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Conspectus

Redox events in which an electron and proton are exchanged in a concerted elementary step are 

commonly referred to as proton-coupled electron transfers (PCETs). PCETs are known to operate 

in numerous important biological redox processes, as well as recent inorganic technologies for 

small molecule activation. These studies suggest that PCET catalysis might also function as a 

general mode of substrate activation in organic synthesis. Over the past three years, our group has 

worked to advance this hypothesis and to demonstrate the synthetic utility of PCET through the 

development of novel catalytic radical chemistries. The central aim of these efforts has been to 

demonstrate the ability of PCET to homolytically activate a wide variety of common organic 

functional groups that are energetically inaccessible using known molecular H-atom transfer 

catalysts.

To do so, we made use of a simple formalism first introduced by Mayer and coworkers that 

allowed us to predict the thermodynamic capacity of any oxidant/base or reductant/acid pair to 

formally add or remove H• from a given substrate. With this insight, we were able to rationally 

select catalyst combinations thermodynamically competent to homolyze the extraordinarily strong 

E-H σ-bonds found in many common protic functional groups (BDFEs >100 kcal/mol) or to form 

unusually weak bonds to hydrogen via the reductive action of common organic π-systems (BDFEs 

<35 kcal/mol). These ideas were reduced to practice through the development of new catalyst 

systems for reductive PCET activations of ketones and oxidative PCET activation of amide N-H 

bonds to directly furnish reactive ketyl and amidyl radicals, respectively. In both systems the 

reaction outcomes were found to be successfully predicted using the effective bond strength 

formalism, suggesting that these simple thermochemical considerations can provide useful and 

actionable insights into PCET reaction design.

The ability of PCET catalysis to control enantioselectivity in free radical processes has also been 

established. Specifically, multisite PCET requires the formation of a pre-equilibrium hydrogen-

bond between the substrate and a proton donor/acceptor prior to charge transfer. We recognized 

that these H-bond interfaces persist following the PCET event, resulting in the formation of non-

covalent complexes of the nascent radical intermediates. When chiral proton donors/acceptors are 

employed, this association can provide a basis for asymmetric induction in subsequent bond-

forming steps. We discuss our efforts to capitalize on this understanding via the development of a 

catalytic protocol for enantioselective aza-pinacol cyclizations.
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Lastly, we highlight an alternative PCET mechanism that exploits the ability of redox-active 

metals to homolytically weaken the bonds in coordinated ligands, enabling nominally strong 

bonds (BDFEs ~100 kcal) to be abstracted by weak H-atom acceptors with concomitant oxidation 

of the metal center. This ‘soft homolysis’ mechanism enables the generation of metallated 

intermediates from protic substrates under completely neutral conditions. The first example of this 

form of catalysis is presented in the context of a catalytic C-N bond forming reaction jointly 

mediated by bulky titanocene complexes and the stable nitroxyl radical TEMPO.

Graphical abstract

Introduction

Hydrogen atom transfer reactions are powerful elementary steps that directly generate free 

radical intermediates from simple starting materials. While this reactivity has created 

significant interest in the development of catalytic HAT reactions for the activation and 

functionalization of aliphatic C-H bonds,1,2,3,4 analogous strategies for the homolytic 

activation of most common organic functional groups are largely unknown. For example, 

there are few or no general HAT methods for the direct homolytic activation of the O–H 

bonds of alcohols and carboxylic acids, the N–H bonds of amides, amines and ammonium 

ions, or reductive HAT to the π-bonds in ketones, imines and arenes (Figure 1). If 

successfully developed, such methods would enable straightforward access to a wide range 

of useful radical intermediates from their native functional group precursors, and simplify 

both the practical and strategic aspects of their use in synthesis.

However, intrinsic thermochemical constraints have limited the developments of such 

technologies.5 Specifically, the addition of H• to an organic π-system, such as a ketone or 

imine, generates a new bond to hydrogen that is extraordinarily weak (BDFEs typically <35 

kcal/mol) by virtue of being adjacent to an unpaired electron.6 Accordingly, the generation 

of these intermediates requires H-atom exchange from a similarly weak donor bond. 

However, all known molecular H-atom donors exhibit BDFEs far above these values and 

characterized examples with BDFEs less than 50 kcal/mol are rare.7,8,9 In a similar sense, 

many common protic functional groups, such as amides and alcohols, possess bonds to 

hydrogen with BDFEs well in excess of 100 kcal/mol. As such, even the most powerful 

molecular H-atom acceptors are typically unable to activate these strong E-H bonds, much 

less to selectively abstract them in the presence of weaker aliphatic C-H bonds.10
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Over the past three years, our group has aimed to advance the use of concerted proton-

coupled electron transfer (PCET) as an alternative mechanism for homolytic bond activation 

that overcomes these energetic limitations. PCETs are non-classical redox processes in 

which a proton and electron are exchanged in a concerted elementary step. Though 

uncommon in synthetic contexts, concerted PCET reactions are well documented, and play a 

key role in both biological redox catalysis11 and inorganic technologies for small molecule 

activation.12,13 Unlike classical HAT, wherein the proton and electron travel concurrently 

from a single donor to a single acceptor, the proton and electron in a multisite PCET 

mechanism can originate from two separate donors, or travel to two distinct acceptors. Both 

reaction classes produce identical free radical intermediates, but the scope of PCET 

reactions is potentially much broader due to its more expansive thermodynamic range.

To illustrate this point, it is useful to consider the energetic relationships commonly used to 

assess the strengths of bonds to hydrogen. These values are often described using a simple 

thermodynamic cycle (Figure 2a) in which the observed BDFE is equal to the sum of the 

energies needed to heterolytically break a given bond to hydrogen (represented as a pKa 

value) and the energies required for the one-electron oxidation of the conjugate base to a 

neutral free radical R• and the reduction of H+ to H• (represented as redox potentials).14,15 

This correlation suggests that to engineer a more reactive H-atom donor one must increase 

the acidity of the donor bond, make its conjugate base more reducing, or some combination 

thereof. However, within any molecule, these two properties are intrinsically linked and 

diametrically opposed.16 For example, to make a molecule more acidic one must typically 

introduce electron-withdrawing substituents. However, these groups will also necessarily 

diminish the reducing capacity of the conjugate base, and thus partially negate the bond 

weakening effect. Analogous arguments can be applied to the coupled oxidant/base 

properties of conventional H-atom abstractors.

Fortunately, the thermochemistry of multisite PCETs are not subject to the same 

compensatory constraints, and can be rationally varied over a much wider range of energies. 

This notion was elegantly expressed by Mayer, who noted that the thermodynamic capacity 

of any given oxidant/base (or reductant/acid) pair to serve as a formal H• acceptor (or donor) 

can be described using an identical thermochemical cycle (Figure 2b), wherein the free 

energy on the diagonal is referred to as an effective BDFE (denoted as ‘BDFE’ in this 

Account) and signifies the strength of a bond that can be formed or broken in a 

thermoneutral reaction using the prescribed catalyst pair.17 As the pKa and reduction 

potential are decoupled in this construct and can be varied independently, the range of 

accessible ‘BDFE’s extends far beyond what is possible using unimolecular HAT platforms, 

and in principle is limited only by the compatibility of the PCET reagents. In turn, this 

presents new opportunities to identify catalysts that are energetically competent to activate a 

range of functional groups that are not viable substrates for traditional H-atom transfer 

platforms. In addition, this effective BDFE formalism provides a simple criterion for 

identifying catalyst pairs that are thermochemically competent to activate a target bond – a 

powerful feature for the design of new PCET processes.

Multisite PCET also offers chemoselectivity that is orthogonal to that of conventional HAT 

mechanisms. While HAT selectivity is principally governed by reaction driving force, self-
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exchange kinetics, and polar effects,18,19 bond activation in PCET reactions requires the 

formation of a discrete hydrogen bond complex between the substrate and proton donor/

acceptor prior to the electron transfer step (Figure 2c).20 This constraint provides a pathway 

to selectively homolyze the stronger bonds to hydrogen found in polar protic functional 

groups, such as alcohols and amides, in the presence of weaker aliphatic C-H bonds that 

typically cannot form the requisite H-bonded complexes. In an analogous way, H-bond 

acceptor π-systems, such as ketones and imines, can be targeted selectively in the presence 

of less polar olefins despite a large thermochemical bias for C-H bond formation. Moreover, 

we reasoned that this critical H-bonding interaction would necessarily generate the nascent 

radical intermediates as catalyst-bound adducts. If these radical H-bonded complexes are 

sufficiently stabilizing and persistent, they present opportunities to direct the absolute 

stereoselectivity of the subsequent bond-forming events.

Lastly, the kinetic features of PCET are also advantageous, as the concerted transfer 

mechanisms are often significantly favored over the competing stepwise pathways (Figure 

2d). In fact, the prevalence of PCET in enzymatic catalysis is often attributed to this feature, 

as it allows kinetically rapid redox events to occur in the absence of a significant 

overpotential. Moreover, the concerted pathways enable the cooperative use of oxidants and 

bases (or reductant and acids) with potentials and pKa values far removed from those of the 

substrates they are activating. In turn, this enables radical generation under much milder 

reaction conditions than would be required to proceed through either sequential transfer 

pathway.

Taken altogether, these attributes suggest that concerted PCET might serve as a general 

mechanism for homolytic bond activation and provide a catalytic platform for the 

development of new synthetic methods. In the following sections we outline our recent 

progress toward this goal, and highlight the predictive role that simple thermochemical 

considerations can play in catalyst selection.

Catalytic Ketyl Generation Enabled by Reductive PCET

We first set out to develop PCET-based methods for the homolytic activation of ketones as a 

means to access neutral ketyl radicals. Ketyls are classical open-shell intermediates that have 

found extensive use in synthesis.21 However, the strongly reducing conditions required to 

generate ketyls via outer sphere electron transfer (E = −2.48 V vs. Fc for acetophenone) has 

limited the development of catalytic and asymmetric variants.22 Ketyl generation can 

formally be viewed as the addition of H• to a ketone π-system, though such a process would 

result in the formation of an exceptionally weak O-H bond (O-H BDFE = 26 kcal/mol for 

acetophenone ketyl). While no known molecular HAT catalyst is likely to successfully 

mediate such an exchange, the effective bond strength formalism suggests that such a value 

is easily accessible under the joint action of an independent one-electron reductant and 

Brønsted acid. Moreover, effective catalyst combinations could exhibit potentials and pKa 

values energetically far removed from those of the ketone substrate, ensuring comparatively 

mild reactions conditions, so long as both partners function together in a concerted process.

These ideas were validated in the development of a new PCET-based method for the 

reductive coupling of ketones and electron-deficient olefins.23 We envisioned a catalytic 
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cycle wherein initial electron transfer from a sacrificial amount of Hantzch dihydropyridine 

(HEH) to the excited state photocatalyst would lend a more reducing Mn-1 ground state. Pre-

equilibrium H-bonding between ketone 1 and the Brønsted acid catalyst could then facilitate 

electron transfer from the reduced photoredox catalyst to provide neutral ketyl intermediate 

2 (Figure 3). This radical could then engage in C-C bond formation with an electrophilic 

olefin to produce a new radical intermediate 3 that could subsequently abstract a H-atom 

from the HEH to afford the desired carbocycle 4. The resulting open-shell HEH species 5 
could then undergo sequential one-electron oxidation and deprotonation with the excited 

state photocatalyst and conjugate base to close the catalytic cycle.

Upon evaluating a series of acid/reductant combinations with effective ‘BDFE’s ranging 

from 45 to 20 kcal/mol, we observed that effective bond strength considerations were 

uniformly successful in forecasting reaction outcomes (Table 1). Specifically, for any acid/

reductant pair sufficiently close in energy to the strength of the ketyl O-H bond being 

formed in the process (26 kcal/mol), high yields of cyclized product were observed, 

consistent with efficient ketyl formation. However, no conversion was observed in 

combinations with effective BDFEs significantly above the 26 kcal/mol threshold. These 

results suggest that simple thermodynamic considerations could play a useful and predictive 

role in PCET catalysis, and serve as an enabling tool for rational catalyst selection.

Using [Ru(bpy)3](BArF)2 and diphenyl phosphoric acid (‘BDFE’ = 33 kcal/mol), we studied 

the scope of this process (Figure 4). These conditions were used to efficiently construct a 

variety of carbocyclic structures derived from aryl ketones and olefin acceptors (Figure 5). 

Interestingly, this reaction provides predominantly cis-fused products, in contrast to the 

trans-selectivity observed with SmI2. Moreover, this PCET pair was competent to activate 

ketones with reduction potentials ~900mV more negative than the Ru(I) state of the 

photocatalyst (E1/2 = -1.71V vs Fc), highlighting the ability of PCET to facilitate otherwise 

endergonic charge transfer steps. We also observed that use of 2-phenyl-

dihydrobenzothaizoline (BT) as the stoichiometric reductant led to increased levels of cis-

diastereoselectivity, suggesting that the C-C bond formation in these reactions is reversible 

and that the HAT steps play a direct role in stereoselection.

We also investigated the mechanism of ketyl formation in detail. Luminescence quenching 

experiments demonstrate that neither acetophenone nor diphenyl phosphoric acid were 

competent to quench the excited state of Ir(ppy)3 (E1/2 = -2.11V vs Fc), suggesting that 

direct electron transfer mechanisms are not operative. However, solutions containing both 

ketone and acid resulted in efficient quenching of the Ir(III) excited state, exhibiting a first-

order dependence on the concentration of each component. In addition, an isotope effect of 

1.22 ± 0.02 was observed upon using the deuterated isotopologue of the phosphoric acid, 

suggesting that the labeled bond plays a specific role in excited state deactivation.24 

Together, these findings are potentially consistent with either a rate-determining PT step or a 

concerted PCET. However, the former possibility could be discounted on energetic grounds, 

as the minimum free energy barrier for proton transfer (+17.9 kcal/mol) necessitates a 

maximum rate constant that is much too slow to be competitive with luminescent decay of 

the Ir(III) excited state lifetime (τ = 1.9 μs).
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Enantioselective PCET Catalysis

Further consideration of the kinetic data above suggested that concerted PCET might also 

serve as an effective platform for asymmetric catalysis of radical reactions. Specifically, by 

coupling electron transfer to a pre-equilibrium hydrogen-bonding event, concerted PCET 

ensures that the radical intermediates will only be generated when they are pre-associated 

with the proton donor. If the successor H-bond complex formed between the conjugate base 

and the neutral ketyl following PCET is sufficiently stable to remain intact throughout the 

course of subsequent bond-forming events, we envisioned that use of a chiral Brønsted acid 

might render these reactions enantioselective.

We tested this hypothesis in the development of a catalytic asymmetric aza-pinacol 

cyclization.25 The asymmetric coupling of ketones and imine derivatives is an attractive 

method to access enantioenriched amino alcohol scaffolds commonly found in 

pharmaceutical agents, ligand frameworks, and natural products. However, while such 

reductive couplings are well known in the radical literature, few catalytic or asymmetric 

variants had been reported previously. Subjecting ketohydrazones to conditions similar to the 

PCET-mediated ketyl-olefin coupling described above, we were able to access a wide variety 

of cis-amino alcohol products in generally excellent yields and enantioselectivities when 

chiral phosphoric acid 7 is utilized as the PT catalyst (Figure 5). These studies represent a 

rare example of a highly enantioselective bond-forming process mediated by a discrete 

hydrogen-bonding interaction between a chiral anion and a neutral free radical.26

Oxidative PCET

Based on the results above, we also sought to develop oxidative PCET processes for the 

homolytic activation of common protic functional groups that are not viable substrates for 

traditional H-atom transfer catalysts. To this end, we became interested in concerted PCET 

from simple amide N-H bonds as a direct means to access electrophilic amidyl radicals. 

Amidyls are versatile synthetic intermediates that participate in a variety of valuable olefin 

addition and C-H abstraction reactions.27,28 However, traditional protocols for amidyl 

generation rely on the use of N-functionalized derivatives29,30 or strongly oxidizing 

conditions31 (Figure 6a). While serviceable, the requisite activating groups can be difficult to 

selectively install or carry through a multistep synthetic sequence, limiting the use of 

amidyl-based transforms in synthesis. Direct H-atom abstraction from an amide N-H bond 

represents a more attractive and potentially general approach. However, due to their 

exceptional homolytic stability (N-H BDFEs ~ 100–110 kcal/mol),5 there are currently no 

reported molecular catalysts capable of abstracting H• from simple amide substrates.

Carboamination

We envisioned that concerted PCET might enable direct amidyl formation from native amide 

precursors via the dual action of a mild photo-oxidant and a weak Brønsted base (Figure 6b). 

Our initial efforts focused on the development of a catalytic method for alkene 

carboamination.32 We imagined a catalytic cycle in which an appropriate oxidant/base 

combination would serve to homolyze the amide N-H bond in model anilide 8 to furnish a 

transient amidyl 9 (Figure 7). This resulting amidyl would then undergo C-N bond formation 

with a pendant olefin to form a new heterocycle and generate an alkyl radical intermediate 
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10. This nucleophilic carbon-centered radical could then be intercepted by an electrophilic 

acrylate acceptor to construct a new C-C bond and produce an α-carbonyl radical. Reduction 

of this radical via electron transfer from the reduced state of the photocatalyst and 

protonation of the resulting enolate by the conjugate acid of the catalytic base would furnish 

the desired carboamination product 12 and close the c cycle.

To aid in catalyst selection, we again made use Mayer’s ‘BDFE’ formalism. Specifically, we 

anticipated photo-oxidant/base pairs with effective BDFE values similar in energy to the 

amide N-H bond being activated would be kinetically competent to mediate the desired 

oxidative PCET event. Combinatorial evaluation of five iridium photocatalysts and four 

Brønsted bases provided catalyst pairs with ‘BDFE’s ranging from 80 to 110 kcal/mol for 

the model carboamination reaction. While reactions that employed catalyst combinations 

with ‘BDFEs’ significantly less than the strength of the amide N-H bond being activated 

(BDFE ~ 98 kcal/mol) were ineffective, those pairs with ‘BDFEs’ approaching or exceeding 

this value all resulted in product formation (Figure 8). Moreover, each photocatalyst and 

base evaluated was a partner in at least one successful reaction, strongly suggesting that 

differences in reactivity are attributable to the ability of a given pair to activate the substrate 

N-H bond. These results further support the utility of the effective bond strength formalism 

as a guide for catalyst selection, and highlight the modularity and precise control of reaction 

energetics afforded by this approach.

From the oxidant/base pairs evaluated in this study, we elected to use the combination of 

[Ir(dF(CF3)-ppy)2(bpy)]PF6 and dibutyl phosphate [E1/2 (*IrIII/IrII) = +1.0V vs Fc, pKa ~13 

in MeCN, ‘BDFE’ = 97) to evaluate the synthetic scope of the reaction (Figure 9). 

Carboamination of the model substrate 1 furnished amide 2 in 95% isolated yield after 18 

hours of irradiation with blue LEDs. Carbamates and ureas were also excellent substrates, 

providing straightforward access to valuable amino alcohol and diamine derivatives from 

simple starting materials. This method was also found to accommodate a wide variety of 

olefinic partners, including substrates that furnish interesting bicyclic and spirocyclic 

products. The scope of aryl amine derivatives was also broad, and included electron-rich, 

electron-deficient, and heterocyclic examples, as well as substrates bearing meta- and ortho-

substitutions. This protocol even enables oxidation of substrates with potentials up to 600 

mV more positive than that of the Ir(III) excited state,33 highlighting again the ability of 

simple H-bonding interactions to facilitate otherwise challenging charge transfer events.

To better understand the mechanism of amidyl formation, we again made use of 

luminescence quenching assays. Stern-Volmer analysis demonstrated that N-phenyl 

acetamide (E1/2 = +1.2V vs. Fc) does not quench the excited state of [Ir(dF(CF3)-

ppy)2(bpy)]PF6, suggesting that direct electron transfer is not kinetically feasible. Next, we 

observed that while solutions of the dibutyl phosphate base alone exhibited modest 

quenching (KSV = 41 M-1), admixtures of phosphate and amide led to a marked increase in 

quenching efficiency (KSV = 731 M-1) and exhibited a first-order kinetic dependence on the 

concentration of each component. Deuterium labeling of the amide N-H bond resulted in a 

kinetic isotope effect of 1.15 ± 0.04, consistent with proton motion accompanying excited 

state deactivation.23 These results are potentially consistent with either a PT or PCET 

mechanism, but the former can again be dismissed on thermochemical grounds. Specifically, 
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the large pKa difference between the anilide substrate and the dialkyl phosphate base (ΔGPT 

= 27 kcal/mol) ensures that a rate-limiting proton transfer step would not be kinetically 

viable within the microsecond excited state lifetime of the Ir catalyst. These studies 

represent the first report of amide activation via concerted PCET, and suggest that other 

strong bond oxidations might also be feasible using similar design principles.

Hydroamidation

We next pursued the development of an amidyl-based method for alkene hydroamidation.34 

In this work, we imagined that the N-H PCET and C-N bond forming steps from the 

carboamination reaction could be retained. However, the resulting alkyl radical intermediate 

could instead be reduced by an appropriate H-atom donor catalyst to furnish a closed-shell 

hydroamidation product (Figure 10). The oxidized HAT catalyst could then undergo one-

electron reduction and protonation by the reduced form of the photocatalyst and conjugate 

acid of the Brønsted base catalyst, respectively, to complete the catalytic cycle.

In considering this proposal, we were wary of whether the strong N-H amide bond could be 

selectively activated in the presence of a conventional H-atom donor that, by necessity, will 

exhibit a much weaker bond to hydrogen. Specifically, the H-atom donor could impede 

catalysis by either serving as a substrate for multisite PCET itself or via fast HAT reduction 

of key amidyl intermediate. In spite of these concerns, we conducted an evaluation of 

common H-atom donors for a model hydroamidation reaction, and were surprised to find 

that simple aryl thiols emerged as optimal catalysts for this process (Figure 10). Thiophenol 

is a known substrate for concerted PCET oxidation itself, and its S-H bond strength is nearly 

20 kcal/mol weaker than the N-H bond of the amide substrate. To better understand the 

factors governing PCET selectivity in this reaction, we performed a series of competitive 

luminescence quenching experiments. These studies indicated that solutions containing only 

thiophenol or acetanilide did not affect the emission intensity of the Ir(III) excited state. 

However, addition of the phosphate base to these solutions led to linear excited-state 

quenching behavior, consistent with a PCET process. Next, we observed that varying the 

thiophenol concentration in the presence of constant acetanilide and phosphate produces no 

measurable concentration-dependent quenching. In contrast, when thiophenol and phosphate 

concentrations are kept constant and the amide concentration is varied, first-order quenching 

behavior is retained. These results suggest that when all the reaction components are present 

together in solution, contra-thermodynamic amide PCET is not only feasible, but is the 

kinetically dominant reaction pathway. A rationale for this surprising selectivity stems from 

the differential H-bond donor abilities of the amide and thiophenol (Figure 11). We reasoned 

that an aryl amide would form a much more favorable hydrogen-bonded complex with the 

phosphate base than thiophenol does. As pre-equilibrium H-bonding between the substrate 

and base is required prior to the electron transfer event, this more favorable complexation 

translates to a higher concentration of amide-phosphate complex in solution, providing a 

basis for the observed selectivity. This hypothesis was supported by DFT calculations 

(ωB97XD 6-31G++(2d,2p) CPCM = CH2Cl2), which indicated that the H-bonded amide is 

5.2 kcal/mol more favorable than the H-bonded phosphate-thiol complex.
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Bond Weakening Catalysis

In addition to the reactions described above, we have also become interested in a second 

PCET mechanism for strong bond activation based on complexation-induced bond 

weakening. Numerous reports describe the ability of redox-active transition metal complexes 

to destabilize the bonds in coordinated ligands.35,36,37,38,39,40 These effects can be attributed 

to the favorable changes in metal oxidation state and ligand bond strengths that accompany 

H-atom abstraction from a coordinated substrate. The degree of destabilization can be 

marked, with select examples exhibiting weakening effects of more 60 than kcal/mol (Figure 

12a). While this phenomenon has been observed for many different metals, bond types, and 

ligand platforms, the exploitation of homolytic bond weakening as a mechanism of substrate 

activation in catalysis has not been extensively explored.41,42 We envisioned that this bond-

weakening strategy might prove to be a general elementary step that could enable the ‘soft 

homolysis’ of normally strong bonds using comparably weak H-atom acceptors via PCET 

(Figure 12b). The synthetic value of such processes would stem from their ability to furnish 

metallated intermediates from simple E-H and C-H bond precursors in the absence of an 

identifiable Brønsted base.

To test these ideas, we elected to explore a catalytic conjugate amination reaction enabled by 

the ‘soft homolysis’ of amide N-H bonds (Figure 12b).43 In this scheme coordination of the 

amide substrate to a redox-active metal would weaken the N-H bond sufficiently that it 

could be abstracted by a weak H-atom acceptor. If successful, this elementary step would 

furnish a metallated aza-enolate intermediate that could then undergo addition to an 

electron-deficient olefin acceptor. In considering potential metal catalysts, we were drawn to 

the work of Cuerva and later Gansauer, 44 , 45 who demonstrated that the strong O-H bond in 

water is weakened by nearly 60 kcal/mol upon coordination with a reduced titanocene 

complex, Cp2Ti(III)Cl. We postulated that if ligation of amides to a TiIII complex could 

produce a similar N-H weakening, then we could potentially perform hydrogen atom 

abstraction using a weak H-atom acceptor. This PCET event would result in a Ti(IV)-bound 

aza-enolate species competent to act as a nucleophile in subsequent bond formation.

With respect to the H-atom acceptor, the nitroxyl TEMPO was selected due to its 

commercial availability and ease of handling, as well as the strongly negative potentials 

required for its one-electron reduction (E1/2 = −1.95V vs Fc). However, we were also 

cognizant of work from Waymouth and coworkers demonstrating that TEMPO can form 

stable covalent Ti(IV) complexes with Cp2TiCl – albeit with a weak Ti-O bond (BDFE 25 

kcal/mol).46 These authors also demonstrated that the strength of this Ti-O bond could be 

diminished by increasing the steric bulk of the ancillary ligands on titanium. With this in 

mind, we hypothesized if the ligand set was sufficiently large, coordination to a bulky ligand 

such TEMPO might become unfavorable on steric grounds, while binding to smaller 

substrate molecules could still occur. Such a system would represent an interesting 

homolytic counterpart to “frustrated” Lewis pairs, as the two open-shell catalysts cannot 

directly bind with one another, but are able to function jointly to activate a bound 

substrate.47
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We envisioned a catalytic cycle (Figure 13) wherein coordination of the model amide 13 to a 

bulky titanocene catalyst would induce a sufficient bond-weakening effect to enable the 

abstraction of this normally strong N-H bond (BDFE ~ 99 kcal/mol) by the persistent radical 

TEMPO (TEMPO-H O-H BDFE ~ 67 kcal/mol). This PCET event would produce TEMPO-

H and a TiIV aza-enolate species 14 that could undergo addition to an electron-deficient 

olefin and isomerize to generate a new titanium enolate 15. TEMPO-H could then protonate 

15 to afford the desired product 16, and furnish a highly reducing nitroxide anion that is 

thermochemically competent to reduce Ti(IV) to Ti(III) and close the catalytic cycle.

In accord with our design hypothesis, unsubstituted titanocene complexes such as Cp2TiCl 

proved to be ineffective catalysts (Table 2, Entries 1-2). However, more sterically 

encumbered titanocenes, such as Cp*2TiCl or Cp*(Cp)TiCl worked well, furnishing the 

desired product 16 in excellent yields in the presence of a TEMPO co-catalyst (Table 2, 

Entries 3-4). This dual catalytic system was able to cyclize N-aryl amides, carbamates, 

ureas, and thiocarbonates with consistently high efficiencies and could even tolerate base-

sensitive groups such Fmoc-protected acrylates. Related Ti(IV) complexes were found to be 

catalytically inactive.

Numerous experimental and theoretical studies support the proposed ‘soft homolysis’ 

mechanism of substrate activation. DFT calculations determined that coordination of N-

phenyl propionamide to Cp*2TiCl decreased the strength of the N-H bond from 99 kcal/mol 

to 66 kcal/mol. This degree of weakening is sufficient to enable a thermoneutral H-atom 

exchange with TEMPO. In addition, we also confirmed that the Cp*2TiCl and TEMPO 

could exist together in solution. Specifically, EPR spectroscopy demonstrated that 1:1 

admixtures of the nitroxyl and the bulky Ti(III) complex retained the spectral features of 

each component, suggesting that each was concurrently present in solution. In support of 

this finding, DFT calculations illustrated that the Ti-O BDFE in the complex between 

TEMPO is only ~2 kcal/mol.

Conclusions

We are hopeful that these collective studies not only demonstrate the feasibility and potential 

benefits of concerted PCET activation in synthesis, but also provide a framework for their 

subsequent expansion to include increasingly more challenging substrate classes and bond 

constructions. Prospectively, we anticipate that many other functional groups can also be 

activated via concerted PCET, and we are optimistic that these protocols will represent a 

valuable new area of synthetic research and development.
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Figure 1. 
Challenges of conventional HAT.
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Figure 2. 
(a) Thermodynamic cycle to determine BDFEs; (b) ‘BDFE’ formalism for PCET 

thermochemistry; (c) PCET mechanism (d) Kinetic advantages of PCET.
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Figure 3. 
Proposed catalytic cycle for ketyl-olefin coupling.
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Figure 4. 
Substrate scope for ketyl-olefin coupling.
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Figure 5. 
Selected scope for the enantioselective aza-pinacol.
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Figure 6. 
Methods for amidyl generation.
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Figure 7. 
Proposed catalytic cycle for carboamination.
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Figure 8. 
‘BDFE’ correlation with reactivity in olefin carboamination. ‘BDFE’ values are represented 

by the number on top of the corresponding column. The oxidant in all combinations is the 

Ir(III) excited state.
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Figure 9. 
Selected substrate scope for catalytic alkene carboamination.
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Figure 10. 
Selected substrate scope for olefin hydroamination.
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Figure 11. 
Origins of selectivity in hydroamination.
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Figure 12. 
Complexation-induced bond weakening.
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Figure 13. 
Proposed catalytic cycle for conjugate amination.
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Table 1

Reaction efficiency correlation with ‘BDFE’.

acid cat redox cat ‘BDFE’a % yieldb

none [Ru(bpy)3](BArF)2 -- 0

BzOH [Ru(bpy)3](BArF)2 45 0

Et3N•HBF4 [Ru(bpy)3](BArF)2 41 0

lutidine•HBF4 [Ru(bpy)3](BArF)2 35 0

(PhO)2PO2H [Ru(bpy)3](BArF)2 33 78

lutidine•HBF4 [Ir(ppy)2(dtbbpy)](PF6) 31 74

(PhO)2PO2H [Ir(ppy)2(dtbbpy)](PF6) 29 93

PTSA [Ru(bpy)3](BArF)2 27 92

(PhO)2PO2H Ir(ppy)3 24 74

a
Effective ‘BDFE’ values were calculated from the thermodynamic cycle illustrated in Figure 2a using pKa and potential data in MeCN.

b
Yields determined by GC analysis of crude reaction mixtures relative to internal standard. Isomeric ratios are ~5:1 in all cases, favoring the cis 

stereoisomer which spontaneously lactonizes to form product 4-cis.
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Table 2

Optimization of conjugate amination.

Ti cat nitroxyl cat % yield

Cp2TiCl TEMPO 0

(t-BuCp)2TiCl TEMPO 0

CpCp*TiCl TEMPO 95

Cp*2TiCl TEMPO 98

Cp*2TiCl AZADO 96

-- TEMPO 0

Cp*2TiCl -- 0

Cp*2TiCl2 TEMPO 0

Cp*2TiCl (1 mol%) TEMPO (1 mol%) 95
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