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ABSTRACT: Radical hydroalkylation of alkenes represents an ideal approach for C(sp3)–C(sp3) bond formation. However, radical 
precursors have been substantially limited due to the sluggish nature of less electrophilic carbon-centered radicals to participate in 
addition step toward unactivated alkenes. Herein, we demonstrate that this inherent limitation can be overcome by the use of a Lewis 
acid catalyst. This co-catalytic system enables the hitherto elusive radical C(sp3)–C(sp3) bond formation between pyridylacetates and 
unactivated alkenes to generate medically relevant valuable products. Computational studies support that the formation of a Lewis 
pair with the substrates is crucial to lower the energy of the transition state for the rate-determining radical addition step. 

■ INTRODUCTION  
Pyridines are among the most prevalent motifs in a wide array 

of biologically active molecules.1 In fact, the pyridine core rep-
resents the most frequently employed nitrogen heterocycle 
among all U.S. FDA approved small-molecule drugs reported 
between 2015 and 2020.1a To meet the growing demand for sp3-
enriched drug candidates,2 methods that enables direct introduc-
tion of alkyl groups to pyridylic C(sp3)–H bonds are highly 
sought after in the medicinal chemistry community.3 In this 
context, hydroalkylation of alkenes, involving the net addition 
of C(sp3)–H bonds across alkenes,4 presents a competent alter-
native to conventional SN2-type alkylation with alkyl halides 
(Scheme 1A, top-left) as it allows for the use of abundant and 
stable alkenes as alkyl halide replacements. Over the past dec-
ade, several elegant strategies for pyridylic C(sp3)–H alkylation 
with alkenes have developed.5–7 For example, Matsunaga, 
Kanai and co-workers reported a Lewis-acid catalyzed addition 
reaction of 2-alkylpyridines to α,β-unsaturated enones (Scheme 
1A, bottom-left).5a Hou and co-workers developed a rare-earth 
catalyzed benzylic C(sp3)–H alkylation of 2,6-disubstituted al-
kylpyridines (Scheme 1A, top-right).6a More recently, Guan and 
co-workers demonstrated that alkylpyridines can directly un-
dergo addition reaction to styrene derivatives upon deprotona-
tion by a strong base (Scheme 1A, bottom-right).7a As a notable 
example, Bower and co-workers reported an Ir-catalyzed 
branch-selective hydroalkylation of alkenes with 2-pyri-
dylacetates.6f Despite these advances, a strategy for pyridylic 
C(sp3)–H alkylation with unactivated aliphatic alkenes that ex-
hibits broad functional group compatibility remains virtually 
elusive. 

In recent years, photochemical methods have been utilized to 
achieve radical hydroalkylation via the generation of electro-
philic carbon-centered radicals from substrates bearing protic 
C(sp3)–H bonds (Scheme 1B).4c,8–10 For instance, Yamashita, 
Kobayashi and co-workers reported an addition reaction of mal-
onyl radicals via single electron transfer (SET) oxidation of lith-
ium malonate enolates by a photoredox catalyst.8a As an 

alternative strategy for generating electrophilic carbon-centered 
radicals, Funes-Ardoiz, Ye and co-workers demonstrated that 
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an amine-borane can function as a nucleophilic hydrogen atom 
transfer (HAT) catalyst upon SET oxidation by a photocata-
lyst.8b A key challenge in the radical hydroalkylation of unacti-
vated aliphatic alkenes lies in the fact that the range of C(sp3)–
H bonds amenable to these methodologies remains predomi-
nantly confined to highly protic substrates such as dimethyl ma-
lonate. This limitation can be attributed to the necessity of mul-
tiple strong electron-withdrawing groups (EWGs) for 1) facili-
tating the initial proton transfer (PT) or polarity-matched hydro-
gen atom transfer (HAT)11 process by enhancing the acidity of 
C(sp3)–H bonds, thereby enabling easier access to electrophilic 
radicals, and 2) promoting radical addition to less-reactive ali-
phatic alkenes by lowering the SOMO energy of the resultant 
carbon centered-radical, which enhances favorable frontier mo-
lecular orbital interactions.12 With these challenges in mind, we 
sought to develop a distinct catalytic system that would enable 
the radical alkylation of pyridylic C(sp3)–H bonds with unacti-
vated aliphatic alkenes. 

Our reaction design drew inspiration from early reports on 
the effect of Lewis acids in radical reactions, wherein Lewis ac-
ids are believed to enhance the electrophilicity of a radical in-
termediate through complexation with a Lewis-basic function-
ality in a substrate.13 More recently, Lewis acid co-catalysis has 
proven a powerful tool in photochemical transformations to ac-
tivate Lewis basic substrates.14 On this basis, we hypothesized 
that the electrophilicity of a pyridylic radical intermediate could 
be enhanced by a Lewis acid co-catalyst upon coordination, 
thereby facilitating the otherwise sluggish radical addition to 
less-reactive aliphatic alkenes.15 Herein, we report the success-
ful implementation of this idea, employing a merger of HAT 
and Lewis acid catalysis, to establish a mild catalytic system for 
pyridylic C(sp3)−H alkylation with a wide array of unactivated 
alkenes (Scheme 1C). 

 
■ RESULTS AND DISCUSSION 
We commenced our investigation by identifying a Lewis-

acid co-catalyst that works in synergy with a HAT catalyst to 
facilitate the desired hydroalkylation of 4-phenyl-1-butene (2a) 
with ethyl 4-pyridylacetate (1a) (Table 1). After an extensive 
screening of various conditions (see the SI for details), we iden-
tified the optimized conditions as shown in entry 1, employing 
20 mol% Y(OTf)3 as a Lewis acid catalyst, 2.5 mol% bis(2,4,6-
triisopropylphenyl) disulfide [(TRIPS)2] as a HAT catalyst in 
MeCN at 60 °C under irradiation with 440 nm LEDs, providing 
the desired hydroalkylation product 3aa in in 87% NMR yield 
(84% isolated yield). It is worth noting that the reaction pro-
ceeds without a photocatalyst, which contrasts sharply with pre-
vious radical hydroalkylation methods under photocatalysis,8,9 
suggesting an alternative mechanism driven solely by irradia-
tion. As shown in entry 2, the use of 5.0 mol% 
[Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (PC1) improved the reaction ef-
ficiency, affording 3aa in a comparable yield (91%) within 24 
h. Screening of Lewis acid co-catalysts revealed that other 
Lewis acids resulted in lower yields, with Sc(OTf)3 providing 
the highest yield (80%) among them (entries 3-5). Utilizing di-
phenyl disulfide as a HAT catalyst instead of (TRIPS)2 led to a 
diminished yield due to a competing thio-ene reaction (entry 
6).16 Control experiments established that the combination of a 
Lewis acid co-catalyst, a HAT catalyst and light irradiation is 
essential for obtaining the desired hydroalkylation product (en-
tries 7-9). Notably, this alkylation can be performed on 1 mmol 
scale without loss in efficiency (entry 10). 

Table 1. Optimization of Reaction Conditionsa 

 
aReaction conditions: 1a (0.20 mmol), 2a (0.6 mmol), Lewis 
acid (20 mol%), (TRIPS)2 (2.5 mol%), 440 nm irradiation in 
MeCN (0.4 mL) at 60 °C. bYields determined using 1H NMR 
analysis with triphenylmethane as an internal standard. cIso-
lated yield in parentheses.  
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aReaction conditions: 1 (0.20 mmol), 2a (0.6 mmol), 
Y(OTf)3 (20 mol%), (TRIPS)2 (2.5 mol%), 440 nm irradia-
tion in MeCN (0.4 mL) at 60 °C for 96 h. Only isolated yields 
are shown. b6.0 equiv. alkene. cFor 168 h. dWith PC1 (5.0 
mol%). e8.0 equiv. alkene. fFor 120 h. gFor 24 h. 
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With the optimized conditions established, we next sought 
to examine the generality of the hydroalkylation process. Given 
that useful product formation can be achieved without an ex-
pensive photocatalyst, we employed photocatalyst-free condi-
tions for further studies. As shown in Table 2, a range of struc-
turally and electronically diverse pyridylacetates and pyridyla-
cetamides can be successfully employed as substrates in this 
radical alkylation protocol. For the 4-pyridyl-based system, 
both benzyl ester (3ba) and secondary N-benzyl amide (3ca) 
groups participated effectively in the alkylation reaction. Gen-
erally, the photocatalyst-free conditions proved competitive 
with the photocatalytic reaction; however, the use of PC1 was 
essential for the alkylation of 4-pyridylacetonitrile (1d). Under 
the optimal conditions, 2-pyridylacetate 1e underwent smooth 
hydroalkylation to afford 3ea in 79% yield. In addition, a quin-
oline-type substrate also participated in the reaction to give the 
desired product 3fa in 19% yield. Notably, α-methyl pyridi-
nylacetate 1g was a viable substrate with an extended reaction 
time, giving rise to a quaternary carbon center in synthetically 
useful yield (3ga, 58% yield). Various substituents on the pyri-
dine ring were also well tolerated, and the corresponding alkyl-
ation products were obtained in good yields (3ha, 3ia and 3ja, 
52–82% yield). Regarding the limitations of this method, 3-
pyridylacetates showed no reactivity, indicating that conjuga-
tion of the C=N moiety of the pyridine ring with its pyridylic 
position is crucial for reactivity. In addition, substrates bearing 
substituents at the 2-position of a pyridine ring tended to result 
in low yields (<10%). This failure was likely due to the preclu-
sion of the close contact between the nitrogen atom in a pyridine 
ring with Y(OTf)3, which is necessary to form a Lewis acid−
base pair. Other N-heteroaromatic units such as pyrimidines and 

oxazoles also were not competent substrates under current op-
timal conditions. 

Next, we examined the generality of the hydroalkylation pro-
tocol concerning the alkene component (Table 3). In addition to 
terminal monosubstituted alkene (3ab), 1,1-disubstituted (3ac), 
1,2-disubstituted (3ad), and trisubstituted (3ae) alkenes were all 
competent reaction partners, providing the desired product in 
good yields (55–83% yield). Gratifyingly, the developed reac-
tion conditions tolerate a wide range of functional groups that 
would not be compatible under traditional strong base-mediated 
alkylation conditions. For example, alkenes containing chloro 
(3af), boronate (3ag), hydroxy (3ah), tosylamide (3ai) and even 
carboxylic acid (3aj) groups were all tolerated, affording the 
desired products in good to excellent yields (56–94% yield), 
thus presenting opportunities for subsequent chemical elabora-
tion. Notably, complete regioselectivity was observed for alkyl-
ation at the pyridylic C(sp3)−H bond in the presence of  the ac-
tive methine C(sp3)–H bond (3ak). When pyridylacetamide 4 
bearing an N-allylamide moiety was subjected to the optimal 
conditions, pyrrolidine-2-one 5 was obtained through a 5-exo-
trig cyclization, indicating the involvement of a radical interme-
diate. Underscoring the utility of this method, naturally abun-
dant terpenes including β-pinene and limonene readily partici-
pated in this hydroalkylation as alkylating reagents, paving a 
facile way to pyridine-containing unnatural terpenoids (3al and 
6am). 

An intriguing outcome observed during this study was the 
unexpected finding that the hydroalkylation, in most cases, pro-
ceeds without a photocatalyst under blue LED (440 nm) irradi-
ation. This unprecedented aspect of radical hydroalkylation 
prompted us to conduct additional experiments to gain insight 

Table 3. Scope of Alkenesa 
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mL) at 60 °C for 96 h. Only isolated yields are shown. b6.0 equiv. alkene. cFor 144 h. dWith (TRIPS)2 (10 mol%). eFor 168 h. 
fWith PC1 (5.0 mol%) for 24 h. 
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into the reaction mechanism (Figure 1). First, performing the 
identical reaction between pyridylacetate 1a and alkene 2a in 
the presence of 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) 
resulted in a complete shutdown of the formation of alkylation 
product 3aa, and instead the radical adduct 7 was obtained in 
61% yield, further supporting the intermediacy of a pyridylic 
radical (Figure 1A). Second, testing various photocatalysts with 
different properties revealed that the yield of 3aa strongly cor-
related the intrinsic triplet energy of photocatalysts (see the SI 
for the details), suggesting that a triplet-triplet energy transfer 
(EnT) mechanism might be operative in this hydroalkylation re-
action. Moreover, Stern–Volmer luminescence quenching ex-
periments demonstrated that the luminescence emission of PC1 
was quenched more efficiently by (TRIPS)2 than by pyri-
dylacetate 1a, in the presence or absence of Y(OTf)3 (Figure 
1B), indicating that higher efficiency of the hydroalkylation ob-
served in the presence of PC1 was due to facile access to the 
thiyl radical via a triplet-triplet EnT process.17 Although the de-
tailed mechanism remains to be elucidated, a plausible mecha-
nism is proposed based on our mechanistic studies (Figure 1C). 
Consistent with existing precedent,18 (ArS)2 8 undergoes pho-
tolytic homolysis upon blue LED irradiation to generate thiyl 
radical 9. The resulting electrophilic radical undergoes HAT 
with the pyridylic C(sp3)−H bond of  Lewis acid-base complex 
A to afford carbon-centered radical B and thiol 10. The result-
ing electrophilic radical reacts with an alkene to form carbon-
centered nucleophilic radical C, which rapidly engages in a po-
larity-matched HAT event with thiol 10 to yield hydroalkyla-
tion product 3 and thiyl radical 9. 

To further elucidate the mechanism and the role of the Lewis 
acid co-catalyst, we conducted density functional theory (DFT) 
calculations for the reaction between pyridylacetate 1k19 and 1-

butene (2n) (see the SI for the details). For computational effi-
ciency, 2,6-diisopropylthiophenol was employed as a model for 
TRIPSH. As shown in Figure 1D, our calculations predict that 
a polarity-mismatched HAT event between IM1[Y] and a thiyl 
radical (TSHAT1) is kinetically feasible (16.3 kcal mol−1),20 af-
fording carbon-centered radical IM2[Y]. Notably, the Lewis 
acid co-catalyst Y(OTf)3 decreases the activation energy of this 
step by 0.9 kcal mol−1. The subsequent radical addition to 1-
butene (2n) (TSadd) is predicted to be the rate-determining step 
with 22.6 kcal mol−1. Consistent with the experimental obser-
vation, the presence of Y(OTf)3 effectively lowers the activation 
energy by 5.6 kcal mol−1. At the HAT event of IM3[Y], a radi-
cal chain propagation with 1k is predicted to be disfavored by 
16.4 kcal mol−1 compared to the thiol-mediated HAT event 
(TSHAT2), which was experimentally corroborated by the meas-
ured quantum yield (Φ = 0.00048) and a light on/off experiment 
(see the SI for the details).  

 
■ CONCLUSIONS 
In summary, we have demonstrated that the use of a Lewis 

acid co-catalyst facilitates the otherwise sluggish addition of 
pyridylic radicals to unactivated alkenes, thereby enabling the 
development of a photo-induced pyridylic C(sp3)−H alkylation. 
Unlike previously described radical hydroalkylation methods, 
this co-catalytic system operates without the need for photore-
dox catalysts. The reaction proceeds through a thiol-catalyzed 
hydrogen atom transfer mechanism under mild conditions with 
a broad functional group tolerance. We anticipate that this reac-
tion will be beneficial to the medicinal chemistry community in 
meeting the growing demand for sp3-enriched drug candidates. 
 
■ METHODS 

 
Figure 1. Mechanistic studies. (A) TEMPO trapping experiment. (B) Stern–Volmer quenching studies. (C) Proposed mechanism. (D) 
Calculated energy diagram for the reaction of pyridylacetate 1k and 1-butene (2n). DFT calculations were conducted at the (U)B3LYP-
D3(BJ)/6-311++G(d,p)-SDD/SMD(MeCN) // (U)B3LYP-D3(BJ)/6-31G(d)-Lanl2DZ) levels of theory. 
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Representative Procedure for Hydroalkylation of Unacti-
vated Alkenes with Pyridylacetates: To a screw capped test 
tube equipped with a stir bar were added Y(OTf)3 (40.0 µmol, 
21.4 mg, 20 mol%) and bis(2,4,6-triisopropylphenyl) disulfide 
[(TRIPS)2] (5.0 µmol, 2.4 mg, 2.5 mol%). The test tube was 
then brought into N2-filled glovebox, where MeCN (0.40 mL), 
1a (0.20 mmol, 30 µL, 0.20 mmol) and 4-phenyl-1-butene (2a) 
(90 μL, 0.60 mmol, 3.0 equiv) were added. The test tube was 
sealed with a cap and removed from the glovebox. The reaction 
mixture was then irradiated with 440 nm LEDs in an oil bath 
heated to 60 °C. After stirring for 72 h, the reaction was 
quenched with sat. NaHCO3 aq. (1 mL), and the aqueous phase 
was extracted with EtOAc (1 mL × 5). The combined organic 
layers were concentrated under reduced pressure, and the resi-
due was purified by column chromatography (SiO2, 80/20 to 
50/50 hexanes/EtOAc) to provide 3aa as a yellow oil (49.9 mg, 
84%). 
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