Chapter 5

Improving Molecular Iron Ammonia Oxidation Electrocatalysts via Substituent

Tuning
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5.1 Introduction

Ammonia oxidation (AO), and its mediation by transition metal catalysts, are
burgeoning research topics across industry and academia.l?*# Simple catalysts such as
platinum and other precious metals degrade due to metal-nitride formation,>® thus there is a
pressing need for new catalysts that are both highly active and robust.”® This motivation has
inspired research into molecular AO catalysis, with the first reports appearing in 2019.%10-11.12
To date, a wide variety of catalyst structures have been reported, featuring ruthenium, iron,
manganese, nickel, and copper catalysts with a wide variety of ligands,3141516.17.18.19.20
Strategies such as achieving “low and level” N—H bond strengths, promoting early N-N
formation to hydrazine, or enabling intermolecular nitride homocoupling all require distinct
catalyst designs. As of yet, molecular AO does not feature a prevailing strategy for catalyst

improvement.

Our lab has been interested in dicationic polypyridyl iron complexes [(Laux)Fe(N')2]?*
(Laux = tetradentate ligand; N' = MeCN or NHa) containing cis-coordination sites that bind
ammonia-derived ligands (Scheme 5.1). First-generation [(TPA)Fe(MeCN)2]?* featured high
catalytic rates, but it was subject to degradation proceeding via displacement of the TPA
ligand by excess ammonia (Eq. 1), limiting the demonstrated turnover number (TON)?! to
16.1? Considering the high-spin (S = 2) state of [(TPA)Fe(NHs)2]*", the primary species
present during electrocatalysis, we hypothesized that degradation could be mitigated by
favoring a low-spin electronic structure; indeed, use of stronger field bpyPy2Me (BPM) led
to a low-spin (S = 0) state for [(BPM)Fe(MeCN)(NH3)]>" and an increased TON of 149 was

demonstrated.*



[(Laux)Fe(NH3)2]2+ +4 NH3z = Laux + [F(‘J‘(NH?,)G]2+ (Eq.5.1)

Scheme 5.1. Molecular AO Catalysts Under Study Herein.?
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Second-generation [(BPM)Fe(MeCN)(NH3)]?* also featured enhanced intrinsic

catalytic rate and lowered overpotential. To rationalize this improved performance,?2232425

we consider (a) the standard potentials (E°) of [(Laux)Fe(MeCN)2]?* and (b) the stability of

[(Lax)Fe(N')2]** to demetallation. Following standard linear free energy relationships

(LFER), more oxidizing complexes typically catalyze oxidative processes more rapidly, and

E° is greater for Lax = BPM than for TPA.2627282% |n addition, demetallation of
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[(Lax)Fe(N')2]** is reduced for Lax = BPM compared to TPA, potentially increasing the

concentration of active, ligated Lau—Fe catalyst. In this work, we investigate these
hypotheses with the goal of understanding general design principles for AO and ultimately

developing an improved electrocatalyst.

5.2 Results and Discussion

To enable systematic investigation of the effect of E° on catalysis, we prepared a
series  of  4-pyridyl-substituted  auxiliary ligands and the corresponding
[(TPAR)Fe(MeCN),]** and [(BPMR)Fe(MeCN)2]?* complexes (R = NMez, OMe, H, CFs).
Substitution in the 4-pyridyl position manipulates electronic structure via resonance and
inductive effects without impacting the steric environment of the inner-coordination sphere.
The TPACF and substituted BPMR ligands had not been previously synthesized. Synthetic
routes analogous to the parent protio ligands furnished the trifluoromethyl derivatives but
were unsuccessful for BPMMe and BPMNMe2, for which we report new protocols (see Sl for

details).

The electronic structures of the iron complexes were quantitatively analyzed by
cyclic voltametric measurement of Fe?®* redox couples (Figure 5.1). Both
[(TPAR)Fe(MeCN).]?* and [(BPMR)Fe(MeCN),]** exhibited reversible redox events for R
= NMe,, OMe, and H; for R = CFg, ostensibly irreversible waves were observed. Given that
the peak currents for R = CFs derivatives minimally change with scan number, and that
reverse current is observed at more cathodic potentials (see Sl), irreversibility most likely
arises from a reversible change in inner-coordination sphere upon oxidation (e.g., by triflate

coordination). The standard potentials were estimated using the half-wave potential (E1/),
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except for R = CF3, for which the half-peak potential (Ep2) was used instead. Since half-

wave and half-peak potentials for all complexes are within +0.03 V, this approximation
appears reasonable. For both [(TPAR)Fe(MeCN),]>* and [(BPMR)Fe(MeCN),]?*, linear
relationships between E° and Hammett o, (para) values®® were observed (see SI). The wide
range of E°, 880 mV for TPAR and 510 mV for BPMR, reflects substantial variation in redox

character due to 4-pyridyl substituents.
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Figure 5.1. Cyclic voltammograms of (A) [(TPA®)Fe(MeCN)]** and (B)
[(BPMM)Fe(MeCN),]** in  acetonitrile using 0.1 M tetrabutylammonium

hexafluorophosphate as supporting electrolyte at 100 mV/s with BDD WE.

To probe AO performance as a function of E°, we obtained cyclic voltammograms
(CVs) in the presence of NH3 (Figure 5.2A). Both [(TPAR)Fe(N")2]?" and [(BPMR)Fe(N')2]*
(N'= NHs or MeCN) exhibit two features in their voltammetry, E; and E>, in the presence of

NHa. The lower-potential E; feature has been demonstrated via previous mechanistic studies
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to involve net loss of a hydrogen atom from a coordinated ammine ligand (Eq. 5.2).1214 At

the E feature, these catalysts fully convert NHs to N2 (Eqg. 5.3).

Ei:  Fe'“NHs+ NHz; — Fe''-NH, + NHs" + e~ (Eq. 5.2)

Ex:  Fe-NH;+NH; - Fe!' + N, +5H " +5¢” (Eq. 5.3)

The precatalytic wave potential (E1) was determined using differential pulse
voltammetry and analyzed as a function of E° (Figure 5.2B; see Sl for details). For both
[(TPAR)Fe(N")2]?* and [(BPMR)Fe(N')2]*, linear correlations between E; and E° were
observed, and these correlations feature nearly identical slopes. Thus, 4-pyridyl substitution
appears to exert similar influence on both catalyst series at E1, indicating that an alteration in
the first hydrogen-atom transfer in AO is not responsible for the improved performance of

[(BPMR)Fe(N')2]>".

The effective turnover frequency (TOF) for the E, catalytic wave was similarly
analyzed as a function of E° (Figure 5.2C).3! For [(TPAR)Fe(N')2]**, the datapoints are
colinear. The small slope of this linear regression indicates that while E° may affect AO
performance within this ligand series, it does so to a very modest degree. Notably, the
datapoint for [(BPM")Fe(N")2]?* (boxed) is a clear outlier, i.e., its TOF is substantially greater
than what would be predicted based upon its E° value if the [(TPAR)Fe(N')2]** regression
were used. This behavior is consistent for each BPMR complex, regardless of E°. However,
the [(BPMR)Fe(N")2]>* series does not display an obvious correlation between TOF and E®,

and the dataset does not indicate whether this results from an outlier versus a real trend.
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However, we can disfavor the hypothesis that higher activity with [(BPM™)Fe(N'")2]?* relative

to [(TPAM)Fe(N')2]** results primarily from greater E°.
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Figure 5.2. Electrochemical data. (A) Cyclic voltammograms, (B) E1 potentials, and (C)
catalytic activity at E2 for [(TPAR®)Fe(N').]*" and [(BPM®)Fe(N'),]*" in acetonitrile with 50

equiv. NHz using 0.05 M ammonium triflate as supporting electrolyte with BDD WE.
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We next studied the Laux demetallation behavior of [(Laux)Fe(N)2]?*. To investigate

ammonia coordination and potential displacement of Laux, We titrated NH3 into acetonitrile
solutions of [(Laux)Fe(MeCN)2]** and monitored speciation by UV-vis spectroscopy.
Following previous work, we analyzed the onset of demetallation, a metric we assign upon
loss of isoshestic behavior (Figure 5.3A). The unsubstituted [(TPAM)Fe(N).]** and
[(BPM™)Fe(N')2]** AO catalysts begin to demetallate with 200 and 600 equiv. NHs,
respectively (Figure 5.3B).1>'* The electron-withdrawing CFs-substitutuent on both ligand
scaffolds engenders substantially enhanced demetallation. By contrast, NMe; and OMe
substituents increased the coordinating ability of the respective TPAR and BPMR ligands.
These electron-donating groups uniformly push the measurable demetallation onset to
>>2000 equivalents of NHas. Interestingly, for Lax = TPANMe2 and TPACMe stability to
demetallation in the presence of ammonia is maintained despite each complex featuring of a
high-spin (S = 2; see Sl for details) ground state. Thus, electron-donating groups greatly

reduce demetallation of catalytically relevant Laux—Fe species.
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Figure 5.3. Qualitatively analyzed onset of demetallation as identified by loss of isosbestic
behavior for [(Laux)Fe(N")2]*" subjected to varying equiv. NHs in MeCN. (A) Example raw
data for [(BPM®PM®)Fe(N'")2]>*  with isosbestic points marked by arrows and (B) compiled
data.
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By analyzing the catalysis data (Figure 5.2C) and the demetallation data (Figure 5.3)

together, it is possible to rule out the hypothesis that enhanced catalysis owes to greater
equilibrium catalyst concentration for [(BPM")Fe(N")2]**. It is important to note that our
previously reported intrinsic catalytic rates (~10” M.s? and ~108 Mt.s! for Laux = TPA"
and BPM", respectively), as well as the effective TOF data reported in Figure 2C, were
obtained under ammonia concentration regimes well below the onset of demetallation. This
should mitigate the influence of demetallation, if present, on catalytic rate. Three
comparisons all corroborate that such a hypothesis is invalid. First, [(TPANMe2)Fe(N")2]>* and
[(TPASMe)Fe(N"),]?* are both more resistant to demetallation but less active than
[(TPAMFe(N")2]? or [(TPACF)Fe(N")2]%*. This is more readily explained as arising from the
intuitive LFER between TOF and E° which predicts that more oxidizing complexes operate
at higher rates for oxidative processes. Second, [(BPMF)Fe(N")2]?* is less resistant to
demetallation than are [(TPAR)Fe(N').]** for R = {NMez, OMe, or H}, but it features the
highest TOF of these four complexes. This too could be explained by a TOF vs E° LFER.
However, the third comparison also invalidates any hypothesis concerning E°. Although
[(BPMNMe2)Fe(N")2]** and [(TPACME)Fe(N")2]?* feature similar stability to demetallation, and
[(TPACM)Fe(N")2]?* is more oxidizing than [(BPMNMe2)Fe(N')2]%*, [(BPMNMe2)Fe(N'),]%
features a higher TOF. Therefore, some remaining, yet unidentified factor strongly

influences catalysis.

While the aforementioned data indicate that the catalytic rate enhancement conferred
by the BPMR ligand scaffolds is not directly due to altered E° or increased stability, increased
stability is likely beneficial for achieving improved catalysis on a preparative scale, as

reflected by TON. Thus, we were interested in demonstrating the practical value of these
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mechanistic studies by way of improving net TON. We selected [(BPM°Me)Fe(N'),]?* for

further analysis since its TOF is minimally reduced as compared to [(BPM")Fe(N')2]*
(Figure 5.2C) but its stability to demetallation is substantially increased (Figure 5.3).
Controlled potential coulometry data for [(BPM®Me)Fe(N")2]?* is shown in Figure 5.4. Using
the same potential as previously investigated with [(BPM™)Fe(N")2]** (0.85 V) allows for
direct comparison. At this potential, no background electrode-mediated AO is observed.'* In
the presence of 2000 equiv. NHs, catalytic AO proceeded for at least 48 hours, after which
time 381 equiv. N2 were measured with a quantitative faradaic efficiency (FE; within £ 5%)
of 100 + 5%. Furthermore, some catalytic activity remained after 48 hours, with a reload
experiment producing 52 additional equiv. N2. Post-catalysis, no activity is observed in a
rinse test of the electrode. As [(BPM")Fe(N')2]*" previously demarcated the highest TON of
149 in molecular AO, this three-fold increase marks a considerable improvement. In addition
to increased net activity, the higher NH3 concentration lowered the onset potential to 0.29 V

as compared to 0.45 V for [(BPM")Fe(N')2]*".
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Figure 5.4. Catalyst characteristics. (A) Design elements and (B) performance of
[(BPMOMe)Fe(N'),]*". Coulometry experiments were performed with 0.05 mM [Fe] in
acetonitrile with 2000 equiv. NH3 using 0.05 M ammonium triflate as supporting electrolyte
with BDD WE.

5.3 Conclusion

In conclusion, by systematically investigating [(TPAR)Fe(N").]** and
[(BPMR)Fe(N")2]%* complexes, we have conclusively demonstrated that BPMR ligands imbue
superior performance for AO. Based on our studies of catalytic rate as a function of E°, we
disfavor the hypothesis that enhanced catalysis in the case of R = H is solely a result of the
BPMR ligand producing a more oxidizing iron complex. Furthermore, we have validated the
role of a low-spin electronic structure in mitigating demetallation but invalidated reduced
demetallation as a rationale for the enhanced catalytic rate of [(BPMM)Fe(N').]*.
Nevertheless, demetallation mitigation via electron-donating substituents, as in

[(BPMOMe)Fe(N")2]?*, enabled the development of a third-generation AO catalyst featuring
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improved net performance as characterized by the highest TON to date. While the precise

origin of enhanced catalytic rate for BPMR ligands remains elusive, we expect that these
results related to the interplay of substituent effects on activity, stability, and spin state will
aid in the development of new first-row metal AO catalysts with still greater performance,

as demonstrated here for [(BPMCPMe)Fe(N")2]*".
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