University of Bath

PHD
Stereochemical and synthetic studies on transition metal-catalysed cyclisations

Davies, Ian Wain
Award date:
1992
Awarding institution:
University of Bath
Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.
Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 09. Jan. 2023

1

STEREOCHEM ICA L AND SYNTHETIC STUDIES ON
TRANSITION METAL-CATALYSED CYCLISATIONS

Submitted by Ian Wain Davies
for the degree of Ph.D.
of the University of Bath
1992

COPYRIGHT

Attention is drawn to the fact that copyright of this thesis rests with its author.
This copy of the thesis has been supplied on condition that anyone who
consults it is understood to recognise that its copyright rests with the author
and that no quotation from the thesis and no information derived from it may
be published without the prior written consent of the author.

This thesis may be made available for consultation within the University
Library and may be photocopied or lent to other libraries for the purpose of
consultation.

UMI Number: U542635

All rights reserved
INFO RM ATIO N TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U542635
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

5 o b $ $ 5 7

2

ACKNOWLEDGEMENTS

On the submission of this thesis I would like to thank my supervisor, Dr. Timothy
Gallagher, not only for his guidance and enthusiasm but also for the friendship and
hospitality he has extended over the last three years.

The work described in this thesis has been made possible by the generous financial and
technical support of Glaxo Group Research. I am indebted to them for the award of a
Research Scholarship (1989-1992). I would like to thank Dr. David Scopes (Medicinal
Chemistry IV, Ware) for his interest and the valuable contributions he has made to this
project. I am grateful to Bob Boughtflower (Structural Chemistry, Ware) for providing
HPLC and gc analyses for many of the compounds described in this thesis. The X-ray
structure determination was carried out by Dr. Brian Lamont (Structural Chemistry,
Greenford), and I wish to thank him for this important contribution. I would also like to
express my thanks to the other members of the Structural Chemistry group for provision
of certain mass, infrared and nuclear magnetic resonance spectra.

I wish to thank the technical staff within the School of Chemistry for the efficient
services they have provided during the course of this work: Mr. Alan Carver (elemental
analyses), Mr. Chris Cryer (mass spectroscopy) and Mr. John Bradley (general technical
assistance).

I am grateful for the friendship and intellectual stimulation of my colleagues within the
group. In particular to Drs. David Fox and Mel Giles, and more recently to Andrew
Griffin and Richard Wisedale who have also undertaken the task of proof reading.

Finally, I would like to thank Mrs. Jo Curtis for the efficient typing of this thesis and the
help she has provided during the past three years.

3

SUMMARY

This work describes transition metal-catalysed heteroatom cyclisations involving the
allene 7i-system. The thesis is divided into two chapters describing the use of
modified-palladium(II) and silver(I) electrophilic triggers.

Chapter One is introduced with a review of the reaction of palladium(II)-species
with 1,2- and 1,3-dienes to generate rc-allylpalladiums. The review also extends to
the interaction of palladium(II)-electrophiles with the alkyne rc-system. A tandem
heteroatom cyclisation/olefination strategy is described which has only been partly
successful due to a competing dimerisation reaction. A mechanism is proposed to
account for dimerisation and on the basis of this rationale a palladium(0)-catalysed
aryl/alkenylation has been developed allowing access to highly-functionalised
pyrrolidines in good yield.

Chapter Two is introduced by a review of the coordination and organometallic
chemistry of silver®, and the applications of silver® in homogeneous catalysis. A
detailed study into the silver(I)-promoted cyclisation of allenic amines attached to a
range of chiral, heteroatom-substituted (P, S, Se) ligands is reported. Highly
diastereoselective cyclisation is achieved and the factors responsible for selective
cyclisation are elucidated. In the final sections of the discussion, approaches
directed towards enantioselective cyclisation using chiral "templates" and chiral
functionalised ligands are described.

4

CONTENTS

Chapter 1

8

Introduction - Palladium-catalysed Processes

9

The interaction of Pd(II)-species with 1,2and 1,3-dienes

9

Results and Discussion

14

Chapter 2

23

Introduction - Silver-catalysed Processes

24

Silver(I)-coordination chemistry

24

Organosilver chemistry

29

Homogeneous catalysis

32

Silver(I)-promoted cyclisation

32

Silver(I)-promoted aldol reactions

36

Results and Discussion

39

The asymmetric synthesis of 2-substituted
piperidines

40

Isolation/detection of intermediates

45

Chiral allenes as mechanistic probes

47

The use of second and third-row ligating atoms
in the sterecontrol element

56

Further studies designed to elucidate the
requirements for efficient cyclisation

60

Enantioselective cyclisation using chiral
templates

66

Stereocontrolled addition to C=C

67

Stereocontrolled addition to C=N

70

Stereocontrolled addition to C =0

75

Chiral functionalised ligands for Ag(I)

79

5

3.0

Experimental Section

82

3.1

Instrumentation andexperimental techniques

83

3.2

General procedures

85

3.3

Spectroscopic data

89

4.0

References

135

5.0

Appendix

153

6.0

Publications

154

6
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1.1

INTRODUCTION

Transition metals are now widely used throughout organic synthesis and within this field
palladium chemistry has taken a preeminent position. Palladium has been so successful
in achieving catalytic isomerisations, cross-coupling and addition reactions that any
review of the chemistry of this metal can no longer be exhaustive.

In this introduction, the principal focus will be upon the interaction of Pd(II) species with
1,2- and 1,3-dienes to generate ri3-allyls and the reactivity of these Tt-allyl palladiums. In
addition, the use of the acetylene 7t-system as a partner in these reactions will also be
briefly described.

The interactions of 1,2-dienes (allenes) with Pd(II) chloride have been investigated
independently by Schultz1 and Shaw2. In non-polar solvents such as benzene, allene
inserts into a Pd-Cl bond to form the Ti3-2-chloroallyl complex (1). However, in
methanol, benzonitrile or CH2C12 dimerisation was observed to give (2). Substituted
allenes only give rise to monomeric species (3) (Scheme 1).

In 1970, the possibility of adding other Pd(II) species to 1,2-dienes was recognised.
Stevens generated several ri3-allyl complexes by the reaction of RPd(PEt3)2Br
(R=Ph,Me) with allene (Scheme 2 ) 3 The abstraction of bromide led to a coordinatively
unsaturated palladium cation which underwent reaction with allene.

Other than these structural examples, little further work was reported until Hegedus
discovered that in the presence of an added phosphine, the r|3-allyl units react with
external nucleophiles (Scheme 3).4 If one chooses nucleophiles that can undergo a
second deprotonation, unusual exocyclic dienes (4) are obtained. The use of
stoichiometric amounts of palladium(II) salts in these processes was a severe limitation.
However, Hegedus was able to demonstrate that oxidation of the t|3-allyl complex can be
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achieved in situ by C 11CI2 resulting in the generation of 2,3- bis(chloromethyl)butadiene
in high yield (Scheme 4).5 This butadiene was converted to the dienes (4) and hence
provides a route to these substrates that only requires catalytic amounts of palladium(II).

Similarly, the earlier work of Coulson showed that the reaction of an amine,
dimethylmalonate and allene in the presence of a palladium catalyst produced 1,3-dienes
(Scheme 5) presumably via the metallacyclopentane (6).6 In common with the work of
Hegedus this palladium-catalysed reaction consists of an oligmerisation and
consequently its application in synthesis has been somewhat limited.

In the work of Stevens described previously (Scheme 2), the addition of phenyl
palladium bromide to allene resulted in the formation of an t|3-allyl palladium. Tsuji has
extended this work and demonstrated that a palladium-catalysed reaction of allenes with
aryl or alkenyl halides proceeds using secondary amines as nucleophiles to give
2.3-disubstituted allylic amines (7) (Scheme 6).7

The reaction is catalysed by palladium(O) and the following mechanistic explanation has
been suggested (Scheme 7). Oxidative addition of palladium(O) to the halide affords the
aryl or alkenyl palladium halides. Regioselective insertion of a 1,2-diene at the
sp-carbon generates a rr-allyl palladium complex (8). This ri3-allyl palladium is then
decomposed by nucleophilic attack of a secondary amine to regenerate palladium(0)
along with the desired allylic amine (7). In the absence of an external nucleophile
1.3-dienes are produced via a p-PdH elimination.

This work is related to that of Heck’s involving the addition of a a-alkenylpalladium to
an alkene (Scheme 8).8 In this example, the oxidative addition of palladium(O) to
bromide (9) generates a a-alkenylpalladium which subsequently cyclises to give a
a-alkylpalladium (11) (Scheme 9). Isomerisation (via a p-elimination) generates a
7t-allylpalladium (12) which can then be trapped by reaction with a secondary amine.
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This latter method of generation of a 7c-allylpalladium has been extended very recently
to incorporate the intramolecular addition of the nitrogen nucelophile to generate
pyrrolizidine (14) (Scheme 10).9

Gore has demonstrated that 7t-allylpalladiums generated by carbopalladations of
functionalised allenes, can also be reacted with a series of nucleophiles (Scheme l l ) . 10
In this extensive study the regioselectivity of the addition of malonate anions to the
TC-allylpalladium (18) was demonstrated to be a function of the R-substituent on the
allenic component. Gore also investigated a broad range of allenic components. Both
phenyl (16) and trimethylsilylmethyl (17) exert only a steric effect as in the case of R =
alkyl (15). In the case of allene (17), diene (19) is the sole product observed in the
reaction i.e. there is no p-effect; in contrast the methoxy group causes total reversal of
the regioselectivity in the reaction (Scheme 12). A mechanistic rationale for this large
influence of the methoxy group on the regiochemistry is based upon the increased
stabilisation of positive charge (22) in the intermediate complex on the more substituted
secondary terminus (Scheme 13). However, further studies demonstrated that the
charge-stabilising effect of the methoxy group is totally masked by the steric hindrance
of another alkyl group on the same carbon atom.

As already mentioned the addition of arylpalladiums to 1,2-dienes, in the absence of a
nucleophile, results in the formation of 1,3-dienes by p-elimination. In an extension of
this work, Tsuji reported a facile synthesis of a,p-unsaturated aldehydes or ketones by
palladium(II)-catalysed reaction of l,2-dien-4-ols (24) (Scheme 14).11 Again,
regiospecific addition of an aryl/alkenyl palladium halide to the 1,2-diene generates an
ri3-allyl complex (25). Subsequent p-PdH elimination generates the dienol (26) which
undergoes a tautomerisation to the enone (27) in good yield.

Recently Larock has demonstrated that 7i-allylpalladium complexes, generated by
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addition to an allene, can be trapped by an internal nucleophile (Scheme 15).12 In these
examples the internal nucleophile may be a heteroatom (N or O) or carbon-based
nucleophile and this general method also allows for the formation of five or
six-membered rings.

Finally, Trost has described the regioselective addition of the o-alkylnylpalladium to
allenes (30) (Scheme 16).13 This process results in the structurally-interesting enynes
(31) in a reaction that formally involves the regioselective addition of an alkyne to the
allene tc-system.

Aryl and alkenyl palladium (II) species are also known to add to other 7t-systems.
1,3-Dienes (32) are readily converted to Tj3-allylpalladiums (33) by chloropalladation
(Scheme 17) in a reaction analogous to that of 1,2-dienes (Scheme l).14 Similarly,
Takahashi has reported palladium-catalysed reactions of butadiene with halogenoarenes
and stabilised carbanions (Scheme 18).15 This process is characterised by the sequential
formation of two carbon-carbon bonds. As for 1,2-dienes, the reaction is initiated by the
oxidative addition of palladium(O) to the arylhalide. The resulting palladium(II) species
(34) reacts by addition to the diene to give the Ti3-allylpalladium (35) which is subject to
attack by the malonate anion.

In an extension of his work on allenes, Gore also demonstrated that these modified
palladium(II) species, RPd(PPh3)2X can be used to trigger the intramolecular attack of a
malonate anion to both alkenes (37) (Scheme 19) and alkynes (39) (Scheme 20).16,17 In
contrast to the work with dienes involving insertion of ArPd(PPh3)2X, these reactions
may be viewed as an electrophilic activation of the t c system (41) by the modified
-

palladium(II) electrophile. Subsequent nucleophilic attack generates a
G-alkyl/alkenylpalladium (42) which can undergo a reductive elimination to release
palladium(O) back into the catalytic cycle together with the cyclised products (Scheme
21).
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Malonates need not be the only nucleophile utilised in this chemistry and very recently
Cacchi18 (Scheme 22) and Luo19 (Scheme 23) have independently described the use of
the carboxylate nucleophiles. These reactions are related to those of Gore and
presumably occur by electrophilic activation of the 7c-system.

Finally, Gore has described the use of a-alkynylpalladium(II) complexes as electrophilic
triggers in the cyclisation reaction involving carboxylates (Scheme 24).20 The
intermediate a-alkynyl-a-alkenylpalladium(II) (47) presumably undergoes a reductive
elimination to release the heterocyclic product (48) and palladium(O).

This introduction has outlined the use of palladium(II) complexes for the activation of
7i-systems. These activated

tc -

systems may then undergo nucleophilic attack in an inter-

or intramolecular sense and this allows for the construction of a broad range of complex
organic molecules.

In the Results and Discussion that follows we will describe our own utilisation of
palladium(II) complexes in the synthesis of highly functionalised nitrogen heterocycles.
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1.2

RESULTS AND DISCUSSION

Previous work in this laboratory has shown that allenic amines (49) undergo a
palladium(II)-mediated cyclisation in the presence of carbon monoxide and methanol to
generate heterocyclic-substituted acrylates (50) (Scheme 25).21 These
palladium(II)-catalysed reactions produce heterocycles containing a high degree of
functionality that can be utilised in total synthesis. For example, acrylate (52) can be
rapidly converted to the indolizidine skeleton (53) (Scheme 26) and was further
elaborated to the neurotoxic alkaloid (-)-pumiliotoxin 25 ID (54).22

These cyclisation reactions are believed to proceed according to the mechanism outlined
below (Scheme 27). Coordination of a palladium(II) species to the allene activates it
towards intramolecular nucleophilic attack which generates the a-alkenylpalladium (57).
Alternatively, the allene moiety may undergo a jyrt-chloropalladation to generate an
allylic chloride (56) which is subsequently converted to (57). The a-alkenyl
palladium(II) is susceptible to carbonyl insertion and subsequent methanolysis results in
the release of the heterocyclic acrylate (50) together with palladium(O). In the presence
of copper(II)chloride the palladium(O) species is oxidised by two one-electron transfers
to palladium(II). As a result, CuCl2 functions as a stoichiometric oxidant and the
reaction can be run under the influence of catalytic amounts of a variety of different
palladium(II) salts.

We reasoned that the intermediate a-alkenylpalladium(II) (57) ought to be exploitable in
other ways. For example, this species should be active in a Heck type olefination
(Scheme 28). In the proposed catalytic cycle the a-alkenylpalladium (57) coordinates an
olefin. Subsequent migratory insertion would generate the a-alkylpalladium (60) and
(3-elimination of "X-Pd-H" would lead to a 1,3-diene (61). In the presence of a base
"H-Pd-X" is converted to a palladium(O) species which, under the influence of Q 1CI2 ,
will be oxidised to the active palladium(II)-electrophile. The net result of this catalytic

TBDMSO

15

cycle would be a sequential carbon-nitrogen and carbon-carbon bond formation i.e. a
tandem cyclisation-olefination.

Sequential palladium-catalysed bond-forming reactions are well-documented for
intramolecular reactions but have only recently been described in an intermolecular
sense. The proposed tandem cyclisation/olefination is related to the work described by
Liebeskind for the construction of the bicyclic core of carbapenems (63)(Scheme 29).23
However, the disadvantages associated with Liebeskind’s process include the utilisation
of stoichiometric palladium(II) salts and the low overall efficiency in the carbon-nitrogen
and carbon-carbon bond-forming steps.

In some elegant studies, Larock has demonstrated that palladium-catalysed cyclisation
can be followed by an intermolecular olefin insertion reaction (Schemes 30 and 3 1).24,25
The intermediate a-alkylpalladium(II) species (66 and 70) produced by the cyclisation
reaction inserts efficiently into the enone to generate a a-alkylpalladium which suffers a
^-elimination of "X-Pd-H".

This unique multi-insertion process is accompanied by the formation of a carbon-oxygen
and two carbon-carbon bonds as illustrated by (68). Similarly, two carbon-carbon bonds
are formed in the case of bicycle (71). These two examples represent highly efficient
syntheses of complex prostaglandins and protacyclins.

In the initial phase of this study, we wished to establish that the o-alkenylpalladium (57)
would indeed undergo an olefin insertion. To this end, we were able to generate the
vinylpalladium independently from alkenyl iodides by an oxidative addition reaction.26
The alkenyl iodides (74 and 77) were prepared in a straightforward fashion from the
acyclic allenic amines by iodine-promoted cyclisation27 and the allenic amines were
prepared from the corresponding nitriles in two steps (Scheme 32). Aminoester (78) has
previously been described and the vinyliodide (79) is tentatively assigned as cis based on

OEt

0

0

O

HO

OEt

OEt

\

1
I

1
I

PdX

/

1.5 PdOAc^

PdX

►

2 NaOAc

OR
(64)

/
/

/

X

0.2 Nal

4 EtO / ■

PdX

/

/

OR

OR

OR

( 66 )

(65)

CcH
5 11

X

O
(67)

i

20

- HPdX
OEt

0

R = TBDMS

1

I

/

✓

^5^11

\

OR

O
( 68 )

SCHEME 30

E t0 2C
5% Pd(AcO)2
10 1-Octen-3-one
50°C, DMF

/

42%
PdX
OH
(70)

OH
(69)

( 71 )

SCHEME 31

1) LiAIH4

*2
^

r

2) TsCI

k 2c o 3

THF

R = H (214)

R = H (73) 67%

R = H (74) 70%

R = Me (193)

R = Me (75) 75%

R = Me (77) 80%

l2
E t0 2C
“NH

K2 CO3

Ts

THF

i

1

E t0 2C

‘N
1

Ts

(78)

(79) 50%

SCHEME 32

2% Pd(AcO);
‘N

i

Ts

\

CQ2Me

PPh3 NEt3

N

100°C

Ts

‘C 0 2Me

(80)

(74)

65%

Ph
■Ph

SCHEME 33

►
2 % Pd(AcO)2
NEt3 DMF
B u4NI 80°C

►

>

SCHEME 34

16

literature precedent for iodovinyltetrahydrofurans.28

The Heck reactions of alkenyliodides in the presence 29 and absence of phosphine 30
proceeded uneventfully (Scheme 33 and 34). Having established that the
a-alkenylpalladium(II) would undergo an olefin insertion reaction, we proceeded to test
our hypothesis regarding sequential carbon-nitrogen and carbon-carbon bond formation.

The allenic ester (78) was chosen as a convenient substrate which was already available
in substantial quantities from other studies. We subjected the ester to conditions closely
related to the palladium-catalysed cyclisation and the Heck olefination reactions
previously described above. However at this stage we decided to investigate the use of
stoichiometric palladium(II); this was considered necessary to avoid the complication of
inclusion of CuCl2. Copper(I) which is produced as a consequence of oxidation of
palladium(O) to palladium(II) has been shown to catalyse the cyclisation/dimerisation of
allenic amines.31

Ester (78) was subjected to reaction with a variety of palladium(II) salts in the presence
of five equivalents of methylacrylate. Various solvent and base combinations were also
investigated and the results of these experiments are presented in Table 1.

At this point a number of general observations can be highlighted. Firstly, the reactions
are generally fast; typically the starting allene was consumed within 20-30 minutes.
Secondly, all reactions were accompanied by the formation of a palladium mirror; an
observation that is important in relation to the mechanism of the reaction and will be
discussed later. Finally, the presence of phosphine ligands (entries 12-14) completely
inhibits the reaction and only starting material was recovered from these experiments.

Although N-methylpyrrolidinone was the most effective solvent investigated (entry 6),
this as with all other reactions shown in the table, was accompanied by the formation of

*C02Me
EtQ2C

"►

NH
Ts

N

i

Ts

75 - 8 0 ’C

J2

(78)

Ltry

^ ^ C 0 2Me

EtQ2C

I

(82)

(83)

Pd(D)
species

solvent

base

1

Pd(AcO)2

DMF

NEt3

27

nd

2

Pd(AcO)2

DMF

NEt3

22

nd

3

Pd(AcO)2

DMF

k 2c o 3

29

nd

4

Pd(AcO)2

PhCH3

NEt3

29

nd

5

Pd(AcO)2

NMP

NEt3

18

nd

6

Pd(AcO)2

NMP

NEt3

18

nd

7

Pd(AcO)2

Dioxan

NEt3

Bu4NI

18

nd

8

Pd(AcO)2

DMF

NEt3

B u4NI

trace

40

9

Pd(AcO)2

DMSO

NEt3

B u4NI

trace

major

10

PdCl2

DMSO

NEt3

B u4NI

trace

50

11

PdTFA2

DMF

NEt3

16

nd

12

Pd(diphos)Cl2

DAB CO

no reaction

DAB CO

no reaction

NEt3

no reaction

additive

% coupled

% dimer

DMF
13

Pd(diphos)Cl2

CH2C12
14

Pd(AcO)2(PPh3)2

DMF
nd = n o t d eterm in ed

TABLE 1
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substantial amounts of a by-product. This by-product was identified as the dimer (83) on
the basis of XH nmr, ir and ms and was a complex mixture of diastereomers. In fact, in
some cases the production of dimer (83) constituted the major reaction pathway (entry
10). We attempted to circumvent the formation of dimer by the use of high dilution (10
fold dilution in aminoester) but this did not achieve a significant improvement in yield
(entry 2 ).

The effect of adding tetrabutylammonium iodide remains unclear. These
tetralkylammonium iodides were used originally as phase transfer catalysts. 3 2 However
it appears that their role, although not yet elucidated in palladium-catalysed reactions
cannot always be rationalised on such a basis. 33 In those specific examples (entry 6-10)
that this additive was employed the ammonium salt appears to promote dimerisation.

In a brief attempt to extend the scope of this reaction we subjected the trisubstituted
amine (75) to the standard reaction conditions. Again, a tandem reaction was observed
but as with the aminoester only a moderate yield of diene (84) was obtained (Scheme
35).

The question that these reactions posed is why does dimer formation occur and
often constitute the major reaction pathway?

Bearing in mind the work of Stevens and Gore (Schemes 2 and 11) the formation of
dimer can be rationalised by the mechanism outlined in Scheme 36. Initial interaction of
a palladium(II) electrophile with the allene 7t-system and subsequent cyclisation results
in the generation of the o-alkenyl palladium. This palladium(II) species can then either
undergo an olefin insertion reaction which ultimately leads to the coupled products or
can undergo reaction via an alternative pathway. For example this o-alkenylpalladium
could effect carbopalladation of another molecule of allenic amine generating a
c-allylpalladium (85). The T^-species can be decomposed by nucleophilic

7

Pd(OAc)

-► E t0 2C
E t0 2C

NH

I

TS
(78)

HN ' Ts

Ts

(83)
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attack/cyclisation to give the observed dimer (83). Such a mechanistic rationale
accounts for the dimer formation and is also consistent with the appearance of a
palladium mirror.

The fact that significant dimer formation occurs even at high dilution and under a wide
range of conditions (including the use of other substrates) which we have investigated
led us to abandon the tandem process at this stage. Instead we decided to pursue the
development of a reaction catalysed by a modified palladium(II) electrophile.

Equipped with our own observations and those of Gore (Section 1.1) we decided to
examine the use of aryl/alkenylpalladiums, accessible by oxidative addition of
palladium(O), as partners in the cyclisation reaction (Scheme 37).

Conventionally, as in the Heck reaction, palladium(O) is generated in situ by reduction of
a palladium (II) salt. However, since palladium(II) salts will catalyse the cyclisation
reaction, we decided to use a zero-valent palladium complex as the catalyst. Tetrakistriphenylphosphine palladium(O) is stable, readily available and known to undergo
oxidative addition to iodobenzene to generate trans PhPd(PPh3 )2 I .3 4 Therefore in our
preliminary investigations we reacted iodobenzene (400 mol %), a base (K2 CO 3 , 400
mol%) and Pd(PPh 3 ) 4 (2-5 mol%) with the appropriate allenic amine in DMF under an
argon atmosphere at 75-80°C; the results of these investigations are summarised in
Table 2. The acyclic precursors used in this study have either been described previously
or were prepared by adaptation of these established literature routes .3 5 In all cases the
allenes were isolated as oils in moderate yield (45-70%) via LiAlH 4 reduction of the
appropriate allenic nitrile (Scheme 38).

This aspect of the study proved to be very successful and a few general observations can
be made regarding the cyclisation reaction. Firstly, the reactions are typically complete
in 2-3 hours. Secondly, amines, sulfonamides and carbamates can all be utilised as the
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TABLE 2

75%

Arylations of (75) using various aromatic
substrates
Entry

Aryl Substrate

1

PhOS02CF3

Product

% yield

78%

(95)

Me

2

78%

4-MeC6H4I

Me
(98)

Me
Me

3

72%

3-MeOC6H4Br

OMe
(99)

4

l-BrC10H7

80%

(100)

TABLE 3
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^
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+ PPh3

equation 1

P d°(PPh3)3

^
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+ PPh3

equation 2

Pd°(PPh3)2
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PPh3

I

Ph — Pd — I

Pd(PPh3)2
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nucleophilic component. Finally, the substitution pattern of the allene moiety is
unimportant; mono-, di- and tri-substituted allenes all function as substrates in the
reaction.

Interestingly, in the one case where a substrate containing a stereocentre was examined
(entry 6 ) the ester (59) cyclised to generate a 1:1 mixture of cis/trans pyrrolidine isomers
(96) which proved to be inseparable in our hands. This result can be contrasted to the
cyclisation of ester (78) under carbonylation conditions (Scheme 25) which results in a
3:1 mixture of pyrrolidine isomers .3 6 No attempt was made to optimise the cis/trans
ratio, but the

1 :1

ratio suggests that the mechanism may not involve simple electrophilic

activation of the rc-system (see later).

The net result of the palladium(0)-catalysed reaction described above is a
carbon-nitrogen and carbon-carbon bond formation. On the basis of the work of Tsuji
and that of Stevens combined with a knowledge of general palladium chemistry, a
mechanism for the arylative cyclisation can be suggested (Scheme 39). The stable,
zerovalent palladium complex tetrakis(triphenylphosphine)palladium(0 ) has been shown
by 31P nmr to be present in solution as the 16-electron species Pd°(PPh 3 ) 3 . 3 7 This is
rationalised by considering that loss of phosphine in equation ( 1 ) is irreversible under
usual experimental conditions (Kx »[PPh3]). However, Pd°(PPh3 ) 3 is not directly
involved in oxidative addition to iodobenzene since the latter obeys a rate law first order
in palladium(O) and in iodobenzene, and reciprocal first order in phosphine. Such a rate
law implies Pd°(PPh3 ) 3 must undergo an endergonic phosphine loss (K2< [PPh3]) before
reaction (equation 2 )
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This 14-electron species can then undergo oxidative addition to

generate trans PhPd(PPh3)I (105).39 Based on the work of Stevens, this palladium(II)
species can react with 1 ,2 -dienes by a carbopalladation process to generate 7i-allyl
palladium (106). Nucleophilic attack decomposes the 7t-allylpalladium liberating the
heterocycle and releasing palladium(O) back into the catalytic cycle. In this mechanistic
rationale the carbon-carbon is formed prior to the carbon-nitrogen bond formation step.

Pd(PPh3)4

▼
Pd°(PPh3)2

PPh3
(106

Ph — P d — I

(105)

PPh.

NH

i

R

HI

NH

(107)
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We have no direct evidence for the mechanism involving a 7t-allyl palladium and simple
electrophilic activation (cf acetylenes section 1.1) cannot be excluded (Scheme 40). In
this scenario the carbon-nitrogen bond formation step precedes a reductive elimination
involving a a-aryl-a-alkenylpalladium (108) which results in the formation of the
carbon-carbon bond and palladium(O).

The successful implementation of this strategy utilising iodobenzene led us to investigate
the scope of the aryl group that could be transferred in this reaction. Once again the
reaction was conducted with Pd(PPh3 ) 4 and the results of this aspect of the study are
detailed in table 3. Aryl triflates are known to undergo palladium-catalysed
carbonylation and cross-coupling reactions.4 0 P h 0 S 0 2 CF3 Was prepared from phenol41
and successfully entered the catalytic cycle (entry 1 ) as did a variety of other
benzene-derived aromatics. We have also successfully utilised 1-bromonaphthalene in
the cyclisation reaction. In this case heterocycle (100) was isolated in 80% yield and
was demonstrated to exist as a mixture of two diastereomeric rotamers in solution at
room temperature (by !H nmr).

Employing the same reaction conditions, we proceeded to investigate the scope of the
organic ligand that could be transferred in the sp2 -sp2 coupling step (Table 4).
p-Bromostyrene was successfully coupled with a variety of allenic substrates (entries
1-3). The geometry of the 1,2- double bond of the dienes was established as (E) based on
the coupling constant in the

nmr (J 16-17 Hz). The diene (81) was isolated as a 1:1

mixture of isomers at the 3,4-double bond.

It should be noted that these products correspond to "Heck type" products from a tandem
cyclisation/olefination with styrene . However this Pd(0) methodology represents a far
more efficient process and also allows entry to products with regiochemistry inaccessible
via Heck type processes. Utilisation of a-Bromostyrene (entry 4) as a partner in the

Alkenylation reactions of various
allenic amines
Entry

Reagent combination

1

(75) / (E)-PhCH=CHBr

Product

% yield

84%

( 102)

(73) / (E)-PhCH=CHBr

77%

(81)

3

(90) / (E)-PhCH=CHBr

70%

(99)

4

(75) / PhC(Br)=CH2

66%

(103)

TABLE 4

Arylations of (75) using various heteroaromatic
substrates
Entry

Aryl Substrate

Product

% yield
Me
Me

Br

71%

( 101)

no trace

N

no trace

Br

TABLE 5
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Pd(0)-catalysed cyclisation generates the complimentary regioisomer to the "Heck type"
olefination in

66

% yield.

We wondered whether heterocyclic halides might be employed in this reaction but to this
end we have met with limited success (Table 5). 2-Bromothiophene (entry 1) can be
utilised however 2-bromopyridine and 3-iodopyridine led to no detectable reaction even
after prolonged periods at 120°C. Although 3-iodopyridine is known to be a substrate
for the Heck reaction, its failure along with that of 2-bromopyridine is not entirely
surprising.

The Monsanto group has recently reported that 3-iodopyridine homocouples to give
, -bipyridyl in the presence of palladium(O) and that 2 -bromopyridine is inactive in

3 3

cross-coupling reactions.4 2 This latter result has been explained on the basis of the
formation of a stable palladium dimer (Scheme 41) upon oxidative addition to
palladium (0 ).

To our surprise, methyl-4-bromobenzoate also failed to take part in the reaction. This
bromide is known to undergo oxidative addition to Pd(0) and we have no explanation for
its failure to undergo carbopalladation. Similarly, we have also met with failure in the
construction of piperidines (Scheme 42). Under forcing conditions (120°C) a complex
mixture of products was obtained none of which corresponded to piperidine ( 1 1 0 ).

We were disappointed that the bromide (111) prepared by our standard route from
o-bromobenzaldehyde failed to undergo reaction (Scheme 43). This intramolecular
reaction would have led to a rapid entry into the indolizidines. We attribute the failure of
this reaction to the formation of a stable, orthopalldated complex (113). If this strategy
is to be pursued, then utilisation of an amide may prove more successful by hindering the
formation of an orthopalladated complex.

CO Pd(PPh3)4
X

K2C 0 3 DMF
Phi

80°C

SCHEME 44

►
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An attempt was made to perform the reaction under an atmosphere of carbon monoxide
(Scheme 44). However, even after prolonged reaction times at 80°C only a trace of
alkene (95) was detected and we have no evidence for the formation of enone (114).
Walkup has obtained similar results in related reactions involving carboxylate
nucleophiles and this suggests that acylpalladiums are unsuitable partners in the
cyclisation under the current carbopalladation conditions.4 3

In summary, we have described a new palladium-catalysed reaction that results in a
carbon-nitrogen and a carbon-carbon bond formation. The reaction tolerates a wide
range of a nucleophile/electrophile combinations and allows access to highly
functionalised pyrrolidines.
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2.1

INTRODUCTION

Transition metals are being used extensively in homogeneous catalysis. Success in this
role depends on their ability to modify the metal environment by the surrounding ligands
and hence ‘tune’ the reactivity of the metal. This ‘tuning’ also allows for the
incorporation of a chiral environment and affords an opportunity for asymmetric
catalysis. In order to design and improve the efficiency of transition metal catalysts, in
terms of rate and stereoselectivity, then a thorough understanding of the coordination
chemistry of the metal is required.

In this introductory chapter the coordination chemistry of silver(I), specifically chelate
formation will be surveyed. The discussion will not be exhaustive but will emphasise
the importance of the type and number of ligating atoms around the transition metal. In
the latter part of this introduction some of the organometallic chemistry of Ag(I) will be
highlighted together with reactions that occur under the influence of Ag(I)-catalysis.

2.1.1

Ag(D-coordination chemistry

The coordination chemistry of silver is reasonably well established and this allows for a
few general points to be made.44 Silver is one of the few metals to exhibit the
coordination number two and this is usually characterised by a linear structure about the
silver atom produced by sp hybridisation e.g. AgCN. However, this linear geometry is
lost if sulfur ligands are involved possibly due to d-orbital contributions.

The coordination numbers three and four are also favoured and five-coordinate
complexes have also been reported. The donor atoms may be carbon, nitrogen,
phosphorus, arsenic, oxygen, sulfur together with the halogens. The stability of the
complexes formed decreases along the series P >S >N > 0, oxygen only forming very
weak complexes. The low affinity of oxygen for silver(I) is attributed to the hard nature
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of the oxygen donor atom in contrast to the soft character of silver(I) and is evident as
very few hydrates of silver(I) are known.

Relatively few chelated complexes of silver have been reported, but we will highlight
some of these examples due to the importance of chelate formation in providing a
controlled ligand environment about the transition metal.

The complex formation of silver(I) and phosphorus multidentate ligands has been
investigated by thermodynamic and spectroscopic methods.45 These studies have
established that with dppm a dimeric complex (115) is formed. However, dppe and dppp
do form chelated structures; the dppp complex (117) is more stable (logp 8.65) than dppe
complex (116) (logP 7.73) due to the formation of a five-membered chelate ring (Scheme
45). On the basis of 31P nmr Tolazzi has suggested that sp3 silver coordination is
involved leading to the tetrahedral ML2 structure (116) and this coordination model is
supported by the thermodynamic data.

In the analogous nitrogen-containing ligands the stability of the silver(I) complexes has
been shown to be lower than for phosphorus 46 However, the same trend in stability has
been observed and 1,3-diaminopropane (logp 5.9) forms a more stable complex than
1,2-diaminoethane (logp 5.3). Interestingly the methyldiethylene triamines exhibit a
high stability of AgL (logp 5.35)(Scheme 4 6 )47 This result may be explained by chelate
formation and either a five or eight-membered ring can be considered. The
eight-membered ring is more plausible if the tendency to form two-coordinate linear
structures is taken into account.

Pyridines also form four-coordinate tetrahedral complexes48 and certain peptides
(containing histidine) are known to form chelates where linear geometries seem to be
favoured.49
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Inspection of the literature reveals few reports of characterisation or isolation of potential
Tj2-ligands chelating silver(I) although chelates containing O, N, P, S and Se ligating
atoms have been reported.

For carboxylates and alcohols the formation of a five-and-a-half-membered chelate ring
has been demonstrated (Scheme 47).50 In the case of but-l-en-4-ol (119) the extra
stability due to chelation has been assigned as 2 kJMol'1. This low value has been
attributed to competition with the alcohol solvents in which the stability constants were
measured. Since chelate formation involves a five-and-a-half-membered chelate ring the
usual linear geometry of two-coordinate silver cannot be met and Hartley suggested that
a tetrahedral structure is retained in solution. In the above work no evidence was found
for chelate formation with pent-4-en-l-ol and hex-5-en-l-ol which reinforces the
preference for the five-and-a-half-membered chelate ring.

Chelation of silver(I) to the soft nitrogen donor in 2-allylpyridine (121) has been
observed (Scheme 47).51 Again the preference here is for the formation of a five-and-ahalf-membered chelate ring which is in contrast to Pt(II) where the six-and-a-halfmembered ring is more stable.52

Chelation involving sulfur and selenium ligands is known (Scheme 47).53 However, the
extra stability for sulfur (123) (4.8 kJM ol'1) and selenium (124) (3.5 kJMol"1) are still
fairly low but the chelate formation is supported by the thermodynamic and X-ray data.
Variable temperature nmr studies on the sulfur complex (123) have demonstrated that
even at -80°C exchange processes were still taking place. McCrindle attributed this
behaviour to the fact that the olefin is essentially completely coordinated at -80°C and
that the sulfur atom is able to act as a bridging ligand.

Unsaturated thioacetic acids have also been shown to form chelates with a preference for
five-and-a-half-membered chelate ring (logp2 7.0) (Scheme 48).54 This chelation is

pKa coordinated ligand 3.08

SCHEME 48
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accompanied by increased acidity of the carboxylic acid (0.64pK units). The preference
for five-and-a-half-membered ring formation is expected since in order to chelate
effectively the double bond must align itself at right angles to normal silver o-bond.
This is impossible for an allyl substituted ligand and the difference between butenyl and
pentenyl ligands is due to steric factors alone. Again Pt(II) and Pd(II) exhibit a
preference for the formation of six-and-a-half-membered chelate rings.

In complex (125) the o-character of the r|2-metal interaction appears to be more
important than back donation from Ag^-j^p*- A high degree of o-character i.e. 7i2p-Ag5s
would increase the electron density at silver decreasing its tendency to accept electrons
from sulfur. Pettit argued that if sulfur were strongly donating then the acidity of the
acetic acid would be significantly increased. This clearly was not the case and
G-character appears to be more important than back donation (jc-character) from silver to
7t2 p *

of the alkene.

This mode of binding involving the predominance of G-character is also supported by
13C nmr studies. Olah has demonstrated that the ethene-silver(I)hexafluoroantimonate
complex has a single resonance 8C 118.2 (CD2 CI2 ) i.e. the coordinated carbons are
shielded by 5 ppm relative to free ethene.55 As the magnitude of the 71-component
increases there is a net increase in shielding observed from Hg(II) (-12.7), Ag(I) (+14),
Pt(fi) (+39-84) to Rh(I) (+61-85).56 These results indicate the predominance of the
G-component for mercury (due to the large separation of 6s and 5d) whereas Pt and Rh
exhibit a high degree of 7t-character. The degree of 7t-character of Ag(I)-olefin
interaction therefore appears to be low.

No reports have appeared of the incorporation of allenes into chelated complexes with
Ag(I). This is unsurprising since very few silver(I)-allene complexes have been
characterised. On the basis of infra red spectroscopy Nagendrappa suggested that the
triene (126) coordinates via both the allene and alkene (Scheme 49).57 However, these
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studies did not establish that the allene and alkene donors were in the same molecule.

In an extensive study, Muhs and Weiss have used g.c. to determine the stability constants
for silver-olefin complexes.58 These studies established that propa-l,2-diene (kj 0.8) is a
much poorer ligand for Ag(I) than either ethene (kx 22.3) or propene (kj 9.1). This result
is puzzling since allene has been shown to displace ethene from Pt(0) complexes59 and
allene is a better ligand for Pd(II) than olefins or 1,3 dienes.60

The recent report from Strauss concerning the first isolable silver carbonyl complex is
important within this context.61 The solid state ir spectrum of Ag(0)B(0TeF5)4
exhibited V(Co) 2240 cm '1. This carbon-oxygen stretching frequency is significantly
higher than in free CO (2143 cm '1) and is a clear indication that CO is acting merely as a
Lewis base. In fact this is the highest ever value reported for any molecular
monocarbonyl. This observation not only underscores the extreme degree of
unsaturation of Ag(I) in the carbonyl complex but also that there is none or very little
back donation from 4d-rc*.

The examples outlined above establish that back donation from silver(I) to the ligand is
relatively unimportant and since steric factors are unlikely to play a significant role here,
the HOMO of the ligand should control complexation. This is clearly not the case; the
HOMO’s of ethene

-0.3709 e.u.) and allene (nc^ -0.3728 e.u.) are very similar and

some other factor must be important in controlling complexation.62 It should, however
be emphasised that stability constants are thermodynamic properties and do not reflect
the reactivity of silver(I)-allene 7t-complexes.
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2.1.2

Organosilver compounds

In this section we will cover the synthesis and reactivity of organosilver compounds and
the focus will be upon the reactivity of vinyl silver. The area will only be covered
briefly since Van Coten and Noltes have adequately reviewed it elsewhere.63

With few exceptions organosilver compounds (the organo group is a 1-electron ligand)
have been prepared by reaction of silver(I) salts with an organometallic reagent derived
from a more electropositive metal. All organosilver compounds are light and air
sensitive to varying degrees.

Alkyl silvers have been prepared by the reaction of alkyllithium or alkylmagnesiums in
combination with a silver halide or silver-phosphine complex (eg AgI(PBu3)4) (Scheme
50).64 So far no representative of this class has been isolated since these complexes are
thermally labile and decompose via free radical pathways above -40°C (Scheme 5 1).65
Alkenyl silver compounds have similarly been prepared via reaction of silver nitrate with
an alkenyllead e.g. tetravinyl lead, or also via trans-metallation with vinyllithium species
(Scheme 52). They are somewhat more thermally stable than the alkyl counterparts and
this has allowed the isolation of isobutenylsilver at -20°C. Styrenyl silver shows this
enhanced thermal stability and complete decomposition requires several days at room
temperature (Scheme 53).66

Substitution of hydrogen by fluorine results in derivatives that are remarkably stable.
AgC(CF3)=CF2 which has been prepared by the addition of AgF to perfluoroallene, can
be sublimed in vacuo at 160°C to give the c-alkenyl silver in 66% yield (Scheme 54).67

Aryl silvers, which are also light, air and moisture sensitive, are sufficiently stable to
have allowed isolation in several cases. The most convenient preparation of these
complexes is via arylzinc or aryllithium compounds (Scheme 55).68 Ortho substitution is
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known to reduce the sensitivity of these complexes to hydrolysis reactions.

Alkynyl silver compounds are stable towards protonolysis as is obvious from the fact
that most of the preparative routes to these compounds involve the use of protic reagents
or solvents. Alkynyl compounds are readily prepared by the reaction of AgN 0 3 or
AgC104 in H20 , MeOH or EtOH in the presence of ammonia (Scheme 56). These
polymeric alkynyl silver complexes display an ir active band in the region 2020-2060
cm-1 and contain both a- and rc-bonds. Some members of this class of compounds
display explosive character and are both thermally and shock sensitive.69

The carbon-silver bond is generally susceptible to cleavage by electrophiles and this
survey will focus on the behaviour of the Csp2-silver bond. Whitesides has
demonstrated that vinyl silver species undergo protonation in the presence or absence of
phosphines, with retention of configuration (Scheme 57).70 The required silver
compounds were prepared by exchange with m-propenyllithium but were not
characterised or isolated. Similarly, reaction with other electrophiles e.g. iodine, results
in generation of the appropriate halide with overall retention of the double bond
stereochemistry (Scheme 58).

Whitesides has also investigated the thermal decomposition of these vinylsilver
complexes and demonstrated that the reactions proceed with retention of double bond
geometry (Scheme 59).71 Based on this observation and the pre-inversion lifetime of the
vinyl radical Whitesides concluded that these vinylsilver compounds do not decompose
via free radical pathways; this is in contrast with the alkylsilvers which decompose by
homolysis (Scheme 50).

Allenyl silvers behave in an analogous fashion to vinyl silvers. These allenyl silver
species (130) are available from the conjugate addition of alkyl silvers, which are
stabilised in the presence of lithium bromide, to conjugated enynes (Scheme 60).72
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Protonolysis generates the allenes in high yield and the allenyl silvers (130) are also
susceptible to reaction with a variety of other electrophiles (Scheme 61).

In contrast with organocopper species, organosilvers do not undergo well-behaved
addition reactions to cc,(3-unsaturated carbonyl compounds. Kauffman has described the
addition of MeAg and N ^A gM gB r to cyclohexanone which resulted in a mixture of
products (Scheme 62).73 The organosilver undergoes exclusive 1,4-addition but the
alcohols (133 and 134) and ketone (132) were also formed. It appears that the addition
step proceeds smoothly but the problems seems to be the fate of the alkylsilver. The
product of 1,4-addition (136) behaves as an alkylsilver rather than an enolate presumably
due to the soft nature of silver. (3-Elimination of this alkylsilver results in the generation
of enone (132), together with "Ag-H" which can undergo 1,2-addition to a carbonyl
group. Alternatively, the alkylsilver can undergo a second 1,4-addition which results in
the generation of (135). This reactivity profile seems to preclude the development of
silver chemistry for 1,4-addition.
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2.1.3

Homogeneous catalysis

Silver(I) has attracted considerable attention in respect to its use in oxidation, Lewis acid
catalysis, halogen abstraction and for the rearrangement of strained carbon-carbon
bonds.74 Although silver(I) is inexpensive, and this is attractive in terms of the above
applications, its use in homogeneous catalysis has been limited primarily due to its
failure to undergo oxidative addition reactions (formally to Ag(III)).

In this section we will describe the two reactions that proceed under silver(I) catalysis;
the electrophile-promoted cyclisation reaction and the aldol reaction.

2.1.3.1 SilverCD-promoted cyclisation

Since the first reports of a silver(I)-promoted heteroatom cyclisation reaction of allenes
this area has attracted the interest of a number of laboratories.

The initial work in this field was described by Claesson and Olsson who reported the
cyclisation reactions of allenic amines and alcohols.

In their preliminary reports they disclosed that a-aminoallenes underwent a facile
cyclisation to 3-pyrrolines under the influence of AgBF4.75 These reactions were carried
out in aqueous acetone with A gN 03 and the pyrroline products (137-139) were isolated
in 85-90% yield as the oxalate salts (Scheme 63).

Shortly after this account, Claesson and Olfsson reported that 2,5-dihydrofurans (140)
and 5,6-dihydro-2H-pyrans (141) were accessible via similar methodology (Scheme
64).76 Interestingly in the latter case no trace of the smaller ring (142), which would
have arisen from "4-exo" ring closure was observed.
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Gore later extended this work to the construction of vinyl tetrahydropyrans (143)
(Scheme 65).77 In this case, the double bond geometry was >96% E which may be
significant in terms of the mechanism of the reaction. Similarly, Gore demonstrated that
N-benzyl allenic amines underwent cyclisation to vinylpyrrolidines (144) in up to 95%
yield (Scheme 66).78 This methodology has also been applied by Liebeskind to the
synthesis of the carbapenem (145) (Scheme 6 7 )79

The advantages of this allene-based methodology over more conventional alkene-based
methodologies are the extremely mild conditions required and the level of functionality
that is imparted to the heterocyclic product. The reaction may be performed with
catalytic quantities of silver salt (e.g. AgN03, AgOTf, AgBF4, AgC104) in an
appropriate solvent (e.g. CH2C12, ethyl acetate, acetone, DMSO, water) at room
temperature and with a variety of different nucleophiles (e.g. amine, sulfonamide,
carbamate, alcohol, ether). Only one of the allenic rc-bonds is expended in the
cyclisation reaction which leaves the second remaining rc-bond available for further
synthetic manipulation.

Although no detailed mechanistic studies have been performed, the catalytic cycle
outlined in Scheme 68 accounts for the known observations.

Silver(I) acts as an electrophile and activates one of the allene 7i-bonds by formation of a
7i-complex (146) (or metallacyclopropane). This activates the double bond towards
nucleophilic attack but further enhanced electrophilicity of the coordinated rc-bond may
also be due to "slippage" of the metal fragment along the coordinated double bond axis
in this allene Tt-complex.80 Subsequent attack of the internal nucleophile in a "SN2-type"
process results in the formation of a heterocycle that contains a c-alkenylsilver bond
(147). Deuterium labelling studies have established that in situ protio-demetallation
occurs with the proton that is released upon cyclisation.81 This generates the
heterocyclic product together with Ag(I) which can be returned to the catalytic cycle.
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Caserio has described the intermolecular alkoxymercuration reaction of enantiomerically
pure allenes82 and Gallagher has investigated the silver(I)-catalysed intramolecular
variant of this process (Scheme 69). This reaction results in the generation of a
heterocycle with less than 10% racemisation. From the sense of asymmetric induction a
mechanism involving rc-complexation of the electrophile on the rc-face that contains the
methyl residue and subsequent "S^-type" ring opening was suggested.83 This
interpretation relies on the assumption that the cyclisation is the rate-determining step
not complexation, and that the 7i-complex reacts by a "SN2-type" process i.e. inversion.

The diastereocontrol available in heteroatom cyclisation involving alkenes has been
extensively studied by Bartlett and others,84 but the diastereocontrol available in these
allene-based cyclisations remained unexplored until the work from these laboratories.
Gallagher demonstrated that the allenic alcohol (149) was cyclised to the
ds-tetrahydropyran (150) in good yield (Scheme 70).85

The diastereocontrol available in the synthesis of pyrrolidines was also the subject of a
comprehensive study. The group at Bath observed that cis-2,5- and trans-2,3disubstituted pyrrolidines were formed in a highly diastereoselective fashion (Scheme
7 1).86 The corresponding 2,4-disubstituted pyrrolidines were formed with low
selectivity. The diastereoselectivity available in these reactions has been interpreted on
the basis of minimising steric interactions in the transition state (Scheme 72).
Minimisation of 1,2 interactions in transition state (I) relative to (II) accounts for the
ds-selectivity. Similarly transition state (HI) accounts for the trans-pyrrolidine (152),
whilst the cyclisation to give (153) would be expected to be non selective. A transition
state model similar to (I) has been used by Walkup to explain the outcome of
mercury(II)-catalysed cyclisations (Scheme 73).87 In this case the bulky silylether
cyclises with high cis-selectivity whereas the corresponding alcohol gives rise to a 1:1
mixture of cis and frarcs-tetrahydrofurans.
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Similarly, Tamaru has described a highly diastereoselective silver(I)-promoted
cyclisation of 0-(2,3-butadienyl)carbamates to trans-4,5 oxazolidinones which can be
rationalised on the basis of transition state (IE) (Scheme 74).88

Very recently, Macomber has investigated the diastereocontrol available in the
cyclisation of phosphinic acids. However, an essentially nonselective cyclisation was
observed (Scheme 75).89

To date, in all the examples described, the stereocentre that controls the outcome of the
cyclisation is contained within the framework of the heterocyclic product. Gallagher has
demonstrated that this need not be the case (Scheme 76).90 The allenic amines (154) can
be cyclised with good diastereocontrol (up to 80% d.e.) depending on the choice of the
X-residue. The group at Bath was able to show that by the correct choice of the
stereocontrol element X then remote jc-facial differentiation could be achieved. The
diastereoselectivity observed in the cyclisation reactions is a function of the ability of X
to coordinate Ag(I).

In the preliminary study, only first-row elements were incorporated in the X residue and
we reasoned that if X contained a softer second row element then higher levels of
diastereocontrol might be available. The origin of the diastereocontrol remains unclear
and we have performed reactions directed at understanding the mechanism of reaction.
These studies are described in the Results and Discussion (2.2) together with our studies
directed towards the development of an asymmetric catalyst for the silver(I)-promoted
cyclisation reaction.
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2.1.3.2 Silver(D-catalvsed Aldol reactions

Hayashi and Ito have described a transition metal-catalysed aldol reaction between
a-isocyanoacetates (Scheme 77)91 or tosylmethylisocyanides (Scheme 78)92 with
aldehydes. These reactions are catalysed by Ag(I) and Au(I) in the presence of a
functionalised chiral bidentate phosphine (157) and the addition process proceeds with
high enantio- and diastereo-control. In the reaction of tosylmethylisocyanides silver(I)
provides the higher enantiomeric excess (86%) whereas Au(I) provides the higher
selectivity (97%) in the case of the isocyanateacetate. Hayashi and Ito have also
demonstrated that these complexes were efficient catalysts for the asymmetric aldol
reaction of a-isocyanocarboxamides (CHCH2 CONR2 ) and (isocyanomethyl)phosphonates (CNCH2PO(OR)2).93

These catalytic reactions represent a powerful synthetic tool since the oxazolines can be
used to give synthetically useful products e.g. reduction (Scheme 79).94

In contrast to the allene-based methodology described earlier, the mechanism of this
aldol reaction has been subjected to extensive study. This experimentation has been
performed both by the Japanese group that discovered the reaction and the Ciba-Geigy
group at Basel. With the information available from these studies the origin of the
enantioselection in this reaction is now fairly clear.

Pastor and Togni have established by 31P nmr that the ferrocene acts as a bidentate
ligand for Ag(I) and Au(I) via the phosphorus atoms 95 Further spectroscopic methods
(ir) have shown that in the case of Ag(I) two isocyanates coordinate to give a distorted
tetrahedral arrangement.96 However, in the case of Au(I) only one isocyanate is
coordinated. The reaction shows an interesting temperature dependence with Ag(I)
where higher e.e.’s were obtained at higher temperature. This result indicates that a
single reaction pathway is not operating and one of the range pathways available is
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preferred at higher temperature and is more selective than others. Selective generation
of a tri-coordinated silver(I) catalyst at low temperature gready improved the selectivity
observed and it is believed that the three-coordinate species (as with Au(I)) is
responsible for the high selectivity.

The rate-determining step of the Au(I)-catalysed aldol reaction has been identified by a
Hammett study.97 The linear free energy relationship in the reaction of substituted
benzaldehydes and the gold(I) a-isocyanoester complex provide strong evidence against
the prior coordination of the aldehyde. If coordination of the carbonyl oxygenation were
rate-limiting then the expectation would be that electron donating groups on the aldehyde
would increase the reaction rate; this is clearly not the case. A linear Hammett plot (p
1.4) strongly suggests that the rate-determining step involves electrophilic attack of the
aldehyde to the enolate which was formed by proton abstraction from the coordinated
a-cyanoester. The observed 31P{1H) nmr suggested that the carbon atom of the
isocyanate derived enolate remains coordinated to the metal throughout the reaction and
XH{ JH} nuclear Overhauser effect experiments have established that the pendant amino
sidechain resides close to the methylene hydrogens of the isocyanate.98

The conformational differences in solution of (R)-(S)-(157) and (S)-(S)-(157)
(determined by *H nmr) led the Swiss group to suggest that the stereogenic carbon atom
of (157) should markedly effect the product selectivity in the Au(I)-catalysed aldol
reaction.99 Indeed, this proved to be the case and Pastor and Togni were able to show
that a change in the absolute configuration of the stereogenic carbon atom from R to S
results in a reduction in product trans-to-cis ratio but also the opposite trans-oxazoline
enantiomer was formed in enantiomeric excess. The results from the Swiss group
indicate that the insensitivity of product to the central chirality of the stereogenic carbon
atom in the feiTocenyl sidechain previously observed by Kumada100 for Grignard
cross-coupling reactions cannot be generalised to other reaction types involving chiral
ferrocenyl ligands. This work on Au(I)-catalysed aldol reactions constitutes the first

(158)

SCHEME 80
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example in a chiral transition-metal ligand containing both central and planar chirality of
internal cooperativity o f chirality which can be compared to the principle of matched
and mismatched pairs (external cooperativity) advocated by Masamune.101

The total observations from both groups lead to a transition state model (158) for the
stereoselective aldol reaction involving an enolate bonded both coordinatively (through
the a-isocyanate) and electrostatically (by the attraction of the negatively charged
enolate with the positively charged protonated tertiary amine) (Scheme 80).
Complexation in this fashion shields one of the enolate 7t-faces and directs electrophilic
attack of the carbonyl on the open 7i-face.

The preferred orientation of the phenyl groups bonded to phosphorus that were surmised
from 1H{ 1H} nuclear Overhauser effect data also provide considerable steric shielding of
the reaction centre. The four phenyl groups of the chiral ligand display a face-edge
orientation and this in particular is expected to have a significant influence on the
approach of the electrophile. The face-edge orientation of four aromatic rings on a chiral
bisphosphine is also believed to be important in other areas of enantioselective catalysis
e.g. hydrogenation.103

From the reactions described in this introduction, it is clear that a knowledge of
coordination chemistry is essential for effective catalyst design or understanding of
reaction mechanism. The aldol reaction described above demonstrates by the correct
choice of ligand environment then highly enantioselective processes can be developed.
In the Results and Discussion that follows we will describe our own efforts to elucidate
the mechanism of a Ag(I)-catalysed process. With the benefit of this mechanistic
information together with an understanding of Ag(I)-coordination chemistry, we have
been able to improve the diastereoselection available in the reaction. We will also
describe our approach at the development of an enantioselective cyclisation reaction.
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2.2 RESULTS AND DISCUSSION

1 0 - 1 0 0 mol% AgOTf
CH 2CI2 RT

NH

N

X

Ph^"X

Ph#

'X

(155)

(154)

X = CH3

33% d.e.

X = C 0 2CH3

60% d.e.

X = CH2OH

60% d.e.

X = CO.NHCH 3

80% d.e.

X = CH 2NHCH3

80% d.e.

SCHEME 81

NaBH.
DMSO

NH2
Ph - ^ C 0 2CH3

c o 2c h 3

(161)

(160)

(162)

19%

SCHEME 82

Bu'2AIH

MeNH.
NH
Ph

NH
COoCH.

Ph

CO.NHCH.
(163)

92%

H2N

L

W

NH

O

Ph
NH

N
(165) 47%
SCHEME 83

Ph *

" CH 2NHCH 3

(164)

50%

40

2.2

RESULTS AND DISCUSSION

2.2.1

The asymmetric synthesis of 2-substituted piperidines

Previous work in this laboratory has demonstrated the viability of using a
silver(I)-promoted cyclisation as a vehicle for the asymmetric synthesis of
pyrrolidines (Scheme 81).104 This work relied upon the incorporation of a removable
stereocontrol element on the nitrogen nucleophile. By the correct choice of the
X-residue - one that could act as a ligand for silver(I) - a mechanism was provided for
the transmission of stereochemical information to the newly formed chiral centre.
This strategy allowed for moderate diastereocontrol to be achieved (up to 80% d.e.) in
contrast to other work that has relied upon the use of chiral nucleophiles e.g.
1,4-addition reactions.

In these silver(I)-promoted reactions the stereocentre that controls the configuration
of the chiral centre that is generated in the cyclisation, ultimately resides outside the
heterocyclic framework of the product. Hence, the benzylic residue functions in a
similar fashion to a chiral auxiliary which can be removed after the cyclisation
reaction to provide the enantiomerically-pure heterocycle.

As an initial objective in this project, we wished to demonstrate the generality of this
approach by the synthesis of six-membered rings. In the following discussion, the
synthesis of the appropriate acyclic allenic amines and their behaviour under the
influence of silver(I) to give 2-vinylpiperidines will be described.

The allenic ester (162) was obtained in a straightforward manner. Reductive
animation of hepta-5,6-dienal (161) with (R)-(methyl)phenylglycinate gave the allenic
amine in 19% overall yield (Scheme 82). The allenic aldehyde was prepared by
oxidation of the hepta-5,6-dienol (160) with pyridine-S03 complex and the low
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overall yield for the transformation of (160) to (162) probably reflects the volatility of
the intermediate aldehyde (161).105 The substrates (163-165) were obtained by
standard functional group manipulation (Scheme 83). The amides (163) and (165)
were obtained by simple aminolysis of the ester whilst amine (164) was prepared by
Bu^AlH reduction of amine (163). The sulfide (166) v/as prepared in an analogous
fashion to ester (162) by reductive animation of aldehyde (161) with the appropriate
amine.

The silver(I)-catalysed cyclisations were performed under the conditions that have
been utilised previously and the results of this study are shown in Table 6. The
reactions were monitored by tic or HPLC for the disappearance of starting material
and, once complete, were subjected to an aqueous work-up. The diastereomeric
excess was determined by either HPLC or

nmr analysis of the crude reaction

mixture. After analysis of the diastereomeric excess, the individual diastereomers
were purified by flash chromatography and the isolated combined yields are shown in
Table 6.

A clear trend emerges from these cyclisation studies. The ester (162) is less efficient
in controlling the stereochemical outcome of the cyclisation than either amide (163)
or amine (164). This trend was observed previously with the pyrrolidine series and
parallels the ability of X to ligate silver(I). We have established that the sense of
asymmetric induction is the same for ester, amide and amine by simple chemical
correlation as shown in scheme 84. The major ester (167) was converted to amide
(168) by aminolysis, whereas Bu^AlH reduction of this amide gave the amine (169) however, we have not determined the absolute sense of induction. In the absence of
any evidence to the contrary, we have assumed that a similar mechanism to the
pyrrolidine series is in operation and the products (167-171) are assigned on this
basis.
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In a broad sense, the diastereoselectivity observed in this present study was generally
lower than that observed in the study on pyrrolidines. This result may be a reflection
of the preference of silver(I) to form a five-and-a-half-membered chelate ring with
H2-donors (Scheme 86)(see section 2.1.1) and if this is so, then it suggests that the
origin of the diastereocontrol may involve the interaction of the allene, nucleophile
and X-residue (see section 2.2.3).

In this programme directed towards piperidines we have also extended the range of
functionality incorporated into the stereocontrol element X. Amide (165) prepared by
aminolysis of the ester (162) contains a second potential ligating atom and for
comparison we also prepared amide (172) (Scheme 85).

The role that this extra nitrogen ligand plays in the cyclisation of (165) and (172) is
not yet clear but, to this point provided the most selective reactions that we had
observed. These two substrates may now function as multidentate ligands for
silver(I) to provide a more sterically-demanding environment. Alternatively, this
ligand may form an eight-membered chelate ring with the nitrogen nucleophile.

To date only first row elements had been incorporated into the X-residue. Based on
the observation that increasing the ligating ability of X for silver(I) results in higher
stereoselectivity we reasoned that softer second row elements may provide further
enhanced selectivities. The sulfur-contaning substrate (166) was prepared by
reductive amination of the appropriate amine (section 2.2.4) with hexa-5,6-dienal but,
in this case only provided minimal stereocontrol (52% d.e.) in the silver(I)-promoted
cyclisation. This is in contrast to other reactions that we have performed with this
ligand and this will be discussed at a later stage (Section 2.2.4).

We have also briefly investigated the synthesis of azapanes by this methodology
(Scheme 87).106 However, under our standard conditions the ester (174) failed to give
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any trace of product (by tic or JH nmr). After prolonged periods or increased
temperature only decomposition results.

The phenylglycine-based residues function reasonably efficiently as chiral auxiliaries
in these cyclisation reactions (up to 86% d.e.) and we have directed our efforts at
understanding their function in this reaction.

Two distinct mechanistic steps have previously been postulated to rationalise the
stereochemical outcome of the cyclisation reactions (Scheme 88).

The coordinating group X and the nitrogen nucleophile may function together as a
bidentate ligand for the silver(I) electrophile. This chelate may then serve as a
template to selectively deliver the silver(I)-electrophile to one of the two
diastereotopic faces of the allenic 7t-system ("face-selective delivery"). Subsequent
"SN2-type" opening of this rc-complex would result in inversion of the carbon-silver
bond stereochemistry whereas insertion into the it-complex to generate an azametallacyclobutane proceeds with retention of configuration. Although these processes are
stereochemically non-equivalent, the sense of asymmetric induction at C-2 in the
vinylpyrrolidine or piperidine is, in both cases, controlled by the face of the allene
7t-system that coordinated silver(I).

Under certain circumstances the 7t-complex may irreversibly rearrange to a planar
a-allyl silver which can be stabilised by macrocyclic complex formation.107 This
complex formation would control the direction that the nucleophile can approach the
a-allyl silver and hence the stereochemical outcome of the cyclisation ("face-selective
attack").

Both the "face-selective delivery" and the "face-selective attack" processes would
result in the formation of a o-alkenylsilver, the behaviour of which in this
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environment is not well-documented. However, protiodemetallation generates the
vinylpyrrolidine/piperidine and releases silver(I) into the reaction medium making the
process catalytic in terms of silver(I).

In summary, we have described an extension of the cyclisation methodology to
encompass six-membered rings. In the section that follows we will describe our
efforts directed towards understanding the origin of the diastereocontrol in this
reaction.
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►
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2.2.2

Observation/isolation of intermediates

In this section, we will describe our attempts to detect and isolate intermediates in the
Ag(I)-catalysed cyclisation. The role of these studies is to elucidate the mechanism of
the reaction since with this information available we should be able to design a more
stereochemically-efficient cyclisation.

Based on the lack of information regarding the Ag(I)-allene interaction we decided to
attempt the isolation of a Ag(I)-complex involving an allene and a nitrogen atom.
This allene complex should provide structural information as relevant as possible to
the cyclisation of y-allenic amines. With this in mind we designed two ligand
candidates (177) and (178) (Scheme 89). These are closely related to our cyclisation
substrates in that they contain a nitrogen ligand together with a second potential
ligand for silver(I). The tertiary amine function was selected for two reasons. Firstly,
the bulk of this residue may prevent decomposition as its bulk should hinder attack
upon any intermediate. Secondly, the tertiary amine will prevent decomposition by an
intramolecular proton transfer/protiodemetallation. The synthesis of amine (177) and
ester (178) proceeded as planned by reductive animation of the appropriate
commercially-available secondary amine (Scheme 89). Hexa-4,5-dienal (176) was
prepared and used directly from hexa-4,5-dienitrile as previously described by this
group.108

Attempted complexation under conditions known to produce Ag(I) complexes of
aminoalkenes failed to give any isolable complexes. In the event, a reaction occurred
which was accompanied by the formation of a black precipitate (Scheme 90).

nmr

analysis of the crude reaction products indicated that a cyclisation reaction had indeed
taken place to give the quaternary ammonium salts (179) and (180). This was evident
by the disappearance of the allene resonances (8H 5.11 and 4.66) and the appearance
of these in the vinyl region (8H 6.10 and 5.75). The products of the reaction appeared

_

CH

7

CH.

AgBF4

' r

3-c^ci

Ph ^ ^ C 0 . N H C H 3

p h

CO.NHCH.
(181)
( 182 )
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FIGURE 1. S h o w s th e cy c lisa tio n of a m id e (181) under th e influence of 2 5 mol% A gBF4 in C D 2 CI2 at 2 0 'C .
T h e b en zy lic r e sid u e is sh o w n .
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to be a mixture of diastereomers, but all attempts to purify these compounds (by tic,
HPLC, ion-exchange) met with failure . Although these results were disappointing,
we have used the information obtained from this study in the design of a catalyst for
the enantioselective cyclisation reaction (Section 2.2.6).

We have also investigated the possibility of using *H nmr to detect any intermediates
or complex formation in the cyclisation reaction. The cyclisation of amine (181) was
performed in CD2Cl2 at room temperature and the reaction observed by

nmr (270

MHz) (Scheme 91). No intermediates could be detected and clean disappearance of
starting material to give the diastereomeric pyrrolidines was observed (Fig 1). We
were also unable to obtain any evidence of complex formation. These studies did
however, enable us to demonstrate that the initial ratio of diastereomers produced was
the same as at complete reaction. This result is important since the possibility that the
pyrrolidine products may act as templates for the Ag(I)-electrophile had been
recognised. By integration of the appropriate benzylic resonances in the XH nmr
spectra over a period of time we were also able to establish that the reaction is first
order in terms of amine (181).
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2.2.3

The use of chiral allenes as mechanistic probes

As a means of elucidating the origin of the stereocontrol in the cyclisation reaction,
we next focused our attention on the use of chiral allenes as mechanistic probes. We
have previously suggested (section 2 .2 . 1 ) that in the case of the allenic rc-system the
stereochemistry of the heterocyclic product resulting from Ag(I)-catalysed
cyclisation may be set in two distinct ways:

1.

Face-selective delivery of the electrophile

Interaction of the allene %-system with silver(I) leads to a metallacyclopropane (183)
(scheme 92). A "SN2-type" ring-opening process results in the formation of the
heterocycle (184) with inversion of stereochemistry at the carbon-silver bond.
Alternatively the nitrogen nucleophile may insert into the carbon-silver bond
generating an azametallacyclobutane (185). In this case the net result is the
retention of configuration at the carbon-silver bond to give heterocycle (186). In
common with "SN2-type" ring-opening, the stereochemistry of the heterocycle was
ultimately determined by the face of the allene 7c-bond that coordinates the
electrophile.

2.

Face-selective attack of the nucleophile

Under certain circumstances, the metallacyclopropane (183) may undergo a
rearrangement to generate an allylic cation (187). A 90° bond rotation results in the
irreversible formation of the planar cationic a-allyl silver (188) (Scheme 93). In this
case it is the direction of approach of the nitrogen nucleophile on the a-allyl silver
that determines the stereochemical outcome of the cyclisation reaction. It should be
emphasised that in this case the stereochemistry is set at a much later stage during
the reaction profile.

SCHEME 94
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Our earlier thinking lead us to postulate that the X-group in the stereocontrol
element exerts its influence by formation of a bidentate chelate for silver(I) with the
nitrogen nucleophile. This template may then serve to preferentially deliver the
silver(I)-electrophile to one face of the allene 7t-system. Alternatively the X-residue
may control the formation of the o-allylsilver(I) via a chiral macrocyclic complex
which now provides a bias to one of the faces of the planar c-allylsilver (188).

Can we determine whether face-selective delivery of the electrophile or
face-selective attack of the nucleophile is responsible for the stereochemical
outcome of the cyclisation?

Consider the interaction of an electrophile (E+) with a chiral non-racemic allene
(189) (Scheme 94) to generate a single rc-complex (190). Evidently "S ^-type"
ring-opening of the complex results in the heterocycle (191) which has a single C=C
geometry. Therefore, information regarding face-selective delivery (or
complexation) is translated into the double bond geometry of the cyclised product
(191). This rationale will also hold even if the reaction proceeds via insertion into
the carbon-electrophile bond.

In the reaction under consideration the initial product of the cyclisation is suggested
to be a a-alkenyl silver which undergoes an in situ proton transfer. Whitesides has
shown that the protonation of a o-alkenylsilver species proceeds with complete
retention of stereochemistry (in an analogous fashion to vinylcopper) (section 2 . 1 ).
It follows that the information obtained from double bond analysis in the
heterocyclic product will reflect any degree of face selectivity.

We therefore decided to construct chiral non-racemic allenes to test the hypothesis
regarding face-selective delivery (Scheme 94). The substituents R,R' on the allene
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have to be chosen so as not to bias the complexation of the electrophile - either
electronically or sterically. We suggested that allenes that are chiral by virtue of
isotopic substitution would be useful in this respect. These allenes would have to be
prepared with high enantiomeric excess and preferably with known absolute
configuration. We believed that the synthesis of the dimethylsubstituted allene
would be achievable by the methodology of Crabbe and Pirkle . 107

Since we did not know whether trisubstituted allenes would undergo
Ag(I)-promoted cyclisation before investing time in an asymmetric synthesis we
decided to investigate the racemic series. This of course can be modelled simply by
using R=R'=CH3.

The synthesis of the acyclic precursor (194) was achieved by modification of our
usual route. Claisen orthoester rearrangement of 3-methylbutyn-3-ol gave the
known ester (192)110 which was subsequently converted to the nitrile (193) by
standard manipulations (47% overall) (Scheme 95). Bu^AlH Reduction of nitrile
(193) gave the aldehyde which was used without isolation in the reductive animation
step (Scheme 96). Finally, amide (181) was obtained by simple aminolysis of the
ester (194) in 73% isolated yield.

With the required allenic amines (194) and (181) in hand, we subjected these
substrates to our standard cyclisation conditions. The reactions were generally
complete within 12 hours (50 mol% Ag(I)) and the results of the aspect of the study
are summarised in Table 7.

These cyclisation reactions proceeded uneventfully and the yields displayed are
combined isolated yields of the purified diastereomers. The most important result to
note is that the diastereoselectivity is lower than has previously been observed with
the standard substrates.
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We were able to establish that the sense of induction was the same for both ester and
amide by conversion of the major ester diastereomer (195) to the major amide
diastereomer (182) (Scheme 97). The absolute configuration at the newly-formed
stereocentre was again established by chemical means (Scheme 98).
Dihydroxylation of ester (195) using a catalytic amount of 0 s 0 4 gave a diol which
underwent sodium metaperiodate cleavage to aldehyde (196).111 This aldehyde was
identical to that obtained from (155) which has known absolute configuration.

We can infer from these correlations, in the absence of any evidence to the contrary,
that the silver(I)-promoted cyclisation of the amines (194) and (181) proceeds via
the same mechanism as in the unsubstituted series, albeit with lower
diastereoselectivity.

Although numerous methods are currently available for the determination of the
enantiomeric excess of chiral allenes (e.g. nmr and gc112) we were not confident that
they would enable us to determine the enantiomeric excess of isotopically
substituted allenes and their use was not pursued further. We next directed our
attention to allenes that have an inherent face preference for reaction with an
electrophile and amine (197) served as our model substrate for these studies.

Reaction of the racemic amine (197) with a variety of mercury(II) electrophiles
proceeded smoothly to generate pyrrolidines (198) and (199) (Scheme 99 ) . 113 These
i-alkenyl mercuric halides have Z double bonds as determined by *13 nmr (3 JHg-H
548 and 549 Hz respectively ) . 1 1 4 The conditions used to generate these pyrrolidines
tave been established to produce kinetic products. Kinetically controlled
cyclisation in the presence of iodine also generated the Z alkenyl iodide (200)
Scheme 100) . 1 1 5 The double bond ratio was established by gc and the bond
jeometry was inferred by

nmr.
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Silver(I) has also been shown to behave in an analogous manner and this has been
exploited by this group in the asymmetric synthesis of coniine (Scheme 101) . 1 1 6

We recognised that if the face-selective delivery hypothesis was correct then
cyclisation of a phenylglycine-derived nucleophile on to a disubstituted allene then
the axes and centres of chirality will produce a cooperative or non-cooperative
effect. This internal cooperativity of chirality, first observed by Pastor and Togni, 117
is similar to the strategy of double diastereoselection (external cooperativity of
chirality) advocated by Masamune. This concept of external cooperativity was
recognised prior to this by Houreau and also by Heathcock. 118 (see 2.1.3.2)

Initially, we investigated the cyclisation reactions of substrates derived from an
enantiomerically-pure phenylglycine derived amine and a racemic allene i.e a

1 :1

mixture of diastereomers. The y-allenic amines (202) and (203) were prepared by
extension of our standard protocol starting from hepta-4,5-dienitrile (201) (Scheme
102). Hepta-4,5-dienitrile was prepared in four steps from 3-Butyn-2-ol (42%
overall)(Scheme 103) whilst amide (204) was obtained by simple aminolysis of the
ester with methylamine (80%).

Interestingly, neither

nor 13C nmr indicated the presence of a diastereomeric

mixture, presumably due to the distance between the axis and centre of chirality.

With the required compounds available we investigated their behaviour under
standard Ag(I) conditions (Table 8 ). By utilising the conditions described earlier
(Schemes 97 and 98) we were able to establish the absolute sense of induction for
ester (207) and amide (209) was the same as that previously observed for amine
(151).
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To examine the cyclisation in the diastereomerically-pure series {i.e. at the axis and
centre of chirality) we required the allene in enantiomeric ally-pure form. We
decided to prepare the allene via Claisen orthoester rearrangement of
enantiomerically pure butynol (211). The Claisen rearrangement should allow
access to allene (214) with high e.e. since the stereoselectivity in the orthoester
rearrangement is known to be higher than that of the classical Claisen
rearrangement. 1 1 9

3-Butyn-2-ol was resolved via the a-methylbenzylamine salt of its half phthalate
(m.p. 90°C, lit. 92°C) to give the (S)-(-)-3-butyn-2-ol (211) with e.e. >96% by
nmr in the presence of Eu(hfc) 3 . 120 Claisen orthoester rearrangement gave the ester
(212) which was reduced to the known alcohol (213) ([a ]£>2 1 +101.2 ° ) . 121
Subsequent tosylation and cyanide displacement gave the allenic nitrile (214)
([a ] D 2 1 +45.9°) whose e.e. was determined as 95.6% by gas chromatography using a
chiral stationary phase (Scheme 103).

The amines (215, 218,221 and 223) were obtained in 19-42% by our standard
reductive amination sequence starting from the appropriate enantiomer of amine and
the nitrile (214).

The cyclisation of these amines was achieved using 50 mol% AgOTf in
dichloromethane and the results obtained are displayed in Schemes 104-107. The
diastereomeric ratio of pyrrolidines was determined by

nmr analysis of the crude

reaction mixture after an aqueous work-up.

With the results of the cyclisation reactions displayed in Table

8

and Schemes

104-107 we will proceed to make deductions about the mechanism of the cyclisation
reaction.
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Cyclisation of amine (202), derived from (S)-a-methylbenzylamine and a racemic
allene results in an essentially non-selective reaction (4% d.e.). This result suggests
that the methyl residue on the allene controls the stereochemical outcome of the
cyclisation. This interpretation is supported by previous work within this group
directed towards the asymmetric synthesis of coniine (Scheme 108).122 In this case
cyclisation occurs with less than

10

% racemisation and, from the sense of induction

a mechanism involving a rate-determining "Sjs;2-type" ring-opening of the
rc-complex (225) was suggested (Scheme 108).123

This interpretation can be extended to the cyclisation of (221) and (223) to give
diastereomeric pyrrolidines (222) and (224) respectively. Here, the methyl residue
on the allene controls the 7i-face that coordinates the silver(I) electrophile. The
slightly lower selectivity observed with amine (2 2 1 ) can be explained by
considering conformations (226) and (227) (Scheme 109). In the case of (226) the
phenyl or methyl substituent must be accommodated in a pseudo-axial position prior
to "SN2-type" displacement at the Tt-complex. In the case of amine (223) however,
complexation generates the 7i-complex (227). This may react through a conformer
where the smaller hydrogen occupies the pseudoaxial position.

Earlier, we argued that if the face-selective scenario were operating, then we would
expect to see a cooperative/non-cooperative effect in the cyclisation reaction of
amines (215) and (218). This type of effect was infact observed (Schemes 104 and
105).

In establishing the absolute sense of induction of amine (207) (see earlier) we were
able to establish the configuration of amines (219) and (220). With this information
regarding the sense of induction in conjunction with the diastereomeric excesses
observed in these cyclisations, we will now suggest a mechanism to account for the
observed stereocontrol. In the case of ester (218) the methyl residue of the allene
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and the phenylglycine residue act cooperatively in directing the course of the
reaction. The major diastereomer observed (6 6 % d.e.) has (S,R) configuration.
However, the major diastereomer obtained from amine (215) (20% d.e.) has (R,R)
configuration.

Since we observed that a cooperative effect is in operation we will interpret the
cyclisation results on the basis of a face-selective templated-delivery of silver(I) to
the allenic jc-system (Scheme 110 and 111).

In the cooperative case i.e. (218), chelation of the amine and the ester to silver(I)
generates a template which delivers the electrophile to the allene on the same face
as the methyl residue (228). Insertion of the nitrogen atom into the carbon-silver
bond generates an azametallacyclobutane (229) which upon protio-demetallation
generates the observed pyrrolidine (219).

For the other diastereomer (215) to act cooperatively a chelate that contained a
phenyl residue in an axial position would have to be formed (230). This will be
unfavourable on steric grounds and so a significant amount of product arises through
the "SN2-type" manifold. This will account for the mixture of diastereomeric
pyrrolidines.

At this stage it would be tempting to utilise one other observation from these
cyclisation reactions. All the diasteromeric pyrrolidines have E double bond
geometry as determined by XH nmr (3J 15-16Hz). This result supports the
mechanism involving a mixture of "SN2-type" and insertion reactions (Scheme 111)
suggested for amine (215). This follows from the stereospecific cleavage of a
vinylsilver (Scheme 57, section 2.1) which requires that the E double bond in the
pyrrolidine originates from a Z o-akenyl silver. However, the question that needs to
be addressed is the behaviour of a a-alkenylsilver generated in situ in CH 2 C12 at
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room temperature in the presence of an intramolecular proton source. It is not clear
that the results obtained by Whitesides1 2 4 can be extrapolated to this system.
Because of this uncertainty, we have not placed undue weight on the observed
double bond geometry.

The studies described in this section, although not totally conclusive, do suggest that
the origin of the stereocontrol arises in part from a face-selective delivery of the
silver(I)-electrophile. In the next section, we will go on to describe the use of other
control elements designed to form a better chelate which should increase the
diastereocontrol available in these ring forming-reactions.
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2.2.4

The Use of Second and Third-row Ligating Atoms in the Stereocontrol

Element

In previous sections of this thesis, we have demonstrated that the diastereocontrol
available in the cyclisation reaction rests on the ability of the X-residue to
coordinate to Ag(I). We have suggested that this is due, in part, to a chelated
"face-selective delivery" of the Ag(I)-electrophile to the allene 7i-system (Section
2.2.3).

On the basis of the coordinating ability of P,S and Se ligands for silver(I), we
reasoned that incorporation of these donor atoms into the X-residue may provide
higher levels of diastereocontrol. 125

Our initial task in this phase of the study was to establish that cyclisation would still
occur in the presence of internal second row ligands. This objective was readily
realised and the phosphine (232) served as our test substrate. Reductive amination
of hexa-4,5-dienal (176) with the known phosphine1 26 gave the allenic phosphine
(232) in a modest 29% yield. Silver(I)-promoted cyclisation proceeded smoothly to
furnish the vinylpyirolidine (233) in 91% yield in a reaction that was approximately
eight times slower than that of the related ester (151). However, this result did
establish that with this second row element catalyst poisoning was not going to be a
problem.

We next directed our attention towards the synthesis of allenic amines containing a
benzylic stereocentre. The amines required as partners for the reductive amination
sequence were prepared essentially as planned (Scheme 114), although none of these
reactions have been optimised. Treatment of (R)-phenylglycinol with Boc20 gave
the known carbamate (234) in 82% yield . 127 The alcohol was subsequently
converted to the tosylate (235) - a common intermediate - which was then reacted
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with the appropriate nucleophile. Reaction of (235) with thiophenol and sodium
hydroxide gave the sulfide (236) in excellent yield. Similarly, treatment of (235)
with PhSeNa, generated in situ by reduction of diphenyldiselenide1 28 with NaBH^
gave selenide (237) in 89%. The phosphine (238) was accessible by tosylate
displacement with LiPPh2 in THF (49%

) . 129

The amines were available by

treatment of the corresponding carbamates with trifluoroacetic acid (0°C) in
quantitative yield.

We next proceeded to install the amines into the cyclisation substrates and this was
achieved by the reductive amination sequence described previously (Scheme 115).

Cyclisation of phosphine (241) using 100 mol% of AgOTf in dichloromethane
proceeded smoothly and the diastereomeric pyrrolidines (243) were isolated in 6 8 %
yield and 59% d.e. (Table 9). Using the same conditions, cyclisation of selenide
(240) gave a similar result (62% and 55% d.e.). These levels of diastereoselectivity
which were determined by HPLC were surprisingly modest and the overall
efficiency of the cyclisation was also lower than had previously been observed. In
the case of selenide (240) the low yield may be a reflection of the low stability of the
product (243). The sense of asymmetric induction has not been established in these
cases but is inferred from the results of the other cyclisation studies we have
performed.

When sulfide (239) was subjected to the cyclisation conditions much more
interesting results were obtained (Table 10). The diastereomeric excess of the
pyrrolidine (244) was determined by HPLC and

nmr analysis of the crude

reaction mixtures after an aqueous work-up. We were extremely encouraged by
these results and not only were the cyclisations efficient in terms of diastereocontrol
but also allowed isolation of pyrrolidine (244) in
(entry 1 ).

86

% as a single diastereomer

entry

solvent

mol% AgOTf

% d.e.

% yield

1

CH2C12

100

84

86

2

CH2C12

60

87

93

3

c ic h 2c h 2ci

100

96

90

4

c h 2c i 2/

100

64

79

5eq H20
5

MeOH

160

56

64

6

CH2C12/
4A sieves

120

82

79

CH2C12

500

82

TABLE 10

H2N

SPh

NaBH,
NH

Ph

CHO

Me

(245)

SPh
(246) 54%

SCHEME 116

100 mol% AgOTf

(246)

(247)
64% d.e.
SCHEME 117

79%
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Armed with this success, we proceeded to investigate the cyclisation of
sulfur-containing substrates further. We examined the role that the solvent plays in
the reaction and a number of comments can be made. 1,2-Dichloroethane is the
solvent of choice for this cyclisation (96% d.e.) (entry 3) whilst entries 4 and 5
demonstrate that the diastereoselectivity of the reaction is dramatically influenced
by the addition of small amounts of water or by the use of a hydroxylic solvent.
This presumably arises by competition for the coordination sites at the
Ag(I)-electrophile decreasing the tendency for chelation. The reaction is
approximately eight times faster in methanol (56% d.e.) than in CH2 C12 (86% d.e.)
suggesting that the less selective pathway is the faster one. Significantly, the
reaction of sulfide (239) in CH2 C12 proceeds ~25 times slower than that of the
corresponding ester (151) in the presence of 100 mol% AgOTf at room temperature.

The inclusion of 4A (powered/activated) molecular sieves failed to alter the course
of the reaction in CH 2 C12, however the cyclisation can be run with 500 mol% of
AgOTf without any significant change in diastereoselectivity.

The determination of sense of induction in this reaction has been achieved by
chemical means (Scheme 119, section 2.2.5) and has been shown to be the same as
that described previously.

On the basis of the efficiency of sulfur ligands we have also investigated the
cyclisation of an allenic amine derived from alanine. The amine (245) was prepared
according to literature procedure, and reductive amination with hexa-4,5-dienal gave
the desired sulfide (246) in 54% isolated yield (Scheme 116). Cyclisation of the
sulfide (246) was achieved using our standard conditions to generate the pyrrolidine
(247). Only moderate diastereoselectivity (64% d.e.) was observed and this result
suggests that a benzylic residue is required for efficient stereocontrol. We will focus
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on the nature of the stereocontrol element in the next section and at this point we
will summarise the results of this investigation. We have shown that for high
asymmetric induction:

1.

The stereocontrol element should contain a sulfur ligand.

2.

The stereogenic carbon atom should be benzylic.

3.

1,2-Dichloroethane is the solvent of choice.

If these criteria are met then upto 96% d.e. is available in the cyclisation reaction.
We have begun to build up knowledge of the factors that influence the cyclisation
reaction that will enable us to design a catalyst for the enantioselective cyclisation.
In the next section we will add to this knowledge by probing the nature and position
of the stereocentre(s).

NalO,
NH
SPh

Ph

NH

NH

MeOH
H20
Ph

Ph

Ph

(249)

(248)

(239)

Ph

91%
SCHEME 118

AgOTf

N

NH

I
Ph

solvent

O
I

Ph

Ph
(248)

(250)

entry

solvent

mol% AgOTf

% d.e.

% yield

1

CH2C12

97

95

83

2

CH2C12

61

96

82

TABLE 11

AgOTf
N'

NH
solvent
Ph

Ph

Ph
(251)

(249)

entry

solvent

mol% AgOTf

% d.e.

% yield

1

c h 2c i 2

94

95

81

2

c h 2c i 2

67

97

85

3

c ic h 2c h 2ci

98

>99

90

TABLE 12
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2.2.5

Further studies designed to elucidate the requirements for efficient
cyclisation

As part of the programme to elucidate the requirements for efficient diastereofacial
control in the cyclisation, we next directed our attention towards sulfoxides as the
ligating group. This change not only modifies the ligating nature of the sulfur
residue, but also introduces a second stereogenic residue. Interestingly, Kagan has
recently introduced p-aminosulfoxides as a new class of chiral bidentate ligands for
asymmetric catalysis . 130

The sulfoxides (248) and (249) were prepared in 91% yield as a 1:1 mixture of
diastereomers by N aI0 4 oxidation of sulfide (239) in aqueous methanol (Scheme
118). These diastereomers proved to be inseparable by column chromatography
(including preparative HPLC) under all the conditions we examined. Separation of
the corresponding N-Boc derivatives was however successfully achieved and
carbamate cleavage with trifluoroacetic acid (0°C) gave access to
enantiomerically-pure sulfoxides (248) and (249).

The cyclisation of these sulfoxides was achieved using our standard conditions
(AgOTf, CH 2 Cl2 , RT) and the results of these studies are summarised in Tables 11
and 12. As in previous cases the diastereoselectivities were determined by HPLC
analysis of the crude reaction mixture.

A few general observations can be made at this point. Firstly, and surprisingly,
both sulfoxides cyclise with high diastereoselectivity. Secondly, the cyclisation can
be extremely efficient with >99% d.e. being obtainable in the cyclisation of
sulfoxide (249) i.e. complete diastereofacial control. Although the sulfoxide (249) is
not an immediately obvious choice of ligand due to it complexity - the solution
appears more complicated than the original question - the levels of

FIGURE 2.

ORTEP plot for sulfoxide (251)

SCHEME 119
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diastereoselectivity are extremely significant in a general sense. This cyclisation
represents the efficient but remote 7t-facial differentiation of the allene six atoms
away from the nearest stereogenic residue.

We have established the sense of induction unequivocally for sulfoxide (251) by
X-ray crystallographic analysis and the structure is shown in Figure 2 . 131 This
structural determination served to establish both the sense of asymmetric induction
and the stereochemistry of the sulfoxide moiety.

With this information and, by simple chemical correlation, we have been able to
establish the sense of induction for sulfoxide (250) and sulfide (244). Reaction of
sulfoxides (250) and (251) with PBr3 in dichloromethane produced the same sulfide
(244) in essentially quantitative yield (Scheme 119).132 This sulfide was shown to
be the same (HPLC) as that obtained from cyclisation of sulfide (119). These
correlations established that the sense of induction was the same for sulfide (239)
and both sulfoxides.

Of particular interest is the fact that both sulfoxides generate (i) the same
configuration at C-2 in the pyrrolidine and (ii) demonstrate similar efficiency in the
cyclisation reaction. This is contrary to our original expectations since we were
anticipating to see a cooperative/non-cooperative effect between carbon and sulfur
stereogenic atoms present in (250) and (251).133 This prompted a more extensive
examination of the role of the sulfoxide as a ligating group. Davies has reviewed the
coordination of sulfoxides to transition metals which can ligate to the metal via
oxygen or sulfur i.e. this functional group is capable of acting as an ambidentate
ligand . 1 3 4 In the case of DMSO the general consensus was that "hard" metals
coordinated via oxygen and "soft" metals via sulfur. Further investigation involving
higher sulfoxides as ligands has shown that other factors are also important in
determining the coordination mode and on this basis, we decided to examine the

NH

NH

O

NH

I
t

Ph

Ph

Ph

(252)

(249)

Ph

(253)

v^g_Qj 1026 cm ^ (CH 2GI2)

v (S-0 ) 1042 cm 1 (CH 2CI2)
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57%
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OCH
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(255)
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coordinating behaviour of our own p-aminosulfoxides.

Infra-red spectroscopy is probably most useful in this respect, and it has been
established that coordination to a metal via oxygen generally leads to a decrease in
the frequency of the bond assigned as \)(S0) whereas coordination via sulfur leads to
an increase in O(so) frequency . 135

In order to elucidate the mode of coordination of sulfoxide (249) we examined its
solution FTIR spectrum (CH 2 CI2 ) in the absence and presence of silver(I) triflate.
The infra-red spectrum of the free sulfoxide (249) displays “0 (50 ) 1042cm'1 and in the
presence of AgOTf t)(so) 1026cm'1. This decrease in frequency (A o^) -16 cm '1)
indicates that sulfoxide (249) ligates to silver(I) via oxygen. However, care must be
taken in interpreting this result too liberally . Although the predominant
coordination mode is via oxygen we have no evidence to suggest that this is the
reactive complex which results in product formation (Curtin-Hammett principle).
The intensity of the allene C=C=C asymmetric stretch is also decreased upon
complexation which suggests that the allene may also be contained in the
coordination sphere about Ag(I).

The observation that sulfoxide (249) coordinates via oxygen led us to speculate that
a six-membered chelate involving the sulfoxide, amine and Ag(I) might be the
origin of the high diastereocontrol (Scheme 120). This prompted us to investigate
the cyclisation reaction of ester (254) and amide (255) since they are also capable of
acting as bidentate ligands for Ag(I) (Scheme 121). The racemic ester (254) was
prepared by our standard reductive amination procedure with hexa-4,5-dienal (176)
and the aminoester. 1 3 6 Treatment of ester (254) with aqueous methylamine gave
amide (255) in

88

% isolated yield (Scheme 121).

The ester (254) and amide (255) were subjected to our standard cyclisation

Allenic amine

Product

% d.e.

% yield

X = C 0 2CH3

(254)

(256)

10

92

X = CO.NHCH3

(255)

(257)

44

94

TABLE 13

CN
i) Bu'2AIH
►

NH

ii) NaBH(AcO )3

o
s

h 2n

Ph
Ph

(175)
(259)

47%

SCHEME 122

11

i) Boc20 / EtOAc

11

.
_____
H ,C
3H c /

3

° H

ii) TsCI / pyridine
'__________
>
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Ph
(260) 8 % overall
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conditions and the results of this study are shown in Table 13. As in earlier studies
the diastereoselectivity was determined by

*11

nmr analysis of the crude reaction

mixtures and the sense of induction was shown to be the same for ester (254) and
amide (255) and by simple aminolysis of the major ester diastereomer (256) to give
the major amide (257). In the absence of any evidence to the contrary we have
assigned the sense of induction by analogy to the other studies that we have
performed.

The results displayed in Table 13 can be contrasted with those obtained previously
for stereocontrol elements capable of forming five-membered chelate rings with
Ag(I) (Scheme 76). Although the overall efficiency of the cyclisation reactions are
similar a clear trend emerges - ligands capable of forming five-membered chelate
rings (154) provide much higher levels of diastereocontrol than ligands (254) and
(255) that form six-membered chelate rings. This result suggests that high level of
asymmetric induction observed for sulfoxides (249) and (250) is not a direct
consequence of six-membered chelate ring formation between the sulfoxide, amine
and Ag(I).

Continuing our efforts to establish the origin of the diastereocontrol with sulfoxides
(249) and (250) in the cyclisation reaction we prepared the racemic sulfoxides (259)
and (260). The syntheses of these substrates proceeded essentially as planned by
reductive amination - in the case of (259) with the known p-aminosulfoxide 137
(Scheme 122) whilst in the case of (260) the required primary amine was prepared
as shown in Scheme 123. With the required compounds in hand we were able to
investigate the effect of the sulfoxide ligand in the absence of a stereogenic carbon
atom.

The silver(I)-catalysed cyclisations of the racemic sulfoxides (259) and (260) were
performed under the conditions that have been described previously and the results

Allenic amine

Product

% d.e.

% yield

R=H

(259)

(261)

9

91

R = CH3

(260)

(262)

16

89

TABLE 14

AgOTf
NH

►

CH 2Ci2

OH

OH
Ph

Ph
(263)

(264)

8 % d e 95%
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stereocentre

ph

SR
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of this study are shown in Table 14. As before, the diastereomeric excess was
determined by HPLC and !H nmr analysis of the crude reaction mixture. These
cyclisation reactions were ~3 times faster than those of sulfoxides (249) and (250)
under the same reaction conditions (100 mol% AgOTf, CH2 C12, 25°C)

To our surprise the sulfoxide (259) cyclised in an essentially non-selective manner
as did the sulfoxide (260). The sulfoxide (260) was included as a test substrate to
establish whether the phenyl-residue merely provides a driving force towards
chelation in an analogous fashion to the "reactive rotamer effect" described by
Jung . 138 This is clearly not the case and the stereogenic carbon atom must be
playing a more fundamental role in the cyclisation reaction of sulfoxides (249) and
(250).

In a related experiment the cyclisation of alcohol (263) was examined. The alcohol
(263), which was prepared by reductive amination, underwent smooth cyclisation
with AgOTf in dichloromethane and the diastereomeric excess was determined by
nmr analysis of the crude reaction mixture. Again, very little diastereocontrol
was observed ( 8 % d.e.) and this is in marked contrast to primary alcohol (154) (60%
d.e.) (Scheme 76). It must be noted that alcohol (263) is a secondary alcohol
whereas alcohol (154) is primary which may account for a small change ligating
ability but this result, together with those for sulfoxides (259) and (260), is
extremely significant. These reactions indicate that for a high level of asymmetric
induction the stereogenic atom in the control element must be alpha to the
nucleophile and from earlier results (Scheme 117) the stereogenic atom should be
benzylic. It appears that the sulfoxide merely serves to modify the ligating ability of
the X-residue and its inherent stereogenicity exerts no influence of its own.

With the results of all the diastereoselective reactions now available we can
summarise the information obtained in the studies (Scheme 125):
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1.

Sulfur ligands in the stereocontrol element provide optimal selectivity.

2.

Five-membered chelate ring formation is generally preferable to six-membered
chelate ring formation.

3.

A bulky stereocentre in close proximity to the nitrogen nucleophile is required.

4.

1,2-Dichloroethane is the solvent of choice.

It has been our long term objective to design an enantioselective catalyst for the
silver(I)-promoted cyclisation reaction. We now have access to considerable
information that was not available at the outset of this study which will aid in
catalyst design and the remainder of this discussion will focus on the development
of a chiral catalyst.
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2.2.6

Enantioselective cyclisation using chiral templates

Earlier in this discussion the optimisation of the level of diastereocontrol in
Ag(I)-promoted cyclisation reactions has been described. We now know the effect
of ligating atoms, the position and number of stereocentres, the size of chelate ring
and solvent have on the behaviour of Ag(I) in the cyclisation reaction. We believe
that armed with the information derived from these studies we would be in a
position to design an asymmetric catalyst for the Ag(I)-promoted cyclisation
reaction. In the remainder of this discussion, we will describe our studies on the
enantioselective cyclisation reactions which have involved the use of chiral
"templates" and ligands.

We have already shown that for high levels of diastereocontrol the following criteria
need to be met:

1.

Sulfur ligands in the stereocontrol element provide optimal selectivity.

2.

Five-membered chelate ring formation is generally preferable to
six-membered chelate ring formation.

3.

The close proximity of a bulky stereocentre.

4.

1,2-Dichloroethane is the solvent of choice.

Bearing these factors in mind, we next proceeded to investigate the catalytic
enantioselective cyclisation reaction and our approach was based on the use of chiral
templates for the in situ construction of a temporary a-stereocentre. This
stereocentre would only last for the duration of the cyclisation reaction and, after the
cyclisation event, a mechanism will be provided for the expulsion of the cyclised
product and for the regeneration of the chiral "template".

As part of our investigation we have examined the use of stereocontrolled addition

/**0
!

CH3

(267)
SCHEME 126

O
i
(268)

Ph
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of allenic amines to chiral templates containing carbon-carbon, carbon-nitrogen and
carbon-oxygen double bonds.

2.2.6.1

Stereocontrolled addition to C=C

In 1971, Stirling described the diastereoselective addition of a secondary amine to
an a,p-unsaturated sulfoxide (Scheme 126).139 In this reaction the amine attacks
one of the two diastereotopic rc-faces of the a,p-unsaturated sulfoxide (265)
preferentially. This selectivity is believed to arise by the formation of a
hydrogen-bond between the sulfoxide oxygen (H-bond acceptor) and the
nucleophilic amine (H-bond donor). Subsequent reaction via a chair-like transition
state (267) results in the formation of the new stereocentre.

We reasoned that stereocontrolled addition of an amine to C=C could be utilised in a
catalytic cycle (Scheme 127). Addition of secondary amine ( 8 6 ) to the
a,p-unsaturated sulfoxide (268) would generate a p-aminosulfoxide (269) and
Ag(I)-promoted cyclisation of this tertiary amine results in the formation of the
desired heterocycle (270). This intermediate is set up to undergo a p-elimination
which would generate the target pyrrolidine (271) and release the chiral "template" sulfoxide (268) - back into the catalytic cycle. The p-aminosulfoxide (269) should
be able to chelate to Ag(I) and hence provide a mechanism for the transmission of
stereochemical information required for the selective formation of pyrrolidine (271).

Hence, if the catalytic cycle can be made to turn over, an enantiomerically-pure
heterocycle will be produced under the influence of catalytic quantities of
a,p-unsaturated sulfoxide (268) and Ag(I). Obviously, the rate of cyclisation of the
tertiary amine (269) vs that of the secondary amine (8 6 ) will be important since the
extent of reaction that proceeds via the stereocontrolled pathway will influence the
e.e. of the product. However, even if the reaction has to be performed with a

R' \ 0^

o

0

o
(272)

(273)

>96 % d.e.
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stoichiometric amount of "template" this will mark a significant advance in our
progress in this area.

<x,p-Unsaturated carbonyl compounds can also undergo diastereoselective reactions
with amines and in the example shown in Scheme 128, the addition proceeds in
>96% d.e . 1 4 0 On the basis of this precedent we also included a,p-unsaturated
carbonyl compounds as potential templates in this study and as with the sulfoxide
(268) the product can be released by a p-elimination after cyclisation has been
achieved.

For the strategy using temporary stereocentres to provide high enantiomeric
excesses the following points will need to be addressed:

1.

The level of diastereoselectivity in the addition of the amine to the
carbon-carbon double bond.

2.

The level of diastereoselectivity in the cyclisation step.

The diastereoselectivity in the addition step is important since it ultimately
determines the maximum enantiomeric excess attainable in this cyclisation reaction.
We were able to investigate both these points independently of the catalytic cycle.

In the studies on the diastereoselective cyclisation reaction, a phenyl residue in the
stereocontrol element was found to be far more efficient at controlling the outcome
of the cyclisation than was a methyl residue. On the basis of this observation we
prepared the racemic sulfoxide (268)141 which is related to the substrate used by
Stirling together with the sultam (274) first described by Oppolzer 142(Scheme 129).
Sultam (274) may also allow for a H-bonded interaction (275) with an amine in an
analogous fashion to sulfoxide (268) which would control the addition of the amine
to a C=C bond.
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^
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However, all our attempts to add a secondary amine to the racemic a,p-unsaturated
sulfoxide (268) met with failure. Even in the presence of AgOTf, which might be
expected to behave as a mild Lewis acid, dibenzylamine (a model for amine (8 6 ))
failed to give any addition product. We were also unable to add a primary amine to
this substrate and this lack of reactivity suggests that substitution of the methyl
group (as used by Stirling) by a phenyl residue presents too much steric hindrance
for nucleophilic attack to take place. Similarly we were unsuccessful in adding a
secondary amine to the sultam (274) even under forcing conditions (Scheme 130).
Our inability to add amines to the desired unsaturated compounds was disappointing
and presented us with an early set-back. However, before abandoning the possibility
of using the addition of an allenic amine to a C=C bond, the behaviour of the
intermediate tertiary amine (276) under the influence of Ag(I) was investigated.
This amine was available by straightforward benzylation of sulfoxide (248), and
ester (277) was also prepared to investigate its behaviour under the influence of
silver(I) (Scheme 131). Both substrates would generate, upon cyclisation followed
by a p-elimination, the vinyl pyrrolidine (271) whose %e.e. could be determined by
HPLC.

Subjection of the tertiary amines (276) and (277) to the standard cyclisation
conditions, failed to initiate reaction (determined by *H nmr). In section 2.2.4, we
demonstrated that methanol gave a very pronounced rate enhancement in these
cyclisation reactions. However, with these substrates, even after prolonged periods
in the presence of two equivalents of AgOTf, no reaction was observed (by

nmr).

Since we have established that simple tertiary amines (Scheme 90) undergo
Ag(I)-promoted cyclisation reaction, the failure of amines (276) and (277) to
undergo cyclisation must be steric in origin. In contrast to the simple tertiary amines
(177) and (178) the nitrogen atom of (276) and (277) is extremely congested thus
reducing the level of nucleophilicity.
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Confronted with failure at two points in the proposed catalytic cycle, we then
examined the use of a more electrophilic component, a C=N double bond.

2.6.6.2

Stereocontrolled additions to C=N

Once we had demonstrated that bulky amines failed to undergo addition to an
activated C=C we sought to examine the reactivity of a more electrophilic 7t-system.
In this section we will describe the use of templates containing a carbon-nitrogen
double bond. Our initial approach, based on a chiral ferrocene to provide the
asymmetry, is outlined below and again relies upon the generation of a temporary
stereocentre (Scheme 133).

Reaction of an amine with 2-methylferrocene carboxaldehyde results in production
of the imine (280) which has both a known (E)-double bond configuration, and an
inherent face preference for reaction with a nucleophile; the bottom face of the
imine is less accessible to attack due to the bulk of the ferrocenyl moiety. It is
apparent that if the nucleophile is the allenic amine (286) an N,N-acetal (281) of
known absolute configuration will be produced which should then be able to
undergo Ag(I)-promoted cyclisation. Since the product of the cyclisation (282) is
sterically-demanding, the intermediate aminal should collapse to regenerate the
imine (280) and release the heterocyclic product (287). Hence, in the proposed
catalytic cycle the planar chirality of the ferrocene (280) will be imparted, via a
temporary stereogenic atom, to the heterocyclic product (287). The N,N-acetal
(281) contains a second potentially-chelating nitrogen atom which should allow for
the efficient transmission of stereochemical information from the ferrocene to the
2-vinyl pyrrolidine (287).

The diastereoselectivity available in the addition of a nucleophile to the imine was
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demonstrated in a straightforward fashion (Scheme 134). Reduction of the imine
(280), formed under dehydrating conditions (4A sieves, CH 2 CI2 )143, with NaBD4
gave the amine (283) in

86

% d.e. (JH and 2D nmr) albeit in a modest 49% yield.

Having established that imine (280) demonstrated a face preference for reaction with
a nucleophile, we next proceeded to test the cyclisation hypothesis. The required
aldehyde (279) was obtained by resolution of the carboxylic acid (284) and
subsequent functional group interconversion according to literature procedure . 143
The enantiomeric excess of the alcohol (285) was determined as

86

% using a chiral

shift reagent (Eu(hfc)3). Optical rotation seemed to be a poor indication of e.e. in
this series possibly due to the highly-coloured nature of the compounds or the
presence of ferrocenium species.

Initially, to test the cyclisation hypothesis, imine (280) was preformed using
benzylamine in CH2 C12 and the required amount of allenic amine/AgOTf added
(Table 15). These reactions proved difficult both to monitor and work-up due to
presence of benzylamine and the volatility of pyrrolidine (287). However, direct
treatment of the solution at the end of reaction (as determined by XH nmr) with
pyridine followed by (S)-MTPA-Cl1 4 4 not only simplified the work-up, but also
allowed determination of the enantiomeric excess of the 2-vinylpyrrolidine (287).
An authentic sample of racemic pyrrolidine (287) was prepared by reaction of amine
(286) with AgOTf (100 mol%) in CH 2 CI2 . Dilution of the reaction mixture with
pyridine and addition of (S)-MTPA-Cl gave the diastereomeric pyrrolidines (288)
which were separated by flash chromatography and characterised by JH nmr, ir and
hrms.

In all the cyclisation reactions performed in the presence of imine (280), the
pyrrolidine (287) was produced in racemic form. Although a number of factors may
be responsible for this result, it appears that a mechanism exists for scrambling the
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temporary stereocentre in the N,N-acetal (281). Evidence for this scrambling
mechanism was obtained by interconversion of imine (280) and imine (288) and
treatment of either imine with the appropriate amine gave a mixture of the imine s
(Scheme 136). These reactions were monitored by

nmr and although the

N,N-acetal (289) must be involved in this equilibrium, no intermediate was observed
in these reactions.

The problem presented by this scrambling mechanism could be overcome if the
imine formation was intramolecular. In this case, an entropic effect would ensure
that the cyclic imine (290) was produced in preference to an acyclic one (Scheme
137) and the addition of the geminal alkyl groups would also enhance the formation
of cyclic imine (290).

The problem that arises is the preparation of imine (290) in enantiomerically-pure
form. In earlier studies, the ferrocene (279) was accessible via a tedious resolution,
but to overcome this resolution step and to provide a route to (290) we have briefly
investigated an extension of Meyers’ oxazoline chemistry (Scheme 138).145,146

With the required oxazoline (293) in hand we proceeded to investigate the behaviour
of this intermediate in alkylation reactions (Scheme 139). This approach was not
altogether successful and using a variety of alkyllithium bases and methyl iodide as
an electrophile, nitrile (295)147 was often isolated as a byproduct suggesting that the
relatively high temperature (0°C) used was incompatible with the oxazoline. All
reactions proceeded with low diastereoselectivity and the isolation of the
diastereomers (294) was problematical. However,the isolation of one of the
diastereomers in pure form was achieved by repeated chromatography.

Confronted with the difficulty in obtaining ferrocene-derived imines (290) we
decided to use, primarily due to accessibility, the camphor skeleton for the
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construction of an imine. We speculated that cyclic imine (296) might be available
by a series of simple transformations and, due to its topography, this imine has an
inherent face-preference for reaction with a nucleophile (Scheme 140).

The nitrile (298) was prepared by a literature procedure148 via the alcohol (297)
which was in turn prepared from camphor149. Lithium aluminium hydride reduction
of the nitrile gave an aminol which was protected as a carbamate (using Boc2 0 ).
Oxidation (PCC) and deprotection (TFA) proceeded routinely to give the desired
amine (299) in 40% overall yield (Scheme 141).

Closure of the aminoketone (299) to the imine (296) proved more difficult than
expected. Standard dehydrating conditions e.g. the use of Na2 SC>4 / 4A molecular
sieves or azeotropic conditions (PhH/H+; PhCH3 /H+) failed to give any product that
corresponded to imine (296). However, implementation of Lewis acid/dehydrating
conditions which have previously been used for the preparation of enamines was
more successful (Scheme 142).150 Treatment of the aminoketone (299) with TiCl4
in the presence of a base (NEt3) resulted in the generation of imine (296) whose
identity was confirmed by

nmr and ir (t)max 1640 cm"1). Due to the instability of

imine (296) we were unable to characterise this compound further.

We did not detect the formation of an N,N-ketal on exposure of the imine (296) to
an excess of propylamine in CDC13 by !H nmr. This was surprising since, due to the
difficulty in preparing the imine and the expected relief of ring strain, we had
anticipated to observe the N,N-ketal. However, on the basis that imines (280) and
(288) can be equilibrated without the observation of an intermediate, the use of
imine (296) as a chiral template in the Ag(I)-promoted cyclisation reaction was
investigated.

Exposure of the preformed imine (296) (100 mol%) and amine (8 6 ) (100 mol%) in
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dichloromethane to AgOTf (100 mol%) resulted in smooth conversion of amine ( 8 6 )
to pyrrolidine (271). This pyrrolidine however was shown to be racemic by HPLC.

There are a number of explanations to account for the formation of racemic
pyrrolidine (271), the most likely of which appears to be that cyclisation of ( 8 6 ) is
taking place "off the template". This may be due to the lack of addition of the amine
(8 6 ) to the imine to give N,N-ketal (300) or more likely, based on the work
described later (section 2.2.6.3), that the N,N-ketal (300) does not undergo
Ag(I)-promoted cyclisation.

Finally, in this section on the use of C=N we describe the use of a "template" based
on sulfonimine (301). Sulfonimine (301) has been shown to undergo highly
face-selective reactions with reducing and oxidising agents. 1 5 1 ,1 5 2 If imine (301)
could be made to undergo addition of allenic amine (8 6 ) then cyclisation on the
template might be expected to proceed in a highly selective fashion due to the
presence of the ligating S = 0 group (Scheme 144). Imine (301) was prepared
according to a literature procedure 153 (m.p. 229-230°C, [a ] D 2 0 -32.8°; lit.
225-228°C, [a]o 2 0 -32.7°) and used in the cyclisation reaction in the presence of
amine ( 8 6 ) (100 mol%) and AgOTf (100 mol%). Once again, the cyclisation
reaction proceeded smoothly but, as with previous templates, the pyrrolidine (271)
was isolated in racemic form.

In summary, we have described the addition of amines to templates containing C=N
for the generation of temporary stereocentres. It is not clear whether the required
N,N-acetals were formed, but in all cases racemic products were isolated. In the
section that follows, the addition of amines to oxonium ions to give N,0-acetals will
be described.
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2.2.6.3

Stereocontrolled additions to C=Q

In some pioneering studies, Fraser-Reid has developed an approach for the synthesis
of O-glycosides based on the "armed/disarmed" concept. 154 This work relies upon
an iodine-promoted cyclisation of an O-pentenylether to generate, upon expulsion of
a tetra'nydrofuran leaving group, an oxonium ion (305). (Scheme 145).

On the basis of this work, we reasoned that a Ag(I)-promoted cyclisation of an
N,0-acetal (307, R = H) would generate a pyrrolidine which, under the influence of
a Lewis acid (Ag(I)) should allow for the generation of an oxonium ion (305). If
this oxonium ion is then trapped by an allenic amine (286), the N.O-acetal (307) will
be regenerated to enter the catalytic cycle. This cycle may be initiated by the action
of Ag(I) on a glycosyl bromide (306) and could proceed in the presence of catalytic
quantities of AgOTf, providing that this reagent is in excess to the anomeric
bromide used. In a similar manner a secondary amine could take part in this
catalytic pathway. In this case however, the intermediate N,0-acetal (307, R = Bn),
contains an amine which upon cyclisation would generate a far better leaving group
- the ammonium species (308, R = Bn). As mentioned earlier, the rate of cyclisation
of the amine on the template vs that free in solution is important. However, even if
the reaction has to be run with a stoichiometric amount of "template" this will
represent a significant advance towards our goal of developing a catalytic
enantioselective cyclisation.

In order to test our hypothesis regarding the addition of an excess of secondary
amine to the "template" and the loss of a secondary amine leaving group we
prepared the glucosyl bromide (309).155 Subjection of bromide (309) to an excess of
pyrrolidine and AgOTf in CH2 Cl2 resulted in the slow formation of amine (310) (5
days at room temperature). The p-configuration was assigned on the basis of the
vicinal coupling (7 9 Hz) to the anomeric proton in the jH nmr spectrum. With
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N,0-acetal (310) in hand, we proceeded to test the amine exchange reaction under
the influence of an excess of AgOTf (Scheme 147). However, even after prolonged
periods, no trace of exchange of propylamine was detected by

nmr.

The rate of addition of the secondary amine to the template, together with the lack of
exchange of amine (310) with propylamine, led us to abandon the use of
carbohydrates at this stage and focus our attention on camphor-based templates.

Primarily due to its availability we decided to use the camphor skeleton as a scaffold
for the construction of a series of oxonium-ion templates. We required a rapid entry
into systems that would allow for the incorporation of the design features that are
required for highly diastereoselective cyclisation. With this in mind, we
investigated the use of the tricyclic ring system where X is a ligating group e.g. SPh
(Scheme 148). In the carbohydrate studies we chose an anomeric bromide as a
precursor to the oxonium ion. These anomeric bromides are generally unstable and
for this study we chose the pyridylsulfide (Y = SPy), introduced by Williams, as a
functional group that could be activated by Ag(I).

Our synthesis of the desired templates relied on the availability of the known lactone
(311) (m.p. 77-78°C, lit. 77-79°C), which was prepared in three steps from
camphor. 1 5 6 Conversion of alcohol (311) to the triflate (312) and reaction of this
triflate with thiophenol/NaOH in DMF gave rise to the exo-sulfide (314) in 50%
together with a small amount (4%) of the endo isomer (313). These assignments
were confirmed on the basis of coupling constants for (314) ( / 2Hz) and (313) ( / 10
Hz) as was expected due to the topography of (312). Displacement of triflate (312)
in a S^ 2 fashion is disfavoured due to the inaccessible trajectory required for
backside attack and similar effects have been noted before in the displacement of
triflate. 157 Interestingly, if ethanol was used as solvent the ester (317) was isolated
as the sole reaction product (Scheme 150). The assignment of stereochemistry was
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inferrred from the fact that lactone formation would result to give (314) if the
stereochemistry at the sulfide centre was inverted. Bu^AlH Reduction of lactone
(314) proceeded smoothly to give lactol (315) as a single anomer. Conversion of the
lactol to S,0-acetal (316) was performed using the conditions described by Williams
to give the pyridyl sulfide (316) as a

1 0 :1

mixture of anomers in

88

% isolated

yield . 158

With the successful synthesis of our test substrate (316) completed, we investigated
its influence upon the cyclisation reaction of amine ( 8 6 ) (Scheme 151). The
cyclisation reaction proceeded smoothly in the presence of 150 mol% AgOTf.
However, the racemic pyrrolidine (271) was isolated together with the unchanged
pyridylsulfide (316). The fact that pyrrolidine (271) was recovered in racemic form
was not unexpected since the required activation of the pyridylsulfide (316) had not
taken place.

This failure led us to examine other routes to the N,0-acetals to test their behaviour
in the cyclisation reaction. However, even under conditions known to produce
N,0-acetals (see later) we were unable to detect any product formation (Scheme
152).

The lactol (318) contains a potential ligating atom (oxygen) which is much less
sterically-demanding than the thiophenyl residue in (315). We therefore
investigated the behaviour of (318) in the formation of the desired N,0-acetal. The
lactol was obtained as a 3:1 mixture of anomers by Bu^AlH reduction of the lactone
(311)159 and exposure of the lactol to the allenic amine (8 6 ) gave the desired
N,0-acetal (319) as a 1:1 mixture of anomers (Scheme 153). This mixture of
anomers was subjected to our standard cyclisation conditions, but even after
prolonged reaction times no trace of pyrrolidine (271) was detected. The N,0-acetal
(319) also failed to undergo reaction in refluxing methanol in the presence of an
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excess of AgOTf. In fact, amine (319) was recovered in 65% after this reaction
suggesting that some decomposition, possibly via an oxidation pathway, is occurring
under these forcing conditions.

The failure of the benzylic N,0-acetal (319) to undergo Ag(I)-promoted cyclisation
paralleled the behaviour of the tertiary amines (276) and (277) in section 2.2.6.1.
Taken together, these results seem to suggest that steric hindrance is too great and
prevents nucleophilic attack of the amine upon the silver-allene complex. The
reluctance of these tertiary amines to take part in the cyclisation reaction is a
fundamental flaw in the strategy of using chiral "templates". The N-benzyl residue
was chosen as a substituent on nitrogen on the basis that this residue allows for easy
isolation of the nonvolatile pyrrolidines. The choice of this group was also made
since it aided determination of enantiomeric excess by a rapid, reliable HPLC-based
method. The failure to observe cyclisation has precluded the thorough investigation
of the use of a temporary stereocentre in asymmetric catalysis and this point needs
to be pursued in future work.

SCHEME 154
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2.2.7

Chiral functional ligands for Ag(I)

Previous work in these laboratories has demonstrated that the addition of chiral
ligands to the Ag(I)-promoted cyclisation failed to alter the stereochemical outcome
of the reaction. We reasoned, as had been recognised by others, that the ligands in
these electrophile-promoted cyclisation reactions are on the "wrong side" of the
metal to influence the approach of the nucleophile (Scheme 154).

Conscious of this, we sought to modify the stereochemical course of the cyclisation
reaction by the incorporation of a functional group into the ligand that was
intimately involved in the cyclisation step. The involvement of the functional group
should allow for preorganisation of both the ligand and the allenic amine on the
metal prior to cyclisation.

In the cyclisation event, as attack on to the silver-allene complex occurs there will
be significant charge build-up on the nucleophile (Scheme 155). Hence, as the
carbon-nitrogen bond forms, the amine will become progressively more acidic.
Incorporation of an "internal base"/ H-bond acceptor to abstract this proton, may
allow for the preorganisation that would be required to control the outcome of the
cyclisation. This interaction should also increase the rate of reaction through the
stereocontrolled pathway.

This approach is conceptually similar to that used by Ito and Hayashi in the Ag(I)
and Au(I) catalysed aldol reaction (Scheme 156).160 The high enantioselectivity
available in this process is brought about by controlled complexation together with
an electrostatic interaction (see section 2.1.3.2).

With the information available from our study on diastereoselective cyclisation
reactions (section 2.2.4, 2.2.5) we knew that a P-aminosulfide was a good candidate
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for a ligand. Incorporation of a Y-residue that is an H-bond acceptor and/or a base
may allow for the controlled complexation of the p-aminosulfide with the allenic
amine in, for example, a tetrahedral geometry (Scheme 157). This geometry would
allow the Y-residue to become intimately involved with the N-H bond. We
envisaged the use of a pyridine as a base and a perfluoroalkyl residue as a H-bond
acceptor.

The synthesis of the pyridine (322) proceeded as planned to give the amine in 57%
yield (Scheme 158). Since 1,1,1-trifluoroacetaladehyde is not directly available we
attempted a reductive animation with its hemiacetal. Treatment of the aminosulfide
with the hemiacetal under a variety of reductive animation conditions that we had
used previously (N aB H ^tO H ; NaBH(AcO)3 /AcOH/ClCH 2 CH2 Cl) failed to give
any trace of amine (323) by tic or

nmr (Scheme 159). Attempted alkylation of

the amine with 1 , 1 , 1 -trifluoroethyliodide was also unsuccessful and we abandoned
our efforts to prepare the ligand at this stage.

With the pyridine ligand (322) in hand, we proceeded to investigate the
Ag(I)-promoted cyclisation with two different nucleophiles - amine (8 6 ) and
sulfonamide (324) (Table 16). The sulfonamide (324) was included in this study
since the formation of a fully protonated intermediate in the cyclisation reaction is
very unlikely (pKb -3.6) and provides a useful test substrate.

In both cases the allenes were reacted in the presence of the pyridine ligand (322)
(100 mol%) and AgOTf (100 mol%) in dichloromethane. Although the reactions
proceeded smoothly, the pyrrolidines (271) and (325) were isolated in racemic form
as judged by HPLC using a "Chiracel OD" column.

These results were disappointing and we have interpreted them on the basis that
reaction has occurred off the ligand i.e. no preorganisation had taken place. This
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may be due to the fact that one hydrogen bond is unable to produce the
complexation required to control the cyclisation.

On the basis of these results, and with those from previous studies, it appears that
chiral ligands do not offer the prospect of controlling the outcome of the cyclisation
reaction without a significant advance in ligand design.
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EXPERIMENTAL SECTION
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3.0

EXPERIMENTAL

3.1

Instrumentation and Experimental Techniques

Routine infrared spectra were recorded in the range 4000-600 cm "1 using a
Perkin-Elmer 1310 grating spectrophotometer and peaks are reported (\>max) in wave
numbers (cm"1). Additionally infrared spectra were recorded in the fourier
transform mode on Perkin-Elmer or Nicolet instruments.

Routine mass spectra were obtained in the electron impact (El) mode at 70eV, in the
chemical ionisation (Cl) mode and Fast Atom Bombardment (FAB) mode on a
VG7070E instrument at the University of Bath. Mass spectra were also obtained by
"time of flight" mass spectrometry at Glaxo Group Research. High resolution mass
determinations were determined in the El mode at Bath on a VG7070E or at
SmithKline Beecham on a VG-analytical 70-250-SEQ. High resolution Cl and FAB
spectra were obtained from the SERC facility, Swansea. Additionally high
resolution Cl spectra were obtained at Shell Research on a Finnigan-MAT
instrument. Where possible high resolution mass determinations were obtained for
the molecular ion.

Nuclear magnetic resonance (nmr) spectra were recorded at the field strength and in
the solvent described using standard pulse sequences. XH and 13C nmr were obtained
on Bruker AM250, Bruker AMX 250, Jeol GX 270, Jeol GX 400 and Varian Unity
400 machines and are referenced to internal tetramethylsilane or the residual
protons(carbons) of the solvent. Interpretation of 13C nmr spectra was aided using
DEPT or

13

C-1H correlation spectroscopy. 31P nmr were recorded in CDC13 on a

Jeol GX 400 machine and are referenced to external H 3 PO4 . 2D nmr were recorded
in CHCI3 on a Jeol GX 270 machine and are referenced to natural abundance CDCI3 .
Coupling constants are expressed in Hz and the following abbreviations are used: (s)
- singlet; (d) - doublet; (t) - triplet; (q) - quartet; (p) - pentet; (m) - multiplet and (br.)

84

- broad.

Melting points (m.p.) were determined on Gallenkamp apparatus (cat. no. MFB
595010M) and are uncorrected. Elemental microanalyses were measured using a
Carlo Erba 1106 Elemental Analyser and optical rotations were recorded using a
Perkin-Elmer 141 polarimeter.

Thin layer chromatography (tic) was used extensively as a qualitative guide to the
progress of reactions. Visualisation of reaction components was achieved by
illumination under short wavelength (254 nm) ultraviolet light or using an
appropriate dyeing reagent161 (typically KM n04). Column chromatography was
performed with distilled solvents on Merck 60 (Art. 9385) using the method
described by Still. 162 Preparative thin layer chromatography was performed using
Merck 60 F 2 5 4 silica gel, glass supported plates. Unless otherwise stated petrol
refers to that fraction of petroleum spirit boiling in the range 60-80°C.

Tetrahydrofuran (THF), diethylether and toluene were pre-dried over sodium wire,
then refluxed over sodium benzophenone ketyl under dry nitrogen until anhydrous
and redistilled immediately prior to use. All commercially obtained reagents and
solvents were purified and dried, when required, according to accepted
procedures . 1 6 3 Glassware used for water-sensitive reactions was baked in an oven at
150°C for approximately

12

hours and allowed to cool in a desiccator over CaCl2.

Flasks and stirrer bars were, however, additionally dried under a stream of dry
nitrogen using a hot-air gun.

In all experiments the excess solvent was removed with a Biichi rotary evaporator
using a water aspirator at room temperature to avoid unnecessary decomposition.
All yields refer to purified products homogeneous by tic (or HPLC) and ^ nmr.
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3.2

General Procedures

General Procedure (A) for the Preparation of cyclisation substrates via reductive
amination
To a 0.4 mol dm'3solution of the appropriate allenic nitrile in ether at 0°C was added
LiAlH 4 (1.10 equivalent) and the reaction stirred at 0°C for 30 minutes. The
solution was diluted with CH2 C12 and quenched with saturated sodium sulfate. The
solids were filtered through celite and the filtrate concentrated under reduced
pressure at 0°C to give the crude amine.
To a 0.5 mol dm -3 solution of the crude amine (prepared above) in pyridine at 0°C
was added tosyl chloride (1.1 equivalents). The mixture was allowed to stand at
-20°C overnight then diluted with ether and extracted twice with HC1 (2 mol dm"3).
The organic layer was washed with brine, dried (Na2 S 0 4) and concentrated under
reduced pressure. The residue was purified by flash chromatography on silica gel
(ethyl acetate: petrol) to give the sulfonamide as a colourless oil.

General Procedure (B) for the Preparation of cyclisation substrates via reductive
amination
To a 0.4 mol dm"3solution of the appropriate allenic nitrile in ether at 0°C was added
LiAlH 4 (1.10 equivalent) and the reaction stirred at 0°C for 30 minutes. The
solution was diluted with CH2 C12 and quenched with saturated sodium sulfate. The
solids were filtered through celite and the filtrate concentrated under reduced
pressure at 0°C to give the crude amine.
To a solution 0.5 mol dm ' 3 solution of the amine (prepared above) in
1,2-dichloroethane was added the appropriate aldehyde (0.95 equivalent), acetic acid
(1 equivalent) and sodium triacetoxyborohydride (1 equivalent). After 30 minutes
the reaction was diluted with CH 2 C12 and washed with water. The water layer was
separated, reextracted with CH2 C12 and the combined organic extracts were dried
(Na2 S 0 4) and concentrated under reduced pressure. Flash chromatography on silica
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gel gave the desired allenic amine as a colourless oil.

General Procedure (Q for Iodine-promoted cyclisation of Allenic Amines and
Sulfonamides
To a 0.05 mol dm -3 solution of the appropriate allenic amine in THF was added
sodium bicarbonate (300 mol%) and iodine (500 mol%). The reaction stirred at
room temperature under light-free conditions under complete as indicated by tic
(typically 20 minutes). Saturated aqueous sodium thiosulfate was added and the
mixture was extracted with ethyl acetate (x 2 ), the combined extracts dried
(Na2 S 0 4) and concentrated under reduced pressure. The residue was purified by
chromatography on silica gel to give the required alkenyl iodide (46-80%).

General Procedure (D) for Heck reactions of Alkenyl Iodides in the Presence of
Phosphines
The appropriate alkenyl iodide (0.4 mmol), methyl acrylate (0.20 cm3),
palladium(II) acetate (1 mol%), triethylamine (0.20 cm3) and triphenylphosphine (2
mol%) were combined and heated at 110°C until the reaction was complete as
indicated by tic (typically 1.5 hours). The mixture was cooled and diluted with ether
(20 cm3) and washed with water (2 x 20 cm3). The aqueous washings were extracted
with ether ( 2 0 cm3) and the organic extracts were combined, washed with brine

(1 0

cm3) and dried (Na2 S 0 4). Removal of the solvents under reduced pressure and
column chromatography (ethyl acetate: petrol) gave the dienes in 62-64% yield.

General Procedure (E) for Heck reactions of Alkenyl iodides in the Absence of
Phosphines
To a 0.15 mol dm "3 solution of the appropriate vinyliodide in DMF added
tetrabutylammoniumiodide (1 mol%), K 2 C 0 3 (200mol%), methylacrylate (400
mol%) and palladium(II) acetate (2 mol%). The reaction was heated at 80°C under
nitrogen until complete as indicated by tic (typically 2-3 hours). The mixture was
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allowed to cool, diluted with ether and washed with water. The layers were
separated, the aqueous phase extracted with ether and the combined organic extracts
were washed with brine. The organic layer was dried (Na2 S 0 4) and concentrated
under reduced pressure. The residue was purified by flash chromatography on silica
gel to give the dienes in 56-84%.

General Procedure (F) for Palladium(Q)-catalysed Cvclisation-Arylation/Alkenylation
To a 0.10 mol dm ' 3 solution of the allenic amine and the aryl or alkenyl halide (400
mol%) in DMF was added K2C 0 3(400 mol%) and Pd(PPh3 ) 4 (2-5 mol%), The
solution was stirred under an atmosphere of argon at 70-80°C until complete as
indicated by tic (typically 1-3 hours). The reaction was allowed to cool, diluted with
ether and extracted with water. The layers were separated and the aqueous layer
was reextracted with ether. The combined organic extracts were washed with brine,
dried (Na2 S 0 4) and concentrated under reduced pressure. The crude residue was
purified by flash chromatography on silica gel to give the coupled product in
66-84% yield.

General Procedure (G) for the formation of Cyclisation Substrates via Reductive
amination of Hexa-4,5-dienal (176)
To a 0.5 mol dm ' 3 solution of hexa-4,5-dienitrile1 6 4 (175) in ether was added a 25%
solution of Bu^AlH in toluene (1.1 equivalent) at room temperature. The reaction
was allowed to proceed for 30 minutes, cooled to 0°C and cautiously quenched with
HC1 (2 mol dm'3). The resultant biphasic mixture was separated and the aqueous
extracted with ether (x2). The combined organic extracts were dried (Na2 S 04) and
used directly.
To a solution of hexa-4,5-dienal (176) (prepared above) was added the appropriate
amine (1.1 equivalent), acetic acid (1.1 equivalent) and 1,2-dichloroethane. To the
resulting solution was added sodium triacetoxyborohydride ( 1 . 1 equivalent) and the
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reaction stirred at room temperature until complete as indicated by tic (typically 30
minutes). The solution was diluted with CH2 Cl2 and washed with water. The
aqueous layer was separated, extracted with CH 2 Cl2 and the combined extracts were
dried (Na2 S 0 4) and concentrated under reduced pressure. Flash chromatography on
silica gel gave the required allenic amines as colourless oils (19-72%).

General Procedure (H) for Silver(I)-mediated Cyclisation
To a solution of the appropriate allenic amine (0.05 mol dm'3) in dichloromethane
was added AgOTf (see tables in text for mol%), the flask wrapped with aluminium
foil and solution stirred under nitrogen at room temperature until complete as
indicated by tic or HPLC. Water and CH2 C12 were added, the organic layer was
separated, washed with brine and concentrated under reduced pressure. The crude
reaction mixture was analysed by nmr or HPLC and the product was further purified
or the diastereomers separated by flash chromatography.
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3.3

Spectroscopic data

l-flV-Benzvlpvrrolidin-2-vl)-2-methyl- 1-iodopropene (72)
Isolated in 61% yield as a colourless oil by general procedure (C).
[Found : M++ 1, 342.0687. (C 15 H 2 0 N127I + H) requires m/z, 342.0717]; umax (liquid
film)/cm -1 1620; 5H (270 MHz, CDC13) 7.41-7.18 (5H, m), 3.90 (1H, d, J 13 part of
ABq), 3.05-2.95 (1H, m), 2.95 (1H, d, /1 3 , part of ABq), 2.63 (1H, t, J 7.5),
2.25-2.15 (1H, m), 2.02 (3H, s), 1.96 (3H, s) and 1.95-1.58 (4H, m); 8 C (67.80 MHz,
CDC13) 139.50 (C), 138.72 (C), 128.90 (CH), 127.99 (CH), 126.66 (CH), 112.81
(C), 66.26 (CH), 57.34 (CH^, 52.23 (CH2), 32.53 (CH3), 30.81 (CH2), 21.89 (CH^
and 21.54 (CH3); m/z (El) 341 (M+).

iV-Tosvlhepta-4,5-dienvlamine (73)
Isolated in 67% yield as a colourless oil by general procedure (A).
[Found: M+, 266.1215. (C^H ^NSC^ + H) requires m/z, 266.1215]; Pmax(liquid
filmVcm- 1 3250, 1950, 1310; 8 H (270 MHz, CDC13) 7.77 (2H, d, J 7.5), 7.29 (2H, d,
J 7.5), 5.32 (1H, t, J 6.0), 5.05-4.90 (2H, m), 2.95 (2H, q, J 7.0), 2.41 (3H, s),
1.99-1.92 (2H, m), 1.62-1.51 (5H, m); 8 C (67.80 MHz, CDC13) 204.40 (C), 142.94
(C), 136.68 (C), 129.35 (CH), 126.79 (CH), 88.74 (CH), 85.85 (CH), 42.23 (CH^,
28.38 (CH2), 25.33 (CH3), 21.28 (CH3) and 14.11 (CH2); m/z (El) 110, (Cl) 266
(M++l).

1-(N-Tosylpyrrolidin-2-vlHZ)-1 -iodopropene (74)
Isolated as a colourless solid in 70% yield by general procedure (C).
m.p. 98.5-100°C (ether) (Found: C, 42.90; H, 4.65; N, 3.51. C14H

18

IN 02S requires

C, 43.0; H, 4.64; N, 3.58); umax(nujol mullVcm 1 1590,1440,1335; 8 H (270 MHz,
CDC13) 7.71 (2H, d, J 8.0), 7.31 (2H, d, J 8.0), 6.01 (1H, qd, J 6.5,1), 4.24 (1H, dd,
/ 7 . 5 , 4.0), 3.52-3.34 (2H, m), 2.43 (3H, s), 1.96-1.59 (4H, m) and 1.76 (3H, dd, /
6.5,1.0); 8 C (67.80 MHz, CDC13) 143.26 (C), 131.23 (CH), 129.45 (CH), 127.40
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(CH), 127.30(C), 112.84 (C), 68.24 (CH), 49.46 (CH2 ), 33.21 (CH3), 33.02 (CH^
and 21.44 (CH3), one (C) not observed; m/z (El) 391 (M+).

7/-Tosyl-6-methyl-hepta-4,5-dienvlamine (75)
Isolated in 75% yield as a colourless oil by general procedure (A).
[Found: M+ - 55, 225.0830. (C 15 H 2 iN S0 2 - C4 H6) requires m/z, 225.0824]; \)max
(CH2 Q 2 )/cm ' 1 1960,1590; 8 H (270 MHz, CDC13) 7.74 (2H, d, J 8 ), 7.31 (2H, d, J
8

), 4.85 (1H, m), 4.47 (1H, t, J 5.5), 2.97 (2H, q, J 7), 2.43 (3H, s), 1.92 (2H, q, J 7),

1.62 (6 H, d, J 3) and 1.55 (2H, p, J 7); 8 C (67.80 MHz, CDC13) 201.71 (C), 143.33
(C), 136.97 (C), 129.64 (CH), 127.08 (CH), 95.78 (C), 87.41 (CH), 42.62 (CH2),
28.67 (CH2), 26.04 (CH2), 21.50 (CH3) and 20.59 (CH3); m/z (El) 225, (Cl) 280
(M+ + 1).

l-(/V-Tosylpyrrolidinv-2-vl)-2-methyl- 1-iodopropene (77)
Isolated in 80% as a colourless oil by general procedure (C).
[Found : M+-127, 278.1228. (C 15 H 2 0 INO2 S-I) requires m/z, 278.1215]; \)max
(CH 2 Cl2 )/cm _1 1620; 5H (270 MHz, CDC13) 7.71 (2H, d, / 8.4), 7.85 (2H, d, / 8.4),
4.39 (1H, t, J 7.0), 3.62 (1H, ddd, J 10.2,7.5, 3.5), 3.41 (1H, ddd, J 10.2, 9.5. 5.5),
2.42 (3H, s), 2.05-1.54 (4H, m), 2.00 (3H, s) and 1.91 (3H, s); 5C (67.80 MHz,
CDC13) 143.13 (C), 138.40 (C), 129.32 (CH), 127.47 (CH), 109.63 (C), 62.31 (CH),
49.40 (CH2), 33.76 (CH2), 32.08 (CH3), 24.16 (CH2), 21.47 (CH3) and 20.69 (CH3),
one (C) not observed; m/z (El) 405 (M+), 278.

l-[c/^-^/-Tosyl-5-(ethoxvcarbonvl)pvrrolidin-2-vl1-l-propenvliodide (79)
Isolated in 50% yield as a colourless oil by general procedure (C).
[Found: M+-73, 375.9867. (C 16 H 2 0 INO4S - C3 H5 0 2) requires m/z, 375.9868];
'W (C H C l 2 )/cm - 1 1750, 1590; 8 H (270 MHz, CDC13) 7.76 (2H, d, J 8.1), 7.73 (2H,
d, / 8.1), 6.90 (1H, t, J 1.7), 5.86 (1H, s), 4.40 (1H, d, J 6.7), 4.35-4.22 (3H, m), 2.44
(3H, s), 2.09-1.95 (3H, m), 1.92-1.75 (1H, m) and 1.30 (3H, t, /7 .1 ); 8C(67.80 MHz,
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CDC13) 171.61 (C), 144.08 (C), 134.67 (C), 129.68 (C), 128.21 (CH), 127.92 (CH),
109.86 (CH2), 69.67 (CH), 62.99 (CH), 61.53 (CH2), 31.59 (CH2), 28.22 (CH2),
21.57 (CH3) and 14.08 (CH3); m/z (El) 376, (Cl) 450 (M+ + 1).

Methyl r4-0V-Tosylpyrrolidin-2-yl)1-(2E,4E)-hexa-2,4-dienoate (80)
Isolated in 84% yield by general procedure (E).
m.p. 123-124°C (EtOAc/petiol).(Found: C, 61.5; H, 6.65; N, 3.99. C 18 H 2 3 N 0 4S
requires C, 61.90; H, 6.63; N, 4.01); pmax(nujol muliycm ' 1 1705,1600,1445; 8 H
(270 MHz, CDC13) 7.71(2H, d, J 7.5), 7.68(1H, d, J 16.0), 7.33(2H, d, / 7.5),
6.22(1H, q, / 7.5), 5.80(1H, q, J 16.0), 4.43(1H, br. s), 3.78(3H, s), 3.58-3.51(lH,
m), 3.27-3.17(1H, m), 2.44(3H, s), 1.90(3H, s) and 1.75-1.60(4H, m); 5C (67.80
MHz, CDC13) 167.43 (C), 143.39 (C), 138.72 (CH), 135.32 (C), 134.44 (C), 133.66
(CH), 129.58 (CH), 127.34 (CH), 116.93 (CH), 60.52 (CH), 51.57 (CH3), 48.88
(CH2), 32.33 (CH2), 23.48 (CH2), 21.40 (CH3) and 13.75 (CH3); m/z (El) 349 (M+).

1-phenvl-3-0V-Tosvlpyrrodin-2-vl)-( lE,3E)-penta-1,3-dienoate (81)
Isolated as a yellow oil in 62% yield by general procedure (D).
[Found: M+-155, 212.1392. (C2 0 H2 5 NO2S -Ts) requires m/z, 212.1439];
'W x(CHCl3 )/cnr 1 1610,1425, 1330; 8 H (270 MHz, CDC13) 7.75 (2H, d ,/7 .5 ),
7.43-7.23 (7H, m), 7.02 (1H, d, / 16.5), 6.44 (1H, d, J 16.5), 5.84 (1H, q, / 7 ) , 4.64
(1H, br. s), 3.58-3.46 (1H, m), 3.36-3.21 (1H, m), 2.44 (3H, s), 1.85 (3H, d, J l ) and
1.77-1.57(4H, m); m/z (El) 105, (Cl) 368 (M+ + 1). Four (C) were not observed in
the 13C nmr and for this reason the data is not included.

Methvl-4-(N-tosvl-5-ethoxvcarbonvl-pyrrolidin-2-vl)-(2E)-penta-2,4-dienoate (82)
Isolated in 78% yield as a colourless oil by general procedure (E).
(Found : M+, 407.1055. C ^ ^ N O g S requires M, 407.1340); \)max (O ^ C l^ /c m ' 1
1745, 1715,1615, 1595; 5H (270 MHz, CDC13) 7.73 (2H, d, J 8.5), 7.34 (2H, d, J
8.5), 7.32 (1H, d, / 16.5), 6.23 (1H, s), 5.83 (1H, d, J 16.5), 5.54 (1H, s), 4.60-4.55
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(1H, m), 4.33-4.22 (3H, m), 3.77 (3H, s), 2 .44 (3H, s), 2.17-1.70 (4H,m) and 1.32
(3H, t, / 1.4); 8 C (67.80 MHz, CDC13), 171.84 (C), 167.06 (C), 144.42 (CH), 144.03
(C), 143.15 (C), 134.52 (C), 129.66 (CH), 127.87 (CH), 125.68 (CH^, 117.64 (CH),
62.18 (CH), 61.51 (CH2), 60.99 (CH), 51.72 (CH3), 31.80 (CH2), 29.03 (CH2), 21.54
(CH3) and 14.09 (CH3), m/z (El) 407 (M+).

Methvir4-(jV-tosylpyrrolidin-2-vl)-5-methyll-(2E)-hexa-2,4-dienoate (84)
Isolated as a colourless oil in 56% yield by general procedure (E).
(Found : M+, 363.1490. C 19 H 2 5 N0 4S requires A/, 363.1504), \)max (CH2 Cl2 )/cm _1
1715,1615,1600; 5H (270 MHz, CDC13) 7.65 (2H, d, J 8 ), 7.40 (1H, d, J 16), 7.28
(2H, d, J 8 ), 5.84 (1H, d, J 16), 4.61 (1H, t, J 8 ), 3.74 (3H, s), 3.76-3.62 (1H, m),
3.51-3.39 (1H, m), 2.42 (3H, s), 2.01-1.75 (3H, m), 1.94 (3H, s), 1.89 (3H, s) and
1.62-1.48 (1H, m); 5C (67.80 MHz, CDC13) 167.77, 143.31, 141.19, 140.83,135.27,
130.01, 129.33,127.55,118.78, 59.63, 51.39, 49.53, 32.09, 24.76,22.82, 21.80 and
21.47; m/z (El) 363 (M+).

N-Benzylhepta-4,5-dienylamine (87)
Isolated in 42% as a colourless oil by reductive amination procedure (B).
(Found: M+, 201.1524. C 14 H 19N requires AT, 201.1518); v mSK(CHC\3)/cm-1 3300,
1950; 5h (270 MHz, CDC13) 7.30-7.24 (5H,m), 5.10-5.10 (2H, m), 3.79 (2H, s), 2.67
(2H, t, J 7.5), 2.03 (2H, tt, J 7.5, 5.4), 1.63 (3H, dd, J 6.3, 5.4), 1.69-1.56 (2H, m)
and 1.52 (1H, br. s); 8 C (67.80 MHz, CDC13) 204.60 (C), 140.38 (C), 128.60 (CH),
127.99 (CH), 126.75 (CH), 89.71 (CH), 85.66 (CH), 53.94 (CH2), 48.67 (CH2),
29.95 (CH2), 26.46 (CH2) and 14.43 (CH3); m/z (El) 201 (M+).

N-Benzyl-6-methyl-hepta-4,5-dienvlamine (8 8 )
Isolated in 75% yield as a colourless oil by general procedure (B).
[Found: M+ - 15, 200.1457. (C 15 H21N - CH3) requires m/z, 200.1439];p max(liquid
filmVcm- 1 1960, 1580; 5H (270 MHz, CDC13) 7.33-7.22 (5H, m), 4.96-4.91 (1H, m),
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3.78(2H, s), 2.66 (2H, t, J 7.0), 1.99 (2H, q, J 7.3), 1.64 (6 H, d, J 2.6), 1.61 (2H, p, J
7.3) and 1.31 (1H, br. s); 5C(67.80 MHz, CDC13) 201.62 (C), 140.51 (C), 128.28
(CH), 128.02 (CH), 126.76 (CH), 95.10 (C), 88.29 (CH), 54.07 (CH2), 48.74 (CH2),
29.39 (CH2), 26.89 (CH2) and 20.66 (CH3); m/z (El) 200, (Cl) 216 (M+ + 1).

A-(fm-Butyloxvcarbonvl)-6-methvl-hepta-4.5-dienylamine (90)
Isolated in 65% yield as a viscous oil.

')max(CHCl2)/cm'1 1950,1710,1600; 8H(270 MHz, CDC13) 4.94 (1H, m), 4.64 (1H,
br. s), 3.21-3.07 (2H, m), 1.98 (2H, q, J 7.5), 1.66 (6H, d, J 2.5), 1.57 (2H, p, J 7.5)
and 1.44 (9H, s); 8C(67.80 MHz, CDC13) 210.68,155.92,95.33,87.90,78.91,39.99,

29.22,28.35, 26.40 and 20.60; m/z (El) 169, (Cl), 170 (M+ - C4H8). Satisfactory
analysis was not obtained for this compound.

l-(A-Benzvlpvrrolidin-2-vl)-l-phenvlpropene (92)
Isolated in 67% yield as a colourless oil by general procedure (B).
[Found: M+ + 1, 278.1910. (^ q H ^ N + H) requires m/z, 278.1909];
PmaxCCHCy/cm- 1 1590; 5H (270 MHz, CDC13) 7.62 (2 H ,d d ,/7 , 1.5), 7.40-7.19
(8 H, m), 5.88 (1H, q, J 7), 4.15 (1H, d, J 13, part of ABq), 3.54 (1H, t, J 8 ), 2.95
(1H, d, / 13, part of ABq), 2.96-2.94 (1H, m), 2.02-1.85 (3H, m), 1.93 (3H, d, J l )
and 1.79-1.62 (2H, m); 8C(67.80 MHz, CDC13) 142.97,140.77,140.35,136.58,
128.67, 128.18,128.05, 127.53, 126.53, 126.27, 64.22, 58.29, 53.36, 29.19, 22.54
and 13.85; m/z (El) 184, (Cl) 278 (M+ + 1).

1-(jV-Tosvlpyrrolidin-2-vl)-1 -phenylpropene (94)
Isolated in 82% yield as a colourless oil by general procedure (F).
(Found: M+, 341.1444. C2 oH2 3 N0 2S requires M, 341.1449); umax ( O ^ C y / c m 1
1640,1590; SH (270 MHz, CDC13) 7.76 (2H, d, J 8 ), 7.40-7.23 (5H, m), 7.21-7.16
(2H, m), 5.80 (1H, qd, J 7,0.5), 4.43-4.38 (1H, m), 3.46-3.38 (1H, m), 3.31-3.18
(1H, m), 2.42 (3H, s), 1.50 (3H, dd, J 7 ,1) and 1.79-1.42 (4H, m); 8 c (67.80 MHz,
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CDC13) 146.35 (C), 143.17 (C), 141.45 (C), 138.76 (CH), 138.00 (C), 135.25 (C),
129.55 (CH), 129.38 (CH), 128.15 (CH), 127.47 (CH), 123.16 (CH), 65.55 (CH),
49.04 (CH2), 23.48 (CH2), 21.47 (CH3) and 14.27 (CH3); m/z (El) 341 (M+).
Selected signals for minor isomer : 8 H (270 MHz, CDC13) 5.56 (1H, q, J 6.9), 4.77
(1H, dd, J 8.1, 6 .6 ), 2.43 (3H, s), 1.90 (3H, d, J 7.3).

l-OV-Tosylpvrrolidin-2-yl)-l-phenvl-2-methylpropene (95)
Isolated in 78% as a colourless oil by general procedure (F).
[Found : M+, 355.1657. C2 1 H 2 5 N 0 2S requires M, 355.1606]; Pmax (CH2 Cl2 )/cm _1
1640,1590,1570; 5H (270 MHz, CDC13) 7.75 (2H, d, J 8 ), 7.32 (2H, d, J 8 ),
7.31-7.12 (5H, m), 4.83 (1H, dd, J 9, 5.5), 3.19 (1H, dt, J 10.5, 6 .6 ), 2.87 (1H, dt, J
10.5, 6.5), 2.44 (3H, s), 1.97 (3H, s), 1.85-1.62 (2H, m),1.46 (3H, s) and 1.39-1.02
(2H, m); 8 C (67.80 MHz) 143.07, 140.05, 135.38, 135.22, 130.94, 130.10, 129.58,
127.70, 127.44, 126.20, 59.94, 49.50, 31.53, 24.36, 22.83, 21.50 and 19.65; m/z (El)
355 (M+).

l-(n.s/rraft,s-N-Tosyl-5-ethoxvcarbonvl-pvrrolidin-2-vl)-l-phenvlethene (96)
Isolated in 84% yield as a 1: 1.25 mixture of diastereomers by general procedure (F).
Pmax (CH ^Cy/cm ' 1 1760,1590; 5H (270 MHz, CDC13) major isomer: 7.73 (2H, d, J
8

), 7.30 (2H, d, /

8

), 7.29-7.25 (5H, m), 5.08 (1H, d, J 9.5), 5.08 (1H, s), 4.72 (1H,

s), 4.48 (1H, d, J 8 ), 4.30-4.20 (2H, m), 2.40 (3H, s), 2.25-1.59 (4H, m) and 1.28
(3H, t, / 6.5); minor isomer: 7.81 (2H, d, J 8 ), 7.24 (2H, d, J 8 ), 7.30 (5H, m), 5.88
(1H, s), 5.33 (1H, s), 4.83 (1H, dd, J 8 , 0.5), 4.18 (1H, dd, J 9, 7.5), 4.20-4.15 (2H,
m), 2.41 (3H, s), 2.25-1.59 (4H, m) an d ; m/z (El) 326, (Cl) 400 (M+ + 1). The
mixture was not further characterised.

1-(N-rm-Butyloxycarbon vlpyrrolidin-2-vl)-2-methvl-1-phenylprop-1-ene (97)
Isolated in 75% yield as a colourless oil by general procedure (F). The *H nmr
spectrum was complicated due to carbamate resonance.

8

H (270 MHz, CDC13)
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(selected signals) 4.98-4.72 (1H, br. m), 4.53-4.90 (1H, br. m), 3.19-2.98 (2H, br.
m), 2.91 and 2.85 (3H, s), 2.28-2.17 (2H, br. m) and 1.41 (9H, br. s).
The identity of this compound was confirmed by treatment by carbamate cleavage
(TFA) and treatment of the resulting pyrrolidine with TsCl to give sulfonamide (95)
in 48% yield.

1-(4-Methvlphenvl)-2-methvl-l-flV-tosvlpyrrolidin-2-yl)-propene (98)
Isolated in 78% yield by general procedure (F).
(Found: M+, 369.1741. C2 2 H 2 7 N 0 2S requires M, 369.1762); Pmax(CHCl2 )/cm- 1
1590; SH (270 MHz, CDC13) 7.74 (2H, d, J 8 ), 7.32 (2H, d, J 8 ), 7.30-6.99 (4H, m),
4.82 (1H, m), 3.22-3.16 (1H, m), 2.93-2.85 (1H, m), 2.44 (3H, s), 2.34 (3H, s), 1.95
(3H, s), 1.81-1.62 (2H, m), 1.46 (3H, s) and 1.29-1.02 (2H, m); 5C(67.80 MHz,
CDC13) 143.02, 140.09,136.95, 135.64,130.94,130.76,129.99, 129.56, 128.43,
127.47, 60.02, 49.84, 31.53, 24.42,22.85, 21.53, 21.18 and 19.68; m/z (El) 369
(M+).

1- flV-Tosylpyrrolidin-2-yl)-1- (3-methox yphen vl)-2-meth ylpropene (99)
Isolated in 72% yield as a colourless oil by general procedure (F).
(Found : M+ 385.1699. C2 2 H 2 7 N 0 3S requires M, 385.1711); \)max ( C H ^ y /c m ' 1
1645, 1595,1570; 5H (270 MHz, CDC13) 7.75 (2H, d, J 8.1), 7.32 (2H, d, J 8.1), 7.20
(1H, t, / 8.4), 6.88-6.71 (3H, m), 4.82 (1H, dd, J 8.4, 5.5), 3.79 (3H, s), 3.23-3.14
(1H, m), 2.93-2.84 (1H, m), 2.43 (3H, s), 1.96 (3H, s), 1.92-1.63 (2H, m), 1.48 (3H,
s) and 1.19-1.02 (2H, m); 8 C (67.80 MHz, CDC13) 159.03 (C), 143.07 (C), 141.47
(C), 135.50 (C), 135.11 (C), 130.06 (C), 129.58 (CH), 128.51 (CH), 127.37 (CH),
123.35 (CH), 116.08 (CH), 112.26 (C), 59.96 (CH), 55.16 (CH3), 49.43 (CH^, 31.57
(CH2), 24.41 (CH2), 22.85 (CH3), 21.47 (CH3) and 19.59 (CH3); m/z (El) 385 (M+).

2-Methyl-l-(2-naphthyl)-l-(A^-tosylpyrrolidin-2-vl)prop-l-ene (100)
Isolated in 80% as a colourless oil by general procedure (F). The compound exists
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as a rotameric mixture (population 60: 40) at room temperature.
[Found: M+ + 1, 406.1840. (C2 5 H 2 7 NO 2 S + H) requires m/z, 406.1840]; \)max
( O ^ C y / c n r 1 1640, 1595; 5H (270 MHz, CDC13) 8.36 (0.4H, d, J 8 ), 7.91-7.69 (4H,
m), 7.67-7.18 (6 .6 H, m), 5.10 (0.4H, dd, / 9,4), 5.04 (0.6H, /

8

, 3), 3.42-3.30 (0.4H,

m), 3.25 (0.6H, dt, J 9,4), 2.99-2.69 (1H, m), 2.45 (3H, s), 2.42 (1.2H, s), 2.25
(1.8H, s), 1.41 (1.2H, s), 1.39 (1.8H, s) and 1.95-0.85 (4H, m); m/z (Cl) 406 (M+ +
1).

2-Methyl-1-(iV-tosvlpyrrolidin-2-vl)- l-(2-thienvl)propene (101)
Isolated in 71% as a colourless solid by general procedure (F).
(Found: M+, 361.1115.

requires A/, 361.117); p ^ C H C y / c n r 1

1635, 1590; 5H (270 MHz, CDC13) 7.45 (2H, d, J 8 ), 7.32 (2H, d, J 8 ), 7.25 (1H, d, J
5), 6.97 (1H, t, J 5), 6.75 (1H, d, / 3.5), 4.82 (1H, dd, /

8

, 6 ), 3.29 (1H, dt, J 10, 3.5),

3.05 (1H, dt, J 10.5, 7), 2.44 (3H, s), 1.98 (3H, s), 1.95-1.80 (1H, m), 1.79-1.63 (2H,
m), 1.62 (3H, s) and 1.39-1.17 (1H, m); 5C (67.80 MHz, CDC13) 143.14 (C), 139.71
(C), 135.72 (C), 135.22 (C), 129.56 (CH), 128.44 (CH), 128.02 (CH), 127.52 (CH),
126.16 (CH), 125.41 (CH), 59.73 (CH), 49.63 (CH^, 31.79 (CH2), 23.35 (CH 2 ),
21.56 (CH3), 20.21 (CH3) and 20.16 (CH3); m/z (El) 361 (M+).

4-Methyl-l-phenvl-3-(A/-tosvlpyrrolidin-2-vlHlE)-penta-l,3-diene (102)
Isolated in 84% yield as a light yellow oil by general procedure (F).
Umax (CH 2 Cl2 )/cm ‘ 1 1590; 8 H (270 MHz, CDC13) 7.69 (2H, d, /

8

), 7.41-7.22 (7H,

m), 6.59 (1H, d, J 17), 6.33 (1H, d, J 17), 4.72 (1H, t, 77.5), 3.66-3.64 (1H, m),
3.37-3.34 (1H, m), 2.39 (3H, s), 2.03-1.76 (2H, m), 1.89 (3H, s), 1.84 (3H, s) and
1.75-1.52 (2H, m); (67.80 MHz, CDC13) 143.00, 137.88, 135.84, 132.14, 131.85,
131.78,129.29, 128.44,127.44,127.05,126.01,125.91, 60.10,49.56, 32.30,24.88,
22.80, 21.44 and 20.79; m/z (Cl) 382 (M+ +1).
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4-Methyl-2-phenvl-3-(N-tosvlpyrrolidin-2-yl)penta-2,4-diene (103)
Isolated in

66

% yield as a light yellow oil by general procedure (F).

(Found: M+, 381.1753. C2 3 H 2 7 N0 2S requires M, 381.1762); ^ ( C H C y / c n r 1
1590,1570; 5H (270 MHz, CDC13) 7.64 (2H, d, J 8 ), 7.44 (2H, d, J 7.5), 7.38-7.19
(5H, m), 5.73 (1H, s), 5.15 (1H, s), 4.74 (1H, dd, /

8

, 5.5), 3.21-3.10 (1H, m),

3.04-2.92 (1H, m), 2.41 (3H, s), 2.00 (3H, s), 1.73 (3H, s), 1.72-1.41 (3H, m) and
1.25-1.10 (1H, m); 5C(67.80 MHz, CDC13) 146.33 (C), 142.94 (C), 140.52 (C),
135.51 (C), 134.18 (C), 131.17 (C), 129.48 (CH), 120.15 (CH), 127.75 (CH), 127.39
(CH), 126.63 (CH), 117.48 (CH2), 60.11 (CH), 49.43 (CH2), 31.57 (CHj), 24.60
(CH2), 23.21 (CH3), 21.44 (CH) 3 and 19.74 (CH3); m/z (El) 381 (M+).

iV-(2-Bromobenzvl)-6-methvlhepta-4,5-dienvlamine (111)
Isolated in 41% yield by reductive amination procedure (B).
[Found: M+ - 79,214.1614. (C 15 H2079BrN - 7 9 Br) requires m/z, 214.1596]; omax
(CH 2 Cl2 )/cm-' 3330,1960; 8 H (270 MHz, CDC13) 7.53 (1H, dd, J 8 ,1), 7.37 (1H,
dd, J 6 ,1.5), 7.27 (1H, td, J 8 ,1), 7.11 (1H, td, J 8 ,1.5), 4.95-4.94 (1H, m), 3.86
(2H, s), 2.65 (2H, t, 77.5), 1.99 (2H, q, J 7.5), 1.96-1.92 (1H, br. s), 1.65 (6 H, d, J 3)
and 1.62 (2H, p, 77.5); 8 C (67.80 MHz, CDC13) 201.65 (C), 139.28 (C), 132.69
(CH), 130.23 (CH), 128.48 (CH), 127.34 (CH), 123.90 (C), 95.16 (C), 88.22 (CH),
53.78 (CH2), 48.55 (CH2), 29.35 (CH2), 28.62 (CH2) and 20.66 (CH3); m/z (El) 214,
(CI) 295,293 (M+ + 1).

(R)-Methyl-2-(N-hexa-5,6-dienylamino)-2-phenvlacetate (162)
Isolated as a colourless oil in 19% yield by reductive amination as outlined in
procedure (G).
[Found: M+- 59, 200.1432. (C 16 H 2 1 N 0 2 - C^HjCy requires m/z, 200.1438];
nmax(CHCl3 )/c m 1 3350,3300,1950,1730; 8 H (270 MHz, CDC13) 7.31-7.28 (5H,
m), 5.07 (1H, p, J 6 .8 ), 4.66 (2H, dt, J 6 .8 ,3.3), 4.37 (1H, s), 3.69 (3H, s), 2.54 (2H,
qt, J 10.8,6.7), 1.98 (2H, qt, J 7.5,3.5), 1.96 (1H, br. s) and 1.62-1.39 (4H, m); 8 c
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(67.80 MHz, CDCI3 ) 208.39 (C), 173.43 (C), 138.10 (C), 128.54 (CH), 127.92 (CH),
127.24 (CH), 89.61 (CH), 74.57 (CH2), 65.42 (CH), 52.02 (CH3), 47.45 (CH2),
29.28 (CH2), 27.89 (CH2) and 26.53 (CH2); m/z (El) 200, (Cl) 260 (M+ + 1).

(R)-N-Mcthyl-2-(Ap-hepta-5,6-dienylamino)-2-phenylacetamide (163)
To a solution of ester (162) (41 mg, 0.16 mmol) in methanol (1 cm3) was added 30%
aqueous methylamine (2 cm3). After 3.5 hours the solution was diluted with water
(5 cm3) and extracted with ether (2x 10 cm3). The combined organic extracts were
washed with brine (10 cm3), dried (Na2 S04) and evaporated to give amide (163)
(92%, 38 mg) as a colourless oil. [Found: M+ - 58, 200.1420. (C 16 H2 2 N20 C2 H 4 NO) requires m/z, 200.1438]; o ^ C H C y / c n r 1 3400, 1950, 1660; 5H (270
MHz, CDCI3 ) 7.37-7.28 (5H, m), 7.18 (1H, br. s), 5.08 (1H, p, J 7), 4.66 (2H, dt, J 7,
3.5), 4.14 (1H, s), 2.82 (3H, d, J 5), 2.68-2.53 (2H, m), 2.02 (2H, qt, J 7, 3.5), 1.76
(1H, t , / 2.5) and 1.59-1.41 (4H, m); Sc(67.80 MHz, CDC13) 208.43 (C), 172.71 (C),
139.40 (C), 128.70 (CH), 127.95 (CH), 127.14 (CH), 89.55 (CH), 74.28 (CH2),
69.79 (CH), 48.49 (CH2), 29.58 (CH^, 27.86 (CH2), 26.50 (CH^ and 25.88 (CH3);
m/z (El) 200, (CD 259 (M+ + 1 ).

(RV/V-Hepta-S^-dienyl-N’-methyl-l-phenvldimethylenediamine (164)
To a solution of ester (162) (153 mg, 0.59 mmol) in methanol

(6

cm3) was added

30% aqueous methylamine (7 cm3). After 3.5 hours the reaction was worked up as
described above and the crude amide was dissolve in ether (10 cm3). To this
solution was added 25% Bu*2 A1H in toluene (1.15 cm3, 1.73 mmol) and the reaction
was heated to reflux for 3 hours. The solution was cooled and then quenched with
saturated sodium sulfate. After dilution with CH2 C12 (20 cm3), the suspension was
filtered through celite, the filtrate dried (Na2 S0 4 ) and concentrated under reduced
pressure. Flash chromatography on silica gel gave the diamine as a colourless oil
(41%, 59 mg). [Found: M+ - 44, 200.1456. (Q g H ^ I^ - ^ H g N ) requires m/z,
200.1438]; ^ ( C H C y / c n r 1 3300,1950; 6 h (270 MHz, CDC13) 7.34-7.25 (5H, m),
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5.05 (1H, p, J 7), 4.64 (2H, dt, J 7, 3.5), 3.76 (1H, t, J 7), 2.77(2H, d, J 7), 2.45 (3H,
s), 2.49-2.40 (2H, m), 2.34 (2H, br. s), 1.96 (2H, qt, J 7, 3.5) and 1.62-1.36 (4H, m);
5C(67.80 MHz, CDC13) 208.36 (C), 142.29 (C), 128.38 (CH), 127.14 (CH), 127.01
(CH), 89.68 (CH), 74.47 (CH2), 62.21 (CH), 58.25 (CH2), 47.25 (CH^, 35.97
(CH3), 29.48 (CH2), 27.96 (CH2) and 26.66 (CH2); m/z (El) 200, (Cl) 245 (M+ + 1).

(R)-Ar-(2-Ethvlpyrrolidin-l-vl)-2-(7/-hepta-4,5-dienvlamino)-2-phenvlacetamide
(165)
To a solution of ester (162) (58 mg, 0.22 mmol) in methanol (2 cm3) and water (2
cm3) was added N-(2-aminoethyl)pyrrolidine (650 mg, 5.70 mmol). The solution
was stirred at room temperature overnight and then at 50°C for four hours. The
solution was concentrated under reduced pressure and the residue was purified by
flash chromatography on silica gel (10% MeOH: 90% CH 2 C12) to give the title
compound as a colourless oil (35 mg, 46%). (Found: M+, 341.2447. C2 1 H3 1 N30
requires M, 341.2467); pmax(CHCl3 )/cm ’ 1 3340, 1950, 1660; 5H (270 MHz, CDC13)
7.54 (1H, br. s), 7.40-7.26 (5H, m), 5.08 (1H, p, J l \ 4.66 (2H, dt, / 7 , 3.5), 4.14
(1H, s), 3.46-3.30 (2H, m), 2.70-2.45 (10H, m), 2.03 (2H, qt, /7 .5 , 3), 1.75-1.65
(5H, m) and 1.59-1.42 (2H, m); 8C(67.80 MHz, CDC13) 208.39 (C), 172.39 (C),
139.82 (C), 128.54 (CH), 127.79 (CH), 127.14 (CH), 89.55 (CH), 74.63 (CH2),
67.95 (CH), 54.46 (CH2), 53.68 (CH^, 48.45 (CH2), 37.75 (CH^, 29.48 (CH2),
27.96 (CH2), 26.53 (CH2) and 23.32 (CH2); m/z (El) 341 (M+).

(R)-2-(A^-Hepta-4,5-dienylamino-2-phenvl)-ethvlphenylsulfide (166)
Isolated in 54% yield as a colourless oil by reductive amination of Hepta-4,5-dienal
(161).
[Found: M+ - 123, 200.1445. (C2 1 H25NS - C7 H7 S) requires m/z, 200.1473]; Pmax
(CH2 Cl2 )/cm _1 1955; 6 H (270 MHz, CDC13) 7.39-7.18 (10H, m), 5.05 (1H, p, J 7),
4.63 (2H, dt, J 7, 3), 3.71 (1H, dd, J 9.5,4.5), 3.22 (1H, dd, J 13,4.5), 3.02 (1H, dd,
J 13, 9.5), 2.41 (2H, t, /7 ) , 1.96 (2H, qt, 77, 3), 1.79 (1H, br. s) and 1.53-1.39 (4H,
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m); 5C (67.80 MHz, CDC13) 208.48 (C), 142.94 (C), 135.66 (C), 129.84 (CH),
128.98 (CH), 128.54 (CH), 127.49 (CH), 127.13 (CH), 126.37 (CH), 89.81 (CH),
74.67 (CH2), 61.58 (CH), 47.47 (CH^, 42.34 (CH2), 29.47 (CH^, 28.09 (CH2) and
26.73 (CH2); m/z (El) 200, (Cl) 324 (M+ + 1).

(R)-Methylphenvir(S)/(R)-2-vinylpiperidin-1-yllacetate (167)
(Found: M+, 259.1607. C 16 H 2 1 N 0 2 reqiures A/, 259.1572); ^ ( C H C y / c n r 1 1745,
1640; 5h (270 MHz, CDC13) 7.40-7.25 (5H, m), 5.98 (1H, ddd, J 17.5,10,9), 5.18
(1H, dd, J 10, 2), 5.13 (1H, dd, J 17.5, 2), 4.67 (1H, s), 3.65 (3H, s), 3.25-3.05 (1H,
m), 2.89 (1H, td, / 9, 3.5), 1.94 (1H, dt, / 11,4.5), 1.80-1.55 (4H, m) and 1.29-1.12
(2H, m); 5C (67.80 MHz, CDC13) 139.92 (C), 129.38 (CH), 129.02 (CH), 128.01
(CH), 116.89 (CH2), 68.34 (CH), 62.86 (CH), 51.73 (CH3), 47.81 (CH^, 33.90
(CH2), 33.31 (CH2), 25.68 (CH2) and 22.60 (CH2), one (C) not observed; m/z (El)
259 (M+).

Af-Methvl-('RVDhenvlf(SV(R)-2-vinvlpiperidin-l-vllacetamide (168)
[Found: M+ + 1,259.1810. (C 16 H 2 2 N20 + H) requires m/z, 259.1810];
PmaxCCHCy/cm- 1 3350,1660; 5H (270 MHz, CDC13) 7.71 (1H, br. s), 7.35-7.28
(3H, m), 7.17-7.14 (2H, m), 5.82 (1H, ddd, J 17.5,10.5,1.5), 5.27 (1H, dd, J 17.5,
1.5), 5.23 (1H, dd, J 10.5, 1.6), 4.76 (1H, s), 2.91 (3H, d, 4.9), 2.90-2.84 (1H, m),
2.69 (1H, dt, / 11.2, 3.2) and 1.72-1.05 (7H, m); 5C (67.80 MHz, CDC13) 141.06 (C),
130.45 (CH), 127.63 (CH), 127.27 (CH), 117.41 (CH^, 68.18 (CH), 63.21 (CH),
48.52 (CH2), 34.12 (CH2), 29.58 (CH2), 26.24 (CH2), 26.01 (CH3), and 23.32 (CH2),
one (C) not observed; m/z (Cl) 259 (M+ +1).

iV-r(R)-a-N-MethvKaminomethvl)benzvlYI-(R)/(S)-2-vinvlpiperidine (169)
[Found: M+ + 1, 245.2018. (C 16 H2 4 N20 + H) requires m/z, 245.2018]; Dmax
(C H C y /cn r 1 3300,1620; 8 H (270 MHz, CDCI3 ) 7.34-7.17 (5H, m), 5.85 (1H, ddd,
J 18,12,10.5), 5.25 (1H, dd, J 18,2), 5.18 (1H, dd, J 12,2), 4.28 (1H, dd, J 11, 6 ),
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3.13 (1H, dd, J 12,10), 2.92-2.85 (1H, m), 2.78-2.72 (1H, m), 2.66 (1H, dd, J 12, 5),
2.48 (3H, s), 1.80-1.24 (7H, m) and 1.20-1.11 (1H, m); 5C (67.80 MHz, CDC13)
142.33 (C), 128.66 (CH), 128.34 (CH), 127.60 (CH), 126.98 (CH), 115.66 (CH2),
63.73 (CH), 61.01 (CH), 51.89 (CH2), 45.40 (CH2), 36.23 (CH3), 34.67 (CH2), 26.24
(CH2) and 24.06 (CH2); m/z (Cl) 245 (M+ + 1).

A^-(2-Ethylpvrrolidin-l-vl)-(R)-phenvir(R)/(S)-2-vinylpiperidin-l-vllacetamide
(170)
(Found: M+, 341.2445. C2 1 H 3 1 N30 requires M, 341.2467); ^ ( C H C y / c m

'1

3300,

1680, 1600; 5H (400 MHz, CDC13) 8.22 (1H, br. s), 7.34-7.24 (3H, m), 7.17 (2H, m),
5.82 (1H, d d d ,/ 18, 11, 9), 5.21 (1H, d , / 18), 5.19 (1H, d , / 11), 3.62-3.39 (2H, m),
2.87 (1H, td, J 10, 2), 2.82-2.78 (6 H, m), 2.69 (1H, ddd, J 10.5,4.5, 3.5), 1.95-1.83
(2H, m), 1.74 (1H, td, / 10.5, 2.5), 1.70-1.44 (6 H, m) and 1.34-1.15 (3H, m);
8C(67.80 MHz, CDC13) 140.90 (C), 130.35 (CH), 127.66 (CH), 127.27 (CH), 117.35
(CH), 68.31 (CH), 62.95 (CH), 54.49 (CH^, 53.90 (CH2), 48.89 (CH^, 37.39
(CH2), 33.96 (CH2), 29.58 (CH2), 26.01 (CH2), 23.84 (CH2) and 23.22 (CH2), one
(C) not observed; m/z (El) 341 (M+).

N -\(R)-a-(thiophenvlmethvl)benzvll-(R)/(S)-2-vinvlpiperidine (171)
Isolated in 83% yield as a mixture of diastereomers.
[Found: M+-123, 200.1459. (C^H^NS - C7H7S) requires m/z, 200.1439];
')max(CHCl2)/cm-1 1630,1575; 5H (270 MHz, CDC13) 7.42-7.18 (10H, m), 5.75 (1H,
ddd, J 16.5,10, 8), 5.19 (1H, dd, / 16.5,1.5), 5.12 (1H, dd, J 10,1.5), 4.38 (1H, t, J
7.5), 3.60 (1H, dd, J 12,7.5), 3.29 (1H, dd, J 12, 6), 2.95 (1H, d, / 9.5), 2.62 (1H, td,
/ 9, 4.5) and 1.74 (1H, td, /9 .5 , 6) and 1.65-1.12 (6H, m).
Selected data for minor diastereomer: 5H (270 MHz, CDC13) 5.80 (1H, ddd, J 16.5,
10, 8 ), 5.06 (1H, dd, J 16.5,10), 5.00 (1H, dd, J 10,1.5), 4.25 (1H, dd, J 9,7.5),
3.42-3.37 (1H, m) and 2.26 (1H, td, / 9,4).
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(R)-N-(2-Ethvlpyrrolidin-l-vl)-2-(/V-hexa-4,5-dienvlamino)-2-phenvlacetamide

am
Prepared analogously to (165) in 47% yield.
[Found: M+ - 131,186.1283. (C2 0 H 2 9 N3 O - C7 H 1 3 N2 0 ) requires m/z, 186.1301];
Umax (CH2 Cl2 )/cm ' 1 3330,1950,1670; 6 H (250 MHz, CDC13) 7.59 (1H, t, / 5.5),
7.42-7.24 (5H, m), 5.10 (1H, p, J 7), 4.66 (1H, dt, J 7, 3), 4.14 (1H, s), 3.43-3.29
(2H, m), 2.76-2.45 (9H, m), 2.07 (2H, qt, / 7 , 3), 1.83-1.73 (5H, m) and 1.62 (2H, p,
/ 7); 5C (67.80 MHz, CDC13) 208.45 (C), 172.36 (C), 139.75 (C), 128.68 (CH),
127.92

(CH), 127.25 (CH), 89.45 (CH), 75.05 (CH^, 67.96 (CH), 54.58 (CH2),

53.83 (CH2), 48.07 (CH2), 37.71 (CH2), 29.40 (CH2), 25.80 (CH2) and 23.49 (CH2);
m/z (El) 186, (+FAB) 328 (M+ + 1).

Af-(2-Ethvlpvrrolidin-1-yl)-(R)-phenylr(S)-2-vinvlpyrrolidin-1-vllacetamide (173)
Isolated in 76% yield as a colourless oil.
umax(liquid filmVcm - 1 3300, 1666; SH (250 MHz, CDC13) 7.79 (1H, br. s), 7.40-7.19
(5H, m), 5.71 (1H, ddd, J 16.5, 10, 8 ), 5.21 (1H, dd, / 16.5, 1.5), 5.17 (1H, dd, / 10,
1.5), 4.39 (1H, s), 3.52-3.29 (2H, m), 3.01 (1H, q, / 7), 2.79 (1H, td, J 8 , 3), 2.62
(2H, t, J 6 ), 2.61-2.48 (5H, m), 2.18 (1H, q, J 8 ) and 1.92-1.52 (7H, m); m/z (Cl) 328
(M+ +1). Satisfactory analytical data was not obtained for this compound.

N-Methyl-Af-(//-dimethvl-2-aminoethane)-hexa-4,5-dienylamine (177)
Isolated in 15% yield as a colourless oil by reductive amination of (176).
umax (CH2 Cl2 )/cm _1 1950; 8 H (270 MHz, CDC13) 5.01 (1H, p, J 7), 4.57 (2H, dt, J 7,
3.5), 2.40-2.30 (6 H, m), 2.15 (9H, s), 1.92 (2H, qt, / 7 , 3.5) and 1.55 (2H, m); 5C
(67.80 MHz, CDCI3 ) 208.33 (C), 89.55 (CH), 74.73 (CH^, 57.47 (CH2), 57.34
(CH2), 55.53 (CH2), 45.70 (CH3), 42.42 (CH3), 26.37 (CH2) and 25.88 (CH2); m/z
(Cl) 183 (M+ + 1). Satisfactory analytical data was not obtained for this compound.
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Ethyl-2-rA^hexa-4,5-dienyl-Af-methvH-aminoacetate (178)
Isolated in 30% yield as a colourless oil by reductive amination with (176).
(Found: M+, 197.1409. C 11 H 19 N 0 2 requires Af, 197.1415); \)max (liquid film)/cm _1
1950, 1740; 8 H (270 MHz, CDC13) 5.11 (1H, p, / 6.7), 4.66 (2H, dt, J 7, 3.5), 4.18
(2H, q, J 7.1), 3.24 (2H, s), 2.51 (2H, m), 2.36 (3H, s), 2.02 (2H, qt, / 7, 3.5), 1.61
(2H, p, J 7) and 1.27 (3H, t, J 7); Sc (67.80 MHz, CDC13) 208.44 (C), 170.87 (C),
89.49 (CH), 73.82 (CH2), 60.23 (CH^, 58.58 (CH2), 56.37 (CH^, 42.26 (CH3),
26.59 (CH2), 27.73 (CH2) and 14.11 (CH3); m/z (El) 197 (M+).

(R)-ALMethvl-2-rft//-6-methvlhepta-4,5-dienylamino')-2-phenvlaceatamide (181)
To a solution of ester (194) (45 mg, 0.16 mmol) in methanol (2 cm3) was added 30%
aqueous methylamine (4 cm3) and the solution stirred at room temperature for 12
hours. The reaction was diluted with water (5 cm3) and extracted with chloroform
( 2 x 1 0 cm3). The combined extracts were dried (Na2 S 0 4) and concentrated under
reduced pressure. Flash chromatography on silica gel (50% ethyl acetate : 50%
petrol) gave the title compound as a colourless oil (33 mg, 73%). [Found : M+ - 58,
214.1613 (C 1 7 H 2 4 N20 - C2 H4 NO) requires m/z, 214.1596]; omax (C H C y /cn r1
3350, 1950,1670; 8 H (270 MHz, CDC13) 7.37-7.26 (5H, m), 7.20 (1H, br. s),
4.94-4.92 (1H, m), 4.14 (1H, s), 2.83 (3H, d, J 3), 2.64 (2H, qt, J 11,7), 2.00 (2H, q,
J 7), 1.73 (1H, br. s), 1.65 (6 H, dd, J 3,1) and 1.65-1.55 (2H, m); m/z (El) 214, (Cl)
273 (M+ + 1).

(R)-Af-Methvl(phenvl)r(S)-2-(2'-methylpropene-1 vl)pvrrodin-1-yl]acetamide (182)
pmax(CHCl3) /cm ' 1 3350,1665; 8 H (270 MHz, CDC13) 7.48 (1H, br. s), 7.32-7.16
(3H, m), 7.16-7.13 (2H, m), 5.06 (1H, d ,/9 .5 ), 4.35 (1H, s), 3.23 (1H, q ,/9 ) , 2.87
(3H, d, J 4), 2.74 (1H, td, J 9.5, 3), 2.03 (1H, q, J 9), 1.86-1.64 (3H, m), 1.79 (3H, d,
J 1), 1.63 (3H, d, J 1) and 1.60-1.42 (1H, m); 8 C (67.80 MHz, CDC13) 172.78 (C),
134.93 (C), 134.70 (C), 130.00 (CH), 127.79 (CH), 127.30 (CH), 126.07 (CH), 67.88
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(CH), 59.74 (CH), 47.94 (CH2), 30.45 (CH2), 25.94 (CH3), 25.85 (CH3), 21.89
(CH2) and 18.06 (CH3); m/z (Cl) 273 (M+ + 1).
Minor diastereomer: 8 H (270 MHz, CDC13) 6.99 (1H, br. s), 5.00 (1H, d, J 9), 4.19
(1H, s).

Ethyl-(5-methylhexa-3,4-dienoate) (192)
To a solution of 2-hydroxy-2-methylbut-3-yne (14.0 g, 0.167 mol) in
triethylorthoacetate (150.0 g, 0.92 mol) was added propionic acid (0.5 cm3) and the
solution heated to 145°C with removal of ethanol by distillation. After 2 hours,
excess orthoacetate was removed by concentration under reduced pressure to give a
light yellow oil which was purified by flash chromatography ( 1 0 0 % petrol) to give
the title compound (192) (16.5 g, 64%) as a colourless oil, b.p. 78-80°C (15mmHg).

6-Methylhepta-4,5-dienenitrile (193)
To a suspension of LiAlH 4 (3.50 g, 92 mmol) in ether (120 cm3) at -78°C was added
a solution of ester (192) (16.5 g, 0.11 mol) in ether (20 cm3) over 20 minutes. After
1

hour, the reaction was quenched with saturated sodium sulfate, filtered through

celite and the solvent removed under reduced pressure to give the crude alcohol
(10.4 g) as a light yellow oil.
To a solution of alcohol (prepared above) (10.4 g) in pyridine (40 cm3) was added
tosyl chloride (24.0 g, 0.13 mol) at 0°C and the reaction allowed to warm to room
temperature. After 1 hour, the flask was flushed with nitrogen, stoppered and
allowed to stand in a freezer for 12 hours. The reaction was diluted with ether (150
cm3) and extracted with HC1 (2 mol dm'3, 3 x 50 cm3). The organic phase was
washed with brine (50 cm3), dried (Na2 S 04) and the solvent removed under reduced
pressure to give the crude tosylate which was used directly.
A solution of the crude tosylate (prepared above) and NaCN (6.0 g, 0.15 mol) in
DMSO (100 cm3) was stirred at room temperature for 12 hours. The solution was
then diluted with water (50 cm3) and extracted with ether (4 x 50 cm3). The
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combined organic phases were washed with brine (50 cm3), dried (Na2 SC>4 ) and
solvent removed in vacuo. The residue was purified by flash chromatography (10%
ether: 90% petrol) to give the title compound as a colourless oil (9.4 g, 84%), b.p.
73-75°C (15 mmHg). (Found: M+, 121.0866. C8 H n N requires M, 121.0892); umax
(CHCl3 )/cm -1 2150, 1950; 5H (270 MHz, CDC13) 5.08-5.01 (1H, m), 2.42 (2H, m),
2.29 (2H, m) and 1.72 (6 H, d, / 2.9); 8 C (67.80 MHz, CDC13) 119.39 (C), 98.18 (C),
85.72 (CH), 24.78 (CH2), 20.40 (CH3) and 16.44 (CH2), one (C) not observed; m/z
(El) 121 (M+)

(R)-Methyl-2-0V-6-methvlhepta-4,5-dienvlamino)-2-phenylacetate (194)
Isolated as a colourless oil in 39% yield by reductive amination.
[Found; M+ - 15,258.1480. (C 17 H 2 3 N 0 2 - CH3) requires m/z, 258.1494]; pmax
(CHCl3 )/cm _1 3340, 1950, 1750, 1600; 8 H (270 MHz, CDC13) 7.40-7.22 (5H, m),
4.92 (1H, m), 4.36 (1H, s), 3.67 (3H, s), 2.54 (2H, m), 1.97 (2H, q, J 7), 1.96 (1H, br.
s), 1.63 (6 H, d, J 3) and 1.65-1.59 (2H, m); Sc (67.80 MHz, CDC13) 201.55 (C),
173.46 (C), 138.17 (C), 128.54 (CH), 127.92 (CH), 127.50 (CH), 95.13 (C), 88.09
(CH), 65.55 (CH), 52.10 (CH3), 47.16 (CH2), 29.28 (CH2), 26.69 (CH2) and 20.56
(CH3); m/z (El) 273 (M+).

(R)-methvlphenvir(S)-2-(2-methylprop-l-ene)pvrrodin-l-vnacetate (195) and
(R)-methylphenyir (R)-2-(2-methylprop- l-ene)pyrrodin- 1-yllacetate
[Found: M+, 273.1778. C 17 H 2 3 N 0 2 requires M, 273.1728 258.1490]; pmax
(C H C y/cm ' 1 1740; 8 H (270 MHz, CDC13) 7.38-7.28 (5H, m), 5.16 (1H, dt, J 9.5,1),
4.18 (1H, s), 3.62 (3H, s), 3.14 (1H, q, J 9), 2.93 (1H, td, /

8

,4.5), 2.17 (1H, q, / 9),

1.90-1.75 (2H, m), 1.72 (3H, d, J 1), 1.36 (3H, d, J 1.5) and 1.61-1.40 (2H, m); 8 C
(67.80 MHz, CDC13) 172.75 (C), 135.77 (C), 129.12 (CH), 128.12 (CH), 127.92
(CH), 126.20 (CH), 70.32 (CH), 61.70 (CH), 51.70 (CH3), 50.27 (CH2), 30.92
(CH2), 26.04 (CH3), 21.50 (CH2) and 17.84 (CH3); m/z (El) 273 (M+).
The minor isomer (R,R) exhibited the following data: SH (270 MHz, CDC13)
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7.38-7.22 (5H, m), 5.04 (1H, dt, J 9.5, 1.2), 4.51 (1H, s), 3.69 (3H, s), 3.75-3.60 (1H,
m), 2.88 (1H, dt, J 9, 8 ), 2.73 (1H, dt, J 9, 8 ), 1.97 (1H, dq, J 11.5,7), 1.75 (2H, dt, J
14,7), 1.66 (3H, d, J 1), 1.57 (3H, d, J 1) and 1.55-1.40 (1H, m); 5C (67.80 MHz,
CDC13) 173.40 (C), 138.50 (C), 134.30 (C), 128.60 (CH), 128.25 (CH), 127.76
(CH), 126.72 (CH), 66.56 (CH), 59.42 (CH), 51.41 (CH3), 48.94 (CH2), 31.95
(CH2), 25.95 (CH3), 22.51 (CH2) and 17.81 (CH3).

Methyl (R)-phenvir(S)-2-formvlpyrrolidin-l-vllacetatc (196)
To a solution of alkene (195) (125 mg, 0.48 mmol) in aqueous acetone (1.5 cm3)
was added /V-methylmorpholine-/V-oxide (70 mg, 0.69 mmol) and osmium tetroxide
(0.60 cm 3 of a standard rm-butanol solution165). The solution was stirred overnight
at room temperature, diluted with water (10 cm3) and extracted with ethyl acetate (3
x 10 cm3). The combined organic extracts were dried (Na2 S 0 4) and concentrated
under reduced pressure. Chromatography on silica gel (50% ethyl acetate: 50%
petrol) gave a diol (72 mg) and starting alkene (195) (9 mg). The diol (72 mg) was
dissolved in methanol (3 cm3) and water (2 cm3). Sodium metaperiodate (55 mg,
0.26 mmol) was added and after 30 minutes the solution was diluted with water (5
cm3). The reaction mixture was extracted with ethyl acetate (4 x 5 cm3) and the
combined organic extracts were dried (Na2 S 0 4) and concentrated under reduced
pressure. Flash chromatography on silica gel (10% ethyl acetate: 90% petrol) gave
the title compound as a colourless oil (50 mg, 46%). [Found: M+ + 1, 248.1300.
(C 14 H 1 7 N 0 3 + H) requires m/z, 284.1289]; vmax (C H C y/cm ’ 1 1745,1730; 5H (270
MHz, CDC13) 9.35 (1H, d, / 4), 7.43-7.30 (5H, m), 4.48 (1H, s), 3.65 (3H, s), 3.37
(1H, d t , / 10,4), 3.15-3.00 (1H, m), 2.53 (1H, d t ,/ 9 .5 ,7.5), 2.16-1.95 (1H, m) and
1.94-1.64 (3H, m); 8 C (67.80 MHz, CDC13) 203.59 (CH), 172.75 (C), 136.64 (C),
128.83 (CH), 128.63 (CH), 128.44 (CH), 70.44 (CH), 68.76 (CH), 53.06 (CH2),
51.83 (CH3), 28.05 (CH2) and 24.23 (CH2); m/z (Cl) 248 (M+ + 1).
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7/-Benzylhepta-4,5-dienylamine (197)
Isolated in 42% as a colourless oil by reductive animation procedure (B).
(Found: M+, 201.1524. C 14 H 19N requires Af, 201.1518); ^ ^ ( C H C y /c m ' 1 3300,
1950; 5h (270 MHz, CDC13) 7.30-7.24 (5H,m), 5.10-5.10 (2H, m), 3.79 (2H, s), 2.67
(2H, t, J 7.5), 2.03 (2H, tt, J 7.5, 5.5), 1.63 (3H, dd, J 6.5, 5.5), 1.69-1.56 (2H, m)
and 1.52 (1H, br. s); 8 C (67.80 MHz, CDC13) 204.60 (C), 140.38 (C), 128.60 (CH),
127.99 (CH), 126.75 (CH), 89.71 (CH), 85.66 (CH), 53.94 (CH2), 48.67 (CH2),
29.95 (CH2), 26.46 (CH2) and 14.43 (CH3); m/z (El) 201 (M+).

l-flV-Benzvlpvrrolidin-2-vl)-(Z)-l-propenylmercuric chloride (198)
To a solution of N-Benzylhepta-4,5-dienylamine (197) (63 mg, 0.31mmol) in THF
(10 cm3) was added mercury(II) chloride

(8 6

mg, 0.32 mmol) and sodium carbonate

(33 mg, 0.39 mmol). After 30 minutes, the solvent was removed under reduced
pressure, the residue suspended in CH 2 C12 (5 cm3), filtered and evaporated. Flash
chromatography on silica gel (2 0 % ethyl acetate: 80% petrol) gave the title
compound as a colourless solid (90 mg,

66

%). m.p. 137-138°C (ethyl

acetate/petrol). (Found: C, 38.7; H, 4.20; N, 3.20. C 14 H18ClHgN requires C, 38.50;
H, 4.20; N, 3.20); Pmax(CHCl3 )/crn 1 1640, 1600, 1580; 8 H (270 MHz, CDC13)
7.35-7.18 (5H, m), 6.30 (1H, dq, / 7 , 0.5) and (1H, ddq, J 548,7,0.5), 3.98 (1H, d, J
14, part of ABq), 3.22 (1H, d, J 14, part of ABq), 3.10 (1H, t, J 8 ) and (1H, dt, J 309,
8

), 2.98 (1H, ddd,/9 .5 , 8.5, 3), 2.23 (1H, p ,/9 .5 ), 2.12-1.98 (1H, m), 1.81 (3H, d, /

7) and 1.88-1.42 (3H, m); m/z (El) 439 (0.26%), 438 (0.22), 437 (0.60), 436 (0.49),
435 (0.53), 434 (0.38) and 433 (0.21) (M+).

l-flV-Benzvlpvrrolidin-2-vD-(Z)-l-propenylmercuric bromide (199)
The title compound was prepared analogously to chloride (198) (56%).
m.p. 113-114°C (ethyl acetate/petrol). (Found: C, 35.4; H, 3.8; N, 2.9.
C 14 H 18BrHgN requires C, 35.0; H, 3.8; N, 2.9); ^ ( C H C y / c n r 1 1640,1600,
1580; SH (270 MHz, CDC13) 7.34-7.21 (5H, m), 6.29 (1H, qd, / 6.5,0.5) and (1H,
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ddq, / 549, 6.5,0.5), 4.01 (1H, d, J 13.5, part of ABq), 3.19 (1H, d, /1 3 .5 , part of
ABq), 3.20-3.16 (1H, m), 2.99 (1H, t, /7 .5 ) and 2.99 (1H, dt, J 310.5,7.5), 2.23
(1H, p, J 9), 2.08-2.03 (1H, m), 1.80 (3H, d, J 6.5) and 1.98-1.42 (3H, m); m/z (El)
483 (0.25%), 482 (0.23), 4.81 (0.46), 480 (0.41), 479 (0.38) and 478 (0.22) (M+).

l-flV-Benzvlpyrrolidin-2-vlHZ)- 1-propenyliodide (200)
Isolated in 46% yield as a colourless oil by general procedure (C).
(Found: M+, 327.0483. C 14 H 18NI requires A/, 327.0484);

'>max(CHCl3)/cm-1 1640; 5H (270 MHz, CDC13) 7.42-7.20 (5H, m), 6.04 (1H, q, J
7), 3.94 (1H, d, J 13, part of ABq), 3.05-2.95 (1H, m), 3.00 (1H, d, J 13, part of
ABq), 2.60 (1H, t, J 7), 2.25-2.18 (1H, ra), 1.85-1.60 (4H, m) and 1.81 (3H, d, J 7);

m/z (El) 327 (M+).
Selected data for minor (E) isomer; 5h (270 MHz, CDCI3 ) 6.47 (1H, qd, J 7,1.5)
and 3.95 (1H, d, / 13, part of ABq).

(R)-N-Methyl-2-(N/-hepta-4,5-dienylamino)-2-phenvlacetamide (204)
To a solution of ester (203) (998 mg, 0.38 mmol) in methanol (2 cm3) was added
30% aqueous methylamine (5 cm3) and the solution stirred overnight at room
temperature. The solution was extracted with ether (2 x 1 0 cm3) and the combined
organic extracts were dried (Na2 S 0 4) and concentrated under reduced pressure.
Flash chromatography on silica gel (50% ethyl acetate: 50% petrol) gave amide
(204) (84 mg, 89%) as a colourless oil. [Found: M+ - 58, 200.1456. (C 16 H 2 2 N2 0 CONHCH 3 requires m/z, 200.1439]; umax (C H C y /cn r 1 3440, 3360,1950,1680,
1600,1580; 5H (270 MHz, CDC13) 7.37-7.25 (5H, m), 7.18 (1H, br. s), 5.07-4.98
(2H, m), 4.14 (1H, s), 2.82 (3H, d, J 5), 2.71-2.56 (2H, m), 2.08-1.98 (2H, m), 1.69
(1H, br. s), 1.68-1.57 (2H, m) and 1.62 (3H, dd, 7, 5); 5C (67.80 MHz, CDC13)
204.56 (C), 172.78 (C), 139.57 (C), 128.57 (CH), 127.87 (CH), 127.05 (CH), 89.42
(CH), 85.85 (CH), 67.75 (CH), 47.98 (CH^, 29.22 (CH2), 26.17 (CH^, 25.78 (CH3)
and 14.33 (CH3); m/z (El) 200, (Cl) 259 (M+ + 1).
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(R)-N-meth yl(phenyl) \(S)-2-((E)-propen-1-vDpyrrodin-1-yllacetamide (209)
[Found: (M+ + 1) 259.187. (C jg H ^ ^ O + H) requires m/z, 259.181]; \)max
(CH2 Cl2 )/cm ' 1 3360, 1670; 5H (270 MHz, CDC13) 7.45 (1H, br. s), 7.40-7.22 (3H,
m), 7.21-7.15 (2H, m), 5.66 (1H, dq, 16, 5.5), 5.31 (1H, ddd, J 16,9,1.4), 4.41 (1H,
s), 2.85 (3H, d, J 5), 2.90-2.86 (1H, m), 2.72 (1H, t, J 5.5), 2.12-1.94 (2H,m), 1.75
(3H, dd, J 6 ,1.5) and 1.86-1.43 (3H, m); m/z (Cl) 259 (M+ + 1).

(S)-(-)-3-Butvn-2-ol (211)
The resolution of Butyn-2-ol was achieved via its half phthalate m.p. 92°C (lit 90°C)
according to literature methods . 1 6 6 Two recrystallisations of the (S)-a-methyl
benzylamine salt, hydrolysis and distillation gave (S)-(-)-3-Butyn-2-ol b.p. 32°C (15
mmHg). The enantiomeric excess was determined by

nmr ((Eu(hfc)3) as > 95%

e.e.

(S)-Ethylhexa-3,4-dienoate (2 1 2 )
To a solution of (S)-3-Butynol (4.74 g, 67.7 mmol) in triethylorthoacetate (60 cm3)
was added propionic acid (0.25 cm3) and the solution heated to 145°C for 3 hours
removing ethanol by distillation. Removal of excess orthoacetate in vacuo and
distillation gave the ester (4.22 g, 45%) as a colourless oil bp 6 6 -6 8 °C (15mmHg);
8

h (270 MHz, CDC13) 5.25-5.09 (2H, m), 4.16 (2H, q, / 7 ) , 3.01 (2H, dd, / 7 , 4.0),

1.66 (3H, dd, / 7 , 3.5) and 1.27 (3H, t, /7 ) .

(S)-(+)-hexa-3,4-dienol (213)
To a 1.0 mol dm 3 solution of lithium aluminium hydride in ether (25.0 cm3, 25
mmol) was added ether (50 cm3) and the solution cooled 60-78°C. A solution of the
ester (212) (4.01 g, 28.6 mmol) in diethylethyl (10 cm3) was added over 5 minutes.
After 30 minutes the solution was diluted with CH2 C12 (50 cm3) and saturated
sodium sulfate added. The gel was filtered through celite and the filtrate dried
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(Na2 S 0 4) and the solvents removed in vacuo to give alcohol (213) as a colourless oil
(2.64 g, 94%). [a ] D 2 0 +101.2° (c = 2.34, MeOH) (lit +12.0°, 16% e.e.); 5H (270
MHz, CDC13) 5.11 (1H, qt, J 7, 3.5), 5.78 (1H, qt, J 7, 3.5), 3.70 (2H, t, 7), 2.24 (2H,
qd, J 7, 3), 1.72 (1H, s) and 1. 6 6 (3H, dd, J 7, 3).

(S)-(+)-hepta-4,5-dienenitrile (214)
To a solution of alcohol (213)(2.40 g, 24.5 mmol) in pyridine (10 cm3) at 0°C was
added tosylchloride (3.70 g, 19.4 mmol) in 5 portions. After 1 hour the flask was
flushed with nitrogen, stoppered and placed in a freezer for 12 hours. The solution
was diluted with ether (50 cm3) and extracted with HC1 (2 mol dm'3, 2 x 50 cm3).
The aqueous layers were combined and extracted with ether (20 cm3). The
combined organic layers were washed with brine (20 cm3), dried (Na2 S04) and
evaporated to give the crude tosylate as a light yellow oil.
The crude tosylate was dissolved in DMSO (25 cm3) and sodium cyanide (2.10 g,
42.9 mmol) was added. After 12 hours the reaction was diluted with water (50 cm3)
and extracted with ether (4 x 40 cm3). The combined extracts were washed with
brine (20 cm3), dried (Na2 S 04) and concentrated under reduced pressure. The
residue was purified by flash chromatography (4% ethyl acetate: 96% petrol) to give
nitrile (214) (1.40 g, 67%) as a colourless oil, b.p. 73-76°C (15 mmHg), [a ] D 19 +
45.9° (c = 0.45, CHCI3 ). (Found: M+, 107.0732. C7 H 9 N requires A/, 107.0735); omax
(C H C y/cm ' 1 2210, 1960; 5H (170 MHz, CDC13) 5.26 (1H, qt, J 7.5, 4), 5.13 (1H,
qt, J 6.5, 3.5), 2.45 (2H, td, J 7, 2), 2.32 (2H, td, J 7, 4) and 1.69 (3H, dd, J 7.5, 3.5);
6

C (67.80 MHz, CDC13) 204.50 (C), 123.14 (C), 88.19 (CH), 87.05 (CH), 24.19

(CH2), 16.24 (CH2) and 13.98 (CH3); m/z (El) 107 (M+).

(R)-Methvl-2-[7V-(S)-hepta-4,5-dienyIamino1-2-phenvlacetate (215)
Obtained as a colourless oil by reductive amination in 19% yield.
(Found: M+, 259.1593. C 16 H2 1 N 0 2 requires M, 259.1572); p ^ C H C y / c m ' 1 3360,
1950, 1735, 1600, 1580; 6 H (270 MHz, CDC13) 7.38-7.24 (5H, m), 5.10-4.98 (2H,
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m), 4.36 (1H, s), 3.68 (3H, s), 2.65-2.48 (2H, m), 2.08-1.98 (2H, m), 1.84 (1H, br. s),
1.67-1.56 (2H, m) and 1.60 (3H, dd, 7, 5); 8 c (67.80 MHz, CDC13) 204.57 (C),
173.43 (C), 138.14 (C), 128.54 (CH), 127.89 (CH), 127.27 (CH), 89.62 (CH), 85.72
(CH), 65.48 (CH), 52.02 (CH3), 47.06 (CH2), 29.22 (C H J, 26.30 (CH2) and 14.40
(CH3); m/z (El) 259 (M+).

(R)-Methvlphenyir(R)-2-((E)-prop-l-ene)pyrrolidin-l-vnacetate (217)
[Found: M+, 259.1579. C 1 6 H 2 1 N 0 2 requires A/, 259. 1572]; omax (C H C y /cn r 1
1740,1600; 5H (270 MHz, CCD13) 7.38-7.27 (5H, m), 5.57 (1H, dq, J 15, 6 ), 5.41
(1H, ddq, J 15, 9.5, 1), 4.23 (1H, s), 3.62 (3H, s), 3.01-2.91 (1H, m), 2.81 (1H, d, J
9), 2.12 (1H, q, J 9), 1.94-7.74 (2H, m), 1.70 (3H, dd, 6 , 1.5) and 1.71-1.50 (2H, m);
5C (67.80 MHz, CDC13) 172.68 (C), 135.47 (C), 132.69 (CH), 129.09 (CH), 128.08
(CH), 127.89 (CH), 127.73 (CH), 69.78 (CH), 66.59 (CH), 51.63 (CH2), 50.11
(CH2), 31.23 (CH2), 21.44 (CH2) and 17.67 (CH3); m/z (El) 259 (M+).

(R)-MethvIphenvir(S)-2-((E)-prop-l-ene)-pyrrolidin-l-vnacetate (216)
8

h (270 MHz, CDC13) 7.39-7.26 (5H,m), 5.48 (1H, dq, J 15, 6 ), 5.30 (1H, ddd, J 15,

8.5, 1.5), 4.53 (1H, s), 3.70 (3H, s), 3.33 (1H, q, J 8.5), 2.86 (1H, dt, / 8.5, 7),
2.72-2.65 (1H, m), 2.06-1.92 (1H, m), 1.82-1.69 (2H, m), 1.59 (3H, dd, / 7,1.5) and
1.68-1.44 (1H, m); 8 c (67.80 MHz, CDC13) 172.00 (C), 137.62 (C), 133.01 (CH),
128.51 (CH), 128.18 (CH), 127.60 (CH), 127.27 (CH), 66.39 (CH), 64.22 (CH),
51.22 (CH3), 47.97 (CH2), 32.11 (CH2), 22.51 (CH2) and 17.64 (CH3).

(S)-Methyl-2-rAr-(S)-hepta-4,5-dienylamino]-2-phenvlacetate (218)
Isolated as a colourless oil in 39% yield by reuctive amination.
^ ( C H C y / c n r 1 3360, 1950,1735,1600,1580; 8 H (270 MHz, CDC13) 7.38-7.24
(5H, m), 5.10-4.98 (2H, m), 4.36 (1H, s), 3.68 (3H, s), 2.65-2.48 (2H, m), 2.08-1.98
(2H, m), 1.84 (1H, br. s) and 1.67-1.56 (3H, m); 8 c (67.80 MHz, CDC13) 204.57 (C),
173.43 (C), 138.14 (C), 128.54 (CH), 127.89 (CH), 127.27 (CH), 89.62 (CH), 85.72
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(CH), 65.48 (CH), 52.02 (CH3), 47.06 (CH2), 29.22 (CH2), 26.30 (CH2) and 14.40
(CH3).

(S)-jV-(o-methvlbenzvl)-(S)-hepta-4,5-dienvlamine (221)
Obtained in 42% yield as a colourless oil by reductive amination.
[Found: M+, 215.1667. C 15 H21N requires M, 215.1674]; omax (C H C y/cm ' 1 3340,
1950,1600; 8 H (270 MHz, CDC13) 7.36-7.19 (5H, m), 5.06-4.96 (2H, m), 3.73 (1H,
q, J 6.5), 2.59-2.40 (2H, m), 2.02-1.92 (2H, m), 1.61 (3H, dd, J 6.5,5.5), 1.60-1.48
(2H,m), 1.40 (1H, br. s) and 1.34 (3H, d, J 6.5); 8 C (67.80 MHz, CDC13) 205.53 (C),
145.70 (C), 128.21 (CH), 12.66 (CH), 126.40 (CH), 89.71 (CH), 85.59 (CH), 58.22
(CH), 46.99 (CH2), 29.45 (CH2), 26.43 (CH2), 24.23 (CH3) and 14.36 (CH3); m/z
(El) 215 (M+).

(R)-(7/-g-methvlbenzvl)-(S)-hepta-4,5-dienvlamine (223)
Obtained in 40% as a colourless oil by reductive amination.
5h (270 MHz, CDC13) 7.36-7.19 (5H,m), 5.06-4.96 (2H,m), 3.73 (1H, q, J 6.4),
2.59-2.40 (2H, m), 2.02-1.92 (2H, m), 1.61 (3H, dd, J. 6.5, 5.5), 1.60-1.48 (2H,m),
1.40 (1H, br. s) and 1.34 (3H, d, J 6.4); 8 C (67.80 MHz, CDC13) 205.53 (C), 145.70
(C), 128.21 (CH), 126.66 (CH), 126.40 (CH), 89.71 (CH), 85.59 (CH), 58.22 (CH),
46.99 (CH2), 29.45 (CH2), 26.43 (CH2), 24.23 (CH3) and 14.36 (CH3).

Ar-r(R)-g-Methvlbenzvll-(R)-2-r(E)-propenl-vllpyrrolidine (224)
(Found: M+, 215.1647. C 15 H21N requires M, 215.1674); omax (C H C y/cm ' 1 1660;
8

h (270 MHz, CDC13) 7.40-7.24 (5H, m), 5.65 (1H, dq, J 15.5, 6 ), 5.55 (1H, ddd, J

15.5, 7,1), 4.04 (1H, q, / 7), 3.29-3.19 (1H, m), 3.11-3.00 (1H, m), 2.66-2.55 (1H,
m), 1.85-1.60 (4H, m), 1.77 (3H, dd, J 6 , 1) and 1.64 (3H, d, J 7); (67.80 MHz,
CDC13) 139.45, 131.44, 128.89, 128.55, 128.05, 127.51, 64.23, 58.57, 47.19, 31.02,
21.47,20.46 and 17.82; m/z (El) 215 (M+).
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N-r(S)-a-Methvlbenzvn-(R)-2-r(E)-propenl-vnpyrrolidine (222)
5h (270 MHz, CDC13) 7.39-7.22 (5H, m), 5.45 (1H, dq, J 15.5, 6 ), 5.31 (1H, ddd, J
15.5, 8.5, 1), 4.05 (1H, q, / 7 ) , 3.55 (1H, q, /

8

), 3.22-3.17 (1H, m), 2.82 (1H, q, J

8.5), 2.19-2.03 (1H, m), 1.96-1.78 (2H, m), 1.65-1.40 (1H, m), 1.61 (3H, d, J 6 ) and
1.48 (3H, d, J 7); (67.80 MHz, CDC13) 132.88, 128.38, 127.95, 127.08, 126.69,
64.02, 59.00, 48.36, 31.88, 22.05,17.67 and 16.25, one (C) not observed.

2-flV-Hexa-4,5-dienvlamino)ethyl diphenylphosphine (232)
Prepared by reductive amination with (176) and isolated in 19% yield as a
colourless oil.
(Found: M+, 309.1606. C2 0 H 2 4 NP requires M, 309.1646); ^ ( C H C y / c n r 1 3300,
1950, 1580, 1090; 8 H (270 MHz, CDC13) 7.46-7.30 (10H, m), 5.07 (1H, p, J 7), 4.66
(2H, dt, J 7, 3.5), 2.81-2.72 (2H, m), 2.61 (2H, t, J 7), 2.31-2.24 (2H, m), 2.00 (2H,
qt, J 7, 3.5), 1.56 (2H, p, J 7.5) and 1.46 (1H, br. s); 5C(67.80 MHz, CDC13) 208.26
(C), 138.20 (d ,/6 .5 ), 132.90 ( d ,/ 17.5), 128.35 (d /6 .5 ), 128.25, 89.42, 74.82
(CH2), 48.81,46.45 (d, / 20), 28.73, 28.70 (d, J 26.5) and 25.7; 5P(161.83 MHz,
CDCI3 ) -20.71; m/z (El) 309 (M+).

iV-(2-DiphenvlphosphinoethvlHRV(S)-2-vinvlpvrrolidine (233)
Isolated as a colourless oil in 91% yield.
p ^ C H C y /c m

1

1590, 1080; 5H (270 MHz, CDC13) 7.60-7.30 (10H, m), 5.55 (1H,

dt, J 17,10), 4.95 (1H, d, J 17), 4.90 (1H, d, / 10), 3.51 (1H, t, J 9), 2.90 (2H, br. s),
2.60 (3H, br. s), 2.40 (1H, br. s), 1.98-1.64 (3H, m) and 1.55-1.38 (1H, m); 5C(67.80
MHz, CDCI3 ) 137.88 (CH), 133.10 (d, J 15, C), 132.70 (d, J 14, C), 130.70 (d, J 11,
CH), 129.05 (d, / 4.5, CH), 118.90 (CH2), 69.76 (CH), 54.05 (CH^, 49.70 ( d ,/7 ,
CH2), 30.75 (CH2), 26.85 (d, J 14, CH2) and 21.97 (CH2); m/z (Cl) 310 (M++ 1).
Satisfactory analysis was not obtained for this compound.
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(R)-N-(rmButvloxvcarbonvl)phenylglycinol (234)
To a stirred solution of (R)-phenylglycinol (5.05 g, 36.8 mmol) at 0°C was added
ditertbutylcarbonate (8.50 g, 43.8 mmol). The cooling bath was removed and the
solution was stirred at room temperature for 3 hours. The solution was washed with
HC1 (1 mol dm"3, 150 cm3) and then brine (100 cm3). The organic layer was dried
(Na2 S 0 4) and concentrated under reduced pressure. The residue was recrystallised
from ethyl acetate/petrol to give the title compound as colourless crystals (7.20 g,
89%). m.p. 139-140°C, [a ] D 2 0 -5 -49.6° (c = 0.76, CHC13). (Found: C, 65.8; H, 8.13;
N, 5.98. C 1 3 H 19 N30 requires C, 65.8; H, 8.07; N, 5.90); o ^ C H C y / c m

"1

3420,

1690; SH (270 MHz, CDC13) 7.41-7.25 (5H, m), 5.31 (1H, br. s), 4.78 (1H, br. s),
3.83 (2H, br. s), 2.52 (1H, br. s) and 1.44 (9H, br. s); m/z (Cl) 238 (M+ + 1).

(R)-N-(rmButvloxvcarbonyl)phenvlglvcinol(p-toluenemethanesulfonate) (235)
To a solution of alcohol (234) (5.30 g, 22.4 mmol) in pyridine (50 cm3) at 0°C was
added tosyl chloride (5.50 g, 28.4 mmol) in 3 portions. The reaction was stirred at
room temperature overnight and then diluted with ether (150 cm3), washed with HC1
(2 mol dm"3, 2 x 100 cm3) and then saturated aqueous copper sulfate (50 cm3). The
organic layer was dried (Na2 S 0 4) and evaporated. The residue was crystallised
from ethyl acetate/petrol to give the title compound as colourless crystals (6.60 g,
88

%), m.p. 152-154°C (decomposition). [a ] D 2 3 -6.25° (c = 0.64, G F ^C y. (Found:

C, 61.3; H, 6.45; N, 3.56. C2 0 H2 5 NO5S requires C, 61.20; H, 6.67; N, 3.56);
PmaxCCHCy/cm- 1 3400,1690,1350,1135; 8 H (270 MHz, CDC13) 7.66 (2H, d, J
8.3), 7.35-7.20 (7H, m), 5.14 (1H, br. s), 4.91 (1H, br. s), 4.26 (1H, dd, J 13.5, 8 ),
4.20 (1H, dd, / 13.5, 5.5), 2.43 (3H, s) and 1.40 (9H, br. s); m/z (Cl) 336 (M+ + 1).

(R)-(2-jV-ter/Butyloxvcarbonylamino-2-phenvl)ethvlphenvls ulfide (236) and
(R)-(2-amino-2-phenvl)ethylphenvlsulfide
To a stirred solution of the tosylate (235) (4.10 g, 10.1 mmol) in ethanol (150 cm3)
was added thiophenol (2.5 cm3, 24.3 mmol) and sodium hydroxide (0.69 g). The
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solution was stirred at room temperature for

12

hours, diluted with water ( 1 0 0 cm3)

and extracted with CH 2 Cl2 (3 x 100 cm3). The combined organic extracts were
washed with brine, concentrated under reduced pressure and chromatography on
silica gel (5% ethyl acetate : 95% petrol) gave the sulfide (236) as a colourless oil.
(3.20 g, 96%). [a ] D 2 0 -20.0° (C = 2.6, CH2 C12). a w (CH2 C12) 3420,1700; 5k (270
MHz, CDC13) 7.36-7.18 (10H, m), 5.16 (1H, d, /

8

), 4.84 (1H, br. s), 3.27 (2H, d, J

6.5), 5.16 (1H, d, J 8 ), 4.84 (1H, br. s), 3.27 (2H, d, J 6.5) and 1.40 (9H, br. s ); 5C
(67.80 MHz, CDCI3 ) 154.94 (C), 140.88 (C), 135.40 (C), 129.83 (CH), 128.85 (CH),
128.50 (CH), 127.50 (CH), 126.33 (CH), 126.33 (CH), 79.58 (C), 53.95 (CH), 40.56
(CH2) and 28.17 (CH2); m/z (Cl) 274 (M+ + 1).
The carbamate was dissolved in trifluoroacetic acid at 0°C and after 15 minutes the
solution was concentrated under reduced pressure. The residue was dissolved in
CH 2 C12, washed with sat. NaHC03, dried (Na2 S 0 4) and concentrated under reduced
pressure to give the title compound as a colourless oil which solidified on standing,
m.p. 69°C (ethyl acetate/hexane). [a ] D 2 0 + 30.2° (C = 1.0, CHCI3 ). (Found : C, 73.4;
H. 6.65, N, 5.92. C 14 H 15NS requires C, 73.0; H, 7.00; N, 6.08). \)max (nujol) 3346,
3429, 1578; 5H (250 MHz, CDC13) 7.42-7.19 (10H, m), 4.09 (1H, dd, / 9 , 4), 3.21
(1H, dd, / 13,4), 3.01 (1H, dd, J 13, 9) and 1.78 (2H, br.s); 5C (67.80 MHz, CDC13)
134.62 (C), 133.06 (C), 130.63 (CH), 129.58 (CH), 129.08 (CH), 127.37 (CH),
127.23 (CH), 54.78 (CH) and 37.82 (CH2); m/z (Cl) 230 (M+ + 1).

(R)-r2-jV-(rmButvloxvcarbonvlamino)-2-phenvl1ethvlphenvlselenide (237)
To a solution of diphenyldiselenide (0.68 g,2.2 mmol) in ethanol (25 cm3) was
added sodium borohydride (0.176 g, 4.63 mmol) in 5 portions to give a colourless
solution. After addition of tosylate (235) (1.214 g, 4.8 mmol) the solution was
stirred overnight, diluted with CH2 C12 (50 cm3) and washed with water (20 cm3).
The aqueous layer was extracted with CH2 C12 (2x 20 cm3) and the combined
organic extracts dried (Na2 S 0 4) and concentrated under reduced pressure. The
residue was purified by flash chromatography (5% ethyl acetate: 95% petrol) to give

116

the title compound as a colourless solid (1.07 g, 89%) m.p. 74-75° (ethyl
acetate/petrol). [<x] D 2 2 -31.7° (c = 0.87, CH2 C12). (Found: C, 60.49; H, 6.17; N, 3.68.
C 19 H 2 3 N 0 2Se requires C, 60.64; H, 6.16; N, 3.72); pmax (C F ^ C y /cn r 1 3410,1705;
5h (270 MHz, CDC13) 7.52-7.46 (2H, m), 7.36-7.19 (8 H, m), 5.21 (1H, d, /7 .5 ),
4.91 (1H, br. s), 3.41-3.19 (2H, m) and 1.40 (9H, br. s); 5C (67.80 MHz, CDC13)
154.97 (C), 141.34 (C), 133.00 (CH), 129.60 (C), 129.08 (CH), 128.56 (CH), 127.55
(CH), 127.13 (CH), 126.20 (CH), 79.60 (C), 54.43 (CH), 34.82 (CH2) and 28.27
(CH3); m/z (El) 377 (M+).

(R)-r2-N-(rmButyloxvcarbonvlamino)-2-phenvllethvldiphenylphosphine (238)
To an ice cold solution of diphenylphosphine (0.65 cm3, 3.8 mmol) in THF (60 cm3)
was added nBuLi (1.6 mol dm'3, 5.0 cm3, 8.0 mmol) over 5 minutes to give a deep
red solution which was stirred at 0°C for 15 minutes. The tosylate (235) (1.30 g, 3.4
mmol) was added in THF (5 cm3) and the solution stirred at 0°C for a further 35
minutes. The colourless solution was quenched with methanol (5 cm3) and
concentrated under reduced pressure. The residue was dissolved in CH2 C12 (50 cm3)
and washed with water (50 cm3). The solvent was concentrated under reduced
pressure and the crude phosphine was purified by flash chromatography on silica gel
(10% ethyl acetate: 90% petrol) to give the title compound as a colourless solid
(0.67 g, 49%), m.p. 136-136.5°C (ethyl acetate/petrol). [oc]d2 2 -13.0° (c = 0.55,
CH 2 Cl2 ). (Found: C, 74.02; H, 6 .8 8 ; N, 3.36. C ^H ^N C ^P requires C, 74.05; H,
6.96; N, 3.45); Pmax ( O ^ C y /c m ' 1 3425,1700,1150 ; 8 H (270 MHz, CDC13)
7.42-7.18 (15H, m), 4.98 (1H, br. s), 4.73 (1H, br. s), 2.62-2.43 (2H, m) and 1.36
(9H, br. s); 8 C (67.80 MHz, CDC13) 154.66 (C), 143.08 (C), 137.80 (d, /

8

, C),

133.79 ( d ,/ 11, C), 133.24 (C), 132.83 (d ,/5 .5 , CH), 132.55 (d ,/4 .5 , CH), 128.60
(d, J 4.5, CH), 128.38 (d, J 8 , CH), 127.18 (CH), 125.98 (CH), 79.30 (C), 52.85 (d, /
4.5, CH), 32.17 (d, J 5.5, CH2) and 28.18 (CH3); 8 p (161.83 MHz, CDC13) -23.49;
m/z (El) 405 (M+).
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(R)-r2-(iV-Hexa-4,5-dienvlamino)-2-phenvllethvlphenvlsulfide (239)
Isolated in 40% yield as a colourless oil by reductive amination with (176).
[a]20D-32.0° (C = 1.30, CH 2 C12). [Found : M+ + 1, 310.1612. (C2 0 H23NS + H)
requires 310.1623]; Pmax ( C H ^ y / c n r 1 3300,1945,1580; 5H (270 MHz, CDC13)
7.42-7.19 (10H, m), 5.04 (1H, p, J 6.5), 4.62 (2H, dt, J 6.5, 3.5), 3.70 (1H, dd, / 9.5,
4), 3.22 (1H, dd, J 13, 4), 3.00 (1H, dd, J 13,9.5), 2.45 (2H, t, J 7), 1.99 (2H, qt, J 7,
3.5), 1.93 (1H, br.s) and 1.57 (2H, p /7 ) ; 8 C (67.80 MHz, CDC13) 208.40 (C),
142.88 (C), 135.66 (C), 129.82 (CH), 129.01 (CH), 128.52 (CH), 127.49 (CH),
127.11 (CH), 126.35 (CH), 89.60 (CH), 74.92 (CH^, 61.55 (CH), 49.92 (CH), 42.34
(CH2), 29.32 (CH2) and 25.82 (CH2); m/z (Cl) 310 (M+ + 1).

(R)-[2-(Af-Hexa-4,5-dienvlamino)-2-phenvlethvl]phenvlselenide (240)
Isolated in 29% yield as a colourless oil by reductive amination.
[Found : M+ + 1, 358.1066. (C2 0 H2 3 N77Se + H) requires 358.1074]; pmax (CH2 C12)
3300, 1950, 1580; 5H (270 MHz, CDC13) 7.60-7.15 (10H, m), 5.04 (1H, p, J 6.5),
4.62 (2H, dt, J 6.5, 3.5), 3.70 (1H, dd, J 9, 4.5), 3.21 (1H, dd, J 12.5, 4.5), 3.06 (1H,
dd, J 12.5, 9), 2.46 (2H, t, 77), 2.12-1.96 (3H, m) and 1.54 (2H, p, / 7 ) ; 5C (67.80
MHz, CDC13) 208.36 (C), 143.14 (C), 132.85 (C), 129.09 (CH), 128.51 (CH),
127.44 (CH), 127.02 (CH), 125.52 (CH), 89.62 (CH), 74.96 (CH2), 62.11 (CH),
46.93 (CH2), 36.68 (CH2), 29.29 (CH2) and 25.82 (CH2), one (CH) coincident; m/z
(Cl) 358 (M++ l,

77

Se).

(R)-[2-flV-Hexa-4,5-dienvlamino)-2-phenvnethvldiphenylphosphine (241)
Isolated in 19% yield as a colourless oil by reductive amination with
Hexa-4,5-dienal (176).
[a ] D 2 0 -60.5° (c = 1.21, CH2 C12). (Found : M+, 385.1911. C ^ H ^N P requires M,
385.1959); omax (C H jC y /cn r 1 3300,1950; 8 h (270 MHz, CDC13) 7.50-7.15 (15H,
m), 5.02 (1H, p, J 7), 4.61 (2H, dt, J 7, 3.5), 3.60 (1H, q, J 7), 2.52-2.38 (4H, m),
1.95 (2H, qt, J 7, 3.5) and 1.50 (2H, p, J 7), NH not observed; 5C(67.80 MHz,
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CDC13) 208.33 (C), 138.10 ( d ,/ 13, (C)), 133.11 (CH), 132.79 (d ,/4 .5 , (CH)),
132.46 (C), 132.73 (CH), 128.44 (d ,/4 .5 , (CH)), 127.15 (CH), 126.92 (CH), 89.60
(CH), 74.89 (CH2), 60.50 (d, J 15.55, (CH)), 46.87 (CH2), 38.45 (d, J 13, (CH2)),
29.16 (CH2) and 25.79 (CH2); 6 p (161.83 MHz, CDC13) -22.40; m/z (El) 385 (M+).

iV-[(R)-a-(Phenvlselenvlmethvl)benzvll-(S)-2-vinvlpviTolidine (242)
Due to the instability of this compound, satisfactory analytical or 13C data could not
be obtained.
'Omax (CH2 Cl2 )/cm "1 1590; 5H (270 MHz, CDC13) 7.45-7.19 (10H, m), 5.75 (1H, ddd,
J 16,10, 8 ), 5.97 (1H, d, J 16), 5.95 (1H, d, J 10), 4.01 (1H, dd, J 9, 5.5), 3.50-3.35
(2H, m), 3.25 (1H, q, J 7.5), 2.81 (1H, td, J 9.5,4.5), 2.59 (1H, q, J 7.5), 1.98-1.81
(1H, m) and 1.80-1.45 (3H, m); m/z (Cl) 358 (M+ + 1 , 7 7 Se).

N-r(R)-a-(Diphenvlphosphinomethvl)benzyll-(S)-2-vinvlpvrrolidine (243)
[Found: M+, 385.1911. C2 6 H28NP requires M, 385.1959]; pmax (C T ^C y /cn r 1 1590;
8

h (270 MHz, CDC13) 7.63-7.55 (4H, m), 7.50-7.25 (9H, m), 7.19-7.10 (2H, m),

5.93 (1H, ddd, J 16, 10, 8 ), 5.12 (1H, dd, J 16, 1), 5.08 (1H, dd, J 10,1), 3.98 (1H,
td, J 8.3), 3.11-2.99 (2H, m), 2.89-2.75 (1H, m), 2.64 (1H, t, J 9), 2.22-2.03 (2H, m),
12.98-1.89 (1H, m) and 1.78-1.55 (2H, m); 8 C (67.80 MHz, CDC13) 140.60,133.75
(d, J 17), 132.90 (d, J 15), 131.28,130.70,129.25,129.10 (d, 6.5), 128.98,128.09,
127.88,117.90, 64.04, 56.79 (d, J 4.5), 45.04, 32.40 (d, J 6.5) and 21.78; m/z (El)
385 (M+).

N -\(R)-a-(Phenvlthiomethvl)benzvll-(S)-2-vinvlpyrrolidine (244)
[Found : M+ + 1 , 310.1616 (C^qH^NS + H) requires m/z, 310.1623]; a)max
( C H ^ y /c m - 1 1590; 8 H (250 MHz, CDC13) 7.39-7.10 (10H, m), 5.78 (1H, ddd, J 16,
10, 8 ), 5.18 (1H, dd, J 16, 1.5), 5.12 (1H, dd, J 10,1.5), 4.07 (1H, t, J 8 ), 3.59 (1H,
dd, J 13, 8 ), 3.29 (1H, dd, J 13, 8 ), 2.96 (1H, t, / d 8 , 3), 2.85 (1H, q, / 7), 2.35-2.22
(1H, m), 1.82-1.65 (2H, m) and 1.61-1.45 (2H, m); 5C (67.80 MHz, CDC13) 141.48
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(CH), 136.68 (C), 135.50 (C), 128.96 (CH), 128.80 (CH), 128.63 (CH), 127.82
(CH), 127.34 (CH), 125.46 (CH), 116.18 (CH^, 63.76 (CH), 61.59 (CH), 46.15
(CH2), 37.85 (CH2), 31.13 (CH2) and 21.96 (CH2); m/z (Cl) 310 (M+ + 1).

(R)-2-(N-Hexa-4,5-dienvlamino)-propylphenylsulfide (246)
Isolated as a colourless oil in 54% yield by reductive amination (G).
[Found : M+ - 113,124.1187. (C 15 H21NS - C7 H 7 S) requires m/z, 124.1126]; omax
( O ^ C y / c n r 1 3370,1940,1590; 8 H (270 MHz, CDC13) 7.40-7.17 (5H, m), 5.08
(1H, p, J 7), 4.66 (2H, dt, J 7, 3.5), 3.04-2.87 (2H, m), 2.90-2.78 (1H, m), 2.72-2.53
(2H, m), 2.12-1.99 (2H, m), 1.58 (2H, p, J l ) and 1.14 (3H, d, / 7 ) , NH not
observed; 8 C (67.80 MHz, CDC13) 208.30 (C), 132.33 (C), 129.32 (CH), 128.73
(CH), 125.91 (CH), 89.39 (CH), 74.82 (CH^, 51.86 (CH2), 46.22 (CH^, 40.83
(CH2), 29.32 (CH2), 25.78 (CH2) and 20.07 (CH3); m/z (El) 151, 124, (Cl) 248 (M+
+ 1).

W-IYR)-l-PhenvlthioproD-2-vll-(S)-2-vinvIpyrrolidine (247)
[Found : M+ - 113,124.1120. (C 15 H21NS - C7 H 7 S) requires m/z, 124.1126]; umax
(C H C y /c m 1 1630, 1575, 1080; 8 H (270 MHz, CDC13) 7.42-7.10 (5H, m), 5.66 (1H,
dd, J 16,10, 8 ), 5.11 (1H, ddd, J 16, 2,1), 5.02 (1H, ddd, J 10, 2, 0.5), 3.28-3.04
(3H, m), 2.90-2.79 (2H, m), 2.53 (1H, q, J 8 ), 1.99-1.52 (4H, m) and 1.04 (3H, d, J
6

); 8 C (67.80 MHz, CDC13) 141.45 (CH), 132.50 (C), 128.56 (CH), 128.34 (CH),

125.20 (CH), 115.43 (CH2), 64.06 (CH), 51.73 (CH), 44.56 (CH2), 39.86 (CH^,
31.65 (CH2), 22.41 (CH2) and 11.41 (CH3); m/z (Cl) 248 (M+ + 1);
minor (R,R) isomer: 8 H (270 MHz, CDC13) 1.24 (3H, d, J 7).

iV-(Hexa-4,5-dienvl)-(R)-l -phenyl-(R)-2-phenylsulfmvlethylamine (248)
To a solution of sulfide (239) (129 mg, 0.42 mmol) in methanol (10 cm3) and water
(1 cm3) was added N aI0 4 (100 mg, 0.49 mmol). The solution was stirred overnight
at room temperature diluted with water (15 cm3) and extracted with CH 2 C12 (2 x 1 5
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cm3). The combined extracts were dried (Na2 S 0 4) and concentrated under reduced
pressure. Column chromatography on silica gel (50% ether: 50% petrol) gave the
diastereomeric sulfoxides as a colourless oil (123 mg, 91%). The sulfoxides were
treated with Boc20 in EtOAc to give the N -Boc derivatives which were separated by
column chromatography on silica gel (15% ethyl acetate: petrol). Deprotection
(TFA, 0°C) gave the pure diastereomers (248) and (249).
[Found: M+ + 1, 326.1578. (C2 0 H23NOS + H) requires m/z, 326.1579]; pmax(nujol
mullVcm"1 3311,1957,1034; 5H (250 MHz, CDC13) 7.64-7.59 (2H, m), 7.58-7.44
(3H, m), 7.40-7.23 (5H, m), 5.05 (1H, p, J 7.5), 4.62 (2H, dt, J 7.5, 3), 4.19 (1H, dd,
/

8

, 5), 3.20 (1H, dd, J 13, 8 ), 2.82 (1H, dd, J 13, 5), 2.47 (2H, qt, J 9.5,7), 2.02 (2H,

qt, J 7, 3), 1.93 (1H, br. s) and 1.56 (2H, p, J 7); 8C(67.80 MHz, CDC13) 208.40 (C),
144.21 (C), 141.90 (C), 131.10 (CH), 129.25 (CH), 128.77 (CH), 127.86 (CH),
127.08 (CH), 123.90 (CH), 89.59 (CH), 74.96 (CH^, 65.45 (CH2), 59.84 (CH),
46.71 (CH2), 29.23 (CH2) and 25.75 (CH2); m/z (Cl) 326 (M+ + 1).

iy-(Hexa-4,5-dienvl)-(R)-l-phenvl-2-(S)-phenvlsulfinvlethvlamine (249)
(Found: C, 73.41; H, 7.23; N, 4.08. C ^ ^ N O S requires C, 73.81; H, 7.12; N,
4.30); Pmax(nujol mulO/cnr 1 3312, 1959,1031; 6 H (250 MHz, CDC13) 7.68-7.62
(2H, m), 7.57-7.46 (3H, m), 7.35-7.19 (5H, m), 5.09 (1H, p, J 7.5), 4.63 (2H, dt, J
7.5, 3.5), 4.18 (1H, dd, J 10, 3.5), 3.02 (1H, dd, J 13,10), 2.61-2.45 (2H, m), 2.94
(1H, dd, J 13, 3.5), 2.10-1.99 (2H, m), 1.85 (1H, br. s) and 1.61 (2H, p ,/7 ) ;
8C(67.80 MHz, CDC13) 208.38 (C), 143.95 (C), 141.73 (C), 130.88 (CH), 129.24
(CH), 128.70 (CH), 127.62 (CH), 126.70 (CH), 123.84 (CH), 89.60 (CH), 74.92
(CH2), 65.45 (CH2), 57.36 (CH), 46.61 (CH2), 29.29 (CH^ and 25.77 (CH2); m/z
(CI) 326 (M+ + 1).

M-[(R)-2-phenvlsulfinvl-(R)-l-phenvl1ethyl-(S)-2-vinvlpvrrolidine (250)
[Found: M++ 1, 326.1582. (C2 0 H23NOS + H) requires m/z, 326.1579];
^ ( C H C y / c n r 1 1640,1585; 5H (250 MHz, CDC13) 7.69-7.62 (2H, m), 7.53-7.47
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(3H, m), 7.41-7.19 (5H, m), 5.72 (1H, ddd, J 16.5, 10, 8 ), 5.17 (1H, dd, J 16.5, 1),
5.15 (1H, dd, J 10,1), 4.19 (1H, t, J 8 ), 3.61 (1H, dd, J 13, 8 ), 3.12 (1H, dd, J 13, 7),
2.99 (1H, td, J 8 , 2), 2.83 (1H, q, J 7) and 1.81-1.39 (5H, m); 5C(67.80 MHz, CDC13)
141.01 (C), 131.07 (CH), 129.12 (CH), 128.23 (CH), 127.86 (CH), 124.49 (CH),
116.77 (CH2), 63.72 (CH), 63.02 (CH^ 57.70 (CH), 46.30 (CH2), 31.19 (CH^ and
21.97 (CH2), one (C) not observed; m/z (Cl) 326 (M+ + 1).

AM(S)-2-phenylsulfinvl-(R)-l-phenvHethvl-(S)-2-vinvlpviTolidine (251)
(Found: M+, 325.1505. C2 0 H23NOS requires M, 325.1500); ‘umax(nujol mulO/cm' 1
1640, 1583; 8 H (250 MHz, CDC13) 7.71-7.65 (2H, m), 7.57-7.44 (3H, m), 7.39-7.24
(3H, m), 7.18-7.10 (2H, m), 5.91 (1H, ddd, J 16.5, 10.5, 8 ), 5.29 (1H, d, J 16.5), 5.18
(1H, d, J 10.5), 4.59 (1H, dd, J 12, 5), 3.37 (1H, t, / 12), 3.07-2.95 (2H, m), 2.90
(1H, q, J 8 ), 2.32 (1H, q, J 8 ) and 1.91-1.51 (4H, m); 5C(67.80 MHz, CDC13) 141.03
(C), 130.71 (CH), 129.17 (CH), 129.08 (CH), 128.02 (CH), 127.65 (CH), 123.97
(CH), 117.11 (CH2), 62.18 (CH2), 60.60 (CH), 54.96 (CH), 44.44 (CH2), 31.10
(CH2) and 21.88 (CH2), one (C) not observed; m/z (El) 325 (M+).

Methyl-3-(N-hexa-4,5-dienvlamino)-3-phenylpropanoate (254)
Isolated in 57% yield as a colourless oil by reudctive amination (G).
(Found: C, 74.20; H, 7.87; N, 5.74. C 16 H 2 1 N 0 2 requires C, 74.10; H, 8.16; N, 5.40);
omax(liquid filmVcm- 1 3332, 1955, 1736; 5** (250 MHz, CDC13) 7.36-7.22 (5H, m),
5.06 (1H, p, J 7), 4.62 (2H, dt, J 7, 3), 4.06 (1H, dd, J 8.5, 5.5), 3.65 (3H, s), 2.69
(1H, dd, J 15, 9), 2.62 (1H, dd, J 15, 6 ), 2.52-2.38 (2H, m), 2.06-1.94 (2H, m), 1.67
(1H, br. s) and 1.57 (2H, p, J 7); 5C(67.80 MHz, CDC13) 208.40 (C), 172.26 (C),
142.62 (C), 128.51 (CH), 127.40 (CH), 129.95 (CH), 89.55 (CH), 74.89 (CH), 59.49
(CH), 51.60 (CH3), 46.67 (CH^, 42.72 (CH^, 29.22 (CH^ and 25.79 (CH^; m/z
(CI) 260 (M++l).
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iV-Methvl-3-(AMiexa-4,5-dienvlamino)-3-phenvlpropanamide (255)
Isolated in

88

% yield as a colourless oil.

(Found: C, 74.0; H, 8.58; N, 10.81. C 16 H2 2 N20 requires C, 74.38; H, 8.58; N,
10.84); \)max(CHCl3 )/cm ' 1 3360, 1950,1680; 6 H (250 MHz, CDC13) 7.52 (1H, br. s),
7.39-7.21 (5H, m), 5.06 (1H, p, / 7), 4.64 (2H, dt, J 7, 3.5), 3.95 (1H, dd, J 9, 5.5),
2.78 (3H, d, J 5), 2.60-2.39 (4H, m), 2.02 (2H, qt, J 7, 3), 1.88 (1H, br. s) and
1.63-1.52 (2H, m); 6 C (67.80 MHz, CDC13) 208.36 (C), 172.04 (C), 142.65 (C),
128.60 (CH), 127.37 (CH), 126.65 (CH), 84.36 (CH), 75.02 (CH2), 59.84 (CH),
46.28 (CH2), 43.82 (CH2), 29.19 (CH2), 25.88 (CH3) and 25.75 (CH2); m/z (Cl) 259
(M+ + 1).

Methvl-(S)-3-phenvir(RV(S)-2-vinvlpyrrolidin-l-vllpropanoate (256)
Isolated in 92% as a mixture of diastereomers.

'Urnax(CHCl3)/cm'1 1735; 8H(250 MHz, CDC13) major diastereomer: 7.37-7.18 (5H,
m), 5.72 (1H, ddd, 17, 10, 7), 5.31-5.18 (2H, m), 4.37 (1H, t, 8), 3.61 (3H, s), 3.02
(1H, dd, 14, 8), 2.99-2.78 (2H, m), 2.75 (1H, dd, 14, 7.5), 2.19 (1H, q, 8), 1.79-1.62
(2H, m) and 1.58-1.45 (2H, m); minor diastereomer (selected signals) 6.18-5.95 (1H,
ddd, 17,10.5, 8) 5.19-4.99 (2H, m), 4.39 (1H, dd, 8, 6), 3.53 (3H, s) and 3.22 (1H,
dd, 14, 8).

N-Methvl-(S*)-3-phenvir(S*)-2-vinvlpyrrolidin-l-vnpropanamide (257)
(Found: M+, 258.1816. C 16 H 2 2 N20 requires M, 258.1810); umax(CHCl2 )/cm ' 1 3207,
1654; 8 h (250 MHz, CDC13) 8.52 (1H, br. s), 7.39-7.26 (3H, m), 7.18-7.02 (2H, m),
5.69 (1H, ddd, J 16.5, 10.5, 8 ), 5.34-5.23 (2H, m), 4.22 (1H, dd, J 12, 3), 3.11-2.96
(2H, m), 2.88 (1H, q, J 7), 2.81 (3H, d, J 5), 2.42 (1H, dd, J 16, 3), 2.19 (1H, q, J 8 )
and 1.85-1.49 (4H, m); 8C(62.90 MHz, CDC13) 172.67 (CH), 139.92 (CH), 135.96
(C), 128.74 (CH), 127.98 (CH), 127.50 (CH), 117.88 (CH2), 63.09 (CH), 57.52
(CH), 42.22 (CH2), 38.59 (CH^, 31.14 (CH2), 25.50 (CH3) and 21.84 (CH2); m/z
(El) 258 (M+).
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Minor (S*,R*) diastereomer: SH (250 MHz, CDC13) 7.41 (1H, br. s), 7.38-7.20 (5H,
m), 5.82 (1H, ddd, / 16.,5,10, 8 ), 5.11 (1H, dd, /

8

, 6 ), 5.02 (1H, dd, J 10,1), 4.13

(1H, dd, J 9, 6 ), 3.15 (1H, q, J 7), 3.17 (1H, dd, J 14, 8 ), 2.90 (1H, dt, J 8 , 3.5), 2.77
(3H, d, J 5), 2.61 (1H, q, J 8 ), 2.49 (1H, dd, J 14, 6 ) and 1.91-1.50 (4H, m).

iV-(Hexa-4,5-dienvl)-2-(R/S)-phenvlsulfinvlethvlamine (259)
Isolated in 47% yield as a colourless oil by general procedure (G).
[Found: M+ - 16, 233.1256. (C 14 H 19NSO - O) requires m/z, 233.1238]; v max
(C H C y/cm - 1 3330,1955, 1038; 6 H (250 MHz, CDC13) 7.69-7.42 (5H, m), 5.11 (1H,
p, J 7), 4.66 (2H, m, dt, J 7.3), 3.29-3.02 (2H, m), 3.01-2.88 (2H, m), 2.66 (2H, t, J
7), 2.05 (2H, qt, J 7, 3.5), 1.60 (2H, p, J 7) and 1.60 (1H, s); 5C (67.80 MHz, CDC13)
208.30 (C), 143.65 (C), 130.88 (CH), 129.12 (CH), 123.80 (CH), 89.33 (CH), 74.92
(CH2), 57.25 (CH2), 48.81 (CH2), 42.98 (CH2), 28.96 (CH2) and 25.62 (CH2); m/z
(El) 233, (Cl) 250 (M+ + 1).

2-(N-Hexa-4,5-dienylamino)-2-methvl-3-phenvlsulfinvlpropane (260)

Isolated in 8 % yield as a colourless oil (5 steps).
[Found: M+ - 17 , 260.1501. (QgH^NOS - OH) requires m/z, 260.1473];
vmax(CHCl2 )/cm" 1 3400,1950,1030; 8 H (270 MHz, CDC13) 7.64-7.55 (2H, m),
7.54-7.42 (3H, m), 5.13 (1H, p, J 7), 4.68 (2H, dt, J 7, 3.5), 2.96 (1H, d, J 11, part of
ABq), 2.66 (2H, td, J 7, 1.5), 2.60 (1H, d, / 11, part of ABq), 2.05 (2H, qt, J 7, 3.5),
1.64 (1H, br. s), 1.64 (2H, p, J 7), 1.10 (3H, s) and 1.09 (3H, s); 6C(67.80 MHz,
CDCI3 ) 208.43 (C), 139.68 (C), 130.96 (CH), 128.33 (CH), 126.29 (CH), 89.54
(CH), 74.91 (CH2), 59.71 (C), 55.64 (CH2), 49.82 (CH^, 29.08 (CH2, 25.79 (CH2),
19.30 (CH3) and 18.16 (CH3); m/z (El) 260, (Cl) 278 (M+ + 1).

Ar-[(R)/(S)-2-phenylsulfinvl]ethvl-(RV(S)-2-vinvlpvrrolidine (261)
The sulfoxides were isolated in 91% yield and separated by preparative HPLC.
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[Found: M+ - 16, 233.1328. (C1 4 H19NOS - O) requires m/z, 233.1238];
^ (C H C y /c m

*1

1040; m/z (El) 233, (Cl) 250 (M+ + 1). Isomer 1: SH (250 MHz,

CDC13) 7.69-7.48 (5H, m), 5.71 (1H, ddd, J 16, 10, 8 ), 5.19 (1H, dd, / 16,1.5), 5.12
(1H, dd, J 10,1.5), 3.30 (1H, dt, J 13, 7), 3.11 (1H, dt, J 7, 3.5), 2.98-2.89 (2H, m),
2.78 (1H, q, J 8 ), 2.42 (1H, dt, / 13, 6 ), 2.17 (1H, q, J 8 ) and 2.02-1.49 (4H, m); m/z
(Cl) 250 (M+ + 1). Isomer 2: 5H (400 MHz, CDC13) 7.68-7.62 (2H, m), 7.52-7.46
(3H, m), 5.64 (1H, ddd, 16.5,10, 8 ), 5.07 (1H, dd, 16.5,1.5), 5.02 (1H, dd, 10,1.5),
3.21 (1H, dt, 8 , 3), 3.08-2.86 (3H, m), 2.73 (1H, q, 8 ), 2.64-2.56 (1H, m), 2.25 (1H,
q, 8 ), 1.99-1.70 (3H, m) and 1.64-1.52 (1H, m); m/z (Cl) 250 (M+ + 1).

/V-[(R)/(S)-2-methvl-3-phenvlsulfinylprop-2-vn-(R)/(S)-2-vinylpyrrolidine (262)
Isolated in 89% yield as an inseperable mixture of diastereomers. \)max
(CH2 Cl2 )/cm-‘ 1040; 8 H (270 MHz, CDCI3 ) (selected signals) 7.62-4.41 (5H, m),
5.75 (0.42H, dd, 16,10,8), 5.62 (0.58H, ddd, 16,10, 8 ), 3.43-3.36 (0.42H, m),
3.31-3.22 (0.58H, m). The mixture was not further characterised.

(S)-(Hexa-4,5-dienylamino)-l-phenvlethanol (263)
Isolated in 46% yield as a colourless gum by reductive amination (G).
[Found: M+ + 1, 218.1545. (C14 H 19NO + H) requires m/z, 218.1545];
vmax(CHCl2 )/cm' 1 3350, 1945;

8

H (270 MHz, CDC13) 7.41-7.20 (5H, m), 5.07 (1H,

p, J 7), 4.70-4.60 (1H, m), 4.66 (2H, dt, J 7, 3.5), 3.02 (2H, br. s), 2.82 (1H, dd, /1 2 ,
4.5), 2.72-2.56 (3H, m), 2.03 (2H, qt, J 7, 3.5) and 1.59 (2H, p, J 7); 5C(67.80 MHz,
CDC13) 208.40 (C), 142.71 (C), 128.28 (CH), 127.37 (CH), 125.72 (CH), 89.39
(CH), 76.52 (CH), 74.96 (CH2), 57.02 (CH2), 48.65 (CH2), 29.17 (CH2) and 25.75
(CH2); m/z (Cl) 218 (M++ 1).

/V-(Benzyl)-/V-(hexa-4,5-dienyl)-(R)-1-phenyl-(R)-2-phenvlsulfinvlethylamine (276)
To the sulfoxide (248) (9.5 mg, 0.03 mmol) in ethyl acetate (0.5 cm3) was added
K 2 CC>3 (10 mg) and benzyl bromide (0.025 cm3) and the solution heated to reflux
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for 4 hours. The solution was allowed to cool, diluted with CH2 C12 (10 cm3),
filtered and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (15% ethyl acetate: 85% petrol) to give the
title compound as a colourless oil (7.0 mg, 58%). [Found : M+ + 1,416.205.
((^yH^NOS + H) requires m/z, 416.205]; umax (C T ^C y /cn r 1 1945,1040; 5H (270
MHz, CDC13) 7.55-7.19 (15H, m), 5.01 (1H, p ,/7 ) , 4.58 (2H, d t ,/ 7 , 3.5), 4.20 (1H,
dd, J 8.5,7), 3.76 (1H, d, J 14, part of ABq), 3.52 (1H, dd, J 13,7), 3.29 (1H, d, J
14, part of ABq), 3.20 (1H, dd, / 13, 8.5), 2.63 (1H, dt, / 11, 8 ), 2.28 (1H, dd, / 11,
8

, 6 ), 2.10-1.84 (2H, m) and 1.68-1.57 (2H, m); 5C (67.80 MHz, CDC13) 144.73 (C),

139.63 (C), 136.81 (C), 131.04 (CH), 129.22 (CH), 127.89 (CH), 126.98 (CH),
124.13 (CH), 89.65 (C), 75.02 (CH), 61.56 (CH), 58.64 (CH2), 54.63 (CH^, 49.11
(CH2), 26.85 (CH2) and 25.62 (CH), C=C=C not observed; m/z (Cl) 416 (M+ + 1).

(S)-Methyl 3-(N-Benzvl-ALhexa-4,5-dienvlamino)-3-phenvlpropionate (277)
Prepared in an analogous fashion to amine (276) and isolated in 45% yield as a
colourless oil.
(Found : M+, 349.2023. C2 3 H 2 7 N 0 2 requires M, 349.2041); \)max (CH^Cl^/cm ' 1
1950, 1730,1590; 5H (270 MHz, CDC13) 7.39-7.18 (10H, m), 4.98 (1H, p, / 7), 4.59
(2H, dt, / 7, 3.5), 4.33 (1H, t, / 7.5), 3.75 (1H, d, / 14, part of ABq), 3.64 (1H, d, /
14, part of ABq), 3.62 (3H, s), 3.04 (1H, dd, / 15,7), 2.69 (1H, dd, / 13, 8 ), 2.22
(1H, dt, / 13, 6 ), 1.93-1.81 (3H, m) and 1.54 (2H, p, / 7 ) ; 8 C (67.80 MHz, CDC13)
208.36 (C), 172.38 (C), 140.15 (C), 138.24 (C), 128.85 (CH), 128.65 (CH), 128.43
(CH), 128.38 (CH), 128.20 (CH), 128.12 (CH), 128.07 (CH), 128.05 (CH), 126.77
(CH), 89.81 (CH), 74.86 (CH2), 59.70 (CH), 54.18 (CH2), 51.60 (CH3), 48.85
(CH2), 36.57 (CH2), 27.10 (CH2) and 25.64 (CH2); m/z (El) 349 (M+).

Af-(Ferrocenvlmethvlidene)-benzylamine (280)
To a stirred solution of ferrocenecarboxyaldehyde (50 mg, 0.24mmol) and
benzylamine (25 mg, 0.24mmol) in CH2 C12 (5 cm3) was added sodium sulfate and
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4A molecular sieves. The suspension was stirred at room temperature overnight,
filtered and concentrated under reduced pressure to give the title compound as an
orange solid (100%). umax (CH2 Cl2 )/cm - 1 1635; 6 H (270 MHz, CDC13) 8.24 (1H, s),
7.36-7.25 (5H, m), 4.70-4.62 (4H, m), 4.38 (2H, t, J 8 ) and 4.17 (5H, m); 8 C (67.80
MHz, CDC13) 162.18 (CH), 139.60 (C), 128.44 (CH), 127.83 (CH), 126.85 (CH),
80.54 (C), 70.45 (CH), 69.02 (CH), 68.57 (CH) and 65.13 (CH2); m/z (FAB+) 304
(M+ + 1, 5 6 Fe). This compound was not characterised further and used directly.

(S*)-2-((R*)-A^-Hexa-4.5-dienylamino-r2 Hl-methvl)-methvlferrocene (283)
Hexa-4,5-dienylamine (286) (12 mg, 0.12 mmol) and 2-methylferrocene
carboxaldehyde (25 mg, 0.11 mmol) were stirred together in CDC13 (2.5 cm3) over
sodium sulfate for

1

hour after which time the suspension was filtered and the

solvent removed under reduced pressure. The residue was dissolved in ethanol (1
cm3) and NaBD4 (10 mg, 0.24 mmol) added. After 30 minutes the solution was
diluted with CH2 C12 (10 cm3) and sat. sodium bicarbonate (5 cm3). The layers were
separated and the aqueous layer was extracted with CH2 C12 (10 cm3). The
combined organic extracts were dried (Na2 S 0 4), filtered and concentrated under
reduced pressure. Column chromatography on silica gel (CH2 C12: EtOH: NH3, 200:
8

: 1) gave the title compound as a yellow oil (15.7 mg, 46%). [Found: M+ +1,

310.1243. (C 18 H 2 2 D56FeN + H) requires m/z, 310.1243]; omax ( O ^ C y /c n r 1 1950;
5h (270 MHz, CDCI3 ) 5.09 (1H, p, / 7), 4.66 (2H, dt, J 7, 3.5), 4.17-4.16 (1H, m),
4.09-3.97 (7H, m), 3.54 (1H, s), 2.66 (2H, td, J 7,1.5), 2.42 (1H, br. s), 2.09-1.98
(2H, m), 1.99 (3H, s) and 1.63 (2H, p, / 7); (67.80 MHz, CDC13) 208.48, 89.49,
84.23, 83.18, 74.99, 69.62, 69.05, 69.02, 65.73,48.39,46.90 (t, / 21), 28.92, 25.95
and 13.18 (d, J 2); 5D (41.34 MHz, CDC13), 3.65 (br. s); m/z (+FAB) 310 (M+ + 1,
56

Fe).

Hexa-4,5-dienylamine (286)
This compound has been described previously but incompletely characterised . 1 6 7
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(Found: M+, 97.091. C6 H n N requires M , 97.089); \)max(liquid filmVcm ' 1 3320,
3230, 1950; 5H (270 MHz, CDC13) 5.12 (1H, p, J 7), 4.67 (2H, dt, J 7, 3.5), 2.73
(2H, t, J 7), 2.05 (2H, qt, / 7, 3.5), 1.57 (2H, p, J 7.5) and 1.35 (2H, br. s); 8C(67.80
MHz, CDC13) 208.46 (C), 89.52 (CH), 74.89 (CH2), 41.58 (CH2 ), 32.99 (CH2) and
25.49 (CH2); m/z (El) 97 (M+).

N-(Ferrocenvlmethvlidene)-propylamine (288)
This compound was prepared in an analogous fashion to imine (280) and exhibited
the following spectral data: \)max ( C H ^ y /c m ' 1 1635; 8 H (270 MHz, CDCI3 ) 8.11
(1H, s), 4.63 (2H, s), 4.35 (2H, t, / 1.5), 4.18 (5H, m), 3.42 (2H, t, J 7), 1.66 (2H, m)
and 0.94 (3H, t, 77.5); 5C (67.80 MHz, CDC13) 160.57 (CH), 80.78 (C), 70.19 (CH),
69.00 (CH), 68.31 (CH), 63.75 (CH2), 20.42 (CH2) and 11.82 (CH3); m/z (+FAB)
256 (M+ + 1 , 5 6 Fe). This compound was not characterised further and used directly.

(5S)-2-ferrocenvl-5-phenyl-2-oxazoline (293)
To a solution of ferrocenecarboxylic acid (1.45g, 6.3mmol), amino alcohol (1.20g,
. mmol), CC14 (2.8 cm3), triethylamine (3.6 cm3) in pyridine/acetonitrile (30 cm3,

8 8

1:1) was added triphenylphosphine (6.80g, 26.0 mmol) in pyridine (30 cm3). The
solution was heated at 60°C for 2 hours, cooled, filtered and concentrated under
reduced pressure. The residue was dissolved in a minimum of hot chloroform and
added to a rapidly stirred suspension of celite (12 g) in ether (200 cm3). The
suspension was filtered and the filtrate concentrated under reduced pressure. Flash
chromatography on silica gel (2 0 % ethyl acetate : 80% petrol) gave the title
compound as an orange powder (1.40 g, 67%). [Found : M+ + 1, 331.0660.
(C 19 H 1756FeNO + H) requires m/z, 331.0660]; ,omax (QH^Cl^/cnr 1 1640; §H (270
MHz, CDCI3 ) 7.43-7.22 (5H, m), 5.56 (1H, dd, J 10, 8 ), 4.83-4.78 (2H, m), 4.37
(2H, m), 4.30 (1H, dd, J 14.5, 8 ), 4.22 (5H, m) and 3.85 (1H, dd, J 14.5,10); 5C
(67.80 MHz, CDCI3 ) 166.52 (C), 141.16 (C), 128.77 (CH), 128.22 (CH), 125.72
(CH), 80.50 (CH), 70.32 (CH), 70.19 (CH), 69.64 (CH), 69.51 (CH2), 69.05 (CH),
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68.99 (CH), 68.89 (CH), 63.12 (CH), 63.02 (CH) and 62.95 (CH); m/z (+FAB) 331
(M+ + 1 , 5 6 Fe).

r3aS-(3aa,4a,7a)l-2,3,3a,4,5,6,7-Hexahvdro-7,8,8-trimethyl4,7-methanor2Hlindole (296)
To a solution of amine (299)

(1 0

mg, 0.05 mmol) in CH2 C12 (1 cm3) was added

triethylamine (0.05 cm3) followed by TiCl4 (0.10 cm3, 1.0M in CH2 C12) to give a
black solution. The solution was stirred at room temperature for 2 hours, filtered
through celite and concentrated under reduced pressure. The residue was triturated
with ether, the ether layer filtered and concentrated in vacuo to give the imine (299)
which was used directly. \)max (C f^ C y /cm ' 1 1640; 8 H (270 MHz, CDCI3 ) 4.03 (1H,
dd, J 12,7.5), 3.84 (1H, tdd, J 12, 7.5, 3), 1.90 (1H, t, J 4.5), 1.85-1.48 (5H, m),
1.42-1.22 (2H, m), 1.10 (3H, s) and 0.99 (6 H, s).

nR-(gmfo,erafo)1-3-hvdroxv-4,7J-trimethvlbicyclor2.2.Hheptan-2-ethvlamine
To a solution of nitrile (298) (125 mg, 0.64 mmol) in ether (15 cm3) at 0°C was
added LiAlH 4 (40 mg, 1.05 mmol). The suspension was stirred at 0°C for 20
minutes, diluted with CH2 C12 (10 cm3), the reaction quenched with saturated sodium
sulfate, filtered through celite and concentrated under reduced pressure to give the
aminoalcohol as a colourless oil (126 mg, 100%). (Found: M+, 198.1870. C ^H ^N O
requires A/, 198.1858); omax ( O ^ C y / c n r 1 3600, 3400, 3200; 8 H (270 MHz, CDC13)
3.89 (1H, d, J 9.5), 2.94 (1H, dt, / 8.5, 4), 2.59 (2H, t, J 4.5), 2.59-2.48 (3H, m), 2.09
(1H, td, J 8.5), 1.98-1.85 (1H, m), 1.81-1.67 (1H, m), 1.58-1.09 (5H, m), 0.91 (3H,
s), 0.87 (3H, s) and 0.85 (3H, s); 8 C (67.80 MHz, CDC13) 74.83 (CH), 50.76 (CH),
49.96 (C), 41.81 (CH), 41.61 (CH^, 29.52 (CH2), 26.66 (C), 25.56 (CH2), 20.43
(CH2), 19.98 (CH3), 18.55 (CH3) and 14.34 (CH3); m/z (El) 198 (M+).

riR-gmfc>l-3-oxo-4,7,7-trimethvlbicyclor2.2.11heptan-2-ethylamine (298)
To a solution of aminol (prepared above) (126 mg, 0.64 mmol) in ethyl acetate (10
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cm3) was added Boc20 (130 mg, 0.63 mmol). After 30 minutes the reaction was
diluted with ethyl acetate (10 cm3) and washed successively with HC1 (2 mol dm'3,
5 cm3), saturated NaHC0 3 (5 cm3) and brine (5 cm3). The organic phase was dried
(Na2 S 0 4) and evaporated. The residue was purified by flash chromatography (25%
ethyl acetate : 75% petrol) to give the carbamate as a colourless oil (191 mg, 81%);
Umax (CH2 Cl2 )/cm ' 1 3600, 3435, 1690; SH (270 MHz, CDC13) 4.84 (1H, br.s), 3.93
(1H, ddd, J 7, 5, 1.5), 3.22-2.98 (2H, m), 2.22-2.12 (1H, m), 1.86 (1H, t, J 1.5),
1.85-1.61 (2H, m), 1.58-1.35 (4H, m), 1.44 (9H, s), 1.22-1.08 (1H, m), 0.89 (6 H, s)
and 0.83 (3H, s). The carbamate was not characterised further but was used directly.
To a solution of the carbamate (prepared above) (183 mg, 0.62 mmol) in CH 2 C12 (10
cm3) was added powdere 4A molecular sieves and PCC (230 mg, 1.06 mmol). The
solution was stirred at room temperature for 25 minutes and then evaporated onto
silica gel. Column chromatography (20% ethylacetate : 80% petrol) gave the ketone
as colourless oil (145 mg, 80%); ,umax(CH2 Cl2 )/cm ' 1 3415, 3300,1705; 8 H (270
MHz, CDC13) 5.06 (1H, br. s), 3.30-3.05 (2H, m), 2.39-2.30 (1H, m), 2.08 (1H, br.s),
1.79-1.20 (6 H, m), 1.44 (9H, s), 1.00 (3H, s), 0.90 (3H, s) and 0.87 (3H, s); m/z (Cl)
279 (M+ +1). The ketone was used directly in the deprotection step.
To the ketone (prepared above) (145 mg, 0.59 mmol) was added TFA (10 cm3) at
0°C and after 20 minutes the solution was concentrated under reduced pressure. The
residue was dissolved in CH2 C12 and washed with sat NaHC0 3 (10 cm3). The
layers were separated and the aqueous layer was extracted with CH2 C12 (10 cm3).
The combined extracts were dried (Na2 S 04) and concentrated under reduced
pressure to give the ketone (298) as a colourless oil (79 mg, 83%). (Found: M+,
195.1603. C 12 H21NO requires A/, 195.1623); umax ( C H ^ y /c m ' 1 3335, 1725; 8 H
(270 MHz, CDC13) 2.77 (2H, t, J 7.5), 2.42 (1H, dt, J 7.5,4.5), 2.03 (1H, t, J 4.5),
1.86-1.39 (7H, m), 1.36-1.24 (1H, m), 1.00 (3H, s), 0.89 (3H, s) and 0.87 (3H, s); 5C
(67.80 MHz, CDC13) 58.45 (C), 47.26 (CH), 46.35 (CH), 45.83 (C), 40.80 (CH2),
31.33 (CH2), 30.91 (CH2), 20.11 (CH2), 19.43 (CH3), 19.20 (CH3) and 9.47 (CH3),
C = 0 not observed; m/z (El) 195 (M+).
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lB-(pyrrolidm-l-vl)-2,3A6-tetra-0-Benzovl-rDl-glucopyrranose (310)
To a solution of bromide (309) (54 mg, 0.082 mmol) in CH2 C12 (5 cm3) was added
pyrrolidine (100 mg, 1.43 mmol) and silver triflate (41 mg, 0.16 mmol). After 5
days at room temperature the solution was diluted with CH2 C12 (15 cm3) and
washed with water (10 cm3). The organic layer was dried (Na2 S 0 4), filtered and
concentrated under reduced pressure. Flash chromatography on silica gel (10%,
ethyl acetate : 90% petrol) to give the title compound as a colourless solid (26 mg,
49%). [Found: M+ + 1, 650.2390. (C3 8 H 3 5 N0 9 + H) requires m/z, 650.2390]; Pmax
(CH2 Cl2 )/cm ' 1 1720; 5H (270 MHz, CDC13) 8.03-7.98 (2H, m), 7.97-7.86 (4H, m),
7.82-7.78 (2H, m), 7.58-7.21 (12H, m), 5.90 (1H, t, J 8 ), 5.60 (2H, t, /9 .5 ), 4.65
(1H, d, J 9.5), 4.60 (1H, dd, / 11, 3.5), 4.46 (lH ,d d ,/ 11, 5.5), 4.10-4.00 (1H, m),
3.04-2.92 (4H, m) and 1.75-1.60 (4H, m); 8 C (67.80 MHz, CDC13) 166.02 (C),
165.81 (C), 165.30 (C), 165.22 (C), 133.28 (CH), 133.02 (CH), 132.95 (CH), 129.77
(CH), 129.61 (CH), 128.90 (C), 128.31 (CH), 128.18 (CH), 90.20 (CH), 74.24 (CH),
72.88 (CH), 70.45 (CH), 70.25 (CH), 63.48 (CH^, 46.87 (CH2) and 24.62 (CH^;
m/z (+FAB) 650 (M+ + 1).
(3R)-3a,3aa,4a,7a.7a-Hexahvdro-3-(trifluoromethanesulfonate)-7,8,8-trimethyl-4,7-methanobenzofuran-2(3H)-one (312)
To a solution of alcohol (311) (87 mg, 0.45 mmol) in CH 2 C12 (3 cm3) and pyridine
(0.5 cm3) at 0°C was added trifluoromethanesulfonic anhydride (0.08 cm3). After 1
hour at 0°C, the reaction was diluted with dichloromethane (10 cm3) and washed
successively with HC1 (2 mol dm'3, 5 cm3) and saturated sodium bicarbonate (5
cm3). The organic phase was dried (Na2 S 04) and concentrated under reduced
pressure. Recrystallisation gave the title compound (312) as a colourless solid. m.p.
57-58°C (petrol). (Found: C, 45.5; H, 5.00. C 13 H 17 F 3 0 5S requires C, 45.6; H, 5.00);
pmax ( C H ^ y /c m ' 1 1785; 5H (270 MHz, CDC13) 5.28 (1H, d, /2 .5 ), 4.74 (1H, dd, J
8

,1 ), 3.05-2.99 (1H, m), 2.11 (1H, t, /4 .5 ), 1.96-1.78 (1H, m), 1.62-1.09 (3H, m),

1.00 (3H, s) and 0.98 (6 H, s); m/z (El) 342 (M+).
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(3R)-3a,3aa,4a,7 a j a-Hexah ydro-3-phen ylsulfide-7,8, 8 -trimethyl-4,7-methanobenzofuran-2(3H)-one (314)

To a solution of triflate (312) (164 mg, 0.48 mmol) and thiphenol (0.10 cm3, 0.98
mmol) in DMF (5 cm3) was added sodium hydride (20 mg, 0.50 mmol, 60%
dispersion in oil). The reaction was stirred at room temperature for 2 hours, diluted
with water (10 cm3) and extracted with ether (3 x 20 cm3). The combined organic
extracts were washed with brine (10 cm3), dried (Na2 S 0 4) and concentrated under
reduced pressure. Flash chromatography on silica gel (5% ethyl acetate : 95%
petrol) gave the title compound as a colourless solid (72 mg, 50%), m.p. 112-113°
(petrol). (Found : C, 72.0; H, 7.25. C 18 H 2 2 0 2S requires C, 71.73; H, 7.02); Umax
(CH2 a 2 )/cm ‘ 1 1770, 1575; 5H (270 MHz, CDC13) 7.59-7.45 (2H, m), 7.39-7.25 (3H,
m), 4.13 (1H, d ,/ 9 ) , 3.71 (1H, d, J2), 2.96-2.88 (1H, m), 1.92 (1H, t,/4 .5 ),
1.51-1.67 (2H, m), 1.25-1.34 (2H, m), 0.93 (3H, s,), 0.90 (3H, s) and 0.86 (3H, s); Sc
(67.80 MHz, CDC13) 177.13 (C), 133.70 (CH), 132.0 (C), 129.19 (CH), 128.83
(CH), 87.54 (CH), 51.12 (C), 47.97 (CH), 46.25 (CH), 45.25 (CH), 26.50 (CH2 ),
20.56 (CH2), 19.62 (CH3), 18.39 (CH3) and 14.37 (CH3), one (C) not observed; m/z
(El) 302 (M+). Continued elution gave the minor isomer (313)

(6

mg, 4%). (Found :

M+, 302.1372. C 18 H2 2 0 2S requires M, 302.1340); omax (CH2 Cl2 )/cm - 1 1765; 5H (270
MHz, CDC13) 7.60-7.51 (2H, m), 7.40-7.21 (3H, m), 4.54 (1H, d, J 9), 4.06 (1H, d, J
10), 3.31-3.23 (1H, m), 1.99 (1H, t, J 4.5), 1.88-1.71 (2H, m), 1.49-1.28 (2H, m),
1.00 (3H, s), 0.98 (3H, s) and 0.96 (3H, s); 8 C (67.80 MHz, CDC13) 176.48 (C),
131.46 (C), 131.23 (CH), 129.16 (CH), 127.47 (CH), 87.28 (CH), 50.69 (C), 49.07
(CH), 47.13 (CH), 42.23 (CH), 26.76 (CHj), 21.37 (CH2), 19.72 (CH3), 19.07 (CH3)
and 14.50 (CH3), one (C) not observed; m/z (El) 302 (M+).
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(2S)-(2a,3a,3aa,4(x,7a,7aa)-Octahvdro-3-phenvlsulfide-7,8,8-trimethyl-4,7-methanobenzofuran-2-ol (315)
To a solution of the lactone (313) (9.1 mg, 0.03 mmol) in ether (1 cm3) at -78°C
was added Bu^AlH (0.05 cm3, 0.075 mmol, 1.5M in toluene) in a dropwise manner.
The cooling bath was removed and after 30 minutes the reaction diluted with
CH 2 Cl2 (10 cm3) and saturated sodium sulfate added. The suspension was filtered
through celite and the filtrate concentrated under reduced pressure to give the lactol)
as a colourless oil (10.0 mg, 100%). (Found; M+, 304.1475. CjgH^C^S requires M,
304.1497); pmax (C H jC y /cn r 1 3570, 1570; 8 H (270 MHz, CDC13) 7.42-7.38 (2H,
m), 7.35-7.20 (3H, m), 5.62 (1H, t, J 4), 4.44 (1H, dd, / 9.5, 2), 3.64 (1H, dd, J 7.5,
4), 3.49 (1H, d, J 4.5, exchanges with D 2 0 ), 2.82-2.72 (1H, m), 1.75 (1H, t, J 4.5),
1.78-1.62 (3H, m), 1.48-1.40 (1H, m), 0.98 (3H, s), 0.97 (3H, s) and 0.89 (3H, s); 5C
(67.80 MHz, CDCI3 ) 134.67 (C), 130.97 (CH), 129.09 (CH), 127.24 (CH), 101.36
(CH), 88.55 (CH), 52.23 (C), 51.31 (CH), 47.61 (CH), 46.67 (CH), 29.71 (C), 26.17
(CH2), 21.57 (CH2), 20.76 (CH3), 18.55 (CH3) and 14.43 (CH3); m/z (El) 304 (M+).

(2R)-(2a.3a,3aa.4a,7a,7aa)-Octahvdro-2-(thiopyrid-2-yl)-3-(thiophenyl)-7,8,8-trimethyl-4,7-methanobenzofuran (316)
To a solution of lactol (315) (16.5 mg, 0.05 mmol) and dipyridyldisulfide (18 mg,
0.08 mmol) in CH 2 C12 (1.5 cm3) was added tributylphosphine (18 mg, 0.09 mmol).
After 15 minutes, the solution was diluted with CH 2 C12 (10 cm3) and washed with
sat. sodium bicarbonate (2 cm3). The organic phase was separated, filtered and
concentrated under reuced pressure. Column chromatography on silica gel (CH2 C12)
gave the title compound (19 mg,

88

%) as a light yellow oil. pmax ( C ^ C y /c m " 1

1570; 8 h (270 MHz, CDC13) 8.46 (1H, dd, / 4,0.5), 7.56-7.44 (3H, m), 7.30-7.21
(4H, m), 7.02 (1H, ddd, / 7.5, 5,1), 5.97 (1H, d, / 9), 4.32 (1H, dd, J 10, 2), 3.57
(1H, dd, J 9, 2), 2.96-2.88 (1H, m), 2.01-2.96 (1H, m), 1.70-1.45 (3H, m), 1.56 (3H,
s), 1.35-1.20 (1H, m), 0.91 (3H, s) and 0.86 (3H, s); 8 C (67.80 MHz, CDC13) 149.64,
136.32, 132.63, 128.85, 127.47,122.83, 120.16, 90.98, 90.33, 52.50, 50.92, 50.68,

133

49.22,47.24, 26.27, 21.37, 20.76, 18.54 and 14.37. This compound was not
characterised further and used directly in the cyclisation reaction.

riR-(g/i<io,g/i<io)l-3-hvdroxv-4,7J-trimethvlbicvclor2.2.11heptan-2-rethvl-(S)thiophenvlacetatel (317)
To a solution of the triflate (312) (92 mg, 0.30mmol) and thiophenyl (0.035 cm3,
0.35mmol) in ethanol (3 cm3) was added sodium hydroxide (5 mg) and the solution
was stirred at room temperature for 12 hours. The reaction was diluted with water
(5 cm3) and extracted with CH2 C12 (2 x 1 0 cm3). The combined extracts were dried
Na2 S 0 4) and concentrated under reduced pressure. Flash chromatography gave the
ester (317) as a colourless oil (38 mg, 45%). (Found M+, 348.1792. C2 0 H 2 8 O3S
requires M, 348.1758); Pmax ( O ^ C y / c n r 1 3520, 1725; 8 H (270 MHz, CDC13)
7.60-7.45 (2H, m), 7.38-7.24 (3H, m), 4.10 (2H, q, J 7.5), 3.91 (1H, d, J 9.5), 2.71
(1H, d, J 3), 2.51-2.41 (1H, m), 2.10-1.98 (1H, m), 1.64 (1H, t ,/ 3 ) , 1.52-1.40 (2H,
m), 1.25-1.05 (2H, m), 1.15 (3H, t, 77.5), 0.89 (6 H, s) and 0.88 (3H, s); 5C (67.80
MHz, CDC13) 171.79 (C), 132.68 (CH), 132.61 (C), 129.01 (CH), 128.18 (CH),
74.91 (CH), 60.81 (CH2), 50.42 (C), 49.83 (CH), 48.62 (CH), 46.37 (C), 41.08 (CH),
25.38 (CH2), 20.61 (CH2), 19.57 (CH3), 18.49 (CH3) and 13.95 (CH3), one (C) not
observed; m/z (El) 348 (M+).

(3R)-(2a/B,3a,3aa,4a,7a,7aa)-Octahydro-2-(A^-benzvl-hexa-4,5-dienvlamino)-7,8,8 -trimeth yl-4,7-methanobenzofuran-3-ol (319)
To a solution of lactol (318) (14.1 mg, 0.07 mmol) and allenic amine (8 6 ) (12.0 mg,
0.065 mmol) in chloroform (1 cm3) was added pTSA (2.0 mg, 0.01 mmol) and the
solution heated to reflux for 20 hours. The solution was allowed to cool, diluted
with CH2 C12 (10 cm3) and washed with sat. sodium bicarbonate. The organic layer
was separated, filtered and concentrated under reduced pressure. Column
chromatography on silica gel (2 0 % ethyl acetate: 80% petrol) gave the title
compound as a glass (12.1 mg, 47%). Pmax (C H ^ l^ /c m ' 1 3540, 3425,1950,1590;
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h (270 MHz, CDCI3 ) (1:1 mixture of anomers, selected signals) 5.09 (1H, p, 77),

4.66 (2H, dt, 7 7, 3.5), 3.55 (0.5H, d, 7 12.5, part of ABq), 3.52 (0.5H, d, 7 12.5, part
of ABq), 3.05 (0.5H, 713, part of ABq), and 3.02 (0.5H, d, 7 13, part of ABq); m/z
(Cl) 382 (M+ +1). The mixture was not characterised further and used directly.

(R)-A-(Pvridin-2-vlmethyl)-1-phenyl-2-thiophenylethylamine (322)
Isolated in 57% yield by reductive amination procedure (B) using 2-pyridine
carboxaldehyde.
[a]21D - 60.6° (c = 2.2, CH2 C12). (Found : M+ + 1, 321.1425. (C2 0 H 2 0 N2S + H)
requires m/z, 321.1425]; Pmax (CH2 C12) 3302, 1589; 5H (250 MHz, CDC13) 8.54
(1H, dd, 7 5,0.5), 7.56 (1H, td, 7 8 , 2), 7.39-7.19 (12H, m), 3.78 (1H, d, 7 14, part of
ABq), 3.77 (1H, dd, 7 9, 5), 3.66 (1H, d, 7 14, part of ABq), 3.26 (1H, dd, 7 13, 5),
3.12 (1H, d, 7 13,9) and 2.81 (1H, br. s); 8 C (67.80 MHz, CDC13) 159.37 (C),
149.14 (CH), 142.16 (C), 136.08 (CH), 135.45 (C), 129.82 (CH), 128.75 (CH),
128.48 (CH), 127.50 (CH), 127.21 (CH), 126.17 (CH), 122.12 (CH), 121.68 (CH),
60.72 (CH), 52.63 (CH2) and 42.40 (CHJ; m/z (Cl) 321 (M+ + 1).

(R)/(S)-3-(Hexa-4,5-dienvlamino)-3-phenylpropan-1-ol (326)
To a solution of LiAlH 4 (15 mg, 0.39 mmol) in ether (10 cm3) at 0°C was added a
solution of ester (254) (78 mg, 0.30 mmol) in ether (1 cm3). After 15 minutes the
solution was quenched with sat. sodium sulfate and filtered through celite. The
filtrate was evaporated under reduced pressure to give the title compound as a
colourless oil

(6 8

mg, 97%). (Found: M+, 231.1523. C 15 H21NO requires M,

231.1541); pmax (CH2 C12) 3250, 1950; 8 H (270 MHz, CDC13) 7.39-7.21 (5H, m),
5.05 (1H, p, 77), 4.62 (2H, dt, 7 7 , 3.5), 3.92-3.76 (3H, m), 3.15 (2H, br. s),
2.60-2.46 (2H, m), 2.02 (2H, qt, 7 7 , 3.5), 2.01-1.76 (2H, m) and 1.61-1.49 (2H, m);
8

C (67.80 MHz, CDC13) 208.36 (C), 143.04 (C), 128.60 (CH), 127.21 (CH), 126.33

(CH), 89.33 (CH), 75.02 (CH2), 64.25 (CH), 62.79 (CH2), 46.41 (CH^, 38.34
(CH2), 29.16 (CH2) and 25.72 (CH2); m/z (El) 231 (M+).

135

REFERENCES

136

4.0

REFERENCES

1.

R. G. Schultz, Tetrahedron Lett., 1964, 301; Tetrahedron, 1964,20,2809.

2.

M. S. Lupin and B. L. Shaw, Tetrahedron Lett., 1964, 883; M. S. Lupin, J.
Powell and B. L. Shaw, J. Chem. Soc.(A), 1966,1687.

3.

R. R. Stevens and G. D. Shier, J. Organomet. Chem., 1970,21,495.

4.

L. S. Hegedus, N. Kambe, R.Tamura and P. Woodgate, Organometallics,
1983, 2, 1658.

5.

L. S. Hegedus, N. Kambe, Y. Ishii and A. Mori, J. Org. Chem., 1985,50,
2240.

6

.

7.

8

.

D. R. Coulson, J. Org. Chem., 1972,37, 1253.

I. Shimizu and J. Tsuji, Chem. Lett., 1984, 223.

C. K. Narula, K. T. Mak and R. F. Heck, J. Org. Chem., 1983, 48, 2792; L.
Shi, C. K. Narula, K. T. Mak, L. Lao, Y. Xu and R. F. Heck, J. Org. Chem.,
1983,48, 3894.

9.

G. D. Harris, R. J. Herr and S. M. Weinreb, J. Org. Chem., 1992,57, 2528.

10.

N. Chaptal, V. Colovray-Gotteland, C. Grandjean, B. Cazes and J. Gore,
Tetrahedron Lett., 1991,32,1795; N. Kopola, B. Friess, B. Cazes and J.
Gore, Tetrahedron Lett., 1989,30, 3963; B. Cazes,V. Colovray and J. Gore,
Tetrahedron Lett., 1988,29, 627; B. Friess, B. Cazes and J. Gore,

137

Tetrahedron Lett., 1988, 29,4089; M. Ahmar, J.-J. Barieux, B. Cazes and J.
Gore, Tetrahedron, 1987,43, 513; M. Ahmar, B. Cazes and J. Gore,
Tetrahedron Lett., 1984, 25,4505.

11.

I. Shimizu, T. Sugiura and J. Tsuji, J. Org. Chem., 1985,50, 537.

12.

R. C. Larock, N. G. Berrios-Pena and C. A. Fried, J. Org. Chem., 1991,56,
2615.

13.

B. M. Trost and G. Kottirsch, J. Am. Chem. Soc., 1990,112, 2816.

14.

B. Akermark, A. Ljunguist and M. Panunzio, Tetrahedron Lett., 1981,22,
1055.

15.

M. Uno, T. Takahashi ans S. Takahashi, J. Chem. Soc., Perkin Trans. 1,
1990, 647; M. Uno, T. Takahashi ans S. Takahashi, J. Chem. Soc., Chem.
Commun., 1987,785.

16.

G. Foumet, G. Balme and J. Gor6 , Tetrahedron, 1991,47, 6293.

17.

G. Balme, G. Foumet, D. Bouyssi, R. Faure, J. Gore and B. Van Hemelryck,
Tetrahedron, 1992, 48, 3891

18.

A. Arcadi, A. Burini, S. Cacchi, M. Delmastro, F. Marinelli and B. R.
Pietroni, J. Org. Chem., 1992,57, 976.

19.

F.-T. Luo, I. Schreuder and R. T. Wang, J. Org. Chem., 1992, 57, 2213.

20.

D. Bouyssi, J. Gor6 and G. Balme, Tetrahedron Lett., 1992, 33, 2811.

138

21.

D. Lathbury, P. Vemon and T. Gallagher, Tetrahedron Lett., 1986, 27, 6009.

22.

D. N. A. Fox, D. Lathbury, M. F. Mahon, K. C. Molloy and T. Gallagher, J.
Am. Chem. Soc., 1991,113, 2652.

23.

J. S. Prasad and L. S. Liebeskind, Tetrahedron Lett., 1988, 29,4257.

24.

R. C. Larock and N. H. Lee, Tetrahedron Lett., 1991,32, 5911.

25.

R. C. Larock and N. H. Lee, J. Org. Chem., 1991,56, 6253.

26.

J. P. Gillman, L. S. Hegedus, J. R. Norton and R. G. Finke, Principles and
Applications o f Organotransition Metal Chemistry, University Science
Books, CA, 1987.

27.

D.N.A. Fox, Ph.D. Thesis, University of Bath, 1990.

28.

R. D. Walkup, L. Guan, S. W. Kim and Y. S. Kim, Tetrahedron Lett., 1992,
33, 3969.

29.

R. F. Heck, Org. Reactions, 1982, 27, 345.

30.

T. Jeffery, Tetrahedron Lett., 1985, 26, 2667.

31.

D.N.A. Fox, Ph.D. Thesis, University of Bath, 1990.

32.

T. Jeffery, J. Chem. Soc., Chem. Commun., 1984,1287.

139

33.

C. Amatore, M. Azzabi and A. Jutand, J. Am. Chem. Soc., 1991,113, 8375.

34.

J. K. Kochi, Organometallic Mechanisms and Catalysis, Academic Press,
NY, 1978; J. P. Gillman, L. S. Hegedus, J. R. Norton and R. G. Finke,
Principles and Applications o f Organotransition Metal Chemistry,
University Science Books, CA, 1987.

35.

T. Gallagher, I.W. Davies, S. W. Jones, D. Lathbury, M. F. Mahon, K. C.
Molloy, R. W. Shaw and P. Vernon, J. Chem. Soc., Perkin Trans. 1, 1992,
433; T. Gallagher, S. W. Jones, M. F. Mahon and K. C. Molloy, J. Chem.
Soc., Perkin Trans. 1, 1991, 2193.

36.

T. Gallagher, I.W. Davies, S. W. Jones, D. Lathbury, M. F. Mahon, K. C.
Molloy, R. W. Shaw and P. Vernon, J. Chem. Soc., Perkin Trans. 1, 1992,
433.

37.

B. E. Mann and A. Musco, J. Chem. Soc., Dalton Trans., 1975,1673; W.
Kuran and A. Musco, Inorg. Chim. Acta, 1975,12, 187.

38.

J.-F. Fauvarque, F. Pfliiger and M. Troupel, J. Organomet. Chem., 1981,208,
419; C. Amatore and F. Pfliiger, Organometallics, 1990, 9, 2276.

39.

For a dicussion of this oxidative addition mechanism see: C. Amatore, M.
Azzabi and A. Jutand, J. Am. Chem. Soc., 1991,113, 8375; C. Amatore and
F. Pfliiger, Organometallics, 1990, 9, 2276.

40.

Q.-Y. Chen and Z.-Y. Yang, Tetrahedron Lett., 1986,27,1171; S. Cacchi, P.
G. Ciattini, E. Morera and G. Ortar, Tetrahedron Lett., 1986,27, 3931; A. M.
Echavarren and J. K. Stille, J. Am. Chem. Soc., 1987,109, 5478.

140

41.

L. R. Subramanian, M. Hanack, L. W. K. Chang, M. A. Imhoff, P v. R.
Schleyer, F. Effenberger, W. Kurtz, P. J. Stang and T. E. Dueber, J. Org.
Chem., 1976,41,4099.

42.

J. J. Bozell, C. E. Vogt and J. Gozum, J. Org. Chem., 1991,56, 2584.

43.

R. D. Walkup, unpublished results. We thank Prof. Walkup for the
disclosure of results prior to publication in this and related areas.

44.

N. R. Thompson in Comprehensive Inorganic Chemistry; J. C. Boular, H. J.
Emeleus, R. Nyholm and A. F. Trotman, Eds; Pergamon, Oxford, 1973.
Volume 3, p 79.

45.

P. Di Bemado, G. Dolcetti, R. Portanova, M. Tolazzi, G. Tomat and P.
Zanonato, Inorg. Chem., 1990, 29,2859.

46.

A. Cassol, P. Dibemado, P. Zanonato, R. Portanova, M. Tolazzi, G. Tomat,
V. Cucinotta and D. Sciotto, J. Chem. Soc., Faraday Trans., 1989, 85, 2445.

47.

J. Yperman, J. Mullens, J.-P. Frangois and L. C. Van Poucke, Inorg. Chem.,
1983,22,1361.

48.

K. Nilsson and A. Oskarsson, Acta Chem. Scand., 1982, A36, 605.

49.

N. R. Thompson in Comprehensive Inorganic Chemistry; J. C. Boular, H. J.
Emeleus, R. Nyholm and A. F. Trotman, Eds; Pergamon, Oxford, 1973.
Volume 3, p 79.

141

50.

F. R. Hartley, G. W. Searle, R. M. Allcock and D. E. Rogers, J. Chem. Soc.,
Dalton Trans., 1977, 469.

51.

R. E. Yingst and B. E. Douglas, Inorg. Chem., 1964, 3, 1177.

52.

M. Israeli, D. K. Laing and L. D. Pettit, J. Chem. Soc., Dalton Trans., 1974,
2194; B. T. Heaton and D. J. A. McCaffrey, J. Organomet. Chem., 1974, 70,
455.

53.

E. C. Alyea, G. Ferguson, A. McAlees, R. McCrindle. R. Meyers, P. Y. Siew
and S. A. Dias, J. Chem. Soc., Dalton Trans., 1981, 481.

54.

L. D. Pettit and C. Sherrington, J. Chem. Soc.(A), 1968, 3078; D. C. Goodall,
J. Chem. Soc.(A), 1968, 887

55.

G. A. Olah and S. H. Yu, J. Org. Chem., 1975, 40, 3638.

56.

K. R. Aris, V. Aris and J. M. Brown, J. Organomet. Chem., 1972,42, C67;
C. D. M. Beverwijk and J. P. C. M. Van Dougen, Tetrahedron Lett., 1972,
4291; B. E. Mann and B. F. Taylor, 13CNMR Data fo r Organometallic
Compounds, Academic Press, London, 1981.

57.

G. Nagendrappa, G. C. Joshi and D. Devaprabhakara, J. Organomet. Chem.,
1971,27,421.

58.

M. A. Muhs amd F. T. Weiss, J. Am. Chem. Soc., 1962, 84, 4697.

59.

D. Parker and R. J. Taylor, J. Chem. Soc., Chem. Commun., 1987,1781.

142

60.

E. Ban, R. P. Hughes and J. Powell, J. Organomet. Chem., 1974, 69,455.

61.

P. K. Hurlburt, O. P. Anderson and S. H. Strauss, J. Am. Chem. Soc., 1992,
113, 6277.

62.

W. L. Jorgensen and L. Salem, Organic Chemists Book o f Orbitals,
Academic Press, London, 1973.

63.

Comprehensive Organometallic Chemistry, G. Wilkinson, F. G. A. Stone
and E. W. Abel Pergamon Oxford 1982.

64.

C. D. M. Beverwijk, G. J. M. Van der Kerk, A. J. Leusink and J. G. Noltes,
Organomet. Chem. Rev.(A), 1970, 5,215; Gmelin Handbuch der
Anorganischen Chemie, Springer, Berlin, 1975, 61, B5.

65.

G. M. Whitesides, D. E. Bergbreiter and P. E. Kendall, J. Am. Chem. Soc.,
1974, 96, 2806; M. Tamura and J. K. Kochi, J. Am. Chem. Soc., 1971, 93,
1483; J. K. Kochi, Organometallic Mechanisms and Catalysis, Academic
Press, NY, 1978.

66

.

A. K. Holliday and R. E. Pendlebury, J. Organomet. Chem. 1967, 7, 281; F.
Glockling and D. Kingston, J. Chem. Soc., 1959, 3001.

67.

R. E. Banks, R. N. Haszeldine, D. R. Taylor and G. Webb, Tetrahedron Lett.,
1970, 5215.

68

.

H. K. Hofstee, J. Boersma and G. J. M. Van der Kerk, J. Organomet. Chem.
1978,168, 241.

143

69.

Gmelin Handbuch der Anorganischen Chemie, Springer, Berlin, 1975, 61,
B5.

70.

G. M. Whitesides, C. P. Casey and J. K. Kreiger, J. Am. Chem. Soc., 1971,
93,1379.

71.

G. M. Whitesides and C. P. Casey, J. Am. Chem. Soc., 1966, 88,4541.

72.

H. Westmijze, H. Kleijn, H. J. T. Bos and P. Vermeer, J. Organomet. Chem.
1980,199, 293.

73.

T. Kauffmann, A. Hiilsdiinker, D. Menges, H. Nienaber, L. Rethmeier, S.
Robbe, D. Scherler, J. Schrickel and D. Wingbermiihle, Tetrahedron Lett.,
1990, 31,1553.

74.

A. Padwa, T. J. Blacklock and R. Loza, J. Am. Chem. Soc., 1981,103, 2404;
H. Saimoto, T. Hiyama and H. Nozaki, J. Am. Chem. Soc., 1981,103,4975;
R. A. Sheldon and J. K. Kochi, Metal-catalysed Oxidations o f Organic
Compounds, Academic Press, London, 1981; L. A. Paquette, Acc. Chem.
Res., 1971,4, 280.

75.

A. Claesson, C. Shahlberg and K. Luthman, Acta Chem. Scand., 1979, B33,
309.

76.

L.-I. Olsson and A. Claesson, Synthesis, 1979, , 743.

77.

P. Audin, A. Doutheau and J. Gore, Tetrahedron Lett., 1982, 23, 4337.

78.

S. Arseniyadis and J. Gore, Tetrahedron Lett., 1983, 24, 3997.

144

79.

J. S. Prasad and L. S. Liebeskind, Tetrahedron Lett., 1988,29, 4254.

80.

O. Eisenstein and R. Hoffmann, /. Am. Chem. Soc., 1981,103, 4308.

81.

P. G. Vernon, Ph.D. Thesis, University of Bath, 1988.

82.

W. L. Walters, W. S. Linn and M. C. Caserio, / . Am. Chem. Soc., 1968,90,
6741; see also D. J. Pasto and K. D. Sugi, J. Org. Chem., 1991,56,4157 and
references cited therein.

83.

D. Lathbury and T. Gallagher, J. Chem. Soc., Chem. Commun., 1986,114.
For a discussion of the interaciton of allene and electrophiles see: W.
Smadja, Chem. Rev., 1983, 83, 263.

84.

S. C. Rychnovsky and P. A. Bartlett, J. Am. Chem. Soc., 1981,103, 3963; K.
E. Harding and T. H. Marman, J. Org. Chem., 1984,49, 2838.

85.

86

.

T. Gallagher, J. Chem. Soc., Chem. Commun., 1984,1554.

T. Gallagher, S. W. Jones, M. F. Mahon and K. C. Molloy, J. Chem. Soc.,
Perkin Trans. 1, 1991, 2193.

87.

88

.

R. D. Walkup and G. Park, Tetrahedron Lett., 1987, 28, 1023.

M. Kimura, K. Fugami, S. Tanaka and Y. Tamaru, Tetrahedron Lett., 1991,
32, 6359.

89.

R. S. Macomber, D. E. Rardon and D. M. Ho, J. Org. Chem., 1992,57, 3874.

145

90.

D. N. A. Fox, D. Lathbury, M. F. Mahon, K. C. Molloy and T. Gallagher, J.
Chem. Soc., Chem. Commun., 1989, 1073; D. N. A. Fox and T. Gallagher,
Tetrahedron, 1990,46,4697.

91.

Y. Ito, M. Sawamura and T. Hayashi, J. Am. Chem. Soc., 1986,108, 6405.

92.

M. Sawamura, H. Hamashima and Y. Ito, J. Org. Chem., 1990,55, 5935.

93.

M. Sawamura, Y. Ito and T. Hayashi, Tetrahedron Lett., 1989,30, 2247.

94.

M. Sawamura, H. Hamashima and Y. Ito, J. Org. Chem., 1990, 55, 5935.

95.

A. Togni and S. D. Pastor, J. Org. Chem., 1990,55,1649.

96.

T. Hayashi, Y. Uozumi, A. Yamazaki, M. Sawamura, H. Hamashima and Y.
Ito, Tetrahedron Lett., 1991, 32,2799.

97.

A. Togni and S. D. Pastor, J. Org. Chem., 1990, 55, 1649.

98.

M. Sawamura, Y. Ito and T. Hayashi, Tetrahedron Lett., 1990, 31, 2723.

99.

S. D. Pastor and A. Togni, J. Am. Chem. Soc., 1989, 111, 2333; A. Togni and
S. D. Pastor, J. Org. Chem., 1990, 55, 1649.

100.

T. Hayashi and M. Kumada, Acc. Chem. Res., 1982,15, 395.

101.

S. Masamune, W. Choy, J. S. Peterson and L. R. Sita, Angew. Chem., Int. Ed.
Engl, 1985, 24, 1 .

146

102.

M. Sawamura, Y. Ito and T. Hayashi, Tetrahedron Lett., 1990,31, 2723.

103.

J. M. Brown and P. L. Evans, Tetrahedron, 1988, 44, 4905; P. B.
MacKenzie, J. Whelan and B. Bosnich, J. Am. Chem. Soc., 1985,107, 2046.

104.

D. N. A. Fox, D. Lathbury, M. F. Mahon, K. C. Molloy and T. Gallagher, J.
Chem. Soc., Chem. Commun., 1989,1073; D. N. A. Fox and T. Gallagher,
Tetrahedron, 1990, 46, 4697.

105.

L. Brandsma and H. D. Veerkrkuiysse, Synthesis o f Acetylenes, Allenes and
Cumulenes; Studies in Organic Chemistry, Elsevier, 1981, vol 8 ; D.N.A.
Fox, Ph.D. Thesis, University of Bath, 1990.

106.

The ester (174) was prepared by R. W. Shaw. R. W. Shaw, Ph.D. Thesis,
University of Bath, 1991.

107.

Open "achiral" intermediates have been suggested as intermediates in the
oxymercuration of chiral non-racemic allenes: see D. J. Pasto and K. D.
Sugi, J. Org. Chem., 1991,56, 4157. For earlier work in this area: W. L.
Walters, W. S. Linn and M. C. Caserio, J. Am. Chem. Soc., 1968, 90, 6741.

108.

D. N. A. Fox and T. Gallagher, Tetrahedron, 1990,46,4697.

109.

P. Rana and P. Crabbe, / . Am. Chem. Soc., 1968, 90,4733; P. Rana and P.
Crabbe, / . Am. Chem. Soc., 1969, 91, 3289; W. H. Pirkle and C. W. Boeder,
J. Org. Chem., 1977,42, 3697.

110.

J. K. Crandall and G. L. Tundell, J. Chem. Soc., Chem. Commun., 1970, 80,

147

1411.

111.

M. Schroder, Chem. Rev., 1980, 80, 187.

112.

J. Pietruszka, D. H. Hochmuth, B. Gehrike, D. Icheln, T. Runge and W. A.
Konig, Tetrahedron: Asymmetry, 1992,3, 661 and references cited therein.

113.

D.N.A. Fox, Ph.D. Thesis, University of Bath, 1990.

114.

D. J. Pasto andK. D. Sugi, J. Org. Chem., 1991, 56, 4157.

115.

D.N.A. Fox, Ph.D. Thesis, University of Bath, 1990.

116. D. Lathbury and T. Gallagher, J. Chem. Soc., Chem. Commun., 1986, 114.

117. S. D. Pastor and A. Togni, J. Am. Chem. Soc., 1989, 111, 2333; A. Togni and
S. D. Pastor,/. Org. Chem., 1990, 55, 1649.

118.

S. Masamune, W. Choy, J. S. Peterson and L. R. Sita, Angew. Chem., Int. Ed.
Engl., 1985, 24, 1; A. Houreau, H. B. Kagan and J.-P. Vigneron, Bull. Soc.
Chim. Fr., 1968, 3795; C. H. Heathcock and C. T. White, J. Am. Chem. Soc.,
1979,101,7076.

119.

K. Mori, T. Nukada and T. Ebata, Tetrahedron, 1981, 37, 1343.

120.

R. Weidmann, A. Schoofs and A. Houreau, Bull. Soc. Chim. Fr., 1976, 645;
J. Gratton and J. S. Whitehurst, J. Chem. Soc., Perkin Trans. 1, 1990, 11.

121.

A. Claesson, L.-I. Olsson, G. R. Sullivan and H. R. Mosher, J. Am. Chem.

148

Soc., 1975, 97, 2919.

122.

D. Lathbury and T. Gallagher, J. Chem. Soc., Chem. Commun., 1986,114.

123.

For a general discussion of the interaction of allenes with electrophiles see:
W. Smadja, Chem. Rev., 1983,83, 263.

124.

G. M. Whitesides, C. P. Casey and J. K. Kreiger, J. Am. Chem. Soc., 1971,
93,1379.

125.

R. J. Lanchashire in, Comprehensive Coordination Chemistry, G. Wilkinson,
R. J. Gillard and J. A. McCleverty Eds, Pergamon, Oxford, 1987, vol5, p775.

126.

R. C. Taylor and D. B. Walters, Tetrahedron Lett., 1972, 63; R. A. Kolodny,
T. L. Morris and R. C. Taylor, J. Chem. Soc., Dalton, 1973, 333.

127.

E. Herranz, S. A. Biller and K. B. Sharpless, J. Am. Chem. Soc., 1978,100,
3596.

128. K. B. Sharpless and R. F. Lauer, J. Am. Chem. Soc., 1973, 95, 2697.

129.

R. A. Kolodny, T. L. Morris and R. C. Taylor, J. Chem. Soc., Dalton, 1973,
333. In this case LiPPh2 was prepared from HPPh 2 as described in the
experimental section.

130.

K. U. Baldenius and H. B. Kagan, Tetrahedron: Asymmetry, 1990,1, 597.

131.

The crystal structure was determined by Dr. Brian Lamont, Structural
Chemistry, Greenford and the details are found in the appendix.

149

132.

D. H. R. Barton, D. G. T. Greig, G. Lucente, P. G. Sammes, M. V. Taylor, C.
M. Cooper, G. Hewitt and W. G. E. Underwood, J. Chem. Soc., Chem.
Commun., 1970, 1683; G. V. Kaiser, R. D. G. Cooper, R. E. Koehler, C. F.
Murphy, J. A. Webber, I. G. Wright and E.M. Van Heyningen, J. Org.
Chem., 1971, 35, 2430.

133. A. Togni and S. D. Pastor, J. Org. Chem., 1990,55, 1649.

134. J. A. Davies, Adv. Inorg. Chem. Radiochem., 1981, 24,115.

135. R. Romeo and M. Tobe, Inorg. Chem., 1974,13, 1991.

136.

D. N. A. Fox and T. Gallagher, Tetrahedron, 1990, 46, 4697.

137.

A. E. Senear, M. M. Rapport and J. B. Koepfli, J. Biol. Chem., 1947,167,
229.

138. M. E. Jung, Synlett 1990, 186.

139. D. J. Abbott, S. Colonna and C. J. M. Stirling, J. Chem. Soc., Chem.
Commun., 1971, 471; D. J. Abbott, S. Colonna and C. J. M. Stirling, J.
Chem. Soc., Perkin Trans. 1, 1976,492.

140.

B. L. Feringa and B. de Lange, Tetrahedron Lett., 1988,29, 1303.

141.

G. Tsuchihashi, S. Mitamura, S. Inoue and K. Ogura, Tetrahedron Lett.,
1973, 323.

150

142.

W. Oppolzer and J.-P. Barrus, Helv. Chim. Acta, 1987,70,1666.

143.

G. Haller and K.Schlogl, Monatsh Chem., 1967,98, 603; V. I. Sokolov, L. L.
Troitskaya and O. A. Reutov, J. Organomet. Chem., 1979, 182, 537.

144.

J. A. Dale and H. S. Mosher, J. Am. Chem. Soc., 1973, 95, 512; 1969, J. A.
Dale, D. L. Dull and H. S. Mosher, J. Org. Chem., 1969,34,2543.

145.

A. I. Meyers, G. Knaus, K. Kamata and M. E. Ford, J. Am. Chem. Soc., 1976,
98, 567.

146.

A. I. Meyers, G. P. Roth, D. Hoyer, B. A. Bamer and D. Laucher, J. Am.
Chem. Soc., 1988,110,4611.

147.

R. G. Sutherland, P. C. Chang and C. C. Lee, J. Organomet. Chem., 1982,
234, 197.

148.

C. R. Noe, Chem. Ber., 1982,115, 1576.

149.

H. Normant and B. Angelo, Bull. Soc. Chim, Fr., 1960, 354.

150.

W. B. Jennings and C. J. Lovely, Tetrahedron Lett., 1988,29, 3725; H.
Weingarten, J. P. Chupp and M. A. White, J. Org. Chem., 1967,32, 3246.

151.

M. Vandewalle, J. Van der Eycken, W. Oppolzer and C. Vulliod,
Tetrahedron, 1986, 42,4035.

152. F. A. Davis J. C. Towson, M. C. Weismiller, S. Lai and P. J. CaiTol,/. Am.
Chem. Soc., 1988,110, 8477.

151

153.

F. A. Davis, J. C. Towson, M. C. Weismiller, S. Lai and P. J. Carrol,/. Am.
Chem. Soc., 1988,110, 8477.

154.

D. R. Mooto, V. Date and B. Fraser-Reid, J. Am. Chem. Soc., 1988,110,
2662; D. R. Mooto, P. Kanradsson, U. Udodong and B. Fraser-Reid, J. Am.
Chem. Soc., 1988,110, 5583;

155.

P. M. Collins, Carbohydrates, Chapman Hall, London, 1987. F. Weygand,
H. Zietmann and H. J. Bestman, Chem. Ber., 1958, 91, 2534.

156.

C. R. Noe, M. Knollmuller, E. Jangg and G. Steinbauer, Liebigs Ann. Chem.,
1989, 645.

157.

J. C. Dho, G. W. J. Fleet, J. M. Peach, K. Prout and P. W. Smith,
Tetrahedron Lett., 1986,27, 3203.

158.

A. O. Stewart and R. M. Williams, J. Am. Chem. Soc., 1985,107,4289.

159.

C. R. Noe, M. Knollmuller, E. Jangg and G. Steinbauer, Liebigs Ann. Chem.,
1989, 645.

160.

M. Sawamura, Y. Ito and T. Hayashi, Tetrahedron Lett., 1990,31,2723; A.
Togni and S. D. Pastor, J. Org. Chem., 1990, 55, 1649. There is literature
precedent for other secondary attractive interactions in asymmetric catalysis
due to special features of the chiral e.g. alkylation: T. Hayashi, K. Kanehira,
T. Hagihara and M. Kumada, J. Org. Chem., 1988, 53, 113; M. Sawamura,
H. Nagata, H. Sakamato and Y. Ito, J. Am. Chem. Soc., 1992,114,2586.

152

161.

Dyeing Reagents fo r Thin Layer and Paper Chromatography, E. Merck,
Darmstadt, 1980.

162.

W. C. Still, M. Kahn and A. Mitra, /. Org. Chem., 1978,43, 2923.

163.

D. D. Perrin and W. L. F. Armarego, Purification o f Laboratory Chemicals,
Pergamon Press, Oxford, 3rd edition (1988).

164.

D.N.A. Fox, Ph.D. Thesis, University of Bath, 1990.

165.

R. Daniels and J. L. Fischer, J. Org. Chem., 1963, 28, 320.

166.

R. Weidmann, A. Schoofs and A. Houreau, Bull. Soc. Chim. Fr., 1976, 645;
J. Gratton and J. S. Whitehurst, J. Chem. Soc., Perkin Trans. 1, 1990,11.

167.

T. Gallagher, I.W. Davies, S. W. Jones, D. Lathbury, M. F. Mahon, K. C.
Molloy, R. W. Shaw and P. Vernon, J. Chem. Soc., Perkin Trans. 1, 1992,
433.

153

5.0

APPENDIX

X-ray Crystal Data for Sulfoxide (251)

C2oH23NOS, M = 325.47, trigonal, a = b = 9.793(1 1 ), c = 16.749(5) A, U = 1391(1)
= 1.5418

A, space group P3 2 (No.

A3, X

145), Z = 3, Dc = 1.17 g cm"3, F(000) = 522, p(Cu-Ka)

= 153.3 cm"1, crystal size: 0.56 x 0.32 x 0.06 mm. Siemens R3m/V diffractometer, 2109
reflections measured (3 < 20 < 115°) of which 765 reflections had / > 3.0a(7). Full
matrix least-squares refinement with anisotropic thermal parameters was used for all
non-hydrogen atoms. Hydrogen atoms were refined in riding mode. Individual weights
were applied according to the scheme w = [o2(F0) + 0.0005IFJ2]'1, refinement converged
at R 0.035, Rw 0.035, goodness of fit = 0.98. The space group and hence the absolute
structure were determined by refining Rogers’ r\ parameter [t| = 1.0(2)] [ D. Rogers, Acta
Crystallogr., Sect. A, 1981, 37,734]. All computations were carried out using the
SHELXTL PLUS (ji-VAX II) system of programs (G. M. Sheldrick, SHELXTL release
4.11/V. Copyright 1990 Siemens Analytical X-ray Instruments). Atomic coordinates,
bond lengths and angles, and thermal parameters have been deposited at the Cambridge
Crystallographic Data Centre.
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