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Summary

At the outset of this study, cyclopropa-fused azulenes represented an unknown
class of nonbenzenoid cycloproparenes. The research described in this thesis outlines
the synthesis of the first examples of such hydrocarbons, namely 2-chloro-l,ldimethyl-l//-cycloprop[e]azulene (357), 1,1 -dimethyl-l//-cycloprop[e]azulene (386)
and 1,1-dimethyl-l//-cycloprop[/]azulene (261).

(357) R = ci
(386) R = H

(261)

The first route towards cyclopropazulenes that was examined involved the
transannular aldol condensation of a derivative of \Hbenzo[a]cyclopropa[/]cyclodecene-3,8-dione. Thus, the dione (202) gave the
transannular aldol product (221) as the sole regioisomer upon acid catalysis. The aldol
(221) could not be dehydrated to give the conjugated enone under a variety of
conditions. Other attempts to convert the aldol (221) into \Hbenzo[/]cycloprop[o]azulene were unsuccessful.

(221)

In view of this, a related dione system with an epoxy bridge positioned to
control the direction of the transannular aldol condensation was synthesized. Treatment
of the dione (231) with base gave the enone (232) which was converted into the

benzofulvene (250). However, the removal of the epoxy-bridge and the debromination
required for the formation of the cyclopropazulene (258) could not be achieved.

S" -#(250)

(258)

The second route examined the potential for photochemical extrusion of nitrogen
from an azulenopyrazole such as (342) to form the cyclopropazulenes. In an
investigation towards the synthesis of (342), the thienopyrazoles (274), (278) and
(293), as well as the furopyrazole (282), were synthesized. These pyrazole-fused
heterocycles showed interesting divergent photochemistry. For example, the irradiation
of the furopyrazole (282) gave the fragmented product (299), while the thiophene (278)
gave the 2-propenyl derivative (311). N o cyclopropa-fused heterocycles where
observed in any of the photochemical reactions.
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The pyrazole-fused a-pyrones (331) and (332) were prepared to provide access
to the azulenopyrazole (342) via a Houk-Leaver azulene synthesis. However, treatment
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of the cc-pyrone (331) with A^-dimethylaminofulvene gave the azulenopyrazole (342)

in disappointingly low yields, while (332) did not give any azulenic products under the
same reaction conditions.
The cyclopropazulenes (357), (385) and (261) were finally synthesized from the
sulfones (347) and (387). Thus, the adducts of 2-diazopropane and the sulfones (347)
and (387) were dehydrochlorinated in the presence of iV^V-dimethylaminofulvene to give
the azulenopyrazoles (353), (386) and (199), which on irradiation yielded the
cyclopropazulenes (357), (386) and (261) respectively. The cyclopropazulenes
exhibited similar n.m.r spectral properties to their benzocyclopropene counterparts;
however, crystal structures of (386), (261) and the 1,3,5-trinitrobenzene complex of
(357) showed that the cyclopropa-fusion did not cause marked bond alternation.
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(347) R = CI
(387) R = H

(353) R = CI
(385) R = H
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(357) R = CI
(386) R = H

(199)
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(261)

In view of the straightforward synthesis of the azulenopryazole (353) from
adduct of diazopropane and 3,4-dichlorothiophene-1,1-dioxide, an analogous route was
used to synthesis 4-chloroazuleno[c]furan (433), the first azulene analogue of
isobenzofuran. Thus, the adduct of furan and 3,4-dichlorothiophene-1,1-dioxide (426)
was dehydrochlorinated in the presence of A^V-dimethylaminofulvene to give (430).

ill

(426)

(430)

(433)

The azulene (430) was treated with 3,6-di(pyridin-2'-yl)-l,2,4,5-tetrazine (408) at room
temperature to give (433) in good yield. The azulenofuran (433) is somewhat more
stable than isobenzofuran and could be fully characterized spectroscopically at room
temperature. Treatment with N-methylmaleimide gave a mixture oiendo and exo
adducts.
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Introduction

Chapter 1

Cycloproparenes

Cycloproparenes, as exemplified by the parent compound benzocyclopropene
(1) (also referred to as cyclopropabenzene), are theoretically interesting molecules.
Benzocyclopropene is structurally related to the reactive molecules cyclopropene (2)1
and dimethylidenecyclopropane (3) 2 but suffers additional ring strain due to the
compression of the internal angle to 124.503 from the value of about 150° observed for
(2) from microwave spectroscopy4 and computed for (3).5 The strain effects are offset
by stabilization due to the resonance energy of the benzenoid ring, but lead to unusual
reactivity of (1) and its derivatives. Cycloproparenes have been extensively studied
from synthetic, spectroscopic and computational viewpoints. A s numerous reviews
have been published,6 only key aspects will be discussed below.

150.7°

1

1.1 Aromaticity, strain and cycloproparenes

The main thrust of benzocyclopropene chemistry is to probe the effect of strain
on the aromatic ring system, especially the question of double bond fixation or the
Mills-Nixon effect. Mills and Nixon 7 postulated that annulation of a small ring could
force the delocalizedrc-electronsof the benzene ring into a 1,3,5-cyclohexatriene
arrangement. Without the techniques currently available to probe bond alternation, Mills
and Nixon used the differences in the a to J3 ratio in electrophilic substitution reactions
of indane (4) and tetralin (5) to probe for possible bond alternation. Based on the
evidence of their results, Mills and Nixon proposed that the strain imposed by the fivemembered ring made the Kekule form (4a) more favourable than (4b). However, later
studies showed that these experimental results were ambiguous and the hypothesis
disproven for case of indane (4) and tetralin (5).8

(4a)

(4b)

(5)

The aromaticity theories of Pauling9 and Huckel10 require benzene to have a
single D<$/j symmetrical structure, and arguments for and against the existence of the
Mills-Nixon effect have been debated to this very day. In a recent review Frank and
Siegel11 concluded that the Mills-Nixon effect is 'based on a non-existent paradigm' and
should be viewed as two separate areas: selectivity of substitution reactions in annulated
benzenes and strain-induced bond localization.
Benzocyclopropene (1) is an important molecule in this debate as it is thought to
be the best candidate to exhibit bond alternation in the fused-cycloalkane series. Apeloig
and Arad 1 2 performed molecular orbital calculations at both the semiempirical
( M I N D O / 3 and M N D O ) and ab initio (STO-3G, 2-31G and 3-21G*) level on
benzocyclopropene and showed the aromatic ring was distorted but was not represented
by either (la) or (lb). Later the crystal structure of benzocyclopropene (1) agreed with

thesefindings.3Apeloig and Arad concluded that bond lengths are a poor guide to
determine bond alternation in annulated benzenes as bond localization is concerned with
7t-framework, and geometry is determined by both a (i.e. strain) and 7t-effects.
Nevertheless, using Mulliken overlap population which is related to bond order,
calculations showed a slight bond localization in favor of (la).

O -O
(la)

(lb)

Boese and co-workers13 determined the crystal structures of compounds (6)-(8)
and showed that: 1) These strained systems exhibit no appreciable bond alternation. 2)
The small ring fusion causes bent bonds, making interatomic distances misleading. 3)
Only the highest level ab initio calculations are able to replicate the experimental
structures. These workers concluded that even if the a-framework in an annulated
benzene is distorted, the molecule wants to remain aromatic.

<6>

(7)

(8)

In recent years, the strain-induced bond localization debate has gained
m o m e n t u m with the crystal structures of tris(bicyclo[2.1.1]hexeno)benzene (9) 1 4 and
starphenylene (10) 15 showing that these compounds exhibit strong bond alternation.
Although (9) has benzenoid bond lengths as indicated, recent RHF/6-31G** calculations
coupled with the S Y S M O program to determine charge densities, have shown that the
benzene ring still contains a delocalised ring current, whereas in starphenylene (10) the
central six-membered ring exists as a 1,3,5-cyclohexatriene species. In the case of
starphenylene (10), bond localization is not purely due to geometric constraints; rather

3

localisation is caused by avoiding the formation of an unfavourable anti-aromatic
cyclobutadiene species.

1.336 A

1.349 A

1.438 A

1.494 A

(9)

(10)

1.2 Synthesis of cycloproparenes

The synthesis of cycloproparenes is a major challenge as the highly reactive
nature of the cyclopropene moiety precludes many synthetic approaches. Nevertheless,
an array of synthetic methods has been developed. These have been extensively
reviewed,6 and although many exotic reactions form benzocyclopropenes, only four
methods have general applicability.

1.2.1 Irradiation of 377-indazoIes.

In 1964 Anet and Anet described the synthesis of the first benzocyclopropene
derivative.16 It involves the irradiation of the 377-indazole (11) to give the substituted
benzocyclopropene (12a) and the styrene (12b). The mechanism of this reaction will be
discussed in Section 2.3.

hv

-N,

MeQ

MeO

MeO

(ID

(12a)

Scheme 1

4

(12b)

The synthesis of benzocyclopropenes by this method has several restrictions.
The above reaction is low-yielding and the styrene (13) is the main product and in some
other cases the only product.17 Another problem is that only gem-disubstituted
benzocyclopropenes can be m a d e this way. The parent benzocyclopropene (1) would
not be accessible by this route as the requisite indazole (13) would rearrange to the 177tautomer (14) and this isomer cannot lose nitrogen on irradiation.

> — CO -*H
(13)

(14)

(1)

Scheme 2

In view of this and the difficulty in synthesizing 377-indazoles, few
benzocycyclopropenes have been m a d e this way. Nevertheless this methodology has
been used to make several substituted benzocyclopropenes as well as some heterocyclic
analogues (see Section 1.4).

1.2.2 Alder-Rickert method

Vogel and co-workers18 synthesized benzocyclopropene (1) by the following
sequence. Addition of dimethyl acetylenedicarboxylate to l,6-methano[10]annulene19
gave the adduct (15) which was subjected toflashvacuum pyrolysis to afford
benzocyclopropene (1) and dimethyl phthalate (16).

X

FVP

-

rV

U>

X^^aDgMe
C02Me

(15)

(D
Scheme 3

5

^CQzMe

+

O

^CQzMe

(16)

The flash vacuum pyrolytic technique used to generate (1) allows the isolation of
the products at low temperatures; therefore more reactive cycloproparenes can be
characterized. 177-Cycloprop[a]naphthalene (17) 20 and 177-cycloprop[/]phenanthrene
(18) 21 were m a d e this w a y and characterized at low temperatures. L o w temperature
isolation was essential for these molecules as (17) decomposes on melting at 18-20°C
and (18) decomposes slowly even at -60°C.

^N

(17)

(18)

1.2.3 Dehydrochlorination of dihalocarbene adducts: T h e Billups synthesis

Billups and co-workers22'23 made benzocyclopropene by treating the adduct
(19) derived from 1,4-cyclohexadiene and dichlorocarbene with the strong base
potassiumferf-butoxide.The reaction involves a double dehydrochlorinationisomerisation and gives benzocyclopropene (1) in preparatively useful yields (Scheme
4). Although this method provides an efficient route to m a n y benzocyclopropenes, it is
not suitable for reactive benzocyclopropenes as the strongly basic conditions required
can give ring-opened products.

ci

32-41%

ci
(19)

(D

KOBu'

CI

(20)

(X O
-^

(21)

Scheme 4

6

(22)

1.2.4. Dehydrohalogenation of dihalocyclopropene adducts

A more general route to benzocyclopropenes involves the Diels-Alder
cycloaddition of a 1,2-dihalocyclopropene with a diene, followed by
dehalohydrogenation of the adduct. This method was made more popular when Billups
and co-workers devised a high-yielding synthesis of l-bromo-2-chlorocyclopropene
(24a) from (23a), the adduct of 1-bromo-l-trimethylsilylethylene and dichlorocarbene.24
Dent, Halton and Smith prepared 1,2-dibromocyclopropene (24b) by a similar method,
and this compound has the advantage that the derived adducts have simpler n.m.r.
spectra.25 This method provided access to a number cycloproparenes which could not
be obtained by the previous methods. For example, 777-cyclopropa[6]anthracene (28) 26
was synthesized as shown in Scheme 6, whereas previous methods had failed.27 This is
the method of choice in the synthesis of cycloproparenes and has, for example, been
applied recently to the preparation of cyclophanes containing benzocyclopropene
moieties.28

•yy
Me 3 Sr

(n-Bu)4NF
».

THF, -20°C

X
(23)

a) X = CI
b) X = Br

Br'

X
(24)

Scheme 5
Br

Br.
/

CI
(25)

CI
(26)

(24)

DDQ

KOBu1

(27)

(28)

Scheme 6

1.3 Physical and chemical properties of benzocyclopropenes

The strain induced on the benzene ring by the cyclopropene ring produces
interesting physical and chemical properties.

1.3.1 Spectroscopic properties of cycloproparenes

The lH n.m.r spectrum of (1) shows that the diamagnetic ring current of the
benzene ring is not significantly disrupted. The aromatic protons appear as a AA'BB'
pattern at 7.15 p p m and 7.19 ppm. It is interesting to note that the para (ca. 1.9 Hz)
coupling constant is greater than the meta (0.3-0.7 Hz) coupling constant in
benzocyclopropene and its derivatives.29 This is unusual as Jpara < Jmeta m normal
aromatic systems. The distorted geometry of (1) caused by the cyclopropa-fusion m a y
possibly cause this phenomenon. 30

1685H Z

3'

V

136

,125.4 ppm

. 3 PPm
^

~ *

129.8 ppm -^

(D

(29)

The greatest consequence of ring strain in benzocyclopropenes can be observed
in their 1 3 C n.m.r spectra. For the parent molecule (1) the carbon atoms at positions 2
and 5 are shielded (114.7 p p m ) compared to the analogous carbons of o-xylene (129.8
ppm). The 1JQH coupling at C 2 is relatively large (168.5 Hz), and is due to the higher scharacter of the C 2 orbital involved in the C-H bond. The ring fusion carbons CI a and
C5a are also shielded (125.4 p p m ) compared to the related carbons of o-xylene (136.3
ppm), and this is diagnostic for cycloproparenes.31
The infrared spectrum of (1) is not very informative, although
benzocyclopropenes display an absorbance at ca. 1670 cm" 1 which due to the
8

combination of a three-membered ring skeletal vibration with the aromatic double bond
stretch.611 The cyclopropyl ring has little influence on the aromatic chromophore, and
the UV spectrum of benzocyclopropene is very similar to that of o-xylene.6h

1.3.2 Reactions of cycloproparenes

With the high strain energy of the cyclopropene ring (68 kcal/mol),12 most of
benzocyclopropene chemistry revolves around ring cleavage.

1.3.2.1 Reactions with electrophiles

According to frontier molecular orbital theory,12 benzocyclopropene (1) is more

susceptible to electrophilic attack than benzene and such attack occurs preferably at t
ring-junction. Upon addition of acids or halogens, benzocyclopropene (1) gives benzyl
derivatives as the major products. The reaction is thought to proceed by attack of the
ring junction double bond on the electrophile forming the carbocation (30). The ring
cleaves forming a benzyl cation (31) which is captured by a nucleophile to give the

benzyl derivative (32). If the addition of the nucleophile occurs before the ring cleav
a cycloheptatriene (34) results.

(1)

<30>

(31)

(33)

(34)

(32)

Nu

Scheme 7

9

Cleavage of the cyclopropyl ring readily occurs with silver salts. The
intermediate silver species (35) is an excellent benzylating agent and reacts with
alcohols, thiols and amines to give benzylated derivatives (36). 32

Ag+

(D

NuH

(36)

(35)
Nu = OR, SR, N R 2

Scheme 8

Electrophilic aromatic substitutions are theoretically possible but in practice
require the Cla-C5a bond to be sterically hindered to protect it from electrophiles. This
has been observed with l,l-bis(tri-isopropylsilyl)-177-cyclopropabenzene (37), which
on treatment with 6 0 % nitric acid gives the 3-nitro derivative (38).33

Si(/-Pr)3

HN0 3

111

Si(/-Pr)3

Si(/-Pr)3

o2isr

(37)

Si(/-Pr)3

(38)

Scheme 9

1.3.2.2 Cycloadditions of benzocyclopropenes

Benzocyclopropenes can act as a dienophiles in Diels-Alder reactions.
Benzocyclopropene (1) reacts with butadiene to give an adduct (39) derived by addition
across the ring-junction, as well as the product (40) arising from the trapping of a
diradical species.34 Similar reactions are observed with 1,3-diphenylisobenzofuran.35

(1)

(39)

Scheme 10
10

(40)

Benzocyclopropenes also react with electron-deficient dienes in an inverse
electron demand cycloaddition. For example, tetrachloro-l,2-benzoquinone (41) adds to
benzocyclopropene (1) to give the norcaradiene adduct (42).36 Cyclopentadienones,37
a-pyranones,37 1,2,4,5-tetrazines34'38 and thiophene-1,1-dioxides37 also form adducts
in a similar manner.

(D

(42)

Scheme 11

Dihalocarbenes add to give benzocyclobutenes (44), apparently derived from
rearrangement of the tricyclic intermediate (43) resulting from the addition to the ClaC5a double bond.39

<S^

:CX,

^

(D

(43)

^

(44)

X = CI, Br

Scheme 12

1.4 Nonbenzenoid cycloproparenes

Nonbenzenoid cycloproparenes are cycloproparenes which do not contain the
substructure (1). This group contains aromatic carbocycles other than benzene, for
example the structures (45), (46) and (47) and certain heterocycles. Although such
compounds have been recently reviewed,6b they have received only limited attention,
11

even though they are challenging synthetic targets which m a y well exhibit unusual
chemistry. This section addresses these issues with emphasis on the problems in
synthetic approaches to such systems compared to those of benzocyclopropenes.

0
(45)

(D

(46)

(47)

1.4.1 Carbocyclic nonbenzenoid cycloproparenes

Carbocyclic cycloproparenes other than benzene derivatives are rare and only
two examples are known to date: tricyclo[5.4.1.03.5]dodeca-2,5,7,9,l 1-pentaene (51)
and a cyclopropatropylium ion derivative (see later).
Thefirstnonbenzenoid cycloproparene to be prepared was
tricyclo[5.4.1.03.5]dodeca-2,5,7,9,l 1-pentaene (51), obtained by Vogel and Sombroek. 40
The synthesis involves the addition of dichlorocarbene to the alkene (48) followed by
bromination-dehydrobromination to give (50). The triene (50) is then subjected to a
Billups-style aromatization to give (51).

:CC1,

(48)

(49)

CI
l.Br2
2.K0H

t-BuOK

(51)

(50)

CI

Scheme 13

In cycloadditions the annulene (51) behaves differently compared to normal
cycloproparenes. It is unreactive towards dienes except tetrachloro-l,2-benzoquinone
12

(41), which gives an unusual adduct where the cycloaddition has occurred at the oxygen
atoms of the quinone instead of the diene moiety.41 The stereochemistry of the adduct
is not known, and is arbitrarily depicted as (52) in Scheme 14.

(41)
38%

(51)

Scheme 14

Although tropone (53) is not formally considered as aromatic, it is usually
discussed together with the tropylium ion in nonbenzenoid aromatic chemistry.42 In the
presence of an acid, tropone (53) can form a hydroxytropylium ion (54) which fulfills
the Huckel criterion of aromaticity.

<53>

(54)

Scheme 15

After several approaches to cyclopropatropones failed, the cyclopropatropone
derivative (61) was synthesized.43 A Diels-Alder reaction between the stable
cyclopropene (55) and the diene (56) gave the adduct (57), which in the presence of
dibromocarbene gave the tricyclic compound (58). After hydroxyl group deprotection,
the cyclopropanol (58, R = H ) ring-opened in the presence of potassium carbonate to
give the ketone (59). Functional group manipulations of the ketone (59) gave the
unstable diiodide (60), which on treatment with triethylamine gave the
cyclopropatropone (61) in 3 % overall yield from the adduct (57).
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C02fBu

<5jj^.OSiMe3
.OSiMe3

(*-Bu)o2cy
C02fBu

/

(f-Bu)02C

(55) (56)

(57)
:CBr2

K2CO3

(f-Bu)02C"\

(f-Bu)02C

(/-Bu)02

(f-Bu)02C \ ^

(59)

(58)
l.CF 3 C00H
2. PhI(OAc)2,12

NEU

(60)

(61)

Scheme 16

Addition of trifluoroacetic acid to a solution of (61) generated the
hydroxytropylium ion (62). Evidence for diatropic behavior and delocalised positive
charge of (62) was shown by the downfield shift of the vinylic / aromatic proton
resonances. Unfortunately the species decomposed before a 13C spectrum could be
obtained.43

8 7.05

CF3COOH
CDC13
H
8 7.02
(61)

8 8.53

(62)

J5 6= 6.8(7) Hz
7 2 > 1.6(9) Hz

J5fi= 7.1(0) Hz
J2,6= 1.4(9) Hz

Scheme 17
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1.4.2 5-Membered heterocyclic cycloproparenes

Cyclopropa-fusion on to five membered ring heterocycles generates two possible
isomers (63) and (64). Relative to benzenoid cycloproparenes, these heterocycles have
extra strain imparted on them due to the larger compression of the bond angles external
to the cyclopropane ring. Possibly due to the high reactivity expected for these
heterocycles, none of these systems have been isolated to date.

(63) (64)

X = O, S, Se, NR etc.

The synthesis of a cyclopropa[c]thiophene using a Billups protocol was
investigated.44 Treatment of the adduct (65) with potassium tert-butoxide did not give
the desired thiophene (68); rather it generated the highly strained cyclopropene (66),
which was trapped with tert-buty\ alcohol to give (69). When the reaction was repeated
in the presence of furan, the adduct (70) was formed. These results indicate that the
cyclopropene (66) does not have the driving force needed to isomerise the double bond

to (67) which is required in the Billups-type aromatisation. The greater strain imparted
on the cyclopropene (66) compared to the benzenoid case (20) makes side reactions,
such as nuleophilic attack, become the dominant pathway.
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Ck

.CI

CU

H

fBuOK

#

(65)

(66)
fBuOH /

(68)

(67)
\ Furan

Bu'o--:
(69)

(70)

Scheme 18
A similar reaction was carried out using a furan derivative (71).45 Treatment of
(71) with potassiumtert-butoxidedid not give the desired furan (63, X = 0 ) , but in the
presence of furan, adduct (74) was formed. In this case the generated cyclopropene (72)
ring-opens to give the vinyl carbene (73), which is then intercepted by the added furan.

Ck

.ci

ci
/BuOK

Furan

(72)

(73)

Scheme 19

In view of the failure of the previous systems (65) and (71) to undergo a Billupstype elimination / isomerisation sequence, the dibromides (78) and (80) were
constructed.44 Here dehydrochlorination could only form the desired furan (79) and
thiophene (82). The two dihalides were synthesized as shown in Scheme 20. Treatment
of the dibromide (78) with base did not give any recognizable products even in the
presence of trapping agents. O n the other hand, the dehydrobromination of the
dibromide (80) at -10°C gave an unisolable product having the correct molecular weight
for (82) by G C - M S . The adduct (83) was isolated when the dehydrobromination was
performed in the presence of isobenzofuran, although the formation of (83) can also
16

occur by a stepwise dehydrobromination / Diels-Alder addition sequence. W h e n
isobenzofuran was added to the reaction mixture after the dehydrobromination, adduct
(83) was not observed, suggesting that a pathway via trapping of (81) m a y be operative.
However the nature of the unstable volatile product having the G C - M S properties
expected for (82) has not been resolved.44b

DIBA

L

Me02C

C0 2 Me

Me0 2 C

C0 2 Me

\X/r

i ' >—OHHO(77)

(76)

(75)

B

H+.

1. MsCl
2.S2"

Br
-tf-

(79)

yC

Br

(80)
rBuOK

(82)
l.IBF
2. fBuOK, IBF

Scheme 20

1.3.3 Other heterocyclic cycloproparenes

Several six-membered-ring heterocyclic cycloproparenes have been synthesized
by photolysis of the appropriately substituted 377-pyrazole. The cyclopropapyridine
(85) 46 and cyclopropapyridazines (88) 47 derivatives were obtained in low yields upon
irradiation of the precursors (84) and (87), respectively. The cyclopropapyridazine (88)
17

was unstable and isomerised to the alkene (89) in several hours.47 Photolysis of the
pyrazolopyridazine (90) did not form the cyclopropene (92), but gave only the alkene
(91).17

hv

(86)

(85)

(84)

hv
N

•V^N
(87)

(89)

(88)

X—N

hv

^

x—N

I

(90)

(91)

(92)
not formed

R = NHCOPh; X = CH, N; Y = CH, N

Scheme 21

The cyclopropa[e]isobenzofuran (95, X = O ) and
cyclopropa[e]isobenzothiophene (95, X = S) were obtained from the appropriate dienes
as shown in Scheme 22. This synthesis shows the effectiveness of the cycloaddition
method when a suitable diene can be used. The cyclopropa-fused systems (95) show
reactivities similar to those of the parent ring systems.48

18

N^N

1.04) i

^^V^x

tBuOK

2. DDQ /^X^*8**/
Br
(95)

(93) (94)
X = 0,S

Scheme 22
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Chapter 2

The Chemistry of 3//-Pyrazoles and 3//-Indazoles

The pioneering work of Closs,49 Franck-Neumann50 and Anet16 has shown the
effective use of 377-pyrazoles and 377-indazoles in the synthesis of cyclopropenes and
cycloproparenes, respectively. 3,3-Disubstituted 377-pyrazoles have to be used;
otherwise the heterocycle tautomerizes to the 177-pyrazole (Scheme 23). The chemistry
of 377-pyrazoles and 377-indazoles will be discussed together as the two families have
similar properties. Although 377-pyrazoles are well k n o w n and have been reviewed,51
the chemistry of 377-indazoles is less well developed.

H

H

\

Rj

^N>v

^*k

O —

R

(96)

^Q
(97)

S c h e m e 23

2.1 Synthesis of 3/7-pyrazoles and 3/7-indazoles

The simplest method to make 3,3-disubstituted 377-pyrazoles is the 1,3-dipolar
addition of disubstituted diazomethanes to a variety of alkynes and alkenes. A s with
Diels-Alder cycloadditions, the diazoalkane requires an electron-deficient dipolarophile,
so substrates with the substituents (R3, R4) containing ketones, esters and nitriles are
commonly used. Addition to alkynes is the most direct method to 377-pyrazoles and the
workup is straightforward. The alkenes used in the synthesis contain a leaving group X ,
and the initial adducts lose H X under thermal or basic conditions to give the pyrazole
(100).

20

(99)
-HX

R3

R4

(101)
X = OH, OAc, F, pyrrolidine

Scheme 24

As benzyne (102) is a good dienophile and dipolarophile,52 377-indazoles have

been made by adding diazo compounds to benzyne. The conditions used to generated

benzyne (102) normally destroy the more reactive diazo compounds, and accordingl

only aryl-substituted diazomethanes can be used. For example, benzyne (102) adds
9-diazofluorene (103) to give the adduct (104) in good yield.53

60%

(102)

Scheme 25
Oxidation of the 2-diazopropane-alkene adducts is an interesting sequence to
377-pyrazoles. The adducts (105) spontaneously dehydrogenate in the presence of

give (106).54 The potential heterocyclic cycloproparene precursor (90) was made b
this method.17

o,

(105)

(106)

Scheme 26
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Me 2 CN 2

-2H

\N
Y

N

R

(107)

Scheme 27

The standard synthesis for most 377-indazoles for use in cycloproparene
chemistry was developed by Zenchoff and co-workers55. The ketoamine (108) is

converted into the indazole as shown in Scheme 28. The synthesis is not straightf
as highly coloured oxidative by-products are formed.
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0
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H
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(113)

(114)

Scheme 28
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(115)

2.2 The van Alphen-Huttel rearrangement

The van Alphen-Huttel rearrangement is commonly encounted in 377-pyrazole

chemistry.51 The reaction involves a [1,5] sigmatropic rearrangement of the C3
substituent either to another carbon (Path A) or to nitrogen (Path B) on the
process can be either thermal, or catalyzed by acid or base.

H

(118)

(117)

1'

\r*.

- M \ I,

R2^f ^N PathB^ R, (C .N

(

R3

R4

R3

R

4

(119)

(116)

Scheme 29

Schiess and Stalder have suggested that the migration to the carbon atom (Path

A) involves a more polar intermediate, based on the formation of different r
pyrazole (124) and (121) in solvents of different polarities.56

5

Me02C-

(120)

CO,Me

I

®
NH ^
MeO- C-V^

H
=

Me0 2

0
(121)

(123)

(122)

Scheme 30
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Me02C
(124)

2.3 T h e photochemistry of 3/7-pyrazoles

The photochemistry of 377-pyrazoles is well understood as a result of the
pioneering work of Frank-Neumann and Dietrich-Buchecker.50b Irradiation of the 377pyrazole at 320-380 nm forms an observable and sometimes isolable diazo-intermediate

(125). Continued irradiation at wavelengths >380 nm induces loss of nitrogen to give the

vinyl carbene (126), which exists mostly in the triplet state.57 Insertion of the carbene
into the alkene gives the cyclopropene (127) in good yield.

\!

N

R

- *n
R3 R4
(116)

y

3

R2<

.,
R3

R4

(127)

R4

(126)

Scheme 31

Side reactions are possible with the reactive vinyl carbene species (126). W h e n
the carbene moiety is adjacent to a carbonyl group bearing a migratable substituent as
(128), a Wolff rearrangement58 occurs to give the ketene (129), which in turn gives a
variety of products. When Ri, R2 are aryl, the carbene (130) inserts into the aromatic
ring giving an indene derivative (132) after isomerisation (Scheme 33).59

Wolff
Rearrangement
-*Ph

^

h—Ph

O O
(128)

(129)

Scheme 32
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Products

[1,5] H

031)

(132)
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2.4 T h e photochemistry of 3/7-indazoles

The mechanism for the photolysis of 377-indazoles, unlike that of 377-pyrazoles,
has been debated for m a n y years as both diradical and carbene characteristics have been
observed. Recent advances, including low temperature matrix isolation, have shed further
insights into this reaction and will be discussed below.
Soon after the pioneering work of Anet and Anet, 16 the mechanism of the
photochemical reaction was investigated by Closs and co-workers.49b They studied the
ultraviolet irradiation of substituted 377-indazoles (133) in pentane-isopentane glasses at
7 7 K in an e.s.r. spectrometer. The results strongly suggested a molecule in the triplet
state, with one electron localized in an sp 2 orbital, and the one drawn on the benzylic
carbon of (134) delocalised over the aromatic ring. Whether the formation of (134) from
(133) was a direct loss of nitrogen or a two step sequence via an o-quinonoid diazo
compound (136), could not be determined. The identification of the benzocyclopropene
(135) from the irradiated solution on heating suggest that the diradical species (134)
cyclizes on warming. Chemical evidence for the formation of diradicals was shown by
the irradiation of the indazoles (133) in the presence of butadiene. T w o diastereomeric
products (138) were isolated, suggesting a two-step mechanism with the possible
intermediate being a resonance-stabilized diradical (137).

25

(134)

(133)

(135)
. butadiene

a

^ R
N2
(137)

(136)

(138)

R = CN, C02CH3, OCH3

Scheme 34

In the irradiation of 3,3,4,7-tetramethylpyrazolo[3,4-<7]pyridazine (87) in a
cryogenic gas matrix at 10K two species were identified, the o-quinonoid diazo
compound (139) and the alkene (89). The diazo compound (139) was identified by the
characteristic diazo absorption at 2052 cm - 1 and an electronic absorption at Xmax = 510
nm. The diazo compound (139) could be converted into the alkene upon irradiation with
visible light, but the carbene (140) could not be observed due to the fast [l,4]-hydrogen
shift. It is interesting to note that the cyclopropene (88) w a s not observed at these
temperatures, whereas it is formed upon irradiation of (87) at 283K. 4 7

350nm
N

N2,orAr(10K)

I
T^

N2

(139)

(87)

(88)

(140)

Scheme 35
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Kirmse and co-workers amplified the above observations in a study of the
irradiation of 3,3-dimethyl-377-indazole (141).60 The intermediacy of (142) was

determined by an infrared absorbance observed at 2050 cm-1 on irradiating (141) at 10

The reactive species generated by irradiation were trapped with methanol, to give th

benzocyclopropene (145), the styrene (148) and the ether (146) in a ratio of 28:45:27
Photolysis using MeOD gave 97% deuterium incorporation in (146) and 57% in (148),
The D was located exclusively at the ortho positions. These results suggest that
protonation of the carbene (144) to give (146) and (148) (deuterated), competes with
ring closure to give (145) and [1,4]-hydrogen shift to give (148) (non-deuterated).

hv

(141)

(142)

(143)

(144)

(145)

MeOH(D)

OMe
MeOH
H(D)
H(D)
(146)

(147)

Scheme 36
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(148)

Chapter 3

Azulenes

Azulene (149), an isomer of naphthalene, is an exotic nonbenzenoid aromatic
hydrocarbon. It owes its name to its colour, azur, meaning blue in French. The colour
associated with azulene has been known since the 15th century in the form of the
striking blue colour of distilled essential oils of chamomile, as well as those of other
plants. The structural elucidation of azulene was one of the great challenges of the early
20th century and the structure was finally proved by synthesis by Pfau and Plattner in
1936.61 Although the C3a-C8a bond of azulene is essentially a single bond, 62 azulene
can be viewed as a cyclopentadienyl anion fused to a tropylium ion (149a), which
accounts for some of its properties.

6

•*-

(149a)

Azulene is one of the best-studied nonbenzenoid polycyclic aromatic systems
and as such there is a wealth of information available. A s this area has been the subject
of several reviews,62 only key points are highlighted below.

3.1 Synthesis of azulenes

Pfau and Plattner61 first synthesized azulene from a reduced azulene framework.
The general sequence was later improved 623 and is shown in Scheme 37. Ozonolysis of
octalin (150) gave the dione (151) which underwent a transannular aldol condensation to
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give a reduced azulene framework (152). Subsequent reduction of the carbonyl group
followed by dehydration and dehydrogenation gave azulene (149) in modest yields.

o3

Na 2 C0 3

(150)

(151)

(152)
LiAlH 4

Pd/C
-H,0
(149)

(154)

(153)

Scheme 37

The Hafher-Ziegler azulene synthesis63 circumvents the harsh dehydrogenation
step of the previous method, and involves condensing a masked aldehyde (159) with
cyclopentadiene (160). The resulting extended fulvene (161) cyclises and loses 7Vmethylaniline to give azulene (149) in good yield. In a similar fashion, azulenes
been made by adding sodium cyclopentadienide to /V-alkylpyridinium salts64 or

pyrylium perchlorate,65 converting the sequence into a one step procedure. This met
is versatile and many derivatives have been made this way.
NO,

NO,
CI
(157)

(156)

+ 2PhNHCH3
2,4-dinitroaniline

(160)

Heat

+ NaOH
(149)

(161)

Scheme 38
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(159)

The Houk-Leaver synthesis exploits the [6+4] cycloaddition between electrondeficient dienes and electron-rich fulvenes. The reaction was first described by Ebine and
co-workers with the coumalic ester (162) and 6-(N,iV-dimethyl)aminofulvene (163).66
Although the azulenes were obtained in low yields, the reactions were regiospecific. The
alignment of the electron rich CI of (163) and the electron deficient C 6 of (162) governs
the direction of the [6+4] cycloaddition as shown in Scheme 39.

Me0 2 Q
-C02, -HNMe2

MeO

MeO.

9%
NMe 2
(164)

(165)

Scheme 39

The use of thiophene-1,1-dioxide (166) and 6-(AyV-dimethylamino)fulvene (163)
was independently reported by H o u k 6 7 and Leaver68 and was found to be superior to
the use of coumalic esters. The reactions were highly regioselective but yields appeared
to be sensitive to steric hindrance.67 The reaction proceeds faster and with higher yield
(60%) with the more stable 3,4-dichlorothiophene-1,1-dioxide than with the parent
thiophene-1,1 -dioxide (33%).67>68

so, +
(166)

(149)
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3.2 Reactions of azulenes

Azulene chemistry is largely based on electrophilic and nucleophilic reactions
involving cyclopentadienyl and tropylium ions as intermediates. A s the resonance
structures (149b-f) predict, electrophiles and nucleophiles attack at specific positions of
the azulene ring.

- *

* •

(149c)

(149b)

-«

(149d)

* •

(149e)

(149f)

Reactions of electrophiles with azulene occur almost exclusively on the five
membered ring. Electrophilic attack at CI leads to the formation of the tropylium ion
(168) which then loses H + to regenerate the aromatic system (169).69

E+

(149)

(168)

(169)

Scheme 41

The reaction with nucleophiles proceeds in an analogous fashion. The
nucleophile can add at two different possible positions in the 7-membered ring to give
two cyclopentadienide species (170) and (172). The anions are quenched and then
oxidized to give the substituted azulenes (171) and (173).70 W h e n the azulene ring
contains a good leaving group, the reaction goes in one step as shown in Scheme 43.71
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Scheme 43
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3.3 Introduction of strain into azulenes

Azulene should be a good model to investigate the effect of strain on the
aromatic system as it has about half the resonance stabilization of naphthalene. There
are many reported values for the resonance energy of azulene.62a However, on the basis
of the Dewar model which uses 1,3-butadiene as a 'normal' reference polyene, the
resonance energy of azulene is 16.1 kcalmol-1, while that of benzene is 26.1 kcalmol-1
and the value for naphthalene is 40.7 kcalmol"1.72 Thus structural and spectroscopic
effects resulting from ring annulation to azulene should be enhanced. Lemal and coworkers73 generated the strained species 5,6-azulyne (178)from5,6-dibromoazulene
(177) in the presence of furan which gave the adduct (179). A crystal structure of the
adduct showed that fusion of the 7-oxabicyclo[2.2.1]hepta-2,5-diene caused marked
bond alternation in the azulene system.

(179)

("8)

Scheme 44

Bond

Length (A)

Bond

Length (A)

C1-C2

1.37

C5-C6

1.42

C2-C3

1.43

C6-C7

1.35

C3-C3a

1.37

C7-C8

1.43

C3a-C4

1.42

C8-C8a

1.36

C4-C5

1.36

C8a-Cl

1.41

Table 1. Some Bond Lengths of (179)
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Information on cycloalkane-fused azulenes is sparse. Although cyclopenta-fused
azulenes are known, 7 4 recent literature searches have shown that cyclopropa- and
cyclobuta-fused azulenes have not been synthesized.

3.4 Cyclopropazulenes

Azulene is an excellent molecule to study nonbenzenoid cycloproparenes as it
possesses both a 5- and 7-membered ring available for cyclopropa-fusion. Three isomers
can be formed: 177-cycloprop[a]azulene (180), 177-cycloprop[e]azulene (181) and 177cycloprop[/]azulene (183). These isomers incorporate the generic nonbenzenoid
cycloproparene structures (45) and (46). Geometric factors should make (180) more
strained than benzocyclopropene (1), but the isomers (181) and (182) m a y well be
stable and isolable. Although (180) would probably not be isolable under normal
laboratory conditions, the isomers (181) and (182) should make interesting and realistic
targets for synthesis.

(149)

(180)

(181)

(182)

Reduced cyclopropazulenes, especially derivatives of cycloprop[e]azulene
(181), are found in nature as members of the aromadendrane sesquiterpernoids. The
family has the general structure (183), and (+)-aromadendrene (184) was the first
reported natural product having this skeleton. (+)-Aromadendrene (184) is a constituent
of the essential oil extracted from the w o o d of eucalyptus species.75 Aromadrendrenes
have also been isolated from red algae, soft coral, marine sponges, liverworts and a
variety of plants.76 O f particular interest is l(10),2,4-aromadendratriene (185) which
was isolated from parerythropodium fulvum fulvum, and is thought to be responsible of
the organism's yellow colour.77 Interestingly this molecule requires only two more
double bonds to form a fully aromatic system (186). A s the biosynthesis of naturally
34

occurring azulenes is believed to proceed by aromatisation of hydrazulenes,78 the
occurrence of highly unsaturated compounds raises the possiblity that (186) m a y well
be an as yet undiscovered natural product.

(183)

(184)

(185)

(186)

3.4.1 Previous approaches to cyclopropazulenes

To date no aromatic cyclopropazulenes have been synthesized; however several
approaches have been explored by our group. O n e difficulty in designing a synthetic
route to such compounds is the fusion of a cyclopropene moiety to a ring containing an
odd number of carbon atoms. Unlike benzenoid systems, where cycloproparenes can be
prepared by the previously mentioned methods (Section 1.2), odd numbered rings add
additional complexity to synthetic design (see Section 1.4).
In principle, the simplest approach would involve adding a dihalocarbene to an
azulenic framework, and to follow this by a Billups type aromatisation. Addition of
dibromocarbene to the trienone (187) gave (188). Direct treatment of the adduct (188)
with potassiumtert-butoxidedid not give a cyclopropazulene, but afforded the ringopened product (190). Reduction of the ketone of (188) with D I B A L - H and
dehydration of the resulting alcohol with methanesulfonyl chloride / triethylamine gave
the unstable triene (189). Unfortunately treatment of (189) with potassium tert-butoxide
at -78°C gave no recognizable products. Consumption of the starting material was
accompanied by the formation of a black insoluble solid, and no azulenic product was
formed.6b This system apparently lacks the driving force for the relocation of the
initially formed cyclopropene double bond required for a Billups protocol. These results
are similar to those observed in the dehydrochlorination of the furan (71) and thiophene
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(65) (Section 1.3), where the double bond isomerisation is not competitive with other
reaction pathways.

PhHgCBr3, A

1. H-DIBAL
2. MsCl, NEt 3

Oviy*
Br

(187)

(189)

(188)
KOBu'

^V_A

s? KOBu'

Br

(190)

(182)

Scheme 45

As dehydrobromination of the dibromocarbene adduct (189) gave no
recognizable products, efforts were directed at systems having bromine substituents at
the ring junction. This can in principle be achieved by a transannular aldol condensation
of an appropriate dione. Thus the dione (191) can form two aldol condensation products
which on dehydration should give (192) and (193). These products can in principle be
elaborated to the fully aromatic species (182) and (180).

(192)

(182)

Br
0

Br
(191)

(193)

Scheme 46
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(180)

Preliminary studies were carried out on the dione system (191) which was made
by the careful ozonolysis of the adduct of 1,2-dibromocyclopropene (24b) and 1,2dimethylidenecyclohexane.79 The dione (191) was extremely base-sensitive and no

recognizable products were identified when it was subjected to a variety of basic aldo

conditions. However, the action of potassium carbonate in refluxing dichloromethane did

give the enone (195), while triethylamine gave an intensely coloured cyclopenta[6]pyran

derivative (197) via an extensive rearrangement.80 The aldol (196) and trace amounts of
the enone (193) were successfully obtained when the dione (191) was heated in the
presence of camphor-10-sulfonic acid.6b>81
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80%
(194)

(191)
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NEt3,28%

Br
Br

+

Br
OH

(193)

(196)

(197)

Scheme 4 7

3.5 A i m s of current research

The cyclopropazulenes are challenging synthetic targets and their synthesis
would make a useful contribution to the literature pertaining to cycloproparenes. The
aim of the research undertaken in this thesis is to synthesize the cyclopropazulenes

(180), (181) and (182), with particular emphasis on the isomers (181) and (182) as they
would be more likely to be isolable under normal laboratory conditions. Two synthetic
approaches towards cyclopropazulenes will be investigated. In the first, the reactions

the aforementioned dione system (191) will be explored in greater depth with particular
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emphasis on the formation of the enone (192) and its elaboration to a fully aromatic
azulene. The other approach will be to introduce a cyclopropene precursor into a fully
aromatic azulene ring. A n appropriately fused thiophene-1,1-dioxide or oc-pyrone could
be used to generate the cyclopropazulene precursor (199) through a Houk-Leaver
azulene synthesis. Subsequent transformations would give cyclopropazulene.

Br
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v

'Br
(192)

(191)

(182)

+
(163)

W \
(198)

(199)

X = S0 2 ,0- C = 0

Scheme 48
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Results and Discussion

Chapter 4

The l/7-Benzo[a]cyclopropa[/]cycIodecene-3,8-dione System

As a consequence of the dione (191) giving rise to the aldol (196) under
conditions of acid catalysis, a different bicyclo[8.1.0]decane-3,8-dione had to be
constructed in an attempt to force the transannular aldol reaction to go in the preferred
direction. The dione (200) m a y lead to an aldol product different to that observed
with the dione (191), as the allylic hydrogens on C 4 and C 7 of (200) should be more
acidic than the corresponding ones on (191). The incorporation of the double bond
should also result in dione (200) possessing conformations different to those
accessible for (191), which m a y have an effect on the direction of the transannular
aldol reaction. With an extra degree of unsaturation, (200) allows for a straightforward
conversion of the resulting aldol product into a fully aromatic cyclopropazulene.

II

0H 7

ll
o
(191)

o
(196)
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(200)

Since the double bond of (200) can potentially migrate under conditions of
acidic or basic catalysis to give an a,p-unsaturated ketone, the benzo derivative (202)
is more appealing than (200) from a synthetic viewpoint. The dione (202) m a y in
principle be accessed by ozonolysis of the adduct (201) as shown in Scheme 49. The
benzo moiety m a y have other practical advantages; the ! H n.m.r. spectra should be
greatly simplified allowing for simple identification of (202) and its subsequent
products.

o
(25)

(201)

(202)

Scheme 49

G3Q"
ci

(26)

The dibromide (201) is preferred to the previously-mentioned adduct (26) as
its symmetrical nature minimizes the number of theoretically possible regiomers in the
aldol reaction of (202). Based on the formation of (26), the cycloaddition of the
cyclopropene (24b) and the diene (25) should give the adduct (201) in good yields.

4.1 Synthesis of la,9a-dibromo-la,2,3,8,9,9a-hexahydro-///cycloprop[b]anthracene (201)

The diene (25) has been prepared previously by Thummel82 and Miiller83
using two different synthetic pathways. The T h u m m e l approach involved the DielsAlder reaction between benzyne (102) and 1,2-dimethylidenecyclobutane (203) 84 to
give the adduct (204). The diene (25) was formed upon pyrolysis of (204) via an
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electrocyclic ring-opening of the cyclobutene ring. The Muller approach improved the
overall yield by utilizing the adduct (207), formed by the cycloaddition of maleic
anhydride and o-xylylene, which in turn was generated from the thermolysis of
dihydrobenzocyclobutene (205). Functional group manipulations on (207) furnished
the Af-oxide (208) which afforded (25) upon pyrolysis. Neither method was deemed
to give the diene (25) in the amounts required for a thorough investigation of the
chemistry of the dione (202) envisaged for the present study, and thus an improved
method was developed.
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Scheme 50

H a n and Boudjouk showed that immersing a mixture of oc,cc'-dibromo-o-xylene
(209), zinc and maleic anhydride (206) in an ultrasound bath gave the adduct (207),
derived from the cycloaddition of o-xylylene (210) and (206), in 8 9 % yield.85 D u e to
the exothermic nature of the reaction, the experiment was modified in the present
study for scale-up so that a solution of maleic anhydride and a,ct'-dibromo-o-xylene
(209) was added to a stirred and sonicated mixture of activated zinc.86 This gave the
adduct (207) in 6 6 % yield. The adduct was converted into the diester (211) and then
reduced to the diol (212) using lithium aluminium hydride.
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(206)

66%
(209)

(207)

(210)
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OH
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(212)
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Scheme 51

The diol (212) was converted into the diiodide (213) using phosphorus
triiodide generated in situ. Treatment of the diiodide (213) with potassium hydroxide

in refluxing methanol gave the diene (25) with surprisingly little isomerisation to 2,3dimethylnaphthalene. The overall yield of the diene (25) from oc,cc'-dibromo-o-xylene
was 36%, which compares well with the Miiller synthesis which proceeded in 7 - 8%
overall yield from the same starting material. The crude diene was immediately used in
the Diels-Alder reaction with 1,2-dibromocyclopropene (24b) to give the adduct (201)
in 72% yield.

PI.
77%
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(212)

KOH
MeOH
100%
Br

Br

Br
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72%

Br
(201)
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Scheme 52
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4.2 Synthesis of the la,lla-dibromo-la,2,4,9,ll,lla-hexahydro-l/7benzo[a]cyclopropa[/]cyclodecen-3,10-dione(202)

Ozonolysis of the adduct (201) gave unexpected results. When ozonized
oxygen was bubbled through a mixture of the adduct (201) and sodium hydrogen
carbonate in dichloromethane / methanol (5 : 1) at -78°C until the presence of excess
ozone was observed by the blue colouration of the solution, and the resulting amethoxyhydroperoxide87 was reduced with thiourea at 0°C, three products were
formed in varying yields: the naphthalene derivative (214) (0 - 1 0 0 % ) , the dialdehyde
(215) (0 - 4 3 % ) and small amounts of the dione (202) (0 - 8 % ) . The use of different
solvents for the ozonolysis of (201) had little effect on the formation of (202).

i.o3
2. thiourea

(201)

(214)

(215)

O3
100%

(214)

Scheme 53

The structures of (214) and (215) follow from their spectroscopic properties.
Thus, the symmetrical nature of (214) was shown through the 8 carbon resonances in
the 1 3 C n.m.r. spectrum, with 5 resonance in the aromatic / vinylic region. The
AA'BB' pattern and the singlet integrating for 2 hydrogens at 8 7.53 in the l H n.m.r.
spectrum indicates the presence of the naphthalene moiety. The retention of the
cyclopropane moiety was confirmed by its characteristic A B pattern (2Jia,ip =8.3
Hz). The symmetrical nature of (215) was also evident from the 7 signals appearing in
the 1 3 C n.m.r. spectrum, with three resonance occurring in the aromatic / vinylic
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region. This indicated a loss of two carbon atoms from the original adduct (201). The
aldehyde functionality in (215) was identified by a methine signal at 8 191.5 ppm.
The J H n.m.r. spectrum of (215) showed 2 singlets at 8 10.48, and 7.67 ppm, both
integrating for 2 hydrogens and were assigned as the aldehyde hydrogen and the H 3
resonance, respectively. The highfieldregion of (215) is consistent with the
cyclopropane structure.
Careful ozonolysis of (201) gave the naphthalene derivative (214) in
quantitative yield. The dialdehyde (215) is a result of further attack of ozone on
(214). Ozone is responsible for the oxidation of (201) to (214), as (201) was
recovered unchanged when only oxygen was bubbled through the solution.

(201)

(216)

(214)

Scheme 54

The mechanism for the formation of (214) is unclear. The oxidation could
conceivably occur by an ene reaction between singlet oxygen and (201) to give (216),
followed by aromatization. Ozone is known to decompose to singlet oxygen upon
adsorption on glass or silica gel.88 However the formation of singlet oxygen is
negligible at the temperatures used for the ozonolysis of (201) (-78°C).89
A similar reaction has been observed by Jung.90 Thus the ozonolysis of
l,2,4,5-tetramethyl-l,4-cyclohexadiene (217) gave the dehydrogenated product (218)
as well as the expected dione (219). Jung offered no explanation for this result. The
ratio of (218) to (219) was observed to increase in nonpolar solvents. In view of the
structural similarities between (217) and (201), the observed dehydrogenation m a y be
caused by the same phenomenon.
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In view of the unusual behavior of (201) towards ozone, a two step oxidation
of the double bond of (201) was used to obtain the dione (202). The adduct (201) was
first cw-dihydroxylated to give the diol (220) using catalytic osmium tetroxide and
potassium ferricyanide. The reaction was sluggish, but yields could be improved by
the addition of tetrabutylammonium acetate which is thought to accelerate the
hydrolysis of osmoic esters;91 nevertheless, the reaction took several days. The use of
catalytic ruthenium tetroxide and sodium periodate gave the diol (220) within a day,
although purification was more difficult. This reaction is unusual as oxidations of
alkenes with ruthenium tetroxide normally result in cleavage of the intermediate
glycol92 and should have converted (201) into (202) in the present case. However,
glycol formation has also been observed in other systems.93 The diol (220) was then
cleaved using lead tetraacetate to give the highly crystalline dione (202) in good yield
(88%).
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Figure 1. Expansion (1-5 p p m ) of ! H n.m.r. spectrum of la,l la-dibromola,2,4,9,l 1,1 la-hexahydro-l/f-benzo[a]cyclopropa[/]cyclodecene-3,10-dione (202)

The lH n.m.r. spectrum of the dione (202) (Figure 1) shows three A B patterns
for the chemically distinct methylenes and a multiplet for the aromatic protons. The
A B pattern due to H I a and H I P has a coupling constant of 8.6 Hz, a value
characteristic of geminal couplings in similarly substituted cyclopropyl rings. The
coupling constants for the cyclodecane methylenes H 2 a , H 2 0 (14.0 H z ) and H 4 a ,
H 4 P (16.2 H z ) are typical of geminal coupling constants of methylene groups next to
a carbonyl group. The conformation of the 10-membered core of the dione (202)
observed in its crystal structure (Figure 2) is reminiscent of the conformation of
cyclodeca-3,8-diene-l,6-dione as postulated by Grob and Schiess (Figure 3a), 94 and is
dissimilar to that observed in the crystal structure of cyclodecane- 1,6-dione (151)
(Figure 3b). 95 Whether this structure is retained in solution is unknown. However,
there is a small 4JH,H coupling (1.6 Hz) between a hydrogen of C 2 and a hydrogen of
C4, invoking a possible ' W relationship as observed in the crystal structure. This
suggests that the conformation of (202) in solution is similar to that observed in solid
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state. This and subsequent crystal structures appearing in this thesis were determined
by A. H. White and B. W . Skelton at the University of Western Australia and full
details will be published in a forthcoming paper.

Figure 2. Crystal Structure of la,l 1 a-dibromo- la,2,4,9,l 1,11 a-hexahydro-\Hbenzo[a]cyclopropa[/]cyclodecene-3,10-dione (202)

0

o
(a)

(b)

Figure 3. (a) Conformation of Cyclodeca-3,8-diene-l,6-dione; (b) Conformation of
Cyclodecane-1,6-dione (151)

4.3 Reactions of the la,lla-dibromo-la,2,4,9,ll,lla-hexahydro-l//~
benzo[a]cyclopropa[/]cyclodecen-3,10-dione (202)

The aldol reactions of the dione (202) were similar to those of (191).
Treatment of (202) with camphor-10-sulfonic acid in refluxing toluene gave the aldol
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(221) in 8 6 % yield. The structure of (221) was determined by 2D-n.m.r. techniques
and single crystal x-ray structure determination (Figure 4). This showed a cisconfiguration of the newly-created fused 5-7 ring junction C2a-C9a, and that the
bromo substituents are trans to the hydroxyl group of (221). The carbonyl group of
(221) is perpendicular to the 5-membered ring of the molecule.
Longer reaction times and higher temperatures did not afford the enone (223)
and only led to degradation. Like (191), the dione (202) decomposed under basic
conditions. The desired aldol (222) was not observed under any of the conditions
tested. The aldol (221) was inert towards the c o m m o n dehydrating agents: basic
alumina, trifluoroacetic anhydride / D M A P / triethylamine,
methyl(carboxysulfamoyl)-triethylammonium hydroxide96 and phosphorus
pentachloride / calcium carbonate.

CSA, toluene
>reflux, 24 Hrs
86%

(221)
dehydrating
agents

(223)

(222)

S c h e m e 57

The single crystal x-ray structure of the aldol (221) (Figure 4) can be used to
rationalise some of the experimental observations summarized above. The cisstereochemistry of the newly formed ring junction results in the H and O H
substituents having a cw-relationship. If the overall elimination of water to give (223)
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is to occur via an E 2 type transition state, an antiperiplanar arrangement of H 9 a and
the leaving group is required. This structural requirement is lacking in (221) and may
possibly explain why the enone (223) is not formed. The carbonyl group of (221) is
almost perpendicular to the five membered ring which may impede the formation of
an enol or enolate which would have aided the elimination of water under acidic or
basic conditions, respectively. The molecule also encapsulates the hydroxyl group
within a sterically congested environment as shown in Figure 4, preventing its
conversion into a good leaving group such as acetate, mesylate or chloride.

Figure 4. T w o views of the crystal structure of la,9b-dibromo-2a-hydroxyl,la,2,2a,3,8,9,9a,9b-octahydrobenzo[/]cycloprop[fl]azulen-9-one (221)
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Reduction of the aldol (221) with lithium aluminium hydride gave the diol
(224) as a single diastereoisomer. The relative configuration at the new stereocenter
C9 is assigned on the basis that the hydride addition is predicted to occur along the
Burgi-Dunitz trajectory (an angle of 109°)97 to the less hindered face of the carbonyl
group. This means that addition must occur from outside the concave ring system to

deliver (224). Alternatively, if the initial reaction of the reducing agent occurs at the
C2a hydroxyl group to give (225), transannular delivery of hydride to the carbonyl
group will have the same stereochemical outcome.

LiAlH 4
\^

^

Br

"~t>
HO
(221)

93%

^"^Br

\

Nu
109°

V

Figure 5. Burgi-Dunitz Trajectory

The diol (224) was unreactive towards methanesulfonyl chloride /
triethylamine again providing evidence of the hindered nature of the hydroxyl groups

in this molecule. In an attempt to convert the hydroxyl groups of (224) into chlorides,
the diol (224) was treated with phosphorus pentachloride and calcium carbonate. This
gave an unexpected product. The ]H n.m.r spectrum of the product consisted of three
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A B patterns similar to those of the dione (202), an allylic spin system and an
aromatic multiplet (Figure 6). The molecule was unsymmetrical as the 1 3 C n.m.r.
spectrum showed 15 signals, one of which was at 206 p p m and assigned to the
ketonic carbonyl group. The product was identified as the ketone (226) on the basis
of! H and 1 3 C n.m.r. spectra, and nOe difference experiments showed that the alkene
had a cis-configuration and was adjacent to the cyclopropyl ring.

Hip
H4P

H2a
H2p

Hll

H4CC

H9P

H10

H9a

MI
T "

r' i

Hla

T

"i—i

i

i "i1

5.5

i

5.0

•!—'i

i»

IV
r ••-

I '' '' I
4.5
4.0

3.5

JU
I '''' I
3.0
2.5

2.0

I ' ' '' I
1.5
ppm

Figure 6. Expansion (1-6 ppm) of *H n.m.r. spectrum of (Z)-la,l la-dibromo1,1 a,2,4,9,11 a-hexahydrobenz[a]cycloprop[/]cyclodecen-3-one (226)
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This reaction can be rationalised as follows. The secondary hydroxyl group of
(224) reacts to give to the chloride (227) with retention of stereochemistry, a known
outcome of reactions of phosphorus pentachloride with alcohols.98 The chloride
leaving group of (227) is antiperiplanar to the hydroxyl group and in the presence of
calcium carbonate can afford the product (226) via a concertedfragmentation.The
stereochemistry of the intermediate (227) demands that the cw-alkene be formed, as
observed experimentally.
Wharton observed this type offragmentationw h e n the hydroxytosylate (228)
was treated with potassiumterf-butoxide,which gave the ketone (229) in high yield.
The reaction proceeds via concerted breakage of the antiperiplanar bonds a and b in
the conformation drawn to give the cis-alkene (229).99

KOBu'

(228)

(229)

Scheme 61
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Chapter 5

The Synthesis of la,9a-Dibromo-2,9-epoxy-la,2,9,9a-tetrahydro-l/fbenzo\a\cycloprop[/]azulene (250)

As the benzo fusion to the bicyclo[8.1.0]undecan-3,8-dione system, as
exemplified in (202), still resulted in the formation of undesired aldol product (221)
(Scheme 57), it was envisaged that placement of an epoxy bridge between C 2 and C9
should prevent enolisation towards these positions. The epoxy bridge should also
make the system more stable towards base compared to the dione (202), and this will
possibly allow the dione (231) to be subjected to basic as well as acidic aldol
condensation conditions. This new system can be in principle be readily obtained via
a Diels-Alder cycloaddition of 1,2-dibromocyclopropene (25b) with an appropriate
furan (230).

1. (24b)
2.0 3
3. Thiourea

(230)

(231)

Scheme 62
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Wockenfufi, Wolff and Tochtermann showed that the azulene skeleton of the
lactarane sesquiterpenoid 2(3)-8(9)-bisanhydrolactarorufm A (237) could be prepared
using this general approach.100 The dione (235), derived from the adduct of the furan
(233) with dimethyl acetylenedicarboxylate, gave the enone (236) upon treatment
with methanesulfonic acid. The epoxy bridge was removed at a later stage to give the
reduced azulene framework of (237).

C0 2 Me
»»""

Co 2 Me
(233)

(234)

MeS03H

C0 2 CH 3

C0 2 CH 3

(237)

(236)

Scheme 63

5.1 Synthesis of la,lla-dibromo-la,2,4,9,ll,Ha-hexahydro-2,9-epoxy-l/7benzo[a]cyclopropa[/]cyclodecen-3,10-dione (231)

Although previously synthesized by Garratt and Neoh, 101 4,9dihydronaphtho[2,3-c]furan (230) was obtained more conveniently by an alternative
method. Addition of benzyne to the diene (239) 102 gave the 7-oxabicyclo[2.2.1]hept2-ene derivative (240), which upon flash vacuum pyrolysis (FVP) at 350°C gave the
pure furan (230) in 9 5 % yield.
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(238>

(102)

/

(240)

The cycloaddition between the furan (230) and 1,2-dibromocyclopropene
(24b) gave mainly exo adduct (241) in 5 5 % yield. The exo : endo ratio was greater
than 19:1 based on the ! H n.m.r. spectrum of the crude product. Here the term exo
refers to the isomer where the cyclopropyl methylene group is cis to the epoxy
bridge. The assignment of the configurations of the adducts (241) and (242) is based
on comparisons of their cyclopropyl proton chemical shifts with those of the adducts
(244) and (245) obtained by the cycloaddition of 1,2-dibromocyclopropene (24b) and
furan (Scheme 66). 25 The chemical shift difference between the H I a and H i p is
greater in the exo adduct (244) (AS = 1.06 p p m ) than the endo adduct (245) (AS =
0.31 p p m ) , which arises from deshielding caused by the proximity of H I a to the
bridging oxygen. The chemical shift difference (AS = 1.03 p p m ) between the
analogous hydrogens in (241) is therefore consistent with the assigned exo
configuration.
Unlike in the previous system (Scheme 53) where the action of ozone resulted
in the oxidation of the adduct (201) to the naphthalene derivative (214), the double
bond of (241) was cleanly ozonised to give the dione (231). A signal at 204.0 p p m in
the 1 3 C n.m.r. spectrum and an absorption at 1710 cnr 1 in the infrared spectrum
confirmed the presence of the keto groups. The 7t-bond in this system is electron-rich
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as a consequence of strain, and hence readily attacked by ozone in the 'normal' fashion
required for overall double bond cleavage.

2.85, d, 7 = 7.3 Hz
1.82, d, J= 7.3 Hz

(24b)

55%
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1.96, d, J= 7.4 Hz

2.73,d,J=7.3Hz

i

1

s- 1.67, d, J= 7.3 H z

Br

75% j

> + |l
Br

1.96, d, J = 7.5 H z
2.27, d, 7 = 7.5 H z
(243)

(24b)

(244)

5 : 2

Scheme 66

56

exo : endo

(245)

5.2 Reactions of la,lla-dibromo-la,2,4,9,ll,lla-hexahydro-2,9-epoxy-l/7benzo[a]cyclopropa[/]cyclodecene-3,10-dione (231)

The dione (231) was observed to be stable towards weak bases such as
triethylamine. However, treatment of (231) with basic alumina in refluxing 1,2dichloroethane for 90 minutes gave the enone (232) (58%) and the aldol (246) (32%),
which were easily separated by radial chromatography. Further heating of the reaction
mixture merely led to degradation. The isolated aldol product (246) was inert to
further treatment with alumina and was not converted into the enone (232), suggesting
that two aldol products (246) and (247) are formed during the reaction and only (247)
dehydrates to afford the enone (232). W h e n the reaction was performed at room
temperature or under acidic conditions, the aldol (246) was isolated as the sole
product. Although no tests have been performed to identify the stereochemistry at
the newly-formed ring-junction, the aldol (246) is arbitrarily drawn as the cis isomer
in view of the configuration observed for (221) mentioned earlier (p. 49), and its
failure to dehydrate.

(247)

Scheme 64
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The enone (232) was reduced with D I B A L - H to give an alcohol as a single
diastereomer, depicted as (248) on the basis that hydride transfer occurs to the less
hindered face of the carbonyl group of enone (232). The hindered nature of the
hydroxyl group of (248) was apparent as dehydration using methanesulfonyl chloride
and triethylamine was unsuccessful. Using the more reactive system of phosphorus
pentachloride and calcium carbonate, (248) was converted into the chloride (249)
which was dehydrochlorinated in situ with triethylamine to give the benzofulvene
(250) as yellow crystals in good yield (91%).

DIBAL-H

85%

PC15, C a C 0 3

NEt,
9 1 % (2 steps)

(250)

(249)

Scheme 65

A s strong Lewis acids are known to cleave ether bridges,103 the fulvene (250)
was treated separately with boron trichloride and aluminium trichloride. In both cases
only highly coloured complex mixtures were obtained. N.m.r spectra of the crude
products suggested that the reaction mixtures contained ring-opened products, as
there was an absence of high field proton resonances. Formation of the complex (251)
can be suggested by the initial yellow colouration in the reaction mixure at low
temperatures. However the subsequent cleavage of the C-0 bond must be
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accompanied by cleavage of the three-membered ring, although the breaking of the
cyclopropyl bond shown in Scheme 66 need not be concerted.
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Muller and Schaller showed that compounds related to (244), such as the
adduct (252) derived from isobenzofuran and (24a), could be converted into
cycloproparenes using a low-valent titanium reagent, which is m a d e by adding
methyllithium or lithium aluminium hydride to titanium trichloride. Although the
mechanism for aromatisation is not fully understood, the authors proposed the
sequence shown below (Scheme 67). The low-valent titanium deoxygenates (252) to
form the reactive o-xylylene (253) which is in equilibrium with the
benzocycloheptatriene (254). Dehalogenation of (253) by the reducing agent then
gives the cycloproparene (255). 104

(252)

(253)

(255)

Scheme 67
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(254)

W h e n the benzofulvene (250) was subjected to the conditions described above,
no recognizable products were identified. If the deoxygenation of (250) had occurred,
the highly reactive benzo [c] fill vene species (256) would have been formed which
could rapidly isomerise to (257) and reacted further to give decomposition products.
A s the characteristic blue colour of azulene was not observed during the reaction,
formation and subsequent degradation of the cyclopropazulene (258) cannot be
implied.

(258)

S c h e m e 68

Although the transannular aldol reaction sequence was used to synthesize the
advanced intermediate (250), removal of the epoxy-bridge required for the formation
of the cyclopropazulene (258) could not be achieved. Apparently the reagents
required for the elimination of the epoxy bridge are too harsh for survival of the
cyclopropyl group. In view of the above reactions and the results described in
Chapter 4, the synthetic approach to cyclopropazulenes via the transannular aldol
reaction of a bicyclo[8.1.0]undecane-3,8-dione system was abandoned.
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Chapter 6

3,3-DimethyI-3//-thieno[3,4-c]pyrazoles

In view of the numerous problems encountered in the approaches to
cyclopropazulenes through the bicyclo[8.1.0]undecane-3,8-dione system, a
completely different route was investigated. This method is based on that used by
Anet and Anet to generate benzocyclopropenes by the photoextrusion of molecular
nitrogen from 3H-indazoles (see p. 4). The limited use of this route to generate
cycloproparenes can be attributed to the fact that alkene formation always occurs in
the photochemical reaction, and to the problem of generating a suitable 3i/-indazole
precursor.

(261)

(199)

Scheme 69

The photoextrusion of nitrogen from the azulenopyrazole (199) may in
principle give the cyclopropazulene derivative (261). Access to the azulenopyrazole
(199) m a y be possible through a Houk-Leaver azulene synthesis using a 3//-pyrazolefused thiophene-1,1-dioxide such as (260). Thus, the thiophene (259) became the
initial target as (260) could in principle be made by the oxidation of (259). Photolysis
of the thiophene (259) could conceivably also give 1,1-dimethyl-1//61

cyclopropa[c]thiophene (82). There is no precedence for the concepts outlined in
Scheme 69, as neither the compounds (259), (260), (199) nor their derivatives have
been synthesized to date.

6.1 Synthesis of 3/f-thieno[3,4-c]pyrazoles and 3i/-furo[3,4-c]pyrazoles

3//-Thieno[3,4-c]pyrazoles have not been synthesized to date and few
tautomeric thieno[3,4-c]pyrazoles are known. 1 0 5 The non-classical thiophene (263)
has been made by reacting the dione (262) with phosphorus pentasulfide in refluxing
pyridine.106 This m a y be a potential route towards 3//-thieno[3,4-c]pyrazoles (266)
as the dione (265) is readily made by the cycloaddition of 2-diazopropane to an
acetylenic dione (264).50a However, the high temperatures (115°C) used to make
(263) would probably lead to van Alphen-Huttel rearrangements or thermal nitrogen
extrusion in (265), so a milder method had to be devised. In order to prevent side
reactions in the conversion of (265) to (266), the reaction should be performed at
room temperature under relatively neutral conditions.

p,
s
2^10
pyridine, reflux
82%

Ph

(263)

N^

Me2CN2

// — w
0

0
(264)

(266)

Schemes 70 and 71
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Scheeren, O o m s and Nivard found that conversion of carbonyl to thiocarbonyl
groups using phosphorus pentasulfide at room temperature was more effective in
polar than in nonpolar solvents.107 They also found that the addition of sodium
sulfide, carbonate or hydrogen carbonate further accelerated the reaction. Although the
sulfurisation reaction is not fully understood, the authors proposed that the reaction
mixture contains the anion X 2 P S 2 " (X" is the monovalent anion of the salt used). W h e n
sodium carbonate or hydrogen carbonate are used, carbon dioxide evolves giving OPS2"
and SPS2 . Sulfurization is due to nucleophilic attack of these anions on the carbonyl
group followed by elimination of O2PS" and OPS2", respectively (Scheme 72).

'®SPS 2

PS,
R
(267)

O©

(268)

0
s

+

OPS2
R

(270)

or' PS,
(269)

Scheme 72

Volz and V o B showed that this methodology is applicable to the synthesis of
benzo[c]thiophenes.108 Under conditions similar to those described by Scheeren and
co-workers, benzo [cjthiophenes (272) were synthesized from (271) at 30°C in 189 5 % yields. The reaction is thought to proceed by sulfurization of the carbonyl
groups followed by cyclization with loss of elemental sulfur.108

P4S10/NaHCO3
»»

MeCN, 30°C, 4h
18-95%
(271)

(272)
Rj, R 2 = aryl, *-Bu, thienyl; R 3 = H, M e
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Scheme 73

The above reaction was performed at room temperature under relatively
neutral conditions, which m a y be mild enough to prevent a van Alphen-Huttel
rearrangement in 3//-pyrazoles. In the present study, 3,3-dimethyl-4,5-dibenzoyl3//-pyrazole (273) 48 was used as a model as it most closely resembles the molecules
used by Volz and Vofl. W h e n the dione (273) was subjected to the action of
phosphorus pentasulfide and sodium hydrogen carbonate in acetonitrile at room
temperature, the thiophene (274) was formed in 4 4 % yield. The structure of the
thiophene (274) was confirmed by its mass and n.m.r. spectroscopic properties. O f
particular significance is the 1 3 C chemical shift of C 3 (82.3 p p m ) which is indicative
of the 3//-pyrazole structure. If a rearrangement had occurred, a signal at 5 115-165
p p m for the l//-pyrazole would be observed. The presence of sulfur in (274) was
confirmed by the molecular ion at m/z 304 required for C19H16N2S.

82.3ppm

P4Sio/NaHC03
-' »
MeCN, 30°C, 4h
44%

(274)

Scheme 74

The aryl substituents of (274) m a k e the J H and 1 3 C n.m.r spectra difficult to
interpret. In view of this, 3//-thieno[3,4-c]pyrazoles with different substituents were
made. The n e w target molecule was the thienopyrazole (278) possessing tert-buty\
instead of phenyl substituents in the a positions of the thiophene ring. The n e w
substituents would retain the steric bulk offered by the phenyl groups while
simplifying n.m.r. spectra considerably. Accordingly, the acetylenic diol (275) 109 was
oxidized with Jones' reagent to give the dione (276) in 8 6 % yield, which on addition of
diazopropane gave the adduct (277). This adduct (277) did not give the
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thienopyrazole (278) under the conditions used to make (274). It failed to react at 2060°C, while higher temperatures led to degradation products. The chemical inertness
of (277) towards phosphorus pentasulfide is most likely due to steric hindrance
caused by the tert-butyl groups.

2
Cr,0
r2u77--

86%

(276)

(275)

Me2CN2
69%

(278)

(277)

Scheme 75

Partial reduction of the adduct (277) with D I B A L - H followed by the above
phosphorus pentasulfide treatment did give the thiophene (278) in 1 4 % yield over the
two steps. The mechanism for the formation of the thiophene (278) is unclear.
However, the conversion of the hindered hydroxyl group of (279) to a thiol (280),
followed by cyclization and loss of water, is a reasonable possibility.
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or regioisomer
(279)
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P,
S
2^10

-H,0
1 4 % (2 Steps)

or regioisomer
(278)

(280)

Scheme 76

The structure of the thiophene (278) was determined by spectroscopic
techniques. Thus, the ! H n.m.r. spectrum of (278) shows a singlet due to the methyl
groups on C 3 (1.58 p p m ) and two singlets for the tert-buty\ groups (1.56 and 1.38
ppm). The 1 3 C n.m.r. spectrum is more informative. The signal at 81.1 p p m suggests
that the 5//-pyrazole moiety is intact. The aromatic region of the spectrum shows 4
signals at 8 162.0, 141.8, 141.0 and 140.9 ppm; the signal at 162.0 p p m can be
assigned to C6a since the azo functionality has a deshielding effect on that carbon
atom. The other aromatic carbons are within the chemical shift range typical for
thiophenes. The high resolution mass spectrum is consistent with the molecular
formula.
W h e n the keto alcohol (279) was treated with camphor-10-sulfonic acid, the
furan (282) was isolated in 3 0 % yield together with the l//-pyrazole (284) in 16 %
yield. The furan (282) can arise by the cyclization of (279) to give the hemiacetal
(281), followed by loss of water. The by-product (284) is formed by a van AlphenHuttel rearrangement (Scheme 77). A 1,5-sigmatropic shift of one of the methyl
groups attached to C 3 of (279) gives the intermediate (283) which then undergoes a
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fragmentation reminiscent of a reverse aldol reaction to give (284) and pivaldehyde.
The driving force for thefragmentationis the formation of the moderately aromatic
l//-pyrazole ring.

H
(283)

16%
(284)

Scheme 77

The *H n.m.r spectrum of the furan (282) was similar to that of the thiophene
(278); a singlet at 1.53 p p m is due the methyl groups attached to C 3 and singlets at
1.48 and 1.28 p p m are due to the two tert-b\ity\ groups. The presence of a resonance
at 81.7 p p m in the 1 3 C n.m.r. spectrum indicates the presence of the 3//-pyrazole
moiety. Like the thiophene (278), the furan (282) has 4 signals at 8 152.9, 150.9,
149.0 and 123.1 p p m in the aromatic region. The C, H and N analysis of (282) is also
consistent with the structure given.
The J H n.m.r spectrum of the 1/7-pyrazole (284) shows the presence of two
methyl groups (2.24 and 2.18 p p m ) and atert-butylgroup (1.41 ppm). This signifies
a loss of one tert-buty\ group from (279), and that the methyl groups of (284) are no
longer chemically equivalent. The 1 3 C n.m.r. spectrum shows the presence of a
carbonyl group with a signal at 203.3 ppm. The molecular ion of (284), m/z 180,
confirms the loss of pivaldehyde from (279). All these properties are consistent with
the structure given for (284).
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A s the keto alcohol (279) is a possible product in the reduction of (277)
depicted in Scheme 76, a different synthesis of this molecule could conceivably
provide the thienopyrazole (278) in improved yields. Partial oxidation of the diol
(275) gave the keto alcohol (285). The addition of diazopropane to (285) required long
reaction times and an excess of reagent to give an adduct as a single regioisomer
arbitrarily depicted as (279). The adduct was extremely acid sensitive, and gave the
furan (282) in 8 5 % yield upon treatment with camphor-10-sulfonic acid. Surprisingly,
treatment of (279) with phosphorus pentasulfide did not give the desired thiophene
(278).

OH

Jones

V

_

OH

60%
(275)

(285)
Me2CN2
79%

H+

+

85%
(282)

5%
(284)

Scheme 78

In an attempted to prepare the thienopyrazole (259) (Scheme 69) lacking
substituents in the oc-thienyl positions, the aldehyde (286) 110 was treated with 2diazopropane. This failed to deliver the 1,3-dipolar adduct (287) but gave instead the
k n o w n isopropyl derivative111 (289) in 7 0 % yield. Evidence for the isopropyl group
was shown by the presence of a septet (2.68 ppm, 1H) and a doublet (1.19 ppm, 6 H )
in the ! H n.m.r. spectrum. The formation of (289) is a consequence of diazopropane
adding to the carbonyl group of (286), followed by loss of nitrogen. This is a welldocumented reaction between diazo compounds and aldehydes.112
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Synthesis of the thienopyrazole (293) with methyl groups in the cc-thienyl
positions required the 1,3-dipolar addition of 2-diazopropane to the dione (291). The
unstable dione was previously made from the commercially available diol (290) in
3 0 % yield using Jones' reagent.113 This oxidation was improved to 7 9 % by diluting
the reaction mixture with acetone (solvent) and changing the work-up. The crude
dione (291) was not purified and used directly in the 1,3-dipolar addition reaction
with 2-diazopropane to give the known adduct (292).114 Subjecting the adduct to the
same conditions used for the synthesis of (274) (p. 64) did not give the thiophene
(293). However, performing the reaction in tetrahydrofuran instead of acetonitrile did
give the thienopyrazole (293) in variable yields, 10-46%. The thiophene (293) was a
moderately unstable oil, but solidified in thefreezerwhere it could be kept with little
degradation for several weeks.
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Scheme 80

6.2 Photochemistry of 3#-thieno[3,4-c]pyrazoles and 3#-furo[3,4-c]pyrazoIes

Since the tentative identification of 1,1 -dimethyl- l//-cyclopropa[c]thiophene
(82),44 no work has been published on 5-membered cyclopropa-fused aromatic
heterocycles. Isolation and characterization of these compounds (295) would be
significant as they represent examples of highly strained heterocycles. The
furopyrazoles (294, X = O ) and thienopyrazoles (294, X = S) could in principle give
the desired cyclopropa-fused derivatives (295) upon photolysis (Scheme 81). Bulky
substituents (294, R = Ph, t-Bu) could shield the reactive cyclopropyl species from
external reagents allowing for its isolation.

hv

(295)

(294)

X = O, S; R = t-Bu, Me, Ph

Scheme 81
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6.2.1 Irradiation of 4,6-Di-^butyl-3,3-dimethyl-3#-furo[3,4-c]pyrazole (282)

4,6-Di-r-butyl-3,3-dimethyl-3//-furo[3,4-c]pyrazole (282) has a simple
electronic spectrum consisting of an absorption m a x i m u m at 230 n m , attributable to
the furan moiety and another band at 330 n m characteristic of the n-TC* transition of
the cyclic azo moiety 115 (Figure 7). Irradiation of (282) in ether at 350 n m using an
Oliphant reactor, gave a sole product in high yield (96%) which was identified as the
acetylene (299). Neither the cyclopropene (297) nor the alkene (298) were detected in
the crude reaction mixture.
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Figure 7. Electronic spectrum of 4,6-di-r-butyl-3,3-dimethyl-3//-furo[3,4-c]pyrazole
(282) in diethyl ether.
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The JH n.m.r spectrum of (299) contained 4 singlets: two methyl groups
(1.93 and 1.72 p p m ) and twotert-butylgroups (1.25 and 1.24 p p m ) (Figure 9). This
ruled out the structures (297) and (298), as the ! H n.m.r. spectrum of (297) would
contain 3 singlets and that of (298) would have signals in the vinylic / aromatic region.
The 1 3 C n.m.r. spectrum was more informative (Figure 9). The signal at 8 210 p p m
signified the presence of a carbonyl group and the vinylic signals at 145.6 and 120.9
p p m are typical of the alkene moiety of an cc,P-unsaturated ketone. The signals at 8
105.7 and 75.4 p p m are within the chemical shift range for acetylenes. O n the basis of
13

C, H M B C , H S Q C n.m.r. spectra, the product was identified as the acetylene (299)

as shown in Figure 8.

Figure 8 lH and 1 3 C assignments of (299) and significant H M B C correlations
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Figure 10. 13 C n.m.r. spectrum of (299)
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(300)

(302)

(301)

The accepted pathway of the photolysis of 3//-indazoles (see p. 26) cannot
be invoked for this reaction as the furan (282) is unable to form a diazo or carbene
intermediate without invoking the diradical (300) or hypervalent structures (301) and
(302) and thus the diradical species (304) can be postulated to be formed upon
extrusion of nitrogen. This species (304) then undergoes a radicalfragmentationto
give the acetylene (299). Attempts to trap (304) with furan by irradiating (282) in a
2 0 % furan / ether solution were unsuccessful, but this does not rule out the diradical
pathway as the unimolecular fragmentation of (304) could be fast relative to the
bimolecular combination with the added furan. Alternatively, the reaction m a y occur
by a concerted electrocyclic fragmentation of the excited state of the furan (303).

hv

(282)

(303)

(299)

(304)

Scheme 83
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Gilchrist and Pearson observed a similarfragmentationwhen the lactone (305)
was subjected to flash vacuum pyrolysis to give the acetylene (307) in 8 0 % yield.116
The authors concluded this was brought about via a diradical process. However, the
formation of (299) from (282) appears to be thefirstsuch photochemically induced
fragmentation observed to date.

Prw

.Ph

675°C

(306)

(305)

(307)

Scheme 84

6.2.2 Photolysis of 3//-thieno[3,4-c/pyrazoles

Irradiation of the 3//-thieno[3,4-c]pyrazoles (278) and (293) gave divergent
results even though their electronic spectra are essentially identical. The electronic
spectrum of (293) has absorbance maxima at 215, 233, 268 and 300 n m (Figure 11)
while that of (278) has maxima at 214,235,269 and 298 n m (Figure 12); however
assignment of these maxima to individual functionalities cannot be made.
W h e n the dimethyl derivative (293) was irradiated with a Hanovia 450 W
lamp through a Pyrex immersion well at 0°C, an unstable product was isolated in 8 1 %
yield. Although this compound was not fully characterized, it was tentatively
assigned the acetylenic thiete structure (309) as it has 1 3 C chemical shifts similar to
those of the thiete (310) 117 as shown in Scheme 85. The presence of an acetylene
moiety was confirmed by the signals at 72.8 and 86.1 ppm. The product could arise
by afragmentationsimilar to that observed for the furan (282), followed by a
photochemically induced electrocyclic ring closure, a reaction k n o w n to occur in a,|3unsaturated thiocarbonyl compounds. 117
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Figure 11. Electronic spectrum of 3,3,4,6-tetramethyl-3//-thieno[3,4-c]pyrazole (293) in
diethyl ether
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Figure 12. Electronic spectrum of 4,6-di-r-butyl-3,3-dimethyl-3//-thieno[3,4-c]pyrazole
(278) in diethyl ether
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147.3 ppm

>
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Scheme 85

In contrast, irradiation of the tert-buty\ derivative (278) gave 2,5-di-ter/-butyl3-(2-propenyl)thiophene (311). The structure of (311) is derived from its! H n.m.r.
spectroscopic properties (Figure 13). The 2-propenyl moiety of (311) was identified
by the presence of two vinylic signals (5.13 and 4.91 p p m ) and an allylic methyl
group (2.02 p p m ) . The vinylic singlet at 6.39 p p m is due to H 4 . The tert-buty\
groups are chemically distinct and are observed as two singlets at 1.40 and 1.34 ppm.
The formation of (311) resulted from the intermolecular hydrogen atom transfer
process involving a diradical intermediate. The fragmentation product (312) was not
observed in the crude reaction mixture. Attempts to trap a radical intermediate during
the photochemical reaction with furan were unsuccessful, only giving (311) in
identical yields.

77

JJUU_
I I I I I I I I I I I I I I I I I I I I I rI i I iI •I iI iI iI iI iI iI Ir iI I I

I ' ' I I I > I I I I

T"

m-|-r

T

3

!

Figure 13.

—

i

—

200

•

—

i

—

180

•

—

i

—

160

•

—

i

—

•

—

140

Figure 14.

H n.m.r. spectrum of (311)

i

—

120
13

ppm

2

•

—

i

—

'

100

—

i

'

80

i

60

C n.m.r. spectrum of (311)

78

i—•—i—'—r

40

20

ppm

(311)

-J

(312)

Scheme 86

Unlike the photochemical reaction pathway involving the furan (282), that of
the thiophene derivative (266) could conceivably proceed in a manner analogous to
that involving 3//-indazoles (see p. 28), as shown in Scheme 87. The diradical (313)
could be in equilibrium with the carbene (315) if one evokes the involvement of
tetravalent sulfur. However the formation of (309) seems to indicate that the radical
(313) is the product-determining intermediate in these reactions.

hv

-N2

(266)
hv

R = Me
(308)
hv

-N2

(314)

(315)

Scheme 87
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(309)

A n attractive hypothesis involving the diradical (313) can be postulated for
the divergent photochemical reactions of (278) and (293). For thefragmentationto
proceed, the axis of the singly occupied p-orbital of the radical centre must be parallel
to the 7t-orbitals of the thiophene ring. In the case of the diradical species (313a), this
is possible. However in the di-tert-butyl substituted system (313b) the steric bulk
offered by the proximate tert-buty\ group will force the methyl groups at the radical
centre out of plane so that the radical and thiophene orbitals cannot align (Figure 15).
In this scenario the intramolecular hydrogen abstraction commonly observed in the
photolysis of 3//-indazoles is the dominant reaction.

(313a)

(313b)

Figure 15. Radical Intermediates (313a) and (313b)

Apart from the hindered system (278), it appears that the fragmentations
observed for (282) and (293) are the norm. These fragmentations follow a wealth of
similar photochemical observations in furan and thiophene derivatives.118 For
example, the irradiation of 2,5-di-/ert-butylfuran (316) gave 2,4-di-te/^butylfuran
(318) as well as two fragmentations products (317) and (319). 119 During the
irradiation, the cyclopropene (317), formed by the fragmentation of 2,5-di-tertbutylfuran (316), undergoes further reaction to give 2,4-di-ter/-butylfuran (318) or the
allene(319).
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4%

(316)

(317)
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9%
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(319)
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The failure of the diradical (313b) to cyclise to give the cyclopropathiophene
(321) can be rationalized in terms of geometric factors. Thus the pertinent bond
lengths and angles for thiophene (320) 120 and benzene (322) 121 shown in Scheme 89,
imply that radical centres in (313b) are further apart than in the benzenoid case (143).
Thus, the two radical centres of (313b) appear to be too far apart to cyclise and form
the cyclopropene (321).

-//-

(320)

(313b)

(321)

1.39 A

(322)

(143)

Scheme 89
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(145)

In the thiophene (313b), the distance between the two radical centres is
shorter than would be the case for the corresponding furan and pyrrole derivatives and
as a consequence of the results obtained above, the preparation of the
cyclopropaheteroarenes (295) by the irradiation of the fused pyrazoles (296) does not
appear to be possible.

6.3 Oxidation of 3,3,4,6-tetramethyl-317-thieno[3,4-c]pyrazole

Thiophenes have been oxidized to thiophene-1,1-dioxides using strong
oxidants such as m-chloroperoxybenzoic acid122 and trifluoroperoxyacetic acid.123
Unlike the previously mentioned oxidants, dimethyldioxirane (323) is a strong neutral
oxidant which generates acetone as its only byproduct. Miyahara and Inazu showed
that dimethyldioxirane was an efficient oxidant in the conversion of thiophenes into
thiophene-l,l-dioxides124 and the mildness of dimethyldioxirane was demonstrated
by the oxidation of the parent (320) into the reactive molecule thiophene-1,1-dioxide
(166), which was isolated and characterized at low temperature.125

Me
Me
(323)

O

Acetone

(320)

(166)

Scheme 90

W h e n the moderately unstable 3,3,4,6-tetramethyl-3//-thieno[3,¥-c]pyrazole
(293) was oxidized with dimethyldioxirane, a high melting (215-8°C) pale yellow
crystalline product was formed. The mass spectrum of the n e w product showed the
molecular ion at m/z 228, indicating that three oxygen atoms had been added to the
thienopyrazole.The product was identified as (324) as it had n.m.r. spectra similar to
those of the starting material (293). The formation of the trioxide (324) instead of the
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S^S-dioxide is unfortunate as the reduction of an azoxy group to an azo group at a later
stage would be difficult.

Me

(305)

S0 2

"°"S

\

46%

(293)
(324)

Scheme 91

The position of the oxygen in the azoxy functionality was not experimentally
determined, but as only a single regioisomer was obtained, the reaction is probably
under electronic rather than steric control. The resonance structure (325) shows that
N 2 is more electron-rich than N l . The electron deficient-oxidant is therefore more
likely to attack at N 2 . Alternatively, if steric effects are important, the azoxy
compound would have the oxygen atom located on N l .

©N

S©
(325)

(259)

The formation of (324) was not ideal as the azoxy group has to be reduced
back to the azo functionality at a later stage. Nevertheless, a pyridine solution of the
trioxide (324) and dimethylaminofulvene (163) was heated at 75°C for three days to
give two azulenic products in a 7 % overall yield. The blue and green crystalline solids
were obtained in a 3:2 ratio and were tentatively identified as the isomers (327) and
(329) respectively by their spectroscopic properties. The lU n.m.r. spectrum of
(327) showed singlets due to H 5 (8.24 p p m ) , and the methyl groups attached to C 3
(1.76 p p m ) , C 4 (2.80 p p m ) and C 9 (3.51 p p m ) , and an A M X pattern associated wth
H 7 , H 6 and H 8 . The *H n.m.r. spectrum of (329) is similar to that of (327) as it also
83

has 4 singlets due to H 5 (8.19 ppm), and the methyl groups attached to CI (1.87
ppm), C 4 (3.12 p p m ) and C 9 (2.77 p p m ) and an A M X pattern due to H 7 , H 6 and
H 8 . The two isomers (327) and (329) arise by dimethylaminofulvene (163) adding to
the thiophene-1,1-dioxide (324) in two different regiochemical senses as shown in
Scheme 92.

C-N^

(324)

•O-N*

(328)

(326)

2.80 ppm

3.12 ppm

8.24 ppm

o-^'
2.77 ppm

Scheme 92

Reduction of the azoxy functionality in the azulenes (327) and (329) without
affecting the azulene ring proved to be impossible and this synthetic route was
abandoned due to this and the low-yielding reactions. Nevertheless, this sequence has
shown that azulene-fused pyrazoles can be made using the Houk-Leaver
methodology.
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Chapter 7

Synthesis of 3/7-Pyranopyrazolones

Since the oxidation of the thienopyrazole (293) gave the trioxide (324)
(Scheme 91), a route which avoided the oxidation step had to be developed. A s ocpyrone (330) can be used instead of thiophene-1,1-dioxides in a Houk-Leaver
synthesis (see p. 30), the compounds (331) and (332) became initial targets. 2Diazopropane could conceivably add to the electron-deficient double bond of ocpyrone (330), allowing rapid access to these compounds. Related work has been
published on coumarin (333) by Stanovnik and co-workers,126 w h o found that the
addition of 2-diazopropane to (333) followed by oxidation using bromine in acetic
acid gave the two products (334) and (335), arising from the addition of 2diazopropane in opposite directions across the double bond of (333).

U \U xXJ
(330)

(333)

(331)

(334)

Scheme 93
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(332)

(335)

7.1 Synthesis of 3,3-dimethyl-3i7-pyrano[4,3-c]pyrazol-7-one (331) and 3,3dimethyl-3#-pyrano[3,4-c]pyrazol-4-one(332)

Hoshi and co-workers found that when a-pyrone (330) was treated with 2diazopropane for 12 hours at 0-5°C, and the reaction mixture was then irradiated, the
cyclopropane (336) was isolated in 1 8 % yield.127 This reaction shows that the
intermediate (337) and / or its regioisomer must be formed during the initial reaction.
The adduct (337) could in principle be dehydrogenated to a pyrazo-fused a-pyrone
such as (332), based on the observations of Stanovnik et al. (Scheme 93).

x

l.Me2CN2,-60oC-0°C
2. hv, -50°C

18%

(330)

(336)

N

^

(337)

Scheme 94

oc-Pyrone (330) and a large excess of diazopropane was allowed to stand at 20°C overnight, and the reaction product submitted to chromatography. In addition to
starting material (27%), two adducts were isolated. The major product was (339)
(43%) which arises from isomerization of the initial adduct (338). The driving force
for this tautomerization rests in the acidity of H 7 a which is flanked by the carbonyl
and the cyclic azo moieties, and in the thermodynamic stability of (339) which has the
N = C bond in conjugation with the lactonic carbonyl group. The minor product (337)
(21%) arises from the 2-diazopropane adding in the reverse sense. Facile
tautomerization is not possible in this system. The structures of (339) and (337)
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follow from their spectrocopic properties. Thus (339) shows a broad singlet at 5.52
p p m due to the amine hydrogen and an allylic A M X pattern arising from H 5 , H 4 and
H3a. The J H n.m.r spectrum of (337) is second order in ^-chloroform but in d6benzene afirstorder pattern is observed for the spin system due to H3a, H6, H 7 and
H7a. Since only the adduct (337) would form the cyclopropane (336) upon
photolysis, the low yield observed by Hoshi et al. can be comprehended.

^

(330)

(338)

(337)

Scheme 95

Dehydrogenation of the major product (339) with 2,3-dichloro-5,6-dicyano1,4-benzoquinone ( D D Q ) at room temperature formed the pyrone (331) within
several minutes. The lH n.m.r spectrum of the product showed a singlet at 1.55 p p m
due to the gem-dimethyl group and vinylic doublets at 6.55 and 7.69 ppm. The
regiochemistry of (331) was confirmed by n O e experiments, in which irradiation of
the methyl groups gave a 4.8% enhancement in the signal intensity due to H 4 . This
compound was unstable and decomposed to a purple polymer within hours. The
instablility observed could possibly be due to the isomerization of (331) to the diazo
pyrone (340).
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DDQ. t,
90%

/
H,C

7.69 ppm
6.55 ppm

(339)

(340)

Scheme 96

Dehydrogenation of the minor adduct (337) required longer reaction times and
higher temperatures, and gave the pyrone (332) which was stable. The ! H n.m.r
spectrum of (332) was similar to that of (331), containing a singlet at 1.60 p p m and
vinylic doublets at 7.07 and 7.67 ppm. The downfield shift of H 7 in (332) compared
to that of H 4 in (331) is due to the deshielding effect of the adjacent azo group.

DDQ.A
\>

s~ 1.61 ppm

51%

(332)

(337)

7.07 ppm

Scheme 97

7.2 Houk-Leaver azulene synthesis using (331) and (332)

One of the attractions of ct-pyrones in the Houk-Leaver azulene synthesis is
the high regioselectivity of the [6+4] cycloaddition.66 Hence, only one azulenic
product should be formed in this reaction instead of the two isomers (327) and (329)
encountered using the thiophene-1,1-dioxide (325).
The pyrone (331) decomposed rapidly under the reaction conditions used in
the Houk-Leaver synthesis, and the target azulene (342) was irreproducibly obtained
in very low yields (0-4%). The azulene (342) was identified as the isomer expected
from mechanistic considerations (see p. 30) by its lH n.m.r. spectrum. The vinylic
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coupling constant between H 4 and H 5 of 9.4 H z proves that the pyrazoline ring is
fused at the/position of the azulene as shown. A s the singlet for H 9 of (342) is
significantly deshielded (9.30 p p m ) compared to that of the analogous proton (H4) of
azulene (149) (8.23 p p m ) , it must therefore be adjacent to the azo functionality.

9.4 Hz

-C0 2> H N M e 2
0-4%

Toluene, reflux

(331)
(342)

The stable a-pyrone (332) did not react with dimethylaminofulvene under all
conditions tested. This lack of reactivity can be explained in terms of steric hindrance.
A s the a-pyrone (332) should only add in one regiochemical sense, the transition
state of the [6+4] cycloaddition would resemble (343). The bulky ge/w-dimethyl
group of (332) and the JV,JV-dimethyl group of the fulvene are aligned next to each
other, making the cycloaddition unfavourable.

NMe,

Toluene, reflux

(332)

(343)

Scheme 99
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The low yields obtained in the synthesis of the azulenopyrazole (325)
prevented any photochemical experiments being performed, and therefore a more
efficient pathway had to be developed.
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Chapter 8

Synthesis of 2-Chloro-l,l-dimethyl-lJfiT-cycloprop[e]azulene (357)

Although low yielding, the synthesis of the azulenopyrazole (342) from apyrone (331) demonstrated that an efficient route to (342) m a y be possible. The use of
a thiophene-1,1-dioxide instead of the a-pyrone (331) in an analogous sequence (Scheme
100) m a y give an azulenopyrazole in improved yields, since thiophene-1,1-dioxides are
better dienes in the Houk-Leaver azulene synthesis.66"68 The 2-sulfolene (344) is an
attractive compound as a starting material since it has an electron-deficient double bond
to which 2-diazopropane might add. Treatment of the dehydrogenated adduct (345)
with AyV-dimethylaminofulvene (163) could in principle give the desired
azulenopyrazole (199).

(344)

(345)

(199)

Scheme 100

8.1 Synthesis of 4-chloro-l,l-dimethyl-l/7-azuleno[5,¥-c]pyrazole (353)

The sulfolene (347) was made by Bluestone and co-workers, in 46% yield, by
dehydrochlorinating the readily accessible tetrachloride (346) with pyridine in refluxing
methanol.128 In our hands, near quantitative yields of (347) were obtained when the
reaction was performed in acetone at room temperature. 2-Diazopropane did add to the
a,J3-unsaturated sulfone (347) and gave two products (349) and (350) which arose from
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the initial adduct (348) undergoing dehydrochlorination during the reaction. The
relatively highfieldresonance of the methine proton of (349) (3.69 p p m ) established
that the cycloaddition had occurred in the sense shown. The pyrazole (350) was a minor
product and was unstable. For convenience, the two products (349) and (350) were
dehydrochlorinated with triethylamine to give the moderately stable thiophene-1,1dioxide (351) in 4 8 % yield over two steps.

02

pyridine, acetone

Me2CN2
-20°C

CI

CICI

Cl'

CI

C

bl

(346)

(347)

-HC1
3.69 ppm

02

02

,
NEfa
4 8 % (2 steps)

CI CI

CI'
(351)

(349)

(350)

Scheme 101

The thiophene-1,1-dioxide (351) can give rise to two isomeric azulenes (353) and
(355) in the Houk-Leaver azulene synthesis as shown in Scheme 102; however the
reaction of (351) with dimethylaminofulvene gave only a single regioisomer in 4 8 %
yield. The product was identified as (353) by its ! H n.m.r. spectrum. The aromatic
region of the spectrum consisted of an A X pattern (H5, H 6 ) and an A M X pattern (H8,
H 7 , H9). The coupling constant between H 6 (8.31 p p m ) and H 5 (7.60 p p m ) of 10.3 H z
is typical for a vincinal coupling on the 7-membered ring of an azulene, thus identifying
(353). The high regioselectivity of this reaction is attributed to steric effects during the
cycloaddition. The formation of intermediate (352) is favoured over (354) because the
bulky dimethylamino group is not adjacent to the gem-dimethyl unit of the 3//-pyrazole
moiety.
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10.3 Hz
02
S

(352)

(353)

(354)

(355)

Scheme 102
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Figure 16. *H n.m.r. spectrum of 4-chloro-l,l-dimethyl-l//-azuleno[5,4-c]pyrazole
(353)

The above sequence was modified to permit the synthesis of the
azulenopyrazole (353) on a multigram scale by using the superior dipolarophile 3,4dichlorothiophene-1,1-dioxide (356)128 instead of the sulfolene (347). Addition of 2diazopropane to (356) gave the adduct (349) as the sole product in good yields (70%).
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The thiophene-1,1-dioxide (351) was generated in situ in the presence of
dimethylaminofulvene (163) to give the azulenopyrazole (353) in a 5 6 % yield. This
sequence is short and simple and affords (353) in an overall yield of 3 9 % .

l.NEt3
2. (163)
56%
(349)

Schemel03
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(353)

8.2 Photolysis of 4-chloro-l,l-dimethyl-l//-azuleno[5,4-c]pyrazole (353)

Photolysis of the azulenopyrazole was performed by irradiating a solution of
(353) in ether at 0-5°C using either a Philips H P K 125 W lamp or a 450 W Hanovia
lamp in a Pyrex immersion well setup. The reaction was periodically monitored by t.l.c.
until the starting material was consumed. This afforded a blue oil in 3 6 % yield, which
was identified as 2-chloro-1,1 -dimethyl- l//-cycloprop[e]azulene (357). If the irradiated
solution was not thoroughly deoxygenated, the tropone (358) was formed in 2 2 % yield,
along with (357) (64%). Higher yields of (357) were obtained (up to 7 9 % , based on
recovered azulenopyrazole), if the photolysis was not allowed to go to completion. This
suggests that prolonged ultraviolet irradiation m a y degrade the cyclopropazulene (357).
Although a systematic study of the reaction conditions was not carried out, the outcome
of three experiments is summarised in Table 2. Surprisingly, the alkene (359) was not
detected in these the reactions. Analogous alkenes are the major products in the
photolysis of 377-indazoles (see p. 4).

(353)

(357)

Scheme 104

(359)
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(358)

Irradiation Conditions

(357)

(358)

(353)

Partial reaction,

36%

-

22%

62%

22%

-

67%

12%

15%

deoxygenated
Complete reaction,
under O 2
Partial reaction,
under O 2

Table 2. Yields of isolated products (357), (358) and starting material (353) under
different photolysis conditions.

The 2H and 13C n.m.r. spectra of (357) were simple to interpret and full
assignments of all the signals were made with the aid of HSQC and HMBC experiments.

The high field region of the !H n.m.r. spectrum consists of a singlet at 1.79 ppm, whi
is attributable to the gem-dimethyl group. After allowing for the adjacent chlorine

substituent, the observed chemical shift is similar to those reported by Anet16 for (12
(1.62 ppm) and Streith46 for the cyclopropapyridine (85) (1.67 ppm). The aromatic
region contains an AX pattern (H3, H4) and an AMX pattern (H6, H5, H7). The
coupling constant of 10.3 Hz between H3 and H4 is only slightly lower than that
observed for the analogous protons of 6-chloroazulene (360) (10.7 Hz). The 13C

chemical shift assignments are shown in Figure 19. The chemical shift of CI is 35.8 p

which is slightly lower than the equivalent carbon of (85) (39.7 ppm) and slightly hi
than the non aromatic cyclopropatropone (61)43 (34.0 ppm). As in cycloproparenes,
the carbon atoms adjacent to the cyclopropa-fusion are shielded, with C7a (126.1 ppm)
and C2 (131.8 ppm) shifted upfield compared to the equivalent carbons on 6chloroazulene, C3a (138.5 ppm) and C6 (144.1 ppm). The one-bond 13C-H coupling

constants of (357) do not deviate greatly from those of 6-chloroazulene (360), althoug
the positions where one would expect the greatest effect are substituted.
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Figure 17. lH n.m.r. spectrum of (357)
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ppm

126.13

131.44
(152.3)

121.17

(357)

(360)

Figure 19. 13C chemical shift assignments in ppm (13C-H coupling constants in Hz) of
(357) and (360)

The infrared spectrum of (357) shows an absorbance at 1683 cnr1 which is
characteristic of cycloproparenes which may be due to the combination of a threemembered ring skeletal vibration with the aromatic double bond stretching vibration.
electronic spectrum of (357) in ether is similar to that of azulene.
6-Chloroazulene (360) was synthesized in order to obtain the spectroscopic data
shown in Figure 19. Compound (360) had been made previously by Bauer and MullerWesterhoff using a Hafher-Ziegler azulene synthesis.129 However in the present study
(360) was made using the Houk-Leaver azulene synthesis (Scheme 105). Thus the

trichloride (361) was dehydrochlorinated in the presence of dimethylaminofulvene (163
to give 6-chloroazulene (360) and 5-chloroazulene (362) in a 49:1 ratio by *H n.m.r.
spectroscopy. Pure (360) was obtained by recrystallization.

49

(36D

(360)

:

1
(362)

Scheme 105

The second product of the photolysis of 4-chloro-1,1 -dimethyl- l//-azuleno[5,4-

c]pyrazole (Scheme 104) was identified as the tropone (358) on the basis of its n.m.r
and mass spectral properties. The ]H n.m.r. spectrum of (358) showed singlets at 1.49
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and 1.67 p p m integrating for 3 hydrogens each, which were assigned to the chemically
distinct methyl groups. A singlet at 7.38 p p m integrated for 2 hydrogens and was
attributed to an A 2 pattern due to H 5 and H 6 , which are accidentally isochronous. A n
A M X pattern arose from an allylic system (H7, H 8 , H8a) on thefivemembered ring.
The size of the coupling constant between the signals at 6.84 and 6.63 p p m of 5.6 H z is
typical for a vicinal vinylic cyclopentene coupling.130 The other resonance in the spin
system at 5.33 p p m has a 2.0 H z coupling to each of the other hydrogens. The
relatively lowfieldposition of H 8 a (5.33 p p m ) indicates that this proton is attached to
a carbon atom bearing an electronegative substituent. The product had the same number
of carbons and hydrogens as (353) by its 1 3 C n.m.r. spectrum. A signal at 196.3 p p m
indicated to possible presence of a carbonyl. This was confirmed by an absorption at
1696 cm-1 in the infrared spectrum.
8 7.38, s

2.0 Hz

1696 cm"

196.3 ppm

(358)

Figure 20. S o m e spectroscopic data of (358)

The mass spectrum was highly enlightening. The molecular ion at m/z 234 was
consistent with the molecular formula of C i 3 H n C 1 0 2 , which was confirmed by high
resolution mass spectrometry. Fragmentation of the molecular ion gives rise to the base
peak at m/z 116, due to the loss of acetone, indicating the presence of an -0-C(CH 3 ) 2
moiety, and can be rationalised in terms of the structure (358) (Scheme 106).
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-Me 2 CO

m/z 176, 100%

m/z 234, 5 %

(363)

(358)

S c h e m e 106

The formation of the tropone (358) can be postulated to arise by the addition of
triplet oxygen to the diradical species (369) during the photolysis. The addition of
triplet oxygen to diradicals is a well-known phenomenon and the rate for this addition is
diffusion limited.131 For example, the irradiation of (364) in the presence of oxygen gave
the adducts (366) and (367) derived from the addition of triplet oxygen to the diradical
intermediate (365). 131b

hv, Q 2 , Ph 2 CO
34%

O

(364)

/

(366)
(367)

-N,

3

o,

(365)

Scheme 107

In the case of (370), the cyclic peroxide moiety can cleave homolytically and the
resulting alkoxy radical can attack the most reactive part of the azulene, the 5-membered
ring, to give the tropone (358) as shown in Scheme 108. The cleavage of the cyclic
peroxide (370) is favoured due to the resonance stabilization of the oxygen radical by the
azulene ring. In view of this mechanism, the formation of the tropone (358) suggests the
presence of the diradical species (369) as an intermediate during the photolysis of (353).
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This is consistent with the observations of Closs m a d e during the photolysis of 3,3dimethyl-3//-indazole (141).49b

(368)

(369)
3

(358)

(371)

Scheme 108
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(370)

0,

8.3 T h e crystal structure of 2-chloro-l,l-dimethyl-17/-cycloprop[e]azulene (357)

As the cyclopropazulene (357) represents the first example of this class of
compound, structural information regarding its geometry was of obvious interest.
However, (357) was obtained as an oil and could not be induced to crystallize.
Accordingly, the preparation of a charge transfer complex between 1,3,5-trinitrobenzene
(372) and (357) was attempted. Charge transfer complex association was very weak and
dissociation occurred in a number of solvents, including light petroleum. Nevertheless, a
crystal suitable for x-ray analysis was obtained by evaporation of a methanolic solution
containing equimolar amounts of (357) and 1,3,5-trinitrobenzene (372). The dark
aubergine needles so obtained melted at 98-99°C and had the correct C, H, and N
analysis for a 1 : 1 complex.

Scheme 109

The crystal structure of this material confirmed it to be a 1 : 1 complex of (357)
and 1,3,5-trinitrobenzene (372). The cyclopropazulene molecule was planar, but
deformed by the cyclopropa-fusion. The internal valence angles at the position of
cyclopropa-fusion of 136.2° (C7a-C7b-Cla) and 134.5° (C7b-Cla-C2) are 5.5-5.7°
larger than the corresponding internal angles in azulene (ca. 129.2°),132 and these
deviations are similar to those observed in benzocyclopropenes (4.8-4.9°).6h The
cyclopropa-fusion bond (C7b-Cla) is short (1.357 A ) compared to that of azulene
(1.402 A ) . The lengths of the adjacent bonds C7a-C7b and Cla-C2 are also shortened to
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1.364 and 1.355 A, respectively. Complex (373) exhibited a small bond alternation of
0.010-0.028 A in the bonds remote from the cyclopropa-fusion of the azulene moiety.

Figure 21. Crystal structure of the charge transfer complex between 2-chloro-l,ldimethyl-17J-cycloprop[e]azulene and 1,3,5-trinitrobenzene (373)

Bond

Length (A)

Bond

Length (A)

Cl-Cla

1.528(5)

C6-C7

1.381(5)

Cla-C2

1.355(4)

C7-C7a

1.397(4)

C2-C3

1.412(5)

C7a-C7b

1.364(4)

C3-C4

1.384(4)

Cla-C7b

1.357(3)

C4-C4a

1.402(4)

Cl-C7b

1.507(5)

C4a-C5

1.391(4)

C4a-C7a

1.498(5)

C5-C6

1.401(5)

Table 3. Some Carbon-Carbon Bond Lengths of 2-Chloro-1,1 -dimethyl- \Hcycloprop[e]azulene-l,3,5-trinitrobenzene Complex (373)
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8.4 S o m e Reactions of 2-Chloro-l,l-dimethyl-li/-cycloprop[c]azulene (357)

2-Chloro-l,l-dimethyl-l//-cycloprop[e]azulene (357) is surprisingly stable. The
cyclopropazulene (357) remains unchanged at 110°C in toluene for 20 hours, unlike the
benzocyclopropene (12a), which is reported to be destroyed after 15 minutes in
refluxing benzene.16 In view of the unforseen stablility of (357), a variety of reactions
could be investigated to probe the effect of the cyclopropa-ring fusion on the chemistry
of the azulene moiety.

Me0 2

(357)

(12)

As benzocyclopropene (1) behaves as a dienophile in certain Diels-Alder
reactions (see p. 10), some cycloaddition reactions of the cyclopropazulene (357) were
attempted. The cyclopropazulene (357) did not react with 1,3-diphenylisobenzofuran,
3,6-di(pyridin-2'-yl)-l,2,4,5-tetrazine, tetracyclone and 3,4-dichlorothiophene-l,ldioxide (356) at 110°C in toluene. Whether this lack of reactivity is due to the presence
of the gem-dimethyl group on the cyclopropane ring or an inherent reduced reactivity of
(357) cannot be determined, since such cycloadditions with 1,1-dimethyl-177benzocyclopropenes have not been reported to date.
Electrophilic substitutions on azulene using trifluoroacetic anhydride can be
readily accomplished under mild conditions.133 The treatment of cyclopropazulene
(357) with trifluoroacetic anhydride and calcium carbonate gave two red trifluoroacetyl
derivatives (376) and (377) in 9 5 % yield in a 1 :1 ratio. The two products had similar
'H n.m.r. spectra, with both compounds showing a singlet due to the methyl groups and
two aromatic spin systems. The isomer (376) shows an A B pattern for H 3 (7.55 p p m )
and H 4 (8.21 p p m ) with a vicinal coupling constant of 11.1 H z . H 5 (7.35 p p m ) appears
as a doublet (J5j6 = 4.3 H z ) while H 6 (8.36 p p m ) appears as a muliplet due to long range
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coupling between it and the fluorines of the trifluoromethyl group. The other isomer
(377) also shows H3 (7.71 ppm) and H4 (9.66 ppm) as an AB pattern {J3>4 = 11.3 Hz),
while H6 (8.39 ppm) is a multiplet and H7 (7.11 ppm, J6J = 4.6 Hz) appears as a
doublet. The regioisomer (377) was assigned by the downfield shift of H4 in (377)

compared to (376), caused by the deshielding effect of the trifluoroacetyl group. Since
neither (376) nor (377) is preferentially formed during the reaction, the cyclopropafusion has little or no effect on electrophilic substitution in azulenes.

(CF 3 CO) 2 0
+ CI

CaC03
95%

(357)

(374)

(375)

-H+

+

(376)

CI

(377)

Scheme 110

Treatment of the cyclopropazulene (357) with nucleophiles demonstrates some

interesting chemistry. The addition of sodium methoxide to (357) could in principle gi
2-methoxy-1,1 -dimethyl- 177-cycloprop[e]azulene (380) by a mechanism similar to that
shown in Scheme 43 (p. 32). When the cyclopropazulene (357) and an excess of sodium

methoxide in methanol were stirred at room temperature, an orange product was isolated
in 42% yield. The structure of the product was found to be the diether (381) by !H
n.m.r. spectroscopy. The absence of aromatic character in (381) was concluded by the
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upfield shift of the aromatic / vinylic signals by about 2 p p m compared to (357). The
highfieldregion showed 4 singlets and a doublet. The singlets at 3.72 and 3.32 p p m
were ascribed to two methoxy groups on the basis of their chemical shifts. The other
two singlets at 1.49 and 0.76 p p m were attributed to the chemically distinct methyl
groups. The doublet at 1.84 p p m is due to the methine at the cyclopropa-fusion (HIa),
the coupling constant (1.8 Hz) being due to long range coupling to H3. The diether (381)
arises by the successive additions of two methoxide ions to (357). A s (381) m a y arises
either through the intermediate (379) or (380), a reaction with a limited amount of
sodium methoxide was performed to isolate an intermediate product.

(378)

t
MeO

NaOMe
-NaCl

42%

MeO

(380)
(382)

Scheme 111

Treatment of the cyclopropazulene (357) with one equivalent of sodium
methoxide in methanol gave a yellow oil which was identified as 7-chloro-4-methoxy5,5-dimethyl-577-cyclopentacyclooctene (382) by 'H n.m.r. spectroscopy. At room
temperature, the spectrum of (382) exhibited a similar vinylic region to that of the
diether (381); however it contained an extra vinylic singlet at 5.06 p p m (H6). The
presence of only one singlet at 4.13 p p m showed that only one methoxy group had been
added to (357). The chemically distinct methyl groups are broad, however at -40°C
these singlets sharpen. At the same low temperatures both the singlets due to H 6 and
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the methoxy group broaden suggesting a possible dynamic equilibrium between (379)
and (382) on the n.m.r. time scale.
Since the bicyclic product (382) is a ring-opened product of the intermediate
(379), the formation of the diether (381) can be postulated to proceed as follows. The
methoxide ion attacks C 7 b of the cyclopropazulene (357) generating the
cyclopentadienyl anion (378), which is then protonated by methanol to give (379). The
intermediate (379), which is in equilibrium with (382), undergoes a second nucleophilic
attack by sodium methoxide at C 2 followed by elimination of sodium chloride to give
(381). This reaction shows that the C 7 b position of the cyclopropazulene (357) is more
electrophilic than the C 2 position.
A related reaction has been observed by Halton, where potassium tert-butoxide
added across the double bond of the benzocyclopropene (383) to afford the
cycloheptatriene (384). 134 The need for longer reaction times and the stronger basic
conditions necessary for (383) is probably due to the lower reactivity of benzene
compared to azulene toward nucleophiles, rather than enhanced reactivity of the
cyclopropyl ring in (357).

20eq. KOBu'
THF, reflux
160 hr.
(383)

(384)

Scheme 112
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Chapter 9

Synthesis of l,l-Dimethyl-l//-cycloprop[e]azuIene (385) and 1,1Dimethyl-l/7-cycloprop[/]azulene (261)

As the chlorine substituent on the cyclopropazulene (357) hides some
potentially useful spectroscopic data, the synthesis of the unsubstituted
cyclopropazulene, l,l-dimethyl-177-cycloprop[e]azulene (386), was undertaken. B y
using a sequence analogous to that employed for the synthesis of the azulenopyrazole
(353), 3,3,4-trichloro-tetrahydrothiophene-l,l-dioxide (361) 128 m a y give the
azulenopyrazole (385), which on photolysis could in principle deliver the
cyclopropazulene (386) (Scheme 113).

hv / 1^\

* KJ~J
(361)

(385)

(386)

S c h e m e 113

9.1 Synthesis of l,l-dimethyl-li7-azuleno[5,4-c]pyrazole (385) and 1,1-dimethyll/7-azuleno[6,5-c]pyrazole (199)

The trichloride (361) was selectively dehydrochlorinated with pyridine in
acetone to give the sulfolene (387) in near quantitative yields. Treatment of the sulfolene
with 2-diazopropane gave the adduct (389) as a single stereoisomer. The addition
proceeded faster than with the analogous 2-sulfolene (347) (1.5 hours vs. 16 hours). The
relatively highfieldH 3 a resonance (3.64 p p m ) establishes that 2-diazopropane has
added in the sense shown. In the adducts derived from 2-diazopropane and several cis-
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3,4-disubstituted cyclobutenes, the proton a to the N = N absorbs at 5.3-5.5 ppm, while
the proton a to the gem-dimethyl carbon resonates at m u c h higherfield(usually around
2.5 ppm). 1 3 5 Thus the shift of 3.64 p p m observed in the adduct seems not unreasonable
for the structure (389) after allowing for the deshielding effect due to the adjacent
sulfone group (the a proton in tetramethylene sulfone is at 3.0 ppm). Although not
experimentally determined, the stereochemistry of the chlorine substituent at C 6 was
assigned on the basis that the face of the 7i-bond remote from the ally lie chlorine
substituent in the sulfone (387) is less hindered and thus the transition state (388)
should deliver (389) as shown in Scheme 114. Steric effects are known to be dominant in
the addition of 2-diazopropane to 3,4-disubstituted cyclobutenes.135

o2

02
pyridine, acetone
*99%
c l

(361)

/ \ ,
(387)
Me2CN2

3.64 ppm

/
S

-20°C
97%

CI
(389)

CI
(388)

Scheme 114

W h e n the adduct (389) was dehydrochlorinated in the presence of
dimethylaminofulvene, a blue (22%) and a turquoise product (9%) were isolated. These
products were identified by their lH n.m.r. spectra as the azulenes (385) and (199). The
blue azulene (385) showed an A M X spin system due to H6, H 4 and H 5 (?J4i5 = 9.6 Hz,
3

J5t6 = 10.2 Hz). The turquoise azulene was assigned structure (199) as its spectrum

shows a singlet at 8.18 p p m for H 9 and doublets for H 4 and H 5 with a vincinal coupling
constant (3J4i5 = 9.9 Hz). The formation of the two azulenopyrazoles is beneficial as
109

(385) is a precursor for 1,1 -dimethyl-l/7-cycloprop[e]azulene (386) while (199) is a
precursor for l,l-dimethyl-177-cycloprop[/]azulene (261).

(391)

(199)

Scheme 115

When the adduct (389) was dehydrochlorinated with triethylamine in the
absence of the trapping agent dimethylaminofulvene, an interesting product, 3,3dimethyl-377-imidazole (141), was formed in 1 8 % yield. This product had lU and

13

C

n.m.r. spectra identical to those of an authentic sample of (141) made by the procedure
described by Zenchoff and co-workers.55 A likely pathway for the formation of (141)
from (389) is as follows. Triethylamine m a y preferentially dehydrochlorinate (389)
across C5-C6 instead of C3a-C6a to give the sulfonene (392). Further
dehydrochlorination of (392) gives the reactive thiophene-1,1-dioxide (345) which adds
to the double bond (392) to give an adduct such as (393) which on cheletropic loss of
sulfur dioxide gives the diene (394). Elimination of sulfur dioxide and the pyrazole unit
from (394) then affords the product (141). The driving force for the formation of (141)
from (394) is the generation of the benzenoid ring of (141). Whether the formation of
110

(141) from the postlated intermediate (394) is a concerted or a stepwise process is not
known.

NEt,

SO,

(389)

(345)

(141)

111

+

(392)

9.2 Photolysis of l,l-dimethyl-l//-azuleno[5,4-c]pyrazole (385)

Under the photolysis conditions used for (357) (see p. 95), the azulenopyrazole

(385) gave two difficult to separate azulenes which were identified as 1,1-dimethylcycloprop[e]azulene (386) and 5-(2-propenyl)azulene (395). The reaction was not
allowed to go to completion as the cyclopropazulene degraded during the irradiation.
typical photochemical reaction gave (386) (16%), (395) (14%) and starting material

(385) (70%) in isolated yields. Unlike the photolysis of (353), the presence of oxygen

does not improve yields but appears to inhibit the elimination of nitrogen from (385)

(396)

(397)

Scheme 117

The *H and 1 3 C n.m.r. spectra of (386) were simple to interpret and full
assignments of all the signals were made with the aid of HSQC and HMBC experiments.
The *H n.m.r spectrum shows a singlet at 1.75 ppm integrating for 6 hydrogens due to

the chemically equivalent methyl groups and this shift is similar to that observed fo

chloro-1,1 -dimethyl- 177-cycloprop[e]azulene (341) (1.79 ppm). The aromatic region o
the spectrum is interesting. The vicinal coupling constants of the AMX pattern
associated with H4 (8.29 ppm), H2 (7.66 ppm) and H3 (7.20 ppm)
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show a significant difference, with 3J2,3 = 7.6 H z and tyj = 10.2 Hz, whereas the
analogous coupling constants in azulene are Jj,6 = 10.0 H z and J^j = 9.5 Hz,
respectively. The A M X pattern associated with H 6 , H 5 and H 7 {J5^ = 3.6 Hz, J^7 =
3.9 H z ) has similar coupling constants to that of azulene {J 12 = J2,3 - 4.0 Hz). 6 2 a
The 1 3 C n.m.r spectrum of (386) shows that CI has a chemical shift of 33.6
ppm, slightly upfield from the value for derivative (341) (35.8 p p m ) and also similar to
that of the nonaromatic tropone (61) (34.0 ppm). The carbon atoms adjacent to the
cyclopropa-fusion are shielded, C 2 (125.9 p p m ) and C7a (127.6 p p m ) are shifted by
about 9 p p m upfield compared to the shifts of the analogous carbons on azulene as a
result of substitution. The ring fusion carbons Cla (131.0 p p m ) and C7b (143.1 p p m )
have shifted 6-8 p p m downfield compared to azulene. The rest of the aromatic carbon
shifts do not deviate greatly from those observed in azulene, apart from C 7 (109.6
ppm), which has shifted upfield by 8.3 ppm. The one-bond 1 3 C-H coupling constants
of (386) are also similar to those of azulene.
The alkene (395) was identified as 5-(2-propenyl)azulene from its spectroscopic
properties. The mass spectrum showed a molecular ion m/z 168 which was consistent
with the molecular formula of C13H12. The lR n.m.r. spectrum contained an A M X
pattern and the signals were assigned to H 9 (8.30 ppm, J8,9 - 9.5 Hz), H 7 (7.75 ppm,
J7i8 = 10.5 H z ) and H 8 (6.76 ppm, J7>8 = 10.5 H z and J8t9 = 9.5 Hz). A doublet at 8.55
p p m was ascribed to H 4 since the small coupling constant (J= 1.9 Hz) rules out a
vicinal vinylic coupling. Multiplets at 5.34, 5.23 and 2.31 p p m were consistent with the
2-propenyl moiety. The alkene (397) is the expected product of intramolecular
hydrogen abstraction within the diradical intermediate (396) in the photolysis of the
pyrazole (385). The observed alkene (395) appears to arise by the decomposition of the
cyclopropazulene (386) during the reaction, but control experiments to prove this have
not been performed in view of the small quantities of (386) available.
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9.3 Photolysis of l,l-dimethyl-l//-azuleno[6,5-c]pyrazole (199)

A similar outcome to that of the irradiation of (385) was observed with the
photolysis of the azuleno[6,5-c]pyrazole (199), using the conditions described earlier
(p. 91). The partial photolysis of (199) gave the cyclopropazulene (261) (21%), the
alkene (395) (3%) and starting material (199) (71%). The alkene (395) was identified as
the isomer shown since it had an *H n.m.r. spectrum identical to that of the alkene
mentioned earlier (Scheme 117). In view of the previous photolysis (Scheme 117), the
alkene (395) could either be formed by hydrogen abstraction of the diradical intermediate
(398) or possibly by rearrangement of the cyclopropazulene (261).

(199)

(261)

(395)

(398)

Scheme 118

As with the cyclopropazulene (386), the n.m.r. spectra of (261) were fully
assigned using 2D-n.m.r techniques. The ] H n.m.r spectrum of (261) contains a high
field singlet at 1.63 p p m due to the chemically equivalent methyl groups. This is slightly
upfield from the corresponding signals of the previously prepared cyclopropazulenes
(357) (1.79ppm) and (386) (1.75 ppm). The vicinal coupling constant between H 2 and
H 3 is 7.4 H z and is relatively low for azulenes. The H 7 resonance (8.24 p p m ) is a
slightly broadened singlet due to long range coupling. A s with (386), the A M X pattern
due to H 5 , H 4 and H 6 in the 5-membered ring resembles that of azulene.
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The 1 3 C n.m.r. spectrum of (261) shows that the C I resonance (30.7 p p m ) is
similar to that of the cyclopropazulene (386) (33.6 p p m ) . A s in (386), the cyclopropafusion carbons Cla (143.3 p p m ) and C7a (129.2 p p m ) are slightly deshielded compared
to those of azulene by 6-7 ppm. The carbon resonances adjacent to the cyclopropafusion, C 2 (110.7 p p m ) and C 7 (124.7 p p m ) are shielded by about 12 ppm. The other
carbon resonances do not deviate significantly from those of azulene. The the one bond
13

C-H coupling constants of C 2 (165.4 H z ) and C 7 (160.7 Hz), have increased by 9.4

and 8.0 H z respectively compared to azulene. The other 1 3 C-H coupling constants are
essentially unaffected by the ring fusion.

9.4 *!! and 13C n.m.r. spectral properties of l,l-dimethyI-17/-cycloprop[e]azulene
(386) and l,l-dimethyl-177-cycloprop[/|azulene (261)

10.2 Hz

7.4 Hz

(261)

(386)

Figure 26. Values for 3JH>H for (386) and (261)

From a comparision of the !H n.m.r. spectra of the cyclopropazulenes (386) and
(261) (Figure 26), it is evident that the magnitude of the vincinal coupling constants
between the protons contiguous with the position of cyclopropa-fusion have been
reduced. This is exemplified in (386) where J2,3= 7.6 H z , whereas J3i4 = 10.2 Hz. The
vicinal coupling constants for the analogous protons on azulene itself are Jj.g = 10-0 H z
and J4>5 = 9.5 H z , respectively.62a For (261), the magnitude of the vicinal coupling
constant (^,3 = 7.4 H z ) is also reduced compared to azulene (J4ts = 9.5 Hz). At first
sight this could be taken as evidence for bond alternation in the sense shown in
structures (386a) and (261a), as in the case of 5,8-dihydro-5,8-epoxybenz[/]azulene
117

(179).73 The crystal structure of (179) showed marked bond alternation (see. p. 33) and
this was also evident in the lH n.m.r. spectrum, where the the magnitude of J7$ = 8.5
H z is smaller than that of analogous coupling constant in azulene (J4is = 9.5 Hz).
However, the anomalous coupling constants in (386) and (261) are not due to bond
alternation.

(386a)

(386b)

(261a)

(261b)

The magmtude of vicinal coupling constants depends on four factors: 1) the
dihedral angle between the C-H bonds under consideration; 2) the C, C bond length; 3)
the H-C-C valence angles; and 4) the electronegativity of substituents attached to the HC-C-H moiety.136 In the case of (386) and (261), factors 1 and 4 do not apply. From
the crystal structure of (386) (see later p. 121), the bond lengths C2-C3 and C3-C4 are
essentially the same, whereas the valence angles of H2-C2-C3 (117.9°) and H3-C3-C2
(117.9°) are significantly different from H3-C3-C4 (113.9°) and H4-C4-C3 (114.0°).
This indicates that the difference in coupling constants is mainly due to deviations in
valence angles caused by steric deformations resulting from cyclopropa-fusion. Gunther
118

and co-workers m a d e similar conclusions regarding the structural effects on 3JH,H
correlation of planar seven-membered cyclic 7t-systems.137 Even though the difference

between the magnitude of coupling constants of J2,3 and J3i4 is relatively large, the r
between these vicinal coupling constants {J2,31J2,4 = 7.6 / 10.2 = 0.75) is nearly
identical with the analogous ratio obtained for benzocyclopropene (.72,3I J3>4 = 6.04
7.63 = 0.79).29a

7.63 Hz

(386)

(1)

The 13C spectra of (386) and (261) show several features characteristic of
cycloproparenes. The carbon atoms at the ring junction are deshielded by 6-8 ppm
while the carbons adjacent to the cyclopropa-fusion are shielded by 11-13 ppm
compared to azulene. In (386), C7 is also shielded by about 9 ppm, which may be the
result of a steric interaction between C7 and the gew-dimethyl moiety. The one bond
13

C-H coupling constants of C2 and C7 in (261) have increased by ca. 8-12 Hz;

however (386) inexplicably does not exhibit this phenomenon.
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(168.5)
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(168.2)

140.08

(149)
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Figure 27. Summary of 13C chemical shifts (and one-bond 13C-H coupling constants)
of 1,1-dimethyl-177-cycloprop[e]azulene (386), 1,1-dimethyl-177-cycloprop[/]azulene
(261), benzocyclopropene (1) and azulene (149)

9.5 Structural properties of the cyclopropazulenes l,l-dimethyl-17/cycloprop[e]azulene (386) and l,l-dimethyl-li/-cycloprop[/]azulene (261)

In order to obtain structural data for the cyclopropazulenes (386) and (261),

suitable crystals for single crystal x-ray analysis had to be obtained. 1,1-Dimethyl-1
cycloprop[e]azulene (386) was more crystalline than 1,1-dimethyl-177-

cycloprop[/]azulene (261) and satisfactory crystals were obtained by the evaporation o
a solution of (386) in light petroleum at -20°C over about a month. Suitable crystals
(261) were also obtained by the same method, but this took several months.
The crystal structure of (386) shows similarities to that of the cyclopropazulene
complex (352). The valence angles at the ring fusion C7b-Cla-C2 (136.5°) and C7a-C7bCla (135.4°) are larger than in azulene (129.0-129.50).132 Like (352), the Cla-C7b bond
(1.350 A) is shorter than in azulene as well as the adjacent aromatic bonds, Cla-C2
(1.372 A) and C7a-C7b (1.369 A), due to the bent bond phenomenon (see p. 3). Unlike
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the small variation in bond lengths observed in the structure of the complex (352), the
crystal structure of (386) shows no bond alternation. As mention earlier, the valence
angles between H2, H3 and H4 may account for the unusual coupling constants
observed in (386). The valence angle of H2-C2-C3 (117.9°) and H3-C3-C2 (117.9°)
gives rise to a coupling constant of 7.6 Hz while those of H3-C3-C4 (113.9°) and H4C4-C3 (114.0°) give rise to a 10.2 Hz coupling.

Figure 28. Crystal Structure of 1,1-dimethyl-177-cycloprop[e]azulene (386)
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Bond

Length (A)

Bond

Length (A)

Cl-Cll

1.517(2)

C4-C4a

1.392(2)

C1-C12

1.513(2)

C4a-C5

1.398(2)

Cl-Cla

1.513(2)

C5-C6

1.397(2)

Cl-C7b

1.515(2)

C6-C7

1.399(2)

Cla-C7b

1.350(2)

C7-C7a

1.398(2)

Cla-C2

1.372(2)

C7a-C7b

1.369(2)

C2-C3

1.402(2)

C7a-C4a

1.502(2)

C3-C4

1.395(2)

Table 4. Bond lengths of (386) in Angstroms (A)

The crystal structure of (261) shows two molecules of the cyclopropazulene in
the unit cell. Within each molecule the strain imposed by the cyclopropa-fusion is
evident by the deformation of the azulene ring. In thefirstmolecule, the bond angles at
theringfusion, C17-C17a-Cl la (136.0°) and C17a-Cl la-C12 (136.8°) are larger than in
azulene (129.0 - 129.5°). The cyclopropa-fusion bond has a length of 1.353 A, which is
similar to those encountered for (341) (1.357 A ) and (386) (1.350 A ) . Again the bonds
adjacent to the cyclopropa-fusion C17-C17a (1.359 A ) and CI la-C12 (1.380 A ) are
slightly shortened. There is a minimal bond alternation (0.011-0.019 A ) evident in the
bonds not distorted by the cyclopropa-fusion. The second molecule is similar to the
first is all respects except that the bond alternation is of greater magnitude (0.028 0.051 A ) .
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C(212)

Figure 29. The two molecules in the unit cell of the crystal structure of 1,1-dimethyl177-cycloprop[/] azulene (261)
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Bond

Length (A)

Bond

Length (A)

Cll-Clll

1.525(5)

C21-C211

1.516(6)

C11-C112

1.509(6)

C21-C212

1.520(5)

Cll-Clla

1.513(4)

C21-C21a

1.517(4)

Cll-C17a

1.500(5)

C21-C27a

1.499(5)

Clla-C12

1.380(4)

C21a-C22

1.375(5)

Clla-C17a

1.353(4)

C21a-C27a

1.356(4)

C12-C13

1.390(5)

C22-C23

1.379(5)

C13-C13a

1.388(5)

C23-C23a

1.383(5)

C13a-C14

1.397(5)

C23a-C24

1.418(5)

C13a-C16a

1.528(4)

C23a-C26a

1.529(5)

C14-C15

1.383(5)

C24-C25

1.379(5)

C15-C16

1.399(5)

C25-C26

1.407(5)

C16-C16a

1.380(5)

C26-C26a

1.372(5)

C16a-C17

1.397(5)

C26a-C27

1.413(5)

C17-C17a

1.359(5)

C27-C27a

1.362(5)

Table 5. Bond lengths of the two molecules of (261) in the space group in A.

9.5 Conclusion

The cyclopropazulene derivatives (357), (386) and (261) were made by
irradiation the azulenopyrazoles (353), (385) and (199), respectively. Significantly,
(2-propenyl)azulene derivative which would have resulted from the intramolecular
hydrogen atom transfer within the diradical intermediates (369) and (396) was not
detected in the photolysis of (353) and (385). Such alkene formation is normally an
important pathway in the photolysis of gem-dimethyl-substituted pyrazoles fused
six-membered aromatic rings.
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(357)

(386)

(261)

Qualitatively, the cyclopropazulenes (357), (386) and (261) are more stable than
the analogous 1,1-dimethylbenzocyclopropenes and electrophilic and nucleophilic
substitution reactions were investigated briefly in the cyclopropazulene (357). It was
found that the cyclopropa-fusion had no effect on the electrophilic substitution of
(357), since the treatment of (357) with trifiuoracetic anhydride and calcium carbonate
gave the trifluoracetyl derivatives (376) and (377) in equal amounts. Reactions with
sodium methoxide showed that C7b is the most electrophilic position in (357).
The cyclopropazulenes show characteristic cycloproparene n.m.r spectral
properties. For example, shielding in the order of 9 ppm was observed for the carbon
atoms adjacent to the cyclopropa-fusion. Also, evidence for the deformation in the
azulene ring caused by the cyclopropa-fusion was evident by the lowering of the
contiguous vincinal coupling constants in the cyclopropazulenes (386) and (261).
The crystal structures of the cyclopropazulenes (357), (386) and (261) show

characteristic cycloproparene behavior, with the deformation of the aromatic ring at th
cyclopropa-fusion and bond shortening due to the bent bond phenomenon. As with the
benzocyclopropenes,13 bond alternation in the cyclopropazulenes is very minor if
present at all. The effect of the cyclopropa-fusion on the azulene core in (357), (386)
and (261) should be enhanced, since azulene has about half the resonance energy of
benzene. However, the absence of bond localization observed in these systems suggest
that strain alone has a negligible effect on bond localization. These findings are in
agreement with the conclusions made by Boese and co-workers for
benzocyclopropenes.! 3
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Chapter 10

Synthesis of 4-Chloroazuleno[4,5-c]furan (433)

In Chapters 8 and 9 it was shown that the conversion of adducts of the
chlorosulfones (399) and 2-diazopropane into azuleno-fused 377-pyrazoles was a
straightforward process. The more generalized sequence shown in Scheme 119 suggests
that other ring-fused azulenes should in principle be readily accessible by such a

sequence. This will be illustrated below by the synthesis of 4-chloroazuleno[4,5-c]furan
(433).

V
ci

V

Cycloaddition

CI

ci
(399)

Base,
Dimethylaminofulvene

CI

+ isomer

(400)

(401)

S c h e m e 119

Isobenzofuran (402) and its derivatives are theoretically interesting
compounds and have been extensively reviewed.138 Such compounds have also been of
continuing interest in our research group with several benzenoid (e.g. (403))139 and
nonbenzenoid derivatives (e.g. (404))140 being synthesized.

(403)

(402)
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(404)

Although isobenzofurans have been made by m a n y different routes, three
methods are generally used.138 The elimination of R O H from the hemiacetal or acetal
(405), either through heating (R = H ) , or by using lithium di-isopropylamide (R = C H 3 ) ,
gives isobenzofuran (402); however (402) usually cannot be isolated under these
conditions, but can be trapped in situ. A convenient method to generate and isolate
isobenzofuran is by the flash vacuum pyrolysis of the bridged ether (406), which
undergoes a cycloreversion to afford (402) and ethylene. A n alternative cycloreversion
approach involves the cycloaddition of 3,6-di(pyridin-2'-yl)-l,2,4,5-tetrazine (408) to
(407) to give the adduct (409) which spontaneously loses nitrogen.141 The resulting
diazadiene (410) undergoes cycloreversion to give (402). The adducts of (407) and ocpyrone or tetracyclone have also been used in a similar manner to generate
isobenzofuran.138 Although (402) has been characterized spectroscopically, it has only a
brief life time at or near room temperature.
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The fusion of the c-bond of furan to azulene generates three isomers:
azuleno[l,2-c]furan (412), azuleno[4,5-c]furan (413) and azuleno[5,6-c]furan (414). O n
the basis of three different computational methods, Nikolic and co-workers concluded
that (412) is the least stable of these isomers.142 They indicated that azulenopyrroles
are more stable than azulenothiophenes, which in turn are more stable than
azulenofurans, and that the isomers (416) and (417) are more stable than (415).
However, the azulenofurans (412), (413) and (414) m a y turn out to be less reactive than
isobenzofuran as the resonance energy of azulene (149) is lower than that of benzene
(see p. 33). In view of this, the driving force for the addition across the 1,3-positions of
the furan moieties of (413) and (414) should be reduced compared to isobenzofuran,
possibly allowing for the isolation of (413) and (414) under normal laboratory
conditions.

(412)

(413)

(415)

(416)

(414)

(417)

X = O, NH, S

In contrast to the extensive literature pertaining to isobenzofuran (402), little
work has been reported on azuleno[c]furans, and to date only one of these isomers has
been postulated as an intermediate. Ebine and co-workers generated azuleno[4,5-c]furan
(413) in situ by heating the hemiacetal (418) in the presence of maleic anhydride and
obtained the endo and exo adducts (419) in 20 and 4 9 % yield respectively (Scheme

128

121). 143 However, none of the azuleno[c]furans nor their derivatives have been isolated
to date.

HO

endo:exo
2:5
(418)

(413)

Scheme 121
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(419)

10.1 Synthesis of 4-chloroazuIeno[4,5-c]furan (433)

Since a 7-oxabicyclo[2.2.1]hepta-2,5-diene-fused azulene may give an
azulenofuran upon treatment with 3,6-di(pyridin-2'-yl)-l,2,4,5-tetrazine, adducts of the
chlorosulfones (399) and furan were required. The sulfones (347) and (387) were stirred
in furan at room temperature; however no adducts were formed, even under conditions
of Lewis acid catalysis. This is not unexpected as furan is less reactive than 2diazopropane towards cycloadditions, and accordingly the potentially more reactive
dienophile thiophene-1,1-dioxide was investigated.

2
c

furan

CI p CI
(347)R = C1
(387) R = H

(420)

S c h e m e 122

Dmowski and co-workers reported that furan and 3-chloro-4-fluorothiophene1,1-dioxide (421) in toluene at 110°C gave the adducts (422) and (423).144 However,
Nakayama and co-workers found that the parent thiophene-1,1-dioxide (166), generated
by oxidation of thiophene with dimethyldioxirane, preferentially dimerises rather than
form an adduct with furan.125a
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In the present study, an adduct of the parent thiophene-1,1-dioxide (166) and
furan was isolated in 1 8 % yield as a single stereoisomer when the dibromide (424) 62b
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was added slowly to a solution of furan and triethylamine over 10 hours. The product
was identified as the endo adduct (425) since 3J3a>4 = 4.7 H z and3J7Ja = 4.8 H z ,
indicating an exo orientation of H 3 a and H 7 a within the 7-oxabicyclo[2.2.1]hept-2-enyl
system. Although this adduct is not useful in the synthesis of azulenofurans, its
formation shows that (166) can be intercepted by furan when generated under
conditions of sufficient dilution that prevent dimerisation.
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Br
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NEt,

furan
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Br
(424)

(166)

(425)

Scheme 124

02

furan, 7 5 %

A
CI

60°C

11
(426a)

CI

(426b)

(356)

Scheme 125

The cycloaddition between the more stable 3,4-dichlorothiophene-1,1 -dioxide
(356) 128 (generated in situ) and furan was complete in 4 hours at room temperature,
giving a mixture of endo and exo adducts (426) in a ratio of 11 : 9 in 7 5 % yield. The two
adducts were difficult to separate and therefore the mixture was used in the next step.
The adducts did not undergo dehydrochlorination with triethylamine in dichloromethane
at room temperature, conditions previously observed to be effective for the adducts
derived from 3,4-dichlorothiophene-1,1-dioxide (356) and 2-diazopropane (see Chapter
8). At elevated temperatures (> 60°C), cycloreversion to 3,4-dichlorothiophene-1,1dioxide (356) was observed. However, a purple azulene was formed in 2 5 % yield when
a solution of the adducts (426) and dimethylaminofulvene in triethylamine / acetonitrile
(1:1) was kept at room temperature for four days.
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NEt3, CH 3 CN

c/

ci
(426)
(427)

Me,N

Me2N
(428)

(429)

-NHMe2, S0 2
25%

-NHMe2, S0 2

9

(431)

Scheme 126

The azulenic product was identified as the regioisomer (430) by its *H n.m.r.
spectrum. Thus, the 7-oxabicyclo[2.2.1]hepta-2,5-dienyl moiety shows a 4 spin system
with H 8 and H 9 (7.07 or 7.17 ppm), 3J8i9 = 5.5 Hz, coupled to H 7 and H 1 0 (6.24 or
6.19 ppm), 3J7>8 = 3J9jo - 1.8 Hz. Within the azulene ring system H 2 , H I and H 3
appear as an A M X pattern with coupling constants of 3.9 and 4.3 Hz. The coupling
constant between H 5 (6.96 p p m ) and H 4 (7.93 ppm), 3J4t5 = 11.2 Hz, establishes
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structure (430) and rules out (431) since the magnitude of this coupling constant is
typical of a vicinal coupling. The regiochemistry of (430) indicates that the [6+4]
cycloaddition of dimethylaminofuivene (163) and (427) occurred in the sense shown in
Scheme 126.
The azulene (430) was treated with 3,6-di(pyridin-2'-yl)-l,2,4,5-tetrazine
(408) at room temperature to give a yellow-olive green crystalline product which was
less polar than the starting material. This was identified as 4-chloroazuleno[4,5-c]furan
(433). The furan (433) was stable towards rapid radial chromatography, but it
decomposed within several hours at room temperature.

(408)
CHC1 3 , r.t.
(431)

(430)

-N,

-(411)

70%
(432)

Scheme 127

The structure of (433) follows from its mode of synthesis and spectroscopic
properties. The ! H n.m.r. spectrum shows H I (8.16 p p m ) and H 3 (8.14 p p m ) as an A B
pattern with 4J]>3 = 1.9 Hz. Similar 4 bond coupling values have been observed between
the H I and H 3 in the naphtho[l,2-c] furan (434) where 4J1>3 = 1.5 Hz. 1 4 5 The remaining
•H shifts and coupling constants for (433) are shown in Figure 32. The average values
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Figure 31. 1 3 C n.m.r. spectrum of (433)
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for the aromatic ! H shifts for the precursor (430) (7.52 p p m ) and 6-chloroazulene (360)
(7.65 ppm) have been shifted upfield in (433) (6.86 ppm), showing a reduction in

diatropic character of (433) relative to the azulenoid ring system. The fixed nature of

double bonds in the ring system is apparent with the large difference observed for 3J7>
= 5.0 Hz and 3J89 = 2.5 Hz. This can be contrasted with the analogous 3 bond coupling
constants of the precursor (430) where J = 3.9 and 4.3 Hz, and with azulene, where
3

J 12 = 4.0 Hz. Thus although (433) contains a peripheral 14TC electron system and is

aromatic by Huckel's rule, the presence of the furan ring must impart bond fixation on
the azulene moiety. The 13C spectrum shows CI (138.9 ppm) and C3 (144.7 ppm) to

be slightly deshielded as expected for a furan within the azulenoid moiety of (433). C6a
(145.1 ppm) is deshielded and C9a (123.1 ppm) is shielded with respect to the
analogous carbons in azulene (140.5 ppm) and this may reflect an increased fulvenoid
character for (433).
1.9 Hz

(434)

(243)

(435)

Figure 32. *H and 13C chemical shifts of 4-chloroazuleno[4,5-c]furan (433),
naphtho[l,2-c]furan (434), furan (243) and fulvene (435)
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10.2 Diels-Alder reactions of 4-chloroazuleno[4,5-c]furan (433)
cip

0

CH,

CH a

(436)

vy

43%

2.18 ppm

(433)

Scheme 128

4-Chloroazuleno[4,5-c]furan (433) rapidly reacted with N-methylmaleimide at
room temperature to give an endo adduct (436), 4 4 % , and an exo adduct (437), 4 3 % .
The ! H n.m.r. spectrum of the exo isomer shows two doublets at 6.21 p p m (J= 1.0 Hz)
and 6.07 p p m (J= 1.0 Hz) ascribable to the two bridgehead protons H 7 and H I 1 which
mutually couple through a four-bond pathway and two doublets for H7a and H 10a at
3.24 p p m (J= 6.7 Hz) and 3.13 p p m (J= 6.7 Hz). The absence of coupling between
H7, H7a and HlOa, H I 1 shows that the dihedral angle between these hydrogens is about
90° by using the Karplus curve. The ! H n.m.r. spectrum of the endo adduct (436)
shows the bridgehead protons as second order multiplets at 5 6.26 and 6.16 ppm, and

o
(438)

3.20 ppm

CH 5

V

(439)
2.39 ppm
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H 7 a and H l O a are observed as a multiplet centered around 3.97 ppm. A further key
difference in the *H n.m.r. spectral properties of (436) and (437) rests in the chemical
shifts of the TV-methyl groups. Thus the values for (436) (2.18 p p m ) and (437) (3.07
p p m ) show a difference similar to that observed between the analogous shifts in the
endo adduct of isobenzofuran and JV-methylmaleimide (439) (2.39 p p m ) and the
corresponding exo adduct (438) (3.20 ppm). 1 4 6
In summary, the general strategy summarised in Scheme 129 has resulted in the
synthesis and characterisation of 4-chloroazuleno[4,5-c]furan (433), thefirstazulene
analogue of isobenzofuran. N.m.r. spectral evidence indicates double bond fixation in the
azulene moiety of this compound. Qualitatively, (433) is more stable than
isobenzofuran. However it behaves in a similar manner to isobenzofuran with respect to
Diels-Alder cycloadditions.
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Experimental

Melting points were determined on a Kofler hot stage apparatus and are
uncorrected. Microanalyses were performed by M . H . W . Laboratories (Phoenix,
Arizona).
Nuclear magnetic resonance (n.m.r.) spectra were measured at 200 M H z ( ! H) on
a Varian Gemini, 300 M H z ( ! H), 75.5 M H z (13C) on a Bruker A M 300 spectrometer,
500 M H z O H ) , 126 M H z (13C) on a Bruker A R X 500 spectrometer and 600 M H z
( J H), 151 M H z ( 13 C) on a Bruker A V 600 spectrometer. All n.m.r. spectra were
recorded in deuterochloroform (CDCI3) unless otherwise stated. Signals are described in
terms of chemical shifts, intensity, multiplicity, coupling constants, and assignment.
The following abbreviations have been used: s (singlet), d (doublet), t (triplet), q
(quartet), sept (septet), m (multiplet), br. (broad). 1 3 C assignments were made with the
aid of D E P T experiments. 1 3 C-H coupling constants were obtained using gated
decoupled n.m.r experiments.
Mass spectra were measured on a V G Autospec. mass spectrometer. Only
molecular ion peaks, and peaks registering above 1 0 % relative abundance in terms of m/z
and relative abundance are reported. Infrared spectra were recorded using K B r discs with
a Bio-Rad FTS45 FTIR spectrophotometer with absorption recorded in terms or
frequency (i)max) in cnr1. Electronic spectra were recorded using a Milton Roy Array
3000 Spectrophotometer and are reported in wavelength (X) in nm.
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All single crystal x-ray structural determinations were performed by A. H. White
and B. W . Skelton at the University of Western Australia and full details will be
published in a forthcoming paper.
Analytical thin layer chromatography (t.l.c.) was carried out using Merck (Art.
554) silica gel 60 F254 pre-coated on aluminium sheets. The spots werefirstvisualised
using U V light (254 n m ) and then spraying with 6 % eerie sulfate in 2 N H 2 S 0 4 solution
and heating for 30 seconds.
Preparative radial chromatography was carried out using a Chromatotron Model
7924T (Harrison Research, Palo Alto, California) with Kieselgel 60 PF254 gipshaltig
(Merk Art. 7749). Silica gelfiltrationswas performed using Fluka Kieselgel 60 as
adsorbent. In both chromatographic techniques, increasing proportions of ethyl acetate
in light petroleum were used as eluting solvents, unless stated otherwise. Fractions were
monitored by t.l.c, and appropriate fractions were combined.
Anhydrous tetrahydrofuran and anhydrous ether were obtained by distillation
from benzophenone potassium ketyl. All reactions requiring anhydrous reagents were
carried out under an inert atmosphere of nitrogen or argon. Light petroleum refers to the
fraction b.p. 65-70°C. All organic extracts were dried over anhydrous magnesium
sulfate.
Tetra-«-butylammonium fluoride (tbaf) was dried by the following method.
Tetra-H-butylammonium fluoride trihydrate was dissolved in anhydrous benzene. The
benzene and water were co-distilled off under reduced pressure and the process repeated
until the mass remained constant. The residual tetra-H-butylammonium fluoride was
then dried at room temperature under vacuum.
Solutions of 2-diazopropane were m a d e by the method described by Andrews
and co-workers.147
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1,2,3,4-Tetrahydronaphthalene-2,3-dicarboxylic anhydride (207)

A solution of a,a'-dibromo-o-xylene (18.63 g) and maleic anhyride (7.66 g) in
anhydrous 1,4-dioxane (150 ml) was added dropwise over 1 hour to a mechnanically
stirred and sonicated mixture of activated zinc83 (16.34 g, 0.25 mol) and 1,4-dioxane
(100 ml) at 0°C under argon. The mixture was sonicated for a further 2 hours, then
stirred at room temperature overnight. The mixture was filtered through Celite and the
residue washed with dichloromethane. The combined filtrates were washed with
a m m o n i u m chloride solution and brine, dried, and concentrated to give the adduct82 as a
white solid (13.29 g, 6 6 % ) . The lK n.m.r. spectrum was identical with that reported.

Dimethyl l,2,3,4-tetrahydronaphthalene-2,3-dicarboxylate (211)

The anhydride was converted into the diester in 72% yield using the procedure
described by Muller and Rey. 83 The ! H n.m.r. spectrum was identical with that
reported.

/, 2,3,4-Tetrahydronaphthalene-2,3-dimethanol (212)

The diester was converted into the diol in quantitative yield using the procedure
described by Muller and Rey. 83 The ! H n.m.r. spectrum was identical with that
reported.

2,3-Dimethylidene-l, 4-dihydronaphthalene (25)

Iodine (7.77 g, 61.9 mmol) was added to a mixture of anhydrous red phosphorus
(0.7 g, 23 m m o l ) in toluene and the mixture heated under reflux for 30 minutes. A
solution of l,2,3,4-tetrahydronaphthalene-2,3-dimethanol (5.37 g, 28 m m o l ) in toluene
was added to the phosphorus / iodine solution which was then heated under reflux for 3
hours, during which the dark solution cleared. The solution was cooled, washed with
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saturated sodium hydrogen carbonate solution and brine, dried and concentrated under
reduced pressure to give 2,3-bis(iodomethyl)-l,2,3,4-tetrahydronaphthalene as a
colourless oil (8.22 g, 7 7 % ) . iH n.m.r. spectrum (300 M H z ) 8 7.09-7.20, 4H, m , ArH;
3.29, 2H, dd, / = 4.8, 9.7 Hz; 3.07, 2H, dd, J = 9.7, 9.6 Hz; 3.00, 2H, dd, J = 16.7, 5.4
Hz; 2.80, 2 H , dd, J = 16.7, 7.2 Hz; 2.43-2.56, 2H, m. 1 3 C n.m.r. spectrum (75.5 M H z )
5 133.6 (C), 129.3 (CH), 126.3 (CH), 40.8 (CH), 33.5 (CH 2 ), 7.3 (CH 2 ).
2,3-Bis(iodomethyl)-l,2,3,4-tetrahydronaphthalene (4.12 g, 10 m m o l ) was added
to a solution of potassium hydroxide (1.68 g, 30 m m o l ) in anhydrous methanol (20 ml)
and the mixture was vigorously stirred under reflux for 3 hours under argon. The mixture
was cooled, poured into water and extracted with light petroleum. The light petroleum
extract was washed with brine, dried, and concentrated to give the crude diene as a clear
oil (1.72 g, 100%), The *H n.m.r. spectrum was identical to that described.83 The diene
was used immediately in the next step.

la, 9a-Dibromo-la,2,3,8,9,9a-hexahydro-lH-cycloprop[bJ anthracene (201)

coc£
Br

Tetra-H-butylammonium fluoride (2.61 g, 10 mmol) in anhydrous
tetrahydrofuran (10 ml) was added drop wise to a stirred solution of 2,3-dimethylidene1,4-dihydronaphthalene (1.22 g, 7.82 m m o l ) and l,l,2-tribromo-2(trimethylsilyl)cyclopropane (2.30 g, 6.56 m m o l ) in anhydrous tetrahydrofuran (10 ml)
at -78°C. After 1 hour, the mixture was allowed to stand at -20°C for 15 hours and then
at room temperature for 1 hour. The solution was concentrated under reduced pressure
and the residue was taken up in ether / water and extracted with ether ( 3 x 1 0 ml). The
combined ethereal extracts were washed with water (2 x 20 ml), dried and concentrated
under reduced pressure to give a yellow solid (2.06 g) which was subjected to silica
filtration. Elution with light petroleum gave the adduct as colourless needles (1.67 g,
7 2 % ) which recrystallized from light petroleum as colourless prisms, m.p. 149-50°C
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(Found: C, 50.68; H, 3.94. C 1 5 H 1 4 Br 2 requires C, 50.88; H, 3.99%). J H n.m.r. spectrum
(300 M H z ) 6 7.08-7.26, 4H, m , ArH; 3.11-3.31, 6H, m ; 2.90, 2H, d, J = 14.7 Hz; 1.65,
1H, d, J = 7.5 Hz; 1.45, 1H, d, J= 7.5 Hz. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 133.3
(C), 127.9 (CH), 126.1 (CH), 124.4 (C), 41.1 (CH 2 ), 38.4 (C), 34.3 (CH 2 ), 26.1 (CH 2 )

Ozonolysis of la,9a-Dibromo-la,2,3,8,9,9a-hexahydro-lH-cycloprop[b]anthracene
(201):
1) Formation of la,9a-Dibromo-la,2,9,9a-hexahydro-lY{-cycloprop[b]anthracene (214)

Ozonised oxygen was bubbled through a cooled (-78°C) solution of la,9adibromo-la,2,3,8,9,9a-hexahydro-177-cycloprop[Z?]anthracene (51 mg, 0.15 mmol) and
sodium hydrogen carbonate (1 m g ) in a mixture of dry methanol (5 ml) and
dichloromethane (25 ml), and the progress of the reaction was carefully monitored by
t.l.c. W h e n all the starting material was consumed, the ozone was displaced by bubbling
nitrogen through the cold reaction mixture. The resulting solution was added dropwise to
a cooled (0°C) suspension of thiourea (15 m g ) and sodium hydrogen carbonate (30 m g )
in dichoromethane and then stirred for 1 hour at 0°C. The reaction mixture was washed
with water (2 x 20 ml) and the combined aqueous phases were extracted with
dichloromethane (2x10 ml). The combined organic extracts were washed with brine (1 x
20 ml) and concentrated under reduced pressure to afford la,9a-dibromo-la,2,9,9ahexahydro-177-cycloprop[6]anthracene as a crystalline solid (50 mg, 100%). A n
analytical sample was obtained by recrystallization from light petroleum as colourless
plates, m.p. 129-30°C (Found: C, 50.91; H, 3.30. Ci 5 Hi 2 Br 2 requires C, 51.17; H,
3.44%). Mass spectrum m/z 352 (17%, M + ) , 306 (25), 279 (11), 274 (17), 259 (15), 229
(43), 193 (17), 192 (100), 191 (80), 190 (12), 189 (26), 178 (11), 167 (24), 165 (24),
149 (60), 139 (34), 123 (17), 113 (11), 96 (16), 95 (18), 91 (12), 86 (41), 84 (63), 83
(19). lH n.m.r. spectrum (300 M H z ) 8 7.73-7.78, 2H, m , part of AA'BB' system; 7.53,
142

2H, s; 7.42-7.47, 2H, part of AA'BB' system; 3.90, 2H, d, J = 15.5 Hz; 3.74, 2H, d, J =
15.5 H z ; 1.40, 1H, d, J = 8.3 H z ; 1.35 1H, d, J = 8.3 Hz. 1 3 C n.m.r. spectrum (75.5
M H z ) 8 132.3 (C), 132.1 (C), 127.0 (CH), 126.6 (CH), 125.7 (CH), 40.9 (CH 2 ), 37.8
(C),23.4(CH 2 ).
In a control experiment, oxygen was bubbled through a solution of la,9adibromo-la,2,3,8,9,9a-hexahydro-177-cycloprop[6]anthracene (20 m g ) in anhydrous
methanol (1 ml) and dichloromethane (5 ml) at -78°C for 15 minutes (longer than the
average ozonolysis experiment). N o reaction was observed.by *H n.m.r spectroscopy.

2) Typical outcome in the ozonolysis of la,9a-dibromo-la,2,3,8,9,9 a-hexahydro-1Y{cycloprop[b]anthracene (201)

Ozonized oxygen was bubbled through a cooled (-78°C) solution of la,9adibromo-la,2,3,8,9,9a-hexahydro-177-cycloprop[6]anthracene (100 mg, 0.28 m m o l ) and
sodium hydrogen carbonate (2 m g ) in a mixture of dry methanol / dichloromethane (1:5,
30 ml), until the reaction was complete as indicated by the blue colour of excess ozone.
The ozone was displaced by bubbling nitrogen through the cold reaction mixture. The
cold solution was then added dropwise to a cooled (0°C) mixture of thiourea (30 mg,
0.35 m m o l ) and sodium hydrogen carbonate (2 m g ) in dichoromethane and then stirred
for 1 hour at 0°C. The reaction mixture was washed with water (2 x 20 ml) and the
combined aqueous phases were extracted with dichloromethane ( 2 x 1 0 ml). The
combined extracts were washed with brine (1 x 20 ml) and concentrated under reduced
pressure to afford an oil which was subjected to radial chromatography. Elution wth
light petroleum and 1 0 % ethyl acetate / light petroleum gave la,9a-dibromo-la,2,9,9ahexahydro-177-cycloprop[6]anthracene (40 m g , 4 0 % ) , la,7a-dibromo-la,2,7,7atetrahydro-177- cyclopropa[6]naphthalene-4,5-dialdehyde (10 m g , 11%) and la, 11adibromo-1 a,2,4,9,11,11 a-hexahydro- 177-benzo[a]cyclopropa[/]cyclodecene-3,10-dione
(202) (7 m g , 8 % ) . The ! H spectrum of (202) was identical to that described later (see
p.145).
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1 a,7a-dibromo-1 a,2,7,7a-tetrahydro- 177-cyclopropa[6]naphthalene-4,5dialdehyde: J H n.m.r. spectrum (300 M H z ) 8 10.48, 2H, s; 7.67, 2H, s; 3.83, 2H, d, J=
16.2 Hz; 3.76, 2H, d, J = 16.2 Hz; 1.43, 1H, d, J = 8.4 Hz; 1.38, 1H, d, J= 8.4 Hz.
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C

n.m.r. spectrum (75.5 M H z ) 8 191.5 (CH), 140.3 (C), 135.3 (C), 131.2 (CH), 40.7
(CH 2 ), 36.5 (C), 23.9 (CH 2 ).

(lace, 2aa, 8aa, 9m)-la,9a-Dibromo-la,2,2a,3,8,8a,9,9a-octahydro-mcyclopropfb]anthracene-2a, 8a-diol (220)

A solution of la,9a-dibromo-la,2,3,8,9,9a-hexahydro-177cycloprop[Z>]anthracene (201) (893 mg, 2.52 mmol) and tetra-w-butylammonium acetate
(1.60 g, 5.30 mmol) in tetrahydrofuran (20 ml) andfert-butylalcohol (20 ml) was stirred
at room temperature and a solution of potassium ferricyanide (2.49 g, 7.56 mmol) and
potassium carbonate (1.05 g, 7.56 mmol) in water (30 ml) were added. Osmium tetroxide
(-10 m g ) was added to the mixture and then was stirred for 3 days. Sodium sulfite was
added to the brown solution and the mixture was stirred for 1 hour. The brown solution
was poured into water and extracted with ether. The ethereal layer was washed with
water (3 x 100 ml), dried, concentrated and subjected to silica gelfiltration.Elution with
light petroleum and 1 0 % ethyl acetate / light petroleum gave starting material (293 mg,
3 3 % ) followed by the diol (476 mg, 49%). A n analytical sample was obtained by
recrystallization from dichloromethane / light petroleum to give colourless prisms, m.p.
197-202°C (Found: C, 46.43; H, 4.26. Ci 5 Hi 6 Br 2 0 2 requires C, 46.42; H, 4.16%). 'H
n.m.r. spectrum (300 M H z ) 8 7.09-7.21, 4H, m ; 3.09, 2H, d,J= 17.0 Hz; 2.96, 2H, d, J
= 17.0 Hz; 2.78, 2H, d, J= 14.9 Hz; 2.62, 2H, dd, J = 14.9, 1.0 Hz; 2.10,1H, d, J = 7.7
Hz; 1.72, 2H, br. s, O H ; 1.51, 1H, ddd,/= 7.7, 1.0, 1.0 Hz. 1 3 C n.m.r. spectrum (75.5
M H z ) 8 132.6 (C), 129.3 (CH), 126.7 (CH), 72.8 (C), 45.3 (CH 2 ), 40.4 (CH 2 ), 37.0
(C), 33.2 (CH 2 ). Infrared spectrum i) m a x 3448 (OH) cm-'.
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la, 1 la-Dibromo-la,2,4,9,l 1,1 la-hexahydro-l}I-benzo[a]cyclopropa[f]cyclodecene3,10-dione (202)

Lead (IV) acetate (101 mg, 0.23 mmol) was added portionwise over 20 minutes
to a stirred solution of diol (58.9 mg, 0.15 mmol) and trichloroacetic acid (75 mg, 0.46
mmol) in anhydrous 1,2-dimethoxyethane (10 ml) at 0°C under argon. The mixture was
stirred until the reaction was complete according to t.l.c. analysis (30 minutes). Water
was added and the mixture was extracted with dichloromethane (2 x 30 ml). The
combined organic extracts were washed with water (2 x 50 ml) and brine (1 x 50 ml),
dried and concentrated under reduced pressure to give the dione as a crystalline solid
(51.9 mg, 88%>). A n analytical sample was obtained by recrystallization from
dichloromethane / light petroleum as colourless prisms, m.p. 119-20°C (Found: C,
46.57; H, 3.80. C i 5 H 1 4 B r 2 0 2 requires C, 46.67; H, 3.66%). *H n.m.r. spectrum (300
M H z ) 8 7.21-7.34, 4H, m , ArH; 4.50, 2H, d,J = 13.9 Hz; 3.60, 2H, dd, J = 13.9, 1.6
Hz; 3.28, 2H, dd, J = 16.3, 1.6 Hz; 2.73, 2H, d,J= 16.3 Hz; 1.75 1H, d, J = 8.6 Hz;
1.26, 1H, d, J = 8.6 Hz. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 203.7 (CO), 131.9 (C),
130.8 (CH), 128.3 (CH), 49.4 (CH 2 ), 45.4 (CH 2 ), 38.6 (C), 31.2 (CH 2 ). Infrared
spectrum i) m a x 1701 (CO) cm-'.
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(1 aa,2ap,9aP,9ba)-7a, 9b-Dibromo-2a-hydroxy-l,la,2,2a,3,8,9,9a,9boctahydrobenzo[f]cycloprop[a]azulen-9-one(221)

A solution of dione (305 mg, 0.79 mmol) and camphor-10-sulfonic acid (2 mg) in
toluene (50 ml) under argon was heated under reflux for 24 hours. The solution was
concentrated and subjected to radial chromatography. Elution with 5 0 %
dichloromethane / light petroleum and dichloromethane gave the aldol (264 mg, 86%).
Recrystallization from dichloromethane / light petroleum gave colourless prisms, m.p.
142-3°C (Found: C, 46.80; H, 3.90. Ci 5 Hi 4 Br 2 0 2 requires C, 46.67; H, 3.66%). m
n.m.r. spectrum (500 M H z ) 8 7.09-7.34, 4H, m, ArH; 4.02, 1H, d, J = 19.0 Hz, H8;
3.71, 1H, d, J = 19.0 Hz, H8; 3.41, 1H, d, J = 0.9 Hz, H9a; 3.03, 1H, d, J = 14.4 Hz,
H3;2.66, lH,d,J= 14.4 Hz, H3; 2.56, 1H, dd, J= 13.5, 2.0 Hz,H2; 2.53, 1H, d,J =
7.2 Hz, HI; 2.43, 1H, d, J = 13.5 Hz, H2; 1.45, 1H, dd, J= 7.2, 2.0 Hz, HI. 1 3 C n.m.r.
spectrum (126 M H z ) 8 204.2 (C, C9), 134.6 (C, C3a), 133.3 (C, C7a), 131.1 (CH, C7),
130.6 (CH, C4), 128.5 (CH, C5 or C6), 127.9 (CH, C5 or C6), 82.6 (C, C2a), 66.5 (CH,
C9a), 50.4 (CH 2 , C8), 47.7 (CH 2 , C2), 44.9 (CH 2 , C3), 40.2 (C, C9b), 38.7 (C, Cla),
30.5 (CH 2 , CI). Infrared spectrum t) m a x 3493 (OH), 1705 (CO) cm 1 .
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(laa,2ap\9a,9ap\9ba)-7a, 9b-dibromo-la>2,2a,3,8,9,9a,9b-octahydro-mbenzo[f]cycloprop[a]azulene-2a, 9-diol (224)

The aldol (170 mg, 0.44 mmol) in ether (30 ml) was added dropwise to a slurry
of lithium aluminium hydride (25 mg, 0.66 mmol), in anhydrous ether (10 ml) at -10°C
under argon and stirred for 30 minutes. Saturated sodium sulfate solution (1 ml) was
added and the resulting suspension was stirred for 10 minutes. The mixture was filtered,
dried and concentrated under reduced pressure to give the diol (159 mg, 93%). A n
analytical sample was obtained by recrystallization from dichloromethane / light
petroleum to give colourless plates, m.p. 135-8°C (Found: C, 46.55; H, 4.30.
Ci 5 Hi 6 Br 2 0 2 requires C, 46.42; H, 4.16%). iH n.m.r. spectrum (300 M H z ) 8 7.117.29,4H, m , ArH; 4.81, IH, ddd, J = 9.6, 2.9, 2.9 Hz; 3.47, IH, d, J = 13.4 Hz; 3.42,
IH, dd,J = 9.6, 16.2 Hz; 3.18, IH, dd, J= 16.2, 2.9 Hz; 2.69, 2H, m ; 2.58, IH, d,J =
7.2Hz; 2.47, IH, d, J= 13.0 Hz; 1.78, IH, d, J = 2.0 Hz; 1.53. IH, dd, J = 7.2,2.0Hz.
13

C n.m.r. spectrum (75.5 M H z ) 8 137.3 (C), 136.2 (C), 129.7 (CH), 129.3 (CH), 127.5

(CH), 127.0 (CH), 78.7 (C), 67.4 (CH), 57.8 (CH), 50.2 (CH 2 ), 46.1 (C), 43.7 (CH 2 ),
41.9 (C), 40.5 (CH 2 ), 31.2 (CH 2 ). Infrared spectrum\)max 3407 (OH), 3261 (OH) cm'.
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Treatment o/(lacc,2a3,9a,9ap\9ba)-7a, 9b-dibromo-la,2,2a,3,8,9,9a,9b-octahydro-mbenzo[f]cycloprop[aJazulene-2a, 9-diol with phosphorus pentachloride

The diol (38.4 m g , 0.099 mmol) in anhydrous chloroform (1 ml) was added to a
stirred suspension of phosphorus pentachloride (53 mg, 0.25 mmol) and anhydrous
calcium carbonate (20.0 mg, 0.198 mmol) in anhydrous chloroform (8 ml) at 0°C under
argon. After 45 minutes the mixture was washed with water and brine, dried and
concentrated to give an oil which was subjected to radial chromatography. Elution with
5 % ethyl acetate / petrol gave (Z)-1 a, 11 a-dibromo-1,1 a,2,4,9,l lahexahydrobenzo[a]cyclopropI/]cyclodecen-3-one (226) as a colourless crystalline solid
(17.2 mg, 4 7 % ) , which was recrystallized from dichloromethane / light petroleum, m.p.
165-7°C (Found: C, 48.49; H, 4.00. Ci 5 H 1 4 Br 2 0 requires C, 48.68; H, 3.81%). *H
n.m.r. spectrum (300 M H z ) 8 7.20-7.35, 4H, m , ArH; 5.72, IH, ddd, J = 12.5,10.5, 4.8
Hz;5.33, IH, dd, J= 10.5,1.7Hz;4.79, IH, d, J= 14.7Hz;4.52, IH, dd, J= 14.0,
12.5 Hz; 3.47, IH, d, J = 17.9 Hz; 3.38, IH, d, J = 14.7 Hz; 3.21 IH, ddd, J = 14.0,
4.8,1.7 Hz; 2.58, IH, d, J= 17.9 Hz; 1.87, IH, d, J= 8.0 Hz; 1.54, IH, d, J= 8.0 Hz.
13

C n.m.r. spectrum (75 M H z ) 8 205.8 (CO), 139.2 (CH), 136.3 (C), 132.7 (C), 131.7

(CH), 129.9 (CH), 127.9 (CH), 127.4 (CH), 127.1 (CH), 54.2 (CH 2 ), 44.0 (CH 2 ), 38.9
(C), 36.7 (CH 2 ), 35.0 (C), 34.9 (CH 2 ). Infrared spectrum D m a x 1704 (CO) cm-1.
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1,2,3,4,9,10-Hexahydro-l, 4-epoxyanthracene (240)

2,3-Dimethylidene-l,4-epoxycyclohexane102, benzenediazonium-2-carboxylate
from anthranilic acid148 (1.4 g, 10 mmol), 1,2-epoxypropane (1 ml) in dichloroethane
(60 ml) was slowly heated to reflux and maintained at that temperature for 25 minutes.
The mixture was concentrated and subjected to silica gel filtration. Elution with 5 %
ethyl acetate / light petroleum gave the adduct (1.38 g, 7 0 % ) which crystallized from
light petroleum as prisms, m.p. 99-101°C (Found: C, 85.03; H, 7.04. C14H140requires
C, 84.81 H, 7.12%). 'H n.m.r. spectrum (300 M H z ) 8 7.19, 4H, s; 4.93-4.99, 2H, m ;
3.58-3.74, 2H, m ; 3.28-3.44, 2H, m ; 1.84-1.93, 2H, m ; 1.22-1.31, 2H, m. » C n.m.r.
spectrum (75.5 M H z ) 8 137.7 (C), 133.5 (C), 129.3 (CH), 126.1 (CH), 79.9 (CH), 26.6
(CH 2 ), 25.2 (CH 2 ).

4,9-Dihydronaphtho[2,3-c]furan (230)

1,2,3,4,9,10-Hexahydro-1,4-epoxyanthracene (240) (1.42 g) was placed at the
sealed end of a silica tube (500 x 10 m m ) and the tube was positioned horizontally in a
Thermolyne 21100 tube furnance which had a heating zone of 400 m m . The tube was
heated to 350°C and the open end of the tube connected to the vacuum system (< 0.1
m m H g ) . The tube was cooled with dry ice at the exit. The substrate was heated using a
Kulgerohr oven to effect passage into the hot zone. At the end of the pyrolysis the
sample was scraped out to give pure/wraw as yellow solid (1.16 g, 9 5 % ) , m.p 79-80
(lit101 m.p 78°C). The ! H n.m.r. spectrum was identical with that reported.101
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(1 aa,2P,9p,9aa)-7a, 9a-Dibromo-la, 2,3,8,9,9a-hexahydro-2,9-epoxy-lRcyclopropjb]anthracene (241)

Tetra-H-butylammonium fluoride (2.66 g, 10.2 mmol) in anhydrous
tetrahydrofuran (10 ml) was added dropwise to a solution of 4,9-dihydronaphtho[2,3cjfuran (1.31 g, 7.7 m m o l ) and l,l,2-tribromo-2-(trimethylsilyl)cyclopropane (2.97 g,
8.48 mmol) in anhydrous tetrahydrofuran an -78°C and stirred for 1 hour. The mixture
was allowed to stand at -20°C for 2 days and then at room temperature for 1 hour. The
mixture was poured into water and extracted with ether (2 x 75 ml). The combined
ethereal extracts were washed with brine (1 x 50 ml), dried, and concentrated under
reduced pressure. The solid (3.20 g) contained both exo and endo adducts in a ratio of 19
: 1 which was subjected to rapid silicafiltration.Elution with light petroleum and 1 %
ethyl acetate / light petroleum gave the exo adduct as a colourless crystalline solid (1.56
g, 5 5 % ) , which recrystallized from light petroleum as prisms, m.p. 139-41°C (Found: C,
48.99; H, 3.50. C 1 5 H 1 2 Br 2 0 requires C, 48.95; H, 3.29%). ! H n.m.r spectrum (300
M H z ) 8 7.20, 4H, s, ArH; 4.79, 2H, s; 3.62-3.83, 4H, m ; 2.85,1H, d, J = 7.3 Hz;
1.82,1H, d,J= 7.3 Hz. 1 3 C n.m.r spectrum (75.5 M H z ) 8 142.1 (C), 132.9 (C), 129.2
(CH), 126.3 (CH), 83.2 (CH), 44.3 (C), 36.9 (CH 2 ), 29.8 (CH 2 ).
(lace, 2a, 9a, 9aa)-1 a,9a-Dibromo-1 a,2,3,8,9,9a-hexahydro-2,9-epoxy-177cycloprop[6]anthracene (242): J H n.m.r spectrum (200 M H z ) 8 6.95-7.47, 4H, m , ArH;
5.08, 2H, s; 3.28-3.80, 4H, m ; 1.96, IH, d, J= 7.4 Hz; 1.91, IH, d,J= 7.4 Hz.
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(\^,2^,%,9ao)-la,lla-Dibromo-la,2,4,9,ll,lla-hexahydro-2,9-epoxy-mbenzo[a]eyclopropa[f]cyclodecene-3,10-dione (231)

Ozonized oxygen was bubbled through a cooled (-78°C) mixture of la,9adibromo-la,2,3,8,9,9a-hexahydro-2,9-epoxy-177-cycloprop[6]anthracene (830 mg, 2.36
mmol) and sodium hydrogen carbonate (10 m g ) in a mixture of dry methanol (5 ml)
dichloromethane (25 ml), until the reaction was complete as indicated by the blue colour
of excess ozone. The ozone was displaced by bubbling nitrogen through the cold
reaction mixture. Then thiourea (230 m g ) was added and the mixture stirred for 1.5 hours
at 0°C. The reaction mixture was washed with water (100 ml) and brine (100 ml), dried
and concentrated under reduced pressure to afford the dione as a crystalline solid (780
mg, 8 6 % ) . The analytical sample was obtained by recrystallization from
dichloromethane / light petroleum to give colourless rhombohedra, m.p. 234-6°C
(Found: C, 44.96; H, 3.17. C 1 5 H 1 2 Br 2 0 3 requires C, 45.03; H, 3.02%). 'H n.m.r.
spectrum (300 M H z ) 8 7.22-733, 4H, m , ArH; 4.55, 2H, s; 4.46, 2H, br. d, J= 12.3 Hz;
3.73, 2H, br. d,J= 12.3 H z ; 1.82, IH, d,J=7.6 Hz; 1.66, IH, d,J= 7.6 Hz. 13C n.m.r.
spectrum (75.5 M H z ) 8 204.0 (CO), 132.7 (CH), 128.8 (C), 128.3 (CH), 89.7 (CH),
45.3 (CH 2 ), 40.2 (C), 37.2 (CH 2 ). Infrared spectrum u m a x 1710 cm-'.

Treatment of la, 11a-dibromo-la,2,4,9,11,11a-hexahydro-2,9-epoxy-l~Rbenzo[a]cyclopropa[f]cyclodecene-3,10-dione with basic alumina

1 a, 11 a-Dibromo-1 a,2,4,9,11,11 a-hexahydro-2,9-epoxy-177benzo[fl]cyclopropa[/]cyclodecene-3,10-dione (730 mg, 1.82 mmol), basic alumina Act.
Ill (2.47 g) and dichloroethane (30 ml) were stirred under reflux in an argon atmosphere
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for 90 minutes. The mixture was cooled,filteredand the residue was washed with
dichloromethane. Thefiltratewas concentrated to give a brown solid (0.65g) which
subjected to radial chromatography. Elution with 5 % ethyl acetate / light petroleum gave
(laa, 2fr 90,9aa)-1 a,9a-dibromo-1,1 a,2,8,9,9a-hexahydro-2,9-epoxybenzo[a]cycloprop[/]azulen-3-one (423 mg, 5 8 % ) and la,9a-dibromo-8a-hydroxy-2,9epoxy-l,la,2,3a,8,8a,9,9a-octahydrobenzo[fl]cycloprop[/]azulen-3-one (230 mg, 3 2 % ) ,
which did not formed the dehydrated product on repeated alumina treatment.

(laa, 2(3,9/3,9aa)-\ a,9a-dibromo-2,9-epoxy-1,1 a,2,8,9,9ahexahydrobenzo[fl]cycloprop[/]azulen-3-one (232) recrystallized from dichloromethane
/ light petroleum as colourless prisms, m.p. 193-5°C (Found: C, 47.39; H, 2.59.
C 1 5 H 1 0 Br 2 O 2 requires C, 47.16; H, 2.64%). >H n.m.r. spectrum (300 M H z ) 8 7.27-8.10,
4H, m , ArH; 4.98, IH, s; 4.50, IH, s; 3.92, IH, d, J= 24.5 Hz; 3.82, IH, d, J= 24.5 Hz;
2.61, IH, d, J = 7.4 Hz; 1.89, IH, d, J = 7.4 Hz. 13 C n.m.r. spectrum (75.5 M H z ) 8
189.2 (CO), 164.9 (C), 141.5 (C), 138.5 (C), 134.8 (C), 127.2 (CH), 126.5 (CH), 123.8
(CH), 123.0 (CH), 83.1 (CH), 76.9 (CH), 43.6 (C), 41.3 (CH 2 ), 35.6 (C), 32.5 (CH 2 ).
Infrared spectrum \ ) m a x 1685 cm-1.

1 a,9a-Dibromo-8a-hydroxy-1,1 a,2,3a,8,8a,9,9a-octahydro-2,9-epoxybenzo[a]cycloprop[/]azulen-3-one (246) recrystallized from dichloromethane / light
petroleum as colourless prisms, m.p. 193-4°C (Found: C, 44.86; H, 3.21. C 1 5 H 1 2 Br 2 0 3
requires C, 45.03; H, 3.02%). 'H n.m.r. spectrum (300 M H z ) 8 7.47-7.55, IH, m , ArH;
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7.21-7.33, 3H, m, ArH; 4.41, IH, s; 4.10, IH, s; 3.81, IH, s; 3.57, IH, d, J= 16.2 Hz;
2.97, IH, d, J= 16.2 Hz; 2.80, IH, s, O H ; 2.30, IH, d, J = 7.3 Hz; 1.65, IH, d, J = 7.3
Hz. 13C n.m.r. spectrum (75.5 M H z ) 8 199.6 (CO), 140.1 (C), 136.0 (C), 128.3 (CH),
127.6 (CH), 127.1 (CH), 125.0 (CH), 84.8 (CH), 81.3 (CH), 77.9 (CH), 62.8 (C), 44.3
(CH 2 ), 35.9 (C), 35.2 (C), 27.6 (CH 2 ). Infrared spectrum u m a x 3422 (OH), 1728 (CO)
cm-1.

(1 acc,2P,9|3,9aa)-7a, 9a-Dibromo-la, 2,9,9a-tetrahydro-2,9-epoxy-Mbenzofajcyclopropffjazulene (250)

H-DIBAL in toluene (0.93 ml, 1.2 M , 1.11 mmol) was added dropwise to a
stirred solution of la,9a-dibromo-l,la,2,8,9,9a-hexahydro-2,9-epoxybenzo[<z]cycloprop[/]azulen-3-one (286 mg, 0.74 mmol) in anhydrous dichloromethane
(10 ml) under argon at 0°C. The solution was stirred at 0°C until the reaction was
complete (t.l.c.) and then quenched with methanol (1 ml) and water (0.5 ml) and filtered.
Thefiltratewas washed with water and brine, dried, and concentrated under reduced
pressure to give almost pure (laa2(3,3a9f3,9aa)-la,9a-dibromo-\a,2,3,%,9,9ahexahydro-2,9-epoxy-177-benzo[a]cycloprop[/]azulen-3-ol (248) (244 mg, 85%).
Recrystallization from dichloromethane / light petroleum gave colourless prisms, m.p.
151-2°C. >H n.m.r. spectrum (300 M H z ) 8 7.21-7.74, 4H, m, ArH; 5.29-5.40, IH, m;
4.63, IH, s; 4.55, IH, d,J= 5.0 Hz; 3.79, IH, dd, J = 23.0, 2.5 Hz; 3.52, IH, dd, J =
23.0, 3.4 Hz; 2.51, lH,d,J= 12.3 Hz, O H ; 2.32, lH,d, .7 = 7.1 Hz; 1.42, lH,d,J =
7.1 Hz. 13C n.m.r. spectrum (75.5 M H z ) 8 144.5 (C), 143.2 (C), 142.3 (C), 137.6 (C),
1265 (CH), 125.2 (CH), 123.7 (CH), 121.5 (CH), 77.1 (CH), 76.3 (CH), 70.6 (CH),
46.0 (C), 40.3 (CH 2 ), 34.5 (C), 29.0 (CH 2 ).
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The foregoing alcohol (208 m g , 0.54 mmol) in anhydrous chloroform (2 ml) was
added to a cooled (0°C) mixture of phosphorus pentachloride (146 mg, 0.7 mmol) and
anhydrous calcium carbonate (54 m g , 0.54 mmol) in anhydrous chloroform (15 ml).
After 10 minutes, triethylamine (0.5 ml, 5 m m o l ) was added dropwise to the solution
and the mixture stirred at room temperature for 20 minutes. The reaction mixture was
washed with ice-cold 1 M HC1 solution and brine, dried and concentrated under reduced
pressure to give a pale yellow solid (250 m g ) which was subjected to radial
chromatography. Elution with light petroleum and 2.5% ethyl acetate / light petroleum
gave the benzofulvene as a yellow crystalline solid (181 mg, 91%). A n analytical sample
was obtained by recrystallization from dichloromethane / light petroleum as yellow
plates, m.p. 133-5°C (Found: C, 49.28; H, 2.60. C 15 H 10 Br 2 O requires C, 49.22; H,
2.75%). 'H n.m.r. spectrum (300 M H z ) 8 7.57-7.16, 4H, m , ArH; 7.02, IH, ddd, J =
4.3, 1.8, 0.6 Hz; 6.67, IH, d, J = 1.8 Hz; 5.03, IH, s; 4.73, IH, d, J = 4.3 Hz; 2.46, IH,
d, J = 7.1 H z ; 1.79, IH, d, J = 7.1 Hz. 13C n.m.r. spectrum (75.5 M H z ) 8 143.1 (C),
139.0 (C), 134.3 (C), 133.1 (C), 128.7 (CH), 127.8 (CH), 126.7 (CH), 125.4 (CH),
121.4 (CH), 120.9 (CH), 77.4 (CH), 74.6 (CH), 44.0 (C), 40.5 (C), 31.1 (CH 2 ).
4,6-Diphenyl-3,3-dimethyl-3H-thieno[3,4-cJpyrazole (274)

Sodium hydrogen carbonate (1.69 g, 20.1 mmol) and phosphorus pentasulfide
(2.27 g, 5.11 m m o l ) were added to a solution of 3,3-dimethyl-4,5-dibenzoyl-377pyrazole50a (510 m g , 1.68 m m o l ) in anhydrous acetonitrile (25 ml) and the mixture
stirred at room temperature for 4 hours. Water (10 ml) was added and the resulting
mixture stirred for a further 20 minutes. The reaction mixture was poured into water and
extracted with dichloromethane (3 x 30 ml). The combined organic extracts were washed
with brine, dried and concentrated to give a yellow solid which was subjected to silica
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gelfiltrationto afford the thienopyrazole as yellow crystals (226 mg, 44%). A n
analytical sample was obtained by recrystallization from dichloromethane / light
petroleum to give yellow needles, m.p. 121°C (Found: C, 74.75; H, 5.07; N, 9.40.
Ci 9 Hi 6 N 2 S requires C, 74.97; H, 5.29; N , 9.20%). Mass spectrum m/z 304 (M + , 9%),
277 (19), 276 (85), 275 (44), 262 (21), 261 (100), 260 (41), 243 (15), 228 (32), 121
(43), 115 (16). *H n.m.r. spectrum (300 M H z ) 8 8.12-8.17, 2H, m ; 7.36-7.60, 8H, m;
1.65, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 162.4 (C), 144.4 (C), 132.7 (C), 131.7
(C), 131.5 (C), 130.9 (C), 129.0 (CH), 128.9 (CH), 128.8 (CH), 128.2 (CH), 127.6
(CH), 127.4 (CH), 82.3 (C), 22.3 (CH 3 ). Electronic spectrum (Et20) Xmax (log e) 208
(4.33), 237 (4.19), 277 (4.33), 323 (4.28) nm.

2,2,7,7-Tetramethyl-4-octyne-3,6-dione (276)

Jones' reagent (13 ml, 13 mmol) was added dropwise to a solution of 2,2,7,7tetramethyl-4-octyne-3,6-diol109 (2.50 g, 12.6 mmol) in acetone (40 ml) at 0°C. The
mixture was stirred at room temperature for 1.5 hours, and then quenched with methanol
(1 ml). The resulting mixture was poured into water (100 ml) and extracted with ether (2
x 50 ml). The combined ethereal extracts were washed with water (100 ml) and brine
(100 ml), dried and concentrated under reduced pressure to give a clear oil. The oil was
subjected to silicafiltrationto give the dione as colourless crystals (2.13 g, 86%), which
recrystallized from light petroleum as colourless prisms, m.p. 46-48°C (Found: C,
74.32; H, 9.44. C i 2 H i 8 0 2 requires C, 74.19; H, 9.34%). ! H n.m.r. spectrum (300 M H z )
8 1.22, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 192.4 (CO), 85.1 (C), 45.0 (C), 25.6
(CH 3 ).
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3,3-Dimethyl-4,5-dipivaloyl-3H-pyrazole (2 77)

•>&

o

o

Excess 2-diazopropane (from acetone hydrazone, 1.86 g, 26 mmol)) was distilled
into a solution of the 2,2,7,7-tetramethyl-4-octyne-3,6-dione (2.46g, 13 mmol) in
tetrahydrofuran (20 ml) at -78°C. The resulting red mixture was stirred at that
temperature for 90 minutes and then concentrated under reduced pressure to give a pale
yellow cystalline solid of pure adduct (2.37 g, 6 9 % ) which recrystallized from
dichloromethane / light petroleum as colourless needles, m.p. 139°C (Found: C, 68.22;
H, 9.04; N , 10.76. C 1 5 H 2 4 N 2 0 2 requires C, 68.15; H, 9.15; N , 10.60%). Mass spectrum
m/z 264 (M + , 2 % ) , 208 (28), 207 (60), 193 (42), 180 (31), 165 (17), 165 (17), 153 (11),
152 (100), 137 (85), 123 (63), 109 (23), 85 (27). iH n.m.r. spectrum (300 M H z ) 8 1.54,
s, 6H; 1.43, s, 9H; 1.21, s, 9H. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 211.4 (CO), 200.4
(CO), 167.1 (C), 150.4 (C), 94.8 (C), 44.4 (C), 44.3 (C), 27.1 (CH 3 ), 25.7 (CH 3 ), 20.8
(CH 3 ). Infrared spectrum 1679 (C=0) cm"1.

4,6-Di-t-butyl-3,3-dimethyl-3H-thieno[3,4-cJpyrazole (2 78)

1 M H - D I B A L in toluene (>1,89 m m o l ) was added to a solution of 3,3-dimethyl4,5-dipivaloyl-377-pyrazole (500 m g , 1.89 m m o l ) in anhydrous ether (20 ml) at 0°C,
until the starting material was consumed. The resulting yellow solution was poured into
ice-cold 1 M H C 1 solution and extracted with ether (2 x 20 ml). The ethereal extracts
were washed with brine, dried and concentrated under reduced pressure. The yellow
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solid was dissolved in anhydrous acetonitrile (20 ml) and sodium hydrogen carbonate
(1.91 g, 22.7 m m o l ) and phosphorus pentasulfide (2.52 g, 5.67 m m o l ) were added. The
mixture stirred at room temperature for 2 hours. Water (10 ml) was added and the
resulting mixture stirred for a further 20 minutes. The resulting mixture was poured into
water and extracted with ether (2 x 20 ml). The combined ethereal extracts were washed
with brine, dried and concentrated to give a yellow oil which was subjected to radial
chromatography to afford the thiophene as pale yellow crystals (68 m g , 14%), which
recrystallized from light petroleum as pale yellow prisms, m.p. 116-118°C (Found: C,
67.94; H, 8.98; N , 10.72. C i 5 H 2 4 N 2 S requires C, 68.15; H, 9.15; N , 10.60%). Mass
spectrum m/z 236 (15%), 222 (17), 221 (100), 206 (12), 191 (10), 179 (32), 86 (13), 84
(21). m n.m.r. spectrum (500 M H z ) 8 1.58, 9H, s; 1.56, 6H, s; 1.38, 9H, s. 1 3 C n.m.r.
spectrum (126 M H z ) 8 162.0 (C), 141.8 (C), 140.96 (C), 140.94 (C), 81.1 (C), 35.3 (C),
35.2 (C), 32.7 (CH 3 ), 32.3 (CH 3 ), 23.2 (CH 3 ). Electronic spectrum (Et20) X m a x (log e)
214 (4.07), 235 (4.00), 269 (3.89), 298 (3.51) nm.

4,6-Di-t-butyl-3,3-dimethyl-3H-furo[3,4-cJpyrazole (282)

1.6 M H-DIBAL in toluene (2.4 ml, 3.84 mmol) was added to a solution of 3,3dimethyl-4,5-dipivaloyl-377-pyrazole (l.OOg, 3.78 m m o l ) in anhydrous ether (40 ml) at
0°C, until the starting material was consumed. The resulting yellow solution was poured
into ice-cold 1 M H C 1 solution and extracted with ether (3 x 70 ml). The combined
ethereal extracts were washed with brine, dried and concentrated to give a yellow oil
(0.90 g). A solution of the oil and camphor-10-sulfonic acid (1 m g ) in dichloroethane
(50ml) was heated in an oil bath at 60°C, until the reaction was complete (t.l.c). The
resulting red solution was concentrated and subjected to radial chromatography. Elution
with 2.5%» ethyl acetate / light petroleum gave 4,6-di-r-butyl-3,3-dimethyl-37f-furo[3,4c]pyrazole (310 m g , 3 2 % ) and 3,4-dimethyl-5-pivaloyl-177-pyrazole (102 m g , 1 6 % ) .
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A n analytical sample of 4,6-di-?-butyl-3,3-dimethyl-377-furo[3,4-c]pyrazole was
obtained by recrystallization from light petroleum as colourless needles, m.p. 118°C
(Found: C, 72.29; H, 9.43; N , 11.39. C 1 5 H 2 4 N 2 0 requires C, 72.54; H, 9.47; N ,
11.28%). Mass spectrum m/z 248 (M + , 3 % ) , 220 (24), 205 (63), 163 (85), 149 (27), 135
(100), 119 (26), 105 (25), 91 (27), 86 (54), 84 (84). iH n.m.r spectrum (300 M H z ) 8
1.53, 6H, s; 1.48, 9H, s; 1.28, 9H, s. 1 3 C n.m.r spectrum (75.5 M H z ) 8 152.9 (C), 150.9
(C), 149.0 (C), 123.1 (C), 81.7 (C), 33.6 (C), 33.3 (C), 29.3 (CH 3 ), 28.9 (CH 3 ), 23.8
(CH 3 ). Electronic spectrum (Et20) X m a x (log e) 230.6 (3.89), 303.2 (3.65) nm.
3,4-Dimethyl-5-pivaloyl-177-pyrazole (284) recrystallized from
dichloromethane / light petroleum to give colourless needles, m.p. 177°C (Found: C,
66.74; H, 8.12; N , 15.65. C 1 0 H i 6 N 2 O requires C, 66.64; H, 8.95; N , 15.54%). Mass
spectrum m/z 180 (M + , 26), 124 (13), 123 (100), 96 (14). m n.m.r. spectrum (300
M H z ) 8 2.24, 3H, s; 2.18, 3H, s; 1.41, 9H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 203.3
(CO), 146.9 (C), 137.0 (C), 117.0 (C), 44.4 (C), 27.5 (CH 3 ), 9.3 (CH 3 ), 9.1 (CH 3 ).

6-Hydroxy-2,2,7,7-tetramethyl-4-octyn-3-one (285)

Jones' reagent (7.3 ml, 7.3 mmol) was added dropwise to a solution of 2,2,7,7tetramethyl-4-octyne-3,6-diol (2.40 g, 12.1 mmol) in acetone (20 ml) at 0°C and the
mixture stirred at room temperature until the disappearance of starting material was
almost complete. The resulting mixture was poured into water (100 ml) and extracted
with ether (2 x 70 ml). The combined ethereal extracts were washed with brine (100 ml),
dried and concentrated under reduced pressure to give an opaque oil. The oil was
subjected to silicafiltrationeluting with 5 % ethyl acetate / light petroleum to give the
ketone as colourless crystals (1.45 g, 6 0 % ) and recovered diol (0.26 g, 11%).
Recrystallization from light petroleum gave colourless prisms, m.p. 64-66°C. Mass
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spectrum m/z 141 (10), 140 (84), 139 (10), 125 (55), 122 (11), 107 (18), 57 (100), 43
(17), 41 (33). m n.m.r. spectrum (300 M H z ) 8 4.19, IH, s; 1.21, 9H, s; 1.04, 9H, s.
13

C n.m.r. spectrum (75.5 M H z ) 8 193.8 (CO), 92.8 (C), 82.7 (C), 71.2 (CH), 44.7 (C),

36.2 (C), 25.9 (CH 3 ), 25.3 (CH 3 ).

3,3-Dimethyl-4-(l-hydroxy-2,2-dimethylpropyl)-5-pivaloyl-3ii-pyrazole(279)

IN

{VC/

0 HO

Excess 2-diazopropane (ca. 26 mmol) was distilled into a solution of the 6hydroxy-2,2,7,7-tetramethyl-4-octyn-3-one (1.40 g, 7.13mmol) in tetrahydrofuran (15
ml) at -78°C. The resulting red solution was allowed to warm to -20°C overnight and
then concentrated under reduced pressure to give a yellow oil which was subjected to
rapid silica gelfiltrationto give colourless crystals (1.49 g, 79%). A n analytical sample
was obtained by recrystallization from light petroleum to give colourless needles, m.p
57-60°C. Mass spectrum m/z 266 (M + , 2 % ) , 180 (22), 124 (13), 123 (100), 96 (16), 86
(36), 84 (50), 69 (14). m n.m.r. spectrum (500 M H z ) 8 5.34, IH, d, J = 11.0 Hz, O H ;
4.07, IH, d,J= 11.0 Hz; 1.51, 3H, s; 1.49, 3H, s; 1.46, 9H, s; 0.86, 9H, s. 1 3 C n.m.r.
spectrum (126 M H z ) 8 208.5 (CO), 169.9 (C), 150.4 (C), 96.4 (C), 75.0 (CH), 45.0 (C),
38.7 (C), 27.1 (CH 3 ), 26.5 (CH 3 ), 22.5 (CH 3 ), 19.9 (CH 3 ).

4,6-Di-t-butyl-3,3-dimethyl-3H.-furo[3,4-cJpyrazole (282)

A solution of 3,3-dimethyl-4-(l-hydroxy-2,2-dimethylpropyl)-5-pivaloyl-377pyrazole (305 mg, 1.14 mmol) and camphor-10-sulphonic acid (10 m g ) in dichloroethane
(12 ml) was heated at 50-60°C until the starting material was consumed (t.l.c, 1 0 %
EtOAc / light petroleum). The pale yellow solution was concentrated under reduced
pressure and subjected to radial chromatography. Elution with 5 % ethyl acetate / light
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petroleum gave the furan as colourless crystals (242 mg, 8 5 % ) identical with the
material obtained previously and 3,4-dimethyl-5-pivaloyl-177-pyrazoline (10 mg, 5%).

Addition of 2-diazopropane to 4,4-diethoxy-2-butyn-l-al (289)

A solution of diazopropane (from acetone hydrazone, 1.44 g, 20 mmol) was
added to a solution of 4,4-diethoxy-2-butyn-l-al110 (0.78 g, 5 m m o l ) in tetrahydrofuran
at -78°C, and the solution was stirred for 30 minutes. The solution was concentrated
under reduced pressure and the residue subjected to silica gelfiltration.Elution with 5 %
ethyl acetate / light petroleum gave 6,6-diethoxy-2-methyl-4-hexyne-3-one111 as a clear
oil (0.69g, 7 0 % ) . Mass spectrum m/z 154 (14%), 153 ( M + - OEt, 100), 125 (24), 103
(35), 82 (14), 75 (12). m n.m.r. spectrum (300 M H z ) 8 5.40, IH, s; 3.54-3.80, 4H, m ;
2.68, IH, sept, J = 7.0 Hz; 1.24, 6H, t, J= 7.0 Hz; 1.19, 6H, d, J= 7.0 Hz. 1 3 C n.m.r.
spectrum (75.5 M H z ) 8 191.2 (CO), 91.1 (CH), 85.8 (C), 81.9 (C), 61.4 (CH 2 ), 43.0
(CH), 17.6 (CH 3 ), 15.0 (CH 3 ). The ! H n.m.r. spectrum was identical with that reported.

3-Hexyne-2,5-dione (291)

Jones' reagent (183 ml, 183 mmol) was added dropwise to a solution of the 3hexyne-2,5-diol (15 g, 131 mmol) in acetone (500 ml) until the yellow colour persisted
in the acetone layer. The reaction was quenched with methanol (5 ml) and the mixture
stirred for 30 minutes and allowed the stand for 30 minutes. The acetone layer was
decanted from the aqueous layer and concentrated under reduced pressure. The oil was
taken up in ether and washed with water (2 x) and brine, dried and concentrated under
reduced pressure to give the dione112 as a clear oil (11.6 g, 7 9 % ) . 'H n.m.r. spectrum
(200 M H z ) 8 2.43, s.
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4,5-Diacetyl-3,3-dimethyl-3U-pyrazole (292)

2-Diazopropane (from acetone hydrazone 12 g, 167 mmol) was distilled into a
solution of 3-hexyne-2,5-dione (11.6 g, 105 mmol) in tetrahydrofuran (80 ml) at -78°C,
until the red colouring of 2-diazopropane persisted. The solution was evaporated under
reduced pressure to give the pure adduct (16.29 g, 86%). J H n.m.r. spectrum (200
M H z ) 8 2.52, 3H, s; 2.13, 3H, s; 1.55, 6H, s. This compound has been reported
previously by Khemiss. 114

3,3,4,6-Tetramethyl-3K-thieno[3,4-cJpyrazole (293)

Phosphorus pentasulphide (4.44 g, 10 mmol) and sodium hydrogen carbonate
(1.68 g, 20 m m o l ) were added to a solution of 4,5-diacetyl-3,3-dimethyl-377-pyrazole
(600 mg, 3.33 mmol) in anhydrous tetrahydrofuran (30 ml) at room temperature under
argon. The reaction was mildly exothermic with gas evolution. After 1 hour, the reaction
was diluted in ether and washed with 5 % sodium hydrogen carbonate solution (2 x 100
ml) and brine (1 x 100 ml). The solution was concentrated and subjected to silica gel
filtration. Elution with 5 % ethyl acetate / light petroleum gave the thiophene as a reddish
oil (252 m g , 4 2 % ) . Mass spectrum m/z 153 (12%), 152 M + - N 2 , 100), 151 (40), 137
(89), 111 (28), 103 (10), 97 (12), 91 (19), 77 (16). *H n.m.r. spectrum (300 M H z ) 8
2.68, 3H, s; 2.32, 3H, s; 1.49, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 163.6 (C),
143.4 (C), 126.8 (C), 124.4 (C), 81.5 (C), 22.2 (CH 3 ), 12.7 (CH 3 ), 12.0 (CH 3 ).
Electronic spectrum (Et20) X m a x (log e) 215 (3.48), 233 (3.42), 268 (3.46), 300 (3.01).

161

Irradiation of4,6-Di-t-butyl-3,3-dimethyl-3U-furo[3,4-c]pyrazole (282)

A solution of 4,6-Di-r-butyl-3,3-dimethyl-377-furo[3,4-c]pyrazole (30 m g , 0.12
m m o l ) in anhydrous ether (40 ml) was flushed with nitrogen for 10 minutes, then
irradiated in an Oliphant reactor at 350 n m at 0-5°C, and monitored by t.l.c. After 2.5
hours the starting material was consumed and the solution was concentrated, and
subjected to radial chromatography to give 2,2,7,7-tetramethyl-4(dimethylmethylidene)-5-octyn-3-one as a clear oil (25 m g , 9 4 % ) (Found: M + ,
220.1832. C i 5 H 2 4 0 requires 220.1827). Mass spectrum m/z 221 (M + , 12), 167 (19),
163 (29), 148 (100), 138 (18), 137 (16), 135 (47), 121 (48), 119 (19), 107 (17), 105
(39), 95 (19). lU n.m.r. spectrum (500 M H z ) 8 1.93, 3H, s; 1.72, 3H, s; 1.25, 9H, s;
1.24, 9H, s. 1 3 C n.m.r. spectrum (126 M H z ) 8 210.6 (CO), 145.6 (C), 120.9 (C), 105.7
(C), 75.4 (C), 44.7 (C), 30.8 (CH 3 ), 28.3 (C), 27.5 (CH 3 ), 22.7 (CH 3 ), 21.5 (CH 3 ).
Infrared spectrum i) m ax 1690 cm"1. A n identical irradiation was performed in anhydrous
furan / ether (20%) to give the same acetylene in similar yield.

Irradiation of 3,3,4,6-tetramethyl-3H-thieno[3,4-cJpyrazole (293)

^—s

A solution of 3,3,4,6-tetramethyl-377-thieno[3,4-c]pyrazole (50 m g , 0.28 m m o l )
in anhydrous ether (30 ml) wasflushedwith nitrogen for 15 minutes and irradiated at 0 5°C using an Oliphant reactor until the starting material was consumed (ca. 2 hours).
The reaction mixture was concentrated under reduced pressure at 0°C and subjected to
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radial chromatography. Elution with light petroleum gave a product tentatively
formulated as the thiete (309) (34 mg, 81%) as a clear oil. ] H n.m.r. spectrum (300
M H z ) 8 2.10, 3H, s; 1.99, 3H, s; 1.64, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 147.3
(C), 121.5 (C), 86.1 (C), 72.8 (C), 59.2 (C), 26.6 (CH 3 ), 17.0 (CH 3 ), 4.4 (CH 3 ).

Irradiation of 4,6-di-t-butyl-3,3-dimethyl-3¥L-thieno[3,4-z]pyrazole (278)

A solution of 4,6-di-t-butyl-3,3-dimethyl-377-thieno[3,4-c]pyrazole (20 mg,
0.07 mmol) and anhydrous ether (30 ml) was flushed with argon for 10 minutes, then
irradiated at 350 n m in an Oliphant reactor at 0 - 5°C with periodic monitoring by t.l.c.
After 90 minutes the starting material was consumed. The solution was concentrated
under reduced pressure, and subjected to radial chromatography. Elution with light
petroleum gave 2,5-dW-butyl-3-(2-propenyl)thiophene as a clear oil (16 mg, 88%)
(Found: M + , 236.1596. C 1 5 H 2 4 S requires 236.1598). Mass Spectrum m/z 236 (M + ,
2 6 % ) , 222 (16), 221 (100), 206 (13), 191 (12), 149 (12), 86 (25), 84 (40). lH n.m.r.
spectrum (500 M H z ) 8 6.39, IH, s; 5.11-5.14, IH, m ; 4.89-4.93, IH, m ; 2.01-2.03, 3H;
1.40, 9H, s; 1.34, 9H, s. 1 3 C n.m.r. spectrum (126 M H z ) 8 150.8 (C), 145.1 (C), 144.2
(C), 138.2 (C), 124.2 (CH), 115.7 (CH 2 ), 35.3 (C), 34.1 (C), 32.4 (2 x C H 3 ) , 26.1
(CH 3 ). A n identical irradiation was performed with anhydrous furan / ether (20%) to
give the same product in a similar yield.
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3,3,4,6-Tetramethyl-3H-thieno[3,4-c]pyrazole-2,5,5-trioxide (324)

~°~u\ JL /°2

Dimethyldioxirane in acetone (0.08M, 125 ml, 10 mmol) was added to a solution
of 3,3,4,6-tetramethyl-377-thieno[3,4-c]pyrazole (600 m g , 3.3 m m o l ) in anhydrous
dichloroethane (10 ml) and the solution was stirred at room temperature with periodic
monitoring by t.l.c. The mixture was concentrated under reduced pressure and
crystallized with ethyl acetate to give the trioxide (350 m g , 4 6 % ) . A n analytical sample
was obtained by recrystalization from dichloromethane / light petroleum to give pale
yellow prisms, m.p. 215-8°C (Found: C, 47.50; H, 5.38; N , 12.12. C 9 H i 2 N 2 0 3 S
requires C, 47.37; H, 5.30; N , 12.28 % ) . Mass Spectrum m/z 229 ( M + + 1, 13%), 228
(M + , 100), 185 (44), 165 (84), 156 (15), 155 (25), 140 (39), 138 (11), 118 (10), 108
(19), 107 (28), 106 (15), 105 (30), 94 (12), 91 (24). *H n.m.r. spectrum (300 M H z ) 8
2.24, 3H, s; 2.16, 3H, s; 1.69, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 142.6 (C),
133.2 (C), 131.6 (C), 122.5 (C), 82.9 (C), 24.0 (CH 3 ), 7.3 (CH 3 ), 6.9 (CH 3 ). Electronic
spectrum (CHC1 3 ) XmsK (log e) 253 (4.18), 346 (3.72).

Houk-Leaver azulene synthesis using 3,3,4,6-tetramethyl-3R-thieno[3,4-cJpyrazole2,5,5-trioxide (293)

A solution of 3,3,4,6-tetramethyl-3/7-thieno[3,4-c]pyrazole-2,5,5-trioxide (350
mg, 1.54 m m o l ) and 6-(N,N-dimethylamino)iuivene (223 m g , 1.82 mmol) in pyridine (20
ml) was heated at 75°C for 3 days. The black solution was concentrated and subjected
to silica gelfiltration.The combined greenfractionswere then subjected to radial
chromatography to give l,l,4,9-tetramethyl-177-azuleno[5,6-c]pyrazol-2-oxide as a blue
oil (15 m g , 4%) and l,l,4,9-tetramethyl-177-azuleno[6,5-c]pyrazol-2-oxide as a green oil
(10mg,3%).
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l,l,4,9-Tetramethyl-177-azuleno[5,6-c]pyrazole-2-oxide: ! H n.m.r. spectrum
(300 M H z ) 8 8.24, IH, s; 7.85, IH, dd, J = 3.8, 3.8 Hz; 7.79, IH, br. d, J = 3.8 Hz;
7.39, IH, br. d, J= 3.8 Hz; 3.51, 3H, s; 2.80, 3H, s; 1.76, 6H, s. 1 3 C n.m.r. spectrum
(75.5 M H z ) 8 152.8 (C), 148.3 (C), 142.2 (C), 140.3 (CH), 138.4 (C), 135.9 (CH),
135.7 (C), 123.7 (C), 121.8 (CH), 119.6 (CH), 93.6 (C), 23.2 (CH 3 ), 20.3 (CH 3 ), 19.3
(CH 3 ). Electronic spectrum (CHC1 3 ) X m a x (log e) 230 (3.01), 269 (3.40), 277 (3.43),
301 (3.28), 309 (3.26), 336 (2.78), 391 (2.80), 407 (2.78), 588 (1.64), 623 (1.62), 682
(1.26).
l,l,4,9-tetramethyl-177-azuleno[6,5-c]pyrazole-2-oxide: Mass Spectrum m/z
241 ( M + + 1, 19%), 240 (M + , 100), 210 (19), 195 (53), 194, (19), 180 (26), 165 (16),
153 (13), 152 (12). ! H n.m.r. spectrum (300 M H z ) 8 8.19, IH, s; 7.84, IH, dd, J = 3.9,
3.9 Hz; 7.60, IH, d, J = 3.9 Hz; 7.31, IH, d,J= 3.9 Hz; 3.12, 3H, s; 2.77, IH, 3H, s;
1.87, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 143.3 (C), 140.0 (C), 139.6 (CH), 139.3
(C), 138.5 (C), 137.2 (CH), 136.1 (C), 123.7 (C), 120.6 (CH), 118.7 (CH), 86.6 (C),
24.2 (CH 3 ), 22.3 (CH 3 ), 19.3 (CH 3 ). Electronic spectrum (CHC1 3 ) Xmax (log e) 204
(3.69), 226 (3.83), 290 (4.41), 408 (3.56), 627 (2.47), 661 (2.48), 731 (2.17).

Addition of 2-diazopropane to a-pyrone

cc-Pyrone (3.00 g, 31 mmol) was added to a freshly prepared solution of 2diazopropane (from acetone hydrazone, 8.75g, 0.141 mmol) in ether (45 ml) and
tetrahydrofuran (45 ml) at -78°C. The red solution was stirred for 10 minutes at -78°C
and then kept at -20°C for 15 hours. The resulting yellow solution was concentrated and
subjected to silica gelfiltration.Elution with 10 - 2 0 % ethyl acetate / light petroleum
gave 3,3-dimethyl-3a,7a-dihydro-377-pyrano[3,4-c]pyrazol-4-one (1.09 g, 2 1 % ) , apyrone (0.80 g, 2 7 % ) and 3,3-dimethyl-3,3a-dihydro-277-pyrano[4,3-c]pyrazol-7-one
(2.20 g, 4 3 % )
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A n analytical sample of 3,3-dimethyl-3a,7a-dihydro-377-pyrano[4,3-c]pyrazol4-one (337) was obtained by recrystallization from dichloromethane / light petroleum to
give colourless prisms, m.p. 56-8°C (Found: C, 57.80; H, 5.86; N, 17.07. C 8 H i 0 N 2 O 2
requires: C, 57.82; H, 6.07; N, 16.86%). Mass spectrum m/z 95 (M+-71, 100%), 67
(21). J H n.m.r. spectrum (300 M H z ) 8 6.41-6.46, IH, m; 5.53-5.61, 2H, m; 2.73-2.80,
IH, m; 1.70, 3H, s; 1.26, 3H, s. *H n.m.r. spectrum (200 M H z , d6-benzene) 8 5.62, IH,
dd, J= 6.5, 2.6 Hz; 4.87, IH, ddd, J= 6.5, 2.8, 0.7 Hz; 4.66, IH, ddd, J = 10.3,2.8,2.6
Hz; 2.03, IH, dd, / = 10.3, 0.7 Hz; 1.35, 3H, s; 1.01, 3H, s. 13 C n.m.r. spectrum (75.5
M H z ) 8 166.5 (CO), 139.5 (CH), 100.5 (CH), 96.6 (C), 84.3 (CH), 45.9 (CH), 27.6
(CH 3 ), 21.8 (CH 3 ). Infrared spectrum \ ) m a x 1741 (C=0) cm"1.

3,3-Dimethyl-3,3a-dihydro-277-pyrano[4,3-c]pyrazol-7-one (339) darkened
rapidly on standing.lH n.m.r. spectrum (300 M H z ) 8 6.54, IH, dd, J = 6.1, 2.9 Hz;
6.34, IH, br. s, N H ; 5.22, IH, dd, J = 6.1,2.1 Hz, 3.59, IH, dd, 2.9, 2.1 Hz; 1.54, 3H,
s; 1.07, 3H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 157.3 (CO), 141.9 (CH), 138.0 (C),
102.5 (CH), 74.9 (C), 49.3 (CH), 26.1 (CH 3 ), 21.2 (CH 3 ).
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3,3-Dimethyl-3R-pyrano[4,3-cJpyrazol-4-one (332)

N-

A solution of 3,3-dimethyl-3a,7a-dihydro-377-pyrano[4,3-c]pyrazol-4-one (1.09
g, 6.57 mmol) and 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (1.99 g, 8.76 mmol) in
anhydrous dichloroethane (20 ml) was heated in an oil bath at 80°C for 7 hours under
argon. The brown mixture was adsorbed onto silica and subjected to silica gel filtration.
Elution with 1 0 % ethyl acetate / light petroleum gave the pyranopyrazolone as a
colourless solid (0.5 lg, 5 1 % ) . Recrystallization from dichloromethane / light petroleum
gave colourless prisms, m.p. 101-4°C (Found: C, 58.60; H, 5.14; N , 17.30. C 8 H 8 N 2 0 2
requires: C, 58.53; H , 4.91; N , 17.06%). Mass spectrum m/z 136 (M+-28, 4 2 % ) , 108
(57), 107 (32), 93 (35), 80 (33), 79 (100), 65 (20), 63 (19). m n.m.r. spectrum (300
M H z ) 8 7.67, IH, d, J = 5.4 H z ; 7.07, IH, d, J = 5.4 Hz; 1.60, 6H, s. 1 3 C n.m.r.
spectrum (75.5 M H z ) 8 158.8 (C), 158.0 (C), 154.6 (CH), 132.6 (C), 101.5 (CH), 94.5
(C), 19.9 (CH 3 ). Infrared spectrum \ ) m a x 1567 (N=N), 1730 (C=0) cm"1.

3,3-Dimethyl-3H-pyrano[3,4-cJpyrazol- 7-one (331)

A solution of the 3,3-dimethyl-3,3a-dihydro-277-pyrano[4,3-c]pyrazol-7-one
(21 mg, 0.13 m m o l ) and 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (30 mg, 0.13 mmol)
was stirred at room temperature under nitrogen for 2 hours. The mixture wasfiltered(to
remove the hydroquinone) and concentrated to give pure product (19 m g , 9 0 % ) which
decomposed rapidly. Recrystallization from ethyl acetate / light petroleum gave
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colourless prisms, m.p. 180-5°C (decomp.). Mass spectrum m/z 164 (M + , 38%), 135
(14), 121 (14), 108 (21), 107 (23), 93 (23), 80 (56), 79 (100), 77 (43), 67 (14), 65 (28),
63 (11), 53 (14), 52 (14), 51 (17). *H n.m.r. spectrum (300 M H z ) 8 7.69, IH, d,J = 5.1
Hz, H5; 6.55, IH, d, J = 5.1 Hz, H4; 1.55, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8
165.6 (C), 155.9 (C), 154.8 (CH), 138.2 (C), 101.0 (CH) 93.1 (C), 20.3 (CH 3 ). Infrared
spectrum t) m a x 1540 (N=N), 1740 ( C O ) cm-1.

1,1-Dimethyl-IH-azuleno[5,6-cJpyrazole (342)

1

A solution of 3,3-dimethyl-377-pyrano[3,4-c]pyrazol-7-one (80 mg, 0.49 mmol)
and 6-(7V;7vr-dimethylamino)fulvene (100 mg, 0.83 mmol) in toluene (4 ml) was heated to
80°C for 4 days. The resulting black solution was adsorbed onto silica and subjected to
silica gelfiltration.Elution with 2.5% ethyl acetate / light petroleum gave the azulene (4
mg, 4%) which recrystallized from light petroleum as blue plates m.p. 103-7°C (Found:
M + 196.1005. C i 3 H 1 2 N 2 requires 196.1000). Mass spectrum m/z 196 (M + , 63%), 168
(35), 167 (34), 165 (22), 154 (13), 153 (100), 152 (84), 151 (17), 115 (12), 83 (11), 76
(10), 63 (10), 58 (13). m n.m.r. spectrum (300 M H z ) 8 9.30, IH, s; 8.49, IH, d, J =
9.4 Hz; 7.98, IH, dd, J = 4.0, 4.0 Hz; 7.79, IH, br. d, J = 4.0 Hz; 7.60, IH, br. d, 4.0
Hz; 7.19, IH, d, J = 9.4 Hz; 1.61, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 155.5 (C),
149.1 (C), 138.4 (C), 137.7 (C), 137.4 (CH), 136.0 (CH), 131.6 (CH), 123.4 (CH),
123.3 (CH), 113.9 (CH), 92.9 (C), 23.3 (CH 3 ).
Improved synthesis of 3,4,4-trichloro-4,5-dihydrothiophene-1,1-dioxide (34 7)

A solution of 3,3,4,4-tetrachloro-2,3,4,5-tetrahydrothiophene-l,l-dioxide128
(4.00 g, 15.5 mmol) and pyridine (1.47 g, 1.5 ml, 18.6 mmol) in acetone (40 ml) was
stirred overnight at room temperature. The solution was concentrated under reduced
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pressure, taken up in dichloromethane, washed with 1 M H C 1 solution and brine, dried
and concentrated to give a solid. Recystallization from dichloromethane / light petroleum
gave 3,4,4-trichloro-4,5-dihydrothiophene-l,l-dioxide as colourless prisms (2.46 g,
7 2 % ) , m.p. 107-109°C (lit.128 108.5-109.5°C). *H N M R (300 M H z ) 8 6.85, IH, s;
4.38, 2H, s. 1 3 C N M R (75.5 M H z ) 8 147.1 (C), 129.2 (CH), 80.2 (C), 69.2 (CH 2 ).

6-Chloro-3,3-dimethyl-3U-thieno[2,3-cJpyrazole-4,4-dioxide (351)
o2 ,

&

A solution of 2-diazopropane (from acetone hydrazone 4.5 g, 63 mmol) in ether
(10 ml) and tetrahydrofuran (20 ml) at -78°C was added to a solution of 3,4,4-trichloro2,3-dihydrothiophene-1,1-dioxide (1.00 g, 4.5 mmol) and the red solution was allowed
to w a r m to -20°C overnight. The resulting mixture wasfiltered,concentratedand
subjected to silica gel filtration. Elution with 5 % ethyl acetate / light petroleum gave a
mixture containing 6,6a-dichloro-3,3-dimethyl-3a,7a-dihydro-377-thieno[2,3-c]pyrazole4,4-dioxide (349) and 6,6-dichloro-3,3-dimethyl-5,6-dihydro-377-thieno[2,3-c]pyrazole4,4-dioxide (350) (1.02 g).
A n analytical sample of 6,6a-dichloro-3,3-dimethyl-3a,7a-dihydro-377thieno[2,3-c]pyrazole-4,4-dioxide was obtained by recrystallization from
dichloromethane / light petroleum to give colourless needles, m.p. 104-8°(decomp.)
(Found: C, 33.07; H, 3.30, N , 11.13. C 7 H 8 C 1 2 N 2 0 2 S requires C, 32.96; H , 3.16; N ,
10.98%). Mass spectrum m/z 163 (12%), 161 (11), 129 (15), 127 (51), 125 (18), 111
(12), 92 (14), 91 (100), 77 (14), 75 (11), 65 (21). lB n.m.r. spectrum (300 M H z ) 8
6.80, IH, s; 3.69, IH, s; 1.83, 3H, s; 1.66, 3H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8
142.9 (C), 132.1 (CH), 107.7 (C), 95.0 (C), 72.5 (CH), 28.8 (CH 3 ), 21.2 (CH 3 ). Infrared
spectrum \ ) m a x 1324, 1156 (S=0) cm"1.
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6,6-Dichloro-3,3-dimethyl-5,6-dihydro-377-thieno[2,3-c]pyrazole-4,4-dioxide
was unstable towards chromatographic separations. *H n.m.r. spectrum (200 M H z ) 8
4.83, 2H,s; 1.74, 6H,s.
The foregoing mixture was taken up in anhydrous dichloromethane (20 ml) and
triethylamine (0.82 ml, 5.4 m m o l ) and stirred at room temperature of 2 hours. The
solution was washed with 1 M hydrochloric acid solution (1 x 20 ml) and dried and
concentrated to give a solid which was subjected to silica gelfiltrationto give 6-chloro3,3-dimethyl-377-thieno[2,3-c]pyrazole-4,4-dioxide as a moderately stable crystalline
solid (0.505 g, 59%>) which recrystallized from dichloromethane / light petroleum, m.p.
164-173°C (decomp.). Mass spectrum m/z 138 (10%), 136 (28), 91 (100), 75 (18), 74
(11), 65 (41), 63 (18). m n.m.r. spectrum (300 M H z ) 8 6.71, IH, s; 1.71, 6H, s. 1 3 C
n.m.r. spectrum (75.5 M H z ) 8 157.6 (C), 154.4 (C), 134.9 (CH), 131.6 (C), 95.3 (C),
20.6 (CH 3 ). Infrared spectrum v m a x 1172, 1331 (S=0) cm"1.

4-Chloro-l, 1-dimethyl-lYi-azuleno[5,4-cJpyrazole (353)

6-(7^^V-Dimethylamino)fulvene (0.50 g, 4.2 mmol) was added to a stirred
solution of 6-chloro-3,3-dimethyl-377-thieno[2,3-c]pyrazole-4,4-dioxide (0.92 g, 4.2
mmol) in tetrahydrofuran (15 ml). The reaction was mildly exothermic and the black
solution was stirred for a further 3 hours at room temperature. The solution was
adsorbed onto silica and subjected to silica gelfiltration.Elution with 2.5% ethyl acetate
/ light petroleum gave the azulene as blue crystals (0.46 g, 4 8 % ) which recrystallized
from light petroleum, m.p. 146-8°C (Found: C, 67.86; H, 5.00; N , 12.20. C 1 3 H n C l N 2
requires C, 67.68; H, 4.81; N , 12.14%). Mass spectrum m/z 230 (M + , 2 9 % ) , 202 (23),
187 (19), 167 (58), 166 (25), 165 (64), 153 (14), 152 (100), 151 (26), 150 (12), 82 (17),
75 (11). ! H n.m.r. spectrum (300 M H z ) 8 8.31, IH, d, J = 10.3 H z ; 8.00, IH, dd, J =
170

4.0, 4.0 Hz; 7.65-7.65, IH, m ; 7.60, IH, d, J= 10.3 Hz; 7.54-7.57, IH, m ; 1.77, 6H, s.
13

C n.m.r. spectrum (75.5 M H z ) 8 151.9 (C), 145.9 (C), 139.8 (C), 139.5 (C), 138.4

(CH), 135.1 (CH), 127.0 (C), 123.5 (CH), 122.7 (CH), 121.3 (CH), 94.8 (C), 24.3
(CH 3 ). Electronic spectrum (Et 2 0) X m a x (log e) 256 (4.29), 271 (4.34), 278 (4.35), 303
(4.40), 313 (4.39), 3.88 (3.60), 405 (3.58), 573 (2.73), 622 (2.69), 683 (2.42) nm.

Improved synthesis of 4-chloro-1,1-dimethyl-lU-azuleno[5,4-cJpyrazole (353)

A solution of 2-diazopropane (from acetone hydrazone 5.00 g, 69.4 mmol) was
added into a solution of 3,4-dichlorothiophene-1,1-dioxide128 (3.58 g, 19.4 mmol) in
tetrahydrofuran (15 ml) at -78°C. The resulting solution was allowed to warm to -20°C
for 1 hour and then concentrated under reduced pressure. The resulting oil was subjected
to silicia gelfiltrationto give 6,6a-dichloro-3,3-dimethyl-3a,7a-dihydro-377-thieno[2,3c]pyrazole-4,4-dioxide (349) as a colourless crystalline solid (3.45 g, 7 0 % ) .
To a stirred solution of the foregoing adduct (3.45 g, 13.6 m m o l ) in
tetrahydrofuran (50 ml) at 0°C under argon, triethylamine (2.29 ml, 1.66 g, 16.4 mmol)
was added followed by 6-(7V,7V-dimethylamino)fulvene (1.66 g, 13.7 m m o l ) and the
solution allowed to w a r m to room temperature over 2 hours. The reaction mixture was
adsorbed on to silica and subjected to silica gelfiltration.Elution with 2.5% ethyl acetate
/ light petroleum gave the azulene as blue crystals (1.77 g, 5 6 % , 3 9 % over two steps).

Photolysis of4-chloro-l, 1-dimethyl-lYL-azuleno[5,4-cJpyrazole (353)

1)

A solution of 4-chloro-l,l-dimethyl-177-azuleno[5,4-c]pyrazole (88 m g , 0.38

m m o l ) in anhydrous ether (250 ml) wasflushedwith nitrogen for 30 minutes and then
irradiated with a Philips H P K 125 W lamp at 0-5°C under nitrogen for 1.5 hours. The
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solution was concentrated and subjected to radial chromatography. Elution with light
petroleum gave 2-chloro-1,1-dimethyl-177-cycloprop[e]azulene (357) as a blue oil (28
mg, 36%, 4 6 % based on recovered starting material (19 mg)) (Found: M + 202.0553.
C i 3 H n C l requires 202.549). Mass spectrum m/z 204 (M+ + 2, 16%), 202 (M+> 51),
187 (14), 167 (61), 166 (27), 165 (67), 153 (15), 152 (100), 151 (25), 150 (12), 83 (10),
82 (20), 75 (14), 71 (25), 70 (16), 69 (16), 68 (12), 63 (11), 57 (62), 56 (37). 'Hn.m.r
spectrum (500 M H z ) 8 8.11, IH, d, J = 10.9 Hz, H4; 7.96, IH, dd, J = 3.7, 3.6 Hz, H6;
7.45, IH, d, J= 3.7 Hz, H5; 7.15, IH, d,J = 3.6 Hz, H7; 7.13, IH, d,J= 10.9 Hz, H3;
1.78, 6H, s, 2 x CH 3 . 1 3 C n.m.r spectrum (126 M H z ) 8 142.96 (C, C7b), 142.40 (C,
C4a), 139.74 (CH, U= 163.5 Hz, C6), 131.75 (C, C2), 131.44 (CH, A/= 152.3 Hz,
C4), 127.32 (C, Cla), 126.13 (CH, U= 161.4 Hz, C3), 126.09 (C, C7a), 121.17 (CH, V
= 163.4 Hz, C5), 111.48 (CH, A7= 171.1 Hz, C7), 35.82 (C, CI), 25.95 (CH 3 , 2 x
CH 3 ). Electronic spectrum (Et20) XmsK (log e) 204 (3.97) 245 (4.21), 282 (4.73), 329
(3.52), 341 (3.65), 566 (2.75) nm. Infrared spectrum t) m a x 1683 cm"1.

2) A solution of 4-chloro-1,1 -dimethyl- 177-azuleno[5,4-c]pyrazole (90 mg, 0.
mmol) in anhydrous ether (250 ml) was saturated with oxygen for 20 minutes and then
irradiated with a Philips H P K 125 W lamp at 0-5°C under oxygen until the starting
material was consumed (3 hours). The solution was concentrated and subjected to radial
chromatography. Elution with light petroleum - 2.5% ethyl acetate / light petroleum
gave 2-chloro-1,1 -dimethyl- 177-cycloprop[e]azulene (357) as a blue oil (51 mg, 64%)
and 4-chloro-2,2-dimethyl-2,8a-dihydroazuleno[3,3a,4-Z?c]furan-3-one (358) (22 mg,
22%) (Found: M + 234.0441. C i 3 H n C 1 0 2 requires 234.0448). Mass spectrum m/z 234
(M + , 5%), 178 (45), 177 (17), 176 ( M + - C 3 H 6 0 , 100), 150 (25), 148 (70), 113 (38). iH
n.m.r. spectrum (300 M H z ) 8 7.38, 2H, s; 6.84, IH, dd, J = 5.6,1.9 Hz; 6.63, IH, dd, J
= 5.6, 2.1 Hz; 5.32, IH, dd, J = 2.1, 1.9 Hz; 1.67, 3H, s; 1.49, 3H, s. 1 3 C n.m.r.
spectrum (75.5 M H z ) 8 196.3 (CO), 153.0 (C), 139.2 (C), 137.8 (CH), 133.1 (CH),
131.7 (CH), 129.3 (C), 126.7 (CH), 122.2 (C), 83.8 (C), 75.5 (CH), 27.0 (CH 3 ), 21.4
(CH 3 ). Infrared spectrum t) m a x (film) 1696 (C=0) cm-1. Electronic spectrum (Et20)
A ™ * (log e) 220 (3.81), 250 (3.71), 320 (2.93) nm.
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6-Chloroazulene (360)

Triethylamine (108 mg, 1.07 mmol) was added to a solution of 3,3,4-trichloro2,3,4,5-tetrahydrothiophene-1,1-dioxide (100 mg, 0.45 mmol) and 6-(N,Ndimethylamino)fulvene (54 mg, 0.45 mmol) in dichloromethane (20 ml) and the resulting
solution stirred for 3 hours at room temperature. The reaction mixture was adsorbed on
to silica and subjected to silica gel filtration. Elution with light petroleum gave 6chloroazulene (18 m g , 2 3 % ) , m.p. 88-89°C (lit.129 89-91°C). J H n.m.r. spectrum (300
M H z ) 8 8.16, 2H, d, J = 10.7 Hz; 7.90, IH, dd, J= 3.8, 3.8 Hz; 7.43,2H, d, J = 3.8
Hz; 7.32, 2H, d, J = 10.7 Hz. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 144.1 (C), 138.5 (C),
137.1 (CH, V = 164.0 Hz), 134.4 (CH, U = 155.0 Hz), 123.1 (CH, V = 162.4 Hz),
120.0 (CH, A/= 169.6 Hz).

Treatment of 2-chloro-1,1-dimethyl-l\{-cycloprop[&]azulene (357) with trifluoroaceti
anhydride and calcium carbonate.

Trifluoroacetic anhydride (60 u,l, 0.29 mmol) was added to a stirred mixture of 2chloro-1,1-dimethyl-177-cycloprop[e]azulene (38 mg, 0.19 mmol) and calcium carbonate
(100 m g , 1.00 mmol) in anhydrous carbon tetrachloride (2 ml) and the mixture was
stirred at room temperature until the reaction was complete, about 30 minutes. The
reaction mixture was diluted with dichloromethane,washed with 5 % N a H C 0 3 solution,
dried and concentrated to give a red oil which was subjected to radial chromatography.
Elution with 1 % ethyl acetate / light petroleum gave 2-chloro-5-trifluoroacetyl-l,ldimethyl-177-cycloprop[e]azulene (26 m g , 4 7 % ) and 2-chloro-7-trifluoroacetyl-l,ldimethyl-177-cycloprop[e]azulene (26 m g , 4 7 % ) .
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2-Chloro-5-trifluoroacetyl-1,1 -dimethyl- 177-cycloprop[e]azulene recrystallized
from light petroleum as red prisms, m.p. 110-111°C (Found: M + 298.0374.
Ci 5 Hi 0 ClF 3 O requires 298.0372). Mass spectrum m/z 298 (M + , 29%), 231 (33), 230
(15), 229 (100), 201 (10), 194 (10), 193 (10), 186 (15), 166 (38), 165 (60), 151 (15). *H
n.m.r. spectrum (300 M H z ) 8 9.66, lH,d,J= 11.3 Hz; 8.35-8.43, lH,m;7.71, lH,d,J
= 11.3 Hz; 7.11, IH, d, J = 4.6 Hz; 1.82, 6H, s. 13 C n.m.r. spectrum (75.5 M H z ) 8
176.0 (CO), 147.2 (C), 146.3 (C), 143.0 (CH), 136.5 (C), 135.4 (CH), 133.5 (CH),
133.2 (C), 119.8 (C), 117.3 (CF3, V C , F = 292 Hz), 113.0 (CH), 36.9 (C), 26.1 (CH3).

2-Chloro-7-trifluoroacetyl-1,1 -dimethyl- 177-cycloprop[e]azulene recrystallized
from light petroleum to give red plates, m.p. 98-100°C (Found: M + 298.0372.
C 15 Hi 0 ClF 3 O requires 298.0372). Mass spectrum m/z 300 ( M + + 2, 17%), 298 (M + ,
51), 285 (13), 283 (39), 263 (57), 231 (16), 229 (49), 203 (11), 201 (33), 194 (11), 193
(17), 188 (11), 186 (30), 166 (50), 165 (100), 164 (16), 163 (17), 151 (24), 150 (19),
149 (10), 139 (12), 99 (12), 98 (14). *H n.m.r. spectrum (300 M H z ) 8 8.36, IH, m;
8.21, IH, d,J= 11.1 Hz; 7.55, IH, d, 11.1 Hz; 7.35, IH, d, J = 4.3 Hz, 1.84, 6H, s. 13 C
n.m.r. spectrum (75.5 M H z ) 8 174.5 (CO), 148.7 (C), 148.7 (C), 142.3 (CH), 137.0
(C), 135.5 (C), 133.9 (CH), 133.0 (CH), 129.0 (C), 122.5 (C), 117.2 (CF3, UC,F = 291
Hz), 114.9 (C), 37.9 (C), 26.9 (CH 3 ).
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Treatment of'2-chloro-1,1-dimethyl-lH-cycloprop[ej'azulene (357) with sodium
methoxide

1)

A methanolic solution of sodium methoxide (2.15 M , 2 ml, 4.30 mmol) was

added to a solution of 2-chloro-l,l-dimethyl-177-cycloprop[e]azulene (55 mg, 0.27
mmol) in anhydrous methanol (1 ml) and the solution stirred at room temperature until
the starting material was consumed. The reaction mixture was poured into water and
extracted with ether (2x). The combined organic extracts were washed with water, dried,
concentrated under reduced pressure and subjected to radial chromatography. Elution
with light petroleum gave 2,7b-dimethoxy-1,1 -dimethyl- la,7b-dihydro-177cycloprop[e]azulene (381) as an orange solid (26 mg, 4 2 % ) (Found: M + 230.1305.
C i 5 H i 8 0 2 requires 230.1507). Mass spectrum m/z 231 (11%), 230 (M + , 58), 216 (27),
215 (100), 199 (14), 183 (14), 173 (13), 172 (13), 158 (10), 157 (11), 155 (13), 141
(13), 129 (15), 128 (18), 115 (33), 89 (11), 86 (38), 84 (56). iH n.m.r. spectrum (300
M H z ) 8 6.68, IH, dd, J = 9.5, 1.1 Hz; 6.56, IH, m; 6.47, IH, dd, J = 4.8, 2.5 Hz; 6.22,
IH, 4.8, 1.8 Hz; 5.42, IH, dd,J = 9.5, 1.1 Hz; 3.72, 3H, s; 3.32, 3H, s; 1.85, IH, d, 1.4
Hz; 149. 3H, s; 0.76, 3H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 167.2 (C), 138.3 (C),
133.3 (CH), 127.9 (CH), 127.3 (C), 126.7 (CH), 124.7 (CH), 97.2 (CH), 78.9 (C), 55.9
(OCH 3 ), 55.7 (OCH 3 ), 46.3 (CH), 27.4 (C), 21.4 (CH 3 ), 17.1 (CH 3 ).

2) A methanolic solution of sodium methoxide (0.55M, 0.91 ml, 0.50 mmol) was
added to a solution of 2-chloro-l,l-dimethyl-177-cycloprop[e]azulene (102 mg, 0.50
mmol) in anhydrous methanol (1 ml) and the solution stirred at room temperature for 4
hours. The reaction mixture was poured into water and extracted with ether (2x). The
combined organic extracts were washed with water, dried and concentated under reduced
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pressure to give a blue oil which was subjected to radial chromatography. Elution with
light petroleum gave starting material (81mg, 79%) and 7-chloro-4-methoxy-5,5dimethyl-577-cyclopentacyclooctene (382) as an orange oil (10 mg, 8%) (Found: M +
234.0811. C 1 5 H 1 8 0 2 C 1 requires 234.0811). Mass spectrum m/z 236 ( M + + 2, 19%),
234 (M + , 54), 221 (32), 220 (14), 219 (100), 199 (27), 184 (16), 169 (17), 168 (12), 167
(16), 165 (13), 155 (11), 153 (22), 152(27), 151 (10), 149(10), 141 (19), 139(11), 129
(11), 128 (16), 127 (17), 155 (21), 71 (21), 70 (11), 69 (16), 57 (41), 56 (29). »H n.m.r.
spectrum (300 M H z ) 8 6.92, IH, d, J= 12.1 Hz; 6.88, IH, dd, J= 4.3, 2.0 Hz; 6.626.69, 2H, m ; 6.01, IH, J= 12.1 Hz; 5.06, IH, s; 4.14, 3H, s; 1.51, 3H, br. s; 0.94, 3H,
br. s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 160.3 (C), 136.6 (C), 135.2 (C), 133.6 (C),
131.8 (CH), 130.1 (CH), 125.4 (CH) 124.0 (CH), 117.7 (2 x C H ) , 64.5 (OCH 3 ), 40.7
(C), 27.6 (CH 3 ), 21.5 (CH 3 ).

2-Chloro-l,l-dimethyl-lYi-cycloprop[t]azulene 1,3,5-trinitrobenzene complex (373)

An solution of 2-chloro-l,l-dimethyl-177-cycloprop[e]azulene (116 mg, 0.57
mmol) and 1,3,5-trinitrobenzene (119 mg, 0.56 mmol) in methanol (2 ml) was allowed to
evaporated at room temperature in the dark to give the complex as dark aubergine
needles (208 mg, 89%), m.p. 98-99°C (Found: C, 54.68; H, 3.41; N , 9.97.
C i 9 H 1 4 C l N 3 0 6 requires C, 54.89; H, 3.39; N , 10.11%).

3,4-Dichloro-2.3-dihydroihiophene-l, 1-dioxide (387)

A solution of 3,3,4-trichlorotetrahydrothiophene-1,1-dioxide128 (6 g, 26.9 mmol)
and pyridine (2.39 ml, 2.34 g, 29.6 mmol) in acetone (30 ml) was stirred at room
temperature for 2 days. The resulting mixture was concentrated under reduced pressure,
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taken up in dichloromethane (30 ml), washed with 1 M HC1 solution, dried and
concentrated under reduced pressure to give the sulfolene as a colourless solid (4.98 g,
99%). Recystallization from chloroform / light petroleum gave colourless plates, m.p.
90-91°C (Found: C, 25.84; H, 2.12. C 4 H 4 C1 2 0 2 S requires C, 25.70; H, 2.16%). m
n.m.r. spectrum (300 M H z ) 8 6.89, IH, dd, J = 0.7, 0.8 Hz; 5.05, IH, ddd, J = 7.8, 2.9,
0.8 Hz; 4.00, IH, dd, J = 14.4, 7.8 Hz; 3.73, IH, ddd, J = 14.4, 2.9, 0.7 Hz. 1 3 C n.m.r.
spectrum (75.5 M H z ) 8 145.7 (C), 130.8 (CH), 59.5 (CH 2 ), 54.7 (CH).
(3aa,6a,6aa)-5,6a-Dichloro-3,3-dimethyl-3a,5,6,6a-tetrahydro-3E-thieno[3,2c]pyrazole-4,4-dioxide (389)

A solution of 2-diazopropane (from acetone hydrazone, 3.00 g, 42 mmol) was
added to a cooled (-78°C) solution of 3,4-dichloro-2,3-dihydrothiophene-l,l-dioxide
(1.88 g, 10.1 mmol) in tetrahydrofuran (10 ml) and the solution was allowed to stand at
-20°C for 1.5 hours. The resulting solution was concentrated under reduced pressure to
remove excess 2-diazopropane to give a solid which was subjected to silica gel filtration.
Elution with 1 0 % ethyl acetate / light petroleum gave the adduct as a crystalline solid
(2.52 g, 97%). Recrystallization from dichloromethane / light petroleum gave colourless
needles, m.p. 134-136°C (decomp.) (Found: C, 32.70; H, 3.92; N , 10.89.
C 7 Hi 0 Cl 2 N 2 O 2 S requires C, 32.95; H, 4.03; N, 11.01%). Mass spectrum m/z 149
(20%), 131 (26), 129 (88), 94 (12), 93 (100), 91 (45), 79 (24), 78 (13), 77 (70), 67 (15),
65 (17), 63 (11). *H n.m.r. spectrum (300 M H z ) 8 4.90, IH, dd, J = 9.9, 5.9 Hz; 3.64,
IH, br. s; 3.63, IH, ddd, J = 13.5, 9.9, 1.1 Hz; 3.44, IH, dd, J = 13.5, 5.9 Hz; 1.96, 3H,
s; 1.55, 3H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 110.7 (C), 93.2 (C), 72.0 (CH), 57.5
(CH 2 ), 54.8 (CH), 28.0 (CH 3 ), 20.8 (CH 3 ). Infrared spectrum \ ) m a x 1266, 1340 ( S O )
cm"1.
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Dehydrochlorination /Houk-Leaver azulene synthesis with (2aa,6a,6aa)-6,6a-dichloro3,3-dimethyl-3a, 5,6,6a-tetrahydro-3YL-thieno[3,2-cJpyrazole-4,4-dioxide (389)

To a solution of the (3a«,5a;5aa)-6,6a-dichloro-3,3-dimethyl-3a,5,6,6atetrahydro-377-thieno[3,2-c]pyrazole-4,4-dioxide (990 mg, 3.85 mmol) in
tetrahydrofuran (20 ml) at 0°C under nitrogen, triethylamine (1.67 ml, 1.21 g, 12.0
mmol) was added, followed by 6-(7V)7V-dimethylamino)fulvene (0.466 g, 3.85 mmol).
The resulting solution was stirred at room temperature overnight. The back solution was
concentrated and subjected to silica gel filtration (2.5 % ethyl acetate / light petroleum)
to give 1,1-dimethyl-177-azuleno[5,5-c]pyrazole (199) as a turquoise oil (51 mg, 7%),
and 1,1 -dimethyl- 177-azuleno[5,¥-c]pyrazole (385) as blue crystals (141 mg, 19%).

1,1-Dimethyl-177-azuleno[6,5-c]pyrazole: (Found: M + , 196.1000. C n H i 2 N 2
requires 196.1003). Mass spectrum m/z 196 (M + , 4 8 % ) , 168 (47), 167 (33), 165 (22),
154 (13), 153 (100), 152 (80), 151 (17), 128 (11), 127 (11), 126 (10), 115 (14), 83 (14),
76 (14), 63 (14), 57 (17). lH n.m.r. spectrum (300 M H z ) 8 8.62, IH, d, J = 9.9 Hz;
8.41, IH, s; 8.18, IH, d, J = 9.9 Hz; 8.06, IH, dd, J = 3.9, 3.7 Hz; 7.55, IH, d, J = 3.7
Hz; 7.48, IH, d, J = 3.9 Hz; 1.68, 6H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 156.9 (C),
139.5 (C), 139.5 (CH), 139.4 (C), 138.8 (C), 136.0 (CH), 127.4 (CH), 120.4 (CH),
118.6 (CH), 117.4 (CH), 93.8 (C), 23.0 (CH 3 ). Electronic spectrum (Et20) Xmax (log e)
202 (3.31), 224 (3.35), 284 (3.98), 288 (3.98), 341 (2.88), 355 (2.92), 371 (2.89), 643
(1.87), 708 (1.79), 789 (1.39) nm.
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l,l-Dimethyl-177-azuleno[5,4-c]pyrazole: A n analytical sample was obtained by
recrystallization from light petroleum to give blue prisms, m.p. 133-5°C (Found: C,
79.70; H, 6.28; N , 14.32. C 1 3 Hi 2 N 2 requires C, 79.56; H, 6.16; N, 14.27%). Mass
spectrum m/z 196 (M + , 54%), 168 (26), 167 (35), 165 (23), 154 (13), 153 (100), 152
(80), 151 (18), 151 (18), 82 (14), 76 (10), 63 (11). m n.m.r. spectrum (300 M H z ) 8
8.73, IH, d, J = 10.2 Hz; 8.52, IH, d, J = 9.4 Hz; 8.05, IH, dd, J = 4.0, 3.8 Hz, 7.65,
IH, d, J = 3.8 Hz; 7.56, IH, d, J = 4.0 Hz, 7.45, IH, dd, J = 10.2, 9.4 Hz; 1.76, 6H, s.
13

C n.m.r. spectrum (75.5 M H z ) 8 152.3 (C), 150.2 (C), 141.2 (C), 138.3 (CH), 137.8

(CH), 132.4 (CH), 128.3 (C), 122.0 (CH),121.4 (CH), 119.4 (CH), 92.5 (C), 24.0
(CH 3 ). Electronic spectrum (Et20) X m a x (log e) 220 (3.99), 245 (4.19), 264 (4.17), 272
(4.15), 296 (4.16), 305 (4.13), 385 (3.55), 399 (3.49), 569 (2.54), 620 (2.50), 683 (2.23)
nm.

Dehydrochlorination of (3 aa,6cc,6aa)-6', 6a-dichloro-3,3-dimethyl-3a, 5,6,6a-t
3H-thieno[3,2-c]pyrazole-4,4-dioxide (389)

A solution of (3aa6a,6'aa)-6,6a-dichloro-3,3-dimethyl-3a,5,6,6a-tetrahydro377-thieno[5,2-c]pyrazole-4,4-dioxide (150 mg, 0.58 mmol) and triethylamine (0.3 ml,
2.16 mmol) in dichloromethane (2 ml) was stirred at room temperature for 1 day. The
reaction mixture was washed with water, dried and concentrated to give an oil which was
subjected to radial chromatography. Elution with 1 0 % ethyl acetate / light petroleum
gave 3,3-dimethyl-377-indazole (133) as a clear oil (6 mg, 14%). ! H n.m.r. spectrum (300
M H z ) 8 8.07-8.12, IH, m; 7.41-7.50, 3H, m; 1.54, 6H, s. 13 C n.m.r. spectrum (75.5
M H z ) 8 155.5 (C), 146.5 (C), 129.6 (CH), 128.4 (CH), 121.6 (CH), 120.8 (CH), 89.3
(C), 22.3 (CH 3 ). The ! H and 1 3 C n.m.r. spectra where identical with the spectra
obtained from an authentic sample prepared by the procedure of Zenchoff.55
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Irradiation of1,1-dimethyl-lR-azuleno[5,4-cJpyrazole (385)

A solution of 1,1-dimethyl-177-azuleno[4,5-c]pyrazole (60 mg, 0.30 mmol) in
anhydrous ether (200 ml) wasflushedwith argon for 40 minutes, then irradiated with a
Philips 125 W H P K lamp at 0-5°C under argon for 1 hour. The solution was
concentrated under reduced pressure without heating and subjected to radial
chromatography. Elution with light petroleum gave 1,1-dimethyl-177cycloprop[e]azulene (386) as a blue cystalline solid (8 mg, 16%), 5-(2-propenyl)azulene
(395) as a blue oil (7 mg, 14%) and starting material (42 mg, 70%).

l,l-Dimethyl-777-cycloprop[e]azulene crystallized form light petroleum m.p.
53°C (Found: M + 168.0932. Ci 3 H 1 2 requires 168.0939), Mass spectrum m/z 169
(13%), 168 (M + , 88), 167 (30), 165 (29), 154 (12), 153 (94), 152 (100), 151 (22), 128
(11), 126 (10), 115 (12), 83 (10), 76 (11), 71 (14), 69 (11), 63 (11), 57 (44), 56 (18), 55
(14). m n.m.r. spectrum (500 M H z ) 8 8.29, IH, d, J = 10.2 Hz, H4; 8.02, IH, dd, J =
3.9, 3.6 Hz, H6; 7.66, IH, d,J= 7.6 Hz, H2; 7.43, IH, br. d, J = 3.6 Hz, H5; 7.20, IH,
dd, J = 10.2, 7.6 Hz, H3; 7.13, IH, br. d, J = 3.9 Hz, H 7 ; 1.75, 6H, s, 2 x Me. 13 C
n.m.r. spectrum (125.7 M H z ) 8 144.9 (C, C4a), 143.1 (C, C7b), 140.0 (CH, U= 162.4
Hz, C6), 132.5 (CH, U= 149.5 Hz, C4), 131.0 (C, Cla), 127.6 (C, C7a), 125.9 (CH, U
= 155.3 Hz, C2), 125.7 (CH, U= 161.8 Hz, C3), 119.3 (CH, U=

167.9 Hz, C5), 109.6

(CH, A7= 170.5 Hz, C7), 33.6 (C, CI), 26.7 (CH 3 , 2 x Me). Electronic spectrum (Et20)
? W (log e) 245 (4.16), 2.75 (4.44), 323 (3.35), 333 (3.40), 349 (3.03), 572 (2.84), 591
(2.81), 620 (2.81), 6.41 (2.58), 6.79 (2.48) nm.
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5-(2-Propenyl)azulene: (Found: M + 168.0936. Cj 3 H 1 2 requires 168.0939).
Mass spectrum m/z 169 (15%), 168 (M + , 100), 167 (33), 165 (22), 154 (11), 153 (78),
152 (64), 151 (13), 127 (10), 83 (19), 71 (12), 69, (11), 57 (23). iH n.m.r. spectrum
(300 M H z ) 8 8.55, IH, d, J = 1.9 Hz; 8.30, IH, d, J = 9.5 Hz; 7.92, IH, dd, J = 3.8, 3.7
Hz; 7.75, IH, d, J = 10.5 Hz; 7.42, IH, br. d, J = 3.8 Hz, 7.32, IH, br. d, J = 3.7 Hz;
6.76, IH, dd, J = 9.5, 10.5 Hz; 5.32-5.35, IH, m; 5.21-5.25, IH, m; 2.28-2.33, 3H, m.
13

C n.m.r. spectrum (125.7 M H z ) 8 147.2 (C), 139.6 (C), 139.2 (C), 137.1 (CH), 136.7

(C), 135.6 (CH), 135.3 (CH), 135.2 (CH), 121.7 (CH), 118.9 (CH), 117.7 (CH), 114.2
(CH 2 ), 23.2 (CH 3 ).
Irradiation of 1,1-dimethyl-lU-azulenof6,5-cjpyrazole (199)

A solution of 1,1-dimethyl-177-azuleno[6,5-c]pyrazole (93 mg, 0.47 mmol) in
anhydrous ether (200 ml) was flushed with argon for 40 minutes, then irradiated with a
Philips 125 W H P K lamp at 0-5°C under argon for 2 hours. The solution was
concentrated under reduced pressure without heating and subjected to radial
chromatography. Elution with light petroleum gave 1,1 -dimethyl-177cycoprop[/]azulene (261) as a blue oil (17 mg, 21%), 5-(2-propenyl)azulene (395) (2
mg, 3%) and starting material (66 mg, 71%).
1,1-Dimethyl-177-cycloprop[/]azulene crystallized form light petroleum m.p.
46-7°C (Found: M + 168.0941. Cj 3 Hi 2 requires 168.0939). Mass spectrum m/z 169
(12), 168 (82), 167 (35), 166 (12), 165 (29), 154 (13), 153 (85), 152 (100), 151 (19),
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115 (11), 57 (12). m n.m.r. spectrum (500 M H z ) 8 8.48, IH, d, J = 7.4 Hz, H3; 8.25,
IH, s, H 7 ; 7.80, IH, dd, J = 4.0, 3.6 Hz, H5; 7.39, IH, br. d, J = 4.0 Hz, H4; 7.35, IH,
br. d, J = 3.6 Hz, H6; 7.22, IH, br. d, J = 7.4 Hz, H2; 1.64, 6H, s, 2 x Me. 1 3 C n.m.r.
spectrum (125.7 M H z ) 8 145.3 (C, Cla), 143.4 (C, C6a), 141.8 (CH, A7= 151.1 Hz,
C3), 139.5 (C, C3a), 134.7 (CH, U= 163.3 Hz, C5), 129.2 (C, C7a), 124.7 (CH, U=
160.7 Hz, C7), 120.7 (CH, U=
(CH, U=

167.6 Hz, C4), 117.0 (CH, >J= 167.5 Hz, C6), 110.7,

165.4 Hz, C2), 30.7 (C, CI), 27.2 (CH 3 , 2 x Me). Electronic spectrum (Et20)

^max (log e) 217 (4.16), 233 (4.17), 281 (4.77), 306 (4.26), 336 (3.68), 3.51 (3.74), 555
(2.59), 579 (2.66), 601 (2.61), 630 (2.59), 656 (2.34), 694 (2.23) nm.

(3aoc,4a,7cc,7aa)-3a,4 7,7a-Tetrahydro-4,7-epoxybenzo[bJthiophene-l,l-dioxide (

A solution of 3,4-dibromo-2,3,4,5-tetrahydrothiophene-l,l-dioxide62b (5.56 g,
20.0 mmol) in dichloromethane (70 ml) was slowly added dropwise to a solution of
triethylamine (16.7 ml, 0.12 mol) in furan (70 ml). After the addition was completed (ca.
10 hours) the mixture was heated under reflux for 30 minutes. The reaction mixture was
washed with 1 M HC1 solution, dried, concentrated under reduced pressure and
subjected to silica gelfiltration.Elution with 3 0 % ethyl acetate / light petroleum gave the
adduct (0.68 g, 18%), which crystallized from dichloromethane / light petroleum as
colourless prisms, m.p. 119-24°C (decomp.) (Found: C, 52.06; H, 4.52. C 8 H 8 0 3 S
requires C, 52.18; H, 4.38%). J H n.m.r. spectrum (500 M H z ) 8 6.60, IH, dd, J = 5.8,
1.7 Hz; 6.44, IH, dd,J= 6.7, 2.6 Hz; 6.31, IH, dd, J = 6.7,1.8 Hz; 6.28, IH, dd,J =
5.8, 1.8 Hz; 5.29, IH, br. d, J = 4.7 Hz; 5.12, IH, br. d, J = 4.8 Hz; 3.89-3.95, IH, m;
3.87, IH, dd, J= 7.7, 4.7 Hz. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 138.0 (CH), 134.5
(CH), 134.3 (CH), 133.1 (CH), 79.9 (CH), 79.1 (CH), 60.8 (CH), 50.3 (CH).
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(3aoc,4a,7cc,7aa)-3,3a-Dichloro-3a,4,7,7a-tetrahydro-4,7-epoxybenzo [bj thiophene-1,1dioxide (426a) and (3aa,4$,7$,7aa)-3,3a-Dichloro-3a,4,7,7a-tetrahydro-4,7epoxybenzofb]thiophene-1,1-dioxide (426b)
o2

ci

w

Triethylamine (15.4 ml, 0.111 mol) was added to a solution of 3,3,4,4tetrachloro-2,3,4,5-thiophene-1,1-dioxide (11.45 g, 44.4 mmol) in furan (50 ml) and
dichloromethane (50 ml) and the mixture stirred overnight. The mixture was poured into
0.5 M H C 1 solution and extracted with dichloromethane (2x). The organic extracts were
washed with brine, dried and concentrated under reduced pressure to give a solid which
was subjected to silica gel filtration. Elution with 10%) ethyl acetate / light petroleum
gave the exo adduct (426b) (4.33 g, 4 1 % ) and the endo adduct (426a) (3.55 g, 34%).
(3aa,4(3,7fi, 7cra)-3,3a-Dichloro-3a,4,7,7a-tetrahydro-4,7epoxybenzo[6]thiophene-1,1 -dioxide was recrystallized from dichloromethane / light
petroleum to give colourless prisms, m.p. 168-70°C (Found: C, 38.38; H, 2.09.
C 8 H 6 C 1 2 0 2 S requires C, 37.97; H, 2.39%). iH n.m.r. spectrum (300 M H z ) 8 6.79, IH,
s; 6.70, IH, dd, J= 5.8, 1.7 Hz; 6.67, IH, dd, J= 5.8, 1.7 Hz; 5.55, IH, br. s; 5.20, IH,
br. s; 3.49, IH, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 146.2 (C), 136.5 (CH), 135.4
(CH), 132.1 (CH), 82.4 (CH), 81.4 (CH), 74.8 (C), 72.3 (CH).
(3aa,4a, 7a, 7a«)-3,3a-Dichloro-3a,4,7,7a-tetrahydro-4,7epoxybenzo[6]thiophene-1,1 -dioxide was recrystallized from dichloromethane / light
petroleum to give colourless prisms, m.p. 126-7°C (Found: C, 37.92; H, 2.31.
C 8 H 6 C 1 2 0 2 S requires C, 37.97; H, 2.39%). *H n.m.r. spectrum (300 M H z ) 8 6.78, IH,
dd,J=5.8, 1.7 Hz; 6.52, 1H, dd,J= 5.8, 1.8 Hz; 6.47, lH,d,/= 1.0 Hz; 5.43, IH,
ddd, J = 4.7, 1.7, 1.1 Hz; 5.10, IH, dd, J= 1.8, 1.1 Hz; 4.32, IH, dd, J = 4.7, 1.0 Hz.
>3C n.m.r. spectrum (75.5 M H z ) 8 145.4 (C), 137.3 (CH), 132.9 (CH), 131.6 (CH),
88.1 (CH), 80.5 (CH), 78.2 (C), 73.7 (CH).
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6-Chloro-7,10-dihydro-7,10-epoxybenz[a]azulene (430)

A solution of the adduct (0.90 g, 3.80 mmol) and A^dimethylaminofulvene
(0.45 g, 3.72 mmol) in acetonitrile (3 ml) and triethylamine (3 ml) was allowed to stand
in the dark for 4 days. The resulting black mixture was adsorbed onto silica and
subjected to silica gelfiltration(2.5% ethyl acetate / light petroleum) to give the azulene
as a purple oil (221 mg, 25%). A n analytical sample was obtained by recrystallization
from light petroleum to give purple prisms, m.p. 50-l°C (Found: C, 73.68; H, 4.16.
Ci 4 H 9 C10 requires C, 73.53; H, 3.97%). Mass spectrum m/z 230 ( M + + 2, 20%), 228
(M + , 62), 204 (12), 202 (45), 201 (21), 200 (24), 199 (58), 166 (14), 165 (100), 164
(43), 163 (49), 162 (13), 160 (21), 139 (26), 96 (27), 84 (36).! H n.m.r. spectrum (300
M H z ) 8 7.93, IH, d, J = 11.2 Hz; 7.75, IH, dd, J = 3.6, 4.3 Hz; 7.37, IH, d, J = 3.6
Hz, 7.28, IH, d, J = 4.3 Hz, 7.17, IH, dd, J = 5.5, 1.8 Hz; 7.07, IH, dd, J = 5.5, 1.8
Hz; 6.96, lH,d,y= 11.2 Hz; 6.24, lH,dd,J= 1.8, 1.5 Hz; 6.19, lH,dd,.7= 1.8, 1.5
Hz. 13 C n.m.r. spectrum (75.5 M H z ) 8 152.9 (C), 142.2 (CH), 139.2 (CH), 138.2 (C),
137.0 (CH), 136.8 (C), 134.8 (C), 132.9 (C), 132.0 (CH), 122.7 (CH), 121.5 (CH),
114.1 (CH), 84.7 (CH), 84.3 (CH).
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4-Chloroazuleno[4,5-z]furan (433)

3,6-Di(pyridin-2'-yl)-l,2,4,5-tetrazine (70 mg, 0.30 mmol) was added to a
solution of the azulene (63 mg, 0.28 mmol) in dry dichloromethane (10 ml) and the
solution stirred until the starting material was consumed (ca. 30 minutes). The reaction
mixture was concentrated without heating and subjected to rapid radial chromatography.
Elution with light petroleum gave the furan as a yellow-green crystalline solid (39 mg,
7 0 % ) (Found: M + 202.0189. Ci 2 H 7 C10 requires 202.0185). Mass spectrum m/z 204
( M + + 2, 33%), 203 (13), 202 (M + , 100), 173 (12), 139 (76), 138 (17), 137 (10), 71
(16), 69 (15), 57 (44), 56 (53). *H n.m.r. spectrum (600 M H z ) 8 8.16, IH, d, J = 1.9
Hz, HI; 8.14, IH, d, J = 1.9 Hz, H3; 7.11, IH, d, J = 9.2 Hz, H6; 7.01-7.04, IH, m,
H9; 6.93, IH, dd, J = 5.0, 2.5 Hz, H8; 6.69, IH, d, J = 9.2 Hz, H5; 6.55, IH, dd, J =
5.0, 1.4 Hz, H7. 1 3 C n.m.r. spectrum (151 M H z ) 8 145.1 (C, C6a), 144.7 (CH, C3),
138.9 (CH, CI), 134.7 (C, C4), 132.4 (CH, C8), 131.1 (CH, C6), 123.3 (C, C3a), 123.1
(C, C9a), 122.3 (CH, C7), 121.7 (CH, C9), 121.6 (CH, C5), 119.8 (C, C9b). Electronic
spectrum (Hexane) X m a x (log e) 231 (4.13), 250 (4.08), 258 (4.09), 285 (4.06), 390
(3.90), 410 (3.93), 434 (3.72), 547 (2.31) nm.

Diels-Alder cycloaddition between 4-chloroazuleno[4,5-c]furan (433) andNmethylmaleimide

N-Methylmaleimide (26 mg, 0.23 mmol) was added to a solution of 4chloroazuleno[4,5-c]furan (46 mg, 0.23 mmol) in anhydrous dichloromethane (5 ml), and
the solution was stirred at room temperature for 1 hour during which the green solution
turned blue. The reaction mixture was concentrated under reduced pressure and
subjected to radial chromatography. Elution with 20 - 5 0 % ethyl acetate / light
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petroleum gave the exo adduct as a blue crystalline solid (32 mg, 44%) and the endo
adduct as a purple-blue crystalline solid (31 mg, 43%).
(7a, 7tf#70tf#70a;-6-chloro-9-methyl-7,7a,9,lOa,l l-tetrahydro-977-7,11epoxyazuleno[4,5-/|isoindole-8,10-dione was recrystallized from ethyl acetate / light
petroleum to give blue prisms, m.p. 239-41°C (Found: M + 313.0504. Ci 7 Hi 2 ClN0 3
requires 313.0506). Mass spectrum m/z 315 ( M + + 2, 11%), 313 (M + , 30), 285 (11),
204 (32), 203 (100), 165 (12), 163 (11), 139 (40), 86 (10), 82 (13), 69 (11), 57 (10). m
n.m.r. spectrum (300 M H z ) 8 8.14, IH, d, J = 10.8 Hz; 7.95, IH, dd, J = 3.6, 4.0 Hz;
7.52, IH, br. d, J = 4.0 Hz; 7.48, IH, br. d, J = 3.6 Hz; 7.21, IH, d, J = 10.8 Hz; 6.21
IH, d, J = 1.0 Hz; 6.06, IH, d, J = 1.0 Hz; 3.24, IH, d, J = 6.7 Hz; 3.13, IH, d, J = 6.7
Hz; 3.07, 3H, s. 1 3 C n.m.r. spectrum (75.5 M H z ) 8 175.6 (CO), 175.2 (CO), 147.0 (C),
138.9 (CH), 138.3 (C), 136.3 (C), 134.7 (C), 133.6 (CH), 129.8 (C), 122.5 (CH), 122.1
(CH), 115.7 (CH), 84.2 (CH), 84.1 (CH), 50.0 (CH), 48.3 (CH), 25.5 (CH 3 ).
(7 a, 7aa, 1 Oaa, 10a>6-chloro-9-methyl-7,7a,9,10a, 11 -tetrahydro-977-7,11 epoxyazuleno[4,5-7]isoindole-8,10-dione was recrystallized from ethyl acetate / light
petroleum to give blue prisms, m.p. 234-5°C (Found: M + 313.0496. Ci 7 Hi 2 ClN0 3
requires 313.0506). Mass spectrum m/z 315 ( M + + 2, 11%), 313 (M + , 31), 285 (11),
205 (11), 204 (34), 203 (14), 202 (100), 200 (11), 165 (15), 163 (11), 139 (42), 86 (12),
84 (23), 82 (14), 81 (10), 69 (18), 57 (19).! H n.m.r. spectrum (300 M H z ) 8 8.07, IH,
d, J = 10.8 Hz; 7.93, IH, dd, J = 3.8, 3.8 Hz; 7.38-7.47, 2H, m; 7.15, IH, d, J = 10.8
Hz; 6.22-6.31, IH, m; 6.12-6.20, IH, m; 3.92-4.03,2H, m; 2.18, 3H, s. 13 C n.m.r.
spectrum (300 M H z ) 8 173.0 (CO), 172.6 (CO), 144.1 (C), 139.2 (CH), 137.9 (C),
136.6 (C), 133.4 (CH), 132.3 (C), 130.6 (C), 122.5 (CH), 121.8 (CH), 117.2 (CH), 83.1
(CH), 82.9 (CH), 50.1 (CH), 48.6 (CH), 24.0 (CH 3 ).
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Appendix

Electronic Spectrum of 2-Chloro-1,1-dimethyl-177-cycloprop[e]azulene (357)
Electronic Spectrum of l,l-dimethyl-177-cycloprop[e]azulene (357)
Electronic Spectrum of l,l-dimethyl-177-cycloprop[/]azulene (357)
Electronic Spectrum of 4-Chloroazuleno[4,5-c]furan (433)
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