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Tin-free radical reactions based on «-scission of alkylsulfonyl radicals are very useful for the formation of
carbon—carbon bonds and include allylation, acylation, cyanation, vinylation, and carbonylation. For secondary, tertiary,
and benzylic radicals, it is possible to use the corresponding iodides as precursors but the primary radicals still
require the use of phenyl tellurides or alkyl allyl sulfones. Especially, alkyl allyl sulfones are highly efficient and
most reliable primary alkyl radical precursors for the further formation of carbon—carbon bonds. The present
approach is very useful for introducing various functional groups such as carbonyl and alkenyl groups under tin-free

809

conditions.

Introduction

Radical-mediated methodology allows reactions to proceed
under mild conditions with very high synthetic efficiency! but
it suffers from a major drawback mainly associated with prob-
lems of toxicity of organotin compounds.? This disadvantage is
a serious problem for industrial applications of radical reac-
tions. Among several approaches including the use of poly-
mer-supported organotin reagents and organosilanes,? organo-
sulfone-mediated tin-free radical reactions are very attractive
because they completely eliminate the use of organotin com-
pounds and utilize readily available organosulfone groups as
mediators.’

Organosulfone-mediated radical allylation* and vinylation
reactions were originally developed by Zard et al.’ and are
based on facile thermal decomposition of alkylsulfonyl radi-
cals to produce alkyl radicals along with liberation of sulfur di-
oxide (Eq. 1).° The desulfonylation reaction is reversible and
the equilibrium favors the formation of alkylsulfonyl radicals.
If the alkyl radical is a stabilized radical such as a benzyl or an
allyl radical, the liberation of sulfur dioxide occurs readily.
Even though the alkylsulfonyl radicals are reluctant to thermal
decomposition, the equilibrium can be shifted to the forward
direction to generate alkyl radicals by designing the next step
highly efficient and/or irreversible.

RSO,e = Re + SO, (D

This account focuses on tin-free radical carbon—carbon bond
forming reactions based on «-scission of the alkylsulfonyl
radicals, in which the alkyl radicals mediate the reactions or
directly take part in the reactions. In addition, we describe

tin-free radical carbonylation approaches based on the same
guiding principle. This account will cover mainly our work
together with some reported results from other research
groups.

1. Iodine Atom Transfer Approach

An atom-transfer method is one of the fundamental ap-
proaches in radical chemistry and mostly involves a halogen
atom transfer.” In iodine atom transfer approach, a carbon-
iodine bond is a good iodine atom donor and the iodine atom
transfer between alkyl radicals and alkyl iodides is a well-
known process (Eq. 2). The rapid iodine atom transfer can oc-
cur whenever an exothermic reaction results in the formation
of a more stabilized alkyl radical than the initial alkyl radical.®
Thus, to accelerate the iodine atom transfer process, it is desir-
able to generate the radical R’ that is more stable than the ini-
tial radical R.

R'-1+Re = R-I+R’e 2)
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Kinetic studies by Curran et al. indicate that iodine atom trans-

Published on the web May 14, 2007; doi:10.1246/bcsj.80.809



810  Bull. Chem. Soc. Jpn. Vol. 80, No. 5 (2007)

_~_SOEt Re—L o ARy ESO, s
1 2
AIBN Rl
EtSOye 1592, pro L . _Et4EtSO,e
3

Scheme 1. Mechanism of tin-free radical allylation.

fer from an alkyl iodide to a vinyl radical is very fast and
highly efficient. k; ranges from about 108 M~!s~! for primary
alkyl iodides to 10° M~!s~! for tertiary iodides (Eq. 3).° Fur-
thermore, iodine atom transfers between alkyl iodides proceed
at a rate sufficient (k; =2 x 10° M~'s™!) to allow a chain to
be maintained (Eq. 4).'°

1.1 Allylation. Radical allylation reactions proved to be
synthetically useful for the formation of carbon—carbon bonds
under very mild conditions.!' Two similar approaches for tin-
free radical allylation were reported by Zard et al. The first ap-
proach involves sulfur dioxide extrusion from alkyl allyl sul-
fones to provide allylated products directly (Eq. 5),** whereas
the second approach utilizes iodine atom transfer methodology
to generate an alkyl radical from an alkyl iodide under tin-free
conditions (Eq. 6).%°

= AIBN
- SO,
AIBN=2,2'-azobisisobutyronitrile

RSO R (5)

_A'ﬁ» A~ R+EH (6

R-I +/\/502Et
2

As shown in Scheme 1, the reaction is initiated by generation
of an ethylsulfonyl radical and followed by thermal desulfony-
lation to form an ethyl radical. The ethyl radical can undergo
two competing processes, the direct addition of the ethyl radi-
cal onto allylsulfone 1 and/or iodine atom transfer from the
alkyl iodide to the ethyl radical. The efficiency of the latter
process depends critically on the nature of the alkyl iodide.
The alkyl radical reacts with allyl sulfone 1 to give the desired
allylated product 2. In allylation, the direct addition of the
ethyl radical onto 1 to yield 3 is not a serious problem because
the iodine atom transfer process is normally much faster than
the direct addition process.'?

1.2 Acylation. Although acylation is one of the most im-
portant organic reactions to introduce the carbonyl group, the
radical-mediated acylation reaction has not been well studied
because additions of alkyl radicals to C=0 bonds are very dif-
ficult due to their reversibility and the high 77 bond strengths of
the C=0 bonds.'? In fact, there are no successful methods
available for the intermolecular acylation reaction.'*!3 Since
the fundamental problem associated with the cleavage of the
strong C=0 bond could not be readily solved, we turned our
attention to the C=N bond rather than the C=0 bond. Our ap-
proach utilizes an indirect radical acylation reaction involving

ACCOUNTS

sOBn o
4or5, (n-BugSn), N
R-I
300 nm )J\
' R R R
R=PhO(CH,), 7 8
/OBn N/OBn
k L]
Re + a
_a, va
R')kx A

4a: R'=H, X=SPh, 20%

5a: R'=H, X=S0,Ph, 94%
4b: R'=Me, X=SPh, <6%
5h: R'=Me, X=S0,Ph, 88%

Scheme 2. Radical reaction of phenylsulfanyl oxime ether 4
and phenylsulfonyl oxime ether 5.

sulfonyl oxime ether derivatives as carbonyl equivalent radical
acceptors (Scheme 2).

1.2.1 Sulfonyl Oxime Ether Acceptors: The intermolec-
ular additions of alkyl radicals onto the C=N bonds are rela-
tively rare and are expected to be slow.' Our approach in-
volves the addition of an alkyl radical onto the C=N bond
of oxime ether 4 or 5 and subsequent S-elimination in 6 to
afford oxime ether 7 which can be readily hydrolyzed into
ketone or aldehyde 8. To design a highly efficient radical trap-
ping agent, two important features should be considered; (i) an
activated C=N bond bearing an electron-withdrawing group
and (ii) a facile B-elimination of a leaving group. As shown
in Scheme 2, a phenylsulfonyl group is most suitable for our
purpose and phenylsulfanyl oxime ether 4a and 4b are not
effective.!”

1.2.2 Kinetic Studies: The cyclizations of alkyl radicals
onto the C=N bonds are irreversible and are much faster than
the additions of alkyl radicals onto the C=C bonds as shown in
Scheme 3.'® In addition, approximate rate constants for inter-
molecular additions of primary alkyl radicals to phenylsulfonyl
oxime ethers were determined as k, = 9.6 x 10° M~ !s~! at
25°C for 5a and k, = 7.3 x 10*M~"'s~! at 60°C for 5b, indi-
cating that the additions are very fast and highly efficient.!®
We also investigated kinetic data of bis(methanesulfonyl)ox-
ime ether 9. According to computational data, 9 has a lower
LUMO energy and a higher electron density at the iminyl car-
bon than 5a. Thus, it is expected that 9 would be more reactive
than Sa. Since we were not sure about our prediction due to a
steric effect associated with 9, an approximate rate constant for
the primary alkyl radical addition onto 9 was determined as
ky =17 x 10°M~!s~! at 80°C.20

1.2.3 Tin-Free Acylation Approach: Our tin-free acyla-
tion approach is largely based on Zard’s tin-free allylation re-
action® and utilizes thermal a-scission of an alkylsulfonyl
radical (path a) and subsequent iodine atom transfer (path b)
as outlined in Scheme 4.2! The major problem associated
with tin-free acylation approach arises from the fast addition
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5a: R'=H:k,=9.6x10° M1s1(25 °C)
5b: R'=Me:k,=7.3x10* M'1s"1(60 °C)
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Scheme 3. Kinetic data for the addition of alkyl radicals on-
to C=N bonds.
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Scheme 4. Tin-free acylation of alkyl iodides.

step (path d) unlike the slow addition step in the allylation
reaction (Scheme 1). Since the direct addition of the alkyl
radical onto sulfonyl oxime ether 10 (path d) can compete
with iodine atom transfer (path b), the efficient iodine atom
transfer is a key factor for the success of the present approach.
When the efficiency of iodine atom transfer was studied with
10a, a 25:60 mixture of two oxime ethers 13 and 12a was ob-
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Table 1. Tin-Free Acylation with 10b

Substrate Product 11
\/ﬁ/ PhMNaOBn
67%
o= 1) °
© % " % oBn
729 N

YI N ~OBN
M-
XI

tained (Eq. 7), indicating that 10a is not suitable for tin-free
radical acylation of secondary alkyl iodides. It is evident that
the addition of the ethyl radical onto 10a is more than two
times faster than iodine atom transfer from cyclohexyl iodide
to the ethyl radical.

| J\JI\OBn
+
O/ H SOLR!

AIBN

10a:R'=Et
10b:R'=Me
NJOBn
~OBn
Lo
H +
H R'
13
25% 12a:60%
62% 12b: <3%

When cyclohexyl iodide was treated with 10b in refluxing hep-
tane in the presence of AIBN, 13 was isolated in 62% yield
along with a trace amount of methyl oxime ether 12b, indicat-
ing that iodine atom transfer process is much faster than the
direct addition process. Thus, 10b obviates the problem we
have faced with secondary alkyl iodides due to a large energy
difference between a methyl radical and a cyclohexyl radical.
As shown in Table 1, the results obtained with 10b are quite
satisfactory, yielding the corresponding oxime ethers in high
yield (67-80%).
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Scheme 5. Generation of a vinyl radical using 18.
conditions, we devised sulfonyl oxime ether 18 not only to me-
~OBn . . . . . .
N V-40 diate the reaction but also to generate the vinyl radical via radi-
RCHX  + cal cyclization of 20 (Scheme 5). The key feature of the pres-
H SO,Me ent approach is the generation of intermediate 20 through the
10b desulfonylation of 19. When alkyl iodide 14a was treated with

14a:X=l; R=PhO(CH,)3
14b:X=S(C=S)OEt; R=PhO(CH,)3
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The present method reaches a limit with primary alkyl
iodides. Due to a small energy difference (4 kcal mol™') be-
tween a methyl radical and a primary alkyl radical, iodine
atom transfer becomes less efficient and competes with the
direct addition of the methyl radical onto 10b. When the reac-
tion was carried out with 4-phenoxybutyl iodide (14a) and an
equimolar amount of 10b in rert-butylbenzene at 140°C for
30h, a 45:25 mixture of the desired oxime ether 15 and 12b
was obtained, showing the inefficiency of 10b. Our attempt
to solve the problem using alkyl xanthate 14b was also unsat-
isfactory (Eq. 8).2% Furthermore, S-alkoxycarbonyl dithiocar-
bonate 16 is known to be a suitable precursor for the genera-
tion of the primary alkyl radical under tin-free conditions but
it can not be applied to carbon—carbon bond formations owing
to the rapid formation of the corresponding xanthate 17
(Eq. 9).2

For the more efficient iodine atom transfer, an obvious solu-
tion is to utilize a vinyl radical, which is more reactive than the
methyl radical. To generate the vinyl radical under tin-free

18 using V-40 (1,1’-azobis(cyclohexane-1-carbonitrile) initia-
tor in refluxing tert-butylbenzene for 12h, the reaction did
not go to completion and the desired product 23 was isolated
in 40% yield together with recovery of starting iodide 14a
(50%). Although the reason for this observation is not clear,
it is assumed that the vinyl radical would react with sulfur di-
oxide to form a vinylsulfonyl radical to terminate the radical
chain propagation.

In order to avoid liberation of sulfur dioxide in the pres-
ent approach, we devised 24 to generate an alkyl radical via
decarboxylation under photochemically initiated conditions
(Scheme 6). We developed a new Barton-type thiohydroxa-
mate ester 24,24 which is more stable and less reactive, and
has several advantages than Barton ester.>> Upon irradiation
at 300nm alkyl radical intermediate 25 is cleanly generated
and undergoes cyclization to generate vinyl radical intermedi-
ate 26. However, in addition to iodine atom transfer to yield
oxime ether 27, the vinyl radical reacts with a thiocarbonyl
group of 24 to produce 29 roughly in an equal ratio.

2. Alkyl Allyl Sulfone Approach

Since tin-free radical acylation approach using methane-
sulfonyl oxime ether 10b does not work with primary alkyl io-
dides and xanthates, alternative radical precursors are needed
to accommodate all the structurally different substrates includ-
ing primary alkyl substrates. During our studies on the tin-free
radical cyanation using allyl methyl sulfone as a mediator, we
have found that the yields depended very much on the nature
of the starting iodides.?® Evidently, a fast and efficient iodine
atom transfer from p-bromobenzyl iodide to the methyl radical
proceeded rapidly to generate a stable benzylic radical, where-
as the iodine atom transfer from 4-phenoxybutyl iodide com-
peted with the addition of the methyl radical onto a tosyl
cyanide to produce acetonitrile (Scheme 7). To obviate the
problem of the competition between the iodine atom transfer
and the direct addition, we came up with a simple idea which
was to eliminate those two competition reactions by using an
alkyl allyl sulfone precursor.

We have found that alkyl allyl sulfones are the solution for a
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Scheme 7. Radical cyanation using methyl allyl sulfone as a Scheme 8. Radical allylation using 30.
mediator.

longstanding problem to generate primary alkyl radicals under
tin-free conditions and are highly efficient and reliable primary
alkyl radical precursors for the further formation of carbon—
carbon bonds. The use of alkyl allyl sulfone precursors does
not require an atom or a group transfer step for generation
of alkyl radicals. Hence, they can be successfully applied to
various carbon—carbon bond formation reactions under tin-free
conditions.

2.1 Allylation, Vinylation, and Cyanation. As shown in
Scheme 8, the addition of a phenylsulfonyl radical onto alkyl
allyl sulfone 30 would produce an alkylsulfonyl radical along
with the formation of phenyl allyl sulfone (33). Although the
alkylsulfonyl radical would add to 30 and 33, the former is a
degenerate process and the latter produces the phenylsulfonyl
radical. Thus, both reactions do not interfere with the desired
process. Since the addition of an alkyl radical onto 30 and
33 is relatively slow, the alkyl radical should preferentially
add to activated allyl sulfones 31 along with regeneration of

the phenylsulfonyl radical for the propagation of a radical
chain reaction.

When radical allylations with several C2-substituted allyl
sulfones 31 were performed, the allylated products 32 were
isolated in high yields regardless of the nature of the C2 sub-
stituents.?” As shown in Table 2, the method accommodates all
the structurally different substrates, ranging from primary alkyl
radicals to benzylic radicals. The same approach can be ap-
plied to radical vinylation reactions.?’

X
30 + = XX | 33 (10)
SO,Ph CgHsCl
110 °C 35
34a: X=SO,Ph 35a (82%, V-40)
34b: X=Ph 35b (72%, lauroyl peroxide)
34c: X=CO,Et 35c¢ (65%, lauroyl peroxide)
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Table 2. Tin-Free Radical Allylation, Vinylation, and Cyanation Using Alkyl Allyl Sulfone Precursor 30

Alkyl allyl sulfone 30 Product
(Y = SO,CH,CH=CH,) 32 35a 38
EtO,C
EtO,C_~_-Y EtO,C_~_ N\ SOPh  EtO,C._~_CN
SO,Ph
84% 2 88% 93%
PhVYY Ph PhVY\ﬁSOZPh th\(CN
SO,Ph
90% 96% 98%
Y X SO,Ph CN
P [O/ _N SO,Ph _ [\O/\JJ P O/
Tos Tos Tos Tos
88% 98% 98%
Y e SO,PN
X SO,Ph
98% 98%
Br
Br Br Br
\©VY mSOZPh \©VCN
SO,Ph
97% 97% 98%
for each of these reactions, indicating that the alkyl allyl sul-
E E 34 E E fones are a good source of alkyl radicals, especially primary
e + 33 alkyl radicals.
\V'40, CeHsCl x_-SO,Ph 2.2 Acylation. Radical acylation using alkyl allyl sulfone
X 110 °C a1 precursors follows the same guiding principle of the radical
36 37 (92%) allylation.”® Reaction of allyl sulfone 30 with 5a (1.5 molar
0 amount) and V-40 (0.2 molar amount) as initiator in chloro-
E=CO,Et benzene at 110 °C proceeded cleanly and was complete within
X= SO,CH,CH=CH; 6 h, yielding 11 in high yield. In the present approach, the di-
rect allylation of an alkyl radical onto starting allyl sulfone 30
was much slower than the addition of the alkyl radical onto 5a
B _ d did not cause any problems (Scheme 9).!?
+ TolSO-CN ———> R-CN + an yp
30 2 CgHsCl 33 (12) This method is quite general and highly efficient for radical

110°c 38

For radical vinylations, when (Z)- and (E)-1,2-bis(phenylsul-
fonyl)ethene (34a) were used as radical acceptors, vinyl sul-
fones were obtained in good yields (Eq. 10). In the case of
34b, the choice of a radical initiator was important. The reac-
tion of 30 with 34b using V-40 initiator gave the desired
alkene 35b in 21% yield, whereas 35b was isolated in 72%
yield using lauroyl peroxide initiator. Tandem radical reactions
involving cyclization and vinylation worked efficiently. When
36 was treated with 34a under the similar conditions, the de-
sired product 37 was isolated in 92% yield (Eq. 11). The pres-
ent approach can be efficiently applied to the tin-free radical
cyanation using tosyl cyanide (Eq. 12). The additional exper-
imental results obtained for the allylation, vinylation, and
cyanation are presented in Table 2. The yields are excellent

acylation of a variety of structurally different substrates as
shown in Table 3. For example, it always works well not only
with reactive primary and secondary alkyl radicals but also
with stable tertiary and benzylic radicals. The reactions with
secondary, tertiary alkyl, and benzylic sulfones can be con-
ducted at lower temperatures due to the facile decomposition
of the corresponding sulfonyl radicals but the reactions with
primary alkyl sulfones typically require elevated temperatures
(>100°C).

2.3 Thioalkoxycarbonylation. Free radical carbonylation
is synthetically very useful in preparing various carbonyl com-
pounds.?® Synthetic methods based on free radical carbon-
ylation utilize mainly highly toxic organotin compounds as
mediators. Based on our successful results using alkyl allyl
sulfone precursors, we studied tin-free radical carbonylations.
To uncover efficient radical-trapping agents of acyl radicals,*°
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Scheme 9. Radical acylation using 30.

Table 3. Tin-Free Acylation Using Alkyl Allyl Sulfones
with 5a

Alky! alyl sulfone 30

Product 11
(Y = SO,CH,CH=CHb,) odue
EtO,C Y EtO,C X OB
2NN 2 \/\/\N n
86%
PhWY PhMN,OBn
98%
Y X, .OBn
19l g
Ts
98%
Y X .OBn
T TN
95%
\©\/ \©\/% ~OBn
95%

we screened several arylsulfonyl derivatives 39.3! As shown
in Scheme 10, the addition of an arylsulfonyl radical to alkyl
allyl sulfone 30 produces an alkyl radical through the ther-
mal desulfonylation of the initially generated alkylsulfonyl
radical along with formation of aryl allyl sulfone 42. The alkyl
radical can react with CO and/or 39 to yield the acyl radical
and/or by-product 41. Therefore, the success of this approach
depends critically on obviating the formation of 41. As shown
in Table 4, phenylsulfonyl bromide and phenyl benzenesele-
nosulfonate react with the alkyl radical prior to the carbonyla-
tion of the alkyl radical, whereas phenylsulfonyl chloride is

Bull. Chem. Soc. Jpn. Vol. 80, No. 5 (2007) 815

RSO2/\/ + ArSO.X + CO V40
30 39
O
)J\ + RX + /\/SOZAY
R X
40 41 42

39a: Ar=Ph, X=SPh 40a: X=SPh
39b: Ar=p-tolyl, X=CN 40b: X=CN

42 RsO,e

e

39 Y49 Ars0,e
\\RX /

R

Scheme 10. Tin-free radical carbonylation of alkyl allyl sul-
fone 30 with ArSO,X 39.

Table 4. Radical Carbonylation of Alkyl Allyl Sulfone 30
with 39
50 atm CO
RSOZ/\/ + ArSO,X 0.03 M heptane
V-40, 100 °C, 12 h

30 39
R= PhO(CH2)4 (o)
A+ Rex
R X
40 41
Yield/%

39 40 41 30
Ar = Ph X =04 109 0 76
Ph Br 0 75 20
Ph SePh 0 84 0
p-Tol CN 589 27 0
Ph SPh 75 12 7

a) Isolated as methyl ester.

too unreactive toward the alkyl radical. The best result was
obtained with phenyl benzenethiosulfonate, giving a mixture
of thiol ester (75%) along with some phenyl sulfide (12%).
Further optimization of the reaction condition increased the
yield of thiol ester 40a at the higher pressure of CO and at
the lower concentration of 30. A somewhat less satisfactory
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Table 5. Thioalkoxycarbonylation Using Alkyl Allyl Sul-
fones

Alkyl allyl sulfone 30

(Y = SO,CH,CH=CHy,) Product 40a
0
94%

TBDPSO/\(\/EY

)
TBDPSO/\t/)ﬁj\SPh

98%
Y
0 C
(0]
95%

o)
Ph
MSPh

SPh

L.

649%(26%)?

o)

Y

83%(13%)?

o)

Y

>!/ >‘)J\8Ph
33%(57%)?

a) RSPh 41a.

result was also obtained with tosyl cyanide under the same
conditions.

Some experimental results are summarized in Table 5.
Primary alkyl radicals work well, yielding the correspond-
ing thiol esters in high yields. Since the radical carbonyla-
tion of secondary alkyl radicals is less efficient and slower
than that of primary alkyl radicals, secondary alkyl radicals
lead to a significant amount of the formation of 4la
(X = SPh). As we anticipated, tertiary alkyl radicals give
more direct addition products. Furthermore, a stable benzylic
radical does not undergo carbonylation, yielding the dimeric
product.

We briefly studied sequential radical reactions. When a
four-component coupling reaction using alkyl allyl sulfone
precursor 43, allyl trimethylsilane, CO, and 39a was carried
out under the same conditions, the desired product 46 was
isolated in 83% yield (Eq. 13). Apparently, the electrophilic
alkyl radical 44 failed to undergo carbonylation and reacted
with allyl trimethylsilane to yield the radical intermediate
45. The subsequent cyclization followed by thioalkoxycar-
bonylation provided 46. Our next attention was given to the
possibility of a double carbonylation (Eq. 14).3? Reaction of
47 with 39a and CO yielded acyl radical 49 through carbon-
ylation of the radical intermediate 48. The subsequent 5-exo
ring closure of 49 and CO trapping followed by quenching
with 39a afforded cyclopentanone 50 in 66% yield.
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E._E
0,S ;
2 \+ /\/SlMea + PhSO,SPh + CO
\ 39a
43
E=CO,Et

V-40
heptane, 100 °C, 18 h

E E
°

AN
44

E E
Megsiﬂ
45
E E
- \Q (0] 13)
Me;Si )]\SPh

46 (83%, cis:trans = 4.7:1)

E_ E

39a, CO, V-40

0,5 & heptane, 100 °C, 18 h

P
47

E_E E_ E E_E E. E
.)2 > f? lc)
NN °
& N\ c; Z. ggifz Y,
48 49
E_E
. QJ\ (14)
0 SPh

50 (66%)

2.4 Cyanocarbonylation. As the extension of tin-free radi-
cal thioalkoxycarbonylation, we studied the feasibility of tin-
free cyanocarbonylation reactions involving two one-carbon
radical synthons, CO and CN using alkyl allyl sulfone precur-
sors (Eq. 15).33

95 atm CO
0.01M heptane

V-40, 100 °C, 12 h

RSO, N +TolSO,CN

30 39b
o -
L+ RCN + Tolso,”
R "CN (15)
40b 41b 51
MeOH
RCOsMe
52
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As indicated from Table 4, a significant amount of alkyl
cyanide 41b was formed by the direct cyanation of the alkyl
radical prior to radical carbonylation of the alkyl radical.
The formation of alkyl cyanide 41b was reduced at the higher
pressure of CO and at the more diluted concentration. The
scope and limitation of the present method parallel with those
of the previously observed thioalkoxycarbonylation. Primary
alkyl radicals work well, yielding acyl cyanides 40b in high
yields. On the other hand, secondary alkyl radicals are much
less effective, yielding a significant amount of the correspond-
ing alkyl cyanides (Table 6).

We have studied tandem radical reactions involving cycliza-
tion and cyanocarbonylation (Eq. 16). Treatment of 53a with
39b and V-40 in heptane under 95 atm of CO at 100°C for
24 h afforded cyclopentane derivative 54 after quenching the
reaction mixture with methanol. However, when 53b was sub-
jected to the same conditions, the cyclization did not occur and
55 was isolated in 63% yield, clearly indicating that radical
carbonylation must be much faster than 6-exo ring closure
under the present condition.

E E E. E
o 1) 39b, CO, V-40  (Jn
v ~ 2 Me(;H X X
n=
55:Y=0OMe (63%) 53a:n=1
53b: n=2
E:COZEt
X=S0,CH,CH=CH,
E_E
1) 39b, CO, V-40 o (16)
2) MeOH
n=1 Y

54:Y=OMe (75%)

2.5 N-Alkoxyiminocarbonylation. In our continued ef-
forts to develop tin-free radical carbonylation reactions, we
have studied radical reactions of phenylsulfonyl oxime ether
5 with alkyl allyl sulfone precursors under CO pressure to
achieve consecutive radical acylations in an indirect manner
(Eq. 17).3 Previously, the organotin-mediated version of the
same reaction was reported and was very useful for the
synthesis of vicinal dicarbonyl and tricarbonyl compounds
(Eq ]8)35,36

N,OBn
=

RSO NN+ CO + -

2 PhSOz)L V-40

30 5a:R'=H
5c:R'=COsMe
N,OBn J\Jl\,OBn P
+ + N 17
RT‘)LR. s gt PhSO; 17
(0]
56 57
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Table 6. Cyanocarbonylation Using Alkyl Allyl Sulfones

Alkyl allyl sulfone 30

)
(Y = SO,CH,CH=CH,) Product 52
y 0
TEDPSO” 1], TBDPSOA(\/)ﬁJ\OMe
83%(10%)"
CO,Me CO,Me
CbZ\N W, X CbZ\N _CO,Me
H H
85%

PhWY
O/Y
jes

a) Acyl cyanides were converted in situ with methanol to the
methyl esters. b) Recovered starting material. c) RCN 41b.

(0]
Ph
OMe

52% 33%)C

Sfha

80%(15%)°

S

83%(8%)°

Table 7. The Effect of CO Pressure and Concentration of 30
V-40, CgHg
—_—

30 +5ao0r5c +CO 56 + 57
100 °C, 18 h
Conc. of 30 CO Yield/%
/M /atm 56 57 30
Sa 0.03 95 93 0 0
Sa 0.05 50 58 19 17
Sa 0.03 50 64 12 19
Sc 0.03 50 93 0 0
Sc 0.03 30 94 0 0
N,OBn
RI+CO + + _~_-SnBus
PhSOz)J\R' Z
R'=H, CO,Me

N’OB Zn R
B — | 1
AIBN RW)LR' T ACOH TW)LR (18)
Osg

The present approach follows the same mechanism as we
observed in the thioalkoxycarbonylation (Scheme 10). To
search for optimum conditions, we briefly studied the effect
of CO pressure and the concentration of 30 as shown in
Table 7. Several features are noteworthy. First, the direct addi-
tion product 57 forms at the lower pressure of CO (95 atm
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Table 8. N-Alkoxyiminocarbonylation of Alkyl Allyl Sul- LOBn
fones with 5a or 5¢ X N \V-40
R-TeP +
AIkE/I alyl sulfonleso Product 56 H SO,Me
~OBn ~OBn
EtO,C Y 2 R=PhO(CHy)4 N N
AN EtO,C H )J\ +
\ R* 'H Me~ "H
90% "OBn 11 12b
y T com 78% 0%
THPO™ THPOW 2ve
N-., SO, RTePh MeTePh
81% OBn
MeSO,e Mee >R e
)
Y H . . o
| Scheme 11. Radical reaction of alkyl phenyl telluride with 10b.
P2 N -I-S/ N N\
Ts 8204 OBn Table 9. Radical Acylation of Alkyl Phenyl Tellurides
0
Nl"’OB” Substrate 64 Product 11
@\Y @\”/kCOZMe FG/\/\/TePh FGWN/OBn
(@)

3296 (62%)?

a) Oxime ester 57.

versus 50atm). Second, at the more concentrated solution
(0.05M versus 0.03 M), the amount of 57 is increased. This
observation also is parallel to the previous thioalkoxycarbon-
ylation and cyanocarbonylation reactions. Finally, 5a requires
the higher pressure of CO (95 atm versus 30 atm) than Sc, sug-
gesting that Sc is more reactive than 5a toward the acyl radical.

Some experimental results are summarized in Table 8. Pri-
mary alkyl allyl sulfone precursors work well with 5a and Sc,
yielding the acylated oxime ethers in high yields. As we ex-
pected, secondary alkyl allyl sulfone precursors require a high
CO pressure (130 atm) to obviate the problem of the formation
of a by-product and tertiary alkyl radicals give even more by-
product. Furthermore, a double carbonylation is successfully
achieved as seen in Eq. 19.

E E E_ E
- O
5a, CO, V-40 (19)
Y N CeHe
a7 59 Nl\
E=CO,Et (61%) OBn

Y=S0,CH,CH=CH,

3. Phenyl Telluride Group Transfer Approach

3.1 Acylation. Organic tellurides have been utilized as alkyl
and acyl radical precursors.’”3 Previously, the transfer of an
iodine atom and of a phenyl telluride group are known to pro-
ceed approximately at the same rate,>® although a vinyl radical
abstracts a phenyl telluride group about ten times faster than an
iodine atom.*® The efficiency of phenyl telluride group trans-
fers has been demonstrated in living radical polymerization.*!

Somewhat surprisingly, the problem of a slow iodine atom
and xanthate group transfers could be solved by using alkyl

FG=0TBS ;77%
=0OCOPh;72%

Meo\n/vTePh MeO\g/\A\N/OBn

o
71%
TePh X, -OBn
ph " Ph” >N
76%
thYTePh Ph\/WA\N/OBn
7%

phenyl telluride precursors (Scheme 11).2! When an equimolar
mixture of 60 and 61 was treated with 10b using V-40 initiator
in tert-butylbenzene at 140 °C for 20 h, 62 was isolated in 65%
yield along with a small amount of 63 (<3%) (Eq. 20). This
result clearly indicates the higher efficiency of the phenyl tel-
luride group transfer relative to the iodine atom transfer.

60 61

10b, V-40 N~OBN 20)

t-BuCgHs 140 °C R)J\H

62: R=TBSO(CHy),: 65%
63: R:HO(CHz)gi <3%

Based on this observation, phenyl telluride 64 was treated with
10b and V-40 in fert-butylbenzene at 140°C for 24h and 11
was isolated in 78% yield without any indication of the forma-
tion of 12b (Scheme 11). Additional experimental results are
listed in Table 9.

3.2 Cyanation. We also studied the possibility of radical
cyanation of alkyl iodides using methyl allyl sulfone as a me-
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Table 10. Radical Cyanation of Alkyl Phenyl Telluride with

Tosyl Cyanide
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E E
R-H + )\/sozm:3 /‘\/R

66 67
67

68
68

CngOZ b

Substrate 64 Product 38
Ph\/YTePh Ph\/\(CN
90%
EtO,C_~_-TePh EtO,C._~_-~CN
86%
TePh CN
pho/\/\/ e pho/\/\/
78%

EtO,C_ CO,Et EtO,C_ CO.Et

ﬁTePh

diator.?® According to our competition experiment, an alkyl
radical addition onto tosyl cyanide is approximately two times
faster than the same addition onto phenylsulfonyl oxime ether
Sa. Thus, radical cyanations with primary and secondary alkyl
iodides would be expected to give less satisfactory results. As
shown in Scheme 7, the method worked well with benzylic io-
dides but was not satisfactory with primary alkyl iodides be-
cause the direct addition process involving the methyl radical
addition to tosyl cyanide was much faster than the iodine atom
transfer process.

CN
66%

R-TePh + TOISO,CN  + _~_-SO:Me

60
R=TBSO(CH,),

V-40

RCN + MeTePh + _~_-SO.Tol (21
65 (89%)

As we expect from the results obtained in the acylation, pri-
mary alkyl phenyl tellurides are exceedingly effective for
tin-free radical cyanation. For instance, treatment of 60 with
tosyl cyanide and methyl allyl sulfone using V-40 initiator in
tert-butylbenzene at 140 °C for 12h afforded 65 in 89% yield
(Eq. 21). Further examples are shown in Table 10.

4. Unactivated C-H Bonds

a-Scission of alkylsulfonyl radicals can be utilized to func-
tionalize the unactivated C-H bonds. To achieve this goal,
highly electrophilic radicals such as a trifluoromethyl radical*?
and a bromine atom* should be generated to abstract a hydro-
gen atom from the unactivated C—H bond to form an alkyl
radical. Based on very rapid «-scission of trifluoromethanesul-
fonyl radicals, Fuchs developed allylation,** vinylation,* and
alkynylation of C—H bonds.*¢

4.1 Allylation. The mechanism is the same as in the allyl-
ation discussed previously (Scheme 12). The strong electro-
philicity of the trifluoromethyl radical ensures faster abstrac-
tion of a hydrogen atom from the solvent than the direct addi-

R o /
CFgH\
RH CF3' SOZ

Scheme 12. Radical allylation of unactivated C—H bonds.

Table 11. Radical Allylation, Vinylation, and Alkynylation
of Unactivated C—H Bonds

Substrate 66 Triflone Product

G/H Y\S02CF3

(@)

pd
liio

(@)

P4

91%
0
o S0CF3 Q/\/Ph
71%
Ph—==—S0,CF Q/

92%

»

84%
XxPh
o X SO2CF3 ON
77%
Ph
Ph—=—=—S0,CF;

<

83%

@)
O
N

m

CO,Et
70%

H N so.cr,
H

Ph—==—S0,CF,

A

78%

tion of trifluoromethyl radical to the allylic triflones 67. Some
reported experimental results are listed in Table 11. The reac-
tion is very sensitive to the structure of allylic triflones. For
examples, substituted activated allyl triflone 69 and an unacti-
vated allyl triflone 70 do not provide any allylation products
(Chart 1).
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CO,Et n-CgHy7
n'C4H9 7 SOZCFg SOZCFS
69 70
Chart 1.
E (BzO),, K,CO3  E
R—H + Bt R (22)
Br R
66 71 68

Tanko and Sadeghipour also reported the radical allylation re-
action of unactivated C-H bonds based on the previously
known abstraction of the hydrogen atom from C-H bonds dur-
ing NBS bromination (Eq. 22).*>*’ The present approach works
well with activated allylic bromide 71 and benzylic C—H bonds.

4.2 Alkynylation and Vinylation. Fuchs and Gong acci-
dentally found the alkynylation reaction by adding acety-
lenic triflones in tetrahydrofuran.®® This exciting observation
prompted the discovery of the alkynylation and the vinylation
reaction of unactivated hydrocarbons under radical conditions.
The alkynylation reaction involves addition of an alkyl radical
to the a-carbon of the acetylenic triflone 72 followed by elim-
ination of the vinyl radical 73 to alkyne 74 and the trifluorome-
thanesulfonyl radical (Eq. 23). Similarly, addition of the alkyl
radical to the vinyl sulfone 75 provides alkene 77 via a similar
addition-elimination process (Eq. 24). As shown in Table 11,
several alkyne and vinyl groups can be introduced and the
yields are generally high. The scope and the limitation of the
alkynylation and vinylation are very similar to those of the al-
lylation reaction. Furthermore, it is noteworthy that the alky-
nylation of alkyl iodides requires a stoichiometric amount of
hexabutylditin because the trifluoromethyl radical does not ab-
stract an iodine atom to propagate the radical chain.*®

R—H + R——=——S0,CF3
66 72
R
R R—=——R (23)
\./\SOZCF3
73 74

R-H + PPg0,00, ——

66 75

R
Ph —
\.)\soch3
76 77

4.3 Acylation. Radical acylation follows the similar guid-
ing principle of the alkynylation and the vinylation reaction
but utilizes a chlorine atom to abstract a hydrogen atom from
a C-H bond. The chlorine atom should be more effective than
the bromine atom in abstracting the hydrogen atom due to a
stronger H-CI bond than H-Br bond. To generate the chlorine
atom, 2-chloroethylsulfonyl oxime ether 78 was designed to

Phao~g @9

ACCOUNTS

OBn

~

.0Bn
R-H + J\JI\ % J\JI\

H™ Ysoy R” “H
66 78 11

78 11

Re i «SO,CH,CH,CI
HCN /
RH Cl
Scheme 13. Radical acylation of C-H bonds using 78.

° SO,+ H,C=CH,

Table 12. Radical Acylation of C-H Bonds with 78

Substrate 66 Product 11
H O .. .OBn
N -
N 83%
/\0)\ Y\ .
O O x .OB
O H O \N/OBn
T (7
(¢] (0]
O H O \N/OBn
OO -
S H S X .OBn
Cr Cy e o
H X .OB
ot Tw
N\H/Ph N\H/Ph 75%
O (6]
o O X, .OBn

achieve the radical acylation of the C—H bond (Scheme 13).4
When a solution of 78 in diethyl ether was irradiated at 300 nm
for 12 h, the desired oxime ether 11 was isolated in 83% yield
(Table 12). This reaction can be carried out under thermal con-
ditions. This approach involves an alkyl radical addition to 78
followed by B-elimination of 2-chloroethylsulfonyl radical
which undergoes thermal decomposition to generate the chlo-
rine atom along with the liberation of sulfur dioxide and ethene.
Finally, the chlorine atom abstracts hydrogen atom from di-
oxane to produce the alkyl radical. This approach is attractive
because it not only avoids the use of highly toxic organotin
compounds but also introduces an oxime ether group to o-car-
bon to the heteroatom with cleaving C-H bonds in a single
step. Furthermore, the present approach works with unactivat-
ed tertiary and benzylic C—H bonds to introduce the oxime
ether group but fails with unactivated secondary and primary
alkyl C-H bonds.
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Conclusion

Organosulfone-mediated tin-free radical reactions are very
useful for carbon—carbon bond formations and include allyla-
tion, acylation, cyanation, vinylation, and carbonylation reac-
tions. For secondary, tertiary and benzylic radicals, it is possi-
ble to use the corresponding iodides as precursors but the pri-
mary radicals still require the use of phenyl tellurides or alkyl
allyl sulfones. Especially, alkyl allyl sulfones are highly effi-
cient and most reliable primary alkyl radical precursors for
the further formation of carbon—carbon bonds. The reactions
with secondary or tertiary alkyl sulfones could be conducted
at lower temperatures due to the facile decomposition of the
corresponding sulfonyl radicals but the reactions with primary
alkyl sulfones typically require elevated temperatures. The
present approaches will find useful applications for introducing
various functional groups such as carbonyl and alkenyl groups
and have great synthetic potential because these methods pro-
ceed under mild conditions, where more conventional methods
would be inappropriate.

We are grateful for financial support from Korea Science
and Engineering Foundation. I thank my co-workers for their
experimental and intellectual contributions to this research.
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