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ABSTRACT 

This thesis, directly and indirectly, focuses on mechanisms and strategies for the 6H+/6e− 

reduction of N2 to NH3 (nitrogen reduction; N2R) using well-defined molecular catalysts. In 

nature, nitrogenases reduce N2 to NH3, but nitrogenases can also reduce cyanide to CH4 and 

NH3, making CN− and N2 reduction interesting to compare. We describe the highly selective 

catalytic reduction of CN– to NH3 and CH4 by a mononuclear Fe-catalyst related to Fe-based 

N2R systems. Mechanistic studies suggest several intermediates, including iron isocyanides 

(FeCNH), aminocarbynes (FeCNH2), and aminocarbenes (FeC(H)NH2
+), allowing a 

comparison to N2R. We then show the 2H+/2e− equilibration of iron cyanide to the iron 

aminocarbyne complexes of these early intermediates of catalysis. Such reversible triple 

bond activations are rare. We show that key to this transformation is the H-bond facilitated 

multisite proton-coupled electron transfer (MS-PCET).  

Next, seeking alternative ways to drive N2R, a photodriven approach is explored. The 

Hantzsch ester (HEH2), a dihydropyridine, is utilized as a 2H+/2e− photoreductant, and when 

partnered with a suitable catalyst (Mo) and an organic buffer (collidine/collidinium; 

Col/ColH+) under blue light irradiation allows for photodriven N2R. Catalysis is enhanced 

by addition of a photoredox catalyst (Ir). This photodriven N2R is thermodynamically 

comparable to the industrial hydrogenation of N2, but light is used to drive the reaction. 

Mechanistic studies of the Ir-free conditions show that Col-buffer is essential for transferring 

H+/e− from HEH2 to N2. An H-bonded pre-association can form between [ColH]+ and HEH2, 

allowing for rapid oxidative quenching of the excited HEH2. Subsequently, the base 

deprotonates HEH2
•+, circumventing back electron transfer. In net ColH• and HEH•, two 

potent H-atom donors are generated. This reagent combination is competent for the 

photoreduction of organic substrates as well. Lessons from this mechanistic study drove the 

development of photodriven methods for SmIII-to-SmII reduction, an appealing prospect 

given SmI2 being a potent and selective reductant, including for N2R. HEH2 can serve either 

as a direct photoreductant or as the reductive quencher for an Ir photoredox catalyst. Both 

methods for SmI2 generation translate to proof-of-concept photodriven, Sm-catalyzed 

reductive cross-coupling reactions.  
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Introduction 
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1.1 Motivation 

This thesis explores the reductive protonation of triply bonded small molecules, such 

as dinitrogen (N2) and the cyanide anion (CN−). Particularly critical is the reduction of N2. 

All nitrogen in biomolecules is sourced from N2, primarily through its industrial and 

biological reduction to ammonia (NH3).1 NH3
 also holds potential as a solar fuel due to its 

energy density and the availability of N2.2  

The industrial Haber-Bosch reaction, critical to synthetic fertilizer production, 

hydrogenates N2 to NH3.1 This is a mildly exothermic reaction, but requires high 

temperatures and pressures, as well as a catalyst to activate kinetically inert N2 (Figure 1.1). 

These reaction conditions are associated with high energy requirements and favor large, 

centralized NH3 production. In addition, the H2 for the Haber-Bosch process is sourced from 

steam reformation of methane, resulting in considerable CO2 emissions.1  

 

 

Figure 1.1. The energy input for industrial, biological, and chemically/electrochemically 
driven N2R. 

As an alternative, N2 can be reductively protonated by 6H+/6e− at ambient conditions 

to yield NH3 (nitrogen reduction, N2R), with heterogeneous,3 homogeneous,4 and enzymatic5 

examples. However, to overcome the barriers associated with N2 activation, examples of N2R 

utilize a chemical overpotential − ATP hydrolysis in biological N2R6 or a highly cathodic 

overpotential or strong reductants in heterogeneously/homogeneously catalyzed N2R (Figure 

1.1).4,7 The works discussed herein are directly or indirectly concerned with this 

overpotential. Two major topics are covered: the Fe-catalyzed chemical reduction of CN−, a 
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reaction with interesting parallels to N2R, and the development of photodriven N2R and 

resulting photochemical insights. This introduction will provide context for these two topics 

and present some overarching themes.  

1.2 Definitions relating to proton-coupled electron transfers 

This thesis concerns proton-coupled reductions, a field that suffers from a variety of 

similar and ever-developing terms. It is therefore useful to define some phrases as I use and 

understand them.8,9 A proton-coupled reduction (used interchangeably with reductive 

protonation) involves the addition of H+/e− to a substrate, forming X−H bonds during 

substrate reduction. Relevant to this thesis is the 6H+/6e− reduction of N2 to 2 equivalents of 

NH3 and the 7H+/6e− reduction of CN− to yield CH4 (methane) and NH3. Both these 

transformations require a catalyst to activate the substrate, but the reagent(s) supplying H+ 

and e− are also critical. 

 

 

Figure 1.2. Mechanisms and thermodynamics of proton-coupled electron transfer. 

Proton-coupled reductions might involve one or more proton-coupled electron 

transfer (PCET) steps. PCET implies that the transfer of a proton and an electron from a 

donor to an acceptor is kinetically or thermodynamically coupled. A PCET mechanism may 

still occur via sequential proton transfer (PT) and electron transfer (ET), e.g., via a pre-

equilibrium (Figure 1.2A). If the PT and ET are kinetically coupled, we might designate the 

step as a concerted proton-electron transfer (CPET) or a hydrogen atom transfer (HAT). The 
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distinction lies in whether the H+ and e− are transferred to different orbitals (CPET) or the 

same orbital (HAT).10 

An important mode of PCET reactivity is multisite-PCET (MS-PCET).11,12 In the 

reductive direction, such reactions involve transferring the H+ and e− from different 

molecules to form one X−H bond. The entropic barrier associated with these termolecular 

steps often requires pre-coordination of one of the reagents, e.g., via H-bonding.  

The thermodynamics of net H• transfer between PCET reagents can be readily 

compared using the Bordwell equation (Figure 1.2B, eqn 1.1).13,14 The inputs of reduction 

potential, acidity, and a solvent-dependent constant (CG) allow us to calculate the bond 

dissociation free energy (BDFE) for a (net) HAT donor or a combination of reagents that 

perform MS-PCET (designated as effective BDFE; BDFEeff). The BDFEeff values 

determined can be related to the thermodynamics of a proton-coupled reduction. For 

example, BDFEeff can be compared to BDFE(H2)H−H or BDFE(NH3)N−H, ave to assess the 

thermodynamics of hydrogen evolution reaction (HER) or N2R, respectively.7,15 Similarly, 

the BDFEeff can inform the kinetics of a reductive protonation. Simply stated, the weakest 

X−H bond formed during reductive protonation of a substrate is rarely much weaker than the 

BDFEeff supplied by reagent(s).7,16 This basic principle can be used to rationalize and predict 

much of the reactivity discussed herein. 

1.3 Biological Reductions of Dinitrogen and Cyanide  

With this framework in place, we can introduce the proton-coupled reductions 

discussed in this thesis. Given our interest in modeling enzymatic reactivity to test and 

constrain mechanistic hypotheses, we first introduce the biological context for N2 and CN− 

reduction.  Nitrogenase enzymes are the only class of enzymes known to reduce N2 to NH3.5,6 

This occurs at a metal-sulfur cluster active site, [MFe7S9C] (M = V, Fe or Mo, abbreviated 

as [FeM]-cofactor; Figure 1.3 depicts the [FeMo]-cofactor, also know as FeMoco).17 Two 

equivalents of NH3 are generated, alongside one equivalent of H2, with two ATP hydrolyzed 

per ET (i.e., 16 ATP are hydrolyzed per N2 reduced, Figure 1.3). Nitrogenase enzymes are 

selective for NH3 among N-fixed products, although the [VFe]-protein produces some 

hydrazine (N2H4; 4 e− product).18 Many parts of the mechanism of biological N2R remain 
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poorly understood, such as the site(s) of N2 binding, the six N−H bond formations, and the 

N−N bond cleavage step. However, the existence of [FeFe]-nitrogenases19 and spectroscopic 

evidence from the heterometallic cofactors20,21 suggest one or more Fe-sites play a key role 

in substrate binding and reduction. 
 

 

Figure 1.3. Comparison of N2 reduction and HCN reduction at nitrogenase enzymes. 

Interestingly, nitrogenases can reductively protonate several other substrates, 

including triply bonded small molecules like acetylene (HCCH),22 carbon monoxide (CO),23 

methyl isocyanide (CNMe),24, and hydrogen cyanide (HCN).25 Similar to N2R, these 

reactions occur at the [FeM]-cofactor and require ATP to drive ET.  HCN is reduced to 

primarily CH4+NH3 (6 e− product) and methyl amine (CH3NH2; 4 e− product), with methyl 

imine (CH2NH; 2 e− product) and trace C2 products (ethane and ethylene) also detected 

(Figure 1.3).16,26,27,28 Unlike the reduction of N2, the coevolution of H2 is not required. The 

isolobal analogy between substrate and products in cyanide and nitrogen reduction has 

motivated the mechanistic comparison of these two proton-coupled reductions.29,30 

1.4 Catalytic N2 reduction with well-defined molecular complexes 

Well-defined molecular complexes, more amenable to spectroscopic studies and 

systematic variation, can also reduce N2 to NH3.4,31 These systems can guide hypotheses 
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relating to substrate reduction at the nitrogenase active site and provide strategies for more 

efficient N2R.  

Building on studies of the protonation of terminal dinitrogen complexes (M−N2; M 

= Mo or W) to yield NH3,32,33 Yandulov and Schrock demonstrated the first example of the 

catalytic reduction of N2 to NH3 with a well-defined molecular catalyst.31,34 This first 

catalytic system used a (trisamidato)amine molybdenum ((N3N’Mo)) precatalyst and 

decamethylchromocene (Cp*2Cr; E1/2(CrIII/II) = −1.47 V vs. Fc+/0 in THF; all redox potentials 

are vs. Fc+/0 in THF)35 and 2,6-dimethylpyridinium ([LutH]BArF
4, pKa 9.5 in THF, all pKa 

in THF)36 as the e− and H+ sources.  

 

 

Figure 1.4. Conditions and catalysts for molecular catalytic N2R critical to the work 
discussed in this thesis. 

In 2011, Nishibayashi and coworkers introduced the bis(phosphino)pyridine pincer-

molybdenum complex, [((Mo)(N2)2)2(μ-N2)]  as a precatalyst for N2R.37  This first report 

used cobaltocene (Cp2Co; E1/2(CoIII/II) = −1.33 V) and LutH[OTf] as the e−/H+ source. Later 

it was shown that using trihalide precatalysts, (PNP)MoIIIX3 (X = I or Br), and a more potent 
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reductant, decamethylcobaltocene (Cp*2Co; E1/2(CoIII/II) = −1.97 V), and 2,4,6-

trimethylpyridinium triflate ([ColH]+; pKa 10.4) acid, yields and rates improved.38 Further 

improvements were achieved using SmI2 (E1/2(SmIII/II) = −1.55 V) as a reductant and alcohol 

as the proton source (ROH, e.g., ethylene glycol).39 These Sm-based reactions yield 

SmIII(OR) as the spent acid/reductant. Since this report, remarkable progress has been made 

in recovering such reagents40 including a photochemical method presented in Chapter 6.  

The proposed role of Fe in biological N2R has motivated the study of Fe-catalyzed 

N2R. The Peters group reported the first example of catalytic N2R using an iron 

tris(phosphino)borane precatalyst (P3
BFe) and initially with [H(OEt2)2]BArF

4
 (pKa < 0) and 

reductant KC8 (E(K0/+) <−3 V) as the H+/e− source.41 Subsequent studies have shown that 

softer reagents, Cp*2Co and chlorinated anilinium triflates (ArNH3[OTf]; pKa 1.2 to 8.0, best 

yields with pKa 4.3), showed improved yields.42,43 Interestingly, the N-fixed products of Fe-

catalyzed N2R can be shifted from NH3 to N2H4 by shifting the precatalyst,44 acid/reductant 

choice,45 or irradiation.46  

Mechanistic experiments and the characterization of intermediates have allowed 

detailed mechanistic pictures to be built up for these described molecular systems. The Chatt 

cycles, initially used to describe stoichiometric N2 protonations, have found significant utility 

in describing the Schrock group’s Mo-catalyzed N2R and the Fe-catalyzed systems described 

by the Peters group.4,47 The Chatt cycles are monometallic pathways starting from terminal 

dinitrogen complexes (M−N≡N; Figure 1.5). In the Distal Chatt cycle, 3H+/3e− are first added 

to Nβ, with N−N bond cleavage giving an equivalent of NH3 and a metal nitride (M≡N). The 

nitride is then reductively protonated to yield a 2nd equivalent of NH3. The Alternating Chatt 

cycle sequentially forms Nβ−H and Nα−H bonds and can yield N2H4 from hydrazyl 

intermediates (MN(H)NH2). However, evidence from both W and Fe complexes has shown 

that stoichiometric reactivity of the respective terminal hydrazido complexes (M=N−NH2) 

can also yield N2H4.32,48 It is proposed that Nα−H bond formation from the hydrazido yields 

the hydrazyl intermediate, allowing for N2H4 formation (this is designated as the Hybrid 

Distal-to-Alternating cycle). Therefore, hydrazidos are often the selectivity-determining 

intermediate in N2R (at least for N-fixed products). 
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While hydrazidos are selectivity-determining intermediates, the overpotential of 

molecular N2R via a Chatt cycle is proposed to be determined by the 1st N−H bond formation, 

i.e., to form the metal diazenido (M−N=N−H). In fact, there is often a close correlation 

between BDFEN−H(M(NN−H)) and the BDFEeff of acid/reductant combinations used in the 

described catalytic reactions.7 

Another pathway relevant to catalytic N2R is the nitride splitting pathway. Access to 

a bimetallic dinitrogen complex allows splitting into two metal nitrides49 that can be 

reductively protonated to yield NH3 (Figure 1.5).4 N2R with (PNP)MoBr3 precatalysts 

(Cp*2Co/ColH[OTf] or SmI2/ROH as reactants) are thought to proceed through this 

mechanism via a [MoI−N≡N−MoI] intermediate.50 
 

 

Figure 1.5. Mechanisms of catalytic N2R at well-defined molecular complexes. 

1.5 Cyanide Reduction  

The role of HCN as a non-native substrate of nitrogenase has motivated the study of 

cyanide reduction. ATP-independent reductions of CN− with extracted or synthetic Fe−S 

clusters have been reported using EuII(DTPA)/pH 8 buffer or SmI2/[LutH]OTf as a 

reductant/acid.51,52,53,54 These Fe−S cluster-catalyzed reactions yield substantial C2+ products 
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(~20%) regardless of the choice of precatalyst or conditions. While the observed C2+ products 

are undoubtedly interesting, this does suggest a mechanism that diverges from that observed 

by nitrogenase under ATP-dependent conditions. In addition, a lack of spectroscopic or 

mechanistic data has limited comparisons to N2R. Electrochemical reduction and 

hydrogenation of HCN using heterogeneous catalysts have also been demonstrated.55,56  

 

Figure 1.6. Comparison of molecular CN− reduction and N2R. ArNH3 = 2,5-ClPhNH2. 

Stoichiometric reductions of cyanide and isocyanide with well-defined molecular 

complexes have also been explored, often using the framework provided by the Chatt 

cycles.57,58 The monoprotonation of d6 alkyl and aryl isocyanide complexes yields 

aminocarbynes,59,60,61,62 analogs of the hydrazidos invoked in N2R (Figure 1.6A).63 Further 

protonation of these complexes can yield primary amines, consistent with 6 e− reduction of 

the isocyanide ligand. However, low amounts of CH4 suggest hydrolysis is a considerable 

side reaction.60,64,64 Our laboratory has previously shown stoichiometric CN− reduction to 

CH4 and NH3 at a mononuclear Fe-complex with a tris(phosphino)sylil ligand (P3
Si).65 This 

reaction resembles the Fe-catalyzed N2R with similar catalysts and reagent combinations 

(Figure 1.6B). Iron aminocarbynes were characterized and invoked as intermediates of this 

cyanide reduction. 
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With the molecular reduction of N2 and CN− introduced, we can highlight some key 

contrasts explored in Chapters 2 and 3. The CN− ligand is more basic than N2, with linear 

(∠C−N−H ~ 180°) isocyanide geometries that maintain the C−N triple bond readily available 

(Figure 1.6C).66 By contrast, the N2 ligand requires greater activation before it can be 

protonated, with diazenido species typically featuring bent geometries and decreased N−N 

bonding. These differences might allow for different mechanisms of early N−H bond 

formation.  

Following early N−H bond formation, the differing reactivity of hydrazidos and 

aminocarbynes might provide interesting contrasts. As noted, transition metal hydrazidos 

often determine selectivity for  NH3 or N2H4 via Nβ
 or Nα−H bond formation, with catalytic 

and stoichiometric evidence for both reactivity patterns.33,48Error! Bookmark not defined.,67,68,69 By 

contrast, examples of aminocarbyne protonation exclusively show C−H bonds to yield 

aminocarbenes,70,71,72 an interesting observation in light of the selectivity for CH4 and NH3 

observed in many CN− reduction reactions (Figure 1.6D). However, discussions of the 

frequently observed selectivity for CH4 and NH3 were lacking in the literature. 

1.6 Photodriven N2R: Motivation and approach 

As noted, N2R requires an energy input, which, under ambient conditions with 

molecular catalysts, is supplied by a chemical overpotential from strong reductants and/or 

acids (Figure 1.1). How to lower this overpotential is a fascinating question that has 

motivated a lot of beautiful chemistry, and I would direct readers to some of the chemistry 

developed in parallel with my own thesis work.73,74 However, zooming out, it is striking that 

despite considerable improvements in turnover number, utility, rate, and selectivity, the 

overpotential for chemical N2R has not improved in 20 years. This motivated the exploration 

of alternate methods to generate high overpotentials. 

An alternate approach to achieve large chemical overpotentials with otherwise mild 

reagents is to use light as the additional energy input. While small molecule activations such 

as hydrogen evolution,75 CO2 reduction (CO2R),76 and water oxidation77 have received 

considerable attention, such an approach had not previously been disclosed in the molecular 

N2R literature. Proposed examples of photodriven N2R with semiconductors, including in 
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concert with nitrogenase, have been reported, but low yields and/or high amounts of non-N2 

derived NH3 remain issues.78,79,80,81  

Upon excitation by a photon, the reducing power of a photoreductant or photocatalyst 

increases, allowing it to be the strong reductant required for N2R. Based on this principle, we 

envisioned a chemical system for which a dark reaction has an overpotential for N2R close 

to 0, but upon irradiation, sufficient driving force is generated by photogenerated reductants 

(Figure 1.7C, left panel). Such a system might provide a thermodynamic analog of the Haber-

Bosch reaction, but instead of temperature and pressure, the reaction would be driven by 

light.  

 

Figure 1.7. Concept for photodriven N2R with molecular complexes. The overpotential 
required for N2R with molecular catalysts is supplied by excitation; two strategies are 
shown. 

Ideally, H2 could be used directly, but while there are examples of photoactivation of 

H2 or N2, integration into catalytic N2R cycles remains challenging.82,83,84 As an alternative, 

H2-carriers, reagents with labile H-atoms with a comparable overpotential for hydrogenation 

to H2 can be used.85,86 Such reagents can be directly photoexcited87,88 or used in conjugation 

with a photoredox catalyst.89,90 Unlike alkyl amines, common reductive quenchers in 

photodriven CO2R or HER, H2-carriers allow a large pKa window for added buffers or acids, 

desirable attributes for N2R, where a low pKa is often required. In addition, clean oxidation 

of the carrier would allow for careful thermodynamic analysis. 
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The challenge then becomes how to, upon irradiation, convert the H⁺/e⁻ stored in the 

H₂-carrier into reagents competent for the proton-coupled reduction of N₂. Using conditions 

for thermal N2R as a guide, we envisioned two strategies in which the H2-carrier might be 

activated to reduce N2R intermediates (generalized as M(NxHy)). A photoactive H2-carrier 

could directly reduce M(NxHy) from the excited state (Figure 1.7, Strategy 1). Examples of 

such systems being employed in photodriven small molecule reductions are limited, but 

photooxidants, particularly quinones, have found use in water oxidation.91,92,93 Alternatively, 

an explicit photosensitizer could be used (Strategy 2). Following excitation, the 

photosensitizer can then be reduced by the H2-carrier to generate a persistent reduced 

photosensitizer. ET from the reduced photosensitizer to M(NxHy), in net transfers e− from 

the H2-carrier. In both strategies, the oxidized H2-carrier is a potent donor for 2H+/e− allowing 

for further ET and PT steps in N2R.94,95 The inclusion of a buffer was posited to help facilitate 

these PT steps.  

1.7 Hantzsch ester photoreductions 

In short, both strategies worked, although the photoreductant strategy operates by a 

mechanism quite different from what we first envisioned. Attempting to understand this 

mechanism motivated investigations into the photochemistry of a specific H2-carrier, the 

Hantzsch ester (HEH2; Figure 1.8A), and given its importance in the latter half of this thesis, 

a short introduction is warranted. 

HEH2 is a dihydropyridine, similar to biological energy carriers like NADH. It was 

first synthesized in 188196 and has been known as a photoreductant for over 60 years.87,97,98 

The capabilities and limitations of the excited state of HEH2 (*HEH2) can be summarized in 

two key photophysical properties (Figure 1.8B): the excited state reduction potential, 

E(HEH2
•+/*HEH2) = − 2.5 V and excited state lifetime, τ1/2 = 200 ps.99 *HEH2 will reduce 

many substrates, but the short, excited state lifetime limits diffusional reactivity. Therefore, 

*HEH2 will reduce substrates that can pre-associate HEH2 in the ground state (Figure 1.8C). 

π-stacked electron donor-acceptor (EDA) complexes are the most common mode by which 

such interactions have been described, utilized both in the reduction of simple organic 
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compounds and to activate R•-donors such as Katritzky salts ([2,4,6-PhPyrR]BF4)100 and N-

hydroxyphthalimide esters.101,102 

 

Figure 1.8. Key parameters of Hantzsch ester photoreactivity and potential utilization in 
selective reduction of substrates. 

A question that arises when exploring HEH2 photochemistry is the potential utility.88 

Are these photocatalyst-free reactions mere curiosities, or might they offer advantages 

beyond saving a few mol% precious metal photocatalysts? The short lifetime of *HEH2 

might provide a potential avenue by which one can achieve selectivity in photoreductions. 

Unlike long-lived or persistent photocatalysts, HEH2 photoreductions require pre-association 

of the oxidant. This could allow for selective reductions in a pool of potential redox partners 

if one of them more strongly pre-associates to HEH2. This motivates the further exploration 

of HEH2 photochemistry beyond its application in N2R, particularly understanding modes of 

pre-interaction and subsequent photoinduced electron-transfer steps. 

 

1.8 Overview of the individual chapters 

In Chapter 2, we developed conditions for the catalytic reduction of CN− to CH4 and 

NH3 with high selectivity at a mononuclear Fe-site, P3
SiFe using excess reductant ((C6H6)2Cr; 

E(Cr+/0) = −1.22 V) and acid (Ph2NH2[OTf]) to supply the required 7H+/6e−. Following this 

discovery, we explored the mechanism of this reduction reaction, finding that terminal iron 

aminocarbynes (P3
SiFeCNH2) and iron aminocarbenes (P3

SiFeC(H)(NH2)]+) as likely 
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intermediates. This mechanism is then compared to CN− reduction at Fe−S clusters and N2R 

at tris(phosphino)iron complexes, emphasizing the high selectivity for CH4 and NH3. 

In Chapter 3, the initial steps of catalytic CN− reduction, the 2H+/2e− conversion of 

P3
SiFeCN to P3

SiFeCNH2, are examined in detail. We demonstrate that these species can 

interconvert reversibly, an unusual observation in small-molecule triple bond reductions. The 

reductive reaction is studied over a wider range of conditions, with the previously measured 

thermochemistry of early N−H bonds of the iron cyanide platform found to be powerful 

predictors of reactivity. In addition, we analyze the kinetics of iron cyanide reduction to the 

iron aminocarbyne, finding that H-bonding to iron cyanide is key to a low barrier 

transformation. Finally, we evaluate factors enabling reversibility and discuss implications 

for lowering the driving force in Fe-catalyzed N2R. 

In Chapter 4, we develop conditions for the blue-light-driven reduction of N2 to NH3 

using (PNP)MoBr3 as a catalyst, HEH2 as the H2-donor, and Col-buffer. Unusually for a 

photodriven reduction reaction, an explicit photocatalyst was not required to observe N2R. 

Still, the inclusion of an Ir-photocatalyst ([Ir(ppy)2(dtbbpy)]BArF
4) boosted yields and rates. 

Under either set of conditions, the conversion of HEH2 to the 2H+/2e− oxidized form, HE, 

allows for careful assessment of the thermodynamic effects of irradiation and suggests the 

possibility of photoreductant recovery/recycling. These conditions were also found to be 

competent for the reduction of nitrate to ammonia and acetylene to ethylene (with trace 

ethane). 

Given the unusual efficiency of photodriven N2R in the absence of a photocatalyst, 

in Chapter 5, we investigate the mechanism of this reaction further, focusing on the 

interaction of HEH2 and Col-buffer. Through spectroscopic study, a detailed mechanism for 

the activation of HEH2 by Col-buffer is proposed. In short, we observe H-bonding between 

HEH2 and [ColH]+ in the ground state. [ColH]+ readily quenches *HEH2, via a static 

quenching pathway, proposed as ET between the pre-associated species. Transient 

absorbance and EPR data suggest the base plays a critical role, rapidly deprotonating HEH2
•+. 

This results in the (net) formation of two potent H-atom donors, ColH• and HEH•, with the 
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reduction of organic substrates used to benchmark their reactivity. Finally, some lessons for 

the photoreactivity of HEH2 are discussed.  

Finally, in Chapter 6, given the importance of SmI2 as a selective one-electron 

reducing reagent for organic and inorganic reactions motivates the development of methods 

for SmIII regeneration. However, photochemical methods illustrated to date were limited. 

Using lessons from Chapters 4 and 5, we developed conditions for the reduction of SmIII 

precursors to SmI2 via both a photoreductant approach with HEH2 and a photoredox 

approach using HEH2 as a reductive quencher with a photocatalyst, [Ir(ppy)2(dtbbpy)]PF6. 

Subsequently, we developed a proof-of-concept catalytic Sm-mediated ketone-acrylate 

coupling reaction. 
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2.1 Introduction 

Nitrogenases catalyze nitrogen reduction to ammonia (N2R) as well as the reductive 

protonation of non-native substrates,1,2,3,4
 including cyanide (CN−).5,6,7,8,9,10,11,12,13 These are 

mechanistically fascinating bio-organometallic transformations which, for the case of CN− 

(and CO/CO2 as well), may involve metal-to-carbon intermediates such as alkyls, carbenes, 

and carbynes/carbides that are conceptually related to posited intermediates of N2R (e.g., 

NNH, NNH2, NH). 

Whereas substantial attention from the synthetic community has been directed 

towards functional N2R models with associated mechanistic studies,14,15,16 there has been 

only limited attention paid to catalytic cyanide reduction by comparison.17,18,19,20,21,22 Given 

potential mechanistic parallels between catalytic N2 and CN− reduction, including an 

isolobal relationship between aminocarbynes (e.g., MCNR2)23,24,25,26 and their hydrazido 

(MNNR2) counterparts,27,28,29 mechanistically well-defined CN− reduction catalysts 

present an attractive target for further study. In contrast to terminal hydrazido systems, the 

reductive protonation of terminal carbynes to liberate products (e.g. CH4/NH3) has rarely 

been observed.25,30,31,32,33 Indeed, catalytic transformations involving bona fide carbyne 

intermediates, outside of the scope of metathesis reactions,34,35 are essentially without 

precedent. 

Towards these objectives, our lab reported in 2016 a single-site iron model system 

capable of mediating the (sub) stoichiometric reductive protonation of CN− to CH4 and 

NH3.25 We also characterized a number of species as plausible intermediates of the overall 

transformation, most notably the carbyne complex (P3
Si)Fe(CNH2)+ (P3

Si represents a 

tris(phosphino)silyl ligand; Figure 2.1, top).25 The product distribution observed mimics 

that of ATP-dependent cyanide reduction by nitrogenases (Figure 2.1, middle), where the 

major observed products under most conditions studied are methane and ammonia (6 e‒ 

reduction); methylamine (H3CNH2; 4 e‒ reduction) and methyleneimine (H2C=NH; 2 e‒ 

reduction) can also be observed as minor products, along with trace ethane and 

ethylene.25,26,27,28  
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Figure 2.1. Summary of prior studies on stoichiometric and catalytic cyanide reductions 
mediated by iron complexes as context for this study.8,22,25,26,44  

Several synthetic Fe−S clusters have also been shown to catalyze cyanide reduction 

and exhibit substantially higher selectivities for C−C coupled products than has been 

observed with nitrogenase enzymes as the catalysts (Figure 2.1, middle).10,11,12,20,21,22 

Catalytically relevant species in trans20formations employing such clusters as precatalysts 

are ill-defined and to date associated mechanistic information has not been forthcoming. 

Against this backdrop we have sought conditions for catalytic cyanide reduction 

via our well-defined (P3
Si)Fe-system, ideally manifesting product distributions akin to 

nitrogenases (chiefly favoring the C1 products CH4 and CH3NH2) and amenable to 

mechanistic scrutiny. This study presents our findings (Figure 2.1, bottom). 

Guided by measured and estimated thermochemical parameters (Figure 2.2A),36 we 

show herein that the iron complex (P3
Si)Fe(CN) (abbreviated as [FeCN]) efficiently 

catalyzes cyanide reduction in the presence of acids and reductants. By employing a 

combination of synthetic, 57Fe Mössbauer, optical, and theoretical studies, we outline a 
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mechanistic scheme for the catalytic cycle, which can be juxtaposed with that of catalytic 

nitrogen fixation mediated by analogous iron complexes. 

2.2 Results 

2.2.1 Canvassing conditions for more efficient [FeCN] reduction 

To target the catalytic reduction of CN− we sought conditions for the proton-coupled 

reduction of [FeCN] to produce NH3/CH4 (or CH3NH2) and an [Fe] byproduct that might re-

enter a catalytic cycle. In our original report,25 we described the proton-coupled reduction of 

[FeCN] using excess [2,5-ClPhNH3]OTf and Cp*2Co (pKa 4.5 for [2,5-ClPhNH3]OTf in THF; 

all pKa’s reported in THF;36 E° = −1.9 V for Cp*2Co; all redox potentials are reported in THF 

and referenced to Fc+/0).37 Such reaction mixtures invariably afforded low yields of NH3/CH4 

(Figure 2.1A) despite being effective for catalytic N2R.38  

Curiously, in our original study we had observed that the cationic aminocarbyne, 

[FeCNH2]OTf, prepared via double protonation of [FeCN][Na(12-c-4)2],25 decays upon 

warming to liberate 0.09 equiv NH3/Fe and 0.07 CH4/Fe (Figure 2.2), with [FeCNH]OTf 

and [FeOTf] as the major Fe-products. This NH3 yield represents ~50% of that theoretically 

possible for a disproportionation reaction assuming a stoichiometry of five equivalents of 

[FeCNH2]OTf providing five H-atom equivalents ([FeCNH2]+→ [FeCNH]+ + H+/e−) to 

reduce one equivalent [FeCNH2]OTf to NH3 and CH4 (Eqn 2.1).  

 

6 [FeCNHଶ]  5[FeCNH]OTf + [FeOTf] + NHଷ + CHସ    (Eqn 2.1) 
 

Based on thermochemical data (Figure 2.2A),36 removal of a H+/e– pair from 

[FeCNH2]+ is equivalent to removal of 1H+/1e– from an acid/reductant pair with pKa ~ 7 

and E° ~ −1.3 V. Reagents suiting these values would be significantly milder than [2,5-

ClPhNH3]OTf and Cp*2Co. Hence, once [FeCNH2]+ is formed in situ via reductive 

protonation of [FeCN] (pKa 5.6), comparatively mild reagents should drive net CN− 

reduction. Because [FeCN] can be converted to [FeCNH2]OTf with a reductant strength of 

E° ≈ −1.3 V, we  deduced that the 7H+/6e‒ reduction of [FeCN] should be accessible with 

reductants at E° ≈ −1.3 V. 
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Gratifyingly, stirring [FeCN] with (C6H6)2Cr (E° = −1.2 V, Figure A.23)39 and 

[Ph2NH2]OTf (pKa 3.2)40 in Et2O at −78 ℃ and then allowing the reaction mixture to warm 

to RT overnight yielded 0.75 equiv NH3/Fe (75% yield per reductant) with [FeOTf] as the 

major Fe product (Figure 2.2B, and Figure A.9). Moreover, it was established that [FeOTf] 

reacts cleanly with excess [TBA][CN] to reform [FeCN], setting the stage for catalysis 

(Figure A.10). 

 
Figure 2.2. Thermochemistry and reagents for stoichiometric [FeCN] reduction. (A) 
Relevant, previously measured, thermochemical data (values in THF at 25 ℃; E° in 
referenced to Fc+/0).28 (B) Exploring new conditions for reductive protonation of [FeCN]. 

2.2.2 Catalytic CN− Reduction 

Thus, using [FeCN] (0.72 mM) as a precatalyst, in a reaction mixture containing 

140 equiv [TBA][CN] (100 mM), 480 equiv [Ph2NH2]OTf, and 360 equiv (C6H6)2Cr in 

Et2O at 25 ℃, yielded 28±5 equiv NH3/Fe after 80 minutes (Table 2.1, entry 1).  
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–2.1 V

pKa

7.1

[FeCNH2]

estimated from data

for [FeCNH(Me)]+/0

estimated
BDFEN–H values

[FeCN] [FeOTf] + NH3
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Using these same catalytic conditions, we also analyzed the gaseous products. CH4 

was observed as the major reduced carbon product, with a yield of 25±4 equiv of CH4/Fe, 

consistent with a net 7H+/6e‒ reduction of CN− (Eqn 2.2; yield based on consumed 

(C6H6)2Cr is 47±8%).  

 

CNି  +  7 Hା + 6 e‒  →  CHସ  +  NHଷ    (Eqn 2.2) 

 

Under these conditions trace C2 products ethylene and ethane were also identified 

(0.4 equiv C2H4 and 0.3 equiv C2H6 per Fe). These products correspond to 10H+/8e‒ and 

12H+/10e‒ reductions of CN−. Combined, these C2 evolving reactions accounted for less 

than 2% of the consumed reductant. Hence, the [FeCN] catalyst is nearly quantitatively 

selective for C1 products, as is observed via the nitrogenase enzyme.25,26 H2 accounts for 

most of the remaining reducing equivalents (yield based on (C6H6)2Cr: 29±11 %). Neither 

CH3NH2 (4e‒ product) or CH2NH (2e‒) was detected, regardless of initial temperature, 

using [FeCN] as a catalyst. 

Curiously, whereas synthetic iron catalysts for N2R have shown highest efficiency 

at low temperatures due to mitigated HER (Hydrogen evolution reaction) and entropically 

favored N2 binding,41 no such advantage is observed for catalytic cyanide reduction by 

[FeCN] (entries 2-4). Instead, background HER via combination of this reductant and acid 

is comparatively slow (vide infra). Also, CN– binds favorably to [Fe(II)] at RT. For 

reactions started at −78 ℃ catalytic turnover is slow, reflecting a slow OTf– for CN– 

metathesis step needed to turn the system over (vide infra); most of the observed catalysis 

occurs as the reaction is warmed. For a catalytic reaction run at −20 ℃ and quenched after 

20 minutes, 1.7 equiv NH3 was detected, demonstrating that catalytic turnover occurs at 

this temperature, but is relatively slow. 
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Table 2.1. Results for the catalytic reduction of CN– to ammonia. (a) Yields assume net 
6 e‒ reduction to generate NH3. (b) Catalysis initiated at −78 ℃ and then allowed to warm 
gradually to 25 ℃ (total reaction time of 12 hours). (c) This yield includes 0.6±0.2 equiv 
CH3NH2. (d) After 80 min catalysis under standard conditions (entry 1), soluble Fe species 
were extracted into Et2O and then re-exposed to the standard catalytic conditions. 

Increasing the catalyst loading to 2.9 mM (entry 5) modestly increased the NH3 

yield relative to reductant present (65±1%). Lowering the catalyst loading (0.15 mM; entry 

6) improved the TON for produced NH3 (73±4 equiv) but led to a corresponding drop in 

yield per (C6H6)2Cr (24±1%). 

A catalyst-free reaction yielded no detectable NH3, CH4, or other gaseous carbon 

products (entry 7). This conclusion is further supported by experiments with [TBA][13CN] 

as the cyanide source. 13C NMR spectroscopy of catalytic runs using [TBA][13CN] 

confirmed the formation of 13CH4 and consumption of 13CN− (Figures A.5 and A.6). By 

contrast, a corresponding catalyst-free reaction (under otherwise identical conditions) 

showed negligible consumption of 13CN− and no observable 13CH4. These observations 
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collectively establish the Fe-catalyst is required for consumption of substrate and 

responsible for the NH3 and CH4 products.  

Catalysis run in the absence of [TBA][CN] produced 0.7 equiv NH3, with [FeC15N] 

used to demonstrate  that this NH3 arose solely precatalyst reduction and not N2R (entry 8, 

Figure A.4).  

The nature of the phosphine-ligated iron catalyst appears to be critical. FeCl2 

instead of [FeCN] produced only 0.3 equiv NH3 under the standard conditions (entry 9), 

and CrCl2 instead of [FeCN] produced no detectable NH3 (entry 10). The 

tris(phosphino)iron complexes (P3
B)Fe[BArF

4]16 and (PhBPiPr
3)FeBr42 (P3

B represents a 

trisphosphine borane ligand; PhBPiPr
3 represents a trisphosphine borate ligand) showed 

very moderate activity as (pre)catalysts compared to [FeCN]  (entries 11-12). Curiously, 

for (PhBPiPr
3)FeBr, a small amount of methylamine, CH3NH2 (0.6±0.2), was detected as a 

product. These iron phosphine precatalysts produce CH4 as the major hydrocarbon product, 

but with a lower selectivity. The ratio of C2/C1 products produced is 0.16 and 0.11 for 

(P3
B)Fe[BArF

4] and (PhBPiPr
3)FeBr, respectively (Table A.3), compared to 0.02 for 

[FeCN]. 

While (C6H6)2Cr is the favored reductant for CN− reduction, other reductants 

including Cp2Co (E° = −1.33 V, Figure A.25; entry 13) and Cp*2Cr (E° = −1.47 V, Figure 

A.27; entry 14) were modestly competent. The low yields for these reductants do not appear 

to correlate with the reduction potential of the chemical reductant. Instead, we attribute the 

strong attenuation in yield to enhanced background HER. Accordingly, we find that the 

rate of reaction of each reductant independently with [Ph2NH2]OTf (to produce H2), as 

measured by cyclic voltammetry, inversely correlates with the NH3 TON observed in a 

catalytic run when CN– is present under the standard conditions (see appendix, section 

A.8.2 for details). 

To summarize, we have established a highly selective catalytic system for NH3 and 

CH4 production via reductive protonation of CN−; the choice of catalyst ([FeCN]) and 

reductant ((C6H6)2Cr) are crucial for observing high turnover and significant yields. 
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2.2.3 Mechanistic studies 

Scheme 2.1 provides a working outline for the catalytic CN– reduction cycle 

starting from [FeCN], emphasizing early intermediates of the cycle. To guide the following 

discussion, summary remarks concerning a plausible pathway are as follows: [FeCN] is 

first protonated (step a) to form independently characterized [FeCNH]+,25 which is then 

reduced (to [FeCNH]; step b) and protonated  (step c) to afford the independently 

characterized aminocarbyne, [FeCNH2]+.25 [FeCNH2]+ is in redox equilibrium with 

[FeCNH2] in the presence of (C6H6)2Cr (step d). These carbyne intermediates are suggested 

to be rate contributing to overall CN− reduction (see below). Along the ET-PT pathway, 

[FeCNH2] can be protonated to form a posited carbene intermediate (step e), 

[FeC(H)(NH2)]+. This carbene is modeled via independent generation of its methylated 

analogue, [FeC(H)(NMe2)]+ via protonation of [FeCNMe2] (see below). This observation, 

and computational evidence, each lend support to C−H bond formation to produce 

[FeC(H)(NH2)]+ during catalysis. A direct PCET (proton-coupled electron transfer) 

pathway from [FeCNH2]+ to [FeC(H)(NH2)]+ is also plausible (step f). Finally, a series of 

downstream (as yet undefined), facile reductive protonation steps of [FeC(H)(NH2)]+ are 

proposed to release NH3 and CH4 along with [FeOTf] (step g); the latter is returned to 

[FeCN] via metathesis with [TBA][CN], a step (h) that is turnover limiting. 

 
Scheme 2.1. Proposed mechanism for CN− reduction to NH3 and CH4 as catalyzed by 
[FeCN]. 
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2.2.4 Probing catalyst resting state and deactivation 

To probe speciation during catalysis, we prepared [57FeCN] to facilitate monitoring 

the catalysis by 57Fe Mössbauer spectroscopy via low temperature quenching of catalytic 

runs initiated at 25 °C. Related studies proved insightful for N2R catalysis by related Fe 

systems.40,43 

Freeze-quenching (77 K) the catalysis after one minute at 25 °C, we found 

[57FeOTf] as the sole iron-species present (see section S6.2).44 This result points to [FeOTf] 

as the catalyst resting state, with metathesis step (h) being turnover limiting. Consistent 

with this observation, [FeOTf] performs analogous to [FeCN] as a catalyst (Table 1, entry 

15). Freeze-quenched snapshots at later reaction times show attenuation in the signal for 

[57FeOTf] and the growth of unknown iron species. After 80 min, all of the [57FeOTf] has 

been consumed; the remaining iron species showed poor activity following extraction and 

(re)subjection to catalytic conditions at 25 °C with fresh acid, reductant and [TBA][CN], 

yielding only an additional 4.1±1 equiv NH3 (entry 16). NMR analysis of the post-catalysis 

mixture revealed evidence of a diamagnetic iron hydride (possibly [Fe(H)(NHPh2)]) with 

the (P3
Si)Fe platform intact, as well as free Si(H)P3 (Figure A.13). Relatedly, iron hydrides 

(e.g., [Fe(H)(N2)]) have been shown to be off cycle sinks during catalytic N2R.43,45,46  

While our mechanistic studies have focused on the most efficient catalyst, [FeCN], 

initial studies of the reactivity of  (P3
B)Fe[BArF

4] and (PhBPiPr
3)FeBr suggest that these 

less efficient precatalysts are also less stable to excess CN−. When reacted with 20 equiv 

[TBA][CN] in Et2O (in the absence of acid or reductant), free phosphine is observed, 

indicating partial demetallation as a pathway for deactivation, offering a plausible reason 

for the lower turnover numbers (Figure A.14 and A.15). 
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2.2.5 Early N–H Bond Forming Steps 

 
Figure 2.3. UV-vis data showing in situ formation of [FeCNH2]OTf (pink trace, 6 s after 
acid addition) in the reduction of [FeCN]  (blue trace) to [FeOTf] (orange trace, 240 s after 
acid addition).  

Since metathesis to produce [FeCN] from [FeOTf] appeared to be turnover limiting 

we turned to stoichiometric experiments to probe the role/s of early intermediates of 

reductive protonation in this catalysis.  

Exposing a solution containing a mixture of [FeCN] and a large excess (20 equiv) 

of (C6H6)2Cr (unreactive in the absence of acid) to [Ph2NH2]OTf (20 equiv, added via 

syringe) caused distinct color changes that could be monitored by UV-vis spectroscopy 

(Figure 2.3). While higher energy absorptions (λ < 600 nm) are complicated by the 

absorption spectrum of (C6H6)2Cr+/0, the lower energy transitions provide a useful handle 

for the iron speciation. Upon addition of the acid (all 20 equiv) at RT, the characteristic 

near IR absorption of [FeCN] (λmax = 905 nm, FWHM ≈ 100 nm; blue trace) decayed 

rapidly (τ1/2 < 6 s) and a new, broader absorbance characteristic of [FeCNH2]+ (λmax = 929 

nm, FWHM ≈ 250 nm; pink trace) was observed.25 This feature decayed more slowly (τ1/2 

~ 40 s under the conditions studied) with simultaneous growth of a shoulder that extends 

further into the near-IR, and a strong absorption centered at 485 nm (orange trace). These 

latter features are consistent with formation of [FeOTf], as was also confirmed by 1H NMR 

spectroscopy (Figure A.12). Products were also analyzed (1.0 equiv NH3/Fe and 0.9 equiv 

CH4/Fe). These data demonstrate the aminocarbyne [FeCNH2]+
 as an observable on-path 

intermediate in the conversion of [FeCN] to [FeOTf]. Isosbestic points at 520 nm and 900 
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nm establish that no further downstream intermediates build-up as [FeCNH2]+ is converted 

to [FeOTf] during liberation of NH3 and CH4. 

To interrogate shorter-lived intermediates, we next studied the consumption of 

[FeCN] at lower temperature, using fewer equivalents of reductant and acid. Mixing 

[57FeCN] with [Ph2NH2]BArF
4 and (C6H6)2Cr (2.5 equiv each) in Et2O at −78 ℃ for 1 

minute, followed by freeze-quench (77 K) and analysis by Mössbauer spectroscopy, 

showed primarily [57FeCNH2]BArF
4 (Figure 2.4A; δ = 0.13 mm s‒1 and ΔEQ =1.47 mm s‒

1), again supporting the proposed intermediacy of [FeCNH2]+ during catalysis.25 These low 

temperature conditions also allowed identification of the first intermediate of protonation, 

[57FeCNH]BArF
4 (δ = 0.407 mm s‒1 and ΔEQ =3.20 mm s‒1),25 as a minor component, 

consistent with step (a) (Scheme 1). 

We also obtained evidence for a facile redox equilibrium between [FeCNH2]+/0 and 

(C6H6)2Cr+/0, as can be expected based on the estimated difference in their reduction 

potentials (E°(Fe+/0) ~ −1.2 V, E°(Cr+/0) = −1.2 V; see section S8.3 for data). Relatedly, the 

available data imply that single electron reduction of [FeCNH2]+ to [FeCNH2] (step d) is 

feasible under conditions relevant to the catalysis. Accordingly, addition of 2.5 equiv 

[Ph2NH2]BArF
4 to a THF solution of [FeCN] at −80 ℃ resulted in the immediate formation 

of [FeCNH]BArF
4  (Figure 2.4B, blue trace).25.47 Following this, the solution was titrated with 

0-6 equiv (C6H6)2Cr to study its response (Figure 2.4B). During the addition of the 1st 

equivalent of (C6H6)2Cr, UV-vis maxima for [FeCNH]+ (800 nm and 610 nm) decreased in 

intensity and new maxima appeared reflecting the growth of [FeCNH2]+ (929 nm and 570 

nm; pink trace). Isosbestic points at 570 nm and 860 nm establish no other intermediates 

build up. Upon addition of further equivalents of (C6H6)2Cr, the signals for [FeCNH2]+ 

attenuate with corresponding growth of a strong absorbance with a shoulder around 560 nm 

(orange trace). These changes are consistent with the reduction of [FeCNH2]+ to [FeCNH2]. 

Still, even after addition of 6 equiv (C6H6)2Cr a large fraction of [FeCNH2]+ remained.48  

These results confirm a redox equilibrium between [FeCNH2]+/0 and (C6H6)2Cr+/0 (step (d)). 
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Figure 2.4. Formation of aminocarbynes. (A) 57Fe Mössbauer spectra of reaction of 
[FeCN] with [Ph2NH2]BArF

4 and (C6H6)2Cr or Cp2Co. (B and C) UV-vis data for reaction 
of [FeCN] with [Ph2NH2]BArF

4 and (C6H6)2Cr (B) or Cp2Co (C) to form early 
intermediates [FeCNH]BArF

4 (blue trace), [FeCNH2]BArF
4  (pink trace) and [FeCNH2]0 

(orange trace). 

As expected for such a redox-equilibrium, cobaltocene, a stronger reductant than 

(C6H6)2Cr (E°(Cp2Co3+/2+) = −1.3 V), completely reduces [FeCNH2]+ to [FeCNH2]. 

Accordingly, 57Fe Mössbauer spectra of the reaction between [57FeCN] with 

[Ph2NH2]BArF
4 and Cp2Co (2.5 equiv each) at −78 ℃ in Et2O reveals the formation of a 

single new species (δ = 0.02 mm s‒1 and ΔEQ= 0.99 mm s‒1; Figure 2.4A). These parameters 

closely resemble those of [FeCNMe2] (δ = 0.06 mm s‒1
 and ΔEQ= 1.12 mm s‒1),25 consistent 

with formation of [FeCNH2]. Complete formation of [FeCNH2] with only 2.5 equivalents 

of reductant differs markedly from conditions using (C6H6)2Cr. Titrations monitored by 

UV-vis spectroscopy using Cp2Co still showed [FeCNH2]+ as an intermediate upon 

addition of just 1 equiv of Cp2Co to a mixture of [FeCN] and [Ph2NH2]BArF
4 (Figure 2.4C, 

pink trace). Upon addition of a 2nd equiv of Cp2Co, [FeCNH2]+ is fully consumed with 

concomitant formation of [FeCNH2] (orange trace).  

 

2.2.6 Evidence for C−H Bond Formation via Fe=C(H)NH2+ 

The intermediacy of iron carbynes [FeCNH2]+/0 in catalytic CN– reduction 

corresponds to the intermediacy of isolobal hydrazidos [FeNNH2]+/0/−, during Fe-catalyzed 
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N2R.27,28,29,49,50 With this analogy in mind, we wondered whether iron carbynes might be 

selectivity determining in CN− reduction, with final N−H bond formation releasing NH3 

(analogous to Nβ−H bond formation in N2R via hydrazido intermediates), resulting in the 

observed 6 e− products (CH4 and NH3), possibly via a transient carbide [Fe(C)] 

intermediate. Computational evidence and a study of the reactivity of the methylated 

carbyne [FeCNMe2] complex instead support C−H bond formation via a carbene 

intermediate, [Fe=C(H)(NH2)]+, as the next step of the cycle. This path implies that the 

aminocarbyne is not selectivity determining in the present system; C−N bond cleavage 

occurs later in the catalytic cycle.  

As intermediates downstream of [FeCNH2] cannot be identified during the CN− 

reduction process, we studied the reactivity of the more tractable, methylated [FeCNMe2] 

analogue (Scheme 2). Thus, a reaction between [FeCNMe2] and [Ph2NH2]OTf in the 

absence of added reductant affords a new paramagnetic species, observed via UV-vis and 
1H NMR spectroscopy (see SI, section S9); some competing oxidation to [FeCNMe2]+ 

(with loss of H2) is also observed in the reaction mixture, frustrating isolation and 

purification of the new species. Nonetheless, on the basis of reactivity and 57Fe Mössbauer 

(vide infra), we assign the product of protonation as the aminocarbene [FeC(H)(NMe2)]+. 

Its formation is reversible; [FeCNMe2] is cleanly regenerated upon addition of 

triazabicyclodecene (TBD) base (Scheme 2.2 and Figure A.32). 
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Scheme 2.2. Protonation and proton-coupled reduction of [FeCNMe2] as a model of 
[FeCNH2] reactivity. 

 

[FeCNMe2] also reacts with 10 equiv [Ph2NH2]OTf in the presence of 10 equiv 

(C6H6)2Cr in THF at room temperature, and is gradually converted to [FeOTf] over a period 

7 days, with Me2NH (0.25 equiv) and (curiously) Me3N (0.5 equiv) detected as the N–

containing products.51 Notably, we had previously observed that [FeCNMe2] is not reduced 

in combination with Cp*2Co and [2,5-ClPhNH3]OTf.25  

While formation of [FeOTf] from [FeCNMe2] is slow in the presence of 

[Ph2NH2]OTf and (C6H6)2Cr (at 10 equiv each), the [FeCNMe2] is consumed rapidly (τ1/2 

≈ 1 minute at 25 ℃) and the same paramagnetic (presumed) carbene species is now also 

observed as an intermediate. Hence, reacting [FeCNMe2] with excess (C6H6)2Cr and 

[Ph2NH2]OTf and freeze-quenching the reaction after 5 minutes, revealed a new major 

species with the parameters δ = 0.40 mm s‒1 and ΔEQ =2.25 mm s‒1 (Figure A.37), 

consistent with an S = 1 [FeC(H)(NMe2)]+ species with parameters similar to previously 

characterized S = 1 (P3
Si)FeII‒L+ species (L = CO, CNR or N2).36,52 Taken together these 

data are highly consistent with [FeC(H)(NMe2)]+ as an intermediate during the reductive 

protonation of [FeCNMe2] to liberate [FeOTf] and the amine products and suggest 

[FeC(H)(NH2)]+ would form readily via protonation of [FeCNH2] during CN– reduction 

catalysis. 
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Figure 2.5. Computational study of bond strengths of early    N−H bonds  (A) Comparing 
energies of isomers in specified spin states for [FeC(H)(NH2)]+/0. (B) Calculated N−H bond 
and C–H bond dissociation free energies (BDFE’s). Experimentally determined values are 
provided in parenthesis, for carbynes these are estimated from [FeCN(H)(Me)]+/0.36 

To gain further support for this proposed [Fe=C(H)(NH2)]+ intermediate we turned 

to computational methods to explore the energy of aminocarbene species versus other 

plausible isomers. The TPSS functional53  and a def2-TZVP basis set on Fe, with a def2-

SVP basis set on all other atoms,54 reliably replicates experimentally estimated BDFEs for 

complexes similar to those discussed here.55 We thus used this approach to compare 

plausible isomers, with specified spin states, under the addition of H• to the [FeCNH2]+/0 

carbynes (Figure 2.5A). We find that iron carbenes [Fe=C(H)(NH2)]+/0 in their 

corresponding S = 1 and S = 1/2 spin states, respectively, are the lowest energy isomers 

(ΔGrel = 0 kcal mol‒1) when compared to their corresponding ammonium carbyne isomers 



39 

 

([Fe≡C−NH3]+/0; ΔGrel = 45-66 kcal mol‒1) and iron carbyne hydrides ([(H)Fe≡C−NH2]+/0; 

ΔGrel = 7-25 kcal mol‒1). Alternative spin states of the iron carbenes (S = 0 or 3/2) are also 

higher in energy (ΔGrel = 9 and 29 kcal mol‒1, respectively). The small ΔGrel of 

[(H)Fe≡C−NH2]+ is interesting given that iron hydrides can be catalytic sinks for this 

system;46 isomerization between the on-path iron carbene and this iron carbyne hydride 

might be a relevant deactivation pathway. 

The thermodynamic favorability of C−H bond formation (over N−H bond 

formation) can be rationalized by considering the basicity of the N and C atoms of the iron 

aminocarbyne. [FeCNH2] features a planar sp2-hybridized N atom, suggesting substantial 

π donation from N, which can be expected to make the N atom less basic than the carbyne 

C atom. Such a scenario would favor C atom protonation, as observed. 

Computationally the carbene [FeC(H)(NH2)]+/0 C−H bonds (51 – 55 kcal mol‒1) are 

much stronger than the carbyne [FeCNH2]+/0 N−H bonds (39-40 kcal mol‒1; Figure 2.5B), 

consistent with the conversion of carbyne to carbene being a thermodynamically favorable 

step in [FeCN] reduction (Figure 2.6). However, the build-up of [FeCNH2]+ as an 

observable intermediate when [FeCN] is reduced to NH3 and CH4 (Figure 3), and the slow 

protonation observed for [FeCNMe2]0 (Scheme 2.2), suggest a significant kinetic barrier in 

converting [FeCNH2]+/0 to [FeC(H)(NH2)]+/0 (Figure 2.6). This can be rationalized by a 

rehybridization at carbon with a corresponding change in spin state upon protonation, 

which would correlate with a significant kinetic barrier.  
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Figure 2.6. Proposed qualitative energy barriers for transformation of [FeCN] to [FeOTf] 
with key intermediates, [FeCNH2]+ and [FeC(H)(NH2)]+ indicated. 

2.3 Discussion 

2.3.1 Comparison to other Fe-based Catalysts 

As introduced above, reported Fe-catalysts for cyanide (or HCN) reduction  have 

exclusively been Fe‒S clusters, either as the protein active sites of nitrogenase 

enzymes,5,25,26,27,28,13 the extracted cofactors (e.g., FeMoco),10,11,12 or synthetic 

clusters.20,21,22 The extracted cofactors and synthetic clusters studied have been shown to 

reduce CN− using weak acids (lutidinium or pH 8 buffered solutions) and lanthanide (II) 

reductants (SmI2 or EuII(DTPA)) as a source of H+/e‒ equivalents. Invariably these systems 

have produced substantial amounts of C2+ products, accounting for 20-40% of the total 

reduced carbon products, in addition to C1 products, including CH4 (and NH3) or 

CH3NH2.10,11,12,20,21,22 

By contrast, the [FeCN] catalyst studied herein shows <2% C2+ products. Curiously, 

its reactivity profile more closely resembles that of HCN reduction by MoFe nitrogenase, 

where C2+ products account for <0.1% of the total reduced carbon.25,26 Still, [FeCN] shows 

much higher selectivity for the 6 e‒ reduction products (CH4 + NH3) than has been observed 

for the nitrogenases studied (MoFe and VFe variants), which also show significant 

CH3NH2 production (MoFe, CH3NH2 : CH4 = 0.39; VFe, CH3NH2 : CH4 = 0.66-1.1).28 The 

complex (PhBPiPr
3)FeBr, while a less active catalyst system for CN– reduction (Table 1, 
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entry 10), more faithfully captures the selectivity of nitrogenases, producing substantial 

CH3NH2 as well as (CH4 + NH3). As functional models, the (P3
B)Fe– and (P3

Si)Fe–systems 

we have studied are distinct in that both have been shown to display catalytic activity for 

N2R and CN– reduction, akin to ATP-dependent nitrogenase enzymes.1,5,16,43 

2.3.2 Mechanistic findings 

The data presented above allow us to posit several important intermediates we 

believe to be on path for catalytic CN– reduction by [FeCN] (Scheme 1), and to further 

consider the observed selectivity. A key observation from low temperature UV-vis titrations 

includes the finding that [FeCN] is readily protonated by [Ph2NH2]OTf. The resulting 

isocyanide [FeCNH]+ can be reduced by (C6H6)2Cr, and the resulting [FeCNH]0 product is 

rapidly protonated to afford the observable aminocarbyne [FeCNH2]+. With (C6H6)2Cr 

present as the reductant, [FeCNH2]+ and [FeCNH2] have been shown to be in redox 

equilibrium. 

While we observe downstream conversion of [FeCNH2]+ to [FeOTf] at room 

temperature (associated with liberation of NH3 and CH4), we have been unable to 

characterize intermediates of this transformation, even at low temperature. However, by 

reconciling computational data with the observed reactivity of a methylated analogue, 

[FeCNMe2], we favor a C−H bond forming step to produce [FeC(H)(NH2)]+
 as the next 

intermediate from [FeCNH2]+ along the catalytic pathway (possibly via ET-PT (steps d and 

e in Scheme 1) or PCET (step f)). This Fischer-type aminocarbene would plausibly be on 

path for either CH4 + NH3 (6 e‒), or CH3NH2 (4 e‒), products. The selectivity determining 

C‒N bond cleaving step that produces the 6 e‒ products in this system must therefore occur 

at a later stage of the catalytic cycle, with additional (and facile) 4H+/4e‒ transfers (Scheme 

1, step g). 

From the Fischer carbene (or its one electron reduced congener) several pathways 

can account for CH4 and NH3 products (depicted in Figure 2.7A). Guided by theoretical 

studies, we can, qualitatively at least, compare them. Ultimately, each specific H+ and e− 

step likely needs to be examined to fully account for CH4 and NH3/CH3NH2 selectivity, as 

has been the case for NH3/N2H4 selectivity during N2R (Figure 2.7B).28,29,50 However, 
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acknowledging increased error in theoretical calculations when studying changes in charge 

state,56 we have opted to limit our present considerations to the thermodynamics of the 

addition of a net H-atom to [FeC(H)x(NH2)]+/0 (x = 1, 2) species, and the associated C−N 

bond strengths of the ammonium intermediates, [FeC(H)x(NH3)]+/0, that form. The 

combined H+/e− transfers (Figure 2.7A) are referenced to the combination of (C6H6)2Cr 

(e−) and [Ph2NH2]OTf (H+; see appendix A for details). 

We consider three pathways in Figure 2.7A (i-iii) as an expansion on step g 

introduced in Scheme 1. Pathways i-iii proceed either via cationic or neutral intermediates 

and we use +/0 to differentiate between these charge states in the figure.  

Starting from the aminocarbene +/0 intermediates, addition of the next H+/e− 

equivalent at N would yield an ammonium carbene, [FeC(H)(NH3)]+/0, which could 

liberate NH3 and an iron methylidyne, [Fe≡C−H]+/0. The methylidyne is envisioned to be 

reductively protonated to form CH4 and [FeOTf] (Figure 2.7A, pathway i). The plausibility 

of iron methylidyne intermediacy in this P3
SiFe catalyst system is supported by our recent 

report of the isolation and structural characterization of the methylated analogues 

[P3
SiFe≡C−CH3]+/0.44  

Alternatively, C−H instead of N–H bond formation from [FeC(H)(NH2)]+/0 would 

yield an iron alkylamine product. We consider computationally such a species as two spin-

isomers, a low spin (S = 0, 1/2)  η2-iminium adduct ([Fe(η2–CH2NH2)]+/0) and an 

intermediate spin (S = 1, 3/2) η1–alkylamine ([Fe(η1-CH2NH2)]+/0). In [Fe(η1-CH2NH2)]+/0 

intermediates, N−H bond formation is likely kinetically favorable (see below), but from 

the η2-iminium adduct we anticipate similar barriers for C−H and N−H bond formation. 

From either alkylamine isomer, N−H bond formation would yield an alkylammonium 

product [FeC(H)2(NH3)]+/0 (pathway ii). C−N bond cleavage releases NH3 and an iron 

methylidene ([Fe=CH2]+/0). While we have not previously characterized a terminal 

P3
SiFe=CR2 carbene (for R = H or alkyl), cationic, diamagnetic iron methylidenes, 

[CpFe(L2)=CH2]+ (L = phosphine or CO), have been synthesized by O-atom protonation 

of a corresponding methoxymethyl iron complex, followed by C−O bond cleavage.57,58,59 
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Such a scenario is akin to the C−N bond cleavage suggested here. Addition of a further 

2H+/2e−, releases CH4 from [FeCH2]+/0.  

A CH3NH2 selective pathway, (iii)+/0 has also been considered, where the addition of 

H+/e− to the C–atom of [Fe(η2-CH2NH2)]+/0 results in a methylamine adduct, [FeNH2CH3]+/0. 

The latter should readily liberate CH3NH2 upon reduction, as has been demonstrated for the 

ammonia-complex, [P3
SiFeNH3]+.60 

Computational analysis of the intermediates along these three pathways shows that 

C−H bond formation is always thermodynamically favored. Consequently, if the strongest 

bond is always formed, CN− reduction would produce CH3NH2 instead of CH4 and NH3 

(Figure 2.7A; pathway iii). Hence, to account for the observed CH4 and NH3 products, we 

propose the bulky iPr-groups on the P3
Si ligand limit access to the carbyne C-atom and 

thereby kinetically favor  N−H bond formation. This leads to ammonium intermediates 

[FeC(H)x(NH3)]+/0 (x = 1,2) that ultimately liberate NH3 (and then CH4; Figure 2.7A, 

pathway i and ii). This rationalization accommodates the observed mixture of CH3NH2 and 

NH3 observed when using (PhBPiPr
3)FeBr as a catalyst instead of [Fe] (Table 1, entry 10); 

the 4-coordinate Fe center in (PhBPiPr
3)FeBr affords a more accessible carbyne 

intermediate C-atom.61 Accordingly, the rate of C−H bond formation can compete with 

N−H bond formation and CH3NH2 is an observable product. Relatedly, we suspect that the 

increased steric bulk at N in [FeCNMe2] slows the rate of N−H bond formation, leading to 

the observed product distribution (2:1 Me3N:Me2NH).  
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Figure 2.7. Mechanism of C−N bond cleavage and comparison to N−N bond cleavage. (A) 
Plausible pathways i – iii for C−N bond cleavage via step g in Scheme 1 for CN− reduction 
by the P3

SiFe-system, attempting to rationalize selectivity, with associated thermodynamic 
data for stepwise e–/H+ transfers en route to product, with values for both cationic (+) and 
neutral (0) species. Pathway ii0 is our favored pathway. (B) Comparison with N−N bond 
cleavage in Fe-mediated N2R by the P3

BFe-system, accounting for NH3 versus N2H4 
selectivity.29,50 (C) Comparison of N−N and C−N bond strengths in N2 and HCN and their 
further reduced derivatives.62  
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With these considerations, we next compare the NH3/CH4 selective pathways (i and 

ii). We favor pathway (ii)0 as a pathway involving exothermic and mildly endergonic steps, 

with C−N bond cleavage occurring from [FeCH2NH3]0. Considering pathways (i)+/0, they 

feature highly endergonic N−H bond formation steps (+22 and + 20 kcal mol−1, 

respectively). As this step is followed by exothermic C−N bond cleavage and reductive 

protonation of the resulting methylidyne, pathways (i)+/0
 may nevertheless be kinetically 

competent.63 Path (ii)+ features downhill or mildly endergonic steps. We nevertheless 

disfavor this pathway (compared to (ii)0) due to the high favorability of the diamagnetic 

[Fe(η2-CH2NH2)]+ (−20 kcal mol−1 compared to [Fe(η1-CH2NH2)]+), with subsequent H• 

addition at C rather than N being very exothermic from [Fe(η2-CH2NH2)]+.  

Our favored path (ii)0 points to a selectivity determining step at the addition of a 

(net) H• to [Fe(η1-CH2NH2)]0; the latter constitutes a 4H+/4e− intermediate of [FeCN] 

reduction. By contrast, the proposed selectivity determining intermediate during N2R is 

[FeNNH2], a 2H+/2e− intermediate (Figure 2.7B). Compared to isolobal N≡N, C≡N− 

requires a greater degree of reduction before C−N bond cleavage can occur. This is 

consistent with the respective C−N and N−N sigma bond strengths: while their triple bond 

strengths are similar, the bond weakening upon decrease in bond order is much greater for 

N2 (Figure 2.7C).62 

In addition to the high selectivity for CH4 and NH3, CN− reduction of [FeCN] has 

high C1 selectivity compared to other Fe-catalysts. When considering the origin of this 

selectivity, it is worth noting that the addition of multiple cyanide ligands bound to Fe has 

not been observed during catalysis or chemical experiments. This might be critical for the 

high selectivity for C1 products. The precedent for C‒C coupling of CO or CNR ligands at 

mononuclear metal sites requires two of these ligands bound to the metal prior to coupling. 

64,65,66,67 The sterically encumbered, four-coordinate P3
Si-ligand hinders the facile addition 

of multiple equivalents of CN−, maintaining the trigonal bipyramidal geometry during 

catalysis.68 We propose that this results in the high yields for C1 products. Accordingly, the 

more flexible (P3
B)Fe-platform14,55 and the less encumbered (PhBPiPr

3)Fe-platform61 both 

have high C2/C1 ratios (0.16 and 0.11, respectively) compared to [FeCN] (0.02). Relatedly, 
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a previously synthesized and stable compound, (PhBPiPr
3)Fe(CNR)2, demonstrates that 

(PhBPiPr
3)Fe could accommodate two CN− ligands (or further protonated derivatives) in a 

5-coordinate structure, likely needed for C2 product formation.69 

Finally, it is interesting to compare the strength of the reductant used herein for the 

CN− reduction ((C6H6)2Cr; E °= −1.2 V), with a common reductant used for N2R via related 

iron catalysts Cp*2Co (E° = −1.9 V). Proposed pathways for catalysis require a turnover 

limiting potential (E° ≈ −2.0 V) that generates an FeN2
− species before protonation (to 

generate FeN2H) can occur, necessitating reductants as strong as Cp*2Co.38,40,70 

By contrast, the basicity of the CN− ligand enables protonation of [FeCN] prior to 

an ET step.25,36 Consequently, the turnover limiting potential is that of [FeCNH]+/0 (E(FeII/I)  

= ‒1.3 V), not [FeCN]0/– (E(FeII/I) = ‒2.1 V), allowing the use of a comparatively mild 

reductant like (C6H6)2Cr. If initial protonation, or PCET, occurs before any independent ET 

steps, the turnover limiting potential for catalysis can be significantly less reducing. Indeed, 

Schrock’s original triamidoamine Mo-N2 catalyst system is thought to proceed via an initial 

PT step, and it is compatible with correspondingly milder reductants (e.g., Cp*2Cr) for 

turnover.15,71,72 

 

2.4 Conclusions 

In conclusion, we have described the catalytic reductive protonation of CN− to 

primarily NH3 and CH4, by a mononuclear Fe-complex, with selectivities comparable to 

those observed for CN− reduction by nitrogenase. We also report mechanistic studies that 

show terminal iron aminocarbynes (FeCNH2) intermediates, which are structurally similar 

to iron hydrazido intermediates (FeNNH2) of Fe-mediated N2R, as on-path in the CN− 

reduction cycle. Experimental and computational studies suggest that these aminocarbynes 

undergo further C−H bond formation(s)  prior to C−N bond cleavage, resulting in the 

selectivity observed, in contrast to iron hydrazidos during N2R. Via this study, a terminal 

transition metal carbyne is hence invoked as a critical intermediate in the catalytic reductive 

protonation of a robust small molecule (CN–). 
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C h a p t e r  3  

Reversible, equilibrium interconversion of an iron cyanide and an iron aminocarbyne 

via an H-bond mediated proton-coupled electron transfer 
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3.1 Introduction 

The storage of chemical energy as solar fuels has motivated the development of 

proton-coupled reductions of small molecules at ambient conditions and low applied 

overpotential.1,2 This effort requires catalysts that lower the kinetic barriers and level the 

energy between intermediates , as well as strategies to deliver multiple H+/e−.3 

Considerable progress has been made towards the reversible interconversion of  2H+/2e− 

energy carriers (e.g., H+/H2, CO2/HCO2H, CO2/CO, O2/H2O2) with molecular,4,5,6,7,8,9 

heterogeneous10,11  and enzymatic examples.12,13,14,15 By contrast, examples of the deep (> 

2 e−) reductions of small molecule triple bonds, N2 or CO,16,17,18,19,20,21,22,23
 which would 

yield desirable energy carriers, like NH3 or CH3OH, require a considerable thermodynamic 

driving force at ambient conditions. Likewise, the corresponding oxidation reactions, 

ammonia and methanol oxidation requires a large driving force.24,25,2627,28,29,30 The lowest 

driving force conditions reported for N2 reduction to NH3 (Nitrogen reduction, N2R) and 

oxidation of NH3 to N2 (ammonia oxidation, AO) occur at an overpotential of ~80 kcal 

mol-1 per equiv N2 (Scheme 3.1).18,26 

 

Scheme 3.1. Lowest overpotential catalytic N2R and AO with molecular complexes 
reported to date.18,26  

As a complementary approach to the study of these catalytic reactions, the 

development and characterization of systems that can undergo multiple reversible H+/e− 
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transfers during triple bond activation might aid the development of new strategies for 

efficient small molecule reduction. Pioneering studies by Meyer and coworkers have 

demonstrated multiproton-and-electron reversible interconversions of transition metal 

oxos with the corresponding aquo complexes.31,32 However, examples of reversible 

reduction of transition metal activated small molecule triple bonds are limited to the 

2H+/2e− reduction of Os-bound MeC≡N to the corresponding imine (Figure 3.1).33 The 

bidirectional 2H+/2e− interconversion of a tungsten cyanide complex (W(CN)) and the 

corresponding aminocarbyne (W(CNH2)) (Figure 3.1), provides another notable example 

of triple bond activation.34 However, this reaction does not occur at equilibrium, requiring 

a ΔE > 1 V between the oxidative and reductive reactions.  

 

Figure 3.1. Background on reversible small molecule activation and CN− reduction as 
context for this study.23,33,34,36 

Our laboratory recently reported conditions for the catalytic, 7 H+/6 e− reduction of 

[TBA][CN] to CH4 and NH3 at a mononuclear iron tris(phosphino)sylil platform, P3
SiFe 

(abbreviated as [Fe] throughout this report), using (C6H6)2Cr and [Ph2NH2]OTf as e− and H+ 
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source, respectively (Figure 3.1, middle).23 In this study, the 2H+/2e− reduction product of 

the [Fe−C≡N] precatalyst,35 a terminal iron aminocarbyne [Fe≡C−NH2], was observed as a 

catalytic intermediate (Figure 3.1, middle). Aminocarbyne formation occurred at a mild 

thermodynamic overpotential36 and despite weak N−H bonds (Figure 3.1) the aminocarbyne 

was stable at low temperature (−80 ℃). The close BDFE matches of the species (Figure 3.2) 

indicate an energy match between [FeCN], [FeCNH] and [FeCNH2]. These attributes 

suggested the 2H+/2e− equilibration of [FeCN]↔[FeCNH2] might be observable and could 

provide an interesting point of comparison for early N−H bond formation in N2R (nitrogen 

reduction).36,37  

Reversible interconversion of [FeCN]↔[FeCNH2], would require reagents that can 

approach both the reductive ([FeCN]→[FeCNH2]) and oxidative ([FeCNH2]→[FeCN]) 

proton-coupled redox reactions at minimal driving force. In the catalytic conditions, 

reduction of [FeCN] (pKa 5.6, all pKa’s in THF, Figure 3.2) occurred via initial proton 

transfer (PT) to [FeCN] by the strong acid [Ph2NH2]OTf (pKa 3.2).23,36 However, as proton-

coupled oxidation of [FeCNH2] would require a base capable of deprotonating [FeCNH2]+ 

(the related methylated analogue [FeCN(H)Me]+ has pKa 7.1), we initially sought alternative 

strategies to reduce [FeCN] utilizing weaker acids.  

 

Figure 3.2. Pertinent thermochemical measurements for [FeCN], [FeCNH(Me)] (as a 
model for [FeCNH2]), and relevant intermediates. Values are measured in THF at 25 ℃.36 
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Noting that H-bonding to terminal cyanide ligands is well-established,38 and H-

bonds, in turn, can facilitate multisite-proton coupled electron transfers (MS-PCET),39 

pathways with lower enthalpic barriers than stepwise alternatives,40,41,42 we targeted such a 

strategy for [FeCN] reduction.  

BDFEୣ୤୤ = 23.06 𝐸° + 1.37 p𝐾௔ +  𝐶ୋ (eqn 3.1) 

∆𝐺 = 2 BDFEୣ୤୤ − (BDFE୒ିୌ,ଵ + BDFE୒ିୌ,ଶ) (eqn 3.2) 

MS-PCET strategies also allow ready tuning of the thermodynamic driving force by 

decoupling acid/base and reductant/oxidant pairs.39,40 The combined reagent strength can be 

estimated using the effective bond dissociation free energy (BDFEeff; eqn 3.1), a measure of 

the net thermodynamic H-atom donor ability of a reagent pair, with inputs 

E(reductant/oxidant), pKa(acid/base), and a solvent and temperature dependent constant CG, 

which is 59.9 kcal mol‒1 in THF at 25 ℃.43,44 Comparing the BDFEeff to the BDFEN−H of 

[FeCN−H] (38 kcal mol-1) and [FeCN(Me)−H] (40 kcal mol‒1; an analogue of [FeCNH2]) 

allows for an estimate of driving force (ΔG; eqn 3.2) for [FeCNH2] formation, and a helpful 

metric for choosing reagents that might allow an equilibrium reaction. Using these principles, 

we develop the rapid equilibrium 2H+/2e− interconversion between [FeCN] and [FeCNH2] 

(Figure 3.1, bottom).  

 

3.2 Results 

3.2.1 Characterization and reduction of H-bonded adduct to [FeCN] 

To target H-bond formation between [FeCN] and acid, we wanted to remove 

competitive Brönsted basic sites in solution (e.g., solvent, counteranion), thereby favoring 

acid coordination to NCN.45  

The addition of [PhNH3]BArF
4 (pKa 8.0)46 to [FeCN] in Et2O at −80 ℃ resulted in a 

color change from red to purple. This color change can be monitored by UV-vis with the 

diagnostic d-d transition of [FeCN] (absorption maxima: 530 nm, 909 nm, Figure B.1) 

shifting slightly (new maxima: 550 nm and 895 nm), but less than upon the full protonation 
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to [FeCNH]BArF
4 (absorption maxima: 600 nm and 790 nm). 57Fe Mössbauer of the frozen 

mixture of [57FeCN] + 2.5 equiv [PhNH3]BArF
4 showed a single new species with Mössbauer 

parameters δ = 0.44 mm s-1 and ΔEQ = 2.06 mm s-1 (Figure 3.3), similar, but distinctly shifted 

from starting material, [57FeCN] (δ = 0.44 mm s-1 and ΔEQ = 1.77 mm s-1). IR data shows a 

slight shift in νC≡N upon adding acid (2075 cm−1, compared to 2082 cm−1 in the absence of 

acid), consistent with slight activation of the CN− ligand. These data together support the 

formation of an H-bonded adduct, [FeCN…HNH2Ph]BArF
4.  

With this H-bonded complex in hand, we explored its reductive chemistry. The 

addition of 2.5 equiv Cp*2Cr (E(CrIII/II)=−1.47 V)47 to a solution of [FeCN] and 2.5 equiv 

[PhNH3]BArF
4 at −80 ℃ in Et2O was monitored by UV-vis and rapid consumption (τ1/2 <10 

s) of [FeCN…HNH2Ph]+ was observed, with a new shoulder growing in at 590 nm, consistent 

with the formation of  [FeCNH2] (Figure B.13). As we have previously observed, the 

aminocarbyne is stable at −80 ℃, but under these conditions, upon warming to 0 ℃, it decays 

to reform [FeCN]. Monitoring this reaction by 57Fe Mössbauer spectroscopy confirmed the 

formation of [FeCNH2] with the parameters δ = 0.04 mm s-1 and ΔEQ = 0.98 mm s-1, 

diagnostic for the aminocarbyne (Figure 3.3).23  

 

Figure 3.3. 57Fe Mössbauer spectra of selected reactions of [FeCN] with acid and 
reductant.48 
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Interestingly, the first N−H bond formation, converting [FeCN] to [FeCN−H], cannot 

be (readily) accounted for via stepwise proton and electron transfers, as [PhNH3]+ is not 

acidic enough to protonate [FeCN] and Cp*2Cr does not reduce [FeCN] (Figure 3.2). Along 

with the observed H-bonded complex, these observations align with our initially posited MS-

PCET reaction, although kinetic studies (vide infra) provided more reliable evidence of this 

mechanism. 

This reagent combination is competent for reducing [FeCN] to release NH3: reacting 

[FeC15N] with 20 equiv Cp*2Cr and 20 equiv [PhNH3]OTf yields 15NH3 (0.2 equiv NH3/Fe). 

However, these yields are much lower than for the reduction of [FeCN] by the catalytic 

reagents [Ph2NH2]OTf and (C6H6)2Cr (0.75 equiv NH3/Fe). 23 

Table 3.1. Comparison of reagent strengths and the observation of aminocarbyne 
formation. 

 

3.2.3 Thermodynamics of aminocarbyne formation 

With the rapid reduction of [FeCN] to [FeCNH2] established, we used eqn 3.1 and 

3.2 to assess reaction thermodynamics. For the combination Cp*2Cr (E(CrIII/II) = ‒1.47 V)23 

and [PhNH3]+ (pKa 8.0)46 the BDFEeff = 37 kcal mol‒1, giving ΔG = ‒5 kcal mol‒1 (Table 

3.1). Reductions with either slightly weaker acid or reductant would shift ΔG towards 0. 
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 Accordingly, reacting [57FeCN] with 3 equiv [LutH]BArF
4 (Lut = 2,6-

dimethylpyridine; pKa 9.5)46 followed by 3 equiv Cp*2Cr in Et2O at −80 ℃, freeze-

quenching and analyzing by 57Fe Mössbauer spectroscopy revealed two major species 

formed in about a 1:1 ratio, assigned as [FeCNH2], and [FeCN…HLut]+ (Figure 3.3 and Table 

3.1). The observation of unconsumed starting material is consistent with this reaction's small, 

estimated driving force (ΔG = −1 kcal mol−1; Table 3.1).49 Alternatively, the reaction of  

[57FeCN] with 7 equiv Cp2Co (cobaltocene; E(CoIII/II)=‒1.33 V)23  and 7 equiv 

[PhNH3]BArF
4 at −80℃ similarly analyzed by 57Fe Mössbauer also shows a mixture of 

[FeCNH2] and [FeCN…HNH2Ph]+ (Figure 3.3 and Table 3.1; ΔG = +2 kcal mol-1).50  

As expected, when the BDFEeff is increased further using either Cp*2Cr/[Et3-

NH]BArF
4 (ΔG = +11 kcal mol-1, Table 3.1 and Figure B.18) or Cp2Co/[LutH]BArF

4 (ΔG = 

+6 kcal mol-1, Table 3.1 and B.14) no reduction of [FeCN] was observed by UV-vis. 

 

3.2.3 Establishing reversibility 

 

Figure 3.4. Reversible interconversion of iron cyanide and iron aminocarbyne. (Top) UV-
vis titration of [Cp*2Cr]BArF

4 (4.5 mM) into 1.5 mM  [FeCNH2] with Lut (4.5 mM), at 
−80℃ in THF. (Bottom) UV-vis titration of Cp*2Cr (4.5 mM) into 1.5 mM  [FeCN] with 
[LutH]BArF

4 (4.5 mM) at −80℃ in THF.  
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Having demonstrated that the 2H+/2e− reduction of [FeCN] to [FeCNH2] can occur 

at ΔG ≈ 0, we attempted the reverse, proton-coupled aminocarbyne oxidation to confirm a 

bidirectional reaction. We have previously developed the in situ synthesis of [FeCNH2] with 

[K]BArF
4 via the low temperature (−80℃) double protonation of generated [FeCN]K2 (see 

appendix section B.2.2 for details).23 Generation of [FeCNH2] in this fashion in THF,51 

followed by addition of Lut (3 equiv), and finally the titration of [Cp*2Cr]BArF
4 (0 to 3 

equiv), we observed the growth of a feature around 900 nm associated with formation of 

[FeCN…H−Lut]BArF
4, demonstrating the oxidation of [FeCNH2] →[FeCN] (Figure 3.4, left 

panel). However, only partial oxidation is observed, consistent with a reaction close to 

equilibrium. The isosbestic point at about 790 nm indicates a clean transformation. To 

confirm that this reaction was occurring at equilibrium, we also assessed the reductive 

reaction under identical conditions. Cp*2Cr was titrated into a mixture of [FeCN] and 3 equiv 

[LutH]BArF
4 in THF at – 80 ℃, observing now a partial bleaching of the diagnostic feature 

at 900 nm and an isosbestic point at 790 nm (Figure 3.4, right panel).  

Both the oxidative and reductive titrations establish mixtures of [FeCN] and 

[FeCNH2], consistent with the ΔG ~0 for the [LutH]BArF
4/Cp*2Cr reagent pair. This 

confirms this reaction as a 2H+/2e− reversible equilibrium. 
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3.2.4 Exploring a wider range of reagent strengths 

 

Figure 3.5. Pourbaix diagram for reaction of 2 equiv reductant and acid with [FeCN]. 
Markers show observed products, while lines indicate predicted products based on the 
previously measured thermochemistry.  

With equilibrium reversibility between [FeCN] and [FeCNH2] established, we next 

explored the reduction of [FeCN] over a wider range of acid and reductant strengths by UV-

vis spectroscopy. To solutions of [FeCN] at −80℃ in Et2O, acids (pKa 3.2 – 21) and 

reductants (E°red = −1.22 V to −1.96 V) of varying strength were added. Over this range, we 

observed a variety of [FeCN] reduction products, which can be plotted against the reagent 

strengths as a Pourbaix diagram (Figure 3.5). In short, our previously measured 

thermochemistry accurately predicts the observed products, albeit with some interesting 

deviations (vide infra). 

Using strong acids and relatively weak reductants, such as [Ph2NH2]BArF
4/(C6H6)2Cr 

or Cp2Cr (E(CrIII/II)=−1.11 V), the cationic aminocarbyne, [FeCNH2]BArF
4, is the major 

product. This is in line with our previous report, where only upon addition of a larger excess 

of (C6H6)2Cr is the [FeCNH2]+/0 reduction accessed.23 Neither of these reductants are of 

sufficient strength to reduce [FeCNH]+ (E(FeII/III) =−1.27 V, Figure 3.2), however, the 
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presence of excess [Ph2NH2]BArF
4 should give rapid protonation of in situ formed 

[FeCNH]0, driving product formation towards [FeCNH2]+, the favored product.  

As stronger reductants and weaker acids are used, [FeCNH2] becomes the favored 

product and varying the acid pKa from 8.0-15.4, if paired with a reductant of sufficient 

strength such that BDFEeff ≈ 39 kcal mol−1 an equilibrium of [FeCN]↔[FeCNH2] is 

established. The relationship between reagent strength and products is consistent, with 59.4 

mV/ΔpKa expected for a 2H+/2e− transfer. Notably, despite these thermochemical 

measurements being made in THF at 25 ℃, the values reasonably accurately predict 

reactivity in Et2O at –80 ℃. Considering that reagent strengths are often measured at 25 ℃, 

while many reactions, such as Fe-based N2R, are performed at lower temperatures17,52 these 

results demonstrate that room temperature thermochemical values can still accurately predict 

reaction products.  

 

Figure 3.6. Formation of [FeICN][HTBD]. (Left) EPR spectra of [FeICN][HTBD] and 
[FeICN][HTMG] with reference complexes [FeICN][Na(12-c-4)2] and [FeICNMe]0. 
(Right) Solid-state structure of [FeCN][HTBD] with thermal ellipsoids displayed at 50% 
probability, H-atoms except H-bonding protons omitted for clarity.  

Our previous thermochemical measurements do not predict the reactivity of [FeCN] 

with weak acids (pKa >18) and strong reductants (E(red+/0) ~ −2.0 V). Reacting [FeCN] with 
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Cp*2Co (decamethylcobaltocene; E(CoIII/II) = −1.96 V)52 and [TBDH]BArF
4 (TBD = 

Triazabicyclodecene, pKa 21)46 results in partial consumption of starting material (Figure 

B.24), despite the thermochemical measurements suggesting no reaction should occur (ΔG 

= +9 kcal mol−1). Analysis by continuous wave-EPR (cw-EPR) demonstrates that the product 

is not [FeCNH2] but a new S = ½ species. The freeze-quenched reaction of [FeCN] with 

Cp*2Co and [TBDH]BArF
4 generates a spectrum similar to [FeCN][Na(12-c-4)2].35 

However, a slight shift in g∥ (g∥ = 2.23 compared to g∥ = 2.21 for [FeCN][Na(12-c-4)2], 

Figure 3.6A) is observed, suggesting mild activation of the CN− ligand. This degree of 

activation is much less than for the previously characterized bona fide iron isocyanide 

[FeCNMe].36  

We posited that these observations could be attributed to the formation of H-bonded 

adduct to [FeCN]− ([FeICN…HTBD]0), resulting in a slightly activated CN− ligand, which 

also shifts the E°(FeI/II, such that more FeI is observed. This assignment was confirmed by 

independent synthesis of the adduct [FeICN…HTBD]0 via the low-temperature addition of 

[TBDH]OTf to [FeCN][Na(12-c-4)2], which allowed crystallization and analysis by XRD 

(Figure 3.6B). Particularly diagnostic was the C−N bond length of this new adduct (1.172 

Å), which is much closer to [FeCN][Na(12-c-4)2] (1.170 Å)35  than [FeCNMe] (1.186 Å).36 

The short distance between NCN and NTBD (2.94 and 2.86 Å) is consistent with an H-bond 

interaction between the acid and [FeCN]−.53 This complex also displays an activated νC≡N 

(1978 cm-1 compared to 2014 cm-1 for [FeCN][Na(12-c-4)2]). 

[TMGH]BArF
4, which should establish an equilibrium mixture of 

[FeCN]↔[FeCNH2] (ΔG = +0.6 kcal mol−1), instead also generates a similar cw-EPR 

spectrum (Figure 3.6A), with a slightly shifted g∥, suggesting that this reduced H-bonded 

adduct can also be favored over full N−H bond formation. 

 

3.2.5 Probing electrochemical reversibility 

Given the precedent for electrochemically reversible multiproton-and-electron 

activations we were motivated to explore electrochemical reductions of [FeCN] as well. The 

cyclic voltammogram (CV, Figure 3.7, blue trace) of [FeCN] (1 mM) in 0.2 M [TBA]PF6 in 
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THF displays to two reversible redox couples, an oxidative E(FeII/III) = −0.38 V and a 

reductive feature E(FeI/II) = −2.07 V.35 Upon the addition of [PhNH3]OTf (pKa 8.0; 5 to 20 

equiv, Figure 3.7 red trace and Figure B.64), the reductive peak shifts to E = −1.31 V. The 

charge passed in this new couple is about ~ 2x that of [FeCN]+/0 or [FeCN]0/− couples, 

consistent with a 2e− redox reaction. This transformation occurs at BDFEeff = 40 kcal mol-1, 

similar to BDFEN−H, ave. As expected for an electrochemical H+/e− transfer the redox couple 

is sensitive to the addition of base, shifting cathodically when increasing the amount of 

[PhNH2] (Appendix B). These observations are all consistent with the 2 e− reduction 

expected for the interconversion of [FeCN]/[FeCNH2].  

 

Figure 3.7. Cyclic voltammogram of [FeCN] 1 mM (blue trace) with 20 equiv 
[PhNH3]OTf (red trace) or [4-Cl-2,6-MepyrH]OTf (yellow trace) added. All voltammograms 
collected in in 0.2 M [TBA][PF6] in THF at 100 mV s-1 scan rate.  

Unlike the chemical reductions which can be described by simple thermodynamic 

equations (eqn 3.1 and 3.2) over a large pKa/Ered range, the electrochemical reduction of 

[FeCN] is highly sensitive to acid choice (Figure B.63). As an example, addition of 20 equiv 

[4-Cl-2,6-MepyrH]OTf (pKa 8.0, Figure 3.7, yellow trace) to [FeCN] , despite having the same 

pKa as [PhNH3]+, does not yield a fully reversible 2 e− couple by CV.  We note that these 
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electrochemical measurements are conducted at 25 °C in a more coordinating solvent in the 

presence of  electrolyte, all factors that should disfavor H-bond formation. Hypothesizing 

that this might contribute to the lack of reversibility with [4-Cl-2,6-MepyrH]OTf we measured 

the KH-bond (eqn 3.3) with [PhNH3]OTf and [4-Cl-2,6-MepyrH]OTf in THF at 25 °C with 0.2 M 

[TBA][PF6] to reveal a stronger KH-bond with [PhNH3]+ (KH-bond(PhNH3
+) =  60 ± 10 M-1; KH-

bond(4-Cl-2,6-MepyrH+) = 20 ± 5 M-1).  

 

𝐾ୌିୠ୭୬ (HA) =
[FeCN…HA(OTf)]

[FeCN][HA(OTf)]
    (eqn 3.3) 

 

Consistent with this weaker H-bonding pre-equilibrium, the cyclic voltammogram of 

[FeCN] in the presence of [4-Cl-2,6-MepyrH]OTf approaches reversibility as the acid loading is 

increased further (Figure B.67). 

3.2.6 Kinetics of [FeCN] reduction  

Finally, we wanted to study the mechanism of reduction of [FeCN] to [FeCNH2] with 

intermediate strength acid/reductant, such as the initially described Cp*2Cr/[PhNH3]BArF
4 

combination.54 As previously noted, [FeCN] reduction with these reagents is rapid at −80 ℃. 

To slow the reaction rate, we switched the solvent to a eutectic mixture of 4:1 2-

MeTHF:THF, which has a freezing point of −160 ℃ and sufficient viscosity at −145 ℃ to 

study this transformation.55 Under these conditions, we found that Cp*2Cr is insufficiently 

soluble for kinetic studies; we therefore turned to a more soluble reductant of comparable 

strength, EtCp2Co (1,1-diethylcobaltocene; E(CoIII/II) = −1.45 V; Figure B.69). The addition 

of EtCp2Co in pseudo-first order excess via syringe to a solution of [FeCN] (1.2 mM) and 

[PhNH3]BArF
4 (3.6 mM) showed complete consumption of the diagnostic [FeCN] peak at 

895 nm within 120 s (Figure 3.8A). Plotting of ln(abs895) vs time demonstrated this reaction 

to be first order in [FeCN] (Figure 3.8B), and use of [PhND3]BArF
4 showed a small, normal 

kinetic isotope effect (KIE)  of 1.4±0.1.  
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Figure 3.8. Kinetic data for reaction of [FeCN] with [PhNH3]BArF

4 and EtCp2Co. All data 
presented collected at -145 ℃ in 4:1 2-MeTHF:THF (A) [FeCN…HNH2Ph]BArF

4 (red 
trace) is reduced upon addition of EtCp2Co (Grey traces every 2 seconds, blue trace after 
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120 s). (B) Plot of log(Abs[FeCN]) against time using either [PhNH3]BArF
4 (Blue trace) or 

[PhND3]BArF
4 (Red trace) with 1.2 mM [FeCN] and 25 equiv EtCp2Co. (C) kobs for 1st order 

decay of [FeCN…HNH2Ph]BArF
4 upon addition of [EtCp2Co] plotted against [EtCp2Co]. (D) 

k2nd plotted against starting [FeCN] concentration. The ratio of [PhNH3]BArF
4:[FeCN] was 

kept constant (at 3). (E) k2nd plotted against [FeCN] to [PhNH3]BArF
4 ratio. Error bars for 

the 1st data point in plots (E) and (F) represent errors for the 2nd order rate constant 
determined from the slope in (C).  

The pseudo-first order rate constant showed dependence on the reductant 

concentration, but not [FeCN] or the [PhNH3]BArF
4:[FeCN] ratio (Figure 3.8C-E and Figure 

3.9A) consistent with a rate law = k2[EtCp2Co][FeCN], where k2 =1.17±0.07 M-1 s-1. A 

mechanistic model consistent with these observations is the 1st reduction event being rate 

limiting with partial proton transfer also occurring in this rate-limiting step (Figure 3.9B). 

However, since the reaction is independent [PhNH3]BArF
4:[FeCN] ratio, this would require 

a pre-association of the acid and [FeCN], e.g., through H-bond formation. This supports an 

H-bond mediated MS-PCET to form the 1st N−H bond as the rate-limiting step of 

aminocarbyne formation (Figure 3.9B).  

As the 1st N−H bond formation is the rate-limiting step, it is difficult to study the 

mechanism of the 2nd N−H bond formation. Nonetheless, two mechanisms seem plausible, 

likely depending on the specific reagent combinations (Figure 3.9C). For combinations of 

strong acids and weak reductants (e.g., [PhNH3]BArF
4/EtCp2Co), we would expect a PT-ET 

mechanism to form the 2nd N−H bond, with [FeCNH] being rapidly protonated to give 

[FeCNH2]+, which can be reduced to [FeCNH2]. The acidity of [FeCN(H)Me]+ (pKa 7.1) 

provides a useful guide as to what acids might access this protonation. However, reagent 

combinations utilizing weak acids and strong reductants to form [FeCNH2] (e.g., 

[pyrrH]BArF
4/(Me4Cp)2Co; pyrr = pyrrolidine, Me4Cp = tetramethylcyclopentadienyl), this 2nd 

protonation should not be accessible, nor should reduction of the intermediate [FeCNH] to 

[FeCNH]− (Figure 3.2).56 Instead, we propose the disproportionation of in situ formed 

[FeCNH] to yield 0.5 equiv [FeCN] and 0.5 equiv [FeCNH2], similar to what we have 

previously observed for [FeNN−H].36 Accordingly, attempts to generate [FeCNH]0 in 

solution via reduction of [FeCNH]+, protonation of [FeCN]− or deprotonation of [FeCNH2]+ 

rapidly converge to 1:1 mixtures of [FeCN]:[FeCNH2] (see appendix section B.2.3). 
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Figure 3.9. Summary of kinetic studies and proposed mechanism of 1st and 2nd N−H bond 
formations. 

3.3 Discussion 

Reversibility can be observed in the chemical and electrochemical reduction of 

[FeCN] to [FeCNH2] (Figure 3.10). This contrast the reduction of transition metal dinitrogen 

complexes (M−N≡N) to the corresponding hydrazidos (M=N−NH2), where the overpotential 

is limited by formation of the diazenido complex (M=N=NH). Equilibrating over multiple 

early intermediates would allow for lower overpotential for N2R (and perhaps other small 

molecule reductions), motivating an analysis of the factors allowing for reversibility 

interconversion between [FeCN] and [FeCNH2]. 
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Figure 3.10. Energy diagram for reduction of [FeCN] to [FeCNH2]. 

Two attributes of the [FeCNHx] platform appear critical: small kinetic barriers for the 

N−H bond formation (Figure 3.10, ΔG‡) and energy leveling (ΔGINT) of the intermediate 

[FeCNH] and the starting material ([FeCN]) and product ([FeCNH2]). The small kinetic 

barriers, which we attribute, at least for the 1st (and limiting) N−H bond formation, to the 

MS-PCET mechanism facilitated by the initial H-bond formation.42 As noted for many MS-

PCET reactions, the H-bond removes the entropic barrier of associated with the termolecular 

rate-limiting step.39,40 The importance of this H-bond is readily apparent in our 

electrochemical studies, where formation of the H-bond pre-complex appears to be a 

requirement for achieving reversible transformations under electrochemical conditions.  

While the design of reagents for efficient transfer of H+/e− to substrates is by no 

means trivial, strategies, particularly the tethering of H+ and e− donors,42,43,57,58,59,60,61 have 

been detailed and demonstrated in many applications including N2R.62,63 By contrast, 

strategies for energy leveling (lowering ΔGINT) between early intermediates of deep 

proton-coupled reductions are less well-defined, meriting further discussion. Early N−H 

bond formation during N2R catalyzed by P3
BFe (P3

B = trisphosphinoborane ligand) 

specifically the conversion of the neutral dinitrogen complex (P3
BFe−N≡N) to the neutral 

hydrazido (P3
BFe=N−NH2) provides a useful case study. The products and intermediates 

of this reaction should have the same spin states as the conversion of [FeCN] to [FeCNH2]. 

However, the 1 H+/ 1 e− intermediate, the iron diazenido (P3
BFeNNH), has a notably weaker 

N−H bond (BDFEN−H = 27 kcal mol−1) than the 2H+/2e− product P3
BFeNNH2 (BDFEN−H = 

38 kcal mol−1), resulting in a large ΔGINT.64 Equilibration would require stabilizing the iron 

diazenido with respect to the terminal dinitrogen adduct and neutral hydrazido.  

Several reports demonstrate that transition metal diazenidos can be stabilized by 

the addition of Lewis acids.65,66,67,68 However, these interactions are too strong and have 

yielded persistent Lewis acid-stabilized diazenido species, not lower overpotentials for 



70 

 

N2R (Figure 3.11A and B). To achieve lower overpotential N2R we emphasize that the 

effect of a Lewis acid on the whole sequence P3
BFeNN, P3

BFeNNH and P3
BFeNNH2 must 

be considered.  

 
Figure 3.11. Proposed energy diagrams for early steps of N2R with intermediate (A) and 
strong (B) Lewis acids. For simplicity the transfer of H+/e− from an X−H donor is depicted. 
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To guide this analysis we employed the empirical ECW model of Lewis acid-base 

pair interactions (eqn 3.4), which estimates Lewis adduct enthalpies from EA/B 

(electrostatic) and CA/B (covalent) parameters, providing a useful way to classify Lewis 

bases both in strength and hardness/softness.69,70 This also allows us to estimate the bond 

strengths of intermediates across a range of Lewis acids (see Table B.8). The 

computationally estimated EB and CB parameters for P3
BFe(N2), P3

BFe(NNH) and 

P3
BFe(NNH2), show CB values close to 0, but larger EB values of 0.8, 2.7 and 2.1, 

respectively. These EB suggest that the iron diazenido is the strongest Lewis base, allowing 

for it to be stabilized relative to P3
BFe(NN) and P3

BFe(NNH2). It also provides a guide for 

what Lewis acids are of an appropriate strength, with Zn(NTMS2)2 and BMe3 being two 

possible candidates (Figure 3.11C). 

Interestingly, comparing these computationally derived ECW parameters to other 

Lewis bases we find that both the diazenido and hydrazido resemble carbonyls (see Figure 

B.71). Lanthanide reductants, like SmI2, have long been known to provide excellent 

selectivity for carbonyl-cross couplings via inner-sphere reduction.71,72 It is therefore 

perhaps not surprising that lanthanide reductants have found significant utility in molecular 

N2R in recent years as well.63,73,74 Further tailoring these reagents might allow targeted 

energy-leveling and ultimately allow more efficient N2R. Experiments to validate these 

hypotheses are underway. 
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C h a p t e r  4  

Catalytic transfer hydrogenation of N2 to NH3 via a photoredox catalysis strategy 

Adapted from: 

Johansen, C. M.†; Boyd, E. A.†; Peters, J. C. Sci. Adv. 2022. 8, eade3510. DOI: 

10.1126/sciadv.ade3510. 
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4.1 Introduction 

Multi-electron reductive transformations of small molecule substrates (e.g., N2, 

CO2, NO3
−) are challenging to mediate in homogeneous catalysis and most typically 

require considerable energy input via harsh chemical reagents and/or conditions to be 

driven forward. The nitrogen reduction reaction (N2RR) offers a case in point; substantial 

progress has now been made in molecular catalyst design but significant overpotentials are 

generally needed to observe NH3 product.1,2,3 For nitrogen reduction (N2R), kinetic 

challenges also prevail for enzymatic and heterogeneous catalysis that require substantial 

energy inputs, via ATP hydrolysis for the former and high temperature and pressure or 

electrochemical overpotential for the latter,4,5,6 despite a thermally favorable Gibbs free 

energy of formation, ΔGf(NH3) (Figure 4.1A). 

The organometallic catalysis field has pursued photochemical strategies as a means 

of driving small molecule reductions, with considerable success being achieved for CO2 

reduction (CO2R, typically by 2 e–/2 H+) as the target transformation.7,8 Such strategies are 

still challenged by the widespread use of sacrificial donors whose oxidation products are 

not readily recycled. While design schemes are envisaged to someday couple photodriven 

CO2R catalysis with water oxidation, photodriven transfer hydrogenation using a suitable 

precatalyst offers an approach to reductive small molecule catalysis, especially if the net 

H2-donor (H2-carrier; Figure 4.1B) derives from a structure than can be efficiently 

recycled, for example via hydrogenation or electrochemically. 

Reduced Hantzsch esters (HEH2, Figure 4.1B) and chemically related structures 

(e.g., reduced acridine, phenanthridine) have been explored for thermally and 

photochemically driven reductive hydride (H–; NADH-like) and H-atom transfers in 

organic synthesis.9 Moreover, they are highlighted for their chemical (and electrochemical) 

recyclability via net hydrogenation of the spent pyridine-type oxidation product.10,11 

Whereas the types of transformations they participate in are most typically two-electron 

processes, they are also tempting to explore for deeper multi-electron reductions of the type 

pursued in small molecule reductive catalysis. Focusing on N2R,12 we noted that despite 

long known and still debated studies of photocatalytic nitrogen fixation using 
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semiconductors,13,14,15 and photodriven N2R mediated by nitrogenase coupled with 

CdS,16,17 as yet there were no examples of photochemically driven catalytic N2R using 

well-defined molecular systems. Hence, photoinduced N2R via transfer hydrogenation 

from a Hantzsch ester or related donor, which requires the donors to engage in successive 

transfers to mediate a deep 6 e–/6 H+ reduction process, provides an excellent test case of 

this strategy for small molecule substrates. 

 
Figure 4.1. Thermodynamics and strategies for hydrogenation of N2. (A) Thermodynamics 
of hydrogenation of N2 to NH3;1 (B) Schematic of an overall design for light-driven transfer 
hydrogenation of N2; chemical structure of the Hantzsch ester used in this study (HEH2);19 
representative reduction of α-bromo acetophenone;18 (C) Net stoichiometry and estimated 
driving force of transfer hydrogenation from HEH2 to N2 forming NH3; photodriven (blue 
LED) process described in this study, in the absence and presence of a photoredox catalyst. 
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All thermochemical values are given in MeCN at 25 °C with ferrocenium/ferrocene (Fc+/0) 
as reference potential. 

Considering thermodynamic parameters relevant to the aforementioned goals, in its 

ground state the first C–H bond dissociation free energy (BDFEC–H) of HEH2 is 62.3 kcal 

mol–1 in MeCN at 25 °C (all following thermochemical values are defined at these 

conditions), which is not weak enough to bimolecularly liberate H2.18 Photoexcitation of 

HEH2, however, renders an excited state that is highly reducing (Eox for [HEH2]* is ~ –2.6 

V vs Fc+/0; Fc = ferrocene).19,20 Photodriven (blue LED) reduction of α-bromo 

acetophenone to acetophenone by HEH2 illustrates its capacity to deliver an H2 equivalent 

(Figure 4.1B).19 For a dark N2R reaction, we estimate the overpotential for reduction of N2 

by HEH2 to generate NH3 as 1.8 kcal mol–1 ((ΔΔGf(NH3), Figure 4.1C). Using light (blue 

LED), we show herein that it is indeed possible to catalyze photoinduced transfer 

hydrogenation from HEH2 to N2 using Nishibayashi’s molybdenum pre-catalyst (Figure 

4.1C)21 at atmospheric pressure and 23 °C. The inclusion of an Ir-photoredox catalyst 

(Figure 4.1C) within this system, while not necessary for turnover, enhances the yields and 

rates of NH3 generation. 

For our present catalysis system, we noted that a photoreduction step from the 

excited state of HEH2, [HEH2]*, liberates the ground state radical cation HEH2
•+, which is 

a sufficiently strong oxidant (Ered = 0.48 V vs Fc+/0) to be deleterious to N2R.18 We therefore 

reasoned that inclusion of a base to deprotonate HEH2
•+ (pKa ~ −1) would be prudent.18 

However, the presence of a moderate Brønsted acid is typically required for chemically 

driven N2R, suggesting a buffered system might be needed. A collidine/collidinium 

(abbreviated Col/[ColH]+; Col = 2,4,6-trimethylpyridine) mixture was chosen as Col will 

readily deprotonate HEH2
•+ while [ColH]+, with a pKa of 15 in MeCN,22  has been 

previously shown to be compatible with chemically driven N2R using (PNP)MoBr3 as a 

pre-catalyst (PNP = 2,6-bis(di-tert-butylphosphinomethyl)pyridine) with (Cp*)2Co 

(E1/2(CoIII/II) = −1.91 V; Cp* = pentamethylcyclopentadienyl) as the reductant.21,23 
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4.2 Results 

 
Table 4.1. Catalytic yields for photodriven transfer hydrogenation of N2 to NH3, NO3

– to 
NH3, and acetylene to ethylene and ethane . Reactions performed with 2.3 mM [Mo]Br3 
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concentration, using a single 34 W Kessel H150 Blue lamp unless otherwise noted. All yields 
reported are an average of at least two runs. All runs with Ir used 2.3 mM photosensitizer 
loading unless otherwise noted.  a3.6 mM [Mo]Br3. b3.6 mM Ir. Ir = [Ir(ppy)2(dtbbpy)]BArF

4; 
ppy = 2-phenylpyridinyl; dtbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine; BArF

4 = tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate; dF(CF3)ppy = 5-trifluoromethyl-2-(3,5-difluoro-phenyl)-
pyridine; p-F(Me)ppy = 5-methyl-2-(5-fluoro-phenyl)-pyridine; PF6

– = 
hexafluorophosphate). 

We find that [Mo]Br3 (1 equiv at 2.3 mM) in the presence of 54 equiv each of 

HEH2, [ColH]OTf (OTf = triflate), and Col in THF, under an N2 atmosphere and blue LED 

irradiation at 23 °C for 12 hours, yields 9.5 ± 1 equiv NH3/Mo (Table 4.1, entry 1). 

Assuming HEH2 is a 2 e– donor in this process provides an NH3 yield with respect to HEH2 

of ~25%. Use of 15N2 confirmed N2 as the source of the NH3 produced (Figure C.1). To 

cement this interpretation, using either 15N-labeled HEH2 or 15N-labeled Col/[ColH]OTf 

produced only 14NH3. Analysis of the organic products following catalysis revealed 

complete consumption of HEH2, with the fully oxidized Hantzsch ester pyridine (HE) as 

the major organic biproduct, consistent with HEH2 acting as a 2 e–/2 H+ donor. We note 

that the yield of HE is ~90%; similarly, ~10% of the initial buffer loading is not recovered 

(Figure C.5). In addition to HE and recovered buffer, a complex mixture of organic species 

is observed following catalysis. A significant component of this mixture is generated 

independently via irradiation of HEH2 and buffer in the absence of metal catalysts (Figure 

C.6), possibly as a result of light-induced reductive coupling as has been previously 

observed upon irradiation of HE in the presence of amine reductants.24 Another factor 

limiting NH3 selectivity per HEH2 concerns background hydrogen evolution under blue 

light irradiation (see Figure C.8). 

Higher yields of NH3 per Mo center could be obtained by decreasing the [Mo]Br3 

loading (21.8 ± 0.8 equiv/Mo; entry 2), but with a loss in the yield of NH3 with respect to 

HEH2. The Mo-catalyst and irradiation were required to generate NH3, and yields were 

substantially lower without the added buffer (entries 3-5). Attempts to use catalytic 

amounts of Col/[ColH]OTf (5 equiv per [Mo]Br3) substantially lowered the NH3 yields 

(entry 6). The reaction run in benzene instead of THF solvent remained catalytic but gave 
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attenuated yields (4.7 ± 0.1 equiv NH3/Mo; entry 7), likely due to the lower solubility of 

[ColH]OTf in benzene. 

While future studies are needed to probe the mechanism of this transformation, the 

fate of photoexcited [HEH2]* is likely key. Two limiting scenarios to consider are the direct 

reduction of N2R intermediates by [HEH2]* (Figure C.16), or the reduction of the 

[ColH]OTf to [ColH]• radical, which then reacts with M(N2) (Figure 4.2A) to form an N–

H bond via M(N2H). Pyridinyl radicals have been posited as possible intermediates of N2R 

in thermally driven catalysis with molecular systems.25 Increasing the buffer concentration 

to 216 equiv/Mo boosted the NH3 yield to 20.3 ± 1.1 equiv NH3/Mo (entry 7). This 

observation points to a pathway whereby reduction of [ColH]OTf by [HEH2]* dominates 

(Figure 4.2A), consistent with the high reactivity expected of [HEH2]* (Eox ~ –2.6 V; pKa 

~ –20; BDFEC–H ~ –8.5 kcal mol–1), as well as its short solution lifetime (0.419 ns in DMSO 

solvent at 25 °C).18,20 Accordingly, steady state-fluorimetry studies show efficient 

quenching of [HEH2]* upon titrating in [ColH]OTf (Figure C.9). Similar titrations of Col 

revealed less efficient quenching (Figure C.10). However, as some NH3 can be detected 

under irradiation even in the absence of buffer (entry 4), other photoinduced pathways for 

N–H bond formation via HEH2 are clearly accessible. The addition of 10 equiv of 

tetrabutylammonium bromide (TBABr) had no effect on the NH3 yield (entry 8), 

suggesting that reductive Br– loss from the precatalyst is not a limiting factor. 

 Figure 4.2A provides a generalized mechanistic outline to help illustrate how a 

photon might facilitate delivery of H2 from HEH2 to M(N2), to first generate an M(NNH2) 

intermediate, and ultimately NH3 via successive H2-transfers. For simplicity we show only 

this one scenario in Figure 4.2A but emphasize that other scenarios, including the early 

generation and then reduction of a terminal nitride intermediate (Mo≡N + HEH2 → 

Mo(NH2) + HE) (Figure C.17), are also very plausible.26 A recent study showed that a 

MnV≡N can be photoreduced by 9,10-dihydroacridine to liberate NH3.27  
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Figure 4.2. Possible scenarios for photodriven transfer hydrogenation from HEH2 to N2 
mediated by a metal catalyst and buffer system (Col/[ColH]+). (A) Scenario in absence of 
photoredox catalyst, in which [HEH2]* is oxidatively quenched by [ColH]+ to generate 
[ColH]•. (B) Scenario with photoredox catalyst, in which [IrIII]+* is reductively quenched 
by HEH2. Pathways involving N≡N bond cleavage to yield M≡N intermediates (not shown) 
are also plausible (Figure C.17). 

Limitations stemming from a short [HEH2]* excited-state lifetime and low quantum 

yield (0.031)20 for HEH2 motivated us to explore a photosensitizer to enhance this 

photodriven catalysis. To test this idea, [Ir(ppy)2(dtbbpy)]BArF
4 ([Ir]BArF

4; E1/2(IrIII/II) = 

−1.90 V) was chosen as its reduction potential is close to that of Cp*2Co and hence should 

be compatible with N2R using [Mo]Br3.21,28 

Including [Ir]BArF
4 with [Mo]Br3 (1 equiv, both at 2.3 mM), in addition to 54 equiv 

each of HEH2 and Col/[ColH]OTf in THF, under an N2 atmosphere and blue LED 

irradiation for 12 hours at room temperature, yields 24 ± 4 equiv of NH3/Mo (entry 10). 

Assuming HEH2 is a 2 e–/2 H+ donor, these conditions correspond to an overall NH3 yield 

of 67 ± 10% with respect to HEH2. Furthermore, in the presence of the Ir photosensitizer, 
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catalytic amounts of buffer can be used, producing 15.8 ± 0.8 equiv NH3/Mo (entry 11). In 

addition to higher yields, the inclusion of [Ir]BArF
4 enhances the photocatalytic rate; the 

catalysis is ~80% complete after 30 minutes (entry 12). By contrast, under Ir-free 

conditions, 2 hour reaction times are required to achieve ~80% completion (entry 13). 

Comparing this photodriven Mo-catalyzed N2R via HEH2 with thermally driven Mo-

catalyzed N2R using (Cp*)2Co and [ColH]OTf as reported by Nishibayashi, we find the 

NH3 yields with respect to reductant to be quite similar (69% for the latter case).21 

As in the Ir-free process, lowering the [Mo]Br3 loading increased turnover for NH3 

with catalytic buffer (26.0 ± 0.4 equiv NH3/Mo, entry 14), but with decreased total yield. 

No NH3 is produced without irradiation (entry 16), and the presence of [Mo]Br3 and HEH2 

are likewise essential (entries 16-17). Similar to the Ir-free reaction, HE was found to be 

the major organic product (>80%) and complete consumption of HEH2 was observed. 

Solvent screening suggests that the reaction is most efficient when all components are 

soluble (see Table C.5). By contrast, other catalytic N2R methods rely on low solubility of 

either the acid or reductant to attenuate competing H2 evolution, demonstrating an 

advantage to using a terminal H-atom source which is not competent for H2 release in the 

ground state.1 

A range of candidate H2-carriers should be explored in future studies to identify 

donors whose spent products can be recycled efficiently, perhaps in situ, via hydrogenation 

with H2 or electrochemically (2 e–/2 H+). In an initial survey, the Ir-photosensitizer 

cocatalyst enables catalytic production of NH3 under irradiation with 9,10-dihydroacridine 

or 5,6-dihydrophenanthridine as the H2 donor (6.4 ± 0.3 equiv NH3/Mo and 4.6 ± 0.8 equiv 

NH3/Mo, respectively, entries 18-19). While non-catalytic, N2-to-NH3 conversion is also 

achieved with [Ir]BArF
4 and the hydride donor 1-benzyl-1,4-dihydronicotinamide (1.2 ± 

0.1 equiv NH3/Mo, entry 20). In the absence of [Ir]BArF
4, none of these H2 or H– carriers 

are competent for the photoinduced N2RR (see Table C.2). The reaction with HEH2 

tolerates a 1:1 mixture of N2 and H2 (1 atm total pressure, 14 ± 4 equiv NH3/Mo, entry 21), 

indicating that the Mo-catalyst is not (at least irreversibly) poisoned by H2 under these 

conditions, important for considering downstream recycling of the spent donor.  
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In addition to varying the H2-carriers we have examined the effect of varying the 

Ir-photosensitizer. [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 yielded substantially less NH3 (entry 22) 

than [Ir]PF6 (entry 23) or [Ir]BArF
4 (entries 10 and 12, Table 4.1). 

[IrII(dF(CF3)ppy)2(dtbbpy)] is also less reducing (E1/2(IrIII/II) = −1.75 V),29 possibly 

pointing to a redox based cut-off for photodriven N2R. Accordingly, [Ir(p-

F(Me)ppy)2(dtbbpy)]PF6 (E1/2(IrIII/II) = −1.88 V) restores the yields observed in the parent 

system (entry 24).30 However, Ir(ppy)3, despite having the strongest reduction potential 

(E1/2(IrIII/II) = −2.57 V), gave attenuated NH3 yields (entry 25) and therefore suggests 

multiple factors may be at play. 

Figure 4.2B provides a working model to account for the role of [Ir]BArF
4. Upon 

excitation of [IrIII]+ to [IrIII]+*, reductive quenching by HEH2 would generate [IrII], as has 

been established in related reductions of organic substrates (Figure 4.2B).9 This proposed 

pathway is consistent with the lack of enhancement observed with Ir(ppy)3, with which 

reductive quenching by HEH2 is very uphill(E1/2(*IrIII/II) = −0.08 V, (E1/2(HEH2
0/+) = 0.48 

V).29 The resulting radical cation HEH2
•+ is then deprotonated by Col, mitigating back-

electron transfer from [IrII]. As noted above, [IrII] is assumed to be sufficiently reducing to 

generate an M(N2)– species from M(N2). The former would then undergo protonation by 

[ColH]+ to form an N−H bond via M(N2H), which itself can be reduced further by diffusing 

HEH• to generate M(NNH2). As noted for Figure 4.2A, this series of steps is plausible but 

is only one of several related scenarios that may be viable (e.g., [IrII] might be oxidized by 

[ColH]+ instead of a [Mo]-species) and future mechanistic studies are needed. 

In contrast to the Ir-free conditions, the system with the photosensitizer remains 

catalytically competent even without added buffer, albeit with an attenuation in turnover 

(7.4 ± 0.4 equiv NH3/Mo, entry 22). Presumably, under a Col/[ColH]+-free cycle, the 

liberated radical cation HEH2
•+ (formed via reductive quenching) can be consumed via 

proton or H-atom transfer with a [Mo]NxHy intermediate.  

Having established photodriven transfer hydrogenation as a viable strategy for N2R, 

we have begun to explore the deep reduction of other substrates. While success here will 

ultimately be best realized by exploring a broader array of transition metal catalysts, 
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promising early results with the [Mo]Br3 catalyst discussed herein include the complete 

reduction of nitrate to ammonia (8 e–/9 H+) and acetylene to ethylene (major product, 2 e–

/2 H+) and ethane (minor product, 4 e–/4 H+). These transformations have been previously 

explored by photochemical methods, including with semiconductors as for N2.31,32 Also of 

relevance is the photoinduced hydroalkylation of alkynes using Hantzsch ester derivatives, 

though transfer hydrogenation from HEH2 to acetylene has not to our knowledge been 

previously reported.33 

Reduction of [TBA]NO3 with HEH2 in the presence of buffer and [Mo]Br3 under 

blue LED irradiation and argon atmosphere yields 9.8 ± 1.2 equiv NH3/Mo, representing a 

73 ± 9% yield with respect to HEH2 (Table 1, entry 27). The reaction carried out with 

[TBA]15NO3 yielded 15NH3 (Figure C.13), confirming NO3
– as the source of N-atoms. In 

contrast to N2R, addition of [Ir]BArF
4 did not enhance catalysis (entry 28). Distinct from 

N2 as the substrate where no background reactivity is observed (entry 3), there is some 

background reactivity for NO3
– even in the absence of the Mo-catalyst; this reactivity is 

enhanced by the Ir-photocatalyst (entries 29-30; see section C.5.5 for further discussion). 

Only trace NH3 was detected in the absence of light (entry 31). 

The reduction of acetylene under the same conditions (HEH2, Col/[ColH]OTf 

buffer, and [Mo]Br3 under blue LED irradiation and argon atmosphere) provides a mixture 

of ethylene and ethane in a ~6:1 ratio and a total yield of 24 ± 5% with respect to HEH2 

(entry 32). Addition of [Ir]BArF
4 to this reaction marginally decreases the yield (entry 33). 

However, as in the NO3
– reduction reaction, [Ir]BArF

4 enhances Mo-free reactivity (entries 

34-35). Again, no reduced products could be detected in the absence of light (entry 36). In 

sum, each of these three substrates (N2, NO3
–, HCCH) illustrate the capacity of HEH2 to 

deliver H2 equivalents via photodriven transfer hydrogenation. 
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4.3 Discussion 

 
Figure 4.3. Estimated BDFEeff values and corresponding ΔΔGf(NH3) for the 
transformations of interest herein. Values estimated using eqns 4.1 and 4.2.  

To close, it is instructive to consider the thermodynamics of the photodriven N2R 

system described here and its hypothetical dark reaction (Figure 4.1C). To do this one can 

compare the BDFEeff (Figure 4.3, eqn 4.1), a measure of the thermodynamics of H-atom 

transfer from a set of reagents, to the BDFE of H2 (103.9 kcal mol–1).34,35,36 The difference 

between these values provides an overpotential for N2 hydrogenation, expressed as 

ΔΔGf(NH3) (eqn 4.2).37  For the dark reaction, the BDFEeff is the average of the first (C−H) 

and second (N−H) BDFE’s for HEH2 and HEH•, respectively, correlating to a very small 

overpotential (ΔΔGf(NH3) = 1.8 kcal mol–1).18 NH3 synthesis via transfer hydrogenation 

from HEH2 to N2 is therefore thermodynamically comparable to N2 hydrogenation by the 

Haber-Bosch process. Where the latter uses high temperature and pressure to overcome the 

high kinetic barrier, the photodriven process described here obtains excess driving force 

directly from visible light. More specifically, under conditions that exclude the 

photosensitizer, using the estimated excited-state reduction potential of [HEH2]* and the 

pKa of [ColH]+ to estimate BDFEeff, blue light affords access to a large added driving force 

(ΔΔGf(NH3) = 123 kcal mol–1; Figure 4.3) to push the transfer hydrogenation forward. In 

the presence of the Ir-photosensitizer, a smaller but still significant driving force 

(ΔΔGf(NH3) = 68 kcal mol–1) is available. Regardless, the key point is that light generates 

an overpotential from an otherwise unreactive source of 2 e–/2 H+ stored within HEH2 that 
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is sufficient to perform, via successive transfers, a net 6 e–/6 H+ reduction of N2 in the 

presence of an appropriate catalyst and cocatalyst buffer, with additional benefit gained 

from inclusion of a photoredox cocatalyst. Important future goals for the work presented 

here include extensive mechanistic studies as well as studies aimed at in situ recycling of 

the spent HE back to HEH2. 
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C h a p t e r  5  

On the Mechanism of Photodriven Hydrogenations of N2 and Other Substrates by 

Hantzsch Ester: Buffer is Key to Generation of Reactive H-atom Donors 
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5.1 Introduction 

The utility of proton-coupled electron transfer (PCET) in small molecule reductions 

(e.g., N2) and organic transformations has motivated the development of reagents and 

catalysts with weak (net) X−H bonds capable of driving the reductive protonation of 

substrates.1,2,3,4,5 Photoinduced weakening of X–H bonds offers a promising strategy; 

following excitation the X–H bond dissociation free energy (BDFEX–H) can decrease 

dramatically, converting unreactive X−H bonds into potent H-atom donors (Figure 

5.1A).6,7 Model studies have for example demonstrated such reactivity via ruthenium 

photosensitizers with acidic ligands8,9 and photoexcited metal hydrides.10 Further, this 

strategy has recently been utilized in catalytic systems with H2,11,12,13 or H+/e− equivalents 

derived from an acid and an electrode (Figure 5.1A).14 While these strategies show 

promise, it remains a challenge to photogenerate species featuring highly reactive H+/e− 

equivalents with sufficiently long lifetimes to facilitate PCET to highly unactivated 

substrates, such as N2, unactivated alkenes, carbonyls, or CO. 

Recently, our laboratory,15 followed closely by a report from Nishibayashi and 

coworkers,16 introduced photocatalytic N2R using a well-defined synthetic system. In our 

study, catalytic blue-light-driven transfer hydrogenation of N2 to 2 NH3 (i.e., nitrogen 

reduction, N2R) using 3 equivalents of the Hantzsch ester (HEH2) as a source of the H+/e− 

equivalents required for this transformation. An N2R catalyst, PNPMoBr3 ([MoBr3]; PNP, 

2,6-bis(di-tert-butylphosphinomethyl)pyridine),17,18 was used to activate N2, but curiously 

a 1:1 mixture of [ColH]OTf:Col (Col-buffer; Col = 2,4,6-trimethylpyridine; Figure 5.1B) 

was needed for efficient N2R. While this specific reagent cocktail showed substantial N2R 

activity even in the absence of a photoredox catalyst (e.g., Ir), other dihydropyridines we 

have canvassed required the addition of a photoredox catalyst; addition of an Ir photoredox 

catalyst enhanced the N2R reactivity with HEH2 as well. The related Nishibayashi study 

focused on systems using a photoredox catalyst to facilitate N2R.16 



94 

 

 
Figure 5.1. Photogenerated H-atom transfer reagents. (A) Photogeneration of PCET-
donors for reductive reactions.11,14 (B) Photodriven transfer hydrogenation for N2R 
reduction with [MoBr3], HEH2, and Col-buffer.15 (C) The mechanism proposed in this work 
for reduction by HEH2 and Col-buffer.  

The Mo-catalyst activates N2 for proton-coupled reduction, but thermally driven 

N2R with [MoBr3] still requires a combination of highly reactive acids and reductants 

capable of generating (net) H-atom equivalents with effective bond dissociation free energy 

(BDFEeff) of ~30 kcal mol−1.16,17,19,20 This corresponds to an overpotential of ~+65 kcal 

mol−1 per NH3 formed. By contrast, a hypothetical dark reaction using HEH2 has an 

overpotential of only +6 kcal mol−1.15  
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Our prior report speculated that N2R occurred via a mechanism similar to thermal 

N2R by generating the required overpotential via irradiation of HEH2 in the presence of 

Col-buffer. Specifically, we suggested that access to the reducing excited state of HEH2 

(*HEH2) was critical for photodriven N2R. Further, we suggested that *HEH2 reduces 

[ColH]OTf to generate ColH•, a potent PCET donor. Here, we directly probe these 

hypotheses, providing evidence largely in support of the initially proposed scheme but also 

detailing how Col-buffer increases the photoreducing capacity of HEH2 (Figure 5.1C).  

Given the proposed role of HEH2, it is useful to briefly review its photochemistry. 

The excited state of HEH2 can be accessed by blue-light irradiation. Curiously, while the 

thermochemistry of *HEH2 suggests it is a highly potent donor of e− or H+/e− 

(E(HEH2
•+/*HEH2) = −2.5 V; BDFEC─H = −7 kcal mol−1, Figure 5.2A),21 its observed 

reactivity had previously been limited to activated organic substrates with extended 

electron-poor π-systems, e.g., nitroarenes,22 imines,23 α-bromoketones,24 and electron-poor 

alkenes (Figure 5.2B).25 This has been rationalized by the short lifetime and low quantum 

yield of *HEH2 (Figure 5.2A).24,26 The available data suggests that ground state pre-

association between HEH2 and substrate is required to observe substrate reduction; π-

stacked, electron donor-acceptor (EDA) complexes between the electron-rich 

dihydropyridine and electron-poor aromatics are commonly invoked (Figure 5.2B). As 

such, substrate reduction is kinetically limited by the substrates’ ability to form this pre-

association complex, rather than the thermodynamics of HAT/ET from *HEH2 to the 

substrate. 

A contrast to the direct hydrogenation of substrates by HEH2 is its use as a 

photoreductant in combination with R•-donors, such as Katritzky salts ([2,4,6-PhPyrR]BF4)27 

or N-hydroxyphthalimide esters (Figure 5.2C).28,29,30 Here, a π-stacked EDA complex 

forms between HEH2 and the R•-donor. Irradiation results in electron transfer to release R•. 

As a pre-interaction between HEH2 and substrate is not required in such a scenario, a wider 

range of substrates have been explored, e.g., Giese acceptors,100 pyridines,102 and Ni cross-

coupling intermediates (Figure 5.2C).101  
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Figure 5.2. Overview of HEH2 excited state properties and reactivity.23,27,30 

Recent reports, including our previous study,15 utilize HEH2 as a photoreductant in 

transition metal or lanthanide-catalyzed reduction reactions where, based on the substrates, 

π-stacked EDA complexes are not likely operative.31,32,33,34,35,36,37 However, despite the 

increasing utility of these HEH2-driven photoreductions, limited mechanistic data hampers 

the development of new reactivity.38 

Against this backdrop, we have interrogated the activation of HEH2 by Col-buffer 

owing to its relevance to photodriven N2R. A mechanism is mapped by addressing ground 

and excited state interactions of HEH2 and buffer, and by monitoring the formation of 

organic radicals (Figure 5.1C). We find that an H-bonded adduct between [ColH]+ and 

HEH2 precedes the productive irradiation pathway. Following excitation of this associated 

pair, ET from HEH2 to [ColH]+ furnishes ColH•. The latter is a potent H-atom donor 

(BDFEN−H = 28 kcal mol−1). [HEH2]•+, the byproduct of this ET step, is deprotonated by 
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Col to generate the HEH• radical and reforming [ColH]+ as well. HEH• serves as a second 

reactive H-atom donor. These pyridinyl radicals can reduce diverse substrates without the 

kinetic limitations observed by direct HEH2 photoreductions.  

 

5.2 Results 

5.2.1 N2R dependence on irradiation wavelength, buffer, and dihydropyridine 

As noted, our previous report proposed blue light excitation of HEH2 during 

photodriven N2R. However, we had used broad (400-500 nm) LED lamps, which overlay 

with the UV-vis spectra of both HEH2 and the [MoBr3] catalyst (Figure 5.3). To more 

reliably determine the photosensitized species during catalysis, we compared the N2R 

reaction products at different irradiation wavelengths to the absorbance spectra of 

components of the catalytic reaction (akin to an action spectrum).39  

Comparing the NH3/Mo yield (Figure 5.3) at different wavelengths (Kessil™ LED 

H160 lamps at specific wavelengths; see Figure D.1 for emission spectra) to the UV-vis 

spectra of the reaction components, we find a relationship between N2R and wavelength 

consistent with irradiation of HEH2 (light blue trace, Figure 5.3) as a requisite to produce 

NH3. Only when the strongly absorbing π-π* transition of HEH2, with onset at ~435 nm 

(slightly red-shifted upon addition of Col-buffer, dark blue trace), is excited are the N2R 

products NH3 and oxidized Hantszch ester (HE, see Table D.2) observed. Specifically, we 

found that with loadings of 2.3 mM [MoBr3], 124 mM HEH2, and 124 mM Col:[ColH]OTf 

in THF solvent, irradiating for 12 hours with 20 W at 427 nm and 440 nm reduced N2 to 

NH3 (6.6 ± 0.9 and 1.5 ± 0.5 equiv NH3/Mo, respectively); no NH3 was produced at 456 

nm. While the overlap between the HEH2 absorbance and the lamp emission spectra 

increases with lower wavelength across this series, [MoBr3] (yellow trace) absorbs 

similarly at 427, 440, and 456 nm. If [MoBr3] excitation is required for N2R, such 

significant differences in NH3 yield as a function of wavelength would not be expected. 

This conclusion is supported by the exploration of photodriven N2R with a different 

precatalyst, PCPMoCl3 (PCP = 1,3-bis((di-tert-butylphosphino)methyl)benzimidazol-2-
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ylidene),40 under otherwise identical conditions. The same trend is observed; N2R occurs 

when irradiating at 440 or 427 nm but not at 456 nm (Table D.3).  

 
Figure 5.3. Plot of NH3 yields per Mo at varying wavelengths (Black crosses and circles, 
left-hand axis) against the optical spectra of reaction components. Optical spectra were 
collected at catalytic concentrations in a 1 mm path length cuvette.  

Oxidized Hantzsch pyridine (HE) is observed as the organic product for a balanced 

N2R reaction. With [MoBr3], when irradiating at 456 nm, only 12% of HEH2 is converted 

to HE, consistent with the consumption of HEH2 and N2R being coupled. Further, 

irradiation at 440 nm at 20 W intensity for 12 hours results in incomplete consumption of 

HEH2. Accordingly, when the light intensity and reaction time are increased (40 W, 24 

hours), the NH3 yields increase (4.6 ± 0.3 equiv NH3/Mo). In this latter case, all of the 

HEH2 was consumed, with about 85% recovered as HE. The amount of recovered HE is 

similar to what we previously reported using broader wavelength LEDs.15 

Increasing the irradiation intensity at 427 nm (80 W, 12 hours) results in a 

substantial boost of the NH3 yield (20.4 ± 0.6 equiv NH3/Mo). These yields are more than 
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double those achieved in our previous report at the same catalyst and reagent loading, 

emphasizing the importance of irradiation wavelength and intensity. By lowering the 

catalyst loading (0.575 mM [MoBr3]), the yields increase further to 28 ± 3 equiv NH3/Mo, 

the highest yields achieved for molecular photodriven N2R in the absence of precious 

metals (see Table D.1). Somewhat higher yields have been reported using a structurally 

related precatalysts, a Ir photocatalyst and a dihydroacridine organic H-atom donor.16 

Lower wavelength light (390 nm light) shows high N2R yields (15.8 ± 1.7 NH3/Mo) 

even at low (20 W) intensity, consistent with more efficient excitation of HEH2 (Figure 

D.18). However, increasing the intensity at this wavelength (80 W, 12 hours), only gives a 

slight boost in yield (17.6 ± 0.4 NH3/Mo). A 390 nm irradiation, the HE yields decrease 

(HE recovered ~70%; Table D.2), suggesting increased side-reactivity, possibly via C−C 

coupling between HEH2 and ColH+. Still higher energy photons (370 nm) sharply decrease 

the NH3 yield (4.3 ± 2.2 equiv/Mo). In addition to (likely) increased side-reactivity as 

deeper UV absorbances are excited, the excitation efficiency of HEH2 drops at 370 nm. 

 We also explored a range of other buffers and dihydropyridines for photodriven 

N2R, detailed in the Appendix D (see Figure D.2 and Table D.7). These studies established 

that any significant deviation of the structure of the Col-buffer or the dihydropyridine 

substantially attenuates NH3 yields. The present study therefore focuses on the mechanism 

of HEH2 activation by Col-buffer to understand how N2R is facilitated by this particular 

combination of reagents.  

 

5.2.2 Study of ground state interactions between HEH2 and Col-buffer 

Adding buffer to HEH2 results in a red shift of the onset of the intense HEH2 π-π* 

transition. The same shift is observed in the presence of just [ColH]OTf, but not Col alone, 

consistent with the primary interaction being between [ColH]OTf and HEH2 (Figures 5.4A 

and D.15). Similar red-shifts have been observed upon the formation of π-stacked EDA 

complexes22,100,101,41 or Lewis acid coordination to HEH2 (presumably though the 

carbonyls).35,42 This suggests two plausible pre-interaction scenarios between [ColH]+ and 

HEH2: H-bonding through the carbonyls, or π-stacking.  
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The HEH2 (C=O) bands were probed (IR, 10 mM) as a function of added 

[ColH]OTf (0 to 160 mM, Figure 5.4B). A decrease in the intensity of the (C=O) bands 

at 1698 and 1685 cm-1 is observed as acid is added. New features grow in concomitantly; 

a blue-shifted feature appears at 1735 cm−1 and a red-shifted shoulder at ~1600 cm−1. These 

shifts are consistent with H-bonding to one of the ester carbonyls, weakening this 

vibrational frequency, and in turn strengthening the other (C=O). A series of 4-phenyl 

substituted Hantzsch ester derivatives exhibits a similar splitting of vibrational modes in 

ethanol solvent (compared to solution state IR in aprotic solvents), albeit with a smaller 

magnitude.43  

Computational methods (TPSS functional44 def2-TZVP orbitals45 using a CPCM to 

model the THF solvent46) provide additional insight into the pre-association of HEH2 and 

[ColH]+. Evaluating possible interactions, we find that while both arrangements are slightly 

disfavored over the free HEH2/[ColH]+, an H-bonded complex is favored over a π-stacking 

interaction (ΔGH-bond = +1.3 kcal mol−1, ΔGπ-stack = +3.5 kcal mol−1; Figure 5.4C). For the 

H-bonded complex, time-dependent DFT (TD-DFT; a TPSSh functional44 and def2-TZVP 

basis set45) calculations predict a red-shift in the UV-vis spectrum (Δλabs, max, calc = + 4 nm; 

Figure D.78) as well as an increase in the vibrational frequency of one C=O mode (Δcalc 

= +7 cm-1; Figure D.79) and decrease of the other mode (Δcalc = −40 cm-1). In contrast, 

for the π-stacked EDA complex, the observed spectroscopic changes are not reproduced 

computationally: the optical spectrum predicts a low energy EDA band (λabs, max, calc = 600 

nm; Figure D.78) and a slight decrease of both vibrational modes (Δcalc =−2, −2 cm-1; 

Figure D.79). Based on these experimental observations and computational predictions, we 

favor an H-bonded pre-association between HEH2 and [ColH]+. 
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Figure 5.4. Study of ground-state interactions between HEH2 and [ColH]+. (A) UV-vis 
spectra of HEH2 and [ColH]OTf. (B) Solution state infrared spectra of HEH2 and [ColH]+. 
(C) Computational analysis of possible pre-interaction complexes of HEH2 and 
[ColH]OTf.  

5.2.3 Photophysical studies 

To study the interaction of Col-buffer with the excited state of HEH2, we turned to 

photophysical measurements. Steady-state fluorescence spectroscopy data show that HEH2 

(in the absence of acid and base) is excited by λexc < 430 nm, with a distinct emission 

spectrum (λem max at 455 nm, Figure 5.5A) and a low fluorescence quantum yield (0.018; 

Figure D.20). The excited state decay establishes a lifetime t1/2 = 200 ps (Figure D.23). The 
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short excited-state lifetime and low quantum yield match previous reports for HEH2 in 

DMSO or MeCN.24,26 The small Stokes shift and short lifetime are consistent with 

population of a singlet excited state, as has been observed in MeCN.26  

The addition of [ColH]OTf red-shifts the excitation spectrum of HEH2 slightly. In 

addition, substantial quenching is observed upon adding [ColH]OTf, yielding a Stern-

Volmer47 quenching constant of KSV = 22 M-1 (Figure 5.5B and C). By contrast Col as base 

does not quench *HEH2 or noticeably perturb the emission profile (Figure D.22).  

I଴

I[େ୭୪ୌ(୓୘୤)]
≈ 1 + 𝐾ୗ୚[ColH(OTf)]  (eqn 5.1) 

𝐾ୗ୚ = (𝐾ୱ୲ୟ୲ + 𝐾ୢ୷୬) (eqn 5.2) 

The lifetime quenching effect of [ColH]OTf on *HEH2 was measured to establish 

a small dynamic quenching constant Kdyn = 1.4 M−1 (Figure 5.5C, light blue line, and Figure 

D.25). Since this constant is an order of magnitude lower than the Stern-Volmer quenching 

constant (see eqn 5.1 and 5.2), the data point to *HEH2 undergoing primarily static 

quenching by [ColH]OTf. To interrogate the initially formed product/s of *HEH2 

quenching by [ColH]OTf, we turned to transient absorption spectroscopy. The excitation 

of HEH2 (1.2 mM) at 355 nm in the presence of [ColH]OTf (12 mM) was measured and 

shows the formation of a long-lived species (τ1/2 ~ 16 μs, Figure 5.6A, and C) with a 

maximum at 550 nm, and concomitant bleaching at 370 nm, consistent with HEH2 

consumption. This signal only forms in the presence of [ColH]OTf.  
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Figure 5.5. Steady-state fluorescence measurements of HEH2 in the presence of 
[ColH]OTf. (A) Emission (Right) and excitation (left) spectra of HEH2 (0.5 mM) in the 
absence (solid red) and presence of [ColH]OTf (20 mM, dashed blue). (B) Steady-state 
emission quenching of HEH2 (0.5 mM) by [ColH]OTf (0 to 160 mM). (C) Steady-state and 
lifetime quenching plots of HEH2 in the presence of [ColH]OTf and Col. 

Based on time-dependent density functional theory (Figure D.82) predictions of the 

absorption spectra of several candidate organic species ([HEH2]•+, HEH•, 3HEH2, and 

ColH•), we find that the observed absorption is most consistent with assignment as 
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[HEH2]•+ (red bars in Figure 5.6C). Dihydropyridine radical cations, albeit to our 

knowledge not [HEH2]•+, have been generated via similar flash-photolysis experiments in 

the presence of electron acceptors, with transient absorption maxima ranging from 550-

650 nm.48,49,50 

 

Figure 5.6. Transient absorption measurements of HEH2 in the presence of [ColH]OTf and 
Col in THF. (A) Absorption decay of signal generated from HEH2 (0.5 mM) in the presence 
of [ColH]OTf (12 mM) was monitored at 550 nm. (B) Same as A, but with added Col (60 
mM). (C) TA spectrum of short-lived radical species. Intensity decreases from 1.5 μs (blue 
trace) to 35 μs. TD-DFT predicted absorbance maxima for HEH2

• + at 541 and 586 nm, 
indicated by red bars. 

In the presence of both [ColH]OTf and Col, we find that a similar signal decays 

faster (Figure 5.6B and Figure D.29). An explanation for this observation involves the 

deprotonation of [HEH2]•+ by Col as a new decay pathway. Plotting the lifetimes as a 

function of base concentration allows determination of a deprotonation constant (k = 2.4 ± 

0.6 106 M−1 s−1; Figure D.40). This value matches data for previously reported 

deprotonations of dihydropyridine radical-cations.50,51  

The formation of [HEH2]•+ is readily rationalized by electron transfer from *HEH2 

to [ColH]OTf, which would also furnish ColH•. Ground-state pre-association of HEH2 with 

[ColH]OTf (vide supra) via a H-bond interaction sets the stage for ET. Following 

excitation, ET from *HEH2 (Eox = −2.5 V) to the associated [ColH]OTf (Ered = −2.0 V)52 
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is favorable and would account for the static quenching pathway. Electron transfers through 

H-bonds are well precedented.53,54,55 

In addition to observed ET from *HEH2 we wondered if excited state proton 

transfer from *HEH2 might play a role in catalysis. However, the excited state pKa of HEH2 

was measured to 23.8 ± 0.9 in MeCN (see section A11), representing a weak acid, and in 

the context of this report a much weaker acid than the buffer ([ColH]OTf/Col, pKa 15).56  

 

5.2.4 Detection and characterization of photogenerated organic radicals by EPR 

spectroscopy 

To study ground-state populations of organic species that may build up when HEH2 

and Col-buffer are irradiated, we turned to EPR spectroscopy. HEH2 (100 mM), Col (100 

mM), and [ColH]OTf (100 mM) in THF were irradiated with blue light and freeze-

quenched after 1 minute and then analyzed by continuous-wave (CW) EPR. The data show 

formation of an S = 1/2 species with g = 2.002, consistent with an organic radical (Figure 

5.7A). While narrow and in low yield (~10 μM), the radical is also characterized by a 

diagnostic apparent sextet (Figure 5.7B) in the 2nd derivate spectra. The intensity and 

spectral shape are unchanged upon varying the time of freeze-quenching (1 to 60 minutes; 

Figure D.42); both light and HEH2 were required to observe any signal. While signals 

attributable to organic radicals could also be observed in the absence of Col-buffer, these 

had lower intensity and were distinct from those generated by HEH2 and Col-buffer (Figure 

D.43). The apparent sextet can be formed in either toluene or 2-MeTHF, implying this 

signal is not related to the solvent (Figure D.46).  
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Figure 5.7. EPR detection of organic radicals. (A) CW-EPR spectra generated by 
irradiating HEH2 or d2-HEH2 (100 mM) with Col-buffer (100 mM). Red atoms have been 
isotopically labeled to aid the assignment of the observed organic radical(s). (B) 2nd 
derivative spectra from irradiating HEH2 or d2-HEH2 (100 mM) with Col-buffer (100 mM). 
Fits generated from proposed parameters. (C) 2nd derivative spectra comparing 15N labeling 
in either HEH2 or Col-buffer, N−D labeling (both [ColD]OTf and d1-HEH2) and 
comparison of same isotopologues using d2-HEH2 (C4-deuteration). Acquisition 
parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW; 
modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time = 20.5 
ms. 

To aid assignment we synthesized a series of isotopologues, including 15N-HEH2, 
15N-Col buffer, d2-HEH2 (double deuterated at C4−H positions), d1-HEH2 (N−H 

deuterated), [ColD]OTf, d3-HEH2, and 15N-d2-HEH2. Spectra generated with d2-HEH2 

show a collapse of much of the hyperfine structure, suggesting significant coupling to the 

C4 H-atom(s) (Figure 5.7A and B). Other changes upon labeling were subtler but could be 

identified by careful comparison of 2nd derivative spectra (Figure 5.7B and C). Given the 

significant spectral change observed using d2-HEH2, comparison of labeled samples (15N 

or N−D) to samples prepared with either natural abundance HEH2 (Figure 5.7C, traces i-
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iii) or d2-HEH2 (traces iv-vi) were used to confirm differences that might be observed more 

reliably. 15N-labeling of either Col-buffer (traces i and iv) or HEH2 (traces ii and v) 

demonstrated changes in the spectra only upon labeling HEH2, suggesting an HEH2-

derived radical. We also observed changes in the 2nd derivative spectra upon N−D labeling, 

using both H and D-labeled at the C4–H positions to confirm this (traces iii and vi). 

To account for these observations and provide reasonable simulated fits, a species 

with coupling to two types of H atoms, one C4−H (aiso = 24 MHz) and one N−H (aiso = 11 

MHz), as well as coupling to the HEH2 N-atom (aiso =12 MHz) is proposed. The relative 

magnitudes of these values closely match previous hyperfine values measured for 

carbonyl-substituted pyridinyl radicals.57,58 This analysis points to HEH• as the species in 

question, expected following rapid deprotonation of [HEH2]•+ invoked in the photophysical 

measurements discussed above.  

5.2.5 Substrate reduction studies and benchmarking the effective driving force for H-atom 

delivery by irradiation of HEH2 and Col-buffer 

The spectroscopic data discussed above suggests that irradiation of HEH2 in the 

presence of Col-buffer generates HEH• and (by implication) ColH•. These pyridinyl 

radicals serve as potential donors of H-atom equivalents to Mo-bound N2R intermediates 

(Mo–NxHy), and other substrates. Unsaturated organic substrates can allow for estimation 

of the driving force for net H-atom delivery; this motivated reactivity studies to calibrate 

the advantage of Col-buffer for chemical transformations beyond N2R. 
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Figure 5.8. Photoreduction of tolNO2 by HEH2 and Col-buffer. 

 HEH2 photoreductions are well established, though studies of these reactions in 

the presence of Brønsted acids or bases are rare;25,59 the effects of Col-buffer on organic 

photoreductions by HEH2 had not been explored. For the substrates examined here, HEH2 

photoreductions show improved yields and increased selectivity for more reduced 

products, with Col-buffer displaying distinct behavior. For example, the photoreduction of 

tolNO2 (4-nitrotoluene) by HEH2 in the absence of buffer occurs over 72 hours to yield 

primarily tolNHOH (4-tolyl hydroxylamine).22 By contrast, irradiation of HEH2 (124 mM) 

in the presence of tolNO2 (41.3 mM, 0.33 equiv per HEH2) and Col-buffer (124 mM) for 

just 12 hours furnished primarily aniline (2.7:1 ratio tolNH2:tolNHOH, Figure 5.8A) and a 

high total yield of reduced products (97%). Using an imidazolium/imidazole buffer instead 

(Imid; pKa 15.1 compared to pKa 15.0 for Col in MeCN, Figure 5.8A)56 furnished lower 

yields for reduced products and favored tolNHOH, pointing again to Col-buffer as special.  
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The chemical quantum yield for tolNO2 reduction was determined to be 0.029(2) in 

the presence of Col-buffer. This value is greater than the measured fluorescence quantum 

yield of HEH2 (0.018), intimating enhanced reactivity in the presence of Col-buffer (Figure 

5.8B). The quantum yield for tolNO2 reduction decreases fivefold in the absence of Col-

buffer. Additionally, measurements of the quantum yield with the C4−H (Ha ; Figure 5.8B) 

and N−H (Hb) deuterated isotopologues of HEH2 and Col-buffer were performed to probe 

the kinetic isotope effects (KIE) for tolNO2 reduction. Curiously, while there is no KIE 

using d2-HEH2 (deuterated C4−H bonds, KIEa 0.99 ± 0.06), N−D deuteration (d1-HEH2 and 

d1-Col-buffer, KIEb) shows a small, inverse KIE (0.84 ± 0.09). 

 Computational studies suggest that the proposed H-bonding pre-equilibrium 

between HEH2 and Col-buffer can be used to rationalize these KIE data. By computation, 

the preferred conformation of HEH2 and Col-buffer is free HEH2 and an H-bonding homo-

dimer [ColH…Col]+.60 However, the H-bond interaction of HEH2 and [ColH]+ is only 

slightly uphill (ΔG = 3.0 kcal mol−1; Figure 5.8C). Shifting this equilibrium towards the H-

bond interaction of HEH2 and [ColH]OTf should favor substrate reduction. 

Thermodynamically, the proton (versus the deuteron) will favor the stronger H-bond of the 

[ColH…Col]+ homo-dimer. Accordingly, computationally derived EIEa and EIEb 

(equilibrium isotope effects) provide values of 0.97 and 0.80, within the error of the 

experimentally measured KIEs for tolNO2 reduction. 

HEH2 and Col-buffer are also competent for the reduction of other N−O bonds 

(Figure 5.9), including nitroalkanes (nPrNO2 to nPrNH2; 30 ± 5% yield per HEH2), nitrate 

([NO3]− to NH3, yield 35 ± 2% per HEH2, confirmed by 15N-labeling; Figure D.10), and 

amine N-oxides (Me3N−O to Me3N, yield 91 ± 5%). Electron-rich aromatic aldehydes 4-

Me2NPhCHO and 4-MeOPhCHO can also be photoreduced by this approach, with the major 

product being a diol, consistent with radical addition of H• to the aldehyde to form the α-

hydroxybenzyl radical, followed by bimolecular pinacol coupling. The low yields for 

pinacol coupling of aldehydes by HEH2 in the absence of buffer is consistent with previous 

reports.59 HEH2 could not reduce less activated carbonyls, such as aliphatic ketones 

(benzylacetone), or activated aromatic esters (dimethylterphatalate), even with Col-buffer. 
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Figure 5.9. Photoreduction of organic substrates by HEH2 (124 mM) and [ColH]OTf/Col 
(124 mM of each) in THF. All reactions run for 12 hours using Blue LED H150 lamps at 
68 W except where noted. aReaction run using H160 427 nm lamp (40 W) for 4 hours to 
minimize background reactivity. All yields given from the average of a minimum of two 
experiments. 

This scope of substrates allows us to bracket the thermodynamic driving force for 

H+/e− transfer accessed by irradiation of HEH2/Col-buffer. When analyzing the 

computationally derived BDFEO−H (TPSS def2-TZVP; Figure 5.9) following the addition 

of an H-atom to substrates, we find that only substrates with a sub−H• BDFEO−H, calc ~ 27 

kcal mol-1 or higher can be reduced. This suggests that irradiation of HEH2/Col-buffer 

generates a driving force for H+/e− transfer equivalent to a BDFE ~27 kcal mol−1. This bond 

strength is comparable to some of the weakest isolable or in situ formed thermally 

generated PCET reagents.61 Highly reactive photogenerated PCET donors have also been 

detailed.11,14,62 

 We find that the reactivity observed correlates closely with the weak BDFE 

calculated for [ColH]• (BDFEN−H, calc = 27 kcal mol−1) or [HEH2]•+ (BDFEN−H, calc = 26 kcal 

mol−1) as the donor/s of H-atoms during photoreduction. By contrast, other C/N−H bonds 
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that might be invoked in solution, such as HEH• (BDFEN−H, calc = 32 kcal mol−1, 

BDFEestimated = 41 kcal mol-1, see section S11)21 or HEH2 (BDFEN−H, calc = 70 kcal mol−1) 

feature stronger N/C−H bonds: these species should not be competent to reduce the less 

activated substrates, at least at the first H+/e– transfer step.  

 The role of [HEH2]•+ (BDFEN−H, calc
 = 26 kcal mol-1) as a potential PCET donor 

during irradiation cannot be ruled out (see Figure D.72 for a representative scheme). 

However, as [HEH2]•+ is rapidly deprotonated by Col, we surmise this pathway is at most 

a minor contributor to substrate reduction, pointing to highly reactive [ColH]• as the 

probable primary donor of H+/e−.  

5.3 Discussion  

The data obtained via this study allow us to propose a mechanistic outline by which 

HEH2 and Col-buffer interact to reduce substrates. This is illustrated in Figure 5.10 via the 

elementary steps a to h. 

 
Figure 5.10. Proposed mechanism for 2 H+/2e− reduction of substrates by HEH2 mediated 
by Col-buffer with steps a-h labeled. 

HEH2 and [ColH]OTf associate via an H-bonded adduct (a) in a pre-equilibrium first 

step. Excitation (b) results in ET from *HEH2 to [ColH]OTf to furnish the charge-transfer 

product (c), which then dissociates to release free ColH• and [HEH2]•+ (d). Back ET (BET, 

e) competes with this step but the reaction is driven forward by deprotonation of [HEH2]•+ 
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by Col to produce HEH• and [ColH]+ (f). Additionally, charge-transfer through an H-bonded 

complex may present a distinct advantage to the forward process. Following the ET step the 

H-bond strength should decrease; ColH•/[HEH2]•+ is a much weaker acid/base pair than 

[ColH]+/HEH2.63 By contrast, rapid unimolecular fragmentations are often required 

following ET in π-stacked EDA complexes to avoid BET.(41) Once formed, [Col−H]• 

(BDFEN−H, estimated
 = 28 kcal mol-1, see section S11) can transfer an H-atom to substrate (g), 

regenerating Col. Further reactivity of [HEH]• may proceed by direct reduction of the semi-

reduced substrate (subH•, h) or by disproportionation to yield HE and HEH2 (see Figure D.64 

for a representative scheme). 

Based on this mechanistic outline, we can rationalize the improved efficiency upon 

adding Col-buffer. Pre-association of [ColH]+ and HEH2, and subsequent static quenching 

to produce ColH•, decouples substrate reduction from the pre-association step. Instead, 

forward reduction is determined by the ability to transfer H• from [Col−H]• to substrate, 

which, given the low BDFEN−H
 (28 kcal mol−1) of [Col−H]•, will occur for many substrates. 

This scenario is comparable to the generation of R• from R+-donors and HEH2, where R = 

H. Whereas *HEH2 is thermodynamically potent (BDFEC−H = −7 kcal mol−1) for PCET, it 

is kinetically challenged in terms of productive reactivity. Adding Col-buffer generates a 

kinetically accessible weak N−H bond. Additionally, the buffer-free reaction is likely also 

limited by rapid BET between reduced substrates and [HEH2]•+, as [HEH2]•+ is not 

effectively removed from solution by deprotonation (Figure D.75). This model suggests 

that while the primary mechanism of *HEH2 oxidation is quenching by acid, the presence 

of base is also crucial for efficient substrate reduction. The special combination of Col-

buffer and HEH2 in photodriven N2R (and other reductions discussed herein) can be traced 

to [ColH]+ being a reducible acid with a low propensity for parasitic homocoupling as the 

reduced radical (ColH•) as well as the presence of carbonyl substituents in the 3,5-positions 

of HEH2, necessary for H-bonding with [ColH]+ in the pre-association step. 

An instructive comparison can be made between the excited state reactivity of 

*HEH2 and a recently developed 12-aryl dihydrobenzoacridine photocatalyst (Figure 

5.11A, acrH).64 Enhanced reducing power is observed for the latter upon addition of an 
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exogenous base (e.g., MeTBD; MeTBD = 7-Methyl-1,5,7-triazabicyclodecene). A 

multisite-PCET (MS-PCET) oxidation65 of the *[acrH] N−H bond, with substrate (e.g., 

aryl bromides) serving as oxidant, is proposed. Analogously, one can view *HEH2 

reactivity in the presence of Col-buffer as a MS-PCET oxidation of the C−H bond, with 

[ColH]+ serving as the oxidant and Col as the base (Figure 5.11B, right). While the base is 

not strictly required to drive the overall transformation (*HEH2 should readily reduce 

[ColH]+), it is necessary to circumvent BET. 

 

Figure 5.11. A framework for viewing the reactivity of *HEH2 as the oxidation of the C−H 
bond relevant to Col-buffer interaction is described and extended to previous work 
exploring SmIII/II reductions. 

 In MS-PCET oxidations pre-association of the base with substrate via an acidic 

X−H bond is typically operative, with the substrate then being oxidized.66 The carbonyl 

groups of HEH2 allow pre-association of the oxidant instead of the base, resulting in 

oxidation of the less basic *HEH2 C−H bond. Interestingly, as the C−H bond is oxidized 

we anticipate a large reorganization energy due to a change in hybridization (sp3 to sp2) 

and a poorer H-bonding interaction with the C-atom of the semi-oxidized species (HEH•). 
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This should mitigate the rate of back-PCET (in analogy to BET) compared with an O/N−H 

bond oxidation, resulting in more efficient reduction of [ColH]+ to ColH•. 

 As an additional point of comparative context, it has been found that *HEH2 can 

reduce CrIII as well as SmIII-alkoxides (see Chapter 6) to their corresponding divalent metal 

products and alcohol.31,35 The photogenerated SmII and CrII products can be utilized in Sm-

catalyzed cross-coupling and a catalytic-in-Cr Nozaki–Hiyama–Kishi reaction. Initial 

carbonyl coordination of the Lewis acidic metal ion may be operative in these systems, as 

observed with [ColH]+ here (Figure 5.11B). 

 Taken together, these observations point to a new mode for direct reductions by 

*HEH2 (Figure 5.11C). A Lewis acidic oxidant capable of both coordinating the ester 

carbonyl functionality and undergoing ET from *HEH2 (E = −2.5 V) is key. Addition of a 

base helps to avoid BET. Utilizing these simple principles we anticipate the development 

of photoreductions of oxophilic, redox-active moieties by HEH2, which in turn may 

catalyze desired reductive photochemistry. 
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6.1 Introduction 

Samarium diiodide (SmI2) is an exceptionally versatile single-electron reductant. The 

large and labile coordination sphere of SmII can recruit one or multiple substrates and 

additives to achieve selectivity in both organic synthesis and small-molecule reductions 

(Figure 6.1A).1,2,3,4  However, SmI2 is employed stoichiometrically in all but a few select 

cases5,6,7,8 because its reactions typically terminate in the formation of highly stable 

SmIII−alkoxide species. Catalytic regeneration of the SmII state requires abstraction of OR− 

by a stoichiometric oxophile (EX) to generate a SmIII species that can be reduced by a 

relatively mild reductant (Figure 1A). The difficulty associated with this transformation has 

been cited as a motivation for the development of a variety of alternative photo- and 

electrochemically driven methods for ketyl radical generation.9,10,11,12,13 

Early strategies for reductive Sm catalysis relied on harsh combinations of halosilane 

oxophiles (R3SiX) and low valent metals (Mg0 for X = Cl; Zn0 for X = I) or an applied 

electrochemical potential as the reductant.14,15,16,17,18,19,20,21,22  In a collaborative effort with 

the Reisman laboratory, we recently disclosed comparatively mild silane-free thermal and 

electrochemical conditions for catalytic turnover of SmI2 in reductive coupling of ketones 

and acrylates through combination of cationic Brønsted acids with either Zn0 or an applied 

potential of −1.55 V vs Fc+/0 (Fc+/0 = ferrocenium/ferrocene; all potentials referenced to 

Fc+/0).23  

Given the growing interest in (metalla)photoredox catalysis,24 photodriven strategies 

for LnIII/II catalysis remain surprisingly underexplored.25,26  In a strategy recently showcased 

by the groups of Borbas27 and Nemoto,28 photosensitizers are incorporated into the secondary 

coordination spheres of LnIII complexes (Ln = Sm, Eu;  Figure 6.1B). Intramolecular 

oxidative quenching of the excited sensitizer by the LnIII center produces a potent LnII 

reductant which can carry out a variety of transformations.  

While this and other strategies show promise,25,26,27,28  the chelating ligand platforms 

used thus far in photodriven LnIII/II catalysis (cryptands, bidentate phosphine oxides) restrict 

the coordination sphere and/or shift E°(LnIII/II) to strongly negative potentials, belying direct 
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translation to the rich stoichiometric chemistry of SmI2(L)n as an inner sphere reductant (L = 

solvent molecule, typically THF).   

Lewis acidic metal ions are commonly used to template substrates in photodriven 

reductive coupling reactions.10,29,30 Recently, in contrast to the use of photocatalysts, several 

Lewis acid-mediated photoreductions utilize the blue-light absorbing Hantzsch ester (HEH2) 

as a photoreductant (E(HEH2
+•/*HEH2) = −2.5 V).31,32,33,34 Photoexcited HEH2 (*HEH2) 

carries out CrIII reduction in a catalytic-in-Cr photodriven Nozaki–Hiyama–Kishi reaction 

(Figure 6.1C).35 Alternatively, HEH2 acts as a photoreductant in a Gd(OTf)3-mediated Giese 

addition of an N-hydroxyphthalimide (NHPI) ester-derived alkyl radical into α,β-unsaturated 

ketones or lactone (Figure 6.1C).36 In the latter study, an interaction between Gd and HEH2 

is observed, but GdIII reduction to GdII is not accessible even by *HEH2.23 

Based on these precedents we noted that *HEH2 should be capable of reducing SmIII-

species such as SmI3 (E°(SmI3/(SmI2 + I−)) = −1.58 V; Figure E.35).   Because Sm and Gd 

are similar in size and oxophilicity, we envisioned that photoexcitation of HEH2 bound to 

SmIII could also result in intramolecular oxidative quenching to produce SmII (Figure 6.1D). 

Crucially, however, a more dynamic Sm-chromophore interaction might allow access to 

coordinatively unsaturated SmI2(L)n species which could carry out inner-sphere reduction in 

a photodriven Sm-catalyzed cross-coupling reaction. Importantly, both HEH2 and its 2H+/2e− 

oxidized congener, HE, are weak bases and are therefore compatible with the acidic 

conditions necessary for recovery of inactive SmIII–OR species by protonolysis. 
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Figure 6.1. Summary of key challenges for Sm-turnover;23 prior studies exploiting LnIII/II 
photochemistry and photoreductions with HEH2 and Lewis acidic metals;27,35,36 and this 
work describing photodriven generation of SmI2. 
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6.2 Results 

Gratifyingly, HEH2 proved competent as a photoreductant for SmIII-to-SmII 

conversion. Monitoring the UV-visible absorption spectrum of a solution of SmI3 (2 mM), 

HEH2 (60 mM) and 2,6-lutidine base (Lut, 60 mM) following irradiation at 440 nm for 5 min 

in THF reveals the characteristic profile of blue SmI2(THF)n with λmax at 555 and 618 nm 

(Figure 6.2A, left panel). Extended irradiation (120 minutes) results in increasing SmI2 

generation, with maximum yield ~25%. Interestingly, in the absence of base this reaction 

does not proceed (Figure E.17), likely due to rapid back-electron transfer (BET) between 

HEH2
•+ and SmI2. However, HEH2

•+ can be deprotonated in the presence of base, 

circumventing BET. 

We next evaluated conditions for photogeneration of SmI2(THF)n from Sm(OiPr)3
 as 

a model SmIII-alkoxide. Irradiation of Sm(OiPr)3 (2 mM), tetra-n-heptylammonium iodide 

(nHep4NI, 6 mM), and HEH2 (60 mM) at 440 nm in THF shows no evidence of SmI2 

formation (Figure E.19). However, upon the addition of only 1.5 equiv of the acid bis-

trifluoromethylsulfonylimide (HTFSI) to Sm(OiPr)3, SmI2(THF)n is generated upon 

irradiation with nHep4NI and HEH2 (Figure 6.2A, right panel). Parallel CV studies 

demonstrate that no SmI3 is generated from Sm(OiPr)3 at this acid loading (Figure 6.2B, 

compare light and dark blue traces), and current attributable to SmIII reduction (presumably 

of an intermediate mixture of solvated “SmI(OiPr)2” and “SmI2OiPr”) does not onset until 

−2.3 V. In contrast to SmI3, no external base is needed, suggesting that the Sm-bound 

alkoxide might additionally serve the role of deprotonating HEH2
•+ to avoid BET.  UV-vis 

studies reveal that addition of the colorless SmIII–OiPr species (grey trace in Figure 6.2A) 

gives rise to a significantly red-shifted shoulder in the HEH2 absorption profile (compare 

light and dark red traces in Figure 6.2A), consistent with pre-association.  
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Figure 6.2. Photogeneration of SmI2. (A) UV-vis spectra following photoreduction of 
SmI3 (left) and LnSm(iOPr)I2 to form SmI2. CVs of Sm(OiPr)3 (2 mM) in the presence of 
iodide and proton sources in THF.  

The modest yields and rates of these reactions motivated the study of SmIII reduction 

with a photoredox catalyst to overcome the low quantum yield and excited state lifetime (220 

ps in MeCN)37 of HEH2. We selected [Ir(dtbbpy)(ppy)2]+ ([IrIII]+)38 as a photosensitizer, 

which could undergo reductive quenching by a sacrificial electron donor to generate IrII. IrII 

is thermodynamically capable of reducing SmI3 to SmI2 (E°(IrIII/II) = −1.94 V, Figure 6.2B 

and Figure E.36).  
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Figure 6.3. Photogeneration of SmI2 with Ir photocatalyst. (A) Photoreductions of SmIII 
species with [Ir]PF6 photocatalyst. (B) Rationale for net photoinduced proton- and 
electron-transfer from HEH2 to [SmIII–OR] species. 

Irradiating SmI3 or SmI2OiPr (2 mM) with [IrIII]PF6 (0.2 mM), HEH2 (60 mM) as 

sacrificial reductant, and Lut (60 mM) rapidly generates SmI2 (80% or 30% conversion in 2 

min, Figure 6.3A). Again, the weak base Lut enhances the process (Figures E.20-E.21).  

The accelerated reduction of SmI2OiPr is curious, as electron transfer from IrII to this 

SmIII species is uphill by 400 mV (Figure 6.2B). A rationale for these observations is 

provided in Figure 6.3B: reductive quenching of *[IrIII]+ by HEH2 generates not only the 

strong reductant IrII, but also the strong acid HEH2
•+ (pKa −1 in MeCN),39,40 the combination 

of which can carry out net proton-coupled electron transfer to SmIII–OiPr.41 Proton transfer 

from HEH2
•+ to a SmIII–OiPr species, likely via proton relay mediated by Lut, liberates iPrOH 

and [SmI2]+.42 The latter can then be reduced to SmI2 by IrII.  

Development of Sm-catalysis leveraging diverse ligand coordination to modulate 

reactivity is an attractive goal. Exploration of SmII generation in the presence of potential 

coligands was carried out pursuant to these interests. 
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Figure 6.4. Photogeneration of SmII with alternate ligands. (A) Ligand coordinated Sm-
species generated by a photoredox approach. See Appendix E for relevant 
electrochemical data. Choice of a sufficiently reducing photocatalyst remains crucial to 
observe SmII. (B) UV-vis spectra following photogeneration of SmBr2 and 
Sm(HMPA)4

2+.  

Satisfyingly, SmII is readily photogenerated from SmI3 by [IrIII]+ and quencher 

(HEH2 or Et3N) in the presence of several protic additives (ethylene glycol, N,N-

dimethylaminoethanol, Figures E.23-E.24),3,43,44,45 including a chiral aminediol (Figure 

6.4A, Figure E.25) that has been utilized in several enantioselective SmI2 

transformations.46,47,48  
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The reduction potential and reactivity of SmII is highly sensitive to coordination of 

Lewis-basic additives (HMPA, Br−; Figure 6.4A).49 While [IrII] is insufficiently reducing to 

access such species, the more reducing photocatalyst 3DPA2FBN, 50  when paired with the 

more reducing quencher 9,10-dihydroacridine and Et3N as base, mediates generation of both 

SmBr2 and Sm(HMPA)4
2+ (Figure 6.4B). 3DPA2FBN also facilitates SmIII reduction and 

binding to the chiral BINAPO ligand (Figures 6.4A and E.34).51,52  

Having established two different photochemical approaches to SmII generation, we 

targeted an intermolecular ketone-acrylate coupling as a model reaction to benchmark 

photodriven Sm-catalysis (Table 6.1). This reaction is representative of the qualities that set 

SmI2 apart as a stoichiometric reductant. Inner sphere electron transfer to one or both of the 

carbonyl substrates is obligatory based on comparison of outer-sphere reduction potentials.23  

Importantly, a Sm-alkoxide is generated as the byproduct of lactonization, enabling 

evaluation of the ability of a set of conditions to overcome this critical barrier to generalizable 

Sm catalysis.  

Irradiation of ketone 1 (0.04 mmol), phenyl acrylate (2 equiv), and SmI2(THF)2 (10 

mol %) in the presence of HEH2 (4.0 equiv) in 2-MeTHF (0.02 M) at 440 nm for 90 min 

yields lactone 2 in 76% yield (Table 6.1, entry 1, method A). Addition of a photoredox 

catalyst ([Ir]PF6, 1 mol%) with pyridine (2 equiv) results in an increase in yield to 89% 

(Entry 1, method B). Light and Sm were required for catalytic formation of 2 by either 

method (entries 3 and 4). Sm(OTf)3 is a competent precatalyst with 50 mol% MgI2 included 

as an iodide source (entry 4). Substitution of Gd(OTf)3 for Sm(OTf)3 results in trace product 

formation, supporting a key role for SmII in catalysis (entry 5).  
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Table 6.1. Photodriven Sm-catalyzed coupling of ketones and phenyl acrylate to form 
lactone products. Yields were determined by 1H NMR analysis. For additional reaction 
data, see Table E.2. atert-butyl acrylate used as coupling partner; lactonization observed 
only upon acidic workup. 

Both methods are competent in the presence/absence of pyridine (entries 1, 6, and 7), 

but yields are greatly diminished in the presence of a stronger base (Et3N, entry 8). This 

suggests that the dynamics of Sm-alkoxide protonation play an important role in turnover.23 

Interestingly, the use of a dihydropyridine without carbonyl groups, 5,6-

dihydrophenanthridine, only shows product formation with [Ir]+ (entry 9). In the absence of 

Ir, the specific interaction between Sm and HEH2 appears to be required. The Ir-catalyzed 

reaction is also faster, achieving 60% conversion in 15 minutes, compared to 29% by method 

A (entry 10). 

Methods A and B were tested against alternative coupling partners to assess their 

relative efficacies. When using less activated substrate pairs (aliphatic ketones and alkyl 

acrylates, entries 1, 11 and 12), method B is favored, perhaps because these slower cross-

couplings require rapid SmIII-to-SmII conversion. Method A is preferred when using aryl 
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ketones (entries 13-15), as method B gives considerable pinacol-coupled side-products 

(Table E.3). With method A, selective inner-sphere photogeneration of SmII by SmIII−HEH2 

may favor SmII-mediated cross-coupling, while with method B background Ir-mediated 

substrate reduction to homocoupled products can dominate.  

A proposed mechanism for this photodriven lactonization reaction (by method A) is 

presented in Figure 6.5. The mechanism can be divided into two parts, a photoreduction side 

in which SmIII is reduced to SmII, and a SmI2 cross-coupling side where the organic substrates 

are coupled. Starting from SmI2(OPh), coordination to HEH2 (as demonstrated in Figure 

6.2A) followed by excitation to *HEH2 allows for the proton and electron transfer required 

to generate SmI2, with PhOH and HEH• as additional products. Subsequently, SmI2 couples 

the acrylate and ketone to form a radical intermediate.53,54 HEH• is capable of reducing this 

intermediate as a potent H-atom donor, although alternative schemes for reduction of the 

radical intermediate can be envisioned (Figure E.45). Following reduction and lactonization, 

2 is formed along with SmI2(OPh).  

With [Ir]+, a similar mechanism is proposed, differing in the regeneration of SmII, 

which can be regenerated from SmIII-alkoxide as depicted in Figure 6.3B (see Figure E.46 

for full scheme).  

 
Figure 6.5. Proposed mechanism of Sm cross-coupling under Ir-free conditions (method 
A). 
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6.3 Conclusions 

In summary, we have demonstrated photodriven generation of SmI2(THF)2 from 

SmIII precursors using both a photoreductant and a photoredox catalyst. These conditions 

translate to proof-of-concept photodriven reductive Sm-catalyzed ketone-acrylate coupling. 

Distinct from reported methods, photodriven Sm-catalysis occurs in the absence of 

competing Lewis-acidic metal additives and byproducts (e.g., Mg2+ and Zn2+ 

salts),14,15,16,17,18,19,20,21,22,23 which may be of utility in development of Sm-catalysis with 

ligands.3,18,43,46,47,48,49,50,51 These findings are anticipated to facilitate applications of Sm-

catalysis beyond the types of thermally driven transformations studied thus far. 
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A.1. Experimental section 

A.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. Nonhalogenated solvents were tested with sodium 

benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed, 

and dried over activated 3-Å molecular sieves prior to use. [FeCN],1 [FeCNMe2],1 

[P3
BFe]BArF

4,2 PhB(iPr2P)3FeBr,3 [Ph2NH2]OTf,4 KC8,1 [H(OEt2)2]BArF
4,5 [TBA][13CN]6  

were synthesized using literature methods. (C6H6)2Cr, Cp*2Cr and Cp2Co were purchased 

from Strem and used without further purification.   

 

A.1.2 Physical Methods 

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a 

Varian 400 MHz spectrometer. 1H NMR chemical shifts are reported in ppm relative to 

tetramethylsilane, using 1H resonances from residual solvent as internal standards.7 

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements 

were collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path length quartz 

cuvette. All samples had a blank sample background subtraction applied. Temperature 

regulation for UV-Vis measurements was carried out with a Unisoku cryostat. Time 

course UV-Vis spectra were collected with the Scanning Kinetics application of the Cary 

WinUV software. 

Mössbauer spectra: 57Fe Mössbauer spectroscopy measurements 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 from 

Janis (Wilmington, MA). The quoted isomer shifts are relative to the centroid of the 

spectrum of a metallic foil of α-Fe at room temperature (RT). Solution samples were 

transferred to a sample cup, freeze-quenched with liquid nitrogen inside the glovebox, 



136 

 

and then immersed in liquid N2 until mounted in the cryostat. Data analysis was 

performed using version 4 of the program WMOSS (wmoss.org), and quadrupole 

doublets fit Lorentzian lineshapes.  

 

A.2 Ammonia production and quantification studies 

A.2.1 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 precatalysts ([FeCN] or other Fe-complexes) are weighed in individual 

vials.* The precatalysts are then transferred quantitatively into a Schlenk tube using benzene. 

The benzene is then lyophilized to provide a fluffy powder of precatalyst at the bottom of the 

Schlenk tube. The tube is then charged with a stir bar, and the acid ([Ph2NH2]OTf), reductant 

(e.g., (C6H6)2Cr)) and [TBA][CN], all added as solids. The tube is sealed and cooled to 77 K 

in a cold well. To the cold tube 1 mL Et2O solvent is added to produce the desired precatalyst 

concentration. For reactions run above -20 ℃ additional Et2O was added taking into account 

the headspace of the tube and the vapor pressure of Et2O such that the reaction volume 

remained 1 mL. 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. For experiments run at -78 ℃, the tube is then 

transferred to a dry ice/isopropanol bath, where it thaws and is allowed to stir for a minimum 

of three hours before warming. For experiments run at -20 ℃, the tube is instead transferred 

to a 3:1 ice:NaCl bath, where it thaws and is allowed to stir for a minimum of one hour before 

warming. For experiments run at 0 ℃, the tube is transferred to an ice bath where it thaws 

and is allowed to stir for a minimum of three hours before warming. For experiments run at 

25 ℃, the tube is transferred to a water bath where it thaws and is allowed to stir for a 

minimum of 80 minutes. To ensure reproducibility, all experiments were conducted using 10 

mm egg-shaped stir bars, and stirring was conducted at ~600 rpm.  

* In cases where less than 2.3 µmol of precatalyst were used, stock solutions were 

used to avoid having to weigh very small amounts. 
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A.2.2 NH3 detection by 1H NMR 

Following the completed reaction, the reaction flask was 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 KOtBu as a solid (in at least two-fold excess with respect to acid) 

and THF (2 mL). This 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 HCl (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 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 a known amount of (1 mL or 0.5 mL) DMSO-d6 containing 

1,3,5-trimethoxybenzene as an internal standard. Integration of the 1H NMR peak observed 

for NH4
+ (δ 7.25 t, J = 52 Hz, 4H) is then integrated against the two peaks of 1,3,5-

trimethoxybenzene to quantify the ammonium present. A typical spectrum is shown in Figure 

A.1. MeNH3Cl (when detected) is characterized in a similar fashion with the integration of 

diagnostic peaks (MeNH3.Cl δ 7.78, br, 3H, δ 2.35, q, J = 8 Hz, 3H) against 1,3,5-

trimethoxybenzene. A typical spectrum is shown in Figure A.2. 

 

A.2.3 Reload experiments 

For the reload experiments (Table 2.1 entry 16), catalysis is set up as detailed in 

section A.1, except that following the sealing of the tube, it was allowed to thaw inside the 

glovebox and stirred for 80 minutes at 25 ℃. After 80 minutes, the reaction mixture is filtered 

through a Celite pipette, with the flask and filter cake washed with an additional 2x(1 mL) 

dry Et2O. The extracted Et2O soluble products are added to a fresh Schlenk flask, and the 

solvent is removed in vacuo.  

The (fresh) tube is then charged with a stir bar, the acid ([Ph2NH2]OTf), reductant 

((C6H6)2Cr)) and [TBA][CN]. The tube is sealed and cooled to 77 K in a cold well. To the 

cold tube Et2O is added, taking into account the headspace of the tube and the vapor pressure 

of Et2O such that the reaction volume remained 1 mL at 25 ℃. The temperature of the system 
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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 

reaction is warmed to room temperature and allowed to stir for 12 hours. The reloaded tube 

is analyzed as detailed in section A.2.2. 

The first catalytic run is also analyzed for NH3 (as detailed in section A.2.2), with the 

solids remaining on the Celite pipette being added back to the flask.  

 

A.2.4 A note on error bars and the solubility of species during catalysis 

Compared to similar N2 reduction reactions, somewhat greater error between 

individual runs is observed.4,5 We attribute this to the relative heterogeneity in the reaction 

mixture. [Ph2NH2]OTf is insoluble in Et2O, while [FeCN], (C6H6)2Cr and [TBA][CN] are all 

sparingly soluble. As a result, sufficient and consistent stirring was required to achieve 

reproducibility, but some variation was observed.  

The relatively low catalyst solubility also necessitated the lyophilization of the 

precatalyst, particularly for low-temperature experiments. The increased surface area of 

lyophilized materials helps more rapidly solubilize the catalyst, which was found to be 

crucial to achieving efficient catalysis. Attempts to counteract these effects, e.g., by using 

THF for increased solubility, gave lower yields (Table A.1 runs A3 and B3), possibly due to 

a greater rate of background hydrogen evolution. 
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A.2.5 NH3 detection results  

Table A.1. Catalytic yields for reduction of [TBA][CN] to yield NH3. aAssuming 6 e- 
reduction. bCH3NH2 products also taken into account as a 4 e- product. 

 

Entry 

Catalyst loading 
(μmol) ([FeCN] is 
catalyst 
unless specified) 

Conditions, 
((C6H6)2Cr is the 
reductant  
unless specified) 

NH3 
(equiv/ 
Fe) 

Yield per 
reductant 
(%)a 

A1 0.72 μmol 25 ℃, Et2O 20.5 34.1 
B1 0.72 μmol 25 ℃, Et2O 32.8 54.6 
C1 0.72 μmol 25 ℃, Et2O 24.3 40.5 
D1 0.72 μmol 25 ℃, Et2O 32.5 54.2 
Table 2.1, 
entry 1 

0.72 μmol 25 ℃, Et2O 28±5 47±8 

E1 0.72 μmol ‒20 ℃, Et2O 27.6 46 
F1 0.72 μmol ‒20 ℃, Et2O 43.4 72 
Table 2.1, 
entry 2 

0.72 μmol ‒20 ℃, Et2O 35±8 58±13 

G1 0.72 μmol 0 ℃, Et2O 27.6 46 
H1 0.72 μmol 0 ℃, Et2O 24.3 40.5 
Table 2.1, 
entry 3 

0.72 μmol 0 ℃, Et2O 26±2 43±3 

I1 0.72 μmol ‒78 ℃, Et2O, 16.2 23 
J1 0.72 μmol ‒78 ℃, Et2O 39.0 55 
K1 0.72 μmol ‒78 ℃, Et2O 30.7 44 
L1 0.72 μmol ‒78 ℃, Et2O 46.2 66 
Table 2.1, 
entry 4 

0.72 μmol ‒78 ℃, Et2O 33±6 55±10 

M1 2.9  μmol ‒78 ℃, Et2O 9.5 63 
N1 2.9  μmol ‒78 ℃, Et2O 10.0 66 
Table 2.1, 
entry 5 

2.9  μmol ‒78 ℃, Et2O 9.7±0.2 65±1 

O1 0.15 μmol ‒78 ℃, Et2O 76.5 25.5 
P1 0.15 μmol ‒78 ℃, Et2O 69 23 
Table 2.1, 
entry 6 

0.15 μmol ‒78 ℃, Et2O 73±4 24±1 
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Entry 

Catalyst loading 
(μmol) ([FeCN] is 
catalyst 
unless specified) 

Conditions, 
((C6H6)2Cr is the 
reductant  
unless specified) 

NH3 
(equiv/ 
Fe) 

Yield per 
reductant 
(%)a 

Q1 No catalyst ‒78 ℃, Et2O <0.05 <1 
R1 No catalyst ‒78 ℃, Et2O <0.05 <1 
Table 2.1, 
entry 7 

No catalyst ‒78 ℃, Et2O <0.05 <1 

S1 Table 
2.1, entry 
8 

No [TBA][CN], 
[FeC15N] 
precatalyst 

‒78 ℃, Et2O 0.7 1.1 

T1 Table 
2.1, , 
entry 9 

FeCl2  
8 μmol 

‒78 ℃, Et2O 0.3 5.5 

U1 Table 
2.1, , 
entry 10 

CrCl2  
8 μmol 

‒78 ℃, Et2O <0.03 <0.5 

V1 
PhB(CH2

iPr2P)3 

FeBr 
(2.9 μmol) 

‒78 ℃, Et2O 

1.1 
+0.4 
MeNH2 
(equiv/Fe) 

9.1 

W1 
PhB(CH2

iPr2P)3 

FeBr 
(2.9 μmol) 

‒78 ℃, Et2O 

1.7 
+0.85 
MeNH2 
(equiv/Fe) 

15.1 

Table 2.1, 
entry 11 

PhB(CH2
iPr2P)3 

FeBr 
2.9 μmol 

‒78 ℃, Et2O 

1.4±0.7 
+0.6±0.2 
MeNH2 
(equiv/Fe) 

12±3b 

X1 
[P3

BFe]BArF
4 

2.9 μmol 
‒78 ℃, Et2O 2.2 14.7 

Y1 
[P3

BFe]BArF
4 

2.9 μmol 
‒78 ℃, Et2O 2.4 16.0 

Table 2.1, 
entry 12 

[P3
BFe]BArF

4 

2.9 μmol 
‒78 ℃, Et2O 2.3±0.1 15.3±0.6 

Z1 0.72 μmol 
25 ℃, Et2O, Cp2Co 
reductant 

3.6 6 

A2 0.72 μmol 
25 ℃, Et2O, Cp2Co 
reductant 

2.0 3.3 
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Table 2.1, 
entry 13 

0.72 μmol 
25 ℃, Et2O, Cp2Co 
reductant 

2.8±0.8 4.6±1.3 

     
     

Entry 

Catalyst loading 
(μmol) ([FeCN] is 
catalyst 
unless specified) 

Conditions, 
((C6H6)2Cr is the 
reductant  
unless specified) 

NH3 
(equiv/ 
Fe) 

Yield per 
reductant 
(%)a 

B2 0.72 μmol 
25 ℃, Et2O, 
(Cp*)2Cr reductant 

10.9 18.2 

C2 0.72 μmol 
25 ℃, Et2O, 
(Cp*)2Cr reductant 

16.1 26.8 

Table 2.1,  
entry 14 

0.72 μmol 
25 ℃, Et2O, 
(Cp*)2Cr 
reductant 

13.5±3 22±5 

D2, Table 
2.1, entry 
15 

0.72 μmol 25 ℃, Et2O 32.4 54 

E2 0.72 μmol 25 ℃, Et2O 3.1 5.2 
F2 0.72 μmol 25 ℃, Et2O 5.1 8.5 
Table 2.1, 
entry 16 

0.72 μmol 25 ℃, Et2O 4.1±1 7±2 

     

Additional catalytic runs 

Entry 

Catalyst loading 
(μmol) ([FeCN] is 
catalyst 
unless specified) 

Conditions, 
((C6H6)2Cr is the 
reductant  
unless specified) 

NH3 
(equiv/ 
Fe) 

Yield per 
reductant 
(%)a 

A3 0.72 μmol ‒78 ℃, THF 12.3  
B3 0.72 μmol ‒78 ℃, THF 16.7 27.8 
 0.72 μmol ‒78 ℃, THF 14.5±2.2 24±4 
C3c 2.9 μmol ‒78 ℃, Et2O 2.3 46 
D3c 2.9 μmol ‒78 ℃, Et2O 3.6 72 
E3c 2.9 μmol ‒78 ℃, Et2O 4.1 82 
 2.9 μmol ‒78 ℃, Et2O 3.3±0.6 66±12 
     
c loadings of 30 equiv (C6H6)2Cr  
(87  mM)/ 40 equiv [Ph2NH2]OTf (116 mM)/ 6 equiv [TBA][CN] (17.4 mM). 
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Figure A.1. Typical spectra for 1H NMR detection of [NH4]Cl (triplet, J=52 Hz at 7.31 
ppm), with 10 μmol 1,3,5-trimethoxbenzene (TMB) added. 

 
Figure A.2. Typical spectra for 1H NMR detection of [NH4]Cl (δ 7.31 ppm (t), J=52 Hz) 
and [CH3NH3]Cl (δ 7.78, br, 3H, δ 2.35, q, J = 8 Hz, 3H), with 5 μmol 1,3,5-
trimethoxbenzene (TMB) added. 
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Figure A.3. 1H NMR detection of [15NH4]Cl (δ 7.1 ppm (d), J=72 Hz) from reduction of 
[FeC15N] (360 equiv (C6H6)2Cr and 480 equiv [Ph2NH2]OTf), in the absence of 
[TBA][CN], quantified with 10 μmol 1,3,5-trimethoxybenzene (TMB) added. Lack of 
[14NH4]Cl rules out possible background N2R. 

 

 

 
Figure A.4. Structures of molecular complexes employed as precatalysts. 
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A.3 Detection and quantification of gaseous products 

A.3.1 General considerations 

When using standard catalytic conditions, the acid, reductant and cyanide all 

constitute an appreciable wt% ([Ph2NH2]OTf wt. 12 %, (C6H6)2Cr wt. 6 % and [TBA][CN] 

wt. 4 %) of the reaction mixture and have an unknown effect on the solubility of gaseous 

organic products. We find that these reagents result in a greater amount of CH4 absorbed in 

solution than expected for Et2O alone. 

To initially quantify the amount of CH4 produced, 4 tubes with chemical reagents 

([TBA][CN], [Ph2NH2]OTf and (C6H6)2Cr, standard loadings table 1 entry 1) with and 

without [FeCN] (0.72 mM) and with and without 500 μL CH4 added (at 25℃, 1 atm equals 

20.5 μmol or 29.4 equiv per [Fe] at 0.72 mM catalyst loading) were prepared. After 

completion of the reaction, an aliquot from the headspace was injected on an HP 5890 GC-

FID (30 M column length, 0.280 mm column diameter, He carrier gas), and the respective 

ratios of the CH4 peak were compared (retention time=3.7 min). Using these measurements, 

the CH4 yields were calculated (Table A.2). While we did not quantify C2 products they were 

observed as possible minor components in the GC-FID, motivating the use of a gas analysis 

method on a different instrument that was previously calibrated for quantification of other 

gases C2H4, C2H6, and H2. 

With the amount of CH4 quantified, samples were manually injected on a combined 

GC-FID/TCD (SRI 8610C, in Multi Gas 5 configuration equipped with HayeSep D and 

Molsieve 5A columns). Hydrocarbons were detected by a S4 methanizer-flame ionization 

detector (FID), and the hydrogen was detected by a thermal conductivity detector (TCD). H2, 

C2H6, and C2H4 were calculated with respect to CH4 (Table A.3 and Table A.4). Using this 

same internal calibration, gaseous products from reactions run at room temperature and with 

the tris(phosphine) iron precatalysts were also quantified. 
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Table A.2. Detection of CH4 with control and leak test 

 
Sample Signal Area 

CH4  
Amount of 
CH4 added 

Amount of 
CH4 

detected 

Amount of CH4 

produced 

[Fe]  1754 0 μmol 22.3 μmol 22.0 μmol 
[Fe] + 0.5 mL 
CH4 (27.8 
equiv) 

3655 20 μmol 46.4 μmol 26.1 μmol 

No Fe  28 0 μmol 0.3 μmol  
No Fe + 0.5 
mL CH4 (27.8 
equiv) 

1575 20 μmol 20 μmol  

   Average 24±2 μmol 
    33±3 CH4 per Fe 

 

A.3.2 Quantification of additional gases 

To quantify the additional gaseous products observed, a GC-FID/TCD was used with 

a previously measured calibration curve. It was assumed that gas absorption (in the reaction 

mixture) was similar across gasses, as such the headspace gasses were used to calculate the 

ratios of H2/CH4, C2H4/CH4, and C2H6/CH4. This same internal calibration gaseous products 

at room temperature were also quantified in runs C and D, with PhBP3FeBr precatalysts in 

runs D and E and P3
BFe[BArF

4] precatalyst in runs F. 
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Table A.3. Summary of quantification of additional gaseous products. 

 
Catalyst 
(Loading) 

Initial 
T 

CH4 
equiv/Fe 
(yield%/Cr) 

H2 equiv/Fe 
(yield%/Cr) 

C2H4 

equiv/Fe 
(yield%/Cr) 

C2H6 

equiv/Fe 
(yield%/Cr) 

C2/C1 
ratio 

[FeCN]  
(0.575 mM) 

−78℃ 33±3  
(55±5%) 

53±15 
(29±8%) 

0.28±0.02 
(0.6±0.04%) 

0.21±0.02 
(0.6±0.04%) 

0.015 

[FeCN]  
(0.575 mM) 

25℃ 27±4  
(45±6%) 

53±20 
(29±11%) 

0.33  
(0.7%) 

0.26±0.10 
(0.7±0.3%) 

0.022 

PhBP3FeBr 
(2.9 mM) 

−78℃ 1.0±0.1  
(7.3±1%) 

5.1±0.1 
(11±0.2%) 

0.09±0.01 
(0.7±0.1%) 

0.06±0.01 
(0.8±0.1%) 

0.11 

P3
BFe[BArF

4] 
(2.9 mM) 

−78℃ 1.6 
(11%) 

16 
(36%) 

0.1 
(0.1%) 

0.1  
(0.1%) 

0.16 
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Table A.4. Quantification of additional gases and room temperature catalysis. 
*Headspace concentrations are relative based on GC-calibration. 

Gas  CH4 H2 C2H4 C2H6 

Run A (20 
mL reaction 

volume) Area 744 238 13.3 8.7 

 
Headspace 

concentration* 3250 ppm 4195 ppm 27 ppm 19.4 ppm 
 Ratio to CH4 - 129% 0.8% 0.6% 

Run B (20 
mL reaction 

volume) Area 762 366 15 10 

 
Headspace 

concentration* 3334 ppm 6485 ppm 31 ppm 22 ppm 
  - 195% 0.9% 0.7% 

Average 
ratio to CH4   162±46% 0.85±0.07% 0.65±0.07% 
Yield per Fe  33±3 53±15 0.28±0.02 0.21±0.02 

Yield per 
(C6H6)2Cr  55±5 29±8% 0.6±0.04% 0.6±0.04% 

      
Room temperature gas analysis 

Run C (150 
mL reaction 

volume) Area 118.9 108.7 2.4 0.6 

 
Headspace 

concentration* 406 ppm 995 ppm 4.6 ppm 2 ppm 

 
Ratio to CH4 

runs(A+B) 92% 220% 1% 0.5% 
Run D (150 
mL reaction 

volume) Area 101.2 54.2 2.4 1.4 

 
Headspace 

concentration* 302 ppm 443 ppm 4.6 ppm 4.9 ppm 

 
Ratio to CH4 
(runs A+B) 70% 100% 1% 1.1% 

Average 
ratio to CH4   160±60% 1% 0.8±0.3% 
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Yield per Fe  27±4 53±20 0.33 0.26±0.10 
Yield per 
(C6H6)2Cr  45±6 29±11% 0.7% 0.7±0.3% 

      
Gas  CH4 H2 C2H4 C2H6 

Catalytic run with PhBP3FeBr (2.9 mM) 
Run E (20 

mL reaction 
volume) 

Area 105.3 109.7 19.4 9.2 

 Headspace 
concentration* 

360 ppm 2012 ppm 37 ppm 21 ppm 

 Ratio to CH4 
runs(A+B) 

11% (0.9 
equiv) 

61% (5 
equiv) 

1.1% (0.09 
equiv) 

0.6% (0.05 
equiv) 

Run F (20 
mL reaction 

volume) 

Area 127.7 114 19 10.8 

 Headspace 
concentration* 

434 ppm 2091 ppm 36 ppm 26 ppm 

 Ratio to CH4 
(runs A+B) 

13% (1.1 
equiv) 

64% (5.3 
equiv) 

1.1% (0.09 
equiv) 

0.8% (0.07 
equiv) 

Average 
ratio to CH4 

 12±1% 38.5±0.5% 1.1% 0.7±0.01% 

Yield per Fe  1.0±0.1 5.1±0.1 0.09±0.01 0.06±0.01 
Yield per 
(C6H6)2Cr 

 7.3±1% 11±0.2% 0.7±0.1% 0.8±0.1% 

Catalytic run with (P3
BFe)BArF

4 (2.9 mM) 
Run G (20 

mL reaction 
volume) 

Area 182 356 21.6 12.5 

 Headspace 
concentration* 

622 ppm 6530 ppm 41.2 ppm 43.9 ppm 

 Ratio to CH4 
runs(A+B) 

19% (1.6 
equiv) 

198% 1.2% 1.3% 

Yield per Fe  1.6 16 0.1 0.1 
Yield per 
(C6H6)2Cr 

 10.6% 36% 0.9% 1.1% 
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Figure A.5. Typical trace for GC-FID (top) and TCD (bottom) of gases detected, with CH4, 
C2H4, C2H6 and H2 highlighted. 

 

A.4 Additional control experiments 

A.4.1 Monitoring of [TBA]13CN consumption by NMR 

To monitor the consumption of [CN]− and the formation of methane derived from 

[CN]−, [TBA][13CN] was used in a 13C NMR experiment. Two J. Young NMR tubes were 

loaded with [TBA][13CN] (100 mM), (C6H6)2Cr (261 mM), and [Ph2NH2]OTf (348 mM); 

one of these tube was also loaded with [FeCN] (2.9 mM). The tubes were cooled to -78 ˚C, 

d8-THF was added, and the tubes were sealed. The tubes were allowed to warm up slowly 

with occasional mixing (by hand, every 10 minutes) for the first 2 hours of the reaction. Upon 

completion, analysis by 13C NMR showed that only the tube loaded with [FeCN] had 

consumed 13CN− and produced 13CH4. 

The use of THF was required to get sufficient solubility of reaction components, 

given the worse mixing in the J. Young tube. It was confirmed that setting up catalysis in 

THF still yields NH3 (14.5±2.2, Table A.1, runs A3 and B3). 
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Figure A.6. 13C NMR spectra showing the reaction of [TBA][13CN] with (C6H6)2Cr, 
[Ph2NH2]OTf in the presence and absence of [FeCN] catalyst. As compared to the peaks 
corresponding to Ph2NH/[Ph2NH2]+ [13CN]− is only appreciable consumed in the presence 
of [FeCN] (top spectrum). 

 
Figure A.7. 13C NMR spectra showing the reaction of [TBA][13CN] with (C6H6)2Cr, 
[Ph2NH2]OTf in the presence of [FeCN] catalyst, with a 13CH4 peak (δ – 4.8 ppm, s), as 
compared to a sample generated upon the addition of acid to [Li][13CH3]. 

A.4.2 Using [FeC15N] precatalyst. 

To determine that the precatalyst CN− ligand is consumed, we used [FeC15N] labeled 

precatalyst but otherwise set up catalysis as usual (i.e., using natural abundance [TBA][CN]). 

Low reactant loading conditions were used to not swamp out the 15N signal (2.9 mM FeC15N, 

6 equiv [TBA][CN], 30 equiv (C6H6)2Cr/ 40 equiv [Ph2NH2]OTf). 0.8 equiv [15NH4]Cl is 

detected along with about 3 equivalents [14NH4]Cl by 1H NMR, consistent with most of the 
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bound [FeC15N] ligand being consumed. Catalysis with similar loading yielded similar 

amounts of NH3 (Table A.1 entry C3-E3). 

 
Figure A.8. 1H NMR detection of [15NH4]Cl (triplet, J = 52 Hz at 7.32 ppm), and [15NH4]Cl 
(doublet, J = 72 Hz at 7.32 ppm) with 10 μmol 1,3,5-trimethoxbenzene (TMB) added. 

A.5 Additional NMR experiments 

A.5.1 Stoichiometric reactions 

A.5.1.1 Reduction of [FeCN] 

[FeCN] (2 mg, 2.9 μmol) was deposited in a Schlenk flask as a lyophilized powder, 

followed by the addition of (C6H6)2Cr (3.6 mg, 6 equiv, 17.4 μmol) and [Ph2NH2]OTf (7.4 

mg, 8 equiv, 23 μmol). The flask was cooled to −78 ℃, and Et2O (1 mL) was added via 

syringe. The flask was allowed to warm up slowly overnight and, after completion, was 

brought back into the glovebox. The solvent was removed in vacuo, and the contents were 

taken up in C6D6 and analyzed by 1H NMR to find P3
SiFeOTf as the only detectable Fe-
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species. In a separate experiment, the contents of the flask were worked up as described in 

section A.2.2.  

 
Figure A.9. 1H NMR of reaction of [FeCN] with 6 equiv (C6H6)2Cr and 8 equiv 
[Ph2NH2]OTf in Et2O. After completed reaction, solvent was removed in vacuo and the 
sample was redissolved in C6D6. 1H NMR showed that the [Fe] product was primarily 
[FeOTf], green boxes for comparison to authentic sample. 

 
A.5.1.2 Metathesis of [FeOTf] to [FeCN] 

[FeOTf]8 (5 mg, 6 μmol) and [TBA][CN] (8.8 mg, 10 equiv, 60 μmol) were stirred 

in Et2O at room temperature for 5 minutes, color change (orange to red) suggested a change 

in Fe-speciation consistent with [FeCN] formation. The solvent was removed in vacuo, and 

the contents were redissolved in C6D6 to confirm [FeCN] formation by 1H NMR. 19F NMR 

showed mostly free TfO− but some [FeOTf]. 
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Figure A.10. 1H NMR of reaction of [FeOTf] with 10 equiv [TBA][CN] in Et2O, stirred at 
25 ℃ for 5 minutes at room temperature. 1H NMR showed that the [Fe] product was 
primarily [FeCN], red boxes for comparison to authentic sample. 

 
Figure A.11. 19F NMR of reaction of [FeOTf] with 10 equiv [TBA][CN] in Et2O, stirred 
at 25 ℃ for 5 minutes at room temperature. 19F NMR showed that the 19F-product was 
primarily TfO−. 

A.5.1.3 Reduction of [FeCN] at room temperature 

To confirm the assignment of [FeOTf] in Figure 2.3 (see main text), a parallel NMR 

experiment was run. In the glovebox, [FeCN] (2 mg, 2.9 μmol) was deposited in a J. Young 

tube as a lyophilized powder, followed by the addition of (C6H6)2Cr (12 mg, 20 equiv, 68 

μmol) and d8-THF (0.6 mL). [Ph2NH2]OTf (22 mg, 20 equiv, 68 μmol) was added as a solid. 
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Within 5 minutes of acid addition, a 1H NMR of the reaction was collected, confirming the 

formation of [FeOTf]. CH4 and NH3 were confirmed in separate experiments, with the 

reaction being sampled or quenched after a 10-minute reaction time. 

 

 
Figure A.12. 1H NMR of reaction of [FeCN] with 20 equiv (C6H6)2Cr and 20 equiv 
[Ph2NH2]OTf in THF. After 5 minutes, multiple Fe-species are formed, including [FeOTf] 
and an unknown species (orange boxes). Overnight, this species disappears, and [FeOTf] 
is the only identifiable Fe-species. 

A.5.2 Analysis of post-catalysis products 

Catalysis was setup as described in section 2.1. To more readily detect [Fe] products, 

the higher loadings (2.9 mM [FeCN]; Table 1, entry 5) were used. After completed catalysis 

(12 hours), the reaction flask was brought back into the glovebox. The flask was filtered and 

extracted with additional Et2O. The solvent was removed in vacuo, redissolved in C6D6, and 

analyzed. Fe−H species were detected, notably a doublet of triplets at δ −15.5 ppm. In 

addition, no [FeOTf] was observed (characteristic peaks δ 31.5, −4.5 ppm were not 

observed).  
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Figure A.13. 1H NMR and 31P NMR (inset) detection of extracted post-catalysis products, 
integrated against 1,3,5-trimethoxbenzene internal standard. Peak at δ -15.5 ppm, td (J = 
81.2 Hz; 11.4 Hz) is consistent with a hydride bound to P3

SiFe with 2JP−H couplings. For 
comparison δ(Fe-H; P3

SiFe(N2)(H)) has previously been characterized with td (J = 83.2 Hz; 
19.8 Hz).9 

A.5.3 Stability measurements of other iron phosphine precatalysts 

To assess possible reasons for poorer performance from the (P3
B)Fe[BArF

4] and 

(PhBP3)FeBr, these catalysts (2.3 mM) were reacted with excess (20 equiv) [TBA][CN] in 

Et2O. Analysis of the reaction mixture by 31P NMR after 15 minutes revealed free ligand 

from both precatalysts. In addition, a low spin Fe-bound product was observed upon the 

reaction of [TBA][CN] with PhBP3FeBr, possibly arising from the formation of 

[PhBP3Fe(Br)(CN)]−. 
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Figure A.14.  31P NMR of reaction of (P3

B)Fe[BArF
4] with [TBA][CN] in Et2O. Sharp peak 

at –6.8 ppm is consistent with unligated phosphine, with another broad peak (–3 ppm) also 
observed. 

 
Figure A.15.  31P NMR analysis of reaction of (PhBP3)FeBr with [TBA][CN] in Et2O. 
Sharp peak at – 5.9 ppm is consistent with unligated phosphine. Another major peak at 
56.3 ppm suggests the formation of diamagnetic Fe-species, perhaps from the formation of 
formation of [PhBP3Fe(Br)(CN)]− or [PhBP3Fe(Br)(CN)2]− with the CN− ligand binding 
inducing a change of spin state from (PhBP3)FeBr (S = 1). Additional, small peaks are also 
observed (65 ppm, 63 ppm, 4 ppm). 
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A.6 Mössbauer data 

A.6.1 Note on the fitting of Mössbauer spectra 

Data analysis was performed using version 4 of the program WMOSS 

(www.wmoss.org), and quadrupole doublets fit Lorentzian lineshapes. Simulations were 

constructed from the minimum number of quadrupole doublets required to attain a quality fit 

to the data (convergence of χR
2). Quadrupole doublets were constrained to be symmetric. 

Using the non-linear error analysis algorithm provided by WMOSS, the errors in the 

computed parameters are estimated to be 0.02 mm s-1 for δ and 2% for ΔEQ.  

A.6.2 Freeze-Quenched Mössbauer spectroscopy of catalytic reactions 

A.6.2.1 General procedure for freeze-quenched catalytic reactions  

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

filled glovebox, the desired 57Fe species (0.0023 mmol) is quantitatively transferred using 

benzene to a Schlenk flask and then lyophilized to yield a powder. That flask is charged with 

a stir bar and the other catalytic reagents as solids (analogous to catalytic reduction as 

described in section A.2.1). The tube is then chilled to 77 K in the glovebox cold-well and 

allowed to equilibrate for five minutes. To the chilled tube is added 1 mL of Et2O and this 

flask is allowed to equilibrate for another five minutes. The flask is then transferred to a stir 

plate, where it is allowed to thaw. 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 pipette, 

the reaction mixture is transferred in one portion to a Mössbauer cup sitting in a vial. The 

vial is then placed into the 77 K cooled cold well, allowing the reaction mixture to freeze in 

approximately twenty seconds. The sample is allowed to equilibrate for 20 minutes before 

being removed from the glovebox, immediately submerged in liquid nitrogen, and then 

mounted following standard procedure. 

The resulting signals had broad 57Fe Mössbauer spectra, for which meaningful fits 

could not be readily generated. However, noting the chemistry of [FeCN] in the presence of 

excess [Ph2NH2]OTf and (C6H6)2Cr (Figures 2.3 and A.12) and the known spectra of 

[FeOTf] (δ = 0.66 mm s-1, ΔEQ = <0.2 mm s-1, black line in figure A.14 is centered at 0.66 
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mm s-1) we are reasonably confident that [FeOTf] is present at early times. NMR analysis of 

the mixtures at 80 minutes shows no evidence of [FeOTf] (Figure A.13). 

 
Figure A.16. 57Fe Mössbauer spectra of freeze-quenched catalytic reactions reacting 
[57FeCN] (2.9 mM) with 90 equiv (C6H6)2Cr, 120 equiv [Ph2NH2]OTf and 35 equiv 
[TBA][CN] in Et2O for variable time. [FeOTf], reported as a species with δ = 0.66 mm s-

1; ΔEQ = <0.2 mm s-1 is observed within 1 minute (Black line at 0.66 mm s-1).10 Over time, 
other species appear, but we have not been able to assign them to known Fe-species.  

A.6.3 Mössbauer spectroscopy of reactions of [FeCN] with reductant and acid 

A.6.3.1 General Procedure for Freeze-Quenched Reactions 

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

filled glovebox, the desired 57Fe species (0.0023 mmol) is dissolved in 0.3 mL Et2O and 

cooled to −78 ℃ in a stirring vial in the glovebox cold well. Acid ([Ph2NH2]BArF
4, 0.00575 

mmol) was added in 0.1 mL Et2O. Reductant ((C6H6)2Cr or Cp2Co, 0.00575 mmol) was 

added in 0.3 mL to the chilled vial. The reaction was allowed to stir for 5 minutes before it 

was rapidly transferred to a pre-chilled Mössbauer cup. The cold well was then changed from 

−78℃ (195 K) to 77 K and the solution froze within 5 minutes. The Mössbauer cup was kept 

at 77 K for minimum 20 minutes before being rapidly taken out of the glovebox and 

submerged in liquid N2 and then mounted following standard procedure. 
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Trace δ (mm s-1) ΔEQ (mm s-1) Relative area Assignment 
Blue 0.13±0.01 1.47±0.01 71 % [FeCNH2]+ 

Red 0.41±0.01 3.20±0.01 29% [FeCNH]+ 

 
Figure A.17. 57Fe mössbauer spectrum of reaction of [57FeCN] with 2.5 equiv each of 
(C6H6)2Cr and [Ph2NH2]BArF

4. Spectra fit as two species. 

 
Figure A.18. 57Fe Mössbauer spectrum of reaction of [57FeCN]  with 2.5 equiv each of 
Cp2Co and [Ph2NH2]BArF

4. Spectra fit as a single species, δ = 0.03±0.01 mm s-1, ΔEQ = 
0.99±0.01 mm s-1. 
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A.6.4 Alternative synthesis of [FeCNH2] Mössbauer sample 

A.6.4.1 Synthetic procedure 

[FeCN] (20 mg, 29 μmol) was dissolved in 0.5 mL THF in a 20 ml vial. The solution 

was cooled to −78 ℃, and excess KC8 was added. The reaction mixture was then filtered 

through a pipette loaded with a filter paper, Celite, and KC8 3 times to form (proposed) 

[FeCN]K2. The reaction mixture was filtered a final time to remove graphite and excess KC8, 

giving a jet-black solution. This in situ formed material was used directly to form [FeCNH2]. 

Alternatively, transferring this solution to a Mössbauer cup while maintaining the 

temperature, freezing the reaction mixture at 77 K, and analyzing by 57Fe Mössbauer 

revealed a Mössbauer spectrum with parameters δ = 0.20 mm s-1, ΔEQ = 0.18 mm s-1 (Figure 

A.19 A), with a minor impurity. 

For generation of [FeCNH2], 2 equiv [H(OEt2)2]BArF
4 (59 mg, 58 μmol) dissolved 

in 0.3 mL THF, was added slowly to in situ formed [FeCN]K2, with an orange solution 

formed. Transferring this solution to a Mössbauer cup while maintaining the temperature, 

freezing the reaction mixture at 77 K, and analyzing by 57Fe Mössbauer revealed a 

Mössbauer spectrum with parameters δ = 0.02 mm s-1; ΔEQ = 0.96 mms-1 (Figure A.19 B), 

with some oxidized material also formed. The parameters of the major species fit those 

observed for [FeCNH2] synthesized with [Ph2NH2]BArF
4 and Cp2Co. 
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Figure A.19. 57Fe mössbauer of reaction of [57FeCN] with KC8 (excess) to form proposed 
[57FeCN]K2 (spectra A) and reaction of  proposed [57FeCN]K2 with 2 equiv 
[H(OEt2)2]BArF

4 to form [FeCNH2] (spectra B). 
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A.7. UV-visible measurements 

A.7.1 General procedure for room temperature reduction of [FeCN] monitored by 

UV-vis spectroscopy 

A 1 cm path length cuvette was loaded with [FeCN] (1 mM) and (C6H6)2Cr (20 mM) 

in THF in the glovebox. The cuvette was sealed with a septum with N2 flowed through the 

septum to maintain an O2-free atmosphere. To this solution, [Ph2NH2]OTf was rapidly added 

via syringe, and the reaction was monitored, collecting a spectrum every 6 seconds. 

 
Figure A.20. Inset shows absorbance peak at 495 nm, which has previously been noted as 
characteristic for [FeOTf]. This peak grew in with a τ1/2 = 40 s. Zoomed out spectrum 
shows isosbestic point at 510 nm and sharp absorption at 495 nm characteristic of [FeOTf].  

A.7.2 General procedure for low-temperature UV-vis spectroscopy (Figure 2.4 B 
and C) 

A 1 cm path length cuvette was loaded with [FeCN] (1 mM) in THF in the glovebox. 

It was sealed with a septum. It was brought out and allowed to equilibrate at the given 

temperature for 20 minutes. The temperature was maintained at -80℃, with constant stirring 

during data collection. The acid was dissolved in 0.5 mL THF and added to the temperature-

equilibrated cuvette. This resulted in the immediate formation of [FeCNH]+ (Figure A.21). 

Then, 2 equivalents of reductant were dissolved in 1 mL THF in the glovebox, brought out 

of the glovebox, and titrated into the solution via syringe. A spectrum was collected 2 minutes 
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after each addition of reductant. In the case of (C6H6)2Cr an additional 4 equivalents of 

reductant were dissolved in an additional 1 mL of solvent to continue the titration. The 

spectra were plotted against molar absorptivity, adjusting for the change in concentration of 

[Fe] throughout the titration experiment (Figure 2.4B and C).  

 
Figure A.21. UV-vis spectrum of starting [FeCN] (red) and after addition of 
[Ph2NH2]BArF

4 (blue) in THF at -80 ℃. Features match what has been previously observed 
for [FeCN] and [FeCNH]+.1,10  

  



164 

 

A.8. Electrochemical measurements 

A.8.1 General procedure 

Electrochemical measurements were conducted with a glassy carbon working 

electrode, a platinum wire counter electrode, and Ag/AgOTf (1mM AgOTf in 0.2 M 

[TBA][OTf]) reference electrode isolated by a CoralPor™ frit (obtained from BASi) and 

referenced externally to Fc+/0. Unless otherwise specified, NaK dried THF was used as 

solvent, with 0.2 M [TBA]OTf electrolyte. Measurements were conducted with a CH 

Instruments 600B electrochemical analyzer. 

 

A.8.2 Acid reduction current with different reductants 

To test the ability of each reductant to perform the hydrogen evolution reaction, we 

used electrochemical methods. Beginning the oxidized form of the reductants ([red]BArF
4; 

red = (C6H6)2Cr, Cp2Co, Cp*2Cr) for each [red]BArF
4 the current associated with reduction 

is enhanced upon addition of [Ph2NH2]OTf. The increase in current is proposed to occur due 

to a catalytic EC mechanism (Figure A.20), with the reduction of [red]BArF
4
 followed by 

protonation and hydrogen evolution. The increase in current upon the addition of acid to each 

reductant becomes a measure of the rate of reaction between the reductant and [Ph2NH2]OTf, 

proposed to reflect the rate of background hydrogen evolution during catalysis. 

[red]BArF
4 (Red = (C6H6)2Cr, Cp2Co, Cp*2Cr) was prepared in an analogous way to 

[Cp*2Co]BArF
4
11

 previously. 1 mM solutions were prepared in [TBA]OTf electrolyte (0.2 

M) in THF. Acids were added as solids to avoid a change in concentration of [red]BArF
4. 
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Figure A.22. Proton reduction by chemical reductants as measured by cyclic voltammetry. 
(A): Cyclic voltammograms of [red]BArF

4 (1 mM) in 0.2 M [TBA]OTf, with 0 equiv 
[Ph2NH2]OTf (dashed) and 50 equiv [Ph2NH2]OTf (solid lines) (100 mv s-1 scan rate). 
After addition of [Ph2NH2]OTf catalytic current is observed, but to a differing extent. The 
catalytic current measures the rate of reaction between acid and reductants. (B): Comparing 
the acid free current to the catalytic proton reduction current (icat/ip) we find that icat/ip 
correlates inversely to TON (NH3), with (C6H6)2Cr > Cp2Co > Cp*2Cr being the order of 
NH3 TON and (C6H6)2Cr < Cp2Co < Cp*2Cr being the order of icat/ip. Interestingly, there 
is no correlation between icat/ip and the reduction potential of the different reductants. (C) 
Proposed mechanism for electrochemical acid reduction, mediated by [red]BArF

4, 
exemplified for red = (C6H6)2Cr.  

 



166 

 

 
Figure A.23. Cyclic voltammograms of [(C6H6)2Cr]BArF

4 (1 mM, dashed lines) in 0.2 M 
[TBA]OTf, with increasing [Ph2NH2]OTf added from 0 (blue trace) to 50 equiv (red trace) 
at 100 mV s-1 scan rate. 

 

 
Figure A.24.Cyclic voltammograms of [(C6H6)2Cr]BArF

4 (1 mM, dashed lines) in 0.2 M 
[TBA]OTf, with 50 equiv [Ph2NH2]OTf added, with varying scan rate from 25 (blue trace) 
to 1600 mv s-1 (red trace). 
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Figure A.25.Cyclic voltammograms of [Cp2Co]BArF

4 (1 mM, dashed lines) in 0.2 M 
[TBA]OTf, with increasing [Ph2NH2]OTf added from 0 (blue trace) to 50 equiv (red trace) 
at 100 mV s-1 scan rate. 

 
Figure A.26. Cyclic voltammograms of [Cp2Co]BArF

4 (1 mM, dashed lines) in 0.2 M 
[TBA]OTf, with 50 equiv [Ph2NH2]OTf added, with varying scan rate from 50 (blue trace) 
to 800 mv s-1 (red trace). 

 



168 

 

 
Figure A.27. Cyclic voltammograms of [Cp*2Cr]BArF

4 (1 mM, dashed lines) in 0.2 M 
[TBA]OTf, with increasing [Ph2NH2]OTf added from 0 (blue trace) to 50 equiv (red trace) 
at 100 mV s-1 scan rate. 

 
Figure A.28. Cyclic voltammograms of [Cp*2Cr]BArF

4 (1 mM, dashed lines) in 0.2 M 
[TBA]OTf, with 50 equiv [Ph2NH2]OTf added, with varying scan rate from 25 (blue trace) 
to 1600 mv s-1 (red trace). 
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A.8.3 Electrochemical mechanistic studies with [FeCN] 

Studies of the electrochemistry of [FeCN] support that catalysis can occur with weak 

reductants like (C6H6)2Cr. We have previously measured the reduction potential of [FeCN]0/‒ 

at Ered= ‒2.07 V vs. Fc+/0,1 which is not accessible using (C6H6)2Cr reductant (Eox= ‒1.22 V). 

Upon addition of [Ph2NH2]OTf to a solution of [FeIICN] in THF with 0.2 M [TBA]PF6 

electrolyte at 25 ℃, we observed that this FeII/FeI couple shifts to E° ≈ ‒1.2 V (Figure A.29, 

inset), close to what has been previously observed for [FeCNH]+[BArF
4] (Ered= ‒1.27 V).1 

Upon closer inspection, this new reductive couple was composed of two features that 

partially overlap, with current maxima at Ep = ‒1.15 V and Ep = ‒1.28 V (Figure A.29)., 

attributed to E([FeCNH]+/0) and E([FeCNH2]+/0), respectively. The irreversibility of the first 

peak (E°1/2= ‒1.10 V) is attributed to the rapid protonation of electrochemically generated 

[FeCNH]. The second peak (E°1/2= ‒1.23 V) is irreversible at high acid loadings and slow 

scan rates (Figure A.30), which is consistent with a multielectron process occurring after the 

protonation of electrochemically generated [FeCNH2]. Using normalized 

current 𝑖௡௢௥௠௔௟௜௭௘ௗ = 𝑖/√𝜈 shows a decrease in current with increasing scan rate, as 

expected for a catalytic current. 

These cyclic voltammetry experiments support our proposed early steps for catalysis. 

It is worth noting that the measured reduction potential of [FeCNH2]+/0 (−1.23 V) would 

suggest the formation of an equilibrium of these species when (C6H6)2Cr (−1.22 V) is 

employed as a reductant, as we observe experimentally (Figure 2.4). Based on this analysis, 

we cite the E°([FeCNH2]+/0 ) as ~−1.2 V in the main text. The electrochemical and chemical 

reactions, as described, are summarized in Figure A.31. 
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Figure A.29. Cyclic voltammograms monitoring the titration of [Ph2NH2]OTf to [FeCN], 
at 100 mV s-1 scan rate: 0 to 3 equiv shown in inset, 3 equiv to 20 equiv shown in main 
figure.  

 
Figure A.30. Cyclic voltammograms monitoring scan rate dependence for [FeCN] 
reduction in the presence of 20 equiv [Ph2NH2]OTf from 10 mV s-1 to 75 mV s-1. 
Normalized current decreases with scan rate as expected for a multielectron process. 
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Figure A.31. Proposed scheme for cyclic voltammetry measurements. 

A.9. Generation of proposed [FeC(H)(NMe2)]+  

For ease of the reader, 1H-NMR, UV-vis, and 57Fe Mössbauer data associated with 

the synthesis of the proposed carbene species [FeC(H)(NMe2)]+ are all collated in section 

A.9, instead of having the individual spectra in the appropriate spectroscopic sections. 

A.9.1 Generation of UV-vis spectrum of [FeC(H)(NMe2)]+ in the absence of 

reductant 

A cuvette of dilute [FeCNMe2]1 (1 mM) in THF was prepared in the glovebox and 

sealed with a septum. It was brought out of the glovebox and cooled to 0 ℃, with a positive 

flow of N2 supplied with a needle. After equilibration, 5 equiv [Ph2NH2]OTf in 0.25 mL THF 

were added by syringe, and the reaction was monitored. Within 20 minutes, the initial peak 

at 420 nm had been consumed with new maxima appearing at 585 nm and 790 nm, as well 

as a feature that grows beyond the detection limit of the spectrometer (1100 nm). The 

addition of 10 equiv strong base (TBD) resulted in a loss of these new features and restoration 

of the initial absorbance at 420 nm, diagnostic for [FeCNMe2]. 
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Figure A.32. UV-vis monitoring of reaction of [FeCNMe2] (orange trace) and 5 equiv 
[Ph2NH2]OTf to form [FeC(H)NMe2]  (pink trace). 5 minutes between scans, reaction run 
at 0 ℃. The product was monitored to ensure no further reactivity occurred. Excess TBD 
was added, and the spectrum rapidly regenerated the initially observed spectra of 
[FeCNMe2] (Black, dashed trace). 

A.9.2 Generation of UV-vis spectrum of [FeC(H)(NMe2)]+ with reductant. 

A cuvette of [FeCNMe2]1 (1.5 mM) in THF was prepared in the glovebox and sealed 

with a septum. It was brought out of the glovebox with a positive flow of N2 supplied with a 

needle during UV-vis monitoring. The cuvette was cooled to −20℃, and after equilibration 

(10 min), 10 equiv [Ph2NH2]OTf in 0.25 mLTHF was added via syringe, followed by 10 

equiv (C6H6)2Cr in 0.5 mL THF (also added by syringe). The reaction was monitored, with 

the absorption maxima at 420 nm associated with [FeCNMe2] consumed with and new 

maxima growing in at 790 nm, as well as a feature that grows beyond the detection limit of 

the spectrometer (1100 nm). These new maxima matched the spectra for the proposed 

[FeC(H)(NMe2)]+ formed from the reaction of [FeCNMe2] with [Ph2NH2]OTf (Figure A.32). 

High energy transitions were obscured by (C6H6)2Cr0/+. 
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Figure A.33. UV-vis monitoring of reaction of [FeCNMe2] (pink trace) and with 10 equiv 
[Ph2NH2]OTf and 10 equiv (C6H6)2Cr to form [FeC(H)NMe2]+  (pink trace) at room 
temperature. 30 seconds between scans. 

A.9.3 [FeC(H)(NMe2)]+ generation for NMR experiments 

A J. Young NMR tube was loaded with [FeCNMe2] (5 mM) in d8-THF (0.5 mL) in 

the glovebox. [Ph2NH2]OTf (25 μmol, 10 equiv) was added as a solid, and 1H NMR was 

collected. The formation of [FeCNMe2]+, H2 and a new species were observed. Characteristic 

peaks (that do not overlap with acid or [FeCNMe2]+), for this new species were at 23.4 ppm,  

5.08 ppm, -2.00 ppm. Addition of (C6H6)2Cr (25 μmol, 10 equiv) resulted in complete 

consumption of [FeCNMe2]+ and an increase concentration of the new species. Over time, 

this species decays to form [FeOTf]. After one week, [FeOTf] was the only major 

paramagnetic Fe-species left. The contents of the tube were cooled to -78℃ and transferred 

to a Schlenk flask, which was subsequently frozen to 77 K. Once frozen, the flask was opened 

to air, and KOtBu was added as a solid. The volatiles were vacuum transferred onto a 

receiving flask of 3 ml 1 M HCl in Et2O. The receiving flask was thawed, and solvent was 

removed in vacuo to leave a solid precipitate. This was taken up in d6-DMSO with a known 

amount of 1,3,5-trimethoxybenzene added, with [Me2NH2]Cl and [Me3NH]Cl both 

detectable as volatile basic products (Figure A.36). 
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Figure A.34. 1H NMR spectra of reaction of P3

SiFeCNMe2 with 10 equiv [Ph2NH2]OTf 
(top) and reaction of P3

SiFeCNMe2 with 10 equiv [Ph2NH2]OTf and 10 equiv (C6H6)2Cr 
(bottom). Peaks diagnostic for [FeCNMe2]+,1 [FeOTf],8 H2,7 and the proposed 
[FeC(H)(NMe2)]+ are highlighted. 

 
Figure A.35. Reaction of P3

SiFeCNMe2 with 10 equiv [Ph2NH2]OTf and 10 equiv 
(C6H6)2Cr (bottom), monitored overtime. Peaks diagnostic for  [FeOTf] and the proposed 
[FeCHNMe2] are highlighted. 
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Figure A.36. Volatile basic products from the reaction of P3

SiFeCNMe2 with 10 equiv 
[Ph2NH2]OTf and 10 equiv (C6H6)2Cr, with [Me2NH2]Cl (δ 8.8, br, 2H, δ 2.48, t, J = 6 Hz, 
6H) and [Me3NH]Cl (δ 10.6, br, 2H, δ 2.69, d, J = 5.2 Hz, 9H) products. 

A.9.4 Mössbauer experiment 

The Mössbauer spectrum of this proposed carbene species ([FeC(H)(NMe2)]+) was 

generated by reacting [FeCNMe2] (25 mg, 35 μmol) with 10 equiv (C6H6)2Cr (72 mg, 350 

μmol) and 10 equiv [Ph2NH2]OTf  (95 mg, 350 μmol) in 0.8 mL THF at room temperature 

for 5 minutes. The reaction was transferred to a Mössbauer cup and frozen at 77 K. 
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Trace δ (mm s-1) ΔEQ (mm s-1) Relative area Assignment 
Blue 0.40±0.01 2.25±0.01 54 % [FeC(H)(NMe2)]+ 

Red 0.65±0.05 0.5±0.1 26% [FeOTf] 

Green 0.04±0.05 1.02±0.1 19 % [FeCNMe2] 
 

Figure A.37. Mössbauer spectrum of reaction of P3
SiFeCNMe2 with 10 equiv each of 

(C6H6)2Cr and [Ph2NH2]OTf. The major species (blue) is proposed to be [FeC(H)(NMe2)]+, 
with the other species matching previously characterized [FeOTf]10 and [FeCNMe2].1 

A.10 Derivation of estimated BDFE for early N−H bonds 

To derive the early N−H bond Bond Dissociation Free Energies (BDFE), we have 

used previously measured values,10 but with updated CG constants, which have, since our 

initial publication, been measured in THF (CG = 59.9 kcal mol-1),12 allowing us to derive 

BDFEs and not only BDEs. For clarity, the thermochemical parameters previously measured 

are presented again in Table A.5. The BDFEs are derived using these values. 

In addition, we derive the BDFEeff for the combination of (C6H6)2Cr/[Ph2NH2]OTf 

used as a reference for the ΔG derived for H+/e− addition in Figure 2.7 in the main text. 
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Table A.5. Eox and pKa for [FeCNHx] species and (C6H6)2Cr and [Ph2NH2]OTf used to 
derive BDFEN-H and BDFEeff. 

Compound Eox (vs. Fc+/0 in THF) pKa (in THF) 
[FeCN] −0.38 V  
[FeCNH]+ −0.17 V 5.6 
[FeCNH] −1.27 V  
[FeCN(Me)H]+  7.1 
[FeCN(Me)H] −1.27 V  
[FeCNMe] −1.31 V  
(C6H6)2Cr −1.22 V  
[Ph2NH2]OTf  3.2 

 

Estimation of the N–H BDFE of [FeCNH]+:  
[FeCNH]+ ⇌ [FeCN] + H+ 1.37(pKa ([FeCNH]+)) = 7.7 kcal mol–1 

[FeCN] ⇌ [FeCN] + + e–  23.06(Eox([FeCN])) = −8.8 kcal mol–1 
H+ + e– ⇌ H•     CG = 59.9 kcal mol–1  
[FeCNH]+ ⇌ [FeCN]+ + H•  BDFEN–H([FeCNH]+) = 58.8 kcal mol–1 

 
Estimation of the N–H BDFE of [FeCNH]:  
[FeCNH] ⇌ [FeCNH]+ + e– 23.06(Eox([FeCN])) = −29.3 kcal mol–1 
[FeCNH]+ ⇌ [FeCN] + H+ 1.37(pKa ([FeCNH]+)) = 7.7 kcal mol–1 

H+ + e– ⇌ H•     CG = 59.9 kcal mol–1  
[FeCNH] ⇌ [FeCN] + H•  BDFEN–H([FeCNH]) = 38.3 kcal mol–1 

 
Estimation of the N–H BDFE of [FeCN(Me)H]+:  
[FeCN(Me)H]+ ⇌ [FeCNMe] + H+ 1.37(pKa ([FeCN(Me)H]+)) = 9.7 kcal mol–1 
[FeCNMe] ⇌ [FeCNMe]+ + e–  23.06(Eox([FeCNMe])) = −30.2 kcal mol–1 
H+ + e– ⇌ H•      CG = 59.9 kcal mol–1  
[FeCN(Me)H]+⇌ [FeCNMe]+ + H•  BDFEN–H([FeCN(Me)H]+) = 39.4 kcal mol–1 

Estimation of the N–H BDFE of [FeCN(Me)H]:  
[FeCN(Me)H] ⇌ [FeCN(Me)H]+ + e– 23.06(Eox([FeCN(Me)H])) = −29.3 kcal mol–1 
[FeCN(Me)H]+ ⇌ [FeCNMe] + H+ 1.37(pKa ([FeCN(Me)H]+)) = 9.7 kcal mol–1 
H+ + e– ⇌ H•      CG = 59.9 kcal mol–1  
[FeCN(Me)H] ⇌ [FeCNMe] + H•  BDFEN–H([FeCN(Me)H]) = 40.3 kcal mol–1 

 
Estimation of the BDFEeff of (C6H6)2Cr/[Ph2NH2]OTf: 
(C6H6)2Cr ⇌ (C6H6)2Cr + + e–  23.06(Eox((C6H6)2Cr)) = −28.1 kcal mol–1 
[Ph2NH2]+ ⇌ [Ph2NH] + H+  1.37(pKa ([Ph2NH2]+)) = 4.4 kcal mol–1 
H+ + e– ⇌ H•      CG = 59.9 kcal mol–1  
(C6H6)2Cr/[Ph2NH2]OTf ⇌ [(C6H6)2Cr]OTf/Ph2NH + H•  BDFEeff= 36.2 kcal mol–1 
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A.11 Computational Methods 

A.11.1 General overview of computational details 

As stated in the main text for our computational studies, we employed the TPSS 

functional13 and a def2-TZVP basis set on transition metals and a def2-SVP basis set on all 

other atoms,14 which we have previously demonstrated accurately replicate BDFEs on 

similar platforms.15 The ORCA open-source software package was used.16 

The numerical frequencies of the minimized structures were calculated to ensure that 

these structures represented local minima and not saddle points. Entropic and internal energy 

contributions were calculated at 195 K, 253 K, 273 K, and 293 K to compute the ΔGf at these 

temperatures. 

For the analysis in Figure 2.6, a comparison of the lowest energy isomers is presented 

in Tables A.6, A.7, and A.8. Key bond lengths and their comparison to relevant 

crystallographic data are presented in Table A.9. For the analysis in Figure 2.7, the energy 

of each pathway is presented in Figures A.38 and A.39. The final step(s) to convert the final 

intermediate in pathways i-iii (as defined in Figure 2.7) to an on-path species [FeCNH]+/0 is 

presented in Figure A.39. The calculations to derive the ΔG in Figure 2.7 and Figure A.38, 

A.39 are summarized in Tables A.10-A.14.  

A.11.2 Treatment of H▪ 

The treatment of S(H▪) in calculations can be a source of systematic error in DFT 

calculations, therefore it is useful to detail how this value has been derived. We have taken 

an ab initio approach to S(H▪) using the !PRINTTHERMOCHEM function in ORCA 5.017 

to calculate the translational entropy and internal energy of H▪ at temperatures 195 K, 253 K, 

273 K, and 293 K. These values are used directly to derive the ΔGf(H▪) values as presented 

in Table A.9.  

A.11.3 Calculating ΔG for bond formations in Figure 2.7 

In the analysis of step g in Figure 2.7, we use the computations presented in Figures 

A.38-A.39 and Tables A.10-A.14 to guide the discussion. However, for clarity for bond 

formation steps, we reference these H-atom transfers from the addition of H+ from 
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[Ph2NH2]OTf and e− from (C6H6)2Cr to the BDFEeff of this reagent combination, derived in 

section A.10 to be 36.2 kcal mol-1.  

For example, for the addition of an H-atom to [FeC(H)(NH2)]+ to [FeC(H)(NH3)]+, 

the BDFEN-H of this bond is 14 kcal mol-1 (Table A.11). The ΔG, as reported in Figure 2.7 

and Figures A.38-A.39, is then given as ∆𝐺 = BDFEୣ୤୤ − BDFE୒ିୌ = 36-14 = +22 kcal mol-

1. 

  

Table A1.6. Table of experimental10 and computationally derived bond dissociation free 
energies and comparison to relevant experimental values. 

 
 

Table A.7. Computationally derived free energies of intermediates of (P3
SiFeCNH2 + H▪). 
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Figure A.38. Thermodynamic barriers for CH4 and NH3 selective pathways i-ii. 
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Figure A.39. Thermodynamic barriers for CH3NH2 selective pathways iii and 
thermodynamic barriers for release of substrate, and rebinding of CN−.  
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Table A.18. Computationally derived free energies of early intermediates of P3
SiFeCN 

reduction. 

 
 

Table A.9. Experimentally1,8,10 and computationally derived key bond lengths and 
comparison with known crystallographic data.  

In general, the Fe−P and Fe−Si bonds are very reliably reproduced computationally. 
Increased error is observed in the C−N bond. This is likely partially attributable to the use 
of methylated analogs (due to the instability of the compounds) and the hydrogen bonds 
formed to N−H in P3

SiFeCNH+ and P3
SiFeCNH2

+. The Fe−C bond length is consistently 
overestimated by about 0.05 Å by DFT. 

Compound  C−N (Å) Fe−C 
(Å) 

Fe−Pave 
(Å) 

Fe−Si 
(Å) 

<Fe−C−N 

P3
SiFeCNH+ Computed 1.186 1.857 2.368 2.331 177.1 

P3
SiFeCNH+ Crystal. 1.144 1.913 2.384 2.305 178.4 

P3
SiFeCNH Computed 1.228 1.774 2.266 2.289 175.6 

P3
SiFeCNMe Crystal 1.186 1.821 2.273 2.273 177.6 

P3
SiFeCNH2

+ Computed 1.317 1.684 2.316 2.358 176.5 
P3

SiFeCNH2
+ Crystal 1.223 1.799 2.314 2.311 174.2 

P3
SiFeCNMe2

+ Crystal 1.310 1.736 2.364 2.358 173.8 
P3

SiFeCNH2 Computed 1.337 1.675 2.214 2.310 179.1 
P3

SiFeCNMe2 Crystal 1.328 1.710 2.230 2.305 177.8 
P3

SiFeCH+ Computed  1.65 2.30 2.38  
P3

SiFeCMe+ Crystal - 1.70 2.34 2.39 - 
P3

SiFeCH Computed  1.65 2.21 2.32  
P3

SiFeCMe Crystal - 1.67 2.25 2.33 - 
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Table A.10. Computationally derived energies of small molecules relevant to calculations. 

 
 

Table A.11.  Table of computationally derived energies of isomers and spin states of 
P3

SiFe(CNH4). Values derived here are used in Figures 2.7, A.37, and A.38.  

 
 

Table A.12.  Table of computationally derived energies of isomers and spin states of 
P3

SiFe(CNH4). Values derived here are used in Figures 2.7, A.37, and A.38. 
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Table A.13.  Table of computationally derived energies of isomers and spin states of 
P3

SiFe(CNH5)+. Values derived here are used in Figures 2.7, A.37, and A.38. 

 

Table A.14.  Table of computationally derived energies of isomers and spin states of 
P3

SiFe(CNH5). Values derived here are used in Figures 2.7, A.37, and A.38. 
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B.1 Materials and Methods 

B.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. Nonhalogenated solvents were tested with sodium 

benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed, 

and dried over activated 3-Å molecular sieves prior to use. [FeCN],1 [FeCNH2]BArF
4,1 

[FeCN][Na(12-c-4)2],1 [FeCNH]BArF
4,1 [FeCNMe],2 [H(OEt2)2]BArF

4,3 Me4Cp2Co,4 and 

triflate acids ([AH]OTf)5 and [BArF
4] acids ([AH]BArF

4)6 were synthesized using literature 

methods. (C6H6)2Cr, Cp*2Cr and Cp2Co, Cp2Cr, Cp*2Co, EtCp2Co were purchased from 

Strem and used without further purification. All bases were purchased from Sigma and 

purified before use, liquid bases (aniline, lutidine, collidine, pyrrolidine, triethylamine, 

tetramethylguanidine) were distilled, solid anilines (2-chloroaniline, 4-chloroaniline and 

diphenylamine) were sublimed and triazabicyclodecene was recrystallized from by cooling 

a saturated Et2O solution to -35℃ and decanting. 

 

B.1.2 Physical Methods 

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a 

Varian 400 MHz spectrometer. 1H NMR chemical shifts are reported in ppm relative to 

tetramethylsilane, using 1H resonances from residual solvent as internal standards.7 

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements were 

collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path length quartz cuvette. 

All samples had a blank sample background subtraction applied. Temperature regulation 

for UV-Vis measurements was carried out with a Unisoku cryostat. Time course UV-Vis 

spectra were collected with the Scanning Kinetics application of the Cary WinUV software. 

Mössbauer spectra: Mössbauer spectra were recorded on a spectrometer from 

SEE Co. (Edina, MN) operating in the constant acceleration mode in a transmission 
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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 α-

Fe at room temperature (RT). Solution samples were transferred to a sample cup, freeze-

quenched with liquid nitrogen inside 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.  

EPR Spectroscopy: X-band EPR spectra were obtained on a Bruker EMX 

spectrometer. Samples were collected at powers of 2 mW with modulation amplitudes of 

4.00 G, modulation frequencies of 100.00 kHz, over a range of 1800 to 4500 Gauss. Spectra 

were baseline corrected. EPR spectra were modeled using the easyspin program.8 

IR Spectroscopy: Infrared measurements were obtained on a Bruker Alpha 

spectrometer equipped with a diamond ATR probe (solid state) or in the liquid state in a 

cell with KBr windows. 

X-Ray Crystallography: XRD studies were carried out at the Beckman Institute 

Crystallography Facility on a Brüker Kappa Apex II diffractometer (Mo Kα radiation). 

Structures were solved using SHELXS or SHELXT and refined against F2 on all data by 

full-matrix least squares with SHELXL. The crystals were mounted on a glass fiber under 

Paratone N oil. 

 

B.2 Experimental procedures 

B.2.1 Direct generation of [FeCN…HTBD]0  

To confirm the assignment of the reaction of [FeCN] + Cp*2Co + [TBDH]BArF
4 as 

an H-bonded adduct, [FeCN…HTBD]0 we developed the direct synthesis of this species.  

A solution of [FeCN][Na(12-c-4)2] (20 mg, 19 μmol) in 1 mL THF was cooled to 

−78℃ and [TBDH]OTf (5.5 mg, 19 μmol) in 0.5 mL was added dropwise. The solution was 

allowed to stir for 30 minutes, after which it was filtered into and layered with pentane. All 

operations were done in the cold-well using pre-cooled glassware and solvent. Upon storage 

at −35℃ overnight, dark orange crystals formed. However, substantial amounts of a red 
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complex (assumed [FeCN]) were also observed. Still, crystals sufficient for XRD could be 

selected, allowing crystallographic analysis. 

B.2.2 Stepwise generation of [FeCNH2] 

 

B.2.2.1 Generation of Mössbauer sample 

[FeCN] (20 mg, 29 μmol) was dissolved in 0.5 mL THF in a 20 ml vial. The solution 

was cooled to −78 ℃, and excess KC8 was added. The reaction mixture was then filtered 

through a pipette loaded with filter paper, cellite, and KC8 3xtimes to form. The reaction 

mixture was filtered to remove graphite and excess KC8 to give a jet-black solution. This in 

situ formed material was used directly to form [FeCNH2]. Alternatively, transferring this 

solution to a Mössbauer cup while maintaining the temperature, freezing the reaction mixture 

at 77 K, and analyzing by 57Fe Mössbauer revealed a Mössbauer spectrum with parameters 

δ = 0.20 mm s-1, ΔEQ = 0.18 mm s-1 (Figure B.54A), with a minor impurity. 

For generation of [FeCNH2], 2 equiv [H(OEt2)2]BArF
4 (59 mg, 58 μmol) dissolved 

in 0.3 mL THF, was added slowly to in situ formed [FeCN]K2, with an orange solution 

formed. Transferring this solution to a Mössbauer cup while maintaining the temperature, 

freezing the reaction mixture at 77 K, and analyzing by 57Fe Mössbauer revealed a 

Mössbauer spectrum with parameters δ = 0.02 mm s-1; ΔEQ = 0.96 mms-1 (Figure B.54B), 

with some oxidized material also formed. The parameters of the major species fit those 

observed for [FeCNH2] synthesized with [Ph2NH2]BArF
4 and Cp2Co.  

B.2.2.2 Generating UV-vis sample of [FeCNH2] 

[FeCN] (1 mg, 1.4 μmol) was dissolved in 2 mL THF in a 20 ml vial. The solution 

was cooled to −78 ℃, and excess KC8 was added. The reaction mixture was then filtered 

through a pipette loaded with filter paper, cellite, and KC8 3xtimes to form. The reaction 

mixture was filtered to remove graphite and excess KC8 to give a jet-black solution. This in 
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situ formed material was transferred to a cuvette, which was sealed with a septum. The 

cuvette was transferred out of the glovebox into a pre-cooled UNISOKO apparatus at −80℃ 

and kept air-free by continuous purging by an N2 needle. 

For generation of [FeCNH2], 2 equiv [H(OEt2)2]BArF
4 (2.9 mg, 2.8 μmol) dissolved 

in 0.5 mL THF, was added slowly to in situ formed [FeCN]K2, with an orange solution 

formed (see Figure B.24). Addition of a third equivalent [H(OEt2)2 ]BArF
4 resulted in clean 

oxidation to [FeCNH2]+, with characteristic peaks at 900 nm and 520 nm. 

 

B.2.3 Attempts to generate [FeCNH] 

B.2.3.1 Reduction of [FeCNH]+ 

A solution of [57FeCNH]BArF
4 (3 mg, 2.1 μmol) was dissolved in 0.5 mL 2-MeTHF 

and cooled to −115℃. Cp*2Cr (0.6 mg, 2.1 μmol) in 0.2 mL 2-MeTHF was added, and the 

solution was allowed to stir for 1 minute, rapidly transferred to a pre-cooled Mössbauer cup, 

and frozen to 77 K. The resulting Mössbauer sample was loaded and analyzed, showing a 

1:1 mixture of [FeCN] and [FeCNH2] (see Figure B.56). 

B.2.3.2 Protonation of [FeCN][Na(12-c-4)2] 

A solution of [57FeCN][Na(12-c-4)2] (2 mg, 1.9 μmol) was dissolved in 0.5 mL 2-

MeTHF and cooled to −115℃. [H(OEt2)2]BArF
4 (1.9 mg, 1.9 μmol) in 0.2 mL 2-MeTHF 

was added, the solution was allowed to stir for 1 minute, rapidly transferred to a pre-cooled 

Mössbauer cup and frozen to 77 K. The resulting Mössbauer sample was loaded and 

analyzed, showing a 1:1 mixture of [FeCN] and [FeCNH2], as well as some unreacted 

starting material (see Figure B.55). 

B.2.3.3 Deprotonation of [FeCNH2][BArF4] 

A solution of [FeCNH2][BArF
4] (2 mg, 1.9 μmol) was dissolved in 2.5 mL 2-MeTHF, 

added to a cuvette that was sealed with a septum, brought out of the glovebox, into a pre-

cooled UNISOKO apparatus and cooled to −130℃. NEt3 (1 mg, 1.5 μl, 9.5 μmol) in 0.5 mL 

2-MeTHF was added. Analysis by UV-vis showed peaks consistent with the formation of 

[FeCN] and [FeCNH2]  (see Figure B.25). 
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B.3 UV-vis spectroscopy 

 
Figure B.1. UV-vis spectra of [FeCN…HNH2Ph]BArF

4 compared to [FeCN], 
[FeCNH]BArF

4. 

 

 
Figure B.2. Shift in position of d-d transition of UV-vis maxim upon varying acid strength, 
solid lines represent [FeCN] (green) and [FeCNH]BArF

4 (orange). 

B.3.1 Titrations demonstrating reversible interconversion of [FeCN] and [FeCNH2] 

B.3.1.1 Oxidation of [FeCNH2] 

A cuvette with [FeCNH2] (2 mg, 2.9 μmol) was generated at −80 ℃ (see section 

S2.3.2), sealed with a septum, with a N2 needle constantly purging to ensure an air-free 

system. Lut (3 equiv, 0.9 mg, 8.7 μmol) in 0.5 mL THF was added via syringe. Then 

[Cp*2Cr][BArF
4] (3 equiv, 10.3 mg, 8.7 μmol) in 0.5 mL was titrated via syringe with 
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spectrum collected between every addition of oxidant, with peaks consistent with [FeCNH2] 

disappearing and [FeCN] forming. THF had to be used to generate [FeCNH2]; attempts using 

Et2O were unsuccessful due to the low solubility of [FeCN]K2 under these conditions. 

 
 
Figure B.3. UV-vis titration of [Cp*2Cr]BArF

4 (3 equiv per Fe) into mixture of [FeCNH2] 
(1.2 mM) and Lut (3 equiv per Fe) (Blue) in THF at −80℃. The final trace (Red) shows 
consumption of [FeCNH2] and formation of [FeCN].  

B.3.1.2 Reduction of [FeCN] 

A cuvette was loaded [FeCN] (2.5 mg, 3.6 μmol) in 3 mL THF with [PhNH3]BArF
4 

(3 equiv, 10.6 mg, 10.8 μmol) at −80 ℃ sealed with a septum, with a N2 needle constantly 

purging to assure an air-free system. To this, Cp*2Cr (3 equiv, 3.5 mg, 10.8 μmol) in 0.5 mL 

was titrated via syringe with a spectrum collected between every addition of reductant, with 

peaks consistent with [FeCN] disappearing and [FeCNH2] forming. THF had to be used to 

generate [FeCNH2]. 
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Figure B.4. UV-vis titration of [Cp*2Cr] (3 equiv per Fe) into mixture of [FeCN] (1.2 mM) 
and [LutH]BArF

4 (3 equiv per Fe) (Red) in THF at −80℃. The final trace (Blue) shows 
consumption of [FeCN] and formation of [FeCNH2].  

B.3.2 Generation of Pourbaix diagram 

B.3.2.1 General procedure 

A cuvette was loaded with [FeCN] (1.25 mM) in Et2O and sealed with a septum 

inside the glovebox. The cuvette was then taken out of the glovebox and loaded into a 

UNISOKO cooling apparatus connected to the UV-vis. The cuvette was cooled to −80℃ 

and allowed to equilibrate for at least 10 minutes. Spectra were typically collected every 

minute while equilibrating to ensure no ice formation on the cuvette. The system was kept 

air-free by an N2 needle through the septa. Acid [HA]BArF
4 (2.5 equiv) in 0.5 mL Et2O was 

added via syringe, and the reaction was allowed to equilibrate for an additional 5 minutes. 

Reductant (2.5 equiv) was then added via syringe, and the reaction was monitored by UV-

vis.  

Products were assigned by comparing the spectra to known spectra of [FeCNH2]+, 

[FeCN], [FeCNH]+ and [FeCNH2]. In addition, when uncertain, 57Fe Mössbauer, cw-EPR, 

and reductant titrations were used to aid the assignment. The reagent strengths are presented 

in Table B.2, along with the observed products formed. The driving force for [Fe]-products 
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based on previous thermochemistry,2 is presented in Table B.2. The individual UV-vis 

spectra are presented in Figures B.5-B.23 and Table B.1. 

B.3.3.2 Thermodynamic considerations for Pourbaix diagram 

For the generation of the Pourbaix diagram (Figure 3.5), the general procedure and 

summary of resulting products are provided in section 3.3. In Figure 3.5, the lines provide 

the predicted products. To supplement this analysis, we provide a Table B.2 which shows 

the ΔG (kcal mol-1) for the formation of the 4 products formed, [FeCNH2], [FeCNH]+, 

[FeCN]- and [FeCNH2]+ given by equations B.1-B.4. If all products are disfavored, [FeCN] 

(or [FeCN]…HA+) is the predicted product.  

For a given reductant E(red+/0) and acid (pKa), BDFEeff is given by: 

BDFEeff = 23.06 E(red+/0)  +  1.37 pKa(acid)  +  CG  (eqn B.1) 

where CG
 = 59.9 kcal mol-1 in THF 

Based on the thermochemistry of [FeCNHx] (main text Figure 3.5)2  the ΔG (kcal 

mol-1) for various products is as follows:  

ΔG(FeCNH2) = 2*(BDFEeff − 39) (eqn B.2) 

ΔG(FeCNH+) = 1.37(pKa(acid)  − 5.6)  (eqn B.3) 

ΔG(FeCN−) = 23.06(E(red+/0)   − 2.1 V)  (eqn B.4) 

ΔG(FeCNH2
+) = 1.37(pKa(acid)  − 7.1) +  (BDFEeff − 38) (eqn B.5) 
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Table B.1. Summary of product formation studies varying acid and reductant for [FeCN] 
reduction, reduction potential, and acid used to calculate BDFEeff and ΔG using eqn B.1-
B.4. 
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Table B.2. Thermodynamics of [Fe]-product formations for [FeCN] reduction, using 
different acids and reductants and eqn B.2-B.5 
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S3.3.3 UV-vis spectra of reactions of [FeCN] with acid and reductant 

 
Figure B.5. UV-vis titration of Cp2Cr (2.5 equiv per Fe) into mixture of [FeCN] (1.2 mM) 
and [2-ClPhNH3]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final trace (Blue) 
shows no consumption of [FeCN] starting material.  

 
Figure B.6. UV-vis titration of Cp2Cr (2.5 equiv per Fe) into mixture of [FeCN] (1.2 mM) 
and [4-ClPhNH3]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final trace (Blue) 
shows no consumption of [FeCN] starting material. 
 



198 

 

 
Figure B.7. UV-vis titration of (C6H6)2Cr (0-6 equiv per Fe) into mixture of [FeCN] (1.2 
mM) and [Ph2NH2]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. Initially, [FeCNH2]+ 
is formed. Upon addition of more equivalents of reductant, some [FeCNH2] begins to form.  

 
Figure B.8. UV-vis monitored addition of (C6H6)2Cr (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [2-ClPhNH3]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The 
final trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2]+. Upon 
addition of acid to [FeCN] (yellow trace is without acid), a mixture of [FeCN]↔[FeCNH]+ 
is established. 
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Figure B.9. UV-vis monitored addition of (C6H6)2Cr (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [4-ClPhNH3]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The 
final trace (Blue) shows partial consumption of [FeCN] and a mixture of 
[FeCN]↔[FeCNH2]+.  

 
Figure B.10. UV-vis monitored titration of Cp2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [2-ClPhNH3]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The 
final trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2]. Upon 
addition of one equivalent of Cp2Co (light blue trace), [FeCNH2]+ is formed. Upon addition 
of acid to [FeCN] (dark red trace is without acid), a mixture of [FeCN]↔[FeCNH]+ is 
established. 
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Figure B.11. UV-vis monitored titration of Cp2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [4-ClPhNH3]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The 
final trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2]. Upon 
addition of one equivalent of Cp2Co (yellow trace), [FeCNH2]+ is formed. 

 

 
Figure B.12. UV-vis monitored titration of Cp2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [Ph2NH2]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
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trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2]. Upon addition of 
one equivalent of Cp2Co (yellow trace), [FeCNH2]+ is formed. 

 

 
Figure B.13. UV-vis monitored titration of Cp2Co (5 equiv per Fe) into mixture of [FeCN] 
(1.2 mM) and [PhNH3]BArF

4 (5 equiv per Fe) (Red) in Et2O at −80℃. The final trace 
(Blue) shows consumption of [FeCN] and partial formation of [FeCNH2].  
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Figure B.14. UV-vis monitored addition of Cp2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [LutH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows no consumption of [FeCN]. 

 
Figure B.15. UV-vis monitored titration of Cp*2Cr (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [PhNH3]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2].  
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Figure B.16. UV-vis monitored addition of Cp*2Cr (5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [LutH]BArF

4 (5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows formation of consumption of [FeCN] and formation [FeCNH2]. 
Comparing [FeCN] before (yellow trace) and after addition of [LutH]BArF

4 shows changes 
similar to those observed upon addition of [PhNH3]BArF

4, suggesting formation of an H-
bond. 

 
Figure B.17. UV-vis monitored addition of Cp*2Cr (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [ColH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
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trace (Blue) shows formation of partial consumption of [FeCN] and concomitant formation 
[FeCNH2]. Comparing [FeCN] before (yellow trace) and after addition of [ColH]BArF

4 
(dark red) shows changes similar to those observed upon addition of [PhNH3]BArF

4, 
suggesting formation of an H-bond. 
 
 

 
Figure B.18. UV-vis monitored addition of Cp*2Cr (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [Et3NH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows no consumption of [FeCN]. Comparing [FeCN] before (dark red trace) 
and after addition of [Et3NH]BArF

4 shows changes similar to those observed upon addition 
of [PhNH3]BArF

4, suggesting formation of an H-bond. 
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Figure B.19. UV-vis monitored addition of Me4Cp2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [Et3NH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2]. 

 
Figure B.20. UV-vis monitored addition of Me4Cp2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [pyrrH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows partial consumption of [FeCN] and concomitant formation [FeCNH2]. 
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Figure B.21. UV-vis monitored addition of Me4Cp2Cr (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [TMGH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows no consumption of [FeCN].  

 
Figure B.22. UV-vis monitored addition of Cp*2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [pyrrH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows formation of [FeCNH2] and consumption of [FeCN].  
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Figure B.23. UV-vis monitored addition of Cp*2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [TMGH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows formation of [FeCN]− and partial consumption of [FeCN]. Comparing 
[FeCN] before (red trace) and after addition of [TBDH]BArF

4 shows modest changes 
compared to those observed upon addition of [PhNH3]BArF

4, suggesting only a weak 
interaction between [FeCN] and [TMGH]BArF

4. 
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Figure B.24. UV-vis monitored addition of Cp*2Co (2.5 equiv per Fe) into mixture of 
[FeCN] (1.2 mM) and [TBDH]BArF

4 (2.5 equiv per Fe) (Red) in Et2O at −80℃. The final 
trace (Blue) shows formation of [FeCN]− and consumption of [FeCN]. Comparing [FeCN] 
before (red trace) and after addition of [TBDH]BArF

4 shows small changes compared to 
those observed upon addition of [PhNH3]BArF

4, suggesting only a weak interaction 
between [FeCN] and [TBDH]BArF

4. 
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B.3.4 Additional UV-vis experiments 

 
Figure B.25. UV-vis monitored addition double protonation of [FeCN]K2 (red) to yield 
[FeCNH2] (Blue), which is similar to [FeCNMe2] with a shoulder at 620 nm and a maxima 
growing towards 490 nm. Addition of a third equivalent [H(OEt2)2]BArF

4 results in clean 
oxidation to [FeCNH2]BArF

4 (yellow).  

 

 
Figure B.26. UV-vis monitored deprotonation of [FeCNH2]BArF

4 (Blue) by NEt3 to yield a 
mixture of [FeCN] (characteristic peak at 900 nm) and [FeCNH2] (Mixture in red).  
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B.3.5 Measurement of equilibrium constants for H-bond formation in THF with 

[TBA][PF6] 

B.3.5.1 General procedure 

A cuvette was loaded with [FeCN] (1 mM) in THF in 0.2 M [TBA][PF6], sealed with 

a septum inside the glovebox, and then taken out of the glovebox. The system was kept air-

free by an N2 needle through the septa. Acid [HA]OTf (0 to 100 equiv) was titrated into the 

cuvette, with spectra recorded between titrations. The analyzed spectra were normalized to 

account for the decreasing concentration of [FeCN]. 

B.3.5.2 Data analysis 

The differences between the UV-vis spectra of the H-bonded and non-H-bonded 

species are subtle, limiting the possibility of measuring the equilibrium constant at a single 

wavelength. Accordingly, we used a multivariate approach to analyzing the data and 

extracting equilibrium constants.9 The following methodology was implemented in 

MatlabTM. 

For a set of collected data of titrations at varying acid concentration, the data can be 

presented as a matrix Y (dimensions: (wavelengths) x (acid concentrations)). Defining a 

matrix A as the absorbance spectra of j number of species in solution (dimensions: 

(wavelengths) x (j concentrations) and a matrix C as the concentration of j species with 

varying acid concentration (dimensions: (j) x (acid concentrations)) we define an equation: 

Y = AC  +  R   (eqn B.6) 

where R is the residual.  

Building a model around the equilibrium: 

[FeCN][HA(OTf)] = K[FeCN...HA(OTf)] (eqn B.7) 

We can readily calculate the matrix C(K) for a given equilibrium constant. Seeking 

to minimize R2 for a given K we can calculate the absorbance spectra A’(K) using equation 

eqn B.8. 

A’(K) = Y(C(K)+) (eqn B.8) 

Where C+(K) is the pseudo-inverse of C(K). 

This allows us to define R as a function of K 
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R(K) = A’(K)C(K) (eqn B.9) 

which the square R2 can be minimized against K.  

To analyze the model's predicted absorbances of [FeCN] and [FeCN…HA(OTf)] are 

printed along with the residuals. In addition, the absorbance at 563 nm and 880 nm, areas 

with larger divergence, were used to estimate the concentration of [FeCN] and 

[FeCN…HA(OTf)] and compared to the calculated concentration. The error bars were 

determined by testing varying sizes of K to see when the predicted absorbances±error bar 

could capture ~70% of the measured absorbances. 

B.3.5.3 Titration experiments 

 
Figure B.27. UV-vis monitored titration of [PhNH3]OTf (0 to 100 mM) into [FeCN] 1 mM 
in THF with 0.2 M [TBA][PF6] at 25 °C. 
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Figure B.28. UV-vis monitored titration of [4-Cl-2,6-MepyH]OTf (0 to 100 mM) into [FeCN] 
1 mM in THF with 0.2 M [TBA][PF6] at 25 °C. 

B.3.5.4 Outputs from Multivariate Fitting Model 

 
Figure B.29. Predicted spectra (left) of [FeCN] and [FeCN…HNH2Ph(OTf)] with residual 
spectra shown in grey. Calculated solid lines (red) were compared to those implied by 
absorbances (right), with error bars indicated. An equilibrium constant of K = 62 ±15 M-1 
was determined. 
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Figure B.30. Predicted spectra (left) of [FeCN] and [FeCN…H(4-Cl-2,6-mepyr)(OTf)] with 
residual spectra shown in grey. Calculated solid lines (red) were compared to those implied 
by absorbances (right), with error bars indicated. An equilibrium constant of K = 20 ± 5 M-

1 was determined. 

B.4 Kinetic studies 

B.4.1 General procedure 

Kinetic analysis was performed by UV-vis, using the Cary ScanningKinetics 

program to record UV-vis traces (every 6 seconds). A cuvette was loaded with [FeCN] and 

[PhNH3]BArF
4 in 4:1 2MeTHF:THF, sealed with a septa in the glovebox. It was then taken 

out and loaded into a UNISOKO cooling apparatus connected to the UV-vis. The cuvette 

was then cooled to −145℃ and allowed to equilibrate for at least 20 minutes. Spectra were 

typically collected every minute while equilibrating to ensure no icing on the cuvette and 

sufficient stirring. The system was kept air-free by an N2 needle through the septa.  

After equilibration, the reductant was added via syringe. A thick syringe (18 gauge) 

was found to be most suitable, as the greater force of addition allowed for faster mixing of 

the solution. Similarly, the needle had to be long enough to be submerged in the ethereal 

solution, such that the reductant was added directly into the solution, not on top of the liquid. 

With these precautions, mixing was fast enough (<10 s) that kinetic analysis was possible, 

monitoring the decay of [FeCN] by loss of the characteristic peak at 895 nm. The kinetic 

values are summarized in Table B.3. Plots of Abs895 vs. t and log(A895) vs. t are supplied in 

Figure B.32-B.47. It was found that the data generally fit a 1st order plot, not a 2nd order plot 

(Figure B.31). 
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The error was analyzed for the kobs and k2nd derived for each individual kinetic run 

(Table B.3). The mean error for each run (±0.06 M-1 s-1 for k2nd) closely resembles the spread 

in values for the straight-line plot used to derive k2nd (±0.07 M-1 s-1). 

 

Table B.3. Summary of kinetics data with slope and associated rate constants derived from 
slope. 
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Figure B.31. Plots of log(abs) vs. t (1st order) and 1/Abs vs. t (2nd order) of [FeCN] decay 
after the addition of reductant. Straight-line is only observed for 1st order plot, suggesting 
a reaction first order in [FeCN]. This was confirmed (Figure 3.8D, runs H-J), where no 
difference was found in the k2nd when varying [FeCN]. 

B.4.2 First-order plots for individual runs 

 
Figure B.32. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run A.  

 
Figure B.33. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run B.  
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Figure B.34. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run C.  

 

 
Figure B.35. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run D.  

 

 
Figure B.36. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run E.  
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Figure B.37. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run F.  

 

 
Figure B.38. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run G.  

 

 
Figure B.39. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run H.  
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Figure B.40. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run I.  

 

 
Figure B.41. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run J. 

 

 
Figure B.42. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run K. 
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Figure B.43. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run L. 
 

 
Figure B.44. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run M. 

 

 
Figure B.45. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run N. 
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Figure B.46. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run O. 

 

 
Figure B.47. Trace of Abs895 vs. t (left) and log(Abs895) vs. t plot (right) for run P. 

 
 

B.5 57Fe Mössbauer spectroscopy  

B.5.1 Note on the fitting of Mössbauer spectra 

Data analysis was performed using version 4 of the program WMOSS 

(www.wmoss.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 χR
2). Quadrupole doublets were constrained to be 

symmetric. Using the non-linear error analysis algorithm provided by WMOSS, the errors in 

the computed parameters are estimated to be 0.02 mm s-1 for δ and 2% for ΔEQ.  

B.5.2 Freeze-Quenched Mössbauer spectroscopy of reduction reactions 

General Procedure for Freeze-Quench Mössbauer Spectroscopy of reactions. All 

solvents are stirred with Na/K for ≥ 2 hours and filtered prior to use. In a nitrogen filled 
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glovebox, the desired 57Fe species (0.0023 mmol) is dissolved in 0.3 mL Et2O and cooled to 

-78 ℃ in a stirring vial in the glovebox cold well. Acid was added in 0.1 mL Et2O. Reductant 

was added in 0.3 mL to the chilled vial. The reaction was allowed to stir for 5 minutes before 

it was rapidly transferred to a pre-chilled Mössbauer cup. The cold well was then changed 

from -78℃ (195 K) to 77 K and the solution froze within 5 minutes. The Mössbauer cup was 

kept at 77 K for minimum 20 minutes before being rapidly taken out of the glovebox and 

submerged in liquid N2 before being mounted on the Mössbauer spectrometer. 

 

B.5.3 Freeze-Quenched 57Fe Mössbauer spectra of individual reactions 

 

 
Figure B.48. Freeze-quenched Mössbauer of reaction of [FeCN] with [PhNH3]BArF

4. 
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Figure B.49. Freeze-quenched Mössbauer of reaction of [FeCN] with [PhNH3]BArF

4 and 
Cp*2Cr. 

 
Figure B.50. Freeze-quenched Mössbauer of reaction of [FeCN] with [LutH]BArF

4 and 
Cp*2Cr. 
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Figure B.51. Freeze-quenched Mössbauer of reaction of [FeCN] with [PhNH2]BArF

4 and 
Cp*2Cr. 

 
Figure B.52. Freeze-quenched Mössbauer of reaction of [FeCN] with [ColH]BArF

4 and 
Cp*2Cr. 
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Figure B.53. Freeze-quenched Mössbauer of reaction of [FeCN] with [pyrrH]BArF

4 and 
Me4Cp2Co. 

 
Figure B.54. Freeze-quenched Mössbauer of reaction of [FeCN] with [Ph2NH2]BArF

4 and 
Cp2Co. 
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Figure B.55. Mössbauer spectrum of reaction of P3

SiFeCN with sequentially KC8 (excess), 
spectra A and 2 equiv [H(OEt2)2]BArF

4. 

 
Figure B.56. Freeze-quenched Mössbauer of reaction of [FeCN][Na(12-c-4)2] with 
[H(OEt2)2]BArF

4. 
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Figure B.57. Freeze-quenched Mössbauer of reaction of [FeCNH]BArF

4 with Cp*2Cr. 

 
B.6 IR spectroscopy 

B.6.1 Solution state IR measurement of [FeCN…HNH2Ph]BArF4 

B.6.1.1 General procedure 

Inside the dry box a 5 mM solution of [FeCN] in 2-MeTHF 1 mL, was loaded into 

an IR-cell with KBr-windows and cooled to −78℃ in the cold-well. After equilibration (15 

minutes), the cell was rapidly removed from the cold-well and placed in an IR holder, 

allowing the beam to transport to the cell. After collection, the same procedure was followed, 

but 2.5 equiv [PhNH3]BArF
4 (12.5 mM) was added. 
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Figure B.58. IR comparison of [FeCN] with and without 2.5 equiv [PhNH2]OTf added. 
The weak shift of νCN suggests weak activation of [FeCN] consistent with an H-bond. 

B.6.2 Solid state IR measurement of [FeCN…HTBD] 

B.6.2.1 General procedure 

Inside the dry box a, 10 mM solution of [FeCN][Na(12-c-4)2] (5 mg, 4.7 μmol) in 

0.5 mL Et2O was cooled to −78℃. [TBDH]BArF
4 (4.7 mg, 1 equiv) was added, and the 

reaction was allowed to stir for 5 minutes. 10 mL benzene was added slowly, such that it 

froze rapidly, upon addition. Subsequently, the solvent was removed in vacuo with care taken 

such that the benzene remained frozen, forming a lyophilized powder. This solid was then 

analyzed by IR, showing a slightly activated νCN = 1978 cm-1 compared to 2014 cm-1 in the 

[FeCN][Na(12-c-4)2] starting material. This stretch was confirmed to be from CN− ligand by 

using the [FeC15N][Na(12-c-4)2]; the resulting νC15N = 1944 cm-1 is consistent with isotopic 

labeling (1947 cm-1 assuming harmonic oscillator model). 
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Figure B.59. Solid state IR of [FeCN…HTBD] and [FeC15N…HTBD]. 

 
B.7 EPR spectroscopy 

B.7.1 Generation of cw-EPR samples 

The reaction of [FeCN] with weak acid ([TMGH]BArF
4 or [TBDH]BArF

4) and 

Cp*2Co was monitored by cw-EPR. A 0.5 mL solution of [FeCN] (4 mM) in 2-MeTHF was 

cooled to −78℃, and acid (5 equiv) and reductant (5 equiv) were added as solids. The 

solution was allowed to stir for 5 minutes, then rapidly transferred to a X-band EPR tube, 

frozen at 77 K, and then analyzed. 

Samples of [FeCN][Na(12-c-4)2] + [TBD]OTf and [FeCN] with Cp*2Co were 

prepared analogously, but only acid or reductant was added. 
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Figure B.60. X-band EPR spectra of independently synthesized [FeICN…HTBD]0 (blue 
trace), collected at 2 mM concentration in 2-MeTHF at 77 K with fit (orange trace). 

 
Figure B.61. X-band EPR spectra of compounds and reactions listed, collected at 2 mM 
concentration in 2-MeTHF at 77 K. Lines at g = 2.31 and 2.208 used to highlight shift in 
g∥ between H-bonded and non H-bonded [FeICN]− species. 
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Figure B.62. Integral (top) and double integral (bottom) of X-band EPR spectra of 
compounds and reactions listed, collected at 2 mM concentration in 2-MeTHF at 77 K. 
Double integral shows that reaction with [TBDH]BArF

4 accounts for ~ double the intensity 
of the reaction without acid. 

B.8 Electrochemical methods 

B.8.1 General procedure 

Electrochemical measurements were conducted with a glassy carbon working 

electrode, a platinum wire counter electrode, and an Ag/AgOTf reference electrode isolated 

by a CoralPor™ frit (obtained from BASi) and referenced externally to Fc+/0. Unless 

specified, NaK-dried THF was used as a solvent, with 0.2 M [TBA][PF6] electrolyte. 

Measurements conducted with a CH Instruments 600B electrochemical analyzer. 
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Figure B.63. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PF6, in 
THF with added acid (20 mM [acid]OTf) at 100 mV s-1 scan rate. apKa from ref 10; bpKa 
measured in section B.9. 

 
Figure B.64. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PF6, in 
THF with added [PhNH3]OTf  (2 to 20 mM [acid]OTf).  
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Figure B.65. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PF6, in 
THF with added 20 mM [PhNH3]OTf. Scan rate is varied from 25 mV s-1 to 800 mV s-1. 

 
 

Figure B.66. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PF6, in 
THF with added 20 mM [PhNH3]OTf and varying amounts of [PhNH2] (8 mM to 50 mM). 
Scan rate is 100 mV s-1. 
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Figure B.67. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PF6, in 
THF with added [4-Cl-2,6-MepyrH]OTf  (10 to 60 mM; red to blue). Scan rate is 100 mV s-1. 

 
B.8.2 Additional comment on cyclic voltammograms of [FeCN] with acids 

The differences observed between chemical (Figure 3.5) and electrochemical 

reductions (Figure B.63) are worth commenting on beyond the limited discussion in the main 

text. Monitoring chemical reduction of [FeCN] for a wide range of pKa (7.0-15), the 

formation of the thermodynamically favored products is observed to occur rapidly, and in 

the case of Lut, equilibration is demonstrated. Monitoring the electrochemical reduction of 

[FeCN], we observe only strong acids (pKa ~8) display reversible behavior. We attribute this 

to the weaker H-bonds formed under electrochemical conditions and a faster timescale of 

measurement that might disfavor sluggish reactions. In addition, for the oxidative half-wave, 

there is no shift of redox peaks with acid pKa, suggesting that the oxidation of [FeCNH2] is 

no longer redox-coupled, so only acids that for reduction of [FeCN] to [FeCNH2] close to 

E([FeCNH2]+/0) might display a reversible 2H+/2e− wave. 
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Figure B.68. Cyclic voltammetry of starting Me4Cp2Co (1 mM, dashed lines) in 0.2 M 
[TBA]PF6, in THF with varying scan rate from 25 (red trace) to 1000 mv s-1 (blue trace). 
Measured reduction potential measured as E°=−1.76 V vs Fc+/0. 

 
Figure B.69. Cyclic voltammetry of starting EtCp2Co (1 mM, dashed lines) in 0.2 M 
[TBA]PF6, in THF with varying scan rate from 25 (red trace) to 1000 mv s-1 (blue trace). 
Measured reduction potential measured as E°=−1.45 V vs Fc+/0. 
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B.9 Measurement of pKa by NMR 

B.9.1 General procedure 

The acidity of 4-Cl-2,6-Mepyr had not been measured in THF. Given its central use in 

our discussion of the electrochemical reduction of [FeCN], we wanted to measure the acidity 

in THF against PhNH2 to provide a tight and internally consistent comparison. 

Using a method similar to what our group has previously used,11 we started with an 

NMR tube with a known concentration of [4-Cl-2,6-MepyrH]OTf. Varying amounts of a PhNH2 

stock solution were added, and the shifts of 1H NMR peaks were recorded. By comparing 

the position (as indicated in Figure B.70) to the acid (BH+) and base (B) of the two 

components, we estimated the relative ratio of [acid]/[base] for both species.  

 

[BHା] =
(𝛿௢௕௦ −  𝛿୆)

(𝛿୆ୌା −  𝛿୆)
∗ [B]௧௢௧    (eqn B. 10) 

[B] =  [B]௧௢௧  −  [BHା]    (eqn B. 11) 
These values were used to estimate Keq, exp the equilibrium constant for each spectrum.  

𝐾௘௤ =
ൣPhNHଷ

ା൧[ Pyrସିେ୪ି ,଺ି୑ ]

[PhNHଶ][ PyrHାସିେ୪ି ,଺ି୑ୣ ]
    eqn (B. 12) 

The average of these values was used to determine Keq = 0.90±0.03 M-1, which via the pKa 

of PhNH2 (pKa 8.0),10 allows us to determine the pKa of 4-Cl-2,6-Mepyr. 

𝑝Kୟ൫ PyrHାସିେ୪ି ,଺ି୑ୣ ൯ = 𝑝Kୟ൫PhNHଷ
ା൯ − 𝑙𝑜𝑔ଵ଴൫𝐾௘௤൯   eqn(B. 13) 

= 8.0 − 𝑙𝑜𝑔ଵ଴(0.9) = 8.0 
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Figure B.70. Titration of [PhNH2] in [4-Cl-2,6-MepyrH]OTf in THF as monitored by 1H NMR. 
Peaks used to calculate acid/base ratio and positions of peaks in authentic acids and base 
are indicated as shown. Amount of [PhNH2] added increases from A to F. 

Note: All spectra were measured in h8-THF with solvent suppression applied and with 
spectra shimmed on the 1H peaks through the lock-channel. 
 
Table B.4. Table with peak positions recorded based on Figure B.71 with subsequent 
amounts of titration components calculated along with Keq,exp and Keq with associated error 
bars. 
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B.10 Computational studies and implementation of ECW model 

B.10.1 General overview of computational details 

For our computational studies we employed the TPSS functional12  and a def2-TZVP 

basis set on transition metals and a def2-SVP basis set on all other atoms,13 which we have 

previously demonstrated accurately replicate BDFEs on similar platforms.14 The ORCA 

open source software package was used.15 The numerical frequencies of the minimized 

structures were calculated to ensure that these structures represented local minima and not 

saddle points. The energies of relevant structures are displayed in Table B.6. 

B.10.2 ECW model 

The ECW model was used to classify the strength and type of Lewis basicity 

displayed by P3
BFeNN, P3

BFeNNH and P3
BFeNNH2. Using the calculated gas phase 

enthalpies of the P3
BFeNN(H)x

…LA (x = 0,1 or 2) adducts and the known CA and EA 

parameters of five Lewis acids (HNCS, PhOH, PhSH, BF3 and BMe3, see table B.6). A 

minimal solution was then found to these five simultaneous equations. An additional binding 

energy (ΔHdisp)  of ~8 kcal mol-1, a weak dispersive interaction, was also found as the Lewis 

acidity trended towards 0, this was accounted for as an additional parameter in the five 

simultaneously solved equations.  

 

−∆𝐻 =  𝐶஺𝐶஻ +  𝐸஺𝐸஻ −  ∆𝐻ௗ௜௦௣  eqn(B. 14) 

 

The CB and EB parameters also allow us to compare P3
BFeNN(H)x to other known 

Lewis bases, this is shown in Figure B.71. 

With these determined values the Lewis adduct strength, we can also predict the 

BDFEN-H of stabilized diazenido and hydrazido complexes using eqn B.15 

 

BDFEଡ଼ିୌ…୐୅ =  BDFEଡ଼ିୌ + (∆𝐻ଡ଼ିୌ − ∆𝐻௑)  eqn(B. 15) 
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Table B.6. EA and CA parameters of Lewis acids used to determine EB, CB and ΔHdisp for 
P3

BFeNN, P3FeNNH and P3
BFeNNH2. 

 

 

Table B.7. Computed EB, CB and ΔHdisp parameters for P3
BFeNN, P3FeNNH and 

P3
BFeNNH2. 

 

 
Figure B.71. Comparison of EB and CB parameters for P3

BFeNN, P3FeNNH and 
P3

BFeNNH2 with other Lewis bases. 
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Table B.8. Estimated BDFEN−H for Lewis acid stabilized adduct of P3
BFeNN, P3FeNNH 

and P3
BFeNNH2. 

 



240 

 

 
B.11 X-ray crystallographic data 

 

Figure B.72. ORTEP plot of [FeCN][HTBD] with H-atoms and disorder (in TBDH+) 
shown. 
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Table B.9. Comparison of XRD parameters for [FeCN][HTBD] to [FeCN] species1,2 and 
[TBDH]BPh4.16   
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Table B.10. Data relevant to crystal structure of [P3SiFeCN][HTBD].  
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A p p e n d i x  C  

Supplementary Information for Chapter 4 
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C.1 Materials and Methods 

C.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. Nonhalogenated solvents were tested with sodium 

benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed, 

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

C.1.2 Reagents 

HEH2,1 PNPMoBr3,2 [ColH]OTf,2 [P3
BFe]BArF

4 (P3
B = tris[2-

(diisopropylphosphino)phenyl]borane),3 BTH2,4 NaBArF
4,5 15N-Col,6 phenH2,7 phenazH2,8 

[TBA][15NO3]9  were prepared according to literature procedures. Triflic acid, ethyl 

acetoacetate, and 37% aqueous formaldehyde were purchased from Sigma Aldrich and used 

without further purification. Ir(ppy)3, Ir(ppy)2(dtbbpy)[PF6], [Ir(dF(CF3)ppy)2(dtbbpy)]PF6, 

[Ir(p-F(Me)ppy)2(dtbbpy)]PF6 were purchased from Strem and used without further 

purification. [TBA]NO3 was purchased from Alfa Aesar, and was dissolved in THF, filtered 

over activated alumina to dry to purify prior to use. 15N2 was obtained from Cambridge 

Isotope Laboratories, Inc. (Lot number: I-25854/XZ732957). 15NH4Cl (99% 15N, 98% 

purity) and Na15NO3 (98% 15N, 98% purity) were purchased from Cambridge Isotope 

Laboratories, Inc. and used without further purification. Collidine was purchased from Sigma 

Aldrich and was distilled prior to use. 9,10-dihydroacridine (98%) was purchased from 

Combi Blocks and used without further purification. 1-benzyl-1,4-dihydronicotinamide was 

purchased from TCI and used without further purification. Acetylene (99.6% purity) was 

purchased from Matheson Gas. Tetrahydrofuran (THF) used in the experiments herein was 

stirred over Na/K (≥ 12 hours) and filtered over activated alumina or vacuum-transferred 

before use unless otherwise stated. 

Photoinduced reactions were performed using Kessil® 34 W 150 Blue lamps.  
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C.1.3 Physical Methods 

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a 

Varian 400 MHz spectrometer. 1H NMR chemical shifts are reported in ppm relative to 

tetramethylsilane, using 1H resonances from residual solvent as internal standards.10 

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements were 

collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path length quartz cuvette. 

All samples had a blank sample background subtraction applied.  

EPR Spectroscopy: All X-band continuous-wave electron paramagnetic 

resonance (CW-EPR) spectra were obtained on a Bruker EMX spectrometer using a quartz 

liquid nitrogen immersion dewar on solutions prepared as frozen glasses in 2-MeTHF. 

Steady-state fluorimetry: Steady-state fluorimetry was performed in the Beckman 

Institute Laser Resource Center (BILRC; California Institute of Technology). Samples for 

luminescence measurements were prepared in dry THF and transferred to a 1-cm 

pathlength fused quartz cuvette sealed with a high-vacuum Teflon valve (Kontes). Steady-

state emission spectra were collected on a Jobin S4 Yvon Spec Fluorolog-3-11 with a 

Hamamatsu R928P photomultiplier tube detector with photon counting. 

 

C.1.4. Synthetic details 

15N-labelled 2,6-Dimethyl-3,5-dicarboethoxy-l,4-dihydropyridine (15N-HEH2).  

Adapted from ref 1. Aqueous formaldehyde (37%, 78 μL) and ethyl acetoacetate 

(280 μL, 2.19 mmol) were placed in a 10 mL round-bottom flask equipped with a stir bar 

and fitted with a reflux condenser. 15NH4Cl (305 mg, 5.7 mmol) in 1 mL H2O was added 

to a 1 mL aqueous solution of NaOH (228.3 mg, 5.7 mmol). The resulting solution of 
15NH4OH was added to the flask through the neck of the condenser. The condenser neck 

was rinsed into the flask with 0.5 mL ethanol. The reaction mixture was heated at reflux 

for 1.5 hrs and then chilled in an ice bath. The resulting precipitate was collected by 

filtration and washed with cold ethanol (~3 mL) and Et2O to yield the title compound as a 

pale yellow powder (60 mg, 22% yield). 1H NMR (400 MHz, DMSO-d6) δ 8.28 (d, 1JH,N
 = 
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94.6 Hz, 1H), 4.05 (q, J = 7.1 Hz, 4H), 3.11 (s, 2H), 2.11 (d, J = 2.9 Hz, 6H), 1.19 (t, J = 

7.1 Hz, 6H) ppm.  

15N-labelled 2,4,6-Dimethylpyridinium (15N-[ColH]OTf).  

An identical procedure to what has previously been reported with unlabeled Col was 

employed.2 1H NMR (400 MHz, DMSO-d6) δ 14.87 (broad s, 1H), 7.57 (d, 3JH,N
  = 2.8 Hz, 

2H), 2.62 (d, 3JH,N
  = 2.9 Hz, 6H), 2.49 (s, 3H) ppm. 

[4,4′-Bis(1,1-dimethylethyl)-2,2′-bipyridine-N1,N1′]bis[2-(2-pyridinyl-N)phenyl-

C]iridium(III) Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate ([Ir]BArF4).  

Ir(ppy)2(dtbbpy)[PF6] (100 mg, 0.11 mmol) and Na[BArF
4] (92.2 mg, 0.10 mmol, 

0.95 eq) were stirred in 5 mL Et2O at room temperature for 1 hour. The solution was filtered 

through celite, layered with pentane, and stored at -40℃ overnight to yield the title 

compound as yellow crystals (161 mg, 90% yield). 1H NMR (400 MHz, MeCN-d3) δ 8.48 

(s, 2H), 8.06 (d, 2H, J = 8.2 Hz), 7.93-7.76 (m, 6H), 7.74-7.64 (m, 10H), 7.58 (d, J = 5.8 Hz, 

2H), 7.50 (dd, J  = 5.9, 1.9 Hz, 2H), 7.03 (t, J  = 6.8 Hz, 2H), 6.91 (t, J = 6.8 Hz, 2H), 6.28 

(d, J  = 6.3 Hz, 2H), 1.40 (s, 18H) ppm.  

 

C.2 NH3 generation experiments 

C.2.1 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 precatalysts ([MoBr3] and/or [Ir]BArF
4) (2.3 µmol) are weighed in 

individual vials.* The precatalysts are then transferred quantitatively into a Schlenk tube 

using THF. The THF is 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 Hantzsch ester 

(HEH2) are added as solids. The tube is cooled to 77 K in a cold well. The base ([Col]) is 

dissolved in 1 mL solvent. To the cold tube is added the 1 mL solution of base and solvent 

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. For 

experiments run at -78 ℃, the tube is then transferred to a dry ice/isopropanol bath, where it 
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thaws and is allowed to stir under blue LED irradiation at -78 °C for a minimum of three 

hours before warming. For experiments run at 23 ℃, the tube is instead transferred to a water 

bath where it thaws and is allowed to stir for 12 hours. To ensure reproducibility, all 

experiments were conducted in 200 mL Schlenk tubes (50 mm OD) using 10 mm egg-shaped 

stir bars, and stirring was conducted at ~600 rpm. Both the water bath and the dry 

ice/isopropanol bath were contained in highly reflective dewars. The Blue LED was placed 

above the bath as close to the stirring reaction.  

* In cases where less than 2.3 µmol of precatalyst were used, stock solutions were used to 

avoid having to weigh very small amounts. 

C.2.2 NH3 Generation Reaction Procedure under Partial H2 Atmosphere 

Catalytic runs done under a mixture of H2 and N2 were conducted similarly to those 

under N2 atmosphere, with a few differences described below. The loadings were the same 

as in Table 4.1, Entry 10. 

Catalysis is performed in the same Schlenk tubes as under N2, which are charged 

with precatalyst, HEH2, [ColH]OTf, and a stir bar in a nitrogen-filled glovebox as described 

above. After addition of the solids, the tube is wrapped in aluminum foil and the base (Col) 

is added in 1 mL of Na/K dried THF at room temperature. Half of the headspace volume is 

then removed using a calibrated bulb and then backfilled with H2 which has been passed 

through a liquid nitrogen trap. The aluminum foil is removed, and the reaction is allowed to 

stir under Blue LED irradiation for 12 hours. Variation from the standard procedure (addition 

of THF/Col at room temperature and allowing to stir without irradiation for 30 min before 

exposing to blue LED) were found to not perturb the yield of NH3. 

 
C.2.3 NH3 detection by optical methods 

Reaction mixtures are cooled to 77 K and allowed to freeze. The reaction vessel is 

then opened to atmosphere and to the frozen solution an excess of a solution of HCl (3 mL 

of a 2.0 M solution in Et2O, 6 mmol) is added over 1-2 minutes. This 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. Solvent is removed in vacuo, 
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and the solids are extracted with 1 M HCl(aq) and filtered to give a total solution volume of 

10 mL. A 5 mL aliquot is taken and washed repeatedly with n-butanol to remove Hantzsch 

pyridine (HE) and collidinium. After n-butanol washing additional 1 M HCl(aq) is added to 

give a final total volume of 5 mL. From these 5 mL solutions, a 100 µL aliquot is analyzed 

for the presence of NH3 (present as [NH4][Cl]) by the indophenol method. Quantification 

was performed with UV-vis spectroscopy by analyzing the absorbance at 635 nm.11 When 

specified, a further aliquot of this solution was analyzed for the presence of N2H4 (present as 

[N2H5][Cl]) by a standard colorimetric method.12 Quantification was performed with UV-vis 

spectroscopy by analyzing the absorbance at 458 nm. 

C.2.4 NH3 detection by 1H NMR 

Reaction mixtures are cooled to 77 K and allowed to freeze. The reaction vessel is 

then opened to atmosphere and to the frozen solution an excess (with respect to acid) NaOtBu 

solution in MeOH (0.25 mM) is added over 1-2 minutes. This 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 HCl (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. Solvent 

is removed in vacuo, and the remaining residue is dissolved in 0.7 mL of DMSO-d6 

containing 20 mM 1,3,5-trimethoxybenzene as an internal standard. Integration of the 1H 

NMR peak observed for NH4
+ is then integrated against the two peaks of trimethoxybenzene 

to quantify the ammonium present. This 1H NMR detection method was also used to 

differentiate [14NH4][Cl] and [15NH4][Cl] produced in the control reactions conducted with 
15N2, 15N-Col/[ColH]OTf, or 15N-HEH2. 
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C.2.5 NH3 detection results  

C.2.5.1 Catalytic results in main text (Table 4.1) 
Table C.1: Catalytic yields for photodriven transfer hydrogenation of N2 to NH3. 

 

Run Conditions 

[Mo] 
load 
(μmol
) 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 
/Mo 

NH3 
equiv 
/Mo 

N2H4 
equiv/
Mo 

NH3 yield/ 
HEH2 (%) 

Table 4.1, entry 1: Standard conditions 
A1 THF, 23 ℃ 2.3 124.2 124.2 0 54 9.5 -  
B1 THF, 23 ℃ 2.3 124.2 124.2 0 54 8.3 -  
C1 THF, 23 ℃ 2.3 124.2 124.2 0 54 10.8 -  

 THF, 23 ℃ 2.3 124.2 124.2 0 54 9.5±1  26.5±3 
 Table 4.1, entry 2: 0.575 mM [MoBr3] 

D1 THF, 23 ℃ 0.575 124.2 124.2 0 216 22.6 -  
E1 THF, 23 ℃ 0.575 124.2 124.2 0 216 20.9 -  

 THF, 23 ℃ 0.575 124.2 124.2 0 216 21.8±0.8  15.1±06 
Table 4.1, entry 3: No Mo 

F1 THF, 23 ℃ 0 124.2 124.2 0 54 <0.1 <0.1  
G1 THF, 23 ℃ 0 124.2 124.2 0 54 <0.1 <0.1  

 THF, 23 ℃ 2.3 124.2 124.2 0 54 <0.1 <0.1 <0.3 
Table 4.1, entry 4: No light 

H1 
THF, 23 ℃ 

no light 2.3 124.2 124.2 0 54 <0.1 <0.1  

I1 
THF, 23 ℃ 

no light 2.3 124.2 124.2 0 54 <0.1 <0.1  

 
THF, 23 ℃ 

no light 2.3 124.2 124.2 0 54 <0.1 <0.1 <0.3 
Table 4.1, entry 5: No buffer  

J1 THF, 23 ℃ 2.3 0 0 0 54 0.74 -  
K1 THF, 23 ℃ 2.3 0 0 0 54 1.11 -  

 THF, 23 ℃ 2.3 0 0 0 54 0.9±0.2  2.6±0.5 
Table 4.1, entry 6: 5 equiv Col/[ColH]OTf 

L1 THF, 23 ℃ 2.3 11.5 11.5 0 54 2.7 <0.1  
M1 THF, 23 ℃ 2.3 11.5 11.5 0 54 3.2 <0.1  
N1 THF, 23 ℃ 2.3 11.5 11.5 0 54 2.8 -  

 THF, 23 ℃ 2.3 11.5 11.5 0 54 2.9±0.2 <0.1 8.1±0.6 
Table 4.1, entry 7: benzene instead of THF 

O1 
C6H6,  
23 ℃ 2.3 124.2 124.2 0 54 4.8 -  

P1 
C6H6,  
23 ℃ 2.3 124.2 124.2 0 54 4.6 -  

 
C6H6,  
23 ℃ 2.3 124.2 124.2 0 54 4.7±0.1   13±0.3 
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Run Conditions 

[Mo] 
load 
(μmol 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 

/Mo 

NH3 
equiv 
/Mo 

N2H4 
equiv/

Mo 
NH3 yield/ 
HEH2 (%) 

Table 4.1, entry 8: 216 equiv Col/[ColH]OTf 
Q1 THF, 23 ℃ 2.3 496.8 496.8 0 54 19.5 -  
R1 THF, 23 ℃ 2.3 496.8 496.8 0 54 21.1 -  

 THF, 23 ℃ 2.3 496.8 496.8 0 54 20.3±0.8   56±2 
Table 4.1, entry 9: with 10 equiv TBABr 

S1 THF, 23 ℃ 2.3 124.2 124.2 0 54 9 -  
T1 THF, 23 ℃ 2.3 124.2 124.2 0 54 8.6 -  

 THF, 23 ℃ 2.3 124.2 124.2 0 54 8.8±0.3  23.6±0.8 
Table 4.1, entry 10: Added [Ir]BArF

4  
U1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 29.8 -  
V1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 20.6 -  
W1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 20.5 -  
X1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 25.4 -  

 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 24±4   67±10 
Table 4.1, entry 11: Added [Ir]BArF

4, 5 equiv Col/[ColH]OTf 
Y1 THF, 23 ℃ 2.3 11.5 11.5 2.3 54 16.02 <0.1  
Z1 THF, 23 ℃ 2.3 11.5 11.5 2.3 54 16.6 <0.1  

AA1 THF, 23 ℃ 2.3 11.5 11.5 2.3 54 14.7    
 THF, 23 ℃ 2.3 11.5 11.5 2.3 54 15.8±0.8 <0.1  44±2 

Table 4.1, entry 12: Added [Ir]BArF
4, t = ½ h 

AB1 
THF, 23 ℃ t 

= ½ h 2.3 124.2 124.2 2.3 54 19.5 
- 

 

AC1 
THF, 23 ℃ t 

= ½ h 2.3 124.2 124.2 2.3 54 17.7 
- 

 

 
THF, 23 ℃ t 

= 1/2 h 2.3 124.2 124.2 2.3 54 18.6±0.9 
 

52±3 
~75 % completion compared to entry 10 
Table 4.1, entry 13: t = 2 h 

AD1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 0 54 4.9 -  

AE1 
THF, 23 ℃ t 

= 2 h 2.3 124.2 124.2 0 54 7.9 -  

AF1 
THF, 23 ℃ t 

= 2 h 2.3 124.2 124.2 0 54 10 -  

 
THF, 23 ℃ t 

= 2 h 2.3 124.2 124.2 0 54 7.6±2  21±6 
~80 % completion compared to entry 1 
Table 4.1, entry 14: Added [Ir]BArF

4, 5 equiv Col/[ColH]OTf, 0.575 mM [MoBr3] 
AG1 THF, 23 ℃ 0.575 11.5 11.5 2.3 216 26.83 -  
AH1 THF, 23 ℃ 0.575 11.5 11.5 2.3 216 25.96 -  

 THF, 23 ℃ 0.575 11.5 11.5 2.3 216 26±0.4  18.4±0.4 
Table 4.1, entry 15: Added [Ir]BArF

4, 5 equiv Col/[ColH]OTf, no light 

AI1 
THF, 23 ℃ 

no light 2.3 11.5 11.5 2.3 54 <0.1 <0.1  

AJ1 
THF, 23 ℃ 

no light 2.3 11.5 11.5 2.3 54 <0.1 <0.1  

 
THF, 23 ℃ 

no light 2.3 11.5 11.5 2.3 54 <0.1 <0.1 <0.3 
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Run Conditions 

[Mo] 
load 
(μmol 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 

/Mo 

NH3 
equiv 
/Mo 

N2H4 
equiv

/Mo 
NH3 yield/ 
HEH2 (%) 

Table 4.1, entry 16: Added [Ir]BArF
4, 5 equiv Col/[ColH]OTf, no [MoBr3] 

AK1 THF, 23 ℃ 0 11.5 11.5 2.3 54 <0.1 <0.1  
AL1 THF, 23 ℃ 0 11.5 11.5 2.3 54 <0.1 <0.1  

 THF, 23 ℃ 0 11.5 11.5 2.3 54 <0.1 <0.1 <0.3 
Table 4.1, entry 17: Added [Ir]BArF

4, 5 equiv Col/[ColH]OTf, no HEH2 
AM1 THF, 23 ℃ 2.3 11.5 11.5 2.3 0 <0.1 <0.1  
AN1 THF, 23 ℃ 2.3 11.5 11.5 2.3 0 <0.1 <0.1  

 THF, 23 ℃ 2.3 11.5 11.5 2.3 0 <0.1 <0.1 <0.3 
Table 4.1, entry 18: Added [Ir]BArF

4, subH2 = 9,10-dihydroacridine 
AO1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54a 6.7 -  
AP1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54a 6.1 -  

 THF, 23 ℃ 2.3 124.2 124.2 2.3 54a 6.4±0.3  17.7±0.8 
a9,10-dihydroacridine used instead of HEH2 

Table 4.1, entry 19: Added [Ir]BArF
4, subH2 = 5,6-dihydrophenanthridine 

AQ1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54b 4.5 -  
AR1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54b 5.1 -  

 THF, 23 ℃ 2.3 124.2 124.2 2.3 54b 4.6±0.8  13±2 
b5,6-dihydrophenanthridine used instead of HEH2 
Table 4.1, entry 20: Added [Ir]BArF

4, subH2 = 1-benzyl-1,4-dihydronicotinamide 
AS1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54c 1.31 -  
AT1 THF, 23 ℃ 2.3 124.2 124.2 2.3 54c 1.12 -  

 THF, 23 ℃ 2.3 124.2 124.2 2.3 54c 1.2±0.1  3.3±0.3 
c1-benzyl-1,4-dihydronicotinamide used instead of HEH2 
Table 4.1, entry 21: Added [Ir]BArF

4, 0.5 atm H2, 0.5 atm N2 

AU1 

THF, 23 ℃ 
PN2 = PH2 = 

0.5 atm 2.3 124.2 124.2 2.3 54 16.1 -  

AV1 

THF, 23 ℃ 
PN2 = PH2 = 

0.5 atm 2.3 124.2 124.2 2.3 54 11.0 -  

 

THF, 23 ℃ 
PN2 = PH2 = 

0.5 atm 2.3 124.2 124.2 2.3 54 14±4  36±9 
Table 4.1, entry 22: Added [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 , t = 2 h  

AW1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 1.8 -  

AX1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 2.6 -  

 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 2.2±0.6  6±1 
Table 4.1, entry 23: Added [Ir]PF6, t = 2 h  

AY1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 18.4 -  

AZ1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 23.5 -  

 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 21±4  58±10 
Table 4.1, entry 24: Added [Ir(p-F(Me)ppy)2(dtbbpy)]PF6 , t = 2 h 
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Run Conditions 

[Mo] 
load 
(μmol 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 

/Mo 

NH3 
equiv 
/Mo 

N2H4 
equi
v/M

o 
NH3 yield/ 
HEH2 (%) 

BA1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 21.5 -  

BB1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 23.1 -  

 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 22±1  62±3 
Table 4.1, entry 25: Added Ir(ppy)3, t = 2 h 

BC1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 7.8 -  

BD1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 5.8 -  

 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 7±1  19±4 
Table 4.1, entry 26: Added [Ir]BArF

4, no Col/[ColH]OTf 

BE1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 7.03 -  

BF1 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 7.83 -  

 
THF, 23 ℃ 

t = 2 h 2.3 124.2 124.2 2.3 54 7.4±0.4  20.7±1 
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C.2.5.2 Additional catalytic experiments 

Table C.2: Canvassing H2 carriers 

 

 

Ru
n subH2 

[MoBr3

] load 
(μmol) 

acid 
(μmol

) 

base 
(μmol

) 

Ir 
(μmol

) 

subH
2 

equiv 
/Mo 

NH3 equiv 
/Mo 

N2H4 
equiv/M

o 

NH3 
yield/ 
subH2 
(%) 

A2 BNAH 2.3 124.2 124.2 0 54 0.55 -  
B2 BNAH 2.3 124.2 124.2 0 54 0.30 -  

 BNAH 2.3 124.2 124.2 0 54 0.4±0.1  1.2±0.3  

C2 
PhenazH

2 2.3 124.2 124.2 2.3 54 <0.1 -  

D2 
PhenazH

2 2.3 124.2 124.2 2.3 54 <0.1 -  

 
PhenazH

2 2.3 124.2 124.2 2.3 54 <0.1  <0.1 
E2 BTH2 2.3 124.2 124.2 2.3 54 <0.1 -  
F2 BTH2 2.3 124.2 124.2 2.3 54 <0.1 -  

 BTH2 2.3 124.2 124.2 2.3 54 <0.1  <0.1 
G2 AcrH2 2.3 124.2 124.2 0 54 0.09 -  
H2 AcrH2 2.3 124.2 124.2 0 54 0.24 -  

 AcrH2 2.3 124.2 124.2 0 54 0.16±0.08  0.5±0.2 
I2 PhenH2 2.3 124.2 124.2 0 54 0.216 -  
J2 PhenH2 2.3 124.2 124.2 0 54 0.205 -  

 PhenH2 2.3 124.2 124.2 0 54 
0.211±0.00

8  
0.66±0.0

2 
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Table C.3. Additional time course experiments. 

Run Conditions 

Mo 
loading 
(μmol) 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 
/Mo 

NH3 
equiv 
/Mo 

N2H4 
equiv/Mo 

NH3 
yield/ 
HEH2 
(%) 

A3 

THF, 23 
℃ t = 2 h 2.3 124.2 124.2 2.3 54 24.5 -  

B3 

THF, 23 
℃  t = 2 h 2.3 124.2 124.2 2.3 54 25.5 -  

  

THF, 23 
℃ t = 2 

hours 2.3 124.2 124.2 2.3 54 25±0.5   69.4±1.5 
Approximately 100% completion compared to Table 4.1, entry 10    

C3  
THF, rt, 10 

min 2.3 124.2 124.2 2.3 54 8.2 - 22.8 
Approximately 30% completion compared to Table 4.1, entry 10    
          

Table C.4 Catalysis using [ColH]OTf or Col instead of buffered solution 

Run Conditions 

Mo 
loading 
(μmol) 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 
/Mo 

NH3 
equiv 
/Mo 

N2H4 
equiv/Mo 

NH3 
yield/ 
HEH2 
(%) 

A4 THF, 23℃ 2.3 496.8 0 0 54 5.8 -  
B4 THF, 23℃ 2.3 496.8 0 0 54 5.5 -  

 THF, 23℃ 2.3 496.8 0 0 54 5.65±.15  15.7±0.4 
C4 THF, 23℃ 2.3 0 496.8 0 54 1.2 -  
D4 THF, 23℃ 2.3 0 496.8 0 54 2.0 -  

 THF, 23℃ 2.3 0 496.8 0 54 1.6±0.4  4.7±1.1 
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Table C.5. Solvent screen 

 

Run Conditions 

Mo 
loading 
(μmol) 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 
/Mo 

NH3 
equiv /Mo 

N2H4 
equiv/Mo 

NH3 
yield/ 
HEH2 
(%) 

A5 
THF, -78 
→23℃ 2.3 11.5 11.5 2.3 54 15.47 -  

B5 
THF, -78 
→23℃ 2.3 11.5 11.5 2.3 54 16.06 -  

 
THF, -78 
→23℃ 2.3 11.5 11.5 2.3 54 15.7±0.3  44.8±0.8 

C5 Tol, 23℃ 2.3 11.5 11.5 2.3 54 7 -  
D5 Tol, 23℃ 2.3 11.5 11.5 2.3 54 7.3 -  

 Tol 23℃ 2.3 11.5 11.5 2.3 54 7.15±0.15  19.8±0.8 

E5 
Tol, -78 
→23℃ 2.3 11.5 11.5 2.3 54 13.01 -  

F5 
Tol, -78 
→23℃ 2.3 11.5 11.5 2.3 54 14.24 -  

 
Tol, -78 
→23℃ 2.3 11.5 11.5 2.3 54 13.6±0.6  38±2 

G5 
Et2O, -78 
→23℃ 2.3 11.5 11.5 2.3 54 4.08 -  

H5 
Et2O, -78 
→ 23℃ 2.3 11.5 11.5 2.3 54 3.97 -  

 
Et2O, -78 
→ 23℃ 2.3 11.5 11.5 2.3 54 4.0±0.1  11.2±0.2 

I5 
THF, -78 
→23℃ 2.3 11.5 11.5 2.3a 54 7.4 -  

J5 
THF, -78 
→23℃ 2.3 11.5 11.5 2.3a 54 11.7 -  

 
THF, -78 
→23℃ 2.3 11.5 11.5 2.3a 54 9.6±2  27±7 

K5 MeCy, 23℃ 2.3 124.2 124.2 0 54 <0.1 -  
L5 MeCy, 23℃ 2.3 124.2 124.2 0 54 <0.1 -  

 MeCy, 23℃      <0.1  <0.3 
aIr(ppy)3 used as photosensitizer 
Tol = toluene; MeCy = methylcyclohexane 

 
Solubility of reagents: 
Collidine: Soluble in THF, Et2O, Toluene, C6H6, MeCy 
Collidinium triflate: Soluble in THF, insoluble in Et2O, Toluene and C6H6, MeCy 
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[MoBr3]: Soluble in THF, Toluene and C6H6. Sparingly soluble in Et2O, MeCy 
HEH2: Partially soluble in THF, Et2O, Toluene and C6H6. Most soluble in THF, MeCy 
[Ir]BArF

4: Soluble in THF, Et2O, partially soluble in C6H6 and Toluene 
 
Table C.6 Attempted catalysis with [P3BFe]BArF4 

  

Run Conditions 

Fe 
loading 
(μmol) 

acid 
(μmol) 

base 
(μmol) 

Ir 
(μmol) 

HEH2 
equiv 
/Fe 

NH3 
equiv 
/Fe 

N2H4 
equiv/Fe 

NH3 
yield/ 
HEH2 
(%) 

A6 THF, 23℃ 2.3 124.2 124.2 2.3 54 <0.1 <0.1  
B6 THF, 23℃ 2.3 124.2 124.2 2.3 54 <0.1 <0.1  

 THF, 23℃ 2.3 124.2 124.2 2.3 54 <0.1 <0.1 <0.1 
C6 THF, 23℃ 2.3 124.2 124.2 0 54 <0.1 <0.1  
D6 THF, 23℃ 2.3 124.2 124.2 0 54 <0.1 <0.1  

 THF, 23℃ 2.3 124.2 124.2 0 54 <0.1 <0.1 <0.1 

 
C.2.6 NH3 detection results from 15N-HEH2, 15N-Col/15N-[ColH]OTf and 15N2 

experiments 

C.2.6.1 15N2 experiments 

Catalytic runs done under a 15N2 atmosphere were conducted similarly to those under 

a 14N2 atmosphere, with a few differences described below. The loadings were the same as 

in Table 4.1, Entry 1. 

Catalysis is performed in the same catalytic tubes as natural abundance experiments, 

which are charged with precatalyst, HEH2, [ColH]OTf, and a stir bar in a nitrogen-filled 

glovebox, as described above. After addition of the solids, the tube is then cooled to 77 K in 

a cold well. The base (Col) is added by micropipette to the frozen tube by opening the Kontes. 

The Kontes was closed, and the tube was kept frozen, then passed out of the glovebox into a 

liquid N2 bath. The headspace of the tube is evacuated while still submerged in liquid N2. 

Na/K dried THF is filtered, and 1 mL is placed into a separate Schlenk tube. The 

solvent undergoes freeze-pump thaw cycles (3 cycles) and is then vacuum transferred into 

the catalysis tube. This tube is allowed to warm up briefly and charged with 15N2 via a 

vacuum bridge. The tube is refrozen at 77 K and then transferred to a water bath, where it 

thaws and is allowed to stir under Blue LED irradiation for 12 hours.  
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C.6.2 15N-HEH2, 15N-Col/15N-[ColH]OTf experiments 

Catalytic runs were set-up as described in C.2.1 but using either 15N-HEH2 as H2-

carrier or 15N-Col/[ColH]OTf as buffer using the same conditions as Table 4.1, Entry 1. 

 

 
 

Figure C.1. 1H NMR (DMSO-d6, 400 MHz) of: A) 14NH4Cl obtained from reaction of 
natural abundance reactants under 14N2 (Ir-free conditions in Table 4.1, entry 1); B) 
14NH4Cl obtained from reaction of 15N-labeled HEH2 (otherwise natural abundance 
reactants) under 14N2 (Ir-free conditions in Table 4.1, entry 1); C) 14NH4Cl obtained from 
reaction of 15N-labeled Col/[ColH]OTf (otherwise natural abundance reactants) under 14N2 
(Ir-free conditions in Table 4.1, entry 1); D) 15NH4Cl obtained from reaction under 15N2 
(otherwise natural abundance reactants, Ir-free conditions in Table 4.1, entry 1).  
 
C.2.7 Analysis of non-NH3 catalysis products  

After a complete catalytic run, instead of quenching the reaction (with acid or base) 

the solvent from the reaction mixture was removed in vacuo. The resulting film was taken 

up in minimal DMSO-d6 and analyzed by NMR. 
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Figure C.2. 1H NMR (DMSO-d6, 400 MHz) of the nonvolatile products of the Mo-
catalyzed reaction of HEH2, [ColH]OTf, [Col], and N2 under blue LED irradiation (Table 
4,1, entry 1).  
 
 

 
Figure C.3. 1H NMR (DMSO-d6, 400 MHz) of the nonvolatile products of the 
Col/[ColH]OTf-, Ir- and Mo-catalyzed reaction of HEH2 and N2 under blue LED 
irradiation (Table 4.1, entry 11, catalytic buffer).  
 
C.2.8 1H NMR time course experiments 

Procedure: A J.Young NMR tube was loaded with [MoBr3], HEH2, [ColH]OTf, Col, 

and N2 and irradiated under blue LED. Conditions (concentration, temperature) were the 
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same as in Table 4.1, entry 1, but using THF-d8 as solvent. Slightly slower reaction times are 

attributed to less efficient illumination and lack of stirring in the NMR tube compared to 

Schlenk flasks. 

 
Figure C.4. 1H NMR (THF-d8, 400 MHz) time course of the Mo-catalyzed reaction of 
HEH2, [ColH]OTf, Col, and N2 under blue LED irradiation in a J. Young tube (Table 4.1 
entry 1) (left). Relative ratio of HE and HEH2 plotted over time (right).  

 
Figure C.5. 1H NMR (THF-d8, 400 MHz) of 15 minutes and 48 hour time points of the 
reaction of the Mo-catalyzed reaction of HEH2, [ColH]OTf, Col, and N2 under blue LED 
irradiation in a J.Young tube (Figure C.4). Integrals of HEH2 and HE quartet peak at ~ 4.0 
ppm are compared to constant THF solvent residual peaks to estimate total recovery of 
HEH2 and HE. Approx. 90% is recovered. Similarly, integrals of Col/[ColH]OTf aromatic 
peak at ~ 7.0 ppm are compared to constant THF solvent residual peaks to estimate total 
recovery of Col/[ColH]OTf. Approx. 90% is recovered. *indicates minor organic impurity 
that grows in, see Figure C.6. 
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Figure C.6. 1H NMR (THF-d8, 400 MHz) before irradiation and at indicated timepoints 
following blue LED irradiation of the reaction of HEH2 with 1 equiv Col and 1 equiv 
[ColH]OTf in a J. Young tube. Integration relative to the THF residual peak at 3.58 ppm 
indicates that after 48 hours, 79% of HEH2 and 10% of the total initial buffer loading are 
consumed, while HE is produced in 16% conversion along with the same major organic 
side product peaks observed in N2R with [MoBr3] (Figure C.4 and C.5).  

 
Figure C.7. 1H NMR (THF-d8, 400 MHz) before irradiation and at indicated timepoints 
following blue LED irradiation of HE with 1 equiv Col and 1 equiv [ColH]OTf in a J. 
Young tube. No reaction is observed. 
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Figure C.8. 1H NMR (THF-d8, 400 MHz) of 15 minutes to 240 min of the Mo-catalyzed 
reaction of HEH2, [ColH]OTf, Col, and N2 under blue LED irradiation in a J.Young tube 
(Figure C.4). The H2 peak (4.54 ppm)10 grows in over time. 
 
C.3 Steady-State Fluorescence Measurements 

C.3.1 Procedure for Fluorimetry Studies  

1 cm quartz glass cuvettes were loaded with 0.5 mM HEH2 solutions in dry THF, 

with varying concentrations of quencher (either Col or [ColH]OTf) in a nitrogen glovebox. 

Stock solutions were used to assure consistency. Solutions were excited at 390 nm 

wavelength to avoid interference of the excitation wavelength and steady-state fluorescence 

spectra. Experiments were conducted at 23 ℃. 
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Figure C.9. Steady-state fluorescence of HEH2 (0.5 mM) with varying amounts of 
[ColH]OTf (18 mM to 144 mM) (Top). Stern-Vollmer quenching plot of I0/IC against 
concentration of [ColH]OTf (bottom). Slope is 42±2.4 M−1; R2 =0.98. 
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Figure C.10. Steady-state fluorescence of HEH2 (0.5 mM) with varying amounts of Col 
(18 mM to 144 mM) (Top). Stern-Vollmer quenching plot of I0/IC against concentration of 
Col (bottom). Slope is 1.3±0.9 M−1. 
 
C.3.2 Calculation of Stern-Volmer quenching constants 

Using the previously measured excited state-lifetime measured (τ0) for HEH2 we can 

calculate the Stern-Vollmer quenching lifetime using the equation: 

I0/Ic = 1 + kq∙ τ0 [Q] (eqn C.1) 

kq = slope/τ0 (eqn C.2) 

While τ0 has not been measured in THF at 25 ℃, the measurements in DMSO at 25 

℃ (0.419 ns) provide a useful estimate.17 Accordingly, the quenching constants are: 

kcolH = 1.0±0.1 ∙ 1011 M−1 s−1 

kcol = 3±2 ∙ 109 M−1 s−1 
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While these values have considerable errors, particularly the Col quenching, these 

nonetheless provide useful order of magnitude estimates. The large rate constant for kcolH+ 

suggests the presence of static quenching pathways. 

 

C.4 UV-visible measurements 

C.4.1 Procedure for UV-vis measurements.  

1 cm quartz glass cuvettes were loaded with 0.1 mM HEH2 solutions in dry THF 

inside the glovebox.  The cuvette was taken out of the glovebox, and spectra were collected. 

Concentrated (50 mM) solutions of Col or [ColH]OTf were titrated into the cuvettes. The 

Col or [ColH]OTf solutions had 0.1 mM HEH2 added to maintain the HEH2 concentration 

throughout the experiments. Titrations were done under a sparging N2 atmosphere to 

maintain an O2 free environment. Experiments were conducted at 23 ℃. 

 
Figure C.11. UV-vis of HEH2 (0.1 mM) with 0 mM (blue) to 14 mM (red) Col 
concentration. 
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Figure C.12. UV-vis of HEH2 (0.1 mM) with 0 mM (blue) to 11 mM (red) [ColH]OTf 
concentration. 
 

C.5 Reduction of [TBA]NO3 

 
Scheme C.1. Balanced equation for the catalytic reduction of [TBA]NO3 to generate 
NH3. 
 
 
C.5.1 Standard [TBA]NO3 Reduction Generation Reaction Procedure 

Catalytic experiments for the reduction of [TBA]NO3 were conducted in a manner 

similar to the reduction of N2 (section S1.1). All solvents are stirred with Na/K for ≥2 hours 

and filtered prior to use. In a nitrogen-filled glovebox, the precatalysts ([MoBr3] and 

[Ir]BArF
4) (2.3 µmol) are weighed in individual vials.* The precatalysts are then transferred 

quantitatively into a Schlenk tube using THF. The THF is 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 [TBA]NO3, acid, and Hantzsch ester (HEH 2) are added as solids. The tube is cooled 

to 77 K in a cold well, and the base ([Col]) is added. The tubes were passed out of the 

glovebox without warming and thoroughly degassed. 1 mL of degassed (three freeze-pump 

thaw cycles) THF solvent was vacuum transferred into the catalytic tube. The tube was 

allowed to warm briefly and was backfilled with argon. The tube is instead transferred to a 
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water bath, where it thaws and is allowed to stir for 12 hours. To ensure reproducibility, all 

experiments were conducted in 200 mL Schlenk tubes (50 mm OD) using 10 mm egg-shaped 

stir bars, and stirring was conducted at ~600 rpm. The water bath was contained in highly 

reflective dewars. The Blue LED was placed above the bath as close to the stirring reaction 

as possible.  

C.5.2 NH3 detection 

NH3 was detected by 1H NMR, as detailed in C.2.4 NH3 detection by 1H NMR.  

C.5.3 Catalytic reduction of [TBA]15NO3 

Catalytic runs were set-up as described in S5.1 but using [TBA]15NO3. 
 

C.5.4 Catalytic reduction of [TBA]NO3 

Table C.7. Catalytic yields for photodriven transfer hydrogenation of [TBA]NO3 to NH3 

 
 

Run Conditions 

[MoBr3] 
load 

(μmol) 
acid 

(μmol) 
base 

(μmol) Ir (μmol) 
HEH2 
/Mo 

[TBA] 
NO3 

equiv/M
o 

NH3 equiv 
/Mo 

NH3 
yield/ 
HEH2 
(%) 

Table 4.1, entry 27: Standard conditions for reduction of [TBA]NO3 

A7 THF, 23 ℃ 2.3 124.2 124.2 0 54 18 8.5  
B7 THF, 23 ℃ 2.3 124.2 124.2 0 54 18 11.0  

 THF, 23 ℃ 2.3 124.2 124.2 0 54 18 9.8±1.2 73±9 
Table 4.1, entry 28: with [MoBr3] , with [Ir]BArF4 

C7 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 9.9  
D7 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 10.9  

 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 10.4±0.5 77±4 
Table 4.1, entry 29: No [MoBr3]  

E7 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 2  
F7 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 1.4  

 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 1.7±0.3 13±2 
Table 4.1, entry 30: No [MoBr3] , with [Ir]BArF4 

F7 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 3.0  
G7 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 5.4  

 THF, 23 ℃ 2.3 124.2 124.2 2.3 54 18 4.2±1.2 31±9 
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Table 4.1, entry 31: no light, with [MoBr3] , with [Ir]BArF4 

H7 
THF, 23 ℃ 

No light 2.3 124.2 124.2 2.3 54 18 0.1  

I7 
THF, 23 ℃ 

No light 2.3 124.2 124.2 2.3 54 18 0.1  

 
THF, 23 ℃ 

No light 2.3 124.2 124.2 2.3 54 18 0.1±0.05 0.7±0.3 
 
 

 
Figure C.13. 1H NMR (DMSO-d6, 400 MHz) of: A) 14NH4Cl obtained from reaction of 
natural abundance [TBA]NO3 with HEH2, buffer, and [MoBr3] under blue light irradiation 
(Table C.7 entry A7); B) 15NH4Cl obtained from reaction of [TBA]15NO3 with HEH2, 
buffer, and [MoBr3] under blue light irradiation; C) 14NH4Cl obtained from reaction of 
natural abundance [TBA]NO3 with HEH2, buffer, [MoBr3] and [Ir]BArF

4 under blue light 
irradiation (Table C.7, entry C7); D) 15NH4Cl obtained from reaction of [TBA]15NO3 with 
HEH2, buffer, [MoBr3] and [Ir]BArF

4 under blue light irradiation; E) 14NH4Cl obtained 
from reaction of natural abundance [TBA]NO3 with HEH2, buffer, and [Ir]BArF

4 under 
blue light irradiation (Table C.7, entry F7); F) 15NH4Cl obtained from reaction of 
[TBA]15NO3 with HEH2, buffer, and [Ir]BArF

4 under blue light irradiation. 
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C.5.5 Comment on nitrate reduction in the absence of light or [MoBr3]. 

It is worth commenting on the fact that [TBA]NO3 reduction can occur both in the 

absence of light and [MoBr3], albeit with diminished yields. This differs from N2R where 

both are required and no NH3 can be detected. Nitrate differs as a substrate from N2 in that it 

is more activated and forms relatively stable intermediates during reduction (NO2
-, NO), and 

the thermodynamics of reduction are more favorable. This is illustrated in Figure C.14, 

showing the thermodynamics between different intermediates in the reduction of N2 and 

NO3
− (in aqueous solution vs NHE).  Therefore, a molecular catalyst might not be required 

to activate the substrate prior to reduction/protonation and stabilize intermediates that form 

during reduction. The role of [MoBr3] might, therefore, be primarily as a Lewis acid or a 

solubilizing agent. Ultimately, these results suggest that higher yields/efficiencies and 

possibly even nitrate reduction without illumination may all be possible with a more careful 

choice of catalyst and warrant further exploration. 

 
Figure C.14. Comparison of ΔG (in kcal mol-1) in aqueous solution of pH 0 referenced to 
NHE.13,14 While the 6 e- reduction and 8 e- reduction of N2 and NO3

−, respectively, are 
both downhill, only the intermediates of NO3

- are also thermodynamically favored to 
form. 
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C.6 Reduction of acetylene 

 
Scheme C.2. Balanced equations for the catalytic reduction of acetylene to generate 
ethylene and ethane. 
 
C.6.1 Standard acetylene reduction reaction procedure 

Catalytic experiments for the reduction of acetylene were conducted in a manner 

similar to the reduction of N2 (section S1.1). All solvents are stirred with Na/K for ≥2 hours 

and filtered prior to use. In a nitrogen-filled glovebox, the precatalysts ([MoBr3] and 

[Ir]BArF
4) (2.5 µmol) are weighed in individual vials. The precatalysts are then transferred 

quantitatively into a Schlenk tube using THF. The THF is then evaporated to provide a thin 

film of precatalyst at the bottom of the Schlenk tube. The tube is then charged with a stirbar 

and [ColH]OTf and Hantzsch ester (HEH2) are added to the vial as solids. The tube is 

wrapped in aluminum foil and Col and THF-d8 (0.7 mL) are added. The tube is sealed, passed 

out of the glovebox, and degassed (three freeze-pump thaw cycles). The desired volume of 

acetylene gas is added using a calibrated bulb while the tube is cooled in liquid nitrogen. The 

headspace of the tube is then backfilled to 1 atm with argon while cooled in a dry ice/acetone 

bath. The tube is transferred to a water bath and is irradiated with Blue LED for the time 

specified. The water bath was contained in highly reflective dewars. The Blue LED was 

placed above the bath as close to the reaction as possible. 

 After 12 hours of irradiation, the volatiles of the reaction mixture are vacuum 

transferred into a J. Young NMR tube of known volume containing a known amount of 1,3,5-

trimethoxybenzene. In the 1H NMR spectrum of the resulting sample, the peaks 

corresponding to ethylene (5.36 ppm) and ethane (0.85 ppm) are distinguishable when 

present.10 Integration to the internal standard provides the yield of dissolved gases. Henry’s 

constant for each gas in THF15 was used to estimate their partial pressures in the headspace. 
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C.6.2 Ethylene and ethane detection results  

Table C.8. Catalytic yields for photodriven transfer hydrogenation of acetylene to ethylene 
and ethane. 

 

Run Conditions 

[Mo] 
load 

(μmol) 

acid 
(μmol

) 
base 

(μmol) 
Ir 

(μmol) 

HEH2 
equiv 
/Mo 

C2H4 
equiv 
/Mo 

C2H6 
equiv/

Mo 
Total yield/ 
HEH2 (%) 

Table 4.1, entry 32: standard conditions 
A8 THF, 23 ℃ 2.5 135 135 0 54 8.2 1.3  
B8 THF, 23 ℃ 2.5 135 135 0 54 11.4 1.7  

 THF, 23 ℃ 2.5 135 135 0 54 10±2 1.5±0.3 24±5 
 Table 4.1, entry 33: with [MoBr3], with [Ir]BArF4 

C8 THF, 23 ℃ 2.5 135 135 2.5 54 6.4 1.3  
D8 THF, 23 ℃ 2.5 135 135 2.5 54 4.9 0.9  

 THF, 23 ℃ 2.5 135 135 2.5 54 6±1 1.1±0.3 15±3 
Table 4.1, entry 34: no [MoBr3], no [Ir]BArF4 

E8 THF, 23 ℃  2.5 135 135 0 54 0.048 <0.03  
F8 THF, 23 ℃  2.5 135 135 0 54 0.059 <0.03  

 THF, 23 ℃  2.5 135 135 0 54 
0.054±
0.008 <0.03 <0.3 

Table 4.1, entry 35: no [MoBr3], with [Ir]BArF4  
G8 THF, 23 ℃ 0 135 135 2.5 54 0.8 0.02  
H8 THF, 23 ℃ 0 135 135 2.5 54 3.0 0.14  

 THF, 23 ℃ 0 135 135 2.5 54 2±2 
0.08± 
0.08 4±3 

Table 4.1, entry 36: with [MoBr3], with [Ir]BArF4, no light 

I8 
THF, 23 ℃ 

no light 2.5 135 135 2.5 54 <0.01 <0.01  

J8 
THF, 23 ℃ 

no light 2.5 135 135 2.5 54 <0.01 <0.01  

 
THF, 23 ℃ 

no light 2.5 135 135 2.5 54 <0.01 <0.01 <0.04 
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Figure C.15. 1H NMR (THF-d8, 400 MHz) of the volatiles obtained from the acetylene 
reduction reaction in Table C.8: A) Standard conditions (Table C.8, entry A8); B) No 
[MoBr3] (Table C.8, entry E8); C) No irradiation (Table C.8, entry I8). *Trace pentane. 

C.7. Additional mechanistic schemes  

 
Figure C.16. Mechanistic scenario in absence of photoredox catalyst in which [HEH2]* is 
quenched by a M(N2) intermediate. 
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Figure C.17. Possible scenarios for photodriven transfer hydrogenation from HEH2 to N2 
mediated by a metal catalyst and buffer system (Col/[ColH]+). These schemes depict a 
mechanism in which N2 cleavage occurs and the subsequent M≡N is hydrogenated. (A) 
Scenario in the absence of photoredox catalyst, in which [HEH2]* is oxidatively quenched 
by [ColH]+ to generate [ColH]•. (B) Scenario with photoredox catalyst, in which [IrIII]+* is 
reductively quenched by HEH2.  

 

C.8 Derivation of thermodynamic values. 

C.8.1 Summary of thermochemistry of Hantzsch ester (HEH2) and derivatives 

Table C.9 lists BDFEX–H, pKa, and Eox values for various protonation and oxidation 

states of HEH2. As has been established by Mayer and coworkers,16 bond dissociation 

enthalpies (BDEs) can be converted to BDFEs based on the assumption that the entropies 

of R–H and R• are similar. Subtraction of TS°(H•)solv (6.37 kcal mol–1 in MeCN) from the 

BDE values reported in ref. 4 yields the estimated BDFE values in Table C.9. With these 

values and reported potentials of oxidation, relevant pKa values were then estimated using 

the thermodynamic cycles laid out below. 
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Table C.9. Reported and estimated thermochemical values for various protonation and 
oxidation states of HEH2 relevant to this study. a kcal mol–1 in MeCN at 298 K. b V vs. Fc+/0 
in MeCN at 298 K. c Ref. 4. d Estimated using the E00 reported in ref. 17. 
 BDEa BDFEa Eox

b pKa 

 
HEH2 

68.7 (C–H),  
86.6 (N–H)c 

62.3 (C–H),  
80.2 (N–H) 

0.48c 31.8 (N–H) 

 
HEH• 

46.9 (N–H)c 40.5 (N–H)   

 
HEH•+ 

   –1.0 (C–H) 

 
HEH–  

  –0.695c  

[HEH2]*  –8.5 (C–H)d –2.5d –20(N–H)d 

 
 
Estimation of the N–H pKa of HEH2:  

HEH• + e– ⇌ HEH –   –23.06(Eox(HEH–)) = 16 kcal mol–1 

H• ⇌ H+ + e–   –CG = –52.6 kcal mol–1  
HEH2 ⇌ HEH• + H•  BDFEN–H(HEH2) = 80.2 kcal mol–1  

HEH2 ⇌ HEH− + H+  1.37(pKa) 
    pKa,N–H(HEH2) = 31.8 
 
Estimation of the C–H pKa of HEH2

•+: 

HEH2
• + e– ⇌ HEH2  –23.06(Eox(HEH2)) = –11.1 kcal mol–1 

H• ⇌ H+ + e–   –CG = –52.6 kcal mol–1  
HEH2 ⇌ HEH• + H•  BDFEC–H(HEH2) = 62.3 kcal mol–1  

HEH2
•+ ⇌ HEH• + H+  1.37(pKa) 

    pKa,C–H(HEH•+) = –1.0 
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Estimation of the excited-state N–H pKa of [HEH2]*: 

HEH2* ⇌ HEH2  –23.06(E00) = –70.8 kcal mol–1 

HEH2 ⇌ HEH– + H+  1.37(pKa,N–H(HEH2)) = 43.6 kcal mol–1 

HEH2* ⇌ HEH– + H+  1.37(pKa) 
    pKa,N–H(HEH2*) = –20 
 
Estimation of the excited-state BDFEC–H of [HEH2]*: 

HEH2* ⇌ HEH2  –23.06(E00) = –70.8 kcal mol–1 

HEH2 ⇌ HEH– + H+  BDFEC–H(HEH2) = 62.3 kcal mol–1 

HEH2* ⇌ HEH– + H+  BDFEC–H(HEH2*) = –8.5 kcal mol–1 

 

C.8.2 Derivation of effective BDFE values (BDFEeff) relevant to this work 

C.8.2.1 Derivation of BDFEeff for H2-carrier 
Estimation of BDFEeff for HEH2: 

½ HEH2 ⇌ ½ HEH• + ½ H• ½ BDFEC–H(HEH2) = 31.2 kcal mol–1 

½ HEH• ⇌ ½ HE + ½ H• ½ BDFEN–H(HEH•) = 20.3 kcal mol–1 

½ HEH2 ⇌ ½ HE + H•  BDFEeff(HEH2) = 51.4 kcal mol–1 
 
Estimation of BDFEeff for acrH2: 

acrH2 ⇌ acrH2
•+ + e− 23.06(Eox(acrH2)) = 11.3 kcal mol–1 (Ref 18) 

acrH2
•+ ⇌ acrH+ + H• BDE(acrH2

•+) – TS°(H•)solv = 43.5 – 6.37 kcal mol–1 = 37.1 kcal mol–1 
(Ref 51) 
e– + H• ⇌ H–  ΔG˚ = 26.0 kcal mol–1 (Ref 16) 
acrH2 ⇌ acrH+ + H–  ΔG(acrH2)H

_ = 74.4 kcal mol–1 

 

½ acrH2 ⇌ ½ acrH+ + ½ H− ½ ΔG(acrH2)H
_ = 37.2 kcal mol–1  

½ acrH+ ⇌ ½ acr + ½ H+ ½ 1.37(pKa) = 8.7 kcal mol–1 (Ref 19) 
½ H− + ½ H+ ⇌ ½ H2

  ½ ΔG˚ = −38 kcal mol–1 (Ref 16) 
½ H2

 ⇌ H•   ½ BDFEN–H(H2) = 52 kcal mol–1  
½ BNAH + ½ [ColH]+ ⇌ ½ BNA +  ½ Col + H•  BDFEeff(acrH2) = 59.9 kcal mol–1 
 

Estimation of BDFEeff for phenH2: 

½ phenH2 ⇌ ½ phenH• + ½ H• ½ BDFEC–H(phenH2) = 33.1 kcal mol–1 (Ref 4) 
½ phenH• ⇌ ½ phen + ½ H• ½ BDFEN–H(phenH•) = 19.1 kcal mol–1 (Ref 4) 
½ phenH2 ⇌ ½ phen + H• BDFEeff(phenH2) = 52.2 kcal mol–1 
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Estimation of BDFEeff for BNAH: 

BNAH is a 1 H+ /2 e− donor. As such, to balance the equation for the 6 H+/6 e− reduction of 
N2, we posit that [ColH]OTf must also be consumed giving a balanced reaction: 
N2 + 3 BNAH + 3 [ColH]+ → NH3 + 3 [BNA]+ + 3 Col 
To estimate BDFEeff, we instead combine the hydricity of BNAH and the acidity of 
[ColH]OTf 
 
½ BNAH ⇌ ½ BNA + ½ H− ½ ΔG(BNAH)H

_ = 29.5 kcal mol–1 (Ref 18) 
½ [ColH]+ ⇌ ½ Col + ½ H+ ½ 1.37(pKa) = 10.3 kcal mol–1 (Ref 20) 
½ H− + ½ H+ ⇌ ½ H2

  ½ ΔG˚ = −38 kcal mol–1 (Ref 16) 
½ H2

 ⇌ H•   ½ BDFEN–H(H2) = 52 kcal mol–1  
½ BNAH + ½ [ColH]+ ⇌ ½ BNA +  ½ Col + H•  BDFEeff(BNAH/ColH+) = 53.8 kcal 
mol–1 
 
C.8.2.2 Derivation of BDFEeff for reductant (photosensitizer or *HEH2) and acid 
Estimation of BDFEeff for [HEH2]* as reductant and [ColH]+ as acid: 

HEH2* ⇌ HEH2
•+ + e–   23.06(Eox([*HEH2]) = –57.7 kcal mol–1  

[ColH]+ ⇌ Col + H+    1.37(pKa) = 20.6 kcal mol–1  
H+ + e– ⇌ H•     CG = 52.6 kcal mol–1 

HEH2* + [ColH]+ ⇌ HEH2
•+ + Col + H•  BDFEeff = 15.5 kcal mol–1 

 

Estimation of BDFEeff for IrII(ppy)2(dtbbpy) as reductant and [ColH]+ as acid: 

[IrII] ⇌ [IrIII]+ + e–    23.06(Eox([IrII]) = –43.8 kcal mol–1 (Ref 21) 
[ColH]+ ⇌ Col + H+    1.37(pKa) = 20.6 kcal mol–1  
H+ + e– ⇌ H•     CG = 52.6 kcal mol–1 

HEH2* + [ColH]+ ⇌ HEH2
•+ + Col + H•  BDFEeff = 29.3 kcal mol–1 

 
Estimation of BDFEeff for IrII(p-F(Me)ppy)2(dtbbpy) as reductant and [ColH]+ as acid: 

[IrII] ⇌ [IrIII]+ + e–    23.06(Eox([IrII]) = –43.4 kcal mol–1 (Ref 22)  
[ColH]+ ⇌ Col + H+    1.37(pKa) = 20.6 kcal mol–1  
H+ + e– ⇌ H•     CG = 52.6 kcal mol–1 

HEH2* + [ColH]+ ⇌ HEH2
•+ + Col + H•  BDFEeff = 29.8 kcal mol–1 

 
Estimation of BDFEeff for IrII(dF(CF3)ppy)2(dtbbpy) as reductant and [ColH]+ as acid: 

[IrII] ⇌ [IrIII]+ + e–    23.06(Eox([IrII]) = –40.4 kcal mol–1 (Ref 23)  
[ColH]+ ⇌ Col + H+    1.37(pKa) = 20.6 kcal mol–1  
H+ + e– ⇌ H•     CG = 52.6 kcal mol–1 

HEH2* + [ColH]+ ⇌ HEH2
•+ + Col + H•  BDFEeff = 32.8 kcal mol–1 
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Estimation of BDFEeff for [IrII(ppy)3]– as reductant and [ColH]+ as acid: 

[IrII] ⇌ [IrIII]+ + e–    23.06(Eox([IrII]) = –59.3 kcal mol–1 (Ref 23) 
[ColH]+ ⇌ Col + H+    1.37(pKa) = 20.6 kcal mol–1  
H+ + e– ⇌ H•     CG = 52.6 kcal mol–1 

HEH2* + [ColH]+ ⇌ HEH2
•+ + Col + H•  BDFEeff = 13.9 kcal mol–1 

 
Estimation of BDFEeff for [IrIII(ppy)3]* as reductant and [ColH]+ as acid: 

[IrII] ⇌ [IrIII]+ + e–    23.06(Eox([IrIII*]) = –48.7 kcal mol–1 (Ref 23) 
[ColH]+ ⇌ Col + H+    1.37(pKa) = 20.6 kcal mol–1  
H+ + e– ⇌ H•     CG = 52.6 kcal mol–1 

HEH2* + [ColH]+ ⇌ HEH2
•+ + Col + H•  BDFEeff = 24.5 kcal mol–1 

 
C.8.3 Estimation of overpotential for hydrogenation of N2 with HEH2 to NH3 

We derive the BDFE of H2 in MeCN at 298 K explicitly here for clarity, using recently 
updated thermochemical values (36): 
 
H2(g) ⇌ 2 H+ + 2 e– 2×23.06(E°(H+/H2)) = 2×23.06(–0.028 V) = –1.29 kcal mol–1 (Ref 16) 
2 H+ + 2 e– ⇌ 2H• 2(CG) = 105.2 kcal mol–1  
H2(g) ⇌ 2H•  BDFE(H2) = 103.9 kcal mol–1 

 

C.8.3.1 Determination of overpotential for dark reactions 
The overpotential ΔΔGf(NH3) for a source of hydrogen atom equivalents with a given 

BDFEeff is described by eqn C.3: 

ΔΔGf(NH3) = 3(BDFE(H2)/2 – BDFEeff) (eqn C.3) 

For the dark reaction, 1∕2 N2 + 3∕2 HEH2 ⇌ NH3 + 3∕2 HE: 

ΔΔGf(NH3) = 3(103.9/2 – 51.4) = 1.7 kcal mol–1  

For the dark reaction, 1∕2 N2 + 3∕2 acrH2 ⇌ NH3 + 3∕2 acr: 

ΔΔGf(NH3) = 3(103.9/2 – 59.9) = −23.9 kcal mol–1  

For the dark reaction, 1∕2 N2 + 3∕2 phenH2 ⇌ NH3 + 3∕2 phen: 

ΔΔGf(NH3) = 3(103.9/2 – 52.2) = −0.8 kcal mol–1  

For the dark reaction, 1∕2 N2 + 3∕2 (BNAH + ColH+) ⇌ NH3 + 3∕2 (BNA+ + Col): 

ΔΔGf(NH3) = 3(103.9/2 – 53.8) = −5.5 kcal mol–1  

With the dark reaction values value, we can also estimate the absolute driving force for 

hydrogenation of N2 with subH2. 

ΔGf(NH3) in MeCN at 298 K: 
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1∕2 N2 + 3∕2 H2(g) ⇌ NH3 ΔGf(NH3) = –3×23.06(E°(N2(g)/NH3)) = –3×23.06(0.063 V vs. H2) 

(Ref 36) 

         = 4.36 kcal mol–1  

We then estimate the following: 
1∕2 N2 + 3∕2 HEH2 ⇌ NH3 + 3∕2 HE ΔGrxn = ΔGf(NH3) – ΔΔGf(NH3, HEH2) = –4.4 – 1.7 kcal 

mol–1  

= –6.1 kcal mol–1  
1∕2 N2 + 3∕2 phenH2 ⇌ NH3 + 3∕2 phen ΔGrxn = ΔGf(NH3) – ΔΔGf(NH3, phenH2) = –4.4 + 0.8 

kcal mol–1  

= –3.6 kcal mol–1  
1∕2 N2 + 3∕2 acrH2 ⇌ NH3 + 3∕2 acr ΔGrxn = ΔGf(NH3) – ΔΔGf(NH3, acrH2) = –4.4 + 23.9 kcal 

mol–1  

= 19.5 kcal mol–1  

1∕2 N2 + 3∕2 (BNAH + ColH+)  ⇌ NH3 + 3∕2 (BNA+ + Col)  

ΔGrxn = ΔGf(NH3) – ΔΔGf(NH3, BNAH + ColH+) = –4.4 + 5.5 kcal 

mol–1  

= +1.1 kcal mol–1  

Table C.10. Summary of driving forces for dark reaction using different subH2 (assuming 
2 H+/ 2 e− reaction). Values are calculated in MeCN at 25 ℃. a Since BNAH is a H− donor, 
the stoichiometry requires addition of H+, assumed to be supplied from [ColH]OTf 

subH2 BDFEeff (kcal 
mol−1) 

ΔΔGf(NH3) (kcal 
mol−1) 

ΔGrxn (kcal mol−1) 

HEH2 51.4 1.7 −6.1 
PhenH2 52.2 −0.8 −3.6 
AcrH2 59.9 −23.9 19.5 

BNAH + [ColH]OTf a 53.8 −5.5 1.1 
 
C.8.3.2 Determination of overpotential for light reactions 
For the Ir-free reaction, in which [HEH2]* is thought to be the strongest reductant accessed 
and [ColH]+ serves as acid: 

ΔΔGf(NH3) = 3(103.9/2 – 15.5) = 109 kcal mol–1  

 

For the Ir-photosensitized reaction with [Ir(ppy)2(dtbbpy)]BArF
4, in which [IrII] is thought to 

be the strongest reductant accessed and [ColH]+ serves as acid: 
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ΔΔGf(NH3) = 3(103.9/2 – 29.3) = 68.0 kcal mol–1  
 
For the Ir-photosensitized reaction with [Ir(dF(CF3)ppy)2(dtbbpy)]PF6, in which [IrII] is 
thought to be the strongest reductant accessed and [ColH]+ serves as acid: 

ΔΔGf(NH3) = 3(103.9/2 – 32.8) = 58.3 kcal mol–1  
 
For the Ir-photosensitized reaction with [Ir(p-F(Me)ppy)2(dtbbpy)]PF6, in which [IrII] is 
thought to be the strongest reductant accessed and [ColH]+ serves as acid: 

ΔΔGf(NH3) = 3(103.9/2 – 29.8) = 67.3 kcal mol–1  
 
For the Ir-photosensitized reaction with Ir(ppy)3, in which [IrII] is thought to be the strongest 
reductant accessed and [ColH]+ serves as acid: 

ΔΔGf(NH3) = 3(103.9/2 – 13.9) = 115.0 kcal mol–1  
 
For the Ir-photosensitized reaction with Ir(ppy)3, in which [IrIII]* is thought to be the 
strongest reductant accessed and [ColH]+ serves as acid: 

ΔΔGf(NH3) = 3(103.9/2 – 24.5) = 83.2 kcal mol–1  
 
Table C.11: Summary of driving forces for different photosensitizers. All BDFEeff and 
ΔΔGf(NH3) measurements made pairing reductant with [ColH]OTf (pKa 15) Values are 
calculated in MeCN at 25 ℃. 

Reductant Eox (V vs. Fc+/0) BDFEeff (kcal mol−1) ΔΔGf(NH3) (kcal 
mol−1) 

HEH2* −2.5 15.5 109 
[IrII] (IrII(ppy)2dtbbpy) −1.90 29.3 68.0 

IrII(dF(CF3)ppy)2(dtbbpy) −1.75 32.8 58.3 
IrII(p-

F(Me)ppy)2(dtbbpy) 

−1.88 29.8 67.3 

IrII(ppy)3
− −2.57 13.9   115.0 

IrIII(ppy)3* −2.11 24.5 83.2 
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C.9 NMR spectra 

 
Figure C.18. 1H NMR (DMSO-d6, 400 MHz) of 15N-HEH2. 

 

Figure C.19. 1H NMR (DMSO-d6, 400 MHz) of 15N-labelled [ColH]OTf. 

 

Figure C.20 1H NMR (MeCN-d3, 400 MHz) of [Ir]BArF
4. 
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A p p e n d i x  D  

Supplementary Information for Chapter 5 
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D.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. Nonhalogenated solvents were tested with sodium 

benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed, 

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

D.1.1 Materials 

HEH2,1 [MoBr3],2  [PCPMoCl3],3 [ColH]OTf,4 [TBA][15NO3],4 15-NHEH2,4 15-

N[ColH]OTf,4 15-NCol,5 d2-HEH2,6 d1-HEH2 (N-H proton is deuterated),7 d3-HEH2,8 

[ImidH]OTf,9 were synthesized using literature procedures. d2-15-NHEH2 was synthesized as 
15-NHEH2 or d2-HEH2 but using both [15NH4]Cl and d2-paraformaldehyde. tolNO2, 
Me2NPhCHO, MeOPhCHO, [TBA][NO3], nPrNO2, benzyl acetone, Me3NO, imidazole, and 

dimethylterphatalate were purchased from Sigma and used without further purification. Col 

was purchased from Ambeed and distilled prior to use. 15NCol was also distilled following 

synthesis. [15NH4]Cl, d2-paraformaldehyde, D2O and d1-EtOD were purchased from 

Cambridge Isotope Laboratories, Inc.  

D.1.2 Spectroscopy 

Nuclear Magnetic Resonance spectroscopy: Nuclear Magnetic Resonance 

(NMR) measurements were recorded with a Varian 400 MHz spectrometer. 1H NMR 

chemical shifts are reported in ppm relative to tetramethylsilane, using 1H resonances from 

residual solvent as internal standards.10 

Ultraviolet-visible spectroscopy: Ultraviolet-visible (UV-vis) absorption 

spectroscopy measurements were collected with a Cary 50 UV-vis spectrophotometer 

using a 1 cm path length quartz cuvette. All samples had a solvent background subtraction 

applied.  

Continuous-wave Electron Paramagnetic Resonance spectroscopy: All X-band 

continuous-wave electron paramagnetic resonance (CW-EPR) spectra were obtained on a 
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Bruker EMX spectrometer using a quartz liquid nitrogen immersion dewar on samples 

prepared as frozen THF solutions unless otherwise noted. 

Infrared spectroscopy: Solution state infrared (IR) spectra were obtained using a 

Bruker Alpha Platinum ATR spectrometer with OPUS software in a glovebox under an N2 

atmosphere. All IR data were collected as solution state spectra in a KBr-cell in THF and, 

unless stated, have had THF background spectra subtracted.  

Steady-state Fluorimetry: Steady-state fluorimetry was performed in the 

Beckman Institute Laser Resource Center (California Institute of Technology). Samples 

for luminescence measurements were prepared in dry THF and transferred to a 1-cm path 

length–fused quartz cuvette sealed with a high-vacuum Teflon valve (Kontes). Steady-state 

emission spectra were collected on the Jobin S4 Yvon Spec Fluorolog-3-11 with a 

Hamamatsu R928P photomultiplier tube detector with photon counting. 

Transient absorbance spectroscopy: Transient Absorption Samples in stirred air-

tight cuvettes were excited with 355-nm or 450-nm pulses from a Q-switched Nd:YAG 

laser (Spectra-Physics Quanta-Ray PRO-Series) or a tunable Nd:YAG-pumped optical 

parametric oscillator (Opotek Radiant QX8130U), both operating at a 10 Hz repetition rate. 

Probe light from a current-pulsed (1 ms) 75-W Xe arc lamp was directed with all-reflective 

optics collinearly with the laser excitation through the cuvette and wavelength selected 

using a double monochromator (ISA DH10). Wavelength-selected probe light was detected 

by a photomultiplier tube (PMT, Hamamatsu R955) wired for 5 gain stages. The PMT 

output was amplified (Femto DHPCA-100), offset in a wideband differential amplifier, and 

digitized at speeds up to 1 GS/s with a transient digitizer (GageScope). For luminescence 

decay measurements, the probe light was blocked, and sample fluorescence was detected 

by the PMT. Data collection was controlled by a PC with software written in LabView 

(National Instruments). Signals were averaged for several hundred laser shots to optimize 

signal-to-noise levels. 

Time-resolved Fluorescence: Laser excitation was provided by regeneratively 

amplified (Continuum) pulses from a diode pumped passively mode-locked Nd:YAG laser 

(Spectra Physics Vanguard 2000). The output from the regenerative amplifier was tripled 
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(355 nm, ~10 ps) and directed onto the sample held in a stirred 1-cm air-tight fluorescence 

cuvette. Fluorescence was collected at 90° using reflective optics and focused onto the 

entrance slit of a 0.275 m spectrograph (Acton SpectraPro 275). A fiber bundle at the 

spectrograph image plane collected the fluorescence and directed it to the entrance slit of 

a picosecond streak camera (Hamamatsu C5680). The streak camera was operated in 

photon counting mode using High-Performance Digital Temporal Analyzer software 

(Hamamatsu). The instrument time resolution is ~20 ps. 

 

D.2 NH3 generation experiments 

D.2.1 Standard NH3 Generation Reaction Procedure 

In a nitrogen-filled glovebox, the precatalyst ([MoBr3]) (2.3 µmol) is weighed into 

individual vials. The precatalyst is then transferred quantitatively into a Schlenk tube using 

THF. The THF is 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 dihydropyridine (124 µmol) is 

added as solids. The acid and base (124 µmol of each) are dissolved in 1 mL solvent and 

added to the tube to produce a concentration of precatalyst of 2.3 mM. This tube is sealed, 

passed out of the box, and transported to a fume hood, where the tube is transferred to a water 

bath, where it is allowed to stir for 12 hours while irradiated by a Kessil™ as indicated. To 

ensure reproducibility, all experiments were conducted in 50 mL Schlenk tubes (20 mm OD) 

using 10 mm egg-shaped stir bars and stirring at ~600 rpm. The water bath was contained in 

highly reflective dewars. The LED was placed above the bath as close to the stirring reaction 

without touching the tube or the dewar.  

Following completion, the reaction mixtures are cooled to 77 K and allowed to 

freeze. The reaction vessel is then opened to the atmosphere, and the frozen solution is slowly 

added to excess of a solution of HCl (3 mL of a 2.0 M solution in Et2O, 6 mmol) over 1-2 

minutes. This 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. Solvent is removed in vacuo, and the solids are extracted with 1 M HCl(aq) and 

filtered to give a total solution volume of 10 mL. A 5 mL aliquot is taken and washed 
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repeatedly with n-butanol to remove Hantzsch pyridine (HE) and collidinium. After n-

butanol washing additional 1 M HCl(aq) is added to give a final total volume of 5 mL. From 

these 5 mL solutions, a 100 µL aliquot is analyzed for the presence of NH3 (present as 

[NH4][Cl]) by the indophenol method. Quantification was performed with UV-vis 

spectroscopy by analyzing the absorbance at 635 nm.11 

 
Figure D.1.  Lamp relative emission spectra of Kessil™ H160 and H150 lamps used in 
this study. Emission spectra are measured as photoncount and normalized to wattage. All 
spectra were measured at multiple intensities to avoid detector saturation. 

 

Figure D.2. Structures of buffers and dihydropyridines canvassed for N2R in Table D.7. 
Hantzsch ester derivatives are labeled as follows: 2a: R1 = Me; 2b: R1 = tBu; 2c: R2 = Ph; 
2d: R2 = 4-CNPh. 
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Figure D.3. Additional transition metal catalysts tested for photodriven N2R. 

 

Table D.1. Catalytic yields for reduction of N2 to yield NH3 varying the irradiation 
wavelength. 

 
a Yields taken from ref 4. 
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Table D.2. Yields for wavelength dependence for organic products (HE and HEH2) from 
N2R. 

 

Entry Lamp 

Other Variations HE 
yield 
(%) 

HEH2 
yield 

1 H160 456 nm  12% 86% 
2 H160 440 nm 12 hours, 20 W 69% 19% 
3 H160 440 nm 24 hours, 80 W 85% <1% 
4 H150 Blue LED  85% <1% 
5 H160 390 nm  68% <1% 
6 H160 370 nm  59% <1% 
7 H150 Blue LED Lut-buffer 55% <1% 

 

Table D.3. Catalytic yields for reduction of N2 to yield NH3 varying the irradiation 
wavelength PCPMoCl3 as precatalyst. 
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Table D.4. Catalytic yields for reduction of N2 to yield NH3 varying the irradiation 
wavelength in the absence of buffer. 

 
a Yields taken from ref 4. 

 

Table D.5. Catalytic yields for reduction of N2 to yield NH3 varying the buffer loading 
using either the Blue LED lamps or the H160 390 nm lamp. 

 

 
a Yields taken from ref 4. 
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Table D.6. Individual runs for catalytic yields for reduction of N2 to yield NH3 when 
varying the irradiation wavelength (Figure 5.3 and Table D.1). 

 

 

Entry Lamp 

Other Variations NH3 
(equiv/ 

Mo) 
Yield per 
HEH2 (%) 

A1 H150 Blue LED 68 W 10.7 30 
B1 H150 Blue LED 68 W 13.8 38 
C1 H150 Blue LED 68 W 14.9 41 

Table D.1, entry 3 H150 Blue LED  13 ± 2 36 ± 5 
D1 H160 456 nm  <0.1 <0.3 
E1 H160 456 nm  <0.1 <0.3 
F1 H160 456 nm  <0.1 <0.3 

Table D.1, entry 3 H160 456 nm  <0.1 <0.3 
G1 H160 440 nm  2.0 6 
H1 H160 440 nm  0.8 2 
I1 H160 440 nm  1.8 5 

Table D.1, entry 4 H160 440 nm  1.5±0.5 4±1 
J1 H160 440 nm 24 hours, 80 W 4.4 12.2 
K1 H160 440 nm 24 hours, 80 W 4.9 13.6 

Table D.1, entry 5 H160 440 nm 24 hours, 80 W 4.6±0.2 12.6±0.05 
L1 H160 427 nm  7.5 21 
M1 H160 427 nm  5.7 16 

Table D.1, entry 6 H160 427 nm  6.6±0.9 18±2.5 
N1 H160 427 nm 80 W 20.7 57 
O1 H160 427 nm 80 W 18.6 52 
P1 H160 427 nm 80 W 21.5 60 
Q1 H160 427 nm 80 W 20.6 57 

Table D.1, entry 7 H160 427 nm 80 W 20.4±0.6 57±2 
R1 H160 427 nm 80 W, 0.575 mM Mo 30.8 21.4 

S1 H160 427 nm 80 W, 0.575 mM Mo 24.7 17.1 
Table D.1, entry 8 H160 427 nm 80 W, 0.575 mM Mo 28±3 19±2 

T1 390 nm  18.1 50.2 
U1 390 nm  15.1 41.9 
V1 390 nm  14.2 39.4 
W1 390 nm  16.1 44.7 

Table D.1, entry 9 H160 390 nm  15.9±1.4 44±4 
X1 390 nm 80 W 17.2 47.8 
Y1 390 nm 80 W 18.0 50 

Table D.1, entry 10 H160 390 nm 80 W 17.6±0.4 49±1 
Z1 370 nm  3.4 9.4 

AA1 370 nm  2.1 5.8 

Table D.11, entry 11 H160 370 nm  2.7±0.7 7.5±2 
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Table D.7. NH3 yields when varying dihydropyridine and buffer structure. For the benefit 
of the reader, the discussion is presented in this caption. 

In brief, replacing Col-buffer (pKa 15.0; table D.7, entry 1)12 with other methylated 
pyridines showed attenuated efficacy for N2R; 2,6-dimethylpyridine (Lut, pKa 14.2; entry 
2) buffer yielded 7.1±0.8 and 2-methylpyridine (2-pic, pKa 13.3; entry 3) yielded 1.7±0.05 
equiv NH3, per Mo. Other buffers, such as more acidic pyridines (entry 4) or structurally 
distinct alternatives (imidazole, aniline, alkylamine; entry 5) with a similar pKa to Col, each 
led to less than 0.4 equiv NH3 per Mo.   

Likewise, canvassing alternative dihydropyridines, we found that HEH2 was most 
competent for photodriven N2R (Table D.7, entries 1 and 6-9).  Interestingly, the 
dihydropyridines we canvassed can be categorized into three groups (Figure D.2, bottom): 
Hantzsch ester derivates 1,4-dihydropyridines that maintain the ester groups at the 3,5 
position and methyl groups at the 2,6 positions (2a-f, entries 6 and 7); 1,4-dihydropyridines 
with at least one carbonyl group (2g-2i, entry 8); other dihydropyridines (2j-2l, entry 9). 
Generally, the dihydropyridine that maintains the 3,5-diester functionality produces the 
most NH3, suggesting that this motif may be crucial in the parent conditions (HEH2/Col-
buffer).  
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Table D.8. Individual runs for catalytic yields for reduction of N2 to yield NH3 when 
varying the buffer (Table D.7). 

 

 

Entry Base 

Notes NH3 
(equiv/ 

Mo) 
Yield per 
HEH2 (%) 

A2 Col  10.7 30 
B2 Col  13.8 38 
C2 Col  14.9 41 

Table D.7, 
entry 1 Col 

 
13 ± 2 36 ± 5 

D2 2,6-lutidine  6.4 18 
E2 2,6-lutidine  8.0 22 

Table D.7, 
entry 2 2,6-lutidine 

 
7.15±0.8 20 ± 2 

F2 2-picoline  1.65 4.6 
G2 2-picoline  1.72 4.7 

Table D.7, 
entry 3 2-picoline 

 
1.7±0.05 4.7±0.1 

H2 2,6-Me-4-Cl-pyr   0.2 0.6 
I2 2,6-Me-4-Cl-pyr  0.4 1.1 

Table D.7, 
entry 4 2,6-Me-4-Cl-pyr 

 
0.3±0.1 0.8±0.3 

J2 2,4,6-Ph-pyr  0.1 0.3 
K2 2,4,6-Ph-pyr  0.1 0.3 

Table D.7, 
entry 4 2,4,6-Ph-pyr  

 
0.1±0.05 0.3±0.15 

L2 2,6-MeO-Pyr  <0.1 <0.3 
M2 2,6-MeO-Pyr  <0.1 <0.3 

Table D.7, 
entry 4 2,6-MeO-Pyr 

 

<0.1 <0.3 
N2 Et3N  0.2 0.6 
O2 Et3N  0.1 0.3 

Table D.7, 
entry 4 Et3N 

 
0.17±0.04 0.5±0.11 

P2 Imidazole  <0.1 <0.3 
Q2 Imidazole  <0.1 <0.3 

Table D.7, 
entry 5 Imidazole 

 
<0.1 <0.3 

R2 4-MeOPHNH2  <0.1 <0.3 
S2 4-MeOPHNH2  <0.1 <0.3 

Table D.7, 
entry 5 4-MeOPHNH2 

 
<0.1 <0.3 
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Table D.9. Individual runs for catalytic yields for reduction of N2 to yield NH3 when 
varying the dihydropyridine (Table D.7). 

 

 

 

Entry Dihydropyridine 

Notes NH3 
(equiv/ 

Mo) 
Yield per 
HEH2 (%) 

A3 HEH2  10.7 30 
B3 HEH2  13.8 38 
C3 HEH2  14.9 41 

Table D.7, 
entry 1 HEH2 

 
13 ± 2 36 ± 5 

D3 MeOHEH2 (2a)  3.6 10 
E3 MeOHEH2 (2a)  2.9 8 

Table D.7, 
entry 6 MeOHEH2 (2a) 

 
3.3 ± 0.4 9.0 ± 1.0 

F3 tBuOHEH2 (2b)  0.5 1.4 
G3 tBuOHEH2 (2b)  1.1 3.1 

Table D.7, 
entry 7 tBuOHEH2 (2b) 

 
0.7 ± 0.3 2±1 

H3 4-PhHEH2 (2c)  0.7 1.9 
I3 4-PhHEH2 (2c)  0.8 2.2 

Table D.7, 
entry 7 4-PhHEH2 (2c) 

 
0.75±0.05 2.1±0.1 

J3 4-PhCNHEH2 (2d)  1.85 5.2 
K3 4-PhCNHEH2 (2d)  1.65 4.6 

Table D.7, 
entry 7 4-PhCNHEH2 (2d) 

 
1.75±0.15 4.9±0.4 

L3 N-MeHEH2 (2e)  1.0 2.8 
M3 N-MeHEH2 (2e)  1.6 4.4 

Table D.7, 
entry 7 N-MeHEH2 (2e) 

 
1.3 ± 0.3 3.6 ± 0.8 

N3 2f  2.7 7.5 
O3 2f  1.1 3 

Table D.7, 
entry 7 2f 

 
1.9±0.8 5±2 

P3 2g  0.3 0.8 
Q3 2g  0.3 0.8 
R3 2g  0.2 0.6 

Table D.7, 
entry 8 2g 

 
0.25±0.04 0.7±0.1 
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Table D.10. Individual runs for catalytic yields for reduction of N2 to yield NH3 when 
varying the precatalyst. 

 

 

    
Cont. table D.9 

S3 BNAH (2h)  0.5 1.4 
T3 BNAH (2h)  0.3 0.8 
U3 BNAH (2h)  0.6 1.7 
V3 BNAH (2h)  0.3 0.8 

Table D.7, 
entry 8 BNAH (2h) 

 
0.44±0.13 1.2±0.4 

W3 MeNHHEH2 (2i)  0.49 1.4 
X3 MeNHHEH2 (2i)  0.45 1.25 

Entry Catalyst 

Notes NH3 
(equiv/ 

Mo) 
Yield per 
HEH2 (%) 

A4 [MoBr3]  10.7 30 
B4 [MoBr3]  13.8 38 
C4 [MoBr3]  14.9 41 

 [MoBr3]  13 ± 2 36 ± 5 
D4 [MoNBr]  12.1 34 
E4 [MoNBr]  11.4 32 

 [MoNBr]  11.8±0.4 33 ± 1 
F4 MePNPMoBr3  7 19 
G4 MePNPMoBr3  8.8 24 

 MePNPMoBr3
  7.9±1.3 22 ± 4 

H4  Me2NPNPMoBr3  6.3 17.5 
I4 [Mo(N2)2]2(μ-N2)   2.8 7.8 
J4 [Mo(N2)2]2(μ-N2)   3.2 8.9 
 [Mo(N2)2]2(μ-N2)  3.0±0.2 8.3±0.6 

K4 (dape)2W(N2)2  2.7 7.5 
L4 (dape)2W(N2)2  1.8 5 

 (dape)2W(N2)2  2.25±0.5 6.2±1.4 
M4 (dape)2W(N2)2 No HEH2 <0.1 <0.3 
N4 (dape)2W(N2)2 No HEH2 <0.1 <0.3 

 (dape)2W(N2)2 No HEH2 <0.1 <0.3 
O4 (dppe)2W(N2)2  0.10 0.3 
P4 (dppe)2W(N2)2  0.25 0.7 

 (dppe)2W(N2)2  0.17±0.07 0.5±0.2 
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Table D.11. Individual runs for catalytic yields for reduction of N2 to yield NH3 when 
varying the counteranion. 

 

 
 

D.3. Photoreductions of organic substrates 

D.3.1 General procedure  

To an oven-dried Schlenk tube HEH2 (15.6 mg, 62 μmol) and substrate (124 μmol 

for 1 e− reduction 62 μmol for 2 e− reduction, 31 μmol for 4 e− reduction, 20.6 μmol for 6 e− 

reduction and 15.5 μmol for 8 e− reduction) were added to a Schlenk tube inside the drybox. 

Dry THF (0.5 mL) with or without 124 mM dissolved buffer was added to the tube, the tube 

was sealed with a Konte’s valve and brought out of the glovebox. The tube was placed in a 

water bath and irradiated (20 W, H160 427 LED Kessil lamp) for the noted amount of time.  

For most substrates, upon completion of the reaction, the solvent was removed in 

vacuo, and a known and weighed amount of 1,3,5-trimethoxybenzene (~3 mg) was added to 

the tube. Subsequently, the contents of the tube were taken out and analyzed by 1H NMR, 

integrating against the TMB standard to calculate the yield of the reaction. 

Entry Counteranion (X) 

Notes NH3 
(equiv/ 

Mo) 
Yield per 
HEH2 (%) 

A5 [OTf]-  10.7 30 
B5 [OTf]-  13.8 38 
C5 [OTf]-  14.9 41 

 [OTf]-  13 ± 2 36 ± 5 
D5 [BArF4]-  5.8 16.1 
E5 [BArF4]-  4.5 12.5 

 [BArF
4]-  5.15 ± 0.6 14.3±1.7 

F5 [OTs]-  4.0 11.1 
G5 [OTs]-  2.7 7.5 

 [OTs]-  3.4± 0.6 9.4±1.7 
H5 I-  <0.1 <0.3 
I5 I-  <0.1 <0.3 

 I-  <0.1 <0.3 
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For basic, volatile products (NH3, propyl amine, trimethylamine), upon completed 

reaction the tube was frozen to 77 K, and 1 mL NaOtBu (0.25 M) in MeOH was added via 

syringe. Upon equilibration, the tube was evacuated, and the contents were vacuum 

transferred to a receiving flask with 3 mL 2 M HCl in Et2O. After the transfer, the receiving 

flask was thawed, and the solvent was removed in vacuo. The resulting film was taken up in 

d6-DMSO with 10 mM TMB added and analyzed by 1H NMR to calculate the yield of the 

reaction. 

For some substrates (tolNO2, [TBA][NO3], and 4-Me2NPhCHO), reactivity with 

additional buffers was analyzed; these results are given in Tables D.12-D.17. 

 

 

Figure D.4. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting tolNO2 
with HEH2 in the absence of Col-buffer. Identifiable products include: tolNH2 (δ 6.92, d, 
2H, J = 8 Hz, δ 6.57, d, 2H, J = 8 Hz, 2H, δ 2.19, s, 3H), tolNHOH (δ 7.07, d, 2H, J = 8 
Hz, δ 6.90, d, 2H, J = 8 Hz, 2H, δ 2.28, s, 3H), tolNO2 (starting material) (δ 7.79, d, 2H, J 
= 8 Hz, δ 7.29, d, 2H, J = 8 Hz, 2H, δ 2.41, s, 3H), along with HE and TMB as indicated. 
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Figure D.5. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting tolNO2 
with HEH2 and Col-buffer. Identifiable products include: tolNH2 (δ 6.92, d, 2H, J = 8 Hz, 
δ 6.57, d, 2H, J = 8 Hz, 2H, δ 2.19, s, 3H), tolNHOH (δ 7.07, d, 2H, J = 8 Hz, δ 6.90, d, 
2H, J = 8 Hz, 2H, δ 2.28, s, 3H), tolNO2 (starting material) (δ 7.79, d, 2H, J = 8 Hz, δ 7.29, 
d, 2H, J = 8 Hz, 2H, δ 2.41, s, 3H), along with HE, Col-buffer and TMB as indicated. 

 

Figure D.6. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 
4Me2NPhCHO with HEH2 and Col-buffer. Identifiable products include: pinacol product meso 
(δ 7.20, d, 4H, J = 8 Hz; δ  6.69 d, 4H, J = 8 Hz; δ  4.63, s, 2H; δ 2.91, s, 12H) and dl (δ 7.00, 
d, 4H, J = 8 Hz; δ  6.57 d, 4H, J = 8 Hz; δ  4.59, s, 2H; δ 2.91, s, 12H), alcohol (δ 7.14, d, 
2H, J = 8 Hz; δ 6.69, d, 2H, J = 8 Hz, 2H; δ  4.50, s, 2H; δ 2.28, s, 6H), benzaldehyde (starting 
material) (δ 9.70, s, 1H; δ 7.71, d, 2H, J = 8 Hz; δ 6.67, d, 2H, J = 8 Hz; 6H, δ 3.10, s, 6H), 
along with HE, Col-buffer and TMB as indicated. 



299 

 

 
Figure D.7. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 
4MeOPhCHO with HEH2 and Col-buffer. Identifiable products include: pinacol product 
meso (δ 7.12, d, 4H, J = 8 Hz; δ  6.77 d, 4H, J = 8 Hz; δ  4.74, s, 2H; δ 3.72, s, 6H) and dl 
(δ 6.96, d, 4H, J = 8 Hz; δ  6.68 d, 4H, J = 8 Hz; δ  4.52, s, 2H; δ 3.72, s, 6H), alcohol (δ 
7.23, d, 2H, J = 8 Hz; δ 6.82, d, 2H, J = 8 Hz, 2H; δ  4.53, s, 2H; δ 3.75, s, 3H), 
benzaldehyde (starting material) (δ 9.80, s, 1H; δ 7.74, d, 2H, J = 8 Hz; δ 6.96, d, 2H, J = 
8 Hz; 6H, δ 3.86, s, 3H), along with HE, Col-buffer and TMB as indicated. 

 
Figure D.8. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting Me3NO 
with HEH2 and Col-buffer Typical spectra generated to quantify of products from 
photoreduction of tolNO2. Identifiable products include: [Me3NH]Cl (δ 11.28, br, 1H, δ 2.85, 
d, 9H, J = 8 Hz, 2H) along with HE, Col-buffer as indicated. 
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Figure D.9. 1H NMR (DMSO-d6, 400 MHz) of vac transferred solution following 
reduction of nPrNO2 by HEH2 and Col-buffer. 

 
Figure D.10. 1H NMR (DMSO-d6, 400 MHz) of vac transferred solution following reduction 
of [TBA][NO3] by HEH2 and Col-buffer/ (Top) 15NH4Cl obtained from reaction of natural 
abundance [TBA]15NO3 with HEH2 and buffer, under blue light irradiation; (bottom) NH4Cl 
obtained from reaction of [TBA]NO3 with HEH2 and buffer, under blue light irradiation. 
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Table D.12. Summary of product yields for tolNO2 reductions. 

 
 

Table D.13. Yields for individual experiments for tolNO2 reductions. 

tolNO2 +   3 HEH2

0.5 mL THF, 25 °C
Blue LED 68 W

12 hours

tolNH2 + (tolNHOH)

124 mM41.3 mM

Col:[ColH]OTf
(124 mM)

"Standard condtions"  

 

Entry 
Variation from standard 

conditions 

Yield 
tolNH2 
(μmol) 

Yield 
tolNH2 

per 
HEH2 
(%) 

Yield 
tolNHOH 

(μmol) 

Yield 
tolNHOH 
per HEH2 

(%) 

Total 
yield per 

HEH2 

(%) 

A6 None 19 92 1.5 5 97 

B6 None 13 63 7.0 33 96 

 None 16±3 77±15 4.3±2.7 19±14 96.5±0.5 

C6 No buffer 2.8 14 9.0 29 43 

D6 No buffer 2.4 12 10.6 34 46 

 No buffer 2.6±0.2 13±1 9.8±0.8 31.5±2.5 44.5±1.5 

E6 Imid-buffer 3.1 15 15.6 50 65 

F6 Imid-buffer 3.0 14.7 16.6 54 69 

 Imid-buffer 3±0.0.05 14.8±0.2 16.1±0.5 52±2 67±2 

G6 Lut-buffer 2.1 15 23 74 89 

H6 Lut-buffer 5.6 27 12.7 40 67 

 Lut-buffer      

I6 Only [ColH]OTf 15 73 1.5 5 78 

J6 Only Col 4.6 22 17.2 56 78 

K6 2-Mepyr-buffer 6.4 31 12.5 40 71 

L6 Et3N-buffer 5.4 26 3.5 11 37 

M6 4-MeOPhNH2-buffer 6.2 30 5.3 17 47 

N6 4-Cl-2,6-Mepyr-buffer <0.1 <0.3 15.6 50 50 
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Table D.14. Yields for individual experiments for [TBA][NO3] reductions. 

 
 

 
Table D.15. Yields for individual experiments for 1-nitropropane reductions. 

 

  

Entry 
Variation from standard 

conditions 

Yield 
NH3 

(μmol) 

Yield 
NH3 per 
HEH2 
(%) 

A7 None 5.8 37.5 

B7 
1 mL THF, (unchanged 

conc) 
10.0 32.2 

 Col-buffer  35±3 

C7 
No buffer 1 mL THF, 
(unchanged conc) 0.4 1.4 

D7 
No buffer 1 mL THF, 
(unchanged conc) 0.4 1.4 

 No buffer  1.4±0.1 
E7 Imid-buffer 0.11 1.0 
F7 Imid-buffer 0.15 1.3 

 Imid-buffer  1.2±0.1 
 

Entry 
Variation from standard 

conditions 

Yield 
nPrNH2 
(μmol) 

Yield 
nPrNH2 

per 
HEH2 
(%) 

A8 None 5.2 25 

B9 None 7.4 36 

 Col-buffer 6.3±1.1 30±5 

C9 No buffer  <0.2 <1 
D9 No buffer  <0.2 <1 

 No buffer <0.2 <1 
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Table D.16. Yields for individual experiments for trimethylamine N-oxide reductions. 

 

 
Table D.17. Yields for individual experiments for aldehyde reductions. 

 

Entry 
Variation from standard 

conditions 

Yield 
Me3N 
(μmol) 

Yield 
Me3N  
per 

HEH2 
(%) 

A10 None 59.5 96 

B10 None 53.2 86 

 Col-buffer 56±3 91±5 

C10 No buffer  21.1 34 
D10 No buffer  14.2 23 

 No buffer 18±3 29±5 
 

Entry 
Variation from standard 

conditions 

Yield 
pinacol 
(μmol) 

Yield 
pinacol 

per 
HEH2 
(%) 

Yield 
alcohol 
(μmol) 

Yield 
alcohol 

per 
HEH2 
(%) 

Total 
yield per 

HEH2 

(%) 

A11 Ar = NMe2 31.5 50.8 2.3 3.7 54.7 

B11 Ar = NMe2 30.5 49.2 <1 <2 49.2 

C11 Ar = NMe2 33.5 54.0 <1 <2 54.0 

 Ar = NMe2 31.8±1.1 51.3±1.7 <1.5 <2.5 53±2 

D11 Ar = NMe2, no buffer <1.5 <2.5 3.3 5.4 5.4 
E11 Ar = NMe2, no buffer <1.5 <2.5 3.5 5.6 5.6 

 Ar = NMe2, no buffer <1.5 <2.5 3.4±0.1 5.5±0.1 5.5±0.1 

F11 Ar = NMe2, Imid-buffer 10.6 17.1 <0.5 <1 17.1 

G11 Ar = NMe2, only [ColH]OTf 11.5 18.5 11.6 18.7 37.2 

H11 Ar = NMe2, only Col 10 16.1 <0.5 <0.1 16.1 

I11 Ar = OMe 54.5 87.9 2.4 3.8 91.7 

J11 Ar = OMe 55.3 89.2 1.2 1.9 91.1 

  54.9±0.4 88.6±0.7 1.8±0.6 2.9±0.9 91.4±0.4 

K11 Ar = OMe, No buffer 16.4 26.4 2.4 3.8 30.2 

L11 Ar = OMe, No buffer 17.6 28.3 2.2 3.5 31.8 

 Ar = OMe, No buffer 17.0±0.4 27.4±0.9 2.3±0.1 3.6±0.2 31.0±0.8 
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D.3.2 Light on/off study of tolNO2 reduction  

A J. Young-NMR tube was loaded with 124 mM HEH2, 124 mM Col-buffer, and 

41.3 mM tolNO2 in 0.7 mL d8-THF. A spectrum (time =0) was collected, with care being 

taken to avoid additional irradiation of the NMR tube. Subsequently, the tube was irradiated 

for 10 minutes, and 1H NMR was collected. The tube was then kept in the dark, and the NMR 

was recollected. This procedure was continued as indicated in Figure D.11.  

It was observed that tolNO2 was nearly completely consumed before tolNH2 

formation began. Formation of both tolNH2 and tolNHOH was associated with consumption 

of HEH2. However, upon extended irradiation, tolNHOH does decompose slightly to give 

more tolNH2, but this is a minor contribution to the total tolNH2 formation.  

 
 

Figure D.11. Light on/off study for tolNO2 reduction. Left panel shows spectra collected 
from t = 0 (bottom) to 1080 min (top). tolNO2 and HEH2 species are tracked with irradiation 
off indicated by greyed-out panels in the right panel. 

D.3.3 Chemical quantum yield measurements  

The organic reaction quantum yield reactions were setup as the uncatalyzed chemical 

reactions (D.4.1), the H160 427 nm light lamps were used with 10 W irradiation and 15-

minute reaction time. The rate (in μmol min-1) was compared to the rate of photon flux 

measured in this setup. 



305 

 

 

D.3.3.1 Actinometry measurement 

Relative quantum yield was determined through the potassium ferrioxalate chemical 

actinometry method to determine the light intensity for the setup used for quantum yield 

experiments (10 W, 427 nm Blue LED). K3Fe(C2O4)3 was prepared and used in solution by 

making a 10 mM Fe2SO4 and 60 mM K2C2O4 stock solution in 4% H2SO4 (aq). 3 mL of this 

solution was irradiated at 390 nm for 5 seconds in the same setup as employed for all 

reactions. Care was taken to minimize light exposure between irradiation cycles.13 

 

A 0.2% by weight solution of 1,10-phenanthroline in water and a 0.6 M NaOAc 

buffer in 1% H2SO4 (aq) were prepared separately. A 100 µL aliquot of the irradiated solution 

was placed into a 10 mL volumetric flask along with 200 µL of the phenanthroline solution 

and 50 µL of buffer, and the solution was diluted with water. The complexation of Fe2+ with 

1,10-phenanthroline resulted in a bright red solution that had a characteristic absorption at 

510 nm. For the control, these steps were repeated with a 100 µL aliquot of non-irradiated 

solution. 

Because complete conversion was not reached after 10 s, but rather sometime 

between 5 and 60 s, the runs at 10 s were chosen for analysis. These gave an average 

absorbance of 0.366  0.02 at 510 nm vs. dark. 

𝐼 (mol ∙ minିଵ) =
𝐴𝑉ଶ𝑉ଷ

𝜀𝑏𝜙ఒ𝑡𝑉ଵ
    (eqn 𝐴5.1) 

where 

A = absorbance at 510 nm 

V2 = volume of actinometer irradiated (0.5 mL) 

V3 = final volume of quantified sample (10 mL) 

ε = extinction coefficient of ferrous 1,10-phenanthroline at 510 nm (~1.11  104 M-

1 ∙ cm-1) 

b = path length of cuvette (1 cm) 
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ϕλ = quantum yield of ferrous production at 427 nm (~1.11) 

t = irradiation time (10 s) 

V1 = volume of aliquot of an irradiated sample taken (100 µL). 

 

Giving a light intensity in mol of photons per unit time. Using the gathered 

absorbance data, a light intensity of 9  0.5  μmol ∙ min-1 was obtained, and this photon flux 

was used to calculate all relative quantum yields. 

 

Figure D.12. UV-vis spectra of solutions used for light intensity quantification at different 
irradiation times. 
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D.3.2 Individual experiments for chemical quantum yield results 

Table D.18. Yields for individual experiments for tolNO2 reductions for quantum yield 
measurements (Figure 5.8). 

 

 

 

Entry 
Variation from standard 

conditions 

Yield 
tolNHOH 

(μmol) 
Rate (μmol 

min-1) 

Quantum yield 
(x100) 

Notes  

A12 None 3.5    
B12 None 4.1    
C12 None 3.7    
D12 None 4.0    

 None 3.8±0.16 0.25±0.011 0.028±0.0015  

E12 No buffer 0.6    
F12 No buffer 0.9    

 No buffer 0.75±0.21 0.05±0.014 0.006±0.002  

G12 Only [ColH]OTf 2.9    
H12 Only [ColH]OTf 2.2    

 Only [ColH]OTf 2.5±0.5 0.17±0.03 0.019±0.004  

I12 Only Col 2.25    
J12 Only Col 1.7    

 Only Col 2.0±0.4 0.13±0.03 0.015±0.003  

K12 Ha = D 3.9    

L12 Ha = D 3.8    

M12 Ha = D 3.7    

N12 Ha = D 4.0    

 Ha = D 3.85±0.07 0.26±0.005 2.88±0.06 KIE = 0.99±0.06

O12 Hb = D 5.2    

P12 Hb = D 4.2    

Q12 Hb = D 4.2    

R12 Hb = D 4.6    

 Hb = D 4.6±0.3 0.30±0.02 3.4±0.2 KIE = 0.84±0.09

S12 N-MeHEH2 (2c), Col-buffer 0.93    

T12 N-MeHEH2 (2c), Col-buffer 1.00    

 N-MeHEH2 (2c), Col-buffer 0.97±0.03  0.007±0.00025  

U12 N-MeHEH2 (2c), No buffer 0.16    

V12 N-MeHEH2 (2c), No buffer 0.29    

 N-MeHEH2 (2c), No buffer 0.22±0.06  0.0016±0.0004  
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Table D.19. Yields for individual experiments for aldehyde reductions for quantum yield 
measurements. 

 

 

D.4: UV-vis spectroscopy 

D.4.1 General procedure 

All solutions for UV-vis measurements were prepared inside a glovebox using dried 

solvent unless otherwise specified. For static spectra (Figures D.13, D.14, D.16 and D.17) an 

oven-dried cuvette was used and sealed with a Teflon valve. 

For titration experiments (Figure D.15), an oven-dried cuvette was loaded in the 

glove box and sealed with a septum. The titrant was added via syringe against a counterflow 

of N2 to maintain an O2-free atmosphere throughout the experiment. 

  

Entry 
Variation from standard 

conditions 

Yield 
tolNHOH 

(μmol) 
Rate (μmol 

min-1) 

Quantum yield 
(x100) 

A13 R = NMe2 11.8   

B13 R = NMe2 13.7   

 R = NMe2 12.75±0.9 0.85±0.06 0.094±0.008 

C13 R = NMe2, No buffer <0.5   

D13 R = NMe2, No buffer <0.5   

 R = NMe2, No buffer <0.5 <0.03 <0.003 

E13 R = OMe 13.2   

F13 R = OMe 13.4   

 R = OMe 13.3±0.1 0.887±0.007 0.0986±0.0008 

G13 R = OMe, No buffer 2.8   

H13 R = OMe, No buffer 3.4   

 R = OMe, No buffer 3.1±0.3 0.21±0.02 0.023±0.002 
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Figure D.13. UV-vis spectra of reaction components in 1 mm cuvette in THF at 25 °C. 
Traces are [MoBr3], 2.3 mM (yellow); HEH2 124 mM (light blue); HEH2 + Col-buffer 124 
mM (dark blue), and all reaction components (red trace). 

 
Figure D.14. UV-vis spectra of HEH2 (100 mM; light blue); HEH2 + [ColH]OTf (100 mM 
each; yellow), and HEH2 + [ColH]OTf + Col (100 mM each; red dashed) collected in a 1 
cm cuvette in THF at 25°C. 
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Figure D.15. UV-vis spectra of HEH2 (0.1 mM) with [ColH]OTf titrated from 0 (red) to 
160 mM (blue). Collected in a 1 cm cuvette in THF at 25°C. 

 

 

 
Figure D.16. UV-vis spectra of PCPMoCl3 (0.1 mM) in a 1 cm cuvette in THF at 25°C. 
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Figure D.17. UV-vis spectra of PCPMoCl3 (0.1 mM) in a 1 cm cuvette in THF at 25°C 
with NH3 yields from photodriven N2R overlayed (from table D.3). 

 

D.5 Fluorescence experiments  

D.5.1General procedure  

Steady-state fluorimetry was performed in the Beckman Institute Laser Resource 

Center (California Institute of Technology). Samples for luminescence measurements were 

prepared in dry THF and transferred to a 1-cm path length–fused quartz cuvette sealed with 

a high-vacuum Teflon valve (Kontes). Steady-state emission spectra were collected on the 

Jobin S4 Yvon Spec Fluorolog-3-11 with a Hamamatsu R928P photomultiplier tube detector 

with photon counting. 
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Figure D.18. Excitation spectra monitoring relative emission intensity (500 nm) of HEH2 
(0.5 mM) in the absence (blue trace) presence of [ColH]OTf (320 mM, orange trace) or 
Col (320 mM, yellow trace). A slight blue-shift is observed with HEH2 and [ColH]OTf, as 
is also observed by UV-vis.  

 

 
Figure D.19. Low temperature (77 K) emission spectrum of HEH2  (1.2 mM) in THF. 
(Excitation wavelength: 355nm). 
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D.5.2 Fluorescence Quantum yield measurements 

Fluorescence quantum yield of HEH2 was measured against a 9,10-diphenyl 

anthracene standard (taken to be 1.0 in THF at 380 nm irradiation). Solution of both samples 

prepared such that the absorbance <0.1, and the integrated emission spectra upon exciting at 

380±5 nm. Due to the low signal-to-noise ratio of 10x (100 ms vs 10 ms), integration time 

was required for HEH2. The equation: 

𝑄𝑌ୌ୉ୌଶ

𝑄𝑌ୟ୬୲୦
=

∫ emissionୌ୉ୌଶ

∫ emissionୟ୬୲୦

ቆ
absୟ୬୲୦,ଷ଼଴

absୌ୉ୌଶ,ଷ଼଴
ቇ ∗ ൬

1

10
൰   (eqn D. 2)14 

gives QYHEH2 = 0.018. The factor of 1/10 is required due to the 10x longer integration time 

for the HEH2 emission spectra. See Figure D.20. 

 
Figure D.20. Absorption spectra and emission spectra of HEH2 and 9,10-
diphenylanthracene. Note that HEH2 is multiplied by 10x in the emission spectra, and 
generated using 10x integration time, resultingly the final integral is about 1/100 the 
intensity of 9,10-diphenylanthracene. 
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D.5.3 Quenching studies 

D.5.3.1 Procedure for quenching studies  

1 cm quartz glass cuvettes were loaded with 0.5 mM HEH2 solutions in dry THF, 

with varying concentrations of quencher (either Col or [ColH]OTf) in a nitrogen glovebox. 

Stock solutions were used to assure consistency. Solutions were excited at 390 nm 

wavelength to avoid interference of the excitation wavelength and steady-state fluorescence 

spectra. Experiments were conducted at 23 ℃. 

D.5.3.2 Calculation of Stern-Volmer quenching constants 

Using the previously measured excited state-lifetime measured (τ0) for HEH2 we can 

calculate the Stern-Vollmer quenching both via a diffusional constant (kdiff) and an 

equilibrium static quenching constant (Kstat) using the equation: 

 

I0/Ic = 1 + (kdiff ∙ τ0 + Kstat) [Q] + (kdiff ∙ τ0 ∙ Kstat) [Q]2  (eqn D.3).14 

 

Kq and τ0 are given by the lifetime quenching (6.7 109 M-1 s-1 and 200 ps, respectively; 

see figure D.23) to give kdiff ∙ τ0 = 1.34 M-1. Accordingly, an updated model (red line, figure 

D.21) uses Kstat  = 20 M-1. This suggests slightly less static quenching compared to when 

solely static quenching is assumed (22 M-1, dashed, blue line). 

 
Figure D.21. Steady-state fluorescence of HEH2 (0.5 mM) with varying amounts of 
[ColH]OTf (18 mM to 144 mM) (Left). Stern-Vollmer quenching plot of I0/IC against 
concentration of [ColH]OTf (right). Two models are presented, one assuming only static 
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quenching (blue dashed line) and one considering static and diffusional quenching as 
determined by luminescence lifetimes (red line).  

Given the much lower value of the luminescence lifetime, adding this factor is not 

required based on this data, but as the luminescence spectroscopy suggests, it is present. The 

addition does improve the model slightly, as would be expected. 

 
Figure D.22. Steady-state fluorescence of HEH2 (0.5 mM) with varying amounts of Col (5 
mM to 320 mM) (left). Stern-Vollmer quenching plot of I0/IC against concentration of Col 
(right). Slope is -0.05±0.1 M−1, suggesting little to no quenching. 

 

 

D.6 Time-resolved luminescence experiments  

D.6.1 General procedure 

Time-resolved luminescence measurements and transient absorption measurements 

were carried out in the Beckman Institute Laser Resource Center at Caltech. All 

measurements were performed with samples under an N2 atmosphere at room temperature. 

Samples were prepared in air-tight 1 cm path-length quartz cuvettes in the dark, N2-filled 

glovebox. Prior to measurement, all samples were protected from light by wrapping in 

aluminum foil.  
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Figure D.23. Luminescence lifetime of HEH2 (1.2mM) in THF. (Excitation wavelength: 
355nm, detection wavelength: 450 nm). 

 
Figure D.24. Luminescence lifetime of HEH2 (1.2mM) in THF after titration with 
[ColH]OTf  (50mM-110mM). (Excitation wavelength: 355nm, detection wavelength: 450 
nm). 
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Figure D.25. Kinetic constants plot extrapolated from luminescence lifetime of HEH2 
(1.2mM) in THF after titration with [ColH]OTf (50mM-110mM). 

 

Table D.20. Luminescence lifetime of HEH2 (1.2mM) in THF after titration with 
[ColH]OTf (50mM-110mM).  

 
 

D.6.2 Studies of [MoBr3] luminescence  

In addition to the study of HEH2, we have also investigated the photophysical 

properties of [MoBr3]. We find that excitation at 450 nm does result in the formation of a 

long-lived excited state. Importantly, this excited state is not quenched by HEH2 both in the 

 
Lifetime 

HEH
2
 200 ps ± 10 

HEH
2
 + ColH (50mM) 192 ps ± 5 

HEH
2
 + ColH (72mM) 181 ps ± 4 

HEH
2
 + ColH (110 mM) 175 ps ± 9 
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presence and absence of buffer, supporting that HEH2 is the photosensitizer during N2R 

(Figures D.26-D.28). 

 
Figure D.26. Emission spectrum of [MoBr3] in THF (0.1 mM; Excitation: 450nm). 

 
Figure D.27. Luminescence lifetime of [MoBr3] (0.5 mM) in THF after titration with HEH2 

0 equiv (black), 25 equiv (red), 50 equiv (green) (Excitation: 450nm, Detection: 570 nm). 
Translated to more clearly show traces.  
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Figure D.28. Luminescence lifetime of [MoBr3] (0.5 mM, black trace) in THF after 
addition of HEH2  (50 equiv, red trace), HEH2 (50 equiv), and 100 equiv of Buffer (blue 
trace) and HEH2 (50 equiv) and 200 equiv of Buffer (green trace) (Excitation: 450nm, 
Detection: 570 nm). Translated to more clearly show traces.  

D.7 Transient Absorption Studies 

D.7.1 General procedure. 

Transient absorption measurements were carried out in the Beckman Institute Laser 

Resource Center at Caltech. All measurements were performed with samples under an N2 

atmosphere at room temperature. Samples were prepared in air-tight 1 cm path-length quartz 

cuvettes in the dark, N2-filled glovebox. Prior to measurement, all samples were protected 

from light by wrapping in aluminum foil.  
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Figure D.29. TA spectrum of short-lived radical species generated from excitation (355 
nm) of HEH2 (1.2 mM) in the presence of [ColH]OTf (12 mM) and [ColH]OTf + Col (12 
mM). Intensity decreases from 1.5 μs (blue trace) to 35 μs.  

 

 
Figure D.30. Bleaching at 370 nm generated from HEH2 (1.2 mM) in THF. (Excitation 
wavelength: 355nm, detection wavelength: 370 nm). 
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Figure D.31. Bleaching at 370 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM). (Excitation wavelength: 355nm, detection wavelength: 370 nm). 

 
Figure D.32. Bleaching at 370 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (110 mM). (Excitation wavelength: 355nm, detection wavelength: 370 nm). 
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Figure D.33. Bleaching at 370 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM) and Col (50 mM). (Excitation wavelength: 355nm, detection 
wavelength: 370 nm). 

 

 
Figure D.34. Absorption at 500 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM). (Excitation wavelength: 355nm, detection wavelength: 500 nm). 
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Figure D.35. Absorption at 500 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM) and Col (36 mM). (Excitation wavelength: 355nm, detection 
wavelength: 500 nm). 

 
Figure D.36. Absorption at 500 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM) and Col (48 mM). (Excitation wavelength: 355nm, detection 
wavelength: 500 nm). 
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Figure D.37. Absorption at 500 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM) and Col (60 mM). (Excitation wavelength: 355nm, detection 
wavelength: 500 nm). 

 
Figure D.38. Absorption at 500 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM) and Col (72 mM). (Excitation wavelength: 355nm, detection 
wavelength: 500 nm). 
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Figure D.39. Absorption at 500 nm generated from HEH2 (1.2 mM) in THF in the presence 
of  [ColH]OTf (12 mM) and Col (120 mM). (Excitation wavelength: 355nm, detection 
wavelength: 500 nm). 

 

 
Figure D.40. Kinetic constants plot extrapolated from the lifetime of absorption signals 
generated after titrating HEH2 (1.2mM) + [ColH]OTf (12 mM) with Col (36-120mM). 
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Figure D.41. Absorption at 500 nm generated from HEH2 (1.2 mM) in THF in the presence 
of [ColH]OTf (60 mM). (Excitation wavelength: 355nm, detection wavelength: 500 nm). 

 

 

Table D.21. Lifetime of absorption signals generated after titrating HEH2 (1.2mM) + 
[ColH]OTf (12 mM) with Col (36-120mM). 

 
 

 

  
Lifetime (µs) 

HEH2 + [ColH]OTf  16 ± 5 

HEH2 + [ColH]OTf + Col (36 mM) 9 ± 2 

HEH2 + [ColH]OTf  + Col (48 mM) 8 ± 1 

HEH2 + [ColH]OTf + Col (60 mM) 7.2 ± 0.5 

HEH2 + [ColH]OTf  + Col (72 mM) 4.5 ± 0.5 

HEH2 + [ColH]OTf + Col (120 mM) 3.6 ± 0.5 
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Table D.22. Lifetime of absorption signals generated from HEH2 (1.2mM) in the presence 
of [ColH]OTf (12-60 mM). The lifetime is not affected by the amount of [ColH]OTf added. 

 
 

D.8 EPR spectroscopy 

D.8.1 General procedure for generation of freeze-quenched organic radicals  

In a typical experiment, a J. Young-EPR tube was loaded with HEH2 and Col-buffer 

(or other additives) in 100 mM concentration (unless otherwise noted) in THF. The tube was 

sealed and removed from the glovebox and irradiated in a highly reflective dewar. At the 

noted time (2 minutes, unless otherwise noted), the dewar was filled with liquid nitrogen to 

freeze the tube at 77 K. Irradiation was constant during the freezing of the tube. 

Subsequently, the EPR spectrum was measured in a 77 K immersion dewar using standard 

techniques. 

For quantitative-EPR (Figure D.52), the spectra were collected at 0.002 mW power 

to avoid saturation of the signal. The double integral was compared to that of a 1 mM 

standard of TEMPO. The yield of the organic radical is in the presence of buffer ~ 10 μM. 

In the absence of buffer, the yield of the organic radical is lower (~5 μM). 

 

 

 

 Lifetime (µs) 

HEH2 + [ColH]OTf (12mM) 16 ± 5 

HEH2 + [ColH]OTf (36mM) 13 ± 3 

HEH2 + [ColH]OTf (48mM) 19 ± 5 

HEH2 + [ColH]OTf (60mM) 17 ± 3 
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Figure D.42. CW-EPR data of HEH2 with buffer varying reaction time before freeze-
quenching. Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW 
power = 2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT; 
conversion time = 20.5 ms. 

 
Figure D.43. CW-EPR data of HEH2 with buffer and removing reaction components. 
Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 
mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT; conversion time = 
20.5 ms. 
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Figure D.44. CW-EPR data of HEH2 with varying buffer loading. Acquisition parameters: 
temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW; modulation 
frequency = 100 kHz; modulation amplitude = 0.4 mT; conversion time = 20.5 ms. 

 
Figure D.45. CW-EPR data of HEH2 with varying buffer loading. Spectra are labeled as 
follows: (A): Irradiate for 2 min, freeze at 77 K; (B): Thaw to RT, refreeze after 2 min without 
irradiation; (C): Irradiate while frozen; (D): Allow to thaw to RT, irradiate for 2 min, freeze 
at 77 K. Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW 
power = 2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT; 
conversion time = 20.5 ms. 
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Figure D.46. CW-EPR spectra of freeze quenched reaction of HEH2 with 100 mM Col-
buffer irradiated for 2 minutes before freezing. The solvent is varied between experiments. 
Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 
mW; modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time 
= 20.5 ms. 

 
Figure D.47. CW-EPR spectra and 2nd derivative (hyperfine) spectra of reaction of HEH2 
and [ColH]OTf/Col with varying isotopologues. All reactions were conducted with 100 
mM of reagents in THF, irradiating for 2 minutes before freeze-quenching. Assignment is 



331 

 

detailed in main text. Acquisition parameters: temperature = 77 K; MW frequency = 9.38 
GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.1 
mT; conversion time = 20.5 ms. 

 
Figure D.48. 2nd derivative (hyperfine) spectra of HEH2 with 100 mM Col-buffer, 
irradiated (Blue LED) and freeze-quenched after 2 minutes. Isotopologues of HEH2 and 
Col-buffer are used. The lower quality fits for d1-HEH2/d1-Col buffer, and d3-HEH2/d3-
Col buffer is attributed to a lower degree of deuteration (compared to d2-HEH2) and partial 
exchange with trace water from HEH2. Acquisition parameters: temperature = 77 K; MW 
frequency = 9.38 GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation 
amplitude = 0.1 mT; conversion time = 20.5 ms. 
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Figure D.49.. The differences between different reagent combinations are best visualized 
in the CW and 2nd derivate spectra of d2-HEH2 and various additives. CW-EPR spectra and 
2nd derivative (hyperfine) spectra of d2-HEH2 with 100 mM buffers/additives are shown. 
No buffer, Col, and Imid-buffer all look similar. [ColH]OTf and [ColMe]BArF

4 also look 
different from HEH2 and Col-buffer. We note that the difference between HEH2 + Col-
buffer and HEH2 + [ColH]OTf is much clearer with d2-HEH2. Acquisition parameters: 
temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW; modulation 
frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time = 20.5 ms. 
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Figure D.50. CW-EPR spectra and 2nd derivative (hyperfine) spectra of HEH2 
isotopologues (100 mM) in THF, 2 minutes irradiation before freeze-quenching. Attempts 
to assign these spectra were challenged by the low intensity of the signal. Acquisition 
parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW; 
modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time = 20.5 
ms. 
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Figure D.51. CW-EPR spectra and 2nd derivative (hyperfine) spectra of reaction of HEH2 
and [ColH]OTf with varying isotopologues. All reactions were conducted with 100 mM of 
reagents in THF, irradiating for 2 minutes before freeze-quenching. Attempts to assign 
these spectra were challenged by the low intensity of the signal. Dependance on 15N-Col 
and 15N-HEH2

 labelling suggest that multiple species are associated with this signal. 
Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 
mW; modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time 
= 20.5 ms. 
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Figure D.52. Double integral of CW-EPR spectra of organic radical generated at low 
power (0.002 mW). 

 

D.9 Electrochemical measurements 

D.9.1 General procedure 

Electrochemical measurements were conducted with a glassy carbon working 

electrode, a platinum wire counter electrode, and Ag/AgOTf (1mM AgOTf in 0.2 M 

[TBA][PF6]) reference electrode isolated by a CoralPor™ frit (obtained from BASi) and 

referenced externally to Fc+/0. Unless otherwise specified, NaK dried THF was used as 

solvent, with 0.2 M [TBA]PF6 electrolyte. Measurements were conducted with a CH 

Instruments 600B electrochemical analyzer. For irreversible chemical events, oxidation of 

HEH2 and reduction of [ColMe]BArF
4 were estimated using the inflection point potential to 

estimate E1/2.15 
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Figure D.53. Cyclic voltammograms of [ColMe]BArF

4 (2 mM, dashed lines) in 0.2 M 
[TBA]PF6 in THF, with increasing scan rate from 25 mV s-1 (red trace) to 400 mV s-1 (blue 
trace). 

 
 

Figure D.54. 2nd derivative of linear sweep of [ColMe]BArF
4 (2 mM, dashed lines) in 0.2 

M [TBA]PF6 in THF, at 25 mV s-1 to determine inflection point (−2.02 V vs Fc+/0). 
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Figure D.55. Cyclic voltammograms of HEH2 (2 mM, dashed lines) in 0.2 M [TBA]PF6 
in THF, with increasing scan rate from 25 mV s-1 (red trace) to 400 mV s-1 (blue trace). 

 
Figure D.56. 2nd derivative of linear sweep of HEH2 (2 mM, dashed lines) in 0.2 M 
[TBA]PF6 in THF, at 25 mV s-1 to determine inflection point (0.59 V vs Fc+/0). 
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D.10 Infrared spectroscopy 

D.10.1 General considerations  

All IR data were collected as solution state spectra in a KBr-cell in THF. All data, 

unless stated, have had THF background spectra subtracted. This results in the regions 636-

1500 and 2657-3050 cm-1 being completely blocked out due to the intensity of the much 

more intense THF peaks. Nonetheless, key IR transitions, specifically carbonyl and C=C 

double bonds, land largely outside this region, providing valuable probes for interactions 

between HEH2 and [ColH]OTf. 

In some cases, specifically, when acids are used, issues with subtractions result in 

artifacts in the region 2050-2550 cm-1 (Figures D.59, D.63, and D.64). These artifacts align 

exactly with THF overtones in the background spectra. We also note a much greater intensity 

of HEH2 N−H over ColH+ N−H (see Figures D.65-D.66). This limited the possibility of 

observing H-bonding between [ColH]+ and HEH2 as these signals are covered by the HEH2 

N−H stretch. 

 
Figure D.57. Infrared spectra of 10 mM solution of HEH2. [ColH]OTf was titrated in from 
0 to 80 mM acid. Upon titration of acid the HEH2 carbonyl stretch at 1695 cm-1 decreases, 
while a new peak at 1730 cm-1 grows in. 
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Figure D.58. Infrared spectra of 10 mM solution of HEH2 (Blue). [ColH]OTf was titrated 
in from 0 to 80 mM acid (red trace 80 mM). Upon titration of acid the HEH2 carbonyl 
stretch at 1695 cm-1 decreases, while a new peak at 1730 cm-1 grows in. In addition, peaks 
assignable to [ColH]+ grow in, including C-C π-stretches at 1650, 1638 cm-1, and N−H 
stretch at 3300 cm-1.  

Peaks from 1900-2650 align exactly with THF overtones that have their linewidths 
(but not peak position) affected by the titration of [ColH]OTf. This results in a poor THF 
subtraction in this region. See Figure D.63 for details). 

 
Figure D.59. Infrared spectra of 10 mM solution of HEH2 (blue). Col was titrated in from 
0 to 80 mM base (red trace 80 mM). The peak intensity of the HEH2 carbonyl stretches at 
1700, 1685 cm-1 remain unchanged.  
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Figure D.60. Infrared spectra of 10 mM solution of HEH2 (blue). Col was titrated in from 
0 to 80 mM base (red trace 80 mM).  

 

 
Figure D.61. Infrared spectra of 10 mM solution of HEH2. [LutH]OTf was titrated. Upon 
titration of acid, the HEH2 carbonyl stretch at 1695 cm-1 decreases, while a new peak at 
1730 cm-1 grows, similar to what is observed with [ColH]OTf. Despite being slightly more 
acidic than [ColH]+, the magnitude of the decrease of the HEH2 carbonyl stretches are 
similar between [LutH]+ and [ColH]+. 
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Figure D.62. Infrared spectra of 10 mM solution of HEH2 (Blue). [LutH]OTf was titrated 
in from 0 to 80 mM acid (red trace 80 mM). Upon titration of acid the HEH2 carbonyl 
stretch at 1695 cm-1 decreases, while a new peak at 1730 cm-1 grows in. In addition, peaks 
assignable to [LutH]+ grow in, including C-C π-stretches at 1650, 1638 cm-1, and N−H 
stretch at 3300 cm-1.  

Peaks from 1900-2650 align exactly with THF overtones that have their intensity and 
linewidths but not peak position affected. This results in a poor THF subtraction in this 
region. This effect appears to be the same as for [ColH]+. 

 
Figure D.63. Unsubtracted transmission infrared spectra of THF (red trace), 10 mM 
solution of [ColH]OTf in THF (Blue), and 40 mM [ColH]OTf (light blue). We wish to 
draw attention to the poor alignment between certain THF transmission overtones, 
specifically the peaks at 2550, 2480, 2330, and 2220 cm-1 and transmission minima at 2450, 
2100, and 2050 cm-1. While the origin of this poor alignment is unclear, we note that there 
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are not shifts in the position of these peaks, consistent with these new peaks not 
corresponding to [ColH]OTf vibrational modes.  

 

Figure D.64. [ColH]OTf (10 mM) in THF, both wide and zoomed in on the double bond 
region, with C-C π-stretches at 1650, 1638 cm-1, and N−H stretch at 3300 cm-1, and C−H 
stretches at 3180 and 3116 cm-1  observed. 

 

Figure D.65. HEH2 (10 mM) in THF, both wide and zoomed in on double bond region, 
including C-C π-stretches at 1660, 1630 cm-1, C=O bonds 1685, 1700 cm-1 and N−H stretch 
at 3310 cm-1 observed. 
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Figure D.66. Infrared spectra of 10 mM solution of HEH2 (blue trace), 10 mM solution of 
HEH2 + [ColH]OTf (10 mM each, orange trace), HEH2 + Col (10 mM each, grey trace), 
and HEH2 + [ColH]OTf/Col (10 mM each, yellow trace). Shoulder at 1730 cm-1 appears 
upon the addition of acid or in the buffer mixture.  

 

D.11 Measurement of HEH2 excited state pKa  

D.11.1 General considerations  

The excited state pKa of HEH2 was calculated in MeCN to allow a good comparison 

with the existing pKa of [ColH]+ in organic solvent.12 The resulting values were confirmed 

to hold in THF by steady-state fluorimetry (Figure D.70). 

The excited state pKa in MeCN was measured using the Förster equation: 

pKa*= pKa + E00,EH2− − E00,HEH2  (eqn D.4)14 

using these values as derived from Figures D.71-D.72. We calculate pKa* (HEH2) 23.8±0.6. 

This is notable ΔpKa 8 from that of Col, the buffer during N2R. Accordingly, the excited state 

deprotonation of HEH2 should not play a role during catalysis.  
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UV-vis and fluorescence experiments were conducted as previously detailed. 

 
Figure D.67. Measure of pKa of HEH2 in MeCN via titration of sodium indolate (pKa 32.6 
in MeCN)12, used to derive pKa of HEH2 at 34.6. 

 

 
Figure D.68. Measure of E00 of Na[HEHC] (0.5 mM) and HEH2 (0.5 mM) in MeCN. 
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Figure D.69. Measure of pKa of HEH2 in THF via the addition of increasingly strong bases. 
Only when DBU is added is excited state deprotonation of HEH2 observed. Weaker bases 
(Col, DABCO, proton sponge) do not deprotonate *HEH2. 

 

D.12 Summary of thermochemistry of Hantzsch ester (HEH2) and derivatives and 

[ColH]•  

D.12.1 General considerations  

Table D.22 lists BDFEX–H, pKa, and Eox values for various protonation and oxidation 

states of HEH2. As has been established by Mayer and coworkers,16 bond dissociation 

enthalpies (BDEs) can be converted to BDFEs based on the assumption that the entropies of 

R–H and R• are similar. Subtraction of TS°(H•)solv (6.37 kcal mol–1 in MeCN) from the BDE 

values reported in ref. 17 yields the estimated BDFE values in Table D.22. 

 

BDFEୣୱ୲୧୫ୟ୲ୣୢ = 23.06 𝐸 + 1.37 p𝐾௔ +  𝐶ୋ   (eqn 𝐴5.5)  
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Given the proposed role of ColH•  radicals, it is useful to experimentally estimate 

the BDFEN−H using the Bordwell equation.18 This can be compared to relevant BDFEs of 

HEH2 and its semi-oxidized intermediates for which bond strengths have previously been 

thermochemically derived.17 The pKa of [ColH]+ has been measured in MeCN and THF 

as 15.0 and 10.4, respectively.12,19 As it is difficult to accurately measure E(ColH+/0)20 due 

to the earlier onset of proton reduction, we rely on E(ColMe+/0) as a substitute, measuring 

E(ColMe+/0) as −1.90 V and −2.02 V vs Fc+/0 in MeCN21 and THF. Using eqn D.5 and CG 

of 52.6 and 59.9 kcal mol-1 in MeCN and THF, we calculate BDFEestimated as 29 kcal mol-1 

(MeCN) and 28 kcal mol-1 (THF), respectively.  

 

 
Figure D.70. Overview of measured thermochemistry (in MeCN) of HEH2 based on either 
initial C−H or N−H bond oxidation, with excitation (3.0 eV) added to show changes in 
driving force from excited state. 
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Table D.22. Reported and estimated thermochemical values for various protonation and 
oxidation states of HEH2 relevant to this study. a kcal mol–1 in MeCN at 298 K. b V vs. Fc+/0 
in MeCN at 298 K. c Ref. 18. 
d Measured in this report, in THF vs Fc+/0, see Figures D.54-D.55. eMeasured in this (in 
MeCN) report see Section S10. fE00 measured in this report see Figure D.69, using Rehm-
Weller approximation.22 g Ref. 12 h Ref. 19 iEstimated from [ColMe]+/0, measured 
previously by Pragst and coworkers, Ref 21.  jEstimated from [ColMe]+/0, measured in this 
report see Figures D.52-D.53. 

 

 

 BDEa BDFEa Eox
b pKa 

 
HEH2 

68.7 (C–H),  
86.6 (N–H)c 

62.3 (C–H),  
80.2 (N–H) 

0.48c 

0.59d 
31.8 (N–H) 
34.6 (N–H)e 

 
HEH• 

46.9 (N–H)c 40.5 (N–H)   

 
HEH•+ 

   –1.0 (C–H) 

 
HEH–  

  –0.695c  

[HEH2]*  –8.5 (C–H) –2.5f 

–2.4f 23.8 (N–H) 

 

   
15.0 (N–H)g 

10.4 (N–H)h 

 

 
29.4 (N–H) 

27.6 (N–H) 
−1.90i 

−2.02j  
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D.13 Additional mechanistic schemes 

 
Figure D.71. Proposed mechanism for 2 H+/2 e- reduction of sub to subH2 by HEH2 
mediated by Col-buffer. 
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Figure D.72. Schemes depicting mechanism for 2 H+/2 e- reduction of sub to subH2 by 
HEH2 mediated by Col-buffer if direct reduction of substrate by HEH2

•+ occurs (right). 
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Figure D.73. Schemes depicting mechanism for 2 H+/2 e- reduction of sub to subH2 by 
HEH2 mediated by Col-buffer, if HEH• disproportionated to form 0.5 equiv HE and 0.5 
equiv. 
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Figure D.74. Typically invoked mechanism for R• addition to sub (e.g., alkene as depicted 
here) by HEH2 and Katritizky salt ([2,4,6-PhpyrR]+). 
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Figure D.75. Proposed mechanism for 2 H+/2 e- reduction of sub to subH2 by HEH2 in the 
absence of Col-buffer. 

 

D.14 Computational methods 

D.14.1 General overview of computational methods  

As stated in the main text for our computational studies, we employed the TPSS 

functional23 and a def2-TZVP basis set on transition metals and a def2-SVP basis set on all 

other atoms.24 This set of functionals was chosen upon a small screen of relevant measured 

BDFEs. A CPCM solvent model (either MeCN or THF) was used. The ORCA 5 open-source 

software package was used.25,26  
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The numerical frequencies of the minimized structures were calculated to ensure that 

these structures represented local minima and not saddle points. 

TD-DFT analysis was conducted on optimized structures using TPSSh23,27 and a 

def2-TZVP basis set. This updated methodology was found to predict the 1HEH2 π-π* 

transition more accurately and was used for all other TD-DFT calculations. 

D.14.2 Treatment of H▪  

The treatment of S(H▪) and ΔG(H▪)solvation can be a source of systematic error in DFT 

calculations, therefore it is useful to detail how this value has been derived. By calculating a 

set of known C−H and N−H BDFEs and comparing the computed BDFE (BDFEcalc) to the 

measured (Table D.22), we found that the experimental values were  most closely reproduced 

using the following formula: 

BDFE௖௢௥௥௘௖௧௘ௗ = BDFE௖௔௟௖௨௟௔௧௘ௗ + 2.6  (eqn 𝐷. 6). 

All calculated BDFE values cited in the main text are BDFEcorrected. 

It is also worth noting that as this procedure is done on every calculated BDFE, errors 

in the treatment of S(H▪) and ΔG(H▪)solvation will be canceled when comparing two different 

BDFEs. 

D.14.3 Computational evaluation of weak interactions between HEH2 and [ColH]+  

When considering the relative energy of interactions between HEH2 and [ColH]OTf 

the possibility for multiple conformers of HEH2 must be accounted for. We find three major 

conformers can be formed, defined by the rotation of the ester bond. We define them as HEH2 

(A), the lowest energy conformer with the ester carbonyl bonds both pointing towards the 

2,6-methyl groups, HEH2 (B), intermediate energy, with one ester carbonyl group pointing 

towards the 2-methyl group and one carbonyl parallel with the C4−H bonds, and HEH2 (C) 

with both carbonyls parallel with the C4−H bond (Figure D.67).  

Crucially, we find that the H-bonding is only slightly disfavored to the HEH2 (B) 

form, specifically with the [ColH]+ coordinating to the carbonyl parallel with the C4−H 

bonds. The relative energy of all three isomers and H-bonding or π-stacking interactions are 

summarized in Figure D.79. 
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D.14.4 Calculation of equilibrium isotope effects  

Equilibrium isotope effects were calculated using the !PRINTTHERMOCHEM 

function in ORCA 5, recalculating the entropic and internal energy contributions from an 

optimized structure but swapping the relevant H-atoms for D-atoms. 

 

 
Figure D.76. Evaluation of conformers of HEH2/[ColH]+ coordination. 
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Figure D.77. Evaluation of Col-buffer homodimer, predicted to be favored in solution. 

 
Figure D.78. Comparison of predicted absorption spectroscopy transitions of HEH2 
depending on interaction with [ColH]+ (H-bond or EDA complex). 
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H N

H N

CO2Et

EtO
O

DGrel = 0 kcal mol-1

DHrel = 0 kcal mol-1

Srel = 0 kcal mol-1


C=0 = 1735, 1726 cm-1

DGrel = +1.3 kcal mol-1

DHrel = -12.4 kcal mol-1

Srel = +13.7 kcal mol-1


C=0 = 1741, 1685 cm-1

DGrel = +4.3 kcal mol-1

DHrel = -10.9 kcal mol-1

Srel = +15.2 kcal mol-1


C=0 = 1733, 1724 cm-1

 
Figure D.79. Predicted vibrational modes for interactions between HEH2 and Col-buffer. 

 
Figure D.80. Optical transitions within relevant to [ColH]+ reduction with wavelength and 
charge transfer associated with transition to give Rel. Charge Transfer, for HEH2, [ColH]+ 
H-bonding interaction. 
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Figure D.81. Optical transitions within relevant to [ColH]+ reduction with wavelength and 
charge transfer associated with transition to give Rel. Charge Transfer, for HEH2, [ColH]+ 
EDA-interaction. 
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Figure D.82. Predicted TD-DFT transitions for possible species detected by Transient 
Absorbance spectroscopy.  

We note that [ColH]• is predicted to be far less absorbing than [HEH2]•+. [HEH]• is 

less absorbing than [HEH2]•+, and partially overlaps with this more intense signal. Radical 

cations being more intense and slightly red-shifted of the corresponding, deprotonated 

radicals have been observed previously.28,29,30 These predicted absorbances rationalize why 

these radicals cannot be picked out in the TA data. 

 

Table D.23. ΔGf of species relevant to H• calibration. All species were calculated with a 
CPCM solvent model in MeCN. 
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Table D.24. Calculated BDFE for C−H and N−H bond strengths used for calibration. The 
error is minimized upon adding a factor of  +2.6 kcal mol-1; this factor is introduced to all 
subsequent BDFE calculations. All values measured in MeCN and a CPCM solvent model 
was likewise used in the calculations. 

There is a large discrepancy between the DFT-calculated versus the estimated (from 
measured data and the Bordwell equation) BDFEN−H of HEH•.  A contributing factor to this 
discrepancy might be the reversible formation of an HEH•

 dimer, leading to a higher 
measured apparent BDFEN−H than expected for the idealized reaction HEH• → HE + H•. 

 
  



360 

 

Table D.25. Thermochemistry of substrate semihydrogenation. (top) ΔGf of species 
relevant to calculated substrate BDFEs (main text Figure 5.9). All species were calculated 
with a CPCM solvent model in THF. (bottom) Calculated BDFE for O−H bonds in 
substrates used in main text Figure 5.9. 
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Table D.26. Thermochemistry ofpossible HAT donors formed. (top) ΔGf of species 
relevant to calculated ColH/HEH2 based BDFEs. All species were calculated with a CPCM 
solvent model in THF. (bottom) calculated ColH/HEH2  based BDFE for N/C−H bonds. 
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Table D.27. Calculated entropy and internal energy for minimized structures of HEH2, 
ColH+ and Col with varying isotopologues. 
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Table D.28. Calculated equilibrium isotope effects (based on table D.27) for pre-
complexation. 
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A p p e n d i x  E  

Supplementary Information for Chapter 6 
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E.1.1 Materials and Methods  

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. Nonhalogenated solvents were tested with sodium 

benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. 

Phenyl acrylate was purchased from Ambeed, degassed, and used without further 

purification. Cyclohexanedione monoethylene ketal (1) was purchased from TCI and used 

without further purification. All bases (DBU, Et3N, pyridine, 2,6-lutidine) were purchased 

from Sigma Aldrich and distilled prior to use. Sm(OTf)3, Gd(OTf)3, and MgI2 were 

purchased from Sigma–Aldrich. Ir(ppy)2(dtbbpy)[PF6] was purchased from Strem and used 

without further purification. 3DPA2FBN (2,4,6-tris(diphenylamino)-3,5-

difluorobenzonitrile) was purchased from Ambeed and used without further purification. 

9,10-dihydroacridine was purchased from Combi-blocks and purified by sublimation prior 

to use. Hexamethylphosphoramide, ethylene glycol, and 2-(2-(2-

methoxyethoxy)ethoxy)ethan-1-ol were purchased from Sigma Aldrich and degassed. 

Tetraheptylammonium iodide was purchased from TCI and dried at 100°C under dynamic 

vacuum for 16 hours. Tetrabutylammonium bromide was acquired from Strem and then dried 

by heating to 85°C for 48 hours under dynamic vacuum using P2O5 as a desiccant. 1-Butyl-

1-methylpiperidinium (BMPipTFSI) was purchased from TCI chemicals and used without 

further purification.  

SmI2(THF)2,1 phenH2,2 BINAPO,3 aminodiol (L*),4 and [LutH]TFSI5 were 

synthesized following literature procedures. HEH2
6

 synthesized following literature 

procedure and then dried by heating to 80 °C for 24 hours under dynamic vacuum using P2O5 

as a desiccant.  

The 2-MeTHF used was dried extensively prior to use in ketyl-olefin coupling 

experiments. Inhibitor-free solvent was refluxed over CaH2 for 24 hours (under N2 

atmosphere) and distilled into a Strauss flask. This flask was brought into the glovebox, 
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where NaK was added, and the solvent was stirred for 24 hours. The solvent was then vacuum 

transferred into a fresh Strauss flask and stored over activated sieves. 

E.1.2 Physical Methods 

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a 

Varian 400 MHz spectrometer. 1H NMR chemical shifts are reported in ppm relative to 

tetramethylsilane, using 1H resonances from residual solvent as internal standards.  

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements were 

collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path-length quartz 

cuvette. All samples had a blank sample background subtraction applied. Temperature 

regulation for UV-Vis measurements was carried out with a Unisoku cryostat.  

Electrochemistry: All electrochemical experiments were conducted using a CH 

instruments 600B electrochemical analyzer. A nonaqueous Ag+/0 reference electrode 

(BASi) consisting of a silver wire immersed in 5 mM AgOTf in DME containing 0.2 M 
nBu4NPF6 separated from the working solution by a CoralPor® frit was used for all 

experiments. All reported potentials are referenced to the ferrocenium/ferrocene (Fc+/0) 

couple used as an external standard. All CVs were carried out in an N2-filled glovebox in 

a 20 mL scintillation vial fitted with a septum cap containing punched-out holes for 

insertion of electrodes. A glassy carbon disk (3 mm diameter) was used as the working 

electrode for all CVs. It was freshly polished with 1, 0.3, and 0.05 μm alumina powder 

water slurries, rinsed with water and acetone, and dried before use. A platinum wire was 

used as the auxiliary electrode for CVs. CVs are plotted using IUPAC convention. Unless 

otherwise noted, IR compensation was applied, accounting for 85% of the total resistance.  

E.2. Catalytic ketone-olefin coupling reactions 

E.2.1.1 Standard procedure in the absence of Ir-photocatalyst 

In the glovebox, HEH2 (40.4 mg, 160 μmol) was added as a solid to a Schlenk flask. 

2-MeTHF (0.5 mL) was added to the flask. A freshly prepared stock solution of SmI2(THF)2 

in 2-MeTHF (2.2 mg per mL, 4 mM) was added to the flask (1 mL added). A stock solution 

of the remaining organics: ketone (12.6 mg per mL; 80 mM), phenyl acrylate (22 μL per mL; 

160 mM), and (when used) base, was prepared, and 0.5 mL was added to the reaction flask. 
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The color of SmI2 (purple) rapidly changes to yellow upon the addition of the organic 

reagents. The reaction flask is sealed and brought out of the glovebox, where it is irradiated 

by two H160 PR Kessil™ 440 nm Blue LED lamps for 90 minutes in a water bath in a 

reflective dewar. The reaction was continuously stirred (1200 rpm). The temperature of the 

water bath was monitored and did not exceed 25 °C during the reaction.  

Following completion of the reaction, the flask was opened to air, and 2 mL Et2O 

was added. The contents of the flask was filtered through a silica plug into a vial containing 

a known amount of 1,3,5-trimethoxybenzene (TMB; ~7 mg). The reaction flask was washed 

with additional Et2O (2x1 mL), and the washes were passed through the silica plug into the 

vial. The solvent was removed in vacuo and the products were taken up in CDCl3 and 

analyzed by 1H NMR integrating against the TMB standard.  

Lactone product (2; 1,4,9-trioxadispiro[4.2.48.25]tetradecan-10-one) is detected by 
1H NMR with features matching literature spectra (Figure E.4).  

 

Note: This reaction is very sensitive to solvent drying, and the CaH2/NaK method laid out 

in the general considerations is required. Similarly, the HEH2 must be dried as described. 

The reaction is sensitive to both water and air, as shown in Table E.2. 

 

E.2.1.2 Standard procedure with an Ir-photocatalyst 

In the glovebox, Ir(ppy)2(dtbbpy)[PF6] (0.36 mg, 0.4 μmol) was dissolved in THF 

and added to a Schlenk flask, and the solvent was removed in vacuo, depositing a thin film. 

Following this HEH2, SmI2(THF)2 and organics were added as described in S2.1.1 
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E.2.2 Yields for ketone-olefin coupling reactions 

Table E.1. Yields of individual catalytic experiments. 

 

 

Entry Variation from standard conditions 
Yield  

lactone 
Ketone 

recovery 
A1 None  81% 14% 
A2 None 74% 13% 
A3 None 75% 15% 
A4 None 73% 14% 

Entry 1, 
Table 6.1A 

None 
76±3% 14±1% 

A5 No light 5% 89% 
A6 No light 4% 93% 

Entry 2, 
Table 6.1A 

No light 
4±1% 91±2% 

A7 No Sm <1% 102% 
A8 No Sm <1% 100% 

Entry 3, 
Table 6.1A 

No Sm 
<1% 101±1% 

A9 SmOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 59% 41% 
A10 SmOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 60% 42% 

Entry 4, 
Table 6.1A 

SmOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2, 60±1% 41±1% 

A11 GdOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2,  <1% 101% 
A12 GdOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2, <1% 95% 

Entry 5, 
Table 6.1A 

GdOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 <1% 98±3% 

A13 2 equiv pyr 72% 8 
A14 2 equiv pyr 72% 10 

Entry 6, 
Table 6.1A 

2 equiv pyr 
72±1% 9±1% 

A15 2 equiv Et3N 6% 79% 
A16 2 equiv Et3N 5% 72% 

Entry 8, 
Table 6.1A 

2 equiv Et3N 
5±1% 75±4% 

A17 phenH2 instead of HEH2 <1% 37% 
A18 phenH2 instead of HEH2 <1% 39% 

Entry 9, 
Table 6.1A 

phenH2 instead of HEH2 <1% 38±1% 

A19 15 min reaction time 29% 63% 
A20 15 min reaction time 29% 65% 

Entry 10, 
Table 6.1A 

15 min reaction time 
29±1% 64±1% 

A21 Ethyl acrylate instead of phenyl acrylate 36% 46% 
A22 Ethyl acrylate instead of phenyl acrylate 25% 52% 

Entry 11, 
Table 6.1A 

Ethyl acrylate instead of phenyl acrylate 
31±5% 49±3% 
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Entry Variation  

Yield  
lactone 

Ketone recovery 

B1 None 87% 7% 
B2 None 89% 6% 
B3 None 89% 5% 
B4 None 89% 4% 
Entry 1, 
Table 6.1B 

None 
88.6±0.8% 5.7±1.1% 

B5 No light 4% 94% 
B6 No light 4% 92% 

Entry 2, 
Table 6.1B 

No light 
4±1% 93±1% 

B7 No Sm <1% 89% 
B8 No Sm <1% 82% 

Entry 3, 
Table 6.1B 

No Sm 
0% 86±3% 

B9 SmOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 85% 14% 
B10 SmOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 84% 13% 

Entry 4, 
Table 6.1B 

SmOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 85±1% 14±1% 

B11 GdOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 6% 92% 
B12 GdOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 6% 85% 

Entry 5, 
Table 6.1B 

GdOTf3 (10 mol%) MgI2 (50 mol%) instead of SmI2 6±1% 88±4% 

B13 No base 84% 8% 
B14 No base 80% 8% 

Entry 7, 
Table 6.1B 

No base 82±2% 8±1% 

B15 Et3N instead of pyridine 13% 69% 
B16 Et3N instead of pyridine 17% 73% 

Entry 8, 
Table 6.1B 

Et3N instead of pyridine 
15±2% 71±2% 

B17 phenH2 instead of HEH2 78% 0 
B18 phenH2 instead of HEH2 76% 2 

Entry 9, 
Table 6.1B 

phenH2 instead of HEH2 
77±1% 1±1% 

B19 15 min reaction time 57% 43% 
B20 15 min reaction time 66% 32% 

Entry 10, 
Table 6.1B 

15 min reaction time 
61±4% 38±6% 

B19 Ethyl acrylate instead of phenyl acrylate 59% 11% 
B20 Ethyl acrylate instead of phenyl acrylate 56% 12% 

Entry 11, 
Table 6.1B 

Ethyl acrylate instead of phenyl acrylate 
58±2% 12±1% 
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E.2.2.1 Quantification of additional organic products under standard conditions 

While the work-up and detection method should account for ~100% of the ketone starting 

material, the limited solubility of HEH2 in Et2O and CDCl3  and the low boiling point of 

phenyl acrylate result in some additional errors in these product yields. Figure E.1 presents 

approximate yields as integrated against a TMB standard for a reaction where care was taken 

to evaporate minimal phenyl acrylate. 

 

 

Figure E.1. Approximate yields of additional products under conditions without and with 
Iridium. 
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Figure E.2. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 1 with 
phenyl acrylate to produce 2 with key products/starting materials highlighted as indicated. 
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Figure E.3. Comparison of 1H NMR of typical reaction spectra with authentic lactone 
product. 1H NMR (400 MHz, CDCl3): δ 4.00 – 3.90 (m, 4H), 2.60 (t, J = 8.5 Hz, 2H), 2.04 
(t, J = 8.5 Hz, 2H), 1.97 – 1.88 (m, 4H), 1.82 (ddd, J = 17.5, 10.9, 4.0 Hz, 2H), 1.70 – 1.62 
(m, 2H). 
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Figure E.4. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 
cyclohexanone with phenyl acrylate to produce 3 with key products/starting materials 
highlighted as indicated. The lactone product 3 matched previous reports.5 
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Figure E.5. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 
acetophenone with phenyl acrylate to produce 4 with key products/starting materials 
highlighted as indicated. The lactone product 4 matched previous reports.5 
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Figure E.6. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 4-
trifluoromethyl acetophenone with phenyl acrylate to produce 5 with key products/starting 
materials highlighted as indicated. The lactone product 5 matched previous reports.5 
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Figure E.7. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 
acetophenone with tert-butyl acrylate to produce 6 with key products/starting materials 
highlighted as indicated. 
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Figure E.8. 1H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting 
acetophenone with tert-butyl acrylate to produce 4 with key products/starting materials 
highlighted as indicated. The lactone product 4 matched previous reports.5 
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E.2.3 Additional catalysis tables 

Table E.2. Additional catalytic experiments of ketone-acrylate coupling. 
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Table E.3. Yields for pinacol coupled products in selected aryl ketone cross-coupling 
reactions. 

 
 

Table E.4. Additional screening interrogating the effect of quencher (HEH2, MeacrH, 
phenH2, or Et3N) on catalysis. All results with error bars represent the average and standard 
deviation of a minimum of two experiments. 
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Table E.5. Additional screening interrogating the effects of additives (MgI2 or 
[PyrH]TFSI) on catalysis.  

 

 

Table E.6. Additional screening interrogating the effect of HEH2 loading on catalysis. All 
results with error bars represent the average and standard deviation of a minimum of two 
experiments. 
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E.3 UV-vis experiments  

E.3.1 UV-vis detection of Sm interaction with dihydropyridines 

 

Figure E.9. Comparison of UV-vis traces (in a 1 mm path-length cuvette) of SmI2 (2 mM) 
+ ketone (20 mM) + acrylate (40 mM) (yellow trace, in situ forms colorless SmIIII2(OPh)); 
HEH2 (80 mM) + ketone (20 mM) + acrylate (40 mM) (red trace); and SmI2 (2 mM) + 
HEH2 (80 mM) + ketone (20 mM) + acrylate (40 mM) (blue trace). All spectra collected 
in 2-MeTHF. Observed red-shift of the HEH2 absorption in the presence of SmIII is 
consistent with an interaction between species. 
 

Figure E.10. Comparison of UV-vis traces (in a 1 mm path-length cuvette) of SmI2 (2 
mM) + ketone (20 mM) + acrylate (40 mM) (yellow trace, in situ forms colorless 
SmIIII2(OPh)); phenH2 (80 mM) + ketone (20 mM) + acrylate (40 mM) (red trace); and 
SmI2 (2 mM) + phenH2 (80 mM) + ketone (20 mM) + acrylate (40 mM) (blue dashed trace). 
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All spectra collected in 2-MeTHF. Overlay suggests little to no interaction between Sm III 
and phenH2. 

 

Figure E.11. Comparison of UV-vis traces (in a 1 cm path-length cuvette) of Sm(OiPr)3 (2 
mM), nHep4NI (6 mM), and HTFSI (3 mM) (yellow trace, in situ forms colorless 
SmIIII2(OiPr)); HEH2 (60 mM) (red trace); and Sm(OiPr)3 (2 mM), nHep4NI (6 mM), HTFSI 
(3 mM), and HEH2 (60 mM) (blue trace). All spectra collected in THF. The observed red-
shift suggests interaction between SmIII and HEH2. 
 

 

Figure E.12. Comparison of UV-vis traces (in a 1 mm path-length cuvette) of Sm(OiPr)3 
(2 mM), nHep4NI (6 mM), [LutH]TFSI (3 mM) (yellow trace, in situ forms colorless 
SmIIII2(OiPr)); phenH2 (60 mM) (red trace); and Sm(OiPr)3 (2 mM), nHep4NI (6 mM), 
[LutH]TFSI (3 mM), and phenH2 (60 mM) (dashed blue trace). All spectra collected in 
THF. Overlay suggests little to no interaction between SmIII and phenH2. 

 



385 

 

 

Figure E.13. Comparison of UV-vis traces (in a 1 cm path-length cuvette) of Sm(OiPr)3 (2 
mM), nHep4NI (6 mM), [LutH]TFSI (3 mM) (yellow trace, in situ forms colorless 
SmIIII2(OiPr)); HEH2 (60 mM) (red trace); and Sm(OiPr)3 (2 mM), nHep4NI (6 mM), 
[LutH]TFSI (3 mM), and HEH2 (60 mM) (blue trace). All spectra collected in THF. The 
observed red-shift suggests interaction between SmIII and HEH2. 

 

Figure E.14. Comparison of UV-vis traces (in a 1 cm path-length cuvette) of Sm(OiPr)3 (2 
mM), nHep4NI (6 mM), (yellow trace, in situ is still colorless SmIII(OiPr)3); HEH2 (60 mM) 
(red trace); and Sm(OiPr)3 (2 mM), nHep4NI (6 mM), and HEH2 (60 mM) (blue trace). All 
spectra collected in THF. The observed red-shift suggests interaction between SmIII and 
HEH2. 
 



386 

 

 

Figure E.15. Titration of Sm(OTf)3 (0 to 5 mM, from red to blue trace) into a solution of 
HEH2 (100 mM) in THF. Substantial red-shift observed upon titration of Sm(OTf)3. 

E.3.2 SmII photogeneration experiments 

E.3.2.1 General procedure for SmII photogeneration experiments 

A fresh 5 mM stock solution of SmI2 in THF is prepared immediately before use. 

SmI3 is prepared by titrating this 5 mM THF solution of SmI2 with I2 until the characteristic 

blue color of SmI2 disappears.  

An aliquot of the resulting SmI3 solution (1 mL, 0.005 mmol) is added to a vial (1 

mL) containing reductant (0.15 mmol, 30 equiv), and an additional 1 mL of THF, and this 

solution is transferred to a 1 cm path-length cuvette. 100 uL of a stock solution of 

photocatalyst is added to the cuvette, followed by base (0.15 mmol, 30 equiv), an additional 

0.5 mL THF, and any alternative ligands (e.g., nBu4NBr, BINAPO) as indicated. 

E.3.2.2 General procedure for SmII(HMPA)4 photogeneration experiments 

For the SmII(HMPA)2+ generation, 4 equiv HMPA was added to the isnitial SmI2 solution 

prior to oxidation by I2. The rest of the procedure was identical following E.3.2.1. 

E.3.2.3 Summary of SmII photogeneration experiments 

The SmII photogeneration experiments (S3.2.4) are summarized in Table E.7. 
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Table E.7. Summary of conditions and yields for photodriven SmIII reductions. 
Approximate yield of SmII is determined based on the spectrum of the preparation of 
additive + SmI2. 

SmIII + additives Photocat. Conditions (THF and 25 °C unless otherwise 
specified) 

SmII 
formation 

SmI3 (2 mM) - HEH2 (60 mM), Lut (60 mM),  
H150-Blue LED 

~30% 

SmI3 (2 mM) - HEH2 (60 mM), H160-440 nm LED 0% 
Sm(OiPr)3 (2 mM), nHep4NI (6 
mM), HTFSI (3 mM) 

- HEH2 (60 mM), H160-440 nm LED 40 W ~15% 

Sm(OiPr)3 (2 mM), nHep4NI (6 
mM) 

- HEH2 (60 mM), H160-440 nm LED 40 W 0% 

SmI3 (2 mM) [Ir]PF6  
(0.2 mM) 

HEH2 (60 mM), Lut (60 mM),  
H160-440 nm LED 40 W 

80% 

SmI3 (2 mM) [Ir]PF6  
(0.2 mM) 

HEH2 (60 mM), H160-440 nm LED 40 W 10% 

Sm(OiPr)3 (2 mM), nHep4NI (6 
mM), [LutH]TFSI (3 mM) 

[Ir]PF6  
(0.2 mM) 

HEH2 (60 mM), Lut (60 mM),  
H160-440 nm LED 40 W 

30% 

SmI3 (2 mM), HO(CH2)2OH (2 
mM) 

[Ir]PF6  
(1 mM) 

HEH2 (60 mM), pyridine (60 mM), THF, 0 °C, H160-
440 nm LED 40 W 

15% 

SmI3 (2 mM), MeO((CH2)2O)3H 
(2 mM) 

[Ir]PF6  
(1 mM) 

HEH2 (60 mM), pyridine (60 mM), THF, 0 °C,  5% 

SmI3 (2 mM), L* (2.2 mM) [Ir]PF6  
(0.2 mM) 

HEH2 (60 mM), H160-440 nm LED 40 W 10% 

SmI3 (2 mM), nBu4NBr  
(20 mM) 

- HEH2 (60 mM), Lut (60 mM),  
H160-440 nm LED 40 W 

0% 

SmI3 (2 mM), HMPA  
(8 mM) 

- HEH2 (60 mM), Lut (60 mM),  
H160-440 nm LED 40 W 

0% 

SmI3 (2 mM), nBu4NBr  
(20 mM) 

[Ir]PF6  
(0.2 mM) 

Et3N (60 mM), H160-440 nm LED 40 W 0% 

SmI3 (2 mM), HMPA  
(8 mM) 

[Ir]PF6  
(0.2 mM) 

Et3N (60 mM), H160-440 nm LED 40 W 0% 

SmI3 (2 mM), BINAPO (2.2 
mM) 

[Ir]PF6  
(0.2 mM) 

Et3N (60 mM), H160-440 nm LED 40 W 0% 

SmI3 (2 mM) 3DPA2FBN 
(0.05 mM) 

acrH2 (60 mM) Et3N (60 mM),  
H150-Blue LED 34 W 

20%  

SmI3 (2 mM), nBu4NBr  
(20 mM) 

3DPA2FBN 
(0.05 mM) 

acrH2 (60 mM) Et3N (60 mM),  
H160-440 nm LED 40 W 

40% 

SmI3 (2 mM), HMPA  
(8 mM) 

3DPA2FBN 
(0.05 mM) 

acrH2 (60 mM) Et3N (60 mM),  
H150-Blue LED 34 W 

10% 

SmI3 (2 mM), BINAPO (2.2 
mM) 

3DPA2FBN 
(0.05 mM) 

acrH2 (60 mM) Et3N (60 mM),  
H160-440 nm LED 40 W 

10% 
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S3.2.4 SmII photogeneration experiments 

 

Figure E.16. Photogeneration of SmI2 from a THF solution of SmI3 (2 mM), HEH2 (60 
mM), and Lut (60 mM) on irradiation with H150-Blue LED; t = 0 (red trace); t =120 min 
(blue trace). Maximum intensity suggests about 30% conversion to SmI2. 

 

Figure E.17. Attempted photogeneration of SmI2 from a THF solution of SmI3 (2 mM) 
and HEH2 (60 mM) on irradiation with H160-440 nm; t = 0 (red trace); t =60 min (blue 
trace). No SmI2 is observed even on extended irradiation. 
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Figure E.18. Photogeneration of SmI2 from a THF solution of Sm(OiPr)3 (2 mM), nHep4NI 
(6 mM), HTFSI (3 mM), and HEH2 (60 mM) on irradiation with H160 440 nm; t = 0 (red 
trace); t =20 min (lowest intensity grey trace), 80 minutes (blue trace), 180 minutes (yellow 
dashed trace) irradiation. Maximum intensity suggests about 15% conversion to SmI2. 

 

Figure E.19. Attempted photogeneration of SmI2 from a THF solution of Sm(OiPr)3 (2 
mM), nHep4NI (6 mM), and HEH2 (60 mM) on irradiation with H160-440 nm LED; t = 0 
(red trace); t =40 min (blue dashed trace). No SmI2 is observed even on extended 
irradiation.  
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Figure E.20. Photogeneration of SmI2 from a THF solution of SmI3 (2 mM), HEH2 (60 
mM), and Lut (60 mM) with [Ir]PF6 (0.2 mM) as photosensitizer on irradiation with H160-
440 nm LED over t = 0 (red trace) to t = 2 min (blue trace). Maximum intensity suggests 
about 80% conversion to SmI2.   
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Figure E.21. Photogeneration of SmI2 from a THF solution of SmI3 (2 mM) and HEH2 (60 
mM) with [Ir]PF6 (0.2 mM) as a photosensitizer in the absence of base on irradiation with 
H160-440 nm LED over t = 2 min (red trace), t = 6 min (yellow trace), to t = 16 min (dark 
blue trace). Maximum intensity suggests <10% conversion to SmI2 over prolonged 
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irradiation; the absence of observed SmI2 at 2 min (compared to 80% SmI2 generation at 
the same time point in the presence of Lut) suggests that Lut accelerates SmI2 
photogeneration under these conditions. 
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Figure E.22. Photogeneration of SmI2 from a THF solution of Sm(OiPr)3 (2 mM), 
[LutH]TFSI (3 mM), nHep4NI (6 mM), HEH2 (60 mM), and Lut (60 mM) with [Ir]PF6 (0.2 
mM) as photosensitizer on irradiation with H160-440 nm LED over t = 0 (red trace) to t = 
2 min (blue trace). Maximum intensity suggests ~30% conversion to SmI2. 
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Figure E.23. Photogeneration of SmI2 in the presence of ethylene glycol (2mM) from a 
THF solution of SmI3 (2 mM), HEH2 (60 mM), and pyridine (60 mM) with [Ir]PF6 (1 mM) 
as photosensitizer on irradiation with H160-440 nm LED over t = 0 (red trace) to t = 2 min 
(dark blue trace). The SmII species that is generated has absorption maxima consistent with 
those of SmI2 (1 mM) in the presence of ethylene glycol (1 mM) in THF (teal trace). 
Maximum intensity suggests ~15% steady state population of SmII under irradiation. 

0

0.2

0.4

0.6

0.8

1

300 500 700

A
bs

or
ba

nc
e

Wavelength (nm)

 

Figure E.24. Photogeneration of SmI2 in the presence of MeO((CH2)2O)3H (2mM) from a 
THF solution of SmI3 (2 mM), HEH2 (60 mM), and pyridine (60 mM) with [Ir]PF6 (1 mM) 
as photosensitizer on irradiation with H160-427 nm LED over t = 0 (red trace) to t = 30 
min (dark blue trace). The SmII species that is generated has absorption maxima consistent 
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with those of SmI2 (1 mM) in the presence of MeO((CH2)2O)3H (1 mM) in THF (teal trace). 
Maximum intensity suggests ~5% steady state population of SmII under irradiation. 

 

Figure E.25. Photogeneration and decay of SmI2 from THF solution of SmI3 (2 mM), 
L*(2.2 mM), [Ir]PF6 (0.2 mM), HEH2 (60 mM) on irradiation with H160-440 nm LED; t 
= 0 (red); t = 1 min (blue trace); t = 60 min (dashed). Maximum intensity suggests about 
10% conversion to SmII. Note: the visible features of SmI2 are unchanged in the presence 
of up to 2 equiv of L*, thus we are unable to assign the exact speciation of Sm(II) formed.   
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Figure E.26. Attempted photogeneration of SmBr2 from a THF solution of SmI3 (2 mM), 
nBu4NBr (20 mM), HEH2 (60 mM), and Lut (60 mM) on irradiation with H160-440 nm 
LED; t = 0 (red trace); t = 60 min (blue trace). No SmBr2 is observed. 

 

Figure E.27. Attempted photogeneration of Sm(HMPA)4
2+ from a THF solution of SmI3 

(2 mM), HMPA (8 mM), HEH2 (60 mM), and Lut (60 mM) on irradiation with H160-440 
nm LED; t = 0 (red trace); t = 60 min (blue trace). No Sm(HMPA)4

2+ is observed. 
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Figure E.28. Attempted photogeneration of SmBr2 from a THF solution of SmI3 (2 mM), 
nBu4NBr (20 mM), [Ir(ppy)2(dtbbpy)]PF6 (0.2 mM), and Et3N (60 mM) on irradiation with 
H160-440 nm LED; t = 0 (red trace); t = 20 min (brown trace) shows formation of 
[IrII(ppy)2(dtbbpy)].7 No SmBr2 is observed. 

 

Figure E.29. Attempted photogeneration of Sm(HMPA)4
2+ from a THF solution of SmI3 

(2 mM), HMPA (8 mM), [Ir(ppy)2(dtbbpy)]PF6 (0.2 mM), and Et3N (60 mM) on irradiation 
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with H160-440 nm LED; t = 0 (red trace); t = 20 min (brown trace) shows formation of 
[IrII(ppy)2(dtbbpy)].7 No Sm(HMPA)4

2+ is observed. 
 

 

Figure E.30. Attempted photogeneration of Sm(BINAPO)I2 from a THF solution of SmI3 
(2 mM), BINAPO (2.2 mM), [Ir(ppy)2(dtbbpy)]PF6 (0.2 mM), and Et3N (60 mM) on 
irradiation with H160-440 nm LED; t = 0 (red trace); t = 20 min (brown trace) shows 
formation of [IrII(ppy)2(dtbbpy)].7 No Sm(BINAPO)I2 is observed. 
Note: white solids precipitate from the solution, leading to poor transmission. 

 

Figure E.31. Photogeneration of SmI2 from a THF solution of SmI3 (2 mM), 3DPA2FBN 
(0.05 mM), AcrH2 (60 mM), and Et3N (60 mM) on irradiation with H150-Blue LED; t = 0 
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(red trace); t =95 min (blue trace). Maximum intensity suggests about 20% conversion to 
SmI2. 

 

Figure E.32. Photogeneration of SmBr2 from THF solution of SmI3 (2 mM), nBu4NBr (20 
mM), 3DPA2FBN (0.2 mM), AcrH2 (60 mM), and Et3N (60 mM) on irradiation with 
H160-440 nm LED; t = 0 (red trace); t =1 min (blue trace); reference spectrum of 2 mM 
SmBr2 (dashed trace). Maximum intensity (λmax 588 nm and 540 nm) suggests about 40% 
conversion to SmBr2. 
 

 

Figure E.33. Photogeneration of SmI2(HMPA)4 from THF solution of SmI3 (2 mM), 
HMPA (8 mM), 3DPA2FBN (0.05 mM), AcrH2 (60 mM), and Et3N (60 mM) on irradiation 
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with H150-Blue LED; t = 0 (red); t = 60 min (blue). Rightmost plot shows magnified region 
of relevant Sm(II) absorbance. Maximum intensity (λmax 540 nm) suggests about 10% 
conversion to Sm(HMPA)4I2. 
 

 

Figure E.34. Photogeneration of Sm(BINAPO)I2 from THF solution of SmI3 (2 mM), 
BINAPO (2.3 mM), 3DPA2FBN (0.2 mM), AcrH2 (60 mM), and Et3N (60 mM) on 
irradiation with H160-440 nm LED; t = 0 (red); t = 2 min (blue). Maximum intensity (λmax 
= 550 nm and 608 nm) suggests about 10% conversion to Sm(BINAPO)I2. 
 
E.4 Electrochemical measurements 

Comment on SmIII/II reduction potentials: The solution-phase speciation of 

SmXn is ill-defined and highly dependent on the concentration of both Sm and potential 

ligands. As a result, rigorous definition of SmIII/II redox potentials for discrete species is 

nontrivial. Cyclic voltammetry of SmI3 in THF is illustrative of this issue. As shown in 

Figure E.35, the observed E1/2 of the reversible SmIII/II couple of SmI3(THF)n (using a 

tetraalkylammonium triflimide salt as a relatively innocent supporting electrolyte) shifts 

negative by 59 mV per decade increase in nHep4NI concentration. This behavior is 

consistent with reversible dissociation of I− upon reduction, with the position of the wave 

described by the Nernst eqn E.1: 

𝐸ଵ/ଶ = 𝐸° −  
ோ்

ி
ln ([Iି]) (eqn E.1). 
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The standard potential E°(SmI3/SmI2 + I−), which can be extrapolated from the 

intercept of a plot of E1/2 vs −log[I−] as −1.58 V vs Fc+/0, is therefore only equivalent to the 

E1/2 observed by CV if [I−] = 1 M.  

Despite this challenge, knowledge of the electrochemical properties of Sm species in 

the presence of various additives is useful in guiding selection of appropriate photoreductants 

and photoredox catalysts for SmIII reduction. For the purpose of this study, we have collected 

CV data under a unified set of conditions, using concentrations of Sm and additives relevant 

to the UV-Vis studies of SmII generation. It should be emphasized, however, that the 

observed reduction potentials in these specific cocktails must not be treated as diagnostic 

standard reduction potentials for discrete SmIILn species. 
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Figure E.35. Left: CVs of SmI3 (2 mM) in the presence of 0-40 mM nHep4NI (red-dark 
blue traces) in THF containing 0.1 M BMPipTFSI at 25 mV s−1. Right: plot of E1/2 values 
from each CV vs −log([I−]). 
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Figure E.36. CV of [Ir]PF6 (0.5 mM) in THF containing 0.1 M BMPipTFSI at 25 mV s−1.  
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Figure E.37. CV of 3DPA2FBN (1 mM) in THF containing 0.1 M BMPipTFSI at 100 mV 

s−1.  
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Figure E.38. CV of SmI2 (2 mM) and nHep4NI (10 mM) in THF containing 0.1 M 
BMPipTFSI at 25 mV s−1.  
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Figure E.39. CV of SmI3 (2 mM), nHep4NI (10 mM), and ethylene glycol (2 mM) in THF 

containing 0.1 M BMPipTFSI at 25 mV s−1.  
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Figure E.40. CV of SmI2 (2 mM), nHep4NI (10 mM), and MeO((CH2)2O)3H (2 mM) in 
THF containing 0.1 M BMPipTFSI at 25 mV s−1.  
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Figure E.41. CV of SmI2 (2 mM), nHep4NI (10 mM), and 3-aza-3-benzyl-1(R),5,(R)-
dihydroxy-1,5-diphenylpentane (2 mM) in THF containing 0.1 M BMPipTFSI at 25 mV 
s−1.  
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Figure E.42. CV of SmI3 (2 mM) and nBu4NBr (20 mM) in THF containing 0.1 M 
BMPipTFSI at 25 mV s−1.  
 

-20

-12

-4

4

-2.8 -2.3 -1.8

i (
μ

A
)

Potential (V vs Fc+/0)

 

Figure E.43. CV of SmI2 (2 mM), nHep4NI (10 mM), and BINAPO (2 mM) in THF 
containing 0.1 M BMPipTFSI at 25 mV s−1. The speciation of this mixture is clearly 
complex. However, the observation that the more reducing photocatalyst 3DPA2FBN is 
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required to generate SmII species in the presence of BINAPO is consistent with the 
observation of SmIII/II redox waves negative of −2 V. 
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Figure E.44. CV of SmI2 (2 mM) and HMPA (8 mM) in THF containing 0.1 M 
BMPipTFSI at 25 mV s−1.  
 

  



405 

 

E.5 Additional mechanistic schemes 

 

Figure E.45. An alternative scheme for catalytic ketone-acrylate coupling reaction where 
HEH• does not terminate radical and two equivalents of SmI2 are required per reduction. 
 

 

Figure E.46. A scheme for catalytic ketone-acrylate coupling reaction with [Ir]+. SmIII-
OPh is regenerated as depicted in Figure 6.3B in chapter 6. 
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