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Abstract: Proton-coupled electron transfers (PCET) are unconven-
tional redox processes in which an electron and proton are ex-
changed together in a concerted elementary step. While these
mechanisms are recognized to play a central role in biological redox
catalysis, their applications in synthetic organic chemistry have yet
to be widely established. In this Account, we highlight two recent
examples from our group outlining the use of concerted PCET as a
platform for the development of catalytic and enantioselective reac-
tions of neutral ketyl radicals. Central to this work was the recogni-
tion that PCET provides a mechanism for independent proton and
electron donors to function jointly as a formal hydrogen atom donor
competent to activate organic 7 systems that are energetically inac-
cessible using conventional H-atom transfer technologies. In addi-
tion, we found that neutral ketyls formed in the PCET event are
remarkably strong hydrogen-bond donors and remain strongly asso-
ciated to the conjugate base of the proton donor following the PCET
event. When chiral proton donors are used, these successor H-bond
complexes provide a basis for asymmetric induction in subsequent
reactions of the ketyl radical.
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1 Introduction

Reactions involving the concerted transfer of electrons
and protons are now recognized to be key elementary
steps in biological redox processes ranging from photo-
synthetic water oxidation and ribonucleotide reduction to
C-H bond oxidation and natural product biosynthesis.!
Consequently, over the past two decades such proton-cou-
pled electron transfer (PCET) reactions have become a
major focus of research across numerous chemical disci-
plines.? Yet to date, the potential benefits and applications
of concerted PCET in synthetic organic chemistry remain
largely unrecognized.® Our group has become interested
in the potential of these mechanisms to address several
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long-standing challenges in the catalytic applications of
free-radical intermediates in organic synthesis and asym-
metric catalysis. In particular, we anticipate that the
unique energetic features of concerted PCET have the po-
tential to both enable direct radical generation from a
broad number of common organic functional groups un-
der unusually mild catalytic conditions and provide a
means to associate a chiral catalyst with the resulting neu-
tral free-radical intermediates during subsequent bond-
forming events. Herein, we present a brief overview of
PCET reactivity and highlight our initial results in the de-
sign and development of catalytic and enantioselective re-
actions of neutral ketyl radicals formed through a
concerted PCET process.

2 Concerted PCET and Effective Bond
Strengths

Our work in PCET was prompted by a more general inter-
est in developing catalyst systems for reductive homolytic
bond activations that are energetically inaccessible using
conventional H-atom-transfer (HAT) agents. The synthet-
ic feasibility of a given HAT process is in large part a
function of the bond-strength differential between the two
bonds undergoing exchange.* However, in the reductive
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addition of H' to common organic 7 systems, the nascent
bond to hydrogen is often extraordinarily weak as a result
of destabilization by the vicinal unpaired electron
(Scheme 1, b).? For example, the O—H bond in the ketyl of
acetone exhibits a calculated bond-dissociation free ener-
gy (BDFE) of only ca. 16 kcal/mol® relative to ca. 105
kcal/mol’ for the O—H bond in isopropanol, a remarkable
weakening effect of more than 90 kcal/mol. Efficient
HAT to these systems thus requires H® transfer from a
comparably weak bond in the H-atom donor. As the weak-
est H-atom donors characterized to date exhibit BDFE
>50 kcal/mol,? general catalytic systems that are energet-
ically competent to activate ketones, imines, a-olefins,
and many other common organic © systems are largely un-
developed®®®® (Scheme 1).

Thermodynamic challenges in reductive HAT catalysis
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Energetic advantages of concerted PCET for enabling
formal HAT reactivity
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Scheme 1 Concerted PCET mechanisms and applications to thermo-
dynamically challenging homolytic bond activations. Reported
BDFE calculated at CBS-QB3 in the gas phase.®

Unfortunately, the rational design of more powerful HAT
catalysts is complex, as illustrated by considering the en-
ergetic conventions used to define the strengths of cova-
lent bonds. BDFE values are commonly evaluated using a
thermodynamic cycle, first described by Wiberg and
Breslow and later popularized by Bordwell, wherein the
free energy required to heterolytically break a bond (as
represented by a pK, value) is summed together with the
energies required to oxidize the resulting anion to a neu-
tral radical and to reduce proton to H' (Scheme 2, a).!°
This formalism suggests that to further weaken the BDFE
of the scissile X—H bond in a molecular H-atom donor,
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one must either increase its Brensted acidity, make its
conjugate base more reducing, or some combination
thereof. Inconveniently, within a single molecule these
two physical properties are interdependent and inversely
correlated. As such, any energetic benefit derived from
making a bond more acidic will be largely compensated
for by a concomitant loss in the reducing ability of the re-
sulting anion. These compensatory effects are general and
typically confine specific classes of H-atom donors to a
relatively narrow range of BDFE values.*

However, Mayer recently pointed out that this method for
conceptualizing covalent bond strengths is identical in
form to the thermochemical description of multisite PCET
reactions, wherein the proton and electron originate from
site-separated and independent donors — a Brensted acid
and a one-electron reductant (Scheme 2, b).2" While no
bond is physically homolyzed in such a process, Mayer
noted that summing the pK, values and redox potentials in
an identical fashion provides an ‘effective’ bond strength,
which quantitatively reflects the thermodynamic capacity
of any acid—reductant combination to function jointly as a
hydrogen atom donor. Significantly, in such a PCET
event, the pK, value of the proton donor and the potential
of the reductant are decoupled, and can be varied inde-
pendently.!! This in turn allows the effective ‘BDFE’ of
any given acid-reductant pair to be rationally modulated
over a remarkably wide range of bond strengths (Scheme
2, ¢), including combinations capable of forming bonds
that are >25 kcal/mol weaker than would be possible with
even the weakest known molecular H-atom donors. As
such, concerted PCET presents intriguing possibilities to
enable formal HAT reactivity with a range of common or-
ganic functional groups that are otherwise energetically
inaccessible using conventional technologies.

Remarkably, these enabling thermodynamic aspects of
concerted PCET activation are frequently complimented
by favorable kinetics.?**!2 In fact, despite being intuitive-
ly unfavorable on entropic grounds, concerted PCET reac-
tions often exhibit rates that are significantly faster than
their constituent electron-transfer or proton-transfer steps
in isolation (Scheme 2, d). This surprising observation fol-
lows from the fact that PCET kinetics, like those of elec-
tron transfer and HAT, are partly functions of the
reaction’s thermodynamic driving force.!? The products
formed directly in the concerted pathway are necessarily
lower in energy than the intermediates generated in the
competing stepwise pathways. The thermochemical bias
to avoid higher energy intermediates along the reaction
coordinate is often manifested as a diminished activation
barrier for the concerted transfer. Significantly, this can
enable rapid charge transfer to occur using redox catalysts
whose potentials are far less energetic than the standard
potentials of their substrates. This specific kinetic advan-
tage is thought to underlie the pervasive use of PCET in
biological redox catalysis,'" wherein specific hydrogen-
bonding interactions and proton-transfer events modulate
the rates and energetics of associated electron-transfer
steps.
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Scheme 2 (a) Thermodynamic cycle for BDFE determination in co-
valent bonds; (b) formalism for multisite PCET thermochemistry; (c)
PCET catalyst pairs as formal H-atom donors; (d) kinetic advantages
of concerted PCET.

3 Concerted PCET Activation of Ketones: A
Catalytic Protocol for Ketyl-Olefin Coupling
and Mechanistic Investigations

Seeking to explore the ideas presented above in a useful
synthetic context, we set out to develop a new PCET-
based protocol for catalytic ketyl-olefin coupling.!® Ke-
tyls are classical radical intermediates typically derived

© Georg Thieme Verlag Stuttgart - New York

from the one-electron reduction of carbonyl compounds
that have found extensive use in synthesis.'* However, the
forcing potentials required to generate ketyls by outer-
sphere electron transfer (£ =—-2.48 V vs. Fc in MeCN for
acetophenone) has significantly limited the development
of catalytic ketyl chemistry and associated asymmetric
variants. We recognized that neutral ketyl generation rep-
resents a formal addition of H" to the ketone & system, re-
sulting in the formation of an unusually weak O—H bond
(O-H BDFE = 26 kcal/mol for acetophenone ketyl).
While inaccessible using conventional H-atom donors,
the effective bond-strength formalism suggests that such
a value is readily accessible through a concerted PCET
process using combinations of redox agents and proton
donors whose potentials and pK, values are energetically
far removed from those of the ketone substrate. In addi-
tion to providing a new way of conceptualizing difficult
homolytic bond activations, this mechanistic framework
for PCET also presents novel opportunities for catalyst-
controlled asymmetric induction in the reactions of the re-
sulting radical intermediates through direct hydrogen-
bonding interactions (vide infra).

To evaluate this hypothesis, we studied the intramolecular
cyclization of ketone 1 jointly catalyzed by a mild Bren-
sted acid and a photoredox catalyst. We envisioned a cat-
alytic cycle (Scheme 3) initiated by visible-light
excitation of the photocatalyst followed by reductive
quenching of the resulting excited state by Hantzsch ester
(HEH). This reduced state of the redox catalyst could then
engage in PCET with a hydrogen-bonded complex of the
Bronsted acid catalyst and the aryl ketone 1 substrate to
generate the neutral ketyl 2, forming a new O-H bond
with a BDFE of only ca. 26 kcal/mol.!® This radical would
add conjugatively to the pendant acrylate to form a new
carbocyclic ring and an a-carbonyl radical 3. HAT from
HEH to this intermediate would generate the desired
closed shell product 4. The oxidized HEH radical 5 would
then regenerate the active form of the acid—reductant do-
nor pair through electron- and proton-transfer events with
the excited state of the redox catalyst and the conjugate
base of the Bronsted acid.

Remarkably, optimization studies revealed that the effec-
tive bond-strength formalism was highly successful in
predicting reaction outcomes (Table 1). Upon screening a
range of acid-reductant combinations with effective
‘BDFE’s ranging from 45 kcal/mol to approximately 20
kcal/mol, we observed that when the effective bond
strength of the acid-reductant pair was sufficiently close
in energy to the strength of the ketyl O-H bond (26
kcal/mol) being formed in the PCET reaction, ketyl for-
mation was facile irrespective of the specific acids and re-
ductants employed (Table 1). Similarly, combinations
significantly far above the 26 kcal/mol threshold failed in
all cases to consume the starting materials. In accord with
the prevailing theoretical models for PCET reactivity,
these results strongly suggest that thermodynamic consid-
erations are a key factor in PCET kinetics and provide
strong support for the use of effective bond strengths as a
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quantitative basis for rationally identifying effective
PCET catalyst systems.'>

We elected to explore the substrate scope of this new pro-
cess using the redox catalyst Ru(bpy);(BArY), and diphe-
nyl phosphoric acid as the proton donor. A range of
aromatic ketone substrates could be readily activated and
cyclized onto acrylate acceptors, providing cis-fused bi-
cyclic butanolide products with good levels of chemical
yield and diastereoselectivity (Scheme 4). Efficient ketyl
addition to a styrenyl acceptor substrate was also reported.
The use of 2-phenyl dihydrobenzothiazoline (BT) as a
stoichiometric reductant generally resulted in higher dia-
stereoselectivities relative to HEH, suggesting that the
HAT step is partly determinant in stereoselection. Perhaps
most remarkably, this PCET protocol was effective in ac-
tivating electron-rich ketone substrates for which the di-
rect electron-transfer pathway from the ruthenium(l)
complex was endergonic by nearly 900 mV. This provides
strong evidence for the ability of concerted PCET mecha-
nisms to significantly expand the substrate scope of redox
catalysts at a fixed potential, and bodes well for the viabil-
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Scheme 3 Proposed catalytic cycle for ketyl-olefin coupling
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ity of this approach in its applications to other substrate
classes and transformations. However it is important to
note that PCET activation of simple dialkyl ketones was
not observed under any of the conditions described in Ta-
ble 1, ostensibly due to the considerably weaker O—H
bond in the resulting ketyls. Efforts to identify chemically
compatible acid—reductant combinations with sufficiently
low effective BDFE to activate these substrates are cur-
rently ongoing in our labs.

Kinetic and spectroscopic studies were consistent with a
concerted PCET mechanism of ketyl formation. Lumines-
cence-quenching studies revealed that neither acetophe-
none (—2.48 V vs. Fc) nor diphenyl phosphoric acid alone
quenched the excited state of Ir(ppy); (-2.11 V vs. Fc, 1=
1.9 ps, Figure 1).'® However, solutions containing both
ketone and acid resulted in efficient quenching with a
first-order dependence on the concentration of each com-
ponent. Furthermore, a kinetic isotope effect on the
quenching rate of 1.22 + 0.02 was observed when deuter-
ated diphenyl phosphoric acid was employed. Together,
these results discount the viability of direct electron trans-
fer in ketyl formation, but are consistent, in principle, with

HEH hv

proton-coupled
electron transfer

COgMe X
X HO y Ph
Mn+1
2
C—C bond
formation

EtO,C CO2E
HEH |
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Table 1 Correlation between Effective ‘BDFE’ and Reaction Out-
comes in Ketyl-Olefin Coupling

o ET cat. (2 mol%)
acid (5 mol%) MeO,C
HEH (1.5 equlv)
o =" D
0 05 M THF
X -C0aMe visible hv
rt.,4h

Acid catalyst  Electron-transfer pK,> E°° ‘BDFE™? Yield

catalyst® (%)°
none 6 - - - 0
BzOH 6 215 -1.71 45 0
Et;N-HBF, 6 188 -1.71 41 0
lutidine-HBF, 6 148 -1.71 35 0
(PhO),POOH 6 13 -1.71 33 78
lutidine-HBF, 7 148 -1.89 31 74
(PhO),POOH 7 13 -1.89 29 93
PTSA 6 85 -171 27 92
(PhO),POOH 8 13 -2.11 24 74

2 Photocatalysts: 6: Ru'(bpy);”, 7: It''(ppy),(dtbbpy), 8: excited state

of fac-Ir"'(ppy)s.
5In MeCN at r.t.

¢V vs. Fcin MeCN at r.t.

4 Effective BDFE in kcal/mol.

¢ Combined yields from GC analysis relative to a calibrated internal
standard. Product ratio is ca. 5:1 in all cases, favoring the lactone.

either ketyl formation through concerted PCET or a step-
wise proton-transfer—electron-transfer mechanism involv-
ing rate-limiting proton transfer to the ketone to form an
oxocarbenium ion followed by fast electron transfer. The
latter pathway could ultimately be discounted on thermo-

CO.R  Ru(bpy)s(BArF), (2 mol%)

AF\EO f (PhO),POOH (5 mol%)

BT (1.5 equiv)
X 0.05 M THF
visible hv, r.t.
H H H
O=< O:< o] (@] NTs
o\ O\“' O\
Ph Ph Ph
73% 87% 80%
11:1dr 4.8:1dr 3.4:1dr
H
o
o
PMP
78% 78% 82%
12:1 dr 1.2:1dr 16:1dr

Scheme 4 Selected scope for ketyl-olefin cyclization
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dynamic grounds, as the sizeable pK, difference between
the phosphoric acid and the ketone (13 pK, units in
MeCN)!” would necessitate a rate constant for proton
transfer that is at least >10° times too slow to be competi-
tive with the radiative decay of the iridium(III) excited
state (5.3 x 10° s71).!8 As both stepwise mechanisms could
be reasonably discounted, the observed rate law and kinet-
ic isotope effect (KIE) are most consistent with a concert-
ed PCET mechanism for ketyl formation. In line with our
original goals, this work provides proof of concept that
concerted PCET reactions can serve as a viable and direct
method for obtaining formal H-atom-transfer products
with very weak bonds that are energetically inaccessible
using more conventional approaches.

4 Enantioselective PCET Catalysis: Develop-
ment of Catalytic Asymmetric Aza-Pinacol
Cyclizations

Devising methods to associate a chiral catalyst with a neu-
tral free radical is a long-standing challenge in asymmet-
ric catalysis.!” Based on the kinetic studies described
above, we felt that PCET activation may provide a unique
and potentially general solution to this problem. By kinet-
ically coupling electron transfer to a specific hydrogen-
bonding event, PCET ensures that radical intermediates
are generated exclusively as hydrogen-bonded adducts of
the conjugate base of the proton-donor catalyst (Scheme
5).20 When chiral Bronsted acids are employed, we hy-
pothesized that these successor H-bonding complexes
might remain intact during the course of subsequent bond-
forming events and thereby provide a basis for asymmet-
ric induction.?!

o\\P,o o\\P/o
-\
H—0" o h O 0
o g
PCET
R "R

precursor H-bond successor H-bond

* PCET ensures that radicals are only generated as catalyst-bound adducts
* Can successor H-bonds can serve as a basis for asymmetric induction?

Scheme 5 Rationale for PCET-enabled enantioselective catalytic
radical reactions via hydrogen bonding

The viability of this hypothesis was demonstrated in the
development of an enantioselective aza-pinacol cycliza-
tion (Scheme 6).222° These reductive coupling reactions
between ketones and imine derivatives provide direct ac-
cess to vicinal amino alcohols,?® which are common struc-
tural motifs in pharmaceutical agents, ligand frameworks,
and natural products. However, despite this synthetic po-
tential, no catalytic or asymmetric aza-pinacol cycliza-
tions had been previously reported in the literature.?’
Under similar conditions to our PCET-mediated ketyl—

Synlett 2014, 25, 2819-2826

Downloaded by: Princeton University. Copyrighted material.



2824 H. G Yayla, R. R. Knowles

SYNPACTS

. i i H
a  Fluorescence-quenching studies PCET o
I ——
quenching rate Ph/!\wle
hv 41 1
HX HX « [acid]'[ketone]
I'"(ppy)s J—' 1™ (ppy)s —
0O o]
Ph)LMe Ph)J\ ET o

Me -
quenching rate Ph/!\l‘v'le
o [acid]’[ketone]'

b 295 7 quenching rate a [ketone]'
R?=0.9996
2.45 4
0.02 M acid

I 1.95

1.45 4

no acid
095 T T ! T T T ..
0 0.005 0.01 0.015 002 0.025 0.03 0.035 0.04

[acetophenone] (M)

] quenching rate « [acid]'

R?=0.9994
2.45 -

ol 1.95 0.05 M ketone

1.45
no ketone

[ ]
T T T T L
0 0.002 0.004 0.006 0.008 0.01

[phosphoric acid] (M)

d
295
{PhO),POOH
y = 187.64x + 1.00
e R?=0.999
Il 1.95 -

(PhQ),POOD
y=153.43x + 1

1.45 RZ=0.997

4] 0.002 0.004 0.006 0.008 0.01

[phosphoric acid] (M)

Figure 1 Luminescence-quenching studies of Ir(ppy); using ace-
tophenone and diphenylphosphoric acid quenchers

olefin cyclizations, we found that exposure of ketohydra-
zones to iridium-based photocatalysts in combination
with chiral phosphoric acids generated a range of cyclic
cis-configured amino alcohol derivatives with generally
excellent yields and enantioselectivities. These reactions
are operationally convenient, conducted at room tempera-
ture, and often proceed to completion in under three hours
upon exposure to blue LED.
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Scheme 6 Selected scope for the enantioselective aza-pinacol cy-
clization

Preliminary mechanistic studies are consistent with a con-
certed PCET mechanism of ketyl formation and a turn-
over-limiting and enantioselectivity-determining C-C
bond-forming step. The ketyl oxygen is the most basic site
in the reduced form of the substrate by ca. 7 pKa units in
MeCN (O-H pK, = 20.5 in MeCN),?® and is thus the
strongly preferred site of attachment for the proton origi-
nating from the phosphoric acid. Taken together with the
high levels of observed enantioselectivity across a wide
range of solvent dielectrics, these considerations suggest-
ed to us that the chiral phosphate anion likely remains as-
sociated with the neutral ketyl radical during C—C bond
formation through the agency of a hydrogen bond.

To further evaluate the energetics of this noncovalent as-
sociation, we turned to density functional theory calcula-
tions. Interestingly, we found that the proposed hydrogen-
bonding interaction between the neutral ketyl radical and
phosphate anion was remarkably strong [AE = —14.4
kcal/mol with UB3LYP/6-311+g(d,p) in dioxane solvent
(CPCM)]. Not only was this adduct significantly more
stable than the precursor H bond between the ketone and
the phosphoric acid, but it was also more stabilized than
structurally analogous complexes between the phosphate
and 1-phenethyl alcohol or even benzoic acid (Scheme 7).
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This surprising finding offers further support for the hy-
pothesis that it should be possible to maintain a meaning-
ful H-bonding interaction between the conjugate base of a
chiral acid and a neutral free-radical intermediate follow-
ing a PCET event, and that this association can provide an
effective basis for asymmetric induction in subsequent
bond-forming steps. Efforts to extend these findings to
other substrate classes and asymmetric reactions are cur-
rently a focus of ongoing research in our lab.

o) 0
Oy _oph N5 —0Ph Np—OPh
/P\ _~ N\ N\
H—0" oph ~=0" “opn =0” “oph
- _H” _H”
o 0 o
Ph)J\Me Ph)‘\Me Ph/go
A B c
Complex En-bong (kcal/mol) O-H pK; (MeCN)
A 9.2 13
B —14.4 20
c 126 215

Scheme 7 Ketyl-phosphate H bond modeled with DFT calculations
[UB3LYP/6-311+g(d,p) in 1,4-dioxane solvent (CPCM)]. Energies
are uncorrected electronic energies.

5 Conclusions

Herein, we have outlined the design and development of
novel catalytic and enantioselective reactions of neutral
ketyl radicals enabled by concerted PCET activation. Our
approach was founded on the hypothesis that concerted
PCET can serve as an alternative mechanism for reductive
H-atom transfer reactions that are difficult to realize using
existing technologies. Recognizing that PCET kinetics
(like those of other one-electron processes) are profound-
ly influenced by thermodynamic considerations, we
demonstrated that Mayer’s effective bond-strength for-
malism was a successful and enabling principle for cata-
lyst identification. Lastly, through consideration of the
unusual hydrogen-bonding properties of the neutral free
radicals formed in these PCET reactions, we were able to
show that these processes could be rendered enantioselec-
tive when chiral proton donors were employed. While the
analysis presented here applies specifically to the activa-
tion of aryl ketone substrates, we anticipate that the ele-
ments of reaction design will also be applicable to
numerous other common functional groups. We are opti-
mistic that this line of thinking will provide new insights
into the development of both homolytic bond activations
that have traditionally been challenging to catalyze and
asymmetric processes involving molecular recognition of
neutral free-radical intermediates.

© Georg Thieme Verlag Stuttgart - New York
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