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Abstract

Here we present a detailed kinetic study of the multisite proton-coupled electron transfer (MS-
PCET) activations of aryl ketones using a variety of Brgnsted acids and excited-state Ir(I11)- based
electron donors. A simple method is described for simultaneously extracting both the hydrogen
bonding equilibrium constants and the rate constants for the PCET event from deconvolution of
the luminescence quenching data. These experiments confirm that these activations occur in a
concerted fashion, wherein the proton and electron are transferred to the ketone substrate in a
single elementary step. The rates constants for the PCET events were linearly correlated with their
driving forces over a range of nearly 19 kcal/mol. However, the slope of the rate-driving force
relationship deviated significantly from expectations based on Marcus theory. A rationalization for
this observation is proposed based on the principle of non-perfect synchronization, wherein factors
that serve to stabilize the product are only partially realized at the transition state. A discussion of
the relevance of these findings to the applications of MS-PCET in organic synthesis is also
presented.
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Introduction

The applications of multisite proton-coupled electron transfer (MS-PCET) in organic
synthesis have expanded considerably in recent years.1—8 These efforts proceed from the
premise that MS-PCET can serve as a non-traditional mechanism for homolytic bond
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activation with orthogonal chemoselectivities and a broader thermodynamic range than
traditional hydrogen atom transfer reactions.® As such, MS-PCET enables the formal
addition of He to (or removal of He from) a wider range of organic functional groups,
providing catalytic access to many useful radical intermediates that can be engaged in
further bond-forming or bond-breaking reactions. While these synthetic aspects of MS-
PCET continue to advance, detailed mechanistic studies of MS-PCET activations for many
non-canonical substrate classes remain rare.19 Accordingly, studies that delineate the key
features of these chemistries may offer new avenues and insights into expanding the scope
and selectivity of these processes, explicating previous observations, and evaluating the
validity of hypotheses underlying the reaction design.

In this context, we became interested in better understanding the MS-PCET activation of
aryl ketones. In 2013 we reported a photocatalytic method for intramolecular ketyl-olefin
cyclization that proceeds via a neutral ketyl radical intermediate that was proposed to form
through a concerted MS-PCET activation of an aryl ketone mediated by a Brensted acid and
one-electron reductant.11:12 During the course of these studies we observed a strong
correlation between reaction viability and the thermodynamic driving force for the PCET
event, which is jointly determined by the identities of the acid and reductant employed.

By comparing the strength of the new O-H bond formed in the PCET event (O-H bond
dissociation free energy (BDFE) ~26 kcal/mol for the acetophenone ketyl in MeCN) to an
effective bond strength that can be calculated from the pK; and potential of the acid/
reductant combination employed3-15, it was possible to assess the thermodynamic
favorability of the exchange. When the identities of the acids and reductants were varied, we
observed that catalyst combinations with effective BDFEs similar to or lower than the
strength of the nascent ketyl O-H bond were uniformly effective in promoting cyclization of
a model substrate, while those with effective BDFES significantly above this value provided
no conversion of the starting material (Scheme 1). Notably, acids that were effective in
combination with a strong reductant were found to be ineffective when paired with a less-
reducing electron donor. Similarly, reductants that were found to promote cyclization with
stronger Bronsted acids ceased to function in combination with weaker proton donors.

These preliminary observations suggest that the overall driving force for the MS-PCET
event is a key factor in the kinetics of ketyl formation, rather than the identities of the
specific reagents employed — a view consistent with previous studies on rate-driving force
relationships in MS-PCET.16-22 However, they also raise more fundamental questions about
the nature of the rate-driving force relationship for a concerted transfer event. For example,
do different acid/reductant pairs with identical effective bond strengths activate a given
substrate at identical rates? Does one factor (pK; or potential) have a greater impact on the
rate than the other? Under what conditions do the transfers occur in a concerted fashion?
The modularity of MS-PCET reactions, wherein the acid, reductant, and substrate can all be
varied independently, is well-suited to address these questions. In turn, the answers could
have a significant impact in the synthetic applications of PCET, providing a basis for both
the rational selection of catalyst pairs to activate a specific functional group in a complex
substrate while ensuring compatibility with other potentially reactive sites, and as a means to
finely control the kinetics of formation for key radical intermediates. To put this work in
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context, it is important to note that Fukuzumi previously examined the kinetics of photo-
reduction for aryl ketones by Ru(bpy)sCl, and the strong Bragnsted acid HCIOg4, though other
acids and excited-state reductants were not examined.23-24

In this study, we extend the scope of our earlier qualitative experiments, developing a
method to quantify the kinetics of the MS-PCET activation of aryl ketones using excited-
state reductants as well as the impact of the driving force on the rates of ketyl formation. To
do so we have evaluated MS-PCET activations utilizing combinations of five electronically
differentiated aryl ketones (Chart 1, 1-5), four neutral Ir(111)-based excitedstate reductants,
(Chart 1, 6-9) and four Bransted acids of varying strength.25-28 By systematically
modulating these three components, we evaluated the rates for 20 distinct combinations that
span a wide range of driving forces (~19 kcal/mol). These studies revealed that the rates of
MS-PCET activations of ketones are kinetically facile with rate constants on the order of 107
- 109 M~1s71, and these rates are linearly correlated with the driving force for ketyl
formation over the entire range of energies examined. Moreover, the changes in the driving
force arising from variation of either the acid or the reductant had an equal impact on the
rate constant for the PCET event, providing compelling experimental evidence that these
transfer events are synchronously concerted (vide infra). However, we also observe that the
slope of the rate-driving force relationship is significantly smaller than would be predicted
using a standard Marcus analysis.2%-31 An explanation based on the principle of non-perfect
synchronization and its attendant impact on the intrinsic barriers for charge transfer is
presented to account for these outcomes. Details of these studies and a discussion of their
implications in organic synthesis are provided herein.

The studies outlined above required methods to assess the equilibrium constant for hydrogen
bonding between the ketone substrate and the Brgnsted acid, the rate constants for the PCET
event, and the thermochemistry of the exchange. The impact of each of these energetic
features can be generalized in the reaction coordinate diagram depicted in Figure 1. As in
previous studies of MS-PCET reactions, we are unable to determine the energetic
contributions of post-PCET H-bonding (AG°pest, Figure 1) to the overall driving force (vide
infra). As such we define the driving force for the set of reactions in this study as AG®’pcer,
which we define as the free energy change from the pre-PCET H-bonded reactant state to
the unbound product state (Figure 1).

Reaction thermochemistry:

In accord with our previous work, the reaction thermochemistry for the PCET activation of
ketones was determined by comparing the bond dissociation free energy (BDFE) of the O-H
bond formed in the ketyl radical to the effective bond strength (‘BDFE”) of the acid/
reductant pair as proposed by Mayer.13-15 This formalism relates the ability of any Bransted
acid and one-electron reductant to function together as a formal He atom donor. Using a
thermochemical cycle similar to the classical Breslow32 and Bordwell33 schemes for the
determination of covalent bond strengths to hydrogen, this method defines an effective bond
strength, or ‘BDFE’ for a given acid/reductant pair based on the pKj and redox potential of
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the individual components. These effective BDFE values can be calculated using the
following expression (eq. 1):

‘BDFE’ (298 K) = 1.37 pK, (H=B) + 23.06 |, (M"*'/M") +23.06 E, ,, (H/H ) (1)

The activations in this study were carried out in MeCN, and the third term in equation 1
relating to the energetics of proton reduction was taken to equal 54.9 kcal/mol.13 The
effective BDFE value can then be compared to the BDFE for the new O-H bond in the
neutral ketyl intermediate formed in the PCET reaction to estimate the thermochemistry of
the reaction. Ketyl O-H bonds strengths were calculated using density functional theory
according to Scheme 2. All calculations were carried out using the unrestricted B3LYP
functional with the 6-311G+(d,p) basis set in acetonitrile (CPCM) as implemented in
Gaussian 09.34 The computed O-H bond strengths for ketyls derived from ketones 1-5 are
presented in Table 2.

Determination of hydrogen bonding equilibria and PCET kinetics:

Our previous studies on the MS-PCET reactions of ketones revealed that diphenyl
phosphoric acid (PhO),P(O)OH and the excited state of Ir(ppy)s (6) can activate
acetophenone in acetonitrile at 25° C to reversibly generate neutral ketyl radicals. Stern-
Volmer assays revealed that neither the phosphoric acid nor the acetophenone substrate
alone quenched the excited state of the Ir(111) complex. However, solutions containing
mixtures of both acid and ketone resulted in efficient quenching, which exhibited a first-
order kinetic dependence on the concentration of each component. This relationship is
summarized in equation 2 where Sy is the initial concentration of ketone substrate and Ag is
the initial concentration of the Bragnsted acid and Ayps Tg is the gradient of the Stern-Volmer
plot.

Iy

T= 1+ kpTSoAg

obs

Here we extend these studies and utilize both steady-state and time-resolved luminescence
quenching techniques to evaluate the kinetic features of the PCET event. Unlike traditional
quenching studies between an excited-state redox partner and a single substrate, these
studies involve electron transfer to a hydrogen-bonded complex between the ketone substrate
and the proton donor. A key challenge in defining the energetic features of these MS-PCET
reactions is accurately determining the strength of this pre-equilibrium hydrogen-bonding
interaction (Kpa), as the experimentally determined Aqpg in equation 2 is a composite of both
Ky and the rate constant for the PCET event (kpce). However, the H-bonded complexes
between aryl ketones and the Brgnsted acids used in this study are relatively weak in MeCN
and proved difficult to study independently using standard spectroscopic approaches.
Accordingly, we formulated a simple method for simultaneously extrapolating both the
hydrogen bonding equilibrium constant and the rate constant for the MS-PCET step from
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analysis of luminescence quenching data assayed over a range of substrate concentrations.
The details of this method are described below.

At equilibrium, the concentration of the key H-bonded ketone-acid adduct (x) is given by
equation 3a (Figure 2a). This expression can be rearranged to give two alternate forms, 3b
and 3c.

(3a)

-1 -1 2
Syt Ag+K, +\/SO+AO+KA

3 ) =S4, (3c)

Under conditions where neither the Brgnsted acid nor the ketone alone quenches the
luminescence of the Ir(I11) excited state, the concentration of their H-bonded adduct (x) will
be linearly correlated with the degree of luminescence quenching by equation 4, in which
the slope of the resulting plot is proportional to the rate constant for PCET reaction, ApceT,
and the lifetime (zg) of the *Ir (111) excited state in the absence of any quenching species.

I
0
T= 1+ kpcprio®0 (@)

Combining equations 3¢ and 4 gives equation 5.

2
I S + A, +K7! S + A, +K7!
0 0 0 A 0 0 A

This equation reveals that the experimental differential luminescence (lg/l) should be non-
linear with respect to the initial concentrations of both the ketone and acid. As such, accurate
fitting of equation 5 would require a large number of data points covering a broad range of
ketone and acid concentrations. However, we anticipated that sufficiently small variations in
the acid or ketone concentrations would result in linear changes in the luminescence
intensity. The gradients of these Stern-Volmer plots can be taken as tangent lines to equation
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5, enabling equation 2 to serve as a reasonable approximation for equation 4 when the
concentration changes are kept appropriately small (Figure 2b). Assuming that K and
kpceT are invariant over the range of concentrations studied, combining equations 2 and 4
furnishes equations 6 and 7.

I
O _ 1 4+ &

T~ obsToS0Ag = 1 + kpcprTo®)  (6)

kobsToS0A0 = kpcerto®  (7)
Equation 7 can be substituted into equation 3b to deliver key equation 8.

KobsTo ) kpcrTTo
kpcETT0 KobsTo

1
SO + AO = SOAO - K—A (8)

By varying the initial concentrations of ketone and acid, equation 8 can be used to determine
both the hydrogen-bonding equilibrium constant, KA, and the PCET rate constant, APCET,
from the observed Stern-Volmer quenching constant (&gps Tg)- To illustrate this we discuss a
model study involving ketone 3 and NMeg*HBF, using reductant 8. Four distinct
luminescence quenching assays were performed. In each assay Sy was held at a constant
value while the initial acid concentration Ay was varied over a small range. The slopes of the
resulting Stern-Volmer plots provide four distinct values for ks Tg according to equation 2
(Figure 2c). The average of the range of Ag values surveyed in each assay was taken to
approximate the point of tangency with equation 5, and was used as the value of Ag in
equation 8. Substitution of the Sy and average Ag values and the corresponding Ayps To
values into equation 8 delivers a system of four new equations, each with two unknowns —
K and ApceT. Solving this set of four simultaneous equations provides six values for Ka
and ApcgT, and the average of these six values is reported in Table 1. The consistency of the
six values obtained from the four sets of concentration-dependent quenching data suggests
that Ka and ApcgeT remain constant over the range of concentrations studied.

While the data presented were collected under steady state irradiation conditions, we also
confirmed the dynamic nature of the quenching process using time-resolved luminescence
experiments (See Sl for details). It is important to note that some ketones or acids alone
resulted in diminished luminescence intensity of *Ir(111), indicating that competitive non-
PCET quenching mechanisms were operative. In these cases, time-resolved luminescence
experiments revealed that the non-PCET quenching event was dynamic in nature, allowing it
to be factored into a modified form of equation 2 and corrected for (See Sl for details). In
most instances, we observed that the background quenching was negligible relative to the
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rates of quenching when both acid and reductant were present (<1%) and thus is not
expected to contribute significantly to the observed kinetics.

We sought to validate the accuracy of this method by reproducing literature equilibrium
constant values for weak hydrogen bonded complexes in nitrile solvents. Specifically, we
focused on a recent report from Wenger and coworkers studying the MS-PCET reactions of
pyridine-phenol complexes.?! For the complex formed between 4-chlorophenol and
pyridine, Wenger used NMR methods to measure and equilibrium constant of 1.5 + 0.1 M1,
Using our luminescence quenching method on the same complex under identical conditions
in MeCN with [Ir(dF(CF3)ppy).dtbbpy]PFg as the excited-state oxidant, we determined the
K value to be 1.4 + 0.1 ML, For the complex formed between 4-methylphenol and
pyridine, Wenger measured an equilibrium constant of 1.1 + 0.1 ML, Under identical
conditions in MeCN with [Ir(dF(CF3)ppy).dtbbpy]PFg as the excited-state oxidant, our
method provided a K value of 1.1 + 0.1 ML, Similarly, Linschitz reported that 4-
methylphenol and pyridine form a H-bond adduct with an association constant of 2.6 £ 0.3
M~1in PhCN.17 Using our luminescence quenching method under identical conditions with
[Ir(dF(CF3)ppy).dtbbpy]PFg as the excited-state oxidant, we determined the K value to be
2.6 + 0.1 ML, These results provide support for the viability and accuracy of this method.
Notably, this method bypasses the need to push binding to saturation, which can be difficult
to achieve in systems with small values of Kx. As such we are optimistic that it might find
use more broadly in the study of weak hydrogen bonded complexes that are not amenable to
quantification using traditional spectroscopic methods.

Results and Discussion

Using the method described above, we determined the hydrogen bonding equilibrium
constants and the rate constants for excited-state PCET reactions between 20 distinct
combinations of five aryl ketones, four Ir(I11) photocatalysts, and four Bransted acids
spanning a range of driving forces ~19 kcal/mol (Table 2). In this series of experiments, the
equilibrium constant K varies over a range of 2.3 kcal/mol. When these hydrogenbonding
effects on ground state energetics are taken into account, we observed a linear correlation
between the rate constants and driving forces for each of the 20 PCET reactions studied
(Figure 3).

These results provide strong evidence that simple thermodynamic considerations are a major
determinant in the rates of MS-PCET activations of aryl ketones. Moreover, the correlation
suggests that distinct acid/reductant combinations with the same effective BDFE will
activate a given ketone substrate at essentially identical rates, irrespective of the identities of
the individual proton and electron donors. These outcomes also provide additional support
for the view that that effective bond strengths can serve as an effective criterion for catalyst
selection in the design of MS-PCET reactions.35-41

A closer inspection of the data in Table 2 and Figure 3 reveals that the rates of PCET
respond with equal sensitivity to changes in the driving force resulting from variation of
either the proton or the electron transfer event. Stated differently, a specific change in the
free energy of the reaction will have an equivalent impact on the rates regardless of whether
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that specific change arose from varying the pKj; of the acid or the potential of the reductant.
Mayer has recently proposed that linear rate-driving force relationships for MS-PCET
reactions that exhibit equal sensitivity to variation in either the acid or reductant are a useful
experimental definition for a synchronously concerted transfer event.22 As such, the data
presented here can be taken as evidence that these ketone PCET activations are
synchronously concerted.20

Moreover, the magnitude of the measured rate constants discounts the viability of the
potentially competitive stepwise electron transfer (ET) or proton transfer (PT) pathways on
thermochemical grounds. The 20 measured rate constants all fall between 107-10° M~1s71,
considerably faster than the emissive decay of *Ir (111) excited state (~5 x 10° s71).42
Considering the pKj difference in MeCN between protonated acetophenone (pKj = —0.1)*3
and the strongest acid studied, p-TsOH (pK; = 8.6), the free energy change of proton
transfer AG°pT is + 11.9 kcal/mol. In turn, this corresponds to a very unfavorable
equilibrium for PT, with Kqq = 1.8 x 1079 M-L. Setting this equilibrium constant equal to the
ratio of the forward and reverse rate constants for the proton transfer step suggests that the
maximum potential value for the rate constant of the forward reaction is achieved when the
rate constant for the back reaction is equal to the diffusion limit (2 x 101° M~1s71 in MeCN
at rt).** This detailed balance argument suggests that the maximum value for protonation of
the ketone (k) in this system is 36 M~1s™1, much too slow to account for the observed
quenching kinetics. While p K values for the other ketones in this study have not been
measured experimentally, it stands to reason that simple substituent effects present in the
other ketone substrates would not enable the PT rate constant to increase over a million-fold.
Direct electron transfer pathways are more readily discounted by the lack of observable
quenching for most ketone in the absence of exogenous acid. In cases where some
background quenching is observed, the magnitude of the direct ET rate constant relative to
the rate of the MS-PCET reactions is small - less than 1% (see S| for details). Taken
together, these data further support that concerted transfer is the dominant mechanism for
ketyl formation.

Rigorously, the thermodynamic driving force for the PCET step can be defined as the free
energy change associated with converting the pre-PCET ketone-acid complex to the post-
PCET H-bonded successor complex.*® In prior work we have presented evidence that the
post-PCET H-bonding complexes between neutral ketyls and the phosphate anions are
energetically meaningful, and likely strong. Most notably, the use of chiral phosphoric acids
in ketone PCET reactions enables highly enantioselective reactions of the resulting ketyl-
phosphate complexes.12 In addition, we have observed that numerous acid/reductant
combinations are catalytically competent to enable C-C bond-forming reactions even when
the PCET event is significantly endergonic (AG® ~ +7 kcal/mol).11 The additional driving
force associated with a post-PCET hydrogen bonding interaction may make these reactions
more favorable than would be suggested through effective bond strength considerations
alone. In a similar way, the additional driving force associated with a post-PCET hydrogen
bond may also underlie the unexpectedly fast rate constants observed for the most
endergonic data points in Figure 3. While we anticipate that post-PCET H-bonding is likely
operative in ketone MS-PCET reactions presented in this study, we are currently unable to
quantify the magnitude of this interaction. However, the observed rate-driving force
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correlation is nevertheless strong. This may suggest that the strengths of the post-PCET
hydrogen bonds are very similar across the series, or that factors that influence the strength
of this hydrogen bond are modestly developed at the transition state (vide infra). \We note
that all other previous studies of rate-driving force relationships in MS-PCET have also been
unable to account for post-PCET hydrogen bonding, and have also defined the overall
driving force to reflect a state with full dissociation of the radical and the conjugate acid/
base.

Marcus analysis of the reaction

Marcus theory predicts that the Brgnsted a. value for a series of similar reactions is given by
equations 9 and 10.46:47

2
0
k = xvexp (~AGY/RT) AG* = % 9)
0AG* 1 AG°
_aAG" §+ N (10)

In the low driving force regime where AG® < < A, « is predicted to be a constant value of 0.5.
In accord with this prediction, most of the previous rate-driving force studies on MS-PCET
reactions reported a-values near to 0.5.21:2248-50 |nterestingly, the data presented in Figure
3 reveals a much smaller Bransted a. value of only 0.17.51

A possible interpretation of the modest Bransted slope can be drawn from Bernasconi’s
principle of non-perfect synchronization (NPS), which holds that the development of factors
resulting in product stabilization lags behind changes in bonding at the transition state.>2
This imbalance serves to moderate the impact of these effects in stabilizing the transition
state structure, and thus diminishes the slope of the rate-driving force relationship. >3-5°
While these ideas were originally developed in the context of resonance stabilization for
polar proton transfer reactions, identical arguments have been constructed for other factors
that differentially stabilize starting materials, products, and transition states, including
solvation, hyperconjugation, hydrogen bonding, aromaticity, steric effects, and others.%6
Accordingly, NPS arguments have been applied successfully in the analysis of a wide variety
of reaction types.>7-58

We propose that these ideas may also apply to the ketone activations presented in this study.
To a greater extent than most elementary steps, MS-PCET reactions involve numerous
secondary molecular processes that occur concurrently with the primary proton and electron
exchange events (including solvent reorganization, inner sphere geometric distortion, charge
stabilization, hydrogen bonding, and resonance contributions) and these processes will have
progressed to different extents at the transition state. While the results in Figure 3 suggest
that the proton and electron transfers are synchronous, the small a value implies that the TS
occurs early on the reaction coordinate when many of the factors that might stabilize the
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products are not yet fully realized. Accordingly, variation of these factors has a smaller
impact on the transition state energetics than would otherwise be expected. The early
transition state structures implied by this argument could also serve as a potential
explanation for the apparent lack of variation in the energetics of the post-PCET hydrogen-
bonded complexes. In this framework, the changes in the hydrogen-bonding interface that
serve to stabilize the ketyl intermediate are minimally developed at the transition state,
which in turn moderates their ability to modulate the barrier for the PCET process.

To connect these ideas to a Marcus frame of reference, the differential ability of these factors
to stabilize the starting materials and products may impact the intrinsic barrier for the PCET
process. The expressions in (9) and (10) assume that the parabolic potential functions for the
product and reactant states have identical shape and curvature. However, this simplifying
assumption is not necessarily true in practice. The curvature of the two parabolas reflects on
how all the operative factors - solvation, resonance, hydrogen bonding, vibrational force
constants, charge distributions, and others®® — impact the energetic costs associated with
displacement of the system from its equilibrium position. If these collective factors serve to
differentially stabilize the reactant and product states for the PCET reactions, the potential
functions may be desymmetrized, leading to the a-values that deviate from the expected
value of 0.5 in the low driving force regime. The impacts of unsymmetrical Marcus
parabolas have been discussed by Kresge,51 and non-symmetrical parabolas have been

invoked previously in Marcustype rate-driving force analyses, most notably by Compton.
62-63

In seeking support for these ideas described above, we elected to study the activations of two
additional aryl ketone substrates wherein the key hydrogen bond interface that mediates the
PCET event would be sterically perturbed - isopropyl phenyl ketone 10 and zert-butyl phenyl
ketone 11. In theoretical models of MS-PCET the internuclear distance between the heavy
atoms involved in the pre-equilibrium hydrogen bond contracts at the transition state. 846
As pointed out by Mayer in a recent study of TEMPO-H oxidations by MS-PCET, when
sterically encumbered reaction partners are employed this contraction demands a greater
degree of geometric distortion to obtain the required transition state geometry.22 Ostensibly,
the energetic penalties associated with contracting the proton transfer coordinate at a
sterically crowded interface can be offset to some extent for later transition states where
additional product stabilizing factors will have a greater impact.

Accordingly, we would expect that these more hindered ketone substrates would exhibit
higher a values indicative of later transition states than their less hindered methyl ketones
congeners. This outcome was observed experimentally. Specifically, 10 and 11 were
activated with (PhO),P(O)OH and a range of different excited-state Ir(111) reductants (6-9)
in MeCN at rt. For each ketone, the change in the driving force for ketyl formation is solely
a result of the changing potentials of the redox catalysts, while the H-bond equilibrium and
ketyl O-H bond strengths remain constant in each case. Using the analysis presented above,
the rate constants for PCET were extracted and linear rate driving force relationships were
observed, with the isopropy! ketone exhibiting an increased a value of 0.27 and the tert-
butyl ketone an a value of 0.44 (Figure 4). These results are consistent with later transition
states and suggest that the steric environment of the key hydrogen bonded complex may play
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a role in modulating the intrinsic barrier for the PCET process. Another possible explanation
for the small slope is the involvement of vibrational excited states as proposed by Hammes-
Schiffer. This effect was recently suggested to rationalize the small a value observed for a
novel C-H bond cleavage reaction via concerted PCET reported by Mayer.51:66 Efforts to
more fully delineate these features will be the focus of future work.

We have also determined the H/D kinetic isotope effects (KIE) for ketones 1, 10, and 11
using (PhO),P(O)OH or (PhO),P(0)OD, and photoreductant 6. In all cases that ky/kp ratio
was great that unity, and the magnitude of the KIE increases with the steric bulk of the
ketone (kn/kp = 1.2 for 1, 1.3 for 10, and 3.0 for 11).11 These results are consistent with the
proposed PCET mechanism where proton maotion is associated with the quenching of the Ir
excited state.87-71

Implications for MS-PCET in Organic Synthesis

The results above reinforce a number of potential advantages for the use of PCET in organic
synthesis. First, ketones are weakly basic (pKj; ~ 0 for the protio-oxocarbenium ion derived
from acetophenone in MeCN) and their protonation requires very strong Brgnsted acids.
Similarly, the potentials required for direct one-electron reduction of aryl ketones are
strongly negative (E = -2.48 V vs Fc+/Fc in MeCN for acetophenone). However, the
reactions studied here demonstrate that neutral ketyls can be accessed using concerted MS-
PCET using reagents with pKj and potential values far removed from these values, enabling
generation of the reactive intermediate under much milder reaction conditions than would be
required to promote direct electron transfer or proton transfer processes. Second, the driving
forces for ketone MS-PCET reactions are jointly determined. The correlations in Figure 3
illustrate that while the rates of ketone activation vary linearly with the driving force, they
are agnostic to the identities of the reagents employed. A weaker reductant and stronger acid
of a given effective BDFE will activate the substrate at an identical rate to a combination of a
stronger reductant and weaker acid with the same driving force. This is an unusual and
highly advantageous feature, as it suggests that the conditions of the PCET reaction can be
varied across a wide range of pK; and potential regimes, allowing one to rationally select the
identity of the acid/reductant pair to accommodate the sensitivities of any other basic or
redox-active functional groups present in the same substrate. Third, these reactions
demonstrate that ketone MS-PCET reactions can proceed at extremely fast rates (up to 10°
M~1s71) even in the low driving force regime, allowing the successful use of excited-state
redox partners. Moreover, the modest Brgnsted slope in this LFER indicates that the rates of
ketone PCET activation diminish very slowly over a wide range of driving forces. Lastly,
these studies reinforce the key role of pre-equilibrium H-bonding in the overall kinetics of
MS-PCET reactions, and present a foundation for understanding some of the unusual
chemoselectivities observed in competitive MS-PCET reactions that have been proposed to
arise, at least in part, from differential hydrogen bonding.

Conclusions

The reductive MS-PCET reaction of aryl ketones was studied using a variety of Brgnsted
acids and excited state electron donors. A simple method for extrapolating both the
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equilibrium constant for hydrogen bonding and the rate constants for the PCET event was
developed based on a simple analysis of steady-state luminescence quenching data.
Evidence is presented that these events occur in a concerted fashion, and that the rate
constants of these MS-PCET reactions are linearly correlated with their driving forces,
which are jointly determined by both acidity of the Bransted acid and the potential of the
excited-state reductant. Importantly, sets of reactions with identical driving forces proceed at
identical rates, even if the structures of the acids and reductants employed are different in
each case. This suggests it is not the specific identities of the reagents that impact the
reaction kinetics, so much as the overall thermodynamic favorability of the PCET process.
Interestingly, the slope this LFER deviated significantly from expectations based on Marcus
theory. A rationalization for this deviation was presented based on non-perfect
synchronization, wherein factors that serve to stabilize the product are only partially realized
at the transition state, leading to an unusually shallow dependence of the rate of PCET on
the thermodynamic driving force. Future efforts will focus on adopting the framework
developed here to other synthetically relevant MS-PCET processes and to the understanding
of chemoselectivity in reactions with multiple PCET-active functional groups.
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General free energy surface for the MS-PCET activation of ketones described in this study.
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Figure 2.
(a) Hydrogen-bonding equilibria between acid and ketone (b) Graphical illustration for the

proposed method. The black curve represents non-linear equation 5. Each tangent line
represents a distinct set of Stern-Volmer quenching experiments, where the slopes are equal
to Ayps as described in equation 2. The variation in kgpg Obtained by variation in Sg and Ag
can be used to map the curvature of equation 5 and extract values for Apcet and Kj using
equation 8. (c) Quenching data from the model study involving ketone 3 and NMez*HBF,4
acid using reductant 8. In each, the initial concentration of the ketone was held constant (Sg),
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and the initial concentration of the acid was varied. The luminescence intensity lg/l is plotted
against the concentration product SgeAg and the slope gives the corresponding Aopg 7g for
each set of Sg and Ag values.
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Plot of rate-driving force relationship for the data presented in Table 2. The color of data

points represents the reductant: blue- 6, green-7, red- 8, purple- 9. The shapes of data points
represent the acid: e- (PhO),POOH, [} p-TSOH, A- NEtzHBF,, ¢- NMesHBF,. Numerals
next to the data points refer the ketone listed in Chart 1.
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Different Bragnsted slopes a for R’= methyl, isopropyl, and fert-butyl substituted ketones.
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Chart 1.

Ketone substrates, excited-state reductants, and Brgnsted acids
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Table 1a.

Summary of the Four Luminescence Experiments Shown in Figure 2

SoAo  SotAo  Kons T
(M?) M (M2

1 0.0313 0.008 0.00025 0.039 2140
2 00625 0.004 0.00025 0.066 1690
3 0.100  0.0025 0.00025 0.102 1290
4 0.156  0.0016 0.00025 0.158 970

exp  So(M) Ag(M)
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Table 1b.

Six Sets of Values of K and ApceT T Obtained, upon Substituting the Information of Any Two Experiments
(as in Table 1a) into Equation 8

into equation 8  Ka/M™!  kpcer t/M™L kpeer IM7Is7L

1&2 15 225 1.41 x108
1&3 16 212 1.33 x108
1&4 16 212 1.33 x108
2&3 18 203 1.27 x108
2&4 17 208 1.30 x108
3&4 16 210 1.31 x108
average 16 210 1.3 x108

AG°H-bond(kcal/mol) = -RTInKa= -1.65

70 [reductant 6]=1. 6us, KPCET = 1.3 x 103M" s’

1n[kPCET(M‘1s‘1)] — 18.68
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