
BRIDGEHEAD SUBSTITUTED TRICYCLIC [101 ANNULENES

A thesis presented by

HOWARD CHARLES GIBBARD

according to the requirements of the

University of London

for the degree of

DOCTOR OF PHILOSOPHY

Chemistry Department,
Imperial College,
South Kensington,
London SW7 2AY. January 1984.



2 .

ACKNOWLEDGEMENT

The work described in this thesis was carried out at Imperial 
College of Science and Technology under the supervision of Professor 

C.W. Rees and Dr. C.J. Moody.
I would like to thank Professor C.W. Rees for his guidance, 

encouragement and enthusiasm throughout the course of this project.
I am also indebted to Dr. C.J. Moody for his valuable advice and 
helpful discussions during the investigation.

Thanks are also due to the various technical staff of Imperial 
College, too numerous to mention individually, whose services were 
invaluable. I would also like to take this opportunity to thank 
my colleagues in the Hofmann Laboratory, both past and present, for 
their friendship during the past three years.

Further thanks are also given to the Science and Engineering 
Research Council for providing financial support, and to Mrs. Theresa 
Gillham for her excellent typing of this manuscript.

Finally, and most importantly, I would like to thank my wife, 
Anne, whose support, advice and patience were invaluable in helping 
to produce this thesis.



3.

To my wife, Anne



"Imagination is more important 
than knowledge"

Einstein



5.

ABSTRACT

Selected examples of bridged annulenes are discussed with 
particular emphasis being given to the effect that the bridging 
unit has on the properties of the aromatic periphery.

The [8+2] cycloaddition reaction between 3a-ethyl-3-methoxy- 
3a#-indene and dimethyl acetylenedicarboxylate allows the preparation 
of a series of 7b-ethyl-7b#-cyclopent [<?<i]indenes. However, the use 
of 3a#-indenes bearing more functionalised ring junction substituents 
in similar reactions is less successful, since a rapid [1,5J sigma- 
tropic migration of the 3a-substituent proves to be the predominant 
reaction in all but one case.

The [8+2] cycloaddition between 3a-substituted-3-trimethylsiloxy- 
3a#-indenes and 2-chloroacryloyl chloride is shown to be more satis
factory. However, problems are encountered in the later stages of 
the transformation such that 7b-isopropyl-7b#-cyclopent [c<i] indene is 
the only example which could be prepared by this method.

7b-Benzyl-7b#-cyclopent jcd] indene is prepared by the application 
of an alternative methodology in which the tricyclic system is formed 
via an intramolecular aldol condensation. The successful synthesis 
of the benzyl annulene enables an investigation into its chemical 
properties to be undertaken. A number of differences in chemical 
behaviour are observed between the 7b-benzyl and 7b-methyl derivatives, 
notably in cycloaddition and electrophilic substitution reactions.

Finally, a number of synthetic approaches, as yet incomplete, 
towards the tricyclic annulenequinone, 7b-methyl-7b#-cyclopent ]pd ]- 
inden-2,5-dione, are described.
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1.1 INTRODUCTION

The pioneering work of Sondheimer in the 1950's stimulated the 
interest in annulene chemistry, which has been maintained until the 
present day1. The general aim has been the synthesis of fully con
jugated, cyclic molecules containing (4n + 2) tt-electrons and having 
an approximately planar geometry. The subsequent examination of such
species has enabled the confirmation of the theoretical predictions

.. 2made by Huckel, that such molecules should be aromatic .
One particular area that has attracted a great deal of attention 

has been the synthesis and study of bridged annulenes. This term
qhas been used frequently by Vogel and may be defined as follows:- 

"a fully conjugated, cyclic molecule containing (4n + 2) it-electrons 
in which two or more internal hydrogen atoms have been replaced by a 
bridging unit". This Section will concentrate on a number of examples 
of bridged [lo] and [14] annulenes. Particular emphasis will be given 
to the differing types of groups that have been used as bridging units, 
and the subsequent effects that these have on the physical and chemical 
properties of the aromatic periphery.
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1.2 BRIDGED [lp] ANNULENES

In 1964, Vogel reported the synthesis of 1,6-methano[l0] annulene (1) 
and showed that it exhibited physical properties consistent with an 
aromatic structure . The most striking feature was the position of 
the methylene protons in the n.m.r. spectrum at 6-0.5. The unusual 
upfield shift of these protons was excellent evidence for the presence 
of a diamagnetic ring current, which is in itself characteristic of 
an aromatic species. This report was followed by further publications 
detailing the preparation of two other bridged annulenes, namely 
1,6-oxido [lO]annulene (2)5*6 and 1,6-imino[lo]annulene (3)7. These 
compounds were also assigned as being aromatic on the basis of their 

spectroscopic and chemical properties.

The synthetic routes to these molecules began with the Birch 
reduction product of naphthalene; 1,4,5,8-tetrahydronaphthalene (4).
The preparations of (1) and (2) are probably familiar to most chemists 
since their inclusion in the Organic Syntheses collection * . Therefore, 
the synthesis of ^-acetyl-1,6-imino[lo]annulene (5) has been chosen to 
illustrate the strategy that may be employed (Scheme 1) .
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Scheme 1. Reagents: i, N0C1,MeOH/-70°C; ii, SnCl2 »HCl;
iii, aq.NaOIL; iv, AC2O,pyridine; v, 
vi, KOtBu,THF/-15°C.

The major difference in reactivity between annulenes (1), (2) and
(3) was observed upon treatment with acid. The addition of 1,6-imino[l0] -
annulene (3) to hydrochloric acid in ether gave the expected hydrochloride
salt7. However, when 1,6-oxido[lo]annulene (2) was exposed to either

5 6acid or silica gel, skeletal rearrangements were observed (Scheme 2) * .
Following the successful synthesis of 1,6-methano[lO]annulene (1), 

an obvious target was the related molecule bearing an extra methylene 

unit in the bridge: 1,6-ethano [lO]annulene (6 ). This possibility
was examined by Vogel10 and Bloomfield11 using similar strategies.
They both observed that the molecule preferred to exist as
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Scheme 2. Reagents: i, H+; ii, SiC^; iii, I^Pd.

9,10-dihydro-9,10-ethanonaphthalene (7), the valence tautomer of (6). 
This structural assignment was confirmed by the H n.m.r. spectrum which 

showed the presence of typical olefinic signals in the range 64-5.

The preference for structure (7) was attributed to a diminished 2p z
overlap of the and atoms with the remainder of the ring.

Thus, it became apparent that strict geometrical limitations 
must be made on the nature of the bridging unit, to ensure that the



15.

molecule adopts the delocalised annulene structure. It should be 
noted that even some structures having one carbon bridges are susceptible 
to valence tautomerism. However, this point will be dealt with at a 
later stage of this Section (p. 26).

Further studies by Vogel and co-workers culminated in a publica
tion in 1966 in which he described the preparation of a number of 11- 
substituted-1,6-methano [lO]annulenes (Scheme 3)12. Compounds (8 ) 
and (9) were shown to be aromatic by an examination of their n.m.r. 
spectra.

Reagents: i, HSnBu^; ii, CuCN,DMF; iii, Br2;
iv, 15% KOH,MeOH; v, LiAlH^; vi, Mel; 
vii, 100 - 140°C/0.1 - 1 mm Hg.

Scheme 3.
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The %  n.m.r. spectrum of 11-methylene-l,6-methano [lO]annulene (10) 

showed the-presence of an A2B2 system centred at 67.2, and a singlet at
63.2 in the ratio of 8:2. The observation of the high field signal 
would be expected from structure (10), in which the olefinic bridge 
protons are subjected to a strong shielding effect caused by the induced 
diamagnetic ring current. The u.v. spectrum of (10) is almost identical 
to that of 1,6-methano [lO]annulene (1). This implied that not only 
were the geometries of (10) and (1) very similar, but also that no 
significant interaction was occurring between the respective ir-systems.

In the same paper Vogel also reported the attempted synthesis 
of 11-oxo-l,6-methano [lOjannulene (11) (Scheme 4 ) At that time it

( 12 ) ( ID

Scheme 4. Reagents: i, AgOAc, AcOH;
ii, MeMgl;
iii, CrO^ or LTA, pyridine.



was assumed that the ketone (11) was thermally unstable, and that 
fragmentation was occurring as soon as the oxidation of (12) was 
completed. This assumption, however, was proved to be false when 
the ketone (11) was synthesised by Ito et dl in 1972, and found to 
be a stable solid with a melting point of 183 - 186°C (Scheme 5)13.

o

Scheme 5. Reagents: i, 130°C/10 hrs;
ii, DDQ/120°C/24 hrs.

Despite the low yield of the final dehydrogenation (8.5%), Ito 
was able to show that (11) had all the physical properties associated 
with its assigned structure. The %  n.m.r. spectrum of (11) showed 
the presence of an AA'BB' system centred at 67.46. The u.v. spectrum 
was found to be almost superimposable on those of 1 ,6-methano[l0]* 
annulene (1) and 11-methylene-l,6-methano[lo]annulene (10). This 
confirmed the earlier observation that there was no significant inter

action between the lOir-electron periphery and an unsaturated bridging
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unit. Ito also reported the use of other dienes in reaction sequences 

similar to that described in Scheme 5. Thus, the reaction using trans- 
piperylene gave 2-methyl-11-oxo-l,6-methano [lOjannulene (3% overall 
yield) whilst the use of isoprene gave 3-methyl-l1-oxo-l,6-methano [lo] - 
annulene (1.7% overall yield).

This report prompted Vogel to re-examine his results concerning 
the oxidation of 1,6-methano [lOjannulen - ll-ol (12). He subsequently 
observed that alcohol (12) could indeed be oxidised to the ketone (11) 
by either the Pfitzner-Moffatt reagent or by the dimethyl sulphide- 
chlorine complex in yields of 77% and 87% respectively*4. Since the 
naphthalene obtained previously was now known not to be derived from 
the ketone (11), the failure of other oxidising agents has been 
attributed to the intermediacy of tricyclo[4.4.1.0*’6]undeca-2,4,7,9- 
tetraen-ll-ol (13). This is the valence tautomer of (12) and contains 
a cyclopropanol unit.

(13)

It has been observed that cyclopropanols may undergo radical 
abstraction of the OH hydrogen atom, with subsequent ring fission, 
when treated with ions such as Fe*** or Cu** 15. Such a fragmentation 
process was postulated as a reasonable explanation for the loss of the 
bridging unit, when alcohol (12) was treated with reagents based on 
manganese, chromium or lead.
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Probably the most striking feature about (11) is its remarkable 
thermal stability. Decarbonylation of this molecule only occurred 
when it was heated to temperatures in excess of 200°C*^. This stability 
is presumably related to the reluctance of (11) to equilibrate with 
(14), its cyclopropanone valence tautomer, which is believed to be 
an intermediate in the fragmentation process(Scheme 6 ).

Scheme 6 .

It was expected that the availability'of 11-oxo-l,6-methano[10]• 
annulene (11) would allow entry into the wide variety of reactions 
in which ketones are known to participate. However, ketone (11) 
has been found to be either inert to nucleophilic attack, or alternatively, 
to fragment once addition has taken place16. This unwanted fragmenta
tion has been avoided by the addition of the nucleophile to a related 
carbonyl compound (15), which may subsequently be oxidised to the 
desired annulene (Scheme 7) . This sequence may well allow the
preparation of a wide variety of [10] annulenes containing unsaturated 
bridging units.

A number of 11,11-dihalo-l,6-methano [lO] annulenes have been 

prepared and some distinct differences have been observed depending



Scheme 7.

17upon the nature of the halogen substituent . 11,11-Difluoro-1,6-
methano[lo]annulene (16) has been shown to exhibit a *H n.m.r. spectrum 
consistent with its assignment as an aromatic compound. The u.v. 
spectrum of (16) was also shown to be essentially identical with that 
of 1,6-methano[lO] annulene (1).

In contrast, the dichloro (17) and dibromo (18) derivatives 
showed only weakly resolved *H n.m.r. spectra, the signals being 
centred at 66.94 and 66.75 respectively. The u.v. spectra of both 
compounds showed similarities to that of (16) but had markedly reduced 
extinction co-efficients. This was attributed to the presence of a 

rapid equilibrium between (17) and (18) and their respective norcaradiene 
valence tautomers (19) and (20).

The significant difference in the required reaction temperatures
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(18) ( 2 0 )

for the extrusion of the bridge from (16) and (17), is almost certainly 
related to the ease with which the molecules may adopt their respective 
norcaradiene valence forms (Scheme 8 ). Thus, the difluoro derivative 
(16),which has been shown to be aromatic, required more energy to 
overcome the activation energy barrier separating the two valence 
forms than did the corresponding dichloro derivative (17).

The thermal behaviour of the 11,11-dihalo-l,6-methano[lO]annulenes 
may be compared to that of tf-substituted-1,6-imino[lO]annulenes (21a-e).
It was expected that the fate of the molecule when subjected to thermolysis 

would be determined by the nature of the substituent on nitrogen16.
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F

Scheme 8 . Reagents: i, Cyclohexene/250°C/4 hrs;
ii, Cyclohexene/60°C/24 hrs.

The initial reaction was expected to be an electrocyclic ring closure 
to the benzene inline valence tautomer (22). This intermediate could 
then either fragment to give a nitrene and naphthalene, or else undergo 
a rearrangement to give ltf-l-benzazepines (23) (Scheme 9). It was 
observed that the extrusion of a nitrene species occurred only when 
the nitrogen substituent was a chlorine atom. Direct evidence for 
the formation of chloronitrene was obtained by repeating the reaction 
in the presence of cyclohexene. The thermolysis of (21e) at 50°C 
gave a 25% yield of the W-chloroaziridine (24).

(24)
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(23)X = CH0 
= CH3 
= C 02CH3 
= SiMe3

Scheme 9.

Throughout the course of the investigation into the properties 
of 1 ,6-methano[l0]annulenes, it has been noted that a rapid and 
reversible valence tautomerism of type (25)^(26) was possible.
This equilibrium has been shown to be crucially dependent on the 
nature of the bridging species.
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This has been exemplified by the study of the spectroscopic 
properties of various ll,ll-disubstituted-l,6-methano[l0]annulenes 
(Tables 1 and 2)18.
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1
TABLE 1: H N.M.R. DATA OF (1) AND (25a)

COMPOUND H2,5,7,10(6) H3,4,8,9(6) J(H2-H3)(Hz) J(H3-H5 )(Hz )

1 7.27 6.95 8.97 9.19

25a 6.22 6.11 9.78 6.85

TABLE 2: VARIABLE TEMPERATURE 13C N.M.R. DATA

COMPOUND Cl,6 (6> cn (6) Temp.(°C)

1 114.6 34.8 35
1 113.7 34.2 -110

25a 79.8 16.2 107
25a 81.7 16.9 35
25a 89.3 20.0 -110

25b 67.1 13.6 35
25b 64.6 12.2 -40
25b 62.6 11.3 -80

25c 57.8 14.9 30
25c 54.0 12.9 -80
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The data shown in Table 1 illustrates the different environments

occupied by the peripheral protons of (1) and (25a). In (25a) the
perimeter protons are shielded by almost a whole p.p.m. compared to
those in (1). It should also be observed that the coupling constants

19in (25a) bear a striking resemblance to those in 1,3-cyclohexadiene
13The variable temperature C n.m.r. measurements establish

quite clearly the existence of a fluxional system, as indicated by
the equilibrium (25) 5^(26). The gradual downfield shift of the
C. . resonance in (25a) confirmed that the aromatic tautomer (25a)1 , 6

13was the thermodynamically more stable. Analysis of the C n.m.r.
data has enabled a value of 0.2 kcal mol  ̂to be estimated as being
the energy difference between (25a) and (26a).

In compounds (25b) and (25c) the occurrence of the C - resonancel,b
Obeyond the region normally associated with sp hybridised carbon atoms 

implied that the tetraene tautomers (26b) and (26c) were favoured.
This observation would be expected when one considers the known 
stabilising effect that a ^-acceptor species, such as cyano, has on 
the stability of three-membered rings. Hoffmann has explained this 
phenomenon by considering the interaction between the low-lying, 
unoccupied orbitals of a ir-acceptor and the antisymmetric component

o nof the occupied degenerate Walsh orbital pair in cyclopropane (27)

(27)
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This interaction results in net electron transfer from the 
cyclopropane ring into the ir-system of the acceptor. This causes 
a decrease in the antibonding interaction between positions 1 and 6.
Hence, it would be expected that efficient u-acceptor species are able 
to cause a strengthening of the 1-6 bond.

More recently theoretical calculations by Cremer and Dick have 
predicted that 1,6-methano [lO]annulene (1) will be approximately 4.5 
kcal mol  ̂more stable than its valence tautomer, tricyclo [4.4.1.01 * 6]- 
undeca-2,4,7,9-tetraene . This energy difference would correspond 
to approximately 0.05% of the annulene molecules being present in their 
alternative form at room temperature. Cremer and Dick have also 
calculated that in the case of 11,11-dicyano-l,6-methano[10] annulene (28), 
the predominant form will be the norcaradiene valence tautomer (29).
They have predicted an energy difference in this case of 5 kcal mol  ̂

in favour of the non-aromatic species.

This calculation has recently been verified by the synthesis 
22of (29) . Confirmation of the structure was provided by X-ray analysis

which showed that the C^-C^ bond length is 1.542 i£. This is characteristic 
of a cyclopropane bond.



28.

An isomeric bridged annulene, 1,5-methano [lo]annulene (30), has
23 24also been synthesised by both Masamune and Scott . They have shown 

that the physical properties of this molecule are consistent with it 
being classified as an aromatic species. However, no examples of

(30)

this annulene bearing groups other than hydrogen on the bridging unit 
have been reported. It is hoped that such derivatives will be the 
subject of future investigations.

An alternative bridged [lO]annulene has also been reported by 
Rees and co-workers25. The molecule, 7b-methyl-7b#-cyclopent]c d]~ 
indene (31), has been shown to possess aromatic character by both its 
physical and chemical properties . The attempts to prepare derivatives 
of this molecule, bearing alternative substituents at the 7b-position, 
will be the subject of later Sections of this thesis.

(31)



1.3 BRIDGED [l4]ANNULENES

The successful synthesis of 1,6-methano [lojannulene (1) and the 
demonstration of its aromatic properties prompted the consideration of 
the homologous bridged [l4]annulenes. The presence of two bridging 
units introduced the possibility of both syn (32) and anti (33) forms.

(32)

X

In the syn series, models indicated that the periphery would 
be able to adopt an essentially planar geometry, provided that no sig
nificant steric interactions occurred between bridging units. In the 
anti series it was expected that the 2pz orbitals of Cg and Cg would 
be considerably skewed with respect to each other (34b). Hence, it 
was expected that compounds of this series would not be aromatic.

syn (34a) anti (34b)
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These expectations were confirmed with the synthesis of syn- 
1,6:8,13-bisoxido [l4]annulene (35)^7 and anti-1,6:8,13-bismethano [14]- 
annulene (36)28.

o  o

(35) (36)

Compound (35) was shown to be aromatic from a consideration of
its spectroscopic properties and an X-ray analysis which showed the

29molecular perimeter to be approximately planar . In contrast, (36) 
exhibited characteristics consistent with an olefinic species. A 
structurally related molecule, syn-l,6-methano-8,13-oxido [l4]annulene (37) was 

reported a short time later and the mode of synthesis is illustrated 
in Scheme 10 3 °.

The interconversion observed between the syn (38) and anti (39) 
isomers was explained by the assumption that the intermediate,
7,14-dihydro-anti-1,6-methano-8,13-oxido[14]annulene, could isomerise 
by the flipping of the oxygen bridge through the annulene ring.
This explanation was supported by the previously observed reversible

31isomerisation that occurred between (40) and (41) on heating
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Scheme 10. Reagents: i, C ^ ^ *  Zn-Cu; ii, CH^CO^H;
iii, Br2/-70°C; iv, DBN; v, DDQ.

Compound (37)was shown to be aromatic from an examination of 
its spectroscopic properties. It was also observed to undergo 
electrophilic substitution but exhibited different selectivity to 
that of (35).

The nitrogen bridged analogues of (35) and (37) namely, 
syn-l,6:8,13-bisimino[l4]annulene (42 )32 and syn-l,6-imino-8,13-methano 
[l4]annulene (43a,b)33 have also been reported. They have been shown 
to have spectroscopic properties consistent with their aromatic structures. 
Compound (42) has only recently been reported and a full account of 
its properties has yet to be published. However, (43) has exhibited 
some interesting characteristics. The molecule may formally exist
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in two isomeric forms, depending upon whether the nitrogen lone pair 

preferred to be endo (43a) or exo (43b). Spectroscopic evidence 
indicated that (43a) was the isomer in question due to the failure to

observe a nuclear Overhauser effect in the NH signal, upon irradiation 
of the methylene bridge protons. This assignment was subsequently 
confirmed by an X-ray structure analysis.

The u.v. spectrum of (43a) has a similar form to that of syn- 
1,6:8,13-bismethano[l4]annulene (44) but exhibits a splitting of the 
short-wave main absorption band. This may be attributed to an inter
action between the lone pair on nitrogen and the 14-jr-electron
periphery. This would be consistent with the observation that the 
corresponding iV-acetyl derivative exhibited a u.v. spectrum that was 
essentially identical to that of (44). If this proposed explanation 
could be further substantiated then it would be the first known
example of electronic interaction between a bridging unit and the



aromatic periphery of these systems.
The demonstration by Ito dl that 11-oxo-l,6-methano [lO]-

13annulene (11) could be isolated as a stable molecule , prompted the 
investigation into the synthesis of the homologous[l4]annulene, 15,16- 
dioxo- syn -1,6:8,13-bismethano [l4]annulene (45)1 ̂ - This preparation

was successful (Scheme 11) and compound (45) was shown to be a stable 
aromatic species.

The most striking feature of (45) was its remarkable thermal 
stability. Despite being subjected to flash vacuum pyrolysis at 
500°C, the molecule showed no tendency towards fragmentation. The 
isomer of (45), 15,16-dioxo-<2nt£-l,6:8,13-bismethano[l4]annulene, 
has also been prepared but its properties were shown to be those 
of an olefinic species34.
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Scheme 11. Reagents: i, (^3^ 002^5 C;
ii, Br2/-78°C; iii, 80°C/1 hr;
iv, 2 ,3-dibromo-5,6-dicyano-p-benzoquinone;
v, NaBH^; vi, AgClO^jH^O; vii, H^IO^.
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The synthesis of compounds (46) 35, (47)^, (48)37 and (49) 3 
commanded a great deal of theoretical interest because they represented 
the first set of systematically bent annulenes. Thus, it was possible 
to investigate the relationship between the extent of molecular deforma
tion and the efficiency of electron delocalisation.

(46)

(48)

Detailed studies on the properties of (46-49) have shown that 
despite the increased bending of the periphery, all these molecules 
may be classified as being aromatic. Even the final member of the 
series, (49), in which the periphery adopts a conformation resembling

O Qthat of an ellipse, exhibits characteristic aromatic properties . 
These studies indicate that the steric conditions required for 
aromaticity are much less stringent than were previously assumed.
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Throughout the previous discussion the main precursor has 
been 1,4,5,8,9,10-hexahydroanthracene. Although this type of strategy 
allowed the synthesis of a wide variety of bridged [l4]annulenes, it 
failed to provide a route to the key compound of the series, syn- 
l,6:8,13-bismethano[l4]annulene (44). Therefore, a new approach 
was developed and this finally allowed the preparation of this 
elusive molecule in 1975 . A number of related synthetic pathways
are now available and a typical approach is illustrated in Scheme 123.

The aromatic nature of (44) was confirmed by its spectroscopic

properties and an X-ray analysis. The n.m.r. spectrum of (44)
showed the presence of an AA’XX’ system and a singlet, in the region
67.4 - 7.9, for the peripheral protons. The bridge protons appear
as two sets of doublets centred at 6-1.2 and 60.9 respectively.
The signal downfield of tetramethylsilane is assigned to the inner
bridge protons (1L) and the deshielding effect that they experience
rationalised by their sterically congested environment. This steric
compression was illustrated by the X-ray structure which showed a

0 40separation between the two protons of only 1.78 A . This is believed 
to be the shortest distance between non-bonded hydrogen atoms in any 
organic molecule.

(44)
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IV

Scheme 12. Reagents: i, AcCl,ZnCl2,AcOH,CH2Cl2/-30°C;
ii, AcC1,A1C13,CH2C12/40°C; iii, NaOH,Br2, 
H20,dioxan; iv, SOCl2,pyridine; v, Li(OtBu) H, 
THF/-70°C; vi, (Et0)2P(0)CH(C02Et )CH2CH(CC>2Et) 
P(0)(0Et)2; vii, DIBAL; viii, DDQ; ix, LiOMe, 
+PPh3CH2SCH2+PPh3 2Br“.
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The chemistry of (44) was found to be governed by this severe 
steric interaction. This was exemplified by the reaction of (44) 
with bromine, which resulted in addition at the 7 and 14 positions.
In contrast, bromination of related systems, e-g- (47), proceeded 
smoothly to give substitution at the 2-position. The different 
reaction pathway followed by (44) enables the steric strain between 
the inner bridge protons to be reduced, by the folding of the molecule 
as carbon atoms 7 and 14 adopt a tetrahedral geometry.

The strategy outlined in Scheme 12 has been applied to a number 
of other syntheses, notably of the homologous [18}*1 and [22| 32 annulenes. 
Variations in the nature of the bridging unit are also possible by a 
suitable choice of the required bisphosphonate. This has been illus
trated by the use of reagent (50) in the synthesis of syn-1,6-ethano- 
8,13-methano[l4]annulene (51a,b). This molecule was found to be
olefinic and was observed to exist as two rapidly inter-converting

hivalence tautomers

(51a) (51b)



All the preceding examples of bridged [l4] annulenes have been 
based on anthracene. It has only recently been reported that a 
bridged [14] annulene based on a phenanthrene ring system has been 
prepared . The synthetic pathway employed in the preparation of 
sz/n-l,6:7,12-bismethano[l4]annulene (52) is illustrated in Scheme 13.

iv
1'

Reagents: i, heptane,hv; ii, CuCN;
iii, Ni(PPh^)^; iv, DIBAL; v, WCl^,«-BuLi.

Scheme 13.
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The *H n.m.r. spectrum of (52) showed that the molecule could 

be classified as being aromatic. A detailed investigation into the 
properties of this molecule is at present in progress.

Another series of bridged [14]annulenes which have been exten

sively studied are the 10b,10c-disubstituted-10b,10c-dihydropyrenes.
The original impetus for the synthesis of such molecules was the 
desire to discover more information about the nature of the^electron 
clouds surrounding aromatic species. It was envisaged that alteration 
of the central substituents would act as a probe, from which experimental 
measurements could indicate the extent of the delocalised electronic 
system. The dihydropyrenes may exist in either the trans (53) or the 
ois (54) form. The syntheses and properties of these isomers will 
be discussed separately.

The first example of this ring system, 2,7-diacetoxy-tF<2rcs -10b,10c- 

dimethyl-lOb,lOc-dihydropyrene (55), was prepared by Boekelheide and 
Phillips in 196343. A subsequent publication reported the synthesis 

of the less substituted trans-lOb,lOc-dimethyl-lOb,lOc-dihydropyrene (56)
41+in 1967 . Both of these compounds have been shown to be aromatic 

by their physical and chemical properties. An X-ray analysis of (55)
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showed that the molecular perimeter was essentially planar and that

the bond lengths were typically aromatic, lying in the range 1.386 
° 4 5to 1.401 A . Related dihydropyrenes bearing various substituents 

in the 10b and 10c positions have been prepared by several routes.
The pathway illustrated in Scheme 14 shows a typical synthetic approach

t. , 46to these molecules

OAc

CH3

OAc
(55)

c h 3

(56)
>o
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i, ii l^ ll
CH,

1, 111

N C \ ^ C N
CH2R

MeS ^SMe

IV

vii r ll vi r m ̂ 1  ̂ 1
BrCH2''v^-''J CH2Br H O C H ^ ^ /'C ^ O H

IX

CH,R CH,R

R = CH2C H =C H 2 
= CH2OCH3

Scheme 14. Reagents: i, LDA,THF; ii, Mel; iii,
or C1CH20CH3; iv, DIBAL; v, NaBH^; vi, PBr3; 
vii, 2,6-bis(mercaptomethyl)toluene; viii,«-BuLi; 
ix, (MeO)2+CH BF" ; x, NaH,THF.



43.

The trans -dihydropyrenes (56-61) are dark green solids which 

are air-stable. They exhibit the strong diamagnetic ring current 
expected of aromatic species and this is manifested by the upfield 
shift of the resonances due to the central substituents in the *H n.m.r. 
spectra. A summary of the *H n.m.r. data for a variety of trans- 

dihydropyrenes is presented in Table S^6’47.

(56) Me Me
(57) Et Et
(58) t. nPr „ n Pr

(59) Me r. nBu
(60) Me ch2ch2ch=ch
(61) Me CH2CH20Me

The data contained in Table 3 indicates how the series of 
compounds (56) - (61) has provided an extended mapping of the diamag
netic ring current. A precise evaluation of the ring-current effect 
would require the exact time-averaged position of any proton to be 
used in any direct comparison. However, a rudimentary correlation 
has been made using the approximate distance that separates each 
set of protons from the centre of the molecule116. This led to the 
conclusion that the absolute magnitude of the ring-current effect 
is approximately independent of the type of functionality present 
in the central substituents. It should be noted that the chemical 
shift values of the internal methyl groups in (56), (59), (60) and (61) 

are essentially the same. This indicates that the magnitude of the 
ring current is similar in each case. Hence, it must be assumed
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TABLE 3: N.M.R. DATA OF TRANS -DIHYDROPYRENES

COMPOUND PERIPHERAL INTERNAL PROTONS (6)
PROTONS (6) a 8 y 6

56 7.98-8.67 -4.25(s)

57 7.95-8.67 -3.96(q) -1.86(t)

58 7.95-8.67 -3.95(m) -1.87(m) -0.65(t)

59 7.78-8.55 -4.02(m)
-4.30(s)

-1.71(m) -0.41(m) -0.10(t)

60 7.98-8.82 -4.14(t) 
-4.25(s)

0.36(m) 3.86(m) 3.50(m)

61 7.98-8.82 -3.52(t)
-4.30(s)

0.51(t) - 2.40(s)

that there is no significant interaction between the ^-electrons of the 
vinyl group in (60), or the p-electrons of the ether group in (61), 
and the 14ir-electron cloud. Further support for this assumption was 
provided by the close similarity in u.v. spectra between (56), (59), 
(60) and (61).

A recent publication by Mitchell has reported the synthesis and 
physical properties of t^cms-lOb-methyl-lOc-phenyl-lOb,lOc-dihydro- 
pyrene (62) . This molecule has also been shown to exhibit a
similar magnitude of ring-current effect to that observed in (56).
This was estimated by the chemical shift value of the methyl group 
(<5-4.45) in the *H n.m.r. spectrum. The similarity in u.v. spectra
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of (56) and (62) supported the assertion that no significant inter
action occurred between the two ff-systerns in (62).

The electrophilic substitution reactions of (56) have been 
studied extensively and show the exclusive formation of the 2-deriva
tive in all cases. Under more forcing conditions a second substitution 
has been shown to occur at the 7-position. The molecules (57) and 
(58) behave similarly, but the effect of functionality in the central 
groups on the selectivity of electrophilic substitution has yet to be 
reported.

When the green trans-dihydropyrenes (52) are heated, the colour 
gradually disappears as one of the internal substituents undergoes a 
thermal rearrangement to give (63) as the isolated product 1+7. The 
differences observed in the rate of this rearrangement are summarised 
in Table 4. The corresponding data for compounds (59), (60) and (61) 
ha/e not been published.
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(63)

TABLE 4: THERMAL REARRANGEMENT OF Ti?MS-DIHYDROPYRENES

COMPOUND TEMP.(°C) RN. TIME (HRS.) YIELD OF (63) (%)

56 210 0.1 80

57 80 66 90

58 80 66 88

Analogous to 1,6-methano[lO]annulene (1), the trans-dihydropyrenes 
exhibit the possibility of valence tautomerism. Although the trans- 
dihydropyrenes are the thermodynamically more stable species, iso
merisation occurs readily on irradiation46. It has been observed 
that the isomerisation of (64) -> (53) also takes place in the absence 
of light. Such a thermal process is forbidden by the principles of 
conservation of orbital symmetry. However, this may be rationalised 
since the term "forbidden" merely indicates that the process should
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involve a large activation energy barrier. In this instance the

(53)

550 nm 
__^

----
300 nm

(64)

thermal isomerisation of (64) ■* (53) has an activation energy of 
only 23 kcal mol

The parent compound of this series, trans-lOb,lOc-dihydropyrene 
(65) has been synthesised, but was found to be an extremely unstable 
species1*9. Although the *11 n.m.r. spectrum of (65) indicates the

presence of a diamagnetic ring current,the molecule is 
to pyrene on exposure to the atmosphere. In contrast 

trans-dihydropyrenes, the final valence tautomerism of

readily oxidised 
to the other
[2 .2] meta-

cyclophane-1,9-diene to (65) did not occur spontaneously. The
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isomerisation could be induced by photolysis but great care had to 
be taken because prolonged irradiation gave only quantitative yields 

of pyrene.
A recent publication by Tashiro and Yamato has reported the 

preparation of two 10b-halomethyl-10c-methyl-10b,10c-dihydropyrenes (66a) 

and (66b)(Scheme 15)50.

t -Bu

(66a)R = CH2CI 

(66b) R= CH2Br

Scheme 15. Reagents: i, CHCl^/R-T./ 30 days or
hv/4 hrs.

These compounds exhibited the spectral properties associated 
with the trans-dihydropyrene ring system but a report on their 
chemistry has yet to appear. Such species would be attractive pre
cursors for the preparation of a wide variety of lOb-methyl-lOc- 
substituted-lOb,lOc-dihydropyrenes via the nucleophilic displacement
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of a halide ion. Further developments will assess the importance of 

these recent additions to the dihydropyrene series.
cis-lOb,lOc-Dimethyl-lOb,lOc-dihydropyrene (67) was first pre-

u gpared by Boekelheide and Mitchell in 1974 . However, this molecule
has received less attention than the trans-isomer (56) because of 
synthetic difficulties. The main problem arises from the unfavourable 
isomer ratio obtained from the Stevens rearrangement of (68) (Scheme 16).

ii, iii
------ -- (56)

11, 111

Reagents: i, NaH,THF; ii, (MeO)2+CH BF^ ; 
iii, KOtBu.

Scheme 16.
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The observed ratio of (69) to (70) is generally of the order 

of 3:1.
Confirmation of the aromatic nature of (67) was provided by the 

*H n.m.r. spectrum which consisted of the peripheral protons in the 
region 67.50 - 8.74 and the internal methyl groups as a singlet at 
6-2.06. The difference in chemical shift values of the methyl groups 
in (56) and (67) may be explained in terms of the differing molecular 
geometries. Molecular models show that although the perimeter of 
(67) is planar, the overall geometry resembles that of a shallow saucer. 
Therefore, the methyl groups of (67) should be further removed from the 
molecular centre than the corresponding substituents in the trans- 
isomer (56).

Nitration of (67) parallels the reaction of (56) in that the 2- 
derivative was formed exclusively in 88% yield. However, treatment 
of (67) with acetic anhydride in the presence of boron trifluoride 
etherate gave both the 1-acetyl and 2-acetyl compounds in a ratio of 
2:151. A reason for this difference in selectivity has not been postu
lated. In contrast to the trans -isomer (56), the cis-dihydropyrene 
(67) was observed to be unstable to air and had to be stored under 
vacuum. The observation that the deterioration in air was accelerated 
by the presence of light, invoked the possibility that singlet oxygen 
was playing a role. Indeed, treatment of (67) with singlet oxygen 
gave rise to the bisepoxide (71) (Scheme 17) 51. The reluctance of 
the trans-isomer (56) to participate in a similar reaction was attri
buted to the steric hindrance of the internal methyl groups. In the 
case of the cis-isomer (67) the approach of singlet oxygen is from 
the side which is free of any steric restraints.
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(67) (71)

Scheme 17. Reagents: i, 02»methylene blue,
hv/3 mins.

The final example of a bridged [l4]annulene is irans-10b,10c- 

dihydro-lOb, 10c-dimethylcyclopenta[e;f,/cZ] heptalene (72). This
•• COmolecule was first prepared by Mullen and co-workers in 1981 .

The synthetic method used is illustrated in Scheme 18 and is considered
to be extremely elegant due to its brevity and versatility.

The aromatic nature of (72) was apparent from its n.m.r.
spectrum which showed the presence of a singlet at 6-4.53 for the
internal methyl groups. This high field resonance is a consequence
of the diatropism expected in a 14‘ir-electron system of this kind.
An X-ray analysis of (72) confirmed the trans relationship of the
methyl groups and that the molecular perimeter was approximately
planar. The molecule has also been observed to undergo electrophilic
substitution\ treatment of (72) with copper nitrate in acetic anhydride

5 2gave a high yield of the 4-nitro derivative
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1 2

li

Scheme 18. Reagents: i, Li,THF/-20°C; ii, (MeO^SC^.

The wide applicability of this synthetic strategy has been 
the subject of a second publication . By using alternative alkylat
ing agents it has been shown that the central substituents are capable 
of extensive variation. For example, the use of 1,3-dichloropropane 
gave rise to a 43% yield of cis-10b,10c-dihydro-10b,10c-propanocyclo- 
penta[e/,A:Z] heptalene (73).

(73)



This molecule, despite being significantly deformed from 
planarity as shown by an X-ray analysis, may also be classified 
as being aromatic. Further reports on the detailed chemistry of 
these recent additions to the bridged [ 14]annulene series are
awaited with interest.



1.4 CONCLUSION

This discussion of bridged annulenes has shown that in some 
instances the bridging unit influences the nature of the peripheral 
electronic system. This has been illustrated by the extensive 
studies on 11,11-disubstituted-l,6-methano [lO]annulenes. Although 
an example of differing selectivity in electrophilic substitution 
has been observed, the alteration of the internal substituents has 
shown little effect on the chemistry of the aromatic perimeter. 
However, this point has received scant attention and further studies 
are necessary before definitive conclusions can be drawn.



RESULTS AND DISCUSSION
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2.1 CYCLOADDITION ROUTES TO 7b-SUBSTITUTED-7bff-CYCLOPENT [cd] INDENES (74)

2.1.1 Background

The aim of the project was the synthesis and study of various 
bridgehead substituted tricyclic[10] annulenes (74). It was hoped that 
a full investigation of the properties of these molecules would provide 
information about any interaction which may occur between the aromatic 
periphery and the internal substituent.

At the outset of this investigation the only known synthetic
5 4  5 5route to molecules of this type was that pioneered by Tuddenham 

The key step of the approach involved an [8+2] cycloaddition between 
3-methoxy-3a-methyl-3atf-indene (77) and dimethyl acetylenedicarboxy- 
late (DMAD). The resulting cycloadduct (78) could then be converted 
into 7b-methyl-7btf-cyclopent[c<i] indene (31) in a number of steps,
(Scheme 19). Due to the limited knowledge of this ring system the 
initial attempts to prepare 7b-substituted-7bff-cyclopent[c<i] indenes (74) 
were made using the strategy outlined in Scheme 19.
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o

11, 111

Vll, v m

xiii

v, vi
o

Scheme 19. Reagents: i, K,ButOH,THF,NH2/-78°C; ii, LiBr,THF;
iii, MeI,THF,H20; iv, LDA,THF/-78°C; v, PhSeBr,THF/ 
-78°C; vi, l^C^pyridine/OOC; vii, KH,18-crown-6, 
DME/-23°C; viii, MeOSC^F; ix, DMAD; x, c.H2S04/0°C 
xi, LiAlK^; xii, BaMnO^; xiii, RhCPPh^^Cl*
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2.1.2 The Birch Reduction and Alkylation of 1-Indanone

The Birch reduction and methylation of 1-indanone was originally
56 54studied by Narisada and Watanabe in 1975 . Further work by Tuddenham

57and McCague developed the synthetic potential of the reaction and
showed its applicability in the synthesis of the tricyclic [lO] annulene (31)
(Scheme 19). The use of alkylating agents other than methyl iodide had
not been studied in this system, although a variety of electrophiles had

58been successfully used in the related reaction of acetophenone . It
had been shown that alkylation could be successfully accomplished using
either ethyl iodide, allyl bromide, ethyl bromoacetate or chloroacetonitrile,
to give the 1-acetyl-l-substituted-l,4-cyclohexadienes (80-83) in yields

58of 26-85% (Scheme 20)

o

(82) R = CH2C02Et
(83) R = CH2CN

Scheme 20. Reagents: i, K,ButOH,NH3,THF/-78°C;
ii, LiBr,THF; iii, RX,H20,THF.

Based on this previous work, a series of experiments were carried 
out to investigate the suitability of a number of alkylating agents in 
the Birch reduction and alkylation of 1-indanone. Those electrophiles 
which proved to be successful gave rise to a series of dienones (84-89) 
(Table 5).
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(84) R = Et
(85) R = Pr1
(86) R = CH2Ph
(87) R = ch2ch=ch
(88) R = ch2co2h
(88a) R = CH2C02Me
(89) R = ch2c=ch
(75) R = CH3

TABLE 5: BIRCH REDUCTION AND ALKYLATION OF 1-INDANONE

Electrophile Product Yield (%)

EtI (84) 49
1PrI (85) 58
PhCH2Br (86) 65
BrCH2CH=CH2 (87) 60
BrCH2C02Et (88) 65

BrCH2C5CH (89) 51
Mel (75) 52

It had been previously observed that the Birch reduction and
methylation of 1-indanone produced numerous by-products including

5 7indane and indan-l-ol . These were also observed when using the 
alternative alkylating agents listed, and although seldom isolated, 
their presence was readily observed by t.l.c. . An unexpected by-product
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was isolated from the alkylation reaction with propargyl bromide.
An examination of the mass spectrum and the elemental analysis data
indicated the incorporation of three propargyl units. The appearance

13of three signals in the C n.m.r. spectrum attributed to terminal 
acetylene carbon atoms confirmed this, and structure (90) was assigned 
to this by-product on mechanistic grounds.

r = c h 2c = c h

(90)

It should be noted that the reduction-alkylation reaction 
involving ethyl bromoacetate afforded the acid (88), rather than the 
expected ethyl ester derivative. This in situ hydrolysis was used 
to good effect to prepare multi-gram quantities of (88) without any 
need for purification.

A number of other electrophiles which proved to be unsuitable
in this reduction-alkylation sequence included:- chloromethyl methyl
ether, 2-iodoethanol, ethylene oxide, 1,2-dibromoethane, 2-iodomethyl- 

591,3-dioxolane , epichlorohydrin, 2-bromo-l,1-diethoxyethane and the 

tetrahydropyranyl ether of 2-iodoethanol. In the majority of cases 
these reagents represented attempts to introduce functionalised two 
carbon units into the ring junction position. The failure of these
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reactions could not be attributed to any particular cause since the
only isolated compounds were the by-products observed previously.
However, in the case of 1,2-dibromoethane the recovery of 1-indanone
in 75% yield was deemed to be significant. Although this ketone had
previously been recovered from similar reactions the isolated yield
was usually very low. A possible explanation of this observation is
presented in Scheme 21 and is supported by the report that treatment of
the lithium enolate of butyrolactone with 1,2-dibromoethane gave the

60
corresponding a-bromo lactone

Scheme 21.

A brief investigation was also carried out into the feasibility 
of performing reactions other than alkylation with anion (91). Subba Rao 
has studied the Birch reduction of benzoic acid, and the intermediate 
dianion (92) was observed to undergo a Michael reaction with methyl 
acrylate to give a 65% yield of the cyclohexadiene (93) (Scheme 22)61.

The addition of methyl acrylate to anion (91), however, failed to give 
the desired product. An examination of the n.m.r. spectrum of the 

crude reaction mixture indicated that anionic polymerisation had

occurred.
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(92) (93)

Scheme 22. Reagents: i, Li,NHg/-78°C;
ii, CH =CHC02Me/-78°C.

An attempt was made to carry out an aldol condensation between 
anion (91) and acetaldehyde. However, instead of obtaining the olefinic 
product (94), two aromatic compounds (95) and (96) were isolated from 
the reaction mixture. 2-Ethyl-l-indanone (95) was formed in 35% yield 
and the structure was confirmed by comparison with an authentic sample.

Et Et

(96)

Compound(96) was isolated in 27% yield and the structural assignment
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was based on the spectroscopic properties of this molecule. Mechanisms 
to account for the formation of these unexpected products are presented 
in Schemes 23 and 24. The proposed mechanisms envisage a set of 
reactions in which anion (91) and acetaldehyde are in rapid equilibrium 
with the aldol product (97). The key step is the irreversible dehydra
tion of (98) to form (99), however, (94) cannot undergo a similar type 
of process due to the absence of a proton at the ring junction position. 
The possibility of an elimination occurring in the alternative direction 
to give 2,3,5,7a-tetrahydro-7a-vinyl-ltf-inden-l-one was considered. 
However, this cannot be a major pathway since the isolated products 
account for over 80% of the acetaldehyde used.

A weakness in the proposed explanation is that it does not 
exclude the possibility of forming (101) in addition to the observed 
isomer (96). A mixture of isomers would be expected from a considera
tion of the structure of anion (100) and the observed selectivity could 
not be rationalised.

Et

(101)
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Et

Scheme 23.
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>©

Et

Scheme 24.

2.1.3 Preparation of 5,7a-Dihydro-7a-substituted-lfl-inden-l-ones

The introduction of the extra element of unsaturation into
the five-membered ring of (75) has caused great difficulties.

Tuddenham showed that this transformation could be effected by the syn-
elimination of a selenoxide species but observed that the overall yield

5 4of the process was only of the order of 35% . Despite considerable
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effort the yield of this transformation has remained variable, although
the use of Method C (Scheme 25) has allowed the routine preparation of

0 5 75,7a-dihydro-7a-methyl-]ff-inden-l-one (76) in an overall yield of 50% 
The investigation into the formation of trienones bearing other sub
stituents at the 7a-position was carried out using two main routes. 
These are described in Scheme 25 with the results being itemised in 
Table 6. These results indicate that although the original method

Method A: i, iii, iv (102) R = Et
Method B: i, iii, v (103) R = Pr1
Method C: ii, iii, v (104) R = CH2Ph

(105) R = ch2ch=ch2
(106) R = CH2C02Me
(107) R = ch2c =ch
(76) R = Me

Scheme 25. Reagents: i, LDA,THF/-78°C; ii, Me^iCl ,NaI ,NEt3,
CH3CN/40°C; iii, PhSeBr,THF/-78°C; iv, H202,pyridine
/0°C; v,m--CPBA,NHEt2 ,THF/-10°C.
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TABLE 6: PREPARATION OF TRIENONES (102-107)

R Dienone
Yield of 
Trienone

Yield of 
Recovered Method

(%) Dienone (%)

Me (75) 27 17 A

Me (75) 57 0 c57

Et (84) 59 22 A
1Pr (85) 47 27 A

CH2Ph (86) 27 22 A

ch2ch=ch2 (87) 0 0 A

ch2ch=ch2 (87) 26 17 B

CH2C02Me (88a) 0 0 A

CH2C02Me (88a) 15 0 B

CH2C02Me (88a) 31 0 C

ch2cech (89) 19.5 0 C
ch2co2h (88) 0 0 A

developed by Tuddenham (Method A) gave reasonable yields of trienones
(102) and (103), the reaction conditions were found to be inappropriate
for more functionalised derivatives.

The failure to prepare the allyl trienone (105), when using
hydrogen peroxide as the oxidant, was attributed to a competing Baeyer- 

6 2Villiger reaction . This was deduced by the isolation of 2-allyl-trans ■ 
cinnamic acid (108) in 32% yield. The trans-geometry of the double 
bond was assigned on the basis of the value of the coupling constant 
(J 16Hz) between the vinyl protons of the cinnamyl unit. The mechanism
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proposed to explain the formation of this product invokes attack by 
hydrogen peroxide on the selenated ketone (109) rather than on the

COOH

(108)

trienone (105) (Scheme 26). This proposal is supported by the observa
tion that trienone (76) was shown to be stable to hydrogen peroxide,
being recovered unchanged after treatment with an excess of the oxidant

57for 24 hours . It should also be noted that a Baeyer-Villiger oxida
tion of the trienone (105) would be expected to produce the cis-cinnamic 
acid rather than the observed trans-isomer (108). The preparation of
the allyl trienone (105) was achieved when the oxidant was changed from

63hydrogen peroxide to meta-chloroperoxybenzoic acid (m-CPBA) . This 
success was attributed to the greater steric bulk of the latter reagent 
and the reduction in reaction temperature, both of which reduce the 
tendency to perform a Baeyer-Villiger oxidation.

The problems encountered in introducing extra unsaturation into 
dienone (75) were initially attributed to the oxidation step . How
ever, the stability of trienone (76) towards oxidation subsequently 
ruled out this possibility. A detailed study of the selenation step
led McCague to postulate that the problem lay in an acid-base reaction

57between anion (110) and the selenated ketone (111) (Scheme 27)
This mechanism explains the high yield of starting material that was
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I

COOH

(108)

Scheme 26.

inevitably recovered from these reactions. Further strong evidence 
in support of this proposal was obtained with the isolation of 
trienone (114). This compound must be derived from the di-selenated 
species (113), which in turn is formed by treatment of anion (112)

(R = Cl^CC^Me) with another molecule of phenylselenyl bromide.
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Scheme 27.

(113) (114)
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2.1.4 Preparation and Reactions of 3-Methoxy-3a-substituted-3aff-indenes

The key step in the synthetic route to the tricyclic [lO] annulene
ring system developed by Tuddenham was the formation of the final five-
membered ring. This was achieved via an [8+2] cycloaddition between

55a3-methoxy-3a-methyl-3a#-indene (77) and DMAD . The 3a#-indene (77) 
was found to be an unstable, yellow oil which decomposed rapidly on 
exposure to air. However, this compound could be readily prepared via 
in situ enolisation and alkylation of the trienone (76). This process 
could be carried out most efficiently using a potassium hydride/18-crown-6 
combination as the base, and methyl fluorosulphonate as the alkylating 
agent. The use of this highly toxic material was required to ensure 
that methylation occurred predominantly on oxygen. The use of these 
conditions on trienones (102-107) allowed the reactions of a series of 
3a-substituted-3a#-indenes to be studied (Scheme 28).

The conversion of trienone (102) into 3a-ethyl-3-methoxy-3a#- 
indene and the subsequent [8+2] cycloaddition with DMAD proceeded smoothly. 
The cycloadduct (115) was found to be a stable, pale yellow solid and 
was used in the preparation of the tricyclic [lo] annulene, 7b-ethyl- 
7btf-cyclopent [cd\ indene. The details of this conversion will be
discussed later in this Section (p. 82).

The reactions of trienones containing other substituents at 
the 7a-position were found to be less successful. 7a-Benzyl-5,7a- 
dihydro-l#-inden-l-one (104) was transformed into the 3atf-indene (120) 
in the standard fashion, but failed to participate in a cycloaddition 
reaction with DMAD. The only product which could be isolated from 

the reaction mixture was l-benzyl-l-methoxy-l#-indene (116) in 57% yield. 

The product was readily identified by its n.m.r. spectrum which showed
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(115)

Reagents: i, KH,18-crown-6,DME/-23°C;
ii, Me0S02F; iii, DMAD/30°C.

Scheme 28.
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the presence of nine aromatic protons and also an AB system in the 
olefinic region. The formation of (116) may be explained by a[l,5] 
sigmatropic shift of the benzyl group in (120), with consequent aro- 
matisation of the six-membered ring. In an attempt to reduce the rate 
of this rearrangement the enolisation of (104) was repeated at a lower 
temperature. However, the addition of (104) to the base solution at 
-50°C did not give rise to the purple colouration associated with the 
formation of the enolate (121). The solution was then allowed to

warm to -35°C and a colour change, attributed to anion formation, was 
observed. The methylation of enolate (121) with methyl fluorosulphonate
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was followed by the addition of 4-phenyl-l,2,4-triazole-3,5-dione 
64(PTAD) . This dienophile is more reactive than DMAD and has been

observed to undergo an [8+2] cycloaddition with 3a#-indene (77) at 
o 51+-18 C . However, subsequent work-up of the reaction mixture gave 

no sign of any cycloadduct, and the only product isolated was the 
lH-indene (116) (25%).

It has been calculated that the parent 3aff-indene (122) is
approximately 27 kcal mole  ̂less stable than the aromatic l#-indene 

65(123) . Although the exact figures will differ, depending upon the

H

nature of the 3a-substituent, the value of 27 kcal mole represents 
an estimate of the driving force for the [1,5] sigmatropic migration.

Analogous rearrangements to that observed in compound (120) were 
found in the related systems investigated by Tuddenham. He showed 
that a [l,5] methyl shift required heating the 3atf-indene (77) at 
70°C for two and a half hours. This gave the expected product, 
l-methoxy-l-methyl-l#-indene, but in only 3% yield55 .̂ During studies 

on the 3a-phenyl-3atf-indene series, Tuddenham found that the heavily 
substituted 3aH-indene (124) could be trapped by PTAD to give the 
cycloadduct (125). However, if the reaction temperature was allowed
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to rise above 0°C, then (124) rapidly rearranged via a [1,5J phenyl 
migration to give the lff-indene (126). Similar reactions with 1-methoxy- 
3a-phenyl-3atf-indene (127) showed that this molecule could not be inter
cepted by PTAD at -18°C. Subsequent work-up of the reaction mixture 
gave the indanone (128) as the only isolated product (25%) (Scheme 29)66.

o

N— N

Ph
-18°C

Scheme 29.



(127) and (77) was in accord with the previous work of Miller et dl
on the l#-indene (129) . They observed a preferential [l,5*] phenyl
shift and the subsequent isolation of (130) led to the establishment

6 8of an order of migratory aptitude of H > Ph > Me

The difference in the migratory aptitudes of the 3a-substituents of

The large difference in the propensity of the benzyl and methyl 
groups to participate in sigmatropic migrations was initially sur
prising. However, studies by Dolbier at on the related 2tf-indenes 
(131-135) have shown that this behaviour is not without precedent69. 
Although 2#-indenes have been postulated as intermediates in many 
reactions it was only in 1977 that the first example of this system 
was isolated. 2,2-Dimethyl-2#-indene (131) was prepared by the low

temperature photolysis of the azoxy compound (136), and was found to
7 0be stable in solution at room temperature . On warming a solution 

of (131) to 90°C, a [l,5] methyl migration was observed with the
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(136) R = Me
(137) R = Et
(138) R = Pr^ CH0 

/ 2\(139) R = CH2CH —  CH
(140) R = CH Ph 2

(131) R = Me
(132) R = Et
(133) R n H-

CH_/(134) R = CH2CH —  CH
(135) R = CH2Ph

[1,5] Me [1,5]R

Scheme 30.



78.

isolation of 1,2-dimethyl-l#-indene in 80% yield. Dolbier also found
that the 2#-indenes (131-135) could be generated by heating the azoxy

71 ocompounds (136-140) . At 190 C a thermal extrusion of ^ 0  afforded
the 2#-indenes (131-135) which rapidly rearranged at this temperature 
(Scheme 30).

The compounds (143) and (144) were shown to be derived from (141) 
and (142) respectively, via a [l,5] hydrogen shift subsequent to the 
initial alkyl migration. From a careful analysis of the relative 
quantities of (141-144) Dolbier was able to assign an order of relative 
migratory aptitudes for the alkyl groups studied. This order is as 
follows:-

CHo
i / \2R Me : Et : Pr : CH2-CH-CH2 : CH2Ph

Relative rate
of migratory 1 : 6.2 : 5.3 : 7.9 : 55.6
aptitude

Dolbier rationalised the difference in relative rates between 
the methyl and benzyl groups by assuming that the transition state 
must involve some degree of radical character. However, he qualified 
this by also stating that the process does not involve discrete radical 
intermediates. This was argued from a consideration of the activation 
energy for the rearrangement of (131). The experimentally determined 
value of 26 kcal mol  ̂is significantly lower than the calculated 
(41 kcal mol )̂, based on the formation of an indenyl radical. The 
discrepancy between the observed activation energy for rearrangement 
and the value expected for a dissociation mechanism provides strong 
evidence for the concerted nature of the migration. A similar rationale 
may account for the rapid [l,5] benzyl shift observed in 3a-benzyl- 

3-methoxy-3a#-indene (120).
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The addition of allyl trienone (105) to a solution of potassium 

hydride and 18-crown-6 at -23°C did not give the expected purple 
colouration. After approximately one minute the mixture became 
deep red and although the addition of methyl fluorosulphonate caused 
the solution to become yellow, t.l.c. analysis indicated that this 
could not be attributed to a 3a#-indene species. Subsequent work-up 
and chromatography of the reaction mixture gave an aromatic compound 
identified as (117) in 46% yield. The proposed mechanism of the 
transformation is presented in Scheme 31.

The intermediacy of the 3a#-indene anion (145) was assumed, 
despite the absence of the characteristic purple colouration associated 
with a species of this type. This may be rationalised by assuming 
that the allyl migration occurred so rapidly that there was never a 
significant concentration of (145) in solution. The alternatives 
shown in Scheme 31 consist of either a single [3,3] allyl migration, 
or a [l,53 allyl shift followed by an anionic oxy-Gope rearrangement.

The Cope rearrangement of acyclic l,5-=dienes, e.g. (148) + (149), 
usually requires quite vigorous heating ’ . However, in the case
of (145) the process would be expected to be rather more facile, due 
to the large gain in energy associated with the formation of the 
aromatic enolate (146). The alternative mechanism, however, must

Me

(148) (149)



▼

Scheme 31.

also be considered in the light of the rapid [l,5] benzyl migration 
previously discussed. The rearrangement of (147) to (146) would be 
expected to occur very readily, since Evans has shown that similar
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anionic processes may experience rate enhancements of between 10 -
17 7410 over -the corresponding oxy-Cope reactions . Whatever the

exact nature of the rearrangement process it became obvious that
this cycloaddition route could not be applied to the synthesis of
7b-allyl-7bff-cyclopent T\?d J indene.

The limitations of this approach were further emphasised by the 
failure of the reaction involving 5,7a-dihydro-7a(methoxycarbonyl - 
methyl)-l#-inden-l-one (106). Enolisation of (106) gave a dark brown
solution and despite methylation and subsequent treatment with DMAD, 
the only isolated product was the lH-indene (119). Repetition of 
the enolisation reaction using the selenated trienone (114) also gave 
rise to a dark brown solution. This was quenched with isopropanol 
to give a 2:1 mixture of the l#-indenes (150) and (151) in an overall 
yield of 30%.

The sigmatropic migration of the propargyl unit, upon enolisation

2w w 2' HO, CH2C02P

SePh

(151)

of trienone (107) was found to be equally rapid, since the only 

product isolated was the l#-inden-l-ol (118). An extra equivalent 
of base was used in this reaction to allow for any terminal acetylide
anion formation.



Earlier in this Section (p. 71) the successful synthesis of cyclo 
adduct (115) was discussed. The subsequent conversion of this molecul 
to the tricyclic [lo] annulene, 7b-ethyl-7bff-cyclopent[cd]indene (154) 
is illustrated in Scheme 32. The removal of the elements of methanol

ii, iii

▼

Scheme 32. Reagents: i, c.H2S0^,Me0H/0OC;
ii, LiAlH^jEt^O; iii, BaMnO^; 
iv, Rh(PPh3)3Cl,C6H6/80°C.
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from cycloadduct (115) gave an 80% yield of the tricyclic [10] annulene
(152) . This compound was shown to be aromatic by a consideration of 
its spectroscopic properties. The n.m.r. spectrum (Figure 1) 
showed, in addition to the expected pattern of the peripheral protons, 
the presence of an ABX^ system in the region upfield of tetramethyl- 
silane (Figure 2). The methyl group resonated at 6-0.35 whilst the 
methylene unit was identified as a sixteen line multiplet centred at
6-0.98. This quartet of quartets arises from the non-equivalence 

of these two protons, caused by the absence of a molecular plane of 
symmetry. The u.v. and i.r. spectra of (152) were essentially 
identical to those previously reported for the 7b-methyl derivative 
(79) . The diester (152) was then converted into the dialdehyde

C *7(153) in the manner described by McCague . The decarbonylation of
(153) was accomplished by refluxing with two equivalents of tris- 
(triphenylphosphine) rhodium (I) chloride in benzene. After treatment 
with methyl iodide, to remove the triphenylphosphine, the [10] annulene
(154) was isolated and found to have properties directly comparable
to those of 7b-methyl-7btf-cyclopent [cd ] indene (31). However, careful 
examination of the n.m.r. spectrum of (154) revealed the presence of 
an inseparable hydrocarbon impurity. This species, which accounted 
for approximately 8% of the material, was identified as 2a-ethyl-2a#- 
cyclopent [c<i]indene (155). An explanation for the formation of (155)

(155)
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and a discussion of the spectroscopic and physical properties of (154) 

will be presented later (Section 2.3).
This Section has detailed the attempts that were made to perform 

[8+2] cycloaddition reactions between 3-methoxy-3a-substituted-3a#- 
indenes and suitable dienophiles. A number of problems have been 
encountered including the disappointing yields obtained during the 
preparation of the trienone precursors. The major problem, however, 
has been the ready sigmatropic migration of the 3a-substituent of these 
3a#-indene derivatives. It is possible that this rearrangement could 
be retarded by performing the enolisation-alkylation reaction at a 
lower temperature. However, the subsequent cycloaddition would 
almost certainly require the raising of the temperature, thus allowing 
the competing rearrangement to occur. Owing to these problems the 
approach to bridgehead substituted tricyclic [lO] annulenes via 3a- 
substituted-3atf-indenes containing a 3-methoxy grouping was therefore 
abandoned at this stage of the investigation.

2.1.5 Preparation and Reactions of 3a-Substituted-3-trimethylsiloxy- 
3aff-indenes

The observation that 5,7a-dihydro-7a-methyl-l#-inden-l-one (76)
could be transformed into the 3-trimethylsiloxy-3atf-indene (156) was

57
regarded with interest . Despite the failure of various 3-methoxy- 
3a-substituted-3a#-indenes to participate in [8+2]cycloaddition reactions, 
this closely related system was also investigated.

McCague showed that as well as forming an [8+2] cycloadduct with 
DMAD, 3a-methyl-3-trimethylsiloxy-3a#-indene also participated in a
similar reaction with the ketene equivalent, 2-chloroacryloyl chloride75
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Scheme 33. Reagents: i, Me^SiCl,NaI,NEt3,CH^CN/35°C;
ii, DMAD; iii,c.f^SO^,MeOH/0°C; iv, CH=C(C1)C0C1/ 
0°C; v, NaN3; vi, 80°C,2h; vii, Ac0H,H20(2:1);
viii, KF.
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7 6The use of the procedure developed by Corey , enabled the initial
cycloadduct (157) to be converted into the synthetically important

26 57tricyclic "ketone (158) (Scheme 33) *
Because of its availability, our initial studies in this area

were made on the isopropyl trienone (103). The addition of (103) to
an acetonitrile solution of chlorotrimethylsilane, triethylamine and

7 7 a.sodium iodide at room temperature , caused the appearance of a yellow 
colouration. This colour gradually disappeared over a period of approxi
mately 15 minutes. Subsequent chromatography of the reaction mixture 
gave the lH-indene (160), which was then deprotected with potassium 
fluoride to give 1-isopropyl-ltf-inden-l-ol (161) (Scheme 34).

[i,5jipr
7

i -Pr

Scheme 34. Reagents: i, Me3SiCl,NEt2»NaI,CH3CN/20°C; ii, KF.
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The observed rapid rate of [l,5] isopropyl sigmatropic migration in 
(159), may. be contrasted with the behaviour of the 3a-methyl-3a#-indene 
(156), which was found to be thermally stable at ambient temperatures 
and rearranged only when heated at 80°C57. The work of Dolbier69 pre
dicts that the migratory aptitude of an isopropyl group will be larger 
than that of a methyl unit, but the large difference in rates observed 
in the 3atf-indene system were somewhat surprising.

The observation that 3a#-indene (159) was thermally labile at 
ambient temperatures indicated that further progress in this area would 
only be made if the temperature required for the formation of (159) 
could be lowered significantly. An obvious alteration to the reaction 
conditions would be to use a more reactive silylating agent. Trimethyl- 
silyl trifluoromethanesulphonate, in the presence of triethylamine, 
was reported to be a useful reagent for the preparation of silyl enol 
ethers . The use of this alternative method enabled the 3a#-indene 
(159) to be generated at -23°C. This intermediate could then be trapped 
by PTAD but the initial [ 8+2] cycloadduct (162) was found to be unstable, 
and the only product which could be isolated was the trienone (164)
(Scheme 35). The trimethylsilyl group of (163) is assumed to be hydro
lysed during the isolation procedure.

The assignment of structure (164) followed from a consideration 
of the n.m.r. and u.v. spectral data. The appearance of five olefinic 
signals including the characteristic resonance of H-3 at 67.62, indicated 
a fully conjugated trienone species. This extra conjugation was further 
evidenced by a comparison of the u.v. spectra of trienones (164) and (103). 
The stereochemistry at C-7 was not confirmed, but could be inferred from 
a consideration of the predicted [8+2] cycloadduct (162). The low yield 
of (164) (22%) was probably a consequence of using THF as the solvent for 
the reaction. It has been reported that this solvent is not compatible



90.

i
(159)

Scheme 35. Reagents: i, Me3Si0S02CF3,NEt3,THF/-23°C;
ii, PTAD.

with trimethylsilyl trifluoromethanesulphonate, since this reagent can
7 ficause ring cleavage of cyclic ethers . However, the demonstration 

that the 3a#-indene (159) could be successfully trapped at -23°C, prompted 
an investigation into the use of the alternativedienophile, 2-chloro- 
acryloyl chloride.



The isopropyl 3aH-indene (159) was generated at -23°C in DME and 
then treated with 2-chloroacryloyl chloride. After allowing the solu
tion to warm to 0°C over the period of one hour, sodium azide was added. 
The solution was then refluxed in order to effect the Curtius rearrange
ment and the resulting isocyanate hydrolysed with aqueous acetic acid. 
Analysis of the reaction mixture showed the presence of two compounds. 
The major product (44%) was identified as compound (161) by comparison 
with an authentic sample. The second product was the desired tricyclic 
ketone (165) but was isolated in only 3.6% yield. The structure of 
(165) was confirmed by its spectral properties, which were similar to

those of the 7b-methyl derivative (158). The poor yield of the ketone 
(165) was attributed to the increased migratory aptitude of the 3a- 
substituent of (159). Despite the small quantity of ketone (165) 
available (17mg), the elaboration of this molecule to the tricyclic [10] 
annulene (166) was successful (Scheme 36). Treatment of (165) with 
2,4,6-triisopropylbenzenesulphonylhydrazine gave a mixture of hydrazones 
(167) which could be converted into the tetraene (168) via a Shapiro 
reaction . The fragmentation process was rather slow and this was
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attributed to the need to form a trianion. The final elimination of 
water proceeded smoothly to give 7b-isopropyl-7btf-cyclopent [cd]indene 
(166) in an overall yield of 29% from (165). The aromatic nature of 
(166) was readily apparent from its spectroscopic properties, a discussion 
of which will appear later (Section 2.3).

ii

Scheme 36. Reagents: i, 2,4,6-triisopropylbenzene-
sulphonylhydrazine, Amberlite IR120(H) jCI^C^; 
ii, MeLi,C6H6; iii, p-TsOH,CH2C12.
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Although some of the yields in the steps leading to the synthesis 
of (166) are disappointing, the successful preparation of 7b-isopropyl- 
7b#-cyclopent [cdjindene suggested that it might be possible to prepare 
other derivatives by this route. Attention was then turned towards the 
methoxycarbonylmethyl trienone (106). This was considered to be an 
important compound because of the versatility of the ester function.
It was envisaged that the successful synthesis of a tricyclic [10] annulene 
containing this substituent at the 7b-position would allow access to a 
variety of related derivatives.

An ethereal solution of trienone (106) and triethylamine was 
treated with trimethylsilyl trifluoromethanesulphonate at -23°C.
After 45 minutes a solution of PTAD was added to trap any 3a#-indene 
that had been formed. However, subsequent analysis of the reaction 
mixture showed only the presence of trienone (106) and no cycloaddition 
products could be detected. It was reasoned that the reaction tempera
ture had been too low to allow the generation of the 3a#-indene (169) 
to any significant extent. It was therefore decided to alter the 
reaction solvent to 1,2-dichloroethane, since this has been reported as
significantly increasing the reactivity of trimethylsilyl trifluoromethane 

78sulphonate . Repetition of the experiment using this new solvent, 
allowed the generation of 3a#-indene (169) at -23°C as indicated by t.l.c. 
The addition of 2-chloroacryloyl chloride was followed by the quenching 
of the reaction mixture with a solution of methanol and triethylamine.
This gave a cycloadduct in 15% yield which was assigned the structure 
(170).

The regiochemistry of the cycloadduct (170) was deduced from a 
consideration of its *H n.m.r. spectrum (Figure 3). The protons at 
C—1 appear as two sets of double doublets, thus confirming their position 

adjacent to the proton at C-7a. The stereochemistry of (170) was
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(169)

confirmed by an X-ray analysis (Figure A) and will be discussed 
later in this Section (p.105 ) .

The successful trapping of the 3-trimethylsiloxy-3atf-indene (169)
with 2-chloroacryloyl chloride initiated an attempt to extend the
reaction sequence to the tricyclic ketone (171). However, application

7 6of the Corey procedure described previously to the initial cyclo
adduct (172) did not give the desired ketone (171). The failure of

the reaction sequence may have been caused by the use of 1,2-dichloro-
ethane as the solvent.



Figure 4
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It was found that the 3a#-indene (169) could be generated in DME 
at -5°C, and subsequently converted into (170) in 33% yield. Unfortu
nately, attempts to extend the sequence to the tricyclic ketone (171) 
were again unsuccessful. No reason for these disappointing results 
could be proposed since the final reaction mixture did not contain any 
identifiable products. A final attempt to carry out the desired con
version was made using a slight modification of the Corey procedure,

81which involved the use of trimethylsilyl azide in place of sodium azide 
However, this attempt to prepare (171) was also unsuccessful. The 
inaccessibility of the tricyclic ketone (171) via the literature pro
cedures discussed forced this particular approach to be abandoned.
This was disappointing, especially since it was assumed that the major 
problem had been solved with the successful generation of the [8+2] 
cycloadduct (172).

It was observed during the studies on 3a-methoxycarbonylmethyl- 
3-trimethylsiloxy-3a#- indene (169) that there seemed to be an incon
sistency between the thermal stabilities of (169) and the related species
(173). The anion (173) was found to be thermally labile at -23°C, 
whereas (169) was observed to be stable at -5°C over a period of 45 
minutes. It was presumed that the two molecules would have similar

(169) (173)
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geometries and that the associated ring strain would be approximately 
the same in each case. Thus, it was predicted that the [l,5] sigma- 
tropic migratory aptitudes of the 3a-substituent should have been com
parable. The observed difference in thermal stability was puzzling 
and although a tentative explanation has been conceived (Scheme 3 7), we 
have no evidence to substantiate it.

Scheme 37.

It is proposed that the anion (173) has the opportunity of 
rearranging via a [l,2] shift, in preference, or in addition to, the 
more usual [l,53 migration. The transition state of such a process 
involves the partial development of a negative charge on C-l’ , but 
this will be stabilised by the adjacent ester group. In the case of 
the trimethylsiloxy 3atf-indene (169) this alternative pathway is not 
available.

The failure to prepare the tricyclic ketone (171) prompted the 
consideration of alternative methods for the synthesis of 7b-methoxy- 
carbonylmethyl-7b#-cyclopent [ccZ]indenes. The stability of 3a#-indene 
(169) at -5°C raised the question as to whether it would participate 
in a [8+2]cycloaddition with DMAD. However, at -5°C t.l.c. showed
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that no reaction had occurred, and on raising the temperature to 25°C 
the only product that could be observed was the l#-indene (174) 
(Scheme 38). An alternative possibility was considered involving

(174)

Scheme 3 8. Reagents: i, DMAD/-5°C -► 25°C.

the elimination of HC1 from (170) to produce the tetraene species

(175). This could then be converted into 2-methoxycarbonyl-7b-methoxy- 
carbonylmethyl-7b#-cyclopent[cd ] indene (176) by the removal of the 
elements of trimethylsilyl alcohol (Scheme 39). However, all attempts 
to bring about the initial elimination to give (175) were unsuccessful. 
This apparently trivial reaction proved to be beyond the capability 
of a wide range of reagents (Table 7). The results listed in Table 7
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(170)

♦

(176)

Scheme 39.

show that in all cases the outcome of the reaction was either recovery 
of (170) or decomposition to unidentified products. The majority of 

examples quoted represent attempts to carry out an E2 elimination 
process. The use of trityl potassium was prompted by a recent 
publication which showed that this reagent was more efficient than



TABLE 7: ATTEMPTED ELIMINATION OF HC1 FROM

- CYCLOADDUCT (170)

BASE TEMP.(°C) TIME (h) YIELD OF (170) 
(%)

DBUa 80 13 82

DBUb 110 15 17

DBU 110 6.25 0

DBN no 18 0
NEt3 89 6 91

Piperidine 106 17.5 0
K CPh3 20 0.33 trace
NaH 66 5 68

AgN03 18 72 91

AgOAc 19 21.5 78

a: benzene used as solvent 
b: toluene used as solvent

83DBU at performing dehydrohalogenation reactions . However, this 
new method also failed to effect the desired elimination.

Although it was expected that an El elimination would be dis
favoured, because of the destabilising influence of the ester group 

a to the positive charge, a related process has been observed.
Cromwell et at showed that treatment of the tetralone (177) with silver 
nitrate in ethanol gave a 90% yield of the desired unsaturated
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molecule (178) . It was also observed that the related molecule
lacking the benzyl group did not eliminate under the same conditions. 
This was attributed to steric considerations which forced the bromine 
atom of (177) to occupy a pseudo-axial conformation, thus facilitating 
the elimination.

(177)

AgNO^
EtOH

However, as may be seen from Table 7 these conditions gave only a 
high recovery of starting material when applied to cycloadduct (170).
The reluctance of (170) to undergo an elimination was surprising since 
the X-ray structural analysis showed a torsional angle between H-1B 
and the chlorine atom of 158°. This value appeared to be such that 
a slight alteration of molecular geometry would facilitate elimination 
via the favoured trans anti-periplanar transition state. A view 
looking along the C^-C2 bond is presented in Figure 5 to show the 
spatial arrangement of the relevant atoms. It should be noted that 
the related iodo compound (179) was shown to be similarly inert.

The reluctance of (170) to participate in an elimination reaction 

resulted in an alternative methodology being adopted. It was envis
aged that nucleophilic attack of a phenylselenide anion on (170) would

85occur V'la an S^2 process to generate the selenide (180) . This
compound could then be transformed into the tetraene (175) via oxidation
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(179) (170)

and the subsequent syn elimination of the selenoxide (Scheme 40).
p rHowever, treatment of cycloadduct (170) with sodium phenylselenide00 in 

ethanol caused extensive decomposition of the starting material, and

c o 2c h 3

*

Scheme 40.
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no sign of the desired compound (180) was observed. The failure to 
introduce a phenylseleno group from a displacement reaction prompted 
the investigation into the synthesis of the enolate (181). It was 
believed that treatment of the cycloadduct (170) with activated zinc 
would generate the anion (181), and that this could be converted into 
the selenide (180) by treatment with phenylselenyl chloride. However, 
the adduct (170) proved to be unreactive towards activated zinc, being 
recovered in 90% yield.

(182)

A final attempt to prepare the elusive tetraene (175) was made
by treating the cycloadduct (170) with sodium iodide in acetone to

8 7effect a halogen exchange reaction . Based on previous studies it
was expected that compound (182) would be more reactive towards elimina-

. 57tion . Unfortunately, no sign of the iodo compound (182) could be 
observed, the cycloadduct (170) being recovered in 64% yield.

The [8+2] cycloaddition between the 3a#-indene (169) and 2- 
chloroacryloyl chloride has been shown to proceed via an endo-transition
state. This was confirmed by converting the initial cycloadduct (172)
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to the ester (170) and obtaining an X-ray structure analysis (Figure 4). 
This result was in contrast to the corresponding reaction using 3-

cycloadducts were formed and isolated them as the esters (183) and 
(184) in a ratio of 25:1. The conversion of the ester group of (183) 
to an aldehyde, allowed the stereochemistry of (183) to be determined 
by n.O.e. experiments. Observation that the irradiation of the alde
hyde proton caused an enhancement of the signals assigned to the methyl 
and methoxy groups confirmed that the major component was the exo-isomer 
(183). It was also observed that whereas the exo-isomer (183) could

c o 2c h 3 Cl

OMe

l\\C02CH3

OMe

(183) (184)

be converted into the tricyclic [ 10 ] annulene (185) on treatment with
5 7DBU, the endo -isomer (184) proved to be unreactive

c o 2c h 3
(185)
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It has been established that the Diels-Alder reaction usually 
proceeds via an endo-transition state . The observation of the 
stereoselective exo-addition between the 3aff-indene (77) and 2-chloro- 
acryloyl chloride was therefore unexpected. McCague rationalised 
this selectivity by assuming that the more usual endo-additlon mode 
was disfavoured by an antibonding secondary orbital interaction. 
However, an examination of the frontier orbitals of the two species 
show that this assumption is incorrect, and that such an analysis 
would predict endo -addition to be favoured (Figure 6).

HOMO of 3a#-indene

LUMO of 2-chloroacryloyl chloride

Figure 6

The similarity, in electronic terms, between the 3a#-indenes (77) 
and (169) meant that it was impossible to rationalise satisfactorily 
the observed difference in stereoselectivity from a rudimentary analysis
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of the frontier molecular orbitals. It seemed clear from previous 
work that the [.8+2] cycloadditions between 3a#-indene (77) and acrylic 
acid derived dienophiles had a favoured exc>-transition state. The 
reason for this is not known but it is proposed that this favoured 
geometry is disrupted by the increased steric bulk of the 3a#-indene 
(169). The large trimethylsiloxy group, and to a lesser extent the

OTNIS

(156)

increased size of the 3a-substituent, will tend to disfavour exo- 
addition because of the greater steric interactions associated with 
this transition state. The [8+2] cycloadducts derived from the 3a#- 
indenes (156) and (169) would have allowed a better comparison owing 
to the similarity in steric interactions present in the transition 
state. However, McCague did not report any stereochemical studies 
on the relevant cycloadducts derived from (156).

The use of 3a-substituted-3-trimethylsiloxy-3a#-indenes in the 
synthetic approach to bridgehead substituted tricyclic [10] annulenes 
has met with only limited success. Although this method has allowed 
the preparation of 7b-isopropyl-7b#-cyclopent \cd\ indene (166), attempts 
to prepare the more interesting 7b-methoxycarbonylmethyl derivative
were unsuccessful.
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2.1.6 Synthetic Approaches to 7b-(2-Hydroxyethyl)-7bff-cyclopent 

[c<i]indene (186)

Among the many bridgehead substituted tricyclic [lOjannulenes 
considered, the derivative bearing a hydroxyethyl substituent at the 
7b-position was one of the most attractive. A successful syn
thesis of (186) would, in principle, allow ready access to a wide 
variety of related derivatives via standard transformations.

OH

The initial approach to (186) involved the attempted introduction 
of the hydroxyethyl group via the Birch reduction and alkylation of 
1-indanone. Although a number of electrophiles were used, none of 
these gave the desired dienone (187), or its hydroxyl protected deriv
ative (electrophiles listed on p. 60). Attention was then turned to 
the readily available ester dienone (88a). This compound is an obvious 
precursor to the hydroxy dienone (187) but direct reduction was not 
attempted owing to the presence of the ketone function. An attempt 

to protect the ketone as the 1,3-dioxolane was unsuccessful. A better 
method of carrying out the selective reduction of the ester group of 
(88a) was believed to be via the formation of the methyl enol ether (188).
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It was envisaged that after reducing the ester of (188), the enol ether
could be converted into a a-selenated ketone in the manner described 

89by Lidert . However, attempts to prepare (188) resulted in low
yields (< 10%) of an impure product. The related trimethylsilyl enol

77' ' 3iether (189) was readily prepared by the method of Caveau et al

and subsequently reduced by lithium aluminium hydride in ether. The 
hydroxy dienone (187) was then isolated after an aqueous work-up. The 
conversion of the dienone (187) to the hydroxy trienone (190) was 
achieved by using the route described in Scheme 41.

TMSO HO

Scheme 41. Reagents: i, l^SiCl ,NaI ,NEt3,CH3CN/40°C;
ii, PhSeBr,THF/-78°C; iii; m-CPBA,NHEt2,THF/-10°C.
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The yield of (190) was only 22% and this disappointing result 
was explained by the isolation of the selenated trienone (191) (28%).
A related by-product (114) has been observed and was rationalised by 
an acid-base process occurring during the selenation of dienone (88a) 
(see Scheme 27, p. 70). The absence of strong base ruled out a 
similar explanation to account for the formation of (191), and it was 
therefore assumed that the over-selenation occurred via the enol tauto
mer (192) (Scheme 42). The removal of phenylseleno groups has been

OH

PhSeBr

OH

Scheme 42.

90 91reported ’ but treatment of the trienone (191) with tributyl tin 
hydride at 110°C gave no sign of the desired compound (190). The 
length and the low overall yield of this route to the trienone (190) 
led us to consider an alternative pathway. It was envisaged that the 

methoxycarbonylmethyl trienone (106) could be reduced to the diol (193), 
and a subsequent selective oxidation of the allylic alcohol would give
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the hydroxy trienone (190) (Scheme 43). However, despite previous 
examples of related transformations being successfully carried out,

OH OH

•X—►

(193)

Scheme 43. Reagents: i, DIBAL,petrol/0°C.

92 93 94the use of manganese dioxide , barium manganate , DDQ or pyridinium 
95chlorochromate all gave a complex mixture of products.

The hydroxy trienone (190) was converted into the 3atf-indene (194) 
by treatment with two equivalents of trimethylsilyl trifluoromethane- 
sulphonate at -5°C. An attempt to carry out an [8+2] cycloaddition 
between (194) and DMAD was unsuccessful. However, the bis-(trimethyl- 
siloxy)-3atf-indene (194) could be intercepted by 2-chloroacryloyl 
chloride and subsequently converted into the cycloadduct (195) (25%).
The stereochemistry of the adduct (195) was not confirmed but was inferred 
by analogy with the sterically related 3a#-indene (169), which showed 
a preference to form the ew£?c>-cycloadduct (170). The stereochemical 
assignment of (195) was further supported by the observation that the 
compound showed no tendency to eliminate HC1 when treated with DBU.

The successful interception of the 3a#-indene (194) prompted 
an investigation into the possibility of extending the reaction sequence
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(194) (195)

to the tricyclic ketone (196). Using the procedure developed by
7 6Corey , the desired ketone could be prepared, but the overall yield 

from (190) was only 11%. The ketone (196) was shown to have spectral 
properties consistent with the assigned structure, and despite the 
small quantity available (15mg), an attempt was made to prepare the 
[lO]-annulene, 7b-(2-hydroxyethyl)-7b#-cyclopent \pd ] indene (186).

The method chosen has been described previously (p. 92) and involved 
forming the 2,4,6-triisopropylbenzenesulphonylhydrazone (197), which 
was then treated with methyl-lithium to perform a Shapiro reaction 
(Scheme 44). However, the only product isolated was identified as 
unreacted hydrazone (197), and no sign of any [lo] annulene could be 
detected by u.v. or t.l.c. . The failure of this reaction may be 
attributed to the requirement to form the tetraanion (198). The 
activation energy may be such that more forcing conditions are required 
to form this species. Owing to the small quantity of material avail
able, and the pressure of time, this area of investigation had to be 
curtailed. However, it is believed that the use of suitable hydroxyl 
protecting groups would allow access to the tricyclic [lOjannulene (186) 
by this route.
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(197)

(198)

Scheme 44.

The approach to bridgehead substituted tricyclic [lojannulenes 
via [8+2] cycloaddition reactions has met with limited success. The 
[1,5] migration of the 3a-substituent in the intermediate 3a#-indenes 
occurred in preference to the required cycloaddition in the majority 
of cases. Further problems were also encountered in the conversion 
of the initial cycloadducts into the corresponding tricyclic[l0]annulenes.



Because of these difficulties, attention was then turned towards an 
alternative methodology which avoided the intermediacy of 3a#-indenes.
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2.2 RING CLOSURE ROUTES TO 7b-SUBSTITUTED-7bfl-CYCLOPENT [cd] INDENES

2.2.1 Background

During the course of this investigation, other work was in 
progress in our laboratory to develop an alternative synthesis of 
7b-methyl-7btf-cyclopent [<?<2] indene (31). The new method reported by
Lidert formed the tricyclic system (199)via an intramolecular aldol

96condensation . This avoids the intermediacy of 3aff-indenes, which 
were found to be susceptible to a rapid aromatising rearrangement when 
the ring junction substituent was other than a simple alkyl group.
The application of this route to some of our target molecules will be 
described in the following Sections.

(199)

2.2.2 The Birch Reduction and Alkylation of 7-Methoxy-l-indanone

977-Methoxy-l-indanone was prepared by the methods of Barnes 
98

and Loewenthal . Although this procedure was found to be rather
inefficient, it allowed an investigation into the suitability of the 
reduction-alkylation sequence described previously (Section 2.1.2).



A series of electrophiles were used and the results are detailed in 
Table 8.

(200) R
(201) R
(202) R
(203) R
(204) R
(205) R
(206) R

CH2Ph

ch2ch=ch2
CH2C£CH
4-BrĈ -H. CH. 6 4 2
4-N0oCcH.CH 2 6 4
ch2co2 h

TABLE 8: BIRCH REDUCTION AND ALKYLATION OF 7-METHOXY-1-
INDANONE

Electrophile Product Yield (%)

PhCH2Br (200) 83
BrCH2CH=CH2 (201) 71
BrCH2CHCH (202) 82
4-BrC,H.CH0Br 6 4 2 (203) 60
4-N0oCcH,CHoCl 2 6 4 2 (204) 18
BrCH2C02Et (205) 0

96Mel (206) 60

The work-up of the reaction using ethyl bromoacetate involved 
acidifying the mixture to pH4. This was to ensure protonation of
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the carboxylate anion, but to avoid hydrolysing the erol ether function. 
However, since no product was isolated the mixture was further acidi
fied to pHl. Unfortunately, no sign of the expected diketone (207) 

could be observed.

(207)

2.2.3 Preparation of 5,7a-Dihydro-7-methoxy-7a-substituted-lff- 
inden-l-ones

The methods employed to introduce the extra element of unsatura
tion into the 7-methoxy dienones (200 - 205) were similar to those des
cribed previously (Section 2.1.3 p. 65). The conditions used are 
shown in Scheme 45, and the results are given in Table 9.

The yields of trienones (209 - 212) were disappointing. In the 
case of the p -nitrobenzyl example no sign of the desired trienone (213) 
could be observed, the only product isolated being returned dienone 
(204) (26%). The only reaction which appeared to offer any scope for 
a significant improvement in yield was the preparation of the propargyl 
trienone (211). Surprisingly, the trimethylsilyl enol ether (208)
(R= C^CiCH) was isolated in only 38% yield. These reactions usually
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(209) R = CH2Ph
Method A = i, iii, iv (210) R = ch2ch=ch2
Method B = i, iii, v (211) R = ch2csch

(212) R = 4-BrC,H,CH„Method C = ii, iii, v 6 4 2
(213) R = 4-N0oC,H,CH Z o 4

- (214) R = Me

Scheme 45. Reagents: i, LDA, THF/-78°C;
ii, Me3SiCl,NEt3,NaI,CH3CN/40°C ;
iii, PhSeCl or PhSeBr/-90°C;
iv, H202/0°C;

v, m-CPBA,NHEt2,THF/-10°C.
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TABLE 9: PREPARATION OF 7-METH0XY TRIENONES (209 - 213)

R Trienone Yield (%) Method

CH2Ph (209) 34 A

ch2ch=ch2 (210) 13 B
ch2csch (211) 16 C

4-BrC6H4CH2 (212) 16a A

4-N02C6H4ch2 (213) 0 A
96Me (214) 50 A

a: sample not completely purified.

77aproceed in yields in excess of 85% and it is possible that the prob
lem lay in the isolation procedure. Modification in the preparation
of the trimethylsilyl enol ether should result in an acceptable yield 
of the desired compound, since the conversion of (208) (R= CI^CSCH) to 
trienone (211) was accomplished in a yield of 46%.

2.2.4 Preparation and Reactions of 7b-Benzyl-2a-methoxy-2a,6,7,7b- 
tetrahydro-2ff-cyclopent [od ] inden-2-one (217)

The key step in the alternative approach to the novel tricyclic
[10] annulene ring system involved the formation of the tricyclic ketones
(199 and 217). These compounds were prepared by a four-step procedure
from the respective trienones (214 and 209) (Scheme 46).

Methoxyvinyl-lithium has been reported as being an excellent 
99acyl anion equivalent . It undergoes exclusive 1,2-addition to

a,B-unsaturated ketones and may be readily converted into the corres-
J 100ponding acetyl derivative by mild hydrolysis . The stereochemistry
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i, ii

I

111 IV

vi

R = CH2Ph

Scheme 46. Reagents: i, CH2=C(Li)OMe,THF/-78°C * 0°C;

ii> 20% NH4C1,H20; iii, MeS0CH2Na+/20°C;
iv, Mel; v, 1.2M HC1,THF,H20;
vi, 5% KOH,H2O,MeOH/60°C.

of compound (215) is not confirmed, but follows from a consideration 
of the molecular geometry. The methylation of the hydroxyl function
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was found to give better overall yields , but could only be efficiently 
carried out in a separate alkylation reaction. Subsequent hydrolysis 
of both enol ethers gave the diketone (216)^which readily participated 
in an intramolecular aldol condensation to give the desired ketone (217) 
in an overall yield of 45%.

Unfortunately, repetition of the reaction sequence using the 
allyl (210) or propargyl (211) trienones failed to give the correspond
ing tricyclic ketones. In the case of the allyl compound no recognis
able products were isolated, but analysis of the reaction mixture 
involving the propargyl trienone showed the presence of an aromatic 
species tentatively assigned structure (218).

89

MeOv ,CHoC=CH

(218)

1The H n.m.r. spectrum of (218) included five signals in the 
region 66.3 - 67.4, attributed to the aromatic and olefinic protons. 
Resonances were also observed for the two methoxy groups as well as 
the expected pattern for the protons of the propargyl unit. It is 

assumed that this compound was formed during the attempted methylation 
with dimsyl-sodium and methyl iodide. The base may form the 3a#- 

indene anion (219) which will rapidly rearrange via a [1,5] propargyl
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migration to form, after methylation, the l#-indene (218) (Scheme 47). 
The reluctance of (211) to react with an excess of methoxyvinyl-lithium

MeO R //

( 211 )

JB

Scheme 47. Reagents: i, MeSOCH2Na+,DMSO/20°C;
ii, Mel.

could not be explained, and the attempts made to use alternative
acyl anion equivalents will be discussed in Section 2.2.5.

The conversion of the tricyclic ketone (217) into 7b-benzyl-
7b#-cyclopent [c<ij indene (221) was carried out using the method reported

, 96by Lidert and Rees (Scheme 48) . Treatment of ketone (217) with
di-isobutylaluminium hydride in hexane gave a mixture of epimeric 

alcohols (219). These could be separated by chromatography, but were
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R = CH2Ph
(220)

Scheme 48. Reagents: i, DIBAL,hexane/0°C; ii, MTPI,HMPA;
iii, 10%aq.NaOH,H2 0; iv, p -TsOHjCI^C^.

usually dehydrated without purification. The dehydration was accom
plished by treating the alcohols (219) with methyl-triphenoxyphosphonium
iodide (MTPI), followed by stirring with 10% aqueous sodium hydroxide 

101for three hours . The resulting tetraene (220) was not isolated, 
and treatment with 4-toluenesulphonic acid gave the required annulene 
(221) in 85% overall yield from (217).
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The spectroscopic data of (221) clearly demonstrated its aro
matic nature and confirmed the assigned structure. A full discussion 
of the physical and chemical properties of (221) will appear later 
(Section 2.3).

2.2.5 Alternative Ring Closure Routes

Following the unsuccessful attempts to introduce a vinyl 
ether function into trienones (210 and 211), it was decided to investi
gate the use of alternative acyl anion equivalents.

1,3-Dithianes appeared to be suitable for this purpose because
of their tendency to undergo only 1,2-addition with a ,6-unsaturated

102ketones under normal conditions . An attempt was made to replace
methoxyviny1-lithium by the lithium enolate of 2-methyl-1,3-dithiane 

x 103(222) . Because of availability the initial studies in this area
were made on trienones (76) and (211). The results of this brief 
survey are detailed in Table 10, and show that in both examples the 
1,3-dithiane anion (222) either failed to react, or else caused exten
sive decomposition. These disappointing results prompted us to con
sider an alternative methodology based on the use of trimethylsilyl 
cyanide.

Gibbard has shown that this reagent reacted with trienone (214)
104to form the trimethylsilyl cyanohydrin (223) (95%) . It was envis

aged that conversion of the cyano group to an acetyl unit would then 
allow ring closure as previously described.

Amouroux and Axiotis have shown that related trimethylsilyl 
cyanohydrins (224) are susceptible to nucleophilic attack. They
observed that the use of two equivalents of an alkyl-lithium species,

105and subsequent hydrolysis, gave a series of 3 -aminoalcohols (225)
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(76) (211) (222)

TABLE 10: ADDITION OF ANION (222) TO TRIENONES (76 AND 211)

Trienone No. of Equiv. 
(222) Temp.(°C) Time (h)

Yield of 
Trienone 

(%)

76 1.0 -30 ^ - 5 2 89
76 1.0 -30 * 20 18 0

211 1.0 -30 -> 0 5 90
211 2.5 -30 20 15 0



127.

(224) (225)

3
R = Me or n-Bu
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A model study, initiated to test the feasibiity of this approach, 
involved the attempted addition of one equivalent of an organometallic 
reagent to the trimethylsilyl cyanohydrin (226). However, this com
pound proved to be inert towards either methyl-lithium or methyl mag
nesium iodide, being recovered unchanged after reaction times of bet
ween 2 and 12 hours. The use of an excess of methyl-lithium gave a 
low yield (33%) of compound (227) (Scheme 49). It is proposed that 
the trimethylsilyl ether is deprotected on prolonged exposure (60 h) 
to the base, and that this re-generates the trienone (76). The excess 
of methyl-lithium then enolises the carbonyl compound to give the

(227)

Scheme 49.



3atf-indene anion (228). This may then aromatise via a [ 1,5] methyl 
migration to give the l#-inden-l-ol (227). The reluctance of (226) 
to participate in a reaction with organometallic reagents forced us 
to abandon this particular line of enquiry.

One of the main drawbacks of the route to 7b-methyl-7b#-cyclopent- 
r i 96[cd] indene (31) developed by Lidert was the need to prepare 7-methoxy- 
1-indanone. A more attractive approach would utilise the commercially 
available 1-indanone, and introduce the required oxygen functionality 
at a later stage.

This was achieved via the regiospecific epoxidation of the tri- 
enone (102), which took place exclusively on the non-conjugated double 
bond. It was expected that a mixture of epoxides would be formed, 
but subsequent analysis showed that only the isomer (229) was present. 
This assignment was made on the basis of an n.O.e. difference experiment 
(Figure 7). Observation that irradiation of H-7 (6 3.53), caused an

m - CPBA 
►

enhancement of the methylene protons of the 7a-substituent confirmed 

the assigned stereochemistry. This selectivity precluded further 
investigation since ring closure would require an incoming nucleophile 
to approach from the same side as the epoxide.
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It was therefore decided to try to epoxidise the non-conjugated
double bond of (230). A selective epoxidation of an olefin in the

106presence of a diene unit has been reported , and it was hoped that 
the presence of the acetyl unit in (230) would alter the stereoselect
ivity of the reaction. However, treatment of ketone (230) with one 
equivalent of meta-chloroperoxybenzoic acid at 0°C gave a 41% yield 
of the aromatic compound (232).

The proposed mechanism (Scheme 50) involves a Baeyer-Villiger 
oxidation of the methyl ketone in (230). The resulting ester can 
then eliminate the elements of acetic acid to give the 3atf-indene (231). 
This high energy species may then be oxidised to the observed product 
in a manner directly analogous to that reported for the 3a-methyl 
derivative55\  Although this problem could, in principle, be circum
vented by protecting the carbonyl function, it was thought that this 
would lead to a prohibitively long route.

(232) (231)

Scheme 50.
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The failure to prepare the 7-methoxy dienone (205) via the Birch 
reduction and alkylation of 7-methoxy-l-indanone, prompted us to con
sider the dienone (88) as a possible precursor. It was believed that 
the required oxygenation of the six-membered ring could be introduced 
by an iodolactonisation procedure107’108. This was successfully car
ried out, but the reaction produced two lactones (233 and 234) in 
approximately equal yields. These were separated by column chroma
tography and distinguished by an analysis of the olefinic region of

1the respective H n.m.r. spectra. It was envisaged that the elimination 

of HI from iodolactone (233) would be relatively facile, but treatment 
with DBU gave only a 22% yield of the dienelactone (235). The use of 
other bases failed to improve the yield of this transformation, and 
because of this, and other problems, this line of investigation was
curtailed.
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(235)



2.3 PHYSICAL AND CHEMICAL PROPERTIES OF 7b-SUBSTITUTED-7bff-

CYCLOPENT [cd ] INDENES 

12.3.1 H N.m.r. Spectra

The aromatic nature of the tricyclic [10J annulenes (154), 
(166), and (221) was confirmed by an examination of their respective 
H n.m.r. spectra (Figures 8 -10). The effect of the induced dia

magnetic ring current is clearly indicated by the observation of the 
resonances attributed to the central substituents appearing in the 
region upfield of tetramethylsilane.

During his studies on the trans -dihydropyrene series, Boekelheide
showed that the ring-current effect was essentially independent of the

46nature of the central substituent . A similar analysis of the 7b-
substituted-7btf-cyclopent[c<i] indenes was made by correlating the
observed chemical shifts against the appropriate reference values 

109(Table 11) . Although this rudimentary analysis does not take all
the parameters into account, it does show that the absolute magnitude 
of the ring-current effect is approximately independent of the nature 
of the 7b-substituent.

An extended mapping of the diamagnetic ring current was provided
by an analysis of the benzyl species (221). The small upfield shift
experienced by the meta and para protons indicate that the ring current
has little effect when considering atoms that are approximately five
bond lengths distant from the molecular centre. This is in contrast
to the trans-dihydropyrene series, which show significant upfield shift

46of protons in similar spatial environments . This is presumably a 
consequence of the extra four ir-electrons and the larger ring size of 
this system.
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TABLE 11: CHEMICAL SHIFTS OF THE INTERNAL PROTONS OF
TRICYCLIC [101 ANNULENES

R Protons Observed Reference Upfield
Value (6) Value ( 6) Shift (6)

Me ® 3 - 1.67 0.9 2.57
Et Cff2CH3 - 1.33 1.4 2.73
Pri Cff(CH3)2 - 1.13 1.5 2.63
CH2Ph c^2Ph - 0.22 2.7 2.92

Et CH2Cfl3 - 0.48 0.9 1.38
Pri c h(ch3)2 - 0.33 0.9 1.23

CH2Ph O-K 6.29a 7.11 0.82

CH2Ph m-H, p-H 6.95a 7.14 0.19

a: midpoint value of multiplet
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The peripheral protons of the four tricyclic[lO] annulenes 
resonated in the region 67.5 - 67.95 and appeared as the expected 
AB and AB2 patterns.

13
2.3.2 C N.m.r. Spectra 

13
The C n.m.r. spectrum of the benzyl annulene (221) is shown 

in Figure 1 1. It shows strong similarities to those of the correspond
ing methyl (31) and ethyl (154) derivatives, and highlights the symmetry

13
of the ring system. A comparison of the C n.m.r. data also showed 
that the three compounds exhibited similar degrees of ring strain.
This was deduced by correlating the resonances for the strained C-2a 
atom in each case.

R Compound C-2a (6)

ch3 (31) 179
ch2ch3 (154) 178
CH2Ph (221) 176.5

2.3.3 U.V. Spectra

The close similarity in the u.v. spectra of the [ 10] annulenes 
(31), (154), (166), and (221) showed that these molecules had essentially 
identical electronic structures, and hence similar molecular geometries 
(Table 12). A comparison of the u.v. spectra also confirmed that 
there was no significant interaction between the ir-system of the benzyl 
substituent, and the 1Off-aromatic periphery.
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TABLE 12: ELECTRONIC SPECTRAL DATA OF 7b-SUBSTITUTED-

7bff-CYCLQPENT[cd1 INDENES

R Compound A (log e) max
Me (31) 282 (4.54), 335sh (3.52), 450 (2.64)
Et (154) 286 (4.52), 341sh (3.40), 451 (2.61)

Pr1 (166) 286 > 342sh 452

CH2Ph (221) 287 (4.60), 342sh (3.35), 452 (2.49)

2.3.4 Thermal Rearrangements

7b-Methyl-7btf-cyclopent [c<f] indene (31) was found to be ther
mally labile, undergoing a [l,5] methyl sigmatropic migration to give 
the 2atf-isomer (236a). The driving force behind this isomerisation 
was believed to be the stabilisation associated with the formation of 
a benzene ring, and also the relief of ring strain at the C-2a position. 
Based on results obtained from a study of 3a-substituted-3atf-indenes 
(Section 2.1.4), it was expected that other tricyclic [ 10] annulenes 
would be more susceptible to this type of rearrangement than the 
7b-methyl derivative (31). The results of the investigation into the 
thermal rearrangements of 7b-substituted-7b#-cyclopent[c<i]indenes are 
given in Table 13.

An analysis of these results enabled an order of relative migratory 
aptitude to be ascribed to the three alkyl groups studied. This order 
is as follows:

Et : CH2Ph
540

Me
1 11



R
▼

A

x

X

X

(236a) R = Me, X = H
(236b) R = Me, X = C02Me

TABLE 13: THERMAL REARRANGEMENTS OF 7b-■SUBSTITUTED i93i

CYCLOPENT \cd) INDENES
R X Compound Temp.(°C) t^/mins k irel

Me H (31) 138 720 1
Me C02Me (79) 138 204 3.5
Et H (154) 109 275 -
Et C02Me (152) 109 77 -
Et C02Me (152) 138 19 37.9
CH2Ph H (221) 80 162 -
CH2Ph H (221) 109 7.2 -
CH2Ph H (221) 138 1.33 540



These values are significantly different from those derived 
by Dolbier, from an investigation of various 2,2-disubstituted-2tf- 
indenes (see Section 2.1.4, p. 71) ^Me(l) : Et (6.2) : C^Ph (55.6)

The discrepancy between the two sets of figures was surprising,
57but may be related to an observation reported by McCague . He found 

that the rate of migration of the methyl group in the [lojannulene 
(31) was significantly increased by repeating the reaction at the same 
temperature, but in a protic solvent. This suggested that there was 
some degree of charge separation in the transition state of the rear
rangement, and that the reaction was accelerated when this dipolar 
contribution is stabilised. Thus, it is possible that the large dif
ference in the rates of rearrangement between the methyl (31) and 
benzyl (221) annulenes is related to the differing stabilities of the 
intermediate carbonium ions, in a charge separated transition state. 

However, this is only a tentative explanation and further examples 
would be required before more positive statements could be made.

The evaluation of the rate constants for the migration of the
benzyl group of the annulene (221) allowed the value of E , 24 kcal mol
to be estimated. This figure may be compared to the corresponding

- i 57value derived for the 7b-methyl derivative (31) of 33 kcal mol
The preparation of 7b-ethyl-7btf-cyclopent[c<3] indene (154) 

resulted in the contamination of the desired annulene by a small quan
tity of the 2a-H isomer (155). The final step in the synthesis of 
(154) involved a i»is-decarbonylation reaction of the dialdehyde (153), 
which required heating at 80°C over a period of 7 hours. The observa

tion that the [1,5] ethyl migration of (154) had a half-life of 4.6h 
at 109°C implied that it was unlikely that the problem lay in the 

rearrangement of the final product. The isomerisation probably



shown that electron-withdrawing groups increase the migratory aptitude
5 7of the 7b-substituent (Scheme 51)

occurred in the monoaldehydes (237) and (238), since it has been

(237) X = CHO, Y
(238) X = H, Y

H
CHO

Scheme 51. Reagents: i, Rh(PPh0)„Cl,C^H,/80°C.----------  j 3 b o

2.3.5 Photolysis

It has been shown that the tricyclic [10J annulene (31) is
essentially photo-stable, although some decomposition was observed

5 7upon irradiation at 254 nm over a period of 24 hours . However, 
irradiation of a petrol solution of the benzyl annulene (221) at
either 254 nm, or 300 nm, caused complete decomposition within four 
hours. No trace of the annulene remained after this time, and no



products could be positively identified from the reaction mixture.

2.3.6 Lithiation

The methyl annulene (31) could not be lithiated with either
57n-butyl lithium, in the presence of TMEDA, or with tert-butyl lithium 

Treatment of 7b-benzyl-7b#-cyclopent \cd ] indene with n-butyl 
lithium, in the presence of TMEDA, at 0°C, followed by quenching the 
reaction mixture with methyl chloroformate failed to give any recog
nisable products. The use of tert-butyl lithium at -78°C produced a 
dark brown solution which lightened when treated with methyl chloro- 
formate. Analysis of the reaction mixture by column chromatography 
indicated the presence of starting material (53%), and a small amount
(<0.2 mg) of a new product. This compound had a green fluorescence,

1and although no H n.m.r. data could be obtained, some evidence in 
favour of structure (239) was accumulated.

Ph

(239)

The u.v. spectrum of compound (239) was very similar to those 
of other tricyclic [10J annulenes. In particular the presence of an



absorption band at 474 nm is characteristic of the 7b#-cyclopent[cd ] - 
indene ring system bearing an ester group on the periphery. The 
mass spectrum of (239) also supported the assigned structure by 
exhibiting a molecular ion peak at 288.

2.3.7 Cycloaddition Reactions

It was observed that the tricyclic [ 10 ] annulene (31) reacted
with chlorosulphonyl isocyanate to give theindenoazepine (241). The
formation of this species was rationalised by a [2 + 2j cycloaddition
to give the initial product (240), which subsequently rearranged to

57(241) via a lOir-electrocyclic ring opening process (Scheme 52)

(31) (240) (241)

Scheme 52.



However, treatment of the benzyl annulene (221) with chlorosul- 
phonyl isocyanate under the same reaction conditions failed to produce 
the expected lactam, giving only recovered starting material (97%). 
Repetition of the reaction using an excess of the isocyanate also 
resulted in the recovery of the benzyl annulene (221) (85%). The 
reluctance of annulene (221) to react with chlorosulphonyl isocyanate 
was rationalised by the increased steric bulk of the central substit
uent. The initial [2 + 2] cycloaddition requires that the isocyanate 
approaches the aromatic species from the same face as the 7b-substituent. 
Thus, it seems reasonable that the large benzyl group can inhibit this 
initial attack and hence prevent any further reactions from taking 
place.

It was also observed that despite failing to participate in Diels-
Alder reactions with either DMAD, or maleic anhydride, the tricyclic [10 ]

57
annulene (31) did form a 2:1 adduct with PTAD (242) . The mechanism

was presumed to be via successive [4 + 2] cycloadditions, and because 

these involved the approach of PTAD from the side opposite to the



7b-substituent, it was envisaged that the reaction involving the 
benzyl annulene (221) would proceed similarly. However, under the 
same reaction conditions the only product isolated was the starting 
annulene (221) in 66% yield. When the reaction time was prolonged 
from 1 hour to 3.5 hours, a new product was isolated and assigned 

structure (243).
This assignment was based on the mass spectrum, which showed 

a molecular ion peak at 405 corresponding to a 1:1 adduct, and also 
on the *H n.m.r. spectrum of (243). This showed the presence of a 
singlet at 65.4 assigned to H-l, and also an AB quartet, centred at 
66.8, for the protons H-3 and H-4. The alternative structure in which 
the heterocyclic ring is attached to C-l could not be discounted on

o o



the basis of the spectral data available, but was deemed unlikely 
since this would arise via the formation of a less stable carbonium 
ion. The mechanism is assumed to proceed via electrophilic attack 
on the 2a-H isomer (244), formed during the reaction by a [1,5] benzyl 
sigmatropic migration. This assumption was supported by the observa
tion that treatment of (244) with PTAD at 80°C gave the same product 
(243) (Scheme 53).

A related reaction between l#-indene and PTAD has been observed,
although in that case the four-membered ring compound (245) was iso-

110lated in preference to the olefinic isomer (246) (Scheme 54)

The reluctance of 7b-benzyl-7b#-cyclopent[c<i] indene to react 
with PTAD was surprising. It was expected that if the 2:1 adduct 
(242) was formed via successive [4 + 2] cycloadditions, then the two 
[10] annulenes (31) and (221) should have behaved similarly. The
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Scheme 55.



observed difference in reactivity implied that an alternative 
explanation was required. A tentative mechanism, involving initial 
electrophilic attack at C-2a is presented in Scheme 55.

If such a mechanism reflects the reaction pathway then the 
failure of the cycloaddition reaction involving the benzyl annulene 
(221) may be rationalised in terms of steric hindrance. The increased 
size of the central group in annulene (221) may hinder the approach 
of PTAD from the upper face of the molecule. This will prevent 
electrophilic attack at the C-2a position and any subsequent reactions.

The explanation for the failure of the benzyl annulene to 
react with either chlorosulphonyl isocyanate, or PTAD, was based 
on the assumption that the large 7b-substituent was effectively 
"blocking” the reactive C-2a position. Further evidence in support 
of this theory was provided by the differing behaviour of annulenes 
(31) and (221) towards pyridinium bromide perbromide.

7b-Methyl-7btf-cyclopent\_cd ]indene (31) gave a high yield of
the addition product (248) (78%). This product was presumably formed
via electrophilic attack at the C-2a position, followed by the reaction
of the carbonium ion (247) with an excess of the bromide present 

57(Scheme 56) . However, a similar reaction involving the benzyl
annulene (221) only resulted in a high yield (91%) of recovered 
starting material. This was again attributed to the steric bulk 
of the benzyl group preventing electrophilic attack.
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2.3.8 Electrophilic Substitution

The tricyclic [lO ] annulenes (31) and (221) were found to
participate in electrophilic substitution reactions. The conditions
used were similar to those reported by Boekelheide during his study

111
of the traws-dihydropyrene system , and the results obtained are 
listed in Table 14.

In the case of the methyl annulene (31) the preference for 
substitution to take place at the 5- and 1 - positions was rationalised
by a consideration of the stability of the carbonium ion intermediates 26
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TABLE 14 ELECTROPHILIC SUBSTITUTION REACTIONS OF TRICYCLIC 
[10] ANNULENES

R X %
1

Distribution 
2 5 6

% Yield

Me n o2 40 5 40 15 41

Me coch3 20 0 75 5 55
Me CHO 4 0 93 3 28

CH2Ph n o2 0 0 48 52 37
CH2Ph coch3 0 0 92 8 63
CH2Ph CHO 0 0 96 4 31
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TABLE 15: N.O.E. DIFFERENCE EXPERIMENTS

Compound Irradiate (6) Enhance /i Enhancement

(31) Me (-1 .67) H-1,2,3,4 1.2
H-5,7 1.2
H-6 1.1

(221) CH2Ph (-0.22) H-1,2,3,4 0.6
H-5,7 0.9
H-6 0.8

(221) o- H (6.29) H-1,2,3,4 0.46
H-5,7 0.50
H-6 0.27
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A similar analysis was expected to apply to the 7b-benzyl derivative 
(221), and the absence of any 1- and 2-substituted products was sur
prising.

It was deemed unlikely that the benzyl substituent would have
a preferred conformation in which it selectively shielded the five-
membered rings from electrophilic attack on the upper face. However,
this possibility was investigated by n.O.e. difference experiments

112
and the results are listed in Table 15

Although this analysis did not provide any conclusive evidence, 
it is possible that the difference in electrophilic substitution 
patterns may be attributed, at least in part, to a preferred con
formation of the benzyl group. However, it should be noted that the
nitration of the methyl annulene (31) with nitronium trifluoromethane- 
sulphonate gave only the 6-nitro and 2-nitro derivatives. It may be 
that these anomalous results are indicative of differing reaction 
mechanisms.

2.3.9 Radical Halogenation

The overall aim of this project was the synthesis of bridge
head substituted tricyclic [lO] annulenes. It was therefore decided 
to investigate methods of functionalising the benzylic position of the
tricyclic [10 ] annulene (221). The halogenation of similar systems

113has been reported using either tf-bromosuccinimide , or tevt-butyl 
114

hypochlorite , in the presence of a suitable initiator.
However, treatment of the benzyl annulene (221) with either of 

these reagents at 40°C, using AIBN as the initiator, led only to the 
recovery of starting material. No halogen incorporation could be



156.

detected by either H n.m.r. spectroscopy or mass spectrometry. 
Repetition of the reactions using initiation by light caused exten
sive decomposition of the starting material, and again no halogen 

incorporation could be detected. It was therefore concluded that 
the annulene ring system is not compatible with radical halogenation 
conditions, and this line of investigation was abandoned.

1

2.3.10 Hydride Abstraction

The failure to form either a radical or an anion, at the
benzylic position of (221), prompted the consideration of forming a
carbonium ion. Benzylic carbonium ions are known to be stabilised,
and it was hoped that this would facilitate hydride abstraction.115

Boekelheide found that treatment of trans-lOb,lOc-dimethyl-
10b,lOc-dihydropyrene (55) with trityl tetrafluoroborate resulted
in the product of substitution (249), in preference to hydride ab- 

111
straction

However, treatment of either 7b-benzyl-7b#-cyclopent [c<i] indene 
(221), or the methyl derivative (31), with trityl tetrafluoroborate 
resulted in the isolation of starting annulene and triphenylmethane.
No sign of any products derived from hydride abstraction, or sub
stitution, were observed.

(249)
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2.4 SYNTHETIC APPROACHES TO 7b-METHYL-7bff-CYCLOPENT [cd] INDEN- 
2,5-DIONE (258)

2.4.1 Background

For a more complete comparison of bridged annulenes with the
classical aromatic systems of benzene and naphthalene, it would be of
considerable interest to establish which dicarbonyl derivatives may
be regarded as quinones. In 1963 Boekelheide reported the preparation
of the diketone (250) and showed that it exhibited physical and chemical

43properties consistent with its assignment as an annulenequinone
During his extensive studies on the 1,6-methano[lO] annulene ring 

system, Vogel successfully synthesised the two dicarbonyl derivatives

o

o

(250) (251) (252)

116 117
(251) and (252) . Compound (251) was assigned the norcaradiene
structure shown on the basis of spectroscopic evidence. However, the 
isomer (252) cannot exist in a similar valence form, and although the
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spectroscopic data was not conclusive, the chemical behaviour of (252) 
supported its description as a higher quinone.

The synthesis of 7b-methyl-7b#-cyclopent\cd ] indene (31) prompted 
us to consider the six possible dicarbonyl derivatives (253 - 258) of 
this ring system. Of these isomers, compound (258) was chosen as the 
synthetic target because of the following considerations

a. Previous work has shown that an oxygen function may be most 
easily introduced into the 2-position of the tricyclic ring 
system.

(253) (254) (255)

o

(256) (257) (258)
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b. Compound (258) is the most symmetrical isomer and is
' the only one in which the four double bonds separating the 
carbonyl functions are arranged as two pairs. This 
raises the speculation that this molecule may bear the 
closest resemblance to p-benzoquinone.

2.4.2 [8 + 2] Cycloaddition Approach

In a recent publication Lidert and Rees reported the successful
[ 8 + 2 ]  cycloaddition between 3,7-dimethoxy-3a-methyl-3a#-indene (259)

118
and DMAD to give the cycloadduct (260)

(259)

DMAD
KOH

M e O r ^ ^ r i

C02Me

C02Me
(260)

It was envisaged that the replacement of DMAD by 2-chloroacryloyl 
chloride would allow access to the annulenequinone precursor (261).
Hence, the dimethoxy-3atf-indene (259) was treated with 2-chloroacryloyl
chloride at 0°C, and the crude reaction mixture submitted to the pro-

76
cedure developed by Corey (Scheme 57) . However, despite the success
ful application of these conditions to the synthesis of related tricyclic
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ketones , no sign of the desired carbonyl compound (261) was detected 
in this reaction.

The use of 3,5-dimethoxy-3a-methyl-3aff-indene in a similar reaction 
with 2-chloroacryloyl chloride, also failed to provide the expected 
ketone.

These disappointing results led us to abandon this approach.

57

(259)ii ...
i i n

OMe

(261)

Scheme 57. Reagents: i, KH,18-Crown-6,DME/-23°C;
ii, MeOSO^F; iii, CH2C=C(C1)C0C1.
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2.4.3 Ring Closure Approach: Strategy A

The key step in the synthesis of 7b-methyl-7btf-cyclopent [c<2]
indene developed by Lidert was the formation of the final five-membered

96ring via an intramolecular aldol condensation (see p.116) . It was
envisaged that a similar strategy might be applied to the preparation 
of the annulenequinone precursor (264), and the proposed route is out
lined in Scheme 58.

4,7-Dimethoxy-l-indanone was prepared in three steps from 2,5-
119dimethoxybenzaldehyde, according to the method of Coutts and Malicky 

Birch reduction and subsequent methylation gave the dimethoxy dienone 
(262) which could be transformed into the desired trienone (263) in 
the manner described previously (Section 2.1.3). Unfortunately, all 
attempts to form the final five-membered ring via the four-step pro
cedure developed by Lidert were unsuccessful. The resulting reaction 
mixtures contained none of the desired ketone (264), and no other pro
ducts could be identified.

An attempt was then made to add ethoxyvinyl-lithium to the dienone 

(262), since it was reasoned that this compound contained a carbonyl 
group which was more reactive towards nucleophilic attack. However, 
treatment of (262) with lithium ethyl vinyl ether followed by methyl
ation (dimsyl-sodium/methyl iodide), gave the dienone (265) (51%).

The reluctance of either dienone (262), or trienone (263), to 
undergo nucleophilic attack by ethoxyvinyl-lithium forced us to abandon 
this approach.

OMe
(265)
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MeO

U *4 )

Scheme 58. Reagents: i, K,NI^,THF,But:0H/-78oC;
ii, LiBr,THF; iii, MeI,THF,H20; iv, LDA,THF/ 
-78°C; v, PhSeCl,THF/-90°C; vi, m-CPBA,NHEt2, 
THF/-10°C; vii, CH2=C(Li)OEt/-78°C + 0°C; 
viii, 20% NH4C1,H20; ix, MeSOCH2~Na+,20°C; 
x, Mel, xi, 1.2M HC1,THF,H20; xii, 5%KOH,
Me0H,H20.
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2.4.4 Ring Closure Approach: Strategy B

The methods developed in our laboratories for the synthesis 
of tricyclic [lO] annulenes were found to be inappropriate for the pre
paration of annulenequinone precursors. It was therefore decided to 
investigate routes which were unrelated to our previous work.

A common method of forming the B ring of steroid, derivatives is via 

the conversion of a methylcyclohexene to an acetylcyclopentene.
The cyclohexene derivatives are usually available via the appropriate 
Diels-Alder reaction, and may be ring contracted by a cleavage-conden
sation process exemplified in the synthesis of 3-methoxy-18,19,-

120dinorpregna-1,3,5(10),16-tetraen-20-one (266) (Scheme 59)

Scheme 59. Reagents: t > 0^» ii, piperidine.
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It was thought that a related cleavage-condensation reaction could 
be applied to a synthesis of 7b-methyl-7bff-cyclopent[e<i] inden-2,5- 
dione (258), and the proposed route is outlined in Scheme 60.

The initial target in this approach was the preparation of the 
diketone (267). It may be seen from the subsequent reactions in 
Scheme 60 that the regioselectivity of the initial Diels-Alder reaction 
is crucial, since only the ,,meta"-isomer (267) can be converted into 
the dihydroannulenequinone (270).

♦

o

*

c h (o c h 3)

o

(268)

Scheme 60.
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The thermal [4 + 2] cycloaddition between 2,6-dimethylbenzoquinone
and isoprene has been observed to give a 1:1 mixture of regioisomers

121and so was not considered . In 1976 Valenta and co-workers reported 
their results on the effects of Lewis acid catalysis on the regioselect-

12:ivity of some Diels-Alder reactions involving 2,6-dimethylbenzoquinone 
They showed that the use of boron trifluoride etherate not only signifi
cantly reduced the required reaction temperature, but also gave exclu
sive formation of the less favoured Umetan-adducts. This was ration
alised by assuming that a selective complexation took place between 
the Lewis acid and the more basic oxygen atom of the quinone. This is 
exemplified by the catalysed reaction between 2,6-dimethylbenzoquinone 
and trans-piperylene, which gave only the adduct (271) (80%).

In the same publication Valenta also predicted that the same 
"meta" selectivity would apply when using 2-substituted dienes, although 
he did not give experimental results to substantiate this claim. In 
view of these results 2,6-dimethylbenzoquinone was treated with isoprene, 
in the presence of boron trifluoride etherate, to give a mixture of 
adducts (88%). The 250 MHz H n.m.r. spectrum contained two signals 
at 66.53 and 66.59 in the ratio of 10:1. These were assigned to H-2
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in the ois and trans-isomers (267a) and (267b). Although the Diels-
Alder reaction should produce only the cis -isomer, such compounds are

121known to be susceptible to epimerisation during chromatography

(267a) (267b)

Alternatively, the minor isomer could be the unwanted regioisomer, but 
since this could not be distinguished the mixture was used as isolated 
in the next stage.

The planned route then required the cleavage of the non-conjugated 
double bond and the selective protection of the aldehyde formed, e.g. as 
the acetal (268) . The initial attempts to bring about this transforma
tion utilised ozonolysis. However, treatment of cycloadduct (267) 
with one equivalent of ozone at -78°C gave only a 16% yield of recovered 
starting material. No sign of any aldehyde signals could be detected 
in the *H n.m.r. spectrum of the reaction mixture, and repetition of 
the reaction using an excess of ozone caused complete decomposition.
The use of osmium tetroxide, in the presence of sodium periodate, has

123been shown to be a useful alternative to ozonolysis . However, the 
use of this reagent gave either a high yield of recovered starting 
material or else caused extensive decomposition. An attempt was also 
made to cis-hydroxylate the non-conjugated double bond of cycloadduct
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(267) using the procedure of Woodward . However, these conditions 
resulted in no recognisable products being isolated from the reaction 
mixture.

It has been reported that the carbon-carbon bond of an epoxide
125may be cleaved by treatment with periodic acid . Therefore, the 

cycloadduct (267) was treated with one equivalent of meta-chloroperoxy- 
benzoic acid to give the epoxide (272) (68%). However, treatment of

124

o  o

Scheme 61. Reagents: i, m-CPBAjK^PO^jCH^C^/^C;
ii, H^I0^,H20,Et20.

the epoxide (272) with periodic acid gave only the trans-diol (273)
(71%) and no sign of any ring fission products could be observed (Scheme
61). A final attempt to form the desired keto-aldehyde was made by

126treating the diol (273) with lead tetraacetate . However, this gave 
only recovered starting material in variable yields.

The failure to bring about the desired cleavage of cycloadduct 
(267) forced us to abandon the investigation at this stage.



2.4.5 Ring Closure Approach: Strategy C

Although the synthetic route detailed in Section 2.4.4 failed 
in the early stages, the methodology did contain a possible flaw.
The ring closure of (268) may, in principle, proceed via one of two 
pathways to give either compound (269) or (274). Both of these modes

(268) 6-exo -trig

are "allowed" under the guidelines reported by Baldwin , and it is 
difficult to determine which of these will take precedence. There
fore an alternative approach was formulated which circumvented this 
possible problem. The proposed route is outlined in Scheme 62 and 
the key step is the intramolecular Michael reaction of the hydrazone 
(275). This generates the specific enolate (276) which may then be 
quenched with 2-iodomethyl-l,3-dioxolane to give compound (277).

To test the feasibility of this methodology a model study
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(275)

P = alcohol protecting group

iiii
♦

CHO

utilising the commercially available 4,4-dimethoxy-cyclohexa-2,5-
dienone (279) was carried out. Treatment of the masked quinone with

128 0the lithium enolate of acetone dimethylhydrazone at -78 C gave a 
71% yield of the desired product (280). However, this compound was 
found to be rather delicate and decomposed during silica gel chroma
tography. Attempts to purify the product (280) by Kugelrohr distil
lation resulted in regeneration of the starting masked quinone (279).
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The deprotection of the dimethyl acetal function was attempted using
either hydrochloric acid in THF or 4-toluenesulphonic acid in acetone129

o
Me,NN

II
LiCH2CCH3

■ ' »»

NNMe

However, in both cases no recognisable products could be isolated from
the reaction mixture. An attempt to protect the hydroxyl function

130as its tert-butyldimethyl silyl ether resulted in the isolation of
an aromatic compound, tentatively assigned structure (281) on the basis
of spectroscopic evidence.

1The H n.m.r. spectrum included a signal at 65.99, assigned to 
H-3 since decoupling at this position caused the vinylic methyl group

o 13at C-2 to become a singlet. The C n.m.r. spectrum of (281) contained 
the expected eight aromatic signals, of which four were identified as 
being associated with quarternary carbon atoms. A possible mechanism 
to account for the isolation of the unexpected compound is shown in 
Scheme 63.

Because of time considerations this investigation had to be cur
tailed at this stage, and the viability of this approach from the masked 
dimethyl quinone (275) has yet to be assessed.
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(280)

2.4.6 Attempted Oxidation of the Annulenol (282)

The oxidation of aromatic hydrocarbons is a difficult process,
and the forcing conditions employed are incompatible with the stability
of 7b-methyl-7btf-cyclopent[c<iJ indene (31). However, the oxidation
of phenols to quinones using Fremy's salt has been shown by Teuber to

131proceed under mild conditions
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Treatment of 5-hydroxy-7b-methyl-7b#-cyclopent[e<i] indene (282) 
with Fremy's salt caused extensive decomposition, and no sign of any 
oxidised products could be observed.

/ ^ O H

(282)
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2.5 SYNTHETIC APPROACHES TO THE TRICYCLIC KETONE (284)

2.5.1 Background

Calculations by Rzepa indicated that 7b-methyl-7bff-cyclopent[c<i]
inden-l-ol (283) would prefer to exist as the tricyclic ketone (284),

6 5although the energy difference between the two tautomers was small 
It was therefore considered to be of interest to attempt the synthesis 
of this compound, both to verify the prediction, and also to compare 
it with the known 2- and 5-isomers.

2.5.2 The Intramolecular Wittig Reaction Approach

The trienedione (285) was prepared in a three-step procedure
5 7from 5,7a-dihydro-7a-methyl-l#-inden-l-one (76) . It was envisaged

that treatment of this a-halo ketone with triphenylphosphine would give 
the corresponding phosphonium salt (286). However, compound (285) 
proved to be inert to nucleophilic attack by triphenylphosphine and 
so a halogen exchange reaction was carried out using sodium iodide in
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© ©

Scheme 64. Reagents: i, Me^SiOSC^CF^NEt^/C^C;
ii, C^CHCOCl jNEt^jDME; iii, HSnBu^, 
AIBN/80°C; iv, PPh^jC^H^; v, Nal,acetone/ 
20°C.

acetone to give the iodoketone (287) (Scheme 64). Surprisingly, 

treatment of the a-iodoketone (287) with triphenylphosphine did not 
give the required phosphonium salt (286); instead the diketone (288) 
was isolated in 64% yield. This product presumably arises via nucleo
philic attack of triphenylphosphine on the iodide to give, after 
protonation, the observed product (288).
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(287) (288)

2.5.3 Attempted 1,2-Carbonyl Transposition

The transposition of a carbonyl group has been shown to be
a relatively simple and extremely versatile process in a recent review 

132by Kane . Amongst the numerous methodologies mentioned the pro
cedure developed by Nakai and Mimura seemed to be one of the more

133atractive (Scheme 65) . Although it appears to be lengthy, a large
number of the intermediates are not isolated and the process may be 
considered as consisting of only three discrete operations.

This method was therefore applied to the synthesis of the tri
cyclic ketone (284) via the 1,2-carbonyl transposition of the hydra- 
zone (289). However, application of the conditions described by Nakai 
and Mimura failed to give the transposed product. The only compound 
identified from the reaction mixture was 7b-methyl-7b#-cyclopent[e<i] - 
indene (31) (28%) presumably formed via a Shapiro fragmentation of 
the hydrazone (289), followed by base induced loss of methoxide ion.
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o

tf-Bu

SMe

*-Bu

t

l
© ©

£-Bu

Scheme 65.

The synthetic approaches to the tricyclic ketone (284) dis
cussed in this Section have been unsuccessful. However, it is 
believed that this molecule is still a viable target and that altern
ative methodologies may well prove to be successful.
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(31)
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2.6 CONCLUSION

The original route to 7b-methyl-7bff-cyclopent [?<3] indenes 
developed by Tuddenham has been shown to be inappropriate to the 
synthesis of 7b-substituted derivatives of this ring system. Although 
the use of this methodology allowed the preparation of 7b-ethyl-7b#- 
cyclopent [c<i]indene, the rapid aromatising rearrangement of the inter
mediate 3-methoxy-3a#-indenes, in which the ring junction substituent 
was other than a lower alkyl group, prevented the synthesis of further 
examples.

The successful [8+2] cycloaddition between 3a-isopropyl-3- 
trimethylsiloxy-3a#-indene and the reactive dienophile, 2-chloroacryloyl 
chloride, was a key step in the synthesis of 7b-isopropyl-7b#-cyclopent 
[cdjindene. Although similar cycloadditions to 3aff-indenes containing 
a more functionalised ring junction substituent were successful, prob
lems were encountered in the conversion of the initial [8+2] cyclo
adducts into the corresponding tricyclic [lO] annulenes. However, 
it is believed that further investigation into this approach could 
allow the preparation of 7b-(2-hydroxyethyl)-7b#-cyclopent [c<i]indene, 
given a modification of the present method.

The alternative approach to the tricyclic [lO]annulene ring system 
developed by Lidert appeared to be amenable to the preparation of 7b- 
substituted derivatives, because it avoided the intermediacy of a 
3a#-indene species. The application of this new method enabled the 
successful preparation of 7b-benzyl-7bE-cyclopent[c<i]indene to be 
completed in an overall yield of 10% from 7-methoxy-l-indanone.
However, despite the use of a variety of conditions further examples 
of bridgehead substituted tricyclic [lO]annulenes could not be prepared.
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The failure of this route to provide a general access to 7b-substituted- 
7btf-cyclopent [c<i]indenes was both surprising and disappointing.

The successful preparation of 7b-benzyl-7b#-cyclopent [cdjindene 
enabled a study of its physical and chemical properties to be carried 
out. The results were then compared with those of the related 7b- 
methyl derivative, and some interesting differences were observed.

The benzyl annulene was found to be thermally labile, and 
rearranged to the 2a#-isomer approximately 500 times faster than did 
the methyl derivative. The rate difference is significantly larger 
than that measured in a different system and this may be indicative 
of a degree of charge separation in the transition state.

The reluctance of the benzyl annulene to participate in cyclo
addition reactions with either chlorosulphonyl isocyanate or 4-phenyl- 
l,2,4-triazole-2,5-dione was attributed to the increased steric bulk 
of the 7b-substituent. The benzyl unit may act as a "blocking group", 
preventing the initial electrophilic attack from the upper face of 
the molecule. This rationale implies that the 2:1 adduct isolated 
by treating 7b-methyl-7btf-cyclopent[pd] indene with 4-phenyl-l,2,4- 
triazole-2,5-dione does not arise via successive [4+2] cycloadditions 
as previously believed.

Electrophilic substitution of the benzyl annulene was found to 
take place selectively in the six-membered ring of the tricyclic system. 
This is in contrast to the results obtained from a study of the 7b- 
methyl derivative and the selectivity is believed to be associated 
with either a preferred conformation of the benzyl group, or the 

operation of a different reaction mechanism. The photolysis and 
lithiation reactions of the benzyl annulene were also found to follow
a different pathway from those of the methyl derivative, although lack 
of material prevented a complete investigation of these areas.
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Synthetic approaches to the tricyclic annulenequinone, 7b- 
methyl-7b#-cyclopent [c<i]inden-2,5-dione, were unsuccessful and in 
most cases no obvious reason for the failure could be attributed. 
However, it is believed that the approach emanating from 4,4-dimethoxy- 
2,6-dimethyl-cyclohexa-2,5-dienone is worthy of further consideration.

At the outset of this project the effect of the internal sub
stituents on the chemical properties of the aromatic periphery of 
bridged annulenes had received little attention. Although a number 
of synthetic difficulties have been encountered the results obtained 
from a study of the chemistry of 7b-benzyl-7b#-cyclopentindene 
indicate that further investigation would be of significant value.



EXPERIMENTAL
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GENERAL INFORMATION

a. Reagents

The majority of reagents used were commercially available and 
were used without purification unless stated otherwise. Other 
reagents and starting materials were prepared according to the 
literature procedures quoted.

b. Solvents

Tetrahydrofuran, diethyl ether and 1,2-dimethoxyethane were 
dried by refluxing over potassium metal in the presence of benzophenone 
and then distilling the dry solvent as required. Solvents dried in 
this manner were only kept for approximately 2 weeks before being 
re-dried. Chlorinated solvents were dried by distilling from phos
phorus pentoxide.

Acetonitrile, triethylamine, di-isopropylamine, and chloro- 
trimethylsilane were dried by refluxing over powdered calcium hydride 
and then distilling immediately before use. DMSO and HMPA were dried 
by distillation from calcium hydride at water pump pressure.

c. Chromatography

Unless otherwise stated, column chromatography was carried out 
on Merck silica gel H (type 60), eluting with petrol containing an 
increasing proportion of ether.

Petrol refers to light petroleum spirit, b.p. 40 - 60°C.
Ether refers to diethyl ether.

Extensive use was made of t.l.c. on commercial plates of silica 
gel 60 coated on aluminium foil. Examination of plates was
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carried out by u.v. irradiation and/or treatment with iodine vapour,

d. Spectra

Infra red (i.r.) spectra were recorded in the range 600-4000 cm  ̂

using a Perkin-Elmer 298 spectrometer and are calibrated against a 

polystyrene reference. Spectra of solids were recorded as Nujol 
mulls or as carbon tetrachloride solutions. Spectra of oils were 
recorded as thin films between sodium chloride plates.

Ultra-violet and visible spectra (u.v.) were recorded using 
a Pye Unicam SP 800 spectrophotometer. Extinction co-efficients 
(log e) are quoted in parenthesis and the abbreviation (sh) refers 
to a shoulder.

Proton n.m.r. spectra were recorded on a Bruker WM250, a Perkin- 
Elmer R32 or a Varian EM 360. All data quoted are from 250MHz
spectra unless stated otherwise. Chemical shifts (6^) are given in 
p.p.m. relative to tetramethylsilane as the internal reference. The 
abbreviations used in the quotation of spectral data include: singlet (s), 
doublet (d), triplet (t), quartet (q), septet (sept.), multiplet (m), 
and broad (br.). Coupling constants (J) are quoted to one decimal 
place and are accurate to +_ 0.5Hz.

Carbon-13 spectra were recorded on a Bruker WM250 spectrometer 
operating at 62.9 MHz, and chemical shifts (6^) are quoted with respect 
to tetramethylsilane.

Low and high resolution mass spectra were recorded on a VG Micro
mass 7070B instrument operating at 70 eV and using a direct insertion

probe.
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e. Melting Points

Melting points were measured using a Kofler Hot Stage apparatus.

f. Analyses

Micro-analyses were carried out in the organic analytical 
laboratory at Imperial College, under the supervision of Mr. K.I. Jones.

g. Drying of Organic Extracts

The organic solutions obtained from extraction operations were 
routinely dried over magnesium sulphate unless stated otherwise.



3.1 CYCLOADDITION ROUTES TO 7b-SUBSTITUTED-7bff-CYCLOPENT \cd\ INDENES.

3.1.1 The Birch Reduction and Alkylation of 1-Indanone

5 7General Procedure

To a stirred solution of potassium (4.45 g, 0.114 mol) in 
liquid ammonia (250 ml) at -78°C under nitrogen, was added a solution 
of 1-indanone (5.0 g, 0.038 mol) and tert-butanol (6.28 g, 0.084 mol) 
in dry THF (50 ml). This addition was followed 30 minutes later by 
a solution of lithium bromide (8.67 g, 0.1 mol) in THF (50 ml). After 
a further 0.5 h a mixture of water (40 ml), THF (40 ml) and the alkyla
ting agent (0.041 mol) was added rapidly. The external cooling bath 
was then removed and the ammonia allowed to evaporate overnight. The 
residual mixture was then diluted with water (400 ml) and extracted 
with ether (3 x 300 ml). The combined ethereal extracts were dried 
and the solvent evaporated to give a dark viscous oil.

1. 7a-Ethyl-2,3,5,7a-tetrahydro-lff-inden-l-one (84)

Ethyl iodide (12.6 g, 0.081 mol) was used as the alkylating agent
in a reaction carried out on twice the scale described in the general
procedure. Chromatography of the reaction mixture, eluting with
petrol containing an increasing proportion of ether, gave (i) the title
compound (6.0 g, 49%), as an oil, b.p. 85°C/3 mmHg; v (neat)m&x
2920, 1740 (C=0), 1690, 1455, 1230, 1070, and 945 cm-1; 6U(CDC1Q) 0.80n 3
(3H, t, J 6.7 Hz, CH3), 1.32 - 1.62 (2H, qq, J 13.5 Hz, J 6.7 Hz, CH2), 

2.12 - 2.30 (1H, m), 2.45 - 2.68 (5H, m), 5.78 - 5.86 (2H, m, H-4 and 
H-6), and 5.93 (1H, m, H-7); m/z 162 (M+), 133, 105, and 91.

Treatment of this ketone with 2,4-dinitrophenylhydrazine in ethanol
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containing concentrated hydrochloric acid gave, on cooling, the required 
hydrazone as orange needles m.p. 143-145°C (from dichloromethane/ 

petrol, b.p. 60-80°C) (Found: C, 59.5; H, 5.3; N, 16.25. ci7Hi8N4°4
requires C, 59.6; H, 5.3; N, 16.4%).

2. 7a-Benzyl-2,3,5,7a-tetrahydro-lff-inden-l-one (86).

Benzyl bromide (7.01 g, 0.041 mol) was used as the alkylating
agent in a reaction carried out on the same scale as described in the
general procedure. Chromatography of the reaction mixture, eluting
with petrol containing an increasing proportion of ether, gave (i)
the title compound (5.50 g, 65%), as an oil, b.p. 114°C/0.25 mmHg,
which solidified on standing to give colourless crystals, m.p. 33-34°C
(Found: C, 85.6; H, 7.25. C AH A0 requires C, 85.7; H, 7.2%); vlo lo max
(neat) 3030, 2960, 1740 (C=0), 1695, 1450, 1175, 1120, and 950 cm-1; 
<5H(CDC13) 2.10 - 2.37 (3H, m), 2.48 (1H, dd, J 3.8Hz, J 7.1Hz),
2.56 (1H, d, J 12.9Hz, CHA# ), 2.56 (3H, m), 2.80 (1H, d, 12.9Hz, 
C#aHb) 5.70 (1H, br.d., 5 5.6Hz, H-4), 5.73 - 5.81 (1H, m, H-6),
5.90 (1H, dd, c76 ? 9.4Hz, ^  ? 2.8Hz, H-7), 7.0 - 7.1 (2H, m, ArH), 
and 7.15 - 7.25 (3H, m, ArH); 6C(CDC13) 26.5, 26.8, 36.9, 42.2 (C-2), 
55.5 (C-7a), 121.6, 125.9, 126.4, 127.5 (2 x Ar - C), 128.1, 130.6 
(2 x Ar - C), 136.0 (C-3a or Ar - C), 138.9 (C-3a or Ar - C), and 
217.3 (C-l); m/z 224 (M+), 167, 165, and 133 (M+ - CH2Ph).

3. 7a-Isopropyl-2,3,5,7a-tetrahydro-l#-inden-l-one (85).

Isopropyl iodide (16.15 g, 0.095 mol, 1.25 eq.) was used as the 
alkylating agent in a reaction carried out on twice the scale des
cribed in the general procedure. Chromatography of the reaction 
mixture gave (i) indane (0.52 g, 6%). (ii) the title compound
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(7.73 g, 58%), as an oil; v (neat) 2970, 1740 (C=0), 1455, 1390,mdx
1245, 109a, and 1065 cm-1; 6R(CDC13) 0.80 (3H, d, J 6.8Hz, MeA),
0.90 (3H, d, J 6.8Hz, Mefi), 1.89 (1H, sept., J 6.8Hz, CHMe2), 2.06 - 2.23 
(1H, m), 2.40 - 2.68 (5H, m), 5.76 - 5.82 (1H, m, H-4), 5.85 (1H, br. d, H-7), 
and 5.89 - 5.97 (1H, m, H-6); m/z 176 (M+), 143, 142, 129, and 104.
Treatment of this ketone with 2,4-dinitrophenylhydrazine in ethanol 
containing concentrated sulphuric acid gave, after chromatography, the 
required hydrazone as orange crystals m.p. 172-173°C (from dichloro- 
methane/petrol b.p. 60-80°C) (Found: C, 60.7; H, 5.6; N, 15.6.

^18^20^4^4 re9uires C, 60.7; H, 5.7; N, 15.7%).

4. 7a-Allyl-2,3,5,7a-tetrahydro-lff-inden-l-one (87)
Allyl bromide (5.06 g, 0.042 mol) was used as the alkylating agent 

in a reaction carried out on the same scale as described in the general 
procedure. Chromatography of the reaction mixture gave (i) indane 
(0.18 g, 4%). (ii) the title compound (3.95 g, 60%), as an oil; 
v (neat) 2960, 1740 (C=0), 1640, 1170, 995, and 915 cm-1; 6 (CDC1.,)Tu 3.X — ri O
2.07 - 2.30 (3H, m), 2.40 - 2.75 (5H, m), 4.96 - 5.08 (2H, m),
5.55 - 5.73 (1H, m), 5.78 - 5.83 (1H, m, H-4) and 5.85 - 5.95 (2H, m, H-6 
and H-7); m !z 174 (M*), 157, 133, 132 and 105. (iii) 1-indanone 
(0.3 g, 6%).

5. (l-0xo-2,3,5,7a-tetrahydroinden-7a-yl) acetic acid (88)

Ethyl bromoacetate (6.35 g, 0.038 mol) was used as the alkylating 
agent in a reaction carried out on the same scale as described in 
the general procedure. Chromatography of the evaporated ethereal 

extracts gave (i) indane (0.39 g, 9%). (ii) 1-indanone (0.26 g, 5%).
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Acidification of the aqueous layer with sulphuric acid was followed
by extraction with chloroform (2 x 200 ml). The organic extracts
were dried and evaporated to give a dark red oil. Distillation at
150°C/0.15 mmHg gave a viscous yellow oil identified as the title

compound (4.72 g, 65%); v (neat) 3650 -2300 (acid OH), 1740max
(ketone C=0), 1705 (acid C=0), 1400, 1355, and 945 cm ^; fi^CDCl^)
2.42 (1H, d, J ^  14.4Hz, CH ) 2.56 (1H, d, J 14.4Hz, Cff^),
2.50 - 2.80 (6H, m), 5.85 - 6.05 (3H, m), and 9.8 - 10.6 (1H, br.s., C02H); 
m/z 192 (M+), 184, 133, 132, 131, 104, 103, and 102. The acid (88)
(6.80 g, 0.035 mol) was dissolved in methanol (60 ml) and concentrated 
sulphuric acid (1 ml) was added. The mixture was then refluxed 
under nitrogen for 20 hours before being poured into water (200 ml), 
the organic material was extracted with ether (3 x 200 ml) and upon 
evaporation gave 7a-methoxycarhonylmethyl-2,3,5,7a-tetrahydr0-1H- 
inden-l-one (88a) (6.52 g, 90%), as a red oil; v (neat) 2955,
1735, 1435, 1250, and 710 cm"1; 6H(CDC13, 90MHz) 2.15 - 2.75 (8H, m),
3.56 (3H, s, C02Me), and 5.75 - 5.95 (3H, m).

Treatment of this ketone with 2,4-din±trophenylhydrazine in 

methanol containing concentrated sulphuric acid gave, after chroma
tography, the required hydrazone as orange crystals m.p. 163-165°C 
(from dichloromethane/petrol, b.p. 60-80°C) (Found: C, 55.8; H, 4.7;

N, 14.4. ^18^18^4^6 reclu^res 56.0; H, 4.7; N, 14.5%).

6. 7a-Propargyl-2,3,5,7a-tetrahydro-lff-inden-l-one (89)

Propargyl bromide (3.58 ml of an 80% solution in toluene, 0.038 mol) 

was used as the alkylating agent in a reaction carried out on the same 

scale as described in general procedure. Chromatography of the reaction

mixture gave (i) indane (0.18 g, 4%). (ii) 2,3,5,7a-tetrahydro-
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2,2,7a-tripropargyl -1H-inden -1-one (90) (0.76 g, 8%), as colour
less crystals, m.p. 77-80°C, (Found: C, 86.9; H, 6.6. C.oH1/:0lo lb
requires C, 87.1; H, 6.5%); vmax^ u3o1  ̂ 3280, 3260 (terminal
acetylene C-H stretch), 1740 (C=0), 1165 cm"1; ^(CDCl^) 1.90
(1H, t, J 2.5Hz), 2.03 - 2.09 (2H, m), 2.14 (1H, dd, J 2.5Hz, J 1.2Hz),
2.22 (1H, d, J 2.5Hz), 2.29 (1H, t, /2.5Hz), 2.37 (1H, d, c7 2.5Hz),
2.58 - 2.73 (4H, m), 2.78 - 2.95 (1H, m), 3.03 - 3.15 (1H, m),
5.90 (1H, dd, «76 j79.4Hz , ? 2.5Hz, H-7), and 5.98 - 6.10 (2H, m, H-4
and H-6); 6C(CDC13) 23.6(t), 25.7(t), 26.0(t), 27.7(t), 36.7(t),
52.2(s, C-2 or C-7a), 52.8 (s, C-2 or C-7a), 69.9 (d, C e£-H),
71.3 (d, CEC-H), 71.7 (d, C e C-H), 79.0 (s, C= C-H), 79.9 (s, C= C-H),
81.1 (s, C EC-H), 123.3 (d), 125.8 (d), 128.6 (d), 136.0 (s, C-3a),
and 215.2 (C-l); m/z 248(M+), 209, 171, 165, 143, and 141.

(iii) the title compound (3.33 g, 51%), as a pale yellow oil;
v (neat) 3300 (terminal acetylene CH stretch), 2920, 2120, 1740 max
(C=0), 1425, 1290, 1070, and 1020 cm"1; <5H(CDC13 , 90 MHz) 1.95
(1H, t, CEC-fi), 1.95 - 3.00 (8H, m), and 5.80 - 6.00 (3H, m, H-4,
H-6 and H-7); m/z No M+, 132, and 104.

7. Use of chloromethyl methyl ether

Chloromethyl methyl ether (2.90 ml, 0.038 mol) was used as the 
alkylating agent in a reaction carried out on the same scale as 
described in the general procedure. Analysis of the crude reaction 
mixture by Hi n.m.r. spectroscopy showed the absence of the character
istic olefinic resonances expected in the desired product. Hence,

the reaction was abandoned.
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8. Use of 2-iodoethanol
2-Iodoethanol (6.54 g, 0.038 mol) was used as the alkylating 

agent in a reaction carried out on the same scale as described in 
the general procedure. A sample of the reaction mixture (29%) was
chromatographed to give (i) 1-indanone (0.68 g, 48%). No sign of 
the desired product could be observed.

9. Use of 1,2-dibromoethane

1,2-Dibromoethane (7.71 g, 0.041 mol) was used as the alkylating 

agent in a reaction carried out on the same scale as described in the 
general procedure. Chromatography gave (i) indane (0.33 g, 7%).
(ii) 1-indanone (3.76 g, 75%). (iii) 1-indanol (0.16 g, 3%).

10. Use of ethylene oxide

Ethylene oxide (1.67 g, 0.038 mol) was used as the alkylating 
agent in a reaction carried out on the same scale as described in the 
general procedure. Analysis of the crude reaction mixture by 1 H n.m.r. 
spectroscopy showed the absence of any olefinic resonances. Hence, 
the reaction was abandoned at this stage.

11. Use of 2-bromo-l,1-diethoxyethane

2-Bromo-l,1-diethoxyethane (8.08 g, 0.041 mol) was used as the 
alkylating agent in a reaction carried out on the scale described in 
the general procedure. Chromatography gave (i) 2-bromo-l,1- 
diethoxyethane (7.25 g, 90%).
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12. Use of l-chloro-2,3-epoxypropane

1- Chloro-2,3-epoxypropane (1.64 ml, 0.021 mol) was used as the 
alkylating agent in a reaction carried out on one half of the scale 
described in the general procedure. Analysis of the crude reaction 
mixture by *H n.m.r. spectroscopy showed the absence of any olefinic 
resonances. Hence, the reaction was abandoned at this stage.

13. Use of 2-iodomethyl-l,3-dioxolane

592- Iodomethyl-l,3-dioxolane (16.0 g, 0.079 mol) was used as 
the alkylating agent in a reaction carried out on twice the scale 
described in the general procedure. Chromatography gave (i) 
2-iodomethyl-l,3-dioxolane (11.3 g, 71%).

14. Use of the tetrahydropyranyl ether of 2-iodoethanol

The tetrahydropyranyl ether of 2-iodoethanol was prepared from
134

2-iodoethanol by a method similar to that used by Crombie et al 
A sample (1.94 g, 7.6 mmol) was then used as the alkylating agent in 
a reaction carried out on one-fifth of the scale described in the 
general procedure. Analysis of the crude reaction mixture by *H n.m.r. 
spectroscopy showed the absence of any olefinic resonances. Hence, 
the reaction was abandoned at this stage.

15. Use of methyl acrylate

Methyl acrylate (3.40 ml, 0.038 mol) was used in a reaction 
carried out on the scale described in the general procedure. Analysis 
of the evaporated ethereal extracts by Hi n.m.r. spectroscopy showed 
the absence of any olefinic resonances. Acidification and re-extraction
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(ether 2 x 200 ml) of the aqueous layer, gave an extremely viscous
oil. The 1 H n.m.r. spectrum of this oil indicated that it was prob
ably polyacrylic acid.

16. Use of acetaldehyde

Acetaldehyde (1.84 g, 0.042 mol) was used in a reaction carried
out on the scale described in the general procedure. Chromatography of
the reaction mixture gave (i) 2-ethyl-l-indanone (2.12 g, 35%), as a

_ 135
yellow oil b.p. 100 C/0.15 mmHg, (Kuglerohr) (lit., 65.5-67 C/0.05 mmHg)
v (neat) 2970, 2930, 1705 (C=0), 1610, 1460, 1275, 1200, 915, and max !
730 cm-1; 6h (CDC13) 1.08 (3H, t, J 7.5 Hz, CH3), 1.44 - 1.62 (1H, m,
C#aHbCH3), 1.88 - 2.07 (1H, m, CHA^fiCH3), 2.55 - 2.66 (1H, m, H-2)
2.81 (1H, dd, J3 y  15.6Hz, J2 3 3.8Hz, H-3), 3.31 (1H, dd, ^  y  
15.6Hz, J2 3' 7.5Hz, H-3'), 7.35 (1H, t>e7 7.5Hz, H-6), 7.45 (1H, d,
J 7.5Hz, H-4), 7.57 (1H, t 7 . 5 H z ,  H-5) and 7.74 (1H, d,^ 7.5Hz, H-7), 
decoupling of H-2 removes smaller coupling from H-3 and H-3; ; ml z 

160(M+), 145, 132 (100), and 131. (ii ) 2-ethyl-b-(l-hydroxyethyl) 

-l-indanone (2.09 g, 27%), as a yellow oil; vmax (neat) 3640 - 3100 
(br., OH), 2965, 2925, 1700 (C=0), 1605, 1590, 1460, 1265, 1105, and 
755 cm-1; Sh (CDC13) 0.96 (3H, t, J 7.5Hz, CH2C^), 1.38 - 1.55 
(1H, m, C#AHgCH3), 1.52 (3H, 2d, J 2.5Hz, coupling removed on de
coupling at 65.10, CH0HC#3), 1.86 - 1.98 (1H, m, C H ^ C H ^ ,  2.44 -
2.60 (1H, m, H-2), 2.75 (1H, dq, ^  3< 16.9Hz, J2 3 3.8Hz, H-3),
3.30 (1H, dq, J3 yl6.9Hz, ^  y  7.5Hz, H-3'), 3.40 - 3.60 (1H, br. 
signal, OH), 5.05 - 5.20 (1H, m, CHOYL), 7.34 (1H, t,e7 7.5Hz, H-6),

7.59 (1H, d 7.5 Hz, H-5), and 7.71 (1H, d,J 7.5 Hz, H-7); m Iz 204 
(M+), 189, 176 (100), 160, and 158.
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Oxidation of this alcohol with sodium dichromate and concentrated 
sulphuric acid at 0°C gave, after chromatography, h-aeetyl-2-ethyl - 
l-indanone (30%), ,as a yellow oil b.p. 140°C/0.3 mmHg (Kugelrohr), 
which solidified on standing to give colourless crystals m.p. 59-62°C, 

(Found: C, 77.1; H, 7.0. ci3Hi4°2 retluires c> 77.2; H, 7.0%); 
v (neat) 2960, 2920, 1705, 1675, 1590, 1425, 1275, 1260, and 1115 cm-1; 
6h (CDC13) 1.03 (3H, t,«7 7.5Hz, CH2Ci?3), 1.47 - 1.65 (1H, m, C#A HgC^), 
1.88 - 2.06 (1H, m, CH^gCH^, 2.55 - 2.70 (1H, m, H-2) 2.67 (3H, s,
COCH^), 3.16 (1H, dd, 3' 18.8Hz,  ̂3.8Hz, decoupling of H-2
removes smaller coupling; H-3), 3.71 (1H, dd, J3 y  18.8Hz, J2 3'
8.1Hz, decoupling of H-2 removes smaller coupling, H-31), 7.52 
(1H, t,c7 7.5Hz, H-6 ), 7.95(1H, d,c77.5Hz, H-5), and 8.13 (1H, d,
J 7.5Hz, H-7); m/z 202(M+) 187, 174 (100), 173, 159, 145, 131, and 
115.

3.1.2 Preparation of 5,7a-Dihydro-7a-substituted-]ff-inden-l-ones

54General Procedure: Method A

A solution of 7a-substituted-2,3,5,7a-tetrahydro-l#-inden-l-one 
(0.031 mol) in dry tetrahydrofuran (30 ml) was added dropwise to a 
solution of lithium di-isopropylamide ^prepared at 0°C from di-isopro- 
pylamine (5.32 ml, 0.038 mol) in dry tetrahydrofuran (50 ml) and n-butyl 
lithium in hexane (1.6M; 23.8 ml, 0.038 mol)] at -78°C under an atmos
phere of nitrogen. A.'ter 0.5h the solution was cooled to -90°C and 
phenylselenyl bromide £ prepared at 0°C from bromine (3.52g, 0.022 mol) 
and diphenyl diselenide (6 .86g, 0.022 mol)] in dry tetrahydrofuran (40 ml)
was added. The reaction mixture was then allowed to warm to 0°C over 
a period of approximately 0.5h, before being poured into 1M hydrochloric
acid (400 ml). The mixture was extracted with ether (3 x 200 ml) and 
the combined extracts dried, before the solvent was evaporated. The
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crude selenide was then dissolved in tetrahydrofuran (80 ml) and cooled 
to 0°C. Pyridine (5 ml) was added and this was followed by the drop- 
wise addition of aqueous hydrogen peroxide (30%; 17ml, 0.15 mol). The 
rate of addition was carefully monitored so as to maintain the reaction 
temperature below 5°C. When this was completed the mixture was poured 
into water, and extracted with ether (3 xl50 ml). The combined extracts 
were washed with saturated sodium bicarbonate (200 ml) before being dried 
and evaporated.

1. 5,7a-Dihydro-7a-ethyl-lff-inden-l-one (102)

Dienone (84) (5.00 g, 0.031 mol) was reacted in the manner des
cribed in the general procedure and chromatographed on silica to give 
(i) ethyl dienone (84) (1.1 g, 22%). (ii) the title compound (2.90 g,
59%), as an orange oil; v (neat) 2970, 2920, 1705 (C=0), 1535, 1345,m^x
933, and 840 cm X (EtOH) 287.5 (loge3.74) and 344 nm (2.61);max
<$h (CDC13) 0.85 (3H, t, J 7.5Hz, CH3), 1.45 - 1.75 (2H, qq, J 18.8Hz, J 7.5Hz, 
C#2CH3), 2.80 - 3.00 (2H, m, 2 x H-5), 5.89 - 6.10 (3H, m, H-2, H-4 
and H-6), 6.10 (1H, dd, j 9.1Hz, <7̂  ̂2.5 Hz, decoupling at 62.84 
removes smaller coupling, H-7), and 7.69 (1H, d, 3 6.0Hz, H-3); 
m/z 160(M+), 131, 103, and 91.

2. 5,7a-Dihydro-7a-isopropyl-lff-inden-l-one (103)

Dienone (85) (3.00 g, 0.017 mol) was reacted in the manner des
cribed in the general procedure and chromatographed to give (i) recovered 
starting material (85) (0.82 g, 27%). (ii) the title compound (1.39 g,

47%), as a yellow oil; v (neat) 2965, 1705 (C=0), 1540, 1465, 1385,max
1365, 1345, 1230, 1105, and 835 cm"1; X (EtOH) 288 (log£3.79) andmax
342 nm (2.68); <5H(CDC13) 0.88 (6H, 2d, J 6.9Hz, CHMe2), 1.86 (1H, sept.,
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J 6.9Hz, O M e 2), 2.75 - 2.85 (2H, m, 2xH-5), 5.90 (1H, d, J2 3 6.0Hz,
H-2), 5.90 -6.05 (2H, m, H-4 and H-6), 6.05 (1H, dd, J6 y 9.5Hz, J 
2.5Hz, H-7), and 7.69 (1H, d, ^  3 6.0Hz, H-3); m/z 174(M+), 142, 141, 

(100%), and 103.

3. 7a-Benzyl-5,7a-dihydro-lfl-inden-l-one (104)

Dienone (86) (4.30 g, 0.0192 mol) was reacted in the manner
described in the general procedure and chromatographed to give (i)
benzyl dienone (86) (0.98 g, 23%). (ii) the title compound (1.17 g,
27%), as a yellow oil; vmax (n^at) 3025, 2920, 1700 (C=0), 1535, 1495,
1450, 1355, 1135, and 840 cm*"1; A (EtOH) 291 (logs 3.76) and 340 inflmax
nm (2.84); 6U(CDC1Q, 60MHz) 2.2 - 2.65 (2H, m, 2xH-5), 2.88 (1H, d, n 3

12Hz, CHA# BPh), 3.06 (1H, d, ^  12Hz, Ctf^Ph), 5.8 - 6.1 (3H, m, 
H-2, H-4 and H-6), 6.2 (1H, dd, J, - 9Hz, *71 2Hz, H-7), 7.0 - 7.5D , / J » /
(5H, m, Ar H), and 7.7 (1H, d, ^  3 6Hz, H-3); m /a 222(M+), 131 
(100%) (M+ - CH2Ph), 103, 102, 92, and 91.

4. Attempted preparation of allyl trienone (105)

Dienone (87) (1.02 g, 5.86 mmol) was reacted as described in 
the general procedure and chromatographed to give (i) 3- o-(propen-2’- yl) 
phenyl -E-propenoic acid (0.35 g, 32%), as yellow crystals m.p. 140-142°C 
(from dichloromethane/petrol, b.p. 60-80°C) (Found: C, 76.6; H, 6.6.

C12H12°2 recluires c» 76*6J H» 6-4%); vmax (CC14) 3400 - 2300 (acid OH), 
1695 (C=0), 1630, 1415, 1300, 1280, 1220, and 920 cm-1; <$ (CDC1Q) 3.54n J
(2H, d,e7 5.8Hz, 2xH-l' ), 4.99 (1H, dd, J 17.0Hz, J 1.7Hz, H-3'), 5.10 
(1H, dd, J 10.0Hz, «7 1.7Hz, H-3"), 5.88 - 6.06 (1H, m, J 17.0Hz, J 10.0Hz,
J 5.8Hz, decoupling at 63.54 removes the smallest coupling, H-2'), 6.38 
(1H, d, </ x 2  16.0Hz, H-2), 7.15 - 7.40 (3H, m, ArH), 7.62 (1H, d,
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J 7.5Hz, ArH), 8.10 (1H, d, ^  2 16.0Hz, H-3), and 10.9 - 11.8 (1H, 
br. signal., CO^H)i w/3 188(M ), 143, 128 (100%), 116, and 115. No 
sign of the desired trienone was observed.

General Procedure: Method B

This is the same as Method A except that the crude selenide was
6 3

oxidised by meta-chloroperoxybenzoic acid
The selenide (from 0.031 mol of dienone) was dissolved in tetra- 

hydrofuran (75 ml) and cooled to -10°C (internal temperature). meta- 

Chloroperoxybenzoic acid (6.96 g, of 85% pure material (Aldrich), 1.1 
equiv.) was added in portions so as to maintain the temperature at -10°C. 
After 25 minutes, diethylamine (5 ml) was added and the external cooling 
bath removed. The reaction mixture was allowed to warm to room tem
perature before being poured into water (100 ml), and extracted with 
ether (3x100 ml). The combined extracts were washed with saturated 
sodium bicarbonate (150 ml) before being dried and evaporated.

1. 7a-Allyl-5,7a-dihydro-lff-inden-l-one (105)

Dienone (87) (0.93 g, 5.32 mmol) was reacted in the manner des
cribed in the general procedure and chromatographed to give (i) returned 
starting material (87) (0.16 g, 17%). (ii) the title compound (0.24 g,
26%), as a red oil; v (neat) 3035, 2900, 1705 (C=0), 1535, 1415,max
1345, and 920 cm-1; <5 H(CDC13) 2.15 - 2.40 (2H, m, 2xH-l1), 2.70 - 
2.85 (2H, m, 2xH-5), 4.75 - 5.10 (2H, m, 2xH-3’), 5.5 - 6.1 (5H, m), 
and 7.58 (1H, d, ^  3 6Hz, H-3); m/ z 172(M+), 141, 140 (100), 102,
and 101.
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2. 5,7a-Dihydro-7a-methoxycarbonylmethyl-lff-inden-l-one (106)

Dienone (88a) (1.90 g, 9.2mmol) was reacted in the manner des
cribed in the general procedure and chromatographed to give (i)
5,7a-dihydro-7a-methoxycarbonylmethyl-2-phenylseleno -lR-inden-l-one

(114) (0.53 g, 16%), as a red oil; v (neat) 3020, 2945, 1740,max
1705, 1575, 1515, 1470, and 1435 cm”1; <5H(CDC13) 2.43 (1H, d, J'
12.5Hz, CH tf C0oMe), 2.64 (1H, d, jkTi 12.5Hz, Ctf.H^CO^Me), 2.75 - 2.90
(2H, m, 2xH-5), 3.59 (3H, s, C02Afe), 5.86 (1H, m, H-4), 5.92 -6.01
(1H, m, H-6), 6.04 (1H, dd, y 9.4Hz, e7̂  y 2.5Hz, H-7), 7.10 (1H, s,
H-3), 7.3 - 7.4 (3H, m, ArH), and 7.58 - 7.62 (2H, m, ArH); mlz 360
(M+, 80Se), 358 (M+, 78Se), 286, 284, 157, and 114 (100). (ii) the

title compound (0.28 g, 15%), as an oil; v (neat) 2960, 1745, 1705,
u ie x

1540, 1460, 1230, and 900 cm-1. 6U(CDC1Q) 2.44 (1H, d,e7ATJ 12.5Hz,n *3 AU
CH./LC0oMe), 2.58 (1H, d, JkTi 12.5Hz, C#H CO.Me), 2.84 - 2.92 (2H, m,A d Z Ad A d Z
2xH-5), 3.60 (3H, s, CO^e), 5.93 - 6.03 (1H, m, H-6), 6.00 (1H, d,
< ?2 3 5.8Hz, H-2), 6.12 - 6.17 (1H, m, H-4), 6.15 (1H, dd, ^  ? 9.2Hz,
J5 7 2.5Hz, H-7), and 7.74 (1H, d, J2 3 5.8Hz, H-3); m/z 204(M+),
177, 176, 131, and 117 (100).

57
General Procedure: Method C

Chlorotrimethylsilane (3.08 ml, 0.024 mol) was added to a stirred 
solution of sodium iodide (3.64 g, 0.024 mol) in dry acetonitrile (40 ml) 
at room temperature under an atmosphere of nitrogen. After 5 minutes, 
a solution of dienone (0.019 mol) and triethylamine (3.37 ml, 0.024 mol) 
in acetonitrile (20 ml) was added. Stirring was continued at 30°C 
for a period of 90 minutes before the reaction mixture was extracted 
with petrol (5x50 ml). The petrol extracts were evaporated and the 

residue dissolved in dry THF (100 ml). This solution was cooled to
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-90°C and treated with a solution of phenylselenyl bromide^ from 
diphenyl diselenide (2.96 g, 9.5 mmol) and bromine (1.52 g, 9.5 mmol) 3 
in THF (30 ml) dropwise over a period of 10 minutes. The cooling 
bath was removed and the mixture allowed to warm to 0°C before being 
poured into saturated sodium bicarbonate solution (150 ml) and ex
tracted with ether (3x150 ml). The combined extracts were dried, 
evaporated, and then oxidised by the method described in Method B.

1. 5,7a-Dihydro-7a-propargyl-lff-inden-l-one (107)

Dienone (89) (3.33 g, 0.019 mol) was reacted in the manner des
cribed in the general procedure and chromatographed to give (i) the 

title compound (642 mg , 19.5%), as an oil; v (neat) 3290, 3020,
IQ3X

2900, 2120, 1700, 1530, 1420, 1345, 1240, 1140, and 840 cm"1; «ri
(CDCI3 , 90MHz) 1.8 (1H, t, J 2Hz, C=C-#), 2.25 (2H, m, C^CsCH),
2.6 - 2.8 (2H, m, 2xH-5), 5.8 - 6.1 (4H, m, H-2, H-4, H-6 , and H-7), 
and 7.60 (1H, d, J 5Hz, H-3); mfz 170(M+), 141, 131 (100), 115, and 
103.

2. 5,7a-Dihydro-7a-methoxycarbonylmethyl-lff-inden-l-one (106)

Dienone (88a) (5.0 g, 0.024 mol) was reacted in the manner des
cribed in the general procedure and chromatographed to give (i) the 
title compound (1.56 g, 31%).

3.1.3 Preparation and Reactions of 3-Methoxy-3a-substituted-3aff-indenes

General Procedure

137A solution of 18-Crown-6 (0.83 g, 3.1 mmol) in dry DME (5 ml)
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was added to a stirred suspension of potassium hydride (from a 25% oil
dispersion; 0.18 g, 4.5 mmol) in dry DME (20 ml) at -23°C under nitrogen.
This was followed by the addition of the trienone (3.1 mmol) in dry
DME (5 ml). After 10 minutes methyl fluorosulphonate (0.27 ml, 3.3
mmol) was added and the resulting solution allowed to stir for a further

136
5 minutes. Dimethyl acetylenedicarboxylate (0.48 g, 3.4 mmol) in 
dry DME (5 ml) was then added and the solution allowed to warm to 35°C 
over a period of two hours. After this time, triethylamine was added 
and the mixture filtered through celite. The solvent was removed under 
reduced pressure and the residue was chromatographed.

1. Dimethyl 7a,7b-dihydro-7b-ethyl-2a-methoxy-2aff-cyclopentrc(il - 
indene-1,2-dicarboxylate (115)

Ethyl trienone (102) (2.48 g, 0.0155 mol) was reacted in the manner 
described in the general procedure to give (i) the title compound (1.5 g, 
31%), as pale yellow crystals, m.p. 74 - 76°C (from petrol, b.p. 60 - 

80°C) (Found: C, 68.4; H, 6.35. 1̂8**20̂ 5- requires C, 68.3; H, 6.4%);

Vmax (NuJol) 3050’ 1735> 1700> 1635> 1455’ 1435> 1260> and 1140 cm"1; 
<5h (CDC13) 0.87 (3H, t, e7 7.5Hz, CH3), 1.35 - 1.65 (2H, qq, J7.5Hz,
C#2CH3), 3.39 (3H, s, 0CH3), 3.78 (3H, s, C02Me), 3.79 (3H, s, C02Me),
(Signal for H-7a is obscured by ester signals), 5.83 (1H, dd, 7
8.2Hz, ?a 5.6Hz, H-7), 5.96 (1H, d, ^  6 5.3Hz, H-5), 6.09 (1H,
ddd, J, 8.2Hz, J. . 5.3Hz, Jc _ 1.9Hz, H-6), 6.38 (1H, d, eL , 5.6Hz,b,/ j,o b,/a j ,h
H-4), and 6.50 (1H, d, , 5.6Hz, H-3); A (EtOH) 288 (log e 3.69),j max
and 344 sh nm; m/z 316(M+), 284, 269, 257, 252, 225, 206, 159, and 
143 (100); 6c (CDC13) 9.6 (q, CH3), 24.7 (t, CH2), 49.2 (d, C-7a),
52.1 (q, 2xC0 ^ H 3), 53.1 (s, C-7b), 54.3 (q, OMe), 100.9 (s, C-2a),
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115.4 (d), 121.6 (d), 126.4 (d), 135.1 (d), 136.9 (s, C-4a), 138.1 (d), 
146.6 (s, C-l or C-2), 147.8 (s, C-l or C-2), 165.1 (s,C02Me), and
165.4 (s,C02Me).

2. Use of benzyl trienone (104)

Benzyl trienone (104) (0.70 g, 3.1 mmol) was reacted in the manner
described in the general procedure to give (i) l-benzyl-l-methoxy-

1H-indene (116) (424 mg, 57%), as a pale yellow oil, b.p. 125°C/
0.2 mmHg (Kugelrohr) (Found: C, 86.5; H, 6.9. C^yH^O requires
C, 86.4; H, 6.8%); v (neat) 2930, 1610, 1495, 1450, 1355, 1240,max
and 1100 cm-1; A (EtOH) 340 nm (log£2.24); 6 U(CDC1Q) 2.94 (3H, max n j
s, OMe), 2.98 (1H, d, J 12.5Hz, CH ffg), 3.24 (1H, d, 12.5Hz, 
C#aHb), 6.10 (1H, d, J2 3 5.8Hz, H-3), 6.61 (1H, d, J2 3 5.8Hz, H-2), 
and 7.05 - 7.25 (9H, m, ArH); m/z 236(M+), 145 (100), 130 and 116 .

Repetition of the experiment at -35°C, using 4-phenyl-l,2,4- 
triazole-3,5-dione (1.1 equiv.) as the dienophile,gave the lH-indene 
(116) (25%).

3. Use of allyl trienone (105)

Allyl trienone (105) (0.27 g, 1.57 mmol) was reacted in the
manner described in the general procedure to give (i) 3-(propen-
2'-yl)-ri-indanone (117) (124 mg, 46%), as an oil, b.p. 130°C/0.25 mmHg
(Kugelrohr) (Found: C, 83.5; H, 6.8 . ^ ^ H ^ O  retluires C, 83.7;
H, 7.0%); v (neat) 3070, 2920, 1700 (C=0), 1640, 1600, 1460, 1325, max
1280, and 915 cm"1; 6h (CdC13) 2.25 - 2.40 (1H, m, H-l'), 2.41 (1H, dd,c/18.3Hz,

> 3.3 Hz, H-2), 2.59 - 2.70 (1H, m, H-l’), 2.82 (1H, dd,J 18.3 Hz, ̂5 J
J 2 3 7.5Hz, H-2), 3.42 - 3.54 (1H, m, H-3), 5.05 - 5.15 (2H, m, 2xH-3'),
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5.75 (1H, qt, e717.5Hz, ^lO.OHz, ^6.7Hz, H-2'), 7.38 (1H, t, J 7.5Hz, 
H-6), 7.50 - 7.65 (2H, m, H-4 and H-5), and 7.75 (1H, d,e7 7.5Hz, H-7); 
m/z 173(M+), 172, 132, 131 (100), and 104.

4. Use of ester trienone (106)

Ester trienone (106) (270 mg, 1.32 mmol) was reacted in the
manner described in the general procedure to give (i) l-methoxy-l-

methoxycarbonylmethyl-lE-indene(H9) (70 mg, 24%), as an oil, b.p.
110°C/0.4 mmHg (Kuglerohr); v (neat) 2950, 2830, 1735, 1435, 1165,nicix
and 1080 cm"1; (CDC1-, 90MHz) 2.49 (1H, d, J 14Hz, CH.tf^CO-Me),tl J Ad A d z
2.95 (3H, s, OMe), 3.10 (1H, d, *7A_ 14Hz, CflAH_C0oMe), 3.70 (3H, s,AiJ A U  t-
C02Me), 6.61 (1H, d, ^  3 6Hz, H-3), 6.82 (1H, d, J2 3 6Hz, H-2), 
and 7.2 - 7.4 (4H, m, ArH); m/z 218(M+), 159, 145, 128, and 115. 
Hydrolysis of the ester (119) (23.8 mg) with potassium hydroxide in 
aqueous methanol overnight at 20°C gave after acidification and extrac
tion (CHCl^) (1-methoxy-lR-inden-l-yl) methanoic acid (20.0 mg, 90%), 
as yellow crystals, m.p. 89 - 91°C (from dichloromethane/petrol, b.p.
60 - 80°C) (Found: C, 70.5; H, 5.95. C^H^q03 recluires C, 70.6; H, 5.9%);

Vmax (NuJol) 3300 “ 2400 (acid 0R)» 1705» 1235» and 1085 ĥ ĉ d c13 >
90MHz) 2.55 (1H, d, 14Hz, CH.^_) 2.98 (3H, s, OMe), 3.03 (1H, d,Ad A d

14Hz, CHAHfi), 6.40 (1H, d, ^  3 6Hz, H-3), 6.80 (1H, d, J2 3 6Hz, 
H-2), 7.1 - 7.35 (4H, m, ArH), and 8.7 - 9.2 (1H, br. signal, CO2H).

5. Use of selenated trienone (114)

Trienone (114) (530 mg, 1.5 mmol) was enolised in the manner des
cribed in the general procedure, however, due to the absence of the 
expected purple colouration the mixture was then quenched with
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isopropanol (3 ml). The solution was filtered and evaporated before
being subjected to column chromatography. This gave (i) 1 -isopropoxy-
carboYiylmethyl-2-phenylseleno-Ul-inden-l-ol (150) (114 mg, 20%), as
an oil; v (neat) 3600 - 3200 (OH), 2980, 1705, 1465, 1370, 1210, max
and 1105 cm’"1; ^(CDCl^) 1.20 (6H, d,J'7.5Hz, CHM^, coupling removed
on irradiation at 5.08), 2.61 (1H, d, 14.6Hz, CH^fg), 3.04 (1H,
d, 14.6Hz, C#aHb), 4.50 (1H, s, exch. with D20, OH), 5.08 (1H,
sept., J 7.5Hz, C#Me2), 6.31 (1H, s, H-3), 6.98 - 7.43 (7H, m, ArH),

4* 80 +  78and 7.62 - 7.68 (2H, m, ArH); m /z 388(M , Se), 386(M , Se), 287,
209, and 189. (ii) l-methoxycarbonylmethyl-2^phenylseleno-lB.-inden- 

l-ol (151) (51 mg, 10%), as an oil; v (neat) 3600 - 3200 (OH),
3050, 2980, 2950, 1710, 1435, 1210, and 905 cm"1; ^(CDClg, 90MHz)
2.60 (1H, d, J 15Hz, C H ^ ) ,  3.05 (1H, d, 15Hz, C^Hg) 3.70 
(3H, s, C02Me), 4.25 (1H, br., OH), 6.35 (1H, s, H-3) 7.0 - 7.4

+ oq + 70
(7H, m, ArH), and 7.5 - 7.6 (2H, m, ArH); mJz 360(M , Se), 358(M , Se), 
296 and 157.

6 . Use of propargyl trienone (107)

Propargyl trienone (107) (220 mg, 1.29 mmol) was enolised as 
described in the general procedure except that two equivalents of 
base were used. The absence of the expected purple colouration caused 
the reaction to be abandoned at this stage by quenching with methanol 
(10 ml). The mixture was then filtered and the solvent evaporated, 
before the residue was subjected to column chromatography to give 
(i) 1-propargyl-lK-inden-l-ol (118) (89 mg, 41%), as yellow crystals, 

m.p. 84 - 85°c (from dichloromethane/petrol) (Found: C, 84.5; H, 6.0. 

C12H10° re<luires c» 84*7; H> 5.9%); v (CC14) 3600 (OH), 3310 
(terminal acetylene C-H stretch), 3070, 2120, 1465, 1360, 1330, 1065
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and 1035 cm l; $ (CDC1,, 90MHz) 2.05 (1H, t,e7 2Hz, C=C-H), 2.25 - H. o
2.40 (1H, br. signal, OH), 2.68 (2H, dd, J 16Hz, J 2Hz, C C = C - H ) ,  

6.34 (1H, d, J2 3 5Hz, H-3), 6.63 (1H, d, 3 5Hz, H-2), 7.1 - 7.25 
(3H, m), and 7.35 - 7.5 (1H, m); m/z 170(M+), 131 (100), and 103.

7. Dimethyl 7b-ethyl-71ff - cyclopentf^l indene-1,2-dicarboxylate (152)

The cycloadduct (115) (144 mg, 0.46 mmol) was dissolved in methanol 
(3 ml) and cooled to 0°C. Concentrated sulphuric acid (3 ml) was added 
and the solution was observed to darken considerably. After 15 minutes 
at 0°C the mixture was poured into ice/water (15 ml) and extracted with 
ether (3x15 ml). The combined ethereal extracts were dried and evap
orated before being subjected to column chromatography to give (i) the 

title compound (102 mg, 79%), as a bright yellow oil (Found: m/z

284.1045. Cj^H^O^ requires m/z 284.1049); vmax^neat  ̂ 2950, 2920,
1715, 1440, 1245, 1220, 1155, 1130, and 820 cm-1; 6H(CDC13) -0.98 
(2H, qq, J 12.5Hz, J 7.5Hz, Cff^), -0.35 (3H, t, J 7.5Hz, CH3),
4.00 (3H, s, C02Me), 4.04 (3H, s, C02Me), 7.59 (1H, d, ^  6 6.7Hz,
H-5), 7.65 (1H, t, J5 6 6.7Hz, -j 6.7Hz, H-6 ), 8.01 (1H, d, y 
6 .7Hz, H-7), 8.13 (1H, d, ^ 3.8Hz, H-4), and 8.23 (1H, d, J3 4
3.8Hz, H-3); A (EtOH) 311 (log e 4.56), 340 (3.78), and 471 nm mdx
(3.30); <$c(CDCl3) 6.9 (CH^H3), 35.9 (CH2CH3), 52.2 (2 x C02CH3),
63.5 (C-7b), 117.8 (C-5 or C-7), 121.0 (C-5 or C-7), 129.1 (C-l or 
C-2), 132.9 (ArCH), 135.6 (ArCH), 136.5 (C-l or C-2), 140.8 (ArCH),
160.1 (C-4a or C-7a), 161.1 (C-4a or C-7a), 164.8 (C02Me), 165.0 
(C0 2Me), and 174.9 (C-2a); m/z 284(M+), 253, 252 (100), 238, 224,
193, 165, and 138. (ii) lb-ethyl -Tbm-cyclopent [cd] indene-1»2- 
dicarboxylic acid (4.2 mg, 3.6%), as an orange oil; A (EtOH) 321 

(log e 4.52), 360 (3.69), and 492 nm (3.43); ^(d^-acetone) -0.93
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(2H, qq, ^  13.8Hz, J 7.5Hz, C # ^), -0.35 (3H, t, J 7.5Hz, CH3),
7.76 (1H, d, J5 6 6 .9Hz, H-5), 7.84 (1H, t, 6.9Hz, Jg ? 6.9Hz,
H-6), 8.39 (1H, d, ^  4 3.8Hz, H-4), 8.41 (1H, d, y 6.9Hz, H-7),
8.55 (1H, d, 4 3.8Hz, H-3), and 9.4 - 10.4 (1H, br. signal, C02#);
m/z 256(M+), 238 (100), 223, 210, 193, 167, 165, and 126.

8 . 7b-Ethyl-7bff-cyclopent[od ] indene-1,2-dicarboxaldehyde (153)

A solution of the annulene diester (152) (400 mg, 1.41 mmol) in 
dry ether (25 ml) was added dropwise to a stirred suspension of lithium 
aluminium hydride (0.268 g, 7.1 mmol) in dry ether (10 ml) under an 
atmosphere of nitrogen at room temperature. The resulting blood-red 
solution was stirred for 1.5h before being quenched with 10% ethyl 
acetate in ether (5 ml/50 ml). The resulting mixture was then poured 
into ice/water (80 ml), filtered and extracted with ether (3x50 ml).
The combined extracts were dried before being evaporated to dryness.
The resulting dark red oil was then dissolved in dichloromethane (50 ml), 
treated with barium manganate (3.60 g, 14.0 mmol) and the mixture 
refluxed for 16h under nitrogen. After cooling^the solution was fil
tered through celite, the residual solid being washed thoroughly with 
dichloromethane (4x30 ml). The filtrate and washings were then com
bined and after evaporation, chromatographed to give (i) the title 
compound (153) (190 mg, 60%), as a red oil; v (neat) 2940, 1685

nicLX

(C=0), 1515, 1430, 1225, 950, and 830 cm"1; X (EtOH) 337 (logE 3.98),max
363 sh (3.24), and 512 nm (3.04); 6 R(CDC13) -0.79 (2H, q.,^7.5Hz, CH2), 
-0.31 (3H, t, J 7.5Hz, CH3), 7.67 (1H, d, J5 g 7.1Hz, H-5), 7.78 (1H, t, 
J5 6̂ 7.1Hz, J6 ? 7.1Hz, H-6 ), 8.29 (1H, d, J^ ? 7.1Hz, H-7), 8.30 (1H, d 

J3 4 3.8Hz, H-4), 8.45 (1H, d, J3 4 3.8Hz, H-3), 10.78 (1H, s, CHO), 
and 10.80 (1H, s, CHO); <5c (CDC13) 7.1 (CH3), 36.9 (CH2), 64.5 (C-7b),
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118.9 (C—5 or C-7), 122.8 (C-5 or C-7), 135.0 (C-l or C-2), 135.6 
(ArCH), 137.2 (ArCH), 141.5 (C-l or C-2), 143.6 (ArCH), 162.7 (C-4a 
or C-7a), 163.6 (C-4a or C-7a), 176.8 (C-2a), 187.4 (CHO), and 188.9 
(CHO); m/z 224(M+), 195 (100), 167, and 139.

9. 7b-Ethyl-7bff-cyclopentfc^l indene (154)

A solution of the dialdehyde (153) (112 mg, 0.5 mmol) in dry 
benzene (15 ml) was treated with tris (triphenylphosphine) rhodium (I) 
chloride (925 mg, 1 mmol). The mixture was refluxed for 8h under an 
atmosphere of nitrogen before being cooled and treated with methyl 
iodide (2 ml). After stirring at room temperature for a further 1.5h, 
the mixture was filtered and the residue thoroughly washed with benzene 
(3x25 ml). The combined filtrate and washings were then evaporated 
and the residue subjected to column chromatography to give (i) the 
title compound (154) (65 mg, 77%), as a bright yellow oil, (Found: 

m/z 168.0934. ^13^12 re(lu^res m!z 168.0939.); vmax n̂eat  ̂ 3025, 2960
2925, 2865, 2850, 1450, 1370, 1290, 1235, 950, 925, 840, 830, 788, 765, 
720, 675, 645, and 620 cm"1; X (EtOH) 286 (loge 4.52), 341 sh (3.40),ni3x
428 sh (2.47), 440 sh (2.56), and 451 nm (2.61); <5H(CDC13) -1.33 (2H,
q, J7.5Hz, CH2), -0.48 (3H, t, J 7.5Hz, CH3), 7.47 - 7.65 (3H, AB2 
system giving 7.50, H-6; 6^ 7.62, H-5 and H-7; 7.5Hz), 7.88 -
7.95 (4H, AB system giving 6^ 7.90; 6g 7.92; e7^ 3.3Hz, H-l, H-2, H-3
and H-4); 6 (CDCI3 ) 6.5 (CH3), 34.2 (CH2), 63.1 (C-7b), 116.3 (C-5 and

■±-

C-7), 129.2 (C-6 ), 130.3 (C-2 and C-3), 136.0 (C-l and C-4), 159.2
(C-4a and C-7a), and 178.3 (C-2a); m/z 168(M+), 153 (100%), 140 and 139.

1Close examination of the H n.m.r. revealed the presence of an 
inseparable isomer, 2a-ethyl-2a#-cyclopent\od] indene (155). This
accounted for approximately 8% of the material and the spectral details 
for this compound will be presented in Section 3.3.
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3.1.4 Preparation and Reactions of 3a-Isopropyl-3-trimethylsiloxy- 
3aff-indene (159)

1. Generation of the Isopropyl 3aff-Indene (159)

a. Using chlorotrimethylsilane, sodium iodide and triethylamine

Chlorotrimethylsilane (0.25 ml, 2.0 mmol) was added to a solu
tion of sodium iodide (0.30 g, 2.0 mmol) in dry acetonitrile (10 ml).
A mixture of trienone (103) (0.14 g, 0.8 mmol) and triethylamine (0.20 g,
2.0 mmol) in dry acetonitrile (5 ml) was added and the resulting yellow 
solution stirred for 15 minutes at 20°C. At the end of this period 
the colouration had disappeared and the reaction mixture was poured 
into water (20 ml). The aqueous solution was then extracted with 
ether (3x35 ml) and the combined extracts dried and evaporated. The 
residue was then dissolved in THF (20 ml) and treated with potassium 
fluoride (0.5 g) at room temperature overnight. The organic material 
was then extracted (ether, 3x30 ml), dried and then subjected to column 
chromatography. This gave (i) l-isopropyl-m- inden-i-ol (161) (110 mg, 
79%) as colourless crystals m.p. 51-52°C (Found: C, 82.6; H, 8.1.
C12H140 requires C, 82.7; H, 8.1%); v max(neat) 3600-3100(OH), 2960,
1465, 1373, and 1030 cm"1; $H(CDC13) 0.67 (3H, d,e7 7.3Hz, CHMe^pg),
1.08 (3H, d, J 7.3Hz, CHM^Meg), 2.0-2.05 (1H, br. signal, OH), 2.26 
(1H, sept. , J 7.3Hz, CtfMe2), 6.24 (1H, d,^5.2Hz, H-3), 6.63 (1H, d,
J 5.2Hz, H-2), 7.1-7.25 (3H, m, ArH), and 7.27-7.32 (1H, m, ArH); m/z 

174(M+), 173, 159, and 131 (100).

b. Using trimethylsilyl trifluoromethanesulphonate and triethylamine

A solution of trienone (103) (200 mg, 1.15 mmol) in dry THF at 
-23°C was treated with triethylamine (0.32 ml, 2.3 mmol). Trimethylsilyl



207.

trifluoromethanesulphonate (0.3 ml, 1.65 mmol) was then added, and 
the reaction mixture stirred for 30 minutes under an atmosphere of 
nitrogen. A solution of PTAD (220 mg, 1.26 mmol) in dry THF (5 ml) 
was then added and the mixture stirred at -23°C for a further hour.
At the end of this period the solvent was evaporated and the residue 
chromatographed to give (i) 7,7a-dihydro-1-(3,5-dioxo-b-phenyl-l,2,4-
triazolin-l-yD-la-isopropyl-lll-inden-l-one (164) (88 mg, 22%), as 
yellow crystals m.p. 166-168°C (from petrol/dichloromethane/ethanol) 

(Found: C, 68.5; H, 5.5; N, 12.0. C20H12N3°3 recluires c> 68.75;
H, 5.5; N, 12.0%); v (CC1,) 2965, 1760, 1700, 1500, 1420, and 
1130 cm-1; 6h (CDC13) 0.86 (3H, d,eT7.5Hz, CHMeAAfefi), 1.04 (3H, d,
J 7.5Hz, CHMeAMeB), 2.02 (1H, sept.,J 7.5Hz, CffMe2), 5.28 (1H, d, 

-,5.6Hz, H-7), 5.90 (1H, dd, c 8 .8Hz, 5.6Hz, decoupling at
O j / 3 , 0  O j /

65.28 removes smaller coupling, H-6 ), 6.02 (1H, d, J^  ̂5.0Hz, H-4), 
6.18 (1H, d, J2 3 5.6Hz, H-2), 6.33 (1H, dd, ^  6 8 .8Hz, 5 5.0Hz,
H-5), 7.33-7.56 (5H, m, ArH), and 7.62 (1H, d, ^  3 5.6Hz, H-3) (NH 
signal could not be located); m/z NoM+, 17.3̂ and 131 (100); X 
(EtOH) 330 nm.

2. Preparation of the Tricyclic Ketone (165)

A solution of the trienone (103) (384 mg, 2.21 mmol) in dry DME 
(25 ml) was cooled to -23°C under an atmosphere of nitrogen. Tri- 
ethylamine (0.4 ml, 2.9 mmol) was added and this was followed by the 
addition of trimethylsilyl trifluoromethanesulphonate (0.48 ml, 2.64 mmol). 
After 1 h at -23°C a solution of 2-chloroacryloyl chloride (0.33 g,
2.66 mmol) in dry DME (5 ml) was added, and the reaction temperature 
allowed to rise to 0°C over a period of 45 minutes. Finely powdered 
sodium azide (1 g, 15.5 mmol) was added and stirring continued for 5.5 h
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at room temperature. The mixture was then filtered and the filtrate
refluxed for 2.75 h. After cooling to room temperature a mixture of
acetic acid and water (2 :1 , 12 ml) was added and the resulting mixture
heated at 80°C for a further hour. Potassium fluoride (500 mg) was
then added and after a further 45 minutes the reaction mixture was
poured into water (60 ml). The products were extracted with ether
(4x30 ml) and after drying,subjected to column chromatography to give
(i) 1-isopropyl-lH-inden-l-ol (161) (171 mg, 44%). (ii) 2a-hydroxy-
lb-isopropyl-l,2a >7 a,7b-tetrahydro-2R-cyclopent[cd]inden -2-one (165)

(17 mg, 3.6%), as an oil, (Found: m/z 228.1146. ^i4®i6®2 requires
m/z 228.1150); vmax(CCl4) 3540, 3040, 2960 1740, 1460, 1385, and
1150 cm-1; 6(CDC1Q) 0.94 (3H, d,J 6.9Hz, CHMe. Me ), 0.97 (3H, d,
J 6.9Hz, CHMeAMeB), 2.06 (1H, sept.9J 6.9Hz, CflMe2), 2.35 (1H, dd,
J 11.9Hz, J 16.3Hz, H-la), 2.51 (1H, dd,J 16.3Hz,J 6.9Hz, H-13), 2.65 -
2.70 (1H, br. signal, OH), 2.94 (1H, ddd,J 6.3Hz, J 6.9Hz, J 11.9Hz,
H-7a), 5.82-5.92 (2H, m, H-5 and H-7), 5.88 (1H, d, J"5.6Hz, H-4), 5.99
(1H, dd,J 9.1Hz,J 5.0Hz, H-6 ), and 6.54 (1H, d,e75.6Hz, H-3); mlz 
216(M+), 174, 159, 145, and 131 (100).

3. Preparation of 7b-isopropyl-7bff-cyclopentrc<i1 indene (166)

A mixture of the tricyclic ketone (165) (15 mg, 69 ymol) and 
2,4,6-triisopropylbenzene-sulphonylhydrazine (21 mg, 70 ymol) in 
dichloromethane (10 ml), containing Amberlite resin IRI20 (H) (25 mg), 
was stirred at room temperature for 2h. At the end of this period 
the solvent was removed and the residue chromatographed to give (i) 
recovered tricyclic ketone (165) (4.1 mg, 27%). (ii) the desired 
hydrazones (167) (21.5 mg, 62%).

The mixture of hydrazones (167) (21.5 mg, 43 ymol) were dissolved 
in benzene and then treated with methyl-lithium (0.3 ml of a 1.35M



solution, 0.47 mmol) at room temperature. The mixture was then 
warmed to 40°C for lh before being quenched with water (2 ml).
The products were extracted with ether (3x15 ml) and the combined 
extracts dried and evaporated. The residue was dissolved in dichloro- 
methane (5 ml) and treated with 4-toluenesulphonic acid (10 mg) at 
room temperature for 30 minutes. The solvent was then removed and 
the residue chromatographed on silica to give (i) 7b-isopropyl-7bYl- 

oyclopent[cdj indene (166) (3.6 mg, 28%), as a bright yellow oil, 
(Found: m/z 182.1093. C1/H1/ requires m/z 182.1095); A (EtOH)
288, 344sh, 425sh, 439sh and 452 nm; S^(CDClg) -1.13 (1H, sept.,
J 6.9Hz, C#Me2), -0.33 (6H, d,e7 6.9Hz, CHAfe2), 7.62-7.78 (3H, AB2 
system giving <5̂ 7.64, H-6; Sg 7.76, H-5 and H-7; «^g 7.5Hz), and
7.93 (4H, AB system giving 6 7.87; 6g 7.93; 3.1Hz, H-l, H-2,
H-3 and H-4); m/z 182(M+), and 139 (100).

3.1.5 Preparation and Reactions of 3a-Methoxycarbonylmethyl-3- 
trimethylsiloxy-3aff-indene (169)

1. Generation of the ester 3aff-indene (169)

a. Using diethyl ether as solvent

The trienone (106) (186 mg, 0.91 mmol) was dissolved in dry 
ether (20 ml) and cooled to -23°C under an atmosphere of nitrogen. 
Triethylamine (0.25 ml, 1.8 mmol) was added and was followed by tri- 
methylsilyl trifluoromethanesulphonate (0.20 ml, 1.1 mmol). After

45 minutes at -23°C a solution of PTAD (160 mg, 0.91 mmol) in dry 

ether was added and the reaction mixture allowed to warm to 0°C over 
a period of 45 minutes. The solvent was evaporated and analysis of
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the crude reaction mixture by H n.m.r. spectroscopy showed only the 
presence of starting material (106).

78b. Using 1,2-dichloroethane as solvent

The 3a#-indene (169) [prepared from trienone (106) (88 mg,
0.43 mmol) in the manner described above except for the alteration of 
solvent] was treated with 2-chloroacryloyl chloride (0.15 ml) at -23°C. 
After being stirred at -23°C for 10 minutes, the reaction temperature 
was raised to 0°C and stirring continued for a further 30 minutes.
The reaction mixture was then quenched with a mixture of methanol and 
triethylamine (1 ml; 1 ml) and after lh poured into water (25 ml).
The product was extracted with ether (4x20 ml), dried,and then subjected 
to column chromatography to give (i) Methyl (2aa, 7aa, 7ba)-2a-chloro- 
7b-methoxycarbonylmethyl -2,2a, 7a, 7b-tetrahydro-2a-trimethylsiloxy - 

lYl-cyclopent [cd ] indene-2$- carboxyl ate (170) (24.8 mg, 15%), as 

yellow crystals m.p. 91 - 93°C (Found: C, 57.7; H, 6.4. ci9H25C105Si
requires C, 57.5; H, 6.3); v max(CCl4) 2960, 1740, 1425, 1250, and 
1165 cm-1; * (EtOH) 308 nm (log e3.45); <5 U(CDC1~) 0.19 (9H, s, 
OSiMe^), 2.05 (1H, dd, e713.8Hz, e712.5Hz, H-l a) 2.19 (2H, AB quartet 
giving 6a 2.19; 6g 2.23; J 15.0Hz, C^CX^Me), 2.26 (1H, dd, J 13.8Hz,
J 6.3Hz, H-l 6), 3.55-3.75 (1H, m, H-7a), 3.60 (3H, s, C02Me), 3.72 
(3H, s, C02Me), 5.88 (1H, d, ^  6 5.0Hz, H-5), 5.96 (1H, dd, ? 9.4Hz,
J-j ya5.9Hz, H-7), 6.00 (1H, d, Ĵ  4 5.4Hz, decoupling at 6 6.52 causes 
signal to collapse to a singlet, H-4), 6.08 (1H, dd, e7 9.4Hz, J- £5.0Hz,

w j  /  j  )  D

H-6), and 6.52 (1H, d, ^  45.4Hz, H-3); 6 c (CDC13) 2.0, 35.3, 36.4,

40.6, 51.1, 52.4, 52.8 (C-7b), 74.2 (C-2), 95.8 (C-2a), 114.9, 124.7,
128.6, 135.8, 136.9, 144.7 (C-4a), 169.9 (C02Me), and 172.0 (C02Me); 
m/z 398(M ,^^C1), 396(M ,^^C1), 276, and 203 (100). Stereochemistry
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of the cycloadduct was confirmed by an X-ray structure analysis (see 

Figure 4).

c. Using 1,2-dimethoxyethane as solvent

A solution of trienone (106) (1.136 g, 5.6 mmol) in dry DME 
(20 ml) was cooled to -23°C under an atmosphere of nitrogen and treated 
with triethylamine (0.97 ml, 7.0 mmol). Trimethylsilyl trifluoro- 
methanesulphonate (1.27 ml, 7.0 mmol) was then added and the reaction 
temperature allowed to rise to -5°C. After 45 minutes at this tempera
ture, 2-chloroacryloyl chloride was added and the reaction mixture 
stirred at 0°C for lh. A mixture of methanol and triethylamine 
(2 ml; 1 ml) was then added and after lh at room temperature the 
reaction mixture was poured into water. The product was extracted 
with ether (4x30 ml) and the combined extracts dried before being 
subjected to column chromatography to give (i) the cycloadduct (170) 

(0.735 g, 33%).

2. Attempted preparation of the tricyclic ketone (171)

a. A solution of the acid chloride (172)[ prepared from trienone
(106) (428 mg, 2.1 mmol) as described previously] in DME (25 ml)

76was subjected to the procedure reported by Corey and described on 
p. 207. However, subsequent chromatography of the reaction mixture 
gave no identifiable product, and the reaction was abandoned at 
this stage.

Repetition of the reaction using 1,2-dichloroethane as the 
solvent gave a similar result.
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b. A solution of the acid chloride (172) [prepared from trienone
(106) (181 mg, 0.89 mmol) as described previously} in DME (20 ml) was

81treated with trimethylsilyl azide (0.12 ml, 0.91 mmol) at room 
temperature for 19h. The subsequent Curtius rearrangement and 
hydrolysis were carried out as described previously (p.207). However, 
chromatography of the reaction mixture gave no recognisable product, 
and the reaction was abandoned at this stage.

3. Attempted elimination of HC1 from cycloadduct (170) 

a.. Using DBU in benzene

Cycloadduct (170) (18.2 mg, 46 ymol) was dissolved in benzene 
(5 ml) and treated with DBU (0.1 ml). The reaction mixture was 
heated at 80°C for 13h under an atmosphere of nitrogen before being 
chromatographed to give returned starting material (170) (14.9 mg,
82%).

b. Using DBU in toluene

Cycloadduct (170) (22.9 mg, 58 ymol) was dissolved in toluene 
(5 ml) and treated with DBU (0.05 ml). The reaction mixture was 
heated at 110°C for 15h under nitrogen before being chromatographed 
to give returned starting material (170) (3.9 mg, 17% ).

c. Using neat DBU

Cycloadduct (170) (80 mg, 0.20 mmol) was treated with DBU (0.5 ml) 
and the mixture heated at 110°C for 6.25h. The reaction mixture was 
then diluted with dichloromethane and chromatographed, but no recognis" 
able product was eluted.
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d. Using 1,5-Diazabicyclo [4.3.0J non-5-ene (DBN)

Cycloadduct (170) (37 mg, 93 ymol) was treated with DBN (0.5 ml). 
After stirring for 4h at room temperature, t.l.c. indicated that no 
reaction had occurred. The reaction mixture was then heated at 110°C 
for 18h before being chromatographed. However, no identifiable pro
ducts were eluted and the reaction was abandoned at this stage.

e. Using triethylamine

Cycloadduct (170) (56 mg, 0.14 mmol) was treated with triethylamine 
(1 ml) and heated at 89°C for 6h. The reaction mixture was then 
chromatographed to give returned starting material (170) (51 mg, 91%).

f. Using piperidine

Cycloadduct (170) (37.3 mg, 94 ymol) was treated with piperidine 
(1 ml) and heated to 106°C for 17.5h. At the end of this period the 
excess base was removed and the mixture analysed by *H n.m.r. spectros
copy. The failure to observe any resonances in the olefinic region 
of the spectrum caused the abandonment of this reaction.

83g. Using trityl potassium

82Trityl potassium was prepared by the method of Huffmann and Harris
Cycloadduct (170) (56 mg, 0.14 mmol) was dissolved in DME (5 ml) 

and cooled to 0°C under an atmosphere of nitrogen. Trityl potassium 
(2 equiv.) was then added and the reaction mixture was stirred at 20°C 
for 20 minutes before being quenched with 20% aq. ammonium chloride 
solution. The products were extracted with ether (3x20 ml), and the 
combined extracts dried before being subjected to column chromatography
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to give (i) triphenylmethane. (ii) a mixture of triphenylmethane 
and starting material (170).

h. Using sodium hydride

Cycloadduct (170) (40 mg, 0.10 mmol) was dissolved in dry THF 
(10 ml) and treated with sodium hydride (12 mg of a 50% dispersion,
0.25 mmol). The reaction mixture was refluxed for 5h before being 
poured into water (10 ml). The product was extracted (ether; 3x25ml) 
and subjected to column chromatography to give returned starting material 
(27.2 mg, 68%).

84
i. Using silver nitrate in ethanol

Cycloadduct (170) (56 mg, 0.14 mmol) was dissolved in a mixture 
of ethanol and water (15 ml; 1 ml) and then treated with silver nitrate 
(24 mg, 0.14 mmol). The reaction mixture was stirred in the dark for 
72h at room temperature before being poured into water and extracted 
(ether; 3x20 ml). The evaporated extracts (51 mg, 91%) were shown 
to be essentially pure starting material by 1H n.m.r. spectroscopy.

j. Using silver acetate in dimethyl sulphoxide

Cycloadduct (170) (51 mg, 0.13 mmol) was dissolved in dry DMSO 
(3 ml) and treated with silver acetate (32 mg, 0.19 mmol). The reaction 
mixture was stirred at room temperature for 21.5h before being poured 
into water (15 ml) and extracted (ether; 3x20 ml). The combined extracts 
were dried and then subjected to column chromatography to give returned 
starting material (170) (40 mg, 78%).
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k. Using sodium iodide

Cycloadduct (170) (40 mg, 0.10 mmol) was dissolved in acetone 
(10 ml) and treated with sodium iodide (75 mg, 0.5 mmol) at room 
temperature for 6h. At the end of this period analysis by mass 
spectrometry indicated the absence of a molecular ion peak corresponding 
to the desired iodo compound (182).

The reaction was repeated under refluxing conditions for 48h 
to give,after work-up and chromatography, returned starting material 
(25 mg, 63%).

8 6l. Using sodium phenylselenide

A solution of sodium phenylselenide in ethanol (20 ml) was prepared 

by adding sodium borohydride (9 mg, 0.24 mmol) to an ethanolic solution 
of diphenyl diselenide (36 mg, 0.12 mol) under an atmosphere of nitrogen. 
Cycloadduct (170) (75 mg, 0.19 mol) was added and the mixture refluxed 
for 2h. The reaction mixture was then poured into water (20 ml) and 
the product extracted with ether (3x30 ml). The combined extracts 
were dried and analysed by *H n.m.r. spectroscopy, which showed the 
complete absence of any olefinic resonances.

m. Using activated zinc

Cycloadduct (170) (30 mg, 76 ymol) was dissolved in dry THF 
(20 ml) and then treated with activated zinc (50 mg). The mixture 
was refluxed for 2.75h before the solvent was evaporated and the residue 
chromatographed to give returned starting material (27 mg, 90%).
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4. Attempted f8+2l cycloaddition between 3aff-indene (169) and DMAD

A solution of 3atf-indene (169) [prepared from trienone (106)
(200 mg, 0.94 mmol) in the manner described previously (p.211)] in 
DME (20 ml) at -5°C was treated with DMAD (0.23 ml, 1.9 mmol). After 

15 minutes at -5°C t.l.c. indicated that no reaction had occurred and 
the temperature then allowed to rise to 25°C over a period of lh. The 
mixture was then poured into water (50 ml), extracted (ether; 3x40 ml) 
and then subjected to column chromatography to give (i) l-methoxy- 

carbonylmethyl-l-trimethylsiloxy~l]i-indene (174) (79 mg, 28%). The 
compound was characterised by the hydrolysis of trimethylsilyl group 
(KF/THF/I^O), followed by methylation of the alcohol (K^CO^/Mel) to 
give the known methoxy derivative (119).

3.1.6 Synthetic Approaches to 7b-(2-Hydroxyethyl)-7bff-cyclopent- 
\cd ] indene (186)

1. Preparation of 3a,6-dihydro-3a-methoxycarbonylmethy1-3-
trimethyl siloxy-lfl-indene (189)

Chlorotrimethylsilane (14.0 ml, 11 mmol) was added to a stirred 
solution of sodium iodide (16.4 g, 11 mmol) in dry acetonitrile (150 ml) 
under an atmosphere of nitrogen. A solution of dienone (106) (19.0 g,
8.8 mmol) and triethylamine (15.3 ml, 11 mmol) was added and the result

ing solution stirred at 40°C for 1.5h. The product was then extracted 
with petrol (500 ml) and evaporated to give the title compound (189)

(18 g, 70%) as an orange oil. This material was then used in the 
next step without further purification.
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2. Reduction of the ester (189) with lithium aluminium hydride

The ester (189) (7.14 g, 25 mmol) was dissolved in dry THF (50 ml) 
and added dropwise to a suspension of lithium aluminium hydride (3.80 g,
100 mmol) in THF at 0°C. The resulting solution was then stirred at 
room temperature for 2h. The reaction was quenched by the cautious 
addition of ethyl acetate (10 ml) and after a further 45 minutes the 
solution was poured into water (150 ml). The product was extracted 
with ether (4x100 ml), dried, and then subjected to column chromatog
raphy to give (i) la-(2-hydroxyethyl)-2,3i5,7a-tetrahydro-Ul-inden- 

1-one (187) (1.84 g, 40%), as a clear oil;v (neat) 3600-3100 (OH),nicLx
2950, 1730, 1690, 1450, 1420, 1400, and 1035 cm-1; <5H(CDC13) 1.50-2.30
(4H, m), 2.52-2.85 (4H, m), 3.40-3.57 (2H, m, C^OH), and 5.80-6.15 
(3H, m, H-4, H-6 and H-7); m/z 178(M+), 117, 105, and 91 (100).

3. Preparation of the hydroxy trienone (190)

Chlorotrimethylsilane (3.6 ml, 28.3 mmol) was added to a stirred 
solution of sodium iodide (4.3 g, 28.7 mmol) in dry acetonitrile under 
an atmosphere of nitrogen. A solution of dienone (187) (1.70 g, 9.6 mmol) 
and triethylamine (3.97 ml, 28.6 mmol) in acetonitrile (20 ml) was 
added, and the resulting solution stirred at 40°C for 2h. The product 
was then extracted with petrol (250 ml) and evaporated to give 3a,6- 
dihydro-3-trimethylsiloxy-3a-(2-trimethylsiloxyethyl )-ih-indene 
(3.01 g, 98%) as an orange oil; ^(CDCl^ , 60 MHz) 0.15 (9H, s, OSiMe^), 
0.30 (9H, s, 0SiMe3), 1.5-2.0 (2H, m), 2.5-3.1 (4H, m), 3.5-3.8 
(2H, m, C^O ), 4.8 (1H, m, H-2) and 5.8-6.1 (3H, m).

The selenation and oxidation of this compound was carried out 
in the manner described in Method C (p. 197 ). Subsequent chromatog
raphy of the reaction mixture gave (i) 5,7a-dihydro-la-{2-hydroxyethyl)-
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2-phenylseleno-lR-inden-l-one (191) (870 mg, 28%), as a red oil;
v (neat) 3650-3100 (OH), 2950, 1705, 1690, 1580, 1480, and 1440 cm"1; mdx
^(CDCl-j) 1.75-1.98 (2H, m, C^CH^H), 2.70-2.85 (2H, m, 2xH-5), 3.45- 
3.75 (2H, m, C^OH), 5.79 (1H, t,«T4.5Hz, H-4), 5.88-5.96 (1H, m, H-6), 
6.14 (1H, d, J 9.0Hz, H-7), 7.10 (1H, s, H-3), 7.3-7.4 (3H, m, ArH),

+ go + 70and 7.57-7.64 (2H, m, ArH); m !z 332(M , Se), and 330(M , Se);
Attempted purification by Kugelrohr distillation (150°C/0.1 mmHg) caused
extensive decomposition, (ii) 5,7a-dihydro-1 a-{2-hydroxyethyl)-1H-
inden-l-one (190) (367 mg, 22%), as an oil; v (neat) 3680-3140 (OH),max
2950, 1705, 1535, 1415, 1345, and 1030 cm-1; 6 R(CDC13) 1.75-1.93 
(2H, m, C#2CH20H) 2.86-2.93 (2H, m, 2xH-5), 3.57-3.81 (2H, m, C^OH), 
5.93-6.00 (1H, m, H-6), 6.03 (1H, d, J'5.8Hz, H-2), 6.08 (1H, t,J 4.2Hz, 
H-4), 6.19 (1H, d, c79.0Hz, H-7), and 7.72 (1H, d, c75.8Hz, H-3); m/z 

176(M+), and 131 (100); Attempted purification by Kugelrohr distillation 
(100°C/0.15 mmHg) caused extensive decomposition.

4. Reduction of the ester trienone (106) with DIBAL

A solution of trienone (106) (521 mg, 2.55 mmol) in petrol (30 ml) 
was cooled to 0°C and treated with a solution of di-isobutylaluminium 
hydride (1M; 7.65 ml, 7.65 mmol). The solution was allowed to stir 
for 30 minutes at room temperature before being quenched with methanol 
(5 ml), followed by water (5 ml). The mixture was then filtered and 
the solvent evaporated to a volume of 10 ml. The product was extracted 
with ether (3x30 ml), dried and then chromatographed to give (i) 5,7a- 
dihydro-7a-(2-hydroxyethyl)-lE-inden-la-ol (193) (205 mg, 45%), as

a yellow oil b.p. 95°C/0.5 mmHg (Kugelrohr) (Found: C, 73.9; H, 8.1.

C11H14°2 recluires c» 74•1; H, 7.9%); v max(ccl4) 3630-3100 (OH), 2880,
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1425, 1125, 1060, and 1015 cm”1; 6H(CDC13> 1.53-1.64 (1H, dddje74.2Hz,
J5.7HZ, J 14.3Hz, CtfAHDCHo0H), 1.84-1.96 (1H, ddd, J 5.2Hz, J 7.3Hz, 
J14.3Hz, CHAffBCH2OH), 2.66-2.72 (2H, m, 2xH-5), 3.55-3.70 (2H, m,
Cff2OH), 4.69 (1H, br. s, CtfOH), 5.66 (1H, t,e74.1Hz, H-4), 5.82-5.90 
(2H, m, H-3 and H-6), 6.10 (1H, dt, J 9.4Hz, e71.9Hz, H-7), and 6.26 
(1H, dd, J5.8Hz, c71.7Hz, H-2); m/z 178(M+), 133 (100), 117, 116,and 115.

5. Attempted oxidationof diol (193) to the trienone (190)

92a. Using manganese dioxide

A solution of the diol (193) (34 mg, 0.19 mmol) in dichloromethane 
was treated with freshly ground manganese dioxide (332 mg, 3.8 mmol) 
and the mixture stirred for 7h at room temperature. The solution 
was then filtered and the filtrate evaporated. Analysis of the 
residue by t.l.c. and *H n.m.r. spectroscopy indicated the presence 
of a multi-component mixture.

b. Using barium manganate

A solution of the diol (193) (58.2 mg, 0.33 mmol) in dichloro-
93methane (15 ml) was treated with barium manganate (840 mg, 3.3 mmol) 

and the reaction mixture refluxed over a period of 9h. The solution 
was then filtered and the filtrate evaporated. Analysis of the residue 
by n.m.r. spectroscopy indicated that it was a complex mixture of 
products.

94c. Using DDQ

A solution of the diol (193) (46 mg, 0.26 mmol) in dioxane (10 ml) 
was treated with DDQ (65 mg, 0.28 mmol) and the reaction mixture stirred 
at room temperature for 6h. The solution was then poured into water
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(10 ml) and the product extracted with ether (3x10 ml). The combined 
extracts were dried and after evaporation analysed by t.l.c., which 
showed only the presence of baseline material.

95d. Using pyridinium chlorochromate

A solution of diol (193) (68 mg, 0.38 mmol) in dichloromethane 
(10 ml), containing sodium acetate (100 mg), at 0°C was treated with 
pyridinium chlorochromate (122.5 mg, 0.57 mmol). After 80 minutes 
the solvent was evaporated and the residue chromatographed, but no 
product could be isolated in sufficient quantity to allow identification.

5. Generation and interception of the 3aff-indene (194)

A solution of hydroxy trienone (190) (127 mg, 0.72 mmol) in 
dry DME (15 ml) at 0°C was treated with triethylamine (0.25 ml,
1.8 mmol). Trimethylsilyl trifluoromethanesulphonate (0.33 ml,
1.8 mmol) was then added and the reaction mixture stirred for lh under 
a nitrogen atmosphere. 2-Chloroacryloyl chloride (0.2 ml) was then 
added and stirring continued for a further hour at 0°C. A solution
of methanol (2 ml) and triethylamine (1 ml) was then added and stirring
continued for 30 mins at room temperature before the reaction mixture
was poured into water (25 ml). The product was extracted with ether
(3x30 ml) and after drying, chromatographed to give (i) Methyl

(2aa,7aa,7ba)-2a- ohloro-2,2a, 7a, 7b- tetrahydr^a-trimethylsiloxy-7b-
(2-trimethylsiloxyethyl)-lE-cyclopent [cd\indene -2&-carboxylate (195)
(78 mg, 25%), as an oil b.p. 120°C/0.2 mmHg (Kugelrohr) (Found: C, 57.1*,

H, 7.6; Cl, 7.9. c2iH33C1Si2°4 requires C, 57.0; H, 7.75; Cl, 8.0%);
v (CC1.) 3040, 2960, 1742, 1440, and 1245 cm"1; 6U(CDC1Q) 0.08 max 4 H 3
(9H, s, 0SiMe3), 0.21 (9H, s, 0SiMe3) 1.39-1.51 (1H, ddd, e76.9Hz,
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e7 7.5Hz, e714.4Hz, CHa ^CH20 ), 1.64-1.76 (1H, ddd, J 5.6Hz, J 7.5Hz,
J 14.4Hz, Cff.H CHo0 ), 2.01 (1H, dd, <7 12.5Hz, J 13.8Hz, H-la), 2.19Ad L
(1H, dd, J 13.8Hz, c75.0Hz, H-l$), 2.96 (1H, ddd, e7'5.0Hz, <75.6Hz, c712.5Hz, 
H-7a), 3.63 (2H, ddd, J7.5HZ, J6.9HZ, Ctf2OSiMe3), 3.74 (3H, s, C02Me), 
5.81 (1H, d,^ 4.9Hz, H-5), 5.91 (1H, dd,^ 5.6Hz,e^ 9.2Hz, H-7), 5.92 

(1H, d, J 5.7Hz, coupling removed on irradiation at 6 6.47, H-4),
6.06 (1H, dd, e7 5.6Hz, e7 9.2Hz, H-6), and 6.47 (1H, d,e75.7Hz, H-3); 
m/z 442(M+,37C1), 440(M+,35C1), 320, 230, 217, and 203 (100).

Repetition of the reaction under the same conditions using DMAD 
as the dienophile failed to give any identifiable products.

6. Attempted elimination of HC1 from cycloadduct (195) >

Cycloadduct (195) (37 mg, 84ymol) was treated with DBU (0.5 ml) 
and heated at 110°C for 6.25h under an atmosphere of nitrogen. The 
reaction mixture was then diluted with dichloromethane (5 ml) and 
water (5 ml). The organic layer was separated and dried before 
being evaporated but the n.m.r. spectrum of the residue showed the 
complete absence of any signals in the olefinic or aromatic regions.

7. Preparation of the tricyclic ketone (196)

A solution of the 3atf-indene [prepared from the trienone (190)
(114 mg, 0.65 mmol) in the manner described previously (p.207)] in 
DME (20 ml) at 0°C was treated with 2-chloroacryloyl chloride (0.18 ml). 
The subsequent conversion of the initial cycloadduct to the desired 
ketone was carried out as described previously (p.207). Chromatography 
of the reaction mixture gave (i) 2a-hydroxy-7b-(2-hydroxyethyl)-l,2a, 
7a,7b-tetrahydro-2K-cyclopent^:d]inden -2-one (196) (15 mg, 11%), as 
an oil; v (CC1.) 3460, 3040, 2970, 1745, 1725, 1230, and 1040 cm"1;
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 ̂(CDC1«) 1.75-1.88 (1H, m, CHAtf_CH0OH), 2.21-2.29 (1H, m, Ctf H_CH0OH), H . J  A tf Z A. £> z
2.37 (1H, dd, / 12.6Hz, / 17.1Hz, H-la), 2.57 (1H, dd,/ 6.9Hz,/ 17.1Hz, 
H-18), 2.72-2.80 (1H, m, H-7a), 4.05-4.12 (2H, m, C^OH), 5.88 (1H, m 
dd,<7 6.0Hz, /9.3Hz, H-6), 5.98 (1H, d, /5.1Hz, H-4), 6.09-6.15 (2H, m 
H-5 and H-7), and 6.45 (1H, d,/ 5.1Hz, H-3); ml z 216(M+-2), 200 (100), 
172, 171, and 130.

8. Attempted preparation of 7b-(2-hydroxyethyl)-7bff-cyclopent- 

[g(i]indene (186)

A solution of the tricyclic ketone (196) (14 mg, 64y mol) in
dichloromethane (5 ml) containing Amberlite IR120 (H) (20 mg) was
treated with 2,4,6-triisopropylbenzenesulphonylhydrazine (23 mg, 77ymol).
The reaction mixture was stirred at room temperature for 3h before
the solvent was removed and the residue dissolved in dry benzene (10 ml).
A solution of methyl-lithium (1.3M; 0.5 ml) was added and the reaction
mixture stirred at 40°C for lh. After quenching with water the
product was extracted with dichloromethane (3x10 ml) and the combined
extracts concentrated to a volume of 5 ml. This solution was then
treated with 4-toluenesulphonic acid (10 mg) at room temperature for
lh before the solvent was evaporated and the residue chromatographed
on silica to give (i) the 2>b>6-triisopropylbenzenesulphonylhydrazone
(197) (7.1 mg, 22%), as an oil; v (CC1.) 3250, 2965, 1735, 1600,m3x
1430, and 1170 cm-1; <5H(CDC13) 1.26 (12H, d)e7 7.5Hz, 2 x CHMe^), 1.39
(6H, d, /7.5Hz, CHAfe2), 1.95-2.60 (4H, m, 2 x H-l and C^2CH2OH), 2.85- 
2.96 (1H, m, H-7a), 3.85-4.09 (2H, m, tf^OH), 5.83 (1H, dd, /5.2Hz,
/9.3Hz, H-6 or H-7), 5.93 (1H, d, /5.2Hz, H-5), 6.11 (1H, dd, /5.0Hz, 
c79.3Hz, H-6 or H-7), 6.30 (1H, d, /5.0Hz, H-4), 6.42 (1H, d, /5.0Hz,
H-3), 7.17 (2H, s, ArH), and 9.0-9,05 (1H, br.s, NH), the signals 

for the hydroxyl and isopropyl methine protons could not be located; 
mjz 480(M+-18), 214, (100), and 189.



3.2 RING CLOSURE ROUTES TO 7b-SUBSTITUTED-7bg-CYCLOPENT[cd 1 INDENES

3.2.1 The Birch Reduction and Alkylation of 7-Methoxy-l-indanone 

General Procedure

The procedure used was the same as that described in Section
3.1.1 except that 1-indanone was replaced by 7-methoxy-l-indanone.
The reactions were generally carried out using 5 g (0.031 mol) of 
7-methoxy-l-indanone.

l. 7a-Benzyl-7-methoxy-2,3,5,7a-tetrahydro-lff-inden-l-one (200)

Benzyl bromide (5.18 g, 0.030 mol) was used as the alkylating
agent in a reaction carried out on the same scale as described in the
general procedure. Chromatography gave (i) the title compound (6.51 g,
83%) as an oil; v (neat) 2940, 1740, 1690, 1640, 1445, 1215, 1180, max
1115, and 695 cm-1; <5H(CDC13) 1.86 (1H, m), 2.25-2.45 (2H, m), 2.50-
2.65 (3H, m), 2.76 (1H, d, J13.0Hz, CH.tf-Ph), 3.02 (1H, d,*7 13.0Hz,A B
C ^ HBPh), 3.60 (3H, s, OMe), 4.54 (1H, t, ^  6 3.7Hz, H-6), 5.70 
(1H, t, 5 4.6Hz, H-4), 6.98-7.05 (2H, m, ArH), and 7.15-7.22 (3H,
m, ArH); mfz 254(M+), 198, 163, 162, 135, 133, and 121 (100).

Hydrolysis of the dienone (200) (100 mg, 0.39 mmol) with 1.2M
hydrochloric acid (10 ml) in THF (10 ml) for lh gave, after extraction
(ether, 4x50ml) and evaporation, 7a-benzyl-2,3,5,6,7 i7a-hexahydro-lH.-
inden-l ,7- dione (81 mg, 86%), as colourless crystals m.p. 172-174°C
(from dichloromethane/petrol, b.p. 60-80°C) (Found: C, 79.7; H, 7.0.
Ci^H.^Oo requires C, 80.0; H, 6.7%); v (Nujol) 1745, 1695, and 1675 cm 1 6 1 6  ̂ max
<^(CDC13) 2.00-2.70 (8H, m), 2.86 (1H, d,^13.1Hz, CH^Ph), 3.23 (1H, 
d, *713.1Hz, CtfAHfiPh), 6.06 (1H, br. d, J 4 55Hz, H-4), 7.07-7.11 (2H, m, 
ArH), and 7.20-7.26 (3H, m, ArH).
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2. 7a-Allyl-7-methoxy-2,3,5,7a-tetrahydro-lff-inden-l-one (201)

Allyl bromide (2.20 g, 0.018 mol) was used as the alkylating
agent in a reaction carried out on three-fifths of the scale described
in the general procedure. Chromatography of the reaction mixture
gave (i) the title compound (2.67 g, 71%), as an oil; v (neat)max
2930, 2900, 2820, 1740, 1695, 1650, and 1220 cm"1; «H(CDC13) 2.18-
2.38 (2H, m), 2.47-2.85 (4H, m), 3.59 (3H, s, OMe), 4.78 (1H, t, J. , 4Hz,5 , 6

H-6), 4.97-5.07 (2H, m, 2xH-3'), 5.52-5.69 (1H, m, H-2’), and 5.80-5.86 
(1H, m, H-4); m/z 204(M+), 162 (100), 161, and 133.

Hydrolysis of the dienone (201) with 5% hydrochloric acid gave 
after extraction (ether,4x25 ml) and evaporation,7a-<2ZZ2/Z-2,3,5,6,7,7a- 
hexahydro-lH-inden-1,7-dione as colourless crystals, m.p. 33°C (from 

dichloromethane/petrol) (Found: C, 75.7; H, 7.5. ^^2^14^2 re9u;*-res 
C, 75.8; H, 7.4%).

3. 7-Methoxy-7a-propargyl-2,3,5,7a-tetrahydro-lff-inden-l-one (202)

Propargyl bromide (2.17 g, 0.018 mol) was used as the alkylating
agent in a reaction carried on three-fifths of the scale described
in the general procedure. Chromatography of the reaction mixture
gave (i) the title compound (3.05 g, 82%), as an oil; v (neat)max
3300 (terminal acetylene CH stretch), 2950, 2140, 1745, 1700, 1655,
1455, 1225, 1190, and 1090 cm"1; 6„(CDC1Q, 90MHz) 1.95 (1H, t,^2.5Hz,rl j
CEC-tf), 2.1-2.8 (8H, m), 3.50 (3H, s, OMe), 4.78 (1H, br. t, H-6), 
and 5.80-5.95 (1H, m, H-4); mfz NoM+, 162 (100), and 133.

4. 7a-(p-Bromobenzy1)-7-methoxy-2,3,5,7a-tetrahydro-lfl-inden-l-one (203)

p -Bromobenzyl bromide (4.55 g, 0.018 mol) was used as the alkylating 
agent in a reaction carried on three-fifths of the scale described in
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the general procedure. Chromatography of the reaction mixture gave 
(i) the title compound (3.71 g, 60%), as an oil; v (neat) 2930,

IQciX

1748, 1700, 1655, 1590, 1220, and 1015 cm*"1; 6H(CDC13, 90MHz) 2.2-2.75
(6H, m), 2.67 (1H, d, e712Hz, CHAH DAr), 3.00 (1H, d,e712Hz, C#.H_Ar),A U A U
3.60 (3H, s, OMe), 4.5-4.65 (1H, m, H-6), 5.7-5.85 (1H, m, H-4),

+ 816.91 (2H, d, <7 8Hz, ArH), and 7.34 (2H, d,e7 8Hz, ArH); m /z 334(M , Br), 
332(M+,79Br), 186, 162 (100), and 133.

5. 7-Methoxy-7a-(p -nitrobenzyl)-2,3,5,7a-tetrahydro-lff-inden-l-one (204)

p-Nitrobenzyl chloride (5.20 g, 0.030 mol) was used as the alkylating
agent in a reaction carried out on the scale described in the general
procedure. Chromatography of the reaction mixture gave (i) the

title compound (1.62 g, 18%), as an oil; v (neat) 2940, 1740, 1700,indx
1650, 1415, 1345, 1220, 1110, and 850 cm"1; <5H(CDC13, 90MHz) 2.3-2.75 
(6H, m), 2.78 (1H, d, e712Hz, CH^gAr), 3.13 (1H, d, e7l2 Hz, C ^ H fiAr),
3.58 (3H, s, OMe), 4.54 (1H, t, ^  g 3Hz, H-6), 5.73 (1H, m, H-4),
7.12 (2H, d, J 8Hz, ArH), and 7.97 (2H, d, ^8Hz, ArH); m/z 299(M+),
242, 163, and 121 (100).

6. Attempted preparation of (7-methoxy-l-oxo-2,3,5,7a-tetrahydroinden- 
7a-yl) acetic acid (205)

Ethyl bromoacetate (3.04 g, 0.018 mol) was used as the alkylating
agent in a reaction carried out on three-fifths of the scale described
in the general procedure. The crude reaction mixture was extracted
with ether (3x100 ml) before being acidified to pH 4 (pH meter).

The aqueous layer was then re-extracted with ethyl acetate (3x100 ml)
and the combined organic extracts dried and evaporated. However,

1analysis by H n.m.r. spectroscopy showed the absence of any olefinic
resonances and this material was discarded.
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The aqueous layer was then further acidified to pH 1 before 
being re-extracted (CHCl^, 3x100 ml). However, analysis of the 
evaporated organic extracts by *H n.m.r. spectroscopy showed the 
absence of any olefinic resonances, and so the reaction was abandoned 
at this stage.

3.2.2. Preparation of 5,7a-Dihydro-7-methoxy-7a-substituted-

1E-inden-l-ones

General Procedures

The general procedures used were the same as those described 
in Section 3.1.2 except that phenylselenyl chloride was used in place 
of phenylselenyl bromide. Methods A, B and C refer to the conditions 
described previously.

1. 7a-Benzyl-5,7a-dihydro-7-methoxy-lff-inden-l-one (209)

Dienone (200) (1.28 g, 5.04 mmol) was reacted in the manner 
described in Method A and chromatographed to give (i) returned 
starting material (200) (105 mg, 8.2%). (ii) the title compound 

(433 mg, 34%), as an oil; v (neat) 3015, 1700, 1635, 1540, 1225,nicLX
and 1090 cm"1; 6R(CDC13, 90MHz) 2.00 (1H, br. d,J 22Hz, H-5), 2.54 
(1H, dt, J22B.Z, J 6Hz, H-5), 2.75-3.06 (2H, ABq, 6A 2.94; 6,, 2.95;
^Afi12Hz, C#2Ph), 3.60 (3H, s, OMe), 4.50-4.60 (1H, m, H-6), 5.80
(1H, d, «75Hz, H-2), 5.97 (1H, m, H-4), 6.90-7.20 (5H, m, ArH), and
7.50 (1H, d, e75Hz, H-3); m/z 252(M+), 234, 161, 160, 106 (100), and 105.

2. 7a-Allyl-5,7a-dihydro-7-methoxy-lff-inden-l-one (210)

Dienone (201) (1.84 g, 9.02 mmol) was reacted in the manner
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described in Method B and chromatographed to give (i) the title 

compound (231 mg, 13%) as an oil; v (CC1.) 2950, 2905, 1710, 1670, 
1640, 1440, 1340, 1230, and 925 cm"1; 6R(CDC13) 2.46 (2H, d, ,77Hz,
2 x H-lf), 2.76-2.91 (1H, dt, J 22Hz, c75Hz, H-5), 3.03 (1H, br. d, 
e722Hz, H-5), 3.61 (3H, s, OMe), 4.74 (1H, dd, ^.OHz, c71.9Hz, H-6), 
4.94-5.03 (2H, m, 2 x H-3T), 5.59-5.78 (1H, m, H-2'), 5.96 (1H, d,
J2 3 5.6Hz, H-2), 6.11 (1H, dd, J5.6Hz, JI.9Hz, H-4), and 7.68 (1H, 
d, J 2  3 5.6Hz, H-3); m/z 202(M+), 161 (100), 160, 132, 130, and 102.

3. 5,7a-Dihydro-7-methoxy-7a-propargy1-lff-inden-l-one (211)

Dienone (202) (3.00 g, 0.015 mol) was reacted in the manner 
described in Method C and chromatographed to give (i) the title 

compound (0.49 g, 16%) as an oil; v (neat) 3280, 3240, 2930,mdx
1705, 1635, and 1225 cm"1; $H(CDC13, 90MHz) 1.92 (1H, t, J 2Hz, C=C-H),
2.6-3.3 (4H, m), 3.62 (3H, s, OMe), 4.82 (1H, m, H-6), 6.01 (1H, d,
<75Hz , H-2), 6.21 (1H, m, H-4), and 7.78 (1H, d, J5Rz, H-3); m/z 200(M+), 
and 161 (100).

4. 7a-(p-Bromobenzyl)-5,7a-dihydro-7-methoxy-lff-inden-l-one (212) 
Dienone (203) (3.50 g, 0.0105 mol) was reacted in the manner

described in Method A. Chromatography gave an impure sample of 
the title compound (568 mg, 16%) as an oil; 6R(CDC13, 90MHz) 2.h-2.I 
(2H, m, 2 x H-5), 2.79-3.07 (2H, ABq, 6A 2.92; $B 2.91; J 12Hz,
C#2Ar), 3.62 (3H, s, OMe), 4.61 ( 1H, m, H-6), 5.90 (1H, d, *75Hz, H-2),
6.06 (1H, m, H-4), 6.93 (2H, d, J8Rz, ArH), 7.33 (2H, d, c78Hz, ArH), 
and 7.61 (1H, d, e75Hz, H-3). Attempted purification by bulb-to-bulb 
distillation caused extensive decomposition.



5. Attempted preparation of 5,7a-dihydro-7-methoxy-7a-(p-nitrobenzyl)

-lff-inden-1-one (213)

Dienone (204) (1.50 g, 5.02 mmol) was reacted in the manner 
described in Method A and chromatographed to give (i) recovered start
ing material (386 mg, 26%). No sign of the desired trienone (213) 
could be detected.

3.2.3 Preparation and Reactions of the Tricyclic Ketone (217)

Methyl vinyl ether (10 ml) was distilled into a 100 ml three
necked flask at -78°C, under an atmosphere of nitrogen. Tetrahydro- 
furan (20 ml) was added and this was followed by tert-butyl lithium 
(2.3 ml of 1.5M solution, 3.45 mmol). The resulting yellow solution 
was then allowed to warm to -5°C, at which point the solution became 
colourless. The mixture was then re-cooled to -78°C and a solution 
of trienone (209) (433 mg, 1.72 mmol) in THF (10 ml) was added.
After stirring at -78°C for 10 minutes, the solution was allowed to 
warm to 0°C before being quenched with 20% aq. ammonium chloride (20 ml) 
The reaction mixture was poured into water (50 ml) and extracted with 
ether (3x25 ml). The combined extracts were then dried, before being 
evaporated and then dissolved in dry DMSO (5 ml).

The crude alcohol (215) was then deprotonated by dimsyl-sodium 
[from NaH (83 mg, 3.44 mmol) in dry DMSO (20 ml) ] at room temperature 
(0.5h), before being methylated with methyl iodide (excess). The 
reaction mixture was then poured into water (30 ml) and extracted 
with ether (3x30 ml). The combined extracts were dried, evaporated 

and dissolved in THF (25 ml). The crude product was then hydrolysed 
by treatment with 2M hydrochloric acid (20 ml) at room temperature over



a period of 30 minutes. The reaction mixture was poured into water 
(30 ml) and extracted with ether (4x40 ml). The combined extracts 
were dried, evaporated and the residue dissolved in methanol (15 ml).

229.

The diketone (216) was cyclised by treatment with 5% aqueous 
methanolic potassium hydroxide (15 ml) at 60°C for 1 hour. The reaction 
mixture was then poured into water (25 ml) and extracted with ether 
(4x35 ml). The combined ethereal extracts were dried and then sub
jected to column chromatography to give (i) 7b-benzyl-2a-methoxy- 

2a,6,7,7b-tetrahydro-2H-cyolopent [cd] indert-2-one (217) (221 mg, 46%), 
as an oil, b.p. 120°C/ 0.2 mmHg (Kugelrohr) (Found: C, 81.9; H, 6.5. 

^19^18^2 recluires 82.0; H, 6.5%); v max(neat) 2940, 1690, 1605,
1450, and 1080 cm-1; <5H(CDC13, 90MHz ) 2.3-2.8 (4H, m), 3.09 (2H, br. s, 
C#2Ph), 3.68 (3H, s, OMe) 5.65-5.78 (2H, m, H-l and H-5), 5.99 (1H, 
d, e75Hz, H-4), 6.17 (1H, d, e75Hz, H-3), and 7.1-7.35 (5H, m, ArH); 
m/z 278(M+), and 187 (100).

1• Reduction of the Tricyclic Ketone (217) with DIBAL

The tricyclic ketone (217) (350 mg, 1.26 mmol) was dissolved in 
petrol (15 ml) at 0°C and then treated with a solution of di-isobutyl- 
aluminium hydride in hexane (0.9M solution; 2.8 ml, 2.52 mmol).
After lh at 0°C, methanol (5 ml) was added and this was followed by 
the addition of water (5 ml). The mixture was stirred at room 
temperature over a period of 2h before being filtered through celite.
The residue was washed with hot methanol (4x25 ml) before the combined 
filtrate and washings were evaporated to a volume of 10 ml. Water 
(15 ml) was then added and the solution extracted with ether (4x30 ml). 
The combined extracts were dried before being evaporated to give a 

mixture of alcohols (219) (329 mg, 93%) which were sufficiently pure
for use in the next step.
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The epimeric alcohols could be separated by column chromatography 
and this was carried out in a previous experiment. Tricyclic ketone 
(217) (70 mg, 0.25 mmol) was reduced as described above to give, after 
chromatography (i)(2aa, 7ba)-7b-benzyl-2a-methoxy-2a,6,7,7b-tetrahydro- 

2H-C2/cZopent[cd] inden -2a.-ol (10.8 mg, 15%), as an oil; vmax n̂eat^
3530, 2940, 1650, 1450, and 1090 cm-1; ^(CDCl;}) 2.20-2.70 (4H, m),
2.98 (2H, s, C#2Ph), 3.43 (3H, s, OMe), 4.27 (1H, br. d, H-2), 5.28 
(1H, br.s, H-l), 5.64 (1H, m, H-5), 6.03 (1H, d,^ 5.4Hz, H-4), 6.19 
(1H, d,J 5.4Hz, H-3), and 7.1-7.3 (5H, m, ArH). (ii) (2aa, 7ba)- 
7b-ben2yl-2a-methoxy-2a,6,7,7b-tetrdhydro-2Yi-cyclopent[cd] inden -2$-ol 
(31 mg, 44%), as an oil; v (CC1,) 3580, 2945, 1660, 1495, 1450,m3x ■
and 1380 cm"1; $H(CDCl3 ) 2.3-2.7 (4H, m), 2.96-3.09 (2H, ABq, 6^.00, 
3.04; e7 15.0Hz, C#0Ph), 3.53 (3H, s, OMe), 4.95-5.05 (1H, br.s, H-2), 

5.03(1H, br.s, H-l), 5.45 (1H, dd, c75.9Hz, e72.5Hz, H-5), 6.13 (1H, d, 
«75.0Hz , H-4), 6.24 (1H, dje75.0Hz, H-3), and 7.1-7.32 (5H, m, ArH). 
Stereochemistry assigned on the basis of an n.O.e. difference experi
ment in which irradiation of H-2 caused an enhancement of the methoxy 
signal, thus confirming the alcohol as occupying a 8 -configuration.

2. Preparation of 7b-Benzyl-7bff-cyclopent[c£Z] indene (221)

The mixture of alcohols (219) (329 mg, 1.175 mmol) was dissolved 
in dry HMPA (3 ml) and treated with methyltriphenoxyphosphonium iodide 
(850 mg, 1.88 mmol). The reaction mixture was stirred at room 
temperature for 8 hours under an atmosphere of nitrogen. At the 
end of this period the solution was poured into 10% aqueous sodium 

hydroxide solution (10 ml) and stirring was continued for a further 
hour. The reaction mixture was then poured into water and extracted 
with ether (4x30 ml). The combined extracts were then dried and



4-Toluenesulphonic acid (spatula end) was added and the reaction
mixture stirred for 30 minutes before the solvent was removed and
the residue subjected to column chromatography to give (i) 7b-
benzyl-IbK-cyclopent [cd] indene (221) (230 mg, 85%), as a bright
yellow oil, b.p. 80°C/0.2 mmHg (Kugelrohr) (Found: m/z 230.1094
C 0H requires m / z  230.1095); v (CC1.) 3030, 3020, 2920, 1495,18 14 max 4
1450, 1430, 1375, 1290, 1030, and 955 cm"1; 6H(CDC13) -0.22 (2H, s,
C#2Ph), 6.26-6.32 (2H, m, o-krE), 6.90-7.02 (3H, m, w+p-Artf) 7.53-7.72 
(3H, AB2 system giving 6^ 7.56, H-6; 6^ 7.70, H-5 and H-7; 7.5Hz)
and 7.73 (4H, br.s, H-l, H-2, H-3, and H-4); X (EtOH) 287 (loge 4.60),ITldX
342 sh (3.35) 426 sh (2.28), 442 sh (2.38), and 452 nm (2.49); 6c (CDC13)
48.1 «7H2Ph), 63.2 (C-7b), 116.6 (C-5 and C-7), 125.9 (ArCH), 126.0 
(2xArCH), 128.9 (C-6), 130.1 (2x ArCH or C-2 and C-3), 130.4 (C-2 
and C-3 or 2 x Ar^H), 134.2 (ArC), 136.0 (C-l and C-4), 157.6 (C-4a 
and C-7a), and 176.5 (C-2a); m/z 230(M+, 100), 229, 214, and 129.

3.2.4 Synthetic Approaches to 7b-Allyl and 7b-Propargyl-7bff- 
cyclopent[c<i ] indenes

1. Using methoxyvinyl-lithium

a. 7a-Allyl-5,7a-dihydro-7-methoxy-l#-inden-l-one (210) (121 mg,
0.6 mmol) was reacted in the manner described in Section 3.2.3.
However, subsequent chromatography failed to give any identifiable 
product, and the reaction was abandoned at this stage.

Repetition of the reaction using ethoxyvinyl-lithium gave a

evaporated before the residue was dissolved in dichloromethane (10 ml).

similar result.



(240 mg, 1.2 mmol) was reacted in the manner described in Section
3.2.3, except that methyl vinyl ether was replaced by ethyl vinyl
ether. Subsequent chromatography on silica gel gave (i) 1,7-
dimethoxy-l-propargyl-lH-indene (218) (59 mg, 23%), as a yellow

oil b.p. 130°C/0.4 mmHg (Kugelrohr); v (CHClo) 3310 (terminal
acetylene CH stretch), 2940, 2125, 1605, and 1565 cm S^CDCl^*
90MHz) 1.91 (1H, t,e7 2Hz, C=C-#), 2.73 (1H, dd, J16Hz, e72Hz, C H ^ C hCH),
3.06 (3H, s, OMe), 3.22 (1H, d, J16Hz, <72Hz, CH H C=CH), 3.89 (3H,A B
s,ArOMe), 6.30 (1H, d, </6Hz, H-3), 6.7-6.9 (3H, m, H-2, H-4 and H-6), 
and 7.25 (1H, t, J7Hz, H-5); m/z 214(M+), and 175 (100).

2. Using the lithium enolate of 2-methy1-1,3-dithiane

a. At 0°C

1032-methyl-1,3-dithiane (67 mg, 0.5 mmol) was dissolved in dry
THF and cooled to -30°C under an atmosphere of nitrogen. w-Butyl 
lithium (0.35 ml of 1.55 M solution, 0.54 mmol) was then added and 
the mixture stirred at -30°C for 2h. 5,7a-Dihydro-7-methoxy-7a- 
propargyl-l#-inden-l-one (211) (100 mg, 0.5 mmol) in THF (8 ml) was 
added, and the reaction mixture allowed to warm to 0°C. After 5h 
at this temperature, the mixture was quenched with 20% aqueous 
ammonium chloride (25 ml). The reaction mixture was poured into 
water (30 ml), and extracted with ether (4x40 ml). The combined 
extracts were dried, evaporated and subjected to column chromatography 
to give (i) 2-methy1-1,3-dithiane (64 mg, 95%). (ii) recovered 
starting material (211) (93 mg, 93%).

b. 5,7a-Dihydro-7-methoxy-7a-propargyl-ltf-inden-l-one (211)
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b. At 20°C

The lithium enolate of 2-methyl-1,3-dithiane [from the dithiane 
(216 mg, 1.6 mmol)] was generated as described previously. The 
trienone (211) (129 mg, 0.64 mmol) in dry THF (5 ml) was added and 
the reaction mixture was allowed to warm to 0°C. The mixture was 
stirred at 0°C for 3.5h and then at 20°C for 15.5h before being 
quenched with 20% NH^Cl. The reaction mixture was then worked up 
in the manner described previously. Analysis of the reaction mixture 
by *H n.m.r. spectroscopy showed the presence of the dithiane species 
but the complete absence of any olefinic resonances. Hence, the 
reaction was abandoned at this stage.

Repetition of the reactions described using 5,7a-dihydro-7a- 
methyl-l#-inden-l-one (76) as the substrate gave similar results.

3. Using trimethylsilyl cyanide

(7aa)-l8-Cyano-5,7a-dihydro-7a-methyl-l.a-trimethylsiloxy-ltf-indene 
(115 mg, 0.47 mmol) was treated with a solution of methyl-lithium in 
ether (0.3 mol of a 1.5M solution, 0.45 mmol) at room temperature.
After 5h the ethereal solution was quenched with 20% aq.NH^Cl and then 
extracted with ether (3x25 ml). The combined extracts were dried 
and evaporated to give returned starting material (103.4 mg, 90%).

Repetition of the reaction in dry THF (10 ml) over a period of 
8h gave a similar result, as did the use of methyl magnesium iodide 
in ether for 26h.

-4Treatment of the trimethylsilyl cyanohydrin (104 mg, 4.2 x 10 mol)
with methyl-lithium (2.5 equiv.) for 48h gave, after work-up, 1-methyl-

13 8-l#-inden-l-ol (20 mg, 33%), as a white solid m.p. 96 C (lit. m.p. 
96-98°C).
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3.2.5 Alternative Ring Closure Methodologies

1. Via epoxidation

a. Ethyl trienone (102) (267 mg, 1.67 mmol) was dissolved in 
dichloromethane (25 ml) and treated with disodium hydrogen ortho
phosphate (1.19 g, 3.32 mmol). The mixture was cooled to 0°C and 
weia-chloroperoxybenzoic acid (406 mg, 1.99 mmol) was added. After 
the mixture had been stirred for 16h, sodium sulphite (lg) was added 
and stirring continued for a further 15 minutes. The reaction mixture 
was then poured into water. The organic material was extracted with 
dichloromethane (3x25 ml) and after being dried and evaporated was 
subjected to column chromatography. Elution with petrol containing
an increasing percentage of ether gave (i) 6$y7 $-epoxy-7 a-ethyl-

5,6,7y7 a-tetrahydro-M-inden-l-one (229) (125 mg, 43%), as an oil
b. p. 100°C/0.3mmHg (Kugelrohr); v (neat) 2975, 1705, 1530, 1230, 
and 855 cm"1; <$H(CDC13, 90MHz ) 0.85 (3H, t, e77Hz, CH3), 1.6-1.85 
(2H, dq, J7Hz, C#2CH3), 2.74 (2H, d, e74Hz, 2xH-5), 3.25-3.38 (1H, m, 
H-6a) 3.53 (1H, d, ^4Hz, H-7a), 5.72 (1H, t, e74Hz, H-4), 6.04 (1H, d, 
cT6Hz, H-2), and 7.73 (1H, d, J6Hz, H-3); m/z 176(M+), 161, 148, 133, 
and 105. Stereochemistry was confirmed by n.O.e. difference experi
ments (see Figure 7).

b. Ethyl trienone (1.32 g, 8.22 mmol) was treated with ethoxyvinyl
lithium in the manner described previously (Section 3.2.3.). Sub
sequent methylation and hydrolysis gave, after chromatography (7aa)- 
l$-acetyl-5y7a-dihydro-7a-ethyl-la.-methoxy-lH.-indene (230) (282 mg,

16%), as an oil b.p. 130°C/i mmHg (Kugelrohr); v (CC14) 2975, 2940

1710, 1350, and 1155 cm-1. 6 (CDClo, 90MHz) 0.74 (3H, t,c77Hz, 7a-Me),
* H

1.5-1.8 (2H, m, C#2CH3), 2.00 (3H, s, COMe), 2.65-2.78 (2H, m, 2xH-5),
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3.38 (3H, s, OMe), 5.6-5.95 (3H, m, H-4, H-6 and H-7), 6.04 (1H, d,
J5Hz, H-3), and 6.60 (1H, d, c7 5Hz, H-2); ml z 218(M+), 205, 190, 161,
159, and 145.

c. Ketone (230) (206 mg, 0.94 mmol) was dissolved in dichloromethane
(20 ml) and treated with disodium hydrogen orthophosphate (680 mg, 1.9 mmol) 
meta-Chloroperoxybenzoic acid (211 mg, 1.04 mmol) was added and the 
reaction mixture was allowed to stir overnight at 0°C. Sodium sulphite 
(lg) was added and the reaction mixture was poured into water (30 ml).
The products were extracted with dichloromethane (3x30 ml) and subjected 
to column chromatography to give (i) Z-methyl-3-(2-ethylphenyl)- 

propenoate (232) (73 mg, 41%), as an oil; v max(neat) 2970, 1720,
1630, 1430, 1200, and 1160 cm"1; 6H(CDC13, 90MHz) 1.06 (3H, t, J7.5Hz,
CH3), 2.60 (2H, q, J7.5Hz, CH2), 3.57 (3H, s, C02Me), 6.00 (1H, d, J'12Hz, 
H-2), and 7.08-7.25 (5H, m); mlz 190(M+), 161, 159, 130, (100), and 115.

2. Via iodolactonisation
a. The acid dienone (88) (3.81 g, 19.8 mmol) was dissolved in
sodium bicarbonate solution [4.23 g, 51 mmol in H20 (90 ml)] and stirred
at room temperature. A mixture of potassium iodide (40.2 g, 242 mmol)
and iodine (12.81 g, 50.4 mmol) in water (75 ml) was added dropwise

107and stirred at room temperature for 60h . At the end of this period
sodium thiosulphate was added and the mixture was then extracted with 
ether (3x200 ml). The combined extracts were dried and evaporated 
before being subjected to column chromatography to give (i) (2,3,3a,
4,5,7a-hexahydro-3aa-hydroxy-46-iodoinden-7a-y1) acetic acid-y-lactone 
(234) (0.93 g, 15%), as colourless crystals m.p. 163-165°C (from dichloro- 
methane/petrol, b.p. 60-80°C) (Found: C, 41.4; H, 3.4.

requires C, 41.5; H, 3.5%); vmax^ uj0^̂  1770, and 1745 cm 1; <5jj(CDC13) 
2.05-2.20 (1H, m), 2.52-2.65 (3H, m), 2.68 (1H, d,e7l9Hz, CH.# C09),
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2.75-3.02 (2H, m), 3.00 (1H, d, <7l9Hz, C^H^CO^), 4.28 (1H, dd, <711.5Hz,
J 6.7Hz, H-4), and 5.60-5.74 (2H, m, H-6 and H-7); m/z 318(M+), 290, and 
163 (100). (ii) (2,3,5,6,7,7a-hexahydro-fa-hydroxy-6&-iodoinden-7a-yl) 
acetic acid-y-lactone (233) (0.85 g, 13%), as colourless crystals m.p. 
160-162°C (from dichloromethane/petrol, b.p. 60-80°C) (Found: C,41.6,

H, 3.4. reclu:i-res C, 41.5; H, 3.5%); vmax^u^°^ 1775 and
1740 cm-1; ^(CDCl^ 2.35-2.90 (8H, m), 4.57-4.63 (1H, m, H-6),
5.20 (1H, dd, e73.0Hz, e71.0Hz, H-7), and 5.85 (1H, d, J6.7Hz, H-4); 
m/z 318(M+), 290, 191 (100), 163, and 135.

b. Acid dienone (88) (1.90 g, 9.9 mmol) was dissolved in aceto-
o 108nitrile (50 ml) at 0 C and then treated with iodine (2.54 g, 9.9 mmol)

The reaction mixture was stirred at 0°C for 4h and then at room tem
perature for 24h. The mixture was poured into sodium thiosulphate 
solution and extracted with ether (3x100 mi). The combined extracts 
were dried and evaporated before being subjected to column chroma
tography to give (i) iodolactone (234) (0.45 g, 14%). (ii) iodolactone 
(233) (0.43 g, 14%).

3. Elimination of HI from iodolactone (233) and (234)

a. Using 1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU)

Iodolactone (234) (95 mg, 0.3 mmol) was dissolved in benzene
(10 ml) and treated with DBU (0.11 ml, 0.72 mmol). The mixture allowed
to stir at room temperature for 1 • 5h before the solvent was evaporated
and the residue chromatographed to give (i) (7a-hydroxy-2,3,7,7a-
tetrahydroinden-7a-yl) acetic acid-Y-lactone (235) (12.2 mg, 21%),
as a pale yellow solid m.p. 113-115°C (from ether/petrol) (Found: C,

69.35; H, 5.3. C11H1003 requires C, 69.5; H, 5.3%); vmax(CCl4) 2920,
1785, 1750, 1270, and 1255 cm-1 <5 (CDC1 ) 2.35-2.90 (6H, m),; H 3
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5.53-5.65 (2H, m), 5.84 (XH, br. d, H-4), and 5.94-6.04 (1H, m); 

m/z 190(M+), 162, 161, 148, 146, 103 and 91.
Treatment of the isomeric iodolactone (233) with DBU under the 

same reaction conditions caused extensive decomposition, and no 
identifiable product could be isolated.

b. Using triethylamine

Iodolactone (234) (191 mg, 0.60 mmol) was dissolved in benzene 
(15 ml) and treated with triethylamine (0.25 ml). After 5h at room 
temperature the solvent was evaporated and the residue analysed by

n.m.r. spectroscopy. This showed the presence of starting material 
(184 mg, 95%) and no trace of the desired product (235) could be 
observed

c. Using potassium t-butoxide

Iodolactone (234) (184 mg, 0.58 mmol) was dissolved in DMSO 
(5 ml) and treated with potassium t-butoxide (130 mg, 1.16 mmol). 
After lh the reaction mixture was poured into water (10 ml) and 
extracted with ether (3x25 ml). The combined extracts were dried 
and evaporated before being analysed by 1H n.m.r. spectroscopy.
The \l n.m.r. spectrum showed the absence of the desired product 
(235), and thus the reaction was abandoned at this stage.
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3.3 PROPERTIES OF 7b-SUBSTITUTED-7bff-CYCLOPENT \cd] INDENES 

3.3.1 Thermal Rearrangements

1. Kinetic measurements

A solution of the annulene (5-10 mg) was dissolved in re
distilled xylene, or decalin, and then heated in the vapour of a 
suitable solvent boiling in the range 80-138°C. Samples were 
withdrawn at regular intervals and the concentration of remaining 
annulene measured by recording the visible spectrum in the range 
400-500 nm. A graph of log ^/Aagainst time was then drawn and the 
half-life of the rearrangement subsequently evaluated. The results 
of these investigations are detailed in Table 13.

2. Preparative reactions

a. Dimethyl 2a-ethyl-2a#-cyclopent[g<i] indene-1,2-dicarboxylate 
(236b)

A solution of the annulene diester (152) (40 mg, 0.14 mmol)
in xylene (10 ml) was refluxed for 3h under an atmosphere of nitrogen.
The solvent was removed and the residue chromatographed to give the
title compound (33 mg, 83%), as a pale yellow oil; v (neat) 2950,max
2925, 1710, 1550, 1455, and 1430 cm-1; X (EtOH) 253 sh, and 315 sh nm;* max *
6h (CDC13) 0.84 (3H, t, /7.5Hz, CH3), 1.88-2.28 (2H, qq, /7.5Hz, CH2),
3.85 (3H, s, C02Me), 3.94 (3H, s, C02Me), 6.67 (1H, d, /5.0Hz, H-4),
6.75 (1H, d, /5.0Hz, H-3), and 7.08-7.27 (3H, m, ArH).

b. 2a-Ethyl-2aff-cyclopent[c<i] indene (155)

A solution of ethyl annulene (154) (15 mg, 89 ymol) in toluene (5 ml) 

was refluxed for 24h under an atmosphere of nitrogen. The solvent was
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then removed and the residue chromatographed to give the title compound

(11 mg, 73%), as a pale yellow oil; v (neat) 3045, 2960, 2920, 2840,max
1450, 1370, 1325, 930, 835, and 780 cm"1; 6 H(CDC13) 0.98 (3H, t,/7.5Hz,
CH3), 1.78 (2H, q,e7 7.5Hz, CH2), 6.63 (2H, d,e7 5.0Hz, H-2 and H-3),
6.75 (2H, d, /5.0Hz, H-l and H-4), and 6.96-7.17 (3H, AB2 system giving
6 7.13, H-6 and 6,, 6.98, H-5 and H-7; / 7Hz); \ (EtOH) 258A 15 Ad max
(loge 3.91), 284 (3.84) and 346 sh nm (2.24).

c. 2a-Benzyl-2aff-cyclopent[cd ] indene (244)

A solution of the benzyl annulene (221) (13 mg, 56 ymol) in
toluene (5 ml) was refluxed under nitrogen for 30 minutes. The
solvent was evaporated and the residue chromatographed to give the

title compound (10.1 mg, 78%), as a pale yellow oil; v (CC1,) 3060,max ^
3030, 2925, 2855, 1455, and 700 cm"1; A (EtOH) 269 nm; 6„(CDC1,)max n -5
3.03 (2H, s, Ctf2Ph), 6.59 (2H, d, /5.0Hz, H-2 and H-3), 6.75 (2H, d, 
/5.0Hz, H-l and H-4), 6.97 (1H, d, /7.1Hz, ArH), and 7.05-7.29 (7H, 
m,ArH).

3.3.2 Photolysis of 7b-Benzyl-7bff-cyclopent[cd ] indene (221)

A solution of the benzyl annulene (221) (23 mg) in petrol (30 ml) 
was irradiated in a Rayonet reactor at 300 nm for 4.25h. The reaction 
was carried out under an atmosphere of nitrogen and internal cooling 
was used to maintain a temperature of 23°C. The solvent was evap
orated and the residue chromatographed but no identifiable product 
could be isolated.

Repetition of the reaction irradiating at 254 nm, gave a similar
result.



240.

3.3.3 Lithiation of 7b-Benzyl-7b#-cyclopent indene (221)

1. Using w-butyl lithium

A solution of the benzyl annulene (221) (16.1 mg, 70ymol) 
in dry THF (4 ml) was added to a stirred solution of n -butyl lithium 
(0.09 ml of a 1.55M solution, 0.14 mmol) and tetramethylethylene- 
diamine (0.1 ml) in THF (10 ml) at -78°C. The reaction was stirred 
at -78°C for lh before being allowed to warm to 0°C. The reaction 
was quenched with methyl chloroformate (0.4 ml) and then poured into 
water (15 ml). The aqueous solution was extracted with ether (3x10 ml), 
the combined extracts dried and then evaporated. The residue was 
analysed by %  n.m.r. spectroscopy which showed the absence of any 
signals in the aromatic region.

2. Using terti-butyl lithium

A solution of the benzyl annulene (221) (16.1 mg, 70 ymol) was 
dissolved in dry THF (3 ml) and cooled to -78°C. tert-Butyl lithium
(1.5M; 0.25 ml) was added and the reaction mixture became dark brown.
After 30 minutes methyl chloroformate (0.5 ml) was added and the 
reaction mixture then poured into water (10 ml). The products were 
extracted with ether (3x5 ml), dried and then chromatographed to give 
(i) returned starting material (8.6 mg, 53%). (ii) lb-benzyl-\ or 
2 or 5 or 6-methoxycarbonyl-7bK-cyclopent[cd]indene (239) (ca . 0.2 mg, 

1%), as an oil; A (EtOH) 308, 348 sh, 440 sh, and 474 nm; m/z 288(M ),IQ 3.X
199, 157, 143, and 139.

3.3.4 Attempted Cycloaddition Reactions
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1. Using chlorosulphonyl isocyanate

A solution of the benzyl annulene (221) (13.8 mg, 0.06 mmol) 
in dry dichloromethane (5 ml) was cooled to 0°C under an atmosphere 
of nitrogen and treated with chlorosulphonyl isocyanate (5.7 pi,
0.066 mmol). The reaction mixture was stirred at 0°C for 90 mins, 
and then at room temperature for 2h. After pouring into water (10ml) 
and extracting with dichloromethane (3x5 ml), the combined extracts 
were dried and chromatographed to give returned starting material 
(13.4 mg, 97%).

Repetition of the reaction using an excess of the isocyanate 
(20 equiv.) at 0°C for lh gave only returned starting material (85%).

2. Using PTAD

A solution of the benzyl annulene (221) (13.4 mg, 58 pmol) in 
dry DME (10 ml) was treated with PTAD (20.4 mg, 116 ymol) and refluxed 
for lh under an atmosphere of nitrogen. The solvent was then 
removed and the residue chromatographed to give returned starting 
material (8.9 mg, 66%).

Repetition of the reaction using benzyl annulene (14.4 mg) and
refluxing for 3.5h gave, after chromatography eluting with a mixture
of petrol/ether/dichloromethane (3:5'-2) (i) 2a-benzyl-2-(3,5-dioxo-

A-phenyl-ii2,£t,-triazolin-l-yl)-2aR-cyclopent\cd]indene (243) (10.2 mg,
40%), as an oily solid, (Found: m/z 405.1476. C_,H1oNo0_ requires

Z b  1“ j Z

m/z 405.1477); v (CC1.) 3070, 2935, 1770, 1730, 1450, 1390, and max 4
1130 cm"1; A (EtOH) 266 sh nm; 6 (CDC1.J 2.77 (1H, d, ,714Hz,

IuciX n  J

CHA#BPh), 3.09 (1H, d, ,714Hz, C^HgPh), 5.41 (1H, s, H-l),
6.75 (1H, d, ,75.3Hz, H-3), 6.88 (1H, d, c75.3Kz, H-4),
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6.90 (2H, m, ArH), 7.06-7.12 (2H, m, ArH), and 7.2-7.41 (9H, m, ArH); 
m/z 405(M+), 315, and 287.

3. Treatment with pyridinium bromide perbromide

A solution of benzyl annulene (221) (13.8 mg, 60 ymol) in dry 
benzene (5 ml) was treated with powdered pyridinium bromide perbromide 
(19.2 mg, 60 ymol) at room temperature. After 3h the solvent was 
removed and the residue chromatographed to give returned starting 
material (12.5 mg, 91%).

3.3.5 Electrophilic Substitution of 7b-Benzyl-7bff-cyclopentled] 
indene (221)

1. Nitration
A solution of the benzyl annulene (221) (11 mg, 48 ymol) in

acetic anhydride (3 ml) at 0°C was treated with freshly powdered
copper (II) nitrate trihydrate (23 mg, 95 ymol). After 2h the
reaction mixture was poured into water (5 ml) and the products
extracted with ether (3x5 ml). The combined extracts were washed
with sodium bicarbonate solution before being dried and then subjected
to column chromatography to give a 1:1 mixture of 7b-benzyl-5-nitro -
7bR-cycl opent [cd] indene and 7 b-benzy Z-6-nitro-7 bH- cy el op ent [cd] indene

(5.0 mg, 37%), as an orange oil; vmax^ ^ 4 ^  2960, 2930, and 1330 cm
X (EtOH) 277 (log e 4.24), 320 (4.16), 385 (3.80), and 490 sh nm max
(3.06); ^(CDCl^) for the 5-nitro compound: 0.13 (2H, AB quartet,

C^Ph), 6.26-6.33 (2H, m, o-ArH), 6.97-7.10 (3H, m, m and p-ArH),

7.74 (1H, d, e7 8.1Hz, H-7), 7.83 (1H, d,e73.4Hz, H-l), 8.00 (1H, d, 
e73.4Hz, H-2), 8.06 (1H, d, ^3.4Hz, H-3), 8.38 (1H, d,J"3.4Hz, H-4),
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and 8.49 (1H, d, /8.1Hz, H-6); and for the 6-nitro compound: 0.11
(2H, s, C#2Ph), 6.26-6.33 (2H, m, o-krH), 6.97-7.10 (3H, m, wand 
p-Artf), 7.86 (2H, d, /3.4Hz, H-2 and H-3), 8.13 (2H, d, /3.4Hz, H-l 
and H-4), and 8.65 (2H, s, H-5 and H-7). The mixture gave m/z 
275(M+), 258, 219, and 91 (100).

2. Acetylation

A solution of the benzyl annulene (221) (13.8 mg, 60 ymol) in
dry dichloromethane (3 ml) was treated with acetic anhydride (0.25 ml)
and boron trifluoride etherate (0.1 ml). After 3h at room temperature
the reaction mixture was poured into water (5 ml) and the products
extracted with dichloromethane (3x5 ml). The combined extracts
were then dried and subjected to column chromatography to give an
11:1 mixture of 5-acetyl~7b-benzyl-7bH-cyclopent[cd] indene and
6-acetyl-7b-benzyl-7bH-cyclopent [cd] indene (10.3 mg, 63%), as an
orange oil; v (CC1A) 2960, 1678, and 1360 cm *;  ̂ (EtOH) 309,max max
354 sh, 448 sh, and 480 nm; mjz 272(M+), 257, 219, 138, and 91 (100); 
S^CDClg) for the 5-acetyl isomer: -0.04 (2H, s, C^^h), 2.86 (3H,
s, COCtf̂ ), 6.24-6.30 (2H, m, o-krH), 6.93-7.08 (3H, m, m andp-Arfl), 
7.72 (1H, d, / 7.6Hz, H-7), 7.78 (1H, d, /3.1Hz, H-l), 7.92 (1H, d,
<73.1Hz, H-2), 7.94 (1H, d, /3.1Hz ,H-3), 8.18 (1H, d, /3.1Hz, H-4), 
and 8.26 (1H, d, / 7.6Hz, H-6); for the 6-acetyl isomer 0.00
(2H, s, C/^Ph), 2.83 (3H, s, C0C#3), 6.24 (2H, m, s-Aitf), 6.93-7.08 
(3H, m, m and p-Ar#), 7.77 (2H, d, /3.1Hz, H-2 and H-3), 8.00 (2H, 
d, /3.1Hz, H-l and H-4), and 8.33 (2H, s, H-5 and H-7).

3. Formylation

A solution of the benzyl annulene (221) (12 mg, 52 ymol) in 
dry dichloromethane (10 ml) was treated with dichloromethyl n -butyl
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ether (0.1 ml) and cooled to -78°C under an atmosphere of nitrogen.
Tin (IV) chloride (0.05 ml) was then added and the reaction mixture
became deep red. After 45 minutes at -78°C the reaction mixture
was quenched with water and the product extracted with dichloromethane
(3x5 ml). The combined extracts were dried and then chromatographed
to give a 24:1 mixture of 7b-benzyl-7bR-cyclopent[cd] indene -5-
carboxaldehyde and 7b-benzyl-7bYL-cyclopent[cdjindene -6-carboxaldehyde
(4.2 mg, 31%), as a bright yellow oil; v (CC1.) 3030, 2920, 2820,mdx ^
2720, 1680, and 1365 cm"1; X (EtOH) 314, 352, 450 sh and 483 nm;max
S^CDCl-j) for the 5-carboxaldehyde: 0.01 (2H, br.s, CE^^h), 6.24-6.30 
(2H, dd, J 7.5Hz, eEl.9Hz, o -At H) , 6.93-7.03 (3H, m, m and p-Artf) ,
7.78 (1H, d, J 7.5Hz, H-5), 7.79 (1H, d, e7’3.1Hz, H-l), 7.93 (1H, d, 
eI3.1Hz, H-2), 7.99 (1H, d, J^.lHz, H-3), 8.10 (1H, d, j7.5Hz, H-6),
8.27 (1H, d, e^.lHz, H-4), and 10.43 (1H, s, CtfO): for the 6- 
carboxaldehyde: 8.03 (2H, d, «73.1Hz, H-l and H-4), and 8.23 (2H, s 
H-5 and H-7) (the remaining signals could not be located); the mixture 
also gave w/z 258(M+), 219, and 91 (100).

3.3.6 Attempted Halogenation of the Annulene (221)

1131. Using tf-bromosuccinimide

A solution of benzyl annulene (221) (13.8 mg, 60 ymol) in 
carbon tetrachloride (5 ml) was treated with tf-bromosuccinimide 
(11 mg, 62 ymol). A catalytic amount of AIBN was added and the 
reaction mixture stirred at 40°C for 2h under an atmosphere of 

nitrogen. The solvent was removed and the residue chromatographed 
to give returned starting material (11.4 mg, 83%).

Repetition of the reaction using initiation by light (100 W bulb)
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at room temperature for 3.5h gave only decomposition. Analysis of 
the resulting reaction mixture by mass spectrometry confirmed that 
no halogen incorporation had occurred.

1142. Using tert -butyl hypochlorite

A solution of the benzyl annulene (221) (13.8 mg, 60ymol) in 
dry carbon tetrachloride (10 ml) was purged with nitrogen for 30 
minutes. AIBN (1 mg) was then added and was followed by the 
addition of tert-butyl hypochlorite (7 yl, 62ymol). After 2.5h at 
40°C the solvent was removed and the residue chromatographed to give 
returned starting material (12.1 mg, 88%).

Repetition of the reaction using benzyl annulene (221) (12.1 mg, 
53ymol) and initiating the reaction by light (100 W bulb) for 90 
minutes at room temperature gave, after chromatography, returned 
starting material (9.1 mg, 75%).

Irradiation of the benzyl annulene (221) (9.1 mg, 39ymol) 
over a period of 14 h in the presence of two equivalents of tert-butyl 
hypochlorite gave only decomposition. Analysis of the reaction 
mixture by mass spectrometry confirmed that no halogen incorporation 
had occurred.

3.3.7 Attempted Hydride Abstraction from the Tricyclic [lo] Annulenes 
(221) and (31)

A solution of the methyl annulene (31) (81.5 mg, 0.53 mmol) in 
dry acetonitrile (5 ml) was treated with a solution of trityl tetra- 

fluoroborate (175 mg, 0.53 mmol) under an atmosphere of nitrogen.
After stirring for 1 h at room temperature, the solution was diluted 
with dry ether (20 ml). However, no precipitate was formed and so
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the solvent was removed and the residue chromatographed to give a 
mixture of returned annulene (31) (30%) and triphenylmethane (39%).

Repetition of the reaction using the benzyl annulene (221) 
(13.8 mg) gave, after chromatography, a mixture of returned annulene 
(221) (70%) and triphenylmethane (49%).

3.4 SYNTHETIC APPROACHES TO 7b-METHYL-7bff-CYCLOPENT[od]INDEN-2,5-DIONE

3.4.1 f8+2] Cycloaddition Approach

A solution of 18-crown-6 (370 mg, 1.40 mmol) in dry DME (3 ml)
was added to a stirred suspension of potassium hydride (0.11 g, 2.75 mmol
in dry DME (15 ml) at -23°C under an atmosphere of nitrogen. 5,7a-

118Dihydro-4-methoxy-7a-methyl-lH-inden-l~one (220 mg, 1.25 mmol) in 

dry DME (5 ml) was then added and the solution became deep purple.
After five minutes, methyl fluorosulphonate (0.1 ml, 1.24 mmol) was 
added and the solution assumed an orange colouration. 2-Chloroacryloyl 
chloride (0.14 ml, 1.4 mmol) was then added and the reaction temperature 
allowed to warm to 0°C over a period of 40 minutes. The solution was 
filtered and the filtr£e treated with dry sodium azide (0.7 g) over a 
period of 14 h at room temperature. The mixture was again filtered 
before being refluxed under nitrogen for 2.5 h, and then treated with 
a 2:1 mixture of acetic acid and water (15 ml). The resulting mixture 
was heated at 65°C for 1.5 h before being poured into water (100 ml), 
and extracted with ether (4x80 ml). The combined extracts were dried, 
evaporated and then subjected to column chromatography. However, no

identifiable products were eluted and the reaction was abandoned at this

stage.
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3.4.2 Ring Closure Approach: Strategy A

1. 4,7-Dimethoxy-7a-methy1-2,3,5,7a-tetrahydro-lff-inden-1-one (262)

119The Birch reduction and methylation of 4,7-dimethoxy-l-indanone 
(1.5 g, 7.8 mmol) was carried out in the manner described in Section 
3.1.1. . Methyl iodide (1.22 g, 8.6 mmol) was used as the alkylating 
agent and chromatography of the crude reaction mixture gave (i) the 

title compound (634 mg, 39%), as a yellow oil; vmax(ccl4 ) 2950, 1790, 
1750, 1655, and 1225 cm"1; ^(CDCl.^, 90 MHz) 1.34 (3H, s, CH3),
2.3-3.05 (6H, m), 3.62 (3H, s, OCH-j), 3.64 (3H, s, 0CH3), and 4.60 
(1H, t, J 4Hz, H-6); rn /z 208(M+), 194, 178, and 113 (100).

2. 5,7a-Dihydro-4,7-dimethoxy-7a-methy1-lff-inden-l-one (263)

Dienone (262) (1.45 g, 6.97 mmol) was reacted in the manner 
described in Method B (Section 3.1.2) and chromatographed to give 

(i) the title compound (170 mg, 12%), as an oil; vmax n̂eat  ̂ 2960, 
1700, 1485, and 1445 cm-1; 6 (CDC13, 90 MHz) 1.37 (3H, s, CH3), 
2.96-3.10 (2H, m, 2xH-5), 3.60 (3H, s, 0CH3), 3.87 (3H, s, 0CH3),
4.55 (1H, dd, cT5Hz, J3Hz, H-6), 5.85 (1H, d, J5.5Ez, H-2), and
8.05 (1H, d, «75.5Hz, H-3).

3. Attempted preparation of 2a,5-dimethoxy-7b-methyl-2a,6,7,7b- 
tetrahydro-2ff-cyclopent[cd ] inden-2-one (264)

Trienone (263) (170 mg, 0.83 mmol) was subjected to the four- 
step procedure described in Section 3.2.3, except that ethyl vinyl 

ether was used instead of methyl vinyl ether. However, chromatography 
of the crude reaction mixture gave no identifiable products and the 
reaction was abandoned at this stage.
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4. Attempted addition of ethoxyviny1-lithium to dienone (262)

Dienone (262) (425 mg, 2.04 mmol) was treated with ethoxyvinyl- 
lithium (2 equiv.) in the manner described in Section 3.2.3 . Sub
sequent methylation (Section 3.2.3, p. 228) and chromatography gave 
(i) 4,7-dimethoxy-2,3,5,7 a-tetrahydro-2,2,7a-trimethyl-lft-inden-l-one (265)
(246 mg, 51%), as an oil; 5H(CDC13, 90 MHz) 1.00 (3H, s, CH3),
1.22 (3H, s, CH3), 1.32 (3H, s, CH3), 2.18-2.45 (1H, m), 2.7-3.05 
(3H, m), 3.60 (3H, s, 0CH3), 3.65 (3H, s, 0CH3), and 4.58 (1H, t, 
e73.5Hz, H-6).

3.4.3 Ring Closure Approach: Strategy B

1. Diels-Alder reaction between 2,6-dimethylbenzoquinone and

isoprene

2,6-Dimethylbenzoquinone (1.0 g, 7.35 mmol) was dissolved in 
benzene (20 ml) and cooled to 0°C under an atmosphere of nitrogen.
Boron trifluoride etherate (freshly distilled) (0.91 ml, 7.40 mmol) 
was added, followed by the addition of isoprene (1.00 g, 14.7 mmol). 
After 8h at 0°C the reaction mixture was poured into water (50 ml) 
and the product extracted with ether (4x40 ml). The combined extracts 
were dried and then chromatographed to give (i) 4a,5,8,8a-tetrahydro-
3,4a,6-trimet%Z-l^-naphthoquinone (267) (1.32 g, 88%) (a mixture 
of ois and trans isomers); as a yellow oil b.p. 120°C/2mmHg 
(Kugelrohr) ; v (neat) 2980, 2930,

1685, 1630, 1380, and 1225 cm 6^(CDC13 ) for the major isomer:

1.32 (3H, s, 4a-Me), 1.63 (3H, br. singlet, 6-Me), 2.00 (3H, d, J1.7Hz, 
3-Me), 2.05-2.22 (1H, m), 2.34-2.50 (2H, m), 2.52-2.58 (1H, m), 2.80
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(1H, t, J 5.0Hz, H-8a), 5.34-5.43 (1H, m, H-7), and 6.50-6.55 (1H, 
dist. q, c71.7Hz , H-2); m/z 204, 189, 176, and 161 (100).

2. Attempted oxidative cleavage of cycloadduct (167)

a. Using ozone

Cycloadduct (267) (286 mg, 1.40 mmol) was dissolved in methanol
(20 ml) and cooled to -78°C. Ozone (1 equivalent) was then passed

140through the solution before dimethyl sulphide (3 ml) was added.
The reaction temperature was then raised to 0°C over a period of one 
hour and stirring then continued for a further hour at room temperature.
The reaction mixture was poured into water and extracted with ether 
(4x25 ml). The combined extracts were dried and then chromatographed 
to give returned starting material (45 mg, 16%). No other identifiable 
products were eluted.

Repetition of the reaction using excess ozone caused complete 
decomposition of the starting material.

123b. Using osmium tetroxide and sodium periodate

Cycloadduct (267) (439 mg, 2.2 mmol) was dissolved in a mixture (1:1) 
of ether and water (30 ml) and then treated with osmium tetroxide 
(27 mg, 5 mole %) at room temperature. Sodium periodate (966 mg,
4.5 mmol) was added in small portions over a period of 30 minutes 
and stirring continued for 90 minutes once the addition was complete.
The solution was then diluted with ether (25 ml) and the layers 
separated. The organic layer was dried and evaporated before the 
residue (380 mg) was identified as being returned starting material 

(86%) by 1H n.m.r. spectroscopy.
Repetition of the reaction using a mixture of dioxan and water
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(20 ml; 3:1) as the reaction solvent gave, after 3h at room temperature, 
a reaction mixture from which no identifiable product could be isolated.

1243. Attempted cts-hydroxylation of cycloadduct (267)

Cycloadduct (267) (380 mg, 1.9 mmol) was dissolved in a mixture 
of glacial acetic acid (40 ml) and water (2 ml). Iodine (472 mg,
1.9 mmol) and silver acetate (680 mg, 4.1 mmol) were then added and 
the reaction mixture stirred at room temperature for lh. The solution 
was heated to 90°C for lh before the solvent was removed at reduced 
pressure. The residue was then dissolved in methanol (25 ml), and 
treated with potassium hydroxide at room temperature overnight under 
an atmosphere of nitrogen. The basic solution was then neutralised 
(AcOH) and extracted with chloroform (4x25 ml). The combined extracts 
were dried and evaporated but the residue was observed to be a multi- 
component mixture by t.l.c. and *11 n.m.r. .

4. Epoxidation of cycloadduct (267)

A solution of cycloadduct (267) (478 mg, 2.34 mmol) in dichloro-
methane (20 ml) containing potassium dihydrogen orthophosphate (637mg,
4.68 mmol) was treated with meta -chloroperoxybenzoic acid (523 mg,
2.58 mmol). The reaction mixture was stirred at 3°C for 40h before
being treated with sodium sulphite (1 g). The reaction mixture was
then poured into water (50 ml) and extracted with dichloromethane

(4x30 ml). After drying,the combined extracts were subjected to
column chromatography to give (i) 6i7-epoxy-^ai5,697i8,8a-hexahydro-

3jba,6-trimethyl-l,̂ -naphthoquinone (272) (352 mg, 68%), as an oil

b.p. 75°C/0.45 mmHg (Kugelrohr); v (neat) 2980, 2935, 1690, 1680,nicix

1380, and 1265 cm"1; ^(CDCl^ 1.24 (3H, s, 4a-Me), 1.39 (3H, s, 6-Me),



1.60 (1H, d, J15Hz, H-5), 1.87-1.96 (1H, m, H-8), 2.01 (3H, d>e7 1.5Hz 
3-Me), 2.22-2.33 (1H, m, H-8), 2.58 (1H, d, «715Hz, H-5), 2.72-2.80 
(1H, m, H-8a), 3.0-3.04 (1H, m, H-7), and 6.45 (1H, q, <J1.5Hz, H-2);
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m/z 220(M+), 205, 177 (100), and 162.

1255. Attempted oxidative cleavage of epoxide (272) with periodic acid

A solution of the epoxide (272) (143 mg, 0.65 mmol) in a mixture 
of water and ether (21 ml; 20:1) was treated with periodic acid (148 mg,
0.65 mmol) at room temperature. After 15h the reaction mixture was 
poured into water and the products extracted with ether (4x30 ml).
After being dried, the combined extracts were chromatographed to give 
(i) 6,1-dihydroxy-4a,5,6,7,8,Sa-hexahydro-3,4a,6-trimethyZ—1,4—naphth
oquinone (273)(110 mg, 71%), as a yellow oil; v (CC1,) 3640-3260, 
2980, 2940, 1680, 1380, and 1065 cm"1; 6H(CDC13) 1.20 (3H, s, 4a-Me),
1.30 (3H, s, 6-Me), 1.61 (1H, d,e714.7Hz, H-5), 1.77 (1H, ddd, J 13.8Hz, 
«74.4Hz, e73.8Hz, decoupling at 6 3.64 causes signal to collapse to a 
double doublet, H-8), 2.01 (3H, d, *71.5Hz, 3-Me), 2.18 (1H, ddd, *713.8Hz, 
e713.8Hz, e72.5Hz, decoupling at 6 3.64 causes signal to collapse to a
triplet, H-8), 2.40 (1H, d,^14.7Hz, H-5), 2.95 (1H, dd, *713.8Hz, 
e73.8Hz, H-8a), 3.64 (1H, br. signal, H-7), and 6.50 (1H, q,*7 1.5Hz,
H-2); rn/z 238(M+), 163, 156, 151, and 138 (100).

6. Attempted oxidative cleavage of the trans-diol (273) with lead
126tetraacetate

A solution of the diol (273) (42 mg, 0.018 mmol) in a mixture
of acetic acid and methanol (12 ml; 1:3) was treated with lead tetra
acetate (82 mg, 0.0185 mmol) at room temperature for 20h. Sodium 
bicarbonate was added to neutralise the acetic acid and the reaction
mixture was then poured into water before being extracted with ether
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(4x15 ml). The combined extracts were then dried and chromatographed 
to give returned starting material (31.2 mg, 74%).

Repetition of the reaction using lead tetraacetate in pyridine 
over a period of 1.5h at room temperature gave, after chromatography, 
recovered starting material (36%).

3.4.4 Ring Closure Approach : Strategy C

1. Addition of the lithium enolate of acetone dimethylhydrazone
to 4,4-dimethoxycyclohexa-2,5-dienone (279)

A solution of acetone dimethylhydrazone (633 mg, 6.33 mmol) 
in dry THF (40 ml) was treated withn-BuLi (1.5M; 4.22 ml, 6.33 mmol) 
at -78°C under an atmosphere of nitrogen. After 30 minutes the 
solution was cooled to -90°C and the masked quinone (279) (650 mg,
4.22 mmol) in dry THF (10 ml) was added. The reaction temperature 
was allowed to rise to 0°C before the mixture was quenched with 20% 
aqueous ammonium chloride (20 ml). The product was extracted with 
ether (4x30 ml) and evaporated to give the addition product (280)
(915 mg, 71%), as a yellow oil; v (neat) 3660-3100 (OH), 2950, 1670,

ID3X

1635, 1405, and 1050 cm-1; <SR(CDC13) 1.99 (3H, s, CH3), 2.50 (3H, s, 
m e ), 2.51 (3H, s, NAfe),  2.62 (2H, s, CH2), 3.26 (3H, s, OMe), 3.33 
(3H, s, OMe), 5.86 (2H, d, e79.5Hz, H-3 and H-5), and 6.10 (2H, d, 
c79.5Hz, H-2 and H-6); m/z 253(M+-1), 238, 222, 153 and 124 (100). 
Attempted purification by column chromatography gave no eluted product. 
Distillation at 100°C/0.45 mmHg caused extensive regeneration of the 
starting material (279) (by *H n.m.r.).
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2. Attempted deprotection of the dimethyl acetal of (280)

a. Using 2M hydrochloric acid

The acetal (280) (90 mg, 0.35 mmol) was dissolved in THF (10 ml) 
and treated with 10 ml of 2M hydrochloric acid. After lh at room 
temperature the reaction mixture was extracted with ether (3x20 ml), 
the combined extracts dried and then evaporated. Analysis of the 
residue by *H n.m.r. spectroscopy showed the absence of any recog
nisable signals.

129b. Using 4-toluenesulphonic acid in acetone

The acetal (280) (90 mg, 0.35 mmol) was dissolved in acetone 
(10 ml) and then treated with a catalytic quantity of 4-toluenesulphonic 
acid. The mixture was refluxed for 2h before the solvent was removed 
under reduced pressure. After being extracted from an ether-water 
mixture the organic residue was found to contain no identifiable 
products.

1283. Attempted cleavage of the dimethylhydrazone (280)

The dimethylhydrazone (280) (90 mg, 0.35 mmol) in methanol (5 ml) , 
containing 3 ml of a buffer solution (pH 7),was treated with a solution 
of sodium periodate (167 mg, 0.73 mmol) in water (5 ml). After 5h 
at room temperature the reaction mixture was extracted with ether 
(4x15 ml), the combined extracts dried and then chromatographed to 
give 4,4-dimethoxycyclohexa-2,5-dienone (279) (46 mg, 84%), identical 

with an authentic sample.
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4. Attempted protection of the hydroxyl function of (280)

The adduct (280) (180 mg, 0.7 mmol) in dry DMF (5 ml) containing 
imidazole (121 mg, 1.78 mmol) was treated with terfc-butyldimethylsilyl 
chloride (134 mg, 0.89 mmol). After 7.5h at 30°C the reaction 
mixture was poured into water (15 ml) and the product extracted 
with ether (4x15 ml). After drying^the combined extracts were 
chromatographed to give 1-dimethylamino-6-methoxy-2-methyl indole 
(281) (76 mg, 53%), as an oil; v v (CC1A) 2960, 1620, 1490, 1205,

IQaX 4

1173 and 910 cm-1; X (EtOH) 271 and 296 nm; <SU(CDC1~) 2.35max n j
(3H, d, «71.2Hz, decoupling at 65.99 causes signal to become a singlet,
2-Me), 3.03 (6H, s, NMe2), 3.85 (3H, s, OMe), 5.99 (1H, br. signal,
H-3), 6.71 (1H, dd, e78.9Hz, e72.3Hz, H-5), 6.99 (1H, d, J 2.3Hz, H-7), 
and 7.33 (1H, d,^8.9Hz, H-4); 6c (CDC13) 12.6 (2-CH3), 44.6 (N(CH3)2), 
55.9 (0CH3), 95.4 (ArCH), 97.4 (ArCH), 108.4 (ArCH), 120.4 (ArCH),
121.3 (ArO, 134.9 (Ar0, 136.4 (Ar0, and 155.1 (Ar0; m / z  205(M++1), 
190, 163, 161 and 143.

130

3.4.5 Attempted Oxidation of the Annulenol (282)

5-Hydroxy-7b-methyl-7b#-cyclopent [cd ] indene (282) was prepared
118by the method of Lidert and Rees

The annulenol (282) (30 mg, 0.18 mmol) was dissolved in methanol 
(1 ml) and then added to a stirred solution of Fremy’s salt 11+1, (100 mg,
0.35 mmol) in water (12 ml), containing 0.5 ml of a saturated solution 
of sodium acetate. After 1 h at room temperature the mixture was 
extracted with ether (4x15 ml), the combined extracts dried and then

evaporated. Analysis of the residue by *H n.rn.r. spectroscopy 
indicated the absence of any signals in the aromatic or olefinic 
region, and hence the reaction was abandoned at this stage.



3.5 SYNTHETIC APPROACHES TO THE TRICYCLIC KETONE (284)

3.5.1 Intramolecular Wittig Reaction Approach

1. Attempted preparation of the phosphonium salt (286)

7-Chloroacety1-7,7a-dihydro-7a-methy1-1 tf-inden-l-one (285)
57was prepared by the method reported by McCague

A sample of the diketone (285) (125 mg, 0.56 mmol) was dis
solved in benzene (20 ml) and then treated with triphenylphosphine 
(146 mg, 0.56 mmol) and the mixture refluxed for 20h. The solvent 
was evaporated and the residue chromatographed on silica to give 
returned starting material (59 mg, 47%).

2. Preparation of 7,7a-dihydro-7-iodoacetyl-7a-methyl-lff- 
inden-l-one (287)

The chloroketone (285) (59 mg, 0.26 mmol) was dissolved in
acetone (5 ml) and treated with sodium iodide (200 mg, 1.33 mmol).
After 3h at room temperature the mixture was filtered and the filtrate
diluted with ether (30 ml). After evaporation the residue was extracted
with dichloromethane (4x10 ml) and after being dried, evaporated to
give the title compound (57 mg, 69%). The *R n.m.r. spectrum was

57identical to that reported by McCague

3. Treatment of the iodoketone (287) with triphenylphosphine

The iodoketone (287) (57 mg, 0.18 mmol) was dissolved in benzene 

(15 ml) and treated with triphenylphosphine (47 mg, 0.18 mmol).
After 18h at 80°C the solvent was evaporated and the residue chroma
tographed to give 7-acetyl-7,7a-dihydro-7a-methyl-ltf-inden-l-one (288)
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(21.9 mg,.64%). The spectral characteristics of this compound were
57identical to those reported by McCague

1333.5.2 1,2-Carbonyl Transposition Approach

2a-Methoxy-7b-methyl-l,2a,7a,7b-tetrahydro-2ff-cyclopent[cd ]
inden-2-one-2,4,6,-triisopropylbenzenesulphonylhydrazone (289) was

57prepared by the method reported by McCague.
A solution of the hydrazone (289) (850 mg, 1.76 mmol) in a mixture 

of dry THF and dry TMEDA (30 ml; 2:1) was cooled to -40°C under an 
atmosphere of nitrogen. A solution of n-butyl lithium in hexane 
(1.5M; 2.6 ml, 3.9 mmol) was then added and was followed after 15 
minutes by the addition of freshly distilled dimethyl disulphide 
(0.16 ml, 1.76 mmol). The mixture was stirred at between -30 and 
-40°C for a further 20 minutes before n -butyl lithium (1.5MJ 5.2 ml,
7.8 mmol) was added,and the reaction mixture allowed to warm to room 
temperature over a period of 8h. The reaction was then quenched with 
20% aqueous ammonium chloride (20 ml) and the products extracted with 
ether (4x20 ml). After drying^the combined extracts were evaporated 
and the residue chromatographed to give (i) 7b-methyl-7b#-cyclopent- 
[od ] indene (72 mg, 27%). No other recognisable products were 
eluted.
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