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ABSTRACT: The direct, site-selective alkylation of unactivated C(sp3)−H bonds in organic substrates is a long-standing goal
in synthetic chemistry. General approaches to the activation of strong C−H bonds include radical-mediated processes involving
highly reactive intermediates, such as heteroatom-centered radicals. Herein, we describe a catalytic, intermolecular C−H
alkylation that circumvents such reactive species via a new elementary step for C−H cleavage involving multisite-proton-
coupled electron transfer (multisite-PCET). Mechanistic studies indicate that the reaction is catalyzed by a noncovalent
complex formed between an iridium(III) photocatalyst and a monobasic phosphate base. The C−H alkylation proceeds
efficiently using diverse hydrocarbons and complex molecules as the limiting reagent and represents a new approach to the
catalytic functionalization of unactivated C(sp3)−H bonds.

■ INTRODUCTION

Intermolecular functionalizations of unactivated C−H bonds
hold significant promise in streamlining the synthesis and late-
stage derivatization of complex molecules. In recent years,
substantial progress has been made in the development of
catalytic methods for C−H bond functionalization involving
hydrogen atom transfer (HAT) processes, which involve the
transfer of both a proton and an electron from a substrate C−
H σ-bond to an abstracting atom X•, forming a new X−H σ-
bond.1 While HAT processes have a long history in synthetic
chemistry,2 it has been shown recently that many trans-
formations thought to occur through HAT may actually
proceed through a proton-coupled electron transfer (PCET)
mechanism, wherein the proton and electron transfer to
different orbitals in the product.3 A notable example is C−H
bond homolysis mediated by cytochrome P450, in which the
proton from the C−H bond travels to the basic Fe(IV) oxo
group, while the electron is transferred to an orthogonal
ligand-based orbital with considerable porphyrin radical cation
character.4

Multisite-PCET mechanisms are also possible, wherein the
proton and electron travel to two distinct molecular acceptors.4

While multisite-PCET has been utilized in a variety of
synthetically useful transformations,5 this mechanism typically
requires pre-equilibrium hydrogen bonding between the

substrate and the proton acceptor prior to reaction with the
oxidant (Figure 1A). Accordingly, multisite-PCET processes
are generally selective for polar protic functional groups that
can participate in H-bonding (e.g., amides and alcohols), while
the poor H-bond donor character of aliphatic C−H bonds
renders them unreactive in these mechanisms.6

However, recent work has begun to challenge these
assumptions, and demonstrate the feasibility of multisite-
PCET activation of aliphatic C−H bonds. For example,
theoretical studies of the oxidation of n-butane to maleic
anhydride on a vanadium-phosphorus-oxide (VPO) surface
have indicated that covalently linked oxidant/base constructs
are capable of direct activation of C−H bonds via multisite-
PCET.7 A well-characterized experimental example was
recently reported by Mayer and co-workers describing the
reaction of a covalently linked fluorenyl-benzoate substrate/
base construct with exogenous oxidants (Figure 1B).8

Together these insights present an intriguing framework for
developing novel catalysts for synthetic applications of
multisite-PCET activation of aliphatic C−H bonds by
decreasing the molecularity of the abstraction. A possible
way to achieve a decrease in molecularity is through
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noncovalent association of the oxidant, base, or substrate,
which would represent a unique strategy for intermolecular C−
H cleavage. Herein, we report such a system involving a
noncovalent H-bonded complex of an excited-state Ir(III)-
polypyridyl center and a monobasic phosphate which catalyzes
an efficient C−H alkylation via the intermolecular, homolytic
activation of aliphatic C−H bonds via multisite-PCET (Figure
1C).

■ RESULTS AND DISCUSSION
These studies were prompted by an unexpected observation in
the course of developing an intermolecular C−H alkylation
involving multisite-PCET. Our initial approach sought to
access tuned heteroatom-centered radicals from suitable N−H
precursors via the multisite-PCET catalytic strategy outlined in
Figure 1A, followed by subsequent intermolecular HAT
involving hydrocarbon substrates. Our efforts began with the
C−H alkylation of tetrahydrofuran with 1,1-bis-
(phenylsulfonyl)ethylene as the alkene partner. This alkene
was selected because of its high synthetic versatility, allowing
for facile elaboration to a diverse range of products and simple
oxidative or reductive removal of the phenylsulfonyl groups.9

Preliminary screening identified N-tBu-p-methoxybenzene-
sulfonamide as a putative sulfonamidyl radical precursor,
delivering the C−H alkylation product in 75% yield (Table 1,
entry 1). Surprisingly, we discovered that removing the
sulfonamide had little effect on the reaction outcome, and
further optimization increased the reaction yield to 92% in the
absence of sulfonamide and with the substrate as the limiting
reagent (Table 1, entries 2 and 3). Additional control reactions
indicated that all of the other reaction components were
crucial to reactivity. These results clearly indicated that an

alternative pathway (i.e., not involving nitrogen-centered
radicals) was involved in the C−H activation step, and that a
simple system comprised of the Ir(III) catalyst and phosphate
base efficiently catalyzed the C−H alkylation.10

After this surprising observation, we first evaluated the scope
of the Ir(III)-phosphate catalyzed C−H alkylation, with the
hydrocarbon substrate used as the limiting reagent in all cases
(Figure 2). Alkylations of simple cyclic hydrocarbons (6 and
7) and adamantyl derivatives (8−10) proceeded in moderate
to good yields (45−80%). The functionalizations of substrates
11−15 highlight the ability to alkylate at benzylic sites in good
yield. The alkylation of substrate 15 containing both methyl
and methine C−H sites occurred exclusively at the methine
site, demonstrating selectivity for the weaker C−H bond; this
selectivity is consistent with either a HAT or PCET
mechanism.11 The allylic C−H of cyclohexene was also
functionalized in moderate yield (16). The alkylations of the
α-heteroatomic C−H sites of several common heterocycles
(17−19) were also successful, and the reaction of 2,3-
dihydrobenzofuran 20 selectively delivered the benzylic C−H
alkylation product in good yield (67%). While the 1,1-
bis(phenylsulfonyl)ethylene coupling partner is highly versa-
tile, we have also examined the C−H alkylation of
tetrahydrofuran (1 equiv) using alternative alkenes (Figure
2). The use of methyl-2-phenylacrylate, methyl vinyl ketone,
and phenyl vinyl ketone were all competent reaction partners,
delivering the respective C−H alkylation products in good
yield (47−60%).
We next sought to determine the efficiency of the catalytic

C−H alkylation using increasingly complex substrates (Figure
3). The alkylation of the N-phthalimide protected derivative of
memantine proceeded solely at the tertiary C−H site to
provide product 21 in 40% yield. The functionalization of the
terpenoid (−)-ambroxide delivered alkylation product 22 in
excellent yield (88%). Ibuprofen methyl ester reacted
exclusively at the more electron-rich benzylic C−H site to
provide 23 in 83% yield. Notably, prior C−H functionalization
of this substrate via HAT of an oxygen-centered radical
generated through phosphate oxidation proceeded with poor
regioselectivity, suggesting that different mechanisms might be
operative.12 The observed selectivity is consistent with
selectivity for the weakest C−H bond, with the benzylic C−
H bond BDFE ∼ 85 kcal/mol and the tertiary C−H bond
BDFE ∼ 93 kcal/mol.13 Alkylation of a bioactive pyrimidine
substrate provided 24 with excellent yield (84%) and
regioselectivity (>20:1).
Our initial mechanistic hypothesis was that the C−H

abstraction step proceeded via HAT involving an oxygen-

Figure 1. Mechanisms for homolytic activation of C−H bonds. (A)
Selectivity differences of HAT reagents in HAT mechanisms versus
base/oxidant pairs in multisite-PCET mechanisms. (B) Experimental
proof of principle for multisite-PCET of C−H bonds−intramolecular
C−H abstraction in fluorenyl benzoate. (C) Mechanism for
intermolecular C−H bond multisite-PCET via a noncovalent iridium
photocatalyst and phosphate base complex.

Table 1. Development of Conditions for C−H Alkylation

entry variation of conditions above yielda (%)

1 1.0 equiv of sulfonamide, 5 mol % Ir(III) catalyst 75
2 no sulfonamide, 5 mol % Ir(III) catalyst 66
3 no sulfonamide 92

aYields determined by 1H NMR spectroscopy of the crude reaction
mixture using an internal standard.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b06834
J. Am. Chem. Soc. 2019, 141, 13253−13260

13254

http://dx.doi.org/10.1021/jacs.9b06834


centered radical derived from single-electron oxidation of the
phosphate base by the excited state of the Ir photocatalyst.
Oxygen-centered radicals of this type were recently demon-
strated to be competent H-atom abstractors in work from
Alexanian and Nicewicz, and such a pathway was also
proposed in a C−H cyanation by Kanai and co-workers.12,14

Yet upon further examination, thermochemical concerns
caused us to doubt this proposal. Specifically, electron transfer
from the dibutyl phosphate base (Ep/2(P

−/P•) > 1.6 V vs Fc+/
Fc) to the excited state of the Ir(III) catalyst 1 (Ep/2(Ir

III*/IrII)
= 1.30 V vs Fc+/Fc) is significantly endergonic and unlikely to
be kinetically accessible within the lifetime of the photocatalyst
3MLCT excited state (240 ns). Moreover, C−H alkylations
using the much less oxidizing photocatalysts [Ir(dF(CF3)-
ppy)2(bpy)]PF6 and [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 are still
viable (though less efficient); in these cases the proposed
electron-transfer event is endergonic by more than 600 and
800 mV, respectively (vide infra).

We have performed a series of mechanistic experiments to
uncover the details of the C−H functionalization described
above. These studies provide a body of evidence that is
consistent with a novel reaction mechanism for the
functionalization of unactivated C−H bonds involving an
unprecedented, intermolecular multisite-PCET between the
C−H bond of the organic substrate and a noncovalent
complex between the Ir excited state and phosphate base. The
complexation of the Ir catalyst and phosphate base serves to
decrease the molecularity of this elementary step, facilitating a
concerted transfer event. The details of these studies are
described below.
We began by studying the association of the phosphate base

and iridium photocatalyst. Titration of the base into a solution
containing the Ir(III) catalyst leads to downfield shifts in the
1H NMR spectrum of all protons of the bipyridine ligand, with
an especially pronounced change associated with the 3,3′-
protons (∼1.5 ppm) (Figure 4). This association was also
observed in the solid state; the crystal structure of the Ir(III)

Figure 2. Catalytic intermolecular C−H alkylation using an iridium-phosphate photoredox system. Yields are of isolated product. aYields are
determined by 1H NMR spectroscopy of crude reaction mixtures using an internal standard.
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catalyst and diphenyl phosphate base confirmed the affinity of
the oxygen atom of the phosphate for the 3,3′-position of the
bipyridyl ligand (Figure 4). With use of both 1H NMR and
UV/vis titrations, the equilibrium binding constant of the ion
pairing of the Ir(III) catalyst and dibutyl phosphate base was
calculated to be (7.8 ± 0.6) × 103 M−1. A Job plot was
indicative of the formation of a one-to-one ion paired complex.
We would note that phosphate association is conserved across
a range of structurally similar cationic Ir(III) photocatalysts
that vary in their substituents on the 4- and 5-positions of the
bipyridine ligand (Figure 5A).
To demonstrate the essential coordination of phosphate to

the photocatalyst for C−H alkylation, we prepared photo-
catalysts with the H-bonding 3,3′-positions on the bipyridyl
ligand substituted with either fluorine atoms or methyl esters
(Figure 5A). Reactions involving these substituted photo-
catalysts did not yield any appreciable amount of C−H
alkylation product. To discount the possibility that the
substitution of the bipyridine altered the excited-state redox
properties of the complex in a deleterious manner, we
performed a previously reported PCET alkene hydrosulfona-

Figure 3. Catalytic C−H alkylation of complex substrates. Yields are
of isolated product.

Figure 4. 1H NMR spectra of Ir photocatalyst upon phosphate base titration, exhibiting downfield shifting of the resonance signal corresponding to
C3−H of the bipyridine ligand; X-ray crystal structure of the iridium-phosphate complex rendered using CYLView;20 determination of binding
stoichiometry.
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midation using these catalysts.15 Product was observed in good
yield, an outcome inconsistent with poor photocatalyst activity.
Competition binding studies with fluoride anion also

supported a crucial role for the Ir-phosphate complex (Figure

5B). Specifically, we found that fluoride anion (from a 1 M
solution of tetrabutylammonium fluoride (TBAF) in THF)
associates at the same position on the bipyridyl ligand as the
phosphate base with a similar equilibrium binding constant. A

Figure 5. (A) Reaction yields with different iridium catalysts and their binding Keq with phosphate. (B) Iridium-fluoride complex and the effect of
adding TBAF on the reaction rate, demonstrating that the addition of a competitive binder has an inverse first-order concentration dependence.

Figure 6. Stern−Volmer plot of time-resolved excited-state quenching of a solution of Ir photocatalyst and phosphate base by ethylbenzene and
ethylbenzene-d10, showing a quenching KIE of 2.0 ± 0.2; transient absorption signal at 540 nm (maximum of Ir(II) absorbancesee Supporting
Information for complete absorption spectrum of Ir(II)), demonstrating an increase in the concentration of Ir(II) as ethylbenzene is added to a
solution of the Ir photocatalyst and phosphate base.
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Job plot generated from the 1H NMR shift in the Ir(III)
bipyridyl 3,3′-protons versus fluoride concentration also
revealed a one-to-one binding stoichiometry. Most impor-
tantly, in the alkylation of THF with α-phenyl acrylate, the
addition of increasing concentrations of TBAF resulted in
decreasing product yield, showing an inverse first-order
concentration dependence. For comparison, addition of
TBAF to a standard hydrosulfonamidation did not show any
decrease in reaction efficiency. This is consistent with the
phosphate base-Ir photocatalyst association being necessary for
C−H bond activation to occur, but not required for N−H
PCET. Hydrogen-bonding functionality (e.g., amides) can
competitively bind with the dibutyl phosphate and can serve as
substrates for multisite-PCET. Consistent with this view, the
addition of exogenous amide to the reaction results in a
decreased rate.
Significant nonlinear photoluminescence quenching of the Ir

photocatalyst by the phosphate base is observed, which is also
consistent with the formation of a less emissive ion pair
complex (i.e., iridium-phosphate).16 We next studied the
Ir(III) excited-state quenching mechanism by phosphate base
using transient absorption spectroscopyin the absence of
substrateto determine if electron transfer was occurring via
the complex. Pulsed-light excitation of a dichloromethane
solution containing the Ir(III) catalyst [0.18 mM] and
approximately 20 equiv of phosphate [3.7 mM] produced no
Ir(II) signal indicative of electron transfer (purple overlapped
signal, Figure 6, right).17 When this quenching was
investigated under a much larger excess of phosphate (∼300
equiv), only a minute signal for Ir(II) was observed (ΔC =

0.25 μM). This indicates that electron transfer between the
excited-state Ir(III) catalyst and phosphate is unlikely to
underlie the observed reactivity and the decrease in photo-
luminescence is likely a result of the formation of a less
emissive ion-paired complex, leading to both steady-state
quenching and a much shorter excited-state lifetime.
We continued by introducing the hydrocarbon substrate to

the solutions of Ir(III) catalyst and phosphate base to
determine whether electron transfer required the presence of
substrate. Consistent with this scenario, as ethylbenzene was
added to the Ir-phosphate solution, additional quenching of
the Ir(III) excited state was observed by both time-resolved
photoluminescence and transient absorption spectroscopy.
Remarkably, when ethylbenzene was added to the solution of
the Ir(III) photocatalyst containing 20 equiv of phosphate
base, a signal for monoreduced Ir(II) was observed by
transient absorption spectroscopy, indicating that electron
exchange was involved in the quenching event. Additionally, as
increasing amounts of ethylbenzene were added, the
concentration of Ir(II) in the solution increased proportionally
(orange and maroon signals, Figure 6, right). In the absence of
phosphate, the addition of ethylbenzene to the Ir(III) catalyst
did not result in any Ir(II) formation (green signal, Figure 6,
right). This data suggests that both alkane and phosphate base
are involved in the electron-transfer step. The abstracted
Stern−Volmer plot for the ethylbenzene quenching was linear
with a quenching rate constant, kq, of 2.3 × 106 M−1 s−1

(Figure 6, left).18

Finally, to specifically determine whether quenching of the
excited state occurred via C−H bond cleavage, we studied the

Figure 7. Proposed reaction mechanism for the catalytic C−H alkylation involving an intermolecular multisite-PCET via an iridium-phosphate
complex.
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reaction kinetic isotope effect (KIE) using ethylbenzene-d10.
The excited-state quenching KIE (kH/kD) using ethylbenzene
was 2.0 ± 0.2, consistent with C−H bond cleavage during the
electron-transfer event (Figure 6, left). Furthermore, this
observation is inconsistent with a phosphate oxidation
mechanism in which no quenching KIE would be expected.
Additionally, this excited-state quenching KIE was equal to the
initial rate KIE observed for the preparative C−H alkylation
reaction; the reaction of ethylbenzene with bis-
(phenylsulfonyl)ethylene proceeded with an initial rate KIE
of 1.9 ± 0.3. This also aligns with the KIE measured in
competition experiments using either α-phenyl acrylate or
phenyl vinyl ketone. The KIE of the C−H alkylation of THF/
THF-d8 using α-phenyl acrylate as the olefin acceptor also
resulted in a KIE of 2.0 ± 0.1, which did not vary in the
presence of added TBAF, suggesting a constant mechanism of
cleavage despite a decrease in the overall rate due to
competitive fluoride binding.19

We posit that the mechanistic studies outlined above are
consistent with a new elementary step for catalytic,
intermolecular C−H bond cleavage via multisite-PCET
between an excited-state Ir-phosphate complex and hydro-
carbon substrate.
The reaction mechanism commences with the ground-state

association of the Ir(III) photoredox catalyst and phosphate
base (Figure 7). Upon excitation, a concerted PCET occurs
involving the C−H bond of the substrate and the Ir(III)*-
phosphate complex, generating a carbon-centered radical, an
Ir(II) species, and the protonated phosphate base. This Ir(III)-
phosphate complex has an effective BDFE of 103 kcal/mol,
indicating that the abstraction of the substrate C−H bonds is
thermodynamically favorable. This high BDFE represents an
exceptionally strong abstracting agent, notably stronger than
cytochrome P450s (BDFEs ∼ 95 kcal/mol).21 The carbon-
centered radical next adds to the electron-poor alkene to form
the C−C bond, and electron transfer from Ir(II) [Ep/2(Ir

II/
IrIII) = −1.07 V vs Fc+/Fc] then regenerates the Ir(III)
photocatalyst. Protonation of the resulting anion by the
conjugate acid of the phosphate then closes the catalytic cycle,
delivering the C−H alkylation product and phosphate base.

■ CONCLUSIONS
The catalytic intermolecular alkylation described herein
proceeds under mild conditions and constitutes a unique,
general approach to C−H alkylation. The transformation
efficiently functionalizes a diverse set of small molecules, which
are used as limiting reagent in all cases. The unique mechanism
of C−H cleavage involved obviates the requirement of highly
reactive heteroatom-centered radicals which are typically
required in related functionalizations involving photoredox
catalysis.12,14,22 Extensive mechanistic studies are consistent
with intermolecular multisite-PCET activation of a C−H bond
via a noncovalent iridium-phosphate complexthe first
example of such a multisite-PCET activation in the absence
of covalent attachment of reacting functionality. We anticipate
that this fundamental step for intermolecular C−H function-
alization will unlock a range of new, catalytic approaches to
achieve the site-selective functionalization of hydrocarbons.
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