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Photochemically Induced Radical Alkenylation of 
C(sp3)–H Bonds 
Yuuki Amaoka,a Masanori Nagatomo,a Mizuki Watanabe,b Keisuke Tao,b  
Shin Kamijo,*b and Masayuki Inoue*a 

Direct alkenylation of C(sp3)–H bonds was achieved by employing benzophenone and 1,2-

bis(phenylsulfonyl)ethylene under photo-irradiation conditions.  This simple metal-free reaction 

enables the substitution of heteroatom-substituted methine, methylene and aliphatic C(sp3)–H bonds 

by the (E)-sulfonylalkene units in a highly chemoselective manner.  The derived sulfonylalkenes were 

further converted in a single step to the prenyl derivatives via a second photo-induced radical 

substitution and to the pyrrole derivatives via cyclization and aromatization.  The present protocol 

thus serves as an efficient method for the direct extension of carbon skeletons for the synthesis of 

structurally complex natural products and pharmaceuticals. 

 

Introduction 

The direct transformation of C(sp3)–H bonds to C(sp3)–C bonds 
is one of the most ideal methodologies for constructing the 
complex carboskeletons of pharmaceutically important 
molecules, 1 , 2  which often contain a high proportion of sp3-
hybridized carbon centers.3  Such reactions generally eliminate 
the need for preactivation steps and thus dramatically simplify 
the synthetic scheme.  Accordingly, many transition-metal 
catalyzed activation methods have been developed to realize 
such C(sp3)–H transformations.  On the other hand, there are 
fewer reports of metal-free C–H transformations, mainly 
because chemoselective functionalization of the requisite strong 
C(sp3)–H bond is generally a challenge especially when using 
organic molecules.  Recently, we employed photochemically-
generated highly reactive oxyl radicals as a key species for the 
homolytic cleavage of C(sp3)–H bonds, and demonstrated 
chemoselective acylation, carbamoylation, cyanation, 
alkynylation and pyridination.4  These studies prompted us to 
apply the metal-free photochemical reaction to the direct 
attachment of an alkene unit.     

Alkenes are not only incorporated as important functional 
groups in natural products and pharmaceuticals, but are also 
used as a handle for further carbon elongations and synthetic 
manipulations.  Therefore, there has been much interest in 
approaches allowing the direct introduction of alkene units to 
C(sp3)–H bonds.5,6  Herein we report a simple and versatile 
method for the alkenylation of C(sp3)–H bonds using a new 
reagent system consisting of commercially available 
benzophenone (Ph2C=O) and trans-1,2-

bis(phenylsulfonyl)ethylene 2 under photo-irradiation 
conditions (Scheme 1).7,8  The present transformation is widely 
applicable to the heteroatom-substituted methine, methylene 
and even aliphatic C(sp3)–H bonds of starting materials 1, and 
generates the corresponding (E)-sulfonylalkenes 3 in a highly 
chemoselective fashion.  The synthetic utility of the resultant 
(E)-sulfonylalkenes 3 is further demonstrated by its single-step 
transformations into prenyl derivatives 4 and pyrrole 
derivatives 5, both of which are substructures of various natural 
products and pharmaceuticals (e.g. (2R)-illicinone F 9  and 
dibromoisophakellin10).  

H
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Scheme 1. Photochemically induced C(sp3)–H alkenylation using 
benzophenone and 1,2-bis(phenylsulfonyl)ethylene 
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Results and discussion 

Our reaction design for C(sp3)–H alkenylation using trans-1,2-
bis(phenylsulfonyl)ethylene 2 is illustrated in Scheme 2.  First, 
photo-excited Ph2C=O, a highly reactive oxyl radical species, 
cleaves an C(sp3)–H bond of 1 to provide carbon radical 
intermediate A and ketyl radical B.  Then, the electrophilic oxyl 
radical irreversibly abstracts a hydrogen from the most 
electron-rich C(sp3)–H bond in 1.  The chemoselectivity of the 
reaction is kinetically determined by this C(sp3)–H homolysis.  
Since a proximal heteroatom (X = N or O) generally activates 
the C(sp3)–H bond through hyperconjugation from its lone pair, 
the C(sp3)–H bonds of the heteroatom-substituted carbons are 
expected to be selectively abstracted in the presence of the 
aliphatic counterparts.11  After H-abstraction, the electron-rich 
carbon radical A in turn reacts with the electrophilic radical 
acceptor 2 to form another carbon radical, C.  Subsequent 
release of phenylsulfonyl radical D from C affords the desired 
alkenylated product 3, and Ph2C=O is regenerated if the 
hydrogen atom is transferred from B to D.    

 
Scheme 2. Reaction design of C(sp3)–H alkenylation 

Based on the design in Scheme 2, we screened reaction 
conditions using 5-methyl-2-pyrrolidone 1a as a starting 
material (Table 1).  First, a 0.05 M MeCN solution of 1a (1 
equiv), 2 (1.2 equiv) and Ph2C=O (1 equiv) was photo-
irradiated with a Riko 100 W medium-pressure mercury lamp 
for 24 h (entry 1), resulting in the formation of (E)-
sulfonylalkene 3a in 57% yield.  The most electron-rich C(sp3)–
H bond proximal to the nitrogen of 1a was thus 
chemoselectively alkenylated to generate the new tetra-
substituted carbon of 3a.   The yield of desired product 3a was 
increased to 94% and the reaction time was shortened to 5h, 
when 5 equiv of 1a was employed with 2 (1 equiv) and Ph2C=O 
(1 equiv) (entry 2).12  Alternatively, changing the solvent from 
MeCN to t-BuOAc improved the efficiency even when using 
1a as the limiting reagent (77% yield, entry 3).  Other solvents 
were found to be less effective than t-BuOAc (entries 4-6).  
Although a decrease in the amount of Ph2C=O from 1 equiv 
(entry 3) to 0.5 equiv (entry 7) did not significantly affect the 
outcome, the desired reaction did not proceed in the absence of 

Ph2C=O (entry 8).13  These results corroborated the essential 
role of Ph2C=O as a hydrogen-abstracting agent.  

Next, the scope of the applicable starting materials was 
expanded using the two optimized conditions shown in Table 1: 
conditions A (entry 3, 1/2/Ph2C=O, 1:1.2:1, t-BuOAc solvent) 
and conditions B (entry 2, 1/2/Ph2C=O, 5:1:1, MeCN solvent).  
Under both conditions, alkenylation occurred at the most 
electron-rich methine C(sp3)–H bonds adjacent to the 
heteroatoms, despite their steric hindrances (Table 2).  Bicyclic 
lactam 1b was alkenylated selectively at the methine C(sp3)–H 
bond adjacent to the nitrogen in the presence of the methylene 
C(sp3)–H bond proximal to the oxygen, providing 3b as the 
sole product (entries 1 and 2).14  The alkenylation of bicyclic 
urea 1c gave cis-fused sulfonylalkene 3c in a highly 
diastereoselective fashion (entries 3 and 4).15   As shown in 
entries 5-8, the C(sp3)–H bonds adjacent to the oxygen 
functionalities were successfully alkenylated when the non-
nitrogen substituted compounds were applied to either 
conditions A or B.  Specifically, bicyclic acetal 1d and 
cyclohexanol 1e were functionalized at the ethereal and 
alcoholic methine C(sp3)–H bonds to afford 3d (entries 5 and 6) 
and 3e (entries 7 and 8), respectively. 16   Furthermore, the 
versatility of the present method was demonstrated using the 
more complex steroidal structure.  The reaction of methyl 
deoxycholate 1f, which has two oxygen-substituted and six 
aliphatic methine C(sp3)–H bonds, selectively proceeded at the 
O-substituted methine at C3 in the presence of more hindered 
C12-methine to provide sulfonylalkene 3f (entries 9 and 10).  It 
was particularly remarkable that the single-step constructions of 
the tetra-substituted carbons of the various molecules were 
achieved using only approximately equimolar amounts of 1, 2 
and Ph2C=O (conditions A).   

Table 1. Optimization of the reaction conditionsa 

 
Entry Ph2C=O, 

equiv 
Solvent Yield 3a, 

% 

1 1 MeCN 57 

2b 1 MeCN 94 

3 1 t-BuOAc 77 

4 1 t-BuOH 74

5 1 benzene 61c

6 1 ClCH2CH2Cl 48c

7 0.5 t-BuOAc 68 

8 0 t-BuOAc 0c

a Conditions: 1a (1 equiv), 2 (1.2 equiv), Ph2C=O, solvent (0.05 M), rt, 
photo-irradiation using a Riko 100 W medium-pressure mercury lamp (h). b 
1a (5 equiv) and 2 (1 equiv) were irradiated for 5 h; yield was calculated with 
respect to 2. c Yield was determined by 1H NMR analysis. 
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Table 2. Alkenylation of heteroatom-substituted methine C(sp3)–H bondsa 

Entry Starting material Cond., 
time, h 

Product Yield 3,
% 

1b 
2b 

 
1b 

A, 24 
B, 5 

3b 

49 
88 

3c 

4 

 
1c 

A, 24 
B, 4 

 
3c 

57 
81 

5b 
6b 

 
1d 

A, 24 
B, 7 

 
3d 

50 
83 

7c 

6 

 
1e 

A, 24 
B, 14 

 
3e 

45 
95 

9c 

10 

 
1f 

A, 24 
B, 11 

3f 

27d 
75e 

a Conditions A: 1/2/Ph2C=O, 1:1.2:1, t-BuOAc (0.05 M), rt, h; conditions B: 
1/2/Ph2C=O, 5:1:1, MeCN (0.05 M), rt, h, yield was calculated with respect 
to 2. b Reaction was conducted with 2,6-di(t-butyl)pyridine (1-1.2 equiv). c 
MeCN was employed instead of t-BuOAc. d Mixture of diastereomers (dr = 
1.5:1). e Mixture of diastereomers (dr = 1.7:1). 

Table 3. Alkenylation of heteroatom-substituted methylene C(sp3)–H bonds 
and aliphatic C(sp3)–H bondsa 

 
3g (81%, 10 h) 

 
3h (90%, 6 h)

 
3ib (99%, 5 h) 

 
3j (68%, 5 h)b,c 

SO2PhO

H

 
3k (77%, 5 h)d 

 
3l (71%, 5 h) 

 
3m (74%, 5 h)e 

 
3n (86%, 9 h) 

3o: X = OH (91%, 5 h) 
3o: X = OH (43%, 24 h)f 

3p: X = NHAc (90%, 19 h) 
3q: X = COMe (75%, 10 h) 

 
3r (90%, 8 h) 

 
3s (72%, 5 h) 

 
3t (65%, 24 h)g 

 
3u (65%, 24 h)g 

a Conditions: 1/2/Ph2C=O, 5:1:1, MeCN (0.05 M), rt, h, yield was calculated 
with respect to 2. b single diastereomer. c 0.01 M. d Mixture of diastereomers 
(dr = 3.8:1). e 1m (10 equiv) was employed. f 1o (1 equiv), 2 (1.2 equiv) and 
Ph2C=O (1 equiv) in t-BuOAc solvent (0.05 M) were irradiated for 24 h. g 1t 
or 1u (20 equiv) was employed. 

The alkenylation of the methylene C(sp3)–H bonds adjacent 
to heteroatoms (1g-m) and aliphatic C(sp3)–H bonds (1n-u) 
was realized next (Table 3).  Because these bonds are generally 
less reactive than the N/O-substituted methine C–H bonds, 
conditions B (1/2/Ph2C=O, 5:1:1, MeCN solvent) was applied 
to these substrates.  The reaction of 2-pyrrolidone 1g gave the 
corresponding sulfonylalkene 3g, and N-Boc morpholine 1h 
was alkenylated to provide 3h.  The latter result clearly 
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indicated that the C–H bond of the N-substituted methylene is 
more reactive than that of the O-substituted methylene.  The 
alkenylation of L-proline derivative 1i, benzodiazepine 
derivative 1j and (−)-ambroxide 1k proceeded from the less 
hindered faces to furnish the corresponding adducts 3i, 3j and 
3k in a highly diastereoselective fashion.  The ethereal 
methylene C(sp3)–H bond of 15-crown-5 ether 1l underwent 
mono-alkenylation to provide 3l as a sole product, while non-
protected primary alcohol 1m was alkenylated at the alcoholic 
methylene position to give allyl alcohol derivative 3m.   

Conditions B permitted direct functionalization of the inert 
aliphatic C(sp3)–H bond to install the tertiary (3n, Table 3) or 
quaternary carbon (3o-u).  The methylene C(sp3)–H bond of 
cyclooctane 1n was alkenylated to provide the adduct 3n.  The 
adamantane derivatives 1o, 1p and 1q with various polar 
functional groups were smoothly converted to the 
corresponding sulfonylalkenes 3o, 3p and 3q at their electron-
rich methine C(sp3)–H bonds. 17   The alkenylation of 2-
oxaadamantane-1-ol 1r and N-acetoxy-2-azaadamantane 1s 
proceeded at the non-heteroatom substituted positions to 
provide 3r and 3s, respectively.  These seemingly inconsistent 
chemoselective outcomes from 1r and 1s can be rationalized by 
the non-hyperconjugation between the heteroatom-substituted 
methine C(sp3)–H bond and the lone-pair of the heteroatom, 
because these are fixed within the rigid adamantane structure. 18  
Finally, the reactions of 2,3-dimethylbutane 1t and 4-methyl-1-
pentyl acetate 1u took place at the most electron-rich aliphatic 
methine positions in the presence of the methylene and methyl 
positions to afford 3t and 3u.  The relative reactivity of the 
aliphatic methine of 1u turned out to be higher than that of the 
O-substituted methylene, presumably due to the deactivating 
nature of the electron-withdrawing acetate.   

HO H

h , Ph2C=O (1 equiv)

PhO2S
SO2Ph

SO2Ph
O

2 (1 equiv)

MeCN (0.05 M)
rt, 24 h

20% yield1v
(5 equiv)

3v

HO OH

E F
 

Scheme 3. Ring-opening reaction of cyclopropane derivative 1v 

Intermediacy of the carbon radical was confirmed by a 
radical-clock experiment (Scheme 3). 19   The reaction of 1-
cyclopropyl-1-ethanol 1v under the alkenylation conditions 
afforded the ring-opened sulfonylalkene 3v as the only isolable 
compound.  Thus, after the homolytic cleavage of the C(sp3)–H 
bond (1v), the cyclopropane ring of E opened to generate the 
primary carbon radical F, which was trapped with the radical 
acceptor 2 to produce the observed product 3v.   

Moreover, the product-determining step of the alkenylation 
was determined to be homolysis of the C–H cleavage step, as 

envisioned in Scheme 2 (Scheme 4).  Treatment of 2 (1 equiv) 
with cyclohexane 1w (10 equiv) and its deuterated analogue 
1w-d12 (10 equiv) under the optimized conditions provided the 
corresponding sulfonylalkenes 3w and 3w-d11.  By analysing 
the 1H NMR spectra of the product mixture, the kinetic isotope 
effect (KIE) value was calculated to be 4, clarifying the kinetic 
significance of cleavage of C(sp3)–H bonds. 20   Hence, this 
mechanistic study further indicates that the chemoselectivity is 
established at the H-abstraction step and thus is predictable by 
considering the electron-richness of the C(sp3)–H bonds of the 
molecule.   

 
Scheme 4. Kinetic isotope effect of the C(sp3)–H alkenylation 

Table 4. One-step conversion of sulfonylalkenes to prenyl derivativesa 

 

 
4a (65%) 

 
4b (65%)b 

 
4c (79%) 

 
4d (74%)b 

a Conditions: 3 (1 equiv), acetone (100 equiv), i-PrOH (0.01 M), rt, h. b 

Reaction was conducted with 2,6-di(t-butyl)pyridine (1 equiv). 

The synthetic utility of the introduced (E)-sulfonylalkene 
structures of the obtained 3 was exemplified by two single-step 
transformations. First, the photochemical substitution reactions 
were demonstrated to construct the oxidized prenyl structures 
(Table 4).21  Photo-irradiation of an isopropanol solution of 3a 
in the presence of acetone realized the carbon-chain extension 
to generate 4a.  The more complex bicyclic compounds 3b, 3c 
and 3d were also converted to the corresponding prenyl 
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derivatives 4b, 4c and 4d, respectively.  The reaction was 
considered to proceed via a radical substitution mechanism 
similar to the one in Scheme 2.  The carbon radical, formed via 
H-abstraction of the methine C(sp3)–H of isopropanol by photo-
activated acetone, added to the less hindered α-carbon of 
sulfonylalkene 3, leading to 4 after expulsion of the sulfonyl 
radical.22   

Second, we examined the conversion of the sulfonylalkenes 
3 to pyrrole derivatives 5 by treating with ethyl isocyanoacetate 
under basic conditions (Table 5).23  Pyrroles containing acetal 
(5d), morpholine (5h), proline (5i), crown ether (5l), 
cyclooctane (5n) and azaadamantane units (5s) were readily 
synthesized in a single operation via cyclization and 
aromatization.  Carbonyl functionalities, such as the ester 
groups in 5i and 5s as well as the carbamate groups in 5h and 5i, 
were tolerant under these reaction conditions.  In addition, the 
pyrrole derivatives 5d and 5s, substituted with a bulky group 
containing a tetra-substituted carbon center, were successfully 
prepared.  Consequently, the present protocol offers the two-
step preparation of 2,3-disubsituted pyrroles 5 starting from 
readily available materials 1.   

Table 5. One-step conversion of the sulfonylalkenes to pyrrole derivativesa 

 

 
5d (63%)b 

 
5h (69%) 

NH
EtO2C

N
Boc

MeO2C

 
5i (83%)b 

 
5l (31%) 

 
5n (72%)b 

 
5s (31%)b,c 

a Conditions: 4 (1 equiv), ethyl isocyanoacetate (5 equiv), t-BuOK (6 equiv), 
THF (0.24 M), 0 to 60 °C. b Reaction was conducted with ethyl 
isocyanoacetate (5.5 equiv) and t-BuOK (5 equiv). c Recovery of 3s was 
observed in ca. 37% yield.  

Conclusions 

In conclusion, we developed a mild and metal-free alkenylation 
of C(sp3)–H bonds using Ph2C=O and trans-1,2-
bis(phenylsulfonyl)ethylene under photo-irradiation conditions.  
The notable features of the present carbon chain extension 
reaction are: (1) simplicity of the synthetic technique; (2) wide 
applicability to various starting materials (ethers, alcohols, 
amine derivatives, and alkanes); (3) predictable 
chemoselectivity toward the most electron-rich C(sp3)–H bond 
within a starting material (nitrogen- > oxygen-substituted 
carbons > aliphatic carbons); and (4) high efficiency in 
constructing N/O-containing tetrasubstituted carbons and 
quaternary carbons in hindered settings.  Furthermore, the 
introduced (E)-sulfonylalkene unit was converted in a single 
step to the prenyl and pyrrole derivatives, which are 
substructures of numerous bioactive molecules.  Because of 
these advantages, the present C(sp3)–H alkenylation protocol, 
together with the subsequent two transformations, should serve 
as powerful tools for constructing the diverse carbon skeletons 
of complex natural products and pharmaceuticals. 
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