaks at -344.1 and +4.8 ppm
(Figure S45). Analysis of the volatiles after vacuum



transferring the contents of the sample did not detect any
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Figure 3. Effect of ligand modulation on the Fell/I couple by
cyclic voltametry. [H(NCCN)Fe(NCCH3)2]2* (red),15a
[Me(NCCN)Fe(NCCH3)22+ (green), [NMe2(NCCN)Fe(NCCHs3)z]2+
(blue), and (tetra-NHC)Fe(NCCH3)2]2+ (purple)?® are shown.

Inspired by the work of Smith and Hamann on molecular
catalysts for ammonia oxidation'*¢ and others on the
electronic effect of NMe: substitution,?° we sought to shift
the Fel/I couple cathodically through substitution of the
pyridines of the ligand. A Me-substituted ligand, M¢(NCCN),
and a NMez-substituted ligand, NMe2(NCCN), were both
synthesized.

Imidazolyl-pyridines were synthesized through reaction
of substituted 2-bromopyridines and K:COs in neat
imidazole, and were easily purified by flash column
chromatography. Subsequent reaction of the substituted
imidazolyl-pyridines (2 equiv.) with 1,3-dibromopropane
proceed smoothly in 1,4-dioxane before anion exchange to
give the desired ligands Me¢(NCCN) (77% yield) and
NMe2(NCCN) (71% yield) as white solids (Scheme 2). The use
of 1,4-dioxane as solvent avoided pressurization of reaction
vessels and gave comparable yields to similar literature
synthesis that utilized THF at 100°C. Metalation of M¢(NCCN)
and NMe2(NCCN) were carried out using Fe[N(SiMes)z]2 to
give [R(NCCN)Fe(NCCHs3)z][PFs]z (R = Me (98%) and NMe:
(79%)).

[Me(NCCN)Fe(NCCHs3)2]?** reacts with NHs in a very similar
fashion as the  H(NCCN) analogue, forming
[Me(NCCN)Fe(NHs3)z]?* under 1 atm of NHs and a mixture of

[Me(NCCN)Fe(NHs)z]2* and both isomers of
[Me(NCCN)Fe(NH3)(NCCHs)2]?* under 0.25 atm !5NHs, as
observed by NMR spectroscopy. Four distinct Fe-15NH3
doublets are observed in the 'H NMR spectrum (Figure
S24), and four peaks are observed in the 15N{*H} NMR
spectrum (Figures 4, S25). [M¢(NCCN)Fe(NCCHs3)z]?* and
[Me(NCCN)Fe(NH3)z]?* were also both characterized by
single crystal x-ray diffraction (Figures S55, S56).

Scheme 2. Synthesis of M¢(NCCN) and "Me2(NCCN)
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Cyclic voltammetry experiments show that the Felll/l
couple only shifts by 40 mV as a result of the addition of two
methyl groups (Figure 3). This small electronic effect is
expected to have only a small influence on reactivity in
comparison to [H(NCCN)Fe(NCCHs):]?*, so CV and bulk
electrolysis studies under NHs were not pursued.
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Figure 4. 15SN{1H} NMR spectrum of [Me(NCCN)Fe(NCCHz)2]2*
under 0.25 atm !5NHs. Assignment of peaks is based on NOESY
NMR experiments of [H(NCCN)Fe(NH3)2]2+.

The more electron-donating ligand in
[NMe2(NCCN)Fe(NCCHz3)2]?* results in a -280 mV shift (to
+0.27 V vs Fc*/9) in the Fe/I' couple, relative to
[M(NCCN)Fe(NCCHs3)2]?* (Figure 3). When a degassed
solution of [N\Me2(NCCN)Fe(NCCHs)2]?* was exposed to 1>NH3
(0.25 atm), four new signals are observed in the N{'H}



NMR spectrum, as well as four Fe-1>NH3 signals in the 'H
NMR spectrum, again consistent with

|'L| _| (PFe)2 NH
m\

(PFe)2 NH (PFe)2
3
M-S
N W\
/ o\“ N
NH; N)).....Fé» Nb—
Theen, A =
H3N AN

F

NMe,
[NMe2(NCCN)Fe(NH3),]%*

Figure 5. Equilibrium between [NMe2(NCCN)Fell(NCCHs3)2]%+, [N\Me2(NCCN)Fe!!(NH3)(NCCH3)]%+, and [NMe2(NCCN)Fe!!(NH3)2]2+, and
structures from single crystal X-ray diffraction studies. Cocrystallized solvent and PFe anions are not shown. Thermal ellipsoids are

displayed at 50% probability.

formation of both isomers of
[NMe2(NCCN)Fe(NHs)(NCCH3)]2. Under 1 atm !SNHs,
["Me2(NCCN)Fe(15NHs)2]?* was the sole product observed.
I5SN{1H} NMR spectroscopy shows that NMe:-substitution of
the pyridine results in a 1.4 ppm upfield shift in the signal
for N2 and a 0.4 ppm downfield shift in the signal for N1,
comparing [M(NCCN)Fe(*>NHz3)2] and
[\Me2(NCCN)Fe(*>NHs)2]?*. Comparison of the 'H NMR
spectra of the same two compounds shows upfield shifts of
the protons on both the N1 (A = -0.09 ppm) and N2 (A = -
0.34 ppm) ammonia signals in [NMe2(NCCN)Fe(**NHz)2]?.
Thus, larger changes are observed in the Fe-NHs trans to
the pyridine, as expected.

Through vapor diffusion of Etz0 into concentrated MeCN
solutions of [¥Me2(NCCN)Fe(NCCHz)2]%* with varying
concentrations of  NHj, single crystals of
[NMe2(NCCN)Fe(NCCH3)2]2* (no NH3 present),
[NMe2(NCCN)Fe(NH3)(NCCH3)]%+, and
[\Me2(NCCN)Fe(NHs)2]?* were obtained and analyzed by X-
ray crystallography (Figure 5). The same crystallization
conditions used to characterize [Y(NCCN)Fe(NHz)2]%*
resulted in [N\Me2(NCCN)Fe(NHs)(NCCH3)]?, suggesting that
the more electron-rich "Me2(NCCN) ligand leads to lower
affinity for ammonia. Minor elongations of the Fe-N2 bond
is observed moving from [NMe2(NCCN)Fe(NCCHz)(NH3)]?* to
[VMe2(NCCN)Fe(NH3)2]?*, from 2.0363(17) A to 2.0513(12)
A, but the overall structural parameters do not change
significantly between the three structures with the
NMe2(NCCN) ligand.

When [NMe2(NCCN)Fe(NCCH3)2]?* is dissolved in MeCN
that is saturated with NH3, a 460 mV cathodic shift in the
Fell/ll couple is observed to -0.19 V vs Fc*/0 (Figure 6). In

contrast to [H(NCCN)Fe(NCCHs)z]?*, the Fel/I couple is
reversible under NH; (Figure 7). When CV data are collected
under lower [NH3] (0.5 M), an additional oxidation feature
attributed to [VMe2(NCCN)Fe(NHs)(NCCH3)]?* is observed
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Figure 6. Cyclic voltammograms of 1 mM
[NMe2(NCCN)Fe!l(NCCH3)2]2+ (red, under N3 and



[NMe2(NCCN)Fell(NHs)2]2+ (blue, ~2 M NH3) in MeCN with 100
mM [nBua4][PFé].
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Figure 7. Cyclic voltamagrams of [H(NCCN)Fe(NHz3)z]2+ (red)
and [NMe2(NCCN)Fe(NH3)2]2+ (blue) in MeCN with ~2 M NH3
with 100 mM [nBua][PFe].

and [NMe2(NCCN)Fe(NCCH3)2]?* (Epa = 0.05 Vvs Fc*/0). Scan
rate dependency studies indicate that equilibration of
Fell(NHs)2, Fe!'(NH3)(NCCH3), and Fe!'(NCCHz3): is occurring
on the CV time scale (Figure S49 - 50). At fast scan rates (up
to 10 V/s), the oxidation feature for the Fe''(NHs)zat-0.19V
passes less current, and the waves corresponding to the
Fe!l(NH3)(NCCH3) and Fe!'(NCCH3), at 0.05 V and +0.27 V,
respectively, increase in current. At scan rates down to 25
mV/s, the wave at -0.19 V is much larger, indicating that as
the Fe!'l(NHs):2 is oxidized at the electrode, the equilibria of
Fell(NHs)2, Fe!'(NH3)(NCCH3), and Fe!'(NCCHs)2 replenishes
the concentration of [NMe2(NCCN)Fe!'(NHs)z]2* near the
electrode, resulting in a larger proportional current passed.

The irreversible electrochemical behavior of
[H(NCCN)Fe!(NHs3)2]>* under an NHs atmosphere is
potentially caused by deprotonation of
[F(NCCN)Fe!"(NHs)2]3* by free NH3 (pKa = 16.46 in MeCN for
NH4*),2! and similar reactions are proposed in mechanisms
of electrocatalytic ammonia oxidation using NHs as the
base_lla,b,lzb

The deprotonation of the more electron-rich
["Me2(NCCN)Fe(15NHs)2]?* after oxidation was then
investigated using a base stronger than NHs. Upon addition
of 1,1,3,3-tetramethylguanidine (TMG, pKa = 23.35 in MeCN
for TMG(H)*)?2, reversibility of the Fell/Il is lost and a
cathodic shift of the Ep. is observed, consistent with
deprotonation of the [NMe2(NCCN)Fe'(NHs)2]3+ that is
produced from oxidation at the electrode (Figure 8).23

The reactivity of [VMe2(NCCN)Fe(NHs):]?* with organic
radicals was also investigated, and similar to the #(NCCN)

analogue, no reaction was observed between
[\Me2(NCCN)Fe(NCCH3)2]** and TEMPO in the absence or

presence of NHsby 'H NMR spectroscopy. In the absence of
NH3, no reaction was observed between
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Figure 8. Cyclic  voltammograms of 1 mM
[NMe2(NCCN)Fe(NH3)2]2* and 2M NHs3 in the absence (blue) and
presence (green) of 79 mM TMG with 100 mM [nBus][PF¢] in
MeCN. Background oxidation of NH3 (gray dashes) and TMG
(red dots) are also shown.

[\Me2(NCCN)Fe(NCCH3)2]** (13 mM) and ‘BusArO- (11
equiv.) either. When '>NH3 (1 atm) was added, the dark blue
color of ‘BuszArO* faded over 30 min, and ‘BuzArOH was
observed by 'H NMR spectroscopy. An overnight >N NMR
experiment showed formation of *Nz and an unidentified
species at-254.5 ppm. Analysis of the headspace of the NMR
tube by GC-TCD showed 1 equiv. N2 formation. A similar
reaction with [\Me2(NCCN)Fe(NCCHz3)2]?* (4.7 mM), 1>NHs (1
atm), and higher ['BuzArO°] (288 mM, 61 equiv.) gives
similar results as with the #(NCCN) analogue, with a small
amount of 15Nz observed as well as unidentified resonances
at-345.1 and +4.0 ppm.

Kithn and coworkers reported an Fe''(NCCHs)2 complex
with a facially-binding tetradentate NHC ligand ([(tetra-
NHC)Fe(NCCH3)2][PFs]2)®  (Figure 9) and have
demonstrated nicely that replacing pyridine donors with
NHC ligands systematically shifts the Fe!'/I couple when
ligated to Fe.15> While the binding geometry is very similar
to the R(NCCN) complexes discussed above, the Fe/I'couple
is shifted even further cathodically to +0.02 V vs Cp2Fe*/0+
(Figure 2).

| _l (PFe)2
[)" Fe

[(tetra-NHC)Fe(NCCHs)z][PFelz

Figure 9. [(tetra-NHC)Fe(NCCH3)2][PFs]2 reported by Kiihn
and coworkers.19

When a CD3CN solution of [(tetra-NHC)Fe(NCCHz)z]%*
was placed under NH3 (1 atm) in an NMR tube, partial
conversion to a new species was observed. Only one Fe-
15NH3 peak is observed, at 1.48 ppm (nu = 66.4 Hz). Due to



abundance of NMR signals arising from many
diastereotopic hydrogens and low symmetry (C:) of these
complexes, accurate NMR integration was hampered, but
conversion of [(tetra-NHC)Fe(NCCH3z)2]?* was estimated as
40%.

A SN{'H} NMR experiment showed a single 5N signal at
-415.7 ppm, compared to -398.6 and -433.7 ppm signals for
["Me2(NCCN)Fe(NH3)2]?*. The mono-NHs isomers for
["Me2(NCCN)Fe(NH3)(NCCH3)]** give N signals at -401.0
ppm (1°NHs trans to the NHC donor) and -433.3 ppm (15NH3
trans to the NMez-pyridine donor).

While [(tetra-NHC)Fe(NCCHs)2]?* has four NHC donors,
the two labile binding sites are distinct, as one has steric
pressure from a wingtip NHC methyl group. When Kithn and
coworkers added PMes (4 equiv) to [(tetra-
NHC)Fe(NCCHs3)z]?* only a single substitution was observed,
forming [(tetra-NHC)Fe(PMes)(NCCH3)]?*.%° Furthermore,
only a single isomer of [(tetra-NHC)Fe(PMes)(NCCHs)]%*
was observed in solution and in the structure determined
by crystallography.

The appearance of a single Fe-15NH3 resonance by 'H and
15N NMR spectroscopy and CV data are consistent with
formation of [(tetra-NHC)Fe(1SNH3)(NCCH3)]?*. Our data
currently cannot distinguish if only a single isomer is
present due to steric constraints or if the two isomers are in
rapid exchange on the NMR time scale, leading to signal
averaging.

Cyclic voltammetry studies of [(tetra-NHC)Fe(NCCHz3)2]%
in NHs-saturated MeCN (~2 M) show the formation of
several new quasi-reversible redox events at -0.66 V (AE,=
69 mV) and -0.29 V (AEp= 151 mV) with a scan rate of 100
mV/s (Figure 10). Given the similarities to CV data of
[\Me2(NCCN)Fe(NCCHs3)2]?* in the presence of lower [NH3],
the redox feature at -0.29 V is attributed to [(tetra-
NHC)Fe(NH3)(NCCHs)]%*and the smaller couple at -0.66 V is
attributed to of [(tetra-NHC)Fe(NHs3)2]2*. This would
constitute a 310 mV shift for the first substitution of bound
MeCN for NHs and a 370 mV shift for the second
substitution.

While AEp = 69 mV for the FeVII(NH3)2 is close to the
idealized 59 mV, AE, mV for Fe!'/lI(NH3)(NCCH3) is much
larger (151 mV). The ratio of cathodic and anodic peak
currents, ipc/Ipa, is 1.05 for the couple at the Fe!/II[(NH3)2 and
0.92 for the Fe!ll/I(NH3)(NCCHs) at 100 mV/s. The data are
consistent with an  equilibrium between the
Fe(NH3)n(NCCH3)m (n + m = 2) species on the CV time scale.
When the scan rate is increased to 2000 mV/s, the
Fell/IINCCH3)2 is also observed (Ei2= +0.02 V) and the
current passed for the two earlier oxidation waves
decreases when normalized for scan rate.

CONCLUSIONS

A series of Fell(NHs)2 and Fe!'(NH3)(NCCHs) complexes
with facially-coordinating, tetradendate ligands have been
synthesized and characterized to better understand
ammonia binding and activation. This report demonstrates
the balance of supporting ligand binding strength, stability,
and electron density on the metal with the ability to bind
multiple NHs ligands to one metal center. From
[F(NCCN)Fe(NHs)2]?* to [(tetra-NHC)Fe(NHs)2]?*, a 600 mV
range was observed in the Fe!'/Il couple. Over this range, a

significant change in the ability to bind two NHz ligands was
observed, with the very electron-rich (tetra-NHC) ligand
resulting in primarily monosubstituted Fe(NH3)(NCCHs)
complexes even under high [NHz3]. A significant difference in
the pKa of the oxidized [R(NCCN)Fe™(NHs)2]3* complexes
was also observed. With the ®NCCN ligand, results were
consistent with deprotonation of the Fe"-NHsz being
deprotonated by NH3s in solution, while the more electron
rich N\Me2(NCCN) ligand requires a stronger base the achieve
the same result. This has implications in designing
electrocatalysts for ammonia oxidation, as careful choice of
the base is needed to minimize overpotential while
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2
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]
S
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154
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retaining desired reactivity.

Figure 10. Cyclic voltamagrams of [(tetra-NHC)Fe(NCCHz)2]2*
in MeCN under N: (purple) or in an NHs-saturated solution
(red) with 100 mM [nBu4][PFs] and a scan rate of 100 mV/s.
Cp2CoPFs (-1.33 V) is present for internal referencing.

EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out
using a nitrogen Schlenk line or a Vacuum Atmospheres nitrogen-
filled glovebox unless otherwise specified. Experiments where
headspace was sampled to look for N2 formation by GC-TCD were
performed in an argon glovebox. All glassware was dried overnight
at 160 °C before use. CD3CN and CDCl3 was dried over CaHa,
vacuum distilled, and stored over activated 3 A molecular sieves.
NMR spectra were recorded on a Bruker NEO 600 MHz
spectrometer equipped with TCI cryoprobe or Bruker NEO 500
MHz spectrometers with SmartProbes. NMR spectra were
referenced to the residual solvent peak (1H, 13C) with SiMe4 defined
as 0 ppm.24 31P and 15N NMR spectra were referenced to external
standards of 85% H3PO4 (31P) or CH315NO2 (15N), both defined as 0
ppm. NMR spectra were recorded at 298 K unless otherwise
specified. FT-IR spectra were recorded using a Thermo Scientific
NICOLET iS10 spectrometer with a diamond ATR attachment.
Elemental analyses were performed by Atlantic Microlab
(Norcross, GA).

Acetonitrile, methylene chloride, diethyl ether, pentane, and
toluene were dried by passage through columns containing
activated alumina and molecular sieves (Innovative Technology,
Inc, PureSolvT™ solvent purification system). 1,4-dioxane
(anhydrous, unstabilized) was purchased from Sigma Aldrich and
used as received. Ethyl acetate, chloroform, and methanol used for
ligand synthesis used without purification or drying.

5-methyl-2-bromopyridine (98%, TCI), 4-dimethylamino-2-
bromopyridine (95%, Ambeed), 1,3-dibromopropane (98%, TCI),



imidazole (99%, Aldrich), and TEMPO (98%, Sigma Aldrich) and
stored under Nz. 1NH3 (98% purity) was purchased from
Cambridge Isotope Laboratories, Inc and NHs was purchased from
Matheson.

[F(NCCN)Fe(NCCH3)2][PFs]2 153, 2-(1H-imidazol-1-y1)-5-
methylpyridine?s, and tri-tert-butyl phenoxyl radical?¢ were
synthesized according to the previously reported procedure. 2-
(1H-imidazol-1-yl)-N,N-dimethylpyridin-4-amine has previously
been reported by a different route.2?

[H(NCCN)Fe(NH3)2][PFs]2

[H(NCCN)Fe(NHs)2]2* was synthesized by exposure of
[H(NCCN)Fe(NCCHs)2]2* to NHs (1 atm) in CD3CN. Upon dissolution
of the NH3 in solution a rapid color change is observed and NMR
analysis shows full conversion to [H(NCCN)Fe(NHs)z]2*. Single
crystals suitable for X-ray diffraction were grown by vapor
diffusion of Et20 into a concentrated MeCN solution of
[H(NCCN)Fe(NHs)2]?+ at 23 °C in a glovebox. The MeCN used for
crystallization had been previously sparged with NH3z (natural
abundance). For elemental analysis, single crystals of
[H(NCCN)Fe(NHs)2]%* were removed from the mother liquor, dried
briefly under vacuum. Elemental analysis is satisfactory for the
contents of the unit cell determined by single crystal X-ray
diffraction studies on the same batch of crystals. 15NH3 was used
For NMR characterization.

1H NMR (400 MHz, CD3CN) 6§ 8.92 (d, /= 5.7 Hz, 1H), 8.31 (t,] =
7.9 Hz, 1H), 8.20 (d, ] = 2.3 Hz, 2H), 8.06 (d, ] = 8.4 Hz, 1H), 7.73 (m,
2H), 7.63 (d,J=8.2 Hz, 1H), 7.51 (d,J = 2.3 Hz, 1H), 7.28 (d, / = 2.3
Hz, 1H), 6.97 (d, ] = 5.8 Hz, 1H), 6.78 (t, ] = 6.6 Hz, 1H), 4.50 - 4.40
(m, 1H), 3.99 (dt,J = 15.3, 3.4 Hz, 1H), 3.72 - 3.63 (m, 1H), 2.49 (m,
2H), 2.48 (d, Ynu = 65.6 Hz, 3H), 2.21 (dd, / = 10.7, 5.3 Hz, 2H), 0.19
(d, Ynu = 67.0 Hz, 3H).

13C{1H} NMR (151 MHz, CD3CN) & 219.7, 216.7 (d, ] = 4 Hz),
156.3 (d, /] = 8 Hz), 154.3, 152.9, 141.0, 139.0, 129.1, 126.6, 123.5,
121.0,120.9,118.9,112.5,111.9, 46.9, 46.4, 30.9.

15N{1H} NMR (50.7 MHz, CD3CN) 6 -399.4 (N1), -430.4 (N2).

15N NMR (60.9 MHz, CD3CN) & -399.9 (q, Ynu = 65.7 Hz), -430.0
(9, Ynu = 66.9 Hz)

Anal. Calcd for C19H24F12FeNgP2 o (MeCN) o (Et20)os: C, 35.04; H,
4.09; N, 15.99. Found: C, 35.38; H, 4.01; N, 16.58. Single crystals of
[H(NCCN)Fe(NH3)2][PFs]z  (MeCN) e (Etz0)o.s from the same batch
used for XRD analysis were briefly dried under vacuum and sent
for elemental analysis.

2-(1H-imidazol-1-yl)-N,N-dimethylpyridin-4-amine

2-(1H-imidazol-1-yl)-N,N-dimethylpyridin-4-amine was
synthesized by a modification of a literature procedure.?s In air, a
pear-shaped Schlenk flask was charged with 4-dimethylamino-2-
bromopyridine (2.075 g,10.3 mmol), imidazole (2.28 g, 33.4 mmol,
3.2 equiv.), anhydrous K2C03 (2.99 g, 21.6 mmol, 2.1 equiv.), and a
PTFE-coated stir bar. The flask was fitted with a reflux condenser
and put under an N2 atmosphere. The reaction was heated to 180
°C for 24 h, during which the sublimed imidazole was occasionally
scraped back into the reaction melt. After cooling to room
temperature, H20 (30 mL) and CHCl3 (20 mL) were added to
dissolve the contents of the flask before it was transferred to a
separatory funnel. The aqueous layer was extracted with CHCl3 (3
x 100 mL). The combined chloroform fractions were washed with
an aqueous KzCOs solution (3 x 60 mL) before removing the
solvent under vacuum. The crude product was purified using flash
column chromatography (silica gel, 2 x 30 cm column, 100:1
EtOAc:MeOH, Rr = 0.3)27 to give the product as a white powder
(1.26 g, 65% yield).

1H NMR (500 MHz, CDCls) § 8.76 (s, 1H), 8.09 (d, / = 6.0 Hz, 1H),
7.70 (s, 1H), 7.24 (d, J = 1.3 Hz, 1H), 6.63 (d, / = 2.3 Hz, 1H), 6.49
(dd, J = 6.0, 2.3 Hz, 1H), 3.10 (s, 6H).

[Me(NCCN)][PFs]2

In a N2z-filled glovebox, a 100 mL Schlenk flask was charged with
2-(1H-imidazol-1-y1)-5-methylpyridine (2.993 g, 18.80 mmol), 1,4-
dioxane (50 mL), and a PTFE-coated stir bar. Using a Schlenk line,
a reflux condenser was fitted to the Schlenk flask and 1,3-
dibromopropane (950 pL, 9.36 mmol, 0.5 equiv.) was added by
syringe. The solution was refluxed for 65 h before cooling to room
temperature to give a colorless solution and white precipitate. In
air, the white solid was collected on a glass frit and washed with
toluene (20 mL). The solid was then dissolved in H20 (50 mL) and
slowly added to a stirring solution of NH4PF¢ (3.168 g, 19.44 mmol,
2.1 equiv.) in H20 (100 mL) to give a flocculant pale yellow solid.
The mixture was stirred for 15 minutes before the solid was
collected on a glass frit and rinsed with H20 (2 x 50 mL) to remove
excess NH4PFs and NH4Br, then 20 mL CHzClz. The product was
collected and dried under high vacuum overnight (4.67 g, 77%
yield).

1H NMR (600 MHz, CD3CN) 6 9.28 (t, / = 1.7 Hz, 2H), 8.43 - 8.40
(m, 2H), 8.08 (t,] = 1.9 Hz, 2H), 7.95 - 7.90 (m, 2H), 7.63 (d, /= 8.3
Hz, 2H), 7.61 (t,] = 1.9 Hz, 2H), 4.37 (t,] = 7.3 Hz, 4H), 2.56 (quintet,
J=7.3 Hz, 2H), 2.43 (s, 6H).

13C{1H} NMR (125 MHz, CDsCN) 6 150.6, 145.3, 141.6, 137.1,
135.0,124.4,120.7,114.5, 47.9, 30.5, 18.0.

Anal. Calcd for C21H24F12N6P2: C, 38.78; H, 3.72; N, 12.92. Found:
C,38.90; H, 3.70; N, 12.67.

["“e2(NCCN)][PFe]2

In a N»-filled glovebox, a 50 mL Schlenk flask was charged with
2-(1H-imidazol-1-yl)-N,N-dimethylpyridin-4-amine (1.26 g, 6.69
mmol), 1,4-dioxane (35 mL), and a PTFE-coated stir bar. Using a
Schlenk line, a reflux condenser was fitted to the Schlenk flask and
1,3-dibromopropane (340 pL, 3.35 mmol, 0.5 equiv.) was added by
syringe. The reaction was refluxed for 23 h before cooling to room
temperature to give a colorless solution and white precipitate. In
air, the white solid was collected on a glass frit and washed with
hexanes (80 mL). The solid was then dissolved in H20 (30 mL) and
slowly added to a stirring solution of NH4PFs (1.326 g, 8.13 mmol,
1.2 equiv.) in H20 (100 mL) to give a flocculant white solid. The
mixture was allowed to stir for 5 minutes before the solid was
collected on a glass frit and rinsed with H20 (2 x 50 mL) to remove
excess NH4PF¢ and NHa4Br. The product was collected and dried
under high vacuum overnight (1.686 g, 71% yield). Single crystals
suitable for X-ray diffraction were grown by slow evaporation of
an acetone solution of the product.

1H NMR (600 MHz, CD3CN) 8 9.28 (t,/ = 1.8 Hz, 2H), 8.11 (t, ] =
1.9 Hz, 2H), 8.07 (d, ] = 6.1 Hz, 2H), 7.59 (t, ] = 1.9 Hz, 2H), 6.77 (d,
J=2.3Hz 2H), 6.71 (dd, J = 6.1, 2.3 Hz, 2H), 4.37 (t, /] = 7.2 Hz, 4H),
3.09 (s, 12H), 2.58 (p, / = 7.3 Hz, 2H).

13C{1H} NMR (151 MHz, CD3CN) & 157.79, 149.60, 148.47,
135.07,124.06,120.71, 108.78,96.28,47.92, 39.89, 30.49.

Anal. Calcd for C23H30F12NsP2: C, 38.99; H, 4.27; N, 15.82. Found:
C,39.03; H, 4.22; N, 15.60.

[Me(NCCN)Fe(NCCH3)2][PFs]2

In a nitrogen-filled glovebox, Me(NCCN) (224 mg, 0.344 mmol)
was dissolved in MeCN (6 mL) and placed in a -30 °C freezer for 3
h. The solution of Me(NCCN) was then added to a stirring
suspension of Fe(N(SiMes)z2)z ¢ (THF)o.7s (151 mg, 0.351 mmol) in
cold MeCN (14 mlL, -30 °C). The mixture was stirred at ambient
temperature for 18 h before being filtered through a 0.2 pm PTFE
syringe filter and reduced in volume to 2 mL under vacuum. The
dark red solution was extracted with pentane (3 x 7 mL) to remove
hexamethyldisilazane (HN(SiMes)z, HMDS) formed during the
reaction. [NMe2(NCCN)Fe(NCCH3)2][PF¢]2 was isolated as a dark red
crystalline solid by vapor diffusion of Et20 and pentane (2:1) into
a concentrated MeCN solution at ambient temperature. The
crystals were crushed and dried under vacuum. Yield: 268 mg,
98%.

1H NMR (500 MHz, CD3CN) 6 9.09 (s, 1H), 8.21 - 8.17 (m, 1H),
8.16 (dd,j = 14.2, 2.3 Hz, 2H), 7.98 (d, /= 8.5 Hz, 1H), 7.66 (d,/ = 8.3



Hz, 1H), 7.57 (d, ] = 8.4 Hz, 1H), 7.54 (d, ] = 2.3 Hz, 1H), 7.28 (d, ] =
2.2 Hz, 1H), 6.77 (s, 1H), 4.52 - 4.46 (m, 1H), 4.45 - 4.34 (m, 1H),
4.01 (dt,] = 15.4, 3.4 Hz, 1H), 2.63 (s, 3H), 2.50 - 2.40 (m, 1H), 2.32
- 2.20 (m, 2H), 2.02 (s, 3H), 1.96 (s, 6H).

13C{1H} NMR (151 MHz, CD3CN) § 213.2, 205.8, 153.9, 153.34,
153.31, 1424, 141.1, 134.9, 132.1, 129.2, 126.6, 121.4, 119.1,
112.4,111.7, 46.9z, 46.6, 31.5, 18.4 (CHz), 17.7 (CHs).

[Me(NCCN)Fe(NH3)(NCCH3)][PFe]2

An NMR tube fitted with a PTFE valve was charged with [Me
(NCCN)Fe(NCCH3)z]2* and CD3CN in a nitrogen-filled glovebox. The
sample was degassed by three freeze-pump-thaw cycles, then
pressurized with 15NHs (0.25 atm). The sample was shaken to
dissolve the 15NHs, and the headspace pressure was replenished
several times until the pressure change upon opening the sample
was minimal. N2 was then used to bring the sample to 1 atm total.
By 'H, H{!5N}, and 1N{'H} NMR spectroscopy, a mixture of
Fe(NHs),(NCCHs)m species, were observed (n + m = 2). NMR data
reported below are for signals readily assigned to the two
Fe(NCCH3)(NHs) isomers. See supporting information for
comparison of NMR spectra. The 1SN-H coupling constants are ~1
Hz larger for the Fe(NCCH3)(**NHs) isomers in comparison to
Fe(**NHs)z present in the sample.

1H NMR (600 MHz, CD3CN, 0.25 atm 15NH3) § 2.32 (d, Ynu = 66.8
Hz, 3H), 0.05 (d, Ynu = 67.5 Hz, 3H),

15N{1H} NMR (50.6 MHz, CD3CN, 0.25 atm 15NH3) & -402.1, -
433.1

[Me(NCCN)Fe(NHs)][PF¢]2

An NMR tube fitted with a PTFE valve was charged with
[Me(NCCN)Fe(NCCH3)2]2* (15.2 mg) and CDsCN in a nitrogen-filled
glovebox. The sample was degassed by three freeze-pump-thaw
cycles, then pressurized with 15NHs (1 atm). The sample was
shaken to dissolve the 15NHs, and the headspace pressure was
replenished several times until the pressure change upon opening
the sample was minimal. Single crystals suitable for X-ray
diffraction were grown by layering a concentrated NMR sample
with a pentane buffer layer then layering with Et20.

1H NMR (600 MHz, CD3CN, 1 atm 15NH3) § 8.76 (s, 1H), 8.18 -
8.14 (m, 2H), 8.12 (d, ] = 8.4 Hz, 1H), 7.96 (d, ] = 8.4 Hz, 1H), 7.58 -
7.50 (m, 2H), 7.49 (d, J = 1.6 Hz, 1H), 7.27 (d, ] = 1.6 Hz, 1H), 6.80
(s, 1H), 4.44 (dt,J = 14.8, 3.6 Hz, 1H), 3.99 (dt, / = 15.4, 3.1 Hz, 1H),
3.67 (dt, ] = 14.4, 8.8 Hz, 1H), 2.57 (s, 3H), 2.47 (d, Ynu = 65.6 Hz,
3H), 2.49 - 243 (m, 1H), 2.24 - 2.15 (m, 2H), 1.99 (s, 3H), 0.19 (d,
Ynu = 66.8 Hz, 3H). Under 0.25 atm 1°NH3, the Fe-15NH3 signals shift
to 6 2.34and -0.01.

13C{1H} NMR (151 MHz, CD3CN, 1 atm 15NH3) 6 219.3, 216.0 (d,
Jon = 4 Hz), 154.3, 154.2, 154.0, 152.6, 141.6, 139.7, 133.9, 131.3,
128.9, 126.5, 120.9, 118.9, 118.6, 1184, 111.9, 111.3, 46.9, 46.4,
31.1,18.2, 17.6.

1SN{1H} NMR (60.9 MHz, CD3CN, 1 atm 1°NH3) § -399.2, -430.6

[NMe2(NCCN)Fe(NCCH3)z][PFe]2

In a nitrogen-filled glovebox, NMe2(NCCN) (116 mg, 0.163 mmol)
was dissolved in MeCN (5 mL) and was placed in a -30 °C freezer
for 3 h before being added to a suspension of Fe(N(SiMez)z2)2
(THF)o75 (72 mg, 0.169 mmol) in cold MeCN (12 mL, -30 °C). The
mixture was stirred for 16 hours at ambient temperature for 18 h
before the solvent was reduced in volume under vacuum to ~1.5
mL. The dark red solution was extracted with pentane (3 x 6 mL)
to remove hexamethyldisilazane (HN(SiMes)2, HMDS) formed
during the reaction. [N\Me2(NCCN)Fe(NCCH3)2][PFs]2 was isolated as
a dark red crystalline solid by vapor diffusion of Et20 and pentane
(2:1) into a concentrated MeCN solution at ambient temperature.
The crystals were crushed and dried under vacuum. Yield: 109 mg,
79%.

1H NMR (600 MHz, CD3CN) 6 8.72 (d,J = 6.7 Hz, 1H), 8.16 (d, / =
6.2 Hz, 2H), 7.48 (s, 1H), 7.23 (s, 1H), 7.14 (s, 1H), 6.95 (d, J = 5.0
Hz, 1H), 6.79 (s, 1H), 6.38 (d, ] = 6.9 Hz, 1H), 6.21 - 6.12 (m, 1H),

4.49 - 4.37 (m, 2H), 3.99 (d, J = 15.3 Hz, 1H), 3.26 (s, 6H), 3.00 (s,
6H), 2.47 - 2.38 (m, 1H), 2.28 - 2.21 (m, 2H), 1.96 (s, 6H).

13C{1tH} NMR (151 MHz, CD3CN) § 215.7, 209.2, 158.1, 157.3,
155.9,155.6,151.6,150.6,128.84 126.1,120.93,107.9, 106.2,94.7,
46.8,46.6, 40.2 (N(CH3)z2), 39.9 (N(CH3)2), 31.5.

Anal. Calcd for Cz7Hz4F12FeN1oP2: C, 38.41; H, 4.06; N, 16.59.
Found: C, 37.90; H, 4.09; N, 16.36.

[NMe2(NCCN)Fe(NHs) (NCCH3)][PFe]2

An NMR tube fitted with a PTFE valve was charged with
[\Me2(NCCN)Fe(NCCH3)2]2* and CD3CN in a nitrogen-filled
glovebox. The sample was degassed by three freeze-pump-thaw
cycles, then pressurized with 1SNHs (0.25 atm). The sample was
shaken to dissolve the 15NH3, and the headspace pressure was
replenished several times until the pressure change upon opening
the sample was minimal. N2 was then used to bring the sample to 1
atm total. By 'H, 1H{?5N}, and 1SN{'H} NMR spectroscopy, a mixture
of Fe(NH3s),(NCCH3)m species, were observed (n + m = 2).

Single crystals suitable for X-ray diffraction studies were
obtained at ambient temperature in a glovebox by vapor diffusion
of Et20 into a concentrated MeCN solution of
[\Me2(NCCN)Fe(NH3)2][PFs]2, where only the MeCN had been
sparged with NHz. NMR data reported below are for signals readily
assigned to the two Fe(NCCH3)(NH3) isomers.

1H NMR (500 MHz, CD3CN) & 2.38 (d), -0.17 (d)

15N{1H} NMR (50.7 MHz, CD3CN) & -401.5, -433.8

[NMe2(NCCN)Fe(NH3)z][PFe]:

An NMR tube fitted with a PTFE valve was charged with
[\Me2(NCCN)Fe(NCCH3)2]2* and CD3CN in a nitrogen-filled
glovebox. The sample was degassed by three freeze-pump-thaw
cycles, then pressurized with 1°NHs (1 atm). The sample was
shaken to dissolve the 15NHs, and the headspace pressure was
replenished several times until the pressure change upon opening
the sample was minimal. Upon diffusion of NH3 into solution, the
solution turned from red to dark red in color. For NMR
characterization, 1>NHs was used. Single crystals suitable for X-ray
diffraction studies were obtained at ambient temperature in a
glovebox by vapor diffusion of Etz0 into a concentrated MeCN
solution of [NMe2(NCCN)Fe(NHs)2][PFe]2, where both the Et20 and
MeCN had been sparged with NHs. Resdissolving crystals of
[WMe2(NCCN)Fe(NH3)z]2* in CD3CN in the absence of additional NH3
led to a mixture of Fe(NH3s)n(NCCH3)m species (n + m = 2).

1H NMR (600 MHz, CD3CN, 1 atm 15NH3) 6 8.40 (1H), 8.18 (1H),
8.15 (1H), 7.44 (1H), 7.22 (1H), 7.12 (1H), 6.94 (1H), 6.77 (1H),
6.36 (1H), 6.10 (1H), 4.40 (1H), 3.98 (1H), 3.64 (1H), 3.64, 3.25,
3.09,3.08,2.98,2.47,2.39 (d, Ynu = 65.7 Hz, 3H)., 2.19,-0.15 (d, Ynu
= 66.6 Hz, 3H).

13C NMR (151 MHz, CD3CN) & 222.3, 220.1, 157.8, 156.9, 156.4,
156.0, 151.5, 151.0, 128.6, 126.0, 120.6, 107.4, 105.9, 94.3, 94.1,
46.9,46.4,40.2,39.9,31.2.

1SN{'H} NMR (50.7 MHz, CD3CN, 1 atm >NH3) & -398.6 (N1), -
431.7 (N2).

15N NMR (60.9 MHz, CD3CN, 1 atm 15NH3) & -398.6 (q, Y/nu = 65.7
Hz, N1), -431.7 (q, Yxu = 67.3 Hz, N2)

[(tetra-NHC)Fe(NH3)2][PFs]2

An NMR tube fitted with a PTFE valve was charged with [[(tetra-
NHC)Fe(NCCHs)2]%* and CDsCN in a nitrogen-filled glovebox. The
sample was degassed by three freeze-pump-thaw cycles, then
pressurized with 1SNH3 (1 atm). The sample was shaken to dissolve
the 15NHs, and the headspace pressure was replenished several
times until the pressure change upon opening the sample was
minimal. Upon diffusion of NHs into solution, the yellow color of
the solution darked slightly to a golden yellow.

1H NMR (600 MHz, CD3CN, 1 atm 15NH;3) &

1SN{1H} NMR (60.9 MHz, CD3CN, 1 atm 15NH3) 6 -415.7
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