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SUMMARY

Whereas the asymmetric synthesis of a-amino acids
. .2
has attracted considerable attention in recent years, there
have been relatively few published investigations into the

. . ) , 38-41 43-4Q
asymmetric synthesis of 8-amino acids. !

It was the aim of the work described in this thesis
to devise an improved asymmetric synthesis of 8-amino acids
involving the construction of heterocyclic intermediates in
a diastereoselective manner via the 1,3-dipolar cycloaddition
reactions of chiral nitrones with suitably functionalised

alkenes.

The Introduction reviews the natural occurrence of
the more abundant 8-amino acids, previous asymmetric syntheses
of 8-amino acids and the mechanism and stereochemistry of

1,3-dipolar cycloaddition reactions of nitrones.

Chapter 1 describes the synthesis of the chiral and
achiral nitrones used im the cycloaddition reactions described

in this thesis.

Chapter 2 describes an investigation into an
asymmetric synthesis of 8-amino acids wvia, 1,3-dipolar cyclo-
addition reactions of nitrones with diethyl ethylidene - and
methylidenemalonate. Nitrones (9), (10) and (28) have been
shown to react regiospecifically with diethyl ethylidene-
malonate and ethyl crotonate, while reactions between nitrones
(9), (10) and (5) and diethyl methylidenemalonate; afforded

regioisomeric product mixtures.



The reaction between nitrone (6) and diethyl methyl-
idenemalonate was also shown to proceed regiospecifically

[Scheme TI].

/Ph Et02C \ ~COZ2Et X 0 2Et

+
N\ A
CH3

FT ~0

(9)A(10)128)

Ph COZ2Et Ph CO2Et

CO2Et A
R/ "O' x CH3 |If v x CH3

(78)i79),(80) or (69)171)172)
(9)j69)178) R=Ph
(10)179) (79) R=PhCH?2
(28),(72)180)R=(R)-PhCHCH3

A ©
H \ /RIEt02C \ /C 0 2Et 2Ft COoH
RA  x0 Rx RA XT x CO2Et
(5)16)19)110) (42)i73),(74)  (54)175)176)177)

(5)173)175)R-Me,R=PhCH. (6)(76)R1=jPr, R2=PhCH2.
9),(42)154)R1=R2=Ph  (10I(74),(77)R1=PhJR2=PhCH2.

Scheme 1.



Chapter 3 describes the non-asymmetric synthesis
of N-phenyl-B-phenyl-3-alanine (97) via the cycloaddition
of C,N-diphenylni trone (9) with ketene ac.etal (91) and the
subsequent hydrogenolysis of the adduct (96) thus formed
(Scheme ITI]. Chapter 3 also describes the synthesis of

three chiral ketene acetals.

(9) (96)

PhNH

(97)

Scheme ITI.



The asymmetric syntheses of 3-phenyl-3-alanine
(154), 3-leucine (157) and isoxazolidinones (162,163) which
may lead to 3-tyrosine are described in Chapter 4. They
depend upon the reaction of chiral nitrones with a-chloro-
acrylonitrile to afford isoxazolidines in which the
substituents have been placed in a regio- and stereoselective
manner on the preriphery of the 5-membered ring. Subsequent

hydrolysis afforded isoxazolidin-5-ones which were hydro-

genolysed to afford free 3-amino acids [Scheme 1III],
(28),(29)[31),(32),(33)
1

(153),(156),(159),(162),(163)
(154),(157)

(28), (152),(153),(154) RI=Ph,R=(R)- PhC HC H3
(2 9),(160),(162) R =pMeO-Ph, R =(R)-PhCHCH3
(3U(16U(163)R=pBz0-Ph, R =(R)-PhCHCH3
(32),(155),(156),(157)R -iPr, R=(R)-PhCHCH3
(33) (158) (159) R=iPr,R=(S)-PhCHC02CH3

Scheme llI



Chapter 5 describes an investigation towards an
asymmetric synthesis of Thienamycin. Isoxazolidinone (193)
was obtained as a single diastereomer and converted to olefin

M 99) via diol '195) and thionocarbonate (197) [Scheme IV].

(36) (192) (193)

(195) (197)

(199)

Scheme 1IV.
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INTRODUCTION

1. Background

During the last decade asymmetric synthesis has
become a major focus of activity, and many syntheses wuseful
in the construction of optically pure natural products have
been devised. Although a-amino acids have Dbeen at the

. . . 2 .

centre of many such investigations, the asymmetric
synthesis of 8-amino acids has 1in comparison received 1little
attention. 8-Amino acids are of great current interest
for several reasons, i1including their natural occurrences as
components of biologically active antibiotics and their

. . 3 .
structural relationship to the 8-lactams, which are among
the most biologically important functional groups. Also,
8-amino acids are known to take part in several important
. . A 5
primary metabolic pathways. !
2. The Natural Occurrence of 8-Amino Acids.

Only four 8-amino acids have been shown to occur
naturally in mammals, these being 8-alanine (1), (R)- and

5
(S)— 8-aminoisobutyrate (2) and 8-leucine £3).

ch3
HOOC-CH2CH2NH2 HZN-CH2-CH-COOH
()] @)

rijH 2

(CH3)2CH—CH—CH2—COOH

)



Occurrence of R-alanine, the simplest B-amino acid,

as a microbial catabolite of aspartate (4) was rcported as

early as 1911.6 Carnosine '5, B-alanylhistidine! which

was identified in skeletal muscle in 1900,7 represents a
e Q

large endogenous store of B-alanine, ’ and although the

physiological role of carnosine is not yet fully established,

the dipeptide 1is known to affect muscle contraction1o and

. . . 11
has been implicated as a neurotransmitter, [Scheme 1].

COOH
HoN— (|:—H

2 NH
COOH Hg—&—COOH
( =}

EANCZARNNTS

HQO) CAMP+PPi
HIS HIS+ ATP

HQN’“CHQ-CHQ—CIZO

HoN—CH,—CH,—COOH
(1)



Both g-alanine and (R)-g-aminoisobutyrate wecre

identified in the 1950's as catabolites of uracil-cytosine,

and thymine respectively,12’13 whereas (S)'-g-aminoisobutyrate

was shown to be a catabolite of valine.M

The natural occurrence of g-leucine 6) was first

15

demonstrated by Poston in 1976, who reported that extracts

of Clostridia, of several mammalian tissues such as rat
livers and human leukocytes, and of plants,16 such as

potatoe tubers and rye grass, catalyse the interconversion

of g- to g-leucine, g-leucine being further catabolised to
isobutyrate {Q0) and acetate 10 via g-ketoisoccaproate (8).
The amino group migration 1s catalysed by the enzyme leucine-
2,3-amino mutase, is reversible and in each of the above
cases it is claimed that the enzyme activity 1s co-enzyme 812

15,16

dependent. The g-amino acid is then transaminated

“an

to B-ketoisocaproate before breakdown to acetate and

isobutyrate, [Scheme 2].
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/]\/I\COOH —

-— OOH

CH3COCH
}
(10) O

+

8]

Scheme 7.

17 . S
However, Overton has reported that leucine-2,3-

amino mutase activity in tissue cultures of Andrographis

paniculata does not show a coenzyme B1? dependence, in
contrast to the results of Poston, and has established that
the metabolically active substances are ‘2s3)-a-lcucine (7a)

and !3R)-B-Jeucine ‘6a) [Scheme 2].



o2

(7a) (60)

Scheme 3.

The configuration of the B-leucine produced in
marmals has not yet been established. Subsequent studies
suggest that B-leucine may be formed in vivo from L-leucine,

-
L-valine and terminally branched fatty acids.”

Among the non-mammalian R-amino acids, B-lysine 7171)
1s by far the most extensively studied and has been
identified as a constituent of numerous antibiotics. in
1952 Haskell18 isolated a basic amino acid from the acid
hydrosylate of viomycin '12), a tuberculostatic antibiotic

from Streptomyces floridae. The new amino acid was

found to be isomeric with lysine and was identical with an

acid previously isolated from streptothricin hydrosylates
10 .

by Carter and his associlates. - The streptothricing

‘raceomycinga) form an homolorous ceries of broad opectrum

antibiotics produced by the Streptomyces apecies and ~an

have up to seven B-lysine residue linked in g peptide

. 20
chain.



O 1

N/iH R:HQNCONH—
2— —

HO A NH R_HQN(CH3)2C|H
NH»

(12)

CHQOCONHZ

H
N—%“
HO NH )

NH2
(13)

n=1,2,3 4,56 and 7 for Strepfothricins
FEDCBA and X



-

The structure of this amino acid was confirmoed by
Van Tamelen21 who synthesised /S'-B-lysine 11) by Arndt-
Eisert homologation of L-ornithine, and it has since been
shown by ORD that the natural formof Bf-lysine has the 38'-

configuration.22

B-Lysine has been found as a constituent of several

5 .
other antibiotics including myomycin,“‘3 roseothricin,£4

25 . . 26
tuberactinomycin and more recently as a

constituent of lysinomicin27

geomycin,

(14).

NHoCH» OH

|
o |
| CHj
CH>»

|
NH>CH2CH7CHp—CHNH»

(1)

The B-lysine obtained from lysinomicin was chown
to have the 'S)-configuration by conversion of the amino
acid to N,N'- dibenzyloxycarbonyl'-'5'-3-1lysine, the
melting point and optical rotation of which correcpondaed

y

to those reported in tne literature.’

The biosynthesis of R-lysine has received



considerable attention, particularly its mode of incorporat-
ion into the streptothricin family of antibiotics. The
biosynthesis of streptothricin F 16" has been extensively
studied by Gould,29 who has obtained a specific incorporation

13

of [1,2- C2] acetate into the B-lysine portion of (16} in

Streptomyces L-1689-23 [Scheme 4].

OH
HO CH,0OCONH, H

13 _.,,13 b
CHy=COOH —= (16)
(15)

Scheme 4.

The broad band decoupled 13C nmr apectrum cof the
derived antibiotic provided the labelling pattern shown
above. The labelling pattern in the B-lysine portion
showed the sample isolated to consist of some melecules 1 which
C-16 and C=17 are derived from an acetatc unit, and sowme 1In

which C-17 and C-1% are so derived. This pattern iz



consistent with B-lysine being derived from g-lysine 23)

which was produced via the diaminopimelic ‘DAP) pathway

shown in Scheme 5. In this pathway 2S,6S) DAP (21)

derived from pyruvic acid (18! and aspartic acid (19), is
epimerised to meso-DAP “22) and then decarboxylated.

Aspartic acid 1is obtained by transamination of oxaloacetic acid,
thus rationalising the specific but dichotomous labelling

of B-lysine moiety of streptothricin F by acetate.

13 13
CH3=COQOH

(17)
COOH

HOQCl
HOQC/LOH N COoH ~ oH COH
(19) (20)

COH NH>
(2’])

COH HOQC IOQHHOQCJ/IC

HoN NH»o HaN NH»
(23) (22) l

e iae!
OH HOLC NHy HO,C~ ~NHENH

(11) (23)

Scheme 5.



The mechanism and stereochemistry of the conversion

of a- to B-lysine has been investigated in both the

o) 20N
30,31 32,33 Aborhapt S-S

[09]

Streptomyces and Clostridia species.
has shown by deuterium labelling and 2H nmr that the trans-
formation of (2§)-a-lysine '23) to {38)-B-lysine 11) in

Clostridium subterminae strain, SB4, proceeds with transfer
of the 3-pro-F hydrogen of a-lysine to the 2-pro-R position
of B-lysine. The 3-pro-S hydrogen of a-lysine is retained
at the 2-pro-5S position of RB-lysine and the C-2 hydrogen

of a-lysine is retained at the 2-pro-S position of B8-lysine.

Thus the reaction proceeds with inversion of configuration

at C-2 and C-3 [Scheme 6].

32,33 have also demonstratcd that

Gould and Aberhart
in C.SB4 the amino group transfer occurs completely intra-
molecularly, and that migration of hydrogen 1s substantially

or completely intermolecular. The same authors have shown

that the stereochemistry of the Streptomyces a-Lysine-2,3-

amino mutase reaction is identical with that of the
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Clostridium transf‘ormation.31

B-Tyrosine +24) has also been shown to be derived
from the corresponding a-amino acid as a result of a mutase-

catalysed r‘eaction.34 Cultures of Bacillus brevis Vm4

produce two peptide antibiotics, edeine A 2%) and edeine
B (26) which contain as a constituent B-tyrosine, formed by
isomerisation of L-({a)-tyrosine '27' to B-tyrosine '24) by

the enzyme tyrosine a,B-mutase.

. H
RHN/\/\/N\/\/N\H/\NH

OO/

S 55

CO2H
(25) R=H Edeine A
|
(26) R= HQNC:NH Edeine B

PR
Since the RB-tyrosine formed has the ‘Hi-confisuration

migration of the amino group of a-tyrosine occurs with inver-

snion at C-3, [Scheme 7],
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Scheme 7.

"R)-B-phenyl-B-alanine '28) has been isolated from

several toxic metabolites of Penicillium islandicum36 and

from the cyclic tetrapeptide roccanin 29} isolated from

!

the lichen Rocella canarienses.

Ph
H
Ph \|/\H/OH JN:>
NH, 0 ON0
H




The occurrence of other B-amino acids is relatively

rare and has been reviewed by Drey.5

3. Asymmetric Synthesis of B-Amino Acids.

There are relatively few reports on the asymmetric
synthesis of B-amino acids compared with those concerning
a-amino acids. Conceptually, one of the simplest methods
for the synthesis of B-amino acids is through the conjugate
addition of amines to o,B- unsaturated acids or esters.

In 1064, Tertentev38

reported the first enantioselective
synthesis of B-amino acids by the addition of chiral amines
to crotonic acid, in poor chemical and optical yields. In
1977 Furukawa et §;39 reported an asymmetric synthesis of
several R-amino acids by addition of chiral benzylic amines
to 1-cyanopropenes and o,B-wmsaturated esters [Scheme 3].
Hydrolysis and hydrogenoclysis of the adducts formed gave 8-

amino acids in modest chemical yield (10-47%) and in low

enantiomeric excesses 2-19%).

CHR'=CHR2+ R3NH, ——=R3NHCHRICH,RZ

- g OH

1 H30+

2Pd/C/H> NH2

R'=H Me,Ph  R%CN,CO,CH3, L- CARBOMENTHOXY.
R%=(R) or (S) PhCHMe -

Scheme 8.
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Much more recently (1086) d'AngeloQO reported
two significant modifications that confer greatcor synthetic
utility on this reaction. While sluggish under thermal
Conditions,39 the addition of primary amines to alkyl
crotonates is very efficient at room temperature under
5 - 15 K bar pressur‘es.M A dramatic increase in
induction level (de60 - 90%) was observed by using &f-phenyl-
menthyl crotonates in which the phenyl ring is substituted
at the para position by bulky groups, and essentially
complete diastereofacial control being achieved in the

case of f-fB-napthyl) menthyl crotonate, [Scheme Q].

3

R™NH

_CORY R3NH,

—
.

2
COR
] :

R1

R' = CH4,(CH30)2CHCH,—
R = 8-PhM, 8-p—t-BuPhM, e
8-p-PhOM, 8- 8-Napth M. '

R’= (R) orlS) PhCHCH3—, /r‘z\
PhCHo—.

Scheme O,

This stereochemical outcome agreen with the "n-

el

stacking" model previously propoascd by Oppolzwr," in which

the aryl group of the inducer shields one face of the



crotonate unit, thereby directing the amine to the other
face. This effect is obviously much ereater for the “-
{(B-napthyl)-menthyl crotonate, explaining the higher

diastereoselectivity [Scheme 10].

Scheme 10

Furukawa has reported two other asymmetric
syntheses of B-amino acids, one belirs a variaticn of the
. .43 . . s e
Reformatski reaction in which a chiral Schiff base on

treatment with an a-bromo ester provides R-amino acids

in 2 - 28% enantiomeric excesses, [cheme 11].



1
CHR'=NRZ+ BrCH,CO,R3 140 o R OH

2,H3O+
3.pd/C/H, N O

R1=CH3, Ph.

2

R =(R)or(S) PhCHCH3—.
3

R'= CH3CH,, I-MENTHYL.

Scheme 11.

The other involves the catalytic hydrogenation
or hydride reduction of 3(R or S a-methylbenzyl) amino
acrylatesaq which affords R-amino acids in enantiomeric

excesses of 2 - 28%, [Scheme 12].

2

1 2O R 2
R'NH,+R HCHQCOQCHQCH3——-
R'NH  CO,ft
Pd/C/Hy, R? OH
or NaBH,CN 1
R =(R)or(S) PhCHCH3;—
h“*Q 2
R=Ph,CH3.

Scheme 12.



Achiwa[*5 has employed homogeneous chiral catalysts
to effect stereoselective hydrogenation of methyl (Z)-3-
acetylaminoprop-2-enoates to give chiral amino esters in
enantiomeric excesses of 3 - 55%, [Scheme 13]. The chiral

rhodium bisphosphine complex (30) may be prepared in situ.

R H
>: 2 R OCH3

(30)
CH3CONH  CO,CHjs CH3CONH O

Pho
CgHgCO Rh(SClI
H,PPh,

(30)

Scheme 13.

In 1984 Baldwin46 reported a general procedurc for
the synthesis of chiral isoxazolidinones (33) via conjugate
addition of chiral hydroxylamine to a,B-unsaturated esters
(31) followed by cyclization of the adducts with bis(tri-
methylsilyl' amide. Cleavare of the MN-0 bond in (33) by
hydrorenolysis is accompanied by removal of the benzylic
nitrogen protectineg sroup furnishineg a- and 8- substituted

B-amino acids, [Ocherme 147,



COQCH3

LO

: :COQC Hj
o F?1

(31) (32)

3 1 RNHOH
— RWOH 2 Li*(SiMe3)oN™
(3) 3 Pd/C/Hs
NHy O
(34)

z./N

4
R R R R

a CHy H H (SPhCHCH;
b H CO)CH3 H (S)PhCHCH3

C H H CHj (SPhCHCH;

Scheme 14,

Only modest enantiomeric excesses were obtained
10 - 28%). However, in one case separation of the

diastereomeric adducts (32c) was possible and 1lod to the

synthesis of B-methyl-8-alanine in ~2% ecnantiomeric excoss.

Shono et al have developed a new asymmetric

synthesis of B-amine acids by nucleophilic addition of
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enolate anions to N-methoxycarbonylimines generated from a-
methoxy car*bama‘ues.a7 The authors have shown that treat-
ment of a-methoxylated carbamates (35) with anions generated
from chiral 2-methyl oxazolines (36) in the presence of base

affords, after treatment with acid, B-amino acid derivatives

(38) with enantiomeric excesses of 44 - 90%. The chiral
oxazoline prepared from L-valinol (R4 = 1iPr) showed best
selectivity (ee 72 - G90%). The mechanism of this reaction

is not the common S,,2 type substitution reaction but a base-
catalysed elimination of methanol followed by addition of the

2-methyloxazoline anion, [Scheme 15].

1
RYOCHg+ /NE]/ LDATHE R )
/\o TICOPri), NHCO
(39) (36 HCOLH3 3

1HCL
2HCL/CH30H

R1WoH
CH30,CNH O

R =iPr CH3, ALLYL. (38)
R’= iPr, PhCHo, Ph, iBuEt,

Scheme 15,



Le
Recently, Overton et al reported an ernantio-

selective synthesis of optically pure (R)-and '3)-B-lysines
(55) via cycloaddition of chiral nitrone (39) to vinyl acetate
followed by facile chromatographic separation of the four
resulting acetates (43 into two pairs of C-5 epimers. Both
of these pairs were individually hydrolysed to the correspond-
ing lactols (47} and oxidised to the isoxazclidinones (51},
however the yield of this oxidation step was only 40%.
Subsequent hydrogenolysis of isoxazolidinones (51) afforded

Q
he had

pure (R) and (S)-B-lysine, [Scheme 16]. Moffat
previously used this route to effect asymmetric syntheses of

B-phenyl-B-alanine (28), B-tyrosine methylether {(56) and

B-leucine (6). The oxidation step in these cases afforded
the corresponding isoxazolidinones (51 - 54) in low yield
15 - 19%), and the amino acids (28, 56, 6 ) in enantiomeric
excesses of 0, & and 56% respectively. Fortunately, a

single isomer of (53% was obtained or crystallisation of
the diastereomeric mixture, ultimately leading to optically

pure (R)-B-tyrosine methylether.
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OF

20
R

MeOH/H

KoCO4
OAc

Q

R

R1 lJ\OAC

(47)

(43)
(LL)

///\\”//\\P¢/éz

(39 R
1
R= Ph

(40)

(1)

(48)

(49)
(50)

OH
\:E;:Tg//

155 R= -~~~

(45)
(46)

pMeOPh
|Pr

o—

—
—
—

R]
42) R

(51)

(28) R=Ph
(56)

(6)

-~

LN

e

=pMeOPh
IPr

;
R

o——

M
tN

=
N

Ph/\oﬂ\(

Scheme 14,

/=

R (R) PhCHCH 3~



4, The Synthesis of Natural Products via 1,3-Dipolar

Cycloadditions of Nitrones.

In recent years the application of cycloaddition
reactions in the synthesis of natural products has been
an area of intense activity.51 The 1,3-dipolar cyclo-
addition reactions of nitrones /57) with substituted olefins
(58) gives rise to an extremely powerful yet mild means of
constructing 5-membered heterocyclic ring systems f{isoxazol-

50,51

idines, 59a,b) [Scheme 17].

R R R 2

+ + / X 5 / X 3

- 5 6 R R
RN0TRT R oy Mo,

(59b)

(57) (58) (593
and/or

Scheme 17.

Nitrone cycloaddition reactions are normally both
efficient and predictable in their outcome. The obvious
advantages of carbon-carbon bond formation, carbon-oxygen
bond formation and the introduction of nitropgen have been
markedly enhanced by the high regio- and sterecosclectivities
. . - 50,51,52
embodied in a great many of these cycloadditions.

Furthermore, since the N-0 bond of the isoxazolidine can in



most cases be easily cleaved, a number of imaginative
syntheses have used isoxazolidine formation followed by

ring opening as key steps.51‘52

The details of an
investigation into the application of [3+2] nitrone-olefin
cycloaddition reactions to the asymmetric synthesis of B-

amino acilds constitutes most of the work described in this

thesis.

4.2 Synthesis and Structure of Nitrones.

Most of the general procedures for the preparation
of acyclic nitrones have been employed during the course
of this work, and along with their structureand stereo-

chemistry are discussed in Chapter 1.

4.3 The Mechanism of 1,3-Dipolar Cycloaddition Reactions

of Nitrones.

1,3-Dipolar cycloaddition reactions can in

principle proceed in a single step as proposed by Huisgrer153’5/4
(eg. Scheme 18), or in two steps through a spin-paired
diradical intermediate as suggested by Firestone55 fep.
Scheme 19). These two alternative views of the mechanism
of 1,3-dipolar cycloaddition processes have generated
considerable discussion, however it is now generally acceptod51
that most 1,3-dipolar cycloadditions including; those of
nitrones are single-step, four-centre concerted rcactions

in which two new o-bonds are formed at the same time, although

not necessarily at the same rate in agreement with the
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the assumption of a diradical intermediate is the observed
stereospecificity of cycloaddition reactions involving
nitrones and 1,2-disubstituted olefins, in that the
stereochemical relationships incorporated in the dipolarophile
are preserved 1in the product isoxazolidine (see Section 4.4).
In order for this stereospecificity to be accommodated by the
diradical approach, diradicals such as in scheme 19 would

be required to undergo ring closure nuch faster than bond

rotation.

The cycloaddition reactions of nitrones with
alkenes generally show little dependence on the nature of the
solvent. The reaction of N-methyl-C-phenylnitrone with
ethyl acrylate exhibits only a 2.6 - fold increase in rate
on passing from dimethyl sulphoxide to toluene, a solvent
change that spans an enormous range of dielectric constant

f;
(48.0 versus 2.4 at 25°¢ respectively).”6

This observation mitigates strongly against the
interventilion of zwitterilionic intermediates since cycloaddition
reactions known to proceed through such intermediates
experience a substantial dependence on solvent polarity.

Thus, the ratio kfacetonitrile)/kl(cyclohexane) is 2600 for the
addition of tetracyanocthylene (61) to butyl vinyl ether (60),
57

a reaction that proceeds through such an intermediate,

[Scheme 20].



NC CN

OBu-n
H-oC=CHOBu-n + —»|NC CN
NC CN NC

(60) 61) CN
QBu—n T T

NC——+—CN

NC CN
(62)

Scheme 20.

Before the advent of frontier molecular orbital
theory, the regiochemistry of 1,3-dipolar cycloaddition
reactions had been regarded as the biggest unsolved problem
in the field. Both the reactivity and regiochemistry
of 1,3-dipolar cycloadditions has been spectacularly

59 and Bastide6O through

rationalised by Sustmann,58 Houk
the application of frontier molecular orbital theory to
determine the relative energies of the interacting frontier
molecular orbitals of the dipole and dipolarophile.

Sustmann has classified reactions into three types depending

on whether the dominant reaction is between the highest
occupied molecular crbital ‘HOMO) of the dipole and the

lowest unoccupied molecular orbital (LUMO) of the dipolarophile
‘Type 7', or the dipole. LU0 and the dipolarophile HOMY

Type 3), or whether both of these interactions are of




LUMO

HOMO

equal significance (Type 2). These are referred to more
concisely as HOMO, LUMO and HOMO-LUMO controlled cyclo-

additions, [Scheme 21].

TYPE 1 TYPE?2 TYPE 3
HOMO HOMO-LUMO LUMO

Scheme 21

According to second order perturbation theory,
this interaction leads to a stabilization of the occupied
molecular orbital that is inversely proportional to the
energy separation between the orbitals involved.m That is,
the more proximate the orbitals are in energy the more
extensive the interaction. In general, HOMO type cyclo-
additions are accelerated by electron donating substituents
on the dipole and electron withdrawing substituents on the
dipolarophile, resulting in a decrease in the cnergy
difference between trhe interacting frontier orbitals.

Conversely, LUMO type cycloadditions are accelerated by



electron donating substituents on the dipolarophile and
electron withdrawing substituents on the dipole. HOMO-LUMO
controlled reactions are accelerated by an increase in either
frontier molecular orbital interaction. Nitrone cyclo-
additions are believed to be Type 2 processes and as such
both frontier orbital interactions may be important. The
interaction that dominates in a particular case will depend

on the nature of both the dipole and dipolarophile.

In the addition of an unsymmetrical dipolarophile
to a nitrone two orientations are possible, and it has been
found62 that cycloadditions can be reversible and are
therefore subject to both kinetic and thermodynamic control
(see Chapter 2),. Although the focus thus far has been on
the energies of the frontier orbitals, attention must now
be turned to the coefficients associated with the atomic
orbitals in each of the frontier molecular orbitals in order
to explain the regio-selectivity observed in 1,3-dipolar

cycloadditions.

1,3-Dipolar cycloaddition reactions of nitrones
with monosubstituted olefins bearing a variety of functional
groups afford 5-substituted isoxazolidines.SO Electron-
rich olefins give exclusively 5-substituted isoxazolidines

(65) as in the reaction of C-phenyl-N-methylnitrone (63)

-
with propene)1 (64), [Scheme 22].



H Ph Ph
\ﬂ/ + ]J\
CHj C

+
CH 3/{\]\0- H3 CH3

63) (64) 165)

Scheme 22.

However, it has been found that very electron-
deficient dipolarophiles such as nitroethylene (66) give

significantly or exclusively 4-substituted isoxazolidines

63

(67) with nitrone "63), [Scheme 23].

H Ph
\Hf + ”\ —_—
CH3/)¢\O- NO» CH3/ﬁkO
(63) [ 66) (67)

Scheme 23.

1,1-Disubstituted olefins such as diethylmethylene

malonate are also known to form 4-substituted isoxazolidines

(see Chapter 2).

Regioselectivity 1is determined by the relative



magnitudes of the atomic orbital coefficients in th: frontier
orbitals of both the nitrone and the dipolarophile. The
dominant stabilizing interaction in the transition state
involves those atomic orbitals at the interacting atoms with
the largest coefficient5,6A allowing maximum frontier orbital
overlap. Scheme 24 summarises the interactions between
both a moderately electron rich olefin ’‘64) and an electron

deficient olefin (66 with C-phenyl-N-methylnitrone (63).

In the case of propene, the dominant interaction
involves LUMO(dipole)-HOMO(dipolarophile) in which the large
AO coefficient on the carbon of the nitrone LUMO interacts
with the larger coefficient associated with the unsubstituted
carbon of the olefin HOMO, affording the 5-substituted
isoxazolidine which is in accordance with the experimental
finding. For very «<lectron deficient dipolarophiles such
as nitroethylene '66', the HOMO and LUMO levels are lowered
in energy so that the cycloaddition resembles a Type 1 process.
The dominant interaction involves HOMO(dipole)-LUMO'dipolar-
ophile}) and leads to a 4-substituted isoxazolidine again
in accordance with experimental results. Clearly at some
point there must be a switchover from HOMO to LUMO control
as the electron-withdrawing power of the substituent on the
dipolarophile increases. This point 1s apparently approached
for substituents such as escter and cyano moieties since

regioisomeric mixtures of adducts are cobtained (see Chapter 2.

The fact that the above results were predicted by
frontier molecular orbital considerations presents an impressive

demonstration of their power.
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4.4 Stereochemical Aspects of litrone 1,3-Dipolar Cyvcloadditions.

The stereochemical as well as regiochemical aspects
of nitrone cycloadditions must be corsidered. Nitrone
cycloaddition reactions can give rise to the formation of
diastereomeric or enantiomeric adducts as a result of the
different possible modes of approach of the reagents, ie.
nitrone of E or Z configuration {(see Chapter 1) can approach
either face of the dipolarophile in an exo- or endo- manner,
comparable to the competing endo- and exo- stercoslectivities
which characterise Diels-Alder reactions. These tendencies
have been evaluated by studying the reactions of dimethyl
maleate (70) with C-benzoyl-N-phenylnitrone (68) and C,N-

65,66

diphenylnitrone (69), [Scheme 25]7.

(68)R=COPh  (70)
(69)R=Ph
X=COoMe !

EXO
Scheme 25



Both of these reactions are cis-stereospecific in
that the stereochemical relationship of the carbomethoxy!
groups 1in dipolarophile is preserved in the product isoxazol-
idines. Nitrone (69} reacts with dimethylmaleate to afford
two isoxazolidines “71) and ‘72) in a 9:1 ratio, indicating
the endo transition state is favoured, whereas nitrone (68)
gives only isoxazolidine (71), arisings exclusively from an
endo transition state. The results can be interprected by
an examination of the transition state involved in these
reactions in terms of frontier molecular orbital interactions,

[Scheme 26].

HOMO Ph X=COyMe

0
0
L
0
0

LUMO

Scheme 26.

The dominant interaction for substantially celectron
deficient dipolarophiles with a nitrone should be HOMO fdipole)-
LIMMO (dipolarophile®. An examination of the endo transition
state in these terms reveals a favourable cecondary orbital
interaction between the M atom of the dipole and the carbonyl

moiety of the olefin, thus explaining the prefercnce for the
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endo transition state. Interestingly, the reaction of
C,N-diphenylnitrone and methyl acrylato67 gives rise to 4
adducts, diastereomeric pairs of both the 4- and S-carbo-
methoxyl substituted isoxazolidines. In comparison to

the above, the relative difference in energy separation
between HOMO /dipole) - LUMO f(dipolarophile) and HOMO {dipolar-
ophile) - LUMO (dipole) may be expected to be less when
dealing with methyl acrylate, therefcre increased competition
between these two interactions, while opposing secondary
orbital effects may explain the observed lack of stereo-
chemical control.51 Secondary orbital interactions should
therefore be seen to be of considerable importance in
determining the stereochemical course of nitrone cyclo-

addition reactions.

Mitrones bearing chiral substituents (R*\ have
been shown to undergo cycloaddition reactions involving
a transfer of chirality to appropriate dipolarophiles. For
example, Belzecki and Panfil68 have shown that nitrone (73)
reacts with styrene 74}) to give two diastereomeric paira
(cis and trans) of isoxazolidines (/75 A,B,C,D) in a 76:11:8:%
ratio. If during the cycloaddition only the Z isomer of the
nitrone is present, the diastereomers are formed as a rcsult of
the approach of the nitrone to the re or si prochiral faces
of the olefin in an exo or endo manner, [Scheme 27]. As the
components of the diastereomeric mixture are separable their
absolute configurations were determined, e.p. isomer (7T548) wao

\

subjected to hydrogenolysis to give ‘S' - ‘=) - 1,3 diphenyl

propan-1-o0l (76) in 92% optical purity, [Scheme 22].
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These results indicate that styrenc rcacts with
nitrone '73) preferentially via the endo transition state to
give an excess of the cis isoxazolidine and an excess of one
of the diastereomers in each cis and trans pair. Other
mono substituted dipolarophiles have been shown to exhibit

similar behaviour.68

Chiral nitrones have been employed in a number of

total synthesis of natural products, the subject of which

51,52

has been reviewed. One instructive example will be

discussed here in detail. Whitney et al have recently

reported a short, highly stereoselective total synthesis of

acivicin69 (77), an antibiotic produced by Streptomyces

sviceus and noted for its antitumor properties. Mitrones

Q

(78a-c) used in this work were generated in situ from 5-
hydrdxypentanal oxime,70 2,3:5,6 di-O-isopropylidene-D-
mannose oxime71 and 2,3-0-isopropylidene-5-0-trityl-D-ribose
oxlime respectively, by reaction with parafermaldchyde. The
N- substituted isoxazolidines 1isolated from these recactions
were converted to N-unsubstituted isoxazolidines by acid
hydrolysis and thence to isoxazolines '80,%1) by oxidation with
N-chlorosuccinimide. The diastereoselectivity in the cyclo-
addition was assessed by 1H nmr at this stage by integration of
the signals for the proton at C-3 of the isoxazolines, Table 1).
In all cases the slightly broadened singlets observed for (20)
and 81) were located near §7.2 with the SS5-isomer siving the
higher fiecld signal. The final convercion of 150) to

acivicin required chlorination at -3 to sive 22), and

deprotection of (82) giving synthetic material which was



identical in all respects with the natural product, [Scheme 207,

R/N\-

(78) (79) N/

(@Q)R= li(j/k (d)R1 :Me,R'?:H,R3:CbZ R

% (e)RT+ R2=CH2,R3:CDZ

(bR (f)R]+R2=CH2,R3:CH3CHQOﬁ—
TPO ’, 3 @

(gIR +R =CHp R'= CH{0C—
(c)R=

Scheme 29, L



Table 1.
NITRONE ALKENE PROD.RATIO 80:81 YIELD S
73a 79d 2:3 B
78b 7od 1:2 72
T8¢ 79d 2 T
78a 79e 2 45
78b 79e 3:1 60
78c 70e >10:1 T4
78c¢ 79f >10:1 T4
78¢c 79g >19:1 30

The methylidene-protected L-vinylglycines " 79%¢c-g)
exhibited selectivity for the desired 5-'S)-stereoisomer /80)
with all three nitrones (77a-c!. The selectivity in the
reaction of '78c) with '79e-g) was sufficiently great that
the minor isomer could not be detected by "It nmr. It would
appear that these last three combinations constitute matched

palirs of asymmetric reactants for double asymmetric induction/“

fsee Chapter 5).

Chapter 4 of this thesis describes the cycloaddition
of a-chloroacrylonitrile with chiral nitrones as part of an

asymmetric synthesis of B-amino acids.



DISCUSSION.



CHAPTER 1.

Preparation and Confliguration of Nitrones.



1.1 Preparation of Nitrones.

The most general and efficient method of preparing
acyclic nitrones involves the condensation of N-monosubstituted

7
r3 N-benzylhydroxylamine (2}

hydroxylamines with aldehydes.
was prepared by the method of Borch74 which involves cyanoboro-

hydride reduction of benzaldehyde oxime 1), [Scheme 1].

- NHOH

Scheme 1.

Treatment of the appropriate aldehydes "3,4) with
hydroxylamine 2} in dichloromethanc at room temperature
gave C-methyl and C-iso-propyl-l-benzylnitrones in good

yield, [Scheme 2].

The spectroscopic properties of these nitrones
L0
were identical to those described by Moffat,*' the 1i.r.
spectra of which typically displayed C=!l absorption at

-1
approximately 1600cm



Ph~" NHOH + O%(H——. HYR
R Ph\/N+\O'
(2) (3)R=Me (5)R=Me
(4)R=iPr (6)R=iPr

Scheme 2.

C,N-diphenylnitrone (9) and C-phenyl-li-benzylnitrone
f10) were conveniently prepared by oxidation of N-benzylamines
‘7)) and '8) with m-chloroperbenzoic acid in refluxing acctone,

-
following the method described by Beckett,7) [Scheme 3].

H Ph

RNHCH>Ph —= +
R~ N0
(7) R=Ph (9)R=Ph
(8) R=PhCH> (10)R=PhCH>

Scheme 3,

3,4=-Dihydrolisoquinoline l-oxide (12) was preparcd
.76 .
by the method of Murahash1.7' and involved the tungatate

catalysed oxidation of tetrahydroisoquinoline 711) with
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hydrogen peroxide, [Scheme 4].

H NaZWO
(11) (12)

Scheme 4.

The 1.r of nitrone "12) displayed Cz=! absorption

at 1595¢cm™ "

Treatment of hydroxylamine '2) with p-methoxy-
benzaldehyde (13) in refluxing benzene, and p-hydroxy-
benzaldehyde (14' in refluxing methanol-benzenc afforded

nitrones ‘15) and (16', again in good yield, [Scheme o].

R

SCheme .



The i.r. spectra of nitrones 15! and 16' displayed

C=N absorption at 1605 and 1600 cm™ respectively.

Chiral benzylic nitrones of the type described by
Belzecki68 required the synthesis of ‘R'-/+)-g-methylbenzyl-
hydroxylamine {19). This can be achieved by employing the
method of Zirmer’77 in which oxidation of the optically pure
amine (17' with benzoylperoxide gives initially the benzoyl-
hydroxylamine (18) which is subsequently hydrolysed under
basic conditions to yield hydroxylamine (19', [Scheme 6].

However, the optimum yield of this reaction is approximately

30% overall.

CH3 CH3 CH3
>\NH2 >\NHOCPh >\NHOH

(17) (18) (19)

Scheme 6.

The method employed during the course of the work

described in this thesis is that of Polonsky and Chimiak7r

in which optically pure aminc 17! iog converted into chiral

hydroxylamine oxalate 22) in threc simple steps via the
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imine (20) and the oxaziridine (21), and has affordcd

superior yields of up to 50%, [Schecme 7].

(13) H
17) 2l Ciﬁ}—mz%—@»ocm MEBA,

Pﬂ
CH3>‘ N&C _ JCH3
Ph i <:> ok >\NH20H

“0,C—00
121) 120y 20

Scheme 7.

(R)-{+)-a-Carbomethoxybenzylhydroxylamine oxalate (9}
was synthesised using the same general method starting from
{D)-—a-phenylglycine 23) which was first converted to the
corresponding methylester hydrochloride '24), however the

optimum yield of this process was only about 4%, [Scheme 2].

P*Q::><::FI)2F4 F%f::><;\CXJZP4Q f::>\\\CXDQF49
Ph" SNH™ Ph”” “NHC™=Ph~" “H,0H
(23) (28) (25/02C—CO2H

Scheme £.



Satisfactory spectroscopic date were obtaincd for
oxalate [25) but the microanalytical data were unsaticfactory

in separate runs.

The chiral nitrones 28-31) were prepared by
treatment of oxalate 22) with triethylamine (1.1 equiv.) and
the appropriate aldehydes '13,14,26,27) in either refluxing
benzene or benzene-methanol. Aldehyde (27) was prepared
by treatment of p-hydrexybenzaldehyde (14) in DMF with

sodium hydride in the presence of benzylbromide, [Scheme 9].

CH3 R

><Pj + O%[/H___. H\[/
Ph~" “SNH,0H o l,
0,CG—CO,H R HXEES—

26)R=Ph (28) R=Ph
)

(22) (26)
(13)R=pMe0Ph (29) R=pMePh
(14)
(27)

R=pHOPh  (30) R=pHOPh

3
L )
27)R=pBz0Ph (31) R=pBz0Ph

H

0
NaH
o s o
PhCH, Br ﬂ::;j//\\ \
(27)

(14)

Scheme 9.
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Similarily, nitrones (32) and 33 were prepared
by treatment of the appropriate hydroxylamine oxalate with
triethylamine in the presence of iso-butyraldehyde 4 in

dichloromethane at room temperature, [Scheme 10].

: CHs
S e
Ph~" NH,0H CHs

+
0,C—CO,H Ph -
R \<22\O

(22)R =CHy,R*=H (32)R=CH3 R*=H
(251R =H,R=C0zMe (39R = HRECOMe

Scheme 10.

Nitrones ‘3%) and (36) were readily preparced by
condensation of the appropriate hydroxylamine with 2,3-0-

isopropylidene-D-glyceraldehyde (34) followiny the general

7¢C
procedure of DeShong. ) Aldehyde '34) was synthesised in

two steps from {D)-mannitol following the procedures of

80,81

Baer and Fischer, [Scheme 11].



X

R—NHOH + \H/Q

/N\O
0
(2) R=PhCH, (34) 35) R=PhCH,

(22R=(R}PhCHCH; (36) R=ARIPhCHCH;

Scheme 11.

The i.r. spectra of the aforementioned chiral
nitrones typically displayed the expected C=N absorption
at around 16OOcm_1. With the exception of compounds (12},
f28) and '33), all of the nitrones described above were

obtained as crystalline solids.

1.2 Configuration of Acyclic Nitrones.

The stereochemistry of acyclic nitrones, parficularly
of aromatic aldonitrones, 1s a subject that has received some
attention, and indeed a knowledge of double¢ bond geomctry ic
essential for predicting and interprecting the outcome of

cycloadditions with nitrones.

In general, aldonitrones have boen observed an
single geometric isomers, presumably in the thermodyranmically

more stable Z- configuration. For irstance, Boyd ° har



established the Z- configuration of aromatic nitrone 377,

49 .
and Moffat ~ has established the Z- configuration of niirones

(Oa}

', 16) and '38), both by employing NOEDS studies.

NO»
H

+
CHy 0 P ™5
(37) (5)R=Me

Furthermore, when nitrones '5' and (38) were heated
in CDCl3 in the presence of benzoic acid no trace of the
isomeric E-nitrones was observed, howver nitrone "5) was secen
to dimerise on heating at tempecratures greater than 100°C in

8 49
d"-toluene. Whereas there are sceveral examples of the
rapid dimerisation of N-phenyl-C-alkylnitrones, > this is

evidently not a characteristic shared by their HN-benzyl

analogues.

Boyd84 has also studied the EE27 isomerisation of
certaln aromatic aldonitrones such as ‘39), and has established
by calculating the barrier for rotation about the C=!0 bond
that such nitrones show considerable confligurational ctability

[Scheme 12].
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Me Me

Me Me Me Me
331Kcalmol”

H Me

Me

—_
+ C < e +

NY _
PN . CHa~" N0

CHy™ ™0 34 6Kcalmal 3
7439) F{39)

Scheme 12.

The 1H nmr spectra of all the nitrones previously

described in this chapter also indicate the formation of a single

geometrical isomer, suggesting exclusive formation of the

thermodynamically more stable Z-nitrone. This apparent

configurational stability considerably simplifies the analysis

of the transition states that are relevant for the cyclo-

additions discussed in the following chapters.



CHAPTER 2.

1,3-Dipolar Cycloaddition Reactions of

Mitrones with Diethyl Methylid-onemalorate

1

Biothy !l thylldenerclonate and Ethyl

“rotonate.
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2.1 Background and Introduction.

In 1979 Tufari811085 reported that both C,I-
diphenylnitrone (9) and 3,4,5,6-tetrahydropyridine oxide 740)
undergo cycloaddition with diethyl methylenemalonate (41
to give the &4,4' - disubstituted isoxazolidines (42) and (43)

respectively, [Scheme 13].

P 0okt

HYPh E’rOgC\n/COQE’r
/Ni-+ /Nfg CO5E?
Ph 0 Ph

(9) (41) (42)

EtO-C COQET
& hid 3 ENCo,Et

(£0) (41) (43)

Scheme 13.

It has also been shown that C-benzoyl-'l-phenyl-
nitrone (44) reacts regiospecifically with dimethyl «<thyl-

idenemalonate '45) to afford only the h,a'—disubstjtutn1



86

isoxazolidine (46), [Scheme 14].

H\H/COPh MeOzC;UiCOMQ PhOG - FOale
+ CO9oMe
- H

CHsj

Y (45) (46)

Scheme 14,

In the light of this apparent regios;+ ificity, it
was envisaged that [3 + 2] cycloaddition reactions of
chiral nitrones with diethyl methylidene- or ethylidene-
malonate could constitute the first step in u: asymmetric
synthesis of B-amino acids, [Scheme 15]. After hydropenolysis
of the cycloadduct (49), the aim was to de-formylate or de-
acetylate the aminol (50) using the two carboethoxyl groups
as the driving force in this step, and then to hydrolyse and
de-carboxylate (51) to give the M-protected B-amino acid (52)
which could be deprotected by hydrogenolysis to yield the

free R-amino acid (53).



1
HYR Et09C_ _COEt RGOt
+
2 NI - I 3 &025*
(47) (4N or(48) (49)
1
R COokf R1 CO,Et
H» /CAT. BASE
L"—’ 2 COQEf —_— 2
RINH g3 RNH Ot
(50) (51)

H,8 R OH R OH
—C02 W HolCAT. Y\H/

RNH O NH, O
(52) (53)

R = ALKYL or ARYL
Rgz PhCHy— ,(RI—PhCHCH3
R= H,CHj3

Scheme 15.



Discussion

2.2 1,3-Dipolar Cycloaddition Reactions of Nitrones with Dicthyl

‘ethylidenemalorate, Dictiyl “thylidenernalonate and Mthyl

Crotonate.

Initial investigations were carried out employing
achiral nitrones. Diethyl methylidenemalonate ‘41) was
prepared by the method of Bachman87 by refluxing diethyl-
malonate in glacial acetic acid in the presence of para-
formaldehyde and catalytic amounts of potassium and copper

acetates. Diethyl methylidenemalonate is known87

and was
found to polymerise quite rapidly on standing, and was there-
fore used immediately after distillation in each of the

following cycloadditions.

Cycloaddition of C,N-diphenylnitrore Q) with
41) in refluxing toluene under ar argon atmosphere cave a
mixture of the two regio-isomeric isoxazolidines '42) and
(54) which are separable by chromatography, the relative
ratio of which was seen to vary with reaction time, [Scheme

16, Table 1].

CO,Et
COoEt
(M 3 4NCO,E
oh \o AN Ph/ COEt

(9) (42) ( 54)

Scheme 16



Table 1.
Reaction Time (h) Ratio 42:54 Chemical Yield
2 SR 82%
4 2:1 72%
16 1:1 72%

a - Total yield after chromatography

Figure 1 shows the 90MHz 1H nmr spectrum of (42)
the regiochemistry of which was easily assigned by the one
proton singlet at §85.56 corresponding to the C-3 proton, and

the AB quartet ‘J = 10 Hz) centred at §4.7 corresponding to

the two C-5 protons. As expected, separate signals appear
for each of the diastereotopic - CH3 and -CHg- groups of the
two carboethoxyl moieties. Each of the —CH2— groups

should give rise to 16 lines due to the diastereotopic nature
of the protons within each _CHZ_ group. The lower field
—CH2— multiplet centred at §4.16 appears as two overlapping
quartets, while the higher field —CHz— multiplet centred at
§3.6 clearly shows 16 lines reflecting the non-equivalcnce

of each of the protons within each -CH2— group. The two
-CH3 triplets (J = 7.6 Hz) appear at §0.2 and 1.15

respectively.

Figure 2 shows the 1H nmr spectrum of the regio-

isomeric isoxazolidine 54) which clearly shows the expectoed

ABX pattern for the three-proton system at C-3 and C-4,

The two C-4 protons correspond to the doublets of doublets

a



at 62.99 'J = 7.9, 13.8 Hz) and §3.34 'J = 7.9, 13.% Hz)
respectively. The C-3 proton corresponds to the triplet

at §4.65, (J = 7.9 Hz). In contrast to the 1H nmr spectrun
of the regio-isomeric isoxazolidine {(42), the two ~OCH,CH,

groups appear as a single multiplet centred at §4.21 and

both —OCH2Qﬂ3 groups appear as a slightly broadened triplet

at §1.2, (J = 7.8 Hz). Thus, the non-equivalence of the

two carboethoxyl moieties is apparently much greater in
isoxazolidine (42) than in (54), presumably due to the proximity

of the C-3 phenyl substituent.

Both of these isoxazolidines were obtained as oils
after chromatography, and accurate mass analysis showed [M]+ -

369.1583 for (42) and [M]T = 369.1572 for (54), corresponding

to a molecular formula of C,.H fcalc.m/e = 360.15706).

21823805
The i.r. spectra of (42) and '54) show strong carbonyl

absorptions at 1735 and 1743 cm-1 respectively.

As discussed in the introduction, the dominant
interaction between a nitrone and a highly electron-deficient
dipolarophile such as diethyl methylenemalonate should be
HOMO (dipole) - LUMO(dipolarophile), and one would consequently
expect the 4,4'-disubstituted isoxazolidine to be the dominant
product (by analogy with nitroethylene). The time-course
data in Table 1 suggests that isoxazolidine ’42) is indecd
the kinetic product, however the rclative arount of (54)
increases with time suggesting that this cycloaddition iu

reversible and that isoxazolidine [(54) 15 the thermodynamically



more stable product, [Scheme 17].

Ph  CO,ft

Ph Et0,C coQEf
___> Ef
COQET Y Y %2

h/N\O

Scheme 17

Isoxazolidines which have groups at C-4 or C-5
capable of conjugative stabilization of the developing
dipolarophile double bond in the transition state for the
cycloreversion process, are known to undergo this reversal
with relative ease. For example, nitrone (55) 1is known
to give isoxazolidine /56) on treatment with ethyl acrylate
under conditions of kinetic contr’ol,m"qEJ Scheme 1°].
However, when the reaction is run for several days an approx-

imately equimolar amount of the two isomeric isoxazolidine

is obtained at equilibrium.
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Scheme 18

The attempted hydrogenolysis of isoxazolidine (42)
proved to much more complicated than expected. Instead of
the desired aminol (58), a complicated mixture of products was
obtained on attempted hydrogenolysis in ethanol at room
temperature in the presence of catalytic amounts of Pd/C,
PtOZ/C or Ni. In each of these cases the same result was
observed:

Instead of aminol '5%), fragments whose 1H nmr
spectra displayed a lack of either carboethoxyl or aromatic
signals were isolated after chromatography. From these
fragments, N-phenylbenzylamine (59) was recovered along with
oligomeric or polymeric material derived from the malonyl

portion of adduct (42), [Scheme 19].
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Ph  COoEt HO
— (58)
N CO4Et
Ph-" 0 —_ |
(42) AN
(7)

+

Oligomeric/Polymeric
material (59)

Scheme 19

The i.r. spectrum of the latter shows a strong

carbonyl absorption at 1730 cm—W, while accurate mass

analysis showed m/e = 346.1616 as the highest mass ion
corresponding to a molecular formula of C16H2609 ‘calc. m/e =

346.1627), and m/e = 173.0816 as the base peak 100%)
corresponding to a molecular formula of C9H1304 (calc. m/e =
173.08138). The ion of composition C8H1304+ may correspond
+
02
2).

to '60) shown below, while the ion of composition C

(SRR GA

1612
may be accounted for by a dimeric ion such as ‘61) or
Accurate mass analysics also showed m/e = 174.0%02 correspondinge
to a molecular formula of c8H1AOA (calc. m/e = 174.0%62) which
could be accounted for by the presence of methyl diethyl-

malonate (63). The ion represented by '60) may have becen
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derived from oligomeric or polymeric material or from (63).

(60)

Et0,C

Ft0,C

(62

Et02C~_~COEt

H/kH

COoEt

0okt

+

H
N

EfOQC\

_H
/COQ. Et
_-COotf

s

(61

(63

ETOQO\T//COQET

CHsj

“H

)

E——

)

4

This material was still a mixture of compounds

as indicated by TLC analysis which showed two or morc¢ over-

lapping spots.

The only useful information to be drawn

from the 1H nmr spectrum of this mixture is that the carbo-

ethoxyl moieties that originated in cycloadduct (42) are

substituents in this material as can be

§1.2 (J =

7.8 Hz)

and the quartet at &4.1%

seen by the

tJ = 7.8

triplet at

Hz ).

The evidence presented here scuggests that during

hydrogenolysis the C3 - C, as well as the MN-0 bond has beer

cleaved, and that the malonyl alcohol

"64)

so produced has



R

after elimination of H20, oligomerised or polymerised under

the conditions of hydrogenolysis. In addition to this some

of the diethyl methylenemalonate (41) produced after elimination
of H20 may have been hydrogenated to afford methyl diethyl-

malonate (63), [Scheme 20].

Ph  CO»5Et
H

H2 F+0,C_|3~CO,Ft
| H
(42) (7) (64)
Oligomeric/Polymeric

material. EngC\ﬂ/COQE’r

+

ETOQCYCOQE‘r —

CH3 +

(63)
H2O

Scheme 20

Benzylic carbon-carbon bonds are not ecasily cleaved
under mild hydrogenolytic conditions unless the bornd 15 part
of a strained system or is weakened by other structural

features, as in the example shown below," [Scheme 21].
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Ph

(65) (66)

Scheme 21

Presumably the C3 - Cq bond in isoxazolidine (42)
is weakened by the electron-withdrawing effect of the two
carboethoxyl groups at CA’ in a manner similar to the eoffect

seen in the tetrone (65).

This hypothesis is supported by the observation
that in contrast to the above, isoxazolidine (54) undergoes
smooth hydrogenolysis at room temperature to afford the
expected aminol (67) as a colourless oil in - yield after

chromatography, [Scheme 22].

P

CO-,Et Pd/C/H
3 2 F+OH 2 PhNH 3

EOH 2 OH
Ph N0 ot RT |, COgEt COptt
(54 (67)
Scheme 22
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The 'H nmr of the aminol '67) shows the two C=3
protons as a doublet at §2.55 {(J = 6.9 Hz), the C-4 proton
as a triplet at §4.68 (J = 6.9 Hz), and a broad singlet at §4.3%

corrcesponding to twe DQO— exchanseable protons [Ficure 3].

i.r. spectrum of (67) shows hydrogen bonded -OH at 3500 cm™ ]

and a strong carbonyl band at 1740 cm—1. Accurate mass
analysis showed [M]* = 371.1737 corresponding to a molecular

formula of C21H25NO5 fcalc. m/e ; 371.1733).

The foregoing hypothesis is also supported by
an observation by Huisgengo that isoxazolidine (69) obtained
regiospecifically by the cycloaddition of (C,N-diphenylnitrone
(9) with ethyl crotonate (68), undergoes hydrogenolysis in the
presence of Raney nickel to afford the corresponding aminol
(7070, When this was repeated, aminol '70) was obtained

as a crystalline solid in #7'% yield, m.p. 133-134°C Lit.

m.p. 09 134.5 - 135°C), [Scheme 23].

H ot PN 2 o
\n/ /U/ NI/HQ

h/N\O CH3 Ph CHs
(9)  (68) (69) (70)

Scheme 23
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The regiochemistry of this cycloaddition was easily
assigned on the basis of the position of the doublet of
doublets at §3.15 ”3,4 = 7.8 Hz, J[‘,5 = 3 Hz) corresponding
to the C-4 proton in the "4 nmr spectrum of (60), [Figure 4].
If the carboethoxyl group were located at C-5, the signal
corresponding to the proton at C-4 would appear as a multiplet
at significantly higher field. The 1H nmr spectrum of
aminol (70) is almost identical to that of isoxazolidine (69),

except for small differences in the chemical shift values

of the signals.

The observation that isoxazolidine (69) readily
undergoes hydrogenolysis to afford aminol (70) indicates
that in comparison to the case of (42), one carboethoxyl
group at C-4 is not sufficient to facilitate hydrogenolysis

of the C3 - Cq bond.

Both C-phenyl-N-benzyl and C-phenyl-li-a-methyl-
benzylnitrone (10,28) were also shown to recact regilospecifically
with ethylcrotonate under the same cornditions as described

90

by Huisgen, and afforded isoxazolidines /71) and 72!

respectively, [Scheme 24].
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H\”/Ph /l I/cog!zf

+ + —

R~ N\('J CH3 Ph/N\O CHs

(10) R =PhCH; (71)R=PhCH,
(28)R=(R-PhCHCH3 (72)R={R)~PhCHCH3

7

Scheme 24

The regiochemistry of these cycloadditions was
readily assessed by comparison with isoxazolidine (691,
The 1H nmr spectra of cycloadducts {71) and (72) show signals
corresponding to the C-4 proton at §3.08 and §2.99 respectively,
the former as a broadened triplet ‘J = 7.8 Hz, Figure %' and
the latter as a doublet of doublets «’J3’4 = 6.2 Hz, JA,S = 9 Hz,
Figure 6). Also, as reported by Huisgen90 Figure 4 shows an
additional triplet at 80.87 (J = 7 Hz) associated with the
carboethoxyl group of another minor stereoisomer of isoxazo-
lidine (69), these stereoisomers presumably differing in the
relative stereochemistry of the C-3 and C-4 substituents.
Similarily, an additional triplet can be clearly seen in

Figure 5 at 80.75 (J = 7.2 Hz'.  Isoxazolidines (6%, (71)
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and (72) were all obtained as oils after chromatography, the

i.r.spectra of which show strong carbonyl absorptions at

approximately 1725 cm™ ', [Table 2] .
Table 2.
Isoxazolidine v+ Molecular m/e Yield®
Formula calc.
69 311.1514 C19H21NO3 311.16521 95%
71 325.1670 CooHaqN04 325.1678 9.c
72 339.1836 C,qH,ye N0, 339. 1241 829%

(a) Yield after chromatography.

Huisgen91 has explained this tendancy of nitrones
to undergo cycloaddition reactions with alkyl crotonates
to afford C-4 carboxylic ester-substituted isoxazolidines in
terms of frontier molecular orbital interactions. In
comparison to very electron deficient dipolarophiles such as
nitroethylene (see Introduction® the atomic orbital coefficient
at Ca in the HOMO of alkyl crotonates is slightly larger than
the atomic orbital coefficient at CB' Thus, both HUMO-LUMO
interactions now favour formation of the C-4 carboxylic ester
substituted isoxazolidine, [Scheme 25]. Presumably the
energetically most favourable interaction is HOMO fdipole )~
LUMO'dipolarophile), however the relative difference inr cnergy
between the respective HOMO-LUMO intecractions may be expected

to be less than in the case of a highly electron-deficient



dipolarophile such as nitroethylene.

H \”/Ph /[ ]/COQE'r

+
Ph/N\5 CH3

?\. gCO okt

Scheme 25
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"H NMR SPECTRUM OFISOXAZOLIDINE(72)AT 90MHz
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Cycloadditions between diethyl methylidenemalonate
and nitrones (5), (G' and (10) were also carried out under the
same conditions as described for the reaction with nitrone (Q).
Both C-phenyl-N-benzylnitrone and C-methyl-N-benzylnitrone
afforded regioisomeric mixtures whereas C-isopropyl-N-benzyl-
nitrone afforded only the 5,5'-disubstituted isoxazolidine.

Each of the cycloadditions was run over a period of 16 h.

R R 2 F O-Ft
(41) 0O + 2

™

(@ )]

(5)R=Me (73)R=Me (75)R=Me
(6 )R=1Pr (74) R=Ph (7TOR=1Pr
(100R=Ph (77R=Ph

Scheme 26
Table 3.
R Ratio f:B% Yic1d®
Me 1:8.5 62 . 4%
iPr e tan 66 . 4%
Ph e 73%

fa) Product ratio after chromatography

‘b) Yield after chromatography



The regiochemistry of these isoxazolidines was

readily assigned by comparison of their 1H nmr spectra with

1

those of compounds (42 and (54), The 'H nmr spectra of
the 5,5"'-disubstituted isoxazolidines (75), (76) and (77)
characteristically display signals in the region §2.5 - §3..

corresponding to the two C-4 protons as part of an ABX system,
while those of the 4,4'-disubstituted isoxazolidines (73) and
(74) characteristically display separate signals for each of
the diastereotopic —CH2- and —CH3 groups of the two carbo-
ethoxyl moieties, although in the e nmr spectrum of (73)
these signals overlap, [Figures 7,8,9,10,11]. A1l of these
compounds were obtained as oils after chromatography, the i.r.

spectra of which showed strong carbonyl absorpticns in the

region 1729 to 1741 cm”, [Table 4].

Table 4.
Isoxazolidine N Molecular calc.
Fornmula n/e
73 321.1560Q C17H23NO5 321.157¢
T4 383.1730 C22H25NOB 3%3.1733
75 321.1571 C17Hq3NOG 321.1576
9 ) 349,188
76 349,1891 C19H27T.O5 34G,1889
n 109 -
77 383.1723 C22H25JO5 383,173
In contrast to the above, cycloadditions of nitrono:
‘g), (10) and (29} with diethyl ethylideneralonate 74%) in

refluxing benzene under a nitrogen atmosphere afforded resio-
specifically the &4,4'-dicarboethoxyl substituted isorzazolidine:

shown in Scheme 27. Diethyl ethylidinemaior oo wuns e v



9
by the method of Fones,’2 and is much more resistant to

polymerisation than diethyl methylidenemalonate.

P OoFt

+

H Ph Et0,C CO-Ft
AR G
RNG H CH3 Ph -~

0ot
CHs

(9)R=Ph (48) (
10) R =PhCHs (
(28)R=(R)-PhCHCHs (

78)R=Ph
79)R=PhCH>
80)R<R)-PhCHCH;

Scheme 27

Isoxazoelidines (78) and “20' were obtained au oils
after chromatography, whereas isoxazolidine /79) was obtained as
a crystalline solid, m.p. 94-957C. The regiochemistry of these
isoxazolidines was again easily determined by comparison with
compound (42). The 1H nmr spectra of these isoxazolidines
clearly show u or« proton singlet correapordirs fo the =3
proton as does the 1H nmr spectrum of isoxazolidine (42), while
the i.r. spectra show carbonyl absorptions at approximately

-1 .
1725 c¢m™ ', [Table &, Figures 12,13,14].
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Table 6.

Tsoxazolidine Yield® Reaction Time
76 83% 3 hrt
77 61% 16 hr°©
78 29 16 hrC

fa) After chromatography
(b) Time to completion as Jjudged by TLC.

{c) Reaction incomplete after this time as judged by TLC.

Table 6 shows a marked decrease in yield on progress-
ing from nitrone (9) to nitrone (28), indicating a substantial
decrease in reaction rate. This 1s probably due 1In part to
an increase in steric congestion in the transition states
leading to the formation of the above isoxazolidines, i.0. as
the size of the N- substituent increases this ray lonad to an
increasingly unfavourable interaction betwcen this and the vinyl

methyl of diethyl ethylidenemalonate.
O»Et

CO,Et
CHj

CHy HHA
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T4 NMR SPECTRUMOF ISOXAZOLIDINE(74)AT 90MHz.
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H NMR SPECTRUMOF ISOXAZOLIDINE(77)AT 200MHz.
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FIG.13
T4 NMR SPECTRUM OF ISOXAZOLIDINE(79) AT 90MHz.
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TH NMR SPECTRUM OF 1SOXAZOLIDINE(80)AT 90MHz.

FIG.1S
b NMPR SPFCTRIUM OF ISOXAZOLIDINE(81) AT 90MHz.



The regiospecificity observed in these cycloadditions
is in contrast to what has been observed in cycloadditions with
diethyl methylidenemalonate, and may possibly be explained
using the same argument as for ethyl crotonate, i.e. the
introduction of the vinylic methyl group may change the relative
sizes of the atomic orbital coefficients in the HOM0 of the
olefin, thus making both HOMO-LUMO interactions favour formation
of the 4,4 '-disubstituted isoxazolidine. Attenpted hydro-
genolysis of isoxazolidines (78) and (79 using various
catalysts 'PtOE/C, Pd/C, Ni) at temperatures from room temp-
erature to 100°C at moderate pressures f{(up to 7.1 AT¥) were
unsuccessful, with the isoxazoclidines being recovered unchanged.
Reagents such as aluminium amalgam, sodium amalgam, Zn-acctic
acid and lithium aluminium hydride are also known to effect

93,94

IN-0 bond cleavage. As a model study, attempted reduction

of the N-O bond in isoxazolidine {69) by prolonged trecatment

A

with LiAlH, in refluxing THF afforded only the alcohol (%15,

4

isolated as a colourless oil in £1% yield after chromatography

[Scheme 22].

Ph  CO,Ft Ph  CH,0H

THF
Ph/N\O CHj Ph/N\O CHj

(69) (81)

Scheme 2%



1
The 'H nmr spectrum of 91 [Ficure 15] clearly

shows a doublet corresponding to the newly introduced -UH.-

group at C-4 at §3.72 (J = 6 Hz), and a one proton DO

exchangeable signal at §1.19, The i.r. spectrum of %1}

shows a strong hydroxyl adsorption at 3600 cm-w, while

accurate mass analysis showed [M]T = 260.1413 corresponding
) m/e = 200, 14160,

to a molecular formula of C - H, N0, feale.

Following the same general strategy, attempts were

made to carry out cycloadditions between nitrones Q) and (10"

. . - , . an
with derivatives of Meldrum's acid as shown below. However,

no cycloadducts were 1solated.

Summary and Conclusions.

The evidence proocented males the ponte Lo F-aring

acids here explored urlikely, for three proason -

Y the lack of reciospecificity in nitronae oy loadditors
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R

with diethyl methylidenemalonate; ‘2) the sluggish t
, g€1sh nature of

the cycloadditior of nitrone ‘pg) with diethyl othyl;
othylideno-
malonate and “3) the increased resistance of isoxazolidi
zolidines
derived from diethyl ethylidenemalonate to catalytic hyd
ydro-

genation.
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CHAPTER 3.

1,3-Dipolar Cycloaddition Reactions of
Nitrones to Ketene Acetals and the Synthesis

of Chiral Ketene Acetals.
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3.1 Background and Introduction.

Ketene acetals are electron rich dipolarophiles
and as such undergo cycloaddition reactions with nitrones to
give 5,5" - substituted isoxazolidines such as (88) and (92)
shown below. The cycloaddition reactions of diethyl ketene

96

acetal (87 have been investigated by Huisgen, Scarpati97
L

and Moffat,*9 while Scarpati has further established that

isoxazolidines such as (88) can be hydrogenolysed to afford

49

ethyl esters of B-amino acids, [Scheme 29]. Moffat has

studied the cycloaddition reactions of ketene acetal (91)

’

however cycloadditions with N- phenethyl nitrones {(R.='R)-

5=
PhCHMe ) were extremely sluggish, affording isoxazolidines in
yields between 0 and 28%, [Scheme 30]. In spite of the low
yields, chiral induction at C-3 of the isoxazolidines formed
of the order of 3:1 was observed. Also, I‘-’zoff‘at49 was
unable to cyclo-add chiral phenethylnitrones to diethyl

ketene acetal, presumably due to unfavourable steric inter-

actions.

As part of an investigation into alternative
asymmetric routes to R-amino acids, chiral ketene acetals
were synthesised as described in Section 3.2 with a view to
using these in cycloaddition reactions with nitrones as the
first step in an asymmetric synthesis of B-amino acids.
Section 3.1 describes the synthesis of racemic li-phenyl-8-

phenyl-R-alanine (07' by this route.



H\H/R OEt
PN ero OE’rPh ) Y\ﬂ/

PhNH 0O
(86) (87) (88) (89)
R =Ph, pClPh
Scheme 29.
1 R’

H R H H

\\llzf’ + é;:II:/ —_—
R0 R \o:<

(90) (91) (92)

R=Ph,iPr,pClPh
R=Ph/R)-PhCHCH3

Scheme 3(



Discussion

3.2 Non-asymmetric Synthesis of N-Phenyl-R-Phenyl-g-Alanine.

Ketene acetal (91) was prepared by the method of
8 -
Grewe 9 as shown in Scheme 31, and was obtained as a stable
crystalline solid after distillation, m.p. 47-42°¢C (Lit98 m.p.

49°C) .

9l+
OH TsOH

(95)

Scheme 31.

Cycloaddition of C,N-diphenylnitrone (9) with
4La
ketene acetal 01) as described by iof fat | afforded isoxazol-

idine (06) as a crystalline solid aftcr chromatography in £3%

. . 40 . .
vield, m.p. 130-131% (Lit" m.p. 10790y, [Beheme 307,



Ph

H Ph H H
Y Toluene ;

Ph/N\é Q 120°CPh/N\OS

Scheme 32.

The 1H nmr spectrum of ‘36 shows two doublets
of doublets as part of an ABX system at §2.65 "1H, dd, J = G,
13 Hz' and at §3.02 :‘1H, dd, J = 7, 13 Hz) corresponding to
the two C-4 protons [Figure 16], while accurate mass analysis
showed [M]+ = 359.1516 corresponding to a molecular formula

of C,4H, N0, 'calc. m/e = 359.1521).

Hydrogenolysis of '96' at room temperature in
ethylacetate afforded N-phenyl-f-phenyl-B-alanine r97) as
a crystalline solid, m.p. 119-12OOC, in 80% yield after

chromatography, [Scheme 33].
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EtOAc
RT PhNH O

(96) (97)

Scheme 33.

\

Figure 17 shows the 1H nmr spectrum of -97) in
which the C-2 protons appear as a doublet at §2.86 J = 7 Hz),
and the C-3 proton as a triplet at 64.88 (J = 7 Hz). The
i.r. spectrum of 97' shows both hydrogen-bonded and free
hydroxyl absorption in the region 3/00C- "' 00 cm_1, while
accurate mass analysis showed [M]+ = 241.1103 corresponding

to a molecular formula of C15H15NO2, ‘calc. m/e = 241.1106).

3.3 The Synthesis of Chiral Ketene Acetals.

Chiral ketene acetal 104) was synthesised in two
steps from (-) - 28,3%)-1,4-dimethoxy=-2,3-butandiol (102)
following the same general procedurc as used by Grew: in
the preparation of ketene acetal '91!, i.e. acctal oxchange
of diol 102! with bromoacetaldehyde diethyl acetal followed

by elimination of HBr using potassium-t-butoxide. Diol "102)

OH



was prepared in four steps from /+)-tartaric acid following
the procedure outlined by Tamera,99 the utility of which

as a chiral auxilliary has been recognised by its application
to the synthesis of 'R'- and 'S)- mevalolackowe ,99 [Scheme

34].

CO-H H H
H——0H TsoHMe%CﬁX LiAH, How
CO-H 2,2 Dlme’rhoxy-H & H
(98) "TOPAME (g9 (100)
”“Ctix—*meo% o
DMSQ MeO
KOH
(101) (102)
N N
OMeMeO OM
(9% ) Pi O% erle :
TsOH ( KOtBU
CeH
A Br Z 5 H H
(103) (104)

Scheme 34
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Diol (102) was isolated as an oil from acid
hydrolysis of ketal "101) in 87% yield and was used without
further purification. The 1H nmr spectrum of diol '102)
shows a two proton DZO—exchangeable signal at 8§2.66, a singlet
corresponding to the methoxyl methyls at &§3.4, a doublet at
§3.51 (J = 4.6 Hz) and a multiplet at §3.81 corresponding
to the four —gﬁg— and two -CH- protons respectively,

[Figure 18].

The bromo-acetal (103) was obtained as a colourless

liguid after distillation in 70% yield, b.p. 110°C at 2mmHg ,

© (CHC13, C = 1.6). Figure 19 shows the 'y

nmr spectrum of “103) in which the acetal proton appears as

[a]D22 = -9.3
a triplet at §5.31 'J = 4.2 Hz). Interestingly, the @ =¢C
proton-decoupled nmr spectrum of (103) displays two separate
signals at §77.87 and &78. for the secondary carbons at
the two chiral centres, the assignment of which follows from
comparison with the off-resonance proton-decoupled spectrum,
[Figures 20,21]. Accurate mass analysis of compound 7103)
showed [M—CHgBr]+ = 161.0816 corresponding to a molecular
formula of C H1 0, ‘calc. m/e = 161.0814),

71374

The dehydrobromination of acetal "103) proved to
be problematic, and in fact ketene acetal "104) was only
isolated on two separate occasions. Firure 22 chows the 1H
nmr of (104) and clearly displays a two proton singlet attribut-

able to the olefinic protons at &3.2. This compares well

with the chemical shift observed for the same protons In
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diethyl ketene acetal at 63.01.49 Accurate mass analysis
immediately after isolation showed [M]* = 174.0890 corresponding
to a molecular formula of C8H1402 {calc. m/e = 174.0892).
Generally, however ketene acetal (104) had polymerised before

or during work-up, and on one of the occasions when it was
isolated, on standing at 0°C in CDCl3 solution overnight.

The use of alkali-washed glassware did not prevent this

polymerisation.

The instability of ketene acetals derived from
1,3-dioxalanes has previously been reported by McElvainTOO
who carried out an extensive study of the synthesis of such
compounds. McElvain noted that the most striking property
of these cyclic ketene acetals 1is their marked tendency to
undergo spontaneous polymerisation, and that only those
containing bulky substituents such as chlorine {107' or
phenyl ‘110) in the methylene group were relatively resistant
to polymerisation. It was therefore decided to try and

use ketene acetals /107' and 7110} as model compounds in

cycloadditions with nitrones.

Both of these ketene acetals were prepared using
the general procedures outlined by McElvainWOO starting from
ethylene glycol (105!, however the dehydrohalogenations werc
carried out on the pure acetals 106) and “10%) in sodium
dried benzene rather than tert-butyl-alcohol, and afforded

ketene acetals which required no further purification after

isolation, [Scheme 35].
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"H NMR SPECTRUM OF DIOL(102) AT 90MHz.

FIGA19
1H NMR <PFrTRIIMOF ACETAL(103) AT 90MHz .
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Scheme 35

The 1H nmr of ketene acetal (107) shows only a
broad singlet at 84.42, while that of (110) clearly shows a

one proton singlet at §4.99 corresponding to the olefinic

proton in addition to a multiplet centred at §3.36 411 und an
aromatic multiplet centred at 87.2% ©SH'. 4 a test of the
thermal stability of ketene acetal '110), a sample was heated
in an nmr tube in dQ-toluone at 120°C for a period of 2h.

As can be seen in Figures 23a and 23b, there was no detectable
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