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ABSTRACT

Cycloaddition reactions of cyclohex-2-enone, 5,6-dihy dro-2H-pyr an-Z-

one and 2,3-dihydro-4H-pyran-4-one with 2,6-dichlorobenzonitrile oxide were

investigated. The reactions of cyclohex-2-enone and 5,6-dihydro-2H-pyran-2-

one each gave only that regioisomeric bicyclic isoxazoline with the

configuration predicted by consideration of the electronic effects exerted on the

double bond by the carbonyl group. 2,3-Dihydro4H-pyran-4-one reacted with

2,6-dichlorobenzonitrile oxide regiospecifically, due to the electronic effects of

both the carbonyl group at one terminus of the double bond and the alkoxy

substituent at the other terminus; however the intermediate isoxazoline

underwent ring-opening to yield 5-(2,6-dichlorophenyl)-4-(3-

hydroxypropionyl)- 7 - aza-2-oxacyclopenta-3,5-diene directly.

The bicyclic isoxazolines derived from the cycloadditions of cyclohex-2-

enone and 5,6-dihydro-2H-pyran-2-one with 2,6-dichlorobenzonitrile oxide

were oxidised to the corresponding isoxazoles through the use of 1-activated

manganese dioxide and nickel peroxide. It was also established that the former

bicyclic isoxazole could be synthesised through a one-pot cycloaddition-

elimination sequence using either 3-bromocyclohex-2-enone or 3-

chlorocyclohex-2-enone. The regioselectivity of cycloaddition reactions is

determined by the substitution pattern around the double bond of the alkene,

with the oxygen of the nitrile oxide becoming attached to the more substituted

terminus of trisubstituted double bond. To change the regiochemistry of the

cycloaddition reaction, the site of halogenation required to be changed,

therefore giving the regioisomeric isoxazole. Thus the bicyclic isoxazoles

regioisomeric to those obtained from the oxidation of the isoxazolines were
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obtained by the cycloaddition of 2-bromocyclohex-2-enone and 3-bromo-5,6-

dihydro-2H-pyran-2-one

Relative rate stud.ies on the cycloaddition of the cycloalkenones and

their halogenated analogues were conducted and it was confirmed that the

reactivity of the dipolarophile decreases as the substitution around the carbon-

carbon double bond increases.

The reductive N-O bond cleavage of the bicyclic isoxazoles,9-(2,6-

dichlorophenyl)-8-aza-7-oxa-\a.3.0ì-bicyclonona-1,8-dien-2-one and 9-(2,6-

dichlorophenyl)-8-a za-3,7-dloxa-[4.3.0]-bicyclonona-1,8-dien-2-one, to form the

corresponding p-enamino ketones was achieved using palladium on carbon.

Analysis of the ring-opened compounds in solution showed they were each in

their imine form, however X-ray crystallographic analysis showed that in the

crystalline state, each compound adopted the enamine form.

The ring-opening of the isoxazoles was also achieved using yeast. A

variety of yeasts and conditions were tested and it was established that baker's

yeast was the most effective in achieving reductive cleavage of the N-O bond

of isoxazoles. The generality of this novel reductive ring-cleavage was

investigated and it was established that the ring cleavage was only observed for

bicyclic isoxazoles with carbonyl substituents attached to the C-4 position of the

isoxazole ring. Following this, a mechanism for the ring-opening reaction was

developed.

Finally, the cycloadditions between various nitrile oxides and ethyl

cinnamate and 4-vinylpyridine in the presence of baker's yeast and p-

cyclodextrin were explored. Contrary to literature reports, it was found that

baker's yeast had little or no effect on any of these cycloadditions. B-

Cyclodextrin was found to entrain some of the isoxazoline products formed

from the cycloadditions of nitrile oxides with ethyl cinnamate but has no effect
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on the regiochemical outcome of these cycloaddition reactions. p-Cyclodextrin

was found to have no noticeable effect on the stereochemical outcome of the

cycloaddition reactions between 2,6-dichlorobenzonitrile oxide and

mesitonitrile oxide with 4-vinylpyridine.



INTRODUCTION

The worldwide agricultural industry requires reliable crop protection

and progress in the productivity of modern agricultural systems is unthinkable

without plant protection measures. In the 7970',s the demand for

agrochemicals was strong and there were about twenty-two companies with a

major presence in the world agrochemical market. During the 1980's the

industry was hit by both government actions to reduce food surpluses in

developing countries and by lower commodity prices. New stringent

regulations meant that the cost of research and development increased and

companies were induced to spend a growing proportion of their research and

development budget on supporting existing products. The number of

companies involved in agrochemicals also declined.l

Now in the 1.990's there are fewer technical opportunities and many

major products are off-patent. This has created a much more competitive

environment. The research and development costs are enormous and it may

take seven years from filing a patent to first sale, and a further fifteen years

before costs are recovered. Flowever, the total world market for agrochemicals

is approximately $US25,000 million, and herbicides account for 457o of this

(Figure 1), making research and development a worthwhile exercise.l

19"/"

6/"

45"/" f Herbicides
ø Insecticides
El Fungicides
ø Other

3O"/"

Figure 1: World Agrochemical sales by Category (total $us25,000M).i
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The major regions for the sale of agrochemicals are the United States of

America, Western Europe and the Far East; they account for B07o of the total

world sales (Figure 2).1 Comparatively, the Australian agricultural industry is

small and accounts for 7.ZVo of the total world sales (approximately $300M per

annum).2 Given this, an Australian company wishing to succeed in the

agrochemical industry must ultimately target the lucrative international

markets as well as the local market.

9"/"

I USA
ø Western Europe
H Far East
ø South America
tr Eastern Europe and former USSR
E Rest of World (incl Aust.)

24"/"

Figure 2: Sales by Regions.l

Very few agrochemicals have their origins in Australia, and, until the

mid 1980's, herbicides were totally imported from Europe or the United States.

The Commonwealth Scientific and Industrial Research Organisation (CSIRO),

through the joint venture company Dunlena Pty. Ltd. (CSIRO, Division of

Chemicals and Polymers, in partnership with Du Pont (Australia) Ltd. and

Australian Industrial Development Corporation Ltd.), is one of the few

institutions that are aiming to develop and manufacture, in Australia,

agricultural chemicals for sale in this international market (the top 25

agrochemical companies have their bases in Europe, the United States of

America or ]apan).

6%
5"/"

29%

27%
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In the early 1980's an ICI research grouP in Melbourne, Australia,

discovered and developed a new herbicide for use in wheat and barley. This

new product has now been marketed in Australia and overseas under the

trade name GRASP [ICIA604 (II)] (f).2 This herbicide created much interest

within the agricultural chemical industry as GRASP (1) was found to be of low

acute toxicity to birds, fish, bees and earthworms, and also non-mutagenic in

an array of tests and. non-teratogenic in the rabbit and the rat.2 As well as its

rapid breakdown in soil and crops, other advantageous features of GRASP (1)

compared to other available herbicides are that: it has a rate of application of

750g/ha;3 it is able to be applied from early to late growth stages (that is Post-

emergence activity); and it controls a wide variety of both grass and broad-leaf

weeds.3,4 The mode of action of GRASP (1) and its structurally related

analogues (e.g., sethoxydim (2), clethodim (3) and alloxydim (a) is aiø acetyl-

CoA carboxylase inhibition,5,6 the enzyme that catalyses the committing step

in fatty acid biosynthesis).

oEt ,, oEt
OH HON

o

N.

o

S

(1) (2)
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o
coo

(4)

N-oN,O HOHO

(3)

o

b

Structurally related to GRASP (1,) are the bleacher herbicides, for

example, ICIA-0051 (previously SC-0051) (5). As with GRASP (1), this class of

herbicides displays both pre- and post-emergence activity against both grasses

and broad-leaf weeds; however their mode of action is believed to be aia

inhibition of chlorophyll or carotenoid synthesis as bleaching of the leaves is a

consequence of their application.4 There is also some inhibition of protein

synthesis at high concentrations. An advantage of these herbicides is that their

rate of application is very low with activity being observed at an application

rate of 77.21.g/ha.7

The bleacher herbicides tend to show high mammalian activity;

consequently not many appear in the market. Flowever, this activity is also

being explored in terms of their potential as pharmaceuticals; for example, a

triketone that shows promise as a pharmaceutical is 2-(2-nitro-4-trifluoro-

methylbe nzoyl)-7,3-cyclohexanedione (NTBC) (6).8
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Noz

o

o

cr

CI

o

o

(s) (6)

NTBC (6) has shown potential as a treatment for hereditary

tyrosinaemia type I. Hered.itary tyrosinaemia type I is a disease that generally

results in death from hepatic failure during the first year of life or from

primary cancer in the cirrhotic liver, usually in the first two decades. The

biochemical defect is believed to be a deficiency of the enzyme

fumarylacetoacetase which catalyses the degradation of fumarylacetoacetate to

fumarate and acetoacetate in the biochemical pathway of tyrosine degradation.

Recently NTBC (6) has been shown to be a potent inhibitor of the enzyme 4-

hydroxyphenylpyruvate dioxygenase which catalyses a preceding reaction in

the tyrosine degradation pathway; thus by inhibiting 4-hydroxyphenylpyruvate

dioxygenase, the amount of fumarylacetoacetate formed is decreased and

consequently the effects of a deficiency in fumarylacetoacetase has less impact.

It is now believed that treatment with NTBC (6) may offer an alternative to

Iiver transplantation in this otherwise fatal disease.S

The industrial synthesis of GRASP (1) is a five step synthesis (Scheme 1)

with an overall yield of 44o/o.2 The first step in the synthesis is formylation of

1,3,5-trimethylbenzene (7) to give the adduct (8), followed by an aldol
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condensation to give the cx,,B-unsaturated ketone (9) and a cyclisation to give

the l,3-diketone (10). Subsequent acylation gives the triketone (11) with the

exocyclic carbonyl formed then being converted to give the N-ethoxyimine

(T).2

cHo
Ticl4

(7) (8)

oo
1) CH2(CO2Et)2/

NaOEt
2) NaOH

o
(10) (e)

(cH3cH2co)2C/
cF3so3H/
cH3cH2cozH/ 120"c

H2NOEt

o o
(11) (1)

Scheme 1

oo
o NOEt

This synthetic strategy is somewhat restrictive to the type of analogue
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that can be made. This method. requires an aldehyde moiety with a bulky,

unreactive group attached, as the initial building block for the synthesis. Thus

analogues made aia this method would be restricted to having a tail of this

type. Secondly, the manner in which the cyclohexanedione ring is synthesised

makes the substitution of heteroatoms into the ring system and variation of

the ring size very difficult. Thus, to achieve the flexibility required to obtain

these forms of structural analogues, a new synthetic pathway was required.

Due to the ongoing market success of GRASP (L) and the

aforementioned inflexibitity associated with its industrial synthesis, the crop

protection group in CSIRO's Division of Chemicals and Polymers undertook a

pilot project in which they chose to make structural variations of GRASP (1)

around the p-enamino ketone portion. It was also believed that the

approaches used to make analogues of GRASP (1) could provide a convenient

route for the synthesis of analogues of the bleacher herbicides by hydrolysis of

the B-enamino ketone.

The initial aim of the work presented here was to work with the CSIRO,

Division of Chemicals and Polymers in exploring nitrile oxide cycloaddition

chemistry with a view to its possible application to the synthesis of GRASP (1)

and bleacher herbicide analogues. After conducting an extensive literature

review on the cycloaddition of nitrile oxides to carbon-carbon double bonds

(Appendix 1), it was believed that if the bicyclic isoxazoles (15) could be made,

then it would be possible to ring-open these compounds to form the B-

enamino ketones (16). It should be noted that it is common to refer to the

CnASp-type herbicides as cyclohexanediones although they are often drawn as

their imine or enamine tautomers. Isoxazoles are generally synthesised oiø

the cycloaddition of nitrile oxides to alkynes, however cyclic alkynes are not

readily available, thus the pathway proposed for the synthesis of the

cyclohexanediones (16) was as shown in Scheme 2.
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The first step in the synthetic pathway was the 1,3-dipolar cycloaddition

of a cyclohexenone (12) to a nitrile oxide (13). This synthetic strategy would

make variation in the ring size possible. For example, the cycloadditions of

various aryl nitrile oxides to cyclopent-2-enone,9 cyclohex-2-enone,9 and

cyclohept-2-enone (17) (Scheme 3)9 make it possible to vary the ring size

bearing the 1.,3-diketone moiety.

o

+ Cycloaddition-.+ RC=N- O N

o

R

(12) (13) (t¿)

(1s)

R

o

NHz Reduction

Dehydrogenation

N

o

(16)
Scheme 2

There have also been examples in the literature of cycloaddition

reactions to heterocycles,l0-ta for instance the cycloaddition of uracil (18) to aryl

nitrile oxides (Scheme 4).14 Thus it was envisaged that it would be possible to

incorporate heteroatoms into the cycloalkenone system giving heteroatom

substitution in the final product.
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Ar

N
ArCNO--------->

Scheme 3

ArCNO..........--.----'-

o
(77)

Met..

o

N
I

Me

(18)

o
Me-..

Ar

N
N N

oN
I

Me

Scheme 4

It was decided to use two compounds which are heterocyclic analogues

of the cyclohexenone (19); 5,6-dihydro-2H-pyran-2-one (21) and 2,3-dihydro-

4H-pyran-4-one (23). The former compound has been made uiø t].te

condensation of 3-butenoic acid (20) with paraformaldehyde under strongly

acidic conditions (Scheme 5¡.1s,16 A quick and efficient synthesis of the latter

compound (23) was published by Danishefsky and webb17 in which

Danishefsky's diene (1-methoxy-3-(trimethylsilyloxy)buta-1,3-diene) (22) was

condensed with paraformaldehyde in the presence of zinc chloride to give the

dihydropyranone (23) in 55Vo yield (Scheme 6).
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o

(27)

H25O4
+ (cH2o)n

AcOH/A
o

(20)

Scheme 5

OMe

ZnCl,
+ (cH2o),,

THF
Me3Si CHz

(23)

Scheme 6

There are several methods for the synthesis of nitrile oxides reported in

the literature (Appendix 1). Nitrile oxides readily self-condense to form the

nitrile oxide dimers, the furoxans (24) (Scheme 7). To overcome this problem

the nitrile oxide is often generated in situ.18 The two most commonly used

methods of in sítu nitrile oxide generation are aia the dehydrohalogenation of

hydroximinoyl halides (25) using a base (Scheme 8),19 ot by the dehydration of

primary nitroalkanes (26) using phenyl isocyanate in the presence of a catalytic

(22)
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amount of triethylamine (Scheme 9). This latter method is frequently referred

to as the Mukaiyama method.2o

+
R-C=N- O N- o

(24)

Scheme 7

NarCO3 +
R- C:N- OH R-C= N- O

I

cl
(25)

Scheme 8

PhNCO +
RCH2- NO2 R-C=N -OEt3N

(26)

Scheme 9

The cyCioaddition reactions preselted in thiftheS'rs WCie Pcrfoimed

using aryl nitrile oxides as they are relatively inert to dimerisation in

comparison to alkyl nitrile oxides.2l FIowever, even amongst aryl nitrile

oxides there is quite a variation in reactivity. Of the most commonly used

nitrile oxides (due to ease of synthesis) the most reactive is benzonitrile oxide,

followed by mesitonitrile oxide, and more stable are 2,í-dichlorobenzonitrile

oxide and 2,4,í-trimethoxybenzonitrile oxide.21 The less reactive the nitrile

oxide, the fewer side-products obtained. With this in mind, it was decided to

N
o



NH2OH.HCI

50% NaOHruq)

Et3N

lntroduction

C:N-OH
I

H

(28)

NCS/DMF

C:N-OH
I

cl

72

use 2,6-dichlorobenzonitrile oxide (30) for this section of work, synthesised in

situ from the corresponding hydroximinoyl chloride (29).22 The aldoxime

precursor (28) can be generated from the corresponding aldehyde (27) (Scheme

10).22

cHo

cl

cl

CI

cr

(27)

cl

cl

+
c=N-o

(30) (2e)

Scheme 10

The orientation of the 1,3-dipolar cycloaddition reaction has been

reviewed (Appendix 1). Regiochemistry is governed by steric and electronic

effects, and aithough steric considerations almost exclusively predominate

over electronic effects, a mixture of regioisomers is usually obtained with

unsymmetrical 1,2-d.isubstituted alkenes. Then, the predominant regioisomer

formed, will be that which is favoured electronically; for example, carbonyl

substituents are known to direct the oxygen of the nitrile oxide such that they
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are at the 4-position of the cycloadds6¡s12,13,23-29 and alkoxy substituents tend

to orientate the cycloadditions such that they are at the S-position in the

cycloadducts.ll The cyclohexenone (19),5,6-dihydro-2H-pyran-2-one (21) and

2,3-dihydro-4H-pyran-4-one (23) have the directing effect of the carbonyl grouP;

thus the major products would be expected to have the orientation as indicated

in Scheme 2. Further, 2,3-dihydro-4H-pyran-4-one (23) has the additional

directing effect of the oxygen in the olefin ring system (that is, an alkoxy group

attached to the double bond) that would be expected to direct the cycloaddition

with high regioselectivity, similar to the regioselective cycloaddition of nitrile

oxides to the l,2-disubstituted olefin (31) (Scheme 11).30

o
o
il

PhCil OMe
Ph H

ArCNO

H OMe Ar

(31)

Scheme 11

Dehydrogenation of isoxazolines (Scheme 12) has been carried out by

numerous methods (Appendix 1) including the use of Chloranil@,31'32 23-

dichloro-5,6-dicyanobenzoquinone33 and 1-activated manganese dioxide (y-

MnO2).3a-36 The former two reagents are commercially available. Activated

manganese dioxide can be prepared by several methods giving products of

various activities. Generally, the order of activity is considered to be y-MnO2 >

active (or p-; MnO2 > a-MnO2. The prefix denotes differences in the crystalline

Iattices of the various forms. "y-MnO2 is prepared by stirring potassium

o
N,
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permanganate with manganese sulphate (Scheme 13), with the y-MnO2

forming as a precipitate which is subsequently filtered off .37

R3 R3
H

R2

R1 N

-H?

- 
--+-

Scheme 12

R1
N

H o/ o/

y-tv{nO2t
+ KtlgOv + [$l'lnOP * ÞrNrrD*

MnSOn +¿KMnOa

Scheme 13

An alternative method of synthesis of isoxazoles has been to construct

the corresponding isoxazoline with a leaving group suitable for subsequent

elimination (Scheme 74) (Appendix 1); for example the cycloaddition of vinyl

bromide (32) to the nitrile oxide (33) proceeded directly to the isoxazole (35),

presumably by the elimination of hydrogen bromide from the isoxazoline (34)

(Scheme 15).38 By analogy, it was anticipated in the present work that ring-

fused isoxazoles could be obtained by placing an appropriate leaving group on

one of the termini of the double bond of the cyclohexenone (Scheme 16). The

regiochemistry of cycloaddition for the reaction of unsymmetrical olefins is

governed almost entirely by steric effects, with the oxygen of the nitrile oxide

becoming attached to the more hindered end of the double bond (Appendix 1).

+ ¡-tl t>L
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Thus, to achieve the isoxazole product with the required regiochemistry, a

leaving group would need to be placed on the terminus of the double bond B

to the carbonyl group.

R1 H
R3

>< R1

X

Scheme 14

o+*
+ (EIO)2PCH2C:N-O -->

(33)

-FIX

3

-+
N R1

-HBr

o
+
P(OEt)2

oR2X

BrJ
N

Br o
(34)(32)

o
I
P(OEr)2

,No

Scheme 15

(3s)
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o o

o

.X ArCNO X N

-HX

Ar

N

o

o

Scheme 16

The synthesis of the 3-halocyclohexenones (37a,b) has been reported.

Crossley and Haas39 treated 1,3-cyclohexanedione (36) with phosphorus

trihalides (either bromide or chloride) to obtain the halocyclohexenones (37a)

and (37b), respectively (Scheme 77). Alternatively, Vilsmeier reagents have

been utilised with l,3-cyclohexanedione (36) (Scheme 17).40 Vilsmeier reagents

are prepared from N,N-dimethylformamide and either oxalyl bromide or

oxalyl chloride. Both reactions were reported to be quick and high yielding.

Bromination of the terminus cr to the carbonyl group has also been

reported. A paper by Posner et ø1. reported the use of 3-bromo-5,6-drhydro-2H-

pyran-2-one (98)¿l and subsequent correspondence with the authors provided a

proced.ure for its synthesis. Initially, bromine was added across the double

bond of the dihydropyrán-2-one (21) followed by selective elitnination of HBr

using a hindered base, Hünig's base (diisopropylethylamine) (Scheme 18). It

was anticipated that this procedure could be used to brominate the
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cyclohexenone (19) and 2,3-dihydro-4H-pyran-4-one (23) to form their

corresponding brominated compounds; 2-bromocyclohex-2-enone (39) and 3-

bromo-5,6-dihydro- 4H-pyr an-4-one (40).

PX3/L or

(cox)2/DMF

o

Xo
(36)

o

(37)

a) X=Br
b) X=Cl

o

(27)

Scheme 17

7. Br, o
2.iPrrNEt

o

(38)

Br

Scheme 18

It was predicted that the regiochemistry of the cycloadclition of 3-bromo-

5,6-dihydro-2H-pyran-2-one (38) to the nitrile oxide (30) would be opposite to

the regiochemistry of the reactions of the 3-halocyclohexenones (37) to the

nitrile oxide (30) due to cycloaddition reactions being controlled by steric

considerations.
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o
Br

o

o
(40)

Br

(3e)

It has been well documented (Appendix 1) that the rates of L,3-dipolar

cycloaddition reactions decrease with increases in the degree of substitution of

the dipolarophile, thus making the reactions susceptibie to alternative

pathways such as nitrile oxide dimerisation. The steric effect of a single alkyl

substituent on an alkene decreases reactivity, while the rate-enhancing effect of

a conjugating substituent is greater than the retarding steric effect. The steric

effect becomes dominant with more highly substituted olefins. With

disubstituted alkenes the reactivity is generally retarded, more so with 1,2-

than 1,1-disubstitution, although the electronic effects of both substituents still

affect reactivity. Trisubstituted alkenes are even less reactive and steric effects

dominate. Thus it was decided that rate studies should be performed,

comparing the reactivity of the dipolarophiles (19), (2L) and (23) and their halo-

substituted analogues (37a), (38), (39) and (40) to detèrmine the degree of

retardation. In this way it was aimed to establish if the halides (3za),139), (39)

and (40) could be expected to undergo cycloadditions with nitrile oxides more

prone to competing dimer formation. The experiments examining the

synthesis of ring-fused isoxazolines and isoxazoles, as outlined in Scheme 2,

and the relative reactivities of the dipolarophiles (19), (21), (23), (37a),133), (39)

and (40), are discussed in Chapter 1 of the Results and Discussion of this thesis.

The interest in the synthesis of ring-fused isoxazoles is in their

elaboration to p-enamino ketones. Literature concerning the elaboration of
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isoxazolines and isoxazoles has been reviewed (Appendix 1). Several methods

have been used in the past to achieve the ring opening of isoxazoles to B-

enamino ketones but the most common is aia metal catalysed

hydrogenation;42 for example hydrogen over palladium on carbon has been
Kett"'e

used on the isoxazole (41) to obtain the'imir¡e (42) (Scneme 19).43

NH NH 2
2

N

oAroAr

(42)

Scheme 19

During the course of other work that was being investigated in the

CSIRO, Division of Chemicals and Polymers an alternative method of ring

opening isoxazoles has been found.44 Initially, attempts were being made to

find a mild method of reducing the carbonyl group on the isoxazole (43) to
l.e\one

form the imine'(45). The method involved the use of baker's yeast (sp.

Sacchøromyces cereaisiae); however on workup the alcohol (45) was not

dectected, instead the imine (44) was obtained (Scheme 20). Previously, all

reports in the literature on the use of baker's yeast on isoxazoles had found

that the yeast did not act on the heterocyclic ring, but instead on the

substituents on the ring System, such as reducing carbonyl groups to the

corresponding alcohols (Schemes 27 and22).45,46 This property of baker's yeast

has often been exploited to resolve racemic mixtures of isoxazolines and

isoxazoles by selectively reducing the carbonyl group of one of the

(47)
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stereoisomers to yield cycloadducts that have high stereochemical purity

(Scheme 23).47 The new yeast catalysed reaction observed at CSIRO appeared to

offer a viable alternative for the ring opening of isoxazoles and results of

investigations to determine the generality of that process are discussed in

Chapter 2 of the Results and Discussion.

cr cl
Baker's NH

N

o Yeast
OH

CO2Me

(43)

CO2Me

(4s)

C02Me

(44)

¿ 2 Baker's
Yeast

OH

o

cl
N

Ho

N

Me

Scheme 20

Baker's

Yeast

Me

ocl o

Scheme 21

cl
N
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Ar

Ph

N

N
Me o Yeast Me

Scheme 22

Baker's
Yeast

o

o OH

Ph

N

Ph

N +

Me
,ttll

OH

ee 99Vo ee 987o

Scheme 23

Control of regioselectivity has gained much attention in nitrile oxide

cycloaddition chemistry (Appendix 1). There have been reports by Rama Rao

et ø1. of regiocontrol in some cycloaddition reactions of nitrile oxides with

cinnamates,48,49 apparently requiring catalysis by baker's yeast, in the Presence

of p-cyclodextrin. As mentioned previously, regioisomeric isomers are usually

obtained in the cycloaddition of 1,2-disubstituted alkenes with nitrile oxides.

The reactions between nitrile oxides and cinnamates are well known, and

have appeared many times in the literature.2g,50-54 About twenty years ago

Christl s¡ s!.50'57 reported the cycloaddition of benzonitrile oxide (47),

ooMo

oo
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generated in situ with methyl cinnamate (46) (Scheme 24). The products (48)

and (49) were regioisomeric and were obtained in a ratio of 70:30. These

regioisomers were distinguished by the chemical shifts of the two protons on

adjacent carbon atoms on the isoxazoline ring, that were observed in the 1H

nmr spectra. As predicted, the major isomer (48) was found to have the

aromatic groups on the 3 and 5 positions of the isoxazoline due to both the

inductive electronic effects of the ester, moiety on the cinnamate and more

importantly to the steric effects that the aromatic group would have on the

cycloaddition reaction (Appendix 1). A coupling constant of 6 FIz was observed

for the two isoxazoline ring protons attached to carbons 3 and 4. The minor

isomer (49) was found to have the aromatic groups on the 4 and 5 positions

and a coupling constant ol4Hz between the C-3 and C-4 protons.

Ph Ph

Me Me

+

P Ph

(46) (r)-(4e)

Scheme 24

Likewise, the cycloaddition of mesitonitrile oxide (50), formed in situ,

with methyl cinnamate (46), gave the cycloadducts (51) and (52) in the ratio

64:36, with the major isomer (51) having the aromatic groups on the 3 and 5

positions (Scheme 25). The overall yields of these reactions were )l.igll.:897o

and.93o/o, respectively. Thus Rama Rao ef a/.'s claim48,49 ¡¡¿¡ mesitonitrile

oxide (50) would not react in aqueous media with cinnamates in the absence of

PhCNO
(47) ,

MeO

\
, N'N

(r)-(48)

t-
o
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+c:N -o

N

c02Me
+

Ph

(46) (50)

Baker's
Yeast

P
+

N

o

(r)-(s1) (t)-(s2)

Scheme 25

The cycloaddition of mesitonitriie oxide (50) with ethyl cinnamate (53)

was reported by Rama Rao ef aI. to yield a regioisomeric mixture of the

isoxazolines (54) and (55) in a ratio of 65:35, in the Presence of baker's yeast

(Scheme 26).48'49 Ffowever, if p-cyclodextrin was added to the reaction mixture

then, it was reported, the regioselectivity was completety reversed and only the

isomer (55) was obtained. Rama Rao did not propose a model for the

Ph$o MeOCo\t" o
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interaction of baker's yeast and p-cyclodextrin with the nitrile oxide (50) and

ethyl cinnamate (53); however he did propose a model for the interaction of

the nitrile oxide (50) with a vinyl pyridine (Figure 3)49 with the inference that a

similar model may account for the reversal of regiochemistry in the case of the

cycloaddition of the nitrile oxide (50) and ethyl cinnamate (53). It seemed that

the probability of the reagents bound in such a manner, coming together in an

orientation conducive to cycloaddition, would be implausible. Further, it

would be expected that, if the model proposed by Rama Rao was correct, then

the proportion of the cycloadduct (54) formed in the presence of B-cyclodextrin

would be even greater due to steric considerations.

Et (s0)

Baker's
Yeast

P
+

Ph
N

(r)-(s4)

o
N

(r)-(ss)

P h.t' ETOCO\t" o

(53)

Scheme 26

Rama Rao ef ø/. reported that the cycloaddition o12,6-

dichlorobenzonitrile oxide (30) with ethyl cinnamate (53) also required baker's

yeast as a catalyst and that the reaction yielded only the regioisomer (56)

(Scheme 27).48,ts It was also stated that there was no noticeable change to the

product formed if B-cyclodextrin was added to the reaction mixture.
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Baker's
Yeast

HzC' N+

p-Cyclodextrin

Figure 3: Proposed biocatalytic model for cycloaddition using baker's yeast and

P-cyclodextrin.

zEt
cl

(30) cl
P Baker's

Yeast

Ph$'

(s3) (t)-(s6)

Scheme 27

Curiosity about the biocatalytic model for the cycloaddition reaction

between the nitrile oxide (50) and 4-vinylpyridine (57) using baker's yeast and
leo\

B-cyclode*¡.1t',49,55 l€a:ds to a reexamination of this reaction. The initial

experiments reported - in the absence of B-cyclodextrin - that the cycloaddition
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of the nitrile oxides (30) and (50) to 4-vinylpyridine (57) (Schemes 28 and 29)

gave the isoxazolines (58) and (59) in yields of 82Vo and 83% and with optical

rotations of +66.7o and +5.1o, respectively. Again it seemed unusual that

baker's yeast was required for reaction between the reactive, preformed nitrile

oxides (30) and (50) and the monosubstituted olefin (57), activated to

cycloaddition by virtue of the inductive electronic effect which the pyridine

substituent exerts on the carbon-carbon double bond.

CI

ct
(30)

Baker's
Yeast

(sz)

Scheme 28

The reactions between the nitrile oxides (30) and (50) and 4-

vinylpyridine (57) were then repeated in the presence of botl-r baker's yeast and

B-cyclodextrin The yields of the products formed were 87Vo and 85%, with

optical rotations of +160.0" and +25.8o, respectively.a9'5s

A reexamination of the work outlined by Rama Rao ef a/. is described in

Chapter 3 of the Results and Discussion.

N*
N

o

N

(s8)
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N

(s0)

Baker's
Yeast

Scheme 29
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CHAPTER 1.

Regiocontrolled Synthesis of Ring-Fused Isoxazolines and Isoxazoles

1.1 dition of kenes to I Nitrile Oxides

In order to examine the route outlined in Scheme 2 as an approach to

the synthesis of analogues of GRASP (1) and the bleacher herbicides, the

cycloaddition reactions of the dipolarophiles (19), (2T) and (23) with the aryl

nitrile oxide (30) were examined. Cyclohex-2-enone (19) was available

commercially and the two dihydropyranones (21) and (23) were synthesised as

described in the Introduction. 5,6-Dihydro-2H-pyran-2-one (21) was obtained

in a yield of 227o, with the reportedl6 yield being 257o. The 1H nmr spectrum,

in deuterochloroform, was found to display a multiplet at ô 2.48, a triplet at õ

4.M and two doublets of triplets at õ 6.03 and õ 6.97. These signals compare

favourably with those reported by Nakagawa et a1.15 After several

unsuccessful attempts to obtain a yield higher than that reported in the

literature, it was decided to obtain the material commercially. 2,3-Dihydro-4H-

pyran-4-one (23) was not available commercially, however following the

literature procedure as outlined in Scheme 6,77 a yield of 567o, which is slightly

higher than the reported yield of 557o, was obtained for this compound. The

1H nmr spectrum, in deuterochloroform, displayed triplets at ô 2.67 and õ 4.51

and doublets at õ 5.42 and ô 7.36. This pattern corresponds to that reported.lT

2,6-Dichlorobenzohydroximinoyl chloride (29) was synthesised as outlined in

the Introduction22 and was obtained in an 89V" yíeld The 1H nmr spectrum

showed a multiplet at ô 7.37 corresponding to aromatic hydrogens and a singlet

at õ 8.31, corresponding to the hydroxyl hydrogen. It was also possible to obtain

the corresponding aldoxime (28) commercially, thus shortening the synthesis
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by one step. The hydroximinoyl chloride (29) was then converted in situ

during the cycloaddition reactions, to the nitrile oxide (30), by

dehydrohalogenation using triethylamine.

The method for the cycloaddition of the cyclohexenone (19) with the

nitrile oxide (30) involved addition of a solution of the hydroximinoyl

chloride (29) in tetrahydrofuran to a solution of the dipolarophile (19) and

triethylamine in tetrahydrofuran. A 1H nmr spectrum of the crude product

mixture showed unreacted starting materials, the dimer of the nitrile oxide

(30) and one other compound. This was the isoxazoline (60) which was

separated from the crude reaction mixture by chromatography on silica using

light petroleum and ethyl acetate, in a ratio of 1:1, as eluant, and recrystallised

from light petroleum and ethyl acetate in a yield of 407o and having a melting

point of 150-151'C. The ring-fused isoxazoline (60) was identified using 1H

nmr spectroscopy and showed a multiplet resonance between ô 7.7 andE27
corresponding to the six methylene protons, a doublet at õ 4.53 corresponding

to one of the bridgehead protons, a doublet of triplets at õ 5.26 corresponding to

the other bridgehead proton and a multiplet at ô 7.35 attributable to the

aromatic protons. The mass spectrum of the product (60) showed molecular

ions at mfz 287,285 and 283. X-ray crystallography was used to confirm the

structure of the isoxazoline (60) (Figure 4) (Appendix 2). The cycloaddition had

proceeded with the regioselectivity predicted in Scheme 30, that is, as a result

of electronic effects exerted on the double bond of the cyclohexenone (19) by the

carbonyl group.12,13,23-27,30 The regioisomeric compound (61), which was

anticipated to have a doublet corresponding to the hydrogen attached to C-l at

a chemical shift further upfield than that observed for the isoxazoline (60) due

to its environment being that of a carbonyl group and alkoxy group, was not

detected in the crude reaction mixture. The attainment of only one

regioisomer is probably due to the relative stability of the nitrile oxide (30).
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Reports in the literature of the cycloaddition of cyclohex-2-enone (19) to the

more reactive benzonitrile oxide (47) have indicated that both the regioisomers

(62),and (63) form, as shown in Scheme 31, although the regioisomer (62) was

found to be the major product.9

o Ar

N

o

(1e) (60)

Ar = Z,í-dichlorophenyl

Scheme 30

(30)

Figure 4: Molecular structure of the isoxazoline (60).
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o
N

Ph

o
N

Ar

(61)

o

(47)

Ph

N+
o

(1e) 6z) (63)

Scheme 31

The cycloaddition of 5,6-dihydro-2H-pyran-2-one (21) to the nitrile oxide

(30) was carried out under the conditions stated for the cycloaddition of the

cyclohexer,bne (19) and the nitrile oxide (30). Analysis by 1FI nmr of the crude

prod.uct mixture again indicated that only one cycloadduct, the isoxazoline (64),

had been formed. Isolation of the isoxazoline (6a) from the crude product

mixture by chromatography on silica, using light petroleum and ethyl acetate

in a ratio of 2:3 as eluant, was followed by recrystallisation, also using light

petroleum and ethyl acetate, to give the isoxazoline (64) in a yield of 64"/o and

having a melting point of 759-762"C. The cycloadduct (64) was identified by 1H

nmr spectroscopy, which showed multiplet signals centred at E 2.26 and õ 4.46

corresponding to two protons and one proton, respectively, and a doublet of
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rir-r- j*r-'\ior^
doublet of doublets at ô 4.69 corresponding to one proton. The bridgettead

protons gave signals of a doublet at E 4.74 and a multiplet at ô 5.32 and the

aromatic protons resonated with a multiplet between ô 7.3 and õ7.4. The mass

spectrum of the isoxazoline (64) showed molecular ions at m12289,287 and

285. The chemical shift of the proton attached to C-1 of the cycloadduct (64)

confirmed that the cycloaddition had proceeded with the expected

regioselectivity, as indicated in Scheme 32, and again there appeared to be no

evidence for the formation of the other regioisomer (65) in any of the analyses

performed.

o Ar

o (30)

---+ o
(zt¡

Ar = 2,6-dichlorophenyl

Scheme 32

o
N

Ar

o

o
N

(64)

(6s)

2,3-Dihyd ro-4H-pyran-4-one (23) reacted with 2,6-dichlorobenzonitrile
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oxide (30) under the conditions stated for the cycloaddition of the

cyclohexenone (19) and the nitrile oxide (30). 1H nmr spectral analysis of the

crude product mixture showed the presence of one cycloadduct, the isoxazole

(67). The isoxazole (67) was isolated from the crude product mixture by

chromatography on silica, using light petroleum and ethyl acetate (2:3) as

eluant, and was obtained in a yield of 43Vo after recrystallisation from light
petroleum and ethyl acetate. A melting point of 101-102oC was obtained for the

recrystallised product (67). The 1H nmr spectrum of the isoxazole (67)

displayed a broad singlet at ô 1.87 corresponding to a hydroxyl proton, two sets

of triplets atõ292 and ô 3.91 each corresponding to two hydrogens, a multiplet

atE7.38-7.48 due to the resonance of the aromatic protons and a singlet at ô 9.14

corresponding to an isoxazole methine proton. The structure of the product

(67) was confirmed unambiguously using X-ray crystallographic analysis

(Figure 5) (Appendix 3). The regiochemistry of the cycloaddition of the

dipolarophile (23) to the nitrile oxide (30) had been anticipated due to the

electronic effects of both the carbonyl group at one terminus of the double

bond and the alkoxy substituent at the other terminus (Appendix 1) and there

appeared to be no evidence for the formation of the other regioisomer (68) in

any of the analyses performed. The isoxazoline (66) was the predicted product

formed from the cycloaddition of the alkene (23) and the nitrile oxide (30), by

analogy with the preceding two cycloaddition; reactions, however there was no

trace of the signals expected for this compound in the 1H nmr spectrum of the

crude product, that is, two sets of doublets corresponding to protons attached

the bridgehead carbons, C-1 and C-6. It is probable that the isoxazoline (66)

formed during the course of the reaction (Scheme 33) but that the oxygen of

the pyranone portion of the molecule had protonated, making it a good

leaving groupz and subsequently elimination occurred to give the isoxazole

(øZ). On referring to the literature it was found that there had been several

reports of elimination of alkoxy groups from isoxazolines to form
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Ar

o

o o Ar o

OH

(67)

(30)
N

oo
(23) (66)

Ar = 2,í-dichlorophenyl

Scheme 33

N

OH

(68)

o

o

Ar

Figure 5: Molecular structure of the isoxazole (67)
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The cycloaddition reactions of the dipolarophiles (19), (21) and (23) with

the aryl nitrile oxide (30) proceeded with the regiochemistry anticipated in

Scheme 2.

7.2 Deh ln F azoles

The next step in the synthetic route, as outlined in Scheme 2, was the

dehydrogenation of isoxazolines to isoxazoles. Two of the more common

oxidising agents used in the conversion of isoxazolines to isoxazoles are

Chloranil@3l,32 and 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ),33 and initial

experimentation explored the utility of these reagents in the conversion of the

isoxazolines (60) and (64) to their corresponding isoxazoles (70) and (71).

The isoxazolines (60) and (64) were individually dissolved in f-butanol

and refluxed with one mole equivalent of Chloranil@ for fifteen hours.

Analysis of the crude product mixtures by lH nmr spectroscopy indicated that

the starting materials remained unreacted. Treatment of each of the

isoxazolines (60) and (64) with two molar equivalents of DDQ, in refluxing

benzene, for six hours, also yielded only starting materials on 1H nmr spectral

analysis of the crude product mixtures.

Due to the lack of success with the four reactions described above, it was

anticipated that nickel peroxide could be used to execute the conversion of

isoxazolines to isoxazoles. Previously, nickel peroxide had been reported to

successfully oxidise the oxazoline (69) (Scheme 34).58 Nickel peroxide (NiOz) is

generally considered to be a mild and effective oxidising agent and its synthesis

is simple. The synthetic procedure for activated NiO2 consists of combining

hydrated nickel sulphate with a sodium hypochlorite and sodium hydroxide

solution, which results in the formation of a black precipitate that can be
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subsequently filtered and dried (Scheme 35).59 NiO2 was obtained in a yield of

96%.

H3COC HsCO

Nio2 N

(6e)

Scheme 34

6%NaClO
Nis04.6Hzoruql

NaOH
Nio2v

Scheme 35

The isoxazoline (60) was refluxed in benzene with an excess of NiO2 for

two hours after which time the black suspension was removed by filtering

through kenite and the solvent removed from the filtrate to yield a white

crystalline solid. The product (70) was recrystallised from light petroleum and

ethyl acetate in a yield of 657o and having a melting point of 205-207oC. The 1H

nmr spectrum of the isoxazole (70) displayed a pentet at E 2.29 corresPonding to

two protons, triplets at ô 2.54 and õ 3.12 each corresponding to two protons and

a multiplet at ô 7.40 due to aromatic protons. The mass spectrum showed

molecular ion signals at mlz 285, 283, and 281 and X-ray crystallographic

analysis was also used to confirm the structure of the isoxazole (70) (Figure 6)

(Appendix 4).

N
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o Ar o Ar

Nio2
N

o

(70)

Ar - Z,í-dichlorophenyl

Scheme 36

Figure 6: Molecular structure of the isoxazole (70).

The isoxazoline (64) was treated with NiO2 under the conditions

specified for the oxidation of the isoxazoline (60) with NiO2. The reaction gave

the one product (71) which was obtained in a yield of 697o, recrystallised from

light petroleum/ethyl acetate, and had a melting point of 775-777"C (Scheme

37). The isoxazole (71) was identified using 1H nmr spectroscopy which

showed triplets at ô 3.34 and õ 4.69 each corresponding to two protons and a

multiplet atõ7.40-7.50 due to aromatic protons. The mass spectrum showed

..-_._.:>N

o

(60)
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molecular ions at mlz 287, 285 and 283 and the structure of the isoxazole (71)

was confirmed by X-ray crystallographic analysis (Figure 7) (Appendix 5).

Ar

o Nio2 o
N __-_-_>

o oAr

o
N

o

(64) (71)

Ar = 2,6-dichlorophenyl

Scheme 37

Figure 7: Molecular structure of the isoxazole (71)

The results of the transformations of the isoxazolines (60) and (64) to the

isoxazoles (70) and (Zt¡ uti^t NiO2 compare favourably with results described

below, obtained using y-activated manganese dioxide (¡MnOz) to perform the

same transformation. Like NiO2, y-MnO2 is also considered to be a mild
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oxidising agent. The synthesis of this reagent was straightforward, as described

in the Introduction, and yMnO2 was obtained in a quantitative yield, as a

precipitate from the reaction of aqueous solutions of manganese sulphate and

potassium permanganate.

The isoxazolines (60) and (64) were each refluxed for fifteen hours in

benzene with an excess of y-MnO2. The reaction vessels were fitted with Dean-

Stark apparatus, to remove water formed during the reactions, after which the

reactions were worked up as described in the transformations using NiO2. The

products obtained from the reactions using y-MnO2 were identified as the

isoxazoles (70) and (71) by comparison with the 1H nmr spectra of the products

obtained in the experiments outlined in Schemes 36 and 37, and were obtained

in yields of 69% and 64Vo, respectively.

Both NiO2 and y-MnO2 were simple to synthesise and there appeared to

be no significant differences in the yields of the isoxazoles (70) and (71)

obtained from the treatment of the corresponding isoxazolines (60) and (64)

with either reagent. The NiO2 reactions were relatively quick, that is, two

hours, and only standard reflux equipment was required, whereas the y-MnO2

reactions required refluxing for fifteen hours with Dean-Stark apparatus (the

workup procedures for both methods were the same). Thus, overall, when

considering ease of synthesis, reaction time, equipment used and yields of

products obtained, nickel peroxide was found to be more efficient in the

conversion of the isoxazolines (60) and (64) to their corresponding isoxazoles

(70) and (71).

1.3 One-pot thesis of Isoxazoles uia 1.3-Dipo lar Cvcloaddition

As a consequence of the formation of the isoxazole (67) from the
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reaction of 2,3-dihydro-4H-pyran-4-one (23) and 2,6-dichlorobenzonitrile oxide

(30), it was envisaged that it could be possible to synthesiÍtne isoxazoles (70)

and (71) in one-pot reactions, as outlined in Scheme 16, using the

dipolarophiles (19) and (21) with leaving groups substituted onto their carbon-

carbon double bonds.

As indicated in Scheme 17, placement of a halide on the terminus of the

double bond B to the carbonyl group of cyclohex-2-enone (19) can be achieved

by two methods. The first procedure39 involved the treatment oÍ 7,3-

cyclohexanedione (36) with a phosphorus trihalide at reflux for two hours

followed by a standard workup. It was decided that phosphorus tribromide

would be used in the reaction, with 3-bromocyclohex-2-enone (37a) being the

prod.uct formed. The yield obtained was 65Vo (no yield was given in the

Iiterature for this procedure) and the 1H nmr sPectrum showed multiplet

signals at ô 2.08, E 2.47 and õ 2.82 each corresPonding to two hydrogens and a

singlet at ô 6.48 due to the hydrogen attached to C-2. Infrared analysis indicated

an absorption at a frequency of 7678 cm-7due to the presen."tJi jîårît lrt
grouP.

o

Br

(37a)

The alternative procedure4O for the synthesis of the halosubstituted
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cyclohexenones (37a) and (37b) involved stirring 1,3-cyclohexanedione (36) in

N,N-dimethylformamide and dichloromethane with oxalyl halides, either

chloride or bromide, at OoC. The resulting mixture was ailowed to warm to

room temperature over thirty minutes and then workup was conducted in the

standard manner. Due to availabilit/, the reaction was performed using oxalyl

chloride and the product (37b) was obtained in an 85Vo yield, with the

literature4O yield beingg3%. 3-Chlorocyclohex-2-enone (37b) was identified by

1H nmr spectroscopy, showing multiplets at õ 2.07, õ 2.41, and õ 2.69 and a

singlet at õ 6.22. Infrared analysis confirmed the presence of a carbonyl grouP

with an absorption observed at L680 cm-1.

o

cr

(37b)

The cycloaddition of 3-bromocyclohex-2-enone (37a) with the nitrile

oxide (30) was perfomed under the conditions outlined for the cycloaddition of

the cyclohexenone (1-9) to 2,6-dichlorobenzonitrile oxide (30) (see Chapter 1,

1.1). Analysis of the crude product mixture indicated the presence of the

isoxazole (70), unreacted starting materials and the dimer of the nitrile oxide

(30). The product (70) was recrystallised directly from the crude product

mixture using light petroleum and ethyl acetate and was obtained in a yield of

\3Vo. The reaction was repeated with a reflux time of fifteen hours, instead of

three hours, and the isoxazole (70) was obtained in a 577o yield. Formation of
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the isoxazole (70) from this cycloaddition reaction indicated that the bromide

substituent on the dipolarophile (37a) is a good leaving grouP with hydrogen

bromide being spontaneously eliminated from the intermediary isoxazoline

(72), as illustrated in Scheme 38. As discussed in the Introduction, l,3-dipolar

cycloaddition reactions are sensitive to steric effects, with all reports of

cycloadditions of nitrile oxides to trisubstituted dipolarophiles occurring in

such a manner that the oxygen of the nitrile oxide becomes attached to the

more hindered end of the double bond. It was, therefore, not surprising that

the cycloaddition of 3-bromocyclohex-2-enone (37a) with the nitrile oxide (30)

yielded the isoxazole (70), with none of the regioisomeric isoxazole Q3) being

detected.

o o Ar

-HBr
-----ì- N

o

(30)

Ar

N

o oBr

(3za)

Br
(72) (70)

Ar = z,í-dichlorophenyl

Scheme 38

Concurrently, the cycloaddition of 3-chlorocyclohex-2-enone (37b) with

the nitrile oxide (30) was performed under the conditions outlined in Section

1.1 of this Chapter for the cycloaddition of the cyclohexenone (19) and the

nitrile oxide (g0). The isoxazole (70), identified by 1H nmr spectroscoPY, was

obtained in a yield of 737o. No attempts were made to alter the reaction

conditions to obtain a higher yield. Formation of the isoxazole (70) indicates
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that a chloride substituent is also a good leaving group and that spontaneous

dehydrochlorination of the isoxazoline (74) had occurred (Scheme 39).

N

Ar

(73)

o

o

o Ar

(30) -HCI

------ì-
N

ocr

(37b)
cl

(74)

Ar = 2,í-dichlorophenyl

Scheme 39

The synthesis of the halosubstituted lactone (75) was also considered but

it was reported60,61 ¡6 be multi-stepped. In the tight of these two factors the

synthesis of the bromolactone (75) was not attempted and the most efficient

synthesis of the isoxazole (71) would appear to be aia the dehydrogenation of

the corresponding isoxazoline (6a) as discussed earlier (Chapter 7,1.2).

o oAr

N

o

(70)
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o

(7s)

Br

The cycloadditions of the dipolarophiles (19) and (21) were highly

regioselective with the isoxazolines (60) and (64) being the only products

obtained from the reactions; that is, there was no formation of the

regioisomers (61) and (6S), Therefore, as the isoxazolines (61) and (65) were not

available by cycloaddition, an alternative method to dehydrogenation was

required to synthesise the isoxazoles (73) and (76). It was anticipated that

cyclohexenones could be constructed with halides cL to the carbonyl group and

thus the isoxazoles (73) and (76) could be obtained in reactions analogous to

those shown in Schemes 38 and 39.

The method of synthesis of 3-bromo-5,6-dihydro-2H-pyran-2-one (38), as

outlined in the Introduction, was modified during the course of

experimentation with the discovery that triethylamine gave a cleaner product

than diisopropylethylamine and with a comparable yield. Using this

modification of Posner's method,41,62 3-bromo-5,6-dihydro-2H-pyran-2-one

(38) was obtained in a crystalline form (previously it had been reported to be a

liquid), in a 75Vo yield and having a melting point oÍ 32-34'C. 1H nmr

spectrosopy was used to identify the product (38), with a doublet of triplets at ô

2.57 due to two hydrogens, a triplet at õ 4.49 corresponding to two hydrogens .,

and a triplet atõ7.27due to one hydrogen. Masr rp".rro^etry stroriåä*J,;Ìi, "ttt
^for the molecular ions at mlz 778 and 776.
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o

o
N

Ar

(76)

The modified procedure for the synthesis of 3-bromo-5,6-dthydro-2H-

pyran-2-one (38) was successfully used to brominate cyclohex-2-enone (19) and

2,3-dihydro-4H-pyran-4-one (23). 2-Bromocyclohex-2-enone (39) was obtained

in a yield of 60Vo and had a melting point of 72-75"C. The 1H nmr spectrum of

2-bromocyclohex-2-enone (39) displayed multiplets at ð 2.08, õ 2.45 and ô 2.64

each due to two protons and a triplet at 6 7.44 due to one proton and the mass

spectrum showed molecular ions at mlz 776 and 774. 3-Bromo-5,6-dihydro-

4H-pyran-4-one (40) was obtained ín a 64Vo yield, having a melting point of 92-

96"C, and was identified by 1H nmr spectroscopy, which showed a doublet of

doublets at õ 2.83 due to two protons, a triplet at õ 4.59 corresponding to two

protons and a singlet at õ 7.71 due to the methine proton.

The procedure for the cycloaddition of the dipolarophile (39) to the

nitrile oxide (30), a modification of the method used for the cycloadditions in

Section 1.1 of this Chapter, involved addition of a solution of the

hydroximinoyl chloride (29) in tetrahydrofuran to a solution of the

dipolarophile (39) and triethylamine in tetrahydrofuran. A 1H nmr spectrum

was taken of the crude product mixture and, apart from unreacted starting

materials and the dimer of the nitrile oxide (30), only one other compoun¿ (23)

was detected. The crude product mixture was recrystallised frorn light
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petroleum and ethyl acetate to give the product (73) in a yield of 537o and

having a melting point of 108.5-110.5oC. The ring-fused isoxazole (73) was

identified using 1H nmr spectroscopy which showed a pentet resonance at ô

2.24 due to two protons, a triplet at ð 2.63 due to two protons, a triplet at õ 2.73

attributable to a further two protons and a multiplet signal at õ 7.84 due to

aromatic protons. The mass spectrum of the product (73) showed rrtolecular

ions at mlz 285,283 and 281 and X-ray crystallographic analysis was used to

confirm the structure of the isoxazole (73) (Figure 8) (Appendix 6).

Formation of the isoxazole (73) from cycloaddition of 2-bromocyclohex-

2-enone (39) and the aryl nitrile oxide (30) indicated that the bromo-isoxazoline

(77) had formed as an intermediary,in an analogous reaction to those outlined

in Schemes 38 and 39, which had spontaneously eliminated hydrogen bromide

to give the isoxazole (72) (Scheme 40). The regiochemistry of the cycloaddition

of 2-bromocyclohex-2-enone (39) and the aryl nitrile oxide (30) results from

steric constraints imposed on the reaction by the substitution pattern around

the double bond of the dipolarophile (39), as discussed previously.

oo
Br

Br o
-HBr

o
(30)

N ________> N

Ar

(77)

Ar : 2,í-dichlorophenyl

Scheme 40

Ar

(3e) (73)
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The cycloaddition of 3-bromo-5,6-dihydro-2H-pyran-2-one (38) to 2,6-

dichlorobenzonitrile oxide (30) was conducted under the conditions described

for.the cycloaddition of the dipolarophile (19) to the nitrile oxide (30). Analysis

of the crude product by 1H nmr spectroscopy indicated the presence of the one

isoxazole product (76). The isoxazole (76) was isolated from the crude product

mixture by chromatography on silica, using light petroleum and ethyl acetate

(3:2) as eluant, and further purified by recrystallisation to be obtained in a yield

of 50To. The melting point of the isoxazole (76) was found to be 106-107'C and

the 1H nmr spectrum displayed triplet signals at õ 2.89 and ô 4.68 each

corresponding to two protons and a multiplet at ô 7.42-7.57 due to aromatic

hydrogens. Molecular ion peaks at mfz 285,283 and 281 were obtained by mass

spectrometry and X-ray crystallographic analysis was used to unambigously

confirm the structure of the product (76) (Figure 9) (Appendix 7). Again,by

analogy to the reactions outline in Schemes 38 and 39, it may be postulated that

the isoxazole (76) formed by spontaneous elimination of hydrogen bromide,

form the isoxazoline (78) (Scheme 41).

Figure 8: The two crystal structure conformations of the isoxazole (73)
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o
(30)

_--------->

o o
Br

Br

N -------.------> N

ArAr

(38) (78)

Ar = 2,6-dichlorophenyl

Scheme 41

(76)

The cycloaddition of 3-bromo-5,6-dihydro-4H-pyran-4-one (40) to 2'6-

dichlorobenzonitrile oxide (30) did not proceed, with only starting materials

(30) and (38) and the dimer of the nitriie oxide (30) detectable in the 1H nmr

spectrum taken of the crude reaction mixture. The bromocycloalkenone (40) is

possibly inert to cycloaddition reactions due to stabilisation by extended

conjugation, as illustrated in Figure 10.

Figure 9: The two crystal structure conformations of the isoxazole (76)
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o-

+

Br Br

o

+

Br
+ +

(40)

Figure 10: Resonance contributors of 3-bromo-5,6-dihydro-4H-pytan-4-one

(40).

The cycloaddition reactions described in this section have demonstrated

that it is possible to obtain isoxazoles ina one-pot reaction from haio-

substituted alkenes. The cycloadditions of the dipolarophiles (38) and (39) to

the aryl nitrile oxide (30) neatly demonstrated the predomination of steric

factors over electronic effects, that is, electronic effects exerted on the double

bond by the carbonyl group were in direct opposition to the steric

considerations due to the bromide substituent; however, only that regioisomer

predicted on the basis of steric effects was formed.

1.3 Rate Studies on the Cvcloaddition Reactions.

As discussed in the Introduction, the reactivity of a dipolarophile

decreases as the substitution around the double bond is increased. It was

envisioned that future work in nitrile oxide cycloaddition reactions could

involve the use of more reactive alkyl nitrile oxides where any decrease in

reactivity of the olefin would favour formation of the nitrile oxide dimer in

preference to the required cycloadduct. Thus, experimentation was
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undertaken to determine the relative reactivities of the dipolarophiles (L9),

(2\), (23), (37a), (38), (39) and (40).

Reactions to determine the relative reactivity of the dipolarophiles (19),

(2L), (23), (37a), (38), (39) and (40) were conducted by reacting equimolar

amounts of two dipolarophiles at a time with one mole equivalent of the

nitrile oxide (30) under the conditions outlined for the cycloaddition of

cyclohex-2-enone (19) to the nitrile oxide (30), in Section 1.1 of this Chapter.

The crude product mixtures were analysed by lH nmr spectroscoPy and the

relative reactivities of the olefins were determined by comparing the quantity

of each cycloadduct formed.

The first competitive experiment was performed between the

cyclohexenone (L9) and 5,6-dihydro-2H-pyran-2-one (21). The cycloadducts (60)

and (64) were formed in a ratio of 43:57. As expected, the dihydropyranone (21)

is slightly more reactive than the cyclohexenone (19), due to ester grouPs being

marginally more electron withdrawing than carbonyl groups.

The competitive experiment between cyclohex-2-enone (19) and 2,3-

dihydro-4H-pyran-4-one (23) showed that the former was the more reactive,

with the cycloadducts (60) and (67) being formed in a ratio of 60:40. Extended

conjugation through the ring oxygen, the double bond and the carbonyl group

(Figure 11), in analogy with the brominated analogue (40), causes a retarding

effect on the reactivity of 2,3-dihydro-4H-pyran-4-one (23).

Significantly more of the cycloadduct (60) than the cycloadduct (73) was

observed on analysis of the competitive experiment between the

cyclohexenone (19) and 2-bromocyclohex-2-enone (39), with the ratio of the

cycloadducts being 83:77. This is consistentwith other studies in the literature

which have shown that trisubstituted olefins are less reactive than

disubstituted olefins (Appendix 1).
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Figure 11: Resonance structures of 2,3-dihydro-4H-pyran-4-one (23)

The competitive experiment between 3-bromocyclohex-2-enone (31 a)

and 2-bromocyclohex-2-enone (39) demonstrated that 2-bromocyclohex-2-

enone (39) is more reactive by approximately two-fold, with the cycloadducts

(70) and (73) forming in a ratio oÍ 34:66.

The competitive experiment between 5,6-dihydro-2H-pyran-2-one (21)

and 3-bromo-5,6-dihydro-2H-pyran-2-one (38) gave the cycloadducts (64) and

(76) in a ratio of 83:77. This result is consistent with the analogous competitive

experiment between cyclohex-2-enone (19) and 2-bromocyclohex-2-enone (39),

which showed that species containing a trisubstituted double bond are

significantly less reactive than those containing a disubstituted double bond.

Combining the results of the competitive experiments, and on the basis

that the compoun¿ (a0) is inert under these reaction conditions, it is possible to

rank the relative reactivity of the olefins (\9), (21), (23), (37a), (38), (39) and (40)

towards cycloaddition with the aryl nitrile oxide (30), as shown in Table 1.

In conclusion, it would appear that nitrile oxide dimer formation could

be a competing reaction to isoxazole formation if nitrile oxides more reactive

than 2,6-dichlorobenzonitrile oxide (30) were used in the one-pot synthesis of

isoxazoles.
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Olefin Cycloadduct Relative Rate

of Formation

(2r) Gq) 72.3

(1e) (60) 9.3

(23) (67) 6.2

(38) (76) 2.5

(3e) (73) 7.9

(37a) (70) 1.0

(40) 0

Table 1: Relative reactivities of dipolarophiles (19), (2L),(23),(37a), (38), (39)
and (40) towards cycloaddition with 2,6-dichlorobenzonitrile oxide (30).
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CHAPTER 2

Catalytic Ring-Opening of Isoxazoles

H

The ring opening of isoxazoles to form the corresponding B-enamino

ketones was the final step in the synthesis of GRASP (1) analogues, as outlined

in Scheme 2 in the Introduction. The cycloadduct (70) was treated with a

catalytic amount of 57o palladium on carbon, in ethyl acetate, under hydrogen

and left to stir overnight (Scheme 42). After filtering off the catalyst and

removing the solvent under reduced pressure, the product (79) was

recrystallised from light petroleum and ethyl acetate ín a 987o yield and was

found to decompose on heating to 229-232"C. The imine (79) was identified by
1H nmr spectroscopy, with a singlet resonance at õ 1.92 due to the hydroxyl

proton, a pentet at õ 7.97 corresponding to two protons, triplets at õ 2.43 and õ

2.64 each corresponding to two protons, a broad singlet at õ 6.06 due to the

imine proton and a multiplet at õ 7.26-7.43 due to aromatic hydrogens. The

mass spectrum displayed molecular ion signals at mfz 387,385 and 383. X-ray

crystallographic analysis of the product obtained from this experiment did not

show the expected imine (79), but did show the tautomeric enamine (80)

(Figure 13) (Appendix 8). Analysis of the crystal lattice indicated that the

crystal asymmetric unit comprised of two molecules which have minor

conformational differences. The analysis also showed that the enamine

hydrogens were involved in both intermolecular and intramolecular

hydrogen bonding, as shown in Figure 14. One of the conformational forms of

the enamine (80) displayed intermolecular hydrogen bonding through a

distance of 7.84 Å and intramolecular hydrogen bonding through a distance of

fI
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1.83 Å. The other conformer of the enamine (80) displayed intermolecular

hydrogen bonding through a distance of 7.79 Å and intramolecular bonding

through a distance of 1.84 Å. Thus the enamine (80) is a more stable tautomer

in the crystalline state due to stabilisation by both the intermolecular and

intramolecular hydrogen bonding. FIowever, in a nonpolar solvent where

intermolecular hydrogen bonding is negligible, that is, under conditions for 1H

nmr spectroscopy, the imine (79) tautomer is more stable due to

intramolecular hydrogen bonding.

o Ar

pd/C/Hz
--------.-------

NH

o OH

(7e)

Ar = 2,6-dichlorophenyl

Scheme 42

OAr

N

(70)

Figure 13: Molecular conformers of the enamine (80)
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OAr

o

(80)

NHz

+b

€

Figure L4: Intermolecular and intramolecular hydrogen bonding in the crystal
lattice of the enamine (80).

Following the success of the ring-opening of the bicyclic isoxazole (70),

the ring-fused isoxazole (7L) was treated with 57o palladium on carbon, under

an atmosphere of hydrogen, as described in the preceding experiment, and the

ring-opened product (81) was obtained in a977o yield (Scheme 43). The

product (81) was found to decompose when heated to a temperature of 276-

218'C and was identified by 1H nmr spectroscopy, which displayed a singlet at ô

1.60 due to the hydroxyl hydrogen, triplets at E 2.73 and ô 4.35 each due to two
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hydrogens, a broad singlet at ô 6.34 attributed to the imine hydrogen and a

multiplet at E 7.25-7.39 due to aromatic hydrogens. The mass spectrum

exhibited molecular ions at m12289,287 and285. In analogy with X-ray

crystallographic analysis of the enamine (80), the X-ray crystallographic

analysis of the product (8L) indicated that the tautomeric enamine (82) was the

energetically preferred structure in the crystalline state (Figure 15) due to both

intermolecular and intramolecular hydrogen bonding (Appendix 9).

o OAr

Pd/C/H2 NH
N

o OH

(81)

Ar = Z,í-dichlorophenyl
Scheme 43

Ar

(71)

Figure L5: Molecular conformers of the enamine (82)

The ring-opening of the isoxazoles (20) and (71) was the final step in the
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synthesis of GRASP (L) analogues. The synthesis of the GRASP (L) analogues,

as outlined in Scheme2,lnas been demonstrated to be a feasible alternative to

the established industrial synthesis.

OAr

NHz

o

(82)

2.2 Ri -o B Yeast

The unexpected ring-opening of the isoxazole (43) to form the imine

(44), as outlined in Scheme 20 in the Introduction, was of interest as a

potentially alternate method of ring-opening of the isoxazoles (70) and (71). In

order to examine the generality of the ring-opening of isoxazoles by yeast, the

reactions of a series of isoxazoles were investigated.

The yeasts used in all the following reactions were obtained in their

dried forms and required rehydration prior to use. A typical procedure for the

rehydration of a yeast involved the addition of the yeast, from a freshly

opened source, to a solution of sucrose in tap water with gentle stirring. The

resulting mixture was then stirred at 37"C for one hour, after which time the

yeast was actively fermenting.

A reexamination of the reaction of the isoxazole (43) with baker's yeast

was conducted to confirm the reductive cleavage of the N-O bond. The

isoxazole (43) was added to fermenting baker's yeast (sp. Saccharomyces
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cereaísiøe), with the dry weight of the baker's yeast and the weight of the

isoxazole (43) being in a ratio of 20:1. After twenty-four hours the baker's yeast

had ceased fermenting and the mixture was filtered. The filter-cake was

washed with ethyl acetate to lyse the yeast cells and dissolve any residual

organic substances. The aqueous filtrate was also extracted several times with

ethyl acetate. The organic solutions were combined, the solvent was removed

and the components in the resulting solid were separated by chromatography

on silica, with light petroleum and ethyl acetate (1:1) as eluant. 1H nmr

spectral analysis of the compounds isolated by chromatography showed the

presence of the imine (44), the unreacted isoxazole (43) and compounds that

were related to the baker's yeast, presumably released during the lysing process

The imine (44) was obtained in a yield of 787o; however as the isoxazole (43)

had not been fully digested and was recovered in a yield of.737o, the corrected

yield of the imine Ç81 was calculated to be 68Vo. Tlne spectral properties of the

imine (44) were found to be identical to those previously observed.44

The isoxazole (70) was treated with fermenting baker's yeast under the

same conditions used for the reaction of the isoxazole (43). On completion of

the reaction, the components in the resulting crude mixture were separated by

chromatography on silica, with light petroleum and ethyl acetate as eluant

(5:3). 1H nmr spectral analysis of the individual components identified the

imine (79), the unreacted isoxazole (70) and compounds related to the baker's

yeast. The imine (79) was obtained in a yield of 23ok after recrystallisation from

light petroleum and ethyl acetate, however the corrected yield, based on the

recovered isoxazole (70), was 707o (Scheme 44).
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o Ar OAr

Baker's NH
N

o Yeast
OH

(70) (7e)

Ar = Z,í-dichlorophenyl
Scheme 44

Due to the quantity of the isoxazole (70) recovered unchanged from the
experiment above, it was postulated that the 1:20 ratio of the isoxazole (70) to
the baker's yeast in the reaction mixture had been too high. It was anticipated
that lowering the quantity of the isoxazole (70) added to the fermenting yeast
by half, but under otherwise identical conditions, a higher percentage of the
isoxazole (70) would be converted to the imine (79). performing the reaction
with the modification indicated, only 38% of the unreacted isoxazole (70) was
recovered. The imine (79) was also isolated in a significantly lower yield, that
is 77o, or 777o based on the recovered isoxazole (70). This result indicates that
the imine (79) 1s digested by the baker's yeast after it forms although products
from the digestion of the imine (79) were not detected.

As a result of the lower yield of the imine (79) obtained from decreasing
the ratio of the isoxazole (70) to baker,s yeast, it was speculated that the yield of
the imine (79) may be increased by increasing the ratio of the isoxazole (70) to
baker's yeast to 1:13. Using this modification in the treatment of the isoxazole
(70), the imine (79) rvas isolated in a yielcl of 27"k, with a corrected yield of 32%
based on the recovery of the isoxazole (70). Thus the yield of the imine (79)

was not increased.
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Treating the isoxazole (70) with baker's yeast and shortening the

reaction time to four hours - but otherwise maintaining the conditions

outlined in the first experiment for the reaction of the isoxazole (70) with

baker's yeast - gave the imine (79) in a yield of 797o, or 327o based on the

recovery of the isoxazole (70). On examination of the preceeding three

experiments, in which the ratio of the isoxazole (70) to baker's yeast and the

reaction time were altered, it was established that the optimal conditions for

the treatment of the isoxazole (70) with baker's yeast to obtain the imine (79),

were to have the ratio of 7:20 for the isoxazole (70) to baker's yeast and a

reaction time of twenty-four hours.

The reactions of other strains of yeast with the isoxazole (70) were also

examined in attempts to improve the yield of the imine (79). The isoxazole

(70) was treated with Munich Lager Active Dried yeast, a bottom fermenting

strain of Sacchøromyces cereaisiae, under the optimal conditions derived from

the preceeding reactions. The ring-opened product (79) was obtained in a yield

of 57o, or a corrected yield of.87o based on the recovery of the isoxazole (70).

The top fermenting Balmoral Ale yeast (sp. Søccharomyces cereaisiøe) was also

tested, with the imine (79) isolated in a yield of 70To, or a corrected yield of 74%

based on the recovered isoxazole (70).

The isoxazole (71) was treated with baker's yeast, in a ratio of 7:20 for the

isoxazole (71) to baker's yeast and a reaction time of twenty-four hours. After

the standard workup, the components in the resulting solid were separated by

chromatography on silica, with light petroleum and ethyl acetate (5:3) as

eluant, and individually analysed by 1H nmr spectroscopy, with the isoxazole

(71), the corresponding imine (81) and compounds related to the baker's yeast

being detected. The unreacted isoxazole (71) was recovered in a yield of. 697o

and the imine (81) was isolated in a yield of 27%, with a corrected yield of 69o/o,

based on the recovery of the isoxazole (71) (Scheme 45).
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o
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N

o Yeast

OAr

OH

(8t)

Ar

o NH

(77)

Ar = z,í-dichlorophenyl
Scheme 45

The isoxazole (76) was treated with baker's yeast in a ratio oÍ 7:20, for the

isoxazole (76) to baker's yeast, and a reaction time of twenty-four hours. After

separating the components in the crude product mixture by chromatography

on silica, using light petroleum and ethyl acetate (5:3) as eluant, 1H nmr

spectroscopy was used to identify the isoxazole (83), the isoxazole (76) and

compounds related to the baker's yeast. The isoxazole (83) was obtained in a

yield of 77o or ZVo based on the recovery of the isoxazole (76). The 1H nmr

spectrum showed a triplet signal at õ 7.47 due to three protons, a singlet at ô

1.59 due to the hydroxyl proton, a triplet at ô 2.86 due to two protons, a quartet

at ô 3.69 due to two protons, a quartet at õ 4.49 due to two protons and a

multiplet at õ 7.44 corresponding to aromatic protons. Analysis of the

isoxazole (83) showed molecular ions at mf z 333, 331 and 329 in the mass

spectrum and a peak 7732 cm-1 due to a carbonyl group and a broad peak at

3464 cm-l due to a hydroxyl group in the infrared spectrum. The enamine (84)

was not detected. It appears that the isoxazole (83) is formed by hydrolysis of

the lactone portion of the bicyclic isoxazole (76) and subsequent esterification

with ethanol, a by-product of yeast fermentation (Scheme 46). There have

been several reports4S'46 of baker's yeast catalysing the hydrolysis of acyclic
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esters, for example the deacylation of the steroid (85) to give the alcohols (86)

and (87) (Scheme 47);46 however there have been no reports to date of the

hydrolysis of lactones as described in Scheme 46.

o o

o
Baker's EtO

N
Yeast

HO
Ar Ar

oo

I

(76) (83)

2Baker's
Yeast

o
o

o
NHz

Ar
(8¿)

Ar = Z,í-dichlorophenyl
Scheme 46

The structurally related isoxazole (73), was found to be inert to baker's

yeast and was recovered unchanged when treated with baker's yeast in a ratio

of 1:20 and a reaction time of twenty-four hours.
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The reactions of isoxazoles that were not bicyclic with baker's yeast were

also examined. A complex mixture of products, which were inseparable by

chromatography on silica, was obtained as a result of treatment of the

isoxazole (67) with baker's yeast. The commercially available isoxazoles (88)-

(91) were also treated with baker's yeast, in ratios of 7:20 for the isoxazoles (88)-

(91) to baker's yeast and reaction times of twenty-four hours. Purification of

the product mixtures in each case, gave the unchanged isoxazoles (88)-(91), in

yields ranging from 59-97%.
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Summarising the reactions of isoxazoles with baker's yeast that have

been performed, baker's yeast catalyses the N-O bond cleavage of the three

bicyclic isoxazoles (43), (70) and (71); however N-O bond cleavage does not

occur with the regioisomeric isoxazoles (73) and (76) or the monocyclic

isoxazoles (SS¡-191¡. The product that would be expected as a result of N-O

bond cleavage from the reaction of the monocyclic isoxazole (67) with baker's

yeast was not detected. The recovery of the isoxazoles (88)-(91) - unchanged

after treatment with baker's yeast - indicates that an isoxazole rnay be required

to be bicyclic to undergo N-O bond cleavage. Variations in the structures of the

isoxazoles (43), (70) and (71) indicate that an alkyl or aryl substituent on the C-9

position, an aliphatic substituent on C-4 or a heteroatom substituted at C-3 of

the bicyclic molecule can be tolerated in the N-O bond cleavage reaction.

o

(e0) (e1)
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When considering the isoxazoles (43), (70) and (7L) which reacted with

baker's yeast and the bicyclic isoxazoles (73) and (76) which did not undergo N-

O bond cleavage, the most obvious difference between the two sets of

molecules is the position of the carbonyl substituent, that is the isoxazoles (43),

(70) and (71) have a carbonyl group attached to C-4 of the isoxazole ring,

whereas the isoxazoles (73) and (76) have the carbonyl group attached to C-3 of

the isoxazole ring. This indicates that isoxazole N-O bond cleavage is

dependent on the position of the carbonyl substituent.

As outlined in Schemes 21 and 22 of the Introduction, all previous

reactions of keto-isoxazoles and isoxazolines with baker's yeast reported in the

literature,45,46 have involved the reduction of ketones to alcohols. A

reasonable mechanism for the yeast-catalysed reduction of ketones to alcohols

is as shown in Scheme 48. It is also interesting to note that the reductions

reported in the literature45,46 iny6lyed monocyclic isoxazoles with carbonyl

substituents attached to C-3 or C-5. There have been no reports involving the

reactions with baker's yeast of either monocyclic or bicyclic keto-isoxazoles

with carbonyl substituents on C-4. On hypothesising a mechanism for the

reductive ring cleavage of a keto-isoxazole by baker's yeast, it is feasible that the

keto-isoxazole undergoes electron transfer to the carbonyl substituent in

analogy with the first step of the mechanism outlined in Scheme 48. It is

possible that at this point the reaction is diverted from the reduction of the

carbonyl as the radical ion or the protonated form is stabilised through

resonance with the isoxazole ring. The delocalised radical then undergoes N-

O bond homolysis followed by sequential transfer of an electron and a proton

to give an imine (Scheme 49).
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In order to examine this hypothesis, the reduction potentials for the

isoxazoles (70), (7L), (73) and (76) were measured.63 It was rationalised that the

isoxazoles (70) and (7L) would have lower reduction potentials than the

isoxazoles (73) and(76), in keeping with the mechanism proposed in Scheme

ry
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49. Accordingly, the isoxazoles (70) and (71) were found to have reduction

potentials of -2.15V and -2.2Y, respectively, which were relatively lower than

the reduction potentials of -2.5V obtained for both the isoxazoles (73) and (76)

Therefore, the ability of isoxazoles to undergo N-O bond cleavage may be

predicted by measuring their reduction potentials.

In conclusion, it is likely that the N-O bond cleavage of keto-isoxazoles

by baker's yeast occurs aia tÌi.e radical mechanism outlined in Scheme 49,

which is a diversion of the mechanism for the reduction of ketones to

alcohols, as shown in Scheme 48. The reduction potentials measured for the

isoxazoles (70), (71), (73) and (76), as discussed above, support this hypothesis.
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CHAPTER 3

Aryl Nitrile Oxide Cycloadditions in the Presence of Bake/s Yeast

and B-Cyclodextrin

The cycloaddition reaction outlined in Scheme 26 and discussed in the

Introduction, between ethyl cinnamate (53) and mesitonitrile oxide (2,4,6-

trimethylnitrile oxide) (50) was reexamined. Mesitohydroximinoyl chloride

(93) was synthesised from the corresponding aldehyde (92) in a crude yield of

237o, using the procedure outlined in Scheme 10 of the Introduction for the

synthesis of Z,í-díchlorobenzohydroximinoyl chloride (29), having a crude

melting point of 48-63'C. The yield and melting point compared reasonably

well with those reported, that is 35Vo and 67-69"C.22 Mesitohydroximinoyl

chloride (93) was identified by 1H nmr spectroscopy, with a singlet observed at

õ 2.28 due to six hydrogens, a singlet at E 2.47 due to three hydrogens, a singlet

at õ 6.86 due to aromatic hydrogens and a singlet at ô 8.31 corresponding to the

hydoxyl proton. These signals compared favourably with literature values.22

The crude hydroximinoyl chloride (93) was then stirred in an ether solution,

with one mole equivalent of triethylamine, to give the mesitonitrile oxide (50)

in 93% yield. The nitrile oxide (50) was identified by 1H nmr spectroscopy,

with singlets being observed at õ 2.29 due to three hydrogens, õ 2.47 due to six

hydrogens, and õ 6.89 due to aromatic hydrogens. The melting point was

found to be 105-107'C which compared favourably with the literature value.64

All the cycloaddition reactions in this Chapter were conducted with a 1:1

mole ratio of nitrile oxide to dipolarophile and using 78.57o aqueous ethanol

solution buffered to pH 7.2 unless otherwise stated.
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cHo :N_OH

(e2)

The cycloaddition reaction between mesitonitrile oxide (50) and ethyl

cinnimate (53) was reexamined under the conditions specified by Rama Rao ef

ø1.48,49 The two reagents were combined in buffered aqueous-ethanol to which

baker's yeast was added. This mixture was then gently stirred at 37"C for

twenty-four hours after which time it was extracted twice with chloroform.

Analysis of the extract by 1H nmr spectroscopy indicated the presence of the

two cycloadducts (54) and (55) as well as the unreacted starting materials (50)

and (53) and the dimer of the nitrile oxide (50). The isoxazolines (54) and (55)

were identified by 1H nmr spectroscopy and were present in a ratio of 57:43 in

the crude product mixture. Chromatography of the crude product mixture on

silica, with a light petroleum and ethyl acetate mixture (5:1) as eluant, was

used to separate the cycloadducts (54) and (55), which were subsequently

recrystallised from light petroleum, and obtained in yields of 28Vo and21.Vo,

respectively. The melting points for the isoxazolines (54) and (55) were 87-89'C

and 85-86oC, respectively. The lH nmr spectrum of the major regioisomer, the

isoxazoline (54), displayed signals of a triplet at õ 0.95 corresponding to three

protons, singlets atõ2.22 and ô 2.28 corresponding to three and six protons,

respectively, a multiplet at ô 4.03 due to two protons, doublets at ô 4.37 and ô

6.10 each due to one proton, a singlet at ð 6.87 due to two aromatic hydrogens

and a multiplet at õ 7.33-7.47 due to the other aromatic hydrogens. The

doublets observed at õ 4.37 and õ 6.10 were found to have coupling constants of

9.5 Hz (Figure 15) and corresponded to the two isoxazoline ring protons

c
I

c

(e3)
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attached to C-3 and C-4. The chemical shift and coupling are consistent with a

phenyl group attached to C-3 and an ester group attached ¡6 Q-4.50,51 The

isoxazoline (54) would be expected to be the major isomer due to the electronic

effect exerted on the double bond of the cinnamate (53) by the carbonyl group,

as well as the steric repulsion in the reaction transition state between the

aromatic group of the nitrile oxide (50) and the phenyl group of the cinnamate

(53) (Appendix 1). This assignment of structure is also consistent with
reportssO,57 of the major isomer formed in the cycloadditions of mesitonitrile

oxide (50) and benzonitrile oxide (47) with methyl cinnamate (46) (see Schemes

24 and25).

P hatt*

The 1H nmr spectrum of the minor isomer, the isoxazoline (55),

displayed a triplet at ô 1.35 due to three hydrogens, singlets at ô 1.98 and õ 2.22

due to three and six hydrogens, respectively, a quartet at õ 4.33 due to two

hydrogens, doublets at ð 4.81 and ô 5.32 each corresponding to one hydrogen, a

singlet at E 6.67 due to two aromatic hydrogens and multiplets at õ 7.74-7.77

and 7.26-7.28 due to the other aromatic hydrogens. The doublets observed at ô

4.81 and ð 5.32 corresponded to the two isoxazoline ring hydrogens attached to

C-3 and C-4 and had coupling constants of 4Hz (Figure 15). The chemical shift

N

(r)-(s4)

o
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and coupling of these doublets are consistent with an ester moiety attached to

C-3 and a phenyl group attached to C-4. The isoxazoline (55) would be expected

to be the minor isomer due to unfavourable electronic and steric

considerations associated with the reaction transition state of the cycloaddition

of the nitrile oxide (50) and ethyl cinnamate (53) (Appendix 1).
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To examine the effects of p-cyclodextrin, one mole equivalent of p-

cyclodextrin was added directly to a stirring mixture of ethyl cinnamate (53) in

buffered aqueous ethanol. The nitrile oxide (50) and baker's yeast were added

to the reaction mixure, which was then incubated, with gentle stirring for

twenty-four hours. After extracting the reaction mixture twice with

chloroform, 1FI nmr spectral analysis of the extract indicated that the

isoxazolines (54) and (55) were present in a ratio of 59:47. Purification of the

crude product mixture by chromatography on silica, with a mixture of light

petroleum and ethyl acetate (5:1) as eluant, and subsequent recrystallisation

from light petroleum gave the isoxazoline (54) in a yield of 297o and the minor

regioisomer (55) in a yield of 22"/o.

The cycloaddition between mesitonitrile oxide (50) and ethyl cinnamate

(53) was repeated in the absence of both baker's yeast and p-cyclodextrin, but

under otherwise identical conditions. 1g nmr spectroscopic analysis of the

crude product mixture after twenty-four hours, revealed the presence of the

regioisomeric isoxazolines (54) and (55) in the ratio of 67:39. The isoxazolines

(54) and (55) were isolated by chromatography on silica and obtained in yields

of 40% and 247o, respectively.

For comparison, this experiment was repeated in the presence of B-

cyclodextrin, again in the absence of baker's yeast, and analysis of the crude

product mixture after twenty-four hours, by lH nmr spectroscopy, showed that

the isoxazolines (54) and (55) were present in a ratio of 60:40. Purification of

the cycloadducts (54) and (55) using chromatography on silica gave the

isoxazolines (54) and (55) in yields of 39% and23o/o, respectively.

The claims of Rama Rao ¿f o¡.48,49 that enzymic catalysis was required

for the cycloaddition between the nitrile oxide (50) and etiryl cinnamate (53) to

occur in an aqueous media and that the regioselectivity of this cycloaddition
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reaction could be reversed by the addition of B-cyclodextrin to the reaction

mixture have been shown to be incorrect. The cycloaddition between the

nitrile oxide (50) and ethyl cinnimate (53) has been shown to occur in the

absence of baker's yeast and the presence of one mole equivalent of p-

cyclodextrin in the reaction, whether in the presence of baker's yeast or not,

has little bearing on the regioselectivity of the reaction.

In the light of the results for the cycloaddition of the nitrile oxide (50)

with ethyl cinnamate (53), the cycloaddition of 2,í-díchlorobenzonitrile oxide

(30) to ethyl cinnamate (53) was also reexamined. The nitrile oxide (30) and

ethyl cinnamate (53) were combined in a buffered ethanol/water solution with

baker's yeast. This mixture was gently stirred at 37oC for twenty-four hours

and then extracted twice with chloroform. 1H nmr spectral analysis of the

extract indicated the presence of the two cycloadducts (56) and (93), the

unreacted starting materials (30) and (53) and the dimer of the nitrile oxide

(30). By integrating the peaks of the 1H nmr spectrum obtained from the crude

product mixture, the cycloadducts (56) and (94) were determined to be present

in a ratio of 94:6. The components of the crude product mixture were

separated by chromatography on silica, with light petroleum and ethyl acetate

(5:1) as eluant, and the cycloadducts (56) and (94) were isolated in yields of 297o

and2Vo, respectively. The 1H nmr spectrum of the major regioisomer, the

isoxazoline (56), displayed signals of a triplet at ô 1.02 corresponding to three

protons, a multiplet at ô 4.10 due to two protons, doublets at õ 4.57 and ô 6.26

each due to one proton and a multiplet at E 7.40 due to aromatic hydrogens.

The doublets observed at ð 4.10 and õ 6.26 were found to have coupling

constants of 9 Hz and corresponded to the two isoxazoline ring protons

attached to C-3 and C-4. X-ray crystallographic analysis was used to

unequivocally assign the structure of the major isomer as being the

isoxazoline (56) (Figure 16) (Appendix 10). The isoxazoline (56) was expected to
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be the major isomer due to the electronic effect exerted on the double bond of
the cinnamate (53) by the carbonyl group, as well as the steric repulsion in the

reaction transition state between the aromatic group of the nitrile oxide (30)

and the phenyl group of the cinnamate (53).

ct

Et ct

N

P h.t'
o

(r)-(s6)

Figure 16: Molecular structure of the isoxazoline (56)

The 1H nmr spectrum of the minor isomer, the isoxazoline (94),

displayed a triplet at ô 1.35 due to three hydrogens, a quartet at ð 4.35 due to two
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hydrogens, doublets at ô 5.24 and õ 5.27 each corresponding to one hydrogen

and a multiplet at E 7.25-7.40 due to aromatic hydrogens. The doublets

observed at ô 5.24 and 5.27 corresponded to the two isoxazoline ring hydrogens

attached to C-3 and C-4 and had coupling constants of 5.5 Hz. The isoxazoline

(94) was expected to be the minor isomer due to unfavourable electronic and

steric effects in the transition state of the reaction.
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The cycloaddition of 2,6-dichlorobenzonitrile oxide (30) and ethyl

cinnamate (53) was repeated in the presence of B-cyclodextrin and analysis of

the crude product mixture after twenty-four hours, by 1H nmr spectroscopy,

showed that the isoxazolines (56) and (94) were present in a ratio of 97:3'

Concurrently, the cycloaddition reaction between 2,6-dichlorobenzonitrile

oxide (30) and ethyl cinnamate (53) was conducted in the absence of both

baker's yeast and p-cyclodextrin but under otherwise identical conditions.

After twenty-four hours, 1H nmr spectroscopy was used to analyse the crude

product mixture, with the isoxazolines (56) and (94) being detected in a ratio of

87 73. This reaction was then repeated in the absence of yeast but in the

presence of p-cyclodextrin. 1H nmr spectroscopic analysis of the crude product

mixture revealed that p-cyclodextrin had no effect on the regiochemical

o
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outcome of the cycloaddition reaction with the cycloadducts (56) and (94) being

detected in a ratio of 87:73.

These results confirm that baker's yeast is superfluous for the

cycloaddition reaction between the nitrile oxide (30) and ethyl cinnamate (53)

in an aqueous medium. In comparing the ratio of the isoxazolines (56) and

(94) formed in the reactions with baker's yeast with those isolated from the

absence of baker's yeast, that is 94.6 and 87:13, respectively, it appeared that the

baker's yeast was selectively digesting the minor isomer (94). This was

confirmed by treating 10 mg of an 84:76 mixture of the isoxazolines (56) and

(94) with baker's yeast using 78.57o aqueous ethanol solution buffered to pH

7.2. 'I}{ nmr spectral analysis of the crude product mixture indicated that the

isoxazoline (9a) had been digested as only the isoxazoline (56) was detected.

It is clear that the cycloadditions of the nitrile oxides (30) and (50) with

ethyl cinnamate (53) do occur readily in the absence of baker's yeast and

further, the presence of p-cyclodextrin has little effect on the regiochemical

outcome of the reactions. Given these results, the basic premises of Rama Rao

et al.f9,+s that baker's yeast is required to catalyse the cycloaddition reactions

between 2,6-dichlorobenzonitrile oxide (30) and mesitonitrile oxide (So) wittt

ethyl cinnamate (53) in an aqueous medium, and that the presence of B-

cyclodextrin reverses the regioselectivity of the latter cycloaddition reaction,

are flawed.

Given the nature of thermodynamic equilibria between guest

molecules, cyclodextrin hosts and host-guest complexes it was anticipated that

the extent of complexation of the reactants by B-cyclodextrin would be greater if

there was a larger ratio of B-cyclodextrin to the nitrile oxides (30) and (50) and

the cinnamate (53) present in the reaction mixtures. Thus any effects of the

cyclodextrin would be exaggerated. The cycloaddition of the aryl nitrile oxide
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(50) (1.0 mmol) and ethyl cinnamate (53) (1.0 mmol) was repeated with excess

p-cyclodextrin (1.5 mmol). Analysis of the crude product mixture by 1H nmr

spectroscopy showed that the isoxazolines (54) and (55) were present in a ratio

of 46:54, suggesting that the regioselectivity of the cycloaddition reaction had in

fact been altered. Encouraged by this result, a series of reactions was conducted,

differing only in the ratio of p-cyclodextrin to the nitrile oxide (50) and ethyl

cinnamate (53) added to the reaction mixture. As demonstrated in Table 2, the

less nitrile oxide (50) and ethyl cinnamate (53) added to the reaction mixture,

with respect to the amount of p-cyclodextrin, the greater the proportion of the

isoxazoline (55) relative to its regiosiomer (54), detected in the crude product

mixture. At a ratio of B-cyclodextrin to reactants oÍ 964 (0.06 mmol each of

ethyl cinnamate (53) and the nitrile oxide (50) with 1.5 mmol of p-

cyclodextrin), the only cycloadduct detected by 1H nmr spectroscopic analysis of

the crude product mixture was the isoxazoline (55). An analogous result was

observed in the cycloaddition of 2,6-dichlorobenzonitrile oxide (30) and ethyl

cinnamate (53). The amount of the nitrile oxide (30) and ethyl cinnamate (53)

in the reaction was reduced to 0.25 mmol while the amount of B-cyclodextrin

added. to the reaction mixture was maintained at 1.50 mmol. Analysis of the

crude prod.uct mixture by 1U nmr spectroscopy showed that the proportion of

the isoxazoline (93) extracted had slightly increased with respect to the

isoxazoline (56) extracted, such that the ratio of the two was 20:80.

Despite this observable effect, there was no evidence to suggest that the

origin of the effect was during the reaction. Given the aromatic nature of the

products, it was hypothesised that the effect could as likely be product

complexation, that is, the p-cyclodextrin may be complexing to the major

regioisomers formed in the cycloaddition reactions, thus retaining these

cycloadducts in the aqúeous phase during the workup of the reactions. To test

this hypothesis approximately 10 mg (-0.06 mmol) oÍ a 47:53 mixture of the
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isoxazolines (54) and (55) were stirred with 1.5 mmol of p-cyclodextrin in the

standard buffered ethanolic solution used in all the previous reactions. When

the mixture was extracted twice with chloroform, 1H nmr spectral analysis of

the extract showed that the isoxazolines (54) and (55) had been isolated in the

ratio 21.:79. All reactions in this Chapter, up to this point, had been extracted

twice with chloroform, as specified by Rama Rao s¡ s1.48,49 The aqueous layer

from the above experiment was extracted three times with ethyl acetate and

each extract was analysed by 1H nmr spectroscopy. As indicated in Table 3, the

extracts were found to be sequentially enriched in the isoxazoline (54) until

only the isoxazoline (54) was obtained in the final extract.

MMOLES OF REAGENTS

(s0) / (s3)
RATIO (sa):(ss)

1.5 60:40

1.0 46:54

0.5 23:77

0.25 26:74

0.06 0:100

Table 2: Effect of varying the ratio of the Reagents (50) and (53) to p-

cyclodextrin (1.5 mmol in each experiment) on the ratio of the cycloadducts
(5a) and (55).

Concurrently, 10 mg (-0.06 mmol) of a 87:73 mixture of the isoxazolines

(56) and (94) were stirred with 1.5 mmol of B-cyclodextrin in the standard
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buffered ethanolic solution used in all the previous reactions. When the

mixture was extracted twice with chloroform, 1H nmr spectral analysis of the

extract showed that the isoxazolines (54) and (55) had been isolated in the ratio

80:20. Having established that the p-cyclodextrin does in fact selectively bind to

the isoxazolines (54) and (56), it appears that the effect observed in the

cycloadditions is entrainment of the major isomers (54) and (56) during the

workup of the reactions. To test the generality of this effect, isoxazolines were

synthesised containing aryl and alkyl substituents attached to C-5.

RATIO OF
ISOXAZOLINES

(5¿):(ss)

Initially

CHCI3 Extraction

First Ethyl Acetate Extraction

Second Ethyl Acetate Extraction

Third Ethyl Acetate Extraction

47:53

27:79

25:75

77:33

100:0

Table 3: Effect of progressive extraction of a mixture containing the
isoxazolines (54) and (55) and B-cyclodextrin.

4-f-Butylbenzohydroximinoyl chloride (96) was synthesised from the

corresponding aldehyde (95) using the procedure outlined in Scheme 10 of the

Introduction for the synthesis of 2,6-dichlorobenzohydroximinoyl chloride

(29),ln a yield of 40% and with a melting point of 70-76"C. lH nmr

spectroscopy was used to identify the hydroximinoyl cl'rloride (96), with a

singlet observed at õ 1.34 corresponding to nine hydrogens, doublets at õ 7.44
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and ô 7.78 each due to two aromatic protons and a broad singlet at ô 8.38

corresponding to the hydroxyl hydrogen. Molecular ion signals were obtained

at mf z 272 and 274 ín the mass spectrum. The nitrile oxide (97) and the

corresponding hydroximinoyl chloride (96) are known in the literature;65,66

however no physical or spectral data has been reported.

cHo
cl

I

C: N- OH

(es)

(e7)

(e6)

+c=N-o

The method for the cycloaddition of ethyl cinnamate (53) with the

nitrile oxide (97) involved addition of a solution of the hydroximinoyl

chloride (96) in tetrahydrofuran to a solution of the dipolarophile (53) and

triethylamine in tetrahydrofuran. A 1H nmr spectrum of the crude product

mixture showed the starting materials (53) and (97), the dimer of the nitrile

oxide (97) and the two cycloadducts (98) and (99). The isoxazolines (98) and (99)

were identified by 1H nmr spectroscopy and were present in a ratio of 68:32 in

the crude mixture (Scheme 50). Chromatography of the crude product mixture

on silica, with light petroleum and ethyl acetate (20:1) as eluant, was used to

isolate the cycloadducts (98) and (99), which were subsequently recrystallised
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from light petroleum, and obtained in yields of 47% and 11Vo, respectively.

The melting points for the isoxazolines (98) and (99) were 78-79'C and 96-97oC,

respectively. The 1H nmr spectrum of the major regioisomer, the isoxazoline

(98), displayed signals of a triplet at õ 1.24 corresponding to three protons, a

singlet at ô L.33 corresponding to nine protons, a quartet at õ 4.25 due to two

protons, doublets at õ 4.43 and ô 5.97 each due to one proton and a multiplet at

õ7.27-7.70 due to aromatic hydrogens. The doublets observed at ô 4.25 and ô

5.97 were found to have coupiing constants of 6 Hz and correspond to the two

isoxazoline ring protons attached to C-3 and C-4. The chemical shift and

coupling of the doublets at õ 4.25 and ô 5.97 are consistent with a phenyl grouP

attached to C-3 and an ester group attached to C-4. Mass spectrometry indicated

a molecular ion at mlz 357. The isoxazoline (98) was expected to be the major

isomer due to the electronic effect exerted on the double bond of the

cinnamate (53) by the carbonyl group, as well as the steric repulsion in the

reaction transition state between the aromatic group of the nitrile oxide (97)

and the phenyl group of the cinnamate (53) (Appendix 1)'

The 1H nmr spectrum of the minor isomer, the isoxazoline (99),

disptayed a singlet at õ 7.27 due to nine hydrogens, a triplet at ô 1.33 due to

three hydrogens, a quartet at ô 4.25 due to two hydrogens, doublets at ô 4.94 and

ô 5.02 each corresponding to one hydrogen and a multiplet at õ 7.27-7.58 due to

aromatic hydrogens. The doublets observed at E 4.94 and ô 5.02 correspond to

the two isoxazoline ring hydrogens attached to C-3 and C-4 and had coupling

constants of 4 Hz. The chemical shift and coupling of the doublets observed at

õ 4.94 and ô 5.02 are consistent with an ester moiety attached to C-3 and a

phenyl group attached to C-4. Mass spectrometry indicated a molecular ion at

mlz 357. The isoxazoline (99) was expected to be the minor isomer due to

unfavourable electronic and steric considerations associated with the

transition state in the cycloaddition of the nitrile oxide (97) and ethyl
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Scheme 50

Pivalohydroximinoyl chloride (101) was synthesised from pivaldehyde

(L00) using the procedure outlined in Scheme 10 of the Introduction for the

synthesis of 2,í-dichlorobenzohydroximinoyl chloride (29), in a yield of 49Vo.

1H nmr spectroscopy was used to identify the hydroximinoyl chloride (tOt¡,

with a singlet observed at ô 1.27 corresponding to nine hydrogens and a singlet

at õ 8.50 corresponding to the hydroxyl hydrogen. Pivalohydroximinoyl

chloride (fOf) is known in the literature,67-69 ¡o*ever no physical or spectral

data has been reported.

The method for the cycloaddition of ethyl cinnamate (53) with the

nitrile oxide (L02) involved addition of a solution of the hydroximinoyl

chloride (10L) in tetrahydrofuran to a solution of the cinnamate (53) and

triethylamine in tetrahydrofuran. A 1H nmr spectrum of the crude product

mixture showed the unreacted starting materials (53) and (102), the dimer of

the nitrile oxide (102) and the two cycloadducts (103) and (104). The
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isoxazolines (103) and (L04) were identified by 1H nmr spectroscopy and were

present in a ratio of 72:28 in the crude product mixture (Scheme 51).

Chromatography of the crude product mixture on silica, with a light

petroleum and ethyl acetate mixture (5:1) as eluant, was used to isolate the

cycloadducts (103) and (104), which were subsequently recrystallised from light

petroleum, and obtained in yields of 57% and 33Vo, respectively. The melting

point for the isoxazoline (103) was 49oC and the isoxazoline (10a) was obtained

as a viscous oil. The lH nmr spectrum of the major regioisomer, the

isoxazoline (103), displayed signals of a singlet at ô 1.23 corresponding to nine

protons, a triplet at õ 1.33 corresponding to three protons, a doublet atõ3.97

due to one proton, a quartet at ô 4.27 due to two protons, a doublet at ô 5.75 due

to one proton and a multiplet at õ 7.27-7.38 due to aromatic hydrogens. The

doublets observed at õ 3.97 and õ 5.75 were found to have coupling constants of

6.7 Hz and correspond to the two isoxazoline ring protons attached to C-3 and

C-4. The chemical shift and coupling of the doublets at õ 3.97 and ô 5.75

indicated that the f-butyl group is attached to C-3 and the ester group attached

to C-4. Mass spectrum of the isoxazoline (103) showed no molecular ion, but

showed a fragment ion' at mf z 102, due to the loss of the ethoxycarbonyl

substituent. The isoxazoline (103) would be expected to be the major isomer

due to the electronic effect exerted on the double bond of the cinnamate (53) by

the carbonyl group, as well as the steric repulsion in the reaction transition

state between the f-butyl group of the nitrile oxide (102) and the phenyl group

of the cinnamate (53) (Appendix 1).
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The 1H nmr spectrum of the minor isomer, the isoxazoline (104),

displayed a singlet at õ 1,08 due to nine hydrogens/ a triplet at ô 1.33 due to

three hydrogens, a quartet at õ 4.28 due to two hydrogens, doublets at ô 4.56 and

E 4.79 each corresponding to one hydrogen and a multiplet at õ 7.27-7.38 due to

aromatic hydrogens. The doublets observed at ô 4.56 and õ 4.79 coruespond to

the two isoxazoline ring hydrogens attached to C-3 and C-4 and had coupling

constants of.3 Hz The chemical shift and coupling of the doublets at ô 4.56 and

õ 4.7g are consistent for the ester moiety attached to C-3 and the f-butyl group

attached to C-4. Mass spectrum of the isoxazoline (10a) showed no molecular

ion, but showed a fragment ion at mf z 702, due to the loss of the

ethoxycarbonyl substituent. A molecule with this configuration would be

expected to be the minor isomer due to unfavourable electronic and steric

considerations associated with the reaction transition state in the cycloaddition

of the nitrile oxide (102) to ethyl cinnamate (53) (Appendix 1).

Aqueous ethanolic solutions of pairs of the isoxazolines (98) and (99)

and (103) and (1-04), synthesised from the cycloadditions of the nitrile oxides

(97) and (1Oz¡ with ethyl cinnamate (53), were then treated with B-cyclodextrin.

Approximately 10 mg of a77:29 mixture of the isoxazolines (98) and (99) were

stirred for twenty-four hours with 1.5 mmol of B-cyclodextrin in 32.5 ml of the

standard buffered ethanolic solution. Although the mixtures probably

equilibrate very quickly, the extended time was chosen to mimic the
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cycloaddition reaction conditions. The mixture was extracted twice with

chloroform and 1H nmr spectral analysis of the extract showed that the ratio of

the isoxazoline (98) to the regioisomer (99) had been altered to 37:63.

Concurrently, 10 mg of a 48:52 mixture of the isoxazolines (L03) and (L04) was

stirred for twenty-four hours with 1.5 mmol of p-cyclodextrin in 32.5 ml of the

standard buffered ethanolic solution. The mixture was extracted twice with

chloroform and 1H nmr spectral analysis of the extract showed that the ratio of

the isoxazoline (103) to the regioisomer (104) had not been altered.

zEt (102)
+ Ph

ETOCO\t" o
N N

P
oPh

(s3) (t)-(103) (r)-(104)

Scheme 51

The results of the treatment of the four regioisomeric sets of

isoxazolines (54) and (55), (56) and (9+¡, 193¡ and (99) and (103) and (L04) with p-

cyclodextrin, are summarised in Table 4. These results confirm that the effect

B-cyclodextrin has on the isoxazolines is entrainment, and further, this effect

varies with the substituent on C-5 not the substituent on C-3 of the

isoxazolines (54), (56), (98) and (103) (Figure 77). It may be rationalised that B-

cyclodextrin complexes less readily to the regioisomeric isoxazolines (55), (94)

and (99) due to steric crowding around the aryl substituents (Figure 18).
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Table 4: Effect of p-cyclodextrin on regioisomeric mixtures of isoxazolines

B-Cyclodextrin

Figure L7: Inclusion complex of the mesityl group of the isoxazoline (54) with
B-cyclodextrin.

N

o

Isoxazolines Initial Ratio Ratio After Extraction

from B-Cyclodextrin

Solution

(s4)/(ss) 47:53 27:79

(s6) / (e4) 87:13 80:20

(e8) / (ee) 71:29 37:63

(103)/(104) 48:52 48:52
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Steric crowding

\

ETOCO\t"
o

Figure L8: Steric crowding around the isoxazoline (55), due to the proximity of
the two aromatic groups.

The experiments discussed in this Chapter to this point have been

concerned with claims of Rama Rao ef o¡.48,49 concerning the regiochemical

outcome of cycloaddition reactions between the aryl nitrile oxides (30) and (50)

and ethyl cinnamate (53) in the presence of baker's yeast and p-cyclodextrin.

Having reexamined those claims and found them to be flawed, other claims

made by Rama Rao eú a\.49,55 concerning the stereochemical outcome of

cycloaddition reactions between 4-vinylpyridine (57) and the nitrile oxides (30)

and (50) in the presence of baker's yeast and B-cyclodextrin, as discussed in the

Introduction (see Schemes 28 and 29), were also reexamined.

All the cycloaddition reactions in this Section were conducted with a 1:1

mole ratio of the nitrile oxides (30) and (50) to 4-vinylpyridine (52), using

78.5% aqueous ethanol solution buffered to pH 7.2.

The cycloaddition of 2,6-dichlorobenzonitrile oxide (30) and +-

vinylpyridine (57) was examined in the absence of baker's yeast. The two

reagents were combined in buffered aqueous-ethanol and gently stirred at 37oC

for twenty-four hours and the mixture extracted twice with chloroform.

Analysis of the extract by 1U nmr spectroscopy indicated the presence of the

N
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one cycloadduct (58), the unreacted starting materials (30) and (57) and the

dimer of the nitrile oxide (30). On purification of the crude product mixture by

chromatography on silica, with a light petroleum and ethyl acetate mixture

(1:3) as eluant, the cycloadduct (58) was obtained in a yield oÍ 29To. The

isoxazoline (58) was identified by 1H nmr spectroscopy, with signals of three

doublets of doublets at ô 3.27, E 3.83 and ô 5.82 each corresponding to one

proton, a multiplet at ô 7.26-7.47 due to five hydrogens and a broad signal at ô

8.65 due to two protons. Analysis of the isoxazoline (58) using polarimetry

indicated an optical rotation of zero. This reaction confirms that baker's yeast

is not required for the cycloaddition reaction between the nitrile oxide (30) and

4-vinylpyridine (57).

cl
cl

N

o

The cycloaddition reaction was then repeated in the presence of one

mole equivalent of B-cyclodextrin. On completion of the experiment, the

isoxazoline (58) was obtained in a yield of 15o/o, and the optical rotation was

found to be zero.

*

N

(58)

Although it had been established that baker's yeast was unnecessary for
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the cycloaddition between the nitrile oxide (30) and 4-vinylpyridine (57) it

seemed possible that the baker's yeast could have been selectively digesting

one of the enantiomers formed in the cycloaddition, giving rise to the

enantioselectivity reported by Rama Rao ef a\.49'55 Therefore, the

cycloaddition of the nitrile oxide (30) and 4-vinylpyridine (57) was repeated in

the presence of baker's yeast. The isoxazoline (58) was recovered in a yield of

7B7o and analysis by polarimetry indicated an optical rotation of zero.

The three preceding experiments establish that baker's yeast is not

required for the cycloaddition of the nitrile oxide (30) and 4-vinylpyridine (57).

The presence of yeast and/or p-cyclodextrin does not appear to alter the optical

activity of the isoxazoline (58) formed in the cycloadditions and it was

calculated that an optical rotation of two degrees could have been detected.

Rama Rao ef a1.49'55 stated that the optical rotation of the isoxazoline (58)

formed in the presence of baker's yeast was +66.7o and that the optical rotation

of the same isoxazoline (58) formed in the presence of both baker's yeast and p-

cyclodextrin was +160.0o. The results obtained from the cycloadditions of the

nitrile oxide (30) to the vinyl pyridine (57), as described above, indicate that the

isoxazoline (58) is obtained in a racemic form in each case.

The cycloaddition of mesitonitrile oxide (50) with 4-vinylpyridine (57)

was also examined in the absence of baker's yeast. The two reagents were

combined in buffered aqueous-ethanol and gently stirred at 37"C for twenty-

four hours. The mixture was extracted twice with chloroform. Analysis of the

extract by 1H nmr spectroscopy indicated the presence of the one cycloadduct

(59), unreacted starting materials (50) and (57) and the dimer of the nitrile

oxide (50). On purification of the extract by chromatography on silica, with a

light petroleum and ethyl acetate mixture (1:5) as eluant, the cycloadduct (59)

was obtained in a yield of 517o. The isoxazoline (59) was identified by 1H nmr

spectroscopy, with signals of singlets at õ 2.18 and ô 2.30 corresponding to six
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and three hydrogens, respectively, three doublets of doublets at ô 3.76,83.77

and õ 5.77 each corresponding to one proton, a singlet at õ 6.90 due to two

hydrogens from the trimethylaryl substituent and two doublets at õ 7.49 and õ

8.76 each due to two protons. Analysis of the the isoxazoline (59) using

polarimetry indicated an optical rotation of zero. The repetition of this

experiment in the presence of baker's yeast and/or B-cyclodextrin, but under

otherwise identical conditions, gave the isoxazoline (59) in each case with an

optical rotation of zero. Rama Rao ¿f ,¡.49'55 stated that the optical rotation of

the isoxazoline (59) formed in the presence of baker's yeast was +5.1o and that

the optical rotation of the same isoxazoline (59) formed in the presence of both

baker's yeast and B-cyclodextrin was +25.8o.

N

*he- ¡,ro'L Jes.-çiL*ù i'',
The experiments undertaken innthis Chapter give results that are

contrary to recent reports by Rama Rao ¿ú a\.48,49,55 In the present work it has

been established that baker's yeast is not required for the cycloaddition

reactions of the nitrile oxides (30) and (50) with ethyl cinnamate (53) and 4-

*

(se)

o

N
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vinylpyridine (57) to give the isoxazolines (54), (55), (56), (58), (59) and (94). p-

Cyclodextrin has been found to alter the ratio of isomers isolated from the

reactions of the cinnamate (53) with the nitrile oxides (30) and (50), but only at

concentrations of reactants much lower than those reported.48,49 1¡is effect

appears to be due to selective product complexation rather than selective

product formation. Further, neither p-cyclodextrin nor baker's yeast have an

effect on the optical activity of the isoxazolines (58) and (59) formed from the

cycloadditions of the nitrile oxides (30) and (50) with 4-vinylpyridine (57).

When considering the entrainment of the isoxazolines (54¡, i55¡ and (98)

in the B-cyclodextrin, it is envisaged that selective complexation by p-

cyclodextrin has potential as a tool for the separation of regioisomeric mixtures

of isoxazolines with aryl substituents. For example, chromatography on a B-

cyclodextrin column could offer an alternative to chromatography on silica in

cases where it is difficuit to separate regioisomeric mixtures using the latter

method.
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CONCLUSION

The work in this thesis has shown that it is possible to synthesise

analogues of GRASP (1) and the bleacher herbicides utilising nitrile oxide

cycloaddition chemistry. The synthetic strate1y, as described in Scheme 2, is

illustrated by the regioselective cycloaddition of the nitrile oxide (30) to the

cycloalkenones (19), (21) and (23).

Nickel peroxide was found to be a new and rapid oxidising agent for the

production isoxazoles from isoxazolines described above.

It was shown to be possible to synthesise isoxazoles directly using one-

pot cycloaddition-elimination reactions. This was achieved by the

cycloaddition of nitrile oxides to halo-substituted cycloalkenones. It was

determined that the regioselectivity of these cycloaddition reactions is

controlled by steric factors, and the regioselectivity of the reactions was

reversed by altering the site of halogenation.

The final step in the synthesis of analogues of GRASP (1) and the

bleacher herbicide involved the ring opening of bicyclic isoxazoles to form the

corresponding imines. This was achieved by two methods; by catalytic

hydrogenation over palladium on carbon and by using baker's yeast. The

novel reductive N-O bond cleavage of isoxazoles by baker's yeast was explored

and mechanism was proposed for this reaction.

Finally, the effects of baker's yeast and B-cyclodextrin on the

cycloaddition of various nitrile oxides with ethyl cinnamate and 4-

vinylpyridine were reexamined. Contrary to literature reports, these reactions

do not require baker's yeast to proceed and B-cyclodextrin was found to have
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little or no effect on either the regiochemical or stereochemical outcome of

these reactions. Flowever, at concentrations much lower than those reported

in the literature, selective entrainment of isoxazolines by p-cyclodextrin was

observed.
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EXPERIMENTAL

GENERAL

Melting points were determined on a Kofler hot-stage under a Reichert

microscope and are uncorrected.

Elementalana1yses@wereperformedbytheChemical
and Microanalytical Service Pty. Ltd., Melbourne, Australia.

Analytical thin layer chromatography (tlc) was performed using Merck

Kieselgel 60F25a silica on aluminium backed plates. Flash chromatography

refers to nitrogen-pressure driven rapid chromatography using Merck

Kieselgel 60 (230-400 mesh ASTM) silica.

Infrared spectra were recorded on an Hitachi 270-30 spectrophotometer
ô

using the 1603 cm-1 blnd of polystyrene as a reference

Proton nuclear magnetic resonance (1H nmr) spectra were recorded on

either a Bruker ACP-300 operating at 300 };4.H:z or Varian Gemini-2OO

spectrometer operating at 200}dFIz. Chemical shifts are quoted as ô in parts per

million downfield from the interÅal standard. Multiplicities are abbreviated

to: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; b, broad.

Electron impact mass spectra were recorded with an AEI MS-30 double

focussing mass spectrometer operating at 70 eV. Fast atom bornbardment

(FAB) mass spectra were recorded on a vacuum Generators ZAB zt{F mass

spectrometer.

All solvents were distilled prior to use. Anhydrous diethyl ether and
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tetrahydrofuran were obtained by distillation from sodium benzophenone

ketyl. Drying and other purification of organic solvents and reagents were

performed using standard laboratory procedures.T0

The buffer used was potassium dihydrogen phosphate-disodium

hydrogen phosphate made to a concentration of 0.5 M and having pH 7.2.

5,6-DIHYDRO-2H-PYRAN-2-ONE (21.)

A mixture of 3-butenoic acid (20) (1.00 g, 12 mmol), paraformaldehyde

(0.77 g), concentrated sulphuric acid (0.07 ml) and glacial acetic acid (2.91 ml)

was refluxed gently for 3h then cooled to room temperature at which point

sodium acetate (0.38 g,4.6 mmol) was added with stirring. The acetic acid was

removed under reduced pressure. Water was added to the reaction mixture

which was subsequentiy immersed in an ice bath. Sodium hydroxide solution

(1M) was added and the resulting mixture was extracted four times with

dichloromethane. The combined organic extracts were washed with

ammonium chloride solution, dried (magnesium sulphate) and the solvent

was removed under reduced pressure to yield a yellow oil. The crude product

was distilled to yield 5,6-dihydro-2tl-pyran-2-one (21) as a colourless oil (0.26 g,

22Vo). 1H nmr (300 MIlz, CDCI3) ô (ppm): 2.48 Ízld., m, CS-Hzl , 4.M lZll., t, | = 6

Hz,C6-H21,6.03 [1H, dt, I =2H4] =70H2,C3-H1,6.97l7H,dt,¡ =4ÍIz,l =70

Hz, C -}i^l. The 1H nmr spectral data is consistent with literature lru1.ts5.15,16

2,3.DIHYDRO-4H-PYRAN-4-ONE (23 )

To a solution of 1-methoxy-3-((trimethylsilyl)oxy)buta-1,3-diene (22)

(2.77 g,12.6 mmol) in tetrahydrofuran (50 ml) were added zinc chloride(7.77 8,
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12.5 mmol) and paraformaldehyde (4.00 g). The resulting mixture was heated

at reflux for 3h. Ice-cold saturated sodium bicarbonate solution was then added

and the resulting mixture was extracted three times with ether. The combined

organic layers were washed once with water, dried (magnesium sulphate) and

the solvent was removed under reduced pressure. The resulting yellow oil

was then distilled under reduced pressure to yield 2,3-dihydro-4H-pyran-4-one

(23) as a colourless liquid (0.99 g,56%),b.p. 67'Cl15 mm Hg (lit.17 64'Cl15 mm

Hg). tH nmr (300 }l/rl¡i:z, CDCta) õ (ppm): 2.67 lZlH., t, I = 7 Hz, C2-Fl21,4.5712I{, t,

I =7 flz, C3-Hzl, 5.42[1H, d, I = 6LIz,C6-H], 7.36 l7}i,., d, I = 6\12,C5-Hl. The 1H

nmr spectral data is consistent with literature values.l7

2,6-DTCHLO RO B EN Z ALD OXI M E (2 8)

To Z,í-dichlorobenzaldehyde (27) (7.00 g,5.7 mmol) in water (1.5 ml),

ethanol (2 mt) and ice (2.5 ml) was added hydroxylamine hydrochloride (0.34 g,

6.5 mmol). To this mixture was added 50% sodium hydroxide solution (1.43

ml) with stirring. The mixture was stirred for 1.5h, washed with ether to

remove any neutral impurities, acidified with concentrated hydrochloric acid

solution and extracted twice with ether. The combined extracts were dried

(magnesium sulphate) and the solvent was removed under reduced pressure.

The resulting white solid was recrystallised from aqueous ethanol to yield 2,6'

dichlorobenzaldoxime (28) as small, white, needle-like crystals (0.68 g,67%),

m.p. 148.8-749.3"C. 1H nmr (300 MHz, CDCI3) ð (ppm): 7.2-7.4 [3H, m, aromatic

hydrogensl,8.39 [1H, bs, Ar-CH=NOE], 8.80 [1H, s, Ar-CFI=NOH]. I.r. (nujol):

3288,2852, 7582, 7562,772 crn-7.
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z,GDTCHLOROBENZOHYDROXIMINOYL CHLORIDE (29)

To a stirred solution of Z,í-dichlorobenzaldoxime (28) (5.00 g,26.3

mmol) in N,N-dimethylformamide (22 ml) was added N-chlorosuccinimide

(3.5t g, 26.3 mmol). The initial N-chlorosuccinimide addition resulted in a

slight temperature decrease after which the reaction became exothermic but

was kept between 25-35'C. After the cessation of the exothermic reaction the

mixture was poured into ice/water (100 ml) and extracted twice with ether.

The combined organic fractions were washed three times with water and dried

(magnesium sulphate) and the solvent was removed under reduced pressure

to yield a white solid. The crude product was recrystallised from ether/light

petroleum to give 2,6-dichlorobenzohydroximinoyl chloride (29) as large,

rectangular, colourless crystals (5.25 g,89Vo), m.p.97-92"C. 1H nmr (300 MHz,

CDCIs) õ (ppm): 7.37l3H, m, aromatic hydrogensl,8.31 [1H, s, Ar-C(CI)=NOH].

9.(2,6.DICHLOROPHENYL)-8-AZA-7-OXA.14.3.OI-BICYCLONONI-8-EN.2.ONE

G0)

A solution of Z,í-dichlorobenzohydroximinoyl chloride (29) (7.779,

5.2 mmol) in dry tetrahydrofuran (4.25 ml) was added dropwise to a stirring

solution of cyclohex-2-enone (19) (0.509, 5.2 mmol) and triethylamine (0.80 ml,

5.72 mmol) in dry tetrahydrofuran (8.5 ml). The mixture was stirred at room

temperature for th and heated to reflux for 3h. The mixture was then

concentrated under reduced pressure and the resulting residue taken up in

chloroform. The solution was washed with water three times, dried

(magnesium sulphate) and was concentrated under reduced pressure to give a

yellow crude product. This was then purified by flash chromatography (ethyl

acetate/light petroleum, 1:1) and recrystallised from ethyl acetate/light

petroleum to yield the isoxazoline (60) as large, rhomboid, colourless crystals
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(0.59 g, 40Vo), m.p. 150-151"C. 1H nmr (300 MHz, CDCIg) ô (ppm): 7.7-2.7 16I{,

m, C3-Íþ, C4*}l2and C5-H21, 4.53 [1H, d, I = 77 ÍIz, C7-F{), 5.26 [1H, dt, I = 4.5 Hz,

I =11 Hz, C6-H),7.3-7.4 [3H, m, aromatic hydrogens]. Mass spectrum mlz (rel.

intensity): 287,285,283 (4,17,24;M+); 255 (9); 2a0 (19); 230 (23); 274 (100; M+-

C3H3NO); 185 (29;M+-CsHeOz). Anal. Calcd. for CtgHrtClzNOz: C, 54.95; H,

3.90; N, 4.93. Found: C, 55.13; H,3.98; N,4.89%. The structure was confirmed

through X-ray crystallographic analysis (Appendix 2).

oNE (64)

A solution of 2,í-dichlorobenzohydroximinoyl chloride (29) (7.74 8,

5.1. mmol) in dry tetrahydrofuran (7.7 mI) was added dropwise to a stirring

solution of 5,6-dihydro-2H-pyran-2-one (21) (0.50 g, 5.L mmol) and

triethylamine (0.57 g,5.67 mmol) in dry tetrahydrofuran (15.3 ml). The

mixture was stirred at room temperature for th and heated to reflux for 3h.

The mixture was then concentrated under reduced pressure and the residue

was taken up in chloroform. The solution was washed with water three times,

dried (magnesium sulphate) and concentrated under reduced pressure to give

a yellow crude product. The crude product mixture was then purified by flash

chromatography (ethyl acetate/light petroleum, 2:3) and recrystallised from

ethyl acetate/light petroleum to yield the isoxazoline (64) as small, white,

needle-like crystals (0.9+ g,64To), m.p. 159-162"C. 1H nmr (300 MHz, CDCI¡) ô

(ppm): 2.26 [2'H, m, CS-Hz] , 4.46 [1H, m, C4-H], 4.69 l7l{, ddd, / = 3 HZ, I = 77 flz,

I =77IJ2,C4-H),4.74 [1H, d, I =77Í12,C7-H],5.32 [1H, m, C6-H],7.3-7-4 [3H, m,

aromatic hydrogensJ. Mass spectrum mlz (rel. intensity): 289,287,285 (3,9, 74;

M+); 250 (58; M+-CI); 272 (100; M+-COOCzHz). Anø\. Cølcd. for C12HeCI2NO3:

C,50.37; H,3.17; N,4.90. Found: C,50.69; H,3.77; N,4.87o/o.
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F(2,GD I CHLOROPHENYL)-4-(3-HYDROXYPROPI ONYL)-1-AZA.2-OXA-

CYCLOPENTA-3,5-DIENE (67)

A solution of Z,í-dichlorobenzohydroximinoyl chloride (29) (0.46 g,

2.05 mmol) in dry tetrahydrofuran (2 ml) was added dropwise to a stirring

solution of 2,3-dihydro-4H-pyran-4-one (23) (0.100 g,7.02 mmol) and

triethylamine (0.32 rrrl, 2.28 mmol) in dry tetrahydrofuran (a ml). The mixture

was stirred at room temperature for th and heated to reflux for 3h. The

mixture was then concentrated under reduced pressure and the residue taken

up in chloroform. The solution was washed with water three times, dried

(magnesium sulphate) and concentrated under reduced pressure to give the

isoxazole (67) as a yellow crude product. This was then purified by flash

chromatography (ethyl acetate/light petroleum, 2:3) and recrystallised from

ethyl acetate/light petroleum to yield the isoxazole (67) as a white crystalline

solid (0.724 g,43Vo), m.p. 101-102.5"C. 1H nmr (300 MI{z, CDCIg) õ (ppm): 1.87

[1H,bs,OH],2.92[2ÍI,t,] =5ÍIZ,CII2COI,397lzF{,t,J =5flz,CH2OI{I,7.38-7.48

[3H, m, aromatic hydrogens],9.74 [1H, s, C5-H]. Anal. Calcd. for C12H9CI2NO3:

C, 50.38; H,3.77; N, 4.90. Found: C, 50.18; H,3.79;N,4.84%. The structure

was confirmed through X-ray crystallographic analysis (Appendix 3).

NICKEL PEROXIDE

A mixture of 6% sodium hypochlorite solution (18.50 m|,74.9 mmol)

and sodium hydroxide (2.60 g, 65 mmol) was added dropwise to nickel

sulphate hexahydrate (8.00 g,30 mmol) dissolved in water (18.5 ml) and the

mixture was allowed to stir at room temperature for 0.5h. The resulting black

precipitate was collected by vacuum filtration and washed with water. The

filter cake was transferred to a round bottomed flask, benzene (50 ml) was

added and any remaining water removed by azeotrope. The solvent was
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removed to give a black solid which was then placed in a des$icator under

reduced pressure and powered after 24h and again after 48h to give nickel

peroxide (2.53 g,93%).

IACTIVATED MANGANESE DIOXIDE

To a solution of manganese sulphate (6.29 g,37.2 mmol) in water

(120 ml) at 60oC was added, with stirring, a solution of potassium

permanganate (4.38 g,27.7 mmol) in water (83 ml). The brown suspension was

stirred at 60oC for th, filtered and the precipitate was washed with water to

remove sulphate. The precipitate was dried to a constant weight at 65oC to

yield y-activated manganese dioxide as a dark brown amorphous powder

(4.98 g,700Vo).

3-B ROMOCYCLOHEX-2-ENONE (37a)

A solution of l,3-cyclohexanedione (36) (5.00 9,45 mmol) in chloroform

(20 ml) was added to phosphorous tribromide (7.4 ml, 15 mmol). This mixture

was then heated to reflux for 2h. The product was poured into ice-cold water,

extracted with ether and the organic layer was washed with sodium hydroxide

solution, water and then dried (magnesium sulphate). The solvent was

removed under reduced pressure to yield 3-bromocyclohex-2-enone (37a) as a

pale yellow liquid (4.76 g,53Vo). 1H nmr (300 MHz, CDCI3) ô (ppm): 2.0812F{,

m, c5-H2l ,2.47IZIH,m,C6-I{21,2.8212IH.,m,C -Hz),6.48 [1H, s, C2-H]. I.r. (neat):

7678,1608 cm-1.
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3.CHLOROCYCLOHEX.2-ENONE (37b)

A mixture of l,3-cyclohexanedione (36) (1.00 g, 8.93 mmol), N,N-

dimethylformamide (0.90 ml, L2 mmol) and dichloromethane (25 ml) was

cooled to OoC and oxalyl chloride (0.93 ml, 11 mmol) was added over 5 min

with stirring. The reaction mixture was allowed to warm to room

temperature while stirring for 30 min and then it was poured into ether (40

ml) and water (100 ml). The organic iayer was separated, dried (magnesium

sulphate), and the solvent was removed under reduced pressure to yield 3-

chlorocyclohex-2-enone (37b) as a bright orange liquid (0.99 g,85To). 1H nmr

(300 MI{Z, CDCI3) õ (ppm): 2.07 lzlHl, m, CS-Hzl ,2.47lZIl, m, C6-H2),2.69 [2}J, m,

C -Hz),6.22Í7lH, s, C2-Hl. I.r. (neat): 7680,1608 cm-1.

-7
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Method L: Synthesísed by the Dehydrogenøtion of 9-Q,6-Dichlorophenyl)-8-

azø-7-oxa-t4.3.01-bicyclonon-B-en-2-one 60) with Nickel Peroxide.

To a round bottomed flask, fitted with a reflux condenser, the

isoxazoline (60) (0.t0 g, 0.36 mmol), nickel peroxide (1.00 g) and benzene (10

ml) were added and the mixture was refluxed for th. The resulting mixture

was filtered through kenite and the soivent was removed under reduced

pressure to yield the isoxazole (70) as a white solid (0.44 g,65%), m.p. 205-207oC.

1H nmr (300 MHz, CDCI3) ô (ppm): 2.29 lzIH, p, I = 6 Hz, C4-H21,2.54 l2I{, t, ] = 6

flz,Cs-}jzl,3.72fzlH,t,J = 6LJz,C3-lH21,7.40 [3H, m, aromatic hydrogens]' Mass

spectrum mþ (rel. intensity): 285,283,287 (1; M+), 249,747,245 (4,35, 100; M+-

HCI). AnnL Cnlcd, for C13H9CI2NO2: C,55.34;H,3.22; N,4.97. Found: C,55'36;

H,3.27; N, 5.20%. The structure was confirmed through X-ray crystallographic

I
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analysis (Appendix 4)

Method 2: Synthesised by the Dehydrogenation of 9-Q,6-Dichlorophenyl)-8-

aza-7-oxa-t4.3.01-bicyclonon-B-en-2-one (60) with yActiuated Mønganese

Dioxide.

The isoxazoline (60) (0.10 g, 0.35 mmol) in benzene (10 ml) was heated to

reflux for 15h with y-activated manganese dioxide (0.50 g). Water that formed

during the reaction was removed aia a Dean-Stark apparatus. The resulting

mixture was filtered through kenite and the solvent was removed under

reduced pressure. The product (70) was recrystallised (ethyl acetate/light

petroleum) (O.OZ g,69Vo). The physical and spectral data of this sample were

identical to those of the sample (70) obtained as described above.

Method 3: Synthesised by Cycloaddition of 3-Bromocyclohex-2-enone ß7 a)

A solution of Z,í-dichlorobenzohydroximinoyl chloride (29) (1.00 g,

4.5 mmol) in dry tetrahydrofuran (5 ml) was added dropwise to a stirring

solution of 3-bromocyclohex-2-enone (37a) (7.56 g,8.9 mmol) and

triethylamine (0.68 ml, 4.9 mmol) in dry tetrahydrofuran (10 ml). The mixture

was stirred at room temperature for th and heated to reflux over night. The

mixture was then concentrated under reduced pressure and the residue taken

up in chloroform. The solution was washed with water three times, dried

(magnesium sulphate) and concentrated under reduced pressure to give a

solid which was recrystallised from ethyl acetate/light petroleum to yield the

isoxazole (70) as colouriess, cubic crystals (0.65 g,57Vo). The physical and

spectral d.ata of this sample were identical to those of the sample (70) obtained

as described above.
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Method 4: Synthesised by Cycloaddition of 3-Chlorocyclohex-2-enone ß7b)

A solution of Z,í-dichlorobenzohydroximinoyl chloride (29) (0-869,

3.8 mmol) in dry tetrahydrofuran (a.00 ml) was added dropwise to a stirring

solution of 3-chlorocyclohex-2-enone (37b) (0.50 g, 3.83 mmol) and

triethylamine (0.59 r¡1l, 4.2 mmol) in dry tetrahydrofuran (8.00 ml). The

mixture was stirred at room temperature for th and heated to reflux for 3h.

The mixture was then concentrated under reduced pressure and the residue

was taken up in chloroform. The solution was washed with water three times,

dried (magnesium sulphate) and concentrated under reduced pressure to give

a yellow crude product. This was then purified by flash chromatography (ethyl

acetate/light petroleum, 2:3) and the product recrystallised from ethyl

acetate/light petroleum to yield the isoxazole (70) as colourless, cubic crystals

(0.t+ g,73Vo). The physical and spectral data of this sample were identical to

those of the sample (70) obtained as described above.

DI A 7-Dl N

1.8-pIEN-2-ONE (71)

Method L: Synthesised by Dehydrogenøtion of 9-(2,6-Dichlorophenyl)-B-azø-

3,7-dioxø-tL.3.01-bicyclonon-B-en-2-one (64) with Nickel Peroxide.

To a round bottomed flask, fitted with a reflux condenser, the

isoxazoline (64) (0.10 g, 0.350 mmol), nickel peroxide (1.00 g) and benzene (10

ml) were added and the mixture was refluxed for th at which point more

nickel peroxide was added (0.50 g, 5.5 mmol) and the mixture was left to reflux

for a further th. The resulting mixture was then filtered through kenite and

the solvent was removed under reduced pressure to yield the isoxazole (71) as

a white solid (0.07 g,69o/o), m.p. 175-777oC. 1H nmr (300 MHz, CDCI3) õ (ppm):
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3.94 lzIJ, t, I = 6, C5-H2f, 4.69 lz]H, t, I = 6, C -Hz), 7.40-7.50 [3H, m, aromatic

hydrogensl. Mass spectrum mlz (rel. intensity): 287,285,283 (2, 4; M+); 250,

248 (38,100; M+-Çl);272,270 (53,79). Anal. Calcd' for C¿HTCI2NO3: C,50'73;H,

2.48; N,4.93. Found: C, 50.72;H,2.42;N,4.90Vo. The structure was confirmed

through X-ray crystallographic analysis (Appendix 5).

Method 2 Synthesised by Dehydrogenation of 9-Q,6-Dichlorophenyl)-8-aza-3,7-

dioxa-[ .3 .0 I -bicy clonon- I - en-2 -on e ( 64) with y Actiu øt ed Manganese

Dioxide.

The isoxazoline (64) (0.10 g, 0.35 mmol) in benzene (10 ml) was heated to

reflux for 15h with y-activated manganese dioxide (0.50 g). Water that formed

during the reaction was removed aia a Dean-Stark apparatus. The resulting

mixture was filtered through kenite and the solvent was removed under

red.uced pressure. The product(7L) was recrystallised (ethyl acetate/light

petroleum) (O.Oe g,64Vo). The physical and spectral data of this sample were

identical to those of the sample (71) obtained as described above.

3-BROMO-5,6-DIHYDRO-2TT-PYRAN-2.ONE (38)

A solution of bromine (1 .60 g,10 mmol) in dichloromethane (10 ml)

was add.ed over 10 min to a stirred solution of 5,6-dihydro-2H-pyran-2-one (21)

(0.98 g, 10 mmol) in dichloromethane (35 ml). This mixture was stirred for 2h

after which triethylamine (1.4 ml, 10 mmol) was added over 5 min. After a

further 3h the reaction was poured into water (a0 ml) and the organic layer

separated. The aqueous fraction was extracted twice with dichloromethane.

The combined organic layers were dried (magnesium sulphate) and

concentrated. The crude product (38) was purified by flash chromatography
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(ether/light petroleum;33:77 200 ml, 1:1 200 ml, and finally neat ether) and

recrystallised from ether/light petroleum to yield 3-bromo-5,6-dihydro-2H-

pyran-2-one (38) as white, crystalline platelets (7.22 g,75Vo), m.p. 32-34oC. lH

nmr (300 }llÍ12, CDCIg) ô (ppm): 2.57 lzF{, dt, ¡ = 4.5 Hz, I = 6Hz, C5-H21, 4.49

lzIJ, t, I = 6Í12, C6-Hzf ,7.27 [1H, t, I = 4.5 Hz, C -F{]. Mass spectrum mlz (tel.
vct,tí'e(t1, t,ã,lìL (L9, I

intensity): 778,776(33,33;M+); 14fr79; VÍ+-CO); :t7fl(23; M+-CzOz); 53 (50;

C¿Hs); 39 (100; CeHg*).

2-BROMOCYCLOHEX-2-ENONE (39)

A solution of bromine (1.60 g,70 mmol) in dichloromethane (10 ml)

was added over 10 min to a stirred solution of cyclohex-2-enone (19) (0.96 g,

10 mmol) in dichloromethane (35 ml). This mixture was stirred for 2h after

which triethylamine (1.40 ml, 10 mmol) was added over 5 min. After a further

3h the reaction mixture was poured into water (a0 ml) and ihe organic layer

was separated. The aqueous fraction was extracted twice with

dichloromethane. The combined organic layers were dried (magnesium

sulphate) and concentrated. The crude product was a solid which showed no

starting material by thin layer chromatography thus it was recryatallized from

aqueous ethanol to yield 2-bromocyclohex-2-enone (39) as large colourless

platelets (7.06 g,607o), m.p.72-75oC . 1H nmr (300 MH¿ CDCIa) õ (ppm): 2'08

l2lj,, rn, C5-H21, 2.45 lzIH, m, C4-Hzl , 2.64 f2F{, m, C6-H21,7.44 l7F{, t, I : 4.5 Hz,
t*é,we (e t,

C3-Hl. Mass spectrum mlz (re\. intensity): 776, 774 (48, 50; ¡v1+); tü161; lv{+-
l7V,t7L(tll

CO); t3t(1s); ffi 67 (700; CsHz); 39 (70; C3H3+).

3-B ROMO-5,6-DI HYDRO-4¡I-PYRAN-4-ONE (40)

A solution of bromine (0.73 g, 4.5 mmol) in dichloromethane (5 ml) was
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added over 10 min to a stirred solution of 2,3-dihydro-4H-pyran-4-one (23)

(0.20 g,2.05 mmol) in dichloromethane (17 ml). This mixture was stirred for

2h after which triethylamine (0.63 ml, 0.45 mmol) was added over 5 min.

After a further 3h the reaction mixture was poured into water (20 ml) and the

organic layer was separated. The aqueous fraction was extracted twice with

dichloromethane. The combined organic layers were dried (magnesium

sulphate) and concentrated. The crude product was purified by flash

chromatography (ethyl acetate/light petroleum; 2:3) and recrystallised from

ether/light petroleum to yield 3-bromo-5,6-dihydro-4H-pyran-4-one (40) as

pale yellow, needle like crystals (0.23 g, 64%), m.p.92-96"C. 1H nmr (300 MHz,

CDCIa) ô (ppm): 2.83 [2}J, t, J = 6.5 Hz,CS-Hz], 4.59 lzF{, t, I = 6.5tlz, C6-Hù,7.77

[1H, s, C2-H]. Mass spectrum mlz (rel. intensity): 778, 776 (100, 100; M+); 150,

748 (99,99; M+-CO).

7-(2,6-DICHLOROPHENYL)-8-AZA-9-OXA-[4.3.0ì-B ICYCLONONA-l,7-D IEN-2-

oNE (73)

A solution of 2,í-dichlorobenzohydroximinoyl chloride (29) (0.26 g,7.74

mmol) in dry tetrahydrofuran (2.00 ml) was added dropwise to a stirring

solution of 2-bromocyclohex-2-enone (39) (0.20 g,7.74 mmol) and

triethylamine (0.17 ml, 1.25 mmol) in dry tetrahydrofuran (4.00 ml). The

mixture was stirred at room temperature for 3h and heated to reflux for th.

The mixture was then concentrated under reduced pressure and the residue

was taken up in chloroform. The solution was washed with water three times,

dried (magnesium sulphate) and concentrated under reduced pressure to give

a yellow crude product. This was then recrystallised from ethyl acetate/light

petroleum to yield the isoxazole (73) as paleorange crystals (0.72 g,537o),rn.p.

108.5-110.5oC. 1H nmr (300 ¡41g.z, CDCI3) ð (ppm): 2.24[2I{, p,J = 6,LIz,C -Hz],
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2.63 lzIJ, t, I = 6 ÍIz, C5-FI2),2.73 lzl{, t, I = 6ÍIz, C3-H21, 7 .84l3}{, m, aromatic

hydrogensl. Mass spectrum mlz (rel. intensity): 285,283, 287 (8, 37,53; M+);
LlT,zl7,¡lt (tl ,+2, aç$, tlt

Æ+472; M+-NO); 246 (47; M+-Cl); 197 (100;+v{S{¡o). Anal. Calcd. for

C13H9CI2NO2: C, 55.34; H, 3.22; N, 4.97. Found: C, 54.96; H, 3.25; N, 4.97Vo

The structure was confirmed through X-ray crystallographic analysis

(Appendix 6).

7-(2.6,DICHLOROPHENYL)-8.AZA-3,9-DIOXA.I4.3.OI.B ICYCLONONA-

1.7-prEN-2-ONE (761

A solution of Z,í-dichlorobenzohydroximinoyi chloride (29) (0.799,

3.5 mmol) in dry tetrahydrofuran (4.0 ml) was added dropwise to a stirring

solution of 3-bromo-5,6-dihydro2H-pyran-2-one (38) (0.43 9,2.4 mmol) and

triethylamine (0.27,2.7 mmol) in dry tetrahydrofuran (8.0 ml). The mixture

was stirred at room temperature for th and heated to reflux for 3h. The

mixture was then concentrated under reduced pressure and the residue was

taken up in chloroform. The solution was washed with water three times,

dried (magnesium sulphate) and concentrated under reduced pressure to give

a yellow crude product. This was then purified by flash chromatography (ethyl

acetate/light petroleum, 2:3) and recrystallised from ethyl acetate/light

petroleum to yield the isoxazole (76) as large, rectangular, colourless crystals

(0.34 g,50%), m.p. 106-107"C. 1H nmr (300 MFIz, CDCIg) õ (ppm): 2.89 Í2IH., t,l =

6 Hz, CS-Hzl, 4.68 lzl{, t, I = 6 Hz, C4-Fir21, 7 .42-7 .57 [3H, m, aromaotic hydrogens] .

Mass spectrum mlz (rel. intensity): 288, 285, 283 (3, 74, 27; M+); 
^248 

(21; \zt+-Cl);

211 (100); 797 (æl*4+a¡gp¡. Anøl.Calcd.ÍorCpHTClzNOs: C,50.73; H,

2.48; N, 4.93. Found: C, 50.86; H,2.49; N, 4.93%. The structure was confirmed

through X-ray crystallographic analysis (Appendix 7).
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COMPETITIVE STUDIES

RELATIVE RATES OF CYCLOADDITION OF 2.CYCLOHEXENE-1.ONE (1.9)

AND 5,6-DIHYDRO.2H.PYRAN-2-ONE (21)

A solution of Z,í-dichlorobenzohydroximinoyl chloride (29) (0.23 g,

1.0 mmol) in dry tetrahydrofuran (1.5 ml) was added dropwise to a stirring

solution of 2-cyclohexene-1-one (19) (0.10 g, 1.0 mmol),5,6-dihydro-217-pyran-

2-one (21) (0.10 9,7.0 mmol) and triethylamine (0.16 mi, 0.65 mmol) in dry

tetrahydrofuran (3.00 ml). The mixture was stirred at room temperature for th
and then refluxed for 15h. The mixture was then concentrated under reduced

pressure and the crude product was analysed by 1H nmr spectroscopy. The

cycloadducts (60) and (64) present in a ratio of 43:57 in both the first and second

runs, giving an average ratio of 43:57. This ratio was used in the calculation of

the relative reactivities of the dipolarophiles (19) and (21).

RELATIVE RATES OF CYCLOADDITION OF CYCLOHEX.2-ENONE (1.9) AND

2,3-DIHYDRO-4H -PYRAN-4.ONE (23)

A solution of Z,í-dichlorobenzohydroximinoyl chloride (29) (0.23 g,

1.0 mmol) in dry tetrahydrofuran (1.5 ml) was added dropwise to a stirring

solution of cyclohex-2-enone (19) (0.10 9,7.0 mmol), 2,3-dihydro-4H-pyran-4-

one (23) (0.t0 g, 1.0 mmol) and triethylamine (0.16 ml, 0.65 mmol) in dry

tetrahydrofuran (3.00 ml). The mixture was stirred at room temperature for th

and then refluxed for 15h. The mixture was then concentrated under reduced

pressure and the crude product was then analysed by 1H nmr spectroscopy.

The cycloadducts (60) and (67) present in a ratio of 60:40 in both the first and

second runs, giving an average ratio of 60:40. This ratio was used in the

calculation of the relative reactivities of the dipolarophiles (19) and (23).



Experimental 109

RELATIVE RATES OF CYCLOADDITION OF CYCLOHEX-2-ENONE (1.9) AND

2-BROMOCYCLOHEX.2-ENONE (39)

A solution of 2,í-dichlorobenzohydroximinoyl chloride (29) (0.13 g,

0.57 mmol) in dry tetrahydrofuran (1.00 ml) was added dropwise to a stirring
solution of 2-cyclohexene-1-one (L9) (0.06 g, 0.57 mmol), 2-bromocyclohex-2-

enone (39) (0.10 g,0.57 mmol) and triethylamine (0.09 ml, 0.65 mmol) in dry
tetrahydrofuran (2.00 ml). The mixture was stirred at room temperature for th
and then heated to reflux for 15h. The mixture was then concentrated under

reduced pressure and the crude product was then analysed by 1H nmr

spectroscopy. The cycloadducts (60) and (73) present in a ratio of 82:18 in the

first run and a ratio of 84:76 in the second run, giving an average ratio of 83:77.

This ratio was used in the calculation of the relative reactivities of the

dipolarophiles (19) and (39).

RELATIVE RATES OF CYCLOADDITION OF 2.BROMOCYCLOHEX.2-

ENEONE (39) AND 3-BROMOCYCLOHEX-2-ENONE (37a)

A solution on Z,í-dichlorobenzohydroximinoyl chloride (29) (0.38 g,

1.7 mmol) in dry tetrahydrofuran (2.00 ml) was added dropwise to a stirring

solution of 2-bromocyclohex-2-enone (39) (0.30 g,7.7 mmol), 3-bromocyclohex-

2-enone (37a) (0.30 g, 1.7 mmol) and triethylamine (0.26 ml, 1.9 mmol) in dry

tetrahydrofuran (a.00 ml). The mixture was stirred at room temperature for th
and then heated to reflux for 15h, The mixture was then concentrated under

reduced pressure and the crude product was then analysed by lH nmr

spectroscopy. The cycloadducts (73) and (70) present in a ratio of 69:37 in the

first run and a ratio of 62:38 in the second run, giving an average ratio of 66:34.

This ratio was used in the calculation of the relative reactivities of the

dipolarophiles (39) and (37a).
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RELATIVE RATES OF CYCLOADDITION OF 5,6-DIHYDRO-2H-PYRAN-2-

ONE (21,) AND 3.BROMO-5,6-DIHYDRO-2H -PYRAN-2-ONE (38)

A solution of Z,í-dichlorobenzohydroximinoyl chloride (zl) (O.eZ g,

2.8 mmol) in dry tetrahydrofuran (a.25 ml) was added dropwise to a stirring

solution of 5,6-dihydro-2H-pyran-2-one (21) (0.28 g,2.8 mmol), 3-bromo-5,6-

dihydro-2H-pyran-2-one (38) (0.50 g, 2.8 mmol) and triethylamine (0.45 ml,3.1

mmol) in dry tetrahydrofuran (8.50 ml). The mixture was stirred at room

temperature for th and heated to reflux for 15h. The mixture was then

concentrated under reduced pressure and the crude product was then analysed

by high field 1H nmr spectroscopy. The cycloadducts (64) and (76) present in a

ratio of 82:18 in the first run and a ratio of 83:77 in the second run, giving an

average ratio of 83:77. This ratio was used in the calculation of the relative

reactivities of the dipolarophiles (21) and (38).

EN-L-ONE (79)

Method'L: Synthesised by using PølladiumlCarbonlHydrogen

The isoxazole (70) (0.42 g,1.53 mmol) was dissolved in ethyl acetate (50

ml). To this solution 57o palladium on carbon (0.20 g,0.09 mmol) was added

and the resulting mixture was stirred at room temperature for 15h under an

atmosphere of hydrogen. The suspension was filtered through kenite and the

solvent evaporated to yield a white solid which was subsequently recrystallised

from ethyl acetate/light petroleum to give the imine Q9) as white, needle-like

crystals (0.43 g,98%), m.p. 229-232"C (decomp). lH nmr (300 MHz, CDCIa) ô

(ppm): 7.92l7Fil, bs, OHl, 7.97 lzlH, P, I = 6.5 Hz, C5-H21, 2.43 Í2f{, t, ] = 6-5 ÍIz,

I



Experimental

C6-Hz),2.65 Í2ÞI,, t, I = 6.5 Hz, C4-Hzl, 6.06 Í7F{, bs, NHl, 7 .26-7 .43 [rt, *å 
.U

aromatic hydrogensì. Mass spectrum mlz (rel. intensity): 287,285,283 (2,4;

M+);249,247 (37,100; M+-Cl). The structure was confirmed through X-ray

crystallographic analysis (Appendix 8).

111

Method 2: Synthesised by Treating the Isoxøzole 00) with Baker's Yeast

A 2l round bottomed flask, fitted with a thermometer, was charged with

sucrose (75 g), water (400 ml) and freshly opened dried yeast added in that

order. The mixture was gently stirred at37"C for th. The isoxazole (70) was

added and the mixture was incubated with gentle stirring at 37"C. Kenite was

added and the mixture was filtered through a large sintered glass funnel. The

resulting filter-cake was washed with water (100 ml) followed by ethyl acetate

(200 ml), the filtrate saturated with sodium chloride and extracted with ethyl

acetate (5 x 500 ml) and the combined organic extracts were dried (magnesium

sulphate). The solvent was removed under reduced pressure. The resulting

residue was purified by flash chromatography (ethyl acetate/light petroleum;

3:5) and the product was recrystallised from ethyl acetate/light petroleum to

give the imine (79) as colourless needle-like crystals. Several variations, listed

below, of this procedure were tested to determine the optimal conditions for

the reaction of the isoxazole (70) with yeast.

a) The isoxazole (70) (0.50 g,7.77 mmol) was incubated for 24h with

baker's yeast (10 g). The imine (79) was recrystallised from ethyl acetate/light

petroleum (0.115 g,70Vo process yield, based on the isoxazole (70) recovered,

0.M g).

b) The isoxazole (70) (0.25 g,0.89 mmol) was incubated for 24h with

baker's yeast (10 g). The imine (79) was recrystallised from ethyl acetate/light
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petroleum (0.017 g,77% Process yield, based on the isoxazole (70), 0.095 g)

c) The isoxazole (70) (0.75 g,2.66 mmol) was incubated for 24h with

baker's yeast (10 g). The imine (79) was recrystallised from ethyl acetate/light

petroleum (0.135 g,32% process yield, based on the isoxazole (70) recovered,

0.23 g).

d) The isoxazole (70) (0.50 g,1..77 mmol) was incubated for 4h with

baker's yeast (10 g). The imine (79) was recrystallised from ethyl acetate/light

petroleum (0.095 g,347o process yield, based on the isoxazole (70) recovered,

0.28 g).

e) The isoxazole (70) (0.50 g,7]7 mmol) was incubated for 24h with

Munich Lager yeast (10 g). The imine (79) was recrystallised from ethyl

acetate/light petroleum (0.026 g,87o process yield, based on the isoxazole (70)

recovered,0.76 g).

f) The isoxazole (70) (0.50 g,1,.77 mmol) was incubated for 24h with

Balmoral Ale yeast (10 g). The imine (79) was recrystallised from ethyl

acetate/light petroleum (0.050 g,747o process yield, based on the isoxazole (70)

recovered,0.76 g).

The spectral and physical data of the products from reactions a) - f) were

identical to those obtained for the sample (79) as described above.

2H-PYRAN-2-ONE (81)

Method L: Synthesised by using PalladiuntlCarbonlHydrogen

I

The isoxa zole (7L) (0.58 g, 2.04 mmol) was dissolved in ethyl acetate (50
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ml). To this solution 57o palladium on carbon (0.20 g,0.09 mmol) was added

and the resulting mixture was stirred at room temperature for 15h under an

atmosphere of hydrogen. The suspension was filtered through kenite and the

solvent was evaporated to yield a white solid which was subsequently

recrystallised from ethyl acetate/light petroleum to give the imine (81) as

white, needle-like crystals (0.54 g,93Vo), m.p. 276-278"C (decomp). 1H nmr (200

MfIz, CDCIg) ô (ppm): 1.60 [1H, s, OH], 2.73lzH, t,l = 6flz, C5-H21, 4.35lzF{, t,l
= 6 Hz, C6-H21, 6.34 ÍLlH,bs, NH1, 7.25-7.39 13:, "'t, 

aromatic hydrogensl. Mass

spectrum mlz (rel. intensity): 289,287,285 (0.7,1; M+); 252,250 (33, 100; M+-Cl).

The structure was confirmed through X-ray crystallographic analysis

(Appendix 9).

Method 2: Synthesised by Treøting the Isoxazole QI) with Baker's Yeast

A 2l round bottomed flask, fitted with a thermometer, was charged with

sucrose (75 g), water (400 ml) and freshly opened dried baker's yeast (10 g)

added in that order. The mixture was gently stirred at 37oC for th. The

isoxazole (71) (0.50 g,7]6 mmol) was added and the mixture was stirred for

24ln. Kenite was added and the mixture was filtered through a large sintered

glass funnel. The resulting filter-cake was washed with water (100 ml)

followed by ethyl acetate (200 ml), the filtrate was saturated with sodium

chloride and extracted with ethyt acetate (5 x 500 ml) and the combined organic

extracts were dried (magnesium sulphate). The solvent was removed under

reduced pressure. The resulting residue was then purified by flash

chromatography (ethyl acetate/light petroleum; 3:5) and the product

recrystallised from ethyl acetate/light petroleum to yield the irnine (81) as

small, yellowish prismic crystals ( 0.106 g,69% Process yield, based on the

isoxazole (7L) recovered, 0.345 g). The spectral and physical data of the reaction
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was identical to those obtained for the sample (81) as described above.

METHYL 5-(3-CHOLROPROPYL)-3-HYD ROXY,2-(1-PROPYLI MI NOMETHYL)-

CYCLOHEX-2-EN-1.ONE.5-CARBOXYLATE (44)

A 2l round bottomed flask, fitted with a thermometer, was charged with

sucrose (75 g), water (a00 ml) and freshly opened dried baker's yeast (10 g)

added in that order. The mixture was gently stirred at 37"C for th. The

isoxazole (43) (0.50 g,7.67 mmol) was added and the mixture was incubated

with gentle stirring at 37"C for 24li.. Kenite was added and the mixture was

filtered through a large sintered glass funnel. The resulting filter-cake was

washed with water (100 ml) followed by ethyl acetate (200 ml), the filtrate

saturated with sodium chloride and extracted with ethyl acetate (5 x 500 ml)

and the combined organic extracts were dried (magnesium sulphate). The

solvent was removed under reduced pressure. The resulting residue was

purified by flash chromatography (ethyl acetate/light petroleum; 1:1) and the

product was recrystallised from ethyl acetate/light petroleum to give the imine

(44) as colourless platelet-tike crystals (0.091 g,68% process yield, based on the

isoxazole (43) recovered, 0.37 g). 1H nmr (200}./rÍ1z,, CDCI¡) ô (ppm): 7.02 (3H, t,

CH2CH2CIù), 1.5-2.0 (7H, m, CHzCIÐCH3, C!þCH2CH2CI,OE), 2.49 (zfl, t,

C!I2CH2CH3), 2. B-3. 7 (4H, m, C4-H2, C6-H2), 3.50 (2H, t, CII2CI), 3. 68 (3H, s,

-OCOCIL),6.34 (1H, bs, NH.). The 1H nmr spectrum for the imine (a3) is

consistent with the spectrum obtained from CSIRO.44



Experimental 115

TREATMENT OF ISOXAZOLES G7\, OÐ, O6 AND (88).(91) WITH BAKER'S

YEAST

The isoxazoles 157),(73), (76) and (88)-(91) (0.50 g) were individually

treated with baker's yeast (10 g) using an incubation time of 24h. The reaction

of the isoxazole (67) gave a complex mixture of products ¡¡¡as.e'btained which

was inseparable by chromatography on silica. The reaction of the isoxazole (73)

with baker's yeast gave only starting material (0.34 g,67Vo). The cude product

mixture obtained from the reaction of the isoxazole (76) was purified by flash

chromatography (ethyl acetate/light petroleum; 3:5) and the product was

recrystallised from ethyl acetate/light petroleum to yield ethyl 5-(2,6-

dichlorophenyl)-4-(2-hydroxyethyl)isoxazole-3-carboxylate (83) as a colourless,

viscous oil (8 mg,2Vo process yield, based on the isoxazole (76) recovered, 0.135

g). 1H nmr (300 }i/rÍLz-, CDCIg) õ (ppm): 7.47 l3H, t, I = 7 ÍIz, C!!-CH2-1,7.59 Í7F{,

s, -OHl, 2.86 lzlH, t, I = 6 ÍIz, OH-CH2-CHz), g.6g Í2}{, q., ] = 6 LIz, OH-Cfu-CHz-1,

4.49lzIJ, t,l =7 Hz,CH3-CH2-O-1,7.44Í3]¡l,, m, aromatic hydrogensl. I.r. (neat):

3464, 2924, '1.732, 7600, 7562,1480 cm-l. Mass Spectrummlz (rel.íntensity): 333,

332,337(9,49,73;M+),230,228,226(77,78,1'00),776,774,772(73,65,98). HR

mass spect. found M+, mf z 329.0224; C1aH1335Cl2NOa requires M+, mf z

329.0210. The reaction of the isoxazole (88) with baker's yeast gave only

starting material (0.30 g,597o), as did the reactions of the isoxazole (89) (0.45 g,

907o), the isoxazole (90) (0.47 g,97%) and the isoxazole (91) (0.36 g,77%).

MESITOALDOXIME

To mesitoaldehyde (92) (8.00 g, 54 mmol) in water (13.5 ml), ethanol

(13.5 ml) and ice (23 ml) was added hydroxylamine hydrochloride (4.13 g, 59

mmol). To this mixture was added 50To sodium hydroxide solution (10.80 ml)

with stirring. The mixture was stirred for 1.5h, washed with ether to remove
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any neutral impurities, acidified with concentrated hydrochloric acid solution

and extracted twice with ether. The combined extracts were dried (calcium

sulphate) and the solvent was removed under reduced pressure. The

resulting white solid was recrystallised from aqueous ethanol to yield

mesitoaldoxime as small, white, trapezoid crystals (8.8t g, 337o), m.p. 118-123"C

(Lit.22125-727"C). tg nmr (300 ]l/r]Hz, CDCI¡) ô (ppm): 7.74Í7H, bs, CH=NOFII,

2.29 l3H, s, CH3l, 2.37 [6H, s, (ClIs)z], 6.86lzIF,/ s, aromatic hydrogens),8-42Í7H, s,

CH=NOHI.

MESITOHYDROXIMINOYL CHLORIDE (93)

To a stirred solution of mesitoaldoxime (2.5 g,75.3 mmol) in N,N-

dimethylformamide (13 ml) was added N-chlorosuccinimide (2.05 g,75.3

mmol). The initial N-chlorosuccinimide addition resulted in a slight

temperature decrease after which the reaction became exothermic but was kept

between 25-35'C using an ice bath. After the cessation of the exothermic

reaction the mixture was poured into ice/water (50 ml) and washed twice with

ether. The combined organic fractions were washed three times with water

and. dried (calcium sulphate) and the solvent was removed under reduced

pressure to yietd mesitohydroximinoyl chloride (9g) as a pale yellow powder

(2.77 g,70%), m.p. 48-63'C (Lít.zz 67-69"C). lH nmr (300 MI-IZ, CDCI,) ô (ppm):

2.2816IJ, s, (Cllg)zl, 2.47 ÍglH, s, CH3l, 6.86 [zlH, s, aromatic hydrogens], 8.31 [1H, s,

C(CI)=¡¡OH1. tU nmr spectral data is consistent with the literature values.22

MESITOBENZONITRILE OXIDE (50)

To a solution of mesitohydroxirninoyl chloride (93) (1 .5 g, 7.6 mmol) in

tetrahydrofuran (30 ml) was added triethylamine (1.16 ml, 8.4 mmol)' This
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mixture was stirred for 2h at room temperature and the solvent was removed

under reduced pressure. The resulting solid was dissolved in chloroform and

washed three times with water. The extracts were dried (magnesium sulphate)

and the solvent was removed under reduced pressure to yield mesitonitrile

oxid.e (50) as a pale, yellow powder (7.14 g,93%), m.p. 105-107"C (Lft.22 7t0-

112'C). 1H nmr (300 MHz, CDCI3) ô (ppm): 2.29 Í3}{, s, CHal, 2.47l6F{, s, (CIIs)zl,

6.89 Í2I{, s, aromatic hydrogensl.

(+).ETHYL 5-(2,4,6-TRIMETHYLPHENYL).3-PHENYL-42.I SOXAZOLINE-4-

CARBOXYLATE (54)

(t).ETHYL 5-(2,4,6-TRIMETHYLPHENYL)-4.PHENYL-^z-ISOXAZOLINE-3-

CARBOXYLATE (55)

The nitrile oxid.e (50) Q.242 g,7.5 mmol) and ethyl cinnamate (53) (0.26

g,7.5 mmol) were taken into a 30% ethanol solution (20 ml) and added to pH

7.2bu,ffer (12.5 mt). This mixture was incubated at 37"C for 30h. The mixture

was saturated with sodium chloride and extracted with chloroform (2 x 20 ml).

The extracts were dried (magnesium sulphate) and the solvent was removed

under reduced pressure. The crude product mixture was analysed by 1H nmr

spectroscopy and the isoxazolines (54) and (55) were found to be present in a

ratio of 61,:39. The isoxazolines (54) and (55) were separated from the crude

product mixture by flash chromatography (ethyl acetate/light petroleum; 1:5),

and recrystallised from light petroleum. The method followed was identical to

the method outlined by Rama Rao ef a1.48'49

Isoxazoline (54) (0.202 g,40o/o), m.p. B7-89oC. 1H nmr (300 lr/rlHz, CDCI¡) ô

(ppm): 0.95 [3H, t,l =7YIZ,CH3-CH2-],2.22 [3H, s, C!!-Ar],2.28[6IH., s, (CIL)z-

4r1,4.03 l2H,n,CH3-Cþ-),4.37 [1H, d, I =9.5fIL,C4-H],6.10 [1H, d, J =9'5ÍIz,
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C3-Hl, 7.25-7.40l7H, m, aromatic hydrogensl. Mass spectrum mlz (tel.

intensity): 337 (100; M+), 792 (58), 786 (67),704 (96).

Isoxazoline (55) (0.119 g,24vo), m'p' 85-86oc' 1H nmr (300 }ldH'z, cDCls) õ

(ppm): 1.35 [3H, t,l =7 Hz, CII¡-CHz-],7.98 [3H, s, C!I¡-Ar], 2.2216FI, s, (CIIs)z-

Arl,4.g3l2ÍI,ql =7Hz,CH3-CH2-1,4.81 [1H, d,] =4H2, C3-H1,5.32 [1H, d,l =4

IJz, C4-H1,7.74-7 .77 ÍzlF,', m, aromatic hydrogen sl,7.26-7.28 [3H, m, aromatic

hydrogensl. Mass spectrum mlz (rel. intensity): 337 (7; M+),264 (100; M+-

OCOCH2CHI),1,67 (70).

Variations of this procedure were undertaken to determine the effects of

p-cyclodextrin and/or baker's yeast on the cycloaddition of the nitrile oxide (50)

and ethyl cinnamate (53).

a) Baker's yeast (0.50 g) was added to the reaction mixture. The crude

product mixture was analysed by 1H nmr spectroscopy and the isoxazolines

(54) and (55) were found to be present in a ratio of 57:43 (Lft.Ae'qg 65:35). The

isoxazolines (54) and (55) were separated from the crude product mixture by

flash chromatography (ethyl acetate/light petroleum; 1:5), and recrystallised

from light petroleum to yield the isoxazoline (54) (0.14 g,28ok) and the

isoxazoline (55) (0.110 g,27Vo).

b) Þ-Cyclodextrin saturated 30% ethanol solution (20 ml) and Þ-

cyclodextrin saturated pH 7.2buffer (12.5 ml) were used in the reaction

mixture. The crude product mixture was analysed by 1H nmr spectroscopy and

the isoxazolines (54) and (55) were found to be present in a ratio of 60:40. The

isoxazolines (54) and (55) were separated from the crude product mixture by

flash chromatography (ethyl acetate/light petroleum; 1:5), and recrystallised

from light petroleum to yield the isoxazoline (54) (0.196 g,297o) and the
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isoxazoline (55) (0.116 g,23o/o)

c) Baker's yeast (0.50 g), p-cyclodextrin saturated 30% ethanol solution

(20 ml) and p-cyclodextrin saturated pF{7.2 buffer (12.5 ml) were added to the

reaction mixture. The crude product mixture was analysed by lH nmr

spectroscopy and the isoxazolines (54) and (55) were found to be present in a

ratio of 59:47 (Lit. g,+g 0:100). The isoxazolines (54) and (55) were separated

from the crude product mixture by flash chromatography (ethyl acetate/light

petroleum; 1:5), and recrystallised from light petroleum to yield the

isoxazoline (5a) Q.1'46 g,29Vo) and the isoxazoline (55) (0.i11 g,22Vo).

d) To a30Vo ethanol solution (20 ml), pH7.2 buffer (12.5 ml) and p-

cyclodextrin (1.70 g,7.5 mmol), the nitrile oxide (50) and ethyl cinnamate (53)

were added in sequentiaily decreasing amounts, that is the nitrile oxide

(sQ)/ethyl cinnamate (53), 1:1, (1.0 mmol, 0.50 mmol,0.25 mmol, 0.06 mmol).

These mixtures were incubated at 37"C for 30h, extracted with chloroform (2 x

20 ml). Analysis of the crude product mixtures by 1U nmr spectroscoPy

showed that the isoxazolines (54) and (55) were present in ratios of 46:54,23:77,

26:74 and 0:100, respectively, in the extracts.

(t)-ETHYL 5-(2,GDICHLOROPHENYL)-3-PHENYL-42-IS OXAZOLINE-4-

CARBOXYLATE (56)

(t)-ETHYL 5 -(2,6-DI CHLO ROP HENYL)-4-PHENYL-42-I S OXAZ OLINE-3-

CARBOXYLATE (94)

The nitrile oxide (30) (0.282 g,7.5 mmol) and ethyl cinnamate (53) (0.26

g,7.5 mmol) were taken into a 30% ethanol solution (20 ml) and added to pH

7.2buffer (12.5 ml). This mixture was incubated at37oC for 30h. The mixture

was saturated with sodium chloride and extracted with chloroform (2 x 20 ml)
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The extracts were dried (magnesium sulphate) and concentrated under

red.uced pressure. The crude product mixture was analysed by 1H nmr

spectroscopy and the isoxazolines (56) and (94) were found to be present in a

ratio of 87:1,3. The isoxazolines (56) and (94) were separated from the crude

product mixture by flash chromatography (ethyl acetate/light petroleum; 1:5),

and recrystallised from light petroleum. The method followed was identical to

the method outlined by Rama Rao ¿f a1.48,49

Isoxazoline (56I (0.191 g,35Vo), m.p. 8B-89oC. lH nmr (300 MH.z, CDCIa) ô

(ppm): 7.02[3H,t,] =7LIZ,CH3-CH2-),4.70Í2IH,m, CH3-C!þ-),4.57 [1H, d, I =9

Hz,C4-H1,6.26 [1H, d, I =9 Hz, C3-H] ,7.40 [8H, m, aromatic hydrogens]. Mass

spectrum mlz(rel. intensity): 367,365,363(2,8,72,M+),792 (100),750,748,746

('1.,1.7,37). The structure was confirmed through X-ray crystallographic analysis

(Appendix 10).

Isoxazoline (94). (0.027 g,57o), m.p. 87oC. 1H nmr (300 MHz, CDCI3) õ (ppm)

1.35 [3H, t, I = 7 Í12,C!!-CH2-), 4.35 fZld', q, ] = 7 TIz, CHg-Cfl2-), 5.24 l7H, d, J =

5.5 Hz, C3-Hl, 5.27 l7IH, d, I -- 5.5 LIz, C4-H1,7.25-7 .40 [8H, m, aromatic

hydrogensl.

Variations of this procedure were undertaken to determine the effects of

B-cyclodextrin and/or baker's yeast on the cycloaddition of the nitrile oxide (30)

and ethyl cinnamate (53).

a) Baker's yeast (0.50 g) was added to the reaction mixture. The crude

product mixture was analysed by 1H nmr spectroscopy and the isoxazolines

(56) and (94) were found to be present in a ratio of 94.6 (Lit.¿e,¿g 100:0). The

isoxazolines (56) and (94) were separated from the crude product mixture by

flash chromatography (ethyt acetate/light petroleum; 1:5), and recrystallised

from light petroleum to yield the isoxazoline (56) (0.158 g,29Vo) and the

isoxazoline (9a) (0.011 g,2%).
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b) B-Cyctodextrin saturated 30% ethanol solution (20 ml) and Ê-

cyclodextrin saturated pH 7.2buf.f.er (12.5 ml) were used in the reaction

mixture. The crude product mixture was analysed by 1H nmr spectroscopy and

the isoxazolines (56) and (94) were found to be present in a ratio of 87:13. The

isoxazolines (56) and (94) were separated from the crude product mixture by

flash chromatography (ethyl acetate/light petroleum; L:5), and recrystallised

from light petroleum to yield the isoxazoline (56) (0.328 g,607o) and the

isoxazoline (94) (0.044 9,87o).

c) Baker's yeast (0.50 g), p-cyclodextrin saturated 30% ethanol solution

(20 ml) and B-cyclodextrin saturated pIH7.2 buffer (12.5 ml) were added to the

reaction mixture. The crude product mixture was analysed by 1H nmr

spectroscopy and the isoxazolines (56) and (94) were found to be present in a

ratio of 97:3 (Lít.a8,49 1gg'g¡. The isoxazolines (56) and (94) were separated from

the crude product mixture by flash chromatography (ethyl acetate/light

petroleum;1:5), and recrystallised from light petroleum to yield the

isoxazoline (56) (0.186 g,34%) and the isoxazoline (94) (0.005 g,7%).

d) To a307o ethanol solution (20 ml), pH7.2 buffer (12.5 ml) and p-

cyclodextrin (1.70 g, 7.5 mmol), the nitrile oxide (30) (0.47 g, 0.25 mmol) and

ethyt cinnamate (53) (0.044 g, 0.25 mmol) were added. Analysis of the crude

product mixture by 1H nmr spectroscopy showed the isoxazolines (56) and (94)

were present in a ratio of 80:20.

TREATMENT OF A REGIOISOMERIC MIXTURE OF ISOXAZOLINES (54)

AND (ss) WITH B-CYCLODEXTRIN

A 47:53 mixture of isoxazolines (54) and (55) (10 mg) was taken into a

30% ethanol solution (20 ml), pHT.2buffer (12.5 ml) and p-cyclodextrin (7.70 g'
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1.5 mmol). This mixture was incubated at 37"C for 30h and extracted with

chloroform (2 x 20 ml) followed by ethyl acetate (3 x 20ml). The extracts were

dried (magnesium sulphate) and the solvent was removed under reduced

pressure. Analysis by 1FI nmr spectroscopy of the the combined chloroform

extracts showed the isoxazolines (54) and (55) present in a ratio of 27:79, t}¡.e

first ethyl acetate extract, 25:75, the second ethyl acetate extract, 77:33, third

ethyl acetate extract,100:0.

TREATMENT OF A REGIOISOMERIC MIXTURE OF ISOXAZOLINES (56)

AND (e4) WITH B-CYCLODEXTRIN

A 87:73 mixture of isoxazolines (56) and (94) (10 mg) was taken into a

307o ethanol solution (20 ml), pH7.2 buffer (12.5 ml) and B-cyclodextrin (7.70 g,

1.5 mmol). This mixture was incubated at 37oC for 30h and extracted with

chloroform (2 x 20 ml). The extracts were dried (magnesium sulphate) and the

solvent was removed under reduced pressure. The combined extracts were

analysed by 1ff nmr spectroscopy which showed that the isoxazolines (56) and

(94) were present in a ratio of 80:20.

TREATMENT OF A REGIOISOMERIC MIXTURE OF ISOXAZOLINES (56)

AND (94) WITH BAKER'S YEAST

A 87:73 mixture of isoxazolines (56) and (94) (10 mg) was taken into a

307o ethanol solution (20 ml), pH7.2 buffer (12.5 ml) and baker's yeast (0.50 g)'

This mixture was incubated at 37"C for 30h and extracted with chloroform (2 x

20 ml). The extracts were dried (magnesium sulphate) and the solvent was

removed under reduced pressure. The combined extracts were analysed by 1H

nmr spectroscopy and showed only the presence of the isoxazoline (56), that is
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the ratio of the isoxazolines (56) and (94) was 100:0

4-ú-B UTYLB ENZALD OXI ME

To 4-f-butylbenzaldehyde (95) (19.4 g, 720 mmol) in water (27 ml),

ethanol (27 ml) and ice (a6 ml) was added hydroxylamine hydrochloride (9.77

g,732 mmol). To this mixture was added 50% sodium hydroxide solution

(27.60 ml) with stirring. The mixture was stirred for 1.5h, washed with ether to

remove any neutral impurities, acidified with concentrated hydrochloric acid

solution and extracted twice with ether. The combined extracts were dried

(calcium sulphate) and the solvent was removed under reduced Pressure. The

resulting white solid was recrystallised from aqueous ethanol to yield 4-f-

butylbenzaldoxime as white, needle-like crystals (10.95 g, 527o), m.p. 105-106"C'

1H nmr (200 MHz, CDCIa) ô (ppm): 7.3219H, s, (CHa)al, 7.4012H', d,l = 6.5H2,

aromatic hydrogensl,7.52lzH, d,l = 6.5H2, aromatic hydrogensl, 8.14 [1H, s,

CH=NOH1,8.48 [1H, bs, CH=NOH]. Mass spectrum (FAB) mlz (rel. intensity):

778 (700; M++H), 754 (75),136 (64).

4-f-BUTYLB ENZOHYD ROXIMINOYL CHLORIDE (96)

To a stirred solution of 4-t-butylbenzaldoxime (10.0 g, 56 mmol) in N,N-

dimethylformamide (80 ml) was added N-chlorosuccinimide (7.54 9,56

mmol). The initial N-chlorosuccinimide addition resulted in a slight

temperature decrease after which the reaction became exothermic and the

mixture was kept between 25-35"C using an ice bath. After the cessation of the

exothermic reaction the mixture was poured into ice/water (150 ml) and

extracted twice with ether. The combined organic fractions were washed three

times with water and dried (calcium sulphate) and the solvent was removed
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under reduced pressure to yield the hydroximinoyl chloride (96) as a yellow

powder (9.t6 g,777o),m.p.70-76oC. 1H nmr (200 }l/rlHz, CDCIg) ô (ppm): 1.27

l9IJ, s, (CII¡)al, 8.50 [1H, s, C(CI)=NOH]. Mass spectrum (FAB) mlz (rel.

intensity): 274,272(32,85; M+ + H),763,767 (27,99),56 (100).

(t)-ETHYL 5-(4-ú.BUTYLPHENYL)-3-PHENYL-42.I S OXAZOLINE.4-

CARBOXYLATE (98)

(+)-ETHYL 5-(4-f-B UTYLPHENYL).4-PHENYL-42.I SOXAZOLINE-3-

CARBOXYLATE (99)

A solution of 4-f-butylbenzohydroximinoyl chloride (96) (7.009,4.7

mmol) in dry tetrahydrofuran (15.0 ml) was added dropwise to a stirring

solution of ethyl cinnamate (53) (0.83 g, 4.5 mmol) and triethylamine (0.72 ml,

5.2 mmol) in dry tetrahydrofuran (30.0 ml). The mixture was stirred at room

temperature for th and heated to reflux for 3h. The mixture was then

concentrated under reduced pressure and the residue was taken up in

chloroform. The solution was washed with water three times, dried

(magnesium sulphate) and concentrated under reduced pressure to give a

yellow crude product. This was then purified by flash chromatography (ethyl

acetate/light petroleum, 1:20) and recrystallised from ethyl acetate/light

petroleum to yield the two isoxazoliness (98) and (99) in the ratio 68:32 by 1H

nmr (200 llr4F{z, CDCIa).

Isoxazoline (98) (0.78 g,477o),mp.78-79oC. 1H nmr (200 }ldÍ12, CDCI3) ô (ppm):

7.24 [3IJ, t, ] = 7Ílz, CH3CH2-1, 7.33 [9H, s, (CHa)a-Ar-], 4.25 [2F{, q, I = 7 ÍIz,

CHeCIIzl, 4.43 f7H, d,l = 6Hz, C4-Hl, 5.97 [7H, d,l = 6Tfz, C3-H], 7.27-7.70 [9H,

m, aromatic hydrogensl. Mass spectrum mlz (rel. intensity): 357 (46; M+), 336

(39, M+-Clril),792 (48), 160 (36),746 (58), 105 (100), 77 (43). HR mass spect. found
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M+, mk 357.7793; CzzHzsNO3 requires M+, mf z 351.1834

Isoxazoline (99) (0.t9g,71. Vo), m.p.96-97oC. 1H nmr (200 }l/rHz, CDCia) õ (ppm)

7.27 l9H, s, (CHs)a-C-1, 1.33 [3H, t, I = 7Hz, CII¡CHz-] ,4.29 l2fl, q J = 7 Hz,

CHsCII2I, 4.9417H,d,1 =4LIz, C3-H1,5.02 [1H, d,] =4ÍIz,C4-H1,7.27-7.5819F{,

m, aromatic hydrogensì. Mass spectrum mlz (rel. intensity): 357 (32; M+), 278

(100), 1,1.4 (30),97 (44). HR mass spect. found M+, mf z 357.7766; C22H25NO3

requires M+, mf z 351.1834.

PIVALDOXIME

To pivaldehyde (100) (1.00 g, 11.6 mmol) in water (3 ml), ethanol (3 ml)

and ice (5 ml) was added hydroxylamine hydrochloride (0.89 g,72.8 mmol). To

this mixture was added 507o sodium hydroxide solution (1.2 ml) with stirring.

The mixture was stirred for 1.5h, washed with ether to remove any neutral

impurities, acidified with concentrated hydrochloric acid solution and

extracted twice with ether. The combined extracts were dried (calcium

sutphate) and the solvent was removed under reduced pressure. The

resulting white solid was recrystallised from aqueous ethanol to yield

pivaldoxime as a labile, pale yellow liquid (7.07 g,97%). 1H nmr (300 MHz,

CDCI¡) ô (ppm): 7.71Í9]H, s, (CHg)a1,1.95 [1H, bs, CH=NOH],4.80 [1H, s,

CH=NOHI. I.r. (nujol): 3396,2976 cm-l.

PIVALOHYDROXIMINOYL CHLORID E (101)

To a stirred solution of pivaldoxime (10.0 g, 99 mmol) in N,N-

dimethylformamide (80 ml) was added N-chlorosuccinimide (73.2 9,99

mmol). The initial N-chlorosuccinimide addition resulted in a slight
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temperature decrease after which the reaction became exothermic and the

mixture was kept between 25-35oC using an ice bath. After the cessation of the

exothermic reaction the mixture was poured into ice/water (150 ml) and was

extracted twice with ether. The combined organic fractions were washed three

times with water and dried (calcium sulphate) and the solvent was removed

under reduced pressure to yield a the hydroximinoyl chloride (101) as a labile,

colourless liquid (7.24 g,547o). 1H nmr (300 MHz, CDCIa) õ (ppm): 7.27 l9H, s,

(CII¡)a1,8.50 [1H, s, C(CI)=NOH].

(t).ETHYL 5-ú-BUTYL-3.PHENYL.A2-IS OXAZOLI NE-4-CARB OXYLATE (1.03)

(I)-ETHYL 5-f-BUTYL-4-PHENYL-A2-IS OXAZOLINE.3-CARB OXYLATE (1.04)

A solution of pivalohydroximinoyl chloride (1"01) (0.5 g, 3.7 mmol) in

dry tetrahydrofuran (a.0 ml) was added dropwise to a stirring solution of ethyl

cinnamate (53) (0.659,3.5 mmol) and triethylamine (0.60 mI,4.1 mmol) in dry

tetrahydrofuran (8.0 ml). The mixture was stirred at room temperature for th

and heated to reflux for 3h. The mixture was then concentrated under reduced

pressure and the residue taken up in chloroform. The solution was washed

with water three times, dried (magnesium sulphate) and concentrated under

reduced pressure to give a yellow crude product. This was then purified by

flash chromatography (ethyl acetate/light petroleum, 1:5) from ethyl

acetate/light petroleum to yield two compounds in the ratio 72:28 by 1H nmr

(200 MHz, CDCIg). The major product (L03) was recrystallised from ethyl

acetate/light petroleum. The minor product (L04) was obtained as a viscous

oi1.

xazoline (0.55 g, 57Vo), m.p.49'C. 1H nmr (200}i.4Í1z., CDCI3) õ (ppm):

7.23Í9IJ,s,(CH¡)g-C-1,7.33 [3H,t, I =7fiz,CA3CHz-],3.97[7H,d,l =6'7Ílz,C3-
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IJl, 4.27 lz]H, q, I = 7 Í12, ClFrgCHzl, S]S [1H, d, I = 6.7 Hz, CÇH],7 '27-7 '38 [5H, m,

aromatic hydrogensl. Mass spectrum mlz (rel. intensity): 202 (76; M+-

COzCHzCHz),792 (68), 746 (44),705 (100), 57 (74; (CH3¡r¡. F{R mass sPect. found

M+-C3H5O2, mf z 202.1273; C15,H21NO I-C7H5O2 requires M+-C3H5Oz, mlz

202.1319.

Isoxazoline (104) (0.318 g,337o). 1H nmr (200 MHz, CDCIs) ô (ppm): 1.08 [9H, s,

(CHe)a-C-1, 1.33 [3H, t, I = 7 TIz, CH3CLþ-), 4.28 l2fl, q, I = 7 Hz, C}Ì3CA2|, 4'56

[1H, d., I = 3lHz),4.79 [1H, d, ] = 3H21,7.27-7.38 [5H, m, aromatic hydrogensl.

Mass spectrum mlz (rel. intensity): 202 (25; M+-COzCH2CH3), 57 (700; (CH3¡r¡.

HR mass spect. found M+-C3H5O z, mlz 202.7252; C16H21NO 3-C1H5O2 requires

M+-C.3H5 0y m I z 202.7379.

TREATMENT OF A REGIOISOMERIC MIXTURE OF ISOXAZOLINES (98)

AND (ee) WITH p-CYCLODEXTRIN

A77:29 mixture of isoxazolines (98) and (99) (10 mg) was taken into a

307o ethanol solution (20 ml), pHT.Zbuffer (12.5 ml) and B-cyclodextrin (7.70 g,

1.5 mmol). This mixture was incubated at 37"C for 30h, extracted with

chloroform (2 x 20 ml) and dried (magnesium sulphate). The solvent was

removed under reduced pressure and analysis of the extract by iH nmr

spectroscopy showed that the isoxazolines (98) and (99) were present in a ratio

of 37:63.

TREATMENT OF A REGIOISOMERIC MIXTURE OF ISOXAZOLINES (103)

AND (104) WITH p-CYCLODEXTRIN

A 48:52 mixture of isoxazolines (L03) and (104) (10 mg) was taken into a
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30% ethanol solution (20 ml), pH7.2 buffer (12.5 ml) and B-cyclodextrin (1.70 g,

1.5 mmol). This mixture was incubated at 37"C for 30h, extracted with

chloroform (2 x 20 mt) and dried (magnesium sulphate). The solvent was

removed under reduced Pressure and analysis of the extract by 1H nmr

spectroscopy showed that the ratio of the isoxazolines (103) and (L04) had not

altered.

5-Q,6-DTCHLOROPHENYL).3-(4-PYRIDINYL)-42-IS OXAZOLINE (58)

The nitrile oxide (30) (0.146 g,0.7 mmol) and 4-vinylpyridine (57) (0.06

rnL,0.7 mmol) were taken into a 307o ethanol solution (10 ml) and pF{7.2

buffer (6.5 ml) was added. This mixture was incubated at 37"C f.or 30h. The

mixture was Saturated with sodium chloride and was extracted with

chloroform (2 x 10 ml),. The extracts were dried (magnesium sulphate) and

concentrated under reduced pressure to yield the isoxazoline (58) as a sticky

gum (0.06 g,29Vo), [a]o25 0o (c,0.1 in acetone). 1H nmr (200 MI-IZ, CDCIa) ô

(ppm): 3.27 l7]H, dd', ¡ =7 Hz, I = 77 Hz,C -Hal, 3'83 [1H, dd, I = 77\12, I = 77 ÍIz'

C4-I{b1,5.82 [1H, dd,l =7 ÍIz,l = 71'LIz,C3-H],7'26-7'47 [5H, m, aromatic

hydrogensl,8.65 [2H, bs, aromatic hydrogensì. Mass spectrum (FAB) mlz (tel.

intensity): 297,295,293 (5,26,39; M+ + H),75,73,77 (22,37,58),56,54 (81, 100).

The method followed was identical to the method outlined by Rama Rao ¿f

o¡.49,55

Variations of this procedure were undertaken to determine the effects of

B-cyclodextrin and./or baker's yeast on the cycloaddition of the nitrile oxide (30)

and 4-vinylpyridine (57).

a) The reaction was scaled up two-fold and baker's yeast (0.50 g) was

added to the reaction mixture. This reaction gave the isoxazoline (58) (0.08 g,
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1,8%;Lit.a9,55 glVo¡, [cr]o25 0o (c, 0.L in acetone) (Lit.¿g,ss ¡crìo25 +66.7" (c, 0.1' in

acetone)).

b) The reaction was scaled up two-fold and B-cyclodextrin (1.76 g) was

added to the reaction mixture. This reaction gave the isoxazoline (58) (0.07 g,

75Vo, Íulo25 go (c, 0.1 in acetone).

5-(2,4,6-TRIMETHYLPHENYL)-3-(4-PYRIDINYL)-42-I SOXAZOLINE (59)

The nitrile oxide (50) (0.250 g, 1.55 mmol) and 4-vinylpyridine (57) (0.11

ml, L.55 mmol) were taken into a 30% ethanol solution (20 ml) and pH7'2

buffer (12.5 ml) was added. This mixture was incubated at 37oC f.or 30h. The

mixture was saturated with sodium chloride and was extracted with

chloroform (2 x 20 ml). The extracts were dried (magnesium sulphate) and the

solvent was removed under red.uced pressure to yieid the isoxazoline (58) as a

sticky gum (0.21 g,57%), [a]O25 0o (c, 0.1 in acetone and c, 1.0 in acetone). 1H

nmr (200 MHz,CDCls) ô (ppm): 2.77 l6lH, s, (CII¡)z- At1,230 [3H, s, CIl¡-Ar], 3'16

[1H, dd, I =7 ÍIz, I = 17 LIz, C -Ha],3.77 [1H, dd, I = 77fIz, I =77 Hz,C4-F{b],

5j7 l7H, dd,,l = 7 Hz, ] = 17 ÍIz, C3-H1,6-90lZH, s, aromatic hydrogensl,T '49

lzIJ, d.,/ = 5.5 tlz, aromatic hydrogensl,8.76 lZlH, d, / = 5.5 FIz, aromatic

hydrogensl. Mass spectrum mlz (tel. intensity): 267 (25; M+ + H),69 (100), 55

(93). The method followed was identical to the method outlined by Rama Rao

s¡ q1.49,55

Variations of this procedure were undertaken to determine the effects of

p-cyclodextrin and/or baker's yeast on the cycloaddition of the nitrile oxide (50)

and 4-vinylpyridine (57).

a) Baker's yeast (0.50 g) was added to the reaction mixture. This reaction

gave the isoxazoline (59) (0.18 g, 447o;Lit.a9,55 ggo¡o¡, [a]p25 0o (c,0.1 i¡ acetone
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and c, 1.0 acetone) (Lit.¿9,ss [cr]D25 +5.1o (c, 0.1 in acetone)).

b) p-Cyclodextrin (7.76 g,1.55 mmol) was added to the reaction mixture.

This reaction gave the isoxazoline (Fig) Q.27 g, 66Vo, [o]O25 0o (c, 0.1 in acetone

and c, 1.0 in acetone).

c) Baker's yeast (0.50 g) and p-cyclodextrin (7.26 g,1.55 mmol) were

added to the reaction mixture. This reaction gave the isoxazoline (59) (0.20 g,

49%;Lit.a9,55 ggTo¡, [ø]o25 0o (c, 0.1 in acetone and c, 1.0 acetone) (Lit.49'55 [cr]D25

+25.8o (c, 0.L in acetone)).
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APPENDIX 14

Addendum to APPendix 1

Between the compilation of the review in Adaønces in Heterocyclic

Chemistry and. the writing of this thesis, a number of reports have appeared in

the literature regarding L,3-dipolar cycloaddition reactions between nitrile

oxides and. alkenes. In general these reports provide more examples of topics

already discussed. In the area of nitrile oxide synthesis the use of microwave

technology to dehydrochlorinate hyd.roximinoyl chlorides has been reported

¡94ICR(S)116l, the synthesis of alkoxy nitrile oxides has been described

t93ACS1004l, organometallic complexes have been used in nitrile oxide

synthesis l93BCI268gl, and. nitrile oxides have been prepared from from nitrolic

acid.s lg3L A4r'-1,) and nitroalkenes 19 4TL55771'

Further mechanistic studies using ab initio calculations for nitrile oxide

cycloadd.itions [93CRV24 93, 931OC6038] have been conducted.

Reactivity of o,p-bond of a nitrogen substituted allene [93JCR(S)203] in

cycloaddition reactions and chemoselectivity in cycloaddition reactions to

allenes I93JCR(S)3981 and diazepines [93T7001] have been reported' Rate

enhancement, using metal complexed. nitrile oxides Í941A23241, have also been

reported. in the area of olefin reactivity towards nitrile oxides.

Further examples of regioselective nitrile oxide cycloaddition to

monosubstituted. I93JCR(S)482,94CC993,94T70497,931HC7297,931A44071,7,7-

disubstituted [93H5 91,, g3T 70 629, 9 4ICS(P 1 ) 485, 94M3 0 1, 94M553, 9 4T 377 3,

9 4T 55671, trisubs tituted [93L4 77 69, 9 4}r'r7 35, 93M 1 20 1 ] and te trasubs tituted

[94CC21 85, 931OC4524, g4CB581 ] alkenes have been reported.

The d.irecting effect of acyl [93AJC140 7, 93H597,9 4T7969, 93T8899,
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94TA607,14IHC257l, alkylthiylÍ9aT79691, sulphinyl [93]CR(S)3461 and alkoxy

I93JCS(P1)751 substituents on the alkene have been described and the use of

metal complexation in directing the regioselectivity of nitrile oxide

cycloaddition reactions [94]A 2324, g3SC767 3, 93TL25291 have been used''4b

initío calculations of chemical interactions in the regiocontrol of the reaction

of formonitrile oxid.e with methyl vinyl ether has also been reported

[e4JCS(F1)1,077].

Improved stereoselectivity in nitrile oxide cycloaddition reactions have

been achieved through the use of metal complexation [94C81'243,935C7673,

g1TLzszgl and chiral auxiliaries [93CL1847,931A7472.93JCR(S)482,93TL6063,

94JCS(P1) 485,93TA6071. îhere have also been some model calculations on the

chemical interactions involved in stereoselectivity of some cycloaddition

reactions I93JCS(F1)29, JCS(FI )3973, 93JOC60381.

The elaboration of isoxazolines to B-hydroxy ketones 194CC993,

g4TLgI69,9357206,94T704971, isoxazoles [93H591,9351104], B-hydroxyesters

[934CS1004] and B-keto esters [934CS1004] have also been described in the

literature.

Intramolecular nitrile oxide cycloaddition chemistry remains an

expanding area with many articles appearing in the literature since the

compilation of the review ín Adtsances in Heterocyclic Chemistry Í93CL557 '
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APPENDIX 2

Crystal structure of

9-(2,6-dichlorophenyl)-B-aza-7-oxa-[4.3.0ì-bicyclonon-8-en-2-one (60)

c34

c33 c35

c32 c36

ct32 c31 cl36

C3 C4

N2

o1 C9

The numbering of the atoms in this structure is consistent with the X-

ray crystai data.

o5

C5

C6

C]

C8
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Bond distances (Ä) for

9-(2,6-dichlorophenyl)-8-aza-7-oxa-[4'3.0]-bicyclonon-8-en-2-one (60)

atom

cl (32)

cr (36)

o(1)

o(1)

o(5)

N(2)

c (3)

c(3)

c (4)

c(4)

atom

c (32)

c (36)

N(2)

c(9)

c (s)

c (3)

c(4)

c(31)

c (5)

c (9)

disLance

1.709(9)

L.128 (9t

r_393(7)

1-410(8)

1.r86(7)

L.246('t't

1.4?9 (B)

r.4s1 (9)

1.499(9)

1-s0s(9)

atom

c(5)

c (6)

c(7)

c(8)

c (3r)

c(31)

c (32)

c (33)

c(34)

c (3s)

atom

c(6)

c(?)

c(8)

c(9)

c(32)

c(35)

c (33)

c(34)

c (35)

c (35)

disÈance

r.457(9)

r.45(1)

r.2s(1)

r.43(1)

r.389(9)

t.348 (9)

r.34(1)

| .32 (2'

| .36 (2t

r . 37 ( 1)

Bond angles (deg.) for

9-(2,6-dichlorophenyl)-8-aza-7-oxa-[4.3.0]-bicyclonon-8-en-2-one (60)

atom

N(2)

o(r)

N(2)

N(2)

c (4 )

c (3)

c (3)

c (s)

o (5)

o(5)

c(4)

c (5)

c(6)

c (7)

atom

o(1)

N(2)

c(3)

c(3)

c(3)

c(4)

c (4 )

c (4 )

c (s)

c(5)

c(5)

c(6)

c(?)

c(8)

atom

c(9)

c(3)

c (4 )

c(31)

c(31)

c (5)

c(9)

c(9)

c (4 )

c (6)

c (6)

c(l)
C(B)

c (9)

ang.Ie

110.1(5)

109-6(6)

r13-7 (6)

119-r(6)

r21 .2 (61

rr2-9(s)

r0r.2 (5)

rr7. r (5)

1L9-2(6)

r21. 8 (7 )

119.0(6)

1r-4.8(7)

L22 -5 (9')

].26 (Ll

1n¿ Á f Áì

atom

o(1)

c(4)

c(3)

c(3)

c(32)

cr (32)

cr (32)

c(31)

c (32].

c(33)

c(34)

cr (36)

cr (36)

c(31)

atom

c(9)

c(9)

c(31)

c(31)

c(31)

c(32)

c 132)

c(32)

c(33)

c(34)

c (3s)

c (36)

c(36)

c (36)

a Com

c (B)

c(8)

c(32)

c (36)

c (36)

c(31)

c(33)

c (33)

c(34)

c (35)

c (36)

c(31)

c (35)

c (35)

angle

1t1.0(9)

115.0(l)

121. I (? )

r22 .0 (1 \

tr6. B (7)

119_7 (6)

119.9(9)

r2r.3 (9)

120(r)

r22 (r\

rl.l (1)

r19.5(7)

1r7.9(9)

122 .619',
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APPENDIX 3

Crystal structure of

5-(2,6-dichlorophenyl)-a-(3-hydroxypropionyl)-1- aza-2-oxa-cyclopenta-3,5-diene
(øz¡

c34

c35 c33

c36 c32

cr36 c31
CL32

o6

C3

N2 C6 o8

C4

C8

o1
C7

C5
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Bond distances (Å) for

5-(2,6-dichlorophenyl)-a-(3-hydroxypropionyl)-1-a za-2-oxa-cyclopenta-3,5-diene
(67)

afom

cr (32)

cr- (36)

o (1)

o (1)

o (6)

o(8)

N(2)

c (3)

c (3)

c(4)

atom

c(32)

c (36)

N(2)

c (s)

c (6)

c(8)

c (3)

c(4)

c (31)

c(5)

distance

r. ?r4 (? )

1-?r3 (7)

1.405 (6)

1.321 (6)

r.207 (6)

1.208(B)

r.281 (61

1.4r1(7)

1.467(8)

! .342 (1 I

atom

c (s)

c(3)

c(4)

c(3r)

c (31)

c (5)

c(6)

c(6)

c(4)

c(4)

c(7)

c(7)

c(8)

atom

c(4)

c(6)

c(?)

c(31)

c(31)

c(32)

c (33)

c(34)

c (35)

atom

c (6)

c(?)

c(8)

c(32)

c (36)

c (33)

c(34)

c(35)

c (36)

distance

1.449(8)

L .466 ('t I

r.49(1)

1.3s0(8)

1.37? (8)

1.382 (9)

1.360 (9)

r.3s9 (9)

1-380(8)

Bond angles (deg.) for

5-(2,6-dichlorophenyl)-a-(3-hydroxypropionyl)-1-a za-2-oxa-cyclopenta-3,5-diene
(67)

atom

N(2)

o(1)

N(2)

N(2)

c(4)

c (3)

c (3)

c (5)

o(1)

o(6)

o(6)

c(4)

c(6)

atom

o(1)

N(2)

c (3)

c (3)

c (3)

c(4)

c(4)

c(4)

c (s)

c(6)

c (6)

c (6)

c(?)

angì-e

108-3(4)

l-05.8(s)

111.5 (5)

117.8(6)

130.? (6)

104.0 (6)

128.6(6)

L21 - 4 16',,

110-4 (5)

119.9(6)

T2r.2 (6)

1r8. 9 (5)

r14.3 (5)

atom

c(8)

c (31)

c(3r)

c(31)

c (32)

c (32t

c (32)

c (33)

c(34)

c (3s)

c (36)

c (36)

c (36)

atom

c(7)

c(32)

c(36)

c(36)

c(31)

c(33)

c(33)

c(34)

c (35)

c (36)

c(31)

c (35)

c(35)

angle

r22.6 (9,)

L2). .9 11 I

r19.6(7)

1r8.5(6)

119.4(6)

r18.8(?)

121.8 (7)

118.1(7)

r22 . | (7')

riB.2 (?)

r20.6 (5)

r18.2 (6)

L2r .2 (11

atom

o(8)

c (3)

c (3)

c(32)

cr (32)

cr (32)

c(31)

c (32t

c (33)

c (34)

cl, (36)

ct (36)

c(31)
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Torsion Angles (deg ) for 5-(2,6-dichlorophenyl)-4-(3-hydroxypropionyl)-1-aza-
2-oxa-cyclopen ta-3,5-diene (67)

(1) (21 (3) (4) ansJ-e

cr (32c (32) C (31) c (3) -2.1 (8)

cl (32c (32)C (31) c (36) 179.9 (4)

cr (32c (32) c (33) C (34) 1?8.9 (s)

c1 (36C (36) C (31) c (3) 1.3 (8 )

cl (36c (36) c (31) C (32) 179.3 (s)

c1 (36C(36)c135¡ç(34) -179. 0 (s)

o(1) N(2) C(3) C(4) 0.0 (7)

o (1) N (2) C (3) C (31) 178.8 (s)

o(1) c(s) c(4) c(3) -0.s(7)

o (1) c (s) c (4) c (6) 179 - 9 (s)

o(6) c(6) c(4) C(3) 2(a',t

o (6) C (6) c (4) C (s) -178 - 4 (7)

o(6) c(6) C(7) c(8) -11 (1)

o(8) c(8) c(7) c(6) s2(1)

N(2) o(1) C(s) C(4) o.s(7)

N(2) C(3) c(4) C(s) 0.3(7)

N(2) C(3) C(4) C(6) 1?9.9(6)

N (2) c (3) C (31) C(32) -88.7 (7)

(1) (21 (3) (4) ansle

N(2) c(3) C(31)c(36) 89.3(8)

c (3) N (2) o (1) C (s) -0.3 (6)

c(3) c(4) C(6) c(?) -1?9-s(6)

c (3) c (31) C (32) c (33) 178 - 9 (6)

c (3) c (31) c (36) c (3s) -178.0 (6)

c(4) c(3) c(31)c(32) 89.9(9)

c(4) c(3) C(31)c(36) -92.2(g',)

c (4) c (6) C (7) C (8) 170.9 (7)

c (s) c (4) c (3) c (31) -178 - 3 (7)

c(s) c(4) c(6) c(7) 0.1(9)

c (6) c (4) c (3) C (31) 1 (1)

c(31)C(32)C(33)c(34) -2(\\

c (31) C (36) c (3s) c (34) o (1)

c(32tc(31)s136)C(3s) 0.0(9)

c(32)C(33)C(34)c(3s) 2(a')

c (33) c (32) C (31) C (36) 0.9 (9)

c(33)C(34)c(3s)c(36) -2(rl
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APPENDIX 3

Crystal structure of

9-(2,6-dichlorophenyl)-8-aza-7-oxa-[4.3.0]-bicyclonona-l,8-dien-2-one (70)

c35

c34 CI36

c36

c33

c31
c3z

ct32 N2

o1

The numbering of the atoms in this structure is consistent with the X-

ray crystal data.

o5

C5

C6

C7C9

C8
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Bond distances (Å) for

9-(2,6-dichlorophenyl)-8-aza-7-oxa-[4.3.0]-bicyclonona-1,8-dien-2-one (70)

atom

cI(32)

cr (36)

o (1)

o (1)

o (s)

N(2)

c (3)

c (3)

c (4)

c(4)

c (s)

c (6)

c (6)

c (6)

c (7)

atom

c (321

c (36)

N(2)

c (9)

c(s)

c (3)

c(4)

c (31)

c (s)

c (9)

c (6)

c(7)

H (6a)

H(6b)

c(8)

distance

1.719 (3)

1.7r.4 (3)

r..411 (3)

t -324 (4)

r.20't (4't

r -289 (41

1 - 402 (41

L.469 (41

1 - 445 (41

1.340(4)

1.488 (s)

r - 497 (61

0.88(4)

1_ 04 (s)

1. s06 (6)

atom

c(7)

c(7)

c(8)

c(8)

c (8)

c(31)

c(31)

c (32)

c (33)

c (33)

c(34)

c(34)

c (3s)

c (3s)

atom

H (7a)

H (7b)

c (9)

H (8a)

H(8b)

c (32)

c(36)

c (33)

c (34)

H (33)

c (3s)

H(34)

c (36)

H (35)

distance

1.14 (5)

1.07(4)

1.4s9 (s)

r .02 (4)

0.86(4)

1.370(4)

1.384(4)

1.369 (s)

1.354 (6)

0.9s(4)

1.3s0 (s)

0.84 (3)

1.367 (5)

0.90 (3)
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Bond angles (deg.) for

9-(2,6-dichlorophenyl)-8-aza-7-oxa-[4.3.0]-bicyclonona-1,8-dien-2-one (70)

atom

N (2)

o (1)

N(2)

N(2)

c(4)

c (3)

c(3)

c (s)

o (s)

o (s)

c(4)

c(s)

c (s)

c(s)

c(?)

c(?)

H (6a)

c(6)

L(þ,l

c(6)

c(8)

C(B)

H (7a)

c (7)

c(?)

atom

o (1)

N(2)

c (3)

c(3)

c(3)

c(4)

c(4)

c(4)

c(s)

c(s)

c(s)

c(6)

c(6)

c(6)

c(6)

c(6)

c(6)

c(7)

c(7)

c(7)

c(7)

c(?)

c(7)

C(B)

c(B)

atom

c(9)

c (3)

c(4)

c(31)

c (31)

c (s)

c(9)

c(9)

c(4)

c (6)

c (6)

c(7)

H (6a)

H (6b)

H (6a)

H (6b)

H (6b)

C(B)

H (7a)

H (7b)

H (7a)

H (7b)

H (7b)

c(9)

H(Ba)

ang.le

108.3 (2)

10s.3(2)

111.9 (3)

119.6(3)

128.5 (3)

134.6 (3)

104.4 (3)

121.0 (3)

722 - 8 (3)

123.0 (3)

r\4.2 (3t

113.9 (3)

110 (2)

118 (3)

11s (2)

90 (2)

111(3)

113.6(4)

110 (3)

103 (2)

106 (3)

105 (2)

119 (3)

10?.9 (3)

110 (2)

atom

c(7)

c (9)

c(9)

H(8a)

o(1)

o (1)

c(4)

c (3)

c(3)

c (32)

cr (32)

cr (32)

c(31)

c (32t

c(32)

c(34)

c (33)

c (33)

c (3s)

c(34)

c(34)

c(36)

cr- (36)

cl(36)

c(31)

atom

c(8)

c(B)

c(8)

c(8)

c(9)

c (9)

c(9)

c (31)

c(31)

c(31)

c (32\

c (32)

c(32)

c (33)

c (33)

c(33)

c(34)

c(34)

c(34)

c (3s)

c (3s)

c (3s)

c(36)

c (36)

c (36)

atom

H(8b)

H (Ba)

H(Bb)

H(8b)

c(4)

C(B)

c(8)

c(32)

c(36)

c(36)

c(31)

c (33)

c (33)

c (34)

H (33)

H (33)

c(35)

H (34)

H (34)

c (36)

H (3s)

H (35)

c(31)

c (35)

c(35)

angle

r12 (3)

113 (2)

104 (3)

110 (3)

1r0.2(3)

121.9 (3)

128.0 (3)

123.1 (3)

120.1 (3)

116.8(3)

119.9(3)

118.3(3)

121.8 (3)

rr9.2 (4)

115 (2)

r2s (21

r2r .3 (41

119 (3)

119 (3)

1i9.0(4)

r23 (21

rrl (2)

1r9.0(3)

rt9.r(3)

121.9 (3)
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APPENDIX 5

Crystal structure of

9-(2,6-dichlorophenyl)-8-aza-3,7-dioxa-14.3.01-bicyclonona-1,8-dien-2-one (71)

e4
c95

e3
c96

02
c92 c196

c91

crg2

C1
C9

N8

07
C6

C5
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Bond distances (Å) for

9=o 6-dicir.lnronhpnvll-8-aza-i.7-dìoxa-[4 3.0'l-bicvclonona-1.8-dien-2-one (71)

atom atom

cL (92t C (921

cr (96) c (96)

o (21

o (3)

o (3)

o(7)

o (7)

N(8)

c (1)

c (1)

c (1)

c (4)

c(4)

c(4)

cl2t

c (2t

c(4)

N(8)

c (6)

c (9)

c (2)

c(6)

c(9)

c (s)

H (4a)

H (4b)

distance

r .7 07 (21

1.708 (3)

l-.188 (3)

1.338 (3)

1.449 (3)

7 .426 (21

1.320 (3)

1.289(3)

1.438(3)

1.330 (3)

r-.40?(3)

1.491(4)

0.96(2)

1.03 (3)

atom

c (s)

c (s)

c (s)

c (9)

c(91)

c(91)

c (92)

c (93)

c (93)

c(94)

c(94)

c (9s)

c (9s)

atom

c(6)

H (5a)

H (sb)

c(91)

c (921

c (96)

c(93)

c(94)

H(93)

c (9s)

H (94)

c(96)

H(95)

distance

1.461 (3)

0.94(3)

0 .96 (2',)

1.469 (3)

r -3'12 (31

r.372 (3',)

1.369 (3)

1.357 (4)

0.93(2)

1.354(4)

0.92 (2t

1.375(3)

0.93(2)
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Bond angles (deg-) for

9-(2,6-dichlorophenyl)-8-aza-3,7-dioxa-[ .3.0]-bicyclonona-1,8-dien-2-one (J1)

atom

c (2')

N(8)

o(7)

c (21

c(2')

c (6)

o(2)

o (2)

o (3)

o (3)

o (3)

o (3)

c (s)

c (s)

H(4a)

c(4)

c(4)

c(4)

c (6)

c(6)

H(5a)

o(?)

o(7)

atom

o (3)

o(?)

N(B)

c (1)

c (1)

c (1)

c(2)

c(2)

c(2)

c(4)

c(4)

c(4)

c(4)

c(4)

c(4)

c (s)

c (s)

c(s)

c (s)

c(s)

c (s)

c(6)

atom

c(4)

c (6)

c (9)

c(6)

c(9)

c (9)

o (3)

c(1)

c(1)

c (s)

H (4a)

H (4b)

H (4a)

angJ-e

119.1 (2)

r01 .9 (z',)

10s.0 (2)

r2L -3 (21

r33 -1 (2')

r04.6 (21

119. s (2)

rzs - s (21

r14.9 (2)

rL3.2 (2)

r02 (2)

107 (1)

].L6 (2')

111(1)

ao1 (2\

L05.2 (2',)

rr3 (2')

r07 (2t

108 (2)

111(1)

l-L2 (21

rr0 -1 (2')

r25 .4 (2)

atom

c(1)

N(8)

N(8)

c (1)

c(9)

c (9)

c (92',,

cl(92)

cr (92)

c (91)

c (92't

c (92',)

c (94)

c (93)

c(93)

c (9s)

c(94)

c(94)

c(96)

cl(96)

cr- (96)

c(91)

atom

c (6)

c (9)

c (9)

c (9)

c(91)

c(91)

c(91)

c (92)

c (92)

c (92)

c (93)

c (93)

c (93)

c(94)

c(94)

c(94)

c(9s)

c (9s)

c (95)

c(96)

c(96)

c(96)

atom

c (s)

c(1)

c(91)

c(91)

c (92\

c (96)

c (96)

c(91)

c(93)

c(93)

c(94)

H (93)

H(93)

c(9s)

H (94)

H (94)

c (96)

H(9s)

H (9s)

c(91)

c (9s)

c (9s)

angle

r23 .9 (2',)

tIr.1 (2\

119.3 (2)

r29 .0 (2)

l^20 .6 (2\

L2r .8 (2)

r11 .6 (2)

7r9 - 6 (2)

7L8.1 (2)

r2I.'t (2)

118.8(3)

118 (1)

L23 (L',)

121.5 (3)

r20 (2)

118 (2)

118.9 (3)

123 (1)

118 (1)

119-3(2)

119.3(2)

72r .4 (2)

H (4b)

H (4b)

c(6)

H (5a)

H(5b)

H (5a)

H (sb)

H (5b)

c(1)

c(s)c (6)
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APPENDIX 6

Crystal structures of

7-(2,6-dichlorophenyl)-8-aza-9-oxa-[4.3.0]-bicyclonona-1,7-dien-2-one (73)

O9a Cla
C3a

N8a

C'7a C5aCI12a

C'lla
Cl2À

Cl76a

C73a
C'l6a

C15a
C74a

o2b

09b czb
clb

c3b
N8b

c4b
c?b c6b

c5b

cl76b cT rb

c76b

c75b

C]4t)

clzb
ct12b
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Bond distances (^'&) for

7-(2,6-dichloropheny l)-8-aza-9-oxa-[4.3.0]-bicyclonona-1,7-dien-2-one (73)

atom

CI (12a

cl (l2b

cr- (7 6b

Cl- (76a

o (2a)

o (2b)

o (9b)

o (9b)

o (9a)

o(9a)

N (8b)

l¡ (8a)

C (1a)

c (1a)

C (1b)

c (lb)

ç 12a)

c (2b)

c(3a)

c (3b)

atom

C ('72a1

c (12b1

c (? 6b)

C (76a)

ç 12al

ç 12b)

¡ 18b)

c (1b)

N (Ba)

ç 11a)

ç 17b)

C (7a)

C (2a)

c (6a)

ç 12b)

c(6b)

C (3a)

c (3b)

C(4a)

ç 1ab)

distance

1.710(?)

1.?08 (8)

r ..'r L6 ('7 \

1. .112 (11

1.209(8)

1.188(7)

1 . 397 (7 )

1.329(8)

1.407(7)

1.349(8)

1.295(B)

1. 301 (7 )

1.45(1)

1.326(8)

1 . 4 61 (9 )

1.326(B)

1.49 (1)

1.46 (1)

1 . 37 (1)

1.491(9)

atom atom

c (4a) C (5a)

c (4b) c (5b)

c (5a) C (6a)

c(5b) c(6b)

c(6b) c(?b)

C (6a) C (?a)

C (7a) C (71a)

c (?b) c (71b)

c (?1b) c(12b\

c (?1b) c (76b)

C (?1a) C(12a)

C (?1a) ç 176a)

c(12b\ C(73b)

C(12a) C(73a)

c (?3b) c (74b)

C (73a) C (74a)

c (74b) C (75b)

C (?44) C (75a)

c (7sb) c (76b)

C (?5a) ç (76a)

di stance

r .42 (r\

1.51 (1)

| .414 (9)

1.4s3(9)

t .422 (9)

1.392 (9)

1.4?3(9)

I _ 468 (9)

1.3?(1)

1.378(9)

r . 37 ( 1)

r.3s7 (9)

1.39(1)

1.352 (9)

r.37 (1)

1.35 (1)

I . 36 ( r )

1 . 34 ( r )

r.348 (9)

r.372 (B)
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Bond angles (deg.) for

7-(2,6-dichlorophenyl)-8-aza-9-oxa-[4.3.0]-bicyclonona-1,7-dien-2-one (73)

atom

N(8b)

N(8a)

o(9b)

o (9a)

o (9a)

o(9a)

C (2al

o(9b)

o (9b)

c (2b)

o (2a)

o (2al

C (1a)

e 12b)

o (2b)

ç 11b)

C (2a)

c (2b)

C (3a)

c (3b)

C (4a)

c (4b)

c (1b)

c (1b)

c(sb)

C(1a)

atom

o (9b)

o (9a)

N(8b)

N (8a)

C (1a)

C (1a)

c (1a)

c (1b)

c (1b)

c (1b)

C (2a)

C (2al

C (2a)

c (2b)

c (2b)

c (2b)

C(3a)

c (3b)

C (4a)

c(4b)

C (5a)

c (5b)

c(6b)

c (6b)

c(6b)

C (6a)

atom

c (1b)

C(1a)

ç 17b)

C (7a)

C (2a)

C (6a)

C (6a)

c (2b)

c (6b)

c(6b)

C (1a)

C (3a)

C (3a)

c(1b)

c (3b)

c (3b)

C(4a)

c (4b)

C (5a)

c (sb)

C(6a)

c (6b)

c (sb)

c (7b)

c (?b)

C(5a)

angle

108.7 (s)

107.2 (s)

104.9(s)

105.?(5)

L22 . s (6)

110.4(6)

r21 .I (1 )

L24.'t (61

111_0(6)

1-24.2 (6)

r24.2 (9)

r24 -1 (8)

111.0(?)

r2r .6 (1)

12s.5(7)

rr2 .9 (6)

120.1(8)

114.7(6)

125.s(9)

113.0(6)

111.9 (6)

109.6(6)

l^24 .3 (6)

103_3(6)

132. s (6)

tzr .9 (1)

atom

C (1a)

C (5a)

N (8a)

N(8a)

C(6a)

N (8b)

N(8b)

c (6b)

c (7b)

c (?b)

c ('tzb)

C (7a)

C (7a)

C (72a)

cI ('72b

cl (72b

c (71b)

CL ('t2a

CI ('72a

C(?1a)

c (12b)

c (1 2a't

c (? 3b)

C (73a)

c (74b)

C (?4a)

atom

C (6a)

C (6a)

c (7a)

C (7a)

C (7a)

c (7b)

s 1?b)

c (?b)

c (?1b)

c (71b)

c (71b)

C (71a)

C(71a)

C (71a)

c (12bt

c (12b)

c (12b1

C (12a)

C (12a)

C (12a]l

c (l3b)

C (?3a)

c (74b)

C (74a)

c (75b)

C (75a)

atom

C (7a)

C (?a)

C(6a)

C (71a)

C (71a)

c(6b)

c ( 71b)

c (?1b)

c (?2b)

c (76b)

c (76b)

C (12at,

C(76a)

C(?6a)

c (71b)

c (73b)

c (73b)

C (7la)

C (?3a)

C (?3a)

c (?4b)

C (74a)

c (75b)

C(75a)

c (?6b)

C (?6a)

angle

10s.1(6)

133.0(6)

111.6 (6)

r20 -1 (6)

L21 .1 (6)

112.1(5)

121.3 (6)

L26 .6 (s)

r20 . s (1)

r22 .3 (1 I

rrl .2 (1\

r2r .9 (''t \

I20.r(1)

117.9(6)

119.4 (6)

119.4 (7)

t 2t.2 (B)

119.9(5)

1r,9.2 (6)

r20 .9 (6\

118.9(8)

r20.r(1')

120.9(B)

120.4 (7)

r-19.2(B)

119.4(6)
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cr (76b

cr (? 6b

c (71b)

Cl- (76a

CI (76a

C (71a)

ç 1z6b)

c (?6b)

c (76b)

C (76a)

C (76a)

C (76a)

c (?lb)

c (?5b)

ç 175b)

C (71a)

C (75a)

C (75a)

119.3 (s)

118.0 (7)

r22 .6 (8)

119.6 (5)

119.2 (s)

r2r -2 (61
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APPENDIX 7

Crystal structures of

7-(2,6-dichlorophenyl)-8-aza-3,9-dioxa-[4.3.0]-bicyclonona-1,7-dien-2-one (76)

O2a

O3a

Cll2a
C4a

C6a
C5a

C72a
C7la

C13a C76a

CI76a

C74a
Cl5a

C2a
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Bond distances (Å) for

7-(2,6-dichlorophenyD-8-aza-3,9-dioxa-[4.3.0i-bicyclonona-1,7-dien-2-one (76)

atom

cr (72b

CI (72a

cI (76b

Cl- (76a

o (2al

o (2b)

o (3a)

o (3a)

o(3b)

o (3b)

o(9a)

o (9a)

o(9b)

o (9b)

N (8a)

N (8b)

C (1a)

C (1a)

c (1b)

c (1b)

atom

c (72bl.

C l'12a1

c (76b)

C (76a)

C (2a)

c (2b)

C (2a)

C (4a)

c (2b)

c (4b)

N (8a)

C (1a)

N(8b)

c (1b)

C (7a)

c (?b)

C (2a)

C(6a)

c (2b)

c(6b)

atom

C (4a)

c (4b)

C (5a)

c (sb)

C(6a)

c (6b)

C(7a)

c (7b)

C (71a)

C (71a)

ç 1?1b)

c (71b)

C (72a1

c (72b1

c ( 73b)

C (73a)

C (74a)

c (74b)

c (7sb)

C (75a)

atom

C(5a)

c(sb)

C(6a)

c(6b)

C (7a)

c (?b)

C (71a)

c (?1b)

C (72a)

C (76a)

c ('t2b')

c (76b)

C (73a)

c (73b)

c (7 4b)

C (?4a)

C (75a)

c (75b)

c (76b)

C(76a)

distance

r -123 (81

1.718 (7)

1.709(8)

7-699(7)

1.19(1)

1.18(1)

1.34(1)

1.4s(1)

1.33(1)

1.42 (tl

1.391(7)

t.322 (9'.)

1.398 (7)

1.329 (9)

r.28't (91

1.30s (9)

1.44 (1)

1.32(1)

1.48(1)

r.32 (r)

distance

1. s0 (1)

1.51(1)

1.47 (1)

1.48 (1)

1.40(1)

1.40(1)

1.46(1)

1.481 (9)

1.374 (9)

1.368 (9)

1.37(1)

1.397 (9)

1.37(1)

1.37(1)

1.35 (1)

1.35(1)

1.3?(1)

1.36(1)

1.36 (1)

1.37(1)
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Bond angles (deg.) for

7-(2,6-dichlorophenyl)-8-aza-3,9-dioxa-[4.3.0ì-bicyclonona-1,7-dien-2-one (76)

atom

C (2a)

c (2b)

N(8a)

N (8b)

o(9a)

o (9b)

o(9a)

o(9a)

C (2al

o (9b)

o(9b)

ç 12b)

o (2a)

o (2a)

o (3a)

612b)

s 12b)

o (3b)

o(3a)

o (3b)

C (4a)

ç 14b)

C (1a)

C (1a)

C (5a)

c(1b)

atom

o (3â)

o(3b)

o(9a)

o (9b)

N(8a)

N (8b)

ç 11a)

c(1a)

c (1a)

c (1b)

c t1b)

c (1b)

C (2a)

c (2a\

c (2al

c (2b)

c (2b)

c (2b)

c (4a)

ç 14b)

C (5a)

c(sb)

C (6a)

C(6a)

C(6a)

c(6b)

atom

c (4a)

c (4b)

c (1a)

c(lb)

c (?a)

c (?b)

C (2a)

c(6a)

c(6a)

ç 12b)

c (6b)

c(6b)

o (3a)

C (1a)

c (1a)

o (3b)

ç 11b)

c (1b)

C (5a)

c(5b)

C (6a)

c (6b)

C(5a)

c (7a)

C (7a)

c (sb)

angle

119.6(7)

720-6(7t

105.8(6)

108.0(6)

107.5(?)

104.7(7)

1,22.r (9)

112.6 (8)

l_24 _ I (91

722.9 (8)

111.2(8)

r2s.4 (9)

120 (1)

r21 (r)

113.0(9)

121.3 (9)

l-26 (r\

112.s(B)

113.3(7)

113.0(7)

105.0(7)

107.9(7)

121.1(B)

103.5(B)

13s.3(9)

119.4 (B)

atom

c (7b)

ç 17b)

C (6a)

C (l1a )

C(7ta)

c (6b)

c (llb)

c ( 71b)

C (12a)

C (76a)

C (76a)

c (12b)

c (76b)

c(?6b)

C (71a)

C (73a)

C (73a)

c (71b)

c (?3b)

c (73b)

c (74b)

C (74a)

ç (75a)

c (7sb)

c (76b)

C(?6a)

angJ-e

104.0 (8)

136.5 (9)

110.6(8)

120.? (8)

128.7 (8)

112.0(8)

r20.2 (8t

r21 .8 (9)

r22 .0 (1)

r20 .9 (1)

117.1(7)

123.1(8)

119.8(B)

11?.0 (7)

120.1(?)

118.3(7)

r2r .6 (1)

119.0(7)

119.3(7)

121.7 (8)

119.4(B)

120.1(7)

120.3(8)

12r.1(B)

119.7 (8)

1r8.9 (?)

atom atom

c(lb) c(6b)

c (sb) c (6b)

N (8a) ç 1?a)

N (8a) C (?a)

C (6a) C (74)

N (8b) ç 1?b)

N (Bb) ç 17b)

c(6b) s17b)

C (?a) C (l1a)

C (7a) C (?1a)

C(12a\ C(71a)

ç 1?b) c (71b)

s 17b) c (?1b)

c (12b) c (71b)

CL (7 2a C (12a)

CI (12a C (12al.

c (?1a) C(12a\

c1 (72b C(12br'

cr (72b c(12b)

c (7lb)

c (12b)

C (12a)

C (73a)

c (73b)

c (74b)

C (74a)

c (12br,

c (73b)

C(?3a)

C (?4a)

c (74b)

c (? 5b)

C (?5a)
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C1(76a

C](76a

C (71a)

cl (76b

cI(76b

c (71b)

C (76a)

C (76a)

C (76a)

c (?6b)

c (76b)

c (76b)

C (71a)

C (75a)

C (75a)

c (71b)

c (7sb)

c (7sb)

]-20 .0 ('7 t

118.0(7)

a22-0(7)

118.0(7)

r20 .9 ('7l-

121-1(8)



C10a

APPENDIX 8

Crystal structures of

cr-am ino-cr-(2,6-di chl orophenyl)-cycl ohe xane-Z,6 - dione ( I 0 )

Cl9a Ola
Nla

Cla
C9a Cla CZa

C8a

C3a
C13a 03a

CTZa
Cll3a

CI9b 07bNlb

cib c7b
c9b c8b czb

cl0b
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a

C5a

c6b

C1la

cl1b

ctzb
c13b

crl3b

03b
c3b

c4b

c5b
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Bond distances (,Ä.) for

cr-amino-cr-(2,6-dichlorophenvl)-cyclohexane-2'6-¿ 1s¡s (80)

atom

cr ( 9b)

cl (13b

CI (9a)

Cl(13a

o (3a)

o (3b)

e (7a)

e 17b)

N (1a)

¡¡ 11b)

c (1a)

C (1a)

c (1b)

ç 11b)

C (2a)

C (2a)

q 12b)

c (2b)

C (3a)

atom

c (9b)

c (13b)

C (9a)

C (13a)

c (3a)

c (3b)

ç 17a)

c (7b)

c (1a)

ç 1t_b)

c (2a)

c(8a)

ç12b1

ç 18b)

C (3a)

C (7a)

s 13b)

s 1?b)

C (4a)

distance

1.703(8)

1.703 (8)

1- 705 (7 )

r.'tL7 (7 |

r.227 (71

1.194(8)

L -2r7 (g',)

L .22s (81

r .285 (7 |

1.291(B)

1.394 (B)

1.499 (8)

1.3?B(9)

1.493(9)

1.433 (9)

l_.416 (9)

1.441 (9)

r .429 (91

1.481 (9)

atom atom

c (3b) ç 1ab)

c (4a) c (5a)

c (4b) c (sb)

s 1sb) c (6b)

C (5a) C (6a)

c(6b) s17b)

c (6a) c (?a)

c(8b) c(9b)

c (8b) c (13b)

C (8a) c (9a)

c (8a) C (13a)

c (9a) C (10a)

c(9b) c(10b)

c (1ob) c (11b)

C (10a) C (11a)

c (11b) c (12b)

C (11a) C (12a)

C (12a) C (13a)

c (12b) c (13b)

distance

1.49(1)

1.498(9)

1" 486 (9)

1.494 (9)

1.49(1)

1.48?(9)

1.49(1)

1.3s5(9)

1.361 (8)

1.377(8)

1.3s9 (8)

1.366 (9)

1.36(1)

1.35(1)

1.36s(9)

1.36(1)

1.36(1)

1.3s? (9)

1.38(1)



atom atom

N (1a) C (14)

N (1a) C (1a)

cQal c (1a)

N (1b) c (1b)

N (1b) c (1b)

c (2b) c (1b)

C (1a) C(2al

c (1a) C(2a\

C (3a) C (2a)

c (1b) c (2b)

c (1b) ç 12b)

c (3b) s 12b)

o (3a) C (3a)

o (3a) c (3a)

C (2al C (3a)

o (3b) c (3b)

o (3b) c (3b)

c (2b, c (3b)

C (3a) C (44)

c (3b) c (4b)

ç 14b) c (sb)

C (4a) c (5a)

c (sb) c (6b)

C (5a) C (6a)

o (7b) ç 17b)

o (?b) s (7b)

C]. (13a C (13a)

angle

\22 .0 (1)

113 . I (7 )

r24 .2 (7 |

r22.r (81

113.7 (?)

r24 -r (1\

119.7 (7)

119. 4 (7 )

1,20 - 9 (1)

119.1(8)

r20.s(1I

L20 - 5 ('7',)

r23.2 (71

117.6 (7)

),79 .2 (7',)

r22.9 (8')

119.1 (8)

118.0(8)

112 - 4 (6)

114.?(7)

109.2(6)

110.8(7)

rr2.1 (61

113.8(?)

123. 4 (8 )

r1?.8 (8)

119. 1 (7 )

C (11a)

c ( 11b)

cr (13b c (13b)

cr- (13b c (13b)

c (8b) c (13b)

Cl (13a c (13a)
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angÌe

118.7 (7)

1.24.1 (8\

116.1(8)

119.1(7)

r22 .0 (1 )

r20 .2 (1t

117.8 (7)

I20 .1 (1)

rzl- -1 (1\

ú1 .6 (1)

119.1(6)

119.4(6)

tzr .5 (1)

119.6 (7)

118.6(7)

r2r.'7 (B)

120.r(9)

119.1(7)

120 (1)

r20 .2 (8t

119.? (B)

118. B (9)

119.7 (7)

119.7(B)

121.s(B)

119.0(7)

Bond angles (deg.) for

cx,-amino-cr,-(2,6-dichlorophenyl)-cyclohexane-2,6-d ione ( 8 0)

atom

c (za',)

C(8a)

C(8a)

c (2b)

c(Bb)

c(8b)

c (3a)

ç 17a)

c (7a)

c (3b)

c (7b)

s 17b)

c (2a\

C (4a)

C (4a)

c (2b)

c(4b)

ç (ab)

c (5a)

c (sb)

c(6b)

c (6a)

ç 17b)

C (7a)

c (2b)

c (6b)

C (12a)

atom

ç 12b)

o (?a)

o (7a)

c (2a)

ç 11b)

c (1b)

c(9b)

C(1a)

C (1a)

C (9a)

cI ( 9a)

cI ( 9a)

C (8a)

cr (9b)

cl ( 9b)

c (8b)

c (9b)

c (9a)

c (10b)

atom

ç 17b)

ç 17a)

617a)

c (7a)

c(8b)

c(8b)

c(8b)

c (8a)

c(8a)

atom

c(6b)

C (2a)

c (6a)

C (6a)

c (9b)

c (13b)

c (13b)

C (9a)

C (13a)

C (10a)

C (8a)

c (9a)

c (9a)

c (9a)

c(9b)

c (9b)

c (9b)

c (10b)

c (10a)

c (11b)

C (11a )

c (12a)

c ( 12b)

C (13a )

C(BA)

ç ( 10a)

C (10a )

c (Bb)

c (10b)

c (10b)

c ( 11b)

c (11a)

c (12b)

C (12a)

c (13a )

c (13b)

c (8b)

c (12b)

c (12b)

C(8a)



Torsion Angles (deg) for

cr-am ino-cr-(2,6-d i ch lorophenyl) - cycl ohe xane-Z,6 - dione (B 0 )
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(1) (2) (3) (4) ansle

N (la) c (14) c (84) c (94) 84.7 (B )

N(1a)C(1a)C(8a)C(13a -92.9 (8)

N(1b)C(1b)C(2b)C(3b) -r19.1 (1)

N (lb)ç (1b)ç 12b)C (7b) 2 (rl

N (1b)s 11b)c (8b)c (9b) 82.2 (9)

N (1b) C (1b) C (8b) C (r3b -9s. r (9)

C (1a) CQa) C (3a)C (4a) -179.6 (6)

C (1a) C(2a) c (7a) C (6a) 175 - B (6)

C (1a) C (8a) C (9a) C (l0a -1"19. 6 (1 )

C (1a)C (8a) C (13aC (12a 178. 6 (7 )

c (1b) c (2b)c (3b) c (4b) -169.4 (6)

c (lb) c (2b)c (?b) ç 16b) 173.4 (6)

c (1b) c (8b)c (9b) c (10b -179.8 (8)

c(lb)c (8b)c(13bc(12b -179. 6 (B)

C(2alC(1a)C(8a)C(9a) -9'1.4(B)

C(2a)C(1a)C(8a)C(13a 85.0(9)

C (2al C (3a)C (4a)C (5a) 29 (r)

C (2a)ç 1?a)C (6a)C (5a) -2I.6 (9)

c (2b)ç 1lb)c (8b)c (9b) -r00. s (9)

c (2b) c (lb)c (8b)c (13b 82.2 (9)

c(2b)c(3b)c(4b)c(5b) 21 (1)

c (2b) ç 17b) c (6b) c (sb) -29 (r',)

C (3a) C(2a) C (1a)C (8a) 6 (1)

c (3a) C(2a) C (?a)C (6a) -5 (1)

C(3a)C(4a)C(5a)C(6a) -54.1 (9)

(1) (2) (3) (4)

cr (9bc (9b) c (Bb) c (1b)

cr- (9bc (9b) c (8b)c (13b

cr (9bc (9b) c (10bc (11b

cr (13c (13bc 195¡ç (1b)

cl (13c (13bc (8b) c (9b)

cr (13c (13bc (12bc (11b

Cl (9aC (9a) C (8a) C (1a)

Cl- (9aC (9a) C (8a) C (13a

CI (9aC (9a) C (10aC (11a

Cl- (13c (13aC (8a)C (1a)

cl (13c(13aC(8a)c(9a)

CI (13c (13aC (12aC (11a

o (3a) C (3a) C(2a) C (1a)

o (3a) c (3a)C(2a) C (7a)

o (3a) C (3a) C (4a)C (5a)

o (3b) c (3b) c (2b)c (1b)

o (3b) c (3b) c (2b)c (7b)

o (3b)c (3b)c (4b)c (sb)

o (7a)C (7a)C (2a)C (1a)

o (7a)C (7a)C (2a)C (3a)

o (7a)C (?a)C (6a)C (5a)

o (?b)c (?b)c (2b)c (1b)

o (7b)c (7b)c (2b) c (3b)

o (7b) c (?b)c (6b)c (5b)

N (1a)C (1a) C (2a) C (3a)

angJ-e

1(1)

178.7 (6)

179.5 (7)

_3 (1)

L't9-4(6)

-L'7 8 -2 ('7 t

1.9(9)

1?9.7(5)

179.8(6)

o (1)

-177 - 9 (5)

[r9-4(7',,

3 (1)

-176.0 (6)

-1s3. I (7 )

14 (1)

-16'7 _1 (11

-r62-5('7)
_4 (1)

t14 .'7 ('71

158.5 (7 )

_6 (1)

1?6.1(7)

150.8(7)

-r7 6 .2 (6\



c (3b) c (2b) c (1b) c (Bb)
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3 (1)N (Ia) C (1a) C (2a)C (7a)

c(3b)c(2b)c(?b)c(6b)

c (3b) c (4b)c (sb) c (6b)

C (4a) c (3a) C(2a) c (?a)

C (4a) C (5a) C (6a) C (7a)

c (4b) c (3b) c (2b) c (7b)

c (4b) c (5b) c (6b) c (7b)

c (?b) 612b)c (1b)ç 18b)

C(7a) c(2a) C(1a)c(8a)

c (8b) c (9b) c (1obc (11b

c (Bb) c (13bc (12bc (1lb

C (8a) C (9a) C (10aC (11a

C (8a) C (13aC (12aC (11a

C (9a) C (8a)C (13aC (L2a

C (9a) C (10aC (11aC (12a

c (9b) c (8b) c (13bc (12b

c (9b) c (1obc (11bc (12b

c (1obc (9b) c (8b) c (13b

c (10bc (1lbc (12bc (13b

C (10aC (9a) C (8a) C (13a

C (10aC (1laC (12aC (13a

3 (1)

-4 (1)

-s2 -9 (9t

1(1)

s0.9(9)

9 (1)

s6.3(9)

-L't 4 .1 (1 |

-1?5.0 (6)

1(1)

_2 (Lt

1(1)

1(1)

1(1)

0 (1)

3 (1)

L (2)

-2 (L',)

0 (1)

-2 ().)

_1 (1)

Molecule a

Intermolecular

Hydrogen bonding

1.84Å

7.7e^

Intramolecular

Hydrogen bonding

1.83Ä

1.84ÄMolecule b



Attprndices 235

APPENDIX 9

Crystal structures of

cr-amino-cr-(2,6- dichlorophenyl)-3-oxacyclohexane-2'6-dione (82)

C24a
c24b C23a

c23b C25ac25b

ct2d

C26t) CITa

otb

o6b

crb

c2tb

c22b

c2'b

C26a

cl2b

C2Ia

C2a

C2t)

Cl2c

N2'b
Ola

O6a

C2'a

C3a

N2'¿

Cla

b

c5b
c4b

03b
C5a

C4a

O3a
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Bond distances (Ä') ror

cr-amino-cr-(2,6-dichlorophenyl )-3-oxacyclohexane-2'6-dione (82)

atom aLom distance atom atom

C(zal C(3a)

C(2'a) C(2ra)

c (2',b) c (2rb)

C(3a) C(44)

c(3b) c(4b)

ç14a) c(5a)

c (4b) c (5b)

C(21a1 C(22a1

CQta) c(26a)

c (21b) C (22b)

c (21b) c (26b)

c(22bt c (23b)

C(22a) C (23a)

C (23a) C (24a)

c (23b) C (24b)

C(24a) C(254)

c (24b) c (25b)

C (25a) C (26a)

c (25b) C (26b)

distance

r.445(B)

i . 4 92 (8 )

cl-(2d) c(26b) r-104(8)

CI(2cl CQ2bl r-121 (11

CI (24) Cl22a) I. ?1? (6)

CI(2b) C(26a) r-131(6)

t.413(?)

I 499 (B)

1.508 (B)

r . 492 (9t91lb) c(lb) l-215(6)

o(3a) C(3a) r-235(7)

o(3b) c(3b) r-240(6)

O(6a) C(la) r-364(?)

o(6a) C(5a) !-442|-t)

91Ia) C(14)

C (14) C (24)

c (2b) c (3b)

1.2r0(7)

\ .252 (9)

L375(l)

o(6b) c(rb) 1.360 (6)

r.3?? (B)

t.373 (B)

I 393 (B)

r 39 (r)

1.400(B)

o(6b) c(5b) r.438(8)

N(2'a) C(2'a) I-322(1 \

N (2',b) c (2'b) l- - 3r2 (6)

c(lb) c(2b) r.450(7)

c(2b) c(2'b) L.392(1)

r - 4 59 ( B )

r . 4 63 ( B )

Ì.360 (9)

t.3?4 (9)

I . 37 ( l )

1.36 (r)

I . 3? 3 (B )

I . 3l ( l )C(24) C12'a) r-396(B)

Molecule a

Intermolecular

Hydrogen bonding

1.83Å

7.9e4.

Intramoiecular

Hydrogen bonding

1.88Å

1.84ÄMolecule b
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Bond angles (deg.) for

cr-amino-cr-(2,6-dichlorophenyl)-3-oxacyclohexane-2,6-dione (82)

atom alom atom angle

C(la) o(6a) C(5a) r17'6(5)

c(rb) o(6b) c(5b) r18-6(5)

o (La) C (14) o (6a) 115 - 6 (6)

o(la) C(la) C(2a) L26-6(6)

o(6a) C(la) ç12a\ I17'8(6)

o(lb) c(lb) o(6b) 115-0(5)

o(lb) c(rb) ct2b) 125-8(6)

o (6b) c (rb) c (2b) rl-9 -2 (6\

c (rb) c (2b) c (2',b) 120 - 4 (5)

c (tb) c (2b) c (3b) r18 - 6 (6)

c(2',b) c(2b) c(3b) 120-9(5)

C(1a) g12a) C(2'a) I19'3(6)

C (1a) C (2a) C (3a) 119 ' 9 (6)

C(2'al C(2a) ç13a) 120'8(6)

¡¡ (2'a) C (2'a) C (24) I2I '1 (6)

N(2'a) C(2'a) C(2Ia) 115'1(6)

C (24) C12' a) C (21a) I23 '2 (5)

N (2',b) c (2'b) c (2b) 121- 6 (5)

N (2',b) c (2',b) c (2lb) l-15 - 1 (5)

c (2b) c (2'b) c (2rb) 123 - 3 (5)

o(3a) C(3a) ç12a) 123'5(6)

o(3a) C(3a) ç14a) 121-'l(6)

C(2a) C(la) ç14a) 115'4(6)

o (3b) c (3b) C (2b) L2r -1 (6',)

o(3b) c(lb) ç14b) 119-I(6)

c(2b) c(lb) c(4b) 1lB-5(6)

cr (2d) c t26b) c (25b) 119 - 3 (7)

atom atom atom angle

C(3a) C(4a) C(5a) 109' r (6)

c(3b) c(4b) c(5b) rr5.B(l)

o(6a) C(5a) C(44) Ir0-5(5)

o(6b) c(5b) c(4b) 128.0(?)

C(2'a) C(21a\ C(22a) 12r'4(6)

CQ'a) c(21a) Cl26al r2r'4(5)

CQ2a) C(214) C(26a) rl't'2(6\

c (2', b) c (21b) C (22b) r2r -2 (6)

cQ'bl c(2rb) c(26b) r2r'r(6)

C(22b) C(21b) C(263) li7'l(6)

Ct (2c) C(22b) C (2Lb) rIB ' 9 (5)

CL(2c) CQ2bl C(23b) IIB-l(l)

c(21b) CQ2bl c(23b) r22'3(1',)

CI(2al C(22a) C(2Ia) I20-8(5)

Cl-(2a) CQZa) C(234) rrr'e tSl

c(21a) CQ2a) C(23a) 121-6(6)

C(22a) C(23a) CQAa) 118'l(6)

cQ2bl c(23b) C(21b) lrB.r(9)

C(23a) C(244) C(25¿) I20'6(7)

C(23b) C(24b) C(25'o) r20'B(9)

C(2qa) C(254) C(26¿) lL9'6(l)

c(24b) C(25b) C(26b) I2o 9(9)

CI(2b) C(26a) C(2Ì¿) 120'5(5)

Cl(2b) Cl26a) C(25e) iI?'2(6)

C(2ta) C(26¿) C(25¿\ 122 c\6\

Cl(2d) C(26b) C(2:r) r20 5(5)
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APPENDIX 10

Crystal structures of

ethyl 5-(2,6-dichlorophenyl)-3-phenyl-42-isoxazoline-4-carboxylate (56)

c53

c54 c52
cts2

c55 c51 N1c56 c32 c33

c156

c34

C4 C3

c35
o4' C4

c4b
o4

C4a

C5
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Bond distances (Ä) for

ethyl 5-(2,6-dichlorophenyl)-3-phenyl-Â2-isoxazoline-4-carboxylate (56)

atom atom

cr (s2) c (52)

cr (s6) c(s6)

O (2't N (1)

distance

1.'t26 (41

1- 741 (s)

1.403 (4)

1.456(4)

1.201(4)

1.32r_ (s)

r .47L (6',)

r.269 (4\

1.533 (s)

1.507 (5)

1.01(4)

1. s06 (6)

1. s12 (5)

0.90 (3)

1.43(1)

0.94 (8)

0.9 (1)

0.82 (8)

0.81(6)

0_87(B)

1.482 (5)

atom

c (31)

c(31)

c (32t

c (32')

c (33)

c (33)

c(34)

s134)

c (3s)

c (3s)

c (36)

c (s1)

c(s1)

c(s2)

c(s3)

c(s3)

c(s4)

c(s4)

c (5s)

c(ss)

atom

c(32)

c (36)

c (33)

H(32)

c(34)

H (33)

c (3s)

H(34)

c (36)

H (3s)

H (36)

c (s2')

c (s6)

c (53)

c(s4)

H(s3)

c (ss)

H(54)

c (s6)

H (55)

distance

1.390 (6)

1.380 (6)

r .3'72 (1)

0.97(4)

1.361 (8)

0.96 (s)

1.3s8(7)

0.99 (s)

r .394 (1 I

0.98(4)

0.93(4)

1.397 (s)

1.381 (6)

1.37s (6)

1.375(8)

0.97 (5)

1.366(8)

0.98 (s)

1.3?5(7)

0.96(4)

o (2',

o(4)

o(4',)

o(4')

N (1)

c (3)

c(3)

c (3)

c (4)

c(4)

c(4)

C (4a)

C (4a)

C (4a)

ç 1ab)

ç 1ab)

ç 1ab)

c (s)

c (3)

c(4')

c(4')

c (4a)

c (s)

c(4)

c (31)

H (3)

c(4')

c(s)

H(4)

ç 1ab)

H (4a)

H (4b)

H (4c)

H (4d)

H (4e)

ç 151)
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Bond angles (deg.) for

ethyl 5-(2,6-dichlorophenyt)-3-phenyl-Â2-isoxazoline-4-carboxylate (56)

atom

N(1)

c(4')

o(2)

o (2t

o(2)

o (2)

c(4)

c(4)

c (31)

c(3)

c(3)

c (3)

c(4, )

c(4, )

c (s)

o(4)

o(4)

o(4',)

o(4, )

o(4,)

o(4',)

c (4b)

ç 1ab)

H (4a)

C(4a)

ç14a)

atom

o (21

o(4',)

N (1)

c (3)

c (3)

c (3)

c (3)

c (3)

c (3)

c(4)

c(4)

c(4)

c(4)

c (4)

c(4)

c(4',)

c(4')

c(4, )

C (4a)

c (4a)

C(4a)

c (4a)

C(4a)

C(4a)

c (4b)

ç 1ab)

atom

c(3)

C (4a)

c (s)

c (4)

c (31)

H(3)

c (31)

H(3)

H (3)

c(4')

c (s)

H(4)

c (s)

H(4)

H(4)

o(4')

c(4)

c(4)

c (4b)

H (4a)

H (4b)

H (4a)

H (4b)

H (4b)

H (4c)

H(4d)

angle

108.9 (3)

l.L6.2 (4)

109.8(3)

104.4 (3)

110.4 (3)

r04 (2)

114.5 (3)

rr3 (2t

110 (2 )

113.1(3)

99_4(3)

LrA (2)

111.5 (3)

107 (21

111 (2 )

r24 . r (41

1_24 .6 (4)

111.3 (3)

109.6 (5)

109 (6)

105 (7)

r29 (6)

101(7)

99 (8)

9s (7)

111(s)

atom

c(4a)

tt (4c)

H (4c)

H (4d)

N(1)

N(1)

c (4 )

c(3)

c (3)

c(32)

c(31)

c(31)

c(33)

c(32)

c(32)

c(34)

c (33)

c(33)

c (3s)

c(34)

c(34)

c (36)

c(31)

C(31)

c (3s)

c(s)

atom

c (4b)

c(4b)

ç 1ab)

c (4b)

c(s)

c (5)

c(s)

c (31)

c(31)

c(31)

C (32')

c (32)

c (32)

c(33)

c (33)

c(33)

c(34)

c(34)

c(34)

c (3s)

c(35)

c (3s)

c(36)

c(36)

c (36)

C(5I)

atom

H (4e)

H (4d)

H (4e)

¡t (4e)

c(4)

c(51)

c(s1)

c (32t

c (36)

c(36)

c(33)

H(32)

H (321

c(34)

tl tJJl

H(33)

c (3s)

H(34)

H(34)

c (36)

:r (35)

H (35)

c (3s)

H (36)

it(36)

c(52)

angle

106 (6)

113(8)

r20 (9')

111(8)

114-1(4)

).20 -6 (4\

r2s _2 (3)

r27 _5 (4)

r19.s(4)

119-0(4)

120.0 (s)

117 (3)

123 (3)

120_ 6 (6)

118 (3)

121(3)

r20 -1 (6)

114 (3)

12s(3)

119.7 (6)

124 \3)

1r? (3)

r20.0 (s)

118 (2)

r22 (2)

120.6(4)
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c (s)

c(s2)

cr (s2)

cr (s2)

c (s1)

c(52',)

c(s2)

c(s4)

c (s3)

c (s3)

c (ss)

c(s4)

c(54)

c (s6)

cr_ (s6)

cr_ (56)

c (51)

c (51)

c(51)

c (521

c (52')

c (s2t

c (s3)

c(53)

c (s3)

c (s4)

c(54)

c(54)

c (ss)

c (s5)

c (ss)

c (56)

c (s6)

c (s6)

c (s6)

c (s6)

c (s1)

c(s3)

s 1s3)

c (s4)

H(s3)

H (s3)

c (ss)

H (54)

H(s4)

c (s6)

H (ss)

H(5s)

c(s1)

c (ss)

c (ss)

L22 . s (41

116.9(4)

t-19.0 (3)

119.1(4)

121.9 (5)

119.2 (s)

120 (3)

120 (3)

120.3(6)

118 (3)

121(3)

120.1(6)

r29 (3',t

111(3)

119.5(4)

118_9(4)

121.6 (5)
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Torsion Angles (deg) for

ethyl 5-(2,6-dichlorophenyl)-3-phenyl-42-isoxazoline-4-carboxylate (56)

(1) (21 (3) (4)

cr (52c (s2) c (51) C (s)

cr (s2c (s2) c (s1) c (s6)

cr (52c (52) C (53) C (54)

cr(s6c(s6)c(s1)c(s)

cl(s6c(s6)c(s1)c(s2)

cr (56c (s6) c (s5) c (s4 )

o(2') N(1) C(s) C(4)

oQ) N(1) C(s) C(51)

o(2) c(3) C(4) C(4")

o(2) c(3) C(4) C(s)

o(21 c(3) c(31)C(32)

o(2) c(3) c(31)C(36)

o (4) c (4',)O (4',)C (4a)

o(4) c(4',)C(4) C(3)

o(4): C(4')C(4) C(5)

o(4',)C(4',)C(4) C(3)

o(4')C(4',)C(4) C(5)

N(1) o(2t C(3) C(4)

N(1) O(2) C(3) C(31)

N(1) C(5) C(4) C(3)

N(1) C(s) C(4) C(4',)

N(1) c(s) c(s1)c(s2)

N (1) C (s) c (s1)c (s6)

c(3) o(2) N(1) C(s)

c(3) c(4) c(s) c(51)

angle

-2 .9 (6)

179.4 (3)

179.8(4)

2.2 (6t

1?9.8(3)

-179.9 (s)

1.8(4)

179.8(3)

-101.4(4)

17.0(4)

-30.1 (s)

150.5 (4)

-0.s(7)

0.1 (6)

-r11.0 (s)

179.1(3)

68.0(4)

-t1 .1 (41

10s.9(3)

-r2.3 (4)

107.3 (4 )

107. B (5)

-14 .1 (5)

10.s(4)

169.8(4)

(1)

c (3)

c (3)

c(4)

c(4)

c(4)

c(4)

c(4)

(2t (3) (4)

c(31)C(32)C(33)

c (31) C (36) C (3s)

c(3) c(31)C(32)

c (3) c (31) C (36)

c(4',) o(A',1C(4a)

c(s) c(s1)c(s2')

c(s) c(s1)c(s6)

C(4')O(4')C(4a)C(4b)

c(4')c(4) c(3) C(31)

c(4')c(4) c(5) C(51)

c(s) c(4) c(3) c(31)

c(s) c(s1)c(s2')c(53)

c (5) c (s1)c (s6) c (55)

c(31)C(32)C(33)C(34)

c (31) C (36) C (3s) C (34 )

c (32) C (31) C (36) C (3s)

c(32)C(33)C(34)C(3s)

c (33) C (32)C (31) C (36)

c (33) C (34) C (3s) c (36)

c(s1)c(52)c(53)C(s4)

c(s1)c(s6)c(ss)c(s4)

c (s2) c (51) c (56) C (55)

c(52)C(s3)C(54)C(55)

c(s3)c(s2)c(5r)c(s6)

c (s3)c (54) c (s5) c (56)

angJ-e

179. 0 (4 )

-r't9.L (41

87.4 (5)

-92 . O (5)

-179.5(5)

-1 4 .4 (5)

103.1(s)

138.2(6)

r31 .'t (4)

-70.6(5)

-103.9(4)

r11 _ 4 (4)

-r'7 6 .6 (4)

0.1(8)

0.0(B)

1.s(7)

1.4(8)

-r.6(6)

-1.5(9)

-0.s(B)

-1.1(B)

1.0(7)

0.s(9)

-0 .2 (1)

0.3(9)
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APPENDIX 12
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A novel reductive cleavage of the N-Ð bond of the isoxazoles 3a, b and 5, using act¡vely fermenting baker's yeast, is

described.

and solid structures being attributable to intcrmolecular
hydrogen bonding in the crystal form 5
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ased on recovercd starting material
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