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Preface

I have long been fascinated by the phenomenon of ring enlargement reactions.
We had already in the late 1960s encountered this problem in studies aimed to
clarify the structure of the spermidine alkaloids of the oncinotine and inande-
nine type. The ease with which a ring enlargement occurs, quite unprovoked,
was baffling, and opened new perspectives. Since then many collaborators in
my research team have sought with enthusiasm and persistence to develop these
reactions in a methodical fashion and to harness them to the synthesis of natural
products. When I was asked about a year ago whether I was finally ready to
write a survey of the methodology of ring enlargement reactions, I readily
agreed. A period of sabbatical leave linked to the task was equally tempting.
With its help, so I thought, and free from the duties of teaching and administra-
tion, it would be an easy task to concentrate on a branch of science which
seemed to me of the highest interest. I greatly looked forward to it - and accep-
ted with the warmest gratitude the readiness of my colleagues in the Institute of
Organic Chemistry to take over my work in the Institute, and so to provide the
vital prerequisite of my scheme.

At first all went as we had hoped. I settled to concentrated study, provided
with ample literature and good materials of work - in a quiet and peaceful cell,
attended by my wife, who contrived to bring sympathy and understanding to an
extraordinary degree to a branch of science wholly unknown to her, and to offer
suggestions and improvements. Our sons, too, showed enthusiastic interest.
But soon the grey light of everyday life crept into this idyll. The studies of my
diploma and doctoral students still had to be corrected and examined; and
though all were as considerate as possible - for which I would like once more
heartily to thank my colleagues, diploma and doctoral students and postdocto-
ral fellows - 1 was drawn in to help solve problems in their work and into discus-
sions with them. Furthermore, the material I had to digest proved to be far
more copious than I had expected, and exceedingly difficult to master. In short,
the relaxing scientific stroll in a lush, narrow valley grew more and more into a
trek up an extremely steep and stony path, only to be conquered by calling out
all my reserve.

To all those who shared in this enterprise I am more than grateful for their
understanding while it was in the making. I must first thank my Secretary,



VIII Preface

Mrs Martha Kalt, who photocopied the literature and processed my manuscript
with tireless devotion. Mrs Esther Illi prepared the drawings in admirable fash-
ion. I have to thank Professor Heinz Heimgartner for his valuable advice in
the revision of the book, and Dr. Stephan Stanchev for much help in seeking out
the literature. Dr. Volkan M. Kisakiirek, Editor of Helvetica Chimica Acta,
gave me unstinting aid in the production of the Index, for which I warmly thank
him. Very grateful I am also to Prof. C. N. L. Brooke, Cambridge, for his kind
help.

Last but not least, I owe warmest thanks to my friend James M. Bobbitt, Pro-
fessor of Organic Chemistry in Storrs, Connecticut, who was most generously
prepared to revise the English draft of the book and to make notable improve-
ments.

Zurich, January 1991 M. H.



Contents

I. Introduction 1

II. One-Atom Insertion Procedures 5

11.1. The One-Carbon Atom Ring Insertion 5

Pinacol and Related Rearrangements 7
Wagner-Meerwein Rearrangements 8
Tiffeneau-Demjanow Rearrangements 9
Dienone Phenol Rearrangements 16
a-Ketol Rearrangements 16
Wittig-Prevost Method 16

11.2. Nitrogen Insertion Reactions of Ring Compounds 20

The Schmidt Reaction 20

The Beckmann Rearrangements 24

11.3. Oxygen Insertion Reaction 32

References 34

III. The Three-membered Ring - a Building Element for
Ring Enlargement Reactions 39

Aziridine Derivatives 39
Cyclopropane and its Derivatives 45

References 51

IV. Ring Expansion from Four-membered Rings or via
Four-membered Intermediates 53

IV. 1. Ring Expansion from Four-membered Rings 53
IV2. Benzocyclobutene Derivatives as Intermediates 67

References 71



X Contents

V. The Cope Rearrangement, the [1.3] Sigmatropic Shift,
the Sommelet-Hauser Reaction, and Sulfur-Mediated
Ring Expansions 73

V.I. The Cope Rearrangement 73
V.2. [1.3] Sigmatropic Shift - A Method of Ring Enlargement . . . 81
V.3. Sommelet-Hauser Rearrangement and Sulfur-Mediated

Ring Expansion 83
References 94

VI. Transamidation Reactions 97

VI. 1. Transamidation Reactions 97

VI.2. /S-Lactams as Synthons for Ring Enlargement I l l

N-Substituted /8-Lactams I l l
/3-Lactams Substituted at Position 3 114
/S-Lactams Substituted at Position 4 116
Other Types of yS-Lactam Rearrangements 116

VI.3. Cyclodepsipeptides 119

References 122

VII. Ring Enlargement by Side Chain Incorporation 125

VII. 1. Ring Expansion Reactions Leading to Carbocycles 127
VII.2. Ring Enlargement by Side Chain Incorporation with

Lactam Formation 142
VII.3. Lactone Formation by Side Chain Incorporation 145
VII.4. Discussion of the Auxiliary Groups 157

References 158

VIII. Ring Expansion by Cleavage of the Zero Bridge in Bicycles . 163

VIII. 1. Cleavage of the Zero Bridge in Bicycles by Fragmentation

Reactions 163

VIII.2. Cleavage of Zero Bridged Single Bonds in Bicycles 177

Reduction and Hydrolysis of Cyclic Diaminoacetals and
Aminoacetals 177
Reduction of Hydrazines 182
The Retro Mannich and the Retro Aldol Reaction 183

VIII.3. Cleavage of the Zero Bridge in Bicycles by Retro Diels-Alder
Reaction 186



Contents XI

VIII.4. Oxidative Cleavage of the Zero-Ene-Bridge in Bicycles 187

References 196

IX. Cleavage of the One-Atom-Bridge in Bicycles and
Transesterification 199

IX. 1. Cleavage of the One-Atom-Bridge in Bicycles 199
IX.2. Transesterification 207

References 210

Compound Index 213

Subject Index 229



>• •« •

Drawing of the "ring enlarged" Tower Bridge by Jorg Kalt



I. Introduction

Chemists have been interested in macrocyclic compounds for more than sixty
years. This era began in 1926 when Ruzicka published the structural elucida-
tion of the musk components, civetone (Zibeton) and muscone [1]. Muscone
was found to be 3-methylcyclopentadecanone (I/I). Soon afterwards, the pre-
sence of pentadecanolide (1/2) and 7-hexadecenolide (1/3) in the vegetable
musk oils of Angelica roots (Archangelica officinalis Hoffm.) and ambrette
seeds (Abelmoschus moschatus Moench), was discovered [2]. It was long
before chemists tried to find synthetic routes to these and related macrocyclic
cycloalkanones as well as to corresponding lactones. The cyclization reactions
were studied carefully [3]x\ and new techniques such as the dilution principle
were developed. These materials were not only of scientific interest but of great
commercial importance in the fragrance industry [4].

In the course of studying these reaction principles, the chemistry of medium
and large ring compounds was investigated. This led to the discovery of the
transannular reactions [5] which are a fascinating part of chemistry even today.

A second period of macrocyclic chemistry was signaled by the isolation of
the first macrolide antibiotic from an Actomyces culture in 1950. Brockmann
and Henkel [6] [7] named it picromycin (Pikromycin) (1/4), because of its bitter
taste. This antibiotic contains a 14-membered ring. Since then a large number
of macrocyclic lactones, lactams and cycloalkane derivatives have been discove-
red. Some of these compounds have a considerable physiological importance
for humans and animals. Because of these physiological properties it was
necessary to prepare larger quantities of these macrocylic compounds by che-
mical syntheses [8].

The synthesis of macrocyclic compounds can be accomplished by ring form-
ing or by ring enlargement processes. The starting materials for the ring enlar-
gement approach are, of course, cyclic compounds themselves, presumably
easier to prepare than the ultimate product.

An astonishing number of ways have been discovered to enlarge a given ring
by a number of atoms. As will be shown in this review, the catalogue of the

1) Cyclic compounds are classified as small (3 and 4 members), normal (5, 6, and 7),
medium (8, 9, 10, 11), and large (more than 12) rings.
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CH3

1/1, muscone I/2

I/3

H3C

CH3

1/4, picromycin

N(CH3)2

I/5 I/6

I/7 I/8

I/9 1/10

Scheme I /I . The principal methods of ring enlargement.
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different approaches contains more than hundred methods. Many of them are
limited just to one specific type of reaction: The Baeyer-Villiger rearrange-
ment, for instance, allows only the transformation of a cycloalkanone to a lac-
tone containing one additional ring member, an oxygen atom. On the other
hand, many methods were developed which can be used in a more general
way, to synthesize different types of compounds.

Actually the large number of reaction possibilities can be reduced to only
three, which are shown in Scheme I/I. The first one involves the cleavage of
the shortest bridge in the bicycle 1/5. This shortest bridge, representing a single
or double bond between the bridgeheads, would be a "zero" bridge, according
to IUPAC nomenclature. The bridge can also contain one or more atoms.
Depending on the size of the rings of the bicycle and the functional groups
placed at, or around, the bridgeheads, the enlargement products, 1/6, will be
different.

The second general way to enlarge a ring is shown by structures 1/7 and 1/8;
the ring is substituted by a single, double or multi-atom side chain, which is
placed at a ring atom carrying a suitable functional group. During the ring
enlargement process, the side chain is incorporated into the ring. Various types
of reaction mechanisms involved in this rearrangement have been discovered.

The final general reaction sequence is the conversion of 1/9 to 1/10. Two
side chains are placed in the same ring at an appropriate distance to each other.
With the formation of the new bond, the old one is cleaved. From a mechanistic
point of view, pericyclic reactions (electrocyclic and sigmatropic) are of this
type.

Although the starting materials, 1/5, 1/7, and 1/9, are different from each
other bicyclic intermediates are present in all three. To get a ring enlargement
in compounds of type 1/5, the bridge bond has only to be cleaved. In those of
type 1/7, the functionalized terminal atom of the side chain has to be connect-
ed with the ring first. This proposed intermediate is bicyclic and - using our
symbols - not different from 1/5. The true expansion reaction is observed in
the next reaction step. Finally, in the third reaction, the transition state be-
tween 1/9 and 1/10 is bicyclic and must be cleaved. Thus, if we take the inter-
mediates and transition states into consideration, the number of principal ring
enlargement concepts can be reduced to one only, the bicyclic approach,
1/5 -* 1/6.

Although there are many different ways to classify ring enlargement reac-
tions, we have chosen a non-uniform approach as shown in the Table of Con-
tents, because this system allows a better incorporation of the references.

One atom incorporation reactions are discussed in Chapter II; subdivided
into carbon, nitrogen, and oxygen incorporation. A few of these reactions are
discussed in other sections. Because of their special reactivity most of the three-
membered ring compounds used for expansion are combined in Chapter III.
Reactions with four-membered intermediates are collected in Chapter IV Reac-
tions of the type 1/9 -* 1/10 will be found in Chapter V and those of 1/7 -> 1/8
(see Scheme I/I) in Chapter VII. Bicyclic starting materials will be discussed in
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the Chapters VIII (cleavage of the zero bridge) and IX (cleavage of an one-atom
bridge). The literature on transamidation reactions, including those of /3-lac-
tams, is so vast that it takes a special chapter (VI). Thus, the /?-lactams are not
incorporated into Chapter IV

Ring enlargement reactions mediated by metals, silicon, or phosphorous are
not treated in this survey because of the tremendous amount of material. Rear-
rangements of bicyclic compounds with a simultaneous contraction and enlar-
gement of the two rings are also excluded.

When we began writing this review, our purpose was to survey ring enlarge-
ment methods as complete as possible. However, we found that we had to con-
fine our desire for completeness because of the enormous number of refe-
rences. The only way to give a clear, concise, and convincing description seemed
to be the reaction principles in general and to illustrate them with a selection
of striking examples.

References

[1] L. Ruzicka, Helv.Chim.Acta 9, 1008 (1926).
[2] M. Kerschbaum, Ber.dtsch.chem.Ges. 60B, 902 (1927).
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[6] H. Brockmann, W. Henkel, Chem.Ber. 84, 284 (1951).
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II. One-Atom Insertion Procedures

The enlargement of a cyclic organic molecule by one atom is a common reac-
tion, applied almost daily by chemists all over the world. Mostly this atom is
carbon, but expansions involving nitrogen and oxygen are also well known.
These processes are used industrially on a large scale, especially for the enlarge-
ment of carbocycles by one nitrogen atom. The documentation of these reac-
tions in the literature is huge. Thus we cannot review the complete literature,
but will only summarize methods. For that reason, we have subdivided this
chapter according to the nature of the atoms which are incorporated.

II.1. The One-Carbon Atom Ring Insertion

In 1968, an excellent review on "Carbocyclic Ring Expansion Reactions" was
published [1]. Most of the reaction discussed there are one carbon atom inser-
tions. Our review will be limited to discussions of newer methods. Well known
reactions are summarized only by giving the principal reaction and leading
additional references1'. The principal reactions for one carbon insertion are
summarized in Scheme II/l.

1) For a review on one carbon ring expansions of bridged bicyclic ketones, see ref. [2].
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HO A-X
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Pinacol and related rearrangements (Tiffeneau-Demjanow rearrangement, see Scheme II/5)

X
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Wagner-Meerwein rearrangements

R © ©

Side chain incorporation (see Chapter VII)

0 OH

Dienone Phenol rearrangements

, HO 0 ©

a-Ketol rearrangements

,CN

A 9 ® t

H20

Wittig-Prevost sequence

NC 0

o

OH

oc— oBr

Scheme II/l. Types of one carbon insertion reactions.
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Pinacol and Related Rearrangements

A large number of one carbon ring expansion procedures are known, depend-
ing on the reagents, the reaction conditions, the ring size and its substitution.
But, fortunately, the number of fundamental reaction principles is limited. One
of these is the pinacol rearrangement. If 1,2-alkanediols are treated with acid,
they rearrange to form ketones or aldehydes (II/l -» II/5). The mechanism
involves a 1,2-shift of an alkyl substituent (or of hydrogen). More than one rear-
rangement product can be expected if the substituents at the 1,2-diol, II/l, are
not identical, Scheme II/2.

©
OH OH _ OH 0 H 2

I I -H® , 1 1
R1 — C — C — R 4 *• R1 — C — C — R

R2 R3 R2 R3

11/1 II/2

- H 2 0

OH R4 OH

II I ©
R1—C — C—R3 -« R1 — C — C—R4

© L II
R2 R2 R3

11/4 11/3

- H @

o R4

C — C—R3

*' I.
11/5

Scheme II/2. The 1,2-shift in a pinacol rearrangement.

A pinacol rearrangement driven by the release of the ring strain in a four-
membered ring is shown in Scheme II/3. The exclusive acyl migration from
II/7 to II/8 is remarkable [3]. Similar reactions have been reported in literature
[4]-
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+ R-CHO

11/6

II. One-Atom Insertion Procedures

^Si(CH3)3

11/7

Scheme II/3. [3]. R = C6H5: a) TiCl4, -78°, 78% b) trifluoroacetic acid, 20°, 97%.

An analogous rearrangement can be observed if one hydroxyl group in com-
pound II/l is replaced by another functional group which can place a positive
charge at a carbon atom in the neighborhood of C-OH. This type of reaction is
called a semipinacol rearrangement, if /S-amino alcohols rearrange on treat-
ment with nitrous acid to ketones. A number of one-carbon atom ring expan-
sion reactions follow this pattern.

Wagner-Meerwein Rearrangements

The so-called Wagner-Meerwein2) rearrangement will be observed if alcohols,
especially those substituted by two or three alkyl or aryl groups on the /3-carbon
atom, are treated with acid. After protonation and loss of water, a 1,2-shift of
one of the substituents is observed. Afterwards, the resulting carbocation is
stabilized usually by the loss of a hydrogen from the neighboring carbon atom.
In a number of cases, substitution products are observed as well as elimination
products. A special case of a Wagner-Meerwein reaction is the acid catalyzed
conversion of polyspirane II/9 (Scheme II/4) to the hexacycle, 11/10, by five ring
enlargements one after the other [6].

H3C OH

Scheme II/4. An example of 1,2-shifts (Wagner-Meerwein rearrangement) [6].

a) TsOH, acetone, H2O, reflux.

2) For a review of the Wagner-Meerwein reaction in a fundamental study on equilibria of
different ring sizes, see ref. [5].
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A small selection of references dealing with ring expansions which follow the
Wagner-Meerwein rearrangement is given below:

- From three-membered rings: In pro tic media, l-acyl-2-cyclopropene deriva-
tives undergo a ring expansion reaction to cyclobutenols [7]. - Ring expan-
sion of cyclopropylmethanols to fluorinated cyclobutans [8].

- From four-membered rings: An acid-catalyzed transformation has been
observed in the conversion of l-[l-methylsulfinyl-l-(methylthio)alkyl]cyclo-
butanol to 3-methyl-2-(methylthio)cyclopentanone [9]. - Rearrangement of
a /Mactone to a y-lactone derivative in the presence of magnesiumdibromide
[10]. - A borontrifluoride catalyzed cyclobutene to cyclopentene rearrange-
ment [11]. - Ring expansion of a [2+2] photoadduct to a five-membered ring
[12].

- From five-membered rings: Synthesis of pyrene derivatives from five-mem-
bered ring precursors by ring enlargement [13].

- From six-membered rings: Rearrangement as part of the pseudo-guaianolide
to confertin synthesis [14].

- From ten-membered rings: Borontrifluoride catalyzed conversion of germa-
crane (ten-membered) to humulane (eleven-membered) in 75% yield [15].

Tiffeneau-Demjanow Rearrangements

The Tiffeneau-Demjanow3) ring expansion is analogous to the semipinacol
rearrangement. It is a homologisation of cyclic ketones. General methods for
preparation of the starting 1,2-aminoalcohols from ketones are given in
Scheme II/5. They include cyanohydrin, nitromethane, and /3-bromoacetic
ester approaches. The rearrangement takes place under stereoelectronic con-
trol: that bond which is antiperiplanar to the leaving group moves [22].
The reactions of cycloalkanones with diazomethane1', diazoalkanes, 2-diazo-
carboxylic acids4', and trimethylsilyl-diazomethane are also similar to the Tiffe-
neau-Demjanow rearrangement. These variations are shown in Scheme II/6.
Homologation of ketones by diazoalkanes, diazoacetic esters or by the Tiffe-
neau-Demjanow reaction proceed in good yields although the formation of
spiroderivates instead of homologs can be observed. With unsymmetrical
ketones, these reactions usually give both types of regioisomers. In order to
prevent this uncertainly, better results can be obtained by rearrangement of
a-chloroketones. Dechlorination of the final products can be carried out with
zinc. An alternative reaction is shown in Scheme II/7. It was used for the trans-

3) For a review of the Demjanow and Tiffeneau-Demjanow ring expansions, see ref. [2] [16].
Other references: Comparison of diazomethane and Tiffeneau-Demjanow homologation
in the steroid field [17] [18], 9-(aminomethyl)noradamantane [19], 2-adamantanone
derivatives [20], in bicyclo[3.3.1]nonan-2-one [21].

4) For reviews see ref. [1] [23] [24].
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HO CN

[16]

v_y v_y v_y
11/11

11/14

© COO®
NH3 I

HO I COOH

[22]

11/17 H/18

Scheme II/5. The Tiffeneau-Demjanow ring expansion.

a) Br-Zn-CH2-COOC2H5 b) NaNO2, H2O, 20°, 24 h.

formation of cyclododecanone via the dibromide 11/35 to cyclotridecanone
(II/39) [33]. To prevent side reactions especially the formation of oxirane
derivatives, the authors suggested that this reaction be performed at -100°, with
vigorous stirring, and slow addition of butyllithium [33]. Preparation of dihalo-
alcohols, such as 11/35, can be achieved by reaction of the corresponding
ketones with dichloromethyllithium or dibromomethyllithium, followed by
hydrolysis. It should be noted that compounds of type 11/35, prepared from
unsymmetrical substituted ketones, can, a priori undergo rearrangement in two
directions, but rearrangement of the more substituted side is preferred [37].
Further examples are reported in refs. [34] [37] [38] [39] [40].

Another method involves the l-bromo-2-alkanol derivative, 11/44, which was
prepared from cycloalkanone 11/42 as indicated in Scheme II/7. Compound
II/44 forms a magnesium salt which decomposes to give the 2-phenylcyclo-
alkanone 11/46, enlarged by one carbon atom [35] [41]. The yields are good:
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H H
.0

Cl

H Cl

11/20

70%

Cl
11/21

11

[25]

S-C6H5 S-C6H5
SC6H5

C6H5

[26]

57. OH

717. " /24

[27]
[28]

\ ^ C H 3

11/27 11/28 11/29

[29]

0

6
11/31

Cl

f ,g

907.

COOC2H5

II/32

TMS

167.

11/33 11/34

Scheme II/6. Ring expansions of cycloalkanones by diazo reagents.

a) CH2N2, (C2H5)2O b) CH3CH2N2, (C2H5)2O c) N2CH2COOC2H5,
BF3 • (C2H5)2O d) 1. Zn, HOAc 2. A, H2O f) N2CH2COOC2H5,
(C2H5)3OBF4, CH2C12, 0° g) NaHCO3, H2O h) (CH3)3SiCH2N2,
BF3 • (C2H5)2O, CH2C12, hexane, -20° .

[30]
[31]

[32]
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•OH

CHBr2 JL CHBr

i
Li

11/35 11/36

89%

11/39

11/37

[33]

11/38

OH
CHBr2

11/40

85 7.

e )

11/41

[34]

II/42

C6H5

u
11/43

H B r

HO V - C 6 H 5

II/44

,C6H5

n+1

11/46

BrMg • Br

[35]

11/45

R N

H

11/47
R1 = Alkyl , C6HS

(Wrac-J^s^

74 - 91 %
[36]

11/48

H

II/49
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Scheme II/7. Alternative one-carbon ring enlargements.

a) 2 BuLi, -78° b) HC1, H2O c) C6H5CH2MgCl
d) N-bromosuccinimide, CC14 e) The selectivity is better than 98 %
f) f-BuMgBr g) benzene, heat h) 3.2 eq. R2MgBr, THF, -78° -> +23°
i) NH4C1, H2O.

11/42 -* 11/46 e.g. n=5: 80 %, n=6: 72 %, n=8: 60 %. - In different reactions
ethyl 4-chloromethyl-l,2,3,4-tetrahydro-6-alkyl-2-oxopyrimidine-5-carboxy-
lates (11/47) are transformed to 4,7-disubstituted ethyl 2,3,6,7-tetrahydro-2-
oxo-lff-l,3-diazepine-5-carboxylates (11/49) using Grignard reagents [36]
[36a]. A possible mechanism for this conversion includes the bicycle, 11/48,
Scheme II/7. The alkylation with R2 takes place after the rearrangement of
intermediate 11/48.

The high reactivity of compounds containing an episulfonium moiety has
been used in an one-carbon ring expansion step [42]. This method is explained at
the system shown in Scheme II/8. 1-Vinylcyclopentanol is easily prepared from
cyclopentanone (11/50) and vinyl magnesium bromide. The silylation of the
alcohols was carried out with fcrf-butyldimethylsilyloxytriflate (TBDMSOTf).
Using trimethylsilylethers instead of TBDMSO-derivatives side reactions are

0 TBDMSO

\ I 62 %

11/50 11/51

TBDMSO

80%

11/53 11/52

Scheme II/8. An episulfonium ion mediated ring expansion of 1-alkenylcycloalkanols [42].

a) 1. CH2=CHMgBr, THF 2. TBDMSOTf, 2,6-dimethylpyridine,
CH2C12, 20°
b) C6H5SC1, CH2C12, -78° ; AgBF4, CH3NO2, -40° .
TBDMS = fert-butyldimethylsilyl.
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observed. After treatment of compound 11/51 with C6H5SC1 the intermediate
episulfonium ion 11/52 is destroyed by silver tetrafluoroborate reaction to the
six-membered 11/53.

A further one-carbon atom insertion method is based on the rearrangement
of the adducts of cyclic ketones with bis(phenylthio)methyllithium [43]. The

HO.

SC6H5

SC6H5

11/54 11/55

SC6H5

| l _ i

SC6H5

SC6H5

11/59 11/58

11/56

SC6H5

11/57

SO2C6H5

HO

H NSO2C6H5 > " 9 2 %

SC6H5

11/61

'SO2C6H5

I ° 2 C 6 H 5

OCH3

85%

II/63

Scheme II/9. Further one-carbon atom insertion methods.

a) LiCH(SC6H5)2, THF, -78° b) 2 CH3Li, -78°
c) H2O d) BuLi, THF, -78° e) A1C1(C2H5)2, hexane
f) A1C1(C2H5)2, CH2C12, -78°
g) 1. 1,2-dimethoxyethane, -78° 2. A1C1(C2H5)2.

H

11/64
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reaction principle is shown in Scheme II/9. The products of the expansion are
a-phenylthiocycloalkanones 11/59. A comparison of the results of a number of
products formed by this method indicates that a vinyl group migrates faster
than an alkyl group and that the more highly substituted alkylgroup migrates
preferentially. The yields for the migration step (11/55 -* 11/59) are n=4: 70 %,
n=5: 95 %, n=6: 55 %, n=7: 54% [43]. A copper(I) catalyzed procedure ana-
logous to the transformation 11/54 ̂ > 11/59 was already published earlier [44]. A
treatment of cyclic ketones with tris(methylthio)-methyllithium followed by
CuCtO4 • 4 CH3CN produces the corresponding ring expanded 2,2-bis(methyl-
thio)cycloalkanones [45].

At the same time the conversion of 11/54 —> 11/59 (Scheme II/9) was pub-
lished, an alternative way was found, which is summarized in Scheme II/9.
The lithium derivative of (phenylthio)methyl phenyl sulfone adds nearly quanti-
tative into ketones, in the presence of diethylaluminium chloride. The rearran-
gement (e.g. 11/61—»11/62) proceeds smoothly on treatment of the tertiary alco-
hol, 11/61, with an approximately sixfold excess of diethylaluminium chloride
[46]. An alternate reagent, the lithium salt of methoxy methyl phenyl sulfone, in
a similar reaction yielded, enlarged a-methoxy cycloalkanones. The latter reac-
tion sequence is restricted to the expansion of four- and five-membered rings
[46].

A decomposition of /?-hydroxyselenids in the presence of thallium dichloro-
carbene complex has been used for ring enlargement too, as shown in Scheme
11/10, conversion 11/65 -» 11/67 [47] [48]. - It is reported that a regiospecific

96 7.

11/68

Scheme 11/10. A seleno-mediated one-carbon ring expansion [47] [48].

a) T1OC2H5 + CHC13 (-> CC12-T1C1 + C2H5OH), 20°, 8 h.
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alkylative ring expansion of 2,2-disubstituted cyclobutanones via a-lithioseleno-
xides is possible [49], compare with ref. [50].

The application of a,a-disubstituted cycloalkanones of type 11/68, Scheme
11/10, for ring enlargement is described in Chapter VII.

Dienone Phenol Rearrangements

The dienone phenol rearrangement5' (11/69 —» 11/70) is another example of a
one-carbon insertion reaction, with the formation of an aromatic system as a
driving force. The reaction is acid catalyzed.

H3o®

11/69 11/70

a-Ketol Rearrangements

The a-ketol rearrangement6' is an isomerization reaction of a-hydroxy ketones
(as well as aldehydes) which takes place under acid as well as base catalysis.
Compound 11/71, a 17 a-hydroxy-20-ketosteroid, yields, under acid catalysis,
the six-membered isomer 11/72, and under base catalysis, the mixture of the
isomeric compounds 11/73, as reviewed in [1].
This reaction has been investigated extensively in D-ring isomerization of
steroids [54] [55]. Only a few examples are known in other systems.

Wittig-Prevost Method

Aromatic ketones of the a-tetralone type 11/74 can be converted by a Wittig
reaction to compounds of type II/75, Scheme 11/11. Under Prevost reaction con-
ditions (AgNO3,I2,CH3OH) two ring enlargement products are formed, 11/77
and 11/78 (both together in 67 % yield), which by hydrolysis are converted to
the a-cyano ketone 11/79 [56]. This procedure has been applied successfully to

5) For reviews of the dienone phenol rearrangement, see refs. [51] [52]. Further reference
[53].

6) For reviews on a-ketol rearrangment, see ref. [1].
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H 3 C .

11/72

11/74

68%

11/75

H3C
R1 R2

R' = CH3 , R 2 = O H
R1 = OH , R2 = CH3

11/73

11/76

d , e

17

11/79

977,

NC OCH3

- O C H 3

56%

11/78

NC OCH3

117.
11/77

11/80 11/81

(E) - products

OTs

II/84

H H

11/82

II/83

Scheme 11/11. a) H3O® b) KOH, H2O
c) NC-CH2-P(O)(OC2H5)2, NaH, 1,2-dimethoxyethane
d) AgNO3, I2, CH3OH e) Icewater f) CF3COOH, CC14

g) BuLi, THF, -95° h) I2, -95° i) AgOTs, CH3CN k) H2O.
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benzannelated seven-membered ring compounds and heterocyclic systems
[57]. Presumably the reaction proceeds via an intermediate such as 11/76 [57],
which has been isolated, and partly transformed into the enlarged product [58].

As demonstrated above, most of the one-carbon insertion reactions are
somehow connected with the reactivity of the carbonyl group. This is not true
for all cases. Dibromocarbene, prepared by reaction of tetrabromomethane
with methyllithium, adds to the double bond of a cycloalkene to give a bicyclic
product [59], which, under the influence of a silver salt, forms an enlarged ring
[60]. One example is given in Scheme 11/11. 9,9-Dibromo-bicyclo[6.1.0]nonane
(II/80)7' [61] is converted to its 9-exo-bromo-9-endo-iodo derivative, 11/81. Ring
expansion of 11/81 with silver tosylate in acetonitrile affords exclusively (Z)-
2-iodo-3-tosyloxy-l-cyclononene (11/84) [62] [63] [64]. In the presence of silver
perchlorate in 10% aqueous acetone, a mixture of diastereoisomeric (Z),
(£)-iodo-alcohols was obtained (Scheme 11/11). If methyllithium instead of the
silver salt is used, the corresponding monocyclic allene will result [59], this
can be transformed to a (Z)-olefin in sodium liquid ammonia [67]. In a similar
reaction sequence, a monohalo bicycle has been converted successfully to the
enlarged product [68]. Cyclopropylethers in a bicyclic system can be ring enlar-
ged, via a photoinduced single electron transfer promoted opening, in moderate
yields [69].

Quite recently a modification of the carbene addition reaction has been
published and applied to the synthesis of phoracantholide I (11/88) [70]. The
silyl enol ether 11/85 prepared from (±)-8-nonanolide underwent addition of
chlorocarbene to give the intermediate bicyclic adduct 11/86, which rearranged
into an Zs/Z-mixture of a,/S-unsaturated lactones II/87 by heating. Phoracan-
tholide I (11/88) was formed by hydrogenation of the latter, Scheme 11/12.

A Vilsmeier-Haack reaction can be used to convert the five-membered isoxa-
zolin-5-one (11/93) to the six-membered 4,5-disubstituted 2-dimethylamino-6//-
l,3-oxazin-6-ones (11/95). The yields are 68-85% [73]. It has been suggested
that the reaction proceeds by attack of the nitrogen atom in II/93 on the Vils-
meier reagent, followed by ring-opening and cyclisation with hydrogen chloride
elimination. Amidines of type 11/95 can be hydrolyzed to give the corresponding
l,3-oxazine-2,6-diones (11/96) in 60-85 % yield. A comparable reaction is the
transformation of pyrazolo[4.3-d]-pyrimidines to pyrimido[5.4-d]pyrimidines
see ref. [74]. - 2-Cyclobutenylmethanols undergo a 1,2-vinyl shift to 4-chloro-
cyclopentenes compare ref. [75].

Some miscellaneous ring enlargement reactions are presented in Scheme
11/13; two of them are syntheses of cyclobutanones, 11/90 and II/92 [71] [72].

7) A number of other ring enlargement reactions proceed via 1,1-dihalocyclopropane inter-
mediates [65] [66].
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(CH3)3Si0 CH3

6311/85

n Si(CH3)3

Cl- 0

11/86

r
| 65 %

CH3

11/88

90%

CH3

11/87

Scheme 11/12. Enlargement of a lactone by one-carbon atom [70].

a) CH2C12, NaN(Si(CH3)3)2, pentane; -25° -> -20° , 2 h, then -20°
b) toluene, 110°, 15 min c) H2/Pd-C, EtOAc.

0°

IX
CH2 - OH

S-C 6 H 5

11/89

70%

11/90

OH

11/91

83%
Cl

11/92

R1 R2

H O = ° ~% 0

11/93

R2

11/94

CH3 , C 6 H 5 J C H 2 C 6 H 5 J COOC2H5

(CH3)2N

11/95

R'

R2

0

11/96

Scheme 11/13. Miscellaneous types of one-carbon insertion methods .

a) HgCl2 , H 2 O , TsOH, 70° -» 120° b) HBr or other electrophiles
c) dimethylformamide, POC13 , CC14, heat d) H 2 O .
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II.2. Nitrogen Insertion Reactions of Ring Compounds

The most important nitrogen insertion reactions are still the Schmidt and the
Beckmann rearrangements and their modifications. Yet, a number of other
nitrogen insertion reactions are known, and examples will be therefore given
and discussed.

The Schmidt Reaction

The Schmidt reaction or Schmidt rearrangement is an insertion method con-
sisting of a reaction between a ketone and hydrazoic acid, in which a cyclic
ketone is converted into the corresponding lactam8). In Scheme 11/14 a mecha-
nistic outline for the Schmidt reaction of 2-methylcyclohexanone (11/97) [76] is
shown [62] [77] [78]. After addition of hydrazoic acid to the ketone 11/97, in
order to form the protonated azidohydrin 11/98, a loss of water occurs to give
the iminodiazonium ion, 11/99. By elimination of nitrogen the rearranged imi-
nosalt, 11/100, is formed, which, after water is added, generates the lactam,
11/101. It has been shown that in certain cases, the intermediate 11/98 rearranges
directly [79]. It is the aryl group which generally migrates with alkyl aryl
ketones, except in cases of bulky alkyl groups.

8) For reviews of the Schmidt reaction, see ref. [80], with respect to bicyclic ketones, see
ref. [81].
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11/101 H/100

Scheme 11/14. Mechanism of the Schmidt reaction with ketones [77].

Schmidt reactions with sodium azide and strong acids, if they occur through
tetrahedral reaction intermediates, lead primarily to nitrogen insertion adjacent
to methylene rather than methine groups. There are no really satisfactory
reasons for preferential methylene migration in this case [81].

The Schmidt reaction with the dienone 11/102 (Scheme 11/15) yields the 1,4-
thiazepine, 11/103. Treatment of its dihydroderivate, II/104, gives exclusively
the enlargement product 11/105, in which the methylene group migrated [82].
A similar reaction can be observed if the synthetic ergot alkaloid precursors of
type 11/106 are treated with in situ generated hydrazoic acid. Again no trace of
the isomeric lactam can be observed [83].

In the course of the structure elucidation of the natural occurring spermidine
alkaloides such as inandeninone 11/108, (Scheme 11/15) the Schmidt reaction
played an important role. The "alkaloid" is a nearly 1:1 mixture of two isomers,
isolated from Oncinotis inandensis Wood et Evans. To make sure that the
compounds differed only in the location of the carbonyl group at positions
C(12) and C(13), the mixture was treated with sodium azide, sulfuric acid, and
chloroform. The product consisted of a mixture of four ring enlarged dilactams
(one of them, compound 11/109, is shown) with nearly equal ratios [84].

Further examples of the Schmidt reaction and of Schmidt type reactions are
collected in Scheme 11/16.
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0

A
H 5 C 6 S C 6 H 5

11/102

58 7. I I
H 5 C 6 S

11/103

[82]

0

o2

11/104

64%

11/105

[82]

11/106

a+b

R = H , 8 5 %
R =CH3 ,89%

[83]

R2

13s

H

11/108

100%

0 H

11/109

+ 3 isomers

[84]

H2N H2N

Scheme 11/15. Nitrogen insertion by Schmidt reaction.

R1 = O, R2 = H2

R1 = H2, R1 = O
a) NaN3, H2SO4 b) HOAc, -65° c) CHC13.
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C6H5

*SO 2 Cl

a,b

337.

11/110

C 6 H 5

HN NH

n
0

11/111

40%

11/113

Scheme 11/16. Further examples of the Schmidt reaction.

a) NaN3, H2O b) (C2H5)2O, H2O c) HN3, H2SO4, CHC13.

A variation of the Schmidt type reaction is the rearrangement of an azidocyc-
loalkane, which is formed from the addition of hydrazoic acid to an cycloalkene.
This reaction was used in the synthesis of muscopyridine (11/114), a base isola-
ted from the perfume gland of the musk deer [85]. In this context the reaction of
11/115 as a model compound under the conditions of the Schmidt reaction gave a
mixture of two compounds which after dehydrogenation yielded 11/116 and
11/117. The mechanism can be explained in terms of the migration of different
bonds in the precursor.

a,b

11/114 11/115 11/116 11/117

Scheme 11/17. Synthesis of an analogue of muscopyridine [85].

a) HN3 b) Pd.
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The Beckmann Rearrangement

The Beckmann rearrangement9' is the second nitrogen insertion reaction which
is applied frequently for ring expansions. It takes place when oximes are treated
with concentrated sulfuric acid, or PC15, or other reagents10'. In most of the
cases, the group which migrates, is the one situated in anti position to the hydro-
xyl group of the oxime. Syn group migrations are known, too, and even some,
which are not stereospecific [86]. In the latter case it can be assumed that izome-
rization of the oxime takes place before the migration, and this allows an anti
migration. In bicyclic systems, the preferential bridgehead migration takes
place to the nitrogen atom, but methylene migration has been observed occasio-
nally e.g. upon sulfuric acid catalysis [81]. In the first step of the mechanism
(Scheme 11/18) the hydroxyl group is converted by one of the reagents to a
better leaving group. A concerted reaction takes place: Loss of water and
migration of the alkyl residue anti to the leaving group. The lactam is formed by
addition of water to the intermediate carbocation. To illustrate the Beckmann
rearrangement, some examples are given in Scheme 11/19. - A side reaction is
known, called the abnormal Beckmann rearrangement, which consists in the
formation of nitriles, e.g. ref. [87].

o
11/118 11/119 11/120

H20

©

N-Cf N=C^

11/122 11/121

Scheme 11/18. Mechanism of the Beckmann rearrangement of cycloalkanone.

9) For a review with respect to bicyclic oximes see ref. [81].
10) Reagents used in the Beckmann rearrangement are phosphorous [90], formic acid [88],

liquid SO2, P(C6H5)3)-CC14, hexamethylphosphorous acid triamide, 2-chloropyridinium
fluorosulfonate, SOC12, silica gel, P2O5-methanesulfonic acid, HCl-HOAc-Ac2O, poly-
phosphoric acid [89] as well as trimethylsilyl polyphosphate [88], hydrochloric acid [88],
p-toluenesulfonyl chloride [88], trimethylsilyl trifluoromethane sulfonate [93].
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61%

N
OTs

11/123 11/124 11/125

[91]

CH3O
407.

CH3O

11/126

11/129

H3CO

877.

[92]

[93]

11/130 11/131

11/132

or f

or g

257. NH

577.

847.

[94]
[95]
[96]

11/133

Scheme 11/19. The Beckmann rearrangement as a mean for ring expansion.

a) HO Ac, NaOAc - H2O b) pyridine, H2O, 70°
c) (CH3)3SiOTf, CDCI3 d) diisobutylaluminiumhydride
e) C6H5SO2C1, NaOH f) polyphosphoric acid g) TsCl, pyridine.

The ditosylate of 1,6-cyclodecandion dioxime, 11/123, after treatment with
acetic acid, gave the expected 1:1 mixture of the twelve-membered dilactams,
11/124 and 11/125 [91]. - Instead of the ring enlarged seven-membered ring
11/127, its ring contraction product, the bicycle 11/128, can be obtained, if com-
pound 11/126 is heated in aqueous pyridine [92]. - An interesting olefinic cycli-
zation promoted by a Beckmann rearrangement of the oxime mesylate, II/129,
has been used in a (±)-muscone synthesis [93]. The rearrangement and cycliza-
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tion product, 11/130, was reduced to 11/131, and the latter was transformed to
muscone in several steps. - The transformation of the oxime of bicyclo[2.2.2]-
octanone (11/132) into the lactam, 11/133, demonstrates that the yield depends
very much on the reagents [94] [95] [96].

Several other one-nitrogen-atom expansion reactions are known beside the
two nitrogen insertion reactions linked with the names of Schmidt and Beck-
mann. These reactions are summarized together with references in Schemes
11/20 to 11/23.

•>•

11/134

X = H, Aryl , SCH3 , NR2

R = H,CH3,C2H5 ,C6H5

11/135

N-NaN
0

[97]
[99]

11/136

©

y N(C2H5)2 • 2H2N-S-C-N(CH3)2

CIO4©

11/137

S

11/138

xxm
"N(CH3)2

897.

11/139

11/140

[100]

11/141
R = C 6 H 5 , N(CH3)2 , N(C2H5)2

cx:
11/142

50-90%

11/143

[101]

11/144

Scheme 11/20. One-nitrogen atom expansion reactions.
R = C6H5, N(CH3)2, N(C2H5)2.
a) NaN3, CH3CN b) heating to m.p., loss of N2

d) NH3, H2O, CH3CN e) I2.
c) 20°, CH3CN
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l,3-Dithiol-2-yl azides (II/135), prepared from the corresponding 1,3-dithioly-
lium salts 11/134 by treatment with sodium azide, are thermally labile. They
decompose with an evolution of gas if heated at their melting point. The result-
ing six-membered dithiazines, 11/136, are unstable too; they can loose sulfur and
give back five-membered compounds, but of different structures [97] [98] [99].
By similar reactions other heterocyclic systems have been synthesized [100]
[101] [102], compare [103]. /3-Lactams can be prepared from cyclopropanons
(11/145 -»11/146 -> 11/147) [104] or cyclopropenons (11/148 -> 11/149 -> 11/150 -»
11/151 + 11/152) [105]; the results are summarized in Scheme 11/21.

11/145

NH2 HOy j | C O O C 2 H 5

H-^R

11/146
33-707.

[104]

11/147

+ NH3
20

11/148

•
»•

H5C6
/

J NH

307.

11/151

0

X 6 H 5

11/149

307.

11/152

HO

H.

H5C6

NH

C6H5

11/150

[105]

Scheme 11/21. Synthesis of /Mactams by ring enlargement of cyclopropanone derivatives,

a) CH2C12, -78° b) t-BuOCl, CH3CN c) AgNO3.

Under special conditions a number of hydrazine derivatives can be transformed
to enlarged ring compounds. A selection of such reactions is collected in
Scheme 11/22.
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11/153 11/154

[106]
[107]

N - R

11/156

35-72 %
[109]

X = NH-C6H5jOCH3
11/158 11/159

36-95%
[111]

11/160
R' = COOC2H5,COCH3)SO2Ar

R2= H,CH3,CN

11/161

Scheme 11/22. One-nitrogen-atom insertion reactions.

a) r-BuOCl, Cl2, benzene, yield nearly 100% b) Zn, H2SO4

c) N2H4 • H2O, heat d) hv, CH3OH e) hv, C6H6 or CH3CN.

1-Aminooxindols (11/153) are rearranged to 3-cinnolinols 11/154, if treated with
equimolar amounts of £-butyl hypochlorite [106] [107] [108]. Compound 11/153
is known as "Neber's lactam", and is formed from 11/154 with zinc and sulfuric
acid. The mechanism preferred for the 11/153 —» 11/154 transformation involves
nitrene formation [106]. - As already mentioned, the Gabriel synthesis (11/155
—> 11/157) is a method for synthesis of primary amines. But the "side" product is
the ring enlarged hydrazide, compare Chapter IV

The thermal and photolytic decomposition of aryl azides in the presence of
primary and secondary amines gives 2-amino-3//-azepines [109]. Under similar
conditions and in the presence of a variety of different "solvents", azepines
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CH 3

11/163
[113]
[114]

CH3

11/165

Q
H3C N02

11/167

c,d

40%
11/168

H3C N H 2

11/169

[116]
[117]

a
11/170

+ 0N-0S03H
75%

+ H2SO4

11/171

[118]

11/172

COOH

[118]

Scheme 11/23. Further nitrogen-atom ring expansions.

a) Na b) C1NH2, (C2H5)2O, 125-150° c) LiAlH4, (C2H5)2O, 1 h reflux
d) NaOH, H2O e) 80°, 20 min f) H2O g) f-BuCl, A1C13, CH2C12

h) NaOCl, H2O i) AgCF3COO, CH3OH k) NaOCH3 - NaBH4

m) LiAlH4, (C2H5)2O, reflux n) NaOH, H2O, CH3OH, -15° o) HC1, H2O.
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11/174 11/175

NCl2

11/178

[119]

11/179 11/177

C 6 H 5 C 6 H 5

"Cl

11/180 11/181

C 6 H 5

I 1 ©
11/182

, C H 3

11/184 11/183

[120]

N(CH3 )2

11/185

Scheme 11/23 (1. continued).

40% N0H
[121]

11/186

can be synthesized, substituted at position 2 with alkoxy residues (from dif-
ferent alcohols) [109] [110]. Another method of synthesizing 1,2-diazepines,
11/161, was found when 11/160 was irradiated [111] [112]. - A remarkable one-
step ring expansion results if hot solutions of sodio-2,6-dialkylphenoxides in
excess 2,6-dialkylphenols, 11/162, are treated with cold (-70°) etheral chlor-
amine [113] [114]. The mechanistic profile of this reaction presumably involves
initial C-amination, followed by thermal rearrangement [115], Scheme 11/23. In
this Scheme other one-nitrogen-atom incorporation reactions are summarized.
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11/187 11/188

H I
OH

11/191

CLX

[122]

11/190

H

11/192

0 - ^ H

Scheme 11/23 (2. continued).

Two reactions of Scheme 11/23 should be mentioned. The two epimers of 2-
(N,N-dichloroamino)norbornane, 11/174 and 11/178, when treated with A1C13-
CH2C12, gave two different ring enlargement products, 11/177 and II/179,
respectively [119]. The incorporation of nitrogen into the ring is a stereo-con-
trolled migration reaction.

The other reaction of Scheme 11/23, worth mentioning is the transformation
of the four-membered 11/180 to the five-membered 11/184 [120]. The generation
of a nitrenium ion adjacent to a small ring in 11/182 results in expansion of the
small to the larger nitrogen containing ring. The reaction has something in com-
mon with the Demjanow rearrangement in carbonium ion chemistry. The equili-
brium between the four- and five-membered intermediates has been deduced
from the results obtained by reduction of the total reaction mixture: 36% of
11/184 and 24 % of 11/180.

Treatment of the 5-nitronorbornenes, 11/187, (Scheme 11/23) with base follo-
wed by acid gives, depending on the nature of additional substituents, two kinds
of annelated ring enlarged products, 11/191 and 11/192, respectively. The rear-
rangement probably proceeds by a double protonated nitronate ion. Striking
details of the mechanism are the ring opening and elimination of water, followed
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by addition of water in the opposite sense to give the protonated nitrile oxide
and ring closure to 11/191 and 11/192 [122].

Reactions of phenylnitrenes generated in situ were used for the synthesis of
acridones [123]; for synthesis of azacycloheptatriene derivatives see ref. [124].

II.3. Oxygen Insertion Reactions

It has been shown that the peracid oxidation of cyclic ketones, 11/193, is the
best synthetic method for lactone, 11/197, formation by oxygen insertion. This
reaction is called the Baeyer-Villiger rearrangement (or Baeyer-Villiger oxida-
tion)11*. The list of oxidizing agents is fairly long: organic peracids, such as per-
acetic, perbenzoic, m-chloroperbenzoic, pertrifluoric acids; inorganic oxidizing
agents, like H2SO5, eerie ammonium nitrate, or eerie ammonium sulfate, vinyl
acetate/O3 + heat [131], m-chloroperbenzoic acid plus 2,2,6,6-tetramethyl-
piperidine hydrochloride [132]; and m-chloroperbenzoic acid together with tri-
fluoroacetic acid [126].

Scheme 11/24 gives the proposed mechanism [133]. The central intermediate,
11/195, is tetrahedral. From studies of a series of unsymmetrical substituted
ketones, the relative ease of migration of various groups has been found to be:
tert-alkyl (best) > cyclohexyl, sec-alkyl, benzyl, phenyl > prim-alkyl > methyl
[134]. To illustrate this method, some examples of the Baeyer-Villiger rearrange-
ment are given in Scheme II/2512>.

11) For reviews (application to bicyclic ketones): [125]. Some more recent examples are
shown in [126] [127] [128] [129] [130].

12) In the synthesis of the following lactones, the oxygen atom has been introduced by
Baeyer-Villiger rearrangement, e.g. (±)-phoracantholide I [137], (+)-lactone antibiotic
A26771B [138], exaltone® [139].
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Scheme 11/24. Mechanism of the Baeyer-Villiger rearrangement.
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An alternative method to the Baeyer-Villiger reaction is that of oxidation
with formaldehyde oxide. The latter can be generated by treatment of vinyl
acetate with ozone, which gives, beside the wanted products, the mixed anhyd-
ride of acetic and formic acid. If a ketone is added to the ozonide mixture,
formaldehyde oxide can be trapped to yield the corresponding ozonide, which
on thermal decomposition forms the lactone and (or) the corresponding olefinic
carboxylic acid. The transformation of camphor (11/202) to the lactone 11/203 by
this method has been achieved in 63% yield [131].
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III. The Three-membered Ring - a Building Element
for Ring Enlargement Reactions

Because of their ring strain, three-membered rings are good starting materials
for ring expansion reactions. In this chapter, two types of ring enlargement reac-
tions will be discussed in which three-membered rings are involved. One of the
rings is the heterocycle aziridine and its derivatives and the other is cyclo-
propane [1] [2].

Aziridine Derivatives

Aziridine and its derivatives are reactive ring enlargement reagents. Three
atoms, including the nitrogen atom, are involved in the expansion step. 3-Dime-
thylamino-2//-azirine is a cyclic three-membered amidine, containing electro-
philic as well as nucleophilic centers. A number of interesting and useful syn-
thetic reactions have been discovered in which 3-amino-2H-azirines are applied
to different substrates [3] [4]. Most of the reactions were carried out with 3-
dimethylamino-2,2-dimethyl-2i/-azirine (III/2). The treatment of III/2 with the
malonimide, 3,3-diethylazetidine-2,4-dione (III/l), in the presence of isopro-
panol leads in high yield to the seven-membered heterocycle, III/5 [5], Scheme
III/l. For this reaction it is necessary that reagent III/l be sufficiently acidic to
protonate the basic nitrogen atom, N(l), of the azirine. The remaining anion
should be a nucleophile which attacks C(3) of the protonated III/2 to give the
enlarged heterocycle, HI/5, via HI/3 and the bicyclic intermediate, HI/4.
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Scheme III/l. The "blowing up" of malonimide by 3-dimethylamino-2//-azirine [5].

Depending on the substrates, a large variety of heterocyclic systems with differ-
ent ring sizes can be built up. In Scheme III/2 some of these are collected.
Saccharine (III/6), yielded the benzannelated eight-membered ring compound,
III/7 [7] in reacting with III/2. Phthalimide (HI/8), gave the corresponding ring
enlarged product, HI/9, which on recrystallization cyclized by a transannular
reaction to 111/10 [8]. Transannular reactions can be expected in the enlarge-
ment products of azirines, because they are often polyfunctional medium-sized
heterocycles. If the 4,4-dimethyl-3-isoxazolidinone III/ll is treated with the
azirine, HI/2, [6] [9] it is transformed to HI/12. The benzothiadiazine deriva-
tive, 111/13, can be converted to the nine-membered 111/14, again in a nearly
quantitative yield [10]. Diphenylcyclopropenone [11] as well as diphenylcyclo-
propenethione react with III/2 to form the pyridones, 111/15, [12] and pyridine-
thiones, HI/17, [13], respectively, Scheme III/3. Probably in both reactions the
two intermediates, 111/16 and 111/18, are involved.
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Scheme III/2. Azirines as ring enlargement units. The stared nitrogen atoms were caused
from 15N by labelling experiments [6].

a) Dimethylformamide, 0° b) CH3CN, 20°, 24 h c) CHC13, -15°.
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Scheme III/3. X = S or O

The application of 3-amino-2//-azirines as amino acid equivalents and their use
in the synthesis of cyclic dipeptides presumably includes ring enlargement steps
[14]. The formation of 12- or 15-membered cyclodepsipeptides from open chain
precursors possibly includes ring enlargement steps [3] [15].

The treatment of aziridines with nucleophiles having a latent electrophilic
site is known to be a method for constructing heterocyclic compounds, Scheme
III/4 [16] [17]. Aziridine (HI/19) itself reacts with a-amino acid esters to give
piperazinones (HI/20) [18] [19], while aziridine with a-mercapto ketones form
thiazines [11] [16] [17] and with malonate ester substituted pyrrohdones [20]
[21]. In the presence of sodium methylate 3-mercapto-propanoates react with
azirines to give thialactams (111/19 —> 111/32) [22]. A tentative mechanism of this
reaction is proposed in Scheme III/5. The reaction of substituted aziridines of
type 111/21 (as well as the corresponding NH derivatives) with optically active
a-amino acids lead to the diastereoisomeric ring enlarged products, 111/22 and
111/23 (56 % yield of an approx. 1:1 mixture) [23], Scheme III/4. The reaction of
the aziridine derivative, HI/24, with dimethyl acetylenedicarboxylate has been
investigated by two research groups. Both isomeric aziridines, 111/24, the cis-
and the rrans-isomers, lead to the same result, a crystalline dihydropyrrole
derivative in excellent yield, if the components are heated in a sealed tube at
120°. In the first published paper [24] the structure HI/30 was assigned to the
compound. Reinvestigation of this thermolysis reaction led to assignment of the
structure 111/29 for the main product [25]. The proposed mechanism [25] is out-
lined in Scheme III/4. By separate experiments, it was shown that the inter-
mediate IH/26 reacts in a [2+2] cycloaddition to form the bicyclic com-
pound, HI/27. The latter rearranges thermally via ring opening to 111/28 and
ring closing to the dihydropyrrole derivative, HI/29. This transformation is
characterized by an interesting set of alternate expansion, cleavage and, finally,
expansion reactions.
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Scheme III/4. Ring enlargement reactions with aziridines.

a) NH4C1, H2O, reflux 18 h.
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111/19

Scheme III/5. a) CH3OH, CH3ONa.

Q
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The expected acid chloride was not observed on treatment of the N-tert-
butyl-aziridine, HI/33, with a chlorinating reagent such as thionylchloride or
oxalylchloride. Instead, the a-chloro-/Mactam, 111/35, was formed by neigh-
bouring group participation of the nitrogen atom. The mild reaction conditions,
the good yields, and the stereospecifity make this ring expansion a fine method
for potentially useful /3-lactams [26], Scheme III/6.

H3C,

H

Na©

0
N
I

t-Bu
Ml/33
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c»V-f°
H3C

H t-Bu

HI/35

t-Bu — N -
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Scheme III/6. a) (COC1)2 or SOC12

c) [1.3] shift.

III/37

0
t-Bu

HI/38

b) [3.3] sigmatropic shift, sealed tube 80 - 130°

A final example of the ring enlargement with aziridine derivatives is the rear-
rangement of cis-N-£e/t-butyl-2-ethynyl-3-vinylaziridine (111/36). By a thermal
reaction, 111/36, was converted to N-terf-butyl-lf/-azepine, 111/38, including a
[3.3] sigmatropic rearrangement followed by a [1.3] hydrogen shift [27]. The
transformation, 111/36 to HI/38, has been classified as an example of an expan-
sion mediated by a three-membered ring. Because of the mechanism involved,
this reaction could be discussed as well in Chapter V on Cope rearrangements.

The few examples of ring enlargement reactions of 2H-azirines and aziridines
discussed above demonstrate their vast application in the synthesis of hetero-
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cycles. Depending on the conditions, the three-membered rings can be enlarged
in one step up to six membered rings, as shown. Presumably, the three atoms of
the reactive azirine derivatives can be applied in general to the enlargement of
proper functionalized rings of any size.

Cyclopropane and its Derivatives

Carbocyclic three-membered rings can be applied to ring enlargement reac-
tions, too. The thermal expansion of a vinylcyclopropane (111/39) to a cyclo-
pentene (111/40) ring (Scheme III/7) is a well known ring expansion reaction by
two carbon atoms, named vinylcyclopropane rearrangement [28] (the stereo-
chemical specificity was carefully investigated [29] [30]). The reaction has been
carried out on many vinylcyclopropanes bearing various substituents in both the
ring and the vinyl group. It has been applied to the synthesis of heterocyclic
systems, especially to the synthesis of alkaloids. In this modification the vinyl-
group is replaced by an immonium residue. Catalytic amounts of anhydrous

CH2 A

111/39 111/40

o
111/44

xde Y
111/46 111/47

Scheme III/7. The use of the three carbon atoms of cyclopropane as building elements for
larger rings.
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hydrogenhalide acids and heat induce the rearrangement. Fluoroborate or
perchlorate salts fail to catalyze the rearrangement under similar conditions,
which proves that the counterion must be nucleophilic. A proposed mechanism
is outlined in Scheme III/8 [31]. Two imin residues can be involved, leading
to diazepine derivatives e. g. transformation of N,N'-dibenzyliden-trans-l,2-
diaminocyclopropane to 2,3-diphenyl-2,3-dihydro-l//-l,4-diazepine at 120° for
1 h in 59 % yield [32]. From the mechanistic point of view the vinylcyclopropane
rearrangement is a [1.3] sigmatropic migration of carbon or an internal [̂ 2 + a2]
cycloaddition reaction [33], Scheme III/7. 2,3-Dihydrofuran occurs as a ther-
molysis product of 2-vinyloxirane, another example of the heterocyclic version
of this isomerization reaction type [34].
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• H X /

100-140° HI/52

R v © ^ . H Xfc
H y©

R

111/49
R

111/51

R\..^H v

R
HI/50

Scheme III/8. The vinylcyclopropane rearrangement as a tool for alkaloid synthesis; a
proposed mechanism [31].

HX = HC1, HBr, HI, NH4C1, NH4Br, NHJ HX * HBF4, HC1O4
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The following references contain additional examples of this method and
corresponding reaction types: Synthesis of 3-fluoroethyl-2-cyclopenten-l-ones
[35], preparation of functionalized bicyclo[5.3.0]decane systems and conversion
of 1,2-divinylcyclopropanes to functionalized cycloheptanes [36] e.g. karaha-
naenone [37], (±)-/?-himachalene [38][39]. Metal-catalyzed ring expansions in
which cyclopropane (e.g. [40] [41] [42] [43] [44]) or aziridines (e.g. [45] [46])
and diaziridines (e.g. [45]) function as essential moieties are well known reac-
tions.

Although metal-catalyzed ring expansions will not be discussed in this text,
these reactions are of great value in synthetic organic chemistry. This restric-
tion is not limited to three-membered ring chemistry only, it is true for all other
reaction types. Thus, the following reactions will be excluded: metal-catalyzed
insertion of carbon monoxide (carbonylation), e.g. [42] [46] [47] [48] or of
olefins and alkynes, e.g. [49] [50] [51] [52] or of other groups, e.g. [53] [54]
into cycloalkanes of different ring size. Furthermore, corresponding silicon
mediated chemical reactions [50] [51] [52] have had to be eliminated as well.

Cyclopropenes and cyclopropenones can also be used as precursors for
expanded ring systems. The intermediates of the ring enlargement reactions
are generated by 1,3-dipolar addition or by a [2+2] addition across the cyclo-
propenyl jr-bond [55]. The reaction principle is summarized in Scheme III/7. In
the addition of a 1,3-dipole (HI/42) to a cyclopropene, 111/41, the bicyclic
compound 111/43 is formed. Depending on several factors the primary reaction
product, 111/43, may be stable. In cases where 111/43 is formed from cyclo-
propenone, it may eliminate carbon monoxide to yield the five-membered
HI/44. An alternative reaction possibility for 111/43 is its spontaneous rearran-
gement to the monocyclic compound, HI/45. Acylic decomposition products of
compound 111/43 are known, too.

Another possibility for the preparation of bicyclic systems such as 111/47 from
three-membered rings can be realized by a [2+2] cycloaddition of the cyclo-
propene, 111/41, and an unsaturated molecule, 111/46, such as alkene, alkyne,
ketene, ketenimine, ketone, isocyanate, etc. A large number of examples of this
reaction type have been reviewed recently [55]1'.

An example of the newer literature is given in Scheme III/9 [61].
The readily available methyl 3,3-dimethylcyclopropene-l-carboxylate (HI/54)
undergoes [2+2] cycloaddition with enamines e.g. the morpholine derivative
III/55to give 2-aminobicyclo[2.1.0]pentane derivatives, e.g. 111/56. These com-
pounds are transformed into cyclopentane derivatives, e.g. methyl 4-hydroxy-
2,5,5-trimethyl-l-cyclopentenecarboxylate (HI/57) by treatment with dilute
mineral acids.

1) Treatment of cyclopropenones with isonitriles [56] [57] and of triafulvenes with isonitriles
[58] gives cyclobutenes. Formations of expanded rings are observed by the reactions of
enamines with diphenylcyclopropenones [59] [60].
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d) HBF4, (C2H5)2O.



III. The Three-membered Ring - a Building Element 49

A three- to four-membered ring enlargement reaction has been chosen as a part
of the synthetic concept in the rearrangement of compound 111/62 to HI/63,
Scheme 111/10. The starting material for the rearrangement was prepared by an
aldol reaction of cyclohexanone (111/58) and l-(arylthio)-cyclopropanecarbo-
xaldehyde (HI/59). After dehydration of IH/60, the resulting a,(3-unsaturated
ketone IH/61 was treated with a nucleophile to give the tertiary alcohol, 111/62.
The latter is vinylogous to cyclopropylcarbinols, which are known to rearrange
to cyclobutanones. The reaction is acid catalyzed (48 % fluoroboric acid), and
the yields are moderate [62].

Cyclopropane derivatives of type 111/64 (Scheme III/ll) have been shown to
be useful starting materials for a smooth transformation to furanones [63] and
thiophenes [64]. The aldol reaction of 111/64 and a ketone or aldehyde yielded
111/65, which forms, on desilylation, an ester diol (by a retro aldol reaction).

In this reaction only the cyclopropane ring is opened to form 111/66. This
compound is in equilibrium with the y-lactol IH/67, which, in case of R=H,
was transformed oxidatively (pyridinium chlorochromate) to the furanone
HI/68. The synthesis of thiophene derivatives in a similar reaction is shown in
Scheme III/ll, also.

In several synthetic studies, cyclopropane derivatives were used as synthones
or building elements for ring enlargement steps, e.g. reaction of enamines with
cyclopropenone [65], synthesis of 2,3-dihydro-l,4-diazepine by thermal iso-
merization of 1,2-diamino-cyclopropanes [32] [66], and preparation of 3-amino-
fulvenes from methylencyclopropenes with alkynamines [67].
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Scheme III/ll. Formation of furanone and thiophene derivatives by rearrangement of
methyl 2-siloxycyclopropanecarboxylates [61] [62] [63] [64].

a) Lithium diisopropylamide b) R'R2CO c) I^O*
d) Bu4NF e) R=H, pyridinium chlorochromate, CH2C12 f) CS2 - CH3I.
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IV. Ring Expansion from Four-membered Rings
or via Four-membered Intermediates

IV. 1. Ring Expansion from Four-membered Rings

In many reactions, cyclobutane derivatives are intermediates which lead to ring
enlarged compounds. Within the scope of this book it will only be possible to
discuss reactions which may be of common preparative interest.

Quite recently a general method leading to a large variety of substituted
quinones has been developed, via thermolysis and subsequent oxidation (air or
Ce(IV)salts or Ag2O) of 4-hydroxy-cyclobutenones substituted in 4-position
[1] [2]. The appropriate derivatives of cyclobutenones are prepared from the
corresponding cyclobutenediones (Scheme IV/1). The symmetrical IV/1 is
alkylated by an aryl or heteroaryl or alkynyl lithium (or Grignard) reagent. In
case of an unsymmetrically substituted cyclobutenedion, high regioselectivity is
observed. 3-Methoxy-4-methylcyclobutenedione, for example, reacts with high
regioselectivity to 2-hydroxy-3-methoxy-4-methyl-cyclobutenone substituted at
position 2 [1].

On heating a xylene solution of compounds such as IV/2 clean transforma-
tions will occur within the range of 20 min to 4 h to produce the corresponding
quinones, after oxidation. Judging from experiments on the thermolysis of
cyclobutenes and cyclobutenones (see below), the reaction probably occurs
through a vinyl ketene. These transformations are thought to be dictated by a
favored conrotatory ring opening of IV/2, so that the electrondonating sub-
stituents (OH, OR) rotate outward. Thus, the ketene IV/3, will have the precise
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H 3 C 44 %

IV/1

87%

Scheme IV/1. Thermal cyclobutenone —> naphthoquinone transformation [1].

a) 1. QH5Li, THF,-78° 2. NH4C1 b) 1. 160°, 5 min 2. air.

configuration for a direct interaction of its electrophylic site, with the proximal
aryl or heteroaryl or alkyne group. Intermediate IV/4 is oxidized to give the
quinone IV/5. The conversion of the cyclobutenone allyl ether IV/6 to the
benzoquinone IV/9 (76 % yield) is a fascinating example, Scheme IV/2 [2]. This
rearrangement is predetermined to involve the ketene IV/7, which cyclizes to
the zwitterionic species IV/8. Subsequently, intramolecular electrophilic attack
on the allylic bond, and C-O bond cleavage leads to product IV/9 [2].

CHjO,

CH3O'

IV/6

C6H5

138°

1h

76 7.

IV/7

Scheme IV/2. Thermal cyclobutenone —» benzoquinone transformation involving an allyl
group migration [2].



IV1. Ring Expansion from Four-membered Rings

0 0

CH3O

IV/10 (72%)

0 OCH3

IV/11 (89%)

IV
0

IV/12

L]
CON(i-Pr)2

(67%)

1 1
11
0

IV/13 (92%)

55

\s

IV/14 (84%)

CH3O

H 9 C 4
CH3O

>,b

IV/15(94%)

OH

IV/16

Scheme IV/3. Some examples of quinones from 4-aryl-(or heteroaryl)-4-hydroxybutenones
[1] [2] and [3] [4].

a) 138° b) Ag2O.
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RO

b,c

IV/20

major isomer

•) R = CH3, X = H: 8 1 %
regioisomere ratio: 6.6 : 1

•) R = CH3, X = OCH3: 70 %
regioisomere ratio: 3.5 :1

•) R = (CH3)2tBuSi, X = H: 80 %
regioisomere ratio: >20 :1

•) R = (CH3)2tBuSi, X = OCH3: 67 %
regioisomere ratio: > 20 : 1

major isomer

8 1 %

96%

76 % (R = X = H, after F e treatment)

89 % (R = H, X = CH3, after F e treatment
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Scheme IV/3 gives the yields of the quinones, IV/10 to IV/15 synthesized by this
method. Regiospecifity in the formation of anthraquinones is demonstrated in
Scheme IV/4 [1].

A similar reaction is observed when 4-alkynyl-2,3-dimethoxy-4-(trimethyl-
siloxy)cyclobutenones are thermolyzed in xylene under reflux. Five- as well as
six-membered ring compounds result [5]: The cyclobutenone IV/22 (Scheme
IV/5) is thought to be in equilibrium with the ketene IV/23. The ring closure of
IV/23 to IV/24 and IV/26 is influenced by the substituent R. Electron-with-
drawing groups (such as COOC2H5) favor the formation of cyclopentenedione
IV/27 and electon-releasing groups encourage the formation of quinones IV/25,
Scheme IV/5.

135°

OSilCH,)3'3

Si(CH3)3

IV/23

O*Si<CH3)3

IV/24

CH3O Si (CH3)3 Si(CH3)3

0

IV/25

COOC2H5

CH2OSi(CH3)3

IV/25

0
13
80

IV/27

33
52

(7 . )

0
IV/27

Scheme IV/5. Thermolyses of cyclobutenones and formation of six- or five-membered ring
compounds [5].
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I

3

00
CM

Scheme IV/6. Thermal rearrangement of cydobutenones to phenols.

a) Cyclohexane, 1 h reflux b) aniline 100° c) pyrrolidine 80°
d) 170-180°, 15 h.
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The thermal rearrangement of cyclobutenones to naphthols represents a ring
enlargement reaction or, depending on the reaction conditions, a ring forma-
tion reaction. While the latter type is not a subject of this review, the former is.

The cyclobutenone IV/28, in boiling cyclohexane, Scheme IV/6, is trans-
formed to the a-naphthol IV/30 in nearly quantitative yield [6]. If the reaction is
carried out in aniline at 100°, the anilide IV/32 is obtained [7]. Compound IV/32
is formed by a nucleophilic reaction of aniline on the vinylketene intermediate
IV/29 preventing ring closure. A strong nucleophile (e.g. pyrrolidine) can add
to the endocyclic double bond of the cyclobutenone IV/28 to yield the cyclo-
butanone IV/31, again preventing ring expansion [7] [8]. When phenylacetyl
chloride was treated with phenylethyne, neat, at 170-180° for 15 h [9]1} a cyclo-
butenone, probably IV/33, was an intermediate in the formation of IV/34. -
Another way to prepare phenols is given in Scheme IV/7. Thermolysis of cyclo-
butenones in the presence of alkynes leads in high yield to substituted phenols
[10]. The reaction mechanism may involve the formation of the four-membered
intermediate IV/37 or, as an alternative, the six-membered ketone IV/37a,
which offers a shorter route.

CH3

OCH3

H,C

80*/21h
92 7.

IV/35

L electron
electrocyclic
cleavage

'

1. 6 electron
electrocyclic
closure

2. tautomerization

[2*23
H 3 C,

H3CO'

U electron

electrocyclic
cleavage

H3C

H3CO

CH3

IV/36 IV/37 IV/38

Scheme IV/7. Similar phenol forming reactions have been published in ref. [11] [12] [13]
[14].

1) It is possible that the first intermediate formed was a ketene (e.g. IV/29) since, if the
reaction was carried out with the same ketene as starting material, the corresponding
products (e.g. IV/30) were isolated [15] [16].
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Scheme IV/8. (n+2) Conversion of cyclic compounds by acetylene derivatives.

a) CH3OH/CH3ONa, A 2 h b) H3COOCC = CCOOCH3 c) NaH, toluene
d) HC = CCOOC2H5.
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Cyclic active-methylene compounds react in Michael reactions not only with
a,/S-unsaturated acceptors, but also with acetylene dicarboxylates, propiolates,
and their derivatives (Scheme IV/8). If, for instance, acetylene carboxylic esters
are added to a variety of cyclic-active methylene compounds, ring-expanded
products generally are formed directly. In other cases, it is possible to isolate the
intermediate cyclobutene derivatives, which can be converted to the ring
enlarged compounds in a second reaction step.

Cyclic /3-ketoesters have been treated with strong base (NaH/toluene;
CH3ONa/CH3OH) and afterwards with acetylenecarboxylates or ethyl propio-
lates. From the reaction mixture the corresponding cycloalkenes, enlarged by
two carbon atoms, can be isolated in 50-70 % yield. In the transformations of
/3-ketoesters, given in Scheme IV/8, no intermediate could be detected. There-
fore and because of the strong basic conditions used, the concept of a concerted
reaction must be rejected in these cases, and a simple polar concept is preferred
[17].

The dimethylsulfoniumylide IV/50, prepared from the corresponding fluoro-
borate by the action of sodium hydride, has been treated with dimethyl acetyl-
enedicarboxylate in dimethyl sulfoxide to form the eight-membered IV/52 in
quantitative yield [18] [19], Scheme IV/9.

©
@,S(CH3)2

IV/50

Scheme IV/9.

COOCH3

C
III
c
I
C00CH3

DMSO
1

18'

p, COOCH3

COOCH3
S(CH3)2

IV/51

COOCH3

COOCH3

S(CH3)2

©

IV/52

In other examples acetylenecarboxylic, if added to a variety of enamines of
cycloalkanones, give the ring-expanded product directly in most cases. The
conditions are very mild. In general, the reactions of propiolates with a number
of enamines involve initial [2+2] cycloaddition to form cyclobutene derivatives.
These cyclobutenes rearrange, quite often spontaneously, sometimes producing
ring enlargement by two carbon atoms. However, the conditions, yields, num-
bers, and types of by-products vary strongly depending on the ring size of the
enamine and the cycloalkanones [24], Scheme IV/10.



IV1. Ring Expansion from Four-membered Rings 61

7 ( C H3»2 COOCH3

n = 5 , 6 , 7 , 8 , 1 2

IV/53

N(CH3 )2

COOCH3

N(CH3)2

IV/54

20 '

N(CH3)2

(n*2

60-907.

n< 7

IV/55 IV/56

N(CH3)2

CH = CH-COOCH3

IV/58

IV/60

Scheme IV/10. The enamine cycloalkanone reaction with acetylenecarboxylate [24].

a) [2+2] Cycloaddition b) cycloreversion.

It is remarkable that the bicyclic intermediate IV/54 could be isolated, in all the
reactions which have been investigated. The five-membered enamine derivative
IV/57 when kept at room temperature, isomerizes to the monocyclic IV/58. The
treatment of 1-dimethylamino-cyclohexene (IV/59) with methyl propiolate
gave no bicyclic analogue of type IV/54 and no monocyclic analogue of IV/55.
Instead, only the rearrangement product, IV/60, was observed. A possible
rationalization is given in ref. [24]. Reactions of enamines with acetylenic esters
have been used to synthesize te-homosteroids from steroids [25], an analogue
of the antileukemic constituent of Steganotaenia araliacea Hochst., steganone
[26], and benzazepines from indoles [27] [28] [29] [30]. They have also been
applied to enlarge cyclic ketones [24] [31] [32], to investigate the reaction be-
havior of cyclododecanone [33], benzoxocines and benzazocines from quino-
lines and coumarines [34], to synthesize (±)-muscone from cyclododecanone
via two- and one-carbon atom enlargement [24][35], and to prepare (±)-mus-
cone from cyclotridecanone [36].

The reaction of five-membered heterocycles with acetylenecarboxylates
under conditions of cycloaddition occasionally yielded bicyclic intermediates
which rearranged to the ring expanded products on heating; compare examples
(1) and (2) in Scheme IV/11, and Chapter III, Scheme III/4. If more polar
starting materials (Scheme IV/11, entries 3 and 4) are used, it is not possible to
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Scheme IV/11. Reactions of heterocyclic systems with acetylenecarboxylates.

R = H, COOCH3; R\R 2 = alkyl, X = O, S
a) RC = C-COOCH3 b) (C2H5)2O, 20°, 16 h c) dioxane, 100°, 2 h
d) CH3CN, 2 h reflux e) HC = C-COOMe, toluene, 20°.
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detect the corresponding bicyclic butene intermediates (IV/68 or IV/72), even if
the reaction is carried out at room temperature [41]. For similar enamine acety-
lenic reactions compare ref. [42] [43]. However such bicyclic butenes'can be
proved to be intermediates by indirect methods, see the example shown in
Scheme IVY 12. Careful treatment of the seven-membered enamine with diethyl
acetylenedicarboxylate gave the nine-membered ring compound IV/75 with a
(Z/Z) configuration in the resulting butadiene. In the following thermal reac-
tion, the isomerization to the (Z,E) configurated isomer IV/76 can be observed
[44] [45], Scheme IV/12. The formation of compound IV/75 can be easily
explained by a conrotatory opening of a bicyclic butene intermediate.

COOC2H5

IV/74

Scheme IV/12. An enamine ring enlargement with consecutive isomerization [44].

a) Toluene, 4 h reflux.

Cyclobutenes properly substituted by a cyclic 1,2 or 1,3 substituent undergo
thermal cycloreversion to give ring-enlarged products. The energy of the open-
ing [46] of the bicyclic compound is reduced if a double bond is present which
will be in conjugation with the new one. Thus, compound IV/77 can be pyro-
lyzed to form the cycloheptatrienone IV/78. The corresponding reaction is not
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Scheme IV/13. Further examples of cyclobutene rearrangements.

a) 400°, flash pyrolysis b) Br2 c) 60° d) toluene, 180°
e) (C2H5)3N, reflux f) Zn (for dechlorination) g) C2H5OH, reflux.

possible for the dihydro derivative IV/79 (-> IV/80), see Scheme IV/13. The
two step transformation, IV/81—* IV/82, is facilitated by double bonds intro-
duced by a bromination/dehydrobromination reaction. The synthetically useful
conversion of bicyclic IV/832) to the two ten-membered isomers, IV/84 and
IV/85, in a 5:1 (Z to E) ratio, which was part of a germacrane synthesis [47], is
another example of a thermal cyclobutene cyclorevision.

The reaction of the photoadduct, IV/86 (4,6-dimethyl-2-pyrone and tri-
chloroethylene) with triethylamine in ethanol yielded the dehydrochlorinated
product, IV/88, Scheme IV/13. Reaction of IV/86 with Zn dust in refluxing
acetonitrile gave IV/873) which proved to be resistant to boiling ethanol [48],
thus contrasting with the examples given above.

TMSO
C2H5OOC »

IV/94 IV/93

Scheme IV/14. A specific ring enlargement reaction [51].

Ar = C6H5.
a) Dimethoxyethane, high-pressure mercury lamp, 0°, 30 min
b) toluene, 3 h, reflux.

2) One of the structure proofs of IV/83 was the fully decoupled "C-NMR spectrum of its
dihydro-derivative, which displayed only six carbon signals.

3) When heated in refluxing toluene for 80 h, IV/87 was converted to 6-chloro-2-hydroxy-4-
methylacetophenone [48].
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A homolytic cleavage in a four-membered ring, followed by an allylic migration,
can enlarge a ring by two members. The four-membered ring compound of type
IV/92 was easily prepared by photocycloaddition of 2-trimethylsilyloxybuta-
diene (IV/90) and the pyrrolidine dione IV/91. The enlargement reaction
(IV/92 —» IV/94) proceeds because radical stabilizing functional groups are
present [51], Scheme IV/14.

IV/95

28%

IV/96 IV/97

96%

0 0 0

'/ ,CH3 + l—^J™3 + \-J/

IV/98b

0 H

CH3 CH3

IV/98a IV/98C IV/98d

90%

IV/99

Scheme IV/15. Application of the enamine-ketene ring enlargement for the synthesis of
(±)-muscone (IV/99) [53].

a) 2 CH2=C = O, CHC13 b) KOH, H2O, C2H5OH, reflux
c) H2-Pd/C.

An additional example is a two-step approach to the preparation of 1,5-cyclo-
decadiene. By a photochemical cycloaddition of a substituted cyclobutene and
2-cyclohexenone, a strained tricyclo[4.4.0.02>5]decane system is generated.
Thermolysis of the tricycle gave 1,5-cyclodecadiene [52].

Another ketene reaction, the enamine ketene reaction, can also be used for
ring enlargement. An application of this reaction is shown in Scheme IV/15, in
which the enamine of morpholine and cyclotridecanone IV/95 has been
transformed to (±)-muscone (IV/99) [53] [54] [55]. Two moles of ketene -
generated in situ from acetylchloride and triethylamine or introduced as
gaseous ketene - were condensed step-wise with the enamine IV/95 to form the
a-pyrone, IV/97. The yield is low (10-28 %) . Base catalyzed hydrolysis of IV/97
gave a mixture of the four isomers, IV/98a to IV/98d, yielding, after catalytic
hydrogenation, (±)-muscone (IV/99) [53].
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Several benzannelated compounds have been isolated from natural sources and
synthesized. However, only one general method, as described below, has been
devised for their preparation.

Ketone enolates prepared from ketones and sodium amide generate arynes
from halobenzenes. If a cyclic ketone enolate is used in excess, both compo-
nents, the aryne and the ketone enolate, can react with each other, forming a
ring enlarged benzannelated cycloalkanone. The mechanism of this reaction,
called arynic condensation, is given in Scheme IV/16 [56] [57]. Reaction of the
aryne, IV/102, with the sodium enolate, IV/103, gives first the salt IV/104. This
salt reacts to give a tricyclic anion, IV/105, which contains a four-membered
ring. In IV/105 the alcoholate-oxygen is placed in benzylic position. The ring
enlarged bicyclic anion, IV/106, is an isomeric structure to IV/105. By proton
transfer and finally by protonation, the latter yields the benzannelated cyclo-
alkanone, IV/109, as the main product. Beside compound IV/109, two other
products have been isolated in this kind of reaction: 2-phenylcycloalkanone,
IV/107, and the tricycle, IV/108, by protonation of IV/104 and IV/105. The third
product is the ring opened primary amide, IV/110, derived from IV/107 or
IV/109 by nucleophilic attack of ammonia. A number of experimental and struc-
tural features influence the total yields and the ratios of the individual products
[57].

IV/100 IV/102 IV/103 IV/104

IV/106 IV/105

Scheme IV/16. Arynic condensation of ketone enolates [56] [57].

a) NaNH2, 1,2-dimethoxyethane, 45°, 6 h, molar ratio IV/103:IV/100 « 2:1.

The yield of the tricyclic IV/108 increases in the presence of Li+ instead of Na+

while that of the 2-phenylketone, IV/107, decreases (see Scheme IV/17 for the
cyclohexanone reaction). Because of its better oxygen complexing ability the
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anion IV/105 is more stabilized by lithium than by the sodium cation [57]. Com-
pound IV/108 is not observed if Nal is added to the reaction mixture just before
hydrolysis. The only products isolated under these conditions are IV/107 and
IV/109 (with cycloheptanone), the tricycle is missing. A competition for Na+

between the alcoholate oxygen and iodide was suggested. Under these circum-
stances the anion IV/105 behaves as a benzocyclobutenol [58] to form IV/104
and IV/106 and, after hydrolysis, IV/107 and IV/109 [57].

Compounds of type IV/108 may be opened by reaction with a base in aprotic
solvent to give the ring enlarged product in very good yield [56] [59]. This also
demonstrates that IV/104 and IV/105 are in equilibrium. Prolongation of the
reaction time only leads to higher yields of IV/107 and ring opened IV/110 and
with a lower amount of IV/108.

OH

IV/107 IV/108 IV/109

(CH2)n-CONH2

IV/110

©
Na

1. NaNH2, , T H F

IV/100

IV/111

1. NaNH2, ^ X ^ t THF

23%

45 7.
2. H30®

Scheme Will. Cation influence in the arynic condensation [56].

IV/112
77 7.

55 7.

The reaction can be carried out in two solvents, tetrahydrofuran and 1,2-dime-
thoxyethane (DME). DME allows condensations at lower temperatures but
also favors the formation of benzocyclobutenoates IV/108. The non-nucleo-
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philic complex base, NaNH2-£-BuONa, used with low reactive ketones, pro-
motes the formation of ketonic compounds IV/107 and IV/109. The yields in
some examples are given below [56] [57] [60].

R Yield of
IV/113

H 1-4, 6-9, 11, 12 : 40-60 %

CH3 1-6, 8 : 30-50 %

Et 2-6, 8 : 20-55 %
i-Pr

The arynic condensation, yields of ring enlargement products IV/113. For addi-
tional informations see ref. [61] [62].

The arynic condensation of 1,2-diketone monoacetal enolates with aryne
(from bromobenzene and sodium amide) lead to IV/114. Depending on the
reaction conditions, compound IV/114 can be transformed to two different
enlargement products, IV/115 and IV/117. The mechanisms involved in these
transformations are obvious; [63] [64], Scheme IV/18.

IV/115

OCH3

OCH3

67%

IV/114 IV/116

IV/117

Scheme IV/18. Reactions of a cyclobutenol [63]. The yields of higher homologues of IV/117
are in the range of 80-96 %.

a) CH3OH, H3O*
b) 1. Ac2O, CH2C12, 4-dimethylaminopyridine 2. dilute HC1
c) NaNH2, hexamethylphosphoramide.
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An enlargement reaction somehow related to the arynic condensation men-
tioned above is the transformation shown in Scheme IV/19 [65].

IV/118

Scheme IV/19. Ring enlargement reaction of /3-lactam type [65].

R = Alkyl, X = S or O, Y = OMe or N3

a) NaIO4, H2O, i-PrOH.

Oxidation of the /S-lactam IV/118 with NaIO4 in a water-isopropanol solution
leads to the benzannelated nine-membered lactam IV/122. Probably the sulfide
is oxidized to a sulfoxide, IV/119, in the first reaction step. As the better leaving
group, the sulfoxide is ejected by the /Mactam nitrogen atom. The immonium
double bond is then hydrolyzed to a ketone and a lactam in a nine-membered
ring.
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V. The Cope Rearrangement, the [1.3] Sigmatropic
Shift, the Sommelet-Hauser Reaction, and
Sulfur-Mediated Ring Expansions

V.I. The Cope Rearrangement

If a compound, containing an 1,5-diene system is heated, it can isomerize in a
[3.3] sigmatropic rearrangement [1]. Isomerizations of open chain systems are
more familiar than those of alicyclic rings. A ring enlargement can be expected
to occur if an alicyclic 1,5-diene, substituted as shown on the top of this page, is
heated. In case of a [3.3] shift the reaction proceeds with an enlargement of the
ring by four members. Some simple examples of alicyclic systems are collected
in Scheme V/l [2] [3]. In these examples the starting materials as well as the
products are 1,5-dienes. This means that both types of compounds can undergo
a [3.3] sigmatropic rearrangement.

Depending on the ring size of each the equilibrium can be more to the left
or to the right. Some of the carbon atoms in the examples shown in Scheme
V/l can be replaced by oxygen or nitrogen atoms, thus producing heterocyclic
systems. A number of factors influence the ratio of alternative products, e.g.
effects of (methyl) substitution at the terminal carbon atoms of the vinyl groups
[9] [10] [11]. The transition state of the uncatalyzed Cope rearrangement is six-
centered and can be either boat- or chair-shaped. If both parts of the allylic
Cope systems are unsubstituted, the chair geometry is preferred [3]. Not all
Cope rearrangements proceed by a cyclic six-centered mechanism; a diradical
two-step mechanism may be preferred in some substrates [12].
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H

V/1 V/2

H

V/3

120'

917.

V/4 [5]

H

V/5

95 : 5

V/6 [6]

H

V/7

70°

40 7.

[5] [7]

200°

H

V/9 V/10 [8]

Scheme V/1. The Cope rearrangement of 1,2-divinylcycloalkanes.

The major disadvantages in the application of the Cope rearrangement to the
synthesis of organic molecules is the equilibrium between starting material and
ring enlargement product. The ratio of the two products is not predictable, a
priori.

In these cases a modification of the rearrangement, the so-called oxy-Cope
rearrangement, is preferred. Thermolysis of a 3-hydroxy-l,5-diene results in
the expected 1,5-diene system, but one of the olefinic bonds formed in this pro-
cess is an enol, which can tautomerize to the corresponding ketone. Thus, a
reverse Cope rearrangement cannot take place. Examples are shown in Scheme
V/2 [13]. This reaction sequence has been investigated using the thermal
behavior of two 1,2-divinylcyclohexanols as model compounds. The trans-iso-
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OH

A

75

90%

220V2h

30 V. V/13

V/15

- O H

207.

V/16 V/17 V/18

Scheme V/2. Thermal rearrangement of cis- and «ww-l,2-divinylcyclohexanol [13].

mer V/ll, when heated 3 h at 220°, gave only one product in 90 % yield, (E)-5-
cyclodecenone (V/13). The ds-isomer V/14, heated under the same conditions
for only 2 h, yielded a mixture containing 60 % of V/13 and 40 % of (Z)-5-cyclo-
decenone (V/18). The total yield of both was approx. 50 %. The formation of

OCH3

V/19

c

70 %

V/22

CH3

OH

V/20 V/21

350°

80%

CH 3

CH 3

V/23

Scheme V/3. Transformation of a 12- to a 16-membered ring by an oxy-Cope rearrange-
ment [16].

a) HC = C-C(CH3)2OH, p-TsOH, benzene, A
b) CH2=CHMgBr, THF c) (C2H5)2O, hv.
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two products in the latter reaction has been explained as taking place through
two different chair conformations, V/15 and V/17, in the transition state of V/14
[13], compare [14] [15]. A variation of the oxy-Cope rearrangement with the
vinyl allenyl alcohol, V/21, prepared from cyclododecanone by the method out-
lined in Scheme V/3, has been also described [16]. The alcohol, V/21, under-
went a thermal Cope rearrangement which resulted in the 16-membered ketone,
V/23, in high yield. A prolonged irradiation of the synthetic precursor of V/21,
the allenic ketone V/20, produced an (n + 2) enlargement by an 1,3-acyl migra-
tion.

MEMO H

170°

OMEM

CH3

OMEM

V/25 V/26

Scheme V/4.

One of the double bonds in the Cope system can be replaced by a triple bond,
Scheme V/4. The five-membered V/24, heated to 170° for 20 min only, gave the
nine-membered V/26, containing a (Z)-double bond and an a,/3- unsaturated
carbonyl group in a yield of 62 % [17]. This reaction step was part of a synthesis
of phoracantholide I (compare Chapter VII.3).

If the oxy-Cope rearrangement is carried out with divinyl diols of type V/27
or V/30 (Scheme V/5), ring-enlarged 1,6-diketones of type V/28 or V/31 are
produced [18] [19] [20] [21]. Depending on the ring size of the resulting dike-

OH

CD - O
OH

V/27 V/28 V/29

OH

OH

V/30 V/31

Scheme V/5. Di-oxy-Cope rearrangement [19] [20].
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tones and depending on the reaction conditions and workup procedures used
for their preparation, additional products are observed. For example: trans-1,2-
cyclopentanediol forms the aldol condensation product, V/29, by loss of water
from the first formed Cope product, V/28 [20]. The Cope rearrangement pro-
duct will be stable if the newly formed ring is a large ring (e.g. V/31) and not a
medium sized one. The latter undergoes easily transannular reactions [19].

The oxy-Cope rearrangement is frequently used as a key step, or at least as
an important reaction, in the synthesis of natural and unnatural compounds
containing medium sized rings. The sesquiterpenes acoragermacrone (V/37)
and preisocalamendiol (V/35), each in their racemic forms, have been synthe-
sized by application of the oxy-Cope reaction, (Scheme V/6) [22]. The mono-
cyclic six-membered monoterpene isopiperitenone (V/32) was the starting
material. Treatment of V/32 with 2-lithio-3-methyl-l-butene gave the alcohol
V/33, which was immediately subjected to conditions [23] of the oxy-Cope
rearrangement. The ten-membered ring compound, V/34, was formed in 73 %
yield. In order to isomerize the (Z)-double bond in V/31 to its (£)-isomer in
V/37, a kinetic 1,4-addition/elimination sequence was developed. The experi-
mental details are given in Scheme V/6. Alternatively, V/34 could be deconju-
gated by kinetic enolate protonation to yield preisocalamendiol (V/35) [22]^.

CH3 0 CH3

V/37 V/36

Scheme V/6. Synthesis of acoragermacrone (V/37) and preisocalamendiol (V/35) [22].

a) LiC(=CH2)-CH(CH3)2, THF, -78° b) KH, THF, [18]crown-6, 25°
c) (CH3)3SnLi, (CH3)3SiCl
d) lithiumdiisopropylamide, THF, hexamethylphosphoramide, HOAc
e) MnO2, CH2C12, 30 min.

1) For an alternative approach to the germacranes by an oxy-Cope rearrangement see ref.
[25].
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The oxy-Cope rearrangement has also been used in synthesis of (±)-peripla-
none-B (V/38), the sex excitant pheromone of the American cockroach (Peri-
planeta americana) [24]. Scheme V/7 gives the preparation of the starting
material, V/43, for the rearrangement step. The divinylcyclohexenol derivative,
V/43, smoothly underwent an oxy-Cope rearrangement after conversion to its
potassium salt. The reaction mixture was cooled to —78°, treated with
(CH3)3SiCl and finally oxidized with m-chloroperbenzoic acid [24].

a,b,c

V/39

, C H 3

EEO
OAc

V/40

H 0

(CH3)3Sn OSi(CH3)3

CH3

OAc
EEO'

V/41

EEO EEO
CH3

V/44 V/43 V/42

Scheme V/7. The oxy-Cope pathway, an important step in the total synthesis of peripla-
none-B (V/38) from American cockroach [24].

a) Lithiumdiisopropylamide, THF, 0° b) CH3CH=CH-CHO, -78°
c) Ac2O, -78° d) (CH3)3SnLi, -78° e) (CH3)3SiCl, -78°
f) Li(CH3)2Cu, (C2H5)2O, 0° g) m-chloroperbenzoic acid
h) LiCH=CH2, (C2H5)2O i) KH, THF, [18]crown-6, 1 h, 70°.

Attempts have been made to find reaction sequences which allow the introduc-
tion of more than four atoms into a ring by a Cope rearrangement. Two of these
methods should be mentioned, both quite different. The first method uses an
"enlarged Cope system", which forms bigger rings than the normal Cope system.
In the second method the product of one Cope rearrangement can be easily
transformed into the starting material for a second Cope shift sequence.
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The principal example of the macroexpansion methodology is given in
Scheme V/8. Treatment of l,2-(£,£)-di(buta-l,3-dienyl)cyclohexanol (V/47)
with potassium hydride in tetrahydrofuran resulted in the formation of the 14-
membered ring enolate, which provided cyclotetradeca-3,5,7-trien-l-one, V/50,
when protonated. Whether the reaction involves two consecutive [3.3] or one
[5.5] sigmatropic rearrangements will not be discussed here [26] [27] [28]. Eight
atoms can be incorporated in one step, a reaction path which belongs indeed to
the largest known "macroexpansion". The synthesis of the starting material,
V/47, is outlined in Scheme V/8. This expansion methodology was also used for
the conversion of 7-chloro-3-methyl-3-cycloheptenone into the 15-membered
muscone [29].

or a,b, c

64% CH2

V/45 V/46

70% ,

e

[3,3]

V/48 V/49

90%

V/50

Scheme V/8. Ring enlargement by eight atoms [26] [27].

a) (C6H5)3PCH2 b) LiAlH4 c) CrO3 d) LiCH=CH-CH=CH2

e) KH, THF, 20°, 1 h f) NH4C1.
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Scheme V/9 shows the essentials of a second approach, the so-called "repeat-
able ring expansion reaction", and its application to the cyclododecanone series
[2]. The a,/J-unsaturated /S-ketoester, V/52, was prepared from cyclododeca-
none. Its a,/3-divinylation was carried out in two steps. A Cope rearrangement
under the reaction conditions of a-vinylation2) led to the formation of the 16-
membered V/55. The reaction product V/55 can be transformed using similar
procedures, to analogues of the starting materials V/51or V/52 [2]. It is possible
to enlarge these compounds by similar methods to even larger rings. Thus, one
has a repeatable sequence for ring enlargement.

,COOC2H5

74%

V/51 V/52 V/53 V/54

21%

COOC2H5

V/55

Scheme V/9. A repeatable version of the Cope rearrangement [2]. The configuration of the
double bonds in V/55 is unknown.

a) NaH, C6H5SeCl b) H2O2 c) CH2=CHMgBr, Cul
d) C6H5-S(O)CH=CH2, NaH, THF, heat.

A method of "repetitive ring expansion" of cyclic ketones was published based
on the use of (phenylseleno)acetaldehyde on the siloxy-Cope rearrangement
[29a]. The authors were able to transform cyclododecanone into cycloeicosadec-
5-en-l-one in 23 % yield.

2) (Phenylseleno)acetaldehyde was recommended as an alternative synthetic equivalent to
the vinyl carbocation for a-vinylation of ketones [30].
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V.2. [1.3] Sigmatropic Shift - A Method of Ring Enlargement

A ring expansion by two carbon atoms was discovered on heating (Z)-l-vinyl-
cyclonon-3-en-l-yl-trimethylsilyl ether (V/62), Scheme V/10 [31] [32]. Two
types of trimethylsiloxy enol ethers were observed, each formed by a [1.3] or a
[3.3] sigmatropic shift which, after hydrolysis, gave the ketones V/63, V/64, and
V/65. The protection of the tertiary alcohol function is not necessary, if the
reaction is done in the presence of potassium hydride [33] [34]. The reaction
proceeds when the cyclic 1-vinyl alcohols have either a double bond or a benzo
group at the 3-position. Other examples of this reaction type are given in
Scheme V/10.

OSi(CH3)3

V/56 V/57 V/58

b : 56%

c : 28%

V/60

[35]

[36]

H2C-

V/61 R = H
V/62 R = Si(CH3)3

H2C V/65

[ 3 . 3 ] : 7%

Scheme V/10. [1.3] Sigmatropic shift as a tool of ring expansion by two atoms.

a) Hydrolysis b) R=K; 20°, 5.5 h c) R=Si(CH3)3, 350°, hydrolysis
d) R=H, KH, hexamethylphosphorous triamide, 25°, 5.5 h.

This ring expansion has been applied to the synthesis of the 15-membered
(±)-muscone [37]. First cyclododecanone was tranformed to cyclotridec-3-
enone (V/67) in a five step synthesis [38]. The latter, treated with the Grignard
reagent formed from prop-1-enyl bromide, generated a mixture of the isomeric
compounds, V/68, in nearly 50 % yield. Obviously the methyl group sterically
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V/66

(±)-muscone
V/70 71% u

V/69

Scheme V/ll. Synthesis of (±)-muscone (V/70) from cyclododecene (V/66) including a [1.3]
sigmatropic shift ring expansion [37].

a) Compare ref. [38] b) H3CCH=CHMgBr c) (CH3)3SiCl d) 320°, 5 h
e) H2/Pt.

a, b

V/71 V/72

36%

V/74 V/73

Scheme V/12. Formation of cyclopentadecanone (V/74) from cyclododecanone [39].

a) 600°/0.25 torr b) H2, 10, Pd/C, C2H,OH.
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destabilizes the transition state for the [3.3] shift more than that for the [1.3]
shift. The resulting 15-membered compound V/69 was hydrogenated to (±)-
muscone (V/70) [37], Scheme V/ll.

A cyclopentadecanone (V/74) and a (±)-muscone (V/70) synthesis were
carried out by another method related to the reactions discussed in this Chapter.
Scheme V/12 shows the thermal transformation of the cyclododecanone
derivative, V/71, to V/74 [39]. The proposed mechanism for this conversion
presumably includes a [1.5] hydrogen shift, followed by a [3.3] sigmatropic
rearrangement.

V.3. Sommelet-Hauser Rearrangement and Sulfur-Mediated
Ring Expansion

The Sommelet-Hauser rearrangement was originally named as an "ortho substi-
tution rearrangement" [40]. If l,l-dimethyl-2-phenylpiperidinium iodide (V/75)
was treated with sodium amide in liquid ammonia, the nine-membered benzan-
nelated (an ortho fused ring) tertiary amine, V/78, was obtained in a yield of
83 %. The proposed mechanism, including the formation of the ylide, V/76, is
shown in Scheme V/13. Similar reactions have been carried out with four- and
five-membered a-phenyl ammonium compounds. It seems that using phenyl-
lithium as a base gives lower yields of the ring enlargement products than
amide/liquid ammonia, Scheme V/14. There exist also examples involving rear-
rangement of an a-vinyl instead of an a-phenyl ammonium salt [41] [42].
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a,b

83%

V ICH 2 CH3

e
V/76

V/78

Scheme V/13. The Sommelet-Hauser rearrangement of l,l-dimethyl-2-phenylpiperidinium
iodide (V/75) [40].

a) NaNH2, NH3 liq. b) NH4C1-H2O c) [2.3] shift.

These rearrangement reactions are interpretable in terms of [2.3] sigmatropic
shifts of the intermediate ylides. A number of such rearrangements of open-
chain systems have been described, involving sulfonium ylides [43] [44] [45],
ammonium ylides [46] [57], anions in a-position to oxygen (Wittig rearrange-
ment) [48] [49], and fluorenyl carbanions [50].

An analogous reaction is observed, when the /Hactam, V/88, reacts with
lithium diisopropylamide in tetrahydrofurane, Scheme V/15. The seven-mem-
bered lactam V/89 was obtained in a virtually quantitative yield. The driving
force of this reaction depends on the release of ring strain in changing from a
four- to a seven-membered ring, and on the formation of a resonance stabilized
secondary amide. The mono-methylated analogue V/90, treated with the same
reagents, gave the five-membered V/92, as well as the expected seven-mem-
bered V/91. This reaction sequence can be explained by the homolytic cleavage
of the benzylic carbanion to the diradical anion intermediate V/93, which
recombines, to give, mainly, the five-membered ring product V/92. At low
temperature, only the benzylic anion is created from the tetramethyl-derivative,
V/94, which gave V/95, on addition of D2O to the basic solution. At higher
temperature two products (90% yield, ratio 1:1, 3,3,4,4-tetramethyl-5-phenyl-2-
pyrrolidone and 2,2,3-trimethyl-3-butenamide) are observed whose structures
can be explained by homolysis of the activated C,N bonds in V/94, Scheme
V/15 [42].
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or b: 41%

V/80 [51] [52]

V/81

CH3

V/82 V/83 [53]

(CH2)n

I© a©
-N — CH3

ICH3

V/84

(CH

n
n

2»n

= 2
= 3

— CH =

|
CH3

35%
94%

CH — CH2

V/85 [41]

V/86

90%

COOC2H5

V/87 [54]

Scheme V/14. Further examples of the Sommelet-Hauser rearrangement.

a) C6H5Li, (C2H5)2O, 20°, 5 d b) NaNH2, NH3 liq.
c) C6H5Li, (C2H5)2O, 10° d) l,8-diazabicyclo[5.4.0]undec-7-ene, THE

* Yields of both compounds are very low.
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a,b

V/88

1007.

V/90

a,b

907.

a,c

r a t i o : 3 : 2

CH3 CH3

V/94

Scheme V/15. a) Lithiumdiisopropylamide, THF, -78° b) H2O c) D2O.

V/93

The examples given in Scheme V/15 demonstrate the strong dependence on
structure variations, temperature and the nature of the cation.

The Sommelet-Hauser rearrangement has rarely been used as a tool in
organic synthesis and then only for very special systems [54]. The reason is
undoubtedly that the Hofmann elimination and the dealkylation reaction of
quaternary nitrogen atoms are in direct competition with the ring expansion
reactions of these substrates.

Sulfur ylides can undergo a [2.3] sigmatropic rearrangement which has been
very useful in organic synthesis. Scheme V/16 shows some fundamental applica-
tions of this reaction.

The synthesis of the key compound 2-vinyltetrahydrothiophene (V/97) was
accomplished by base catalyzed cyclisation of V/96 or Grignard vinylation of
the 2-chloro-thiacycloalkanes [51]. In the next step, the sulfide was alkylated to
get the sulfonium salt, which was then deprotonated to obtain the correspond-
ing sulfur ylide. For alkylation, the copper-catalyzed diazo decomposition path
(shown in the conversion V/97—» V/100) was not very efficient [55] [56]. Alkyla-
tion with allylbromides [57] or, better with triflates [58] gave good results. It is
most important that the derived sulfonium salts are not dealkylated by the non-
nucleophilic triflate ion. Triflates are easily prepared from the corresponding
alcohols and triflic anhydride [59]. Stabilized sulfur ylides have been prepared
to avoid strongly basic conditions. The eight-membered ring compounds, V/99,
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COOC2H5

807.

V/96 V/97 V/98 V/99

COOC2H5

COOC2H5 50%

v/100 V/101

V/102

0
V/103

ratio : 10 : 1

Scheme V/16. Ring enlargement of sulfur ylides [55].

a) Lithiumdiisopropylamide b) CF3SO3CH2COOC2H5

c) KOtBu d) N2C(COOC2H5)2, Cu e) CF3SO3CH2C(=O)C6H5

f) l,8-diazabicyclo[5.4.0]undec-7-ene.

V/101, and V/103, have been prepared in 80, 50, and 74 % yield, respectively, by
[2.3] sigmatropic rearrangement of the ylides, see Scheme V/16. The ring
expansion of a mixture of trans- and cw-l-ethyl-2-vinylthiolanium hexafluoro-
phosphates (V/105) gave a mixture of three sulfides, (Z)-2-methyl-thiacyclooct-
4-ene (V/106) and the two diastereoisomerically related (.E)-(SR,RS)- and
(£)-(RR,SS)-2-methylthiacyclooct-4-enes (V/107) and (V/108)3), Scheme V/17.
The existence of the two (E) isomers is evidence for the structure of the mole-
cule, holding two elements of chirality, a chiral center, and a plane. The dia-
stereoisomers are stabile because of restricted conformational inversion around
the chiral plane [45] [60].

Through sulfur ylide reactions rings can be enlarged by three atoms, two
from the vinyl side chain and a third one from the a-alkyl substituent of the sul-
fonium ion. The reaction product is, like the starting material, a thiacycloalkane

3) Both V/107 and V/108 undergo irreversible thermal conversion to V/106 (= 100°, several
hours).
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CH3

62%

V/105 V/106

(41%)

CH3

V/107

(52%) (7%)

Scheme V/17. Sulfonium ylide rearrangement [60].

a) KOtBu, THF, -40°.

and, it is important to note, is again a-substituted. These considerations allow
the use of the product of the first ring enlargement as the starting material for a
second enlargement step. This idea is shown in Schemes V/18 and V/19. The
treatment of the sulfonium salt V/Ul carrying an appropriate S-allyl substituent
gave the nine-membered thiacycloalkene V/112 in the presence of potassium
terf-butoxide. Compound V/112 has again a vinyl substituent in an a-position to
the ring sulfur atom. The twelve-membered V/113 was already known [61].
Using this ring growing technique [55] [62], the "repeatable ring expansion
method" has been developed. It can be used to synthesize the 17-membered
compounds, V/118 and V/119, from five-membered V/97, Scheme V/19 [57]
[57a]. Alkylation with allyl bromide in 2,2,2-trifluoroethanol followed by potas-

Of '
V/109

C2H5OOC

V/110 V/111

< • 7 2 %

d , e

72%

V/113 V/112

Scheme V/18. Ring transformations from six- via nine- to twelve-membered ring using the
"ring-growing" technique [61].

a) CH2=CH-MgX b) CF3SO3CH2-CH=CH2 c) KOtBu
d) CF3SO3CH2-COOC2H5 e) l,8-diazabicyclo[5.4.0]undec-7-ene.
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sium hydroxide treatment under phase transfer conditions gave the ring enlar-
gement products. In four reaction steps ( 4 x 3 carbon atoms = 12 additional
carbon atoms as ring members), the five-membered starting material, V/97, has
been converted to the two 17-membered isomeric compounds V/118 and V/119.
The (E,Z)-geometry of the compounds, given in Scheme V/19, agrees with the
literature [57].

Br
0

65%

V/97 V/114

,S

V/115

a,b

76%

a,b

82%

49% V/118 /)

a ,b

96%

V/117 V/116

27 7.

Scheme V/19. Ring transformations from five- via eigth-, eleven- and 14- to 17-membered
ring using the "repeatable ring expansion method" [57] [57a].

a) H2C=CH-CH2Br, CF3CH2OH b) KOH, H2O, pentane.

The interest in medium and large ring thiacarbocycles is not sufficient to justify
intensive synthetic research, but, since there are specific methods to eliminate
sulfur, cyclic sulfides might be converted into other important ring systems.
Thus the Ramberg-Backlund sulfur extrusion method, can be used to convert a
thiacycloalkane to the corresponding cycloalkene. This requires the transforma-
tion of the sulfide to an a-halo sulfone. The base catalyzed mechanism involves
the formation of an episulfone and elimination of sulfur dioxide and olefin. An
example of this reaction, the conversion of V/120 to V/123, is given in Scheme
V/20. It should be noted that the Ramberg-Backlund reaction leads to a ring
contraction by one member. The formation of the cycloalkene is observed in
high yield [63].
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COOC2H5

V/120

C O O C 2 H 5

V/121

b

COOC2H5

V/123

75 7. f
COOC2H5

V/122

Scheme V/20. Ramberg-Backlund sulfur extrusion [57a] [63].

a) m-Chloroperoxybenzoic acid b) NaH, dimethoxyethane/C6Cl6 c) heat.

Another way to desulfur the ring itself is to initiate an additional ring enlarge-
ment triggered by a substituent of the ring. An illustrative example, the syn-
thesis of phoracantholide I (V/130), is given in Scheme V/21, see Chapter VII.3.

PO(C6H5)2

H3C" "OAc

V/124

83 7.

PO(C6H5)2

OAc

V/125

PO(C6H5)2

H3C OAc

V/126

917.

H3C OH

V/128

Scheme V/21. Ring desulfurization by transesterification.
Synthesis of phoracantholide I (V/130) [64].

a) K2CO3, CH3CN, heat b) BuLi, O2, H2O.
c) camphorsulfonic acid, CH2C12

d) Bu3SnH, azabisisobutyronitrile (AIBN).

62 7.

H3C
PO(C6H5)2

OTMS

V/127
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The starting material, V/124, was heated with potassium carbonate in methy-
lene chloride. The reaction proceeds to V/126 presumably via the six-membered
sulfonium salt V/125, followed by a [2.3] sigmatropic shift. The double-bond in
V/125 was reduced (diimide), and the protecting group was converted to give
V/127, which was transformed into the thiolactone, V/128, by a variation of
Horner-Bestmann oxygenation. The translactonization was carried out in the
presence of camphorsulfonic acid to yield the lactone, V/129. Desulfurization
was achieved by heating V/129 with 2.1 equiv. of tributyl-tinhydride/AIBN4)

[64]. Further results of the translactonization are discussed in refs. [58] [64].
The two examples, given in Scheme V/22, show that the thermodynamic
advantage of O-acyl relative to S-acyl is comparable to the strain in the eight-
membered ring relative to a six- or seven-membered ring.

ratio: 1:1bl

V/132

OH ratio:. 3:1

V/133 V/134

Scheme V/22. Thiolactone - lactone rearrangement [58].

a) Camphorsulfonic acid b) The reaction of V/131, V/132 is not a true equili-
brium because of decomposition. Yield of the products: first reaction 20 %,
second reaction 70 %.

The sulfide bridge in medium sized rings can be used in stereocontrolled syn-
theses of complex molecules [65], (Chapter IX. 1), for example the synthesis of
zygosporin E [66] and the synthesis of cytochalasans [67].

S-Imides of 2-vinylthiacycloalkanes (Scheme V/23) undergo [2.3] sigma-
tropic shifts to form azathia-ring expansion products. The eight- and nine-mem-
bered compounds V/138 and V/139 which are formed at higher temperatures
(xylene, reflux) have a (Z)-geometry of the double bond. The ten-membered
V/140, with a (^-double bond, is generated directly during chloramine T treat-
ment of 2-vinylthiacycloheptane [68].

4) This procedure has been found to reduce other secondary mercaptans in reasonable yield
[64].
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667.

n
S-Nv

V/138

Ts

V/139

[68]

V/137 V/140

V/142 [69]

Scheme V/23. Ring expansion reaction of sulfurimides.

a) N-Chlorosuccinimid b) CH2=CH-MgBr c) Ts-NClNa, CH3OH, 20°
d) N(C2H5)3, CHC13.

A reaction leading to similar heterocyclic systems was presented earlier: The
thiachroman-4-on-S-imide, V/1415), gave benzothiazepin-5-one, V/142, when
treated with base. Presumably a Hofmann elimination followed by cyclization
is responsible for the formation of V/142. Two further examples are listed in
Scheme V/24.

Ketene, dichloroketene, and related compounds react with allylic ethers, sul-
fides, and selenides in a [3.3] sigmatropic rearrangement. This interesting reac-
tion allows the synthesis of a number of medium and large ring compounds by
expansion [72] [73] [74]. Dichloroketene has been prepared in situ by slow addi-

5) l-(p-Tolylsulphonylimino)-l-thiachroman-4-one.
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®?

OTf

CH2-COOC2H5

V/143

H3C
COCH3

V/146

COOC2H5

V/144

R = C H 3 , C 4 H 9 j C6H5

[1.3]

R

COOC2H5
V/145

R = CH3 : 627.

[70]

[71]

Scheme V/24. Further examples of [2.3] sigmatropic shift ring enlargements.

a) l,8-Diazabicyclo[5.4.0]undec-7-ene, CH3CN, 20°, 15 min b) KOtBu.

H2C

CH3

V/148

0 CH3

V/153

85%

0

V/154

b)
.*-
65%

CH3

V/149

0 CH3

V/151

| e »
90% I

0 CH3

V/130

V/150

15%

ci—I—L^O^C

V/152

Scheme V/25. Synthesis of phoracantholide I (V/130) by a type rearrangement involving
1,3-dipolar intermediates [72] [74].

a) (C2H5)2O, 25°, 4 h b) Zn, HOAc, 80°, 6 h
c) H2/5 % Pd-C/dioxane/pyridine d) (C6H5S)2, hexane, hv, 20°.
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tion of trichloroacetylchloride to a suspension of copper activated zinc powder
in ether solution. Allylic O-, S-, and Se-ethers form 1,3-dipolar intermediates
with dichloroketene. The reaction of dichloroketene and the tetrahydropyrane
derivative V/148 is shown in Scheme V/25.

The 1,3-dipolar intermeditate V/149 is then transformed to the ten-mem-
bered dichlorolactone V/151 by a [3.3] sigmatropic rearrangement. The side
product, V/152, is obtained by a [2+2] cycloaddition [72] [74]. Under standard
conditions, the dichlorolactone, V/151, was converted to phoracantholide I
(V/130). Dechlorination of V/151 gave V/153 which was converted to phoracan-
tholide J, V/154, by irradiation. Both phoracantholides are occurring naturally,
see Chapter VII.2. The same technique has been applied to the synthesis of
other products [73] [74].
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VI. Transamidation Reactions

VI. 1. Transamidation Reactions

In 1968, the isolation of two new spermidine alkaloids, oncinotine (VI/1) and
iso-oncinotine (VI/3), from the African plant Oncinotis nitida Benth. (Apo-
cynaceae) was published Scheme VI/1 [1].

Although a structure was published for VI/1, it was not crystallized, despite
many attempts at purification. By TLC, samples of oncinotine always seemed to
contain some iso-oncinotine (VI/3). Subsequently, it was learned that the crude
oncinotine contained another isomer, VI/2, neo-oncinotine, but no iso-onci-
notine. During the purification attempts, it appeared that VI/2 was converted
to VI/3 (Scheme VI/1) [2]. This reaction has been the starting point of a series
of investigations in the field of transamidation reactions.
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/\k\x^/\^N.

NH2

VI/2

I)'

VI/3

Scheme VI/1. The spermidine alkaloids oncinotine (VI/1), neo-oncinotine (VI/2), and
iso-oncinotine VI/3).
a) Base or acid or A

Aminoamides such as VI/4 are instable; they rearrange under acid or base
(shown) catalysis to VI/91'. The mechanism of this reaction is shown in Scheme
VI/2 [3]. The driving force of this transamidation reaction seems to be the for-
mation of the anion VI/8, which is resonance stabilized and so more attractive
than the alternative anion VI/5.

The transamidation reaction can be performed with a large variety of bases,
but no systematic investigation has been undertaken. Examples of bases are:
potassium 3-aminopropylamide in 1,3-diaminopropane (=KAPA) [3] [4], qui-
noline [5], NH3 in a sealed tube [6], KOtBu in different solvents [7], NaOC2H5

in toluene [7], KOH/CH3OH/H2O [7] [8], and KF in dimethylformamide/[18]-
crown-6 [9]. Under acidic conditions, p-toluolsulfonic acid is a proper catalyst
[10].

Using this transamidation reaction, it is possible to introduce three to six ring
members in one step, which means that the intermediate ring (see Scheme VI/2)
can be five- to eight-membered [6] [7] [11]. The preferred ring size is five to
seven; eight-membered intermediates seem to occur only if a /3-lactam is used as
starting material [6].

The smallest ring which has been enlarged by this method was the four-mem-
bered one. Thus, the N-(haloalkyl)-derivatives VI/11 were prepared from 4-

1) Even without any additional reagents VI/4 converts to its isomer, VI/9, after one year in
a sealed tube.
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- H,© R 1 ^ -

VI/4 VI/5

VI/7
VI/6

VI/8 VI/9

Scheme VI/2. Mechanism of the base catalyzed transamidation reaction [3].

rt°
VI/10

tf
VI/11

NH

N

VI/12

VI/13

96'/.

VI/14

r,-!^M--^^^

Scheme VI/3. Ring enlargement by transamidation reaction [6] [7].

X=C1, Br
a) X-(CH2)n-X, KOH, THF b) NH3 liquid
c) 1. NaOC2H5, CH2 = CH-CN 2. H2, Pt, H2SO4, C2H5OH
d) 1. KAPA, 5 min. 2. H3O®.

H

VI/15
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phenylazetidin-2-one (VI/10) by alkylation with a,(y-dibromoalkane to give the
seven- (70%), eight- (80%), and nine-membered (67% yield) azalactams
VI/12. The enlargement reaction was carried out in liquid NH3 in a sealed tube
(2 to 14 days) Scheme VI/3 [6]. - The treatment of the sodium salt of 7-heptane-
lactam (VI/13) with acrylonitrile yielded the aminolactam VI/14 after hydroge-
nation. In the presence of potassium 3-aminopropylamide in 1,3-diaminopro-
pane (KAPA) the transamidation reaction led to the twelve-membered VI/15
in 96 % yield (Experimental: as soon as the starting material VI/14 dissolved
completely, the reaction mixture could be worked up). For ring enlargement by
three [11] or four atoms, the eight-membered lactam is the smallest which can be
used. Large amounts of starting material, and small amounts of 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (VI/19, =DBU)2) were isolated when N-(3-aminopro-
pyl)-£-caprolactam (VI/16) was treated with the KAPA reagent [7]. When the
desired eleven-membered azalactam VI/17 was synthesized by an independent
way (electrochemical deprotection of the corresponding tosylated compound
VI/18), ring contraction (see e.g. [12]) took place by a transannular reaction,
Scheme VI/4.

VI/18

VI/16

LI^^M^

VI/19

Scheme VI/4. Ring contraction by transamidation reaction [7].

a) KAPA.

This proved that the seven-membered compound, VI/16, with a tertiary lactam
nitrogen atom is more stable than the eleven-membered azalactam, VI/17 with a
secondary lactam nitrogen atom. This result seems to be contradictory to the

2) Depending on their structural details, bicyclic amidines and amidinium salts hydrolyzed
by KOH/H2O give ring-enlarged or ring-contracted lactams when hydrolyzed by
KOH/H2O [8].



VI. Transamidation Reactions 101

basic mechanism given in Scheme VI/2. However, a comparison of the reactivity
of medium sized rings which have two functional groups leads to the conclusion
that the eleven-membered ring VI/17 is less stable than its twelve-membered
homologue VI/15 [13] [14]. Due to the equilibrium between starting material
and product, the actual amount of product will depend on the specific reaction
conditions. The following conclusions can be drawn from the experiments: The
four-membered lactam, a /Mactam, is less stable than the seven- and, interes-
tingly, also the eight-and nine-membered rings; in these cases, the ring enlarged
products are stable and no ring contraction properties are reported [6]. Other
couples of compounds have been compared: a seven-membered ring is pre-
ferred over an eleven; a twelve is preferred over an eight; and a seventeen is
preferred over a thirteen.

It is possible to avoid a transannular reaction in a medium-sized ring, e.g. a
ten-membered one, if the ring is expanded again, Scheme VI/5. Thus, the six-
membered barbiturate, VI/20, if treated with potassium fluoride, can be
enlarged to compound VI/21by "Zip reaction" (see later), via a ten-membered
intermediate [9]. It can be concluded from this reaction that the medium-sized
ten-membered ring, although energetically unfavored, will be formed as an
intermediate in the presence of non-nucleophilic bases (to avoid lactam cleav-
age). Probably an isolated ten-membered product will undergo a ring contrac-
tion to the starting material or other products.

H3C CH3

H 3 C V 0

p N

H

VI/20

< ;

V

VI/21

Scheme VI/5. Ring enlargement of the six-membered lactam VI/20, via a ten-membered
intermediate to VI/21 [9].

a) KF, dimethylformamide, [18]crown-6.

Further transamidation reactions are depicted in Scheme VI/6. In some re-
spects, even the Gabriel synthesis, [15] [16] [17]3), a method for preparation of
primary amines from N-substituted phthalimides by treatment with hydrazine,

3) Transamidation reactions of open chained systems have been known for many years.
Treatment of acetamide with aniline leads to acetanilide and ammonia [18]. Similar
reactions with hydrazine [19] [20], and with other amines [21] [22] have been described.
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VI/22

[23]

[24]

VI/24 VI/25

N-R+N2H4

VI/26

N W
I + NH2-R [17]

VI/28

0 H

VI/29

HO H
N

VI/30

61%

VI/31

[25]

0 Ho
H 0

VI/32

[25]
[26]

Scheme VI/6. Further examples for transamidation reactions.

R = Alkyl
a) NaOH, H2O b) LiAlH4, THF c) 0.1 N HC1, H2O, 20°, 10 d
d) KHCO3, H2O e) 0.1 N HC1, H2O, 90°, 40 min
f) 0.01 M KHCO3, H2O, 1 h.
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is an example of transamidation reaction. The driving force in the Gabriel
synthesis is the formation of the hydrazide. For analogous transamidation
reactions in open chained systems, see ref. [27].

A transannular amide-amide interaction in dilactams has been observed in
the reactions of 6,10-dioxo-l,5-diazacyclodecane (VI/29) as well as in 5,10-
dioxo-l,6-diazacyclodecane (VI/32), Scheme VI/6, [25]4). The N,N'-diacetyl-
dilactam derivative of VI/29 can be obtained in nearly quantitative yield by
Beckmann rearrangement of 1,5-cyclooctanedione dioxime ditosylate in dio-
xane/water in the presence of an excess of sodium acetate. There is one point of
interest about this reaction; the rearrangement took place exclusively to give
one of the two possible isomers. This is in contrast with other homologous
diketones when both isomers are obtained. In order to avoid N-acetyl forma-
tion of VI/29 the rearrangement was carried out in the presence of potassium
bicarbonate as base. Compound VI/29, left at room temperature in 0.1 N
hydrochloric acid, is converted into N-(3-aminopropyl)glutarimide (VI/31). The
conversion from VI/31 back to VI/29 can be carried out by treatment with
potassium bicarbonate. In 0.1 N hydrochloric acid, the isomeric dilactam,
VI/32, gave an equilibrium mixture of VI/32 and the hydrochloride of N-(4-ami-
nobutyryl)-2-pyrrolidinone (VI/34). When this hydrochloride, VI/34, was dis-
solved in 0.01 M bicarbonate (pH 8.75) for one hour, the cyclodipeptide, VI/32,
could be extracted from the solution. Both reactions probably take place via the
intermediate cyclols VI/30 and VI/33, respectively; compare ref. [28].

One of the great advantages of the transamidation reaction is that it can be
repeated. If the 13-membered lactam, VI/35, (R=H) with a 7-amino-4-azahep-
tyl substituent located at the lactam nitrogen atom is treated with the KAPA
reagent, the intermediate VI/36 should be formed first, see Scheme VI/7.

Compound VI/36 is in equilibrium with the 17-membered lactam VI/37. This
compound still contains a tertiary instead of a secondary amide function.
Under the same reaction conditions, the substituent at the nitrogen atom can
initiate a second transamidation reaction to form the 21-membered lactam
VI/38. The isomerization of VI/35 (R=H), in fact, gave 13,17-diaza-20-icosan-
lactam (VI/38, R=H) as the only product in a yield of 90% [30][31]. In the case
of VI/35 (R=CH3) a mixture of VI/37 (R=CH3), and VI/38 (R=CH3) was
observed (ratio VI/35:VI/37:VI/38 approx. 0:1:2) [7]. The same ratio of pro-
ducts was observed when pure VI/38 was treated under similar conditions.
Presumably, the 13-membered VI/35 still has some transannular strain, which
favors the large ring products. - The side chain in VI/35 can be lengthened by
additional couples of propylamine moieties. A treatment of these compounds
under the ring enlargement conditions gave 25- [30], 33- [32], and even 53-
[33] [34] membered rings. In all three cases the reactions started from a 13-mem-
bered precursor, Scheme VI/8.

4) A general review of ring chain isomerization is given in ref. [29].
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,<CH2),,

VI/35

.(CH2)n

0 N

VI/36

H
I

VI/37
(CH2),, N-H

I
R

VI/38

Scheme VIII. The transamidation reaction as a repeatable ring expansion process [30].

VI/39

NH

VI/40

Scheme VI/8. Synthesis of 13,17,21,25,29,33,37,41,45,49-decaaza-52-dopentacontanelactam
(VI/40) by Zip reaction from N-(39-amino-4,8,12,16,20,24,28,32,36-nonaaza-
nonatriacontyl)-12-dodecanelactam (VI/39) [33].

a) KAPA.
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Because the transformation of VI/39 with a 40-membered ten-amino nitrogen-
atom side chain to VI/40 resembles the unzipping of a sweater, this reaction type
has been called the "Zip reaction" [33].

The coumarin derivative, VI/41, can be similarly converted into the 14-mem-
bered lactam VI/43 [35]. The first step in this transformation is probably the
conjugate addition of a primary amino group of l,9-diamino-3,7-diazanonane
(VI/42) to the a,/?-unsaturated lactone, VI/41, followed by lactone aminolysis
and two transamidation reactions (Scheme VI/9). For additional results see
ref. [36].

MLJ L lk l^^NH HN
20%

VI/41 VI/42

Scheme VI/9. a) CH3OH, 14 d reflux.

VI/43

The transamidation reaction has been, successfully applied to the syntheses of a
number of natural polyamino alkaloids. These alkaloids contain principally
spermidine or spermine as the basic skeleton [37].

The spermine alkaloid (S)-(-)-homaline (VI/50) is the main component of
Homalium pronyense Guillaum. (Flacourtiaceae). The minor alkaloids from
the same plant are, in contrast to VI/50, substituted unsymmetrically on the
spermine part [38] [39]. The starting material in the first synthesis of (S)-(-)-
homaline (VI/50) was putrescine (VI/44), the central diamino part of the alka-
loid, Scheme VI/10, [5]. Tosylation of VI/45, prepared by conventional
methods from VI/44, gave a ditosylate, which reacted in base with (5)-(-)-4-
phenyl-2-azetidinone (VI/46) to give VI/47 diprotected with the te/t-butyloxy-
carbonyl residue. After VI/48 was deprotected, the transamidation reaction
took place via a six-membered intermediate on both ends of the molecule to
form the two eight-membered rings in VI/49. It is possible that an isomer of
VI/49 with an eleven-membered lactam ring instead of the two eight-membered
rings could be formed during the transamidation of VI/48. However, because
of ring strain differences, the eleven-membered isomer was not observed. The
yield (VI/45 -* VI/50) was only 7.2%.
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A (-)-homaline synthesis, which is adaptable for the synthesis of the natural
unsymmetrical Homalium alkaloids, is given in Scheme VI/11 [40] [41]. The
eight-membered diaza part, VI/52, was synthesized by a transamidation reac-
tion. It was possible to prepare homaline (VI/50) and the three other minor
bases, hopromine, hopromalinol, and hoprominol, by combination of different
eight-membered ring building blocks. As shown in Scheme VI/11, homaline
(VI/50) was synthesized in 36 % yield.

H2N

H5C6

H5Ce

VI/49 VI/50

Scheme VI/10. Synthesis of (S)-(-)-homaline (VI/50) [5].

a) 1. CH2=CH-CN 2. 6 N HC1, H2O 3. C2H5OH, HC1
4. LiAlH4, THF
5. 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile 6. (C2H5)3N
b) Ts-Cl, pyridine c) NaH, dimethylformamide, 98° for 16 h
d) HCOOH e) (C6H5)2O, A f) CH2O, HCOOH.

(+)-Dihydroperiphylline (VI/55, Scheme VI/12), a spermidine alkaloid isolated
from Peripterygia marginata (Baill.) Loes. [42] was synthesized by a /3-lactam-
diazacyclooctane method [41] [43]. Thus, treatment of compound VI/52 with
l-bromo-4-chlorobutane and transformation of the resulting chloro-derivative
with liquid ammonia in a sealed tube gave VI/54.
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94% 90%

VI/46 VI/51 VI/52
I c

90 %

VI/50 VI/53

Scheme VI/11. Synthesis of (5)-(-)-homaline (VI/50) [40].

a) Br-(CH2)4-Cl, KOH, THF, Bu4NHSO4 b) NH3, 6 d
c) CH2O, NaBH3CN d) Br-(CH2)4-Br, KOH, dimethylsulfoxide.

HSC6

H 5C 6

VI/55

Scheme VI/12. Synthesis of (±)-dihydroperiphylline (VI/55) [41] [43].

a) Br-(CH2)4-Cl, KN(Si(CH3)3)2, THF, 20° b) NH3

c) KN(Si(CH3)3)2, THF d) C1COCH=CHC6H5, 4-dimethylaminopyridine.

This triamine contains a spermidine backbone, but in contrast to the examples
given above for the Zip reaction, the side chain in VI/54is a 1,4-diaminobutane.
Ring enlargement via a seven-membered intermediate must be done with a base
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of very low nucleophilic character (nucleophilic bases can open the amide
functionality, compare e.g. [7]). With KN(Si(CH3)3)2 in tetrahydrofurane the
13-membered azalactam VI/55 was formed in a yield of only 21 %.

The alkaloid celacinnine (VI/61), isolated from Maytenus serrata (Hochst.
ex A. Rich.) R. Wilczek and Tripterygium wilfordii Hook, is isomeric with
dihydroperiphylline (VI/55) [44] [45]. Its synthesis is quite remarkable: no less
then three different ring enlargement reactions were used to build up the 13-
membered ring [46], Scheme VI/13. In the first step, the /Mactam (VI/46) was
heated with 2-methoxy-pyrroline (VI/56). The resulting six-membered VI/57
gives the nine-membered VI/58 under the conditions of a reductive cleavage.
Specific alkylation at the amide group gives VI/59, the starting material for a
base catalyzed ring enlargement reaction. Compound VI/60 was acylated to
celacinnine (VI/61) in low yield.

JO
VI/46 VI/56 VI/57

a

31%

M^
18% . . . -̂kkĵ ^y

R H

VI/58

VI/60 VI/61

Scheme VI/13. Synthesis of celacinnine (VI/61) [46].

a) 1. NaBH3CN, HOAc, 20°, 24 h 2. NaOH, H2O,
b) 1. NaH, dimethylformamide, 50° 2. PhthN-(CH2) rI, 25°
3. N2H4 • H2O, C2H5OH, reflux
c) 1 N NaOH, 50° d) (£)-C6H5CH=CHCOCl.
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It has been mentioned several times in this chapter (e.g. Scheme VI/7) that
an equilibrium exists between starting material and product in transamidation
reactions. As part of the synthesis of (±)-oncinotine (VI/1) it was planned to
enlarge compound VI/63 by four members to get VI/65 (compare Scheme
VI/15). A transannular reaction would follow, and the resulting enamine,
VI/67, could be catalytically hydrogenated to give oncinotine (VI/1), Scheme
VI/14.

VI/70 R = H VI/71
VI/62 R = OH VI/72

H2N

Scheme VI/15. Equilibrium mixtures via transamidation reactions [10] [47] [48].

However, the ketone VI/63 did not undergo transamidation reaction either
under acidic or under basic conditions5'. When the primary amino function in
VI/63 was protected (as a phthalide by Nefkens reagent [49] [50]), the planned
transformation of VI/64 to VI/1 via VI/66, VI/68, VI/69, outlined above and in
Scheme VI/14, was realized in an overall yield of 56 % [10]. The behavior of the
ketone VI/63 suggest an aminoacetal formation of type VI/73 [51]. Such a com-
pound can be of interest for metallion transport phenomena in plants, because
isomers of VI/63 are natural products and may have some functions in nature. A
detailed analysis of this abnormal behavior is in progress [51].

c
VI/73

5) It should be mentioned that a number of other isomers of VI/63 with the ketone group at
different positions behave as VI/63: no transamidation reaction takes place.
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Azetidine-2-ones (/?-lactams) are parts of a number of important antibiotic
classes such as penicillins [52] [53] [54] [55], cephalosporins [52] [53] [54], and
the related classes of thienamycins [52] [56]. During the work on the structures
and syntheses of these compounds, many new reactions, including ring enlarge-
ment reactions, were observed. However, ring enlargement reactions observed
in this field of natural products will not be subject of this chapter. A variety of
interesting /3-lactam enlargement reactions with more general applications will
be described [57].

A number of suitable methods is available for the synthesis of /Mactams and
yS-lactam derivatives^, making these compounds good starting materials for
further reactions. For mechanistic reasons, we will differentiate these rear-
rangement reactions into four groups, depending on which ring atom the
nucleophile containing substituent is placed. In nearly all examples, the reaction
center is the carbonyl group of the lactam.

N-Substituted //-Lactams

If the N-substituent contains a nucleophilic functional group, it is an ideal situa-
tion for an attack on the lactam carbonyl group. Thus, acid treatment of l-(2-
aminophenyl)3-ethyl-3-phenyl-azetidine-2-one (VI/747), Scheme VI/16) gives
the diazepine derivative VI/75 [69] in high yield. If this reaction takes place

6) Among the procedures which have been developed for /S-lactam syntheses (as reviewed
[58] [59]) are: the cyclization of /?-halopropionamides [60] from azetidine-2-carboxylic
acids and esters [61]; the addition of ketenes to Schiff bases [62]; ring-contraction proce-
dures [63] [64] [65]; [3+1] cyclizations of a-phenylthioacetamide [66]; the cyclization of
aminoacids [67], and styrene and N-chlorosulphonyl isocyanate [68].

7) A large variety of similar compounds has been investigated [69].
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according to expectation, the configurations at the centres 3 and 4 will not be
touched. This can be seen in the conversion, VI/76 —> Will [57]. Lactone for-
mation can be observed, too, if the nucleophile NH2 is replaced by OH (VI/78
-» VI/79 [57], Scheme VI/16).

C2H5_H

VI/75

H3CO,

OCH3

H3CO

VI/76 VI/77

OCH3

OCH3

VI/78 VI/79

Scheme VI/16. Ring enlargements of N-substituted /8-lactams.

a) HC1, H2O b) organic bases or acids.

During the base catalyzed epimerization of various penicillins, the formation
of thiazepinones, VI/81, was observed. It has been suggested that the unsatu-
rated /3-lactam VI/80 is formed as a key intermediate by opening of the sulfur
containing ring. Nucleophilic attack by the newly freed mercapto group in VI/80
led to VI/81 [57], Scheme VI/17.
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COOR

CH 3

VI/80

COOR1

VI/81

VI/83

J O -
VI/46 VI/56

VI/84

VI/85
VI/57

Scheme VI/17. Further examples of rearrangements of N-substituted /J-lactams (configura-
tion of VI/84 not given in [5]).

a) Base b) silica gel c) reflux in C6H5C1.

A number of examples of the /3-lactam ring enlargement are discussed in Chap-
ter VI. 1. Such an enlargement reaction had been used also as a key step in the
synthesis of the alkaloid homaline (Scheme VI/10: VI/48 -^ VI/49; Scheme
VI/11: VI/51-^ VI/52).

More complex than the examples given above is the formation of the pipera-
zone carboxylic acid VI/84 from the /?-lactam VI/82. On silica gel this reaction
takes place slowly. A plausible explanation is given in Scheme VI/17 [5]. The
rearrangement takes place via an intramolecular attack of the neighboring
carboxylic acid residue to give the seven-membered cyclic anhydride, VI/83.
Because of the primary nature of one of the amino groups a second rearrange-
ment, an internal acylation, can then take place. It should be noted that the
second rearrangement is a ring contraction to give a stable six-membered ring.

Finally there is a reaction of a N-substituted /3-lactam which had been used
several times in the syntheses of natural occurring polyamine alkaloids [70]: the
/3-lactam VI/46 reacts on heating with 2-methoxypyrroline VI/56 [71] to form
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the dihydropyrimidine derivative VI/578'. The proposed intermediate VI/85,
given in Scheme VI/17, has not been isolated [72]. The yield seems to be depend
very much on the structure of the methyl imino ether. Presumably, geometric
effects associated with the syn versus anti configurations of the cyclic imino
ether groups in medium and large ring compounds may affect the course of this
reaction. The whole mechanism is as yet unknown, but analogues of the inter-
mediate VI/85 have been synthesized [70]:

CH3

I—r—CH3

0 ^^LJ

VI/86

+

H3CO

0
VI/87

a,b

83 7.

CH3

1 1 CH3

VI/88 NL

H3C CH 3

VI/89

Scheme VI/18. a) 130°, 2 h b) without solvent c) 180°, 2 h.

In contrast to VI/85 compound VI/88 (Scheme VI/18) is a stable, crystalline,
colorless material. It undergoes base catalyzed conversion to VI/89 [70]. This
reaction has been applied as a key step in the synthesis of the following natural
products : celacinnine [46] (compare Chapter VI. 1), O-methylorantine [74],
chaenorhine [75], cannabisativine [76], and verbascenine [72].

/f-Lactams Substituted at Position 3

As shown above, the ring enlargement of N-substituted /3-lactams gives com-
pounds in which the lactam ring is enlarged by n members. The letter n stands
for the number of atoms placed between the /Mactam ring and the nucleophile.
In case of compound VI/80 (Scheme VI/17) the new ring should be seven-mem-
bered: 4 (/Mactam) + 3 (three-membered side chain) = 7. This kind of calcula-
tion will give incorrect results if applied to /3-lactams substituted at position 3.

8) For other methods to synthesize dihydropyrimidines of type VI/57 see ref. [72] [73].
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The nucleophile in the side chain will attack the carbonyl group of the lactam
and, in the course of the ring enlargement, the atom 1 acts as an internal leaving
group. The first example in Scheme VI/19 is tab toxin (VI/90).

H2N
OH

VI/90
COOH
I

R = NH-CH-CH-CH3

OH

H

VI/91

VI/92 R - Alkyl VI/93

VI/95 VI/94

Scheme VI/19. Ring enlargement reactions of /3-lactams substituted at 3-position.

a) 20° b) reflux in C6H5OCH3.

This compound undergoes a translactamization reaction to give the non-toxic
isotabtoxin (VI/91) at room temperature and neutral pH with a half-life of
about one day [77] [78] [79]. Inactivation of tabtoxin is even quicker in either
acid or base [80]. (The driving force of this conversion seems to be the change to
a less strained molecule). The transformation of the /Mactam to the five-mem-
bered VI/95 (by heating in anisol) is another example of this type and includes
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the ring enlargement to VI/93 followed by an elimination reaction to give VI/94
[57]. - Finally, an attempt was made to prepare the amino alcohol, VI/97, by
condensation of the /3-lactam, VI/96, and ethyleneoxide. However, the only
reaction product found, was the morpholine VI/98 [57], Scheme VI/20. Com-
pound VI/98 is explained as a rearranged product of the first formed VI/97.

VI/96 VI/97

Scheme VI/20. /S-Lactam ring expansion.

//-Lactams Substituted at Position 4

If a nucleophilic group is placed in a side chain which is located at /Mactam posi-
tion 4, as shown in Scheme VI/21, the size of the new ring formed be six. The
transformation from VI/99 to VI/100 takes place in acid or base [57]. The ana-
logous formation of VI/102 has been observed when the trimethylsilyl protected
/Mactam Vl/lOlwas deprotected [81]. In both cases, retention (C(3)) and inver-
sion (C(4)) of the configuration was found.

Other Types of /7-Lactam Rearrangements

The lactam bond can be opened photochemically in an a-fission. If an appropri-
ate substituent is located at the nitrogen atom the radical stabilization can take
place as shown in Scheme VI/22, VI/103 -» VI/106 [82] [83]9). Dihydrouracils of
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VI/99 VI/100

VI/101 VI/102

Scheme VI/21. /?-Lactam ring expansion effected by a side chain in 4-position.

a) TsOH or N(C2H,)3 b) CH3OH.

type VI/108 are formed if the enamine (CH3)2C=CHN(CH3)2 prepared from
dimethylamine and 2-methylpropanal, is heated with isocyanates in a sealed
tube at about 120°. It is likely that a /3-lactam (compare VI/107) reacts again as
an intermediate. In the presence of an excess of isocyanate a second molecule
of isocyanate will be involved in this reaction [84] [85] [86]. - Attempts have
been made to synthesize /?-thiolactam analogues of penam and cepham systems.
In fact 1:1 adducts were obtained from silylthioketenes such as VI/109 and
2-thiazolines of type VI/110, Scheme VI/22, but these products proved to be

9) The photochemical ring enlargement of N-phenyl-lactams does not work with four-,
five-, and six-membered lactams [82]. The reaction has been observed only in the case
of benzannelated /S-lactams, see Scheme VI/22 [83]. Photolysis of larger N-phenyl-lactams
are as follows [82]:

0

a) hv, C2H5OH

(CH2)n

n = 5 - 87 •/.
6 - 8 3 •/.
11 - 8 0 7.
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VI/106

H3C

CH3

-CH3

VI/105

H3C

0

CH3

VI/107

H3C

H3C

VI/108

rV
II
s

VI/109

S J I C H > "

Si(CH3)3

VI/110 VI/111

Scheme VI/22. Other types of /3-lactam ring expansions.

52%
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thiazepine derivatives VI/112. They result from rearrangement of an inter-
mediate thiopenam system, VI/111 [87].

/3-Lactams participate in a number of ring enlargement reactions of different
types. Because of the classification in this review they are described at other
places too; e.g. Sommelet-Hauser rearrangement (Chapter V3).

VI.3. Cyclodepsipeptides

Cyclodepsipeptides are natural products and one of the methods for their
syntheses includes a ring enlargement approach. The two reactions mentioned
in Scheme VI/23 are examples. Neighboring hydroxy-amide interactions in

o. © ci
-0 . ^ ^ ^ N . ^-NH3

©

VI/114

C6H5

VI/115

97%

H

VI/116

OAc

(CH2)6-CH3

C6H5

(L)
R
0 ^

0

0.

(CH2)6

(D) H3C

(CH2)g-CH3 (D)

0

0
CH20R (L)

R = COCH3

VI/119 R = H

Scheme VI/23. Synthesis of serratamolide (VI/119) [89].

a) HC1, H2O b) H2, Pd-black, THE
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lactams have been noticed [88], when, for example, the eleven-membered
6-hydroxydecane-10-lactam (VI/113) was converted to the 6-(4-aminobutyl)-
hexane-6-lactone (VI/114)10) under acid catalysis. A similar but, concerning the
ring size, reverse reaction leading to the eleven-membered cyclodepsipeptide
VI/116 took place spontaneously when the benzyloxy compound VI/115 was
hydrogenated [89].

In the first reaction (VI/113—> VI/114) a secondary amide (lactam) was trans-
formed to a lactone and a primary amide. Presumably the conversion is possible
only under acidic conditions, because, in the presence of base, the resonance
stabilized secondary lactam will have been formed, and this will stabilize the
medium-sized eleven-membered ring. The ring strain in the five-, six-, and
seven-membered rings is less than in the ten- and eleven-membered ones.
Under basic or neutral reaction conditions larger rings are preferred to the
smaller rings, because of the resonance stabilized secondary lactams. The high
yield (97%) of the eleven-membered compound VI/116 was observed under
neutral conditions. This shows that the seven-membered imide with a primary
alcoholic group, prepared from VI/115, is less stable than the medium-sized
VI/116, containing a secondary lactam and a lactone group.

The antibiotic serratamolide (VI/119, Scheme VI/23), a naturally occurring
cyclodepsipeptide, was isolated from a Serratia marcescens culture [90]. Its
synthesis is an application of the principal method described above. The hydro-
genolysis of the diketopiperazine VI/117 gives the O,O'-diacetyl derivative
VI/118, which was converted into the antibiotic itself by mild hydrolysis [91].

A general procedure for the synthesis of cyclic depsipeptides was published
recently [92]. Starting material is the open chained compound of structure
VI/120, Scheme VI/24.

It can be prepared by treatment of 3-amino-2//-azirines (e.g. 3-(dimethyl-
amino)-2,2-dimethyl-2//-azirine) with an amino acid or peptide and, finally,
with a w-hydroxyacid. The formation of the oxazolone, VI/121, is observed
when VI/120 is treated with acid. The ring enlargement step, the conversion
of VI/121 to VI/122, is observed under the same conditions. The transformation
of (-)-(R,R)2-{2-[2-(2-hydroxy-2-phenylacetamido)-2-methylpropionato]-2-
phenylacetamido}-N,N,2-trimethylpropionamide (VI/123) to (-)-(R,R)-3,3,9,9-
tetramethyl-6,12-diphenyl-l,7-dioxa-4,10-diazacyclododecane-2,5,8,ll-tetrone
(VI/126) in dry toluene/hydrochloric acid at 100° was observed in a 88 % yield.
Compounds VI/124 and VI/125 are discussed to be intermediates. In an analo-
gous reaction sequence cyclopeptides can be synthesized [93].

10) Experiments for the reverse reaction VI/114^- VI/113 have not been described, ref. [88].
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0 H3C CRj CH3

H 0

VI/120

CH3

VI/122

H O ^

H

II

H

H3C

0 Ph

JJ V
CH3

VI/123

H

II

H

H3C

0
II

< ^
CH3

H3

VI/124

T
V N H H p h NH

CH3

CH3

VI/125

H3C CH 3

VI/126

Scheme VI/24. Synthesis of cyclic depsipeptides via direct amide cyclization [92].

a) HCl, toluene, 100°.
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VII. Ring Enlargement by Side Chain Incorporation

This chapter presents a series of reactions of cycloalkanones disubstituted in
position 2. One of the substituents is a side chain of varying length, containig,
at its end, the residue X. This residue X represents an internal nucleophile,
which attacks the carbonyl carbon atom, in order to form a bicyclic alcohol
intermediate. Oxygen, nitrogen, or carbon nucleophiles can be used. The
second substituent in cycloalkanone position 2 is Y, representing an electron
withdrawing group, such as COR, SO2R, NO2, CN, NO [1], and COOR. Such
a group allows the ring enlarging step. This consists of a heterolytic cleavage
of the bridge bond in the bicyclic intermediate. The splitting of the same bond
can also be observed, if homolytic reaction conditions are used. In the latter
case the residue Y represents an alkyl or COOR group.

There are several known examples, in which bicyclic intermediates, outlined
above, were isolated and yielded the expected ring enlargement products on
further treatment with base. In order to study the stereochemical course of
the enlargement reaction, the relative configurations of the bicycles VII/1 [2],
VII/3 [3], and VII/5 [4] (Scheme VII/1) were determined by X-ray structure
analysis. Intermediates VII/1 and VII/3 are trans-, and VII/5 is cis- fused. Both
VII/3 and VII/5, in spite of having different configurations, under basic condi-
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tions, undergo ring expansion to VII/4 and VII/6, respectively. While the yields
in the second and third examples are high, the conversion rate of VII /1^ VII/2
is distinctly lower, Scheme VII/1. Assuming all three examples proceed through
the same reaction mechanism and therefore have the same stereochemical
arrangement at the bicyclic bridge, it must be concluded that one or even two of
the diastereoisomers are not the direct percursors of the corresponding ring
expanded products. In such cases, base-catalyzed epimerisation of the hemi-
acetal functions must take place. This epimerization can be brought about by
a retro-aldol reaction, to generate the apropriate diastereoisomer, to undergo
ring expansion1^. No other stereochemical details are known in the mechanistic
course of the heterolytic expansion reaction.

This Chapter is subdivided into carbocycle, lactam, and lactone forming
reactions according to the structural classes of the products formed by the ring
enlargement.

1) An isomerization prior to the ring expansion has been observed. Thus, aldol product A
containing a six-membered ring gave the ring enlarged product B, which can only be
derived from the alternative six-membered intermediate, C [5].

SO2Ph

NaH/
[18] crown-6

SO2Ph

SO2Ph
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OH

ay a,c

26 7.

[2]

VII/1

N02

VII/2

OH

CO
.0. ...CH3

N02

VII/3

b,c

97%

. . .CH3

[3]

NO2

VII/4

b,d

94%
[4]

VII/5 VII/6

Scheme VII/1. Configurations of bicyclic intermediates of the ring enlargement reaction,

a) KOtBu, THF b) cat. Bu4NF, THF c) HOAc d) H2O.

VII.1. Ring Expansion Reactions Leading to Carbocycles

The incorporation of the side chain, placed in 2-position of a cycloalkanone,
is influenced by strong electron withdrawing groups as Y. There are a number
of experiments published, in which the nitro, the phenylsulfonyl, the ketone
carbonyl, and the cyano group were used as Y.

The heterolytic cleavage of the C(1),C(2) bond of 2-nitroketones, substi-
tuted at the 2-position has been investigated extensively, and the synthesis of 2-
nitroketones and their reactions with external nucleophiles have been reviewed
comprehensively [6]. The activated C(1),C(2) bond in 2-nitrocycloalkanones,
alkylated in position 2, can be cleaved with an external nucleophile [7]. The
resulting open chain compounds represent useful building blocks in organic
synthesis [8] [9]. For our purposes, cleavage of the C(1),C(2) bond with internal
C-nucleophiles can afford ring enlarged products.
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Open chain 2-nitroalkanones substituted by a second alkanone residue in
the 2-position are the first examples which will be discussed, Scheme VII/2.
2-Methyl-2-nitro-l-phenyl-l,5-hexanedione (VII/7), prepared from 2-nitro-l-
phenyl-1-propanone and methylvinylketone in the presence of triphenylphos-
phine, as well as its homologue, VII/10, under base catalysis, rearrange to the
1,3-diketones VII/9 and VII/12, respectively. In contrast to the starting com-
pounds, VII/7 and VII/10, both products (VII/9 and VII/12) in basic medium
can form resonance stabilized dianions (1,3-diketone and secondary nitroalkane
moiety). This behavior seems to be the driving force for the rearrangement.
It is remarkable that both homologues VII/7 and VII/10 behave differently
under the same conditions: the methylketone VII/7 rearranges via the six-mem-
bered intermediate VII/8, and the ethylketone VII/10 goes exclusively via the
four-membered VII/11. In both cases the alternative products have not been
detected.

CH3

84%

VII/7 VII/8

©_
101 CH3

-N02

VII/10

CH3

VII/11

75%

Scheme VII/2. Base catalyzed rearrangement of 2-nitro-l,5-diones [10].

a) KOtBu, THF, -78° b) HO Ac.

H,C

VII/12

In addition to the two alternative active methylene groups in the side chain
ring, strain effects have to be considered when cyclic analogues of VII/7 and
VII/10 are treated with base. Thus, compounds with the general formula VII/13
give, apart from some side products (e.g. retro-Michael and bicyclic compounds
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VII/13

n
6
7
8

VII/14
100
56
11

N02

VII/14

Ratio
VII/15

0
44
89

Yielc

85%
79%
45%

VII/15

Scheme VII/3. Rearrangement of cyclic 2-nitro-l,5-diones [2].

n = Ring size
a) 2 KOtBu, THF, 80° b) H3Oe.

such as VII/1), a mixture of VII/14 (incorporation of two carbon atoms into the
ring) and VII/15 (four carbon atoms), see Scheme VII/3. Several conclusions
can be drawn from these results : The eight-membered ring is preferred to the
ten-membered ring; nine- and eleven-membered ring compounds such as
VII/14 and VII/15 have comparable stabilities; and, finally, in comparing ten-
and twelve-membered rings, the latter is preferred. Steric properties of the
dianions, VII/14 and VII/15 may also be responsible for the different product
ratios. Another conclusion involves the acidity of the active methylene group
situated in the side chain. This was studied using a side chain containing a /3-
ketoester moiety. In this case, the ring expansion took place regiospecifically
and in high yields with insertion of four carbon atoms, as shown in Scheme
VII/42).

CH3O

0 N02

0
coocH3

90% O 93%

VII/16 VII/17 VII/18

Scheme VII/4. Regiospecific rearrangement of 2-nitro-l,5-dione VII/17 [11].

a) Bu4NF/THF.

2) The twelve-membered VII/18 in CHC13 solution exists in four conformers (NMR spectra).
Most similar compounds also have more than one conformation. - Hydrolysis of the ester
in VII/18 was not possible, and decarboxylation could only be realized by hydrogenolyses
of the corresponding benzylester [2].
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The smallest ring expanded by this method was seven-membered (VII/13,
n = 6) [2] [4] [11]. The number of carbon atoms incorporated by this method
ranges between two and four. A side reaction predominates when attempts were
made to incorporate a three carbon atom unit from a butanoate chain as in
VII/19. Instead of the expected ring enlargement product, a nitrone was
observed, formed by a direct attack of the carbanion at the nitro nitrogen atom,
Scheme VII/5 [12].

COOCH3

a,b

93%

VII/19 VII/20

Scheme VII/5. Nitrone formation as a side reaction [12].

a) KOtBu, THF b) H2O.

In situ generated enamines3) from compound VII/22, prepared from 2-nitro-
cycloalkanones, undergo ring expansion reactions too. The conditions are parti-
cularly mild, and the yields are high. This reaction was applied to the syntheses
of cyclopentadecanone (VII/25, R=H) and (±)-muscone (VII/25, R=CH3),
given in Scheme VII/6 [14]. The preparation of the aldehyde, VII/22, from
2-nitrocyclododecanone (VII/21) was initiated by a Pd(O)-mediated alkylation,
followed by functional group modification reactions. The ring enlargement
step took place in alkoholic solution at room temperature in the presence of
pentylamine. Denitration with tributyltinhydride was the low yield step in this
synthesis.

The phenylsulfonyl residue is another functional group (Y) with high elec-
tron withdrawing capacity. Different authors have used it for ring enlargement
reactions [5] [15] [16]. One of the procedures is the following: During the ring
expansion step a three carbon atom unit will be incorporated into the smaller
ring [15]. The transformations of a five- to eight-, and an eight- to eleven-mem-
bered rings will result. The three carbon atom expansion seems to be the ideal
way to transform the inexpensive cyclododecanone into the expensive 15-mem-
bered muscone (VII/25, R=CH3). Such a synthesis has been carried out in the
following way: Phenylsulfonyl substitution in position 2 of cyclododecanone

3) Pentylamine gave the best results in the enamine ring enlargement route. For comparable
reactions, see ref. [13].
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VII/21

a ,b ,c

CHO

90%

VII/22
VII/23

86%

VII/25 VII/24

Scheme VII/6. Synthesis of cyclopentadecanone (VII/25, R=H) and (±)-muscone (VII/25,
R=CH3) by the enamine route of ring enlargement (yields are given for
R=H) [14].

a) CH2=CR-CH(COOCH3)(OCOOC2H5), Pd[C6H5)3P]4 b) H2, Pd-C
c) diisobutylaluminiumhydride d) H2N-C5H11; C2H5OH
e) Bu3SnH, 2,2'-azobisisobutyronitrile, toluene
f) KOH, C2H5OH, H2O, 15 h, reflux.

takes place by bromination (Br2, CHC13, 20°). Followed by treatment with
sodium phenylsulfinate (dimethylformamide, 120°) to give VII/26. Reaction of
the mesylate, VII/27, with the sodium enolate of the /3-keto sulfone VII/26
(Scheme VII/7) in the presence of sodium iodide in dimethylformamide affords
the desired alkylated product, VII/28. Treatment of this compound with a
catalytic amount of fluoride ion (Bu4NF) leads directly to the ring-expansion
product, VII/30. No intermediates can be detected. However, intermediates
with a cw-substitution in the bicyclic bridge can be isolated in cases of model
compounds with smaller rings. Presumably, the reaction proceeds via VII/29 as
shown in Scheme VII/7. Catalytic hydrogenation and desulfonylation then give
(±)-muscone (VII/25) in high yield [15].

Ring enlargement reactions also take place in 2-oxocycloalkane-l-carbonitri-
les substituted in 1-position by an w-alkylester or ketone [17]. The introduction
of cyano groups into the a-position of cycloalkanones can be carried out in
CH2C12 with C1SO2NCO in dimethylformamide [18]. Two and three carbon
atom ring expansion reactions are possible by this method. In most cases the
yields are low, which is in contrast with the results of the lactonisation (compare
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VII/26

SO2C6H5

CH2
83 7.

VII/27

VII/30

I -
95%

CH3

SO2C6H5

92%

0
Si (CH3)3

SO2C6H5

SO2C6H5

VII/29

CH3

VII/25

Scheme VII/7. (±)-Muscone (VII/25) synthesis mediated by phenylsulfone [15].

a) NaH, Nal, 1,2-dimethoxyethane b) Bu4NF, THF
c) H2, Pd/BaSO4 d) Na(Hg), Na2HPO4.

Chapter VII.3). The conversion of VII/31 to VII/32 (Scheme VII/8) however,
goes in very good yield. Compound VII/33 is formed by transesterification [17].
One, two, and three carbon atom expansions, following the same reaction
principle, have been published quite recently [19] [19a]. By this method, ethyl
l-methoxycarbonylmethyl-2-oxocyclohexancarboxylate, for example, can be
transformed to ethyl 2-methoxycarbonyl-3-oxocycloheptancarboxylate in the
presence of 1.2 equivalents of potassium tertiary butoxide in dimethylsulfoxide
(41% yield).
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COOCH3
0 COOCH3

a , b

133

COOC(CH3)3

CN

VII/31 VII/32

Scheme VII/8. a) KOtBu, THF b) HOAc.

VII/33

Using these methods it should be possible to carry out the following interest-
ing reaction sequence: Suppose one uses a nucleophile which can also act as a
leaving group. Two or three different types of Michael acceptors (one should be
cyclic) may be combined in one pot. After workup, the ring enlargement should
be completed. Experiments on this have not yet been completed [20]. Such a
multicomponent one-pot annulation [20] [21] may start with an a,/3-unsat-
urated cycloalkanone, e.g. VII/34, (Scheme VII/9). In a series of reactions only
Michael additions take place. The whole sequence is named "MIMIMIRC"
(= Michael-Michael-Michael-Ring Closure) [20]. First, the reaction of VII/34

a,b

VII/34 VII/35

SnBu3

VII/36

COOCH,

SnBU3

VII/37

COOCH3

56%

COOCH3

60 7. <

COOCH3

VII/40 VII/39

Scheme VII/9. An example of a multicomponent one-pot annulation reaction followed by
oxidative cleavage [20].

a) LiSnBu3, THF b) 2 CH2=CH-COOCH3 c) NH4C1, H2O d) Pb(OAc)4.
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with lithium tributyl stannate leads to the lithium enolate, VII/35. This com-
pound reacts with methyl acrylate to form again a lithium enolate, the inter-
mediate VII/36, which reacts with a further Michael acceptor, added later on
(Scheme VII/9). In Scheme VII/9 methyl acrylate is used twice afterwards. The
newly formed carbanion attacks the old cyclohexene carbonyl group. It had
been planned that this tertiary alkoholate would start a fragmentation type
elimination, in which the original nucleophile (SnBu3

e) should act as a leaving
group, VII/38. However this could not be realized without a further chemical
transformation of the "leaving group". This was realized by lead tetraacetate
oxidation of the two diastereoisomers, VII/37, separated from the reaction
mixture. The reaction sequence resembles a boomerang.

in* + Bu3SnH —•> Bu3Sn# + InH

Bu3Sn* + B r - ^ \ / \ ^ ^ . f ; H 2 •" * "^•' ' '~^^5^CH2
 + Bu3SnBr

Bu3SnH • \ / \ ^ ^ . C H 2 + Bu3Sn«

a
Bu3SnH

T

, C H 30 * Cr
+ (Bu3Sn)2 + Bu3SnR + Bu3Snln etc.

Scheme VII/10. Radical chain process illustrated by the system; 5-hexenylbromide, tributyl-
tinhydride, and 2,2'-azobisisobutyronitrile [23].

In- = initiator radical.

The use of organic tin compounds leads to another aspect of the same topic.
An effective alternative to the ring enlargement following ionic reaction mecha-
nisms are those expansions which are radical chain processes. The stannylation
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and destannylation of organic molecules [22] as well as the knowledges of radi-
cal chain processes'^ have been used in some cases.

In a free radical ring expansion reaction discovered quite recently [24] [25], a
methyl or ethyl cycloalkanone-2-carboxylate was first alkylated with methylene-
dibromide [24] or bromomethylphenylselenide [25], Scheme VII/11.

VII/41 VII/42 VII/43 VII/44

Scheme VII/11. Ring expansion of bromo- or selenomethyl /3-ketoesters [24] [25].

X = Br, SeC6H5

a) NaH, THF, hexamethylphosphoramide b) CH2Br2 or Br-CH2SeC6H5

c) Bu3SnH, benzene, 2,2'-azobisisobutyronitrile, reflux.

Treatment of the alkylation product, VII/42, with tributyltinhydride and a cata-
lytic amount of 2,2'-azobisisobutyronitrile in refluxing benzene gives the pro-
duct VII/43, expanded by one carbon atom5). In the case of methyl cyclopen-
tanone-2-carboxylate, the yield of the bromomethyl adduct VII/42 is 67 % and
the ring enlargement proceeds in 75 %. The expected reduction product, VII/44,
was not isolated [24]. The proposed mechanism is given in Scheme VII/12 [24]
[26]. The ring expansion reaction probably occurs when the primary radical
attacks the ketone carbonyl carbon atom. The resulting alkoxy radical forces
the internal cyclopropane ring, VII/47, bond to cleave. The ester group plays
several important roles in this rearrangement: By double activation the synthe-
sis of the starting materials is facilitated. It also appears to activate the ketone
towards attack by the methylene radical. At a later stage the ester stabilizes the
radical in its a-position through conjugation and so provides the driving force
for cyclopropane ring cleavage.

Further results using homologous bromides and iodides, treated under the
same conditions, are given in Scheme VII/13. Ring enlargement by two carbon
atoms was not achieved [31]. The only product isolated from the reaction mix-
ture was the reduced ethyl 2-ethyl-2-cyclohexanonecarboxylate (VII/52).

4) Although radical chain processes occur spontaneously at moderate temperatures, it is
usually desirable to faciliate the chain propagation by addition of an initiator. 2,2'- Azobi-
sisobutyronitrile (AIBN = 2,2'-dimethyl-2,2'-azobis[propanenitrile]) is an ideal initiator,
its decomposition rate is solvent independent. Such a reaction is described for a proto-
type 5-hexenylbromide with tributyltin hydride initiated by "In" [23] as an illustration in
Scheme VII /10.

5) An open chain (thioester) analogue of this migration is also known [27] [28] [29] [30].
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0 0
-Br

- B r *
^C0OC2H5 •

VII/45 VII/46 VII/47

VII/48

Scheme VII/12. Proposed mechanism of the ring expansion by a radical reaction [26].

In contrast, three- and four-carbon atom ring expansions proved more success-
ful. Similar results were observed in case of cyclopentanones and cyclohepta-
nones [31], and in various heterocyclic systems (N, O, S) [32].

Analogous ring enlargement reactions, including a radical promoted Q
incorporation, are known in steroid chemistry: Irradiation of the 11/3-nitrite
of 4-androstene-ll/3-ol-3,17-dione (VII/59) (Barton reaction) in toluene gave
18-nor-D-homo-4,13(17a)-androstadiene-ll/3-ol-3,17-dione (VII/63) [33]. For
Q radical rearrangements mediated by cobalamin, see [34] [35] [36] [37].

A related reaction was observed when the cyclic keto ester, VII/64, (Scheme
VII/14) was boiled with tributyltinhydride in benzene (or toluene). The result-
ing product was the benzocyclooctanone, VII/68 [38]. As expected, this com-
pound is generated via formation and /3-fission of the alkoxy radical, VII/66, but
the yield is low. The major product is the direct reduction product, VII/67,
derived from the unrearranged radical VII/65. If the reaction is carried out with
deuteriostannane, VII/67 shows the presence of deuterium on both rings, the
aryl as well as cycloalkyl. Therefore it can be concluded that not only VII/65
but also VII/69 is an intermediate. Homologues of the radical, VII/69, are
supposed to be intermediates for the rearrangement products (ring-contracted
and ring-expanded as well as reduction products) which can be observed in
homologues of VII/64 [25] [39].

Formation and /3-fission of bicyclic tertiary alkoxyl radicals from the corre-
sponding alcohols are well known [38] [40]. The treatment of 5a-cholestane-
3/3,5-diol-3-acetate, VII/70, and the 5/5-alcohol, VII/71, respectively (Scheme
VII/15), with one molar equivalent of lead tetraacetate in the presence of
anhydrous calcium carbonate gives radical fragmentation reactions. The pro-
ducts are the two (E)- and (Z)-3/3-acetoxy-5,10-seco-l(10)-cholesten-5-ones
(VII/72 + VII/73) [40]. The ratio of VII/73:VII/72 is 63:10 [41] [42] [43].
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,Br

VII/50

'COOC2H5

COOC2H5

VII/56

tw
VII/51
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COOC2H5

VII/54
(49%)
(75%)

VII/52
(100%)
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COOC2H5

VII/55
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CH3

COOC2H5

COOC2H5

VII/57
(71%)

VII/58
(25%)

137

ONO,

VII/59 VII/60

VII/63

Scheme VII/13. Examples of ring expansions by radical chain processes [26].

a) Bu3SnH, 2,2'-azobisisobutyronitrile.
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COOCH3

VII/64

COOCH3

VII/66
b

75% U%

CH3OOC

VII/69

COOCH3

VII/68

Scheme VII /14. Ring expansion by /3-fission of an alkoxyl radical in a bicyclic system [25]
[39].

a) Bu3SnH, benzene, 2 h reflux b) Bu3SnH.

A c 0

A c 0

A c0

VII/73

Scheme VII/15. Preparation of stereoisomeric 5,10-seco-cholestene derivatives [40].

a) Pb(OAc)4, CaCO3, benzene, reflux.
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An alternative ten-membered ring formation is obtained by irradiation of
VII/70 in the presence of mercury(Il)oxide and iodine in CC14 solution.

There exists also a synthesis of cyclopentadecanone (VII/81) and (±)-mus-
cone, based on a three-carbon annulation of cyclic ketones followed by the
regioselective radical cleavage of the zero bridge of the so formed bicyclic sys-
tem [44]. The synthesis of cyclopentadecanone is summarized in Scheme
VII/16. The cyclization of VII/78 to the bicyclic alcohol VII/79 proceeds best
(94 % yield) with samarium diiodide in the presence of hexamethylphosphoric
acid triamide and tetrahydrofuran [45]. The oxidative cleavage of VII/79 to the
ring expanded product VII/80, was performed by treatment with mercury(II)-
oxide and iodine in benzene, followed by irradiation with a 100 Watt high pres-
sure mercury arc. Tributyltinhydride made the de-iodination possible.

OTMS

a,b ,c ,d

OR

VII/74
VII/75
VII/76
VII/77

R =

R =

R =

CH3

' ^ V O ' ^ N - C H 3

H

Ts

59%

VII/78

f or
g or

h

94%

HO

80% 96%

VII/81 VII/80 VII/79

Scheme VII/16. Synthesis of cyclopentadecanone (VII/81) by /?-fission of the bicyclic zero
bridge [44].

a) CH3Li, 1,2-dimethoxyethane b) I(CH2)3OCH(CH3)OC2H5 c) H3O*
d) TsCl, pyridine e) Nal, acetone
f) Sml2, THF, hexamethylphosphoramide g) BuLi, THF
h) Mg, HgCl2, THF i) HgO, I2, benzene k) hv
1) Bu3SnH, 2,2'-azabisisobutyronitrile, benzene.

Mechanistic studies on the cis- and trans-homer of 9-decalinoxyl radicals
(Scheme VII/17), generated from a variety of reagents {e.g. hypobromite,
nitrite), indicate a delicate balance of kinetic and thermodynamic factors
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influencing the direction of ring opening. Each of the isomers of the 9-decali-
noxy radicals undergo fast, but reversible, 9,10-bond fissions though the 1,9-
bond fission is slower than the 9,10-bond fission (tertiary radicals are preferred
to secondary ones); Scheme VII/17 [46]. For related reactions, see ref. [47] [48].

VII/82

// X

CD
H

VII/83

\

VII/84

ay1
VII/85

Scheme VII/17. CM- and rran^-isomers of the 9-decalinoxyl radicals [46].

Finally, a ring enlargement system will be discussed, which has been discovered
quite recently [49] [50]. In some respects, it represents a combination of two
methods, mentioned above [20] [26] (compare Schemes VII/9 and VII/13).
2-Cyclohexanone was substituted in the 3-position by a tributyl-tin residue, and
in the 2-position by an <y-functionalized side chain, see Scheme VII/18. Using
this method, the side chain could be introduced regioselectively (trans to the
SnBu3 group). Starting with the acetal, VII/89, and reversing the order of intro-
duction for the groups gave a product, VII/91, with the reversed configuration
at the two centers.

Treatment of cis- and frans-isomers with lithium tributyltinhydride in ben-
zene solution with 2,2'-azabisisobutyronitrile as initiator gave ring enlargement
products, with only small amounts of direct reduction products. Because of
the different geometry of the intermediates, the reaction leads, as shown in
Scheme VII/19, to different products. The m-substrate VII/91 (X = SeC6H5,
Y = CH3: cw-2-methyl-2-(4-phenylselenobutyl)-3-tributylstannylcyclohexanone,
Scheme VII/18) forms the cw-alkene (VII/94, (Z)-6-methylcyclodec-5-enone)
in 89 % yield. Compound VII/94 was contaminated with approximately 10 % of
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VII/86

OLi

Y

SnBu3

VII/87

,(CH2)n-X
ZY

VII/88

0 0
Br

VII/89

c , b , d
(CH2)n-X

VII/90

a,e t
VII/91

Scheme VII/18. Synthesis of cis- and ^ans-2-(phenylselenoalkyl)-3-(tributylstannyl)cyclo-
hexanones [50].

Y = CH3 or R
a) Bu3SnLi, THF b) I-(CH2)n-X c) BuLi
d) (COOH)2, H2O e) Ye.

CH3

S n B u 3

VII/88, VII/91

10

VII/93

trans

VII/94 (89%)
(Z/E ratio 90:10)

Bu3Sn BU3S11

VII/97 (85%)
(Z/E ratio 5:95)

Scheme VII/19. A free radical mediated ring expansion of cis and trans a-alkylated /S-stanny-
lated cyclohexanones [49] [50].

a) Bu3SnLi, 2,2'-azabisisobutyronitrile, benzene, reflux.
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the (E)-isomer. The trans-substrate, VII/88 (X = I, Y = CH3), produces the
(E)-alkene, VII/97, (85 % yield) with an (E)/(Z) ratio greater than 95:5. The
reaction mechanism shown in Scheme VII/19 agrees with these observations:
Elimination of the trialkylstannyl radical proceeds via a concerted coplanar anti-
elimination mechanism and is an alternative to the fragmentation reactions of
similar systems (Chapter VIII) [50].

Free radical reactions have been used in organic synthesis not only for ring
expansion, but also for formation of macrocyclic ketones [48] [51].

VII.2. Ring Enlargement by Side Chain Incorporation with
Lactam Formation

As explained in the previous sections, a carbanion or a carbon radical situat-
ed in the side chain of a cycloalkanone derivative can react with the carbonyl
group to give a expanded ring system via a bicyclic intermediate. If the nucleo-
philic side chain carbon atom is replaced by a nitrogen atom, the expected pro-
duct will be a lactam. Reactions are known in which the additional ring in the
bicyclic intermediate is six- [52] [53] and seven-membered [54], respectively.
Some of these results, observed in cyclododecanone derivatives, are presented
in Scheme VII/20. The amine is formed from the reaction of the aldehyde group
in 3-(l-nitro-2-oxocyclododecyl)propanal (VII/98) with ammonia or an amine
followed by reduction either with NaBH3CN6) in tetrahydrofurane or with
NaBH4 in ethanol. The enlargement via a six-membered ring (VII/98 —> VII/99)
can be catalyzed by NaHCO3, while the one via a seven-membered ring (VII/102
-» VII/103) needs more drastic conditions, Scheme VII/20.

Compared to t.l.c. results the effective yields in the two step process seem to
be much better than if the products are isolated and purified. There are indica-
tions that during chromatography, some of the nitro lactams are destroyed. In
competition with this reductive amination/ring enlargement reaction is the
enamine expansion route, discussed at the beginning of this Chapter (Scheme
VII/6). Therefore the imine in this sequence must be reduced immediately after
its formation.

The synthesis of desoxoinandenine (VII/108) represents an application of
this lactam formation process [55] [56], Scheme VII/21. Desoxoinandenine is
a reduction product of the natural spermidine alkaloid inandeninone from
Oncinotis inandensis Wood et Evans [57].

6) If this reductive amination is carried out in NaCNBH3/C2H5OH or CH3OH, alkoxy deriva-
tives of the corresponding lactams are formed e.g. 15-methoxy-12-nitro-15-pentadecane-
lactam from VII/98 and NH4OAc, CH3OH, NaBH3CN in 46% [53].
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Scheme VII/20. Lactam formation by ring enlargement via Schiff bases.

VII/103: R=(CH2)3N(SO2C6H5)(CH2)4NH(SO2C6H5) 40%
a) H2NR, THF, NaBH3CN b) NaHCO3, H2O, CH3OH, 20°
c) H2NR, C2H5OH, NaBH4 d) KH, [18]crown-6, 1,2-dimethoxyethane.

VII/105

55%

02N

VII/106

49%

H2N

VII/108

Scheme VII/21. Synthesis of desoxoinandenine (VII/108) [55] [56].

VII/107

R = (CH2)3N(Ts)(CH2)4NHTs
a) H2NR, NaBH3CN b) NaHCO3, H2O c) NaOCH3, TiCl3, NaOAc, H2O
d) BF3, (CH2-SH)2 e) Raney-Ni f) electrolysis g) TsOH, xylene.
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An imide formation procedure is given in literature which includes a new ring
enlargement concept [58], Scheme VII/22.

ci

VII/114 VII/113 VII/115

Scheme VII/22. Ring enlargement of active methylene compounds with isocyanates [58].

a) NaH, THF b) H2O c) K2CO3, dimethylsulfoxide d) C2H5OH.

Treatment of the sodium salt of 2-cyanocyclododecanone (VII/109) with co-
haloisocyanates yields the 14-membered imide VII/112. Two cyclization pro-
ducts of VII/112 were obtained in the presence of potassium carbonate as base.
In the C-alkylated bicycle, VII/113, the central bridge bond is solvolyzed to
form the 16-membered amide VII/114. The O-alkylated bicycle, VII/115, which
is the minor product, was not investigated further. When 2-chloroethyl iso-
cyanate was used as reagent, the analogue of VII/115 was formed directly.
Because of its multistepcharacter the reaction resembles MIMIRC (Scheme
VII/9) [59] [60].
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VII.3. Lactone Formation by Side Chain Incorporation

Various strategies has been used to synthesize macrocyclic lactones by ring
enlargement. The reason for this development lies in the large number of differ-
ent naturally occurring macrocyclic lactones. Many of these are of considerable
clinical importance [61] [62] [63] [64] [65].

One of the reactions extensively investigated is the heterolytic cleavage of the
C(1),C(2) bond of cycloalkanones substituted in 2-position by an electron with-
drawing group, Y, Scheme VII/23.

0
101

-0
(9H2>n

Y

VII/116 VII/117

Scheme VII/23. Lactone formation by heterocyclic ring enlargement.

Y = CN [98], C=O [101], NO2 [95], SO2C6H5 [16]
n = ring size: 6 - 1 6
m = number of carbon atoms in the side chain.

Attack of the side chain alkoxide at the carbonyl group in VII/116 leads to the
bicyclic hemiacetal anion VII/117, which openes under the influence of the sub-
stituent Y, to give the lactone anion VII/118. Depending on several factors (ring
size, nature of the electron withdrawing group Y, nature of the cation etc.) the
three different anions can be in a thermodynamic equilibrium [1]. Depending
on this equilibrium, the configuration at the bridge head in the bicyclic inter-
mediate VII/117 can change during the reaction. As mentioned at the beginning
of this chapter, individual intermediates have been isolated, and their configura-
tions have been determined [3] [4]. However, because of a possible equilibra-
tion between the isolated and an unknown intermediate, it is not advisible to
predict the stereochemistry of the conversion using the structures of the bicycles
of type VII/117.

2-Nitrocycloalkanones have been successfully used for the preparation of
many natural products.

The ten-membered lactone (R)-(-)-phoracantholide I [(-)-VII/126] [66] was
first isolated from the metasternal gland of the eucarypt longicorn Phoracantha
synonyma Newman [67]. It is part of the beetle's defensive secretion. Several
times in the past this compound has been synthesized several times using ring
forming [68] [69] [70] [71] [72] [73], as well as ring enlargement reactions [3]
[74] [75] [76] [77] [78] [79] [80] [81] [82].
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The starting material in the synthesis given in Scheme VII/24 is 3-(l-nitro-2-
oxocyclohexyl)propanal (VII/119) prepared from 2-nitrocyclohexanone and
acrylaldehyde in the presence of triphenylphosphine [3] [83]. The chemoselec-
tive methylation of the aldehyde group is possible using dimethyltitanium-diiso-
propoxide. The only isolable product is the hemiacetal VII/124 (structure by
X-ray crystallography). No other diastereoisomer of VII/124 could be detected.
The ring enlargement of the bicyclic VII/124 is carried out using catalytic
amounts of tetrabutylammonium fluoride in tetrahydrofuran to get the ten-
membered compound VII/125, a mixture of diastereoisomers, in nearly quanti-
tative yield. In a Nef type reaction the secondary nitro group is transformed to
a ketone and then reduced to (±)-phoracantholide I ((±)-VII/125) [3]. The
reduction of the secondary nitro group can also be achieved with tributyltin-
hydride [77].

101

N02

VII/119

a , b

© ©

VII/124

c

85 7.

97%

r^CH,

J^NO2
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©
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-
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©
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N02
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Scheme VII/24. Synthesis of (±)-phoracantholide I ((±)-VII/126) [3] [8].

a) (CH3)2Ti(iOPr)2, (C2H5)2O b) KF, H2O c) Bu4NF, THF
d) LiOCH3, CH3OH, KMnO4, Na2B4O7, (HSCH2)2, BF3, Raney-Ni,
CH3OH, VII/125 -* VII/126: 69 % [3]
e) Bu3SnH, 2,2'-azabisisobutyronitrile, 110°, toluene. VII/125 -* VII/126:
48% [77]
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Of interest from the mechanistic point of view is the formation of only one
diastereoisomer in the methylation step VII/119 —» VII/124. Two possible expla-
nations are discussed in the literature [3]. First, a stereoselective methylation
of the aldehyde group takes place under the influence of the nitro group leading
to the correct stereochemistry in VII/124. The second possibility involves the
titanium reagent. An equilibrium can exist between the diastereoisomeric
mixture VII/121 and the pure VII/123 via the isomer VII/122. By quenching the
equilibrium mixture, only the thermodynamically most stable isomer would be
obtained [3]. A differentiation of the two mechanisms seems possible using
chiral reaction conditions. Treatment of the chiral (-)-VII/119 (50 % ee), prepa-
red by an asymmetric Michael addition of acrylaldehyde and 2-nitrocyclohexa-
none in the presence of cinchonine [84], with achiral dimethyltitaniumdiisopro-
poxide yields only achiral methylation products. This experiment shows that no
stereoselective methylation takes place. The second consideration, then seems
to be more likely (Scheme VII/24)7).

In the course of the synthesis of (-)-15-hexadecanolide ((-)-VII/129) a 1,4-
interaction of the nitro and the ketone carbonyl group was observed [3] [86],
Schema VII/25. The desired compound was prepared from 4-(l-nitro-2-oxo-
cyclododecyl)butan-2-one (VII/127) by reduction of the ketone to an alcohol
followed by ring enlargement to the 16-membered nitro-lactone. From this the
nitro group had to be removed reductively. 15-Hexadecanolide contains one
center of chirality which is established by the reduction of VII/127 to VII/128.
This reduction was done with the organoboron complexes, (S)-Alpine-Hydride,
and (7?)-Alpine-Hydride [87], as well as with sodium borohydride. It proved to
be regiospecific in all cases; in tetrahydrofurane at —78° for 2 h or, with sodium
borohydride, in methanol at 0° for 4 h. Characterization of the direct reduction
product VII/128 was not possible, because VII/128 was converted partly or
completely into the ring enlarged compounds 12-nitro- and 12-oxo-15-hexadeca-
nolide during the reduction and the workup. In order to compare the results,
all intermediates have had to be transformed into the lactone VII/129 [86].
(i?)-Alpine-Hydride is known to reduce 2-butanone to (-)-(i?)-2-butanol [87]. If
(±)-VII/127 is the starting material, the (S)- and (i?)-Alpine-Hydride give the
corresponding (S)- and (R)-configurated lactones (+)-VII/129 and (-)-VII/129,
respectively. Reduction of (+)-VII/127 (optical purity better than 95 %) with
sodium borohydride gave (+)-VII/129 with 14 % ee. Reduction of (+)-VII/127
with (S)-Alpine-Hydride gave (+)-(S)-VII/129 (74 % ee). An unexpected result
was the formation of (S)-VII/129 (45 % ee), prepared from (+)-VII/127 with
(i?)-Alpine-Hydride. The nitro group seems to form a complex with the organo-
boron compound. The complex (5)-Alpine-Hydride/(+)-VII/127is preferred to
the alternative (i?)-Alpine-Hydride/(+)-VII/127. Molecular models indicate
that the reduction of (+)-VII/127 with borohydrides yields, independent of

7) Optical active phoracantholide I (VII/126) was observed when (±)-2-nitro-2-(3'-oxobu-
tan-4-yl)cyclohexanone was reduced with (S)- or (i?)-Alpine-Hydride [85].
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their configuration predominantly (+)-(155)-VII/129. From these results the
conclusion can be drawn, that the complex between the nitro group and the
boron atom is more important than the one between the boron atom and the
carbonyl group, at least with respect to the newly formed chiral center [86],
compare [88] [89].

b . c . d

VII/127 VII/128 VII/129

Scheme VII/25. Synthesis of (+)-15-hexadecanolide ((+)-VII/129) [86].

a) Reduction b) Bu4NF, THF c) TiCl3, NaOAc
d) Zn, HC1.

(±)-VII/127

(+)-VII/127

Entry

1

2

3

4

5

Reduction
conditions

(S)-Alpine-Hydride

(R)-Alpine-Hydride

NaBH4

(S)-Alpine-Hydride

(R) -Alpine-Hydride

yield

82

72

84

76

40

VII/129
ee configuration
[%] at C(15)

15

24

14

74

45

(S)

(R)

(S)

(S)

(S)

The natural products [90], dihydrorecifeiolide (= 11-dodecanolide) [3] [91],
12-methyl-13-tridecanolide [92], and 12-tridecanolide [93] have been synthe-
sized in high overall yields using this ring enlargement reaction as a key step.

So far, no systematic investigation of the length of the side chain in VII/116
(Scheme VII/23) has been made. There have been, however, enquieries into
lactonization reactions, in which the side chain contained two [94], three
[4] [83] [95] [96], and four [93] carbon atoms. In these cases, the intermediate
hemiacetal ring is a five-, six-, or seven-membered ring. The yields of the
lactones, generated via five- and six-membered hemiacetals, are usually high
(90 % and more). If a lactonization reaction involves a seven-membered hemi-
acetal, the yields are distinctly lower.

This statement is only true if the intermediate seven-membered ring contains
no double bond. Using the phenylsulfonyl residue as an electronegative group



VII.3. Lactone Formation by Side Chain Incorporation 149

(Scheme VII/23) the allylic alcohol VII/130, prepared from the corresponding
2-phenylsulfonyl-cycloalkanone and (Z)-4-chloro-2-buten-l-yl acetate, is trans-
formed to the (Z)-lactone VII/131 in good yields (from six-membered VII/130
76%, eight 79%, twelve 89%) [16], Scheme VII/26.

HO

SO2C6H5

VII/130

SO2C6H5

VII/131

Scheme VII/26. Ring enlargement reaction using a (Z)-configurated side chain [16].

a) NaH, C6H6, A.

An interesting approach to macrocyclic benzolactones was discovered by treat-
ing 2-nitrocycloalkanones with 1,4-benzoquinone (VII/133) in the presence of
catalytic amounts of l,8-diazabicyclo[5.4.0]undec-7-ene (DBU). The transfor-
mation involves a Michael reaction, aromatization, and ring enlargement via

VII/132 VII/133 VII/134 VII/135

VII/137

84 % b

VII/136 IOI
e

Scheme VII/27. Benzolactone formation from 2-nitrocycloalkanones and 1,4-benzoquinone
[94].

a) l,8-Diazabicyclo[5.4.0]undec-7-ene, THF, 20° b) H2O.
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a five-membered intermediate. In Scheme VII/27, the formation of 17-hydro-
xy-14-nitro-2-oxabicyclo[13.4.0]nonadeca-l(15),16,18-trien-3-one (VII/137) is
shown [94]. The alternate 16-membered VII/138 was not observed.

The electron withdrawing capacity of the nitrile group can be used to a series
of syntheses of ring enlarged lactones in high yields [97] [98] [99]. For example,
the preparation of 12-methyl-15-pentadecanolide (VII/143) from l-(2-formyl-
ethyl)-2-oxocyclododecane-l-carbonitrile (VII/139) is summarized in Scheme
VII/28 [99].

977.

VII/139 VII/140

CN

VII/141

| c ,d ,e

83%

O.v 0

O a78%

y

VII/143 VII/142

Scheme VII/28. Synthesis of enlarged lactone by use of carbonitrile [99].

a) NaBH4, CH3OH b) Bu4NF, THF c) H2, PtO2, C2H5OH
d) CH2O, H2O, dioxane, NaH2PO3

e) meta-chloroperoxybenzoic acid, CHC13

f) 150°, 0,005 Torr dest. g) H2, Pd-C, C2H5OH.

Replacement of the carbonitrile by the ethoxycarbonyl group leads to com-
pounds with two electrophilic centers (ketone and ester carbonyl) of similar
order. With these compounds, base catalyzed ring enlargement was not ob-
served. The main products were explained by attack of the nucleophile at the
ethoxycarbonyl group [79].

The cleavage of cyclic 1,3-dicarbonyl compounds has been used extensively
for the preparation of long-chain carboxylic acids and esters [100]. The intra-
molecular version of this reaction is a ring enlargement. For this purpose an
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intramolecular nucleophile, a hydroxyl group, placed in the side chain, which is
located in the 2-position between the two carbonyl groups, reacts by a retro
Dieckmann reaction to form ketone-lactones. A number of such lactone syn-
theses have been reported, see Scheme VII/29.

It is remarkable that 1,3-cyclohexanediones with side chains containing
seven, ten, and even twenty-one members are ring enlarged under basic anhy-
drous reaction conditions. The yields of the resulting 13-, 16-, and 27-membered
ketone-lactones, are given in the following Table [104]. As expected, dimerized
dilactones are side reaction products8*.

Table. Lactone formation by incorporation of long side chains in cyclic 1,3-
dicarbonyl compounds [104].

Number of CH2
groups in the side-
chain (n) of VII/150

4

6

9

20

hemiacetal
ring size

7

9

12

23

ring size of the
resulting ketone-
lactone

11

13 (VII/151)

16 (VII/152)

27 (VII/153)

Yield
[%]

49

28

56

11

The introduction of olefinic subunits into ketone-lactones by ring enlargement
is only possible, when the configuration of the double bond is (Z), as shown in
Scheme VII/29, (conversions of VII/144 —» VII/145). Direct application with an
acetylenic analogue is not possible geometrically, because of the linear nature of
the butynyl subunit. However, complexation of the C,C triple bond with a metal
can change the geometry dramatically [105] and make the reaction possible. A
reaction with Co2(CO)8 [106], for example, results in a geometric change to a
system with approx. 140° bond angles around the alkyne carbon atoms. Thus, a
complexed triple bond in a side chain of a 1,3-diketone, should yield a system
capable of ring enlargement. Such molecules do react as desired. The com-
plexed triple bond behaves like a (Z) olefinic bond. The Co2(CO)6 complex
VII/155, e.g., prepared as outlined in Scheme VII/30, undergoes ring enlarge-
ment to an eleven-membered complex, VII/156, in the presence of 1 equivalent
of sodium hydride in 1,3-dimethoxyethane at room temperature. Even in the
absence of base, a pure sample of VII/155 stored at 0°for two weeks, underwent
a spontaneous lactonization [107].

8) Further examples are given in [88].
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VII/153

Scheme VII/29. Further examples of lactone formation by ring enlargement. The order of
the substituents at C(5) and C(6) in VII/152 and VII/153 is reversed.

a) NaH, C6H6, 80° b) NaH, THE
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VII/154

a,b ,c

23%

CH3

Co2(CO)6 71%

VII/155

Co2(CO)6

Scheme VII/30. Synthesis of lactones containing triple bonds [107].

a) Br-CH2-C=C-CH2-OSi(Bu)(CH3)2 b) 5 % HF, CH3CN
c) Co2(CO)8 d) 1 eq. NaH, 1,2-dimethoxyethane, 20°.

VII/34

C2H5

SnBu3

VII/157

87%

VII/158

55%

VII/160

VII/162

CH3OOC

HO

a,f

76%

COOCH3

S11BU3 77%

COOCH3

VII/163 VII/164

Scheme VII/31. Examples of one-pot four-component annulation [74].

a) LiSnBu3, THF b) CH2=CH-COC2H5 c) CH2O d) CH3CHO
e) Pb(OAc)4 f) 2 CH2=CH-COOCH3.
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A multicomponent one-pot annulation reaction, such as the one described in
Chapter VII. 1, can also be used to synthesize lactones with enlarged rings. [74]
[108].

The formation of the bicyclic intermediate, VII/157, (Scheme VII/31) was
achieved by nucleophilic conjugate addition of tributyltinlithium to cyclohexe-
none, reaction of the intermediate ketone enolate ion with a small excess of
ethyl vinyl ketone and, subsequently, with a large excess of formaldehyde. The
mechanism is analogous to that presented in Scheme VII/9 of Chapter VII. 1.

Lead tetraacetate oxidation gave the ten-membered lactone, VII/158, with
an overall yield of 49 %. Using the same methodology, 2-cyclopentenone
(VII/159) and 2-cycloheptenone were converted into the nine-membered
VII/161 and the eleven-membered lactone, respectively. The yield of the cyclo-
pentenone conversion was lower than in the case of the corresponding cyclo-
heptenone [74]. - It was demonstrated that this type of four atom ring enlarge-
ment reaction can be used on an a,/S-unsaturated lactone to give a lactone
expanded by carbon atoms to an enlarged lactone: VII/162 —> VII/163 —»
VII/164. A large number of mono- and disubstituted medium-sized lactones
with an (E)-oriented double bond can be prepared regiospecifically by varia-
tions of this reaction [74]9).

As an alternative to the lead tetraacetate oxidation, (diacetoxyiodo)benzene
can be used to initiate a fragmentation reaction which leads to unsaturated
medium-sized lactones [110]. The structures of the starting materials are similar
to those of compounds VII/157, VII/160, and VII/163. The same stereochemical
consequences are observed as mentioned above.

Radical initiated fragmentation reactions were used for the synthesis of ring
enlarged lactones (already discussed in VII. 1). Several modifications and appli-
cations of this type are reported in the literature [75] [80] [111] [112] [113]
[114] [115].

9) Treatment of y-hydroxyalkyl stannanes with lead tetraacetate in refluxing benzene leads
to (£)- and (Z)-keto defines in a stereospecific manner, according to the configuration of
the starting material.

9 5 %

a) Pb(OAc)4, benzene, 5 min, reflux.
Organostannane substituents seem to stabilize ^-cations or radicals through a-n conjuga-
tion. They undergo spontaneous elimination to form the corresponding olefins [109].
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As indicated in Scheme VII/32, cyclononanone (VII/165) is transformed into
hydroperoxide hemiacetal, VII/167, which is isolated as a mixture of stereo-
isomers. The addition of Fe(II)SO4 to a solution of VII/167 in methanol saturat-
ed with Cu(OAc)2 gave (±)-recifeiolide (VII/171) in quantitative yield. No iso-
meric olefins were detected. In the first step of the proposed mechanism, an
electron from Fe2+ is transferred to the peroxide to form the oxy radical
VII/168. The central C,C-bond is weakened by antiperiplanar overlap with the
lone pair on the ether oxygen. Cleavage of this bond leads to the secondary
carbon radical VII/169, which yields, by an oxidative coupling with Cu(OAc)2,
the alkyl copper intermediate VII/170. 'If we assume that the alkyl copper
intermediate, VII/170, exists (a) as a (Z)-ester, stabilized by n (ether O) —>
cr*(C=O) overlap (anomeric effect), and (b) is internally coordinated by the
ester to form a pseudo-six-membered ring, then only one of the four /J-hydro-
gens is available for a syn-^-elimination.' [111]. This reaction principle has been
used in other macrolide syntheses, too [112] [113].

H,C

80% H0 577.
H3C

VII/165 VII/166

00H

VII/167

c,d

H3C

VII/170 VII/169 VII/168

VII/171

Scheme VII/32. Regio- and stereoselective ring enlargement in the synthesis of (±)-recife-
iolide (VII/171) [111].

a) Li enolate of VII/165 + propylene oxide, -78°, A1(CH3)3

b) H2O2, AcOH c) Fe(II)SO4, CH3OH d) Cu(OAc)2.
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In another lactonisation reaction, a cyclic hemiacetal or its opened ketone-
alcohol equivalent (see Scheme VII/33, structures VII/172 and VII/173), is
transformed to an iodo lactone VII/175 (12-iodopentadecan-15-olide) and the
isomeric VII/174 (2-iodo-2-(3'-hydroxypropyl)cyclododecanone) by irradiation
with high pressure mercury arc in the presence of HgO-12 in benzene solution
[114] as outlined in Scheme VII/33.

OH

VII/172

HO

VII/173

VII/174 (34%)

VII/175 (30%)

92%
15-penta-
decanolide

Scheme VII/33. Synthesis of 15-pentadecanolide by a consecutive intramolecular homolytic
addition-/?-scission of alkoxyl radicals [114].

a) HgO, benzene, I2, pyridine, 5 h, 100 W high pressure Hg arc
b) Bu3SnH, 2,2'-azabisisobutyronitrile, benzene, hv.

Both materials were isolated in approximately 30 % yield. The iodo compound
VII/175 was then reduced photochemically with tributyltinhydride to give 15-
pentadecanolide [114]. Experiments with different cycloalkanones (five- to
eight-membered) and different lengths of the side chain (two and three methy-
lene groups) showed that this reaction can be used for the synthesis of several
medium sized lactones [75] [80] [114]. Under similar reaction conditions, lactols
can also undergo ring expansion reaction [115]. The substrates (steroidal lac-
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tols) are irradiated with visible light (100 W tungsten filament) at 40° in the pres-
ence of cyclohexane, iodine, and iodosobenzene diacetate. The reaction leads
to a mixture of olefins.

VII.4. Discussion of the Auxiliary Groups

The literature contains a number of reactions, in which cycloalkanones contain-
ing additional auxiliary groups in the 2-position are used as starting materials.
Some important auxiliary groups are sulfone, nitro, and cyano. The auxiliary
group should be added to the cycloalkanones under mild conditions. It can then
activate the 2-position for the introduction of the side chain and facilitate the
heterolytic cleavage of the C(1),C(2) bond. It should also be easily removed or
transformed into another functional group, after ring enlargement has taken
place. The behavior of different auxiliary groups will be discussed briefly.

The 2-cyano-cycloalkanones are easy to prepare but only in moderate yields
[18]. The introductions of nitro- [6] and sulfone- [5] [116] [117] groups are
simpler than the cyano group, and the yields are better. Sulfone and cyano com-
pounds are most suitable for the introduction of the side chain. Beside the
Michael reaction [16] [97], and the Pd(O) catalyzed addition [15], and the reac-
tions with alkyl halides [16] [17] proceed in good yields. In contrast to other
compounds, 2-nitroketones generally do not undergo nucleophilic substitution
with non-activated alkyl halides. However, Michael addition products [2], as
well as products synthesized by Pd(O) catalyzed alkylation [118], are well
known derivatives of 2-nitrocycloalkanones.

Subsequent transformations of functional groups in the side chain are always
problematic, since the C(1),C(2) bond in the activated cycloalkanones is un-
stable to acid and base as well as to external nucleophiles [7] [85]. The elec-
tron acceptor properties of the sulfone and the nitro residues both promote the
ring enlargement reactions. 2-Cyano-ketones seem to be less suitable for C,C-
rearrangements [17], but show good results in lactonization reactions [97] [99].
Side reactions are sometimes observed, retro-Michael reactions (especially in
eight-membered nitroketones), phenyl-sulfinic acid elimination in certain rear-
rangements of 2-phenylsulfonyl-cycloalkanones, and nitrone formation from
2-nitrocycloalkanones [12] (by attack of an internal carbanion). Side reaction
of the alkoxycarbonyl group are known; e.g. formation of spiranes [119].

The removal or transformation of the auxiliary groups in the ring expansion
products should be possible under mild conditions. In this respect, the sulfonyl
residue has advantages because it can be reductively eliminated by Na/Hg-
Na2HPO4 [15] [16] [120] or by electrolysis [121] in excellent yields. The direct
removal of the cyano group has been reported by oxidative [122] [123] [124]
[125] [126] and reductive [127] [128] methods. The oxidation of a alkylcyano



158 VII. Ring Enlargement by Side Chain Incorporation

group to a cyanohydrin seems to be sensitive to a number of influences not yet
understood [129]. Often the nitro group is removed, stepwise by first converting
it into an oxo group. Unfortunately, most methods for this so called Nef reac-
tion [130] are too strenuous to be applied to the ring expanded products (espe-
cially lactones). However, good results have been obtained with TiCl3/NaOAc
[131] or KMnO4 [132] or SiO2/NaOCH3 [133]. The keto group then can be re-
moved using well known reactions. Methods for the direct reductive removal
of the nitro group have been reviewed [134]. Available procedures, mainly
based on tributyltinhydride, are normally limited to the reduction of tertiary
or activated secondary nitro groups.
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VIII. Ring Expansion by Cleavage of the
Zero Bridge in Bicycles

One of the three general ring enlargement methods mentioned in the introduc-
tion to this book is the cleavage of the shortest bridge in bicyclic systems. In
most cases, the so-called zero bridge of a bicycle is broken. The zero bridge can
be a single or a double bond, either between two carbon atoms, or a carbon and
a nitrogen, or two nitrogen atoms. Depending on the nature and environment
of this central bond, a large number of methods are known to cleave this bond.
We have classified these reactions into three main groups. First, we will discuss
fragmentation reactions leading to the ring expanded products. The second
section deals with single bond cleavages of different kinds, and finally, we will
consider the oxidative splitting of carbon, carbon double bonds.

VIII.1. Cleavage of the Zero Bridge in Bicycles by
Fragmentation Reactions

3-Hydroxyketones can be generated by an aldol reaction, for example between
two ketones. This reaction is reversible, that is, the 3-hydroxyketones can be
transformed back into the two ketones by a carbon, carbon bond cleavage. Such
an aldol system as part of a ring system is shown in the general structure VIII/1,
Scheme VIII/1. The aldol is incorporated in the bicycle in such a way that the
carbon, carbon bond, cleaved in a retro aldol reaction, is the zero bridge of the
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bicycle. A result of this reaction is the generation of an expanded monocyclic
system, which we will discuss in more detail later (Chapter VIII.2).

If the carbonyl group in the bicyclic aldol system is reduced to an alcohol
group, a diol, like VIII/2, will be formed. Replacement of the secondary alcohol
group by a leaving group such as halogen, OTs, NR3® or OH2® leads to another
ring system, which can be used for ring enlargement reactions.

OH

OH

VIII/1
OH

VIII/2

OH

VIM/3

Scheme VIII/1.

The transformation of VIII/3 to VIII/4 is called a fragmentation^ [3] [4]. As
in the aldol reaction the reverse version of the fragmentation also is known
(VIII/4 —> VIII/3). An example of this reaction type is the so-called Prins reac-
tion; the acid catalyzed (base catalysis is also possible) addition of an olefin to
formaldehyde in order to get a 1,3-diol. Further examples are known in the field
of transannular reactions in medium-sized rings [5].

In some cases, it appears that the mechanism of the fragmentation is E2,
since an and elimination has been observed [6]. A systematic investigation has
been made on the behavior of the diastereoisomeric monotosylates VIII/5,
VIII/6, VIII/7, and VIII/8 under fragmentation conditions (KOtBu, HOtBu,
lh, 40°) [7], Scheme VIII/2. The results demonstrate the importance of the geo-
metry of the substrate. In VIII/6 and VIII/7, the bonds marked as a and b are
antiperiplanar to each other with an angle of 180°. The reactions yielded the

1) This reaction type is called a Grob as well as a Wharton fragmentation [1] [2].
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complex mixture
no(Z) -VIII/10
6% (E) - VIM/9

>907.

jJ

90%

VIM/8

Scheme VIII/2. Ring enlargement by fragmentation. A systematic study [7].

Conditions in all cases: KOtBu, HOtBu, 40°, 1 h.

same product, (£)-VIII/9. A comparable geometry is present in compound
VIII/8, which clearly gives the corresponding (Z)-isomer, VIII/10. The synclinal
arrangement of a- and b-bonds in VIII/5 does not favor a fragmentation reac-
tion, and decomposition products are isolated, as well as unreacted starting
material, VIII/5. Not more than 6 % of (Z?)-VIII/9 was observed by gas chroma-
tography. This amount might be expected from a non-concerted fragmentation
via a carbocation; the other three appear to be formed by a concerted mecha-
nism [7]. The process is general for 1,4-disubstituted systems; even dibromides
can undergo elimination of bromine in the presence of zinc; VIII/11 —» VIII/12
[8]. The disposition of the substituents determines the geometry of the olefinic
bonds formed, allowing considerable control of the processes, as in reactions
involving alkylborane fragmentation2' VIII/13 -> VIII/15, VIII/16 -> VIII/17
[10] [11] [12], Scheme VIII/3.

2) For a review on diene synthesis via boranate fragmentation, see ref. [9].
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H

VIII/11

15%

H,C
OSO2CH3

CH3

CH 3

VIII/13

OSO 2 CH 3

H3C
OSO2CH3

VIII/16

Scheme VIII/3. Fragmentations [9]. Before elimination the axial Br in VIII/11 is converted
to an equatorial ZnBr.

a) Zn, 1,2-dimethoxyethane b) B2H6, THF-NaOH, H2O.

The stereochemical aspects of the fragmentation reaction have been important
in the syntheses of many complex molecules.

The stereospecific synthesis of (£T)-6-methyl-5-cyclodecenone (VIII/19) was
realized by treatment of the monomesylate VIII/18 with potassium /erf-butoxide
[2], Scheme VIII/4.

The reaction principle was also applied to the synthesis of a precursor,
VIII/22, of the sex excitant of the American cockroach Periplanata americana,
periplanone-B (VIII/20) [13]. The bicycle, VIII/21, was synthesized in a four-
step sequence. In VIII/21 the bicyclic zero bridge between the two rings is anti-
periplanar with respect to the leaving group at C(7) (see VIII/21a). Further-
more, one of the orbitals of the alcoholate oxygen at C(l) has an antiperiplanar
orientation to the zero bridge mentioned above. Compound VIII/21 is first
transformed into its dilithium salt and then, by adding trifluoromethanesulfonic
anhydride, into the desired fragmentation product, VIII/22 (in 44 % yield). A
similar reaction was used to construct the nine-membered ketones VIII/24 [14]
and VIII/26 [15]. As in example VIII/21, VIII/23 (Scheme VIII/5) has one of
the orbitals of the oxygen of the hydroxyl group antiperiplanar to bond a, and
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VIM/18

0

CH3

H2C CH3

VIII/20

b , c

H2C CH3

Vlll/22

H2C OH CH 3

VIII/21

H2C y
CH3

HO

VIII/21 a

CH3

Scheme VIII/4. Ring enlargement by fragmentation. The boldface printed bonds in VIII/21a
are antiperiplanar to each other.

a) KOtBu, HOtBu b) 2 BuLi, -30° c) 3 (CF3CO)2O, -20°.

a or b
^

77%
H3C .

^Ts

VIII/23

H> =

VIII/24 VIII/25

CHCl2 CHCI2

VIII/27 VIII/28

CHCI

VIII/26

Scheme VIII/5. Further examples of ring enlargement by fragmentation.

a) NaH, THF, 35°, 24 h b) KOtBu, THF, 20°, 20 h c) NaOH.

VIII/29



168 VIII. Ring Expansion by Cleavage of the Zero Bridge in Bicycles

bond a is antiperiplanar to bond b; an ideal situation for the fragmentation reac-
tion. - Treatment of the carboline derivative, VIII/27, with NaOH/H2O gives
the aminoacetal, VIII/28. This yields, by fragmentation, VIII/29, (elimination
of hydrochloric acid) [16]. Other examples are discussed in [17] [18] [19] [20] [21]
[22] [23] [24].

Besides the fragmentation of the 6/6 and 6/5 annelated rings, a number of
other ring combinations in bicycles have been investigated. A 6/3 system3),
Scheme VIII/6, has been used to explain the observation that the unexpected
6,7-dimethyl-3,4-benzotropolone (VIII/33) is formed when an acetic acid solu-
tion of VIII/30 is treated with zinc powder [25]4).

o OH

61%

VIII/32 VIII/33

Scheme VIII/6. Reductive ring expansion by one carbon atom,

a) Zn, HO Ac.

A 6/4 annelated ring system as part of a tricyclic intermediate, has been con-
structed to synthesize monocyclic (±)-phoracantholide M (VIII/42), Scheme
VIII/7. The correct configurations at centers 1, 8, and 9 in VIII/38, are impor-
tant for the fragmentation. These configurations are controlled by the intra-
molecular photo [2+2] cycloaddition of VIII/36. Borohydride reduction of the
resulting ketone VIII/37 is stereospecific under the influence of the two centers
already formed. Because of its instability, the fragmentation product VIII/40
could not be isolated. Instead, the central carbon, carbon double bond of the
bicyclic VIII/40 was oxidatively cleaved to give VIII/41, which was finally trans-
formed into the desired VIII/42 [26]. Similar oxidative ring expansion reactions,
are discussed in Chapter VIII.3.

3) For other ring expansion reactions in which cyclopropanes are involved, see Chapter III.
4) Cyclopropanes are produced, if 3-bromoketones react with zinc in acetic acid (VIII/30 —»

VIII/31). In the proposed intermediate VIII/32 the hydroxy group can be lost by hydro-
genolysis [25].
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70%

VIM/34 VIM/35

78%

VIII/36

87%

30%

0 CH3

VIII/41

H3C

VIII/38

VIM/42

Scheme VIII/7. Synthesis of (±)-phoracantholide M (VIII/42) by two different types of ring
enlargements [26].

a) TsOH b) hv c) NaBH4, CH3OH
d) methanesulfonyl chloride, pyridine, CHC13, 0° —» reflux
e) meta-chloroperoxybenzoic acid f) TsNHNH2, CH3OH
g) [(QH5)3P]2CuBH4, CHC13, reflux.

In the course of a muscone (VIII/48) synthesis, the stereoelectronic condi-
tions of a fragmentation in a 12/5 bicycle were carefully studied (Scheme VIII/8)
[27]. Heating the epoxysulfone, VIII/43, with sodium amide gave only the
hydroxysulfone VIII/44. The configuration of VIII/44 was established by an
X-ray analysis.

An equilibrium between the isomeric hydroxysulfones, VIII/44 and VIII/45,
was observed in the presence of butyllithium. Treatment of VIII/44 with potas-
sium ferf-butoxide gave only the ring enlarged (E)-isomer VIII/46. The (^-con-
figuration of the double bond is the result of the stereoelectronic course of the
fragmentation. Under the same reaction conditions the formation of the iso-
meric VIII/47 from VIII/45 was not observed; only compound VIII/46 was iso-
lated. This must happen via thermodynamically controlled epimerization of
VIII/45 -» VIII/44. For similar reactions, see ref. [28].
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OH

"CH3
72%

O2SC6H5(CH3)p

VIII/43 VIII/48

OH

VIII/45

•CH 3

O2SC6H5(CH3)p

CH3

H

VIII/47

Scheme VIII/8. A synthesis of muscone (VIII/48) with a fragmentation as key step [27].

a) NaNH2, toluene, reflux b) BuLi c) KOtBu
d) KOtBu, toluene, hexamethylphosphoramide, 120°, 15 h e) H2, Pd-C.

From the mechanistic point of view, it should be noted that the oxidative clea-
vage of a double bonded zero bridge in bicycles (compare Chapter VIII.3)
might also be a fragmentation. The following may be an example of this pheno-
menon (Scheme VIII19).

00
VIII/49 VIII/50 S

0

VIII/51

Scheme VIII/9. a) meto-Chloroperoxybenzoic acid b) Formation of trans-d\o\ followed by
meto-chloroperoxybenzoic acid.

The decomposition of VIII/50 of known configuration, prepared from VIII/49,
gives to the ten-membered VIII/51 by a fragmentation reaction [29] [30].
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A different kind of fragmentation is observed when 15-pentadecanolide
(VIII/57) is prepared from 2-oxocyclododecane-carbonitrile (VIII/52) [31] [32].
As shown in Scheme VIII/10, the methoiodide VIII/53 is synthesized and after-
wards converted to the 16-membered VIII/56. The fragmentation reaction is
presumed to take place through hemiacetal intermediates such as VIII/54 and
VIII/55. However, despite many experiments, yields of VIII/56 were never
greater than 64 %, with the remainder being recovered as starting material. This
was explained by argueing that both VIII/54 and VIII/55 were formed, but that
only VIII/54 had the correct antiperiplanar configuration for fragmentation, the
VIII/55 formed, presumably about 35 %, was then recovered as starting mate-
rial. Epimerization between VIII/54 and VIII/55 can be excluded because other
reactions were not observed [31].

a.b.c.d

70%

VIII/52

VIII/57

N(CH3)3

©

VIII/55

Scheme VIII/10. Synthesis of 15-pentadecanolide (VIII/57) by a fragmentation pathway
[31] [32].

a)CH2=CH-CHO b) NaBH4 c) H2-Pt, HC1 d) CH3I, CH3OH, KHCO3

e) NaH, dimethylformamide f) O3, CH2C12 g) CH3OH, TsNHNH2

h) [(C6H5)3P]2CuBH4, CHC13.

A fascinating synthesis of the twelve-membered lactone 5(£T),8(Z)-6-methyl-
5,8-undecadien-ll-olide (VIII/60) is shown in Scheme VIII/11. The tricyclic
system VIII/58 and its isomer, VIII/59, starting materials for this reaction, were
built up from three annelated six-membered rings. When both compounds were
heated to their melting points, 180° and 220°, respectively, the evolution of car-
bondioxide and the formation of p-toluenesulfonic acid was observed [33]. In
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H 3 C . . C H 3 * H , C CH3
t

D—H—N

Scheme VIII/11. Double fragmentation in a tricyclic system [33]. Boldface bonds are anti-
periplanar orientated.

both cases, two bonds inside the tricycle are broken during the formation of the
monocycle of the enlarged system, VIII/60. The central carbon carbon bridge in
both VIII/58 and VIII/59 is antiperiplanar to the equatorial tosyl group as well
as to the electron pair orbitals of the acetal oxygens. The equatorial carboxy-
late, on the other hand, is antiperiplanar to the central acetal bond. This frag-
mentation process my be a one step reaction; the yields of VIII/60 from both
isomers are very high. A similar reaction is presented in ref. [34].

Scheme VIII/12.

Olefin bonds and ketones are formed by the fragmentation reactions discussed
above (Scheme VIII/12). To get alkynes with ketones by similar processes, an
alkenol instead of the alkanol must be present in the starting material.



VIII/62 VIII/63

N2

0
VIII/64

HSO 2 - [38]
n
5T<
p

O

VIII/61 VIII/65 VIM/66

-VIII/64+ N2

V l l l / 7 1 VII./72 X = 0
Vlll/73 X=NC6H5

Scheme VIII/13. Conversion of a,/J-unsaturated ketones to alkynones by fragmentation,

a) H2NOSO3H, NaOH b) heat, elimination of ethene c) Pb(OAc)4.

VIII/64+ N2 + CO,

x=o 2

ory\\\f70+ N2 + CO

[44]

[45]
[46]

VIII/64+ N2

[42]

N

a
EJ

TO
CD

a
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These reactions become more realistic if derivatives of a,/?-epoxyketones are
used. These can be easily prepared by oxidation of the corresponding a,/3-unsa-
turated ketones with peracids or hydrogen peroxide (Scheme VIII/13). The
driving force in studying this kind of reactions is the importance of the economic
synthesis of the natural 15-membered ketones, muscone and cyclopentadeca-
none, from cyclododecanone, an easy available and inexpensive starting mate-
rial (Scheme VIII/14) [35] [36].

A number of different derivatives of the a,/?-epoxyketone may be used in the
key fragmentation reaction, see Scheme VIII/13. The reaction was discovered
using the tosylhydrazone VIII/625) [37] [38] [39] [40] [41], which gave, under
acidic conditions (e.g. CH2Cl2/HOAc) and low temperatures the cycloalky-
none, VIII/64, as well as nitrogen and a sulfinic acid. Improvements of this reac-
tion are shown in ref. [42]. In a second version, the a,/?-epoxyketonoxime,
VIII/65, is treated with hydroxylamine-O-sulfonic acid in the presence of base
to form the same cycloalkynone, VIII/64, and nitrogen [44]. In a third
approach, the a,/?-epoxyketones are transformed to the hydrazones of N-ami-
noaziridines such as VIII/67, which undergo the fragmentation thermally to give
VIII/64, as well as ethene and nitrogen [45] [46]. A final possibility is also shown
in Scheme VIII/13. The compound, VIII/61, was transformed into its semicar-
bazone, VIII/71, which, by lead tetraacetate oxidation, was converted into
5,5-disubstituted 2-imino-zl3-l,3,4-oxadiazolines, VIII/73. The corresponding
oxadiazoline, VIII/72, is formed by aqueous acid hydrolysis of VIII/73 and is
usually a mixture of diastereoisomers. Thermolysis in refluxing acetonitrile,
yields cycloalkynone, VIII/64, nitrogen, and carbondioxide or the starting
a,/?-epoxyketone, VIII/70, nitrogen, and carbonmonoxide. The two products,
VIII/64 and VIII/70, are a consequence of competitive decomposition via two
pathways. Which pathway predominates may be controlled partly by the
polarity of the solvent [42].

A (±)-muscone (VIII/48) synthesis is given in Scheme VIII/14. In this reac-
tion the key step is an application of the a,/3-epoxyketone —» alkynone fragmen-
tation. Beside the way given in this Scheme, alternatives have been worked out
for the synthesis of the bicyclic intermediate, see ref. [47] [48].

A few observations can be made concerning the synthetic application of this
fragmentation reaction. The hydroxylamine version seems to take place even in
sterical hindered a,/?-epoxyketones. Precise reaction conditions, are also neces-
sary to make the procedure successful [38].

Because of preparative difficulties in the epoxidation of a,/3-unsaturated
ketones (influenced by steric factors, e.g. CH3-group in VIII/76 [38]), a direct
conversion of these compounds was developed [43].

Aldehydes and ketones can be regenerated from their tosylhydrazones by
treatment with N-bromosuccinimide/CH3OH/acetone [49] or with H2O2/K2CO3
[50]. The mechanism of the first conversion is given in Scheme VIII/15.

5) The a,/3-epoxyketone —> alkynone fragmentation is called Eschenmoser fragmentation
[43].
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VIII/74

COOC2H5

VIM/75

b,c,d

70%

VIII/48 VIII/78 VIII/77

Scheme VIII/14. Synthesis of (±)-muscone (VIII/48) using the tosylhydrazone approach of
the a,/3-epoxyketone —> alkynone fragmentation [38].

a) CO(OC2H5)2, NaH b) H2C = C(CH3)COOCH3 c) NaBH4

d) polyphosphoric acid e) C6H5CO3H f) CrO3

g) TsNHNH2, CH3OH, 4° h) acetone, heat i) H2/Pd-C.

,NHTs

VIII/79

V

VIM/80

Ts

VIII/81

VIII/84

X

VIM/83

V
©0.

VIII/82

Scheme VIII /15. Cleavage of tosylhydrazones after N-bromosuccinimide treatment [43]
[49].

a) N-Bromosuccinimide, CH3OH, acetone b) H3O®.



176 VIII. Ring Expansion by Cleavage of the Zero Bridge in Bicycles

Vinylogous hydrazones should react in a similar manner. If a 1,4-attack takes
place in an appropriate system (Scheme VIII/16) a ring enlargement would be
expected. The success of such a fragmentation depends upon whether the reac-
tion can be directed in favor of the 1,4-addition of the nucleophile [43]. Several
reaction conditions have been studied, but 1,2-addition cannot be completely
excluded. On the other hand, 1,2-addition is not a serious problem because
starting material, VIII/85, is regenerated, see Scheme VIII/16. Depending on
reaction conditions, the product ratio, VIII/89:VIII/85, varies between 1:1 and
7:1 (R = CH3); in the corresponding cyclopentadecanone series, the ratio of the
comparable products (R = H, without the methyl group) is between 1.7:1 and
19:1 [43].

NHTs

677.

VIII/85 VIII/86

54%

VIII/89 VIII/88

Scheme VIII/16. Tosylhydrazone fragmentation [43].

R = H or CH3

a) TsNHNH2) C2H5OH b) (CH2OH)2/THF 1:2
c) N-bromosuccinimide, acetone, 15°/3 min
d) NaHSO3, H2O, 55°, 30 min.

The reaction sequence made it possible to investigate the chemistry of cyclo-
alkynones. One of the smallest rings which has been synthesized is the nine-
membered VIII/936) [51]. Under acid catalysis, VIII/93 can be converted back
into the starting material, VIII/90, Scheme VIII/17. The sequence VIII/90 -*

6) 5-Cyclononynone (VIII/93) shows no IR absorption (neat) for C=C because of the
symmetry of the molecule (1695cm-1 for C=O) [51].
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VIII/91 -* VIII/92 -» VIII/93 -> VIII/90 is like a chemical perpetuum mobile
(perpetual motion). However, after one sequence the amount of VIII/90 is
reduced to approximately 40 %!

71%

VIII/90

o
o

VIII/93

56%

NHTs

VIII/92

Scheme VIII/17. A chemical "perpetuum mobile" (perpetual motion) [51].

a) H2O2, CH3OH, KOH b) TsNHNH2, CH2C12, HOAc
c) 2N H2SO4, H2O, C2H5OH.

Further examples are the synthesis of 5-cyclodecynone [52][53] and the frag-
mentation of l,2-epoxy-3-diazirine-5a-androstan-17/3-ol by treatment with sod-
ium iodide and acetic acid. (The A ring is opened between C(2) and C(3) to give
the l-oxo-2,3-alkyne derivative) [54].

VIII.2. Cleavage of Zero Bridged Single Bonds in Bicycles

Reduction and Hydrolysis of Cyclic Diaminoacetals and Aminoacetals

When structural elucidations of natural products of low molecular weight were
done by chemical methods, unexpected transannular reactions occasionally
made such work extremely difficult. Phenomena were observed, which could
only be explained by reactions of functional groups in a ring with one another
producing ring enlargement or ring contraction reactions, or, in some cases, by
equilibria between open and closed systems. Such transannular reactions
depend on the reaction conditions as well as the structures of the substrates.
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For example, large rings containing amino and ketone groups are often respon-
sible for this phenomenon in the alkaloid chemistry. A few examples will be dis-
cussed below.

The application of the Emde degradation conditions (0.1 N KOH/C2H5OH,
H2/Pt) to the quaternary curare alkaloid, mavacurine iodide (VIII/94), led to
the so-called £2-dihydromavacurine (VIII/95), a tertiary base, Scheme 111/18.
Protonation (e.g. HC1/H2O) or methylation (CH3I) of VIII/95 led to the trans-
annular reaction products, VIII/96 and VIII/97, respectively. The quaternary
compound, VIII/96, returns to tertiary VIII/95 (reversible Hofmann elimina-
tion) in the presence of base or on tic (silica gel) [55].

The alkaloid tubifohdine (VIII/98) is isomerized to condyfoline (VIII/100)
and vice versa in a sealed tube at 120° without solvent [56], Scheme VIII/18.

VIII/94

HOH2C1"" H CH3

VIII/95

HOH 2C"

VIII/96 R = H , X = Cl
VIII/97 R = CH3 , X = I

VIII/101

Scheme VIII/18. Examples of ring enlargement reactions in alkaloid chemistry,

a) H2/Pt, KOH, C2H5OH b) KBH4, CH3OH.

The intermediates in this reaction are the nine-membered VIII/99 and its isomer
with a C(5),C(21) double bond. Reductions of alkaloids, VIII/98 and VIII/100
and intermediate VIII/99, with potassium borohydride in methanol, gave the
same compound, VIII/101, with a medium sized ring.
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Depending on the reaction medium some cyclic alkaloids behave as ring
enlarged or as ring contracted compounds. In Scheme VIII/19 indole alkaloids
vomicine and perivine, the isoquinoline alkaloid protopine, and pyrrolizidines
are given with their ring contracted forms.

HO

VIM/102 VIII/103

H3COOC H

VIM/104

H3COOC H

VIII/105

.CH3

VIII/106 VIII/107

CH3

VIII/108

,o,G

CH 3

VIII/109

Scheme VIII/19. Examples of equilibria between mono- and bicycles in alkaloid chemistry.

Vomicine from Strychnos nux-vomica L. [57]
Perivine from Catharanthus and Gabunia species [57]
Protopine is widespread in the plant families of e.g. Fumariaceae, Hype-
coaceae, Nandinaceae, and Papaveraceae [58]
Pyrrolizidine alkaloids [58] [59]
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The Hofmann elimination can be used for ring enlargement as shown in Scheme
VIII/18. A recent example, VIII/110 -> VIII/111, is given in Scheme VIII/20
[60]. The new double bond in VIII/111 allows the formation of a conjugated
system, consisting of an isoxazole and a benzene ring.

927.

VIII/110
H3CO

N —CH3

OCH3

VIII/111

Scheme VIII/20. Use of the Hofmann elimination reaction for ring enlargement,

a) CH3ONa, CH3OH.

Another example of a spontaneous ring enlargement is shown in Scheme
VIII/21. The pentacycle, VIII/112, in chloroform solution, was placed on a
chromatography column (silica gel; water slurry) for 18 hours and was then
eluted. Unchanged starting material (10%) and 90% of the isomeric tetra-
cyclic, VIII/113, were obtained [61]. Based on the observations of the authors,
both annelated benzene rings were necessary for the ring expansion reaction.
(Presumably, HC1 from the chloroform caused the formation of the nine-mem-
bered ring in VIII/113).

Hydrolyses of the bridged diaminoacetals such as VIII/116, prepared by the
reaction of azirines with different reagents (see Chapter III) lead to ring en-
larged products of type VHI/117 [62]; further examples are mentioned in ref.
[63] [64].

The reduction of substituted 4-hydroxy-5,6-dihydropyrimidins such as VIII/
114 is a reaction used several times as key step in the syntheses of polyamine
alkaloids, Scheme VIII/21. In the presence of NaCNBH3/AcOH at 50°, ring
enlarged azalactams of type VIII/115 are obtained in yields of about 90 %. Aza-
lactams, prepared by this method, are nine- [65], thirteen- [66], and seventeen-
membered [67] [68] [69].

The zero-bond in a bicyclic system with certain structural features can be
cleaved by the von Braun degradation. In this case a nitrogen atom must be in a
bridgehead position. For example, ring cleavage of the dihydroindole deriva-
tive, VIII/118, gives benzazocines VIII/119 and VIII/120 in good yields [70]
[71], Scheme VIII/22.
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VIII/112 VIII/113 [61]

VIII/114

H

VIII/115 [65]

(CH3)2N

HSC '

H3C

VIII/116

0 0

H

VIII/117 [62]

Scheme VIII/21. a) SiO2, CHC13 b) NaCNBH3, AcOH c) 2 N HC1, H2O.

R=C6H5, Alkyl

OAc

H3CO

OAc R1

a or b
H3CO.

OAc

R' = B r , R 2 = CN

V I I I / 1 2 0 R' = OCOCF3 , R2 = COCF3

Scheme VIII/22. a) BrCN, C6H6, 20°, 15 h -» VIII/119, 56%
b) (CF3CO)2O, sealed tube, 150-160°, 1.5 h -» VIII/20, 79%.
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Reduction of Hydrazines

The use of hydrazine derivatives for ring enlargement reactions has not been
studied very carefully. The idea would be to prepare bicyclic hydrazines or
hydrazides, in which both nitrogen atoms of the hydrazine occupy bridgehead
positions. The reductive cleavage of the nitrogen, nitrogen bond can then be
carried out by catalytic hydrogenation (Raney-Ni [72]), by treatment with
sodium in liquid ammonia, or with sodium naphthalenide in 1,2-dimethoxy-
ethane [73]. Probably, the first compound prepared by this kind of ring enlarge-
ment reaction was 1,5-diazacyclooctane, formed as a by-product in the synthesis
of l,2-diazabicylo[3.3.0]octane [74]. The first actual investigation of this reac-
tion was undertaken in the course of the syntheses of 1,5-diazacyclononane and
1,6-diazacyclodecane. Both compounds were prepared in good yields [72]. In a
typical procedure, ethyl acrylate and hydrazine hydrate were heated in a molar
ratio of 1:2 to give l,5-diazabicyclo[3.3.0]octane-4,8-dione in 80% yield. This
compound yielded on reduction, first with LiAlH4 (81 % yield) and afterwards
with H2/Raney-Ni (75 %) 1,5-diazacyclooctane [75]. This sequence is an elegant
way to synthesize medium sized diazacycloalkanes.

In a similar reaction, the reduction of 3,7-dimethyl-l,5-diazabicyclo[3.3.0]-
octane-2,6-dione (VIII/127) to the cyclooctane derivative VIII/128 (Scheme
VIII/23) was nearly quantitative.

VIII/121 VIII/122

71%

VIII/123

807.

VIII/124

Vlll/125a
0

Vlll/126a VIII/127

b or d

VIII/128

Scheme VIII/23. Reduction of hydrazine derivatives as a method of ring enlargement.

a) Heat, 27 h b) Na, liq. NH3 c) CH2C12, 0°
d) Na, naphthalene, 1,2-dimethoxyethane.
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This reaction was applied to the synthesis of the macrocyclic polyamine alkaloid
celacinnine [65]; a key step of this synthesis was the conversion of the bicyclic
VIII/123 to nine-membered VIII/124, see Scheme VIII/23.

The twelve-membered cyclo-dipeptide glidobamine will be synthesized using
the reductive cleavage of the nitrogen, nitrogen bond in a hydrazine derivative
as a key step [76].

Glidobamine

The Retro Mannich and the Retro Aldol Reaction

As mentioned at the beginning of this chapter the retro aldol and the retro
Mannich reaction can be used for ring expansion of proper substituted bicyclic
systems.

An example of the retro Mannich type reaction is the formation of the 14-
membered ring compound VIII/126a from the tetrahydroisoquinoline deriva-
tive VIII/125a in 11% yield, Scheme VIII/24 [77].

H3CO H3CO

n CH3 W
Vlll/125a Vlll/126a

Scheme VIII/24. Examples of retro Mannich reaction in ring enlargement,

a) NaOC2H5, C2H5OH.

The general use of the retro aldol reaction for ring expansion is limited because
of the difficulty of preparing properly substituted starting material. One inter-
esting synthetic approach is the photochemical cycloaddition of an enol acetate
and a cycloalkene (shown in Scheme VIII/25) [78]. Irradiation of cyclopen-
tene (VIII/127a) and 3-acetoxy-5,5-dimethyl-2-cyclohexenone (VIII/128a) gave
the two isomeric 2-acetoxy-4,4-dimethyl-tricyclo[6.3.0.0z'7]undecan-6-ones,
VIII/129 and VIII/130, together in 65 % yield. Both isomers behave similarly
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under basic or acidic reaction conditions. In sodium methoxide, only the a,/3-
unsaturated tricyclic ketone can be observed (by loss of acetic acid). But at
room temperature after two weeks (!), in the presence of CH3OH/H2SO4,
VIII/129 and VIII/130 were converted to the eight-membered diketone,
VIII/131, isolated in a yield of about 50 %. Because of the equilibrium, the retro
aldol reaction in general must be performed under the same reaction conditions
used to prepare the aldol itself. Depending on the ring size of the retro aldol
products, "trivial" transannular reactions7^ can be observed. Occasionally they
can lead to side products.

o
COCH3

Vlll/128a

CH3

CH3

0

VIII/131

H OCOCH3

VIII/130

86%

Scheme VIII/25. The retro aldol approach for ring enlargement.

a) hv b) H2SO4, CH3OH, 20°, 14 d c) NaH, THF, 20°, d) HOAc, 20°.

7) The intramolecular base- or acid-catalyzed condensation of a ring compound containing
carbonyl groups and adjacent active methylene groups, is a standard technique of organic
chemistry. Prelog suggested that such reactions should be termed "trivial" transannular
reactions in contrast with reactions, which are unique to medium-sized rings. An example
of such a trivial reaction is the base-catalyzed transformation of cyclodecane-l,6-dione
into bicyclo[5.3.0]decan-l(7)-en-2-one [81], while the formation of bicyclo[4.4.0]decan-l-
en-2-one from cyclodecanone by treatment with two moles of N-bromosuccinimide [5] [82]
is a model for the non trivial one.
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0

185

H3C

'—NH

mitomycin A

In the case of synthetic studies on mitomycins (e.g. mitomycin A), both tech-
niques were applied to synthesize model compounds. A retro aldol reaction,
followed by a trivial transannular reaction, was performed in the same pot and
under the same conditions (sodium hydride) [79] [80], Scheme VIII/25. Thus,
compound VIII/132 gave the ring closed intermediate, VIII/133, which by a
retro aldol reaction, yielded the eight-membered intermediate, VIII/134. A
transannular reaction in VIII/134 gave the acid labile VIII/135, which led finally
to the indole derivative, VIII/136.

In a series of experiments, retro aldol products such as VIII/140 were ob-
tained, when dihydroisoquinoline VIII/137 was treated with a nonenolizable
/3-diketone, VIII/138, see Scheme VIII/26 [83].

H3C0

H3C0

VIII/137 CH3

VIII/139

35 7.

VIII/140

Scheme VIII/26. Retro aldol reactions,

a) H2O, 20 h reflux.
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VIII.3. Cleavage of the Zero Bridge in Bicycles by
Retro Diels-Alder Reaction

Retro Diels-Alder reactions in bicyclic systems or Diels-Alder reactions in cor-
responding monocyclic systems are of great interest. If, in bicyclic systems, the
central bridge is involved in the retro reaction, the process will lead to a ring
enlargement. Compounds which isomerize by this type of reaction belong to the
group of molecules, which show valence tautomerization. Two examples
(VIII/141 *± VIII/142 and VIII/143 ?± VIII/144) of many are given in Scheme
VIII/27. The reaction of diazomethane with benzene under irradiation with
light (UV or sun light) results in cycloheptatriene, a valence isomerized bicycle.

50°

VIII/141 [88] [89]

100°

VIII/143 VIII/144 [90] [91]

CH2N2 »

VIII/145 VIII/146

Scheme VIII/27. Valence tautomerization.

[92]

A series of substituted 1,3,5-cyclooctatrienes (e.g. VIII/150) has been synthe-
sized according to Scheme VIII/28. They generally exist in equilibrium with
their valence tautomers, bicyclo[4.2.0]octa-2,4-dienes. The equilibrium is lar-
gely effected by the nature and position of the substituents. They were isolated
as the sole valence tautomers. This fact indicates the stabilization provided by
the conjugation with the carbonyl group, is strong enough to maintain a 1,3,5-
cyclooctatriene structure [84], Scheme VIII/28.
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CH3

187

CH 2

CH 2

79%

VIII/148

cfi
VIII/149

CH3

VIII/150 [84]

H3C
 H 6

VIII/151

H3C 0

VIII/152

H3C 0

VIII/153 [93]

Scheme VIII/28. a) A1C13, CH2C12

b) N-bromosuccinimide, CC14 Li2CO3> LiF, powdered soft glass, hexa-
methyl-phosphoramide
c) hv, CH3OH, 18° d) H2, Raney-Ni, CH3OH.

For similar reactions, see ref. [85] [86]. The ratio of the components in the
equilibrium VIII/143:VIII/144 depends very much on the number of substi-
tuents. The percentage of the bicycle is increased with substitution (e.g. no
substituents, 10.8% bicycle; 7,7-dimethoxy, >95%) [87].

Irradiation of the tricycle VIII/151 is carried out in methanol solution at 18°
under an atmosphere of argon, using a low-pressure mercury discharge tube.
The product of this reaction was triene VIII/152. After about 1 hour of irradia-
tion, a photostationary state was reached. Because VIII/152 was found to be
thermally unstable, a selective reduction was accomplished by bubbling hydro-
gen through a cold (-18°) methanolic solution of the photolysis products after
addition of Raney-nickel. To receive compound VIII/153, dihydrocostunolide,
was the goal of this total synthesis [93]. Another synthesis of VIII/153 was
achieved later [94].

VIII. 4. Oxidative Cleavage of the Zero-Ene-Bridge in Bicycles

Several medium and large ring compounds isolated from natural sources con-
tain a ketone or a lactone group. Such molecules might be prepared by splitting,
oxydatively, a zero bridged double bond in a bicycle8'. The double bonded
bicyclic system must be easily synthesized and the oxidation product, usually

8) For mechanistic considerations see Chapter VIII. 1.
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having two rather than one carbonyl groups, should be capable of being specifi-
cally transformed into the desired product.

Muscone (VIII/48) is one of the "most attractive" large ring compounds of
natural origin for synthetic chemists. One of the approaches to its synthesis
contains the oxidative cleavage of a zero bridged double bond [85]. The starting
material was cyclododecanone (VIII/74, Scheme VIII/29), which was converted
to l-(trimethylsilyl)cyclododecene (VIII/157) by treatment with benzenesul-
fonylhydrazide. The cyclododecanone-benzenesulfonylhydrazone (VIII/154)
was first converted to the dianion, VIII/155, by treatment with BuLi at —45°.
The dianion on warming to —30°, spontaneously decomposed to the vinyl car-
banion, VIII/156, nitrogen and benzenesulfinate. Species VIII/156 was trapped

93%

SO 2C 6H 5

VIII/74 VIII/154
VIII/155

c

H,C

COCl

Si(CH3)3

95 7.

Li

VIII/158 VIII/157 VIII/156

18%

9

VIII/159

48%

M00%

VIII/160 VIII/48

Scheme VIII/29. (±)-Muscone (VIII/48) synthesis [85] [95].

a) C6H5SO2NHNH2

b) C4H9Li, hexane, N,N,N',N'-tetramethylethylenediamine, -45°
c) -30°, loss of N2 and C6HsSO2Li d) ClSi(CH3)3

e) A1C13, CH2C12, 25° f) BF3 • (C2H5)2O, C6H5, reflux
g) RhCl3, C2H5OH h) 1. NaBH4 2. O3 3. N2H4, KOH 4. CrO3.
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with chlorotrimethylsilane to generate VIII/157. The next step was an annela-
tion of cyclopentenone. First, a Friedel-Crafts acylation led to the regiospecific
product VIII/158. The cyclization step was performed with borontrifluoride
etherate in hot benzene. The two cyclopentenone derivatives VIII/159 and
VIII/160 (Scheme VIII/29) were then quantitatively isomerized to VIII/160.

The cleavage of the double bonded zero bridge was performed with ozone.
In order to keep the carbonyl group in compound VIII/160 for the final product
VIII/48, this carbonyl group was reduced to the alcohol. The two carbonyl
groups, generated by ozone, were reduced under Wolff-Kishner conditions,
and, finally, the CrO3 oxidation of the alcohol gave muscone (VIII/48) [85]. The
synthesis of muscone, outlined in Scheme VIII/29, is an alternative route for the
earlier described conversion of cyclododecanone to muscone [96]. Cyclopenta-
decanone (VIII/163, exaltone®) has been synthesized from cyclododecanone
(VIII/74) in a comparable, but yet interesting way [28]. The transformation
of compound VIII/74 to bicyclo[10.3.0]pentadec-l(12)en-13-one (VIII/85,
Scheme VIII/30) was carried out by classical methods [48]. The reduction of
the a,/?-unsaturated ketone with Raney-nickel (H2/l% NaOH-MeOH) gave
two isomeric saturated alcohols, which were dehydrated (C6H5SO3H, toluene)

a,b

VIII/85 VIII/161 VIII/162 VIII/163

Scheme VIII/30. A synthetic pathway to cyclopentadecanone (VIII/163) [28].

a) H2, Raney-Ni b) C6H5SO3H c) O3, CH2C12.

and isomerized to VIII/161, Scheme VIII/30. Ozonisation of the double bond
yielded the diketone VIII/162, and a partial catalytic hydrogenation (alkaline
solution, Raney-nickel) led to cyclopentadecanone (VIII/163) [28]. Similar
oxidative cleavages are mentioned in ref. [51]. Most of the products constructed
by the oxidative double bonded zero bridge splitting, are lactones or even
lactams. This preference is due to the fact that oxidation of the double bond
yields two carbonyl groups. If one of the carbonyl groups is part of a lactone or
lactam, the second one can be specifically reduced or transformed into other
functional groups. Two further examples are given in Scheme VIII/31.
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0.

VIII/164 VIII/165 VIII/166

° «.0

(CH2)3-OH

VIII/168 VIII/169 VIII/170

Scheme VIII/31. Oxidative cleavage of double bond zero bridge in bicycles [97] [98].

a) NaH, Br-(CH2)4-OCOCH3 - KOH, H2O
b) slow distillation in vacuo c) meta-chloroperoxybenzoic acid, CH2C12

d) CH2=CH-COOC2H,, C2H5OH - LiAlH4 acid e) TsOH, C6H6.

The incorporation of a o-functionalized side chain in the a-position of ethyl
2-oxocyclooctane-l-carboxylate (VIII/164) yielded VIII/165, which by loss of
water (distillation in vacuo) gave 9-oxabicyclo[6.5.0]tridec-l(8)-ene (VIII/166).
Oxidation of VIII/166 with an excess of mefa-chloroperoxybenzoic acid for a
short period of time (to avoid Baeyer-Villiger oxidation of the product oxolac-
tone to dilactones9)) gave a 46% yield (from VIII/164 of VIII/167) [98].

An alternative procedure, starting with the enamine VIII/168, gave the
twelve-membered oxolactone VIII/171 via VIII/169 and VIII/170 in a yield of
4% (from VIII/168, Scheme VIII/31), [97]. Syntheses of macrocyclic lactones
with an annelated aromatic ring are described by various authors. Oxidations
of compounds of type VIII/172 have been investigated in order to prepare aro-
matic oxolactones of type VIII/173, [99], Scheme VIII/3210).

9) Alternative oxidation reagents, ferf-butylhydroperoxide, molybdenum hexacarbonyl, or
lead tetraacetate oxidation of the corresponding glycol, were tried in order to avoid
dilactone formation, but the yields were not satisfactory [98].

10) The treatment of cyclic enol ethers with alkyl nitrites or with nitrosyl chloride gave
oximino macrolides in almost quantitative yield [100] [102]. The furan derivatives are
inert to hydrolytic nitrosation [100].

NOH

(CH2)n j

n = i _ 4,8 a) C4H9ONO, C2H5OH, H2O.
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(CH2)n

•o"H—y

(CH2)n

[ 0 ]

VIII/174

CH2»n

Scheme VIII/32. Synthesis of macrocyclic lactones with an annelated aromatic ring by ring
enlargement [100] [101].

R = H or CH=CH-CH = CH- n = 4, 5, 6, 10

Meta-chloroperoxybenzoic acid or osmiumtetroxide/sodium periodate chromic
acid anhydride in acetic acid or acetic anhydride give good results with the
benzofurans, but was unsatisfactory in the naphthofuran (VIII/172, R-R, CH=
CH-CH=CH-) series. Ozonolysis, however, was very effective with both types
of compounds (yields 63-86%).

Analogous reactions have been performed in similar benzo- and naphthopy-
rane series [101]. Oxidation of benzopyrane derivatives VIII/174 with chromic
acid/acetic acid, chromic acid anhydride/acetic acid anhydride, Jones reagent,
or ozone gave only complex mixtures of products. Only raeta-chloroperoxyben-
zoic acid in dichloromethane was successful (VIII/175 as naphthoketolactones
with n = 4, 5, 6 in 70, 49, and 60% yield).

The preparation of a number of medium ring benzoic acid lactones was
achieved by treatment of compounds such as VIII/176 with an excess of meta-
chloroperoxybenzoic acid in dichloromethane, Scheme VIII/33 [103]. However,
this oxidation reaction is not general for the synthesis of aromatic lactones. If
the same reaction conditions are used as in the conversion of VIII/176 to
VIII/177, the methoxy derivative VIII/178 is not transformed into the corre-
sponding lactone. Instead the cyclic carbonate VIII/183 was isolated in a yield of
50 %. The proposed mechanism of this abnormal reaction is shown in Scheme
VIII/33. From model compounds, the methoxyl group in the para-position to
the center of oxidation seems to be important for the formation of VIII/183
[103]. The carbonate VIII/183 is unstable in aqueous alkaline medium and
decomposes to the spiro compound, VIII/185, Scheme VIII/33 [103]. For an
analogous reaction, see ref. [104].
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VIII/176 VIII/177 0

H3CO'

H3CO

H3CO' H3CO

VIII/185 VIII/184

Scheme VIII/33. Formation of aromatic macrocyclic lactones and the proposed mechanism
for the formation of a side product [103].

a) Meta-chloroperoxybenzoic acid, CH2C12 b) K2CO3, H2O - H3O*.
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Oxidation of cyclic enamins or unsaturated lactams, corresponding to the cyclic
enol ethers, led to oxolactams and oxoimides, respectively [105].

The synthesis of the naturally occurring dihydrorecifeiolide (VHI/191)n) was
realized by an oxidative cleavage of the double bond zero bridged bicycle as the
key step, Scheme VIII/34. Methylation of the aldehyde, VIII/187, prepared
from the cyclooctanone derivative, VIII/186, by a Michael reaction, gave the
secondary alcohol, VIII/188, in high yield, when the reaction was carried out
with dimethyltitaniumdiisopropoxide. However, instead of the expected ring
enlargement (compare Chapter VII), deethoxycarbonylation [106] [107] [108]
[109] took place under the influence of the fluoride ion. The bicycle VIII/189
was finally formed by distillation. Oxidation of the central double bond with

^ ^

VIII/186

XHO

AJ
877. ^ / 2 5

VIII/187

b

967.

OH

.A-
I T ^ C O O C j H s

VIII/188

89%

817. 827. OCrc
VMI/191 VIII/190 VIII/189

Scheme VII I /34 . Synthesis of (±)-dihydrorecifeiolide (VIII/191) [110].

a) C H 2 = C H - C H O , Bu3P b) (CH3)2Ti(O-iPr)2 , T H F
c) Bu4NF, T H F - distillation d) meto-chloroperoxybenzoic acid, CH2C12

e) TsNHNH 2 , CH 3OH-[(C 6H 5) 3P] 2CuBH 4 , CHC13 .

meto-chloroperoxybenzoic acid in the presence of potassium fluoride gave the
best results, [112]. The formation of the corresponding tosylhydrazone and its
reduction with bis(triphenylphosphine)copper(I)-tetrahydroborate resulted in
the desired lactone, VIII/191, in 81% yield (49% from VIII/186) [110]. The
synthesis [26] of (±)-phoracantholide M (= (Z)-5-dodecen-ll-olide), isolated
from Phoracantha synonyma Newman [113], contained two steps similar to
those of VIII/191, see Chapter VIII. 1.

11) Dihydrorecifeiolide was isolated from Cryptolestes ferrugineus [111].
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The bicyclic diol, VIII/194, prepared according to Scheme VIII/35, was oxi-
dized with lead tetraacetate to the ten-membered lactone, VIII/195. The latter
was then transformed into phoracantholide I (see Chapter VII) [114].

(CH3)3Si0

VIII/192 VIII/193

0"
OH

VIII/194

.10011 ,

CH3 0

VIII/196

CH3 0

VIII/195

Scheme VIII/35. Part of a phoracantholide I synthesis [114].

a) CH3Li b) H3CCH(OH)(CH2)2I, THF, hexamethylphosphoramide
c) Pb(OAc)4, benzene.

Lactam formation from an oxidative cleavage of the bicyclic zero bridge is well
known, for example, VIII/197 -> VIII/200 [115]. Because of the relative posi-
tions of a ketone and a secondary lactam in the ten-membered ring compound,
VIII/199, however the only stable structure is that of the fused five/seven ring
system in VIII/200 [116]. The substituted 3(2H)-pyrazolones VIII/201 are
opened oxidatively by periodate to VIII/202 [117].

In an analogous manner the indole double bond in VIII/203 was opened oxi-
datively (O2, rose Bengal, 200 W halogen lamp, CH3OH/CH2C12, 25°, 5 h) and
the desired eight-membered lactam VIII/204 was isolated in 82% yield [118].
Compound VIII/204 is an intermediate in a synthetic approach to the potent
antitumor antibiotic mitomycin A (see Chapter VIII.2).
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VIII/197

X I - H

VIII/198

b H

VIII/199

(t)
OH

0

VIII/200

(CH2)n

VIII/201

H3CO

VIII/203

74-84%

82%

H,C

H3CO

VIII/204

Scheme VIII/36. Lactam formation oxidative cleavage of the bridge in a bicycle.

n = 1, 2, 3
a) O2, AcOC2H5 b) H2O, dioxane c) NaIO4, H2O, CH3OH
d) O2, hv, CH3OH, CH2C12.
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IX. Cleavage of the One-Atom-Bridge in Bicycles
and Transesterification

IX.1. Cleavage of the One-Atom-Bridge in Bicycles

The significance of bicyclic intermediates in the synthesis of ring enlargement
products was demonstrated in Chapter VIII. The bicyclic compounds being
discussed there contained always a zero bridge. In this chapter we will show how
bicyclic compounds with a one-atom-bridge can be cleaved in order to obtain an
expanded ring. The size of the new ring is one atom smaller than the total num-
ber of ring atoms in the bicycle. The atom incorporated in the "one-atom-
bridge" can be carbon, sulfur, nitrogen, and even oxygen.

The carbon bridge is normally a ketone bridge, prepared by Michael addi-
tion of an a,/S-unsaturated ketone, aldehyde or corresponding substances to
a cycloalkanone. After the Michael addition has taken place as illustrated in
Scheme IX/1, an aldol reaction occurred because of the two free a-positions to
the cyclic ketone.

The pyrrolidine enamine of cyclohexanone (IX/1) treated with acrylaldehyde
yields the bicyclic compound, IX/2, in 72 % yield in which the pyrrolidine ring
has moved. On heating with aqueous base, the methiodide IX/3 was trans-
formed to 4-cyclooctene-carboxylic acid (IX/4) [1], In a similar reaction, but
without reorganisation of the substituents, 2-nitrocyclohexanone (IX/5) was
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converted to the bicyclic ketoalcohol, IX/6, and oxidized to the diketone IX/7.
Under very mild reaction conditions, the ketone bridge in IX/7 is cleaved to give
a quantitative yield of aldol condensation product IX/8. Presumably, IX/8 was
formed via 1,4-cyclooctanedione or 4-oxocyclooctanenitronate [2].

H 3 C %

COOH

IX/1 IX/2 IX/3 IX/4

IX/5 IX/6 IX/8

C3H7 C3H7

857.

IX/9

IX/10 IX/11

Scheme IX/1. Examples of cleavages of the "one-atom-bridge" in bicycles.

a) CH2=CH-CHO, dioxane b) CH3I c) NaOH/H2O, heat
d) CH2=CH-CHO, Bu4NF e) CrO3 f) K2CO3, H2O - H2SO4

g) H2NC3H7, THF h) CH3ONa, CH3OH.

The transformation of cyclododecanone via IX/9 to the bicyclic intermediate,
IX/10 is possible through an internal enamine reaction. Cleavage of the central
ketone bridge gives the 14-membered product IX/11 [3]. This reaction was a
key step in the synthesis of (±)-muscone (IX/15), Scheme IX/2, [4]. On treat-
ment with base, the bicyclic intermediate, IX/13, prepared from 2-nitrocyclotri-
decanone (IX/12), was quantitatively (R=H) [5] (or in 47 % yield (R=CH3) [4])
converted into the enlarged product IX/14. The retro aldol reaction was not
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IX/12 IX/13 IX/14 IX/15

Scheme IX/2. Synthesis of (±)-muscone (IX/15) by cleavage of the one-atom-bridge [4].

a) H3C-CH=CH-CHO, Bu3P b) CH3ONa, CH3OH
c) 1. CrO3 2. Bu3SnH, 2,2'-azabisisobutyronitrile 3. KOH, H2O.

observed. In the synthesis of the lactone antibiotic A 26771B (IX/16) [6], this
type of ring enlargement was also used in a key step [5].

A remarkable ring enlargement reaction was observed when the diketone,
IX/17, (Scheme IX/3) was kept under acetalization conditions (BF3-etherate/
ethyleneglycol) [7]. The seven-membered IX/201' was isolated in 98% yield.
Probably this reaction is restricted to five- to seven-membered ring enlarge-
ment^.

From a mechanistic point of view, the first step is an acid catalyzed aldol reac-
tion to IX/18. Acetalization of the remaining ketone, IX/19, and cleavage of the
one-atom-bridge led to IX/20. This reaction was applied to the synthesis of
bulnesol, IX/22, using the diketone, IX/21, as a starting material [7].

Carbon monoxide elimination is observed when the bicyclic compounds of
type IX/24 decompose [8]. Depending on the nature of the substituents at the
bicyclic intermediate, IX/24 is more or less stable. Compound IX/24 and its
dihydroderivative can be prepared by Diels-Alder reaction of a cyclopentadie-

1) The reaction mentioned, was the most efficient of a series.
2) A five- to eight-membered conversion (prolongation of the side chain by one CH2-group),

was not successful [7].
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IX/17

IX/18

IX/21 IX/22 IX/20

Scheme IX/3. Formation of seven-membered ring compounds from cyclopentanone deriva-
tives [7].

a) BF3x(C2H5)2O, (CH2OH)2.

none (e.g. IX/23) and an alkyne or an olefin. This reaction is an useful method
for preparation of specifically substituted benzenes and cyclohexadienes (if a
dihydroderivative of IX/24 is heated, Scheme IX/4). Further examples are given
in ref. [9].

The sulfur-mediated total synthesis of the biologically potent zygosporin E
(IX/31) was published [10] and the important ring enlargement steps are given in
Scheme IX/5. When compound IX/26 was heated with NaI/K2CO3 in acetoni-
trile, the nine-membered IX/28 was formed. The medium sized ring is built up
by a rearrangement of the first formed six-membered sulfonium ion IX/27 (see

CH3

H 5 C 6

-co

Scheme IX/4. Formation of aromatic compounds by CO extrusion [8].
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TMS

IX/31

Scheme IX/5. Synthesis of zygosporin E (IX/31) with two sulfur-mediated ring expansions
[10].

a) Nal, K2CO3, CH3CN, heat b) (CH3)3OBF4

c) Zn, 1,2-dimethoxyethane, THF, HOAc, 20° d) K2CO3, CH3OH.

Chapter V) [11]. Afterward, the sulfide bridge was methylated by the Meerwein
reagent, followed by Rieke zinc treatment to get the central eleven-membered
ring. N-Deacetylation (K2CO3/CH3OH) gave IX/30, which was finally trans-
formed to (±)-zygosporin E (IX/31) and its 16-epimer. The synthesis of zygo-
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sporin E illustrates the use of the stereochemistry of the sulfide bridge as a relay
of stereochemical information in medium-sized rings [10]. Further applications
of this method are given in ref. [12] [13].

A ring expansion reaction not easily classified is represented by a reaction
type in which macrocyclic lactones are formed through a sulfide contraction.
The reaction principle is shown in Scheme IX/6. The first step is a ring closure
reaction by formation of a sulfur carbon bond, followed by an additional carbon
carbon bond formation to give an episulfide. The sulfur bridge is then removed
by phosphine (sulfide contraction method [14]). The resulting compound,
IX/36, is a yS-ketolactone [15]. This reaction has been used to synthesize differ-
ent medium and large ring macrolides, e.g. (±)-diplodialide A (IX/37) [15] [16]
[17] [18].

H
IX/32

-NR2

:c=<

IX/33

IX/35

b

IX/34

0 CH3

IX/36 IX/37

Scheme IX/6. Macrocyclic lactone formation through sulfide contraction [15].

a) R'3P b) H3O
+.

Raney nickel can be used to cleave a sulfur bridge in a bicycle as well as of a thio-
phene moiety in a macrocyclic compound. Thus, thiophene derivative IX/38
cyclized by an intramolecular acylation to the lactone IX/39 in good yields
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(48-68 %) [19]. Reductive desulfurization converts IX/39 to the corresponding
ketolactone, IX/40 (70-80%) [20].

IX/39 IX/40

A method involving an oxygen bridge as a synthetic tool has also been pub-
lished [21]; the synthesis of the aglycone of the antibiotic neomethymycin, neo-
methynolide (IX/45) [22]. The acetylenic fragment, IX/41, was lithiated and
condensed in tetrahydrofuran with the Prelog-Djerassi lactonic acid methyl
ester, IX/42, to give a mixture of hemiacetals. These were then converted to the
methylacetals, IX/43. By a ring closure reaction (Scheme IX/7), the bicyclic,

H
I
III

CH3

CH3

COOCH3

H3C
CH3

IX/42

COOCH3

a,b

:.X.,'OTBDMS

I
M E M O ^ ^ C ^

IX/41

H3C

MEMO

i n

OTBDMS

CH 3

IX/43

c ,d ,e

H3C

f,9

OH

CH3
H3C"

IX/45

Scheme IX/7. Synthesis of neomethynolide (IX/45) [21].

IX/44

a) BuLi, THF b) TsOH, CH3OH c) Bu4NF, THF
e) 2,4,6-trichlorobenzoyl chloride f) ZnBr2, CH2C12,
g) CrSO4, dimethylformamide, H2O.

CH3

• C H 3

d) NaOH, CH3OH
CH3NO2
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highly strained lactone IX/44 was obtained. The oxygen bridge in IX/44 is part
of an acetal, and, when cleaved, gave the twelve-membered ring in IX/45. The
(£)-double bond in IX/45 was generated in aqueous dimethylformamide by
reduction with chromous sulfate [23]. For similar reactions see ref. [24].

OH

IX/46

o
OH

IX/47

CrO3
m

62%

IX/48

'base
0

06
IX/49

Scheme IX/8.

5-Hydroxycyclooctanone (IX/47) exists almost completely in the transannular
hemiacetal form, IX/46, both as a solid (the infrared spectrum in potassium
bromide shows no carbonyl absorption), and in solution (carbon tetrachloride).
Oxidation of IX/46 to the diketone, IX/48, with chromic anhydride proceeds in
good yield because an aqueous solution contains about 4 % of IX/47 [25]. The
diketone IX/48 is readily cyclized by a base catalyzed transannular aldol reac-
tion [2] to give IX/49. The synthesis of cyclooctene and cyclononene derivatives
was realized using bridged-ring precursors [26] [27]. Reactions involving a one-
atom-bridge containing nitrogen were mentioned in ref. [28].
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Comparison of transesterification with transamidation (Chapter VI. 1) is of in-
terest. The main difference is that oxygen forms two bonds and nitrogen forms
three bonds. The driving force in large ring transamidation reactions is the
formation of a resonance stabilized secondary amide. If esters or lactones are
involved, no such resonance stabilizing structures are possible. Therefore, in
lactones, effects of lesser importance may influence an equilibrium mixture of
ring contraction and ring enlargement products. These effects, which are not
specific for oxygen containing compounds, are known as steric release effects.
They will be observed when a medium-sized ring becomes larger or if a sterically
crowded ring can be released by enlargement.

The formation of the twelve-membered lactone, IX/52, from the eight-mem-
bered ketone, IX/51, prepared by alkylation of the aldehyde, IX/50, can be
explained as an enlargement of a medium-sized ring. The driving force is pro-
bably the resonance stabilisation of the secondary nitro group in base (nitro-
nate), compared to the tertiary nitro group in the starting material (Scheme
IX/9) [29].

The second step, transformation of the twelve-membered IX/53 to the 14-
membered lactone IX/54, gives an equilibrium mixture of IX/53 and IX/54
(ratio approx. 1:2). The ratio is clearly different from a 1:1 mixture, which might
be expected if both compounds contained the same functional groups and rings
and were strained. Other reactions are analogous (Scheme IX/10): The strained
nine-membered lactones IX/55 and IX/57 are converted to the twelve-mem-
bered IX/56, and, via a double translactonization, to the 15-membered IX/58
(a mixture of cis and trans isomers), respectively. In both cases, the reactions
proceed better under acidic than under basic conditions. While the seven-mem-
bered IX/59 does not isomerize to the more strained ten-membered IX/60, its
methyl derivative, IX/61, is converted into an equilibrium mixture of IX/61and
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NO2
100%

IX/50 IX/51

Scheme IX/9. Transesterification [29].

85%

IX/53

a) CH2=CH-CH2-Si(CH3)3, TiCl4, CH2C12 b) Bu4NF, THF
c) O3, CH3OH d) NaBH4 e) camphor-10-sulfonic acid, CH2C12.

IX/55

97%

IX/56

OH

OH

IX/57

90%

Scheme IX/10. Examples of transesterification [30].

a) TsOH, CH2C12, 25°, 2 h.

OH

OH

IX/58
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OH

IX/59 IX/60

CH3
OH

35:65

IX/61

Scheme IX/10 (continued).

HO CH3

IX/62

IX/62 by storage at room temperature (pure or in chloroform solution) for three
days. As in the case of transamidation reactions, eight-membered intermediates
are much less favored than seven-membered rings. Thus, translactonization will
not take place.

IX/63

S O 2 C 6 H 5

• C H 3

OH OH

IX/66 IX/65

Scheme IX/11. Part of a muscone synthesis in which the alcoholate acts as an internal leaving
group [31].

a) CH3CO3H, BF3, (C2H5)2O, CI3CCH3
b) lithiumdiisopropylamide, THF c) 1. Al/Hg 2. THF, H2O.
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In the translactonization process the alcoholate acts as an internal leaving
group from displacement by a side-chain alcohol. However, nucleophiles other
than an alcohol may also displace. This can be a carbon atom in an a-position to
a sulfone group as in IX/64 (Scheme IX/11) (various bases were used). The
15-membered IX/64 is isolated in 80 % yield. This synthesis represents a trans-
formation of cyclododecanone via IX/63 to IX/66 to muscone [31].

Instead of the carbanion, stabilized by the sulfone group, a Grignard reagent
can be prepared from a side chain bromide. This reacts with the carbonyl group
of the lactone in a similar way. The transformation (not transesterification) of
IX/67 -» IX/68 is only realized in a yield of 37 %, Scheme IX/12 [31]. Lactone to
carbocycle transformations are rare; the method presented is a possibility for
the realization of such a conversion.

OH

IX/67 IX/68

Scheme IX/12. a) Mg, THF b) 1. BF3.(C2H5)2O, 2. NH4C1, H2O.

Translactonization reactions (thiolactone —> lactone) are discussed in Chapter V,
beginning with Scheme V/21.
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Compound Index

The formation of a ring-enlarged product is indicated by an arrow preceding a compound's
name. An arrow at the end denotes that the corresponding compound is used as starting
material in a ring-enlargement reaction.

A
Acetaldehyde

(phenylseleno)- 80
Acetonitrile

2-(l,2,3,4-tetrahydro-l-naphthylide-
ne)- (-») II/75, 17

Acetophenone
6-chloro-2-hydroxy-4-methyl- 65
(->) 3/3-acetoxy-5,10-seco-l(10)-chole-
sten-5-one VII/72, 136, 138

Acetylenecarboxylate 59, 61-63
Acetylenedicarboxylate 59, 60, 62-63
(—») Acoragermacrone V/37, 77
Acrylate

methyl 3-[2-(dimethylamino)cyclo-
pent-1-enyl]- IV/58, 61

Anthracene
(—») 9,10-dibromoperhydro-
VIII/11, 166

Anthraquinone
(—») l-[(«-butyl)dimethylsilyloxy]-
IV/21, 55
(—») 5-methoxy-l-[(i-butyl)dimethyl-
silyloxy]- IV/21, 55
(-») 1,5-dimethoxy- IV/21, 55
(-») 1-methoxy- IV/21, 55

Antibiotic A 26771B IX/16, 32, 201
Aryne IV/102, 67
2-Azabicyclo[4.4.0]dec-l-ene VIII/197,

195
-6-hydroxyperoxide (->) VHI/198,
195

l-Azabicyclo[11.3.1]heptadecane-13-carbo-
nitrile
2,17-dioxo- (->) VII/113, 144

7-Azabicyclo[4.1.0]heptane
7-methyl- (->) HI/21, 43

2-Azabicyclo[3.2.0]heptane-5-carboxylate
7-allyl-3,4-dioxo-l-phenyl-7-[(trime-
thylsilyl)oxy)]- (-+) IV/92, 65

l-Azabicyclo[3.2.0]hept-3-ene-2,7-dione
4-methoxy- 11/128, 25

l-Azabicyclo[3.2.0]hept-2-en-4-one
5-(dimethylamino)-6,6-dimethyl-2,3-
diphenyl- (-^) VIH/116, 181

16-Azabicyclo[10.3.1]hexadec-13-ene
14-methyl- 11/131, 25

13-Azabicyclo[10.3.0]hexa-l(12),13,15-
triene (->) 11/117, 23

16-Azabicy clo[ 10.3.1] hexa-12( 16), 13,15-
triene ( ^ ) 11/116, 23

(-») 2-Azabicyclo[3.2.2]nonan-3-one
II/133, 25

7-Azabicyclo[4.3.0]non-3-ene-l-carboxylate
8,9-dioxo-6-phenyl-3-[(trimethylsilyl)-
oxy]- (-^) IV/92, 65

(->) 3-Azabicyclo[3.2.1]octan-3-ol 11/186,
30

(-^) 2-Azabicyclo[3.2.1]oct-2-ene 11/177,
30

(-») 3-Azabicyclo[3.2.1]oct-2-ene 11/179,
30

2-Azabicyclo[3.3.0]oct-7-en-3-one
(->) 2-hydroxy- 11/191, 31

3-Azacyclotetradecane-l-carbonitrile
(—») 3-(3-chloropropyl)-2,4-dioxo-
VII /112, 144

7-Aza-10-decanelactam VI/17, 100
7-tosyl- VI/18, 100
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4-Aza-7-heptanelactam
(-») 8-(4-aminobutyl)-3-phenyl-
VI/54, 107
(-») 3-phenyl- VI/52, 107

13-Aza-16-hexadecanelactam
(-*) 17-(3-aminopropyl)- VI/37,
103, 104
(—») 17-[3-(methylamino)propyl]- (—>)
VI/37, 103, 104

17-Aza-20-icosanelactam
(-») 21-(4-aminobutyl)- VI/71, 110

4-Aza-8-octanelactam
9-(3-aminopropyl)-3-phenyl- VI/59,
108
(->) 3-phenyl- VI/58, 108

1-Azaspiro[4. lljhexadecene 1-oxide
2-carboxy-6-oxo- VII/20, 130

(-») 8-Aza-ll-undecanelactam VI/15, 99,
100

3i/-Azepine
(—») 2-amino-3-carboxanilide 28
(—>) 2-methoxy-3-carboxanilide
11/159, 28

li/-Azepine
(->) 1-f-butyl- HI/38, 44

lff-Azepine-4,5-dione
(—») 4,5,6,7-tetrahydro-6,6-dimethyl-
2,3-diphenyl- VIII/117, 181

l//-Azepin-2-one
(-») 2,3-dihydro-3,5,7-trimethyl-
11/166, 29
(-») 2,3,6,7-tetrahydro-4-methyl-7-
phenyl- V/91, 86
(->) 2,3,6,7-tetrahydro-7-phenyl-
V/89, 86

Azetidine-2,4-dione
3,3-diethyl- HI/1, 39, 40

Azetidinium iodide
l,l,3,3-tetramethyl-2-phenyl- (-»)
V/81, 85

Azetidin-2-one 111
l-alkyl-3-[(phenylacetyl)amino]- (->)
VI/92, 115
3-[3-amino-3-(l-alkanoyl)propyl]-3-
hydroxy- (-») VI/90, 115
l-(2-aminophenyl)-3-ethyl-3-phenyl-
(-^) VI/74, 111, 112
l-(2-aminophenyl)-3-methoxy-4-
(4-methoxyphenyl)- (-») VI/76, 112
4-(2-aminophenyl)-l-(4-methylphe-
nyl)-3-phenoxy- (->) VI/99, 117
l-benzyl-3,3,4,4-methyl- (->) V/94,
86
l-benzyl-4-methy 1-4-vinyl- (—»)
V/90, 86

l-benzyl-4-vinyl- (-+) V/88, 86
(-*) l-(f-butyl)-3-chloro-4-methyl-
111/35, 44
l-[carboxy(4-hydroxyphenyl)methyl]-
(-») VI/82, 113
(—») l-(chlorosulfonyl)-4-phenyl-
11/110, 23
4-(dimethylamino)-3,3-dimethyl-l-
phenyl- (-+) VI/107, 118
(-+) 3,4-diphenyl- 11/151, 27
(->) -l-(methylcarboxylate) 11/147,
27
l-(w-haloalkyl)- (->) VI/11, 99
l-(2-hydroxyphenyl)-4-(4-methoxy-
phenyl)-3-phenoxy- (—»)
VI/78, 112
l-(4-methylphenyl)-4-[2-(trimethyl-
silyloxy)phenyl]-3-phenoxy- (—>)
VI/101, 117
4-phenyl- VI/10, 99, 105-108, 113
(-») 4-phenyl-l-(l-pyrrolin-2-yl)-
VI/85, 113

Azet-2-one
l-[l-(alkoxycarbonyl)-2-mercapto-2-
methylpropyl]-l,2-dihydro- (—»)
VI/80, 113

Aziridine
2-benzoyl-l-(?-butyl)-3-methyl-
HI/24, 43
l-(«-butyl)-2-ethynyl-3-vinyl- (-*)
111/36, 44

Aziridine-2-carboxylate
l-(/-butyl)-3-methyl- (-^) HI/33, 44

2#-Azirine
3-amino- 39, 42, 120
3-(dimethylamino)-2,2-dimethyl-
HI/2, 39-42, 120, 121

Azocine
(-») 1,2,3,6,7,8-hexahydro-l-methyl-
V/85, 85

3//-Azonine
(-+) 1,2,6,7,8,9-hexahydro-l-methyl-
V/85, 85

3//-Azonine-2-carboxylate
(-^) l-benzyl-6,7,8,9-tetrahydro-
V/87, 85

B
Benzamide

2-azido-iV-phenyl- (->) 11/158, 28
Ar-(2-benzamidoethyl)-A'-cyclohexyl-
VI/23, 102

5//-Benz[c]azepine
(-•) l,2,3,4-tetrahydro-2,4,4-trime-
thyl- V/83, 85
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l//-Benz[fo]azepine-5-carboxylate
2,3,4,5-tetrahydro-5-oxo-A'-tosyl- (-»)
IV/39, 59

1-Benzazocine
(-») 7,10-diacetoxy-l,2,3,4,5,6-hexa-
hydro-8-methoxy-9-methyl-5-
(trifluoroacetoxy)-l-(trifluoroacetyl)
VIII/120, 181

Benz[c]azocine
(-») l,2,3,4,5,6-hexahydro-2-methyl-
V/80, 85

1-Benzazocine-l-carbonitrile
(->) 7,10-diacetoxy-5-bromo-l,2,3,4,5,
6-hexahydro-8-methoxy-9-methyl-
VIII/119, 181

l-Benzazocine-2,6-dione
(->) l-benzyl-8,10-dimethoxy-9-
methyl- VIII/204, 195

l//-Benz[6]azonine-5,6,7-tricarboxylate
8,9-dihydro-4-hydroxy-l-tosyl-
IV/41, 59

9//-l,2-Benz[c]azonine
1,2,5,6,7,8-hexahydro-iV-methyl-
V/78, 84

Benzene
(diacetoxyiodo)- 154
(->) 2,3-dialkyl-l,4-dimethyl-5,6-
diphenyl- IX/25, 202
bromo- 68

Benz[rf]isothiazole 1,1-dioxide
2,3-dihydro-3-oxo- (->) III/6, 41

Benzoate
2-azido- (-») 11/158, 28

Benzo[/]azeto[l,2-rf][l,4]oxazepin-9-one
10a-(alkylthio)-6,7,8,9-tetrahydro-10-
methoxy- IV/118, 70

Benzocyclobutenedione
3-[(;-butyl)dimethylsilyloxy]- (—»)
IV/18, 55
3-methoxy- IV/18, 55

Benzocyclobutenone
2-hydroxy-6-methoxy-2-phenyl- (—»)
IV/20, 55

Benzocyclodecen-8-one
(->) 5,6,7,8,9,10,11,12-octahydro-
V/60, 81

Benzocyclododecen-5-one
(->) 5,6,7,8,9,10,11,12,13,14-decahy-
dro- IV/113, 69

5//-Benzocycloheptadecen-5-one
(^) 6,7,8,9,10,11,12,13,14,15,16,17,
18,19-tetradecahydro- IV/113, 69

2if-Benzo[l',2':l,2]cyclohepta[3,4-ft]pyran-
llb-ol

3,4,4a,5,6,7-hexahydro-2-methyl-4a-
nitro- (-») VII/5, 127

5//-Benzocycloheptene-5-carbonitrile
(->) 6,7,8,9-tetrahydro-6,6-dime-
thoxy- II/78, 17

5//-Benzocycloheptene-9-carbonitrile
(^) 6,7-dihydro-8-hydroxy- II/79,
17
(-») 6,7-dihydro-8-methoxy- 11/77,
17

5//-Benzocycloheptene-6-carboxylate
methyl 6,7,8,9-tetrahydro-5-oxo- (-+)
IV/44, 59

5//-Benzocyclohepten-5-one
(-») 6,7,8,9-tetrahydro- IV/113, 69

5//-Benzocyclononen-5-one
(-») 6,7,8,9,10,11-hexahydro-
IV/113, 69

Benzocyclooctadecen-5-one
(-*) 5,6,7,8,9,10,11,12,13,14,15,16,17,
18,19,20-hexadecahydro- IV/113, 69

Benzocyclooctene-7,8,9-tricarboxylate
(->) 5,6-dihydro-10-hydroxy- IV/45,
59

Benzocycloocten-6-ol
5,6,7,8,9,10-hexahydro-6-vinyl-
V/59, 81

Benzocycloocten-5-one
(->) 5,6,7,8,9,10-hexahydro-
VII/68, 138
(-*) 5,6,7,8,9,10-hexahydro-6,6-dime-
thoxy- IV/117, 69

5//-Benzocyclopentadecen-5-one
(-») 6,7,8,9,10,11,12,13,14,15,16,17-
dodecahydro- IV/113, 69

Benzocyclotetradecen-5-one
(-+) 5,6,7,8,9,10,11,12,13,14,15,16-
dodecahydro- IV/113, 69

5//-Benzocyclotridecen-5-one
(-») 6,7,8,9,10,11,12,13,14,15-decahy-
dro- IV/13, 69

Benzo-l,4-diazocine-5,8-dione
2-(dimethylamino)-3,4,5,8-tetrahydro-
3,3-dimethyl- HI/9, 41

Benzo[6]furan-4,7-dione
(-») 6-methoxy-5-methyl- IV/13, 55
(->) 6-butyl-5-methoxy- IV/15, 55

7,8-Benzo-8-octanelactam
(->) 6-(chloromethylene)- VIII/29,
167

2-Benzooxacycloundecane-l,7-dione
(-+) 3,4,5,6,8,9-hexahydro-
VIII/177, 192
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1,4-Benzoquinone VII/133, 149
(—>) 5-allyl-6-benzyl-2,3-dimethoxy-
IV/9, 54
(—>) 5,6-dimethoxy-2-phenyl-3-(trime-
thylsilyl)- IV/25, 56
(—>) 5,6-dimethoxy-3-(trimethylsilyl)-
2-[(trimethylsilyloxy)methyl]-
IV/25, 56

l,4-Benzoquinone-2-carboxylate
(—>) 5,6-dimethoxy-3-(trimethylsilyl)-
IV/25, 56

Benzo-l,2,4-thiadiazin-3-one 1,1-dioxide
l,2,3,4-tetrahydro-3-oxo-4-phenyl-(^>)
HI/13, 41

6//-Benzo-l,2,5-thiadiazocin-6-one 1,1-di-
oxide
(-») 3-(dimethylamino)-4,5-dihydro-
4,4-dimethyl- HI/7, 41

Benzo-l,2,5,7-thiatriazonin-6-one 1,1-di-
oxide
3-(dimethylamino)-4,5,6,7-tetrahydro-
4,4-dimethyl-7-phenyl- HI/14, 41

l,2-Benzothiazepin-5(4//)-one
(->) 2,3-dihydro-2-(/>-toluenesul-
fonyl)- V/142, 92

Benzo[rf][l,3]thiazol-4,7-dione
(->) 6-methoxy-5-undecyl- IV/17,
55

Benzo[/?]thiepin
6,7-dihydro-4-morpholino- (—>)
IV/74, 63

Benzo[fo]thionin-5,6-dicarboxylate
(—») 8,9-dihydro-4-morpholino-
IV/75, 63

Benzo[fe]thiophene-4,7-dione
(-*) 5,6-dimethoxy- IV/14, 55

3,4-Benzotropolone
(->) 6,7-dimethyl- VIII/33, 168

Benz[c]oxacycloundecene-7,11-dione
(-») 6,7,8,9,10,ll-hexahydro-5,9,9-
trimethyl- VII/149, 152

5//,13//-Benz[c]oxacycloundecen-5-one
(->) 7,8,9,10,11,12-hexahydro-7-
methyl-10-nitro- (-*) VII/6, 127

Benz[/(][l,4]oxazonine-9,11-dione
(->) 6,7,8,9,10,11-hexahydro-10-
methoxy- IV/122, 70

Benzo[/j][l,4]thiazonine-9,11-dione
(->) 6,7,8,9,10,ll-hexahydro-10-
methoxy- IV/122, 70

Bicyclo[4.4.0]decane-2,4-dicarboxylate
l-hydroxy-7-(tributylstannyl)- (—>)
VII/37, 133

Bicyclo[4.4.0]decane-l,6-diol
3-methyl- VIH/194, 184

Bicyclo[5.3.0]decane-2,8-dione
(-^) 5-methyl- 11/19, 10

Bicyclo[5.3.0]decane-2,8-dione 8-ethylene
acetal
(->) 5-methyl- 11/18, 10

Bicyclo [4.4.0] decan- l-ol
5-mesyloxy-6-methyl- (^) VIII/18,
166, 167
5-tosyloxy- (^) VIII/5, 165

Bicyclo[5.3.0]decan-2-one 7-hydroxy-
VIH/200, 195

Bicyclo[4.4.0]decan-2-one ethylene acetal
5-amino-6-hydroxy-9-methyl- (—»)
11/17, 10

(-») Bicyclo[6.2.0]deca-2,4,6-triene
VHI/142, 186

Bicyclo[6.2.0]deca-l,4,7-triene-3,4,5-tricar-
boxylate
(-») 2-oxo-6,10-diphenyl- IV/49, 59

Bicyclo[5.3.0]dec-l-ene
5-(2-hydroxyprop-2-yl)-2,8-dimethyl-
IX/22, 202

Bicyclo[4.4.0]dec-5-ene
10-mesyloxy-l,8,8-trimethyl- (-»)
VIII/13, 166

Bicyclo[5.4.0]dec-6-en-10-one
8,8-dimethyl- (->) VI/89, 114

Bicyclo[5.3.0]dec-l(7)-en-2-one 184
Bicyclo[4.4.0]dec-l-en-2-one 184
Bicyclo[3.2.0]hepta-3,6-dien-2-one

7-(diethylamino)-6-methyl- (—»)
IV/77, 64

Bicyclo[2.2.1]hepta-2,5-dien-7-one
(->) 2,3-dialkyl-l,4-dimethyl-5,6-
diphenyl- IX/24, 202

Bicyclo[2.2.1]heptane
2-(dichloroamino)- (-+) 11/174, 30
3-(dimethylamino)-2-nitroso- (^)
H/185, 30

Bicyclo[2.2.1]hept-2-ene
6-nitro- (-+) II/187, 31

Bicyclo[3.2.0]hept-6-ene-7-carboxylate
l-(dimethylamino)- (-^) IV/57, 61

Bicyclo[3.2.0]hept-6-en-2-one
7-(diethylamino)-6-methyl- (—>)
IV/79, 64

Bicyclo[3.2.0]hept-2-en-6-one
7,7-dichloro- (-^) 11/20, 11

Bicyclo[6.1.0]nonane
9-bromo-9-iodo- (-*) H/81, 17, 18
9,9-dibromo- (-») 11/80, 17, 18

Bicyclo[3.3. l]nonane-4,9-dione
1-nitro- IX/7, 200

Bicyclo[4.3.0]nonan-l-ol
6-methyl-7-tosyloxy- (-^) VIII/23,167
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Bicyclo[4.3.0]nonan-2-one
(->) 1,6-epoxy- VIII/91, 177

Bicyclo[4.3.0]nonan-3-one
(->) 1-methoxy- II/64, 14, 15
(->) l-(phenylthio)- 11/62, 14, 15

Bicyclo[3.3. l]nonan-9-one
4-hydroxy-l-nitro- IX/6, 200
2-(l-pyrrolidinyl)- IX/2, 200

Bicyclo[4.3.0]non-l(6)-en-2-one V/29,
76, 177

Bicyclo[4.2.0]octa-2,4-diene (^)
VIII/144, 186

Bicyclo[4.2.0]octa-3,7-diene
1,7,8-trimethyl- (->) IV/81, 64

Bicyclo[4.2.0]octa-l,5-diene-3-carboxylate
2-oxo-4,8-diphenyl- (^) IV/48, 59

Bicyclo[3.3.0]octane-2,6-dione (—»)
IX/21, 202

Bicyclo[3.3.0]octan-2-ol
2-[(phenylthio)(phenylsulfonyl)me-
thyl]- (->) 11/61, 14, 15

Bicyclo[3.3.0]octan-2-one II/60, 14
Bicyclo[2.2.2]octan-2-one oxime (—>)

11/132, 25, 26
Bicyclo[4.2.0]oct-3-ene

1-acetyl- (->) VIII/149, 187
Bicyclo[3.3.0]oct-7-en-3-one

(->) 2,2-dichloro- 11/21, 11
Bicyclo[3.3.0]oct-l(5)-en-2-one

IX/8, 200, 206
Bicyclo[10.3.0]pentadecan-l-ol (—»)

VII/79, 139
14-methyl-13-tosyl- (-*) VIII/44, 170

Bicyclo[10.3.0]pentadecan-13-one
l,12-epoxy-14-methyl- (-») VIII/77,
175

Bicyclo[9.3. l]pentadecan- 15-one
1-phenylsulfonyl- 12-hydroxy-12-
methyl- (->) A,126
l-nitro-12-(propylamino)- (-»)
IX/10, 200

Bicyclo[10.3.0]pentadec-l(12)-ene (-»)
11/115, 23, 189

Bicyclo[10.3.0]pentadec-l(12)-en-13-one
VIII/85, 176, 189
14-methyl- VIII/76, 175, 176
15-methyl- VIII/160, 188
13-tosylhydrazone (-») VIII/86, 176

Bicyclo[10.3.0]pentadec-l(12)-en-13-one
13-tosylhydrazone
14-methyl- (->) VIII/86, 176

Bicyclo[10.3.0]pentadec-ll-en-13-one
15-methyl- VIII/159, 188

Bicyclo[2.1.0]pentane-l-carboxylate
2,5,5-trimethyl-2-(4-morpholinyl)-(^-)
HI/56, 47, 48

(-») Bicyclo[8.4.0]tetradeca-2,8-diene
VIII/12, 166

Bicyclo[6.3.0]undecane-2,6-dione
(-») 4,4-dimethyl- VIII/131, 183,
184

Bicyclo[5.4.0]undecan-9-one
7-hydroxy-l-nitro- VII/I, 127

Bicyclo[7.1.1]undec-l(10)-en-5-one (-»)
IV/83, 64

Bis(phenylthio)methyllithium 14
(Bromomethyl) phenyl selenide 135
Bulnesol IX/22, 201, 202

Camphor (->) 11/202, 33, 34
Camphorlactone (->) 11/203, 33, 34
e-Caprolactam

JV-(3-aminopropyl)- VI/16, 100
4a/f-Carbazole

4a-(dichloromethyl)-l,2,3,4,9,9a-hexa-
hydro-9a-hydroxy- (->) VIII/28,
167
4a-(dichloromethyl)-l,2,3,4-tetrahy-
dro- VIII/27, 167

Carbene
chloro- 18
dibromo- 18
dichloro- 15

(->) Celacinnine VI/61, 108, 114, 183
Chloramine 29, 30, 91, 92
4-Chloro-2-buten-l-yl acetate 149
5a-Cholestane-3-acetate

3|3,5-dihydroxy- (-+) VII/70, 136,
138

5|3-Cholestane-3-acetate
3P,5-dihydroxy- (^) VII/71, 136,
138

Cinnamate VIII/121, 182
(-+) Cinnolin-3-ol 11/154, 28
(->) Condyfoline VIII/100, 178
Costunolide

dihydro- VIII/153, 187
Coumarin (->) VI/41, 61, 105

3-acetyl- (->) 11/25, 11
(—») 3,4-dihydro-4-[(4-methylphenyl)
amino]-3-phenoxy- VI/102, 117

Cycloalka-l,3-diene-3-carboxylate
(-•) 4-(dimethylamino)- IV/55, 61

Cycloalkane-1-carbonitrile
1-hydroxy- (-+) Win, 10
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Cycloalkane-1-carboxylate
l-(bromomethyl)-2-oxo- (-») VII/42,
135
(-0 1-hydroxy- 11/14, 10
l-methyl-2-oxo- VII/44, 135
2-oxo- VII/41, 135
(->) 3-oxo- VII/43, 135
2-oxo-l-[(phenylseleno)methyl]- (-»)
VII/42, 135

Cycloalkane-l,3-dione
(->) 6-nitro- VII/15, 129

Cycloalkanol
l-(aminomethyl)- (-») 11/15, 10
l-(nitromethyl)- 11/13, 10

Cycloalkanone
(->) 2-acetyl-4-nitro- VII/14, 129
2-(phenylsulfonyl)-2-(4-hydroxy-2-
butenyl)- (->) VII/BO, 149
2-nitro-2-(3-oxobutyl)- (-») VII/13,
129

Cyclobutane
1,2-divinyl- (->) V/3, 74
l-(methylamino)-l-phenyl- (-^)
11/180, 30

Cyclobutanol
l-[bis(phenylthio)methyl]- (->)
11/55, 14, 15
l-[l-(methylsulfinyl)-l-(methylthio)-
ethyl]- (-») 9

(->) Cyclobutanone II/90, 14-16, 19
(-») 2-(2-butyl-l-cyclohexenyl)-
111/63, 48
2-(l-hydroxyalkyl)-2-[(trimethyl-
silyl)oxy]- (->) II/7, 8
(-») 2-methyl- II/92, 19
(-») 4-methyl-2,2-diphenyl-3-(l-pyrro-
lidinyl)- IV/31, 57

Cyclobut-1-ene
1-acetyl- VIII/148, 187
l,2-di[(trimethylsilyl)oxy]- II/6, 8

Cyclobutene-l,2-dione
3,4-dimethyl- IV/1, 54

Cyclobut-2-en-l-one
4-alkynyl-2,3-dimethoxy-4-[(trimethyl-
silyl)oxy]- (->) IV/22, 56
4-allyloxy-2,3-dimethoxy-4-(3-phenyl-
1-propynyl)- (->) IV/6, 54
4-hydroxy-3-methoxy-4-(l,3-thiazol-5-
yl)-2-undecyl- (->) IV/16, 55
3-methyl- (-») IV/35, 58
2-methyl-4,4-diphenyl- (-•) IV/28, 57

Cyclobut-3-en-l-one
2-hydroxy-3,4-dimethyl-2-phenyl- (-*)
IV/2, 54

(-») Cyclodeca-l,5-diene V/8, 74

Cyclodeca-l,6-diene
(-+) 1,4,4-trimethyl- VIII/15, 166

Cyclodeca-l,3-diene-l,2,3-tricarboxylate
(-*) 4-hydroxy- IV/43, 59

Cyclodecane-1-carboxylate
(-+) 6-oxo- VII/57, 137

(^) Cyclodecane-l,6-dione V/28, 76, 184
Cyclodecane-l,6-dione dioxime ditosylate

11/123, 25
Cyclodeca-l,3,5,7-tetraene (—»)

VIII /141, 186
Cyclodec-5-ene-l,3-dicarboxylate

(-->) 10-oxo- VII/40, 133
(-+) Cyclodec-5-en-l-one V/13, 75, 165

(^) 6-methyl- VII/94, 141, 166, 167
(^) 7-methylene- IV/84, 64

Cyclododecane
l,2-epoxy-l-ethynyl-2-methyl- (-»)
V/71, 82

Cyclododecane-1-carbonitrile
l-(2-formylethyl)-2-oxo- VII/139,
150
l-(3-hydroxypropyl)-2-oxo- (—»)
VII /140, 150
2-oxo- VIII/52, 145, 171

Cyclododecane- 1-carboxylate
(^) 5-nitro-2,12-dioxo- VII/18, 129
2-oxo- (^) V/51, 80, 175
2-oxo-l,12-divinyl- (-^) V/54, 80
2-oxo-12-vinyl- V/53, 80

(Cyclododecylmethyl)trimethylamnionium
iodide
l-(3-hydroxypropyl)-2-oxo- (—•)
VIII/53, 171

(—») Cyclododecane-l,6-dione V/31, 76,
184

Cyclododecanol
l-(dibromomethyl)- (-->) 11/35, 12
2-(3-methylbuta-l,2-dienyl)-l-vinyl-
(-^) V/21, 75

Cyclododecanone 11/198, 10, 12, 33, 61,
80-83, 130, 149, 174, 175, 188, 189,
200, 210
2-(2-formylethyl)-2-nitro- (->)
VII/98, 142, 143, 200
2-(3-formylpropyl)-2-nitro- (->)
VII/22, 131, 143
2-(4-hydroxybut-2-enyl)-2-(phenylsul-
fonyl)- (-^) VII/130, 149
2-(3-hydroxybutyl)- VII/172, 156
(->•) 2-(3-hydroxybutyl)-2-iodo-
VII/174, 156
2-(3-hydroxybutyl)-2-nitro- (-»)
VII /128, 148
2-(3-hydroxypropyl)- VII/76, 139
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2-(3-iodopropyl)- VII/78, 139
2-[4-(methoxycarbonyl)butyl]-2-nitro-
VII/19, 130
2-(3-methylbuta-l,2-dienyl)- (-»)
V/20, 75
2-(phenylsulfonyl)-2-[2-methylene-3-
(trimethylsilyl)propyl]- (->) VII/28,
132
2-nitro- VII/21, 130, 131
2-nitro-2-(3-oxobutyl)- VH/127,
147, 148
2-(phenylsulfonyl)- VII/26, 132
2-[2-(phenylsulfonyl)-l-methylethyl]-
(->) IX/63, 209

Cyclododecanone (benzenesulfonyl)hy-
drazone VIII/154, 188

Cyclododecanone O-(methylsulfonyl)-
oxime
2-(2-methylenepropyl)- (->) 11/129,
25

(-») Cyclododeca-l,5,9-triene V/10, 74
Cyclododecene (-») V/66, 82

1-methoxy- (->) V/19, 75
l-(trimethylsilyl)- VIII/157, 188
l-[(trimethylsilyl)oxy]- (->) VII/74,
139

Cyclododec-l(12)-ene-l-carboxylate
2-oxo- V/52, 80

(->) Cyclododec-5-yn-l-one VIII/93, 177
Cyclohepta-l,5-diene (-») V/2, 74
Cyclohepta-2,4-dien- 1-one

3-(diethylamino)-4-methyl- IV/80,
64

Cycloheptane- 1-carbonitrile
(-^) 2-oxo- 6

Cycloheptane- 1-carboxylate
(-») 2-oxo- 11/32, 11
(->) 3-oxo- VII/49, 136

Cycloheptanol
l-bis(phenylthio)methyl- (-») 11/55,
14, 15

Cycloheptanone (->) 11/54, 14, 15
(->) 2-methyl- 11/29, 11
(-») 3-methyl- 11/30, 11
(->) 2-phenyl- 11/46, 12
(->) 2-(phenylthio)- II/59, 14, 15
(_») 4-(t-butyl)-2,2-dimethyl- 11/67,
15

(->) Cycloheptatriene VIII/147, 186
Cyclohept-4-ene-l-carboxylate

(->) 4-phenyl- IX/20, 202
Cyclohept-2-en-l-one (—») 154
Cyclohepta-2,4,6-trien-1-one

(—») 3-(diethylamino)-4-methyl-
IV/78, 64

Cyclohept-2-en-l-ol
l-(dibromomethyl)- (-+) 11/40, 12

Cyclohept-3-en-l-one
7-chloro-3-methyl- (->) 79

Cyclohexadeca-l(16),12-diene- 1-carboxy-
late
(->) 2-oxo- V/55, 80

Cyclohexadecane-l,3-dione
(^) 6-phenylsulfonyl- B, 126

Cyclohexadec-5-en-l-one
(—») 4-isopropylidene- V/23, 75

Cyclohexa-2,4-dienone
3-methoxy-6-[(phenylsulfonyloxy)imi-
no]- (^) 11/126, 25

Cyclohexane
1,2-divinyl- H ) V/7, 74

Cyclohexane-1-carboxylate
l-butyl-2-oxo- VII/58, 137
l-(2-bromoethyl)-2-oxo- (->)
VII/50, 135, 137
l-(bromomethyl)-2-oxo- (—»)
VII/45, 136
l-(3-bromopropyl)-2-oxo- (—>)
VII/53, 137
l-ethyl-2-oxo- VII/52, 135, 137
l-(4-iodobutyl)-2-oxo- (-*) VII/56,
137
l-(3-iodopropyl)-2-oxo- (—>)
VII/53, 137
2-oxo- (->) IV/42, 59
2-oxo-l-propyl- VII/55, 137

Cyclohexanecarboxylic acid (—>) H/170,
29

Cyclohexane-l,3-dione VIII/34, 169
2-allyl-2-(6-hydroxyhexyl)- (^)
VII/150, 151, 152
2-allyl-2-(20-hydroxyicosyl)- (-+)
VII/150, 151, 152
2-allyl-2-(9-hydroxynonyl)- (-»)
VII/150, 151, 152
2-(4-hydroxy-2-butenyl)-2,5,5-trime-
thyl- (^) VII/144, 152
2-(4-hydroxy-2-butynyl)-2-methyl-(-^)
VII/155, 153
2-[2-(hydroxymethyl)benzyl]-2,5,5-tri-
methyl- (->) VII/148, 152
2-methyl- VII/154, 153
2-(3-hydroxypropyl)-2,5,5-trimethyl-
(-») VII/146, 152

Cyclohexane-l,4-dione (-*) H/112, 23
Cyclohexanol

(^) 1-benzyl- 11/46, 12
l-[bis(phenylthio)methyl]- (-^)
11/55, 14, 15
l-(a-bromobenzyl)- (^) II/44, 12
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4-(>butyl)-l-[2-(phenylseleno)prop-2-
yl]- ( - ) II/6, 15
l-butyl-2-{[(l-(phenylthio)cyclopro-
pyl]methylene}- (-») 111/62, 48
l,2-di(buta-l,3-dienyl)- (->) V/47,
79
1,2-divinyl- (-») V/ll, 74, 75

Cyclohexanone (-*) 11/31, 6, 11, 12, 14,
15, 48, 68
2-(3-buten-2-yl)-3,5-dimethyl- (-»)
11/200, 33
2-chloro-2-methyl- (-») 11/28, 11
2-(2-formylethyl)-2-nitro- (-»)
VII/119, 146
2-(phenylsulfonyl)-2-(4-hydroxy-2-
butenyl)- (->) VII/130, 149
2-methyl- (->) 11/27, 11, 20, 21
2-nitro- (->) IX/5, 199, 200
(-») 2-phenyl- 11/46, 12, 68
(-») 2-(phenylthio)- 11/59, 14, 15
2-{hydroxy[(l-phenylthio)cyclopro-
pyl]methyl}- 111/60, 48
2-{[l-(phenylthio)cyclopropyl]methy-
lenei- IH/61, 48
(->) 2-[(phenylthio)methyl]- 11/53,
13
2-methyl-2-[4-(phenylseleno)butyl]-3-
(tributylstannyl)- (->) VII/88, 141

Cyclohex-1-ene 45
l-(dimethylamino)- (->) IV/59, 61
l,2-di[(trimethylsilyl)oxy]- VIII/192,
194
l-(l-pyrrolidinyl)- IX/1, 200

Cyclohex-3-ene- 1-carboxy late
2-oxo-4,5-diphenyl- (->) IV/46, 59

(-•) Cyclohex-2-en-l-one VII/34, 133,
153
3-acetoxy-5,5-dimethyl- VIII/128a,
183, 184

2-(l-Cyclohexenyl)-3-(dimethylamino)acry-
late IV/60, 61

,/V-[2-(Cyclohexylamino)ethy[l]-dibenza-
mide (->) VI/23, 102

Cyclohexyl phenyl ketone (-») 11/172,
29

(-») Cyclonona-l,5-diene V/6, 74
Cyclonona-l,3-diene-l,2,3-tricarboxylate

(->) 4-hydroxy- IV/43, 59
Cyclonona-2,5-dien-l-one

(->) 7-alkoxy-6-methyl- V/26, 76
Cyclononane

2-phenyl-1- [(trimethylsilyl)oxy] -1-
vinyl- (-») V/56, 81

Cyclononane-1-carboxylate
(-*) 2-oxo- IV/42, 59

(-^) 5-oxo- VII/54, 137
Cyclononanone VII/165, 155

2-(2-hydroxypropyl)- VII/166, 155
(-») 2-phenyl- 11/46, 12
(_>) 4-vinyl- V/65, 81

Cyclononene
(^) 2-iodo-3-tosyloxy- 11/84, 17, 18

Cyclonon-3-en- l-ol
1-vinyl- (-^) V/61, 81

Cyclonon-4-en- 1-one
(->) 5-methyl- VIII/26, 167

(^) Cyclonon-5-yn-l-one VIII/93, 176,
177

H ) Cycloocta-l,5-diene V/4, 74
(—») Cycloocta-3,8-diene-l-carboxylate

V/123, 90
Cycloocta-l,5-diene-l,3-dicarboxylate

(-->) 4-oxo-6,8-diphenyl- I V/47, 59
Cycloocta-l,3-diene-l,2,3-tricarboxylate

(->) 4-hydroxy- IV/43, 59
Cycloocta[<ie]naphthalene-4,5(8//)-dione

(—>) 9-chloro-4,5-dihydro-7-(trime-
thylsilyl)- 11/34, 11

Cyclooctane
2-nitro- (-») VII/16, 129

Cyclooctane-1-carbonitrile
l-[4-(f-butoxycarbonyl)butyl]-2-oxo-
VII/33, 133
l-[4-(methoxycarbonyl)propyl]-2-oxo-
VII/31, 133

Cyclooctane-1-carboxylate
l-(2-formylethyl)-2-oxo- V1II/187,
193
l-(3-hydroxybutyl)-2-oxo- VIII/188,
193
2-oxo- (-») IV/42, 59, 190, 193
(-») 4-oxo- VII/51, 135, 137

Cyclooctane-l,2-diol
1,2-divinyl- (->) V/30, 76

Cyclooctane-l,4-dione 200
Cyclooctane-l,5-dione IX/48, 206
Cyclooctanenitronate

4-oxo- 200
Cyclooctanol

1-benzyl- II/43, 12
l-(ct-bromobenzyl)- (-^) 11/44, 12

Cyclooctanone 11/42, 12
2-(2-formylethyl)-2-nitro- (-*)
IX/50, 208
5-hydroxy- IX/47, 206
2-phenylsulfonyl-2-(4-hydroxy-2-bute-
n y l ) . (_») VII/130, 149
2-(4-hydroxybutyl)- VIII/165, 190
2-(3-hydroxyhex-5-enyl)-2-nitro- (->)
IX/51, 208
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2-(3-hydroxypropyl)- VIII/169, 190
2-nitro-2-[3-oxo-l-(methoxycarbonyl)-
butyl]- (-») VII/17, 129
(_>) 2-(phenylthio)- II/59, 14, 15

Cyclooctatetraene
(->) 1,2,3-trimethyl- IV/82, 64

Cycloocta-l,3,5-triene VHI/143, 186
(-->) 1-acetyl- VIII/150, 187

Cyclooct-1-ene
5,6-divinyl- (->) V/9, 74
l-(l-pyrrolidinyl)- VIII/168, 190

Cyclooct-2-ene-l-(dimethylsulfonium) fluo-
roborate
(->) 2,3-di(methoxycarbonyl)-4-oxo-
IV/52, 60

(—>) Cyclooct-4-ene-l-carboxylic acid
IX/4, 199, 200

(->) Cyclooct-3-en-l-one 11/41, 12
Cyclopentadeca-l,3-diene-l,2,3-tricarboxy-

late
(_») 4-hydroxy- IV/43, 59

(-») Cyclopentadecanone V/74, 82, 83,
130, 131, 139, 176, 189
(—») 2-(phenylsulfonyl)-5-hydroxy-3-
methyl- IX/65, 209
(_») 5-hydroxy- IX/68, 210
(->) 5-hydroxy-3-methyl- IX/66,
209
(-») 5-iodo- VII/80, 139
3-methyl- (= Muscone) I/I, 1,2
5-nitro-2-[(pentylamino)methylene]-
VII/23, 131

Cyclopentadec-2-en-l-one
(_>) 3-morpholino- IV/96, 66
(—») 5-(phenylsulfonyl)-3-methyl-
VII/30, 132

Cyclopentadec-5-en-l-one
(->) 3-methyl- V/69, 82, 170

(->) Cyclopentadec-1-yne VIII/89, 176
(->) 3-methyl- VIII/78, 175, 176

Cyclopenta-2,4-dien-l-one VIII/162, 189
2,3-dimethyl-4,5-diphenyl- (—»)
IX/23, 202

Cyclopentane
(->) 1-amino-l-methyl- 11/169, 29
1,2-divinyl- (->) V/5, 74
1-methyl-l-nitro- (->) 11/167, 29

Cyclopentane- 1-carboxylate
l-benzyl-2-oxo- VII/67, 138
l-(2-bromobenzyl)-2-oxo- VII/64,
138

Cyclopentane-1,2-diol
1,2-divinyl- (->) V/27, 76

Cyclopentanol
3-alkoxy-l-ethynyl-2-methyl-2-vinyl-
H ) V/24, 76
(-») 1-benzyl- 11/46, 12
l-(a-bromobenzyl)- (-^) 11/44, 12
l-[bis(phenylthio)methyl]- (-»)
11/55, 14, 15
1-vinyl- 11/51, 13

Cyclopentanone (-») 11/42, 12-15
2-(3-oxo-3-phenylpropyl)- (—>)
IX/17, 202
(-») 2-(phenylthio)- II/59, 14, 15

(-^) Cyclopentene HI/40, 9, 45, 183,
184

Cyclopent- 1-ene- 1-carboxylate
(—>) 4-hydroxy-2,5,5-trimethyl-
111/57, 47, 48

Cyclopent-2-en-l-one (-^) VII/159, 153,
189

Cyclopent[6]indole
l-benzyl-6,8-dimethoxy-7-methyl- (-»)
VIII/203, 195

Cyclopropane
1,2-divinyl- (->) V/l, 47, 74
methylidenealkylamine- (-») HI/48,
46
vinyl- (-») 111/39, 19, 45

Cyclopropane- 1-carboxylate
2-alkyl-l-(dialkylhydroxymethyl)-2-
[(trimethylsilyl)oxy]- (-») HI/65, 50
2-alkyl-2-[(trimethylsilyl)oxy]- (->)
111/64, 50
2,2-dimethyl-3-[(trialkylsilyl)oxy]-
H ) 111/69, 50

Cyclopropanol
l-(iV-alkylamino)- (-») 11/146, 27
H ) vinyl- 11/91, 19

Cyclopropanone 11/145, 27
Cycloprop- 1-ene- 1-carboxylate

3,3-dimethyl- (-») 111/54, 47, 48
Cyclopropenethione

2,3-diphenyl- (-») 111/16, 40, 42
Cyclopropenone 47

2,3-diphenyl- (-*) 11/148, 27, 40,
42, 47

Cyclotetradecane-1-carboxylate
(-») 5-nitro-2-(propylamino)-
IX/11, 200

Cyclotetradec-3-en-l-one
(-») 2-isopropylidene- V/22, 75

(-») Cyclotetradeca-3,5,7-trienone V/50,
79

Cyclotridecane-1-carboxylate
2-oxo- (-*) IV/42, 59
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Cyclotridecanone (-») 11/39, 10, 12, 61,
66
2-(3-aminopropyl)-2-nitro- (—»)
VII/105, 143
2-(2-formylethyl)-2-nitro- (->)
VII/104, 143
2-nitro- (-») IX/12, 200, 201

Cyclotridecene
1-morpholino- (->) IV/95, 66

Cyclotridec-3-ene
4-(l-propenyl)-4-[(trimethylsilyl)oxy]-
(-») V/68, 82

(-») Cyclotridec-3-en-l-one V/67, 81, 82
Cycloundeca-l,3-diene-l,2,3-tricarboxylate

(->) 4-hydroxy- IV/43, 59
Cycloundecane- 1-carboxylate

(-») 5-cyano-2-oxo- VII/32, 133
Cycloundecane-l,3-dione

(->) 6-nitro- VII/2, 127
Cycloundecanone

(-») 4-phenyl- V/58, 81
Cycloundec- 1-ene

(-») l-[(trimethylsilyl)oxy]-4-phenyl-
V/57, 81

(->) Cycloundec-5-en-l-one V/63, 81

D
(->) 13,17,21,25,29,33,37,41,45,49-Decaa-

za-52-dopentacontanelactam
VI/40, 104

9-Decalinol 140
10-Decanelactam

(->) 6-hydroxy- VI/113, 119
6-Decanolide

10-amino- VI/114, 119
9-Decanolide (see Phoracantholide I)

(-») 8-mercapto- V/129, 90
(->) 6-nitro- VII/4, 127, 146
(->) 6-oxo- VIII/195, 194

2-Decen-9-olide H/87, 19
4-Decen-9-olide

(->) 2,2-dichloro- V/151, 93
8-Decen-10-olide

(->) 3,3,6-trimethyl-5-oxo- VII/145,
152

8-Decyn-10-olide
(->) 6-methyl-5-oxo- VII/156, 153

(-») Desoxoinandenine VII/108, 142,
143

(Diacetoxyiodo)benzene 154
l,4-Diazabicyclo[4.4.0]decan-2-one

1,3-dimethyl- 111/22, 43
l,6-Diazabicyclo[4.3.0]nonan-7-one

9-phenyl- (^) VIII/123, 177, 182

l,5-Diazabicyclo[4.3.0]non-5-en-2-one
4-phenyl- (-») VI/57, 108, 113

l,5-Diazabicyclo[3.3.0]octane-2,6-dione
3,7-dimethyl- (->) VIII/127, 182

l,5-Diazabicyclo[3.3.0]octane-4,8-dione
182

l,8-Diazabicyclo[5.4.0]undec-7-ene
VI/19, 100

l,5-Diazacyclodecane-6,10-dione (-»)
VI/29, 102, 103

l,6-Diazacyclodecane-2,7-dione (^•)
VI/32, 102

1,6-Diazacyclododecane 182
1,5-Diazacyclononane 182
l,5-Diazacyclononan-2-one 182

(-*) 4-phenyl- VIII/124, 182
1,5-Diazacyclooctane 182
(—») l,5-Diazacyclooctane-2,6-dione

11/113, 23
(^) 3,7-dimethyl- VIII/128, 182

(-*) l,7-Diazacyclododecane-2,8-dione
11/124, 25

(—>) l,8-Diazacyclododecane-2,7-dione
11/125, 25

(-») 4,8-Diaza-12-dodecanelactam
8-cinnamoyl-3-phenyl- VI/55, 107

4,9-Diaza-12-dodecanelactam
(-^) 3-phenyl- VI/60, 108

(-») 13,17-Diaza-20-icosanelactam VI/38,
103, 104

3,7-Diazanonane, 1,9-diamino- VI/42, 105
l,2-Diazecine-3,4,10-trione

(-*) perhydro-l-methyl-2-phenyl-
VIII/202, 195

(->) 1H-1,2-Diazepine
1-acetyl- 11/161, 28, 30

1//-1,4-Diazepine
(-») 2,3-dihydro-2,3-diphenyl- 46

7//-l,4-Diazepine-5,7-dione
(^) 6,6-diethyl-l,2,4,5-tetrahydro-
2,2-dimethyl-3-(dimethylamino)-
III/5, 40

l//-l,3-Diazepine-5-carboxylate
(-*) 4,7-dialkyl-2,3,6,7-tetrahydro-2-
oxo- II/49, 12, 13

1,4-Diazepine
2,3-dihydro- 49

Diazoacetate 9, 11
l,2-Diazocine-3,4,8-trione

(—») perhydro-l-methyl-2-phenyl-
VIII/202, 195

Diazoethane 11
Diazomethane 9, 11

(trimethylsilyl)- 9, 11
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l,2-Diazonine-3,4,9-trione
(—») perhydro-l-methyl-2-phenyl-
VIII/202, 195

5//-Dibenzo[c,g]diazonine
(-^) 6,13-dihydro-ll-phenyl-
VIII/113, 181

l,7-Dioxa-4,10-diazacyclododecane-
2,5,8,11-tetrone
(-») 3,3,9,9-tetramethyl-6,12-
diphenyl- VI/126, 120, 121

Diplodialide A IX/37, 204
1,4,2,5-Dithiadiazine

(—») 3-(diethylamino)-6-phenyl-
11/140, 26

(->) 1,4,3-Dithiazine H/136, 26
1,3,4-Dithiazolylium salt

(—») 2-(diethylamino)-5-phenyl-
11/137, 26

l,3-Dithiole-2-azide (-») 11/135, 26
1,3-Dithiolylium salt 11/134, 26
(-») 12-Dodecanelactam II/199, 33

7-amino-4-azaheptyl- (—>) VI/35,
103, 104
iV-(39-amino-4,8,12,16,20,24,28,32,36-
nonaazanonatriacontyl)- (—») VI/39,
104
4-azaheptyl-7-methylamino- (—»)
VI/35, 103, 104

(-») 11-Dodecanolide VIII/191, 148, 193
(_>) 8-oxo- VIII/190, 193

(-») 12-Dodecanolide II/199, 33
(-») 6-allyl-5-oxo- VII/151, 151, 152
(_>) 8-oxo- VIII/167, 190

5-Dodecen-ll-olide 193
(_>) 8-oxo- VIII/41, 169

(->) 8-Dodecen-ll-olide VII/171, 155

E
Ethanol

2,2,2-trifluoro- 88
Ethylene oxide 116
Ethyne

phenyl- 57
Exaltone® 32

Formaldehyde oxide 33
Fulvene-6-carboxylate

(-») 2,3-dimethoxy-l,4-dioxo-6-(tri-
methylsilyl)- IV/27, 56

Fulvene-l,4-dione
(-^) l,4-dihydro-2,3-dimethoxy-6-phe-
nyl-6-(trimethylsilyl)- IV/27, 56

Furan
(->) 2,3-dihydro- 46

Furan-3-carboxylate
(-*) 2,5-dialkyl-tetrahydro-2-oxo-
111/68, 50
(-•) 2,2,5-trialkyl-tetrahydro-2-hy-
droxy- HI/67, 50
2-amino-4,5-dihydro- (-+) IV/70, 62

G
Glutarimide

7V-(3-aminopropyl)- VI/31, 102, 103
Glidobamine 183

H
Heptadec-15-en-17-olide

H ) B-(phenylsulfonyl)- VII/131,
149

Heptane-l,5-dione
2-methyl-2-nitro- 1-pheny 1- VII /10,
128

Heptane-l,3-dione
6-nitro-l-phenyl- VII/9, 128

(-») 6-Heptanelactam 11/101, 21
A'-CS-aminopropyl)- (-+) VI/14, 99,
100

7-Heptanelactam (-») VI/13, 99
7-Heptanolide

(->) 5-mercapto- V/132, 91
(-») 6-mercapto- V/134, 91

26-Hexacosanolide
H ) 6-allyl-5-oxo- VII/153, 151, 152

Hexadec-7-en-16-olide 1/3, 1, 2
16-Hexadecanelactam

17-(8-amino-4-azaoctyl)- (->) VI/70,
110
(-*) 12-nitro- VII/103, 143
(—») 17-(8-amino-4-azaoctyl)-13-nitro-
VII/106, 143

(-•) 15-Hexadecanolide VII/129, 147,
148

Hexane-l,5-dione
2-methyl-2-nitro-l-phenyl- VII/7,
128

(-») 6-Hexanelactam 11/171, 29
iV-(3-aminopropyl)- (-*) VI/16, 100
7-[3-(benzyloxy)propionyl]- (—»)
VI/115, 119

I
Imidazol-2-one

H ) tetrahydro-4-phenyl- 11/111, 23
Inandenin-12-one (-+) 11/108, 21, 22
Inandenin-13-one (->) 11/108, 21, 22
8//-Indeno[6,5,4-cd]indol-8-one

4-acetyl-4,5,5a,6,6a,7-hexahydro- (^)
11/106, 22
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4-acetyl-4,5,5a,6,6a,7-hexahydro-
9-methyl- (->) 11/106, 22

1-Indenone
2-phenyl-3-(phenylthio)- (->) 11/22,
11

Indolo[4,3-/g]isoquinolin-9(4//)-one
(-») 4-acetyl-5,5a,6,6a,7,8-hexahydro-
11/107, 22
(-^) 4-acetyl-5,5a,6,6a,7,8-hexahydro-
10-methyl- 11/107, 22

Indol-2-one
l-amino-2,3-dihydro- (->) 11/153, 28

Isocyanate
phenyl 118

Isoindolo[2,l-a]quinazoline
5,6,6a,ll-tetrahydro-6a-phenyl- (—»)
VIII/112, 181

(->) Iso-oncinotine VI/3, 97, 98
Isopiperitenone (-») V/32, 77
Isoquinoline

3,4-dihydro-6,7-dimethoxy- (-»)
VIII/137, 185

Isoquinoline-5,8-dione
l-(A',Af-diisopropylcarboxamido)-7-
methoxy-6-methyl- IV/12, 55

(-») Isotabtoxin VI/91, 115
Isoxazolidin-3-one

4,4-dimethyl- (->) III/ll, 41
Isoxazol-5-one

3,4-dialkyl-2,5-dihydro- (->) II/93,
18, 19

K
Ketene

dichloro- 92-94

L
Lithium

bis(phenylthio)methyl- 14
dibromomethyl- 10
dichloromethyl- 10
tris(methylthio)methyl- 15

M
Mavacurine VIII/94, 178

(->) dihydro- VIII/95, 178
Methanesulfonate

trifluoro(trimethylsilyl)- 24, 25
Mitomycin A 185, 194
Morpholine

A'-(l-methylethenyl)- 111/55, 48
2-Morpholinone

(->) 3-(l-phenyl-l,2,3,4-tetrahydro-
isoquinolin-1-yl)- VI/98, 116

(->) Muscone I/I, 1, 2, 25, 26, 61, 66,
79, 81-83, 130-132, 139, 169, 170, 174,
175, 188, 189, 200, 201, 209, 210

Muscopyridine II/114, 23

N
Naphthalene

2-acetyl-3-bromo-l,2,3,4-tetrahydro-
2,4-dihydroxy-3-methyl-l-oxo- (—»)
VIII/30, 168
l,2,3,4-tetrahydro-6-hydroxy- 6, 16
1,2,3,4-tetrahydro-l-oxo- 11/74, 17

1-Naphthol
(-») 2-methyl-4-phenyl- IV/30, 57
(-») 2-phenyl-4-(phenylthio)- 11/24,
11

1,4-Naphthoquinone
(-^) 3,5-dimethoxy-2-methyl- IV/11,
55
(-») 2,3-dimethyl- IV/5, 54
(-^) 3-methoxy-2-methyl- IV/10, 55

Naphth[l,2-6]oxepin
2,3,4,5,6,7-hexahydro- (-*)
VIII/176, 192
2,3,4,5,6,7-hexahydro-9-methoxy-(^)
VIII/178, 192

(^) Neomethynolide IX/45, 205
Neo-oncinotine (-») VI/2, 97, 98
9-Nonanelactam

(-^) 6-oxo- VIII/199, 195
6-Nonanolide

9-hydroxy- (->) IX/59, 209
9-hydroxy-6-methyl- (->) IX/61, 209

8-Nonanolide 18
9-Nonanolide

(->) 6-hydroxy- IX/60, 209
(-+) 6-hydroxy-6-methyl- IX/62, 209
(-^) 6-oxo- VIII/51, 170
(-^) 3,3,6-trimethyl-5-oxo- VII/147,
152

Non-4-en-8-olide
(->) 7-(l-oxopropyl)- VII/161, 153

Non-5-en-9-olide
(-») 8-(l-oxopropyl)- VII/158, 153

Non-6-en-9-olide
(—>) 2,4-di(methoxycarbonyl)-
VII/164, 153

Non-8-en-6-olide
(-») 3,5,7-trimethyl- 11/201, 33

Norbornane
2-(dichloroamino)- (-+) 11/174, 30

(-») 18-Nor-D-homo-4,13(17a)-androsta-
diene-ll/3-hydroxy-3,17-dione
VII/63, 136, 137
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O
Oncinotine VI/1, 97, 98, 109, 110
(-») 2-Oxa-3-azabicyclo[4.3.0]non-8-en-4-

one H/192, 31
(-») l-Oxa-5-azacycloundecane-4,ll-dione

VI/116, 119
2-Oxabicyclo[4.4.0]decane-8,10-dicarboxy-

late
l-hydroxy-5-(tributylstannyl)- (-^>)
VII/163, 153

2-Oxabicyclo[4.4.0]decan-l-ol
3-methyl-6-nitro- (-») VII/3, 127,
146
4-(l-oxopropyl)-7-(tributylstannyl)-
(->) VII/157, 153

2-Oxabicyclo[4.4.0]dec-l(6)-ene VIII/49,
170

12-Oxabicyclo[7.3.0]dodecane 1-hydroper-
oxide
11-methyl- (^) VII/167, 155

9-Oxabicyclo[6.4.0]dodec-l(8)-ene (-^)
VIII/170, 190
10-methyl- (->) VIII/189, 193

16-Oxabicyclo[10.4.0]hexadecan-l-ol
VII/173, 156

2-Oxabicyclo[13.4.0]nonadeca-l(15),16,18-
trien-3-one
(^) 17-hydroxy-14-nitro- VII/137,
149

9-Oxabicyclo[3.3.1]nonan-l-ol (-^)
IX/46, 206

2-Oxabicyclo[4.3.0]nonan-l-ol
(—») 3-methyl-4-(l-oxopropyl)-7-
(tributylstannyl)- VII/160, 153

2-Oxabicyclo[4.2.0]oct-4-en-3-one
7,7,8-trichloro-l,5-dimethyl- (->)
IV/86, 64

17-Oxabicy clo [ 12.3.1] octadeca-1( 18), 14-
dien-16-one IV/97, 66

9-Oxabicyclof6.5.0]tridec-l(8)-ene
VIII/166, 190

l-Oxacyclonon-2-ene
9-methyl-2-[(trimethylsilyl)oxy]- (-^)
11/85, 19

8//-l,2,5-Oxadiazocine
(—») 3-(dimethylamino)-4,5,6,7-tetra-
hydro-4,4,7,7-tetramethyl- HI/12,
41

6/M,3-Oxazine-2,6-dione
(-*) 4,5-dialkyl-2,3-dihydro- II/96,
18, 19

6//-l,3-Oxazin-6-one
2-dimethylamino-4,5-dialkyl- 11/95,
19

l,3-Oxazol-5-one
(-̂ •) 2-benzylidene-2,5-dihydro-4-
methyl- VI/95, 115

Oxepin-3,5-dicarboxylate
(->) 2-amino-6,7-dihydro- IV/73, 62

2i/-Oxepin-2-one
(-̂ •) 6,7-dichloro-4,8-dimethyl-
IV/88, 64

(2-Oxocyclohexyl)dimethylsulfonium fluo-
roborate (-») IV/50, 60

(->) 2-Oxo-15-oxa-l-azabicyclo[12.4.0]octa-
dec-13-ene-12-carbonitrile VII/115,
144

15-Pentadecanelactam
(->) 16-benzyl-12-nitro- VII/100,
143
(—>) 12-cyano-12-(ethoxycarbonyl)-
VII/114, 144
(-») 15-methoxy-12-nitro- 142
(-») 12-nitro- VII/99, 143
(-») 12-nitro-16-pentyl- VII /101, 143

15-Pentadecanolide 1/2, 1, 2, 156, 171
(->) 6-allyl-5-oxo- VII/152, 151, 152
(-+) 12-cyano- VII/141, 150
(-^) 12-iodo- VII/175, 156
(-*) 12-methyl- VII/143, 150
(-») 12-methylene- VIII/56, 171

12-Pentadecanolide
15-(phenylsulfonyl)-14-methyl- (—>)
IX/64, 209
15-bromo- (-->) IX/67, 210

Pentane-l,3-dione
2-(2-nitropropyl)-l-phenyl- VII/12,
128

Pent-2-en-5-olide VII/162, 153
Periphylline

(-*) dihydro- VI/55, 106-108
(->) Periplanone B V/38, 78
Perivine VIII/104, 179
Phenanthrene

(-») l,2,3,4-tetrahydro-9-hydroxy-
11/70, 16

Phenol
2,4,6-trimethyl- (-^) 11/162, 29
(—») 3-methoxy-2,5-dimethyl-
IV/39, 58

Phenylacetyl chloride 57
Phenyl isocyanate 118
Phenylethyne 57
(—>) 3-Phenyl-l-naphthyl phenylacetate

IV/34, 57
Phenyl (phenylthio)methyl sulfone 15
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(—») Phoracantholide I (= 9-Decanolide)
11/88, 18, 19, 32, 76, 90, 93, 94

(—») Phoracantholide J (= Dec-4-en-9-
olide) II/154, 93, 94

(->) Phoracantholide M (= (Z)-Dodec-5-
en-11-olide)
VIII/42, 168, 169, 193

Phthalazine
(->) 1,4-dihydroxy- 11/157, 28

Phthalimide III/8, 41
JV-alkyl- (->) 11/155, 28

Picromycin 1/4, 1, 2
Piperazine-2-carboxylic acid

(—») 5-(4-hydroxyphenyl)-6-oxo-
VI/84, 113

(-») Piperazinone 111/20, 42, 43
Piperidine

(-») 6-(alkanoyl)-3-(aminomethyl)-3-
hydroxy- VI/91, 115
(-») 2-methyl- 11/168, 29

Piperidinium bromide
l-benzyl-l-[(ethoxycarbonyl)methyl]-
2-vinyl- (-») V/86, 85

Piperidinium chloride
(-*) N,7V-dimethy 1-2-vinyl- V/84,
85

Piperidinium iodide
l,l-dimethyl-2-phenyl- (-») V/75,
84

o-Pleiadienequinone
9-chloro- (-») II/33, 11

(->) Preisocalamendiol V/35, 77
Prelog-Djerassi lactonic acid IX/42, 205
3-Propanelactam (see Azetidine-2-one)
Propionamide

2-{2-[2-(2-hydroxy-2-phenylacetami-
do)-2-methylpropionyl]-2-phenylace-
tamido}-A',Ar,2-trimethyl-propiona-
mide (->) VI/123, 120,121

Propyne
1-methoxy- 58

Protopine VIII /106, 179
Putrescine VI/44, 105, 106
Pyran

tetrahydro-2-methyl-6-vinyl- (—»)
V/148, 93

3//-Pyrazole-5-carboxylate
3,3-dimethyl- 111/53, 48

Pyrazolidin-3-one
4-methyl- (->) VIII/125, 182

Pyridazine
perhydro- (-^) VIII/122, 182

Pyridine
N-acetamido- (->) II/160, 28

Pyridin-4-one
2-(dimethylamino)-3,4-dihydro-3,3-
dimethyl-5,6-diphenyl- HI/15, 42

Pyridine-4-thione
2-(dimethylamino)-3,4-dihydro-3,3-
dimethyl-5,6-diphenyl- 111/17, 42

Pyrimidine-2,6-dione
(—») 4-(dimethylamino)-5,5-dimethyl-
1,3-diphenyl- VI/108, 118

Pyrimidine-2,4,6-trione
l-(7-amino-4-azaheptyl)-5,5-diethyl-3-
methyl- (-») VI/20, 101

Pyrimidine-5-carboxylate
(-•) 6-alkyl-4-(chloromethyl)-l,2,3,4-
tetrahydro-2-oxo- 11/47, 12, 13

lH-Pyrrole
(->) l-alkyl-2,3-dihydro- HI/52, 46

2//-Pyrrole
3,4-dihydro-5-methoxy- (-») VI/56,
108,113

l//-Pyrrole-4-carboxylate
ethyl 2,3-dihydro-2,3-dioxo-5-phenyl-
(->) IV/91, 65

l#-Pyrrole-3,4-dicarboxylate
(-») methyl 3-benzoyl-l-(f-butyl)-2,3-
dihydro- 111/29, 43

Pyrrolidine
(-^) l-methyl-2-phenyl- 11/184, 30
(-») A?,3,3-trimethyl-4-phenyl-
V/82, 85

Pyrrolidinium chloride
TV, N-dimethyl-2-vinyl- (-») V/84, 85

Pyrrolidinium iodide
l,l-dimethyl-2-phenyl- (-*) V/79,
85

Pyrrolidin-2-one
(->) A?-(4-aminobutyryl)- VI/34,
102
(—>) 4-methyl-5-phenyl-4-vinyl-
V/92, 86

1//-Pyrrolo [ 1,2-a]indole
5,8-diacetoxy-2,3,9,9a-tetrahydro-7-
methoxy-6-methyl- (->) VIII/118,
181

Q
2-Quinolone

(-») l,2,3,4-tetrahydro-4-[(4-methyl-
phenyl)amino]-3-phenoxy- VI/100,
117

R
(->) Recifeiolide VII/171, 155

(-*) dihydro- VIII/191, 148, 193
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Saccharine (-»•) HI/6, 41
(->) Serratamolide VI/119, 119, 120
Spiro[2//-l-benzopyran-2,2'-[2H]-pyran]

3,4,3',4',5',6'-hexahydro-6-methoxy-
VIII/185, 192

Spiro[4.5]deca-6,9-dien-8-one (̂ >) 6
Sulfone

phenyl (phenylthio)methyl 15

T
Tabtoxin VI/90, 115
Tetradecan-8-olide

11,15-dihydroxy- (-*) IX/57, 208
Tetradecan-14-olide

(->) 8,11-dihydroxy- IX/58, 208
Tetradec-13-en-ll-olide

8-nitro- IX/54, 208
a-Tetralone 11/74, 16, 17
Thallium dichlorocarbene 15
Thallium ethylate 15
3-Thiabicyclo[3.2.0]hept-6-ene-7-carboxy-

late
l-(dialkylamino)- (->) IV/65, 62

3-Thiabicyclo[3.2.0]hept-6-ene-6,7-dicarbo-
xylate
l-(dialkylamino)- (->) IV/65, 62

2-Thiabicyclo[3.2.0]hept-6-ene-6,7-dicarbo-
xylate
5-(dialkylamino)- (->) IV/62, 62

l-Thiachroman-4-one
l-[(p-toluenesulfonyl)imino]- (—»)
V/141, 92

Thiacycloalkane
l-[(p-toluenesulfonyl)imino]-2-vinyl-
(->) V/137, 92
2-vinyl- V/136, 92

(̂ >) Thiacyclododeca-4,7-diene-2-carboxy-
late V/113, 88

Thiacycloheptadeca-4,7,10,13-tetraene
(->) 2-vinyl- V/118, 89

Thiacyclotetradeca-4,7,10-triene
(->) 2-vinyl- (->) V/U7, 89

Thiacycloundeca-4,7-diene
(->) 2-vinyl- (->) V/U6, 89

Thian-2-one
6-(2-hydroxyethyl)- (-^) V/131, 91

4-Thiapyrone 1,1-dioxide
(->) 2,3-dihydro-2,6-diphenyl-
11/104, 22
(->) 2,6-diphenyl- 11/102, 22

10//-l,2-Thiazecine
(-*) 2,3,6,7,8,9-hexahydro-A'-0-
toluenesulfonyl)- V/140, 92

1H-1,4-Thiazepine-3-carboxylate
(->) 2,3-dihydro-2,2-dimethyl-7-oxo-
VI/81, 113

1,4-Thiazepine 1,1-dioxide
(-») 4,5-dihydro-2,6-diphenyl-5-oxo-
11/103, 22

(-̂ •) 2,3,4,5-tetrahydro-2,6-diphenyl-
5-oxo- 11/105, 22

l,4-Thiazepin-5-one
H ) perhydro- 111/32, 44

l,4-Thiazepine-7-thione
{-*) 5-(3-buten-2-yl)-2,3,4,7-tetrahy-
dro- VI/112, 118

Thiazin
(->) 2-chloro- V/109, 88
2-vinyl- (-*) V/110, 88

8//-l,2-Thiazocine
(-*) 2,3,6,7-tetrahydro-A'-(p-toluene-
sulfonyl)- V/139, 92

1,3-Thiazole
4,5-dihydro- (^) VI/110, 118

1,2-Thiazonine
(->) 2,3,6,7,8,9-hexahydro-iV-
(p-toluenesulfonyl)- V/138, 92

10//-Thiecin-10-carboxylate
(->) ethyl 2,3,4,5-tetrahydro-9-
methyl- V/145, 93

Thiepan-2-one
7-(hydroxymethyl)- (->) V/133,
91

Thiepin-4-carboxylate
(—») 3-(dialkylamino)-2,7-dihydro-
IV/66, 62

Thiepin-5-carboxylate
(->) 4-(dialkylamino)-2,3-dihydro-
IV/63, 62

Thiepin-5,6-dicarboxylate
(->) 4-(dialkylamino)-2,3-dihydro-
IV/63, 62

Thiepin-3,5-dicarboxylate
(—») 2,3-dihydro-7-[(triphenylphos-
phoranylidene)amino]- IV/69, 62

Thiepin-4,5-dicarboxylate
(—») 3-(dialkylamino)-2,7-dihydro-
IV/66, 62

Thiepin-4,5,6-tricarboxylate
(-•) 2,3-dihydro-7-[(triphenylphos-
phoranylidene)amino]- IV/69, 62

Thiepinium triflate
l-[(ethoxycarbonyl)methyl]perhydro-
2-(prop-l-ynyl)- V/143, 93

2/f-Thiocin
(-*) 2-benzoyl-3,4,7,8-tetrahydro-
V/103, 87
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(->) 3,4,7,8-tetrahydro-8-methyl-
V/106, 88
(-») 3,4,7,8-tetrahydro-8-vinyl- (->)
V/115, 89

2//-Thiocin-8-carboxylate
(->) 3,4,7,8-tetrahydro- V/99, 87

2//-Thiocin-8,8-dicarboxylate
(-») 3,4,7,8-tetrahydro- V/101, 87

2-Thionanone
9-(l-hydroxyethyl)- (-») V/128, 90

Thionin
(->) 2,3,6,7,8,9-hexahydro-2-vinyl-
(->) V/112, 88

Thionin-2-carboxylate
ethyl 2,3,6,7,8,9-hexahydro- V/120,
90
(-») ethyl 2,3,6,7,8,9-hexahydro-l,l-
dioxo- V/121, 90
ethyl 2-chloro-2,3,6,7,8,9-hexahydro-
1,1-dioxo- V/122, 90

Thiophene
3-(dialkylamino)-2,5-dihydro- (—>)
IV/64, 62
3-(dialkylamino)-4,5-dihydro- (̂ >)
V/61, 62
tetrahydro-2-vinyl- (-») V/97, 86,
87, 89

Thiophene-4-carboxylate
(-») methyl 2-[(trialkylsilyl)oxy]-2,3-
dihydro-3,3-dimethyl-5-(methylthio)-
111/70, 50
2,3-dihydro-5-[(triphenylphosphora-

nylidene)amino]- (->) IV/67, 62
Tricyclo[6.3.0.02>7]undecan-6-one

2-acetoxy-4,4-dimethyl- VHI/129,
183, 184

4,7,ll-Triaza-13-tridecanelactam
(-+) 3-(2-hydroxyphenyl)- VI/43,
105

2,6,10-Triaza-13-tridecanelactam
(-^) 4,4-diethyl-2-methyl-3,5-dioxo-
VI/21, 101

Tridec-ll-en-13-olide
(-^) 9-(phenylsulfonyl)- VII/131,
149

U
Undeca-5,8-dien-ll-olide

(-^) 6-methyl- VIII/60, 172
8-Undecanolide

11-hydroxy- (->) IX/55, 208
11-Undecanolide

(-*) 8-hydroxy- IX/56, 208
(-*) 8-oxo- VIII/171, 190

Undec-9-en-ll-olide
(_») 7-(phenylsulfonyl)- VII/131,
149

Vomicine (-») VIII/102, 179

(->) Zygosporin E IX/31, 91, 202, 203
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Abelmoschus moschatus 1
Acetaldehyde, (phenylseleno)- 80
Acetate, butenyl 149
Acetate, diazo- 3, 11
Acetate, phenyl- 57
Acetic formic anhydride 33
Acetophenones 65
Acetyl chloride, phenyl- 57
Acetylene carboxylate 59, 61-63
Acetylene dicarboxylate 59, 60, 62-63
Acoragermacrone 77
Acridone 32
Actomyces 1
2-Adamantanone 9
Aldol reaction 49, 77, 163, 200, 201,

206
Alkanes, diazo- 9
Alkanimide, co-phenyl- 68
Alpine-hydrides 147, 148
Aluminium chloride, diethyl 14, 15
Ambrette seeds 1
Androstane derivatives 136, 137
Angelica roots 1
Anthracene, perhydro- 166
Anthraquinones 55
Antibiotic A 26771 B 32, 201
Archangelica officinalis 1
Arynes 67
Arynic condensation 67-69
2-Azabicyclo[4.4.0]decenes 195
1-Azabicyclo[11.3.1]heptadecane 144
2-Azabicyclo[3.2.0]heptane 65
7-Azabicyclo[4.1.0]heptane 43
1-Azabicyclo[3.2.0]heptenes 25, 181
16-Azabicyclo[10.3. l]hexadecene 25
13-Azabicyclo[10.3.0]hexatriene 23
16-Azabicyclo [ 10.3. l]hexatriene 23
2-Azabicyclo[3.2.2]nonanone 25
7-Azabicyclo[4.3.0]nonene 65

3-Azabicyclo[3.2.1]octanes 30
3-Azabicyclo[3.2.1]octene 30
2-Azabicyclo[3.3.0]octenone 31
3-Azacyclotetradecane 144
7-Aza-10-decanelactams 100
4-Aza-7-heptanelactams 107
13-Aza-16-hexadecanelactams 103, 104
17-Aza-20-icosanelactam 110
4-Aza-8-octanelactams 108
1-Azaspiro[4.11]hexadecene 130
8-Aza-ll-undecanelactam 99, 100
Azepines 28, 44,
Azepinones 29, 86, 181
Azetidinium salt 85
Azetidinones 11, 23, 27, 39, 40, 44, 86,

99, 105-108, 111-113, 115, 117, 118
Aziridines 39-45
Azirines 39-42, 120, 121
Azocines 85
3Z/-Azonines 85

B
Baeyer-Villiger rearrangement

(B.-V.oxidation) 3, 32-34, 190
Barton reaction 136, 137
Beckmann rearrangement 20, 24-32, 103
Benzamides 28, 102
Benzazepines 59, 61, 85
Benzazocines 61, 85, 181, 195
Benzazonines 59, 84
Benzisothiazole 41
Benzocycloalkenones 55, 67-69, 81, 127,

168
Benzoate 28
Benzocycloalkanes 17
Benzocycloalkenes 59, 67, 81
Benzocyclobutenones 55
Benzocyclodecenones 81
Benzocyclododecenones 69
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Benzocycloheptadecenone 69
Benzocycloheptenes 17, 59, 69
Benzocyclononenone 69
Benzocyclooctadecenone 69
Benzocyclooctenes 18, 59, 69, 138
Benzocyclopentadecenone 69
Benzocyclotetradecenone 69
Benzocyclotridecenone 69
Benzodiazocine-dione 41
Benzo[6]furan-diones 55
Benz[(f]isothiazolone dioxide 41
1,4-Benzoquinones 54, 56, 149
1,2,4-Benzothiadiazinone 41
1,2,5,7-Benzothiatriazoninone 41
1,2-Benzothiazepinone 92
l,3-Benzo[rf]thiazole-4,7-dione 55
Benzothiazonine-5,7-dione 70
Benzo[6]thiepin 63
Benzo[/?]thionine 63
4,7-Benzo[6]thiophene-dione 55
Benzazonine-dione 70
Benzoxocin 61
Bicyclo[6.2.0]decanes 59, 186
Bicyclo[5.4.0]decanes 114
Bicyclo[5.3.0]decanes 10, 47, 184, 195,

202
Bicyclo[4.4.0]decanes 10, 133, 165-167,

184, 194
Bicyclo[4.1.0]heptanes 186
Bicyclo[3.2.0]heptanes 11, 61, 64
Bicyclo[2.2.1]heptanes 30, 31, 202
Bicyclo[6.1.0]nonanes 17, 18
Bicyclo[4.3.0]nonanes 14, 15, 76, 153,

167, 177
Bicyclo[3.3.1]nonanes 3, 200
Bicyclo[4.2.0]octanes 59, 64, 186, 187
Bicyclo[3.3.0]octanes 11, 14, 15, 200,

202, 206
Bicyclo[2.2.2]octanes 25, 26
Bicyclo[10.3.0]pentadecanes 23, 139,

170, 175, 176, 188, 189
Bicyclo[9.3.1]pentadecanes 126, 200
Bicyclo[2.1.0]pentanes 31, 47, 48
Bicyclo[8.4.0]tetradecanes 166
Bicyclo[7.1.1]undecanes 64
Bicyclo[6.3.0]undecanes 183, 184
Bicyclo[5.4.0]undecanes 127
Bis-homosteroids 61
von Braun degradation 180
Bulnesol 201, 202

C
Camphor 33, 34
Camphorlactone 33, 34

Cannabisativine 114
s-Caprolactam 100
4aH-Carbazol-9a-ols 167
Carbenes 15, 18
Carbonylation 47
Celacinnine 108, 114, 183
Cephalosporins 111
Chaenorhine 114
Chloramine 29, 30, 91, 92
Cholestane derivatives 136, 138
Cinchonine 147
Cinnamate 182
3-Cinnolinol 28
Civetone 1
Condyfoline 178
Confertin 9
Cope rearrangement 45, 73-80
Coumarins 11, 61, 105, 117
Cryptolestes ferrugineus 193
Cycloadditions 46, 47, 60, 61, 94, 168,

169
Cycloalka-l,3-diene-carboxylate 61
Cycloalkane-carbonitrile 10, 131, 157
Cycloalkane-carboxylates 135
Cycloalkane-l,3-dione 129
Cycloalkanols 10
Cycloalkanones 10, 20, 61, 68, 129, 149,

157, 173, 174
Cycloalkanone oxime 24, 173, 174
Cycloalkanone hydrazone 173, 174
Cycloalkene 61
Cycloalkenolide 149
Cycloalkynone 173-175
Cyclobutane 30, 74
Cyclobutanols 8, 9, 14, 15
Cyclobutanones 8, 14-16, 19, 48, 57
Cyclobutenes 8, 9, 47, 53, 187
Cyclobutene-diones 53, 54
Cyclobutenol 9
Cyclobutenones 54-58
(Cyclobutenyl)methanol 18
Cyclodecadienes 59, 66, 74, 166
Cyclodecane-diones 25, 76, 184
Cyclodecanones 137, 184
Cyclodecatetraene 186
Cyclodecenes 133
Cyclodecenones 64, 75, 80, 141, 165-167
Cyclodepsipeptides 42, 119-121
Cyclododecanes 80, 82, 137, 145, 150,

171, 175
Cyclododecane-dione 76, 129, 184
Cyclododecanes 82, 171
Cyclododecane-tetrone 120, 121
Cyclododecanols 12, 75
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Cyclododecanones 10, 12, 25, 33, 61, 75,
80, 81-83, 130-132, 139, 142, 143, 145,
147-150, 156, 171, 174, 175, 188, 189,
200, 209, 210

Cyclododecatriene 74
Cyclododecenes 75, 80, 82, 139, 188
Cyclododecenones 141, 165-167
Cyclododecynone 155, 177
Cycloheptadiene 74
Cycloheptadienone 64
Cycloheptanes 12, 14, 15, 47, 59
Cycloheptanols 14, 15
Cycloheptanones 6, 11, 12, 14, 15, 136
Cycloheptatriene 186
Cycloheptatrienone 64
Cycloheptenes 202
Cycloheptenol 12
Cycloheptenones 79, 154
Cyclohexadecadienes 80
Cyclohexadecane-dione 126
Cyclohexadecenone 75
Cyclohexadiene-dione 25
Cyclohexanes 29, 59, 74, 135-137
Cyclohexane-diones 23, 151-153, 169
Cyclohexanols 12, 14, 15, 48, 74, 75, 79
Cyclohexanones 6, 11, 12-15, 20, 21, 33,

48, 59, 60, 68, 135-137, 141, 146, 147,
149, 199, 200

Cyclohexenes 45, 59, 61, 194, 200
Cyclohexenones 133, 153, 183, 184
Cyclohexyl phenyl ketone 29
Cycloicosadecenone 80
Cyclononadienes 59, 74
Cyclononadienone 76
Cyclononanes 59, 81
Cyclononanones 12, 59, 137, 155
Cyclononene 17, 18
Cyclononenol 81
Cyclononenone 167
Cyclononynones 176, 177
Cyclooctadienes 59, 74, 90
Cycloocta[de]naphthalene-dione 11
Cyclooctanes 59, 129
Cyclooctanediol 76
Cyclooctane-diones 200, 206
Cyclooctanols 12
Cyclooctanones 12, 14, 15, 59, 129, 133,

135, 137, 149, 190, 193, 200, 206, 208
Cyclooctatetraene 64
Cyclooctatrienes 186, 187
Cyclooctenes 74, 190, 199, 200
Cyclooctenones 12, 60
Cyclopentadecadiene 59
Cyclopentadecanones 1, 2, 82, 83, 130,

131, 139, 176, 189, 209, 210

Cyclopentadecenones 66, 82, 132, 170
Cyclopentadecynes 175, 176
Cyclopentadienone 189, 202
Cyclopentane-diol 76
Cyclopentanes 29, 74
Cyclopentanols 12-15, 76
Cyclopentanones 12-15, 138, 202
Cyclopentenes 9, 18, 45, 47, 48, 183,

184
Cyclopentenone 8, 47, 153, 189
Cyclopent[fe]indole 195
Cyclopeptides 120
Cyclopropanes 17-19, 45-50, 49, 74
Cyclopropane-methanols 8, 9, 19
Cyclopropanols 19, 27
Cyclopropanone 27
Cyclopropenes 9, 47, 48
Cyclopropenones 27, 40, 42, 47
Cyclopropenethione 40, 42
Cycloreversion 61, 63, 65
Cyclotetradecane 200
Cyclotetradecatrienone 79
Cyclotetradecenone 75
Cyclotridecanones 10, 12, 59, 61, 66,

143
Cyclotridecenes 66, 82
Cyclotridecenones 81, 82
Cycloundecadiene 59
Cycloundecane-dione 127
Cycloundecanones 81, 133
Cycloundecene 81
Cytochalasan 91

D
Decalinol 140
Decanelactam 119
Decanolides 90, 119, 127, 146, 194
Decenolides 19, 93, 94, 152
Decynolide 153
Deethoxycarbonylation 193
Dehydrobromination 65
Demjanow rearrangement 9, 31
Deoxoinandenine 142, 143
Desulfurization 90, 91, 204, 205
l,4-Diazabicyclo[4.4.0]decan-2-one 43
1,6-Diazabicyclo [4.3.0]nonan-7-ones 177,

182
l,5-Diazabicyclo[4.3.0]non-5-en-2-one

108, 113
l,5-Diazabicyclo[3.3.0]octane-diones 182
l,8-Diazabicyclo[5.4.0]undec-7-ene 100
l,5-Diazacyclodecane-6,10-dione 102, 103
l,6-Diazacyclodecane-2,7-dione 102
1,6-Diazacyclododecane 182
1,5-Diazacyclononanes 182
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1,5-Diazacyclooctane 182
1,5-Diazacyclooctane-diones 23, 182
l,7-Diazacyclododecane-2,8-dione 25
l,8-Diazacyclododecane-2,7-dione 25
4,8-Diaza-12-dodecanelactam 107
4,9-Diaza-12-dodecanelactam 108
13,17-Diaza-20-icosanelactam 103, 104
1,2-Diazecinones 195
Diazepines 12, 13, 28, 30, 40, 46, 49
Diazoderivatives 9, 11
1,2-Diazocinones 181, 195
1,2-Diazoninones 195
Dibenzamide 102
Diets-Alder reaction 201
Dienone phenol rearrangement 6, 16
Dihydrocostunolide 187
Dihydromavacurine 178
Dihydroperiphylline 106-108
Dihydrorecifeiolide 148, 193
1,7-Dioxa-4,10-diazacyclododecane 120,

121
Dipeptides, cyclic 42
Diplodialide A 204
Dithiadiazine 26
Dithiazine 26
Dithiazolylium salt 26
Dithiole 26
Dithiolylium salt 26
Dodecanelactams 103, 104
Dodecanolides 33, 148, 151, 152, 169,

190, 193
Dodecenolides 155, 168, 169, 193
Dopentacontanelactam 104

E
Emde degradation 178
a,|3-Epoxyketone-alkynone fragmentation

174, 175
Eschenmoser fragmentation 174
Ethane, diazo- 11
Ethanol, 2,2,2-trifluoro- 88
Ethylene oxide 116
Ethyne, phenyl- 57
Exaltone® 32
Expansion by Q 5-19, 44, 48, 56, 85,

86, 90, 93, 135, 136, 168, 186, 202
Expansion by QN, 46, 113, 114, 118,

144
Expansion by C,N,O, 115, 116
Expansion by C,O! 91
Expansion by C2 45-50, 53-70, 75, 81-83,

115, 118, 129, 137, 169, 181, 184, 186,
200-202, 208-210

Expansion by C2N, 39-45, 92, 112, 117

Expansion
155

Expansion
Expansion

137-139,
195, 203,

Expansion
144, 181,

Expansion
Expansion

152, 153,
Expansion
Expansion

129, 133,
169, 178,
194, 205

Expansion
Expansion
Expansion
Expansion
Expansion
Expansion
Expansion
Expansion
Expansion
Expansion
Expansion
Expansion
Expansion

by 91, 112, 117, 149,

by C2S 113
by C3 82, 84-90, 93, 130-133,
144, 170, 175-182, 188, 189,
206, 208, 209

by C3N, 98-110, 115, 143,
195

by (C3N,)n 101-105
by C3O, 119, 146-148, 150,
156, 170, 171, 190, 193, 208

by C3S 44
by C4 73, 74, 75, 93, 126,
137, 138, 141, 153, 165-167,
179, 183, 185, 187, 191, 192,

by C4N! 102, 107, 143
by C4O, 149, 151-153, 190
by C5 191
by C5N]O2 121
by Q 172, 191
by Q A 151, 152
by C8 79
by Q A 151, 152
by Clo 191
by C20O] 151, 152
by N, 20-32, 92
by N2 28
by C^ 32-34, 209

Formaldehyd oxide 33
Fragmentation reaction 163-177
Friedel-Crafts acylation 189
Fulvenes 49, 56
Furanes 46, 50, 62

G
Gabriel synthesis 28, 101, 103
Germacrane 9, 65, 77
Glidobamine 183
Glutarimide 103
Grob fragmentation 164

H
Heptadecenolide 149
Heptanediones 128
Heptanelactams 21, 99, 100
Heptanolides 91
Hexacosanolide 151, 152
Hexadecenolide 1, 2
Hexadecanelactams 110, 143
Hexadecanolides 147, 148
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Hexanedione 128
Hexanelactams 29, 100, 119
P-Himachalene 47
Hofmann elimination 86, 92, 178, 180
Homaline 105-107, 113
Homalium pronyense 105, 106
Hopromalinol 106
Hopromine 106
Hoprominol 106
Homer-Bestmann oxygenation 91
Humulane 9
Hydrazine reduction 182
[1,3] Hydrogen shift 44

Icosanelactams 103, 104, 110
Imidazolone 23
Inandeninones 21, 22, 142
Indeno[6,5,4-c<i]indolone 22
Indenone 11
Indole alkaloids 178, 179
Indolo[4,3-/g]isoquinolinone 22
Indolone 61
Isocyanate, phenyl- 118
Isoindolo[2,l-o]quinazoline 181
Isooncinotine 97, 98
Isopiperitenone 77
Isoquinoline alkaloids 179
Isoquinoline derivatives 55, 183, 185
Isotabtoxin 115
Isoxazolidin-3-one 41
Isoxazolin-5-one 18, 19

Jones reagent 191

K
Ketene, dichloro- 92-94
Karahanaenone 47
a-Ketol rearrangement 6, 16

[3-Lactam see Azetidinone
Lithium, bis(phenylthio)methyl- 14
Lithium, dibromomethyl- 10
Lithium, dichloromethyl- 10
Lithium, tris(methylthio)methyl- 15

M
Malonimide 39
Mavacurine 178
Maytenus serrata 108
Meerwein reagent 203
Metal-catalyzed expansion 47

Methane, diazo- 3, 11
Methanesulfonate, trifluoro(trimethylsi-

lyl)- 24, 25
MIMIMIRC 133
Michael addition (M. reaction) 60, 147,

157, 193, 199
Mitomycin A 185, 194
Morpholine 48
Morpholin-2-one 116
Muscone 1, 2, 25, 26, 61, 66, 79, 81-83,

130-131, 132, 139, 169, 170, 174, 175,
188, 189, 200, 201, 209, 210

Muscopyridine 23

N
Naphthalenemethylidene-carbonitrile 17
Naphthalen-1-one 16, 17, 168
Naphthols 11, 57
1,4-Naphthoquinone 54, 55
Neber's lactam 28
Nef reaction 146, 158
Nefkens reagent 109, 110
Neomethymycin 205
Neomethynolide 205
Neooncinotine 97, 98
Nitrene, phenyl- 32
Nitrone 130
Nonanelactam 195
Nonanolides 18, 152, 170, 209
Nonenolides 33, 153
Norbornane 30

O
Octanelactam 108, 167
Octanolide 208
Oncinotis inandensis 21, 142
Oncinotis nitida 97
Oncinotine 97, 98, 109, 110
Orantine 114
4-Oxa-l-azabicyclo[5.2.0]non-5-en-9-one

70
2-Oxa-3-azabicyclo[4.3.0]non-8-en-4-one

31
14-Oxa-l-azabicyclo[12.4.0]octadec-12-ene-

12-carbonitrile 144
l-Oxa-5-azacycloundecane-4,ll-dione 119
4-Oxa-l,2-benzocycloundec-l-en-3-one 127
2-Oxabicyclo[4.4.0]decanes 127, 146,

153, 170
12-Oxabicyclo[7.3.0]dodecane 155
9-Oxabicyclo[6.4.0]dodec-l(8)-enes 190,

193
16-Oxabicyclo[10.4.0]hexadecan-l-ol 156
2-Oxabicyclo[13.4.0]nonadeca-l(15),16,18-

trien-3-one 150
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9-Oxabicyclo[3.3. l]nonan- l-ol 206
2-Oxabicyclo[4.3.0]nonan-l-ol 153
17-Oxabicyclo[12.3.1]octadeca-l(18),14-

dien-16-one 66
2-Oxabicyclo [4.2.0]oct-4-en-3-one 64
9-Oxabicyclo[6.5.0]tridec-l(8)-ene 190
Oxacycloundecanone 192
Oxazinones 18, 19
Oxazolone 115
Oxazoninones 70
Oxepin 62
Oxepin-carboxylate 62
Oxepinone 64

Penicillins 11, 112
Pentadecanelactams 142-144
Pentadecanolides 1, 2, 150-152, 156, 171,

209, 210
Pentanedione 128
Pentenolide 153
Periplanata americana 78, 166
Periplanone B 78, 166
Peripterygia marginata 106
Perivine 179
Phenanthrene derivatives 16
Phenols 29, 58
Phoracantha synonyma 145, 193
Phoracantholide I 18, 19, 32, 76, 90, 93,

94, 145-147, 194
Phoracantholide J 93, 94
Phoracantholide M 168, 169, 193
Phthalazine-diol 28
Phthalimide 28, 41
Picromycin 1, 2
Pinacol rearrangement 6, 7
Piperazinones 42, 43, 113
Piperidines 29, 115
Piperidinium salts 84, 85
Pleiadienequinone 11
Preisocalamendiol 77
Prelog-Djerassi lactonic acid 205
Prins reaction 164
Propane, 1,3-diamino- 98
Propanelactam (see Azetidinone)
Propenoates 61
Propynoate 58
Protopine 179
Pseudo-guaianolide 9
Putrescine 105-107
Pyran 93
Pyrazole 48
Pyrazolidinone 182
Pyrazolines 195

Pyrazolo[4,3-rf]pyrimidine 18
Pyridazine 182
Pyridine-A'-acetamide 28
Pyridinethione 42
Pyridinone 42
Pyrimidinone 12, 13
Pyrimidine-dione 118
Pyrimidine-trione 101
Pyrimido[5,4-d]pyrimidine 18
Pyrrole derivatives 43, 46, 65, 86, 108,

113
Pyrrolidines 30, 85. \(r
Pyrrolidinium salts 85
Pyrrolizidine alkaloids 179
Pyrrolo[l,2-a]indole 181

Q
Quinoline 61
Quinolone 117

R
89-Ramberg-Backlund sulfur extrusion

91
Recifeiolide 155
Ring contraction 90, 100, 102, 111, 119
Ring size 1

Saccharine 41
Schmidt reaction 20-23, 26
Selenid, (bromomethyl)phenyl- 135
Semipinacol rearrangement 8
Serratamolide 119, 120
Serratia marcescens 120
Sigmatropic rearrangements 44, 46, 73,

79, 81-87, 91-94
Siloxy-Cope rearrangement 80
Sommelet-Hauser reaction 73, 83-86, 119
Spermidine 105, 107
Spermidine alkaloids 21, 98, 106-108,

142
Spermine 105
Spermine alkaloids 105-107
Spiro[4.5]decadienone 6
Steganone 61
Steganotaenia araliacea 61
Strychnos nux-vomica 179
Sulfide contraction method 204
Sulfone, phenyl (phenylthio)methyl- 15
Sulfur mediation, in ring expansions 73,

83, 86-92



Subject Index 235

T
Tabtoxin 115
Tetradecanolide 208
a-Tetralone 16, 17
Thallium dichlorocarbene 15
Thallium ethylate 15
2-Thiabicyclo[3.2.0]heptenes 62
3-Thiabicyclo[3.2.0]heptenes 62
l-Thiachroman-4-one 92
Thiacycloalkanes 92
Thiacyclododeca-4,7-diene 88
Thiacycloheptadeca-4,7,10,13-tetraene 89
Thiacyclotetradeca-4,7,10-triene 89
Thiacycloundeca-4,7-diene 89
Thianone 91
Thiapyrones 22
Thiazepines 22, 44, 92, 113, 118
Thiazines 88
1,2-Thiazocine 92
1,3-Thiazol 118
1,2-Thiazonines 70, 92
Thiecin 93
Thienamycins 111
Thiepanone 91
Thiepins 62, 93
Thiocins 87-89
Thionins 88, 90
Thiopenam 118
Thiophene 50, 62, 86, 87, 89
Tiffeneau-Demjanow rearrangement 6,

9-16
Transamidation 97-110, 207, 209
Transannular reaction 1, 100, 102, 110,

119, 184, 185
Transesterification 90, 91, 132, 199, 207,

208
Translactonization 91, 207, 208, 209, 210

Triafulvene 47
4,7,ll-Triaza-13-tridecanelactam 105
2,6,10-Triaza-13-tridecanelactam 101
Tricyclo[4.4.0.025]decane 66
Tridecanelactams 101, 105
Tridecanolides 148
Tridecenolide 149
Tripterygium wilfordii 108
Tubifolidine 178

U
Undecadienolide 172
Undecanelactam 99, 100
Undecanolides 190, 208
Undecenolide 149

Valence tautomerization 186
Verbascenine 114
Vilsmeier-Haack reaction 18
Vinylcyclopropane rearrangement 45-50
Vomicine 179

W
Wagner-Meerwein rearrangement 6, 8, 9
Wharton fragmentation 164
Wittig-Prevost sequence 6, 16-18
Wittig rearrangement 84
Wolff-Kishner reduction 189

Y
Ylides 84, 86

Z
Zibeton 1
Zip reaction 101, 104, 105, 107
Zygosporin E 91, 202, 203


