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ABSTRACT
Herein, we present a photocatalytic route that exploits a redox‐neutral tandem hydrogen atom transfer (HAT) and oxidative 
radical polar crossover (RPC) manifold. This method enables the efficient synthesis of valuable allylic amides and ethers through 
the valorization of three classes of ubiquitous feedstock chemicals: carboxylic acids as precursors to hydrogen atom abstractors, 
amides or ethers as C(sp3)─H donors, and olefins as radical acceptors. The protocol operates under mild conditions, exhibits 
broad functional group tolerance, and is readily scalable. The redox‐neutral nature of this transformation mechanistically 
distinguishes it from traditional net‐oxidative approaches associated with exogenous stoichiometric oxidants. Crucially, it allows 
HAT substrates bearing “hydridic” C─H bonds (e.g., α‐ to heteroatom: X─CHR1R2) to be engaged in Giese‐type addition 
reactions and subsequent oxidative RPC/nucleophilic trapping, where traditional net‐oxidative approaches inevitably result in 
Shono‐type further oxidation of the HAT‐derived radical (e.g., α‐ to heteroatom: X+═CR1R2) and nucleophilic interception prior to 
intermolecular radical addition.

1 |  Introduction

The direct functionalization of abundant and readily available 
feedstock chemicals represents a powerful strategy for the rapid 
construction of value‐added molecular scaffolds. In this context, 
catalytic hydrogen atom transfer (HAT) has emerged as a compelling 
cost‐ and step‐economical approach to generate radical intermedi‐
ates from otherwise inert C─H bonds [1–3]. Such activations are 
classically achieved under thermal conditions, typically mediated 
by transition metal catalysts [4–7] or—more prominently in recent 
years—via photocatalysis [8–14]. Interception of the resulting nucle‐
ophilic C‐centered radical by ubiquitous olefins enables efficient 
C─C formation, giving rise to metastable alkyl radical intermediates, 
often benzylic radicals when vinylarenes are employed as acceptors. 
Subsequent oxidative radical polar crossover (RPC) furnishes the 
corresponding carbocation species [15–17], leading to downstream 

bond formation via polar chemistry within a three‐component 
olefin difunctionalization manifold [18–22] or deprotonation at the 
β‐position in Heck‐type processes [22–24]. This oxidation step is 
typically accomplished either by (i) the use of exogenous stoichio‐
metric oxidants (e.g., TBHP, Na2S2O8) [25–27] or (ii) electrochemical 
anodic oxidation (Figure 1A) [28, 29]. While the former approach 
suffers from the generation of considerable chemical waste, the 
latter has been reported to be ineffective for substrates bearing 
activated “hydridic” C─H bonds, such as amides or ethers. In these 
cases, the α‐ to heteroatom radicals are rapidly oxidized at the 
anode in a Shono‐type oxidation to the corresponding carbocations 
(e.g., oxocarbenium for ethers) [30], which are then trapped by 
nucleophiles [31–34].

In light of the limitations associated with net‐oxidative processes, 
we questioned whether a redox‐neutral strategy could be devised 
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FIGURE 1 | (A) Canonical net‐oxidative radical tactics for tandem HAT and oxidative RPC. (B) Our approach: photocatalyzed redox‐neutral 
C(sp3)─H alkenylation harnessing benzoyloxy radical as hydrogen atom abstractor. (C) Active pharmaceutical ingredients containing allyl amides 
or ethers.

to unlock a tandem photocatalytic HAT and (downstream) 
oxidative RPC sequence [35–40]. Inspired by our previous disclo­
sures involving (i) tandem reductive single electron transfer 
(SET) activations of N‐hydroxyphthalimide (NHPI) redox‐active 
esters (RAEs) and downstream oxidative RPC Heck‐type alkeny­
lations[22] and (ii) intermediacy of benzoyloxy radicals derived 
from reductive SET cleavage of N─O bonds [41], we were drawn to 
benzoyloxy radicals as competent HAT agents [42–45]. These can 
be easily generated via SET reduction of bench‐stable and readily‐
accessible carboxylic acid‐derived NHPI RAEs [46–48]. While 
alkyl RAEs typically undergo entropically‐driven decarboxylative 
cleavage to release C‐centered radicals along with the phthalimide 
anion (─NPhth), aromatic carboxylic acid‐derived analogs exhibit 
a distinct reactivity profile. In these systems, benzoyloxy radicals 
are formed through an “interrupted” fragmentation pathway [49], 
as decarboxylation leading to the generation of an aryl radical is 
kinetically disfavored (Figure 1B) [50–53]. Once generated, the 
O‐centered electrophilic radical (BDE O─H = 111 kcal mol−1 for 
PhCO2H) [9] could trigger the hydrogen abstraction from amides 
and ethers (BDE C(sp3)─H α‐ to N/O ≃ 90 kcal mol−1) [10, 54], 
affording the α‐amido or α‐oxy radical. After Giese‐type addition 
to the olefin, the ensuing RPC step is mediated by the oxidized 
form of the photocatalyst generated in the initial SET step, thereby 
furnishing the desired carbocation intermediate while closing the 
photocatalytic cycle. Herein, we report the successful realization 
of this design, leveraging a redox‐neutral manifold for the stream­
lined synthesis of allylic amides and ethers; structural motifs 
widely encountered in pharmaceuticals (Figure 1C) [55–57].

2 |  Results and Discussion

Our experimental investigation commenced with the optimiza­
tion of the photocatalytic C(sp3)─H alkenylation reaction (for 
further details, see Section 5, Supporting Information). The 
desired product 4 was obtained in 42% yield when a solution 
of pentafluorobenzoic acid‐derived NHPI ester 1a (1.2 equiv.)—
serving as a benzoyloxy radical precursor—1,1‐diphenylethylene 
2a (1.0 equiv.) as a radical acceptor, 2,4,5,6‐tetrakis(9H‐carbazol‐
9‐yl)isophthalonitrile (4‐CzIPN, 5 mol%) as a photocatalyst, and 
trifluoroacetic acid (TFA, 10 equiv.) in N,N‐dimethylacetamide 
(3a, 0.1 M)—acting as both C─H donor and solvent—was irradi­
ated with blue LEDs (40 W, 427 nm Kessil lamp) for 16 h (Table 1, 
Entry 1). Noteworthy is the underperformance of the more expen­
sive organophotocatalyst 3DPAFIPN (Entry 2). TFA (10 equiv.) 
could be replaced with a sub‐stoichiometric loading of milder 
Lewis acid Zn(OTf)2 (0.5 equiv.) without a loss of efficiency 
(Entry 3). Various NHPI esters were evaluated, with 1a outper­
forming benzoic acid and trifluoroacetic acid derivatives (1b and 
1c, Entry 4). Increasing the amount of 2a to 2.0 equiv. improved 
the yield of 4 to 59% (Entry 5). Gratifyingly, the amount of 3a could 
be halved by using acetonitrile as a co‐solvent, affording alkeny­
lation product 4 in a 65% yield when the irradiation time was 
extended to 40 h (Entry 6). TFA plays a major role in promoting 
the initial reduction of 1a (vide infra) [58–60], as omission of the 
former resulted in a poor yield of 4 (Entry 7). A control experiment 
designed to probe the formation of a donor–acceptor complex 
[22, 61–63] between 1a and 2a led to lower yields, underscoring 
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TABLE 1 | Optimization of photocatalytic C(sp3)─H alkenylation conditions.

Abbreviation: n.d. = not detected.
aYields were determined by 1H NMR using 1,1,2‐trichloroethylene (1.0 equiv.) as an internal standard. Reactions performed on a 0.1 mmol scale.
b1a (1.0 equiv.) and 2a (2.0 equiv.). For further details, see the Supporting Information.

FIGURE 2 | Scope of the photocatalytic redox‐neutral C(sp3)─H alkenylation. Reaction conditions: redox‐active ester 1a (0.3 mmol, 1.0 equiv.), 
1,1‐diarylolefin 2 (0.6 mmol, 2.0 equiv.), 4‐CzIPN (5 mol%), and C─H donor 3 (1.5 mL) in anhydrous MeCN (1.5 mL). Alternative HAT site to give 
another regioisomer is denoted with an asterisk. aEther used as the reaction solvent (0.1 M); 16 h irradiation time. For further details, see the 
Supporting Information. Isolated yields are reported.

the pivotal role of the photocatalyst in inducing the reaction and 
securing higher yields of 4 (Entry 8). Finally, no product formation 
was observed in the absence of light (Entry 9).

With the optimized conditions in hand, we next assessed the 
generality of the alkenylation protocol and found that a variety 
of readily‐available C─H donors could be efficiently engaged 
and coupled with 2a (Figure 2). Initial efforts focused on the 
variation of the acyl group in N,N‐dimethylamides, affording the 

desired products in moderate to good yields (4–6). Importantly, 
the reaction with 3a was readily scalable up to a 3 mmol scale with 
only a marginal decrease in yield (for further details, see Section 
9, Supporting Information). The diminished efficiency observed 
for conversion of N,N‐dimethylbutyramide to 7 is likely due to 
the presence of additional C(sp3)─H bonds in the extended alkyl 
chain. These C(sp3)─H bonds are far enough away from the induc­
tively withdrawing C═O group to react competitively, which likely 
promotes side reactions. N,N‐Dimethylformamide (DMF) and 
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FIGURE 3 | (A) Radical trapping and inhibition experiment. 
(B) Kinetic isotope effect. (C) Probing benzoyloxy radical as a hydrogen 
atom abstractor. Yields were determined by 1H NMR using 1,1,2‐
trichloroethylene as an internal standard.

N‐methylpyrrolidone (NMP) afforded the corresponding alkeny­
lated products in good to very good yields (8–9). Particularly 
notable was the formation of 8, which confirmed that HAT at 
the C(sp3)─H bond α‐ to N in DMF predominates over HAT at 
the aldehydic C(sp2)─H bond. This demonstrates the complemen­
tarity of our approach to a previous report involving photogener­
ated iodanyl radicals [36], where the latter reactivity afforded 
positional regioisomers under otherwise similar conditions.

N‐Methyl‐substituted alkyl amides were also viable reactants under 
optimized conditions (10–11), albeit in lower yields than their 
dialkylated cogeners (i.e., 4 and 5). This could be due to a stabilizing/
deactivating interaction between the N─H moiety and the benzoy‐
loxy radical. When N‐methylformamide was employed, a mixture 
of the corresponding allyl amide (from the α‐amido radical) and its 
regioisomeric α,β‐unsaturated carbonyl compound (from the acyl 
radical) was obtained (12) [64, 65]. Next, we extended the scope to 
different radical acceptors, successfully coupling 3a with symmetric 
para‐disubstituted 1,1‐diarylolefins bearing electron‐donating (Me) 
and ‐withdrawing (Cl and Br) substituents (13–15). Pleasingly, 
meta‐, ortho‐, and para‐monosubstituted asymmetric acceptors 
also afforded the desired products in synthetically useful yields 
(16–18). Radical acceptors other than 1,1‐diarylolefins were found 
to be unreactive under the optimized conditions (see Section 11, 
Supporting Information). Finally, the method was also extended to 
ethers, enabling the functionalization of tetrahydrofuran (19–21) as 
well as other cyclic (tetrahydropyran and 1,4‐dioxane) and acyclic 
(diethyl ether) analogs (22–24).

In order to gain mechanistic insights into the developed alkeny­
lation process, we conducted a series of additional experiments. 
The involvement of radical species was confirmed by a radical 
trapping experiment using 2,2,6,6‐tetramethylpiperidine 1‐oxyl 
(TEMPO): adduct 4a was detected in both the 1H NMR and 
HRMS of the crude reaction mixture, while the formation of 
the desired product 4 was completely inhibited (Figure 3A) 
[66]. Corroborating an initial reductive SET event within the 
catalytic cycle (vide supra, Figure 1B), the presence of TFA in 
the cyclic voltammetry experiments induced a clear positive 
shift in the reduction potential of 1a (from −1.22 to −1.14 V 
vs SCE). This observation demonstrates LUMO lowering upon 
Brønsted acid activation of 1a [58–60, 67], with the resulting 
reduction potential matching the excited‐state half potential of 
*4‐CzIPN (*E1/2 = −1.18 V vs SCE) [68], thereby enabling produc­
tive reactivity (for further details, see Section 8.5, Supporting 
Information). The observed kinetic isotope effect (KIE) value of 
1.7 suggests that HAT may be involved in the rate‐determining 
step (Figure 3B) [69]. Quantum yield measurements revealed 
that the reaction is photocatalytic in nature and that a radical 
chain is either absent or inefficient (Φ = 0.011, see Section 8.1, 
Supporting Information) [70]. Finally, we designed a reaction to 
probe the benzoyloxy radical as the indirect HAT abstractor in our 
system [71]. In particular, when the 2‐methylbenzoic acid‐derived 
NHPI ester (1e) was subjected to the reaction with 2a in the 
presence of 4‐CzIPN in acetonitrile, lactone 25 was obtained in 
a 25% yield (Figure 3C). This result strongly points to (i) the 
formation of a benzylic radical via a favorable intramolecular 
1,5‐HAT from the benzoyloxy radical generated upon SET reduc­
tion and “interrupted” fragmentation [72] and (ii) an oxidative 
RPC step following Giese‐type addition, leading to a diphenylalkyl 
carbocation that undergoes swift lactonization.

3 |  Conclusion

In summary, we have developed an operationally simple and 
modular C(sp3)─H alkenylation protocol that utilizes only abun­
dant and cost‐effective feedstock chemicals: carboxylic acids, 
amides, ethers, and olefins. The transformation proceeds through 
a tandem photocatalytic redox‐neutral cascade, initiated by the 
generation of a benzoyloxy radical via reductive single‐electron 
transfer of the pentafluorobenzoic acid‐derived NHPI ester. The 
electrophilic radical triggers hydrogen atom transfer from amides 
or ethers, affording nucleophilic α‐amido or α‐oxy radicals. 
Subsequent addition of these radicals to 1,1‐diarylolefins gener­
ates a benzylic radical intermediate, which undergoes (down­
stream) oxidative radical polar crossover and deprotonation to 
furnish valuable allylic amides and ethers. Importantly, the 
carboxylic acid byproduct can be readily recycled for the prep­
aration of fresh NHPI ester, highlighting the sustainability of 
the process. This work expands the toolbox of methodologies 
combining HAT and RPC, which were previously limited to
(i) the use of stoichiometric external oxidants or (ii) to “unacti­
vated” C─H substrates (e.g., cyclohexane) to avoid undesired fast 
Shono‐type oxidation of the incipient C‐centered radicals.
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