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ABSTRACT 

Samarium diiodide is a versatile single-electron reductant. Its reactivity is modulated by 

recruitment of a wide range of additives to its large coordination sphere. Binding of strong 

Lewis bases produces more potent Sm(II) reductants, while polar protic donors promote net 

proton-coupled electron transfer to a variety of unsaturated substrates including 

intermediates of molybdenum-catalyzed nitrogen reduction. However, samarium(II) 

reagents are used (super)stoichiometrically in all but a few select cases because mild, tunable 

methods for selective reduction of oxidized samarium(III) products back to the active 

samarium(III) state were unavailable at the outset of the following studies. Chapter 1 frames 

the challenge of catalytic samarium turnover in the context of nitrogen fixation. Proton-

coupled electron transfer and inner-sphere electron transfer are introduced as two potential 

catalytic roles for samarium(II), and a strategy for proton-coupled reduction of problematic 

samarium(III)-alkoxide intermediates to achieve turnover is outlined. Chapter 2 describes a 

well-defined model system used to construct extended quantitative thermochemical cycles 

mapping proton transfer, electron transfer, and ligand association at samarium. The 

samarium(II) complex binds a secondary amide to generate a remarkably potent net 

hydrogen atom donor. In Chapter 2, this driving force is leveraged in iron-catalyzed nitrogen 

reduction; the strongly reducing, weakly acidic nature of the samarium reagent leads to 

selective generation of hydrazine over ammonia (99:1). In Chapter 3, the benchmarked 

samarium(III)-alkoxide protonolysis thermodynamics inform selection of Brønsted acids 

that can be coupled with a mild reductant (zinc powder or an applied electrochemical 

potential) to achieve catalytic samarium turnover in reductive coupling of ketones and 

acrylates to form γ-lactones. Photodriven methods for this samarium-catalyzed 

transformation are reported in Chapter 5. Finally, in Chapter 6, the hypothesis that 

samarium(II) might serve as an inner-sphere reductant in nitrogen reduction with transition 

metal catalysts guides design of conditions for tandem samarium/molybdenum catalysis in 

electrocatalytic nitrogen reduction to ammonia with the lowest driving force and highest 

Faradaic efficiency (82%) reported to date for a nonaqueous system at atmospheric pressure. 
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1 
C h a p t e r  1  

INTRODUCTION 

1.1 Opening Remarks 

This thesis describes development and select applications of mild conditions for 

reductive samarium (Sm) catalysis. This work stems from the rich chemistry of 

samarium(II) iodide (SmI2) as a stoichiometric single-electron reductant. Kagan and 

coworkers reported straightforward synthesis of solvated SmI2 in tetrahydrofuran (THF) 

from Sm metal and 1,2-diiodoethane in 1977 and subsequently catalogued its reductive 

activation of a suite of organic functional groups.1 Since this introduction, the applications 

of SmI2 for functional group manipulation and C–C bond-forming reactions in organic 

synthesis have been characterized by high chemo- and stereoselectivity which can be tuned 

empirically using various additives.2  

The primary drawback of Sm(II) chemistry is that it almost always requires a 

stoichiometric amount of Sm, limiting application in large-scale settings. Because each 

Sm(II) center provides only one electron, multiple equivalents of SmI2 are necessary for 

multielectron transformations. Moreover, additives (e.g., carcinogenic 

hexamethylphosphoramide, chiral ligands in enantioselective transformations) must also 

be employed (super)stoichiometrically.2–4 Use of Sm in catalytic quantities coupled to a 

less valuable terminal reductant would facilitate scale-up of Sm(II)-mediated 

transformations.  

While organic synthesis is the practical application of Sm catalysis, my contributions 

to the following chapters were motivated by the hypothesis that Sm co-electrocatalysis 

would enable selective conversion of dinitrogen (N2) to ammonia (NH3) driven by 



 

 

2 
electricity at a low overpotential. This outcome, which is ultimately demonstrated in 

Chapter 6, was not feasible using the few examples of conditions for net-reductive Sm 

catalysis that were available at the outset of my thesis research. I will use this space to 

highlight the attributes of Sm that guided this hypothesis and how, in turn, approaching Sm 

catalysis development with the specific requirements of N2 reduction (N2R) in mind led to 

fundamental and practical advances over prior art. 

1.2 Kinetic challenges in N2R 

The free energy of formation (ΔGf) of NH3 from N2 and H2 is –4.3 kcal mol−1 (eqn 

1.1; all thermodynamic values provided in MeCN at 298 K unless otherwise noted).5 NH3 

is produced on massive industrial scale by this balanced reaction over iron-based 

heterogeneous catalysts in the Haber-Bosch process, which is estimated to sustain half of 

the current global population.6 However, high temperatures are necessary to overcome the 

kinetic barrier to eqn 1.1, resulting in a slightly uphill standard reaction free energy. High 

pressures of N2 and H2 are therefore employed to drive the reaction to products.  

N2+ 3 H2 ⇌ 2 NH3   (1.1) 

In nature, N2R to NH3 is carried out by the iron-molybdenum cofactor (FeMoco) of 

nitrogenase enzymes in nitrogen-fixing bacteria through combination of N2 with proton 

(H+) and electron (e−) equivalents (eqn 1.2). Again, this transformation has favorable 

thermodynamics: the standard potential of N2/NH4
+ interconversion (defined at pH 0) is 

+0.275 V vs the standard hydrogen electrode (SHE).7 However, 16 equivalents of ATP 

(adenosine triphosphate) are expended per molecule of N2 that is reduced. Additionally, 

while theoretically only 6 reducing equivalents are necessary to reduce one N2, 8 reducing 



 

 

3 
equivalents are consumed per turnover under most conditions, with loss of the additional 

2H+ / 2e− as H2.  

N2 + 6 H++ 6 e- ⇌ 2 NH3   (1.2) 

Both primary routes to NH3 as the bioavailable form of nitrogen require significant 

excess energy input beyond the thermodynamic minimum (in the form of fossil fuel 

combustion in the Haber-Bosch process, or ATP hydrolysis in biological N2R; 

corresponding to roughly 120 and 60 kcal mol−1 of NH3 produced, respectively).8,9 

Moreover, nature, after billions of years of catalyst optimization, is still operating at only 

75% yield. This situation casts the opportunity for improving catalytic N2R methods using 

H+ and e− equivalents as a formidable challenge (or, on a cynical day, as a fool’s errand). 

Nevertheless, the following criteria (and associated figures of merit) should all carry weight 

in evaluation of N2R systems: 

i) high yield (Faradaic efficiency (F.E.) for electrocatalytic processes) 

ii) high NH3 yield rate (catalyst turnover frequency, TOF) 

iii) high catalyst stability (catalyst turnover number, TON) 

iv) H2 or H2O as terminal H+/e− source 

v) low excess driving force provided by a renewable energy source (light or 

electricity) 

We generally prefer to use ΔΔGf to quantify driving force for criterion v,10 which 

references the thermodynamic driving force of a given terminal H+/e− source to H2. To do 

so, the effective bond dissociation free energy (BDFEeff) describing the thermodynamics 

of the net loss of a hydrogen atom (H•) from an acid/reductant pair (eqn 1.3, which 

combines  the reduction potential of the e− source E°, the pKs of the H+ source, and the 



 

 

4 
solvent-dependent constant CG)5 is compared to the H–H BDFE of H2 (eqn 1.4). 

Development of N2R catalysts that operate at low driving force is important not only from 

an energy efficiency standpoint, but also because background combination of 2H+/2e− to 

release H2 (the hydrogen evolution reaction, HER) is less competitive at low ΔΔGf, 

facilitating higher NH3 yield. 

BDFEeff = 23.06(E°) + 1.37(pKa) + CG  (1.3) 

ΔΔGf(NH3)  = 3 (
1

2
(BDFEH2

) -  BDFEeff) (1.4) 

While none of the alternative N2R systems developed over the last century surpass the 

Haber-Bosch process by all figures of merit, proof-of-concept studies expose strategies for 

targeting individual criteria. Lithium-mediated N2R (LiN2R) systems successfully harness 

electrochemical driving force to cleave N2 at ambient temperature and pressure, via 

reduction of Li+ to Li0 followed by Li3N formation.11 This process has been coupled to 

anodic water-derived H2 oxidation, and a F.E. > 99% was achieved at somewhat elevated 

pressure (20 bar).12–14 However, the strongly cathodic applied potential (Eapp) required to 

form Li0 as a discrete intermediate (≤ −3.7 V) imposes a theoretical limit on ΔΔGf as ≥ 65 

kcal mol−1 (assuming ≤ 40 as a reasonable maximum pKa value for the buffer system used 

to shuttle H+ harvested at the anode to protonate Li3N at the cathode). 

By contrast, N2R with well-defined transition metal coordination complexes as 

catalysts can operate at much lower driving force.10,15 Schrock’s first demonstration of 

catalytic N2R at ambient temperature and pressure at a single molybdenum site employed 

2,6-lutidinium (LutH+, pKa 9.5 in THF)16 as the proton source and decamethylchromocene 

(E°(CrIII/II) −1.47 V in THF)17 as a mild reductant, corresponding to an excess driving force 

of only 32 kcal mol−1 of NH3.
18 Nishibayashi’s Mo-based catalysts supported by pincer 



 

 

5 
ligands (e.g., PNP, Figure 1.1) can be driven by similarly weak reductant/acid 

combinations.19 Ligand design and conditions optimization has resulted in impressive 

improvements to catalyst rate, stability, and yield.20,21 However, these and related systems10 

are limited by criteria iv and v, because the driving force and reducing equivalents are 

provided by stoichiometric chemical reagents. 

 

Figure 1.1: Catalytic N2R with PNPMoBr3 with chemical, electrochemical, and 

photochemical driving force.21–24 

Recent efforts have therefore focused on interfacing molecular N2R catalysts with 

photochemical22,25,26 and electrochemical23,27–31 sources of driving force. We established 

blue light-driven transfer hydrogenation of N2 by 3 equivalents of Hantzsch ester (HEH2) 

in up to 67% yield using PNPMoBr3 as precatalyst.22 In the dark, this transformation would 

be nearly thermoneutral (ΔΔGf 1.7 kcal mol−1), and so while HEH2 serves as the terminal 

H+/e−
 source, light provides the input energy needed to drive the reaction at an appreciable 

rate. We propose that e− and H+ equivalents harvested from HEH2 are delivered to MoNxHy 

intermediates by the IrII state of a photoredox catalyst with E°(IrIII/II) ca. −1.9 V (e.g., 
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[Ir(ppy)2(dtbbpy)]+) and the acid component of a 2,4,6-collidinium/collidine 

(ColH+/Col, pKa 10.4) buffer system, respectively (Figure 1.1). It is useful to note that these 

thermodynamic values for H+/e− transfer mimic those of the chemical acid/reductant 

system used previously for N2R with PNPMoBr3 (ColHOTf and decamethylcobaltocene 

(Cp*2Co), E°(CoIII/II) −1.91 V; Figure 1.1), corresponding to ΔΔGf 59 kcal mol−1.32  

Meanwhile, our group established eN2R with [PNPMo] catalysts by two different 

strategies. One operates essentially by swapping Cp*2Co for an applied electrochemial 

potential of −1.9 V with ColH+ as the bulk proton source (Figure 1.1).23 The other uses an 

aniline-appended cobaltocene mediator to colocalize H+ and e− equivalents sourced from 

tosic acid monohydrate (TsOH•H2O) and an electrode polarized at −1.25 V, respectively, 

for delivery to MoNxHy via proton-coupled electron transfer (PCET).30 However, both 

systems were limited to a F.E. of 34%. In the former system, this is likely due to 

competitive background electroreduction of ColH+ at the strongly cathodic applied 

potential; this is hard to avoid at the relatively harsh driving force of ΔΔGf 59 kcal mol−1. 

While the latter system operates at milder driving force (ΔΔGf 47 kcal mol−1), the strongly 

acidic, weakly reducing PCET mediator may not be well-matched to [PNPMo], which 

typically operates under moderately acidic conditions. 

In considering alternative strategies to translate the high N2R activity of pincer Mo 

catalysts to electrochemical conditions, Nishibayashi and coworkers’ reports of Mo-

catalyzed N2R to NH3 with exceptionally high yield (> 90%) using SmI2 as the reductant 

and H2O or ethylene glycol as the proton source provided inspiration and raised many 

interesting questions (Figure 1.1).24,33 What is the driving force ΔΔGf of these conditions, 

in which the reduction potential and pKa are ill-defined? Why is this cocktail so selective 
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for NH3 over dihydrogen (H2)? Can the SmIII byproducts be converted back to the active 

SmII state electrochemically at a modest applied potential? If so, what tandem catalytic role 

might SmII play? The following sections provide background to address each of these 

questions. 

1.3 SmII Reduction Potentials 

Like the rest of the lanthanide (Ln) series, samarium prefers the +3 oxidation state, in 

which its 5 valence electrons lie in 4f orbitals buried in the inert gas core. However, the 

divalent state lies in an energetic sweet spot for use as a reducing agent. The other 

classically redox-active lanthanides, Eu2+ and Yb2+, are stabilized by half- and fully-filled 

4f shells ([Xe]4f7 and [Xe]4f14, respectively). Because Sm2+ is one electron removed from 

a half-filled valence shell ([Xe]4f6), it is more reactive toward weak oxidants than is Eu or 

Yb.34 Approaching the half-filled configuration, however, lends Sm2+ stability relative to 

the remaining Ln2+ series, and Sm(II) species are thus more readily synthetically accessed.  

This trend is quantified by the standard reduction potentials (E°) for Ln3+/2+ given in 

the table in Figure 1.2.35,36 It is important to note that these values are derived for the 

aqueous metal ions (i.e., Ln(OH2)n
3+/2+) using thermochemical cycles. Direct experimental 

measurement of E°(Ln3+/2+) using electrochemical techniques is complicated in part by the 

fact that the lanthanide ions tend to interact with many supporting electrolytes;36 for 

example, the first value for E°(Eu3+/2+) determined electrochemically (−0.43 V vs SHE) 

was an overestimate due to favorable coordination of formate ion present in excess to 

Eu3+.37 Evaluation in more “innocent” electrolytes (e.g., perchlorate) provided the accepted 

standard value of −0.35 V.38     
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Figure 1.2: Aqueous (left)36 and nonaqueous (right)39–43 LnIII/II reduction 

potentials. 

This issue is magnified in the organic solvents typical of synthetic application of 

Sm(II) which do not support a high degree of ionization to “free” solvated ions (i.e., 

Sm(THF)n
3+/2+).44 As a result, the rigorous answer to the question, “what is the reduction 

potential of SmI2 in THF?” is nuanced, but desirable to understand the reactivity of SmI2 

in catalytic N2R. Skrydstrup and coworkers extracted the formal potential describing 

interconversion of SmI2(THF)n
 and a short-lived SmI2(THF)n

+ species as −1.41 V (all 

nonaqueous potentials are referenced to ferrocenium/ferrocene).41 This redox process is 

distinct from the standard potential for interconversion of SmI3(THF)n and SmI2(THF)n, 

which is coupled to I− loss. We have measured E°(SmI3/[SmI2 + I−]) as −1.58 V in THF 

with tetrabutylammonium bis-triflimide (nBu4NNTf2) as supporting electrolyte (see 
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Appendix D4).45 The reducing power of SmI2(THF)n is best quantified by the former 

potential, while the latter is a better estimate of the driving force needed to reduce SmI3 to 

SmI2. Both values are of use when considering catalytic cycles containing both electron 

transfer (ET) from SmI2 to target substrates and catalyst turnover by reduction of SmI3 with 

a terminal reductant.  

Changes in the reactivity of SmI2 as a function of different Lewis basic additives are 

typically ascribed to coordination of the additive to SmII to produce a stronger reductant.46–

50 Again, uncertainties in speciation arising from a large coordination sphere of kinetically 

labile monodentate ligands necessitate extremely thorough studies to rigorously quantify 

the reducing power of discrete [SmII] complexes.40 The conditions employed to collect 

electrochemical data (solvent and supporting electrolyte) as well as methods of analysis in 

the primary literature must be considered on a case-by-case basis to evaluate whether the 

reported potentials depicted in Figure 1.2 are applicable to specific situations. For example, 

the effect of H2O coordination on the SmIII/II reduction potential of SmI2(THF)n should be 

factored into the driving force for Mo-catalyzed N2R. While standard potentials cannot be 

extracted from the electrochemistry of SmI2 with H2O reported by Flowers and coworkers 

due to loss of reversibility, the observed potential of SmII oxidation shifts negative by 570 

mV in the presence of a sufficient excess of H2O to saturate the Sm coordination sphere 

(>500 equiv).42,48 This shift provides an approximate upper bound on the reducing power 

of [SmIn(OH2)m]I2-n as E°(SmIII/II) < −1.98 V.41 However, only one equivalent of H2O per 

Sm is used in the N2R catalysis, and so the most strongly reducing SmII species available 

under these conditions is likely not the aquo complex. An intermediate, presumably less 
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reducing mixed-ligand adduct with the average formulation SmI2(THF)nOH2 must be 

competent for reduction of MoNxHy. 

Within this uncertainty, there were two limiting interpretations with respect to the 

possibility of tandem Sm catalysis in Mo-mediated N2R. First, it is feasible that the 

reduction potential of SmI2(THF)nOH2 is coincidentally close to −1.9 V, and thus mimics 

all the other reducing agents with this driving force for outer-sphere ET (OSET). In this 

limit, SmII would be unlikely to provide a major catalytic enhancement over an electrode 

held at −1.9 V. Second, though, it is equally feasible that the reduction potential of 

SmI2(THF)nOH2 is significantly positive of −1.9 V. In this scenario, the SmII reagent might 

be accessing a mechanism in N2R distinct from OSET. Indeed, in the organic literature, 

ISET and PCET mechanisms for SmI2•H2O reductions are well established. Given this 

precedent, we hypothesized that SmII catalysis based on one of these mechanisms would 

facilitate selective, low-overpotential N2R with a suitable transition metal cocatalyst. For 

the interested reader, the next two sections aim to summarize the evolution of more specific 

forms of this hypothesis over the course of my thesis work. 

1.4 SmII as a Proton-Coupled Reductant 

This thesis uses the currently accepted definition for PCET as any reaction involving 

the transfer of both proton(s) and electron(s),5 while “concerted proton-electron transfer” 

(CPET) refers to a reaction in which a proton and an electron originating from different 

molecular orbitals are transferred in a single concerted step (i.e., the diagonal path in Figure 

1.3). A reductive PCET catalyst colocalizes H+/e− equivalents in a single molecule or 

association complex and decreases the barrier of their transfer from a terminal acid and 

reductant to a substrate.51,52   
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Figure 1.3: PCET to M−NxHy from (A) an aniline-appended cobaltocene PCET 

catalyst or (B) SmI2•H2O. 

We initially focused on development of Sm as a reductive PCET catalyst in N2R. Some 

historical context is useful to explain this starting point. Our group had recently shown that 

protonation of Cp*2Co yields the ring-protonated species [Cp*Co(Cp*H)]+, and proposed 

that PCET from the resulting weak C–H bond (bond dissociation free energy (BDFEC−H) 

< 29 kcal mol−1) enhances the rate of N–H bond formation in N2R catalyzed by iron 

complexes.29,53,54 However, HER from [Cp*Co(Cp*H)]+ by subsequent ET/PT steps is 

facile,55 limiting the extent to which this PCET catalyst platform can improve the overall 

selectivity for N2R over HER.29 This led to design of aniline-appended cobaltocene as a 

poor HER catalyst but effective PCET catalyst,51 including application to tandem 

electrocatalytic N2R at low overpotential.30  

Around the same time, studies from the groups of Flowers and Mayer provided 

evidence for PCET from SmI2•H2O in reduction of unsaturated hydrocarbons, aliphatic 

esters, and enamines.56–58 Estimates for the O–H BDFE of an ill-defined 

[Sm(THF)mIn(OH2)p]I2-n species ranged from 40 kcal mol−1 to as low as 26 kcal mol−1. The 

exceptionally low latter value, derived by Kolmar et al for Sm(OH2)n
2+ in water,58 provided 
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a rationalization for successful reductions of metal-nitride species by SmI2 in the 

presence of 1-10 equiv of H2O in THF to release NH3 via initial downhill PCET, when 

initial OSET would be uphill by as much as 1 V.33,59  

Against this backdrop, we envisioned the cycle for SmII-electrocatalyzed PCET in 

Figure 1.4. The SmII–EH state (where EH is H2O, an alcohol, or a secondary amide) could 

transfer 1H+/1e− to a substrate (e.g., M−NxHy) with a kinetic enhancement over the same 

net transformation via stepwise ETPT from the electrode/exogeneous acid. Faster PCET 

catalysis would be favored by a high affinity of EH for SmII.60,61 SmII–EH adducts are 

curiously stable with respect to HER,58,62 possibly because they do not readily undergo 

further reduction and protonation to access a kinetically facile monometallic HER 

mechanism. We therefore anticipated that Sm-mediated HER would not pose a problem.  

 

Figure 1.4: Turnover pathways for SmII–EH as a PCET catalyst. 

The key challenge in this proposed cycle was turnover of SmIII–E back to SmII–EH. 

Direct reduction of SmIII–E is very difficult due to the strongly donating anionic oxygen 

donor ligand (pathway i). Previous strategies for Sm catalysis used halosilanes to cleave 

alkoxides (OR−) from SmIII–OR as silyl ethers and generate a reducible SmX3 intermediate 
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(X = halide, pathway ii).63–67 However, to operate at the SmI3/SmI2 redox couple, an 

iodosilane or silyl triflate must be used,63 neither of which would be compatible with excess 

EH. While a less reactive chlorosilane would be less prone to hydrolysis, Sm has a higher 

affinity for chloride than iodide and thus SmCl3 would be the dominant SmIII species after 

a few turnovers. Reduction to SmCl2 would then require a much more negative applied 

potential (ca. −2.0 V), which ran counter to our goal of decreasing the overpotential of 

eN2R. 

We therefore focused on pathway iii, which hinged on identification of a terminal 

Brønsted acid (HA) that could protonate SmIII–E to access an easily reduced [SmIII–EH]A 

state. We knew that we would want to use the weakest possible acid, both to minimize 

ΔΔGf in eN2R applications and to avoid competing electrode-mediated HER at the potential 

necessary to generate the SmII state. However, the effect of coordination of strongly 

oxophilic SmIII on the nonaqueous acidity of polar protic ligands had not been 

quantitatively studied. Additionally, candidates for the conjugate base A−
 would have to be 

selected carefully to avoid competitive binding (and an associated cathodic shift to 

E(SmIII/II)) following PT.  

At this stage, the lack of robust thermodynamic information describing each of the 

steps in the targeted cycle prompted us to develop a well-defined model system to 

thermochemically benchmark ET, PT, and ligand association processes underlying SmII-

mediated PCET (Chapter 2).68 The key finding of this study was that the pKa of [SmIII–

O(R)H]+ is relatively unaffected by the supporting ligand environment in comparison to 

the highly sensitive SmIII/II reduction potential. According to eqn 1.3, it follows that PCET 

reagents based on SmI2 (E°(SmIII/II) −1.41 V) and a given EH are likely to have appreciably 
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higher BDFEs than the corresponding benchmarked adduct with the well-defined SmII 

complex (< 28 kcal mol−1), which has E°(SmIII/II) −2.43 V. Because a higher BDFE 

corresponds to lower driving force for N2R (eqn 1.4), this conclusion is consistent with our 

subsequent observation that the well-defined, low-BDFE SmII complexes outperformed 

SmI2-based PCET reagents in Fe-catalyzed N2R (Chapter 3),69 as the Fe catalyst generally 

requires higher driving force than Mo-based catalysts.15  

The benchmarking study also pointed to mild Brønsted acids as a means of cleaving 

alkoxides from problematic SmIII–OR intermediates that are generated as the byproduct of 

many other reduction reactions of SmI2 other than PCET. In collaboration with the 

Reisman group, this strategy was applied to SmI2-catalyzed ketone-acrylate coupling to 

form γ-lactones (Chapter 4).70 Lutidinium bis-triflimide (LutHNTf2) and either Zn0 or an 

applied electrochemical potential of −1.55 V carry out SmIII–OR protonolysis and 

reduction to regenerate SmI2 (pathway iii). This nearly thermoneutral turnover by net PCET 

is mild relative to the previous catalytic SmI2 system using Me3SiOTf as terminal oxophile, 

likely facilitating a comparatively broad substrate scope.63  

Despite this progress, the cycle in Figure 1.4 for SmII as a PCET catalyst remains 

elusive. However, a number of observations collected over the course of these studies, as 

well as a deepened appreciation for the mechanisms of SmI2 reduction reactions in organic 

synthesis, caused us to question whether PCET was the only possible explanation for the 

unusual activity of SmI2 in catalytic N2R. Specifically, we examined the alternative 

hypothesis that SmI2 could serve as an ISET catalyst in reduction of MNxHy intermediates.  
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1.5 SmII as an Inner-Sphere Reductant 

A SmIII/II reduction potential of ca. −1.5 V does not square with the observed high 

reactivity of SmI2 toward very weakly oxidizing functional groups in the absence of proton 

sources. For example, ET from SmI2 to benzophenone (E°(Ph2CO0/− = −2.30 V in THF) is 

uphill by 890 mV. Nevertheless, SmI2 reacts reversibly with Ph2CO to generate the 

corresponding ketyl radical. Hoz and coworkers measured the equilibrium constant for this 

reaction and concluded that strongly favorable coordination of Ph2CO•− to SmI2(THF)n
+ 

must supply the missing 20 kcal mol−1 of thermodynamic driving force.71  

Moreover, Skrydstrup and coworkers found that the rate of reduction of acetophenone 

by SmI2 is 9 orders of magnitude faster than the predicted rate of a 25.6 kcal mol−1 uphill 

OSET process from Marcus theory.41 Ketone reduction is therefore proposed to occur by 

an ISET mechanism in which coordination of the ketone to SmI2 induces ET via buildup 

of a favorable Smδ+–Oδ− interaction in the transition state. Subsequent examination of the 

ET mechanisms of various oxidants (aromatic and alkyl ketones, alkyl halides) with 

various SmII reductants (SmBr2, SmCl2, SmI2/HMPA adducts) by the groups of Flowers 

and Skrydstrup revealed that in virtually all cases, ISET enhancements should be invoked 

to explain the observed reaction rates,40,46,47 notably including the reduction of ketones and 

aldehydes by SmI2•H2O.57  
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Figure 1.5: ISET mechanism with SmI2 illustrated for (A) carbonyl reduction and 

(B) M-catalyzed N2R. 

Both SmIII and SmII are azaphilic,72 suggesting that reduction of M–NxHy intermediates 

by SmII species would likely occur by ISET. Indeed, in seminal work by Evans and 

coworkers, reversible binding of N2 to the organometallic SmII complex Cp*2Sm in 

noncoordinating solvent is accompanied by ET to form a N2
2− unit coordinated to the 

resulting SmIII centers in (Cp*2Sm)2(μ-η1-η1-N2).
73 The SmIII/II reduction potential of 

Cp*2Sm(THF)2 is only −2.12 V,39 and so a strong Smδ+–N δ− interaction must drive this 

ISET process. In Chapter 3, we observe favorable association between [SmIII]+ and [Fe]N2
− 

intermediates in Fe-catalyzed N2R,69 suggestive of ISET in the reduction of [Fe]N2 by the 

SmII complex. 

Building on studies of SmI2 as an ISET catalyst for reductive ketone-acrylate coupling 

(Chapters 4 and 5),45,63,70 we began formulating a priori design rules for SmI2 ISET 

catalysis in N2R. OH-based proton sources (and associated alkoxide or hydroxide poisons) 

can be omitted entirely. The Sm coordination sphere should be left as coordinatively 

unsaturated as possible to maximize affinity for M–NxHy. The proton source should be 

noncoordinating and capable of protonating the least basic M–NxHy intermediate. Based on 
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these strategies, in Chapter 6 we ultimately report eN2R cocatalyzed by PNPMoBr3 and 

SmI3(THF)n with 82% F.E. and  ΔΔGf 39 kcal mol−1.74 
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C h a p t e r  2  

SM(II)-MEDIATED PROTON-COUPLED ELECTRON TRANSFER: 

QUANTIFYING VERY WEAK N−H AND O−H HOMOLYTIC BOND 

STRENGTHS AND FACTORS CONTROLLING THEM 

Reproduced with permission from Boyd, E.A.; Peters, J. C. J. Am. Chem. Soc. 2022, 144, 

21337. doi: 10.1021/jacs.2c09580 

2.1 Introduction 

Samarium(II) diiodide (SmI2) is one of the most versatile and selective single-electron 

reductants currently available.1,2 The lability of ligands at the lanthanide center allows for 

facile variation of the reductant strength and steric profile of Sm(II) by in situ reaction of 

SmI2(THF)n with various additives.3–5 Additionally, the pronounced oxophilicity of 

samarium (and the lanthanides in general) affords SmI2 a strong thermodynamic bias for 

reactions that form SmIII−O bonds.6 The combination of these characteristics has resulted 

in the emergence of SmI2/alcohol adducts as reductive proton-coupled electron transfer 

(PCET) reagents. 

As illustrated in Figure 2.1A, the coordination of water (as well as alcohols, secondary 

amides, or ammonia, generally defined as EH) to SmI2 yields [SmII−EH] species capable 

of PCET (sometimes designated concerted proton-electron transfer (CPET)) to substrates 

for which initial electron transfer (ET) would be highly endergonic.7–13 Contrasting other 

strong reductive PCET reagents, and critical to their efficacy, [SmII−EH] adducts are 

curiously stable with respect to the hydrogen evolution reaction (HER).8 

While the reported PCET reaction profiles of SmII−EH reagents indicate that 

coordination to SmII results in highly significant O− or N−H bond weakening in EH, the 

ill-defined speciation of [SmII−EH] has hampered precise quantitation of this effect. For 
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example, the O−H bond dissociation free energy (BDFEO−H) of the aqueous Sm2+ ion, 

which can be formulated as Sm(H2O)n
2+, has been most recently estimated as 26 kcal mol−1 

by Kolmar and Mayer. However, the degree to which this value can be extended to widely 

used organic solvents (e.g., in THF, where [SmI2−n(THF)m(H2O)p]
n+ species will dominate) 

is unclear; BDFEs typically vary substantially among different complexes of a metal ion.14 

Mayer’s 2017 study indeed underscores this dilemma, pointing to the uncertainty in 

speciation and the insolubility of Sm(III) products as limits on a more precise 

thermodynamic evaluation of the BDFEO−H for Sm(II) in water/THF mixtures.8 Knowledge 

of such values is key to reliable benchmarking of PCET reagent strengths,14 estimation of 

chemical overpotentials,15 and evaluation of available mechanistic pathways.16 

The BDFEO−H of SmI2(H2O)n(THF)m has been alternatively constrained as less than or 

equal to the first BDFEC−H formed in substrates which it can successfully reduce, such as 

anthracene (∼39 kcal mol−1) or an enamine (∼31 kcal mol−1, see Figure 2.1A).7,8,10,11,17 

While a reasonable starting point, the possibility of an uphill initial PCET step cannot be 

discounted. The driving force for hydrogenation of an alkene substrate is defined by the 

average of the first and second BDFEC−H formed in the reduced substrate, as illustrated in 

Figure 2.1A. Therefore, reduction of anthracene to dihydroanthracene, for example, only 

allows reliable bracketing of the BDFEO−H of SmI2(H2O)n(THF)m to ≤ 54.2 kcal mol−1 

solely based on this thermodynamic argument.18,19 

An upper bound value can instead be estimated analytically based on a kinetic 

evaluation of PCET from SmI2(H2O)n(THF)m to an enamine substrate with BDFEC−H,1 = 

31 kcal mol−1.8 A hydrogenation mechanism composed of an initial CPET step (k1) 

followed by irreversible consumption of the radical intermediate by a second equivalent of 
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Sm(II) (k2) is shown in Figure 2.1A. Based on deuterium labeling studies, which indicate 

that the initial PCET step is irreversible under the reaction conditions,8 and by constraining 

k2 to values below the diffusion-controlled limit (∼109 M−1 s−1), an upper limit on k−1 is 

estimated to satisfy k2[SmII−OH2] ≫ k−1[SmIII−OH] at the lowest [SmII−OH2] obtained 

during the reaction.20 Combined with an approximate k1 based on the reported timescale of 

this conversion,8,20 we suggest that a reliably deduced conservative upper bound for the 

BDFEO−H of SmI2(H2O)n(THF)m is 42 ± 1 kcal mol−1. Relatedly, using pyrrolidinone 

(abbreviated herein as PH) instead of H2O as the SmII−EH reagent in the reduction of 

phenanthrene, we estimate a similar upper bound for the BDFEN−H inSmI2(PH)n(THF)m as 

41 ± 1 kcal mol−1.10 A detailed discussion of these estimates is provided in the Supporting 

Information. 
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Figure 2.1: Quantification of coordination-induced bond weakening at SmII.7,8 

While these upper bound estimates are fully consistent with strong EH activation on 

binding to Sm(II), as yet it is not, from available data at least, possible to discern how close 
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they truly are to the 26 kcal mol−1 estimate most recently provided. Given the broad and 

growing utility of SmII−EH reagents, and the associated importance of correlating their 

BDFEE−H values with their reactivity profiles,21–23 a more quantitative evaluation of SmII-

induced bond weakening is desirable. 

To address this challenge, we study a [SmII−EH] subunit within the bulky, strongly 

chelating supporting ligand (tBu2ArOH)2Me2cyclam (1,8-bis(2-hydroxy-3,5-di-tert-butyl-

benzyl)-4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane) reported by Maria et al. (Figure 

2.1B).24,25 As we show, well-behaved electrochemistry and speciation for this system 

enables reliable determination of very low BDFEX−H values(< 28 kcal mol−1) for two 

kinetically stable [SmII−EH] adducts, and we provide evidence and associated arguments 

to suggest that these values are likely appreciably lower than those for SmI2 in THF in the 

presence of related proton donors. The present model system hence provides a robust 

benchmark for considering SmII−EH BDFEs more broadly. Additionally, the chemistry 

described points to the future possibility of using such systems to drive electrocatalytic 

reductions with Sm via PCET processes. 

2.2 Results and Discussion 

2.2.1 Redox Chemistry of SmII 

Electrochemical reduction of SmIII to SmII has not been widely explored. For SmI3 in 

particular, cases in which it has been demonstrated have required nontraditional electrodes 

(e.g., Sm metal) and electrolytes (e.g., ionic liquids).26,27 However, several SmIII complexes 

supported by bulky multidentate ligands exhibit reversible electrochemical reduction under 

more typical conditions.28,29 Cyclic voltammetry (CV) experiments were therefore 
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undertaken to evaluate the facility of SmIII/II redox cycling with the 

(tBu2ArO)2Me2cyclam ligand (Figure 2.2).  

Oxidation of the ((tBu2ArO)2Me2cyclam)SmII complex SmII with one equivalent of 

thallium hexafluorophosphate yields a pale yellow species with heteronuclear NMR 

signatures consistent with its assignment as cationic [SmIII]PF6 (Figure 2.2), a PF6− 

analogue of the known salt [SmIII]BPh4.
25 The CV of [SmIII]PF6 in DME (0.2 M 

nBu4NPF6) on a glassy carbon electrode reveals a reversible 1e− reduction at −2.43 V vs 

Fc+/0 (Figure 2.2, blue trace) assigned as the SmIII/II couple. SmII exhibits a nearly identical 

couple at −2.45 V vs Fc+/0 (Figure 2.2, green trace), supporting assignment of this wave to 

a SmIII/II redox process. Both SmII and [SmIII]PF6 display peak-to-peak separations smaller 

than that of the Fc+/0 wave under the same conditions, indicative of facile heterogeneous 

ET kinetics. The reduction potential of cationic [SmIII]PF6 is 170 mV positive of the neutral 

tris-aryloxide SmIII complex reported by Meyer and co-workers.28 
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Figure 2.2: Chemical and electrochemical conversion between SmII and 

[SmIII]PF6. CVs of SmII (green, 1 mM) and [SmIII]PF6 (blue, 1 mM) were 

recorded at 100 mV s−1 in DME containing 0.2 M nBu4NPF6 with a glassy carbon 

working electrode, platinum wire counter, and a Ag+/0 pseudoreference electrode.  

2.2.2 PCET Reactivity of SmII 

To evaluate the ability of SmII to mimic the PCET reactivity observed with SmI2, we 

explored its behavior in the presence of protic ligands. The addition of one equivalent of 

2-pyrrolidinone (PH) to SmII in benzene results in a color change from brown to green, 

consistent with the coordination of PH to SmII to generate a SmII-PH species.25 The 

solution fades to colorless over the course of ca. 3 days, producing H2 and the oxidized, 

deprotonated SmIII−pyrrolidinonate complex SmIII-P in moderate yield (see Appendix 

A3.3).  
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Figure 2.3: Reactivity of SmII-PH and SmII-MeOH with trans-stilbene to 

generate SmIII-P and SmIII-OMe. 

Alternatively, SmII-PH reacts instantaneously with 0.5 equivalents of the styrenyl 

substrates trans-stilbene, 1,1-diphenylethylene (DPE), and tetraphenylethylene to generate 

hydrogenated products in 83−92% yields (see Figure 2.3 and Appendix A). Complex 

SmIII-P, the product of net H• release, was isolated as a colorless solid from the reaction of 

SmII-PH with excess styrene. Its solid-state crystal structure (Figure 2.4) reveals a seven-

coordinate SmIII center in which the pyrrolidinonate ligand binds κ2 and one of the cyclam 

amine groups is dissociated. Similar flexibility of this ligand has been observed in its 

complexes of Yb.24 Diffusion ordered spectroscopy (DOSY) suggests that SmIII-P remains 

monomeric in the solution phase (Appendix A3.5). 
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Figure 2.4: Solid-state structures of SmIII-P and SmIII-OMe with thermal 

ellipsoids set at 50% probability. Hydrogen atoms and co-crystallized solvents are 

omitted for clarity. 

Replacing PH with MeOH results in analogous reactivity. In benzene, the green SmII-

MeOH adduct evolves H2 over the course of ca. 3 days. Alternatively, it can be intercepted 

by the styrenyl substrates trans-stilbene, DPE, and tetraphenylethylene to yield 

hydrogenated products in high conversion (see Appendix A3.3). In all cases, the colorless 

SmIII−OMe complex SmIII-OMe is obtained (Figure 2.4). Single crystals of SmIII-OMe 

were obtained from the reaction of SmII-MeOH with trans-stilbene. In the solid state, 

SmIII-OMe is six-coordinate with one of the cyclam amine donors dissociated as in its 

pyrrolidinonate analogue SmIII-P. 
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2.2.3 Electrochemical PCET with [SmIII-PH]+ 

The well-behaved electrochemistry of [SmIII]PF6 is conserved upon coordination of 

PH. Addition of up to 30 equivalents of PH causes the SmIII/II couple of [SmIII]PF6 to shift 

cathodically, but the wave remains reversible (red trace in Figure 2.5). This response 

suggests that PH coordinates to the SmIII center of [SmIII]PF6 to form a more electron-rich 

[SmIII-PH]+ adduct that is reduced to SmII-PH at −2.58 V vs Fc+/0. The reversibility of the 

wave is consistent with the observed kinetic stability of SmII-PH. Similar behavior is 

observed with the aprotic N-methylpyrrolidinone (PMe) analogue of PH, and a reversible 

SmIII/II couple for the [SmIII-PMe]+ adduct is assigned at −2.61 V vs Fc+/0 (yellow trace).   
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Figure 2.5: CVs of [SmIII]PF6 (1 mM) in the presence of combinations of PH (30 

mM), PMe (30 mM), and/or DPE. The concentration of DPE is 20 mM in the blue 

trace and ranges from 20 to 160 mM in the purple traces. CVs were recorded at 

100 mV s−1 in DME containing 0.2 M nBu4NPF6 with a glassy carbon working 

electrode, platinum wire counter, and Ag+/0 pseudoreference electrode. The inset 

shows the plots used to extract the KIE for the reaction of SmII-PH with DPE. 
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Addition of DPE to [SmIII]PF6 or to [SmIII-PMe]+ does not significantly perturb 

their respective SmIII/II couples (blue and green traces), indicating that neither SmII nor the 

more reducing SmII-PMe reacts irreversibly with DPE on the CV timescale. However, 

addition of 20 equivalents of DPE to [SmIII-PH]+ (purple trace) results in loss of 

reversibility in the SmIII/II couple. These data show that the presence of an N−H (instead of 

N−Me) bond in the electrochemically generated SmII-PH adduct facilitates its reaction 

with DPE. 

Analysis of the evolution of the cathodic peak potential Ep,c with the scan rate enables 

extraction of the observed rate constant k+ for the reaction of SmII-PH with DPE under 

pseudo-first-order conditions (see Appendix A5.1).30 The observed rate constant k+ 

increases linearly with increasing concentration of DPE (Figure 2.5 inset). The proton-

coupled reduction of DPE by SmII-PH is therefore first order in the substrate with a rate 

constant of 44 M−1 s−1. Repeating this measurement with 2-pyrrolidinone-d1 gives a kH/kD 

ratio of 2.3. This kinetic isotope effect is similar to the value of 2.1 reported for PCET from 

SmI2/H2O to anthracene that has been assigned as concerted.7 We note that a stepwise 

mechanism in the present case, comprising an uphill initial ET step followed by fast PT, 

cannot be discounted because of the very negative reduction potential of SmII-PH. 

2.2.4 Thermochemical Estimates 

The reactivities of SmII-PH and SmII-MeOH are suggestive of coordination-induced 

bond weakening akin to that observed with SmI2 and alcohol or amide ligands.7–10 As 

discussed above, ill-defined SmI2/alcohol mixtures are not conducive to quantitative 

measurements of coordination-induced bond weakening at SmII owing, for example, to ill-

defined speciation and solubility issues. The comparatively tractable system SmII-PH 

provides a platform to directly interrogate this issue. Accordingly, the BDFEN−H of SmII-
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PH was determined using the thermodynamic cycle highlighted in purple in Figure 2.6, 

which requires determination of the SmIII/II reduction potential and the pKa of [SmIII-PH]+. 

 

Figure 2.6: Summary of thermochemical cycles and equations with PH as the 

proton source. 
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We have collected all thermochemical data in acetonitrile because of the availability 

of reliable thermodynamic parameters and pKa scales in this solvent.14,31 The crystal 

structure of [SmIII]BPh4 obtained from an MeCN solution contains bound MeCN, and 

NMR data are consistent with MeCN coordination in the solution phase to form a [SmIII-

NCMe]+ adduct.25 The CV of [SmIII-NCMe]PF6 in MeCN (0.1M nBu4NPF6) is reversible 

with E1/2(SmIII/II) = −2.51 V vs Fc+/0 (Figure 2.7, blue trace). Titration of [SmIII-NCMe]PF6 

with PH results in a negative shift in the cathodic wave, consistent with the displacement 

of MeCN by the more strongly donating amide. The CV profile remains unchanged past 

15 equiv PH, suggesting that all of [SmIII]PF6 is ligated by PH at this concentration. 

Increasing the concentration of PH also results in some loss of reversibility which may be 

attributed to the reduction of acetonitrile solvent by SmII-PH.32 However, there is a slight 

anodic return wave which becomes more pronounced at faster scan rates. This feature was 

used to estimate the E1/2(SmIII/II) of [SmIII-PH]+ as −2.61 V vs Fc+/0 in MeCN. 
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Figure 2.7: CV titration of the SmIII cation [SmIII-NCMe]PF6 (1 mM, blue trace) 

with PH (1−15 equiv) at 100 mV s−1 in CH3CN containing 0.1 M nBu4NPF6 with 

a glassy carbon working electrode, platinum wire counter, and Ag+/0 

pseudoreference electrode. 

The pKa of [SmIII-PH]+ was measured using 1H NMR spectroscopic titration 

measurements. Addition of three equivalents PH to [SmIII-NCMe]PF6 in CD3CN generates 

[SmIII-PH]+ in situ (see Appendix A6). The equilibrium binding constant for the formation 

of [SmIII-PH]+ was determined to be (1.7 ± 0.7) ×103 (eqn 2.4 in Figure 2.8). [SmIII-PH]+ 

establishes a rapid proton-transfer equilibrium with the base 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU) to form SmIII-P and [DBUH]+ (pKa = 24.3 in CH3CN31; Figure 2.8, eqn 2.5). 

Analysis of the chemical shifts of the equilibrium mixture (Appendix A6) yields the desired 

pKa of [SmIII-PH]+ as 25.4 ± 0.2. Control reactions between DBU and [SmIII-NCMe]PF6 

or a mixture of [SmIII-NCMe]PF6 and PMe revealed no interaction between these reagents 

in the absence of an acidic proton, ruling out DBU coordination as a competitive pathway. 
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With these data, along with the value of CG in CH3CN (52.6 kcalmol−1),14 the 

experimental BDFEN−H of SmII-PH is determined from eqn 2.1 in Figure 2.6 to be 27.2 ± 

0.3 kcal mol−1. 

 

Figure 2.8: Equilibria relevant to pKa determinations. 

The BDFEO−H of SmII-MeOH could not be determined with eqn 2.1 because a SmIII/II 

couple could not be definitively assigned for [SmII-MeOH]+. To reliably estimate 

BDFEO−H for the MeOH adduct of SmII, we employed the alternative thermodynamic cycle 

highlighted in purple in Figure 2.9 and represented by eqn 2.9. In CD3CN, binding of 

MeOH to [SmII-NCMe]PF6 is negligible. The effective pKa of [SmII-NCMe]PF6 in the 

presence of MeOH (pKa,eff) was therefore determined by titration measurements. Addition 

of diisopropylamine (pKa =18.8 in CH3CN)31 or quinuclidine (pKa = 19.7 in CH3CN) to a 

mixture of [SmIII]PF6 and MeOH results in 1H NMR shifts attributed to the proton-transfer 

equilibria in eqns 2.6 and 2.7 shown in Figure 2.8. The desired pKa,eff value for the 
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combination of [SmIII-NCMe]PF6 and MeOH can be extracted from either reaction as 

19.9 ± 0.2 (see Appendix A6). As with DBU, neither amine interacts with [SmIII-

NCMe]PF6 in the absence of MeOH. 

 

Figure 2.9: Summary of thermochemical cycles and equations with MeOH as the 

proton source. 

The binding affinity of MeOH to SmII (ΔG°Sm(II)‑MeOH) is bracketed by cross-reference 

to the cycle highlighted in green in Figure 2.6 for the affinity of PH to SmII (ΔG°Sm(II)‑PH; 
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eqn 2.2). Because MeOH has a lower affinity for Sm(II) compared to PH, ΔG°Sm(II)‑MeOH 

must be more positive (i.e., ΔG°Sm(II)‑MeOH > −2.1 kcal mol−1; eqn 2.8). A reliable upper 

limit of ≤ 24.1 kcal mol−1 is therefore determined for the BDFEO−H of SmII-MeOH. 

2.2.5 Origins of Bond Weakening 

Coordination of PH or MeOH to SmII yields two of the strongest reductive PCET 

reagents whose BDFE values have been systematically characterized.14,33,34 The N−H bond 

in SmII-PH is weakened by ca. 69 kcal mol−1 from that of free PH,10 which for comparison 

is 13 kcal mol−1 more weakened than the N−H bonds in a MoI−NH3 complex previously 

described by Chirik and co-workers as a fascinating example of dramatic coordination-

induced bond weakening.35,36 Similarly, O−H bond weakening in SmII-MeOH is more 

pronounced than that in Cp2Ti(OH2) complexes by at least ∼10 kcal mol−1.14,37,38 The 

magnitude of the BDFEN−H of SmII-PH is also 10 kcal mol−1 weaker than the N−H bond 

we have measured for N,N-dimethylanilinium-appended cobaltocene, which contained the 

weakest experimentally determined BDFEN−H that had been reported to date.39 

It is instructive to next consider the origins of the dramatic bond weakening 

determined herein. First, we note that the bulk of the difference in BDFEN−H between free 

pyrrolidinone and SmII-PH is independent of coordination. Bond weakening can be 

regarded as an increased capacity to give up H•, or equivalently, a proton and an electron. 

For example, homolytic cleavage of the N−H bond in PH is thermodynamically equivalent 

to deprotonation to form pyrrolidinonate, followed by oxidation. Coupling deprotonation 

of PH to facile oxidation of any strong reductant such as SmII is thermodynamically much 

more favorable. This is formalized by defining the “effective” BDFE, BDFEeff, which 

describes the net removal of H• from a noninteracting combination of reductant and acid 
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(eqn 2.11). The BDFEeff of the SmII/EH combinations explored here can be determined 

by the insertion of the reduction potential of [SmIII-NCMe]PF6 (−2.51 V) and the pKa of 

PH (estimated as 37 in CH3CN)40,41 or MeOH (∼39)42 into eqn 2.11 to yield values of 45 

and 48 kcal mol−1 for SmII/PH and SmII/MeOH, respectively. These values represent bond 

weakening of ∼50 kcal mol−1 compared to free PH and MeOH. The same values could be 

obtained with PH or MeOH and any reductant with E° ≈ −2.5 V. 

 

However, unlike some PCET reagents composed of synthetically linked but 

electronically decoupled ET and PT mediators,39,43 there is a significant difference between 

the BDFEeff and BDFEX−H values for SmII/PH and SmII/MeOH. As laid out in eqns 2.11-

2.13, the difference, ΔBDFE, can be decomposed into the binding energy of EH to Sm(II) 

(ΔG°Sm(II)−EH) and the affinity of E− for Sm(III)+ (ΔG°Sm(III)−E). A larger ΔBDFE is obtained 

with a weaker SmII−EH association (more positive ΔG°Sm(II)−EH) and a stronger SmIII−E 

interaction (more negative ΔG°Sm(III)−E). 

Because ΔG°Sm(II)−EH is estimated to be close to thermoneutral for the systems 

described here (−2.1 kcal mol−1 and > −2.1 kcal mol−1 for PH and MeOH binding to SmII, 

respectively), the SmIII−E interactions dominate the ΔBDFE. ΔG°Sm(III)−E values were 
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determined using the orange-highlighted thermodynamic cycles and eqns 2.3 and 2.10 

in Figures 2.6 and 2.9 as −20 kcal mol−1 for SmIII-P and −26 kcal mol−1 for SmIII-OMe. 

The stronger affinity of OMe− for SmIII results in the slightly lower BDFEO−H of SmII-

MeOH, despite the SmII/MeOH pair having the higher BDFEeff because of the somewhat 

weaker acidity of MeOH compared to PH. Rational modulation of the BDFE of [SmII−EH] 

species based on the pKa of free EH is therefore not straightforward, as the SmIII binding 

affinities of different E− anions are not readily predictable. 

An alternative strategy for BDFE weakening that emerges from eqn 2.12 is to decrease 

the affinity of EH for SmII. This conclusion is somewhat counterintuitive; indeed, while 

MeOH has a lower affinity for SmI2 in THF than H2O, SmI2 is more prone to PCET 

reactivity in the presence of H2O than MeOH despite the likely similarity in ΔG°Sm(III)−E 

for methoxide and hydroxide. We attribute this discrepancy to two possible origins: first, 

if EH is such a poor donor ligand that a [SmII−EH] complex forms only in a very low 

equilibrium concentration, PCET (which typically requires pre-association of at least two 

components of the reaction) cannot occur at appreciable rates. Second, EH with lower 

affinity for SmII typically produces a less pronounced cathodic shift in SmIII/II reduction 

potential.4 This effect is likely to counteract a more positive ΔG°Sm(II)−EH in eqns 2.11 and 

2.12 (vide infra), resulting in a smaller degree of net bond weakening, further illustrating 

the complex interdependence of parameters that determine the BDFEX−H of [SmII−EH] 

reagents. 

2.2.6 Implications for SmI2-Based PCET Reagents 

Because the saturated coordination sphere of [SmII-PH] is unlikely to vary between 

THF and MeCN solvents, the BDFEN−H of SmII-PH is expected to be very similar in these 

two solvents.14 This assumption enables comparison of the BDFEN−H of SmII-PH 
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determined here as 27.2 kcal mol−1 to the reported BDFEN−H of the PH adduct of SmI2 

in THF (SmI2(THF)n(PH)m, 25.3 kcal mol−1),10 suggesting that the BDFEX−H of [SmII−EH] 

species is nearly invariable with the coordination sphere of SmII. However, as laid out in 

the introduction, the known PCET reactivity of SmI2(THF)n(PH)m could still be accessed 

with a BDFEN−H as high as 41 kcal mol−1, leading to the inverse conclusion that [SmII−EH] 

BDFE’s are highly sensitive to supporting ligands. In this section, we reason that the latter 

conclusion is more likely. 

The oxidation of SmI2 shifts negative by up to 0.77 V in THF with the addition of 

excess PMe.4 As shown in Figure 2.5, PMe and PH coordination have similar effects on 

the SmIII/II reduction potential of [SmIII]PF6. The SmIII/II reduction potential of 

SmI2(THF)n(PH)m can therefore be approximated as ∼−2.2 V vs Fc+/0,44 0.4 V positive of 

that of SmII-PH (−2.58 V vs Fc+/0 in DME). The relationship between BDFEX−H and E° 

varies dramatically across different classes of metal-bound ligands. For example, for a 

series of [CuII−OH2] complexes with varied electron donating/withdrawing properties in 

the supporting ligand backbone, a 0.38 V increase in E° is offset by a decrease in pKa such 

that the BDFEO−H of the aquo ligand increases by only 3 kcal mol−1.45 By contrast, the 

BDFEN−H of a RuII-bound imidazole fragment increases by almost 18 kcal mol−1 with the 

incorporation of electron-withdrawing groups in the ancillary ligands that shift E° positive 

by 0.93 V but have virtually no effect on the pKa.
46 

We posit that the pKa of a [SmIII−EH]+ complex is unlikely to depend strongly on the 

supporting ligands (consequently, BDFEX−H should most strongly correlate with 

E°(SmIII/II)). For a given EH, the pKa of [SmIII−EH]+ is dictated by the binding energy of 

EH to Sm(III)+ (ΔG°Sm(III)−EH) and the affinity of E− for Sm(III)+ (ΔG°Sm(III)−E) (e.g., eqn 
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2.3). When the former becomes more favorable, the pKa increases. It seems unlikely that 

a Sm(III)+ complex with a bulky, strongly chelating ligand (e.g., [SmIII]PF6) would have a 

higher affinity for EH than a complex with more labile monodentate ligands 

(e.g.,SmI2(THF)n(PH)m), so the predominant mechanism by which increasing E° could be 

counterbalanced by decreasing pKa correlates with the variation of ΔG°Sm(III)−E. 

Farran and Hoz measured the strength of ΔG°Sm(III)−E between [SmI2(THF)n]
+ and the 

benzophenone ketyl radical anion (Ph2CO•−) as −19 kcal mol−1 based on inner-sphere ET 

equilibria.6 We therefore sought to access this value with [SmIII]+ in order to make a direct 

comparison of ΔG°Sm(III)−E values for the same SmIII−alkoxide fragment in these 

dramatically different coordination spheres. 

Reduction of benzophenone by SmII is downhill even in the absence of additional 

driving force from alkoxide binding (ΔE°= 150 mV in DME). Accordingly, the addition of 

1 equiv of benzophenone to 1 mM SmII in DME containing 0.2 M nBu4NPF6 results in an 

immediate color change from dark green to dark purple. The open circuit potential of the 

solution shifts from −2.5 to −1.7 V vs Fc+/0. Sweeping positive from open circuit reveals 

an irreversible anodic wave with Ep,a =−1.62 V vs Fc+/0 (Figure 2.10A, red trace). The same 

wave is present in the CV of 1 mM [SmIII]PF6 with 1 equiv of benzophenone (Figure A31). 

In both systems, the anodic wave shifts positive and gains reversibility with increasing 

benzophenone concentration. Beyond 10 mM benzophenone, the shift in E1/2 is linear with 

log([benzophenone]) with a slope of 60.8 mV/dec (Figure 2.10A). 
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Figure 2.10: (A) CV titration of the SmIII-ketyl adduct SmIII-OCPh2
• (1 mM) with 

benzophenone (1−200 equiv) and plot of E1/2 as a function of benzophenone 

concentration fitting eqn 2.14. CVs are recorded at 100 mV s−1 in DME containing 

0.2 M nBu4NPF6 with a glassy carbon working electrode, platinum wire counter, 

and Ag+/0 pseudoreference electrode. (B) Thermochemical cycle used to 

determine ΔG°Sm(III)−E for SmIII-OCPh2
• and comparison with ΔG°Sm(III)−E 

reported for the analogous SmI2-based species,6 which we represent for simplicity 

as I2(THF)nSm−OCPh2
•. 
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These data are consistent with the assignment of the new anodic feature to the 

oxidation of a SmIII−OCPh2
• species (SmIII-OCPh2

•) generated in situ from the reaction of 

SmII and benzophenone (Figure 2.10B, eqn 2.15). The oxidation is coupled to 

benzophenone dissociation. At high [benzophenone], the reverse process becomes fast, 

giving rise to the return cathodic wave corresponding to benzophenone coordination and 

reduction. In this concentration regime, the system can be approximated as Nernstian and 

is described by eqn 2.14. 

The intercept of the plot of log([benzophenone)] vs E1/2 provides E° for the net 

equilibrium process as −1.52 V vs Fc+/0. Using the Hess cycle in Figure 2.10B and eqn 

2.16, the summation of this reaction with the reduction of benzophenone (−2.28 V vs Fc+/0 

in DME with 0.2 M nBu4NPF6 on glassy carbon, Figure A30) predicts ΔG°Sm(III)−E for 

SmIII-OCPh2
• as −17.5 kcal mol−1. The SmIII−alkoxide interaction strengths in SmIII-

OCPh2
• and the analogous SmI2-based species, formulated for simplicity as 

I2(THF)nSm−OCPh2
•, are therefore of very similar magnitude, despite the 1 V difference 

in the reduction potential of the SmII reagents. Furthermore, while the simplified 

representation of I2(THF)nSm−OCPh2
• does not account for any rapid dimerization or 

ligand scrambling equilibria that might occur at this state, these processes (if they exist) 

are contained in the reported ΔG°Sm(III)−E value, leading to a possible overestimation of the 

interaction strength (more negative ΔG°Sm(III)−E). Because the much less labile coordination 

sphere of SmII makes it less prone to such stabilizing equilibria, the ΔG°Sm(III)−E for the two 

[SmIII−OCPh2
•] species may be even more comparable. 

Based on this comparison, we extrapolate that P− should have a similar affinity for 

[SmIII]+ and [SmI2(THF)n(PH)m−1]
+, implying that the difference in reduction potentials 
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between SmII-PH and SmI2(THF)n(PH)m is unlikely to be canceled out by an opposite 

difference in pKa. This conclusion is consistent with evidence suggesting that SmBr2, a 

substantially stronger reductant than SmI2, induces greater O−H bond weakening in 

THF/H2O mixtures.47 As a result, we suspect that the BDFEN−H of SmI2(THF)n(PH)m is 

closer to 35 than 25 kcalmol−1. Importantly, this analysis does not account for additional 

driving force for the loss of H• from SmI2(THF)n(PH)m gained from oligomerization or 

precipitation. However, it does motivate further development of [SmII−EH]-based PCET 

reagents whose BDFEX−H values can be tuned by E°. 

2.2.7 Considerations for Sm-Mediated Electrocatalysis 

Despite the versatile role Sm-mediated reductions serve in synthesis, such systems to 

date have overwhelmingly required the use of stoichiometric equivalents of Sm. The 

thermochemical studies presented above traverse the hypothetical steps needed to 

electrochemically regenerate [SmII−EH] from [SmIII−E] (Figure 2.11). PCET from SmII-

PH (step 1) generates SmIII-P, which is monomeric and soluble in organic solvents, unlike 

the multimeric [SmIII−E] products obtained from SmI2/EH in the absence of a bulky 

supporting ligand.15 SmIII-P can be reversibly protonated by [DBUH]+ in MeCN to 

generate [SmIII-PH]+ (step 2). This demonstration of selective proton transfer to 

SmIII−alkoxides is of particular note, as the cleavage of strong f-element-oxygen bonds has 

been cited as the primary barrier to many possible catalytic transformations.48 Finally, the 

chelating ligand supports reversible electrochemical reduction back to the SmII state SmII-

PH (step 3). 
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Figure 2.11. Steps demonstrated in a hypothetical Sm-mediated electrocatalytic 

PCET cycle. 

Attempts to integrate the individual steps in Figure 2.11 into a one-pot electrocatalytic 

reaction have thus far been unsuccessful because of rapid electrode-mediated HER with 

the acids used in the protonation step ([DBUH]+, alkylammoniums) at the negative 

potentials required to access the relevant SmIII/II couples. Identification of an electrode/acid 

combination with slow electrode-mediated HER kinetics (while retaining rapid SmIII/II 

heterogeneous electron transfer kinetics) is hence desirable toward realizing Figure 2.11. 

However, we note that the generation of species with BDFEX−H < 28 kcal mol−1 by 

successive protonation and electrochemical reduction steps necessitates holding the 

electrode at a > 1 V overpotential relative to the thermodynamic HER potential of the 

required acid. Few acids circumvent electrode-mediated HER at such high overpotentials.49 

Therefore, tuning the BDFEX−H of the [SmII−EH] species to somewhat higher values (> 30 
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kcal mol−1) may be prudent to expand the acid and electrode combinations that could 

serve to regenerate the PCET donor without substantial background HER.39 

2.3 Conclusions 

To close, the ((tBu2ArO)2Me2cyclam)SmII complex SmII binds 2-pyrrolidinone or 

MeOH to generate remarkably strong sources of H•. The well-defined nature of these 

complexes, as well as their oxidized and deprotonated congeners, enables direct 

measurement of thermodynamic parameters necessary to reliably estimate their BDFEX−H 

values as 27.2 kcal mol−1 and < 24.1 kcal mol−1, and we provide evidence and arguments 

to suggest that these values are likely appreciably weaker than those derived from SmI2 in 

THF in the presence of related proton donors. Nevertheless, these complexes cement the 

view that SmII coordination induces the most significant bond weakening reported to date. 

The origins of this effect lie in the reductant strength of SmII and in the very strong 

SmIII−alkoxide (or −pyrrolidinonate) interactions in the net PCET products. While SmIII/II 

redox potentials vary dramatically with the donor strength of ancillary ligands, we 

demonstrate that predominantly ionic SmIII−alkoxide bond strengths are relatively 

insensitive to the makeup of the inner coordination sphere, pointing to strategies for 

rationally tuning [SmII−EH] BDFE values via E°. The detailed thermochemical description 

of electron, proton, and hydrogen atom transfer at samarium presented in this chapter 

serves as the foundation for development of samarium-mediated (electro)catalysis with 

applications to organic synthesis and small-molecule reduction described in the following 

chapters. 
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C h a p t e r  3  

HIGHLY SELECTIVE FE-CATALYZED NITROGEN FIXATION TO 

HYDRAZINE ENABLED BY SM(II) REAGENTS WITH TAILORED 

REDOX POTENTIAL AND PKA 

Reproduced in part with permission from Boyd, E.A.; Peters, J. C. J. Am. Chem. Soc. 

2023, 145, 14784. doi: 10.1021/jacs.3c03352 

3.1 Introduction 

The field of molecular N2 reduction (N2R) catalysis has proliferated in the decades 

following Chatt’s early discovery that transition metals (e.g., Mo/W) could facilitate the 

reductive protonation of coordinated N2.
1,2 Schrock’s 2003 report of a mechanistically 

well-defined synthetic Mo catalyst for N2-to-NH3 conversion invigorated interest.3 New 

Mo catalysts,4 catalysts featuring other metals (e.g., Fe),5 and the development of varied 

reaction conditions combined with the low-temperature characterization of highly reactive 

M−NxHy species, alongside studies of their independent reactivity patterns, have 

significantly broadened our understanding of factors that underpin N2R by synthetic 

coordination complexes.2 Figure 3.1 summarizes the distal, alternating, and “hybrid” 

mechanisms that have been widely considered for N2R to NH3 and/or hydrazine (N2H4).
6–

8 

https://doi.org/10.1021/jacs.3c03352
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Figure 3.1: Distal, alternating, and hybrid mechanisms of N2R. 

These advances notwithstanding, the catalytic 4H+/4e− reduction of N2 to N2H4 

remains underdeveloped by comparison with N2-to-NH3 conversion. In previous work, 

Shilov and co-workers reported a variety of group V and VI metal salts acting as catalysts 

for N2R under high pressure and strongly reducing, alkaline conditions, with impressive 

turnover numbers, electron efficiency, and selectivity for N2H4;
9,10 however, the ill-defined 

nature of these systems limited mechanistic understanding. Relatedly, while the vanadium-

dependent nitrogenase enzyme produces some N2H4, the origin of this selectivity is 

unknown.11 Even among well-defined N2R catalysts that show moderate to high N2H4 

selectivity,12–15 present understanding of factors that favor N2H4 over NH3 is limited.16 

With NH3 and N2H4 emerging as prospective zero-carbon fuel alternatives in light of the 

energetic and infrastructural challenges associated with compression, storage, and transfer 

of hydrogen fuel,17–19 delineating factors that dictate N2H4 versus NH3 catalytic selectivity 

is of considerable interest. 

A key metric in fuel synthesis is overpotential (η) or the excess energy input (in the 

form of chemical reagents, applied electrochemical potential, photochemical irradiation, or 
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temperature and pressure) beyond the thermodynamic standard-state potential of a 

reaction required to achieve an appreciable reaction rate. Eqns 3.1−4 define the 

overpotential for generation of NH3, N2H4, or their protonated forms as a function of the 

applied potential (Eapp) and the acid strength (pKa) of a reaction system in acetonitrile at 

room temperature.20 Despite significant progress in catalyst and conditions 

development,2,21–23 N2-to-NH3 reduction systems still suffer from high η. As N2H4 is 

produced industrially via the oxidation of NH3,
24 the overpotential for its generation is in 

turn gated by the efficiency of NH3 synthesis. Based on the N2R reaction mechanisms laid 

out in Figure 3.1, tailoring systems to favor direct N2-to-N2H4 conversion represents a 

promising strategy for decreasing the overpotential of hydrazine synthesis, necessitating 

studies to control N2R product selectivity. 

𝜂NH3
= +0.04 − 0.059(p𝐾𝑎) − 𝐸appl  (3.1) 

𝜂N2H4
= −0.40 − 0.059(p𝐾𝑎) − 𝐸appl  (3.2) 

𝜂NH4
+ = +0.36 − 0.079(p𝐾𝑎) − 𝐸appl  (3.3) 

𝜂N2H4
+ = −0.15 − 0.074(p𝐾𝑎) − 𝐸appl  (3.4) 

The first step in each N2R mechanism is the reductive protonation of N2 to form an 

“NNH” intermediate (Figure 3.1). This step is energetically challenging, even in the 

presence of a metal catalyst, and sets the required acid and reductant strength for several 

catalyst systems.25,26 Importantly, NH3 and N2H4 are both possible products downstream 

of this limiting step. However, because NH3 is the thermodynamic product, examination 

of eqns 3.1−4 reveals that N2R selective for N2H4 with a given source of hydrogen atom 

equivalents operates at an intrinsically lower η than if it were selective for NH3.
20,27 
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Restated, hydrazine as a product of N2R makes more efficient use of the upfront energy 

cost paid to activate N2 toward any fixed-N product. 

Our laboratory recently discovered that blue light irradiation of N2R catalyzed by a 

tris(phosphino)borane iron complex (Fe+, see Figure 3.2 for structure), with 

decamethylcobaltocene (Cp*2Co) as the reductant (E°(CoIII/II) = −1.9 V vs Fc+/0 in 

MeCN)28 and anilinium acids (pKa ≤ 10.6 in MeCN),29 results in some selectivity for N2H4 

(1:2.3 N2H4:NH3).
16 In the dark, this catalysis almost exclusively produces NH3 (Figure 

3.2, upper pathway).16 One rationalization for this observation is that the selectivity change 

arises from a photochemically generated excited state of a hydrazido(2−) intermediate 

FeNNH2* that features increased spin density at the proximal nitrogen (Nα) relative to its 

ground state, arising from the increased population of an Fe−N π antibonding orbital and 

poorer overlap in Fe−N π bonding orbitals. This manifests in the partial bending of the 

hydrazido ligand, which would give rise to higher corresponding reactivity of Nα via H+ or 

H• transfer, leading toward N2H4 generation. By contrast, the ground state of FeNNH2 is 

protonated by relatively strong acids at the distal nitrogen (Nβ) to release NH3.
16,30 
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Figure 3.2: Selectivity of catalytic N2R with Fe dependent on reagent 

thermodynamics.31 

We wondered whether a comparatively low-overpotential N2-to-N2H4 catalytic 

process could be made highly selective using the same Fe catalyst via ground- rather than 

excited-state reactivity. Guiding our thinking, the singly reduced methyl analogue of 

FeNNH2, FeNNMe2
−, exhibits a similar electronic structure to a low-lying excited state of 

FeNNH2.
32 However, very strong reductants are necessary to access the anionic form 

(E°(FeNNMe2
0/−) = −2.7 V vs Fc+/0 in THF). We therefore turned to the Sm-based reagent 

described in Chapter 2 comprised by a strongly reducing SmII complex (SmII) ligated by 

2-pyrrolidinone (PH) as a weak proton donor (Figure 3.2).33,34 The thermochemical 

properties of SmII−PH map well onto the targeted Fe-catalyzed N2-to-N2H4 reduction. It 

should be a sufficiently strong reductant (E°(SmIII/II−PH) = −2.6 V vs Fc+/0) to access 

FeNNH2
−. It is also very weakly acidic; while the pKa of the SmII state is unavailable, the 

pKa of the oxidized cation [SmIII−PH]+ is 25.4 in MeCN, which should strongly disfavor 
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NH3 formation via Nβ protonation from the FeNNH2 intermediate. Importantly, the N−H 

bond dissociation free energy (BDFEN−H) of SmII−PH is 27.2 kcal mol−1, which is low 

enough to form, on thermodynamic grounds, the very weak N−H bonds in early N2R 

intermediates.35 

Here, we leverage SmII−PH to achieve unprecedented catalytic selectivity (>99%) for 

N2H4 relative to NH3 via this Fe-catalyst system (Figure 3.2). This represents a striking 

selectivity shift for a catalyst that is well known to be highly selective for NH3. Our data 

point to competition between electron transfer (ET) vs proton transfer (PT) in the 

selectivity-determining branchpoint. Additionally, despite the very similar net hydrogen-

atom donor strengths of SmII−PH and the Cp*2Co/anilinium acid combinations we have 

previously reported with Fe,31,36 tailoring the reductant and acid characteristics of the 

reagents to the catalyst affords access to N2H4 as the kinetic product, resulting in a 700 mV 

decrease to the overpotential of the Fe-catalyzed N2R process. 

3.2 Results 

The initial observation is as follows (Figure 3.3A): with FeN2 as the precatalyst, the 

reaction of SmII (120 equiv), PH (96 equiv), and N2 (1 atm) in toluene at −78 °C for 16 h 

yields 16 ± 3 equiv of N2H4 per Fe (64% yield relative to PH) and a noncatalytic amount 

of NH3 (0.76 ± 0.03 equiv, 2.4% yield, entry 1 in Table 3.1), with the oxidized, 

deprotonated SmIII−pyrrolidinonate complex as the byproduct (91% yield, Figure 3.3B).34 

Conducting the reaction under 15N2 produces 15NH4
+ and 15N2H5

+ on acidic workup (Figure 

3.3C), confirming N2 as the N-atom source. No fixed-N products are observed in the 

absence of Fe (entry 2) or when N-methylpyrrolidinone (PMe) is used in place of PH (entry 

3). SmII−PH and SmII−PMe are equally strong reductants,34 thereby implicating PH as the 
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proton source in N2R. Our group’s previous reports of N2R using Fe-based catalysts with 

high selectivity for NH3 employed Et2O as solvent.5,31 For direct comparison, substitution 

of SmII−PH for Cp*2Co/[PhNH3]OTf under the reported optimized conditions for the latter 

reagent cocktail (Et2O solvent instead of toluene, FeBAr4
F as precatalyst instead of FeN2) 

gave N2H4 as the sole fixed-N product (6.1 ± 0.3 equiv, 25 ± 1% yield; entry 4), indicating 

that the observed selectivity inversion is not a solvent or precatalyst effect. The lower yield 

under these conditions is attributed to the low solubility of SmII–PH in Et2O compared to 

toluene. 

 

Figure 3.3: (A) Fe-catalyzed reduction of N2 with SmII–PH. (B) 1H NMR (C6D6, 

400 MHz) spectrum of SmIII–P as the byproduct of catalysis (*=1,3,5-

trimethoxybenzene as internal standard). (C) 15N{1H} NMR (DMSO-d6) 

spectrum of 15NH2
15NH3Cl (329 ppm) and 15NH4Cl (353 ppm) obtained following 

acidic workup of the reaction under 15N2.  
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Table 3.1: Summary of Fe-catalyzed N2R data with SmII-based reductants.
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Decreasing the loading of FeN2 to 0.4 mol% results in a higher N2H4 turnover (37 

± 6 equiv per Fe, entry 5) with a modest loss in fixed nitrogen efficiency (54% yield with 

respect to PH). No NH3 is detected under the latter conditions. This result delineates a 

remarkable shift in selectivity for a catalyst known previously to generate almost entirely 

NH3. It also represents the highest selectivity for N2H4 versus NH3 yet reported with a 

molecular catalyst.12,13 Moreover, the yield and turnover number achieved with Fe and 

SmII−PH compare favorably with N2H4-selective N2R using Cp*2Co and Ph2NH2OTf and 

(depe)2Fe as a catalyst, as reported by Ashley and coworkers (25 equiv of N2H4 and 38% 

yield at a comparable catalyst loading).12 Higher turnover is established using even lower 

catalyst loadings (0.2 mol %, 46 ± 4 equiv N2H4 per Fe, entry 6); the fixed-N efficiency 

decreases further (38% with respect to PH).  

Up to 69 equiv of N2H4 per Fe is obtained at 0.1 mol % FeN2 and a longer reaction 

time (72 h; entry 7). This turnover number for N2H4 is very similar to that of a highly active 

Fe catalyst supported by an anionic benzene-based PCP pincer ligand reported by 

Nishibayashi and coworkers (68 equiv N2H4 per Fe)15 but here with significantly higher 

N2H4 yield (up to 29% with Fe vs 4% with the Fe-pincer catalyst) and selectivity (NH3 is 

instead the major fixed-N product with the Fe-pincer catalyst). 

No N2H4 or NH3 is obtained when the SmII complex is exchanged for SmI2(THF)2 

(entry 8). The latter result could be due to the insolubility of SmI2 in toluene; however, no 

fixed products are observed when SmI2(THF)2 is used as a soluble reductant in THF either 

(entry 9), whereas the SmII complex still provides a small but catalytic yield of N2H4 in 

THF (3.5 ± 0.3 equiv per Fe, entry 10). The SmIII/II reduction potential of SmI2(PH)(THF)n 

is estimated to be ∼1 V positive of SmII−PH,37,38 incompatible with not only the estimated 
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reduction potential of FeNNH2

0/− (∼−2.7 V vs Fc+/0) but also the FeN2
0/− couple (E° = 

−2.2 V vs Fc+/0).39 

To better understand the influence of SmIII/II reduction potential on catalysis, the high 

sensitivity of this parameter to the easily tunable Sm coordination sphere was exploited.38,40 

Addition of 2 or 4 equiv of the strong Lewis base hexamethylphosphoramide (HMPA) to 

suspensions of SmI2(THF)2 in toluene generates dark indigo or violet solutions, consistent 

with the coordination of HMPA to the SmII center. While solvent-dependent speciation 

limits quantitative estimation of reduction potentials for the reagents generated here in 

toluene, E°(SmIII/II) is expected to shift cathodically with increasing HMPA concentration 

as has been reported in THF.41 To crudely calibrate a relative scale of reducing capacity in 

toluene, Fe species were employed as chemical probes of the relative E°(SmIII/II). While 

FeN2 is unreactive toward SmI2(THF)2, it is readily reduced to FeN2
− by SmI2(THF)2 with 

both 2 and 4 equiv of HMPA in toluene, as judged by infrared (IR) and electron 

paramagnetic resonance (EPR) spectroscopy (Figure 3.4). The methylated hydrazido 

species FeNNMe2, which is ∼500 mV more difficult to reduce than FeN2 in THF,32,39 is 

reduced to FeNNMe2
− in toluene at −78°C by SmII−PMe and SmI2(THF)2 mixed with 1 

equiv of PMe and 4 equiv of HMPA but is not reduced when mixed with only 2 equiv of 

HMPA and 1 equiv of PMe. These data enable construction of a qualitative scale of the 

reduction potentials of these reagents (Figure 3.4). 
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Figure 3.4: Relative reduction potentials of FeN2
0/−, FeNNMe2

−, and SmII 

reagents used in this study in toluene. Left: CW EPR spectra (toluene, 77K; MW 

power = 2 mW) following the reaction of FeNNMe2 (2 mM) with 3 equiv of the 

indicated SmII reagent and 3 equiv of PMe. Right: IR spectra (thin films deposited 

from room temperature toluene solutions) following the reaction of FeN2 with 3 

equiv of the indicated SmII reagent. 

When combined with PH as the proton source, both SmI2(HMPA)n reductant cocktails 

are competent for N2R with FeN2: with 2 equiv of HMPA, subcatalytic amounts of both 

NH3 and N2H4 are obtained (entry 11 in Table 3.1, 0.4 ± 0.3 and 0.6 ± 0.4 equiv, 

respectively), whereas the stronger reductant generated with 4 equiv of HMPA drives 

N2H4-selective catalytic N2R (entry 12, 3.1 ± 0.1 equiv). We conclude that SmII reductants 

stronger than SmI2 are necessary to achieve any N2R with Fe in combination with the weak 

acid PH, while N2H4 selectivity turns on at a more negative E°(SmIII/II). 
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If competition between the rates of PT and ET to FeNNH2 dictates N2R selectivity, 

it follows that increasing the acidity of the proton source should enhance the rate of 

protonation and turn on some degree of NH3 production. In line with this hypothesis, when 

5-(trifluoromethyl)pyrrolidinone (CF3PH) is used as a more acidic proton source, a 

significantly lower ratio of N2H4:NH3 is obtained (6:1, entry 13). Exchanging PH for 

MeOH decreases the selectivity for N2H4 even further (6.3 ± 0.2 equiv per Fe, entry 14) 

and results in a small but catalytic amount of NH3 (2.4 ± 0.6 equiv per Fe). 

We have shown previously using the equilibrium in eqn 3.7 that the combination of 

MeOH with [SmIII−NCMe]+ is 5.5 pKa units more acidic than [SmIII−PH]+ in MeCN.34 

Extension of this relationship to less coordinating solvents such as toluene, in which MeOH 

binds to the Sm center, is not straightforward. Still, decomposition of equilibrium 3.7 into 

component parts, including the coordination of MeCN to [SmIII]+ (eqn 3.5), indicates that 

for donors weaker than MeCN, such as MeOH, the net acidity should decrease relative to 

the MeCN value. As a result, we anticipate that the decrease in pKa between [SmIII−PH]+ 

and [SmIII−O(Me)H]+ is either similar, or more pronounced, in toluene compared to the 

difference measured in MeCN. Taken together, these data therefore point to an NH3-

selective protonation event. 

 

In addition to serving as a strong reductant, SmII−PH is also a very strong net hydrogen 

atom donor. SmI2 coordinated by polar protic ligands is known to react via concerted 

proton-electron transfer (CPET) in various cases.42–45 As discussed in Chapter 2, the 

reduction of styrenyl substrates by SmII−PH may proceed via either CPET or stepwise ET 
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followed by rapid PT.34 CPET is kinetically favorable when at least two of the reaction 

components are colocalized (e.g., coordination of the proton source to the reductant) to 

decrease the molecularity of the reaction.46–48 

To evaluate whether the selectivity change observed in this Fe-mediated N2R system 

results from more available CPET pathways using SmII−PH, we sought a 

thermodynamically equivalent acid/reductant pair that would be less prone to concerted 

reactivity. SmII−PMe was hence employed as an equally strong reductant as SmII−PH 

(E°(SmIII/II−PMe) = −2.6 V vs Fc+/0), and [DBUH]OTf was selected as a noncoordinating 

acid with a pKa very similar to that of [SmIII−PH]+ (DBU = 1,8-diazabicyclo[5.4.0]undec-

7-ene, pKa = 24.3 in MeCN).29 

Use of this reagent combination as the net hydrogen atom source in catalysis (Table 

3.1, entry 15) yields N2H4 exclusively in 10% yield. This suggests that the overall 4H+/4e− 

N2-to-N2H4 reduction can proceed through stepwise electron and proton transfer steps, 

including the proposed key reduction of FeNNH2 to FeNNH2
−. We therefore conclude that 

while contributing CPET steps cannot be discounted, a selective process for N2H4 

formation does not require them and a series of stepwise ET/PT steps is catalytically viable. 

To gain additional mechanistic insight, and to probe other possible factors contributing 

to selectivity for N2H4 using SmII, speciation during catalysis was investigated by freeze-

quench spectroscopy. The 57Fe Mössbauer spectrum of the reaction mixture freeze-

quenched at 5 minutes (black trace in Figure 3.5A) is well-simulated as the singly reduced 

S = ½ [FeN2]
− complex (orange trace; δ 0.37 mm s–1 , ΔEQ 1.03 mm s–1, ΓL/ΓR 1.06/0.62 

mm s–1). As the reaction proceeds, the signal broadens to ultimately recapitulate the 
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spectrum obtained on reaction of FeN2 with 1.6 equiv SmII in the absence of proton 

source (magenta trace in Figure 3.5A). 

 

Figure 3.5: (A) Mössbauer spectra of the standard catalytic reaction mixture 

(toluene, 1 mM 57FeN2, 32 equiv PH, 40 equiv SmII) freeze quenched after stirring 

at −78 °C for the indicated time compared to the products of reaction between 

57FeN2 and 1.6 equiv SmII in toluene at −78 °C for 5 minutes. All data were 

collected at 80 K. (B) CW X-band EPR spectra (77K, 2 mW) of the same catalytic 

mixture freeze-quenched after stirring at −78 °C for the indicated time.  
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Orthogonal CW EPR spectral characterization of the catalytic reaction mixture 

frozen at the same time points corroborates this assignment and provides additional insight 

into speciation (Figure 3.5B). At 5 min, the EPR spectrum features two overlapping axial 

signals. The major signal, modeled with g3 = 2.295, is assigned as FeN2
− with [SmIII]+ as 

a noncoordinating countercation by comparison to [FeN2][Na(12-crown-4)2] (g = [2.032 

2.0482.304]).36 The second signal, with g3 = 2.210, is assigned to a SmIII-bound species 

FeN2- -SmIII based on previous results, demonstrating that g3 shifts to higher field in 

response to Na+ binding to Nβ in FeN2
− (g3 = 2.23).39 The second signal increases in relative 

intensity over time in parallel with broadening of the Mössbauer spectrum. 

Moreover, the reaction of FeN2 with SmII in toluene at −78 °C yields the same two 

EPR signals but with a higher proportion of FeN2- -SmIII than that in the catalytic reaction 

mixture containing PH (Figure 3.6A), suggesting that the broad Mössbauer spectrum 

obtained from the same reaction can be assigned as an unresolved mixture of [FeN2][SmIII] 

and FeN2- -SmIII. Titration of PMe into this mixture results in a decrease in the SmIII-bound 

signal and an increase in “free” FeN2
−, indicating that PMe competes with FeN2

− for 

binding to [SmIII]+ (Figure 3.6). The same shift in speciation is observed in thin-film IR 

spectra of residues obtained from room-temperature mixtures of FeN2, excess SmII, and 

varying amounts of PMe in toluene (Figure 3.6B). The bound form FeN2- -SmIII, present 

at low concentrations of PMe, has νNN = 1897 cm−1; displacement of the Fe complex from 

[SmIII]+ by addition of PMe results in conversion to [FeN2][SmIII] with νNN = 1913 cm−1. 

Reduction of FeN2 by SmI2(THF)2 with 2 or 4 equiv of HMPA in toluene yields only “free” 

FeN2
− (Figure 3.4 and Appendix B4). 
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Figure 3.6: Displacement of [FeN2]
− from [SmIII]+ by PMe evidenced by (A) CW 

X-band EPR spectra (77K, 2 mW)) of FeN2
− formed via addition of 1 equiv of 

SmII to FeN2 (2 mM in toluene) in the presence of increasing concentrations of 

PMe (0−16 equiv, black-purple traces) and (B) IR spectra (thin film deposited 

from toluene) of FeN2
− formed via addition of 10 equiv SmII to FeN2 in the 

presence of increasing concentrations of PMe (0−24 equiv, blue-red traces). 

Curiously, there is a correlation between conditions that favor FeN2- -SmIII and higher 

yields of fixed-N products. EPR spectroscopy reveals almost exclusively [FeN2][SmIII] in 

2-MeTHF (Figure B7), indicating that this coordinating solvent disrupts the Fe−N2- -SmIII 

interaction; the fixed-N yield of catalysis decreases substantially when THF is used as the 

solvent instead of toluene (Table 3.1, entry 10). The yield is also lower when a lower ratio 

of SmII:PH is used (compare entries 1 and 16) and when excess PMe is added to the 

standard SmII−PH reduction conditions (entry 17). Most strikingly, the ratio of free to 

SmIII-bound FeN2
− is higher during turnover than after catalysis is complete (Figure 3.5B). 
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This would be consistent with the bound form being more rapidly consumed in the 

presence of excess SmII−PH, while after the reaction the spectrum more closely resembles 

the equilibrium distribution obtained with SmII in the absence of protons. Taken together, 

these data suggest that the SmIII-bound species is more activated toward subsequent N2R 

steps. 

While further studies are of interest to more closely examine the nature of an Fe−N2- 

-SmIII interaction and its effect on reactivity, our hypothesis is in accord with the 

“push−pull” model advanced for N2 activation in nitrogenase in which the amount of 

electron density “pushed” into a coordinated N2 ligand is enhanced by the “pull” of an 

exogenous Lewis acid.49 A recent elegant study from Szymczak and coworkers 

demonstrates that coordination of Lewis acids (e.g., boranes, alkali metal cations) to 

Fe0−N2 compounds simultaneously anodically shifts the FeI/0 reduction potential of the 

complex and polarizes electron density in the Fe−N−N fragment toward Nβ, facilitating Nβ 

protonation.50 Coordination of [SmIII]+, a strong Lewis acid, may have similar 

consequences, with significant impacts on available reactivity pathways (Figure 3.7). For 

example, a Lewis acid-induced shift in reduction potential positive of the inaccessible value 

of the unactivated form (E°(FeN2
−/2−) = −3.1 V vs Fc+/0, Figure B10) could enable a second 

reduction by SmII−PH (E°(SmIII/II) = −2.6 V vs Fc+/0). Alternatively, activation of FeN2
− 

toward Nβ protonation could enable proton transfer from the weak acid [SmIII−PH]+ (pKa 

= 25.4 in MeCN).34 
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Figure 3.7: Possible pathways activated by [SmIII]+ coordination to FeN2
−. 

As the selectivity-determining state occurs after the turnover-limiting step in catalysis, 

the reactivity of proposed intermediates was evaluated to probe key N−H bond-forming 

steps. While our group has characterized FeNNH2 via protonation of FeN2
2− at low 

temperatures, this species is thermally very unstable and is not technically suited to 

synthetic reactivity studies.30 We therefore employed its more stable and readily isolated 

analogue FeNNMe2 to evaluate the viability of (dimethyl)hydrazine generation via Nα 

functionalization. Addition of FeNNMe2 to 3 equiv SmII−PH at −78 °C results in a color 

change over 5 min from the dark green of SmII−PH to red. Me2NNH2 is observed in 25% 

yield among the basic, volatile products (Figure 3.8), indicating that the net transfer of two 

hydrogen atom equivalents to Nα in the neutral hydrazido(2−) species is facile with 

SmII−PH. FeN2
− (as a mixture of free and SmIII-bound), the resting state of catalysis, is 

observed as the major Fe-containing product by EPR spectroscopy along with a small 

amount of FeNNMe2
− (Figure 3.8), indicating that reductive protonation of the hydrazi-

do(2−) ligand generates a species which can (re)enter the catalytic cycle. Me2NH is also 

generated in this reaction in 31% yield; as generation of hydrazine involves bending of the 

Fe−N−N bond to bring Nβ and its substituents deeper into the inner coordination sphere, 
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hydrazine generation is expected to be less favorable from bulkier FeNNMe2 than 

FeNNH2. 

 

Figure 3.8: Products of reaction of FeNNMe2 with 3 equiv SmII–PH. S = ½ Fe 

products are assigned based on overlay of the CW EPR spectrum following the 

reaction (black) with that of a mixture of FeN2- -SmIII and [FeN2][SmIII] obtained 

from the reaction of FeN2 with 1 equiv SmII−PMe (red, 62% intensity), the 

difference spectrum obtained from subtracting the red trace from the black trace 

(pink), and a spectrum of [FeNNMe2][SmIII] obtained from the reaction of 

FeNNMe2 with 3 equiv SmII–PMe (gray, 15% intensity). All EPR spectra were 

collected at 2 mM Fe in toluene, 77K, 2 mW. 
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3.3 Discussion 

Formation of the first very weak N−H bond is the most thermodynamically 

challenging step in the N2R cycle with Fe, with a calculated BDFEN−H for FeNNH of 31 

kcal mol−1.26,35 Observation of FeN2
− as the catalyst resting state in the system described 

herein is consistent with formation of the first N−H bond via addition of H+ (or H•) to this 

species as rate-contributing in N2H4 formation. Similarly, FeN2 and FeN2
− are observed as 

major components during catalytic turnover with Cp*2Co and [Ph2NH2]OTf; formation of 

FeNNH is thus kinetically limiting in this N2-to-NH3 conversion system, which features a 

considerably weaker reductant paired with a much stronger acid.36 

 While the individual electron- and proton-donating abilities of the two reagent pairs 

differ dramatically, the net hydrogen atom-donating abilities of SmII−PH and Cp*2Co with 

anilinium acids are remarkably similar based on a comparison of their effective BDFE 

values (BDFEeff). The BDFEeff of the unassociated acid/reductant pairs can be evaluated 

using eqn 3.8.48 The combination of Cp*2Co with [PhNH3]
+, the weakest acid that is 

competent for N2R with this reductant and Fe as the catalyst (pKa = 10.6 in MeCN),29,31 

has a BDFEeff value of 23 kcal mol−1, only 4 kcal mol−1 lower than the BDFEN−H of 

SmII−PH (27.2 kcal mol−1 in MeCN).34 Alternatively, Cp*2Co can be protonated at the 

Cp* ring by strong anilinium acids to generate Cp*Co(C5Me5H)+, the BDFEC−H of which 

has been bracketed as < 29 kcal mol−1.51 Both acid/reductant systems are therefore 

operating near the limit at which the initial N−H bond formation (via either stepwise or 

concerted pathways) is thermodynamically favorable for FeNNH. 

BDFEeff = 23.06(E°) + 1.37(pKa) + 52.6 kcal mol
-1  (3.8) 

In both systems, attempts to employ reagent combinations with BDFEeff above the 

limit imposed by FeNNH have generally proven unsuccessful. Acids weaker than PhNH3
+ 
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are not competent for catalysis with Cp*2Co.31 Similarly, while precise reduction 

potentials and pKa values are unavailable for the SmI2/HMPA/PH mixtures reported above, 

evidence suggests that the BDFEX‑H of [SmII−EH] reagents is most sensitive to 

E°(SmIII/II),34,52 suggesting that the weaker SmII reductants that we find to be incompetent 

for N2R with Fe and PH also have BDFEeff values that are too high to access FeNNH at 

low temperatures. 

As the milder SmI2/HMPAn reductants do not show appreciable binding to FeN2
− 

following electron transfer (Appendix B4), this analysis of BDFE limits is not complicated 

by the effect of Lewis acid coordination. However, the proposed role of Sm coordination 

in the turnover-limiting step of the well-defined SmII system described here prompts us to 

comment on such interactions in the context of the recent emergence of SmI2/ROH as 

highly effective net H• sources in N2R with molecular catalysts.53–55 Sm coordination is 

predicted to increase BDFEN−H for key M−NxHy intermediates; for example, the [Fe−N2H- 

-SmIII]n+ species is expected to be more stable than the corresponding [Fe−N2H](n−1)+,35 

enabling N−H bond formation that might otherwise be expected to be too uphill. In addition 

to this thermodynamic effect, coordination of both MNxHy intermediates and ROH to a 

coordinatively unsaturated SmIII (or SmII) center should enhance the kinetics of proton (or 

alternatively H•) transfer.43 While much remains to be learned about cooperative N2 

activation by low valent transition metals combined with Sm (or other high-coordinate 

Lewis acids), such interactions could be exploited to develop catalytic N2R with more 

attractive reductants than SmI2 or SmII (e.g., electrochemically-driven with Sm-based 

cocatalysts). 
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Despite its potent hydrogen atom donor strength, because the SmII−PH system is 

selective for N2H4, the net overpotential η determined using eqn 3.2, with values for the 

SmIII/II reduction potential (−2.6 V) and the pKa of [SmIII−PH]+ (25.4), is only 700 mV.20 

This value is 600 mV lower than η for the NH3-selective N2R with Cp*2Co (−1.9 V) and 

[PhNH3]
+ (pKa = 10.6, eqn 3.1). Moreover, when protonation of NH3 to NH4

+ occurs, 

operative under the more strongly acidic conditions (the pKa of NH4
+ is 16.5 in MeCN), 

and is accounted for using eqn 3.3,20 η is 1.4 V for the Cp*2Co/PhNH3
+ system, double that 

of the Sm-based catalysis producing N2H4. This comparison underscores that while the 

MNxHy intermediate with the weakest N−H bond may dictate the input hydrogen atom 

donor strength necessary for catalysis, significantly more of the initial energy penalty is 

recovered when the system is tuned to favor N2H4 as the product of N2R by controlling 

steps downstream of the rate-contributing formation of the earliest N−H bond. 

The data described above, in the context of results from prior experimental and 

computational studies,56 are consistent with the assignment of a critical role to the neutral 

hydrazido complex FeNNH2 as a common and selectivity-determining intermediate in 

catalytic N2R to NH3 and/or N2H4. As laid out using solid arrows in Figure 3.9, protonation 

of FeNNH2 (favored by the stronger acids historically employed with this catalyst) occurs 

at Nβ followed by N−N bond cleavage to release 1 equiv of NH3 and a terminal [Fe≡N]+.30 

Alternatively, reduction (favored by very strong reductants such as the SmII species 

employed in this study) induces bending of the Fe–N–N angle in FeNNH2
−, resulting in 

reactivity with H+ (or possibly H•) at Nα to ultimately evolve N2H4. As a third possibility, 

a low-lying excited state of FeNNH2, accessed either thermally or by photoexcitation,16 

reacts at Nα in a fashion similar to FeNNH2
−. This multifaceted reactivity presents several 
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methods to manipulate N2R selectivity with the same catalyst by varying temperature, 

irradiation, acidity, and reductant strength. The latter two variables are demonstrated here 

to have the most pronounced effect on N2H4 vs NH3 production: use of a 700 mV stronger 

reductant in concert with acids weaker by 10−15 pKa units induces a complete inversion in 

selectivity to favor N2H4. 

 

Figure 3.9: Proposed role of FeNNH2 as selectivity branchpoint in Fe-catalyzed 

N2R to NH3 vs NH3. 

An alternative explanation for the observed N2H4 selectivity is illustrated by the 

dashed arrows in Figure 3.9. While our group has demonstrated that Nβ is the kinetic site 

of protonation of FeN2
2− with strong acids to form FeNNH2,

30 the neutral hydrazido(2−) 

and diazene isomers of Fe (i.e., FeNNH2 vs Fe(NHNH)) have been calculated to have 

similar energies.59 It is therefore worth considering that isomerization from FeNNH2 to 

Fe(NHNH), which might be outcompeted by Nβ protonation and NH3 formation under 

strongly acidic conditions, could be kinetically relevant with weaker acids and thus favor 

N2H4 generation. While we cannot rule out this pathway, the observation of Me2NNH2 
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from the reaction of FeNNMe2 with SmII−PH under catalytically relevant conditions 

provides evidence that a distal-to-alternating crossover mechanism from FeNNH2 to an 

iron-hydrazido (1−) species FeNHNH2 is accessible. We deduce that a diazene 

intermediate Fe(NHNH) is not a prerequisite for N2H4 formation. Similarly, existing 

experimental16 and computational56 studies conclude that NH3 generation from later 

intermediates (e.g., [FeNHNH2]
n+ or [FeNH2NH2]

n+) is unlikely to be kinetically 

competitive with N2H4 generation, supporting assignment of FeNNH2 as the selectivity-

determining intermediate. 

Examination of early N2R literature hints at a key role for MNNH2. Despite the field’s 

common association of the limiting distal mechanism (which produces NH3 as the sole 

fixed-N product) with Chatt, his group’s pioneering studies of group VI metal N2R 

intermediates also include some examples of N2H4 production.2 Specifically, treatment of 

a series of tungsten hydrazido(2−) complexes with H2SO4 resulted in mixtures of NH3 and 

N2H4, with N2H4 as the major fixed-N product in some cases (Figure 3.10).57 In such 

reactions, the W center serves as the source of electrons. Notably, more reducing W(NNH2) 

complexes appear to favor N2H4 production at the expense of NH3. We show this by 

plotting the reported yields of N2H4 and NH3 as a function of E° values of a series of 

W(NNH2) complexes of the same charge, yielding the negative correlations with N2H4 

yield in Figure 3.10.58 This trend mirrors the proposed role of FeNNH2
0/−, suggesting that 

N2R catalysts and conditions that access more reducing intermediates may generally 

exhibit higher selectivity for N2H4. 
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Figure 3.10: Relationship between reduction potential and N2H4 vs NH3 yield 

upon protonation of a series of tungsten hydrazido(2−) complexes as reported by 

Chatt and coworkers.57,58 

3.4 Conclusions 

Here, we render Fe an efficient and selective N2-to-N2H4 catalyst through introduction 

of SmII−PH as the net hydrogen atom donor. While this system operates at a very similar 

applied chemical driving force as we have previously achieved for N2-to-NH3 conversion 

using this catalyst with weaker reductants and stronger acids, the conditions that are 

selective for N2H4 operate at a significantly lower net overpotential. On the basis of 

stoichiometric and catalytic reactivity, we attribute the switch in selectivity to an FeNNH2
− 

intermediate accessed by the very strong SmII reductant with proton- (and hydrogen atom-

) accepting character at Nα. Meanwhile, the weakly acidic nature of Sm-bound PH disfavors 

the NH3-evolving protonation of FeNNH2. This study demonstrates the utility of well-

characterized thermochemical and electronic structural properties of both the catalyst and 
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reagents in understanding and designing multielectron, multiproton reactions such as 

catalytic N2R with finely tuned product selectivity. 
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C h a p t e r  4  

REDUCTIVE SAMARIUM (ELECTRO)CATALYSIS ENABLED BY 

SAMARIUM(III)-ALKOXIDE PROTONOLYSIS 

Reproduced in part with permission from Boyd, E.A.; Shin, C.; Charboneau, D. J.; 

Peters, J. C.; Reisman, S.E. Science 2024, 385, 847. doi: 10.1126/science.adp5777 

4.1 Introduction 

SmII species are very versatile, single-electron reductants. Since its introduction to 

synthesis by Kagan and colleagues in 1977,1 SmI2 in particular has become a privileged 

reagent.2 The Ln coordination sphere is highly sensitive to Lewis basic additives, which 

modulate both the SmIII/II reduction potential and the steric profile of the reagent, enabling 

fine control of reactivity and stereoselectivity.3–5 This tunability is invaluable in natural 

product synthesis, in which stoichiometric SmII has been used to effect a variety of 

reductive transformations of carbonyl functional groups (see Figure 4.1 for a representative 

example).6–11 In contrast to alternative strong reductants, the compatibility of SmII species 

with Brønsted acids enables proton-coupled reduction reactions, including the conversion 

of N2 to fixed-N products (Figure 4.1).12–15  

 

Figure 4.1: Utility of stoichiometric SmII reductants in diverse applications.6,13,15 
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Despite the value and versatility of SmII reductants, they are predominantly 

deployed (super)stoichiometrically. Additionally, SmI2 typically must be used under dilute 

reaction conditions because the solubility of SmI2 is < 0.1 M in tetrahydrofuran.16 

Therefore, SmI2 is not desirable for use as a reagent in large-scale settings or in the early 

stages of multistep synthesis. These limitations could be overcome by the development of 

a robust and generalizable strategy to use SmII in catalytic quantities. 

The reactivity of SmII is typically driven by the high oxophilicity or azaphilicity that 

is characteristic of the f elements.17 For example, although electron transfer from SmX2 to 

ketone substrates is disfavored based on the comparison of outer sphere reduction 

potentials (Figure 4.2, step i; X = halide, ΔE° > 1 V for X = I), the strong coulombic 

interaction between SmIII and the resulting ketyl radical anion drives such reactions 

forward.18 However, this stabilizing interaction simultaneously presents the primary barrier 

to catalytic turnover.19 The cathodic reduction potentials of SmIII(OR)n species are 

prohibitively negative for desirable catalysis.20–22 Exchange of RO− with X− to generate 

more readily reduced SmX3 species is an attractive approach for turnover (Figure 4.2, steps 

iii and iv), but mild, selective, and tunable methods for the cleavage of Sm–O bonds remain 

elusive. 
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Figure 4.2: Targeted SmII-catalyzed cycle for ketyl-olefin coupling. 

The few reports that have attempted to address the challenge of reductive Sm catalysis 

used halosilanes (R3SiX) as oxophiles to cleave alkoxides from SmIII (Figure 4.3A).23–26 

Such methods have not been widely adopted, possibly because the reagents required for 

turnover have limited substrate compatibility. For instance, whereas relatively mild 

chlorosilane reagents are capable of cleaving alkoxides from SmIII, as exemplified by a 

pinacol-coupling reaction reported by Greeves and coworkers (Figure 4.3A), chloride 

rapidly displaces iodide from the Sm coordination sphere (Figure 4.3B).25,27 SmCl3 is more 

difficult to reduce than SmI3 and therefore requires a strong terminal reductant such as 

Mg0. In what is likely the sole precedent of SmI3/SmI2 turnover (as opposed to SmInCl3-n/ 

SmInCl2-n), Corey and Zheng avoided the problem of halide scrambling in their Sm-

catalyzed cross-coupling of ketones and acrylates by using Me3SiOTf as an oxophile in 

combination with LiI (Figure 4.3A); however, this required manual slow addition of 

Me3SiOTf to mitigate parasitic consumption of the acrylate coupling partner.23 As a final 

point, halosilanes are not compatible with the protic additives ubiquitous in SmII chemistry 

(Figure 4.2). 
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Figure 4.3: (A) Representative Sm catalysis precedents.23,25 (B) Inverse 

relationship between SmIII-ligand affinity and reduction potential. (C) Sm-

catalyzed reductive cross-coupling of ketones and acrylates under mild chemical 

and electrochemical conditions as described herein. 

Considering the challenge of SmIII–OR turnover, we recognized that protonation 

would be a tunable approach to Sm-alkoxide cleavage. Here, we demonstrate rapid and 

reversible protonolysis of alkoxide ligands from SmIII through judicious pairings of 

cationic Brønsted acids and halide donors. This transformation was leveraged to achieve 

Sm-catalyzed reductive cross-coupling of ketones and acrylates using Zn0 as a relatively 

mild source of reducing equivalents at the SmI3/SmI2 redox couple (Figure 4.3C). 

Sm(OTf)3 serves as a shelf-stable, commercially available Sm precursor, and the reactions 

can be conducted on a gram scale at 10-fold higher concentrations than is typically used 

when stoichiometric SmI2 is used. The optimized conditions translate into a bona fide 



 

 

100 
electrocatalytic system, distinct from prior systems in which electrochemically driven 

SmIII/II turnover has been difficult to firmly establish.28–31 Finally, we provide a 

thermochemical analysis of the factors controlling the alkoxide protonolysis step as a basis 

for future developments in catalytic and electrocatalytic Sm chemistry. 

4.2 Development of mild turnover conditions for reductive SmI2 catalysis 

We began our studies by using Sm(OiPr)3 as a model of the SmIII-alkoxide species 

generated under reductive coupling conditions with the goal of identifying a suitable proton 

donor and iodide source to generate redox-active SmI3 and enable catalysis (Figure 4.4). 

We anticipated that successful conditions would meet the following requirements for 

alkoxide-iodide exchange at SmIII: (i) the conjugate base of the acid should not outcompete 

coordination of I– to SmIII; (ii) the counterion should be chemically compatible with 

SmI3/SmI2 redox cycling;21,32 and (iii) the pKa of the acid in MeCN should be <19, guided 

by the effective pKa value of 19.9 for the cationic [SmIII]+ complex with MeOH in MeCN 

33 benchmarked in Chapter 2. 

Thus, we investigated a panel of acids (baseH+) and iodide sources and identified 

lutidinium bis(trifluoromethylsulfonyl)imide (LutHNTf2) as meeting these criteria, as 

demonstrated by cyclic voltammetry (CV). The strongly donating alkoxide ligands of 

Sm(OiPr)3 render it redox inactive in the THF solvent window (Figure C14). However, 

after the addition of LutHNTf2 (3.0 equiv; pKa = 14.2 in MeCN)34 and LiI (3 equiv) to 

Sm(OiPr)3 in THF, a quasireversible wave centered at −1.44 V versus Fc+/0 appeared in the 

CV (Figure 4.4A, magenta trace), suggestive of SmI3 generation. To verify this assignment, 

SmI3 was generated through ion exchange between Sm(OTf)3 and LiI under identical 

electrochemical conditions. This mixture also featured a quasireversible reduction centered 
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at −1.47 V (Figure 4.4A, dashed blue trace).We attribute the small offset in potential to 

some degree of OTf– association, as addition of LiOTf to the protonolysis mixture resulted 

in a 30 mV cathodic shift to recapitulate the wave observed following OTf−/I− exchange 

(Figure 4.4A, teal trace).  

 

Figure 4.4: Proposed conversion of Sm-alkoxides to SmI3. (A) CVs of 2 mM 

Sm(OiPr)3 (black dashed trace) after the successive addition of 3 equiv each of 

LiI and LutHNTf2 (magenta trace) and 3 equiv of LiOTf (green trace) overlaid 

with the CV of 2 mM Sm(OTf)3 after the addition of 3 equiv of LiI (dashed blue 

trace) at 100 mV s–1 on a glassy carbon working electrode in THF containing 0.1 

M BMPipNTf2 (where BMPip is 1-butyl-1-methylpiperidinium). (B) UV-vis 

spectra in THF of Sm(OiPr)3 (black, 5 mM total Sm) following the successive 

addition of 3 equiv of LiI (light purple, 5 mM total Sm), 3 equiv of LutHNTf2 

(magenta, 1 mM total Sm), and excess Zn0 (blue, 1 mM total Sm). 

A parallel spectrophotometric experiment confirmed the generation of SmI3 from 

Sm(OiPr)3 through protonolysis-iodide substitution. Addition of 3 equiv of LutHNTf2 to a 
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colorless solution of Sm(OiPr)3 with 3 equiv of LiI in THF results in an instantaneous 

color change to yellow, consistent with SmI3 generation (Figure 4.4B, magenta trace).21 

Stirring this mixture over Zn0 powder for 30 minutes followed by filtration yields a blue 

solution with the characteristic absorption features of SmI2 in THF at λmax = 555 and 618 

nm (Figure 4.4B, blue trace). An overall yield of SmI2 of ca. 50% from Sm(OiPr)3 by 

protonolysis followed by Zn0 reduction is obtained. Critically, the relatively mild acid 

LutHNTf2 is compatible with Zn0 as a relatively mild reductant (E°(Zn2+/Zn0) = −1.58 V 

vs Fc+/0 in THF containing 0.2 M LiI), opening the door for selective delivery of reducing 

equivalents to intermediates of reductive Sm catalysis without a significant competing H2 

evolution reaction (HER).  

Following identification of reagents for turnover of SmIII-alkoxides, we explored the 

reductive coupling between 1,4-cyclohexanedione monoethyleneacetal (1a) and acrylates 

(R = tBu, CH2CF3, Ph) to give spirocyclic γ-lactone 3a (Figure 4.5, entry 1).35 Sm(OTf)3 

was used as an inexpensive, commercially available precatalyst. Although the CV studies 

used LiI as the iodide source, MgI2 was found to be necessary for the synthetic 

transformation. When LiI or nBu4NI was used, the reactions did not change to the purple 

color indicative of SmI2 in 2-methyltetrahydrofuran (2-MeTHF) (entry 2). After an initial 

evaluation of acrylates (R = tBu, CH2CF3, Ph; entries 3 and 4), phenyl acrylate was found 

to perform best, furnishing γ-lactone 3a in quantitative yield under the optimal conditions 

[10 mol % Sm(OTf)3, 3.0 equiv MgI2,1.1 equiv LutHNTf2, 3.0 equiv Zn0 in 2-MeTHF 

(0.05 M) at 18°C]. No product was observed in the absence of Sm(OTf)3 (entry 6), but 

lowering the MgI2 loading decreased the yield slightly (entry 7). When Gd(OTf)3 was used 

as a redox-inactive Lewis acid substitute for Sm(OTf)3, no product was formed, supporting 
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SmIII/II redox activity in catalysis (entry 8). Substituting Sm(OTf)3 with Mg(OTf)2 also 

did not furnish any product (entry 9). Zn0 was required for product formation (entry 10), 

whereas omission of LutHNTf2 resulted in low yield (entry 11). Finally, 2-MeTHF was 

superior to THF as a solvent (entry 12). A practical advantage of the ability to use catalytic 

Sm for reductive transformations is that the reactions can be performed at substrate 

concentrations above the 0.1 M limit imposed by the solubility limit of SmI2 in THF. Under 

these catalytic conditions, comparable yields of product 3a can be formed at a 10-fold 

higher concentration (0.20 M 1a; entries 13 and 14), which to the best of our knowledge is 

the highest concentration reported for a reductive Sm transformation. 

 

Figure 4.5: Reaction optimization and control experiments conducted at 0.05 

mmol scale. Listed concentrations correspond to the ketone substrate 1a. Yields 

for entries 1 to 12 were determined by 1H nuclear magnetic resonance (1H NMR) 

spectral integration using 1,3,5-trimethoxybenzene as an internal standard; entries 

13 and 14 are isolated yields. 
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The scope of the above reaction is consistent with that of prior investigations35 using 

stoichiometric SmI2. A variety of aliphatic and aromatic ketones performed well, giving 

the γ-lactone products in good to excellent yields (Figure 4.6). Common functional groups, 

such as silyl ethers (3h), esters (3j), aryl halides (3n to 3r), sulfonates (3w), and boronate 

esters (3x), were compatible under the reaction conditions. Aryl ketones bearing strong 

electron-withdrawing substituents (3aa) resulted in lower yield due to competitive pinacol 

coupling. A cyclohexanone substrate bearing an α-tethered unactivated olefin exclusively 

formed the spirocyclic γ-lactone (3i, 3:1 dr) without any evidence of 5-exo-trig cyclization. 

The pharmaceutically relevant heterocyclic building blocks tetrahydrothiopyran (3k) and 

tetrahydropyran (3l) were produced in synthetically useful yields. 
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Figure 4.6: Substrate scope of Sm-catalyzed reactions. Reactions were conducted 

on a 0.3 mmol scale. Isolated yields are reported unless otherwise specified. 

Yields in parentheses were determined by 1H NMR analysis using 1,3,5-

trimethoxybenzene as an internal standard due to the volatility of the product or 

instability to silica gel. *3.3 equiv LutHNTf2 was used. 

In their recent total synthesis of (+)-euphorikanin A, Carreira and coworkers 

demonstrated that the diastereoselectivity of an intramolecular SmI2-mediated 

lactonization is dictated by the E/Z geometry of the acrylate.6 To determine whether this is 
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also true under the catalytic conditions, an analogous pair of intramolecular reductive 

lactonizations were performed with E- and Z-1ab (Figure 4.7). Using stoichiometric 

conditions otherwise identical to those of Carreria et al., the cis product was favored using 

the Z-olefin, whereas the trans product was favored with the E-olefin. The inversion in 

diastereoselectivity was observed using the catalytic system, albeit with slightly 

diminished dr. The slight erosion in dr might result from competing Mg2+ ion coordination 

to the acrylate. 

 

Figure 4.7: Diastereoselectivity of intramolecular Sm catalysis with E- and Z-

1ab. 

4.3 Demonstration of Electrocatalysis 

Although Zn0 is well suited to SmI3/SmI2 turnover, it is not suitable for generating 

SmII species with substantially more negative reduction potentials.36 Electrochemical 

methods in which the applied potential can be matched to the SmIII/II reduction potential 

are thus ap-pealing. However, Sm-mediated electrocatalysis is poorly developed. These 

reactions can suffer from competing reactivity mediated by the oxophile or metal cations 

generated at the sacrificial anodes; in some cases, the use of an Sm metal electrode was 

reported to be necessary.26,28–31 We sought to address these challenges by developing well-

defined electrocatalysis using the Sm-alkoxide protonolysis strategy discussed above. 
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The CV of SmI3 generated by combining Sm(OTf)3 and MgI2 in 2-MeTHF features 

a quasi-reversible wave centered at −1.55 V (Figure 4.8, black traces). The CV of SmI3 

with ketone 1a, acrylate 2, and MgI2 (Figure 4.8A, magenta trace) exhibits an irreversible 

wave that is double the current intensity of the 1e− reduction of SmI3. This response, which 

is also observed with the aromatic ketone substrate 1m (Figure 4.8B, magenta trace), is 

consistent with net Sm-mediated 2e− reductive coupling of the ketone and acrylate to yield 

a γ-alkoxy-enolate species (Figure 4.8, iii). 
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Figure 4.8: CVs of 2 mM Sm(OTf)3 and MgI2 (25 equiv, black traces) after the 

addition of either substrates 1a or 1m (10 equiv, solid light blue traces), 2 (20 

equiv, dashed light blue trace), the combination of ketone and acrylate substrates 

(magenta traces), and the acid LutHNTf2 (20 equiv, green trace) overlaid with the 

CVs of the substrates, acid, and MgI2 in the absence of Sm (light green traces). 

All CVs were collected on a glassy carbon working electrode in 2-MeTHF 

containing 0.2 M BMPyNTf2 (where BMPy is1-butyl-1-methylpyrrolidinium) at 

25 mV s–1. 

Further addition of LutHNTf2 in the presence of both ketone and acrylate gave rise to 

S-shaped multielectron waves at the potential of SmI3 reduction (Figure 4.8, green traces), 

indicative of electrocatalytic turnover. Control experiments confirmed that none of the 
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individual reaction components (see Appendix C3.1), nor their combination in the 

absence of Sm (Figure 4.8, light green traces), were responsible for the current at −1.5 V. 

The higher current observed with 1m compared to 1q is indicative of a faster catalytic rate 

with the more easily reduced ketone. 

An additional motivation for development of electrochemically driven Sm catalysis is 

to avoid generation of oxophilic metal cations as byproducts of metal powder reductants 

(e.g., Zn2+, Mg2+), as such species present in excess compete with Sm for binding of 

potential ancillary ligands, limiting straightforward extension to asymmetric Sm catalysis 

with chiral ligands. We thus investigated the use of nBu4NI as an iodide source in place of 

MgI2. While SmI3 is generated smoothly as evidenced by CV (Figure 4.9, black trace), in 

this case, addition of 1a and 2 resulted in an irreversible wave with less enhancement in 

current relative to when MgI2 was used (Figure 4.9, light blue trace, versus Figure 4.8A, 

magenta trace). The full 2e− current was regained on titration of Mg(NTf2)2 (Figure 4.9, 

light blue-magenta traces), suggesting that the second electron transfer to the presumed 

radical intermediate (ii) at the electrode is facilitated by Mg2+ through formation of a 

magnesium-bound enolate (iii-Mg).37 In most stoichiometric SmI2 reductions, every 

electron transferred to substrate also generates an equivalent of Lewis acidic SmIII; with 

low concentrations of Sm, however, alternative Lewis acids may be necessary to activate 

and/or stabilize intermediates downstream of the initial SmII-mediated electron transfer. 
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Figure 4.9: CVs of 2 mM Sm(OTf)3 and nBu4NI (50 equiv, black trace) after the 

addition of the substrates 1a and 2 (10 and 40 equiv, respectively, blue trace), 

followed by titration of Mg(NTf2)2 (light blue-magenta traces) in 2-MeTHF 

containing 0.2 M BMPyNTf2 at 25 mV s–1. 

Substrate coupling could be initiated either by ketone reduction or acrylate reduction 

(Figure 4.8).38 A “ketone-first” mechanism is likely operative with easily reduced aromatic 

ketones such as 1m. At all sampled scan rates up to 100 mV s−1, the CV of SmI3 in the 

presence of excess acetophenone (1m) is fully irreversible and shifts positive with 

increasing [acetophenone] (Figure 4.10A). This response corresponds to an EC 

mechanism, where E is the electrochemical one-electron reduction of SmI3 to SmI2 and C 

is the irreversible chemical reaction of SmI2 with 1m. In the regime of pure kinetic control 

where no return anodic feature is observed, the evolution of the cathodic peak potential 

(Ep,c) as a function of the concentration of 1m is described by eqn 4.2.39 
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𝑘𝑜𝑏𝑠 = 𝑘𝐶[𝟏𝒎]𝑝 (4.1) 

𝐸𝑝,𝑐 = 𝐸1 2⁄ −
𝑅𝑇

𝐹
(0.78) +

𝑝𝑅𝑇

2𝐹
ln (

𝑘𝐶[𝟏𝒎]𝑅𝑇

𝐹𝜐
) (4.2) 

Plots of Ep,c vs log([1m]) collected at several different scan rates are linear with an 

average slope of 25 ± 2 mV dec−1 (Figure 4.10B) , indicating that the chemical step C is 

first order in acetophenone (p = 1). Based on E1/2 = −1.66 V vs Ag+/0 measured for the SmI3 

redox wave measured immediately before titration with 1m (black trace in Figure 10A), 

the intercepts of these plots provide an estimate of the rate constant kC as 83 ± 9 M−1 s−1 

under these conditions. 
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Figure 4.10: (A) CVs of Sm(OTf)3 (2 mM), nBu4NI (50 mM), and acetophenone 

(1m, 0-200 mM) in 2-MeTHF containing 0.2 M BMPyNTf2 at 20 mV s−1. (B) 

Plots of Ep,c vs log([1m]) for CV data of Sm(OTf)3 (2 mM), nBu4NI (50 mM), and 

acetophenone (20-280 mM) collected at 20 (magenta), 40 (orange), 60 (teal), 80 

(blue), and 100 (purple) mV s−1. 

By contrast, the SmI3/SmI2 wave remained reversible in the presence of either (but not 

both) the aliphatic ketone 1a or acrylate 2 (Figure 4.8A, solid and dashed light blue traces, 

respectively). These data indicate that the initial electron transfer step to form i or iv is slow 

and/or uphill with these substrates,39 as is typical for the reduction of unactivated carbonyl 

substrates by SmI2.
2,40 However, reduced and homocoupled products of both aliphatic 

ketones and acrylate 2 were observed when each substrate was subjected to the standard 
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Zn0-driven catalytic conditions in the absence of the respective cross-coupling partner, 

suggesting that SmI2 is competent for reduction of both substrates (see Appendix C4.1). 

Indeed, CVs of SmI3 lost reversibility (Figure 4.11) at increased concentrations of 1a 

and 2. In this case, the CV wave shape corresponds to an EC mechanism in an intermediate 

kinetic regime with relatively slow kC, necessitating simulations to extract kinetic 

parameters. First, the reversible CV of Sm(OTf)3 in the presence of excess nBu4NI was 

simulated over a range of scan rates to estimate the electrochemical rate constant k0 of the 

electron transfer step as k0 = 0.0075 cm s−1. CVs were then simulated across a range of λ 

values to construct a working curve, where λ is a dimensionless parameter defined by eqn 

4.3:  

λ =
𝑅𝑇

𝐹

𝑘𝑜𝑏𝑠

𝜈
  (4.3) 

𝑘𝑜𝑏𝑠 = 𝑘𝐶[𝟏𝒂]𝑝 (4.4) 

Experimental ip,a/ip,c values collected at multiple scan rates at each [1a] were plotted 

vs log(λ/kC) using varying values of p. The data collapses to a single curve with p = 1, 

indicating that the chemical step C is first-order in 1a. The value of kC was then varied in 

a plot of ip,a/ip,c vs log(λ) until the experimental data overlaid with the simulated working 

curve (Figure 4.11A) to estimate a much slower bimolecular rate constant of 0.35 M−1 s−1 

for the irreversible consumption of SmI2 by the difficult-to-reduce ketone 1a. The same 

analysis for the reaction of SmI2 with the acrylate 2 under the electrochemical conditions 

indicates that the C step is second-order in 2 (p = 2, kC = 56 M−2 s−1; Figure 4.11B), 

suggesting that the observed kinetics are an aggregate of electron transfer and 

homocoupling rates. Without direct access to the relative rates of initial aliphatic ketone 

versus acrylate reduction, both “acrylate-first” and “ketone-first” mechanisms must be 

considered viable. 
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Figure 4.11: Left: CVs of Sm(OTf)3 (2 mM), nBu4NI (50 mM), and 1a or 2 in 2-

MeTHF containing 0.2 M BMPyNTf2 at 100 mV s−1. Right: experimental ip,a/ip,c 

values at varying scan rates at each substrate concentration plotted vs log(λ) using 

m and kC values that result in a good fit with the simulated working curve (gray 

trace).  

Having gained an understanding of the reduction events through electroanalytical 

studies, we investigated electrocatalytic formation of lactone 3a. We used constant 

potential electrolysis (CPE) to avoid electrode-mediated HER with LutHNTf2 (HER onsets 

at ~−1.7 V under these conditions; Figure C9). Proton-coupled oxidation of Hantzsch ester 

(HEH2) was selected as a well-behaved counter-reaction. CPE of ketone 1a and acrylate 2 

with Sm(OTf)3, LutHNTf2, and MgI2 at an applied potential of −1.55 V (carbon cloth 
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cathode; two-compartment cell) furnished the cross-coupled lactone 3a in 75% yield at 

75% Faradaic efficiency (Figure 4.12). HE was produced quantitatively. Under the same 

conditions, phenyl-substituted lactone 3m was prepared in 85% yield. With this more 

activated substrate, current attributable to ketone reduction was observed in the absence of 

Sm(OTf)3 at −1.65 V; however, under these conditions, only the pinacol product 4m was 

formed. This finding highlights the role of Sm in favoring lactone formation over possible 

competing processes. 

 

Figure 4.12: CPE conditions (0.1 mmol scale). Yields were determined by 1H 

NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. 

4.4 Thermochemistry and Outlook 

Finally, we investigated the factors influencing the key proton-transfer step in SmIII–

OR reactivation. The equilibrium of the SmIII alkoxide protonolysis and ligand substitution 

can be decomposed into a thermochemical cycle of five components (Figure 4.13). Net 

protonolysis is favored by (i) a weaker affinity of the alkoxide for SmIII, (ii) a higher pKa 
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of the corresponding alcohol, (iii) a stronger Brønsted acid (baseH+), (iv) a relatively 

weak affinity of the halide for its corresponding countercation M+, and (v) a stronger 

affinity of the halide for SmIII. The last three components are readily decoupled through 

independent variation of the acid, the halide donor, and the identity of the halide, enabling 

rational control of the net alkoxide cleavage step. 

 

Figure 4.13: Thermochemical cycle describing SmIII−OR protonolysis and CVs 

demonstrating reversibility of Sm(OiPr)3 (2 mM) protonolysis and iodide 

substitution with ColHNTf2 and LiI at 100 mV s–1 in THF containing 0.1 M 

BMPipNTf2. 

Consistent with Le Chatelier’s principle, the amount of redox-active SmI3 after the 

reaction of Sm(OiPr)3 with LiI and ColHNTf2 decreased with the addition of LiNTf2 and 

col-lidine (as reflected in the CVs in Figure 4.13). The initial current intensity was restored 

by the addition of ColHNTf2 and nBu4NI. The influence of the pKa of the acid (baseH+) 

was demonstrated by using nBu4NI as the iodide source and collecting CV data with a panel 
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of acids spanning pKa values of ~10 to 19. The redox activity of the system, which 

reflects the position of the equilibrium between Sm(OiPr)3 and SmI3, decreased as the pKa 

of the baseH+ increased (Figure 4.14). Addition of Mg cation [e.g., Mg(NTf2)2], which has 

a stronger affinity for I− than does nBu4N
+, shifted the equilibrium toward Sm(OiPr)3. As a 

result, stronger acids were required under these conditions to completely restore redox 

activity (Figure 4.14, compare the green versus red traces). 

 

Figure 4.14: CVs demonstrating the sensitivity of net protonolysis and iodide 

substitution of Sm(OiPr)3 (2 mM) to the acid pKa and availability of iodide at 25 

mV s–1 in 2-MeTHF containing 0.1 M BMPipNTf2. 

This relationship points to the potential breadth of the parameter space accessible for 

optimization of Sm-catalyzed reactions involving different substrates, intermediates, and 
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desired products. As an illustrative example, depending on the acid and solvent used for 

the Sm-catalyzed coupling between 1m and tBu-acrylate, different products were observed 

(Figure 4.15). The cross-coupled products 3m and 5m were favored with high-pKa acids 

in solvents such as THF and 2-MeTHF. A pronounced selectivity for the lactone product 

3m over its acyclic counterpart 5m was observed in 2-MeTHF. The pinacol and reduction 

pro-ducts 4m and 6m were more prevalent with low-pKa acids, particularly when strongly 

coordinating solvents such as acetonitrile or dimethoxyethane were used. This difference 

may be due to early protonolysis of the SmIII-ketyl intermediate to release the neutral ketyl 

radical, which might rapidly dimerize or undergo reduction before productive addition to 

acrylate can occur.27 

 

Figure 4.15: Product distribution of Sm-catalyzed reductive cross-coupling of 

acetophenone and tBu-acrylate as a function of dielectric strength and acid pKa. 

Diameters of circles correlate to yield of each product determined by 1H NMR 

analysis using 1,3,5-trimethoxybenzene as an internal standard. 
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The ability to tune the SmIII/II redox potential by using additives with SmI2 is an 

enabling feature of this reagent. For example, the addition of Br– generates the stronger 

reductant, SmBr2;
41 however, for redox cycling, an acid must be used that will protonate 

the SmIII-alkoxide but will not undergo HER at the required potential for SmBr3 reduction 

(−1.9 V). LutHNTf2 is incompatible with such a strongly reducing potential. However, as 

the affinity of the incoming ligand for SmIII increases, alkoxide cleavage becomes possible 

with a higher-pKa acid. The weaker acid triethylammonium (15) met the needed criteria to 

enable redox cycling of SmBr3, giving rise to protonolysis of Sm(OiPr)3 in combination 

with LiBr to generate SmBr3 at a potential positive of the acid’s HER background (Figure 

4.16, magenta trace). Similarly, the addition of the Lewis basic donor N-

methylpyrrolidinone (PMe) resulted in a cathodic shift to the SmIII/II couple and enhanced 

alkoxide protonolysis with the intermediate acid BnMe2NHNTf2 (14; Figure 4.16, yellow 

trace). 

 

Figure 4.16: CVs demonstrating the sensitivity of net protonolysis and ligand 

substitution of Sm(OiPr)3 (2 mM) to the identity of the substituting ligand at 25 

mV s–1 in THF containing 0.1 M BMPipNTf2. 3 equiv each of the iodide source 

and acid and 1 equiv of PMe are used. 
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These results lay the groundwork for a more generalized approach to reductive Sm 

catalysis and electrocatalysis under different redox regimes. Catalyst design based on the 

incorporation of supporting ligands is of high interest, particularly with respect to 

developments in asymmetric Sm catalysis. Whereas the ligand environment influences the 

SmIII/II reduction potential, the pKa of the acid can enable rational optimization to favor a 

de-sired Sm-catalyzed coupling over competing HER. Successive proton and electron 

transfer to [SmIII–OR] species is also ideal for the regeneration of [SmII–O(R)H] species, 

which can serve as potent net hydrogen atom donors. In sum, the straightforward Sm–O 

protonolysis strategy described herein is anticipated to enable diverse catalytic 

transformations, including the extension to other rare earth elements as catalysts. 
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C h a p t e r  5  

PHOTODRIVEN SM(III)-TO-SM(II) REDUCTION FOR CATALYTIC 

APPLICATIONS 

Reproduced in part with permission from Johansen, C. M.; Boyd, E.A.; Tarnopol, D.E.; 

Peters, J. C. J. Am. Chem. Soc. 2024, 146, 25456. doi: 10.1021/jacs.4c10053 

5.1 Introduction 

The versatility of SmI2(THF)n as a single-electron reductant can be attributed in part 

to its large and kinetically labile lanthanide coordination sphere, enabling recruitment of 

one or multiple substrates and additives to achieve selectivity in both organic synthesis and 

small-molecule reductions (Figure 5.1).1–4 However, SmI2 is employed stoichiometrically 

in all but a few select cases5–8 because its reactions typically terminate in the formation of 

highly stable SmIII−alkoxide species. In most cases, catalytic regeneration of the SmII state 

requires abstraction of RO− by a stoichiometric oxophile (EX) to generate a SmIII species 

that can be reduced by a relatively mild reductant (Figure 5.1). 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.9–13 

An ideal SmII turnover strategy should: (i) accommodate additives that shift E°(SmIII/II), 

(ii) use a terminal reductant that is not much stronger than the target SmII species to avoid 

background substrate reduction, and (iii) use a terminal oxophile that is not much more 

Lewis acidic than the target [SmIII]X species to avoid background substrate activation. 

https://doi.org/10.1021/jacs.4c10053
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Figure 5.1: Generalized SmIII/II catalytic cycle. 

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; these conditions typically do not satisfy criteria 

(ii) and (iii).14–22 In the collaborative effort with the Reisman laboratory described in 

Chapter 4, we 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 

−1.55V vs Fc+/0 (Fc+/0 = ferrocenium/ferrocene; all potentials referenced to Fc+/0).23 

However, ground-state turnover by PT/ET steps can suffer from competing HER, limiting 

access to catalysis with strongly reducing SmII intermediates (e.g., Sm(HMPA)4
2+; 

E°(SmIII/II) −2.2 V)24 and motivating exploration of alternative strategies.  

Given the growing interest in (metalla)photoredox catalysis,25 photodriven strategies 

for LnIII/II catalysis remain surprisingly underexplored.26,27 In a strategy recently 

showcased by the groups of Borbas28 and Nemoto,29 photosensitizers are incorporated into 

the secondary coordination spheres of LnIII complexes (Ln = Sm, Eu; Figure 5.2). 

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 
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strategies show promise, 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 translation to the rich 

stoichiometric chemistry of SmI2(L)n as an inner sphere reductant (L = solvent molecule, 

typically THF).  

 

Figure 5.2: Antenna strategy for photodriven LnII catalysis.28,29 

Lewis acidic metal ions are commonly used to template substrates in photodriven 

reductive coupling reactions.10,30,31 Recently, in contrast to the use of photoredox catalysts, 

several Lewis acid-mediated photoreductions utilize the blue-light absorbing Hantzsch 

ester (HEH2) as a photoreductant (E(HEH2
+•/*HEH2) = −2.5 V).32–35 Photoexcited HEH2 

(*HEH2) carries out CrIII reduction in a catalytic-in-Cr photodriven Nozaki−Hiyama−Kishi 

reaction.36 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 a lactone (Figure 5.3A).37 In the latter study, an interaction between 

Gd and HEH2 is observed, but GdIII reduction to GdII is not accessible even by *HEH2.
23  
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Figure 5.3: Activation of HEH2 toward photoreduction by GdIII (A)37 or SmIII (B, 

this work). 

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 5.3B). Because Sm and Gd 

are similar in size and oxophilicity, we envisioned that photo-excitation of HEH2 bound to 

SmIII could result in intramolecular oxidative quenching to produce SmII (Figure 5.3B). 

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. 

5.2 Photoreduction of SmIII species 

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 
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min in THF reveals the characteristic profile of blue SmI2(THF)n with λmax at 555 and 

618 nm (Figure 5.4, left panel). Extended irradiation (120 min) results in increasing SmI2 

buildup, with maximum yield ∼25%. Interestingly, in the absence of base this reaction 

does not proceed (Figure D14), likely due to rapid back-electron transfer (BET) between 

HEH2
•+ and SmI2. However, HEH2

•+ can be deprotonated in the presence of base, 

circumventing BET.  

 

Figure 5.4: UV−vis spectra following photoreduction of SmI3 (left) and 

SmI2(O
iPr)(L)n (right) by HEH2 to form SmI2. 

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-heptylammoniumiodide 

(nHep4NI, 6 mM), and HEH2 (60 mM) at 440 nm in THF shows no evidence of SmI2 

formation (Figure D15). However, upon the addition of only 1.5 equiv of the acid bis-

trifluoromethylsulfonylimide (HNTf2) to Sm(OiPr)3, SmI2(THF)n is generated upon 
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irradiation with nHep4NI and HEH2 (Figure 5.4, right panel). Parallel CV studies 

demonstrate that no SmI3 is generated from Sm(OiPr)3 at this acid loading (Figure 5.5, 

compare light and dark blue traces), and current attributable to SmIII reduction (presumably 

of an intermediate mixture of solvated “SmI(OiPr)2” and“SmI2O
iPr”) 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 (gray trace in Figure 5.4, 

right panel) gives rise to a significantly red-shifted shoulder in the HEH2 absorption profile 

(compare light and dark red traces in Figure 5.4, right panel), consistent with pre-

association. 

 

Figure 5.5: CVs of Sm(OiPr)3 (2 mM) in the presence of iodide and proton 

sources at 100 mV s−1 in THF containing 0.1 M BMPipNTf2. 

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)38 of HEH2. We selected [Ir(dtbbpy)(ppy)2]
+ ([IrIII]+)39 as a 
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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 5.5 and Figure D29). Irradiating SmI3 or SmI2O
iPr (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 5.6). Again, the weak base Lut enhances the 

process (Figure D16). 

 

Figure 5.6: UV-vis spectra following photoreductions of SmIII species with 

[Ir]PF6 photocatalyst and rationale for photoinduced net PCET from HEH2 to 

[SmIII−OR] species. 

The accelerated reduction of SmI2O
iPr is curious, as electron transfer from IrII to this 

SmIII species is uphill by 400 mV (Figure 5.5). A rationale for these observations is 

provided in Figure 5.6: reductive quenching of *[IrIII]+ by HEH2 generates not only the 
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strong reductant IrII, but also the strong acid HEH2

•+ (pKa −1 in MeCN),40,41 the 

combination of which can carry out net proton-coupled electron transfer to SmIII−OiPr. 

Proton transfer from HEH2
•+ to a SmIII−OiPr species, likely via proton relay mediated by 

Lut, liberates iPrOH and [SmI2]
+. Analogous net proton-coupled electron transfer to TiIV-

alkoxide species to generate TiIII has been proposed in photodriven Ti redox catalysis.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. Satisfyingly, SmII species are readily 

photogenerated from SmI3 by [IrIII]+ and quencher (HEH2 or Et3N) in the presence of 

several protic additives (e.g., ethylene glycol, Figures D17-18),3,43–45 including a chiral 

aminediol (Figure 5.7A, Figure D19) that has been utilized in several enantioselective 

SmI2-mediated transformations.46–48 
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Figure 5.7: (A) SmII species generated in the presence of various ligands by a 

photoredox approach. See Appendix D4 for relevant electrochemical data. (B) 

UV−vis spectra following photogeneration of SmBr2 and Sm(HMPA)4
2+. 

The reduction potential and reactivity of SmII is highly sensitive to coordination of 

Lewis-basic additives (HMPA, Br−; Figure 5.7A).49 While [IrII] is insufficiently reducing 
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to access such species, the more reducing photocatalyst 3DPA2FBN (Figure 5.7A),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 5.7B). 3DPA2FBN also 

facilitates SmIII reduction and binding to the chiral BINAPO ligand (Figures 5.7A and 

D29).51 A clear SmIII/II couple cannot be assigned from the CV of a 1:1 mixture of 

SmI3:BINAPO, which contains multiple features consistent with a complex speciation. 

However, these redox events appear negative of −2 V (Figure D36), consistent with the 

necessity of the more reducing photocatalyst for photogeneration of the SmII state. 

Access to Sm(HMPA)4
2+, which is ubiquitous in the stoichiometric reactivity of SmII, 

is of particular note. Ground-state Sm catalyst turnover by reductive protonation (as 

described in Chapters 2 and 4) relies on selecting an acid with weakly coordinating 

conjugate base whose pKa is low enough that protonolysis of relevant SmIII-alkoxide 

species to generate reducible [SmIII]X species is exergonic (pKa < 13 in THF for X = I), 

but high enough to avoid a rapid competing hydrogen evolution reaction (HER) with the 

stoichiometric reductant. In the case of the deeply cathodic SmIII/II reduction potential 

imposed by HMPA, candidate baseH+ meeting these criteria have not been identified. 

Photochemical generation of transient strong H+/e− equivalents offers a means to 

kinetically favor their delivery to desired intermediates,12 mitigating the background HER 

which dominates under bulk reducing conditions. 

5.3 Proof-of-concept Photodriven Sm Catalysis 

Having established two different photochemical approaches to SmII generation, we 

targeted intermolecular ketone-acrylate coupling as a model reaction to benchmark 

photodriven Sm-catalysis (Table 5.1). This reaction is representative of the qualities that 
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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 1a (0.04 mmol), phenyl acrylate 2 (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 3a in 76% yield (Table 5.1, entry 1, method A). Addition of the 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 5.1: Photodriven Sm-catalyzed coupling of ketones and phenyl acrylate to 

form lactone products. 

 

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-dihydrophenan-
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thridine, 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 min, 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 

ketones (entries 13−15), as method B gives considerable pinacol-coupled side-products 

(Table D1). 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 5.8. 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), association with HEH2 (as demonstrated 

in Figure 5.4) 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. As in the 

(electro)chemically-driven conditions for this transformation described in Chapter 4, 

substrate coupling could be initiated either by ketone or acrylate reduction, leading to either 

an α-ester radical or an alkoxy radical intermediate, respectively, following addition to the 

corresponding coupling partner.52,53 In the case of difficult-to-reduce ketone substrates 
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such as 1a, neither pathway can be reliably ruled out. HEH• is capable of reducing either 

of the possible radical intermediates as a potent H atom donor, although alternative 

schemes for delivery of the second reducing equivalent can be envisioned (Figure D38). 

Following reduction and lactonization, 3a is formed along with SmI2(OPh). With [Ir]+, a 

similar mechanism is proposed, differing only in the regeneration of SmII from SmIII-

alkoxides as depicted in Figure 5.6 (see Figure D39 for full scheme).  

 

Figure 5.8: Proposed mechanism of Sm cross-coupling under Ir-free conditions 

(method A). 

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–

18,21,23 which may be of utility in development of Sm-catalysis with ligands. These findings 

are anticipated to facilitate applications of Sm-catalysis beyond the types of thermally 

driven transformations studied thus far. 
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C h a p t e r  6  

SAMARIUM AS AN ELECTRON-TRANSFER MEDIATOR IN 

ELECTROCATALYTIC NITROGEN REDUCTION TO AMMONIA 

Reproduced in part with permission from Boyd, E.A.; Jung, H.; Peters, J. C. J. Am. 

Chem. Soc. 2025, 147, 4695. doi: 10.1021/jacs.4c14845 

6.1 Introduction 

Ammonia synthesis by catalytic nitrogen reduction (N2R) using renewably sourced 

electricity is being explored to decrease the CO2 emissions associated with the industrial 

Haber-Bosch process as currently implemented.1,2 Direct electrochemical N2R (eN2R) 

coupled to water oxidation could ultimately be economically competitive with the Haber-

Bosch process in some scenarios, but available technologies are severely limited.2 

Although eN2R under aqueous conditions has been reported with a surprisingly broad range 

of heterogeneous electrocatalysts, validation of N2 as the N atom source in these systems 

remains a subject of debate.3 Nonaqueous Li-mediated N2R (Figure 6.1A) can operate at 

remarkable Faradaic efficiency (F.E., 99%) at elevated pressure,4 but the high overpotential 

(η) required to reduce Li+ to Li0, as well as uncertainties surrounding the involvement of 

electrolyte degradation products, represent significant obstacles to implementation. 

Building on early demonstrations of electrolytic and electrocatalytic N2R with well-defined 

molecular complexes by our laboratory and others,5–7 our lab recently reported 

comparatively low-overpotential eN2R with homogeneous catalysts. However, these 

systems, which employ both direct electrolysis8 and proton-coupled redox-mediated 

strategies (Figure 6.1B),9 operate at modest F.E. (<55%) by comparison to Li-mediated 

https://doi.org/10.1021/jacs.4c14845


 

 

148 
N2R. An eN2R system approaching aspirational efficiency metrics (η < 0.60 V, F.E. > 

95%) remains elusive.2 

 

Figure 6.1: (A) Li-mediated eN2R.4 (B) Low-overpotential eN2R with well-

defined homogeneous catalysts.8,9 (C) Mo-catalyzed N2R using stoichiometric 

SmI2 as the reductant.10 (D) This work: tandem Sm/Mo-catalyzed eN2R. 
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SmII reagents have emerged as particularly selective stoichiometric reductants in 

N2R.10,11 With Mo catalysts supported by pincer-type ligands (e.g., PNPMoBr3, Figure 

6.1B), Nishibayashi and co-workers used SmI2 in combination with ethylene glycol or 

water as proton sources to achieve a very high yield in the conversion of N2 to NH3 (>95% 

with respect to SmI2 as the limiting reagent, Figure 6.1C). The SmI2/ROH pairs are 

compatible with a range of Mo-based precatalysts,12–14 and tuning the SmIII/II reduction 

potential enables SmII-driven Fe-mediated catalysis to selectively produce N2H4.
15 

However, even in the most efficient of these catalytic reactions,16,17 at most 0.3 equiv of 

NH3 is produced per Sm equivalent. To address this limitation, in this chapter we describe 

an eN2R system in which selective SmII reductants are catalytically regenerated from 

oxidized SmIII byproducts under applied potential (Figure 6.1D). 

Chapter 4 details development of conditions for electrocatalytic turnover of SmI2 in 

the overall 2H+/2e− reductive coupling of ketones and acrylates.18 In this system, the 

selection of a terminal acid (2,6-dimethylpyridinium (LutH+); pKa 9.5 in THF)19 whose 

conjugate base does not inhibit SmIII reduction at mild applied potentials is critical for 

turnover of SmIII-alkoxide intermediates. While application of the same strategy for 

turnover of the spent SmIII products from reported Mo-catalyzed N2R might seem plausible, 

the oxidized SmIII species that result when water or ethylene glycol is paired with SmI2 

(insoluble samarium oxide and multimeric “I2SmIII(O(CH2)2OH)” species stabilized by the 

chelate effect, respectively) are particularly ill-suited to turnover (Figure 6.1C).10 

We recognized that the formation of SmIII-alkoxides is not obligatory in the overall 

eN2R (Figure 6.1D). Coordinating O−H-based proton sources ([I2SmII−O(R)H]) dominate 

the literature applications of stoichiometric SmI2 in N2R, with concerted proton-coupled 
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electron transfer (PCET) reactivity generally proposed to play a role based on analogy 

to the PCET mechanism operative in reduction of select unsaturated hydrocarbons by 

SmI2/EH reagents.10,20–22 However, net PCET from SmII−O(R)H to MoNxHy intermediates 

could instead occur by an asynchronous electron transfer (ET)/proton transfer (PT) process, 

as is observed in reduction of aliphatic ketones and aldehydes by SmI2/H2O (and as we 

propose in the Fe-catalyzed N2R system described in Chapter 3).23 Initial uphill ET would 

generate a [SmIII−O(R)H] intermediate in which the Lewis-acidic Sm center acidifies the 

O−H bond (pKa < 11 in THF for SmIII = SmI3 and R = alkyl), enabling subsequent PT. 

Based on such a scenario, we posited that tandem electrocatalysis might be enabled by 

replacing high-affinity proton donors with LutHNTf2 (NTf2 = bis-

(trifluoromethanesulfonimide)), the latter being thermodynamically capable of carrying 

out the key PT steps without interfering with electrochemical SmIII/II cycling. 

6.2 Results and Discussion 

Controlled potential electrolysis (CPE) of SmI3 (3.7 mM),24 PNPMoBr3 (0.46 mM), 

nHep4NI (3.7 mM), and LutHNTf2 (37 mM) at −1.45 V vs Fc+/0 in THF (0.1 M nBu4NNTf2) 

in a divided cell yields 16.9 equiv of NH3 per Mo (2.1 equiv per Sm) with 82% F.E. (Table 

6.1, entry 1; dihydrogen (H2) is produced with 20% F.E.). The Hantzsch ester (HEH2) is 

oxidized by 2H+/2e− in the presence of Lut at the anode to generate the pyridine HE with 

93% F.E. (Figure E.7). Both Mo and an applied potential are required for NH3 generation 

(entry 2). Under 15N2, labeled 15NH4
+ is observed exclusively following acidic workup (see 

Appendix E2-3 for controls establishing N2 as N-atom source). 
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Table 6.1. Summary of electrocatalytic N2R data mediated by Mo and Sm. 
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In the absence of Sm, little charge passes (entry 3, 0.5 equiv per Mo). Use of GdI3 

as a redox-inactive substitute for SmI3 results in a small increase in yield above this 

background (entry 4, 2.0 equiv per Mo, 27% F.E.).8 While this result indicates that strong 

Lewis-acid activation increases the N2R activity of the Mo catalyst at moderate Eapp 

(consistent with our group’s previous observation of Li+ as a key activator in unmediated 

eN2R with PNPMo at −1.9 V),8 the significant enhancement with Sm in both yield and 

selectivity suggests that LnIII/II redox-mediation has a more pronounced benefit in eN2R. 

As hypothesized, LutH+ is a privileged proton source both in terms of pKa and affinity 

for SmIII following deprotonation. With the slightly weaker but structurally analogous acid 

ColHNTf2 (ColH+ = 2,4,6-trimethylpyridinium; pKa 10.4 in THF), only 5.3 C pass, 

resulting in generation of 2.8 equiv of NH3 per Mo (entry 5, 35% F.E.). Addition of H2O 

(1 equiv per Sm) to SmI3 results in only a 25 mV cathodic shift to E1/2(SmIII/II) (Figure E.9). 

However, CPE under the standard conditions with addition of H2O shows rapid decay of 

the current over the first 2 C (corresponding to 1 reducing equivalent per Sm), consistent 

with conversion of redox-active [SmI3(OH2)] to redox-inactive and poorly basic 

[SmIII−OH] or [SmIII
2O] sinks following consumption of 1e− and 1H+ per Sm. Curiously, 

in addition to inhibiting Sm turnover, H2O decreases the eN2R selectivity (42% F.E. for 

NH3, entry 6). Tetraglyme as an aprotic but strongly coordinating additive has a similar 

effect (1 equiv per Sm, entry 7; 47% F.E.). Addition of weakly coordinating MeOH has no 

impact on the selectivity (entry 8, 82% F.E.). It also does not interfere with turnover, likely 

because LutH+ is sufficiently acidic to liberate the monodentate alkoxide MeO− from 

SmIIII2OMe by protonolysis. 
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In the absence of LutHNTf2, only 0.8 C passes before the current density becomes 

negligible. The CV of the cathode solution following this electrolysis features a partially 

reversible SmI3 reduction wave at −1.45 V and a new reversible wave at −1.03 V (Figure 

6.2A). The latter is assigned as the MoV/IV couple of PNPMo(N)I (Figure 6.2B, red trace), 

which is generated on treatment of PNPMoBr3 with SmI2 (Figure 6.2C).10 In both cases, 

the current intensity of the MoV/IV couple is consistent with ca. 80% yield of the nitride 

species by comparison to the CV of an authentic sample of PNPMo(N)I at the same 

concentration and scan rate. The stoichiometric amount of NH3 detected from the acid-free 

electrolysis (0.9 equiv per Mo, entry 9) is attributed to decomposition of PNPMo(N)I on 

workup.  
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Figure 6.2: CVs of (A) the cathode solution following exhaustive electrolysis of 

SmI3 (3.7 mM) with PNPMoBr3 (0.46 mM) at −1.45 V at 25 mV s−1; (B) SmI3 (2 

mM, blue trace), PNPMoBr3 (0.5 mM, pink trace), and PNPMo(N)I (0.5 mM, red 

trace) at 25 mV s−1; (C) the reaction mixture of SmI2 (0.92 mM) and PNPMoBr3 

(0.5 equiv) at 25 mV s−1; (D) SmI3 (2 mM) following addition of  nBu4NBr (0-5 

equiv) at 100 mV s−1. All CVs are collected in 0.1 M nBu4NNTf2/4 mM nHep4NI 

in THF with a glassy carbon disk working electrode, Ag+/0 pseudoreference 

electrode, and Pt wire counter electrode.  

This transformation releases 3 equiv of Br− per Mo into the reaction mixture, resulting 

in formation of SmBrnI(3−n) byproducts due to the higher affinity of Sm for Br− than I−. 

Indeed, the CV of the reaction mixture of SmI2 with PNPMoBr3 (0.5 equiv; 1.5 equiv Br− 

per Sm; Figure 6.2D) contains broad SmIII/II features spanning −1.4 to −2.1 V that match 

the features observed in the CV of SmI3 in the presence of 1.5 equiv nBu4NBr under the 
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same conditions (Figure 6.2C). Formation of Sm–Br bonds presumably facilitates the 

SmI3-mediated reduction of PNPMoBr3 at −1.45 V, when direct reduction of PNPMoBr3 

at the electrode does not onset until −1.7 V (Figure 6.2B, peach trace). Indeed, the 

observation that only 0.5 reducing equivalents are passed per Sm (eqn 6.1) before the 

current decays to baseline suggests that some halide exchange to form redox-inactive 

SmBrnI(3-n) species occurs by [MoIII–Br]/[SmIII–I] anion methathesis prior to electrolysis. 

 

Over the first 1.3 C of electrolysis under the standard conditions with LutHNTf2 at 

−1.45 V, the same new MoV/IV couple grows in while the intensity of the SmIII/II wave 

decreases (Figure 6.3A), consistent with activation of PNPMoBr3 to form the on-path 

species PNPMo(N)I25,26 with concomitant loss of active SmI3 cocatalyst to SmBrnI(3−n) 

species that are redox-inactive at −1.45 V. Meanwhile, NH3 generation displays a brief 

induction period for the first 0.2 C as PNPMo)N)I grows in (Figure 6.3A inset) before 

increasing linearly with the charge passed (Figure E.6), indicating constant Faradaic 

efficiency over time.  
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Figure 6.3: (A) CVs of the cathode solution under the standard electrocatalytic 

conditions with PNPMoBr3 recorded after passage of 0-1.3 C; inset: NH3 

production as a function of charge passed. (B) CVs of the cathode solution before 

and after exhaustive electrolysis at 25 mV s−1. In all cases the first scan is shown 

initiated at the indicated potential. 

The CV of the cathode solution after passage of 13.5 C (corresponding to 60 reducing 

equivalents per Mo) shows that both PNPMo(N)I and SmI3 are present with minimal 

catalyst degradation (Figure 6.3). Accordingly, the eN2R remains efficient following the 

addition of further portions of LutHNTf2 and continued electrolysis at −1.45 V. Up to 33 
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equiv of NH3 per Mo (12.4 e− per Sm, entry 10) is produced following two successive 

additions of acid (80 equiv per Mo each), with an overall F.E. of 55%. 

A >80% F.E. for N2R is also attained with the N-heterocyclic carbene-based Mo 

catalyst PCPMoBr3 under Sm-mediated electrocatalytic conditions (entries 11−14). As has 

been observed by Nishibayashi and co-workers with other reductant/acid combinations,11,27 

this catalyst remains robust at low loadings, enabling a higher Mo turnover number (up to 

67 equiv NH3 per Mo, entry 12). 

PNPMo(N)I performs analogously to PNPMoBr3 under the standard conditions with 

Sm (Table 6.1, entry 15; 16.7 equiv/Mo, 82% F.E., 6.3 e− per Sm). In the absence of Sm at 

−1.45V, little charge passes and a subcatalytic amount of NH3 is produced at only 33% 

F.E. (entry 16), indicating that Sm increases the rate and selectivity of eN2R beyond 

precatalyst activation. 

The Sm turnover number was next evaluated using the bromide-free catalyst 

PNPMo(N)I, with which none of the initial SmI3 loading is deactivated as SmBrnI(3−n).
28 

Decreasing the Sm concentration by a factor of 4 (1 mM) results in the generation of 6.3 

equiv of NH3 per Sm at 75% F.E. (entry 17), representing a 19-fold increase in the number 

of electrons transferred per Sm equivalent compared to conditions under which SmI2 is the 

terminal reductant. At 0.5 mM SmI3, 8.4 equiv of NH3 is produced per Sm (∼25 electrons 

per Sm) with 79% F.E. (entry 18), but only 7.0 C pass before the current density becomes 

negligible. No features attributable to SmI3 reduction are present in the CV following 

electrolysis (Figure E.11), indicating that catalyst deactivation pathways are competitive 

with eN2R at a very low Sm loading. 
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Reductive protonation of MoIV-nitride species to form MoIII-imides is typically the 

most thermodynamically challenging 1H+/1e− step in N2R with Mo-pincer complexes,11 

prompting us to probe activation modes of PNPMo(N)I as the bulk Mo resting state under 

Sm-mediated electrocatalytic conditions. PNPMo(N)I undergoes reversible oxidation with 

E1/2(MoV/IV) = −1.03 V (Figure 6.4A, black trace). The open circuit potential shifts from 

−1.1 V to −0.5 V following addition of 0.5 equiv I2 but the potential and intensity of the 

CV wave is unchanged (Figure 6.4A, red trace), demonstrating clean conversion to 

generate the MoV-nitride. The position of the wave is insensitive to [nHep4NI] (Figure 

6.4B), indicating that the MoV/IV couple is not coupled to iodide association/dissociation 

and the MoV complex is best formulated as the cation PNPMo(N)I+ under the 

electrochemical conditions. This species was found to be more stable in the presence of 

acid than the MoIV-nitride (which was prone to oxidation on the timescale of a detailed 

electroanalytical experiment), and thus further studies were conducted with in situ-

generated PNPMo(N)I+
 as the bulk Mo analyte. 

 

Figure 6.4. CVs of (A) PNPMo(N)I (0.46 mM, black trace) following addition of 

0.5 equiv I2 (red trace) and (B) in situ-generated [PNPMoV(N)I]+ (0.46 mM, black 

trace) in the presence of increasing [nHep4NI] (8-16 mM, gray and red dashed 
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traces) at 100 mV s−1 (0.1 M nBu4NNTf2

 in THF, glassy carbon disk working 

electrode, Ag+/0 pseudoreference electrode, Pt wire counter electrode). 

Addition of LutHNTf2 to PNPMo(N)I+ results in an overall anodic shift to the MoV/IV 

couple and broadening of the anodic wave (Figure 6.5A, upper dataset). This behavior is 

reversed by addition of the conjugate base Lut (Figure 6.5A, lower dataset). With the 

stronger acid PicHNTf2 (pKa 8.6 in THF), the positive shift to the cathodic wave is more 

pronounced (Figure 6.5B, upper dataset). Additionally, the anodic wave splits into multiple 

features with Ep,a ca. −0.8, −0.6, and −0.5 V (Figure 6.5C); the most negative feature 

becomes relatively less intense at high scan rate. Addition of Pic (2 mM) results in collapse 

of the anodic features back to a single wave, and further titration of Pic leads to a cathodic 

shift to the redox couple (Figure 6.5B, lower dataset). 
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Figure 6.5: CVs of in situ-generated [PNPMoV(N)I]+ (0.46 mM, black trace) 

following successive addition of (A) 4-80 mM of LutHNTf2 and 2-80 mM Lut or 

(B) 2-64 mM PicHNTf2 and 2-64 mM Pic at 100 mV s−1; (C) 64 mM PicHNTf2 

at varying scan rates (0.1 M nBu4NNTf2
 in THF, glassy carbon disk working 

electrode, Ag+/0 pseudoreference electrode, Pt wire counter electrode); and (D) 

Square scheme describing PT and ET steps at the PNPMoV/IV(N)I redox couple. 

In sum, these observations are qualitatively consistent with the scheme in Figure 6.5D. 

The cathodic sweep comprises an EC mechanism (where E and C represent 

electrochemical and chemical steps, respectively; bottom left corner of the square scheme), 

in which reduction of MoVN+ generates the more basic MoIV(N) complex. Rapid and 

reversible PT from baseH+ generates an equilibrium mixture of MoIV(N) and MoIV(NH)+ 
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(we formulate the latter as a cation due to the insensitivity of the CV in the presence of 

excess LutH+ to the concentration of I−; see Figure E.16). The anodic sweep contains the 

reverse CE process: deprotonation of MoIV(NH)+ by the conjugate base generates MoIV(N), 

which undergoes oxidation at ca. −0.9 V. 

The CV response observed with PicHNTf2 in the absence of added Pic represents a 

special case. In the presence of a low concentration of the weak base, the reverse 

deprotonation step is slow, and so a second EC process is also observed in which MoIVNH+ 

is oxidized at more positive potentials followed by rapid deprotonation to regenerate 

MoVN. Nishibayashi and coworkers have observed that protonation of PNPMo(N)Cl by 

pyridinium triflate results in binding of the conjugate base pyridine to the imide complex.25 

We therefore tentatively assign the multiple new peaks observed at fast scan rates on the 

anodic sweep as a combination of EC and CE pathways for the overall conversion of an 

equilibrium mixture of MoIV(NH)+ and MoIV(NH)(Pic)+ back to MoV(N)+.  

For both buffer systems, with both acid and base present in excess, the overall MoV/IV 

interconversion appears as a single reversible couple, indicating that coupled chemical 

steps (bottom pathway of Figure 6.5D) are fast on the CV timescale. The anodic 

displacement of the observed E1/2 from E°(MoV/IV(N)) (−1.03 V vs Fc+/0) is a measure of 

the pseudo-first order equilibrium constant for the reversible reaction of MoIVN with 

baseH+ according to eqn 6.2, derived below for the case where the reaction provides a 

mixture of free and base-coordinated imide complexes.29 Plotting E1/2(MoV/IV) at varying 

[baseH+]:[base] (holding [baseH+] constant) according to eqn 6.2 yields linear relationships 

(Figure 6.6). The slopes provide estimates of KPT,IV as 0.029 ± 0.001 and 0.75 ± 0.02 for 

the LutH+:Lut and PicH+:Pic buffer systems, respectively. The larger equilibrium constant 
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with the stronger acid supports assignment of the chemical step in the square scheme to 

a proton transfer. Based on the model in Figure 6.5D, the intercepts of these plots (1.8 ± 

0.4 and 0.9 ± 0.1 for PicH+:Pic and LutH+:Lut, respectively) provide estimates of the 

affinity of each base for the imide complex. Consistent with our interpretation, a larger 

intercept is observed for the more sterically accessible base Pic. For Lut, the intercept is 

within error of unity, suggesting that the flanking methyl groups hinder coordination 

following proton transfer. 

exp (
𝐹

𝑅𝑇
(𝐸1/2 − 𝐸0

1)) = 𝐾𝑃𝑇,𝐼𝑉
[𝑏𝑎𝑠𝑒𝐻+]

[𝑏𝑎𝑠𝑒]
+ 𝐾𝑃𝑇,𝐼𝑉𝐾𝑎𝑠𝑠𝑜𝑐,𝐼𝑉[𝑏𝑎𝑠𝑒𝐻+] + 1 (6.2) 

 

Figure 6.6: Plots of the measured MoV/IV E1/2 values as a function of the 

[baseH+]:[base] ratio according to eqn 6.2.  

We conclude that PNPMo(N)I exists in an equilibrium mixture with PNPMo(NH)I+ 

under the standard electrocatalytic conditions. Reduction of PNPMo(N)I requires a 

strongly cathodic applied potential (Ep,c = −2.60 V; Figure 6.2C). However, the addition of 

80 equiv of LutHNTf2 gives rise to an irreversible wave just positive of background 

reduction of LutH+, assigned to reduction of [PNPMo(NH)I]+ (Figure 6.7). Electrolysis of 

this mixture at −1.65 V increases the charge passed and the ammonia yield (Table 1, entry 
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17; 5.7 equiv per Mo) relative to the Sm-free reaction at −1.45 V, but the F.E. remains 

low (28%; 25% F.E. for H2). 

 

Figure 6.7: CV of PNPMo(N)I (0.46 mM) in the presence of LutHNTf2 (80 equiv, 

blue trace) overlaid with the LutHNTf2 background at 100 mV s−1 (0.1 M 

nBu4NNTf2
 in THF, glassy carbon disk working electrode, Ag+/0 pseudoreference 

electrode, Pt wire counter electrode). 

As illustrated in Figure 6.8A, we conclude that reduction of PNPMo(N)I by 1H+/1e− 

equivalent toward ammonia generation is kinetically feasible with the combination of 

LutH+ and Eapp < −1.6 V.8,11 However, the rate of background reduction of LutH+ at the 

electrode is competitive at thesepotentials,30–32 leading to low F.E. Addition of Sm as a 

redox mediator enhances the rate of N2R at a more anodic potential with minimal 

competing acid reduction, presumably by accelerating a limiting ET step in the N2R cycle 

such as reduction of PNPMo(NH)I+. 
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Figure 6.8: (A) Proposed role of SmIII/II redox in mediation of selective Mo-

catalyzed N2R. (B) Analogy between reduction of a carbonyl and a metal-imide 

complex by SmI2. 

The behavior of SmI2 in this system mirrors its catalytic role in the electrochemical 

reduction of carbonyl substrates.18 ET from SmI2 to ketones occurs by an inner-sphere 

mechanism comprising coordination of the substrate to SmII followed by electron transfer 

to form a SmIII−ketyl radical species (Figure 6.8B),33 providing a substantial additional 

driving force to enable reductions that would be uphill by >1 V via an outer-sphere 

pathway.34 An analogous inner-sphere process driven by the azaphilicity of SmIII may be 

operable here (Figure 6.8B).15,35–39  

The Sm-mediated tandem catalysis described here operates at the lowest overpotential 

and highest Faradaic efficiency reported to date for a nonaqueous eN2R system at 

atmospheric pressure (Figure 6.9).4,7–9,40 While the yield rate (∼1 nmol of NH3 cm−2 s−1) is 

substantially lower than that of LiN2R (20 nmol of NH3 cm−2 s−1 at 1 bar N2 with 2 M 

LiNTf2), when normalized by the concentration of the ET mediator, the yield rate per [Sm] 

is higher than that per [Li] (∼250 nmol of NH3 MSm
−1 cm−2 s−1 vs 10 nmol of NH3 MLi

−1 
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cm−2 s−1). Electrolysis at higher [Sm] is hampered by the relatively low solubility of 

SmI3 in THF, calling for future electrolyte design. Additionally, strategies to replace HEH2 

with H2 or H2O as the terminal reductant are warranted. 

 

Figure 6.9: Comparison of the overpotential, Faradaic efficiency, and yield rate 

of the Sm- and Mo-mediated eN2R reported here with representative nonaqueous 

eN2R systems from the literature. Note: While Sm-mediated versus unmediated 

N2R by the Mo-catalyst featured herein can be directly compared, conditions vary 

among the other examples in the plot, and it hence serves as a qualitative guide. 

To conclude, the use of LutH+ as a low-affinity proton source enables electrochemical 

turnover of SmI2 in Mo-catalyzed N2R. Sm catalyzes the reaction at a milder applied 

potential and higher F.E. (82% F.E. for NH3) than unmediated Mo N2R electrocatalysis, 

which is limited by competing acid reduction. Additionally, the efficacy of the Sm-

mediated eN2R system, which operates in the absence of a coordinating alcohol, 

demonstrates that concerted PCET from a SmII−O(R)H adduct is not necessary for 

selective Sm-mediated N−H bond formation. 
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A p p e n d i x  A  

SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

Reproduced with permission from Boyd, E.A.; Peters, J. C. J. Am. Chem. Soc. 2022, 144, 

21337. doi: 10.1021/jacs.2c09580 

A1 Experimental Part 

A1.1 General Considerations 

All manipulations were carried out using standard Schlenk or glovebox techniques 

under an N2 atmosphere. Unless otherwise noted, solvents were deoxygenated and dried 

by thoroughly sparging with N2 gas followed by passage through an activated alumina 

column in the solvent purification system by SG Water, USA LLC. Non-halogenated 

solvents were tested with a standard purple solution of sodium benzophenone ketyl in 

tetrahydrofuran to confirm effective oxygen and moisture removal. All reagents were 

purchased from commercial vendors and used without further purification unless otherwise 

stated. MeOH was stirred over 3 Å molecular sieves under N2 for one week, vacuum 

transferred into a Schlenk flask, and stored sealed in a glovebox. 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) was distilled from CaH2 and stored in a glovebox. 

N-methylpyrrolidinone, pyrrolidinone, and 1,1-diphenylethylene were degassed and 

passed over a pipet filter of activated alumina. nBu4NPF6 was recrystallized from hot EtOH 

three times and then dried under vacuum at 100°C for >12 hours before use as electrolyte. 

(tBu2ArO)2Me2cyclam)Sm was synthesized via reported literature procedures.1,2 2-

pyrrolidinone was deuterated by stirring in CD3OD for 30 min followed by removal of 

solvent in vacuo (75% deuteration measured by 1H NMR).  
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A1.2 Nuclear Magnetic Resonance Spectroscopy 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. C6D6 

was degassed, stirred over NaK, and passed over activated alumina before use. CD3CN 

was degassed and passed over activated alumina 5 times immediately before use with 

moisture-sensitive compounds. 1H and 13C chemical shifts are reported in ppm relative to 

tetramethylsilane, using residual solvent resonances as internal standards. 31P chemical 

shifts are reported in ppm relative to 85% aqueous H3PO4. 

A1.3 X-ray Crystallography 

X-ray diffraction (XRD) studies were carried out at the Beckman Institute 

Crystallography Facility on a Bruker Kappa Apex II diffractometer (Mo Kα radiation, λ = 

0.71073). All crystals were mounted on a glass fiber loop under Paratone N oil. Structures 

were solved using SHELXS or SHELXT and refined against F2 on all data by full-matrix 

least squares with SHELXL.3 All of the solutions were performed in the Olex2 program.4 

All hydrogen atoms were placed in calculated positions. Nonhydrogen atoms were refined 

anisotropically. 

A1.4 Electrochemistry 

Electrochemical measurements 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 CD instruments 600B electrochemical analyzer was used for data collection. 

A freshly-polished glassy carbon electrode was used as the working electrode. A silver 

wire immersed in a 5 mM solution of AgOTF in electrolyte separated from the working 

solution by a frit was used as pseudoreference and a platinum wire was used as the auxiliary 

electrode. All reported potentials are referenced to the ferrocene couple, Cp2Fe+/Cp2Fe 
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measured at the end of each electrochemical experiment. Electrochemistry solvents were 

passed over a pipet filter of activated alumina immediately before use.  
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A2 Synthetic Procedures 

A2.1 Synthesis of [((tBu2ArO)2Me2cyclam)SmIII(THF)]PF6 ([SmIII]PF6) 

Analogous to the reported synthesis of [SmIII]BPh4,
2 a solution of TlPF6 (43 mg, 0.123 

mmol) in THF (~1 mL) was added dropwise to a dark green solution of SmII (100 mg, 

0.123 mmol) in THF (~2 mL). The solution immediately lightened and dark gray Tl metal 

precipitated. The reaction mixture was filtered to remove Tl0 and concentrated to ~0.5 mL. 

Addition of pentane (~10 mL) led to precipitation of the title compound as a pale yellow 

solid, which was isolated by filtration (93 mg, 79% yield). 1H NMR (400 MHz, CD3CN) δ 

9.05 (s, 2H, Ar–H), 7.96 (s, 2H, Ar–H), 5.75 (br), 4.39 (br), 1.92 (s, 18H, –C(CH3)3), 1.33 

(s, 18H, –C(CH3)3), 0.70 (br), −1.69 (br), −3.15 (br) ppm. 19F NMR (376 MHz, CD3CN) δ 

−73.8 (d, 1JF,P
 = 706.2 Hz) ppm. 31P{1H} NMR (162 MHz, CD3CN) δ –147.7 (h, 1JP,F

 = 

706.2 Hz) ppm. Peaks corresponding to ~1 equiv free THF (3.64 (m, 2H) and 1.80 (m, 2H) 

ppm) are observed in the 1H NMR in CD3CN of this material, indicating that MeCN fully 

displaces THF in this solvent. Anal. Calcd for C46H78N4O3SmPF6: C 53.62; H 7.63; N 5.44. 

Found C 53.22; H 7.61; N 5.64. 

A2.2 Synthesis of [((tBu2ArO)2Me2cyclam)SmIII(κ2-pyrrolidinonate] (SmIII–P) 

All solvents used in synthesis, isolation, and characterization of SmIII–P were stirred 

over NaK for >12 hours and passed over activated alumina immediately before use. 

[SmIII]PF6 (50 mg, 0.052 mmol) was dissolved in THF (~1 mL) and transferred to a 20 mL 

scintillation vial containing KH (10.5 mg, 0.26 mmol) and equipped with a stir bar. A ~1 

mL THF solution of 2-pyrrolidinone (4.4 mg, 0.052 mmol) was added at room temperature 

and stirred for 30 min, resulting in evolution of H2 and a color change from pale yellow to 

colorless. Solvent was removed in vacuo and the resulting colorless residue was extracted 
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with pentane (~3 mL) and passed over filter paper. Removal of solvent yielded the title 

compound as a white powder (33 mg, 71% yield). Alternatively, SmIII–P could be prepared 

with a persistent 5% ligand impurity as follows: SmII (50 mg, 0.061 mmol) was dissolved 

in C6H6 (~1 mL) in a 20 mL scintillation vial equipped with a stir bar. A ~1 mL C6H6 

solution containing 2-pyrrolidinone (5.3 mg, 0.062 mmol) and excess styrene (100 μL) was 

added, resulting in a color change from brown to dark green to colorless over ~30 seconds. 

Solvent was removed by lyophilization and the resulting colorless residue was extracted 

with pentane (~3 mL) and passed over filter paper. Slow evaporation of the filtrate in a 

sealed vessel containing HMDSO yielded colorless square crystals suitable for X-ray 

diffraction. The supernatant was decanted and the crystals were washed with pentane and 

~1 mL C6H6 to yield the title compound with a 5% protonated ligand impurity (27 mg, 59% 

yield).  1H NMR (400 MHz, C6D6) δ 9.5 (br, 1H), 8.28 (s, 2H, Ar–H) 7.83 (s, 1H, Ar–H), 

7.44 (t, 1H), 7.31 (s, 1H, Ar–H), 6.63 (br, 3H), 4.35 (br d, J = 11.8 Hz), 3.25 – 3.01 (br m), 

2.71 (br t, J = 12.3 Hz, 1H), 2.11 (s, 10H, –C(CH3)3 + 1H), 1.87 (s, 9H, –C(CH3)3), 1.66 

(s, 10H, –C(CH3)3 + 1H), 1.43 (s, 3H), 1.27 (s, 9H, –C(CH3)3), 1.12 (br), 0.91 (br), 0.72 

(br), 0.41 (br), 0.02 (br), −0.05 (br), −0.19 (br), −0.49 (br), −0.72 (br), −1.03 (br), −1.77 

(br), −2.34 (br) ppm. 13C{1H} NMR (126 MHz, C6D6) δ 189.1, 172.9, 162.6, 136.9, 136.7, 

135.6, 134.9, 129.4, 126.7, 125.0, 124.4, 124.3, 74.4, 62.5, 61.8, 61.1, 59.0, 57.0, 55.7 (br), 

53.6, 53.1 (br), 52.8 (br), 51.4, 47.3, 44.1, 37.0, 35.7, 35.1, 34.7, 32.7, 32.5, 31.0, 30.4, 

29.8, 22.8, 21.8, 18.7 ppm (one aryl resonance masked by C6D6 residual). Anal. Calcd for 

C46H76N5O3Sm: C 61.56; H 8.54; N 7.80. Found C 61.69; H 8.72; N 7.48. 
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A2.3 Synthesis of [((tBu2ArO)2Me2cyclam)SmIII–OMe] (SmIII–OMe) 

All solvents used in synthesis, isolation, and characterization of SmIII–OMe were 

stirred over NaK for >12 hours and passed over activated alumina immediately before use. 

[SmIII]PF6 (50 mg, 0.052 mmol) was dissolved in THF (~1 mL) and transferred to a 20 mL 

scintillation vial containing KH (10.5 mg, 0.26 mmol) and equipped with a stir bar. 80 μL 

of a 620 mM solution of MeOH in THF (0.050 mmol) was added at room temperature and 

stirred for 30 min, resulting in evolution of H2 and a color change from pale yellow to 

colorless. Solvent was removed in vacuo and the resulting colorless residue was extracted 

with pentane (~3 mL) and passed over filter paper. Removal of solvent yielded the title 

compound as a white powder (38 mg, 86% yield). Single crystals suitable for X-ray 

diffraction were obtained by slow evaporation of a pentane solution of the residue 

remaining after removing solvent from the 1H NMR sample used to quantify products of 

the reaction of SmII–MeOH with trans-stilbene (procedure B, Figure A13). 1H NMR (400 

MHz, C6D6) δ 10.48 (br), 9.75 (br), 9.12 (s, 1H, Ar–H), 9.00 (s, 1H, Ar–H), 7.75 (s, 2H, 

Ar–H), 6.52 (br), 5.92 (br), 4.58 (br), 2.95 (br), 2.05 (s, 9H, –C(CH3)3), 2.03 (s, 9H, –

(CH3)3), –0.16 (br), –0.70 (s with br shoulder, 18H, –C(CH3)3), –0.97 (br) ppm. 1H NMR 

(400 MHz, CD3CN) δ 8.63 (s, 1H, Ar–H), 8.58 (s, 1H, Ar–H), 7.22 (s, 1H, Ar–H), 7.16 (s, 

1H, Ar–H), 6.07 (br), 2.94 (br), 1.72 (s, 9H, –C(CH3)3), 1.69 (s, 9H, –C(CH3)3), –0.66 (br, 

9H, –C(CH3)3), –0.89 (s, 9H, –C(CH3)3) ppm. 13C{1H} NMR (126 MHz, C6D6) δ 129.1, 

124.5, 62.3 (br), 35.1, 34.2, 32.92, 32.88, 28.9 (br), 18.1 (br) ppm. Anal. Calcd for 

C43H73N4O3Sm: C 61.16; H 8.71; N 6.63. Found C 61.38; H 8.84; N 6.90. 
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A2.4 General Procedure for the Synthesis of PF6

− Salts of Protonated Bases 

Adapted from the reported preparation of iPr2NH2PF6.
5 The base (~3 mmol) was 

dissolved in DCM (~5 mL) in a vial equipped with a stirbar. 1 equiv of NH4PF6 was 

dissolved in ~1 mL DCM and added dropwise to the base. After stirring at room 

temperature for 1 hour, the reaction mixture was filtered over celite and solvent was 

removed under reduced pressure. The resulting white solids were brought into the 

glovebox, dissolved in THF, and passed over activated alumina. The solution was 

concentrated to ~1 mL and layered with Et2O. Cooling to −35°C yielded white crystals that 

were subsequently dried under vacuum. Yields greater than 90% were obtained for all 

bases. 1H NMR spectra of acids prepared by this route match literature values in reported 

solvents;6,7 shifts in CD3CN are listed below. 

 

Diisopropylammonium hexafluorophosphate: 1H NMR (CD3CN, 400 MHz): δ 6.26 (br, 

1H), 3.46 (h, J = 6.5 Hz, 2H), 1.28 (d, J = 6.5 Hz, 6H) ppm. 

 

Quinuclidinium ([quinH]+) hexafluorophosphate:6 1H NMR (CD3CN, 400 MHz): δ 3.26-

3.19 (m, 6H), 2.10 (h, J = 3.3 Hz, 1H), 1.91-1.85 (m, 6H) ppm. 

 

[DBUH]+ hexafluorophosphate:7 1H NMR (CD3CN, 400 MHz): δ 7.44 (br, 1H), 3.56-3.50 

(m, 2H), 3.46 (t, J = 6.0 Hz, 2H), 3.27 (td, J = 6.0, 2.9 Hz, 2H), 2.63-2.53 (m, 2H), 1.97 (p, 

J = 6.0 Hz, overlapping solvent residual), 1.81-1.57 (m, 6H) ppm. 
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A3 NMR Spectra 

A3.1 Characterization of [SmIII]PF6, SmIII−P, and SmIII−OMe 

 

Figure A1. 1H NMR of [SmIII]PF6 in CD3CN (400 MHz).  

 

Figure A2. 31P NMR of [SmIII]PF6 in CD3CN (162 MHz). 
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Figure A3. 19F NMR of [SmIII]PF6 in CD3CN (376 MHz). 

 

Figure A4. 1H NMR of SmIII–P in C6D6 (400 MHz, * = pentane). 
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Figure A5. 13C{1H} NMR of SmIII–P in C6D6 (126 MHz, * = pentane). 

 

Figure A6. 1H NMR of SmIII–OMe in C6D6 (400 MHz, * = pentane). 
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Figure A7. 13C{1H} NMR of SmIII–OMe in C6D6 (126 MHz, * = pentane). 
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A3.2 H2 Evolution from SmII−PH and SmII−MeOH 

A3.2.1 Procedure 

In an N2-filled glovebox, SmII (20 mg, 0.025 mmol) and bibenzyl (~3 mg) were 

dissolved in C6D6 and transferred to a J. Young NMR tube. The 1H NMR was recorded to 

precisely determine the initial ratio of SmII to the internal standard. The tube was brought 

back into the glovebox and 1 equiv PH or MeOH were added (20 μL of a 612 mM stock 

solution) and the color of the solution changed from dark brown to dark green. The reaction 

was monitored by 1H NMR at various time points. 
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Figure A8. 1H NMR in C6D6 (400 MHz, r.t.) following the reaction of SmII with 

1 equiv. 2-pyrrolidinone (PH) in a J. Young NMR tube. The upper spectrum 

contains SmII integrated vs. bibenzyl as an internal standard. The middle spectrum 

is 5 min. after addition of PH, showing some conversion to SmIII–P, free 

protonated ligand, and a species assigned as SmII–PH. The lower spectrum is 72 

hours after addition, showing conversion to SmIII–P (8%) and free protonated 

ligand (16%). Insets show peak corresponding to H2.    
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Figure A9. 1H NMR in C6D6 (400 MHz, r.t.) following the reaction of SmII with 

1 equiv. MeOH in a J. Young NMR tube. The upper spectrum contains SmII 

integrated vs. bibenzyl as an internal standard. The middle spectrum is 5 min. after 

addition of MeOH, showing some conversion to SmIII–OMe, free protonated 

ligand, and a species assigned as SmII–MeOH. The lower spectrum is 32 hours 

after addition, showing recovery of 38% of SmII and conversion to SmIII–OMe 

(42%) and free protonated ligand (25%). Insets show peak corresponding to H2.  
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A3.3 Reactions of SmII−EH with Styrenyl Substrates 

A3.3.1 Procedure A with SmII−PH 

In an N2-filled glovebox, SmII (30 mg, 0.037 mmol) was dissolved in 1 mL THF in a 

scintillation vial equipped with a stirbar. PH (3.2 mg, 0.037 mmol) and substrate (0.019 

mmol) were dissolved in 1 mL THF and added dropwise at room temperature to SmII with 

stirring. The reaction was stirred for 5 min, brought out of the box, and quenched with 1 M 

HCl(aq) (10 mL). The mixture was extracted with Et2O (3 x 5 mL). The organic layer was 

dried over Na2SO4 and solvent was removed in vacuo. The remaining residue was 

dissolved in 0.7 mL of CDCl3 containing 10 mM 1,3,5-trimethoxybenzene. Conversion to 

the hydrogenated products was determined by integration of the 1H NMR benzyl resonance 

relative to the Ar-H protons of the internal standard. 

A3.3.2 Procedure B with SmII−MeOH 

In an N2-filled glovebox, SmII (30 mg, 0.037 mmol) was dissolved in 1 mL THF in a 

scintillation vial equipped with a stirbar. MeOH (20 μL of a 1.85 M stock solution, 0.037 

mmol) and substrate (0.019 mmol) were dissolved in 1 mL THF and added dropwise at 

room temperature to SmII with stirring. The reaction was stirred for 5 min and the solvent 

was removed in vacuo. A known mass of 1,3,5-trimethoxybenzene (~4 mg) was added to 

the remaining residue and the mixture was taken up in C6D6. Conversion to hydrogenated 

products as well as SmIII–OMe and free ligand was determined by integration relative to 

the Ar-H protons of the internal standard. 
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Figure A10. 1H NMR in CDCl3 (400 MHz, r.t.) showing organic products of the 

reaction of SmII–PH with 0.5 equiv. trans-stilbene by procedure A. The yield of 

bibenzyl was determined as 92.6% based on integration to internal 1,3,5-

trimethoxybenzene standard. 2.6% of the starting material was also recovered.  

 

Figure A11. 1H NMR in CDCl3 (400 MHz, r.t.) showing organic products of the 

reaction of SmII–PH with 0.5 equiv. tetraphenylethylene by procedure A. The 

yield of 1,1,2,2-tetraphenylethane was determined as 90.8% based on integration 

to internal 1,3,5-trimethoxybenzene standard.   
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Figure A12. 1H NMR in CDCl3 (400 MHz, r.t.) showing organic products of the 

reaction of SmII–PH with 0.5 equiv. 1,1-diphenylethylene by procedure A. The 

yield of 1,1-diphenylethane was determined as 83.1% based on integration to 

internal 1,3,5-trimethoxybenzene standard. 3.5% of the starting material was also 

recovered.  
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Figure A13. 1H NMR in C6D6 (400 MHz, r.t.) showing products of the reaction 

of SmII–MeOH with 0.5 equiv. trans-stilbene by procedure B. Percent conversion 

to bibenzyl (>99%), SmIII–OMe (88%), and free ligand (11%) were determined 

based on integration to internal 1,3,5-trimethoxybenzene standard.  
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Figure A14. 1H NMR in C6D6 (400 MHz, r.t.) showing products of the reaction 

of SmII–MeOH with 0.5 equiv. 1,1-diphenylethylene by procedure B. Percent 

conversion to 1,1-diphenylethane (>99%), SmIII–OMe (80%), and free ligand 

(11%) were determined based on integration to internal 1,3,5-trimethoxybenzene 

standard.  
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Figure A15. 1H NMR in C6D6 (400 MHz, r.t.) showing products of the reaction 

of SmII–MeOH with 0.5 equiv. 1,1,2,2-tetraphenylethylene by procedure B. 

Percent conversion to 1,1,2,2-tetraphenylethane (>99%), SmIII–OMe (77%), and 

free ligand (14%) were determined based on integration to internal 1,3,5-

trimethoxybenzene standard.  
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A3.4 NMR Spectra of [SmIII]PF6 with PMe and Bases 

 

Figure A16. 1H NMR in CD3CN (400 MHz, r.t.) of [SmIII]PF6 in the presence of 

1 equiv. DBU. Peaks corresponding to [SmIII]PF6 are picked and are unshifted 

from those of pure [SmIII]PF6. 

 

Figure A17. 1H NMR in CD3CN (400 MHz, r.t.) of [SmIII]PF6 in the presence of 

3 equiv. N-methylpyrrolidinone (PMe). Peaks assigned to a [SmIII–PMe]PF6 

adduct are picked and integrated.  
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Figure A18. 1H NMR in CD3CN (400 MHz, r.t.) of [SmIII]PF6 in the presence of 

3 equiv. N-methylpyrrolidinone (PMe) and 2 equiv. DBU. Peaks assigned to a 

[SmIII–PMe]PF6 adduct are unshifted from those in Figure A17.  

 

Figure A19. 1H NMR in CD3CN (400 MHz, r.t.) of [SmIII]PF6 in the presence of 

7.5 equiv. iPr2NH. Peaks corresponding to [SmIII]PF6 are picked and are unshifted 

from those of pure [SmIII]PF6. 
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Figure A20. 1H NMR in CD3CN (400 MHz, r.t.) of [SmIII]PF6 in the presence of 

5 equiv. quinuclidine (quin). Peaks corresponding to [SmIII]PF6 are picked and 

are unshifted from those of pure [SmIII]PF6. 
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A3.5 DOSY 

Table A1: DOSY measured diffusion coefficients, D, and estimated 

hydrodynamic radii, rH, of the Sm complexes. The similarity of rH(exp) determined 

for all compounds, as well as the similarity of the measured values to theoretical 

values estimated from structural data, suggests that all species are monomeric in 

benzene solution. 

Species 
DFc*  

(10–6 cm2 s–1) 

D  

(10–6 cm2 s–1) 

rH(exp)
a  

(Å) 

rH(theo)
b  

(Å) 

Fc*    4.088 

SmII–PH 14.7 8.75 6.85 - 

SmII–MeOH 15.4 8.56 7.34 - 

SmIII–P 15.4 8.26 7.61 7.40 

SmIII–OMe 15.1 8.17 7.54 7.10 
aEstimated by taking the ratio of the measured diffusion coefficient to that of Fc*: 

(rH(theo,Fc*)(DFc*/D) = rH(exp)). 
bAverage of the half lengths of the principle axes of a 

homogeneous ellipsoid used to approximate the complex, estimated from the crystal 

structure. 
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Figure A21. 1H DOSY in C6D6 (400 MHz, r.t., δ = 4.0 ms, Δ = 150 ms) of SmII–

PH (20 mM) and decamethylferrocene (Fc*, 20 mM) recorded 15 min after PH 

addition (some SmIII–P and free ligand are evolved in this time).  

 

Figure A22. 1H DOSY in C6D6 (400 MHz, r.t., δ = 4.0 ms, Δ = 150 ms) of SmIII–

P (generated from SmII–PH by H2 evolution procedure in A3.2.1, 20 mM) and 

decamethylferrocene (Fc*, 20 mM).  
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Figure A23. 1H DOSY in C6D6 (400 MHz, r.t., δ = 4.0 ms, Δ = 150 ms) of SmII–

MeOH (20 mM) and decamethylferrocene (Fc*, 20 mM) recorded 15 min after 

MeOH addition (some SmIII–OMe and free ligand are evolved in this time).  

 

Figure A24. 1H DOSY in C6D6 (400 MHz, r.t., δ = 4.0 ms, Δ = 150 ms) of SmIII–

OMe (generated from SmII–MeOH by H2 evolution procedure in A3.2.1, 20 mM) 

and decamethylferrocene (Fc*, 20 mM).  
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Figure A25. Points used to estimate rH(theo) for SmIII–P. 

 

Figure A26. Points used to estimate rH(theo) for SmIII–OMe. 
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A4 X-Ray Crystallography 

Cambridge Crystallographic Data Centre 2195229-2195230 contains the 

supplementary crystallographic data for this paper: 

http://www.ccdc.cam.ac.uk/data_request/cif 

Table A2. Crystallographic data for complexes SmIII–P and SmIII–OMe. 

Compound SmIII–P SmIII–OMe 

Empirical formula C49H79N5O3Sm C43H73N4O3Sm 

Formula weight 936.52 844.40 

Temperature (K) 200.0 100.0 

Crystal system monoclinic triclinic 

Space group P21/c P-1 

a (Å) 10.7625(3) 8.9047(9) 

b (Å) 23.5936(6) 14.4085(14) 

c (Å) 19.1334(5) 17.4572(17) 

α (°) 90 83.097(3) 

β (°) 90.3450(10) 85.076(3) 

γ (°) 90 79.771(3) 

Volume (Å3) 4858.4(2) 2183.5(4) 

Z 4 2 

ρcalc (g cm–3) 1.280 1.284 

μ (mm-1) 1.252 1.385 

F000 1976.0 890.0 

Crystal size (mm3) 0.15 × 0.15 × 0.1 0.2 × 0.2 × 0.2 

Wavelength (Å) 0.71073 0.71073 

Reflections Collected 65582 57805 

Independent Reflections 11152  10022 

Data/Restraints/Parameters 11152/0/537 10022/0/475 

GOOF 1.073 1.104 

R(F) (I>2σ(I)) R1 = 0.0215, wR2 = 0.0498 R1 = 0.0158, wR2 = 0.0401 

wR(F2) (all) R1 = 0.0252, wR2 = 0.0511 R1 = 0.0164, wR2 = 0.0403 

    

http://www.ccdc.cam.ac.uk/data_request/cif
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A5 Electrochemistry 

 

Figure A27. Left: CVs of 1 mM SmII in DME (0.2 M nBu4NPF6) on glassy carbon 

with variable scan rate. The scans began at –2.7 V vs. Fc+/0 and swept positive. 

Right: Plot of peak current versus the square root of the scan rate for the anodic 

and cathodic waves. The points are fit with a straight line forced through the 

origin. 
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Figure A28. Left: CVs of 1 mM [SmIII]PF6 in DME (0.2 M nBu4NPF6) on glassy 

carbon with variable scan rate. The scans began at –2.2 V vs. Fc+/0 and swept 

negative. Right: Plot of peak current versus the square root of the scan rate for the 

anodic and cathodic waves. The points are fit with a straight line forced through 

the origin. 
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Figure A29. Left: CVs of 1 mM [SmIII]PF6 in CH3CN (0.1 M nBu4NPF6) on 

glassy carbon with variable scan rate. The scans began at –2.2 V vs. Fc+/0 and 

swept negative. Right: Plot of peak current versus the square root of the scan rate 

for the anodic and cathodic waves. The points are fit with a straight line forced 

through the origin. 

 

Figure A30. CV in DME (0.2 M nBu4NPF6) on glassy carbon of 1 mM 

benzophenone at 100 mV s–1. The scans began at ca. –2 V vs. Fc+/0 and swept 

negative. 
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Figure A31. CVs in DME (0.2 M nBu4NPF6) on glassy carbon of 1 mM 

[SmIII]PF6 (red trace) with 1-10 mM benzophenone (blue-purple traces) at 100 

mV s–1. The scans began at ca. –0.9 V vs. Fc+/0 and swept negative. 
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A5.1 Determination of kPCET 

For a simple EC mechanism such as electrochemical reduction of [SmIII–PH]PF6 to 

SmII–PH followed by reaction with DPE, the peak potential shifts according to the 

following equation:9  

 

𝐸𝑃 = 𝐸1 2⁄ −
𝑅𝑇

𝐹
(0.78) +

𝑅𝑇

2𝐹
ln (

𝑘+𝑅𝑇

𝐹𝜐
) (A1) 

k+ can therefore be estimated from the evolution of the cathodic peak potential as a 

function of scan rate (Figure A33, left). The cathodic peak potentials were corrected for 

solution resistance by the following procedure: the CV of ferrocene was recorded in the 

electrolyte of interest (0.2 M nBu4NPF6 in DME) at 25, 50, 75, 100, 150, and 200 mV s–1. 

The peak-to-peak separation (ΔEp) and anodic and cathodic peak currents (ip,a and ip,c) of 

the FeIII/II couple were measured for each CV. The following equation was used to estimate 

the solution resistance for each CV, using the assumption that ferrocene should show a 

peak-to-peak separation of 59 mV in the absence of solution resistance Ru: 

𝑅𝑢 =  
(𝛥𝐸𝑝−0.059 V)

|𝑖𝑝,𝑎|−|𝑖𝑝,𝑐|
 (A2) 

The average Ru across the sampled scan rates was 1800 Ω. This value was not found 

to vary significantly with added organic substrates. All measured peak potentials with 

associated current values were therefore corrected by ΔE given by: 

𝛥𝐸 = 𝑖(1800𝛺) (A3) 

Using a pseudo-first order excess of DPE, the plot of k+ vs. [DPE] (Figure A33, right) 

is linear, indicating that the reaction is first order in substrate. The slope of this plot is 

therefore kPCET: 
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𝑟𝑎𝑡𝑒 = 𝑘+[𝑆𝑚] (A4) 

𝑘+ = 𝑘𝑃𝐶𝐸𝑇[𝐷𝑃𝐸] (A5) 

 

 

Figure A32. CVs in DME (0.2 M nBu4NPF6) on glassy carbon of 1 mM 

[SmIII]PF6 with 30 equiv. PH and 80 equiv. DPE at varying scan rate. The scans 

began at ca. –2.35 V vs. Fc+/0 and swept negative. 
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Figure A33. Left: linear plot of peak cathodic potential vs. the logarithm of the 

scan rate for the data in Figure A32. Right: Plot of k+ determined from the 

intercepts of plots of the type on the left using eqn A1 vs. the concentration of 

DPE. The slope of the linear fit of this data is kPCET. 

A6 Equilibrium Measurements 

A6.1.1 Procedure for Kassoc Determination 

The association constant Kassoc for the binding of PH to [SmIII]PF6 was determined in 

CD3CN using 1H NMR spectroscopy at room temperature on a 400 MHz spectrometer 

(Tables A3-4 and Figures A43-45). CD3CN was passed 5 times over activated alumina 

before use. [SmIII]PF6 was dissolved in CD3CN (0.7 mL) and added to a J.Young NMR 

tube along with 16 mM 1,3,5-trimethoxybenzene as an internal standard. An initial NMR 

was taken to verify purity and then aliquots of PH were added to the tube from a stock 

solution (250 mM) which also contained 16 mM 1,3,5-trimethoxybenzene. The total 

concentration of Sm complexes was determined for each addition by integration of the aryl 

resonance relative to the Ar-H protons of the internal standard. The relative concentrations 

of the bound/unbound species were determined from the observed chemical shifts relative 

to the shifts of pure [SmIII–NCMe]PF6 and [SmIII–PH]PF6 using eqn A6. The latter values 

were taken as the shifts obtained from saturating a solution of [SmIII–NCMe]PF6 with PH 

(Figure A40, no peak shifts were observed with >3 equiv. PH).  

𝑓(𝑆𝑚𝐼𝐼𝐼 − 𝑁𝐶𝑀𝑒) =
𝛿−𝛿

𝑆𝑚𝐼𝐼𝐼−𝑃𝐻

𝛿
𝑆𝑚𝐼𝐼𝐼−𝑁𝐶𝑀𝑒

−𝛿
𝑆𝑚𝐼𝐼𝐼−𝑃𝐻

 (A6) 

The fraction of [SmIII–NCMe]PF6 was determined for each 1H environment and then 

averaged. This average was used to determine the absolute concentrations of each Sm 

species and PH using eqns 7-9: 
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[𝑆𝑚𝐼𝐼𝐼 − NCMe] = 𝑓(𝑆𝑚𝐼𝐼𝐼 − 𝑁𝐶𝑀𝑒) × [𝑆𝑚]𝑡𝑜𝑡 (A7) 

[𝑆𝑚𝐼𝐼𝐼 − PH] = [𝑆𝑚]𝑡𝑜𝑡 − [𝑆𝑚𝐼𝐼𝐼 − NCMe] (A8) 

[𝑃𝐻] = [𝑃𝐻]𝑡𝑜𝑡 − [𝑆𝑚𝐼𝐼𝐼 − PH] (A9) 

The association constant was then determined using eqn A10. 

𝐾𝑎𝑠𝑠𝑜𝑐 =
[𝑆𝑚𝐼𝐼𝐼−𝑃𝐻]

[𝑆𝑚𝐼𝐼𝐼−𝑁𝐶𝑀𝑒][𝑃𝐻]
 (A10) 
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A6.1.2 Procedure for pKa Determinations 

Experiments for the pKa determination of [SmIII–PH]PF6 were performed in CD3CN 

using 1H NMR spectroscopy at room temperature (Tables A5-15 and Figures A46-48). In 

a standard experiment [SmIII]PF6 and 3 equiv. PH were dissolved in CD3CN and added to 

a J-Young NMR tube along with 1,3,5-trimethoxybenzene as an internal standard. An 

initial NMR was taken to verify purity and then aliquots of DBU were added to the tube 

from a stock solution (333 mM). The relative concentrations of the 

protonated/deprotonated species ([SmIII–PH]PF6/SmIII–P, [DBUH]PF6/DBU) were 

determined from the chemical shifts of each peak relative to the shifts of the fully 

protonated or fully deprotonated forms using eqns A11 and 12. 

𝑓(𝑆𝑚𝐼𝐼𝐼 − 𝑃𝐻) =
𝛿−𝛿

𝑆𝑚𝐼𝐼𝐼−𝑃

𝛿
𝑆𝑚𝐼𝐼𝐼−𝑃𝐻

−𝛿
𝑆𝑚𝐼𝐼𝐼−𝑃

 (A11) 

𝑓(𝐷𝐵𝑈𝐻+ ) =
𝛿−𝛿𝐷𝐵𝑈

𝛿𝐷𝐵𝑈𝐻+−𝛿𝐷𝐵𝑈
 (A12) 

The fractions of [SmIII–PH]PF6 and [DBUH]PF6 were determined for each 1H 

environment and then averaged. The total concentration of Sm was normalized as 1 for 

each addition. The relative integral of the 2H resonance at ~2.3 ppm was used to determine 

the total relative concentration of [DBUH]PF6/DBU. Relative concentrations of the 

individual components [SmIII–PH]PF6, SmIII–P, [DBUH]PF6, and DBU were determined 

using eqns A13-16 and the averaged fractions of protonated species: 

[𝑆𝑚𝐼𝐼𝐼 − PH] = 𝑓(𝑆𝑚𝐼𝐼𝐼 − 𝑃𝐻) (A13) 

[𝑆𝑚𝐼𝐼𝐼 − P] = 1 − [𝑆𝑚𝐼𝐼𝐼 − PH] (A14) 

[𝐷𝐵𝑈𝐻+] = 𝑓(𝐷𝐵𝑈𝐻+) × [𝐷𝐵𝑈𝐻+/𝐷𝐵𝑈]𝑡𝑜𝑡 (A15) 

[𝐷𝐵𝑈] = [𝐷𝐵𝑈𝐻+/𝐷𝐵𝑈]𝑡𝑜𝑡 − [𝐷𝐵𝑈𝐻+] (A16) 
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The equilibrium constant for the proton transfer reaction was then determined using 

eqn A17.  

𝐾𝑒𝑞 =
[𝐷𝐵𝑈𝐻+][𝑆𝑚𝐼𝐼𝐼−𝑃]

[𝑆𝑚𝐼𝐼𝐼−𝑃𝐻][𝐷𝐵𝑈]
 (A17) 

The pKa of DBU in MeCN (24.3) was then used to determine the pKa of [SmIII–PH]PF6 

from Keq. 

The effective pKa of [SmIII–NCMe]PF6 and MeOH in CH3CN was determined 

similarly (Tables A16-26 and Figures A49-51), but the absolute concentrations of species 

must be used rather than relative concentrations because of the form of the equilibrium 

constant. In a standard experiment [SmIII]PF6 and 2 equiv. MeOH were dissolved in 0.7 

mL CD3CN and added to a J-Young NMR tube along with 1,3,5-trimethoxybenzene (21 

mM) as an internal standard. An initial NMR was taken to verify purity and then aliquots 

of base (quin or iPr2NH) were added to the tube from a stock solution (250 mM). The total 

concentrations of Sm, MeOH (either in the form of free MeOH or Sm-bound OMe–), and 

acid/base were determined for each addition by integration of the SmIII aryl resonance, the 

MeOH methyl resonance (which shifts and broadens as SmIII–OMe is generated), and the 

acid/base resonances relative to the Ar-H protons of the internal standard. The relative 

concentrations of the protonated/deprotonated species ([SmIII–NCMe]PF6 + MeOH/SmIII–

OMe, [amineH]PF6/amine) were determined from the chemical shifts of each peak relative 

to the shifts of the fully protonated or fully deprotonated forms using eqns A18 and A19. 

𝑓(𝑆𝑚𝐼𝐼𝐼 − 𝑁𝐶𝑀𝑒) =
𝛿−𝛿

𝑆𝑚𝐼𝐼𝐼−𝑂𝑀𝑒

𝛿
𝑆𝑚𝐼𝐼𝐼−𝑁𝐶𝑀𝑒

−𝛿
𝑆𝑚𝐼𝐼𝐼−𝑂𝑀𝑒

  (A18) 

𝑓(𝑎𝑚𝑖𝑛𝑒𝐻+ ) =
𝛿−𝛿𝑎𝑚𝑖𝑛𝑒

𝛿𝑎𝑚𝑖𝑛𝑒𝐻+−𝛿𝑎𝑚𝑖𝑛𝑒
  (A19) 
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The fractions of [SmIII–NCMe]PF6 and [amineH]PF6 were determined for each 1H 

environment and then averaged. Absolute concentrations of the individual components 

[SmIII–NCMe]PF6, SmIII–OMe, MeOH, [amineH]PF6, and amine were determined using 

eqns A20-24:  

[𝑆𝑚𝐼𝐼𝐼 − NCMe] = 𝑓(𝑆𝑚𝐼𝐼𝐼 − 𝑁𝐶𝑀𝑒) × [𝑆𝑚]𝑡𝑜𝑡  (A20) 

[𝑆𝑚𝐼𝐼𝐼 − OMe] = [𝑆𝑚]𝑡𝑜𝑡 − [𝑆𝑚𝐼𝐼𝐼 − NCMe] (A21) 

[𝑀𝑒𝑂𝐻] = [𝑀𝑒𝑂𝐻]𝑡𝑜𝑡 − [𝑆𝑚𝐼𝐼𝐼 − OMe] (A22) 

[𝑎𝑚𝑖𝑛𝑒𝐻+] = 𝑓(𝑎𝑚𝑖𝑛𝑒𝐻+) × [𝑎𝑚𝑖𝑛𝑒𝐻+/𝑎𝑚𝑖𝑛𝑒]𝑡𝑜𝑡 (A23) 

[𝑎𝑚𝑖𝑛𝑒] = [𝑎𝑚𝑖𝑛𝑒𝐻+/𝑎𝑚𝑖𝑛𝑒]𝑡𝑜𝑡 − [𝑎𝑚𝑖𝑛𝑒𝐻+]  (A24) 

The equilibrium constant for the proton transfer reaction was then determined using 

eqn A25.  

𝐾𝑒𝑞 =
[𝑎𝑚𝑖𝑛𝑒𝐻+][𝑆𝑚𝐼𝐼𝐼−𝑂𝑀𝑒]

[𝑆𝑚𝐼𝐼𝐼−𝑁𝐶𝑀𝑒][𝑎𝑚𝑖𝑛𝑒][𝑀𝑒𝑂𝐻]
  (A25) 

The pKa’s of quin and iPr2NH in MeCN (18.8 and 19.7) were then used to determine 

the effective pKa of [SmIII–NCMe]PF6 and MeOH from Keq. 
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A6.2 Tabulated Shifts and Determination of Kassoc and pKa’s 

Table A3: 1H NMR shifts of pure compounds used in the Kassoc determination for 

[SmIII–PH]PF6 in CD3CN.  

Compound [SmIII–PH]PF6 [SmIII–NCMe]PF6 

Shift 1 7.69 7.96 

Shift 2 1.87 1.92 

Shift 3 0.37 1.33 

 

Table A4: 1H NMR data for the Sm complex during three separate titration 

experiments of [SmIII–NCMe]PF6 in 0.7 mL CD3CN with aliquots of 250 mM PH 

(Figure A43-45). All chemical shifts are in ppm. In parentheses is the fraction of 

[SmIII–NCMe]PF6 (f(SmIII–NCMe)) in the total Sm loading indicated by that 

chemical shift. The integral of the 2H SmIII] aryl resonance relative to the 16 mM 

1,3,5-trimethoxybenzene internal standard is listed. 

Volume Shift 1 Shift 2 Shift 3 

Average 

f(SmIII–

NCMe) 

Std. 

Dev. 
Sm 

Integral 
Kassoc 

20 μL 
7.822 

(0.50) 

1.897 

(0.53) 

0.881 

(0.53) 
0.52 0.02 23.41 0.7 × 10–3 

40 μL 
7.721 

(0.12) 

1.878 

(0.14) 

0.51 

(0.15) 
0.14 0.01 22.67 1.7 × 10–3 

60 μL 
7.698 

(0.04) 

1.873 

(0.04) 

0.41 

(0.04) 
0.042 0.002 21.29 2.4 × 10–3 

20 μL 
7.808 

(0.45) 

1.894 

(0.47) 

0.827 

(0.48) 
0.46 0.02 22.80 1.4 × 10–3 

40 μL 
7.715 

(0.10) 

1.877 

(0.12) 

0.486 

(0.12) 
0.11 0.01 22.59 2.2 × 10–3 

60 μL 
7.695 

(0.03) 

1.873 

(0.04) 

0.410 

(0.04) 
0.036 0.008 19.28 2.6 × 10–3 

20 μL 
7.828 

(0.52) 

1.898 

(0.55) 

0.898 

(0.55) 
0.54 0.02 23.92 0.6 × 10–3 

40 μL 
7.724 

(0.14) 

1.879 

(0.16) 

0.521 

(0.16) 
0.15 0.01 23.41 1.5 × 10–3 

60 μL 
7.698 

(0.04) 

1.874 

(0.05) 

0.417 

(0.05) 
0.046 0.006 22.08 2.2 × 10–3 

 

Final Kassoc is 1700 ± 700.  
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Table A5: 1H NMR shifts of pure compounds used in the pKa determination for 

[SmIII–PH]PF6 in CD3CN.  

Compound DBU [DBUH]PF6 [SmIII–PH]PF6 SmIII–Pa 

Shift 1 2.28 2.57 7.69  

Shift 2 1.70 1.97 1.87 1.82, 1.74 

Shift 3   0.38 –0.45, –0.94 
aSmIII–P displays lower solution symmetry than [SmIII–PH]PF6, leading to splitting of 

equivalent resonances in the aryl groups of the cation into two environments in the 

deprotonated form. The average of the two split shifts was used as δSm(III)–P in eqn A11. 
 

Table A6: 1H NMR data for the Sm complex during a titration of [SmIII–PH]PF6 

with DBU. All chemical shifts are in ppm. In parentheses is the fraction of [SmIII–

PH]PF6 in the total Sm loading indicated by that chemical shift. 

Volume Shift 2 Shift 3 Average Std. Dev. 

20 μL 
1.86 

(0.89) 

0.28 

(0.91) 
0.90 0.01 

40 μL 
1.89 

(0.89) 

0.22 

(0.85) 
0.87 0.03 

80 μL 
1.85 

(0.78) 

0.12 

(0.76) 
0.77 0.01 

160 μL 
1.84 

(0.67) 

–0.01 

(0.64) 
0.65 0.02 
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Table A7: 1H NMR data for the amidine/amidinium during a titration of [SmIII–

PH]PF6 with DBU. All chemical shifts are in ppm. Shifts that are unidentifiable 

at a given loading due to overlap with other components are omitted. In 

parentheses is the fraction of [DBUH]PF6 in the total amidine/amidinium loading 

indicated by that chemical shift.  

Volume Shift 1 Shift 2 Average Std. Dev. Relative Integral 

20 μL 
2.37 

(0.31) 
 0.31 N/A 0.53 

40 μL 
2.34 

(0.21) 
1.75 (0.19) 0.20 0.02 1.15 

120 μL 
2.32 

(0.14) 
1.73 (0.11) 0.12 0.02 2.57 

160 μL 
2.31 

(0.10) 
1.72 (0.07) 0.09 0.02 4.66 

 
 

Table A8: Equilibrium constants derived from data in Table A6 and Table A7. 

Volume Keq 

20 μL 0.05 

40 μL 0.04 

80 μL 0.04 

160 μL 0.05 
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Table A9: 1H NMR data for the Sm complex during a second titration of [SmIII–

PH]PF6 with DBU. All chemical shifts are in ppm. In parentheses is the fraction 

of [SmIII–PH]PF6 in the total Sm loading indicated by that chemical shift. 

Volume Shift 2 Shift 3 Average Std. Dev. 

40 μL 
1.85 

(0.78) 

0.21 

(0.84) 
0.81 0.05 

60 μL 
1.85 

(0.78) 

0.17 

(0.80) 
0.79 0.02 

80 μL 
1.84 

(0.67) 

0.12 

(0.76) 
0.71 0.06 

100 μL 
1.84 

(0.67) 

0.09 

(0.73) 
0.70 0.04 

   

Table A10: 1H NMR data for the amidine/amidinium during a second titration of 

[SmIII–PH]PF6 with DBU. All chemical shifts are in ppm. Shifts that are 

unidentifiable at a given loading due to overlap with other components are 

omitted. In parentheses is the fraction of [DBUH]PF6 in the total 

amidine/amidinium loading indicated by that chemical shift. 

Volume Shift 1 Shift 2 Average Std. Dev. Relative Integral 

40 μL 
2.39 

(0.38) 
 0.38 N/A 1.20 

60 μL 
2.36 

(0.28) 
1.77 (0.26) 0.27 0.01 2.78 

80 μL 
2.35 

(0.24) 
1.75 (0.19) 0.21 0.04 4.00 

100 μL 
2.34 

(0.21) 
1.75 (0.19) 0.20 0.02 6.14 

 

Table A11: Equilibrium constants derived from data in Table A9 and Table A10. 

Volume Keq 

40 μL 0.14 

60 μL 0.10 

80 μL 0.11 

100 μL 0.11 
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Table A12: 1H NMR data for the Sm complex during a third titration of [SmIII–

PH]PF6 with DBU. All chemical shifts are in ppm. In parentheses is the fraction 

of [SmIII–PH]PF6 in the total Sm loading indicated by that chemical shift. 

Volume Shift 2 Shift 3 Average Std. Dev. 

40 μL 
1.85 

(0.78) 

0.23 

(0.86) 
0.82 0.06 

80 μL 
1.85 

(0.78) 

0.15 

(0.79) 
0.78 0.01 

100 μL 
1.84 

(0.67) 

0.11 

(0.75) 
0.71 0.06 

120 μL 
1.84 

(0.67) 

0.08 

(0.72) 
0.69 0.04 

   

Table A13: 1H NMR data for the amidine/amidinium during a third titration of 

[SmIII–PH]PF6 with DBU. All chemical shifts are in ppm. Shifts that are 

unidentifiable at a given loading due to overlap with other components are 

omitted. In parentheses is the fraction of [DBUH]PF6 in the total 

amidine/amidinium loading indicated by that chemical shift. 

Volume Shift 1 Shift 2 Average Std. Dev. Relative Integral 

40 μL 
2.40 

(0.41) 
 0.41 N/A 1.92 

80 μL 
2.35 

(0.24) 
1.76 (0.22) 0.23 0.01 3.62 

100 μL 
2.34 

(0.21) 
1.75 (0.19) 0.20 0.02 4.56 

120 μL 
2.33 

(0.17) 
1.74 (0.15) 0.16 0.02 5.88 
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Table A14: Equilibrium constants derived from data in Table A12 and Table A13. 

Volume Keq 

40 μL 0.16 

80 μL 0.08 

100 μL 0.10 

120 μL 0.08 
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Table A15: Final equilibrium constants from Table A8, A11, and A14. 

Base Keq Std. Dev. pKa 

DBU (1) 0.05 0.007 25.6 ± 0.1 

DBU (2) 0.11 0.02 25.2 ± 0.1 

DBU (3) 0.11 0.03 25.3 ± 0.2 

 

Final pKa is 25.4 ± 0.2. 

 

Table A16: 1H NMR shifts of pure compounds used in the pKa,eff determination 

for [SmIII–NCMe]PF6 and MeOH in CD3CN.  

Compound iPr2NH 
[iPr2NH2]

PF6 
quin 

[quinH] 

PF6 

[SmIII–

NCMe]PF6 + 

MeOH 

SmIII–

OMea 

Shift 1 2.85 3.47 2.76 3.23 9.05 8.63, 8.58 

Shift 2 0.96 1.28 1.67 2.10 7.96 7.22, 7.16 

Shift 3   1.50 1.88 1.92 1.72, 1.69 

Shift 4   
  

1.33 
–0.66,  

–0.89 
aSmIII–OMe displays lower solution symmetry than [SmIII–NCMe]PF6, leading to splitting 

of equivalent resonances in the aryl groups of the cation into two environments in the 

deprotonated form. The average of the two split shifts was used as δSm(III)–OMe in eqn A18. 
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Table A17: 1H NMR data for the Sm complex during a titration of [SmIII–

NCMe]PF6 and MeOH with iPr2NH2. All chemical shifts are in ppm. In 

parentheses is the fraction of [SmIII–NCMe]PF6 in the total Sm loading indicated 

by that chemical shift. The total concentrations of Sm determined through 

integration to the internal trimethoxybenzene standard are given. 

Volume Shift 1 Shift 2 Shift 3 Shift 4 Average Std. Dev. 
[Sm]tot  

(mM) 

20 μL 
9.04 

(0.98) 

7.95 

(0.99) 

1.92 

(1.0) 

1.41 

(0.99) 
0.99 0.009 13.2 

40 μL 
9.04 

(0.98) 

7.94 

(0.97) 

1.92 

(1.0) 

1.30 

(0.99) 
0.98 0.01 12.4 

80 μL 
9.03 

(0.96) 

7.93 

(0.96) 

1.91 

(0.95) 

1.28 

(0.98) 
0.96 0.01 11.7 

160 μL 
9.03 

(0.96) 

7.92 

(0.95) 

1.91 

(0.95) 

1.25 

(0.96) 
0.95 0.006 10.5 

   

Table A18: 1H NMR data for the amine/ammonium during a titration of [SmIII–

NCMe]PF6 and MeOH with iPr2NH2. All chemical shifts are in ppm. In 

parentheses is the fraction of [iPr2NH2]PF6 in the total amine/ammonium loading 

indicated by that chemical shift. The total concentration of the amine/ammonium 

determined through integration to the internal trimethoxybenzene standard is 

given. 

Volume Shift 1 Shift 2 Average Std. Dev. 
[B] + [BH+]  

(mM) 

20 μL 
2.92 

(0.11) 

1.00 

(0.11) 
0.11 0.002 10.5 

40 μL 
2.89 

(0.06) 

0.99 

(0.08) 
0.07 0.01 20.6 

80 μL 
2.88 

(0.05) 

0.98 

(0.05) 
0.05 0.001 40.3 

160 μL 
2.87 

(0.03) 

0.97 

(0.03) 
0.03 0.0007 69.3 
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Table A19: Equilibrium constants derived from data in Table A17 and Table A18. 

Volume Keq 

20 μL 0.062 

40 μL 0.054 

80 μL 0.095 

160 μL 0.082 

 

Table A20: 1H NMR data for the Sm complex during a titration of [SmIII–

NCMe]PF6 and MeOH with quin. All chemical shifts are in ppm. In parentheses 

is the fraction of [SmIII–NCMe]PF6 in the total Sm loading indicated by that 

chemical shift. The total concentrations of Sm determined through integration to 

the internal trimethoxybenzene standard are given.   

Volume Shift 1 Shift 2 Shift 3 Shift 4 Average Std. Dev. 
[Sm]tot  

(mM) 

20 μL 
9.03 

(0.96) 

7.93 

(0.96) 

1.91 

(0.95) 

1.27 

(0.97) 
0.96 0.008 14.1 

40 μL 
9.02 

(0.93) 

7.91 

(0.94) 

1.91 

(0.95) 

1.20 

(0.94) 
0.94 0.009 13.1 

80 μL 
9.00 

(0.89) 

7.87 

(0.88) 

1.90 

(0.91) 

1.12 

(0.90) 
0.89 0.01 12.2 

160 μL 
8.97 

(0.82) 

7.82 

(0.82) 

1.88 

(0.81) 

1.01 

(0.85 
0.83 0.02 10.9 
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Table A21: 1H NMR data for the amine/ammonium during a titration of [SmIII–

NCMe]PF6 and MeOH with quin. All chemical shifts are in ppm. In parentheses 

is the fraction of [quinH]PF6 in the total amine/ammonium loading indicated by 

that chemical shift. The total concentration of the amine/ammonium determined 

through integration to the internal trimethoxybenzene standard is given. 

Volume Shift 1 Shift 2 Shift 3 Average 
Std. 

Dev. 
[B] + [BH+]  

(mM) 

20 μL 
2.86 

(0.21) 
 1.58 (0.21) 0.21 0.002 7.7 

40 μL 
2.82 

(0.13) 

1.73 

(0.14) 
1.56 (0.16) 0.14 0.01 15.4 

80 μL 
2.80 

(0.09) 

1.71 

(0.09) 
1.54 (0.11) 0.09 0.01 25.5 

160 μL 
2.79 

(0.06) 

1.70 

(0.07) 
1.52 (0.05) 0.06 0.009 48.0 

 

Table A22: Equilibrium constants derived from data in Table A20 and Table A21. 

Volume Keq 

20 μL 0.50 

40 μL 0.49 

80 μL 0.62 

160 μL 0.81 
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Table A23: 1H NMR data for the Sm complex during a titration of [SmIII–

NCMe]PF6 and MeOH with quin. All chemical shifts are in ppm. In parentheses 

is the fraction of [SmIII–NCMe]PF6 in the total Sm loading indicated by that 

chemical shift. The total concentrations of Sm determined through integration to 

the internal trimethoxybenzene standard are given.   

Volume Shift 1 Shift 2 Shift 3 Shift 4 Average Std. Dev. 
[Sm]tot  

(mM) 

20 μL 
9.03 

(0.96) 

7.93 

(0.96) 

1.91 

(0.95) 

1.26 

(0.97) 
0.96 0.006 13.1 

40 μL 
9.02 

(0.93) 

7.90 

(0.92) 

1.91 

(0.95) 

1.20 

(0.94) 
0.94 0.01 12.4 

80 μL 
8.99 

(0.87) 

7.87 

(0.88) 

1.89 

(0.86) 

1.11 

(0.90) 
0.88 0.02 12.0 

160 μL 
8.96 

(0.80) 

7.81 

(0.81) 

1.88 

(0.81) 

0.98 

(0.83) 
0.81 0.02 10.8 

 

Table A24: 1H NMR data for the amine/ammonium during a titration of [SmIII–

NCMe]PF6 and MeOH with quin. All chemical shifts are in ppm. In parentheses 

is the fraction of [quinH]PF6 in the total amine/ammonium loading indicated by 

that chemical shift. The total concentration of the amine/ammonium determined 

through integration to the internal trimethoxybenzene standard is given. 

Volume Shift 1 Shift 2 Shift 3 Average 
Std. 

Dev. 
[B] + [BH+]  

(mM) 

20 μL 
2.87 

(0.23) 
 1.59 (0.24) 0.24 0.002 7.0 

40 μL 
2.83 

(0.15) 

1.74 

(0.17) 
1.56 (0.16) 0.16 0.007 16.7 

80 μL 
2.80 

(0.09) 

1.71 

(0.09) 
1.54 (0.11) 0.09 0.01 27.4 

160 μL 
2.79 

(0.06) 

1.70 

(0.07) 
1.53 (0.08) 0.07 0.007 52.1 
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Table A25: Equilibrium constants derived from data in Table A23 and Table A24. 

Volume Keq 

20 μL 0.54 

40 μL 0.54 

80 μL 0.69 

160 μL 0.94 

 

Table A26: Final equilibrium constants from Table A19, A22, and A25. 

Base Keq Std. Dev. pKa,eff 

iPr2NH2 0.07 0.02 19.9 ± 0.4 

quin (1) 0.6 0.2 19.9 ± 0.3 

quin (2) 0.7 0.2 19.9 ± 0.4 

 

Final pKa,eff is 19.9 ± 0.2. 
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A6.3 1H NMR Spectra of Pure Compounds used in Equilibrium Measurements 

 

Figure A34. 1H NMR in CD3CN (400 MHz, r.t.) of DBU. 

 

Figure A35. 1H NMR in CD3CN (400 MHz, r.t.) of [DBUH]PF6. 
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Figure A36. 1H NMR in CD3CN (400 MHz, r.t.) of iPr2NH. 

 

Figure A37. 1H NMR in CD3CN (400 MHz, r.t.) of [iPr2NH]PF6. 
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Figure A38. 1H NMR in CD3CN (400 MHz, r.t.) of quin. 

 

Figure A39. 1H NMR in CD3CN (400 MHz, r.t.) of [quinH]PF6. 
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Figure A40. Superimposed 1H NMR in CD3CN (400 MHz, r.t.) of [SmIII–

NCMe]PF6 in the presence of 3 equiv. (dark blue) and 4 equiv. (light blue) PH. 

Picked peaks are assigned to [SmIII–PH]PF6. 1,3,5-trimethoxybenzene is present 

as an internal standard.  
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Figure A41. Aliphatic region of 1H NMR of SmIII–P in CD3CN (400 MHz) with 

resonances corresponding to tBu groups picked. SmIII–P is not sufficiently 

soluble in MeCN to readily identify any other resonances. 

 

Figure A42. 1H NMR of SmIII–OMe in CD3CN (400 MHz). Peaks corresponding 

to protonated ligand impurity (10%) are marked. 
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A6.4 1H NMR Titration Spectra 

 

Figure A43. 1H NMR in CD3CN (400 MHz, r.t.) of a set of titration experiments 

of [SmIII–NCMe]PF6 with PH and 1,3,5-trimethoxybenzene (16 mM) as an 

internal standard. Spectra are labeled with the total volume of a 250 mM PH stock 

solution added to the reaction mixture.  
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Figure A44. 1H NMR in CD3CN (400 MHz, r.t.) of a second set of titration 

experiments of [SmIII–NCMe]PF6 with PH and 1,3,5-trimethoxybenzene (16 

mM) as an internal standard. Spectra are labeled with the total volume of a 250 

mM PH stock solution added to the reaction mixture.  
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Figure A45. 1H NMR in CD3CN (400 MHz, r.t.) of a third set of titration 

experiments of [SmIII–NCMe]PF6 with PH and 1,3,5-trimethoxybenzene (16 

mM) as an internal standard. Spectra are labeled with the total volume of a 250 

mM PH stock solution added to the reaction mixture.  
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Figure A46. 1H NMR in CD3CN (400 MHz, r.t.) of titration experiments of 

[SmIII–PH]PF6 (0.010 mmol) with DBU and 1,3,5-trimethoxybenzene as an 

internal standard. Spectra are labeled with the total volume of a 333 mM DBU 

stock solution added to the reaction mixture.  
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Figure A47. 1H NMR in CD3CN (400 MHz, r.t.) of a second set of titration 

experiments of [SmIII–PH]PF6 (0.010 mmol) with DBU and 1,3,5-

trimethoxybenzene as an internal standard. Spectra are labeled with the total 

volume of a 500 mM DBU stock solution added to the reaction mixture.  
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Figure A48. 1H NMR in CD3CN (400 MHz, r.t.) of a third set of titration 

experiments of [SmIII–PH]PF6 (0.013 mmol) with DBU and 1,3,5-

trimethoxybenzene as an internal standard. Spectra are labeled with the total 

volume of a 500 mM DBU stock solution added to the reaction mixture.  
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Figure A49. 1H NMR in CD3CN (400 MHz, r.t.) of titration experiments of 

[SmIII–NCMe]PF6 and MeOH with iPr2NH and 1,3,5-trimethoxybenzene (21 

mM) as an internal standard. Spectra are labeled with the total volume of a 250 

mM iPr2NH stock solution added to the reaction mixture.  
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Figure A50. 1H NMR in CD3CN (400 MHz, r.t.) of titration experiments of 

[SmIII–NCMe]PF6 and MeOH with quin and 1,3,5-trimethoxybenzene (21 mM) 

as an internal standard. Spectra are labeled with the total volume of a 250 mM 

quin stock solution added to the reaction mixture. 
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Figure A51. 1H NMR in CD3CN (400 MHz, r.t.) of a second set of titration 

experiments of [SmIII–NCMe]PF6 and MeOH with quin and 1,3,5-

trimethoxybenzene (21 mM) as an internal standard. Spectra are labeled with the 

total volume of a 250 mM quin stock solution added to the reaction mixture.  
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A7 Bracketing of BDFEO–H for SmI2(H2O)n(THF)m based on Kinetic Analysis  

Eqn A26 shows the balanced reaction of SmI2(H2O)n(THF)m with enamine substrate 

reported by Mayer and coworkers.10 

 

Eqn A26 is proposed to go through an initial concerted proton-coupled electron 

transfer (CPET) at the H1 position followed by transfer of a second hydrogen atom 

equivalent. This mechanism is summarized in eqn A27 and A28. 

 

From the absence of deuterium incorporation into H1,
10 it is unlikely that eqn A27 

establishes a rapid pre-equilibrium. The steady-state approximation is therefore used to 

derive the rate law for this mechanism: 

𝑑[𝑠𝑢𝑏𝐻2]

𝑑𝑡
=

𝑘1𝑘2[𝑠𝑢𝑏][𝑆𝑚𝐼𝐼−𝐸𝐻]2

𝑘−1[𝑆𝑚𝐼𝐼𝐼−𝐸]+𝑘2[𝑆𝑚𝐼𝐼−𝐸𝐻]
 (A29) 

Eqn A29 simplifies to eqn A30 when k–1[SmIII–E] << k2[SmII–EH]. 

𝑑[𝑠𝑢𝑏𝐻2]

𝑑𝑡
= 𝑘1[𝑠𝑢𝑏][𝑆𝑚𝐼𝐼 − 𝐸𝐻] (A30) 

Eqn A30 was rearranged and integrated as follows, with x = [subH2]. 

∫
𝑑𝑥

[𝑆𝑚𝐼𝐼−𝐸𝐻][𝑠𝑢𝑏]

𝑥

0
= ∫ 𝑘1𝑑𝑡

𝑡

0
 (A31) 

From the stoichiometry of reaction 1, production of one mole of x requires 

consumption of one mole of substrate and two moles of SmII–EH. So, at time t: 

[sub] = [sub]0 − x (A32) 
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[𝑆𝑚𝐼𝐼 − 𝐸𝐻] = [𝑆𝑚𝐼𝐼 − 𝐸𝐻]0 − 2x  (A33) 

Insertion of eqn A32 and A33 into A31 followed by rearrangement to eqn A35 and 

evaluation yields the integrated rate law eqn A36. 

∫
𝑑𝑥

([𝑆𝑚𝐼𝐼−𝐸𝐻]0−2x)([sub]0−x)

𝑥

0
= ∫ 𝑘1𝑑𝑡

𝑡

0
 (A34) 

1

[sub]0−
1

2
[𝑆𝑚𝐼𝐼−𝐸𝐻]0

∫
𝑑𝑥

[𝑆𝑚𝐼𝐼−𝐸𝐻]0−2x)
+

𝑥

0

1

[𝑆𝑚𝐼𝐼−𝐸𝐻]0−2[𝑠𝑢𝑏]0
∫

𝑑𝑥

[sub]0−x)

𝑥

0
= ∫ 𝑘1𝑑𝑡

𝑡

0
 (A35) 

1

[𝑆𝑚𝐼𝐼−𝐸𝐻]0−2[𝑠𝑢𝑏]0
(𝑙𝑛 (

[𝑠𝑢𝑏]0([𝑆𝑚𝐼𝐼−𝐸𝐻]0−2𝑥)

[𝑆𝑚𝐼𝐼−𝐸𝐻]0([𝑠𝑢𝑏]0−𝑥)
)) = 𝑘1𝑡 (A36) 

We envision two possible scenarios in which the condition k–1[SmIII–E] << k2[SmII–

EH] is met and eqn A36 applies: 

Scenario 1: k2 > k–1 such that the condition holds even at the end of the reaction, when 

[SmII–EH] < [SmIII–E]. 

Scenario 2: The SmIII–E products of eqn A27 are typically reported to precipitate, i.e., 

[SmIII–E] ≈ 0. 

Mayer and coworkers report that the reduction of enamine substrates by 

SmI2(THF)n(H2O)m is complete in 10 minutes at room temperature with [sub]0 = 0.024 M. 

H2O is present at 3.6 M in this reaction, which falls into the concentration window in which 

CPET reactions of SmI2/H2O are reported to be zero-order in water.11 For the purpose of 

this analysis we therefore assume that the SmII centers are saturated by H2O such that 

[SmII–EH]0 = [SmII]0 = 0.072 M. Taking 10 minutes as four half-lives (e.g., at t = 10 

minutes, x = 0.94*[sub]0 = 0.0225 M), eqn A36 can be solved for k1 = 0.12 M–1s–1.  

For the initial PCET step, the ratio of forward and backward rate constants k1/k–1 can 

be expressed in terms of the free energy change of this step: 

𝛥𝐺°1 = 𝐵𝐷𝐹𝐸𝑆𝑚𝐼𝐼−𝑂𝐻2
− 𝐵𝐷𝐹𝐸𝐶𝐻,1 = 𝛥𝐵𝐷𝐹𝐸  (A37) 
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𝑘1

𝑘−1
= 𝐾1 = 𝑒

−𝛥𝐵𝐷𝐹𝐸

𝑅𝑇   (A38) 

Scenario 1: In this scenario, k2 is assumed to be diffusion-limited and k–1 must be 

bounded such that k–1[SmIII–E] << k2[SmII–EH] at all points in the reaction. Assuming 

SmIII–E remains soluble and monomeric, when the reaction is complete [SmIII–E] = 0.048 

M and remaining [SmII–EH] = 0.024 M. Using k2 ≤ 109 M–1s–1 (i.e., diffusion-limited), k–1 

is bounded as ≤ 5 × 106 M–1 s–1. Substitution into eqn A38 (with T = 298 K) gives ΔBDFE 

as ≤ 10.4 kcal mol–1. Given BDFECH,1 = 31 kcal mol–1 for the enamine substrate, the 

BDFEO–H of SmI2(THF)n(H2O)m can be bracketed as ≤ 41.4 kcal mol–1.  

Scenario 2: In this scenario, the only requirement is that k–1 is bounded to a physically 

realistic value. Using k1 = 0.12 M–1s–1, k–1 ≤ 109 M–1s–1 (i.e., diffusion-limited), and T = 

298 K, eqn A38 can be solved for an upper limit on ΔBDFE as ≤ 13.5 kcal mol–1. Given 

BDFECH,1 = 31 kcal mol–1 for the enamine substrate, the BDFEO–H of SmI2(THF)n(H2O)m 

can be bracketed as ≤ 44.5 kcal mol–1.  

The same analysis was carried out for the reaction in eqn A39:12 

 

Flowers and coworkers report this reaction to be 26% complete after running overnight 

at room temperature with [sub]0 = 0.04 M and [SmII–EH]0 = [SmII]0 = 0.1 M.12 Taking 13 

hours as “overnight”, eqn A36 can be evaluated for x=0.26*[sub]0 = 0.01 M to solve for k1 

= 7.3 × 10–5 M–1s–1.  

Scenario 1: In this scenario, k2 is assumed to be diffusion-limited and k–1 must be 

bounded such that k–1[SmIII–E] << k2[SmII–EH] at all points in the reaction. Assuming 

SmIII–E remains soluble and monomeric, when the reaction is stopped [SmIII–E] = 0.02 M 
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and remaining [SmII–EH] = 0.08 M. Using k2 ≤ 109 M–1s–1 (i.e., diffusion-limited), k–1 is 

bounded as ≤ 4 × 107 M–1 s–1. Substitution into eqn A38 (with T = 298 K) gives ΔBDFE as 

≤ 16 kcal mol−1. Given BDFECH,1 = 25.3 kcal mol–1 for phenanthrene, the BDFEN–H of 

SmI2(THF)n(PH)m can be bracketed as ≤ 41.3 kcal mol–1. 

Scenario 2: ΔBDFE ≤ 17.9 kcal mol–1. Given BDFECH,1 = 25.3 kcal mol–1 for 

phenanthrene, the BDFEN–H of SmI2(THF)n(PH)m can be bracketed as ≤ 43.2 kcal mol–1.   
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Finally, Eqn A40 shows the balanced reaction of SmI2(H2O)n(THF)m with 

anthracene reported by Flowers and coworkers.11 

 

The reported pseudo-first order rate constant kobs at [sub]0 = 0.1 M and [SmII]0 = 0.01 

M for this reaction with [H2O] sufficiently high that the reaction is zero-order in water is 

0.15 s−1.11 In this concentration regime, kobs is defined as follows: 

𝑘𝑜𝑏𝑠 =  𝑘1[𝑠𝑢𝑏] 

k1 is therefore 1.5 M–1 s–1.  

Scenario 1: Undefined (in this case SmI2 is not used in excess). 

Scenario 2: ΔBDFE ≤ 12 kcal mol–1. Given BDFECH,1 = 38.5 kcal mol–1 for 

anthracene, the BDFEO–H of SmI2(THF)n(H2O)m can be bracketed as ≤ 50.5 kcal mol–1.  
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A p p e n d i x  B  

SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

Reproduced in part with permission from Boyd, E.A.; Peters, J. C. J. Am. Chem. Soc. 

2023, 145, 14784. doi: 10.1021/jacs.3c03352 

B1 Experimental Part 

B1.1 General Considerations 

All manipulations were carried out using standard Schlenk or glovebox techniques 

under an N2 atmosphere. Unless otherwise noted, solvents were deoxygenated and dried 

by thoroughly sparging with N2 gas followed by passage through an activated alumina 

column in the solvent purification system by SG Water, USA LLC. Non-halogenated 

solvents were tested with a standard purple solution of sodium benzophenone ketyl in 

tetrahydrofuran to confirm effective oxygen and moisture removal. All reagents were 

purchased from commercial vendors and used without further purification unless otherwise 

stated. 2-methyltetrahydrofuran (2-MeTHF) was degassed and stored over 4 Å molecular 

sieves and then stirred over NaK and passed over activated alumina immediately before 

use. MeOH was stirred over 3 Å molecular sieves under N2 for one week, vacuum 

transferred into a Schlenk flask, and stored sealed in a glovebox. N-methylpyrrolidone 

(PMe), 2-pyrrolidone (PH), hexamethylphosphoramide (HMPA), and diisopropylamine 

(iPr2NH) were degassed and passed over a pipet filter of activated alumina. 5-

(trifluoromethyl)pyrrolidone was dried by dissolving in Et2O and passing over a pipet filter 

of activated alumina. nBu4NPF6 was recrystallized from hot EtOH three times and then 

dried under vacuum at 100°C for >12 hours before use as electrolyte. 15N2 (99%) was 

obtained from Cambridge Isotope Laboratories, Inc. 2-pyrrolidone was deuterated by 
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stirring in CD3OD for 30 minutes followed by removal of solvent in vacuo (75% 

deuteration measured by 1H NMR). Me2NNH3Cl was generated by treatment of Me2NNH2 

with excess of a solution of HCl in Et2O at −78°C followed by removal of solvent in vacuo. 

(tBu2ArO)2Me2cyclam)Sm (SmII),1,2 [SmIII]PF6,
2,3 SmI2(THF)2,

4 P3
BFeN2 (FeN2),

5 

FeBArF
4,

6 FeNNMe2,
7 and [DBUH]OTf8 were synthesized via reported literature 

procedures.  

B1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. C6D6 

was degassed, stirred over NaK, and passed over activated alumina before use. CD3CN 

was degassed and passed over a pipet filter of activated alumina five times immediately 

before use. 1H chemical shifts are reported in ppm relative to tetramethylsilane, using 

residual solvent resonances as internal standards.9 15N chemical shifts are referenced to 

CH3NO2 following the recommended scale based on ratios of absolute frequencies (Ξ).10 

B1.3 Electron Paramagnetic Resonance (EPR) Spectroscopy 

X-band EPR spectra were obtained on a Bruker EMX spectrometer. Samples were 

collected at a power of 2 mW with modulation amplitudes of 2.00 G, and modulation 

frequencies of 100.00 kHz. EPR spectra were modeled using the easyspin program.11 

B1.4 57Fe Mössbauer Spectroscopy 

Mössbauer spectra were recorded on a spectrometer from SEE Co. (Edina, MN) 

operating in the constant acceleration mode in a transmission geometry. The samples were 

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. Data 
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analysis was performed using version 4 of the program WMOSS (www.wmoss.org) and 

quadrupole doublets were fit to Lorentzian lineshapes.  

B1.5 Infrared (IR) Spectroscopy 

IR measurements were obtained as thin films formed by evaporation of solutions using 

a Bruker Alpha Platinum ATR spectrometer with OPUS software.  

B1.6 Electrochemistry 

Electrochemical measurements 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 CD instruments 600B electrochemical analyzer was used for data collection. 

A glassy carbon disk (3 mm diameter) was used as the working electrode. It was freshly 

polished with 1, 0.3, and 0.05 μm alumina powder water slurries and rinsed with water and 

acetone before use. A silver wire immersed in a 5 mM solution of AgOTF in electrolyte 

separated from the working solution by a frit was used as pseudoreference and a platinum 

wire was used as the auxiliary electrode. Cyclic voltammograms (CVs) are plotted using 

IUPAC convention. For all measurements IR compensation was applied accounting for 

85% of the total resistance. All reported potentials are referenced to the ferrocene couple, 

Cp2Fe+/Cp2Fe measured at the end of each electrochemical experiment. Electrochemistry 

solvents were passed over a pipet filter of activated alumina immediately before use.   
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B2 Hydrazine and Ammonia Generation Details 

B2.1 Standard N2H4/NH3 Generation Reaction Procedure 

All solvents are stirred with Na/K for ≥ 2 hours and filtered over activated alumina 

prior to use. In a nitrogen-filled glovebox, a long tube with a female 24/40 joint at the top 

is charged with the SmII reductant as a solid (and HMPA as a liquid in reactions with this 

additive). The tube is then sealed at room temperature with a septum that is secured with 

copper wire. The tube is chilled in a glovebox cold well immersed in a dry ice/acetone bath 

and allowed to equilibrate for 10 minutes. To the chilled tube is added 1 mL of a room 

temperature solution of the acid and/or PMe via syringe. The contents of the tube are stirred 

and warmed for five minutes to dissolve the reductant. The tube is again chilled at −78°C 

for 10 minutes. A 1 mM solution of the Fe precatalyst is similarly chilled. A 0.5 mL aliquot 

of this solution (0.5 μmol) is added to the tube via syringe and the mixture is allowed to 

stir and warm to room temperature overnight (≥ 12 h). In the case of lower catalyst 

loadings, smaller volumes of the 1 mM Fe solution are added to the tube along with 

additional chilled solvent to achieve the desired Fe loading and a total reaction volume of 

1.5 mL. The tube is then brought out of the glovebox and analyzed for NH3 and N2H4. 

For the catalytic run conducted under 15N2, the standard procedure is modified as 

follows: after premixing SmII (50 mg, 60 μmol) and PH (4.2 mg, 48 μmol) in 1 mL toluene 

as described above in a Schlenk tube, an additional 0.5 mL of toluene is added. The reaction 

mixture is then degassed (three freeze-pump-thaw cycles, thawing only to −78°C). The 

degassed reaction mixture is frozen in a liquid nitrogen-cooled cold well under vacuum. 

The tube is opened and 50 μL of a 10 mM solution of P3
BFeN2 (0.5 μmol) is added along 
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the wall of the tube. The tube is allowed to equilibrate at 77K for 5 minutes and 

evacuated. It is then warmed to −78°C, backfilled with 15N2, and allowed to stir at −78°C 

for 24 hours. 

B2.2 Ammonia and Hydrazine Quantification 

Reaction mixtures are cooled to 77 K and allowed to freeze. HCl (3 mL of a 2.0 M 

solution in Et2O, 6 mmol) is added to the frozen tube via syringe over 1-2 minutes and 

allowed to freeze. The septum on the tube is then exchanged for a Schlenk tube adapter 

and the headspace of the tube is evacuated. After sealing the tube, it is then allowed to 

warm to room temperature and stirred at room temperature 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. From this solution, a 200 μL aliquot is analyzed for the 

presence of NH3 (present as NH4Cl) by the indophenol method.12 Quantification was 

performed with UV-vis spectroscopy by analyzing the absorbance at 635 nm using a 

calibration curve.13 A further 200 μL aliquot of this solution was analyzed for the presence 

of N2H4 (present as N2H5Cl) by a standard colorimetric method.14 Quantification was 

performed with UV-vis spectroscopy by analyzing the absorbance at 458 nm using a 

calibration curve.15 For the catalytic run conducted under 15N2, the solid residue remaining 

after quenching with HCl in Et2O was extracted into DMSO-d6 and analyzed by 15N{1H} 

NMR spectroscopy. 

The presence of HMPA in catalytic reaction mixtures was found to interfere with the 

indophenol method for ammonia quantification. An alternative procedure was therefore 

employed to quantify ammonia from reactions with HMPA. A 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 
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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 1,3,5-trimethoxybenzene as an internal standard. The 1H NMR signal 

observed for NH4
+ is then integrated against the two peaks of trimethoxybenzene to 

quantify the ammonium present. 

B2.3 Me2NNH2/Me2NH Generation and Quantification Procedure 

All solvents are stirred with Na/K for ≥ 2 hours and filtered over activated alumina 

prior to use. In a nitrogen-filled glovebox, a Schlenk tube is charged with the SmII reductant 

as a solid (15.3 mg, 19 μmol). The tube is chilled in a glovebox cold well immersed in a 

dry ice/acetone bath and allowed to equilibrate for 10 minutes. To the chilled tube is added 

1 mL of a room temperature solution of PH in toluene (15 mM, 15 μmol) via syringe. The 

contents of the tube are stirred and warmed for five minutes to dissolve the reductant. The 

tube is again chilled at −78°C for 10 minutes. A 10 mM solution of FeNNMe2 is similarly 

chilled. A 0.5 mL aliquot of this solution (5 μmol) is added, the tube is sealed, and the 

mixture is allowed to stir for 5 minutes, at which point SmII–PH is fully consumed as 

judged by the disappearance of its dark green color. The tube is then frozen in liquid 

nitrogen. A solution of NaOtBu in MeOH (1 mL of a 0.2 M solution, 0.2 mmol) is added 

along the walls of the tube. The tube is resealed and the headspace is evacuated. The 

mixture is allowed to warm and stir at room temperature for 20 minutes. A second 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 quenched reaction mixture are vacuum transferred at RT into this 

collection flask. After completion of the vacuum transfer, the collection flask is sealed and 
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warmed to RT. Solvent is removed in vacuo, and the remaining residue is dissolved in 

0.6 mL of CD3OD containing 1,3,5-trimethoxybenzene as an internal standard. The 1H 

NMR signals observed for the methyl protons of Me2NH2
+ (2.70 ppm) and Me2NNH3

+ 

(2.91 ppm) are then integrated against the methyl peak of trimethoxybenzene to quantify 

their production. 
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B3 NMR Spectroscopy 

B3.1 Procedure for Quantification of Sm-containing Byproducts of Catalysis 

The procedure for catalytic N2H4 generation (S2.1) is followed to carry out the reaction 

of SmII (50 mg, 0.061 mmol), PH (1 mL of a 48 mM solution in toluene, 0.048 mmol), and 

FeN2 (0.5 mL of a 1 mM solution in toluene, 0.5 μmol) with N2 (1 atm) at −78°C in a 

glovebox cold well. Instead of analyzing fixed-N products, the volatiles of the reaction 

mixture are removed in vacuo. The remaining residue is extracted with 3 ~1 mL portions 

of pentane and filtered over celite to a total solution volume of 3.3 mL. A 1 mL aliquot of 

this solution is transferred to a vial containing 2.2 mg (0.013 mmol) of 1,3,5-

trimethoxybenzene as an internal standard and solvent is removed in vacuo. The residue is 

taken up in C6D6 and analyzed by 1H NMR.  

B3.1 Procedure for NMR Titrations 

CD3CN was passed 5 times over activated alumina before use. An NMR signature for 

[SmIII – CF3PH]PF6 was first obtained as follows:3 [SmIII]PF6 was dissolved in 0.7 mL of 

a 7.5 mM CD3CN solution of 1,3,5-trimethoxybenzene (tmb) as an internal standard and 

added to a J. Young NMR tube. An initial NMR was taken to verify purity and then aliquots 

of CF3PH were added to the tube from a stock solution (535 mM) which also contained 7.5 

mM tmb until resonances corresponding to the aryl and tBu protons of the Sm complex no 

longer shifted with increasing [CF3PH], indicating saturation. 

To bracket the acidity of [SmIII–CF3PH]PF6, aliquots of iPr2NH were added to the tube 

from a stock solution (1.1 M) which also contained 7.5 mM tmb. 
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Figure B1. 1H NMR (CD3CN, 400 MHz) spectra of [SmIII]PF6 (8.5 mM) with 

varying amounts of CF3PH (1-26 equiv). Select regions of the overlaid spectra 

(lower panel) show the shift in the aryl and tBu peaks of the Sm complex with 

increasing CF3PH; the final picked peaks are assigned to a C1-symmetric [SmIII–

CF3PH]PF6 adduct. * = CD3CN solvent residual 
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Figure B2. 1H NMR (CD3CN, 400 MHz) spectra of [SmIII–CF3PH]PF6 (8.5 mM, 

formed in situ by addition of 26 equiv CF3PH to [SmIII]PF6) with varying amounts 

of iPr2NH (1.5-15 equiv). Select regions of the overlaid spectra (lower panel) 

show that the aryl and tBu resonances are essentially unperturbed by addition of 

the base (pKa = 18.8 in MeCN), consistent with a conservative lower bound of > 

20 for the pKa of [SmIII–CF3PH]PF6 in CH3CN. * = CD3CN solvent residual   
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Figure B3. 1H NMR (CD3OD, 400 MHz) spectrum of Me2NNH3Cl and 

Me2NH2Cl. * = CD3OD solvent residual 

  



 

 

255 

 

Figure B4. 1H NMR (CD3OD, 400 MHz) spectrum of Me2NNH3Cl and 

Me2NH2Cl (2.70 ppm) generated from the reaction of P3
BFeNNMe2, SmII (3 

equiv), and PH (3 equiv) in toluene at −78°C. The methyl resonances of the 

products are integrated relative to the methyl resonance of 1,3,5-

trimethoxybenzene as an internal standard (4.7 mM) to determine yields of 25% 

and 30%, respectively. * = CD3OD solvent residual   



 

 

256 
B4 EPR Spectroscopy 

B4.1 General Procedure for Preparation of Freeze-quench EPR Samples of Catalytic 

Reaction Mixtures 

The procedure for catalytic N2H4 generation (S2.1) is followed to carry out the reaction 

of SmII (50 mg, 0.061 mmol), PH (1 mL of a 48 mM solution in toluene, 0.048 mmol), and 

FeN2 (0.5 mL of a 3 mM solution in toluene, 1.5 μmol) with N2 (1 atm) at −78°C in a 

glovebox cold well. A timer is set to zero as soon as the precatalyst is added to the reaction. 

At the desired time, the septum is removed from the flask and a pipet which has been 

chilled at −78°C is used to transfer a ~0.2 mL aliquot of the reaction mixture into a similarly 

chilled EPR tube. The EPR sample is then frozen in N2(l). The sample is quickly transferred 

out of the glovebox and put into N2(l) before it can warm. 

B4.1 General Procedure for Preparation of EPR Samples of the Reaction of Fe 

Complexes with SmII Reductants 

All manipulations are carried out inside of a nitrogen-filled glovebox, and all samples 

are prepared with a final [Fe] of 2 mM. For experiments using SmII, 0.5 mL of a 4.2 or 12.6 

mM solution of SmII (2.1 or 6.3 μmol) is transferred to a scintillation vial with a stirbar and 

cooled to −78°C in a glovebox cold well. Aliquots of a stock solution of PMe or PH are 

then added to achieve the desired ratio of SmII:PMe/H. For experiments using 10 equiv 

SmI2(THF)2 per Fe, the reductant (11 mg, 20 μmol) is weighed in a scintillation vial. A stir 

bar, 0.5 mL of solvent, and the desired amount of HMPA is added and the mixture is stirred 

at r.t. until homogeneous. It is then cooled to −78°C in a glovebox cold well. A similarly 

cooled solution of the Fe complex (0.5 mL of a 4 mM solution, 2 μmol) is then added. The 

mixture is allowed to stir for ~5 min and then an aliquot is transferred to a chilled EPR tube 
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using a chilled pipet. The sample is then frozen in N2(l), quickly transferred out of the 

glovebox, and put into N2(l) before it can warm. 
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Figure B5. CW X-band EPR spectrum (toluene, 77K; MW frequency = 9.43 

GHz; MW power = 2 mW) following the reaction of FeN2 (2 mM) with 10 equiv 

SmI2(THF)2 and 20 equiv HMPA. The simulated spectrum (g = [2.285 2.052 

2.032]) is consistent with “free” FeN2
 – as the dominant reduced species.17 A small 

amount of a second, unidentified species is generated in this reaction (*). 
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Figure B6. CW X-band EPR spectrum (toluene, 77K; MW frequency = 9.43 

GHz; MW power = 2 mW) following the reaction of FeN2 (2 mM) with 10 equiv 

SmI2(THF)2 and 40 equiv HMPA. The simulated spectrum (g = [2.285 2.052 

2.032]) is consistent with “free” FeN2
 – as the dominant reduced species.17 A 

larger amount of a second, unidentified species (*) is generated in this reaction 

than in the reaction with 20 equiv HMPA. Only one N2 stretch is observed by IR 

in the products of these reactions, suggesting that the unidentified species is not 

an [FeN2] complex. 

  



 

 

260 

 

Figure B7. CW EPR spectrum (2-MeTHF, 77K) following the reaction of FeN2 

(2 mM) with 1 equiv SmII. The simulated spectrum (g = [2.297 2.053 2.023]) is 

consistent with “free” FeN2
– as the dominant reduced species in coordinating 

solvent.17 
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Figure B8. CW EPR spectrum (2-MeTHF, 77K, MW frequency = 9.43 GHz; MW 

power = 2 mW) following the reaction of FeN2Me2 (2 mM) with 1 equiv SmII 

(black). The observed spectrum is consistent with the reported spectrum of 

[FeN2Me2][K(2-MeTHF)n] in 2-MeTHF (red). 
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B5 57Fe Mössbauer Spectroscopy 

B5.1 General Procedure for Preparation of Freeze-quench Mössbauer Samples of 

Catalytic Reaction Mixtures 

The procedure for catalytic N2H4 generation (S2.1) is followed to carry out the reaction 

of SmII (50 mg, 0.061 mmol), PH (1 mL of a 48 mM solution in toluene, 0.048 mmol), and 

57FeN2 (0.5 mL of a 3 mM solution in toluene, 15 μmol) at −78°C in a glovebox cold well. 

A timer is set to zero as soon as the precatalyst is added to the reaction. At the desired time, 

the septum is removed from the flask and a pipet which has been chilled at −78°C is used 

to transfer the reaction mixture into a similarly chilled Delrin cup. The sample in the cup 

is then frozen in N2(l). The sample is quickly transferred out of the glovebox and put into 

N2(l) before it can warm and is then mounted in the cryostat. 

B5.2 Procedure for Preparation of Mössbauer Sample of the Reaction of FeN2 with 

SmII 

All manipulations are carried out inside of a nitrogen-filled glovebox. A solution of 

57FeN2 (1 mg, 1.5 μmol) in 0.5 mL toluene in a vial with a stir bar and a solution of SmII 

(2 mg, 2.5 μmol) in 1 mL toluene are cooled at −78°C in a glovebox cold well. The SmII 

solution is added to the 57FeN2 and the mixture is stirred for 5 minutes. It is then transferred 

to a precooled Delrin cup. The sample in the cup is then frozen in N2(l). The sample is 

quickly transferred out of the glovebox and put into N2(l) before it can warm and is then 

mounted in the cryostat. 
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B6 IR Spectroscopy 

 

Figure B9. Full IR spectra (thin films deposited from room temperature toluene 

solutions) of the reaction of FeN2 with 3 equiv SmII and n equiv PMe. The inset 

highlights the shift in vNN from 1897 to 1913 cm–1 between FeN2–SmIII (dominant 

at low n) and [FeN2][SmIII] (dominant at low n). 

  



 

 

264 
B7 Electrochemistry 

 

Figure B10. CV of FeN2 (1 mM) in DME (0.2 M nBu4NPF6) in a window showing 

the FeN2
−/2− couple at −3.1 V vs Fc+/0. The scan began at −2.85 V vs Fc+/0 and 

swept negative (100 mV s–1). 

  



 

 

265 
B8 H/D Isotope Effect 

Table B1. Catalysis with variable acid (0.5 μmol FeN2, toluene, −78°C, 12 h) 

Entry Acid (equiv) 
Reductant 

(equiv) 

equiv NH3 

(%) 

equiv N2H4 

(%) 

Total Fixed-

N  

% Yield 

1 
PH 

(96) 

SmII 

(120) 

0.76 ± 0.03 

(2.4 ± 0.1) 

16 ± 3 

(64 ± 11) 
67 ± 11 

2 
MeOH 

(96) 

SmII 

(120) 

2.4 ± 0.6 

(8 ± 2) 

6.3 ± 0.2 

(26.1 ± 0.6) 
34 ± 1 

3 
PD 

(96) 

SmII 

(120) 

1.0 ± 0.2 

(3.1 ± 0.6) 

12.1 ± 0.5 

(50 ± 2) 
53 ± 3 

4 
CD3OD 

(96) 

SmII 

(120) 

5.7 ± 0.1 

(17.8 ± 0.3) 

7.7 ± 0.5 

(32 ± 2) 
50 ± 2 

 
 
 

B8.1 Discussion of Isotope Effect 

 

Deuteration of the acid sources in the catalytic reactions reveals an H/D isotope effect 

on the selectivity of the N2R. The N2H4:NH3 ratio with PH ((21 ± 4):1 at 96 equiv acid 

loading) drops to (12 ± 2.5):1 with PD. Similarly, the N2H4:NH3 ratio with MeOH ((2.6 ± 

0.7):1) drops to (1.4 ± 0.1):1 with CD3OD. These data suggest that while stronger acids 

favor the NH3-evolving pathway, the N2H4-evolving pathway has a higher primary H/D 

isotope effect than the NH3 pathway. We note that this observation has many possible 

reasonable interpretations. As just one example, a plausible N2H4-evolving pathway is 

given by A in Figure B11, which comprises preequilibrium ET to FeNNH2 to form 

[FeNNH2][SmIII–EH] followed by irreversible PT to Nα. This path might be expected to 

have a larger isotope effect (equivalent to the KIE of the PT step) than the NH3-evolving 

pathway shown in B, which comprises preequilibrium PT to Nβ of FeNNH2, followed by 

N–N bond cleavage (the isotope effect would be equivalent to the EIE of the preequilibrium 

PT step). It is worth noting that these results bear similarity to observations in oxygen 
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reduction literature: stronger acids promote O–O bond cleavage in FeIII–O–OH 

complexes via protonation of Oβ to form H2O, and a small inverse H/D isotope effect has 

been observed for this reaction.16  

 

Figure B11: Possible pathways consistent with observed H/D isotope effect on 

N2H4 vs NH3 selectivity. 
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A p p e n d i x  C  

SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

Reproduced in part with permission from Boyd, E.A.; Shin, C.; Charboneau, D. J.; 

Peters, J. C.; Reisman, S.E. Science 2024, 385, 847. doi: 10.1126/science.adp5777 

C1 Experimental Part 

C1.1 General Considerations 

All manipulations were carried out using standard Schlenk or glovebox techniques 

under an N2 atmosphere. Unless otherwise noted, solvents were deoxygenated and dried 

by thoroughly sparging with N2 gas followed by passage through an activated alumina 

column in the solvent purification system by SG Water, USA LLC. 2-MeTHF purchased 

as anhydrous grade from Millipore Sigma and stored in N2-filled glovebox. Samarium(III) 

trifluoromethanesulfonate [Sm(OTf)3], samarium(III) isopropoxide [Sm(OiPr)3], and 

magnesium iodide were purchased from Sigma–Aldrich. Zinc powder was purchased from 

Strem Chemicals. Bis(trifluoromethane)sulfonimide (HNTf2), 1-Butyl-1-

methylpyrrolidinium bis(trifluoromethane)sulfonimide (BMPyNTf2), and 1-Butyl-1-

methylpiperidinium (BMPipNTf2) were purchased from TCI chemicals. Unless otherwise 

stated, all reagents were used as received. 1h,1 1i,2 1w,3 and 1ab4 were synthesized by 

reported literature procedures. Full characterization data of all organic products is available 

at doi: 10.1126/science.adp5777. 

C1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. 1H 

chemical shifts are reported in ppm relative to tetramethylsilane, using residual solvent 

resonances as internal standards.5  
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C1.3 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.  

C1.4 UV-Visible Absorption Spectroscopy 

UV-visible absorption spectra were collected on a Cary 50 spectrophotometer using a 

1 cm quartz cell sealed with a Teflon stopcock. 
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C2 Synthetic Procedures 

C2.1 Synthesis of substrates and reagents 

Synthesis of methyl (E)-5-(2-oxocyclohexyl)pent-2-enoate ((E)–1ab)) 

 

To a N2-filled 20 mL scintillation vial charged with Grubbs 2nd generation catalyst 

(25.5 mg, 0.030 mmol, 0.025 equiv) was added a solution of 2-(but-3-en-1-yl)cyclohexan-

1-one (0.183 g, 1.2 mmol, 1.0 equiv) and methyl acrylate (0.517 g, 6.0 mmol, 5.0 equiv) 

in CH2Cl2 (8 mL). The vial was capped with a septum and stirred for 5 h with a N2 ballon 

placed on top. Upon completion, saturated NH4Cl (10 mL) was added to the reaction 

mixture and extracted with CH2Cl2 (3 x 10 mL). The combined organic layer was dried 

with MgSO4 and concentrated under reduced pressure. The resulting crude residue was 

purified via flash chromatography over silica gel (5%→20% gradient EtOAc/Hexane) to 

give (E)-1ab as colorless oil (187 mg, 74% yield). 

 

Preparation of SmI2 solutions 

Prior to setup, finely ground samarium metal was prepared from Sm ingot purchased 

from Sigma Aldrich. Diiodoethane was dissolved in Et2O and washed with saturated 

solution of Na2S2O3. The organic layer was concentrated and dried under vacuum for at 

least 2 h to obtain white powder. 

To an oven-dried N2-filled Schlenk flask charged with finely ground samarium metal 

(0.211 g, 1.40 mmol, 1.75 equiv) was added dry, deoxygenated solvent (THF or 2-MeTHF, 

8 mL), followed by diiodoethane (0.225 g, 0.80 mmol, 1.0 equiv). The reaction was stirred 
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for at least 6 h at room temperature to obtain deep blue (THF) or purple (2-MeTHF) 

solution. The solution was settled for at least 5 min prior to use. 
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General procedure for synthesis of baseHNTf2 

 

The base was passed through neutral alumina prior to reaction unless a new, colorless 

batch was used. To a 50 mL round-bottom flask charged with a magnetic stir bar were 

added bis(trifluoromethane)sulfonimide (5.05 g, 18.0 mmol, 1.0 equiv) and Et2O (30 mL) 

to give a biphasic mixture. The reaction was cooled to 0 °C using ice bath, and a solution 

of 2,6-lutidine (2.12 g, 19.8 mmol, 1.1 equiv) in Et2O (6 mL) was added dropwise over 3 

min. Ice bath was removed, and the reaction was allowed to stir for 15 min. The reaction 

still stayed a biphasic mixture. The top organic layer was decanted off, and the remaining 

bottom layer was washed with hexane (3 x 25 mL) and concentrated under reduced 

pressure to give colorless ionic liquid as a crude product. The ionic liquid was dried under 

vacuum for at least 12 h. Crystallization was induced either by cooling the product to -30 

°C for 5 min or by spatula to give LutHNTf2 as white solid (6.97 g, 94% yield). 

 

C2.2 General procedure for Sm-catalyzed reaction with Zn0 

 

To a 20 mL scintillation vial charged with a magnetic stir bar and a mixture of 

samarium(III) trifluoromethanesulfonate (17.9 mg, 0.030 mmol, 0.10 equiv), magnesium 

iodide (250 mg, 0.90 mmol, 3.0 equiv), zinc powder (58.8 mg, 0.90 mmol, 3.0 equiv), 
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LutHNTf2 (128 mg, 0.33 mmol, 1.1 equiv) and ketone substrate (if solid, 0.30 mmol, 1.0 

equiv) were added 2-MeTHF (6 mL), ketone substrate (if liquid, 0.30 mmol, 1.0 equiv) and 

phenyl acrylate (88.9 mg, 0.60 mmol, 2.0 equiv) in a sequential order. The reaction mixture 

was then stirred at room temperature for 2 h (if aromatic ketones) or 12 h (if aliphatic 

ketones). Upon completion, the reaction mixture was diluted with CH2Cl2 (20 mL) and 

saturated NH4Cl (20 mL). The mixture was then extracted with CH2Cl2 (3 x 20 mL). The 

combined organic layer was dried with Na2SO4, concentrated under reduced pressure and 

purified by flash column chromatography using silica gel (specific conditions specified 

with characterization data) to give final product. 

C2.3 General procedure for mmol scale reaction at 0.20 M 

 

The reaction was setup under N2-filled atmosphere. To a 50-mL round-bottom flask 

charged with a mixture of samarium(III) trifluoromethanesulfonate (0.299 g, 0.50 mmol, 

0.10 equiv) and magnesium iodide (4.17 g, 15.0 mmol, 3.0 equiv) was added 2-MeTHF 

(25 mL, 0.20 M). The reaction mixture was heated at 40 °C until all solids are dissolved. 

Once it’s cooled to room temperature, zinc powder (0.981 g, 15.0 mmol, 3.0 equiv), 1,4-

cyclohexanedione monoethylene acetal 1a (0.781 g, 5.0 mmol, 1.0 equiv), phenyl acrylate 

(1.48 g, 10.0 mmol, 2.0 equiv) and LutHNTf2 (4.27 g, 11.0mmol, 2.2 equiv) were added in 

a sequential order. The reaction was then stirred for 12 h. Upon completion, the reaction 

mixture was quenched with air until the solution turns yellow, followed by the addition of 
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CH2Cl2 (100 mL) and saturated NH4Cl (100 mL). The reaction mixture was extracted 

with CH2Cl2 (3 x 100 mL). The combined organic layer was dried with Na2SO4 and 

concentrated under reduced pressure. The resulting crude residue was purified by flash 

column chromatography over silica gel (10%→40% gradient EtOAc/Hexane) to give 3a 

as white solid (0.821 g, 77% yield). 
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C2.4 General procedure for stoichiometric reactions 

To a N2-filled 1-dram vial charged with a solution of substrate (0.05 mmol, 1 equiv) 

and methanol (3.2 mg, 0.10 mmol, 2.0 equiv) in THF (0.5 mL) was added SmI2 solution 

(1.25 mL, 0.10 M, 2.5 equiv). After 1 h of stirring, CH2Cl2 (3 mL) and saturated NH4Cl (3 

mL) was added. The reaction was then extracted with CH2Cl2 (3 x 3 mL), dried with 

Na2SO4 and concentrated under reduced pressure. The resulting crude residue was purified 

by flash column chromatography over silica gel (specific column condition specified with 

characterization data) to give final product. 

C2.5 General procedure for controlled potential electrolysis 

CPE experiments were carried out in a gas-tight two compartment cell (Fig. S15) 

assembled in an N2-filled glovebox. Plain carbon cloth (AvCarb) was cut to 1 cm x 4 cm 

pieces. The Zn counter electrode was polished with a stainless-steel sponge and washed 

repeatedly with water and acetone. The glassy carbon plate electrode was polished with 1, 

0.3, and 0.05 μm alumina powder water slurries, and rinsed with water and acetone. All 

electrodes were dried in a vacuum oven for > 6 hours before use. 

In a typical experiment, a solution of BMPyNTf2 (0.2 M) in 2-MeTHF was prepared 

and dried by passing over a column of activated alumina. Sm(OTf)3 (6.0 mg, 0.01 mmol, 

0.1 equiv), MgI2 (69.0 mg, 0.25 mmol, 2.5 equiv), the ketone substrate (if solid, 0.10 mmol, 

1.0 equiv), and LutHNTf2 (77.7 mg, 0.20 mmol, 2.0 equiv) were dissolved in 5 mL of the 

electrolyte solution and added to the working compartment of the cell. HEH2 (51.0 mg, 

0.20 mmol, 2 equiv) was dissolved in 5 mL of the electrolyte solution and added to the 

counter compartment. The ketone substrate (if liquid, 0.10 mmol, 1.0 equiv ) and phenyl 

acrylate (27.5 μL, 0.20 mmol, 2.0 equiv) were added to the working solution. Lutidine (46 
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μL, 0.40 mmol, 4 equiv) was added to the counter solution. The cell was fitted with the 

working electrode and reference electrode in the working compartment and the counter 

electrode in the counter compartment. A fixed potential was applied (−1.55 V vs Fc+/0 

unless otherwise noted) and the solutions were stirred throughout the experiment (~200 

rpm). After the desired reaction time or until charge corresponding to full 2e− conversion 

of the starting material to product had passed (19.5 C), the solutions in both compartments 

were combined, diluted with Et2O (100 mL), and passed over a plug of silica. Following 

solvent removal in vacuo, a crude quantitative 1H NMR (qNMR) was taken with 1,3,5-

trimethoxybenzene as internal standard and analyzed.  

 

 

Figure C1: Photograph of the two-compartment cell employed in CPE 

experiments. 
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Table C1: Selected electrode screening data toward optimized CPE conditions. 

Yields determined by qNMR using 1,3,5-trimethoxybenzene as internal standard. 

 

 

  

Entry Cathode Anode 
3m  

(F.E.) (%) 

Recovered s.m. 

(%) 

1 Glassy carbon Zn plate* 
53 

(78) 
46 

2 Carbon cloth Zn plate* 62 

(74) 
25 

3 Carbon cloth RVC 
73 

(74) 
12 

4 Carbon cloth Carbon cloth 
85 

(71) 
7 

*HEH2 and 2,6-lutidine omitted. 
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Table C2: Selected additive screening data toward optimized CPE conditions. 

Yields determined by qNMR using 1,3,5-trimethoxybenzene as internal standard. 

 

 

  

Entry 
Additive 

(equiv) 

3m  

(F.E.) (%) 

4m 

(F.E.) (%) 

Recovered s.m. 

(%) 

1 
nBu4NI 

(5.0) 

9 

(23) 

11 

(14) 
73 

2 
MgI2 

(1.8) 

63 

(70) 

6 

(4) 
19 

3 
MgI2 

(3.0) 

72 

(73) 

9 

(5) 
15 

4 

nBu4NI (5.0) 

and 

Mg(NTf2)2 (2.5) 

85 

(84) 
n.d. 6 



 

 

280 
Table C3: Control experiments probing role of electrochemically-driven SmIII/II 

redox in CPE. Yields determined by qNMR using 1,3,5-trimethoxybenzene as 

internal standard. 

 

 

 

 

Entry Variation 
3m  

(F.E.) (%) 

4m 

(F.E.) (%) 

Recovered s.m. 

(%) 

1 no Sm 
4  

(17) 

11  

(22) 
79 

2 no electricity 0 0 70 

3 no Sm, −1.65 V n.d. 
46  

(14) 
17 

4 
Gd instead of 

Sm 

29 

(36) 

14 

(8) 
38 
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Figure C2: CPE of 1a under the standard conditions. 

 

Figure C3: CPE of 1m under the standard conditions. 
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C3 Cyclic Voltammetry 

C3.1 CVs relevant to electrocatalysis 
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Figure C4: CV of 1a (20 mM) in 2-MeTHF containing 0.2 M BMPyNTf2 at 25 

mV s−1 (red) overlaid with the electrolyte background (black). 
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Figure C5: CV of phenyl acrylate (2, 40 mM) in 2-MeTHF containing 0.2 M 

BMPyNTf2 at 25 mV s−1 overlaid with the electrolyte background (black). 

-90

-70

-50

-30

-10

10

-1.85 -1.55 -1.25

i 
(μ

A
)

Potential (V vs Fc+/0)
 

Figure C6: CV of LutHNTf2 (40 mM) in 2-MeTHF containing 0.2 M BMPyNTf2 

at 25 mV s−1. 
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Figure C7: CV of 1a (20 mM) and MgI2 (50 mM) in 2-MeTHF containing 0.2 M 

BMPyNTf2 at 25 mV s−1. 
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Figure C8: CV of 2 (40 mM) and MgI2 (50 mM) in 2-MeTHF containing 0.2 M 

BMPyNTf2 at 25 mV s−1. 
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Figure C9: CV of 1a (20 mM), 2 (40 mM), and LutHNTf2 (40 mM) in 2-MeTHF 

containing 0.2 M BMPyNTf2 at 25 mV s−1. 
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C3.2 CV simulation details 

Simulations were performed using a Matlab script for CVs following a simple EC 

mechanism.6 

 

Figure C10: Representative simulations (red) overlaid with experimental CVs 

(black) of Sm(OTf)3 (2 mM) and nBu4NI (50 mM) in 2-MeTHF containing 0.2 M 

BMPyNTf2 at 20 and 80 mV s−1 (top and bottom panels, respectively). The data 

is well-modeled across a range of scan rates with the electrochemical rate constant 

k0 set as 0.0075 cm s−1. 
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Figure C11: Representative simulation of an EC wave with k0
 = 0.0075 cm s−1, 

kobs = 0.05 s−1, and ν = 50 mV s−1 used to extract theoretical current ratios. 
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Figure C12: Experimental ip,a/ip,c values collected from CVs at varying scan rates 

of Sm(OTf)3 (2 mM), nBu4NI (50 mM), and the aliphatic ketone 1a at 20 mM 

(magenta), 40 mM (orange), 60 mM (yellow), 80 mM (teal), 120 mM (blue), and 

200 mM (purple) plotted vs log(λ) using kC values that provide the best fit with 

the simulated working curve (gray trace). Left: zero-order in 1a (p = 0); Middle: 

first-order in 1a (p = 1); Right: second-order in 1a (p = 2).  
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Figure C13: Experimental ip,a/ip,c values collected from CVs at varying scan rates 

of Sm(OTf)3 (2 mM), nBu4NI (50 mM), and phenyl acrylate (2) at 20 mM 

(magenta), 40 mM (yellow), 60 mM (teal), 80 mM (blue), and 100 mM (purple) 

plotted vs log(λ) using kC values that provide the best fit with the simulated 

working curve (gray trace). Left: zero-order in 2 (p = 0); Middle: first-order in 2 

(p = 1); Right: second-order in 2 (p = 2). 
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C3.3 Additional CV studies of Sm(OiPr)3 protonolysis 
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Figure C14: CV of Sm(OiPr)3 (2 mM) in THF containing 0.1 M BMPipNTf2 at 

100 mV s−1 (dashed black) overlaid with the electrolyte background (gray). 
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Figure C15: CV of Sm(OiPr)3 (2 mM), Et3NHNTf2 (15, 6 mM), and LiBr (6 mM) 

(black) overlaid with the CV of 15 (20 mM, red) in THF containing 0.1 M 

BMPipNTf2 at 100 mV s−1. 
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Figure C16: CV of Sm(OiPr)3 (2 mM), LiI (6 mM), and BnMe2NHNTf2 (14, 6 

mM) at 25 mV s−1 in THF (red) or 2-MeTHF (black) containing 0.1 M 

BMPipNTf2. 

Different wave shapes are observed in the CVs of SmI3 generated by protonolysis with 

14 and LiI in THF and 2-MeTHF (Figure C16). In THF, a plateau is observed on the 

cathodic sweep coupled to a peak on the return sweep. In 2-MeTHF, a typical 

quasireversible couple is observed with peak-shaped waves on both the cathodic and 

anodic sweeps. The reversible protonolysis of redox-inactive Sm(OiPr)3 to generate redox-

active SmI3 comprises a CE mechanism (C indicates a chemical step, E indicates an 

electrochemical step). The solvent-dependent wave shapes are characteristic of different 

regimes in the zone diagram for a CE process describing the equilibrium position of the C 

step, the rate of the equilibrium in the C step, and the scan rate.7 At a fixed scan rate of 25 

mV s−1, the 2-MeTHF wave shape maps to a regime in which the equilibrium process is 

both relatively slow and unfavorable, while the THF wave shape corresponds to a similarly 

unfavorable, but faster, equilibrium protonolysis step. While detailed study of the 
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mechanism underlying net protonolysis/halide substitution is warranted, this observation 

suggests that the more coordinating solvent enhances the rate of protonolysis. 
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C4 Additional Sm catalysis products 

C4.1 Homocoupled products 

 

 

Figure C17: Dimerization study of aliphatic ketone (top) and phenyl acrylate 

(bottom) under standard condition. All yields are determined based on 1H NMR 

analysis with 1,3,5-trimethoxybenzene as an internal standard. NMR data of 4g 

matches the data reported by See and coworkers.8 
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C4.2 Solvent-acidity study 

 

Table C4: Product distribution with 2-MeTHF as a solvent (1.1 equiv 

baseHNTf2). 

baseHNTf2 3m 5m 4m 3m Total 

7 28 0 0 0 28 

8 32 0 25 0 57 

9 50 0 25 0 75 

10 70 0 9 0 79 

11 78 0 7 3 88 

12 87 0 2 0 89 

13 83 0 3 0 86 

14 83 0 2 0 85 

15 79 0 0 0 79 

 

 

Table C5. Product distribution with THF as a solvent (2.2 equiv baseHNTf2). 

baseHNTf2 3m 5m 4m 3m Total 

7 0 2 2 0 4 

8 0 6 21 3 30 

9 0 26 39 6 71 

10 0 58 14 6 78 

11 0 73 11 2 86 

12 0 76 10 1 87 

13 0 25 7 0 32 

14 0 13 0 0 13 

15 0 6 0 0 6 

 

Table C6: Product distribution with MeCN as a solvent (2.2 equiv baseHNTf2). 
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baseHNTf2 3m 5m 4m 3m Total 

7 0 1 2 0 3 

8 0 19 21 8 48 

9 0 39 25 25 89 

10 0 56 18 23 97 

11 0 21 9 1 31 

12 0 12 10 0 22 

13 0 4 3 0 7 

14 0 4 5 0 9 

15 0 3 5 0 8 

 

Table C7: Product distribution with DME as a solvent (2.2 equiv baseHNTf2). 

baseHNTf2 3m 5m 4m 3m Total 

7 0 2 0 0 2 

8 0 10 30 3 43 

9 0 32 21 1 54 

10 0 46 11 0 57 

11 0 17 7 0 24 

12 0 8 2 0 10 

13 0 7 3 0 10 

14 0 6 1 0 7 

15 0 6 1 0 7 
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A p p e n d i x  D  

SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

Reproduced in part with permission from Johansen, C. M.; Boyd, E.A.; Tarnopol, D.E.; 

Peters, J. C. J. Am. Chem. Soc. 2024, 146, 25456. doi: 10.1021/jacs.4c10053 

D1 Experimental Part 

D1.1 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. 

Phenyl acrylate was purchased from Ambeed, degassed, and used without further 

purification. Cyclohexanedione monoethylene ketal (1a) 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 

https://doi.org/10.1021/jacs.4c10053
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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 (BMPipNTf2) was purchased from TCI chemicals and used 

without further purification.  

SmI2(THF)2,
1 phenH2,

2 BINAPO,3 aminodiol (L*),4 and LutHNTf2
5 were synthesized 

following literature procedures.  

HEH2
6 was 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, 

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. 

 

D1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. 1H 

chemical shifts are reported in ppm relative to tetramethylsilane, using residual solvent 

resonances as internal standards.7  

D1.3 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 
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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.  

D1.4 UV-Visible Absorption Spectroscopy 

UV-visible absorption spectra were collected on a Cary 50 spectrophotometer using a 

1 cm quartz cell sealed with a Teflon stopcock. All samples had a blank sample background 

subtraction applied. Temperature regulation for UV-Vis measurements was carried out 

with a Unisoku cryostat. 
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D2 Catalytic ketone-olefin coupling reactions 

D2.1 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 noted base was prepared, and 0.5 mL was added to 

the reaction flask. 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. 

A picture of the setup is shown in Figure D1. 

Following completion of the reaction, the flask was opened to air, and 2 mL Et2O was 

added. The contents of the flask were 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.  

The lactone products (e.g., 3a; 1,4,9-trioxadispiro[4.2.48.25]tetradecan-10-one) is 

detected by 1H NMR with features matching literature spectra.5 
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D2.2 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 D2.1. 

 

Figure D1: Typical setup for catalytic experiments. Lights are turned off for 

clarity. 
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Figure D2: 1H NMR (400 MHz, CDCl3) of a typical crude reaction mixture 

reacting 1a with phenyl acrylate to produce 3a by method B with key 

products/starting materials highlighted as indicated. 
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Figure D3: Comparison of 1H NMR of typical reaction spectra with authentic 

lactone product.5 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). 

  



 

 

303 

 

Figure D4: 1H NMR (400 MHz, CDCl3) of a typical crude reaction mixture 

reacting 1b with phenyl acrylate to produce 3b by method B with key 

products/starting materials highlighted as indicated. 

 

 

 



 

 

304 

 

Figure D5: 1H NMR (400 MHz, CDCl3) of a typical crude reaction mixture 

reacting 1m with phenyl acrylate to produce 3m by method A with key 

products/starting materials highlighted as indicated. 
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Figure D6: 1H NMR (400 MHz, CDCl3) of a typical crude reaction mixture 

reacting 1aa with phenyl acrylate to produce 3aa and 4aa by method A with key 

products/starting materials highlighted as indicated. 
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Figure D7: 1H NMR (400 MHz, CDCl3) of a typical crude reaction mixture 

reacting 1m with tert-butyl acrylate to produce 5m by method A with key 

products/starting materials highlighted as indicated. 
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Table D1: Yields for cross- vs homocoupled products in selected aryl ketone 

cross-coupling reactions. 

 

 

  

  
% yield cross-

coupled product 

% yield 

4m,aa 

(meso:dr) 

Entry Coupling partners  
Method 

A  

Method 

B 

Method 

A  

Method 

B 

1 1m, R3 = Ph 3m; >95 3m; 90 n.d. 8 (1:1) 

2 1aa, R3 = Ph 3aa; 77 3aa; 49 16 (0.6:1) 50 (0.8:1) 

3 1m, R3 = tBu 5m; 43 5m; 29 4 (0.4:1) 45 (0.7:1) 

4 1aa, R3 = Ph; no Sm n.d. n.d. 15 (1:1) 100 (1:1) 
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D3 UV-vis Spectra 

D3.1 Evidence for SmIII-dihydropyridine interaction 

 

 

Figure D8: UV-vis traces following the reaction of SmI2 (2 mM) + ketone 1a (20 

mM) + acrylate 2 (40 mM) (yellow trace, in situ forms colorless SmIIII2(OPh)); 

HEH2 (80 mM) + 1a (20 mM) + 2 (40 mM) (red trace); and SmI2 (2 mM) + HEH2 

(80 mM) + 1a (20 mM) + 2 (40 mM) (blue trace) in 2-MeTHF.  
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Figure D9: UV-vis traces following the reaction of SmI2 (2 mM) + 1a (20 mM) 

+ 2 (40 mM) (yellow trace, in situ forms colorless SmIIII2(OPh)); phenH2 (80 mM) 

+ 1a (20 mM) + 2 (40 mM) (red trace); and SmI2 (2 mM) + 1a (20 mM) + 2 (40 

mM) + phenH2 (80 mM) (blue dashed trace) in 2-MeTHF. 
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Figure D10: UV-vis traces of Sm(OiPr)3 (2 mM), nHep4NI (6 mM), and HNTf2 

(3 mM) (yellow trace, in situ forms colorless SmIIII2(O
iPr)); HEH2 (60 mM) (red 

trace); and Sm(OiPr)3 (2 mM), nHep4NI (6 mM), HNTf2 (3 mM), and HEH2 (60 

mM) (blue trace) in THF.  
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Figure D11: UV-vis traces of Sm(OiPr)3 (2 mM), nHep4NI (6 mM), LutHNTf2 (3 

mM) (yellow trace, in situ forms colorless SmIIII2(O
iPr)); phenH2 (60 mM) (red 

trace); and Sm(OiPr)3 (2 mM), nHep4NI (6 mM), LutHNTf2 (3 mM), and phenH2 

(60 mM) (dashed blue trace) in THF.  
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Figure D12: UV-vis traces of Sm(OiPr)3 (2 mM), nHep4NI (6 mM), LutHNTf2 (3 

mM) (yellow trace, in situ forms colorless SmIIII2(O
iPr)); HEH2 (60 mM) (red 

trace); and Sm(OiPr)3 (2 mM), nHep4NI (6 mM), LutHNTf2 (3 mM), and HEH2 

(60 mM) (blue trace) in THF.  

 

 

Figure D13: Titration of Sm(OTf)3 (0 to 5 mM, from red to blue trace) into a 

solution of HEH2 (100 mM) in THF.   
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D3.2 SmII photogeneration experiments 

D3.2.1 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. 

D3.2.2 General procedure for SmII(HMPA)4 photogeneration experiments 

For the SmII(HMPA)2+ generation, 4 equiv HMPA was added to the initial SmI2 

solution prior to oxidation by I2. The rest of the procedure was identical following D3.2.1. 
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Figure D14: 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).  
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Figure D15: 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).  
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Figure D16: Photogeneration of SmI2 from a THF solution of SmI3 (2 mM) and 

HEH2 (60 mM) with [Ir]PF6 (0.2 mM) 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 irradiation. 
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Figure D17: 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) on irradiation with H160-440 nm LED over t = 0 (red trace) to t 

= 2 min (dark blue trace) overlaid with the spectrum 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. 
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Figure D18: 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) on irradiation with H160-427 nm LED over t = 0 (red 

trace) to t = 30 min (dark blue trace) overlaid with the spectrum 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. 
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Figure D19: 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.  
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Figure D20: 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).  
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Figure D21: 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).  
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Figure D22: 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)].8  
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Figure D23: 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 with H160-440 nm LED; t = 0 (red trace); t = 20 min (brown 

trace) shows formation of [IrII(ppy)2(dtbbpy)].8  
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Figure D24: 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)].8 Note: white solids 

precipitate from the solution, leading to poor transmission. 
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Figure D25: 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) 

overlaid with spectrum of 2 mM SmBr2 (dashed trace). Maximum intensity 

suggests about 40% conversion to SmBr2. 
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Figure D26: 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 with H150-Blue LED; t = 0 (red); t = 60 min (blue). Right 

most plot shows magnified region of relevant Sm(II) absorbance. Maximum 

intensity suggests about 10% conversion to Sm(HMPA)4I2 . 
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Figure D27: 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 suggests about 10% conversion to Sm(BINAPO)I2. 
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D4 Electrochemistry 

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 28, 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 D1: 

𝐸1/2 = 𝐸° −  
𝑅𝑇

𝐹
ln ([I−]) (D1) 

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 D28: Left: CVs of SmI3 (2 mM) in the presence of 0-40 mM nHep4NI 

(red-dark blue traces) in THF containing 0.1 M BMPipNTf2 at 25 mV s−1. Right: 

plot of E1/2 values from each CV vs −log([I−]). 
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Figure D29: CV of [Ir]PF6 (0.5 mM) in THF containing 0.1 M BMPipNTf2 at 25 

mV s−1.  
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Figure D30: CV of 3DPA2FBN (1 mM) in THF containing 0.1 M BMPipNTf2 

at 100 mV s−1.  
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Figure D31: CV of SmI2 (2 mM) and nHep4NI (10 mM) in THF containing 0.1 

M BMPipNTf2 at 25 mV s−1.  
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Figure D32: CV of SmI3 (2 mM), nHep4NI (10 mM), and ethylene glycol (2 mM) 

in THF containing 0.1 M BMPipNTf2 at 25 mV s−1.  
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Figure D33: CV of SmI2 (2 mM), nHep4NI (10 mM), and MeO((CH2)2O)3H (2 

mM) in THF containing 0.1 M BMPipNTf2 at 25 mV s−1.  
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Figure D34: 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 

BMPipNTf2 at 25 mV s−1.  
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Figure D35: CV of SmI3 (2 mM) and nBu4NBr (20 mM) in THF containing 0.1 

M BMPipNTf2 at 25 mV s−1.  
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Figure D36: CV of SmI2 (2 mM), nHep4NI (10 mM), and BINAPO (2 mM) in 

THF containing 0.1 M BMPipNTf2 at 25 mV s−1.  
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Figure D37: CV of SmI2 (2 mM) and HMPA (8 mM) in THF containing 0.1 M 

BMPipNTf2 at 25 mV s−1.  
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D5 Additional mechanistic schemes 

 

 

Figure D38: An alternative scheme for catalytic ketone-acrylate coupling 

reaction where HEH• does not terminate radical and instead two equivalents of 

SmI2 are required per reduction. 
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Figure D39: Proposed scheme for catalytic ketone-acrylate coupling reaction with [Ir]+.  
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A p p e n d i x  E  

SUPPLEMENTARY INFORMATION FOR CHAPTER 6 

Reproduced in part with permission from Boyd, E.A.; Jung, H.; Peters, J. C. J. Am. 

Chem. Soc. 2025, 147, 4695. doi: 10.1021/jacs.4c14845 

E1 Experimental Part 

E1.1 General Considerations 

All manipulations were carried out using standard Schlenk or glovebox techniques 

under an N2 atmosphere. Unless otherwise noted, solvents were deoxygenated and dried 

by thoroughly sparging with N2 gas followed by passage through an activated alumina 

column in the solvent purification system by SG Water, USA LLC. Non-halogenated 

solvents were tested with a standard purple solution of sodium benzophenone ketyl in 

tetrahydrofuran to confirm effective oxygen and moisture removal. All reagents were 

purchased from commercial vendors and used without further purification unless otherwise 

stated. nBu4NNTf2 was prepared by ion exchange of LiNTf2 and nBu4NBr following a 

literature procedure,1 recrystallized from hot EtOH, and then dried under vacuum at 100°C 

for >12 hours before use as electrolyte. nHep4NI was dried under vacuum at 100°C for >12 

hours before use. Lutidine was distilled from CaH2 and stored over activated molecular 

sieves. SmI2(THF)2
2, PNPMoBr3,

3 PNPMo(N)I,3,4 PCPMoBr3,
5 LutHNTf2,

6 and HEH2
7 

were synthesized by reported literature procedures.  

E1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. 1H 

chemical shifts are reported in ppm relative to tetramethylsilane, using residual solvent 

resonances as internal standards.8  

https://doi.org/10.1021/jacs.4c14845
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E1.3 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.  

E1.4 UV-Visible Absorption Spectroscopy 

UV-Vis absorption spectra were collected on a Cary 50 spectrophotometer using a 1 

cm quartz cuvette. 

E1.5 Gas Chromatography 

H2 was quantified on an Agilent 7890A gas chromatograph (HP-PLOT U, 30 m, 0.32 

mm ID; 30 °C isothermal; nitrogen carrier gas) using a thermal conductivity detector. A 1 

mL manual injection was used and integration area was converted to percent H2 

composition by use of a calibration obtained from injection of H2 solutions in N2 of known 

concentration. 
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E2 Ammonia Generation Details 

E2.1 Standard Electrochemical NH3 Generation Reaction Procedure 

All controlled potential electrolysis (CPE) experiments were carried out in a two-

compartment cell separated by a fine glass frit (e.g., Figure E.1) in an N2-filled glovebox. 

In a standard experiment, a solution of SmI2(THF)2 (5 mL, 3.7 mM, 19 μmol) in THF 

containing 0.1 M nBu4NNTf2 is titrated with a concentrated solution of I2 in THF until the 

blue color is consumed. nHep4NI (10.2 mg, 19 μmol), PNPMoBr3 (100 μL of a 23 mM 

stock solution, 2.3 μmol), and LutHNTf2 (71.4 mg, 0.19 mmol) are then added and the 

solution is transferred to the working compartment of the cell. A separate 5 mL solution of 

HEH2 (51.4 mg, 0.20 mmol) and Lut (23 μL, 0.20 mmol) in THF containing 0.1 M 

nBu4NNTf2 is prepared and transferred to the counter compartment of the cell. The cell is 

fitted with the working electrode (plain carbon cloth, AvCarb) and reference electrode in 

the working compartment and the counter electrode (carbon cloth) in the counter 

compartment. A fixed potential is applied (−1.45 V vs Fc+/0 unless otherwise noted) and 

the solutions are stirred (~600 rpm) for the desired reaction time or until charge 

corresponding to 3e− / 4H+ has passed (13.5 C for the standard acid loading). 
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Figure E1: Two-compartment cell used for CPE experiments.  

E2.2 Electrochemical 15NH3 Generation Reaction Procedure under 15N2 

The two-compartment cell shown in Figure E.1 is assembled in a 14N2-filled glovebox 

using the standard procedure in S2.1. The cell is then passed out of the glovebox and both 

compartments are sparged with argon for 15 min. The working compartment is then 

sparged with 15N2 (Cambridge Isotopes, 99%) for 5 min. All sparging gases are first passed 

through a trap containing a saturated THF solution of SmI2 as a scrubber. A fixed potential 

is then applied (−1.45 V vs Fc+/0 unless otherwise noted) and the solutions are stirred (~600 

rpm) until the desired amount of charge has passed.  

It was found that the Sm catalyst is deactivated much more rapidly under these 

conditions than under the standard conditions, likely due to a higher content of poisons 

(e.g., O2, H2O) in the sparging gases than in the catalyst-purified glovebox atmosphere. 
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However, similar yields of 14NH3 and 15NH3 are obtained with the corresponding N2 

isotopologue following the same series of manipulations (Figure E.4), supporting 

assignment of N2 as the N-atom source in the electrochemically produced ammonia.  

E2.3 Ammonia Quantification 

The contents of both compartments of the cell are transferred to a Schlenk tube. The 

cell is rinsed with 3 x 1 mL portions of THF and the rinses are added to the Schlenk tube. 

The tube is sealed, brought out of the glovebox, and frozen in liquid nitrogen. The tube is 

briefly opened and NaOtBu (2 mL of a 0.25 M solution in MeOH, 0.5 mmol) is added down 

the walls of the flask. The tube is resealed and allowed to equilibrate in liquid nitrogen for 

10 min. While frozen, the headspace of the flask is removed and the tube is resealed. The 

mixture is then allowed to warm and stir at room temperature for 15 min. A second 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 room temperature 

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 1,3,5-trimethoxybenzene (9 mM) as an 

internal standard. The 1H NMR signal observed for NH4
+ is then integrated against the aryl 

protons of trimethoxybenzene to quantify the ammonium present. 

Alternatively, a 100 μL aliquot of the cathode solution is diluted first with 5.00 mL of 

an aqueous solution of phenol (5.0 g per 500 mL) and sodium nitroprusside (25.0 mg per 

500 mL) followed by 5.00 mL of an alkaline hypochlorite solution (2.5 g of sodium 

hydroxide and 4.2 mL of sodium hypochlorite per 500 mL). 9 At the same time, a 100 μL 

solution of 0.1 M nBu4NNTf2 in THF is subjected to the same conditions. After 
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development for 45 min, the UV-visible absorption at 635 nm of the reaction mixture 

sample is recorded. The absorption of the background sample prepared with electrolyte is 

recorded and subtracted from this value. The corrected absorption value is used to quantify 

the yield of NH3 using a calibration curve. Good agreement is obtained between the 

indophenol and 1H NMR spectroscopy quantification methods (Table E1).  
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Table E1: Individual eN2R experiments under the standard conditions. 

 

Entry 
Quantification 

method 

Charge 

(C) 

yield NH3 

(μmol) 

equiv NH3 

per Mo 
F.E. 

A 1H NMR 13.5 39.5 17.2 83 

B 1H NMR 14.0 38.2 16.6 79 

C 1H NMR 13.5 38.5 16.7 82 

D Indophenola 10.8 31.3 17.0 84 

Average    16.9 ± 0.3 82 ± 2 
a4.0 mL cathode and anode volumes  

 

 

 

Figure E2: 1H NMR (d6-DMSO, 400 MHz) spectrum of the basic, volatile 

products of eN2R under the standard conditions. Integration of the 4H signal of 

14NH4Cl at 7.54 ppm versus the 3H aryl peak of 1,3,5-trimethoxybenzene (9 mM, 

6.3 μmol) as an internal standard provides the NH3 yield (39 μmol, 17 equiv per 

Mo, 83% F.E.).  
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Figure E3: 1H NMR (d6-DMSO, 400 MHz) spectrum of the basic, volatile 

products of eN2R under (A) the standard conditions; (B) the standard conditions 

in the absence of Sm; and (C) the standard conditions in the absence of Mo. The 

spectrum intensities are normalized to 1,3,5-trimethoxybenzene present at the 

same concentration (9 mM, 6.3 μmol) in each sample as an internal standard.  
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Figure E4: 1H NMR (d6-DMSO, 400 MHz) spectrum of the basic, volatile 

products of eN2R under 14N2 (top) or 15N2 (bottom) as described in S2.2. The 

spectrum intensities are normalized to 1,3,5-trimethoxybenzene present at the 

same concentration (9 mM, 6.3 μmol) in each sample as an internal standard.  
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Figure E5: 1H NMR (d6-DMSO, 400 MHz) spectrum of the basic, volatile 

products of eN2R under 15N2 stopped after passage of 2.2 or 8.0 C, demonstrating 

that the produced 15NH4
+ is coming from the electrocatalytic process. The 

spectrum intensities are normalized to 1,3,5-trimethoxybenzene present at the 

same concentration (9 mM, 6.3 μmol) in each sample as an internal standard.  

Table E2: Results of electrolysis under the standard conditions under 1 atm argon 

instead of N2. 

 

Entry 
Charge 

(C) 

yield NH3 

(μmol) 

equiv NH3 

per Mo 

F.E. NH3 

(%) 

F.E. H2 

(%) 

1 6.4 0 0 0 58 

2a 4.0 0 0 0 63 
aNo Sm      
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E2.4 Reaction Progress of eN2R 

Procedure: The cell is assembled under the standard conditions described in S2.1. To 

track ammonia generation, 100 μL of the cathode solution is removed by syringe through 

the septum of the working compartment after passage of the desired amounts of charge and 

analyzed by the indophenol method. A 100 μL portion of 0.1 M nBu4NNTf2 is added to the 

cathode solution to maintain a constant volume in each compartment of the cell.   

 

Figure E6: Left: CPE under the standard eN2R conditions with removal of 100 

μL aliquots from the cathode solution at various time points; Right: Plot of the 

total yield of NH3 vs charge passed. These data demonstrate that the ammonia 

measured at the end of the electrolysis is produced electrochemically with a 

constant F.E. 
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E2.5 Organic Product Quantification 

Procedure: The eN2R was conducted as described in S2.1. Following passage of 10.8 

C, the contents of the anode compartment were transferred to a vial and solvent was 

removed in vacuo. The residue was extracted into Et2O (3 x 3 mL) and passed over a plug 

of silica. After removing solvent, the remaining solids were taken up in CDCl3 containing 

a known amount of 1,3,5-trimethoxybenzene and analyzed by 1H NMR spectroscopy. 

 

Figure E7: 1H NMR (CDCl3, 400 MHz) spectrum of the organic species extracted 

from the anode compartment following passage of 10.8 C of charge under the 

standard eN2R conditions. Integration to the internal standard 1,3,5-

trimethoxybenzene indicates that the 2H+ / 2e− oxidation of HEH2 to form HE 

proceeds with 93% F.E.  
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E2.6 Selected CPE Traces 

 

Figure E8: Left: CPE under the standard eN2R conditions in the absence of 

PNPMoBr3. Right: Photograph of the eN2R cell during electrolysis in the absence 

of PNPMoBr3. The characteristic dark blue color of the cathode solution indicates 

that SmI2(THF)2 is generated under these conditions and builds up without the 

Mo cocatalyst. 

 

Figure E9: Left: CV of SmI3 (3.7 mM, blue trace) following the addition of 1 

equiv H2O (3.7 mM, red trace) at 25 mV s−1 (0.1 M nBu4NNTf2/3.7 mM nHep4NI 

in THF, glassy carbon disk working electrode, Ag+/0 pseudoreference electrode, 

Pt wire counter electrode). Right: CPE under the standard eN2R conditions in the 

presence of 1 equiv H2O per Sm. 
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Figure E10: CPE under the standard eN2R conditions using PNPMo(N)I (0.46 

mM) and SmI3 as catalysts at Sm loadings of 3.7 mM (left) and 0.46 mM (right). 
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E2.7 CV Analysis of Catholyte 

 

Figure E11: CV of the cathode solution after passage of 7.0 C using PNPMoNI 

(0.46 mM) and SmI3 (0.46 mM) as catalysts under otherwise standard eN2R 

conditions. The absence of a quasireversible couple at −1.45 V indicates that the 

redox-active Sm species is deactivated at low [Sm]. 
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E3 NOx Quantification 

NOx impurities in the gas supplies were quantified by their conversion to NO2
− and 

NO3
− in basic media and quantification of the former by the Griess method using the 

following color development solutions.10  

Solution A: 0.1 g sulfanilamide was dissolved in 1.0 mL 32 wt.% HCl, followed by 

dilution with deionized water to a total volume of 10.0 mL. 

Solution B: 10.0 mg of N-1-naphthylenthylenediamine dihydrochloride was dissolved 

in 10 mL of deionized water.  

Specifically, an electrochemical cell under 14N2 or 15N2 atmosphere from the same 

source as employed in the N2RR experiments was filled with 5 mL of 0.1 M KOH aqueous 

solution and allowed to stir for 2h. Any gas-phase NOx impurity is assumed to be 

quantitatively converted into NO2
− or NO3

− in this basic solution. A 200 μL sample of the 

trap solution was diluted with 300 μL 0.1 M KOH followed by addition of 500 μL 0.1 M 

HCl, 25 μL of the sulfanilamide solution A, and 25 μL of the N-1-naphtylethylenediamine 

dihydrochloride solution B. The mixture was allowed to incubate for 20 min at room 

temperature. It was then diluted with 3.0 mL of water and the UV-Vis absorption at 538 

nm was recorded. The sample was then treated with 50 μL of a solution of vanadium(III) 

chloride (VCl3) in 6 M HCl (0.02 wt.%) and incubated at 60 °C for 25 min to convert NO3
− 

to NO2
−. The resulting solution was brought to room temperature and any increase in the 

absorption at 538 nm was recorded. Comparison to calibration curves indicates that the 

NOx content in the gas supplies is <0.3% of the moles of NH3 produced under the standard 

conditions.11  

Similarly, the NOx content in the electrolyte was quantified by subjecting a 200 μL 

aliquot of 0.1 M nBu4NNTf2 in THF to the color development procedure described above. 
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The concentration of NO2

− + NO3
− in the electrolyte is <0.3% of the concentration of 

NH3 produced under the standard conditions. 

 

 

Figure E12: UV-Vis spectra for the Griess analysis of a 0.1 M KOH solution 

exposed to the atmosphere of the 14N2-filled glovebox used for CPE experiments 

before (red trace) and after (blue trace) treatment with VCl3. The total content of 

NO2
− + NO3

− is <0.04 μmol.   
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Figure E13: UV-Vis spectra for the Griess analysis of a 0.1 M KOH solution 

exposed to 15N2 passed through a saturated solution of SmI2 in THF before (red 

trace) and after (blue trace) treatment with VCl3. The total content of NO2
− + NO3

− 

is <0.1 μmol.    
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Figure E14: UV-Vis spectra for the Griess analysis of a 0.1 M solution of 

nBu4NNTf2 in THF before (red trace) and after (blue trace) treatment with VCl3. 

The total content of NO2
− + NO3

− is <0.1 μmol.   
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E4 Additional Data Relevant to PNPMo(N)I Speciation 
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Figure E15: Scan rate-normalized CVs of in situ-generated [PNPMoV(N)I]+ (0.46 

mM) in the presence of 8 mM LutHNTf2 at 25-300 mV s−1 (blue-black traces; 0.1 

M nBu4NNTf2/16 mM nHep4NI in THF, glassy carbon disk working electrode, 

Ag+/0 pseudoreference electrode, Pt wire counter electrode). 
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Figure E16: CVs of in situ-generated [PNPMoV(N)I]+ (0.46 mM, black trace) in 

the presence of LutHNTf2 (40 mM) following addition of nHep4NI (4-16 mM, 

gray and red dashed traces) at 100 mV s−1 (0.1 M nBu4NNTf2
 in THF, glassy 

carbon disk working electrode, Ag+/0 pseudoreference electrode, Pt wire counter 

electrode). The MoV/IV couple remains insensitive to [I−] in the presence of acid, 

indicating that the proton-coupled redox event is not coupled to iodide 

association/dissociation. 

 

E4.1 Derivation of Eqn 6.2 

The one-electron reduction of a species A to form B obeys the Nernst eqn E.2. When 

the electron transfer is followed by equilibration to a mixture of species C and D, the Nernst 

equation has the following form: 

𝐸 = 𝐸°
1 −

𝑅𝑇

𝐹
ln (

[𝐵]

[𝐴]
) (E.1) 

𝐸 = 𝐸°′ −
𝑅𝑇

𝐹
ln (

[𝐵]+[𝐶]+[𝐷]

[𝐴]
) (E.2) 
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Subtraction of eqn E.2 from eqn E.1 yields eqn E.3: 

𝐸°′ = 𝐸°
1 +

𝑅𝑇

𝐹
ln (1 +

[𝐶]

[𝐵]
+

[𝐷]

[𝐵]
)  (E.3) 

The concentrations of species C and D can be expressed in terms of [B] through 

relation to the first order equilibrium constants K1 and K2 as follows: 

𝐾1 =
[𝐶]

[𝐵]
   𝐾2 =

[𝐷]

[𝐶]
 

[𝐶] = 𝐾1[𝐵]   [𝐷] = 𝐾1𝐾2[𝐵] 

Substitution of these relations into eqn E.3 yields eqn E.4: 

𝐸1/2 = 𝐸°′ = 𝐸°
1 +

𝑅𝑇

𝐹
ln (1 + 𝐾1 + 𝐾1𝐾2) (E.4) 

For the proton-coupled reduction of [MoV(N)]+ (species A) to a mixture of MoIV(N) 

(species B), [MoIV(NH)]+ (species C), and [MoIV(NH)(base)]+ (species D), the equilibrium 

constants for proton transfer and conjugate base coordination have the following forms: 

𝐾𝑃𝑇,𝐼𝑉 =
[𝑀𝑜𝐼𝑉(𝑁𝐻)+][𝑏𝑎𝑠𝑒]

[𝑀𝑜𝐼𝑉(𝑁)][𝑏𝑎𝑠𝑒𝐻+]
  𝐾𝑎𝑠𝑠𝑜𝑐,𝐼𝑉 =

[𝑀𝑜𝐼𝑉(𝑁𝐻)𝑏𝑎𝑠𝑒+]

[𝑀𝑜𝐼𝑉(𝑁𝐻)+][𝑏𝑎𝑠𝑒]
 

At high [baseH+] and [base] relative to [Mo], the pseudo-first order equilibrium 

constants are defined as: 

𝐾1 = 𝐾𝑃𝑇,𝐼𝑉
[𝑏𝑎𝑠𝑒𝐻+]

[𝑏𝑎𝑠𝑒]
   𝐾2 = 𝐾𝑎𝑠𝑠𝑜𝑐,𝐼𝑉[𝑏𝑎𝑠𝑒] 

Substitution of these relations into eqn E.4 yields eqn E.5, which can be rearranged to 

eqn 6.2.  

𝐸1/2 = 𝐸°
1 +

𝑅𝑇

𝐹
ln (1 + 𝐾𝑃𝑇,𝐼𝑉

[𝑏𝑎𝑠𝑒𝐻+]

[𝑏𝑎𝑠𝑒]
+ 𝐾𝑃𝑇,𝐼𝑉𝐾𝑎𝑠𝑠𝑜𝑐,𝐼𝑉[𝑏𝑎𝑠𝑒𝐻+]) (E.5) 
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E5 Estimation of N2R Driving Force 

Comparison of overpotential across representative nonaqueous eN2R systems is 

complicated by the lack of robust thermodynamic constants available in the ethereal 

solvents that are typically employed.12 To minimize over-approximations, we rely here on 

effective bond-dissociation free energy values as a proxy for driving force which are 

relatively insensitive to changes in media according to eqn E.6. Comparison of this value 

to the BDFE of H2 enables benchmarking to the driving force of N2R with H2 (eqn E.7).13 

𝐵𝐷𝐹𝐸𝑒𝑓𝑓 = 23.06 ∗ 𝐸𝑎𝑝𝑝 + 1.37 ∗ 𝑝𝐾𝑎 + 𝐶𝐺 (E.6) 

ΔΔ𝐺f(NH3) = 3 ∗ (𝐵𝐷𝐹𝐸(𝐻2)/2 − 𝐵𝐷𝐹𝐸𝑒𝑓𝑓) (E.7) 

For systems where the pKa of the employed acid is reliably estimated in THF, this 

value is used along with the CG constant for THF (59.8 kcal mol−1).14 For systems where 

the pKa of the employed acid is not known in THF, the reduction potential of the redox 

mediator in MeCN is combined with the pKa of the employed acid in MeCN along with the 

CG constant for MeCN (52.6 kcal mol−1). For LiNRR, the bulk of the driving force comes 

from the applied potential; we therefore estimate an upper bound on the BDFEeff of the 

combination of this potential with a conservative upper bound on the pKa of the very weak 

acids used in these systems as <40 in THF.  
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Table E3: Estimation of overpotential ΔΔGf(NH3) for representative eN2R 

systems. 

 

Entry 
Proton 

source 

pKa  

(solvent) 

Eapp 

(V vs Fc+/0) 
BDFEeff ΔΔGf(NH3) 

Sm/PNPMo LutH+ 9.5 

(THF)15 
−1.45 39.4 39 

PNPMo LutH+ 
9.5 

(THF)15 
−1.65 34.8 53 

PNPMo16 ColH+ 10.4 

(THF) 15 
−1.89 30.5 65 

Fe17 Ph2NH2
+ 6.0 

(MeCN)18 
−2.1 12.4 119 

CoN/P4W
11 TsOH 

8.5 

(MeCN)19 
−1.25 35.4 47 

CoN/P4Mo11 TsOH 8.5 

(MeCN) 
−1.25 35.4 47 

CoN/PNPMo11 TsOH 8.5 

(MeCN) 
−1.25 35.4 47 

Co/Fe11 TsOH 8.5 

(MeCN) 
−1.25 35.4 47 

2 M LiNTf2
20 EtOH 

< 40 

(THF) 
−4.3 <20 >100 

0.2 M LiBF4
10 R3P(CH2)R 

< 40 

(THF) 
−4.25 <20 >100 
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