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Abstract: Xanthates and related derivatives have
proved to be extremely useful for both inter- and intra-
molecular radical additions. The broad applicability of
the intermolecular addition to un-activated olefins
opens tremendous opportunities for synthesis, since var-
ious functional groups can be brought together under
mild conditions and complex structures can be rapidly
assembled. The presence of the xanthate in the product
is also a powerful asset for further modifications, by
both radical and non-radical pathways. Of special im-
portance is the access to highly substituted aromatic
and heteroaromatic derivatives and the synthesis of
block polymers through a controlled radical polymerisa-
tion mediated by various thiocarbonylthio group con-
taining agents (RAFT and MADIX processes).
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Introduction

There are very few reasonably general reactions capable of
creating carbon—carbon bonds in an intermolecular fashion
starting with simple, un-activated alkenes. The comparative-
ly low reactivity of ordinary alkenes makes them recalcitrant
partners in most bimolecular C—C bond forming processes
and the reactive species involved will generally prefer to
react with other functional groups present in the molecule.
Yet, the formation of C—C bonds is central to organic syn-
thesis, and a broadly applicable, operationally convenient
method allowing such a synthetic transformation would be
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highly desirable. Even though radicals are capable of react-
ing with simple alkenes, most of the developments and ap-
plications in this area have been confined to intramolecular
modes or to additions to activated olefins. Allylation reac-
tions based on allyl stannanes and analogous reagents repre-
sent a noteworthy exception.!'! Intermolecular additions to
un-activated alkenes are simply too slow to compete with
other pathways open to the radical intermediate. The differ-
ence in rate constants between an intermolecular addition
to an ordinary olefin and hydrogen abstraction from a stan-
nane, for instance, is too large and cannot be overcome by
playing on concentration effects through high dilution or sy-
ringe pump techniques.!! Thus, in the reaction displayed in
Scheme 1, substituent —E has to activate the alkene suffi-

BusSnH — E
BusSn® + R-H R* —

Scheme 1. Radical addition to an olefin and competing premature reduc-
tion.

ciently to make the addition faster than premature reduction
by the stannane. Group —E cannot therefore be a mere
alkyl or some other non-activating group. The same unfav-
ourable situation obtains with all common radical processes,
except for Kharasch-type reactions and those benefiting
from the persistent radical effect.!!

A solution to this longstanding problem in chemistry
emerged from our work on the degenerative radical ex-
change of thiocarbonylthio derivatives, and especially xan-
thates.”! The main features of the process are summarised in
the reaction manifold pictured in Scheme 2. Radicals R,
produced first in the initiation step, rapidly add to the thio-
carbonyl group of the starting xanthate 1 (path A). This ad-
dition is fast but the stabilised adduct radical 2 is too hin-
dered to dimerise (or does so reversibly) and cannot dispro-
portionate. It can therefore only undergo fragmentation by
rupture of either the C—O (path B) or the C—S bonds (path
C). The former is quite difficult, for it involves a particularly

6003

www.chemeurj.org


www.chemeurj.org

CHEMISTRY=

S. Z. Zard and B. Quiclet-Sire

A EUROPEAN JOURNAL

i Et /\/G
Rgo” 1 R ®
A
_Et H
O initiation E:
R‘s*&s G i
R 1 / :
s’ A /\./_\7 3 /\/G
Rogrp B R D R -
N c ) /
2
)
B
Rog KBt
1

Et*

+ R : R
R0 R S)\G R —— )\
shs” * R —_— P/Sl\ G

s7 0-Et R
6 Nos7 No-Et

Scheme 2. Reaction manifold for the addition of xanthates to olefins.

strong bond and generates a high-energy ethyl radical. Scis-
sion of the C—S bond (path C) leads simply to the starting
xanthate and the same radical R". Thus, the reaction of the
initial radical R" with its xanthate precursor is reversible and
degenerate. As a consequence, the effective lifetime of R" in
the medium increases considerably, since it is continuously
being regenerated. Now, addition even to simple, non-acti-
vated alkenes becomes possible. More generally, the radical
is able to undergo comparatively slow inter- or intramolecu-
lar processes not easily achievable with other methods. In
the case of addition to alkene 3 (path D), a new radical 4 is
created, which in turn reacts reversibly with the starting xan-
thate to produce intermediate radical 5. Reversible collapse
of this species furnishes finally adduct 6, as well as the initial
radical R’ to propagate the chain.

The overall result is relatively straightforward, corre-
sponding to the addition of the elements of the xanthate
across the double bond of the olefinic trap. Xanthates are
used in this Scheme since most of the transformations dis-
cussed below involve this group, but the same applies to
other related derivatives of general formula R-S(C=S)-Z,
such as dithioesters, dithiocarbamates, trithiocarbonates,
even though efficiency and rates can vary significantly de-
pending on substituent Z.F!

The simplicity of the global transformation should not de-
tract from the mechanistic subtleties of the process, which
need to be appreciated. The thiocarbonyl group is vastly
more radicophilic than a simple olefin. This means that any
reactive radical (namely R’, 4, and any radical arising from
the initiator) is rapidly removed from the medium and
stored as stabilised adducts of type 2 and §. These adducts
fragment to liberate preferentially the most stabilised radi-
cal (stabilisation implies thermodynamic effects and this
may be used as a rule of thumb, but polar factors speeding
up the fragmentation step can also have a significant influ-
ence). It is important to bias the fragmentation of intermedi-
ate 5 in the desired direction by making adduct radical 4
less “stable” than the initial radical R"; for otherwise the
chain will be slowed down causing the appearance of un-
wanted side reactions. This simple consideration ensures
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that as long as the starting xanthate 1 is present, product
xanthate 6 is “protected” by being, in a sense, prevented
from undergoing further radical additions to the olefin re-
sulting ultimately in telomerisation. The greater the differ-
ence in “stability” between radicals R" and 4 the better is
the dichotomy in the reactivity of the two xanthates and the
easier it is to control the process. This is a key point that is
important to keep in mind, especially when dealing with in-
termolecular reactions. As will be seen later in this short
overview, it is sometimes possible to oxidise adduct radical 4
by electron transfer to the peroxide resulting in a crossover
from the radical to the cationic manifold (path E). This step
is favoured when group G is an entity that stabilises the
cation.

Xanthates have been used most frequently because they
offer the best combination in terms of reactivity, stability,
and accessibility. Potassium O-ethyl xanthate is commercial-
ly available and cheap (it is used on a large scale as a flota-
tion agent in the mining industry). It is an excellent nucleo-
phile and many xanthates can be made trivially by displace-
ment of a suitable leaving group. For instance, xanthate 7
depicted in Scheme 3 is readily made from the hemiacetal of
trifluoroacetaldehyde. It adds efficiently to a large assort-
ment of olefins, as demonstrated by the reactions in
Scheme 3.1

Alternatively, one can consider a given olefin, say allyl tri-
methylsilane as in Scheme 4, and highlight the great diversi-
ty of xanthates that can be added to it. Reagents 8, 9, and
10 allow the direct, flexible introduction of a trifluoromethyl
containing motif and complement in this respect the amide
containing xanthate 7 of the previous scheme. In fact, the
xanthate exchange process turns out to be a very powerful

OH AcNH, OH
cFs— cF—
OMe dioxane NHAc
reflux
71% PClg
59%
CF3._ NHCOCH;Z ° CF5NHCOCH;
Cl
68% SCSOEt CFS% SCSOEt
NHAC
Ph Ph PO(OEY),
\% EtOC(=S)SK 86%
acetone
CF3._NHCOCH; 100% =
PO(OEt),

SCSOEt
EtO__ OEt
OEt~ OEt ‘\K CF NHCOCH
9 3\( 3

5%
SCSOEt
NPhth 7

i)// SiMes ™SiMes

0,
CF5.NHCOCH, » \2 95%
SCSOEt o )

AcO CN
F,._NHCOCH
nphn M€ CF, COGH5

77% SCSOEt
CF3NHCOCH;  CFa~ NHCOCH,

SCSOEt SCSOEt CN
o 87%
Me 88% 84% ~OAc

Scheme 3. Formation of a-trifluoromethyl amines. Reaction conditions:
reagents, lauroyl peroxide (2-10 mol %), 1,2-dichloroethane, reflux.

CF3._NHCOCH,
SCSOEt
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approach to numerous fluorinated synthons.!**) Xanthate 11
allows the direct introduction of a Weinreb amide,””! whereas
a geminal bis-phosphonate can be prepared by the use of re-
agent 12.71 Sulfoxide 13 is an interesting one carbon radical
equivalent and provides an unusual entry to the very rich
chemistry of dithiane derivatives.®’! Heterocycles such tetra-
zoles, benzothiazoles and imidazoles can be readily obtained
by using the corresponding xanthates. A transformation in-
volving a benzothiazole is shown starting with xanthate 14.
Other variants are displayed in the same Scheme™!” but an
infinite number of combinations can be envisaged.

SiMes
Oﬁ
Sitles 61% - SCSOE
AcO N
SCSOE s OMe o5%
PN

F3C s7o
80% :
” N FsC._SCSOEt | CF3 L_Ph
8

SiMe;

FiC  SCSOCH,CH,Ph

o
Me.NJ\,SCSOEt

Y B
OAC 11 OMe
MeO),0P
SiMes (MeO)
SCSOneo-Pn O (MeQ),0P
10 FiC SMee— Et0SCS
neo-PnOCSS ivies
-— :/_ (Me0O),0P MesSi
0" CFs EtOCSS” ~PO(OM 0
SCSOEt (OMe) 779,
78% J: 12
NTS @ MesSi
OAc
@ EtOCSS AcO
EtOCSS cso
14 o -~ Et
SiMe; N ' 77%
[ >¢0 oY
SCSOEt
SCSOEt ol )
SiMes 13 SiMes
/ S Q
N o) scsoet O
YN S SCSOEt
82% s 9
81% O o 77%

Scheme 4. Radical additions to allyl trimethylsilane.

The examples in Schemes3 and 4 embody many of the at-
tractive features of the system, and they are indeed numer-
ous.

e The reagents are cheap, generally stable, easy to handle,
and readily available.

o The processes are usually convergent and atom economi-
cal since all the elements of the xanthate and the olefin
end up in the product.

e No heavy metals are involved, even though organotin re-
agents for instance may be used with xanthates if
needed.

@ The reactions can be advantageously run under very high
concentrations (reduced cost and waste).

o The processes are self-regulating, safe, and easily scala-
ble.

e 1,2-Dichloroethane (DCE) was used as the solvent for
convenience but many other solvents, including water,
can be used.
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o Although peroxides are usually the preferred initiators
for triggering the chain reaction, other initiators such as
diazo derivatives, a combination of triethylborane and
oxygen can also be used. Initiation may equally be per-
formed photochemically.

® There is a remarkable tolerance for many functional
groups, allowing an easy access to a very wide diversity
of structures and combinations of functional groups.

A classical chain process is not strictly necessary. In some
cases, adduct radical 4 can be oxidised by the peroxide caus-
ing a crossover from a radical to a polar manifold (path E).
This will have its importance for the replacement of the xan-
thate group by a hydrogen or a bromine and when dealing
with the synthesis of aromatic and heteroaromatic deriva-
tives (see below). The peroxide thus behaves both as an ini-
tiator and a reagent and needs to be used in stoichiometric
amounts.

Going back to Scheme 2, it is important to realise that the
xanthate group exerts a powerful regulating influence on
the concentration of the various radicals in the medium,
scavenging reactive radicals and releasing stabilised radicals.
This role can be seen in the selective and high yielding for-
mation of homodimers from xanthates that lead to stabilised
radicals, when the xanthate is exposed to stoichiometric
amounts of peroxide in the absence of a trap. Two such ex-
amples are displayed in Scheme 5. The first involves xan-

lauroyl peroxide
(stoichiometric) CF3
_
chlorobenzene
reflux

NHCOPh

CF3.-NHCOPh
16 79%

SCSOEt
15

CF3” “NHCOPh

Me lauroyl peroxide
(stoichiometric)

SCSOEt
cyclohexane
N reflux

“Cs
17 s

18 100%

N.
*Cy

S

Scheme 5. Selective formation of homodimers. Reaction conditions: re-
agents, lauroyl peroxide (100 mol %), 1,2-dichloroethane, reflux.

thate 15, an analogue of xanthate 7 used in Scheme 3. The
dimerisation provides a convenient route to hexafluorinated
dibenzamide 16, a compound that would be quite difficult to
make by classical routes.!*! The parent diamine and deriva-
tives thereof could be of interest as ligands for transition
metals. The second involves the quantitative formation of
bis(isothiocyanate) 18 by homocoupling of the correspond-
ing benzylic radicals."™"

Mechanistically, the clean formation of homodimers,
when stabilised radicals are involved, has profound implica-
tions, since one would have expected the formation of a
complicated mixture resulting from all possible combina-
tions of radicals derived from the peroxide initiator and the
xanthate. The simplified reaction sequence in Scheme 6 en-
capsulates the subtle factors underlying this phenomenon.
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;{ - }ﬁOEt
CF5” “NHCOPh

Scheme 6. Selective regulation of the concentration of radicals.

As soon as an undecyl radical is generated, it is rapidly scav-
enged by the strongly radicophilic thiocarbonyl of xanthate
15 to give adduct 19 (in fact, any xanthate in the medium,
and not just starting xanthate 15). Although this addition is
in principle reversible, fragmentation to give the more
stable radical 20 is much more facile. Thus, the concentra-
tion in undecyl radicals remains extremely low, whereas that
of stabilised radical 20 builds up continuously until homo-
coupling becomes unavoidable, since there is no other rea-
sonable trap in the medium. This observation also means
that adduct radical 19 either does not engage in radical-radi-
cal interactions with another radical 19 or with stabilised
radical 20, or does so reversibly.

Further Examples

The tolerance of the method may be further underscored by
the three transformations pictured in Scheme 7, involving
radical additions to relatively complex olefinic partners. The
first represents an unusual approach for the modification of
pleuromutilin, a terpenic antibacterial, without the need for
any prior protection of the existing functional groups.'” The
use of a neopentyl instead of the ubiquitous ethyl group is
to render xanthate 10 more hydrophobic and thus to limit
the formation of the hydrate of the ketone. Trifluoromethyl
ketones readily form hydrates and, in the present case, this
would disfavour the generation of the desired trifluoroace-
tonyl radical because the hydrated radical lacks the stabilisa-
tion provided normally by the carbonyl group. Many other
xanthates besides 10 can be used for the addition, and novel
pleuromutilin derived libraries can be constructed by further
modifications of the adducts.

The second example represents the addition of a one
carbon equivalent, 13, to a glucose derivative.®! Further ma-
nipulations can again exploit the rich and now well-estab-
lished ionic chemistry of dithianes. The last radical addition
also involves a sugar derived alkene, as well as an interest-
ing phosphonate reagent 21, which can be elongated on one
side by a radical addition, as shown, and then elaborated on
the other side by a classical Wittig—~Horner condensation
with an aldehyde or a ketone.'¥] It is worthwhile noting that
the radical carbon—carbon bond-forming step takes place on
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's', OEt
OAc & A A
P OAc  (lauroyl peroxide) S”
Z o DCE, reflux
SCSOEt 39%
[e]
H‘K/ OEt MeO, 0./
MeO, 0./ O(OE), s 21 9 (i_o
Cﬁ Sy o
(lauroyl peroxide) PO(OEt), SCSOEt 74%
DCE, reflux (dr 2:1)

Scheme 7. Additions to complex alkenes.

the terminus that bears the least acidic hydrogens in reagent
21.

Another interesting linchpin reagent is a-chloroketone
derived xanthate 22, which allows the modular elongation of
both sides of the ketone by two successive radical addi-
tions."¥ This is exemplified in Scheme 8 by a first addition
to 3-acetoxy-1-octene, displacement of the chlorine by po-
tassium O-ethyl xanthate, then a second addition to a pro-
tected allylamine. Note that in the first adduct 23 only the
xanthate group vicinal to the ketone and leading to more
stabilised radical reacts; the other remains as a spectator
since it is more difficult to generate the corresponding un-
stabilised secondary radical. The final compound now con-
tains two xanthate groups that can be removed by reduction
with tributylstannane. More generally xanthate 22 provides

O cH EtOCSS
cn\)l\ s ” EtOCSSK
auroyl  EtOCSS tone_ E1OCSS
EtOCSS auroy acetone
22 peroxide)

DCE, reflux AcO CsHqq CsHq4
BnOCON 23 98%
! (2 steps)
OPiv
=/ Cshhs (lauroyl
(lauroyl peroxide) peroxide)
DCE, reflux OAc [¢] DCE, reflux
CsHyq
SCSOEt SCSOEt
(¢]
659
cl SCSOEt BROOCHN” “CgHy; 7
85% OPiv
Bu;SnH (AIBN)
AcNHCSNH, toluene, reflux
MgSOy,, PhCI
reflux

AcHN
>=N CsHyq
S~ OPiv
70%
24 55% SCSOEt

BnOOCHN" “CgHy

Scheme 8. A linchpin xanthate.
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a direct entry into a-chloroketones of unusual structures
that are otherwise inaccessible. Many classical heterocyclic
syntheses rely on a-chloroketones as key substrates, as they
offer two quite reactive electrophilic sites and are ideally
suited for condensation reactions. Thus, treatment with a
thioamide leads to a thiazole such as 24 through the
Hantzsch condensation, as shown in the lower part of
Scheme 8.1

The xanthate transfer technique allows the generation
and manipulation of a variety of interesting radicals. For in-
stance, it proved possible to generate and capture cyclopro-
pylacyl radicals in an intermolecular fashion.' In the ab-
sence of strongly stabilising substituents on the cyclopropyl
ring (such as phenyl groups), the extrusion of carbon mon-
oxide and ring opening are too slow to compete with the ad-
dition process. The cyclopropyl radical is in fact a high-
energy species that is more akin to a vinyl than to an ali-
phatic radical, because of the particular hybridisation of the
cyclopropyl carbons. This difference can be appreciated by
comparing the behavior of xanthates 25 and 27. In the
latter, the cyclopropyl motif has been replaced by two gemi-
nal methyl groups. In this case, the loss of carbon monoxide
cannot be avoided. It is therefore the capture of the tertiary
radical that is observed. From a synthetic perspective, both
transformations are interesting. The first represents the syn-
thesis of a very unusual protected amino acid 26, which
would be quite difficult to obtain by classical routes. The
second corresponds to a general approach to protected terti-
ary amines, such as 28, which are also not always easily ac-
cessible (Scheme 9).1"")

Synthesis of Rings

If intermolecular additions onto un-reactive olefins are fea-
sible, then obviously the construction of rings by intramolec-

NHBoc
o COzMe o O SCSOEt
PhthN (peroxide) | PhthN | PhthN
L e g
@)k DCE, reflux <
OFEt MeO,C™ “NHBoc
25 26 46%
X (dr 4:5)
PhthN PhthN C/o
+ CO

.

o
PhthN OPiv
_ o
)Hki =/ Phthy -Co PhthN
— o %
EOT 7S Jisible)
EtO /

7 30-40°C
PhthN  S§” 78

28 94%
OPiv

Scheme 9. Comparative behavior of cyclopropylacyl and aliphatic acyl
radicals.
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ular additions should also be readily accomplished. This is
indeed the case. Furthermore, rings can be assembled not
only through radical processes, but also by a combination of
radical and ionic processes. Owing to the relatively long ef-
fective lifetimes enjoyed by radicals generated through the
xanthate exchange process, reputedly difficult cyclisations
can be executed under mild conditions and often without
the need for high dilution. Ring closures leading to d-lac-
tams is a case in point. The existence of slow interconverting
rotamers hinders the cyclisation, and stannane-based meth-
ods are generally unsatisfactory. The key step in the synthe-
sis of the berbane system 29, summarised in Scheme 10,

(lauroyl MeO
peroxide) m o
eO

DCE, reflux M H

75%

H

S}\OEMe “'SCSOMe
1) POCl3, PhH
MeO reflux

2) NaBH,, EtOH, RT

MeO
e H

29 80% H
MeOCSS SCSOEt
(lauroyl peroxide) Me
DCE, reflux o 60%
(0]
hv (visible) )SJ\
e —— H
92%
cyclohexane ELN™ 7S H N-gp
Et N)%S reflux &
>

Scheme 10. Construction of the berbane, pleuromutilin, and (-lactam
skeletons.

shows that the xanthate route can indeed overcome this
problem.l'" Moreover, the xanthate group survives the
somewhat harsh acidic conditions of the subsequent Bish-
ler-Napieralski cyclisation. Even the notoriously difficult
four- and eight-membered ring closures can sometimes be
effected as indicated by the construction of the bridging ring
in a pleuromutilin model™ and the remarkably efficient f-
lactam formation recently reported by Grainger and Inno-
centi,"™ also displayed in Scheme 10.

Alternatively, cyclic structures can be constructed by com-
bining the radical addition with classical ionic reactions. The
bimolecular radical addition serves to bring together various
functional groups, which can then be made to react together
in an intramolecular fashion by changing the pH or by
adding a suitable reagent. This approach is illustrated by the
convergent synthesis of cyclohexenes displayed in
Scheme 11, where an intramolecular Wittig—-Horner conden-
sation is used to install the six-membered ring.'! Interest-
ingly, in the second sequence leading to 31, corresponding
to the C-D portion of steroids, only one isomer is ultimately
obtained: one of the two ketones in precursor 30 reacts pref-
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DCE, reflux PO(OEt),
Me
: Me 1) BuzSnH (AIBN)
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1%
CO,Et
/—% (E0R0P O/_k
o]
rﬁ:;o EIOZC)\S/J\OEt EtOCSS S
‘ EtO,C
o (lauroyl peroxide) 2 0 68%
DCE, reflux PO(OEt),
p-TSA
acetone
o o
EtOCSS., 0 ’ K,COs3 EtOCSS
[18lcrown-6  EtOC o
toluene 80°C

3159% COEt PO(OEt), 3083%

Scheme 11. A convergent construction of cyclohexenes.

erentially to place the xanthate group in the equatorial posi-
tion in order to avoid a repulsive 1,3-diaxial interaction with
the ethyl group. Note that the location of the xanthate
group in 31 is that of the important C-11 position (steroid
numbering); furthermore, in natural steroids, there is a
methyl and not an ethyl group on C-13, but some very
potent contraceptives such as desogestrel contain the non-
natural ethyl substituent at this position and have to be
made industrially by total synthesis.

Conversely, the phosphonate group can be part of the ole-
finic trap, as in the examples shown in Scheme 12.% The
distance between the olefin and the phosphonate group ulti-
mately determines the size of the new ring, a cyclohexene or
a cycloheptene in the present case. It is worth noting that
the ease of appending the side chain in the present approach

S
neo-PnO—/<
Oneo-Pn

S = PO(OEt),
o % _\_< EtOZC

CO,Et
(lauroyl THF / 0°C
peroxide)
0 DCE © o
o] ‘$ reflux neo-PnOCSS

21

69% EtO,C PO(OEt), (1 1
EtO,C S
EtO
PO(OEt), ~
OEt S
S OEt
i PO(OEt
o s Et0,C

CO,Et |

(Iauroyl peroxme THF / 0°C .o
reflux 68% 55%

Scheme 12. Construction of cyclohexenes and cycloheptenes.
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contrasts with the general difficulty encountered in alkylat-
ing cyclobutanones. Obviously, this strategy is not limited to
cyclobutanones: other cyclic or open chain ketones can of
course be used.

Another powerful route to polycyclic structures involves a
combination of the xanthate addition with a Robinson anne-
lation, because it is quite easy to assemble the desired com-
ponents. The examples displayed in Scheme 13 start with

S._S SCSOEt
: o hv (visible) : o
32 Me toluene, reflux Me
1) BugSnH
EtOCSS 84%
2) NaOEt
Me Me O 47%
(lauroyl peroxide) H
DCE, reflux CU/:\/KO/
$CSOEt Me

(1:1)

e} \ H Me

i 1) BuzSnH (AIBN) Me
2) p-TSA /THF
)P42% Me 1) o

Scheme 13. Synthesis of polyquinanes.

enone 32, a compound made simply from 3-methyl-2-cyclo-
penten-1-ol in three straightforward steps, including a key
Claisen rearrangement which conserves the stereochemistry
of the initial allylic alcohol.®!! Intermolecular addition, ring
closure, and xanthate transfer using two different xanthates
provide the expected bicylic structures in high yield. Reduc-
tive removal of the xanthate group and acid- or base-in-
duced Robinson annelation provide the corresponding tri-
quinanes. The stereochemistry of the various chiral centres
is either directly controlled by the stereochemistry of the
quaternary carbon in the initial enone or may be corrected
afterwards through the extended enolate of the enone group
in the product. Again, various combinations of rings can be
rapidly constructed by altering the starting enone and the
xanthate partners.

The sequence depicted in Scheme 14 showcases the possi-
bility of generating and capturing a propargylic radical.”?
Thus, addition of a malonyl radical derived from the corre-
sponding xanthate gives intermediate radical 33, which ring-
closes to furnish ultimately an allene. Reductive removal of
the xanthate group simplifies the structure and allows the
acid-catalysed rearrangement of the allenyl acetate into a
conjugated enone to occur without undue complications. Fi-
nally, base-induced internal Michael addition introduces the
third ring. Thus, it is possible to elaborate quite complicated
structures in very few steps.

For the synthesis of alkaloids, it is advantageous to associ-
ate the radical xanthate transfer with the Mannich or the
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Ss.-S._CO,Et SCSOEt

EtO  CO,Et
(lauroyl
peroxide) 68%
DCE, reflux
BuzSnH
(AIBN) CO,Et
toluene

AcOH / H,O
reflux

53% (1:1)

DBU
MeOH/ EtOH

(o)

82%

*EtO,C CO,Et

Scheme 14. Formation of an allene by capture of a propargylic radical.
DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene.

Pictet-Spengler reaction. An example of the latter case is
pictured in Scheme 15, illustrating a possible approach to
the eburna alkaloids.”® Addition of xanthate 34 containing

-Boc  (lauroyl peroxide) N -Boc
K/ DCE, reflux
SCSOEt
S
TBS CO,Me
o s 66%
MeO MeO”™ "OMe
CO,Me
MeO 34 1) BuzSnH (AIBN)
benzene, reflux
79%
2) TBAF / THF
93%
B
@Q}D CF3COOH @C\ N-Boc
b reflux
CO,Me 1’ MeOZC

3571% 4:1)

Scheme 15. Synthesis of polycyclic indole derivatives. AIBN = azobis-
(isobutyronitrile).

a protected aldehyde onto a protected N-allyl tryptamine
followed by reductive removal of the xanthate group and
deprotection of the indole nitrogen affords the precursor for
the ionic cascade. This can be triggered by the action of tri-
fluoroacetic acid to form tetracyclic indole 35 as a mixture
of epimers.

The construction of rings can also rely on a double radical
addition. This strategy is exemplified by the reaction of bis-
xanthate 36 with B-pinene (Scheme 16)."%2 The first inter-
molecular addition causes the scission of the cyclobutane
ring and places an olefinic bond in a position allowing it to
capture the radical produced from the second xanthate. The
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peroxide) H P
DCE, reflux
| SCSOEt 82%

Scheme 16. Synthesis of cis-decalins from p-pinene by a radical cascade.

overall result is a highly efficient annelation process that
leads to an optically pure cis-fused decalin system with a
well-defined stereochemistry of the various chiral centres.

Modifications of the Xanthate Group

In the foregoing examples, the xanthate group was either
left in the product or reductively removed using tributylstan-
nane. Other, tin-free procedures for the removal of the xan-
thate are known. Tris(trimethylsilyl)silane or the much
cheaper hypophosphorous acid and its salts can be used as
the hydrogen atom donors.” A combination of a peroxide
and isopropanol is also cheap and convenient.?! The latter
system relies on the abstraction of a hydrogen atom from
the solvent but a stoichiometric amount of peroxide is re-
quired since it is now both an initiator and an oxidant for
the ketyl radical generated from the isopropanol. Two exam-
ples of the reduction of a xanthate into the corresponding
alkane are given in Scheme 17. The first exemplifies an ap-
proach to unnatural amino acids such as 37,%" and the
second shows the synthesis of 38, a xanthate-free radical ad-
dition product of pleuromutilin.!'¥l Interestingly the isopro-
panol/lauroyl peroxide combination can also effect a Barton
Mc-Combie type deoxygenation, thus avoiding the use of
tin-based reagents.”

NHCbz OFt
FBCYSTOH JCOZME) CFy 78
BocNH S (lauroyl peroxide) BOCNH}\/%\
DCE, reflux CbzHN™ “CO,Me

80%

CF CO,Me lauroyl peroxide

3 2 isopropanol, reflux

BocNH NHCbz
37 73% (1:1)

0.0
o L

lauroy!
(¢] peroxide

</\(W(\/SCSOEt o

O Hov

Me isopropanol
reflux

Scheme 17. Tin-free reductive removal of the xanthate group.
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The presence of the xanthate entity in the product is,
however, a precious asset. It allows another radical sequence
to be implemented and opens, in addition, an entry into the
exceedingly rich chemistry of sulfur. The following examples
will give an idea of the possibilities, even if they represent
only a tiny fraction of what has already been accomplished
and of what can actually be done. For instance, depending
on its position with respect to other substituents, the xan-
thate group can sometimes act as a nucleofuge. One such
case obtains upon addition of an acyl radical to an olefin,
for the xanthate group in the product can now undergo f-
elimination with base to give an unsaturated derivative. In
the example in Scheme 18, addition of cyclopropylacyl xan-

KA OEt

(e} B—
PhthN =/ PhthN
S B
)\ hv (visible) 7{<
39

25 §7 "OEt DCE, reflux
Et;N / Mel
Phthé)v S

40 46%

Scheme 18. Synthesis of a vinyl boronate. DCM = dichloromethane.

thate 25 to a vinyl boronate gives the expected addition
product 39 which, upon treatment with triethylamine/methyl
iodide, provides a unique unsaturated boronate 40. This un-
usual substance could be later used as a substrate in Suzuki-
Miyaura couplings or in cycloaddition reactions.” Methyl
iodide serves to capture irreversibly the eliminated xanthate
anion.

If an enol ether is used as the radical trap, the xanthate
ends up on the same carbon as the oxygen. The C—S bond
finds itself weakened by an anomeric-type effect and the
xanthate can be made to depart by the action of a Lewis
acid or a silver salt. This notion was very recently exploited
by Lequeux et al. to expediently construct a fluorinated 2'-
a-C-nucleoside as shown in Scheme 19.5")

BnO SCSOEt BnO
o CHFCO,Et
: SCSOEt
- (lauroyl BnO
BnO peroxide) CHFCO,Et OTMS
DCE, reflux 579% N7 |
PN
agoTt \TMSO™ "N
toluene, 0°C
BnO

o)
SNH
N B

o}

Bn(;)
CHFCO,Et
61%

Scheme 19. Synthesis of a fluorinated 2'-a-C-nucleoside.
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Addition of xanthates to vinyl esters also leads to adducts
where the carbon bearing the xanthate group has the oxida-
tion level of an aldehyde. This is demonstrated by the first
transformation in Scheme 20 giving rise to an interesting

OAc
CF3YNHCOCH3 =/ CF3._NHAc p-TSA  CF3._NHAc
7 .

SCSOEt  (lauroyl SCSOEt MeOH OMe
7 peroxide) OAc OMe
DCE, reflux  ggo, 4172%
op Ph E
X WV 4-FCgH (0]
4 FCGWTO =/ 614 PhCH,NH, N(
(lauroyl p-TSA \_/
EtOCss peroxide) 98%

DCE, reflux EtOCSS™ "OPiv

90%

Scheme 20. Additions to vinyl esters and synthesis of pyrroles. p-TSA =
para-toluenesulfonic acid; Piv = pivaloyl.

synthon 41 for the construction of fluorinated heterocy-
cles.™ This nicely crystalline compound contains a protected
amine and aldehyde groups as well as a trifluoromethyl
entity. When the starting xanthate is vicinal to a ketone, the
product becomes a convenient substrate for a variant of the
Knorr pyrrole synthesis.*!l One example is shown in the
same Scheme using vinyl pivalate as the trap. A variety of
pyrrole derivatives were expediently prepared, simply by
modifying the xanthate and amine components.

Exposure of the adducts with vinyl pivalate to titanium
tetrachloride unexpectedly produced dithietanones such as
42, often in good yields (Scheme 21)."? Under these condi-
tions, it is the pivaloxy group that behaves as the nucleofuge.
Dithietanones are very rare substances and their chemistry
is still largely unexplored. They are surprisingly stable to
heat but preliminary studies indicate them to be convenient
precursors for thioaldehydes through the action of methox-
ide or DMAP.

0 O o 0
Cl,Ti s
)3\6 Tic, | \O) - f
0 CHCly — Cl,TIOPiV

)\ —EtCI o)
OEt
Ph
° )\O Bt 42 81%
Ph ?

Scheme 21. Synthesis of a dithietanone.

It is possible to convert the xanthate into a leaving group
by first cleaving it into the corresponding thiol then treating
with 1,4-dibromobutane to give the cyclic sulfonium salt.
This route was used in a simple synthesis of nine-membered
rings.®! Another more direct pathway takes advantage of
the greater radicophilicity of the xanthate as compared with
the bromine in ethyl a-bromoisobutyrate.* Thus, the radi-
cal from the initiator will preferentially attack the xanthate
and the resulting radical will then abstract a bromine atom
from the bromoisobutyrate. The peroxide has to be used in
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equimolar amounts, because the tertiary isobutyryl radical
produced in the bromine transfer step is too stabilised and
incapable of propagating the chain. The formation of bro-
molactone 43 is a representative example of this synthetical-
ly valuable functional group exchange.

More impressive transformations can be implemented by
exploiting the properties of sulfonyl radicals. For instance,
heating a xanthate in the presence of ethyl allyl sulfone and
a small amount of a peroxide or a diazo initiator leads to an
overall allylation reaction.”®! One example of this allylation
procedure, including a simplified mechanistic rationale, is
presented in Scheme 22. The key consideration is the fact
that the ethylsulfonyl radical extrudes a molecule of sulfur

e}

>')I\OEt Br
Do = "o
K Ko

SCSOEt

e} cumyl peroxide
PhClI, reflux 43 82%
(endo: exo 1:4)
%Br\/
NC\/\rcsFﬂ SO,Et NC CeFy7
S.__OEt Br
\ﬂ/ (tBuOOBu) 44 69%
l S PhCI, reflux
NC._~_CsFi7 5 . -S0,
. r EtSO, Et

N

Scheme 22. Functional group transformations of xanthates.

dioxide to give a reactive ethyl radical that is now capable
of propagating the chain. The ethyl group in the sulfone re-
agent can be replaced by a methyl or, for that matter, by
any primary aliphatic group, as long as the derived radical is
not stabilised. Many substituted allyl groups can be intro-
duced. The fact that the method is tin-free makes it compat-
ible with the presence of halogens. In the transformation
shown, a bromoallyl group is introduced with ease. Base-in-
duced elimination of bromide would then lead to an alkyne
resulting in an overall indirect radical propargylation. The
process can be extended to the introduction of vinyl groups,
as illustrated by the two examples in Scheme 23.” The first
concerns the attachment of a dichlorovinyl motif at the
anomeric position of a 2-deoxyglucose derivative, giving rise
to compound 45. The geminal dichlorovinyl entity is espe-
cially useful because it can be converted into an alkyne by
the Corey-Fuchs reaction or subjected to transition-metal
catalysed coupling processes. The second transformation
leading to intermediate 47 is a key step in the formal synthe-
sis of lepadine B and involves the appending of a styryl
group.®® The synthesis of the cis-perhydroquinoline precur-
sor 46 also relies on an interesting xanthate-mediated cycli-
sation. Even though no examples are shown, it is worthwhile
mentioning that the allylation and vinylation procedures are
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OAc OAc
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AcO 0 - A0 °
AcO SCSOET (lauroyl peroxide) AcO
heptane/ PhCI N\ _Cl
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(<5% B-isomer)
Ph
SCSOEt _
o =
’> SO,Me
O
N~ "Me (BuOOBU)
- PhCI, reflux
46 CO2Me éone

47 75-80% (8:1)

“OH
()-lepadin B
N”"Me

Scheme 23. Introduction of vinyl groups.

also applicable to aliphatic iodides.*”) This is an important
extension, especially as concerns the vinylation process,
since vinyl groups are not easily introduced using traditional
transition-metal-based reactions on aliphatic sp® centres.
Further, substantial additions to the sulfonyl radical tech-
nology were developed in the groups of Renaud and Kim.
For instance, Renaud and his co-workers implemented the
use a sulfonyl azide to replace a xanthate or an iodide with
an azide group, as illustrated by the first example in
Scheme 24.1% This reaction opens up numerous possibilities

EtS
NC CeHig 1SO:Ns NCWCGH13
SCSOEt (lauroy! peroxide) N
PhCI, 100°C 3 85%
NJOBn
SCSOEt ! ,OBn
/\)/ HJ\SOZMe h ’\I
Ph. NN N
o] (V-40) o H
PhCMes, 140°C 65%

Scheme 24. Synthesis of azides and oxime ethers. V-40 = 1,1’-azobis-
(1-cyclohexanecarbonitrile).

for the expeditious construction of complex alkaloid struc-
tures by combining the easy reduction of azides into amines
with the convergence and flexibility of the intermolecular
addition of xanthates. Azides have also recently gained high
visibility in the context of “click” chemistry. The second
transformation in Scheme 24 represents a one-carbon elon-
gation of a xanthate into the homologous aldoxime, devised
by Kim and co-workers.*!! As a result of all these efforts,
xanthates (as well as iodides and tellurides) can now be con-
sidered as springboards to a vast number of structures and
functional groups.

Radical-Polar Crossover Reactions

As mentioned in the introduction, the propagation of the
chain process depends to a large extent on the difference in
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stabilities between the initial and adduct radicals, the former
having to be preferably more stable than the latter. It is
therefore difficult to establish a chain reaction when the ini-
tial radical is of high energy (e.g. vinyl or aromatic radicals)
or when the adduct radical is too stable. In the latter situa-
tion, if the stabilisation is due to an electron-releasing sub-
stituent, then it is possible to imagine oxidation of the
adduct radical by a one-electon transfer to the peroxide
(path E in Scheme 2). Addition to an aromatic nucleus is a
case in point. The resulting cyclohexadienyl radical 48 is too
stabilised and not normally capable of propagating the
chain, but it can be easily oxidised into the corresponding
cation 49, which then rapidly loses a proton to give back the
aromatic system (Scheme 25).

peroxide

Y

N Ry Sy 08t
% S
n

ey
n Y// n

Y Y
/ 48
i peroxide
| N R _H@ D H R
e \
- 49
Y n Y/ n

Scheme 25. Radical-ionic crossover in ring closure onto aromatic rings.

This opens a very practical and economical approach to
numerous aromatic structures. Some assorted examples are
collected in Scheme 26. Five-, six- and sometimes even
seven-membered rings can be readily assembled. Oxin-
doles,™ indolines (e.g. 50),* dihydroquinolinones (e.g.
51),1* dihydroisoquinolinones,*! homophthalimides,*” tet-
ralones,*”’ aminochromans,”® can be obtained in a conver-
gent manner from readily accessible precursors. Further-
more, the radical cyclisation step is not usually much affect-
ed by the nature of the substituents on the ring. Any varia-
tions in the relative rates caused by the substituents are
often compensated by the relatively long effective lifetimes
of the radical intermediates due to the degenerative ex-
change of the xanthate group (i.e., if the radical does not cy-
clise to 48, it reacts with the starting xanthate in a redundant
manner). The tolerance for electron-withdrawing groups is
an especially interesting feature because electron-poor aro-
matics are recalcitrant partners in the traditionally em-
ployed Friedel-Crafts and related electrophilic substitutions.
Dihydroquinolone 51 is a clear illustration of this advantage,
as it contains two trifluoromethyl groups and yet can be ob-
tained in acceptable yield.* It is equally noteworthy that
the cyclisation occurs despite the absence of a substituent
on the nitrogen. Normally a substituent is needed to coun-
teract the unfavourable rotamer distribution. The third ex-
ample, showing the formation of an aminochroman, also
points to a potential drawback regarding the regiochemical
control. The generally poor regioselectivity is the price that
has to be paid for the high reactivity of the radical species.
Finally, it is possible to prepare aromatic structures with
fused seven-membered rings such as 52, possessing a rarely
found molecular architecture.”! The allyl acetate in this

6012 —— www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M

SCSOEt .S._S
EtOCSS Iauroyl o)
@\ j 3\ @\ peroxide
DCE, reflux ’T‘
Ac

(lauroyl
Ac  peroxide)
DCE, reflux ¢ 69%

(0]
SCSOEt Bu. O
EtOCSS
\Al\ H. lauroyl CF3

N™ ~O peroxide

50 65%

(lauroy! DCE oF NSo
CF; CF,PoroXide) o CF, X s b
reflux 89% 51 47%
Mesc(=s)0Et Oxy-Me
NHBoc p':r‘g%'e NHBoc
0 PhCl, 80°C o~ 69%

oy
N (lauroyl O N
o) peroxide) o lauroyl peroxide
DCE, reflux PhCI, reflux
SCSOEt
A0 SCSOEt 86% O O
N

AcO. [¢]
52 60%

Scheme 26. Examples of ring closures onto aromatic rings.

convergent approach can be replaced by a plethora of other
olefins making the synthesis of analogues a trivial matter.
Aza-pyridine derivatives are especially prized by medici-
nal chemists but are generally less readily available as com-
pared with their benzene analogues. The xanthate transfer
approach turns out to be also very useful in this area. The
transformations in Scheme 27 summarise some of the possi-
bilities.” In the same manner as for the benzene series,
five-, six-, and seven-membered rings can be fused to the
pyridine nucleus. Most of these derivatives are only tedious-
ly accessible by traditional routes. The pyridine ring is often
an unwilling participant in the Friedel-Crafts reaction and
commercially available functionalised pyridines are some-
what limited in number. The second example nicely demon-
strates that an iodo substituent is compatible with the reac-
tion conditions. In this case, the intermolecular addition and
ring closure were done directly. The presence of the iodine
atom on the pyridine ring in 53 constitutes an especially
convenient handle for further transformations based on
transition-metal-based couplings. The last sequence shows
the formation of aza-benzazepinone 54, a member of a
family that is gaining importance in medicinal chemistry.’"
The synthesis of a-tetralones is also particularly conven-
ient, in view of the ready accessibility of the phenacyl halide
precursors. Addition of the corresponding xanthate to an
olefin followed by peroxide-mediated ring closure gives rise
to the expected tetralone in generally good yields. Two ex-
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Scheme 27. Examples of ring closures onto pyridines.

amples are provided in Scheme 28 using the same xanthate.
In the first, a tetralone containing a sugar side chain is as-
sembled, as a prelude to the C-arylglycoside which can be
obtained by aromatisation of the newly formed ring into the
corresponding naphthalene.®!! The second represents a syn-
thesis of an analogue of Ezetimibe, a hypocholesteremic
drug.”? In both cases, the motifs are too fragile to be easily
introduced in such a direct manner by more conventional
routes.

Tetralones are particularly useful structures. They can be
converted into naphthalenes, naphthols, naphthylamines (via
the Schroeter reaction), or into benzazepinones by ring ex-

F
o
p-FCeHy O
A
Oﬁ/le f [¢] lauroyl E
eroxide
1 EtOCSS OMe p OMe
o (lauroyl s L|-0O DCE -0
ﬁ/ peroxide) | reflux o
DCE g0 s 0% %
reflux 53%
83% (1:1)
(2.3:1)
OMe
p»FCGH4 o} OMe

YOEt

EtOCSS .
(lauroyl peroxide) 57%
DCE, reflux
RS

lauroyl peroxide
DCE, refluxO

N

O

Me

Ezetimibe E

Scheme 28. Construction of tetralones.
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pansion through a Beckmann rearrangement or other relat-
ed transformations. Birch reduction of the aromatic ring
leads to substituted decalins that can be useful for the syn-
thesis of terpenes or steroids. The synthesis of various naph-
thalenes is illustrated by the examples in Scheme 29, starting

O S OEt lauroyl

(0]
OPN peroxide
DCE, reflux
F (peroxide) . SCSOE

DCE, reflux Piv 55 54% PivO
90%

H p-TSA
56 84% OO PA}':(V
OH one
Br p-TSA
OO PO OEt),
toluene
F reflux NaH

toluene
57 69% 82%  PivO
_CO,Me COZMe
l i p-TSA
OO toluene
F reflux
58 67% 61% PivO

Scheme 29. Synthesis of naphthalenes.

from tetralone 55.°* Exposure to acid causes the elimination
of the pivaloxy group to give naphthol 56, a deceptively
simple compound which was hitherto unknown. Bromina-
tion prior to acid treatment furnishes bromo-analogue 57,
whereas a Wittig-Horner condensation followed by aromati-
sation leads to 6-fluoro-1-naphthaleneacetate 58. The piva-
late group is sufficiently bulky to permit the selective addi-
tion on the ketone of various nucleophilic reagents. This ap-
proach can lead to a broad spectrum of naphthalenes with a
well-defined and often unusual substitution pattern.

The radical annelation process can be extended to five-
membered heteroaromatic rings. In the case of azoles, such
as imidazoles and triazoles, it is necessary to neutralise their
nucleophilicity either by making a suitably protected deriva-
tive or, more simply, by working with their anhydrous
salts.*1 Camphorsulfonates are especially convenient be-
cause of their general solubility in organic solvents. One ex-
ample of such a transformation applied to N-benzimidazole
is given in Scheme 30. Addition and ring closure can be
done directly to give tricycle 59, an interesting template for
the synthesis a library of medicinally interesting compounds.
This is indicated by the banal conversion into two amides by
exposure to cyclopropylamine and to a piperidine derivative.
It is also worth mentioning that intermolecular reactions can
be accomplished in some cases, as demonstrated by the ex-
pedient synthesis of ethyl 2-indole acetate 60, recently re-
ported by Miranda et al.>

Furans often behave differently and their reactions can
reveal the reality of the radical-polar crossover.’ Instead
of the expected fused structure, the ring closure leads to a
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Scheme 30. Additions to heteroaromatics.

spiro-intermediate 61, which is oxidised by the peroxide into
cation 62, as delineated in Scheme 31. The use of methanol
as the co-solvent allows capture of this cation to afford spi-
rolactam 63 as a mixture of isomers. It is not usually neces-
sary to isolate this rather acid sensitive compound. Its oxida-
tion gives the corresponding lactone 64 whereas a Sakurai-
type reaction with allyl trimethylsilane provides 65 in good
overall yield.

o -
E/)—\ lauroyl peroxide lo] tBu
S DCE / MeOH
>~ s o reflux * o
EtO 61 | peroxide
(¢}
@ 62 J

m-CPBA, BFy OEt,,

DCM, —15°C SlMe3

TMSOTf
DCM, -15°C
/lBu

65 63%
(3:1)

\ 64 66%
o}

Scheme 31. Spirocyclisation on furans.

Another process where a clear radical-polar crossover
can be observed is the ring closure of enamides such as 66
(Scheme 32).°7 The 5-endo cyclisation leads to an easily oxi-
dised radical 67, which readily evolves into cation 68 and
from there into isomeric pyrrolidinones 69 and 70 by loss of
a proton. A stannane-based 6-endo cyclisation of the latter
and reduction of the lactam function furnishes (£ )-a-lycor-
ane. This very concise synthesis of (+)-a-lycorane highlights
the use of two different radical processes to assemble a com-
plex structure. The aromatic bromide is inert under the first,
peroxide mediated transformation but can be made to react
in the second step by the action of stannyl radicals.
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Scheme 32. Synthesis of (£ )-a-lycorane.

Conclusion

The foregoing examples give a brief overview of the synthet-
ic possibilities attached to the use of the radical xanthate
transfer process. Only a small fraction what can be accom-
plished has been presented. Numerous different types of
radicals can be made and captured, including nitrogen-cen-
tred radicals,”® and the products themselves can be modi-
fied in infinite ways, by both radical and non-radical reac-
tions. This chemistry represents perhaps the most general
solution to the problem of intermolecular carbon—carbon
bond formation on un-activated alkenes. This is due to the
inherently long life of the intermediate radicals generated
using this technique and to the fact that carbon radicals do
not react rapidly with many polar groups (such as ketones,
esters, amides) commonly encountered in organic synthesis.
Most of the potential competing pathways are thus eliminat-
ed and clean additions to alkenes can be frequently ob-
served.

In addition to synthesis, the reversible addition fragmen-
tation to the thiocabonylthio motif found in for example
xanthates, dithiocarbamates, dithioesters, trithiocarbonates
discussed in Scheme 2 for the particular case of xanthates, is
now being actively exploited for the synthesis of block poly-
mers.’) The principle of this approach is summarised in
Scheme 33 for the synthesis of a diblock polymer 74. The
first addition to a monomer leads to the usual adduct 72,
which itself can add to further monomer molecules until

s X Y
Rel,  —— o R
(initiator) )\

sz Y

72 n —~
\initiator)
Z
n j\ (initiator) S

74 73

Scheme 33. MADIX/RAFT synthesis of block polymers.
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complete consumption of the monomer. Since all the chains
can keep growing as long as there is monomer, the polymer
obtained, 73, often has a narrow distribution of molecular
weights (or polydispersity). Furthermore, the presence of a
capping thiocarbonylthio group in 73 allows a second poly-
merisation to be performed with a different monomer to
give diblock 74. Triblocks, star polymers, and a multitude of
other structures with evocative names (brushes, combs, etc.)
can be conveniently assembled. The RAFT and MADIX
processes, as they are now called, are set to revolutionise
the crafting of polymers with well-defined architectures.
This is an extremely effective, cheap technology that can be
applied to essentially all commercial monomers and is toler-
ant of many functional groups. Scientific papers and patents
on the topic now number in the hundreds.
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