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ABSTRACT

Mitigation of the hydrogen evolution reaction (HER) is a key challenge in selective
small molecule reduction catalysis, including the nitrogen (N2) reduction reactions (N2RR)
using H*/e" currency. Here we explore, via DFT calculations, three iron model systems, PsEFe
(E = B, Si, C), known to mediate both N2RR and HER, but with different selectivity
depending on the identity of the auxiliary ligand. It is shown that the respective efficiencies
of these systems for N2RR trend with the predicted N-H bonds strengths of two putative
hydrazido intermediates of the proposed catalytic cycle, Ps5Fe(NNH2)" and Ps5Fe(NNH>).
Bimolecular proton-coupled electron transfer (PCET) from intermediates with weak N-H
bonds is posited as a major source of Hz instead of more traditional scenarios that proceed

via metal hydride intermediates and proton transfer/electron transfer (PT/ET) pathways.

Studies on our most efficient molecular iron catalyst, [PsFe]*, reveal that the
interaction of acid and reductant, Cp*.Co, is critical to achieve high efficiency for NHz,
leading to the demonstration of electrocatalytic NoRR. Stoichiometric reactivity shows that
Cp*2Cao is required to observe productive N—H bond formation with anilinium triflate acids
under catalytic conditions. A study of substituted anilinium triflate acids demonstrates a
strong correlation between pKa and the efficiency for NHs, which DFT studies attribute to
the kinetics and thermodynamics of Cp*>Co protonation. These results contribute to the
growing body of evidence suggesting that metallocenes should be considered as more than
single electron transfer reagents in the proton-coupled reduction of small molecule substrates
and that ring-functionalized metallocenes, believed to be intermediates on the background

HER pathway, can play a critical role in productive bond-forming steps.
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Chapter 1. Introduction



1.1. Opening Remarks

The global nitrogen cycle is a crucial biogeochemical cycle and underpins much of
life on Earth.! In particular, the conversion of dinitrogen (N2) to ammonia (NHs) provides
a means by which atmospheric N, a relatively inert gas that makes up 78% of Earth’s
atmosphere, can be converted to a bioavailable form (NHs, NO2” and NO3").! The fixation
of N2 can occur via non-biological natural processes, as in the splitting of N2 by lightning,
or via biological and industrial processes.! The latter two processes have garnered
significant interest in chemistry and biology.*

The industrial process by which N2 is fixed, referred to as the Haber-Bosch
process, is performed on a massive scale and the drastic increase in the human population
in the 20™ century is often credited to its use in fertilizer production.! While the Haber-
Bosch process continues to be a major source of bioavailable nitrogen globally, accounting
for up to 80% of nitrogen in the human body, the high temperatures and pressures required

has led to interest in developing a more energy efficient process.*
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Figure 1.1. (Top) Biological nitrogen fixation is catalyzed by the iron-molybdenum
cofactor (FeMoco) in nitrogenase enzymes. (Bottom) Possible mechanisms by which a

single Fe site can catalyze the reaction.

Biological nitrogen fixation has provided ideal inspiration in the development
synthetic N2 fixation processes.* Studies on the nitrogenase enzyme have revealed three
major subtypes: iron-molybdenum nitrogenase, vanadium-iron nitrogenase, and all iron
nitrogenase.® The most well studied of these, the molybdenum-iron nitrogenase, contains
the iron-molybdenum cofactor (FeMoco; Figure 1.1). In recent years, structure-function
studies on FeMoco have led to increased interest in the mechanism by which N2 can be
reduced at a single Fe center.” At a single metal site, two limiting mechanisms have been
proposed, referred to as the distal pathway and the alternating pathway (Figure 1.1,
bottom). The distal mechanism is characterized by the early release of the first equivalent

of NHs, with concomitant formation of a terminal nitride intermediate, Fe(N). In contrast,
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the alternating mechanism is associated with the late release of the first equivalent of NH3
and is characterized by the formation of diazene, Fe(NHNH) and hydrazine, Fe(NH2NH>)
intermediates.” In addition to these limiting mechanisms, hybrid mechanisms are similarly
plausible. A notable example of a hybrid mechanism is the so-called ‘distal-to-alternating’
mechanism, in which Fe(NH2NH2) and/or Fe(NHNH2) are formed without initial
formation of an Fe(NHNH) species.

In the study of synthetic systems for NHs formation, designated in this work as the
nitrogen reduction reaction (N2RR), the hydrogen evolution reaction (HER) competes for
acid and reductant equivalents. Suppression of this unproductive pathway is crucial to
increasing the efficiency of a system for N2RR, generally reported as the %NHz per e~
equivalent. As such, elucidation of the mechanistic interplay between N2RR and HER is
perhaps the most important factor in the increasing the efficacy of N2RR catalyst systems.

Central to mechanistic studies into multi-proton, multi-electron catalyst systems,
including N2RR, is the interchange between proton transfer (PT), electron transfer (ET),
proton-coupled electron transfer (PCET) and hydride transfer (HT). Accordingly,
mechanistic steps for N2RR can be characterized by PT and ET as separate Kinetic steps or
by the concerted transfer of a proton and one or two electrons (PCET or HT, respectively).
Given that N2RR necessarily involves the net addition of 6 H-atom (H®) equivalents, the
synchronous and/or asynchronous delivery of H* and e~ to the N2 substrate produces drastic

changes in the intermediates produced in the process and, thus, the selectivity of the system.



1.2. N2RR Using Soluble Transition Metal Catalysts

In this thesis, research efforts aim at elucidating the role of PT, ET and PCET in
N2RR are presented. Particular attention is paid to the impact these mechanistic steps have
on the overall selectivity of the systems. Over the last decade, our group, and others, have
uncovered several methods for transition metal mediated N2RR via alteration of the
catalyst, as well as the stoichiometric reagents (acid and reductant).’’ The research
presented in this thesis is based on the most diverse class of catalysts, namely the PsEFe (E

=B, C or Si) based systems (Figure 1.2).
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Figure 1.2. (Top) Overview of PsFFe catalysts, acids and reductants discussed in this
thesis. (Bottom) Proposed mechanisms for each set of reagents (vida infra).

In initial work on N2RR by PsfFe(N2)~ based catalysis, all three catalysts studied
(E =B, C or Si) were shown to be formally catalytic upon the addition of strong reductant,
KCs (E° < —3.0 V vs Fc**; Figure 1.2), and acid, [H(OEt2)2][BArTs] (HBAr s, BArT, =
tetrakis-(3,5-bis(trifluoromethyl)phenyl)borate; pKa < 0.0; Figure 1.2).% The P3BFe system
was found to be the most efficient catalyst, with efficiencies for NHz up to 45 + 3%. While
still catalytic, the P3CFe and Ps'Fe systems were found to be less efficient for N2RR, with
efficiencies up to 36 £ 6% and 5 + 3%, respectively. More recent studies have revealed
that a related catalyst, [Ps2Fe][BAr4], can achieve much higher efficiencies for N2RR (up
to 77%) using a decamethylcobaltocene reductant (Cp*2Co; E® = —2.0 V vs Fc*°) and a
2,5-dichloroanilinium triflate acid ([>*>“'PhNH3][OTf]; pKa= 4.1).%

Of particular interest to the studies presented herein is the role that the acid and
reductant choice play in the plausibility of PT, ET and PCET based mechanisms. Notably,
the KCs/HBAr", cocktail should be associated with increased favorability of asynchronous
PT and ET steps, given the strength of these reagents and the lack of stable intermediates
formed upon reaction between them. In contrast, we’ve shown that the use of
Cp*2Co/[RPhNH;][OTf] is associated with an increased role of PCET mechanisms due to
the formation of a highly active PCET reagent, a protonated Cp*2Co species ([Cp*Co(n*-

CsMesH)]"), under catalyst conditions.



1.3. Selectivity for N2RR vs HER

In chapter 2, the interplay of N2.RR and HER in catalysis using KCgand HBAr , is
explored in depth.!! The use of KCgand HBArF, provides the most complete comparison
between PsEFe catalysts discussed, as all three systems (E = B, C or Si) are formally
catalytic, but with drastically different efficiencies for N>RR and HER. Beyond the
differing N2RR efficiencies discussed previously, the efficiencies for HER in PsBFe (44%)
and P3S'Fe (88%) have been shown to trend in the opposite direction, consistent with HER
being a major source of N2RR efficiency loss.

Investigating this difference in N2RR and HER efficiencies via density functional
theory (DFT) point to the PsEFe(NNH.)*° intermediates, and their stability, as key players.
Despite the relative lack of PCET reactivity from the KCs/HBATr, interaction directly, we
invoke bimolecular PCET between reactive PsEFe(NxHy) species as the major source of
HER on the these scaffolds (Figure 1.3). In particular, while the Fe(NNHy>) is predicted to
be the only species capable of bimolecular HER on the P3B scaffold, the cationic species,
Fe(NNH2)*, on Ps“S! are predicted to be long-lived and highly reactive for bimolecular H

release (Figure 1.3).



PgEFE
E = (B, C or Si)

_©Q
Fe—N=N

H-> Forming During Catalysis
(E=B, C, orSij)

0.5 H, o

Fe=N=NH <L Fe=N==NH Fe N=NH —L Fe_Ng

Ho, Forming During Catalysis
(E=CorSi

Figure 1.3. Overview of predicted HER mechanisms on PsFFe systems, as discussed in

chapter 2.

In addition to the Fe(NNH2)*" species, predicted to be major sources of HER under
catalytic conditions (using KCs/HBAr",), the diazenido species, Fe(NNH), are predicted to
be extremely reactive intermediates and are invoked as sources of Hz in the stoichiometric
oxidation of PsFFe(N2) species.**"™d In addition, the bimolecular coupling of Fe(NNH)
species is predicted to become relevant in catalytic systems in which protonation reactions

are slowed, i.e. with the use of anilinium triflate acids. The solubility of the anilinium acids
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in EtoO is quite low and, accordingly, is associated with slower PT under turnover
conditions. As a result, PCET reactivity from the Cp*,Co/[RPhNH3][OTf] combination is

therefore invoked as the source of increased N2RR efficiencies using these reagents.

1.4. Proton-Coupled Electron Transfer in N2RR

Chapters 3 and 4 are focused on our discovery that a protonated
decamethylcobaltocene species, [Cp*Co(n*-CsMesH)]*, likely serves as PCET reagent
under conditions in which Cp*2Co serves the reductant and [RPhNH3][OTf] serves as the
acid source.*® More specifically, chapter 3 outlines our initial discovery that N2RR using
P3BFe can be accomplished with increased efficiency using reagents which substantially
lower the overpotential of the system (ca. 100 kcal/mol lower). To rationalize this
counterintuitive observation, we invoke the formation of a protonated metallocene species,
[Cp*Co(n*-CsMesH)]*, and suggest that it serves as a PCET reagent under turnover

conditions (Figure 1.4).
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[Cp*Co(n*-CsMesH)][OTf]

[Cp*Co(n*-CsMesH)®

Vo

Fe—N N PCET Cp*»Co

\

Figure 1.4. (top) Proposed structure of the [Cp*Co(n*-CsMesH)]* intermediate discussed

Fe—N—NH

Fe=N==NH, [Cp*,Col®

in chapters 3 and 4. (bottom) Proposed mechanism in which [Cp*Co(n*-CsMesH)]* acts as
a PCET reagent.

In chapter 4, we expand upon this discovery via a thorough study on the effect of
pKa on the efficiency for NoRR vs HER. By alteration of the electronics of the aryl ring in
[RPhNH3][OTf] acids, catalytic turnover is achieved over 8 pKa units using Cp*2Co as the
reductant. Further, the efficiency for N2RR is shown to increase with acid strength and
HER is shown to concomitantly decrease. Using DFT, we suggest that the rate of Cp*2Co
protonation as the likely source of this pKa effect. As the final piece of evidence for the

potential role of [Cp*Co(n*-CsMesH)]* in N2RR, catalytic yields of NH3 are achieved
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electrochemically using a PsBFe catalyst, diphenylammonium acid [PhoNHz]* and a
Cp*2Co co-catalyst. Under electrolytic conditions we suggest that Cp*>Co may be acting

as a PCET mediator, as well as an ET shuttle.

1.5. Method for Predicting E-H Bonds Strengths Using DFT

The final chapter of this thesis discusses efforts to increase the accuracy of DFT
predicted bond dissociation free-energies (BDFEg-n) of transition metal bound E—H bonds.
The importance of BDFEEg-+ predictions are apparent in all chapters in this work and in
chapter 5, the accuracy of these calculations are discussed as a function of DFT functional
and solvent of interest. Most notably it is reported that all functionals tested show similar
accuracy for gas-phase BDFEg.x predictions, assuming proper calibration with known
literature values. It is further shown that reproduction of solvated BDFEE+ is significantly
less accurate than gas-phase values, but that values in several common organic solvents,

DMSO, MeCN and CsHs can be reproduced with acceptable accuracy.

1.6. Conclusions

In sum, the following chapters will outline research efforts aimed at elucidating the
mechanism by which PsEFe (E = B, C or Si) catalyzes HER and N2RR. Particular attention
is paid to how the choice of reductant and acid source can dictate the rates of PT, ET and
PCET. Notably, bimolecular coupling of reactive PsfFe intermediates via PCET is
presented as a likely mechanism for competing HER. Further, evidence for the formation

of a reactive PCET reagent, Cp*Co(n*-CsMesH), is presented as a background HER
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intermediate that can be intercepted by PsBFe species to undergo productive N-H bond
formation.

The following chapters rely heavily on the use of DFT for efficient prediction of
BDFEen values, pKa values, E° values and the kinetics associated with each of these
reaction. The calculation of known values highlights the accuracy and utility of these
calculations’ predictive power. Thus, on a larger scale the research presented highlights the
value of DFT calculations in elucidating the mechanism by which multi-proton, multi-
electron reactions precede as well as key factors that can be used to inform the design of

future, more efficient systems.
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2.1. Introduction

The reduction of nitrogen (N2) to ammonia (NHz) by nitrogenase enzymes (the
nitrogen reduction reaction: N2RR) has garnered substantial interest in the synthetic
inorganic community for several decades.! In particular, the structural characterization of
the FeMo-cofactor of biological nitrogen fixation,> and mechanistic uncertainties
associated with this process,® have motivated studies of synthetic (primarily Mo and Fe)
model systems that mediate N2RR in the presence of proton and electron equivalents in
organic solvent.*® The mechanisms of these systems are at various stages of understanding.
Experimental*® and theoretical (predominantly Mo)’ studies have been undertaken to

provide insight.
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Single-site iron model complexes, such as PsBFe(N2)~ and PsBFe* (Figure 1),
catalyze N2RR under a variety of conditions and driving forces, with reported selectivities
(to date) for NH3 generation as high as 72% based on reductant consumed.*® In addition,
conditions have been reported under which PsCFe(N2)™ and Ps>'Fe(N2)~ also catalyze N.RR
to varying degrees, with the PsS'Fe-system being far more efficient at the Hy,drogen
evolution reaction (HER) than N.RR compared to PsBFe and PsCFe.*¢® We are naturally
interested in understanding the mechanism/s by which catalysis in these respective systems
occurs, and in exploring alternative systems that might function similarly. Of interest to
the present study is the interplay between efficiency for the N2RR and HER on the PsBFe
scaffold and its isostructural congeners PsS'Fe and PsCFe. In particular, can we elucidate
some of the salient factors that dictate overall product selectivity for NHz versus Hz in these

respective systems?

H,
H*/e

Unproductive Pr, Productive
HER En ii N2RR

P,EFe(NNH,)
(E=B, Si, C)
H*/es N2 NHs

Figure 2.1. Schematic depiction of N.RR/HER iron catalysts studied herein to explore key

factors dictating product selectivity.
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Herein we use DFT calculations to explore this question. We examine the
comparative feasibility of HER via proton-coupled electron transfer (PCET)?® from several
putative Fe(NxHy) early intermediates, using electronic structure calculations coupled with
predicted N—H bond strengths, thermodynamic driving forces, and electron-transfer (ET)
kinetics as mechanistic probes. Acknowledging the likelihood that numerous and
potentially competing factors may be at play, the formation, electronic structure, and
reactivity of a key common intermediate, Fe(NNH.)", is highlighted to be an important

factor in the divergent selectivity profile of PsFe (and Ps“Fe) relative to the PsS'Fe system.

2.1. Computational Methods

All calculations were performed using dispersion corrected density functional
theory (DFT-D3) using Grimmes dispersion correction. 10 All calculations were done using
the full PsEFe scaffold with the TPSS functional*! and a def2-TZVP basis set on transition

metals and a def2-SV/P basis set on all other atoms.*?

All stationary point geometries were optimized using NWChem 6.313 or Orca
3.0.3.2 To ensure consistency in grid size, all reported single point and thermodynamic
energies were performed using Orca 3.0.3. Frequency calculations were used to confirm
the presence of true minima and to obtain gas phase free-energy values at 195 K (Ggas).
Solvation corrections were performed using the COSMO-SMD continuum model.> The
solvation free energy was approximated using gas phase and solvated single point energies

(AGsolv = Esoin - Egas). Finally, the free-energy of the solvated species at 195 K was
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calculated using the gas-phase free-energy and the solvation free-energy (Gsoin,195k =

Ggas,195K + AGsoIv)-16

The accuracy of the described computational methodology was measured by
comparison to several experimental benchmarks of interest. In addition to ensuring good
agreement between computed and crystallographically determined structural data,
experimentally determined bond dissociation enthalpies (BDFEn-H) of the compounds
P3SiFe(CNH)*, PsSIFe(CNH), P3S'Fe(CNMeH)*, PsS'Fe(CNMeH) and PsS'Fe(NNMeH)*
could be faithfully reproduced within +2 kcal/mol (See Sl for full description).*" As a
further point of calibration, the calculated singlet-triplet energy gap and the redox
potentials of PsBFe(NNMez) and PsSFe(NNMe)* are in good agreement with the
experimentally determined values (within £1.5 kcal/mol, and £3 kcal/mol (£130 mV vs

Fc*’9), respectively ; see Appendix 1).49n17

Reduction kinetics were calculated using the standard Marcus equation relating
activation barrier with driving force and total reorganization energy (Aot = Ais + Aos).*® The
inner-sphere reorganization energy for electron transfer (Aiset) was estimated assuming
non-adiabatic behavior and by calculating the difference between the single point energies
of the relevant species in its ground state and the corresponding single point energy of this

ground state in the oxidized or reduced geometry (Eq. 1).
7\,is,ET = [E(Feoxox) - E(Feoxred)] + [E(Feredred) - E(Feredox)] (21)

The outer-sphere reorganization energy was calculated by assuming a barrier of 1.0

kcal/mol for the reduction of PsBFe(NNH,)* followed by calculation of Awt Using this
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barrier and Ais, as calculated by Eq 1. A continuum solvation model was used to support
this hes Value (See Sl for full description).'® Reduction barriers for Ps“’SIFe(NNH2)* were

subsequently calculated relative to PsFe(NNH2)*.

2.2. Results and Discussion

To set the stage for the present study, previously reported catalytic N2-to-NHs
conversion studies by PsfFe (E = B, C, and Appendix A) under an atmosphere of N, at —78
°C in Et,0, using KCs and [H(OEt)][BArfs] (HBAr:;, BArf, = tetrakis-(3,5-
bis(trifluoromethyl)phenyl)borate) as the reductant and acid source,*¢ established PsBFe
as the most efficient catalyst for N2RR; the highest reported efficiency for this system
(under these conditions) was 45 + 3% (48 equiv acid; 58 equiv reductant). For comparison,
the PsS'IFe system provided a conversion efficiency of only 5 + 3%. The Ps“Fe catalyst
system was reasonably active at 36 = 6% (note: ~25% lower substrate loading was used
for this Ps°Fe value®®). Measurement of HER activity established PsS'Fe(N2)™ (88% per
added acid equiv) as a significantly more efficient HER catalyst than PsFe(N2)~ (40% per
added acid equiv) under analogous conditions.*? N;RR catalysis by PstFe (E = B, Appendix
A) has also been studied in the presence of milder reagents (e.g., Cp*.Co and
[H2NPH2][OTf] or [HsNPh][OTf]); under these conditions only the PsBFe system is

catalytically active.
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Figure 2.2. (top) Previous experimental work showing the formation of PsEFe(NNH2)* (E
= B or Appendix A) via protonation with excess acid.*"9 (bottom) Calculated free energy
changes (in kcal/mol) for the formation of Ps5Fe(NNH,)* via Ps5Fe(NNH) (E = B or
Appendix 1).

Previous studies of the PsFe and PsS'Fe systems have also explored the generation
and characterization of early stage intermediates of the N2RR catalysis.**"9 Most salient,
low temperature protonation of PsEFe(N2)” (E = B, Appendix A) with excess HBArF,
affords the doubly protonated PsFFe(NNH.)* species (Figure 2).*%9 As expected,
corresponding DFT calculations (this work) are consistent with thermodynamically
favored formation of PsEFe(NNH) via proton transfer (Figure 2); another favorable proton

transfer forms Ps5Fe(NNH>)".
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2.2.1. DFT Support for Slow Fe Protonation and Fast Fe-NxHy Formation

Although metal Hydride (M—H) species are most typically invoked as intermediates
of transition-metal catalyzed HER,® we do not think Fe—H species are the primary players
in Hz formation by the present systems. Several experimental observations are consistent
with this idea. Foremost among them is that low temperature addition of stoichiometric
acid (e.g., HBAr",) to any of the anions, Ps5Fe(N2)", causes overall oxidation to their
corresponding neutral products, PsEFe(N.), along with release of 0.5 equiv H.*#9 This is
notewortHy because for E = Si or C the diamagnetic Hydride products, PsEFe(N2)(H), are
very stable species and are formed during catalysis as end products.*>d We posit that
reactive PsFFe(NxHy) intermediates instead undergo net bimolecular HAT reactions to
liberate H2 via NxHy-ligand-mediated steps (vida infra). While iron Hydrides (Fe—H) can
tie up the population of active catalyst, in our view they are unlikely to be intermediates of

the dominant HER pathway.

To speak to this hypothesis computationally, we focus on one acid source, HBArF,,
as it has been the subject of the most extensive comparative study.*® The solid-state
empirical formula of HBArF, reveals the presence of two ethers per HBAr%
([(Et20)2H][BAIF4]).2° To determine the preferred solution-state structure of this acid,
optimizations were performed in which a Etc,OH" species was provided with 0, 1 or 2
explicit Et.O molecules with which to Hydrogen bond. We found that [(Et20)2H]* was
lowest in free-energy, with [(Et20)sH]* and [Et2OH]" higher in energy by +7.0 and +8.2

kcal/mol, respectively.
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The structure of HBAr, is particularly crucial for Fe protonation, as a pre-
equilibrium formation of the [Et2OH]" appears to be required, as evidenced by relaxed
surface scans. The need for dissociation of Et2O prior to Fe protonation provides a lower
bound on the barrier of +8.2 kcal/mol. The requirement of [Et.OH]" as the active acid, as
opposed to [(Et20)2H]", is presumably steric in origin and may speak, in part, to the
importance of bulky isopropyl substituents in these catalysts. Our lab recently reported that
a structurally related P3S'Os(N2)~ complex is an active catalyst N2RR.? In contrast to the
PsEFe(N2) ™ catalysts, stoichiometric HBAr™, addition can protonate at the metal, generating
Os—H species that are not catalytically active for N2RR. Steric access to the larger Os center

is presumably less restricted than it is for Fe.

The structure of HBAr, is particularly crucial for Fe protonation, as a pre-
equilibrium formation of the [Et20H]+ appears to be required, as evidenced by relaxed
surface scans. The need for dissociation of Et20 prior to Fe protonation provides a lower
bound on the barrier of +8.2 kcal/mol. The requirement of [Et20H]+ as the active acid, as
opposed to [(Et20)2H]+, is presumably steric in origin and may speak, in part, to the
importance of bulky isopropyl-phosphino substituents in these catalysts. Our lab recently
reported that a structurally related Ps5'Os(N2)- complex is an active catalyst for N2RR. 21
In contrast to the PsEFe(N2) ™ catalysts, stoichiometric HBAr", addition can protonate at the
metal, generating Os-H species that are not catalytically active for N2RR. Steric access to

the larger Os center is presumably less restricted than it is for Fe.
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The steric profile of the Fe(N2) unit suggests that functionalization of the p—N
should not be subject to the same pre-equilibrium. This is consistent with relaxed surface
scans, which show that the N2 unit can be protonated in a concerted, low energy step in
which an Et20 molecule is favorably displaced by the nucleophilic f N-atom. Subsequent

proton transfers yield Fe(NNH) with a low kinetic barrier (0.5-1.0 kcal/mol).

Fe—H formation is thermodynamically favored for all three scaffolds. We therefore
presume that the dominant source of HER for these systems is not via Fe—H formation, but
that Hydride species are formed over the course of catalysis as thermodynamic products.
We presume that both HER and N2RR, under the conditions explored in this work, are
operating under Kkinetic control. In subsequent results and discussion, thermodynamics are

assumed to be relevant within the context of kinetic parameters.

In addition to restricting our analysis to a single acid, HBArF,, we focus on KCs as
a reductant for several reasons. Most salient is that KCg is the only reductant that has been
shown to produce catalytic yields of NHs for all scaffolds considered. This observation is
attributed to the requirement of Fe(N2)~ formation during catalysis. While Ps®Fe(N2)™ can
be formed with weaker reductants, namely Cp*,Co, the more reducing Ps5/°Fe(N2) is
believed to be inaccessible under these conditions. Additionally, it has been noted that,
when using KCs and HBAr"4, HER proceeds with similar initial rates on P3S'Fe and PsBFe

scaffolds,*® possibly due to Fe(N) reduction being a common rate limiting step.

Despite the need to restrict the scope of this study to a specific catalysis cocktail,

many of the conclusions should extend to other conditions reported for N2RR catalysis
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using PsEFe (and related) complexes. In particular, the BDFEn.1 values reported herein are
acid and reductant independent and hence provide insight into the anticipated stability and

reactivity profiles of key early intermediates of N2RR.

2.2.2. Calculation of BDFEN-# Values for Fe-NxHy Intermediates

Early stage intermediates of the type Fe(NNH) and Fe(NNH-) are expected to be
highly reactive;**" thermochemical calculations reveal the presence of extremely weak N—
H bonds in these systems, as shown by their calculated bond dissociation enthalpies
(BDFEn-+; Figure 2.3). In particular, as yet unobservable PsEFe(NNH) intermediates are
predicted to have extremely weak N—H bonds (< 40 kcal/mol), and should therefore be
subject to rapid bimolecular loss of Hz and generation of PsFe(N2). By contrast, the
BDFEn.+ values of candidate PsEFe(NxHy) intermediates that are further downstream (e.g.,
Fe(N2H4), Fe(NH), Fe(NH.)) are predicted to be significantly larger (Figure 2.3). This
notion is consistent with the solution stability of characterized examples of such
downstream intermediates, contrasting the high degree of solution instability of earlier

intermediates.

Of particular interest herein is that the BDFEN_ values for the PsSFe(NNH2)™ (n
=0, 1) system are lower than those for Ps®/, for a given overall charge. As discussed later,
these different BDFEn-H Vvalues are rooted in the different valence electron counts, and

hence electronic structures, of the respective PsEFe-systems.
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For additional context, it is useful to consider reported BDFEN-+ data for a related
P3SIFe(CN)-system. The relevant PsSIFe(CNH) species, isoelectronic with Ps2Fe(NNH), is
calculated to have a weak BDFEN-H of 43.5 kcal/mol, in close agreement to that of 41.4
kcal/mol determined experimentally.4h Accordingly, PsSFe(CNH) loses 0.5 equiv H:
rapidly in solution to afford PsS'Fe(CN). In contrast, its oxidized cation, PsS'Fe(CNH)*, has
a much higher BDFEn-+ (61.8 kcal/mol (calc); 61.9 kcal/mol (exp)); this species is stable

to Hy loss in solution and can be isolated and structurally characterized.

Considering these collected data and observations, and additional data discussed
below, we presume that the earliest N,RR intermediates in P3EFe-systems are very
important for determining N2RR versus HER selectivity; they engage in bimolecular Ho-
evolving reactions that compete with productive N2RR. We next consider aspects of the

H-H bond-forming steps in these early PsEFe(NxHy) intermediates in more detail.
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Figure 2.3. BDFEN_y values (in kcal/mol) for selected PsEFe(NxHy) species.??

PsEFe(NNH) species are plausible candidates to consider with respect to selectivity
since bimolecular Hz-evolving reactions can presumably result from their extremely weak
N-H bonds (Figure 2.3; 31-17 kcal/mol). PsS'Fe(NNH), with a BDFEN_n estimated to be
8.2 kcal/mol lower than for PsBFe(NNH), might be reasonably expected to liberate H2 more
readily, thereby attenuating its N2RR efficiency. However, the BDFEN_n for Ps“Fe(NNH)
is calculated to be even lower (17.3 kcal/mol) than for PsSFe(NNH) (23 kcal/mol), despite
the fact that Ps°Fe(N2)™ is appreciably more efficient for N2RR. Hence, a trend is not

evident on the basis of the Fe(NNH) intermediates, at least as related to their relative
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BDFEn-+ values. Fe(NNH) intermediates are readily protonated to form Fe(NNH2)*
species in solution at low temperature (Figure 2.2). This likewise suggests that Fe(NNH)
intermediates are unlikely to be primarily responsible for HER under catalytic conditions

when a large excess of acid is present.*9

PsEFe(NNH2) BDFEn-1 values provide a more tractable trend: the respective
calculated values are 38.2 kcal/mol for PsBFe, 34.4 kcal/mol for PsCFe, and 22.9 kcal/mol
for PsS'Fe; the Ps5Fe—NINH. species that exhibits the most efficient N2RR activity exhibits

the strongest N-H bond, and the least efficient exhibits the weakest (Figure 2.3).

2.2.3. Calculated Reduction Kinetics of PsEFe(NNH2)*

To gain further insight into the respective role PsEFe(NNH2)*° (E = B, Si, C) species might
play in dictating product selectivity, PsFe(NNH2)* reduction kinetics were derived using
the standard Marcus equation relating the driving force and total reorganization energy
with the ET activation barrier.!® Comparison of the optimized Fe(NNH,) and Fe(NNH,)*
redox pairs reveals significant differences in their respective reduction potentials and inner-

sphere reorganization energies (AisgT).

The PsBFe(NNH)* species is predicted to have a considerably more positive
reduction potential (—1.2 V vs Fc*) than PsSFe(NNH2)* (—1.9 V; Table 2.1), resulting
from their different valence electronic counts and electronic structures (see below). Given
their dramatic difference in reduction potentials, the barrier for reduction (G*) is expected

to sharply increase in moving from B to Si. Relative reduction barrier calculations,
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assuming G* = 1.0 kcal/mol for the reduction of Ps2Fe(NNH)*, predict activation barriers
that are 4-5 times higher in energy for the reduction of Ps“S'Fe(NNH2)* versus
P3BFe(NNH.)* (Table 2.1). While the reduction of all three species should be more than
readily accomplished by the strong reductant KCs, Ps*’S'Fe(NNH_)* species are predicted

to be significantly longer lived than the PsBFe(NNH.)* congener.

The PsBFe(NNH2)" intermediate is predicted to have a lower propensity for Ho-
liberating PCET reactivity, and is also predicted to be reduced much more rapidly. Since
the reaction of two P3BFe(NNH2) molecules is a more probable source of H, on this
scaffold, the efficiency for N.RR on P3BFe should be strongly coupled to the rate at which
P3BFe(NNH.) can be productively consumed (i.e., protonated to form a PsBFe(NHNH2)* or
PsBFe(NNH3)*). Mechanistic experiments to address these scenarios are ongoing. For
example, a recent study has provided experimental evidence that P3BFe(NNH,) is
protonated by acid at low temperature to liberate Ps2Fe(N)" and NHs, presumably via

PgBFE(NNH3)+.

We conclude that facile reduction of PsFe(NNH2)* to Ps®Fe(NNHy), relative to
that for PsS'Fe(NNH2)* and Ps“Fe(NNH.)*, is one important factor in determining its
comparative efficiency for N2RR. As further elaborated below, long-lived Ps5Fe(NNH_)*
intermediates can, via bimolecular PCET pathways, instead lead to unproductive HER.
This HER activity, however, is dependent on both a long-lived PsEFe(NNH2)* intermediate,
and the presence of a highly reactive PCET reagent, such as a Ps5Fe(NNH.) species. We

have previously postulated that PsFe(NNH.) formation is required for the release of the
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first equivalent of NH3z and thus suggest that this species may be a crucial intermediate in

both HER and N>RR.4/:17

Table 2.1. Calculated thermodynamic and kinetic parameters for P:EFe(NNH2)* a
PsEFe(NNH:)?

|:’3E|:E(NNH2)Jr te > P3EFE(NNH2)

E° (vs Fc*'0) NisET G*rel Kret”
E=B -1.2V 23 1.0 1
E=Si -19V 30 4.4 2x104
E=C 2.0V 30 5.2 2x107°

3Energies are in kcal/mol, unless noted otherwise. °G* values were calculated assuming
a PsBFe(NNH2)" reduction barrier of 1.0 kcal/mol. krel = exp[(G*s—G*E)/kbT] where T =

195 K.

2.2.4. Calculated PCET Reactions

The differences in N—H bond strengths and relative rates of P3EFe(NNH2)*
reduction, with corresponding implications for product selectivity, are further highlighted
by calculating the thermodynamic and kinetic parameters for several PCET reactions of
interest (Figure 2.4ABC). In particular, comparative driving forces were calculated for
unproductive bimolecular PCET reactions that generate Hz between PsEFe(NNH2)™ (n =
0,1; E = B, Si, C) and PsEFe(NNH,). Consistent with the calculated BDFEn-+ values

(Figure 2.3), the Ps5'Fe, and to a lesser extent the PsCFe, system shows a higher propensity
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to undergo PCET to liberate H2 and the corresponding reduced Fe—NNHy species. This is
especially apparent in the reaction between two PsEFe(NNH2)* species, and in the cross-

reaction between an PsEFe(NNH_)* cation and a neutral PsEFe(NNH>) species.

In the former case, two PsEFe(NNH.)* (E = Si, C) species react in a very favorable
step to form 0.5 equiv Hz and P3fFe(NNH)* (AGcac = —17.5 kcal/mol and —16.5,
respectively; Figure 2.4A). The reaction barrier is expected to be dominated in this case by
the work required to bring two cationic species together in solution (~5 kcal/mol; see
APPENDIX A), highlighting the reactive Nature of P3“SIFe(NNH,)*. In contrast,
P3BFe(NNH2)* shows a correspondingly uphill PCET reaction (AGeaic = +3.1 kcal/mol) in
its self-combination to liberate Hz and PsBFe(NNH)*;% PsBFe(NNH.)* is also much more

readily reduced to PsBFe(NNH.) (Table 2.1).

@ H H
H\N/H _l N‘;H |
I i //N ~H
I i I
Prop—Fe PP iprp_Fe PPz iprp_pe  FPR2
| ~PPr, | ~PPr, | ~PPr
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P3EFe(NNH,)* P3BFe(NNH,) P5SiFe(NNH;)
(E=B, i)
AGeale
E=B E=Si
A
PsEFe(NNHz)* ——> P EFe(NNH)* +3.1 175
-0.5H,
B
PsEFe(NNH,) ——> PsFFe(NNH) -22.7 -54.9
-0.5H,

€ PyFFe(NNH,)* PyEFe(NNH)*

PsEFe(NNHz) -Hy  PsEFe(NNH) o =

Figure 2.4. Calculated free energy changes (AGcalc; in kcal/mol; 195 K) for several putative

PCET reactions that evolve Ho.
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The bimolecular reaction between cationic PsEFe(NNH2)* with PsEFe(NNH.) to
produce H; and the corresponding PsEFe(NNH)* and PsEFe(NNH) byproducts is predicted
to be favorable for all three systems (Figure 2.4C). However, the Ps¢/S'Fe systems proceed

with far more driving force than the PsBFe system.

Favorable driving forces are also predicted for all three systems in self reactions of
PsEFe(NNHo) to produce H, and PsEFe(NNH), but again the Ps“S'Fe systems proceed with
far more driving force (Figure 2.4B). While the bimolecular reaction of PsEFe(NNH2) with
itself is therefore a presumed source of Ha for each system, in sum the Ps*/S'Fe systems are
more likely, under each of the considered bimolecular reactions, to liberate H, in accord

with their efficiency for HER versus N2RR relative to the PsBFe system.

Given that the reduction of Ps“SIFe(NNH.)" is predicted to be comparatively slow,
one might expect such a species to build-up as an intermediate. This possibility warrants
future experimental studies aimed at in situ detection. At the present stage, we can suggest
that a high (relative) concentration of Ps*S'Fe(NNH,)*, and a high predicted propensity for
HER via reaction of this species with either itself or Ps*’S'Fe(NNH,), leads to unproductive
PCET steps that evolve Hz as competitive with downstream N2 reduction steps that lead to

N2RR. This is one important factor in determining selectivity.
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Figure 2.5. Overview of predicted bimolecular HER and N2RR pathways for PsEFe(NNHy)

species and pertinent BDFEN-+ values.

Since the PsBFe(NNH2)* intermediate is predicted to have a lower propensity for

H»-liberating PCET reactivity, and is also predicted to be reduced much more rapidly, the

reaction of two P3®Fe(NNH2) molecules is a more probable source of Hz for this scaffold:;

the efficiency for N,RR on P3BFe should therefore be related to the rate at which

P3BFe(NNH,) can be productively consumed (i.e., protonated to form a PsBFe(NHNH2)* or

P3sBFe(NNHs)*). Mechanistic experiments to address these scenarios are ongoing. For
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example, a recent study has shown that Ps®Fe(NNH2) can be protonated by strong acid at

low temperature to liberate PsBFe(N)* and NHs, presumably via Ps2Fe(NNH3)*.1’

While the PsFe scaffold provides a less definitive comparison, the calculated
BDFEnN-+ values and Hz-evolving PCET thermodynamics suggest that the dominant source
of HER on the P3%/SiFe scaffolds may be the reaction between Fe(NNH,) and Fe(NNH2)*.
The highly reducing nature of PsFe(NNH,)*, as for the P3>' scaffold, suggests it should be
comparatively long-lived, and thus more likely to undergo PCET with Ps“Fe(NNH,). The
similarity between Ps“Fe and PsS'Fe in their thermodynamics for the reaction between two
Fe(NNH2)" species (Figure 2.4A) does not correlate with their disparate %NH3
efficiencies. Substantial differences in their predicted thermodynamics for the reaction
between Fe(NNH.) and Fe(NNH>)* (Figure 2.4C) are more in line with the observed trend.
This type of bimolecular reactivity may be an important source of HER on the Ps*SiFe

scaffolds (Figure 2.5).

2.2.5. Wiberg Bond Indices of PsEFe(NxHy) Species

We next examine how each PsF auxiliary, and the corresponding PsEFe(NNHy)
valence at iron, confers variability in bonding to, and the electronic structure of, the NNHy
ligand, as a means of further considering corresponding reactivity differences of

PsEFe(NNHy) species.

Wiberg bond indices provide a means to examine how the localized bonding

between various atoms, expressed as a bond index,?* changes as a function of the NNHy
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reduction state (i.e., NNH to NNH.). We have suggested elsewhere that the relative
flexibility of the P3® ligand, owing to a weak and dative Fe-B interaction, may allow for
stabilization of Fe—NNHy intermediates where Fe-N =-bonding is accompanied by
pyramidalization at the Fe center, and a corresponding lengthening of the Fe-B
distance.**172% The P35S ligand is expected to give rise to a more shared, covalent Fe—Si
interaction, irrespective of the NNHy reduction state, and the Ps© system may be expected

to fall in the middle of these extremes.*?

Changes in the respective bond indices of these frameworks have been determined
between pairs of PsEFe(NNH) and PsEFe(NNH) species (E = B, C, Appendix A), related
by formal addition of an H-atom to the former. Interestingly, the N-H bond indices are
essentially invariant across all complexes studied, indicating that differences in BDFEN-H
are mostly dependent on the relative bonding through the E-Fe—N—N manifold.?® The most
salient data, reproduced in Figure 2.6, are the total Wiberg bond indices for Fe—N,, Fe—Np,
Fe—E, N—N and N—H. The total Fe—~N—N bond order, > (Fe—N—N), is also provided, as is
the net difference in the ABDFEn.1 value, for each pair on moving from Fe(NNH) to

Fe(NNH).

As expected, the Fe—E bond order weakens slightly from Fe(NNH) to Fe(NNH>)
for E = B, and stays constant for both Si and C. The respective change at Fe-N, is also
informative. For the B system, a significant increase is observed (1.6 to 1.9), reflecting a

build-up in pi-bonding in PsBFe(NNHy), akin to low-spin (pseudotetrahedral) iron imides
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of the type PsBFe(NR). For comparison, a previously characterized PsFe(NR) species (R

= 4-OMe-Ph) is predicted to have an Fe—N bond order of 1.8 (see Appendix A).

By contrast, the Fe—Na index for Si is sharply attenuated (from 1.6 to 1.2),
reflecting a corresponding decrease in pi bonding. While this difference must partly reflect
a less flexible Fe-Si interaction, it also reflects the electronic structure resulting from an
extra electron in the frontier orbitals of the ?E {Fe-Si}’ system relative to A {Fe-B}®°.
Interestingly, Ps®Fe(NNH,) is pyramidalized at Ns whereas Nj is planar for PsSFe(NNH>).
This observation can again be rationalized by the assignment of a low-spin iron “imide-
like” electronic structure to {Fe-B}® P3BFe(NNH>), but not for {Fe-Si}’ PsS'Fe(NNHy),
where substantial spin leaks onto the NNH2 subunit (19% on P3sS'Fe(NNH,)). The C system
provides an interesting further comparison, with spin leakage onto the NNH: unit falling
between these two extremes (12% on PsFe(NNH,)). An increase in the Fe-No index

occurs from Ps“Fe(NNH) to Ps“Fe(NNH>) (1.2 to 1.4), but Ng is predicted to remain planar.

There also appears to be a strong trend between the degree of change in the total
Fe—N—N bond order (3,(Fe—N—N)) and the ABDFEn.1; The B and C systems show little
change in Y (Fe—N—N), with a corresponding significant increase in BDFEn.n from
Fe(NNH) to Fe(NNH>) (7.0 and 17.9 kcal/mol, respectively). However, the PsCFe system
starts at a much weaker BDFEn-+ of 17.3 kcal/mol for PsCFe(NNH) (compared to 31.2
kcal/mol for PsBFe). This observation is consistent with their total ' (Fe~N—N) values (3.8
for B and 2.9 for C). Thus, the comparative stability of Ps°Fe(NNH2), with its much higher

BDFEn-+ relative that in Ps°Fe(NNH), appears to reflect a higher degree of instability in
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Ps“Fe(NNH) (relative to the same comparison for E = B). This idea is further supported by
Wiberg bond indices of the PsEFe(N2) species, which show a total bond order of 4.0 across

the Fe—N—N unit for all three scaffolds (Figure 2.6).

In sharp contrast, the P3>Fe system has a relatively high Y (Fe~N—N) value in
PsSFe(NNH), but this value decreases dramatically in P3SFe(NNHz). There is
correspondingly very little change in the ABDFEn.H, reflecting a comparatively very weak
N-H bond in PsS'Fe(NNH>). The instability of PsS'Fe(NNH2), with an electronic structure
that places substantial unpaired spin on NNH: owing to the {Fe-Si}’ configuration,
presumably contributes to the cathodically shifted reduction potential predicted for
P3SiFe(NNH>)" relative to Ps2Fe(NNH2)*, and also its propensity for facile PCET to liberate

H-.

In sharp contrast, the Ps>Fe system has a relatively high Y (Fe~N—N) value in
PsS'Fe(NNH), but this value decreases dramatically in P3SFe(NNHz). There is
correspondingly very little change in the ABDFEn.w, reflecting a comparatively very weak
N-H bond in P3S'Fe(NNH,). The instability of PsS'Fe(NNH>), with an electronic structure
that places substantial unpaired spin on NNH: owing to the {Fe-Si}7 configuration,
presumably contributes to the cathodically shifted reduction potential predicted for
P3SIFe(NNH>)* relative to Ps2Fe(NNH2)*, and also its propensity for facile PCET to liberate

Ho.
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2.3. Conclusions

Exploring the chemical basis for N2RR versus HER selectivity for a molecular

catalyst is important to future catalyst design. The DFT study described herein suggests
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that PCET reactions involving PsFFe(NNH2)™ species likely play an important role in the
efficiency of N2-to-NH3 conversion catalysis by Ps5Fe model systems. These calculations
enable predictions qualitatively consistent with previous stoichiometric and catalytic
experiments. The comparative stability of PsEFe(NNH2)™ intermediates, as predicted by
calibrated BDFEn-H values and redox potentials, emerges as one of the important factors
in determining selectivity for NoRR versus HER in these systems. Corresponding Wiberg
bond indices intimate P3? as an especially well-equipped ligand for supporting N2RR at Fe,
due to its high degree of flexibility and the valence electron count it confers to Fe in the
reduced intermediate PsBFe(NNH2). Our study suggests that increasing the rate at which
an PsEFe(NNH,) intermediate is productively consumed so as to avoid bimolecular HER,
possibly via rapid PCET reagents, may be a promising route to increasing efficiency for

NHz3 production.

Looking beyond these iron model systems, our study underscores the potential utility of
DFT-predicted BDFEN-+ determinations towards the rational design of catalysts for N2RR.
Intermediates with weak N—-H bonds (e.g., M(NNH) and M(NNH)) are highlighted as
important sources of Hz production via bimolecular PCET. Such a scenario is distinct from

HER activity via more traditional metal-Hydride intermediates.
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Chapter 3. Catalytic N2-to-NHs Conversion by Fe at Lower Driving Force: A Proposed
Role for Metallocene-Mediated PCET
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3.1. Introduction

The reduction of N2 to NHa is critical for life and is performed on a massive scale both
industrially and biologically.® The high stability of the N=N triple bond necessitates
catalysts and high-energy reagents/conditions to achieve the desired transformation.?
Synthetic studies of catalytic N2-to-NHs conversion by model complexes are of interest to
constrain hypotheses concerning the mechanism/s of biological (or industrial) N»-fixation
and to map fundamental catalyst design principles for multi-electron reductive
transformations.®

Interest in Fe model systems that catalyze N»-to-NH3 conversion has grown in part due to
the postulate that one or more Fe centers in the FeMo-cofactor of FeMo-nitrogenase may
serve as the site of N2 binding and activation during key bond-breaking and -making steps.*
Previous examples of synthetic molecular Fe catalysts that mediate No-to-NHz conversion
operate with high driving force, relying on a very strong acid (pKa ca. 0) and reductant (E°
<=3.0 V vs Fc*%).5 In contrast, several Mo catalysts have been shown to facilitate N-to-

NH3 conversion with significantly lower driving force.® There is thus interest in exploring
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the viability of Fe-mediated catalytic N2-to-NH3 conversion under less forcing conditions
from a practical perspective, and to continue assessing these systems as functional models

of biological nitrogenases.

‘Pry P—Fe:
| ~PPr,
B--.-/l'
N2 + g + H+ NH3
Et,0,-78 °C
e H* AAH;
(E vs Fc™0) (pK, in THF) (keal/mol)
Cp*,Co [PhNH;][OTI] 6
(-1.96 V) (7.8)
Cp*,Co [Ph,NH,][OT1] 77
(-1.96 V) 4.1)
F
KC; HBAIF, > 156
(£-3.0V) (ca. 0)

Figure 3.1. Summary of conditions used for catalytic N2-to-NHs conversion by PsBFe?

highlighting the estimated enthalpic driving force (AAHs).’

In this chapter, it is demonstrated that catalytic conversion of N2 to NH3 by PsBFe* (PsB =
tris(o-diisopropylphosphinophenyl)borane) can be achieved with a significantly lower
driving force by coupling Cp*2Co with [PhoNH2]* or [PhNH3]* (Figure 3.1). Such
conditions additionally afford unusually high selectivity and catalytic turnover for NH3.2
Moreover, it is noted that the use of milder reagents as reductant and acid engenders a
higher effective bond dissociation enthalpy (BDFE; eq 3.1).”*° This may in turn afford
access to proton-coupled electron transfer (PCET) pathways (e.g., FeN2> + H- — FeN2H)
distinct from electron transfer (ET)/proton transfer (PT) pathways, thus enhancing overall
catalytic efficiency.

BDFE-effective = 137(pKa) + 2306(E0) +Co (31)
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Theoretical considerations, including DFT calculations, are discussed that suggest the
viability of a decamethylcobaltocene-mediated PCET pathway in this system; by extension
we suggest metallocene-mediated (e.g., Cp*2Cr) PCET pathways may be operative in

previously studied Mo and Fe N-fixing systems that use metallocene reductants.®®

3.2. Results
3.2.1 Catalysis Using [PsBFe][BArs], Cp*2Co and [RnNH@un)][OTH]

Various observations of Ps®Fe complexes in the presence of acids and reductants suggested
that this system might be capable of N2-to-NH3 conversion with lower driving force than
that originally reported. Accordingly, we had observed that the treatment of PsBFeN2” with
KCg and weaker acids (pKa > 0) led to greater than stoichiometric NH3z formation (e.qg.,
under unoptimized conditions [2,6-dimethylanilinium][OTf] afforded 2.1 equiv NH3 per
Fe).1% Similarly, the treatment of P3BFeN, with [H(OEt:)2][BArfs] (HBArfs, BArT, =
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) and weaker reductants led to modest yields
of NHs. For example, under unoptimized conditions we had observed that
decamethylcobaltocene (Cp*2Co) and HBArF, afforded 0.6 equiv NHs per Fe.l%!! Most
recently, an apparent catalytic response was observed during a cyclic voltammetry
experiment at the PsFeN,%" couple (—2.1 V vs Fc*'?) upon addition of excess HBArF, under
an N atmosphere. Electrolytic NH3 generation by PsBFe* was observed at —2.4 V vs Fc¢*°
in Et20,** and Na/Hg (2.4 V vs Fc*® in THF)™ could instead be used for Nz-to-NHs
conversion catalysis (albeit less selectively and with low turnover). Finally, mixing Ps®Fe*

with Cp*2Co in Et,O at —78 °C under N, generates some PsBFeN, as observed by X-band
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EPR and Mdssbauer spectroscopy (See Appendix 2), suggesting that Cp*,Co is in principle
a sufficiently strong reductant to trigger catalysis by Ps2Fe*.

Treatment of PsBFe* with Cp*2Co and [PhoNH2][OTf], [PhoNH2][BArT4], or [PhNH3][OTf]
in Et2O at =78 °C under an N> atmosphere affords catalytic yields of NHz (Table 3.1).
Notably, the highest selectivity for NHs obtained among this series (72% at standard
substrate loading; Entry 1) is significantly improved compared to all previously described
(molecular) Fe catalysts for No-to-NH3 conversion.®*? Tripling the initial substrate loading
(Entry 2) nearly triples the NHs production with only modest loss in efficiency for NH3
(63%). Preliminary attempts to further increase the initial substrate loading have led to
substantially decreased efficiency (Entry 3). However, substrate reloading experiments
(Entries 4 and 5) maintain greater than 50% efficiency for NHz overall; a turnover number
for NHs generation via two reloadings has been achieved as high as 89 (84 £ 8; Entry 5).
This is the highest turnover number yet reported for a (molecular) N2-to-NH3 conversion
catalyst under any conditions.™

The use of the more soluble acid [PhoNH2][BArF4] (Entry 6) provides significantly lower,
but still catalytic, yields of NH3. This more soluble acid presumably increases background
reactivity with Cp*,Co (See Appendix 2). Perhaps more significantly, [PhNH3][OTf] is a
considerably weaker acid than [PhoNH2][OTf] (Figure 3.1), but still provides substantial
catalytic yields of NH3 (Entries 7 and 8) and at efficiencies that compare well with those
obtained previously using HBArF, and KCs despite a difference in driving force of nearly

100 kcal/mol .t
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Table 3.1. N2-to-NHs Conversion with PsEM Complexes (M = Fe, Co)

Catalyst Cp*2Co Acid Equiv. % Yield
(equiv) (equiv) NHas/Fe (NHas/e)
1 PsBFe* 54 108° 12.8+05 72+3
2 PsPFe* 162 322° 34+1 63+2
3 PsPFe* 322 638° 26.7+09 25%1
42 PsBFe* [162]x2 [322]x2° 56 +9 52+9
5a P3BFe’ [162]x3 [322]x3®  84+8 52+5
6 PsPFe* 54 108° 8+1 42+6
7 PsPFe* 54 108¢ 7+1 38+7
8 P3BFe’ 162 322¢ 16 + 3 29+ 4
9 PsSFeN; 54 108° 1.2+0.1 6+1
10 PsBCoN 54 108° 1.1+0.4 6+2
11 P3SICoN; 54 108° 0+0 0+0

The catalyst, acid, Cp*2Co, and Et2O were sealed in a vessel at —196 °C under an N2
atmosphere followed by warming to —78 °C and stirring. Yields are reported as an average
of at least 2 runs; for individual experiments See Appendix 2. 2For these experiments the
reaction was allowed to proceed for 3 hours at =78 °C before cooling to —196 °C and
furnished with additional substrate and solvent °[PhoNH2][OTf]. [PhoNH2][BAr 4].

d[PhNH3][OTH].

We also screened several related phosphine-ligated Fe—N2 and Co—N2 complexes** under

the new standard reaction conditions with [PhoNH2][OTf] and Cp*.Co (Entries 9—11) but
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found that none of these other systems were competent catalysts. While we anticipate other
catalyst systems for N2-to-NHs conversion may yet be found that function under the
conditions described herein,® certain features of the PsBFe system correlate with unusually
productive catalysis. 4

Also significant is that when PsBFe" is loaded with 322 equiv [Ph.NH2][OTf] and 162 equiv
Cp*2Co in Et,0O at —78 °C, modest levels of N2H4 are detected (< 1 equiv per Fe; see
Appendix 2). We had previously reported that catalytic N2 reduction with KCg and HBAr™,
yielded no detectable hydrazine, but observed that if hydrazine was added at the outset of
a catalytic run, it was consumed.>®When 5 equiv of N2H. were added at the beginning of a
catalytic run (again with 322 equiv [PhoaNH2][OTf] and 162 equiv Cp*>Co), only 0.22 equiv
of NoHs (4.4% recovery) remained after workup. This result indicates that liberated
hydrazine can also be reduced or disproportionated under the present conditions. That N2Ha
is detected to any extent in the absence of initially added N2Ha under these conditions
indicates that a late N—N cleavage mechanism to produce NHs (e.qg., alternating or hybrid

cross-over) is accessible.®*> Whether such a pathway is kinetically dominant is as yet

unclear.1116

3.2.2. Fe Speciation under Turnover Conditions

The P3BFe speciation under turnover conditions was probed via freeze-quench Mdossbauer
spectroscopy.t! The Mdéssbauer spectrum of a catalytic reaction mixture after five minutes
of reaction time (Figure 3.2) reveals the presence of multiple species featuring well-
resolved sets of quadrupole doublets. The spectrum is satisfactorily simulated with

P3BFeN2 (8 = 0.55 mm/sec, AEq = 3.24 mm/sec, 32%; Figure 3.2 green), PsBFeNz (5 =
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0.40 mm/sec, AEq = 0.98 mm/sec, 26%; Figure 2 blue),''" an unknown P3BFe species (&
= 0.42 mm/sec, AEq = 1.84 mm/sec, 18%; Figure 3.2 yellow), and a final species that is
modeled with & = 0.96 mm/sec and AEq = 3.10 mm/sec (24%; Figure 3.2 orange). The
broad nature of this last signal and its overlap with other features in the spectrum prevents
its precise assignment, but its high isomer shift and large quadrupole splitting are
suggestive of a tetrahedral, S = 2 Fe(11) complex.*® The Méssbauer spectrum of a catalytic
reaction mixture after 30 minutes was also analyzed (See Appendix 2). The spectrum still
shows Ps®FeN: (53%), the same unknown P3®Fe species (18%), and again a tetrahedral,
high-spin Fe(ll) component (22%). However, PsFe* is now present (8 = 0.75 mm/sec, AEq
= 2.55 mm/sec, 8%) and PsBFeN is no longer observed. The reloading experiments
described above provide strong evidence that “P3PFe” species represent an “active catalyst”

population; interpretation of the relative speciation via spectroscopy should hence bear on

the mechanism of the overall catalysis.

& (mmisec)
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Figure 3.2. Mdssbauer spectrum at 80 K with 50 mT applied parallel field of a freeze-
quenched catalytic reaction (54 equiv Cp*.Co, 108 equiv [PhoNH2][OTf], 1 equiv

P32[%"Fe]") after five minutes of reaction time.

The appearance of a presumed high-spin (S = 2), tetrahedral Fe(l1) species during catalysis
(ca. 25%) might arise via dechelation of a phosphine arm. This species could represent an
off-path state, or a downstream deactivation product. Interestingly, under the present
catalytic conditions we do not observe the borohydrido-hydrido species P38(u-H)Fe(H)(L)
(L = N2 or Hy); this species was postulated to be an off-path resting state during No-to-NHs
conversion catalysis using HBAr s and KCg and was the major component observed at
early times (ca. 60% at 5 min).!! It therefore appears that a larger fraction of the “P3®Fe”
species are in a catalytically on-path state at early reaction times under these new catalytic
conditions.

Additionally, the presence of a significant degree of PsBFeN; (Figure 2) at an early time
point is distinct from conditions with HBAr s and KCsg.!! This observation is consistent
with the notion that protonation of PsFeN, is slowed under the present conditions, likely
as a result of the insolubility of the triflate salt [PhoNH2][OTf] and its attenuated acidity
relative to HBArT,.7%1° Clearly, differences in the rates of key elementary steps under the
new conditions described here may lead to new mechanistic scenarios for No-to-NHs

conversion.

3.2.3. DFT Predicted pKa’s and BDFEs

The improved catalytic efficiency at significantly lower driving force warrants additional

consideration. When using HBAr s and KCgwe have previously suggested that protonation
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of PsBFeNy", which itself can be generated by reduction of PsBFeN,, to produce P3EFe-
N=NH is a critical first step; Ps®Fe-N=NH can then be trapped by acid to produce
spectroscopically observable PsFe=N-NH,".* These steps, shown in eq 3.2a-b, represent
an ET-PT pathway. A PT-ET pathway, where PsBFeN. is sufficiently basic to be protonated
to generate PsBFe-N=NH" as a first step, followed by ET, is also worth considering (eq
3.3a-b). A direct PCET pathway (eq 3.4) where H-atom delivery to PsFeN; occurs, thus
obviating the need to access either Ps2FeN or PsBFe-N=NH*, needs also to be considered.
PsFeN2 + & — P3BFeNy (3.2a)

PsBFeN2” + H* — P3BFe-N=NH (3.2b)

PsBFeN; + H* — P3BFe-N=NH"* (3.3a)

PsBFe-N=NH* + e — PsBFe-N=NH (3.3b)

PsBFeN2 + H- — P3BFe-N=NH (3.4)

Initial PT to PsBFeN; to generate PsBFe-N=NH" (eq 3.3a) is unlikely under the present
conditions due to the high predicted acidity of PsBFe-N=NH" (pKa = —3.7; estimated via
DFT; See Appendix 2); efficient generation of such a species seems implausible for acids
whose pKa’s are calculated at 1.4 (PhoNH2") and 6.8 (PhNH3") in Et2O (Table 3.2). We
note that [PhoNH2][OTf] does not react productively with PsBFeN; at -78 °C in Et,0, as
analyzed by Mdéssbauer spectroscopy.

Focusing instead on the PCET pathway (eq 3.4), the DFT-calculated BDEn.1 for PsBFe-
N=NH (35 kcal/mol; Table 2; See Appendix 2 for details)® is larger than the effective
BDE® of either Cp*2Co/Ph,NH,* or Cp*2Co/PhNH3* (25 and 31 kcal/mol, respectively).
This suggests that PCET (eq 3.4) is plausible on thermodynamic grounds. Given that we

have employed Cp*2Co in this study, and that this and also Cp>Co and Cp*.Cr have been
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effective in other N-fixing molecular catalyst systems,®® we have explored via DFT
several putative metallocene-derived PCET reagents. Based on the analysis we describe
below, we propose that protonated metallocenes may serve as discrete and highly active

H- sources for PCET.

A H*
Cp*;Co — [Cp*Co(n*-CsMesH)I*
ACICI AGCalC
PhyNH,* -21 keal/mol
PhNH3* -13 kcal/mol

C
+
W
Ny +10 kcal/mol
Cp*Cr + | e
a Unfavorable
D

N\ -5 kcal/mol N\
Cp*Cr + | — | +[Cp*Cr(n*-CsMesH)]"
/ Favorable a

PCET Reagent

Figure 3.3. (A) Calculated free-energy changes for the protonation of Cp*,Co. (B) DFT
optimized structure of endo-Cp*Co(n*-CsMesH)* (methyl protons omitted for clarity). (C)
The unfavorable reduction of 2,6-lutidinium by Cp*.Cr with the calculated free energy
change. (D) The favorable protonation of Cp*2Cr by lutidinium with the calculated free

energy change.

Accordingly, we find that the formation of endo- and exo-Cp*Co(n*-CsMesH)" are
predicted to be thermodynamically favorable via protonation of Cp*2Co by either PhoNH»*
or PhNHs" (—21 and —13 kcal/mol, respectively; Figure 3.3A).2! We have calculated the

BDEc-+’s for both endo- and exo-Cp*Co(n*-CsMesH)* as 31 kcal/mol (Figure 3.3B; Table
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2), indicating that they should be among the strongest PCET reagents accessible in this

catalyst cocktail. Indeed, they would be among the strongest PCET reagents known.®

Table 3.2. Calculated pKa Values and BDEs of Selected Species?

Species pKa BDEP
PhaNH2* 1.4° -
PhNH3" 6.8 -
Lutidinium 145 -

endo-Cp*Co(n*-

16.8 31
C5|\/|€5H)+
exo-Cp*Co(n*

16.8 31
(:5|\/|65H)+
endo-Cp*Cr(n*-

17.3 37
(:5|\/|65H)+
exo-Cp*Cr(n*-

12.1 30
(:5|\/|65H)+
PsBFe-N=NH 38.7 35
P3BFe=N-NH," 144 51
P3BFe=N-NH; - 47
[HIPTN3N]Mo-N=NH - 51

aCalculations were performed using the M06-L?2 functional with a def2-TZ VP basis set on
Fe and a def2-SVP basis set on all other atoms?® (See Appendix 2). PIn kcal/mol. *pKa

values were calculated in Et2O and reported relative to (Et20)H".
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We have also calculated the N-H bond strengths (Table 2) of several early stage candidate
intermediates, including the aforementioned Ps®Fe-N=NH (35 kcal/mol), PsBFe=N-NH,"
(51 kcal/mol), and PsBFe=N-NH: (47 kcal/mol). We conclude that PCET from Cp*Co(n*-
CsMesH)* to generate intermediates of these types is thermodynamically favorable in each
case. To generate the first and most challenging intermediate (eq 3.5), the enthalpic driving
force for PCET is estimated at ~4 kcal/mol (AGcaic = —9 kcal/mol). This driving force, and
hence the plausibility of PCET steps, increases sharply as further downstream Fe-NxHy
intermediates are considered.?*

P3BFeNz + Cp Co(n*-CsMesH)" — P3BFe-N=NH + Cp“,Co* (3.5)
Independent studies of H, evolution from cobaltocene have invoked a protonated
cobaltocene intermediate.?>?® The observation of a background H, evolution reaction
(HER) when employing metallocene reductants, but in the absence of an N2-to-NHs

conversion catalyst, suggests that metallocene protonation is kinetically competent.5¢27

3.3. Discussion

Given the prevalence of metallocene reductants in Nz-to-NHs (or -N2H4) conversion,®®
especially for the well-studied Mo catalyst systems, it is worth considering metallocene-
mediated PCET more generally. For instance, a role for ET/PT steps (or conversely PT/ET)
in  N2-to-NHz conversion catalyzed by [HIPTNsN]Mo (HIPTNsN = [(3,5-(2,4,6-
'PrsCsH2)2CsH3NCH2CH2)sN]*, a bulky triamidoamine ligand) has been frequently
posited.?” But PCET steps may play a critical role, too. In the latter context, we note reports

from Schrock and coworkers that have shown both acid and reductant are required to
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observe productive reactivity with [HIPTN3sN]MoN2. These observations are consistent
with PCET to generate [HIPTN3N]Mo-N=NH.?® A PCET scenario has been discussed in
this general context of N2-to-NHs conversion, where a lutidinyl radical intermediate
formed via ET from Cp*,Cr has been suggested as a PCET reagent that can be generated
in situ.”?° However, our own calculations predict that the lutidinyl radical should not be
accessible with Cp*2Cr as the reductant (AGcaic = +10 kcal/mol; Figure 3C).*® We instead
propose protonation of Cp*2Cr by the lutidinium acid as far more plausible (AGeac = —5.3
kcal/mol; Figure 3D) to generate a highly reactive decamethylchromocene-derived PCET
reagent.

While N-H bond strengths have not been experimentally determined for the
[HIPTN3sN]Mo-system, using available published data we deduce the N-H bond of
[HIPTN3N]Mo-N=NH to be ca. 49 kcal/mol and we calculate it via DFT (truncated
HIPTN;N; See Appendix 2) as 51 kcal/mol.®! The BDEn.n for this Mo diazenido species
is hence much larger than we predict for PsBFe-N=NH (35 kcal/mol), perhaps accounting
for its higher stability.?® A PCET reaction between endo-Cp*Cr(n*-CsMesH)" (BDEcaic =
37 kcal/mol) and [HIPTN3N]MoN: to generate [HIPTN3N]Mo-N=NH and Cp*,Cr* would
be highly exergonic. Furthermore, we predict a similarly weak BDEc.+ for Cp-protonated
cobaltocene, CpCo(n*-CsHg)* (BDEcaic = 35 kcal/mol). These considerations are consistent
with the reported rapid formation of [HIPTN3sN]Mo-N=NH using either Cp*.Cr or Cp2Co
in the presence of lutidinium acid.*?

3.4 Conclusions

To close, we have demonstrated catalytic N2-to-NH3 conversion by PsBFe* at a much lower

driving force (nearly 100 kcal/mol) than originally reported via combination of a weaker
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reductant (Cp*2Co) and acid ([PhoaNH2][OTf] or [PhsNH][OTf]). Significantly improved
efficiency for NHs formation is observed (up to 72% at standard substrate loading), and by
reloading additional substrate at low temperature the highest turnover number yet observed
for any synthetic molecular catalyst (84 + 8 equiv NHs per Fe) has been achieved. Freeze-
quench Mdossbauer spectroscopy under turnover conditions reveals differences in the
speciation of PsBFe compared to previous studies with HBArF, and KCs, suggesting
changes in the rates of key elementary steps. Using DFT calculations we have considered
the viability of a decamethylcobaltocene-mediated PCET pathway as an alternative to
previously formulated ET-PT and PT-ET pathways. Based on our calculations, we propose
that protonated metallocenes should serve as discrete, very reactive PCET reagents in N»-
to-NHz conversion catalysis. Indeed, the achievement of high efficiency for N2-to-NH3
conversion by both P3BFe and various Mo catalysts that benefit from metallocene
reductants raises the intriguing possibility that metallocene-based PCET reactivity is a
potentially widespread and overlooked mechanism. Efforts are underway to further explore

such pathways.
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Chapter 4. Fe-Mediated Nitrogen Fixation with a Metallocene Mediator: Exploring
pKa Effects and Demonstrating Electrocatalysis



64

4.1 Introduction

There has been substantial recent progress in the development of soluble, well-
defined molecular catalysts for N»-to-NHz conversion, commonly referred to as the
nitrogen reduction reaction (N.RR).! Nevertheless, a significant and unmet challenge is to
develop molecular catalysts, and conditions, compatible with electrocatalytic N2RR.
Progress in this area could have both fundamental and practical benefits, including access
to informative in situ mechanistic studies via electrochemical techniques, and an
electrochemical means to translate solar or otherwise derived chemical currency (H*/e")
into NHs. The latter goal, which has been the subject of numerous studies using
heterogeneous catalysts, is key to the long-term delivery of new ammonia synthesis
technologies for fertilizer and/or fuel.?

Many soluble coordination complexes are now known that electrocatalytically
mediate the hydrogen evolution reaction (HER),® the carbon dioxide reduction reaction
(CO2RR),* and the oxygen reduction reaction (ORR).> The study of such systems has
matured at a rapid pace in recent years, coinciding with expanded research efforts towards
solar-derived fuel systems. In this context, it is noteworthy how little corresponding
progress has been made towards the discovery of soluble molecular catalysts that mediate
electrocatalytic NoRR. To our knowledge, only two prior systems address this topic
directly.®®

Pickett and coworkers reported, more than three decades ago, that a Chatt-type
tungsten-hydrazido complex (W=NNH2) could be electrochemically reduced to release
ammonia (and trace hydrazine), along with some amount of a reduced W—N> product; the

latter species serves as the source of the W=NNH, species (via its protonation by acid).5
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By cycling through such a process, an electrochemical, but not an electrocatalytic,
synthesis of ammonia was demonstrated. Indeed, efforts to demonstrate electrocatalysis
with this and related system instead led to substoichiometric NHs yields.

An obvious limitation to progress in electrochemical N2RR by molecular systems
concerns the small number of synthetic N2RR catalysts that have been available for study;
it is only in the past five years that sufficiently robust catalyst systems have been identified
to motivate such studies. In addition, the conditions that have to date been employed to
mediate N2RR have typically included non-polar solvents, such as heptane, toluene, and
diethyl ether (Et20), that are not particularly well-suited to electrochemical studies owing
to their low conductivity.*

Nevertheless, several recent developments, including by our lab, point to the
likelihood that iron (and perhaps other) molecular coordination complexes may be able to
mediate electrocatalytic N2RR in organic solvent. Specifically, our lab recently reported
that a tris(phosphine)borane iron complex, Ps®Fe*, that is competent for catalytic N2RR,
can also mediate electrolytic Na-to-NHs conversion,® with the available data (including
this study) pointing to bona fide electrocatalysis in Et20.

Focusing on the PsBFe* system we have studied, a development relevant to the
current study was its recently demonstrated compatibility with reagents milder than those
originally employed.¢ Thus decamethylcobaltocene (Cp*2Co) and diphenyl ammonium
acid (PhaNH.") are effective; these reagents give rise to fast, and also quite selective (>70%
vs HER) N2RR catalysis at low temperature and pressure in ethereal solvent. In addition,
based on preliminary spectroscopic evidence and density functional theory (DFT)

predictions, it appears that a protonated metallocene species, Cp*(n*-CsMesH)Co*, may be
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an important intermediate of N2RR catalysis under such conditions. Indeed, we have
suggested that Cp*(n*-CsMesH)Co* may be an effective proton-coupled-electron-transfer
(PCET) donor (BDEc-n(calc) = 31 kcal/mol), thereby mediating net H-atom transfers to
generate N—H bonds during N2RR. The presence of a metallocene mediator might,
therefore, enhance N2RR during electrocatalysis.®

We present here a study of the effect of pKa on the selectivity of Ps8Fe* for N2RR
vs HER. By using substituted anilinium acids, we are able to vary the acidity over 9 orders
of magnitude and find that the selectivity is highly correlated with the pKa. In our efforts
to investigate the origin of the observed pKa effect, we found to our surprise that the
catalytically relevant acids were unable to faciltate productive early-stage N-H bond
formation in stoichiometric reactions and therefore hypothesized that the formation of a
protonated metallocene species Cp*(n*-CsMesH)Co* indeed played a critical role in N-H
bond-forming reactions either via PCET or PT during N2RR catalysis. DFT studies support
this hypothesis and also establish that the observed pKa effect can be explained by the
varying ability of the acids to protonate Cp*2Co. The critical role of this protonated
metallocene intermediate in N-H bond forming reactions led us to test the effect of
Cp*2Co* as an additive in the electrolytic synthesis of NH3 by PsFe*. We found that the
addition of co-catalytic Cp*2Co* enhances both yield of NH3 and Faradaic efficiency (FE),
and thus furnishes the first unequivocal demonstration of electrocatalytic N2RR with a

soluble, molecular coordination complex.
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4.2. Results and Discussion
4.2.1 pKa studies.

In our recent study on the ability of Ps®Fe* to perform N2RR with Cp*>Co as the
chemical reductant, we found that there was a marked difference in efficiency for NH3
demonstrated by diphenylammonium triflate ([PhoNH2][OTf]) and anilinium triflate
([PhNH3][OT{]).Errort Bookmarknot defined. |y that study we posited that this difference could a
rise from a variety of sources including the differential solubility, sterics, or pKa’s of these
acids. To better investigate this last possibility we explored the efficiency of the catalysis
by quantifying the NHz and H> produced when using substituted anilinium acids with
different pKa values (Table 4.1). The table is organized in descending acid strength, from
[“OMePhNH3][OTf] as the weakest acid to the perchlorinated derivative ([P®"
CIPhNH;][OTT]) as the strongest. Importantly, good total electron yields (85.8 + 3.3) were
obtained in all cases. As can be seen from the table, the NHz efficiencies are found to be
strongly correlated with pKa.*°

In particular, a comparison of the efficiency for NH3z with the pKa of the anilinium
acid used gives rise to four distinct activity regimes (Table 4.1). Firstly, a regime that is
completely inactive for N2RR, but active for HER, is defined by the weakest acid [*
OMephNH;][OTf] (pKa= 8.9).1t A gradual increase in observed NHs yields, coupled with a
decreased H. yield, comprises a second regime in which the acid is strengthened from
[PhANH;][OTT] (pKa= 7.8), to [>6MePhNH;][OTf] (pKa= 6.8), to [>'PhNH3][OTf] (pKa=
5.6). Yet stronger acids, [>>"°'PhNH3][OTf] (pKa= 4.1), [2“'PhNH;3][OTf] (pKa= 3.4), and
[246CIPhNH;3][OTT] (pKa= 2.1), provide the third, most active N.RR regime in which the

H. yields are nearly invariant.> The highest selectivity for N.RR (~78%) was observed
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using [>>“'PhNH;][OTf] as the acid. A fourth regime of very low N2RR activity is
encountered with [P"C'PhNH3][OTf] (pKa = 1.3) as the acid. We suspect this last acid
undergoes unproductive reduction via ET, thereby short-circuiting N2RR. Intriguingly the
observed behavior is remarkably similar to that for nitrogenase which is the only other

N2RR system for which such pKa, effects have been well-studied (Figure 4.4.1).1314
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Figure 4.1. (top) Percentage of electrons being used to form NH3 and H at different pH
values by the FeMo-nitrogenase in A. vinelandii. Reprinted with permission from Pham,
D. N.; Burgess, B. K. Biochemistry 1993, 32, 13725. Copyright 1993 American Chemical
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Society. (bottom) Percentage of electrons being used to form NHz and H; at different pKa

values by P3BFe”.

In our previous study on Cp*2Co mediated N2RR with PsBFe*, we had identified
that Ps®BFeN,~ forms under catalytic conditions. Earlier studies on the reactivity of PsBFeNy
with excess of soluble acids such as HOTf or [H(OEt.):][BArfs] (HBArfs, BArf, =
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)) at low temperature in Et2O had determined
that PsBFe=NNH," was rapidly formed.’® Furthermore, recent computational work from
our group posits that under catalytic conditions with a soluble acid the disparate efficiency
for N2RR demonstrated by PsEFe catalysts (E = B, C, Si) is determined by the rate of
formation and consumption of early N:RR intermediates (i.e. PsFe=NNH and
P3EFe=NNH,*%).1® Thus we were interested in the reactivity of these anilinium triflate acids
with PsBFeN2~ and hypothesized that they may show differential efficiency in the formation
of PsBFe=NNH,".

Table 4.1. Literature!® and calculated®*® pKa values and efficiencies observed in
catalytic N2-to-NHs conversion

PK2P  pK2C  pKg'c | NHa/Fe %NHslew  %Ho/e®

[“MePhNH;][OTf] 8.9 9.6 15.7 004+£.01 02+£01 89.1+0.2
[PhNH3][OTT] 7.8 7.7 13.8 7.3x01 404+05 48.6+0.7
[2MePhNH3][OTf] 6.8 7.3 13.2 86+0.7 475+40 378x0.2
[Cp*(exo-n'-

N/A 9.2 11.8 — — —
CsMesH)Co][OTH]

[ZC/PhNH:][OTf] 56 56 6.0 107401 539+04 261+19
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[2°5CIPhNH3][OTf] 4.1 4.0 5.0 139+0.7 775+3.8 105+1.1
[26-CIPhNH3][OTf] 3.4 3.4 3.4 138+0.9 76.7+49 126+25
[246-CIPhNH;][OTf] 2.1 2.7 1.8 128+04 70922 12.0+0.8
[Pe-CIPhNH;][OTH] 1.3 0.8 0.4 36+01 199+05 635%11

[“OMePhNH3][OTf] = 4-methoxyanilinium triflate, [PhNH3][OTf] = anilinium triflate, [>5
MephNH3][OTf] = 2,6-dimethylanilinium triflate, [>“'PhNH3][OTf] = 2-chloroanilinium
triflate, [>>“'PhNHs][OTf] = 2,5-dichloroanilinium triflate, [>¢“'PhNHs][OTf] = 2,6-
dichloroanilinium triflate, [>*5C'PhNH3][OTf] = 2,4,6-trichloroanilinium triflate, [P~
CIPhNH3][OTf] = 2,3,4,5,6-pentachloroanilinium triflate. 2Acidities calculated at 298 K in
THF and referenced to the known literature value for [>¢C'PhNH3][OTf]. PAll species
calculated as the ion-paired OTf™ species in Et,O at 195 K and referenced to the known

literature value for [>¢C'PhNH3][OTf] in THF.

To our surprise the freeze-quench EPR spectrum of the reaction of excess [%%
CIPhNH3][OTf] (high efficiency regime) at —78 °C in Et,0 with PsBFeN,™ did not reveal
any PsBFe=NNH.". In accord with this result, freeze-quench Mdsshauer experiments show
only the formation of oxidized Fe products, namely PsBFeN, and PsBFe*. Finally, analysis
of such reactions for NH3z or N2H4 after warming led to the observation of no fixed-N
products. The observation of exclusively oxidation rather than productive N—H bond
formation is reminiscent of experiments in which only 1 equiv of a soluble acid source
(HBAr", or HOTT) is added to PsBFeN. . In these cases, we have proposed that the unstable
P3sBFe=NNH is formed and without excess acid to trap it as Ps2Fe=NNH." it decays with

the loss of 1/2 an equivalent of Ha to form PsBFeN..
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Although large excesses of the triflate acids (25 eq) were employed in these
experiments to mimic catalytic conditons, the low solubility of these anilinium triflate acids
under the catalytically relevant conditions (Et20, -78 °C) likely leads to a situation in which
the formed P3BFe=NNH is not sufficienctly rapidly captured by acid and hence decays with
loss of H,. Further evidence in support of this hypothesis comes from experiments
employing [>¢C'PhNHs][BAr"4] as a soluble source of acid. In this case, freeze-quench
EPR of the reaction between Ps®FeN,™ and 25 eq of acid leads to the observation of
P3sBFe=NNH_"* and the quantification of fixed-N products upon warming (0.20 + 0.04 eq.
NHs per Fe).

While internally consistent, these observations must be reconciled with the
seemingly contradictory observation of highly efficient N2RR when [>¢C'PhNH3][OTf]
and other anilinium triflate acids are employed under catalytic conditions. In fact, we have
previously observed that [PhoNH2][OTf] leads to superior efficiencies for NHs than
observed with [Ph.NH2][BArTs] (72 + 3% and 42 + 6% respectively). An obvious
difference between the stoichiometric reactions described above and the catalytic reaction
is the presence of Cp*.Co in the latter. We had previously postulated that Cp*>Co could
be protonated under the catalytic reaction conditions to form Cp*(n*-CsMesH)Co®. This
species could then play a role in N—H bond forming reactions. The results herein suggest
that such a mechanism is not only plausible but likely necessary to explain the observed
catalytic results with anilinium triflate acids. Given the effect of pKa on the efficiency for
N2RR, we hypothesized that this effect might arise from the thermodynamics or kinetics of

Cp*2Co protonation by the different anilinium acids.
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4.2.2. Computational Studies

To investigate the kinetics and thermodynamics of Cp*>Co protonation by
anilinium triflate acids we employed DFT. DFT-Ds!’calculations were performed at the
TPSS/def2-TZVP(Fe); def2-SVP® level of theory that our group has previously
successfully employed in studies of this system.*® We calculated the free energy of H*
exchange (AGa) for all of the used acids (one example in eq 4.1) and Cp*(exo-n*-
CsMesH)Co* in Et20 at 298 K. These free energies were then used to determine the pKa by
including a term to adjust them to the literature pKa value for [>6C'PhNH;] [OTf] at 298 K
in THF (eq 4.2).

PhNH2 + 26C'PhNH3* = PhNHs* + 25C'PhNH; (eq 4.1)
pKa(PhNH3") = ~AG4/(2.303%RT) + pKa(2*'PhNH3") (eq 4.2)

However, because we believe that the variable triflate hydrogen bonding effects
(0.5-10 kcal/mol) are likely important under the catalytic conditions (low temperature and
low polarity solvent), we additionally calculated the free energy for net HOTf exchange
reactions (AGqg) at 195 K in Et,0 (one example in eq 4.3). The free energy of these reactions
can then be used to determine a pKgq, which were also referenced to the pKa value for [>¢-
“IPhNH;][OTf] at 298 K in THF for ease of comparison (eq 4.4). Going forward we will
use the pKgq values in our discussion, but using the pKa values would not substantively alter
the conclusions.

PhNH, + [26C'PhNH3][OTf] > [PhNH3][OTf] + 26C'PhNH; (eq 4.3)

pK4([PhNH3][OT{]) = —AGd/(2.303%RT) + pKa(>*C'PhNHs*) (eq 4.4)
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Calculations of the pKq of all of the relevant species (Table 4.1) leads to the
observation that the pKg of [Cp*(n*-CsMesH)Co][OTf] (pKq®' = 11.8; Table 4.1), falls
within the range of acids studied (0.4 < pKq®"°<15.7; Table 4.1) suggesting there would
be a significant acid dependence on the kinetics and thermodynamics of Cp*:Co
protonation. To better elucidate the differences in Cp*.Co protonation between the acids,
we investigated in detail the kinetics for three acids, [>“'PhNH;][OTf] (high selectivity;
P = 3.4), [2°MPhNH3][OTf] (modest selectivity; pKq¢ = 13.2), and [*
OMephNH3][OTf] (poor selectivity; pKq“¥® = 15.8). Transition states were readily located
for all three acids and as can be seen in Figure 4.2, protonation of Cp*,Co is found to have
only a moderate barrier in all three cases ([*°MPhNH3][OTf], [**MePhNH3][OTf] and [>
CIPhNH3][OTf]: AG* = +4.5 kcal/mol, +3.8 kcal/mol and +1.3 kcal/mol, respectively). This
suggests that Cp*>Co protonation is Kinetically accessible in all cases, in agreement with
the experimental observation of background HER with all of these acids (see SlI).

The small differences in rate, and the large variance in the equilibrium constant defined in
eq 4.5 (Keq, Figure 4.2) illustrates the significant difference in the population of protonated
metallocene for these different acids.

[ RPhNH,—Cp*(n*—CsMesH)Co—OTf]

K. =
eq [0OTf—H3N RPh—Cp*,Co]

(eq 4.5)

The low solubility of the anilinium triflate acids and the low catalyst concentration
leads to a situation in which the interaction between the acid and the Cp*,Co significantly
affects the kinetics of productive N—H bond formation. As such, the difference in [Cp*(n*-
CsMesH)Co][OTf] population and formation rate is the origin of the observed pKa effect,

rather than differences in rates involving the direct interaction of a PsFe species with acid.
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Figure 4.2. The kinetics and thermodynamics of protonation of Cp*,Co for three acids

from different catalytic efficiency regimes.

As we discussed in our previous study, [Cp*(n*-CsMesH)Co][OTf] is a strong
PCET donor.?° This reaction can occur either in a synchronous fashion akin to HAT or in
an asynchronous fashion that approaches a PT-ET reaction.?! We believe that this reagent
is likely effective in a variety of N—H bond forming reactions under the catalytic
conditions. However, the experimental results suggest that this reagent likely plays a
critical role in trapping the unstable Ps®Fe=NNH (Figure 4.3) before it can decompose.
Indeed, both a synchronous PCET reaction (AGpcet = —17.3 kcal/mol; eq 4.6), and the two
individual steps of an asynchronous PCET reaction (AGpt = —5.7 kcal/mol, AGer =—11.6
kcal/mol; eq 4.7-4.8) are found to be thermodynamically favorable.
P32Fe=NNH + [Cp*(n*-CsMesH)Co][OTf] > PsFe=NNH: + [Cp*>Co][OTf] (eq 4.6)
P3BFe=NNH + [Cp*(n*-CsMesH)Co][OTf] > P3Fe=NNH," + Cp*2Co (eq 4.7)

PsBFe=NNH_" + Cp*2Co > P3BFe=NNH; + [Cp*2Co][OTf] (eq 4.8)
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To evaluate the kinetics of these reactions the Marcus theory expressions?? and the
Hammes-Schiffer method? were used to approximate relative rates of bimolecular ET and
PCET. We find that there is a slight kinetic preference for the fully synchronous PCET
reaction (krel”ET ~ 2x10° — 4.5x10% kcal/mol) compared to the fully asynchronous PT-ET

reaction (kT = 1 MIs; Figure 4.3) but both reaction mechanisms appear viable.?

N - N
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Figure 4.3. The calculated thermodynamics and kinetics of the proposed synchronous
PCET and asynchronous PCET (PT-ET) reaction between Ps2FeNNH and [Cp*(n*-
CsMesH)Co][OTH].

This leads to the conclusion that the efficiency for NH3 formation in this system is
coupled to the kinetics and/or thermodynamics of the reaction between the acid and
reductant. As the protonation of the reductant is also the first step on the background HER

reaction? this conclusion is somewhat counterintuitive. The fact that an HER intermediate
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can be intercepted and used for productive N2RR steps is a potentially important design
principle in the catalysis. Furthermore, this expanded role for metallocenes opens up an
exciting new avenue of research into these reagents and the potentially multifaceted role
that they play in the proton-coupled reduction of a variety of small molecule substrates. In
N2RR systems, efforts are often made to suppress the ‘background’ reaction between the
acid and reductant.'*® We were thus particularly curious whether the inclusion of a
metallocene co-catalyst could improve the yield and Faradaic efficiency (FE) for NHs

formed in controlled potential electrolysis (CPE) experiments.

4.2.3. Electrolysis studies.

In our previous study, we had shown that ~2.2 equiv NHz (per Fe) could be
generated via controlled potential electrolysis (CPE; —2.3 V vs Fc*%) at a reticulated
vitreous carbon working electrode, using Ps®Fe* as the (pre)catalyst in the presence of
HBATr, (50 equiv) at —45 °C under an atmosphere of N2. This yield of NH3 corresponds to
a ~25% FE which, while modest in terms of overall chemoselectivity, compares favorably
to FE’s typically reported for heterogeneous electrocatalysts for N2RR that operate below
100 °C (< 2%).22¢

To further explore the possibility of using Ps®Fe* as an electrocatalyst for N2RR,
we have since surveyed various conditions to determine whether, from CPE experiments
enhanced yields of NHs could be obtained. For example, screening various applied
potentials (ranging from —2.1 to —3.0 V vs Fc*"°), varying the concentrations of Ps®Fe* and
HBAIr,, varying the ratio of acid to catalyst, and varying the rate at which acid was

delivered to the system (initial loading, batch-wise addition, reloading, or continuous slow
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addition) all led to no substantial improvement (<2.5 eq NH3 obtained per Fe). Attempts to
vary the ratio of electrode surface area to working compartment solution volume, either by
employing smaller cell geometries or using different morphologies of glassy carbon as the
working electrode (reticulated porous materials of different pore density or plates of
different dimensions) also yielded no substantial improvement of NH3z yield with respect
to Fe. The replacement of HBAr", with 50 equiv of [PhoNH2][OTf] as the acid led to similar
yields of NHz (Table 4.2, entry 1).

To investigate the potential effect of the Cp*2Co™ additive, a systematic cyclic
voltammetry study was undertaken. Traces of cyclic voltammograms (Figure 4.4) are
provided for [PhoNH2][OTf] (both panels, gray trace), Cp*2Co* (panel A, yellow trace),
Cp*2Co* with the addition of ten equiv of [PhoNH2][OTf] (panel A, green trace), Ps®Fe*
(panel B, dark blue trace), PsBFe* with the addition of ten equiv of [Ph.NH,][OTf] (panel
B, light blue trace), and P3®Fe* with the addition of five equiv of Cp*2Co* and ten equiv of

[PhaNH2][OTH] (both panels, red trace).

%107 %10

35 3.5
3t 10 equiv PhZNH; 3t 10 equiv Ph2NH§
iv Cp*.Co* — PBFe*
25l 5 equiv Cp 200 25 g e* .
5 equiv Cp*,Co* s P2 Fe * with 10 equiv Ph,NH
o quivep’, . < Ll 3 22
= with 10 equiv Ph,NH} = P?Fe‘ with 10 equiv Ph,NH}
S 15 [ i + c L . +
o I P3Fe™ with 10 equiv Ph,NH; o 1.5 and 5 equiv Cp*,Co
8 1+ and 5 equiv Cp*,Co” 8 1t
0.5 05t
0 0
-0.5 ‘ * * - : - -0.5 L 4 . . : .
12 14 16 18 -2 22 12 14 16 -18 2 22
A Potential / V (vs Fc*'%) B Potential / V (vs Fc*©)

Figure 4.4. A) Cyclic voltammograms of 10 equiv [PhoNH2][OTf] (gray trace), 5 equiv
[Cp*2Co][BArT4] (Cp*2Co™) (yellow trace), 5 equiv Cp*2Co* with 10 equiv [PhoNH,][OTf]
(green trace), and 1 equiv P3BFe* with 5 equiv of Cp*2Co* and 10 equiv [PhaNH2][OTf]
(red trace). B) Cyclic voltammograms of 10 equiv [PhoNH2][OTf] (gray trace), 1 equiv
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PsBFe* (dark blue trace), 1 equiv PsBFe* with 10 equiv [PhoNH][OTf] (light blue trace),
and PsBFe* with 5 equiv of Cp*2Co* and 10 equiv [PhoNH2][OTf] (red trace). All spectra
are collected in 0.1 M NaBArF, solution in Et,O at -35 °C using a glassy carbon working

electrode, and externally referenced to the Fc*’° couple. Scan rate is 100 mV/s.

CPE studies were undertaken to characterize the reduction products associated with
the red trace at ~2.1 V vs Fc*'°. These studies employed a glassy carbon plate electrode,
a Ag/Ag* reference electrode that was isolated by a CoralPor™ frit and referenced
externally to the ferrocene/ferricinium redox couple (Fc*’°), and a solid sodium auxiliary
electrode.?” Unless otherwise noted, CPE experiments were performed at —2.1 V versus
Fc*lo, again with 0.1 M NaBArF, as the ether-soluble electrolyte, at —35 °C under an
atmosphere of Na, electrolysis was generally continued until the current measurement
dropped to 1% of the initial current measured or until 21.5 hours had passed. The
Supporting Information provides additional details.

CPE experiments were conducted with the inclusion of 0, 1, 5, and 10 equiv of
Cp*2Co"* with respect to PsBFe*, using excess [H2NPh][OTf] as the acid. In the absence of
added Cp*,Co", a significant amount of NHs was generated (2.4 equiv per Fe), consistent
with the previous finding, in the presence of a strong acid, that PsBFe* can electrolytically
mediate N2-to-NHs conversion.® We found that inclusion of 1.0 equiv of Cp*.Co*
significantly enhanced the NHs yield, by a factor of 1.5 and led to improvements in the FE
(Table 4.2, entry 2). The data provide a total yield, with respect to both Fe and Co, that
confirm modest, but unequivocal, N2RR electrocatalysis. The best NH3z yield we have

observed, in a single-run experiment, was 4.4 equiv per Fe.
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Increasing the amount of added Cp*.Co* did not affect the NH3 yield (entry 3, 5).
However, the addition of a second loading of [Ph2NH2][OTf] following the first
electrolysis (entry 4) followed by additional electrolysis, leads to an improved vyield of
NH3 suggesting that some active catalyst is still present after the first run.5° Notably when
a CPE experiment that did not include added Cp*>Co* was reloaded with additional acid
after electrolysis and electrolyzed again the yield of NHz did not improve above the levels

obtained from a single loading of acid (2.2 equiv NHs per Fe).

Table 4.2. Yields and Faradaic Efficiencies of NHs from CPE Experiments with
PsBFe*

mE

| .PiPr
Pr,p—Fe [ 2
7| PP
B'-n
[PhoNHJ[OTH]
+ > NH3
N, X Cp*,Co*

0.1 M NaBAr",, Et,0, -35 °C
-2.1V vs Fc*®

Equiv Equiv NHs Equiv NHs
Entry NH3z FE (%)
Cp*2Co* (per Fe) (per Co)

1 0 26+04 — 22+6
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6b

7C

4.0+0.6

4.0+0.6

09+04

19+0.2

4.0+0.6

08+0.1

04+0.1

02+0.1

04+0.1
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All CPE experiments conducted at —2.1 V vs Fc* with 0.1 M NaBArF, in Et,0 as solvent,

cooled to —35 °C under an N2 atmosphere, featuring a glassy carbon plate working

electrode, Ag/Ag* reference couple isolated by a CoralPor™ frit referenced externally to

Fc*’°, and a solid sodium auxiliary electrode. Working and auxiliary chambers separated

by a sintered glass frit. See Sl for further experimental details, controls, and additional data.

@After initial electrolysis with 50 equiv [PhoNH2][OTf], an additional 50 equiv

[PhoNH2][OTf] in 0.1 M NaBAr", Et,0 solution was added to the working chamber, via

syringe through a rubber septum, followed by additional CPE at —2.1 V vs Fc*".

bIPhNH;3][OTf] employed as the acid. °[>¢C'PhNH3][OTf] employed as the acid.

CPE of P3BFe* in the presence of Cp*2Co* was also explored with other acids,

replacing [PhoNH2][OTf] in these experiments with [26-C'PhNH3][OTf] led to lower yields

of NH3z and [PhNH3][OTf] led to even lower yields of NHs3 (Table 4.1, entries 7 and 6
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respectively). The lower but nonzero yield of NHsz provided by [PhNH3][OTf] in these CPE
experiments is consistent with chemical trials employing various acids (vide supra) and
can be rationalized similarly by the relative pKa of the acids (Table 4.1). The intermediate
yield of NHs provided by [>6C'PhNH;][OTf] in these CPE experiments is less consistent
with a simple pKa consideration, suggesting that additional factors contribute to acid
compatibility with these CPE conditions perhaps including the relative stability of the acid
or conjugate base to electrolysis.

To probe whether electrode-immobilized iron might contribute to the N2RR
electrocatalysis, X-ray photo-electron spectroscopy (XPS) was used to study the electrode.
After a standard CPE experiment with Ps®Fe*, 5 equiv of Cp*2Co," and 50 equiv
[PhoNH,][OTH], the electrode was removed, washed with fresh 0.1 M NaBArF,s Et,0
solution, then fresh Et>O, and the electrode surface was then probed by XPS. A very low
coverage of Fe (<0.3 atom % Fe) was detected in the post-electrolysis material; no Fe was
detected on a segment of the electrode which was not exposed to the electrolytic solution.
This observation implies a modest degree of degradation of Ps2Fe* over the course of a 15
hour CPE experiment. Worth noting is that no Co was detected on the post-electrolysis
electrode.

To test whether the small amount of deposited Fe material might be catalytically
active for N2RR, following a standard CPE experiment the electrode was removed from
the cold electrolysis solution, washed with fresh 0.1 M NaBAr; Et;O at —35 °C (the
electrode itself was maintained at —35 °C at all times), and then used for an additional CPE
experiment, under identical conditions except that PsFe* was excluded. This CPE

experiment yielded no detectable NH3. The charge passed, and H> yield, were very similar
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to a “no P3BFe*”

control experiment conducted with a freshly cleaned electrode (See SI for
further details). Accordingly, a CPE experiment in the absence of Ps2Fe* demonstrated that
Cp*2Co* serves as an effective electrocatalyst for HER with [PhoNH2][OTf] as the acid
source, but does not catalyze the N2RR reaction (0% FE for NH3, 76% FE for Hy; see Sl).
This background HER and the observed catalytic response to the addition of
[Ph2NH][OTf] at the Cp*2Co*"° couple provides circumstantial evidence for the formation
of a protonated decamethylcobaltocene intermediate, Cp*(n*-CsMesH)Co* on a timescale
similar to that of the N.RR mediated by PsBFe”.

To probe the possibility that the sodium auxiliary electrode used in the CPE
experiments might play a non-innocent role as a chemical reductant, a standard CPE
experiment with Ps8Fe*, 5 equiv Cp*2Co*, and 50 equiv [Ph.NH2][OTf] was assembled,
but was left to stir at =35 °C for 43 hours without an applied potential bias. This experiment
yielded 0.3 equiv NHs (relative to Fe), suggesting that background N2RR due to the sodium
auxiliary electrode is very minor. To ensure the NH3z produced was derived from the N>
atmosphere during these electrolysis experiments, as opposed to degradation of the acid
used, a standard CPE experiment using Ps®Fe*, 5 equiv Cp*:Co*, and 50 equiv of
[Ph2*NH][OTf] was performed. Only **NHs product was detected.

We also sought to compare the chemical N2RR catalysis efficiency of the PsBFe*
catalyst under conditions similar to those used for electrocatalysis. Hence, chemical
catalysis with PsBFe*, employing Cp*,Co as a reductant and [Ph,NH,][OTf] as the acid, at
—35 °C in a 0.1 M NaBArF, Et,0 solution, afforded lower yields of NHsz (1.8 + 0.7 equiv

of NHs per Fe) than the yields observed via electrolysis with Cp*2Co* as an additive. The

lower yields of NHs3 in these chemical trials, compared with our previously reported
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conditions (12.8 + 0.5 equiv of NH3 per Fe),Errort Bookmarknot defined. may pe attributable to i
ncreased competitive HER resulting from a more solubilizing medium (0.1 M NaBAr",
Et20 vs pure Et20) and a higher temperature (=35 °C vs —78 °C).Error! Bookmark not defined. T
hese results illustrate that an electrochemical approach to NH3z formation can improve
performance, based on selectivity for N2RR, of a molecular catalyst under comparable

conditions.

4.3. Conclusion

Herein we report the first pKa studies on a synthetic nitrogenase and find a strong
correlation between pKa and N2RR efficiency. Chemical studies revealed that, on their
own, the anilinium triflate acids employed in catalysis are unable to form the N—H bonds
in early-stage N2RR intermediates. We propose that the insolubility of these acids prevents
the sufficiently rapid proton transfer necessary to capture the critical, unstable PsFe=NNH
intermediate. Under catalytic conditions, we believe that the presence of the metallocene
reductant (Cp*2Co) is critical, as that species can be protonated to form Cp*(n*-
CsMesH)Co* which in turn plays a key role in N—H bond formation. This leads to the
intriguing conclusion that an intermediate on the background HER pathway is actually a
critical species in productive N2RR chemistry.

We thus investigated the protonation of Cp*2Co by anilinium triflate acids using
DFT. This study unveiled that the pK, effect on the N2RR efficiency could be explained by
the variation in the kinetics and thermodynamics of Cp*>Co protonation by the different
acids. Detailed investigation of the reactivity of Cp*(n*-CsMesH)Co* with the critical

P3sBFe=NNH intermediate revealed that indeed PCET reactivity, either synchronous or
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asynchronous, was favorable and proceeds with only a small barrier suggesting that this
intermediate could indeed be rapidly trapped by this reagent. Although we have highlighted
this particular reaction, we believe Cp*(n*-CsMesH)Co* may be involved in a variety of
N-H bond forming reactions during catalysis. Indeed given the widespread use of
metallocene reductants in chemical N2RR, we believe that this type of PCET reactivity
may be an overlooked mechanism for N-H bond formation.

Intrigued by the idea that the conjugate acid of Cp*>Co was playing an important
role in N—H bond formation, we decided to investigate the effect of Cp*2Co" as a catalytic
additive in electrochemical N2RR experiments. Indeed despite the fact that Cp*.Co" itself
only catalyzes HER under the conditions employed for electrocatalysis, we found that its
inclusion in CPE experiments containing PsFe* and acid led to improvements in the yield
of NHz and the FE for NHas. This system represents the first unambiguous example of
electrocatalytic N2RR with a soluble, molecular coordination complex. This discovery
opens the door for further studies in this area. Although the yield of NH3 is modest the FE
is far superior to almost all known heterogenous electrocatalysts that operate at low
temperature, suggesting that such studies could provide important design criteria in the

development of electrocatalytic N2RR.
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challenges as the product of its oxidation (Na*) is stable to the CPE conditions. Concern
regarding whether the sodium electrode could serve directly as a reducant in a chemical
process to form NHsz under these conditions was addressed in a control experiment

described in the text.
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5.1. Introduction

As demonstrated in the preceding chapters of this thesis, the ability to efficiently
and accurately predict the bond dissociation free-energies (BDFE) of highly reactive
intermediates can be a powerful tool in investigating the mechanism of multi-proton, multi-
electron reduction of N, (the N2 reduction reaction, N2RR).* Accordingly, there are a
variety of studies that have attempted to quantify the strength of catalytically relevant E—
H bonds (BDFEEe.n) in N2RR intermediates.!? These BDFEg.1 values can provide crucial
information regarding the stability and reactivity of catalytic intermediates, and can
provide fundamental insight to guide experimental studies, particularly those which

involve proton-coupled electron transfer (PCET).

Studies aimed at predicting BDFEn-H bonds strengths in N2RR catalysis have
established density functional theory (DFT) as a useful method for the prediction of relative
BDFEs. DFT is most powerful, however, when it can be calibrated to experimental values
and, as such, the accurate prediction of relative and absolute BDFEE.H values across a wide
variety of E-H bonds, both metal bound and free, is highly desirable. In this chapter, a DFT
method for the calibration of literature BDFEgH values is presented which leads to the
accurate (within 4 kcal/mol) prediction of both free and metal bound E—H bond strengths
in the gas-phase. While the prediction of solvated BDFEEg-1 values is shown to have only
slightly higher overall errors (ca. 5 kcal/mol) for organic E-H bonds, accurate calibration
of solution phase metal bound E-H bonds remains less understood due to the relative lack

of literature data. Nonetheless, similar empirical corrections appear to show similar
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promise with a smaller library of literature data in MeCN and THF. In sum, the method
outlined in the following presents an efficient method for gas-phase BDFEEg.H predictions
and suggest simple empirical corrections that can allow for solution phase values within

ca. 5 kcal/mol.

5.2. Calibration of Gas-Phase BDFEg-+ Values

Gas-phase organic molecules provide an ideal starting point from which to begin
calibrating a DFT method. This is due to the large library of literature values and the lack
of any solvation induced weakening or strengthening of the E-H bond.? To investigate the
efficacy of BDFEE.4 prediction for gas-phase values, four common functionals, B3LYP,*
BP86,°> M06-L° and TPSS,” were used to calculate known gas-phase BDFEE.n values using

a common and efficient basis set (def2-SVP).2
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Figure 5.1. Plots of BDFEcac vs BDFE|it for known gas-phase literature values using 4

common functionals.

As shown in Figure 5.1, all four functionals produced calibration curves with

similar parameters (slope from 0.95 to 1.0; intercept from 4 to 6.5; Figure 5.1). Using each

calibration equation, errors were calculated for each functional (Table 5.1) and were shown

to vary between 2.3 (B3LYP) and 4.6 (M06-L). It is further noted that the hybrid functional,

B3LYP, was found to have significantly lowered errors compared to the pure functionals.

The ability of any of the these functionals to be effectively reproduce gas-phase BDFEE.H

values, however, is a useful observation. In particular, our research has shown large

functional dependences on properties of PsEFe species, with TPSS and BP86 providing
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superior predictions for spin-state energy gaps, reduction potentials and BDFEn-+ values
than B3LYP and MO6-L. Notably, B3LYP and MO6-L have been observed to favor high-
spin states, a factor that is crucial in metal bound BDFEE.+ predictions but not relevant in

prediction of free, organic E-H bond strengths.

In addition to evaluating the overall errors for gas-phase BDFEE-H values, the data
in Figure 5.1 and Table 5.1 allow us to confirm that these errors are normally distributed.
Normal probability plots of the errors from each functional are shown in Figure 5.2.
Notably, all four functionals tested shown a linear relationship and r-values that are greater
than the critical value of 0.96 at a 5% confidence level. Accordingly, it is reasonable to
assume that upon application of the lines of best fit shown in Figure 5.1, any errors are

normally distributed.

Table 5.1. Errors Obtained from Figure 5.1.

O-H Bonds B3LYP BP86 MO6-L TPSS
HOO-H —-4.1 —4.7 —-4.1 —5.6
MeO—H -3.0 -3.4 -3.4 —4.2
EtOO—H —2.0 —2.8 -2.5 —3.6
HO-H —2.7 —0.8 -1.8 -3.3
PhOH —0.8 —0.8 -11 -1.6
OO0-H —-0.3 -0.1 —2.8 -0.1

HC(0)0O-H 0.3 0.4 0.7 0.6
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O-H 1.6 1.3 -1.8 -0.9
C-H Bonds B3LYP BP86 MO06-L TPSS
MesC—H 15 2.7 21 16
Me2CH; 0.8 -1.9 -0.5 ~0.6
CsHs 1.2 0.7 -15 05
CzHq 0.8 0.6 0.7 0.8
C2He 0.7 -0.1 1.4 1.0
PhCH3 1.1 0.7 15 15
CHa 1.8 1.5 2.7 2.0
CpH 1.4 2.0 1.2 2.1
N-H Bonds B3LYP BP86 MO06-L TPSS
Et;NH 0.6 0.7 13 13
NH2NH -0.1 0.6 0.3 -1.0
NHs -0.8 -0.1 0.2 -16
NH,* 0.5 1.0 1.0 ~0.6
PhNH; 33 3.4 3.6 2.4
NHNH 2.8 3.7 35 3.1
Other E-H Bonds B3LYP BP86 MO06-L TPSS
PhSH 1.8 1.2 0.2 0.7
MeSH 0.6 1.0 3.3 2.2
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EtSH 0.7 1.2 2.7 2.2
H>S 1.9 3.2 4.8 4.1
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Figure 5.2. Normal probability plots for the errors in Table 5.1.
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5.3. Solution Phase BDFEE-nH Values

Given the similarity between functional calibration and the accuracy with which TPSS
has been shown to treat Ps5Fe complexes, we turned our attention to its use in solution
phase BDFEE.+ predictions and metal bound BDFEEg.H predictions. Within the context of
free, organic BDFEE.+ species, a simple empirical formula (eg. 5.1) was shown to produce
only slightly higher errors when compared to the gas-phase values. As shown in Table 5.2,
the combined errors for BDFEsqin range from 0.2 to 1.1 kcal/mol greater than the baseline

error in BDFEgs (4.0 kcal/mol; Table 5.1).

BDFEsoln = BDFEgas + Csolv (eq 51)

Table 5.2. Solvent correction (Csov) and total rrors for several E-H bond/solvent
combinations? using TPSS/def2-SVP

Cbwmso CwmecN CceHs

{Total Error}° {Total Error} {Total Error}

+4.9 kcal/mol +3.9 kcal/mol +8.3 kcal/mol
C-H, H-H bonds
{4.4 kcal/mol) {4.2 kcal/mol} {4.6 kcal/mol}

+11.0 kcal/mol +10.1 kcal/mol
O-H, N-H, S-H bonds N. D.
{5.1 kcal.mol} {4.8 kcal/mol}

aUsing TPSS/def2-SVP level of theory. ® Error = (N[8(BDFEgss)? + (8Csoiv)?])
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5.4. Transition Metal Bound E-H Bonds

Transition metal bound E—H bonds provide additional challenges, in large part due to a
smaller library of literature values and the lack of any well-defined values in the gas-phase.
Application of the gas-phase calibration (TPSS; Figure 5.1) and eq. 5.1 provides solvent
correction terms for transition metal bound BDFEE.+ values in THF and MeCN (Table 5.3).
It is notable that the correction terms show a significantly decreased magnitude and
opposite sign. The decrease in the magnitude of solvent corrections for transition metal
species is not surprising, as the large size and comparatively constant ligand entropy in the
E-H and E® species leads to decreased relative role of entropic factors. While not
investigated in this research, the BDFEgH values of several transition metal species are
known in DMSO and H>0, leading to the possible expansion of the approached described

to transition metal systems in polar and/or protic solvents.

Table 5.3. Solvent correction (Csoiv) and total errors for several transition metal based
E-H bond/solvent combinations

Csolv Total Error
MeCN —3.2 kcal/mol 4.1 kcal/mol
THF —2.5 kcal/mol 4.4 kcal/mol

aUsing TPSS/def2-TZVP(TM); def2-SVP. ® Error = (V[S(BDFEgas)? + (5Cson)?])
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5.5. Conclusions

In conclusion, a simple and efficient method for predicting free and transition metal
bound BDFEEg.+ values is presented. The method describe relies first on producing a
calibration curve using literature data for BDFEEg-1 species in the gas-phase. It has been
shown with four common functionals that these calibrations can be accomplished with
errors of ca. 4 kcal/mol. Further, it has been shown that an empirical correction for the type
of bond and solvent can be added to these gas-phase values with only marginally increased

total errors (0.2 — 1.1 kcal/mol; total errors: 4 — 5 kcal/mol).
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Al.1l. General Computational Details

All stationary point geometries were calculated using dispersion corrected DFT-
Ds! with a TPSS functional,? a def2-TZVP basis set on transition metals and a def2-SVP
basis set on all other atoms.® Calculations were performed, in part, using Xtreme Science
and Engineering Discovery Environment (XSEDE) resources.* Calculations were
performed on the full PsEFe scaffolds. Geometries were optimized using the NWChem 6.5
package or Orca 3.0.3 package.®> All single point energy, frequency and solvation energy
calculations were performed with the Orca 3.0.3 package. Frequency calculations were
used to confirm true minima and to determine gas phase free energy values (Ggas). Single
point solvation calculations were done using an SMD solvation model® with diethyl ether
solvent and were used to determine solvated internal energy (Eson). Free energies of
solvation were approximated using the difference in gas phase internal energy (Egas) and
solvated internal energy (AGsov = Esoin— Egas) and the free energy of a species in solution
was then calculated using the gas phase free energy (Ggas) and the free energy of solvation
(Gsoin = Ggas + AGsoiv). All reduction potentials were calculated referenced to Fc*’° using

the standard Nernst relation AG = -nFE°.
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Al.2. Fe—H Formation

Figure Al1.1. Structure of P3sFeN,” + (Et.0).H* immediately before (top) and after
(bottom) dissociation of a Et20 moiety. The relaxed surface scan reveals little change in
the P3BFeN2 unit before Et,O dissociation, indicative of the presence of a (Et,0).H* €<=
(Et20)H* + Et20 pre-equilibrium.

Al.3. BDFE Calculations

Bond dissociation free energies (BDFE) of X—H bonds were calculated in the gas-
phase using a series of known reference compounds.” The free-energy difference between
the H-atom donor/acceptor pair was calculated based on the thermochemical information
provided by frequency calculations after structure optimizations using the procedure

described in the general computational section. A linear plot of AG vs BDFEit was
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generated to form a calibration curve (Figure Al.1). BDFE predictions were generated by
application of the line of best fit to the calculated AG of the unknown species. Errors were
calculated by application of the trend line to the calculated free-energies of known species
and comparison to their literature BDFE value. Errors are reported as the average of
BDFEcac-BDFEiit (mean signed error, MSE = 0.0) and the average of the absolute values

of BDFEcaic-BDFE;it (mean unsigned error, MUE = 1.3).

1500 ® 0.996*x +4.376r*2 =0.995

100.0 ™

BDFE (lit; kcal/maol)

o &0 PR 1M
0.0 20.0 100.0 130.0

BOFE (calc; keal/mol)

Figure Al.2. Plot of calculated BDFE vs literature BDFE. Line of Best fit shown with

equation along with r? value.

Table Al.1. Summary of BDFEs used for calibration.

AG (E-H) AG (E¥) AGcalc BDFEiit Error
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Al.4. Approximation of PsEFe(NNHy) Radius

PhNH; -287.4 -286.7 798 815 24
NHzNH; -111.8 1111 67.3 72.6 1.2
PhSH -630.2 -629.5 70.3 75.3 0.9
PhH -271.3 -270.7 79.0 81.6 15
CeHe -232.1 -231.4 101.6 104.7 -0.9
PhOH -307.2 -306.6 74.0 79.8 1.7
NH3 -56.5 -55.8 94.0 99.4 1.3
NHNH -110.6 -110.0 51.0 52.6 -2.6
Me;NH -213.6 -212.9 81.0 86.4 1.3
NHs (+) -56.8 -56.1 113.0 116.9 0.0
OOH -150.8 -150.2 375 42.7 1.0
MUE 1.4
MSE 0.1

The radius of Ps5Fe(NNHy) was approximated by using the average molar volume of

several relevant crystal structures to determine a radius assuming a spherical molecule.

Table Al.2. Volume and Calculated Radius of Previous Characterized PsEFe Species
from XRD Data

Volume (Ag) Icalc (A) Ref
PsS'Fe(N2) 881.2 5.9 8
P3S'Fe(CN) 1101.9 6.2 9
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PsSIFe(CNMe) | 915.7 6.0 10
PsCFe(N2) 869.3 5.9 11
PsCFe(H)(N2) | 869.8 5.9 9
P:®Fe(NH,) | 866.1 5.9 12
Average 6.0 A
StdDev 0.1 A

AL.5. Calculated Reorganization Energies

The inner-sphere reorganization energy for electron transfer (Aiset) was estimated
assuming non-adiabatic behavior and by calculating the difference between the single point
energies of the relevant species in its ground state and the corresponding single point

energy of this ground state in the oxidized or reduced geometry.

NiseT = [E(Fe™ox) — E(Fe™red)] + [E(Fe"™red) — E(Fe™oy)] (Eq. A1.1)

Relative reduction barriers were approximated by first defining the barrier for
P3BFe(NNH2)* to be 1.0 kcal/mol. Subsequent back-calculation of At yielded solutions of
30.5 kcal/mol and 56.5 kcal/mol, corresponding to the solutions in the inverted and normal
regimes, respectively. The reorganization energy leading to the inverted solution would
imply very small energies for KCg and solvent reorganization (Akcs + Aos = 7.5 kcal/mol).
This led us to assume that the reduction steps were in the normal region. To check this

assumption, outer-sphere reorganization energy was approximated using a continuum
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model.® For electron transfer (hos,eT) reactions the KCs reductant was modeled as an
electrode surface (rkcs >> rear). The radius of the PsEFe molecules (rear; EQ. 2) was
approximated using the volumes of several relevant crystal structures. The values for the
static and optical dielectric constant (gs and eop) Of diethyl ether were taken as the values
used in the SMD solvation model. This value was approximated at 33 kcal/mol, consistent
with the reductions of interest occurring in the normal region. Accordingly, the total
reorganization for P3BFe(NNH2)" reduction (G* = 1.0 kcal/mol) was assumed to be 56.5
kcal/mol. Perturbation of this value by the differences between Ms®/C and Ais® lead to the

relative barriers shown in Table S3.

Table A1.3. Summary of Calculated Reorganization Energies?

Redox Couple  MsEeT hos + Akcs G*rel
PsBFe(NNH2)*®  23.0 335 1.0
PsSIFe(NNH2)*°  29.7 335 4.4

PsCFe(NNH2)*"® 29.7 335 5.2
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2 All energies are in kcal/mol ® G* values expressed relative to that of Ps2Fe(NNH2)*

reduction, defined as 1.0 kcal/mol

Al.6. Determination of the Work Function

The work required to bring two cationic iron species together was approximated following

the methods of Hammes-Schiffer and Mayer (Eq 1).%*

w, = S4Bl (g A1)

€oT

Here Z1 and Z; are the charges on each complex (Z1 = Z, =+1) and e is the elementary
charge. The distance between iron centers was taken as twice the radius of the PsFFe species
(r = 12 A) and « is the static dielectric constant. The debye screening factor (f) was

calculated using eq. 2.

- 87N ge2
fl=14r /ﬁ (eq. AL.3)

Where p is the ionic strength (taken as [Fe] = 1.3 mM) and Na are ks Avogadro’s number
and the Boltzmann constant, respectively. The temperature was taken as the standard
temperature for catalysis (T =195 K). Substitution of the appropriate values into Eq. 1 and

2 yields wy = 5.2 kcal/mol.
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Table Al.4. Summary of Wiberg Bond Indices for P35Fe(N2) complexes

PsBFe Alpha Beta Total

PsSiFe Alpha Beta Total

PsCFe Alpha Beta Total

Fe-N. 02 02 09

Fe-N. 01 01 04

N-N 07 06 26

Fe-B 01 01 04

Fe-P» 02 02 0.7

Fe-P, 02 02 0.7

Fe-Ps 02 02 0.7

Fe-N. 0.2 03 1.0

Fe-N. 01 01 04

N-N 06 06 26

Fe-Si 02 02 0.7

Fe-P1 02 02 08

Fe-P, 02 0.2 0.8

Fe-Ps 02 02 0.7

Fe-N» 0.2 03 1.0

Fe-N. 01 01 04

N-N 06 06 25

Fe-C 02 02 07

Fe-P1 02 02 08

Fe-P, 02 0.2 038

Fe-Ps 0.2 02 0.7

Table A1.5. Summary of Wiberg Bond Indices for P:EFe(NNH) complexes

PsBFe Alpha Beta Total

PsSiFeAlpha Beta Total

PsCFeAlpha Beta Total

Fe-N1 0.4 04 16

Fe-N2 0.1 01 04

N-N 0.5 04 18

N-H 0.2 02 08

Fe-N104 04 16

Fe-N20.1 01 04

N-N 04 04 18

N-H 02 02 038

Fe-N10.3 03 1.2

Fe-N20.0 0.0 0.2

N-N 04 04 15

N-H 02 02 08
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Fe-B 0.1

Fe-P1 0.2

Fe-P, 0.2

Fe-P; 0.2

0.1

0.2

0.2

0.2

0.5

0.7

0.8

0.8

Fe-Si 0.2

Fe-P1 0.2

Fe-P, 0.2

Fe-P; 0.2

0.2

0.2

0.2

0.2

0.7

0.8

0.8

0.8

Fe-C 0.1

Fe-P1 0.2

Fe-P; 0.2

Fe-P3 0.2

0.1

0.2

0.2

0.2

0.5

0.7

0.8

0.7

Table A1.6. Summary of Bond Indices for P3¥Fe(NNH:2) complexes

P:BFe Alpha Beta Total | PsSiFeAlpha Beta Total | Ps“FeAlpha Beta Total
Fe-N:1 0.5 0.5 1.9 Fe-N10.2 04 1.2 Fe-N10.3 04 14
Fe-N2 0.0 0.0 0.2 Fe-N20.0 0.0 0.2 Fe-N20.0 0.1
N-N 0.3 0.3 1.2 N-N 0.4 03 14 N-N 0.4 03 14
N-H 0.2 0.2 0.8 N-H 0.2 02 0.8 N-H 0.2 02 0.8
N-H 0.2 0.2 0.8 N-H 0.2 02 038 N-H 0.2 0.2 0.8
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Fe-B 0.1

Fe-P1 0.2

Fe-P, 0.2

Fe-P; 0.2

0.1

0.2

0.2

0.2

0.4

0.8

0.8

0.8

Fe-Si 0.2

Fe-P1 0.2

Fe-P, 0.2

Fe-P; 0.2

0.2

0.2

0.2

0.2

0.7

0.8

0.8

0.8

Fe-C 0.1

Fe-P1 0.2

Fe-P2 0.2

Fe-P3 0.2

0.1

0.2

0.2

0.2

0.5

0.8

0.8

0.8

Table Al1.7. Summary of Wiberg Bond Indices for P:EFe(N(4-OMe-Ph))

PsBFe Total
Fe-N1 1.8
N-C 1.2
Fe-B 04
Fe-P1 0.8
Fe-P. 0.8
Fe-P3 0.8




Table A1.8.

Summary of Wiberg Bond Indices for C2Hs4 and C2Hs
C2Hs Alpha Beta Total |[C2Hs Alpha Beta Total
Ci-H1 094 094 19 Ci-Hi1 024 024 0.96
Ci-H2 094 094 0.2 Ci-H2 024 024 0.96
Ci-C2 094 094 12 Ci-C2 023 0.23 0.93
Ca-Hs 094 094 08 [C2-Hs3 023 0.23 0.93
Ca-Hs 205 205 0.8 C2-Hs 0.23 022 0.90
Co-Hs 0.27 0.28 1.10
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A1.8. Comparison of Calculated to Known Experimental VValues
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Table A1.9. Comparing of calculated to experimental values for several parameters

of interest.

Parameter Calculated Experimental Ref

PsS'Fe(NNMep)*  Singlet-Triplet 6.9 kcal/mol 6.0 9
Gap

PsSIFe(NNMez)*  Reduction -1.81VvsFc”® -1.73VvsFc’® 9
Potential

P3BFe(NNMe,) Singlet-Triplet 5.5 kcal/mol 4.0 kcal/mol 15
Gap

P3BFe(NNMe,) Reduction -1.29VvsFc”® -1.20VvsFc’® 14
Potential

P3sSIFe(CNH) BDFEN- 43.5 kcal/mol  41.4 kcal/mol 9

P3sSIFe(CNH) BDFEN-H 61.8 kcal/mol  61.9 kcal/mol 9

PsSiFe(NNMeH)*  BDFEn.4 45.9 kcal/mol ~ 44.9 kcal/mol 9
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A2.1. Experimental details
A2.1.1 General Considerations:

All manipulations were carried out using standard Schlenk or glovebox techniques
under an N2 atmosphere. Solvents were deoxygenated and dried by thoroughly sparging
with N2 followed by passage through an activated alumina column in a solvent purification
system by SG Water, USA LLC. Non-halogenated solvents were tested with sodium
benzophenone ketyl in tetrahydrofuran (THF) in order to confirm the absence of oxygen
and water. Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc.,
degassed, and dried over activated 3-A molecular sieves prior to use.

Cp*2Co,! [PsBFe][BAIT4],2 PsSFeNy,® [PsBCoNz][Na(12-crown-4),],* PsS'CoNy,®
[PsBFeN2][Na(12-crown-4),],° and [Ph,*®NH,][OTf]’ were prepared according to literature
procedures. Ph®NH; was obtained from Sigma-Aldrich, Inc. degassed, and dried over
activated 3-A molecular sieves prior to use. All other reagents were purchased from
commercial vendors and used without further purification unless otherwise stated. Diethyl
ether (Et20) used in the experiments herein was stirred over Na/K (> 2 hours) and filtered

or vacuum-transferred before use unless otherwise stated.

A2.1.2 Physical Methods:

IH chemical shifts are reported in ppm relative to tetramethylsilane, using *H

resonances from residual solvent as internal standards. IR measurements were obtained as
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solutions or thin films formed by evaporation of solutions using a Bruker Alpha Platinum
ATR spectrometer with OPUS software (solution IR collected in a cell with KBr windows
and a 1 mm pathlength). H> was quantified on an Agilent 7890A gas chromatograph (HP-
PLOT U, 30 m, 0.32 mm ID; 30 °C isothermal; nitrogen carrier gas) using a thermal

conductivity detector.

A2.1.3 Méssbauer Spectroscopy:

Maossbauer spectra were recorded on a spectrometer from SEE Co. (Edina, MN) operating
in the constant acceleration mode in a transmission geometry. The sample was kept in an
SVT-400 cryostat form Janis (Wilmington, MA). The quoted isomer shifts are relative to
the centroid of the spectrum of a metallic foil of a-Fe at room temperature (RT). Solution
samples were transferred to a sample cup and chilled to 77 K inside of the glovebox, and
unless noted otherwise, quickly removed from the glovebox and immersed in liquid N2
until mounted in the cryostat. Data analysis was performed using version 4 of the program
WMOSS (www.wmoss.org) and quadrupole doublets were fit to Lorentzian lineshapes.

See discussion below for detailed notes on the fitting procedure.

A2.1.4 Ammonia and Hydrazine Quantification:

Reaction mixtures are cooled to 77 K and allowed to freeze. The reaction vessel is
then opened to atmosphere and to the frozen solution is slowly added an excess (with

respect to acid) solution of a NaO'Bu solution in MeOH (0.25 mM) over 1-2 minutes. This
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solution is allowed to freeze, then the headspace of the tube is evacuated and the tube is
sealed. The tube is then allowed to warm to RT and stirred at RT for at least 10 minutes.
An additional Schlenk tube is charged with HCI (3 mL of a 2.0 M solution in Et20, 6 mmol)
to serve as a collection flask. The volatiles of the reaction mixture are vacuum transferred
at RT into this collection flask. After completion of the vacuum transfer, the collection
flask is sealed and warmed to RT. Solvent is removed in vacuo, and the remaining residue
is dissolved in H20 (1 mL). An aliquot of this solution (10—-100 pL) is then analyzed for
the presence of NHs (present as NH4Cl) by the indophenol method.® A further aliquot of
this solution is analyzed for the presence of N2H4 (present as N2HsCl) by a standard
colorimetric method.® Quantification is performed with UV—vis spectroscopy by analyzing
absorbance at 635 nm. In this case of runs with [PhNHz][OTf] we found that aniline in the
form of anilinium chloride was present in the receiving vessels. The anilinium chloride
interfered with the indophenol and hydrazine detection method. Therefore, quantification
for NHs was performed by extracting the solid residue into 1 mL of DMSO-ds that has 20
mmol of trimethoxybenzene as an internal standard. Integration of the *H NMR peak
observed for NHs was then integrated against the two peaks of trimethoxybenzene to
quantify the ammonium present. This 'H NMR detection method was also used to
differentiate [**NH4][CI] and [**NH][CI] produced in the control reactions conducted with

[15NPh2H2][OTﬂ.
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A2.1.5 EPR Spectroscopy

X-band EPR spectra were obtained on a Bruker EMX spectrometer. Samples were
collected at powers ranging from 6-7 mW with modulation amplitudes of 2.00 G,
modulation frequencies of 100.00 kHz, over a range of 2450 to 2900 Gauss. Spectra were
baseline corrected using the algorithm in SpinCount.'® EPR spectra were modeled using

the easyspin program.!

A2.1.6 Computational Methods

All stationary point geometries were calculated using DFT with an MO06-L
functional,*? a def2-TZVP*3 basis set on transition metals (Stuttgart ECP** was used on Mo
atoms) and a def2-SVP*? basis set on all other atoms. Calculations were performed, in part,
using Xtreme Science and Engineering Discovery Environment (XSEDE) resources.’®
Calculations were performed on the full PsfFe scaffolds. Calculations on the
[HIPTN3sN]Mo system were performed on a truncated scaffold in which the isopropyl
groups were removed (i.e. [{3,5-(CsHa)2CeHsNCH2CH2}sN]*). Geometries were
optimized using the NWChem 6.5 package.'® All single point energy, frequency and
solvation energy calculations were performed with the Gaussian09 package.!” Frequency
calculations were used to confirm true minima and to determine gas phase free energy
values (Ggas). Single point solvation calculations were done using an SMD solvation model
with diethyl ether solvent and were used to determine solvated internal energy (Esoin). Free

energies of solvation were approximated using the difference in gas phase internal energy
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(Egas) and solvated internal energy (AGsolv = Esoln— Egas) and the free energy of a species in
solution was then calculated using the gas phase free energy (Ggas) and the free energy of
solvation (Gsoin = Ggas + AGsoiv).1® All reduction potentials were calculated referenced to

Fc*’° using the standard Nernst relation AG = -nFE°.

A2.2. Synthetic Details:
A2.2.1 General Procedure for the Synthesis of the Acids:

Prior to use the amine was purified (aniline by distillation, diphenylamine and
triphenylamine by recrystallization). To a 250 mL round bottom flask in the glovebox was
added the amine which was subsequently dissolved in 100 mL of Et,O (no additional
drying with NaK). To this was added dropwise (1 equiv) of HOTf with stirring over five
minutes. Immediate precipitation of white solid was observed and the reaction mixture was
allowed to stir for one hour at RT. The reaction mixture was then filtered and the resulting
white powder was washed with Et2O (50 mL), pentane (50 mL) and Et.O again (50 mL).
The resulting white microcrystalline material was then dried under vacuum. Yields of

greater than 90% of microcrystalline material was obtained in this manner in all cases.

A2.3. Ammonia production and quantification studies
A2.3.1 Standard NH3 Generation Reaction Procedure:

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a

nitrogen-filled glovebox, the precatalyst (2.3 pmol) was weighed into a vial.* The
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precatalyst was then transferred quantitatively into a Schlenk tube using THF. The THF
was then evaporated to provide a thin film of precatalyst at the bottom of the Schlenk tube.
The tube is then charged with a stir bar and the acid and reductant are added as solids. The
tube is then cooled to 77 K in a cold well. To the cold tube is added Et>O to produce a
concentration of precatalyst of 2.3 mM. The temperature of the system is allowed to
equilibrate for 5 minutes and then the tube is sealed with a Teflon screw-valve. This tube
is passed out of the box into a liquid N2 bath and transported to a fume hood. The tube is
then transferred to a dry ice/acetone bath where it thaws and is allowed to stir at -78 °C for
three hours. At this point the tube is allowed to warm to RT with stirring, and stirred at RT
for 5 minutes. To ensure reproducibility, all experiments were conducted in 200 mL

Schlenk tubes (51 mm OD) using 25 mm stir bars, and stirring was conducted at ~900 rpm.

* In cases where less than 2.3 pmol of precatalyst was used stock solutions were used to

avoid having to weigh very small amounts.

Table A2.1: UV-vis quantification results for standard NHs generation experiments
with PsBFe*

Entry PsBFe* Acid Cp*2Co NHiCl N2HsCI Equiv % Yield NHs
(umol) equiv  equiv  (umol) (umol)  NHs/Fe Based on e

A 2.3 1082 54 314 0.0 13.5 75.6
B 2.3 1082 54 285 0.0 12.3 68.6
C 2.3 1082 54 29.2 0.0 12.6 70.4
Avg. 128+0.5 72+3
D 2.3 3222 162 76.4 2.0 33.0 61.4

E 2.3 3228 162 80.0 0.7 345 64.2
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Avg. 34+ 63+ 2
F 2.3 6382 322 60.4 0.5 26.0 24.3
G 2.3 6382 322 63.2 0.3 27.3 25.4

Avg. 26.7+0.9 25+ 1
H 1.1 108° 54 7.8 0.0 6.9 37.6
I 2.3 108° 54 19.2 0.0 8.3 46.3

Avg. 8+1 42 + 6
J 2.3 108°¢ 54 17.7 N.D. 7.7 43.1
K 2.3 108° 54 13.8 N.D. 6.0 33.6

Avg. 7+1 38+7
L 2.3 322¢ 162 39.8 N.D. 17.3 32.0
M 2.3 322¢ 162 31.9 N.D. 13.9 25.7

Avg. 16 +3 29+ 4

N.D. indicates the value was not determined 2Acid used is [PhoNH2][OTf] PAcid used is

[Ph2NH2][BArT4] Acid used is [PANH3][OTf]

Table A2.2: UV-vis quantification results for standard NHs generation experiments

with PsS'FeN2

Entry PsSFeN2 Acid Cp*2Co NH4Cl N:HsCl  Equiv % Yield NHz3
(umol) equi  equiv  (umol) (umol) NHs/Fe Based on e
Y
A 2.3 1082 54 6.6 0.0 1.7 9.3
B 2.3 1082 54 2.7 0.0 0.7 3.8
Avg. 1.2+0.2 6.5+0.3

2Acid used is [PhaNH2][OTH]

Table A2.3: UV-vis quantification results for standard NHs generation experiments

with P3BCoNz

Entry P3:BCoN2» Acid Cp*2Co NHsCl N:HsCl  Equiv % Yield
(umol) equi  equiv  (umol) (pmol) NHs/Fe NHs3Based
v one
A 2.3 1082 54 3.0 0.0 1.3 7.2
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B 2.3 1082 54 1.8 0.0

Avg.
aAcid used is [PhaNH2][OT]

Table A2.4: UV-vis quantification results for standard NHs generation experiments

with P3SiCoN2

Entry PsSiCoN2 Acid Cp*2Co NH4Cl N2HsCl Equiv % Yield
(umol) equiv  equiv (umol) (pmol) NHs/Fe NHs Based

one

A 2.3 1082 54 0.0 0.0 0.0 0.0

B 2.3 1082 54 0.0 0.0 0.0 0.0

Avg. 0.0 0.0

2Acid used is [PhaNH2][OTH]

A2.3.2 Ammonia production studies with [Ph2°>NHz][OTf]:

The procedure was the same as the general procedure presented in section 3.1 with 2.3
umol of P3BFe* catalyst, 54 equiv Cp*.Co, and 108 equiv [Ph2®NH2][OTf]. Product

analyzed by *H NMR as described in section 1.4 and only the diagnostic triplet of

[**NH4][CI] is observed.

["*NH.][CIl
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Figure A2.1: 'H NMR spectrum (300 MHz, DMSO-ds) of [**NH4][CI] produced from
catalytic N2-to-NHs conversion conducted with PsBFe* catalyst, 54 equiv Cp*2Co, and 108
equiv [Ph2°NH;][OTf] under an atmosphere of **N.

A2.4. NH3 Generation Reaction with Periodic Substrate Reloading — Procedure with
PsBFe*:

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a
nitrogen-filled glovebox, the precatalyst (2.3 pumol) was weighed into a vial. The
precatalyst was then transferred quantitatively into a Schlenk tube using THF. The THF
was then evaporated to provide a thin film of precatalyst at the bottom of the Schlenk tube.
The tube is then charged with a stir bar and the acid and reductant are added as solids. The
tube is then cooled to 77 K in a cold well. To the cold tube is added 1 mL of Et,O. The
temperature of the system is allowed to equilibrate for 5 minutes and then the tube is sealed
with a Teflon screw-valve. The cold well cooling bath is switched from a N2y bath to a dry
ice/acetone bath. In the cold well the mixture in the sealed tube thaws with stirring and is
allowed to stir at -78 °C for 3 hours. Then, without allowing the tube to warm above -78
°C, the cold well bath is switched from dry ice/acetone to Nog). After fifteen minutes the
reaction mixture is observed to have frozen, at this time the tube is opened. To the cold
tube is added acid (324 equiv) and reductant (162 equiv) as solids. To the tube then 1
additional mL of Na/K-dried Et20O is added. The cold well cooling bath is switched from a
N2gy bath to a dry ice/acetone bath. In the cold well the mixture in the sealed tube thaws

with stirring and is allowed to stir at -78 °C for 3 hours. These reloading steps are repeated
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the desired number of times. Then the tube is allowed to warm to RT with stirring, and

stirred at RT for 5 minutes.

Table A2.5: UV-vis quantification results for NHs generation experiments with

PsBFe*, with reloading

Number Ps3BFe* Acid Cp*2Co NHs4Cl N2HsCl  Equiv % Yield
of (umol) equiv  equiv  (umol) (umol) NHs/Fe Based

Loadings on H*
A [322] [162]x2 0.1
2 2.3 x22 115.0 49.6 46.2
B [322] [162]x2 0.0
2 2.3 x22 145.6 62.8 58.5
Avg. 56+9 52+9
C [322] [162]x3 0.3
3 2.3 x3? 182.4 78.7 48.9
D [322] [162]x3 0.1
3 2.3 x3? 207.3 89.5 55.5
Avg. 84+8 52+5

aAcid used is [PhaNH2][OTH]

A2.5. Time-resolved Hz quantification of background acid and Cp*2Co reactivity:

Inside of a nitrogen filled glovebox, solid acid (0.248 mmol) and Cp*2Co (0.124
mmol) are added to a 260 mL glass tube charged with a stir bar. The vessel is sealed with
a septum at RT and subsequently chilled to -196 °C in a cold well in the nitrogen filled
glovebox. Et.O (1 mL) is added via syringe into the vessel and completely frozen. The
vessel is passed out of the glovebox into a liquid N2 bath, and subsequently thawed in a dry

ice/acetone bath with stirring at ~900 rpm. The timer was started as soon as the vessel was
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transferred to the dry ice/acetone bath. The headspace of the reaction vessel was
periodically sampled with a sealable gas sampling syringe (10 mL), which was loaded into
a gas chromatograph, and analyzed for the presence of Hy). From these data, the percent
H> evolved (relative to Cp*>Co) was calculated, correcting for the vapor pressure of Et,O
and the removed H> from previous samplings. Each time course was measured from a

single reaction maintained at -78 °C.

Table A2.6: Time-resolved H2 quantification for the reaction of Cp*2Co and acid in
Et2O at -78 °C in the absence of an Fe precatalyst

Acid Time (min) Haz(g) % H2 Based
(nmol) on Cp*2Co
10 1.0+0.4 16+06
a
[Ph2NH][OTT] 60 21+0.6 3+1
10 3.7+0.1 6.0+0.2
F 1b
[PhzNHZ][BAr] 60 12.7+0.8 21+ 1

aAverage of two experiments Average of three experiments

A2.6. Mdssbauer Spectra:

A2.6.1 General Procedure for Preparation of Rapid-freeze-quench Mdssbauer Samples

of Catalytic Reaction Mixtures using PsBFe*:

All manipulations are carried out inside of a nitrogen filled glovebox. The

precatalyst, [Ps2(°’Fe)][BArF,], is weighed into a vial (3.5 mg, 2.3 umol) and transferred
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using THF into a 150 mL Schlenk tube. The solvent is evaporated to form a thin film of
the precatalyst and a stir bar is added. The [PhoNH2][OTf] (79.4 mg, 0.248 mmol) and
Cp*.Co (40.3 mg, 0.124 mmol) are added to the Schlenk tube as solids. The Schlenk tube
is then placed in Nog) and the temperature is allowed to equilibrate. To the tube 1 mL of
Et2O is added. The tube is then sealed with a Teflon screw tap and transferred to a pre-
chilled cold well at -78 °C. The timer is set to zero as soon as the stir bar is freed from the
thawing solvent. At the desired time, the tube is opened and the well-stirred suspension is
transferred to a Delrin cup pre-chilled to -78 °C using a similarly pre-chilled pipette. The
sample in the Delrin cup is then rapidly frozen in N2g). At this point the sample, immersed

in N2q), s taken outside of the glovebox and mounted in the cryostat.

A2.6.2 General Procedure for Preparation of Rapid-freeze-quench Mdssbauer Samples

of the Reaction of P3BFe* with Reductants:

All manipulations are carried out inside of a nitrogen filled glovebox. The
precatalyst, [PsB(°’Fe)][BArF,], is weighed into a vial (3.5 mg, 2.3 pmol) and .5 mL of THF
is added. The solvent is then evaporated to provide a thin film of [PsB(*’Fe)][BArT4]. To
this is added the desired reductant as a solid (46.0 umol, 20 equiv). This vial is then placed
in N2gy and the temperature is allowed to equilibrate. To this is added 1 mL of NaK-dried
Et2O. The vial is then sealed with a cap and transferred to a pre-chilled cold well at -78 °C.
The timer is set to zero as soon as the stir bar is freed from the thawing solvent. After five

minutes using a pre-chilled pipette the well-stirred reaction mixture is transferred to a
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Delrin cup that has been pre-chilled to -78 °C. The sample in the Delrin cup is then rapidly
frozen in Nogy. At this point the sample, immersed in No), is taken outside of the glovebox

and mounted in the cryostat.

A2.6.3 General Procedure for Fitting of Rapid-freeze-quench Mdssbauer Samples:
Data analysis was performed using version 4 of the program WMOSS (www.wmaoss.org)
and quadrupole doublets were fit to Lorentzian lineshapes. Simulations were constructed
from the minimum number of quadrupole doublets required to attain a quality fit to the
data (convergence of yr?). Quadrupole doublets were constrained to be symmetric, unless
[PsBFe—N2][Na(12-crown-4);] was included in the model. With [PsBFe—N;][Na(12-crown-
4),] since it is known to have characteristic asymmetry we started with the observed
linewidths in the authentic sample and allowed them to then relax. It is known that the
exact linewidths are sensitive to the particular sample but the relative line breadth should
be fairly constant. Using the non-linear error analysis algorithm provided by WMOSS, the

errors in the computed parameters are estimated to be 0.02 mm s for & and 2% for Agq.
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Figure A2.2: Mossbauer spectrum collected on PsB(°’Fe)* that was used for the Mdssbauer
experiments conducted in this paper. The parameters used to model this species are
extremely similar to those used previously to model this species (6 = 0.75 mm/sec, Agq =

2.55 mm/sec, I'r =Tt = 0.52 mm/sec).

Table A2.7. Fit parameters for P:BFe*. 1819

Component & (mms?') AEq (mms?) Linewidths, 't/ T'r
(mm s?)
Fit 0.75+£0.02 2.50 £ 0.05 0.54/0.58
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A2.6.4. Details of Individual RFQ Mossbauer spectra:

-4 -2 0 2 4
& (mm/sec)

Figure A2.3. Mdssbauer spectrum collected from a reaction quenched after 5 minutes
between PsBFe* and excess Cp*2Co (20 equiv). Raw data shown as black points, simulation
as a solid red line, with components in green, blue, yellow, and purple (see Table S for
parameters). Collected at 80 K with a parallel applied magnetic field of 50 mT as a

suspension in Et20.

Fitting details for Figure A2.3: Four quadrupole doublets were found to be necessary to
obtain an adequate simulation. The simulation parameters are given in Table S6.2. The two
major species in this spectrum are well simulated as PsFe—Nz and Ps®Fe—N2". The residual
signal exhibits only two well resolved absorbances but to obtain a good fit with symmetric
lineshapes two additional quadrupole doublets were necessary. One of these can be
identified as [PsBFe]* based on the asymmetry in the lineshape of the right feature of PsBFe—

N2. The similarity of the other two quadrupole doublets to those identified in the five-
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minute freeze quench make this a logically consistent fit but one that is not strictly required

by the data.

Table A2.8. Fit Parameters for Figure A2.3.

Component & (mms?) AEo (mms?) Linewidths, 't/ T'r (mms?) Relative
A (green) 057+  326%0.06 0.29/0.29 e
B (purple) o(.)%(s)szi 255 + 0.05 0.27/0.27 0.06
C (yellow) 0921%21 1.76 + 0.04 0.45/0.45 0.23
D (blue) 00 0981002 0.48/0.45 0.39

0.02
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Figure A2.4. Mossbauer spectrum collected from a reaction quenched after 5 minutes
between PsBFe* and excess Cp*.Cr (20 equiv). Raw data shown as black points, simulation
as a solid red line, with components in green and (see Table S for parameters). Collected

at 80 K with a parallel applied magnetic field of 50 mT as a suspension in Et20.

Fitting details for Figure A2.4. The two well-resolved quadrupole doublets can be
simulated. The simulation parameters are given in Table S6.3. One of the two major species
in this spectrum is well simulated as Ps®Fe—N>. The other feature has a very similar isomer
shift but a significantly narrower quadrupole splitting. Given the labile nature of the N>
ligand this other species may represent a vacant neutral species or a dimeric N2 bridged

species.
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Table A2.9. Fit Parameters for Figure A2.4.

Component & (mms?) AEqQ(mms?t) Linewidths, I'/I'r Relative
(mm s?) area

A (green) 0.57 £0.02 3.22 £ 0.06 0.29/0.29 0.46

B (brown)  0.58+0.02  1.60 % 0.05 0.71/0.71 0.54

-4 -2 0 2 4
& (mmisec)
Figure A2.5. Mossbauer spectrum collected from a catalytic reaction quenched after 5

minutes. Conditions: [Ps®(*’Fe)][BArF] = 0.23 mM, [PhoNH2][OTf] = 24.8 mM (108
equiv), and Cp*.Co 12.4 mM (54 equiv). Raw data shown as black points, simulation as a
solid red line, with components in green, blue, yellow, and orange (see Table S for
parameters). Collected at 80 K with a parallel applied magnetic field of 50 mT.
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Fitting details for Figure A2.5. Four pairs of quadrupole doublets were found to be
necessary to obtain an adequate simulation of these data. The simulation parameters are
given in Table S6.1. The outer pair of sharp features clearly belong to PsBFeN.. The inner
feature is highly suggestive of PsBFeN; the presence of which was confirmed by freeze-
quench EPR. The residual then consists of two sharp features which were simulated with
the quadrupole doublet in yellow and a broader residual feature that is captured by the
quadrupole doublet in orange. The exact isomer shift and quadrupole splitting of orange is

not determined by this model but the one here is representative.

Table A2.10. Simulation parameters for Mossbauer spectrum in Figure A2.6.4.

Component & (mms?') AEq(mms?) Linewidths, 't/ Tr Relative
(mm s?) area

A (green) 055+ 3.24 £ 0.06 0.25/0.25 0.32
0.02

B (blue) 0.40 + 0.98 +0.02 0.49/0.34 0.26
0.02

C (yellow) 0.42 + 1.82 +0.04 0.31/0.31 0.18
0.02

D (orange) 093+ 2.99 + 0.06 0.87/0.87 0.24

0.02
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Figure A2.6. M0ssbauer spectrum collected from a catalytic reaction quenched after 30
minutes. Conditions: [Ps2(*’Fe)][BArF] = 0.23 mM, [PhoNH2][OTf] = 24.8 mM (108
equiv), and Cp*>Co 12.4 mM (54 equiv). Raw data shown as black points, simulation as a
solid red line, with components in green, purple, yellow, and orange (see Table A2.6.5 for
parameters). Collected at 80 K with a parallel applied magnetic field of 50 mT.

Fitting details for Figure A2.6. Four quadrupole doublets were found to be necessary to
obtain an adequate simulation. The simulation parameters are given in Table A2.11. The
major species in this spectrum is again well simulated as PsFe—N,. The residual signal
exhibits only three well resolved absorbances but to obtain a good fit with symmetric
lineshapes three additional quadrupole doublets were necessary. One of these can be
identified as [PsBFe]* based on the asymmetry in the lineshape of the right feature of PsBFe—

N2. The similarity of the other two quadrupole doublets to those identified in the five-
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minute freeze quench make this a logically consistent fit but one that is not strictly required

by the data.

Table A2.11. Simulation parameters for Mossbauer spectrum in Figure A2.6.

Component & (mms?) AEq (mms?) Linewidths, I'./I'r Relative area
(mm s?)

A (green) 0.55 + 3.24 +£0.06 0.29/0.29 0.53
0.02

B (purple) 0.75 2.55+0.05 0.27/0.27 0.08
0.02

C (yellow) 0.44 + 1.74 +0.04 0.48/0.48 0.18
0.02

D (orange) 135+ 3.00 £ 0.06 0.67/0.67 0.22
0.02

A2.7. EPR Spectra:

A2.7.1 General Procedure for Preparation of Rapid-freeze-quench EPR Samples of

Catalytic Reaction Mixtures using PsBFe*:

All manipulations are carried out inside of a nitrogen filled glovebox. The

precatalyst, [PsBFe][ BArT4], is weighed into a vial (3.5 mg, 2.3 umol) and transferred using

THF into a 150 mL Schlenk tube. The solvent is evaporated to form a thin film of the

precatalyst and a stir bar is added. The [PhoNH2][OTf] (79.4 mg, 0.248 mmol) and Cp*>Co

(40.3 mg, 0.124 mmol) are added to the Schlenk tube as solids. The Schlenk tube is then

placed in N2y and the temperature is allowed to equilibrate. To the tube 1 mL of Et20 is
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added. The tube is then sealed with a Teflon screw tap and transferred to a pre-chilled cold
well at -78 °C. The timer is set to zero as soon as the stir bar is freed from the thawing
solvent. At the desired time, the tube is opened and the well-stirred suspension is
transferred to an EPR tube that is prechilled to -78 °C using a pipette that has similarly
been pre-chilled to -78 °C. The EPR sample is then rapidly frozen in N2g). At this point the

sample is quickly transferred out of the glovebox and put into N2y before it can warm.

A2.7.2 General Procedure for Preparation of Rapid-freeze-quench EPR Samples of the
Reaction of PsBFe* with Reductants:

All manipulations are carried out inside of a nitrogen filled glovebox. The
precatalyst, [PsBFe][BAIF4], is weighed into a vial (3.5 mg, 2.3 pmol) and .5 mL of THF is
added. The solvent is then evaporated to provide a thin film of [PsBFe][BArT4]. To this is
added (46.0 pmol, 20 equiv) of the desired reductant as a solid. This vial is then placed in
N2gy and the temperature is allowed to equilibrate. To this is added 1 mL of NaK-dried
Et2O. The vial is then sealed with a cap and transferred to a pre-chilled cold well at -78 °C.
The timer is set to zero as soon as the stir bar is freed from the thawing solvent. At the
desired time, the tube is opened and the well-stirred suspension is transferred to an EPR
tube that is prechilled to -78 °C using a pipette that has similarly been pre-chilled to -78
°C. The EPR sample is then rapidly frozen in N2zgy. At this point the sample is quickly

transferred out of the glovebox and put into N2y before it can warm.
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A2.7.3 General Procedure for Preparation of EPR Samples of Cp*2Co, [PsBFe][BArT4],

and [PsBFeN2][Na(12-crown-4)2]:

The desired species was dissolved in 1 mL of Et,O at RT and transferred to an EPR tube.

The EPR tube was then chilled to -78 °C for five minutes. It was then rapidly frozen by

transfer to a bath of Nag).
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Figure A2.7. The X-band EPR spectrum in a 2-MeTHF glass of 2.3 mM [PsBFe—
N2][Na(12-crown-4);] at 77K. Note that the exceeding insolubility of these species when

encapsulated in a crown salt prevented its measurement in ether. We note that this species

has significantly different parameters than the species in which the Na is not encapusalated
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with a crown ether and is therefore interacting with the N2 ligand. We think this species is
more representative of what a hypothetical [PsFe-N2][Cp*2Co] species would look like if

isolated.
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Figure A2.8. The X-band EPR spectrum in Et;O of 2.3 mM [P3BFe][BAr",] at 77K. Note
this species is S = 3/2 and as such we would expect no EPR signal at this temperature as is
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observed here. We attribute the extremely weak signal observed here to background signal
from the cavity
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Figure A2.9. The X-band EPR spectrum in Et:O of 46 mM Cp*.Co at 77K.
Decamethylcobaltocene is known to be EPR silent at 77 K but at these high concentrations
it becomes apparent that there is a small S = % impurity present in this spectrum. This
persistent impurity is observable in both freeze quenched reactions of this reductant with

[PsBFe][BArT4] and in spectra of the freeze quenched catalytic reaction mixtures.
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Figure A2.10. The X-band EPR spectrum in Et,O (1 mL) of the reaction between P3BFe*
(3.5 mg, 0.0023 mmol) and Cp*2Co (15.2 mg, 0.046 mmol) stirred for 5 minutes at -78 °C

then rapidly frozen to 77 K.
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Figure A2.11. The X-band EPR spectrum in Et,0 (1 mL) of the reaction between P3Fe*

(3.5 mg, 0.0023 mmol) and Cp*>Co (40.3 mg, 0.124 mmol) and [PhoNH2][OTf] (79.4 mg,

0.248 mmol) stirred for 5 minutes at -78 °C then rapidly frozen to 77 K.

Table A2.12. A comparison of the best fitting parameters for the authentic sample of
PsBFeN2 (A), the freeze quench of the reaction with the reductant (B), the freeze

guench of the catalytic reaction mixture (C).
Reaction Ox Oy gz
A 2.304 2.048 2.032
B 2.295 2.048 2.032
C 2.298 2.048 2.032
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A2.8. Details on DFT Estimates of pKa and BDE
A2.8.1 Computational Estimates of pKa in Et20:

The pKavalues in diethyl ether were calculated referenced to H(OEt»)>" and were
predicted on the basis of the free-energy change of the exchange reaction with H(OEtz),"
and application of Hess’ law on the closed chemical cycle. The pKa of H(OEt2)2" was

defined as 0.0.

A2.8.2 Computational Estimates of BDEs:

Bond dissociation enthalpies (BDE) of X—H bonds were calculated in the gas-phase
using a series of known reference compounds containing M-OH, M-H and M-NH
bonds.?° The enthalpy difference between the H-atom donor/acceptor pair was calculated
based on the thermochemical information provided by frequency calculations after
structure optimizations using the procedure described in the general computational section.
A linear plot of AH vs BDE;it was generated to form a calibration curve (Figure A2.8.1).
BDE predictions were generated by application of the line of best fit to the calculated AH
of the unknown species. Error were calculated by application of the trend line to the
calculated enthalpies of known species and comparison to their literature BDE value.?%??
Errors are reported as the average of BDEcac-BDEiit (mean signed error, MSE) and the

average of the absolute values of BDEcac-BDEji: (mean unsigned error, MUE). The use of
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the Bordwell equation for bond dissociation enthalpies is well supported by small AScarc =

S(X*) — S(XH), as shown in Table A2.14.

Table A2.13. Calculated AH values and literature BDE values used for BDE

calibration

Species AHcale BDEiit BDEcaic Notes
Cr(H20)s(0OH)?* 97.735 89 90 ref 20
Fe(H20)e?* 77.985 77 75 ref 20
Cr(H20)s(0O0H)?* 77.175 79 75 ref 20
bimFeN22* 69.255 67 68 ref 20
P3SIFe-C=NH* 65.905 65 66 ref 21
bipFeH2%* 65.475 62 65 ref 20
TrenFeOH? 64.105 66 64 ref 20
CpFe(CO)H 57.455 56 59 ref 20
[HIPTN3N]Mo-N=NH 47.715 49 51 Truncated; ref 22
P3S'Fe-N=NMeH"* 43.915 48 48 ref 21
P3S'Fe-C=NH 38.915 44 44 ref 21
P3S'Fe-C=NMeH 34.375 45 40 ref 21
P3SIFe-C=NMeH* 32.955 44 39 ref 21

MSE -0.9
MUE 2.1
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Table A2.14: Calculated entropy (S) for selected XH and Xe species.

Species S(X*) S(XH) AS
(cal/mol*K) (cal/mol*K) (kcal/mol*K)
PsBFe-N=NH 271.6 268.9 2.7x10°3
PsBFe=N-NH_" 266.3 273.1 -6.8x1073
PsBFe=N-NH; 268.9 281.3 -1.2x1072
Cp*Co(n*-CsMesH)* 168.8 162.0 6.6x102
Cp*Cr(n*-CsMesH)* 159.5 163.4 -3.9x10°3

145
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A3.1.Experimental Details
A3.1.1. General Considerations

All manipulations were carried out using standard Schlenk or glovebox techniques under an
N2 atmosphere. Solvents were deoxygenated and dried by thoroughly sparging with N2
followed by passage through an activated alumina column in a solvent purification system
by SG Water, USA LLC. Non-halogenated solvents were tested with sodium benzophenone
ketyl in tetrahydrofuran (THF) in order to confirm the absence of oxygen and water.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed,

and dried over activated 3-A molecular sieves prior to use.

Cp*2Co,t  [PsPFe][BArT4],>  [PsBFeNz][Na(Et20)s],>  [PsBFeNz][Na(12-crown-4);],

[H(OEt2)][BArTs] (HBArTs;; BArFs = tetrakis- (3,5-bis(trifluoromethyl)phenyl)borate)*
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NaBAr"4*, and [Cp*2Co][BAr"4] were prepared according to literature procedures. All other
reagents were purchased from commercial vendors and used without further purification
unless otherwise stated. Diethyl ether (Et2O) used in the experiments herein was stirred over

Na/K (> 2 hours) and filtered through celite before use.

A3.1.2. Gas Chromatography

H> was quantified on an Agilent 7890A gas chromatograph (HP-PLOT U, 30 m, 0.32 mm
ID; 30 °C isothermal; nitrogen carrier gas) using a thermal conductivity detector. A 10 mL
manual injection was used and integration area was converted to percent H, composition by

use of a calibration obtained from injection of Hz solutions in N2 of known concentration.

A3.1.3. Mosshauer Spectroscopy

Mdssbauer spectra were recorded on a spectrometer from SEE Co. (Edina, MN) operating in
the constant acceleration mode in a transmission geometry. The sample was kept in an SVT-
400 cryostat form Janis (Wilmington, MA). The quoted isomer shifts are relative to the
centroid of the spectrum of a metallic foil of a-Fe at room temperature (RT). Solution
samples were transferred to a sample cup and freeze-quenched with liquid nitrogen inside of
the glovebox and then immersed in liquid N2 until mounted in the cryostat. Data analysis was
performed using version 4 of the program WMOSS (www.wmoss.org) and quadrupole

doublets were fit to Lorentzian lineshapes. See discussion below for detailed notes on the
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fitting procedure.

A3.1.4. Ammonia Quantification

Reaction mixtures are cooled to 77 K and allowed to freeze. The reaction vessel is then
opened to atmosphere and to the frozen solution is slowly added a twofold excess (with
respect to acid) solution of a NaO'Bu solution in MeOH (0.25 mM) over 1-2 minutes. This
solution is allowed to freeze and a Schlenk tube adapter is added and the headspace of the
tube is evacuated. After sealing the tube is then allowed to warm to RT and stirred at RT for
at least 10 minutes. An additional Schlenk tube is charged with HCI (3 mL of a 2.0 M solution
in Et2O, 6 mmol) to serve as a collection flask. The volatiles of the reaction mixture are
vacuum transferred at RT into this collection flask. After completion of the vacuum transfer,
the collection flask is sealed and warmed to RT and stirred vigorously for 10 minutes. Solvent
is removed in vacuo, and the remaining residue is dissolved in DMSO-ds containing 20 mM
1,3,5-trimethoxybenzene as an internal standard. The ammonium chloride is quantified by

integration relative to the 1,3,5-trimethoxybenzene internal standard.

A3.1.5. Computational Methods

All stationary point geometries were calculated using DFT-Ds (Grimmes D3 dispersion
correction®) with an TPSS functional,® a def2-TZVP’ basis set on transition metals and a

def2-SVP’ basis set on all other atoms. Calculations were performed, in part, using Xtreme
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Science and Engineering Discovery Environment (XSEDE) resources.? Calculations were
performed on the full PsBFe scaffold. Geometries were optimized using the NWChem 6.5
package.® All single point energy, frequency and solvation energy calculations were
performed with the ORCA package.'® Frequency calculations were used to confirm true
minima and to determine gas phase free energy values (Ggss). Single point solvation
calculations were done using an SMD solvation model** 12 with diethyl ether solvent and
were used to determine solvated internal energy (Esoin). Free energies of solvation were
approximated using the difference in gas phase internal energy (Egas) and solvated internal
energy (AGsolv = Esoin— Egas) and the free energy of a species in solution was then calculated
using the gas phase free energy (Ggas) and the free energy of solvation (Gsoin = Ggas +
AGson).2>** All reduction potentials were calculated referenced to Fc*® and using the

standard Nernst relation [1G = -nFE°.

A3.2. Synthetic Details
A3.2.1. General Procedure for the Synthesis of the Anilinium Triflates

Prior to use the amine was purified (aniline and 2,6-dimethylaniline by distillation and the
remaining substituted anilines by sublimation). To a 100 mL round bottom flask in the
glovebox was added the desired aniline which was subsequently dissolved in 50 mL of Et,O
(no additional drying with NaK). To this was added dropwise (1 equiv) of HOTf with stirring
over five minutes. Immediate precipitation of white solid was observed and the reaction

mixture was allowed to stir for thirty minutes. The reaction mixture was then filtered and the
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resulting white powder was washed with Et2O (50 mL) and pentane (50 mL). The resulting
white microcrystalline material was then dried under vacuum. Yields of greater than 90% of
microcrystalline material was obtained in this manner in all cases. The *H NMR spectroscopy

matched literature reports.>
A3.3. Ammonia Generation Details
A3.3.1. Standard NH3z Generation Reaction Procedure

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-filled
glovebox, the precatalyst (2.3 pumol) was weighed into a vial. The precatalyst was then
transferred quantitatively into a long tube with a female 24-40 joint at the top using THF.
The THF was then evaporated to provide a thin film of precatalyst at the bottom of tube. The
tube is then charged with a stir bar, the acid (108 eq), and decamethylcobaltocene (41.2 mg,
54 eq) as solids. The tube is then sealed at room temperature with a septum that is secured
with copper wire (this ensures a known volume of N in the reaction vessel, which is
important for H detection). The tube is then chilled to 77 K and allowed to equilibrate for
10 minutes. To the chilled tube is added 1 mL of EtoO. The temperature of the system is
allowed to equilibrate for 5 minutes. This tube is passed out of the box into a liquid N2 bath
and transported to a fume hood. The tube is then transferred to a dry ice/acetone bath where
it thaws and is allowed to stir at =78 °C for four hours. At this point the headspace of the
tube is sampled with a 10 mL gas, locking syringe which is used to analyze for Hz. The tube
is then allowed to warm to RT with stirring and then stirred at room temperature for a further

ten minutes. At this point the previously described procedure for quantifying ammonia was
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employed. To ensure reproducibility, all experiments were conducted in 395 mL tubes (51

mm OD) using 25 mm stir bars, and stirring was conducted at ~650rpm.

Table A3.1. NMR quantification results for standard NHs generation experiments

with PsBFe*

Acid Integration % Yield NH3 | %  Yield H>
Relative to | (error) (error)
Internal Standard

[4-methoxyanilinium][OTf] 0.01, 0.02 0.2(0.1) 89.1(0.2)

[anilinium][OTT] 3.42,3.33 40.4(0.5) 48.6(0.7)

[2,6-dimethylanilinium][OTf] | 4.30, 3.63 47.5(4.0) 37.8(0.2)

[2-chloroanilinium][OTf] 4.98,4.92 59.3(0.4) 26.1(1.9)

[2,5-dichloroanilinium][OTf] | 6.78, 6.15 77.5(3.8) 10.5(1.1)

[2,6-dichloroanilinium][OTf] | 6.81, 6.00 76.7(4.9) 12.6(2.5)

[2,6- 6.60, 5.81 74.4(4.7) 14.2(3.4)

dichloroanilinium][OTf]"

[2,6- 4.12,3.0 42.7(6.7) 18.8(0.8)

dichloroanilinium][BArF4]

[2,4,6- 5.73,6.10 70.9(2.2) 12.0(0.8)

trichloroanilinium][OTf]
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[pentachloroanilinium][OTf]

162, 1.70 19.9(0.5)

63.5(1.1)

*Run performed with [Ps®FeN2][Na(Et20)s] as the precatalyst.

A3.4. H2 Monitoring Details

A3.4.1. Standard Background Generation Reaction Procedure

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-filled

glovebox, a long tube with a female 24-40 joint is charged with a stir bar, the acid (108 eq)

and decamethylcobaltocene (41.2 mg, 54 eq). The tube is then sealed at room temperature

with a septum that is secured with copper wire. The tube is then chilled to 77 K and allowed

to equilibrate for 10 minutes. To the chilled tube is added 1 mL of Et2O. The temperature of

the system is allowed to equilibrate for 5 minutes. This tube is passed out of the box into a

liquid N2 bath and transported to a fume hood. The tube is then transferred to a dry

ice/acetone bath where it thaws and is allowed to stir at =78 °C for four hours. At this point

the headspace of the tube is sampled with a 10 mL gas, locking syringe which is used to

analyze for Ha.

Table A3.2: Data for Background Hz Quantification Experiments

Acid GC Integration for H> | % Yield H>
4-methoxyanilinium triflate 49.8 315
anilinium triflate 24.0 15.2
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2,6-dimethylanilinium triflate | 8.2 5.2
2-chloroanilinium triflate 47.2 29.9
2,5-dichloroanilinium triflate | 37.1 23.5
2,6-dichloroanilinium triflate | 77.8 49.2
2,4,6-trichloroanilinium 34.8 22.0
triflate

pentachloroanilinium triflate | 98.3 62.3

A3.4.2. Hz Evolution Kinetics

All solvents are stirred with Na/K for >2 hours and filtered prior to use. For the catalyzed
run, the precatalyst was then transferred quantitatively into a Schlenk tube using THF. The
THF was then evaporated to provide a thin film of precatalyst at the bottom of the long tube
with a female 24-40 joint. The tube is then charged with a stir bar and the 2,6-
dichloroanilinium triflate (77.9 mg, 108 eq) and decamethylcobaltocene (41.2 mg, 54 eq) are
added as solids. The tube is then sealed at room temperature with a septum that is secured
with copper wire. The tube is then chilled to 77 K and allowed to equilibrate for 10 minutes.
To the chilled tube is added 1 mL of Et,O. The temperature of the system is allowed to
equilibrate for 5 minutes. This tube is passed out of the box into a liquid N2 bath and
transported to a fume hood. The tube is then transferred to a dry ice/acetone bath where it

thaws and is allowed to stir at —78 °C. As soon as the stir bar is freed from the frozen solution
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and stirring begins the timing is started. At the time points noted below the headspace was

sampled for Hz with a 10 mL gas tight syringe.

Table A3.3. Time points for catalyzed Hzevolution from 2,6-dichloroanlinium triflate
and decamethylcobaltocene

Time GC Integration for Ha % Yield H (error)
5 3.8,6.4 3.3(0.9)

15 11.6, 16.9 9.3(1.8)

25 14.7,26.2 13.4(3.8)

35 225,208 13.9(0.5)

Table A3.4. Time points for uncatalyzed H: evolution from 2,6-dichloroanlinium

triflate and decamethylcobaltocene

Time

GC Integration for H

% Yield H: (error)
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Figure A3.1: Comparison of catalyzed and uncatalyzed H. evolution from 2,6-
dichloroanlinium triflate and decamethylcobaltocene at early time points.

A3.5. Mdssbauer Spectroscopy
A3.5.1. General Procedure for Freeze-Quench Mdssbauer Spectroscopy

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-filled
glovebox, the desired *'Fe species (0.0023 mmol) is quantitatively transferred using THF to
a vial and then evaporated to yield a thin film. That vial is charged with a small stir bar and
the other reagents as solids. The vial is then chilled to 77 K in a liquid nitrogen bath and
allowed to equilibrate for five minutes. To the chilled tube is added 1 mL of Et,O and this
allowed to equilibrate for another five minutes. The vial is then transferred to a cold well that
has been pre-cooled for at least fifteen minutes to —78 °C with a dry ice/acetone bath. When
the stir bar is freed from the frozen solvent and begins to stir the time is started. At the time
noted the stirring is stopped and using a prechilled pipette the reaction mixture is transferred
in one portion to a pre-chilled Mdéssbauer cup sitting in a vial. The vial is then placed in a
liquid nitrogen bath causing the reaction mixture to freeze in approximately twenty seconds.
The Mdssbauer cup is then submerged in the liquid nitrogen and then removed from the
glovebox and standard procedure is used to mount the sample on the Madssbauer

spectrometer.
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Figure A3.2. Mdssbauer spectrum collected from a reaction freeze quenched after stirring
for 5 minutes at =78 °C in 1 mL of Et,O between [P3B(*’Fe)N2][Na(Et.0)s] and excess
2,6-dichloroanilinium triflate (50 equiv). Raw data shown as black points, simulation as a
solid red line, with components in (see Table A3.3 for parameters). The spectrum was
collected at 80 K with a parallel applied magnetic field of 50 mT as a suspension in Et20.

Fitting details for Figure A3.2: Three quadrupole doublets were found to be necessary to
obtain an adequate simulation. Although a variety of parameters could potentially simulate
the relatively broad absorptions observed here, previous reactivity of [Ps®FeN2]” with acid
suggested that Ps®FeN, and [PsBFe]* were likely products. Satisfyingly if one of those
components was provided to the fitting program the other major component was found to be
the other species after refining freely. The third species was unchanged in these simulations
and represents an unknown species but is demanded by the inflection point on the more
negative side of the right-hand absorbance. Modeling this feature also helps to capture the

asymmetry of the left-hand absorbance while using the symmetric line-shapes we expect for
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PsBFeN: (green) and PsBFe* (purple). The broad linewidths for PsBFe* have been observed
previously and may be explained by the existence of unbound and bound varieties of the
species with the reaction mixture providing potential ligands such as OTf", 26°'lPhNH, and

No>.

Table A3.5: Simulation parameters for Mossbauer spectrum in Figure A3.2.

Component & (mms?') AEq(mms?) Linewidths, Relative area
't/ Tr (mms?)

A (green) 0.58+0.02 3.28+0.07 0.52/0.52 0.26

B (purple)  0.76+0.02 257+0.05  1.10/1.10 0.63

C (yellow) 0.13+0.02 2.24+0.04 0.50/0.50 0.11

A3.6. EPR Spectroscopy
A3.6.1 General Procedure for EPR Spectroscopy

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-filled
glovebox, the desired Fe species (0.0023 mmol) is quantitatively transferred using THF to a

vial and then evaporated to yield a thin film. That vial is charged with a small stir bar and the
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acid (0.116 mmol, 50 eq) as solids ([2,6-dichloroanilinium][OTf] or [2,6-
dichloroanilinium][Bar™4]). The vial is then chilled to 77 K in a liquid nitrogen bath and
allowed to equilibrate for five minutes. To the chilled tube is added 1 mL of Et,O (for HOTf
50 eq have been dissolved in this 1 mL of Et.O at room temperature) and this allowed to
equilibrate for another five minutes. The vial is then transferred to a cold well that has been
pre-cooled for at least fifteen minutes to —78 °C with a dry ice/acetone bath. When the stir
bar is freed from the frozen solvent and begins to stir the time is started. The reaction mixture
is stirred for five minutes and then stirring is stopped. Using a pre-chilled pipette
approximately 0.5 mL of the reaction mixture is rapidly transferred to a pre-chilled X-band
EPR tube. The X-band EPR tube is then placed in a liquid nitrogen bath causing the reaction
mixture to freeze in approximately twenty seconds. The EPR tube is then sealed and removed

from the glovebox in liquid nitrogen.

A3.6.2. Comment on Stoichiometric Reactivity

In our attempt to model the catalytic reaction mixture we were interested in the reactivity of
[PsBFeN,] (observed previously both from mixing [Ps2Fe][BarFs] with excess Cp*2Co and
under the catalytic reaction conditions) with acid. In order to achieve this we wanted to
prepare independently known [PsBFeN2]- species to model the proposed catalytic
intermediate [P3sFeN2][Cp*2Co]. We chose [PsFeN2][Na(Et.0)s] because its solubility in

Et,0 modeled that of [Ps2FeN2][Cp*2Co].
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Figure A3.3. The continuous wave, X-band EPR at 77K in Et,O of reaction mixtures
freeze-quenched after five minutes. In red is the reaction of [Ps2FeNz][Na(Et.0)s] with 50
eq of [2,6-dichloroanilinium][BArfs] clearly demonstrating the formation of
[PsBFeNNH,][BArF,]. In green is reaction of [PsBFeNz][Na(Et20)s] with 50 eq of [2,6-
dichloroanilinium][OTf] in which the small residual species is neither the starting material
([PsBFeNz][Na(Et20)3]) or the desired product ([PsEFeNNHz][OTf]). Although we do not
know the chemical identity of this species we note that it is very similar to the EPR
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observed in the reaction of [P3s2FeN,][Na(12-crown-4);] with 1 eq. of HBArF.Y" We

hypothesize therefore that it may represent a Fe—H side product.

T T T T

Experiment ——

Simulation

]
| 1 1 1 U 1 |
2400 2600 2800 3000 3200 3400 3600 3800 4000
B (Gauss)

Figure A3.4. In blue is the continuous wave, X-band EPR spectrum at 77K of a reaction
mixture of 50 eq. [2,6-dichloroanilinium][Bars] with [PsBFeN2][Na(12-crown-4)]
quenched with liquid nitrogen after 5 minutes. In orange is the simulation of this spectrum

(fitting details below)

Fitting details for Figure A3.4: The parameters used to fit the spectrum were obtained using
the esfit application in the easyspin program.'® The fitting program obtains the best fit by

minimizing the root mean square deviation from the data.
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The data was fit with the following parameters: g1 = 2.23899, g» = 2.09189, gz = 2.00664,
and a line broadening of 323.8530, 71.2309, and 38.7902 MHz respectively. These
parameters represent only a very small perturbation from those used previously to model
[PsBFeNNH,][Barts]: g1 =2.222, g» = 2.091, g3 = 2.006 and a line broadening of 256, 113,
and 41 MHz respectively.l” The slightly broader spectrum observed here precludes
resolution of the small phosphorus coupling on gs. We believe that this broadening arises
from either the use of a non-glassing solvent (Et.O vs 2-MeTHF) or via small differences in

hydrogen-bonding that arise from the presence of 2,6-dichloroaniline.

A3.7. Acid Quench of P3BFeN
A3.7.1 Standard Acid Quench Procedure

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-filled
glovebox, the desired Fe species (2.3 umol) was weighed into a vial. The precatalyst was
then transferred quantitatively into a Schlenk tube using THF. The THF was then evaporated
to provide a thin film of Fe species at the bottom of the Schlenk tube. The tube is then charged
with a stir bar and [2,6-dichloroanilinium][OTf (36.2 mg, 115 umol, 50 eq) is added as a
solid. The tube is then sealed at room temperature with a septum and a Konte’s valve that is
left partially open. The tube is then chilled to 77 K and allowed to equilibrate for 10 minutes.
To the chilled tube is added 1 mL of Et>O through the septum. The temperature of the system
is allowed to equilibrate for 5 minutes and then the Konte’s valve is sealed. This tube is

passed out of the box into a liquid N2 bath and transported to a fume hood. The tube is then
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transferred to a dry ice/acetone bath where it thaws and is allowed to stir at —78 °C for three

hours. At the end of the reaction the Konte’s valve is opened and the reaction headspace is

allowed to equilibrate. At this point the headspace of the tube is sampled with a 10 mL gas,

locking syringe which is used to analyze for Hz. The tube is then allowed to warm to RT with

stirring and then stirred at room temperature for a further ten minutes. At this point the

previously described procedure for quantifying ammonia was employed.

Table A3.6. Comparative NHz and H: Yields for [2$C'PhNHs][OTf] and [*%

CIPhNH3][BArF4]

Acid Integration % Yield | % Yield | % Yield H;
Relative Internal | NH3 H2 (error)
Standard (error)

[2,6-dichloroanilinium][OTf] 0.00, 0.00 0.0(0.0) 39.0,48.2 | 43.7(4.6)

[2,6-dichloroanilinium][BArfs] | 0.36,0.25 0.20(0.03) | 30.3,45.6 | 37.8(7.6)

A3.8. Solubility Measurement

A3.8.1. Procedure for Measuring Solubility of Cp*2Co

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-filled

glovebox, a Schlenk tube is charged with a stir bar and the Cp*,Co (41.2 mg, 0.125 mmol)
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is added to the tube. The tube is then chilled to 77 K in a liquid nitrogen bath and allowed to
equilibrate for 5 minutes. To the chilled tube is added 1 mL of Et2O. The temperature of the
system is allowed to equilibrate for 5 minutes and then the Schlenk tube is transferred to the
cold well which has been prechilled to =78 °C for fifteen minutes. After five minutes of
stirring at ~620 rpm, the stirring is stopped. With a prechilled pipette the entirety of the
reaction mixture is transferred to a similarly prechilled celite pad for filtration. Filtration
yielded a pale green solution that was then warmed to room temperature and the solvent was
removed under reduced pressure. The vial was then extracted with a 20 mM solution of 1,3,5-
trimethoxybenzene in Ce¢Ds. The NMR was then measured and the Cp*>Co signal was
integrated relative to the 1,3,5-trimethoxybenzene standard. The accuracy of this integration
procedure was confirmed by performing this procedure on a sample of Cp*,Co that had
simply been weighed into a vial. Repetition of this experiment resulted in Cp*.Co

concentrations between 5-6 mM.
A3.8.2. Procedure for Measuring Solubility of [2,6-dichloroanilinium][OTf]:

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-filled
glovebox, a Schlenk tube is charged with a stir bar and the [2,6-dichloroanilinium][OTf]
(77.9 mg, 0.250 mmol) is added to the tube. The tube is then chilled to 77 K in a liquid
nitrogen bath and allowed to equilibrate for 5 minutes. To the chilled tube is added 1 mL of
Et,O. The temperature of the system is allowed to equilibrate for 5 minutes and then the
Schlenk tube is transferred to the cold well which has been prechilled to —78 °C for fifteen

minutes. After five minutes of stirring at ~620 rpm, the stirring is stopped. With a prechilled
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pipette the entirety of the reaction mixture is transferred to a similarly prechilled celite pad
for filtration. Filtration yielded a colorless solution that was then warmed to room
temperature and the solvent was removed under reduced pressure. The vial was then
extracted with a 20 mM solution of 1,3,5-trimethoxybenzene in THF-dg. The NMR was then
measured and the two signals for [2,6-dichloroanilinium][OTf] were integrated relative to
the 1,3,5-trimethoxybenzene standard. The result was a [2,6-dichloroanilinium][OTf]

concentration of 0.4 mM.

A3.9. Controlled Potential Electrolysis (CPE) and Cyclic Voltammetry (CV) Details

General considerations. All manipulations are carried out in an N filled glove box. For CPE
experiments a sealable H-cell consisting of two compartments separated by a fine porosity
sintered glass frit is cooled to —35 °C in a cold well and charged with 4 mL (working
chamber) and 4 mL (auxiliary chamber) of 0.1 M NaBAr; solution in Et,O, the solutions
are also cooled to —35 °C and the solution for the working chamber may contain additional
chemical components as described below. The working chamber is outfitted with a glassy
carbon working electrode, rectangular prismatic in shape with dimensions of 10 mm x 2 mm
and submerged in the working chamber solution to a depth of ~10 mm. The working chamber
is also equipped with a Ag/AgPFs in 0.1 M NaBArF, Et,0 reference electrode isolated by a
CoralPor™ frit (obtained from BASI) and referenced externally to Fc/Fc*. The auxiliary
chamber is outfitted with a solid sodium auxiliary electrode (~5 mm by ~1 mm rectangular

prism, submerged to ~5 mm). The cell is sealed before electrolysis. The cell is connected to
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a CH Instruments 600B electrochemical analyzer and controlled potential bulk electrolysis
experiments were performed at —35 °C with stirring, cold well external bath temperature

maintained by a SP Scientific FTS Systems FC100 immersion cooler.

CV experiments are conducted in a single compartment cell cooled to —35 °C in a cold well
in 0.1 M NaBAr", Et,0 solution, again cold well external bath temperature maintained by a
SP Scientific FTS Systems FC100 immersion cooler. The working electrode is a glassy
carbon disk, the reference electrode is a Ag/AgPFs in 0.1 M NaBArf, Et,O reference
electrode isolated by a CoralPor™ frit (obtained from BASi) and referenced externally to
Fc/Fc*, the auxiliary electrode is a platinum wire. Measurements conducted with a CH

Instruments 600B electrochemical analyzer

General methodology for controlled potential electrolysis experiments: To the working
chamber is added 3 mg of [PsBFe][BAIF4] (2 umol), 100 umol of acid (e.g. [PhoNH2][OTf]),
0-23.8 mg of [CoCp*2][BAI4] (0-20 umol), and a magnetic stir bar. The cell is held at a
working potential of —2.1 V vs Fc/Fc* until the current passed in the cell falls to 1% of the
initial current pass or until 21.5 hours have passed. After that time the potential bias is
removed, the headspace of the cell is sampled with a sealable gas syringe (10 mL), which is
immediately analyzed by GC for the presence of Hz. Then an additional 100 pmol of acid in
2 mL 0.1 M NaBAr", solution in Et20 is injected through rubber septa into both chambers
to sequester NHs as [NH4][OTf]. The cell is allowed to stir at -35 °C for 10 minutes and then

warmed to room temperature. The contents of both chambers are then transferred to a
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Schlenk tube (cell washed with additional Et,O) and this material is analyzed for NHz by
base digestion, vacuum transfer of volatiles, and NMR integration as described in section

Al4

Methodology for controlled potential electrolysis experiments with reloading of substrate:
To the working chamber is added 3 mg of [PsBFe][BAI4] (2 umol), 100 pmol of acid (e.g.
[Ph2NH2][OTf]), 0-23.8 mg of [CoCp*2][BAI"4] (0-20 pmol), and a magnetic stir bar. The
cell is held at a working potential of —2.1 V vs Fc/Fc¢™ until the current passed in the cell falls
to 1% of the initial current pass or until 21.5 hours have passed. After that time the potential
bias is removed. An additional 100 umol of acid in 2 mL 0.1 M NaBAr", solution in Et;O is
then added to the working chamber of the cell via injection through a rubber septum. The
cell is then held at a working potential of —2.1 V vs Fc/Fc¢™ until the current passed in the cell
falls to 1% of the initial current pass or until 21.5 hours have passed. After that time the
potential bias is removed, the headspace of the cell is sampled with a sealable gas syringe
(10 mL), which is immediately analyzed by GC for the presence of H,. Then an additional
100 umol of acid in 2 mL 0.1 M NaBAr", solution in Et,O is injected through rubber septa
into both chambers of the cell to sequester NHz as [NH4][OTf]. The cell is allowed to stir at
-35 °C for 10 minutes and then warmed to room temperature. The contents of both chambers
are then transferred to a Schlenk tube (cell washed with additional Et,O) and this material is
analyzed for NHs by base digestion, vacuum transfer of volatiles, and NMR integration as

described in section Al1.4
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Entry | Acid Equiv Time | Charge | Yield of | FE NHs|FE H2»?
[CoCp*2] | (h) Passed | NHs (%) (%)
[BAr] (C) (equiv
per Fe)
1 [Ph2NH2][OTf] 0 42 |75 2.3 18 80
2 [Ph2NH2][OTf] 0 63 |62 2.8 26 25
Avg 2604 | 22+6
3P [Ph2NH2][OTf] 0 43 |75 2.2 17 67
4 [Ph2NH][OTf] 1 17 |81 44 31 56
5 [Ph2NH][OTf] 1 22 |83 35 24 47
Avg 40+06 | 28+5
6 [PhoNH2][OTH] 5 17 8.5 3.9 26 61
7 [Ph2NH_][OTf] 5 21 |91 35 22 57
8 [Ph2NH_][OTf] 5 22 |95 4.6 28 27
Avg 40+06 | 25+3
9 [Ph2NH_][OTf] 10 21 |94 3.0 19 64
10 [Ph2NH][OTf] 10 10 10.2 5.1 29 47
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Avg 4+1 24+7

11 [PhNH;][OTf] 15 9.0 1.2 8 48

12 [PhNH;][OTf] 22 7.8 0.6 4 35

Avg 09+04 [6+3

13 [2,6-Cl, 17 10.6 2.0 11 44
PhNH;][OTf]

14 [2,6-Cl, 17 10.7 1.7 9 41
PhNH;][OTf]

Avg 1.9+02 [10+1

15° | [PhoaNH][OTH] 32 17.3 6.1 20 43

16° | [PhoNH][OTH] 22 18.7 6.7 21 32

17° | [PhoaNH][OTH] 37 13.7 4.7 20 38

18° | [PhoNH,][OTf] 41 15.3 4.8 18 52

19° | [PhoNH,][OTf] 43 17.8 5.4 18 31

Avg 55+09 |[19+1

20A° | [Ph,NH][OTf] 215 |95 4.6 28 27

20B° | [Ph.NH][OTf] 115 [9.2 0.0 0 88
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219 | [Ph.NH][OTf] 5 16 9.2 0.0 0 75

22¢ | [Ph,NH][OTf] 5 43 0.0 0.3 N/A N/A

23 [PhoNH,][OTH] Chemical |21.5 | N/A 1.3 78¢ 50 ¢
runs

24" | [Ph,NH2][OTf] Chemical | 215 |N/A 2.3 138e |[3le
runs

Avg 1.8+07 [11+4

aSome ports of the cell are sealed with septa and one of these is pierced before the electrolysis
begins to pressure equilibrate the cell as it cools to -35 °C, we note therefore that H, gas may
escape from the cell particular during long experiments, indeed a test of Hy retention in the
cell under equivalent conditions revealed leakage of H2 thus the detected % vyield of Ha
reported here should be considered a lower limit. PThese experiments were conducted using
the reloading protocol as described above. “Electrode rinse test as described in main text.
dControl experiment with no [PsBFe][BArT4] included but including a typical loading of 11.9
mg (10 pmol) of [CoCp*2][BArF4]. ®Control experiment where the cell, with all components
including the sodium auxiliary electrode, was assembled and stirred at -35 °C for 43 hours
but no potential bias was applied. ‘Chemical catalysis runs at -35 °C in 0.1 M NaBAr 4 Et.O
solution with 50 equiv (100 pmol) of Cp*>Co included as a chemical reductant as well as

[PsBFe][BArT4] (2 umol) and 100 umol of acid ([PhoNH2][OTf]).
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A3.10. Computational Details
A3.10.1. Calculation of Acid Dissociation Constants

Acid dissociation constants (pKa and pKq) were performed were optimized and solvated as
discussed in the general methods section. For pKavalues, the [1G for the exchange of a proton
(H*) between the acid of interest and 26 “'PhNH,/25“'PhNH3*. For pKq values, the same
approach was used except that the net exchange of a HOTT unit was calculated. In all cases
the dissociation constant was reference to the literature value for the pKa of 26“'PhNHs* in

THF.

A4.10.2. Determination of PT, ET and PCET Kinetics

Kinetic barriers for reported for PT, ET and PCET were performed in one of two ways.
Internal consistency between the methods was determined where possible. Values are

summarized in Table A3.8.

Method A. Marcus Theory. Standard Marcus theory expressions®® were used in method A.
Inner sphere reorganization energies for PT or PCET were calculated using the method
developed by the group of Hammes-Schiffer (Eg. A3.1) utilizing the force constants for the

reactant (f;") and product (f;”) species and the change in equilibrium bond length (Dg).*°

Ais,PT/PCET =

07 g
fJT+fj J

2
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(Eq. A3.1)

Outer sphere reorganization energies were calculated using a continuum solvation model for
the solvation of a point charge (hoseT)® or a dipole (Aospt).2%2? The AospceT Was approximated
using equation A3.2, where 0 is the angle between the ET and PT vectors.? It was determined
via analysis of the structure of a constrained optimization (in which the Fe—H—Co distance
was kept constant) that 6 is between 0 and 45°, a range which corresponds to an insignificant

variation (less than 0.2 kcal/mol) in AespceT.
AosPCET = Aos,PT + hos ET — (AosPT* Aos,eT)cOS(0) (Eg. A3.2)

Relative rates for a bimolecular PT/ET vs PCET (koi) pathway for reaction shown in Table
A3.8, Equation 6 were determined via the method outline by the group of Hammes-Schiffer
in which the bimolecular rate constant for PT, ET or PCET is approximated by equation

A3.3.
koi = Ka™Kuni (Eq. A3.3)

Ka represents the pre-arrangement equilibrium constant and kuni represents the unimolecular
rate constant for PCET or ET.2® Along an PT/ET pathway, the barriers calculated suggest
that k°T > KET. In approximating kuni for PCET and ET, we made extensive use of the
webPCET portal.?? The electronic coupling for PCET and ET was assumed to be equal. In
order to approximate a lower bound for k"“ET/kET, the pre-arrangement equilibrium (Ka) was
also assumed to be equal for PCET and ET. We believe this represents a lower bound as the

approximation for Ka does not include any hydrogen bonding interactions for a PCET
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pathway.

Method B. Optimization of a 1% Order Saddle Point. PT barriers for the protonation of

Cp*2Co was also performed using optimization of a 1% order saddle point.

Table A3.8. Overview of Parameters Used to Calculate Kinetic Barriers

1 N/A N/A 1.3 kcal/mol A
1 7.5 kcal/mol 6.3 kcal/mol 1.3 kcal/mol B
2 N/A N/A 3.8 kcal/mol A

2 7.5 kcal/mol 6.3 kcal/mol 3.6 kcal/mol B
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3 N/A N/A 4.5 kcal/mol A

3 7.5 kcal/mol 6.3 kcal/mol 4.8 kcal/mol B

4 8.9 kcal/mol 6.3 kcal/mol 1.5 kcal/mol A

5 8.9 kcal/mol 25.0 kcal/mol 4.1 kcal/mol A?
{kei =1 M5}

6 13.7 kcal/mol 0-10 kcal/mol 0.2 - 0.6 kcal/mol A

{2000 — 4500 M5}

%The barrier for [Ps®Fe(NNH)][OTf] reduction was calculated assuming that rate-

determining reduction to [Ps2Fe(NNH2)][OTf]™ precedes OTf ~release.

A3.10.3. BDFE Calculations

Bond dissociation free energies (BDFE) of X—H bonds were calculated in the gas-phase
using a series of known reference compounds.? The free-energy difference between the H-
atom donor/acceptor pair was calculated based on the thermochemical information provided
by frequency calculations after structure optimizations using the procedure described in the
general computational section. A linear plot of AG vs BDFEjit was generated to form a
calibration curve (Figure A3.5.). BDFE predictions were generated by application of the line

of best fit to the calculated AG of the unknown species.
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Figure A3.5. BDFEcac and BDFE;;; plotted for species of known BDFEEg. Line of best fit

is shown.

Table A3.9. Data used to generate the plot and line of best fit shown in Figure A3.5.

DG (E-H) DG (E®) DGeac  BDFEeH

HOOH -151.4 -150.8 69.8 79.7
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EtOOH

H.O
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MesCH
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EtoNH

NH2NH:

OH"
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OOH
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-15.7
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-232.1
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-115.0
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-111.1
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74.0

81.0
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113.0
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A3.11. X-ray Photoelectron Spectroscopy (XPS) details
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The surface composition of the carbon electrode surface after a 15 hour bulk electrolysis in

the presence of PsBFe*, Cp*2Co", [PhoNH2][OTf] and N2 was determined via XPS on a

Kratos Axis Nova spectrometer with DLD (Kratos Analytical; Manchester, UK). The

excitation source for all analysis was monochromatic Al Kay 2 (hv = 1486.6 eV) operating at

10 mA and 15 kV. The X-ray source was directed 54° with respect to the sample normal. A

base pressure of 1 x 10~ Torr is maintained in the analytical chamber, which rises to 5 x
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10~ Torr during spectral acquisition. All spectra were acquired using the hybrid lens
magnification mode and slot aperture, resulting in an analyzed area of 700 um % 400 um.
Survey scans were collected using 160 eV pass energy, while narrow region scans used 10

eV; charge compensation via the attached e -flood source was not necessary in this study.

Subsequent peak fitting and composition analysis was performed using CasaXPS version
2.3.16 (Casa Software Ltd.; Teignmouth, UK). Energy scale correction for the survey and
narrow energy regions was accomplished by setting the large component in the C 1s
spectrum, corresponding to a C 1s C(=C) transition, to 284.8 eV. All components were fitted
using a Gaussian 30% Lorentzian convolution function. For quantification, Shirley baselines
were employed where there was a noticeable change in CPS before and after the peak in the
survey spectrum; otherwise, linear was chosen. Atomic percentages were calculated using
the CasaXPS packages for regions and/or components and are reported herein. Calculations
were performed using region or component areas normalized to relative sensitivity factors
specific to the instrument conditions with deconvolution from the spectrometer transmission

function.
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] Name Pos. FWHM Area At
90 01s 53141 3.07 J981.48 10.74
i C1s 28381 2.26 10274.22 8281.20
N1s J98.41 218 117.70 0.52
F 1s 687.41 248 1445.88 2.58
i Na 1s 1070.91 2.43 T743.22 0.69
80 Ca2p J46.41 2.50 523.40 0.82
Cl 2p 1998.81 3.82 273.70 0.95
s2p 168.41 2.82 148.34 0.69
si2p 101.41 2.08 187.85 1.82
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Figure A3.6. XPS survey scan of a section of a glassy carbon plate which was not exposed
to the working chamber solution during a 15 hour bulk electrolysis in the presence of
P3BFe*, Cp*2Co*, [PhoNH2][OTf] and N2 at -2.1 V (vs Fc/Fc*). XPS and Auger peaks are

assigned as labeled in the legend, which also includes atomic percentages calculated from
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component fits from scans of individual XPS regions. This material represents a baseline
of the electrode surface composition resulting from cleaning, polishing, and handling prior
to CPE experiments and is provided for comparison to a XPS survey scan of a section of
the same glassy carbon plate which was exposed to the working chamber solution during
a 15 hour bulk electrolysis in the presence of Ps8Fe*, Cp*2Co*, [PhoNH2][OTf] and N at -
2.1V (vs Fc/Fc™) presented in Figure A3.7.



cPS x 1072

80|
| Name Pos. FWHM Area  At%
O1s 53141 2.83 5973.45 17.77
1 C1s 283.91 237 8480.61 73.93
{ N1s 399.41 228 108.69 0.53
70] F1s 687.41 215 39191 0.77
| Fe2p 71041 296 46262 0.25
Al2p 7441 221 146.41 2.38
1 cl2p 199.41 350 210.76 0.80
{ caz2p 347.41 238 5%.57 1.02
| sizp 10141 231 239.76 2.5
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Figure A3.7. XPS survey scan of a section of a glassy carbon plate which was exposed to
the working chamber solution during a 15 hour bulk electrolysis in the presence of Ps®Fe®,
Cp*2Co*, [PhoNH2][OTf] and N2 at -2.1 V (vs Fc/Fc™). XPS and Auger peaks are assigned
as labeled in the legend, which also includes atomic percentages calculated from
component fits from scans of individual XPS regions. This material represents a post-
electrolysis state of the electrode surface composition for comparison to a XPS survey scan
of a section of the same glassy carbon plate which was not exposed to the working chamber
solution during a 15 hour bulk electrolysis in the presence of P3sBFe*, Cp*.Co*,
[PhaNH2][OTf] and N2 at -2.1 V (vs Fc/Fc*) presented in figure A3.3.1.Notably this active
surface scan reveals a small Fe signal attributed to some degree of decomposition of the
PsBFe* catalyst over the course of the 15 hour electrolysis, also notable is that no new Co
signal is observed in the post-electrolysis scan suggesting that Cp*;Co* does not

decompose to a surface bound Co species in appreciable amounts during the electrolysis.

A3.12. pKa Determination Strategy

Bosch et al. published a procedure for converting a pKa in THF into the equivalent pK, in
different solvents.?® Although not all of the pKa values have been experimentally determined
in THF the values obtained from converting from MeCN or H2O into a THF value is quite
accurate. So we have used these converted values in the text. Where available a number
measured in THF has been used, if not the average of the two values has been used if
available. These choices do not materially affect the analysis as the interpretation of pKa

effect is qualitative in nature.

Solvent conversion equations:
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PKa(THF) = 0.78xpKa(MeCN) — 0.52

PKa(THF) = 1.19xpKa(H20) + 2.13

pKa in | pKa in | Converted | Experimental

Acid
MeCN | H20 pKa? pKa in THF
11.86% | 5.29%°
[4-methoxyanilinium][OTf] 8.8(8.4) |8.8%*
7
10.62% | 4.58%
[anilinium][OTf] 78(7.6) |8.0%
7
[2,6-dimethylanilinium][OTf] | -- 3.89%° -- (6.8)
[2-chloroanilinium][OTf] 7.86%7 | 2.64%° 56(5.3) |6.0%

[2,5-dichloroanilinium][OTf] 6.21%¢ | 1.53%' 43(4.0) |45%

[2,6-dichloroanilinium][OTf] 5.06%" | 0.42%° 3.4(2.6)

,/4,6-trichloroanilinium -- —0. - (2.
[2.4,6-trichloroanilinium][OTf] 0.03% |- (2.1)

[pentachloroanilinium][OTf] 2.35% | - 1.3(-)

qFirst is listed the value converted from THF and then in parentheses is the value converted

from H-»0.
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