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Abstract

Coordination of alcohols to the single-electron reductant samarium diiodide (Sml,) results in
substantial O—H bond weakening, affording potent proton-coupled electron transfer (PCET)
reagents. However, poorly defined speciation of Sml, in tetrahydrofuran (THF)/alcohol mixtures
limits reliable thermodynamic analyses of such systems. Rigorous determination of bond
dissociation free energy (BDFE) values in such Sm systems, important to evaluating their
reactivity profiles, motivates studies of model Sm systems where contributing factors can be
teased apart. Here, a bulky and strongly chelating macrocyclic ligand ((BY2ArOH),Me,cyclam)
maintains solubility, eliminates dimerization pathways, and facilitates clean electrochemical
behavior in a well-defined functional model for the PCET reactivity of Sm!! with coordinating
proton sources. Direct measurement of thermodynamic parameters enables reliable experimental
estimation of the BDFEs in 2-pyrrolidone and MeOH complexes of ((BU2Ar0),Me,cyclam)Sm!!,
thereby revealing exceptionally weak N-H and O—-H BDFEs of 27.2 and <24.1 kcal mol™2,
respectively. Expanded thermochemical cycles reveal that this bond weakening stems from

the very strongly reducing Sm!! center and the formation of strong Sm'!'-alkoxide (and
—pyrrolidonate) interactions in the PCET products. We provide a detailed analysis comparing
these BDFE values with those that have been put forward for Sml, in THF in the presence

of related proton donors. We suggest that BDFE values for the latter systems may in fact be
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appreciably higher than the system described herein. Finally, protonation and electrochemical
reduction steps necessary for the regeneration of the PCET donors from Sm'!'-alkoxides are
demonstrated, pointing to future strategies aimed at achieving (electro)catalytic turnover using
Sm'l-based PCET reagents.
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INTRODUCTION

Samarium(I1) diiodide (Sml,) is one of the most versatile and selective single-electron
reductants currently available.12 The lability of ligands at the lanthanide center allows for
facile variation of the reductant strength and steric profile of Sm(ll) by in situ reaction

of Smly(THF),, with various additives.3=> Additionally, the pronounced oxophilicity of
samarium (and the lanthanides in general) affords Sml, a strong thermodynamic bias for
reactions that form Sm'!'-0 bonds.8 The combination of these characteristics has resulted
in the emergence of Sml,/alcohol adducts as reductive proton-coupled electron transfer
(PCET) reagents.

As illustrated in Figure 1A, the coordination of water (as well as alcohols, secondary
amides, or ammonia, generally defined as EH) to Sml, yields [Sm''-EH] species capable
of PCET (sometimes designated concerted proton-electron transfer (CPET)) to substrates
for which initial electron transfer (ET) would be highly endergonic.”~13 Contrasting other
strong reductive PCET reagents, and critical to their efficacy, [Sm!'-EH] adducts are
curiously stable with respect to the hydrogen evolution reaction (HER).8

While the reported PCET reaction profiles of Sm!'-EH reagents indicate that coordination
to Sm'! results in highly significant O— or N-H bond weakening in EH, the ill-defined
speciation of [Sm!'~EH] has hampered precise quantitation of this effect. For example, the
O-H bond dissociation free energy (BDFEq_p) of the aqueous Sm2* ion, which can be
formulated as Sm(H,0),2", has been most recently estimated as 26 kcal mol~1 by Kolmar
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and Mayer.8 However, the degree to which this value can be extended to widely used organic
solvents (e.g., in THF, where [Sml,_ TH/:),,,(HZO)p]’7+ 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(IIl) products as limits on a more precise thermodynamic evaluation

of the BDFE_y for Sm(I1) in water/THF mixtures.8 Knowledge of such values is key to
reliable benchmarking of PCET reagent strengths,14 estimation of chemical overpotentials,1®
and evaluation of available mechanistic pathways.16

The BDFE@-H of Smly(H,0) ( THF) ;; has been alternatively constrained as less than or
equal to the first BDFE_y formed in substrates which it can successfully reduce, such
as anthracene (~39 kcal mol=1) or an enamine (~31 kcal mol 1, see Figure 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 BDFE- formed in the reduced substrate, as illustrated
in Figure 1A. Therefore, reduction of anthracene to dihydroanthracene, for example, only
allows reliable bracketing of the BDFEq_y of Smly(H20),{ THF) ;,, to <54.2 keal 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 Smly(H20),( THF) ; to an enamine substrate with BDFEc_ 1 = 31 keal
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 Sm(ll)
(k) is shown in Figure 1A. Based on deuterium labeling studies, which indicate that the
initial PCET step is irreversible under the reaction conditions,® and by constraining A,

to values below the diffusion-controlled limit (~10° M1 s71), an upper limit on A is
estimated to satisfy Ao[Sm!'-OH,] » k_1[Sm!!'-OH] at the lowest [Sm'!-OH,] obtained
during the reaction.20 Combined with an approximate 4 based on the reported timescale
of this conversion,820 we suggest that a reliably deduced conservative ygper bound for
the BDFEQ_g of Smly(H,0) { THF) s 42 + 1 keal mol~1. Relatedly, using pyrrolidone
(abbreviated herein as PH) instead of H,O as the Sm!!'-EH reagent in the reduction of
phenanthrene, we estimate a similar uypper bound for the BDFEN-p in SmIx(PH) ( THF) ;,; as
41 + 1 keal mol=1.10 A detailed discussion of these estimates is provided in the Supporting
Information.

While these upper bound estimates are fully consistent with strong EH activation on binding
to Sm(ll), as yet it is not, from available data at least, possible to discern how close

they truly are to the 26 kcal mol~2 estimate most recently provided.® Given the broad

and growing utility of Sm!'-EH reagents, and the associated importance of correlating

their BDFEg_p values with their reactivity profiles,21723 a more quantitative evaluation of
Sm'l-induced bond weakening is desirable.

To address this challenge, herein, we study a [Sm!'~EH] subunit within the bulky,

strongly chelating supporting ligand (BU2ArOH),Me,cyclam (1,8-bis(2-hydroxy-3,5-di-
tertbutylbenzyl)-4,11-dimethyl-1,4,8,11-tetraazacyclotetradecane) reported by Maria et al.
(Figure 1B).2425 As we show, well-behaved electrochemistry and speciation for this system
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enables reliable determination of very low BDFEx_y values (<28 kcal mol™1) for two
kinetically stable [Sm!'-EH] adducts, and we provide evidence and associated arguments
to suggest that these values are likely appreciably lower than those for Sml, in THF in
the presence of related proton donors. The present model system hence provides a robust
benchmark for considering Sm!'-EH BDFEs more broadly. Additionally, the chemistry
described points to the future possibility of using such systems to drive electrocatalytic
reductions via PCET processes.

RESULTS AND DISCUSSION

Redox Chemistry of 1.

Electrochemical reduction of Sm!!" to Sm!! has not been widely explored. For Smls in
particular, cases in which it has been demonstrated have required nontraditional electrodes
(e.g., Sm metal) and electrolytes (e.g., ionic liquids).2:27 However, several Sm'!' complexes
supported by bulky multidentate ligands exhibit reversible electrochemical reduction

under more typical conditions.28:29 Cyclic voltammetry (CV) experiments were therefore
undertaken to evaluate the facility of Sm''"!! redox cycling with the (BY2Ar0),Me,cyclam
ligand (Figure 2).

Oxidation of the ((BY2Ar0),Me,cyclam)Sm!! complex 1 with one equivalent of thallium
hexafluorophosphate yields a pale yellow species with heteronuclear NMR signatures
consistent with its assignment as cationic [2]PFg (Figure 2), a PFg~ analogue of the known
salt [2]BPh,.2% The CV of [2]PFg in DME (0.2 M “BusNPFg) on a glassy carbon electrode
reveals a reversible 1e~ reduction at —2.43 V vs Fc*/0 (Figure 2, blue) assigned as the Sm'!!/!!
couple. 1 exhibits a nearly identical couple at —2.45 V vs Fc*/0 (Figure 2, green), supporting
assignment of this wave to a Sm!!"!! redox process.Both 1 and [2]PFg display peak-to-peak
separations smaller than that of the Fc*/% wave under the same conditions, indicative of
facile heterogeneous ET kinetics. The reduction potential of cationic [2]PFg is 170 mV
positive of the neutral fris-aryloxide Sm'!" complex reported by Meyer and coworkers.28

PCET Reactivity of 1.

To evaluate the ability of 1 to mimic the PCET reactivity observed with Sml,, we

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

of 2-pyrrolidone (PH) to 1 in benzene results in a color change from brown to green,
consistent with the coordination of PH to 1 to generate a 1-PH species.2® The solution fades
to colorless over the course of ca. 3 days, producing H, and the oxidized, deprotonated
Sm!!"-pyrrolidonate complex 2-P in moderate yield (see the SI).

Alternatively, 1-PH reacts instantaneously with 0.5 equivalents of the styrenyl

substrates tfrans-stilbene, 1,1-diphenylethylene (DPE), and tetraphenylethylene to generate
hydrogenated products in 83-92% yields (see Scheme 1 and SlI). Complex 2-P, the product
of net H release, was isolated as a colorless solid from the reaction of 1-PH with excess
styrene. Its solid-state crystal structure (Figure 3) reveals a sevencoordinate Sm'!! center in
which the pyrrolidonate ligand binds x2 and one of the cyclam amine groups is dissociated.
Similar flexibility of this ligand has been observed in its complexes of Yb.24 Diffusion
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ordered spectroscopy (DOSY) suggets that 2-P remains monomeric in the solution phase
(Figure S21-S24).

Replacing PH with MeOH results in analogous reactivity. In benzene, the green 1-MeOH
adduct evolves Hy over the course of ca. 3 days. Alternatively, it can be intercepted by

the styrenyl substrates #rans-stilbene, DPE, and tetraphenylethylene to yield hydrogenated
products in high conversion (see the Sl). In all cases, the colorless Sm!!'-OMe complex
2-OMe is obtained (Figure 3). Single crystals of 2-OMe were obtained from the reaction
of 1-MeOH with frans-stilbene. In the solid state, 2-OMe is six-coordinate with one of the
cyclam amine donors dissociated as in its pyrrolidonate analogue 2-P.

Electrochemical PCET with [2-PH]".

The well-behaved electrochemistry of [2]PFg is conserved upon coordination of PH.
Addition of up to 30 equivalents of PH causes the Sm!!"!! couple of [2]PFg to shift
cathodically, but the wave remains reversible (red trace in Figure 4). This response suggests
that PH coordinates to the Sm'!! center of [2]PFg to form a more electron-rich [2-PH]*
adduct that is reduced to 1-PH at —2.58 V vs Fc*/0. The reversibility of the wave is
consistent with the observed kinetic stability of 1-PH. Similar behavior is observed with the
aprotic Amethylpyrrolidone (PMe) analogue of PH, and a reversible Sm''"!! couple for the
[2-PMe]* adduct is assigned at —2.61 V vs Fc*/0 (yellow trace).

Addition of DPE to [2]PFg or to [2-PMe]* does not significantly perturb their respective
Sm!!"I! couples (blue and green traces), indicating that neither 1 nor the more reducing
1-PMe reacts with DPE on the CV timescale. However, addition of 20 equivalents of DPE to
[2-PH]* (purple trace) results in loss of reversibility in the Sm!'!! couple. These data show
that the presence of an N-H (instead of N-Me) bond in the electrochemically generated
1-PH adduct facilitates its reaction with DPE.

Analysis of the evolution of the cathodic peak potential £, ; with the scan rate enables
extraction of the observed rate constant 4 for the reaction of 1-PH with DPE under pseudo
first-order conditions (see the S1).30 The observed rate constant ; increases linearly with
increasing concentration of DPE (Figure 4 inset). The proton-coupled reduction of DPE by
1-PH is therefore first order in the substrate with a rate constant of 44 M~1 s~1, Repeating
this measurement with 2-pyrrolidone-a; gives a A/ kp ratio of 2.3. This Kinetic isotope
effect is similar to the value of 2.1 reported for PCET from Sml,/H,0 to anthracene that has
been assigned as concerted.” We note that a stepwise PCET 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 1-PH.

Thermochemical Measurements.

The reactivities of 1-PH and 1-MeOH are suggestive of coordination-induced bond
weakening akin to that observed with Sml, and alcohol or amide ligands.”’~10 As discussed
above, ill-defined Sml,/alcohol mixtures are not conducive to quantitative measurements
of coordination-induced bond weakening at Sm!! owing, for example, to ill-defined
speciation and solubility issues. The comparatively tractable system 1-PH provides a
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platform to directly interrogate this issue. The BDFEy-y of 1-PH was determined using
the thermodynamic cycle highlighted in purple in Scheme 2, which requires determination
of the Sm!!"!! reduction potential and the p&; of [2-PH]*.

We have collected all thermochemical data in acetonitrile because of the availability of
reliable thermodynamic parameters and pKj scales in this solvent.14:31 The crystal structure
of [2]BPhy4 obtained from an MeCN solution contains bound MeCN, and NMR data are
consistent with MeCN coordination in the solution phase to form a [2-NCMe]* adduct.2°
The CV of [2-NCMe]PFg in MeCN (0.1 M "BusgNPFg) is reversible with £/»(Sm'"/11) =
-2.51 V vs Fc*/0 (Figure 5, blue trace). Titration of [2-NCMe]PFg 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 [2]PFg is ligated by PH at this concentration. Increasing the concentration of PH
also results in some loss of reversibility which we attribute to the reduction of acetonitrile
solvent by 1-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 £y/,(Sm!'V11) of [2-PH]
*as -2.61 V vs Fc*0,

The pKj; of [2-PH]* was measured using 1H NMR spectroscopic titration measurements.
Addition of three equivalents PH to [2-NCMe]PFg in CD3CN generates [2-PH]* in situ

(see the SI). The equilibrium binding constant for the formation of [2-PH]* was determined
to be (1.7 + 0.7) x 103 (reaction (i) in Scheme 3). [2-PH]* establishes a rapid proton-
transfer equilibrium with the base 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU, pKj; = 24.3 in
CH3CN)3L to form 2-P and [DBUH]* (Scheme 3, reaction (ii)). Analysis of the chemical
shifts of the equilibrium mixture (see the Sl) yields the desired pK; of [2-PH]* as 25.4 + 0.2.
Control reactions between DBU and [2-NCMe]PFg or a mixture of [2-NCMe]PFg and PMe
revealed no interaction between these reagents in the absence of an acidic proton, ruling out
DBU coordination as a competitive pathway. With these data, along with the value of Cg in
CH3CN (52.6 kcal mol™1),14 the experimental BDFEy_p of 1-PH is determined from eq 1 in
Scheme 2 to be 27.2 + 0.3 kcal mol 1.

The BDFEq_ of 1-MeOH could not be determined with eq 1 because a Sm!'"!! couple
could not be definitively assigned for [1-MeOH]™. To reliably estimate BDFEq_p for the
MeOH adduct of Sm'!, we employed the alternative thermodynamic cycle highlighted in
purple in the right side of Scheme 2 and represented by eq 5. In CD3CN, binding of MeOH
to [2-NCMe]PFg is negligible. The effective pKj of [2-NCMe]PFg in the presence of MeOH
(pKa,eff) was therefore determined by titration measurements. Addition of diisopropylamine
(pK; =18.8 in CH3CN)3L or quinuclidine (pK; = 19.7 in CH3CN) to a mixture of [2]PFg and
MeOH results in TH NMR shifts attributed to the proton-transfer equilibria in reactions (iii)
and (iv) shown in Scheme 3. The desired p Ka,eff value for the combination of [2-NCMe]PFg
and MeOH can be extracted from either reaction as 19.9 + 0.2 (see the SI). As with DBU,
neither amine interacts with [2-NCMe]PFg in the absence of MeOH.

The binding affinity of MeOH to 1 (AG°Sm(I1)-MeOH) is bracketed by cross-reference to
the cycle highlighted in green in Scheme 2 for the affinity of PH to 1 (AG°Sm(I1)-PH; eq 2).
Because MeOH has a lower affinity for Sm(Il) compared to PH, AG°Sm(I1)-MeOH must be
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more positive (i.e., AG°Sm(I1)-MeOH> 2.1 kcal mol~1; eq 4). A reliable upper limit of <
24.1 kcal mol™1 is therefore determined for the BDFEq_ of 1-MeOH.

Origins of Bond Weakening.

Coordination of PH or MeOH to 1 yields two of the strongest reductive PCET reagents
whose BDFE values have been systematically characterized.14:33:34 The N-H bond in 1-PH
is weakened by ca. 69 kcal mol~ from that of free PH,10 which for comparison is 13 kcal
mol~1 more weakened than the N-H bonds in a Mo'-NH3 complex previously described
by Chirik and co-workers as a fascinating example of dramatic coordination-induced bond
weakening.3°:36 Similarly, O—H bond weakening in 1-MeOH is more pronounced than

that in Cp,Ti(OH,) complexes by at least ~10 kcal mol=1.14:37.38 The magnitude of the
BDFEp-y of 1-PH is also 10 kcal mol~1 weaker than the N—H bond we have measured for
N, Mdimethylanilinium-appended cobaltocene, which contained the weakest experimentally
determined BDFEy—p that had been reported to date.3?

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 BDFEy-H between free pyrrolidone
and 1-PH is /ndependent 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
pyrrolidonate, followed by oxidation. Coupling deprotonation of PH to facile oxidation

of any strong reductant such as 1 is thermodynamically much more favorable. This is
formalized by defining the “effective” BDFE, BDFE.¢;, which describes the net removal

of H from a noninteracting combination of reductant and acid (eq 7). The BDFEg of the
Sm!l/EH combinations explored here can be determined by the insertion of the reduction
potential of [2-NCMe]PFg (—2.51 V) and the pK; of PH (estimated as 37 in CH3CN)#0:41
or MeOH (~39)#2 into eq 7 to yield values of 45 and 48 kcal mol~1 for 1/PH and 1/MeOH,
respectively. These values represent bond weakening of ~50 kcal mol~! compared to free PH
and MeOH. The same values could be obtained with PH or MeOH and any reductant with
E°~-25V.

However, unlike some PCET reagents composed of synthetically linked but electronically
decoupled ET and PT mediators,3943 there is a significant difference between the BDFEc
and BDFEx_p values for 1/PH and 1/MeOH. As laid out in Scheme 4, the difference,
ABDFE, can be decomposed into the binding energy of EH to Sm(ll) (AG°Sm(I1)-EH) and
the affinity of E™ for Sm(I11)* (AG°sm(iy-g)- A larger ABDFE is obtained with a weaker
Sm!!-EH association (more positive AG°sm(1y-gn) and a stronger Sm'!'~E interaction (more
negative AG’sm(11)-E)-

Because AG°sm(1)-gH 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 1, respectively),
the Sm'''-E interactions dominate the ABDFE. AG°Sm(II1)-E values were determined
using the orange-highlighted thermodynamic cycles and egs 3 and 6 in Scheme 2 as —20
kcal mol~1 for 2-P and —26 kcal mol~1 for 2-OMe. The stronger affinity of OMe™~ for

Sm'!! results in the slightly lower BDFEq_p of 1-MeOH, despite the 1/MeOH pair having
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the higher BDFE¢ because of the somewhat weaker acidity of MeOH compared to PH.
Rational modulation of the BDFE of [Sm!!-EH] species based on the pKj of free EH is
therefore not straightforward, as the Sm'!! binding affinities of different E~ anions are not
readily predictable.

An alternative strategy for BDFE weakening that emerges from Scheme 4 is to decrease
the affinity of EH for Sm'!. This conclusion is somewhat counterintuitive; indeed, while
MeOH has a lower affinity for Sml, in THF than H,O, Sml, is more prone to PCET
reactivity in the presence of H,O than MeOH despite the likely similarity in AG°sm)-g for
methoxide and hydroxide. We attribute this discrepancy to two possible origins: first, if EH
is such a poor donor ligand that a [Sm!'~EH] complex forms only in a very low equilibrium
concentration, PCET (which typically requires pre-association of at least two components
of the reaction)14 cannot occur at appreciable rates. Second, EH with lower affinity for
Sm'! typically produces a less pronounced cathodic shift in Sm!!"!! reduction potential.#
This effect is likely to counteract a more positive AG°Sm(I1)-EH in eqgs 7 and 8 (vide
infra), resulting in a smaller degree of net bond weakening, further illustrating the complex
interdependence of parameters that determine the BDFEx_ of [Sm!!-EH] reagents.

Implications for Sml,-Based PCET Reagents.

Because the saturated coordination sphere of [1-PH] is unlikely to vary between THF

and MeCN solvents, the BDFEy-y of 1-PH is expected to be very similar in these two
solvents.1* This assumption enables comparison of the BDFEy_ of 1-PH determined here
as 27.2 kcal mol™1 to the reported BDFEp_y of the PH adduct of Sml, in THF (Sml, (THF)
M(PH) m, 25.3 keal mol™1), suggesting that the BDFEx_ of [Sm!!-EH] species is nearly
invariable with the coordination sphere of Sm'!. However, as laid out in the Introduction, the
known PCET reactivity of Smlo(THF) {PH) ,; could still be accessed with a BDFEN-p as
high as 41 kcal mol™1, leading to the inverse conclusion that [Sm!'-EH] BDFE’s are highly
sensitive to supporting ligands. In this section, we reason that the latter conclusion is more
likely.

The oxidation of Sml, shifts negative by up to 0.77 V in THF with the addition of excess
PMe.# As shown in Figure 4, PMe and PH coordination have similar effects on the SmilI/Il
reduction potential of [2]PFg. The Sm!!! reduction potential of Smly(THF),(PH),,can
therefore be approximated as ~ —2.2 V vs Fc*/0,44 0.4 V/ positive of that of 1-PH (-2.58

V vs Fc*/0 in DME). The relationship between BDFEx_p and £° varies dramatically

across different classes of metal-bound ligands.14 For example, for a series of [Cu!!-OH,]
complexes with varied electron donating/withdrawing properties in the supporting ligand
backbone, a 0.38 V increase in £° is offset by a decrease in pKj; such that the BDFEp-H

of the aquo ligand increases by only 3 kcal mol=1.4% By contrast, the BDFEy_p of a
Ru'l-bound imidazole fragment increases by almost 18 kcal mol~1 with the incorporation of
electron-withdrawing groups in the ancillary ligands that shift £° positive by 0.93 V but have
virtually no effect on the pK;*6

We posit that the pK; of a [Sm!!'-EH]* complex is unlikely to depend strongly on
the supporting ligands (consequently, BDFEx_y should most strongly correlate with £°
(Sm'""1y).For a given EH, the pK; of [Sm!'-EH]* is dictated by the binding energy of
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EH to Sm(I11)* (AG°Sm(I11)-EH) and the affinity of E~ for Sm(l11)* (AG°Sm(I11)-E)
(eq 3). When the former becomes more favorable, the pKj increases. It seems unlikely
that a Sm(I11)* complex with a bulky, strongly chelating ligand (e.g., [2]PFg) would have
a higher affinity for EH than a complex with more labile monodentate ligands (e.g.,
SmIy(THF) {PH) 1), so the predominant mechanism by which increasing £° could be
counterbalanced by decreasing pKj correlates with the variation of AG®sm(i1)-g-

Farran and Hoz measured the strength of AG°sm(j11)-g between [SmI>(THF),]* and the
benzophenone ketyl radical anion (Ph,CO ~) as —19 kcal mol~1 based on inner-sphere

ET equilibria.b We therefore sought to access this value with [2]* in order to make a
direct comparison of AG°Sm(I11)-E values for the same Sm!!-alkoxide fragment in these
drastically different coordination spheres.

Reduction of benzophenone by 1 is downhill even in the absence of additional driving force
from alkoxide binding (A£° = 150 mV in DME). Accordingly, the addition of 1 equiv of
benzophenone to 1 mM 1 in DME containing 0.2 M "BusNPFg results in an immediate color
change from dark green to dark purple. The open circuit potential of the solution shifts from
-2.510 -1.7 V vs Fc*/0. Sweeping positive from open circuit reveals an irreversible anodic
wave with £, , = -1.62 V vs Fc*O (Figure 6A, red trace). The same wave is present in the
CV of 1 mM [2]PFg with 1 equiv of benzophenone (Figure S31). In both systems, the anodic
wave shifts positive and gains reversibility with increasing benzophenone concentration.
Beyond 10 mM benzophenone, the shift in £y, is linear with log([benzophenone]) with a
slope of 60.8 mV/dec (Figure 6A).

These data are consistent with the assignment of the new anodic feature to the oxidation of a
Sm''-OCPh, species (2-OCPh,) generated in situ from the reaction of 1 and benzophenone
(Figure 6B, equilibrium (v)). 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 eq 10.

The intercept of the plot of log([benzophenone)] vs £4/, provides £° for the net equilibrium
process as —1.52 V vs Fc*/0. Using the Hess cycle in Figure 6B and eq 11, the summation
of this reaction with the reduction of benzophenone (-2.28 V vs Fc*/% in DME with 0.2 M
"BugNPFg on glassy carbon, Figure S30) predicts AG°smy-g for 2-OCPh; as -17.5 kcal
mol~1. The Sm'!'- alkoxide interaction strengths in 2-OCPh, and the analogous Sml,-based
species, formulated for simplicity as 1o(THF) ,Sm—-OCPh,, are therefore of very similar
magnitude, despite the 1 V difference in the reduction potential of the Sm!! reagents.
Furthermore, while the simplified representation of I5(THF),Sm—-OCPh, 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 AG°Sm(111)-E value, leading to a
possible overestimation of the interaction strength (more negative AG°Sm(l11)-E). Because
the much less labile coordination sphere of 1 makes it less prone to such equilibria, the
AG°Sm(I11)-E for the two [Sm!!'-OCPh,] species may be even more comparable.
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Based on this comparison, we can deduce that P~ should have a similar affinity for [2]*

and [SmIy(THF) {PH) ;-11*, implying that the difference in reduction potentials between
1-PH and Smly(THF) {PH) ,, is unlikely to be canceled out by an opposite difference in pKj.
This conclusion is consistent with evidence suggesting that SmBr,, a substantially stronger
reductant than Smls, induces greater O—H bond weakening in THF/H,O mixtures.*’ As a
result, we suspect that the BDFEN-H 0f SmIy(THF),(PH)py, is closer to 35 than 25 keal
mol~L. Importantly, this analysis does not account for additional driving force for the loss of
H* from Sml,(THF) (PH) », gained from oligomerization or precipitation. However, it does
motivate further development of [Sm!'-~EH]-based PCET reagents whose BDFEx_y values
can be tuned by £°.

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. It would be
attractive to develop (electro)catalytic reductions mediated via Sm'"!! redox chemistry.

In the course of the thermochemical studies presented above we have demonstrated the
hypothetical steps needed to regenerate [Sm''-EH] from [Sm!!'-E] (Scheme 5). PCET from
1-PH (step 1) generates 2-P, which is monomeric and soluble in organic solvents, unlike the
multimeric [Sm'!'-E] products obtained from Sml,/EH in the absence of a bulky supporting
ligand.1® 2-P can be reversibly protonated by [DBUH]™ in MeCN to generate [2-PH]* (step
2). This demonstration of selective proton transfer to Sm'!'-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.*8 Finally, the chelating ligand supports reversible
electrochemical reduction back to the Sm'! state 1-PH (step 3).

Attempts to integrate the individual steps in Scheme 5 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 Sm"'"!! couples. Identification of an electrode/acid
combination with slow electrode-mediated HER Kinetics is hence desirable toward realizing
Scheme 5. 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.#®
Therefore, tuning the BDFEx_p of the [Sm!!-EH] species to somewnhat Aigher values (> 30
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

CONCLUSIONS

To close, the ((BU2Ar0),Me,cyclam)Sm!! complex 1 binds 2-pyrrolidone or MeOH

to generate remarkably strong reductive PCET reagents. 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_n
values as 27.2 kcal mol~1, and <24.1 kcal mol~1,and we provide evidence and arguments

JAm Chem Soc. Author manuscript; available in PMC 2023 November 23.
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to suggest that these values are likely appreciably weaker than those derived from Smi,

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

the view that Sm!! coordination induces the most significant bond weakening reported to
date. The origins of this effect lie in the reductant strength of Sm!! and in the very strong
Sm!!'- alkoxide (or —pyrrolidonate) interactions in the PCET products. While Sm!"/!! redox
potentials vary dramatically with the donor strength of ancillary ligands, we demonstrate
that ionic Sm'!'-alkoxide bond strengths are relatively insensitive to the makeup of the inner
coordination sphere, pointing to strategies for rationally tuning [Sm''-EH] BDFE values via
E°. The detailed thermochemical description of electron, proton, and hydrogen atom transfer
at samarium presented here serves as a foundation for developing samarium-mediated
(electro)catalytic PCET, a reaction with broad potential utility both in organic synthesis

and smallmolecule reduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Bracketing bond-weakening in Sml,/H,O from spontaneous alkene reductions
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B. Precise thermochemistry with well-defined [Sm'-EH]  this work
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Figurel.
Quantification of coordination-induced bond weakening at Sm'!.
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Figure 2.

Chemical and electrochemical conversion between 1 and [2]PFg. CVs of 1 (green, 1 mM)
and [2]PFg (blue, 1 mM) were recorded at 100 mV st in DME containing 0.2 M "BusNPFg
with a glassy carbon working electrode, platinum wire counter, and a Ag*/° pseudoreference
electrode.
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Figure 3.

Solid-state structures of 2-P and 2-OMe with thermal ellipsoids set at 50% probability.

Hydrogen atoms and co-crystallized solvents are omitted for clarity.
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Figure 4.

Potential (V vs Fc*/?)

CVs of [2]PFg (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 st in DME containing 0.2

M "BusNPFg with a glassy carbon working electrode, platinum wire counter, and Ag*/°
pseudoreference electrode. The inset shows the plots used to extract the KIE for the reaction

of 1-PH with DPE.
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Figure5.
CV titration of the Sm!!! cation [2-NCMe]PFg (1 mM, blue trace) with PH (1-15 equiv) at

100 mV s~1 in CH3CN containing 0.1 M “BusNPFg with a glassy carbon working electrode,
platinum wire counter, and Ag*0 pseudoreference electrode.
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(A) CV titration of the Sm'!! cation [2]PFg (1 mM) with benzophenone (1-200 equiv)

and plot of £y, as a function of benzophenone concentration fitting eq 10. CVs are

recorded at 100 mV s~1 in DME containing 0.2 M "BuyNPFg with a glassy carbon working
electrode, platinum wire counter, and Ag*/0 pseudoreference electrode. (B) Thermochemical
cycle used to determine AG°Sm(l11)—E for [2-OCPh,] and comparison with AG°Sm(II1)

—E reported for the analogous Sml,-based species, which we represent for simplicity as

I,(THF),Sm—-OCPh *,.6
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AG°sm()-pH = 23.06(E°1 - E°2) — RTIN(Kassoe) ~ (2) i BDFEq.y < 23.06(E°1) + 1.37(pKa eff) = AG sm(ii)-meoH + Ca (5)
AG sy = 1.37(pKa — pKa,pr) — RTIN(Kassoe)  (3) o AG smqiy-ome = 1.37(pKa,eff — PKa MeoH) (6)

(1) [Sm"—PH] === [Sm"—PH[" + e~ E°=-2.61V (5) [Sm"-MeOH] + NCMe [Sm"-NCMe] + MeOH < —AG°smqiy-pH
[Sm"—PH]* === [sm"—P] + H*  pK,=25.4 [Sm"-NCMe] === [Sm"'-NCMe]" + &~ E°y=-251V
HY+em =—=H Cg = 52.6 kcal mol™' [Sm"—NCMe]* + MeOH=—=[Sm"'~OMe] + H* + NCMe pKjeit = 19.9
[Sm'—PH] == [Sm"—P]+H  BDFEyy H'+e” ===H Cg = 52.6 keal mol™

= 27.2 keal mol™" [Sm"-MeOH] === [Sm"-OMe] +H" BDFEo.4

T P < 24.1 keal mol™

(2) [Sm"—NCMe] === [Sm"'-NCMe]*+ e~ ESmmiBl Vi oo i o i i i i

— + .
[SmI-NCMe]*+ PH === [Sm"—PH]" + NCMe Kpeqo = 1.7 x 10° (&) MeO™+H" === MeOH

[Sm"—PHJ* + & [Sm'"—PH] —E% =261V

—pKameoH = 39

[Sm"-NCMe]*+ MeOH === [Sm"'~OMe] + H* + NCMe pKj e = 19.9

[Sm"—NCMe] + PH === [Sm''—PH] + NCMe AG°s-pH
=-2.1 kcal mol™

(3) PP +H*=—=PH —pKapy = —37
[sm"-NCMeJ*+ PH === [Sm"—PH]* + NCMe Kaesoc = 1.7 x 10°
[Sm"—PH]* =— [Sm"'—P] + H* pK, = 25.4

[Sm""—NCMe]* + P~ === [Sm"—P] + NCMe  AG®sq.»
=20 keal mol™

Scheme 2.
Summary of Thermochemical Cycles and Equations
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[sm"-NCMe]* + MeO~ === [Sm"'-OMe] + NCMe

AG°sm(in)-ome
=26 kcal mol™
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Kassoc = 1.7 x 103
(i) [2-NCMe]PFg + PH === [2-PH]PFg + MeCN

< |PFe

pKy = 24.3
- MeCN

(iii) [2-NCMe]PFg + MeOH + Pr,NH ~=—=— 2-OMe + [Pr,NH,]PFg
MeCN -
pK, = 18.8

//\]—MeCN o A] | PF¢
iv) [2- —-OMe +
(v) [2-NCMe]PFg + MeOH + /0 " e [/N

H

pK, = 19.7

Scheme 3.
Equilibria Relevant to pKj; Determinations
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[Sm"] . [SmIII]++ e Eo(Smllllll)

EH == E +H* Ky e — BDFE,
e +H' =—=H Ce

[Sm'—EH] === [Sm"]+ EH  -AG°smunen

[Sm''T" + E- === [Sm''—E] AG®smny-E

[Sm'"—EH] === [Sm'""—E]+H BDFEg4

BDFEq; = 23.06(E°(Sm"")) + 1.37(pK, en) + Ca (7)
BDFEg.4 = BDFEgst — AG smii)-eH + AG sm(n)-E (8)
ABDFE = BDFE¢f — BDFEE | = AG°sm(i)-eH— AG°smanye~~ (9)

Scheme 4.
Contributionsto BDFE g_y
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2. 58 Vv 1- PH
glassy carbon PCET
"Bu4NPF step 3 step 1 O

‘Bu t
t 'Bu Bu +
Bu OU tBU
(o}

t O
\/_o Bu o/ N
_smll N smlll R\
A ~0

1Z
N N N
—/ \\’ ?@{ %N\—/ \N—
[2-PH]* 2-P

DBU [DBUHJ*

Scheme 5.
Steps Demonstrated in a Hypothetical Sm-Mediated Electrocatalytic PCET Cycle
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