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ABSTRACT
Cyclic and bicyclic ketones are important intermediates in organic synthesis.
Cycloaddition of a 1,4 diene with ketene affords cyclobutanones via a [2+2] reaction.
Chapter one reviews the design of ketene equivalents which undergo [4+2]
cycloadditions instead. The origins of stereoselectivity for each type of ketene

equivalent are discussed.

Our approach to the synthesis of a novel type of ketene equivalent are outlined
in chapter two. Starting form anthranilic acid a C, symmetric cyclic dienophile was
synthesised by selective trans sulphoxidation, Mannich reaction, and elimination to
afford (1RS,3RS)-2-methylene -1,3-benzodithiole-1,3-dioxide. Dithiane and dithiolane
derived trans dioxide ketene equivalents were synthesised from the five and six

membered ethylesters by reduction, trans sulphoxidation and dehydration.

The Diels-Alder reaction of the three dienophiles with cyclic and acyclic
dienes was investigated and the conditions that gave Diels-Alder adducts in high
diastereomeric excess were determined. The nature of the stereoselectivity was
investigated and found to be due to preferential approach of the diene over the sulphur
lone pair rather than over the sulphinyl oxygen. Hydrolysis of the Diels-Alder adducts
yielded norborneneone. The attempted synthesis of homocarbovir is outlined in chapter
four. This involved a palladium (0) catalysed coupling of an N-heterocycle with a

lactone derived from norborneneone.

Full experimental details for the preparation of these compounds is given in

chapter five.
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ABBREVIATIONS

Ac Acetyl

Ant Anthracene

aq Aqueous

Bu Butyl

"BuLi "Butyllithium

'Bu tert-Butyl

ClL Chemical ionisation

cmc mpt cyclohexyl-morpholinoethyl-carbodiimide

metho-p-toluene sulphonate.

mCPBA meta-Chloroperoxybenzoic acid

2D COSY two dimensional correlated spectroscopy
Cp cyclopentadiene

Cy cyclohexyl

DBU 1,8-Diazabicyclo[5.4.0] undec-7-ene
DEAD Diethylazodicarboxylate

DE Diastereomeric excess

DIAD Diisopropylazodicarboxylate
DMAP Dimethylaminopyridine

DMF Dimethylformamide

DMSO Dimethylsulphoxide

DSC Disuccinamdyl carbonate

EE Enantiomeric excess

EL Electron ionisation

Et Ethyl

HOMO Highest occupied molecular orbital
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Hr Hour

IR Infrared

J coupling constant

KHMDS Potassium hexamethyldisilazide
LAH : Lithium aluminium hydride
LDA Lithium Diisopropylamide
LUMO Lowest unoccupied molecular orbital
Me Methyl

min minute

m.p. melting point

Nap Napthalene

n.m.r. nuclear magnetic resonance
nOe nuclear Overhauser effect
p-p-m. parts per million

Pr propyl

iPr iso-propyl

Py pyridine

It room temperature

THF Tetrahydrofuran

TLC Thin layer chromatography
TMS Trimethylsilane

Tol Toluene
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Chapter 1

1.0 INTRODUCTION

The Diels-Alder cycloaddition since its first report by Otto Diels and Kurt
Alder! has emerged as one of the most efficient methods in organic synthesis not only
in terms of carbon-carbon bond formation? but also for the synthesis of intermediates

with a high degree of functionality.3

Since this first publication the [4+2] cycloaddition was followed by [2+1],
[2+2], [3+2] as well as 1,3 dipolar cycloadditions“. This thesis is primarily concerned
with [4+2] cycloadditions of synthetic equivalents of ketene. As ketene itself
undergoes a formal [2+2] cycloaddition with 1,4 dienes affording cyclobutanones?, it is
pertinent to describe the salient features of the Diels-Alder reaction as well as the [2+2]

cycloaddition where they correspond to the design of ketene equivalents.

1.1 The Diels-Alder Reaction

Much literature has been published on the Diels-Alder reaction.5” In general it
may be described as the addition of a double bond to a 1,4 conjugated diene affording a
six membered ring in which four stereocentres may be simultaneously generated. The
term [4+2] associated with the Diels-Alder reaction denotes were new bonds are
formed (in this case between carbon four of the dienophile and carbon two of the
diene), by implication a six membered ring is formed. [4+2] Cycloadditions have been
named after their discoverers, the term Diels-Alder reaction and [4+2] cycloaddition

are used interchangeably.
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energy between the HOMO and the LUMO requires that one compound will be
electron rich (normally the diene) and the other component (the dienophile) would be
electron deficient. There are many examples of an electron deficient dienes and
electron rich dienophiles and this type of cycloaddition reaction is known as inverse

electron demand Diels-Alder.®

Mechanistically, Diels-Alder reactions are thought to proceed through a
cyclic six centred transition state in a one step concerted fashion? i.e. with no
intermediate formation. However alternative mechanisms have been postulated. The

119 in which the terminus of one side of the

first invokes the formation of a diradica
diene fastens to one terminus of the dienophile. In the second step the adjacent radicals
combine to form the second bond. The final theory involves the movement of electron
pairs in a stepwise fashion forming an intermediate betaine!! followed by the formation
of a second ¢ bond. Evidence for the concerted pathway is greater than that for the
other two however they may still participate under certain conditions. The evidence for
the concerted pathway is based on the observed retention of stereospecificity. This
would not be expected for a stepwise mechanism. The rate of reaction has been found
to be independent of solvent polarity. However if the betaine mechanism was in

operation the rate would be expected to be enhanced in a polar solvent due to charge

buildup in the transition state.

Stereoselectivity in the Diels-Alder reaction may also be explained in terms of
frontier orbitals. Diels-Alder reactions in general give endo adducts predominantly,
exemplified in scheme 1.1 by the Diels-Alder reaction between maleic anhydride and

cyclopentadiene.



Scheme 1.1

(@) b )
v
o ;\j‘ FAST _ o
ENDO
0] 0~ 0
<. O SLOW 0
o 0

Formation of the thermodynamically less stable endo adduct is accounted for
by overlap of secondary frontier orbitals not directly involved in formation of the new

bonds.

The secondary orbital interactions that are possible in the endo transition state
will lower the energy of the transition state relative to the exo transition state and will
result in formation of the endo adduct over the exo adduct. Similar secondary orbital
interactions are not possible in the exo transition state. This effect is known as the
"endo rule" and is often observed for in 4+2 cycloadditions. It should be noted that the

"endo Alder rule” does not apply to reactions under thermodynamic control.

A second rule associated with the stereochemical outcome of a Diels-Alder
reaction is the "cis-rule". This states that the relative stereochemistry of the substituent

groups in the diene and dienophile are maintained in the product of cycloaddition.
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1.2 Ketene Equivalents : Cyclobutanone formation

This thesis is concerned with the formation cyclic ketones which are important
intermediates in organic synthesis. Direct reaction between ketene and
cyclopentadiene does not give the [4+2] Diels-Alder reaction but the product from a
[2+2] cycloaddition (scheme 1.2).12
Scheme 1.2

o Wo [242)
o
J§ "
S
[4+2]
o

For the [2+2] type of cycloaddition to occur the © systems of the two
components must be orthogonal figure 1.2. This pathway is normally forbidden due to

steric hindrance and transition state strain required to maintain effective orbital overlap.
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intermediates in both racemic!3and enantiomerically pure’ forms. The following
chapters exemplify the ketene equivalents used in the literature to date and describe the

rationale behind their design.

1.3 Ketene equivalents
1.3.1 a-Acetoxyacrylonitrile

o-Acetoxyacrylonitrile was the first ketene equivalent and was introduced by
Bartlett et all4 in 1956. Prior to this (1) was synthesised by oxidation of norbornenol.!?
o-Acetoxyacrylonitrile was synthesised by reaction between ketene and

hydrogencyanide followed by acetylation. 16

The Diels-Alder reaction of the cyanoacetate (3) and cyclopentadiene (scheme
1.3) proceeded in 62% yield when the dienophile was heated to 100°C for three hours

in cyclopentadiene.

Scheme 1.3
9,
N OH-
CN 7 o/ /
62% OAc
CN O
3) 4) (1)

Treatment of the Diels-Alder adduct with sodium hydroxide afforded the
required ketone (1) in 51% overall yield. a-Acetoxyacrylonitrile was readily available
and has subsequently been used in synthetic pathways towards the synthesis of a range

of bicyclic ketones 117, 6,718, 8, 919, figure 1.3.



Fig 1.3

o)
/ /
MeO
o MeO o
@) 6) )
61% 48% 40%
Me
/
/ MeQ
o}
® © 9)
60% 67%

1.3.2 o-Chloracrylonitrile

a-Chloroacrylonitrile (5) was prepared by Passiuirta?! and Kriger et al?2,
a-Chloracrylonitrile unlike acetoxyacryonitrile 2 is readily available and formed [4+2]
adducts more readily than (3). The cycloadducts were transformed into the ketones (1)
under mild conditions. However less reactive dienes required reaction temperatures of

140-160°C (scheme 1.4), often producing polymeric tars.



Scheme 1.4

@)
cn> ¢l — /
or (ii) 439
° o
(5) (10) ©CN ¢}
OH
HO,C
42%
(11)

Reagents: (i) KOH, H,O (ii) $%, KOH,,

Production of polymeric tars limited the use of (5) in synthesis of some ketones,
however as shown in figure 1.4 the dienophile was applied to the synthesis of a range

of bicyclic ketones.

Fig 1.4
o~ OAc
o) 0 o)
12) (13) (14)
80% 40% 60%
OM
oLl oo o=
Me
1s) ™ ®
100% 80% 92%



The attractive feature of this dienophile lay in its mild hydrolytic conditions.

1.3.3  Acrylonitrile
A modification of the chloroacrylonitrile dienophile acrylonitrile (16) has been

used as a ketene equivalent affording bicyclic ketones as shown in Scheme 1.5

Scheme 1.5
”\ @ % @) M%/&
- — <
CN
CN CN
(16) (7) (18)
l (i1)
Reagents: (i) PCls, Py, (ii) DMSO, KOH SRENG )

The mild hydrolysis of acrylonitrile cycloadducts was achived by initial chlorination?

with PCls followed by hydrolysis in the same manner as for the adducts described in
section 1.2. The reactivity was found to be similar to a-chloroacrylonitrile, requiring
elevated temperatures , over 60°C or catalysis with copper fluoroborate to effect
cycloaddition.3? Under such conditions 5-substituted cyclopentadienes, required for the
prostaglandin intermediates 7-syn substituted [2.2.1]hept-2-enones, were found to
undergo prototropic isomerization. For Corey’s prostaglandin work, chloroacryloyl

chloride was developed as a more reactive dienophile.

10



1.3.4  Chloroacryloyl Chloride

Corey et al’! found that chloroacryloyl chloride (25) was a highly reactive
dieneophile which reacted with cyclic dienes at low temperature. This allowed reaction
with 5-substituted 1,4-cyclopentadienes, without isomerization of the diene to a more

reactive diene. (figure 1.8).

cloc /g
0
8y

& (19)

Fig 1.8

Ph 94%

o~ 0 Ph
CloC %
(20) o) (23)

Cl 91%

o~ o
CIOC

o)
| (21) (12)

~

C
82%

cocl o
cl ﬁ
(22) (24)

84%



Diels-Alder adducts eg. (22) from acyclic dienes such as isoprene are also
obtainable by this method. The use of strong base in the hydrolysis of previous
dienophiles precluded reaction with acyclic dienes due to subsequent isomerisation of
the double bond into conjugation with the carbonyl group.. As shown in scheme 1.6,
the initial Diels-Alder adducts may be transformed into bicyclic ketones by a sequence

involving a Curtius rearrangement.

Scheme 1.6
X oH H X H X
cl @ ()
Ci cl » Cl
o cloc N3OC
(25) (26) (ii)l (27)
2:1 Exo:Endo
Ho _X H X Ho _X
% o] “
HN// NH ¢l
2 NCO
(30) H X (29) (28)
4 :
o)
(31)

Reagnts: (i)NaN3;, MeOCH,CH,0Me, 2Hr, (ii) CH;CO,H/H,0 55°C, 4Hr.

12



The use of this dienophile was hampered by difficult preparation3? and the
hazardous azide intermediate formation in the conversion to the required ketone(1).
The identification of nitroethene as a ketene equivalent solved the afore mentioned

problems.

1.3.5 Nitroethane
Nitroethene (32) has been found to react with sensitive cyclopentadienes even
at -100°C and is readily transformed to bicyclic ketones by treatment of the nitronate

salts with titanium (III) chloride?3 (Scheme 1.7).

Scheme 1.7
Xf o H X H X
/U\ (i)
O,N H > —_—> Y
O,N N"Nar
(32) 33) o™ A\
(ii)
(ii)
_ - R - H X
- H,O
—N—OH |—» NH | 2=, y
© 55%

Reagents: (i) NaOCH;, MeOH, (ii) TiCl; pH 5-6
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Nitroethene has found wide spread application organic synthesis,3*> allowing

access to prostaglandin intermediates. (Scheme 1.8).

Scheme 1.8

Bz ~
~ O.N JLH o~ o ©
1) 2
(), (i)
-15%C
70% o

O,N
(36)

B
~
Bz_ JL o - o
© ON = H @, Gi)
—_
—_
o)
N

0,
(37)

Reagents : (i) CH;OH/ NaOCHs,, (ii) TiCl;/ NH,OAc.

1.4.0 Other ketene equivalents used in synthesis

1.4.1  Acrylic Acid

(12)
60%

(23)
64%

Acrylic acid has also been found to be a good ketene equivalent®® showing

high reactivity and mild hydrolytic conditions. The carboxylic acid group can be

readily converted to a carbony! group making this dienophile compatible with base

sensitive 5-substituted cyclopentadienes (figure. 1.6)

14
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Fig 1.6

HO,C
HO2C H02C 2

38) (39) (40)
62% 60% 44%

Hydrolysis was affected by a two step procedure involving oxidative
decarboxylation3¢. Formation of the carboxylate dianion with lithium diispropylamide
was followed by addition of dimethyldisulfide. Chlorination of the sulfide with
N’chlorosuccinamide gave a ketal which was readily hydrolysed to the ketone in

aqueous acetic acid, as illustrated in scheme 1.9.

Scheme 1.9
Ci
2.
.. — Ve
OH () SMe (ii)
—_— —_ O—H
o) CO,H \_)
0

SMe OR
+
s\ (iii — > o)
Me OR OR

Reagents (i) LDA, MeSSMe, (ii) NCS, (ii) HOR’
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The alternative method employed by Lipshutz et al*? involved oxygenation of the
dianion affording an o hydroperoxide which undergoes carboxylative elimination to
give ketones in good yield (Scheme 1.10).

Scheme 1.10

@1 42)
COH OOH

Reagents: (i) O, , (ii) (CH3);NCH(OCHj),
1.4.2 Cyanoenamines
Cyanoenamines> have been used as ketene equivalents affording adducts with

good endo selectivity. The enamines were synthesised as shown in scheme 1.11.

Scheme 1.11

CN

NRR’
CHO ; | I ..
cl—"" (@) Y (i1) :<

NRR’

(45) R,R’= (CH,),0(CH,),
(46) R=Me, R=Ph
Reagents: (i) RR’NH, HCI, NaCN, (ii) Base

16



The chloroacetaldehyde was treated with the appropriate amine hydrochloride

followed by sodium cyanide to give the B-chloroaminonitrile. Subsequent base

elimination of the chloride gave the required alkenes (45,46)*C. The Diels-Alder

reactivity of the cyanoenamines was investigated with four dienes, figure 1.7.

Fig 1.7
Me
(1) CN
)
O
Me
@ :©<CN
Me N
()
EXO
(3) CN
[N
D
@ CN
)
O

ENDO

CN

CN

17

Time (hr)

Yield
66
81
ENDO:EXO
19 NOT
DETERMINED
20 79:21



Time (hr)
(1)\©< ©<
N(MejPh N(Me)Ph
Me
m]i)< oN
Me N(Me)Ph 6
EXO ENDO
ﬂ%/ ﬁ-ﬁ/ N(Me)Ph 6
N(Me)Ph
| N(Me)Ph
6
N(Me)Ph CN

18

Yield

24

18

55

65

ab

100:0

Endo:Exo

55:54

53:47



Stella et al investigated the influence of Lewis acids and solvent on
dienophiles (45) and (46), both of which were found to have no effect on rate or
selectivity. Transformation of the cyanoamine adducts (50,51) into the bicyclic ketone

(52) was achieved with silver nitrate in ether and water in 81% yield (Scheme 1.12).

Scheme 1.12

Me Me
CN ()

X o

(50) X= [Z] (52)

(51) X=N(Me)Ph

Reagents: (i) AgNO; Et,0-H,0, 20°C, 1hr

Hydrolysis was also effected with copper sulfate pentahydrate in refluxing

methanol/water for 2hg affording the bicyclic ketone (52) in a 30-80% yield.

There is currently great interest in asymmetric synthesis. In this respect the
Diels-Alder reaction has received considerable attention with the development of chiral
dienes*], catalysts*? and dienophiles*3. Previous chiral ketene equivalents have been

based on chiral acrylates, chiral vinyl sulfoxides and chiral oxazolinones.

19



1.5.0  Chiral Acrylate Dienophiles
1.5.1 Introduction

Chiral acrylates have been employed in asymmetric Diels-Alder reactions
since 1966*. Walborsky et al*> showed that partial asymmetric induction in the
Diels-Alder reaction between (-) dimethylfumerate and 1,3-butadiene was possible,

although induction of only 3% ee was observed.

Chiral acrylates as ketene equivalents have been employed in a range of
synthesis, utilizing the readily available source of chirality from naturally occurring and

synthetic chiral alcohols.

1.5.2  Synthesis of Chiral Acrylates

The synthesis of 8-phenylmenthyl acrylate is shown in scheme 1.13%, Chiral
alcohols were prepared from the corresponding ketones by reduction with sodium or
lithium*’. Scheme 1.13 shows a typical example in which (-) 8-phenyl-menthol (55)
was synthesised from pure S(-) pulegone (53) by treatment with phenyl magnesium
bromide in the presence of cuprous chloride. Treatment of alcohol (55) with

triethylamine and acroyl chloride gave the chiral acetate (56) in 97% yield.
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Scheme 1.13

O Me O Me
Me Me
S " Ph
| —_— (ii)
o — H30 v
H3C w H3C
(53) (54) (55)
85% 87%
(ii1) 0]
Me O/Lj
i Ph
Me Me

Reagents: (i) PhMgBr, CuCl, (ii) a, KOH, EtOH b, Na, iPrOH, Tol (56) 97%

(iii) CH,CHCOCI, Et;N, DMAP, 0°C, CH,Cl,

1.5.3 Hydrolysis of Acrylate Auxillary

One of the requirements of a ketene equivalent was that the carbonyl
equivalent may be easily unmasked, subsequent to the Diels-Alder cycloaddition
affording the required ketone. In the case of acrylate Diels-Alder adducts the ketone

may be generated via a three step process shown in scheme 1.1448,
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Scheme 1.14

ph/\o Ph/\O
/ f]
@) (ii)
__’ . ___>
R*O o 89% RO 0O 95%
57 (58)
Ph/\O
(iii)
97% /

R*= 8-phenylmenthyl (60) o

HO
(59)

OH

+ R*OH

Reagents: (i) LDA, oxygenated THF, triethylphosphite. (ii) LAH, THF, (iii) '‘BuOH, NalO,

Hydroxylation of the adduct (5§7) followed by reduction to the diol (59) and

subsequent periodate cleavage gave the ketone (60).

From this it can be seen that chiral acrylates may be employed as chiral ketene

equivalents. The auxiliary may be removed easily in the presence of a range of

functional groups using this procedure.
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