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ABSTRACT
Matthew D. Tandy D. Phil
Loughborough University 2005

New Routes to Highly Functionalized Heterocyclic Compounds from
Cyclopropanes

Heterocyclic compounds are of great importance in the pharmaceutical
industry as well as academic research so key methodology, which generates a highly
functionalized medium ring in the minimum number of steps, is of great interest,
This project addresses this challenge by looking at the formation of pyrrolidines and
furans from cyclopropanes via a [2+3] cycloaddition reaction in a highly atom
efficient approach.

Prior to our work in this field, Tsuji and others have shown the formation of
a zwitterionic w-allyl palladium complex derived from vinylcyclopropanes and
naphthalenes is possible. During the project, we have improved the understanding of

the formation of zwitterionic z-allyl palladium complexes in aromatic systems.
X =

V<C° Me + THF,RT, COMe COMe
or
COMe
0P~ x ZnBrz. Pd(0) \Q<CO Me or \Q<CO Me
R =vinyl or aromatic

Ring closing metathesis reactions using Grubb’s catalysis are some of the
most important modern reactions. It was felt that the application of ring closing
metathesis reactions to the substrates which are formed via the [2+3] cycloaddition
would be of great benefit, particularly in the field of natural product synthesis.

\ CO.Me CO.Me
? Grubb's catalysts 4 :
\_{ "COMe N CoMe
/\H Solvent, PTSA

n Y X

The final major aspect of the work conducted in this project is the application
of the core [2+3] cycloaddition to the formation of a number of natural products. It is
thought that 2,5-dialkylpyrrolidine,3-heptyl-5-methyl pyrrolizidine, monmorine I
and 3-nortropanol are viable targets because of their pyrrolidine / fused pyrrolidine
cores. However much work is needed to form the desired natural products via the
[2+3] cycloaddition intermediate.

H
N
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N
H NeHp),cH, (CH,)CH, (CH),CH, -

2 5-dialkylpyrrolidine  3-heptyl-5-methy! pyrrobzidine monomorine | 3-nortropano!
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Chapter 1 — Introduction

Section 1.1 — General Introduction to Pyrrolidines and
Palladium Catalysts

1.1.1 — The Importance of Pyrrolidines as a Pharmacophore in Pharmaceuticals

Pyrrolidine is a nitrogen heterocycle which occurs widely in nature as a
component of many alkaloids, for example the pymolizidine, indohzidine and
quinohzidine alkaloids.! The pyrrolidine core is also present in a number of
antibiotics, antbacterial, antifungal and compounds which are known to have a
cytotoxic effect.’ Since they offer opportunities to develop novel pharmacologically
active agents, routes to the pyrrolidines are an important goal for modem synthesis,
An example of a common natural product which contains a pyrrohidine in 1t, is
nicoting 1 (Fig 1), which affects the central nervous system by acting as a
neurotransmitter. It could therefore be possible to change or add functional groups
to the parent molecule in order to develop a range of novel, non-natural

neurotransmitters.?

{S}-mcotine 1
Fig 1- Nicotine

The importance of heterocyclic rings in drugs cannot be underestimated.
Heterocyclic compounds show a wide range of bio-activity,” and drugs containing
pyrrolidines have been shown to have properties varying from antidepressants,




antihypertensive, anti-arthritic, anti-HIV activity to antibacterial properties 2-6 (Fig

2) as well as many other pharmacological effects.’

Antidepressant Anti-arthritic Antibacterial
Antihypertensive Bronchodilator DNA Gyrase Inhibitor
Adrenoceptor Antagonist Phosphodiesterase IV Inhibitor Topoisomerase |l Inhibitor
(WO-8906534) (WO0-9508534) (US-5668147)
2 3 4

Antithrombotic
Antibacterial Adjunt Thromboxane A, Antagonist
Bacterial Effiux Pump Inhibitor ThromboxaneSynthase Inhibitor
(WO-0001714) (US-5514701)
5 6

Fig 2 — Drugs containing pyrrolidine rings.

The development of new methodologies which generates novel highly
functionalized heterocyclic compounds in a minimum number of steps is highly
desirable, due to the demand for short and easy routes to small molecules for
biological testing and also in the synthesis of natural products containing

heterocyclic components.

1.1.2 — General Introduction to Common Palladium Catalyst

Palladium is a rare and expensive metal in group 10 of the Periodic Table,

and is one of the most important metals used as a catalyst in organic synthesis. A
number of compounds such as Pd(PPh;)s, Pd>(dba);, PdCl; and Pd(OAc), (which are




the most commonly used forms of palladium in organic synthesis) are commercially
available Palladium catalysts exhibit a wide range of reactivity and can be used for
a number of reactions such as transmetallation, oxidative additions and
carbopalladations as well as [2+3 ]-cycloadditions.*

Palladium chemistry became popular in the 1960’s when the Wacker process
was developed using a palladium () catalyst. This reaction 1s the formation of
acetaldehyde from ethylene which is catalysed using PdCl:.! In this reaction,
ethylene and oxygen is bubbled through acidified water 1n the presence of PdCl,-
CuCl,. During the reaction palladium forms a complex with ethylene, is reduced to
Pd(0), and is then re-oxidized by Cu(ll) The process is run in one vessel at 50-130

°C and at pressures of 3-10 atm.

O

Z + Ho + P, —~  J_+ 2Ha + Poo)
Me H

Pd(0) + 2CuCl, —— = PdCl; + 2CuCl

2CuC!l + 2HCI + 120,

2CuCl, + HO

Scheme 1 — Wacker process®

Researchers soon realised the importance palladium reactions and 1n
particular their reactivity with aryl halides. Since the 1960s, the use of palladium as
a catalyst has risen dramatically, it is now common place to have palladium catalyst
iIn many reaction processes and an understanding of the mechamism in some
palladtum mediated processes is now well known. The reason for much of the
success of palladium catalysts is the diversity of reactions that can be carried out,’*

and with every new application of this catalyst which 1s discovered more chemists

will use this remarkable metal




1.1.3 - Introduction to [2+3]-Cycloaddition Reactions

The [2+3]-cycloaddition reaction is one of the most versatile methods for the
construction of five membered rings, mainly heterocycles and to a lesser extent
cyclopentanes. A cycloaddition approach can be carried out using many synthetic
methods; either intra-molecularly or inter-molecularly, and proceeds wath the
formation of two bonds in a single reaction.

Metal catalysis are playing an increasingly important role in [2+3]-
cycloaddition reactions and often allow several stereo-centers to be selectively

created and integrated in the target motecule.*®



Section 1.2 — [2+3]-Cycloadditions Reactions

1.2.1 — Methylene Cyclopropanes and Their Analogues in [2+3]-Cycloadditions

Transition-metal-catalyzed [2+3]-cycloaddition reactions are one of the most
effecive methods for constructing five-membered carbo- and heterocycles
Methylene cyclopropanes are particularly useful 'three carbon components' for
[2+3]-cycloaddition reactions, and the synthesis of carbo- and hetero-cycles via the
intermolecular [2+3]-cycloaddition reaction of methylene cyclopropanes with a
carbon-carbon multiple bond has been reported by several groups, as have the

heterocyclic variants of these reactions.’*'®

Methylene cyclopropanes 7, were first looked at by Trost ez al. and were
found to undergo [2+3}-cycloaddition with alkenes in the presence of some
transition metal catalysts.’® Among these metals, nickel and palladium complexes
are the best documented and can react with methylene cyclopropanes and olefins to
generate five membered rings, although there are some differences in the chemo-
selectivity and stereoselectivity of these reactions.® **1%%

Binger et al., the same time as Trost, was one of the first to look into this
[2+3]-cycloaddition, made a number of interesting and important discoveries !
Palladium or nickel catalysts can facilitate this cycloaddition process, although the
regio-chemical outcome of the reactions is highly dependent on the nature of the
metal and its associated ligands. Binger showed that nickel catalysts, particularly in
the presence of ligands (COD in this example), favours formation of products from
cleavage of the proximal bond of the cyclopropane 9 (Scheme 5, path a),” whereas
a palladrum catalysts gives products from distal bond cleavage 8 (Scheme 5, path
b) ' Also geometrically defined alkene acceptors often generate products in which
the imtial alkene geometry has been preserved. The ability to control both the regio
and stereochemical outcome of this process suggests that it might provide a

powerful method for cyclopentanoid synthesis.




| Pdfdba), Patht R~R  nicOD), Patha |

| D
MeO.C MeQ.C
p 22NF " coMe 2 j/’\D D
MeC,C COMe D CO,Me
distal bond cleavage proxamal bond cleavage

Scheme 2 — Palladium and nickel reactions with cyclopropanes™

In the [2+3]-cycloaddition, a methylene cyclopropane complex 1s suggested
to be formed initially as a reaction intermediate, m which the cyclopropane
coordinates to the metal center to form a metallacycle. There may be two
metallacychic forms, depending on whether the metal species attacks the distal bond
or a proximal bond of the cyclopropane. There have been two mechanistic proposals
postulated to explain the [2+3]-cycloaddition of methylene cyclopropanes which
take into account the initial reaction intermediates. The mechanism proposed by
Trost proceeds via a n>-alkene substituted cyclopropane intermediate (Scheme 3, eq
1),!° whereas Binger proposed a mechanism which goes via a metallacyclobutane

intermediate (Scheme 3, eq 2) '°
Trost proposal

LnPdN —_— — & eq1

Binger proposal b
Jg—- wed] §= }( ) —-& a2
Ln'iT_ LnPd

Scheme 3 — Proposals for mechanisms for [2+3] cycloaddition

In the mechanism originally proposed by Trost, the distal bond of the
methylene cyclopropane coordinates to the metal and attacks the double bond of the
olefin trapping agent to generate a m-allyl intermediate. This can then ring close to
give the cyclopentane (Scheme 3, eq 1). This is a logical proposal because the
cleavage of the distal bond of the cyclopropane ring has been shown to be more

favorable than that of a proximal bond.'® However there is evidence from Noyori et




al' that the cycloaddition when using palladium between methylene cyclopropane
7 and alkene Scheme 2 occurs via the Binger mechanism which involves the
proximal bond opening. These coupling reactions investigated by Noyor, Binger
and Trost have shown some differences in the chemo- and stereoselectivity. As
dunng the opening of the proximal bond would lead to coordination of the alkene
trapping agent and subsequent rearrangement to the metalacyclohexane species,
which could then ring contract with the loss of palladium to give the cyclopentene

11 (Scheme 4).
distal

/P"%E’({:}i D-:w
S =0 o

proximal

>= + pPao)

Scheme 4 — Binger mechanism opening both distal and proximal bonds™

The synthesis of cyclic ethers by [2+3}cycloadditions falls into two
categones, in where erther vinylic oxiranes are used as a "two carbon and one-
oxygen component” in the palladium-catalyzed cycloaddition, or in the reaction of
TMM precursors, which are thought to be "three-carbon components,” with carbonyl
compounds.

This second type of chemistry has been used by Yamamoto et al.Z in the
formation of tetrahydrofurans 15 by the reaction of methylene cyclopropanes 12 and
aldehydes 13 (Scheme 5) in the presence of palladium(0) This is a particularly
interesting example as the reaction is carried out neat using a low catalytic loading
of palladium (2 mol%) Here it is suggested that the insertion of palladium occurs
into the distal bond of the methylene cyclopropane, leading to the
palladacyclobutane complex The pallada-ene type reaction of the
metallacyclobutene with the aldehyde 13 may proceed to give the m-allylpalladium
complex 14. Reductive elimination of palladium(0)} then gives the [2+3]-cycloadduct
1S.




R o 2mol% Pd(PPh,),, R
—< I + ] 4ma% P(O)BY, R
Rl)

120 ¢C, neat, R

Scheme 5 — Tetrahydrofuran formation using the Binger proposal

Yamamoto?™ has synthesized various types of exo-methylene tetrahydrofuran

~derivatives through this palladium-catalyzed [2+3 }-cycloaddition between methylene

cyclopropanes and aldehydes. This atom-economical reaction may be potentially
useful for constructing biologically important tetrahydrofuran skeletons

R O 2mol% Pd(PPhy),. R
< + ' 4moio projBy, R
1] ot o
R R 120 °C, neat, R
Cyclopropane Aldehyde Time (h) Yield (%)
! Bu 5 75
>=<] QCHO
Bu
2 Hex 11 71
< (oo
ex
3 Ph 16 86
\_>=<] [/O 3 oo
Me
4 20 77
5 Bu CHo 12 51
Bu: - U
o




6 Bu 19 64
= LMo

Bu 5

7 B">=q <0D,CH° 19 3

Table 1 - Reactions between exo-methylene cyclopropanes and aldehydes

A further example of this chemistry also carried out by Yamamoto et. al ®
showed that an N-tosyl imine 17 reacted with methylene cyclopropane to give
pyrrohdines 18 (Scheme 6). This reaction underwent the same [2+3]-cycloaddition
which was seen in Scheme 5. Yamamoto et. al. then used this reaction to generate a
range of pyrrolidines. A plausible mechanism is that the oxidative addition of
palladium(0) to a distal bond of the alkyhdene cyclopropane leads to the
palladacyclobutane complex which reacts with the imine to give the m-allylpalla-
dium complex Reductive elimination of palladium(0) gives the [2+3]-cycloadduct.
Using this process, Yamamoto has developed a novel and efficient route to
pyrrolidine derivatives through the palladium catalyzed [2+3]-cycloaddition

between methylene cyclopropanes and imines.

R. _R
R 17 5 mol% Pd(PPh,), |
0, =
18 R'>=<] toR N, _lomi%Pnp=o -
: Toluene, 110¢C N\
_ . R" Ts
PAO) R>—<>Pd
R .
() / R Pd(O)
. Rll
RSN 16 N—Pd
L A~ Ts

Scheme 6 — Formation of pyrrolidine using [2+3]-cycloaddition

The reaction conditions for these palladium-catalyzed [2+3]-cycloaddition of
methylene cyclopropanes with N-tosyl imines 17 is the presence of 5 mol% of
Pd(PPh;)s and 10 mol% of triphenylphosphine oxide at 120 °C which gives the
corresponding pyrrolidine [2+3 }-cycloadducts in good to excellent yields (Table 2).




R 5 mol% Pd(PPh,),
>=<] + o 10 mol% Ph,P=0
R RN 1g :
Toluene, 110 °C N\
R" Ts
Cyclopropane Imine Time (h) Yield (%)
1 Bu 16 £9
2 Hex 18 88
=< Q\f"‘*ﬁ
Hex
3 Ph U 13 o1
Me
4 C _q Q\¢N"“ 20 71
5 B“: _ ] W“T‘ 17 91
Bu
6 Bu 16 93
Bu)_ J < ~T1s

Table 2 — Reactions between exo-methylene cyclopropanes and immes

Tethered methylene cyclopropane [2+3]-cycloaddition chenmistry

As well as the transition metal catalyzed [2+3]-cycloaddition of methylene
cyclopropanes with olefins to generate five membered heterocychic compounds, this
reaction can be carried out in an intramolecular fashion, as shown by the
Mascaretias'® and Motherwell'*?®?*2* groups. This intramolecular method should
offer some considerable advantages over the intermolecular approach, as it should
provide an enhanced level of regio-control and stereo-control during the palladium
catalyzed [2+3]-cycloaddition reaction. This is because compounds such as these
are known to readily undergo regio-specific distal cleavage of the cyclopropane nng
in the presence of palladium catalysts allowing for a more controlled [2+3]-
cycloaddition.
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The reaction mechanism for this process is thought to be the same as the

palladium catalyzed [2+3]-cycloaddition onto a methylene cyclopropane (Scheme S)
i e. with palladium insertion into the cyclopropane to generate a metallacyclobutene
intermediate. This cyclic intermediate could then coordinate to the tethered
alkyne/alkene bond. Ring closure of this intermediary species would leave, in this
case, the 5,6-bicycle metallacyclic product. The final step in the reaction would be
the loss of palladium leaving the 5,5-bicycle. It would even be possible to alter the
size of the ‘A’ and ‘B’ ring by adjusting the length of the tether (Scheme 7). The
reaction shown below was performed by Mascareiias et. al'® and shows how

different substrates can be reacted to generate the same bicyclic system

pd XA Pd/\/A
X el Y\x Z

~ i\

| X
2 _-PdLn

X =0, C(COEY),, Y = CH,R

Pd,{dba), (10 mol%),
= POPY, 20 mol), o0

MeO,C MeO.C
= dioxane, 100 °C,

MeO,C 05h, 100%
19

oTesS 20 oTBS

Scheme 7 — Tethered methylenecyclopropane

The major cycloadduct 20 consisted of two isomers in a 5:1 ratio. However
no attempts were made to ascertain the sbsolute configuration at the proton
indicated in Scheme 7. The reaction is highly dependant not only on the nature of
the ancillary ligands around palladium, but also on the exact nature of the substrate.
Motherwell proposed that the mechanism proceeds through ring opening of the
cyclopropane to generate a charged intermediate. However due to steric hindrance in
the transition state and interactions between the palladium and substrates there was

11




scrambling of the regio-chemistry of the ester during the ring closure step. Although
this type of reaction is interesting it does have its draw backs as it is limited due to
its relatively low reactivity of the substrates.

A further example by Motherwell et. al.®® of this type of chemistry has an
electron donating group which is used mn the [2+3]-cycloaddition reaction in an
attempt to improve the stereochemical outcome of the reaction. During this highly
selective reaction there is an oxidative addition of the palladium into the distal bond
of the methylene cyclopropane 21 which results in formation of a transition state 22
where the oxygen atoms on the protected alcohol adopt a pseudo-axial orientation,
enabling it to complex and stabilize the cationic n-allyl palladium intermediate
Subsequent ring closure would lead to the formation of the desired bi-cyclic product
24 (Scheme 8).'*

Pd(dba); (10 mol%),

” P(OPr), (20 mol%),
toluene, 110 °C

MeO,C” " 0B thaaw

X

MeO 0

Scheme 8 — Trost tethered methylenecyclopropane mechanism

Catalysts for these reactions were prepared in sitv from di-palladium
tris(dibenzylideneacetone) by addition of four equivalents of trnisopropylphosphite.
The cyclhisations were performed by simply refluxing the substrate in toluene in the
presence of 5-20 mol% of this catalyst mixture. These results were further supported
by NOE measurements which confirmed the location of the exocyclic double bond

The examples clearly highlight that the intramolecular variant of the
palladium catalyzed [2+3]-cycloaddition is a useful for controlling regioselectivity

and mummizing unwanted dimerisation reactions. It is also evident that changes
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particularly in the nature of the tethening chain may have a profound effect on these

cyclisations.

Bicyclopropylidene

An example of bicyclopropylidene 25 looks at the use of aryl halides which
can be efficiently crosscoupled to it. This reaction has been widely explored and
shown to have reasonably high combinatorial potential since not only can different
aryl halides and different dienophiles, but even differently substituted
bicyclopropylidenes, be employed.

As well as being a highly interesting substrate the products generated from
this reaction are extremely noteworthy in themselves. When the palladium mserts
into the cyclopropane there is a zwitterionic intermediate formed. This zwittenionic
intermediate can then either ring open the second cyclopropane or remain cleaved,
where the anionic charge is stabilized by the cyclopropane nng. In this example by
Meijere et. al.,”® the overall reaction, after initial carbopalladation of the highly
strained double bond in 25, again involves a cyclopropylcarbonyl to homo-allyl
rearrangement leading to the correspondmg homo-allyl palladium species This can
finally undergo a hydride elimination to give the aryl-substituted diene 26 This
itermediate is then immediately trapped by any dienophile present in the mixture
of the one-pot operation to give the tetracnes 26 (Scheme 9)

I-f—%

PdLn
PA(OAC);, PPhy, K,CO,, CO,Me
[D>=<] + Ad + X, COMs ELNCLMeCN, 80°C, 45h ’
25
2

Scheme 9 — Bicyclopropylidene [2+3]-cycloaddition
The use of bicyclopropylidene 25 in multi-component reactions is greatly

enhanced by the presence of tris-(2-furyl)phosphine as a ligand instead of
triphenylphosphine which generates an c-allyl- / n-allylpalladium complex. The

13




formal rearrangement of the homoallyl- to the zw-allylpalladium intermediate most
probably proceeds by B-hydride elimination and immediately enswing hydrido-
palladaton. When the reaction is performed in acetonitnle at 80 °C, the tetraenes 26

can be isolated.
Ar Yield (%) Cis:Trans

1 Ph-I 100 -

2 2-Me-C¢H,-1 99 2:1

3 4-Me-C¢Hy-1 91 -

4 2,4-Me-CgHs-1 98 25:1

5 2-Bn-C¢Hy-1 85 2:1

6 3Pyr-I 67 -

Table 3 — Bicyclopropylidene [2+3]-cycloaddition * as shown in Scheme 9

As well as the use of the bicyclopropylidene 25 1t is also possible to generate
the same zwittenionic intermediate spectes through loss of a leaving group 27
(Scheme 10) The zwitterion can then be trapped using an activated alkene 28 to
give the products 29-30."2 The products from this reaction still retain the spirocyclic
structures as observed in Scheme 9.

[—h— el

PdLn
l ZEwe
EWG
Ph. .z PAPPY), (5 moi%),
o
q/‘k/ \'* + \/\OOZMO o, 150 °C, 74% +
s i 23,10
o,M
. Ph COMe P’ COMe
= 29 30

Scheme 10 — Bis-methylenecyclopropane
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The precursor 27 was synthesized in 18% overall yield from 1-bromovinyl-
tnmethylsilane.  2-Spirocyclopropylenethylene cyclopentanes and / or
cyclopropylidene cyclopropanes are obtained depending upon the substrate, ligand,
and solvent.'? The reaction proceeded with 5 mol% palladium acetate and 50 mol%
tritsopropyl phosphite in dioxane at 150 °C. The bicyclopropylidenes have proven
useful in further palladium catalyzed [2+3]-cycloadditions. The vinylcyclopropanes
can then undergo smooth thermal rearrangement as 1llustrated in the isomerization
of 31 to 32 in Scheme 11. Palladium catalyzed cycloadditions showed no reactivity

when electron deficient alkenes are used as acceptors

Scheme 11 — Isomerization of product

With heteroatom - like aldehydes and aldimides, 2-spirocyclopropyl
methylene tetrahydrofurans 34 and pyrrolidines 36 can be formed. Examples of
heteroatom reactions with bicyclopropylidene 25 have been performed by Trost et
al ,® who showed that heteroatom acceptors showed a high selectivity for the
formation of the vinyl cyclopropane. However in reactions using aldehydes as a
trapping agent a two component catalyst was needed (5 mol% palladium
tris(tritsopropylphosphate) and 10 mol% trimethyl tin acetate) to generate the
corresponding aldehyde 34. However in the case of imines only palladium was

needed as a catalyst to generate pyrrolidine 36 (Scheme 12)
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MeQO 34

? Pd(PPr), (5 mol%), 0
o MeO Me,SnOAC (10 mol%),
A'/U\/ \ﬂ/k + jd dioxane, 150 °C, 80% MeO
™S 0 MeO
27 33

Ts~ N

MeO PA(PPF); (5 mol%),
AHJ\/O\H/Z + D) dioxane, 150 °C, >99% "°C

MeO
27 38

Scheme 12 — Heteroatom reactions with bicyclopropylidene®®

122 - Generating Zwitterionic Species in [2+3]-Cycloadditions From

Isobutylene Derivatives.

For a palladium catalyzed [2+3 }-cycloaddition reaction to occur a zwiterton
needs to be formed from a substrate before it can react with a trapping agent such
as alkene, alkyne, imine or aldehyde. Several groups have looked at the formation
of such a zwitterionic reactive intermediates. ™' One way which has been
commonly used is to have a leaving group generate the 1,3-dipole, 1ie when
palladium reacts with the substrate elimination occurs to give the zwitenon which
is then free to react with a trapping agent to form the cyclic product.

Although 13-dipolar cycloaddition reactions have been successfully
employed in the synthesis of heterocyclic five-membered rings for some ttme, the
application of cycloaddition reactions to the construction of carbo-cyclic
equivalents has only recently received attenton. However the usefulness of
methods in organic synthesis depends upon accessibility of starting matenial with
various functional groups.
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In an example of this reaction type, which was performed by Tsuji,” there
1s a palladium-catalyzed [2+3]-cycloaddition using 2-(trimethylsilylmethyl) allyl
carbonates 37 and a trapping agent to form methylene cyclopentanes 38. In
reactions such as these the zwitterionic n-allyl complexes are thought to form. It 1s

generated by the loss of both the leaving groups (Scheme 13) *

Mess|\)J\/OCOZEt + A COMe  Pd(dppe), (0 0125 mmol),

(05 mmol) (1 0 mmol) THF, 65°C, 20 h,
a7 ag COMe

'OCO Et /:
2 /I\KPd
Me,Sl\)k,OCO Bt e e SI\/de (./ _) —_—

CO,Me

Scheme 13 — Isobutylene denvative general reaction

Reaction of the carbonates 37 (0.5 mmol) and ethyl acrylate (1 0 mmol) in
the presence of Pd(dba); (0.0125 mmol) in THF (5 mL) at 65 °C for 20 h gave
methylenecyclopentanes after punfication by column chromatography on SiQ-.
Vanous five membered cyclic compounds were obtained in good yields. This
reaction proceeds through loss of the TMS and OCO,Et groups via coordination of
palladium to generate a zwitterionic intermediate. Reaction of this zwitterionic
intermediate with an activated olefin leads to the formation of a cyclopentane
product A variety of cyclopentane derivatives can be easily derived from the
cycloaddition adduct by standard chemistry with the exomethylene and the ester

R\/u\/ocoza + R —— &
-

R = Leaving group
R' = Electron withdrawing group

Scheme 14 - Products formed from [2+3]}-cycloaddition

groups.
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Carbonate Olefin Product Time (h) Yield (%)

1 o~ 20 77
pToISOz\JJ\,OC.OzEt 7 coR &

2 Z > cojft
NC OCO,Et

CO.
3 o 10 65
sroso,_JL_ocos é §

4 / 1 89
pTo:so,\)J\/ocozEt /\g/ @
o]

5 Ph 1 51
NC\/l]\,OcozEt \/\cia( @
o

6 \)]\/ CO,Et 24 61
pTolSO, OCO,Et Ph\)\coza &_@

LEt
Ph CO,Et
7 CO,Et 18 73
Nc\JL,ocoza Pn\)\co £t &
2
t
Ph co ZE:E

Table 4 — Isobutylene denvatives [2+3 ]-cycloadditions

A further example described by Hayashi et al® uses 2-(phenylsulfonyl)-
propenyl carbonate 39 which forms a zwittenonic intermediate through loss of a
leaving group, in this case carbon dioxide and “OEt, which also acts as a base to
deprotonate next to the phenylsulfonyl group. After the deprotonation has occurred 1t
was possible to trap the zwiterion using an altkene. The resulting product from the

18



trapping step can then undergo a ring closure to generate the phenylsulfonyl
substituted cyclopentane 40-41 product (Scheme 15).7° It is interesting to note that
this reaction was the first efficient palladium [2+3]-cycloaddition reaction to be
performed using a ferrocenylphosphine ligand (BPPF) to give enantiomerically
enriched products.

SO,Ph R X
P <
+ ZcoMe ‘
: Pd
:<:°°°zﬁt o/ PP, =%:L 0 7723 :%j\ N
COMe

39

(3 moi%), THF, reflux

SO.Ph ©0-66% 2 9-64%
¥ co, Okt P H Z > coMe
N H-l soph— » (
-OEt
77 PhO,Sh, -
Pd Et 4 S~ *
Pd Pd
¢ SO,Ph
L Y p COMe
—
e,
COMe PhO,S \F;

Scheme 15 — Propyl carbonate mechanism

Reaction of carbonate 39 with methyl acrylate in the presence of 3 mol% of
a palladium catalyst (R = -NMeCH(CH,OH),) gave 76% yield of methyl-1-benzene
sulfonyl-5-methylene cyclopentane-3-carboxylate which consists of cis and trans
isomers in a ratio of 23 to 77. The key intermediates are zwitterionic -
allylpalladium complexes which are diastereomernic 1somers formed by oxidative
addition of 39 to palladium(0) followed by deprotonation with the generated
alkoxide anion The subsequent cyclisation step where the resulting enolate attacks
the m-allyl carbon is not important for the enantioselection in, the present
cyclisation

Higher stereoselectivity was observed in the reaction with the
ferrocenylphosphine containing N-methyl-N-bisthydroxymethyl)methyl amino
group (Table 5, entries 1 and 5). Other types of chiral phosphine ligands such as
(S,S)-chiraphos and (+)-BINAP were not as stereoselective (entries 3 and 4)
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H Me
R
SO.Ph SOPh

SOPh e —PPhy, PPh
ORI O~ WIS W
OCO,Et >

(3 mol%), THF, reflux 7

R n catalyst CH;=CHZ | Time (h) | Yield (%) Cis/Trans (e_e_ )
1 | NMeCH(CH0H), | CO:Me 40 58 18 (73) /82 (58)
2 -NMe; COMe 47 76 23 (66) / 77 (64)
3 (S.,S)-chiraphos COMe 42 51 27 (46)/73 (21)
4 (H)-BINAP COMe 46 63 22 (19)/78 (4)
5 | -NMeCH(CH,OH), COMe 64 77 34 (75) /66 (78)
6 -NMe; COMe 38 86 28 (54) /72 (61)

Table 5 — Ligands used on chiral ferrocene in the reaction in Scheme 15

The products formed from this chemistry are useful precursors for further
reactions. In the example shown below which was performed by Tsuji ef af 2 1t can
be seen that the isobutylene derivative substrate 42 can be reacted m a number of
different ways to generate different cyclopentane 43 / cyclopentene 44 products
depending on the conditions which are used in the reaction (Scheme 16) > It can be
seen that the products 43 and 44 are then capable of undergoing further reactions by

standard transformations to form a further range of products 44-49.
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Ts\/”\,ocoiet + g
42 Pd-dppe,
Pd-dppe, MeCN, 71%
£ | THR 77%
Ts
43 ¢

o}
Te 0,, Me S, 70%
45

E

Pd(PBu);,, DMSO, 65%
E{CN, Nu-
Pd-dppe, 71%
THF, base,
HCO,NH,, 85% Nu
68% Ny ¥~ _ocog
45
a8

E Ts

E
E
E=COMe 47 N = /Lj,cozue

Scheme 16 — Reactions with propenyl carbonate

An example of a natural product which has been formed using this chemistry
as a major reaction step is (+)-Brefeldin A 52, which shows antiviral, antibacterial
and antifungal activity. The synthesis outlined here was developed by Trost’ and
has the [243]-cycloaddition as a key intermediate in the total synthesis of Brefeldin
A. In this reaction the chiral substrate 49 is reacted in the presence of the 1sobutylene

derivative 50 to generate the product 51 as outlined in Scheme 17,

step in the synthesis of (+) Brefeldn A
O AcO 1Mo,
50 R
(O : &
f>~ 20 mol% (PrO),P, H H
[e) 0 2 5 mol% Pd(OAc),
1

(#) Brefeldn A (R = H)

52

Scheme 17 — Isobutylene derivative used 1t the synthesis of Brefeldin A
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As summanzed in Table 6, a range of TMM precursors were examined for
this procedure; all reacted well and gave complete control of regioselectivity and
excellent stereoselectivity. The solvent effect on the selectivity in this case 1s also
interesting as higher diastereoselectivity was found in toluene than THF. The utility
of the chiral aldehyde equivalent 49 in the [2+3]-cycloaddition opens up the
possibility to generate a wide range of cyclopentane-containing natural products.

R Conditions Yield (%) ee
1 H Toluene, 100 °C, 12 h 93 >98/2
2 H THF, 60 °C,24h 93 >98/2
3 CN THF,60°C,12h 94 5.51
4 CN Toluene, 100°C, 6 h 91 94/2
5 Me Toluene, 100 °C, 48 h 60 >98/2
6 Ph Toluene, 100°C, 24 h 79 >98/2

Table 6 — Conditions used in the optimization of step in the synthesis of Brefeldin A

13 also looked into the regioselective cycloaddition of this

Trost et a
complex to olefins possessing an electron withdrawing group (Scheme 18)
Cycloaddition to the readily available norbomadienes proceeds well in most cases
using an in sity method for generating the catalyst by mixing palladium acetate with
tnisopropylphosphite in which the latter serves as both reducing agent of Pd(II) and
ligand for Pd(0) Reactions carried out in refluxing THF 1-7 mol% palladium acetate

and 7-8 eq of triisopropylphosphate.
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R'

R

el /
retlux
O

R' ,
53 AcO ™S R' R
55

R 54
R =H, Me
R'= COMe, H
R" = COMe, CO,Et, COPh, SO,Ph

— p= R
=——R" 4+ Acoj/t/'.rms — \é se
RI Rll

Scheme 18 — Cyclopentane formation by Trost

Compound (56) Exo : Endo (R} Yield (%)
1 R=H,R’=CO;Me, R =CO,Me 35:1 84
2 R =Me, R’ =COMe, R’ = COMe 5:1 71
3 R=H R’ =H,R”=COMe 45:1 85
4 R=H,R’=H,R”’=CO;Et 46:1 87
5 R=H,R’=H,R’*=COPh - 29
6 R=H,R’=H,R” =80,Ph - 7

Table 7 — Cyclopentenes formed (product 56 Scheme 18)

Trost™ has also performed these reactions using 2-trimethylsilylmethylallyl
acetate 57 which effectively adds to electron deficient olefins to form methylene
tetrahydrofurans, but which failed to add effectively to carbonyl groups.

R -
TR ls] -
~F
Ras'\/”\/OA° ) % —_— L‘o e 0
Pd \S -
Pd
58 59

57

Scheme 19 — Cycloaddition with aldehydes
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In this reaction a mixture of 5 mol% of palladium acetate, 20 mol% of tri-n-

butyl tin acetate, and 25 mol% of triphenylphosphine is heated at reflux m THF until

a clear yellow solution forms. The aldehyde (1 eq ) and 2-trimethylsilylmethylallyl
acetate (1.2 eq) are added (concentration 0.5 M) and reflux continued until TLC

indicates reaction is complete (15 min to 5 h). The reaction is diluted with hexane

and filtered through a plug of silica gel. Evaporation and chromatography of the
residue provides the pure methylene tetrahydrofuran.
The zwitterion formed upon reaction of the TMM complex wath the

aldehyde, may be intercepted by the silicon or tin acetate by-product of the

formation of 58, faster than it cyclises to the methylene tetrahydrofuran It i1s

interesting to note that unsaturated aldehydes only give carbonyl addition and no

doub!e bond addition, and ketones do not give cycloadducts.

L

. Pd{0) . 0
R,Su\)j\/o;\c + R0 R‘&
Aldehyde Product Yield (%)
O O~ "
[s)
: R S ”
P o
3 ph/.'\"/c HO O 89
: Ph&/‘D:
4 N 71
ph/\D=
T A= o
7 \rCHO \I& 74
H
pn~°

Table 8 — Tetrahydrofuran derivatives formed from patladium [2+3}-cycloaddition
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123 — n-Allyl Complexes in Palladium Catalyzed [2+3]-Cycloaddition

Reactions

The synthesis of five-membered heterocyclic rings by nucleophilic ring-
opening of three-membered heterocycles has been extensively studied, because of
the potential biological activity of some of the products A drawback of this
system is that the reactions generally require relatively high temperatures (50-120
°C depending on substrates) to proceed to completion

The final example of the creation of zwitterionic species through palladium

chemistry is through coordination of a vinyl bond next to three membered ring. This
chemustry is of particular interest as it is possible to use heterocyclic nngs to
generate a 1,3-dipole, because many three membered heterocyclic rings are easily

formed (epoxides, aziridine and thiiranes) as well as cyclopropanes.

When looking at this chemistry, it ts impossible to ignore the work of
Tsu,*?3* who is one of the pioneers in the field of palladium catalyzed reactions
He showed that when using a palladium(0) catalyst, a zwitterionic 1,3-dipole could
be formed, through ring opening of the activated vinyl cyclopropane (Scheme 3)
This occurs when the palladium coordinates to the vinyl bond. The ring opened
cyclopropane then gives a zwitterionic intermediate in which the negative charge is
stabilized using two esters which is B to the vinyl group, and the charge positive is
coordinated to the w-allyl complex. This charged intermediate can then be trapped
using either an activated alkene or a cumulene trapping agent to create the
substituted vinyl cyclopentane 64 (Scheme 20). In this example there was also a
minor product seen in the reaction, the product 65 is thought to be formed when the
intermediate 63 is generated in the presence of an acid. This caused the loss of
palladium hydride and the generation of the diene product in low yield.

The vinylcyclopropane (0 5 mmol) underwent smooth [2+3]-cycloaddition
reaction with methyl acrylate (I mmol) in the presence of Pd,(dba);.CHCl;
(0.0125 mmol) and dppe (0 05 mmol) in DMSO (3 mL) at 30-80 °C for 1-3 h io0
give the vinyl cyclopentane in good yields.
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- 60
E
E\I/WOCOZMe M EM
E & Pd,(dba), (0 0125 mmol}, | E Pd Pd{dppe), (0 0125 mmol), E 62
05mmol  DMSO, PPh, (0 1mmot), ~ DMSO, 80°C, 2 h, 84%
30°C, 3 h, 88%
- CO,, -OEt ZF 2eq
£ E E
:)Q/\ Em H* E f!,} -PdH E)qw
" E E g 65
E = CO,Me
Scheme 20 — Tsuji’s vinyl cyclopentane formation
COMe
CoMe
/VCOM» t AR /\QLCOJ‘“
R = Electron withdrawing group R
Vinylcyclopropane Olefin Ligand | Temp (°C) | Time (h} | Yield (%)
1 NO;J: Z coMe dppe 80 2 84
2 7 €O Mo P'Bu; 30 1 87
/\v<cone

3 /V?;:’ /\g/ P"'Bu; 30 1 66
4 7 COMe \jﬂe P"Bu; 30 3 89

COMe Z o
5 Z coMe dppe 80 3 78

COMe
6 /\vé:::me Zco Me PnBll3 30 3 77
7 Z~coMe dppe 80 2 23

=
COMe
Table 9 — [2+3]-Cycloadditions using vinyl cyclopropane (Scheme 20)
26




The palladium-catalyzed [2+3]<cycloaddition reaction of vinyl oxiranes with
heterocumulenes has also been reported by Yamamoto et. al>' This particular
substrate has been considered a versatile tool in the construction of certan
heterocycles in organic synthesis. A reaction between the vinyl oxirane and a
carbon-carbon multiple bond would lead to the formation of tetrahydrofurans or
dihydrofurans depending on the trapping agent used. In this example, however,
Yamamoto looked at the synthesis of 1,3-oxazolidines via the [2+3]-cycloaddition
Previously the most popular method of constructing 1,3-oxazolidines was by the
condensation of 1,2-amino alcohols with carbonyl compounds in the presence of
acid catalysts.

Yamamoto expected that an imine incorporated in a [2+3]-cycloaddition with
vinyl epoxides would produce 1,3-oxazolidines. The key step of the [2+3)-
cycloaddition is thought to be the nucleophilic addition of an oxygen anion, which is
generated by the reaction of vinylic oxirane 66 with palladium, to an imine 67. Ring
closure from the intermediate 68 formed from this reaction would lead to the 1,3-
oxazolidines 69 The reaction conditions which Yamamoto used n these reactions
were 1 mol% of Pd;(dba)s, 2 mol% dppe in THF at room temperature under an inert
atmosphere (Scheme 21)

R 1 mol% Pd,(dba), R)_N/ Ts
R + 0% 2 mol% dppe, R
A1 THF.RT o\)ﬂ

\
P}*N/: ’_{‘ Pd(0} R’
e
.

g ey

\ R Pd’

68 \CPd

R

R. .=MN
R aiia N
R = Aromatic, R’ = H, Me Ts 67

Scheme 21 — Regioselective 1,3-oxazolidine formation
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R' 1 mol% Pd,{dba), J
R._ 2N X 2mol% dppe, 0
~NFisrs t 0&/\ THF,RT R

)_N\
R

Ts

Imine Vinylic oxirane Time (h) | Yield (%) | Cis'Trans

1 ©/*-N/ Ts 2 97 7327

Y Ts
N’

o 2 96 88:12
A

4 >99 70:30

3 /@/‘\\N P |

4 /@/‘\w Te >99 60:40
MeQ

5 00 Xy S 3 93 6238

6 ©/<~N» Ts 1 78 57.43

1 74 50:50

FFD D Y D

7 @/‘\\N, Ts

Table 10 — [2+3]-Cycloadditions using vinyl epoxides

As well as reactions with vinyl cyclopropanes (Scheme 20) and vinyl
epoxides (Scheme 21), other work has been performed in the area of [2+3]-
cycloaddition chemistry. This work includes using a number of different vinyl
heterocyclic compounds which could be used to generate the three atom component
of the reaction system. For example, Alper et. al ** have used vinyl arizidines 70
which are an example of a 3-component system which is capable of undergoing a
palladium [2+3]-cycloaddition, such as has been seen in the work outhined by Tsup
(Scheme 20). The palladium causes a ring opening of the vinyl arizidines 70 to
generate a w-allyl zwitterionic species. The resulting ntermediate should react
readily with the electrophilic heterocumulene carbon atom giving rise to a further
intermediate, cyclisation of which affords the two possible five-membered hetero-
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cychic nngs and regenerates the original palladium(0) complex In this example, the
reaction is between an isocyanate (N=C=0) which, when reacted with a vinyl
aziridine, forms a substituted heterocyclic products 71 and 72 (Scheme 22)*°

~ 02 mol% Pd{OAc),, \ o
10 mol% PPh, (@] ~
l? \\Q% 7/JSI' R1
N
R THF, RT \
70 R

R1" 72

Scheme 22 — Heterocycles from vinyl azindine

iy Y

L
>—N
R2 Pd

k7\_. 'CPd
R2
R1 VN\R

Scheme 23 - Zwitterion formation in palladizm reactions

Isocyanates, isothiocyanates, and carbodiimides have been used by Alper as
heterocumulenes to give imidazolidinones, imidazolidinethiones, and imidazolidine
imines as products. For isocyanates, the reaction was complete after stirring for only
2 h however, for carbodiimides and isothiocyanates, 20 h was usually required for
completion. The difference in reactivity of the latter may be explained by the
relatively reduced nucleophilic character at nitrogen and sulfur, respectively, in
these substrates. It 1s noteworthy that isocyanate reactivity is apparently unaffected
by the electronic influence of the aromatic substituent. The products were isclated

as an approximately 2:1 mixture of cis and zrans isomers
. R"
)
= N \ g \ N R
/\v + R \\Cﬂ\R' + \\(;\f
é N\ N\
R R
R=Cy,'Bu,R"=SorOorN-Ar,R"= Ar

Scheme 24 — Products formed from [2+3]-cycloaddition
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Aziridmne Heterocumulene Time (h}) | Combined Yield (%)
1 o /,N 2 89
N ° \©
Cy
2 2 88
(I.N -]
3 2 60
T G
4 % o 20 61
éy <l
5 e MeO 20 36
T Yt
OMe
6 7 20 9
| 0
&
7 T A 2 67
{ -0
8 2 61
| 0.
!Bu e
9 NS 2 74
N
)
18u

Table 11 — [2+3]-Cycloadditions using vinyl anzadine (see Scheme 24 for products)

Sulfur containing heterocycles are of particular interest, especially the
thiazolidine and the oxathiolane moieties that are found in a wide range of products
possessing biological activity. It is also possible to use vinyl thiiranes 73 to undergo
this type of [2+3]-cycloaddition reaction as Alper er. al*® showed. Here the vinyl
thirrane undergoes palladium catalyzed [2+3]-cycloaddition via the same route as the
aziridine. The mechanism for this reaction is thought to proceed via the ring opening

of the vinyl thiiranes from palladium insertion into the vinyl bond to create the
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zwitterionic species. The dipole intermediate can then react with the imine bond n
74 to form the desired product 75 (Scheme 25) in good yields (73%).%°

It is easy to prepare thiazolidine, oxathiolane, and dithiolane denvatives by

the regioselective reaction of 2-vinylthiiranes with heterocumulenes in the presence

of 5 mol% Pds(dba); and 10 mol% dppp. The reaction proceeds in excellent y1eld

when carbodiimides containing electron withdrawing substituents on the aromatic

ring were used for the reaction with the vinyl thiiranes.

% + Ci—@—N_—_(
g CO,Et N, {5 psi), 73%

73

Cl

1 mmol
74

Pd,(dba)y-CHCI, (0 05 mmol),
dppp (0 10 ramol), THF, 70 °C, tE

Scheme 25 — Reaction with vinyl thiiranes

K Pd,{dba),-CHCI, (0 05 mmol),
+ R. ///N SR dppp (0 10 mmol), THF,N, (5 psi)
N

h
N
Rﬂ% >=N\
s R

S
Vinyl thirranes | Carbodiimides / Isocyanates | Reaction conditions | Yield (%)
1 N ¢ 50°C,24h 97
s e
>
2 Br. _70°C,24h 98
Br
3 o @:: 80°C,24h 95
s 2
70
4 2N oN 80°C, 24 h 85
s \QN//MO
NO,
5 o 60°C,24h 60
SN IR e o}
a
6 Q ~ 60°C,24h 43
Y R
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80°C,24h 80

ON
@/“@
-
NO.

;s:y\
8 :}/\.\\ 0#\@/ 50°C,24h 47
N°1

Table 12 — [2+3]-Cycloadditions using vinyl thuranes

As well as the [2+3]-cycloadditions which have been examined, 1t is also
possible to perform [2-+4]-cycloadditions. Alper et al. has reported®® such reactions
in the synthesis of tetrahydropyrimidinone, tetrahydropynmidinime and
thiazinanimine analogs by mild palladium catalyzed cyclisation of 2-vinylazetidines
76 with aryl and alkylisocyanates, diarylcarbodiimides and arylisothiocyanates The
six-membered ring products are obtained in good to high yields and with excellent
regioselectivity, Using ketenimines 77, palladium-catalyzed ring expansion enables
the synthesis of only one regioisomer of tetrahydropipendine 78 denvate
compounds. The cycloaddition is totally stereoselective, as NOE experiments show

the carboethoxy and vinyl groups in cis position.

5 mol% PA(OAC),, &
|:|/§ 20 mol% PPh,
Nt R,\N// cogt _THERT.N, R CO,Et
=
76 R 4 oo
R R 78

Scheme 26 — [2+4]-cycloaddition

The tetrahydropiperidin-2-ylidenes were prepared regioselectivity 1n
moderate to good yields, under mild conditions, by palladium(0) catalyzed
cycloaddition reactions of N-alkylated 2-vinylazetidines with ketenimines and
ketene. The best results are obtained when ketene is used with a heterocumulene
(Table 13)
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Vinyl azetidine Ketenimme Time (h) | Yield (%)
1 I:(:— @\N’)\m” 48 61
2 EN(: . \N/szm 48 57
= a 22 65
: 1 QAo
4 == b 24 51
5 == @\N 24 52
I:(; /Lco#-
6 f o, /)\wzm 24 55
nBu
7 == a 2 66
- A
8 = 24 69
=S

Br.
T Aone

Table 13 — Palladium catalyzed {2+4]-cycloadditions (see Scheme 26)

1.2.4 - Conclusion

As can be seen from the previous examples, the palladium-catalyzed

reactions of methylene cyclopropanes and vinyl substituted three membered rings

have been studied by a number groups. The research by these groups has proven
that palladium-catalyzed reactions are a synthetically useful route to both

cyclopentanes and heterocycles.

Of the methods which have been examined so far it is the palladium
catalyzed [2+3]}-cycloaddition using vinyl cyclopropane in conjunction with an

olefin trapping agent, developed by Tsuji (Scheme 20), which is the most applicable

to the work which we have been doing over the last three years. The aim for this
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project was to develop new methods for the synthesis of pyrrolidines using vinyl

cyclopropanes and palladium chemistry, in which we planned to use imines in this

same reaction to generate a highly functionalized pyrrolidine (Scheme 27)

COMe
FoMe Pd(PPhy),.
& + X B, THE 7 coMe
/\%COZMQ N/\Y —__‘“_.- x’ y 2

Scheme 27 — Development of Tsuji’s work employing imines
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Section 1.3 — Aims

The work covered in this thesis has covered six main areas :

Chapter 2.1 — To develop the synthesis of pyrrolidines via a palladium-catalysed
[2+3]-cycloaddition.

Chapter 2.2 — Use the palladium catalyst [2+3]-cycloaddition on a range of ethyl
ester imines to generate pyrrolidines, with an ethyl ester in the a position of the

pyrrolidine nng (proline analogues)
Chapter 23 — To determine if it is possible to perform [2+3]-cycloaddition
chemistry under microwave irradiation, as there is a great deal of precedent for the

use of microwave irradiation in palladium chemistry.

Chapter 2.4 — To develop the chemistry towards the synthesis of natural products

using ring closing metathesis.

Chapter 25 — To extend the substrate scope to include a range of aromatic

cyclopropanes.

Chapter 2 6 — To apply the methodology developed to the synthesis of naturally
occurnng alkaloid products.
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Chapter 2 — Results and Discussion

Section 2.1 — General Pyrrolidines

2.1.1 - Intraduction

[2+3]-Cycloaddition reaction

The formation of highly functionalized pyrrolidine compounds from vinyl
cyclopropanes and imines has been the main focus of this project and was initially
looked at by Dr Lam Tang at Oxford University during his PhD*’ and continued by
Dr Chester Chu durning a postdoctoral position at Loughborough University. This
[2+3]-cycloaddition is achieved through coordination of the palladium(0) catalyst to
the vinyl group of the cyclopropane, which causes ring opening of the cyclopropane
to generate a 1,3-dipole. This zwitterionic species can then be reacted with an imine
to form the desired pyrrolidine product. Tang and Chu showed that the pyrrolidine
products from this type of palladium [2+3]-cycloaddition reactton can be prepared n
good yields under relatively mild reaction conditions (Scheme 28). It was our goal
to further develop this chemistry and explore the diversity of this reaction, as well as
to examine how our chemustry can be adapted towards the synthesis of natural
products and additionally to find ways to improve the stereoselectivity of this

process
CO,Me THF, ZnBr, coMe
= 2 N X 2
/Vc:ozm + x N —— 7 \ [ ~coMe
62 PA(PPh,), NARRN

Scheme 28 — General [243]-cycloaddition reaction
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LnPd(1t)

Pd(PPhy), COMe
k_’ CO.Meg ——————= %\\?XCOZMB
Wco:nne xNUse-Y l

Pd(PPh,),
p CO,Me LnPd(ll) < COMe
coM ( (ole)
e b (-IN ZMB
X rapid when X = X Y
electron donating

Scheme 29 — Mechanism of pyrrolidine synthesis

Vinyl cyclopropane synthesis

The preparation of the required vinyl cyclopropane was developed by G. S.
Skinner et al*® in the 1940’s (Scheme 30). The vinyl cyclopropane is easily
prepared from dimethyl malonate and 1,4-dibromobutene which are refluxed
together in the presence of sodium methoxide to generate the desired product in 65-
70% yield Our preparation of vinyl cyclopropane is usually performed on a 5-10

gram scale and the product stored at <4 °C until required
o

o
2 NaOMe, MeOH
PNENAE J\/u\ = coMe
B MeO OMe  ,.dux 6 haurs COMe

79 80 62

Scheme 30 — Vinyl cyclopropane formation

Imine synthesis

A range of imines were required to explore this chemustry. These imines
would allow an in-depth examination of the different reactivates of the vartous
functional groups in the imines. The groups which were attached to nitrogen groups
such as PMB, tosyl and benzyl which are easily removed under standard conditions
or groups on which further chemistry could be cammed out A typical imine synthesis
1s to combine an amine and an aldehyde in the presence of molecular sieves using

diethyl ether as a solvent, The molecular sieves in this reaction are used to remove

water from the reaction and therefore drive the reaction to completion (Scheme 31)




o 4A Mol steves, Ether
X/NHZ + /lL x/N x-Y
Y H 24 hr, RT

X = Protecting group
Y = Aromatg, aliphatic, ester

Scheme 31 — General imine formation

2.1.2 — Results for Palladium Catalyzed [2+3]-Cycloaddition Reactions

Reactions with N-4-methoxy-phenyl imines

The first of the cyclisation reactions performed were carried out on N-(4-
methoxy-phenyl) imines. This type of imine was used in the limited number of
reactions by Tang,®” and we wished to start the project by expanding the range of
this type of imine in a hope to develop a greater insight into the chemistry of the
[2+3]-cycloadditions (Scheme 32, Tables 14-19) This type of imine is important to
examine as PMB is one of the most popular electron donating protecting groups
used in orgamc synthesis due to the ease of removal using CAN, and it was our

intention to explore this chemistry during the early part of the project.

\ coMe
Pd(PPh,), (10 mol%), THF,
/©/N“\*/R COMe ZnBr, (2 eq), RT-35C N COMe
+ /'v
MeQ
6

COMe R
R = Aryl, Alkyl

MeO

Scheme 32 — General N-(4-methoxy-phenyl) imine cyclisation

The cis'trans ratios of the product mixtures were determined by chemical
shifis of the CH; on the pyrrolidme ring. Although NOE’s were performed they
proved to be inconclusive, due to the pyrrolidine nng being able to adopt several
conformations. However the cis:trans ratios could be determined by 'H NMR
analysis, and this combined with information from X-ray crystal structures of a cis
and frans product which were isolated as single diasterecisomers (see page 60)

allowed us to assign the the NMR data for all the products formed.
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This project began using the same imine (PMB phenyl) which was used by

Tang. The initial experiment (entry 1, Table 14) was a direct repeat of Tang’s work,

| which was performed in order to determine the reproducibility of the reaction When
| the reaction was carried out using the conditions outlined by Tang (10 mol%
Pd(PPhs)s, 2 ¢q ZnBr,, THF, RT for 72 h), and the results obtained were
comparable in yield and diastereoselectivity to those Tang achieved. It was also
decided to try this experiment in a different non protic solvent (DMF) (entry 2),

however the results for this experiment were less encouraging as it failled to yield

any product,
COMe  Pd(PPhy),, ZnBr, \ COMe
pug” R + /V(co e \\Q(cozm
P8 R
Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis:Trans

1 THF RT 72 60 (81) 415
D/"%/@
MeO

2 DMF RT 72 0 (81) -
"§/©
T

1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq. ZnBr,.
Table 14— N-PMB imine [2-+3]-cycloaddition with VCP

After the initial success of repeating the N-PMB imine reaction under the
conditions developed by Tang, it was decided to attempt a range of substituted
aromatic groups on the carbon of the imine, The first example chosen was the 4-
nitro-phenyl, which being a powerful electron withdrawing group should show some
electronic differences from a simple phenyl nng However this reaction was much
slower and proceeded in a significantly lower yield. Enéry 1 was carried out at RT
for 96 hours and gave 29% yield (4:1 cis:frans), however when the temperature was
increased to 40 °C (entry 2) and reflux (entry 3), both for 72 hours, there was no

product seen. In an attempt to decrease the reaction time the reaction was performed
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at reflux (Table 15, entry 3); however this proved to be unsuccessful and caused
decomposition of the staring matenals. 4-Cyano-phenyl (Table 15, entry 4) was
also attempted under these conditions and gave a yield of 22% with 6.1 in favour of

the cis product.
Ne R coMe  Pd(PPhy),, ZnBr, \ COMe
PMB’ ot ’//vco o N cone
8. R
Inne Solvent| Temp Time Yield | Cis:Trans

C) ) (%)

1 \/@rmz THF RT 96 29 (82) 4:15
Na

&

Mo, | THF 40 72 | 0(82) -

3

5

N
N

L
. | THF | Refl 72 | 0(dec) z
L - o

3

Q&

4 \QCN THF RT 72 22 (83) 61
N,

e

Q

=

1 mmol scale and had 10 moi% Pd(PPh3)s, 2 eq ZnBr,.
Table 15 — N-PMB imine [2+3]-cycloaddition with VCP

An aromatic election donating was next examined, both 4-methyl (entries 1-
2, Table 16) and 4-methoxy-phenyl (entry 3, Table 16) were attempted and both of
these proved to be more reactive than electron withdrawing groups. The 4-methyl
gave 42% yield and 8:1 in favor of the c¢1s isomer and the 4-methoxy-phenyl gave a
59% yield, however there was complete control of diastereoselectivity with giving
only the cis product formed. When the reaction was carried out at reflux, however,

there was decomposition of the starting materials (entry 1).
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Pd{PPh,),, ZnBr, \ COMe

COMe
N R
pMB” X + Nco Me N coe
PMB. R
Imine Solvent{ Temp Time Yield | Cis.Trans

(C) ) (%)

"o

1 \/@/ THF | Reflux 24 0 (dec) -
S @&4)

e

3 ome | THF 35 48 | 59(85) 10

2 THF 40 72 | 42(84) 8:1
WS
"ﬂ
ney

1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq. ZnBr,
Table 16 - N-PMB imine [2+3]-cycloaddition with VCP

One of the most important experiments was done using 4-bromo-phenyl
(entry 1-2, Table 17) as this substrate could have reacted via an insertion of
palladium into the carbon-bromine bond. The sole product observed from the
reaction at RT (entry 1, Table 17) was the desired [2+3]-cycloaddition product, in
low yields but good stereoselectivity, however the reaction failed at reflux. Another
of the halogens used was 4-fluoro-phenyl {entry 3, Table 17) and it is interesting to
note that the 4-fluorophenyl gave a very similar yield (55%) to the [2+3]-
cycloaddition using the N-PMB phenyl imine (entry 1, Table 14), however the

stereoselectivity for this imine was very poor.
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COMe  Pd(PPhy,, ZnBr, \ COMe
e ek v S kQ(sze
pME" R
Imine Solvent | Temp Time Yield | Cis.Trans
Y ) (%)
1 & | THF RT 72 24 (86) 8.1

ney

Reflux 24 0 (dec) -
(86)

5
q g Q
:

MeQ

N
WA
1 mmol scale and had 10 mol% Pd(PPhs)4, 2 eq. ZnBr;

Table 17 — N-PMB imine [2+3]-cycloaddition with VCP

F | THF 35 48 | 55(87) 111

The final two N-PMB immes used in the palladium-catalyzed [2+3]-
cycloaddition were a hetero-aromatic thienyl, (entry 1, Table 18) which was reacted
at RT for 72 hours however this failed to generate the pyrrolidine product. The N-
PMB butane imine (entry 2) was more successful and gave a yield of 34% after

reacting for 48 hours at 35 °C.
coMe  Pd(PPh),, ZnBr, \ COMe
N R
pMB” X + Nco . Ha<cozme
PMB R
Imine Solvent | Temp |Time ()| Yield | Cis Trans
0 (%)

1 p THF RT 72| 0(88) -




2 QNN THF 35 48 34 (89) 10
MeO

1 mmol scale and had 10 mol% Pd(PPhs)4, 2 eq. ZnBra.
Table 18 — N-PMB imine [2+3]-cycloaddition with VCP

After the success of generating pyrrolidine via a [2+3]-cycloaddition
between a vinyl cyclopropane and an N-PMB substituted imine it was decided to
attempt a second electron rich group on the nitrogen of the imne, 2,4-methoxy-
phenyl. The [2+3]-cycloaddition was attempted on two substrates, N-24-
dimethoxyphenyl ethyl imine (entry 1, table 19) which was reacted for 48 hours at
RT, however this failed to yield any results. The second imine was substituted with a
phenyl group (emtry 2, table 19). The cycloaddition using the N-2.4-
dimethoxyphenyl phenyl imine proved to be a much more successful generating a
yield of 72% after reacting for 48 hours at 35 °C. However the diastereoselectivity
was very poor for this substrate.

\\\/1(00.}-1&
N R o Pd(PPhy),. ZnBr, COMe
O o, =
MeO

oM COMe '
MeO
Imine Solvent| Temp |Time(h)| Xield | Cis:Trans
0 (%)
1 NaN THF RT 48 0 (90) -
A K
2 \/@ THF RT 48 72 (91) 1:1
Na
e

1 mmol scale and had 10 mol% Pd(PPh;)s, 2 eq. ZnBr,.
Table 19 — N-PMB imine [2+3]-cycloaddition with VCP

The results clearly indicate simple aromatics or electron donating groups
(OMe, Me, F) on the aromatic ring give the best yields, which is most likely because
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coordination between the imine and one equivalent of the zinc bromide is enhanced,
with greater electron density at the imine bond. Alkyl chains and electron
withdrawing groups (CN, NO,) gave significantly lower yields.

Reacnions with N-benzyl imines

After examining the [243]-cycloaddition reactions of a range of PMB 1imunes,
1t was decided to attempt the formation of pyrrolidines from N-benzyl imines. The
advantage of this group is that the aromatic ring is spaced away from the mitrogen
The benzyl group also can be easily removal under hydrogenolysis and other

reducing reactions.
COMe
F
A~ SOMe TP, 208 /\Q<°°2Me
/\v<co Me + Ne R . R

Scheme 33 — General [2+3 ]-cycloaddition using N-Benzyl imine imines

The initial work with the N-benzyl imines was camrted out using a phenyl
group on the carbon (entries 1-2, Table 20); this was done so a direct comparison
could be drawn between the work with the N-PMB and the N-benzyl groups. The
reaction was run in THF for 24 hours at 35 °C and in DMF for 96 hours at the same

temperature 1n order to compare solvent systems (Table 20} The results for this
clearly show a dramatic reduction in reaction ttmes and improved yields over the N-
PMB group, however DMF still proved to be an undesirable solvent (entry 2).

The vanation of substitution of a methyl substituted aromatic rings (entries
3-5, Table 20) was then examined. It can be seen from Table 20 that when the
substitution was in the para or ortho posttion of the phenyl ring, the [2+3}-
cycloaddition gave the desired product in reasonable yield, but however substitution

in the meta position of the aromatic ring failed to yield any product.
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\ COMe
COMe
©\,an + /\v(cozm Pd(PPhy),. 2nBr, @JN COMo
R
Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis.Trans
THF 35 24 93 (92) 101
©\/NV©
DMF 35 96 41 (92) 4:1
@VN§/©
THF 35 48 58 (93) 241
Q/NVQ/
4 THF 35 48 0(94) -
@\/Nﬁ
5 @\/ \:@ THF 35 24 59 (95) 10
Na

1 mmol scale and had 10 mol% Pd(PPh;), 2 eq. ZnBr;
Table 20 —N-Benzyl imine [2+3]-cycloaddition with VCP

The next substrates examined were a range of hetero-aromatics. The results
for pyridines (Table 21) are remarkably stmilar to those seen in Table 20 with good
yields for substitution in the para position and trace amounts in the ortho position,
and no reaction when the aromatic nng is mefa substituted Both the thiophene
(entries 6-7) and tetrahydrofuran (entries 4-5) ring systems were also tested in this
{2+3]-cycloaddition chemistry and it has been observed that the more reactive
substrate 1s the 3-position as these gave roughly twice the yield of the 2-substituted

aromatics.
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\ COMe
COMe
= COM
N*\-t/R -+ /Vcone Pd(PPh;)‘. Zﬂ&z @_‘/N LMe

Inmine Solvent | Temp (°C) | Tume (h) | Yield (%) | Cis:Trans

1 #~y | THF 35 438 57 (96) 71
@\/N§/©

2 Z THF 35 48 0(97) -
Q/N'\‘-/@"

3 7 THF 35 72 | Trace (98) -
Q/N§/Q

4 @\/ \,C" THF 35 4| 69099 10
N,

5 Q\, \/@ THF 35 48| 30 (100 5:1
No o

6 @\/ \/C THF 35 a8 | 62(101) A1
S
N, A

7 @ ﬁ THF 35 48 34 (102) 61
N\ S

1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq. ZnBr;
Table 21 — N-Benzyl imine [2+3]-cycloaddition with VCP

Both 4-bromo-phenyl (Table 22, entry 1) and the 4-methoxy-phenyl (Table
22, entry 2) were also examined. The yields of these products were much higher
than the reactions performed using N-PMB protection, and the diastereoselectivity
for these substrates is also significantly better than for the PMB cyclisations, with a

single diasterecisomer (cis) being formed 1n both the reactions.
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\ CO.Me
+ /\v( PA(PPhy),, ZnBy. e
s o Mmool

Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis:Trans

@\/ \/@/B‘ THF 35 24 68 (103) 1.0
Naw

@\/ \)@rmﬂ THF 35 48 79 (104) 1.0
N

1 mmol scale and had 10 mol% Pd(PPh;)s, 2 eq. ZnBr,
Table 22 — N-Benzyl imine [2+3]-cycloaddition with VCP

The next target was a range of aliphatic N-benzyl imines (Table 23) The
effects of adding spacer units between the imine bond and an aromatic nng were
first examined. The results for these reactions show a drop in reactivity when a
single CH; is placed between the imine bond and the aromatic ring (entry 1)
However when two CH; are placed between the imine and the aromatic ning, the
results are approximately the same (entry 2) as the results for the single CH; spacer
unit However when the aromatic chain group is replaced by a simple aliphatic chamn
as can been seen in there is a slight increase in yields of the pyrrolidines as the chain
length mncreases (entries 3-5) The imine derived from trimethylacetaldehyde was
interesting as this showed that when a very bulky group is directly attached to the
imine there 15 no product seen from the [2+3]-cycloaddition Knowledge of this

limitation allowed us to plan future reactions more carefully
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\ COMe
N

COMe
@\/"‘\\/R 7 CO.Me PAPPh, ZnBr; < > ) Rcon.
Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis-Trans

THF 35 43 69 (105) 10

@\/N§/\(>
THF 35 48 | 62 (106) 21

Q/"WQ
THF 35 48 53 (107) 41

©\4N§/\

THF 35 43 68 (108) 8:1

@\/"W\
THF 35 48 76 (109) 8:1

©\INV\/\/
35 48 0 (110) -

Dk |

1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq ZnBr,
Table 23 — N-Benzyl imine [2+3}-cycloaddition with VCP

Qur interest was next focused on imines which were suitable for further

manipulation. The entries on Table 24 were performed to examine more specialized

areas of the [2+3]-cycloaddition chemistry. Product 111 is a natural product

precursor for 3-nortropanol.’ The final entry used a substrate derved from D-

glyceraldehyde acetonide, and it was hoped that the chirality in the initial substrate

would allow for the formation of an optically pure pyrrolidine. However the

pyrrolidine when purified was found to be racemic from [a]®D studies of the

resulting pyrrolidine.
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CoMe \ CO.Me
Q\/"*\v gt /Vcozm Pd{PPh,},, ZnBr, : \—{ COMe

Imme Solvent | Temp (°C) | Time (k) | Yield (%) | Cis:Trans
1 @\, THF 3s 48 Trace -
No~F (111)

2 o THF 35 48 42 (112) 1:1
@\/N§/EO><

1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq. ZnBr.
Table 24 — N-Benzyl imine [2+3]-cycloaddition with VCP

A large number of N-benzyl derivatives were synthesized ranging from the
simple phenyl compounds and alkyl pyrrolidine to more complex derivatives.
Overall the highest yields were those of relatively simple groups such as phenyl or
pentane,

Reactions with N-tosyl imines

The next imines to be explored were N-tosyl imines. The powerfully electron
withdrawing group on the nitrogen is important as we have already looked into an
electron donating groups, and wished to determine the effect of electronics on the

- CcOoMe

coM

9 ne R THF.ZnBr, o. N e

CO,Me 57 = - . Sy

“ + % ~o
coMe /©/ o Pd(PPhy, Q

reaction

62

Scheme 34 — N-Tosyl immne pyrrolidine formation

The reactions carried out with the N-tosyl imines have shown a clear
difference to the electron donating PMB and the electron neutral benzyl protection
groups. The major difference in the reactions carried out on the N-tosyl groups

(Table 25), is the time over which the reactions are performed, as these substrates
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have a much slower reaction rate. The yield of the pyrrolidines are however slightly

higher than the corresponding PMB pymolidine but still are not as high as those

achieved with the benzyl group.
P COMe
Cco
come QN R THRZuBr /o:,,u/li Me
& + % - - *o
COMe /@/50 Pd(PPhy), ;:5
62
Imne Solvent | Temp (°C) | Time (h) | Yield (%) | Cis.Trans
THF RT 96 64 (113) 1:1
L0
o’ "o
THF RT 96 0 (114) -
\©\’S:NV\
o’ To
\@\ THF RT 9% 75 (115) 81
,S:NV\N
o’ o

1 mmol scale and had 10 mol% Pd{(PPhs)s, 2 eq. ZnBr,.
Table 25 — N-Tosyl imine [2+3]-cycloaddition with VCP

2.1.3 — Dihydro-oxazole, dihydro-imidazole, Azo and Nitriles as Trapping

Agents

With the success of the imine chemistry, it was decided to examune other

types of X=C and X=Y bonds, as this would diversify the range of heterocycles

systems which we could produce. Trapping agents included an oxazole and

imidazole which are cyclic imine analogues, azo compounds and nitnles (Table 26)
(Scheme 35)
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coM \ CO.Me
e
/\V/\ ? —< Pd(PPhy),, THF, COMe
cozm ZnBr, 72h 35°C N
_—_—
X=NH,0 v

Pd(PPh,),, THF, \
COMe ZnBr,, 72h 35°C COMe
/\v< + XNy coMe
CO,Me X =CO,Et, C(CH),CN N-N T2
X X

Pd{PPhy,, THF,

co,Me ZnBr, 72h36°C | CoMe
come T M= X x=CoMe, CH)CH, = COMe
X

Scheme 35 — Possible products formed from [2+3]-cycloaddition

with various trapping agents

There have been many reasons to expand the range of trapping agents used,
for instance, entries 1-2 in Table 26 are 2 4 4-trimethyl-2-oxazoline and 2-methy)-
2-imidazoline, these compounds are significantly different mn their electronic
makeup to imines however they do have a C=N bond in the ring system. When the
oxazoline and imidazoline were subjected to the conditions developed for the [2+3]-
cycloaddition (10 mol% Pd(PPhs)s, 2 eq. ZnBr,, THF at 35 °C) no products were
seen from either substrate. If the reaction with the vinyl cyclopropane had been
successful it would have generated a bicyclic system in one step however the methyl
group in the 2-position of the oxazoline and imidazoline is thought to stop the [2+3]-
cycloaddition through steric hindrance.

We next looked at the reaction with N=N bonds in order to generate
pyrazoles via a [2+3]<cycloaddition between the vinyl cyclopropane and azo
compounds, After subjecting the DEAD (entry 3, Table 26) and the AIBN (entry 4,
Table 26) to the standard reaction conditions for 72 hours it was found that no
reaction had occurred and there was decomposition of the DEAD and AIBN.

We also attempted the [243]<cycloaddition onto a nitnle bond For this
reaction cyanoacetic acid (entry S), and heptanenitrile (entry 6) were used. It was
thought that the [2+3]-cycloaddition using a nitrile should have generated a cyclic
imine which could have been used in further reactions. However upon reaction

under standard conditions for 72 hours only starting material was recovered
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Trappmg agent Solvent | Temp (°C} | Time (h) | Yield (%) | Cis:Trans

N=( THF 35 72 0 (116) -
e
N¥ THF 35 72 0(117) -
k/NH
Q THF 35 72 0(118) -
JU v _om
E0” TN T
o
5( ~ N THF 35 72 0(119) -
ng N 7§
THF 35 72 0(120) -

S THF 35 72 0 (121) -

1 mmol scale and had 10 mol% Pd(PPhs)4, 2 eq ZnBr>.
Table 26 — [2+3]-cycloaddition of other trapping agents with VCP (Scheme 35)

All the cyclisations which have been attempted using these X=Y and X=Y
trapping agents have failed to yield the desired cycloaddition products. In some
cases, this could be due to the use of sterically demanding groups which have been
shown to cause problems duning other cyclisations and also the fact that in the case
of the nitrile groups a stronger bond (C=N instead of C=N) needs to be broken to

form the desired product

2.1.4 — Conclusion

A range of imines and other X=Y type compounds have been subjected to
[2+3]-cycloaddition chemistry using Pd(PPhs)s as a catalyst in the presence of
ZnBr, The majority of the [2+3]-cycloaddition reactions proceeded well to
generating the desired products in moderate to good yields with the most successful
imines being the N-benzyl imines, followed by N-tosyl with the N-PMB being the
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least successful substrates However the methodology developed has shown some
weakness, firstly aromatics substituted in the meta position and secondly highly
steric imines failed to react. In the case of meta substituted aromatics it is unclear
whythe reactions failed to give the cycloaddition product as corresponding aromatics
substituted in the ortho and para positions gave the desired pyrrolidines in good
yields in most cases. The problem with sterically demanding imines is, however,
thought to be the anion formed during the opening of the cyclopropane is unable to

react onto the imine due to the bulk of neighbering groups.
COMe

CO,Me THF, ZnBr. 7
v 2 N , 2 CO,Me
/w(cone + N A N 2

PA(PPhy), X Y

62
Scheme 36 — General reaction scheme for [2+3]-cycloaddition wath vinyl

cyclopropane
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Section 2.2 — Reaction with Ethyl Glyoxvylate:

Preparation of Novel Proline Derivates

2.2.1 — Introduction to Pyrrolidines Derived from Ethyl Glyoxylate

The previous described work 1n section 2.1 mvolved the synthesis of N-alkyl
or aryl pyrrolidines and 1n order to increase the scope of this chemistry, it was
decided to look at imines derived from ethyl glyoxylate. This was done to generate a
range of pyrrolidines with a carboxylate ester a to the nitrogen, ie. a proline

analogue (Scheme 37)
o COMe
& zﬂe + R/N\ o Solvent, ZnBr, v | COMe
Me PA(PPhY, R
62 35C d

Scheme 37 — C1-Ethyl ester pyrrolidine formation

2.2.2 - Pyrrolidines Derived from Ethyl Glyoxylate Imines Results

The required imines for the [2-+3])-cycloaddition step were prepared from a
range of amines and ethyl glyoxylate under standard conditions. The first 1mne
examined was the N-PMB ethyl ester imine, which was chosen for two reasons
Firstly the N-PMB were our initial imines used and secondly it formed an imine with
a powerful electron withdrawing group (ester) and a powerfully electron donating
group (PMB) attached to the reacting bond All the stereochemical data was
determined by NMR studies of the products with relative stereochemistry being
confirmed by X-ray crystal structures.

The N-(4-methoxy-phenyl) ethyl ester imine (entries 1-2, Table 27), proved
to be very successful under standard conditions (entry 1) with the desired product
being formed in only 8 hours in almost quantitative yield (97%). The

diastereoselectivity was, however, the most impressive aspect of this work as 1t

54




showed only one isomer in both 'H and *C spectra. This experiment was carried out

in the absence of a Lewis acid; with the inclusion of Lewis acid two isomers were

formed- It was also decided to determine the effect of TFA on the reaction (entry 2),

however when this reaction gave no product. It is believed that the TFA was causing

decomposition of the cyclopropane. The experiment was then repeated using

different electron rich imines: N-2,4-dimethoxy-phenyl and N-3,5-dimethoxy-phenyl

protecting groups (entries 34). These were performed without the presence of a

Lews acid, as 1t was found that when using these electron rich groups the Lewns

acid was not necessary to activate the imines. However, only the N-2 4-dimethoxy-
phenyl yielded results, which were comparable to the N-4-methoxy-phenyl. The N-

3,5-dimethoxy-phenyl was also repeated in the presence of Lewis acid, however,
still failed to undergo the [2+3]-cycloaddition.

COMe
COMe 0 Pd(PPhy), & COMe
= T
%(CONQ + R’"QLOB ZnBr, /ﬁoa
o
Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis:Trans
1 Q THF (no RT, 35 8 97 (122 0:1
Wi ( (122)
O ZnBr,)
MeQO
2 a THF, RT 16 0 (122 -
IS "“oa | ()
MeO
3 OMe o THEF (no 35 43 94 (123 0.1
A ( (123)
ZnBl'z)
MeO
4 9 THF, 35 48 0(124) -
M"O\Q/NQLOB
OMe

1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq. ZnBr:,
Table 27 — Ethyl glyoxylate derived imines [2+3]-cycloaddition with VCP
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With the success of the preliminary reactions, it was decided to look at the N-
benzylimines reaction (entry 1, Table 28), however this proved to be less successful
than under standard reaction conditions using the PMB group. The yields obtained
for this have only been trace amounts. N-Boc protection was next examined (entry
1, Table 33) This underwent cyclisation in reasonable yield (47%), however the

“diastereoselectivity for this substrate was very poor (1:1 cisitrans) A second
electron withdrawing group N-2-cyano-pheny! (entry 2) was also synthesized in
order to examine the possibility of using ortho subsistent on the aromatic ring next

to mtrogen This reaction went well, giving a good yield (58%) of the desired

pyrrolidine.
COMe
COMe Q P4(PPh), 7 O_Me
“ + — N
%co,m R’N‘\“)j\o& — & Bt
o
Imine Solvent| Temp | Time(h)| Yield | Cis-Trans
0 (%)
1 @\/ o THF 35 48 Trace -
NQLOE! (125)
2 Q THF RT 43 47 (126) 111
SyoY s
)
3 oN o THF 35 48 58 (127) 1:1
@’NQLOEt

1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq ZnBr-.
Table 28 — Ethyl glyoxylate derived imines [2+3 ]-cycloaddition with VCP

After the use of a powerfully electron donating groups in the [2+3]-
cycloaddition, it was decided to attempted the reaction using an electron
withdrawing group on the nitrogen. Tosyl was chosen for the initial experiments,
however these were initially unsuccessful (entry 1-2, Table 29) with only starting
matenals being recovered. However when the reaction was atlowed to proceed for a
longer time (entry 3, Table 29), 96 h rather than 48 h 56% yield of the desired
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product was observed, as a white crystatline solid with only one diastereoisomer
{cis) which was proved by X-ray crystallographic diffraction, N-4-Nitro-phenyl was
also attempted, however this was unsuccessful yielding no product even with the

increase reaction time to 96 h (entry 4).

COMe
COMe o Pd(PPhy, ¥ COMe
= — N
/\V<COJMe + R,N‘\*-)I\oa ZnBr, /ﬁoa
o
Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis-Trans
1 s © THF (no 35 43 0 (128) -
» L Na
/@ % ! | ZnBry)
2 o THF 35 48 0 (128) -
o,
“s\’"*)l‘om
A
3 o o THF 35 96 56 (128) 10
: ,“s\\’N“ Ot
4 o THF 35 96 0(129) -
o
ON

1 mmol scale and had 10 mol% Pd(PPh;)y, 2 eq. ZnBr..
Table 29 — Ethyl glyoxylate derived imines [2+3]-cycloaddition with VCP

The entries 1-2 on Table 30 shows the use of aliphatic systems on nitrogen
and were prepared in moderate yield 42-44% and poor to good selectivity 1.1.5-1.5
(cis trans). These were prepared to determine if it was possible to use aliphatic
systems on mitrogen. The final entry is however an N-oxime ethyl ester imine which
was synthesized to determme if oximes could be used as well as imines in this
synthesis. The desired pyrrolidine was formed from the oxime m good yield (55%)

however the diastereoselectivity for this reaction was poor (1:1)
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COMs

Z Me o PdEPhY, 7 O Me
coMe T PN — N
R OFt Zntr, R Et

o
Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis:Trans
1 Q THF 35 43 44 (130) 1'1.5

Ph\/i/N%)LOEI

THF 35 48 42 (131) 1:5

)
O’ N '\‘/u‘oa

3 o THF RT 43 55 (132) 1.1

HO'NJ\OEt

1 mmol scale and had 10 mol% Pd(PPh;)s, 2 eq. ZnBr,.
Table 30 — Ethy] glyoxylate derived imines [2+3]-cycloaddition with VCP

We also set out to see if the second step in the reaction (ring closing step) of
the reaction was reversible, and to this end we examined the effect of reaction time
on cis to trans ratio It was hoped that by reacting the pyrrolidine for an extended
period of time in the presence of the palladium catalyst it would allow the
pyrrolidine to ring open and then close again in a different conformation. However
there was no change in stereochemistry after a further four days of reacting at 35 °C
in the presence of 10 mol% of the catalyst (Scheme 38), which indicated no cis-

trans equlibnum was occurring,
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COMe
Q

Q —

o

MeO MeO

possible bond rotation
c1s - trans conformation

Scheme 38 — Change 1n stereochemustry

X-Ray crystal structures

carned out on a multigram scale.

X-ray crystal structures were determined.
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The most important piece of work which has been done during this project is
the synthesis and subsequent crystallization of N{4-methoxy-phenyl)-2-ethyl ester-
S-vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (122) and N-(tosyl)-2-ethyl
ester-5-vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (128). It was found that
the crystallization of the pyrrolidines formed in the palladium catalyzed [2+3]-

cycloaddition used was not easy and was only possible when these reactions were

The pyrrolidines which were crystallized were ones which had been shown
to have only one diastereoisomer trans for the N-PMB and cis for the N-tosyl. Due
to the fact that these pyrrolidines were single diastereoisomers and gave umique
splitting patterns in the proton NMR it has been possible to go back and look at all
the previous pyrrolidines formed and correctly assign the stereochemistry once the



Relative stereochemistry
(R, S)or (S, R)

Axel Maier, André Alker —
Roche X-ray service

Fig 4 — X-ray crystal structure of N-(4-Methoxy-phenyl)-2-ethyl ester-5-
vinylpyrrolidine-3, 3-dicarboxylic acid dimethyl ester (122)

0(3) C(14)

(o(ji)]

Relative stereochemistry
(R, S)or (S, R)

Mark Elsegood / EPSRC X-ray
service Southampton

Fig S — X-ray crystal structure of N-(Tosyl)-2-ethyl ester-5-vinylpyrrolidine-3, 3-
dicarboxylic acid dimethyl ester (128)
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223 — N-(4-Methoxy-Pheny!)-5-Viny}-Pyrrolidine-2,3,3-Tricarboxylic acid 2-
Ethyl Ester 3,3-Dimethyl Ester Results

The initial reactions using N-(4-methoxy-phenyl) ethyl ester imine had
proved to be highly successful (Table 27) With this success it was decided to look
at different reaction conditions. There are three main reasons why this substrate was
chosen; firstly it was formed as only one isomer (¢frans); it is also a highly reactive
imine, leading to short reaction times, and finally it is one of the only pyrrohidines

which has been synthesized as a crystalline product.

COMe
COMe Pd(PPh,),, Solvent

o]
~ e — ey
zM e + ZnBr. 2) Et
MeQ’

(o]

MeQ

Scheme 39 — N-PMB ethyl ester cyclisation

The reaction to prepare N-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-
tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester has looked as under a number of
conditions (Tables 31-34) We first examined the [2+3]-cycloaddition in the
presence of a Lewis acid (ZnBr;) in a range of solvents (Tables 31-33) A range of
common solvents were tried - THF as the control reaction, DCM, toluene,
acetonitrile, methanol and DMF. The best solvent which was found for the reaction
with and without the Lewis acid present was THF which gave nearly quantitative
yield in both cases. However toluene, acetonitrile and methanol all performed well
both with and without Lewis acid giving excellent yields of 89-95% DCM however
gave slightly poorer yields 65% (with Lewis acid) and 66% (without Lewis acid})
However the least successful of the solvents tested was DMF which only gave 35%
(with Lewis acid) and 39% (without Lewis acid) of the desired pyrrolidine product

The most unusual feature of the change of having Lewis acid present or not
is the diastereoselectivity — in all cases the presence of the Lewis acid caused two
diastereocisomers to be formed in the reaction as a 1:1 mixture however when there

was no Lewis acid in the reaction mixture there is only the trans product formed.
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Reaction with Zinc Bromide

COMe
COMe 2 Pd(PPhy,, Solvent 7 COMo
NCO:M@ + pMBINQLOEt T ;\’N/%_c;?
)
Solvent Time (h) Yield (%) Cis:Trans ratio
1 THF 16 95 (122) I:1
2 DCM 16 65 (122) 1:1
3 Toluene 16 89 (122) 1:1
4 Acetonitnle 16 92 (122) 1:1
5 Methanol 16 91 (122) 1:1
6 DMF 16 35(122) 1:1
1 mmol scale and had 10 mol% Pd(PPhs)s, 2 eq. ZnBry, 35 °C
Table 31 — N-PMB ethyl ester cyclisations using ZnBr,
Reaction without Zinc Bromide
CO,Mo
) PMB OEt Py Et
o]
Solvent Time (h) Yield (%) Cis-Trans ratio
i THF 16 97 (122) 01
2 DCM 16 66 (122) 01
3 Toluene 16 91 (122) 0.1
4 Acetonitnile 16 95 (122) 0:1
5 Methanol 16 94 (122) 0:1
6 DMF 16 39 (122) 0:1

1 mmol scale and had 10 mol% Pd(PPh;)s, THF at 35 °C
Table 32 — N-PMB ethyl ester cyclisations without using ZnBr
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As well as examining in the effect of altering the solvents, the N-4-methoxy-
phenyl ethyl ester imine has been used to test a number of different reaction
conditions including scale and catalyst loading. When the synthesis of the N-(4-
methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester was carried out on a 10 gram scale, only a slight reduction in yield
was observed (90% rather than 97% on a 1 mmol scale) when the reaction was
scaled up (entry 1, Table 33).

Due to the fact that large quantities of catalyst were needed on a large scale,
it was also decided to attempt the synthesis using a catalyst loading of 1 mol%
(entry 2, Table 33). The results from this lower catalyst loading were moderate
(39%) and it is thought that further optimization of the reaction conditions would be
needed to determine a better catalyst loading, for example longer reaction time or
microwave irradtation.

An experiment was also tried using a sonication bath (entry 3, Table 38).
The reasoning behind this decision was that sonication creates an energy pattern
which has been shown in the literature® to reduce the required reaction time of a
reaction The mixture was reacted for 20 minutes under sonication conditions and

yielded 48% of the destred pyrrolidine in a 1:2 cis.trans ratio.

CO,Me
CO,Me o Pd(PPh),, Solvent
%\v( ’ + I LaBP, St 7 COMe
CO,Me PMB” OFt Pve’ Et
o

Conditions Product yield (%5) Cis:Trans ratio
1 10 g scale 90 (122) 0.1
2 1 mol% catalyst on 10 g scale 39 (122) 0.1
3 Sonication 48 (122) 12

1 mmol scale and had 10 mol% Pd(PPhs)s, THF, RT for 48 h, no ZnBr,
Table 33 — Other PMB ethyl ester [2+3]}-cycloadditions

We next tumed our attention to the ligand on palladium, so far our chemistry
was limited to Pd(PPhs)s, and the starting point was the bisphosphine dppp (Table
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34). The reaction was attempted in the presence of both 1 equivalent of the bis
phosphine and also 10 mol% of the bisphosphine ligand. However in both cases the
reaction failed to yield the desired pyrrolidine.

Different palladium catalysts have also been looked at, and the palladrum(0)
“ catalyst (Table 34, entry 3) reacted to give the desired product in good yield and
reasonable selectivity (1:3 cis:trans) however the two ligand free palladium(ll)

catalysts tned (entries 4-5) failed to undergo the [2+3]-cycloaddition reaction.
CO,Me

CO,Me o Pd(PPh),, Soivent
/\VQ(’O:“" * PMB'NQLOE! - f“;’%czge
o

Conditions Product yield (%) Cis:Trans ratio

1 Phosphine ligand (dppp) (1 eq) 0(122) -

2 | Phosphine ligand (dppp) (10 mol%) 0(122) -

3 Pd(dba); catalyst (10 mol%) 92 (122) 13

4 PdCl; catalyst (10 mol%) 0(122) -

5 Pd/C catalyst (10 mol%) 0(122) -

1 mmol scale and had 10 mol% Pd(PPhs)s, THF, RT for 48 h, no ZnBr,
Table 34 — Effect of catalyst and phosphine ligands on [2+3]-cycloadditions

Deprotection of the pyrrolidine nitrogen, using PMB as a protecting group

We wished to show that the PMB group could be removed from our
pyrrolidine. For the N-PMB pymolidines the deprotection was performed m two
steps; firstly hydrogenation of the vinyl group using Pd-C / H,, which was done to
prevent possible side reactions. After the hydrogenation, the 4-methoxy-phenyl
group was removed under the standard conditions, 1 e. stimng the substrate with
cerium ammonium nitrate (CAN) in acetonitrile at 0 °C for 20 minutes (Scheme 40)
It was seen that this method successfully removed the 4-methoxy-phenyl group and
did not alter the stereochemistry in the free N-H pyrrolidine, as shown by NMR
spectroscopy.
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/ CO,Me COMe

COMe
N COMe Pd-C/H, & COMe  CAN,MeCN CoMe
= N _— N
ﬁ """ 16 hours [] o 09,20 mm . -
Q o 97% 4 74% H o” N
Me0 122 MeO 133 124

Scheme 40 — Deprotection of N-4-methoxy-phenyl pyrrolidine compound

22.4 - Conclusion

The cyclisation onto ethyl glyoxylate derived imines has proved to be very
successful and a range of proline products have been formed. The best example of
this range of compounds is the N-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-
tncarboxylic acid 2-ethyl ester 3,3-dimethyl ester, which was prepared in a very
short reaction time and produced a single diasterecisomer.

It was also possible to crystallize two of the Cl-ethyl ester pyrrolidines, one
of which being the #ans N-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-
tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester and the other was the cis/ N-
(toluene-4-sulfonyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester which allowed the exact relative stereochemistry to be determined.
Overall the proline analogues have been prepared in good yield and in high purity.

2.2.5 - Diastereoselectivity in Palladiom Catalyzed [2+3]-Cycloadditions

Drastereoselective results

Control of the diastereoselectivity during the palladium [2+3 ]-cycloadditions
is of great importance Of particular note in this field were the reactions carried out
on the N-(4-methoxy-phenyl) ethyl ester imine as this was the first [2+3]-
cycloadditions which generated a single isomer. It was later confirmed using X-ray
crystal structurés that the pyrrolidine formed was trans.

The c1s pymrolidine product was formed -when using the N-(tosyl) ethyl ester

imine reacted under standard reaction conditions for 96 h. It has been found that the

635




-

trans product was formed preferentially from an imine which is electron donating on
the nitrogen and electron withdrawing on the carbon of the imine bond. However the

cis product was formed from an imine that was electron withdrawing on both the
carbon and the nitrogen of the imine (Scheme 41).

EE

[=]
O™
-
Z u\\‘m
L
Q

el 11Y)

OEt
OEt =~ {_‘
0
MeQO
Trans isomer - Cis 1somer -
kinetic product thermodynamic product

Scheme 41 — Cis and trans isomers formed

We believe that it is the electronic properties of the imines which are the
largest contributors to the diastereoselectivity of the products formed in the
reactions. One aspect of future work in this field could be the formation of other
imines with strong electronic properties to determine validity of the conclusions
which have been obtained, as it would prove to be very interesting to look at a wider

range of both electron donation and electron withdrawing groups on nitrogen.

Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis:Trans
THF (no 35 16 97 (122) 0:1
e |
MeO
0 THF 35 96 56 (128) 1:0
)
“s\\’"*/tLozt
[+]

1 mmol scale and had 10 mol% Pd(PPh;)4, no ZnBr;.
Table 35 — Diastereoselectivly pure [2+3]-cycloadditions
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2.2.6 — Asymmetric Palladium Catalyzed [2+3]-Cycloadditions

Introduction

With some control over the d.e. of the palladium catalyzed [2+3]-
cycloaddition, we now wished to look at the enantio- control of the reaction. We set
out to do this in two ways: chiral auxiliaries and asymmetric catalysts. Chiral
auxiliaries have been used for many years and are designed to be attached to a
starting material and then easily removed when the desired reaction has taken place.
The second approach, in an attempt to induce chirality, is by using a chiral ligand on
the palladium catalyst in the hope that this would induce chirality to the product.
There has been a great deal of work done in this field and the approaches to chiral
ligands are well known. Trost ef. al.*® has performed a great deal of work in this
field and has developed many chiral ligands which can be used in palladium
catalyzed reactions (Fig 6). The disadvantage of chiral ligands is that they are
expensive and a range would need to be tested in order to find the optimum

conditions for the best ligand.

Qi+

PP,  PhP

\ / ’ Pd

Pd l
NP S

Fig 6 — Chiral ligand blocking vinyl face

Chiral auxiliaries

The chiral auxiliary approach was our first choice, with most of our effort
being focused on (R)-phenylethylamine. This group was chosen as it is similar to
benzyl with which we had a great deal of success. The (R)-phenylethylamine was
reacted with ethyl glyoxylate in the presence of molecular sieves with ether as the
solvent for 16 hours to generate the chiral imine in good yield. However when the

imine was reacted under standard [2+3]-cycloaddition conditions the product was

67




not seen in the reaction mixture. It was found by NMR analysis that the chiral imine
was hydrolysing durning the reaction to give the (R)-phenyl ethylamine and ethyl
glyloxylate, which reacted with the cyclopropane to give the tetrahydrofuran as the
product (Scheme 42).

o)
o\)L co
X Noet o Me
~_ OBt O, Vi
N/\[( K" H + 62 COoMe
—— e}
o contaminant THF, ZnBr, Et
135 NH 138
2 pd(PPH), ©

.37

Scheme 42 - Hydrolysis of the chiral imine

When the reaction was performed under anhydrous conditions 1t was possible
to obtain the desired pyrrolidine product in relatively low yields (18%) with the
major product stll being the tetrahydrofuran product (43%). Unfortunately, it was
shown from the NMR data that the compound had two isomers in roughly 1:1 ratio
which could not be separated (Scheme 43). The use of other chiral auxiharies was
not developed further during this project due to the lack of success during the initial
work 1n the area using (R)-phenylethylamine. We feel the mistake was having the
chiral auxaliary on the nitrogen, as the steric crowding this caused may have effected

the reaction

zMe

P COMe  Pd(PPhy,
N ~ oy F COMe

Oy O
18% j

135 62
139 Chiral
R R
/ N 7/ TN

Cis isomer Trans 1somer

Scheme 43 — Cis and Trans isomers
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Chiral ligands

The preparation of the [2+3]-cycloaddition reaction using a chiral ligand on
palladium is a different asymmetric route to that of the chiral auxilianes, as 1t is
dependent on an external source of chirality. The N-(4-methoxy-phenyl) ethyl ester
imine was chosen as the trapping agent due to its high reactivity, and the fact that
under normal reaction conditions the pyrrolidme produces only one diastereoisomer
isomer Tt was hoped that the use of the Trost ligand™ (Table 36) would allow the
formation of a chiral pyrrolidmme in a single step. The Trost ligand was chosen due to
1ts proven reliability during palladium catalysed reactions and it was surmised that
this would be the ligand with the greatest chance of creating a chiral pyrrolidine,

without the need to examine a range of such ligands (Scheme 44)

o 0O Me MeO,C.
7 AN
pon o e TOER | SO
Mo T THF, 35°C Q I | — Q

o]
MeO OMe
Two products seen
o THF, Pd,{dba), 35°C COMe
Ao+ T L
MeO H‘NQ g I

ey #H
N
Ph.p \@ @,PP!:: MeO Sole product
140 (or the other somer)
Scheme 44 — Examples of products from standard and chiral reactions

The reaction to generate the Trost ligand-palladium complex proceeded
according to the literature with a colour change from purple to orange which is due
to complexation between the ligand and the palladium. The imine and vinyl
cyclopropane was then added after the reaction had cooled to room temperature It
was found however that when the cycloaddition reaction was camed out at RT, the
reaction failed to proceed (entry 1, Table 36). Because of this result the reagents
were then added to a fresh ligand-palladium complex at 35 °C (entry 2) After the

increase in temperature had proven to be unsuccessful the final variable which was
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changed (entry 3) was to increase the reaction time in a hope that the product would
be formed this reaction also failed to give the [2+3]-cycloaddition product Further
work in this area inay be of interest as many other chiral ligands are yet to be tried

which could prove to be more suitable this type of reaction.

CO,Me
/\v<ggz~'e . ) \/?L THF, Pd,(dba); 35°C _ 7 (_copme
M pmp NS NN Trost kigand pME’
Jd >
Chiral igand Time (h) Yield (%5) Cis. Trans ratio
1 Trost higand (140) 16 0(122) -
2 Trost ligand (140) 16 0(122) -
3 Trost ligand (140) 168 0(122) -

THF with 10 mol% Pdy(dba)s,
Table 36 — chiral [2+3)-cycloadditions
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Section 2.3 Microwave Chemistry

2.3.1 - Introduction to Microwave Assisted Chemical Synthesis

In the last few years heating chemical reactions using microwave energy has
been an increasingly popular technique for organic chemists. This non-classical
heating technique is rapidly becoming established in both academma and
industry. The microwave region of the electromagnetic spectrum is between IR and
radio frequencies with wavelengths from 1 cm to 1 m (30 GHz to 300 MHz)
However to avoid interferences with RADAR and telecommunication applications,
microwaves for chemical use operate at 2.45 GHz.

Microwaves are a form of electromagnetic energy and hke all
electromagnetic radiation microwaves have an electrical component as well as a
magnetic component Microwave energy is too weak to break covalent bonds,
instead matenals can either absorb energy, reflect energy, or they can pass energy.
However, few materials are either pure absorbers, pure reflectors, or transparent to
microwaves.* The chemical composition of the material, as well as its physical size
and shape, will affect how it behaves in a microwave field The way in which
microwaves interact with matter can be thought about a penetration depth, ie.
microwaves can usually only penetrate a certain distance into a material. The
penetration depth is a function of both the matenal composition and the frequency of
the microwaves. Although most of the early experiments were performed in
modified domestic microwave ovens, currently dedicated instruments for chemical
synthesis are used which have become readily available, leading to a number of
companies producing these devices.*'® It can be imagined 1n a few years most
chemists will be using microwave energy to heat chemical reaction in the laboratory

in a routine manner.
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2.3.2 — History of Microwave Irradiation in Chemical Synﬂlesis"“s

For centuries the only tools for chemists to apply heat to a reaction process
was through direct conduction through a vessel wall. However this is an inefficient
source of energy, and potentially dangerous when used with flammable reagents and
solvents in reaction mixtures. Dunng the Second World War, RADAR operators
noticed that a substance placed in the path of microwave irradiation emutted from the
RADAR arrays would keep warm for extended periods of time. The chemical
industry made use of microwave irradiation for the first time in 1975 In early
microwaves samples were usually prepared using common laboratory glassware and
open Teflon vessels. However in the 1980s, researchers began using specially
designed closed vessels for microwave reactions to achieve reaction temperatures
above the atmospheric boiling point of the solvents in the reaction mixture. In order
to improve safety in microwave chemistry temperature and pressure monitors were
adapted with wavelength attenuators for monitoring reactions and conditions 1n
closed microwave systems. These modifications to commercial microwave systems
became the foundation of the laboratory microwave units of today. In 1985 the first
laboratory multimode cavity microwave unit was introduced,” and although these
microwaves were stll based on the standard domestic machines the cavity was
isolated and ventilated to prevent fumes formed from the reaction process attacking
the electronics, thereby making it much safer. In 1986, the first completely focused
beam microwave system was introduced to the laboratory environment, Here a
single vessel has placed directly in a microwave waveguide which allowed for much

greater control during irradiation of the sample.
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2.3.3 — Types Cavity in Chemical Microwaves'

Types of cavities

The area in microwaves where materials are exposed to irradiation is called
the cavity Cavities come in many sizes and shapes, depending on the manufacturer
and the application for which the machine is used There are two basic types of

cavity, single-mode and multi-mode.

Single-mode cavities

In single-mode cavities, a standing wave pattem 15 produced inside the
cavity. To do this, the dimensions of the cavity must be carefully controlled to
correspond to the characteristic wavelength of the microwaves For 245 GHz
microwaves (the frequency domestic and industrial microwaves use), the length of a
single wave is 12.2 cm. A single-mode cavity must be a whole-number multiple of
this or half of the wavelength to fit inside the cavity (Fig 7) There are specific
positions inside the single-mode cavity where items to be heated must be placed.
The ntensity of the field is greatest at the peaks of the standing wave and drops to
zero at the nodes of the wave, which means that there are positions in the single-

mode cavity where no heating will occur.

Multi-mode cavities

Multi-mode cavities operate by the process of avoiding or disruption of the
standing wave pattern inside the cavity, creating as much chaos inside the cavity as
possible. There are two ways in which this is achieved. Firstly the dimension of the
cavity avoids whole number multiples of the microwave wavelength and secondly
by a physical interference of items placed in the cavity. The continual movement of

the microwave field results in its homogenization in all directions and all locations

throughout the entire cavity (Fig 7).




Single mode cavity Multi-mode cavity

i

N

N
=
1 wave length Reflected waves

AN
N

Fig 7 — Single and multi mode cavities

2.3.4 — Heating Using Microwaves' 8

In all conventional means for heating reaction mixtures, heating proceeds
from a surface to the inside of the reaction vessel. The energy is transferred from a
surface to the bulk mixture, and eventually to the reacting species (Fig 8). Through
mixing, equilibrium temperature conditions can be established and maintained.
Microwave heating differs from conventional methods as the reaction vessel must be
transparent to the passage of microwaves and heating of the reaction mixture does
not proceed from the vessel wall (Fig 8). For microwave heating, there must be a
component of the reaction mixture which absorbs the penetrating microwaves. When
microwaves penetrate the reaction mixture and are absorbed, their energy is

converted into heat.*’

Microwave Thermal
in situ wall
heating heating

Fig 8 — Temperature gradient for heating under microwave and thermal conditions™

(red = hot, blue = cold)
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The energy transfer from microwave irradiation to thermal energy occurs by
dielectric loss, not conduction and convection as via thermal methods. The easiest
way to visualize the mechanism of microwave irradiation is to understand what
microwaves are: high frequency oscillating electric and magnetic fields. Anything
that 1s put into this field may be affected 1f 1t has the ability to absorb microwave

irradiation

2.3.5— Reactions in Microwave Systems

Microwaves give chemists a unique method for controlling reactions. An
example of this is chlorosulfonylation of naphthalene, Mingos (now at Oxford
University) has shown that the sulphonic group can attach to either the 1 or 2
position of naphthalene (Scheme 45). Low microwave power, like normal heating
meythods, gave an equal mixture of the two products; however high microwave
power, which heats the reaction faster, gave almost 100% of the 2-

42, 30
SOMH
oH HOSO,0) HosOCH 43 Thermodynamic product
methanol, OO methanol, M S0
1M1

500 w MW 5w

MW H
142
OO 144 Kinetic product

Scheme 45 — Addition of chloro sulphonic acid to naphthalene

naphthalenesulphonic acid.

Mingos also showed microwaves can heat solvents above their normal
boiling points Water for example boils at 105 °C under irradiation instead of 100
°C, and acetonitrile, rises to 120 °C (38 °C higher than usual) The reason for this is
microwaves heat all the solvent in a flask directly, instead of only the surface area of
the reaction vessel, allowing the solvent to reach a higher than usual temperature

before bubbles can form.*
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2.3.6 — Microwave Chemistry with Palladium Catalysts

Microwave chemustry has found application in the field of palladium
catalyzed chemistry, for example —

Heck reaction

The Heck reaction is the arylation of activated olefins with aryl halides and
tnflates. This type of reaction generally goes with good regiocontrol to give either
linear or branched products. It is, however, a lengthy reaction with times varying
from hours to days, however attempts to decrease the reaction time with increased
temperature usually causes decomposition of the catalytic system Hallberg et al
has performed a Heck reaction under microwave imadiation in approximately 4
minutes, whereas with conventional heating would require a reaction time of about
20 hours (Scheme 46) °!

OMe 38min, 60w, MeO
MeO«Ql + 2 Pd(OAG), DMF
0 o OMe
145 148

147 ©

Scheme 46 — Microwave assisted Heck reaction

Highly selective allylic alkylation

Allylic alkylation has been a common reaction for the past 40 years.
However this reaction has a major draw back which is the speed of the reaction, wath
hours and even days being needed for the product to be formed However,
microwaves are the answer to this problem as they allow for flash heating of the
reaction system. Hallberg et. al. has shown that it is possible to perform these allylic
alkylations rapidly (3 min) in excellent yields (>99%) and enantiomenc excess
(>99%) (Scheme 47).
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o
o L ,L) MeO OMe
~ + M 150 /T O S O
O O MeO OMe 151
148 149 (PHCHCH=CHIC, — ogm vield, >99% e e

BSA, KOAc, MeCN, MW _, =n o for 3 min

Scheme 47 — Microwave assisted allylic alkylation reaction

Microwave assisted anination

Amination of aromatic halides has become a powerful methodology, since
the aryl amine intermediates can be used in the synthesis natural products. Over the
last few years, despite the rise in popularity of microwave assisted synthesis, there
have only been a very limited number of papers published on using microwaves in
amination reactions. Hamann e¢ al have developed new aspects of this microwave

assisted synthesis and have has shown that it is possible to achieve a 15-75%

increase in yield over conventional heating (Scheme 48).

Br Pd,(dba),, PPFA, NaOtBu, N )
+ HN )  toluene, MW, 10 min
N/ \ N/ N
152 153 154

Scheme 48 — Microwave assisted amination reaction

Suzuki reaction

The Suzuki reaction is one of the most versatile, and utilized, reactions for
the selective construction of carbon-carbon bonds, especially in the formation of bi-
aryl systems.” Water is a readily available cheap and non-toxic solvent and is used
in some metal-mediated organic reactions however due to problems with solubility
of substrates, phase transfer catalysts are some times used. Leadbeater ez al. showed
that 1s 1t possible to perform the Suzuki reaction in water without the use of a phase
transfer catalyst by using microwave irradiation to superheat the water; thus
improving the solubility of the substrates (Scheme 49).%*
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B(OH), 0 4 moi% Pd(OAC),,
©/ +/©/ H,O, 60 w, 5 min, 97%
B

155 156 157

Scheme 49 - Microwave assisted Suzuki reaction

Sonogashira couphng

The Sonogashira coupling of terminal alkynes with aryl halides is an
efficient route into arylalkynes, and there have been numerous uses for this
chemistry including several natural product syntheses. This reaction is usually
performed in organic solvents such as THF, DMF or benzene. Kabalka et. al have
developed this reaction for use with microwave in a solvent less reaction. The
development of a solvent less reaction system is important in the context of
microwave chemistry as solvent vapour in the reaction could be ignited. The results
show that this particular reaction is highly efficient giving high yields (95%) in very

short reaction times (Scheme 50).%

Pd-Cul-PPh,, KF-AL,04 solventless, .
@ + CH;/——== 1000 w, 25 min, 95% CeHy—=—=

158 159 160

Scheme 50 — Microwave assisted Sonogashira coupling

As can be seen in these selected examples, microwave assisted synthesis is
already being used for a wide range of palladium catalyzed reactions. It is also likely
that in the future more applications will be found for microwave assisted synthesis
particularly in areas where the reaction times under conventional heating need to be

reduced
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2.3.7 — Microwaves

The two types of machines which were used in this work are very different,
both in their design and way in which the samples are irradiated. The CEM
‘Discover’ and Emrys ‘Optimizer’ are both focused beam machines, which means
only the sample is irradiated whereas the CEM MDS 81D is an older cavity type

microwave, where all the internal space of the microwave is irradiated.

CEM MDS 81D

This machine is an old style chemical microwave (approximately 17 years),
and uses a process called a “cavity irradiation” which is the same process as used in
all domestic microwaves; in these cavity irradiation chemical microwaves, the
sample is placed in a large hollow space and then irradiated. The problem with this
method is that ‘hot and cold spots’ develop in the microwave where reflected
microwave beams cross one another. These ‘hot spots’ continually move so it is
impossible to know the exact amount of irradiation that a sample is receiving.

However using this approach it is possible to irradiate many samples at once (Fig
10).

Fig 10 — CEM MDS 81D microwave and irradiation type
CEM Discover

This is a more modern chemical microwave and operates on a different and

more advanced principle. The CEM discover is a focused beam microwave, which
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means that rather than irradiating a large volume with imprecise control, it irradiates
a small area which can be constantly monitored and adjusted. By doing this it is
possible to very accurately maintain a specific energy in the reaction vessel. This is
of great importance as it allows control of the operation of the microwave and

knowledge that the sample is being fully, but not over, irradiated (Fig 11).

Fig 11 — CEM discover microwave and irradiation type

Emrys Optimizer

Of the three microwaves used, the Emrys Optimizer is the most
technologically advanced although it still used the principle of a focused beam to
irradiate the samples. This microwave is a standard piece of equipment at Roche and
contains a built in auto-sampler and computer system to allows for rapid throughput

of samples.

Fig 12 — Emrys Optimizer microwave and irradiation type
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2.3.8 — Results for Microwave Irradiation

CEM MDS 81D results

Qur prelimmnary work was carried out on a CEM MDS 81D, and due to the
age of the machine was impossible to have absolute control over the power supplied
by this microwave. One of the major aspects of working with this machine 1s that the
samples needed to be adsorbed onto a solid support before being reacted to avoird
ignition of solvent vapor or explosion of a sealed tube. The result of this meant it
was difficult to directly compare the results to those done under thermal conditions,

or solution microwave reactions.

CO,Me
CO,Me Pd(PPh), F
= M + Ny \ COMe
CO.Me Silica, Microwave X $

Scheme 51 — CEM MDS 81D reaction

The results which were obtained were however interestmg and this
microwave provided a useful first insight. The CEM MDS 81D 1s essentially a
domestic microwave therefore there were limited variables which could be
exploited. It was decided to use 700 watts as a standard irradiation power, and vaned
the time as appropriate. The initial sample was irradiated for 3 min using the N4-
methoxy-phenyl ethyl ester imine. The results were very encouraging as after
punification it was found that there was a 92% yield of the desired product, however
the diastereoselectivity was poor<(1:1 cis-trans) (Table 37, entry 1).

After this initial success it was decided to test the conditions to determine the
optimum procedure for the irradiation. The first vanable was to determune if the
reaction would proceed without catalyst present, but the results obtatned suggest that
the catalyst was still required under microwave irradiation (Table 37, entry 2). Zinc
bromide was then added to the reaction mixture as m previous work it was found
that a Lewss acid reduced reactivity. This was also found to be the case under
microwave conditions as there was a significant drop in yield with the addition of
zinc bromide (Table 37, entry 3) from 92% to 75%.
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CO,Me

/\V<COZME b N Pd(PPh,), /‘\Q(C%Me
COo,Me Silica, Microwave N
X Y
Imine Adsorbent | ZnBr; Other Time | Yield | Cis:Trans
conditions | (min) (%8) ratio
o Silica No N/A 3 92 1:1
N*)Lost
O (122)
MeO
o Silica No No 3 0 11
N*/Lost
O catalyst (122)
MeD
o Silica Yes N/A 3 75 1.1
N'\\/ILOEI
O (122)
MeO

1 mmol scale and had 10 mol% Pd(PPh;),, 700 w
Table 37 — Results for reactions with CEM MDS 81D

The solid support was also examined, the reaction was performed on

fluorocil, alumina and an absence of an absorbent to see which would be the most
successful absorbent. The alumina (Table 38, entry 1) gave no product when
irradiated however the fluorocil (Table 38, entry 2) and the absence of an absorbent
(Table 38, entry 3) material both gave positive results (82% for fluorocil and 79%

when no adsorbent was used). It appears from these results that 1t is necessary to use

either an acidic support or no support as the neutral alumina proved to be

unsuccessful. It is also interesting to note that the stereochemistry was greatly

improved when no support was used in the reaction, although the yields were

significantly reduced.

82




COMe

Pd(P
PN S G . s T /“‘Q%ozm
COMe Silica, Microwave N

X Y
Imine Adsorbent | ZnBr, Other Time | Yield | Cis:Trans
conditions | (mn) (%) ratio
o i -
/@,N Joa Alumina No N/A 3 (122)
MeO
Q :
l@;” Joa Fluorocil No N/A 3 (:;22) 1:1
MeO
o None - No N/A 3 79 0:1
,©’ s oe neat (122)
Meo reagents

1 mmol scale and had 10 mol% Pd(PPh;),, 700 w
Table 38 — Results for reactions with CEM MDS 81D

The final test reaction (Table 39, entry 1) was performed using a sample
prepared on a solid support which was then allowed to stand for 10 minutes without
any irradiation, since during the preparation of the microwave samples there was a
colour change in the reagents (yellow to red) and an exothermic reaction which
suggested that there was some reaction occumring. It was found upon workup that
there was an 87% yield of the desired pyrrolidine product; however 1t 1s unclear why
there was this rapid reaction. We do however believe that there is a co-catalytic

effect caused by the silica in the reaction, but the precise mechamsm is unknown.
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- COMe
COMe New Y s /‘“Q(CO
//\v<002Me P XN Siica, Microwave N Me
X Y
Imine Adsorbent | ZnBr, Other Time Yield | Cis-Trans
conditions | (min) | (%) ratio
\)OL Sihica No No MW 3 87 1.1
Naw
MeO

1 mmol scale and had 10 mol% Pd(PPh;)s, 700 w
Table 39 — Results for reactions with CEM MDS 81D

As had been seen the addition of a Lewis acid to the palladium [2+3]-
cycloaddition reaction when N-PMB ethy! ester imine 1s the trapping agent reduces

the yield of the pyrrolidine. However under thermal conditions, a Lewis acid is

usually required, it was therefore decided to see whether an imine which required a

Lews acid for the [2+3]-cycloaddition would also need it under microwave

irradiation conditions Entries 1-2 on Table 40 show the results, for a reaction using

the N-2-mitnle-phenyl ethyl ester imine. The reactions with (entry 1) and without

(entry 2) ZnBr; have approximately the same yields, 75% and 78% respectively. It
was therefore decided to not use ZnBr; in future reactions when using the CEM

MDS 81D, as we believe that the silica is acting as a Lewis acid.

CO.Me
CoMe Y — AR, /'Q(co Me
/VCOZM(: Sil:ca. Microwave
Imine Adsorbent | ZnBr; Other Time Yield Cis:Trans
conditions | (mn) (%) ratio
2 Silica Yes N/A 3 75 (127) 1:1
oL
CN
' Silica No N/A 3 78 (127) 1:1
o
CN

1 mmol scale and had 10 mol% Pd{PPh;),, 700 w
Table 40 — Results for reactions with CEM MDS 81D
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The Table below shows three reactions which were performed in order to
achieve a shorter reaction time for the palladium catalysed [2+3]-cycloaddition
reacion The usual reaction times for the [2+3]-cycloaddition reaction 1s
approximately 2 days depending on the substrate used. It was thus decided to test a
small selection of different groups using the microwave, and benzyl (entry 1), tosyl
(entry 2) and PMB (entry 3) protecting groups were all attempted and all showed
reactivity which was approximately the same as under thermal condition, however

the selectivity was very poor (1:1)

Pd(PP coMe
COMe Silica, Microwave N
X Y
Imine Adsorbent | ZnBr; Other Time Yield | Cis.Trans
conditions | (mn) (%6) ratio
@/\(\/\/\ Silica No N/A 3 67 1:1
(109)
AN~ Silica No N/A 3 61
o (115)
\/@/M Silica No N/A 3 55
o 59
MaD

1 mmol scale and had 10 mol% Pd(PPhs)s, 700 W
Table 41 — Results for reactions with CEM MDS 81D

The initial microwave reactions proved to be very successful for forming the
destred pyrrolidines very rapidly, however the diastereoselectivity of the reaction
was poor. The CEM MDS 81D is a very simple machine to use however it was
extremely old for a working microwave and therefore slightly unreliable in the exact
power output, and the inability to perform the reactions in a solution phase 1s also a
major problem. The reaction times of the CEM MDS 81D were however very rapid
with the desired pyrrolidine products being formed in only 3 minutes rather than 2

days as had been seen under the thermal conditions.
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CEM Discover results

The CEM Discover provided a2 more advanced microwaves generator. The
major advantage of this system is that many options which are available; the ability
to set temperatures, pressures and power for a particular solvent. This meant that the
reaction conditions were controlled to a far lgher degree. This control, and also the
fact the samples were carried out in the solution phase, meant that the results could

be compared to the original reactions carried out under thermal conditions.

COMe
CO,Me Pd(PPh,), A
Me N ——— \_{ “copMe
COMe THF, ZnBr.,, Microwave Y,
r X Y

Scheme 52 — CEM Discover accelerated reaction

The first of the products to be tested was the N-4-methoxy-phenyl ethyl ester
imine. This substrate when reacted under thermal condition at 35 °C had given
almost quantitative yields in 8 hours. However under microwave irradiation at 50
Watts a 91% yield was seen after 10 minutes with the same stereochemical outcome
as the thermal conditions. This reaction proved the effectiveness of microwave

conditions and paved the way for its use wath different substrates

Pd(PPh,) coMe

CO.‘Me ,N \'d ¢ =

/\v<002Me + xR TR y N YCOZMe

Imine Solvent | Power (w) | Time (min) | Yield (%) | Cis:Trans
o THF 50 10 91 (122) 0.1

o
MeO

1 mmol scale and had 10 mol% Pd(PPh;)s
Table 42 - [2+3]-cycloaddition using CEM Discover microwave

The next group of the substrates used in the CEM discovers were N-PMB
imines (Table 43, entry’s 1-4) as these had proven difficult to cyclise under thermal
condition in good yields. The imines chosen were the 4-bromo-phenyl (entry 1), 4-
nitro-phenyl (entry 2), 4-methoxy-phenyl (entry 3) and the 4-nitrile-phenyl (entry

4) as these had all given low yields under thermal conditions. The microwave
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irradiation results for these substrates were less than encouraging as only the 4-
bromo-phenyl (entry 1) and the 4-methoxy-phenyl (entry 3) formed the destred
pyrrolidines, however the yield for the 4-bromo-phenyl was significantly improved
from 24% under thermal conditions to 54% using microwave irradiation. The yield
o‘f 4-methoxy-phenyl imine remained similar to that of the thermal conditions. It 15
thought that the problems in the 4-nitro-phenyl (entry 2) and the 4-nitnle-phenyl
(entry 4) are due to decomposition of the imine.

One of the most important reactions performed under microwave conditions
was the reaction using a tosyl imine (entry S, Table 43) which had been shown to
have a very long reaction time. Under the microwave irradiation conditions the
reaction time was reduced from 96 hours to 10 minutes, there was also an increase in

yield from 56% to 74% without any change in diastereoselectivity from thermal

conditions.
o COMe
CO,Me b oY (PPhy),  Z ! co,Me
COMe THF, ZnBr,, MW /
X 'y
Inne Solvent | Power (w) | Time (min) | Yield (%) | Cis:Trans

THF 50 10 54 (86) 10:1
Nﬂa

\/@z‘% THF 50 10 0(82) -

\Q/M THF 50 70 63 (85) 1:0
Ny

J@rm THF 50 10 0(83) -
Nay

THF 50 10 74 (126 10
£\ 'NJQ/\ ( )

1 mmo] scale and had 10 mol% Pd(PPh;)4, 2 eq ZnBr,
Table 43 — [2+3]-cycloaddition usmg CEM Discover microwave
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Benzyl imines had proven to be a highly successful substrate group for the
[2+3]-cycloaddition however there have been some imines which had proven to be
unreactive, for example meta substituted aromatics and bulky groups on the carbon
of the imine. It would therefore be interesting to compare a range of successful
imines under both thermal and microwave conditions, and several benzyl imines
were irradiated in an attempt to undergo the [2+3]-cycloaddition (Table 44, entries
1-6). The initial tests were performed on substrates which were known to be
successful under thermal conditions to allow for a direct comparison. N-Benzyl
phenyl imine (entry 1), N-benzyl 4-pyridineimine (entry 2), N-benzyl PMB imine
(entry 3) and N-benzyl pentane imine (entry 4) were all tried under microwave
conditions. The results were as expected, with a dramatic decrease in the reaction
times for all the substrates and comparable yields and stereochemistry to the thermal
conditions. The next examples chosen of the benzyl imines were the 3-pyridine
(entry 5) and the #-butyl (entry 6) groups both of which had failed under thermal
conditions. After irradiation it was found that the 3-pyridine had been successful
formed in good yield (82%), however the ¢-buty] substrate had still failed to give the

desired pyrrolidine product.
COMe
/VCOZM e + X,N'\-\\/Y __.._E(_Eihi)‘__. Z \ COMe
COMe THF, ZnBr,, MW VA
Imine Solvent | Power (w) Time (min) Yield (%5) | Cis:Trans
©/\N4\© THF 50 20 85 (92) 10:1
NN THF 50 10 86 (96) 7:1
o
©/~N’/\©\ THF 50 20 89 (104) 1:0
OMe
@/\f\/\/\ THF 50 10 72 (109) 8:1
©/\(\(~j THF 50 10 82 (98) 1:0
N/
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THF 50 10 0(110)

GRRN

1 mmol scale and had 10 mol% Pd(PPha)s, 2 eq ZnBr>
Table 44 — [2+3]-cycloaddition using CEM Discover microwave

Our long term plan involved the use of some RCM chemistry. To allow us to
do this we required some substrates which contained as alkene bond, and one of the
substrates chosen was a simple N-allyl imine and the second was an aromatic styrene
imine substituted with a methyl vinyl group The results for these reactions were
encouraging with the desired pyrrolidines being formed in good yield and fast
reaction times (Table 45).

COMe
Ncoﬂe b Y /KQ%O e
coMe THF ZnBr,, MW
Imine Solvent | Power (w) | Time (min) Yield (%) Cis:Trans
THF 50 20 71 (161) I:1
L"'\\/@
o THF 50 20 88 (162) 6.1
Naw 0"

1 mmol scale and had 10 mol% Pd(PPh;)s, 2 eq ZnBr,
Table 45 — [2+3]-cycloaddition using CEM Discover microwave

Overall the reactions performed using microwave irradiation conditions with
the CEM ‘Discover’ showed significant improvement over those done under thermal
conditions. It was found that all reaction yields were increased compared with the
reaction bemng carried out under thermal conditions except for N-(benzyl) -butyl
imine, which failed to undergo the palladium catalyzed [2+3]-cycloaddition, as it
had done under thermal conditions, and more significantly the reaction times had
been dramatically reduced to only 10 minutes rather than the 2 days under thermal

conditions.
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Emerys Optimizer results

While at Roche (Basel) there was an opportunity to use an Emerys
‘Optimizer’ microwave This microwave proved to be very useful for examming
many reactions m rapid succession using the inbuilt auto-sampler, The substrates
which were used in the Emerys ‘Optimizer’ were mainly ones which we have had to
make 1n the synthesis in some natural products. However before any work could be
performed on new substrates, it was decided to test the new microwave on known

imines to determine 1ts effectiveness.
Pd(PPh, coMe
NCOZM * 4 x N — A /ﬁ(coﬂe

COMe THF, ZnBr,, Microwave X’ .

Scheme 53 — [2+3]-cycloaddition using Emerys Optimizer

With the change in equipment, we first looked as two of our most reliable
imines the N-4-methoxy-phenyl ethyl ester imine 122 (Table 46, entry 1) and the N-
tosyl ethyl ester imine 126 (Table 46, entry 2), as both of these had performed well
under thermal conditions and microwave conditions. The results were as expected
both giving the desired product in good yield and fast reaction times with retention
of stereochemistry from the thermal conditions.

COMe
/\V<cone R . i 0 /MQ(OOZMP'
COMe THF @ZnBr,), MW
Inune Solvent | Power (w) | Time (min) | Yield (%) | Cis.Trans
° THF 50 10 91 (122 0:1
o ”
MeO
THF 50 10 75 (128 0.1
% :NJ\O,\ (128)
|: l [o]

1 mmol scale and had 10 mol% Pd(PPhs)4, (2 eq ZnBry)

Table 46 — [2+3]-cycloaddition using Emery’s Optimizer microwave
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With the success of the initial test reactions, it was decided to examine
reactions using the substrates which would eventually lead towards the synthesis of
natural products (see Chapter 2.6). Table 47 shows reworks of reactions which

used N-benzyl pentane imine as the trapping agent. These reactions proceeded well

giving a 72% yield on a 1 mmol scale (entry 1) however it was necessary to have a

large quantity of this particular pyrrolidine so a scaled up reaction (entry 2) was
carried out with only a slight loss of yield (68%). Both of these proved to have a

stereochemical ratio of 8 1 in favor of the c1s product

The final reactions carried out using the Emerys Optimizer on Table 47

entries 3-4 used similar imines as before. The results were not promising, as the

pyrrolidines were prepared in etther trace amounts for the 1-butene denived imune

(entry 3) or had contamination which it was not possible to remove with the 1-allyl

denved imine entry 4.

COMe
COMe N Y _N% = CO,Me
COMe THF, ZnBr,, MW N
X Y
Imine Solvent | Power | Time Yield (%) Cis-Trans
(W) | (min)
@/\,{\/\/\ THF 50 10 72 (109) 81
©/\N4\/\/\ THF 50 10 68 (109) 8.1
5 gscale
/\j\ THF 50 10 Trace (163) -
e NW
\i THF 50 10 Contaminated 8.1
= e Ve VAN
" (164)
10 mol% Pd(PPh;)4, ZnBr,

Table 47 — [2+3}-cycloaddition using Emerys Optimizer microwave

As the Emerys Optimizer proved to be very similar to the CEM Discover 1t

was not surprising that these microwaves performed almost identically. The only

advantages that the Emerys Microwave had over the previous microwaves tested
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was the auto sampling feature, which allowed many samples to be run ovemnight and
also the fact that larger sample vessels could be used, allowing for multigram
reactions, which was useful in the preparation of natural product precursors.

2.3.9 — Microwave Chemistry Conclusion

A large number of microwave reactions have been performed, and the
advantages of this technology were clearly evident. As it allows the formation of
pyrrolidine m 3-10 minutes where, as under thermal conditions, it would have taken
two days or more to achieve the similar results The speed at which the pyrrolidines
are formed is not the only advantage of microwave irradiation, as it was also seen
that the microwave allowed the reaction of aromatic imines substituted in the mefa
position, which was not observed under thermal reaction conditions.

When using the CEM ‘Discover” or Emerys ‘Optimizer’ the stereochemustry
was retained from that observed under the thermal solution reaction conditions,
however when the CEM MDS 81D was used, which required a solid support, there
was a mixture of diastereoisomers formed. Both the CEM discover and Emerys
Optimizer allowed control over the conditions as it was possible to alter, time,
temperature and pressure at the touch of a button. The CEM MDS 81D 1s the quucker
of the microwaves to undergo the [2+3]-cycloaddition (approximately 3 minutes)
however this is due to the much higher power of the microwave (700 watts
compared to the Discovery’s and Optimizer’s 50 waits).

Overall it can be concluded that the microwave reactions proved to be
successful. It is known that microwave reactions have been used with palladium
catalyst, however 1t was unclear whether this would apply to our [2+3]-cycloaddition
reaction, but with the success of our research into this area of chemistry it is clear

that microwave enhanced chemistry is applicable to this reaction type.
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23.10 — Silica Enhanced Reactions Introduction

During our work on the microwave chemistry we observed an unusual
aspect, in which silica appeared to be a co-catalyst for the [2+3]-palladium
cyclisation reaction. This effect was discovered during the first stage of the
microwave enhanced chemistry using the CEM MDS 81D, which required the use of
a solid support Careful observation while preparing the samples showed an increase
in temperature and discolouration of the material from yellow to red. Instead of
reacting 1t under microwave conditions, extractions of the sample underwent NMR
spectroscopy, the results indicated that the desired [2+3]-cyclisation had occurred in
only the time needed to work up the reaction which had taken approximately 10
minutes.

This result was dramatically faster than any previous pyrrolidine formations,
the fastest reaction observed before had been that using N-(4-methoxy-phenyl) ethyl
ester imine which had only gone to completion after 8 hours under thermal
conditions, however both the diastereoisomers were formed in the reaction on silica.
One theory about the way that the silica acts is through co-ordination, to the vinyl

cyclopropane and imine in the same way as a Lewis acid.

2.3.11 - Silica Enhanced Palladium Catalyzed [2+3]-Cycloaddition Results

Determine the volume of silica

The mitial work in the field of the silica-enhanced [2+3]-cycloaddition
reactions examined the amount of silica which was needed in order to give the
desired co-catalytic effect This work used the most successful imine (N-(4-
methoxy-phenyl) ethyl ester imine) as the reaction times for this cyclisation under
thermal conditions had been determined as 8 hours to go to completion (Scheme
54).
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‘ CO,Me 13,
MeQ

MeQ

Scheme 54 — Silica enhanced reaction

After we had found that using silica in the palladium [2+3]-cycloaddition
increased the rate of reactions, it was decided that further exploration was needed.
The reactions were carried out under three conditions, the first (entry 1) being the
standard reaction conditions, the second (entry 2) was with a small volume of silica
using THF as a solvent, and the last (entry 3) was a large volume of silica (2 g)
without any solvent present. The reagents were mixed with a minimum volume of
THF which was immediately removed in vacuo. When the large volume silica was
added to the reaction mixture it was observed that although the reaction rate was
greatly increased, to the point where it is impossible to determine the exact rate of
the reaction, two isomers which were formed in roughly 1:1 ratio. In the reaction
with the smaller volume of silica in THF, there was not only an increase 1n reaction
rate, compared with the standard reaction without silica, but also retention in

stereochemistry from thermal conditions

CO_Me
o)
CO,Me Pd(PPh,), 5 CO,Me
Z come T PMB’N‘\‘)I\ost Sirea, THF ﬁoa
o
Imine Solvent Silica Time | Yield (%) | Cis:Trans
1 o THF None 8h 97 (122 0:1
ON”\‘)LDB 02
MeQ
2 o THF Spatulatip |45 min | 94 (122) 0:1
/@’ N§)Lo€t
MeQ
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3 Q None 2g 10 min | 95(122) 1:1

AT

1 mmol scale and had 10 mol% Pd(PPhs),,
Table 48 — [2+3]-Cycloaddition varying the silica volume

Cychsations using stlica

After better conditions had been established (a spatula tip of silica, 16 h at
RT) the next aspect of the work focused on examining a range of different imines to
determine the tolerance of the silica to different groups A number of different
imines with a range of different groups on both the nitrogen and carbon of the imine

were reacted in the presence of a small amount of silica (Scheme 55)

COMe  THF, sl pode
x =AY /\v< e /\QLCOZMe
COMe  pypphy, x'N y

Scheme 55 — Silica enhanced reaction

The first of the reactions to be attempted was with the N-tosyl ethyl ester
imine, the reaction proceeded as expected with a yield of 57% This is comparable to
the results generated under thermal conditions without silica (entry 1) A second
electron withdrawing group, N-4-nitro-phenyl ethyl ester imine (entry 2) was
selected however this substrate failed to undergo the [2+3 }-cycloaddition.

The final two entries on Table 49 were standard reactions which had been
performed under both microwave irradiation and under the thermal reaction
conditions. It was therefore logical to try these substrates under the silica enhanced
conditions to determine any change in reactivity. As was seen previously the silica
caused an increase in the reaction rate allowing the products to be formed in only 16

hours, with comparable yields and stereochemistry to the standard conditions
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COMe

COMe

THF, silica
ANa Y L : 7 CO_Me
= + 2
X /\v<co e — fo )
. Imine Solvent Temp | Time (h) | Yield | Cis.Trans
C) (%)
1 o THF, RT 16 57 1-0
O‘\S’NQJLOEt g
Y silica (128)
2 Q THF, RT 16 0 -
N*)\oa .-
,©/ silica (129)
ON
\Q/W“ THF, RT 16 62 11
O "= silica (85)
MeQ
THF, RT 16 75 8:1
@v \JJJ silica (109)
N

1 mmol scale and had 10 mol% Pd(PPh;),,
Table 49 — Results for reaction with silica added

We next looked at imines derived from amines which had an alkene bond;

these were chosen because we hoped to use these in RCM reactions The reactions

with the N-alkene imines performed well, with most of the desired pyrrolidines

being formed in good yield and comparable stereochemistry to the standard

conditions, with the advantage that the reactions times were dramatically reduced.

Imine Solvent Temp | Time | Yield Cis:Trans
C | ® (%)
1 | \/@ THF, silica RT 16 79 1.1
l\/"’\ (161)
2 a THEF, sillica | RT 16 81 5.1
™ N
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3 \/@ THEF, silica RT 16 0 -
5”‘ (166)

4 o THE, silica RT 16 58 10:1
éﬂd\"ﬂ (162)

1 mmol scale and had Pd(PPh;),, THF, ZnBr, spatula tip of silica, 16 h.

Table 50 — Results for reaction with Emery’s Optimizer microwave

23.12 —- Conclusion

The silica-enhanced reactions were performed by preparing the sample under
the standard [2+3]-cycloaddition, the only change being the addition of a spatula tip
of silica to the reaction mixture. The reactions were carried out using a range of the
imines which had been used under standard conditions to determine the how well the
silica catalyzed the cycloaddition. It was seen that the addition of the silica had
increased the reaction rate for the pymolidine formation from 48 hours or greater, to
less than 16 hours.

The reason why this effect occurs is unknown however maybe linked to a
Lewis acid effect, as many other Lewis acids have been tried using [2+3]-
cycloadditions, however without a dramatic change in reaction rate. It is also not due
to any acidic properties of the silica, as other acids were tned without success
However there remains to be a great deal of work yet to done to determine what is

causing this effect
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"2:4.1 - Introduction to Grubbs Ring Closing Metathesis

Ring closing metathesis is one of the most powerful reactions developed in
the last two decades, and a review of ring closing metathesis had appeared in the
literature > Ring closing metathesis can be defined as the “metal catalyzed
redistnibution of carbon-carbon double bonds to form new ring systems™,*® and it1s a
powerful tool for the transformation of two alkenes to a ring or indeed multiple ring
systems with an alkene. The metathesis catalysts developed over the years have the
ability to use a wide range alkenes and eneynes in a variety of ways including cross
metathesis, ring-closing metathesis, ring opening metathesis polymerization, and
acyclic diene metathesis polymerization. The real breakthrough in RCM came 1n
1993, when Grubbs ef al. reported the use of an easy-to-handle ruthenium
alkylidene complex which also gave excellent results in RCM.¥ In 1995 the
ruthemum complex now widely known as "Grubbs 1* generation catalyst", was

reported and has since become the benchmark catalyst for this type of reaction.”**”

Grubbs catalysts

Grubbs First Generation Catalyst 64 effects ring-closing metathesis, olefin
cross-metathesis, and ROMP.® Among its numerous advantages include 1ts high
activities, tolerance for functional groups and protic media. However, this catalyst is
limited in its substrate tolerance. Grubbs Second Generation Catalyst 65 however is
a more active analogue of the first-generation Grubbs catalyst,® and it can also be
used for ring-closing metathesis, cross metathesis, and ROMP.* However the
Grubb’s second generation catalyst can ring close alkenes with excellent functional-

group tolerance (Fig 13) 5561
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Fig 13 — Grubb’s first and second generation catalysts

2.4.2 — Mechanism in Ring Closing Metathesis

In ring closing metathesis, the [2+2]-cycloaddition of an alkene to a metal-
carbon double bond to generate a metallacyclobutane complex 1s an important step
These metallacyclobutane can break down via a retro [2+2]-cycloaddition reaction
etther to give the ring closed product or reform the imtial substrate (Scheme 56)
The generally accepted mechanism of metathesis reactions (the Chauvin
mechanism)} consists of a sequence of [2+2]-cycloadditions/cycloreversions
involving alkenes, metal carbenes, and metatlacyclobutane intermediates Since all
individual steps of the catalytic cycle are reversible, an equilibrium mixture of un-
coordmnated alkenes and metalla-cyclic alkenes is obtained It 1s therefore necessary
to shift this equilibrium in one direction in order to form the metathesis product In
the case of RCM the forward process 1s entropically driven by loss of ethene and
therefore the desired cycloalkene accumulates in the reaction mixture (Scheme

56) 57, 62-64
ﬂ Ring Closing Metathesis m
n et —

[Ml_'

xg 9
D~

Scheme 56 — Chauvin mechanism
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The RCM reaction has provided a challenging mechanistic problem as
model and theoretical studies have provided evidence for at least two distinct

* The "associative® pathway, which assumes that the alkene

mechanisms.
" coordinates to the catalyst to form the intermediate 18-glectron alkene complex,
followed by the metathesis steps to form the product (Scheme 57).°° And the
"dissociative” pathway, which assumes that on binding to the alkene, a phosphine 15
displaced from the metal center to form a l6-electron olefin complex. This
undergoes metathesis forming the ring closed product. The catalyst is regenerated
by co-ordination of the phosphine ligand (Scheme 57) * Katz et. al. found that the
cross coupled products appeared before there was a significant build up of the
scrambled acyclic olefin.® This result supported the "dissociative” pathway

mechanism

Associative
{PCy4),CLRu=CH, —

s g _ _D”a"éyﬁ?"““' O

p— —l— .
(— (PCy3),RU=CH(PR) (PCY,CLRIZ,,  (Pey,),CliRu=
Ru
(PCy,),Clf
Dissociative
(PCy3),CLRu=CH, = = T Main catalyhe
+ ( - ( 2 cycle Q
(_ (PCy)Ru=CH(Ph) (PCy,)CL,Ru o (PCya)CIED +PCy,
+PCy,
Ru
(Pey,)Cly’

Scheme 57 — Types of initial mechanism

2.4.3 — Activity and Reactions of Grubbs Catalyst

Ligand effects on catalyst activity refers to the "dissociative" pathway
(Scheme 57), because this pathway is thought to account for around 95% of the
catalyst tumover. Therefore catalyst activity is related to three constants: the
equihbrium constant for olefin binding, the equilibrium constant for phosphine
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dissociation, and the rate constant for metallacyclobutane formation. There are two
matn ways these constants can be affected, changing the halogens on the ruthenium
and changing the phosphines on the ruthenium.*

Halogens — The catalyst activity decreases as the halogens increase in size Cl — 1,
as the alkene binds frans to one of the halogens. Steric crowding in the halogen
alkene-carbene plane, results in & decline in catalytic activity from Clto L
Phosphines — The catalyst activities increase as both the cone angle and the electron
donating ability of the phosphines increase. As the cone angle of the phosphine
increases (the angle between the ruthenium and the phosphorus ligands) the
phosphine is dissociated from the sterically crowded 18-electron alkene complex
giving an increase in alkene binding. The relief of steric crowding also stabilizes the

monophosphine alkene complex (Fig 14) Therefore bulkier phosphines will favor

59, 6567
N7 O~
SN 168 cl: | 167

the overall equilibrium for alkene binding

Ru=—,
e | Ph /Ru_—\
PMe o | Ph
3 PCy,
small cone angle - larger cone angle -
therefore short Ru-P bond therefore longer Ru-P bond

Fig 14 — Dissociation of the phosphine ligand caused by bulky groups

2.4.4 - Applications of RCM to Natural Product Synthesis

Grubbs-type catalysts tolerate a wide spectrum of functional groups, and this
has allowed metathesis to rapidly evolve into a useful tool for target-onented
synthesis. The complex natural products brevetoxin and ciguatoxin and other
polyether natural products provide interesting targets for this chemistry. In the
synthesis of ciguatoxin, when the substrate was reacted with Grubbs catalyst the
product is formed in respectable yield (50%) 171 (Scheme 58). These intermediates
can then be manipulated to generate a second substrate 172 which is capable of
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undergoing RCM. By repeating the ring closure and side chain elaboration steps
very complex natural products can be effectively synthesized e g. ciguatoxin 173.%

Ciguatoxin
173

Scheme 58 — Polyether synthesis

It was hoped that the Grubbs ring closing metathesis reactions could be used
in conjunction with our chemistry. If successful, it should allow the formation of
bicyclic nng systems using the vinyl group from pyrrolidine ring and a terminal
alkene on the nitrogen of the pyrrolidine. The reason for the importance of this
reaction to our chemistry lies in its use for natural product synthesis The route to
many of the natural product targets from our chemustry is the [2+3]-cycloaddition
followed by RCM as outlined below (Scheme 59).

/ COMe CO,Me
N
come + TN X PaEP), Z0B, /\Q(wzﬂe
THF / n X
Grubbs

ConB Solvent

4 N CO,Me
n X

Scheme 59 — Synthesis for RCM reaction
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2.4.5 — Results for RCM and Related Reactions

Results for allyl pyrrolidines

As stated in the Introduction, one of the goals for this project was to develop
the methodology to a point there natural products could be synthesized. Due the fact
many natural products contain a bicyclic system, it was decided to attempt ring
closure on a range of N-alkenyl pyrrolidines. To this end, a range of pyrrolidines
were required (Scheme 60). The N-alkenyl imines chosen were mainly derived from

a selection of aromatic systems; however an aliphatic group was also examined
THF,ZnBr, & co;Me
CO,Me

COMe
- . | /ﬁ
/VCOZMQ k/N‘\‘/R — H o

Scheme 60 — N-Allyl pyrrolidine formation

The first of the aromatic RCM precursors to be synthesized used the allyl-
phenyl imine as it was thought that this simple aromatic system would not only be
formed in good yields but also would be capable of RCM. As can be seen in Table
51, the required imine was formed in good yields (81%) and the stereoselectivity
was also excellent (1:0 cistrans). The synthesis of toluenes and pyridines substituted
in the para and ortho positions (entries 2-5) were also examined. The meta position
was not attempted as has been seen in previous reactions the mera substituent was
not examined as 1t has shown to be unreactive in the [2+3]-cycloaddition. Toluene
derivatives (entries 2-3) were synthesized in reasonable to good yield (54% para
and 72% ortho). It was also decided to attempt the [2+3]-cycloaddition using a
pyndine (entries 4-5) in order to determine the difference in reactivity between it
and phenyl However, both pyridines failed to undergo the [2+3]-cycloaddition
reaction, giving only starting materials

Other aromatic systems were also examined- for example the entries 6-10,
Table 51 look at PMB which is a strongly electron donating group (entry 6) The
pyrrolidine derived from N-allyl PMB imine was prepared in good yield (51%),
however poor selectivity (1.3:1, cistrans). The N-allyl 4-bromo-pheny] pyrrolidine
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(entry 2) was synthesized, the desired pyrrolidine was formed in good yield (58%)
and a diastereoselectivity of 2:1, (¢is.trans). The next two pyrrolidines synthesized
(entry’s 34, table 51) the 3-thiophene and the 3-furan were synthesis to determine
the effect of the oxygen and sulfur heteroaromatics on the RCM reaction. The 3-
furan was prepared in good yield (49%) but the thiophene failed to undergo the
[2+3]-cycloaddition. An alkane (entry 5) was also attempted, however this proved

COMe

COMe

to be an unsuccessful substrate.
THF,ZnBr, <
N

/ coMe |
/\v<cogue + l\,u\-vn — [J .

Imine Solvent | Temp (°C) | Time (h) | Yield (%¢) | Cis.Trans

1 L \/@ THF, RT 43 81 (161) 1:0
Na

2 L \Q/ THF RT 48 54 (174) 511
Naw

3 L \D THF RT 48 72 (175) 2:1
Ny

4 L V@, THF RT 43 0 (176) .

5 L \/@ THF RT T 0(177) -
N N \N

3 L \Q,oue THF RT 48 5178) | 131
N

7 L \/@A THF RT 43 58 (179) 2:1
Na

8 L \/Cs THF RT 43 0 (180) -
N o

9 = THF RT 48 49 (181) 1:0
"\z"vgo
10 "\/NW\/ THF RT 48 0(182) -

1 mmol scale 10 mol% Pd(PPh;)4, ZnBr,
Table 51 — N-allyl pymrolidines

104




As well as the simple allyl group descnibed above other groups suitable for
RCM were also examined (entries 1-5, Table 52). The pyrrolidines were prepared
however the phenyl derived pyrrolidine (entry 1) only gave a trace of the desired
however 58% of the ethyl ester pyrmrohidine (entry 2) was 1solated with good
selectivity for both products (1.6in favour of the cis for the phenyl and 1:10 favour
of the cis for the ethyl ester). N-Allyl (entry 3), N-butene (entry 4) and N-pentene
(entry 5) were all attempted however only the N-allyl, N-butene was prepared
successfully, in good to excellent yields

Imine Solvent | Temp (°C) | Time (h) | Yield (%) | Cis-Trans

I \/@ THF RT 48 Trace 6:1
6‘“\ (166)

2 o THF RT 48 58 (162) 10:1
5/N§)L0Et

3 Q THF RT 48 61 (183) 1:0
/\/N\)Loa
4 o THF RT 48 82 (165) 1.0
\\\/\/N*)I‘osx
3 o THF 35 48 0(184) -

AN §/U‘OE:

1 mmol scale and had Pd(PPh3)s, ZnBr»
Table 52 — [2+3]-Cycloaddition of N-allyl imines with vinyl cyclopropane

Reaction time variations n ring closing metathesis reactions

Standard Grubbs RCM conditions on N-(allyl)-2-ethyl ester-5-
vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester were first examined. This was
chosen since 5 membered rings are among the easiest to form, 5 mol% of Grubbs
first generation catalyst at room temperature in distilled de-gassed DCM under
positive pressure of nitrogen for 16 hours was used. This reaction was also carried

out under the same conditions for 2 hours to determine the optimum time for the
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RCM reaction (Scheme 61). It can be seen in Table 53 that when the time of the
reaction was increased from 2 hours (entry 1) to 16 hours (entry 2) there was
oxidation of the ring closed product However, when the pyrrohidine substrate was

reacted for a longer time there was a significant increase in the yield of the nng

closed product.
DCM 2 hours
COMe P(Cy)a
CO,Me Cl~..
cl® l
4 P(CY)s
183 DCM, overnight COMe
Cone 186
QEt
0
Scheme 61 - Grubbs reactions over time
Reactant Time Product Yield (%)
H
1 7 ‘;‘:M& 2 hours L cope 43
Me 7
A N “CoMe
& OFt

o (185)

2 . COMe Over night \\ COMe 76
COMe N COMe
e (16 hours) ot
° o (186)

* Both products had 1:0 cis trans diastereo selectivity
Table 53 — Grubbs reactions over time

The stereochemistry of the ring closed products was determined by NOE’s of
the resulting bicycles. The NOE’s were possible because of the increased rigidity of
the fused bicyclhic system over the pyrolidine precursors. It was found that only the
c1s product was formed under the RCM conditions, however this 1s hikely to be due
to the pyrmrolidine precursor being solely the c1s product as well. The NOE data was
also backed up by comparing the nng closed products proton NMR to the proton
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NMR'’s of the two crystailine pyrrolidines formed (see Page 60) which confirmed

the cis product was being formed as a single diastereoisomer.

Results of RCM under classical synthesis conditions

With a range of N-alkene pyrrolidines available (Tables 51-52), we now
applied Grubb’s RCM conditions (Scheme 62). The only change to this procedure
was the reaction time as Grubb’s suggests a time of 2 hours for the reaction to go to
completion, however for our substrates TLC monitonng suggested a time of 24

hours was better.
P(Cy),

ol
COMe c|:||2u=<:h COMe
N CO,Me P(Cy)s rIN CO,Me
N f ® R
n De-Gassed DCM,

t, 24 hours
Scheme 62 — Standard Grubbs reaction

Reactions with the 1-butene ethyl ester imine also proved to be very
successful as this particular substrate ring closed readily under the reaction
conditions to generate the bi-cyclic core in an excellent yield (82%) (entry 1). Entry
2 of Table 54 is the same reaction conditions under microwave rradiation
conditions When this reaction was performed, RCM under microwave irradiation
was unknown but since this result was achieved several papers have been published
on the subject’®™ The irradiation conditions meant that there was a dramatic
reduction in the ttme of the reaction to only 20 minutes with little difference in yield
(76%)

When the RCM reaction was attempted using the N-allyl Cl-phenyl
pyrrolidine (Table 54, entry 3), the RCM failed and only starting materials were
recovered from the reaction mixture The two pyrrolidines with the N-2-
isopropylphenyl (Table 54, entry 4-5) also proved to be unsuccessful under RCM
conditions. However, the likely problem here is the nature of the tri-substituted
alkene
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Reactant Product Yield (%) Cis:Trans

1 COMe CO,Me 82 1.0
O | o
S N—
¢ o (187)
2 Cope e 76 10
Svy C%::*
= -
° ~ asn
COMe 0 -
Ms

3 CO_Me
4 0Me 4
75| 9B
(188)

4 -:E ﬁ & ° :
Mo O N ?
(189)

5 ~ . com O 0 -
,Me O
o]
o = (190)

Table 54 — Grubbs RCM reactions

The application of cross metathesis reactions for the formation of dimers of
heterocycles was also examined. A tetrahydrofuran was decided upon instead of a
pyrrolidine to ease characterization. This cross metathesis proved to be moderately
successful as the desired product was produced in low yield (31%), however, 1t was
a mixture of isomers. This has proven that these substrates can undergo cross

metathesis reactions if required (Scheme 63).

PCy,
Ci. | 167
y coMe ar U\ OFt
L _{ “coMe PCy, PR 5 more O Me
2x Et  Degassed DCM, RT, 16 b, 31% COMe
191 O o

(Mixture of 1somers) 192

Scheme 63 — Cross metathesis




2.4.6 — Conclusion

1t is clear from the results obtained that the Grubbs ring closing metathesis
reactions for our particular system is very sensitive, as there have been very few
successes in the ring closing step except with the simplest systems i e. N-butyl and
N-allyl which containing an ethyl ester group a to the nitrogen of the pyrrohdine or
oxygen of the THF. There have been some very interesting results from this work as
several conditions have been tried for this reaction, and positive results were seen
from microwave irradiation (Table 54) which at the time was unprecedented.

All the pyrrolidines which were synthesised n Table 51 were tested using
both the conditions outlined above and also using Grubb’s 2™ generation catalyst (5
mol%) with 1 eq of PTSA in the reaction mixture. PTSA was indicated in a paper”
to improve the reactivity of nitrogen containing substrates; however none of the
colnditions for these substrates proved to be successful. It is believed that the absence
"of the ethyl ester group in the a position of the pymolidine nng dramatically
decreases the reactivity during the RCM reactions.
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Section 2.5 — Aromatic Cvclopropanes and their Cyclisation

2.5.1 - Introduction to Aromatic Cyclopropanes

During the [2+3]-cycloaddition, based the reaction developed by Tsuj.,’ the
mechanistic pathway 1s thought to involve a m-allyl complex. It was decided to
investigate if this effect could be duplicated using an aromatic ring, rather than a
vinyl group. There is some literature precedent for this type of reaction taking place
as Legros et. al.* described the formation of aromatic n-allyl complexes when using
naphthalene derivatives (Scheme 64). His work prompted us to form a range of
aromatic cyclopropanes in the hope that these new cyclopropanes could cyclise in

the same way as vinyl cyclopropanes to generate pyrrolidines and furans.
COMe
COMe COMe

\+<Pd-0Ac <
OO Pd(0) OO CoMe Pdjdba); OO

dppe, 60 °C, 77%
193 194 195

OAc

Scheme 64 — r-Allyl formation of a naphthalene group®

Aromatic cyclopropanes can be prepared by a reaction between a vinyl
aromatic and diazomalonate in the presence of a catalytic amount of thodium acetate
dimer.” The intermediate x-allyl complex would generate a 1,3-dipole which would
be able to react with an imine or an aldehyde in the same way in which the vinyl
cyclopropane reacts (Scheme 65-66).

R R
CO,Me Solvent, Znbr. COMe
‘©V< °; + xr"i\/Y _—2._ 2
cOMe Pd,(dba), COMe

Scheme 65 — General reaction scheme
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Pd(PPh,),

coMe
R CoMe ———> d(")%,\
4 coMe / CO.Me
x’b\l_?:/v
.Pd(PPh,),

R COMe COMe

g COMe
N CO;We Pd(l!
X Y

Scheme 66 — Formation of aromatic pyrrolidine (general procedure)

2.5.2 — Procedures Used in the Formation of Aromatic Cyclopropanes

There have been two methods used in the preparation of phenyl
cyclopropane, both of which used a carbene fo form the cyclopropane. In the first
procedure the carbene precursor was formed using a strong oxidizing agent
(iodosobenzene) in the presence of a copper catalyst (copper acetylacetoneate)
(Scheme 67).

Phi=0
= o o 10 mel% Cu(acac),
MeO OMe DCM, 3A mol sieves coMe

Scheme 67 — Aromatic cyclopropane formation using an oxidizing agent™

However, although this method was attempted several times, the reaction
mixture could not be purified. With the lack of a usable product, we moved onto a
more traditional rthodium method of cyclopropane formation The method used
diazomalonate which is synthesized from dimethyl malonate and tosyl azide ™ The

diazomalonate was then reacted with rthodium acetate in the presence of DCM
(Scheme 68-69).




8]

0
A Rhodum acetate CO,Me
R™™SN + Meo OMe V :
DCM CO,Me

N,

Scheme 68 — General reaction scheme

/L’e/( fo] o) (o} (o}
MeO -N

Rho - MeO OMe 2 . MeO OMe
07 1.0 (Ac),Rh/ rr) ( hy(Ac),
7B/T R l

0o o
0o o
MeO 3 ~OMe
CO,Me _RhufAc), M°° hz&h:; Rhy(Ac)+
coMe = L /_l__
R

Scheme 69 —Formation of aromatic cyclopropane using rhodium acetate

2.5.3 — Aromatic Cyclopropane Results

The substrates chosen were those which would form a good n-allyl system
(such as naphthalene and anthracene), or those which had interesting electronic
properties (such as 3-nitro-phenyl and the 4-methoxy-phenyl) (Scheme 70)

When thodium acetate was used to generate the cyclopropanes, the phenyl,
1-naphthalene, 2-naphthalene, 9-anthracene, 4-methoxy-phenyl 3-nitro-phenyl and
2-pyridine cyclopropanes were successfully formed. The aromatics were carefully
chosen as they have a range of different regio-isomers in the case of the naphthalene
(entries 2-3), and also different electronic effects using both electron withdrawing
and electron donating groups on the phenyl (entries 6-7). Although all the
cyclopropanes were prepared in reasonable yields these are not optimized conditions
and with further work it is expected that even better yields could be achieved (Table
55)
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0o o
Rh,(OAc), MeCN coMe

MeO OMe + R
. ~F 24h

CO,Me

QL L 00

Scheme 70 - Range of aromatic cyclopropanes

Aromatic vinyl Product Yield (%)
1 Styrene (l\_/( 82
CO;Me
oM (196)
2 2-vinyl OO 65
cOM
naphthalene 7 cozui
(197
3 1-vinyl ‘ 75
naphthalene
\/
4 9-vinyl 83
anthracene
5 | 2-vinyl pyndine & I 71
. CO,Me
N
coMe (200)
6 4-vinyl PMB MeC 69
m(mzue
CO,Me (2 0 l)
7 | 3-Nitrostyrene 58
CO,Me
ON
CO,Me ( 20 2)

Table 55 — Aromatic cyclopropanes formed
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2.5.4 — Aromatic Cyclisations Introduction

With the aromatic cyclopropanes in hand, they were all subjected to
cyclisatton under the standard reaction conditions; zinc bromide (2 eq), palladium
?&rakistdphenyl phosphine (10 mol%) in THF in the presence of either the N-PMB
ethyl ester imine or ethyl glyoxylate. The N-PMB ethyl ester imine and using ethyl
glyoxylate were chosen as trapping agents as they had proved to be the most reactive
imine and aldehyde and therefore should form the cycloaddition product in the
shortest time. Work by Legros* had described the formation of aromatic n-allyl
complex when using naphthalene derivatives, and it is thought these were successful
because to work because one of the naphthalene rings has less aromatic character

than the other which leads to an increased reactivity in the less aromatic ring

2.35.5 — Results for the [2+3]-Cycloaddition Using Aromatic Cyclopropanes

Results for 2-napthalene cyclopropane

We first looked at the 2-napthalane cyclopropanes; these were chosen
because they were the most readily available naphthalene systems. Also it was
thought that the naphthalene cyc!opmpané would have a better chance of generating
the z-allyl complex and therefore reacting than the phenyl cyclopropane (Scheme
71).

Dunng the optimization of the [2+3])-cycloaddition using the 2-napthelane
cyclopropanes, a number of conditions needed to be varied, including reaction time,
catalyst, temperature, solvent and Lewis acid. The mitial results (Table 56, entries
1-3) indicated that even with longer reaction times and increased temperatures in the
presence of a Lewis acid there was no formation of the pyrrolidine product from the
[2+3]-cycloaddition.
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con' + x’NVY THF, ZnBr, OO FOMe

\ COMe PA(PPh,), N coMe

197 203 x Y

Scheme 71 — Formation of aromatic pyrrolidine (general procedure)

(d) o | s

Imine Time | Catalyst/solvent | Temp | Yield Cis: Trans

7 | Pd(PPhs)s /THF | RT | 0(203)

» D/NJOB

2 ) J 7 | Pdfdba);/THF | 50 | Trace
0 oet (203)
Ma0
3 o 7 | PdAdba);/THF/ | 50 | 0(203)

N J\mg
no ZnBr;
MeO

1 mmol scale, 10 mol% Pdx(dba)s
Table 56 — 2-Napthalene cyclisation results according to Scheme 71

reactive and DMF only gave a trace of the desired products.
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After mitial reactions had determined that the optimum conditions involved a
temperature of 50 °C using 10 mol% Pdx(dba); catalyst and zinc bromide, it was
decided to test a range of solvents (entries 1-8, Table 57). In these reactions, the 2-
napthalene cyclopropane was reacted with both N-4-methoxy-phenyl ethyl ester
imine and ethyl glyoxylate to see any changes in reactivity between imines and
aldehydes The solvents which were chosen are some of the most commonly used
and comprise of toluene (entries 1-2), DMF (entries 3-4), acetonitrile (entries 5-6)
and THF (entries 7-8). These reactions were monitored by TLC, until there
appeared to be no further reaction (14 days). The results showed that the highest

yielding solvent was toluene followed by THF, acetonitrile was significantly less

Work was also done using the palladium tetrakistriphenylphosphine catalyst,
to compare the catalyst with the Pdx{dba)s catalyst. Both the N-4-methoxy-phenyl




ethyl ester imine (entry 9) and ethyl glyoxylate (entry 10) underwent the [2+3]-
cycloaddition reactions however the yields were significantly lower than wath
Pdx(dba); catalyst (41% for the pyrrolidine and 40% for the tetrahydrofuran)

PMB. ~_ _OEt CQ cOMe
N / CO,Me
o N
PMB OEt 203
GO e

OMe Pd(PPh,),, ZnBr,, o

\/ “coMe \s‘”"e""soc
O COMe
o é\rrom e
o OEt 204
o

Scheme 72 — Product formed from [2+3]-cycloadditions with 2-napthalene

cyclopropane
Imine Time Catalyst/ Temp | Yield Cis:Trans
d) solvent C) (%)
\j’\ 14 Pdy(dba)s / 50 51 01
@ Mo toluene / ZnBr; (203)
MeO
o 14 Pd(dba)s / 50 55 112
o> o™ toluene / ZnBr, (204)
\i 14 Pd;(dba); / 50 Trace -
@’ o DMF / ZnBr;
MeO
\/?L 14 Pdxdba)s / 50 Trace -
o™ DMF / ZnBr;
) JL 14 Pd(dba)s/ 50 27 01
@’ et acetonitrile / (203)
e ZnBr,
\)OL 14 Pd(dba)s/ 50 33 112
oo™ acetonitrile / (204)
ZnBr
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7 3 14 [ Paydba)/THF| 50 | 48 01
N{\)L
@’ oet / ZnBr (203)
MeC

g 3 14 | Paydba)/THF| 50 | 53 112

°§~)Lo/\

/ ZnBr; (204)

5 o 14 | Pd@Pmy/ | 50 | 41 o1

Na
@’ Hoer THF / ZnBr, (203)
MeO

10 o 14 Pd(PPhs)s / 50 40 1:15
OQ)LO/\

THF / ZnBr, (204)
1 mmol scale, 10 mol% Pd(0) catalyst

Table 57 — 2-Napthalene cyclisation results according to Scheme 72

Results for reaction with other aromatic cyclopropanes

Afier the initial experiments to optimize the reaction conditions using the 2-
napthalene cyclopropane, it was a natural progression to look into the [2+3]-
cycloaddition of the other aromatic cyclopropanes which had been synthesized.
These were reacted under the optimum conditions of 50 °C for fourteen days using
Pd.(dba); as the catalyst. The cychisation reactions were performed with both N-4-
methoxy-phenyl ethyl ester imine and ethyl glyoxylate as trapping agents to look

into changes in reactivity between these two functional groups (Scheme 73)
)

N R
O
MeQ Et

R COMe ZnBr,, solvent MeO
“leome + PA(PPhy), or Pd,(dbay)

\ R
0 o COMe
Oa O/\ OEt

Scheme 73 —Pyrrolidine formations




The initial cychsations which were attempted failed due to the short time that

the substrates were reacted (only 7 days). It was discovered by careful monitoring of

" TLC’s for long periods from the reaction mixture that it is necessary to react the
substrates for fourteen days. However, after the optimum time and temperature for
the cyclisation reaction had been determined the cyclisation of the aromatic
cyclopropanes was achieved.

The reason why this cyclisation occurs during the [2+3]-cycloaddition is
thought to be through the formation a w-allyl complex in the aromatic ring The
examples below (Table 58) gives details of aromatic systems, phenyl (entries 1-2),
1-naphthalene (entries 3-4) and 9-anthracene (entries 5-6) The fact that these
reactions were for the most part successful is a sigmificant point as it clearly shows
that an aromatic system will form zn-allyl complexes, which was thought to be

unlikely to form with single aromatic rings.

R COMe o o] R CO_Me
\_{Tcome Oix/lkoﬂ R COMe mg’"\*)j\oa \__{ “coMe
Et COMe PMB’ Et
o o
Product Time | Conditions | Temp Yield (%) | Cis:Trans
@ °C)
1 come 14 | Pdfdba)s/ | 50 43 (205) 1:1
N—{ COMe toluene /
Q Q ZnBr,
MeQ
2 come 14 | Pdf{dba);/ | 50O 43 (206) 1.4
5 { coMe toluene /
o ZnBr,
3 O 14 Pdx(dba); / 50 Isolated as -
Q cope toluene / tmpure
n—{ OMe ZnBr; compound
OEt
Q 4 (207)
MeO
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4 M 14 | Pdfdba)/ | 50 62 (208) 13
Q CoMe toluene /
o—{ COMe ZnBr;
OEt
o]
5 0 14 Pdx(dba); / 50 Isolated as -
‘ toluene / impure
COMe
Q \ _{ "coMe ZnBr; compound
OE:
Q A (209)
MeO
6 S 14 | Pdfdba)s/ | 50 42 (210) 14
‘ coe toluene /
Q L _{“come ZnBr;
OEt
s )

Table 58 — [2+3]-Cycloaddition using aromatic cyclopropanes

In order to fully examine the effect of aromatic cyclopropanes in the [2+3]-
cycloaddition reaction, 1t was decided to use substituted phenyls with strongly
electron poor (3-nitro-benzene) and strongly electron rich groups (PMB). The
cyclisation using the N-PMB ethyl ester imine with the PMB cyclopropane (Table
59, entries 1) and the two 3-nito-phenyl cyclopropane cyclisations (Table 59,
entries 3-4) proved to be very successful giving moderate yields of the cyclised
products
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COMe o COMe
R\%—oi: Mo oJOEt R\V<(Z:Me PMB’N'*)LOE, R | c:: "
OFEt ? PMB Et
o o
Product Time | Conduions | Temp | Yield (%) | Cis-Trans
@ éc)
1 Mw@{ﬁ . 14 Pdy(dba); / 50 42 (211) 1:13
\_{ “come toluene /
Q & ' ZnBr;
MeQO
2| meo come 14 Pdx(dba); / 50 | Isolated as -
%e toluene / impure
& ZnBr; compound
(212)
3 come 14 | Pdfdba)s/ | SO | 45(213) 13
o NQ@OOZMG toluene /
G p OEtL ZnBry
MeO©
4 oo e 14 Pdx(dba)s / 50 49 (214) 1:1.1
ON \_{Toome toluene /
I ZnBr,

Table 59 — [2+3]-Cycloaddition using aromatic cyclopropanes

25.6 — Aromatic Cyclopropane Conclusion

As can be seen from the results obtained many of the desired pyrrolidines

and tetrahydrofurans were generated in good yields, after the optimized conditions

had been found It is interesting to note that the actual conditions needed to cyclise

the aromatic cyclopropanes are very different from the optimum condition needed

when using the vinyl cyclopropane, with changes in catalyst, temperature, and the

overall reaction time needing to be modified in order to generate the product in good
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yields. Unfortunately, there was not sufficient time to test this reaction only using
Lewis acid as it is possible that coordination between the Lewis acid and the
aromatic ring may have caused ring opening of the cyclopropane.

It would have been an interesting series of experiments to have carried out
these reactions under microwave irradiation as we believe that there would have
been a significant reduction in reaction time. The need to reduce reaction time 1s
especially important in these reactions due to the fact that all the other trapping

agents would have likely caused a dramatic increase in reaction time
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Section 2.6 — Natural Product Synthesis

2,6.1 — Introduction to the Alkaloids

The alkaloids are compounds known for their potent pharmacological
activities. Such is the bioactivity of some alkaloids that using even tiny amounts can
immobilize an elephant or a rhinoceros. Others are important in modern medicines,
and properties include activity as analgesics, anti-spasmodics, anti-hypertensives,
anti-psychotics, and anti-cancer agents.

The defining characteristic of alkaloids is they contain a nitrogen atom in a
ring system. The majortty of naturally occurring alkaloids are found in plants as the
salts of common carboxylic acids such as citric, lactic, oxalic, acetic, malic and
tartaric acids,” however some alkaloids are derived from insect or amphibian
sources.” Their amine character produces an alkaline solution in water which is the
origin of their name - alkaloids. There 1s a wide variety of structural types of
alkaloid e g monocyclic, bi-cyclic, tri-cyclic, tetra-cyclic etc, as well as cage
structures. However all contain one of a number of different types of nitrogen
heterocycles (Fig 15).!

Pipendine nucleus Quinohzine nucleus  Pyndine nucleus

e i IS

Indolzidine nucleus Tropane nucleus Indole nucleus

Fig 15 — Examples of some heterocyclic alkaloid cores
Many of the alkaloids found in Nature are intentionally synthestzed as a

defense against predators both due to thewr charactenstic bitter taste and
accompanying toxicity which help to repel insects and herbivores. Alkaloids have
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become so important in nature that there have developed complicated ecological
inter-relationships between several insects and alkaloids.> ™*7*

2.6.2 - History of Alkaloids

The history of alkaloid chemistry is long and varied, ranging from simple
compounds to highly complex natural products, which even today are either hard or
appear 1mpossible to synthesize in the Iaboratory. Many of the earliest isolated pure
compounds with a biological activity were the alkaloids.

The use of the alkaloids in modem medicine began around 300 years ago, at
a time when malaria was prevalent in Europe, having been introduced through the
Middle East. As the Spanish and Portuguese explorers began to colomze South
America, they discovered a treatment for malaria from the bark of the Cmchona
trees The use of Cinchona bark to treat malaria was first reported in Europe in 1633.
The reason for the success of the Cinchona bark as a medicine is due to quinine 215
(Fig 16) which was isolated originally from Cinchona approximately 300 years ago,
and 1s one of the principal anti-malanal compounds found in plants. Malana 1s still a
major problem throughout the world, and, although synthetic anti-malarial drugs
have largely replaced quinine as the treatment for malaria since the beginning of
World War I1, quinine is still often used as the drug of choice in resistant strains of

malar 3.75-77

N
MeO \J

quinine
215

Fig 16 — Quinmne
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Among the most famous of the alkaloids are the Solanaceae or tropane
alkaloids. These alkaloids have been used throughout recorded history as poisons,’
but recent research into their biological properties has shown that many of these
alkaloids have valuable pharmaceutical properties and drug companies around the
world are currently creating drugs based on the structure of these natural products.

Another well known example of a group of alkaloids are the morphine
alkaloids derived from the optum poppy, Papaver somniferum, which are powerful
pain relievers and narcotics described as long ago as 3500 B C. Morphine is the
pnncipal alkaloid isolated from opium and was first isolated in its pure form
between 1803 and 1806 (Fig 17); it was widely used for pain relief beginning from
the 1830°s. Other derivatives of morphine have been developed and are used as pain

killers or as animal tranquilizers.”> ™

HO.,

HO

Morphine
216

Fig 17 — Morphine

2.6.3 - Definition of Alkaloids

Alkaloids are found in around 20% of vascular plants and also many species
of insects and amphibians. All types of alkaloids are important in nature and 1n the
pharmaceutical industry. The basic unit in the biogenesis of the alkaloids is amino
acids and any non-nitrogen containing rings or side chains are derived from terpene
or other units Alkaloids are usually highly biological active which makes them key
targets in the pharmaceutical industry. Characteristic properties of an alkaloid are —

¢ Contains nitrogen - usually derived from an amino acid.
¢ Bitter tasting, generally white solids.
o They give a precipitate with heavy metal iodides
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e Alkaloids are basic - they form water soluble salts. Most alkaloids are well-
defined crystalline substances which unite with acids to form salts. In plants,
they may exist in the free state, as salts or as N-oxides.

However there are some exceptions to even these rules; caffeine 217, which
is a purine derivative, does not precipitate like most alkaloids, and also nicotine 1 is

a brown liquid rather than a white solid (Fig 18).

1
\“JI'B
S e
O)\T N/ | - |:|'~|l

N

Caffeine (S)-nicotine
217 1

Fig 18 — Caffeine and (S)-nicotine

The most common amino acids which alkaloids are derived from are proline,
phenylalanine, tryptophan 218, tyrosine and histidine. It is interesting to note that it
is the cyclic amino acids which are most commonly used in the biosynthesis of

alkaloids such as in strychnine 219 (Scheme 74). Strychnine can be isolated from

the dried seeds of Strychnos vux vomica, a small Australian tree, and is so
1,75-77

physiologically active only 60 mg can kill an adult.

CO,H

N
H
L-Tryptophan Strychnine
218 219

Scheme 74 — Possible biosynthesis of strychnine

2.6.4 — Rings in Alkaloids

All alkaloids have structures which contain one or more rings; there is

however a great diversity in both the functionalization and the structures of these
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rings. The ring systems in alkaloids contain monocyclic, bicyclic or polycyclic ring
systems. Although all types contain alkaloids which are biologically active, it is the
polycyclic rings which exhibit the greatest potency in modern drugs such as

reserpine (220), vinblastine (221) (Fig 19) and strychnine (219) (Scheme 74).

OMe HO.
OMe
H
H (0]
OMe
 C)
{ CcO MS -
MeO N :
Reserpine Vinblastine
220 221

Fig 19 — Resperpine and vinblastine

2.6.5 — Introduction to Natural Product Synthesis

Pyrrolidines are found in a large number of natural products including plants

777 and have been shown to give rise to a number of interesting

and insects,
enzymes inhibitors and have neuroexcitory activities amongst many other properties.

Selected examples of some pyrrolidines containing natural products are —

QH, OH OH, oH
: HO z
OH
N
HO
(-) Swainsonine Castanospermine Ipalbidine
H 222 223 224
H
H
N
” <R
OH
3-Heptyl-5-methyl pyrrolizidine Monomorine | 2,5-dialkyl pyrrolidine 3-Nortropanol
225 226 227 228

Fig 20 — Pyrrolidine containing natural products

126




¢ Swainsonine (222) — is a D-mannose-mimic causing poisoning and
teratogenicity. It is found in a large number of plants such as 4. argillophilus,
A. oxyphysus and A. woolonii.

e Castanospermine (223) — is a naturally occurring alkaloid and inhibitor of
glucosidase-1 and has been isolated from Castanospermum australe seeds.

e Ipalbidine (224) — is a naturally occurring indolizidine alkaloid that is a non-

addictive analgesic. It is isolated from Ipomoea alba L. seeds.

Natural products which have been studied in some detail during the project
have been some of the simplest alkaloids, and were chosen due to their ease of
synthesis. It was thought that the structures of these compounds would be

synthesized via the [2+3]-cycloaddition chemistry which has been developed.

¢ 3-Heptyl-5-methyl pyrrolizidine — this natural product is from the venom of

the cryptic thief ant Solenopsis spp. cf. tennesseenis.'

Thief ant worker

Fig 21 — Cryptic thief ant

e Monomorine I — Monomorine 1 is a naturally occurring pheromone of

Pharaoh ants, and is used in marking territory and routes to food sources.'

Fig 22 — Pharaoh ant
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e (1) 2,5-dialkyl pyrrolidine — (+) 2,5-dialkyl pyrrolidine is also obtained
from two species of ants Solenopsis (fire ant) and Monomorium spp, and is

used in their defensive systems.'

Fig 23 — Solenopsis Fire ant

* (+) 3-Nortropanol — an alkaloid from Atropa belladonna, Hyoscyamus
niger, Datura spp. and several other plants from the same family,

Solanaceae. This is highly toxic and has some hallucinogenic properties.'

Fig 24 — Atropa belladonna (deadly nightshade)

2.6.6 — Work Towards Natural Product Synthesis

2,5-Dialkyl pyrrolidines

A retro-synthetic analysis for 2,5-dialkyl pyrrolidines is shown in Scheme
75. Benzyl was selected as a nitrogen protecting group as it should give the best
yields during the [2+3]-cycloaddition step, and secondly it is readily removed during
hydrogenolysis, which would also convert the vinyl group to the desired ethyl. The
next stage would be to remove both ester groups, after which the [2+3]-
cycloaddition would be carried out between the vinyl cyclopropane and benzyl-

pentane imine (Scheme 75).

128




©/\N = — ope
AL T

Scheme 75 — 2,5-Dialkyl pyrrolidine retro synthesis

Although previous results had indicated that benzyl was a better protecting
group, 1t was decided to also test PMB (Table 60, entry 1) in order to determine the
optimum protecting group to use However the yield achieved through the [2+3]-
cycloaddition onto the N-PMB imine was poor (only trace amounts) therefore it was
felt that a different protecting group would be needed in order to generate a
pyrolidine in good yields. The conditions used in these cyclisations were the
optimized conditions of 35 °C for 48 h in the presence of 2 eq of ZnBr; and 10 mol%
Pd(PPh3)s. To this end, the N-benzyl derivatives (Table 60, entry 2) was used to
create-the desired imine in good yield (76%) and reasonable stereoselectivity (81 %/e )r'f\

crs.frq ) ﬂ”
ns \ %

CoMe  Pd(PPhy, Znsr, /m
N\/W + /\v<cozue /ﬁjf 7 l%

Imine Conditions Yield (%) | Cis-Trans

1 Meo\@\ Pd(PPh3);, THF, ZnBrz (2 Trace -
P~ | eq),35 °C, 48 hours. (229)

2 O/\NW Pd(PPhs),, THF, ZnBr, (2| 76 (109) 8.1
eq), 35 °C, 48 hours.

Table 60 — [2+3 ]-cycloadditions on route to natural product synthesis
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After the initial success in the formation of the palladium catalyzed [2+3]-
cycloaddition to form the core pyrrolidine of 2,5-dialkyl pyrrolidine, it was decided
to test the chemistry by reacting the substrate under hydrogenolysis conditions to
“~determiming if the benzyl/vinyl double bond would be removed in this single step.
This is a standard literature method where a balloon of hydrogen 1s used to create a
hydrogen atmosphere in a RBF containing a stirred solution of the substrate and
Pd/C in methanol, and in this example the product was formed in 97% yield
(Scheme 76)

COMe
Me  pac, H, MeOH COMe
QJ 24n.RT,97% h.RT, 97% W
230

Scheme 76 — Hydrogenation of vinyl and benzy! groups

In order to form the required natural product, modification was needed. The
most difficult was the removal of the gem diester. After an exhaustive literature
search, two methods were found which could remove a single ester gmup from a
gem diester; heating to high temperature with stearic acid (2 eq),” or a pressure
reaction at high temperatures with ethylene glycol (1 eq), triethyl amine (0 1 eq),
pyrrolidine (1 eq) and methyl carbonate (0 1 eq) (Scheme 77).*

\ COMe
\\szm ' \/'\I:/ \
, Sealed tube cope
N

X Y O1eq 180°C, 6h
+
10eq —
0
X Y

HO +

" 0H Meo’lLOMe

1064

O1eq

Scheme 77 — Ester removal
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An attempt at the stearic acid procedure although appearing to have been
successful from the '"H NMR, was however contaminated with a considerable
amount of steric acid which could not be removed (entry 1, Table 61) In the
original paper detailing this procedure, the substrates used were of low molecular

“nass and could be easily distilled.

The second method attempted (entries 2-3, Table 61) was more successful
and involved the use of ethylene glycol (1 eq), triethyl amine (0.1 eq), pyrrelidine (1
eq) and methyl carbonate (0 1 eq) to remove the ester.®! The desired products was
formed mn reasonable yield, for both the N-PMB ethyl ester imine and the N-benzyl

pentane imine,
S . LI N
X'N . Y ee \:::/ * weo” Nome B0 \
10eq 0.1eq X ¥
Product Conditions Yield (%) Cis:Trans
1 \ e Stearic acid (2 eq), 200 °C,| O (stenc acid -
\\‘N/xa 16 hours.® contamination)
ox
MeQ
(231)
2 \ coe Ethylene glycol (1 eq), 73 10.1
N triethyl amine (0.1 eq),
Q o pyrrolidine (1 eq) and methy!
Meo carbonate (0.1 eq). 1% ester
(231) removal ®
3 \ come Ethylene glycol (1 eq), 63 8.1
N triethyl amine (0.1 eq),
©~/ pyrrolidine (1 eq) and methyl
carbonate (0.1 eq). 1% ester
(232) removal.®

Table 61 — Ester removal
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We next tumed our attention to the removal of the second ester. The
procedure used, KOH in methanol at reflux for 24 h is a literature procedure for

removing an ester which is distant from a heteroatom in a nng system (Scheme

~78) %
\
zMe KOH, Cu,
@__/ MeOH, reflux Q—/N
233
Scheme 78 — Reaction to remove the 2™ ester
N e 2 COoMe
Pd(FPh,),, N CO.Me
+
THF, ZnBr,
/\v<°°z”° 35 9C 48h, 76%
COoMe
62 ) Ethykene glycol, tnethylamne,
methyl carbonate, 170 °C, 6h
v
N = KOH, Cu0),
Z 1L'D °C 51
Scheme 79 — Overall synthesis towards 2,5-dialkyl pyrrolidine
Monomorine I

The retro-synthetic analysis of this natural product begins with the reduction
of the double bond which would be generated during the RCM step. The two esters
would then need to be removed which would give the pyrrolidine product formed

from the [2+3]-cycloaddition between the vinyl cyclopropane and imine (Scheme
80)




Q? Q? Q}* Q?::::

COMe

COzMe = COMe

—— + [ e
/\/‘\ WN COMe
/\/LN’/\./\/

Scheme 80 — Monomorine I Retro synthesis

Due to a lack of commercially available N-alkene amines, it has been
necessary to examine the formation of N-alkene amines in order to synthesize the
imines required for our natural product targets. The two routes which were looked
mto both involve an alcohol starting material; the initial method looked at
conversion of the alcohol to a brommde which would then be converted to the acid
using the Gabriel synthesis. The second approach used a Mitsunobu coupling
between alcohol and phthalimide which could be then converted to the amine

Although the formation of the bromo alkene from the alcohol was successful
(Scheme 81), in poor yield (21%), the subsequent transformation into the desired
amine via the Gabriel synthesis® failed to form the amine. The route finally decided
upon which involved a Mitsunobu coupling followed by a deprotection using
anhydrous hydrazine and anhydrous HCI to form the desired amine. The Mitsunobu
reaction®® was used to successful form the phthalimide from the alcohol in good

yields (79%) This was then deprotected using anhydrous hydrazine in ether and
anhydrous HCl in ether, also in good yields (74%) (Scheme 81)
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K phthalidimide anhydrous HCI
/,\/k o o (R /\)\

o4 PPh, DEAD NH,

THF, 79% N

Pyndine M

PBr,, 21%
Br

K1, potassium phthalidimide

Scheme 81 - Amine formation

THF, 74%

The next step towards the synthesis of Monomorine I locked at the palladium
catalyzed [2+3]-cycloaddition reaction. However even under the optimum
conditions, there was only a 26% yield of the required pyrrolidine in only moderate
diastereoselectivity (2:1 in favour of the ¢1s product). The conditions used in these
cyclisations were the optimized conditions developed during the project of 35 °C for
48 h in the presence of 2 eq of ZnBr; and 10 mol% Pd(PPhs),. It is felt that for a
practical synthesis of a natural product, the yield needs to be significantly higher the
product also needs to 1solated in a purer form (Scheme 82).

Pd(PPh,), 10mol%, CO_Me

y CO.Me . /\j\ ZnBr, (2 eq), THF,
/\V<COZM9 & NM/ 35, 48h
62

26% (impure) :—-f‘g

Scheme 82 — Key step in the formation of Monomorine I

234

The next logical step as outlined by our retro-synthetic analysis was the
RCM to generate the 6,5-bicyclic ring system. When the Monomorine I pyrrolidine
precursor was subjected to the RCM conditions no product was seen from the

reaction (Scheme 83).
CI\II s
o U=\ 167
Ph
PCy,
N
A

Degassed DCM, RT 48 h
no product seen

Scheme 83 — RCM step in the formation of Monomonne I
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Ether, 16h COMe
+ _ + -
Mol sieves CO Me ra N VY

78%
/\/]\NH 62

2 Pd{0), ZnBr,,
THF, 48h 26%
COMe COMe
Grubbs catalyst,
' 4 \{_come ! \,_/_coMe
toluene, 48h
0% J<
235 234

Scheme 84 — Overall synthesis of Monomonne I

3-Heptyl-5-methyl pyrrohzidine

The retro-synthetic analysis for 3-heptyl-5-methyl pyrrolizdine 15 very
similar to that of Monomorine I The initial step in the retro-synthesis would be the
reduction of the double bond formed during the RCM step. The two esters would
need to be removed next to give the core pyrrolidine product, which would be
generated wvia the palladium catalyzed [2+3]-cycloaddiion from the vinyl
cyclopropane and imine The imine would be formed form the corresponding amine
and aldehyde (Scheme 85)

4 H J H / coMe
N > N. H — N coMe == N CcoMe

o ﬂ

\J\ Oono - COMe
‘¢—= + — /\rN co:Me
/\/’\/\/

Scheme 85 — 3-Heptyl-5-methyl pyrroltzidine retro-synthests
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As with Monomorine I, there was a lack of commercially available N-alkene
amines which had the correct substitution pattern. Due to the fact that we had
already examined Mitsunobu coupling between alcohols and phthalimide followed
by subsequent conversion to the amine, this approach was followed in the synthesis
of 3-heptyl-5-methyl pyrrolizidine’s amine precursor.

The Mitsunobu reaction® was successful in the formation of the phthalimide
protected amide from the alcohol m excellent yields (95%). This was then
deprotected using anhydrous hydrazine in ether and anhydrous HCl 1n ether, also mn
excellent yields (94%) (Scheme 86).

JNH,
oH PPh, DEAD RN NH
- phalidimide anhydrous HCI \X
THF,95% OF ™y THF, 84%
\A

Scheme 86 — Amine formation

Afier the amine was converted to the imine, the next step is the cychsation of
the key intermediate which was achieved using the [2+3]-cycloaddition conditions
of 35 °C for 48 h in the presence of 2 eq of ZnBr; and 10 mol% Pd(PPh;); were
used. Although this product is only slightly different to the Monomorine I precursor
the cyclisation step was more successful giving a 42% yield of the desired
pyrrolidine, although the pymolidine was contaminated and it proved to difficult
punfy. The selectivity for this pyrrolidine was still very poor (1 5'1 Cis:Trans)
(Scheme 87).

Pd(PPh,), 10mol%,
_ COMe . \/i _ 2nBr, (2 eq), THF,
coMe N™ TSN 35C, 48 h, 42% ﬂ

62

Scheme 87 — [2+3]-cycloaddition in the formation of
3-heptyl-5-methyl pyrrolizidine
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After the pyrrolidine core of the desired natural products was synthesized,
the next step in the synthesis of 3-heptyl-5-methy! pyrrolizidine was the application
of ring closing metathesis. This proceeded well, with the desired 5,5-bicychc

product being formed in 24% yield.
COMe

Degassed DCM,
RT,48 h, 24%

Scheme 88 — RCM step in the formation of 3-heptyl-5-methyl pyrrolizidine

OF NN
+ Ether 16h
\J\ Mol sleves /Vcozm N N N N
Na™ 81%
Pd(0), ZnBr,,
THF, 48h 42%
COMe COMe
Grubbs catalyst,
CoMe 77 COMe

toluene, 48h
24% /

Scheme 89 — Overall synthesis of 3-heptyl-5-methyl pyrrolizidine
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3-Nortropanol

The retro-synthesis of the plant based alkaloid 3-nortropanol begins with the
deprotection of the bndged nitrogen, where the benzyl group was chosen for ease of
removal and likelihood of a high yielding reaction during the [2+3]-cycloaddition
step. The next stage in the retro-synthesis would be the addition to the double bond
in the seven membered ring by a hydroxyl group, after which the gem di-esters
would be removed. A RCM reaction would then be done to generate the bridged
intermedhate from the pyrrolidine The key pyrrolidine formation step could be
performed via the palladium catalyzed [2+3]-cycloaddition from the corresponding

vinyl cyclopropane and imine (Scheme 90),
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Scheme 90 — 3-Nortropanol retro-synthesis

To generate the required imine for the synthesis of 3-nortropanocl was a
challenge as the imine needed for the formation of the pyrmolidine precursor to 3-
nortropancl would be highly unstable. Therefore it was necessary to generate the
terminal chloro-imine® which was stable and could be reacted under the [2+3}-
cycloaddition conditions. The conditions used in these cyclisations were the
optimized conditions developed during the project of 35 °C for 48 h in the presence
of 2 eq of ZnBr; and 10 mol% Pd(PPh;)s. The cyclisation of the chloro substituted
aliphatic chain proceeded poorly with the desired pyrrolidine being formed in trace

amounts

Pd(PPhy,), 10 mol%,

coMe
p FoMe NN 2k, 2 ea), THF, 7 \—( COMe
/\VQCO.‘,Me 35+<C, 48 h, Trace

82 238 “

(major 1somer)

Scheme 91 — [2+3]-cycloaddition in the formation of 3-nortropanol

The next step in the formation of the C1 allyl pyrrolidine, which is requred
in the synthesis of 3-nortropanocl from the CI chloro alkane This is a known
literature procedure®™ and used potassium tert butoxide in THF at reflux for the

elimination reaction which failed to proceed (Scheme 92)
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Scheme 92 — Elimination reaction to generate C1 allyl pyrrolidine

NH, Mol E - coMe COMe
, Mol sieves, Ether, /\v( 62 PA(PPh,),, THF
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Cl K t-butcxda,
THF, 0%
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Scheme 93 — Overall synthesis of 3-nortropanol

2.6.7 - Conclusion

In the synthesis of these products there have been many different challenges,
of which the most difficult was the removal of the gem diester. Unfortunately the
first attempt, stearic acid and phosphorus catalyst,* proved to be a very troublesome
reaction, as although the ester was successfully removed, the product was
contaminated with stearic acid which we found was impossible to separate from the
pyrrolidine. In the original paper the products were volatile and therefore could be
distilled from the steric acid, however with our pymolidines this was not possible.
For this reason the removal of the gem diester was attempted via the second method,
which involved heating of the pyrrolidine, ethylene glycol, triethyl amine and
methyl carbonate at 170 °C in a sealed tube.® This proved to be more efficient as the
pyrrolidine was readily removed from the other reagents, and we attempted to
remove the second ester was removed using potassium hydroxide and copper in

methanol,* which failed to afford the pymolidine product.
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The gem diester removal was the most challenging problem which we had to
overcome but there were many others, such as the ring closing metathesis which was
needed to form the bi-cyclic system of many of the target natural products Although
this should have been a relatively simple reaction (as we had tned some substrates
[;?eviously) the reaction failed in almost every instance. However results were
obtained using Grubb’s 2™ generation catalyst in dry toluene at reflux, but only n
low to moderate yields.

So far the synthesis of any natural products has been far from complete as
although many of the challenging obstacles have been overcome enroot to the
products there are stll many more which need to be addressed. Any future work on
this [2+3]-cycloaddition chemistry should look at completing this work.

140




Section 2.7 — Overall Conclusions

The development of this novel palladium catalyzed [2+3]-cycloaddition has
proceeded well. Over the course of this project a great deal of knowledge on all
aspects of this reaction have been gained. The most sigmificant knowledge was
gained during the early reactions when it was important to determine the reactivity
of the different substrates. The N-benzyl imines were of particular note as many
examples of these were formed and thus a wide cross section of reactivity could be
determined which we hope will be useful in planning future reactions.

The biggest success of the project was however the development of the ethyl
glyoxylate derived imines especially the N-PMB and N-tosyl imines, as it has been
possible to crystallize both this products. This was very useful in determining the
diastereoselectivity of not only these two compounds but all the other pyrrolidine
products formed. As well as this the N-PMB ethyl ester imine has also been
employed as a test substrate do to its high reactivity, including our attempts at
asymmetric catalysis using Trost’s ligand which although unsuccessful as given new
ideas on the future work which could be done in this field.

Overall the early work was of great interest however the project had a
definitive goal from the out set which was the development of the palladium
catalyzed [2+3]-cycloaddition toward the synthesis of natural product targets No
natural products were formed but the methodology which we have developed had
reached a stage where it has been possible to generate the pyrrolidine cores for four
natural products 2,5-dialkyl pyrrolidine, Monomorme I, 3-heptyl-5-methyl
pyrrolizidine and 3-nortropanol. The synthesis of these natural products has been a
challenge but it has allowed us to look at combining both classical synthesis
methods and the palladium catalyzed {2+3]-cycloaddition which is the core of our

work.
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Chapter 3 — Experimental

3.1 General Experimental

3 1 1 Solvents
The solvents used were either freshly distilled or purchased —

DCM - Distilled over phosphorus pentoxide

Ethyl acetate — Distilled over calcium chloride

Light Petrol 40-60 — Distilled over calcium chloride

Diethyl ether — Purchased from Fisher Sciennfic UK

THF — Distilled with sodium and benzophenone
Ethanol — Purchased from Fisher Scientific UK
Methanol — Purchased from Fisher Scientific UK
Acetonitrile — Purchased from Aldrich Chemical Company
Dimethyl sulfoxide - Purchased from Aldnch Chemical Company
Acetone — Purchased from Aldrich Chemical Company
3.1.2 Reagents

Most of the reagents used have been purchased from Lancaster Research
Chemicals and Aldrich. Thanks go to Roche for supplying a large number of
chemicals including significant quantities of trans-1,4-dibromobut-2-ene, and PdCl»
GSK also supplied 2 quantity of palladium chloride and Chamwood Catalysis
supplied palladium on activated carbon.

313FTIR

Infrared spectra were recorded as thin films on NaCl plates using a Perkin-
Elmer Paragon 1000 Fourier Transform spectrometer. Only significant absorptions
(Vmax) are reported and all absorptions are reported in wave numbers (cm™). The

following abbreviations are used w, weak; m, medium; s, strong; br, broad.




3.1.4'HNMR

Proton magnetic resonance spectra were recorded at 250 and 400 MHz using
Britker AC-250 or Britker DPX-400 spectrometer. Chemical shifts (8y) are quoted
parts per million (ppm) and are referenced to the residual protonated solvent peak.
The following abbreviations are used s, singlet; d, doublet; dd, doublet of doublet; t,
triplet; q, quartet, m, multiplet; br, broad. Coupling constant (J) is quoted in Hertz to
the nearest 0.1 Hz.

3.15 °C NMR

Carbon magnetic resonance spectra (°C NMR) were recorded at 101 MHz
using Britker DPX-400 spectrometer. Chemical shifts (8y) are quoted in parts per
million (ppm) and are referenced to the residual protonated solvent peak.

4 1 6 Mass Spectrums

High resolution mass spectra were recorded on a JEOL JMS-SX102 by Fast
Atom Bombardment (FAB), and electron spray ionization (ESI) ionization
capabilities at a resolution of 60,000 and a mass range of 2,500 at 10kV accelerating
voltage Elemental analysis was performed by Mr J Kershaw department of
chemstry Loughborough Untiversity.

3.1.7 [a]*p
The measurement of optical rotation was performed using a POLAAR 2001

spectrophotometer using a 10 mm cell.

3 1.8 X-Ray

The EPSRC National Crystallography service operates a Bruker-Nonius
KappaCCD FR591 rotating anode with a molybdenum target, with low and high
temperature capabulities (80-500K) via an Oxford cryostream

143




Section 3.02 - Vinyl Cyclopropane and Aromatic Cyclopropanes

2-Vinyl-cyclopropane-1,1-dicarboxylic acid dimethyl ester (62)33
“ oo
3

Dimethylmalonate (80) (5.90 mL, 52.00 mmol) was added to a stirred solution of
sodium methoxide (prepared from sodium (1.150 g, 50 mmol) and methanol (20
mL)). To the mixture was then added a methanolic solution (20 mL) of trans-1,4-
dibromobut-2-ene (79) (5.350 g, 25.00 mmol). The mixture was refluxed for 3 hours
and cooled to RT. A white precipitate of sodium bromide formed was filtered off
and the filtrate concentrated in vacuo to give a pale yellow oily residue This was
partitioned between Et,O (30 mL) and distilled water (30 mL). The layers were
separated and the organic layer was washed with distilled water (2 x 30 mL) and
brine (2 x 30 mL), dried over MgS0O, and concentrated 1 vacuo to give a oil (5 420
g, 73%) the product was then purified by column chromatography (510, Et;O P.E.
40-60; 14, Rf — 0250) to afford 2-vinyl-cyclopropane-1,1-dicatboxylic acid
dimethyl ester (62) as a colourless oil (4.750 g, 64%); Vam(film)cm™ 2955m (CH
str), 1735s (C=0), 1638m, 1332s, 1275s, 12115, 1132s; 4 (250 MHz; CDCl;) 1.38
(IH, dd, J= 5.0 and 9 0, C3-CH(H), 1.52 (1H, dd, J= 5 0 and 7.5, C3-CH(H)), 2 40
(1H, dd, J= 7.5 and 9.0, C2-CH), 3.55 (6H, s, 2 x OCH), 4.94-5.14 (2H, m,
CH=CH), 5 22-5.28 (1H, m, CH=CH,); &¢ (101 MHz; CDCl;) 19.95 (C3-CH,),
3075 (C2-CH), 35.23 (C1-C), 5189 (OCHs3), 52 05 (OCH,), 117.98 (CH=CH),
132.66 (CH;=CH), 167.12 (C=0), 169.33 (C=0); m/z (ET) 184 (M", 14%), 152 (66),
124 (63), 93 (49), 71 (65), 65 (64), 59 (100); Accurate mass for CoHi204 —
184 0735, found — 184.0737.
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2-Phenyl-cyclopropane-1,1-dicarboxylic acid dimethyl ester (196)™*

%COZM e
2 / “coMe
General procedure

A solution of dimethyl diazomalonate® (0.790 g, 5.00 mmol) in anhydrous DCM
(15 mL) was added via syringe to a stirred solution of Rhx(OAc), (0.004 mg, 0 020
mmol) and styrene (0 520 g, 5.00 mmol) The mixture was stirred at RT for 24
hours, after which time the DCM was removed in vacuo and the resulting slurry
filtered through a plug of cotton wool to remove the excess Rhy(OAc)s. The
resulting mixture was purified using column chromatography (S102, Et;O P.E. 40-
60; 1:4, R¢ - 045) to afford 2-phenyl-cyclopropane-1,1-dicarboxylic acid dimethyl
ester (196) (0.960 g, 82%) as a colourless oil; Vma(film¥em™ 3027w, 2951m (CH
str), 1727s (C=0), 1437s, 1376m, 1332s, 1279s, 1217s, 1130s, 1032m, 988w, 920w,
792w, TA9m; (250 MHz; CDCL) 1.60 (1H, dd, J=5 2 and 9.2, C3—-CH(H)), 2 08
(1H, dd, J=5 2 and 8.2, C3-CH(H)), 3.11 (1H, dd, J=8 2 and 9.2, C2-CH), 3.22 (3H,
s, 0-CHs), 3 60 (3H, s, O-CH;), 7.06-7.14 (5H, m, 5 x Ar-CH); &c (101 MHz,
CDCl;) 18.96 (C3-CH,), 32.13 (C2-CH), 37.23 (C1-C), 52.03 (O-CH3), 52.64 (O-
CHy), 127.05 (Ar-CH), 127.90 (Ar-CH), 128.24 (Ar-CH), 128.41 (Ar-CH), 128 56
(Ar-CH), 144.52 (Ar-C), 166.87 (C=0), 170.06 (C=0), m/z (EI) 234 (M', 14%),
202 (27), 170 (60), 121 (69), 115 (100), 91 (13), 77 (9), 59 (14), Accurate mass for
C13H;4,04— 234 0892, found — 234 0890
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2-Naphthalen-2-yl-cyclopropane-1,1-dicarboxylic acid dimethyl ester (197)"

COzMG
2V “coMe

Prepared following the general procedure for compound (196), 2-Naphthalen-2-yl-
cyclopropane-1,1-dicarboxylic acid dimethyl ester (197) (0.930 g, 65%) was
prepared as a pale yellow oil using 2-vinyl naphthalene (0.770 g, 5.00 mmol),
Vaad(film)cm™ 2950s (CH str), 1731s (C=0), 1599m, 1434s, 1334s, 1282s, 1017m,
893m, 861s, 820s, 747s, 645w; 8u (250 MHz; CDCI3) 1.73 (1H, dd, J=5.2 and 9.2,
C3-CH(H)), 2.23 (1H, dd, J=5.2 and 8 0, C3-CH(H)), 3.18 (3H, s, O-CHs), 3.30
(1H, dd, J=8.0 and 9 2, C2-CH), 3 70 (3H, s, O-CHs), 7.31-7.34 (4H, m, 4 x Ar-CH),
7 62-7 67 3H, m, 3 x Ar-CH); &¢ (101 MHz; CDCl;) 19.28 (C3-CHy), 32.75 (C2—
CH), 37.63 (C2-C), 52.21 (O-CH3), 52.80 (O-CH3), 126.19 (Ar-CH), 126 66 (Ar-
CH), 127.19 (Ar-CH), 127.61 (Ar-CH), 127.79 (Ar-CH), 12783 (Ar-CH), 128 08
(Ar-CH), 13222 (Ar-C), 132.73 (Ar-C), 133.17 (Ar-0), 16703 (C=0), 17022
(C=0); m/z (EI) 284 (M’, 83%), 220 (75), 192 (30), 171 (100), 155 (27), 139 (39),
127 (27), 115 (26), 91 (13), 77 (10), 59 (27); Accurate mass for — C17H1c0s —
284.1048, found — 284.1046.
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2-Naphthalen-1-yl-cyclopropane-1,1-dicarboxylic acid dimethyl ester (198)"

Prepared following the general procedure for compound (196), 2-Naphthalen-1-yl-
cyclopropane-1,1-dicarboxylic acid dimethyl ester (198) (1070 g, 75%) was
prepared as a pale yellow oil using 1-vinyl naphthalene (0.770 g, 5.00 mmol),
Vos(filmyem™ 2919s (CH str), 1724s (C=0), 1648w, 1508w, 1435m, 1284m,
1208m, 1128m, 803w, 760m; &u (250 MHz; CDCl;3) 1.79 (1H, dd, J=50and 91,
C3-CH(H)), 2.36 (1H, dd, J=51 and 8 1, C3-CH(H)), 2.97 (3H, s, O-CH;), 3.65
(1H, dd, J=8.1 and 9.1, C2-CH), 3.81 (3H, s, O-CH"3), 7.18-7.47 (4H, m, 4 x Ar-
CH), 7.67-7.74 (2H, m, 2 x Ar-CH), 8 08 (1H, m, Ar-CH); &c (101 MHz; CDCly)
18 88 (C3-CHy), 30 41 (C2-CH), 36.74 (C1-C), 51.91 (O-CHs), 52.98 (O-CH;),
124.26 (Ar-CH), 125 01 (Ar-CH), 125 45 (Ar-CH), 125 60 (Ar-CH), 125.70 (Ar-
CH), 126 21 (Ar-CH), 128 27 (Ar-CH), 130.75 (Ar-C), 132.94 (Ar-C), 133.38 (Ar-
©), 167.10 (C=0), 170.39 (C=0); m/z (EI) 284 (M", 3%), 220 (18), 171 (36), 165
(100), 153 (15), 139 (6), 115 (5), 59 (5); Accurate mass for Ci7H;sC7 — 284 1048,
found — 284.1044
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2-Anthracen-9-yl-cyclopropane-1,1-dicarboxylic acid dimethyl ester (199)"

Prepared following the general procedure for compound (196), 2-Anthracen-9-yl-
cyclopropane-1,1-dicartboxylic acid dimethyl ester (199) (1.390 g, 83%) was
prepared as a yellow oil using 9-vinyl anthracene (1.020 g, 500 mmol);
Vasx(film)em™ 2949m (CH str), 1726s (C=0), 1435s, 1315s, 1256s, 1130s, 1001m,
913m, 887s, 842m, 736s, 687m; &y (250 MHz, CDCl3) 2 24 (1H, dd, J=4.7 and 8 6,
C3-CH(H)), 2 30 (1H, dd, J=4.7 and 8.5, C3-CH(H)), 2.75 (3H, s, O-CH:), 3 69
(1H, dd, J=8.5 and 8 6, C2-CH), 3.83 (3H, s, O-CHa), 7.12-7.39 (SH, m, 5 x Ar-
CH), 7 81-7 84 (2H, m, 2 x Ar-CH), 8.32-8.37 (2H, m, 2 x Ar-CH); 3¢ (101 MHz,
CDCl3) 24.13 (C3-CH,), 29.11 (C2-CH), 37.63, 51.77 (O-CH3), 53.20 (C1-C),
124.76 (Ar-CH), 124 89 (Ar-CH), 125 06 (Ar-CH), 125.18 (Ar-CH), 125.56 (Ar-
CH), 126 15 (Ar-C), 126 27 (Ar-C), 127.33 (Ar-C), 127.52 (Ar-C), 128 35 (Ar-CH),
128 53 (Ar-C), 128 63 (Ar-CH), 129 00 (Ar-CH), 129.33 (Ar-CH), 167 68 (C=0),
170 43 (C=0); m/z (EI) 334 (M, 27%), 302 (14), 242 (11), 215 (100), 202 (26),
180 (11), 152 (10), 91 (23), 84 (56), 59 (17); Accurate mass for C2H;sOs —
334.1205, found -334.1202.
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2-Pyridin-2-yl-cyclopropane-1,1-dicarboxylic acid dimethyl ester (200)™

~
S l 1 OOzMe
N 2
COMe
b4 M

Prepared following the general procedure for compound (196), 2-Pyridin-2-yl-
cwifclopropane-l,l-dlcarboxylic acid dimethyl ester (200) (0.840 g, 71%) was
prepared as a colourless oil using 2-vinylpyridine (0.530 g, 5.00 mmol),
vmu(ﬁlm)/cm" 2951m (CH str), 1731s (C=0), 1592s, 1436s, 1333s, 1274s, 11325,
998m, 878w, 806m; &y (250 MHz; CDCl;) 1.82 (1H, dd, J=4.5 and 90, C3-
CHH)), 2.34 (1H, dd, J=4.5 and 7 3, C3—-CH(H)), 3.10 (1H, dd, J=7.3 and 9.0, C2-
CH), 3 48 (3H, s, O-CH,), 3.77 (3H, 5, O-CH3), 709 (1H, m, Ar-CH), 729 (1H, m,
Ar-CH), 7.56 (1H, m, Ar-CH), 8 41 (1H, m, Ar-CH); 3¢ (101 MHz; CDCl;) 20.37
(C3-CHy), 32.91 (C2-CH), 37.91 (C1-C), 52.28 (O-CHa), 52.87 (0-CH;), 121.86
(Ar-CH), 123.84 (Ar-CH), 136 16 (Ar-CH), 148.95 (Ar-CH), 155.38 (Ar-C), 167.23
(C=0), 17020 (C=0); m/z (EI) 235 (M*, 4%), 204 (46), 172 (85), 144 (43), 117
(100), 89 (20), 78 (13), 59 (12); Accurate mass for — C;oHi;3NO4 — 235 0844, found
—235 0839,
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2-(4-Methoxy-phenyl)-cyclopropane-1,1-dicarboxylic acid dimethyl ester (201)"*

MeQ
\©\v1<cozme
2
COMe
3 M

Prepared following the general procedure for compound (196), 2-(4-methoxy-

\"‘Ehenyl)-cyclopropane-l,l-dicarboxylic acid dimethyl ester (201) (0 910 g, 69%) was
prepared as a colourless oil using 4-methoxystyrene (0670 g, 500 mmol);
Vau(film)em™ 2952m (CH str), 1733s (C=0), 1516s, 1436s, 1332m, 1229, 1174s,
1130s, 1039m, 968w, 893w, 836m, 761w; &y (250 MHz; CDCl;) 1.63 (1H, dd,
J=51 and 9 3, C3—CH(H)), 2 07 (1H, dd, J=5.1 and 8 0, C3-CH(H)), 3 09 (I1H, dd,
J=8 0 and 9.3, C2-CH), 3.29 (3K, s, Ar-O-CH), 3.68 (3H, s, 0-CHs), 3 69 (3H, s,
0-CH;), 6.72 (2H, d, J= 8.8, 2 x Ar-CH), 7.03 (2H, d, J= 8.8, 2 x Ar-CH); 8¢ (101
MHz; CDCl3) 19.20 (C3-CH,), 32.14 (C2-CH), 37.62 (C1-C), 52.16 (O-CHy),
52 86 (0-CH3), 55.13 (Ar-O-CH), 113.56 (Ar-CH), 127.74 (Ar-C), 127.88 (Ar-C),
129 89 (Ar-CH), 166 88 (C=0), 170 25 (C=0); m/z (EI) 264 (M", 28%), 232 (29),
200 (86), 173 (17), 151 (80), 145 (100), 103 (15), 77 (15), 59 (10), Accurate mass
for C14H;605 — 264 0997, found — 264 1007,

150




2-(3-Nitro-phenyl)-cyclopropane-1,1-dicarboxylic acid dimethy] ester (202)

,©\v1<cozu|e
ouf 2V “coMme
3

Prepared following the general procedure for compound (196), 2-(3-nitro-phenyl)-
cyclopropane-1,1-dicarboxylic acid dimethyl ester (202) (0810 g, 58%) was
prepared as a yellow oil using 3-nitrostyrene (0.760 g, 5.00 mmol), Vas(film)/cm™
2953m (CH str), 1730s (C=0), 1531s, 1436s, 1351s, 1277s, 1220s, 1199s, 11315,
1024w, 934w, 896w, 812m, 792m, 733m, 685m; &y (250 MHz; CDCl;) 1.78 (1H,
dd, J=5 4 and 8.8, C3-CH(H)), 2.19 (1H, dd, J=5.4 and 7.8, C3—CH(H)), 3.24 (1H,
dd, J=7 8 and 8.8, C2-CH), 3.36 (3H, s, 0-CHs), 3.75 3H, s, 0-CH3), 7.43 (1H, m,
Ar-CH), 7.50 (1H, m, Ar-CH), 8 02-8.05 (2H, m, 2 x Ar-CH); &c (101 MHz;
CDCl3) 19.09 (C3—CH,), 31 30 (C2-CH), 37.22 (C1-C), 52.46 (O-CH3), 52.99 (O-
CH;), 122.44 (Ar-CH), 123 42 (Ar-CH), 129.19 (Ar-CH), 134 76 (Ar-CH), 137.03
(Ar-C), 148.02 (Ar-C-NOy), 166.52 (C=0), 169 49 (C=0); m/z (EI) 279 (M", 24%),
247 (57), 216 (19), 166 (100), 150 (61), 132 (29), 115 (53), 103 (60), 89 (24), 75
(40), 59 (47), Accurate mass for C;sH1sNQs —279.0742, found —279.0746
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Section 3.03 — Pyrrolidines Derived from N-{4-methoxybenzene) Imines

N-(4-Methoxy-phenyl)-2-phenyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (81)

General procedure

To a solution of N{4-methoxy-phenyl)-phenyl imine (0190 g, 1.00 mmol), zinc
bromde (0 460 g, 2.00 mmol) and Pd(PPhs)4 (0.110 g, 0 100 mmol) in THF (10 mL)
was added a 2-vinyl-cyclopropane-1,1-dicarboxylic acid (62) (0 190 g, 1.00 mmol),
This muixture was stirred for 72 h at 35 °C, the solvent was evaporated in vacuo and
the residue partitioned between EtQOAc (30 mL) and distilled water (30 mL). The
organic layer was separated and washed with ag. HCl (IM 2 x 30 ml), saturated
NaHCO; solution (30 mL), and saturated brine solution (2 x 30 mL). The organic
layer was dried using MgSOQ;, filtered and concentrated 2 vacuo to afford the crude
pyrrohidine product as a dark brown heavy oil. This was then purified using column
chromatography (S10,, EtOAc'P E. 40-60; 1:4, R¢ - 0.35) to yield N-(4-methoxy-
phenyl)-2-phenyl-3,3-dicarboxylic acid dimethyl ester-5-vinyl pyrrolidine (81)
(0240 g, 60%) as a yellow-brown oil; Vmu{film)em™ 2998w, 2951w (CH str),
1737s (C=0), 1511, 919m, 814m, 702m; &y (250 MHz, CDCl;) 2.38 (1H, dd, -8 6
and 13 5, C4-C(H)H), 2.48 (1H, dd, J-8.6 and 13.5, C4’-C’(H)H), 2.74 (1H, dd,
J=5 6 and 13.5, C4-C(H)H), 3.15 (1H, dd, J=5.6 and 13.5, C4-C’(H)H), 3.26 (3H,
s, 0-C’Hs), 3.28 (3H, s, O-CH), 3.55 (3H, s, O-CH;), 3.59 (3H, s, O-C’'H3), 3.65
(3H, s, 0-CH>), 3.67 (3H, 5, 0-C’Hs), 3.91 (1H, m, C5"-N-C’H), 4.61 (1H, m, C5-
N-CH), 498-535 (5H, m, C2’-N-C’H, C’'H,=CH, CH:~=CH), 552 (1H, m,
C’H,=C’H), 5.76 (1H, s, C2-N-CH), 5.92 (1H, m, C’H,=CH), 634 (2H, d, J=9.0, 2
x Ar-CH), 6.48 (2H, d, J=9.0, 2 x Ar-C’H), 6.59 (2H, d, J=90, 2 x Ar-CH), 6 62
(2H, d, J=9.0, 2 x Ar-C’H), 7.14-7.34 (10H, m, 5 x Ar-CH, 5 x Ar-C’'H), §&¢ (101
MHz; CDCl;) 36.55 (C4-CH,), 38.33 (C4-C’H,), 52 62 (C2-C’H), 53.31 (C2-
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CH), 53 62 (C5-CH), 55.93 (C5*-C’H), 59.93 (0-CHs), 56.00 (O-C’H), 60.38 (O-
CH:), 6097 (O-C’Hy), 64 81 (C3’-C’), 64.94 (C3-C), 67.10 (O-CHs), 71.74 (O-
C’Hy), 11469 (Ar-CH), 114.74 (Ar-CH), 11547 (Ar-C’H), 11549 (Ar-C’H),
116 45 (C’H=CH), 117.11 (CH=CH), 128.03 (Ar-C’H), 128 20 (Ar-CH), 128 38
(Ar-CH), 12870 (Ar-C’H), 12876 (Ar-CH), 12898 (Ar-C’H), 133.37 (Ar-C),
138 61 (CH;=CH), 139.01 (Ar-C), 139.97 (CH=C’H), 140.93 (Ar-C’), 142.31 (Ar-
C’), 15138 (Ar-C), 152.69 (Ar-C’), 168.16 (C’=0), 168.31 (C=0), 171.21 (C’=0),
171 29 (C=0); m/z (EI) 395 (M*, 100%), 251 (82), 196 (21), 175 (25), 84 (42), 49
(59), Accurate mass for Co3HpsNOs — 395.1732, found —395.1728
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N-(4-Methoxy-phenyl)-2-(4-nitro-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic
acid dimethyl ester (82)

\\(\ ’<CO2M° \ 4 COMa
COMe

£ 8T

Prepared following the general thermal procedure for compound (81), N-(4-
methoxy-phenyl)-2-(4-nitro-phenyl)-3,3-dicarboxylic acid dimethyl ester-5-vinyl
pyrrolidme (82) (0.130 g, 29%) was prepared as a yellow oil using N~(4-methoxy-
phenyl)-(4-nitro-phenyl) imine (0.260 g, 1.00 mmol) for 96 hours, Vmax(film)/cm™
2950w (CH str), 1736s (C=0), 1604w, 1510s, 1435m, 1374s, 1243s, 1037m, 989w,
870w, 814w, 731w; &y (250 MHz, CDCL) 2.44 (1H, dd, J=24 and 110, C4-
CH(H)), 2 54 1H, dd, J=90 and 11 6, C4-CH(H)), 2.69 (1H, dd, J=24 and 110,
C4'-CH'(H)), 3.09 (1H, dd, J=9.0 and 11.6, C4’~-CH(H")), 3.31 (3H, s, Ar-O-CH"»),
3.58 (34, s, Ar-0-CH3), 3.63 (3H, s, 0-CH:), 3.67 (3H, s, O-CH'3), 3.70 (3H, s, O-
CH’), 3.71 (3H, s, O-CHs), 4 00 (1H, m, C5-N-CH), 4.70 (1H, m, C5’-N-CH’),
502-5.07 (2H, m, CH=CHy), 5 23-5.32 (2H, m, CH=CH»), 5 37 (1H, s, C2-N-CH),
561 (1H, m, CH'=CH,), 5 86 (1H, s, C2’-N-CH"), 5.97 (1H, m, CH=CH)), 6 32
(24, d, J59.2, 2 x Ar-CH), 6.45 (2H, d, J-9.2, 2 x Ar-CH), 6.58 2H, d,J=92,2 x
Ar-CH’), 6.62 (2H, d, J=9.2, 2 x Ar-CH), 7.27 (2H, d, J=8.5, 2 x Ar-CH-OMe}, 7.55
(2H, d, J=8.5, 2 x Ar-CH’-OMe), 8 05 (2H, d, J=8 8, 2 x Ar-CH-NO,), 8.14 (2H, d,
J=8.8, 2 x Ar-CH’-NO,); 8¢(101 MHz; CDCl5) 36.50 (C4-CH>), 38 06 (C4-C'Hy),
5252 (C2-CH), 52.55 (C2-C’H), 52.71 (C5-CH), 5286 (C5’-C’H), 53 49 (O-
C'Hs), 55.57 (O-CHs), 60.14 (O-CH;), 61 04 (O-C'Hs), 64.37 (C3-C), 64.58 (C3°—
C), 116.62 (CH~CH), 117.12 (C’H=CH), 123.63 (Ar-C’H), 124.00 (Ar-C’H),
128 59 (Ar-C’H), 128 4 (Ar-C’H), 137.63 (CH=CH), 137.92 (CH=C’H), 138 98
(Ar-C), 141 22 (Ar-C), 146.94 (Ar-C’), 147.54 (Ar-C), 147.72 (Ar-C), 148 31 (Ar-
C’), 151.56 (Ar-C"), 152.97 (Ar-C"), 167.45 (C’=0), 167.65 (C=0), 170 30 (C=0),
170.35 (C’=0); m/z (EI) 440 (M, 100%), 381 (11), 318 (19), 296 (67), 266 (15),
175 (41), 134 (26), 84 (51), 49 (66); Accurate mass for — C2HyN;07 — 440.1583,
found — 440.1587.
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N-(4-Methoxy-phenyl)-2-4-(cyano-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic
acid dimethyl ester (83)

LA come \4002Me

CO,Me

SN 22 61 ;N—z‘.,,
MeO Mo 3cn

CN

Prepared following the general thermal procedure for compound (81), N-(4-
methoxy-phenyl)-2-(4-cyano-phenyl)-5-vinyl  pyrrolidine-3,3-dicarboxyhc  acid
dimethyl ester (83) (0 090 g, 22%) was prepared as a yellow-brown oil using N-(4-
methoxy-phenyl)-(4-cyano-phenyl) imine (0.240 g, 1.00 mmol); Vanae(film)/cm™
2952m, 2834m (CH str), 2227w (C=N), 1736m (C=0), 1607w, 1511m, 1344w,
1260s, 1182m, 1037m, 990w, 921w, 862w, 816m, 735m, 699w; &y (250 MHz;
CDCl;) 248 (1H, dd, J=8 0 and 120, C4-C(H)H), 2 53 (1H, dd, J=8 0 and 12 0,
C4-C’(H)H), 2.67 (1H, dd, J=6.0 and 12.0, C4°-C*(H)H), 3.05 (1H, dd, J=6 0 and
12 0, C4-C(H)H), 3 28 (3H, s, 0-C"Hs), 3.59 (3H, s, 0-C'Hs), 3 62 (3H, 5, 0-C’'H;),
367 (3H, 5, 0-C’Hs), 3.71 (3H, 5, 0-C’H3), 3 98 (1H, m, C5’-N-C’H), 4 62 (1H, m,
C5-N-CH), 4.98-505 (2H, m, CH~=CH), 522-534 (3H, m, C2’-N-C’H,
C'H,=CH), 5.54 (1H, m, CH=CH), 5.80 (1H, s, C2-N-CH), 595 (1H, m,
CH~=C’H), 6.29 (2H, d, }=8.0, 2 x Ar-CH), 6.45 (2H, d, J=8.0, 2 x Ar-C’'H), 6.60
(2H, d, J=80, 2 x Ar-CH), 6 63 (2H, d, J=8.0,2 x Ar-C’'H), 721 2H, d, J=80, 2 x
Ar-CH), 740 (2H, d, J=8.0, 2 x Ar-CH), 7 45 (2H, d, J=8.0, 2 x Ar-C’'H), 7 55 (2H,
d, 80, 2 x Ar-C’'H); &¢c (101 MHz, CDCl;) 32 06 (C4-CH,), 38.41 (C4-C’Hy),
52 05 (C2-CH), 52.86 (C2-C’H), 53.54 (C5—CH), 53 84 (C5-C’H), 5591 (O-
CHs), 55.97 (0-C’Hs), 60.56 (0O-CH3), 61.36 (0-C’H3), 64.75 (C3°-C’), 64.80 (C3-
C), 66.73 (O-CH;), 7143 (0O-C’H3), 112.30 (C=N), 112.34 (C’'=N), 114.76 (Ar-
C'H), 11485 (Ar-CH), 11590 (Ar-CH), 116.10 (Ar-C’H), 117.35 (CH=CH),
11745 (C’H~CH), 118.98 (Ar-C’), 122.91 (Ar-C), 128 88 (Ar-C’H), 129.22 (Ar-
CH), 132.50 (Ar-C’H), 132.88 (Ar-CH), 139.12 (Ar-C), 139.18 (CH,=CH), 139.41
(CH=C’H), 141.66 (Ar-C’), 146.03 (Ar-C), 146.70 (Ar-C’), 153.10 (Ar-C), 153.30
(Ar-C"), 167.85 (C’=0), 167.86 (C=0), 169.55 (C=0), 170.70 (C’=0); m/z (EI) 420
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(M*, 100%), 361 (14), 276 (63), 221 (35), 175 (33), 134 (23), 108 (16), 77 (20),
Accurate mass for C24HN-Os — 420.1685, found — 420.1680.
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N-(4-Methoxy-phenyl)-2-p-tolyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (84)

\ 2 \ CO,Me
con° COMe

GQ Q

Prepared following the general thermal procedure for compound (81), N-(4-
methoxy-phenyl)-2-p-tolyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester
(84) (0.170 g, 42%) was prepared as a yellow-brown oil using N-(4-methoxy-
phenyl) p-tolyl imine (0.230 g, 1.00 mmol); Vme(film)/cm™ 2953m (CH str), 1736s
(C=0), 1638s, 1346w, 1243s, 1118w, 1073m, 1039m, 987w, 920m, 814s, 799s; Ou
(250 MHz; CDCl;) 2.18 (3H, s, Ar-CHs), 2 24 (3H, s, Ar-CH’;), 2.47 (1H, dd, J=5 8
and 13 3, C4~-CH(HD)), 2.74 (1H, dd, J=11.3 and 13.3, C4'-CH’(H)), 3 09 (1H, dd,
J=70 and 13.3, C4-CH(H)), 3.16 (1H, dd, J=7.0 and 13.3, C4’-CH(H")), 3.29 3H s,
Ar-0-CH;), 3.31 (3H s, Ar-O-CH"), 3.58 (3H, s, O-CHs), 3.61 (3H, s, O-CH’3),
364 (3H, s, O-CH’3), 3.68 (3H, s, 0-CH3), 3.95 (1H, m, C5-N-CH), 4 61 (1H, m,
C5’-N-CH), 5 01-5 06 (2H, m, CH=CH), 5.24 (1H, s, C2-N-CH), 5.31-5.36 (2H,
m, CH=CH",), 5.58 (1H, m, CH=CH:), 5.72 (IH, s, C2’-N-CH’), 598 (IH, m,
CH’=CH,), 6 35 (2H, d, J=9.0, 2 x Ar-CH), 6.48 (2H, d, J=9.0, 2 x Ar-CH’), 6.58
(2H, d, J=9.0, 2 x Ar-CH), 6 60 (2H, d, J=9.0, 2 x Ar-CH’), 6 63 2H, d, J=10.5, 2 x
Ar-CH), 6 94 (2H, d, J=10.5, 2 x Ar-CH), 7.04 (2H, d, J=6 0, 2 x Ar-CH’), 719
(2H, d, J=6.0, 2 x Ar-CH); 8¢ (101 MHz; CDCl,) 21.11 (Ar CH;), 21.13 (Ar C'Hy),
36 12 (C4-CHy), 37 92 (C4’-C’H,), 52.23 (C2°-C’'H), 52.42 (C2—CH), 52 88 (C5-
CH), 53.18 (C5’-C’H), 55 35 (O-CHs), 55.65 (0-C’Hz), 59 91 (O-C’Hs), 60 47 (O-
CHa), 64 36 (C3°-C’), 64.47 (C3-C), 66 45 (Ar O-CHs), 71.05 (Ar O-C’Hs), 114.19
(Ar-C’H), 114 30 (Ar-CH), 113.93 (Ar-C’'H), 115 02 (Ar-CH), 115.97 (CH~=CH),
116 66 (C’'H;=CH), 127.41 (Ar-C’H), 127.49 (Ar-CH), 129.33 (Ar-CH), 129.53 (Ar-
C'H), 13541 (Ar-C), 13735 (Ar-C), 13743 (Ar-C), 13757 (Ar-C), 13831
(CH,=CH), 138.77 (Ar-C’), 139 66 (CH,=C'H), 141.92 (Ar-C’), 150,90 (Ar-C’),
152 19 (Ar-C’), 157.82 (C’=0), 167.96 (C=0), 170.87 (C=0), 170.94 (C’=0); m/z
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(ED) 409 (M, 98%), 364 (17), 285 (100), 225 (31), 175 (26), 145 (39), 115 (20), 84
(28), 49 (32); Accurate mass for C24HzNO; — 409.1889, found - 469.1883.
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N,2-Bis-(4-methoxy-phenyl)-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl

ester (85)
\\\(“\’<002Me
5 N%ém
Meog OMe
Thermal Procedure

Prepared following the general thermal procedure for compound (81), N,2-bis-(4-
methoxy-phenyl)-5-vinyl pyrrolidine-3,3-dicartboxylic acid dimethyl ester (85)
(0250 g, 59%) was prepared as a yellow oil using N,-(4-methoxy-phenyl) 4-
methoxy-phenyl imine (0.240 g, 1.00 mmol) for 48 hours; vuy(filmyem™ 3022m,
2917m (CH str), 1603s (C=0), 1437m, 1186m, 1162s, 1020m, 902s, 820s, 736s,
689s; &y (250 MHz; CDCl;) 2.43-2.58 (2H, m, C4-CH(H), C4-CH(H)), 3.72 (3H, s,
0-CHs), 3.73 (3H, s, O-CHs), 3.74 (3H, s, 0-CHs), 3.75 (3H, s, O-CHs), 4.50 (1H,
m, C5-N-CH), 5 05-5.12 (3H, m, CH=CH, C2-N-CH), 5 66 (1H, m, CH~CH),
675-6 83 (4H, m, 4 x Ar-CH, Ar-CH), 7.19-725 (4H, m, 4 x Ar-CH, Ar-CH), &c¢
(101 MHz; CDClL;) 3129 (C4-CHC), 55 80 (C5-N-CH, C2-N-CH), 63.60 (O-
CH3), 114 42 (Ar-CH), 117.93 (CH=CH), 125.44 (Ar-CH), 131 24 (Ar-C), 138 06
(CH;=CH), 157.56 (C=0), 174.73 (C=0); nvz (EI) 425 (M, 59%), 366 (8), 281
(100), 241 (15), 175 (16), 135 (25), 71 (27); Accurate mass for — CsH2NOg —
425.1838, found —425.1843.

Microwave Procedure (General procedure)

To a solution of N,-(4-methoxy-phenyl) 4-methoxy-phenyl imine (0240 g, 1.00
mmol) zinc bromide (0.460 g, 2 00 mmol) and Pd(PPhs), (0.110 g, 0.100 mmol) and
THF (5 mL) in a 10 mL tube equipped with a magnetic stirrer bar was added 2-
vinylcyclopropane-1,1-dicarboxylic acid dimethyl ester (62) (0 190 g, 1.00 mmol).
The tube was sealed and placed in the CEM discovery microwave and was irradiated
for 10 minutes at a power setting of 50 watts (250 psi maximum pressure). After this
time the solvent was evaporated in vacuo and the residue partitioned between EtQOAc
(30 mL) and distilled water (30 mL). The organic layers were separated and washed
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with HCl (IM 2 x 30 mL), NaHCO; (30 mL), and brine solution (2 x 30 mL) The
organic layer was dried with MgSQ,, filtered through a plug of cotton wool and
concentrated in vacuo to give the crude pyrrolidine product as a dark brown heavy
oil, This was then purified using column chromatography (Si0., EtOAc:P.E. 40-60,
13, Ry - 0.33) to yield N,2-bis-(4-methoxy-phenyl)-5-vinyl pyrrolidine-3,3-
dicarboxylic acid dimethyl ester (85) (0 270 g, 63%) as a yellow oil; Data as above.

Sthica Procedure (General procedure)

To a solution of N,-(4-methoxy-phenyl) 4-methoxy-phenyl imine (0.240 g, 1.00
mmol), zinc bromide (0.460 g, 2 00 mmol), palladium tetrakistriphenyl phosphine
(0110 g, 0.100 mmol) and chromatographic grade silica (0.100 g) in THF (10 mL)
was added a 2-vinylcyclopropane-1,1-dicarboxylic acid (62) (0.190 g, 1.00 mmol),
This mixture was stirred for 16 hours at RT, the solvent was evaporated in vacuo and
the residue partitioned between EtQAc (30 mL) and distilled water (30 mL) The
organic layer was separated and washed with aq. HCl (1M 2 x 30 mL), saturated
NaHCO; solution (30 mL), and saturated brine solution (2 x 30 mL) The organic
layer was dried usmg MgSQy, filtered and concentrated i1 vacuo to afford the crude
pyrrohidine product as a dark brown heavy oil. This was then purified using column
chromatography (Si0., EtOAcPE. 40-60; 1:3, R¢ - 033) to yield N,2-bis-(4-
methoxy-phenyl)-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (85)
(0 260 g, 62%) as a yellow oil; Data as above.
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N-(4-Methoxy-phenyl)-2-(4-bromo-phenyl)-S-vinyl-pyrrolidine-3,3-dicarboxylic
acid dimethyl ester (86)

\L(4\,<002Me CO,Me

\, 3 co,me COMe
j 2 C j 2

MeO

Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-{4-
methoxy-phenyl)-2-(4-bromo-phenyl)}-S-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (86) (0.113 g, 24%) was prepared as a brown o1l using N-(4-
methoxybenzene)-(4-bromo-phenyl) imine (0.290 g, 1.00 mmol); Vpu(film)ycm?!
2101w (CH str), 1733m (C=0), 1638s, 1560w, 1510m, 1243m, 1071w, 1037w, 8u
(250 MHz; CDCl3) 2 36 (1H, dd, J7=4.0 and 12.0, C4-C(H)H), 2.47 (1H, dd, J=4.0
and 12.0, C4’-C’(H)H), 2.69 (1H, dd, J=8 0 and 12 0, C4’-C’(H)H), 3.15 (IH, dd,
J=8 0 and 12.0, C4-C(H)H), 3.30 (3H, s, 0-C’Hs), 3.31 (3H, 5, O-CHs), 3.59 (3H, s,
0-CHs), 3.62 (3H, s, 0-C’H3), 3.66 (3H, s, 0-CHs), 3.69 (3H, s, 0-C’Ha), 3.94 (1H,
m, C5°-N-CH’), 4 54 (1H, m, C5-N-CH), 4 99-5.10 (2H, m, CH=CH), 5 21-5 34
(3H, m, C’H=CH, C2-N-C’H), 5 53 (1H, m, CH=C’H), 5 67 (1H, s, C2-N-CH),
594 (1H, m, CH:=C’H), 6 33 (2H, d, 2 x J=9.0, Ar-C’'H), 6.45 (2H,d, 2 x =9 0, Ar-
CH), 6.57 (2H, d, 2 x J=9.0, Ar-CH), 6.62 (2H, d, J=90, 2 x Ar-C’'H), 6 87 (2H, d,
J=9.0, 2 x Ar-CH), 7 21 (2H, d, J=9.0, 2 x Ar-C’H), 7.30 (2H, d, J=9.0, 2 x Ar-CH),
738 (2H, d, J=9.0, 2 x Ar-C’'H); &c (101 MHz CDCl3) 36.63 (C4-CHs), 38 31
(C4-C’Hy), 52.78 (C2’-C’H), 52.92 (C2-CH), 53.40 (C5-CH), 53.70 (C5’-C’H),
55.94 (O-CH,), 56.00 (O-C’H,), 60.39 (O-CH;), 61.07 (0-C’H,), 64.64 (C3°-C’),
64 82 (C3-C), 66 51 (0-CHs), 71.18 (O-C’H;), 114.71 (Ar-C’H), 114,78 (Ar-CH),
115.70 (Ar-C’H), 115.74 (Ar-CH), 116.67 (CH,=CH), 117 24 (C’H=CH), 122 13
(Ar-C), 122.35 (Ar-C’), 129.70 (Ar-C’H), 129.76 (Ar-CH), 131.88 (Ar-C'H), 131.92
(Ar-CH), 138 27 (CH,=CH), 138.35 (Ar-C), 13869 (Ar-C’), 139.73 (CH,=C'H),
140 12 (Ar-C), 14200 (Ar-C’), 151.61 (Ar-C), 15296 (Ar-C’), 168 03 (C’=0),
168.20 (C=0), 170.98 (C’=0), 171.05 (C=0), m/z (EI) 475 (M' -H, 100%), 473
(M -H, 97%), 329 (81), 318 (9), 289 (28), 238 (10), 175 (63), 134 (43), 115 (28), 77
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(48), 59 (43); Accurate mass for CxHzsNOs”Br (M* -H) — 473.0838, found —
473 0839.

. Microwave Procedure
i’fepared following the general microwave procedure for compound (85), N-(4-
methoxy-phenyl)-2-(4-bromo-phenyl)-5-vinyl pymlid1ne—3,3-§licarboxyllc acid
dimethyl ester (86) (0260 g, 54%) was prepared as a brown oil using N-(4-
methoxybenzene)-(4-bromo-phenyl) imine (0.290 g, 1.00 mmol); Data as above.
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N-(4-Methoxy-pheny!)-2-(4-fluoro-phenyl)-S-vinyl-pyrrolidine-3,3-dicarboxylic
acid dimethyl ester (87)

\L(%(co,uo \ 4 copme
SN 3™ coMe 3 COMe
RS £ )

MeO

Prepared following the general thermal procedure for compound (81), N-(4-
methoxy-phenyl)-2-(4-fluoro-phenyl)-5-vinyl  pyrrohdine-3,3-dicarboxylic  acid
dimethyl ester (87) (0 230 g, 55%) was prepared as a yellow-brown oil using N~(4-
meﬁmxy-phenyl)—(4-ﬂuom-phenyl) imine (0230 g, 1.00 mmol) for 48 hours,
Va(filmYem™? 2955m (CH str), 1736s (C=0), 1644s, 1510s, 1340w, 1243m,
1097w, 1073w, 1040w, 988w, 920w, 816m; &y (250 MHz;, CDCIs3) 2.09 (1H, dd,
J=6 8 and 13 2, C4-C (H)H), 2.48 (1H, dd, J=6.8 and 13.2, C4-C’(H)H), 2.69 (1H,
dd, J=10.1 and 13.2, C4-C’(H)H), 2.92 (1H, dd, J=10.1 and 13.2, C4-C(H)H), 3.29
(H, s, 0-C’Hs), 3.30 (3H, s, O-CH3), 3.57 (3H, s, 0-CHy), 3.61 (3H, s, O-C’Hy),
364 (3H, s, 0-C’Hs), 3.65 (3H, s, 0-CH;), 3.97 (1H, m, C5-C’H), 4 66 (1H, m, C5-
CH), 5.05 (1H, s, C2-C’H), 5.08-5.15 (2H, m, CH=CH), 5.20-534 (2H, m,
CH’=CH), 5.60 (1H, m, CH=C’H), 5.74 (1H, s, C2-C’H), 5.92 (1H, m, CH,=C’H),
6.34 (2H, d, J=9.1, 2 x Ar-CH’), 6 48 (2H, d, J=9.1, 2 x Ar-CH), 6.59 (2H, d, J=9.1,
2 x Ar-CH), 6.64 (2H, d, J=9.1, 2 x Ar-CH), 6.84-7.32 (8H, m, 4 x Ar-CH, 4 x Ar-
C’H); dc(101 MHz, CDCl3) 35.67 (C4-CHy), 37 62 (C4-C'Hy), 52.50 (C2-C’H),
52 64 (C2-CH), 53.27 (C5-CH), 53.42 (C5-C’H), 61.39 (O-CH3), 61.60 (C3-C),
61 85 (C3-C’), 62.13 (O-C’'H;), 64 43 (0-CH3), 65.75 (O-C’H3), 114 31 (Ar-C’H),
114.58 (Ar-CH), 11517 (Ar-C’H), 11539 (Ar-CH), 116.24 (CH,=CH), 116.76
(C’H=CH), 128.76 (Ar-CH), 129.16 (Ar-CH), 129.21 (Ar-C’'H), 129 29 (Ar-C’H),
13635 (Ar-C’), 13745 (Ar-C), 138.03 (CH=CH), 13841 (Ar-C’), 13943
(CH=C’H), 141.75 (Ar-C), 151.15 (Ar-C), 152.50 (Ar-C’), 161.01 (Ar-C’-F),
161 23 (Ar-C-F), 163 46 (Ar-C-F), 163.68 (Ar-C’-F), 167.72 (C’=0), 167 90 (C=0),
170.69 (C’=0), 170.76 (C=0); m/z (EI) 413 (M", 31%), 368 (20), 269 (27), 254
(46), 184 (47), 152 (50), 123 (76), 95 (28), 84 (90), 49 (100); Accurate mass for
CxH2NOsF —413.1638, found — 413.1632.
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N-(4-Methoxy-phenyl)-2-thiophen-3-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic
acid dimethyl ester (88)

\ 4 CO,Me \ 4 CO_Me

5 \ 3 cOMe 21 Wco Me
2 %
Ra 8

MeO MeO
Prepared following the general thermal procedure for compound (81), N-(4-
methoxy-phenyl)-2-thiophen-3-yl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl
ester (88) (0.120 g, 29%) was prepared as a yellow oil using N-(4-methoxy-phenyl)-
(3-thiophene) imine (0.220 g, 1.00 mmol); vma{film)cm™ 2921m (CH str), 2353w
(CH str), 1734s (C=0), 1612w, 1510m, 1432m, 1242s, 1038m, 930w, 816w, 704w;
81 (250 MHz; CDCl;) 2.18 (1H, dd, J=5.8 and 13.3, C4-CH(H)), 2 46 1H, dd, J=5 8
and 133, C4’-CH'(H)), 2 69 (1H, dd, J=10.4 and 13.3, C4’-CH(H")), 2.99 (1H, dd,
J=104 and 13.3, C4-CH{H)), 3.31 (3H, s, Ar-O-CH"), 3.44 (3H, s, Ar-O-CH:),
3.63 (3H, s, O-CH;), 3 55 (3H, s, O-CH"3), 3.67 (3H, s, O-CH3), 3 74 (3H, s, O-
CH’;), 388 (IH, m, C5-N-CH), 4.31 (1H, m, C5’-N-CH’), 4.95-5.17 (2H, m,
CH=CH,), 5.33-5.29 (2H, m, CH=CH")), 5.51 (1H, s, C2-N-CH), 5.72 (1H, m,
CH=CH,), 5.88 (1H, s, C2°-N-CH’), 5.93 (1H, m, CH’=CH,), 6.58-7 19 (14H, m, 4
x Ar-CH, 4 x Ar-CH’, 3 x thiophene-CH, 3 x thiophene-CH’); d¢c (101 MHz;
CDCl3) 3937 (C4-C’Hy), 3968 (C4-CHa), 52.52 (C2-C’H), 5290 (C2-CH),
53.12 (C5’-C’H), 53.28 (C5-CH), 62.99 (Ar O-CH3), 64 47 (Ar O-C’H3), 79 41 (O-
C’Hy), 79.55 (0-CH;), 80.44 (0-CH;), 86.56 (0-C’Hs), 116.13 (CH=CH), 117.82
(C’H=CH), 124.39 (Ar-C’H), 124.88 (Ar-C’H), 125 25 (Ar-CH), 123 34 (Ar-C’H),
125 44 (Ar-C’H), 125.46 (Ar-CH), 12628 (Ar-CH), 126 41 (Ar-CH), 126.52 (Ar-
C’H), 126.58 (Ar-C’H), 127.04 (Ar-C’H), 128.31 (Ar-CH), 128.57 (Ar-CH), 128.96,
(Ar-CH), 13791 (CH;=CH), 139 48 (CH;=C’H), 141.06 (Ar-C’), 141.38 (Ar-C’),
141 58 (Ar-C’), 167.43 (C’=0), 168.67 (C=0), 170.41 (C=0), 170.69 (C’=0); m/z
(EI) 401 (M", 37%), 296 (67), 257 (41), 184 (40), 152 (72), 121 (73), 111 (100), 71
(37), 59 (63), Accurate mass for — C;;HrNOsS - 401.1297, found —401.1293.
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N-(4-Methoxybenzene)-2-butyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid

dimethyl ester (89)
\L‘("*cozm
5\ 3/>coMe
&N
MeQ
Prepared following the general thermal procedure for compound (81), N-(4-
methoxybenzene)-2-butyl-5-vinyl-pymrolidine-3,3-dicarboxylic acid dimethyl ester
(89) (0140 g, 34%) was prepared as a yellow-brown o1l using N4(4-methoxy
benzene)-propane imine (0.190 g, 1.00 mmol) for 48 hours; Vau(film)/cm™ 2953m,
2872w (CH str), 17365 (C=0), 1509s, 1239s, 1180m, 1038m, 811m, 788w; du (250
MHz; CDCl3) 0.77 (3H, t, J=5 2, CH3), 1.18-1.38 (6H, m, 3 x CHy), 2.65 (1H, dd,
J=9.0 and 13.5, C4-CH(H)), 2.71 (1H, dd, J=9.0 and 11 0, C4-CH(H)), 3.63 (3H, s,
Ar-OCHz), 3 73 3H, s, 0-CHs), 3.75 (3H, s, O-CHs), 3.87 (1H, m, C5-CH), 4.55
(1H, m, C2-CH), 5.22 (2H, m, vinyl CH=CHp), 5.82 (1H, m, vinyl CH=CH,), 6.65
(2H, d, J=8.0, 2 x Ar-CH), 6.79 (2H, d, J=8 0, 2 x Ar-CH); 3&c (101 MHz; CDCl5)
13.97 (CH;), 23.11 (CH,), 28 62 (CHy), 33.39 (CHy), 38 27 (C4-CH>), 52.69, 52.90
(O-CHs), 55 69 (0-CHs3), 60.79 (C2-CH), 62.5 (C3-C), 64.01 (C5-CH), 114.22 (Ar-
CH), 114 80 (Ar-CH), 116 41 (CH=CH,), 140.49 (CH=CH>), 142.74 (Ar-C), 151.34
(Ar-C), 168 83 (C=0), 170.64 (C=0), m/z (EI) 375 (M", 32%), 344 (4), 318 (100),
259 (5), 200 (10), 145 (26), 134 (12), 108 (10), 85 (11), 69 (10); Accurate mass for
CaHxNOs — 375.2046, found — 375 2051,
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N-(2,4-Dimethoxy-phenyl)-2-phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic  acid

dimethyl ester (91)
U\ COMe k(‘*co Me
CO Me COMe

D @@

Prepared following the general thermal procedure for compound (81), N-(2,4-
dimethoxy-phenyl)-2-phenyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl
ester (91) (0.310 g, 72%) was prepared as a yellow oil using N-(2,4-dimethoxy-
phenyl)-phenyl imine (0240 g, 1.00 mmol) for 48 hours; Vam(filmycm™ 2997m,
2950s (CH str), 1733s (C=0), 1582m, 1507s, 14365, 1236m, 1158s, 1031s, 915s,
831m, 701m; dy (250 MHz; CDCls) 2.16 (1H, dd, J=59 and 13 0, C4’-CH’(H)),
241 (1H, dd, J=5.9 and 13.0, C4-CH(H)), 2.72 (1H, dd, J=10.8 and 131, C4~
CH(H)), 3 03 (3H, s, O-CH3), 3.07 (1H, dd, J=108 and 13.1, C4-CH(H)), 3 44
(3H, s, O-CHs), 3 52 (3Y, s, O-CH"), 3.57 (3H, s, O-CH3), 3 67 (3H, s, O-CH"3),
367 (3H, s, O-CH";), 3.68 (3H, s, O-CH3), 3 70 (3H, s, O-CH";), 3.70-4 10 (2H, m,
C5-CH, C5’-CH’), 4.874.96 2H, m, CH=CH, CH’:=CH), 5 39 2H, s, C2-CH,
C2’-CH’), 5 45-5 60 (2H, m, CH;=CH, CH,=CH’), 5 83-5 86 (2H, m, 2 x Ar-CH’),
6 14-6.17 (2H, m, 2 x Ar-CH), 6.58 (1H, d, J=8 6, Ar-CH’), 6 86 (1H, d, J=8.6, Ar-
CH), 7.01-7.17 (10H, m, 5 x Ar-CH’, 5 x Ar-CH); dc (101 MHz, CDCl;) 38 91
(C4-CH,), 38.95 (C4™-C’Hy), 52.38 (C2-CH), 52.47 (C2’-C’H), 53.19 (C5-CH),
53 28 (C5’-C’H), 62.47 (0-CH;), 64.27 (0O-C'Hs), 64.83 (C3-C), 65.23 (C3’-C"),
68 08 (O-CH;), 71.69 (O-C’H3), 100.07 (Ar O-CH3), 100 24 (Ar O-C’'H3), 103 70
(Ar O-CH3), 104.06 (Ar O-C’H;), 116.48 (CH,=CH), 116.90 (C’H=CH), 127 34
(Ar-CH), 12751 (Ar C-H), 127.62 (Ar-C’H), 127.71 (Ar-CH), 127.99 (Ar-CH),
128 57 (Ar-C’H), 128.72 (Ar-CH), 128.90 (Ar-C’H), 128.99 (Ar-CH), 129.19 (Ar-
C'H), 13960 (Ar-C), 139.89 (CH=CH), 14004 (CH-=C'H), 141.29 (Ar-C’),
153.48 (C-OMe), 155.21 (C-OMe), 157.88 (C-OMe), 158.05 (C’-OMe), 169 63
(C=0), 170 05 (C’=0), 172.12 (C=0), 172.14 (C’=0);, m/z (EI) 425 M", 100%),
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366 (18), 281 (78), 241 (15), 205 (32), 164 (12), 105 (12), 84 (58); Accurate mass
for C24HzsNOs — 426.1916, found — 426.1911.
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Section 3.04 — Pyrrolidines Derived from N-Benzyl Intines

N-Benzyl-2-phenyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (92)

Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-benzyl-2-
phenyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethy! ester (92) (0.350 g, 93%)
was prepared as a yellow-brown oil using N-benzyl-phenyl imine (0.200 g, 100
mmol) for 48 hours; Vae{filmYcm™ 2951s, 2841s (CH str), 1736s (C=0), 1602m,
1585m, 1362m, 1330m, 1229s, 1064s, 1028s, 993m, 957m, 921s, 810m, 757s, 700s,
626w, 8y (250 MHz; CDCl;) 213 (1H, dd, J=6.4 and 13.2, C4-C(H)H)), 2 21 (1H,
dd, J=6.4 and 13.2, C4’-C’(H)H)), 2.52 (1H, dd, J=10.4 and 13.2, C4-C(IDH)), 2.72
(1H, dd, J=10 4 and 13 2, C4-C*(1DH)), 3.05 (3H, s, 0-C’Hs), 3 06 (3H, s, O-CHs),
328 (2H, m, Ar-C’'H), 3.66 (3H, s, O-CH3), 3.69 (3H, s, 0-C’'Hs), 3.77 (1H, m,
C5’-N-C’H), 4 15 (2H, m, Ar-CH;), 4.47 (1H, m, C5-N-CH), 4.63 (1H, s, C2-N-
CH), 4 95 (2H, m, CH>=CH), 5 12-5 29 (3H, m, C2’-N-C’H, C’H,=CH), 5.90 (1H,
m, CH=C’H), 6 12 (1H, m, CH~CH), 7.05-7.38 (20H, m, 10 x Ar-CH, 10 x Ar-
C'H); &c (101 MHz; CDCl;) 38.34 (C4-CH,), 39.05 (C4’-C’H,), 51.15 (CH>),
51 93 (C5>-C’H), 52.12 (C5-CH), 52.76 (C2-C’H), 52.86 (C2-CH), 53 88 (C’H)),
62.37 (C3’-C’), 64.06 (O-CH;), 64 35 (O-C’H;), 64.84 (C3-C), 6961 (O-CH:),
70 41 (O-C’H3), 117.14 (C’'H,=CH), 117.92 (CH,=CH), 126.59 (Ar-CH), 126 74
(Ar-C’H), 126.97 (Ar-C’'H), 127.48 (Ar-C’H), 127.67 (Ar-CH), 127.70 (Ar-CH),
127.74 (Ar-C’H), 127.96 (Ar-CH), 128 03 (Ar-C’H), 128.37 (Ar-CH), 129.01 (Ar-
C’H), 129 89 (Ar-CH), 136.53 (Ar-C’), 137 16 (CH=CH), 138.16 (Ar-C), 139 40
(Ar-C), 139.47 (Ar-C’), 139.91 (CH=C’H), 169.51 (C’=0), 169.70 (C=0), 171.99
(C=0), 172 49 (C=0);, m/z (EI) 379 (M, 13%), 320 (14), 288 (64), 159 (18), 144
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(43), 104 (19), 91 (100), 65 (11); Accurate mass for C2HasNO, — 379.1784, found —
379.1777.

Microwave Procedure

Prepared following the general microwave procedure for compound (85); N-benzyl-
2-phenyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (92) (0320 g,
85%) was prepared as a yellow-brown oil using N-benzyl-phenyl imine (0.200 g,
1.00 mmol); Data as above.
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N—Benzyl-z-p-tolyI-5-vinyl-pyrrolidine-3,3—dicarboxylic acid dimethyl ester (93)

4 CO Me \ 4 COMe

5\ 3 COMe 5\ 3/ coMe
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-p-
tolyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (93) (0.230 g, 58%)
was prepared as a yellow oil using N-benzyl-(p-tolyl) imine (0210 g, 1.000 mmol)
for 48 hours; Vmex(film)/cm™ 29515, 2843m (CH str), 1735s (C=0), 1605m, 1331m,
1267s, 1200s, 1023m, 957m, 921m, 843m, 808m, 747m; 5;1(250 MHz; CDCl;) 2 11
(1H, dd, J=6 3 and 13.3, C4-CH’(H)), 2.22 (3H, s, Ar-CH’3), 2.62 (1H, dd, J=10 3
and 13 3, C4-CH(H")), 3 02 (3H, s, 0-CH’3), 3 12 (1H, m, C5-CH"), 3.59 (3H, s, O-
CH’3), 3.69 (2H, s, benzyl CH™,), 4.50 (1H, s, C2-CH"), 5.03-5.18 (2H, m, CH=C-
H’;), 5 74 (1H, m, CH’=CH3,), 6.97-7.21 (5H, m, 9 x Ar CH); ¢ (101 MHz; CDCly)
21.16 (Ar-CHs), 3824 (CHy), 38.99 (C’Hp), 52 05 (C4-CH;), 51.99 (C5-C’H),
5218 (C5-CH), 52.73 (C2-CH), 52 87 (C2’-C’'H), 53.46 (C4-C’H;), 62.38 (O-
CHs;), 63 87 (C3°-C’), 64.07 (O-C’H3), 64.68 (C3-C), 6930 (O-CH3), 70 02 (O-
C’'H;), 117 07 (C’H=CH), 117.80 (CH=CH), 116.33 (Ar-C’H), 125.98 (Ar-C’H),
126 74 (Ar-C’H), 127.68 (Ar-C’H), 128 02 (Ar-CH), 128.37 (Ar-C’H), 128 48 (Ar-
CH), 128 67 (Ar-CH), 128.77 (Ar-CH), 129 95 (Ar-CH), 13523 (Ar-C’), 136.16
(Ar-C), 138.37 (CH~=CH), 137.07 (Ar-C), 137.31 (Ar-C’), 13741 (Ar-C’), 139,28
(Ar-C), 14001 (CH2=C’H), 169.68 (C=0), 169.76 (C*=0), 172.02 (C=0), 172 51
(C’=0), m/z (EI) 393 (M, 16%), 334 (13), 302 (62), 249 (10), 208 (10), 158 (57),
118 (15), 91 (100), 43 (13); Accurate mass for C2HNO4 — 393.1940, found —
393.1939
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N-Benzyl-2-o-tolyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (95)

COMe

é 2

Prepared following the general thermal procedure for compound (81), N-benzyl-2-0-
tolyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (95) (0.230 g, 59%)
was prepared as a yellow o1l using N-benzy!~(2-tolyl) imine (0 210 g, 1 00 mmol) for
24 hours; Vax(film)lem™ 3027s, 2811s (CH str), 1737s (C=0), 1603m, 1330m,
1265s, 1228s, 1065s, 1009m, 992m, 955m, 912s, 755s, 726s, 700s; oy (250 MHz;
CDCls) 1.17 (Ar-CHy), 2.17 (1H, m, C4-CH(H)), 2.73 (1H, m, C4-CH(H)), 2.89
(3H, s, CHs-0), 3.62 (3H, s, CH:-0), 4.14-4 42 (2H, m, C2-CH, C5-CH), 5.20-5.25
(2H, m, CH,=CH), 5.72-5.91 (1H, m, CH:=CH), 6 82-7.05 (9H, m, 9 x Ar-H), éc
(101 MHz; CDCl;) 1993 (Ar-CH;), 40.32 (C4-CH>), 52.09 (O-CHs), 53 30 (O-
CH;), 55.18 (CHz), 6436 (C3-C), 65.17 (C5-CH), 66.24 (C2-CH), 117.75
(CH,=CH), 125.94 (Ar CH), 12732 (Ar CH), 127 64 (Ar CH), 128 05 (Ar CH),
129 24 (Ar CH), 130.06 (Ar CH), 130 30 (Ar CH), 13739 (Ar C), 13751 (Ar C),
138 66 (Ar C), 140 17 (CH=CH), 169.61 (C=0), 172.55 (C=0); mv/z (EI) 393 (M,
12%), 334 (18), 302 (48), 208 (9), 158 (49), 118 (12), 91 (100), 65 (10); Accurate
mass for C24HnNO,; — 393.1940, found —393.1932.
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N-Benzyl-2-pyridin-4-yl-5-vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester

(96)
\L/%(COZMG \L/‘»(coznne
3
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Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-benzyl-2-
pyridin-4-yl-S-vinyl pyrrolidine-3,3-dicartboxylic acid dimethyl ester-5-vinyl
pyrrolidine (96) (0220 g, 57%) was prepared as a yellow oil using N-benzyl-
(pyridin-4-yl) imine (0.200 g, 1.00 mmol) for 48 hours; Vue(film)/cm™ 2950m (CH
str), 1734s (C=0), 1657m, 1602w, 1560w, 1264s, 1227m, 1201m, 1064m, 1027m,
921w, 807w, 750m, 699m; &y (250 MHz; CDCl3) 191 (1H, dd, J=6 2 and 12 0, C4-
C(H)H), 2 14 (1H, dd, J=6 2 and 12 0, C4"-C’(H)H), 2.45 (1H, dd, =8 0 and 12 0,
C4-C(H)H), 2.64 (1H, dd, J=8 0 and 12.0, C4’-C’(H)H), 2.98 (3H, s, O-C’'Hz), 3 00
(3H, s, O-CHs), 3.20-3.30 (2H, m, Ar-C’Hy), 3.59 (3H, s, O-CH;), 3 62 (3H, s, O-
C’Hs), 3.70 (1H, m, C5°-N-C’H), 3.96-3.90 (2H, m, CH_), 4.41 (1H, m, C5-N-CH),
456 (I1H, s, C2’-N-C’H), 4.92-4.98 (2H, m, CH>=CH), 5.06-5.22 (3H, m, C2-N-
C’H, C’H:=CH), 5.73 (1H, m, CH=C’H), 6.03 (1H, m, CH,=CH), 6.99-7.34 (18H,
m, 9 x Ar-CH, 9 x Ar-C’H); 8¢ (101 MHz; CDCl;) 38.02 (C4’-C’H,), 39.10 (C4-
CH»), 5091 (C5°-C’H), 51.14 (C5—CH), 51.74 (C2-CH), 51.95 (C2’-C’H), 52.40
(CH), 52.84 (C'Hy), 62.13 (C3-C), 63 03 (C3™-C"), 63.31 (0-C’'H;), 65 42 (O-
CHa), 68.92 (O-C’'H3), 6938 (O-CH3), 116.12 (CH,=CH), 116 66 (C’H=CH),
125.95 (Ar-C'H), 126 64 (Ar-CH), 126.68 (Ar-CH), 126.79 (Ar-CH), 126 85 (Ar-
C’H), 126 94 (Ar-C’H), 127.01 (Ar-CH), 127 07 (Ar-C’H), 127 84 (Ar-CH), 12835
(Ar-C’H), 135.49 (Ar-C’), 138.44 (CH=C'H), 138.88 (CH;=CH), 141.93 (Ar-C’),
168 49 (C’=0), 169 81 (C=0), 170.12 (C=0), 170.97 (C’=0); m/z (E) 379 M -H,
9%), 320 (10), 288 (46), 236 (13), 159 (16), 144 (33), 121 (24), 105 (28), 91 (100),
77 (19), Accurate mass for CxoHp4N;04 — 379.1657, found — 379.1657.

Microwave Procedure
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Prepared following the general microwave procedure for compound (85), N-benzyl-
2-pynidin-4-y1-5-vinyl-pyrrolidine-3,3-dicarboxylic actd dimethyl ester (96) (0 380
g, 86%) was prepared as a yellow oil using N-benzyl{(4-pyridine) imine (0 200 g,
1.00 mmol); Data as above.
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N-Benzyl-2-pyridin-3-yl-S-vinyl-pyrrolidine-33-dicarboxylic acid dimethyl
ester (97)

Microwave Procedure

Prepared following the general microwave procedure for compound (85), N-benzyl-
2-pyndin-3-yl)-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (97) (0.310
g, 82%) was prepared as a yellow-brown oil using N-benzyl-(pyndin-3-yl) imine
(0200 g, 1.00 mmol); Vmu{filmyem™ 3027w, 295Im (CH str), 2842w, 1731s
(C=0), 1434s, 1199s, 1136m, 1067m, 1026m, 913m, 732m, 700m, 646w, &y (250
MHz; CDCl;) 2.22 (1H, dd, J=5.6 and 13.2, C4-CH(H)), 2.62 (1H, dd, J=10.8 and
13 2, C4-CH(H)), 3.04 (2H, s, Ar-CH,-N), 3.16 (1H, m, C5-N-CH), 3.67 (3H, s, O-
CHs), 3 68 (3H, s, O-CH,), 4.60 (1H, s, C2-N-CH), 5.13-5.27 (2H, m, CH=CH),
527 (1IH, m, CH,=CH), 6.93-7.04 5H, m, 5 x Ar-CH), 7.19 (1H, s, Ar-CH
pyridine), 7.57 (1H, m, Ar-CH pyridine), 8.31 (2H, m, 2 x Ar-CH pyridine); 8c(101
MHz; CDCl3) 25 98 (C4-CHy), 52.51 (C5—CH-vinyl), 53.43 (C2-CH-AI), 65.34 (O-
CH:), 6833 (N-CH,), 68.77 (O-CHs3), 118.12 (CH=CH), 127.22 (Ar-CH), 128.18
(Ar-CH), 130 09 (Ar-CH), 132 42 (Ar-CH pyridine), 136 67 (Ar-C), 137.00 (Ar-CH
pyridine), 139.71 (CH,=CH), 148.83 (Ar-CH=N), 15062 (Ar-CH=N), 169 26
(C=0), 171.94 (C=0);, m/z (EI) 379 (M" -H, 6%), 321 (24), 289 (82), 229 (7), 159
(17), 145 (39), 105 (19), 91 (100); Accurate mass for CxH,N204 — 379.1657, found
—379 1666.
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N-Benzyl-2-furan-3-y!-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
furan-3-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (99) (0.250 g,
69%) was prepared as a yellow oil using N-benzyl 3-furan-3-yl imine (0.190 g, 1 00
mmol) for 24 hours; Vmad(film)/cm™ 2928s (CH str), 2861m, 1740s (C=0), 1642m,
1478m, 1260m, 1142m, 1063m, 999m, 952w, 901w, 829w, 781w, &y (250 MHz;
CDCl;) 2.13 (1H, dd, J=6.4 and 13.2, C4-CH(H)), 2.45 (1H, dd, =64 and 13.2,
C4’-CH'(H)), 2 61 (1H, dd, J=10 4 and 13.2, C4’-CH(H)), 2.92 (1H, dd, J=10 4
and 13 2, C4-CH(H)), 3.35 (2H, s, Ar-CH’,), 3.38 (2H, s, Ar-CH>), 3 70 (3H, s, O-
CHas), 3 74 (3H, s, 0-CH’3), 3.75 (3H, s, 0-CH’3), 3.83 (3H, s, O-CH3), 4 29 (1H, m,
C5’-N-CH), 4 88 (1H, m, C5-N-CH), 5 00-5.19 (4H, m, CH=CH’,, CH=CH,),
550 (1H, s, C2-N-CH"), 5.57 (1H, s, C2-N-CH), 5.78 (1H, m, CH=CH,), 5.95
(1H, m, CH’=CH,), 6 28-6.39 (4H, m, 2 x Ar-CH-O, 2 x Ar-CH’-0,), 7.19-7 68
(12H, m, 6 x Ar-CH, 6 x Ar-CH’); éc (101 MHz; CDCls) 39.84 (C4-C'Hp), 39.93
(CA-CH>), 49 94 (CH,), 52.40 (C5’-C’H), 52.53 (C5-CH), 52.80 (C2-CH), 52 97
(C2’-C’H), 53.17 (CH™). 65.19 (C3°-C"), 65.28 (C3-C), 77 61 (0-CH:), 78 04 (O-
C’H,), 79.14 (O-C’Hj), 79.28 (O-CHs), 108.77 (furan CH), 108.77 (furan CH),
109 14 (furan C’H), 109.24 (furan C'H), 116.02 (C’H,=CH), 117.58 (CH=CH),
122,75 (Ar-C’), 122 81 (Ar-C), 123.23 (Ar-C’H), 125.63 (Ar-C’'H), 125.76 (Ar-
CH), 126.70 (Ar-C’H), 127.23 (Ar-C’H), 128.72 (Ar-C’H), 133.38 (Ar-CH),
136 65 (Ar-CH), 138.09 (Ar-CH), 140.51 (Ar-CH), 140.75 (CH~=CH), 142.71
(CHx=CH), 144.57 (Ar-C), 146.87 (Ar-C’), 169.07 (C’=0), 169.17 (C=0), 170.16
(C=0), 170 86 (C’=0); mv/z (EL) 369 (M", 23%), 310 (12), 278 (62), 225 (19), 184
(10), 159 (13), 134 (49), 91 (100), 65 (14); Accurate mass for — CyHxNOs —
369.1576, found - 369.1571.
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N-Benzyl-2-furan-2-yl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester
(100)
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
furan-2-yl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (100) (0.110 g,
30%) was prepared as a yellow oil using N-benzyl furan-2-yl imine (0.190 g, 1.00
mmol) for 48 hours; Vma{film)/cm™ 2951w (CH str), 1735s (C=0), 1455m, 1433m,
1265m, 1205m, 1144m, 1064m, 1010m, 923w, 384w, 764w, 698w, &y (250 MHz;
CDClL;) 2 15 (1H, dd, J=6.1 and 13.2, C4’'-CH’(H)), 2.35 (1H, dd, J=10.5 and 13 2,
C4’-CH(H")), 2 66 (1H, dd, J=6.1 and 13.2, C4-CH(H)), 3.11 (2H, s, CH’,), 3 21
(1H, dd, J=105 and 13 2, C4-CH(H)), 3.31 (3H, s, 0-CH3), 3.31 (3H, s, O-CHs),
3.32 (3H, s, 0-CH"3), 3 60 (1H, m, C5’-N-CH"), 3.62 (3H, s, O-CH3), 3 69 (3H, s,
0-CH’3), 3.73 (1H, m, C5-N-CH), 4 62 (1H, s, C2-N-CH) 4.79 (1H, s, C2’-N-CH")
5.00-519 (2H, m, CH=CH;) 5 66 (I1H, m, CH’=CH,), 5.76 (1H, m, CH'=CH,),
6.13-6 21 (2H, m, CH=CH’;), 7 06-7.30 (16H, m, 8 x Ar-CH, 8 x Ar-CH"); &8¢ (101
MHz, CDCls) 37 26 (C4*-C’H,), 38.60 (C4-CH,), 51.38 (C’Hy), 52.58 (C5°-C’H),
52 63 (C5-CH), 52.93 (C2-CH), 52.96 (C2-C’H), 54.55 (CH>), 62.09 (O-C’Hs),
62 53 (C3°-C’), 62 84 (0-CHa), 64 22 (0-C’Hs), 64.47 (O-CH3), 108 95 (furan CH),
109 87 (furan C’H), 11021 (furan C’H), 110.50 (furan CH), 116.72 (C’H=CH),
117 39 (CH,=CH), 126.70 (Ar-C’'H), 126.79 (Ar-C’H), 127.78 (Ar-CH), 128.02 (Ar-
C'H), 128 25 (Ar-CH), 129.60 (Ar-CH), 139.35 (Ar-C’), 139.72 (Ar-C), 140.18
(furan CH), 140.50 (furan C’H), 141.93 (CH,=C’H), 142.48 (CH,=CH), 151 65 (Ar-
C"), 153.11 (Ar-C), 168 66 (C=0), 169 17 (C=0), 170 97 (C=0), 171 43 (C’=0),
m/z (ET) 369 (M, 20%), 310 (10), 278 (78), 225 (18), 134 (72), 94 (11), 91 (100), 59
(6), Accurate mass for - C2iHx3NOs — 369.1576, found —369.1580.
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N-Benzyl-2-thiophen-3-yl-5-vinyl-pyrrolidine-33-dicarboxylic acid dimethyl
ester (101)
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
thiophen-3-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (101) (0 240
g, 62%) was prepared as a brown oil usin g N-benzyl thiophen-3-yl imine (0 200 g,
1.00 mmol) for 48 hours; Vaa(film)/cm™ 2949m (CH str), 2358w, 1732s (C=0),
1433m, 1266s, 1200m, 1166m, 1076m, 991w, 955w, 923w, 690m; &y (250 MHz;
CDCL) 2.14 (1H, dd, J=6.4 and 13.3, C4-CH'(H)), 2.19 (1H, dd, J=6.4 and 13 3,
C4-CH(H)), 2.42 (1H, dd, J=10.5 and 13.3, C4-CH(H)), 264 (1H,dd, J=105 and
13.3, C4-CH(H")), 3.13 (3H, 5, 0-CH’;3), 3.18 (3H, s, 0-CHs), 3.62 (3H, s, O-CH3),
3 68 (3H, s, 0-CHs), 3.69 (2H, s, benzyl CH’»), 3.70 (2H, s, benzyl CHy), 3 73 (1H,
m, C5-CH’), 3 82 (1H, m, C5-CH), 4.60 (1H, s, C2-CH’), 4.96 (1H, s, C2-CH),
503-506 (2H, m, CH=CH™;), 529-538 (2H, m, CH=CH,), 5.76 (IH, m,
CH’=CH,), 6 00 (1H, m, CH=CHy), 6.95-7.17 (16H, m, 8 x Ar CH’, 8 x Ar CH); ¢
(101 MHz; CDCl3) 37 79 (CA-CHy), 38.78 (C4’-C’Hy), 51.11 (CH,), 52.21 (C'H),
52 40 (C5-CH), 52.76 (C5°-C’H), 52.90 {C2-CH), 54.14 (C2’~C'H,), 6299 (C3-
C), 63.47 (O-CH3), 63 90 (O-CH:), 64.48 (C3’-C), 64.80 (O-C’'H;), 66 51 (O-
C’Hy), 117.13 (C’H=CH), 117.48 (CH=CH), 12348 (Ar-C’H), 124.11 (Ar-C’H),
124 45 (Ar-C’H), 124.93 (Ar-C’H), 126.43 (Ar-CH), 126 76 (Ar-C’H), 127.70 (Ar-
CH), 127 99 (Ar-C’H), 129 06 (Ar-CH), 128.10 (Ar-C’H), 129.28 (Ar-CH), 129.78
(Ar-CH), 136 68 (Ar-C’), 138.48 (Ar-C), 13852 (CH=CH), 13924 (Ar-C’),
139 88 (CH,=CH), 141.03 (Ar-C’), 16947 (C’=0), 169.64 (C’=0), 171 89 (C=0);
m/z (EI) 385 (M", 13%), 326 (7), 294 (28), 150 (31), 110 (9), 91 (100), 65 (16), 59
(9); Accurate mass for— C)H;NO,S — 385.1347, found — 385.1344,
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N-Benzyl-2-thiophen-2-yI-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl

ester (102)
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
thiophen-2-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (102) (0.130
g, 34%) was prepared as a brown oil using N-benzyl thiophen-2-yl imine (0.200 g,
100 mmol) for 48 hours; Vua(film)cm™ 2949w (CH str), 2355w, 1733s (C=0),
1433m, 1265m, 1231m, 1197m, 1136m, 1064m, 923m, 883m, 698m, 667m; 6y (250
MHz; CDCl;) 2.16 (1H, dd, J=5.9 and 13 2, C4-CH’'(H)), 2.31 (1H, dd, 10.9 and
132, C4-CH(H)), 2 64 (1H, dd, J=5.9 and 13.2, C4-CH(H")), 2.98 (1H, dd, 10.9
and 13.2, C4-CH(H")), 3.11 (1H, m, C5-CH"), 3.22 (3H, s, 0-CH’3), 3 24 (3H, 5, O-
CHa), 3.44 (1H, m, C5-CH), 3.63 (3H, s, O-CH"3), 3 69 (3H, s, O-CHs), 3 71 (2H, s,
CH™,), 3 81 (2H, s, CH,), 491 (1H, s, C2-CH’), 5 01-5.16 (SH, m, C2-CH, CH=C-
H’;, CH=CH3), 5.64-5.77 (2H, m, CH'=CH,, CH=CH.>), 6.78-6 80 (6H, m, 3 x Ar
CH’ (thiophene), 3 x Ar CH (thiophene)), 7.12 (10H, m, 5 x Ar CH’ (benzyl), 5 x Ar
CH (benzyl)), 8¢ (101 MHz; CDCl;) 36.95 (CHy), 38.41 (C'Hp), 50.97 (C4-CH»),
5237 (C4-C’H), 52.57 (C5°-CH), 52.97 (C5’-C’H), 53.05 (C2-CH), 54.72 (C2’-
C’Hy), 62 87 (0-CH;), 64 22 (C3°-C’), 64 29 (C3-C), 64 48 (O-C'Hs), 64 67 (O-
CH,), 65.70 (O-C'H3), 117.11 (C’'H=CH), 11736 (CH,=CH), 125.07 (Ar-C’H),
125.44 (Ar-C’H), 125.48 (Ar-C’H), 126.27 (Ar-CH), 126.32 (Ar-CH), 126.73 (Ar-
CH), 126.87 (Ar-C’'H), 127.75 (Ar-C'H), 128 03 (Ar-CH), 128.38 (Ar-CH), 129 91
(Ar-CH), 136.83 (Ar-C’), 138.97 (Ar-C’), 139.10 (CH>=CH), 139 63 (CH=C'H),
145.52 (Ar-C), 168 82 (C=0), 168 95 (C’=0), 171.41 (C=0), 171.61 (C’=0), m/z
(EI) 385 (M, 35%), 326 (18), 294 (69), 241 (14), 159 (26), 150 (62), 110 (12), 91
(100), 65 (11); Accurate mass for — C2iH2sNO,S —385.1347, found —385.1353
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N-Benzyl-2-(4-bromo-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (103)
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
(4-bromo-benzene)-5-vinyl-pyrrolidine-3,3-dicatboxylic acid dimethyl ester (103)
(0.310 g, 68%) was prepared as a yellow oil using N-benzyl-(4-bromo-phenyl) imine
(0.290 g, 1.00 mmol) for 24 hours, Vuu(film)/cm™ 2950s, 2842m (CH str), 1732s
(C=0), 1201s, 1070s, 1010s, 922m, 845m, 739s, 700m; &y (250 MHz; CDCl;) 2.13
(1H, dd, J=6 3 and 13.3, C4-CH(CH)), 2.60 (1H, dd, J=10 6 and 13 3, C4-CH(CH)),
3 04 (2H s, benzyl CHj), 3.10-3.17 (1H, m, C5-CH), 3 62 (3H, s, O-CH3), 3 68 (3H,
s, O-CH;), 4.49 (1H, m, C2-CH), 5.07-522 (2H, m, CH=CH), 5 76 (1H, m,
CH;=CH), 6.93-7.33 (7H, m, 7 x Ar-CH), 7.59-741 (2H, m, 4 x Ar-CH), &¢ (101
MHz, CDCl;) 38.30 (C4-CH_), 38.87 (C4-C’H>), 51.15 (benzyl CH>), 52 08 (CS5-
C’H), 52.28 (C5-CH), 52.87 (C2—-C’H), 52.95 (C2-CH), 54.05 (benzyl C’'Hy), 62.30
(0-CH3), 63.95 (C3-C), 64.39 (O-C’H3), 64 70 (C3-C), 69 06 (O-CH;), 69.81 (O-
C'H;), 117.44 (C’H~=CH), 118.22 (CH>CH), 12129 (C’-Br), 121.67 (C-Br),
126.73 (Ar-CH), 126 89 (Ar-C’H), 127.76 (Ar-CH), 128.31 (Ar-CH), 128 45 (Ar-
C’H), 12968 (Ar-C'H), 129.84 (Ar-C’'H), 130.77 (Ar-CH), 13098 (Ar-C’H),
131 10 (Ar-CH), 132.17 (Ar-C), 132.46 (Ar-C’), 136 30 (Ar-C), 136 78 (CH=CH),
138 72 (Ar-C’), 139 62 (CH=C’H), 169.25 (C’=0), 171.77 (C’=0); m/z (EI) 459
(M, 16%), 457 (M", 16%), 398 (15), 366 (81), 302 (22), 222 (47), 195 (41), 159
(64), 106 (42), 92 (100), 65 (32); Accurate mass for CzH2NO, Br — 457 0888,
found — 457 0890
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N-Benzy}-2-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic acid

dimethyl ester (104)
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Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-benzyl-2-
(4-methoxy-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (104)
(0320 g, 79%) was prepared as a yellow-brown oil using N-benzyl-(4-
methoxybenzene) imine (0 230 g, 1.00 mmol) for 48 hours; Vaa(film)/cm™ 2950m,
2836w (CH str), 1731s (C=0), 1510s, 1432m, 1265s, 1199s, 1171s, 1033m, 923w,
845w, 745w, 701m, &y (250 MHz CDCl;) 212 (1H, dd, J=64 and 132, C4-
CH(H)), 261 (1H, dd, J=9 0 and 13 2, C4-CH(H)), 3.04 (3H, s, Ar-O-CHs), 3.25
(2H, m, Ar-CH2-N), 3.55 (1H, m, C2-N-CH), 3.66 (3H, s, 0-CH;), 3.72 (3H, s, O-
CH;), 378 (1H, m, C5-N-CH), 5.04-5.19 2H, m, CH~CH), 5.78 (1H, m,
CH=CH), 6.74 (2H, d, J=8 8, 2 x Ar-CH), 6 98 (2H, d, J=8 0, 2 x Ar-CH), 7 08-
725 (5H, m, 5 x Ar-CH); 5c (101 MHz; CDCls) 39.31 (C4-CH,), 53.10 (C2-CH),
53 94 (Ar-CHz-N), 55.58 (C5-CH), 64.52 (0-CH3), 70.20 (O-CH3), 113 52 (Ar-O-
CH;), 117.46 (CH=CH), 127.11 (Ar-CH), 127.89 (Ar-CH), 128.40 (Ar-CH), 128 73
(Ar-CH), 130.32 (Ar-CH), 131.66 (Ar-C), 136.85 (Ar-C), 140.37 (CH=CH), 159.36
(Ar-C-OMe), 170 07 (C=0), 172.42 (C=0); m/z (EI) 409 (M", 17%), 350 (16), 318
(53), 265 (21), 175 (100), 159 (41), 134 (19), 91 (80); Accurate mass for C2dHNOs
—409.1889, found — 409.1892.

Microwave Procedure

Prepared following the general microwave procedure for compound (85), N-benzy!-
2-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-3 3-dicarboxylic acid dimethyl ester
(104) (0360 g, 89%) was prepared as a yellow-brown oil using N-benzyl-(4-
methoxy-phenyl) imine (0 230 g, 1.00 mmol); Data as above.
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N,2-Dibenzyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (105)
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Prepared following the general thermal procedure for compound (81), N,2-dibenzyl-
5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (105) (0.270 g, 69%) was
prepared as a yellow oil using N-benzyl-benzyl imine (0 210 g, 1.00 mmol) for 48
hours; Vaed(film)/em™ 2954m, 2852m (CH str), 1732s (C=0), 1667s, 1644m,
1335m, 1264s, 1229s, 1076w, 920m, 873w, 753m, 699s; &, (250 MHz; CDCls) 2.14
(1H, dd, J=6 .4 and 13.2, C4’-C’(H)H), 2.67 (1H, dd, J=10 8 and 13 2, C4’-C’(H)H),
2.99 (24, s, benzyl CHy), 3.61 (3H, s, CH3-0), 3 67 (3H, s, CH5-0), 3.69 (2H, m,
CH>), 4.55 (1H, m, C2-CH), 4.92 (1H, m, C5-CH), 5.04-5.08 (2H, m, CH~=CH),
585 (1H, m, CH=CH), 6.81-7.89 (10H, m, 10 x Ar-H); 3¢ (101 MHz; CDCls)
31 87 (CHy), 39.43 (C4-CH,), 52.32 (O-CH;), 52.98 (O-CH3), 53.15 (C5-CH),
5425 (N-Bn CHy), 64.43 (C2-CH), 64.72 (C3-C), 117.52 (CH~=CH), 127.84 (Ar
CH), 128.54 (Ar CH), 128.75 (Ar CH), 129.25 (Ar CH), 129.36 (Ar CH), 136 90 (Ar
C), 139 84 (Ar-C), 140 29 (CH=CH), 169.89 (C=0), 172.37 (C=0), mv/z (EI) 393
(M, 1%), 379 (16), 320 (22), 288 (81), 236 (12), 207 (83), 144 (63), 105 (100), 77
(98), 51 (24), Accurate mass for CosHnNO4 —393.1940, found — 393.1949.




ester (106)
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
phenylethyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (106) (0.180 g,
43%) was prepared as a brown oil using N-benzyl-(phenyl-ethyl) imine (0220 g,
1.00 mmol) for 48 hours; Vu(film)/cm™ 2952m (CH str), 2361w, 1732s (C=0),
1651m, 1435s, 1267m, 1158m, 1096m, 1027w, 998w, 747m, 696s; 6n (250 MHz,
CDCls) 1.26-1.33 (2H, m, Ar-CH,-CH’,), 1.34-1.39 (2H, m, Ar-CH,-CH,), 1.98
(1H, dd, J=6.5 and 13.1, C4-CH(H)), 2.12 (1H, dd, J=11.1 and 13.1, C4-CH(H)),,
239 (1H, dd, J=6 5 and 13.1, C4-CH'(H)), 2 62 (2H, m, Ar-CH’»-CH), 2.79 (1H,
m, C2-CH), 2 94 (1H, dd, J=11.1 and 13.1, C4-CH(H")), 3.47 (2H, s, benzyl CH";),
3.58 (2H, m, Ar-CH,-CH>), 3.60 (3H, s, O-CH’3), 3.63 (2H, s, benzyl CH)), 3.66
(3H, s, 0-CH"3), 3 68 (1H, m, C2-CH’), 3.75 (3H, s, O-CHs), 3.78 (3H, s, O-CH:),
400 (1H, m, C5-CH), 4.29 (1H, m, C5-N-CH), 4.92-5.07 (2H, m, CH=CH",),
5 09-5 25 (2H, m, CH=CH,), 5.62 (1H, m, CH’=CH}), 5.75 (1H, m, CH=CH}), 7.01-
722 (20H, m, 10 x Ar CH’, 10 x Ar CH); 8¢ (101 MHz; CDCl;) 29 68 (Ar-CHo-
CH>), 3107 (Ar-CH>CH>), 3205 (Ar-CH:-C'Hy), 34.46 (C4-CH,), 36.09 (Ar-
C’H-CH3), 3927 (C4-C’H;), 50.85 (benzyl CHy), 52.52 (C5-C'H), 52.73 (C5-
CH), 52.75 (C2—CH), 53.02 (C2-C’H), 58.05 (benzyl C’'H,), 62.78 (O-CH3), 63.13
(C3-C’), 64 03 (0-CH3), 6627 (0-C’Hs), 66.51 (O-C’H,), 116.23 (C’H~=CH),
117.42 (CH=CH), 125.92 (Ar-CH), 126 43 (Ar-CH), 127.00 (Ar-CH), 128.12 (Ar-
CH), 128 26 (Ar-C’H), 128 36 (Ar-C’H), 128 45 (Ar-C’H), 128.50 (Ar-CH), 128 64
(Ar-C’H), 128.90 (Ar-C’H), 129.21 (Ar-C’H), 12925 (Ar-CH), 137.54 (Ar-C),
139.11 (Ar-C), 139 88 (Ar-C’), 140.53 (CH=C’H), 142.21 (CH=CH), 142.69 (Ar-

N-Benzyk2-phenylethyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid  dimethyl
C"), 169.83 (C’=0), 170.17 (C=0), 172.12 (C’=0), 172.13 (C=0), m/z (EI) 407
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(M', 2%), 344 (10), 302 (61), 200 (38), 168 (84), 153 (99), 121 (86), 91 (100), 71
(73), 59 (53); Accurate mass for — CosHxNO4 — 407.2096, found — 407 2106
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N-Benzyl-2-ethyl-5-viny}-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (107)
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
ethyl-5-vinyl-pyrrohdine-3,3-dicarboxylic acid dimethyl ester (107) (0.180 g, 53%)
was prepared as a yellow oil using N-benzyl-ethyl imine (0.150 g, 1.00 mmol) for 48
hours; Vae(filmYem™ 2951m, 2840w (CH str), 1734s (C=0), 1433m, 1262s,
1196m, 1136m, 1070m, 990w, 955w, 920w, 748w; &y (250 MHz;, CDCl;) 062
(3H, t, =74, CH;-CH’;), 0.72 (3H, t, J=7.4, CH,-CH>), 1.05 (1H, m, CH (H)-CH),
117 (1H, m, CH’ (H)-CHa), 1.50 (1H, m, CH(H)-CH:), 1.75 (1H, m, CH(H)-CHa),
224 (1H, dd, J=6.0 and 13.1, C4-CH(H")), 236 (1H, dd, J=11.1 and 13.1, C4-
CH’(H)), 2 51 (1H, dd, J=11.1 and 13.1, C4-CH(H)), 2.65 (1H, dd, J=6.0 and 13.1,
C4-CH(H)), 2.98 (1H, m, C5-CH"), 3.53 (1H, t, J=12.1, C2-CH), 3.55 (3H, s, O-
CHs), 3.59 (2H, s, benzyl CH.), 3.61 (3H, s, O-CH™), 3.66 (3H, s, 0-CH";), 3 68
(2H, s, benzyl CH',), 3.73 (3H, s, O-CHs), 3.96 (1H, m, C5-CH), 4.87-5.02 (ZH, m,
CH=CH’,), 5.13-520 (2H, m, CH=CH,), 5.59 (1H, m, CH'=CH,), 5 66 (1H, m,
CH=CH,), 7 09-7.24 (10H, m, 5 x Ar CH’, 5 x Ar CH); 8¢(10]1 MHz;, CDCl;) 10.11
(CH,-C'H3), 13.87 (CH-CH3), 21.07 (CH-CHs), 26.41 (CH’>-CH3), 37.34 (C4-
CHy), 39 21 (C4-C’Hy), 52 26 (C5-CH), 52.49 (C5’-C’H), 52.79 (C2’-CH), 5292
(C2’—C’H), 55 47 (CH:), 58.10 (C'H,), 62.84 (C3°-C’), 64 00 (C3-C), 65.16 (O-
CH3), 66 26 (O-CH3), 68.02 (0-C’H3), 7031 (O-C’Hs), 115 91 (C’H,=CH), 116 50
(CH=CH), 126 78 (Ar-C’H), 127.73 (Ar-C’'H), 128.03 (Ar-C’'H), 128.57 (Ar-CH),
12944 (Ar-CH), 12991 (Ar-CH), 13847 (Ar-C), 139.90 (Ar-C’), 140.12
(CH=CH), 140.65 (CH=C’H), 169.89 (C=0), 17013 (C’=0), 172.19 (C’=0),
17232 (C=0); m/z (EI) 331 (M, 2%), 302 (88), 272 (6), 240 (10), 145 (7), 91
(100), 65 (7), 55 (3); Accurate mass for C1oH,sNO4—331.1783, found —331 1789
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N-Benzyl-2-butyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (108)
\\(Xco ,Me \ ! COMe
3/~come  8:1 3 CO,Me
_\'—\__ é LN
Prepared following the general thermal procedure for compound (81), N-benzyl-2-
butyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (108) (0 240 g, 68%)
was prepared as a yellow oil using N-benzyl-butyl imine (0.180 g, 1.00 mmol) for 48
hours; Vme(filmycm™ 2953s, 2867m (CH str), 1734s (C=0), 1641w, 1453s, 1267s,
1197s, 1137s, 1076m, 990m, 921 m, 749m; 5y (250 MHz; CDCl3) 0.64 (3H, t, J=7.5,
aliphatic CH’;), 0.72 (3H, t, J=1.5, aliphatic CH:), 0.96-1.18 (12H, m, 3 x aliphatic
CH’,, 3 x aliphatic CHy), 2 24 (1H, dd, J=6.0 and 13.1, C4-CH(H"})), 235 (1H, dd,
J=11.1 and 13.1, C4-CH'(H)), 2.68 (1H, dd, J=6 0 and 13 1, C4-CH(H)), 2 82 (1H,
dd, J=11.1 and 13.1, C4-CH(H)), 2.96 (1H, m, C5-CH’), 3.30 (1H, m, C5-N-CH),
3 57 (1H, m, C2-CH’), 3.58 (2H, s, benzyl CH>), 3.60 (3H, s, 0-CH’3), 3 63 (3H, s,
0-CHs), 3 66 (3H, 5, 0-CH™3), 3 67 (3H, s, 0-CHs), 3 68 (2H, s, benzyl CH"»), 3 75
(1H, m, C2-N-CH), 4 87-5.02 (2H, m, CH=CH";), 5.08-5.23 (2H, m, CH=CH>),
5.59 (1H, m, CH’=CIh), 5.77 (1H, m, CH=CH3), 7.12-7.23 (10H, m, 5 x Ar CH’, 5
x Ar CH); &c¢ (101 MHz; CDCl5) 13.92 (C’H3), 15 68 (CH3), 22.91 (C’'Hy), 24 02
(CHy), 27.78 (C’H), 29.65 (CH), 3027 (CH>), 33.53 (C'Hy), 37.24 (C4-CHy),
3917 (C4’-CHy), 5063 (benzyl CH), 52.35 (C5*-C’H), 52.43 (C5-CH), 52.63
(C2-CH), 52.78 (C2’-C’H), 57.96 (benzyl C’H;), 62 87 (C3-C), 62.94 (C3*-C’),
63.51 (OCH;), 64.24 (O-CH;), 6621 (O-C'H;), 66.89 (O-C’'H;), 11594
(C’H>=CH), 11647 (CH~=CH), 126 64 (Ar-C’'H), 126 78 (Ar-C’'H), 127 89 (Ar-
CH), 128.00 (Ar-C’H), 128.30 (Ar-CH), 129.47 (Ar-CH), 139.53 (Ar-C), 139.79
(A1-C°), 140 16 (CH=CH), 140.66 (CH,=C’H), 169.90 (C’=0), 17204 (C=0),
172 18 (C’=0), m/z (EI) 359 (M", 2%), 328 (4), 303 (100), 268 (7), 174 (3), 145

(7), 124 (5), 91 (81), 65 (5), 41 (5); Accurate mass for C;H20NQy — 359 2096,
found — 359 2099,

Thermal Procedure




Stlica Procedure

Formed following the general silica enhanced procedure for compound (85), N-
benzyl-2-butyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (108) (0.270
g, 75%) was prepared as a yellow oil using N-benzyl-butyl imine (0.180 g, 1 00

mmol); Data as above




N-Benzyl-z—hexyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (109)

4 COMe 4 COMe

COMe 3 COMe

é\ é&

Prepared following the general thermal procedure for compound (81), N-benzyl-2-
hexyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (109) (0 280 g, 76%)
was prepared as a yellow oil using N-benzyl-hexyl imine (0 190 g, 1 00 mmol) for
48 hours; Vv (film)em™ 2912s, 2857s (CH str), 1753s (C=0), 1720s, 1434s,
1335w, 12225, 1195s, 1136m, 1075m; 8y (250 MHz, CDCI3) 0 76-1.71 (24H, m, 4
x CH,, 1 x CH; alkyl chain’, 4 x CHy, 1 x CHj alkyl chain), 1.99 (1H, dd, J=8 0 and
13 0, C4-C(H)H), 2.35 (1H, dd, J=8.0 and 13.0, C4’-C’(H)H), 2.86 (1H, dd, J=11.5
and 13 0, C4-C(H)H), 3.04 (1H, dd, J=11.5 and 13.0, C4-C’(H)H), 3 63 (3H, s, O-
CHs), 3.68 (3H, s, 0-C’Hs), 3.74 (3H, s, O-C’H;), 3.76 (3H, s, O-CH3), 3.80 (2H, m,
C5-CH, C5°C’H), 3 82 (2H, m, CH,), 4.29 (2H, m, C’'H>), 4.62 (1R, s, C2-CH),
494-5.11 (3H, m, CH=CH, C2’-C’H), 5.07-5 31 (1H, m, C’H,=CH), 5 64 (1H, m,
CH;=C’H), 5.92 (1H, m, CH=CH), 6.96-7.49 (10H, m, Ar-CH, Ar-C’'H); &8¢ (101
MHz; CDCI;) 14 40 (C'H3), 15 01 (CH3), 21.17 (CHg), 22.70 (C'Hz), 22.79 (CH2),
24.22 (C’H,), 25 67 (CH>), 28.30 (C'Hy), 28 83 (CHy), 30 16 (C'Hy), 31.69 (CH>),
32.11 (C’H>), 32 44 (CHy), 34.27 (C’Hy), 39.56 (CH; benzyl), 41.26 (C’H,), 51.06
(C4-CHy), 52.55 (C5’-C’H), 52.65 (C5-CH), 52.78 (C2-CH), 53.23 (C2’-C’H),
58.45 (C4’-C’Hy), 63.32 (C3-C), 64.71 (C3’-LC’), 66.64 (0O-C’'H3), 66 92 (O-CH3),
67.13 (O-CH;), 67.38 (O-C’H;), 116.20 (C’H,=CH), 116.78 (CH,=CH), 127 13 (Ar-
CH), 128 03 (Ar-C’'H), 128.25 (Ar-C’H), 128 36 (Ar-CH), 129.84 (Ar-C’'H), 130 25
(Ar-CH), 13994 (Ar-C), 14025 (Ar-C’), 140.56 (CH=CH), 141.09 (CH=C’H),
170 26 (C’=0), 170 51 (C=0), 172.42 (C=0), 172.56 (C’=0); m/z (EL) 387 (M,
8%), 342 (23), 328 (34), 303 (100), 282 (36), 138 (26), 91 (97), 65 (20), Accurate
mass for CxH3NOs - 387 2409 found — 387.2401.

Thermal Procedure
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Microwave Procedure
Prepared following the general microwave procedure for compound (85), N-benzyl-
2-hexyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (109) (0.270 g,

72%) was prepared as a yellow oil using N-benzyl-hexyl imine (0190 g, 100
mmol), Data as above
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N-Benzy}2-(2,2-dimethyl-[1,3]dioxolan-4-yl)-S-vinyl-pyrrolidine-3,3-
dicarboxylic acid dimethyl ester (112)

\ 4 COMe \ 4 COzMe
s\, COZMe 3 CO,Me
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Prepared following the general thermal procedure for compound (81), N-benzyl-2-
(2,2-dimethyl-[1,3 ]dioxolan-4-ylI)-S-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (112) (0 170 g, 42%) was prepared as a brown o1l using N-benzyl-
(2,2-dimethyl-[1,3]dioxolan-4-yl) imine (0220 g, 1.00 mmol) for 48 hours,
Vmax(film)em™ 3027m, 2952m (CH str), 1734s (C=0), 1643m, 1453m, 1370m,
1266s, 1154m, 1066m, 990w, 921w, 845w, 755w; ou (250 MHz, CDCl;) 1.07-1.20
(6H, m, C(CH’5)CH;, C(CH3)CH'3), 1.25-1.32 (6H, m, C(CH:)CH;, C(CH3)CHs),
212 (1H, dd, J=6.4 and 12.8, C4-CH(H)), 2.30 (1H, dd, J=6.4 and 12.8, C4-
CH’(H)), 2 39 (2H, s, benzyl CH’;), 2.53 (1H, dd, J=11.2 and 12 8, C4-CH(H")),
2.76 (1H, dd, J=11.2 and 12 8, C4-CH(H)), 2.96-3.04 (2H, m, diol CH’-CH), 3.31-
335 (2H, m, diol CH»CH), 3.39 (2H, s, benzyl CH,), 3.42 (2H, m, diol CH,-CH),
3 48 (2H, m, diol CH-CH), 3.57 (3H, s, O-CH’;), 3.71 (3H, s, O-CH;), 3 72 (3H, s,
0-CH’3), 3.80 (3H, s, O-CHs), 3.84 (1H, m, C5-CH’), 3.86 (1H, m, C5-CH), 3 92
(1H, m, C2-CH’), 4.63 (1H, m, C2-CH), 4 80-5 02 (2H, m, CH=CH’,), 5.05-5 19
(2H, m, CH=CH>), 5.50 (1H, m, CH’=CH,), 5.75 (1H, m, CH=CH,), 7 13-723
(10H, m, S x Ar CH’, 5 x Ar CH); 8¢(101 MHz; CDCI;) 24.49 (CH3), 24 71 (C'H3),
25,61 (CH3), 25.62 (C'H;), 37.77 (C4*-C’H,), 38.59 (C4-CHy), 51.41 (C5’-C’'H),
5144 (C5-CH), 52.04 (C2-CH), 52.11 (C2’-C’H), 58 05 (benzyl CH;), 59 04
(benzyl C’Hy), 61.04 (diol CH.), 61.65 (O-CH3), 64 86 (O-CH3), 65.02 (C3’-C),
65 38 (diol C’Hy), 65.93 (C3-L), 66.55 (0-C’H3), 67.95 (O-C'Hs), 75.76 (diol CH),
76.13 (diol C’H), 107 28 (diol C), 10794 (diol C’), 114.35 (C’H=CH), 114.52
(CH,=CH), 126.24 (Ar-CH), 126.64 (Ar-C’H), 126 87 (Ar-C’H), 127.02 (Ar-C’H),
12868 (Ar-CH), 12886 (Ar-CH), 13824 (Ar-C’), 13844 (Ar-C), 13927
(CH=C'H), 139.42 (CH=CH), 16735 (C=0), 167.66 (C’=0), 170.60 (C=0),

W

I
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170 63 (C’=0), m/z (E]) 403 (M, 1%), 388 (21), 314 (18), 303 (100), 242 (5), 212
(7), 153 (7), 101 (27), 91 (99), 65 (15); Accurate mass for — CoHsNOg — 403.1924,
found — 403.1923.




Section 3.05 — Tetrahydrofurans Formed

2-Phenyl-5-vinyl dihydro-furan-3,3-dicarboxylic acid dimethyl ester (239)

\\\(‘\ﬂcozue \L(“\)(cozaue
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General Procedure

To a solution of benzaldehyde (0.110 g, 1.00 mmol), zinc bromude (0 460 g, 2.00
mmol) and Pd(PPhs); (0.110 g, 0.100 mmol) in THF (10 mL) was added a 2-
vinylcyclopropane-1,1-dicarboxylic acid (62) (0.190 g, 1 00 mmol) This mixture
was stirred for 48 h at 35 °C, the solvent was evaporated in vacuo and the residue
partitioned between EtOAc (30 mL) and distilled water (30 mL). The organic layer
was separated and washed with aq. HCl (1M 2 x 30 mL), saturated NaHCO; solution
(30 mL), and saturated brine solution (2 x 30 mL). The organic layer was dried using
MgSOy;, filtered and concentrated i vacuo to afford the crude pyrrolidine product as
a dark brown heavy oil. This was then purified using column chromatography (SiO-,
EtOAcP.E. 40-60, 1:4, Ry - 0.35) to yield 2-phenyl-5-vinyl-dihydro-furan-3,3-
dicarboxylic acid dimethyl ester (240) (0 21 g, 72%) as a yellow oil; v (film)/cm™
2951m (CH str), 1732s (C=0), 1433m, 1271s, 1206s, 1051m, 928m, 752m, 700m;
811 (250 MHz; CDCl3) 2.21 (1H, dd, J=6.0 and 13.3, C4-CH(ID), 2.51 (1H, dd, J=6 0
and 13 3, C4"-CH’(H)), 2.77 (14, dd, J=10 3 and 13.3, C4’-CH(H")), 3.03 (1H, dd,
J=10.3 and 13.3, C4-CH(H)), 3.11 (3H, s, O-CH"3), 3.16 (3H, 5, O-CHs), 3.76 (3H,
s, 0-CHs), 3 81 (3H, s, 0-CH"3), 4.41 (1H, m, C5’-CH’), 4 88 (1H, m, C5-CH),
5.19-5 29 (1H, m, CH’>=CH), 5.36-5.43 (1H, m, CH,=CH), 5.69 (1H, s, C2’-CH’),
5.79 (1H, s, C2-CH), 5.89 (1H, m, CH=~CH’), 6.10 (1H, m, CH,=CH), 7.25-7.30
(5H, m, 5 x Ar-CH), 7.39-7 41 (SH, m, 5 x Ar-CH’), 3¢ (101 MHz; CDCL) 40.35
(C4—C’H,), 40 52 (C4-CH>), 52.18 (C5°-C’H), 52.18 (C5—CH), 52.83 (C2’-C’H),
5298 (C2-CH), 65.71 (C3-C), 66.19 (C3’-C’), 7924 (O-C’H;), 79 96 (O-CHy),
83.49 (O-CHs), 84 22 (O-C’H3), 116.12 (CH,=CH), 117.71 (C’H,=CH), 126.51 (Ar-
CH), 126.96 (Ar-CH), 127.81 (Ar-C’H), 127.87 (Ar-C’H), 128.00 (Ar-CH), 128.13
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(Ar-C’H), 136 46 (CH,=C’H), 137.77 (CH,=CH), 138.14 (Ar-C’), 138 26 (Ar-C),
168 97 (C’=0), 169.13 (C=0), 170.41 (C=0), 171.22 (C’=0); m/z (EI) 290 (M,
10%), 236 (68), 230 (17), 184 (55), 152 (74), 124 (55). 115 (42), 105 (100), 77 (42),
59 (35); Accurate mass for CigHi30s —290.1154, found - 290.1150.
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S-Vinylk-dihydro-furan-2,3 3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester

(241)
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Prepared following the general thermal procedure for compound (240), S-vinyl-
dihydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (242) (0 290
g, 96%) was prepared as a yellow oil using ethyl glyloxalate (0.100 g, 1.00 mmol)
for 16 hours, v.,,,.,q;(ﬁlm)/cm’I 2957m, 2906m, 2341w (CH str), 17405 (C=0), 1646w,
1436s, 1395m, 1373m, 1205s, 1115m, 1070m, 1025m, 934m, 848w, 784w, 755w;
oy (250 MHz; CDCl;) 1.11-1.13 (3H, m, O-CH,-CHs), 1.14-1.15 (3H, m, O-CHz-
CH;), 2.20 (1H, dd, J=6.8 and 13.2, C4-C(H)H), 2.48 (1H, dd, J=6.8 and 132,
C4-C’(ID)H), 2 55 (1H, dd, J=7.6 and 13.2, C4’-C’(H)H), 2.82 (1H, dd, J=7 6 and
13 2, C4-C(H)H), 3.37 (2H, m, O-CH-CHa), 3.58 (3H, s, O-CH3), 3.59 (3H, s, O-
C’Hs), 3.65 (3H, s, O-C’'H3), 3 69 (3H, s, 0-CH3), 4.01-4.07 (2H, m, O-C'H,-CH,),
4 40 (1H, m, C5’-0-C’H), 4.86 (1H, m, C5-0-CH), 4.88 (1H, s, C2-0O-CH), 4.99-
507 3H, m, C’H,=CH, C2-0-C’H), 5.13-5.18 (2H, m, CH=CH), 562 (1H, m,
CH=C’H), 5 67 (1H, m, CH;=CH); &c (101 MHz; CDCl3) 14 36 (O-CH;-C'H3),
14 39 (O-CH>-CH3), 39 48 (C4’-C’H3), 39.94 (C4-CH>), 53 44 (C5'-C’H), 53 50
(C5-CH), 53.71 (C2—-CH), 53.87 (C2’-C’H), 61.79 (0-CH,-CH3), 61 83 (O-C’'H»-
CHs), 64.45 (C3’-C’), 64.80 (C3-C), 80.93 (O-C’'H;), 81.35 (O-CHs), 81.42 (O-
CH;), 81 64 (O-C’H;), 117.19 (C’H=CH), 118.30 (CH;~CH), 137.26 (CH=CH),
137.30 (CH=C’H), 168.22 (C=0), 168.70 (C’=0), 169.80 (C=0), 169 82 (C’=0),
170.06 (C=0), 170.14 (C’=0), m/z (EI) 286 (M", 1%), 227 (18), 181 (20), 153
(100), 145 (11), 121 (58), 84 (37), 59 (32), 49 (32), Accurate mass for C;3H;507 —
286 1053, found - 286.1048.
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2-Pentyl-5-vinyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester (243)
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Prepared following the general thermal procedure for compound (240), 2-pentyl-5-
vinyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester (244) (0.210 g, 72%) was
prepared as a yellow oil using hexanal (0.100 g, 1.00 mmeol) for 48 hours;
v.,,;,x(ﬁlm)/cm'l 2953m (CH str), 2859m, 1736s (C=0), 1434m, 1264s, 1204m,
1159m, 1076m, 1026m, 925w, 811w, 677w; &1(250 MHz; CDCls) 0.79-1.52 (22H,
m, 11 x CH alkane chain, 11 x CH’ alkane chain’), 201 (1H, dd, J=6 5 and 13 2,
C4-CH(H)), 2.36-2 44 (2H, m, C4’-CH(H"), C4’-CH’(H)), 2.79 (1H, dd, J=6 5 and
13.2, C4-CH(H)), 3 66 (3H, s, 0-CHs), 3.67 (3H, s, O-CH"»), 3.67 (34, s, O-CHs),
3 69 (3H, s, 0-CH’3), 4.17-4 27 (4H, m, CH=CH,, C5-CH, C2-CH), 4 38 (1H, m,
C2-CH’), 4.63 (1H, m, C5’-CH’), 5.04-5.23 (2H, m, CH=CH’,), 5.77 (1H, m,
CH=CH,), 588 (1H, m, CH’=CH,); ¢ (101 MHz CDCl) 13.86 (CHs), 13.98
(C'H), 22 27 (C’Hy), 22.38 (C'Hy), 26.41 (C'Hy), 26.51 (CHy), 28 24 (C’Hy), 29 54
(CH>), 30 29 (CHy), 30.59 (CH3), 31 48 (C4-CH,), 40 20 (C4’-C’H3), 45 09 (C5’-
C’'H), 52.46 (C5-CH), 52.61 (C2’-C’H), 52.70 (C2-CH), 63.44 (C3-C), 63.50
(C3°-C"), 78 12 (0O-CH3), 78 86 (0-C’H;), 81 97 (0-CHj), 82 86 (O-C'Hj), 115 40
(CH=CH), 117.17 (C’'H~=CH), 13746 (CH>CH), 138.51 (CH=CH), 169.72
(C=0), 169.94 (C’=0), 170.37 (C=0), 170.97 (C’=0); m/z (EI) 284 (M", 8%), 225
(29), 215 (65), 183 (52), 174 (76), 153 (100), 132 (42), 121 (59), 99 (27), 59 (37),
Accurate mass for CysH/05 — 284.1623, found — 284.1621.
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5-Vinyl4,5-dihydro-|2,3’|bifurany}-3,3-dicarboxylic acid dimethyl ester (245)
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Prepared following the general thermal procedure for compound (240), 5-vinyl-4,5-
dihydro-[2,3’]bifuranyl-3,3-dicarboxylic acid dimethyl ester (246) (0 150 g, 54%)
was prepared as a yellow oil using 3-furaldehyde (0.100 g, 1.00 mmol) for 48 hours,
Vas(film)em™ 2921m (CH str), 2849m, 1733s (C=0), 1653m, 1436m, 1261m,
1159m, 1068m, 1018m, 920w, 873w, 700w; &u (250 MHz; CDCl,) 2.16 (1H, dd,
J=6 4 and 13.2, C4’-CH’(H)), 2.42 (1H, dd, J=10 2 and 13 2, C4-CH(H)), 2.54 (1H,
dd, J=10.2 and 13 2, C4’-CH(H")), 2.90 (1H, dd, J=6.4 and 13.2, C4-CH(H)), 3 09
(1H, m, C5’-0-CH’), 3.29 (3H, 5, O-CH"3), 3.31 (3H, s, 0-CH:), 3 49 (1H, m, C5-
0-CH), 3.63 (3H, s, 0-CH’3), 3.70 (3H, s, 0-CHs), 4.44 (1H, s, C2’-CH), 4.77 (1H,
s, C2-CH), 5.02-5 31 (4H, m, CH=CH’;, CH=CH,), 5.69 (1H, m, CH’=CH}), 5 95
(1H, m, CH=CH,), 7.05-7.28 (6H, m, 3 x Ar-CH, 3 x Ar-CH’); d&c (101 MHz;
CDCls) 49.94 (C4’-C’Hy), 51.19 (C5-CH), 51.46 (C2—CH), 51.74 (C5’-C’H), 51 88
(C2’-C’'H), 53.17 (C4-CH,), 59.51 (O-CH:), 61.84 (0O-C’H;), 62.18 (O-C’Hy),
6226 (C3-C), 6247 (C3’-C’), 63.53 (0-CHs), 11601 (C’H;=CH), 116.14
(CH:=CH), 123 23 (Ar-C"), 125.63 (Ar-C’H), 125.76 (Ar-C’H), 126 70 (Ar-CH),
12704 (Ar-C’H), 12723 (Ar-CH), 128.72 (Ar-CH), 135.92 (Ar-C), 13822
(CH=CH), 138 83 (CH=C'H), 168.18 (C'=0), 168 69 (C=0), 17047 (C’=0),
170 79 (C=0); m/z (EI) 280 (M", 64%), 194 (14), 184 (34), 152 (69), 124 (61), 108
(58), 95 (100), 71 (62), 59 (85), 41 (38); Accurate mass for C14H;606 — 280 0947,
found — 280.0948.
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5-Vinyl-4,5-dihydro-[2,2’]|bifuranyl-3,3-dicarboxylic acid dimethyl ester (246)
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Prepared following the general thermat procedure for compound (240), 5-vinyl-4,5-
dihydro-[2,2"]bifuran-3,3-dicarboxylic acid dimethyl ester (247) (0.080g, 27%) was
prepared as a yellow o1l using 2-furaldehyde (0.100 g, 1.00 mmol) for 48 hours,
Vue{filmyem™ 2952m (CH str), 1733s (C=0), 1501w, 1434m, 1273s, 1160m,
1048m, 1019m, 930w, 874w, 795w; &u (250 MHz; CDCL) 2.13 (1H, dd, J=6.4 and
13 3, C2-CH(H)), 2 47 (1H, dd, J=6.4 and 13.3, C4’-CH’(H)), 2.61 (1H, dd, J=10 0
and 13.4, C4’-CH(H")), 2.89 (1H, dd, J=10 0 and 13 4, C4-CH(H)), 3 35 (3H, s, O-
CH’;), 3.40 (3H, s, 0-CHs3), 3.70 (3H, s, 0-CH’53), 3.73 (3H, s, 0-CH3), 4 27 (1H, m,
C5-CH), 4 89 (1B, m, C5°-CH"), 5.15-5.30 (4H, m, CH=CH’;, CH=CH?>), 5 49 (1H,
s, C2°-CH’), 5 61 (1H, s, C2-CH), 5.79 (1H, m, CH=CH,), 5.95 (1H, m, CH'=CH,),
628-6 30 (2H, m, Ar-O-CH, Ar-O-CH), 7.19-7.37 (4H, m, 2 x Ar-CH, 2 x Ar-
CH’); 6¢c (101 MHz, CDCL) 38 66 (C4—CHy), 39.92 (C4’-C’H»), 52 35 (C5-CH),
52 40 (C5-C’H), 52.79 (C2’-C’H), 52.96 (C2-CH), 65.18 (C3-C), 65.27 (C3°-C),
7761 (O-CH;), 78.03 (O-C’Hs), 79.13 (O-C’H3), 7928 (0O-CH;), 11601
(CH=CH), 117.78 (CH=CH), 122.75 (Ar-C’), 122.81 (Ar-C), 136.65 (CH=C’H),
138 09 (CH>=CH), 139.53 (Ar-C’H), 140.50 (Ar-C’H), 140.75 (Ar-CH), 141.67 (Ar-
C’H), 142.46 (Ar-CH), 142.71 (Ar-CH), 16907 (C’=0), 169 17 (C=0), 17016
(C=0), 170 85 (C’=0); m/z (EI) 280 (M*, 100%), 194 (16), 184 (39), 152 (77), 124
(58), 108 (59), 95 (82), 71 (44), 59 (47); Accurate mass for CisH;0s — 280.0947,
found — 280 0947.
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2-Thiophen-3-y}-S-vinyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester

(247)
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Prepared following the general thermal procedure for compound (240), 2-thiophen-
3-yl-5-vinyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester (248) (0.150 g,
49%) was prepared as a yellow o1l using thiophene-3-carboxaldehyde (0 110 g, 1 00
mmol) for 48 hours; Vma(film)em™ 2950m (CH str), 1731s (C=0), 1434s, 1271s,
1205s, 1135m, 1050s, 928m, 868w, 815w, 784m; &y (250 MHz, CDCI:) 2.13 (1H,
dd, J=6.4 and 13 6, CA-CH(H)), 2.44 (1H, dd, J=6.4 and 13.6, C4’-CH’(H)), 2 65
(1H, dd, J=10 0 and 13.6, C4-CH(H")), 2.93 (1H, dd, }=10.0 and 13 6, C4-CH(H)),
3.19 (3H, s, 0-CH’3), 3.23 (3H, s, O-CH3), 3.70 (3H, s, O-CH:), 3.73 (3H, s, O-
CI3), 431 (1H, m, C5'-CH), 4.92 (1H, m, C5-CH), 5.17-5.33 (4H, m, CH=CH’,,
CH=CH,), 5 64 (1H, s, C2’-CI), 5.72 (1H, s, C2-CH), 5.87 (1H, m, CH=CH)),
599 (1H, m, CH'=CHy), 6.99-7 23 (6H, m, 3 x Ar-CH, 3 x Ar-CH’), c(101 MHz;
CDCly) 38 80 (C4*-C’H,), 40.19 (C4-CHy), 52.39 (C5°-C’H), 52.48 (C5-CH),
52.80 (C2-CH), 52.95 (C2’-C’H), 56.39 (C3-C), 63.99 (C3’-C"), 79 18 (O-C’Hy),
79.51 (O-CH;), 8054 (O-CH), 81.07 (0-C’Hh), 11602 (CHy=CH), 117.59
(C'H=CH), 122.70 (Ar-C’H), 123 40 (Ar-C’H), 124 47 (Ar-C’'H), 124.96 (Ar-CH),
125.02 (Ar-CH), 126.53 (Ar-CH), 127.93 (CH=C'H), 13662 (Ar-C’), 13813
(CH,=CH), 138.94 (Ar-C), 169.04 (C’=0), 169.16 (C=0), 170.24 (C=0), 171 00
(C’=0), m/z (EI) 296 (M, 100%), 276 (10), 210 (22), 184 (32), 152 (74), 124 (70),
111 (34), 93 (23), 71 (46), 59 (43); Accurate mass for C14H;60sS — 296.0718,
found — 296 0719.
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Section 3.06 — Pyrrolidines Derived from Ethyl Carbonate Imines

N-(4-Methoxy-phenyl)-5-vinyl-pyrrolidine-2,3 3-tricarboxylic acid 2-ethyl ester

3,3-dimethyl ester (122)
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Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-(4-
Methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (122) (0.380 g, 97%) was prepared as a orange-brown crystalline
solid using N-(4-methoxybenzene)-ethyl ester imine (0.21¢ g, 1 00 mmol) for 16
hours, Vme(film)cm™ 2954m, 2836w (CH str), 1741s (C=0), 1513s, 1354m, 1257s,
1178s, 1072m, 1036m, 994w, 973w, 931w, 865w, 816w, 783m; 0&u (250 MHz;
CDCl) 0 76-1 25 (3H, m, O-CH»-CH3), 2.44 (1H, dd, J=1.2 and 13.2, C4-CH(H)),
312 (1H, dd, J=96 and 12.8, C4-CH(H)), 3.62 (3H, s, O-CHs), 3.63 (3H, s, O-
CHs), 3.64 (3H, s, 0-CHs), 3.894.03 (3H, m, O-CHCHs), 4 37 (1H, m, C5-CH),
435-518 (2H, m, CH~=CH), 521 (1H, s, C2-CH), 5 61 (1H, m, CH;=CH), 6 51
(2H, d, J=9.0, 2 x Ar CH), 6 67 (2H, d, 90, 2 x Ar CH); &c (101 MHz; CDCl;)
14 42 (O-CH,-CH3), 37.55 (C4-CH,), 53.50 (C5-CH), 53.55 (C2-CH), 55 88 (O-
CHy), 60.25 (0O-CH3), 61 62 (O-CH-CHs), 62.01 (C3-C), 67.26 (O-CH3), 114.85
(Ar-CH), 115.39 (Ar-CH), 11569 (CH,=CH), 139.15 (CH~=CH), 139 82 (Ar-C),
152 48 (Ar-C), 168 42 (C=0), 169 86 (C=0), 171 13 (C=0); m/z (EI) 391 (M",
93%), 332 (31), 318 (100), 259 (43), 200 (29), 134 (49), 108 (23), 84 (53), 49 (62),
Accurate mass for C20H;sNO7—391.1631, found —391.1633.

Microwave Procedure

Prepared following the general microwave procedure for compound (85), N-(4-

methoxy-phenyl)-S-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-




dimethyl ester (122) (0.360 g, 91%) was prepared as a orange-brown crystalline
solid using N-(4-methoxybenzene)-ethyl ester imine (0 210 g, 1.00 mmol), Data as

above

Silica Procedure

Formed following the general silica enhanced procedure for compound (85), N-(4-
methoxy-phenyl)-S-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (122) (0.340 g, 94%) was prepared as a yellow-brown oil crystalline
solid using N-(4-methoxybenzene)-ethyl ester imine (0 210 g, 1 00 mmol) for 45

minutes; Data as above.
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N-(2,4-Dimethoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl
ester 3,3-dimethyl ester (123)

MeO

Prepared following the general thermal procedure for compound (81), N-(2,4-
dimethoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (123) (0.410 g, 94%) was prepared as a brown oil using N-(2,4-
dimethoxybenzene)-ethyl ester imine (0.240 g, 1.00 mmol) for 48 hours;
Vaex(film)cm™ 2955s, 2838m, 2365w (CH str), 1740s (C=0), 1611s, 1586m, 1508s,
1437s, 1208s, 1159s, 1031s, 926m, 834m, 731m; 5;1(250 MHz; CDCl5) 0 89 (3H, t,
J=7.1, O-CH,CH3), 2.37 (1h, dd, J=5.5 and 13.3, C4-C(H)H), 3.00 (1H, dd, J=8 9
and 13.3, C4-C(HDH), 3.62 (3H, s, O-CH3), 3 65 (3H, s, O-CHs), 3.73 (3H, s, O-
CHa), 3 76 (3H, s, O-CH;), 3.79 (2H, m, O-CH,CHj3), 4.90 (1H, m, C5-CH), 4.93-
512 (2H, m, CH=CH), 5 42 (1H, s, C2-CH), 5.52 (1H, m, CH,=CH), 6.27 (1H, dd,
J=2.7 and 8.7, Ar-H), 6.34 (1H, d, ]=2.7, Ar-H), 6.71 (1H, d, J=8.8, Ar-H); 5c(101
MHz; CDCl;) 13.96 (O-CH,-CH3), 37.18 (C4—CH), 52 64 (C5-CH), 53 20 (C2-
CH), 5501 (O-CH:), 5566 (O-CH:), 6028 (O-CH-CHj), 60 62 (O-CHy), 61 64
(C3-C), 67.70 (O-CHs), 99 90 (Ar-CH), 103.39 (Ar-CH), 116.71 (CH~CH), 124 61
(Ar-CH), 127.24 (Ar-C), 139.26 (CH;=CH), 153.73 (Ar-C), 156.02 (Ar-C), 169 02
(C=0), 170.09 (C=0), 170.11 (C=0), m/z (EI) 421 (M", 16%), 362 (6), 348 (100),
213 (14), 153 (41), 138 (29), 121 (15), 84 (16), 59 (13); Accurate mass for
CnHxNO3 - 421.1737, found - 421.1730.
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N-(1-Phenyl-ethyl)-S-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-

dimethyl ester (139)
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Prepared following the general thermal procedure for compound (81), N-(1-phenyl-
ethyl)-5-vinyl-pyrrolidine-2,3 3-tricatboxylic acid 2-ethyl ester 3,3-dimethyl ester
(139) (0 070 g, 18%) was prepared as a yellow-brown oil using N<(1-phenyl ethyl}-
ethyl ester imine (0.210 g, 1.00 mmol) for 48 hours; Vma(film)Yem™ 2979m, 2955m
(CH str), 1963w, 1738s (C=0), 1643w, 1602w, 1453s, 1372m, 1266s, 1236s,
1196m, 1095m, 1074m, 1029m, 962m, 838w, 765w; ou (250 MHz; CDCl;) 1.21
(GH, m, C’H;), 1 26 (3H, m, CH;), 2.31 (1H, dd, J=6 0 and 12.8, C4-C(H)H), 2 46
(1H, dd, J=6 0 and 12.8, C4’-C’(H)H), 2 48 (1H, dd, J=9 8 and 12 8, C4’-C’(H)H),
290 (1H, dd, J=9 8 and 12.8, C4-C(EDH), 3.42 (1H, m, C5’-C’H), 3.52 (3H, s, O-
C'Hy), 3 54 (3H, 5, 0-CHz), 3.55 (3H, 5, 0-CH3), 3.57 (3H, s, 0-C’Hs), 3 66 (2H, m,
0-C’'H-CHs), 3.69 (1H, m, C’'H), 3.96 (2H, m, O-CH,-CH3), 4.23 (1H, s, C2-CH),
427 (1H, s, C2’-C’H), 4.52 (1H, m, C’'H), 4.56-4.78 (2H, m, CH,=CH), 4.96-5 08
(2H, m, C’H,=CH), 545 (1H, m, CH,=CH), 5.76 (1H, m, CH=C'H), 714-723
(10H, m, 5 x Ar-CH, 5 x Ar-C’H); &c (101 MHz; CDCI;) 1504 (C'Hs), 1768
(CHs), 22.25 (0-CH,-C’Hy), 24.23 (O-CHCH3), 39.42 (C4™-C’Hy), 44.51 (C4-
C’Hy), 53.11 (C5°—C’H), 53.15 (C5-CH), 53.59 (C2-CH), 53 66 (C2’-C’H), 55 46
(CH), 56 52 (C’H), 60.96 (0-C’Ho-CH;), 61.19 (O-CH»CH;), 6287 (C3’-C"),
63 00 (C3-C), 63 68 (O-CH:), 63 99 (0-C’Hs), 65.18 (O-CHy), 67.42 (O-C’Hy),
116 26 (C’H=CH), 116 87 (CH,=CH), 127.22 (Ar-CH), 127 37 (Ar-C’'H), 127 83
(Ar-C’H), 128.11 (Ar-CH), 128.18 (Ar-C’H), 128.50 (Ar-CH), 141.29 (CH=CH),
141 99 (CH,=C’H), 14331 (Ar-C), 143.55 (Ar-C"), 169 01 (C=0), 169.08 (C’=0),
170 41 (C=0), 170.72 (C’=0), 172.93 (C=0), 173.38 (C’=0), m/z (EI) 389 (M,
1%), 316 (64), 212 (56), 153 (8), 105 (100), 91 (10), 77 (9); Accurate mass for
C21H2NOs — 389.1838, found —389.1841.
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5-Vinyl-pyrrolidine-1,2,3,3-tetracarboxylic acid N-fert-butyl ester 2-ethyl ester
3,3-dimethyl ester (126)
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Prepared following the general thermal procedure for compound (81), S-vinyl-
pyrrolidine-1,2,3,3-tetracarboxylic acid N-fert-butyl ester 2-ethyl ester 3,3-dimethyl
ester (126) (0 180 g, 47%) was prepared as a yellow o1l using N-fert-butyl ester ethyl
ester imine (0200 g, 1.00 mmol) for 48 hours; Vm(film)em™ 3369s, 2978s (CH
str), 1745s (C=0), 1682s, 1509s, 1367s, 1245s, 12125, 1154s, 1060s, 1025s, 985m,
i (250 MHz; CDCL) 1.25 (6H, m, 0-CH,-CH’3, O-CH,-CHs), 1.40 (18H, m, 9 x
C(CH’3)3, 9 x C(CHs)3), 2.29 (1H, dd, J=6.4 and 13.2, CACH(H)), 2 49-2.72 (2H, m,
C4-CH’(H), C4’-CH(H')), 2 99 (1H, dd, J=10.0 and 13 2, C4-CH(H)), 3 68 3H, s,
0-CH’3), 3.70 (3H, 5, 0-CH™), 3.71 (3H, 5, 0-CH:), 3.75 (3H, s, O-CH3), 4 08433
(4H m, O-CH,-CHs, O-CH’>-CH), 4 45 (1H, m, C5-CH), 4.83 (1H, m, C5’-CH),
5.01 (1H, s, C2-CH), 5.20 (2H, m, CH=CH";), 5.27 (1H, s, C2’-N-CH’), 5 34-5 50
(2H, m, CH=CH,), 5.74 (14, m, CH=CH), 5.97 (1H, m, CH’=CH,); 3. (101 MHz;
CDCl;) 13.99 (O-CH,-C’H3), 14.97 (O-CH-CH3), 28.19 (C(CHs)s), 39.10 (C4’—~
C’Hy), 39.54 (C4-CHb), 52.50 (C5-CH), 52.99 (C2-CH), 53.05 (C5’—C’H), 53 43
(C2’-C’H), 61.39 (O-CH-CHs), 62.13 (0-C’H-CHs), 64.08 (C3-C), 64.43 (C3’-
C’), 8036 (C(CHs);), 80 52 (0O-CHs), 80.98 (O-C'H;), 81.01 (O-C’Hs), 8127 (O-
CHs), 88.90 (C’(CHs)3), 117.80 (CH=CH), 118.61 (C'H,=CH), 132.92 (CHz=CH),
136 93 (CH,=C’H), 167.71 (C=0), 167 80 (C’=0), 168.29 (C=0), 168.48 (C’=0),
169 41 (C’=0), 169,65 (C’=0), 169 73 (C=0), 169.93 (C=0), m/z (EI) 385 (M",
1%), 284 (10), 213 (21), 189 (25), 153 (33), 133 (33), 89 (30) 57 (100) 41 (20);
Accurate mass for C;gH»NO,4 - 385.1736, found —385 1747,
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N-(2-Cyano-phenyl)-S-vinyl-pyrrolidine-2,3 3-tricarboxylic acid 2-ethyl ester
3.3-dimethyl ester (127)

Prepared following the general thermal procedure for compound (81), N-(2-cyano-
phenyl) -5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethy! ester
(127) (0.230 g, 58%) was prepared as a yellow oil using N{2-cyano-phenyl)-ethyl
ester imine (0.200 g, 1.00 mmol) for 48 hours; Vma(film)em™ 2983w (CH str),
2342m (C=N), 1740s (C=0), 1629m, 1604m, 1577m, 1371w, 1314m, 12825,
1231m, 1088, 1020m, 848w, 752m, 668w; 8y (250 MHz; CDCl3) 1 17-1 22 (6H, m,
0-CH,-C'H;, 0-CH,-CH3), 2.34 (1H, dd, J=6 8 and 13.2, C4’-C’(H)H), 2.55 (1H,
dd, 1=6 8 and 13.2, C4-C(HDH), 2 67 (1H, dd, J=10.0 and 13.2, C4’-C’(H)H), 2.78
(1H, dd, J=10 0 and 13.2, C4-C(H)H), 3.66 (3H, s, O-C'H,), 3.68 (3H, s, O-C'Hs),
3.72 (3H, s, O-CH:), 3.76 (3H, s, O-CH3), 4.15 (1H, m, C5’-C’H), 4 08-4 16 (2H,
m, 0-C’'H,-CHs), 4 21-4.26 (2H, m, O-CH,-CH3), 4 76 (1H, m, C5-CH), 4.96 (1H,
s, C2-CH), 5.07-5.14 (3H, m, CH,=CH, C2’-C’H), 5.20-5.26 (2H, m, C’H~=CH),
571 (1H, m, CH=CH), 5.92 (1H, m, CH~CH), 6.65-6.81 (4H, m, 4 x Ar-CH),
720-7 41 (4H, m, 4 x Ar-C’H); 3¢ (101 MHz; CDCl3) 12.99 (O-CH2-CH3), 13 05
(0-CHC’H3), 38.17 (C4-C’'H,), 38.61 (C4-CH,), 52.06 (C5°-C’H), 52.13 (C5-
CHB), 52 34 (C2-CH), 52.49 (C2™-C’H), 60.47 (0-CH,-CH3), 62 06 (0-C’'H,-CH,),
63 30 (C3°-C’), 65 86 (C3-C), 111.38 (C=N), 114.15 (C’=N), 115 84 (Ar-C’-C=N),
116.02 (Ar-C-C=N), 116.98 (C’'H~=CH), 117.25 (C’'H;=CH), 118.11 (Ar-CH),
127.55 (Ar-C’H), 131.34(Ar-CH), 132.08 (Ar-C’'H), 132.98 (Ar-CH), 133.35 (Ar-
C’H), 135 93 (CH=C'H), 135.96 (CH,=CH), 145.93 (Ar-C), 167.39 (C’=0), 168 49
(C'=0), 168.78 (C’=0); m/z (EI) 286 (M", 6%), 227 (63), 213 (25), 181 (62), 153
(100), 118 (99), 91 (78), 59 (99); Accurate mass for C5H2N,0s — 386.1478, found
— 386 1487.

203




N-(Toluene-4-sulfonyl)-5-vinyl-pyrrolidine-2,3,3-fricarboxylic acid 2-ethyl ester
3,3-dimethyl ester (128)

Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-(toluene-4-
sulfonyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester
(128) (0.250 g, 56%) was prepared as a white crystalline sold using N-tosyl-ethyl
ester imine (0.260 g, 1.00 mmol) for 96 hours; Vuu(film)/cm™ 2955m (CH str),
1742s (C=0), 1436s, 1350s, 1267s, 11665, 1093s, 1028m, 931m, 815m, 664s, du
(250 MHz; CDCl;) 1.15 (3H, t, J=7.3, 0-CH,-CHa), 2.34 (3H, s, Ar-CH3), 2.54 (1H,
dd, J=100 and 13.2, C4-CH(H)), 2.67 (1H, dd, J=6.8 and 13.2, C4-CH(H)), 3 61
(3H, s, O-CHs), 3 64 (3H, s, O-CH3), 4.05-4.15 (2H, m, O-CH,-CH;), 4 14 (1H, m,
C5-CH), 5.00-5.17 (3H, m, C2-CH, CH,=CH), 5.74 (1H, m, CH~CH),7.21 (2H, d,
2 x J=8.3, Ar-CH), 7.63 (2H, d, J=8 3, 2 x Ar-CH); 8¢ (101 MHz; CDCl;) 14.27 (O-
CH-CH;), 2188 (Ar-CH3), 39.02 (C4-CH), 53 56 (C5-CH), 53.97 (C2-CH),
6232 (0-CH>-CHj), 62.40 (C3-C), 62.48, 65.59 (O-CH:), 11786 (CH=CH),
128.22 (Ar-CH), 129.66 (Ar-CH), 136.92 (Ar-C), 138.12 (CH,=CH), 143 93 (Ar-C),
167 51 (C=0), 168 67 (C=0), 169.78 (C=0); m/z (EI) 440 (M" +H, 29%), 366
(100), 155 (25), 109 (20), 91 (55), 81 (43), 69 (61), 43 (65), Accurate mass for
C20H2sNOsS — 439 1301, found - 439.1304.

Microwave Procedure

Prepared following the general microwave procedure for compound (81), N-
(toluene-4-sulfonyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (128) (0.330 g, 74%) was prepared as a white crystalline solid using
N-tosyl-ethyl ester imine (0.260 g, 1.00 mmel); Data as above.

204




Silica Procedure )

Prepared followmg the general silica enhanced procedure for compound (85), N-
(toluene-4-sulfonyl)-2-ethyl ester-3,3-dicarboxylic acid dimethyl ester-S-vinyl
pyrrolidine (128) (0.260 g, 57%) was prepared as a white crystalline solid using N-
tosyl-ethyl ester imine (0.26 g, 1.00 mmol); Data as above.
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N-(1-MethyL-3-phenyl-propyl)-S-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-
ethyl ester 3 3-dimethyl ester (130)

\\\(‘D(co,Me \L(‘S(co,Me

3
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Prepared following the general thermal procedure for compound (81), N-(1-methyl-
3-phenyl propyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (130) (0.180 g, 44%) was prepared as a yellow oil using N-(1-methyl-
3-phenyl propyl)-<ethyl ester imine (0220 g, 1.00 mmol) for 48 hours;
Vaax(filmyem™ 2954m (CH str), 1736s (C=0), 1654m, 1436m, 1271s, 1156m,
1060w, 1028w, 975w, 929w, 748m; &y (250 MHz; CDCl;) 1.10-1.24 (6H, m, O-
CH,-CH’;, 0-CH»-CH,), 1.45-1.49 (2H, m, CHy), 1 64 (1H, m, CH(H)), 1.73 (1H,
m, CH(H)), 2.39 (1H, dd, J=6.8 and 13.6, C4-CH(H)), 2.39-2.56 2H, m, C4’-
CHH), C4'-CH(H")), 2.83 (1H, dd, J=6.8 and 13.6, C4-CH’'(H)), 3.32 (1H, m, C5-
CH), 3 44 (1H, m, C5’-CH"), 3.59 (3H, s, O-CH’3), 3.60 (3H, s, O-CHa), 3 66 (3H,
s, 0-CH’3), 3 69 (3H, s, O-CH3), 3.98-4.07 (4H, m, O-CH,-CH;, O-CH’-CH3), 4.25
(1H, s, C2-CH’), 4.31 (1H, s, C2-CH), 4.89-5.06 (2H, m, CH=CH’,), 5 07-5 28
(2H, m, CH=CHy), 5 66 (1H, m, CH’=CHy), 5.93 (1H, m, CH=CH;), 7.04-7.18
(10H, m, 5 x Ar-CH, 5 x Ar-CH’); 4c (101 MHz; CDCl;) 13.79 (O-CH,-CH3), 13 97
(O-CH-C'Hs), 14.07 (CH-CHj3), 14.64 (CH-C'H3), 17.69 (CH-CH3), 32 45 (C4-
CH;), 32,79 (C4’-C’H3), 32 89 (CHy), 37 63 (C’Hy), 38.53 (0O-CH;-CHs3), 39.33 (O-
C’H,-CH3), 53 28 (C5’-C’H), 52.78 (C5-CH), 53.28 (C2’-C'H), 53 87 (C2-CH),
60 84 (CHs,), 60 88 (C’Hy), 61.56 (0O-C’H3), 62.54 (0O-CHs), 63.17 (C3-C”), 63 43
(C3-C), 63 83 (O-CH3), 67.19 (O-C’H3), 115.93 (C’H=CH), 116.72 (CH>~=CH),
125 50 (Ar-C’H), 125 60 (Ar-CH), 128.26 (Ar-C’H), 128.29 (Ar-CH), 128.37 (Ar-
C’H), 12845 (Ar-CH), 140.98 (Ar-C), 141.53 (CH=CH), 14263 (CH=C’H),
14271 (Ar-C’), 168.79 (C’=0), 168.85 (C=0), 170.08 (C=0), 17034 (C’=0),
172 98 (C’=0), 173 26 (C=0); m/z (EI) 417 (M, 2%), 344 (100), 312 (41), 284 (4),
212 (16), 153 (6), 91 (41), 49 (121); Accurate mass for — CxH; NOg — 417.2151,
found — 417.2158.
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N-Cyclohexyl-S-vinyl-pyrrolidine-2,3 3-tricarboxylic acid 2-ethyl ester 33-
dimethyl ester (131)

\Lé(cozlue

5{ 3

N— COMe 101
2 JOEt
0

Prepared following the general thermal procedure for compound (81), N-cyclohexyl-
5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (131)
(0.160 g, 42%) was prepared as a yellow oil using N-cyclohexyl-ethyl ester imine
(0.180 g, 1.00 mmol) for 48 hours; Vas(film)/cm™ 2929s, 2854m (CH str), 1740s
(C=0), 1654w, 1436m, 1370m, 1263s, 1201lm, 1201m, 1182m, 1070m, 1030m,
891w, &y (250 MHz, CDCls) 1.01-1.66 (26H, m, O-CH,-C'H,, O-CH,-CH;, 5 x
CH.', 5 x CH3), 2.40-2.51 (3H, m, C4-C’(H)H, C4-C’(IDH, C4-C(H)H), 2.92 (1H,
dd, J=6 4 and 13.2, C4-C(H)H), 3.40-3.48 (2H, m, O-C’H,-CHj), 3.59 (3H, s, O-
C’Hs), 3.60 (3H, s, O-CHs), 3.67 (3H, s, O-CHs), 3.71 (3H, s, O-C’Hs), 3.82-3.95
(2H, m, O-CH>-CH;), 4 03 (1H, m, C5’-C’H), 4.08 (1H, m, C5-CH), 432 (1H, s,
C2-C’H), 446 (1H, s, C2-CH), 4.92-5.09 (4H, m, C’H,=CH, CH>=CH), 5.32 (1H,
m, CH=CH), 5 66 (1H, m, CH=C’H); &¢(101 MHz; CDCl;) 14 40 (O-CH,-C'Hs),
14.50 (O-CH,-CH3), 25 86 (C’Hy), 25 99 (CIL), 2621 (C'Hy), 26.50 (CHy), 26.60
(CHy), 27 78 (C’Hy), 29 62 (C’Hy), 32.66 (CH>), 33 36 (C'H>), 37.89 (CHy), 53 13
(C4-CH,), 53.16 (C4’-C’H;), 53.53 (C5-CH), 53.63 (C5-C’H), 56 62 (C2-CH),
57.83 (C2’-C’H), 60.92 (0-CH,-CH3), 60.94 (0-C’H,-CH3), 61.17 (0-CHa), 62 42
(C3-C), 62 62 (C3™-C’), 63.17 (O-C’'H;), 65.65 (O-CH3), 66.24 (O-C'Hj), 115.25
(CH=CH), 11626 (C'H~=CH), 141.79 (CH=CH), 143.07 (CH=C'H), 169 23
(C=0), 169.41 (C=0), 17048 (C=0), 170.61 (C=0), 17292 (C=0), 17374
(C’=0), m/z (EI) 367 (M, 1%), 308 (4), 294 (100), 212 (20), 153 (4), 84 (6),
Accurate mass for C10H2oNQg — 367.1995, found - 367.2003.




N-Hydroxy-5-vinyl-pyrrolidine-2,3 3-tricarboxylic acid 2-ethyl ester 33-
dimethyl ester (132)

Prepared following the general thermal procedure for compound (81), N-hydroxy-5-
vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (132)
(0 170 g, 55%) was prepared as a yellow oil using N-hydroxy-ethyl ester immne
(0120 g, 1.00 mmol) for 48 hours; Vmm(filmy/cm™ 3373br m (H-0), 2959m (CH
str), 1748s (C=0), 1437m, 1371m, 1261s, 1205s, 1033s, 856w;, oy (250 MHz;
CDCl3) 1.20 (3H, t, J=7 2, O-CH-CH:; ester), 1.25 (3H, t, J=7.2, O-CH,-C’H; ester),
226 (14, dd, J=6 8 and 132, C4-C(H)H), 2.52 (1H, dd, J=9.6 and 13.2, C4~
C(H)H), 2.65 (1H, dd, J=6.8 and 13.2, C4’-C’(H)H), 2.88 (1H, dd, }-9 6 and 13 2,
C4’-C’(H)H), 3 65 (3H, s, 0-CH3), 3.67 (3H, s, 0-C’Hs), 3.72 (3H, s, O-CH;), 3.76
(3H, s, O-C’Hs), 4 094 16 (4H, m, O-CH’>-CH;, O-CH,-CH3), 4 45 (1H, m, C5-
CH’), 482 (1H, m, C5-CH), 4.95 (1H, s, C2-CH"), 5.06-5.10 (2H, m, CH>=CH),
5.11 (1H, s, C2-CH), 5.19-5.25 (2H, m, C’'H;=CH), 5.72 (1H, m, CH,=CH), 5 86
(1H, m, CH,=C’H), 10 32 (2H, s, H'O-N, HO-N); 8¢ (101 MHz; CDCl;) 14.28 (O-
CH>-CH3), 14 35 (O-CH»C’Hs), 39.47 (C4-CHy), 39.94 (C4’—C’Hp), 53.18 (C5-
CH), 53.51 (C5’-C"H), 53.77 (C2-CH), 53.92 (C2’-C’H), 61.95 (O-CHy), 62.17 (O-
C’Hy), 64 44 (C3-C), 64.73 (C3°-C’), 77.89 (0O-CH3), 8094 (O-C’H;), 81 29 (O-
CHs), 81.40 (O-C'Hs), 117.27 (CH,=CH), 118.38 (C’'H,=CH), 137.11 (CH=C’H),
142.31 (CH=CH), 162.51 (C’=0), 162.86 (C=0), 168.31 (C=0), 168.77 (C’=0),
169.85 (C=0), 170.26 (C’=0); m/z (EI) 301 (M", 1%), 287 (26), 227 (99) 195 (99),
167 (92), 159 (100), 139 (76), 122 (99), 85 (51), 79 (99).
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Section 3.07 — Pyrrolidines Derived from N-Olefin Imines

N-Allyl-2-phenyl-S-vinyl pyrrolidine-3 ,3-dicarboxylic acid dimethyl ester (161)

Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-allyl-2-
phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (161) (0.270 g,
81%) was prepared as a yellow-brown oil using N-allyl-phenyl imme (0.150 g, 1 00
mmol) for 48 hours, Vma(fitm)cm™ 2950m (CH str), 2812w, 1731s (C=0), 1454s,
1434s, 1265s, 1197s, 1138s, 1063s, 920s, 753m, 701s; &y (250 MHz; CDCl;) 1.18
(2H, m, N-CH(H), N-CH(H)), 2.18 (2H, dd, J=6 and 13.2, C4-CH(H)), 2 63 (2H,
dd, J=10.8 and 13.2 C4-CH(H)), 3.08 (3H, s, 0-CH5), 3.13 (1H, m, C5-CH), 3 18
(1H, m, C2-CH), 3 69 (3H, s, O-CH:), 4.884.95 (2H, m, vinyl CH,=CH), 5 09-5 20
(2H, m, allyl CH>=CH), 5.67 (1H, m, vinyl CH;=CH), 5.73 (1H, m, allyl CH,=CH),
714-7.31 (5H, m, 5 x Ar-CH); 8¢ (101 MHz;, CDCls) 39.40 (C4-CHy), 52.30 (O-
CH3), 52 69 (N-CH,), 53 24 (O-CH;), 64.30 (C5-CH), 64.63 (C3-C), 70.34 (C2—
CH), 117 81 (vinyl CH,=CH), 118 20 (allyl CH,=CH), 127.90 (Ar-CH), 128 05 (Ar-
CH), 129 16 (Ar-CH), 133 86 (vinyl CH;=CH), 139.96 (allyl CH;=CH), 140.35 (Ar-
C), 169 75 (C=0), 172.51 (C=0); m/z (EI) 329 (M", 16%), 288 (89), 270 (72), 252
(17), 210 (18), 185 (21), 144 (100), 109 (56), 91 (20); Accurate mass for C;sH23NO,
—329.1627, found - 329.1629.

Microwave Procedure

Prepared following the general microwave procedure for compound (85), N-allyl-2-
phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (161) (0.230 g,
71%) was prepared as a yellow-brown o1l using N-allyl-phenyl immne (0.150 g, 1.00

mmol); Data as above
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Silica Procedure

Prepared following the general silica enhanced procedure for compound (85), N-
allyl-2-phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (161) (0 260
g, 79%) was prepared as a yellow-brown oil using N-allyl-pheny] imine (0.150 g,

1.00 mmol), Data as above.
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N-Allyl-2-p-tolyl-S-vinyl-pyrrolidine-3 3-dicarboxylic acid dimethyl ester (174)
\\\/“\(co Me COMe
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Prepared following the general thermal procedure for compound (81), N-allyl-2-p-
tolyl-5-vinyl-pyrrohdne-3,3-dicarboxylic acid dimethyl ester (174) (0.190 g, 54%)
was prepared as a yellow oil using N-allyl-(4-methyl phenyl) imine (0 160 g, 1 00
mmol) for 48 hours; Vae(film)/cm™ 2950m (CH str), 2812m, 1733s (C=0), 1511m,
1433s, 1267s, 1187s, 1137m, 1065m, 993m, 920m, 838w, 799w; &y (250 MHz;
CDCl3) 2.17 (1H, dd, J=6.0 and 13 2, C4-CH(H")), 2 22 (3H, s, Ar-CH’3), 2.30 (3H,
s, Ar-CH3), 2.41 (1H, dd, J=6.0 and 13.2, C4A-CH(H)), 2 60 (1H, dd, J=108 and
13.2, C4-CH’(H)), 267 (I1H, dd, J=108 and 13.2, C4-CH(H)), 3 03 (3K, s, O-
CH",), 3.07 (3H, s, 0-CH3), 3 13 (2H, m, N-CH",), 3.43 (2H, m, N-CH>), 3 68 (3H,
s, 0-CH’;), 3.72 (3H, s, 0-CH3), 4.31 (1H, s, C5-CH), 4.35 (1H, m, C5-CH’), 4 64
(14, s, C2-CH"), 4.85 (1H, s, C2-CH), 4.924.94 (ZH, m, allyl CH=CH’>), 4 97-
4 99 (2H, m, allyl CH=CH,), 5.08-5 21 (2H, m, vinyl CH=CH";), 5.31-5 38 (2H, m,
vinyl CH=CHb), 5.65 (1H, m, allyl CH’=CH3), 5.78 (1H, m, vinyl CH’=CHz), 5.83
(1H, m, allyl CH=CHz), 6.00 (1H, m, vinyl CH=CH), 6.98 (2H, d, J=7 6, 2 x Ar-
CH), 700 (2H, d, J=76, 2 x Ar-CH’), 7.17 (21, d, J=7.6, 2 x Ar-CH), 7 18 (2H, d,
J=76, 2 x Ar-CH’); &c (101 MHz; CDCls) 21.11 (Ar-C'Hs), 21.24 (Ar-CH3), 29.69
(C4-CH>), 38.22 (CA-C’Hy), 49.93 (N-CHp), 5191 (C2-C’H), 52.15 (C5-CH),
5223 (N-C’Hy), 52.80 (C2-CH), 52.91 (C2-C’H), 55.89 (C3-C), 62.95 (O-CH,),
64.17 (C3-C"), 69.32 (O-CH3), 79.12 (O-C’H3), 84.17 (O-C’H;), 117.30 (allyl
C’H,=CH), 11753 (allyl CH,=CH), 117.54 (vinyl CH~=CH), 117.74 (viny!
C’H=CH), 126 86 (Ar-CH), 128.36 (Ar-CH), 128.37 (Ar-C’'H), 128.55 (Ar-C’'H),
133 54 (allyl CH>=C’H), 133.56 (allyl CH=CH), 133.55 (allyl CH,=CH), 136.57
(Ar-C), 136.84 (Ar-C"), 137.03 (Ar-C), 137.71 (Ar-C’), 141 91 (vinyl CH,=C’H),
141.94 (vinyl CH,=CH), 169 00 (C=0), 16944 (C=0), 171.24 (C=0), 17216
(C’=0); m/z (EI) 343 (M+, 18%), 302 (65), 284 (56), 252 (25), 184 (23), 158 (100),
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118 (32), 109 (55), 91 (24), 59 (21); Accurate mass for — CooHysNO4 — 343.1783,
found — 343.1783.
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N-Allyk-2-o-tolyl-S-vinyl-pyrrolidine-3 3-dicarboxylic acid dimethyl ester (175)

Prepared following the general thermal procedure for compound (81), N-allyl-2-o-
tolyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (175) (0.250 g, 72%)
was prepared as a vellow o1l using N-allyl-(2-methyl phenyl) imine (0 160 g, 1.00
mmol) for 48 hours; Vaa(film)/cm™ 2949w (CH str), 1732s (C=0), 1434s, 1267m,
1096m, 1026w, 997w, 920w, 746m, 694s; &y (250 MHz, CDCls) 2 15 (1H, dd,
J=4.8 and 13.2, C4-CH(H)), 2.24 (3H, s, Ar-CH:), 2.73 (1H, dd, J=12 8 and 13.2,
C4-CH(H)), 293 (3H, s, O-CHs), 3.08 (2H, d, J=6.8, N-CH>), 3.17 (1H, m, C5-
CH), 3.70 (3H, s, O-CHs), 4 87-4.98 (2H, m, vinyl CH=CH,), 5 02 (1H, s, C2-CH),
510-5 22 (2H, m, allyl CH=CH>), 5.62 (1H, m, vinyl CH=CH3), 5.71 (1H, m, allyl
CH=CH,), 6.94-7.46 (4H, m, 4 x Ar-CH); J¢ (101 MHz; CDCl3) 19.66 (Ar-CHs),
3979 (C4-CH,), 51.73 (C5-CH) 52.97 (C2-CH), 53.25 (N-CH>), 63.99 (O-CHs),
65 05 (0-CHs), 117.11 (vinyl CH=CH), 117 60 (allyl CH=CH), 125.42 (Ar-CH),
127.01 (Ar-CH), 128 83 (Ar-CH), 129.35 (Ar-CH), 134.41 (vinyl CH=CH), 136 99
(Ar-C), 138.89 (Ar-C), 139.47 (allyl CH=CH), 169.19 (C=0), 172.30 (C=0); m/z
(ED) 343 (M, 24%), 284 (70), 252 (44), 198 (20), 184 (13), 158 (100), 118 (29), 109
(63), 94 (14), 41 (20); Accurate mass for CxHysNO; — 343 1783, found -
343 1788
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N-Allyl-2-(4-methoxy-phenyl)-S-viny}-pyrrolidine-3 3-dicarboxylic acid
dimethyl ester (178)

OMe OMe

Prepared following the general thermal procedure for compound (81), N-allyl-2-(4-
methoxy-phenyl)-5-vinyl-pyrrolidine-3,3-dicarhoxylic acid dimethyl ester (178)
(0.180 g, 51%) was prepared as a yellow oil using N-allyl-(4-methoxy-phenyl) imine
(0.180 g, 1.00 mmol) for 48 hours; Va{filmycm™ 2950m (CH str), 1731s (C=0),
1664m, 1510m, 1434s, 1250, 1178m, 1096m, 997w, 930w, 837w, 747Tm; Jy (250
MHz; CDCl;) 1.35 (2H, m, N-CHy), 1.73 (2H, m, N-CH’»), 1.99 (1H, dd, J=2.16 and
8.8, C4-CH(H)), 2 43 (2H, m, C4’-CH(H"), C4*-CH’(H)), 2.79 (1H, dd, J=6.4 and
8 8, C4-CH(H)), 3 66 (3H, s, O-CH;), 3.68 (3H, s, O-CH™), 3 69 (3H, s, 0-CHs),
371 3H, s, 0-CHs), 3.71 3H, s, 0-CH’y), 3.72 (3H, 5, O-CH’3), 3.73 (1H, s, C2-
CH), 3.76 (1H, s, C2’-CH’), 4.18 (1H, m, C5’~CH), 4.29 (1H, m, C5-CH), 4 67
(1H, m, allyl CH=CH,), 5.05-5.23 (8H, m, vinyl CH=CH,, CH=CH’,, allyl CH=C-
H,, CH=CH;), 5.50 (1H, m, allyl CH'=CHy), 5.75 (1H, m, vinyl CH=CH>), 5.86
(1H, m, vinyl CH’=CH3), 7.19-7.35 (4H, m, 2 x Ar-CH, 2 x Ar-CH’), 7 48-7 53 (4H,
m, 2 x Ar-CH, 2 x Ar-CH’); 8¢ (101 MHz; CDCls) 28.50 (C4-CH>), 30 15 (C4’-
C’H,), 52 66 (C5-CH), 52.77 (C5’-C’H), 55.28 (C2°-C’H), 55.62 (C2-CH), 61.23
(C3-C), 62.52 (C3°—C’), 63.42 (N-C’Hy), 63.46 (N-CH,), 78 48 (O-CHs), 79 04 (O-
C’H;), 8197 (O-CHs), 82.72 (O-C’Hs), 114.40 (allyl C'H;=CH), 117.51 (allyl
CH~CH), 118.45 (vinyl C’H;~CH), 118 10 (vinyl CH,=CH), 128 54 (Ar-C’H),
128 64 (Ar-C’'H), 130 47 (Ar-C’H), 130 50 (Ar-C), 132.12 (Ar-C’), 132 53 (Ar-C),
133.94 (Ar-C’), 13406 (Ar-CH), 134.71 (Ar-CH), 134 82 (Ar-C’H), 135.04 (Ar-
CH), 137.13 (Ar-CH), 169.59 (C=0), 169.82 (C’=0), 170.19 (C=0), 17086
(C’=0), m/z (EI) 359 (M", 1%), 277 (91), 200 (39), 168 (66), 153 (50), 121 (62),
108 (30), 71 (100), 59 (43), 41 (58); Accurate mass for CxH2sNOs — 359.1732,
found - 359.1740.
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N-Allyl-2-(4-bromo-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl

ester (179)
\L(‘Dl(cozrue
3
N 1 M 42
7

Br

Prepared following the general thermal procedure for compound (81), N-allyl-2-(4-
bromo-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (179) (0 240
g, 58%) was prepared as a yellow oil using N-allyl-(4-bromo-phenyl) imine (0 220
g, 1 00 mmol) for 48 hours; Vms(film)y/cm™ 2950m (CH str), 2812m, 1733s (C=0),
1485m, 1433m, 1270s, 1200s, 1137m, 1010m, 921m, 843m, 802m, 712w; &y (250
MHz; CDCl;) 2.10 (1H, dd, J=5.9 and 13.2, C4-CH(H)), 2.17 (1H, dd, J=5 9 and
132, C4-CH'(H)), 246 (1H, dd, J=9.0 and 13.2, C4-CH(H")), 2.57 (2H, m, N-
CH’,), 291 (1H, dd, J=9 0 and 13.2, C4-CH(H)), 3.09 3H, s, 0-CH"3), 3.15 3H, 5,
0-CH>), 3 45 (2H, m, N-CHL), 3.68 (3H, s, 0-CH’3), 3.72 (3H, s, 0-CHa), 4 05 (1H,
m, C5-CH), 438 (1H, m, C5-CH’), 4.63 (1H, s, C2-CH’), 4 87 (14, s, C2-CH),
4 87-4.93 (2H, m, vinyl CH=CH’,), 5.09-5.14 (2H, m, ally!l CH=CH’»), 5.15-5 19
(4H, m, allyl CH=CH,, vinyl CH=CH), 5 62 (1H, m, allyl CH’=CHj), 5 67 (1H, m,
allyl CH=CH,), 5.86 (1H, m, vinyl CH=CH,), 6 00 (1H, m, vinyl CH'=CH5), 7.18-
736 (8H, m, 4 x Ar CI, 4 x Ar CH); 8¢ (101 MHz; CDCl5) 38 87 (N-CHS), 40 32
(N-C’Hy), 45 02 (C4-CH,), 52 07 (C4™—C’H,), 5230 (C5°-C’'H), 5241 (C5-CH),
5294 (C2-CH), 53 02 (C2°-C’H), 55.70 (C3-C), 55.97 (C3-C’), 7931 (O-CH3),
80 00 (O-C’Hs3), 82 81 (O-CHs), 83.55 (0-C’'H;), 116 29 (allyl CH,=CH), 117 62
(allyl C’H=CH), 117.84 (vinyl CH,=CH), 118 03 (vinyl C’H,=CH), 121.38 (Ar-
C’), 122.06 (Ar-C), 128.31 (Ar-CH), 128 68 (Ar-C’H), 130.52 (Ar-C’'H), 130.80
(Ar-CH), 130.92 (Ar-C’), 130.95 (Ar-C), 132 44 (allyl CH,=CH), 133.31 (allyl
CH=C’H), 136.78 (vinyl CH,=CH), 137.31 (vinyl CH~CH), 168 81 (C=0),
169.12 (C’=0), 170.99 (C=0), 171.87 (C’=0); m/z (EI) 409 (M', 5%),407 (M,
6%), 368 (35), 316 (19), 224 (33), 184 (50), 152 (52), 109 (87), 71 (77), 59 (77), 41
(100); Accurate mass for —- C1sHyp "BINO; — 407.0732, found —407.0731.




N-Allyl-2-furan-3-yl-S-vinyl-pyrrolidine-3 3-dicarboxylic acid dimethyl ester
(181)

Prepared following the general thermal procedure for compound (81), N-allyl-2-
furan-3-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (181) (0.160 g,
49%) was prepared as a yellow oil using N-allyl-2-furan-3-yl imine (0.140 g, 1 00
mmol) for 48 hours; Vuu(filmYcm™ 2951m (CH str), 1732s (C=0), 1434s, 1269m,
1162m, 1095m, 1025m, 997w, 872w, 797w, 694m; du (250 MHz, CDCl;) 1.70 (2H,
m, N-CH3), 2 44 (1H, dd, J=8.8 and 16 0, C4-CH(H)), 2 75 (1H, dd, J=6 8 and 16 0,
C4-CH(H)), 367 (3H, s, O-CH3), 3 68 (3H, s, O-CH3), 4.16-432 (2H, m, allyl
CH=CH_), 4 66 (1H, m, C5-CH) 5.10-5.23 (3H, m, vinyl CH=CH,, C2-CH), 5 57
(1H, m, allyl CH=CH,), 5.86 (1H, m, vinyl CH=CH,), 7.19-7.54 (3H, m, 3 x Ar-
CH), 8¢ (101 MHz; CDCls) 28.42 (N-CH>), 30.15 (C4-CH,), 52.66 (C5-CH), 52.86
(C2-CH), 63.42 (C3-C), 79.05 (O-CH;3), 82.72 (O-CH3), 117.52 (vinyl CH;=CH),
118 05 (allyl CH>=CH), 128.54 (Ar-CH), 130.49 (Ar-CH), 132.53 (Ar-C), 134 06
(Ar-CH), 134.80 (vinyl CH,=CH), 135.10 (allyl CH=CH), 169.82 (C=0), 170 86
(C=0), m/z (EI) 319 (M+, 3%), 277 (71), 261 (60), 183 (100), 153 (22), 121 (18),
108 (36), 71 (27), 59 (15); Accurate mass for C;;Ha1NOs — 319.1419, found -
319.1414
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N-(2-Isopropenyl-phenyl)-S-viny}-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl
ester 3 3-dimethyl ester (162)

Thermal Procedure

Prepared following the general thermal procedure for compound (81), N-(2-
isopropenyl-phenyl)-5-vinyl-pyrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (162) (0.230 g, 58%) was prepared as a yellow oil using N-(2-
isopropenyl-phenyl)-ethyl ester imine (0.220 g, 100 mmol) for 48 hours;
Vo filmYem? 2930m (CH str), 2851w, 1740s (C=0), 1434m, 1269s, 1232s,
1114m, 1070m, 1024m, 967w, 848w, 755w; 0y (250 MHz, CDCl;) 1.14-1.22 (6H,
m, O-CH,-CH’;, O-CH,-CH), 1.96 (3H, s, Ar-C-CHz), 1.99 (3H, s, Ar-C-CH’3),
228 (1H, dd, J=6 8 and 13.2, C4’-CH(H)), 2.55 (1H, dd, J=7.5 and 132, C4-
CH(H)), 2.62 (1H, dd, =6 8 and 13 2, CA-CH(H)), 2.89 (1H, dd, J=7.5 and 132,
C4’-CH’(H)). 3 65 (3H, s, 0-CHs), 3.70 (3H, s, 0-CHs), 3.72 (3H, 5, O-CH’;3), 3.75
(3H, s, O-CH’3), 4.08-4.14 (4H, m, O-CH»-CH;, 0-CH»>-CH3), 4.41 (1H, m, C5-
CH), 482 (1H, m, C5’-CH’), 4.95 (1H, s, C2-CH), 5 06-5.21 (5H, m, C=CH’,,
C=CH,, C2’-N-CH’), 5.24-5 25 (4H, m, CH=CH";, CH=CH,), 5.72 (1H, m, vinyl
CH’=CH)), 5.91 (1H, m, vinyl CH=CH,), 6.63-6 65 (2H, m, Ar CH’, Ar CH), 6.96-
671 (2H, m, Ar CH’, Ar CH), 7.30-7.32 (2H, m, Ar CH’, Ar CH), 7 62-7 64 (2H, m,
Ar CH’, Ar CH), 6¢c (101 MHz; CDCl;) 14.07 (O-CH;-C’H3), 14.20 (O-CH»-CH,),
23 89 (Ar-C-C’Hs), 24 07 (Ar-C-CH:), 39.15 (C4’-C’Hp), 39 61 (C4-CHy), 53 11
(C5-CH), 53.18 (C5-C’H), 53.38 (C2-CH), 53.54 (C5’-C’H), 61.47 (O-C’Hx-
CHa), 61.51 (0-CH>-CH3), 64.12 (C3-C), 64.46 (C3°-C’), 80.59 (O-CHs), 81.02 (O-
C’H;), 81 09 (0-C’H;), 81.30 (O-CH3), 116.66 (CH,=C), 116.90 (C’H,=C), 118 02
(CH=CH), 118.11 (C’H=CH), 127.78 (Ar-C’H), 127.88 (Ar-C’'H), 127.93 (Ar-
CH), 128.16 (Ar-CH), 134.81 (Ar-C’H), 134.08 (Ar-C’H), 135 08 (Ar-CH), 135.14
(Ar-CH), 136 90 (CH;=C’H), 136.94 (CH:=CH), 142.84 (Ar-C’), 143.42 (Ar-C’),
167 89 (C=0), 168 37 (C=0), 169.47 (C=0), 169.49 (C’=0), 169.72 (C’=0), 169 81
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(C’=0); m/z (ET) 401 (M+, 3%), 213 (12), 153 (18), 144 (61), 132 (100), 121 (11),
117 (9), 59 (9); Accurate mass for CoHzNOs — 401.1838, found — 401.1833.

Microwave Procedure

Prepared following the general microwave procedure for compound (85), N¥-(2-
isopropenyl-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (162) (0350 g, 88%) was prepared as a yellow o1l using N-(2-
isopropenyl-phenyl)-ethyl ester imine (0 220 g, 1.00 mmol); Data as above.

Silica Procedure

Prepared following the general silica enhanced procedure for compound (85), N-(2-
1sopropenyl-phenyl)-5-vinyl-pymolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (162) (0230 g, 58%) was prepared as a yellow o1l using N-(2-
1sopropenyl-phenyl)-ethyl ester imine (0.220 g, 1.00 mmol); Data as above.




N-Ally}-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl

ester (183)
\ 2 COMe
5 \ 3/™coMe
2% _OFt
7~

Prepared following the general thermal procedure for compound (81), N-allyl-5-
vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (183)
(0.200 g, 61%) was prepared as a yellow oil using N-allyl-ethyl carbonate imine
(0 140 g, 1 00 mmol) for 48 hours, Vmx(film)cm™ 2954m (CH str), 1740s (C=0),
1434m, 1371w, 1267s, 1203s, 1114m, 1070m, 932w, 848w, 752w; du (250 MHz;
CDCl;) 1.18 (3H, t, J=7.4, CH-CH; ester), 2.55 (1H, dd J=68 and 128, C4-
C(H)H), 2 91 (1H, dd J=100 and 12 8, C4-C(H)H), 3.65 (3H, s, 0-CH3), 3.76 (3H,
s, 0-CH), 4.05-4.15 (2H, m, 0-CH»-CH3), 4.43 (1H, m, C5-CH), 4 82 (1H, m, C2~
CH), 506-513 (2H, m, CH,=CH vinyl), 5 20-5.26 (2H, m, CH~CH allyl), 5 71
(1H, m, CH=CH vinyl), 5.91 (1H, m, CH=CH allyl); 8¢ (101 MHz; CDCls) 14 53
(0O-CHCH3), 39.47 (C4-CH>), 39.94 (CH; allyl), 53 43 (C2-CH-ester), 53.88 (C5-
CH), 61.83 (0-CHy), 64.78 (C3-C), 80.92 (0-CH3), 81.34 (O-CH;), 81 41 (vinyl
CH>=CH), 81 63 (allyl CH,=CH), 117.20 {vinyl CH,=CH), 118 33 (allyl CH=CH),
168 21 (C=0), 168.69 (C=0), 170 05 (C=0); m/z (EI) 325 (M" +H, 4%), 295 (7),
252 (38), 227 (36), 213 (100), 195 (18), 181 (35), 121 (98), 94 (33), 65 (33), (59),
Accurate mass for C1sHxNOs — 326.1603, found —326.1597.

219




o

N-But-4-enyl-S-vinyl-pyrrolidine-2 3 3-tricarboxylic acid 2-ethyl ester 3J3-

| dimethyl ester (184)
\ R COMe
5\, 3/~come
2%,
J rOEt
o
Thermal Procedure

| Prepared following the general thermal procedure for compound (81), N-but-4-enyl-
5-vinyl-pyrrolidine-2,3,3-tricatboxylic acid 2-ethyl ester 3,3-dimethyl ester (184)
(0 280 g, 82%) was prepared as a yellow-brown oil using N-but-4-enyl-ethyl ester
1mine (0 160 g, 1.00 mmol) for 48 hours; Vua(filmy/cm™ 2955m (CH str), 1737s
(C=0), 1434s, 1270s, 1154m, 1070s, 1025s, 933m; 6 (250 MHz; CDCI3) 1.07 (3H,
t, J=4.7 CH,-CH; ester), 2.13 (1H, dd, J=6 8 and 12 8, C4-C(H)H), 2.41 (1H, dd,
J=16 and 10.0, CH=CH-C(H)H), 2 49 (1H, dd, J=1.6 and 7.0, CH=CH-C(H)H),
277 (1H, dd, J=7.6 and 13.2, C4-C(H)H), 3.51-3.53, (2H, d, J=5.0, N-CH,), 3 59
(3H, s, O-CH:), 3.63 (3H, s, O-CH), 3.96-4 01 (2H, m, O-CH,-CH;), 4 27 (1H, s,
N-CH), 4.63 (1H, m, C5-CH), 4.93-5.00 (2H, m, CH>=CH vinyl), 5 06-5.12 (2H, m,
CH,=CH butyl), 5.59 (1H, m, CH=CH vinyl), 5.78 (1H, m, CH;=CH butyl), 8¢
(101 MHz; CDCL) 1439 (O-CH-CH:), 3946 (N-CHy-CH,), 39.92 (C4-CH.),
53 44 (C5-CH), 53 71 (C2-CH), 61.77 (N-CH-CHy), 61 81 (O-CH,—CHz), 64.76
(C3-C), 80.91 (CH;=CH vinyl), 81 32 (CH=CH butyl), 81.39 (O-CHz), 81 61 (O-
CHs), 117.18 (CH,=CH vinyl), 118.31 (CH;=CH butyl), 168.20 (C=0), 168.67
(C=0), 169.79 (C=0); mvz (EI) 339 (M", 1%) 227 (48), 213 (100), 181 (50), 153
(99), 145 (33), 121 (99), 94 (44), 65 (45), 59 (99); Accurate mass for C;7HysNOs —
339.1126, found — 339 1097.

Stlica Procedure

Prepared following the general silica enhanced procedure for compound (85), N-but-
3-enyl-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester
(184) (0.280 g, 81%) was prepared as a yellow-brown oil using yellow-brown oil
using N-but-3-enyl-ethyl ester imine (0.160 g, 1 00 mmol); Data as above.
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Section 3.08 — Ring Closing / Cross Coupling Products

2-Ethy}-3,3-dimethyl-5-((E)-2-{5’-[ethyloxylcarbonyl]-3’,3’-di](methoxy)

carbonyl] THF-2-yl}eth-1-enyl)tetrahydrofuran-2’3°,3’-tri-carboxylate (192)

O Muxture of Isomers

General Procedure

To a solution of de-gassed DCM (100 mL) and 2-Ethy! carbonylate-5-(vinyl-THF)-
3,3 dicarboxylic acid dimethyl ester (242) (0.570 g, 2.00 mmol) 1n a 250 mL round
bottomed flask was added the Grubbs first generation catalyst (0.100 g, 0.100
mmol). The solution was the stirred positive under nitrogen at RT for 16 hours. After
this time the reaction was then filtered through a plug of cotton wool and then
concentrated n vacuo to afford the crude product as a brown heavy oil. This mixture
was then punfied using column chromatography (SiO;, EtOAc P E. 40-60; 1-2, Rf -
030) to afford 2-ethyl-3,3-dimethyl-5-((E)-2-{5"-[ethyloxylcarbonyl]-3°,3’-
di[(methoxy)carbonyl] tetra hydrofuran-2-yl}eth-1-enyl) tetrahydrofuran-2°,3°3°-
tricarboxylate (192) (0 170 g, 31%) as a brown oil; vua(film)/cm-1 2955m, 2357m
(CH str), 1736s (C=0), 1436m, 1267s, 1232s, 1172m, 1068m; &y (250 MHz;
CDCI3) 1.03-1 10 (12H, m, 2x O-CH>-CH;, 2 x 0-CH>-CH’3,), 2.09 (2H, m, C4-
CHp), 2.37 (2H, m, C4°-CH",), 2.48 (2H, m, C4”-CH,), 2.73 (2H, m, C4"-CH’),
350 (3H, s, 0-CHs), 3.50 3H, s, 0-CH3), 3.51 (3H, s, O-CHs), 3 51 (3H, s, O-CHs),
3 57 (3H, s, O-CH’3), 3.60 (3H, s, 0-CH3), 3.60 (3H, s, 0-CH’3), 3.60 (3H, s, O-
CH’3), 3.92-3.99 (8H, m, 2 x O-CH>-CH;, 2 x O-CH’»-CH3), 4.24-468 (2H, m, 2 x
C5-CH’), 466 (2H, m, 2 x C5-CH), 4.78 (1H, s, C2-CH), 4.79 (1H, s, C2"-CH),
493 (1H, s, C2’-CH’), 493 (1H, s, C2’-CH’), 5.47-5.50 (2H, m, CH=CH,
CH=CH), 5.67-5.69 (2H, m, C’H=CH, CH=C’H); &6c(101 MHz; CDCl;) 1444 2 x
0-CH,-CH3, 2 x O-CH,-C’Hj3), 39.51 (C4-CH>), 39.58 (C4*-C’H,), 40 01 (2 x C4”-
CH;), 53.54 (C5-CH), 53.58 (CS’—Q’H), 53.84 (C2"-CH), 53.94 (C2"-C'H), 61 89




(O-CH,-CH;, 0-C’Hp-CHs), 61.94 (O-C"H-CH;, O-C”’H»-CH), 64 49 (C3°-C"),
64.53 (C3-C), 64 81 (C37—C*), 64.87 (C37-C"), 79.96 (O-CHs), 80.08 (O-C’'H3),
80.25 (0-CH;, O-C’H;), 80.36 (O-C”H:), 81.39 (0-CHs), 81.44 (0-C”Hy), 81 72
(0-CH;), 13196 (CH=CH), 13229 (C'H=CH), 133.00 (CH=CH), 13338
(CH=C'H), 168.14 (C=0, C’=0), 168.67 (C=0, C’=0), 169.73 (C"=0), 169.77
(C=0, C’=0), 169.83 (C™=0), 17001 (C’=0), 170.07 (C’=0, C’"=0), 17016
(C"=0), m/z (EL) 544 (M, 6%), 467 (16), 421 (19), 409 (34), 311 (100), 237 (22),
214 (20), 179 (14), 141 (16), 113 (19), 59 (18), Accurate mass for CoHs0hs —
544.1792, found — 544.1780.
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3-Ethy}-2,2-dimethyl-2,3,5,7a-tetrahydro-1H-pyrrolizine-2,2 3-tricarboxylate
(185)

6 5 4
g \ COMe
N COMe

2%
2~OFt
o

7
8

To a solution of de-gassed DCM (100 mL) and N-allyl-2-ethyl carbonate-5-
vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (183) (0.330 g, 1.00 mmol) in
a 250 mL round bottomed flask was added the Grubbs first generation catalyst
(0 100 g, 0 100 mmol). The solution was the stirred positive under nitrogen at RT for
16 hours. After this time the reaction was then filtered through a plug of cotton wool
and then concentrated in vacuo to afford the crude product as a brown heavy oil.
This mixture was then purified using column chromatography (Si0,, EtOAc.P.E.
40-60; 1-2, Rf - 030) to afford 3-ethyl-2,2-dimethy!-2,3,5,7a-tetrahydro-1H-
pyrrolizine-2,2,3-tricarboxylate (185) (0.170 g, 31%) as a brown oil; Vaa(film)/cm™
2952m (CH str), 2358w, 1737s (C=0), 1434m, 1372w, 1261s, 1203s, 1028m, 948w,
845w, 793w, 709w; &n (250 MHz;, CDCl;) 1.15-1.21 (3H, m, O-CHx>CH3), 2.14
(1H, dd, J=72 and 12 4, C4-C(H)H), 2.88 (1H, dd, J=7.6 and 12 8, C4-C(H)H),
3 43 (1H, m, C5-CH), 3.62 (3H, s, 0-CHs), 3.70 (3H, s, O-CHs), 3.91 (1H, m, C7-
CH=CH), 4.07-4.18 (3H, m, O-CH,-CH;, C2-CH), 4.37 (1H, m, C6-CH=CH), 5 65
(2H, s, C8-CHy), 3¢ (101 MHz; CDCl;) 14.46 (O-CH,-CHj ester), 21.46 (C5-CH),
39 38 (C4-CHy>), 53 .46 (C2-CH), 61 49 (C8—CH,) 62.62 (O-CH; ester), 63 79 (C3-
C), 70 61 (0-CH;), 74 54 (0-CH3), 127.67 (C6-CH=CH), 130.51 (C7-CH,=CH),
169 34 (C=0), 170 42 (C=0), 171.29 (C=0);, m/z (EI) 297 (M", 9%), 238 (28), 224
(100), 164 (13), 106 (15), 81 (29), 59 (9); Accurate mass for C14HisNOs —
297 1212, found — 297.1208.
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3-Ethyl-2,2-dimethyl-2,3,5,7a-tetrahydro-1H-pyrrolizine-2,2 3-tricarboxylate
(186)

34 come
7CI~II/_; CO,Me

° :}'-oa
Prepared following the general RCM procedure for compound (185), 3-ethyl-2,2-
dimethyl-2,3,5,7a-tetrahydro-1H-pyrrolizine-2,2 3-tricarboxylate (186) (0250 g,
86%) was prepared as a brown oil using N-allyl-2-ethyl carbonate-5-
vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (183) (0330 g, 1.00 mmol),
v,m(ﬁlm)/cm'1 2923m (CH str), 1740s (C=0), 1437m, 1375m, 12725, 1022m, 967w,
809w; By (250 MHz; CDCL) 1.15-1.21 (3H, m, O-CH,-CH:), 1 52 (1H, s, C2-CH),
3 38 (2H, m, C4-CHy), 3.69 (3H, s, 0-CH,), 3.70 (3H, s, 0-CHs), 4.02-4,09 (2H, m,
0-CH»-CH3), 5.23 (1H, s, pyrole), 6.15 (1H, s, pyrrole), 6.59 (1H, s, pyrrole), 8¢
(101 MHz; CDCl;) 14.69 (O-CH-CH3), 21.42 (C2—CH), 32.58 (C4-CH>), 53.56
(O-CH3), 5379 (C3-C), 5412 (O-CH;), 6466 (0-CH-CH;), 101.14 (Ar-CH),
113.84 (Ar-CH), 114.67 (Ar-CH), 133.50 (Ar-C), 168.42 (C=0), 169.72 (C=0),
171 51 (C=0), m/z (EI) 295 (M, 5%), 238 (12), 224 (22), 178 (14), 146 (11), 125
(15), 111 (27), 97 (50), 71 (69), 57 (100), 43 (57); Accurate mass for C1sH;;NOs —
295 1056, found —295.1049.
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2-Ethyl}-3,3-dimethyl4,5,6,7,8,.9-hexahydreindolizine-2,3 3-tricarboxylate (187)

6 5 4
5
7 COMe
3
8NN COMe
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Thermal Procedure

Prepared following the general RCM procedure for compound (185), 2-ethyl-3,3-
dimethyl-4,5,6,7,8,9-hexahydroindolizine-2,3,3-tricarboxylate (187) (0.270 g, 82%)
was prepared as a brown oil using N-butene-2-ethyl carbonate-5-vinylpyrrolidine-
3 3-dicarboxylic acid dimethyl ester (165) (0.340 g, 1.00 mmol), Vme(film)/cm™
2956w (CH str), 1739s (C=0), 1436m, 1374w, 1269s, 1235s, 1111m, 1068m,
1023m, 971w; 8y (250 MHz; CDCh) 1.19-1.23 (3H, t, J=7.2, O-CH,-CHz), 2 27
(1H, m, C8—CH(H)), 2.53 (1H, m, C8-CH(H)), 2.62 (1H, m, C4-CH(H)), 2.89 (1H,
m, C4-CH(H)), 3.67 (3H, s, O-CHs), 3.74 (3H, s, O-CHs), 4.094.14 (3H, m, O-
CH-CH3), 4 42 (1H, m, C9-CH(H)), 4.81 (1H, m, C9-CH(H)), 4.94 (11, s, C2-
CH), 5.08 (1K, m, C5-CH), 5 63 (C6-CH=CH), 5.84 (C7-CH=CH), 5¢ (101 MHz;
CDCl;) 14 41 (O-CH-CHs), 39.54 (C4-CH,), 39.98 (C8-CH>), 53.56 (C5-CH),
61.86 (C9-CHy), 61.91 (O-CH-CH;), 64 83 (C3-C), 80.21 (C2-CH), 81.40 (O-
CH;), 81.68 (O-CH5), 131.92 (C6-CH=CH), 132.95 (C7-CH=CH), 168 62 (C=0),
169.79 (C=0), 170.09 (C=0); m/z (EI) 311 (M, 11%), 201 (52), 171 (44), 157 (35),
145 (76), 127 (20), 113 (100), 84 (39), 59 (44); Accurate mass for C;sHyNOs —
311 1368, found—311.1364.

Microwave Procedure

To a solution of de-gassed DCM (5 mL) and N-butene-2-ethyl carbonate-5-
vinylpyrrolidine-3 3 -dicarboxylic acid dimethy] ester (165) (0.340 g, 1.00 mmol) in
a 10 mL tube was added the Grubbs first generation catalyst (0.100 g, 0.100 mmol)
The tube was sealed and then placed in the CEM discovery microwave and was then
irradiated for 20 minutes at a power setting of 50 watts (250 psi maximum pressure)
After this time the reaction was then filtered through a plug of cotton wool and then

concentrated m vacuo to afford the product. This mixture was then punfied using
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column chromatography (S10,, EtQAcP.E. 40-60; 1:4, Re - 0.35) to afford the
desired bi-cychic product (187) as abrown o1l (0.240 g, 76%); Data as above




Section 3.09 — Pyrrolidines and tetrahydrofurans derived from aromatic
cyclopropanes

N-(4-Methoxy-phenyl)}-5-napthalen-2-yl-pyrrolidine-2,3,3-tricarboxylic acid 2-
ethyl ester 3,3-dimethyl ester (203)

TR °°,M
eIt s

MeO MeO

General Procedure

N-(4-Methoxy-phenyl) ethyl ester imine (0.210 g, 1.00 mmol), zinc bromide (0 460
g 2 00 mmol) and Pdx(dba); (0.100 g, 0 100 mmol) were added to a stirred solution
of 2-naphthalen-2-yl-cyclopropane-1,1-dicarboxylic acid dimethyl ester (197) (0.280
g, 1 00 mmol) in toluene (10 mL). This mixture was stirred for 14 days at 50 °C, the
solvent was evaporated #n vacuo and the residue partitioned between EtOAc (30 mL)
and distitled water (30 mL). The organic layers were separated and washed with aq
HCI (IM 2 x 30 mL), NaHCO; (30 mL), and brne solution (2 x 30 mL). The
organic layer was dried with MgSO,, filtered and concentrated m vacuo to give the
crude pyrrolidine product as a brown heavy oil. This was purified using column
chromatography (810,, EtQAc:P.E. 40-60; 1:4, Rs - 0.20) to yield the N-(4-methoxy-
phenyl)-5-napthalen-2-yl-pyrrolidine-2,3,3 -tricarboxyhic acid 2-ethyl ester 3,3-
dimethyl ester (203) (0 250 g, 51%) as a yellow 0il; Vmax (film)y/cm™ 2952w (CH
str), 1738s (C=0), 15125, 1434m, 12458, 1179m, 1037m, 973w, 859w, 817m, 751w,
84 (250 MHz, CDCl3) 1.20 (3N, t, J=7.5, O-CH,-CHs), 1.34 (3K, t, J=7.5, O-CH:-
CH"), 2 65 (1H, dd, J=1.5 and 13 1, C4-CH(H)), 2.99 (1H, dd, J=4.2 and 13.1, C4-
CH(H)), 3 00 (1H, dd, J=4 2 and 13.1, C4’—CH(H")), 3.33 (3H, 5, 0-CH3), 3 55 (1H,
dd, J=1.5 and 13.1, C4'-CH’(H)), 3.62 (3H, s, O-CH:), 3.63 (3H, s, O-CH3), 3.72
(3H, s, 0-CH’3), 3.73 (3H, s, 0-CH"5), 3.77 (3H, s, 0-CH’;), 4.13-4.18 (2H, m, O-
CH,-CH3), 4 29-4 32 (2H, m, O-CH >-CH3), 4.80 (1H, m, C5-CH), 5.05 (1H, s, C2-
CH), 5.24 (1H, m, C5’-CH’), 5.58 (1H, s, C2"-CH’), 6 52-6 69 (8H, m, 8 x 4-PMB

227




CH and CH’), 7.25-7.88 (14H, m, 14 x napthyl CH and CH’); 8¢ (101 MHz; CDCls)
1418 (O-CH,-CH:), 14.28 (O-CHCH’3), 4009 (C4-CHy), 42.27 (CA-C'Hy),
53 05 (C2-CH), 53.35 (C2’-C’H), 53.64 (C5-CH), 55.55 (C5°—C’H), 6143 (O-
CH,-CHi), 61.66 (O-C’H--CHs), 61.74 (O-CHs), 62.11 (C3-C), 62.41 (C3’-C),
63.57 (0-C’H;), 67.43 (0-CH;), 68 94 (O-C'H3), 114.50 (PMB Ar-C’H), 114 56
(PMB Ar-C’H), 114 63 (PMB Ar-CH), 115.47 (PMB Ar-CH), 124 25 (naphthalene
Ar-CH), 12434 (naphthalene Ar-C’H), 12448 (naphthalene Ar-C’H), 12509
(naphthalene Ar-CH), 125 65 (naphthalene Ar-C’H), 125 71 (naphthalene Ar-C’H),
126 07 (naphthalene Ar-CH), 126.13 (naphthalene Ar-CH), 127 67 (naphthalene Ar-
CH), 12777 (naphthalene Ar-C’H), 127.83 (naphthalene Ar-C’H), 12791
(naphthalene Ar-CH), 128.51 (naphthalene Ar-CH), 128 82 (naphthalene Ar-CH),
132.70 (Ar-C’), 133.44 (Ar-C), 13938 (Ar-C), 139.91 (Ar-C’), 140.42 (Ar-C),
152.28 (Ar-C), 15236 (Ar-C), 168.08 (C’=0), 169.40 (C=0), 169.51 (C=0),
170.83 (C=0), 170.90 (C’=0), 171.44 (C=0); m/z (EI) 491 (M", 25%), 418 (100),
359 (7), 326 (9), 253 (6), 165 (19), 155 (12), 134 (13), 77 (6); Accurate mass for —
CasHyoNO;7 - 491.1944, found - 491.1941.
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5-Napthalen-2-yl-dihydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3~
dimethyl ester (204)

QAL .. T A
5\ 3/COMe 1:1.2 5 hLCOzME

0—2‘)-. o.._2¢
OEt “ —OEt

(4) o

Prepared following the general thermal procedure for compound (203), 5-napthalen-
2-yl-dihydro-furan-2,3 3-tricarhoxylic acid 2-ethyl ester 3,3-dimethyl ester (204)
(0 210 g, 55%) was prepared as a brown oil using 2-naphthalen-2-yl-cyclopropane-
1,1-dicarboxylic acid dimethyl ester (197) (0280 g, 100 mmol) and ethyl
glyloxalate (0 100 g, 1.00 mmol); Vaax(film)/em™ 2953m (CH str), 1750s (C=0),
1456m, 1435m, 1270s, 1233s, 1116m, 1097m, 1067m, 966w, 933w, 859m, 751m,
81 (250 MHz; CDCly) 1.20-1.34 (6H, m, O-CH-CHs, O-CH-CHs), 2 55 (1H, dd,
J=77 and 13.2, C4-CH(H)), 2.95 (2H, m, C4’'-CH'(H), CH(H")), 3.32 (1H, dd,
J=7.7 and 13 2, C4- CH(H)), 3 68 (3H, 5, 0-CH’3), 3.71 (3H, 5, 0-CH;), 3.78 (3H, 5,
0-CH’»), 3 89 (3H, s, O-CHs), 4.22-429 (4H m, O-CH,-CH;, O-CH’»-CH;), 5.24
(1H, m, C5’-CH’), 5.29 (1H, s, C3’-CH’), 5.46 (1H, s, C3-CH), 5.65 (1H, s, C5-
CH), 7.38-7 67 (14H, m, 14 x Ar CH’ Ar CH); &c¢ (101 MHz; CDCl;) 14.10 (O-
CH,CH;), 14.12 (O-CH-C’H;), 41.95 (C4-CHy), 42.35 (C4-C’'Hy), 53.11 (C2-
CH), 53.23 (C2’-C’H), 53.33 (C5’-C’'H), 53.63 (C5-CH), 61.56 (0-C’H>-CH3),
61.60 (O-CH,-CH3), 6442 (C3-C"), 64.81 (C3-C), 81.31 (O-CH;), 8145 (O-
C’H3), 81.74 (O-CH3), 81 89 (0-C’Hs), 123.53 (Ar-C’H), 12420 (Ar-C’H), 124 50
(Ar-C’H), 125.58 (Ar-CH), 126.01 (Ar-CH), 126 05 (Ar-C’H), 126.14 (Ar-C’H),
126 24 (Ar-CH), 127.67 (Ar-C’H), 127.70 (Ar-C’H), 128 01 (Ar-CH), 128 04 (Ar-
CH), 128.38 (Ar-CH), 133 02 (Ar-C’), 133.15 (Ar-C), 133.17 (Ar-C), 133.28 (Ar-
C"), 137.11 (Ar-C), 138.10 (Ar-C), 168.03 (C=0), 168.48 (C=0), 169.52 (C’=0),
169 70 (C’=0), 169.79 (C=0), 169.82 (C’=0); m/z (EI) 386 (M", 15%), 312 (28),
253 (44), 221 (28), 193 (19), 170 (100) 155 (66), 127 (15); Accurate mass for
C21H20s - 386 1365, found —386.1363,
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N-(4-Methoxy-phenyl)-5-phenyl-pyrrolidine-2,33-tricarboxylic acid 2-ethyl
ester 3,3-dimethyl ester (205)

A coMe 4. COMe
s\, 3/~coMe 11 8\, 3/~co,Me
2% _OEt . 2
oXi oXa
o 0

MeO MeO
Prepared following the general thermal procedure for compound (203), N-(4-
methoxy-phenyl)-phenyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (205) (0.190 g, 43%) was prepared as a yellow o1l using 2-phenyl-
cyclopropane-1,1-dicarboxylic acid dimethyl ester (196) (0 280 g, 1.00 mmol) and
N-(4-methoxy-phenyl) ethyl ester imine (0210 g, 1.00 mmol); Vmad(film)/cm™
2952m (CH str), 1737s (C=0), 1512s, 1450m, 1353m, 1254s, 1178s, 1029s, 978w,
817m, 761w, 702m; &y (250 MHz; CDCl;) 1.10 (3H, t, J=7.1, O-CH>-CH’3), 1 21
(3H, t, J=7 1, O-CH»-CH5), 1.87 (1H, dd, J=4.1 and 5 2, C4-CH(H")), 2 36 (1H, dd,
J=4.1 and 5.2, C4-CH(H)), 2.54 (1H, dd, J=3.6 and 5.2, C4A-CH’(H)), 2.63 (1H, dd,
J=3.6 and 5 2, C4-CH(H)), 3.36 (3H, s, Ar O-CH"), 3.37 (3H, s, Ar 0-CHs), 3.60
(3H, s, 0-CH’3), 3 67 (3H, s, 0-CH’3), 3.68 (3H, s, O-CHs), 3.69 (3H, s, 0-CHs),
3.72-3.80 (2H, m, O-CH’»-CH3), 3.96-4 00 (2H, m, O-CH>-CH3), 4.96 (1H, t, J=5 4,
C5-CH’), 5.10 (1H, d, J=5.4, C5-CH), 5.38 (1H, s, C2-CH), 5.42 (1H, s, C2-CH’),
6.39 (2H, d, J=9.1, 2 x Ar-CH’), 6.50 (2H, d,J=9 1, 2 x Ar-CH), 6 62 (2H, d, =9 1,
2 x Ar-CH"), 6.72 (2H, d, J=9.1, 2 x Ar-CH), 7 06-7.31 (10H, m, 5 x Ar CH’, 5 x Ar
CH), 8c (101 MHz; CDCl,) 14.11 (O-CH,-C’H3), 14.17 (O-CH-CH;), 42 24 (C4’-
C’Hy), 44 13 (C4-CH,), 52.84 (C2°-C’H), 52.94 (C5°-C’H), 53.22 (C2-CH), 53.55
(C5-CH), 61.21 (O-C’H,-CHs), 61.33 (0-CH,-CHs), 61.60 (C3-C), 62 34 (C3'-C"),
63.30 (0-C’Hs), 67 27 (0-C’H3), 68 80 (O-C’Hs), 114 40 (Ar-CH), 114 51 (Ar-CH),
114.64 (Ar-C’'H), 115.37 (Ar-C’'H), 125.79 (Ar-C’H), 126.17 (Ar-CH), 126 87 (Ar-
C’H), 128.45 (Ar-C’H), 12891 (Ar-CH), 128.95 (Ar-CH), 139.30 (Ar-C"), 140 70
(Ar-C*), 142.18 (Ar-C’), 142.77 (Ar-C),, 152.20 (Ar-C), 15228 (Ar-C), 167.97
(C’=0), 168.04 (C=0), 16938 (C=0), 16961 (C=0), 17083 (C=0),




171.37(C=0); m/z (EI) 441 (M, 20%), 368 (91), 309 (10), 209 (25), 150 (48), 136
(100), 105 (23), 77 (21), 55 (15); Accurate mass for — CqHNO; — 441.1787,
found - 441 1780
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5-Phenyldihydro-furan-2,3 3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester

(206)
Q(‘D(co,m 4 coMe
5y 3 4 5y 3
L,/ “coMe 1 b COMe

2 "/'r—ost 2N, oFt
o 0

Prepared following the general thermal procedure for compound (203), 5-phenyl-
dihydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (206) (0 160
g, 48%) was prepared as a brown oil using 2-phenyl-cyclopropane-1,1-dicarboxylic
acid dimethyl ester (196) (0.240 g, 1.00 mmol) and ethyl glyloxalate (0.100 g, 1.00
mmol); Vma(filmy cm™2953m (CH str), 1739s (C=0), 1434s, 1271s, 1235s, 11165,
1069s, 1026m, 970w, 945w, 863w, 759m, 700s, 668w; du (250 MHz; CDCl3) 1 13
(3H, t, J=5 4, O-CH»-CH3), 1.22 (3H, t, J=5.4, 0-CH»-CH'3), 2.39 (1H, dd, J=7.2
and 13 1, C4-CH’(H)), 2.71 (1H, dd, J=72 and 13.1, C4-CH(H)), 2 83 (1H, dd,
J=10 4 and 13.1, C4-CH(H)), 3.16 (1H, dd, J=10 4 and 13.1, C4-CH(H")), 3 62 (3H,
s, 0-CHs), 3 67 (3H, s, O-CH"3), 3.68 (3H, s, 0-CH"3), 3.79 (3H, s, 0-CH:), 4.09-
4.19 (4H, m, O-CH,-CH;, O-CH’»CH3), 4.94 (1H, s, C2-CH), 531 (1H, s, C2-
CH), 5.10 (1H, t, J=7.4, C5-CH), 5.40 (1H, t, J=7.4, C5-CH’), 7.18-7.27 (10H, m,
5 x Ar CH’, 5 x Ar CH); &c (101 MHz; CDCl3) 14 05 (O-CH,-C’H3), 14.09 (O-
CH,-CHs), 41.98 (C4’~C’Hy), 42 40 (C4’—C’Hy), 53 07 (C2-CH), 53.19 (C2’-C’H),
53.30 (C5’-C"H), 53.60 (C5-CH), 61.51 (O-C’H-CHs), 62.13 (O-CH,-CH), 64.38
(C3°-C’), 64.75 (C3-C), 81.18 (O-CHs), 81.32 (0-C’H,), 81.58 (O-C'H;), 81.76 ko-
CH,), 126 48'(Ar-g’H), 126.72 (Ar-CH), 128.13 (Ar-C’H), 128.38 (Ar-CH), 128 44
(Ar-C’'H), 128 83 (Ar-CH), 129 29 (Ar-CH), 139.69 (Ar-C), 140.60 (Ar-C"), 168 02
(C=0), 168.50 (C=0), 169.52 (C’=0), 169.69 (C’=0), 16978 (C=0), 17417
(C’=0), m/z (EI) 336 (M", 5%), 277 (34), 231 (60), 171 (78), 121 (78), 105 (100),
91 (41), 77 (34), 59 (20); Accurate mass for — Ci7H»O7 — 336.1209, found —
336.1202
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S-Napthalen-1-yl-dihydro-furan-2,3 3-tricarboxylic acid 2-ethyl ester 33-
dimethyl ester (208)

Q 4 coMe 31 Q 4  coMe

5Y, % ~coMe 5Y % ~coMe
2 }—ost 2y oFt
0 o

Prepared following the general thermal procedure for compound (203), 5-napthalen-
1-yl-dithydro-furan-2,3 3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (208)
(0 240 g, 62%) was prepared as a brown oil using 2-naphthalen-1-yl-cyclopropane-
1,1-dicarboxylic acid dimethyl ester (198) (0280 g, 100 mmol) and ethyl
glyloxalate (0.100 g, 1.00 mmol); Vamu(filmycm™ 2952m (CH str), 1734s (C=0),
1435m, 1264s, 1112m, 1071m, 1022m, 970w, 939w, 802m, 761m; &y (250 MHz;
CDCl;) 1.13 (3H, t, =7 2, O-CH-CH3), 1.25 (3H, t, J=7.2, O-CH,-CH";), 2.45 (1H,
dd, J=4.2 and 13 2, C4-CH(H)), 2.64 (1H, dd, J=4.2 and 13.2, C4’'-CH(H")), 2 95
(1H, dd, J=10 0 and 13.2, C4>-CH’(H)), 3.33 (1H, dd, J=10 0 and 13.2, C4-CH(H)),
3.52 (3H, s, 0-CH’3), 3.54 (3H, s, O-CH3), 3.66 (3H, s, O-CH’3), 3 82 (3N, s, O-
CHb), 4 02-4.12 CH, m, O-CH,-CH:), 4.15-4.21 (2H, m, O-CH’»-CH3), 5.28 (1H, s,
C2-CH), 547 (1H, s, C2’-CH’), 5.72 (1H, t, }=70, C5-CH), 6.14 (1H, t, J=70,
C5°-CH), 7.04-7.77 (14H, m, 14 x Ar-CH, Ar-CH’); 8¢ (101 MHz; CDCls) 14.02
(O-CHxCH;), 14.15 (0-CH-C'Hs), 41.23 (C4™-C’H,), 41.46 (C4-CH,), 53.01
(C2*-CH), 53.25 (C2°-C’H), 53.28 (C5’-C’H), 53.65 (C5-CH), 61.62 (O-CH>-
CH), 62.14 (O-C’'H,-CH3), 64.31 (C3—-C), 64.52 (C3’—C”), 78.16 (O-CHs), 78 60
(0O-C’H,), 81.36 (O-CHs), 81.54 (O-C’Hs), 125.37 (Ar-C’H), 125 64 (Ar-C’'H),
126.21 (Ar-C’H), 126 24 (Ar-CH), 126.48 (Ar-C’H), 126.74 (Ar-CH), 128.44 (Ar-
C’H), 128.51 (Ar-C’H), 128.83 (Ar-CH), 128.90 (Ar-C’H), 129.27 (Ar-CH), 12930
(Ar-CH), 129.49 (Ar-CH), 129 84 (Ar-CH), (Ar-C’H), 132 33 (Ar-C), 133 68 (Ar-
C’), 13543 (A-C), 136.40 (Ar-C’), 136 52 (Ar-C), 137.00 (Ar-C"), 168.13 (C=0),
168.40 (C’=0), 169.44 (C’=0), 174.05 (C=0), 174.20 (C’=0), 177.00 (C=0); m/z
(ED) 386 (M", 3%), 312 (5), 234 (50), 195 (50), 165 (25), 155 (15), 121 (100), 93
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(41), 84 (30), 77 (27); Accurate mass for — CyHxpNO; — 386.1365, found —
386.1373.
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5-Anthracen-9-yl-dihydro-furan-2,33-tricarboxylic acid 2-e¢thyl ester 33-
dimethyl ester (210)

411 O 4. coMme
Q 5% 3/ ~coMe
2y —0Ft

o)

Prepared following the general thermal procedure for compound (203), S-anthracen-
9-yl-dihydro-furan-2,3 3-tricatboxylic acid 2-ethyl ester 3,3-dimethyl ester (210)
(0 180 g, 42%) was prepared as a brown oil using 2-anthracen-9-yl-cyclopropane-
1,1-dicarboxylic acid dimethyl ester (199) (0.330 g, 1.00 mmol) and ethyl
glyloxatate (0.100 g, 100 mmol); Vma(filmYem™ 2924w (CH str), 1739s (C=0),
1700s, 1444m, 1351m, 1264m, 1218m, 1160m, 1078m, 932w, 760m, 699s; &y (250
MHz; CDCls) 1.13 (3H, t, }=6.7, O-CH-CH’3), 1.20 (3H, t, J=6.7, O-CH-CH),
227 (1H, dd, J=2 6 and 5.2, C4-CH(H)), 2.64 (1H, dd, J=2.6 and 5 2, C4-CH(H")),
299 (1H, dd, J=2.7 and 5 2, C4-CH’(H)), 3.05 (1H, dd, J=2.7 and 5 2, C4-CH(H)),
3.50 (3H, s, 0-CH’3), 3.64 (3H, 5, O-CH"3), 3.67 (3H, s, O-CHs), 3.73 (3H, s, O-
CHs), 4.07-4.10 (2H m, O-CH'»-CHs), 4.134.19 (2H m, O-CH-CH3), 4.55 (1H, s,
C5-CH"), 4.92 (IH, s, C2-CH’), 5.07 (1H, s, C5-CH), 5.21 (1H, s, C2-CH), 7.12-
746 (18H, m, 9 x Ar CH’, 9 x Ar CH); §c (101 MHz; CDCls) 14.10 (O-CH-CHy),
14.18 (O-CHz-C'Hz), 34.65 (C4-CH>), 34.83 (C4-C'Hy), 51.45 (C2-CH), 5209
(C2’-C’H), 52.48 (C5°~C’H), 53.03 (C5-CH), 53.27(C3°-C’), 53.97 (C3-C), 61.03
(O-CH-CH3), 61.67 (0-C'H,-CHy), 70.42 (O-C’'Hs), 70 84 (O-C’Hs), 72.76 (O--
CHs), 12696 (Ar-C’H), 127.00 (Ar-C’'H), 127.10 (Ar-C’H), 127.87 (Ar-C’H),
127.96 (Ar-C’H), 128.10 (Ar-C’H), 128.45 (Ar-CH), 128.51 (Ar-C’'H), 128 59 (Ar-
C’H), 128.74 (Ar-CH), 128.75 (Ar-C’H), 128.93 (Ar-CH), 129.01 (Ar-CH), 129 11
(Ar-CH), 129.13 (Ar-CH), 129.24 (Ar-CH), 129.36 (Ar-CH), 12948 (Ar-CH),
13232 (Ar-C’), 134.10 (Ar-C’), 135.35 (Ar-C’), 13571 (Ar-C), 13827 (Ar-C"),
138 40 (Ar-C), 139.95 (Ar-C), 14244 (Ar-C), 169.09 (C=0), 168 09 (C’=0),
173 42 (C’=0); m/z (ET) 436 (M, 1%), 325 (11), 234 (100), 205 (43), 191 (82), 178
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(98), 121 (56), 91 (79), 77 (38), 57 (35); Accurate mass for C2sHz07 — 436 1522,
found — 436.1531.
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N 5-(4-Methoxy-phenyl)-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (211}
M°°‘Q(4)<coye MeO 4 coMe
5\, 3" coMe 1.3:1 5\ ¥ "coMe
Q 20'?-—05 Q 20 OEt
MeO MeO

Prepared following the general thermal procedure for compound (203), N,5-(4-
methoxy-phenyl)-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl
ester (211) (0.200 g, 42%) was prepared as a brown oil using 2-(4-methoxy-phenyl)-
cyclopropane-1,1-dicarboxylic acid dimethyl ester (201) (0.260 g, 1.00 mmol) and
N-(4-methoxy-phenyl) ethyl ester imine (0.210 g, 1.00 mmol); Vau(film)/cm™
2952m (CH str), 1737s (C=0), 1610m, 1512s, 1437m, 1246s, 1175m, 1072m,
1033m, 987w, 832m, 817m, 783w; &y (250 MHz; CDCh) 1.11 (3H, t, J=7.1, O-
CH-CH’3), 1.26 (3H, t, J=7.1, O-CH-CHj), 2.33 (1H, dd, J=2.5 and 6.1, C4—
CH(H)), 2.50 (1H, dd, J=4.7 and 6.1, C4’-CH(H")), 2.81 (1H, dd, J=2.5 and 6.1,
C4’-CH’(H)), 3.14 (1H, dd, J=4.7 and 6.1, C4-CH(H)), 3 41 (3H, s, O-CH;), 3.41
(3H, s, O-CH™), 3 60 (3H, s, O-CHs), 3.66 (3H, s, 0-CH’3), 3 67 (3H, s, O-CHs),
3 68 (3H, s, O-CH’3), 3 68 (3H, s, 0-CH"3), 3 69 (3H, s, O-CH3), 3 874 22 (4H, m,
0-CH’»-CH;, 0-CH,-CH3), 4.51 (1H, m, C5-CH), 4.88 (1H, s, C2-CH), 4 95 (1H,
m, C5°-CH’), 540 (1H, s, C2’-CH’), 6 40 (2H, d, J=9.1, 2 x Ar-CH’), 6 49 2H, d,
J=91, 2 x Ar-CH), 6 62 (2H, d, 9.1, 2 x Ar-CH"), 6 64 (2H, d, J=9.1, 2 x Ar-CH),
6.72 (24, d, J=8.7, 2 x Ar-CH’), 6.77 (2H, 4, J=8.7, 2 x Ar-CH), 6.99 (2H, d, J=8 7,
2 x Ar-CH"), 7.30 (2H, d, J=8.7, 2 x Ar-CH); 3¢ (101 MHz, CDCl;) 14.10 (O-CH>-
CH3), 14.18 (0-CH-C’Hy), 40.32 (C4'-C’Hp), 42.35 (C4-CH,), 52.95 (C2-CH),
53.04 (C2’-C’H), 53.21 (C5-C’H), 53.52 (C5-CH), 55.19 (O-C’H3), 5527 (O-
C’H;), 55 53 (0-CHs), 55 57 (0-C’H3), 61.22 (O-CHj3), 61 31 (O-CH’;-CHs), 61 58
(C3-C), 6161 (2H m, O-CH>CHs), 62.29 (C3™-C), 62.73 (O-CHs), 67.25 (O-
C’H,), 68.73 (3H, s, 0-CH;), 114.15 (Ar-CH), 114 55 (Ar-C’H), 114.96 (Ar-CH),
115.43 (Ar-C’H), 123 68 (Ar-CH), 126 97 (Ar-C’'H), 127.18 (Ar-CH), 127 35 (Ar-
C’H), 134.14 (Ar-C"), 134.78 (Ar-C), 139.36 (Ar-C’), 140.75 (Ar-C), 152.16 (Ar-
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C’), 152.23 (Ar-C), 158.43 (Ar-C’), 158.84 (Ar-C), 168.03 (C’=0), 168 09 (C=0),
169.51 (C=0), 169.64 (C=0), 170.84 (C’=0), 171.48 (C=0); m/z (EI) 471 (M,
27%), 413 (12), 398 (100), 335 (17), 307 (18), 235 (17), 193 (17), 150 (72), 134
(64), 107 (13), 73 (16); Accurate mass for CzsH»oNO;z — 471.1843, found -
471 1889
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N-(4-Methoxy-phenyl)-5-(3-nitro-phenyl)-pyrrolidine-2,3 3-tricarboxylic acid 2-
ethyl ester 3, 3-dimethyl ester (213)

Qﬁ(co,m 4 coMe

3 3

ON 5 N—, COMe 3.4 ON 5 N COMe
2%—~0Et 2Okt
o o

MeO MeO
Prepared following the general thermal procedure for compound (203), N-(4-
methoxy-phenyl)-5-(3-nitro-phenyl)-pyrrolidine-2,3 3-tricarboxylic  acid  2-ethyl
ester 3,3-dimethyl ester (213) (0 220 g, 45%) was prepared as a brown o1l using 2-
(3-nitro-phenyl)-cyclopropane-1,1-dicarboxylic acid dimethyl ester (202) (0.280 g,
1 00 mmol) and N-(4-methoxy-phenyl) ethyl ester imine (0210 g, 1.00 mmol),
Vaax(film)/em™ 2953m (CH str) 1738s (C=0), 1529s, 1435m, 1348s, 1255s, 1179s,
1072m, 1036m, 972w, 911w, 816m, 785m; &y (250 MHz; CDCl3) 1.12 (3H, t,
J=71, O-CH-CH’3), 1.29 3H, t, J=7.1, O-CH-CH3), 2 51 (1H, dd, J=28 and 7.4,
C4’-CH’(H)), 2.80 (1H, dd, J=5.5 and 7.4, C4-CH(H)), 2.91 (1H, dd, J=2.8 and 7.4,
C4A-CH(H)), 3.43 (IH, dd, J=5.5 and 7.4, C4’-CH(H")), 3.48 (3H, s, O-CH;), 3.60
(3H, s, 0-CH’3), 3.67 (3H, s, 0-CHs), 3.68 (3H, s, O-CH’3), 3.70 (3H, s, 0-CH’3),
3.75 (3H, s, 0-CH,), 3.98-4.06 (2H, m, O-CH’-CH3), 4.20-4.31 (2H, m, O-CH>-
CH,), 4.65 (1H, m, C5-CH), 4.92 (1H, s, C2-CH), 5.07 (1H, m, C5’-CH"), 5 45
(14, s, C2’-CH), 6.39 (2H, d, J=9.1, 2 x Ar-CH’), 6.44 (2H, d, J=9.1, 2 x Ar-CH),
6 63 (2H, d, 9.1, 2 x Ar-CH’), 6.65 (2H, d, J=9.1, 2 x Ar-CH), 7.19-7 99 (8H, m, 8
x Ar-CH, Ar-CH’); &8¢ (101 MHz; CDCls) 14.11 (0-CH2-C'H3), 14.17 (O-CHz-
CHs), 39.88 (C4’-C’Hy), 41.94 (C4-CH,), 53.18 (C2-CH), 53.37 (C2-C'H), 53.42
(C5"C’H), 53.75 (C5-CH), 55.49 (O-C’H3), 55.54 (O-CHs), 61.23 (O-C’Hy), 61 47
(O-C’Hz-CH3), 61.54 (C3’-C”), 61.01(0-CH>-CH3), 62 36 (C3-C), 62 48 (O-CHs),
67.47 (O-C’Hs), 68.88 (0-CH3), 114.45 (Ar-C'H), 114.66 (Ar-C’H), 114.71 (Ar-
C’H), 115.75 (Ar-C'H), 12099 (Ar-CH), 12147 (Ar-C'H), 12228 (Ar-C’H),
122.64 (Ar-CH), 129.58 (Ar-CH), 129.94 (Ar-CH), 132 20 (Ar-CH), 132 62 (Ar-
CH), 138.52 (Ar-C’), 139.83 (Ar-C), 144.79 (Ar-C), 145.52 (Ar-C’), 148 65 (Ar-
C”), 148.69 (Ar-C), 152.69 (Ar-C), 152.78 (Ar-C’), 167.63 (C’=0), 167.69 (C=0),
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169.31 (C’=0), 170.43 (C’=0), 171.33 (C=0); m/z (EI) 486 (M, 18%), 413 (100),
383 (8), 354 (10), 255 (5), 150 (5), 134 (10), 84 (22), 59 (6); Accurate mass for
Ca4H26N,09 — 486 1638, found — 486 1632.




5-(3-Nitro-phenyl)-dihydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-
dimethyl ester (214)

4 COMe 4 COMe
O,N s\ 3/~coMe 1.1:1 ON 5\ 3/7CO,Me
o) 0

2"7f-05t 2N, OEt
o o

Prepared following the general thermal procedure for compound (203), 5-(3-Nitro-
phenyl)-dihydro-furan-2,3,3-tricarboxylic acid 2-¢thyl ester 3,3-dimethyl ester (214)
(0.190 g, 49%) was prepared as a brown otl using 2-(3-nitro-phenyl)-cyclopropane-
1,1-dicarboxylic acid dimethyl ester (202) (0.280 g, 100 mmol) and ethyl
glyloxalate (0 100 g, 100 mmol); Vm(film)lcm™ 2955m (CH str), 1736s (C=0),
1531s, 1436m, 1349s, 1270s, 1233s, 1067m, 1023m, 961w, 896w, 737m; &y (250
MHz, CDCl3) 1 22-1.26 (6H, m, O-CH,-CH’35, O-CH;-CH3), 2.41 (1H, dd, J=5.8
and 13 1, C4-CH(H)), 2.71 (1H, dd, J=10.5 and 13.1, C4’-CH’(H)), 2.92 (1H, dd,

=5.8 and 13.0, C4’-CH(H")), 3.23 (1H, dd, J=10.5 and 13.0, C4-CH(H)), 3.65 (3H,
s, 0-CH’;), 3 66 (3H, s, 0-CH3), 3.70 (3H, s, O-CHa), 3.82 (3H, s, O-CH"3), 4.14-
422 (4H, m, O-CH,-CH;, O-CH’»-CH3), 5.07 (1H, t, J=5.8, C5’'-CH’), 5 16 (iH, s,
C2’-CH’), 5.34 (1H, s, C2-CH), 5.51 (1H, t, J=5 8, C5-CH), 7.19 (1H, s, Ar CH’),
749 (2H, q,J=7.7,2 x ArCH’), 7.80 (1H, d, J=7 6, Ar CH’), 782 (1H, d, J=7.6, Ar
CH), 8.10 (2H, g, J=7.7, 2 x Ar CH), 8.30 (1H, s, Ar CH), §c (101 MHz; CDCl;)
14 05 (O-CH,-C’'H3), 14.10 (O-CHx-CH3), 41.65 (C4-CH,), 42.02 (C4-CHp),
53.31 (C2’-C’H), 53.40 (C2-CH), 53.67 (C5-CH), 53.82 (C5-C'H), 61.77 (O-
CH,-CH3), 61.50 (O-C’H,-CH3), 64.16 (C3-C), 64.76 (C3°-C’), 80.12 (O-CH;),
80 45 (O-C’H5), 81.27 (O-C'H;), 81.84 (0O-CH3), 120.63 (Ar-C’'H), 121.49 (Ar-
C’H), 122 84 (Ar-C’H), 123 06 (Ar-C’H), 128,82 (Ar-CH), 129.53 (Ar-CH), 131.77
(Ar-CH), 132.52 (Ar-CH), 137 06 (Ar-C’), 14235 (Ar-C), 143.10 (Ar-C’), 14831
(Ar-C), 167.50 (C=0), 168.09 (C=0), 16922 (C=0), 16926 (C=0), 169 48
(C’=0), 169 68 (C’=0); m/z (EI) 381 (M, 1%), 322 (58), 276 (68), 248 (100) 201
(9), 195 (59), 150 (46), 115 (67), 59 (73), Accurate mass for C;7H1oNOo —
381 1060, found —381.1066.
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Section 3.10 — Pyrrolidines Formed as an Intermediate on Route to Natural
Products

2-Ethyl-2-pentyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (230)

L/4\,<002Me L/‘%<002Me
s\, 3/~come 8 5\, 2/~coMe

H \_\_\ W 2'-.,_H
To a solution of N-benzyl-2-pentyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (109) (0370 g, 1.00 mmol) in methanol (60 mL) in a 100 mL flask
equipped with a three necked adaptor and a magnetic stirrer bar. This was then

ol

flushed five times with hydrogen, was added the palladium on activated carbon 10
mol% (0.100 g, 1.00 mmol). The flask was flushed five more times using hydrogen
via a balloon, The reaction was allowed to stir ovemight under positive pressure of
hydrogen with stirring to remove benzyl group and vinyl bonds. The product was
filtered through a plug of cotton wool and evaporated in vacuo to afford 2-ethyl-5-
pentyl-pyrrolidine-3,3-dicatboxylic acid dimethyl ester (230) (0.260 g, 97%);
Vmax(film)Yem™ 2954s (CH str), 1734s (C=0), 1436m, 1269m, 1211m, 1095w,
1051w, 963w; & (250 MHz; CDCl;) 0.77-0.84 (6H m, CH’s, CH;), 0.88-0.94 (6H
m, CH’;, CHz), 1.13-1 24 (16H, m, 4 x CH’;, 4 x CHy), 1.41 (1H, m, br, N-H),
1.60-1.75 (4H, m, CH’;, CHL), 1.91 (1H, dd, J=9.3 and 14.2, C4’-CH'(H)), 2 35
(1H, dd, J=8 3 and 14.1, C4-CH(H)), 2.45 (I1H, dd, J=9.3 and 14.2, C4-CH(H)),
271 (1H, dd, J=8.3 and 14 1, C4'—CH(H")), 3.31 (1H, m, br, N-H’), 3.68 (1H, m,
C2-CH"), 3.71 (3H, s, O-CHs), 3.72 (3H, s, 0-CH";), 3.75 (3H, s, O-CH’;), 3.76
(3H, s, O-CH;), 3 81 (1H, m, C2’-CH), 3.91 (1H, m, C5-CH), 4 06 (1H, m, C5’-N-
CH’); 8¢(101 MHz; CDCl;) 10.74 (CHs), 11.09 (C’Hs), 13.93 (CH:), 14 07 (C’Hs),
2226 (C'H,), 22.34 (C'H), 25.86 (CH), 26.17 (CH), 26.65 (C’Hy), 26 85 (C’Hy),
29 33 (CH), 29 63 (C’Hy), 31.19 (CH), 31.48 (CHy), 38 42 (C4-CH;), 38 98 (C4'-
C’Hy), 53.13 (C5-CH), 53.17 (C5~C’H), 53.22 (C2’~C’H), 53.27 (C2-CH), 54.47
(C3°-C’), 54 70 (C3-C), 59.87 (O-C’H3), 62.09 (O-CH3), 63.06 (0-C’H;), 64.43 (O-
CHy), 168 76 (C’=0), 169.24 (C’=0), 169 89 (C=0), 170 26 (C=0), m/z (EI) 285
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(M, 7%), 256 (50), 224 (20), 214 (100), 192 (13), 142 (15), 112 (37), 84 (17), 55
(12), Accurate mass for C;sH»NO, — 285.1940, found —285.1936.




N-(4-Methoxy-phenyl)-5-viny}-pyrrolidine-2,3-dicarboxylic acid 2-ethyl ester 3-

methyl ester (231)
4 4
\\\QNcone \ CO,Me
5}5] 2;——OE tot 5}\' 2 °
t %e——OEt
oF oxa

MeO MeO
To a solution of the N-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic
acid 2-ethyl ester 3,3-dimethyl ester (122) (0.390 g, 1.00 mmol) and THF (2 mL) in
a 30 mL pressure tube equipped with a magnetic stirrer bar was added dimethyl
carbonate (0.010 g, 0 100 mmol), triethyl amine (0 010 g, 0.1.00 mmol) and ethylene
glycol (0 060 g, 1 00 mmol). The tube was sealed and heated to 170 °C with stiring
at for 6 hours at the end of this time the heat was removed and the reaction mixture
was allowed to cool to RT. The mixture was purified using column chromatography
(SiO, EtOAC'P E. 40-60; 1:4, Ry - 0.40) to yield the N-(4-methoxy-phenyl)-5-vinyl-
pyrrolidine-2,3-dicarboxylic acid 2-ethyl ester 3-methyl ester (231) (0.240 g, 73%)
as a brown o1} Vax(film)em? 2951m (CH str), 1736s (C=0), 1512s, 1437m,
1355m, 1242s, 1179s, 1039s, 925w, 814m, 783 w; dy (250 MHz; CDCl3) 1.01-1 11
(3H m, O-CH,-CH,), 1.17-122 (3H m, O-CH-CH’3), 1 75-1.79 (1H, m, C4-
CH(H)), 2.19-2.26 (1H, m, C4-CH(H)), 2.36-2.44 (1H, m, C4-CH(H)), 2.52-2 60
(1H, m, C4-CH’(H)), 3 06 (1H, m, C3’-CH’), 3.22 (1H, m, C3-CH), 3 64 (3H, 5, O-
CH"), 3 65 (3H, s, O-CH,), 3 66 (3H, s, 0-CHa), 3 67 (3H, s, O-CH’3), 4.00-4 06
(2H, m, 0-CH’>-CH3), 4.07-4 09 2H, m, O-CH>-CH;), 4.10 (1H, m, C5°-CH’), 4 32
(14, m, C5-CH), 4.90 (1H, d, ]=2.2, C2-CH), 492 (1H, d, J=2 2, C2’-CH), 4 98-
5.04 2H, m, CH=CH",), 5.14-5.22 (2H, m, CH=CH>), 5 63 (1H, m, CH’=CHy), 5.79
(1H, m, CH=CH_), 6.67-6 34 (4H, m, Ar-CH, Ar-CH’), 6 67-6.74 (4H, m, 2 x Ar-
CH, 2 x Ar-CH"); 8¢ (101 MHz; CDCl;) 14.09 (O-CH>-CH3), 14 18 (O-CH;-C'Hs),
34.17 (C4-C’Hy), 35.31 (C4-CH>), 40.45 (C5™-C’'H), 46.45 (C5-CH), 52.44 (C2~
CH), 53.23 (C2’-C’H), 55.63 (C3"-C’H), 55.76 (C3-CH), 61.18 (O-C’'H,-CHz),
61 29 (0O-CH3), 61.37 (0-C’H;), 61.43 (O-CH,-CH3), 63.97 (0O-CH3), 6425 (O-
C'H;), 113.93 (Ar-C’H), 114.52 (Ar-CH), 114.64 (Ar-C’H), 114.68 (Ar-CH),



115.58 (C’H=CH), 11629 (CH=CH), 13931 (CH=CH), 139.56 (CH=C'H),
151.87 (Ar-C), 151.91 (Ar-C’), 151.97 (Ar-C’), 152.11 (Ar-C), 172 60 (C=0),
172 64 (C=0), 172.67 (C’=0), 173.12 (C’=0); m/z (EI) 333 (M, 15%), 318 (10),
274 (26), 260 (100), 200 (14), 174 (6), 134 (13), 108 (6), 77 (7), Accurate mass for

C1sH»NO, — 333.1576, found —333.1571.




N-Benzyl-2-pentyl-5-vinyl-pyrrolidine-3-carboxylic acid methyl ester (232)

To a solution of the N-benzyl-2-pentyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (109) (0 370 g, 1.00 mmol) and THF (2 mL} in a 30 mL pressure tube
equipped with a magnetic stirrer bar was added dimethyl carbonate (0.010 g, 0 100
mmol), triethyl amine (0.010 g, 0.100 mmol) and ethylene glycol (0.060 g, 1.00
mmol). The tube was sealed and heated to 170 °C with stirring at for 6 hours at the

end of this time the heat was removed and the reaction mixture was allowed to cool
to RT. The mixture was purified using column chromatography (5102, EtOAcPE.
40-60; 14, Ry - 0.40) to yield the N-benzyl-2-pentyl-5-vinyl-pyrrolidine-3-
carboxylic acid methyl ester (232) (0.240 g, 76%) as a brown 0il; Vea(film)/cm™
2927s, 2857s (CH str), 1731s (C=0), 1455m, 1377m, 1266m, 1167m, 1073w, 916w,
728w, 699w, 8y (250 MHz; CDCls) 0.78-0.88 (6H, m, aliphatic CH’;, CH;), 1.18-
1.23 (16H, m, aliphatic CH’,, CHy), 1.60 (2H, s, benzyl CH"»), 2.02 (2H, s, benzyl
CH>), 2.17 (14, m, C4-CH(H)), 2.31 (1H, s, C3—CH), 2.46 (1H, s, C3°-CH’), 2 48
(1H, m, C4-CH(H")), 2 65 (1H, m, C4-CH'(H)), 2.99 (1H, m, C4-CH(H)), 3.41
(1H, m, C2-CH), 3.61 (3H, s, O-CH3), 3.63 (3H, s, O-CH’3), 3.71-3.91 (2H, m,
C5’-CH’, C5-CH), 4.14 (1H, m, C2°-CH"), 4.97-5.00 (4H, m, CH=CH’», CH=C-
H,), 5 53-5.81 (2H, m, CH’=CH,, CH=CH3), 7.15-7.25 (10H, m, 5 x Ar-CH, 5 x Ar-
CH’); &c (101 MHz; CDCL) 13.92 (CH:), 14.08 (C'Hs), 22.69 (C’Hy), 23 00
(C'Hy), 29 63 (CHy), 29.71 (C'H), 31.88 (CH>), 31.91 (CH), 3209 (CHy), 3228
(CHy), 32 99 (C4—-CH>), 33.38 (C4’-C'Hy), 37.63 (C5’C’H), 48 42 (C5-CH), 43.48
(C2’-C’H), 48 81 (C3’-C’H), 52.00 (C3-CH), 62.44 (benzyl C'Hy), 62 05 (benzyl
CH,), 66.40 (O-CH;), 68.15 (O-C'Hs), 114.54 (CH~CH), 116.85 (C’H;=CH),
128.48 (Ar-C'H), 128 80 (Ar-C’H), 130.90 (Ar-C’H), 13623 (CH,=C’H), 137.00
(CH,=CH), 146.23 (Ar-C), 167.79 (C’=0); m/z (ED) 314 (M" -H, 10%), 300 (15),




260 (13), 232 (32), 218 (30), 205 (23), 190 (37), 163 (100), 149 (32), 91 (69), 73
(69), 55 (50); Accurate mass for CooHxNO; — 314.21200, found-—-314 21123
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2-Pentane-3,3-dimethyl-8-methyl-4,6,7-trihydro-1H-pyrrolizine-3,3-
tricarboxylate (237)

6 5 4
7 4 a CO,Me
N coMe

8 2

Prepared following the general RCM procedure for compound (165), 2-pentane-3,3-
dimethyl-8-methyl-4,6,7-trihydro-1H-pymolizine-3,3-tricarboxylate (237) (0.080 g,
24%) was prepared as a brown oil using To a solution of de-gassed DCM (100 mL),
N-(1-methy!-allyl)-2-heptyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester
(236) (0.370 g, 1.00 mmol) and Grubbs second generation catalyst (0.010 g, 0.100
mmol), Vmu(film)/om™ 2924s (CH str), 1753s (C=0), 1598w, 1434m, 1386m,
1263s, 1177m, 1073m, 969m; &y (250 MHz; CDCl;) 0.80 (3H, t, J=6 9, N-CH-
CH3), 1.18-1 28 (15H, m, 6 x CH, and CH:), 2.38 (1H, m, C4-CH(H)), 2.79 (1H, m,
C4-CH(H)), 3 66 (3H, s, O-CH3), 3.67 (3H, s, O-CHa), 4.20 (1H, m, C8-CH), 4 36
(1H, m, C5-CH), 4.65 (1H, m, C2-CH), 5.67 (1H, m, CH=CH), 5.77 (IH, m,
CH=CH), 3¢ (101 MHz; CDCl;) 14.05 (CH;), 14.07 (N-CH-CH3), 21.61 (CH>),
26.77 (CHy), 29.16 (CHy), 29.25 (CHy), 29 31 (CH>), 29.48 (CHy), 31 55 (C3-C),
4029 (C4-CH,), 5228 (C5-N-CH), 52.67 (C2-N-CH), 53.15 (C8-N-CH), 82 85
(O-CHs), 82.96 (O-CHs), 132.80 (CH=CH), 13387 (CH=CH), 169.95 (C=0),
170 35 (C=0), m/z (EL) 337 (M*, 25%), 311 (49), 285 (58), 239 (60), 201 (51), 145
(55), 113 (56), 91 (100), 69 (58), 57 (83); Accurate mass for CyoH3NOy —
337 2253, found — 337 2248.



Section 3.11 — Other Pyrrolidine Products

N-(Toluene-4-sulfonyl)-2-phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethyl ester (113)

Prepared following the general thermal procedure for compound (81), N~(Toluene—4-

sulfonyl)-2-phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (113)
(0 280 g, 64%) was prepared as a yellow oil using N-(toluene-4—su]fonyl)-phenyl
imine (0 260 g, 1.00 mmol) for 96 hours; Vas(film)/cm™ 3356m, 3259m (CH str),
1735m (C=0), 1434w, 1304s, 1160s, 1095m, 1018w, 997w, 903w, 817m, 694; oy
{250 MHz; CDCl3) 2.27 (3H, s, Ar-CHs), 2.38 (1H, dd, J=6.0 and 13.7, C4-CH(H)),
266 (1H, dd, J=11.7 and 13.7, C4-CH(H)), 3.15 3H, s, O-CH;), 3.56 (3H, s, O-
CH;), 3 90 (1H, m, C5-CH), 5.10-5.25 (2H, m, CH=CH,), 5.71 (1H, s, C2-CH),
5 84 (1H, m, CH=CH,), 4.91 (1H, s, C2-CH), 5.35 (2H, m, CH=CH>), 5.74 (1H, m,
CH'=CH,), 5.82 (1H, m, CH’=CH,), 7.03-7 67 (18H, m, 9 x Ar-CH); 5c(101 MHz;
CDCl;) 1491 (Ar-CH3), 21.56 (Ar-C'Hj3), 37.42 (C4-CH>), 37.80 (C4-C'Hy), 52.70
(C2-C’H), 52.82 (C2-CH), 53.61 (C5-CH), 53.85 (C5-C’H), 61.53 (C3-C’), 62.05
(C3-C), 63 80 (0O-CH;), 64.38 (0O-C’H;), 67.61 (O-CH3), 67.78 (O-C’H3), 117 55
(CH,=CH), 118.49 (C’'H~=CH), 126.45 (Ar-C’H), 12744 (Ar-CH), 127.66 (Ar-
C’H), 127.98 (Ar-CH), 128.19 (Ar-C'H), 128.23 (Ar-CH), 128.35 (Ar-C’H), 129 09
(Ar-CH), 129.24 (Ar-C’H), 129.75 (Ar-CH), 135.46 (Ar-C"), 136.70 (CH,=C’H),
137.41 (CH=CH), 137.47 (Ar-C), 138 25 (Ar-C’), 138 40 (Ar-C), 143.35 (Ar-C),
143.73 (Ar-C’), 166.79 (C’=0), 166.85 (C=0), 170.02 (C’=0), 170 56 (C=0); m/z
(ED) 443 (M', 0.5%), 288 (92), 228 (9), 185 (50), 171 (26), 153 (33), 121 (14), 91
(100), 65 (26), Accurate mass for C;3HysNOS — 443.1402, found —443.1411.



N-(Toluene-4-sulfonyl)-2-penty!-S-vinyl-pyrrolidine-3,3-dicarboxylic acid
dimethy! ester (115)

\\I 21

@\ s

Prepared following the general thermal procedure for compound (81), N-(toluene-4-

sulfonyl)-2-pentyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (115)
(0330 g, 75%) was prepared as a yellow o1l using N-(toluene-4-sulfonyl)-pentyl
imine (0 250 g, 1.00 mmol) for 96 hours; Vmu(film)/cm™ 2933s (CH str), 1737s
(C=0), 1597w, 1434s, 1341s, 1264s, 1163s, 1091m, 924w, 815m, 666m; &y (250
MHz; CDCl3) 0.76-1.49 (22H m, 11 x alkane CH’, 11 x alkane CH), 2.24 (1H, dd,
J=4 8 and 13 6, C4-CH(H)), 2.30 3H, s, Ar-CH;), 2.33 (3H, s, Ar-CH3), 2.40 (1H,
dd, J=4 8 and 13.6, C4-CH’(H)), 2.58 (1H, dd, J=7.1 and 13 6, C4-CH(H")), 3 00
(1H, 44, J=7.1 and 13.6, C4-CH(H)), 3.61 (3H, s, O-CH’3), 3.65 (3H, s, O-CH’3),
367 (3H, s, O-CH), 3.68 (3H, 5, 0-CH3), 3.81 (1H, m, C2-CH’), 4.81 (1H, m, C2-
CH), 4.90 (1H, m, C5-CH), 4.97 (1H, m, C5-CH"), 5.04-5 07 (2H, m, CH=CH",),
521-5 24 (2H, m, CH=CH,), 5.67 (1H, m, CH’=CH;), 5.88 (1H, m, CH=CH,), 7 21
(2H, d, J=5 8, 2 x Ar-CH), 7.46 (2H, d, J=5.8, 2 x Ar-CH), 762 (2H, d, J=5 8, 2 x
Ar-CHY), 7.74 (H, d, J=538, 2 x Ar-CH); 5c (101 MHz; CDCls) 13.79 (alkane
CH3), 13 98 (C’H3), 21.63 (Ar-C’H3), 21.76 (Ar-CH:), 22.25 (C’'Hy), 22.43 (CHp),
2512 (C'Hy), 25 63 (CHy), 29 25 (C’Hy), 31.13 (CH,), 31.73 (C'Hy), 32.83 (CHy),
3837 (C4-CHy), 39.36 (C4’-C’Hy), 52.57 (C2-CH), 52.78 (C5-CH), 52.93 (C2-
C’H), 53 21 (C5’-C’H), 60.41 (O-CH3), 60.49 (0O-C'H3), 62.34 (C3-C), 62.71 (C3’-
C), 64 67 (O-C’H3), 64 85 (0-CH:), 115 69 (CH=CH), 116.32 (C’H,=CH), 127 05
(Ar-C’H), 127.16 (Ar-C’H), 127.49 (Ar-C’H), 127 57 (Ar-CH), 12785 (Ar-C'H),
12829 (Ar-CH), 128.95 (Ar-CH), 12915 (Ar-CH), (Ar-C’H), 13584 (Ar-C),
135 89 (Ar-C”), 138..92 (CH;=C'H), 139 81 (CH;=CH), 141.92 (Ar-C), 142.31 (Ar-
C), 169 40 (C’=0), 169.58 (C=0), 17007 (C=0), 171.55 (C’=0); m/z (EI) 438
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(M, 11%), 366 (13), 254 (57), 185 (20), 155 (55), 121 (19), 91 (100), 69 (51), 55
(77), Accurate mass for — CooH3 NOGS — 4382150, found - 438.2147.




N-(4-Methoxy-phenyl)-S-ethylpyrrolidine-2,3 3-tricarboxylic acid 2-ethyl ester
3.3-dimethyl ester (133)

To a solution of the N-(4-Methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic
acid 2-ethyl ester 3,3-dimethyl ester (122) (0.390 g, 1.00 mmol) in methanol (60
mL) in a 100 mL flask equipped with a three necked adaptor and equipped with a
magnetic stirrer bar. This was flushed five times with hydrogen, was added the Pd/C
(10 mol%) (0.100 g, 0.100 mmol). The flask was flushed five more times using
hydrogen via a balloon. The reaction was allowed to stir overnight under positive
pressure of hydrogen with stirring to remove benzyl group and vinyl bonds The
product was filtered through a plug of cotton wool and the filtrate evaporated in
vacuo to afford the N-(4-Methoxy-phenyl)-5-ethyl-pyrrolidine-2,3,3-tncarboxylic
acid 2-ethyl ester 3,3-dimethyl ester (133) as a colourless oil (0.390 g, 98%);
Van(film)em™ 29575, 2836m (CH str), 1735s (C=0), 1513s, 1436s, 1247s, 1126s,
1074s, 1036s, 972m, 915m, 819s, 784m, 733m; &y (250 MHz, CDCl;) 0 84 (2H, t,
J=1.2, alkane CH>-CH3), 1.00 (3H, t, J=7.2, O-CH>-CH"3), 1.10 (3H, t, J=7.2, alkane
CHCHs), 2.47 (1H, dd, J=1.6 and 15 2, CA-CHH)), 2.95 (1H, dd, J=7.5 and 15 2,
C4-CH(H)), 3.40 (1H, t, J=7.2, C5-CH), 3.64 (3H, s, O-CH3), 3 65 (3H, s, O-CHs),
3.72 (3H, s, O-CH,), 3.84-3.93 (2H, m, O-CH,-CH;), 5.17 (1H, s, C2-CH), 6.56
(2H, d, J=6 8, 2 x Ar CH), 6 72 2H, d, J= 6.8, 2 x Ar CH); 3¢ (101 MHz; CDCl3)
10 88 (CHrCH3), 14 55 (0-CH-CH3), 26.34 (CH,-CH3), 35.42 (C4-CHy), 52.97
(C2-CH), 53.74 (C5-CH), 5596 (0-CH,), 59.70 (O-CH>CH3), 61.35 (C3-0O),
68 25 (0-CH3), 115 01 (Ar-CH), 116.76 (Ar-CH), 139.65 (Ar-CH), 152.91 (Ar-CH),
168 82 (C=0), 170.56 (C=0), 170.96 (C=0), m/z (EI) 393 (M", 13%), 364 (12),
320 (100), 232 (11), 200 (7), 134 (10), 113 (2), 77 (3), 59 (3); Accurate mass for
CoH2NQO;—393.1787, found —393 1787.
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5-Ethyl-pyrrolidine-2,3 3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester
a349H®

4  COMe
5( 3-coMe
N

PN
H orOEt

To a solution of the N-(4-Methoxy-phenyl)-5-ethyl-pyrrolidine-2,3,3-tricarboxylic
acid 2-ethyl ester 3,3-dimethyl ester (133) (0 390 g 1.00 mmol) in acetonitrile (15
mL) at 0 °C, in a 50 mL round bottomed flask equipped with a magnetic stirrer bar,
was added a solution of cerium ammonium nitrate (1.100 g, 2.00 mmol) in water (3
mL) drop-wise over S minutes. This solution was allowed to stir for 20 minutes after
which time the mixture was allowed to rise to RT before being extracted with ethyl
acetate (20 mL) and washed with saturated sodium hydrogen carbonate solution (2 x
20 mL) and saturated brine solution (2 x 20 mL). The organic layer was dried using
magnesium sulphate and the product purified by column chromatography (510,
EtOAcP.E. 40-60; 1:2), to afford the 5-Ethyl-pyrrolidine-2,3,3-tricarboxylic actd 2-
ethyl ester 3,3-dimethyl ester (134) as a colouress oil (0.120 g, 42%);
Vas(film)/cm™ 2957m, 2880w (CH str), 1744s (C=0), 1434s, 1278s, 12395, 1214s,
1133m, 1023m, 969w; &y (250 MHz, CDCl;) 0.99-1.03 (3H, m, CH-CH,-CHs),
120 3H, t, J=7.1, 0-CH,-CHs), 1.26 (1H, m, C4-CH(H)), 1 64 (1H, m, CH-CH(H)-
CH3), 2.20 (1H, m, C4-CH(H)), 3.03 (1H, m, CH-CHH)-CH3), 3.65 (3H, s, O-
CH,), 3 75 (3H, s, 0-CHz), 4 03-4 14 (2H, m, O-CH-CH;), 4 64 (1H, m, C5-CH),
536 (1H, s, C2-CH); &c¢ (101 MHz; CDCl3) 11.17 (CH-CH:-CH3), 14.56 (O-CH:-
CH;), 27.71 (CH-CH:-CH3), 36.95 (C4-CH,), 53.85 (C5-CH), 54.12 (C2-CH),
59.28 (C3-C), 62.50 (0-CH>-CHa), 62.85 (0-CHs), 64.67 (O-CH3), 165.97 (C=0),
165 76 (C=0), 169 33 (C=0); m/z (EI) 286 (M -H, 60%), 243 (47), 212 (55), 180
(25), 155 (44), 145 (39), 123 (31), 113 (100), 94 (18), 59 (41); Accurate mass for
C13H; NOs — 286.1290, found —286.1286
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D-Glyceraldehyde acetonide (249)%

"‘k[s

3

LX

To a vigorously stirred suspension of chromatographic grade silica gel (10.00 g) in
DCM (80 mL) in a 150 mL conical flask was added a 0.650 M aq solution of
sodum periodate (10 mL) drop-wise with stimng, forming a flaky suspension.
1,2 5,6-Di-O-isopropylidene-D-mannitol (1.310 g, 5 00 mmol) in DCM (10 mL) was
added, and the reaction monitored by TLC until disappearance of the D-mannitol
(usually less than 15 min). The mixture was filtered and the silica gel thoroughly
washed with DCM (2 x 50 mL) Evaporation of the solvent in vacuo affords the D-
glyceraldehyde acetonide as a colourless oil (1.260 g, 97%), Vma{film)/cm™ 2987s,
2895m (CH str), 1735m (C=0), 1257s, 1213s, 1153s, 10725, 920w, 848s, 794w; u
(250 MHz; CDCL,) 1.38 (3H, s, CH;), 1.44 3H, s, CHs), 4 07-4.13 (2H, m, C4-
CH;), 4.35 (1H, m, C3-CH), 9.67 (1H, s, CHO); dc (101 MHz; CDCls) 2543
(CH,), 26.54 (CH3), 53.78 (C1-C), 65.84 (C4-CH_), 80.15 (C3-CH), 20209
(HC=0); m/z (EI) 131 (M" +H, 24%), 115 (13), 101 (53), 89 (10), 59, (42) 43 (100),
Accurate mass for C¢H;003 — 131.0710, found - 131.0710; [a]zon =+65.12° lit=
+64 90°
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Section 3.12 — Other Reactions Performed

Palladium Tetrakistriphenylphosphine (250)*
ENp Php-Fh PhP__PPh,

+ ] —_—
VA

Ph php” “PPh,

A mixture of palladium chloride (1.770 g), triphenyl phosphine (13 100 g) and
dimethyl sulfoxide (120 mL), was placed in a 3 neck round bottomed flask equipped
with a magnetic stirrer bar. Nitrogen was passed through it to purge the flask of
oxygen. The yellow mixture was heated by means of an oil bath until complete
solution occurred (~ 140 °C). The oil bath was taken away and the solution was
rapidly stirred for 15 minutes, hydrazine hydrate (2 mL) was rapidly added over 1
minute, A vigorous reaction took place with the evolution of nitrogen. The dark
solution was immediately cooled in a water bath until crystallization occurred {at
~125 °C), at this point ice bath was removed and the mixture was allowed to cool
with out extemal cooling. After the mixture reached RT it was filtered under a
stream of nitrogen, and the solid washed with ethanol (2 x 50 mL) and ether (2 x 50
mL). To yield the Pd(PPhs)s (250) (10420 g, 97% yield) as a bright yellow
crystalline material.

Gabriel Synthesis (251 and 252)*

0
N
NN
A~hA s N—K AN
o)

KA

To potassium phthalimide (5 650 g, 35.00 mmol) and 4-bromobut-1-ene (3 780 g,
35.000 mmol) or 5-bromopent-1-ene (5.210 g, 35 00 mmol) in dimethy] formamide
(20 mL) in a stirred 100 mL round bottomed flask with nitrogen gas inlet, potassium
1odine (0.400 g) was added. The mixture was heated to 120 °C with strring for 30
minutes and at 160 °C for a further 30 minutes. The hot suspension was poured onto
1ce (22 g) to form a creamy white solid and extracted with chloroform (4 x 10 mL)
The combined extracts were shaken successively with 1 mol dm™ potassium
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hydroxide, water and hydrochloric acid (0.500 mol dm™) and dried over magnesium
sulphate Removal of chloroform by rotary evaporation gave a yellow oily liquid
that solidified upon standing. The solid was refluxed with hydrazine hydrate (2 00 g)
in ethanol (30 mL) for 1 hour and after cooling in an ice bath, treated slowly with 10
mol dm™ hydrochloric acid (3.7 mL). The white solid formed was removed by
filtration and the filtrate concentrated to yield a syrup that solidified upon standing at
RT. This was treated with a cold solution of potassium hydroxide (2.600 g) in water
(5 mL). The precipitated potassium chloride was filtered off and the remaining
aqueous solution extracted with ether (4 x 5 mL). The combined ether extracts were
dried over potassium hydroxide and concentrated in vacuo to give the 1-
aminopropane (251) as light yellow o1l (1 660 g, 67%), or the 1-aminopentane (252)
(1.250 g, 42%) as a light yellow 0il Crude NMR showed the desired products before

they were used to prepare the imines.

Mitsunobu coupling (253)”

/\)\ @—K+\/U\)‘\"/\+ Q /\)}%

To a solution of pent-4-en-2-0l (0.850 g, 10.00 mmol), tipheny] phosphine (2 650 g,
10 100 mmol), and phthalimide (1.870 g, 10 100 mmol) in dry THF (100 mL) at 0
°C under nitrogen was added DEAD (1.420 g, 10.00 mmol) drop-wise over 20 min.
After stirring for 24 hours saturated sodium chloride solution was added (50 mlL)
and the mixture was washed with ether (3 x 50 mL) The combined ether extracts
were dried over MgSO, and the solvent removed in vacuo. The resulting solid was
punfied by column chromatography (Si02, ether:P E. 40-60, 1 6) and concentrated
to give the N-(pent-4-ene)-phthalimide (253) (1.440 g, 67%) as a yellow amorphous
solid Crude NMR showed the desired product before it was converted to the amine
through addition of anhydrous HC1.”
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Imines®

4 A mol sieves,
X’NH2 + O Y diethyl ether X’N\\/Y

To a solution of the aldehyde (20.00 mmol) and ether (30 mL) in a 100 mL round-
bottomed flask equipped with a magnetic stirrer bar was slowly added the amine
(20.00 mmol) over a period of 1 minute. To this reaction mixture was added dry
molecular sieves (5.00 g), the reaction vessel was flushed with nitrogen and reacted
under positive pressure of nitrogen with stirring for 24 hours. At the end of this time
the molecular sieves were filtered off and the excess solvent evaporated 1n vacuo to

afford the desired imine.

Tosyl Azide (254)%

(o)
w _Cl O\\ ANy

S
JOA LRI O L

To a solution of tosyl chloride (7.00 g, 36.700 mmol) in 60 mL of acetone and
distilled water (40 mL) in a 250 mL round bottom flask was added sodium azide
(5.00 g, 98.00 mmol) the resulting mixture was refluxed for 3 hours. After the
reaction was completed 40 mL of distilled water was added to the mixture, the tosyl
azide was extracted using DCM (2 x 100 mL). Magnesium sulphate was used to dry
the orgamic layer which was filtered and the filtrate concentrate in vacuo to afford
the tosyl azide (254) (5.200 g, 77%) as an amorphous white solid. Crude NMR

showed the desired product before it was used to prepare the diazomalonate.

Diazomalonate (255)
C Q
5 O . I —" T
O+ N Mo OMe N
N
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To a solution of dimethyl malonate (7.200 g, 45 00 mmol) and triethylamine (4 650
g, 46 00 mmol) in benzene (75 mL) is added tosyl azide (9.00 g, 45.00 mmol), and
the reaction was allowed to stand at RT for 24 h. Readily volatile components are
removed in vacuo The residue was triturated with benzene (100 mL) The resultant
solution is washed with a solution of potassium hydroxide (5.400 g) in water (200
mL), the aqueous phase was saturated with sodium sulphate, and extracted with
ether (100 mL). Acidification of the combined ethereal extracts with 6M
hydrochloric acid, the ether extracts are dried with sodium sulphate. Removal of
solvent in vacuo afforded the diazomalonate (255) (8.110 g, 95%) Crude NMR
showed the desired product before it was used to prepare the aromatic

cyclopropanes.
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Chapter 5 — Appendices

Appendices 1 — Reactions with Aldehydes

It was observed on several occasions that there was hydrolysis of the imines
used in our [2+3]-cycloaddition reactions to give the amine and the aldehyde. This
meant the aldehyde reacting with the vinyl cyclopropane to generate the
tetrahydrofuran product (Scheme 94). It was therefore necessary when this occurred
to synthesise the cyclic product, again using the comesponding aldehyde to
determine if 1t was the hydrolysis product bemg formed or a secondary reaction
{(Table 62).

Over the course of the project several tetrahydrofurans were synthesized and
all of these have confirmed the presence of the hydrolysis product in the reaction
mixture. The hydrolysis product seen in the reaction mixture was thought to be
caused by imines breaking down in the presence of small quantities of water to the
reaction mixture. This caused the hydrolysis of the imine to the amine and aldehyde
The aldehyde then reacted with the vinyl cyclopropane to form the THF product

Overall the tetrahydrofuran products have been prepared in good yield and in
fast reaction times. All the tetrahydrofurans were synthesized in yields which were
comparable to the corresponding benzyl imines. The results shown that the simple
phenyl! and alkane chains react the best

The only substrate which had different reaction conditions was ethyl
glyloxalate {entry 3, Table 62) this had proven to be a highly reactive substrate and
TLC of the reaction mixture showed that it had reached completion after only 16

hours, and required no Lewis acid.
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CoMe THF, ZnB. COMe
/ o ' 2
P lcope + OSR — /\Q<°02Me

Pd(PPh,), -

Scheme 94 — Tetrahydrofuran formation

R Solvent | Temp (°C) | Time (h) Yield (%) Cis:Trans
1 @ THF 35 48 72 (239) 3.1
2 ~ THF 33 48 0 (240) -
|~
<
3 0 THF 35 48 96 (241) 1:1
)LOEt
4 \EO THF 35 48 0 (242) -
X
5| e~ THF 35 48 72 (243) 3.1
6] ~o THF 35 48 0 (244) -
7 e THF 35 48 54 (245) 1:1
O
8 THF 35 48 30 (246) 1:1
é
o
9 b THF 35 48 49 (247) 4:1
s

1 mmol scale and had 2 eq of ZnBrz and 10 mol% Pd(PPhs)4
Table 62 — Aldehyde cyclisation
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Appendices 2 —

X-ray Crystal Data for N-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-
2,3.3-tricarboxylic acid 2-ethyl ester 3.3-dimethyl ester
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F. Hoffmamm-Ia Rocha AG

Crystal data and structure refinement foxr x1269,
Probe: MDT.20, Dr.A.Thomas
Author André Alker
Pharma Research Basel 657310
Phone: 80935
Enalil: andre _m.alkerSroche. com

Data deposition Roche intranet structure No. 1269
wWWW address http: / /xbaw0l.bas. xoche. com: 8080 /apps/ sxray/ sxray. html
Date of data deposition <20.10.2003

Ermpirical formula €20 H25 N 07

Formula weilght 391.41

Terperature 293{(2) K

Wavelength - §.71073 A

Crystal systam, space group Orthorhoxhic, Poaz(l)

Unit cell dimensions & = 40.279(8) A alpha = 90 deg.
b = 8.0051(16) A beta = 90 deg.
< = 6.2460{12) A gamma = 50 deg.

volume 2014087 A3

Z, Calculated density 4, 1.291 Mg/m"~3

Absorption coefficient 0.098 mm~-1

F({00QQ) 832

Crystal size 0.3 x 0.1 x 0.03 Tm

Theta range for data collection 2.59 to 24.02 deg.

Limiting indices —46<=h<=46, -Y<=k<=9, -G<=1<=§

Rerlections collected 7 unigque 16200 / 3023 [R{int) = 9.0866)
Completenass to theta = 24.02 95.9 %
Refinement method , Full-matrix least-squares on F~2

Data / restraints / parameters 3023 /7 1 7 257

Goodness-ot-fit oo 2 0.8586

Final R indices (I>2eigma{T}} Rl = 0.0396, wR2 = 0,0746
R indices {all data) . Rl = 0.0702, wR2 = 0.0812
Absolute structure parameter =1.2{14)

Largest diff. peak and hole 0.153 and -0.137 e.A~-3
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mahle 2. Atomlc coordimates ( x 10%4) and equivalent isotropic
displacement parameters {A*2 x 103} for x126S.

O(eq) is defined as one third of the trace of the orthogonalized
Ul] Tensor.

x y = U{eq)
0{1) 9377{1) 5610(3) 5034 {4) 67(1)
0{2} 9683 (1) 4923 (3} 7857{4) 67(1)
0(3}) 9525(1) 745(3) 7895(4) 79 (1)
0(4) 9428(1) 1525 (3) 4554 (4) 61{1)
0{5) 8559(1) 11523} 7601(5) 92(1)
0{6) 8670(1) 1102(3) 4146(5) 83(1)
o{7) T4544{1) T7150(3) 5557(5) 83(1)
N{8) 8705(1) 4615(3) 7451(5) 47{1)
c(9) 8837(1) 4624 (8) 9659 (5) 50(1)
c({10) 9116(1) 3323(2) 2606 (6) 51{1)
c(11) 9213(1) 3248(4) 72371(5) 42(1)
c{12) BB72(1) 3359 14) 6120 (5) 41(1})
Cc{13) 8962{1) 6290 (5) 10323 (6) 65(1)
Q{14d) 8985(1) 7621 (5) 9203(7) T4(2)
Cc(15) 8386(1) $173(48) 6971(5) 45{1)
C{16) 8204 (1) 6127 (8) 8413 {6) 55(1)
Cc{17) 7896(1) 6749 {4) T878({6) 62(1)
C{18) T155¢1) 6442 (42) 5904 (7) 5%(1)
c(19) 7929{1) 5467 (4) 4475 (6) 57{1)
c(20) 8240(1) 4843 (4) 5014 (5) 50{1)
c(21) 7309{1) 6950 (6) 3516(7) %0(1)
c{22) 8589(1) 1755(4) 6064 (5) 50(1)
C{23} BA7S5(1) -411(5) 3853(8) 1024{2}
c(24) 8170(1} =42 (6) 2342(11) 137{2)
c ({25} S404(1) 1698 (4} 6552(6) 46{1)
c{26) $538(1) 45 (4) 3724(7) 76(1)
c2n 2424(1) 4734 (4) 6558(5) 4a8{1)
c{28) 9892(1) 6371 (4) 7506(8) B5(1)
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Table 3. Bond lengths TA] savd angles Ideg) for x1269.

0{1)-C(27) 1.197(3)
o{2)y-c(2n 1.328{4;
0(2)-C(28) 1.450(4)
0(3)-C(25) 1.193 (4)
0{4)-C{(25) 1.321(3)
0{4)~C(26)} 1.440(4)
o(5)~-C(22) 1.195(4)
o5}~ {22} 1.309 {4)
a{6)-C(23) 1.455(4)
0(7)-C{18) 1.353(4)
0(7)-C(21) 1.413(5)
¥{8)~C(15) 1.393(3)
u{8)-C{12) 1.445(4)
N{8)-C(9) 2.477(4)
c(9)}-Cc{13) 1.485(5)
C(9)-C(10) 1.532(4)
C(10)=-C{11) 1.531(4)
©(11)-C(25) 1.507 (4)
C(11)-C{27} 1.524 (4)
c{11)-C{12) 1.543 (1)
c{12)}-c(22) 1.510 (4)
C{13)-C(14) 1.278(5)
e(1s)-c{20) 1.384 (4)
c{15)-C(16) 1.391(4)
C{16)-C{17) 1.378(4)
c(17)-c(18)} - 1.380 (5)
c{18)-c(19) 1.378({5)
C(19)--C{20) 1.3289(4)
c(23)-c(24) 1,414(5)
C(27}-0(2) ~C{28) 117.0(3)
C{25)-0{4)~C{26) 117.8(3)
c(22)-0{6)-C123) 118.5¢(3)
c(18)-0{7)-C(21) 117.9(3)
C{15)-N(8)-C(12) 121.4(2)
C(15)}-¥{8)-C{9) 122.0(2)
c{12)-M¢8)-C(9) 111.9(2)
N{g)}-C{9)-o{13) 112.8(3})
K{8)~C{9)-C{10) 103.9(2)
C(13)-c(9}-C(10) 1131.5(2)
C{11)-C{10}~-C(9) 103.5(3)
C{25)-C(11)-C(27) 106.8(2)
a{25)-c{11}-C(10}) 113.443)
C(27)-C(11)~C (10} 112.4(3)
C{25)-C(11)-C(22) 114.2(3}
C€(27)-C{11)~-C(12) 108.1(2)
C(10)~C{11}-C(12) 102.0(2)
N(8)~C{12)-C(22) 111.8(2)
N(8)-C(12)-C(11) 101.9(2)
C{22)~-C(12)-C(11) 112.2(2)
C{14)-C{13)~C(9) 128.3(4)
C{20)-C{15}~-C{16) 116.8(3)
C{20}~C(13}-m(8) 121.5(3)
C(16)-C{15)-N(8) 121.6(3)
C(17)-C(16)-C(15} 121.1(3)
C{16)-C(17)-C{18) 121.6(3)
0(7)-C(18)-C{19) 126.1(4)
o(7)-C{18)-C(17) 115.9(3)
C{19}-C(18}-C(17}) 118.0(3)
C(18)-C{19)-C(20) 120.4(3)
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C(15)-C{20)-C(19) 122.0(3)

9{5}-C(22)}-0(6) 123.3(3)
ois)y-c(az2)-c(13) 123.3(3)
a{6)-C{22)-C{12) 113.4(3)
C(24)-C{23)-0{6) 110.6(4}
0(3)-C(25)-0(4) 133.3(3)
0({3)}-C(25)-C{11) 125.3(3)
c{4)-C(25}-c(11)} 111.4(3)
0{1)-C{27)-0(2) 122.8(3)
o{1)}-Cc{27)-C{11) 126.2(3)
0(2}-C(27})-C{11) 110.9{3)

Symmetry transformations used to generate eguivalent atoms:
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Appendices 3 —
X-ray Crystal Data for N-(toluene-4-sulfonyl)-5-vinyl-pyrrolidine-

2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester
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Table 1. Crystal data and stracture refinement for gp3.

Tdentification code
Chemical fornmila

rommala weight
Temperature

HRadiation, waveiength
Crystal system, space group
Unit cell parametess

Y range tor data collection
Index ranges
Completeness to 8 =25.00°
Intensity decay

Reflections collected
Independent reflections
Reflections with F>2¢
Absorption correction

Mm. and max, transnission
Structure solution
Relinement method
Weighting parameters a, b
Data / restrainis / parmmeters
Final R indices [F>206]
Rindices (all data)
Goodness-of-fit on F*
Absolute structore parameter
Largest and mean shifi/sn
Largest diff. peak and hole

2

CrtlsNOgS

43947

120K

MoK, 0.71073 A

monoclinic, Pn .
a=3989909) A a=90°
b=8A230(9) A B=06354(5)°
c=28.7773) A y=90°
2165.7(4) A2

4

1348 g/om®

0.195 mm™

928

colourless, 0.36 x 0.20 x 0.04 mm®
45811 (Brange 2.91 10 27.43%
Bruker-Nonins KappaCCD

O & @ scans

323 1025.00°

h-101t010,k-9109,1-34 t0 34
MN4a9%

0%

11465

5210 (Ro. =0.1586)

4147

semi-empirical from equivalents
0.933 and 0.992

direct methods

Full-matrix least-squares on F?
0.1499, 33182

5810727549

R1=0.0885, wR2 =0.2365
R1=0.1063, wR2=0.2545
1.045

-017(16)

0.001 and 0.000

0661 and—0.598 e A2
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Teble2. Atomic coordinates and equivalent isotropic displacement parameters (%)

for gp3. Ul is defined as one third of the trace of the orthoponalized U° vensor.

o
(14

¥y

0.5093(8)
0.4256(10)
03153(9)
0.4152(10)
0.4972(9)

z

0.2353@)

0.1918(3)
02043(3)
023830)

0.629733)
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Uy

0.0310(16)
0.0278(18)
0.0290(18)
0.0327(19)
0.0266(17)
0.0292(5)
0.0365(14)
0.0381(14)
0.0298(18)
0.038(2)
0.033(2)
0.040(2)
0.040Q2)

0.036(2)



Ci5)

0(5)
o6)
caT)
C(187)
o)
o(8)
c(19")
C(20)
C@1%)

Table 3. Bond lengths [A] and angles [°] for gp3.

N(1)-C2)
Nﬂ}s(l%
C@3)-C(16)
C(4)>-C(3)

C2)-NQ)-C(5)
C(5)-N(1)-(1)
N(1)-C2)-C3)
C4)-C3)-C6)

0.3746(12)
06702Q11)
0.5786(3)

0.8099(7)

0.3474(12)
0.5559(12)
0.4518(10)
0.6265(%)

0.5697(15)
0.5580(11)
0.5154(12)

01937(13)
-0.1303(10)
~02082(8)
—0.1738(7)
-03337(10)
-0.0044(11)

0.0602(10)
~0.1240(8)
-0.1664016)

03424011)

03504Q15)

0.5692(3)
0.4784(3)
0.45413)
04911(2)
0.4781(3)
0.5434(2)
0.5546(3)
0567302
0.6111(4)
0.4085(4)
03634(4)
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0.04333)
0.0350)
0.0536(19)
0.0353(14)
0.0422)
0.041(2)
0.0680)
0.0496(17)
0.068(4)
0.04322)
0.0573)

1.485(10)
1537(10)
1.504(12)
1.576Q11)
1476(12)
1.434(6)

1367(12)
1349(13)
1.394(14)
1.395(13)
1.324(10)
1472(13)
1319Q11)
1179(11)
1450(11)
1451(10)
1.616(7)

1.561(12)
1.529(13)
1.545(12)
1437(6)

1.73509)

1414(12)
1408(12)
1497(13)
1.154(10)
1.455(10)
1212(11)
1.448(11)
1340Q12)
1314015)

1188(6)
1106(7)
113.6(7)
1023(6)
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Tebled. Anisotropic displacement parameters (A%) for ppi3. The anisowopic
displacement factor exponent takes the forme 22 a* 0" + _+ 2hka*b*?)

N
)
i)
4
i)
S(1)

<6

- A7)

o®)
cE)

- ¢10)

cq1)
C(12)
c(3)
0(3)
o)
C(14)
c5)
C(16)
0(5)
o)
o
cas)
om)
o)
c(19)
Qo)
ce1)
NQY
@)
C(3)
ci)
)
Sq)
og)
o)
c(6)
o)
()
o)
C(10)
(1)
c(12)
(13
o)

om
o)

l}'ll.

0.037(4)
0.031(5) -
0.035(5)
0.033(5)

- 0025@)

00311(11)
0.046(4)

" 0.039(4)

0.017(4)
0.041(5)
0.033(5)
0.033(5)
0.035(5)
0.034(5)
0.038(6)
0.032(5)
0073(5)
0.064(1)
0.062(7)

0.031(9)

l}i‘

0037(4)
0.032(4)
0.030(4)
0.030(5)
0.029(8)
00303Q1)
0037(%)
0044(9)
0.037(5)
0.037(5)
0.036(5)
0.037(5)
0.043(5)
0.040(5)
0.043(6)
0.035(5)
0037@®)
000)
0.053(6)

LV

0.0170)
0019(4)
0.022(4)
0.034(%)
0.027(4)
0.0264(%)
0.027(3)
0.034(3)
0.036(0)

-[123

—00043)
~0.001(3)

00033)

—0.004(3)
-0.001(3)

0.0004(3)

~0.003(2)
0.0033)
—0.003(3)
—0.0054)
0.006()
0.004(2)
~0.019¢4)
—0.010(4)
0.005(3)
0.0053)
0.005(3)

0.00402)
0011(%)

-0.001(4)
0.004(3)
00173)
0.0070)
0.004(%)

-0.007(3)
-0013(3)

-00140)
—0914(5)

0.005@3)
-0009(%)
~0.004(3)
-0.00203)

0.0003)
~-0.001(33)
~0.002(4)
~0.0020(8)
-001002)

0.0052)

0.0003)

0.001(3)
~0.004(4)

0.002¢3)
-0.001(3)
~0.004(3)
-0.004()

0.003(3)

0.00003)

UB

—0.00303)

-0.003(3)
—0.001(3)

Uﬂ

0.010(3)
0.007(3)
-0.001(8)
0.004(4)
—0.001(3)
-0.0020(9)
—0.001(3)
0.001(3)
-0.007(4)
0.004(4)
-0.005(4)
~0.003(4)
0.003(4)
0.001(4)
0.000(5)
0.004(4)
0.016(8)
0.002(3)
0.000(5)
0.009()
-0.004{4)
-0.002(4)
0.000(3)
0.000(4)
—0.003(4)
0.017(3)
0.0003)
-0.008(6)
0.004(4)
0.009(4)
0.0033)
0.005(4)
-0.002(4)
0.006(4)
-0.008(4)
-0.0021(9)




o)

C(14)
C(15)
C(16)

(6
ca7)
C(18)

O(8)
<(19)

1)

Table 5. Hydrogen coordinates and isotropic displacement parameters (A%) for gp3.

H(2)
H{4A)
H(4B)
H(S)
H(7)
H(E)
H(10)
H(11)
H(124)
H(12B)
H(12C)
H(14A)
H(14B)
H(15A)
H(15B)
H(15C)
H(17A)
H(17B)
H(17C)
H(194)
H(19B)
H(19C)
H20)
H21A)
H(21B)
H(2)
H(#1)
H(42)
H({5)
H(T)
H(E)
H(10)

0.054(4)
0.073(8)

0.041(6)
0.052(4)
0.043(4)
0.053(6)
0.037(6)
0.074(6)
0.055(4)
0.079(9)
0.032(5)
0.040(6)

x

09167
05682
05607
0.7947
1.0630
1.1845
13605
12394
14497
12928
13966
0.6566
08153
0.7698

07910
03712
09436
1.0406
05531
04623
05104
06834
0.1344
06763
0.8612
04673
04494
06444
1.1610
12694
09391

0.0350)
0.045(6)
0071(7)
0.033(5)
0.040(4)
0.02803)
0.039(5)
0.038(5)
0.078(6)
055(4)
0.088(9)
0.039(5)
0073(8)

0.020(3)
0.28(3)
0.016(4)
0.031(4)

0.03403)
0.035(5)

0.048(6)

0.041(4)
0.039(6)
0.05%(6)
0.055(6)

03607
03482
04949
04252
03574
0.1255
0.1095
03491
00744
-0.1488
-0.0604
0.5942
06839
03863
04778
05503
-0.1227
00496
-0.0609
02049
0.0314
0.0256
0.7339
05955
0.7780
00834

02021

0.0479
01212
0.08563

—0.1541

—02003

-0.002Q2)
~0003(4)
—0.001(4)

0.00203)
-0015Q3)

0.003(4)
—0.007(8)
0.015(4)
001503)
0.030(6)

0.033(5)

z

01336
0.2576
02215
0.2952
03319
03531
02302
02085
02904
0.3007
03415

0.0733
0.0280

00014
0.2152
02639
02206
00713
0.0997
00781

03551
03433
05147
043803
04471
0.4060
04917
04715
03578
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0.003(3)
0.003(5)
0.016(4)
0.005(4)

-0.011(4)
0.002(3)
0.007(4)
0.013(5)
0.031(4)
0.014(3)
0.011(6)
0.009(4)

~0.010(5)

U

0.033
0.039
0.039
0032
0.046
0046
0.048
0.043
0.081
0.081
0.081
0.053
0.053
0073
0073
0073
0.070
0.070
0.070
0.087
0087
0.087
0039
0.051
0.051
0.037
0.043
0043
0.042
0.034
0.050
0.039

0.007(3)
0.005(5)
~0.011(6)
-0.014(4)
~0.005(3)
0.006(3)
0.009(5)
~0.003(5)
0.030(5)
0.0033)
~0016(7)
-0.005(4)
~0.022(5)



H(11)

H(12D)
H(I12E)
H(12F)
H(14C)
H(14D)
H(15D)
H(ISE)

H(17D) -

H(17E)
HA7F)
H(19D)
H(I9E)
B(19F)

HEZIC)
HEZID)

08773
1.1683
13236
12130
0.6930
03501
097385
08216
03728
0.8292
0.7852
09532
04661
05729
06317
05459
05268
04733

00355
-04457
-03531
-03707

03166

03950

0.1733

00925

02514
-03453
~04096
-03543
-0.2036
-00731
~-02509

04331

02608

04458

Table 6. TForsion angles [°] for gp3.

C(5)»-N(1)-CR)-C(13)
C(5)-N(1)-CR)-CB)
N(1)-C(2)-C3)-C(4)
N(1)-C(2)-C(3)-C(16)
N(1)-C(2)-C(3)-C18)
C(16)-C(3)-C(4)-C(5)
C(18)-C(3)-C(4)-C()
S(1)-N(1)-C(5)-C(20)
S(1)-N()-C(5)-C(8)
C()-C(4)-C(5)-NQ)
C(5)-N(1)-8(1)-00)
CO)»N(1)-5(1)-0Q)
C(5)-N(1)-S(1)-C(6)
0@2)-S(1)-C(6)-C(11)
O(1)-S(1)-C(6)-C(7)
N()-S(1)-C(6)-C(7)
S(1)-C(6)-C{7)-C(8)
C(7)-C(8)-C(B)-C(10)
C(8)-C(9)-C(10)-CO1)
C(7)-C(6)-C(11)-C(10)
C{9)-C(10)-C(1D-C(6)
C(3)-C(2)-C(13)-00)
C(E)-C(2)-C(13)-0(4)
C{2)-C(13)-O(4)-C(14)
C(4)-C(3)-C(16)-0(5)
C(18)-C(3)-C(16)-0(5)
CR)-C(3)-C(16)-0(6)
O(5)-C(16)-0(6)-C(I7)

03727
04137
04134
03711
06341
0.6277
0.6637

0.6937
04440
04930
04384
06048
06316
0.6266
04273
03440
03501

0035
0063
0.063
0.063
0.061
0.061
0072
0072
0072
0.063
0.063
0063
0.103
0.103
0.103
0.051
0.069
0.069
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SI)-ND-CR)-C(13)
SAXN(1)-CR)-CE)
C(A3)-CRYCE)-CH)
C(13)-C(2)-C(3)-C(16)
C(l3)-C(2)-C(3)-C(18)
C(2)-CB)-CH)-C(5)
CU2)-N(1)-CB)-Co)
C2)-N1)-C5)-Cc¥)
C(3)-C(9)-C(5)-C(20)
C2)-NQ1)-sS(1)-0(1)
C2)yN(1)-5(1)-0R)
C(2)-N(1)-S(1)-C(6)
0(1)-8(1)-C6)-C(11)
N(1)-S(1)-C)-c(11)
0(2)-s(1)-C(6)-o(7y
CA1)-C6)-C(N-CR)
C(6)-C(T)-CR)-C)
)-C(12)

CN-CE8)-CO
C(12)-C(9)-CQ0)-C(11)

S(1)-C(6)-C11)-C(10)
N(1)-C()-C(13)-0(3)
Nﬂ}—C@)-C(l3)-0(4)
0(3)-C(13)-0(4)-C(14)

C(3)-0(4)-C(14)-C(15)

CR)-CE)-C(16)-0(5)
C4)-C()-C(16)-0(6)
C(18)-C3)-C(16)-0(6)
CB)-C6)-0(6)-CUT)

—95.6(T)
143.1(6)
-852(8)
154.9(7)
34.09)
—402(3)
~129.1(7)
~3.0(8)
152.3(7)
172.1(6)
21D
~12.5(7)
—141.5(T)
104.1C)
1692(7)
-1.1(3)
06(14)
—178.109)
178709)
-179.3(6)
~26.3(12)
1526(1)
-12Q13)
175.6(8)
156.7(3)
—140.9(7)
96.5(9)
~172.8(7)



C(A)-C(3)-C(8)-0(T)
C(2)-C(3)-C(18)-0(7)
C(16)-C(3)-C(18)-0(8)
O(7)-C(18)-0()-C(19)
N(1)-C(5)-C(20)-C(21)
C(5)-N(1)-CZ)-C03)
C(5)-N(")-CZ)-CB)
N(1)-C)-C3)-CH)
N(19-C2)-C(3)-C(18)
N(1)-C(2)-CE)-CI6)
C(187-C3)-CEI-C)
CR)-CE)-CA)-C(5)
S(17-N(I")-C(5)-C(20)
S(1)-N(I)-C(5)-C4)
CE)-C(#)-C(5)-N(1)
C(57-N(1)-S(1)-02)
C(53-N()-S(1)-00)
C(5)-N(1)-S(1)-C(6)
0(1)-S(1)-C(6)-C11)
O2)-S(1)-C(6)-C(T)
N(1)-S()-C(6)-C(T)
Surceram-o),
C(7)-C(8)-C(E)-C(1
C(8)-CE)-CA)-C1)
C()-C(167-CA1"-C6)
S(19-C(6)-C(11)-C(10)
C(3)-CE)-C(13)-0G)
C(3)-C(2)-C(13)-0(4)
CR)-C(13)-0(4)-C(14)
C(4)-C(3)-C(16)-0(5)
CR)-C(3)-C(16)-0(5)
C(18)-C(3}-C(167-0(6)
0(5)-C(16)-0(6)-C(1T)

151013)
~-983(11)
-44.1(9)

04(14)

-130409)
~1075@)
103(9)
-30.5(8)
-1494(7)
88.46(8)
1601(7)
394(3)
~74709)
163.7(6)
~319(8)
30.2(7)
160.5(6)
~85.1(7)

—-169A(7)
1404(7)

-1053(Q7)

-1795Q7)

~10(14)
01(13)
0.0(13)
173.6(6)
-90.5(10)
92.9(8)
~17858(3)
-37.7(11)
~1523(8)
-955(8)
-64(13)
—181(13)
96.5012)
39.3(10)
-3.10Q5)
132409

C(16)-03)-C18)-0(7)
C(4)-C(3)-C(18)-0(8)
C(2)-C()-C(8)-0(3)
C(3)-C(18)-0(8)-C(19)
C(£)-C(5)-C(20)-CR21)
S(1)-N()-CR)-CO3)
SQ)-N(1)-CR)-C3)
0(13)-CR)-CE)-CH)
C(13)-CQ)-CB)-CA8)
C(13)-C2)-CB)-CQ6)
C(16)-C3)-CE)-C(5)
CE)NI)-C(5)-CU)
CRZ)NQ)-C(5)-CH)
CG3)-C4)-C(5)-CR0)
CZ)N(1)-S(1)-02)
CR)-N(I)-S(1)-0(1)
CE)N(1)-S(1)-C(6)
OR)-S(1)-C(6)-C(11)
N(I')-S()-C(6)-C(11)
0(1)-S(1)-C(6)-C(T)

137.4010)
~1664(T)
202(9)
~178.0(8)
115.0010)
99.5(7)
~1416(6)
$7.5(8)
-31.1010)
-1531(D)
-813(3)
1343(3)
12.79)
~1543(8)
~1795(6)
~49.3(7)
64.7(6)
-37.6(8)
76.7(8)
8.5(8)
~14Q12)
16(13)
177.409)
~1782(3)
06(12)
232(13)
-153.5(7)
45013)
178.9(8)
82.6(10)
1442(7)
29.6(9)
171.6(7)
—138.5(10)
1603(3)
-85.19)
178.6(8)
~113.0Q0)







