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The catalytic functionalization of innate C(sp3)–H bonds in 
organic molecules represents an ideal approach for molecule 
construction and editing1,2. Compared to activated C(sp3)–H 

bonds adjacent to a heteroatom or π-system, the selective modifica-
tion of unactivated C(sp3)–H bonds presents a remarkable challenge 
due to their high bond dissociation energies (BDEs), low acidities 
and unreactive molecular orbital profiles3. In recent years, valuable 
technologies have been developed for the elaboration of unacti-
vated C(sp3)–H bonds via substrate-directed transition-metal C–H 
insertion4, iridium-catalysed undirected borylation5, rhodium-cat-
alysed C–H insertion with donor–acceptor carbenoids6, or HAT by 
electrophilic open-shell species7–10. Within this framework, direct 
HAT photocatalysis is an extremely appealing strategy due to the 
high catalyst and step economy (Fig. 1a)11,12. A direct HAT photo-
catalyst exploits the energy of a photon to trigger homolytic cleav-
age of the C(sp3)–H bond with no need of any directing group or 
additive. The oxo group in the excited-state photocatalyst possesses 
O-centred radical character and could selectively abstract electron-
rich and sterically accessible C(sp3)–H bonds due to the polarity-
matched HAT transition state13. The generated C-centred radical 
intermediates could be exploited for numerous C–C (refs. 14–17), 
C–N (ref. 18), C–O (ref. 19), C–F (ref. 20) and C–S (ref. 21) bond forma-
tions. Although much progress has been achieved, the vast major-
ity of established transformations require excess amounts of C–H 
substrates, especially for visible-light-absorbing photocatalysts11,12. 
The relatively low reactivity of direct HAT photocatalysts hampers 
their widespread application in the late-stage functionalization of 
advanced intermediates, pharmaceutical compounds and functional 
materials22,23. Notably, Britton and co-workers reported an acceler-
ated C–H fluorination through an electrostatic interaction between 

ammonium-containing substrates and decatungstate catalyst24. 
However, apart from adjusting physical parameters (for example, 
light intensity) and using advanced engineering techniques (for 
example, flow technology)17,18, a general strategy to enhance the 
reactivity of direct HAT photocatalysts remains unknown.

In this context, we took note of metal–oxygen complexes that 
could activate C(sp3)–H bonds via proton-coupled electron trans-
fer pathways, either stepwise or concerted25. With the elucidation 
of a Lewis acidic Ca2+ ion in the oxygen-evolving Mn4CaO5 clus-
ter embedded in photosystem II, there has been increased interest 
in understanding the influence of Lewis or Brønsted acids binding 
to metal–oxygen complexes26,27. Fukuzumi, Nam and co-workers 
studied C(sp3)–H oxidation reactions with [(N4Py)MnIV(O)]2+ 
(1) and [(N4Py)MnIV(O)]2+-(HOTf)2 (2) (N4Py = N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl)methylamine, HOTf = triflic acid) 
(Fig. 1b)28,29. The binding of two HOTf molecules to the MnIV(O) 
moiety results in a significant positive shift in the reduction poten-
tial. The oxidation of hexamethylbenzene (HMB) and pentamethyl-
benzene (PMB) by 2 proceeds via an electron transfer (ET) pathway 
at 273 K, and the observed reaction rate is much higher than that 
without HOTf. In the case of 1,4-cyclohexadiene (CHD), the highly 
endergonic ET reaction is unlikely at 298 K, and the HAT rate with 
2 is actually decelerated by ∼3-fold due to steric hindrance of the 
counter-anion of HOTf. An increase in ET reactivity and a decrease 
in HAT reactivity have also been observed when Lewis acids bind to 
metal–oxygen complexes27,28. Nevertheless, we questioned whether 
the binding of a Lewis or Brønsted acid to other heteroatoms adja-
cent to the oxo group could increase its electrophilicity without 
introducing steric hinderance. This strategy, if successful, would 
enhance the HAT reactivity of the oxo moiety.
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We recently reported that neutral eosin Y, an inexpensive organic 
dye, could behave as a visible-light-absorbing direct HAT photocata-
lyst for the functionalization of various activated C(sp3)–H bonds30–32. 
The catalyst molecule can absorb a blue photon (∼63 kcal mol−1) 
to activate C–H bonds with BDEs of approximately 90 kcal mol−1, 
beyond its redox capacity. However, low efficiencies were observed 
for unactivated C(sp3)–H bonds (BDE > 96 kcal mol−1), even when 
using five equivalents of alkane substrates. Compared to metal-oxo 
complexes, the eosin Y molecule possesses extra oxygen atoms on 
the xanthene core, offering opportunities to tune the HAT reactivity 
through interaction with acids (Fig. 1c).

Here we demonstrate the successful realization of this strategy for 
the eosin Y-photocatalysed functionalization of unactivated C(sp3)–H 
bonds. Protonation by a common Brønsted acid, methanesulfonic 
acid, could significantly enhance the HAT reactivity of excited eosin 
Y, as evidenced by experimental and computational studies. Under 
blue light irradiation, regioselective C(sp3)–H alkylation, heteroary-
lation and fluorination were achieved using alkanes as the limiting 
reagents. The late-stage functionalization of natural products and 
pharmaceutical molecules proceeded with good efficiency and high 
regioselectivity. Our preliminary results suggest that the protonation 
of heteroatoms near the oxo group could serve as a general strategy 
for enhancing the catalytic efficiency of direct HAT photocatalysts.

results
Effects of acid additives in eosin Y photocatalysis. To explore the 
effect of acids on the HAT reactivity and site selectivity, 2,5-dimeth-
ylhexane (3), which contains three different types of unactivated 
C(sp3)–H bonds, was selected as the standard alkane substrate and 
used as the limiting reagent. With electron-deficient alkene 4 as 
the reaction partner and 2 mol% neutral eosin Y as the direct HAT 
photocatalyst, the methine-functionalized product 5 was selectively 
obtained in 26% yield after 48 h under blue light irradiation (entry 
1, Table 1). The product yield was barely improved by prolonged 
reaction time (entry 2). Subsequently, a series of acid additives were 
evaluated (Supplementary Tables 1 and 2). The addition of Lewis 
acids, however, resulted in even lower yields (entries 3–5). This can 
be explained by the selective binding of Lewis acids with the sp2 
oxygen atom in the carbonyl moiety33, which increased the steric 
hindrance during the HAT process27,28. We reasoned that Brønsted 
acids could preferentially interact with more basic sp3 oxygen atoms 

(for example, protonated acetone pKa −7.2 in H2O (ref. 34); proton-
ated dimethyl ether pKa −3.8 in H2O (ref. 35)). To our delight, the 
efficiency of C(sp3)–H alkylation was indeed increased by several 
Brønsted acids (entries 6–9), and the use of 50 mol% methanesul-
fonic acid delivered the most efficient transformation, affording 
the alkylated product 5 in good yield (81%) and regioselectivity 
(>20:1) (entry 7). In contrast, a base additive, caesium carbonate, 
completely inhibited the reaction (entry 10).

Mechanistic investigation on the acid effect. The dramatic 
enhancement of reaction efficiency prompted us to investigate the 
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Fig. 1 | Development of a strategy to enhance the catalytic efficiency of direct HaT photocatalysis. a, The advantages and challenges of direct 
HAT photocatalysis11,12. b, Enhancing the ET reactivity of a metal-oxo complex with Brønsted acids28,29. c Enhancing the HAT reactivity of eosin Y with 
Brønsted acids (this work). PC, photocatalyst; ET, electron transfer; k, rate constant; HMB, hexamethylbenzene; PMB, pentamethylbenzene; CHD, 
1,4-cyclohexadiene; HOM, methanesulfonic acid; Tf, triflyl; Ms, mesyl.

Table 1 | effect of acids on eosin Y-catalysed C(sp3)–H alkylation

Ph
CN

CN

Eosin Y (2 mol%)
Additive (50 mol%)

DCE, 60 °C, 48 h
18 W blue LED

3
(1.0 equiv.)

4
(2.0 equiv.)

Me
Me

Me

Me

Me
Me

Me

Me
Ph

CN

CN

5

entrya additive additive type Yield 
(%)b

r.r.c

1 None — 26 >20:1

2d None — 30 >20:1

3 BF3·Et2O Lewis acid 14 >20:1

4 Yb(OTf)3 Lewis acid 15 >20:1

5 Cu(OTf)2 Lewis acid 0 —

6 CF3COOH Brønsted acid 39 >20:1

7 CH3SO3H Brønsted acid 81 >20:1

8 pTSA·H2O Brønsted acid 47 >20:1

9 HClO4 Brønsted acid 69 >20:1

10 Cs2CO3 Base 0 —
aReaction conditions: 3 (0.2 mmol), 4 (0.4 mmol), neutral eosin Y (2 mol%) and additive 
(50 mol%) in DCE (4.0 ml) under irradiation using blue LEDs (470 nm) at 60 °C for 48 h under 
argon. bYields were determined by analysis of the crude 1H NMR spectra using dibromomethane as 
an internal standard. cRegioselectivity (r.r.) was determined by 1H NMR spectroscopic and GC–MS 
analyses of the crude reaction mixture. d96 h reaction time. DCE, 1,2-dichloroethane; GC–MS, gas 
chromatography–mass spectrometry; LED, light-emitting diode; pTSA, p-toluenesulfonic acid.
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role of Brønsted acids in eosin Y-mediated C(sp3)–H functionaliza-
tion. Eosin Y presents complex protolytic and tautomeric equilibria 
and could exist in different forms depending on the local pH and 
medium (Supplementary Fig. 4)36,37. The neutral species of eosin Y 
has two tautomeric forms: the quinoid form (NE1, Fig. 2a) and the 
spirocyclic lactone form (NE2). The quinoid form NE1 has been 
proven by spectroscopic and computational studies to be HAT-
active under blue light irradiation30. In the presence of Brønsted 
acids, the sp3 oxygen atoms on eosin Y could be protonated to give 

three possible tautomeric forms of cationic eosin Y: CE1, CE2 
and CE3 (Fig. 2a). Of these, CE1 and CE2 are potentially HAT-
active under light irradiation considering their structural similar-
ity to NE1. During the optimization of Brønsted acid additives, 
we observed that the light pink solution of neutral eosin Y quickly 
turned yellow after the addition of Brønsted acids (Fig. 2b). This was 
reflected by the change in the ultraviolet–visible absorption spectra 
(Fig. 2c). Neutral eosin Y showed relatively weak absorption in the 
visible-light region with maximum absorption at approximately 

O

Br

HO

Br

OH

Br

Br

COOH

Cationic eosin Y
(tautomeric form 1)

CE1

+ H+

O

Br

H2O

Br

O

Br

Br

COOH

O
H

Br

HO

Br

O

Br

Br

COOH

O

O

O

OHHOOHO

Br

Br Br

Br

CO2H

O

Br

BrBr

Br

Neutral eosin Y
(lactone form)

NE2

Neutral eosin Y
(quinoid form)

NE1

a

Cationic eosin Y
(tautomeric form 2)

CE2

Cationic eosin Y
(tautomeric form 3)

CE3

b

Eosin Y (10 mol%)
MeSO3H (250 mol%)

DCE, 60 °C, hv

6

N O

Me
Me

Me
Me

N O

Me
Me

Me
Me

Cl

Cl

8%
comfirmed by HRMS

c

g

6

N O

Me
Me

Me
Me

7

Eosin Y (10 mol%)

DCE, 60 °C, hv

not detected

Yield     26%              23%                 39%             31%               81%               47%              18%      69%              49%

ed
330 nm 550 nm

1

0
350 400 450 500

Wavelength (nm)

Methanesulfonic acid
Perchloric acid (70%)
Hydrochloric acid (37%)

Yield
Absorption at 450 nm

p-Toluenesulfonic acid
monohydrate
Trifluoroacetic acid
Nitric acid (65%)
Acetic acid
No acid

550 600 650 AcOH
0

1

Y
ield (%

)

80

40

0

2
3

2

1

0

–1

–2

–3
350 400 450 500

Wavelength (nm)

0 µs
1.19 µs
2.38 µs
3.57 µs
4.76 µs

550 600 650 700

HNO3 TFA pTsOH·H2OHCIO4 MeSO3H

A
bs

or
pt

io
n

A
bs

or
pt

io
n

D
el

ta
 O

D
 (

10
–3

)

f 330 nm 510 nm370 nm

0 µs
1.19 µs
2.38 µs
3.57 µs
4.76 µs

D
el

ta
 O

D

350 400 450 500

Wavelength (nm)

550 600 650 700
–0.05

–0.04

–0.03

–0.02

–0.01

0

0.01

0.02

Fig. 2 | Mechanistic studies on the acid effect. a, Tautomeric forms of neutral eosin Y (Ne1 and Ne2) and cationic eosin Y (Ce1, Ce2 and Ce3). b, Colour 
change after mixing neutral eosin Y (0.5 mM in DCE) with different Brønsted acids (12.5 mM, 25 equiv.). c, Ultraviolet–visible absorption spectra of eosin 
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472 nm (ε = 0.3 × 103 l mol−1 cm−1), while a new strong absorption 
peak centred at approximately 450 nm (ε = 3.5 × 103 l mol−1 cm−1) 
appeared after methanesulfonic acid was added. In addition, the 
maximum emission peak of eosin Y shifted from 586 to 556 nm 
after the addition of acids (Supplementary Fig. 8), which indicated 
that the yellow species is a different species from neutral eosin Y. 
Mchedlov-Petrossyan observed that in water/sulfuric acid mixtures, 

neutral and cationic eosin Y showed absorption bands with peaks 
at approximately 480–485 nm (ε = 8.5 × 10−3 l mol−1 cm−1) and 
453-455 nm (ε = 44.5 × 10−3 l mol−1 cm−1) at pH 0–0.5 and pH −2, 
respectively38. The reported equilibria and absorption data are con-
sistent with our observations, suggesting that the new yellow spe-
cies is protonated eosin Y (CE1–CE3). More importantly, it was 
noted that the Brønsted acids associated with stronger absorption 
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Table 2 | Substrate scope of C(sp3)-H alkylation
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at 450 nm (intensified yellow colour) also led to higher reaction 
yields, except for volatile HCl (Fig. 2b,d). The most effective acid 
additive, methanesulfonic acid, gave rise to the strongest absorption 
at 450 nm. This strong correlation between absorption intensity and 
reaction efficiency indicated that protonated eosin Y is responsible 
for the enhanced reactivity.

A series of control experiments were carried out to further 
probe the catalytic process and elucidate the enhanced reactivity. 
First, fluorescence quenching experiments showed that neither 
alkane 3 nor alkene 4 could quench the excited state of cationic 
eosin Y (Supplementary Fig. 9). Various triplet photosensitizers 
failed to promote the C(sp3)–H alkylation reaction (Supplementary 
Table 12). These observations suggest that an electron transfer or 
energy transfer pathway is unlikely and thereby support a HAT 
mechanism30,39. Next, a laser flash photolysis study was performed 
to identify the eosin Y transient intermediates. As shown in Fig. 2e, 
the DCE solution of neutral eosin Y exhibited a strong ground-state 
bleaching from 350 to 520 nm after laser excitation, and two new 
absorption peaks at approximately 330 and 550 nm decayed with 
very similar lifetimes (0.98 and 1.10 μs, respectively, Supplementary 
Fig. 11). These absorption peaks and lifetimes match the reported 
data of triplet-state neutral eosin Y (NE1*, Fig. 3b)30,39. For the 
DCE solution of cationic eosin Y, strong bleaching of the ground 
state from 400 to 480 nm was observed upon laser excitation (Fig. 
2f). In addition, two new absorption peaks at approximately 330 
and 510 nm decayed with very similar lifetimes (3.74 and 4.18 μs, 
respectively, Supplementary Fig. 13). It should be noted that these 
two absorption peaks and decay lifetimes are different from those 

of the triplet state neutral eosin Y, indicating the presence of a dif-
ferent triplet state species. We assigned the absorption peaks at 330 
and 510 nm to the excited cationic eosin Y (CE1* or CE2*, Fig. 3b). 
Interestingly, another new absorption peak with an exceptionally 
long lifetime (323.7 μs, Supplementary Fig. 13) emerged at approxi-
mately 370 nm (Fig. 2f). This absorption and lifetime fit the charac-
teristics of the radical intermediate neutral eosin Y-H, which could 
be generated by HAT from a hydrogen donor with excited neutral 
eosin Y (NE1*)30,39. In stark contrast, the absorption peak at 370 nm 
corresponding to neutral eosin Y-H was not observed for neutral 
eosin Y in DCE (Fig. 2e)39. This comparison suggests that excited 
cationic eosin Y possesses stronger hydrogen-abstracting ability and 
could abstract a hydrogen atom from the relatively electron-poor 
and strong C–H bond in DCE (BDEC–H ≈ 97 kcal mol−1)40. Radical 
trapping experiments with TEMPO (6, (2,2,6,6-tetramethylpiper-
idin-1-yl)oxyl) further proved that excited cationic eosin Y could 
activate the C–H bonds in DCE, whereas excited neutral eosin Y 
could not (Fig. 2g). The presence of protonated eosin Y throughout 
the reaction process was supported by ultraviolet–visible monitor-
ing (Supplementary Figs. 25 and 26) and electrospray ionization 
mass spectrometry (ESI-MS, Supplementary Figs. 27–29). Both 
light on/off experiments (Supplementary Fig. 30) and the calculated 
quantum yield (Ф = 0.004) supported a photocatalytic cycle with 
short-lived radical chain propagation41. A deuterium labelling study 
was also conducted by treating cyclohexane and d12-cyclohexane 
with alkene 4 in two different vessels or in one vessel, resulting in 
kH/kD values of 2.5 and 3.5, respectively (Supplementary Fig. 24). 
The kinetic isotope effect (KIE) data indicated that C–H cleavage 

Table 3 | Substrate scope of C(sp3)–H heteroarylation

Eosin Y (2 mol%)
MeSO3H (50 mol%)

MeCN, 60 °C,
blue LED

Unactivated C(sp3)–H bond
(1.0 equiv.)

Pyridinium salt

H

C(sp3)–H heteroarylation product

N

N
Me

BF4

SO2Ar

R
N

R

Me
Me

Me

Me

N

Me

42, 74%
(44% without acid)

Me

Me

47, 15%a, r.r. > 20:1

N

Me

44, n = 1, 64%
45, n = 5, 65%

46, 38%, r.r. > 20:1
d.r. > 20:1 48, 56%, r.r. = 2.3:1b

N

Me

N

Me

43, 89%

N N

Me

N

Me

49, 84%, r.r. > 20:1
(47% without acid)

NHBz

N

From amantadine
58, 78%, r.r. > 20:1

N

Me NPhth

From rimantadine
59, 68%, r.r. > 20:1

N

Br

O
Me

From adapalene precursor
60, 72%, r.r. > 20:1

NPhth

N

From amantadine
57, 39%, r.r. > 20:1

NPhth

N

Br

From amantadine
56, 83%, r.r. > 20:1

NPhth

N

MeO

OH

N
N

Cl

N

O

50, 86%, r.r. > 20:1
52, 45%, r.r. > 20:1
(19% without acid)

51, 72%, r.r. > 20:1

From amantadine
55, 65%, r.r. > 20:1

N

CO2Me

N

CN

53, 37%, r.r. > 20:1 54, 34%, r.r. > 20:1

n

Ar = p-CF3-C6H4

Heteroarylation conditions: alkane (0.2 mmol, 1 equiv.), pyridinium salt (2 equiv.), neutral eosin Y (2 mol%) and methanesulfonic acid (50 mol%) in MeCN (4 ml) under irradiation using a 40 W blue LED 
(λmax = 467 nm) at 60 °C for 48 h under argon. Isolated yields are given. Regioselectivity (r.r.) and diastereomeric (d.r.) ratios were determined from 1H NMR spectroscopic and GC–MS analyses of the crude 
reaction mixture. aYield determined by the analysis of crude 1H NMR spectra using dibromomethane as an internal standard. bMinor regioisomer on methine position.
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might be involved in the rate-determining step42. A photo HAT 
cycle catalysed by protonated eosin Y was proposed in light of all 
the experimental data (Fig. 3a).

Our subsequent efforts were directed toward understanding 
the HAT reactivity difference through density functional theory 
(DFT) calculations (Fig. 3b). For the triplet cationic eosin Y CE1* 
and CE2*, the computed free energy barriers of the HAT reaction 
with isobutane are 16.1 and 17.6 kcal mol−1, respectively. Both are 
lower than the 18.7 kcal mol−1 HAT barrier of triplet neutral eosin 
Y (NE1*). In addition, the barriers for triplet monoanionic (AE1*) 
and dianionic (DAE1*) eosin Y are above 21 kcal mol−1, which is 
consistent with the poor HAT performance in the presence of a base 
(entry 10, Table 1). The kinetic trend agrees well with the thermo-
dynamic driving force. For protonated eosin Y, the calculated BDEs 
of the O–H bonds formed during HAT are also higher than those 
of neutral eosin Y (Fig. 3b), while anionic eosin Y possesses much 
weaker O–H bonds (see Supplementary Fig. 40 for the details of BDE 
calculation). Overall, these calculation results support the enhanced 
hydrogen abstraction power of triplet cationic eosin Y, which is most 
probably the reason for the improved catalytic efficiency.

Scope of C(sp3)–H functionalizations. Having gained insight into 
Brønsted acid-enhanced direct HAT photocatalysis using eosin Y, we 
explored the scope and site selectivity of this C–H alkylation process 
(Table 2). A wide range of unactivated alkanes were smoothly alkyl-
ated in moderate to excellent yields with the C–H substrate as the 
limiting reagent (5 and 8–41). Hydrocarbons, including cyclic and 

acyclic ones, gave alkylated products 5 and 8–17 in good yields (37–
88%) with high selectivity on the most electron-rich methine sites. 
Steric hindrance had little effect on the alkylation reactivity, and 
even 2,3-dimethylbutane gave product 13 in 82% yield. The regiose-
lectivity was decreased to some extent when the substrates possessed 
more methylene C–H bonds (11 and 14). A series of aryl groups on 
methylenemalononitrile were tolerated, bearing functional groups 
such as aryl bromide (8), trifluoromethyl (9), thiophene (11) and 
furan (12). Michael acceptors possessing amide (13), ester (14, 15), 
sulfone (16) or phosphate ester (17) moieties were all good candi-
dates for this transformation, affording the corresponding products 
in 51–82% yields. Control experiments consistently showed that the 
reaction yield was significantly improved in the presence of meth-
anesulfonic acid (5, 13, 15, 16, 18 and 34). Functional alkanes with 
terminal electron-withdrawing groups were subsequently evaluated 
(18–30). Different functional groups, such as free carboxylic acid 
(18), alkyl chloride (19), nitrile (20), benzenesulfonate (21), aryl 
iodide (23), isoxazole (24), thiazole (25) and alkyl bromide (28), 
were well tolerated. C–H bond alkylation was found to be highly 
selective for reactions at more electron-rich, remote, methine C–H 
bonds (18–25). In addition, excellent regioselectivity was observed 
for remote methine C–H bonds over proximal ones (26–30), reveal-
ing the inherent electronic selectivity of the HAT process13. A 45% 
yield of methine-functionalized product was obtained with adaman-
tane (31). The transformation of adamantane derivatives showed 
that the methine C–H bonds were preferentially functionalized 
in the presence of an adamantane group (32 and 33), presumably 

Table 4 | Substrate scope of C(sp3)–H fluorination

Eosin Y (4 mol%)
MeSO3H (100 mol%)

MeCN/H2O, 45 °C,
blue LED

Unactivated C(sp3)–H bond
(1.0 equiv.)

Selecfluor

H F

C(sp3)–H fluorination product

N

N

F
2BF4

Cl

F

F

Me
Me

OBz

H

Me

F

Me

Me

NPhth

F

Me

Me

O

NH2

F

Me
Me

NPhth

H

Me

F

Me

BzO

61, 75%, r.r. > 20:1
(32% without acid)

66, 63%, r.r. = 8:1b 67, 48%, r.r. = 12:1b

62, 64%, r.r. > 20:1
65, 44%a

d.r. = 1.3:1

F

Me

Me

OSO2Ph

68, 40%
(16% without acid)

BzO

F

Me

Me

Ph

O

63, 83%, r.r. > 20:1
64, 52%, r.r. > 20:1
(20% without acid)

F

69, 27%, r.r. > 20:1

F

Me

Me

NPhth

CO2Me

From leucine
70, 78%, r.r. > 20:1

F

Me

Me

CO2Me

PhthN

From valine
71, 51%, r.r. > 20:1

NPhth

Me
Me

F

From memantine
72, 79%, r.r. > 20:1

From CerK inhibitor
73, 86%, r.r. > 20:1

F

COOPh

Me

OBz

From menthol
76, 42%

C1:C2:C3 = 4.5:1.5:1

F

From sclareolide
74, 68%, r.r. = 3:1b, α:β = 9:1

O

O

Me

O NH

O

O

OAc
H

From cycloheximide
75, 23%c, r.r. > 20:1

Me F

F

H

C1
C2

C3

Fluorination conditions: alkane (0.2 mmol, 1 equiv.), Selectfluor (2 equiv.), neutral eosin Y (4 mol%) and methanesulfonic acid (100 mol%) in MeCN/H2O (1.5 ml/2.5 ml) under irradiation using a 40 W 
blue LED (λmax = 467 nm) at 45 °C for 3 h under argon; then another portion of neutral eosin Y (4 mol%) was added and continuously irradiated for another 3 h. Isolated yields are given. Regioselectivity (r.r.) 
and diastereomeric (d.r.) ratios were determined from 1H NMR spectroscopic and GC–MS analyses of the crude reaction mixture. a64% selectivity. bThe minor activated C–H site is marked in blue. cYield 
determined by the analysis of crude 1H NMR spectra using dibromomethane as an internal standard.
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due to electronic effects and the relatively high BDE of adamantane 
methine C–H bonds (∼99 kcal mol−1)40. The unactivated methylene 
C–H bonds in cyclic alkanes were readily accommodated (34 and 
35). The potential of this protocol for the late-stage site-selective 
alkylation of complex molecules was subsequently investigated. 
Pristane, a natural saturated terpenoid, was alkylated in excellent 
yield (82%) with a slight preference for the more sterically accessible 
terminal methine sites (36). A mixture of diastereomers of pinane 
containing three electronically similar but sterically distinct methine 
C–H bonds reacted to give 73% isolated yield of a single isomer 37. 
Scaling up the alkylation reaction to 4 mmol delivered 1.26 g of 37 
with similar efficiency. Useful yields were observed for the essential 
amino acid leucine (38) and the drug memantine (39) with exclusive 
regioselectivity at the methine sites. Similarly, the complex deriva-
tives of thalidomide (40) and androsterone (41) underwent regio-
specific alkylation in 80% and 39% yields, respectively.

The efficient and site-selective activation of alkanes by Brønsted 
acid-enhanced direct HAT photocatalysis sets the stage for install-
ing medicinally relevant functionalities in molecular scaffolds. We 
found that this strategy can be readily applied to C(sp3)–H het-
eroarylation and fluorination using C–H substrate as the limiting 
reagent (Tables 3 and 4). The use of methanesulfonic acid was crucial 
for an efficient transformation in both transformations (42, 49, 52, 
61, 64, 68). With N-aminopyridinium salt as the reaction partner43, 
cyclic alkanes with ring sizes ranging from 7 to 12 gave the 4-pyr-
idinated products 42–45 in good yields (64–89%). The methylene 
C–H bonds in norbornane (46) reacted selectively in the presence of 
sterically hindered methine C–H bonds. Interestingly, 2,5-dimeth-
ylhexane, which was a good candidate in the alkylation reaction 
(88% yield, 7), afforded the pyridination product in poor yield 
(15%, 47). Moreover, trans-1,4-dimethylcyclohexane, which exhib-
ited high methine selectivity in alkylation (9, r.r. = 19:1), underwent 

selective pyridination on the methylene sites (48, r.r. = 2.3:1). The 
inverse reactivity and selectivity could be rationalized by the rela-
tively slow addition of bulky tertiary alkyl radicals to heteroarenes44. 
Compared to Giese-type reactions, the Minisci-type reaction is 
more sensitive to steric hindrance around the radical centre45. 
Adamantane-containing compounds were then examined because 
of their unique physicochemical and biological properties. The 
reaction of adamantane derivatives, including amantadine (55-58), 
rimantadine (59) and an adapalene precursor (60), furnished the 
heteroaryl products in generally good yields (39–83%). Pyridination 
occurred predominantly at the methine C–H sites, presumably due 
to their equatorial character and the high stability of 1-adamantyl 
radicals46,47. Electron-poor and electron-rich substituents at either 
the C2 (49) or C3 (55, 56) position of pyridine had little influence 
on the reaction efficiency. C4-substituted pyridinium salts could 
also be accommodated, delivering 2-pyridinated products in mod-
erate yields (53, 54). In addition, a quinolinium salt was an effec-
tive substrate to afford 57. We next explored the direct fluorination 
of unactivated C(sp3)–H bonds in view of the critical role fluorine 
plays in drug development48. With Selectfluor (1-chloromethyl-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)) 
as the fluorination reagent, fluorine substitution occurred with a 
broad range of substrates with generally good efficiency and high 
selectivity (61–76). C–H fluorination occurred selectively at the 
more electron-rich methine C–H bonds (61–67), tolerating func-
tional groups such as protected amine (61), amide (62) and ketone 
(64). Cyclododecane afforded the monofluorinated product 68 in 
40% yield. Interestingly, the remote methylene C–H bonds in butyl 
benzoate (69) were selectively functionalized (r.r. > 20:1). We were 
pleased to observe that a number of natural products and pharma-
ceuticals participated in efficient fluorination with our protocol 
(70–76). Fluorinated amino acids are valuable intermediates in drug 
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Fig. 4 | effect of Brønsted acids on different direct HaT photocatalysts. Enhancement of HAT efficiency with Brønsted acid was observed for aromatic 
ketones bearing sp3 oxygen atoms and the decatungstate anion. Reaction conditions for aromatic ketones: cyclooctane (0.2 mmol, 1.0 equiv.), alkene 4 
(2.0 equiv.), ketone photocatalyst (50 mol%) and acid (25 mol%, if used) in DCE (2 ml) under irradiation using 40 W LED (λmax = 390 nm) at 60 °C for 
24 h under argon. Reaction conditions for TBADT: cyclooctane (0.2 mmol, 1.0 equiv.), alkene 4 (1.0 equiv.), TBADT (1 mol%) and acid (20 mol%, if used) in 
MeCN (2 ml) under irradiation using 40 W LED (λmax = 370 nm) at room temperature for 2 h under argon. Yields were determined by analysis of the crude 
1H NMR spectra using dibromomethane as an internal standard.

NaTure SYNTHeSiS | www.nature.com/natsynth

http://www.nature.com/natsynth


ArticlesNATurE SYNTHESiS ArticlesNATurE SYNTHESiS

discovery and potential imaging agents for cancer49. We managed 
to obtain a 78% yield of γ-fluorinated leucine (70), which serves as 
a precursor to the investigational drug odanacatib. Another amino 
acid, valine, was also an effective substrate (71, 51%). Two adaman-
tane-containing drugs (72 and 73) were selectively fluorinated in 
excellent yields (79% and 86%, respectively). Difluoro and trifluoro 
products, which are observed in electrochemical C–H fluorination, 
were not detected in any of these reactions50. Sclareolide, a sesqui-
terpenoid natural product, was fluorinated at sterically accessible 
methylene sites (74, 68%). The naturally occurring fungicide cyclo-
heximide, which contains five methine C–H bonds and five methy-
lene sites, underwent fluorination exclusively on the most hydridic 
methine C–H bond, albeit in lower yield (75). Menthyl benzoate 
with two electronically similar methine C–H bonds reacted pref-
erentially at the isopropyl side chain (76, 64% selectivity for C1). 
Notably, this selectivity is different from that of decatungstate-
photocatalysed fluorination20 and iron-catalysed oxidation51, where 
functionalization of the less-hindered cyclohexyl methine site (C2) 
is preferred. The observed selectivity in our reaction indicates that 
photoexcited protonated eosin Y is less sensitive to steric hindrance, 
which is consistent with our design principle (Fig. 1).

Effect of acid on other direct HAT photocatalysts. We further 
investigated whether this strategy could be a general method to 
enhance the reactivity of direct HAT photocatalysis. Considering 
the widespread usage of aromatic ketones and decatungstate anion 
in photocatalysed HAT reactions11,12, the effect of Brønsted acids on 
these ultraviolet-light-absorbing photocatalysts was investigated. As 
shown by the preliminary results (Fig. 4), no improvement in HAT 
efficiency was observed for benzophenone with the addition of 
methanesulfonic acid. However, for 4,4′-dimethoxybenzophenone 
bearing sp3 oxygen atoms, the alkylation yield was increased from 
10% to 32% in the presence of the same acid. Moreover, a 24-fold 
increase in reaction yield was obtained for xanthone, presumably 
owing to the proximity of its sp3 oxygen atom to the carbonyl moi-
ety. In contrast, 9-fluorenone and thioxanthone, two structural 
analogues of xanthone that lack sp3 oxygen atoms, showed no 
improvement in product yield in the presence of an acid. These 
results suggest that the protonation of sp3 oxygen atoms in an aro-
matic ketone photocatalyst could lead to enhanced HAT efficiency. 
The alkylation yield with tetra-n-butylammonium decatungstate 
(TBADT) was also improved (from 22% to 33% yield) by the use 
of methanesulfonic acid. A stronger Brønsted acid, perchloric acid, 
further improved the reaction yield to 54%. The improvement 
was most likely due to protonation of the sp3 oxygen atoms in the 
W–O–W bonds of TBADT52.

Discussion
We report here a general strategy for enhancing the reactivity of 
direct HAT photocatalysts with Brønsted acids. With eosin Y as an 
economic choice for HAT photocatalysts, this approach provides a 
general platform for the functionalization of unactivated alkanes 
using C–H substrate as the limiting reagent. Late-stage functional-
izations, including alkylation, heteroarylation and fluorination, of 
complex pharmaceutically important molecules were achieved with 
high levels of site selectivity, and a broad scope of functional groups 
were tolerated. The selective protonation of sp3 oxygen atoms on 
eosin Y results in significantly enhanced HAT efficiency, as evi-
denced by experimental and computational findings. Brønsted acid-
enhanced HAT was also found to be applicable to aromatic ketones 
and decatungstate anions. This study is expected to inspire further 
efforts at C–H functionalization via HAT catalytic pathways.

Methods
General procedure for C(sp3)–H alkylation. To a 10 ml oven-dried Schlenk tube 
equipped with a magnetic stir bar, the corresponding C–H nucleophile (0.1 or 

0.2 mmol, 1.0 equiv., if solid), alkene (2 or 3 equiv.), eosin Y (2 mol%) and DCE 
(4 ml) were added. The resulting mixture was cooled to 0 °C using an ice-water bath 
and bubbled with an argon balloon for 10 min. Methanesulfonic acid (50 mol%) 
and the C–H nucleophile (0.1 or 0.2 mmol, 1.0 equiv., if liquid) were then added. 
After that, the reactor was placed close to a 40 W 467 nm LED (∼3 cm away), 
stirred and irradiated for 48 or 96 h under argon atmosphere. The temperature 
was maintained at 60 °C using a water bath. The reaction mixture was removed 
from the light and quenched by stirring while open to air for 5 min. The solvent 
was removed on a rotary evaporator under reduced pressure, and the residue was 
subjected to column chromatography isolation over silica gel or preparative thin-
layer chromatography to give the corresponding product.

General procedure for C(sp3)–H heteroarylation. To a 10 ml oven-dried Schlenk 
tube equipped with a magnetic stir bar, the corresponding C–H nucleophile 
(0.2 mmol, 1.0 equiv., if solid), pyridinium salt (0.4 mmol, 2 equiv.), eosin Y (2.6 mg, 
0.004 mmol, 2 mol%) and acetonitrile (4 ml) were added. The resulting mixture 
was cooled to 0 °C using an ice-water bath and bubbled with an argon balloon 
for 10 min, followed by the addition of methanesulfonic acid (9.6 mg, 0.1 mmol, 
50 mol%) and the C–H nucleophile (0.2 mmol, 1.0 equiv., if liquid). After that, the 
reactor was placed close to a 40 W 467 nm LED (∼3 cm away), stirred and irradiated 
for 48 h under argon atmosphere. The temperature was maintained at 60 °C using a 
water bath. The reaction mixture was removed from light and quenched by stirring 
while open to air for 5 min. The solvent was removed on a rotary evaporator 
under reduced pressure. Then, 5 ml of saturated NaHCO3 aqueous solution was 
added, and the reaction mixture was extracted by dichloromethane (3 × 5 ml). The 
combined organic phase was dried over MgSO4 and concentrated under reduced 
pressure. Column chromatography isolation over silica gel or preparative thin-layer 
chromatography gave the corresponding product.

General procedure for C(sp3)–H fluorination. To a 10 ml oven-dried Schlenk 
tube equipped with a magnetic stir bar, the corresponding C–H nucleophile 
(0.2 mmol, 1.0 equiv., if solid), Selectfluor (141.7 mg, 0.4 mmol, 2 equiv.), eosin Y 
(5.2 mg, 0.008 mmol, 4 mol%), water (2.5 ml) and acetonitrile (1.5 ml) were added. 
The resulting mixture was cooled to 0 °C using an ice-water bath and bubbled with 
an argon balloon for 10 min. Methanesulfonic acid (19.2 mg, 0.2 mmol, 100 mol%) 
and the C–H nucleophile (0.2 mmol, 1.0 equiv., if liquid) were then added. Next, 
the reactor was placed close to a 40 W 467 nm LED (∼3 cm away), stirred and 
irradiated for 3 h under argon atmosphere. The temperature was maintained at 
45 °C using a water bath and cooling fan. Another portion of eosin Y (5.2 mg, 
0.008 mmol, 4 mol%) was added under an argon atmosphere, and the reaction was 
again subjected to light irradiation for 3 h. The reaction was removed from light 
and quenched by stirring while open to air for 5 min. The mixture was diluted 
with water and extracted with dichloromethane (3 × 5 ml). The combined organic 
phase was dried over MgSO4 and concentrated under reduced pressure. Column 
chromatography isolation over silica gel or preparative thin-layer chromatography 
gave the corresponding product.

Data availability
All data supporting the findings of this study are available within the paper and its 
Supplementary Information. The Cartesian coordinates of the calculated stationary 
points are provided in the Supplementary Data.
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