
¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400027 Chem. Eur. J. 2004, 10, 3606 ± 36143606

P. Renaud et al.



Radical Amination with Sulfonyl Azides: A Powerful Method for the
Formation of C�N Bonds

Philippe Panchaud,[a] Laurent Chabaud,[b] Yannick Landais,[b] Cyril Ollivier,[c]

Philippe Renaud,*[a] and Sarunas Zigmantas[a]

Introduction

The use of free-radical reactions in multistep synthesis has
steadily increased over the last years, mainly because of

their compatibility with a large number of functional groups
and their high potential for performing sequential transfor-
mations.[1] A lot of effort has been concentrated on the de-
velopment of chain reactions for the formation of carbon±
carbon bonds under reducing (Giese reaction)[2] or atom
transfer (Kharasch±Curran)[3,4] conditions. Formation of car-
bon±nitrogen bonds by means of a radical pathway is highly
attractive for the synthesis of alkaloids and related heterocy-
clic compounds. Most of the effort reported in this field
deals with the addition of nitrogen-centered radicals to ole-
fins.[5,6] The reverse process, that is, addition of a carbon-
centered radical to a nitrogen-containing trap is much less
developed, despite the fact that nitrosation of cyclohexane is
a classical textbook example of an industrial radical reac-
tion. The use of nitric oxide (often generated from nitrite
ester), azo derivatives, and imines has been reported with
very variable success.[7,8] Organic azides of type X�N3 have
also been investigated as radical traps. They can undergo
homolytic addition at either the inner (Na, path A) or the
terminal (Nc, path B) nitrogen atom to give a 3,3-triazenyl
or a 1,3-triazenyl radical, respectively (Scheme 1).[9,10] The

3,3-triazenyl radical (path A) evolves presumably by rapid
loss of nitrogen to furnish an aminyl radical. Fragmentation
of XC to deliver the azide Y�N3 cannot be excluded. On the
other hand, the 1,3-triazenyl radical (path B) may fragment
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Abstract: A novel reaction for the introduction of an
azide moiety by means of a mild radical process is cur-
rently under development. Sulfonyl azides are suitable
azidating agents for nucleophilic radicals, such as secon-
dary and tertiary alkyl radicals. More electrophilic radi-
cals, such as enolate radicals, do not react with sulfonyl
azides. This feature allowed the development of effi-
cient intra- and intermolecular carboazidations of ole-
fins. Due to the versatility of the azido group, this reac-
tion has an important synthetic potential, as already
demonstrated by the preparation of the core of several
alkaloids, particularly those containing an amino-substi-
tuted quaternary carbon center, such as FR901483.
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Scheme 1. Possible reactions of organic azides with radicals.
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to liberate the radical XC and Y�N3. This last reaction corre-
sponds to an azidation of the radical YC.

Azides as Radical Trap

Kim reported efficient radical cyclizations involving azides
as radical traps [Scheme 2, Eq. (1)].[11] This intramolecular
amination process is efficient and proceeds via a 3,3-triazen-

yl radical that readily eliminates nitrogen to afford an
aminyl radical. This reaction found several applications in
the total synthesis of natural products, such as Murphy×s
synthesis of aspidospermidine [Scheme 2, Eq. (2)].[12,13] In
both examples, reactions occur exclusively according to
path A, since they correspond to favorable 5-exo cyclization
processes. The intermolecular addition of tin radicals onto
alkyl azides has also been reported[14] and represents an in-
teresting approach for the generation of aminyl radicals
[Scheme 2, Eq. (3)].[15, 16] The absence of product resulting
from path B can be explained by the reversibility of the ad-
dition of the tin radical at Nc and by the lack of fragmenta-
tion leading to an alkyl radical (X=primary alkyl group).
In an early experiment, Abramovitch and Breslow ob-

served the formation of traces of alkyl azides during a Cur-
tius type rearrangement of sulfonyl azides.[17±19] This forma-
tion was rationalized by a direct reaction between alkyl radi-

cals and sulfonyl azides. A typical example is presented in
Equation (4) (Scheme 3). Roberts examined the reaction of
aryl and alkyl sulfonyl azides with allylstannanes in order to
develop an homolytic allylation reaction at nitrogen
[Scheme 3, Eq. (5)].[20] In this reaction, the formation of al-

lylsulfones and stannyl azides represents the major side
products. These products arise from the addition of the tin
radical at the terminal nitrogen atom followed by fragmen-
tation of a sulfonyl radical.
Finally, Zhdankin reported the preparation of stable azi-

doiodinanes.[21] These compounds proved to be good azidat-
ing agents toward various organic substrates and they can
be used for direct azidation of hydrocarbons at high temper-
ature and in the presence of radical initiators. For example,
2,2,4-trimethylpentane reacts with 1-azido-1,2-benziodoxole-
3-(1H)-one in refluxing 1,2-dichloroethane (b.p. 83 8C) in
the presence of benzoylperoxide to afford the corresponding
azide in 76% yield [Scheme 4, Eq. (6)]. The proposed mech-
anism involves hydrogen atom abstraction by the 2-iodoben-
zoyl radical followed by azidation of the alkyl radical by the
azidoiodinane. This elegant chain process proceeds with
moderate to good yields at the secondary and tertiary posi-
tions of several different alkanes (see Scheme 4).

Radical Azidation with Ethanesulfonyl Azide

Recently, Zard, Fuchs, and Kim reported the formation of
carbon±carbon bonds involving the fragmentation of
ethane-, methane- and trifluoromethanesulfonyl radicals as
the key step.[22±25] These procedures are either based on
iodine and xanthate transfers from ethyl and methyl radicals
or hydrogen-atom transfers from trifluoromethyl radicals.
Based on a similar concept, we envisaged developing an in-
termolecular radical azidation process of iodides and dithio-
carbonates using ethanesulfonyl azide as reagent [Scheme 5,
Eq. (7)].[26,27] Ethanesulfonyl azide, easily prepared from
ethanesulfonyl chloride and sodium azide, is a stable liquid
that can be heated at 100 8C without decomposition. Howev-
er, since sulfonyl azides are capable of exploding, it is
strongly recommended to apply standard safety rules and to
use a safety shield. The crucial step of this process is the ad-

Scheme 2. Reaction via aminyl radicals generated through path A in
Scheme 1.

Scheme 3. Early examples of azidation according to path B in Scheme 1.
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dition of the alkyl radical at the N-terminal position of the
azido moiety to give a 1,3-triazenyl radical [Scheme 5,
Eq. (d)] that fragments to liberate the corresponding alkyl
azide and the ethanesulfonyl radical [Scheme 5, Eq. (e)].

This mechanism corresponds to the pathway B depicted in
Scheme 1. Addition of the radical at the inner position
(path A, Scheme 1) followed by fragmentation of the sulfo-
nyl radical cannot be totally excluded at the moment, but
this path should lead to sulfonamide derivatives (not ob-
served) through nitrogen elimination. After sulfur dioxide
extrusion [Scheme 5, Eq. (f)], the ethyl radical can propa-
gate the chain by an atom or group transfer process
[Scheme 5, Eq. (g)]. The initiation step is a crucial point for
the success of the reaction. Early studies with cyclohexyl
iodide and azobisisobutyronitrile (AIBN) failed to give the
desired azidation product, presumably due to the stability
(no iodine atom transfer with cyclohexyl iodide) and the
lack of nucleophilicity (no reaction with ethanesulfonyl
azide) of the 2-cyanoprop-2-yl radical generated from
AIBN. Therefore, an initiator that gives nucleophilic radi-
cals, such as dilauroyl peroxide (DLP), which has been used
with much success by Zard in reactions involving iodides
and dithiocarbonates[28] and more recently by us for iodine
atom transfers,[29] is a perfect candidate to perform such
transformations. The undecyl radical delivered by DLP
[Scheme 5, Eq. (a)] is expected to react with the radical pre-
cursor to initiate the chain reaction [Scheme 5, Eq. (b)]. Re-
action of the undecyl radical with ethanesulfonyl azide is
also possible [Scheme 5, Eq. (c)]. Small amounts of undecyl
azide were isolated at several occasions, confirming this hy-
pothesis.
The radical azidation with ethanesulfonyl azide and DLP

works well with a variety of sec-
ondary and tertiary alkyl io-
dides (see Scheme 6 for typical
examples). The azidation was
carried out with three equiva-
lents of ethanesulfonyl azide
and a substoichiometric amount
of DLP in a refluxing mixture
of chlorobenzene and heptane
(method A) or, in more difficult
cases, with five equivalents of
ethanesulfonyl azide in chloro-
benzene at 100 8C (method B).
Primary alkyl iodides are not
efficiently converted into azides
(see compound 5). This ineffi-
ciency is caused by the nearly
thermoneutral iodine-atom
transfer between the ethyl radi-
cal and the primary alkyl iodide
[Scheme 5, Eq. (g)] as well as
by the lower nucleophilicity of
primary alkyl radicals relative
to secondary and tertiary ones.
It is of interest to mention that
the classical ionic substitution
reaction of the iodolactone pre-

cursor of 3 with sodium azide failed to give an azide.
Xanthates are also suitable precursors for radical group

transfer reactions. The anomeric xanthate 6, easily obtained
by the nucleophilic substitution of a-bromo-2-desoxyglucose

Scheme 4. Zhdankin reaction.

Scheme 5. Radical azidation with ethanesulfonyl azide.
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derivative with the commercially available potassium O-
ethyl xanthate, gives the anomeric azide 7 as a single a-
anomer in 74% yield (Scheme 7). Interestingly, the prepara-

tion of such a-anomeric azides is much more difficult than
the b-isomers when classical nucleophilic substitution ap-
proaches are employed.[30] Moreover, these anomeric azides
are useful intermediates for the preparation of biologically
important N-linked glycoconjugates.
Recently, Porter reported the first decarboxylative azida-

tion of thiohydroxamates (Barton esters).[31] Moderate to
good yields of the desired azides were obtained together
with the S-pyridyl derivatives resulting from the direct trap-
ping of the radical by the Barton ester. Interestingly, these
reactions proved to be diastereoselective, as demonstrated
by the example depicted in Scheme 8. This point will be fur-
ther discussed later.

The azidation of carbon-centered radicals with ethanesul-
fonyl azide is an attractive tin-free procedure. However, we
notice that the purification of the final azides may be prob-
lematic when they are apolar. Indeed, they are contaminat-
ed with other apolar side products derived from DLP, such
as undecyl azide. Furthermore, long reaction times (=12 h)
are often necessary for completion of the azidation, due to
the relative inefficiency of the chain process. Finally, differ-
ent attempts to achieve cascade reactions involving radical
cyclization and azidation processes in a one-pot procedure
failed. Therefore, we decided to look for an alternative azi-
dation procedure that could solve some of these drawbacks.

Ditin-Mediated Radical Azidation with
Benzenesulfonyl Azide

The reaction of ditin derivatives with sulfonyl radicals af-
fords stannyl radicals that can ideally sustain a chain reac-
tion. Moreover, ditin derivatives are inert towards alkyl rad-
icals and no competing reaction, such as the direct reduction
of the intermediate alkyl radical, is expected. Therefore, we
decided to replace ethanesulfonyl azide by benzenesulfonyl
azide and to use hexabutylditin as the chain transfer re-
agent.[27] Because of the instability of the phenyl radical, the
intermediate benzenesulfonyl radical does not loose SO2.
The proposed chain reaction is described in Scheme 9

[Eq. (10)]. The initiation of this process is critical: when
alkyl iodides are used as radical precursors, the reaction can
be initiated by irradiation with a 300 W sun lamp (meth-
od C). However, thermal initiation (80 8C) with di-tert-butyl-
hyponitrite (DTBHN) (method D) proved to be more effec-
tive. The efficacy of this approach is due to the well-docu-
mented reaction of tert-butoxyl radicals with hexabutylditin.
The scope and limitation of this approach has been stud-

ied for different radical precursors according to Equa-
tion (10) and typical results are summarized in
Scheme 10.[27] The azide 1 was prepared from the corre-
sponding iodide in 89% yield by treatment with three equiv-
alents of benzenesulfonyl azide and 1.5 equivalents of hexa-

Scheme 6. Radical azidation of alkyl iodides according to Equation (7).

Scheme 7. Radical azidation of xanthates according to Equation (7).

Scheme 8. The decarboxylative azidation reaction.

Scheme 9. Radical azidation with benzenesulfonyl azide.

Scheme 10. Radical azidation according to Equation (10).
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butylditin in benzene. Interestingly, under these reaction
conditions, the reaction is clean and fast (=4 h) and the pu-
rification of the product is easier than in the tin-free proce-
dure described above. The same azide 1 was prepared in
32% yield (60% after correction for recovered starting ma-
terial) from the corresponding bromide. The primary azide
10 was isolated in a modest 34% yield from its correspond-
ing iodide. This result indicates that the addition of primary
alkyl radicals to sulfonyl azide is less efficient than the reac-
tion of the more nucleophilic secondary and tertiary alkyl
radicals.
This last point is further supported by the cyclization reac-

tion depicted in Equations (11) and (12) (Scheme 11). The

iodoacetal 11 provides the corresponding tertiary azide 12 in
91% yield as a mixture of diastereoisomers (endo/exo 61:39)
[Eq. (11)]. Under similar conditions, the iodoacetal 13 gave
the primary azide 14 (endo/exo 85:15) in 42% yield
[Eq. (12)]. The primary (iodomethyl)dimethylsilyl ether 15
is also a suitable precursor for such cyclization±azidation
process [Scheme 11, Eq. (13)]. The unstable cyclic silyl ether
16 is immediately converted by treatment with MeLi into
the cylcohexanol derivative 17 in 67% overall yield (trans/
cis 86:14). Finally, we have also demonstrated that treatment
of the a-iodoacetate 18 (dr 1:1) with benzenesulfonyl azide
(3 equiv), hexabutylditin (1.5 equiv) and DTBHN as a radi-
cal initiator affords the bicyclic azide 19 in 77% yield in a
one-pot procedure [Eq. (14)]. Remarkably, each diastereom-
er of 18 gives a completely diastereoselective reaction.

The Carboazidation Reaction

The chemistry depicted in Scheme 11 involves the intramo-
lecular formation of a C�C bond (a radical cyclization) fol-
lowed by intermolecular C�N bond formation. In all these
reactions, no product of direct azidation of the initial radical
before cyclization was observed. This encouraged us to ex-
amine a process involving two intermolecular reactions. The
intermolecular addition of carbon-centered radicals to unac-
tivated alkenes followed by azidation represents a formal
carboazidation of alkenes. The feasibility of the reaction was
tested with terminal alkenes and different radical precursors
that are known to be efficient in radical atom or group

transfer reactions [Scheme 12,
Eq. (15)]. A one-pot procedure
similar to the one used for in-
tramolecular reactions gave
promising results: the radical
precursors were treated with
terminal olefins (2 equiv), ben-
zenesulfonyl azide (3 equiv),
hexabutyldistannane (1.5 equiv)
and DTBHN (6±18 mol%) as
initiator in refluxing ben-
zene.[32,33] Slow addition of ben-
zenesulfonyl azide was not nec-
essary because this electrophilic
reagent does not react with the
initial electrophilic or ambiphil-
ic radicals, such as enolate radi-
cals and the trichloromethyl
radical. Typical examples are
reported in Scheme 12. Excel-
lent results were obtained with
a-iodo and a-xanthate esters. a-
Bromoacetate gives also satis-
factory results; however, bro-
momalonate, phenylseleono-Scheme 11. Radical cyclization-azidation processes.

Scheme 12. The carboazidation of terminal alkenes.
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malonate and bromotrichloromethane give lower yields of
carboazidation. This is due to the formation of atom or
group transfer products that are not efficiently converted
into the desired azides under these reaction conditions.
Two reaction pathways (Scheme 13, paths A and B) can

operate in the carboazidation of olefins. Path A is a stepwise
mechanism involving formation of an intermediate through

the transfer of the X group. This pathway is operative when
the atom or group transfer is fast. For instance, iodides and
xanthates react along this pathway and both steps, that is,
carbon±carbon bond formation through atom/group transfer
and azidation of the intermediate iodide/xanthate are effi-
cient. The second pathway, path B, is a direct radical addi-
tion±azidation process that takes place when the atom trans-
fer step is slower than the azidation step. Bromides activat-
ed by a single ester group are expected to follow this reac-
tion pathway. For instance, with ethyl 2-bromoacetate, no
product of bromine-atom transfer was detected during the
reaction and the overall yield was good. With more activat-
ed bromides and selenides, such as diethyl bromomalonate,
diethyl phenylselenomalonate, and bromotrichloromethane,
the atom/group-transfer process is accelerated and path A
becomes again operative. The desired carboazidation prod-
ucts, isolated in moderate yields only, presumably result
from a competing direct azidation reaction according to
path B, since the intermediate bromides/selenides formed
are not efficiently azidated under these reaction conditions.
The control of the stereochemistry of the azidation step in

acyclic systems was shown to be possible by using chiral al-
lylsilanes as substrates for the carboazidation process.[34] A
typical example is shown in Scheme 14. The allylsilane 24
was converted to 25 with an excellent level of stereochemis-
try for such a nonstabilized radical intermediate. It was
postulated that, as bonding between the radical center and
the sulfonyl azide develops, a partial positive charge would
appear at the carbon atom due to the high electrophilicity
of the radical trap, and this partial positive charge is best
stabilized by a coplanar electron rich C�Si bond (silicon b-
effect). Based on two assumptions (pyramidalized staggered
transition state and silicon b-effect), we propose the models
depicted in Scheme 14 to explain the stereochemical out-
come of the carboazidation of chiral allylsilanes. These two

models are characterized by: 1) a quasi staggered transition
state, 2) the orthogonal relationship between the bulky silyl
group and the CH2CH2CO2Et substituent at the radical
center, and 3) the formation of a C�N bond nearly anti to
the silyl group.

Synthetic Applications

Based on the carboazidation process, efficient three-compo-
nent syntheses of simple lactams, such as pyrrolidinones,
pyrrolizidinones, and indolizidinones can be performed.[32,33]

The radical carboazidation of alkenes with 2-iodoesters can
be coupled with the reduction of azides to afford 3-amino
esters that cyclize to pyrrolidinones. Even more interesting,
the carboazidation of 5-bromopent-1-ene and 6-bromocyclo-
hex-1-ene with ethyl 2-iodoacetate and ethyl 2-iodopropio-
nate affords the azido esters 26a±d, which give, after reduc-
tion with indium and treatment with triethylamine, the pyr-
rolizidinones and indolizidinones 27a±d by means of a
double cyclization reaction [Scheme 15, Eq. (17)]. This reac-
tion sequence proves that the carboazidation process of bro-
minated alkenes with 2-iodoesters proceeds in good yields.
This demonstrates further the mildness and the high chemo-
selectivity of these radical reactions.

Scheme 13. Proposed mechanism.

Scheme 14. Stereoselective carboazidation of allylsilanes.

Scheme 15. Preparation of pyrrolizidinone and indolizidinone derivatives.
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1-Azaspiro[4,4]nonan-2-ones and 1-azaspiro[4,5]decan-2-
ones are important spirolactam building blocks for the syn-
thesis of a wide range of alkaloids. Their synthesis is not
trivial, since they contain an amino-substituted quaternary
carbon center. Since the radical carboazidation reaction is
particularly suitable for the preparation of such moieties, we
developed a rapid two-step synthesis of spirolactams starting
from methylenecycloalkanes.[33] The carboazidation of meth-
ylenecyclopentane and methylenecyclohexane affords azides
28 and 29 in 75% and 81% yield, respectively (Scheme 16).

These two reactions have been performed with one equiva-
lent of the alkene and one equivalent of ethyl 2-iodoacetate.
Hydrogenation of azides 28 and 29 (30 bar, 10% Pd/C)
gives the amino esters that cyclize under heating in ethanol
in the presence of triethylamine to afford the desired spiro-
lactams 30 and 31.
In order to show the utility of our approach for the syn-

thesis of spirolactams, we decided to prepare compound 35,
an advanced intermediate in Wardrop×s total synthesis of
(� )-desmethylamino FR901483 (Scheme 17).[35] The synthe-

sis started from commercially available monoprotected 1,4-
cyclohexanedione 32, which was first converted to the corre-
sponding methylenecyclohexane 33. Carboazidation of 33 af-
forded the azido ester 34 in 80% yield, which was readily
converted by hydrogenation±lactamization to the desired
spirolactam 35.[33] This procedure for the preparation of 35
(3 steps, 57% overall yield) compares favorably with War-
drop×s synthesis (5 steps, 53% overall yield).

Conclusion

We are developing a novel radical process that allows us to
introduce an azide moiety under very mild conditions. Sulfo-
nyl azides have been used as azidating agents and nucleo-
philic radicals, such as secondary and tertiary alkyl radicals,
are efficiently converted into azides. Interestingly, this pro-
cess can be coupled with intramolecular and intermolecular
C�C bond formation leading formally to a carboazidation
process. Due to the versatility of the azido group, this reac-
tion has an important synthetic potential as already demon-
strated by the preparation of the core of several alkaloids,
particularly those containing an aminated quaternary carbon
center. Further extension of this chemistry towards the syn-
thesis of other alkaloid skeletons is currently under investi-
gation. Moreover, the design of new azidating agents allow-
ing an easy purification of the products as well as to work
under tin-free conditions is also underway.[36]
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