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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, P3
EFe 

(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 NïH bonds strengths of two putative 

hydrazido intermediates of the proposed catalytic cycle, P3
EFe(NNH2)

+ and P3
EFe(NNH2). 

Bimolecular proton-coupled electron transfer (PCET) from intermediates with weak NïH 

bonds is posited as a major source of H2
 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, [P3
BFe]+, reveal that the 

interaction of acid and reductant, Cp*2Co, is critical to achieve high efficiency for NH3, 

leading to the demonstration of electrocatalytic N2RR. Stoichiometric reactivity shows that 

Cp*2Co is required to observe productive NïH 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 NH3, which DFT studies attribute to 

the kinetics and thermodynamics of Cp*2Co 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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1.1. Opening Remarks 

The global nitrogen cycle is a crucial biogeochemical cycle and underpins much of 

life on Earth.1 In particular, the conversion of dinitrogen (N2) to ammonia (NH3) provides 

a means by which atmospheric N2, a relatively inert gas that makes up 78% of Earthôs 

atmosphere, can be converted to a bioavailable form (NH3, NO2
- and NO3

-).1 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.1-3 The latter two processes have garnered 

significant interest in chemistry and biology.4  

 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 20th century is often credited to its use in fertilizer production.1 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.1  
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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.4 Studies on the nitrogenase enzyme have revealed three 

major subtypes: iron-molybdenum nitrogenase, vanadium-iron nitrogenase, and all iron 

nitrogenase.5 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.7 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 NH3, 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(NH2NH2) 

intermediates.7 In addition to these limiting mechanisms, hybrid mechanisms are similarly 

plausible. A notable example of a hybrid mechanism is the so-called ódistal-to-alternatingô 

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 NH3 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 %NH3 per e
ī 

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 (Hǒ) equivalents, the 

synchronous and/or asynchronous delivery of H+ and eī to the N2 substrate produces drastic 

changes in the intermediates produced in the process and, thus, the selectivity of the system.  
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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).10 The research 

presented in this thesis is based on the most diverse class of catalysts, namely the P3
EFe (E 

= B, C or Si) based systems (Figure 1.2). 
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Figure 1.2. (Top) Overview of P3
EFe catalysts, acids and reductants discussed in this 

thesis. (Bottom) Proposed mechanisms for each set of reagents (vida infra). 

 

In initial work on N2RR by P3
EFe(N2)

ī based catalysis, all three catalysts studied 

(E = B, C or Si) were shown to be formally catalytic upon the addition of strong reductant, 

KC8 (E
o < ī3.0 V vs Fc+/0; Figure 1.2), and acid, [H(OEt2)2][BAr F

4] (HBArF
4, BArF

4 = 

tetrakis-(3,5-bis(trifluoromethyl)phenyl)borate; pKa < 0.0; Figure 1.2).4d The P3
BFe system 

was found to be the most efficient catalyst, with efficiencies for NH3 up to 45 ± 3%. While 

still catalytic, the P3CFe and P3
SiFe 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, [P3
BFe][BArF

4], can achieve much higher efficiencies for N2RR (up 

to 77%) using a decamethylcobaltocene reductant (Cp*2Co; Eo = ī2.0 V vs Fc+/0) and a 

2,5-dichloroanilinium triflate acid ([2,5-ClPhNH3][OTf]; pKa = 4.1).4e 

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 KC8/HBArF
4 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, weôve shown that the use of 

Cp*2Co/[RPhNH3][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(ɖ
4-

C5Me5H)]+), under catalyst conditions.   
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1.3. Selectivity for N2RR vs HER 

In chapter 2, the interplay of N2RR and HER in catalysis using KC8 and HBArF4
 is 

explored in depth.11 The use of KC8 and HBArF4 provides the most complete comparison 

between P3
EFe catalysts discussed, as all three systems (E = B, C or Si) are formally 

catalytic, but with drastically different efficiencies for N2RR and HER. Beyond the 

differing N2RR efficiencies discussed previously, the efficiencies for HER in P3
BFe (44%) 

and P3
SiFe (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 P3
EFe(NNH2)

+/0 intermediates, and their stability, as key players. 

Despite the relative lack of PCET reactivity from the KC8/HBArF
4 interaction directly, we 

invoke bimolecular PCET between reactive P3
EFe(NxHy) species as the major source of 

HER on the these scaffolds (Figure 1.3). In particular, while the Fe(NNH2) is predicted to 

be the only species capable of bimolecular HER on the P3
B scaffold, the cationic species, 

Fe(NNH2)
+, on P3

C/Si are predicted to be long-lived and highly reactive for bimolecular H2 

release (Figure 1.3). 
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Figure 1.3. Overview of predicted HER mechanisms on P3
EFe systems, as discussed in 

chapter 2. 

 

In addition to the Fe(NNH2)
+/0 species, predicted to be major sources of HER under 

catalytic conditions (using KC8/HBArF
4), the diazenido species, Fe(NNH), are predicted to 

be extremely reactive intermediates and are invoked as sources of H2 in the stoichiometric 

oxidation of P3
EFe(N2) species.4a,f,g 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 Et2O is quite low and, accordingly, is associated with slower PT under turnover 

conditions. As a result, PCET reactivity from the Cp*2Co/[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(ɖ4-C5Me5H)]+, likely serves as PCET reagent 

under conditions in which Cp*2Co serves the reductant and [RPhNH3][OTf] serves as the 

acid source.4e More specifically, chapter 3 outlines our initial discovery that N2RR using 

P3
BFe 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(ɖ4-C5Me5H)]+, and suggest that it serves as a PCET reagent under turnover 

conditions (Figure 1.4). 
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Figure 1.4. (top) Proposed structure of the [Cp*Co(ɖ4-C5Me5H)]+ intermediate discussed 

in chapters 3 and 4. (bottom) Proposed mechanism in which [Cp*Co(ɖ4-C5Me5H)]+ 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 N2RR 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(ɖ4-C5Me5H)]+ in N2RR, catalytic yields of NH3 are achieved 
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electrochemically using a P3
BFe catalyst, diphenylammonium  acid [Ph2NH2]

+ and a 

Cp*2Co co-catalyst. Under electrolytic conditions we suggest that Cp*2Co 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 (BDFEE-H) of transition metal bound EïH bonds. 

The importance of BDFEE-H 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 BDFEE-H predictions, assuming proper calibration with known 

literature values. It is further shown that reproduction of solvated BDFEE-H is significantly 

less accurate than gas-phase values, but that values in several common organic solvents, 

DMSO, MeCN and C6H6 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 P3
EFe (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 P3
EFe intermediates via PCET is 

presented as a likely mechanism for competing HER. Further, evidence for the formation 

of a reactive PCET reagent, Cp*Co(ɖ4-C5Me5H), is presented as a background HER 
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intermediate that can be intercepted by P3
BFe species to undergo productive NïH bond 

formation. 

The following chapters rely heavily on the use of DFT for efficient prediction of 

BDFEE-H values, pKa values, Eo values and the kinetics associated with each of these 

reaction. The calculation of known values highlights the accuracy and utility of these 

calculationsô 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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Chapter 2. Fe-mediated HER vs N2RR: Exploring Factors that Contribute to 

Selectivity in P3
EFe(N2) (E = B, Si, C) Catalyst Model Systems 
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2.1. Introduction 

The reduction of nitrogen (N2) to ammonia (NH3) by nitrogenase enzymes (the 

nitrogen reduction reaction: N2RR) has garnered substantial interest in the synthetic 

inorganic community for several decades.1 In particular, the structural characterization of 

the FeMo-cofactor of biological nitrogen fixation,2 and mechanistic uncertainties 

associated with this process,3 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.4-6 The mechanisms of these systems are at various stages of understanding. 

Experimental4-6 and theoretical (predominantly Mo)7 studies have been undertaken to 

provide insight. 
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Single-site iron model complexes, such as P3
BFe(N2)

ī and P3
BFe+ (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.4e In addition, 

conditions have been reported under which P3
CFe(N2)

ī and P3
SiFe(N2)

ī also catalyze N2RR 

to varying degrees, with the P3
SiFe-system being far more efficient at the Hydrogen 

evolution reaction (HER)  than N2RR compared to P3
BFe  and P3

CFe.4d,8 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 P3
BFe 

scaffold and its isostructural congeners P3
SiFe and P3

CFe. In particular, can we elucidate 

some of the salient factors that dictate overall product selectivity for NH3 versus H2 in these 

respective systems? 

 

Figure 2.1. Schematic depiction of N2RR/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)9 from several 

putative Fe(NxHy) early intermediates, using electronic structure calculations coupled with 

predicted NïH 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(NNH2)
+, is highlighted to be an important 

factor in the divergent selectivity profile of P3
BFe (and P3

CFe) relative to the P3
SiFe 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 P3
EFe scaffold with the TPSS functional11 and a def2-TZVP basis set on transition 

metals and a def2-SVP basis set on all other atoms.12 

All stationary point geometries were optimized using NWChem 6.313 or Orca 

3.0.3.14 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.15 The 

solvation free energy was approximated using gas phase and solvated single point energies 

(DGsolv å Esoln - 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 (Gsoln,195K = 

Ggas,195K + DGsolv).
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 

P3
SiFe(CNH)+, P3

SiFe(CNH), P3
SiFe(CNMeH)+, P3

SiFe(CNMeH) and P3
SiFe(NNMeH)+ 

could be faithfully reproduced within ±2 kcal/mol (See SI for full description).4h As a 

further point of calibration, the calculated singlet-triplet energy gap and the redox 

potentials of P3
BFe(NNMe2) and P3

SiFe(NNMe2)
+ are in good agreement with the 

experimentally determined values (within ±1.5 kcal/mol, and ±3 kcal/mol (±130 mV vs 

Fc+/0), respectively ; see Appendix 1).4gh,17 

Reduction kinetics were calculated using the standard Marcus equation relating 

activation barrier with driving force and total reorganization energy (ɚtot = ɚis + ɚos).
18 The 

inner-sphere reorganization energy for electron transfer (ɚis,ET) 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). 

ɚis,ET = [E(Feox
ox) ï E(Feox

red)] + [E(Fered
red) ï E(Fered

ox)]       (2.1) 

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

kcal/mol for the reduction of P3
BFe(NNH2)

+ followed by calculation of ɚtot using this 
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barrier and ɚis, as calculated by Eq 1.  A continuum solvation model was used to support 

this ɚos value (See SI for full description).18 Reduction barriers for P3
C/SiFe(NNH2)

+ were 

subsequently calculated relative to P3
BFe(NNH2)

+. 

 

2.2. Results and Discussion 

To set the stage for the present study, previously reported catalytic N2-to-NH3 

conversion studies by P3
EFe (E = B, C, and Appendix A) under an atmosphere of N2 at ī78 

°C in Et2O, using KC8 and [H(OEt2)2][BAr F
4] (HBArF

4, BArF
4 = tetrakis-(3,5-

bis(trifluoromethyl)phenyl)borate) as the reductant and acid source,4a,d established P3
BFe 

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 P3
SiFe system provided a conversion efficiency of only 5 ± 3%. The P3

CFe catalyst 

system was reasonably active at 36 ± 6% (note: ~25% lower substrate loading was used 

for this P3
CFe value4d). Measurement of HER activity established P3

SiFe(N2)
ī (88% per 

added acid equiv) as a significantly more efficient HER catalyst than P3
BFe(N2)

ī (40% per 

added acid equiv) under analogous conditions.4d N2RR catalysis by P3
EFe (E = B, Appendix 

A) has also been studied in the presence of milder reagents (e.g., Cp*2Co and 

[H2NPH2][OTf] or [H3NPh][OTf]); under these conditions only the P3
BFe system is 

catalytically active. 
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Figure 2.2. (top) Previous experimental work showing the formation of P3
EFe(NNH2)

+ (E 

= B or Appendix A) via protonation with excess acid.4f,g (bottom) Calculated free energy 

changes (in kcal/mol) for the formation of P3
EFe(NNH2)

+ via P3
EFe(NNH) (E = B or 

Appendix 1). 

Previous studies of the P3
BFe and P3

SiFe systems have also explored the generation 

and characterization of early stage intermediates of the N2RR catalysis.4e,f,g Most salient, 

low temperature protonation of P3
EFe(N2)

ī (E = B, Appendix A) with excess HBArF
4 

affords the doubly protonated P3
EFe(NNH2)

+ species (Figure 2).4f,g As expected, 

corresponding DFT calculations (this work) are consistent with thermodynamically 

favored formation of P3
EFe(NNH) via proton transfer (Figure 2); another favorable proton 

transfer forms P3
EFe(NNH2)

+. 
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2.2.1. DFT Support for Slow Fe Protonation and Fast Fe-NxHy Formation 

Although metal Hydride (MïH) species are most typically invoked as intermediates 

of transition-metal catalyzed HER,19 we do not think FeïH species are the primary players 

in H2 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., HBArF4) to any of the anions, P3
EFe(N2)

ī, causes overall oxidation to their 

corresponding neutral products, P3
EFe(N2), along with release of 0.5 equiv H2.

4a,d This is 

notewortHy because for E = Si or C the diamagnetic Hydride products, P3
EFe(N2)(H), are 

very stable species and are formed during catalysis as end products.4b,d We posit that 

reactive P3
EFe(NxHy) intermediates instead undergo net bimolecular HAT reactions to 

liberate H2 via NxHy-ligand-mediated steps (vida infra). While iron Hydrides (FeïH) 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
4, 

as it has been the subject of the most extensive comparative study.4d The solid-state 

empirical formula of HBArF4 reveals the presence of two ethers per HBArF
4 

([(Et2O)2H][BAr F
4]).

20 To determine the preferred solution-state structure of this acid, 

optimizations were performed in which a Et2OH+ species was provided with 0, 1 or 2 

explicit Et2O molecules with which to Hydrogen bond. We found that [(Et2O)2H]+ was 

lowest in free-energy, with [(Et2O)3H]+ and [Et2OH]+ higher in energy by +7.0 and +8.2 

kcal/mol, respectively.   
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The structure of HBArF4 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 [Et2OH]+ as the active acid, as 

opposed to [(Et2O)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 P3
SiOs(N2)

ī complex is an active catalyst N2RR.21 In contrast to the 

P3
EFe(N2)

ī catalysts, stoichiometric HBArF
4 addition can protonate at the metal, generating 

OsïH 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 HBArF4 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 [Et2OH]+ as the active acid, as 

opposed to [(Et2O)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 P3
SiOs(N2)- complex is an active catalyst for N2RR. 21 

In contrast to the P3
EFe(N2)

ī catalysts, stoichiometric HBArF
4 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 ɓïN 

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 Et2O molecule is favorably displaced by the nucleophilic ɓ N-atom. Subsequent 

proton transfers yield Fe(NNH) with a low kinetic barrier (0.5ï1.0 kcal/mol). 

 FeïH formation is thermodynamically favored for all three scaffolds. We therefore 

presume that the dominant source of HER for these systems is not via FeïH 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 kinetic 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
4, we focus on KC8 as 

a reductant for several reasons. Most salient is that KC8 is the only reductant that has been 

shown to produce catalytic yields of NH3 for all scaffolds considered. This observation is 

attributed to the requirement of Fe(N2)
ī formation during catalysis. While P3

BFe(N2)
ī can 

be formed with weaker reductants, namely Cp*2Co, the more reducing P3
Si/CFe(N2)

ī is 

believed to be inaccessible under these conditions. Additionally, it has been noted that, 

when using KC8 and HBArF4, HER proceeds with similar initial rates on P3
SiFe and P3

BFe 

scaffolds,4d possibly due to Fe(N2) 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 P3
EFe (and related) complexes. In particular, the BDFEN-H 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-H Values for FeïNxHy Intermediates 

Early stage intermediates of the type Fe(NNH) and Fe(NNH2) are expected to be 

highly reactive;4e,h thermochemical calculations reveal the presence of extremely weak Nï

H bonds in these systems, as shown by their calculated bond dissociation enthalpies 

(BDFENïH; Figure 2.3). In particular, as yet unobservable P3
EFe(NNH) intermediates are 

predicted to have extremely weak NïH bonds (< 40 kcal/mol), and should therefore be 

subject to rapid bimolecular loss of H2 and generation of P3
EFe(N2). By contrast, the 

BDFEN-H values of candidate P3
EFe(NxHy) intermediates that are further downstream (e.g., 

Fe(N2H4), Fe(NH), Fe(NH2)) 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 BDFENïH values for the P3
SiFe(NNH2)

n+ (n 

= 0, 1) system are lower than those for P3
B/C, for a given overall charge. As discussed later, 

these different BDFENïH values are rooted in the different valence electron counts, and 

hence electronic structures, of the respective P3
EFe-systems. 
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For additional context, it is useful to consider reported BDFENïH data for a related 

P3
SiFe(CN)-system. The relevant P3

SiFe(CNH) species, isoelectronic with P3
BFe(NNH), is 

calculated to have a weak BDFENïH of 43.5 kcal/mol, in close agreement to that of 41.4 

kcal/mol determined experimentally.4h Accordingly, P3
SiFe(CNH) loses 0.5 equiv H2 

rapidly in solution to afford P3
SiFe(CN). In contrast, its oxidized cation, P3

SiFe(CNH)+, has 

a much higher BDFENïH (61.8 kcal/mol (calc); 61.9 kcal/mol (exp)); this species is stable 

to H2 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 N2RR intermediates in P3
EFe-systems are very 

important for determining N2RR versus HER selectivity; they engage in bimolecular H2-

evolving reactions that compete with productive N2RR. We next consider aspects of the 

HïH bond-forming steps in these early P3
EFe(NxHy) intermediates in more detail. 
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Figure 2.3. BDFENïH values (in kcal/mol) for selected P3
EFe(NxHy) species.22 

 

P3
EFe(NNH) species are plausible candidates to consider with respect to selectivity 

since bimolecular H2-evolving reactions can presumably result from their extremely weak 

NīH bonds (Figure 2.3; 31-17 kcal/mol). P3
SiFe(NNH), with a BDFENïH estimated to be 

8.2 kcal/mol lower than for P3
BFe(NNH), might be reasonably expected to liberate H2 more 

readily, thereby attenuating its N2RR efficiency. However, the BDFENïH for P3
CFe(NNH) 

is calculated to be even lower (17.3 kcal/mol) than for P3
SiFe(NNH) (23 kcal/mol), despite 

the fact that P3
CFe(N2)

ī 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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BDFENïH 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.4f,g 

P3
EFe(NNH2) BDFENïH values provide a more tractable trend: the respective 

calculated values are 38.2 kcal/mol for P3
BFe, 34.4 kcal/mol for P3

CFe, and 22.9 kcal/mol 

for P3
SiFe; the P3

EFeïNNH2 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 P3EFe(NNH2)+ 

To gain further insight into the respective role P3
EFe(NNH2)

+/0 (E = B, Si, C) species might 

play in dictating product selectivity, P3
EFe(NNH2)

+ reduction kinetics were derived using 

the standard Marcus equation relating the driving force and total reorganization energy 

with the ET activation barrier.18 Comparison of the optimized Fe(NNH2) and Fe(NNH2)
+ 

redox pairs reveals significant differences in their respective reduction potentials and inner-

sphere reorganization energies (ɚis,ET).  

The P3
BFe(NNH2)

+ species is predicted to have a considerably more positive 

reduction potential (ī1.2 V vs Fc+/0) than P3
SiFe(NNH2)

+ (ī1.9 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 P3
BFe(NNH2)

+, predict  activation barriers 

that are  4ï5  times higher in energy for the reduction of P3
C/SiFe(NNH2)

+ versus 

P3
BFe(NNH2)

+ (Table 2.1). While the reduction of all three species should be more than 

readily accomplished by the strong reductant KC8, P3
C/SiFe(NNH2)

+ species are predicted 

to be significantly longer lived than the P3
BFe(NNH2)

+ congener. 

The P3
BFe(NNH2)

+ intermediate is predicted to have a lower propensity for H2-

liberating PCET reactivity, and is also predicted to be reduced much more rapidly. Since 

the reaction of two P3
BFe(NNH2) molecules is a more probable source of H2 on this 

scaffold, the efficiency for N2RR on P3
BFe should be strongly coupled to the rate at which 

P3
BFe(NNH2) can be productively consumed (i.e., protonated to form a P3

BFe(NHNH2)
+ or 

P3
BFe(NNH3)

+). Mechanistic experiments to address these scenarios are ongoing. For 

example, a recent study has provided experimental evidence that P3
BFe(NNH2) is 

protonated by acid at low temperature to liberate P3
BFe(N)+ and NH3, presumably via 

P3
BFe(NNH3)

+.  

We conclude that facile reduction of P3
BFe(NNH2)

+ to P3
BFe(NNH2), relative to 

that for P3
SiFe(NNH2)

+ and P3
CFe(NNH2)

+, is one important factor in determining its 

comparative efficiency for N2RR. As further elaborated below, long-lived P3
EFe(NNH2)

+ 

intermediates can, via bimolecular PCET pathways, instead lead to unproductive HER. 

This HER activity, however, is dependent on both a long-lived P3
EFe(NNH2)

+ intermediate, 

and the presence of a highly reactive PCET reagent, such as a P3
EFe(NNH2) species. We 

have previously postulated that P3
EFe(NNH2) formation is required for the release of the 
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first equivalent of NH3 and thus suggest that this species may be a crucial intermediate in 

both HER and N2RR.4fg,17 

Table 2.1. Calculated thermodynamic and kinetic parameters for P3EFe(NNH2)+ a 

P3
EFe(NNH2)a 

P3
EFe(NNH2)

+ + e- Ą P3
EFe(NNH2) 

 Eo (vs Fc+/0) ɚis,ET G*rel krel
b 

E =B ī1.2 V 23 1.0 1 

E = Si ī1.9 V 30 4.4 2x10-4 

E = C ī2.0 V 30 5.2 2x10-5 

aEnergies are in kcal/mol, unless noted otherwise. bG*rel values were calculated assuming 

a P3
BFe(NNH2)

+ reduction barrier of 1.0 kcal/mol. krel ſ exp[(G*BīG*E)/kbT] where T = 

195 K.   

  

2.2.4. Calculated PCET Reactions  

The differences in NïH bond strengths and relative rates of P3
EFe(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 H2 between P3
EFe(NNH2)

n+ (n = 

0,1; E = B, Si, C) and P3
EFe(NNH2). Consistent with the calculated BDFENïH values 

(Figure 2.3), the P3
SiFe, and to a lesser extent the P3

CFe, system shows a higher propensity 
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to undergo PCET to liberate H2 and the corresponding reduced FeïNNHy species. This is 

especially apparent in the reaction between two P3
EFe(NNH2)

+ species, and in the cross-

reaction between an P3
EFe(NNH2)

+ cation and a neutral P3
EFe(NNH2) species.   

In the former case, two P3
EFe(NNH2)

+ (E = Si, C) species react in a very favorable 

step to form 0.5 equiv H2 and P3
EFe(NNH)+ (ȹGcalc = ī17.5 kcal/mol and ī16.5, 

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
C/SiFe(NNH2)

+. In contrast, 

P3
BFe(NNH2)

+ shows a correspondingly uphill PCET reaction (ȹGcalc = +3.1 kcal/mol) in 

its self-combination to liberate H2 and P3
BFe(NNH)+;23 P3

BFe(NNH2)
+ is also much more 

readily reduced to P3
BFe(NNH2) (Table 2.1). 

 

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

PCET reactions that evolve H2. 
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The bimolecular reaction between cationic P3
EFe(NNH2)

+ with P3
EFe(NNH2) to 

produce H2 and the corresponding P3
EFe(NNH)+ and P3

EFe(NNH) byproducts  is predicted 

to be favorable for all three systems (Figure 2.4C). However, the P3
C/SiFe systems proceed 

with far more driving force than the P3
BFe system. 

Favorable driving forces are also predicted for all three systems in self reactions of 

P3
EFe(NNH2) to produce H2 and P3

EFe(NNH), but again the P3
C/SiFe systems proceed with 

far more driving force (Figure 2.4B). While the bimolecular reaction of P3
EFe(NNH2) with 

itself is therefore a presumed source of H2 for each system, in sum the P3
C/SiFe systems are 

more likely, under each of the considered bimolecular reactions, to liberate H2, in accord 

with their efficiency for HER versus N2RR relative to the P3
BFe system. 

Given that the reduction of P3
C/SiFe(NNH2)

+ 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 P3
C/SiFe(NNH2)

+, and a high predicted propensity for 

HER via reaction of this species with either itself or P3
C/SiFe(NNH2), leads to unproductive 

PCET steps that evolve H2 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 P3
EFe(NNHy) 

species and pertinent BDFENïH values. 

 

Since the P3
BFe(NNH2)

+ intermediate is predicted to have a lower propensity for 

H2-liberating PCET reactivity, and is also predicted to be reduced much more rapidly, the 

reaction of two P3
BFe(NNH2) molecules is a more probable source of H2 for this scaffold; 

the efficiency for N2RR on P3
BFe should therefore be related to the rate at which 

P3
BFe(NNH2) can be productively consumed (i.e., protonated to form a P3

BFe(NHNH2)
+ or 

P3
BFe(NNH3)

+). Mechanistic experiments to address these scenarios are ongoing. For 
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example, a recent study has shown that P3
BFe(NNH2) can be protonated by strong acid at 

low temperature to liberate P3
BFe(N)+ and NH3, presumably via P3

BFe(NNH3)
+.17 

While the P3
CFe scaffold provides a less definitive comparison, the calculated 

BDFENïH values and H2-evolving PCET thermodynamics suggest that the dominant source 

of HER on the P3
C/SiFe scaffolds may be the reaction between Fe(NNH2) and Fe(NNH2)

+. 

The highly reducing nature of P3
CFe(NNH2)

+, as for the P3
Si scaffold, suggests it should be 

comparatively long-lived, and thus more likely to undergo PCET with P3
CFe(NNH2). The 

similarity between P3
CFe and P3

SiFe 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(NNH2) and Fe(NNH2)
+ (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 P3
C/SiFe 

scaffolds (Figure 2.5). 

 

2.2.5. Wiberg Bond Indices of P3EFe(NxHy) Species 

We next examine how each P3
E auxiliary, and the corresponding P3

EFe(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 

P3
EFe(NNHy) species. 

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

between various atoms, expressed as a bond index,24 changes as a function of the NNHy 
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reduction state (i.e., NNH to NNH2). We have suggested elsewhere that the relative 

flexibility of the P3
B ligand, owing to a weak and dative Fe-B interaction, may allow for 

stabilization of FeīNNHy intermediates where FeïN ˊ-bonding is accompanied by 

pyramidalization at the Fe center, and a corresponding lengthening of the FeïB 

distance.4a,17,25 The P3
Si ligand is expected to give rise to a more shared, covalent FeïSi 

interaction, irrespective of the NNHy reduction state, and the P3
C system may be expected 

to fall in the middle of these extremes.4b 

Changes in the respective bond indices of these frameworks have been determined 

between pairs of P3
EFe(NNH) and P3

EFe(NNH2) species (E = B, C, Appendix A), related 

by formal addition of an H-atom to the former. Interestingly, the NïH bond indices are 

essentially invariant across all complexes studied, indicating that differences in BDFENïH 

are mostly dependent on the relative bonding through the EïFeïNïN manifold.26 The most 

salient data, reproduced in Figure 2.6, are the total Wiberg bond indices for FeīNŬ, FeīNɓ, 

FeīE, NīN and NīH. The total FeīNïN bond order, ×(FeīNīN), is also provided, as is 

the net difference in the DBDFEN-H value, for each pair on moving from Fe(NNH) to 

Fe(NNH2). 

As expected, the FeïE bond order weakens slightly from Fe(NNH) to Fe(NNH2) 

for E = B, and stays constant for both Si and C. The respective change at Fe-NŬ 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 P3
BFe(NNH2), akin to low-spin (pseudotetrahedral) iron imides 
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of the type P3
BFe(NR). For comparison, a previously characterized P3

BFe(NR) species (R 

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

By contrast, the FeïNŬ 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 2E {Fe-Si}7 system relative to 1A {Fe-B} 6. 

Interestingly, P3
BFe(NNH2) is pyramidalized at Nɓ whereas Nɓ is planar for P3

SiFe(NNH2). 

This observation can again be rationalized by the assignment of a low-spin iron ñimide-

likeò electronic structure to {Fe-B} 6 P3
BFe(NNH2), but not for {Fe-Si}7 P3

SiFe(NNH2), 

where substantial spin leaks onto the NNH2 subunit (19% on P3
SiFe(NNH2)). The C system 

provides an interesting further comparison, with spin leakage onto the NNH2 unit falling 

between these two extremes (12% on P3
CFe(NNH2)). An increase in the Fe-NŬ index 

occurs from P3
CFe(NNH) to P3

CFe(NNH2) (1.2 to 1.4), but Nɓ is predicted to remain planar. 

There also appears to be a strong trend between the degree of change in the total 

FeīNīN bond order (×(FeīNīN)) and the DBDFEN-H; The B and C systems show little 

change in ×(FeīNīN), with a corresponding significant increase in BDFEN-H from 

Fe(NNH) to Fe(NNH2) (7.0 and 17.9 kcal/mol, respectively). However, the P3
CFe system 

starts at a much weaker BDFEN-H of 17.3 kcal/mol for P3
CFe(NNH) (compared to 31.2 

kcal/mol for P3
BFe). This observation is consistent with their total ×(FeīNīN) values (3.8 

for B and 2.9 for C). Thus, the comparative stability of P3
CFe(NNH2), with its much higher 

BDFEN-H relative that in P3
CFe(NNH), appears to reflect a higher degree of instability in 



36 
 

 

P3
CFe(NNH) (relative to the same comparison for E = B). This idea is further supported by 

Wiberg bond indices of the P3
EFe(N2) species, which show a total bond order of 4.0 across 

the FeïNïN unit for all three scaffolds (Figure 2.6).   

In sharp contrast, the P3
SiFe system has a relatively high ×(FeīNīN) value in 

P3
SiFe(NNH), but this value decreases dramatically in P3

SiFe(NNH2). There is 

correspondingly very little change in the DBDFEN-H, reflecting a comparatively very weak 

N-H bond in P3
SiFe(NNH2). The instability of P3

SiFe(NNH2), with an electronic structure 

that places substantial unpaired spin on NNH2 owing to the {Fe-Si}7 configuration, 

presumably contributes to the cathodically shifted reduction potential predicted for 

P3
SiFe(NNH2)

+ relative to P3
BFe(NNH2)

+, and also its propensity for facile PCET to liberate 

H2. 

In sharp contrast, the P3
SiFe system has a relatively high ×(FeīNīN) value in 

P3
SiFe(NNH), but this value decreases dramatically in P3

SiFe(NNH2). There is 

correspondingly very little change in the DBDFEN-H, reflecting a comparatively very weak 

N-H bond in P3
SiFe(NNH2). The instability of P3

SiFe(NNH2), with an electronic structure 

that places substantial unpaired spin on NNH2 owing to the {Fe-Si}7 configuration, 

presumably contributes to the cathodically shifted reduction potential predicted for 

P3
SiFe(NNH2)

+ relative to P3
BFe(NNH2)

+, and also its propensity for facile PCET to liberate 

H2. 
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Figure 2.6. Selected total Wiberg bond indices for P3
EFe(N2), P3

EFe(NNH) and 

P3
EFe(NNH2) species, along with the total FeīNïN bond order, × (FeīNīN). DBDFEN-H 

values are reported in kcal/mol. 

 

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 P3
EFe(NNH2)

n+ species likely play an important role in the 

efficiency of N2-to-NH3 conversion catalysis by P3
EFe model systems. These calculations 

enable predictions qualitatively consistent with previous stoichiometric and catalytic 

experiments. The comparative stability of P3
EFe(NNH2)

n+ intermediates, as predicted by 

calibrated BDFENïH values and redox potentials, emerges as one of the important factors 

in determining selectivity for N2RR versus HER in these systems. Corresponding Wiberg 

bond indices intimate P3
B 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 P3
BFe(NNH2). Our study suggests that increasing the rate at which 

an P3
EFe(NNH2) intermediate is productively consumed so as to avoid bimolecular HER, 

possibly via rapid PCET reagents, may be a promising route to increasing efficiency for 

NH3 production. 

Looking beyond these iron model systems, our study underscores the potential utility of 

DFT-predicted BDFEN-H determinations towards the rational design of catalysts for N2RR. 

Intermediates with weak NïH bonds (e.g., M(NNH) and M(NNH2)) are highlighted as 

important sources of H2 production via bimolecular PCET. Such a scenario is distinct from 

HER activity via more traditional metal-Hydride intermediates. 

 

2.4. References 

1 (a) Chatt, J.; Dilworth, J. R.; Richards, R. L. Chem. Rev. 1978, 78, 589-625. (b) Schrock, 

R. R. Acc. Chem. Res. 2005, 38, 955-962. (c) Nishibayashi, Y. Inorg. Chem. 2015, 54, 



39 
 

 

9234ī9247. (d) van der Ham, C. J. M.; Koper, M. T. M.; Hetterscheid, D. G. H. Chem. 

Soc. Rev. 2014, 43, 5183ī5191. (e) Shaver, M. P.; Fryzuk, M. D. Adv. Synth. Catal. 2003, 

345, 1061ī1076. (f) MacLeod, K. C.; Holland, P. L. Nat. Chem. 2013, 5, 559ī565.  

2 (a) Howard, J. B.; Rees, D. C. Proc. Nat. Acad. Sci. 2006, 103, 17088-17093. (b) Howard, 

J. B.; Rees, D. C. Chem. Rev. 1996, 96, 2965ī2982.  

3 Hoffman, B. M.; Lukoyanov, D.; Yang, Z.-Y.; Dean, D. R.; Seefeldt, L. C. Chem. Rev. 

2014, 114, 4041ī4062.  

4 For pertinent Fe systems: (a) Anderson, J. S.; Rittle, J.; Peters, J. C. Nature 2013, 501, 

84ī87. (b) Creutz, S. E.; Peters, J. C. J. Am. Chem. Soc. 2014, 136, 1105ī1115. (c) Ung, 

G.; Peters, J. C. Angew. Chem., Int. Ed. 2015, 54, 532ī535. (d) Del Castillo, T. J.; 

Thompson, N. B.; Peters, J. C. J. Am. Chem. Soc. 2016, 138, 5341ï5350. (e) Chalkley, M. 

J.; Del Castillo, T. J.; Matson, B. D.; Roddy, J. P.; Peters, J. C. ACS Central Science 2017, 

3, 217-223. (f) Anderson, J. S.; Cutsail, G. E.; Rittle, J.; Connor, B. A.; Gunderson, W. A.; 

Zhang, L.; Hoffman, B. M.; Peters, J. C. J. Am. Chem. Soc. 2015, 137, 7803ï7809. (g) 

Rittle, J.; Peters, J. C. J. Am. Chem. Soc. 2016, 138, 4243ï4248. (h) Rittle, J.; Peters, J. C. 

J. Am. Chem. Soc. 2017, 139, 3161ï3170.  

5 For Mo systems: (a) Kuriyama, S.; Arashiba, K.; Nakajima, K.; Matsuo, Y.; Tanaka, H.; 

Ishii, K.; Yoshizawa, K.; Nishibayashi, Y. Nat. Commun. 2016, 7, 12181. (b) Yandulov, 

D. V.; Schrock, R. R. Science 2003, 301, 76ī78. (c) Arashiba, K.; Miyake, Y.; 

Nishibayashi, Y. Nat. Chem. 2011, 3, 120ī125. (d) Kuriyama, S.; Arashiba, K.; Nakajima, 

K.; Tanaka, H.; Kamaru, N.; Yoshizawa, K.; Nishibayashi, Y. J. Am. Chem. Soc. 2014, 



40 
 

 

136, 9719ī9731. (e) Arashiba, K.; Kinoshita, E.; Kuriyama, S.; Eizawa, A.; Nakajima, K.; 

Tanaka, H.; Yoshizawa, K.; Nishibayashi, Y. J. Am. Chem. Soc. 2015, 137, 5666ī5669.  

6 For Co systems: (a) Del Castillo, T. J.; Thompson, N. B.; Suess, D. L. M.; Ung, G.; Peters, 

J. C. Inorg. Chem. 2015, 54, 9256ï9262. (b) Kuriyama, S.; Arashiba, K.; Tanaka, H.; Y. 

Matsuo, Y.; Nakajima, K.; Yoshizawa, K.; Nishibayashi, Y. Angew. Chem. Int. Ed. 2016, 

55, 14291ï14295.  

7 (a) Reiher, M.; Le Guennic, B.; Kirchner, B. Inorg. Chem. 2005, 44, 9640ï9642. (c) Studt, 

F.; Tuczek, F. Angew. Chem. Int. Ed. 2005, 44, 5639ï5642. (d) Studt, F.; Tuczek, F. J. 

Comput. Chem. 2006, 27, 1278ï1291. (e) Ujjal Gogoi, U.; Kanti Guha, A.; Phukan, A. K. 

Chem. Eur. J. 2013, 19, 11077ï11089.  

8 Side-by-side comparisons of catalytic N2RR by P3
EFe (E = B, C, and Appendix A) using 

potassium graphite (KC8) and [(Et2O)2H][BAr F
4] (HBArF

4, BArF4 = tetrakis-(3,5-

bis(trifluorometHyl)phenyl)borate) have revealed P3
BFe to be the most efficient catalyst, 

with reported efficiencies up to 37%. N2RR catalysis by P3
CFe or P3

SiFe is less efficient 

under these conditions, with reported efficiencies of 33% and 4%, respectively. Studies 

focused on HER catalysis have shown P3
SiFe(N2)- (88% per H+) to be significantly more 

efficient than P3
BFe(N2)- (40% per H+) under analogous conditions. See 4d.  

9 In this study, we do not distinguish between the terms H-atom transfer (HAT) vs PCET. 

For consistency, we refer to PCET throughout. For discussion of terminology see: (a) 

Warren, J. J.; Tronic, T. A.; Mayer, J. M. Chem. Rev. 2010, 110, 6961ï7001. (b) Hammes-

Schiffer, S. J. Am. Chem. Soc. 2015, 137, 8860ī8871.  

10 Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132, 154104.  



41 
 

 

11 Tao, J. M.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Phys. Rev. Lett. 2003, 91, 

146401.  

12 Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297ï3305.  

13 Valiev, M.; Bylaska, E. J.; Govind, N.; Kowalski, K.; Straatsma, T. P.; Van Dam, H. J. 

J.; Wang, D.; Nieplocha, J.; Apra, E.; Windus, T. L.; de Jong, W. A. Comput. Phys. 

Commun. 2010, 181, 1477ï1489.  

14 Neese, F. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 73-78.   

15 (a)  Klamt, A.; Schüürmann, G.  J. Chem. Soc. Perkin Trans. 2. 1993, 2, 799ï805. (b) 

Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B.; Ringnalda, M. N.; Sitkoff, 

D.; Honig, B. J. Phys. Chem. 1996, 100, 11775ï11788.  

16 (a) Ribeiro, R. F.; Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2011, 

115, 14556ï14562. (b) Wang, T.; Brudvig, G.; Batista, V. S. J. Chem. Theory Comput. 

2010, 6, 755ï760. (c) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; MurpHy, R. B.; 

Ringnalda, M. N.; Sitkoff, D.; Honig, B. J. Phys. Chem. 1996, 100, 11775ï11788.  

17 Thompson, N.B.; Green, M. T.; Peters, J.C. J. Am. Chem. Soc., 2017, 139, 16105-16108.  

18 Marcus, R. A. J. Chem. Phys. 1956, 24, 966ï978.  

19 (a) Dempsey, J. L.; Brunschwig, B. S.; Winkler, J. R.; Gray, H. B. Acc. Chem. Res. 2009, 

42, 1995ï2004. (b) Lewandowska-Andralojc, A.; Baine, T.; Zhao, X.; Muckerman, J. T.; 

Fujita, E.; Polyansky, D. E. Inorg. Chem. 2015, 54, 4310ï4321. (c) Yang, J. Y.; Smith, S. 

E.; Liu, T.; Dougherty, W. G.; Hoffert, W. A.; Kassel, W. S.; DuBois, M. R.; DuBois, D. 

L.; Bullock, R. M. J. Am. Chem. Soc. 2013, 135, 9700ï9712.  

20 Brookhart, M.; Grant, B.; Volpe Jr., A. F. Organometallics 1992, 11, 3920ï3922.  



42 
 

 

21 Fajardo, J.; Peters, J. C. J. Am. Chem. Soc. 2017, 139, 16105ï16108.  

22 We have previously reported bond dissociation enthalpies (BDEN-H) for P3
BFe(NNH) 

and P3
BFe(NNH2) (see ref 4e). Here we reported BDFEN-H values as they have more 

theoretical justification in the absence of experimental knowledge of the entropy change 

associated with H· loss.   

23 While this discussion may seem at odds with the enhanced stability of P3
SiFe(NNH2)

+ 

relative to P3
BFe(NNH2)

+, other factors are presumably responsible in solution, such as the 

more facile reduction of P3
BFe(NNH2)

+ relative to P3
SiFe(NNH2)

+.  

24 Wiberg, K. B. Tetrahedron, 1968, 24, 1083-1096.  

25 Moret, M-.E.; Peters, J. C. J. Am. Chem. Soc., 2011, 133, 18118-18121.  

26 Similarly, the C2H5 radical is predicted to have a very low BDFEC-H (34 kcal/mol) when 

compared to C2H4 (100 kcal/mol), but the Wiberg bond indices for their respective CïH 

bonds do not change appreciably (See Appendix A) 

 

 

 

 

 

 

 

 

 



43 
 

 

 

 

 

 

 

 

 

Chapter 3. Catalytic N2-to-NH3 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 NH3 is critical for life and is performed on a massive scale both 

industrially and biologically.1 The high stability of the NſN triple bond necessitates 

catalysts and high-energy reagents/conditions to achieve the desired transformation.2 

Synthetic studies of catalytic N2-to-NH3 conversion by model complexes are of interest to 

constrain hypotheses concerning the mechanism/s of biological (or industrial) N2-fixation 

and to map fundamental catalyst design principles for multi-electron reductive 

transformations.3

Interest in Fe model systems that catalyze N2-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.4 

Previous examples of synthetic molecular Fe catalysts that mediate N2-to-NH3 conversion 

operate with high driving force, relying on a very strong acid (pKa ca. 0) and reductant (E° 

< ī3.0 V vs Fc+/0).5 In contrast, several Mo catalysts have been shown to facilitate N2-to-

NH3 conversion with significantly lower driving force.6 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. 

 

Figure 3.1. Summary of conditions used for catalytic N2-to-NH3 conversion by P3
BFe+ 

highlighting the estimated enthalpic driving force (ȹȹHf).
7 

 

In this chapter, it is demonstrated that catalytic conversion of N2 to NH3 by P3
BFe+ (P3

B = 

tris(o-diisopropylphosphinophenyl)borane) can be achieved with a significantly lower 

driving force by coupling Cp*2Co with [Ph2NH2]
+ or [PhNH3]

+ (Figure 3.1). Such 

conditions additionally afford unusually high selectivity and catalytic turnover for NH3.
8 

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).7a,9 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.  

BDFEeffective = 1.37(pKa) + 23.06(E0) + CG  (3.1) 
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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 N2-fixing systems that use metallocene reductants.6,8 

 

3.2. Results 

3.2.1 Catalysis Using [P3BFe][BAr F
4], Cp*2Co and [RnNH(4-n)][OTf]  

Various observations of P3
BFe 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 P3
BFeN2

- with 

KC8 and weaker acids (pKa > 0) led to greater than stoichiometric NH3 formation (e.g., 

under unoptimized conditions [2,6-dimethylanilinium][OTf] afforded 2.1 equiv NH3 per 

Fe).10 Similarly, the treatment of P3
BFeN2

- with [H(OEt2)2][BAr F
4] (HBArF

4, BArF
4 = 

tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) and weaker reductants led to modest yields 

of NH3. For example, under unoptimized conditions we had observed that 

decamethylcobaltocene (Cp*2Co) and HBArF4 afforded 0.6 equiv NH3 per Fe.10,11 Most 

recently, an apparent catalytic response was observed during a cyclic voltammetry 

experiment at the P3
BFeN2

0/- couple (ī2.1 V vs Fc+/0) upon addition of excess HBArF
4 under 

an N2 atmosphere. Electrolytic NH3 generation by P3
BFe+ was observed at ī2.4 V vs Fc+/0 

in Et2O,11 and Na/Hg (ī2.4 V vs Fc+/0 in THF)7b could instead be used for N2-to-NH3 

conversion catalysis (albeit less selectively and with low turnover). Finally, mixing P3
BFe+ 

with Cp*2Co in Et2O at ī78 ÁC under N2 generates some P3
BFeN2

- as observed by X-band 
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EPR and Mössbauer spectroscopy (See Appendix 2), suggesting that Cp*2Co is in principle 

a sufficiently strong reductant to trigger catalysis by P3
BFe+. 

Treatment of P3
BFe+ with Cp*2Co and [Ph2NH2][OTf], [Ph2NH2][BAr F

4], or [PhNH3][OTf] 

in Et2O at ī78 ÁC under an N2 atmosphere affords catalytic yields of NH3 (Table 3.1). 

Notably, the highest selectivity for NH3 obtained among this series (72% at standard 

substrate loading; Entry 1) is significantly improved compared to all previously described 

(molecular) Fe catalysts for N2-to-NH3 conversion.8,12 Tripling the initial substrate loading 

(Entry 2) nearly triples the NH3 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 NH3 overall; a turnover number 

for NH3 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.13                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

The use of the more soluble acid [Ph2NH2][BAr F
4] (Entry 6) provides significantly lower, 

but still catalytic, yields of NH3. This more soluble acid presumably increases background 

reactivity with Cp*2Co (See Appendix 2). Perhaps more significantly, [PhNH3][OTf] is a 

considerably weaker acid than [Ph2NH2][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
4 and KC8 despite a difference in driving force of nearly 

100 kcal/mol.11 
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Table 3.1. N2-to-NH3 Conversion with P3
EM Complexes (M = Fe, Co) 

 Catalyst Cp* 2Co 

(equiv) 

Acid 

(equiv) 

Equiv. 

NH3/Fe 

% Yield  

(NH3/e-) 

1 P3
BFe+ 54 108b 12.8 ± 0.5 72 ± 3 

2 P3
BFe+ 162 322b 34 ± 1 63 ± 2 

3 P3
BFe+ 322 638b 26.7 ± 0.9 25 ± 1 

4a P3
BFe+ [162]x2 [322]x2b 56 ± 9 52 ± 9 

5a P3
BFe+ [162]x3 [322]x3b 84 ± 8 52 ± 5 

6 P3
BFe+ 54 108c 8 ± 1 42 ± 6 

7 P3
BFe+ 54 108d 7 ± 1 38 ± 7 

8 P3
BFe+ 162 322d 16 ± 3 29 ± 4 

9 P3
SiFeN2 54 108b 1.2 ± 0.1 6 ± 1 

10 P3
BCoN2

- 54 108b 1.1 ± 0.4 6 ± 2 

11 P3
SiCoN2 54 108b 0 ± 0 0 ± 0 

The catalyst, acid, Cp*2Co, and Et2O were sealed in a vessel at ī196 °C under an N2 

atmosphere followed by warming to ī78 ÁC and stirring. Yields are reported as an average 

of at least 2 runs; for individual experiments See Appendix 2. aFor these experiments the 

reaction was allowed to proceed for 3 hours at ī78 ÁC before cooling to ī196 ÁC and 

furnished with additional substrate and solvent b[Ph2NH2][OTf]. c[Ph2NH2][BAr F
4]. 

d[PhNH3][OTf].  

 

We also screened several related phosphine-ligated FeïN2 and CoïN2 complexes14 under 

the new standard reaction conditions with [Ph2NH2][OTf] and Cp*2Co (Entries 9ï11) but 
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found that none of these other systems were competent catalysts. While we anticipate other 

catalyst systems for N2-to-NH3 conversion may yet be found that function under the 

conditions described herein,8 certain features of the P3
BFe system correlate with unusually 

productive catalysis.14b 

Also significant is that when P3
BFe+ is loaded with 322 equiv [Ph2NH2][OTf] and 162 equiv 

Cp*2Co in Et2O at ī78 ÁC, modest levels of N2H4 are detected (< 1 equiv per Fe; see 

Appendix 2). We had previously reported that catalytic N2 reduction with KC8 and HBArF4 

yielded no detectable hydrazine, but observed that if hydrazine was added at the outset of 

a catalytic run, it was consumed.5a When 5 equiv of N2H4 were added at the beginning of a 

catalytic run (again with 322 equiv [Ph2NH2][OTf] and 162 equiv Cp*2Co), only 0.22 equiv 

of N2H4 (4.4% recovery) remained after workup. This result indicates that liberated 

hydrazine can also be reduced or disproportionated under the present conditions. That N2H4 

is detected to any extent in the absence of initially added N2H4 under these conditions 

indicates that a late NïN cleavage mechanism to produce NH3 (e.g., alternating or hybrid 

cross-over) is accessible.3b,15 Whether such a pathway is kinetically dominant is as yet 

unclear.11,16 

 

3.2.2. Fe Speciation under Turnover Conditions 

The P3
BFe speciation under turnover conditions was probed via freeze-quench Mössbauer 

spectroscopy.11 The Mössbauer 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 

P3
BFeN2 (ŭ = 0.55 mm/sec, ȹEQ = 3.24 mm/sec, 32%; Figure 3.2 green), P3

BFeN2
- (ŭ = 



50 
 

 

0.40 mm/sec, ȹEQ = 0.98 mm/sec, 26%; Figure 2 blue),11,17 an unknown P3
BFe species (ŭ 

= 0.42 mm/sec, ȹEQ = 1.84 mm/sec, 18%; Figure 3.2 yellow), and a final species that is 

modeled with ŭ = 0.96 mm/sec and ȹEQ = 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(II) complex.18 The Mössbauer spectrum of a catalytic 

reaction mixture after 30 minutes was also analyzed (See Appendix 2). The spectrum still 

shows P3
BFeN2 (53%), the same unknown P3

BFe species (18%), and again a tetrahedral, 

high-spin Fe(II) component (22%). However, P3
BFe+ is now present (ŭ = 0.75 mm/sec, ȹEQ 

= 2.55 mm/sec, 8%) and P3
BFeN2

- is no longer observed. The reloading experiments 

described above provide strong evidence that ñP3
BFeò species represent an ñactive catalystò 

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

the mechanism of the overall catalysis. 
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Figure 3.2. Mössbauer spectrum at 80 K with 50 mT applied parallel field of a freeze-

quenched catalytic reaction (54 equiv Cp*2Co, 108 equiv [Ph2NH2][OTf], 1 equiv 

P3
B[57Fe]+) after five minutes of reaction time. 

 

The appearance of a presumed high-spin (S = 2), tetrahedral Fe(II) 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 P3
B(ɛ-H)Fe(H)(L) 

(L = N2 or H2); this species was postulated to be an off-path resting state during N2-to-NH3 

conversion catalysis using HBArF
4 and KC8 and was the major component observed at 

early times (ca. 60% at 5 min).11 It therefore appears that a larger fraction of the ñP3
BFeò 

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 P3
BFeN2

- (Figure 2) at an early time 

point is distinct from conditions with HBArF
4 and KC8.

11 This observation is consistent 

with the notion that protonation of P3
BFeN2

- is slowed under the present conditions, likely 

as a result of the insolubility of the triflate salt [Ph2NH2][OTf] and its attenuated acidity 

relative to HBArF4.
7c-d,19 Clearly, differences in the rates of key elementary steps under the 

new conditions described here may lead to new mechanistic scenarios for N2-to-NH3 

conversion. 

 

3.2.3. DFT Predicted pKaôs and BDFEs  

The improved catalytic efficiency at significantly lower driving force warrants additional 

consideration. When using HBArF
4 and KC8 we have previously suggested that protonation 
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of P3
BFeN2

-, which itself can be generated by reduction of P3
BFeN2, to produce P3

BFe-

N=NH is a critical first step; P3
BFe-N=NH can then be trapped by acid to produce 

spectroscopically observable P3
BFe=N-NH2

+.16 These steps, shown in eq 3.2a-b, represent 

an ET-PT pathway. A PT-ET pathway, where P3
BFeN2 is sufficiently basic to be protonated 

to generate P3
BFe-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 P3
BFeN2 occurs, thus 

obviating the need to access either P3
BFeN2

- or P3
BFe-N=NH+, needs also to be considered. 

P3
BFeN2  +  e-    P3

BFeN2
- (3.2a) 

P3
BFeN2

-  +  H+    P3
BFe-N=NH (3.2b) 

P3
BFeN2  +  H+    P3

BFe-N=NH+ (3.3a) 

P3
BFe-N=NH+  +  e-    P3

BFe-N=NH (3.3b) 

P3
BFeN2  +  H·    P3

BFe-N=NH (3.4) 

Initial PT to P3
BFeN2 to generate P3

BFe-N=NH+ (eq 3.3a) is unlikely under the present 

conditions due to the high predicted acidity of P3
BFe-N=NH+ (pKa = ī3.7; estimated via 

DFT; See Appendix 2); efficient generation of such a species seems implausible for acids 

whose pKaôs are calculated at 1.4 (Ph2NH2
+) and 6.8 (PhNH3

+) in Et2O (Table 3.2). We 

note that [Ph2NH2][OTf] does not react productively with P3
BFeN2 at -78 °C in Et2O, as 

analyzed by Mössbauer spectroscopy. 

Focusing instead on the PCET pathway (eq 3.4), the DFT-calculated BDEN-H for P3
BFe-

N=NH (35 kcal/mol; Table 2; See Appendix 2 for details)20 is larger than the effective 

BDE9 of  either Cp*2Co/Ph2NH2
+ 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 Cp2Co and Cp*2Cr have been 
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effective in other N2-fixing molecular catalyst systems,6,8 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. 

 

Figure 3.3. (A) Calculated free-energy changes for the protonation of Cp*2Co. (B) DFT 

optimized structure of endo-Cp*Co(ɖ4-C5Me5H)+ (methyl protons omitted for clarity).  (C) 

The unfavorable reduction of 2,6-lutidinium by Cp*2Cr 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(ɖ4-C5Me5H)+ are 

predicted to be thermodynamically favorable via protonation of Cp*2Co by either Ph2NH2
+ 

or PhNH3
+ (ī21 and ī13 kcal/mol, respectively; Figure 3.3A).21 We have calculated the 

BDEC-Hôs for both endo- and exo-Cp*Co(ɖ4-C5Me5H)+ as 31 kcal/mol (Figure 3.3B; Table 












































































































































































































































































