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The present review surveys the main literature reports on rearrangements of sulfones 
published during the last decade. The report concentrates on the three most studied 
rearrangements, namely, 1,3-sulfonyl migration, Ramberg-Backlund rearrangement and 
pinacol-reduction rearrangement. Both mechanistic aspects and synthetic applications 
have been emphasized. The first type of rearrangements has been found to occur by both 
free radical as well as ionic mechanism. A number of synthetic applications, including 
intramolecular rearrangement-cyclization and regioselective alkene synthesis have been 
described. With regard to Ramberg-Backlund rearrangement, it is of special interest to 
note the novel isolation of previously postulated episulfone intermediate, and the renewed 
interest in this type ofrearrangement as well as its various important modifications. Due to 
the novel developments a number of synthetic applications have been described, including 
preparation of various natural products, novel electrically conducting materials, and 
enediynes. The last rearrangement is of interest no only due to its mechanistic aspects, but 
also because it provides the possibility of ring enlargement of cyclic ketones. 

Keywords: Pinacol-reduction rearrangement; Ramberg-Backlund rearrangement; 
sulfones; 1,3-sulfonyl migration 
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1. INTRODUCTION 

The present review surveys the major developments on the subject of 
sulfone rearrangements, which have been published since the publica- 
tion of the Patai chapter on this subject some ten years ago."] However, 
unlike the former, which dealt with rearrangements involving sulfones, 
we have now concentrated on rearrangements of sulfones only. That is 
only those papers dealing with rearrangements of sulfones directly have 
been included. However, we had to be rather selective in our choice due 
to space limitation. We therefore, apologize to those researchers whose 
studies were not included. 

2. Id-ALLYLIC SULFONYL MIGRATION 

2.1. Mechanistic Aspects of I ,S-Sulfonyl Migration 

The 1,3-rearrangement of allylic sulfones has received considerable 
attention due to its synthetic and mechanistic interest beginning since 
its first experimental observation by Darwish and Braverman more 
than three decades ago.[21 Both ion  air[^-^] and free-radical chain 
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SULFONE REARRANGEMENTS 51 

additi~n-elimination[~-’~ mechanisms were suggested for 1,3-allylic 
sulfonyl migrations. 

During the last decade the study of this rearrangement has been 
continued and extended. For example, Whitham and coworkers have 
described“’ the 1,3-rearrangement of cy-substituted acyclic and cyclic 
allylic aryl sulfones under standard radical conditions: dibenzoyl per- 
oxide ( BP0)-CC4. In general, the more substituted double bond (more 
stable) isomer predominated and E/Z  isomeric mixtures were obtained. 
Thus, a,a-dimethylallyl p-tolyl sulfone 1 readily rearranged to prenyl 
sulfone 3 under standard radical conditions, Eq. (1). A radical chain 
addition-elimination mechanism, involving as propagating step, sul- 
fonyl radical addition to the double bond of the allylic sulfone followed 
by P-scission of the resulting arenesulfonyl radical 2, was proposed. 

It is interesting to note that similarly substituted cyclic allylic sul- 
fones such as 1-alkylcyclohex-2-enyl p-tolyl sulfones 4 rearranged 
only sluggishly under radical conditions but underwent smooth iso- 
merization on heating in AcOH-H20 (3:2) at llO”C, Eq. (2). This 
isomerization was not inhibited by hydroquinone. Therefore, a dis- 
sociation-recombination mechanism, involving an ion pair has been 
suggested. The ion pair is presumed to be fairly “intimate” since sol- 
volysis products were not observed. 

R R 

4 5 

Further evidence supporting the ion-pair mechanism for the sub- 
stituted cyclohexenyl sulfones emerged from an investigation of 
t-butyl sulfones. 1-Methylcyclohex-2-enyl t-butyl sulfone was con- 
verted to its allylic isomer even under milder ionization conditions 
than those required for the p-tolyl analog. On the other hand, a,a- 
dimethylallyl p-tolyl sulfone undergoes a much more rapid rearrange- 
ment under radical conditions than the corresponding t-butyl sulfone. 
This result could be explained by two different mechanisms. One 
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52 S. BRAVERMAN et al. 

possibility for higher reactivity of the t-butyl sulfone towards dis- 
sociation-recombination is that it is a ground state effect whereby the 
greater steric demand of the t-butyl sulfonyl group compared to that 
of the arenesulfonyl group leads to steric acceleration of ionization. 

In general, some extra cation stabilizing influence is needed to pro- 
mote the ionization mechanism. For example, additional carbocation 
stabilizing substituents such as l-alkylcyclohexenyl,[*] methylthio[’] 
or phenylthi~[~] can facilitate an ion-pair mechanism for the 1,3-rear- 
rangement. A vinyl substituent can operate in the same way.[’] Thus the 
bis-ally1 sulfone 6 rearranged to the dienyl sulfone 7 on heating in 
aqueous acetic acid, Eq. (3). 

A radical chain addition-elimination mechanism, Eq. (4), has also 
been suggested for the 1,3-rearrangement of the allylic alkyl sulfones 
8.[lo1 In this case, carbon tetrachloride was unsatisfactory as solvent 
for the BPO-induced rearrangement due to competing abstraction 
from the solvent and SH2’ substitution of the sulfone by the result- 
ing C13C radical. However, the rearrangement proceeded satisfactory 
on treatment with BPO in t-BuOH, or with MeSOzNa in aqueous 
AcOH. The latter set of conditions was also shown[81 to favor a free- 
radical mechanism. Sulfinic acids behave as an alternative source of 
ArS02 radicals thereby establishing the same propagating steps involv- 
ing 2 proposed for the BPO-CC14 conditions. This was established by 
the fact that sodium p-toluenesulfinate in the absence of acid did not 
act as an effective catalyst and inhibition by hydroquinone had been 
detected.18] The rearrangement was very slow (R = t-Bu) or altogether 
unsuccessful (R = CH2Ph, CH2COMe) in cases where the inter- 
mediate sulfonyl radical could undergo loss of sulfur dioxide to give a 
resonance-stabilized alkyl radical. 

R = Me, Et, i-Pr, r-Bu, CHzSiMe,, CHzCHzSiMe3 CH2CH(OH)Me 
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SULFONE REARRANGEMENTS 53 

In continuation, the a-alkylthio and a-arylthio substituted allylic 
sulfones 9 and 10, respectively, were investigated under free radical 
rearrangement conditions." ' I  The sulfonyl sulfide 9 was completely 
rearranged to a mixture of the E- and Z-methylthioallyl p-tolyl sul- 
fones 11 and 12 with a ratio of E to 2 isomers - 2 : 1, Eq. (5). It thus 
appears that rearrangement of 9 under radical conditions occurs by 
a clean 1,3-shift of the p-tolylsulfonyl group involving addition- 
elimination of a p-TolS02 radical. However, since it is known"21 that 
3-alkylthioprop- 1 -enyl p-tolyl sulfones are thermodynamically less 
stable than their vinyl sulfide isomers such as 11 and 12 and are read- 
ily isomerized to them under mildly basic conditions, the possibility 
exists of rearrangement by a competing 1,3-shift of the methylthio 
group followed by a 1,3-prototropic shift. The latter possibility was 
excluded by an experiment in which a-deuterated 9 was subjected to 
the rearrangement conditions and gave 11 and 12 containing deuter- 
ium only in the a-positions to the thiomethyl substituent. Therefore, 
the radical-induced rearrangement of 9 involves preferential migra- 
tion of the p-toluenesulfonyl group. 

p-ToBo2?' 
BPO-cCL, p-ToB02-b SMe + 

heat 'qSMe S02T0l-p SMe 
9 11 12 

( 5 )  

In contrast to the sulfone 9, the p-tofylthio substituted sulfone 10 
under analogous rearrangement conditions gave a more complex set 
of products corresponding to those expected for migration of both 
p-tolylthio and p-toluenesulfonyl groups, Eq. (6). 

p - T o E - 7  
P - T 0 s 0 2 7 \  + p-ToB-\STol-p + 

STol-p STol-p 

(4) 
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54 S. BRAVERMAN et al. 

It follows from the nature of the products and the reaction condi- 
tions that the reaction occurs by addition-elimination involving both 
p-TolS' and p-TolSO; radicals. It seems likely that the main reason 
for the difference between the outcome of the rearrangement of the 
methylthio substituted sulfone 9 and of the p-tolylthio substituted sul- 
fone 10 is the nearly 700 fold greater leaving group ability of ArylS' vs. 
AlkylS' from the relevant P-thio substituted radical.['31 

Contrary to the a-methylthio substituted allylic sulfones 9" an ion- 
pair mechanism was proposed for the Si02-catalyzed reversible 1,3- 
rearrangement of the y-sulfenylated allylic system 13, Eq. (7).['] 

13 14 15 

Since protic acids such as p-toluenesulfonic or acetic acid exhibit a 
catalytic activity for this rearrangement, it may be suggested that the 
present rearrangement occurs via a cationic intermediate 14. The posi- 
tion of the Si02-catalyzed equilibrium between 13 and 15 was strongly 
influenced by the number and position of the alkyl substituents. The 
equilibrium lies to the side of 15 when the position Q to the sulfonyl 
group in 13 is dialkylated (R' = R2 = Et, n-Pr, n-Bu, PhCH2); in con- 
trast, monoalkylated 13 (R' = alkyl, R2 = H) apparently do not 
undergo the allylic 1,3-rearrangement. This is accounted for in terms 
of the stabilizing effect of a methylthio group on an adjacent C=C 
bond to allow exclusive production of the thermodynamically more 
stable 13 at equilibrium with 15. Alkyl substituents facilitate the rear- 
rangement by stabilization of the transient cation 14. The 1,3-rearran- 
gement of methylthio substituted allylic sulfones 13 via the ion pair 
mechanism['] again supports the influence of carbocation stabilizing 
substituents on the promotion of an ionization mechanism.[3381 

Padwa and  coworker^['^^'^^ have investigated the behavior of p- 
phenylthio substituted mono and dialkylated allylic sulfones 16 in terms 
of 1,3-allylic sulfonyl migration under two sets of conditions, namely, 
ionization and free radical, Eq. (8). The first was to subject the ally1 
sulfone to silica gel chromatography, and the second to heat the sulfone 
at 80 "C in solution with exposure to light. 
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SULFONE REARRANGEMENTS 55 

SPh SPh H2cky 1.3-shiA F'hSOz+ R' 
SiO, or hv 

16 17 
(8) RZ 

R', R2 = alkyl, allyl, benzyl 

Two different paths can be put forth regarding the mechanism of 
this rearrangement. One route includes a fairly tight ion-pair mecha- 
nism, which is probably applicable to the silica gel-induced rearrange- 
ment.['] The alternative path occurs in solution and involves a radical 
chain mechanism. The heat and/or light initiate the reaction by bring- 
ing about cleavage of the allyl-sulfone group bond. The benzenesulfo- 
nyl radical so produced adds to the double bond of another molecule, 
leading to a new radical which loses the resident benzenesulfonyl 
group to generate the rearranged isomer. In all cases the thermo- 
dynamically more stable alkene with the more substituted double bond 
is the exclusive product, and E / Z  isomeric mixtures are obtained. This 
mechanism is in full agreement with the results of Whitham.[8~'o."1 

The free radical addition-elimination mechanism has received fur- 
ther support through the following results.[15] Polar solvents, such as 
acetonitrile and dimethyl sulfoxide, did not increase the rate of rear- 
rangement. On the other hand, a catalytic amount of hydroquinone, 
a known free-radical inhibitor, completely suppressed the reaction. It is 
interesting to note that the rearrangement did not occur in the case of 
cyclopropyl substituted sulfone, Eq. (9). This can be readily rationalized 
since methylenecyclopropanes are known to be thermodynamically less 
stable than vinyl substituted cyclopropanes."'] 

SPh SPh 

The effect of the nature of substituents at the @-position was also 
investigated. The presence of a phenylthio group in 18 or of an ethyl- 
thio group in 19 groups accelerates the reaction by 2 orders of magni- 
tude YS. the unsubstituted sulfone 20. This result is expected for a 
mechanism involving addition of the electrophilic PhSO; radical to 
the more electron-rich 7r-bond. 
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56 S .  BRAVERMAN et al. 

In those cases, where 2-phenylthio substituted allylic sulfones have an 
alkenyl side chain C-S cleavage is followed by cyclization of the allylic 
radical to give both five- and six-membered rings, Eq. (10). 

SOZPh 

20 

G SOZPh 
HzC 

CH3 CH3 
19 

HzC CH3 % CH3 

18 

It is interesting to note that a rearranged sulfone was obtained 
under typical radical conditions as well as on heating in 60% aqueous 
acetic acid. A number of substituted acyclic allylic sulfones have been 
found to undergo 1,3-rearrangement under such  condition^[^-^^'^] and 
an ion pair dissociation-recombination mechanism has been proposed 
for these cases. 

Just as phenylthio substituted allylic s u l f ~ n e s " ~ " ~ ~  alkoxy substituted 
derivatives underwent 1,3-sulfonyl rearrangement, Eqs. (1 1) and (12), 
via a radical chain mechanism."'] A 1,3-sulfonyl shift occurred in 
quantitative yield under irradiation with 300 nm light. 

OPh OPh 
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SULFONE REARRANGEMENTS 57 

2.2. Tandem Rearrangement Cyclization Reactions of Allylic Sulfones 

Some efforts were madef'*] to use this radical-induced 1,3-rearrange- 
ment of 2-phenoxy substituted allylic sulfones to promote intra- 
molecular 5-ex0 cyclization reactions. However, all attempts to effect 
such a cyclization under a variety of typical radical conditions were 
unsuccessful. On the contrary, an allylic sulfone cyclization was found 
to proceed upon heating with sodium benzenesulfinate in aqueous 
acetic acid, Eq. (13). It seems quite possible that the reaction proceeds 
via a tight ion pair which ultimately produces the keto sulfone 21. 

21 

On the other hand, Whitham[83'01 presented some evidence in favor 
of a radical mechanism of the 1,3-sulfonyl migration using sodium 
p-toluenesulfinate in aqueous acetic acid. Therefore, the interpreta- 
tion of these results still remains to be completed. 

The 1,3-sulfonyl migration of unsaturated allylic sulfones has also 
been used in a "one-pot'' rearrangement-cyclization to obtain cyclic 
s u l f o n e ~ . " ~ " ~ ~  Thus, an allylic sulfone such as 22 readily gave a cyclized 
product 23 with the yield > 90%, since the ring closure step corresponds 
to the formation of a 5-membered ring from a hex-5-enyl radical, 
Eq. (14). This reaction was considered to occur by a radical chain 
mechanism."'] 4-Pentenyl sulfones"O1 were obvious substrates for this 
rearrangement-cyclization sequence, since cyclization of the inter- 
mediate 4-pentenesulfonyl radical might occur, leading to a cyclic 
product. However, the 4-pentenyl sulfone 24 was rather resistant to 
rearrangement-cyclization and gave only a mixture of the acyclic 1,3- 
rearranged sulfone 25, the cyclic sulfone 26, and recovered starting 24, 
Eq. (15).['01 This result may be rationalized in terms of the electronic 
nature of the radicals involved. However, the formation of the cyclic 
sulfone was promoted by incorporating an electron-withdrawing group 
at the ,&position of the allylic sulfone, in order to increase the efficiency 
of the capture of the nucleophilic cyclized radical, Eq. (16). 
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5 8  S .  BRAVERMAN et al. 

22 

// 11 

23 1 
M02 

BPO, 1-BuOH 
heat, 24 h 

24 

I 
'-sOzT 25 8 %  

+ + +  23 % 

2.3. Synthetic Application of 1,S-Allylic Sulfonyl Migration 

The 1,3-rearrangernents of allylic sulfones may be a useful tool in organic 
synthesis since the activating sulfonyl group is transferred from one end 
to the other end of the allylic system. Radical-induced 1,3-rearrange- 
ment of appropriately substituted allylic sulfones in conjunction with 
reductive desulfonylation has been successfully used for a regioselective 
alkene synthesis, Eqs. (1 7) and (1 8).[201 The same sulfone was a precursor 
of either the isopropenyl 27 (via 1,3-sulfonyl rearrangement) or the 
isopropylidene 28 (by direct reduction) isomeric products. 
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-(n BPo,f;uTA, Ph 

aq. HCI, THF 
63 % 

Ph 
27 

x;; 
28 

(18) 

In an another application, the 1,3-rearrangement of @-thio sub- 
stituted allylic sulfones has been used as a sulfoacetonylation tool for 
the conversion of enones into diketo sulfones, which then leads to 
bicyclic alkanediones, Eq. ( 19).[211 A free-radical chain transfer mech- 
anism has been suggested for this thiol-AIBN induced rearrangement. 

SOzPh n-BuLi, THF, -78 'C . 
Elcctrophilc 

SOzPh I 1,3-shifi 
PhSWAIBN 

E HCl,EtOH,A HBCIl &E 

S02Ph A SOZPh 

E=CHz=CH-CHz; Ph-CH2 ; CH~-CO-CH~-CH~ ; 

An interesting example of 1,3-sulfonyl migration has been described 
by Roy and coworkers.[221 exo-Methylenecycloalkyl sulfones, obtained 
by photostimulated reactions of cycloalkyl cobaloximes with arene- 
sulfonyl halides, undergo facile 1,3-a1lylic rearrangement to endo- 
isomers, Eq. (20). 

a0 endo 
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60 S. BRAVERMAN et a1 

On the basis of mechanistic and theoretical studies this rearrange- 
ment is proposed to involve a [ 1,3]-sigmatropic migration of the sulfo- 
nyl group. This was the first example of a 1,3-sulfur shift in allylic 
sulfones wherein the allylic migration takes place from an exo- to an 
endo-cyclic framework. 

The following results support the proposed mechanism. The rear- 
rangement is temperature dependent; no rearrangement takes place 
upon irradiation at low temperature; a similar product distribution is 
observed for reactions conducted in the dark, in diffused light and in the 
presence of one molecular equivalent of hydroquinone. 

3. THE RAMBERG-BACKLUND REARRANGEMENT 

The Ramberg-Backlund rearrangement[231 of halo sulfones in the pres- 
ence of base, leading to olefin with accompanying loss of hydrogen 
halide and sulfur dioxide is one of the most important reactions of 
sulfones in general and is of both synthetic and mechanistic interest. 
A number of excellent reviews have been published during the last two 
 decade^.['^*^-^^] Consequently, we shall concentrate on the latest devel- 
opments in this area. 

3. I .  Mechanism of the Ramberg- Backlund Rearrangement: 
Isolation of Episulfones 

The general mechanism of the Ramberg-Backlund rearrangement is 
shown in Eq. (21). It has been e~tabl ished[~~**~’ that the second step, 
involving 1,3-displacement of the halide ion by the carbanion and for- 
mation of an episulfone, is rate determining, and the stereochemistry of 
the resulting olefin is established during this step. 

H-C C-X 
a/ ‘so; ‘a’ 

Until recently, the postulated episulfone intermediate could not be 
isolated under usual rearrangement conditions. Only in the year 1989 
Taylor and coworkers[281 reported the first example of an isolable 
episulfone obtained by treatment of an a-halo sulfone with base. This 
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SULFONE REARRANGEMENTS 61 

was made possible by the facile low-temperature Ramberg-Backlund 
rearrangement of a 2-iodothiane dioxide, Eq. (22). Treatment of 29 
with 2.5 equivalents of t-BuOK in THF at -20 "C, followed by warm- 
ing to room temperature, produced the expected cyclopentene 31 in 
85% yield. When the reaction was carried out at -78-0°C with 1.2 
equivalents of t-BuOK, however, 31 was the minor product, the epi- 
sulfone 30 being obtained as a white crystalline solid in 69% yield. 
Treatment of 30 with excess t-BuOK at -20°C to room temperature 
gave 31 as the only observable product in 8 1 YO yield. 

n n 
ph 2.5 r-BuOK, THF 

-20 OC to RT, 85% 

-78'CtoO'C \ / & f - B u ; T H F  -20 OC to r.t., OI (22) 
29 

100 OC, 20 min 1.5 r-BuOICJHF 

w 
30 
SO; 

In continuation, it has been shown[291 that the presence of iodine as 
the leaving group is not strictly necessary; the a-chloro and a-bromo 
sulfones 32 (X = Cl, Br, I) also gave the corresponding episulfones in 
high yield on treatment with t-BuOK at low temperature, Eq. (23). 

f-BuOK, THF-DMSO, 0 "C 
or r-BuOK, THF, -78 'C 

* 

/OK 

In a similar manner, the unsubstituted thian-4-one ketals 33 under- 
went a smooth conversion to the corresponding episulfones in high 
yield at -78"C, Eq. (24). However, all attempts to prepare a-alky- 
lated derivatives, i.e. compounds bearing substituents at the episulfone 
bridgehead position, were unsuccessful, although their Ramberg- 
Backlund rearrangement to cyclopentenes occurred efficiently. 
This suggested that the rate of loss of sulfur dioxide (either thermally 
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62 S. BRAVERMAN et al. 

or in a base-promoted process) from a trisubstituted episulfone is fast 
compared with the disubstituted examples, allowing isolation of the 
latter compounds from the basic reaction media. 

The presence of an acetal group at C-4 of the thian ring was not 
essential for episulfone stability, Eq. (25)."01 The importance of the ring 
size has also been investigated and it has been established that the 
6-thiabicyclo[3.1 .O]hexane 6,6-dioxide system is particularly favored. 
No trace of the expected episulfones was observed when seven-, five- 
or four-membered a-iodo sulfones were treated under the standard 
conditions for episulfone isolation.[301 

The scope of the procedure described above was extended and the 
first acyclic episulfone 34 was prepared by the Ramberg-Backlund 
rearrangement, Eq. (26).[301 

(25) f-BuOK, THF, -78 OC 
84 % 

-so', 

3.2. Some New Mod$ications of the Ramberg- Backlund 
Rearrangement 

In recent years a number of modifications and extensions of the original 
Ramberg-Backlund rearrangement have been described. Since, usu- 
ally, the preparation of a-halo sulfones is the most problematic stage in 
the Ramberg-Backlund strategy, the well-known Meyers procedureL3'] 
represents a very attractive approach and had been used with con- 
siderable frequency in organic synthesis. It involves treatment of a 
sulfone possessing both a- and a'-hydrogens with potassium hydroxide 
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SULFONE REARRANGEMENTS 63 

in carbon tetrachloride, which serves as the halogen source for in situ 
sulfone chlorination and, thus, allows to avoid the preparation of the a- 
halo sulfone in a separate step. This modification of the Ramberg- 
Backlund rearrangement was recently used for ring contraction and the 
synthesis of adamantanophane~, '~~] Eq. (27). 

1. thioacctamide, KOH, 
EtOH/C,H, rcflux, 

2. m-CPBA, CH2C12, 1.t. 

35 % 

KOH, CCI,, 1-BuOH, 
sn O r  

68 Yo t 

The same protocol was used as a key step in the synthesis of prostaglan- 
din synthons in optically pure form,[331 Eq. (28). Hexachloroethane, 
instead of carbon tetrachloride, was used as the chlorine source in this 
case. 

OTBDMS OH 

Q \OH 

.\/oTBDMs 1 f-BuOH, (CClg2. I-BuOK, 66 %, 
2 TBAF, THF, 91 % n 

'so,' 
[aIDz3 +16.0O0 (C 0.25, CHC13) [a]on -47.730 (C 0.09, CHCI~)  

.,*\OH -0 MCPBA, CHzCIz, NaHCO, 
91 % 

. -  

0' 
[ ~ ] ~ ~ ' - 5 . 2 8 ~  (c 0.45, CHCI,) 
lit. [ a ] ~  -5.0' 

In another application, the Meyers modification of the Ramberg- 
Backlund rearrangement was the key step in the preparation of 
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64 S. BRAVERMAN et al. 

oligo[phenylenevinylenes] terminated with porphyrins, novel electri- 
cally conducting materials, Eq. (29).[341 Ramberg-Backlund rearrange- 
ment allows a control of the conjugation length of phenylenevinylene 
oligomers, which is very important for organic semiconductors. Five 
double bonds were formed in one step, and they were all trans. 

Matsuyama and coworkers[353361 successfully employed a ring con- 
traction approach through the Meyers modification of the Ramberg- 
Backlund rearrangement for the synthesis of some optically active 
cyclopentenones, Eq. (30). 

NaOH, CCI, 
TfiF, 1.t. 

pyridiniumptolucne- 
nulfolutc, Lt., 
aq. lcetonc (30) I 

(S)-(+) 

It is interesting to note that the same strategy was rather dis- 
appointing when applied to the synthesis of 2,3-disubstituted cyclo- 
pentenones because of the formation of the chlorinated by-product 35 
together with the desired cyclopentene, Eq. (3 1).[371 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SULFONE REARRANGEMENTS 65 

n 
0 0  w KOH, I-BuOH. CCl, + 

However, one should note some limitations in the applicability of the 
Meyers protocol to the synthesis of alkenes. This procedure works 
well with dibenzylic and benzhydryl alkyl type sulfones, whereas 
sulfones of other structural types may behave differently and yield 
complex mixtures of The major disadvantage of the 
Meyers procedure is the formation of dichlorocarbene from CC14 
under the basic reaction conditions and its addition to the alkene prod- 
uct. A further disadvantage is the dihalogenation of diprimary alkyl 
sulfones. Chan and coworkers [401 have suggested an improved version 
of the standard Meyers procedure, which involves replacement of car- 
bon tetrachloride by CBr2F2 and of powdered KOH by alumina- 
supported KOH. With this reagent, KOH/A1203-CBr2F2-t-BuOH, 
the one-pot Ramberg-Backlund rearrangement proceeds smoothly 
with good yields and gives alkenes as the only product. 

The above version of the Ramberg-Backlund rearrangement has 
been used for the stereoselective synthesis of oligo [( p-phenylene-(E)- 
viny1ene)benzoic acids], the basic building block of novel electrically 
conducting materials, the oligo[ phenylenevinylenes], Eq. (32),[4'1 as well 
as for the synthesis of various optically active (m)(n)paracyclophanes, 
Eq. (33).14*] 

I-Bu 

5 .  

(32) 
I-Bu 

1. n = 0. oxonc, MeOH; 2. n = 0, KOH-AIzOx, 1-BuOH, 3.  n = 0, LiAIh, THF; 4. S02C12, CCb; 

5 .  n = 1, NaOMc, M d H .  M c O z C ~ C H z S ( C = S ) O M c  ... n = 0,1,2 
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I 

u M* = (-)-menthyl-0-CSz 

Starting from diallyl sulfone 36[431 various conjugated 1,3,5-hexa- 
trienes 37, an important structural unit in a variety of natural products 
such as phytoene, vitamins D2 and D3, leukotrienes B4 and C4, asuka- 
micin and mocimycin, have been prepared1431 by the above modified 
one-pot Ramberg-Backlund rearrangement, Eq. (34).1401 It is impor- 
tant to note that the stereoselectivity of this reaction is dependent upon 
the reaction conditions, and that it is possible to maintain a high level 
of stereocontrol in the formation of 1,3,5-trienes by appropriate choice 
of solvent and temperature. Thus, the (Z,E,Z)-triene isomer could be 
isolated in a 91 : 9 ratio in favor of the (Z,Z,Z)-isomer when the reac- 
tion was conducted at -78 "C in t-BuOH-CBr2F2 (1 : 1) solution, 
starting from the di-(Z )-cinnamyl sulfone 36. However, when metha- 
nol was employed as the solvent, only the (lE,3E,SE)-triene was 
obtained, indicating a substantial loss of the stereointegrity of the 
terminal double bonds. 

36 37 
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SULFONE REARRANGEMENTS 61 

Chan's modification[401 of the Ramberg-Backlund rearrangement has 
also been used for the conversion of the dipropargyl sulfone 38 to the 
corresponding enediyne unit without the necessity to prepare an 
a-halo dipropargyl sulfone precursor in a separate step, Eq. (35).[441 It 
is noteworthy that the previously described protocol, CBr2F2, KOH/ 
A1203, ~ - B U O H , [ ~ ~ ]  invariably led to intractable reaction mixtures, 
indicating the unsuitability of a protic solvent for these sulfone sub- 
strates. However, when CH2C12 was used in place of t-BuOH, the 
reaction proceeded smoothly at  - 10 "C to give a readily separable 
mixture (w 1 : 1) of the (E)-  and (2)-enediynes. 

Rz (35) 
R' , y - R 2  CF2Br2,CH2C12, R' 1 

KOWA1203 * so2 
38 

Matsuyama and coworkers[451 have found that p-toluenesulfinate 
ion acts as a good leaving group and may be used instead of a halo- 
gen anion under Ramberg-Backlund type reaction conditions. The 
alkylated (p-tolylsulfony1)thiane dioxides 39 have been thus success- 
fully converted in good yield to the corresponding cyclopentenes by 
the action of NaH-KH in Me2S0, Eq. (36). 

f 7  
NaH-KH, Me2S0 

The same type of Ramberg-Backlund rearrangement[451 has been 
applied by F ~ c h s [ ~ ~ l  for the conversion of the P-silylethyl a-sulfonyl 
sulfones 40 to the allylsilanes 41, Eq. (37), and for the preparation of 
cycloalkenes, Eq. (38).[471 

PM020S02CH2CH2ThfS,8 n-BuLifl'HF 

o *  

40 

Li IMS -78 "C 2 I to BuLi E'X- -20 "C ?~so;qm.;Epd:F50F spj (37) 

s"' 41 
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68 S. BRAVERMAN et al. 

One further variant of the Ramberg-Backlund rearrangement, 
namely, the epoxy Ramberg-Backlund rearrangement (EPRB), has 
been developed by Taylor.[481 In this reaction a$-epoxy sulfones, on 
treatment with base, are converted into a range of mono-, di- and tri- 
substituted allylic alcohols. In this modification the leaving group is 
incorporated into a three-membered ring, Eq. (39). The key step 
involves a favored 3-exo-tet ring opening, but proceeds via a strained 
l-hetera-4-thiaspiro[2.2]pentane transition state. A major advantage 
of this new reaction is that the alkene formation is accompanied by 
the introduction of additional functionality in the adjacent position. 
In terms of stereoselectivity, most systems gave a I : I E/Z mixture of 
products, but the stronger bases LHMDS and t-BuOKlLDA gave 
mainly the E-alkenes. 

Taylor and Evans[491 suggested a further modification of the Ram- 
berg-Backlund rearrangement, a new variant of the Michael induced 
Ramberg-Backlund rearrangement (MIRBR). MIRBR[''] circum- 
vents the use of strong base for the formation of a-sulfonyl carba- 
nions, involves addition of a suitable nucleophile to a-haloalkyl 
sulfones carrying a Michael acceptor system attached to the a'-posi- 
tion and allows introduction of functionality during the reaction, 
Eq. (40). In practice, however, the process is apparently limited to 
dienyl sulfone substrates and thus, leads to a diene synthesis. A novel 
version[491 of MIRBR allows producing allylic alcohols, sulfides and 
amines, Eq. (41). 
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SULFONE REARRANGEMENTS 69 

This new variant of MIRB has several interesting features, most 
notably the use of a-halovinyl sulfones as substrates. With an appro- 
priate choice of substituents in the a-halo sulfones and of the reaction 
conditions, a one-pot tandem conjugated addition-proton exchange- 
RBR is possible, Eq. (42). The stereochemical output of this MIRBP 
is a mixture of E/Z-isomers and the E :  Z ratios reflect the basicity of 
the reagent.[481 With the weak amine bases, cis-isomers predominate, 
whereas methoxide and t-butoxide favor the formation of the trans- 
alkenes. In terms of mechanism of allylic amine forming reactions, 
there is the possibility that they proceed via intermediary sulfonyl 
aziridines, Eq. (39),[481 rather than as shown in Eq. (41). 

Br 

Nu = MeONa,, BnSH, BnNH2, f-BuNHz, (8-PhCHMeNH2, MeCH(C02Me)z 

A new type of Ramberg-Backlund rearrangement was recently 
described for the 2tr-bromocephem sulfone 42.[511 This sulfone on 
standing in acetonitrile solution results in roughly a 1 : 1 mixture of 
debrominated product 43 and the bromopyrrole 44, Eq. (43). 
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70 S .  BRAVERMAN el al. 

I 

COOMe 
42 42. COOMe 

RCONH RCONH 

0 
42d 42c 42b COOMe COOMe COOMe 

+ moNH* (43) 
HOOC / 

COOMe COOMe 
43 44 

Since no basic conditions were involved in this reaction, these 
results were explained by the mechanism shown in Eq. (43). After SO2 
elimination the highly strained ring system 42c splits very easily, yield- 
ing 42d which, in turn, is brominated by 42 to the end product 44. 

3.3. The Ramberg-Backlund Rearrangement of Trihaio Substituted 
Sulfones and Sulfoxides 

Recently, Braverman and Zafrani reported an unusually facile 
Ramberg-Backlund rearrangement of a-trihalomethyl sulfones e.g. 
45.[521 This reaction proceeds spontaneously at room temperature on 
treatment with various weak bases, including DBU, Et3N, Dabco, 
morpholine and even 2,6-lutidine, resulting in the formation of 
dichloromethylene products, Eq. (44). 

Cl-Cl 
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SULFONE REARRANGEMENTS 71 

The benzyl trichlorometbyl sulfones 46 rearrange under more dras- 
tic conditions and the corresponding dichloromethyl sulfones 47 are 
also formed as minor by-products, Eq. (45). Their formation may be 
explained by a simultaneous nucleophilic attack of the base on chlo- 
rine with subsequent protonation of the thus formed a-sulfonyl car- 
banion. The drastic conditions required for the Ramberg-Backlund 
rearrangement of benzylic sulfones have been attributed to the 
decreased acidity of their a-hydrogens as well as the reduced stability 
of the corresponding carbanions, relative to the fluorenyl sulfone 45. 

R\ Fl Rt 
i CHSO2CHCh Rt 1.5 DBU 

R2' 46 

CHS02CCb -A C = C  
\ 

(45) 47 
R2' R2' C1 

R' = R2 =p-ClC6H& R' = R2 = C6H5; R' = C6H5, R2 = CH, 

The Ramberg-Bbcklund rearrangement of these a-trichloromethyl 
sulfones is rather interesting in relation to the recently discovered 
P-elimination of chloroform from ally1 and benzyl trichloromethyl 
sulfoxides, Eq. (46).[531 Since the first step, a fast reversible deprotona- 
tion of the starting material to give the corresponding carbanion, is 
common to both reactions, this widely different behavior of the tri- 
chloromethyl sulfones 45 and 46 and the trichloromethyl sulfoxides 
48 represents a remarkable contrast of 1,3- vs. 1,2-elimination from 
the same carbanion center. This contrast is tentatively 
the lack of stability of sulfenes in general.[541 

explained by 

CHa3 (46) 

It is interesting to note that, unlike other trichloromethyl sulfox- 
ides,[531 the 9-fluorenyl sulfoxide 49 is able to undergo both processes, 
the ,&elimination of chloroform and the Ramberg-Backlund-type 
rearrangement simultaneously upon treatment with DBU in various 
aprotic solvents, yielding a mixture of the dichloromethylene product 
50, the 9-fluorenylsulfine 51, and its oxidation product fluorenone, 
Eq. (47).[53b1 Although the formation of 50 is dependent on the nature 
of solvent and base, it always appears as a by-product, except when 
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72 S. BRAVERMAN et al. 

Et3N is used in CHC13, where the Ramberg-Backlund product 50 is 
the only product. 

m \ \ 

49 
s//o 

DBU. CHf3z 
25'C, 1 b * 

& \ \ 

50 

& \ \ 

(47) 

3.4. The Ramberg-Backlund Rearrangement of Sulfonyl Carboxylic 

Recently, W l a d i ~ l a w [ ~ ~ " ~  and coworkers described the Ramberg- 
Backlund rearrangement of some a-isopropylsulfonyl carboxylic esters 
52 and 53 in which the carbanion was generated by the decarboxylation 
of the ester, Eq. (48). In the case of the dialkyl substituted derivatives 52, 
a chlorination at the isopropyl group should occur initially and then the 
intermediate 54, due to the electron-withdrawing effect of the chloro 
substituted isopropyl group, would undergo decarboxylation to give a 
carbanion. The latter reacts by 1,3-displacement of chloride ion to give 
the corresponding episulfone precursor of the alkene. For the monoaryl 
derivatives, the resulting alkenes were in admixture with chloroalkenes, 
and in the case of the monobenzyl derivatives 53 the chloroalkene was 
the only reaction product. The formation of chloroalkenes may be 
explained by chlorination of the benzyl group instead of the isopropyl 
group. The resulting a-chloro carboxylate undergoes decarboxylative 
chlorination, followed by 1,3-elimination of chloride ion from the 
intermediate dichloro derivative, Eq. (49). 

Esters 

MezCHSOzCRR'COzEt Kowr-BUoH + MezCCISOzCRR'CO~ 
54 52 eel, 

(48) 
MezC=CCRR' &- Me2CClSOz8RR' - so* 
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i-PrSOzCHBnCOzEt POH/r-BuOH_ i-PrSO,CCIBnCO: 
CCI4 

53 1- COZ 

Me2C=CCIBn i-PrSO,CCIZBn i-RSO,~CLBn 

73 

(49) 

3.5. Synthesis of Cycloalkenes via Ring Contraction 

The Ramberg-Bicklund rearrangement represents one of the first 
alkene syntheses in which the position of the double bond is clearly 
defined. One of the significant areas of application of the Ramberg- 
Backlund rearrangement is the preparation of various cycloalkenes by 
ring contraction. Some examples cited below demonstrate this strategy. 

For example, Nicolaou and coworkers[559561 have used the Ramberg- 
Backlund rearrangement for the preparation of a series of cyclic 
conjugated enediynes related to the natural anticancer antibiotics 
calicheamicin and esperamicin, Eq. (50). 

n =  1-8 

This ring contraction approach was also usedi5'] in a novel benzan- 
nulation sequence based on a chromium(0)-promoted [67r + 47r] cyclo- 
addition, followed by a Ramberg-Backlund rearrangement, Eq. (5 1). 

1. I-BuOK. 'IHF, -105 "C 
2. NCS, m 
3. I-BuOK, THF. 15 % 

(51) 

56 

A noteworthy feature of this dual operation methodology was 
the simultaneous production of two rings during the cyclization. 
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Treatment of the cycloadduct 55 in one pot with t-BuOK in THF at 
- 105 "C, followed by trapping of the intermediate carbanion with 
NCS and exposure of the resultant mixture to a second equivalent of 
t-BuOK, afforded the hexahydroanthracene 56 in quite good yield. It 
has been shown that the efficiency of the ring contraction step is dra- 
matically improved by employing N-iodosuccinimide instead of NCS 
as positive halogen source. Iodide is known to be a superior leaving 
group in this type of transformation.[241 

The same strategy has also been usedLs8] for the conversion of several 
3,n-dithiabicyclo[n.3.l]-alkatrienes to the corresponding bicyclo[n.3.1]- 
alkapentaenes, Eq. (52). The chlorination of 3,n-dithiabicyclo[n.3.1]- 
alkatrienes has been examined carefully in terms of the significance of 
this step in the synthesis of bridged system via Ramberg-Backlund 
rearrangement. It has been shown that chlorination had occurred, as 
expected, at the benzylic position with highly purified NCS. Unlike the 
data of P a q ~ e t t e I ~ ~ ]  and Tuleen,16'] i.e. that geminal dihalogenation 
is enhanced by the introduction of the first halogen atom, since the 
a-hydrogen becomes more acidic, the same product, the bis-(a-chlo- 
roalkyl) sulfide, was obtained by the use of two or four equivalents of 
NCS. This may reflect the crowded nature of this cyclic system. 

Martin and coworkers have described a new technology for the 
construction of unsaturated medium-size tricyclo-[611 and bicyclo- 
polyether[621 frameworks, synthons for the total synthesis of cigua- 
toxine. Their synthetic strategy was based on thioannulation of 
0-linked oxacyclic precursors and successive a-halogenation and 
oxidation at sulfur, followed by a Ramberg-Backlund reaction, 
Eq. (53). One of the great strengths of this approach is that the posi- 
tion of the newly introduced double bond is fixed by the position of 
the sulfone group in the heterocycle and does not change under the 
reaction conditions. 
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1. I .5 equiv. NCS, CCI.,, 0 OC, 2 h; 2. 1.5 equiv. MCPBA, CH,CI,, 0-25 "C, 3 h; 
3. 1.2 equiv. r-BuOK, THF, 0 OC, 1.5 h, 52 % 

3.6. Convergent Approach in the Synthesis of Olefins 

The Ramberg-Backlund rearrangement may be used for the coupling 
of two moieties via a sulfide linkage with subsequent oxidation and SO2 
extrusion resulting in the introduction of a double bond. This strategy 
was also applied to the synthesis of C-aryl glycoside~[~~] related to the 
antitumor antibiotic chrysomicine, Eq. (54). 

OMOM 
I 

CH2Br OMe 
I I  a \ /  + Hs f i s  

bMe bTs 

OMOM 
1 

1. DBU, PhH 
____) "') OMe 2. MCPBA I 

2. TBAF 

OMOM 
I 

OMe 0 OMe OTs 

bHOMe 

- @  
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A general synthetic strategy[641 for the preparation of (+)-solamin 
and analogues, natural products with widespread activity from 
cytoxicity to antimalarial, immunosuppressant, and pesticidal, 
involved the same convergent approach in which two nearly equal 
halves were joined via a Ramberg-Backlund olefination, Eq. (55). 
The crucial step of the Ramberg-Backlund process was the chlorina- 
tion because of possible failure to chlorinate either the sulfide or its 
corresponding sulfoxide. The best protocol involved in situ chlorina- 
tion-rearrangement of the corresponding sulfone (the Meyers 
procedure). 

t-BuOWt-BuOH HO 
CCh. r.t.. 95 % 

4 

Hot' 
1. Cs2C03, DMF, r.t., 92 % 

2. MCPBA, 0 'C, 95 % 
3.TMSC1, Et3N, r.t., 94 % 

KO 

( 5 5 )  

3.7. Terminal Olefination 

has successfully applied terminal olefination through 
Ramberg-Backlund rearrangement to a novel iterative ring growing 
procedure for the construction of linear fused carbocycles, Eq. (56). 
Allenyl chloromethyl sulfone 57 undergoes Diels-Alder cycloaddition 
with 1,2-bis(methylene)cyclohexane to give the intermediate 58 which 
under Ramberg-Backlund conditions (THFIt-BuOK) can be con- 
verted to a conjugated diene 59 ready for further reaction with 
sulfone 57. Repetition of the process gave the tetraene 60 and then the 
pentaene 61. 
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51 58 

I-BuOK 
57 % l 

I .  57, 60°C, 3 h 
2. I-BuOK, 85 % 

59 
1.57,60 "C, 3 h 

61 

Another example of such terminal olefination was developed by 
Taylor[661 who explored sulfones derived from a-amino acids for the 
preparation of unsaturated a-amino acids in homochiral form. Equa- 
tion (57) illustrates the conversion ' of methionine into allylglycine 
derivative. A low temperature was essential to minimize racemization. 
Optically pure 62 was obtained when the reaction mixture was kept 
below -30°C. 

1 .  MCPBA, CHzCIz,94 %; 2. S02C12, CaO, MCPBA, CHzCIz; 3. t-BuOK, THF, -78 'C, 
54 %; 4. t-BUOK, THF, -78 'C, 64-78 %. 

In related cyclic sulfones, derived from rnethionine and 
homocysteine, underwent the Ramberg-Backlund rearrangement and 
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78 S .  BRAVERMAN et al. 

gave substituted aminocyclopentenones, Eq. (58). Although racemiza- 
tion has occurred in this sequence, possibly during the Ramberg- 
Backlund step, it is possible to apply the Ramberg-Backlund 
approach to amino acid derived cyclic sulfones. 

AcONa, 6, 
THF/H20/MeOH ( 5 8 )  

N H B O C  N H B o C  

0”” Pd/C’H2’E*H 78 Yo 0” 
x = CI (48 %), Br (62 %) 

A useful application of the Ramberg-Backlund rearrangement 
involves direct the insertion of an a-halo sulfonyl group into an unsa- 
turated starting material by means of free radical halosulfonyla- 
tion.[681 Thus free radical addition of bromomethanesulfonyl bromide 
to the chiral vinyl boronate 63 gave the adduct 64 as a mixture of dia- 
stereomers which upon treatment with base afforded the diene 65 by 
a vinylogous Ramberg-Backlund rearrangement, Eq. (59).L691 

1. Et,N, CHCI, 
BrCH2SO2Br CH,CI,, 1.t. * & 2.f-BuOK.t-BuOH 

B ( W 2  BrCHzS02 
63 64 

B(OR)2 = 

65 (59)  

The utility of the Ramberg-Backlund rearrangement in the pre- 
paration of various natural products such as  steroid^,[^^,^'] nucleo- 
sides[721 or the naturally occurring furanone (+)-eremantholide A[731 
has been demonstrated. 
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4. PlNACOL REDUCTION OF /3-HYDROXY SULFONES 

The Lewis acid catalyzed migration of an alkyl group from a @-carbon 
to an a-carbon with the concomitant elimination of a sulfonyl group 
leading to the formation of ketones has been observed with P-hydroxy 
sulfones, and has been termed as pinacol-reduction rearrangement 
Eq. (60). A variety of cyclic and acyclic P-hydroxy sulfones undergo the 
pinacol-reduction rearrangement, and. this method has also been used 
for the homologation of ketones, Eq. (61).'741 The applicability of this 
rearrangement for a wide variety of substrates has been demonstrated. 
As shown by Trost and coworker,[751 this rearrangement is regioselec- 
tive and requires a trans periplanar arrangement of the migrating bond 
and the sulfone leaving group. The conformationally rigid trans 
P-hydroxy sulfones 66 undergoes the pinacol-reduction type rearrange- 
ment in the presence of aluminum Lewis acids with very high regio- 
selectivity, and yields bicyclic ketones 67, Eq. (62). 

n , R = H  m = l  n = l  
b, R = H  1 2  
c, R = H  2 1  
d, R = C H j  1 1 
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On the other hand, the conformationally less rigid cis-P-hydroxy sul- 
fones 68 gave a mixture of bridged ketones 69 and fused bicyclic 
ketones 70. The former product arises from the expected trans peri- 
planar migration by a concerted reaction mechanism. The formation 
of the cis-fused bicycles 70 suggests that there is a non-concerted 
pathway in operation, Eq. (63). 

7On-d 6811-d 6911-d 

a , R = H  m = l  n = l  
b, R = H  1 2  
c, R = H  1 3  
d, R=CH, I 2 

(63) 
Lewis acids also influence the reaction mechanism, namely, the 

concerted vs. the non-concerted pathway. For instance, A1(OSO2- 
CF3)y6’ favors the formation of the bridged-ring 69d as the major 
product (90%), arising from the non-concerted pathway for a trans- 
fused P-hydroxy sulfone. 

Diethylaluminum chloride-mediated ring enlargement of the cyclic 
P-hydroxy a-phenylthio sulfones 71 to a-phenylthio ketones 72 has 
been studied by Trost and Mikhail, Eq. (64).[”] 

The migration of carbon takes place in such a way that the electron 
deficiency can be best stabilized in the transition state. An exception 
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could be due to the conformational rigidity of a five-membered ring of 
a norbornyl skeleton, as shown in 73. Migration of bond ‘a’ proceeds 
through a boat-type transition state, whereas migration of bond ‘b’ 
proceeds through a half-chair conformation. Apparently, the migra- 
tion of bond ‘b’ is the favored one and yields the observed product 72. 

The one-pot homologation of ketones to a-methoxy ketones has also 
be studied.[771 The addition of the lithium derivative of sulfone 74 to  
ketone 75 in DMF at -78”C, followed by the addition of diethyl- 
aluminum chloride and work-up, gave the ring expanded product 76 
directly, Eq. (65). In general, the observed regioisomer is formed via 
migration of the more substituted carbon. The abnormal behavior of 
ring expansion of bicyclo[2.2. llheptyl systems has previously been 
noted.[781 As explained earlier in both cases, the conformational pre- 
ference is for the chair rather than the boat form for the rearrangement. 
From the compounds 75 only one diastereomer is formed, probably the 
thermodynamically more stable isomer. The ring expansion of larger 
rings cannot be achieved with the lithium derivative of methoxymethyl 
phenyl sulfone 74. The reason for this difference may be the better 
ability of oxygen vs. sulfur to stabilize the positive change. The higher 
stability of the presumed intermediate in the oxygen series, i.e., 76 
compared with the sulfur series, i.e., 77, may provide a smaller driving 
force for rearrangement. 

75 
EtzAlCl I 76 % 

76 

77 78 
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