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1. Introduction

There are several molecules—natural or non natural—with
remarkable biological activity possessing in their structure a
cyclopentyl unit. Such a moiety can be found in alkaloids,
steroids, prostaglandins, triquinanes, indans, guaianes,
etc.!=® Therefore, the development of expedient and
efficient methods for the construction of this unit has been
an important goal in organic synthesis. Probably, the most
used strategies to prepare complex molecules possessing a
functionalized cyclopentyl unit is by cyclization reaction or
by direct transformation of commercially available sub-
strates that already bear this moiety. Although less used, the
ring contraction of a carbocyclic compound is also a good
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ring rearrangement;

route to assemble cyclopentyl units, because, in several
cases, the reorganization of the bonds occurs with a high
level of selectivity, leading to compounds not easily
accessed by other methodologies.

This article refers exclusively to the synthesis of
cyclopentyl units from six-membered carbocyclic sub-
strates. The definition of ring contraction through this
article follows that previously mentioned by Redmore and
Gutsche.”8

This review is not intended to exhaustively cover the
literature concerning the use of ring contraction reactions
for the construction of cyclopentyl units. The intention is to
present an overview of general and efficient methods,
hoping that a panorama of the state-of-the-art of the subject
can be given. Emphasis has been placed upon synthetic
applications, particularly those involving the total synthesis
of natural products. Thus, mechanisms are presented only in
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cases where recent advances were achieved and/or when
they are crucial for understanding the formation of the
products.

The ring contraction reactions were divided into five main
groups: (i) acid-induced ring contractions; (ii) base-induced
ring contractions; (iii) oxidative rearrangements; (iv)
photochemical rearrangements; and (v) Wolff rearrange-
ments. In the following items, a survey of each one of these
groups is presented, by description of some selected
examples.
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Scheme 3.

2. Acid-induced ring contractions
2.1. Wagner—Meerwein rearrangements

It is well documented that, under acidic conditions, an
alcohol—or its derivatives—can generate a cationic inter-
mediate, which is prone to a Wagner—Meerwein rearrange-
ment.® Eventually, loss of a proton yields an olefin. When
applied to cyclic compounds, this sequence may lead to a
ring contraction product. Although in several cases this
approach can give a mixture of isomeric olefins, a good
level of selectivity has been obtained for a number of
alicyclic molecules. Moreover, the isomeric olefins may be
transformed into a single product later on in the synthetic
sequence. Some selected examples are discussed below.

The solvolytic rearrangement of functionalized eudesma-
nolides has been used to construct the hydroazulene
skeleton of guaianolides.'® Such a reaction constituted the
key step in the synthesis of several compounds,'! including
(*)-a-bulnese'>!? (Scheme 1), (*)-bulnesol,'>!'* (*)-
kessane,!> arborescin'® (Scheme 2), (+)-zaluzanin C,!7
and (—)-estafiantin.'® In the recent total synthesis of (+)-
isovelleral by De Groot and co-workers, an analogous
rearrangement has been explored.!” However, as shown in
Scheme 3, in such a case a 5—7-fused system is not formed,
because the cationic intermediate underwent a cyclization
reaction leading to the tricyclic core of the target molecule.

Two other approaches have been described for the construc-
tion of 5—7-fused ring system utilizing a Wagner—Meerwein
rearrangement. Treatment of halides with silver salts gives
ring contraction products in good yield,?%>! as exemplified
for a santonin derivative in Scheme 4. In the synthesis of

Ag2S04, HSO4
3h

75%

Hendrickson et al., ref 20

Scheme 4.
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(*)-bulnesol, the bicyclic compound 1 was transformed
into the hydroazulene compound 2,22 as shown in Scheme 5.

A silicon directed ring contraction reaction has been applied
in the construction of carbocyclic spiro compounds.?3~2>
This study culminated in the total synthesis of (—)-
solavetivone,?®> as shown in Scheme 6. Finally, the
preparation of spiro benzofuran derivatives®® (Scheme 7)
and the ring contraction of stannyl ketones toward the
synthesis of (+)-B-cuparenone?’ (Scheme 8) have been
described.

2.2. Pinacol rearrangements

Another strategy to generate a cationic intermediate that
may undergo rearrangement is by the treatment of
vicinal diols with an acid, yielding ketones or
aldehydes, as the final product.”?® The earliest example
of this transformation is the pinacol/pinacolone rearrange-
ment, from which the name of the reaction was originated.
Ring contraction products have been obtained with a good
level of selectivity utilizing this approach, as shown in the
following paragraphs.

The combination of a Lewis acid and a trialkyl orthoester is
suitable to promote the rearrangement of a variety of 1,2-
diols.?%3° This protocol furnishes spirocyclic molecules in
good yield, via a cyclic ortho ester intermediate, as
exemplified in Scheme 9.
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Scheme 6.
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Scheme 7.

Cedrene and funebrene analogues were prepared by ring
contraction of mono protected 1,2-diol substrates,3! as
exemplified in Scheme 10. Similarly, the same group
accomplished the synthesis of (*)-hinesol.?? The pinacol
rearrangement was also employed in studies toward
triterpenoids,®? in the synthesis of (—)-aromadendrene3*3>
(Scheme 11), and in the construction of cyclopentane
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Scheme 9.
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derivatives.>® Semi-pinacol rearrangements are also an
alternative for promoting the ring contraction,’”3% as
exemplified for the bromo-cholestanol shown in Scheme

12,39
2.3. Rearrangement of epoxides

Epoxidation is one of the most important and general
reactions in organic synthesis and can be performed with an
outstanding level of enantioselectivity. In several instances,
the acid-induced rearrangement of epoxides occurs in
excellent yield and selectivity.*~4> Therefore, this two-
step sequence (epoxidation/rearrangement) constitutes a
powerful method to a variety of complex ketones.*> When
the oxirane is within a six-membered ring, the rearrange-
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90%
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ment may lead to a ring contraction product in a highly
efficient manner. Often, the presence of an electron
withdrawing group in the substrate directs the oxirane
opening, allowing a good level of regioselectivity in the
reaction, as outlined in Scheme 13. Typically, the
rearrangement is promoted by a Lewis acid in a non-
nucleophilic solvent, and can be realized utilizing di-, tri-
and tetrasubstituted epoxides as substrate.

The ring contraction of the readily available cyclohexene
oxide leads to cyclopentanecarboxaldehyde in good yield,*+*
as exemplified in Scheme 14. This aldehyde can be further
reacted in situ, giving more complex cyclopentyl units,*6~4°
as shown in Schemes 15 and 16. Moreover, cyclopentyl
units can also be obtained from other disubstituted
epoxides,’®>! as exemplified in Scheme 17. An unusual
way to obtain ring contraction products from epoxides has
been observed by treating a epoxy-cholestane with a
Grignard reagent,> as shown in Scheme 18.

Treatment of trisubstituted epoxides with acids leads to ring
opening in accordance to the Markovnikov rule, giving ring

o™
ph - OTMS
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s L
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Scheme 16.
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Scheme 17.
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contraction products bearing a quaternary carbon stereo-
center.>3~>% However, depending on the reaction con-
ditions, cyclohexanones are formed exclusively,’->8
because hydride migration occurs preferentially to the
alkyl group. The behavior of the epoxides 3 and 4 toward
different Lewis acids exemplifies well this dichotomy of the
rearrangement, as shown in Schemes 19 and 20. Numerous
cyclopentane derivatives have been prepared by acid-
induced ring contraction of trisubstituted epoxides,>>9~64
as shown in Scheme 21.

An useful application of the rearrangement of trisubstituted
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epoxides is the construction of functionalized enantiomeri-
cally pure cyclopentanes,®>~%7 as exemplified in Scheme 22.
Such a strategy has been used to accomplish the asymmetric
total synthesis of (+)-B-cuparenone,®® (—)-massoia-
lactone,%® (—)-frontalin,®® and (—)-malyngolide,®® as
exemplified in Scheme 23.

The acid-mediated rearrangement of tetrasubstituted epox-
ides within a six-membered carbocyclic compound con-
stitutes a powerful tool to the synthesis of cyclopentyl units
bearing a quaternary carbon stereocenter. As should be
expected, in non-symmetrical tetrasubstituted epoxides, the
cleavage of the oxirane ring could occur in two possible
ways, leading to a mixture of isomeric rearrangement
products. Nevertheless, Kita and co-workers demonstrated
that the regiochemistry of the cleavage of the oxirane could
be easily predicted in epoxy acylates by analysis of the
substituents, because the ionic intermediate bears the
positive charge at the more stable position. Thus, the ring
contraction of 2,3-dialkyl-ep0xide56 (such as 5, in Scheme
24) and 2-alkyl-3-aryl-epoxide’® (such as 6, Scheme 25)

O BF,Et,0 OOHC‘
- CH,Cly N
————

93%

2
2

Wetzel et al., ref 65

Lo

(o] MABR OHC
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Scheme 22.
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In addition to the construction of cyclopentanes in a highly
selective manner, as above described, the rearrangement of
(+)-B-Cuparenone tetrasubstituted epoxides has been used in the synthesis of
Asaoka et al., ref 68 numerous spiro cyclic coggfgsnds,zm“’go’%. including
optically active molecules.®~°*%> Recently, this strategy

Scheme 23.

occurs by C-3 cleavage, whereas C-2 cleavage is observed
in the rearrangement of 3-alkyl-2-aryl-epoxides,’!"’? as
exemplified for 7 in Scheme 26.

The rearrangement of tetrasubstituted epoxides has been
broadly applied in organic synthesis’3>~7° and some
representative examples are shown in Scheme 27.
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Scheme 25.

has been used in the total synthesis of the potent antitumor
antibiotic fredericamycin A.33%< Representative examples
are shown in Scheme 28. As already mentioned, the
presence of an electron withdrawing group is crucial in
the regioselectivity of the ring opening of the oxirane,3” as
shown in Scheme 29.

3. Base-induced ring contractions
3.1. Favorskii rearrangement

One of the most used methods to perform the ring
contraction of a six-membered carbocyclic compound is
the Favorskii rearrangement,3°~39 which is known for more
than a hundred years.”® This rearrangement occurs by
treating a-halo-ketones with bases, such as alkoxides and
amines. Due to its great versatility and broad application,
this reaction has been intensively used in the last decades
and some representative examples are discussed in the
following paragraphs.
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Scheme 27.
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3.1.1. Favorskii rearrangements promoted by alkoxides.
A classic protocol to assemble functionalized cyclopentanes
is by the action of sodium methoxide on a-halo-cyclohex-
anones,”' ~%3 as exemplified in Scheme 30.

A well-established strategy for the preparation of optically
active complex molecules is the selection of a readily
available monoterpenic compound as starting material. An
example of such a case in the context of ring contraction
reactions is the cyclopentane 8, which can be prepared in
two steps from the monoterpene (+)-pulegone,’®~ 192 and
has been used as a chiral non-racemic starting material in
the synthesis of several natural products,'%~198 as outlined
in Scheme 31. The skeletal rearrangement of carvone
derivatives can also be utilized to obtain useful building
blocks,!0%110 a5 exemplified in Scheme 32.

In addition to the typical examples above described, the
Favorskii reaction has been applied in some less obvious

0 F l?
Bz o o8z
@ BF.Et,0
—
80%
@
o

Kita et al., ref 82
Scheme 29.
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House and Frank, ref 92
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@ wCOzMe Ph>@4C02Me

3:1
Bordwell and Strong, ref 94

2)MeONa. Ph
41%
COzMe

Grunewald and Ye, ref 95

1) SOCl,

Scheme 30.

substrates. Fraga et al.,'''!'2 in the synthesis of a

gibberellin A12 isomer,''3 have utilized a chloro-enol
lactone as substrate, as shown in Scheme 33. Another
unusual type of Favorskii ring contraction is the Michael
addition of the malonate anion to the cyclohexenone 9,
leading to the enolate 10, which then rearranges to the
isomeric cyclopentanes 12 and 13,''* as shown in Scheme
34. An analogous reaction is observed treating 6-chloro-2-
vinylidenecyclohexanones with sodium methoxide.!'!?
Moreover, 2-chlorocyclohexanone yields ring contraction
products when treated with the malonate anion.''®

3.1.2. Favorskii rearrangements promoted by amines.
Amines are suitable bases to mediate the Favorskii
rearrangement, as exemplified for the 2,6-dibromocyclo-
hexanones!!” =121 shown in Scheme 35. Indeed, this kind of
base may lead to better results than alkoxides and
hydroxides.'??123 The behavior of 2-chloro-6-phenylcyclo-
hexanone toward two different bases exemplifies well this
statement,'?? as shown in Scheme 36. 2-Chlorocyclohex-
anone can also be transformed into an amide by an
electrochemically induced Favorskii reaction.!?*

Another entry to o,B-unsaturated amides is the Favorskii
rearrangement of a-chloro B-keto sulfones, followed by a
reductive desulfonylation and B-elimination of the sulfonyl
group formed,!?>126 as exemplified in Scheme 37.
3.2. Other base-induced ring contractions

Searching for other potent anticancer agents, some groups
investigated the skeletal rearrangement of taxol® deriva-
tives. As shown in Scheme 38, the ring contraction can be
performed in either the A ring (compounds 14 and 15)!27:128
or the B ring (compound 16).'2° Although obtained in low
yield, the compound 14 has an activity comparable to taxol®
in the tubulin depolymerization assay.'?” The rearrange-
ment of taxol® and its derivatives has also been performed
by using Lewis acids,'3%!3! by biotransformation,'3? and by
photochemical rearrangement.'33

The negative-ion pinacol rearrangement allows the
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construction of cyclopentyl units,'3* as exemplified in

Scheme 39. This ring contraction was used in the
rearrangement of steroid derivatives.'3313¢ The base
catalyzed rearrangement of 1,3-diols also furnishes ring
contraction products. Marshall and Brady,'?” for example,
achieved the synthesis of (*)-hinesol by this rearrangement,
as shown in Scheme 40.

The guaiane skeleton has been obtained by a base-induced
rearrangement of a 1,4-diol moiety,'3%13% which occurs by
the mechanism shown in Scheme 41, as proposed by
Wijnberg and co-workers.!#? Such a ring contraction/ring
expansion strategy has been used to accomplish the total
synthesis of (*)-5-epi-nardol,'*° of (*)-alloaromadendra-
nediol,'#! of (*)-furanether B'#? and of an isomer of (*)-

dictamnol,!43-144 whose structures are shown in Scheme 42.
— THPOu..
— o,
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0 o]
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—_—T
80% )
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Scheme 32.
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Scheme 34.
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The reaction pathway is clearly dependent on the structure
of the 1,4-diol,'° as shown in Scheme 43.

Epoxy-ketones can be converted into cyclopentenols by
treatment with H,O, and NaOH, !4 as shown in Scheme
44. During this reaction, a decarboxylation reaction also
occurs. The rearrangement of epoxy-ketones has also been
used to prepare chiral building blocks bearing a cyclopentyl

unit. 145°

The oxidation of phenanthrols, followed by ring contrac-

tion, established a new route to the synthesis of fluorenones

such as 17,'46147 as exemplified in Scheme 45.

4. Oxidative rearrangements

Although there is a plethora of oxidizers available in organic
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—_—
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Scheme 37.
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Scheme 40.
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synthesis, only a few are effective to promote oxidative
rearrangements that lead to ring contraction products, as
discussed in the following paragraphs.

4.1. Thallium(I1I)-promoted ring contraction

Thallium(IIT) salts can mediated the rearrangement of

(*)-5-epi-Nardol (¥)-Alloaromadendranediol

Wijnberg, De Groot,
and co-workers, ref 141

Wijnberg, De Groot,
and co-workers, ref 140

“oHH
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Wijnberg, De Groot,
and co-workers, ref 144
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Wijnberg, De Groot,
and co-workers, ref 142

Scheme 42.
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Scheme 44.

several olefins and ketones.!*3~15% The most efficient salt
in ring contraction reactions is thallium trinitrate (TTN),
which was used to promote the ring contraction in more than
60% of the papers concerning this transformation.'>! In the
last years, only TTN has been used to construct cyclopentyl
units from carbocyclic six-membered rings.

Using TTN-promoted rearrangements, cyclopentanes,
hydrindanes and indans have been obtained. The preparation
of cyclopentanecarboxylic acids by the oxidative rearrange-
ment of alkylcyclohexanones can be performed using
TTN,'52 as exemplified in Scheme 46. Under similar
conditions, trans-hydrindanes are obtained in excellent
yield and diastereoselectivity from readily available trans-
2-decalones, '3 as illustrated for 20 in Scheme 47. However,
the ring contraction of alkylcyclohexanones and trans-2-
decalones do not occur efficiently using ketones with alkyl
groups closer to the carbonyl group, as shown for 19
(Scheme 46) and for 21 (Scheme 47). In contrast to the
oxidation of trans-2-decalones, the reaction of the corre-
sponding cis-2-decalones led to the cis-hydrindanes with
low regio and/or diastereoselectivity, as exemplified in
Scheme 48.1%*

The diastereoselectivity of the ring contraction of ketones

O,, DMF
O OH _ 2 =% O o]
MeO salcomine MeO

I 99% I o

1) KOH

2)LTA,

benzene ’ o

—_—

96% O
17
Fu and Snieckus, ref 146
Scheme 45.
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CO,H

i \2
-]

(e}
»|2
=
=[az

N

Ferraz and Silva, Jr, ref 152

Scheme 46.

was explained invoking the mechanism proposed by
McKillop and Taylor,!3%153:155 a5 exemplified in Scheme
49 for a trans-2-decalone.

Three approaches for the construction of indans were
investigated using TTN-promoted ring contraction. The first
was by the oxidation of I-tetralones using TTN supported
on K-10,'® which led to ring contraction products in
moderated yield. The second approach was by the reaction
of 1,2-dihydronaphthalenes with TTN in MeOH or in
TMOF, which furnished indans in good yield,!>” as shown
for 22 and for 23 in Scheme 50. It is worth noting that only
the trans-1,3-disubstituted indan, which is present in natural
products such as mutisianthol!>%!>° and trans-trikentrins,'®°
was obtained in the reaction of 4-methyl-1,2-dihydro-
naphthalene (22). The diastereoselectivity can be explained
by the mechanism shown in Scheme 51. The ring
contraction of 1,2-dihydronaphthalenes does not take
place applied for olefins bearing an alkyl group at the

TTN
CH,Cl,
—_— T "l
(no 93% B COZH
H A
20
« TTN OH
" CHyCl,
—
o 50%
H (@]
21 H
Ferraz and Silva, Jr, ref 153
Scheme 47.
TTN
CH,Cl,
—_—
O 86%
CO,H + “ICO.H
1:1

TTN
CH,Cl,
—_—
0 82%
H
- Ch
H 2 :1

H co,H
Ferraz and Silva, Jr, ref 154

Scheme 48.

@A L
== —
H o H

X X X X

H H H CO.H
Ferraz and Silva, Jr, ref 153

Scheme 49.

double bond, such as 24 (Scheme 50). However, this
drawback could be overcome by using 3-alkenols as
substrate.'®!:192 When treated with TTN in a mixture of
AcOH and H,O, these substrates furnished functionalized
indans, as a single diastereomer (Scheme 52). The
diastereoselectivity can be explained by coordination of
the thallium(IIl) and the oxygen during the rearrangement
step. Similar behavior was observed for the corresponding
alkyl ethers of the alkenols.!6?

The oxidation of 3-alkenols by TTN is also useful to obtain

cyclopentanes,'!:164 as exemplified in Scheme 53.
MeQ
OMe
TTN
MeOH
—_—
87% _
22 MeO
OMe
TTN
O‘ TMOF
—_—
77%
23
OMe
TTN
CO B 5™
———
69%

24
Ferraz et al., ref 157

Scheme 50.
OMe
TTN
O‘ X=0ONO, %
22 X'T"x

MeO e

TI—X
)é MeO OMe

Ferraz and Silva, Jr, ref 162

Scheme 51.
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OH
OH

AcOH/Hzo
T 73%

oH OH
TTN
_ACOH/H;0_
8%

Ferraz and Silva, Jr, ref 162

&&

OMe

Scheme 52.
4.2. Lead(IV)-promoted ring contraction

Lead(IV), which is isoeletronic to thallium(IIl),'® is a
suitable oxidant to perform ring contraction reactions of
cyclic ketones, although a-acetoxyketones are the main (or
exclusive) product in several cases.'®® The rearrangements
are usually performed using lead tetraacetate (LTA) in the
presence of acids, such as BF; or HCIO,. In the following
paragraphs examples of ring contraction reactions utilizing
LTA as oxidant are presented.

Cyclopentane units are obtained treating cyclohexanones'®’
or their corresponding enamines'® with lead tetraacetate, as
exemplified in Scheme 54. The stereochemical aspects of
the rearrangement of alkylcyclohexanones were not inves-
tigated by the authors. However, from our point of view, a
diastereoselectivity similar to that observed in TTN
promoted ring contraction of alkylcyclohexanones (cf.

Scheme 46) can be expected.'®”

The synthesis of bioactive 1,1,6-trisubstituted indans was
achieved from 1-tetralones.!”®!7! The first step in this
sequence was a LTA promoted ring contraction of 1-

tetralone,'”? as exemplified in Scheme 55.
HO,
(0}
TTN, MeOH R
————»
R=H:62%
R=Me: 77%
Ferraz et al., ref 164
Scheme 53.
LTA, CHOE),  JO2F
HCIO
5%
Mathew and Myrboh, ref 167
CO,Et
LTA, BF3.Et,0 2
EtOH benzene
8%
Cekovic et al., ref 168
Scheme 54.

o CO,Me

i) BF3.Et,0, MeOH

ii) LTA, toluene
43%
H
N—Ph

(e}
>, Bn Ph

Willems et al., ref 171
Scheme 55.

LTA
BF3, CH,Cl,

MeO,Ci-

: 2N\ Lot
Hd
30% o}

LTA, BF3
benzene, EtOH
[ —

EtO an 80%

EtO,Ci

Lt

Fujimoto et al., ref 173 ®)
Scheme 56.

The reaction of a santonin derivative with LTA allowed the
preparation of a highly functionalized hydrindane.'”® Better
yields were observed with the corresponding enol ether, as
shown in Scheme 56. However, other substrates, also
possessing a trans-decalone unit, led to a mixture of a-
acetoxyketones and the ring contraction products, where the

latter was always the minor compound.!74-176

Although formed as a minor constituent, the ring contrac-
tion product of the hydrazone 25 was isolated after
treatment with LTA,'”7 as shown in Scheme 57. However,

LTA
CH,Cl,
—— L

AcO

55%
Nag and Bose, ref 177

Scheme 57.
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OH
PhI(OAC),
MeOH, KOH
—
65%
T §
H MeO,Cr-
Daum, ref 183 |.:.| §

CeH13z
Phi(OAC),, KOH
MeOH THF
60%
MeOzCl"'d§

Moriarty et al., ref 184 |f|

PhI(OAc),
MeOH, KOH

T con
40% Ph

Moriarty et al., ref 185
Scheme 58

PhI(OAc), CO,Et
CH(OEt);, HCIO,
_—
72% Ph

Varma and Kumar, ref 186

Scheme 59.

this behavior does not appear to be general to this class of
compound.!78:17°

4.3. Hypervalent iodine-promoted ring contraction

Similarly to thallium(III) salts, hypervalent iodine reagents
can react as electrophile with ketones and olefins, giving an
adduct possessing a good leaving group. '8~ 182 Therefore, this
class of compounds is also a good rearrangement promoter.

Typically, the ring contractions can be performed using
iodobenzene diacetate under basic conditions,!83-185 ag

p-Tol-IF,

Q/ EtgN, HE_
66%
MeO,C ?

M602C

-l\\CcmH3

p-Tol-IF,

EtsN, HF -mCF,CH3
e
60%

p-Tol-IF,

Et3N, HE
50%
p-Tol- |F2
EtsN HF
e
67%

Yoneda et al., ref 188

CF,CH3

Scheme 60.

26, 30% H,0,

0 t-BuOH, 65 °C E>7002H
60%
26, 30% H,0,

O
t-B: °
uOH, 65 °C COH
40%

Se)2

Se),
26

n

Giurg and Mlochowski, ref 196
Scheme 61.

shown in Scheme 58. However, o,B-unsaturated ketones led
to functionalized cyclopentanes under acidic condition,!3%2
as exemplified in Scheme 59. The isolation of the iodonium
intermediate, followed by thermal rearrangement has also

been reported. !86°

Other hypervalent iodine compounds were also used in ring
contraction reactions. Utilizing p-iodotoluene difluoride as
oxidant, the construction of cyclopentanes and of indans has
been described by Yoneda et al.,'87-!8% as exemplified in
Scheme 60. Fluorinated indans can also be obtained by
reaction of fluorinated tetralins with antimony pentafluor-
ide.'®? Finally, the ring contraction of cyclohexene yielded
cyclopentanecarboxaldehyde when treated with PHITOBF3
in CH2C12.]90

4.4. Selenium(IV)-promoted ring contraction

The oxidation of cyclohexanones by selenium dioxide is
known for some decades.!'~!95 The use of catalytic

hv
ACOH:Hzo
——f
o) y e 33%
e}
-Santonin

Isophotosantonic Lactone (27)
Barton et al., ref 207

Scheme 62.
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Scheme 63.

amounts of poly(bisanthracenyl)diselenide (26) to promote
the ring contraction of ketones has been recently
described,'®® as shown in Scheme 61. The oxidative
rearrangement of ketones promoted either by thallium(III)
or by selenium(IV) occurs with similar diastereoselectivity
(compare, for example, Schemes 46 and 61), because both
oxidants react through an electrophilic addition to the enol
form of the ketones. These additions follow the Markovni-
kov rule and occur in a trans-diaxial fashion.

5. Photochemical rearrangements'®’

5.1. Ring contraction of cross-conjugated dienones

The photochemical rearrangement of cross-conjugated
cyclohexadienones is a highly efficient method to obtain
functionalized cyclopentyl units in either fused or spiro ring
systems.!3-204 Since the late 1950s, this reaction has been
involved in a number of total synthesis of natural

Achillin

Marx and
White, ref 215

(0}
Desacetoxymatricarin (-)-Estafiatin

Marx et al., ref 217 Greene et al.,

— N\

L. F. Silva, Jr. / Tetrahedron 58 (2002) 9137-9161

products,?93-29 and some selected examples of this photo-

chemical rearrangement are discussed below.

Barton and co-workers have performed a detailed study of
the photo-induced rearrangement of a-santonin, a commer-
cially available sesquiterpene lactone that bears a 2,5-
cyclohexadienone unit in a 6—6-fused framework. When
irradiated in acetic acid, this lactone can lead to the
isophotosantonic lactone (27),2°7 which has a 5,7-fused
system. Thus, during this process a ring contraction occurs,
as well as a ring expansion, by the sequence of steps shown
in Scheme 62. Under other conditions, a-santonin yields
lumisantonin®’® and/or photosantonic acid**® (Scheme 63).
Barton and his group have also applied this reaction toward
other substrates?!%2!! and toward the synthesis of natural
products.?!? Other researchers have also contributed in the
initial studies related to the photochemical mediated
rearrangements of 2,5-cyclohexadienones.?!3-214

The rearrangement of santonin developed by Barton has
been applied by a number of different groups in the
synthesis of several natural products,?'>~22° as exemplified
in Scheme 64. Santonin derivatives such as 282%7-22% and
29,229 as well as 6-¢pi-B-santonin (30)22-230-231 have also
been utilized as starting material in this photochemical
rearrangement. Such a studies have culminated in a series of
interesting applications toward the total synthesis of natural
products, as summarized in Scheme 65. It is of note that the
rearrangement of 28 occurs in much better yield (85%) than

(+)-Pachydictyol A
ref219  Greene, ref 218
A ent-isodehydrocostus
lactone
Greene et al., ref 221

OAc
hv -
AcOH [o)
o) < o 33-38%
0
-Santoni © (0]
o-santonin - porton et al., ref 207

-

HO$

A 3-oxo-gauianolide

(+)-Hydrocolorenone
Pedro et al., ref 225

o
Dihydroarbiglovin

Pedro et al., ref 223

(+)-11B3-13-Dihydrokauniolide
Pedro et al., ref 222

(+)-Plagiochiline N

Marx and McGaughey, ref 216 Pedro et al., ref 224

Scheme 64.
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HO" ")
Pedro et al., ref 229
) - Pedro et al., ref 229

8-epi-Pseudoivalin

Pedro et al., ref 229 /

hv o 07\
AcOH/’
0,
\\OAC 54% Me0~2 C
o 31
o *
29  CO,Me / (+)-Podoandin
Pedro et al., ref 228
90% A020
——
B
(¢] e (0]
(0]
a-Santonin
hv
AcOH
(o]

(+)-Zedolactone A
e 33%

Pedro et al., ref 228
(0]

(0]
6-epi-p-Santonin (30)

Oxoisodehydroleucodin

3a-hydroxy-15-rippertene
Greene and Edgar, ref 230
Scheme 65.
hv HO,C
2
AcOH o dloxane
- 79% 60%
o R
CO,Me
Hp :
Pd-C

()-Bulnesene

(-)-Cyclocolorenone
Piers and Cheng, ref 242
Scheme 66.

Caine and Ingwalson, ref 243
Scheme 67.
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OH

hv
AcOH, H,O
—_— T

fo) 50%

(e}

OH

H

(-)-4-epi-Globulol
Caine and Gupton, Ill, ref 244

Scheme 68.

WH  hv, TFA ‘ ,H"OH
pentane o
82%
OEt 34 OMe 35 OMe
HO Ph
_.» MeO
- O

(+)-Resiniferatoxin
Carreira et al., ref 245

Scheme 69.

that observed utilizing santonin (33-38%), epi-santonin 30
(33%) or the santonin derivative 29 (54%).

In the last decades, the photochemically induced ring
contraction of cross-conjugated cyclohexadienones has
provided a convenient and efficient entry for the preparation
of numerous molecules possessing a 5-7-fused ring

hv
MeO AcOH, Hp0
—_——T
o ‘ 30%  Mmeo

Caine and Dawson, ref 249

AcOH H20
0%
Caine et al., ref 250

1) hv, dioxane
2) HySOy,
AcOH, HZO /'u.
4%

Caine et al., ref 253
Scheme 70.

(*)-a-Vetispirene
Caine et al., ref 254

Scheme 71.

system,?32-23 including the synthesis of aromadendrene

derivatives,?* a-bulnesene®#'>42 (Scheme 66), (—)-cyclo-
colorenone®*?® (Scheme 67) and (—)-4-epi-globulol***
(Scheme 68). Recently, Carreira and his group?*> described
the rearrangement of the highly functionalized tricyclic 2,5-
cyclohexadienone 34, leading to the compound 35 in
excellent yield, as shown in Scheme 69. The rearrangement
product 35 has some of the important features of the (4)-
resiniferatoxin, which has pronounced pharmacological
activity.

Not only molecules showing the 5,7-fused ring system, as
described above, can be obtained from irradiation of 2,5-
cyclohexadienones. As exemplified in the following para-
graphs, a wide range of ring systems may be constructed by
this rearrangement.

Depending on the substituent on the cross-conjugated
system of 6—6-fused dienones, a spiro cyclic hydroxy-
ketone may be formed through a photochemical rearrange-
ment,?3:24246-253 a5 exemplified in Scheme 70. The total
synthesis of spiro-type molecules such as (*)-a-vetispir-
ene?>* (Scheme 71) and (*)-B-vetinone?>>2°¢ (Scheme 72)

has been accomplished using this approach.

The rearrangement of 6—5-fused dienones has also been
explored, leading to 5-6-fused compounds?®!-257-263
(Scheme 73). This methodology was applied in the synthesis
of oplopanone?**2%> (Scheme 74) and (*)-a-cadinol.?%%
The formation of cyclopentanes may also occur by
irradiation of substituted-2,5-cyclohexadienones.?¢” 27!

5.2. Other photochemical ring contractions

Examples of a photodecarbonylation process directed

1) hv, dioxane

z 2) AcOH, H,O
; HySO4 ”
- .,
o 66% O=_
O
— 1,
—_— ’
4
(%)-B-Vetivone
Marshall and Johnson, ref 256
Scheme 72.
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AcOH
——
34%
(@)

Caine et al., ref 261

OAc
OAc

o

gTBDP: OAc
v R
.wOTBDPS
Xj:> ACOH_
o 25%
Caine and Kotian, ref 262
OAc OAc
hv
dioxane
—
68%
(0]
(0]
Schaffner et al., ref 263
Scheme 73.

toward the synthesis of cyclopentyl moieties have been
recently reported.?’>=274 In such a case, the skeletal
rearrangement occurs by a Norrish Type-I fragmenta-
tion,?°>27> affording ring contraction products in good
yield, as shown in Schemes 75 and 76. On the other hand,
irradiation of 5,5-dimethylcyclohexane-1,3-dione led to a
heterocyclic compound (5,6-dihydropyran-4-ones).2’¢

Oplopanone
Caine and Tuller, ref 265

Scheme 74.
OMe O
O
hv

—_———

H Norrish Type-I

fragmentation

—— —_—
-CO HO\
90% /5\

Nicolaou et al., ref 274

Scheme 75.

/o) CO,H
= hv
o Ph benzene
95%
cis ou trans

u\
Ph" Ph"

Garcia-Garibay et al., ref 273

Scheme 76.

hv
benzene,

20%

Savona, Rodriguez, and co-workers, ref 282

Scheme 77.

Irradiation of «,3-epoxyketones promotes opening of the
oxide ring followed by 1,2-rearrangement, culminating in
ring contraction.?’’=28! An example of this reaction is the
photochemical transformation of the labdane diterpene,??
as shown in Scheme 77. Testosterone has also been
synthesized using as a key step the photochemical
rearrangement of an epoxy-ketone, 83284

Cyclic enones undergo ring contraction reaction when
irradiated under acidic condition,?83-288 as exemplified by
Sa-androst-1-en-3-one in Scheme 78.

6. Wolff rearrangements

Under several different conditions, a-diazo ketones can loss
nitrogen, leading to carbenes, which furnish ketenes after
rearrangement. This sequence of chemical events constitu-
tes the well-established Wolff rearrangement,?3°~2°3 which
can be applied to cyclic ketones affording ring contraction
products, as illustrated in Scheme 79 for a-diazocyclohex-
anone. Ketenes may undergo further reactions, such as

hv
H,SO,
| 53%
(0] B
H
(0]
A
Bonet et al., ref 287
Scheme 78.
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X =0H, OR, NH,
NHR, etc.

Scheme 79.

nucleophilic attack (Scheme 79), giving a wide variety of
molecules possessing cyclopentyl units. Selected examples
of this methodology are presented in the following
paragraphs.

The application of the Wolff rearrangement to o-azo-
ketones can afford functionalized cyclopentanes,?**2> as
well as a broad range of bicyclic,?%*~392 tricyclic?%4-303-308
and policyclic compounds.’*°~312 Some representative
examples of the usefulness of this reaction are shown in
Scheme 80. Microwave also promotes the Wolff rearrange-
ment leading to ring contraction products in good yield,*!3
as shown in Scheme 81.

The Wolff rearrangement of 2-azo-1,3-cyclohexadiones can
lead to B-dicarbonyl compounds,3'4~3!7 which are versatile
building blocks and were applied in the total synthesis of
(*)-actidine,?'® (#*)-isooxyskytanthine,3!831° and (*)-
velleral,?2° as shown in Schemes 82 and 83. Furthermore,

Trost and Kinson, ref 304
OMOM

OMOM
BnQ, =

8% MeO,C ﬁ v

O OMe

—

79%
BV

E=CO,Bn

Mander et al., ref 312

Scheme 80. Reagents and conditions: (a) 180°C, BnOH, 2.,4,6-collidine; (b)
hv, --BuNH,, C¢Hg; (¢) (i) NaH, HCO,Et, Et,0, EtOH,; (ii) TsN3, Et,0; (iii)
hv, Et,0, MeOH (d) hv, MeOH.

ﬁ
—2 Q—co NHB
N, 2% 2NHEn
2

Sudrik, Sonawane and co-workers, ref 313

(@]

Scheme 81. Reagents and conditions: (a) benzylamine, microwave.

X
~.N

(¥)-Actinidine
Cossy and Belotti, ref 318

!

Ny o)

o hv, CH3CN o
(H2C=CHCH2)2N ,"“/<
—> -

fi 56% N—

_
J

HO

N~ N ~
H
(%)-Isooxyskytanthine

Cossy et al., ref 319

Scheme 82.

the ketenes obtained from 2-azo-1,3-cyclohexadiones can
be utilized in cycloaddition reactions, leading to relatively
complex structures in a single step,?' 3?3 as shown in
Scheme 84.

Cyclopentyl units bearing an unsaturated ester moiety can
be obtained from o,o’-bis(diazo)ketones, as shown for
cyclohexanones??* and for decalones?’ in Scheme 85. Non-
equivalent diazo groups can also be used in Wolff

MeOH THF COMe
2%

CHO

H CHO
(%)-Velleral
Froborg and Magnusson, ref 320

Scheme 83.
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Stetter and Kiehs, ref 321

N2 =<
o —»
71% di

Stetter and Schiuitte, ref 323

C?Cﬁl

Scheme 84.

(0]
hv
N> N, M @—CO Me
61% 2

Trost and Whitman, ref 324

N2
H A920 H COzMe
MeOH w
—_—
H H 449

m—cozl\ne

Borch and Fields, ref 325 16%

Scheme 85.
0 CO,Me
Nz MeOH
benzene O‘ OH
(e}
N 21% O
I l >=N2
9% COzMe
Murata, Tomioka and co-workers, ref 327
Scheme 86.
rearrangements, 326327 albeit the yields so far obtained were

low, as exemplified in Scheme 86.

7. Conclusion

This review has attempted to highlight several approaches
concerning the construction of cyclopentyl units utilizing
ring contraction reactions, including a number of interesting
applications to the synthesis of natural products possessing a
broad range of different cyclic systems. Such a strategy
constitutes a powerful method in total syntheses because
molecular complexity is greatly increased in several of the
mentioned skeletal rearrangements, leading to compounds
not easily accessed by other methods. We hope this review

stimulates further applications of the well-established ring
contraction reactions, as well as the development of new
rearrangement strategies.
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