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Abstract

The Knight group has been working for some time on the formation of polysubstituted
heterocycles through 5-endo cyclisations, employing both oxygen and nitrogen nucleophiles. It
seemed a logical progression to investigate the use of suitably functionalised hydroxylamines in
the same manner, as a route to the synthesis of polysubstituted isoxazole derivatives.

The N-tosyl O-allylic hydroxylamine 100 was shown to participate in a 5-endo-trig
iodocyclisation to yield the iodoisoxazolidine 101. The iodo-substituent was then displaced
with an azide nucleophile and the isoxazolidine 132 subsequently reduced to yield the
aminoisoxazolidene 134.

Problems encountered with the use of the Mitsunobu reaction in the synthesis of the required
starting materials had previously led the group to develop the use of the oxaziridine 107 as an
aminating agent. In this project, however, the structural assignment of the products generated
by this procedure was shown to be incorrect.

A range of O-propargyl hydroxylamines were shown to participate in silver nitrate-catalysed 5-
endo-dig ring closures, affording a diverse set of 2,5-dihydroisoxazoles, 4,5-dihydroisoxazoles
and, through in situ oxidation, 1soxazoles; all where received in excellent yield and with no
requirement for additional purification.

N-tosyl O-alkyl hydroxylamines were shown to participate in acid-catalysed cyclisations,
generating 5-membered and 6-membered rings with exceptionally high levels of purity. These
substrates allowed for the synthesis of spiro-cycles and fused ring systems through cascade
reactions. Minor products obtained in several cases were identified as regioisomers. Careful
repositioning of the alkene bond prevented this isomerisation. Cleavage of the nitrogen-oxygen
bond allowed for the synthesis of an amino alcohol 360, demonstrating that such cyclisations
are effectively ‘transfer hydroaminations’.

In order to limit the laborious processing required for purification of products resulting from the
Mitsunobu reaction, a procedure was developed that allowed for removal of contaminants by
selective oxidation. This represents the first ‘chromatography-free’ work up procedure for the
Mitsunobu reaction.

The conditions utilised in the purification of products resulting from the Mitsunobu reaction
were also applied to the removal of ruthenium contaminants from metathesis products. This

approach yielded splendid results.
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Chapter One
Introduction

Background

For some time the Knight group has held an interest in the means by which heteroatomic
nucleophiles can be induced to perform intramolecular additions to carbon-carbon n bonds;
generally with high levels of regioselectivity and, where relevant, stereoselectivity.! After
enjoying success in the synthesis of furans, pyrroles and their respective saturated analogues, it
seemed a logical progression to extend these efforts towards the synthesis of heterocycles
containing multiple heteroatoms. Of particular interest were those heterocycles that contain a
nitrogen-oxygen (N-O) bond, given the frequent occurrence of such structures in Nature and in
several synthetic compounds exhibiting high levels of biological activity. The comparative
weakness of the N-O bond (200 kJ/mol for N-O o bond c.f C-N 308 kJ/mol and C-O 360
kJ/mol) also makes such compounds ideal synthetic precursors to amino-alcohols and a range
of functional groups that may result there from.’

We began this project by examining how such a methodology might be applied to the synthesis
of poly-substituted derivatives of the isoxazole 1, 4,5-dihydroisoxazole 2, 2,5-dihydroisoxazole

3, 2,3-dihydroisoxazole 4 and isoxazolidine 5 systems (Diagram 1).

2 N-O ! N-O HN-O HN-O HN-O
s O & (A

4

1 2 3 4 5

Diagram |
Classical synthesis
The isoxazoles and their various reduced derivatives are typically synthesised by a concerted

[3+2] cycloaddition of a nitrone or nitrile oxide to an alkene or alkyne (Scheme 1).

RZ©.0° 0%
R2 J R1//N
'N-0 Ry //H‘ 9 N-Q
RN ~Ryme R3” R"(’R\RWR‘
RS/R4 RS/R4
6 8 10
Scheme 1

These reactions, commonly known as [1,3]-dipolar cycloadditions, were first reported by
Buchner in 1888 and have been the subject of extensive investigation.” This robust process

allows for a broad range of functionality to be incorporated in the reacting species, thus



affording considerable flexibility regarding substituents that may be required in a given
product. The synthesis of the required substrates is typically readily achieved given the
abundance of synthetic approaches to alkenes, alkynes and nitrones. The synthesis of nitrile
oxides is also simple to achieve, although these substrates are rarely isolable and must be
handled with care.

Nevertheless, the principle drawback associated with such transformations is the regio- and
stereo-chemical outcome of the ring-forming step. Determined by variations in the efficiency
of orbital overlap between the dipole and the alkene or alkyne, as a general rule the observed
regioselectivity most often arises from attack by the oxygen nucleophile at the more substituted
position of the carbon-carbon n bond. Instances of such selectivity are numerous, for example,
the complete regioselectivity observed in the cycloaddition of nitrile oxide 11 to the sugar-

denvative 12, reported by Tronchet (Scheme 2).4
o HO

o O 0
7= -
o I 66%
11 12

Scheme 2
Similar frontier orbital considerations can also be used to rationalise the stereo-chemical
outcome of the reaction, although such analyses are considerably more capricious.” With the
potential for the creation of up to three contiguous stereo-centres in the cyclic product, the
interest in controlling the stereoselectivity of the reaction has been considerable. Tactics
employed to this end have included the use of alkenes, alkynes, nitrones and nitrile oxides
bearing stereogenic centres close to the reaction site and the use of tethered reagents in
intramolecular cycloadditions.® There has also been considerable interest in the use of Lewis
acid catalysts that induce intermolecular complexation, often in conjunction with a chiral
ligand, as a means of favouring the desired approach path prior to cyclisation.” The efficiency
of one such approach was aptly demonstrated by Baggiolini and co-workers, who used the
chiral nitrone 14 to control the stereochemistry of a cycloaddition to methyl 3,3-

dimethylacrylate, en route to the synthesis of 1a, 25-dihydroxy-ergocalciferol 16, a product of

the degradation of vitamin Ds in human liver and kidneys (Scheme 3).



295% d.e.

Scheme 3
Alternatively, the use of tethered reaction components was demonstrated by Grigg and co-
workers in the synthesis of the tetra-cyclic isoxazolidine 18, via the in situ generation and

cyclisation of nitrone 17 (Scheme 4)8
Ac

/l/
®
O\N

|
H( 2HO

H o
17

Scheme 4
A significant, albeit limited alternative to such cycloadditions is the intramolecular cyclisation
of alkenyl or alkynyl oximes 19, resulting in the formation of isoxazoles or 4,5-

dihydroisoxazoles respectively (Scheme 5).°

NI,OH I;J-O\
R‘J\%\Rz R1’k,/’\n2
19 20
Scheme 5

The required substrates are typically formed by condensation of hydroxylamine with a suitable
carbonyl, however, oximes are predominantly obtained as a mixture of cis and trans isomers
(with respect to the alkene-alkyne), with only the cis isomer capable of cyclisation.
Alternatively, isoxazoles may be synthesised through a double condensation of hydroxylamine

21 with a 1,3-dicarbonyl 22 (Scheme 6).2
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Scheme 6

Unsymmetrical dicarbonyls generally yield a mixture of regioisomers, thus severally limiting

this approach.

Recent advances

In a recent variation on the aforementioned cyclisation of oximes (Schemes 5 and 6), Larock
has reported that 2-alkyn-1-one O-methyl oximes 27, formed in situ by condensation, can
undergo electrophile-induced cyclisation, yielding a range of electrophile-functionalised

isoxazoles 28, under mild reaction conditions (Scheme 7)."°

.OMe
N -
@ NH;OMe*HCI | E-X NQ
R1 A : R1 X > R1/K'/\H2
N AN
R? R2 E
26 27 28
E-X = 1,,ICl, Br,, PhSeBr
Scheme 7

Once again, only one of the possible oxime stereoisomers is capable of cyclisation and thus
oxime formation must be reversible if good yields are to be achieved. The potential application
of hydroxylamines in dihydroisoxazole synthesis has been highlighted by Carreira and co-
workers, who have reported a metal catalysed, intramolecular 5-endo-dig cyclisation of a
nitrone-derived N-benzyl-N-propargyl hydroxylamine 29, as a means for generating a range of

N-benzyl-2,3-dihydroisoxazoles 30, in high yield (Scheme 8)."!

HO\N,Bn 0.1 eq. Znl, Bn,
0.1 eq. DMAP N-O
R‘J\ CH,Cl, F!"K)‘R2
RZ2  82-97%
29 30
Scheme 8

An intriguing variation was subsequently reported by Bates and Sa-Ei who demonstrated that a
combination of palladium, copper, methanol, tetramethyl guanidine (TMG) and carbon
monoxide could induce the 5-exo-trig cyclisation of O-alkenyl hydroxylamines 31, with the
nitrogen portion of the hydroxylamine acting as a nucleophile, whilst at the same time
homologating the terminal alkene by carbonylation (Scheme 9)."2

5



.NH(CBz/Boc) Pd(ll), Cu(ll), TMG,

) CO, MeOH O-N(CBz/Boc)
R/'\/\ CHLCN R’l\)\\
31 631-67g°/ 32 COMe
Scheme 9

Although the examples reported in both cases are undoubtedly limited, they serve as an
important illustration of the potential of such ring-closures in the synthesis of heterocycles of

this kind.

An alternative synthesis

The inherent regiospecificity and potential for significant advances in stereocontrol makes the
intramolecular cyclisation of functionalised hydroxylamines an attractive prospect as an
alternative method for the synthesis of the isoxazoles, complementary to the aforementioned
[1,3]-dipolar cycloadditions. Thus it seems highly likely that, should a suitable electrophile be
found, both alkenes and alkynes could be sufficiently activated to allow for attack by a range
of suitably functionalised hydroxylamine-derived nucleophiles. The nitrogen portion of such a
hydroxylamine seemed to be the obvious candidate for a ring-closure nucleophile, as its
inherent nucleophilicity should be greater than that of the oxygen atom and substitution at this
point lends itself to the synthesis of four out of the five possible isoxazole analogues described
previously (i.e. electrophile-substituted isoxazoles 34, 4,5-dihydroisoxazoles 385,

2,5-dihydroisoxazoles 36 and isoxazolidines 37) (Scheme 10).

H
R3N.
N (0]
~ ®
R1/§)\R2 + E
33
R3 R3
N-O o N-O N-O N-0
, ]

R1‘S}\R2 R1&kn2 H’VRz R1AS)\R2
E E E E
34 35 36 37

Scheme 10

Isoxazoles

First identified by Claisen in 1888, ‘monazole’, as it was originally christened was later re-
named ‘isoxazole’ by Hantszch, indicating its structural relationship to oxazole. During
subsequent years, partially saturated analogues of these compounds were isolated but it was not

until 1942 that the fully saturated analogue, isoxazolidine, was first synthesised.’

6



A variety of isoxazole analogues are found in Nature and are often core structural components
of compounds with significant biological activity. For example, the toxin Ibotenic acid 38 can
be isolated from the mushrooms Amanita muscarina and Amanita panterina and can cause

hallucinations and muscle spasms if ingested."

N
! COOH
NH,
38

Several synthetic isoxazoles have shown significant biological activity. For example,
isoxazoles have found continued application as antifungal agents'* and in the treatment of
pulmonary aspergillosis.'> Until 2005, the potent COX-2 inhibitor Valdecoxib 39 was
marketed by G. D. Searle & Co, under the trade name Bextra®, and used clinically for the
treatment of arthritis and menstrual pain, although it was very recently withdrawn from sale
after concerns were raised regarding a reported increase in the risk of heart attack, brought

about by its regular consumption.'

oY
3

O=§=O
NH,
39
Isoxazoles themselves can be readily reduced to yield 1,3-amino-alcohols 41, oximes 42 or
imines 43 / enamines 44 (which can subsequently be hydrolysed to yield 1,3-dicarbonyls 45)

depending upon the conditions used (Scheme 1 .Y

1. Fe?*,
N-O dihydrolipomide NH O NH, Oy ho O 0
/ . . Hy
R‘&)\RZ R‘JI\/ILRZ = R1J\/lLR2 R1JI\/1LR2
43 44 45
NI,OH
R‘J\/\Rz
42
Scheme 11

. . 18
As a consequence, isoxazoles are often used as protected forms of these functional groups.

Dihydroisoxazoles
4,5-Dihydroisoxazoles display an impressive degree of biological activity, possessing

antibacterial, antifungal and herbicidal properties.'” As is the case with isoxazoles, these



isomers are also readily reduced, with catalytic hydrogenation affording B-hydroxyimines 44,
which can either be further reduced to 1,3-amino-alcohols 41 or hydrolysed to generate §-

hydroxyketones 45 (Scheme 12).’
N-O NH OH NH, OH

R"()\RZ 1. H,, cat. R1J\)\Rz 1. H,, cat. R1J\/|\R2

43 44 41

1. H0

O OH
R1J\/’\R2

45

Scheme 12

Such processes often proceed with retention of stereochemistry, for example, yielding a single

diastereoisomer of the hydroxyketone 48, as demonstrated by Curran (Scheme 13).%°

/zij\ 1. Hy/RaneyNi J‘i‘/?: 1. H,0 /loﬁ/?i
46 47 48
Scheme 13

4,5-Dihydroisoxazoles are also susceptible to nucleophilic attack at the N-substituted carbon.
Recently, Mapp and co-workers have reported that a variety of Grignard reagents can, in the
presence of a Lewis acid, undergo addition at this point and that the subsequent stereochemistry

can be controlled by stereochemical features in the substrate (e.g. Scheme 14).2 :

Scheme 14
Considerably less attention has been directed towards the chemistry of 2,5-dihydroisoxazoles,

highlighting a clear need for further investigation.

Isoxazolidines
Several isoxazolidines are found in Nature, for example, the alkaloid Pyrinodemin A 51, which

was isolated from the Okinawan marine sponge Amphimedon sp. by Kobayashi and co-

workers.



51

The stereochemistry of the core isoxazolidine ring was subsequently confirmed by Baldwin, by
means of an elegant total synthesis.”>

Intriguingly, isoxazolidines have, along with isoxazoles and dihydroisoxazoles, also been
reported to possess significant antifungal properties.”* Isoxazolidines once again find synthetic
utility as precursors to 1,3-amino-alcohols, with lithium aluminium hydride and catalytic

hydrogenation among the most popular reagents for nitrogen-oxygen bond cleavage.'
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Chapter Two

5-Endo lodocyclisations of Functionalised Hydroxylamines and the Chemistry of the

Products

Background

The application of the iodocyclisation procedure in the synthesis of heterocycles has been a
heavily exploited tool. The electrophilic activation of unsaturated carbon-carbon bonds by an
1odonium electrophile increases their susceptibility towards attack by a heteroatomic
nucleophile, thus allowing for the synthesis of a wide range of polysubstituted heterocycles
through ring closures, many of which apparently contravene Baldwin’s rules.”

Such reactions were first documented as a versatile method for iodolactonisation. As this
application gained popularity however, many working in the field documented the presence of
significant amounts of iodo-tetrahydrofurans in the crude reaction products. Such observations
were further investigated by Bartlett and Myerson who, in 1978, reported that the f,y-
unsaturated alcohol 52 produced large amounts of the iodo-tetrahydrofuran 53 as a single

diastereoisomer, under standard 1odolactonisation conditions (Scheme 15).26

OH 1. 3eq. b, .
MeOM CHZCN OMe
(o) 0°C S o
52 53
Scheme 15
In 1984, Srebnik and Mechoulam further refined the methodology by demonstrating that an

iodine cation, generated in situ, could induce S-endo-trig cyclisation of a primary alcohol 54,

yielding the iodo-tetrahydrofuran 55 (Scheme 16).”
[

K

1. Nal, 18-crown-6,

m-CPBA
~XOH
CH,Cl, @\/
54 55
Scheme 16

Over several years, further investigation yielded significant improvements in the procedure and,
along with iodine, various bromine cations and organo-selenium reagents were successfully
applied to the synthesis of both furan and pyrrole derivatives. For example, Kang reported that
both selenonium (e.g. Scheme 17)*® and iodonium ions (e. g. Scheme 18)*° could be used in the

synthesis of polysubstituted tetrahydrofurans.

11



PhSe, PhSe,

OH '
1. PhSeCl OTBDPS or ’OVOTBDPS
Ph A~ _A\_OTBOPS - " Phﬂ"”/ Ph

(@) (0]
56 57 58
Depending on
conditions used
Scheme 17

, ,

OH : .
1.1
Ph ~_~_OTBDPS —% _ .., OTBDPS or PVO\/OTBDPS

(0] (0]
56 59 60
Depending on
conditions used
Scheme 18

Takano has also applied NBS (N-bromosuccinimide) to a related bromocyclisation, generating
the bromo-tetrahydrofuran 62, en route to the synthesis of ester 63, believed to be an

intermediate in the biosynthesis of protomycinolide IV (Scheme 19).*°

o OH
vb ~oe
N aq. THF RESS 0
62 63
Scheme 19

Previous work within the Knight group

Iodocyclisations

The Knight group was among the first to show interest in the potential application of this novel
methodology. Having spent much time investigating iodolactonisation reactions, they had also
observed the presence of iodo-tetrahydrofurans in some crude reaction mixtures and resolved to
develop the procedure further. Knight set about exploiting this intriguing reaction as a means
for the synthesis of a variety of iodine-substituted heterocycles. Further investigation revealed
that the cyclisation probably proceeds via a highly ordered late transition state, thus conferring
very high levels of stereoselectivity. Such an effect was exemplified by the synthesis of the

10odo-tetrahydrofuran 66 (Scheme 20).’!

t
1. 3eq.l,, 1* |
OH 3 eq. NaHCO;, AN "?U 2—>\/
Bu\/\)\/ q -
7 CH3CN O‘H Bu'"’ (0}
H,0
64 0°C 65 66
Scheme 20
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Such observations were sustained when Knight extended the approach further and investigated
the suitability of nitrogen as a nucleophile. Through cyclisation of the amino-ester 68, two

alternative products were obtained, depending on the conditions applied (Scheme 21).*
|

X 3eq.|
\  3eq.! 30q. K.CO
eq. I _(_\\_ eq. K;CO3 ’Fg
MeOZCfQ MGOQC R Meozc N "R
Ts

R
CH;CN CH;CN
3 NHTs 3 Ts
67 68 69
Thermodynamic Kinetic
Scheme 21

Building upon these successes, Knight was able to develop a broad and versatile set of methods
for the synthesis of fully saturated (Scheme 22), partially saturated (Scheme 23) and fully

unsaturated (Scheme 24) furan and pyrrole derivatives.

RZ__R? L
r\/ 36q Iz, 3eq cho:i I—S\
R1 XH CH20|2 or CH30N R‘ X R3
X =0, NTs
70 71

Scheme 22

H3

R2 // R2 |
3eq. |2, 3eq. K2C03 M
R! R3

R'" "NHTs  CHCl; or CH3CN

72 73
Scheme 23

R3
Rz S RZ |
3eq. I, 3eq. K,COq j_g\ M\
RS XH CHyCl, or CH3CN R! R3 R! R3
X =0, NTs
74 74a 75

Often Isolable
when X=NTs
Scheme 24

The synthetic utility of the methodology has been aptly demonstrated by its application to target

synthesis, for example, allowing for a practical and efficient construction of the core structural

components of aplasmomycin 78 (Scheme 25)** and roseophilin 81 (Scheme 26).**

OH I\ ,OH OH
2eq. IBr z—S\ \
S~ocom 2B o {3
/Y\/\Ocoph 00 PhOCO\‘ o N o
OH 78%
76 77 78
Scheme 25
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3eq.

l
CO,Me
SO ML T SN p G G
NHTs N~ ~COxMe CO,Me

CH;CN
16 h Ts
79 80 81
Scheme 26

The versatility of S-endo i1odocyclisations in the synthesis of polysubstituted furans and

pyrroles led the Knight group to consider the possibility of applying this powerful methodology

to the synthesis of more complicated heterocycles. Of particular interest were the isoxazoles.

Synthesis of 4-iodo-2, S5-dihydroisoxazoles

As discussed in the introduction to this thesis, isoxazoles hold a uniquely important position in
heterocyclic chemistry not only for their frequent occurrence in compounds displaying high
levels of biological activity but also for the ease with which they can be manipulated as
precursors to a wide range of derivatives. Cleavage of the relatively weak nitrogen-oxygen
bond, for example, generates an amino-alcohol with absolute regioselectivity. As both nitrogen
and oxygen had shown themselves to be excellent participants in 1odocyclisation reactions there
was a strong possibility that a suitably constructed hydroxylamine could undergo cyclisation
through either potential nucleophile. Given that the nitrogen portion of the molecule is likely to
be the more nucleophilic, it was decided that constructing a suitable N-protected, O-alkyl

hydroxylamine was an excellent starting point for such investigations (Scheme 27).

3
O,NHR .---.?--- O-N‘Ra
RzJ\/x\R1 Rz’kr/’\m

|
33 82
Scheme 27

Foot, a member of the Knight group, took up the challenge and set about constructing a suitable
substrate for a 5-endo-dig dihydroisoxazole synthesis. A retrosynthetic analysis of the required
cyclisation substrate 84 suggested constructing a propargyl alcohol 85 by alkyne addition to an
aldehyde. Rather than attempt to then form the nitrogen-oxygen bond directly, a highly
challenging undertaking as will be discussed later in this Chapter, it was instead decided to
install the nitrogen-oxygen bond by displacing the alcohol with a pre-formed hydroxylamine.
Protecting group manipulation would then yield a hydroxylamine 84 which, when subjected to

iodocyclisation conditions, could undergo ring-closure to form the desired dihydroisoxazole 83

(Scheme 28).

14
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R _NHR3

O-N o) EH o
v I
R"%/L R? - R‘\ — L — 1J
X R X R X
| e \R"’ N
83 84 85 86 87
Scheme 28

A typical synthetic approach involved deprotonation of hexyne 88 with a single equivalent of n-
butyl lithium and transfer to a solution of iso-butanal, furnishing the desired propargyl alcohol

89 in excellent yield (Scheme 29).

2. ?
Y N
X
Bu -78-0°C Y\
THF Bu

88 80% 89

Scheme 29

The nitrogen-oxygen bond was then installed by Mitsunobu displacement of the propargyl
hydroxyl group by N-hydroxyphthalimide, with careful chromatography of the crude reaction
mixture returning the phthalimide-protected hydroxylamine 90, in good yield (Scheme 30).

0]
1. 1.2 eq. PPhg
2. 1eq.DIAD N
OH 3. 1 eq. N-hydroxyphthalimide 0
0]
Bu ° Bu
89 90
Scheme 30

The Mitsunobu reaction involves sequential activation and displacement of the alcohol,
generating a phosphine oxide and a new carbon-nucleophile bond. Although in this case the
desired product 90 was returned in excellent yield, other examples proved far less successful,
often due to the cumbersome and capricious nature of the chromatography required to obtain

pure product. This will be discussed in greater detail in Chapter Five of this thesis.

With the phthalimide-protected hydroxylamine 90 in hand, Foot found that the protecting group
could be efficiently removed via a double displacement of the hydroxylamine using two
equivalents of aqueous methylamine, by the method reported by Wolfe and Hasan.”> When

performed in ether, the phthalimide-derived diamide 92 was found to precipitate out of solution
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and could be removed by filtration to leave the free hydroxylamine 91, again in good yield and

without need for further purification (Scheme 31).

o
N o-NHz 9
0 L 2eq aq MeNH, NHMe
+
ﬁ)\ Ether \‘/\ NHMe
Bu 950/0 Bu O
90 91 92
Scheme 31

Knight and co-workers had previously found that nitrogen nucleophiles employed in
iodocyclisations could be effectively protected using the p-toluenesulphonyl (tosyl) group.3 6
Employing this strategy once again, Foot reacted the free hydroxylamine under standard
tosylation conditions to give a mixture of products, from which the desired tosylate 92 was

obtained by chromatography (Scheme 32).

oMz 1501 DMAP, o-NHTs
Pyridine
AN CH,Cl, A
Bu 73% Bu
91 92

Scheme 32

In the case of the example illustrated, the tosylate 92 was recovered in good yield; however, in
many of the examples subsequently pursued, the yield from this transformation was far less
encouraging. A common problem reported by Foot was bis-tosylation of a significant amount
of the hydroxylamine, at the expense of the mono-tosylation of an equal proportion. This
problem would continue to affect such procedures and will be further explored in later Chapters
of this thesis. Finally, upon subjecting the tosylate 92 to a standard set of iodocyclisation
conditions, Foot was able to obtain the iodo-dihydroisoxazole 93, in excellent yield

(Scheme 33).%7

o NHTs
3eq. I,, 3eq. K,CO4 O-NTs
\R\ C H3C N N Bu
Bu 89% I
92 93

Scheme 33
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Utilising this synthetic sequence, Foot was able to synthesise a broad range of iodo-
dihydroisoxazoles incorporating a diverse set of functional groups. He also explored the
possibility of extending the substitution of these compounds by palladium-catalysed couplings

and radical cyclisations, albeit with variable success.”’

Synthesis of 4-lodo-isoxazolidines

Having successfully applied the iodocyclisation procedure to S-endo-dig cyclisations of alkynyl
hydroxylamine derivatives, Foot embarked upon the logical extension of this methodology, a 5-
endo-trig synthesis of iodo-isoxazolidines. With a range of allylic alcohols commercially
available, the obvious starting point for this synthesis was again the Mitsunobu reaction. This
approach, however, suffered from a severe limitation. Such displacements, when applied to

allylic alcohols, are known to undergo competing Sn2 and SN2’ pathways to give the isomeric

products 95 and 96 (Scheme 34).
2'

OH (OH
RN T R{\%‘;\s
94 Sp2 95 96
Scheme 34

A preliminary investigation showed this to indeed be the case when using
N-hydroxyphthalimide, with attempts at separating the regioisomeric products yielding little
success. In order to investigate the feasibility of the novel iodocyclisation reaction, Foot
decided to proceed by employing the Mitsunobu reaction of (£)-pent-3-en-2-ol 97 — a substrate
expected to yield a single product 98 irrespective of the reaction pathway. Further elaboration,
in this case utilising the phthalimide-deprotection method reported by Ganem®® followed by

tosylation, generated a suitable cyclisation precursor 100 (Scheme 35).
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Scheme 35

Through careful control of the iodocyclisation conditions (performed in acetonitrile and in the
presence of base), Foot was able to generate the cyclic product 101 in good yield and as a single

diastereoisomer, the structure of which was confirmed by nOe experiments and X-ray

crystallographic analysis (Scheme 36).

3eq. Iy,
oMTS 3eq.Kco,  O-NTs
Z CH5CN .
88% i
100 101
Scheme 36

Keen to examine the possibility of elaborating such compounds further, Foot sought to utilise
the iodo substituent as a leaving group in a substitution reaction, and began by attempting
displacement of the substituent with azide; however, under a range of conditions this proved

unsuccessful (Scheme 37).

: N,
101 102
Scheme 37

Given its linear structure, azide is known to be an excellent nucleophile and is largely
unaffected by a reasonable degree of steric hindrance. With the use of azide yielding no sign of
substitution, it was thought that other displacements would also be equally unsuccessful and so

Foot abandoned this line of investigation.
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Amination reactions

With the evident requirement for a method for the synthesis of a wider range of O-allylic
hydroxylamines, Foot investigated alternative means of generating the nitrogen-oxygen bond.
An obvious alternative to the installation of a pre-formed nitrogen-oxygen bond was to
investigate the amination of an alcohol or alkoxide. In a series of highly influential
publications, Vidal and Collet, reported investigations into the synthesis of novel oxaziridines
and their application in amination reactions. One of the most successful of these reagents was

the novel N-Boc-oxaziridine 107 (Scheme 38).%

o] 1.2 eq. NaNO, O | 1eq.PPh O
4“0_4 I 0—( Ether3 } O—( o

HN-NH,  AcOH N3 68% N=P—Ph

0°C (over 2 steps) Ph

103 104 105

1.1eq.Chioral | O—(O Oxone®, K,CO4 | O—/{OO
Toluene ] N=\ CHClz/Water | N-
A 57%
97% CCly CCl,
106 107
Scheme 38

Utilising this reagent as a source of highly electron-deficient nitrogen, they were able to
perform aminations by transfer of an N-Boc group to amine, enolate, sulphur and phosphorous

nucleophiles. Conspicuous by its absence was the amination of an oxygen nucleophile.

Attempting to employ such a reaction in the synthesis of O-allylic hydroxylamines, Foot found
that addition of the oxaziridine 107 to a solution of (£)-pent-3-en-2-ol 97 afforded only the
return of unreacted alcohol. Attributing this to insufficient nucleophilicity, he instead carried
out the reaction on a pre-formed alkoxide, generated by addition of LHMDS to a solution of the

alcohol, followed by a slow addition of a solution of the oxaziridine 107 (Scheme 39).40

OYO"‘

o LTS o™
)\/\ THF M
-78°Ctort
97 108
Scheme 39

Analysis of the reaction mixture by tlc showed rapid consumption of the starting materials and

extraction of the reaction mixture followed by distillation of the crude product appeared to give
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hydroxylamine 108, in virtually quantitative yield. Analysis of this product by mass
spectrometry proved inconclusive as only degradation products were observed. Nevertheless,
analysis of the product by NMR and IR appeared to corroborate the evaluation that the product

was indeed the result of overall amination of the alcohol 97.

With this representative substrate thought to be in hand, Foot set about investigating its
participation in iodocyclisation reactions. Disappointingly, subjecting the compound 108 to the
iodocyclisation conditions described previously resulted only in its quantitative return.
Attributing this to a difference in nucleophilicity between the Boc- and tosyl- protected amino
groups, the logical solution seemed to be to attempt protecting group exchange. Upon trying to
remove the Boc protecting group (using trifluoroacetic acid), however, Foot observed only
degradation of the starting material. An investigation of these conundra represented one of the

starting points of the present project.

Results and discussion
Oxaziridine chemistry

With further investigation into the oxaziridine amination process clearly warranted, we
reasoned that an ideal starting point would be to investigate the amination of commercially
available (E)-oct-3-en-2-ol 109, given that Foot had found the competing Mitsunobu products

41

generated from this substrate to be largely inseparable.” A sample of the oxaziridine 107 was

synthesised in a comparable yield to that reported by Foot (Scheme 40).

1. 1.2 eq. NaNO,,

0 0
AcOH, Water
: BUO_‘/( ! BuO—{ Ph
HN-NH, 2. PPhg, Ether N=P—Ph
60% Ph
103 (over 2 steps) 105

o) ® o

1.1 eq. Chloral Oxone®, K,CO
q.Chioral, o P Oxone®. KiCOy o 20
N= N

Toluene CHClyWater _\
A ccl, S51% cCl
94% 3 3
106 107
Scheme 40

This was then reacted with an LHMDS-generated alkoxide 110 formed from the allylic alcohol
109, yielding a single product thought to be hydroxylamine 111 (Scheme 41).
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As Foot had observed previously, analysis of the product by mass spectrometry revealed only a
complex fragmentation pattern. Comparison of the NMR spectrum of the product 111 with that
of the starting material clearly showed that chemical modification of the alkoxide (indicated by
a change in chemical shift of the protons in close vicinity to the allylic alcohol) had indeed
occurred and also confirmed the presence of a tert-butyl group, suggesting incorporation of the
Boc protecting group. Given this, it seemed logical to conclude that the oxaziridine 107 had

reacted in the manner reported by Foot and delivered the required N-Boc hydroxylamine 111.

With a suitable substrate in hand, we first attempted ring-closure under both basic and non-
basic iodocyclisation conditions; however, as Foot had reported, this returned only unreacted
starting material. The need for exchange of protecting group was clear and, given our previous
experience, the tosyl group seemed the obvious candidate. Attempts to introduce the tosyl
group directly into the Boc-protected compound 111 delivered only unreacted starting material,
perhaps unsurprisingly given the considerable steric hindrance generated by the Boc group.
Faced with the obvious need to liberate the unprotected hydroxylamine, removal of the Boc
group using trifluoroacetic acid (TFA) was attempted. Unfortunately, repeated attempts yielded

only small amounts of unidentified, decomposition products (Scheme 42).

_NH
o) 0.1 eq. TFA
)\/\ ————  Decomposition
Bu CHzclz
0°C
111
Scheme 42

Believing that the decomposition of the “hydroxylamine” may have been caused by the
instability of the relatively weak nitrogen-oxygen bond towards TFA, alternative means for the
removal of the protecting group were sought. Removal of an N-Boc group is commonly
achieved under acidic conditions, with protonation leading to decarboxylation and the
generation of iso-butene, along with regeneration of a proton.** Although TFA is by far the

most commonly used reagent, a number of alternatives exist. Woster and co-workers reported
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the need for a set of mild conditions for Boc removal whilst investigating the synthesis of novel
enzyme inhibitors.* Encouragingly, in these cases the Boc-protected nitrogen also formed part
of a hydroxylamine and a variety of acid-sensitive functionality was also present in the
substrate. They found that prolonged exposure to an excess of 88% aqueous formic acid,
followed by extraction into an organic solvent and silica gel chromatography furnished the
unprotected hydroxylamine in good yield and with little sign of substrate decomposition.

However, applying these conditions to the hydroxylamine 111 once again led to decomposition

(Scheme 43).
o) O*‘—
Y
_NH

o) 1. 88% HCO,H »
)\/\ Decomposition
Bu 2. Ether
3. Silica gel
11 Chromatography
Scheme 43

An extremely mild approach to Boc removal was reported by Apelqvist and Wensbo, who
found that adsorption of a variety of Boc-protected amines onto a large excess of silica gel,
followed by prolonged heating (to 180°C) under reduced pressure and finally silica gel
chromatography, gave the corresponding deprotected amines in high yield (80-93%).%
Attempting this procedure on the substrate 111 resulted only in a reduced yield of returned

starting material.

Finally, suspecting that decomposition may be due to the affect of the acidic conditions on the
expected unprotected hydroxylamine product, rather than the Boc-protected substrate, we
investigated the use of an inorganic acid, in the hope that an excess of such a reagent would
immediately generate the acid salt of the free hydroxylamine and that this would prove to have
greater stability. Maiorana and co-workers reported that addition of saturated ethereal HCI to a
solution of N-Boc-O-aryl hydroxylamine 112 in nitromethane resulted in precipitation of the

HCl salt of the deprotected hydroxylamine 113 (Scheme 44)%
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Unfortunately, attempts to apply this procedure to the substrate 111 once again returned only
small amounts of unidentified degradation products. Frustrated by our apparent inability to
liberate the free hydroxylamine from our Boc-protected oxaziridine product, we decided to re-

visit our attempts to utilise the protected hydroxylamine in an iodocyclisation.

Given the initial lack of success encountered when applying the standard set of iodocyclisation
conditions, we were drawn to investigate alternative conditions for the iodocyclisation reaction.
It had been known to the group for some time that iodine monobromide (IBr) can facilitate
iodocyclisation reactions and demonstrates an increased level of reactivity compared to
molecular iodine. Thus, it was decided to subject the substrate 111 to a modified set of
iodocyclisation conditions, replacing the excess of molecular iodine with an excess of IBr. To
our delight, analysis of the crude reaction product showed complete conversion of the starting

material to a mixture of two products, in a 4 : 1 ratio, whose identities were initially unclear

(Scheme 45).
OY0+
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The two products were easily separated by silica gel chromatography and both were obtained as
pale yellow solids. Analysis of the major product by proton NMR spectroscopy revealed,
surprisingly, that the resonance corresponding to the tert-butyl component of the Boc protecting
group (appearing as a sharp singlet at 1.41 ppm in the spectrum of the starting hydroxylamine
111) was no longer present. The resonances corresponding to the olefinic protons present in the
starting material were also no longer apparent. An apparent triplet, possibly resulting from an

overlapping double doublet, showing the minimum unit of integration and appearing at 3.72
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ppm, was consistent with a proton attached to a carbon bearing the iodine substituent. Two
further resonances, both showing the minimum unit of integration, appearing as a double
double doublet at 4.47 ppm and a doubled quartet at 4.57 ppm both suggested protons attached
to carbons bonded to electron-withdrawing groups and both showed coupling to the proton at
3.72 ppm. A relatively large coupling constant associated with these resonances (10.6 Hz)
suggested a trans relationship between vicinal substituents on what appeared to be a 6-
membered ring. The IR spectrum of the product showed a sharp absorbance at 1715 cm™,
which was indicative of a carbonyl bond in the vicinity of at least one electron-withdrawing
group, and intriguingly showed no absorbance corresponding to a proton-heteroatom bond (NH

or OH).

When considered in its entirety, the analysis of the product suggested that iodocyclisation had
indeed occurred, with the carbon-carbon double bond being attacked by a heteroatomic
nucleophile to result in a new carbon-heteroatom bond. The data obtained were also indicative
of a new carbon-iodine bond, flanked by two carbons each bonded to electron-withdrawing
heteroatoms. Also, as a result of this process, the zert-butyl portion of the Boc group appeared
have been lost, although some form of carbonyl had been retained. The final piece of the
puzzle fell into place when we were able to obtain a low resolution mass spectrum of the
compound, showing what appeared to be the parent ion, a peak with 100% intensity and a
relative mass of 299, presumably corresponding to M" + H, indicating the relative mass of the
product to be 298. This strongly suggested the absence of nitrogen in the product, as the
valency of nitrogen would give rise to an odd relative mass. With all the information in place
(and admittedly after an extending period of confusion), it was tentatively postulated that the
major product was the 6-membered cyclic carbonate 114, resulting from a 6-endo-trig
iodocyclisation. In particular, this was consistent with the resonances at 4.47 and 4.57 ppm —

these protons are very similar in all respects.

114

Upon comparison with the major product, analysis of the minor product revealed largely similar
features and an identical relative molecular mass. In this case, however, it was clear from the
coupling pattern shown in the proton NMR spectrum that the iodo-substituent was no longer
positioned on the ring. An apparent carbonyl absorbance was again present in the IR spectrum,

although at a higher wavenumber than in the major product, 1816 cm”. This strongly
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suggested that the minor compound was the product formed by iodocyclisation via the
alternative S-exo-trig pathway, i.e. the 5S-membered cyclic carbonate 115, presumably a less
favoured transformation. The relative stereochemistry was tentatively proposed based on
analysis of the relevant couplings observed in the proton NMR, although it is worth noting such

assignments are often less reliable in S-membered ring systems.

3o

|
115

Overall the reaction had proceeded in good yield (91% combined) and both products appeared
to be obtained as single diastereoisomers. With no obvious route for the synthesis of these
products from the Boc protected hydroxylamine 111, we were forced to consider the possibility
that the structural assignment for the product resulting from the reaction between the

oxaziridine 107 and oct-3-en-2-ol 109 was incorrect.

The synthesis of cyclic carbonates via iodocyclisation had indeed been previously reported,
notably by Barlett, as an extension of the aforementioned iodolactonisation studies.** Such
observations were also reported by Cardillo, who demonstrated the synthesis of 10do-carbonates
via a one-pot carboxylation of alkoxides followed by either 5-exo-trig or 6-exo-trig cyclisation

of the resulting allylic carbonates (e.g. Scheme 46).7

1. n-BuLi o
2. CO
OH 3l o)J\o
R‘J\/\RZ R‘Fg’ﬂz
|
116 117
Scheme 46

More recently, Amos B. Smith III reported that the unsymmetrical carbonate 118, bearing a
tert-butyl moiety, could be cyclised with an excess of IBr to give the iodo-carbonate 119 as a

mixture of diastereoisomers depending upon the conditions used (Scheme 47).*

X X
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Scheme 47
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The 10do-carbonates generated were further elaborated as a highly stereoselective route to the
synthesis of highly functionalised 1,3 diols and B-hydroxy epoxides.* Based on these findings,
it seemed reasonable to suggest that, rather than a Boc-protected hydroxylamine, the product of

the reaction between the alkoxide 110 and oxaziridine 107 was the carbonate 120 (Scheme 48).

fo
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Scheme 48

With analysis by mass spectrometry yielding little information and NMR evidence proving
inconclusive, we decided to investigate the composition of the product through elemental
analysis. Although the elemental ratios obtained were outside of the acceptable margin of error
required to prove the empirical composition conclusively (perhaps due to the persistent
presence of moisture in the sample) these did provide a stark vindication of our revised
structural assignment. The analysis showed the product contained only a negligible amount of
nitrogen (0.36%, c.f- 5.76% required for hydroxylamine 111 and 0% required for carbonate
120).

For this to indeed be the case, the reaction of an alkoxide with the oxaziridine 107 would
clearly have to follow an alternative mechanism to that which occurs in the reactions with

amines and other nucleophiles, as detailed by Vidal and Collet (simplified in Scheme 49).*

+4

MR
Nuc \_/ 107 Nuc’NHBoc Cl)
_—_—— +
1 2
R™ R R‘J\Rz kCCl3
121 122 123

Scheme 49

The alkoxide, however, must be following an alternative pathway, for example, preferentially
attacking the carbonyl, transferring the Boc group and causing the oxaziridine to be displaced

and subsequently to decompose (Scheme 50).
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Scheme 50

In order to verify these suspicions, we required an alternative route to mono-tert-butyl
carbonates 125. This was found in the reports on iodocyclisation of such carbonates by Amos
B. Smith III, mentioned previously. Smith had reported that these carbonates could be obtained
by reaction of a lithio-alkoxide with a slight excess of 2-(ters-butoxycarbonyloxyimino)-2-
phenylacetonitrile (BOC-ON) 126, followed by silica gel chromatography.*® ** Applying this

procedure to oct-3-en-2-0l 109 we were able to obtain the desired carbonate 120 (Scheme 51).
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NC\r/N\ OJ\ o><
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1. 1.1 eq. Buli J\
OH 2. 1.1eq.126
109 90% 120

Scheme 51

The product displayed identical NMR spectra to those obtained for the reaction of the same
alcohol with the oxaziridine 107 (Scheme 48, pp 26). As a final confirmation, we reacted a
sample of commercially available (Sigma Aldrich) benzyl alcohol 127 with oxaziridine 107
(Scheme 52) and separately with BOC-ON 126 (Scheme 53) and in each case delivered what
appeared to be identical products, the carbonate 128.
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Scheme 52
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The spectroscopic data obtained also matched those reported by Foot for the amination of the
same alcohol.*>*' As a consequence, we were confident that the reaction of alcohol 109 with
oxaziridine 107 had delivered a tert-butyl carbonate 120, rather than the desired hydroxylamine
and that this carbonate had cyclised upon reaction with iodine monobromide to yield a mixture
of the cyclic 6-membered iodocarbonate 114 and the 5-membered analogue 118, resulting from

competing 6-endo-trig and 5-exo-trig pathways respectively (Scheme 54).
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Scheme 54

Whilst the iodocyclisation of such carbonates is indeed interesting, especially given that this is
the first example of a 6-endo-trig cyclisation of this kind, further investigation was beyond the
remit of the current project. With the oxaziridine 107 failing to deliver the required
hydroxylamines and the task of developing an alternative likely to be a laborious one, we
decided to further investigate the chemistry of iodo-dihydroisoxazoles, by returning to the

substrate we were able to obtain from the synthetic sequence utilising the Mitsunobu reaction.
The synthesis and chemistry of 4-iodoisoxazolidines

As is common with allylic alcohols, the Mitsunobu reaction between (E)-3-penten-2-ol 97 and
N-hydroxyphthalimide has the potential to yield a mixture of products via competing Sn2 and
SN2’ reaction pathways; however, in this case the products obtained are identical. This
example, whilst limited, allowed for a brief examination of the reactivity of 4-

iodoisoxazolidines. As described previously, Foot found that displacement of this alcohol with
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N-hydroxyphthalimide gave the expected product 98 in good yield (Scheme 35, pp 18). A
significant drawback to this approach was, however, the need for cumbersome and time-
consuming chromatography of the crude reaction mixture in order to separate the reaction

product from the multitude of unreacted and spent reagents present.

In order to eliminate this requirement, we developed a chromatography-free work-up procedure
that was shown to yield analytically pure Mitsunobu products in high yield.”*® The process
involves selective oxidation of the reaction contaminants prior to silica gel filtration and will be
discussed, in detail in Chapter Five of this thesis. The modified reaction procedure was applied
to the Mitsunobu reaction between N-hydroxyphthalimide and 3-penten-2-ol 97 and gave the
phthalimide product 98 in good yield and with no further need for purification (Scheme 55).

1. 1.2 eq. PPhy °
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Scheme 55

With the phthalimide-protected hydroxylamine 98 in hand we were then able to remove the

phthalimide protecting group using aqueous methylamine (Scheme 56).%
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Scheme 56

Foot had noted that the ‘free’ hydroxylamines generated by such deprotections were unstable to
purification and thus it was decided to use them as crude products in subsequent
transformations. In our hands, we noted that these ‘free’ hydroxylamines were also unstable at
room temperature, with decomposition often occurring prior to the acquisition of NMR data.
This property of unprotected, O-alkyl hydroxylamines is indeed reported in the literature, with
such compounds often being isolated as the hydrochloride salt in order to enhance stability.’'

Rather than subject our syntheses to this rather cumbersome additional step, we instead
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routinely decided to subject these compounds to the next step in the synthesis, in this case
tosylation, immediately following isolation and without making attempts to either purify or

charactenze these intermediates.

A further problem encountered by Foot in the synthesis of the N-tosyl cyclisation precursors
occurred in the tosylation of such unprotected hydroxylamines. The donation of electron
density to a heteroatom nucleophile from an adjacent heteroatom is commonly referred to as the
alpha-effect and, in this case, results in both heteroatoms in the hydroxylamine group
possessing increased nucleophilicity.”> Foot found that exposing the unprotected
hydroxylamines to a single equivalent of p-toluenesulphonyl chloride, under standard tosylation
conditions, returned crude reaction mixtures containing several products, from which the mono-
tosylated hydroxylamines could be separated by silica gel chromatography. When applying
these conditions to the hydroxylamine 99, it was found that the predominant impurity in the
crude reaction mixture was the bis-tosylated derivative 129 of the desired product, presumably
formed at the expense of a further equivalent of p-toluenesulphonyl chloride and leaving

unreacted an equal mount of the hydroxylamine 99, which had been found to be unstable to

chromatography.
Ts Ts
o-NHz o-NH o Nrs
99 100 129

It was reasoned that, in order for bis-tosylation to occur in the presence of only a single
equivalent of the tosyl chloride, the reactivity of a mono-tosylate towards the tosyl chloride
must be at least comparable to that of an unprotected hydroxylamine. Nonetheless, the
increased steric hindrance of the mono-tosylated hydroxylamine along with the decreased
nucleophilicity caused by the presence of an electron-withdrawing tosyl group, could
reasonably be expected to result in the second tosylation reaction being marginally slower than

the first.

It was found that by cooling the reaction to -78°C prior to the addition of a slight excess of tosyl
chloride and then allowing it to immediately warm to room temperature, the proportion of
mono-tosylate in the reaction mixture could be greatly increased. Maintaining the reaction at -
78°C for an extended period resulted in significant amounts of starting material remaining, even

after 24 hours. As a compromise, it was found that by performing the addition of reagents to a

reaction cooled to -78°C in an acetone-dry ice bath and then allowing the bath to warm slowly

over a period of around 4 h (by omitting to replenish the dry ice), the reaction could be both
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controlled and allowed to reach completion. Application of this set of conditions to the
hydroxylamine 99 afforded predominantly a single product, the N-tosyl hydroxylamine 100,
with the crude reaction mixture containing only trace amounts of p-toluenesulphonic acid as an

impurity (Scheme 57).
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Scheme 57

Using the conditions described by Foot (Scheme 36, pp 18), the iodocyclisation product was

obtained in comparative yield (Scheme 58).
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With the 10do-i1soxazolidine in hand, we set about investigating the potential for further
elaboration of such compounds. Of prime interest was the potential for nucleophilic
displacement of the iodine substituent. The azide nucleophile is a superb candidate for such a
displacement. In previous work, Foot treated the iodo-isoxazolidine 101 with an excess of
sodium azide under a range of conditions: refluxing DMF, ethanol, toluene and acetonitrile
(with the addition of tetrabutylammonium chloride in the latter two cases), but had observed no

sign of displacement.

A frequently overlooked limitation to the use of sodium azide as a nucleophile is that although
the azide anion is itself a relatively small, linear nucleophile, able to overcome considerable
steric hindrance, in non-aqueous media the sodium counter-ion is not fully dissociated, thus
hindering the efficacy of the nucleophile. A common method for the removal of metal counter-
ions from nucleophilic processes is to selectively and reversibly complex these ions. In the
case of alkali metal ions, crown ethers have often been used for this purpose, to good effect.>
It is well know that sodium ions can be complexed in this manner by the cyclic ether 15-crown-

5 (15-c-5) 130 (Scheme 59).
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Heating the substrate 101 to 120°C in DMF in the presence of an excess of sodium azide (1.5

equivalents) and a catalytic amount of 15-crown-5, we found that complete conversion into the
azide 132 occurred in 16 h, with silica gel chromatography affording the azide 132 in 66% yield
(Scheme 60).

1.5 eq. NaNg3,
O-NTs cat. 15-c-5 O-NTs

_ DMF

: 120°C

' 16h N3
101 66% 132

Scheme 60

The proton NMR of the purified product 132 indicated that it had been obtained as a single

diastereoisomer (Diagram 2), indicative of an Sn2 reaction pathway.

32



M N ~— ; N OO D '—NOQDD—gln — (NI~ h.q-gvcn i
O~ OOnN wgwe—m T ON v~ «— O lI)LD\DgC') [sn] oo [ =] =
el MOOON ANNNNNN—- - 000 ™ BT I NN
~~ ~N ~ T T T I ITITT OOOO N v L
\/ %Q%%U W% [
O-NTs r
| L
Nj - 3000
132 I~
(f
— 2000
| [ -
y — 1000
h -
L, M Jt_a__JL_JL.—__.L_Q
o s L Y el r
- = oo o = N -
(=] o [4,78,] [4,] n — L2}
o o NN =] N N 5
o o] oo o o - -~ -
T I T T T T l T T T T I T T T T I T T T T l T T T T I T T T T I T 1 T T I T T T T ]’
8.0 70 60 80 40 30 20 10
ppm (11}

Proton NMR spectrum of isoxazolidine 132 (400MHz, 300.0°K in CDCls).
Diagram 2

Analysis of the coupling pattern produced by the product strongly supported the belief that the

reaction had proceeded via an SN2 mechanism (Diagram 3).

O-NTs

132
Diagram 3
These couplings were distinctly different from those observed for the corresponding protons in

the starting material 101 (Diagram 4)

101

Diagram 4
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Further analysis of the product by nOe experimentation revealed that irradition of the proton in

the protons and the methyl groups in the 3- and 5-positions of the ring (Diagram 5).

O-NTs

o/
70

Diagram 5
As expected, these data suggested the absence of either a clear frans or cis diaxial relationship
between the ring-bound protons. This becomes clearer when considering the likely

conformation of the product 132. The X-ray crystal structure of the iodoisoxazolidine 101,

be expected that a similar, twisted conformation exists for the azide product. A simple energy
minimisation experiment performed using ChemDraw 3D indeed suggested that the compound
adopts a twisted conformation, with the azide substituent occupying a space closer to the
nitrogen atom in the ning than to the oxygen, in turn bringing the proton in the 4-position closer
to the methyl group and proton in the 5-position, although the distortion was only mild and

perhaps less than would be expected given the results of the aforementioned nOe experiments.

The result of this energy minimisation experiment is depicted below, with the distortion mildly

-

exaggerated for clarity (Diagram 6).

Diagram 6

Unfortunately, the oily nature of the product ruied out obtaining confirmation of the structure
through X-ray analysis. The proposed conformation does, however, tally with the observed

NMR data (i.e. a greater nOe enhancement and 'H 'H *J coupling between the protons in the 4-

p
d yield of the desired product, we were conscious of the fact that the recagents and
ditions used are clearly not safely reproducible on a larger scale. Also, given that
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displacement with an azide nucleophile required such harsh conditions, this did not bode well

for the potential utility of other, less reactive nucleophiles.

Finally, we attempted a double reduction of the azide 132 to the amino-alcohol 133, under

catalytic hydrogenation conditions (Scheme 62).

O—-NTs OH NHTs
N3 NH2
132 133
Scheme 62

Frustratingly, NMR spectroscopy and mass spectrometry confirmed that only reduction of the
azide had occurred, affording the 4-amino-3,5-dimethylisoxazolidine 134 as an amorphous

solid, in good yield (Scheme 62).

O-NTs H,, cat. Pd/C O-NTs

MeOH
Ng 84 NH,
132 134
Scheme 62

Subjecting the product to further attempts at hydrogenation failed to display any sign of
nitrogen-oxygen bond cleavage and, with other areas of the project commanding greater
interest, we decided to abandon our attempts. The problem of nitrogen-oxygen bond cleavage
would, nonetheless, return to trouble us in latter work and will be further discussed in Chapter

Four of this thesis.

Summary and future work

These investigations have demonstrated that iodocyclisation of O-allylic N-tosyl
hydroxylamines is an effective method for the synthesis of iodoisoxazolidines. Overall, the as
yet unresolved problem of precursor formation means that progress, beyond very inefficient
procedures, was always going to be very limited in this direction. Given this, more seemingly
productive ideas were therefore pursued at this point, however, the development of a more
productive means for the synthesis of the required substrates, perhaps involving novel

oxaziridines, would clearly open the door to a wide-range of possible synthesises.
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Chapter Three
A Silver Nitrate-Catalysed Dihydroisoxazole Synthesis

Background

As discussed in previous Chapters of this thesis, the Knight group has, for some time, held an
interest in the synthesis of a broad range of heterocycles. A logical progression of the group's
investigations was to explore the possibility of using a catalyst to effect such transformations; a
metal catalyst seemed an attractive possibility. After assaying a range of metals, Sharland
found silver nitrate to be extremely effective in this respect. In particular, the commercially
available and easily handled dispersion of silver nitrate, 10% w/w silver nitrate on silica gel,
proved an ideal reagent for such reactions.>* Using a catalytic amount of this reagent, he was
able to demonstrate its use in the synthesis of a wide range of dihydropyrroles 135 via 5-endo-
dig cyclisation of suitably constructed sulphonamides 72. In each case the products were

delivered in virtually quantitative yield and with exceptional purity (Scheme 63).
R3 RZ

RR_AZ 0.1 eq. AgNO4/SiO, n
CH,Cl, RN\~ "R3
R'" “NHTs 20°C Ts
1-4 h
72 295% 135
Scheme 63

By combining the cyclisation with a concomitant dehydration, the group was also able to
directly access a range of trisubstituted pyrroles 137 — again in exceptionally high yield
(Scheme 64).

3

R2
OH

R 0.1 eq. AgNO,/SIO, n
CH2C|2 H1 N R3

R'” “NHTs 20°C Ts
1-4 h

136 295% 137
Scheme 64

Again a key feature of the reaction was the absence of any impurities in the crude reaction
product, thus obviating the need for further purification.

Expanding the methodology further still, the group explored the application of oxygen
nucleophiles in S-endo-dig cyclisations, delivering high yields of exceptionally pure

trisubstituted furans 140 (Scheme 65).%
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R R2
OH
R2__O R 0.1 eq. AgNO,/SIO;
- i\
1 1 CHzclz R1 O Ra
R OH R OH 20°C
4h
138 139 205% 140
Scheme 65

The ability of various silver(I) salts to induce heteroatoms to undergo intramolecular cyclisation
has been known for some time. As early as 1958, Castener and Pascual reported the use of
silver salts in 5-exo-dig lactonisations, as a means for the synthesis of the butenolide 142

(Scheme 66).>¢

1. Ag* COOH
N OOOH 5 —
Ph =N~ 0
141 142
Scheme 66

Similar observations were later reported by Serratosa, who performed a silver-catalysed

lactonisation as part of an approach to Patulin oxime 145 (Scheme 67).”’

OCH3 HO
HaCO.__OCH; HCO ‘N
1. Ag* _ -
SN L As —
THPO _Z =No” 0 =No” -0

HO (@] THPO HO

143 144 145
Scheme 67

A more recent application was reported by Pale, who demonstrated that various silver(I) salts
could effect 5-exo-dig cyclisations of 3-hydroxy-4-pentynoic acid 146, with complete retention

of stereochemical features in the lactone product 147 (Scheme 68).%

//,\/COOH 1. Ag* Q\—L
z H
CieHas 0”0
146 147
Scheme 68

Of particular inspiration was the pioneering work of Marshall and Sehon who, in a series of
influential publications, reported using silver(I) nitrate on silica gel to induce an oxygen
nucleophile to attack a range of carbon electrophiles. They applied these findings to an
efficient and highly versatile furan synthesis, involving a 5-endo-dig cyclisation of a -hydroxy
alkyne 148, followed by concurrent isomerisation of an exocyclic alkene bond to generate the

furan 149 (Scheme 69).%
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C7H15‘:—§ AgNO,/SIO, /d
CSH11 - C7H15 (o) Can

HO
148 149

Scheme 69
The use of late transition metals in heterocyclic synthesis is by no means limited to silver -
Muller, for example, reports Rh, Ir, Ni, Pd, Pt, Cu and Au as being able to perform similar
transformations, albeit with varying success.®” The high yields and exceptionally clean
products generated by the use of a silver nitrate catalyst, however, made it a highly attractive

candidate for further exploitation.

Mechanistic explanation

Despite the considerable attention that has been paid to the use of transition metals in this
manner, there has been relatively little investigation of a mechanistic explanation for the
transformation. The reagent, silver nitrate on silica, used in the aforementioned studies is
commercially available from a variety of sources as a reagent for chromatography, with
significant utility in the separation of alkene stereoisomers and alkynes, due to the ability of
silver(I) to interact with these structural features to varying extents.®’ The interaction of
transition metals with carbon-carbon n-bonds is typically described using the Dewar-Chatt-
Duncanson model, whereby a complex is formed through donation of electrons from the rn-
bond of the alkene/alkyne to a vacant d-orbital of the metal coupled with back-donation of

electrons from a filled metal d-orbital into the carbon-carbon nt -orbital (Diagram 7).

0 —
oha-F WO
0 70—
o donation from n-bond n donation from filled
to vacant d-orbital d -orbital to x"-orbital
Diagram 7

The overall effect of such an interaction is a lengthening and weakening of the m-bond; a
possible explanation for the increased susceptibility towards nucleophilic attack.

Pale and co-workers have reported the use of silver nitrate in the desilylation of acetylenes 150
and have postulated a mechanism involving formation of a alkyne-metal complex 151, followed
by generation of a silver acetylide 152 and finally silver-proton exchange to yield a terminal

acetylene 153 (Scheme 70).62
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AgX cat. FN [H®]
R—==—SiMe, R—==—SiMe; R———Ag R—=——H
150 MeOH-H0 g £y 152
n x®  XSiMe, 153
2-22h
Scheme 70

This rationale was based on the group’s earlier observations that the application of various
silver(I) salts to a range of terminal alkynes resulted in two consecutive shifts in the resonance

6 Along with weakening the carbon-carbon n-

observed in the 109Ag NMR spectra over time.
bond, it is also possible that the metal promotes attack by a heteroatom nucleophile by bonding
with a lone pair of electrons and thus bringing it into direct proximity to the n-bond. Such a
postulate is supported by the existence of stable complexes formed by the interaction of
transition metals with alkynes and heteroatoms. Such a complex 155, formed by the interaction
of silver(I) with an alkyne and three sets of nitrogen lone-pair electrons, was recently reported

by Tor and co-workers (Scheme 71).%

\
s
l N
1. 1 eq. AgCIO,

I CHCI3/CHLCN
99%

154 155
Scheme 71
Despite the lack of a clear mechanistic explanation for the process, the success observed in the
synthesis of furans and pyrroles sets a clear challenge for the expansion of the methodology
into the synthesis of more complicated heterocyclic systems. It was with this in mind that we

set about investigating the synthesis of polysubstituted isoxazolines.

Results and discussion

Initial findings

It seemed a logical starting point for this investigation to begin by examining the effect the
silver nitrate catalyst had upon the starting materials utilised in the group’s previous
iodocyclisation studies. Although the p-toluenesulphonyl (tosyl) group is considered by many
to be a poor choice of amine protecting group, due to the difficulties often encountered when
attempting regeneration of the free-amine, its utility in iodocyclisation reactions and the
stability of the various sulphonamide precursors, made us reluctant to investigate alternatives at
this point. Retrosynthetic analysis suggested that the required N-tosyl hydroxylamines could be

rapidly obtained using the synthetic sequence employed in our previous studies (i.e. Mitsunobu
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displacement of a propargylic hydroxyl group followed by functional group interconversion).
We were also keen to examine the effect the catalyst would have on unprotected

hydroxylamines, shown to be easily synthesised by the same synthetic sequence (Scheme 72).

O
_N _NHT
0 OH o oS
R1y ~ 0 R1J\ TR \O T R‘J\
\\R2 N R2 N R2 N RZ
86 87 85 156 157
Scheme 72

The required propargylic alcohols were synthesised by the addition of a range of lithiated

alkynes to a selection of suitable aldehydes (Scheme 73).
1. 1.01 eq. n-Buli

2. 1eq. o)
|
\ ’:‘1J OH
N e R,J\
-78°C - it X,
87 4h 85 R
(SeeTable 1)
Scheme 73

By varying the steric and electronic properties of the substituents a diverse set of substrates was
synthesised (Table 1).
Table 1: Synthesised propargyl alcohols.

Product R’ R’ Yield (%)
158 iso-Butyl Butyl 99
159 iso-Butyl Phenyl 98
160 iso-Butyl CH,OBn 90
161 iso-Butyl CH,CH,OTBDPS 99
162 iso-Butyl CH,CH,OTBDMS 98
163 iso-Butyl p-(MeO)Ph 96
164 iso-Butyl p-(NO,)Ph -

165 iso-Butyl tert-Butyl 98
166 Phenyl Phenyl 99

All but one of the additions furnished propargyl alcohols in good yield and with no requirement
for additional purification. The notable exception was the attempted addition of p-
nitrophenylacetylene to isovaleraldehyde (in an attempted synthesis of propargyl alcohol 164),
which delivered only a small amount of an unidentified mixture of products that could not be

separated by silica gel chromatography — we would return to this example later in our studies.
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We were also keen to examine whether or not we could perform our desired cyclisation with a
terminal alkyne, i.e. one having a proton in the ‘R*’ position. Such ‘terminal’ alkynes were
synthesised by the addition of the commercially available ethynylmagnesium bromide to

representative aldehydes (Scheme 74).

MgBr
1. 1.2eq. _~
ﬁ) Z OH

R! THF 1J\

0°C - nt T
86 4h 167 R'=Bu, 99%
168 R'=Ph, 99%

Scheme 74

With a range of propargyl alcohols in hand, we set about installing the hydroxylamine
functionality by displacing the propargyl hydroxyl group with N-hydroxyphthalimide, under
Mitsunobu conditions. Using the modified Mitsunobu conditions discussed previously
(Scheme 55, pp 29) and discussed in detail in Chapter Five of this thesis, we were able to obtain
a range of phthalimide-protected hydroxylamines (Scheme 75, Table 2).

1. 1.2 eq. PPh, °
H 5 101 0q Mhydroxyphthaimide O
; -
" ;‘s\l# 4. Modci;f%:;:\:;om-up Ris\o R
Scheme 75
Table 2: Synthesised phthalimide-protected hydroxylamines.
Product |R' R’ Yield (%)
169 iso-Butyl Butyl 89
170 iso-Butyl Phenyl 87
171 iso-Butyl CH,;0OBn 79
172 iso-Butyl CH,CH,OTBDPS 74
173 iso-Butyl CH,CH,OTBDMS 73
174 iso-Butyl p-(MeO)Ph 81
175 iso-Butyl tert-Butyl 89
176° Phenyl Phenyl 41
177 iso-Butyl H 85
178° Phenyl H 69

® _ After initially poor yields, it was feared the intermediates formed from benzylic alcohols (i.e. when R' = Ph)
might be unstable, leading to compound degradation. In these cases, it was found yields could be improved by

omitting the interval between the addition of reagents.
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The phthalimide group was then removed using aqueous methylamine (Scheme 78).

(0]
N NH,
0 2 eq. aq. MeNH, 0
1 o 1
R " \ Ether R J\ \
156 R 179 R

Scheme 78

The unprotected hydroxylamines were, as discussed previously, found to be unstable and so
were reacted immediately without attempts being made to purify or characterise these
compounds. Previous iodocyclisation studies had shown the unprotected hydroxylamines 179
to be incompatible with the reaction conditions and thus the tosyl protecting group had found
routine application. When utilising the silver nitrate catalyst, however, we had no reason to
believe that the unprotected hydroxylamines would be similarly unsuitable and so it seemed
prudent to investigate the effect of the catalyst on these substrates.

Throughout the aforementioned investigations into the synthesis of furans and pyrroles, it had
been found that 10 mol% of silver nitrate, utilised as the commercially available 10% w/w
dispersion on silica, was adequate to induce full cyclisation in under 4 h. Applying these
conditions to the O-propargyl hydroxylamine 180, to our delight, triggered complete conversion
of the starting material, yielding a major product and a small amount of a second, minor

product, in a > 9 : 1 ratio respectively and in an overall yield of 92% (Scheme 79).

W/
\
0]

9

N 181 i

o) 2.1 eq ag. MeNH, 0.1 eq. AgNO5/SiO, . :

/O\O/\/ Ether /l\)\N CHzC'z W1
169 92% X

Scheme 79
Analysis of the major product indicated formation of the desired 4,5-dihydroisoxazole 181,
presumably resulting from an initial cyclisation yielding the 2,5-dihydroisoxazole 183,

followed by tautomerisation to yield the observed product (Scheme 80).

_NH,

(o 0.1 eq. AgNO3/SiO, O-NH o-r;:
CH,Cl, 7

180 183 181

Scheme 80
The intermediate “enamine” 183 was not observed in the NMR spectra of the crude product,

indicating it to be short-lived and suggesting that, if the tautomeric intermediate 183 in fact
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exists in equilibrium with the observed product 181, this equilibrium strongly favours the
observed product. This is typical of both keto-enol and imine-enamine tautomerisation, where
in both cases, the former is usually strongly favoured. Upon attempting to purify this product
by silica gel chromatography, rapid decomposition occurred to give only highly polar by-
products. The sensitivity of these compounds is well documented and this limitation was not
unexpected.** We were, however, able to obtain the minor product as a stable, highly mobile
fraction. Analysis of this compound by high resolution mass spectrometry (HRMS) suggested
the compound contained two less protons than the major product. The proton NMR of the
compound also contained a distinctive resonance at 5.82 ppm, consistent with a proton in the 4-
position of an isoxazole, along with several resonances indicative of the iso-butyl and butyl
groups, no longer coupling to a proton on the ring. This, when combined with our observations
regarding the increased stability and reduced polarity of the minor product compared to that of
the major compound, led us to speculate that oxidation of the major product 181 had occurred,
producing the isoxazole 182 as the minor product.

Silver nitrate, as with many silver(I) salts, is a mild oxidant.°® Given that the level of oxidation
so closely mirrored the amount of silver nitrate employed in the cyclisation reaction, we
proposed that the substance was not only acting as a catalyst for the ring-closure reaction but
also as a stoichiometric oxidant of the initial product 181. Given our apparent inability to
obtain purified dihydroisoxazole from the mixture of the two products, we set about exploring
how we might prevent the aforementioned oxidation occurring and thus obtain a single reaction
product.

By removing and carefully filtering aliquots of the reaction mixture (in order to remove the
catalyst and thus halt the reaction) and then analysing their content by gas chromatography
(GC), we were able to follow the progress of the reaction over time. Under the conditions
described above, it was found that not only was the consumption of the starting material and its
conversion to the cyclic product complete within 15 minutes but also that the slightly sub-
stoichiometric amount of oxidation afforded by the catalyst had also reached completion by this
point. The same was true when a much larger amount of catalyst was used, with 0.55
equivalents of the catalyst resulting into an approximately equal mixture of major and minor
products. With the silver nitrate acting as an oxidant the presumed product is elemental
silver(0). This was observed as a blackening of the silica support retrieved upon filtration.
Earlier studies within the group have previously shown silver(0) to be an ineffective catalyst of

%7 Given that no starting material was present at the end of the

the 5-endo-dig cyclisations.
reaction, it was presumed that the silver(I) must be catalysing the ring closure prior to its
reduction. Whilst the speed of both reactions (cyclisation and oxidation) was pleasing it did

nonetheless suggest that limiting the amount of oxidation through control of the reaction

44



conditions would be ineffective. It was therefore decided to limit the level of oxidation by
instead altering the amount of catalyst used. By experimenting with varying levels of silver
nitrate, it was found that the smallest amount of catalyst that would still effect efficient and
rapid cyclisation of unprotected hydroxylamines was 0.05 equivalents, with respect to the
hydroxylamine substrate. Using this amount of catalyst, the desired 4,5-dihydroisoxazoline 181
was synthesised in near quantitative yield, in under 15 minutes. Although the isoxazole 182
was still visible in the proton NMR of the crude reaction mixture (Diagram 8), it was only as a
set of weak, unintegrated resonances; thus indicating >95% purity of proton-bearing organic

content, with respect to the desired product 181 (Scheme 81).

(o)
. _NH .
o] N 2.1 eq aq. MeNH, 0" 2  0.05eq. AQNO4/SIO, 0";3
(0]
Ether CH,Cl,
/k/\ /k)\ 15 min
169  Bu

180 Bu 95% 181
(over 2 steps)
Scheme 81
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Proton NMR spectrum of crude isoxazoline 181 (400MHz, 300.0°K in CDCls).

Diagram 8
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This procedure was applied to the synthesis of a range of 4,5-dihydroisoxazoles (Scheme 82,

Table 3).

0]
oN 2.1 eq aq. MeNH, oNH2 gos eq. AgNO,/SiO, o—rg
Rt §° 2 Ether RN 2 %?50:12 H"U\Rz
156 R 179 R 184
Scheme 82
Table 3: Synthesised 4,5-dihydroisoxazoles.

Product R’ R’ Yield (%)
185 iso-Butyl Phenyl 90
186 iso-Butyl CH,OBn 92
187 iso-Butyl CH,CH,OTBDMS 91
188 iso-Butyl p-(MeO)Ph 91
189 iso-Butyl tert-Butyl 96
190 Phenyl Phenyl 89
191° iso-Butyl H 96
192° Phenyl H 90

? _ Terminal acetylenes (R> = H) required 0.1 equivalents of catalyst and 1h reaction time and once again

contained s5% of a minor, isoxazole product (based on resonances displayed in the proton NMR of the product).

The majority of the yields reported here are unoptimised and it is reasonable to suppose that the
differences observed for various substrates may be due to varying losses encountered in the
processing of the reaction mixture and that each reaction could, as no degradation products are
observed, theoretically be optimised to provide a quantitative yield of product. All but two of
these products were obtained from this simple and effective procedure in under 15 minutes —
the notable exception being cases where R’=H (dihydroisoxazoles 191 and 192). Previous
work within the group had shown that terminal acetylenes are able to participate in the
synthesis of 2,3-disubstituted pyrroles; however, such 1-alkynes were incompatible with the

synthesis of 2,3-disubstituted furans (Scheme 83).

H
R1 OH& R1
0.1 eq. AgNO/SIO, l—\>
CH,Cl, R2™ Ny
4h

R2" “XH X = NTs, 295%
193 194 X =0, No reaction

Scheme 83
This strongly suggested that cyclisations of these terminal acetylenes requires the increased

nucleophilicity of a nitrogen nucleophile, as opposed to oxygen, to be successful. It was found
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that by increasing the amount of catalyst used to 0.1 equivalents, complete cyclisation of
terminal acetylenes occurred within 1 hour. Interestingly, in these cases the increased amount
of catalyst still resulted in <5% oxidation of the major product. This indicated that oxidation of
the monosubstituted dihydroisoxazoles 191 and 192 was less readily achieved than the
corresponding oxidation of their disubstituted analogues. We were also intrigued to find that
these compounds possessed pungent, citrus aromas.

O-N O-N

191 192
This property was further investigated by Williams, a final year project student working within
the Knight group, and was found to extend over a range of similar S-substituted 4,5-

dihydroisoxazoles, e.g. the cironellal-derived dihydroisoxazoles 192a and 192b, which notably

processed markedly different aromas.®®

192a 192b
The oxidation of the cyclisation products by the silver nitrate catalyst, whilst an unforeseen
complication in the synthesis of the dihydroisoxazoles 185-192, has valuable synthetic
applications as a method for the synthesis of disubstituted isoxazoles. The oxidation of 4,5-
dihydroisoxazoles to isoxazoles has been frequently reported, with varying degrees of success.
In cases where the substrate bears either one or more aryl substituent, or where the
dihydroisoxazole is conjugated with exocyclic alkenes or carbonyl groups (e.g. Ac), a plethora
of reagents have proven to be effective oxidants, for example: manganese dioxide,” N-
bromosuccinimide (NBS),” DDQ,”" chloranil” and lithium perchlorate73 have all found
successful application. The oxidation of substrates bearing simple alkyl (i.e. non-conjugated)
substituents is much less readily achieved. The reagent of choice for such reactions is most
commonly manganese dioxide, with reactions commonly requiring extended periods of heating
in order to deliver even moderate yields.”* Applying this reagent to the dihydroisoxazole 181,
we observed only around 40% conversion into the isoxazole 182, even when excess of oxidant

and an extended period of reflux were applied (Scheme 84).

O-N 5 eq. MnO, O-N
\ \ + 181
Bu CeHe X~ "Bu
A

181 16 h 182
96% 2 . 3

Scheme 84
We were immediately struck by the apparent difficulty in oxidising this type of substrate with

such a reagent, especially when compared to the ease with which the oxidation was achieved
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using the silver nitrate catalyst. By exposing the substrate 181 to an excess of silver nitrate on
silica gel for 1 h at room temperature, we were able to obtain a 70% yield of the isoxazole 182,

following silica gel chromatography (Scheme 85).

Bu CHyCl, X~ Bu
1h
181 70% 182
Scheme 85
By performing the ring closure of the O-propargyl hydroxylamine 180 with excess of silver

nitrate on silica, we were able to obtain the isoxazole 182 in one pot, again in good yield

(Scheme 86).

o) 1.5 eq. AgNO, O-N
—_— \
CHzclz NS Bu
)\/\B o
180 u 73% 182

Scheme 86
Using this novel procedure, 3,5-diphenylisoxazole 194 was synthesised in high yield and
structural confirmation was achieved by comparison with previously reported data (Scheme

87).”

o-NHe 1.5 eq. AQNO, O-N
\!
Ph" N CTﬁ?b Ph’*gle\Ph
193 P g9 194
Scheme 87

In each case, silica gel chromatography was required to obtain pure products, with the
predominant contaminants being highly polar degradation compounds.
In order to test this novel methodology, a short formal synthesis of the potent COX-2 inhibitor

Valdecoxib 39 was attempted.
O-N
P

0=5=0
NH,
39

¥

In a facile synthesis of the compound, Toyokuni and co-workers reported obtaining the
1soxazole core 196 by condensation of a phenyl acetaldehyde-derived oxime 195 with ethyl
acetate, subsequently obtaining the target compound by elaboration to the corresponding
4-boronic acid followed by palladium catalysed coupling with p-bromobenzenesulphonamide

(Scheme 88).7

48



1. 2 eq. n-BuLi
2. 1eq. EtOAc
-40°C - rt
2h
3. HS0,
N-oH 80°C

| 2h \ .
—_—
s 0 T
46 % overall
195 196 O

Scheme 88

Although this synthesis of the isoxazole 196 is expedient and regioselective, we felt the
approach was limited in its potential for incorporating varying substituents and by a moderate
overall yield.

Applying our own synthetic strategy, we first generated the required propargyl alcohol 198 by
addition of lithiated phenylacetylene to a freshly distilled sample of acetaldehyde. The
resulting alcohol was then displaced by N-hydroxyphthalimide under the modified Mitsunobu
conditions (detailed in Chapter Five of this thesis). The phthalimide protecting group was
removed using aqueous methylamine and the unprotected hydroxylamine 200 then cyclised and
oxidised in a one-pot, one-reagent procedure using an excess of 10% w/w silver nitrate on silica

gel (Scheme 89).

. o]
x }-g; eq. n-Buli 1. 1.2 eq. PPhy
. : OI 2. 1.01 eq. DIAD oN
/ ‘\ OH 3. 1.01 eq. N-hydroxyphthalimide ]
Ph THF /‘\ THF )\
-78°C - it 4. Modifi K-
197 4h 198 Fh ngﬁfcﬁm P 199 PP
94% B81°%
o-NHe
2.1 eq. aq. MeNH 1.5 eq. AgNO,/SIO O-N
929 2 A NG o /Q 51% overall
Ether % CH20|2 Ph
°0
200 Ph 64% 196

(over 2 steps)
Scheme 89
Although the overall yield of the isoxazoline core was only marginally better than that obtained
by Toyokuni, it is worth noting that at only the final step was silica gel chromatography
required and that the process has the potential to generate analogues bearing a far greater range

of substituents than could be accessed via Toyokuni’s synthetic route.
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In order to demonstrate this we attempted a short synthesis of the Valdecoxib regioisomer 201.

O-N
Y
0=$=0
NH,
201

Synthesis of the required propargyl alcohol 203 was achieved by addition of the commercially
available Grignard reagent propynylmagnesium bromide to benzaldehyde. Surprisingly,
however, rather than delivering the required phthalimide-protected hydroxylamine, the
subsequent Mitsunobu displacement of the resulting alcohol with N-hydroxyphthalimide
instead yielded the rearranged product 199, an identical compound to that which had been
obtained previously (Scheme 89) en route to the isoxazole core 196 of Valdecoxib 39 (Scheme
90).

0]
1. 1.2 eq. PPh
1. 1.01 eq. 3
P 2. 1.01 eq. DIAD N
)(') Z 3. 1.01 eq. N-hydroxyphthalimide 0 3
Ph THF Ph\ THF /K
0°C-nt S 4. Modified work-up Ph Z
199 4h 203 CH,Cl, 199
98% 72 o,
Scheme 90

Such a rearrangement was entirely unanticipated, with no such effect having been observed in
any of the previously described Mitsunobu displacements (Table 2, pp 42). Moreover, the
obvious driving force for such a rearrangement appeared to be the newly formed conjugation
between the alkyne and the phenyl group, yet such a rearrangement had not occurred when 1-
phenylprop-2-yn-1-ol 168 had been employed in the Mitsunobu reaction, even though it would

have created both increased conjugation and a more substituted alkyne 204 (Scheme 91).

0]
O'N

OH
Ph)\ +> &
Ph
168 204
(0]
o N
o)
Ph \\
178
Scheme 91
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Thus the rearrangement observed obviously represents a very special case. The sensitivity of
benzylic alcohols to Mitsunobu conditions had already been observed in our studies, having led
to the necessity for a modified procedure for addition of reagents in order to salvage otherwise
poor yields. We began to suspect the possibility that, in cases where the propargyl alcohol was
also benzylic, an alternative reaction pathway may exist, which in some cases favours a
rearranged product. During the Mitsunobu reaction the alcohol that is to be displaced is
activated by a phosphonium species, which may behave differently in cases where it exists in a
benzylic position. In such cases the alcohol may undergo elimination to form the allene, with

the nucleophile then attacking the carbenium ion so formed (Scheme 92).

205 206 ) N~ Nuc
Scheme 92
Nonetheless, rearrangement had thus far only been observed in substrates where the acetylene
was substituted with a methyl group. In order to assess whether such a phenomenon extended
to more complicated substrates, we synthesised the propargylic alcohol 208, a substrate that
could potentially rearrange via our proposed mechanism to give the phthalimide 209, that had

been obtained previously (Scheme 93).

1. 1.01 eq. n-BuLi o
2.1eq. O
! OH N\O
)\// il ? /\*
...... - O
THF Ph)\/k 7
-78°C - S ph2
207 4h 208 209
89%
Scheme 93

In fact, when the alcohol 208 was utilised in our Mitsunobu procedure, no such rearrangement
occurred. Moreover, the product of nucleophilic substitution of the alcohol by N-

hydroxyphthalimide was obtained in good yield (Scheme 94).

Ph)\/[\ THF Ph 0
2. Modified work-up

208 CH,Cl,
85 %

Scheme 94
In hindsight, the use of the substrate 208 perhaps did not represent the most balanced

(o)
OH 1. 1.2 eq. PPhy, 1.01 eq. DIAD, o’N
1.01 eq. A-hydroxyphthalimide
)\/k
210

assessment of the potential for rearrangement of benzylic alcohols. Regardless of the
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mechanism of the rearrangement, it seems highly likely that any alternative reaction pathway
would involve some form of conjugate addition of the nucleophile, whether concerted or via an
intermediate, followed by regeneration of the alkyne. Although the lack of rearrangement in
this particular case is in contrast to that observed when a methyl group was present at the
terminal end of the alkyne, the distinction may have been more a result of the increased steric
hindrance generated by the iso-butyl group than the increase in chain length or any difference in
associated electronic properties.

Unfortunately, time did not allow us to continue our investigations into such rearrangements
and to pursue further the synthesis of analogues of Valdecoxib 39. The cause and occurrence of
the rearrangement observed in the Mitsunobu reaction of the benzylic alcohol 203 remains
unclear. With only one example having been observed, it seems likely that, although the effect
may not be limited to this particular substrate, it is a rare occurrence and one that does not pose

a significant limitation to our methodology.

An alternative phthalimide synthesis

In the approach to the O-propargyl hydroxylamines required for the silver nitrate-catalysed 4,5-
dihydroisoxazole synthesis, a diverse set of propargyl alcohols had been required and their
synthesis had been achieved via the addition to various aldehydes of alkynes either as a lithiated
species or the corresponding Grignard reagent. A range of substrates was synthesised in high
yield, with one notable exception. The attempted addition of lithiated p-nitrophenylacetylene to
isovaleraldehyde yielded only a complex mixture of products, with repeated attempts at silica
gel chromatography failing to yield an identifiable product. Fearing that the altered electron
distribution of this substrate, vs. phenylacetylene, may favour basisity of the alkyne over
nucleophilicity and thus lead to aldol type polymerisation of the aldehyde, an analogous
reaction was attempted using benzaldehyde. However, this also resulted in a frustrating lack of

the desired product 164 (Scheme 95).

o OH
S
O e
O:N

211 86 OoN 164

R =Bu, Ph
Scheme 95
It became apparent that there might be several cases where the substituents required on our
dihydroisoxazoles may be beyond the scope of our alkyne addition strategy, p-nitrophenyl
being one of these. With this in mind we set about exploring alternative means for the

synthesis of our hydroxylamine precursors.
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Of particular interest was the phthalimide-protected hydroxylamine containing a terminal
alkyne subunit (compound 177), synthesised previously (Scheme 75, Table 2, pp 42).
Retrosynthetic analysis suggested such a substrate might be utilised in a divergent synthesis
whereby, after generating the phthalimide protected hydroxylamine 177, a second substituent
could be installed by creating a carbon-carbon bond at the unsubstituted end of the alkyne

(Scheme 96).

(o) (o)
O,N O’N
lo) —_ fo) + R-X
AN ¥, A
212 R 177 H 213
Scheme 96

Firstly, attempts were made to deprotonate the alkyne in compound 177 and trap it with a
suitable electrophile (e.g. a primary halide or an aldehyde). In repeated attempts, using a
variety of bases (n-BuLi, LDA, sodium hydride), only rapid decomposition of the starting
material was observed. A seemingly milder approach involved attempting a palladium-
catalysed coupling reaction.

The Sonogashira reaction allows for the coupling of terminal alkynes with vinyl or aryl halides
using a palladium catalyst, and in the presence of a copper(I) co-catalyst and an amine base.
The reaction has been used extensively in organic synthesis and a broad range of reaction
conditions have proved successful.”’ Of these conditions, particular success has been enjoyed
with the use of dichloro-bis-triphenylphosphinepalladium instead of the more common
palladium tetrakis-triphenylphosphine catalyst. For example, Braverman and co-workers have
successfully performed a doubling coupling of a propargyl alcohol to 1,4-dibromobenzene in
exceptionally high yield (Scheme 97)."8

OH

4
214 _OH

PdCIy(PPhg),, PPhg,

Cul, 214 AN
- | 216

Et;N pZ
80°C
Br 4h | |
93%
215
HO”
Scheme 97

After experimenting unsuccessfully with these conditions and variations thereof, a combination

of reagents was found that allowed for our substrate to be coupled to p-nitroiodobenzene and
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isolated following silica gel chromatography, albeit in a somewhat disappointing yield (Scheme
98).

(@)
PO
N
177 o

1. 0.1 eq. PdCIy(PPhy),, 0.1 eq. Cul oN
2. 10 eq. HN('Pr),, 1 eq. 177 0
THF A
A

NO, 16 h

O,
217 33% 218 NO,

Scheme 98
This substrate was then deprotected and cyclised to yield the 4,5-dihydroisoxazole 220, in good

yield, thus at least confirming the compatibility of aryl nitro groups with the silver nitrate-

catalysed cyclisation (Scheme 99).

o}
N -NH;
o (209 a0 MeNn, 0 0.05 eq. AQNO,/SIO, o-N
X Ether X CH,CI
R 2wi2
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(over 2 steps)
218 NO, 219 NO, 220
Scheme 99

Although several further couplings, to a range of aryl halides, were attempted, none returned
any identifiable product. Moreover, significant amounts of unreacted starting materials or the
homo-coupling products commonly generated in such Sonogashira reactions were also not
observed. In these cases, only highly polar, unidentifiable by-products were observed,
suggesting decomposition of the hydroxylamine 177 was occurring under the reaction
conditions. A lack of time precluded further investigation of this means of substrate synthesis
and it remains to be seen whether further optimisation of the reaction conditions could lead to
greater success in a wider range of couplings. Protecting group exchange, for example, may
provide greater compatibility of the substrate 177 towards the reaction conditions; however, it

is clear that the simple approach desired was not to be readily available.
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A suitable protecting group

Prior to the observation that unprotected O-propargyl hydroxylamines can be cyclised to give
direct access to 4,5-dihydroisoxazoles, it had originally been our intention to protect the
hydroxylamine before cyclisation. We had hoped such compounds would cyclise under the

effect of the silver nitrate catalyst to yield stable 2,5-dihydroisoxazoles 221 (Scheme 100).

RS
]
_NH R3
0 ? 0-N
R1\ __________ T pASRe
RZ
84 221

Scheme 100

The potential for derivitisation of these products, for example through hydroboration or
oxidation of the alkene bond, makes such dihydroisoxazole isomers particularly interesting. As
described in the previous Chapter of this thesis, our investigations into the synthesis of
dihydroisoxazoles via iodocyclisation had shown the tosyl protecting group to be highly
suitable for this purpose. Although we regarded this to be an excellent starting point for our
investigations we were nonetheless concerned about the difficulties associated with the removal
of this group. In order to counter this, we also decided to explore the use of p-
nitrobenezenesulphonyl (nosyl) as a protecting group. Although sulphonamides of this kind are
known to possess similar reactivity to tosyl analogues, their removal can be facilitated in a
much milder fashion through their reactions with thio-derived anions (e.g. potassium
thiophenolate or lithium thioglycolate).79

Using the tosylation procedure described in Chapter Two of this thesis (Scheme 57, pp 31), two
tosyl protected O-propargyl hydroxylamines were synthesised and, using a modification of the

same procedure, one substrate bearing a nosyl protecting group (Scheme 101).

0}
N NH 1. 1.01 eq. Pyridine NHR2
- -V 2. cat. DMAP
/k/?\o 21o Mo )\/o\ 3 101e0 B0
X Ether A CH,Cl,
S R? 4h R! -78 - 0°C
212 222

223 [R! = Bu, R2 /©/(Ts) 86% (over 2 steps)]
224 [R! = Bu, R2 /©/ (Ns), 86% (over 2 steps)]

225 [R' = Ph, R2=Ts, 81% (over 2 steps)]

Scheme 101
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With no obvious mechanism for the oxidation of the products by silver nitrate, we reverted to
using 10 mol% of our catalyst, the conditions that had proven successful in previous furan and
pyrrole syntheses and, serendipitously, firstly applied these conditions to sulphonamide 225.
To our delight, the substrate underwent successful cyclisation to generate the 2,5-

dihydroisoxazole 226 in quantitative yield, with no need for purification (Scheme 102).

_NHTs Sy
o 0.1 eq. AGNO4/SIO, O-N ©
X CH,Cl, Z~Ph
Ph 4h
225 97% 226
Scheme 102

This success was destined, it seemed, not to last. To our surprise, the tosyl protected butyl-
substituted alkyne 223 cyclised to give the 4,5-dihydroisoxazole 181 that had previously been

obtained through cyclisation of an analogous, unprotected hydroxylamine (Scheme 103).
_NHTs

o) 0.1 eq. AGQNO,/SIO, w
A CHoCl, Bu
Bu 4h
223 81% 181

Scheme 103
The same effect was observed when cyclisation of the nosyl analogue 224 was attempted

(Scheme 104).

o-NHNs
0.1 eq. AGNO,/SIO, o-N
A CH,Cl, Bu
Bu 1h
224 89% 181

Scheme 104
The outcome of these reactions was met with considerable confusion. Firstly, complete
cleavage of the tosyl protecting group had apparently been achieved (using only silver nitrate
on silica) and in a form that was completely removed by the work-up procedure. Removal of
the tosyl group is often troublesome and requiring of comparatively harsh reaction conditions,
thus cleavage under these conditions was highly unexpected. Secondly, the phenyl-substituted
alkyne 225 cyclised as intended. Although there are obvious electronic and steric differences at
the point of ring closure, it is nonetheless surprising that such a difference would be observed.
The removal of sulphur-based protecting groups using silver nitrate is not without precedent.
Indeed, in his account of the application of the reagent in organic synthesis,®® Paquette reports
that silver nitrate has proved effective in the conversion of thioacetals,®® 1,3 dithianes®' and 1,3

oxathianes® to the corresponding ketones, the liberation of S-trityl ethers,” the hydrolysis of S-
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tert-butyl esters and thiobenzoates,84 and the conversion of thioamides®® and thioureas®® to
amides and ureas respectively. The mechanisms and specificity of the removal of the tosyl and
nosyl protecting groups remains unclear and would certainly be worthy of further investigation.
Nevertheless, we were keen to continue our studies in the synthesis of 2,5 dihydroisoxazoles

and thus, we were clearly in need of an alternative protecting group strategy.

An alternative protecting group

An obvious alternative seemed to be to attempt to protect the hydroxylamine nitrogen as either
a ‘carbamate’ or ‘amide’ derivative. Fearing bis-protection would again be a problem (as had
been the case with tosylation) the conditions that had proved successful in the tosylation
procedure (Scheme 101, pp 55) were again applied to the acetylation of the hydroxylamine 180
(Scheme 105).
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Scheme 105

Once again however, the proton NMR of the crude product revealed, along with the desired
acetylated product 228, the presence of a large amount of the bis-acetylated hydroxylamine 227
along with traces of unreacted hydroxylamine 180. However, it seemed likely that the
additional protecting group on the hydroxylamine would be far less stable than one protecting
group alone and considerably more labile towards base-catalysed hydrolysis, i.e. bis-acylamines
are well known to readily lose one of the acyl groups under a variety of conditions. A similar
set of observations was made for the reaction of hydroxylamine 180 with various
chloroformates.

Given this, it was reasoned that an excess of the protecting reagent could be used to fully
acetylate a given hydroxylamine and that this could be followed by in situ hydrolysis of any

bis-protected compounds to give pure, mono-protected hydroxylamines (Scheme 106).
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Using this procedure, a range of hydroxylamine-derived carbamates and amides were
synthesised, in good yield and with no trace of the corresponding bis-protected compounds
(Table 4).

Table 4: Synthesised protected hydroxylamines.

Product R'= R’= R’= Yield (% over 2 steps)
230 iso-Butyl Butyl OMe 17
231 iso-Butyl Butyl O'Butyl 81
232 iso-Butyl Butyl CF; 85
228° iso-Butyl Butyl Me 92
233 iso-Butyl Phenyl Me 90
234 iso-Butyl H Me 88

a — Discussed previously (Scheme 105).

The methoxycarbonyl (Moc)-protected derivative 230 proved highly unstable and rapidly
decomposed at room temperature. Given this, characterisation of the compound was severely
limited. Attempts were made to cyclise the compound immediately following isolation and
again only decomposition was observed, although it was not certain whether this decomposition
was due to the effect of the catalyst. The tert-butyloxycarbonyl (Boc) protected compound 231
showed much greater stability and could be stored at room temperature, apparently indefinitely.
Upon subjecting this compound to the cyclisation conditions for 4 h, only the return of
unreacted starting material was observed. This was mildly surprising given that the Boc group
possesses roughly similar, but lower electron-withdrawing properties to the tosyl group,
although the increased steric hindrance generated by this group may be a factor. Nevertheless,
the functionality -O-NH-CO,R did not appear to be one that would advance the aims of
achieving cyclisation.

Analysis of the amide-protected hydroxylamines 228, 232, 233 and 234 showed broadening and
occasionally doubling of several proton NMR resonances, thus hampering attempts at
characterisation. This was attributed to the existence of various rotameric forms. Switching the
NMR solvent from deuteriochloroform to deuterated DMSO had a dramatic effect, yielding

greatly sharpened resonances. Attempts at heating the NMR samples in a range of deuterated
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solvents in order to achieve greater clarity resulted in decomposition of the compounds and so
were abandoned.

The trifluoroacetyl-protected hydroxylamine 232 was obtained as a stable compound, in good
yield. Treating this compound with the silver nitrate/silica catalyst again returned only
unreacted starting material. This was attributed to the strong electron-withdrawing properties
of the trifluoromethyl group resulting in a reduction of the nucleophilicity of the hydroxylamine
nitrogen.

Success was finally achieved with the cyclisation of the acetyl-protected derivatives 228 and

233 (Scheme 107).
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Diagram 8
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This represented a vital breakthrough, with the acetyl-protected compounds each delivering a
single cyclic product, in virtually quantitative yield. The rate of cyclisation was notably slower
than that observed for the corresponding unprotected hydroxylamines, with monitoring by tlc
showing, in both cases, complete conversion within one hour (c.f. 15 minutes in the presence of
0.05 eq. silver nitrate/silica for the corresponding unprotected hydroxylamines). This supported
our previous observation that protecting groups with a greater electron-withdrawing effect
suppressed the ability of the compound to cyclise.

In the case of the acetyl-protected terminal alkyne 234, cyclisation was less successful, with the
application of the standard conditions yielding only an unidentifiable mixture of products that

could not be separated by either distillation or silica gel chromatography (Scheme 108).

N

O,NH
/k/\ 0-169. AgNOSSI02  pidentiiable
AN CH,Cl, Mixture
20°C
234 1h
Scheme 108

This was perhaps unsurprising, given that the apparently more reactive unprotected
hydroxylamines had been slower to react with terminal alkynes than with disubstituted alkynes.
It was also important to investigate how the methodology would respond to more sterically
demanding situations; for example the use of a bulky nitrogen-protecting group such as benzoyl
in conjunction with a sterically demanding substituent at the point of ring closure. A number of
phthalimide-protected hydroxylamines had previously been synthesised, including substrates
containing silyl-protected alcohols in their side chains. One such phthalimide 173 contained an
alcohol protected with the sterically demanding fert-butyldimethylsilyl (TBDMS) group. Using
the acetyl-protection methodology, the benzoyl-protected hydroxylamine 238 was synthesised,

in excellent overall yield (Scheme 109).
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Upon exposure to the silver nitrate/silica catalyst, this substrate underwent smooth ring-closure

to deliver the 2,5-dihydroisoxazole 239, as a single product and in high yield (Scheme 110).
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Scheme 110

By first removing the silyl-protecting group using a solution of tetrabutylammonium fluoride
(TBAF), cyclisation was attempted with the hydroxylamine 240, bearing an unprotected
alcohol. Pleasingly, the compound cyclised to once again give a single product, the
dihydroisoxazole 241, with no sign of any alternative product formed via a competitive S-endo-

dig cyclisation of the unprotected hydroxyl group (Scheme 111).
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Scheme 111

Chiral products

One of potential advantages of the 5-endo cyclisation of hydroxylamines over the [1,3]-dipolar
cycloaddition procedure, was the complete retention of stereochemistry that can potentially be
achieved during ring-formation. For example, in the case of the dihydroisoxazole syntheses, it
was hoped that, through synthesis of a chiral, non-racemic propargyl alcohol 242, subsequent
Sn2 displacement of the alcohol by N-hydroxyphthalimide and functional group manipulation,
an optically pure hydroxylamine (244 or 246) could be synthesised that, upon exposure to the
cyclisation conditions, would yield a single stereoisomer of the cyclic product (245 or 247

respectively) (Scheme 112).
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Scheme 112
Whether cyclisation was performed with a protecting group or not, we could conceive of no
mechanism by which the stereogenic centre present in such a compound would undergo
racemisation under the cyclisation conditions; however, this supposition hardly represents a
proof of the chemistry.
Whilst conducting investigations into iodocyclisations, Foot had previously reported the
synthesis of the propargylic alcohol 249 as a single enantiomer, using the method developed by

Carreira (Scheme 113).

OH
Isobutyraldehyde, Zn(OTf),,
= EiN, (1R,25)-(-)-N-methylephedrine /\/\(
4 — =
TBDMSO/\/ Toluene TBDMSO
248 75422, 249
Scheme 113

Since (-)-N-methylephedrine was used as the chiral ligand Foot had assumed the product to be
the (S)-enantiomer and had determined >95% ee through the addition of a chiral shift reagent to
an NMR sample. He had then gone on to aminate the compound using the, now discredited,
oxazirtdine amination procedure and abandoned further investigation when difficulties arose
whilst attempting cyclisation (Chapter Two of this thesis, pp 10- 65).

In order to investigate to feasibility of preserving such a stereogenic centre in cyclisation
reactions, a range of similar, chiral propargyl alcohols were required. Repeated attempts,
conducted by several members of the Knight group, to utilise the conditions described by
Carreira and latterly by Foot failed to produce any of the required product — either as a single
enantiomer or as the racemate. This was a source of great frustration, especially given that Foot
appeared to have enjoyed immediate success with the procedure. As reactions of this kind are
often highly sensitive to reagent impurities, considerable attention was made to ensure the
purity of all the reagents used, but to no avail. Whilst a variety of alternative methods exist for
the synthesis of chiral propargyl alcohols,®” the need for expediency led us instead to purchase a
commercially available compound, to at least prove the point that asymmetry could be

conserved, hopefully completely.
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The availability of suitable compounds is limited, however we were able to obtain samples of
both the enantiopure (S)-but-3-yn-2-ol 250 and racemic compound 252 from the Sigma Aldrich
Library of Rare Chemicals (SALOR). Under the modified Mitsunobu conditions, phthalimide-

protected hydroxylamines were synthesised from each substrate (Schemes 114 and 115).
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Scheme 115

The Mitsunobu reaction was expected to proceed via an Sy2 pathway and thus it was assumed
inversion of the stereocentre in the chiral compound had occurred, generating the (R)-
enantiomer of the hydroxylamine. However, the reaction pathway proposed for the
rearrangement of benzylic alcohols discussed previously had featured elimination of the alcohol
and formation of an allene intermediate (Scheme 92, pp 51). Although such a reaction was
clearly not expected in this case, the occurrence of even a minimal amount of any form of Sy1
process would clearly be to the detriment of the stereocentre present in the starting material and
therefore it was vital to confirm the outcome of the Mitsunobu displacement.

Unfortunately, malfunctioning equipment meant that the optical rotation generated by the
compound could not be measured, however, the optical purity of the phthalimide-protected
hydroxylamine 253 was confirmed using high pressure liquid chromatography (HPLC) with a

chiral stationary phase. This indicated an enantiomeric excess (ee) of 295% (Diagrams 9a and

9b).
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S uL. Solvent: 10% propan-2-ol, 90% hexane.

Diagram 9b
Attempts at deprotecting and either cyclising or acetylating these compounds, however, were
met with continued frustration. It was suspected that unprotected hydroxylamine generated was
either highly volatile or considerably less stable than other similar compounds previously
encountered, hampering attempts at further reaction.
Although there appears to be no reason why a pre-formed stereogenic centre would not survive
the cyclisation, the inability to obtain proof proved highly frustrating. It was with regret that,

due to the time constraints of the project, we were unable to pursue such evidence further.

Further developments

During the course of these studies we were interested to observe a report by Pennicott and
Lindell, detailing an alternative method for the synthesis of 4,5 dihydroisoxazoles; one that bore
a distinct similarity to our own methodology.”® Having obtained a range of O-propargyl
hydroxylamines 254, isolated as hydrochloride salts due to their instability, they reported that

the corresponding 4,5-dihydroisoxazoles 184 could be obtained by refluxing these substrates in
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methanol, in the presence of a stoichiometric amount of potassium carbonate (Scheme 115).
_NH, * HCI

0 O-N
K,CO3 \
R‘\ MeOH RN w2
2 A
254 R 61-84% 184
Scheme 115

Although this process requires harsher conditions that the silver nitrate-catalysed cyclisations, it
does nevertheless represent a viable alternative. The group also reported that in cases where
R*=H it was not necessary to store the substrate as the hydrochloride salt and that cyclisation
could be achieved by refluxing in methanol, without the presence of a base.

In order to assess the viability of the latter set of conditions in performing a wider range of
cyclisations, we reproduced these conditions using the disubstituted alkyne 180 and in the

absence of base; in our hands no cyclisation was observed, merely degradation of the starting

o)
/L)\ Decomposition
A MeAOH

Scheme 116

It seemed apparent, therefore, that the potassium carbonate plays a key role in the majority of

material (Scheme 116).

the cyclisations reported, perhaps beyond simply neutralising the hydroxylamine. Whether this
reagent effects the cyclisation simply by creating basic reaction conditions, or whether the
potassium (or perhaps a trace transition metal contaminant in the potassium carbonate) is acting
as a catalyst in a manner similar to the silver nitrate, remains unknown. This process is clearly

worthy of further investigation.

Summary and future work

The use of sub-stoichiometric quantities of silver nitrate, in the form of the easily processed
reagent 10% w/w silver nitrate on silica, at room temperature represents a simple and mild
procedure for the synthesis of 4,5- and 2,5-dihydroisoxazoles, as single products with no need
for further purification.

It also seems an attractive possibility that suitably constructed N-propargyl hydroxylamines
may also participate in such cyclisations, with the oxygen portion of the hydroxylamine acting
as a nucleophile, allowing for the synthesis of 2,3-dihydroisoxazoles. Such possibilities are

clearly worthy of further investigation.
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Chapter Four

An Acid-catalysed Isoxazolidine Synthesis — “Transfer hydroamination”

Background

As discussed in the previous Chapter, the use of a silver nitrate had proven highly effective in
catalysing S5-endo-dig cyclisations as a means for the synthesis of dihydroisoxazoles,
isoxazoles, furans, dihydrofurans, pyrroles and dihydropyrroles. However, when applied to an
analogous S-endo-trig cyclisation, using either the N-tosyl-O-allylic hydroxylamine 100 or the
unprotected analogue 99 utilised in Chapter Two of this thesis (pp 10-35), the catalyst failed to

generate any product, returning only unreacted starting materials (Scheme 117 and 118).

_NHTs
o 0.1 eq. AQNO4/SiO,
No reaction
Z CH,Cl,
100
Scheme 117
0’NH2

0.1 eq. AgNO4/SiO,

/K/\ No reaction
= CH,Cl,
99

Scheme 118
Similar observations were made in investigations into the synthesis of furans and pyrroles under
the same conditions.’’ Given this, we were drawn to search for an alternative means for
inducing such cyclisations. The use of various metal catalysts in effecting the addition of N-H
and O-H across olefins, has recently received much attention. A significant contribution to the
field has resulted from the pioneering work of Hartwig and co-workers who, over a number of
years, have explored the use of a wide-range of inorganic catalysts in effecting both inter- and
intra- molecular additions of amines and alcohols across a wide range of alkenes. Such work
was exemplified by the recent report that, in the presence of a rhodium catalyst, secondary
amines can undergo intramolecular, anti-Markovnikov addition across an olefin — effectively a

hydroamination of the olefin and a highly regiospecific piperidine synthesis (Scheme 1 19).%

| I
N N

H  0.05 eq. [Rh(COD)(DPPB)JBF,
Ph N~ L) * Lj
THF Ph Ph
255 256 257
76% 4%

Scheme 119
The utility of such a strategy was further underscored by the recent report of Takaki and co-

workers that iron trichloride can be used to catalyse intramolecular cyclisations of tosyl-
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protected amines; thus generating a range of simple, alkyl-substituted pyrrolidines (e.g. Scheme
120).%

0.1 eq. FeCly
NHTs
CICH,CH,CI ¥
80°C S
258 2h 259
299%
Scheme 120

Although the use of transition metal catalysts seemed an attractive proposition as a means for
effecting a 5-endo-trig cyclisation of our O-allylic hydroxylamines we were, nonetheless,
drawn to reports of similar cyclisations being induced by a much simpler catalyst — the proton.
Perhaps surprisingly given the attention received by the use of metal catalysts in the synthesis
of heterocycles, the use of acid as a cyclisation catalyst has been the subject of relatively little
scrutiny. In 2002, Knight and Haskins reported the use of trifluoromethanesulphonic acid
(triflic acid) in catalysing the cyclisation of sulphonamide nucleophiles onto a wide-range of
triflic acid-generated, tertiary and secondary carbenium ions (Schemes 121 and 122).%°

)WNHTS 0.4 eq. TfOH >O<R
N

R” 'CO,CHj; 0.25h T CO,CHg
0°C s

260 CHCl, 261 R = H, 95%
262 R = CHg, 97%

Scheme 121

0.6 eq. TfOH R2
RPN NHTS - 06ea TIOH Q

R2 'CO,CH; 2-5h N 'CO,CH,
A Ts

263 CHCl5 264 R'=Ph, R2=H, 95%
265 R' = Ph, R? = CHj, 96%
266 R'=CH;, R?=H, 91%
267 R' = CHj, R? = CHj3, 94%

Scheme 122
Haskins and Knight also found that the same sulphonamide nucleophiles were able to act as
terminators in acid-catalysed cationic cascades reactions, delivering the products as single

stereoisomers at the ring junction (Scheme 123).

Ts
" NHTS  0.4q.TiOH N_R
X R CHCl, =~ "CO,CH;
CO,CH3 0°C H
268 90% 270

Scheme 123
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Continued investigation of this versatile reaction showed that the cascade sequence could be
extended further still in order to generate multiple fused rings and this methodology was
applied to the total synthesis of the naturally occurring compound, Cyclopiazonic acid.”"

Coincidentally, in 2002, Hartwig also reported the use of both triflic and sulphuric acid in

%2 Although the work was not extended to investigate

catalysing a similar set of cyclisations.
cascade reactions, the group was able to demonstrate that amides could also be induced to
undergo similar cyclisations to give highly substituted lactams in excellent yield

(e.g. Scheme 124).

H
Ph” NM —_.1 eq. TOH OI)\

S PhCH, N
100°C Ph
270 99% 27
Scheme 124

More recently, Hartwig and co-workers have shown that both oxygen and nitrogen nucleophiles

can, under similar conditions, also undergo intermolecular addition to acid-generated

o :
~_OH A 0.1 eq. TfOH
Ph + 25x Ph™ X PhCH,
70°C

carbenium ions (Schemes 125 and 126).”

272 273 41% 274
Scheme 125
C Q 0.1 eq. TIOH )N:Z Nz
" . .
C6H13/\ + 6—NH2 PhCH3 CSH13 + C5H11)\/
1,2-C,H,Cl,
275 276 85-90°C 277 278
16-24h
2 1

Scheme 126

With such an excellent precedent in place we were keen to investigate whether a strong acid,

such as triflic acid, could be used to catalyse analogous cyclisations of hydroxylamines.

Results and discussion

Initial findings

In order to investigate whether a suitably protected hydroxylamine could be used to trap an
acid-generated carbenium ion, we required a model substrate that would allow for such a
reaction, generating a substituted isoxazolidine via intramolecular cyclisation. Previous studies
within the group had demonstrated that the required carbenium species could be generated
through the interaction of triflic acid with terpene-derived substrates. The investigations into

10dine- and silver-induced cyclisations described in Chapters Two and Three of this thesis (pp
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10-35 and 36-65 respectively) led to the development of an efficient means for the synthesis of
the required hydroxylamine precursors from suitably constructed primary and secondary
alcohols. The terpenoid alcohol, 3-methylbut-2-en-1-0l 279 (commercially available from
Aldrich Fine Chemicals) seemed an excellent starting point for a suitable model system. Using
the procedures discussed in the aforementioned Chapters, this substrate was converted into the
desired tosyl-protected hydroxylamine 282, in excellent overall yield, 85% over 3 steps
(Scheme 124, Diagram 10).

1. 1.2 eq. PPh,
2. 1.01 eq. DIAD 0O,
)\/\ 3. 1.01 eq. N-hydroxyphthalimide )\/\ \
N-"0H THF NN
0
280

4. Modified work-up

279 CH,Cl,
96%
1. 1.01 eq. Pyridine
2. cat. DMAP
2.1 eq ag. MeNH, 3. 1.01 eq. TsCl
—_— X _NH, X _NHTs
Ether O CH,Cl, o
-78 - 0°C
281 89% 282
(over 2 steps)
Scheme 124
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Proton NMR spectrum of N-tosyl hydroxylamine 282 (400MHz, 300.0°K in CDCls).

o

Diagram 10
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Although Haskins had enjoyed considerable success with the cyclisation of sulphonamides we
were acutely aware that we were dealing with fundamentally different substrates. Of particular
concern was the possibility that the relatively weak nitrogen-oxygen bond would simply not
tolerate these conditions and that we would observe at least partial and perhaps total
decomposition of either the starting material or any product formed. Moreover, several
cyclisations reported by Haskins had benefited from considerable steric compression.
Nonetheless, Haskins had demonstrated that tosyl-protected nitrogens have sufficient
nucleophilicity to trap acid-generated carbenium species. In the case of a tosyl-protected
hydroxylamine, it was hoped that this nucleophilicity would be increased further still by the so-
called alpha effect, an increase in the nucleophilicity of a heteroatom generated by the presence
of an adjacent heteroatom bearing a lone pair of electrons.> This increased nucleophilicity
could, however, have a negative effect, favouring protonation of the hydroxylamine nitrogen
and inhibiting its ability to act as a nucleophile. Nonetheless, we felt confident that if the
application of a strong acid to the terpene-derived substrate could generate a tertiary carbenium
ion, that in could in turn be trapped by the N-tosyl hydroxylamine to deliver a stable
1soxazolidine product 284 (Scheme 125).

Scheme 125
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