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Abstract: This review provides an overview of the recent progress made in the area of free-radical additions
across the π-system of olefins, with a focus on the role of sulfonyl derivatives as one of the reaction partners in
multicomponent processes. The mechanism and utility in organic synthesis of carbo-alkenylation, alkynylation,
oximation and azidation of olefins are thus discussed and illustrated with some applications in total synthesis
of natural products.
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1. Introduction

Olefins are used as readily available
feedstock and important precursors for
many transformations in organic synthe-
sis. Their functionalization for instance
through addition across the olefinic
π-system has attracted considerable inter-
est and constitutes a useful transforma-
tion in the armory of organic chemists
nowadays. In parallel to transition-metal
carbo-functionalization of olefins, free-
radical addition to olefins has thus been
recognized as a straightforward manner
to access new synthons with increased
functional complexity.[1] This review ar-
ticle will discuss the development of some
free-radical additions of carbon fragments
across the olefinic backbone, highlighting
transformations using sulfonyl derivatives
as final radical traps (Scheme 1). Further
elaboration of the given intermediates to
natural product synthesis will be described
in a few cases and the mechanism will be
detailed. Such transformations have been
shown to rely strongly on polar effects,
addition of the electrophilic R1 moiety oc-
curring first onto the electron-rich olefin to
generate a nucleophilic radical intermedi-
ate. The latter can then add efficiently to
a variety of sulfonyl derivatives ASO

2
Ph,

where A represents either an halogen (Cl),
an azide, a cyanide or carbon fragments in-
cluding olefins, alkynes or oximes.

2. Seminal Work

Fuchs,[2] Kim and co-workers[3] pro-
vided a strong basis for the development
of radical carbo-functionalization of ole-
fins using unsaturated sulfones as final
radical traps. The former team discovered
that simple triflone 1 reacted with an ole-
fin through the incorporation of both a
CF

3
group and an alkynyl moiety across

the olefinic π-system (Scheme 2).[2a] For
instance, treatment of the α-pinene 2 with
AIBN led to the formation of alkyne 3 af-
ter addition of the CF

3
radical onto the less

hindered end of the olefin, followed by a
fragmentation of the strained cyclobutane
moiety and the trapping of the final ter-
tiary radical center with triflone 1. Moder-
ate to good yields were also obtained with
a series of cyclic and acyclic olefins. The
same year, Kim et al.[3] reported a study
on the synthesis and reactivity of sulfonyl
oximes such as 4. Addition of C-centered
radical onto 4 led to the corresponding ox-
ime, which could then be converted into
an aldehyde, this strategy thus constituting
a straightforward one-carbon homologa-
tion and formally a formylation of an alkyl
halide. Application of oxime 4 in a three-
component process is highlighted below
with the synthesis of highly functionalized
cyclopentane 5 (Scheme 2).

Addition-fragmentation onto unsatu-
rated sulfonyl systems may be generalized

as depicted below with sulfonyl intermedi-
ate I (Scheme 3). The addition of a radical
species to the α-carbon of α,β-unsaturated
sulfones with subsequent departure of the
sulfonyl group was established by Russell
et al.[4] The reaction occurs through the at-
tackof thenucleophilic radical (R1) onto the
carbon center bearing the sulfonyl group
and is followed by a β-fragmentation to re-
lease the final product and a sulfonyl radi-
cal II, which may evolve through two dif-
ferent pathways, depending on the nature
of the R2 substituent. Arylsulfonyl radicals
(R2 = Ar) are known to be relatively stable
and cannot sustain the radical chain alone.
In this case, addition of Bu

3
SnSnBu

3
to the

sulfonyl radical is used to produce a R
3
Sn

radical, which is able to propagate the radi-
cal chain. Alkylsulfonyl radicals are less
stable and thus prone to α-scission,[5] with
the formation of SO

2
and an alkyl radical

R2whichmay react further. For instance, in
Fuch’s example above, the trifluorometh-
ylsulfonyl group fragmented to afford SO

2
and a CF

3
radical (R2), which then added to

the olefin, thus sustaining the chain. Ethyl-
sulfonyl radical was shown by Zard et al.[6]
to produce an ethyl radical which could
then react with alkyl halides and xanthates
(R1-X) to generate a new nucleophilic radi-
cal R1. Tin-free vinylation, allylation and
oximation reactions were thus developed
using this approach.All these processes re-
ly on the match polarity between the vari-

R1 R2

R3

A SO2Ph

X
R2
R3

R1
A

A = Cl, N3, NOR
R

R, ,

Scheme 1. Free-
radical 3-component
functionalization of
olefins.
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ous species present in the medium, there-
fore allowing multicomponent reactions to
proceed smoothly without the formation of
mixture of products.

We describe below recent efforts in our
group and others to develop the chemistry
of unsaturated sulfonyl derivatives in mul-
ticomponent functionalization of olefins.
This review is not intended to be exhaus-
tive but will focus on some significant pro-
gresses made in the domain.

3. Addition onto C=C Bonds
(Allylation, Alkenylation,
Alkynylation)

3.1 Carbo-allylation of Olefins
1,4-Addition of nucleophilic species

onto α,β-unsaturated enones and enoates,
followed by the trapping of the resulting
enolatewith anexternal electrophile consti-
tutes a useful process in organic synthesis,
which has seen many developments in the
field of natural product synthesis.[7]A radi-
cal version was developed earlier byMizu-
no, Otsuji and co-workers,[8] using allyl-
stannanes as final allylic trap. Similarly to
its ionic counterpart, remarkable examples
of diastereo- and enantioselective radical
carbo-allylation have been reported using
allylstannanes.[9] Allylsulfones constitute
excellent surrogates to allyltin reagents,
which suffer from perceived toxicity and
propensity to contaminate final products.
Renaud et al. reported a useful tin-free
tandem radical addition-allylation reaction
of activated alkenes using organoboranes
derivatives as radical precursors.[10] A nu-
cleophilic alkyl radical, generated from the
corresponding organoborane 6, was thus
shown to react with an electron-poor ole-
fin, e.g. maleimides or fumarates, afford-
ing the corresponding electrophilic radical
adduct (Scheme 4).Allylation of this inter-
mediate with allylsulfone 8, provided the
allylating product 9, with a high level of
diastereocontrol, after β-elimination of the
phenylsulfonyl radical, sustaining the radi-
cal chain through reaction with the starting
borane 6.

Pioneering work by Zard using allylal-
kylsulfones such as 10 as an allylating
agent is also worthy of note in this context
(Scheme 5).[5a] Allybenzylsulfone 10 was
thus shown to add across the double bond
of olefin 11 with loss of SO

2
. α-Scission

of the thiophenemethylsulfonyl radical
furnished a nucleophilic radical which
added onto the electron-deficient olefin
11, leaving an electrophilic radical which
was finally allylated with 10 to afford 12 in
moderate yield.
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Scheme 3. Addition-
fragmentation pro-
cesses using sulfonyl
derivatives.

R3

R2

R1
BCat

NO O

Ph

SO2Ph

DMF, O2, 100°C

NO O

Ph

R3

R1

R2

R4

R4

48 - 61 % (trans/cis 95:5)

R3

R2

R1

CatBH

NO O

Ph

R3

R1

R2

NO O

Ph

R3

R1

R2 R4

SO2PhSO2Ph
R4

(- PhSO2)

6

7

8
9

Scheme 4. Carbo-allylation of activated olefins.

Ph SO2CF3

CF3

Ph
AIBN, reflux 78%

THPO
I

NOBn

PhO2S

Me3SnSnMe3

hυ, 4h
Acetone-benzene

THPO NOBn

93%

2

1

3

4

CO2Et

EtO2C
I

SiMe3

NOBn

PhO2S

NOBn

EtO2C
CO2Et

H

SiMe3H

Me3SnSnMe3

hυ

4

5 82% (cis/trans 5:1)
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3.2 Carbo-alkenylation and Alkynyl-
ation of Olefins

Pioneering studies by Fuchs et al. have
shown that alkenylation and alkynylation
of ethers or alkanes, using vinyl- and al-
kynyltriflone derivatives 13 and 14, were
efficient processes (Scheme 6).[2] The
reaction proceeds through radical C–H
abstraction by the electrophilic trifluoro-
methyl radical,[2a,11] followed by the ad-
dition of the resulting nucleophilic alkyl
radical onto the alkenyl- or alkynyltriflone
with β-elimination of the trifluorometh-
anesulfonyl radical. The process relies on
the formation of the strong CF

3
–H bond.

Trifluoromethyl-mediated carbonylative
alkynylation of alkane was later reported
by Ryu following the same concept.[11]

As discussed above, triflones 13 and
14 were also used to carry out trifluoro-
methyl-alkynylation of olefins. However,
this method was limited to the incorpo-
ration of a CF

3
group as the electrophilic

radical precursor. We recently developed a
new free-radical three-component carbo-
alkenylation and alkynylation of olefins,
which resulted in the addition of two func-
tional groups across the π-system of unac-
tivated olefins.[12]This process relies on the
addition of an electrophilic radical species
III, generated from the corresponding xan-
thates or alkyl halides, to the less hindered
end of an electron-rich olefin (Scheme 7).
The resultant nucleophilic radical IV can
then be trapped by the electrophilic vinyl-
or alkynylsulfone acceptor. The phenylsul-
fonyl radical released during the addition-
β-elimination sequence, which does not
fragment under the reaction conditions
(e.g. 65 °C), serves as a radical chain prop-
agator in the presence of a stoichiometric
amount of hexabutylditin.

The carbo-alkenylation products were
obtained with excellent yields using the
reactive ethylene bisphenylsulfone 15.[13]
Slightly lower yields were observed with
less electrophilic sulfone 16. As expected,
electron-rich olefins including allylsilanes
or vinyl ethers were more reactive, empha-
sizing the crucial role of polar effects in
this process.[14] Mono- and disubstituted
alkenes also led to the desired adducts
with reasonable to good yields. Quater-
nary centers could thus be generated using
1,1'-disubstituted olefins. The nature of the
radical precursor (xanthate or alkyl halide)
could also be varied, providing an access to
different ketones, nitriles, amides or malo-
nates in good yields (Scheme 8).

Recent studies also provided informa-
tion relating to the role of the phenylsul-
fonyl radical released during the addition
onto the vinylsulfone.[15] PhSO

2
is a very

electrophilic radical, which also adds ef-
ficiently onto olefins (generally used in ex-
cess in the multicomponent process). For-
tunately, this addition is reversible lead-
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yields dropped significantly. Contrary to
the acyclic systems, and in contrast with
the observations made during addition of
similar radicals to enamines, no stereocon-
trol was observed with acyclic ene-carba-
mates.[17]

Enamides react similarly to provide
functionalized lactams with high stereo-
control. These compounds may then be
functionalized further, as illustrated with
the pyrrolidine-mediated cyclization of
ketone 19 into aza-decalone 20, a potent
building block in the synthesis of alka-

ing back to the olefin.[16] The rate of the
β-fragmentation is thus crucial for the suc-
cess of the carbo-alkenylation.[16c] A slow
β-fragmentation leads to an accumulation
of a sulfonyl addition product, as shown
by the carbo-alkenylation of dienyl model
17 (Scheme 9). Using an excess of diene
provided the addition product 18a, result-
ing from an addition of the xanthate onto
17, followed by a xanthate group transfer.
In turn, the formation of 18b resulted from
the addition of the PhSO

2
radical onto

17, which was followed by a fast 5-exo-
trig reaction and transfer of xanthate. The
fast cyclization thus outcompeted the
β-fragmentation of the PhSO

2
group. Start-

ing from a stoichiometric amount of the
three partners finally led to the unique for-
mation of the desired carbo-alkenylation
product 18c.

We recently extended the scope of ap-
plication of the three-component carbo-al-
kenylation of olefins to cyclic and acyclic
enamides and ene-carbamates, offering ac-
cess to a wide range of highly functional-
ized amides and carbamates.[17] These pre-
cursors are versatile intermediates for the
synthesis of heterocycles, amino acids or
other building blocks for the construction
of complex natural products. In contrast to
the reaction under ionic conditions, where
enamides and ene-carbamates exhibit nu-
cleophilic then electrophilic reactivity on
the C(2) and C(1) carbons respectively,[18]
as in Scheme 10a, radical conditions of-
fer a complementary set of reactivity. The
C(2) center reacts efficiently with an elec-
trophilic radical precursor as already men-
tioned before, leading to an electron-rich
radical intermediate, which can then be
trapped by the third electrophilic partner
(Scheme 10b).

The unusual ene-carbamate reactivity
was illustrated with the reaction of various
xanthates with acyclic and cyclic ene-car-
bamates and vinyldisulfone 15 as the elec-
trophilic partner (Scheme 11). Carbo-alke-
nylation products were generally obtained
in high yields and diastereocontrol in the
cyclic series. Introduction of a quaternary
center was possible, albeit in these cases
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loids of the lycopodium family,[19] which
was obtained as a single diastereoisomer
(Scheme 12).

Using similar conditions, our labora-
tory devised a carbo-alkynylation reac-
tion starting from alkynylsulfone 21 as an
electrophilic trap.[12] Carbo-alkynylation
products were obtained in moderate to
excellent yields using different activated
and unactivated olefins (Scheme 13). Bet-
ter results were generally observed with
alkynylsulfone 21 bearing a trimethylsilyl
substituent, as compared with the phenyl
analogue 22. This was attributed to a low-
er polarization in silylalkyne 21 due to a
strong π-d interaction between silicon and
the carbon center.[20]

4. Carbo-oximation of Olefins

As discussed above, sulfonyloximes
such as 4 are good radical traps, and con-
stitute useful tools to incorporate a masked
carbonyl group in a carbon framework.[3]
Ryu and Kim have developed remarkable
carbonylative processes involving sulfony-
loximes 4 and 23.[21] Scheme 14 illustrates
such a carbonylative cyclization, which
is terminated by the trapping of the final
nucleophilic acyl radical by oxime 23. In-
terestingly, the PhSO

2
radical released in

the final step reacts with the electron-rich
allyltin reagent, generating the Bu

3
Sn radi-

cal which can then abstract the iodine from
the starting iodo-olefin and thus propagate
the chain. A related tin-free process was
developed recently in this laboratory using
allylsilanes and allylthiosilanes as allyltin
surrogates.[22]

The oxime introduced upon the reac-
tion with a nucleophilic radical species
may then be engaged in further transfor-
mations. We devised recently a sequential
four-component reaction, in which the
oxime was shown to react with an alkyl
radical or an allylzinc reagent, these addi-
tions then triggering a lactamization and
a one-pot formation of 5,6-disubstituted
piperidinones in good yield and high dia-
stereoselectivities (Scheme 15).[23] This
method represents a straightforward strat-

egy to access, in a one-pot operation, the
piperidine skeleton, ubiquitous in complex
natural alkaloids.

Generalization of this three-component
carbo-oximation reaction of olefins consti-
tutes a formal carbo-formylation process
using sulfonyloxime 4 as a non-toxic CO
surrogate. It is also worth adding that ad-
dition of nucleophilic radical species to 4
generally occurs with high rate constant
(e.g. 106 M–1 s–1 for a primary alkyl radi-
cal),[25] avoiding the use of high pressure
of CO and specific autoclave equipment.
The scope of application of the three-com-
ponent carbo-oximation of electron-rich
olefins is rather broad, reaction conditions
being compatible with many functional
groups (esters, ketones, amides, thioethers,
silyl ethers, nitriles, halogens,….). The re-
action also worked well with gem-disub-

stituted olefins, leading to the formation of
quaternary centers. New oximes such as 24
were also devised, which were found to be
slightly more reactive than 4 and could be
hydrolyzed under milder conditions (TFA,
CH

2
Cl

2
, RT).[24]The subsequent hydrolysis

of the final oximes revealed the aldehyde
function which was then engaged in vari-
ous nucleophilic cascades such as Sakurai
allylation/lactonization or domino Mukai-
yama aldol condensation/lactonization, al-
lowing the formation of highly function-
alized lactones. A Pictet-Spengler/lactam-
ization sequence also opened an access to
the tetracyclic core 25 of eburnan alkaloids
(Scheme 16).[24]

The PhSO
2
radical released during the

addition-β-fragmentation sequence above
does not fragment under the reaction condi-
tions (70–80 °C) to furnish a phenyl radical
which could sustain the radical chain. A
stoichiometric amount of hexabutylditin
is thus required, generating large amounts
of tin residues which contaminate the final
products. Based on precedent from Zard[5a]
and Renaud’s groups,[26] we devised new
bifunctional reagents 26a–e, incorporat-
ing both the oxime function and the radi-
cal precursor moiety, thus avoiding the use
of tin additives.[27] These reagents act both
as traps for nucleophilic radicals as well
as sources of electrophilic radicals via the
α-scission of the alkylsulfonyl radical in-
termediates. This reversible α-scission,[28]
relatively easy with alkylsulfonyl species,
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based on the carbo-azidation of olefin 30,
which afforded the key intermediate 31 in
good yield, albeit with poor stereocontrol

and efficient synthesis of pyrrolizidine and
indolizidine alkaloid skeleton. The synthe-
sis of lepadiformine was thus carried out

leads to an alkyl radical which then adds
onto the olefin, generating a nucleophilic
radical which finally reacts with 26a–e to
propagate the chain (Scheme 17). The ad-
dition of a carbon-centered electrophilic
radical and an oxime across the double
bond of an electron-rich olefin proceed-
ed with moderate to good yields, oximes
26a–e exhibitingmodest reactivity as com-
pared to oximes 4 or 24, for steric reasons.
Although the process could be carried
out under tin-free conditions, a catalytic
amount of hexabutylditin was, however,
shown to increase the yield. The initiation
step using DTBHN followed an unusual
mechanism supported both by experiment
and DFT calculations. The benzylic hy-
drogen of the oxime ether is believed to
be abstracted first by a t-BuO radical, the
β-fragmentation of the resulting benzylic
radical then, releasing benzaldehyde, cy-
anhydric acid and SO

2
to generate the first

electrophilic radical I (Scheme 17). Fol-
lowing this pathway, tin is not required.
The role of the catalytic amount of tin is
not yet clear, but an attack of the nucleo-
philic tin radical onto the sulfonyl oxime
26, followed by a β-fragmentation step ap-
pears to be a plausible competitive path-
way to generate the electrophilic radical I.

5. Carbo-azidation of Olefins

In 2001, Renaud and co-workers first
reported the use of sulfonylazides such
as 27 as radical traps for the formation of
C–N bonds, as illustrated with the cycli-
zation-azidation sequence below (Scheme
18).[29] The electrophilic α-enoyl radical
issued from the abstraction of the iodide in
26 by a tin radical underwent a 5-exo-trig
cyclization to generate a new nucleophilic
radical which was then trapped by the elec-
trophilic phenylsulfonyl azide to form the
bicyclic azide 28 in good yield as a mixture
of two diastereomers.

The electrophilic character of 27 is key
to the success of the azidation step. Azide
27 reacts very efficiently with nucleophilic
radicals and much slower with ambiphilic
or electrophilic radicals. This strong polar
effect thus led the authors to extend the in-
tramolecular azidation process to a three-
component carbo-azidation reaction,[30] the
mechanism of which being related to that
of carbo-alkenylation and alkynylation of
olefins (Scheme 7). The one-pot addition
of an electrophilic carbon centered radical
onto the less hindered end of an unacti-
vated olefin, followed by the trapping of
the resulting nucleophilic radical with 27
was shown to be very efficient, allowing
the formation of azides 29 with moderate
to good yields (Scheme 19).

The utility of the carbo-azidation reac-
tionwas illustratedwith the straightforward
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then carbonylation produced an acyl radi-
cal which was trapped by sulfonylthiother
35, affording the desired thioester in high
yield. As above, the electrophilic PhSO

2
radical was shown to react efficiently with
allylsulfone 37, thus sustaining the radical
chain.

Finally, Renaud et al. have developed
recently a ‘carbo-chlorination’ of olefin
using a chlorosulfone 38 (Scheme 25).[39]
The latter reacts similarly to sulfonylox-
imes 26 (Scheme 17). Initiation with DLP
produced an alkylsulfonyl radical, which
after α-scission added to the olefin, gen-
erating a nucleophilic radical, reacting in a
final step with 38 to form the C–Cl bond.
The reaction was found to be general, lead-
ing to good yields of the corresponding
chlorides. This atom transfer radical addi-
tion (ATRA) is particularly attractive and
competes efficiently with transition-metal
mediated ATRA processes,[40] as sulfonyl
chlorides are excellent radical chlorinat-
ing agents, reacting with high rate con-

(Scheme 23). The nucleophilic radical re-
sulting from the reaction of 34 with initia-
tor V-40 was shown to react with carbon
monoxide, producing a nucleophilic acyl
radical, which was finally trapped by the
sulfonyl thioether 35, affording the desired
thioester in moderate to excellent yields,
along with the PhSO

2
radical, which adds

to 34, thus propagating the radical chain.
The success of the process depends of the
amount of alkyl sulfide formed upon trap-
ping of the nucleophilic alkyl radical by
the electro-deficient acceptor. In practice,
high pressure of CO is required to decrease
the amount of alkyl sulfide resulting from
the direct reaction of the nucleophilic alkyl
radical with 35. Secondary and tertiary al-
kyl radicals gave a mixture of the desired
product with a significant amount of the
alkyl sulfide, due to the competitive fast
decarbonylation occurring with secondary
and tertiary acyl radicals. Higher pressure
of CO (130 atm) was shown to decrease the
formation of the side product in these cas-
es. Based on the same process, Kim, Ryu
and co-workers extended the thiocarbon-
ylation to the tin-free cyanocarbonylation
using sulfonylcyanide 36 as a radical trap
(Scheme 23).[38]

The above process was extended to a
remarkable four-component carbonylation
process involving an allylsilane and afford-
ing a convenient access to functionalized
cyclopentanes bearing a thioester function-
al group, with the formation of four new
bonds (3 C–C and 1 C–S) (Scheme 24).[37]
The electrophilic malonyl radical, generat-
ed from the alkyl allylsulfone 37, failed to
undergo carbonylation and preferentially
reacted with the electron-rich allylsilane.
Subsequent 5-exo-trig radical cyclization,

(Scheme 20).[31] The stereocontrol issue in
carbo-azidation of substituted methylene-
cyclohexane (e.g. 30) was studied in depth,
the linear sulfonyl azide generally favoring
an axial approach anti to the allylic sub-
stituent (except with bulky substituents) to
minimize torsional strain and 1,3-diaxial
interactions.[32]

In the frame of a collaborative pro-
gram between this laboratory and the team
of Prof. P. Renaud in Bern, we studied the
stereocontrol during the carbo-azidation
of acyclic chiral allylsilanes (Scheme 21).
Addition of xanthates onto electron-rich
allylsilanes, possessing one or two stereo-
genic centers gave rise to a β-silyl radical,
which was finally trapped by the sulfonyl
azide 27. This led to the formation of a
range of β-azidosilanes with a high level
of diastereocontrol (up to 95:5 in favor of
the syn isomer), depending on the nature
of the silicon group and that of the R1 sub-
stituent (Scheme 21).[33]

The treatment of the major diastereo-
isomer with a fluoride source led exclu-
sively to the (Z)-alkene. Assuming an anti-
stereospecific Peterson-like elimination,
we were able to correlate the (Z)-configu-
ration of the alkene with the formation of
the syn β-azidosilanes as major isomers.[34]
This result, supported by DFT calcula-
tions and X-ray studies, was rationalized
invoking a Felkin-Ahn type model with a
pyramidalized transition state and a quasi-
staggered conformation to avoid gauche
interactions between the most hindered
groups SiR

3
and (CH

2
)
2
CO

2
Et (Scheme

21).[35] The sulfonyl azide 27 is believed to
approach anti relative to the bulky silicon
group from the side of the smallest H sub-
stituent. The formation of the minor dia-
stereomer would result from an approach
of 27 anti relative to the silicon group, but
close to the bulky R2 substituent. It is also
worth of note that in such a transition state,
the developing positive charge β to silicon
is best stabilized by the quasi coplanar
electron-rich C–Si bond (silicon β-effect).
This stereocontrol in carbo-azidation of
chiral acyclic allylsilanes was a key fea-
ture in the first enantiocontrolled synthesis
of hyacinthacine A

1
, a polyhydroxylated

pyrrolizidine from Muscari Armeniacum
(Scheme 22).[36]

6. Miscellaneous Processes
Involving Sulfonyl Derivatives

Multicomponent processes involving
a carbonylation step have been reported
by Ryu and co-workers using sulfonyl
derivatives as final radical traps.[37] For-
mation of thioesters was thus developed
starting from both an allylsulfone 34 and
phenylsulfonylthioether 35 in the presence
of carbon monoxide under high pressure
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