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ABSTRACT 
D. Phil 

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 It-allyl palladium complex derived from vinylcyclopropanes and 
naphthalenes is possible. During the project, we have improved the understanding of 
the formation of zwitterionic It-allyl palladium complexes in aromatic systems. 
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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. 
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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 I fused pyrrolidine 
cores. However much work is needed to form the desired natural products via the 
[2+3] cycloaddition intermediate. 
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Chapter 1 - Introduction 

Section 1.1- General Introduction to Pvrrolidines and 

Palladium CatalySts 

1.1.1- The Importance ofPyrrolidines as a Pharmacophore in Pharmaceuticals 

Pyrrolidme is a nitrogen heterocycle which OCCUIS widely in nature as a 

component of many alkaloids, for example the pyrrolizidine, indohzidine and 

quinohzidine alkaloids. I The pyrrolidine core is also present in a number of 

antibiotics, antibacterial, antifungal and compounds whim are known to have a 

cytotoxic effect. I Since they offer opportlmities to develop novel pharmacologically 

active agents, routes to the pyrrolidines are an important goal for modem synthesIs. 

An example of a common natural product whim contains a pyrrohdine in It, is 

nicotine 1 (Fig 1), which affects the central nervous system by acting as a 

neurotransmitter? It could therefore be possible to mange or add functional groups 

to the parent molecule in order to develop a range of novel, non-natural 

neurotransmitters.2 

~{( l.) A ~e 
N 

(S)-mcotme 1 

Fig 1- Nicotine 

The importance of heterocyclic rings in drugs cannot be underestimated. 

HeterocyC\ic compounds show a wide range of bio-activity,2 and drugs containmg 

pyrrolidines have been shown to have properties vaI)'ing from antidepressants, 

I 



antihypertensive, anti-arthritic, anti-H1V activity to antibacterial properties 2-6 (Fig 

2) as well as many other pharmacological effects.3 

Antidepressant 
Antihypertensive 

Adrenoceptor Antagonist 
(W0-8906534) 

2 

Anti-arthritic 
Bronchodilator 

Phosphodiesterase IV Inhibitor 
(WO·9508534) 

3 

Antibacterial 
ONA Gyrase Inhibitor 

Topoisomerase 11 Inhibitor 
(US-5668147) 

4 

~ .He l 

opN .... '-y 
o~ ~o 0 

~
s, 

Cl 
I h' H OH 

Antibacterial Adjunt 
Bacterial Efflux Pump Inhibitor 

(WO-0001714) 

Antithrombotic 
Thromboxane A, Antagonist 

ThromboxaneSynthase Inhibitor 
(US-5514701 ) 

5 6 

Fig 2 - Drugs containing pyrrolidine rings. 

The development of new methodologies which generates novel highly 

functionali zed 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(PPh3)4, Pd2(dba)3, PdCh and Pd(OAcn (which are 

2 



the most commonly used forms of palladium in OIganic synthesis) are commercially 

available Palladium catalysts exhibit a wide range of reactivity and can be used for 

a number of reactions such as transmetallation, oxidattve adchtions and 

carbopalladations as well as [2+3]-cyc\oadditions.4 

Palladium chemistry became popular in the 1960's when the Wacker process 

was developed using a palladium (ll) catalyst. This reaction IS the formation of 

acetaldehyde from ethylene which is catalysed using PdCh.4 In this reaction, 

ethylene and oxygen is bubbled through acidified water In the presence of PdCh

CuCh. During the reaction palladium forms a complex with ethylene, is reduced to 

Pd(O), and is then re-oxidized by Cu(ll) The process is run in one vessel at 50-130 

°C and at pressures of3-10 atm. 

o 
~ + Hp + PdCI2 )l + 2 HCI + Pd(O) 

Me H 

Pd(O) + 2 CuCI2 ---_. PdCI2 + 2 CuCI 

2CuCI + 2HCI + 11202 ---_. 2 CuCI2 + Hp 

Scheme 1-Wackerprocess4 

Researchers soon realised the importance palladium reactions and In 

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 

In many reaction processes and an understanding of the mechanIsm in some 

pallachum 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,4 

and with every new application of this catalyst which is discovered more chemISts 

wJ!1 use thIS remarkable metal 

3 



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

The [2+3]-cycloaddition reaction is one of the most versatIle me1hods for 1he 

construction of five membered rings, mainly heterocycles and to a lesser extent 

cyclopentanes. A cycloaddition approach can be carried out using many syn1hetIc 

me1hods; ei1her intra-molecularly or inter-molecularly, and proceeds W11h 1he 

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 1he target molecule.4-9 

4 



Section 1.2 - {2+3 {-Cvcloadditions Reactions 

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

Transition-metal-catalyzed [2+3]-cycIoaddition reactions are one of the most 

effective methods for constructing five-membered cmbo- and heterocycIes 

Methylene cyclopropanes are particularly useful 'three cmbon 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-cmbon multiple bond has been reported by several groups, as have the 

heterocyclic variants of these reactions.1
0-

18 

Methylene cyclopropanes 7, were first looked at by Trost et al. and were 

found to undergo [2+3]-cycloaddition with alkenes in the presence of some 

transition metal catalysts.19 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 m the chemo

selectiVIty and stereoselectivity of these reactions.8, 10-12, 20 

Bmger et al., the same time as Tmst, was one of the first to look into this 

[2+3]-cycloadchtion, made a number of interesting and important dlscovenes 21 

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 m 

the presence ofligands (COD in this example), favours formation of products from 

cleavage of the proximal bond of the cyclopropane 9 (Scheme 5, path a )/1 whereas 

a pallachum catalysts gives products from distal bond cleavage 8 (Scheme 5, path 

b) 21 Also geometrically defined alkene acceptors often generate products in wInch 

the inItial alkene geometry has been preserved. The ability to control both the regto 

and stereochemical outcome of this process suggests that it might proVIde a 

powerful method for cyclopentanoid synthesis. 

5 



R' R 

~ Pd,(dba)3' Path b R'rR 
, I 
Me02C~ 

.' C02Me 
Me02C C02Me 

8 
7 

dlstal bond cleavage 

NI(COD). Path a 
Meo2cYD 

o 

proXImal bond cleavage 

Scheme 2 - Palladium and nickel reactions WIth cyclopropanes20 

In the [2+3]-cycloaddltIon, a medlylene cyclopropane complex is suggested 

to be formed initially as a reaction intermediate, in which the cyclopropane 

coordmates to die metal center to form a metallacycle. There may be two 

metallacychc forms, depending on whether the metal species attacks the dlStaI 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 T]2-alkene substituted cyclopropane intermediate (Scheme 3, eq 

1 ),10 whereas Binger proposed a mechanism which goes via a metallacyclobutane 

intermediate (Scheme 3, eq 2) 10 

::~I_ ==r( _ Jl 
,P lI1P'() U 

eq 1 

X=lnPd~ ~b]-l eq2 1I11 L U LnPd U 

Scheme 3 - Proposals for mechanisDlS for [2+3] cycloaddition 

In the mechanism originally proposed by Trost, the distal bond of the 

medlylene cyclopropane coordinates to the metal and attacks the double bond of the 

olefin trapping agent to generate a x-allyl intermediate. This can dlen ring close to 

give the cyclopentane (Scheme 3, eq I). This is a logical proposal because the 

cleavage of the dista1 bond of the cyclopropane ring has been shown to be more 

favorable than that of a proximal bond. I. However there is evidence from Noyori et 
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al. 10 that the cycloaddition when using palladium between methylene cyclopropane 

7 and alkene Scheme 2 occurs via the Binger mechanism which involves the 

proximal bond openmg. These coupling reactions investigated by Noyori, Binger 

and Trost have shown some differences in the chemo- and stereoselectivity. As 

during 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). 

dlstal 

[>= + Pd(O)'/ 

"'-.. 

Pd0=-O=~ 
Pd 

0=10 
('>= = Q= 

Pd - Pd 

-Pd - 0=11 
proximal 

Scheme 4 - Binger mechanism opening both distal and proximal bonds22 

The synthesiS of cyclic ethers by [2+3 ]-cyc1oadditions falls mto two 

categones, in where either 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-caroon components," With carbonyl 

compounds. 

This second type of chemistry has been used by Yamamoto et al. '12 in the 

formation oftetrahydrofurans 15 by the reaction of methylene cyclopropanes 12 and 

aldehydes 13 (Scheme 5) in the presence of palladium(O) This is a particularly 

mteresting e~ple 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 1t-allylpalladium 

complex 14. Reductive elimination ofpalladium(O) then gives the [2+3J-cycloadduct 

15. 
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R 0 2 mol% Pd(PPh,)., R~ 
)=<] + ) 4 mol% P(O)Bu, R 

R R' 0 
120 DC, neat, R' 

:~ ~ Pd(O)~r-- R)=<] 

R' jj , R 12 
15 R 

R \14 KPd 

, (~)N~FO 
F O 13 

R' 

Scheme 5 - Tetrahydrofuran fonnation using the Binger proposal 

Yamamoto22 has synthesized various types of exo-methylene tetrahydrofuran 

"'derivatives through this palladlum-catalyzed [2+3 J-cycIoaddition between methylene 

cyclopropanes and aldehydes. This atom-economical reaction may be potentially 

useful for constructing biologically iroportant tetrahydrofuran skeletons 

R 
)=<J 

R 

o 
+ ) 

R' 

Cyclopropane 

1 Bu 

>=<J 
Bu 

2 Hex 

>=<J 
Hex 

3 Ph 

H 
M. 

4 ()=<J 
5 Bu 

>=<J 
B. 

2 mol% Pd(PPh,)., 
4 mol% P(O)Bu, 

120 DC, neat, 

Aldehyde 

0-o CHO 

0-o CHO 

0-o CHO 

-0-Me 0 CHO 

CHO 

0 
0 

8 

R~ 
R 0 

R' 

Time (h) Y,eld (%) 

S 75 

Il 71 

16 86 

20 77 

12 51 



6 Bu 0- 19 64 
>=<I 

Su 
s CHO 

7 Su 0O'CHO 19 3 
>=<I ~I"" Su 

Table 1-ReactIons between exo-methylene cyclopropanes and aldehydes 

A further example of this chemistIy also carried out by Yamamoto et. a1 8 

showed that an N-tosyl imine 17 reacted with methylene cyclopropane to give 

pyrrohdmes 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 

palladlUm(O) to a dtstal bond of the alkyhdene cyclopropane leads to the 

palladacyclobutane complex which reacts with the imine to give the It-allylpalla

dium complex Reductive elimination ofpalladium(O) 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 
16 )=<J + 

R' 

Pd(O) R 

~Pd 

:,(J 
~ 'Ts 

5 mol% Pd(PPh3). 

10 mol% Ph3P=O 

Toluene, 110 CC 

Scheme 6 - Formation ofpyrrolidme usmg [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(PPh3)4 and 10 mol% of triphenylphosphine oxide at 120°C whIch gives the 

corresponding pyrrolidine [2+3)-cycloadducts in good to excellent yields (Table 2). 
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I 

2 

3 

4 

5 

6 

Cyclopropane 

Bu 

>=<J 
Bu 

Hex 

>=<J 
H .. 

Ph 

'-H 
M. 

()=<J 
Bu 

>=<J 
Bu 

Bu 

>=<J 
Bu 

5 mol% Pd(PPh,). 
10 mol% Ph3P=O 

Toluene,110OC 

Imme 

~N-TS 
0 

~N-TS 
0 

~N-TS 
0 

~N_T. 
0 

~-T. 

~-T. 

• 

R R' 

,~,. 
Time (h) Yield (%) 

16 89 

18 88 

13 91 

20 71 

17 91 

16 93 

Table 2 - Reacnons between exo-methylene cyclopropanes and lIrunes 

Tethered methylene cyclopropane [2+ 3J-cycloaddltion chemIstry 

As well as the transition metal catalyzed [2+3]-cycloaddition of methylene 

cyclopropanes with olefins to generate five membered heterocychc compounds, this 

reacnon can be carried out in an intramolecular fashion, as shown by the 

MascareiiaslS and Motherwell1t>-1I. 21, 24 groups. This intramolecular medlod 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 dlstal cleavage of the cyclopropane nng 

in the presence of palladium catalysts allowing for a more controlled [2+3]

cycloaddltion. 
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The reaction mechanism for this process is !hought to be !he same as !he 

palladIUm cataIyzed [2+3]-cycloaddition onto a me!hylene cyclopropane (Scheme 5) 

i e. wi!h palladIUm insertion into !he cyclopropane to generate a metaIlacyclobutene 

intermediate. This cyclIc intermediate could !hen coordinate to !he te!hered 

a1kyne/alkene bond. Ring closure of this intermediruy species would leave, in !his 

case, !he 5,6-bicycle metaIlacyclic product The final step in !he reaction would be 

the loss of palladium leaving the 5,5-bicyde. It would even be possible to alter !he 

size of the 'A' and 'B' ring by adjusting the lenglh of the te!her (Scheme 7). The 

reaction shown below was performed by Mascarei\as et. al.15 and shows how 

different substrates can be reacted to generate !he same bicyclic system 

x = 0, C(C02EI) .. Y = CH,R 

MeO,C ~ 
Meo,c~

oTas 
19 

Pd,(dbaJ, (10 mol%), 
P(O'Pr), (20 mol%), 

dioxane, 100 GC. 
OSh,l00% ~ 

Me02C 

MeOzC ::::-.... 

20 oTas 

Scheme 7 - Tethered me!hylenecyclopropane 

The major cycloadduct 20 consisted of two isomers in a 5:1 ratio. However 

no attempts were made to ascertain !he absolute configuration at !he proton 

mdlcated in Scheme 7. The reaction is highly dependant not only on !he nature of 

the ancillruy ligands around palladium, but also on !he exact nature of the substrate. 

Mo!herwelI proposed !hat !he mechanism proceeds !hrough ring opening of !he 

cyclopropane to generate a charged intermediate. However due to stenc hindrance in 

the transition state and interactions between !he palladium and substrates !here was 

11 



scrambling of the regio-chemistry of the ester during the ring closure step. Although 

this type of reaction is interestmg it does have its draw backs as it is lunited due to 

its relatively low reactivity of the substrates. 

A further example by Motherwell et. al. la of this type of chemistry has an 

electron donating group which is used ID 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 stabdize the cationic It-allyl palladium intermediate 

Subsequent ring closure would lead to the formation of the desired bi-cychc product 

24 (Scheme 8).18 

21 ~ Pd,(dba), (10 0101%), l=R 
P(O'Pr), (20 0101%), 

____ ~--~~---,~ 24 
toluene, 110"C, A " 

MeO,C '>--. OBn 

Pd~ 

N 22 

:~ MeO,C :;:.... OBn 

1 h,43% 

Scheme 8 - Trost tethered methylenecyclopropane mechanism 

Catalysts for these reactions were prepared in situ from di-palladium 

tris(dibenzyhdeneacetone) by addttion of four eqnivalents oftrilsopropylphosphlte. 

The cychsations 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 mmlrnizing unwanted dimerisation reactions. It is also evident that changes 

12 



particularly in the nature of the tethering chain may have a profound effect on these 

cyclisations. 

Bicyc1opropy/idene 

An example ofbicyclopropylidene 25 looks at the use of aryl halides which 

can be efficiently cross-coupled to it This reaction has been widely explored and 

shown to have reasonably high combinatorial potential since not only can different 

aryl hall des and different dtenophiles, but even dtfferently 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 pallachum mseTts 

mto the cyclopropane there is a zwitterionic intermediate formed. This ZWIttenomc 

intermediate can then either ring open the second cyclopropane or remain cleaved, 

where the anionic charge is stabilized by the cyclopropane ring. In thIS example by 

Meljere et. al.,13 the overall reaction, after initial carbopalladation of the highly 

strained double bond in 25, again involves a cyclopropylcarhonyl to homo-allyl 

rearrangement leachng to the correspondmg homo-allyl palladium species This can 

finally undergo a hydride ehmination to give the aryl-substituted diene 26 ThIs 

mtermedlate is then Immediately trapped by any dienophile present m the IDIxture 

of the one-pot operation to give the tetraenes 26 (Scheme 9) 

t>=<l + Ar~ + 

25 

~~x-.l 70 

~,Me 

PdLn 

Pd(OAcl,. PP",. K,CO,. 
Et.NC~ MeCN. 80 "C. 48 h 

• 
j::)co,Me 

26 

Scheme 9 - Bicyclopropylidene [2+3]-cycloaddltion 

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 cr-allyl- I It-alIylpalladlUm complex. The 
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formal rearrangement of the homoallyl- to the It-allylpalladlUm intermediate most 

probably proceeds by l3-hydride elimination and immediately ensumg hydrido

palladatlon. When the reaction is performed in acetonitnle at 80 °c. the tetraenes 26 

can be isolated. 

Ar Yield ("A) Cis:Trans 

I Ph-I 100 -
2 2-Me-CJl4-I 99 2:1 

3 4-Me-CJl4-I 91 -
4 2.4-Me-CJI3-I 98 25:1 

5 2-Bn-CJl4-I 85 2:1 

6 3-Pyr-I 67 -
u Table 3 - Blcyclopropyhdene [2+3]-cycloadchtlon as shown ID Scheme 9 

As well as the use of the bicyclopropylidene 25 It is also poSSible to generate 

the same zwittenonic intermediate species through loss of a leavmg 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 stili retain the splfocychc 

structures as observed in Scheme 9. 

! -l~~oyk 
PdLn TMS 0 

28 

1 ~EWG 

~ 
EWG 

Pd(PiPIl. (5 rooI%). 
docane, 150 DC. 74% 

29 

Scheme 10 - Bls-methylenecyclopropane 
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The precursor 27 was synthesized in 18% overall yield from I-bromovmyl

tnmethylsilane. 2-Spirocyclopropylenethylene cyclopentanes and I or 

cyclopropylidene cyclopropanes are obtained depending upon the substrate, ligand, 

and solvent 12 The reaction proceeded with 5 mol% palladium acetate and 50 mol% 

triisopropyl 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 Illustrated in the isomerization 

of 31 to 32 in Scheme 11. Palladium catalyzed cycloadchtions showed no reactIVIty 

when electron defiCIent alkenes are used as acceptors 

FVT,600"C . 
78% 

Scheme 11 - IsomerizatIon of product 

With heteroatom - hke aldehydes and aldimides, 2-spirocyclopropyl 

methylene tetrahydrofurans 34 and pyrrolidines 36 can be formed. Examples of 

heteroatom reactions WIth bicyclopropyhdene 25 have been performed by Trost et 

al ,13 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(triisopropylphosphate) 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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~Oyk 
TMS 0 

27 

~yk 
TMS 0 

27 

+M~yJ 
Meo--l) 

33 

Pd(PPr), (5 mol%). 
Me3SnOAc (10 mol%). 
dIoxane. 150 'C. 90% 

N/·TS 

M~ 

M~ 

M~d Pd(PPr), (5 mol%). MeO 
+ I ..." dioxane. 150 'C. >99% • 

M~ 0 M~ 
35 

Scheme 12 - Heteroatom reactions With bicyclopropylidenel3 

36 

1.2.2 - Generating Zwitterionic Species in (2+3)-Cycloadditions From 

IsobutyJene Derivatives. 

For a palladium catalyzed (2+3)-cycloaddition reaction to occur a zwiterion 

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.25-31 One way which has been 

commonly used is to have a leaving group generate the 1,3-dlpole, i e when 

palladium reacts with the substrate elimination occurs to give the ZW1tenon which 

is then free to react with a trapping agent to form the cyclic product 

Although l,3-dipolar cycloaddition reactions have been successfully 

employed in the synthesis of heterocyclic five-membered rings for some tIme, the 

application of cycloaddItion reactions to the construction of carbo-cyclic 

eqUivalents has only recently received attention. However the usefulness of 

methods in organic synthesis depends upon accessibility of starting matenal With 

various functional groups. 
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In an example of this reaction type, \\hich was performed by Tsuji,2S there 

IS a palladlUm-catalyzed [2+3]-cycloadrution using 2-(trimethylsilylmethyl) allyl 

carbonates 37 and a trapping agent to form methylene cyclopentanes 38. In 

reacnons such as these the zwitterionic It-allyl complexes are thought to form. It IS 

generated by the loss of both the leaving groups (Scheme 13) 25 

Me3SI~OC02Et + 
(05mmol) 

37 

~C02Me 

(10 rrmoI) 

Pd(dppe), (0 0125mmol), )l 
THF.65OC,20h, L( 

Scheme 13 - Isobutylene derivative general reaction 

Reaction of the caIDonates 37 (0.5 mmol) and ethyl acrylate (1 0 mmol) in 

the presence of Pdz(dbah (0.0125 mrnoJ) in THF (5 mL) at 65°C for 20 h gave 

methylenecyclopentanes after purification by column chromatography on SiOz. 

Vanous five membered cyclic compOlmds were obtained in good yields. This 

reacnon proceeds through loss of the TMS and OCOzEt groups via coordination of 

pallaruum to generate a zwitterionic intermediate. ReactIOn of thiS zwittenomc 

mtermediate 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 

groups. 

R~OCO,Et + ~R' Q 
R' R = LeaVing group 

R' = Electron withdrawing group 

Scheme 14 - Products formed from [2+3]-cycloadrunon 
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Carbonate Olefin Product TIme (h) Y,eld (%) 

1 
PTo/so,~oeo,B re¥t Q 

20 77 

eo,B 

2 
NC~OCO,Et reO,B Q 

2 66 

CO,Et 

3 
PTo/so,~oeo,B 

0 

a 
10 65 

6 
4 

PTOISO,~OCO,Et ~ 6.-
1 89 

0 

0 

5 
Ne~OCO,Et Ph~ 

/~-
1 51 

0 

0 

6 
PTo/so,~oeo,B 

eo,B 

~~t 
24 61 

Ph~eoB , 
Ph cop 

7 
NC~OCO,Et 

eo,B 

~~t 
18 73 

Ph~eoB , 
Ph cop 

Table 4 - lsobutylene denvattves [2+3 ]-cycloaddJttons 

A further example described by Hayashi et al.26 uses 2-(phenylsulfonyl)

propenyl carbonate 39 which fonns a zwittenonic intennediate 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 deprotonatton has occurred It 

was poSSible to trap the zwiterion using an alkene. The resulting product from the 
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trapping step can then undergo a ring closure to generate the phenylsulfonyl 

substttuted cyclopentane 40-41 product (Scheme 15).26 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. 

=C
0,Ph 

+ -:7'co#. 
O,E! 

;:~i,-PdPph,) so,~ so,p~ 
0:=~Ph, 'PPh, ==<v.l.. 40 n:Z3 ==<v.l.. 41 

39 --------=--- 00#. CO,M. 
(3 moB), THF, reflux e • _ 66% e e _ 64% 

===G
0'Ph -co2 -oa 

(~ 
Pd o~ 

.:::;<H SO,Ph (~'oo'M. 
.' Pho,s~ 
Pd~'pl 

SO,Ph\ oo,M. / ==0. . -Pd r-Z~ 
C0

2
Me Ph02S ,-~l 

Scheme 15 - Propyl carbonate mechanism 

Reaction of carbonate 39 with methyl acrylate in the presence of 3 mol% of 

a palladium catalyst (R = -NMeCH(CH20H}.z) gave 76% yield of methyl-I-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 ZWIttenomc x

allylpalladlUm complexes which are diastereomeric isomers formed by oxidative 

addition of 39 to palladium(O) followed by deprotonation with the generated 

alkoxide anion The subsequent cyclisation step where the resulting enolate attacks 

the x-allyl carbon is not important for the enantioselection in, the present 

cyclisanon 

Higher stereoselectivity was observed in the reaction with the 

ferrocenylphosphine containing N-methyl-N-bis(hydroxymethyl)methyl amino 

group (Table 5, entries 1 and 5). Other types of chiral phosphine hgands such as 

(S,s}-chiraphos and (+)-BINAP were not as stereoselective (entries 3 and 4) 
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1 

2 

3 

4 

5 

6 

=(SO,Ph + 
~Z 

OCO,et 

Rm catalyst 

-NMeCH(CHzOH}z 

-NMez 

(S,s)-chiraphos 

(+)-BINAP 

-NMeCH(CHzOH}z 

-NMez 

;j';....",{'':) ~ 'j, 
(3rnoJ%).:~",~P Z + ~Z 

------------------

CH2=CHZ Time (h) Yleld(%) ClslTrans (e e) 

COMe 40 58 18 (73) /82 (58) 

COMe 47 76 23 (66) /77 (64) 

COMe 42 51 27 (46) /73 (21) 

COMe 46 63 22 (19)/78 (4) 

COMe 64 77 34 (75) /66 (78) 

COMe 38 86 28(54)/72(61) 

Table 5 - Llgands used on chlral ferrocene ID the reactIon ID Scheme 15 

The products formed from this chemistIy are useful precursors for further 

reactions. In the example shown below which was performed by TsuJi et al ,Z5 It can 

be seen that the isobutylene derivative substrate 42 can be reacted in 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) Z5 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~OC02Et + ~E 

42 1 ~-dPpe, Pd-dppe, MeCN,71% 
~E THF,77% 

6
U 

0 

.T~-Q 0 3, Me;>, 70% Ts-q Pd-dppe, MeCN, 90% 'f?' 
, 44 

E 43 E Pd-dppe, Nu-, E 
Pd(PBu)" DMSO,65% 
EtcN, ! N~ Pd-dppe, 71% 

THF, base, 

~6 
HOD,NH., 85% 

~" 68% 

'f?' 48 
E 

E=C02Me 
47 E 

NU'= 3yOD2Me

E 

Scheme 16 - Reactions With propenyl carbonate 

An example of a natural product which has been fonned using this chemistry 

as a major reaction step is (+)-Brefeldin A 5Z, which shows antiviral, antibacterial 

and antifungal activity. The synthesis outlined here was developed by Trosf! and 

has the [2+3 ]-cycloaddition as a key intermediate in the total synthesis of Brefeldin 

A. In this reaction the chtral substrate 49 is reacted in the presence of the lsobutylene 

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

step In the SynthesiS of (+) Brefeld.n A 

AcO}LsIM.3 f± 8~ 
--2-':'-mo-I-%-r-

PJO
->,-p,_60 __ , H RH r; _ ~ 

2 5 mol% Pd(OA<:l, 0 0 0 

R 

52 

61 
e e 98% 

j! ! 
(+) BreI.Id,n A (R • H) 

Scheme 17 - Isobutylene derivative used It the syntheSis ofBrefeldm A 
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As summarized 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 IS also 

mteresting as higher diastereoselectivity was found in toluene than THF. The utility 

of the chiraI 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, 24 h 93 >98/2 

3 CN THF, 60 ·C, 12 h 94 5.5/1 

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 ofBrefeldin A 

Trost et aeo also looked into the reglOselective cycloaddition of this 

complex to olefins possessing an electron withdrawing group (Scbeme 18) 

CycloaddItJon to the readily available nOlbomadienes proceeds well in most cases 

using an In situ method for generating the catalyst by mixmg palladIum acetate WIth 

tnisopropylphosphite in which the latter serves as both reducing agent of Pd(11) and 

ligand for Pd(O) Reactions carried out in refluxing THF 1-7 mol% palladium acetate 

and 7-8 eq oftriisopropylphosphate. 
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. 
1 

2 

3 

4 

5 

6 

R"----;:=-R" + AcO~.TMS _ R~ SI 

01 R / R" 

d(R" ...:,P:..:.d(O..:,Ae.:..>:..:.' • ...:.P{_'PrO_h. ~ 
,\ THF, reflux 

~ R" 

53 R' ~ R' R AeO TMS 
6S 

R 54 

R- H, Ma 
R'.C02Me, H 
R" • C0/-lo. CO,et. COPh. s0,Ph 

Scheme 18 - Cyclopentane fonnattOn by Trost 

Compound (56) Exo : Endo (R) 

R - If, R' - CO:zMe, R" = C02Me 3.5 : 1 

R - Me, R' - COzMe, R" - CO:zMe 5: 1 

R - If, R' - If, R" - CO:zMe 45: 1 

R-If,R' -If,R" - COzEt 46: 1 

R-If,R' -If,R" - COPh -
R-If, R' -If,R" - S02Ph -
Table 7 - Cyclopentenes funned (product 56 Scheme 18) 

Yleld(%) 

84 

71 

85 

87 

29 

7 

Trost30 has also perfonned these reactions using 2-trimethylsilylmethylallyl 

acetate 57 which effectively adds to electron deficient olefins to fonn methylene 

tetrahydrofurans, but which failed to add effectively to carnonyl groups. 

R,SI~OAc~[+'lR~ 10--. pR'O 
Pd \ • 

Pd 
57 58 59 

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

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

a clear yellow solution forms. The aldehyde (1 eq) and 2-trime1hylsIlylme1hylallyl 

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 wi1h hexane 

and filtered 1hrough a plug of sIlica gel. Evaporation and chromatography of the 

residue provides 1he pure methylene tetrahydrofuran. 

The zwitterion formed upon reaction of the TMM complex W11h 1he 

aldehyde, may be intercepted by 1he silicon or tin acetate by-product of 1he 

formation of 58, faster 1han it cyclises to the me1hylene tetrahydrofuran It is 

mteresting to note 1hat unsaturated aldehydes only give carbonyl addition and no 

double bond addition, and ketones do not give cycloadducts. 

11 R' 0 
R,SI~OAc + -......,;> 

Pd(O) R'~ 
Aldehyde Product Y/e/d(%) 

1 }-(r><> >-O--<:f 71 

2 Ph~HO pJ-V 75 

3 Ph.A::v"HO 

Ph~ 
89 

~ 

4 Ph~HO 

Ph~ 
71 

5 Ac><> )J)= 80 

6 ~o ~ 
88 

7 YHO 

PhPr 

74 
PhP """,, 

Table 8 - Tetrahydrofuran derivatives formed from palladium [2+3]-cycloaddition 
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1.2.3 - tt-Allyl Complexes in Palladium Catalyzed [2+ 3[-Cyc:loaddition 

Reactions 

The synthesis of five-membered heterocyclic rings by nucleophIlIC ring

openmg 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 dependmg 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 

chemtstry 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 is impossible to ignore the work of 

TSUJI,32.33 who is one of the pioneers in the field of palladium catalyzed reactions 

He showed that when using a palladium(O) catalyst, a zwitterionic 1,3-dlpole 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 negattve charge IS 

stabilized using two esters which is 13 to the vinyl group, and the charge positive is 

coordinated to the x-allyl complex. This charged intermediate can then be trapped 

using ei1her 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 6S is thought to be formed when the 

mtermedlate 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 vmylcyclopropane (05 mmol) underwent smooth [2+3]-cycloaddInon 

reaction With me1hyl acrylate (I mmol) in the presence of Pdidba)J.CHCh 

(0.0125 mmol) and dppe (005 mmol) in DMSO (3 mL) at 30-80 °C for 1-3 h to 

give the vmyl cyclopentane in good YIelds. 
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E~oco,Me [E~] 
E 61 Pd,(dba>, (0 0125 mmoij, E Pd Pd(dppe),(O 0125 mmol), 

05 mmol DMSO, PPh. (0 1 mmol), DMSO, 80 "C, 2 h, 84% 
30 "C, 3 h, 88% I 

I 

2 

3 

4 

5 

6 

7 

-co,. .(lEt ~E: 2 eq 

E 

E~--
E 

64 
[~]-' [v] ~" • 

63 
E =CO,Me 

Scheme 20 - Tsujj's vmyl cyclopentane fonnation 

~cop.e 

. V'cop.e + "",,",R 

R = Electron WIthdrawing group 

Vmylcyclopropane Olefin Ligand 

~ "",,",co,Me dppe 

~ 6 P"BU3 

~ ~ 
P"BU3 

CXl,Mo J#e P"BU3 

~co#e A CO}/oe 

~= 
"",,",CO#e dppe 

CO#" 
~.T. "",,",co#. P"BU3 

~ 
"",,",CO,Me dppe 

COp'e 

~cop.e 
R 

Temple) Time (h) 

80 2 

30 I 

30 I 

30 3 

80 3 

30 3 

80 2 

E~ 
E 

62 

E~ E "'" 

E 65 

Yield ("A) 

84 

87 

66 

89 

78 

77 

23 

.. 
Table 9 - [2+3 ]-CycloaddltIons usmg vmyl cyclopropane (Scheme 20) 
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The palladium-catalyzed [2+3]-cycloaddition reaction of vinyl oxiranes With 

heterocumulenes has also been reported by Yamamoto et. al. 34 This particular 

substrate has been considered a versatile tool in the constructIon of certam 

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]-cycloaddluon with 

vinyl epoxides would produce 1,3-oxazolidines. The key step of the [2+3]

cycloaddltion is thought to be the nucleophilic addition of an oxygen anion, which is 

generated by the reaction ofvinylic oxirane 66 with palladium, to an Imine 67. Ring 

closure from the intermediate 68 formed from this reaction would lead to the 1,3-

oxazohdines 69 The reaction conditions which Yamamoto used in these reactions 

were 1 mol% ofPd2(dba)3, 2 mol% dppe in THF at room temperature under an inert 

atmosphere (Scheme 21) 

R' 1 "",1% Pd,(dbo) R / Ts 

R~'T& + O~ 2 mol%dppe, 3 'r~N R' V - THF,RT 0 

~ 

t~ ~ Pd(O) ~o~ 
;;I\R TS ) 66 

>- '-
N o-~ 

.o~~" 
R-....?'N...... 67 

R = AromatiC, R' all H, Me Ta 

Scheme 21- Regioselective 1,3-oxazolidine formation 
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1 

2 

3 

4 

5 

6 

7 

Imine 

I N CJ~T' 
A 

if~TS ~ I N 

ffN~·T' 

I N ff~T. 

MeO A 

~N~TS 
I h A 

I N CJ~TS 
A 

UN~T. 

R' 

O~ 
1 mol'l(, Pd,(dba), 
2mol'l(,dppe, 
THF,RT ----

Vinylic oxirane Time (h) 

~ 2 
0 

~ 2 
0 

~ 4 
0 

~ 3 
0 

~ 3 
0 

~ 
1 

0 

~ 
1 

0 

v! 
R 'Ts 

Yield(%) 

97 

96 

>99 

>99 

93 

78 

74 

Table 10 - [2+3]-CycloaddltIons uSIng vmyl epoXldes 

C,s·Trans 

73·27 

88:12 

70:30 

60:40 

62.38 

57.43 

50:50 

As well as reactions with vinyl cyclopropanes (Scheme 20) and. vmyl 

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.23 For example, Alper et. aIlS have used vinyl arizidines 70 

which are an example ofa 3-component system which is capable of undergoing a 

palladium [2+3]-cycloaddition, such as has been seen in the work outlmed by TsuJI 

(Scheme 20). The palladium causes a ring opening of the vinyl arizidmes 70 to 

generate a x-allyl zwitterionic species. The resulting intermediate 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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cychc nngs and regenerates the original palladium(O) complex In this example, the 

reaction is between an isocyanate (N=C=O) which, when reacted with a vrnyl 

aziridine, forms a substituted heterocyclic products 71 and 72 (Scheme 22).35 

~ 
~ 
R 

70 

02 mol% Pd(OAc)" 
1 Omol% PPh, 

THF,RT 

Rl/ 
N 0 

RI 

t.(ro 
+ 

, 2.1 
R 

71 72 

Scheme 22 - Heterocycles from vinyl azmdme 

Scheme 23 - ZWltterion fOImation in palladIUm reacttons 

Isocyanates, isothiocyanates, and carl>odiimides have been used by AJper as 

heterocumulenes to give imidazolidinones, imidazolidinethJOnes, and lmidazolIdme 

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 IS noteworthy that isocyanate reactIvity is apparently unaffected 

by the electronic influence of the aromati c substituent The products were isolated 

as an approximately 2:1 mixture of cis and Irons isomers 

\\...ft' ' ,-Y'R-+ , 
R 

R = Cy, 'Bu, R' = S orO orN-Ar, R- = Ar 

Scheme 24 - Products formed from [2+3J-cycloaddition 
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AZlridme Heterocumulene TIme (h) Combined YIeld (".4) 

1 ~ 0/1) 2 89 
N 
I cy 

2 ~ /'R 2 88 
N o ~ 
by • 

3 ~ Ov/'D 
2 60 

N 
by 

4 ~ a~ 20 61 
N '" I /'''0-by ~ Cl 

5 ~ 
MeO

U 20 36 
N 

'" I r:-/'''O-by 
-<P OMe 

6 ~ /"1) 20 96 
N s I~ 
by 

7 ~ 0/1) 2 67 
N -I 
lBu 

8 ~ /'R 2 61 
N o ~ 

Ieu • 

9 ~ 0/1) 2 74 
N 
I 
tBu 

.. 
Table 11- [2+3]-Cycloaddltlons usmg VInyl anzadme (see Scheme 24 for products) 

Sulfur containing heterocycles are of particular interest, especially the 

thlazohdine and the oxatbiolane 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 et. al.35 showed. Here the vinyl 

thiIrane undergoes palladIUm catalyzed [2+3]-cycloaddition via the same route as the 

aziridme. 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 intennediate can then react with the imine bond ID 

74 to fonn the desired product 75 (Scheme 25) in good yields (73%).35 

It is easy to prepare thiazolidine, oxathiolane, and dlthiolane denvatIves by 

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

of 5 mol% Pd2(dbah and 10 mol% dppp. The reaction proceeds in excellent YIeld 

when carbodIimides contaIning electron withdrawing substItuents on the aromatic 

ring were used for the reaction with the vinyl thiiranes. 

1 

2 

3 

4 

5 

6 

~ + C1-o-N==< 
s - CO,EI 

Pd,(dba),-<:HCI, (0 os rrmoQ. 
dppp (0 10 rrmol). THF. 70 'C. 
N2 (5 psi). 73% 

2rnnol 
73 

4;+ 
s 

Vmyl thilranes 

~ s 

~ s 

~ 
s 

~ s 

~ 
s 

~ s 

I mmol 

74 

Scheme 25 - Reaction with vinyl thiiranes 

R"t -~~N 
-----------------------. ~s ~. 

Pd;,(dba),-CHCI, (0 05 mmol). 
dppp (0 10 mmol). THF.N2 (5 psi) 

Carbodlimides /Isocyanates Reaction conditions Yie/d(%) 

""0- 50 ·C,24 h 97 
",I,r/l) 

'" Cl 

~~ _70 ·C, 24h 98 
",1 ~ 

b ... 

ex: 80 ·C,24h 95 
",1 ~ 

Cl 

O'N'(l~ 80 ·C,24h 85 
", A 1 N b 

NO, 

"~ 60 ·C,24h 60 
",1 ~ 

b Cl 

... ~ 60 ·C,24h 43 
",1 ~ 

b '" 
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7 ~ O'N~~ 80°C,24h 80 
s "'- .. I 

A NO, 

8 ~ Ol'~ 50°C,24h 47 
.,. I /"~ s 

A NO, 

Table 12 - [2+3]-Cycloadchnons usmg vmyl thllTanes 

As well as the [2+3 ]-cycloadditions which have been examined, It is also 

possIble to perform [2+4]-cycloadditions. Alper et al. has reported36 such reactIons 

in the synthesis of tetrahydropyrimidinone, tetrahydropyrimidinime and 

thlazmanimme analogs by mild palladium catalyzed cyclisation of 2-vmylazendmes 

76 with aryl and alkylisocyanates, diarylcarbodiimides and arylisothiocyanates The 

six-membered ring products are obtained in good to high yields and with excellent 

regioselectivity. Usmg ketenimines 77, palladium-catalyzed ring expansIon enables 

the synthesIS of only one regioisomer of tetrahydropiperidine 78 denvate 

compounds. The cycloaddition is totally stereoselecnve, as NOE experiments show 

the carboethoxy and vinyl groups in cis position. 

R', ~CO:zEI 
N 

TT 

5 mol% N(OAe)" 
2Omol% PPh, 
THF, RT, N, 

Scheme 26 - [2+4]-cycloaddition 

~ 

QCO,Et 
N "N 
1 1 
R R' 78 

The tetrahydropiperidin-2-ylidenes were prepared regioselectiVlty m 

moderate to good yields, under mild conditions, by palladium(O) catalyzed 

cycloaddlnon reactions of N-alkylated 2-vinylazetidines with ketenimines and 

ketene. The best results are obtained when ketene is used WIth a heterocumulene 

(Table 13) 

32 



Vinyl azetidme Ketenimme TIme (h) Yie1d(%) 

I Q Q.h#O 48 61 

'ey 

2 Q n .. ~,Me 
48 57 

'ey 

3 Q a~h~ 22 65 

'ey 

4 Q .. ~~ 24 51 

'ey 

5 Q Ov~ 
24 52 

' .... 
6 Q nBu'N""'h2Me 

24 55 

' .... 
7 Q a~h~ 2 66 

'nBu 

8 Q &~..Aco, •. 24 69 

'nBu 

Table 13 - Palladium catalyzed [2+4 ]-cycloadwnons (see Scheme 26) 

1.2.4 - Conclusion 

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

reactions of methylene cyclopropanes and vinyl substittrted lhree membered rings 

have been studied by a number groups. The research by lhese groups has proven 

that palladium-cata1yzed reactions are a synlhetically useful route to bolh 

cyclopentanes and heterocycles. 

Of lhe melhods which have been examined so far it is lhe palladIum 

catalyzed [2+3]-cycloaddition using vinyl cyclopropane in conjunctlon wilh an 

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

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

cycIopropanes and palladium chemistIy. in which we planned to use imines in this 

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

1'd(PPh,) •• 
ZnBr,. THF 

• 

Scheme 27 - Development ofTsuji's work employmg 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 palladlUm-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 

pyrroIidine 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 2 5 - To extend the substrate scope to include a range of aromatic 

cyclopropanes. 

Chapter 26 - To apply the methodology developed to the synthesis of naturally 

occumng alkaloid products. 
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......... ---------------------------------

Chapter 2 - Results and Discussion 

Section 2.1 - General Pvrrolidines 

2.1.1- Introduction 

[2+3 ]-Cyc/oaddit/On reachon 

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 PhD37 and continued by 

Dr Chester Chu during a postdoctoral position at Loughborough University. ThIs 

[2+3]-cycloaddition is achieved through coordination of the palladium(O) catalyst to 

the vinyl group of the cyclopropane, which causes ring opening of the cyclopropane 

to generate a I,3-dIpole. This zwitterionic species can then be reacted with an imine 

to form the deSIred pyrrolidine product Tang and Chu showed that the pyrrohdine 

products from this type of palladium [2+3]-cycloaddition reaction can be prepared ill 

good yields under relatively mild reaction condItions (Scheme 28). It was our goal 

to further develop this chemistIy and explore the dIversity of this reaction, as well as 

to examine how our chemistIy can be adapted towards the synthesis of natural 

products and additionally to find ways to improve the stereoselectivity of this 

process 

62 

THF, ZnBr, 0J:co,Me 
--_. ~ COMe 

N ' 
Pd(PPh3). X' y 

~
co,Me 

,.. + X .... N~Y CO,Me 

Scheme 28 - General [2+3]-cycloaddItion reaction 
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C
Pd(PPh,)2 l..nPd(I~CO"Me 

_ ___ • + /' C0
2
Me 

~C02Me I v 
- '0' V 'CO"Me x ... ~Y 1 

Pd(PPhalz 

~C02Me t l..nPd(11~C02Me 

).J-Z C02Me ~ G+ (N-Z CO"Me 
/ Y Xl Y X rapid when X = 

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 38 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 0 JlJl- 2 NaOMe. MeOH ~CO}Ae 

MeO OMe reflux 6 hours - V .... C02Me 

80 62 

Scheme 30 - Vinyl cyclopropane formation 

Imme synthesis 

A range of imines were required to explore thIS chemIStry. These immes 

would allow an in-depth examination of the different reactivates of the various 

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 camed out A typical imine synthesis 

IS to combine an amine and an aldehyde in the presence of molecular sIeves using 

dlethyl 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) 
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?i 4A Mol SIeves, Ethe~ X ... N,,:::/Y 
X ... NH2 + Y/'-..H-------

24 hr, RT 

x = Protecbng group 
Y = Aromabc, ahphabc, ester 

Scheme 31- General Imine fonnation 

2.1.2 - Results for Palladium CataIyzed [2+3J-Cydoaddition Reactions 

Reactions with N-4-methory-phenyl imines 

The first of the cyclisation reactions perfonned were carried out on N-(4-

methoxy-phenyl) imines. This type of imine was used in the limited number of 

reactIons by Tang,37 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 chemisny 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 organIc synthesis due to the ease of removal using CAN, and it was our 

IntentIon to explore this chemisti)' during the early part of the project. 

~
C02Me 

N R Pd(PPh,), (10 moI%), THF, CO M 0T ~ + ~CO,}A. ZnBr, (2 eq), RT·35 'C N 2 e 

~ V 'COMe ';=< R 
MeO 62 2 R = Aryl, Alkyl Y 

MeO 

Scheme 32 - General N-(4-methoxy-phenyl) Imine cyclisanon 

The eis·trans ratios of the product mixtI1res were determined by chellllcal 

shIfts of the CH2 on the pyrrolidme ring. Although NOE's were perfonned they 

proved to be inconclusive, due to the pyrrolidine nng bemg able to adopt several 

confonnations. However the cis:trans ratios could be determined by IH NMR 

analysis, and this combined with infonnation from X-ray crystal structures of a C1S 

and trons product which were isolated as single diastereoisomers (see page 60) 

allowed us to assign the the NMR data for all the products fonned. 
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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(pPh3)4, 2 eq ZnBr2, THF, RT for 72 h), and dle results obtained were 

comparable in yield and diastereoselectivity to dlose 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 fiuled to yield 

any product. 

Pd(PPh,)" ZnBr2 

Imme Solvent Temp iC) Time (h) Yield ("AJ) Cls:Trans 

1 

~ 
THF RT 72 60 (81) 4:15 

ON>- ~ 
MaO A 

2 

~ 
DMF RT 72 0(81) -

ON>- ~ 
lA 

MaO 

1 mmol scale and had 10 mol% Pd(pPh3) .. 2 eq. ZnBr2. 

Table 14-N-PMB imine [2+3]-cycloaddltion widl 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-

mtro-phenyl, which being a powerful electron widldrawing group should show some 

electronic differences from a simple phenyl nng However this reactIon was much 

slower and proceeded in a significantly lower yield. Entry 1 was carried out at RT 

for 96 hours and gave 29% yield (4:1 cis:trrms), 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 perlOrmed 
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at reflux (Table 15, entry 3); however this proved to be unsuccessful and caused 

decomposition of the starting materials. 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. 

Pd(PPh,),. ZnBr2 ~C02Me 
~-<'C02M. 

PMa' R 

Imme Solvent Temp Time Y,eld Cis:Trans 

rC) (h) (0/0) 

1 ~OO2 THF RT 96 29 (82) 4:15 

ON>. "-' I 
lA 

MeO 

2 ~OO2 THF 40 72 0(82) -ON>-- "-' I 
lA 

MeO 

3 ~OO2 THF Reflux 72 o (dec) -ON>. "-' I (82) 
lA 

MeD 

4 ~CN THF RT 72 22 (83) 6'1 

ON>. "-' I 
MoO A 

1 mmol scale and had 10 mol% Pd(PPh3)4, 2 eq ZnBrz. 

Table 15 - N-PMB imine [2+3)-qcIoaddition 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 CIS isomer and the 4-methoxy-phenyl gave a 

59% yield, however there was complete control of diastereoselectivity with givmg 

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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Imme Solvent 

1 

~ 
THF 

ON>. "" 
I~ 

MaO 

2 

~ 
THF 

ON>. "" 
I~ 

MaO 

3 JJ~ THF 

ON>. "" I 
MaO ~ 

Pd(PPh,),. ZnBr2 ~CO,Me 
~-{'CO,M. 

PMB R 

Temp Time Yield 

IC) (h) (%) 

Reflux 24 o (dec) 

(84) 

40 72 42 (84) 

35 48 59 (85) 

1 mmol scale and had 10 mol% Pd(PPh3)4, 2 eq. ZnBr2 

Table 16 - N-PMB imine [2+3]-cycIoaddition WIth vcp 

Cls.Trans 

-

8:1 

10 

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]-cycIoaddition product, m 

low ytelds 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 interestmg to 

note that the 4-fluoro-phenyl gave a very similar yield (55%) to the [2+3]

cycIoaddition using the N-PMB phenyl imine (entry 1, Table 14), however the 

stereoselecnvity for this imine was very poor. 
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Pd(PPh,l •• ZnBr. 

Imme Solvent Temp TIme Y,eld Cis.Trans 

rC) (h) ('A) 

1 ~~ THF RT 72 24 (86) 8.1 

ON>. '" 1 
MaO & 

2 ~~ THF Reflux 24 o (dec) -
ON>. '" 1 (86) 

MaO & 

3 JJF THF 35 48 55 (87) 1:1 

ON>. '" 1 
1& 

MaO 

1 mmol scale and had 10 mol% Pd(PPh3)4, 2 eq. ZnBr2 

Table 17 - N-PMB imine [2+3]-cycIoaddition with vcp 

The final two N-PMB immes used in the palladium-catalyzed [2+3]

cycIoaddition 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. 

Pd(PPh,) •• ZnBr. 

Imine Solvent Temp Time (h) Y,eld Os Trans 

rC) ('A) 

1 

ON~S 
THF RT 72 0(88) -

1& 
MaO 
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THF 35 48 34 (89) 1 0 

1 mrnol scale and had 10 mol% Pd(pl'h3}., 2 eq. ZnBr2. 

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 imme, 2,4-methoxy

phenyl. The [2+3]-cycloaddition was attempted on two substrates, N-2,4-

dlmethoxyphenyl ethylunine (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 (entry 2, table 19). The cycloaddition using the N-2,4-

dlmethoxyphenyl phenyl imine proved to be a much more successful generatmg a 

yield of 72% after reacting for 48 hours at 35°C. However the diastereoselectlVlty 

was very poor for this substrate. 

~N~R cop.. 
~ + ~cop.. 

MoO OM. 

Pd(PPh,) •• ZnBr, 

Imme Solvent Temp TIme (h) Yield C,s:Trans 

('C) ("~) 

1 f~(~ THF RT 48 o (90) -
MeO A 0M0 

2 

~ 
THF RT 48 72 (91) 1:1 

JC(N .. "-
MeO ,& OMe 

1 mrnol scale and had 10 mol% Pd(pl'h3}4. 2 eq. ZnBr2. 

Table 19-N-PMB imine [2+3]-cycloaddltion 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 lhe imine and one equivalent oflhe zinc bromide is enhanced, 

wilh greater electron density at lhe imine bond. Alkyl chains and electron 

W1lhdrawing groups (CN, N02) gave significantly lower yields. 

Reacflons with N-benzyl imines 

After examining lhe [2+3 ]-eycloaddttion reactIons of a range ofPMB immes, 

It was decided to attempt lhe formation of pyrrolidines from N-benzyl imines. The 

advantage of this group is lhat lhe aromatic ring is spaced away from the mtrogen 

The benzyl group also can be easily removal under hydrogenolysis and olher 

reducing reactions. 

62 

Scheme 33 - General [2+3]-eycloaddition usingN-Benzyl imine imines 

The initial work wilh lhe N-benzyl imines was carried out using a phenyl 

group on lhe carbon (entries 1-2, Table 20); lhis was done so a direct comparison 

could be drawn between lhe work wilh lhe N-PMB and lhe N-benzyl groups. The 

reaction was run in THF for 24 hours at 35 DC and in DMF for 96 hours at lhe same 

temperature ID order to compare solvent systems (Table 20) The results for this 

clearly show a dramatic reduction in reaction times and improved yields over lhe N

PMB group, however DMF still proved to be an undesirable solvent (entry 2). 

The variation of substitution of a melhyl substituted aromatic rings (entries 

3-5, Table 20) was lhen examined It can be seen from Table 20 lhat when lhe 

substitution was in lhe para or or/ho position of lhe phenyl ring, lhe [2+3]

cycloaddltion gave lhe desired product in reasonable yield, but however substitution 

in lhe meta position oflhe aromatic ring failed to yield any product. 
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Pd(PPh,) •• ZnBr, l::(CO,MO 

~ 
CO,Mo 

f ~ N 
R 

Imme Solvent TempIC) TIme (h) Yield (%) C,s.Trans 

1 
QN~ 

THF 35 24 93 (92) 10'1 

2 

QN~ 
DMF 35 96 41 (92) 4:1 

3 

QN~ 
THF 35 48 58 (93) 24.1 

4 

QNJ6 
THF 35 48 0(94) -

5 QNX) THF 35 24 59 (95) 10 

1 mmol scale and had 10 mol% Pd(PPh3)4. 2 eq. ZnBr2 

Table 20 -N-Benzyl imine [2+3]-cycloaddition with VCP 

The next substrates examined were a range of hetero-aromatics. The results 

for pyridmes (Table 21) are remarkably sinular 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 \\hen the aromatic ring is meta subStItuted Both the tlnophene 

(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 is the 3-position as these gave roughly twice the yield of the 2-substituted 

aromatIcs. 
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Imme Solvent Temp le) TIme (h) 

1 

Q~ 
THF 35 48 

'>.. I r-I '" '>.. 1 

2 

QN~ 
THF 35 48 

3 

QN~ 
THF 35 72 

4 
Qr-I~o 

THF 35 24 

5 QJ) THF 35 48 
~ N~ 0 

6 
Qr-I~s 

THF 35 48 

7 Q,J) THF 35 48 
~ N~ S 

1 mmol scale and had 10 mol% Pd(PPh3)4. 2 eq. ZnBr2 

~
CO'M. 

Q-t 
CO,M. 

f 'l r-I 
R 

Yield (%) Cis:Trans 

57 (96) 7·1 

0(97) -

Trace (98) -

69 (99) 1·0 

30 (100) 5:1 

62 (101) 4:1 

34 (102) 6·1 

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 

smgle diastereoisomer (cis) being formed in both the reactions. 
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1 

2 

I +"'" Q CO,Me 

"'- N~R ~CO,Me Pd(PPh,) .. ZnBr, ~
CO'Me 

Q-J 
CO,Ms 

f ~ N 
R 

Imine Solvent TemPle) TIme (h) Y,eld (%) Cls:Trans 

Q~" 
THF 35 24 68 (103) 1.0 

"'- I N~"" I 

Q~aM THF 35 48 79 (104) 1.0 
"'- I N~"" I 

1 mmol scale and had 10 mol% Pd(pl'h3)4, 2 eq. ZnBr2 

Table 22 - N-Benzyl imine [2+3]-cycloaddition with VCP 

The next target was a range of a1iphatlc N-benzyl inunes (Table 23) The 

effects of adding spacer lUlits between the imine bond and an aromatic nng were 

first exammed. The results for these reactions show a drop in reactivity when a 

smgle CH2 is placed between the imine bond and the aromatIc nng (entry 1) 

However v.ben two CH2 are placed between the imine and the aromatic ring, the 

results are approximately the same (entry 2) as the results for the single CH2 spacer 

lUllt However v.ben the aromatic chain group is replaced by a simple a1lphatic chrun 

as can been seen in there is a slight increase in yields of the pyrrolidines as the chain 

length mcreases (entries 3-5) The imine derived from trime1hylacetaldehyde was 

interesting as 1his showed 1hat v.ben a vel)' bulky group is duectIy attached to 1he 

imine 1here IS no product seen from 1he [2+3]-cycloaddition Knowledge of this 

limitation allowed us to plan future reactions more carefully 
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1 

2 

3 

4 

5 

6 

~ ca~. 

~N"'vR + ~CO~. 
~co~. 

~~-l.,;C02M' 

Imine Solvent TempIC) TIme (h) Yield (%) C,s·Trans 

Q THF 35 48 69 (105) 10 

~ NU 
I~ 

QN~ 
THF 35 48 62 (106) 21 

Q THF 35 48 53 (107) 4.1 "'- N~ 

Q THF 35 48 68 (108) 8:1 "'- N~ 
Q THF 35 48 76 (109) 8:1 "'- N~ 
QN~ 

THF 35 48 0(110) -

1 mmal scale and had 10 mal% Pd(pPh3)4, 2 eq ZnBr2 

Table 23 - N-Benzyl imine [2+3]-cycioaddition with VCP 

Our interest was next fucused on imines which were suitable for further 

manipulanon. The entries on Table 24 were performed to examine more specIalIzed 

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

precursor for 3-nortropanol. l The final entry used a substrate denved from D

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

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

pyrrohdine when purified was fuund to be racemic from [afoO stuches of the 

resulttng pyrrolichne. 
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Pd(PPh,),. ZnBr, 

~cO,M' 
~k-<:CO'M. 

Imzne Solvent Temp 1C) Time (h) Y,eld (%) C,s:Trans 

1 
QN~ 

THF 35 48 Trace -
(111) 

2 Q,NJ)< THF 35 48 42 (112) 1:1 

1 mmol scale and had 10 mol% Pd(pPh3)", 2 eq. ZnBr2. 

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 lmines 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 

reaction 

THF, ZnBr, 

Pd(PPh,), 

62 

Scheme 34 - N-Tosyl imine 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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1 

2 

3 

have a much slower reaction rate. The yield of the pyrrolidines are however slightly 

higher than the corresponding PMB pyrrolidine but still are not as high as thoso 

achieved With the benzyl group. 

~co~. 
V-co~. 

Imine 

'Qs'N~ 
o~ ~o 

'Cl ~ S ... N~ 
0" ~o 

'Cl ~ s ... N~ 
", ~ o 0 

Solvent 

THF 

THF 

THF 

THF, ZnBrz 

Pd(PPh,). 

Temple) 

RT 

RT 

RT 

~co~. 

o. ,N-Z CO~. 
o~ I R 

p~ 

Time (h) Yield (%) 

96 64 (113) 

96 0(114) 

96 75 (115) 

1 mmol scale and had 10 mol% Pd(pPh3) .. 2 eq. ZnBr:z. 

Table 25 - N-Tosyl imine [2+3]-cycloaddltion with vcp 

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

Agents 

Cls.Trans 

1:1 

-

81 

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

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

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

Imidazole which are cyclic imine analogues, azo compounds and nitnles (fable 26) 

(Scheme 35) 
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~co,Me + N_ / 
~ ~ Pd(pPh,J •• THF. 

CO,Me V ZnBr,. n h 35 "C 

X-N-H,O 

Pd(pPh,J •• THF. 
ZnBr,. n h 35 "C 

X, ."N'x -----
N X = CO,!:I. C(CH,),CN 

Pd(pPh,J •• THF. 
ZnBr,. n h 35 "C CO,Me 

~ +N= X V 'CO,Me X = CO,Me. (CH,),CH, 

~CO,M. 
~+CO,M. 
V 

~co'Me 
N-N C02Me , , 

X 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-<lxazoline and 2-methyl-

2-imidazoline, these compounds are significantly different ID 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(pl'h3)4, 2 eq. ZnBr2, 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-posltion 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 [2+3]-cycloaddition onto a nitnle bond For this 

reaction cyanoacetic acid (entry 5), 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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I 

2 

3 

4 

5 

6 

Trappmg agent Solvent Temple) Time (h) Yield{%) Cis:Trans 

)ti TIIF 35 72 0(116) -

N=( TIIF 35 72 0(117) -
~NH 

0 TIIF 35 72 0(118) -
EtOJlN~NyOEt 

0 

:lN~N-;:' 
TIIF 35 72 0(119) -

0 TIIF 35 
N~OMe 

72 0(120) -

N~ THF 35 72 0(121) -

I mmoI scale and had 10 mol% Pd(pPh3~ 2 eq ZnBr:z. 

Table 26 - [2+3]-cycloaddition of other trappmg 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 cycloaddttion products. In some 

cases, this could be due to the use of sterically demanding groups which have been 

shown to cause problems during other cyclisations and also the fact that m 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 chemistly using Pd(pPh3)4 as a catalyst in the presence of 

ZnBr2 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 bemg 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 cycloaddltion product as corresponding aromatics 

subsututed in the ortho and para positions gave the desired pyrrolidmes 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 neigh boring groups. 

THF. ZnBr, 

Pd(PPh,). 

62 

~
CO'Me 

7" N CO,Me 
, 

X Y 

Scheme 36 - General reaction scheme for [2+3]-cycloaddltion WIth vinyl 

cyclopropane 
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Section 2.2 - Reaction with Ethyl Glyoxvlate: 

Preparation of Novel Proline Derivates 

2.2.1- Introduction to Pyrrolidines Derived from Ethyl Glyoxylate 

The preVIous described work ID section 2.1 IDvolved 1he syn1hesis of N-alkyl 

or myl pyrrohdines and ID order to increase the scope of this chemistry, it was 

decided to look at imines derived from e1hyl g1yoxylate. This was done to generate a 

range of pyrrolidines wi1h a carboxylate ester a to 1he nitrogen, i e. a proline 

analogue (Scheme 37) 
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COlde 

?i _SoI_y_ent_._Z"_Br..:.,_ ~'N COl"'e + R .... N~O ............... 
Pd(pPh,), R '-

35"C 0 

Scheme 37 - CI-E1hyl esterpyrrolidine 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 g1yoxylate under standard condtttons. The first ImIDe 

examined was 1he N-PMB e1hyl ester imine, which was chosen for two reasons 

Firstly the N-PMB were our initial imines used and secondly it formed an imine wi1h 

a powerful electron wi1hdrawing group (ester) and a powerfully electron donating 

group (PMB) attached to 1he reacting bond All 1he stereochemical data was 

determined by NMR studies of the products with relative stereochemistry being 

confirmed by X-ray Cl)'stal structures. 

The N-(4-me1hoxy-phenyl) ethyl ester imine (entries 1-2, Table 27), proved 

to be vel)' successful under standard conchtions (entry 1) with 1he desired product 

being formed in only 8 hours in almost quantitative yield (97"10). The 

dlastereoselecttvity was, however, the most impressive aspect of this work as It 
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showed only one isomer in both IH and I3C 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 ofTFA on the reaction (entry 2), 

however when this reaction gave no product. It is believed that the TF A 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 

LeWls acid, as It was found that when using these electron rich groups the LeWls 

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, 

sull failed to undergo the [2+3]-cycloaddition. 

Imine Solvent 

1 0 THF(no 

D N

O OEt ZnBrz) 
MeO A' 

2 0 THF, 

D N

0
0Et TFA, 

MeO A' 

3 OM. 0 THF(no 
~N00Et ZnBrz) 

MeO A' 

4 0 THF, 

MoOyr00Et 
lA' 

OM. 

Temple) 

RT,35 

RT 

35 

35 

CO~. 

~c~~. 
RJ't}-oEt 

o 

Time (h) Yield (0/6) 

8 97 (122) 

16 0(122) 

48 94 (123) 

48 0(124) 

1 mmol scale and had 10 mol% Pd(PPh3)4. 2 eq. ZnBrz. 

Cis:Trans 

0:1 

-

0.1 

-

. 

Table 27 - Ethyl glyoxylate derived imines [2+3]-cycloaddItion WIth vcp 
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With the success of the prelimimuy reactions, it was decided to look at the N

benzylimmes reaction (entry I, 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"10), however the 

'chastereoselectivity for this substrate was veIY poor (1:1 cis:trans) A second 

electron withdrawmg group N-2-cyano-phenyl (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 deslfed 

pyrrolidme. 

Pd{PPh,). , 
ZnBr2 

Imme Solvent Temp Time (h) Y,eld Os· Tram 

('C) ("/0) 

1 Q ° 
THF 35 48 Trace -

~ N0
0Et (125) 

2 ° THF RT 48 47 (126) 1:1 

>r°rN00El 

3 CN ° THF 35 48 58 (127) 1:1 &N0
0Et IN 

1 mmol scale and had 10 mol% Pd(pPh3}.t, 2 eq ZnBr;z. 

Table 28 - Ethyl glyoxylate derived imines [2+3 ]-cycloaddition wi1h 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 1he nitrogen. Tosyl was chosen for the initial experiments, 

however these were initially unsuccessful (entry 1-2, Table 29) wi1h only starting 

matenals being recovered. However when the reaction was allowed 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 c!)'staIline solid with only one chastereoisomer 

(cis) which was proved by X-ray c!)'stallographic diffraction. N-4-Nitro-phenyl was 

also attempted, however this was unsuccessful yieldmg no product even WIth the 

increase reaction time to 96 h (entry 4). 

Imme Solvent 

I 0 THF(no t;s,N0
0Et 

~o ZnBr2) 

2 0 THF Qs ... N0
0E1 

~o 

3 0 THF 
0 0 \~r .. N~ OEI 

~'o 

4 0 THF 

ON00Et 
o~ A' 

Pd(PPh,) • 
• 

ZnBr, 

CO,J.4e 

r(f-c~,J.4e 
R''''~Et 

o 

Temple) Time (h) Y,eld ("-1,) 

35 48 0(128) 

35 48 0(128) 

35 96 56 (128) 

35 96 0(129) 

I mmol scale and had 10 mol% Pd(PPh3)4, 2 eq. ZnBr2. 

OS'Tram 

-

-

1'0 

-

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 m moderate yield 42-44% and poor to good selectIVIty 1.1.5-1.5 

(cis lrans). These were prepared to determine if it was poSSIble to use a1iphatic 

systems on mtrogen. The final entl)' is however an N-<lxime ethyl ester imine whIch 

was synthesized to determine if oximes could be used as well as imines in this 

synthesIS. The desired pyrrolidine was formed from the oxime in good yield (55%) 

however the chastereoselectivity for this reaction was poor (I: 1) 
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Pd(PPII,), 

COlfrO 

~Olfr' 
,N 

R Et 
o 

Imme Solvent TempIC) Time (h) Yield (%) Cis:Trans 

I 0 THF 35 48 44 (130) 1'1.5 
Ph""):'N00Et 

2 0 THF 35 48 42 (131) 1:5 
0N00Et 

3 0 THF RT 48 55 (132) l.l HQ,N00Et 

I mrn01 scale and had 10 mol% Pd(PPh3)4. 2 eq. ZnBr2. 

Table 30 - Ethyl 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 C1S to trans ratio It was hoped that by reacting the pyrrolidine for an extended 

penod of time in the presence of the palladium catalyst it would allow the 

pyrrohdine to ring open and then close again in a different conformation. However 

there was no change ID 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 C1S

trans eqwhbnum was occurring. 
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CO!". 

~CO!". THF.ZnBr2 .35 "C '/ ~-!' I 

F\ "r(''\- Pd(PPh,), 

~O 
MeO ~Pd(lo~co!"e 

+ CO!"e 
-N 
I 0 

X '--' 
o 

possible bond rotation 
ClS - trans conformatton 

Scheme 38 - Change m stereochemtstry 

X-Ray crystal structures 

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-

5-vinylpyrroltdine-3,3-dtcarboxylic acid dimethyl ester (122) and N-(tosyl)-2-ethyl 

ester-5-vmylpyrrolidine-3,3-dtcarboxylic acid dimethyl ester (128). It was found that 

the crystallization of the pyrrolidines furmed in the palladium catalyzed [2+3]

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

carned out on a multigram scale. 

The pyrroltdmes which were crystallized were ones which had been shown 

to have only one diastereoisomer lrans fur the N-PMB and cis for the N-tosyl. Due 

to the fact that these pyrrolidmes were single diastereoisomers and gave unique 

sphtting 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 

X-ray crystal structures were determined. 
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Relative stereochemistry 
(R, S) or (S, R) 

Axet Maiar, Andre Alker 
Rocha X-ray service 

Fig 4 - X-ray crystal structure 0/ N-(4-Methoxy-phenyl)-2-ethyl ester-5-

vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (122) 

0(3) C(14) 

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

Mark Elsegood / EPSRC X-ray 
service Southampton 

Fig 5 - X-ray crystal structure 0/ N-(l'osyl)-2-ethyl ester-5-vinylpyrrolidine-3,3-

dicarboxylic acid dimethyl ester (128) 
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2.2.3 - N-(4-Methoxy-Phenyl)-5-VinyI-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 (trons); it is also a highly reactive 

imine, leading to short reaction times, and finally it is one of the only pyrrohdines 

which has been synthesized as a crystalline product. 
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Scheme 39 - N-PMB ethyl ester cycJisation 

The reaction to prepare N-(4-methoxy-phenyl)-5-vmyl-pyrrohdine-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 (ZnBr2) in a range of solvents (Tables 31-33) A range of 

common solvents were tried - THF as the control reaction, DCM, toluene, 

acetomtrile, 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 perfurmed 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 

diastereoisomers to be formed in the reaction as a I: 1 mixture however when there 

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

1 

2 

3 

4 

5 

6 

cop.. 

~cop.. + 

Solvent 

THF 

DCM 

Toluene 

Acetomtnle 

Methanol 

DMF 

TIme (h) Yield(%) 

16 95 (122) 

16 65 (122) 

16 89 (122) 

16 92 (122) 

16 91 (122) 

16 35 (122) 

• 1 mmol scale and had 10 mol% Pd(PPh3)4, 2 eq_ ZnBr2, 35 C 

cop.. 

~c~p.. 
PMBl')-oEt 

o 

Cls:Trans ratio 

1:1 

1:1 

1:1 

1:1 

1:1 

1:1 

Table 31 - N-PMB ethyl ester cyclisations using ZnBr2 

Reaction without Zmc Bromide 

o Pd(PPh,)._ Solvent 

11 "' PMB,N~OEt 

Solvent TIme (h) Yield (".4) C,s-Trans ratio 

1 THF 16 97 (122) 01 

2 DCM 16 66 (122) 0-1 

3 Toluene 16 91 (122) 0.1 

4 Acetonitnle 16 95 (122) 0:1 

5 Methanol 16 94 (122) 0:1 

6 DMF 16 39 (122) 0:1 

I mmol scale and had 10 mol% Pd(pPh3}.t, THF at 35 ·C 

Table 32 - N-PMB ethyl ester cyclisations without USIng ZnBr2 
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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 incIudmg scale and catalyst loading. When the synthesis of the N-(4-

methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricmboxylic 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"10 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 irradiation. 

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 literature39 to reduce the required reaction time of a 

reaction The mixture was reacted for 20 minutes under sonicatton condittons and 

Yielded 48% of the desired pyrrolidine in a: 1:2 cis.trans ratio. 

o Pd(PPh,) •• So""'", 

PMB~N~OEt • 

ConditJons Product yield (%) Cls:Trans ratio 

I 10 g scale 90 (122) 

2 I mol% catalyst on 109 scale 39 (122) 

3 Sonicatton 48 (122) 

I mmol scale and had 10 mol% Pd(pPh3).!, THF, RT for 48 h, no ZnBr2 

Table 33 - Other PMB ethyl ester [2+3]-cycIoadditions 

0.1 

0.1 

12 

We next turned our attention to the ligand on palladium, so far our chemistry 

was limited to Pd(PPh3)4, 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 faded to yield the desired pyrrolidine. 

Different palladium catalysts have also been looked at, and the palladium(O) 

~ ; catalyst (Table 34, entry 3) reacted to give the desired product in good yield and 

reasonable selectiVIty (1:3 cls:trans) however the two ligand free palladium(II) 

catalysts tried (entries 4-5) failed to undergo the [2+3]-cycloaddItion reaction. 

Conditions Product yield (%) Cis:Trans ratio 

1 Phosphine ligand (dppp) (1 eq) 0(122) -
2 Phosphine ligand (dppp) (10 mol%) 0(122) -
3 Pdz(dba)J catalyst (10 mol%) 92 (122) 13 

4 PdCh catalyst (10 mol%) 0(122) -
5 Pd/C catalyst (10 mol%) 0(122) -
I rnmol scale and had 10 mol%Pd(pPh3}.t. THF,RT for 48 h, no ZnBr2 

Table 34 - Effect of catalyst and phosphine Iigands on [2+3]-cycloaddinons 

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

We wished to show that the PMB group could be removed from our 

pyrrohdIne. For the N-PMB pyrrolidines the deprotection was performed in two 

steps; firstly hydrogenation of the vinyl group using Pd-C I H2, which was done to 

prevent poSSible side reactions. After the hydrogenation, the 4-methoxy-phenyl 

group was removed under the standard conditions, i e. stirring 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 stereochemisUy in the free N-H pyrrolidme, as shown by NMR 

spectmscopy. 
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~CJJ#e ro,M 
Pd-C/H, ~ __ tCJJ#e CAN.MeCN. ~CO,M: 

(5 
.. ...-0 ~---1-

16 hours -.;;: 1/ ~ 0 OC, 20 mn'I H' •• ~ 
97% ~ b 0 74% IJ '--" 

122 MeO 133 134 

Scheme 40 - Deprotection ofN-4-methoxy-phenyl pyrrolidine compound 

2.2.4 - Conclusion 

The cyclisation onto ethyl glyoxylate derived imines has proved to be vel)' 

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-pyrrohdtne-2,3,3-

tncarboxylic acid 2-ethyl ester 3,3-dimethyl ester, which was prepared in a vel)' 

short reaction time and produced a single diastereoisomer. 

It was also possible to cl)'staIlize two of the Cl-ethyl ester pyrrohdmes, one 

of which being the trans N-(4-methoxy-phenyl)-5-vinyl-pyrrolidme-2,3,3-

tricarboxylic acid 2-ethyl ester 3,3-dintethyl ester and the other was the Cl$' N

(toluene-4-sulfonyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-

dImethyl ester which allowed the exact relative stereochemistl)' to be determined. 

Overall the prolme analogues have been prepared in good yield and m hlglt purity. 

2.2.5 - Diastereoselectivity in Palladium Catalyzed [2+ 3)-Cycloadditions 

Dlastereoselective results 

Control of the diastereoselectivity during the palladIUm [2+3 ]-cycloaddltions 

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]

cycloaddittons which generated a single isomer. It was later confirmed using X-ray 

Cl)'stal structures that the pyrrolidine formed was trans. 

ThC1 CIS pyrrolidine product was formed ~en using the N-(tosyl) ethyl ester 

imine reacted under standard reaction conditions for 96 h. It has been found that the 
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1 

2 

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). 

E E 

[f'{. 
MoO 

Trans lsomer
klnebe product 

~
~ 

H 'H ° 
f /N OEt 
0",:,,_ )J-

Clslsomer
thennodynamle product 

Scheme 41- eis 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 ('e) Time (h) Yield ("/0) eis:Trans 

ONJOEt THF(no 35 16 97 (122) 0:1 

ZnBr2) 
MeO 6 

0 THF 35 96 56 (128) 1:0 
Qs ... N00Et 

f)'" I 0 
& 

1 mmol scale and had 10 mol% Pd(PPh3)4, no ZnBr2. 

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 chiralligand 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 et. al.4O has performed a great deal of work in this 

field and has developed many chiral Jigands 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. 

Q-~ 0~ - r'~}J 
pp,> p,>p 

\ I 
Pd 

~R 
Fig 6 - Chiralligand 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 
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not seen In the reaction mixture. It was found by NMR analysIs that the chiJal imine 

was hydrolysing during 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). 

0 

O~OB ~COjAe 
136 COjAe CO!"e 

d'N~OB H ... O'H + 62 ~!"e lA 0 contamnant 

d'NH2 

THF.ZnBr, El 

135 138 0 
Pd(PPH,), 

137 

Scheme 42 - Hydrolysis of the chiJal imine 

When the reaction was performed under anhydrous condItions It was possible 

to obtain the desired pyrrolidine product in relatively low yields (18%) with the 

major product still 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 chiJal aUXIharies was 

not developed further during this project due to the lack of success during the initial 

work In the area using (R)-phenylethylamine. We feel the mIstake was haVIng the 

chiJal aUXIliary on the nitrogen, as the steric crowding this caused may have effected 

the reaction 

C1S ISOmer 

Pd(PPh,), 

THF, ZnBr2 ,.% 

Trans lsorrer 

~;:e 

o-<~~ o 
139 Ctural 

Scheme 43 - Cis and Trans isomers 
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Chiralligands 

The preparation of the [2+3]-cycloaddition reaction using a chiraI ligand on 

palladIUm is a different asymmetric route to that of the chual auxilianes, as It is 

dependent on an external source of chiraIi1y. The N-(4-me1hoxy-phenyl) ethyl ester 

imine was chosen as 1he trapping agent due to its high reactivity, and 1he fact 1hat 

under normal reaction conditIons 1he pyrrolidine produces only one dlastereOlsomer 

isomer It was hoped that 1he use of the Trost ligand40 (Table 36) would allow 1he 

formation of a chiraI pyrrolidme in a single step. The Trost ligand was chosen due to 

Its proven rehability during palladium catalysed reactions and it was surmised that 

this would be the ligand with the greatest chance of creating a chiraI pyrrolidine, 

without 1he need to examine a range of such ligands (Scheme 44) 

Pd(l'Ptl,l. 
• 

THF.35OC 

M~~~ M~~N~ 
-./ 0 Q 

OM. 

Two products seen 

THF, Pd,(dba>,. 35'C 

• 
cop-. 

~2Me o 0 '-' 

Mea Sole product 

(or the other tBOmer) 

Scheme 44 - Examples of products from standard and chiraI reactIons 

The reaction to generate the Trost ligand-palladIUm complex proceeded 

according 10 the literature wi1h a colour change from purple 10 orange VYhich 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 VYhen 1he cycloaddition reaction was camed out at RT, 1he 

reaction failed to proceed (entry 1, Table 36). Because of this result 1he reagents 

were then added to a fresh ligand-palladium complex at 35°C (entry 2) After 1he 

increase in temperature had proven to be unsuccessful the final variable which was 

69 



changed (entry 3) was to increase 1he reaction time in a hope 1hat 1he product would 

be formed 1his reaction also faded to give 1he [2+3]-cyc1oaddition product Fur1her 

work in 1his area may be of interest as many o1her chiral IIgands are yet to be tned 

which could prove to be more suitable 1his type of reaction. 

THF, Pd,(dbal.. 35 cc 
• 

CO,Me 

?'~OMe N ' 
PMB' 

o '--" 
Tros! 19and 

Ch,rat ligand Time (h) Yield(%) Cis. Trans ratIO 

1 Trost lIgand (140) 16 0(122) -
2 Trost lIgand (140) 16 0(122) -
3 Trost lIgand (140) 168 0(122) -

THF W11h 10 mol% Pd2(dba)J, 

Table 36 - chiral [2+3]-cyc1oadditions 
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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 academla and 

mdustry. 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 fur 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 materials can either absorb energy, reflect energy, or they can pass energy. 

However, few materials are either pure absorbers, pure reflectors, or transparent to 

microwaves.42 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 winch 

microwaves interact with matter can be thought about a penetration depth, i e. 

microwaves can usually only penetrate a certain distance into a material. The 

penetration depth is a function of both the material composition and the frequency of 

the microwaves. Although most of the early experiments were performed in 

modtfied domesnc microwave ovens, currently dedicated instruments fur chemical 

synthesis are used which have become readily available, leading to a number of 

companies producing these devices.41
-43 It can be imagined m a few years most 

chemists will be using microwave energy to heat chemical reaction in the laboratOlY 

in a routine manner. 

71 



2.3.2 - History of Microwave Irradiation in Chemical Synthesis41
-48 

For centuries the only tools for chemists to apply heat to a reactIon process 

was through direct conduction through a vessel wail. However this is an inefficient 

source of energy, and potentially dangerous vmen used with flammable reagents and 

"'solvents in reaction mixtures. During the Second World War, RADAR operators 

noticed that a substance placed in the path of microwave irradiation emItted from the 

RADAR arrays would keep warm for extended periods of time. The chemical 

mdustIy made use of microwave irradiation for the first time in 1975 41 In early 

microwaves samples were usually prepared using common laboratory glassware and 

open Teflon vessels. However in die 1980s, researchers began using specially 

designed closed vessels for microwave reactions to achieve reaction temperatures 

above the atmospheric boding point of the solvents in the reaction mixture. In order 

to Improve safety in microwave chemistIy temperature and pressure momtors were 

adapted with waveleng1h attenuators for monitoring reactions and conditIOns m 

closed microwave systems. These modifications to commercial microwave systems 

became the foundation of the laboratoIY microwave units of today. In 1985 the first 

laboratory multimode cavity microwave Wlit was introduced, 41 and although dlese 

microwaves were stilI based on die 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 

smgle vessel has placed directly in a microwave waveguide vmich allowed for much 

greater control during irradiation of the sample. 
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1.3.3 - Types Cavity in Chemical Microwaves 41-48 

Types of cavlhes 

The area in microwaves where materials are exposed to irradiatton 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, smgle-mode and multi-mode. 

Single-mode cavlhes 

In smgle-mode cavities, a standing wave pattern IS 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 2 45 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 mtenslty of the field is greatest at the peaks ofthe standmg 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. 

Mulh-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). 
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Single mode cavity Multi-mode cavity 

( 
1 wave length 

) 
Reflected waves 

Fig 7 - Single and multi mode cavities 

2 3 4 H . U· M· 41-48 . . - eatlOg SlOg Icrowaves 

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.49 

Microwave 
in situ 
heating 

(b) 

Thennal 
wall 
heating 

Fig 8 - Temperature gradient for heating under microwave and thermal conditions50 

(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. Anythmg 

that IS put into this field may be affected If It has the ability to absotb microwave 

irradtation 

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 
, 

methods, gave an equal mixture of the two products; however high rmcrowave 

power, which heats the reaction faster, gave almost 100% of the 2-

naphthalenesulphonic acid.42. 50 

~O,H 

~ 
141 

HOSO,CI 

methanol, 
500wlM 

142 

HOSO,cl 

methanol, 
5wIM 

~SO,H 

~ 143 Thermodynanic product 

+ 

~I~ :,11 
~144 Kinetic product 

Scheme 45 - Addition of chloro sulphonic acid to naphthalene 

MIDgos 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 reacnon vessel, allowing the solvent to reach a higher than usual temperature 

before bubbles can form. 43 
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2.3.6 - Microwave Chemistry with Palladium Catalysts 

Microwave chemlstJy has found applicatIon in the field of palladIUm 

catalyzed chemistJy, for example-

Heck reactIon 

The Heck reaction is 1he mylation of activated olefins with myl halides and 

tnflates. This type of reaction generally goes with good regiocontro\ 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 wi1h increased 

temperature usually causes decomposition of the catalytic system Hallberg et al 

has performed a Heck reaction under microwave irradiation in approximately 4 

mmutes, whereas wi1h conventional heating would require a reaction time of about 

20 hours (Scheme 46) 51 

Meo-Q-I 

145 

+ ~ 11 Pd(OAc),. DMF I ~OMe 38min,60w. Meo~ 
o • ~ ~ OM. 

148 147 0 

Scheme 46 - Microwave assisted Heck reaction 

HIghly selective allylic alkylation 

A1lyhc 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, with 

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 1hat it is possible to perform these a1lylic 

alkylations rapidly (3 min) in excellent yields (>99%) and enantIomenc excess 

(>99"10) (Scheme 47).52 
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Scheme 47 - Microwave assisted a1lylic alkylatIon reactIon 

Microwave assIsted ammation 

AmInation of aromatIc halides has become a powerful methodology, since 

the myl amine Intermediates can be used in the gynthesis natural products. Over the 

last few years, despite the rise in popularity of microwave assisted gynthesis, there 

have only been a very limited number of papers published on using microwaves in 

amination reactions. Hamann et al have developed new aspects of this microwave 

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

Increase in yield over conventional heating (Scheme 48).53 

Pd,(dba),. PPFA, NaOtBu. g-~ NO 
toluene, MiN, 10 mln 
----N7 ~ 

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-carl)()ll bonds, especially in the formation of bi

myl systems.55 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 

ofsubstrates, phase transfer catalysts are some times used. Leadbeateret al. showed 

that is It 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).54 
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B(OH)2 ff 04 mol% Pd(OAc)", 

I + I H20, eow, 5 mn, 97% o-o-~ 
.0 8.0 ------ - ~ /; 

155 156 157 

Scheme 49 - Microwave assisted Suzuki reaction 

Sonogashlra couplmg 

The Sonogashira coupling of terminal a1kynes with wyl halides is an 

efficient route into wylalkynes, and there have been numerous uses for this 

chemistry including several natural product syntheses. This reaction is usually 

perfurmed in organic solvents such as THF, DMF or benzene. Kabalka et. al have 

developed this reaction fur use with microwave in a solvent less reaction. The 

development of a solvent less reaction sYstem is important m the context of 

microwave chemistry as solvent vapour in the reaction could be ignited. The results 

show that this parttcular reaction is highly efficient giving high yields (95%) in very 

short reaction times (Scheme 50). ss 

-0 Pd.Cul·PPh,. KF·AI,o",solventless, .-==-O-~ 
+ C,H17 = 1000w, 25mln, 95% C,H17 ---------------------, -

158 159 160 

Scheme 50 - Microwave assisted Sonogashua 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 hkely 

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 81 D is an older cavity type 

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

CEMMDS81D 

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 81 D 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 Oplimizer 

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 

Our prelilDlnmy work was carried out on a CEM MDS SID, and due to the 

age of the machine was impossible to have absolute control over the power supplied 

by this lDlcrowave. One of the major aspects of working with this machine is that the 

samples needed to be adsorbed onto a solid support before being reacted to aVOid 

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 
~ + ... N"" .... ..Y V 'CO,Me X ~

CO'Me 
Pd(PPh,). ,;? 

--"""'----=-'-- ,N CO,Me 
SIlica, Microwave 

X y 

Scheme 51 - CEM MDS SID reaction 

The results which were obtained were however interesting and this 

lDlcrowave provided a useful first insight. The CEM MDS SID IS 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 N-4-

methoxy-phenyl ethyl ester imine. The results were vel)' encouraging as after 

punficatJon it was found that there was a 92'l1o yield of the desired product, however 

the dIastereoselectivity was poor(I':l eis·trons) (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 variable was to deterrrune if the 

reaction would proceed without catalyst present, but the results obtained suggest that 

the catalyst was still required under microwave irradiation (Table 37, entry 2). Zinc 

bromide was then added to the reaction mixture as in previous work it was found 

that a Lewis acid reduced reactivity. This was also found to be the case under 

lDlcrowave 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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~
C02Me N Y 

~ + X~ ~ 
CO,Me ~

C02Me 
Pd(PPhJ. ~ 

--~....:::.:.-, ,N CO,Me 
SIlica, Microwave 

X Y 

Imme Adsorbent ZnBrz Other Time Yield Cls:Trans 

condllions (min) (%) ratlo 

0 SIlIca No N/A 3 92 1:1 

D N

0 0Et (122) 
MoO U 

0 SIlIca No No 3 0 1 1 

D N

0 0Et catalyst (122) 
MoO U 

0 Silica Yes N/A 3 75 l.l 

D N

0 0Et (122) 
MoO U 

1 mrnol scale and had 10 mol% Pd(PPh3)4. 700 w 

Table 37 - Results for reactions with CEM MDS 81D 

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

fluorocil, a1umina and an absence of an absorbent to see which would be the most 

successful absorbent. The a1umina (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 fiuorocil and 79% 

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

either an acidic support or no support as the neutral a1umina 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. 
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Imine Adsorbent 

0 AIurnina 

D N

0 0El 

MeO N 

0 FluOlOClI 

D N

0 0E, 

MeO N 

0 None-

D N

0 0E, neat 
MoO N 

reagents 

Pd(PPh,). 

SIlica. Microwave 

CO,Me 

~C02Me 
X y 

ZnBrz Other TIme Yield 

conditions (mm) (%) 

No N/A 3 0 

(122) 

No N/A 3 82 

(122) 

No N/A 3 79 

(122) 

1 mrnol scale and had 10 mol% Pd(PPh3)4. 700 w 

Table 38 - Results for reactions with CEM MDS 810 

C,s:Trans 

ratio 

-

1:1 

0:1 

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 occurring. It was found upon workup that 

there was an 87% yield of the desired pyrrolidme product; however It IS 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 mechanism is unknown. 

83 



, 
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1 

2 

Pd(PPh,). 

Imine Adsorbent ZnBr2 Other Time Yield C,s·Trans 

conditions (min) (%) rano 

0 SIlIca No No MW 3 87 1.1 

,O"N0 0Et (122) 
MoO .& 

1 nunol scale and had 10 mol% Pd(pPh3~ 700 w 

Table 39 - Results for reactions with CEM MDS 8lD 

As had been seen the addition of a Lewis acid to lhe palladium [2+3]

cycloaddition reaction when N-PMB elhyl ester imine IS the trapping agent reduces 

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

usually requITed, it was lherefore decided to see whelher an Imine which requIred a 

LeWls acid for the [2+3]-cycioaddition would also need it under microwave 

IrradIation conditions Entries 1-2 on Table 40 show lhe results, for a reaction using 

the N-2-mtnle-phenyl ethyl ester imine. The reactions wilh (entry 1) and wilhout 

(entry 2) ZnBr2 have approximately the same yields, 75% and 78% respectively. It 

was lherefore decided to not use ZnBr2 in future reactions when using lhe CEM 

MDS 810, as we belIeve lhatthe silica is acting as a Lewis acid. 

co Me Pd(PPh,). 17 ~
co2Me 

~ 2. + .... N~Y • C02Me ~CO-}Ae X Silica, MIcrowave "N 
X Y 

Imme Adsorbent ZnBr2 Other TIme Y,eld Cls:Trans 

condItions (mm) (%) ratio 

0 SIlIca Yes N/A 3 75 (127) 1:1 

C(0oa 
~ CN 

0 SIlIca No N/A 3 78 (127) 1:1 

CCN00a 
I~ 

. 

CN 

1 nunol scale and had 10 mol% Pd(PPh3)4, 700 w 

Table 40 - Results for reactions wilh CEM MDS 810 
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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]-cydoaddition 

reaction The usual reaction times for the [2+3]-cydoaddltion reaction IS 

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 I), 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) 

~
C02Me 

Pd(PPh,), P' 
---'--....::.::.-. N CO.Jlie 
SIlica. Microwave ~ 

X Y 

Imine Adsorbent ZnBrz Other Time Yield eis.Trans 

conditions (mm) (%) ratio 

U~ Slhca No N/A 3 67 I N 
A' 

(109) 

0 Sihca No N/A 3 61 \\ ... N~ 

~"-o (115) 

ff" Sihca No N/A 3 55 

ON~ "'- (85) 
MoO A' 

1 mmol scale and had 10 mol% Pd(pPh3~ 700 W 

Table 41- Results for reactions with CEM MDS 8ID 

The initial microwave reactions proved to be velY successful for formmg the 

deSIred pyrrolidines velY rapidly, however the diastereoselectivity of the reactIOn 

was poor. The CEM MDS 810 is a velY 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 IS also a 

major problem The reaction times of the CEM MDS 810 were however velY 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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1 

CEAf Discover results 

The CEM Discover provided a more advanced microwaves generator. The 

major advantage of this system is that many options which are aV31lable; the ablhty 

to set temperatures, pressures and power for a particular solvent. This meant that the 

reaction conditions were controlled to a far higher degree. This control, and also the 

fact the samples were carried out in Ihe solution phase, meant that Ihe results could 

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

:f-:(
co#oe 

CO#oe N Y Pd(PPh,l,,po co .. 
~. + /~ 2"w.e 

V .... CO}Ae X THF. ZnBr2' Microwave ,N 
X Y 

Scheme 52 - CEM Discover accelerated reactIOn 

The first oflhe products to be tested was theN-4-me1lioxy-phenyl e1Iiyl ester 

imine. This substrate when reacted Wider thermal condition at 35 °C had given 

almost quantitative yields in 8 hours. However Wider microwave irradiation at 50 

Watts a 91% yield was seen after 10 minutes wilh the same stereochemical outcome 

as the thermal conditions. This reaction proved the effectiveness of microwave 

conditions and paved Ihe way for its use Wllh different substrates 

~
co#oe 

,po + 
CO#oe 

Imine Solvent 

0 THF 
ON.,)lo~ 
lA 

Me<> 

Pd(PPh,l, 

THF,MW 

C0#oe 

~C02Me 
X Y 

Power(w) Time (min) Yield (%) 

50 10 91 (122) 

1 mmol scale and had 10 mol% Pd(PPh3)4 

Table 42 - [2+3]-cycloaddition using CEM Discover microwave 

Cis:Trans 

0.1 

The next group of the substrates used in the CEM discovers were N-PMB 

mIines (fable 43, entry's 1-4) as these had proven difficult to cyclise Wider Ihermal 

condition in good yields. The imines chosen were the 4-bromo-phenyl (entry 1), 4-

nitro-phenyl (entry 2), 4-melhoxy-phenyl (entry 3) and the 4-nitrile-phenyl (entry 

4) as these had all given low yields Wider thermal conditions. The microwave 
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5 

irradiation results for these substrates were less than encouraging as only the 4-

bromo-phenyl (entry 1) and the 4-methoxy-phenyl (entry 3) furmed the desired 

pyrrohdines, however the yield for the 4-bromo-phenyl was significantly improved 

from 24% WIder thermal conditions to 54% using microwave irradiation. The yield 

of 4-methoxy-phenyl imine remained similar to that of the thermal conditIons. It IS 

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 5, 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. 

~
CO;/loe 

<7 + 
CO;/loe 

Imme Solvent Power(w) Time (min) Yield(%) Cls:Trans 

~ THF 50 10 54 (86) 10:1 
.o-N~ ~ 
I"" 

MeO 

~ THF 50 10 0(82) -
.o-N~ ~ 
I"" MoO 

ff· THF 50 20 63 (85) 1:0 
ON~ '>. 

MoO "" 

~N THF 50 10 0(83) -
,oN>. '>. I 

MoO A 

<;, ,N..)l,,/'o... THF 50 10 74 (126) 10 

))",\, 1 0 

"" 
1 mmol scale and had 10 mol% Pd(pPh3)... 2 eq ZnBr2 

Table 43 - [2+3]-cycloaddltion using 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 mela 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 (fable 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 I-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 I-butyl substrate had still failed to give the 

desired pyrrolidine product. 

~
CO,Me 

__ P_d(,-P_Ph,)..::.:.., _ -7 ,N CO,Me 

THF. ZnBr,. ~ 
X Y 

Imine Solvent Power(w) Time (min) Yield ("/0) Cis:Trans 

UN~ 
THF 50 20 85 (92) 10:1 

VN~ 
THF 50 10 86 (96) 7:1 

h ... N 
VN~ 

THF 50 20 89 (104) 1:0 

..& .& OMe 

VN~ lA 
THF 50 10 72 (109) 8:1 

VN~ 
THF 50 10 82 (98) 1:0 
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2 

THF 50 10 0(110) 

I mmol scale and had 10 mol% Pd(pPh3)., 2 eq ZnBr2 

Table 44 - [2+3 ]-cycloaddition using CEM Discover microwave 

Our long term plan involved ilie use of some RCM chemistly. To allow us to 

do ilils we reqUIred some substrates \\hich contained as alkene bond, and one of the 

substrates chosen was a simple N-a1lyl imine and the second was an aromatic styrene 

Imine substituted with a meiliyl vinyl group The results for these reactions were 

encouragmg Wlili the desired pyrrohdmes being formed in good yield and fast 

reactIon times (Table 45). 

~
C02Me 

Pd(PPh,J, ~ 
---~- N CO,Me 
THF, ZnBr2• MW I 

X Y 

Imine Solvent Power(w) TIme (min) Y,eld (%) CIs:Trans 

l,N~ 
THF 50 20 71 (161) 1:1 

&NJo~ 
THF 50 20 88 (162) 6.1 

lA 

I mmol scale and had 10 mol% Pd(pPh3)., 2 eq ZnBr2 

Table 45 - [2+3]-cycIoaddition using CEM Discover microwave 

Overall the reactions performed using microwave irradiatIon conditIons WIth 

ilie CEM 'Discover' showed slgmficant improvement over iliose done under thermal 

condItions. It was found iliat all reaction yields were increased compared with the 

reactIon bemg carried out under iliermal conditions except for N-(benzyl) t-butyl 

1I1llne, \\hich failed to undergo ilie palladium catalyzed [2+3]-cycIoaddition, as it 

had done under thermal conditions, and more significantly ilie reaction times had 

been dramatIcally reduced to only 10 minutes rather than ilie 2 days under iliermal 

conditions. 
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Emerys Optimizer results 

While at Roche (Basel) there was an opportunity to use an Emerys 

'OptuDlzer' microwave This microwave proved to be very useful for exammmg 

"'many reactions in rapid succession using the inbuilt auto-sampler. The substrates 

which were used in the Emerys 'Optimizer' were mainly ones \Wich we have had to 

make m 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 

irmnes to determme Its effectiveness. 

1 

2 

CO,Me 
CO,Me Pd(PPh,), :f:( 

9' + ~N,,:::/ Y • CO,Me ~co,Me X THF, ZnB", Microwave ,N 
X Y 

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

WIth the change in eqUIpment, we first looked as two of our most reliable 

immes 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 

bom giving the desired product in good yield and fast reaction times wim retention 

of stereochemistry from me thermal conditions. 

Imme Solvent Power(w) Time (min) Yield (%) Cls.Trans 

0 THF 50 10 91 (122) 0:1 ON00 "'-
1& 

MeO 

q .... N~ .............. THF 50 10 75 (128) 0.1 

~,\, I 0 
h 

1 nunol scale and had 10 mol% Pd(pPh3~. (2 eq ZnBr2) 

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 \\bich would eventually lead towards the synthesis of 

natural products (see Chapter 2.6). Table 47 shows reworks of reactions \\blch 

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

giving a 72% Yield on a I 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 of8 I in favorofthe CIS product 

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

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

pyrrolidmes were prepared in either trace amounts for the I-butene derived imme 

(entry 3) or had contamination \\bich it was not possible to remove with the I-allyl 

denved imme entry 4. 

~
CO,}ol. 

;:r + 
CO,}ol. ~

CO,}ole 
Pd(pPh,). ;:r 

------~- ,N CO,}ol. 
THF,ZnBr .. MW 

X Y 

Imine Solvent Power Time Yleld(%) C,s'Trans 

(W) (min) 

VN~ THF 50 10 72 (109) 8 I 
lA 

O"N~ THF 50 10 68 (109) 8.1 
lA 

5 gscale 

~N~ 
THF 50 10 Trace (163) -

.J.N~ 
THF 50 10 Contammated 8.1 

(164) 

10 mol% Pd(pPh3)4, ZnBr2 

Table 47 - [2+31-qcloaddition using Emerys Optimizer microwave 

As the Emerys Optimizer proved to be very similar to the CEM Discover It 

was not surprising that these microwaves perfonned 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 nm overnight and 

also the fact that larger sample vessels could be used, allowing for multigram 

reacttons, 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 1he 

advantages of 1his technology were clearly evident As it allows 1he formation of 

pyrrolidme m 3-10 minutes where, as under thermal conditions, it would have taken 

two days or more to achieve 1he similar results The speed at which 1he pyrrolidines 

are formed is not 1he only advantage of microwave irradiation, as it was also seen 

that 1he microwave allowed 1he reaction of aromatic imines substituted in 1he meta 

posltton, which was not observed under 1hermal reaction conditions. 

When using 1he CEM 'Discover' or EmeIYs 'Opttmizer' 1he stereochenustIY 

was retained from 1hat observed under dte thermal solution reaction conditions, 

however when the CEM MDS 81D was used, which required a solid support, 1here 

was a mixture of diastereoisomers formed. Bo1h the CEM discover and EmeIYs 

Opumizer allowed control over the conditions as it was poSSible to alter, time, 

temperature and pressure at the touch of a button. The CEM MDS 81 D is 1he qUicker 

of 1he microwaves to undergo 1he [2+3]-c:ycloaddition (approximately 3 minutes) 

however this is due to the much higher power of the microwave (700 watts 

compared to the DiscoveIY's and Optimizer's 50 watts). 

Overall it can be concluded 1hat dte microwave reactions proved to be 

successful. It is known 1hat microwave reactions have been used with palladium 

catalyst, however It was unclear whe1her 1his would apply to our [2+3 ]-cycloaddItion 

reactton, but with the success of our research into this area of chemisti)' it is clear 

that microwave enhanced chemisti)' is applicable to this reaction type. 
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2.3.10 - Silica Enhanced Reactions Introduction 

During our wolk on the microwave chemistIy we observed an unusual 

aspect, in which silica appeared to be a co-catalyst for the [2+3 ]-palladlUm 

cyciisation reaction. This effect was discovered during the first stage of the 

InIcrowave enhanced chemistIy using the CEM MDS SID, 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 

reactmg It under microwave conditions, extractions of the sample underwent NMR 

spectroscopy, the results indicated that the desired [2+3]-cyciisation had occurred in 

only the time needed to wolk up the reaction which had taken approximately 10 

minutes. 

This result was dramatically faster than any previous pyrrolidine formations, 

the fastest reactlon 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 theolY about the way that the silica acts is through co-ordmatlOn, to the vmyl 

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

2.3.11- Silica Enhanced Palladium Catalyzed 12+3]-Cycloaddition Results 

Determine the volume of SIlica 

The m,tial work in the field of the silica-enhanced [2+3]-cycloadd,tion 

reactions examined the amount of silica which was needed in order to give the 

desired co-catalytic effect This wolk used the most successful imine (N-( 4-

methoxy-phenyl) ethyl ester imine) as the reaction times for this cyciisation under 

thermal conditions had been determined as 8 hours to go to completion (Scheme 

54). 
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........ ----------------------------------

Pd(PPh,). 

Silica, THF 

C02Me 

~~~,Me 
F('q--oEt yo 

MeO 

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 reacllon mixture it was observed that although the reacllon rate was 

greatly mcreased, 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 ill reaction 

rate, compared with the standard reaction without silica, but also retention in 

stereochemistIy from thermal conditions 

1 

2 

~co,Me ~ Pd(PPh,). 

,:Y V 'CO,Me + PMB,N~OEt SIlica, THF ~
CO'Me 

,N CO,Me 

PMB OEt 

° 
Imme Solvent Silica Time Yield (%) 

0 THF None 8h 97 (122) 

ON~, 
MoO .& 

0 THF Spatula bp 45 min 94 (122) 

ON~t 
MoO .& 

94 

Cis:Trans 

0:1 

0:1 



2g 95 (122) 1:1 

1 mmol scale and had 10 mol% Pd(PPh3)4. 

Table 48 - [2+3]-Cycloaddition vmying the silica volume 

CyciIsatlOns usmg sIlICa 

After better conditions had been estabhshed (a spatula tip of slhca, 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 

hnmes 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) 

+ ~ I ~
CO,JA. THF, Silica 

CO,JAe Pd(PPh,). 

CO,Me 

~co,JAe 
X 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 bo1h microwave irradIation and under the thermal reaction 

conditions. It was therefore logical to try these substrates under the silica enhanced 

conrutIons to determine any change in reactivity. As was seen previously the silica 

caused an increase in 1he reaction rate allowing 1he products to be formed in only 16 

hours, wi1h comparable yields and stereochemistry to the standard conditions 
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Imine Solvent -

1 0 THF, 
qs ... N00E1 

~'o silica 

2 0 THF, 

~C(0aEl silica 
01' A' 

~oMe THF, ON>- .... 1 silica 
MeD A' 

QNJ 
THF, 

silica 

1 mrnol scale and had 10 mol% Pd(pPh3)4, 

THF •• II,cs 

Pd(PPhJ. 

Temp 

rC) 

RT 

RT 

RT 

RT 

CO,Me 

~C02Me 
X y 

Time (h) Yield 

(%) 

16 57 

(128) 

16 0 

(129) 

16 62 

(85) 

16 75 

(109) 

Table 49 - Results fOT reaction with silIca added 

C,s.Trans 

1'0 

-

1'1 

8:1 

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

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

WIth the N-alkene imines perfonned well, WIth most of the desired pyrrolidmes 

bemg fanned 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 C,s:Trans 

IC) (h) (%) 

1 
l,N~ 

THF,sdica RT 16 79 1.1 

(161) 

2 0 THF,sdica RT 16 81 5.1 
~N00Et 

(165) 

96 



3 

&N~ 
THF,slhca RT 16 0 -

(166) 
I"" 

4 (5NJoa THF,slhca RT 16 58 10:1 

(162) 
I"" 

1 mmol scale and had Pd(pl'h3)4, THF, ZnBr2, spatula bp of slhca, 16 h. 

Table 50 - Results for reaction with Emety's Opbmizer microwave 

2.3.12 - Conclusion 

The silica-enhanced reactions were perfurmed by preparing the sample under 

the standard [2+ 3]-cyc1oaddition, the only change being the addition of a spatula bp 

of SIlica 10 the reaction mixture. The reactions were carried out using a range of the 

lmines which had been used under standard conditions to determine the how well the 

sihca catalyzed the cyc1oaddition. It was seen that the addition of the silica had 

mcreased the reaction rate for the pyrrolidine formation from 48 hours or greater, to 

less than 16 hours. 

The reason why this effect occurs is unknown however maybe linked 10 a 

Lewis acid effect, as many other Lewis acids have been tried using [2+3]

cycloaddlbons, however without a dramatic change in reaction rate. It is also not due 

to any acidic properties of the silica, as other acids were tried WIthout success 

However there remains 10 be a great deal of work yet to done to determme what is 

causmg this effect 
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Section 2.4 - Grubbs Ring Closing Metathesis 

'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 

hterature 57 RIng closing metathesis can be defined as the "metal catalyzed 

redlStnbution of carbon-<:arbon double bonds 10 furm new ring systems" ,56 and it IS a 

powerful tool fur the transformation of two a1kenes to a ring or indeed multiple ring 

systems With an alkene. The metathesis catalysts developed over the years have the 

abIlity 10 use a wide range a1kenes and eneynes in a variety of ways including cross 

metathesis, ring-<:Iosing metathesis, ring opening metathesis polymerizatIon, and 

acyclic diene metathesis polymerization. The real breakthrough in RCM came m 

1993, when Grubbs et. al. reported the use of an easy-to-handle ruthenium 

a1kylidene complex which also gave excellent results in RCM.57 In 1995 the 

ruthemum complex now widely known as "Grubbs ." generation catalyst", was 

reported and has since become the benchmark catalyst for this type of reaction. 58-59 

Grubbs catalysts 

Grubbs First Generation Catalyst 64 effects ring-closing metathesis, olefin 

cross-metathesis, and ROMP.60 Among its numerous advantages mclude Its 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,59 and it can also be 

used for ring-<:Iosing metathesiS, cross metathesis, and ROMP. 59 However the 

Grubb's second generation catalyst can ring close alkenes with excellent functional

group tolerance (Fig 13) 59.61 
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PCy, 
Ch" I 
CI ...... ~U~Ph 167 

PCy, 

Grubb's 1" 
Generation Catalyst 

n 
Mes-NyN-Mes 

Cl.",,, 168 
CI ...... ~u~Ph 

PCy, 

Grubb's 2'" 
Generallon Catalyst 

Fig 13 - Grubb's first and second generation catalysts 

2A.2 - Mechanism in Ring Oosing Metathesis 

In ring closing metathesis, the [2+2]-cycloaddition of an alkene to a metal

carbon double bond to generate a metallacyclobutane complex IS an important step 

These metallacyclobutane can break down via a retro [2+2]-cycloaddition reaction 

either to give the ring closed product or refonn the imtial substrate (Scheme 56) 

The generally accepted mechanism of metathesis reactions (the Chauvin 

mechanism) consists of a sequence of [2+2]-cycloaddltions/cycloreversions 

involvmg alkenes, metal camenes, and metallacyclobutane intennediates Smce all 

individual steps of the catalytic cycle are reversible. an equilibrium mixture of un

coordmated alkenes and metalla-cychc alkenes is obtained It IS therefore necessary 

to shift this eqUilibrium in one direction in order to fonn the metathesis product In 

the case of RCM the forward process is entropically driven by loss of ethene and 

therefore the desired cycloalkene accumulates in the reaction mixture (Scheme 
56) 57, 62-64 

Scheme 56 - Chauvin mechanism 
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The ReM reaction has provided a challenging mechanistic problem as 

model and theoretical studies have provided evidence for at least two distinct 

mechanisms.5o The "associative" pathway, which assumes that the alkene 

, coordinates to the catalyst to form the intermediate 18-electron alkene complex, 

followed by the metathesis steps to form the product (Scheme 57).59 And the 

"diSSOCiative" pathway, which assumes that on binding to the alkene, a phosphine IS 

displaced from the metal center to form a 16-electron olefin complex. This 

undergoes metathesis forming the ring closed product. The catalyst is regenerated 

by co-ordmation of the phosphine ligand (Scheme 57) 59 Katz et. al. found that the 

cross coupled products appeared before there was a significant bUild up of the 

scrambled acyclic olefin.64 This result supported the "dissociative" pathway 

mechanism 

AssocIatIVe 

(PCy,l2CI2Ru=CH2 
+ 

c ~ S-L Malncatalytlc 0 
_ cycle 

- T - -
(PCy,l2Ru=CH(Ph) (PCY,l2C12Ru Ph (PCy')2C1:t=) ~ 

RU-J......) 
(PcY,l2CI( 

DISSOCIative 

(PCY,)2~12RU=CH~ ( I 

( (PCy,)Ru=CH(Ph) 

-L..- cycle 0 S 
4 MaIn catalytIC 

(PCy,)CI,Ru (PCY')CI:t:) --:;Cy; -

+PCY3 Ph R~ 
(PCy,lCI( 

Scheme 57 - Types of initial mechanism 

2.4.3 - Activity and Reactions of Grobbs 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 turnover. Therefure catalyst activity is related to three constants: the 

eqUlhbrium constant for olefin binding. the equihbrium constant fur phosphine 
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dissociation, and the rate constant fur metallacyclobutane furmation. There are two 

mam ways these constants can be affected, changing the halogens on the ruthenium 

and changing the phosphines on the ruthenium.59 

Halogens - The catalyst activity decreases as the halogens increase in size Cl --+ I, 

as the alkene binds trans to one of the halogens. Steric crowding in the halogen 

alkene-carbene plane, results in a decline in catalytic activity from Cl to 1 

Phosphmes - The catalyst activities increase as both the cone angle and the electron 

donating ablhty 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-e1ectron alkene complex 

giving an increase in alkene binding. The relief of steric crowding also stabilizes the 

monophosphine alkene complex (Fig 14) Therefure bulkier phosphmes will favor 

the overall equihbnum for alkene binding 59.65";7 

:----.1/ 
P 

Cl,,,,, I 169 

CI,7U
="-Ph 

PMes 

small cone angle -
therefore short Ru-P bond 

~ 
~RIU="-

Cl' Ph 
PCy, 

larger cone angle ~ 
therefore longer Ru-P bond 

Fig 14 - DissociatIon of the phosphme ligand caused by bulky groups 

2.4.4 - Applications ofRCM to Natnral 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 fur this chemistty. 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 winch is capable of 
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undergoing ReM. By repeating the ring closure and side chain elaboration steps 

very complex natural products can be effectively synthesized e g. ciguatoxin 173. S6 

/1 ~ RbJjR Funcbonal 17 

~ RCM group ~ 
R R 10;;;;;% 0 elabora1ion'\. p 
~ 0 ~ --------lr 

catalyst R 

170 171 lJ!J 

CIguatoxln 

173 

H 

Scheme 58 - Polyether synthesis 

172 

It was hoped that the Grubbs ring closing metathesis reactions could be used 

ID conjunction with our chemistry. If successful, it should allow the formatIon of 

bicyclic ring systems using the vinyl group from pyrrolidine ring and a temunal 

alkene on the nitrogen of the pyrrolidine. The reason fur 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 chetnlstry is the [2+3]-cycloaddition 

followed by ReM as outlined below (Scheme 59). 

CO,Me 

~co,Me + ~N~X Pd(PPh,),.ZnBr2 

THF 

Grubbs/ 

co Me /" Solvent 

r(Y~2Me 
'f}nN'x 

Scheme 59 - SynthesIs for ReM reactIon 
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2.4.5 - Results for ReM 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 pomt 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 pyrrohdmes 

were reqwred (Scheme 60). The N-alkenyllmines chosen were mainly derived from 

a selection of aromatic systems; however an aliphatic group was also examined 

THF,ZnBr, ~cO'Me 
~CO#-e 11 CO#-" 

V 'CO#-" + yNvR ~ 
Pd(PPh,). r R 

Scheme 60 - N-Allyl pyrrolidme 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 ofRCM. As can be seen in Table 

51, the required imine was formed in good yields (81%) and the stereoselectIVlty 

was also excellent (1:0 els·trans). The synthesis oftoluenes and pyridines substituted 

m 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 meta substItuent was 

not examined as It has shown to be unreactive in the [2+3]-qcloaddition. 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 fuiled to undergo the [2+3]-cycloaddJtion 

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:l', tis·trans). The N-allyl 4-bromo-phenyl pyrrohdme 
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(entry 2) was synthesized, the desired pyrrolidine was formed in good yield (58%) 

and a diastereoselectivity of2:1, (eis.lrans): The next two pyrrolidines synthesized 

(entry's 3-4, table SI) the 3-thiophene and the 3-furan were synthesis to determme 

the effect of the oxygen and sulfur heteroaromatics on the ReM reaction. The 3-

furan was prepared in good yield (49%) but the thiophene failed to undergo the 

[2+3]-cycloaddttion. An alkane (entry 5) was also attempted, however thIS proved 

to be an unsuccessful substrate. 

Imme 

1 
LN~ 

2 
LN~ 

3 
LN.,X) 

4 
LN.,N 

5 
LN~ 

6 LN~OM' 

7 ~~ LN ....... 1 
8 LN~s 
9 

LN~O 
10 LN~ 

Solvent 

THF, 

THF 

THF 

THF 

THF 

THF 

THF 

THF 

THF 

THF 

THF,ZnBr, ~CO,Me 
---_a }l-Z CO,Me 

Pd(PPh,). r R 

Temp ('e) TIme (h) Y,eld (%) 

RT 48 81 (161) 

RT 48 54 (174) 

RT 48 72 (175) 

RT 48 0(176) 

RT 48 0(177) 

RT 48 51 (178) 

RT 48 58 (179) 

RT 48 0(180) 

RT 48 49 (181) 

RT 48 0(182) 

1 mmol scale 10 mol% Pd(PPh3)4, ZnBr2 

Table 51- N-allyl pyrrolidines 
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2:1 

-

-

1.3.1 
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-
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As well as the simple allyl group described above other groups suitable for 

RCM were also examined (entries 1-5, Table 52). The pyrrohdmes were prepared 

however the phenyl derived pyrrolidine (entry I) only gave a trace of the desIred 

however 58% of the ethyl ester pyrrohdine (entry 2) was isolated with good 

selectiVIty for both products (I.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 TempIC) Time (h) Yield ("~) Cls·Trans 

1 

&N~ 
THF RT 48 Trace 6:1 

(166) 
I~ 

2 

&NJ-OEt 
THF RT 48 58 (162) 10:1 

I~ 

3 0 THF RT 48 61 (IS3) 1:0 
~N~OEt 

4 0 THF RT 48 82 (165) 1:0 
~N~OEt 

5 0 THF 
~N~OEt 

35 48 o (IS4) -

I rnmol scale and had Pd(pPh3}4, ZnBr2 

Table 52 - [2+3]-CycIoaddition ofN-a1lyl imines with vinyl cyclopropane 

Reaction time variations In ring closing metathesis reactIOns 

Standard Grubbs RCM conilltions on N-(a1lyl}-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,S 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 pyrrohdine substrate was 

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

closed product. 

1 

2 

I:J 

~
' C02Me 

DC~M'2hoUrs N C02Me 185 

q C02Me P(Cy) OEI 

'U
N C02Me CI'~u~Ph 0 [ 0 1 p<, 

\\ Cl" I 'H l OEI 
P(Cy), 

183 0 

~
C02Me 

~ N C02Me186 
OB 

o 

DCM, overnIght 

Scheme 61 - Grubbs reactions over time 

Reactant Time 

2 hours 

Overmght 

(16 hours) 

Product 

':! 

~
' CO".... 

N CO".... 

OEt 

o (185) 

~
CO,Me 

~ N CO,Me 

OEt 

o (186) 

* Both products had 1:0 cis trans dlastereoselectIvity 

Table 53 - Grubbs reactions over time 

Yield ("A) 

43 

76 

The stereochemistIy of the ring closed products was determined by NOE's of 

the resulting bicycles. The NOE's were possible because of the mcreased rigidity of 

the fused bicychc system over the pyrrolidine precursors. It was found that only the 

CIS product was formed under the RCM conditions, however this IS hkely to be due 

to the pyrrolidine precursor being solely the C/S product as well. The NOE data was 

also backed up by comparmg the ring closed products proton NMR to the proton 
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NMR's of the two crystalline pyrrolidines fonned (see Page 60) which confinned 

the cis product was being funned as a single diastereoisomer. 

Results of ReM under classical synthesls condltions 

With a range of N-alkene pyrrolidines available (fables 51-52), we now 

applied Grubb's RCM conditions (Scheme 62). The only change to tillS procedure 

was the reaction time as Grubb's suggests a time of2 hours fur the reaction to go to 

completion, however for our substrates TLC monitoring suggested a time of 24 

hours was better. 

P(Cy), 

~CO'Me CI .... ~u=<Ph ~CO,Me 
Cl" I H 

N CO,Me P(Cy), "N CO,Me 

~r' R ---- R 
'1-'1" De-Gassed DCM. 

rt. 24 hours 

Scheme 62 - Standard Grubbs reaction 

Reactions with the l-butene e1hyl ester imine also proved to be very 

successful as 1his particular substrate ring closed readdy under 1he reaction 

comiJtlons to generate 1he bi-cyclic core in an excellent yield (82%) (entry 1). Entry 

2 of Table 54 is 1he same reaction conditions under microwave lITadlatlOn 

conditions When thiS reaction was perfonned, RCM under microwave lITadiatJon 

was unknown but since 1his result was achieved several papers have been published 

on 1he subject 68-70 The irradiation conditions meant 1hat 1here was a dramatic 

reduction in the time of the reaction to only 20 minutes with little difference in yield 

(76%) 

When 1he RCM reaction was attempted usmg the N-allyl Cl-phenyl 

pyrrolidine (Table 54, entry 3), the RCM failed and only starting materials were 

recovered from 1he reaction mixture The two pyrrolidines Wl1h 1he N-2-

isopropylphenyl (fable 54, entry 4-5) also proved to be unsuccessful under RCM 

conditions. However, the likely problem here is 1he nature of 1he tri-substltuted 

alkene 
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Reactant Product Yield ("A) Cls:Trans 

1 
~. ~ 

82 1.0 
?' M. 

~o ~ o "- (187) 

2 ;P;. ~ 
76 10 

?' ",. 

- 0 "-
(187) 

3 

?S Of3Me 0 -
?' OM. V u. 

~ r~ 
- (188) 

4 

~ f/f): 0 -tJ ~. N ' - , 
~-", r ~ u 

- (189) 

5 

~ $" 0 -
~ co,u. 

,Me 

~ -:, N 0 (190) 11 -u 0 "-

Table 54 - Grubbs ReM reactIons 

The application of cross metathesis reactions fur the formation of dimeIS of 

heterocycles was also examined. A tetrahydrofuran was decided upon mstead 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, It was 

a mixture of isomeIS. This has proven that these substrates can undergo cross 

metathesis reactions if required (Scheme 63). 

CI,,~· 167 

~
CO}loe CI'~U~ 

7" co Me PCy. Ph 5 mol% o ' _________ _ 
2x Et Oegassed DeM, RT, 16 h, 31% 

191 0 (Mixture of ISOme",) 192 

Scheme 63 - Cross metathesis 
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2.4.6 - Conclusion 

It 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 pyrrohdme or 

oxygen of the THF. There have been some very interestmg 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 m Table 51 were tested usmg 

both the condibons outlined above and also using Grubb's 2nd generation catalyst (5 

mol%) with I eq ofPTSA in the reaction mixture. PTSA was indicated in a paper72 

to improve the reactivity of nitrogen containing substrates; however none of the 

conditions for these substrates proved to be successful. It is believed that the absence 

. of the ethyl ester group in the a position of the pyrrolidine nng dramatically 

decreases the reactivity during the ReM 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 TSUjl,9 the 

mechanIstic pathway IS thought to involve a It-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.4 described the fonnation of aromatic It-allyl complexes \Wen using 

naphthalene derivatIves (Scheme 64). His work prompted us 10 fonn a range of 

aromatic cyclopropanes in the hope that these new cyclopropanes could cyclise in 

the same way as vinyl cyclopropanes 10 generate pyrrolidines and furans. 

OAc 

lA:::: ~- Pd(O) W 
193 194 195 

Scheme 64 -It-Allyl formation of a naphthalene group4 

Aromatic cyclopropanes can be prepared by a reaction between a vinyl 

aromatic and diazomalonate in the presence of a catalytIc amount of rhodium acetate 

dlmer.72 The mtermedJate It-allyl complex would generate a 1,3-dJpole \Wich would 

be able 10 react with an imine or an aldehyde in the same way in \Wich the vinyl 

cyclopropane reacts (Scheme 6~6). 

Solvent, ZnBrz 

Pd,(dba), 

R~"" CO,Me 

N CO,Me , 
X Y 

Scheme 65 - General reaction scheme 
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R§"l COpe 
.~ 
Pd(II)· (co,Me 

x/~Y 

! 

~ 
.Pd(PPh,), 

R 6- cope..L 

X,N y COpe 

R9;qcop e '7' .! Jf COpe 
Pd(I'V t 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 to 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).73 

Phl=O 

10 mol" Cu(acac)2 

DCM. 3A mol S18ves 

Scheme 67 - Aromatic cyclopropane formation using an madlZlDg agent73 

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 modimn method of cyclopropane formation The method used 

diazomalonate which is synthesized from dimethyl malonate and tosyl azide 74 The 

diazomalonate was then reacted with modimn acetate in the presence of DCM 

(Scheme 68-69). 
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o 0 

R~ + MeO OMe ------V Rhodium acetate 

DCM 
N, 

R~co,Me 

V'CD,Me 

Scheme 68 - General reaction scheme 

O~~ Meo~O 0 OMe ~O 0 -N, 
I .0 I .<?"._./ ___ MeO OMe _-=-_ 

O~I h~/ORI h~ N, ::+'\ I I (AC).~ Nz i 

o 0 

MeO¥OMe 

( Rh,(Ac). 

R~ 

! 

R C02Me 

'y<-C02Me ~o 0 Meoell )l 
0 

OMe 
MeO OMe ;..-~. 

R R!'.(Ac). - ;1:2(Ac).+ 

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 It-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 rhodium acetate was used to generate the cyclopropanes, the phenyl, 

I-naphthalene, 2-naphthalene, 9-anthracene, 4-methoxy-phenyl 3-nitro-phenyl and 

2-pyridme 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 Wlthdrawmg 

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 (fahle 

55) 
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Rh2(OAc) •• M_CN COl/le 
+ R-..,?' • R"-..--l 

24 h V'COI/I_ 

R- (h 
Scheme 70 - Range of aromatic cycIopropanes 

Aromahc vinyl Product Y,eld (%) 

I Styrene 

Cv 
82 

'" I CO,Me 

CO,Me (196) 

2 2-vinyl 

~ 
65 

naphthalene '" '" I CO,Me 

CO,Me (197) 

3 l-vmyl 

~ 
75 

naphthalene 1" 

'" I CO,Me 

CO,Me (198) 

4 9-vmyl 

~ 
83 

anthracene 1" 
I CO,Me 

: I eO,Me 

(199) 

5 2-vinyl pyndme 

Ov 
71 

~ I C02Me 

N CO,Me (200) 

6 4-vinylPMB MeO~ 69 
'" I CO,Me 

eO,Me (201) 

7 3-Nltrostyrene 58 

~~Me 
O,N 

eO,Me (202) 

Table 55 - AromatIc cyclopropanes fonned 
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2.5.4 - Aromatic Cydisations Introduction 

With the aromatic cyclopropanes in hand. they were all subjected to 

cyclisatron under the standard reaction conditions; zinc bromide (2 eq), palladIUm 

't';trakistriphenyl 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 fonn the cycloaddition product m the 

shortest time. Work by Legros4 had described the fonnation of aromatic x-allyl 

complex when using naphthalene derivatives, and it is thought these were successful 

because to woIk because one of the naphthalene rings has less aromatic character 

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

2.5.5 - Results for the (2+ 3)-Cydoaddition Using Aromatic Cydopropanes 

Results/or 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 cyclopropane would have a better chance of generatIng 

the x-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 mitral results (fable 56, entries 

1-3) mdicated that even with longer reaction times and increased temperatures in the 

presence of a Lewis acid there was no funnation of the pyrrolidine product from the 

[2+3]-cycloaddInon. 
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Scheme 71- Formation of aromatic pyrrolidine (general procedure) 

Imine TIme Catalyst / solvent Temp Y,eld Cls:Trans 

(d) ('C) (%) 

1 O'NJOEt 7 Pd(PPh3h I THF RT 0(203) -

MeO A 

2 0 7 Pdidba)3/THF 50 Trace -O'N00Et (203) 
MeO A 

3 0 7 Pd2(dba)3/THF I 50 0(203) -O'N00Et noZnBr2 
MeO A 

1 mmol scale, 10 mol% Pd2(dba)3 

Table 56 - 2-Napthalene cychsation results according to Scheme 71 

After mitial reactions had determined that 1he optimum conditIons involved a 

temperature of 50 ·C using 10 mol% Pdidba)J catalyst and zmc bromide, it was 

decided to test a range of solvents (entries 1-8, Table 57). In 1hese reactions, 1he 2-

nap1halene cyclopropane was reacted with both N-4-me1hoxy-phenyl e1hyl ester 

imine and e1hyl 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 1here 

appeared to be no further reaction (14 days). The results showed 1hat 1he highest 

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

reactIve and DMF only gave a trace of1he desired products. 

Work was also done using 1he palladium tetrakistriphenylphosphme catalyst, 

to compare the catalyst with 1he Pdidbah catalyst Bo1h the N-4-methoxy-phenyl 
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I 

2 

3 

4 

5 

6 

ethyl ester imine (entry 9) and ethyl glyoxylate (entry 10) underwent the [2+3]

cycloaddition reactions however the yields were sigmficantly lower than WIth 

Pd,(dba)3 catalyst (41 % for the pyrrolidine and 40% for the tetrahydrofuran) 

Et 204 

o 

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

cyclopropane 

Imme T,me Catalyst/ Temp Y,eld Cis:Trans 

(d) solvent rC) (%) 

0 14 Pd2(dba)31 50 51 01 
,ryN00Et toluene I ZnBr2 (203) 

MoO A 

0 14 Pd2(dba)31 50 55 1:1.2 
000 ""'-

toluene I ZnBr2 (204) 

0 14 Pd,(dba)31 50 Trace -
,ryN00E1 
lA DMF/ZnBr2 

MoO 

0 14 Pd2(dba)31 50 Trace -000""'-
DMF/ZnBr2 

0 14 Pd2(dba)31 50 27 01 
,ryN00E1 
lA acetonitrile I (203) 

MoO 
ZnBr2 

0 14 Pd2(dba)J1 50 33 1 12 
000""'-

acetonitrile I (204) 

ZnBr2 
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7 0 14 Pd2(dba)J I THF 50 48 0:1 

ON00Et I ZnBr2 (203) 
MeO .& 

8 0 14 Pd2(dba)J I THF 50 53 1:1.2 
000"""-

IZnBr2 (204) 

9 0 14 Pd(PPh3)J1 50 41 0:1 
ON00Et 

1.& 
THF 1ZnBr2 (203) 

MoO 

10 0 14 Pd(PPh3)J1 50 40 1:1.5 
000"""-

THF/ ZnBr2 (204) 

1 mmol scale, 10 mol% Pd(O) catalyst 

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

Results for reaction with other aromatic cyclopropanes 

After the initial experiments to optinuze the reaction condItlons using the 2-

napthalene cyclopropane, it was a natural progression to look into the [2+3]

cycloaddltion of the other aromatic cyclopropanes \Wich had been synthesized. 

These were reacted under the optimum conditions of 50 °C for fourteen days using 

Pd2(dba)J as the catalyst. The cychsation reactions were performed With both N-4-

methoxy-phenyl ethyl ester imine and ethyl glyoxylate as trapping agents to look 

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

O
R--('fro:;. ' 
_-(~Et 

____ ~Ao 

ZnBr,._ MeO 

Pd(PPh,). or Pd,(dbo,) ---o 
000"""-

cop.. 
R--(1COJlo. 
V~OEt 

o 

Scheme 73 -Pyrrohdme formations 
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The initial cychsations which were attempted failed due to the short bme 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 It-allyl complex in the aromatic ring The 

examples below (Table 58) gives details of aromatic systems, phenyl (entries 1-2), 

I-naphthalene (entries 3-4) and 9-anthracene (entries 5-6) The fact that these 

reactions were for the most part successful is a signIficant pomt as it clearly shows 

that an aromatic system will form It-allyl complexes, which was thought to be 

unlikely to form WIth smgle aromatic rings. 

1 

2 

3 

co",.. 0 

R-('fC~"". o0
0Et 

R-........-,(CO",.. 

V~Et _---- V 'CO",.. 

o 

Product Time Cond,hons 

(d) 

~ 
14 Pdz(dba)J! 

N C02Me toluene! 

0 0 ZnBr2 
MoO 

~. 
14 Pdz(dba)J ! 

o CO,Ma toluene! 

0 ZnBr2 

f' \ 14 Pdz(dba)J ! 

f' I COl". toluene! 
~ 

N 
COl"e ZnBr2 

0 t 

0 

MeO 
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Temp 

rC) 
50 

50 

50 

CO",.. 

R):fC~"". 
PMB'''~Et 

o 

Yie/d(%) Cis:Trans 

43 (205) 1:1 

48 (206) 1.4 

Isolated as -
Impure 

compOtmd 

(207) 



4 

~ 
14 Pdz(dba)J1 50 62 (208) 1:3 

:. 1 Co,M. toluene I 
o COlMe ZnBr2 

eet 

0 

5 ~ I 14 Pdz(dba)J1 50 Isolated as -
~ I toluene I impure CO". 
~ I 

N CO". ZnBr2 compound 

~O Et 
0 (209) 

M"" 

6 ~ I 
14 Pdz(dba)31 50 42 (210) 14 

~ I CO". toluene I 

~ I 
0 CO". ZnBr2 

~ Et 

0 

.. 
Table 58 - [2+3]-CycloadditIon usmg aromatIc cyclopropanes 

In order to fully examine the effect of aromatic cyclopropanes m the [2+3]

cycloaddltIon reactIon, It was decided to use substituted phenyls with strongly 

electron poor (3-nitro-benzene) and strongly electron rich groups (PMB). The 

cyclisation usmg 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 modemte yields of the cyclised 

products 
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1 

2 

3 

4 

CO,Me 

R-('fC0
2
Me 

V~OEt 
o 

Product 

M~~ co,Me 
~ 

N co,Me o 0 t 

M~ 

"~~ ::::-- \ C02Me 

o C02Me 

0 

~'Me 
o~ f:J ~~. 

~ U 0 

M~ 

O-q;,Me 
o~;::,.... 0 ~e 

0 

TIme 

(d) 

14 

14 

14 

14 

Cond,tions Temp 

(lC) 

Pdz(dba)J1 50 

toluene I 

ZnBr2 

Pdz(dba)J1 50 

toluene I 

ZnBr2 

Pdz(dbahl 50 

toluene I 

ZnBr2 

Pdz(dba)J1 50 

toluene I 

ZnBr2 

CO,Me 

R):'fC~2Me 
PMB,N~Et 

o 

Yield (%) Cls"Trans 

42 (211) 1:1.3 

Isolated as -
Impure 

compound 

(212) 

45 (213) 13 

49 (214) 1:1.1 

" " Table 59 - [2+3]-Cycloaddlbon usmg aromabc cyclopropanes 

2.5.6 - Aromatic Cyclopropane Conclusion 

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

and tetrabydrofurans were generated in good yields, after tbe optimized condItions 

had been found It is interesting to note tbat tbe actual conditions needed to cychse 

tbe aromabc _cyclopropanes are veIY different from tbe optimum condition needed 

when using tbe vinyl cyclopropane, witb changes in catalyst, temperature, and tbe 

overall reactIon tIme needing to be modIfied in order to generate tbe product m 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 reacnon ttme IS 

especially important in these reactions due to the fact that all the other trapping 

agents would have likely caused a dramatic increase in reacnon time 
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Section 2.6 - Natural Product Synthesis 

2.6.1- Introduction to the Alkaloids 

The alkaloids are compOlDJds known fur their potent pharmacological 

actiVItIes. Such is the bioactivity of some alkaloids that using even tiny amounts can 

Immobilize an elephant or a rlIinoceros. Others are important in modem medicmes, 

and properties include activity as analgesics, anti-spasmodics, anti-hyperteoslves, 

anti-psychotics, and anti-cancer agents. 

The defining characteristic of alkaloids is they contain a nitrogen atom in a 

ring system. The majority of naturally occurring alkaloids are fuund in plants as the 

salts of common carboxylic acids such as citric, lactIc, oxalic, acetic, malic and 

tartaric acids,7s however some alkaloids are derived from insect or amphibian 

sources.7S Their amine character produces an alkaline solution in water which is the 

origm 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 

heterocyc1es (Fig 15). I 

0 CO 0 H N 
Plpendlne nucleus Qumohzlne nucleus Pyndlne nucleus 

CD rJ ()) A N 
H 

IndollZldlne nucleus Tropane nucleus Indole nucleus 

Fig 15 - Examples of some heterocychc alkaloid cores 

Many of the alkaloids fuund in Nature are intentionally synthesized as a 

defense against predators both due to theIr charactenstic bitter taste and 

accompanying toxiCity which help to repel insects and herlIivores. Alkaloids have 

122 



become so important in nature that there have developed complicated ecological 

inter-relationships between several insects and alkaloids. I. 7S·79 

2.6.2 - History of Alkaloids 

The histOlY of alkaloid chemistry is long and varied, ranging from simple 

compounds to highly complex natural products, which even today are either hard or 

appear ImpoSSIble to synthesize in the laborato1)'. 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 Portoguese explorers began to colOnIze South 

America, they dIscovered a treatJnent for malaria from the bark of the Cinchona 

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 IS one of the principal anti-malarial compounds found in plants. Malaria is still a 

major problem throughout the ~rld, and, although synthetic anti-malarial drugs 

have largely replaced quinine as the treatJnent for malaria since the beginning of 

World War II, quinine is still often used as the drug of choice in resistant strains of 

malaria. 7S·77 

MeO 

qUInine 
215 

Fig 16 - Qumme 
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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, I 

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 opium poppy, Papaver sommferum, which are powerful 

pain relievers and narcotics described as long ago as 3500 B C. Morphine is the 

pnnclpal 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?S-77 

2.6.3 - Definition of Alkaloids 

Morphine 
216 

Fig 17 - Morphme 

Alkaloids are found in around 20% of vascular plants and also many species 

of insects and amphIbians. All types of alkalOIds are Important m nature and m 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. 

• They give a precipitate with heavy metal iodides 
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• 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). 

Caffeine 
217 

~-{? l .. J H ~e 
N 

(S)-n icotine 
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 

physiologically active only 60 mg can kill an adult. I. 75-77 

L-Tryptophan 
218 

o 
Strychnine 

219 

Scheme 74 - Possible biosynthes is 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 modem drugs such as 

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

MeO 

H 
o &OMe 

~oMe 
", 0 

OMe 
C02Me 

Reserpine 
220 

Vinblastine 
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 

d . 1 75-77 d h b h .. b f . . an msects,' an ave een s own to gIve rise to a num er 0 mterestmg 

enzymes inhibitors and have neuroexcitory activities amongst many other properties_ 

Selected examples of some pyrrolidines containing natural products are-

9H OH 

Cb-OH 

(-) Swainsonine 

222 

3-Heptyl-5-methyl pyrrolizidine 

225 

HO~H 
HO'''·~~.J 

Castanospermine 

223 

Monomorinel 
226 

2.5-dialkyl pyrrolidine 

227 

Ipalbidine 
224 

Fig 20 - Pyrrolidine containing natural products 
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• Swainsonine (222) - is a D-mannose-mimic causIng poisoning and 

teratogenicity. It is found in a large number of plants such as A. argillophilus, 

A. oxyphysus and A. wooLonii. 

• Castanospermine (223) - is a naturally occurring alkaloid and inhibitor of 

glucosidase-I and has been isolated from CasLanospermum ausLrale seeds. 

• 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-HeptyI-5-methyI pyrrolizidioe - this natural product is from the venom of 

the cryptic thief ant So!enopsis spp. cf Lennesseenis.1 

H 

Fig 21- Cryptic thief ant 

• Mooomorioe I - Monomorine I is a naturally occurring pheromone of 

Pharaoh ants, and is used in marking territory and routes to food sources. 1 

Fig 22 - Pharaoh ant 
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• (+) 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. I 

Fig 23 - Solenopsis Fire ant 

• (+) 3-Nortropanol - an alkaloid from Atropa belladonna, Hyoscyamus 

niger, Datura spp. and several other plants from the same fami ly, 

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

Fig 24 - Atropa belladonna (deadly nightshade) 

2.6.6 - Work Towards Natural Product Synthesis 

2,5-Diallcyl 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 

hydrogenolysi s, 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 



Scheme 75 - 2,5-Dialkyl pyrrolidine retro synthesis 

Although previous results had indIcated that benzyl was a better protecting 

group, It 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 

pyrrolidIne in good yields. The conditions used in these cyclisations were the 

optmnzed condItions of35·C for 48 h in tbepresence of2 eq OfZnBr2 and 10 mol% 

Pd(pPh3)4. To this end, the N-benzyl derivatives (Table 60, entry 2) was used to 

create,the desired intine in good yield (76%) and reasonable stereoselectivity (8'1 

cls.iral1S) 

Pd(PPh,),. ZnB,. 

Imme CondItions Yield (%) C,s'Trans 

1 MeO~ Pd(PPh3)., THF, ZnBr2 (2 Trace -
",I ~ eq), 35 ·C, 48 hours. (229) 

2 ()~ Pd(PPh3)4, THF, ZnBr2 (2 76 (109) 8.1 
1 N 

Q eq), 35 ·C, 48 hours. 

Table 60 - [2+3]-cycloaddlt1ons on route to natural product synthesIs 
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After the initIal success in the fonnation of the palladium catalyzed [2+3]

cycloaddltIon to fonn the core pyrrolidine of 2,5-<balkyl pyrrolidine, it was decided 

to test the chemistry by reacting the substrate under hydrogenolysis conditIons to 

""aetermming if the benzyllvinyl double bond would be removed in this single step. 

This is a standard hterature method where a balloon of hydrogen IS used to create a 

hydrogen atmosphere m a RBF containing a stirred solution of the substrate and 

Pd/C in methanol, and in this example the product was fonned in 97% yield 

(Scheme 76) 

PdIC. H2• MeOH 

24 h. RT. 97% 

Scheme 76 - HydrogenatIOn ofvmyl and benzyl groups 

In order to fonn the required natural product, modification was needed. The 

most difficult was the removal of the gem diester. After an exhaustive literaturo 

search, two methods were found which could remove a single ester group from a 

gem diester; heatmg to high temperature with stearic acid (2 eq),80 or a pressure 

reaction at high temperatures with ethylene glycol (1 eq), triethyl amme (0 1 eq), 

pyrrolidine (1 eq) and methyl carbonate (0 1 eq) (Scheme 77).81 

10eq 

HO'-"'""OH 
1 Oeq 

+ 

+ 

( 
~N,--"" Seeledtube 

01eq 180"C.6h 

o 

MeO)lOMe 

01 eq 

Scheme 77 - Ester removal 
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An attempt at the stearic acid procedure although appearing to have been 

successful from the IH NMR, was however contaminated with a considerable 

amount of steric acid which could not be removed (entry I, Table 61) In the 

original paper detailing this procedure, the substrates used were of low molecular 
"-mass 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), pyrrolidine (1 

eq) and methyl camonate (0 1 eq) to remove the ester.sl The desired products was 

formed ill reasonable yield, for both the N-PMB ethyl ester imine and the N-benzyl 

pentane imine. 

1 

2 

3 

~
COlloe 

N COlloe + , 
x Y 

10eq 

Product 

HO~ 
OH + 

10eq 

'( 
........... N-../ + 

01 eq 

Conditions 

o 

MeO)lOMe 

0.1 eq 

Stearic acid (2 eq), 200 °C, 

Sealedlube 
180 'C. 6h 

Y/e/d(%) 

o (steric acid 
~'Me o 0 B 

16hours.sl contamination) 

MeD 

(231) 

~Me 
Ethylene glycol (1 eq), 73 

triethyl anune (0.1 eq), 

0 0 pyrrolidine (l eq) and methyl 
MeO 

camonate (0.1 eq). I" ester 
(231) 

removal.S2 

~ C02Me Ethylene glycol (1 eq), 63 

~N triethyl anIine (0.1 eq), 

pyrrolidine (l eq) and methyl 

camonate (0.1 eq). I" ester 

(232) removal.82 

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 hterature procedure for 

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

78)82 

~ 
KOH, Cu, Meo£(""UX. (}-tN 

233 

Scheme 78 - Reaction to remove the 2nd ester 

I N ()~ .& Pd(pPh,)., 

62 

THF,ZnBr, 
35'C 48h, 76% 

KOH, Cu(O), 
100ac, fih 

0% 

63% I Ethylene glycol, InethylalT1llle, 
~ methyl carbonate, 170 'C, 6h 

~ b m 

Scheme 79 - Overall synthesis towards 2,5-dialkyl pyrrolidme 

Monomorine I 

The retro-synthetic analysis of this natural product begins With the reduction 

of the double bond which would be generated during the ReM 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) 
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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 

unines 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 brorrude which would then be converted to the acid 

usmg the Gabriel synthesis. The second approach used a Mitsunobu couplmg 

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 synthesis83 failed to form the amine. The route finally decided 

upon which involved a Mitsunobu coupling followed by a deprotecnon usmg 

anhydrous hydrazIne and anhydrous Hel to form the desired amine. The Mitsunobu 

reacnon84 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 Hel in ether, also in good yields (74%) (Scheme 81) 
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......... ------------------------------------

OH PPh" DEAD R~ 
~ Kphthahdlmlde 

::? THF,79% 0 N 0 

1 
Pyndlne 
PBr,,21% 

Br 

~ 

H N/NH, 
2 

anhydrous HC! 

THF,74% 

~ K!, potassium phthalldlmlde 

Scheme 81- Amine fonnation 

The next step towards the syntheSis of Monomorine I looked at the palladium 

catalyzed [2+3]-cycloaddition reaction. However even under the optimum 

conditions, there was only a 26% yield of the required pynnlidine in only moderate 

dlastereoselectivity (2:1 in favour of the CIS product). The conditions used m these 

cyclisanons were the optimized conditions developed during the project of 3 S DC fur 

48 h in the presence of 2 eq of ZnBc2 and 10 mol% Pd(pI'h3) •• It is felt that fur a 

practical synthesis of a natural product, the yield needs to be significantly higher the 

product also needs to isolated in a purer fonn (Scheme 82). 

Pd(PPh,),10mol%, ~C02Me 
~co,Me ~ ZnBr2 (2eq),THF, {?' COMe 
::? V'CO,Me + ::? N~ _---,35","C.".", 48_h ___ • r-/N 2 

62 26% Ompure) =/ \ 
234 

Scheme 82 - Key step in the fonnation ofMonomorine I 

The next logical step as outlined by our retro-synthetic analysis was the 

RCM to generate the 6,S-bicyclic ring system. When the Monomorine I pyrrolidine 

precursor was subjected to the RCM conchtions no product was seen from the 

reaction (Scheme 83). 

CO,Me 

~~--;,~: 
~.~ 

234 

CI .... ~' 
Cl" ~u~ 167 

pCy,pn 

>< 
Degassed DCM, RT 48 h 

no product seen 

Scheme 83 - RCM step in the fonnatlon of Mo nom on ne I 
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o~ 

+ 

~NH , 
Ether.16h 

Mol sieves 
78% 

62 

Grubbs catalyst, 

I Pd(O). ZnBr,. 

lHF. 48h 26% 

N COp.. ~
op.. 

toluene. 48h r--I 
0% =/ \ 

2:U 

Scheme 84 - Overall synthesIs of Mo no m on ne I 

3-Heptyl-5-methyl pyrrollzidine 

The retro-synthel:1c analysis for 3-heptyl-5-methyl pyrroliZldme IS very 

similar to that ofMonomorine 1 The initial step in the retro-synthesis would be the 

reducl:1on of the double bond formed during the ReM step. The two esters would 

need to be removed next to give the core pyrrolidine product, which would be 

generated Via the palladium catalyzed [2+3]-cycloaddition from the vinyl 

cyclopropane and imine The imine would be formed form the corresponding amme 

and aldehyde (Scheme 85) 

+ 

~\= 
Scheme 85 - 3-Heptyl-5-methyl pyrrolizidine retro-synthesls 
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As WIth Monomorine I, there was a lack of commercially available N-a1kene 

amines which had the correct substitution pattern. Due to the fact that we had 

already examined Mitsunobu coupling between a1cohols and phthallmide followed 

by subsequent conversion to the amme, this approach was fullowed in the synthesIs 

of3-heptyl-5-methyl pyrrolizidine's amine precursor. 

The MItsunobu reactIon8
' was successful in the furmatIon of the phthalllrude 

protected amide from the alcohol m excellent yields (95%). This was then 

deprotected using anhydrous hydrazine in ether and anhydrous HCI m ether, also m 

excellent yields (94%) (Scheme 86). 

OH 

~ 
PPh." DEAD 
phahdln'lde 

THF,95% 

o 
O~ 
~ 

,...NH2 H,N 
anhydrous Hel 

THF,94% 

Scheme 86 - Amine formation 

NH, 

~ 

After 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 ZnBr2 and 10 mol% Pd(pPh3)4 were 

used. Although this product is only slightly different to the Monomorine I precursor 

the cychsation step was more successful giving a 42% yield of the desired 

pyrrohdme, although the pyrrolidine 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,), 10m01%, 
ZnBr, (2 eq), THF, 

35 'C, 48 h, 42% 

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 ofJ-heptyl-5-methyl pyrrolizidine was the application 

of ring closing metathesis, This proceeded well, with the deSIred 5,5-bicychc 

product being formed in 24% yield. 

236 

Degassed OCM, 
RT,48 h,24% 237 

Scheme 88 - RCM step in the formation of3-heptyl-5-methyl pyrrolizidme 

o~ 
+ Ether,16h 
. I Mol sieves 

~NH, 81% 62 

cop.. 

237 

Grubbs catalyst, 

toluene, 48h 

24% 

I Pd(O), ZnBr" 

THF. 48h 42% 

Scheme 89 - Overall synthesis of3-heptyl-5-methyl pyrrohzldme 

3-Nortropanol 

The retro-synthesis of the plant based alkaloid 3-nortropanol begins with the 

deprotectlon of the bndged nitrogen, where the benzyl group was chosen for ease of 

removal and likehhood 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 

m 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 

mtermedlate from the pyrrolidine The key pyrrolidine formation step could be 

performed via the palladium cataIyzed [2+3]-cycloaddition from the correspondmg 

vmyl 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-nortropanol was a 

challenge as the imine needed for the formation of the pyrrolidine precursor to 3-

nortropanol would be highly unstable. Therefure it was necessary to generate the 

terminal chloro-imine8s which was stable and could be reacted under the [2+3]

cycloaddltIon conditions. The conditions used in these cyclisations were the 

optImized conditions developed during the project of 3 5 DC for 48 h in the presence 

of 2 eq of ZnBr2 and 10 mol% Pd(PPh3)4. The cyclisation of the chloro substItuted 

allphatIc cham proceeded poorly with the desired pyrrolidine being formed in trace 

amounts 

COJloe 
~ + . V'COJloe () 

~CI Pd(PPh,),10 mol", 
I "" N ZnBr2 (2eq),THF, 

A 35 'C, 48 h, Trace 
• 

62 

Scheme 91- [2+3]-cycloaddition in the formation of3-nortropanol 

The next step in the formation of the Cl allyl pyrrolidine, which is required 

In the syntheSis of 3-nortropanol from the Cl chloro alkane This is a known 

hterature procedure86 and used potassium tert butoxide in THF at reflux for the 

elimination reactIon which failed to proceed (Scheme 92) 
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~e 
238 Cl ~

CO'Me 
K' -otBu, THF, !?' 
renux, 0% • Q--;N CO#e 

111 ~ 
Scheme 92 - ElImination reaction to generate Cl allyl pyrrolidine 

0r-
1 

"" NH, Mol .,.,.., Ether, V MnO,(10eq), 
16tr,43% + 

+ ~ Cl 
HO~CI ()N~ 

Pd(PPh,J~ THF 
ZrBr~ 35 GC, 48h 

Trace 

Scheme 93 - Overall synthesis of3-nortropanol 

2.6,7 - Conclusion 

n ,N 

'=/ Cl 

238 I K t-butOXJde, 
~ THF,O% 

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,80 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 pyrrolidines 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 caroonate at 170 ·C in a sealed tube.81 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,82 which failed to afford the pyrrolidine 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 tried some substrates 

previously) the reaction failed in almost eve!)' instance. However results were 

obtained using Grubb's 2nd generation catalyst in d1)' toluene at reflux, but only m 

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 stIll many more which need to be addressed. Any future work on 

this [2+3]-cycloaddition chemistry should look at completing this work. 
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Section 2.7- OveraU Conclusions 

The development of this novel palladium catalyzed [2+3)-cycloaddition has 

proceeded well. Over the COUISe of this project a great deal of knowledge on all 

aspects of this reaction have been gained. The most sigmficant 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 immes 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 

diastereoselectIvlty of not only these two compounds but all the other pyrrolidme 

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 wolk 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 pyrrohdme cores for four 

natural products 2,5-dialkyl pyrrolidine, Monomorme J, 3-heptyl-5-methyl 

pyrrolizidine and 3-nortrop311ol. 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 

Ethyl acetate 

Light Petrol 40-60 

Diethyl ether 

THF 

Ethanol 

Methanol 

Acetonitrile 

Dimethyl sulfmude 

Acetone 

3.1.2 Reagents 

- Distllled over phosphorus pentoXlde 

- Distilled over calcium chloride 

- Distilled over calcIUm chloride 

- Purchased from Fisher Scientific UK 

- Distilled with sodium and benzophenone 

- Purchased from Fisher SCientific UK 

- Purchased from Fisher Scientific UK 

- Purchased from Aldrich Chemical Company 

- Purchased from Aldnch Chemical Company 

- Purchased from Aldrich Chemical Company 

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 oftrans-l,4-dibromobut-2-ene, and PdCh 

GSK also supplied a quantity of palladium chloride and Charnwood Catalysis 

supplied palladium on activated camon. 

313FT-IR 

Infrared spectra were recorded as thin films on NaCI plates using a Perkm

Elmer Paragon 1000 Fourier Transform spectrometer. Only sigoificant absorptions 

(vmax) are reported and all absorptions are reported in wave numbers (cm-I). The 

following abbreviatIons are used w, weak; m, medIum; s, strong; br, broad. 
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3.1.41HNMR 

Proton magnetic resonance spectra were recorded at 250 and 400 MHz using 

Broker AC-250 or Broker DPX-400 spectrometer. Chemical shifts (~) are quoted m 

parts per rmllion (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 (.I) is quoted m Hertz to 

the nearest 0.1 Hz. 

3.15 1JCNMR 

Carbon magnetic resonance spectra (13C NMR) were recorded at 101 MHz 

using Broker DPX-400 spectrometer. Chemical shifts (~ are quoted in parts per 

million (ppm) and are referenced to the residual protonated solvent peak. 

4 1 6 Mass Spectroms 

High resolution mass spectra were recorded on a JEOL JMS-SXl02 by Fast 

Atom Bombardment (F AB), 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 

chemIStry Loughborough University. 

3.1.7 [a/oD 

The measurement of optical rotation was performed using a POLAAR 2001 

spectrophotometer using a 10 mm cell. 

31.8X-Ray 

The EPSRC National Cl)'stallography service operates a Bruker-Nonius 

KappaCCD FR591 rotating anode with a molybdenum target, with low and hIgh 

temperature capabilities (80-500K) via an Oxford cl)'ostream 
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Section 3.02 - Vinyl Cyclopropane andAromatic Cyclopropanes 

2-VinyI-cydopropane-l,1-dicarhoxylic acid dimethyl ester (62)38 

1 CO}loe 

~CO}loe 
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-l,4-

dlbromobut-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 furmed was filtered off 

and the filtrate concentrated in vacuo to give a pale yellow Oily residue This was 

partitIOned between Et~ (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 MgS04 and concentrated In vacuo to give a oil (5 420 

g, 73%) the product was then purified by column chromatography (Si02, Et20 P.E. 

40-60; 1·4, Rf - 0250) to afford 2-vinyl-cyclopropane-l,l-dicarboxyhc acid 

dimethyl ester (62) as a colourless oil (4.750 g, 64%); vm..(fiIm)!cm·1 2955m (CH 

str), 1735s (C=O), 1638m, 1332s, 1275s, 1211s, 1132s; ~ (250 MHz; CDCb) 1.38 

(1H, del, J= 5.0 and 9 0, C3-CH(ID, 1.52 (1H, dd, J= 5 0 and 7.5, C3-CH(H), 2 40 

(1H, del, J= 7.5 and 9.0, C2-CH), 3.55 (6H, s, 2 x OClli), 4.94-5.14 (2H, m, 

CH=Clli), 522-5.28 (lH, m, CH=CH2); Se (101 MHz; CDCb) 19.95 (C3-CH2), 

3075 (C2-CH), 35.23 (Cl-g, 51 89 (OCH3), 5205 (OCH3), 117.98 (CH;z=CH), 

132.66 (CH~H), 167.12 (C.=O), 169.33 (C.=O); mJz (El) 184 (M'", 14%), 152 (66), 

124 (63), 93 (49), 71 (65), 65 (64), 59 (100); Accurate mass for C~1204 -

1840735, found-184.0737. 
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2-Phenyl-cyclopropane-I,l-dicarboxyJic acid dimethyl ester (196)74 

o 1 CO,Me 

~co,Me 
3 

General procedure 

A solution of dJrnethyl diazomaionate88 (0.790 g, 5.00 mmol) in anhydrous DCM 

(15 mL) was added via syringe to a stirred solution ofRh2(OAc)4 (0.004 mg, 0020 

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 Rh2(OAc)4- The 

resulting mixture was purified using column chromatography (SI02, Et20 P.E. 40-

60; 1:4, Rc - 045) to afford 2-phenyl-cyclopropane-l,l-dJcarboxylic acid dimethyl 

ester (196) (0.960 g, 82%) as a colourless oil; v....(film)/cm·1 3027w, 2951m (CH 

str), 1727s (C=O), 1437s, 1376m, 1332s, 1279s, 1217s, 1130s, 1032m, 988w, 920w, 

792w, 749m; ~ (250 MHz; CDCh) 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(ID), 3.11 (lH, dd, J=8 2 and 9.2, C2-CH), 3.22 (3H, 

s, O-Clli), 360 (3H, s, O-Clli), 7.06-7.14 (5H, m, 5 x Ar-CH); Oc (101 MHz, 

CDCh) 18.96 (C3-.c.H2), 32.13 (C2-.c.H), 37.23 (CI-.c.), 52.03 (0-.c.H3), 52.64 (0-

CH3), 127.05 (Ar-CH), 127.90 (Ar-CH), 128.24 (Ar-CH), 128.41 (Ar-CH), 12856 

(Ar-CH), 144.52 (Ar-g, 166.87 ~=O), 170.06 ~=O), mlz (El) 234 (M+, 14%), 

202 (27), 170 (60), 121 (69), 115 (100), 91 (13),77 (9), 59 (14), Accurate mass for 

C13HI40 4 - 234 0892, found - 234 0890 
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2-Naphthalen-2-yl-cycIopropane-l,l-dicarboxyJic acid dimethyl ester (197)74 

CX\v17 

"" "" I 1 / CO,Me 

2 CO,Me 
3 

Prepared foUowmg the general procedure for compound (196), 2-Naphthalen-2-yl

cyclopropane-l,l-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), 

vmax(film)/cm-1 2950s (CH str), 1731s (C=O), 1599m, 1434s, 1334s, 1282s, 1017m, 

893m, 861s, 820s, 747s, 645W; ~(250 MHz; CDCh) 1.73 (IlL dd, J=5.2 and 9.2, 

C3-CH{H), 2.23 (IlL dd, J=5.2 and 80, C3-CH(ID), 3.18 (3IL s, O-Clli), 3.30 

(lH, dd, J=8.0 and 9 2, C2-CID, 3 70 (3H, s, O-Clli), 7.31-7.34 (4H, m, 4 x Ar-CID, 

762-767 (3H, In, 3 x Ar-CID; Se (101 MHz; CDCh) 19.28 (C3-CH2), 32.75 (C2-

CH), 37.63 (C2-g,52.21 (O-CH3), 52.80 (O-CH3), 126.19 (Ar-CH), 12666 (Ar

CH), 127.19 (Ar-CH), 127.61 (Ar-CH), 127.79 (Ar-CH), 12783 (Ar-CH), 12808 

(Ar-CH), 132.22 (Ar-£), 132.73 (Ar-£), 133.17 (Ar-g, 16703 (C=O), 17022 

(C.=O); mlz (El) 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 - C17H1604 -

284.1048, found - 284.1046. 
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2-Napbtbalen-l-yl-cydopropane-l,l-dicarboxylic acid dimethyl ester (198)'4 

~
~ 

I ## 1 C0
2
Me 

2 C0
2
Me 

3 

Prepared following the general procedure for compound (196), 2-Naphthalen-l-yl

cyclopropane-I,I-dicarboxylic acid dimethyl ester (198) (1070 g, 75%) was 

prepared as a pale yellow oil using I-vinyl naphthalene (0.770 g, 5.00 rnmol), 

v.....{film)/cm-1 2919s (CH str), 1724s (C=O), I 648w, 1508w, 1435In, 1284m, 

1208m, 1128m, 803w, 760m; IiH (250 MHz; CDCb) 1.79 (Ill, dd, J=5 0 and 9 I, 

C3-CH(H), 2.36 (IH, dd, J=5 I and 8 I, C3-CH(H), 2.97 (3H, s, O-CH'3), 3.65 

(IH, dd, J=8.1 and 9.1, C2-CID, 3.81 (3H, s, O-CH'3), 7.18-7.47 (4H, In, 4 x AT

CID, 7.67-7.74 (2H, In, 2 x AT-CID, 808 (IH, In, AT-CID; lie (101 MHz; CDCb) 

1888 (C3-CH2), 3041 (C2..g1), 36.74 (CI....g, 51.91 (O-CH3), 52.98 (O-CH3), 

124.26 (AT-CH), 12501 (AT-CH), 12545 (AT-CH), 12560 (AT-CH), 125.70 (Ar

eH), 12621 (Ar-eH), 12827 (Ar-eH), 130.75 (Ar-Q, 132.94 (Ar-g, 133.38 (Ar

g, 167.10 (C=O), 170.39 (Q=O); mlz (El) 284 (M'" 3%), 220 (18),171 (36), 165 

(lOO), 153 (15), 139 (6), 115 (5),59 (5); Accurate mass for Cl,Hl60, - 284 1048, 

found- 284.1044 

147 



2-Anthracen-9-yl-cyclopropane-l,l-dicarboxylic acid dimethyl ester (199)'4 

1 eo,M-

Prepared following the general procedure for compOlmd (196), 2-Anthracen-9-yl

cyclopropane-I,I-dicarboxylic acid dimethyl ester (199) (1.390 g, 83%) was 

prepared as a yellow oil using 9-vinyl anthracene (1.020 g, 5 00 mmol); 

v~film)/cm-l 2949m (CH str), 1726s (C=O), 1435s, 1315s, 1256s, 1130s, 1001rn, 

913m, 887s, 842m, 736s, 687m;' (lH (250 MHz, CDCh) 2 24 (Ill, dd, J=4,7 and 8 6, 

C3-CH(H), 2 30 (Ill, dd, 1=4.7 and 8.5, C3-CH(ID), 2.75 (3H, s, O-C!b), 369 

(IH, dd, J=8.5 and 86, C2-CH), 3.83 (3H, s, O-C!b), 7.12-7.39 (5H, m, 5 x Ar

CH), 781-784 (2H, rn, 2 x Ar-CH), 8.32-8.37 (2H, In, 2 x Ar-CH); (le (101 MHz, 

CDCh) 24.13 (C3-CH2), 29.11 (C2-CH), 37.63, 51.77 (O-CH3), 53.20 (CI-Q, 

124.76 (Ar-CH), 12489 (Ar-CH), 12506 (Ar-CH), 125.18 (Ar-CH), 125.56 (Ar

Ol), 126 15 (Ar~), 12627 (Ar-C), 127.33 (Ar~, 127.52 (Ar-C), 128.35 (Ar-Ol), 

12853 (Ar-g, 12863 (Ar-CH), 12900 (Ar-CH), 129.33 (Ar-CH), 16768 (C.=O), 

17043 (C=O); mlz (El) 334 (M'", 27%), 302 (14),242 (11), 215 (100),202 (26), 

180 (11), 152 (10), 9I (23), 84 (56), 59 (17); Accurate mass for C21H1804 -

334.1205, found - 334.1202. 
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2-Pyridin-2-yl-cyc!opropane-l,l-dicarboxylic acid dimethyl ester (200)74 

Q 1 CO,Me 

""N~CO}loe 
3 

Prepared following the general procedure fur compound (196), 2-Pyridm-2-yl

cyc1opropane-l,l-rucarboxylic acid rumethyl ester (200) (0.840 g, 71%) was 

prepared as a colourless oil using 2-vinylpyridine (0.530 g, 5.00 mrnol), 

vm.,.(film)!cm-I 2951m (CH 5tr), 17315 (C=O), 15925, 14365, 13335, 12745, 1132s, 

998m, 878w, 806m; IiH (250 MHz; CDCb) 1.82 (1H, dd, J=4.5 and 90, C3-

CH(H), 2.34 (HI, dd, J=4.5 and 7 3, C3-CH(H), 3.10 (IH, dd, J=7.3 and 9.0, C2-

CH), 3 48 (3H, s, O-Clli), 3.77 (3H, s, O-Clli), 7 09 (lH, m, Ar-CH), 729 (lH, m, 

Ar-CH), 7.56 (1H, m, Ar-CID, 8 41 (1H, rn, Ar-CID; lie (101 MHz; CDCb) 20.37 

(C3-CH2), 32.91 (C2-CH), 37.91 (Cl-g, 52.28 (0-CH3), 52.87 (0-CH3), 121.86 

(Ar-CH), 123.84 (Ar-~H), 136 16 (Ar-CH), 148.95 (Ar-~H), 155.38 (Ar-C), 167.23 

(C=O), 17020 «;'=0); mlz (El) 235 (M'", 4%), 204 (46), 172 (85),144 (43), 117 

(100),89 (20), 78 (13), 59 (12); Accurate mass for- CIOH13N04 - 235 0844, found 

-2350839. 
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2-(4-Methoxy-pbenyl}-cyclopropane-l,l-dicarboxylic acid dimethyl ester (201f4 

Me0l" 1 COJloe 

~COJloe 
3 

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

'phenyl)-cycJopropane-I,I-dicarboxylic acid dimethyl ester (201) (0 910 g, 69%) was 

prepared as a colourless oil using 4-methoxystyrene (0 670 g, 5 00 mmol); 

von.ox(film)!cm-1 2952m (CH str), 1733s (C=O), 1516s, 1436s, 1332m, 1229s, 1174s, 

1130s, 1039m, 968w, 893w, 836m, 761W; ~ (250 MHz; CDCh) 1.63 (1H, dd, 

J=5 I and 93, C3-CH(H)), 2 07 (IH, dd, J=5J and 80, C3-CH(H)), 3 09 (IH, dd, 

J=80 and 9.3, C2-CID, 3.29 (3H, s, Ar-O-CHJ), 3.68 (JR, s, O-CH:J), 3 69 (3H, s, 

O-CHJ), 6.72 (2H, d, J= 8.8, 2 x Ar-CID, 7.03 (2H, d, J= 8.8, 2 x Ar-CID; Oc (101 

MHz; CDCh) 19.20 (C3-CH2), 32.14 (C2-Ca), 37.62 (CI-Q, 52.16 (O-C.H3), 

52 86 (O-CIIJ)' 55.13 (Ar-O-klIJ), 113.56 (Ar-CH), 127.74 (Ar-C), 127.88 (Ar-~), 

129 89 (Ar-Ca), 166 88 (c.=O), 17025 (k=O); mlz (El) 264 (M", 28%), 232 (29), 

200 (86), 173 (17), 151 (80),145 (100), 103 (15),77 (15),59 (10); Accurate mass 

for Cl~160S - 2640997, found - 264 1007. 
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2-(3-Nitro-pbeoyl)-cyclopropane-l,l-dicarboxylic acid dimethyl ester (202)74 

O,N ~9' I 1 CO,Me 

2 cope 
3 

Prepared following 1he general procedure for compound (196), 2-(3-nitro-pbenyl)

cyclopropane-l,l-dicarboxylic acId dimethyl ester (202) (0810 g, 58%) was 

prepared as a yellow oil using 3-nitrostyrene (0.760 g, 5.00 mmol), vmox(film)!cm-I 

2953m (CH str), 1730s (C=O), 15315, 1436s, 1351s, 1277s, 1220s, 1199s, 1131s, 

1024w, 934w, 896w, 812m, 792m, 733m. 685m; ~ (250 MHz; CDCh) 1.78 (111, 

dd, J=54 and 8.8, C3-CH(H), 2.19 (Ill, dd, J=5.4 and 7.8, C3-CH(H), 3.24 (Ill, 

dd, J=78 and 8.8, C2-CH), 3.36 (311, s, O-CIL), 3.75 (311, s, O-CIL), 7.43 (Ill, m, 

Ar-CH), 7.50 (Ill, m, Ar-CH), 802-8.05 (211, m, 2 x Ar-CH); &: (101 MHz; 

CDCh) 19.09 (C3-CH2), 3130 (C2-Ca), 37.22 (Cl...g, 52.46 (0-CH3), 52.99 (0-

CH3), 122.44 (Ar-CH), 12342 (Ar-CH), 129.19 (Ar-CH), 13476 (Ar-CH), 137.03 

(Ar-£), 148.02 (Ar-C-N02), 166.52 ~=O), 169 49 ~=O); mlz (El) 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 C13HI3N06 - 279.0742, found - 279.0746 
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Section 3.03 - Py"olidines Derived from N-(4-methoxybenzene) lmines 

N-( 4-Methoxy-phenyI)-2-phenyl-5-vinyl-pyrrolidine-3,3-diearhoxy lie acid 

dimethyl ester (81) 

General procedure 

To a solution of N-{4-methoxy-phenyl)-phenyl imine (0190 g, LOO mmol), zinc 

brolDlde (0 460 g, 2.00 mmol) and Pd(PPh3)4 (0.110 g, 0 100 mmol) in THF (10 mL) 

was added a 2-vinyl-cyclopropane-l,l-dicmboxylic acid (62) (0 190 g, LOO mmol). 

This mtxture was stirred fur 72 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. HCI (IM 2 x 30 mL), saturated 

NaHC03 solution (30 mL), and saturated brine solution (2 x 30 mL). The organic 

layer was dned using MgS04, filtered and concentrated In vacuo to afford the crude 

pyrrohdme product as a dark brown heavy oil. This was then purified using column 

chromatography (8102, EtOAc·PE. 40-60; 1:4, Rc - 0.35) to yield N-(4-methoxy

phenyl)-2-phenyl-3,3-dicmboxylic acid dimethyl ester-5-vinyl pyrrolidine (81) 

(0240 g, 60%) as a yellow-brown oil; v....(film)/cm'l 2998w, 2951w (CH str), 

1737s (C=O), 1511, 919m, 814m, 702m; ~(250 MHz, CDCh) 2.38 (HI, dd, J=8 6 

and 13 5, C4-CaDH), 2.48 (HI, dd, J=8.6 and 13.5, C4'-C'aDH), 2.74 (lH, dd, 

J=56 and 13.5, C4-C(H)ID, 3.15 (HI, dd, J=5.6 and 13.5, C4'-C'(H)H), 3.26 (3lI, 

s, O-C'lli), 3.28 (3lI, s, O-Clli), 3.55 (3lI, s, O-Clli), 3.59 (3lI, s, O-C'lli), 3.65 

(3lI, s, O-Clli), 3.67 (3lI, s, O-C'lli), 3.91 (1lI, m, C5'-N-C'ID, 4.61 (1lI, m, C5-

N-CID, 498-535 (5lI, m, C2'-N-C'H, C'fu=ClI, Cfu=CH), 5 52 (1lI, m, 

C'H2=C'm, 5.76 (1lI, s, C2-N-CID, 5.92 (1lI, m, C'HrCID, 6.34 (2lI, d, J=9.0, 2 

x Ar-CID, 6.48 (2lI, d, J=9.0, 2 x Ar-C'ID, 6.59 (2lI, d, J=9 0, 2 x Ar-CID, 6 62 

(2lI, d, J=9.0, 2 x Ar-C'ID, 7.14-7.34 (10lI, m, 5 x Ar-CH, 5 x Ar-C'ID, Se (101 

MHz; CDCh) 36.55 (C4-CH2), 38.33 (C4'-C'H2), 5262 (C2'-C'H), 53.31 (C2-
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CH), 53 62 (C5-CH), 55.93 (C5'-C'H), 59.93 (0-CH3), 56.00 (0-C'H3), 60.38 (0-

CH3), 6097 (0-C'H3), 6481 (C3'-C'), 64.94 (C3-g, 67.10 (0-CH3), 71.74 (0-

C%), 11469 (Ar-CH), 114.74 (Ar-CH), 115.47 (Ar-C'H), 11549 (Ar-C'H), 

11645 (C'H:z=CH), 117.11 (CH:z=CH), 128.03 (Ar-.c.'H), 12820 (Ar-CH), 12838 

(Ar-CH), 128.70 (Ar-C'H), 12876 (Ar-CH), 128.98 (Ar-C'H), 133.37 (Ar-C.), 

13861 (CHz=!,;H), 139.01 (Ar..g, 139.97 (CH:z=C'H), 140.93 (Ar-C'), 142.31 (Ar

.c.'), 151.38 (Ar-g, 152.69 (Ar-.c.'), 168.16 <.c.'=0), 168.31 <.c.=0), 171.21 (C'=O), 

171 29 <.c.=0); mlz (El) 395 (M.., 100%),251 (82),196 (21),175 (25), 84 (42), 49 

(59), Accurate mass for C:nH2SNOs - 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 (S2) 

41 

Prepared following the genernl thennal procedure for compound (SI), N-(4-

methoxy-phenyl)-2-(4-mtro-phenyl)-3,3-dicruboxylic acid dimethyl ester-5-vmyl 

pyrroliclme (S2) (0.130 g, 29%) was prepared as a yellow oil using N-(4-methoxy

phenyl)-(4-mtro-phenyl) imine (0.260 g, 1.00 mmol) for 96 hours, vmax(film)/cm·· 

2950w (CH str), 1736s (C=O), 1604w, 1510s, 1435m, 1374s, 12435, 1037m, 989w, 

870w, 814w, 731w; ~ (250 MHz; CDCh) 2.44 (1H, dd, J=2.4 and 11 0, C4-

CH(H), 2 54 HI, dd, J=90 and 11 6, C4-CH(H), 2.69 (1H, dd, J=24 and 11 0, 

C4'-CH'(H), 3.09 (IH, dd, J=9.0 and 11.6, C4'-CH(H'», 3.31 (3H, s, AT-0-CH'3), 

3.58 (3H, s, Ar-O-CHJ), 3.63 (3H, s, O-CHJ), 3.67 (3H, s, 0-CH'3), 3.70 (3H, s, 0-

CH'3), 3.71 (3H, s, O-CHJ), 400 (1H, m, C5-N-CID, 4.70 (1H, m, C5'-N-CH'), 

502-5.07 (2H, m, CH=Clli), 5 23-5.32 (2H, m, CH=CH'2), 5 37 (IH, s, C2-N-CID, 

561 (lH, m, CH'=CH2), 586 (1H, s, C2'-N-CH'), 5.97 (HI, m, CH=CH2), 632 

(2H, d, J=9.2, 2 x Ar-CH'), 6.45 (2H, d, J=9.2, 2 x Ar-CID, 6.58 (2H, d, J=9 2, 2 x 

Ar-CH'), 6.62 (2H, d, J=9.2, 2 x Ar-CID, 7.27 (2H, d, J=8.5, 2 x Ar-CH-OMe), 7.55 

(2H, d, J=8.5, 2 xAT-CH'-OMe), 8 05 (211, d, J=8 8, 2 x Ar-CH-N02), 8.14 (2H, d, 

J=8.8,2 x Ar-CH'-N02); 5c (IOl MHz; CDCh) 36.50 (C4-CH2), 38 06 (C4'-C'H2), 

5252 (C2--c.H), 52.55 (C2'-C'H), 52.71 (C5-CH), 5286 (C5'-C'H), 5349 (0-

~'H3), 55.57 (O-ClIJ), 60.14 (O~lIJ), 61 04 (O-~'lIJ), 64.37 (C3--c.), 64.58 (Cr

C'), 116.62 ~Hz=CH)' 117.12 ~'Hz=CH)' 123.63 (Ar-C'H), 124.00 (Ar-C'H)' 

12859 (Ar-C'H), 1284 (Ar-C'H), 137.63 (CH~H), 137.92 (CHz=C'H), 13898 

(Ar-C), 14122 (Ar-C), 146.94 (Ar-C'), 147.54 (Ar-C), 147.72 (Ar-C), 14831 (Ar

C'), 151.56 (Ar-C'), 152.97 (Ar-C'), 167.45 (C'=O), 167.65 (~=O), 170 30 ~=O), 

170.35 (C'=O); mlz (El) 440 (M'", 100%),381 (11),318 (19), 296 (67),266 (15), 

175 (41), 134 (26), 84 (51), 49 (66); Accurate mass for - CnH:z.tNz07 - 440.1583, 

found - 440.1587. 
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N-(4-Methoxy-pbenyl)-2-4-(cyano-pbenyl)-S-vinyl-pyrrolidine-3,3-dicarboxylic 

acid dimethyl ester (83) 

\\ .!_co,Me 

'"5( 3'f..COJI.e 
N-< 02Q 

MeO CN 

61 

~ ~,co,Me 
-sf 3~co,Me N ..... 02Q 

MeO 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) (0090 g, 22%) was prepared as a yellow-brown oil usmg N-(4-

methoxy-pbenyl)-(4-cyano-phenyl) imine (0.240 g, 1.00 mmol); vmax(film)!cm-1 

2952m, 2834m (CH str), 2227w (C=N), 1736m (C=O), 1607w, 1511m, 1344w, 

12605, 11 82m, 1037m, 990w, 921w, 862w, 816m, 735m, 699w; ~ (250 MHz; 

CDCb) 248 (1H, dd, J=80 and 120, C4-C(IDH), 2 53 (1H, dd, J=8 0 and 12 0, 

C4'-C'(IDH), 2.67 (1H, dd, J=6.0 and 12.0, C4'-C'(H)H), 3.05 (1H, dcl, J=6 0 and 

120, C4-C(H)H), 3 28 (3H, 5, O-C'I!J), 3.59 (3H, s, O-C'I!J), 3 62 (3H, 5, O-C'I!J), 

367 (3H, s, O-C'I!J), 3.71 (3H, s, O-C'lli), 3 98 (1H, m, C5'-N-C'H), 4 62 (1H, m, 

C5-N-CH), 4.98-5.05 (2H, m, Cfu=CH), 522-5.34 (3H, m, C2'-N-C'H, 

C'lli=CH), 5.54 (1H, m, CHz=CH), 5.80 (IH, S, C2-N-CH), 5.95 (1H, m, 

CHz=C'H), 6.29 (2H, d, J=8.0, 2 x Ar-CH), 6.45 (2H, d, J=8.0, 2 x Ar-C'H), 6.60 

(2H, cl, J=8 0,2 x Ar-CH), 663 (2H, cl, J=8.0, 2 x Ar-C'H), 721 (2H, cl, J=80, 2 x 

Ar-CH), 740 (2H, d, J=8.0, 2 x Ar-CID, 7 45 (2H, cl, J=8.0, 2 x Ar-C'ID, 7 55 (2H, 

d, J=8 0,2 x Ar-C'H); 5c (101 MHz; CDCb) 3206 (C4-CH2), 38.41 (C4'-C'H2), 

5205 (C2-CH), 52.86 (C2'-!;.'H), 53.54 (C5-!;.H), 5384 (C5'-C'H), 5591 (0-

CH3), 55.97 (0-C'H3), 60.56 (0-CH3), 61.36 (O-C'H3), 64.75 (C3'-C'), 64.80 (C3-

C), 66.73 (0-CH3), 7143 (0-C'H3), 112.30 (Q=N), 112.34 (C'=N), 114.76 (Ar

C'H), 114.85 (Ar-CH), 11590 (Ar-CH), 116.10 (Ar-C.'H), 117.35 (C.Hz=CH), 

117.45 (C'Hz=CH), 118.98 (Ar-C'), 122.91 (Ar-C), 12888 (Ar-C'H), 1~9.22 (Ar

C:H), 132.50 (Ar-C'H), 132.88 (Ar-C:H), 139.12 (Ar-C), 139.18 (CHz=C:H), 139.41 

(CHz=C'H), 141.66 (Ar-C'), 146.03 (Ar-C), 146.70 (Ar-C'), 153.10 (Ar-g, 153.30 

(Ar-C'), 167.85 (C'=O), 167.86 (C=O), 169.55 (C=O), 170.70 (C'=O); mlz (El) 420 
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(M', 100%),361 (14),276 (63),221 (35), 175 (33), 134 (23), 108 (16),77 (20), 

Accurate mass forC2JI~Z<>5-420.l685, fOlmd-420.1680. 
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N-( 4-Methoxy-phenyl)-2-jJ-tolyl-5-vinyl-pyrrolidine-3,3-dic:arboxylit add 

dimethyl ester (84) 

Prepared fullowing the general thermal procedure for compound (81), N-(4-

methoxy-phenyl)-2-p-tolyl-5-vinyl pyrrolidine-3,3-dicruboxylic 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 mmo1); vm..(film)!cm-I 2953m (CH str), 17365 

(C=O), 16385, 1346w, 12435, 1118w, 1 073 m, 1039m, 987w, 920m, 8145, 7995; /)H 

(250 MHz; CDCb) 2.18 (311, 5, Ar-CH.J), 2 24 (311, 5, Ar-CH'3), 2.47 (Ill, dd, J=5 8 

and 13 3, C4-CH(H), 2.74 (Ill, dd, J=11.3 and 13.3, C4'-CH'(H), 3 09 (111, dd, 

J=70 and 13.3, C4-CH(H), 3.16 (Ill, dd, J=7.0 and 13.3, C4'-CHili'», 3.29 (3H 5, 

Ar-O-CH.J), 3.31 (3H 5, Ar-0-CH'3), 3.58 (311, s, O-Cfu), 3.61 (311, S, 0-CH'3), 

364 (311, 5, 0-CH'3), 3.68 (311, s, O-CH.J), 3.95 (Ill, m, C5-N-CH), 4 61 (Ill, m, 

C5'-N-CH'), 5 01-5 06 (211, m, CH=CHz), 5.24 (Ill, S, C2-N-CH), 5.31-5.36 (211, 

m, CH=CH'2), 5.58 (Ill, m, CH=CH2), 5.72 (Ill, S, C2'-N-CH'), 598 (111, rn, 

CH'=CH2), 635 (211, d, J=9.0, 2 x Ar-CH), 6.48 (211, d, J=9.0, 2 x Ar-CH'), 6.58 

(211, d, J=9.0, 2 x Ar-CH), 6 60 (211, d, J=9.0, 2 x Ar-CH'), 6 63 (211, d, J=10.5, 2 x 

Ar-CH'), 694 (211, d, J=10.5, 2 x Ar-CH), 7.04 (211, d, J=60, 2 x Ar-CH'), 7 19 

(211, d, J=6.0, 2 x Ar-CH); /)c(101 MHz; CDCb) 21.11 (Ar CJh), 21.13 (Ar C'H3), 

3612 (C4-CH2), 37 92 (C4'-C'H2), 52.23 (CZ'-C'H), 52.42 (C2-CH), 5288 (C5-

CH), 53.18 (C5'-C'H), 5535 (O-CH3), 55.65 (0-C'H3), 5991 (0-C'H3), 6047 (0-

CJh), 64 36 (C3'-C'), 64.47 (C3-Q, 6645 (Ar O-C.Ih), 71.05 (Ar O-C'Ih), 114.19 

(Ar-C'H), 11430 (Ar-CH), 113.93 (Ar-C'H), 11502 (Ar-CH), 115.97 (c.Hz=CH), 

11666 (c.'Hz=CH), 127.41 (Ar-C'H), 127.49 (Ar-CH), 129.33 (Ar-CH), 129.53 (Ar

C'H), 135.41 (Ar-C), 137.35 (Ar-C), 137.43 (Ar-C.), 137.57 (Ar-C), 13831 

(CHz=c.H), 138.77 (Ar-C'), 13966 (CHz=C'H), 141.92 (Ar-C'), 150,90 (Ar-C'), 

15219 (Ar-C'), 157.82 (c.'=O), 167.96 (c.=0), 170.87 (c.=0), 170.94 (c.'=0); mlz 
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(El) 409 (W, 98%), 364 (17), 285 (lOO). 225 (31), 175 (26), 145 (39), 115 (20), 84 

(28),49 (32); Accurate mass for C2.J1nNO, -409.1889, found- 409.1883. 
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N,2-Bis-(4-methoxy-phenyl)-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl 

ester (85) 

Thermal Procedure 

\\ .:.... ,COlloe 

-;\. 3 '{--cOIlo_ 

ON1~ 
MeO OM. 

Prepared following the general thermal procedure for compound (81), N,2-bis-(4-

methoxy-phenyl)-5-vinyl pyrrolidine-3,3-dicmboxylic acid dimethyl ester (85) 

(0250 g, 59"10) was prepared as a yellow oil using N,-(4-methoxy-phenyl) 4-

methoxy-phenyl imine (0240 g, 1.00 mmol) for 48 hours; v.,..(filmycrn-I 3022rn, 

2917rn (CH str), 1603s (C=O), 1437m, 1I86m, 1162s, 1020rn, 902s, 820s, 736s, 

689s; ()H(250 MHz; CDCh) 2.43-2.58 (2H, rn, C4-CH(H), C4-CH(H), 3.72 (3H, s, 

O-C.HJ), 3.73 (3H, s, O-C.HJ), 3.74 (3H, s, O-C.HJ), 3.75 (3H, s, O-C.HJ), 4.50 (1H, 

m, C5-N-CH), 505-5.12 (3H, m, Cfu=CH, C2-N-CH), 566 (IH, rn, CH:z=CH), 

675-683 (4H, rn, 4 x Ar-CH, Ar-CH), 7.19-725 (4H, rn, 4 x Ar-CH, Ar-CH), ()e 

(101 MHz; CDCh) 3129 (C4-CHz-C), 5580 (C5-N-CH, C2-N-CH), 63.60 (0-

CH3), 11442 (Ar-CH), 117.93 «;;'H:z=CH), 125.44 (Ar-CH), 13124 (Ar-g, 13806 

(CH2=CH), 157.56 «;;'=0), 174.73 «;;'=0); mlz (El) 425 (M', 59%), 366 (8), 281 

(100), 241 (15), 175 (16), 135 (25),71 (27); Accurate mass for - C2~27N06 -

425.1838, found-425.1843. 

Microwave Procedure (General procedure) 

To a solutJon of N,-(4-methoxy-phenyl) 4-methoxy-phenyl imine (0240 g, LOO 

mmol) ZIDC bromide (0.460 g,2 00 mmol) and Pd(PPh3)4 (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-l,l-dicmboxylic 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 mmutes at a power setting of 50 watts (250 psi maximum pressure). After thiS 

tJme the solvent was evaporated in vacuo and the residue partitioned between EtOAc 

(30 mL) and distilled water (30 mL). The organic layers were separated and washed 
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With Hel (IM 2 x 30 mL), NaHe03 (30 mL), and brine solution (2 x 30 mL) The 

organic layer was dried with MgSO .. filtered !hrough a plug of cotton wool and 

concentrated In vacuo to give !he crude pyrrolidine product as a dark brown heavy 

oil. This was !hen purified using column chromatography (SiCh, EtOAc:P.E. 40-60, 

1:3, Rf - 0.33) to yield N,2-bis-(4-me!hoxy-phenyl)-S-vinyl pyrrolidine-3,3-

dlcarboxylic acid dime!hyl ester (85) (0 270 g, 63%) as a yellow oil; Data as above. 

Sllzca Procedure (General procedure) 

To a solution of N,-(4-me!hoxy-phenyl) 4-me!hoxy-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-vmylcyc1opropane-I,I-dicarboxylic acid (62) (0.190 g, 1.00 mmol). 

This mixture was stirred for 16 hours at RT, !he 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 wi!h sq. Hel (IM 2 x 30 mL), saturated 

NaIle03 solution (30 mL), and saturated brine solution (2 x 30 mL) The organic 

layer was dried using MgSO .. filtered and concentrated In vacuo to afford !he crude 

pyrrohdine product as a dark brown heavy oil. This was !hen purified using column 

chromatography (Si02, EtOAc'P E. 40-60; 1:3, Rr - 033) to YIeld N,2-bIS-(4-

methoxy-phenyl)-S-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-phenyJ}-2-(4-bromo-phenyl)-5-vinyl-pYlTolidine-3,3-dicarboxylic 

acid dimethyl ester (86) 

~ !. .CO}/oe ~ f4-Vc02Me 

~ 3f...co2Me ~ 31'c02Me 

~ )N~ ~ 8:1 5 )N-;( ~ 
MeO Br MeO Br 

Thermal Procedure 

Prepared followmg the general thermal procedure for compound (81), N-(4-

methoxy-phenyl)-2-(4-bromo-phenyl)-5-vinyl-pyrrolidine-3,3-dicruboxylic acid 

dimethyl ester (86) (0.113 g, 24%) was prepared as a brown Oil usmg N-(4-

methoxybenzene)-(4-bromo-phenyl) imine (0290 g, LOO mmol); vmax(film)!cm-1 

2101w (CH str), 1733m (C=O), 1638s, 1560w, 1510m, 1243m, 1071w, 1037w, liH 

(250 MHz; CDCb) 236 (1H, dd, J=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=80 and 120, C4'-C'(H)ID, 3.15 (1H, dd, 

J=80 and 12.0, C4-C(H)ID, 3.30 (3H, s, O-C'lb), 3.31 (3H, s, O-Clb), 3.59 (3H, s, 

O-Clli), 3.62 (3H, s, O-C'lb), 3.66 (3H, s, O-Clb), 3.69 (3H, s, O-C'lb), 3.94 (1H, 

rn, C5'-N-CH'), 454 (lH, m, CS-N-CID, 499-5.10 (2H, rn, Cfu=CH), 521-534 

(3H, m, C'fu=CH, C2-N-C'ID, 5 53 (lH, m, CHz=C'ID, 567 (1H, s, C2-N-CID, 

5 94 (1H, m, CHz=C'ID, 6 33 (2H, d, 2 x J=9.0, Ar-C'ID, 6.45 (2H, d, 2 x J=9 0, Ar

CID, 6.57 (2H, d, 2 x J=9.0, Ar-CID, 6.62 (2H, d, J=9 0, 2 x Ar-C'ID, 6 87 (2H, d, 

J=9.0,2 x Ar-CID, 721 (2H, d, J=9.0, 2 x Ar-C'ID, 7.30 (2H, d, J=9.0, 2 x Ar-CID, 

7.38 (2H, cl, J=9.0, 2 x Ar-C'ID; lie (101 MHz; CDCI3) 36.63 (C4-CH2), 3831 

(C4'-C'H2), 52.78 (C2'-C'H), 52.92 (C2-CH), 53.40 (CS-CH), 53.70 (C5'-C'H), 

55.94 (O-CH3), 56.00 (O-C'H3), 60.39 (O-CH3), 61.07 (O-C'H3), 64.64 (C3'-C'), 

6482 (C3-g, 6651 (O-CH3), 71.18 (O-C'H3), 114.71 (Ar-C'H), 114.78 (Ar-CH), 

115.70 (Ar-C'H), 115.74 (Ar-CH), 116.67 (C.Hz=CH), 11724 ~'Hz=CH), 12213 

(Ar-C), 122.35 (Ar-C'), 129.70 (Ar-C'H), 129.76 (Ar-CH), 131.88 (Ar-C'H), 131.92 

(Ar-CH), 13827 (CH2=CH), 138.35 (Ar-g, 13869 (Ar-C'), 139.73 (CHz=C'H), 

140 12 (Ar-g, 14200 (Ar-C'), 151.61 (Ar-g, 15296 (Ar-C'), 16803 (C'=O), 

168.20 (Q=O), 170.98 (Q'=O), 171.05 (Q=O), mlz (El) 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 C:!3lh,NOs"13r (M'" -H) - 473.0838, found -

4730839. 

• Microwave Procedure 

Prepared following the general microwave procedure for compound (85), N-(4-

methoxy-phenyl)-2-(4-bromo-phenyl)-5-vinyl pyrrolidme-3,3-dicarboxyllc 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-phenyl)-2-(4-0uoro-phenyl)-S-vinyl-pyrrolidine-3,3-dicarboxylic 

acid dimethyl ester (S7) 

Prepared fullowing the general thermal procedure for compound (SI), N-(4-

methoxy-phenyl)-2-(4-fluoro-phenyl)-5-vinyl pyrrohdine-3,3-dicaIboxylic acid 

dimethyl ester (S7) (0230 g, 55%) was prepared as a yellow-brown oil using N-(4-

methoxy-phenyl)-(4-fluoro-phenyl) imine (0230 g, 1.00 mmol) for 48 hours, 

vmaJ:£ilm)/cm-1 2955m (CH str), 1736s (C=O), 1644s, 1510s, 1340w, 1243m, 

1097w, 1073w, 1040w, 988w, 920w, 816m; /)H (250 MHz; CDCh) 2.09 (1H, dd, 

J=6 8 and 13 2, C4-C (H)ID, 2.48 (1H, dd, J=6.8 and 13.2, C4-C'(H)ID, 2.69 (IH, 

dd, J=IO.l and 13.2, C4-C'(H)ID, 2.92 (111, dd, J=IO.I and 13.2, C4-C(H)ID, 3.29 

(3ll, s, O-C'lli), 3.30 (3ll, s, O-Clli), 3.57 (3ll, s, O-Clli), 3.61 (3H, s, O-C'lli), 

3 64 (3ll, s, O-C'lli), 3.65 (3ll, s, O-Clli), 3.97 (Ill, m, C5-C'ID, 4 66 (Ill, m, C5-

CH), 5.05 (Ill, s, C2-C'H), 5.08-5.15 (2ll, m, CH2=CH), 5.20-5.34 (2ll, m, 

CH'rCH), 5.60 (Ill, m, CHrC'ID, 5.74 (Ill, s, C2-C'ID, 5.92 (1H, m, CHrC'ID, 

6.34 (2ll, d, J=9.1, 2 x Ar-CH'), 648 (2ll, d, J=9.1, 2 x Ar-CID, 6.59 (2H, d, J=9.1, 

2 x Ar-CH'), 6.64 (2ll, d, J=9.1, 2 x Ar-CH), 6.84-7.32 (8ll, m, 4 x Ar-CH, 4 x Ar

C'ID; /)c(IOl MHz, CDCh) 35.67 (C4-CH2), 3762 (C4-C'H2), 52.50 (C2-C'H), 

5264 (C2-CH), 53.27 (C5-CH), 53.42 (C5-C'H), 61.39 (O-CH3), 61.60 (C3-g, 

61 85 (C3-C'), 62.13 (O-C'H3), 6443 (O-CH3), 65.75 (O-C'H3), 11431 (Ar-C'H), 

114.58 (Ar-CH), 11517 (Ar-C'H), 115.39 (Ar-CH), 116.24 ~HrCH), 116.76 

~'HrCH), 128.76 (Ar-CH), 129.16 (Ar-CH), 129.21 (Ar-C'H), 12929 (Ar-C'H), 

13635 (Ar-C'), 13745 (Ar-C), 138.03 (CHrCH), 138.41 (Ar-C'), 13943 

(CH2=C'H), 141.75 (Ar.g, 151.15 (Ar.g, 152.50 (Ar-C'), 161.01 (Ar-C' -F), 

16123 (Ar-!::-F), 163 46 (Ar-!::-F), 163.68 (Ar-!:'-F), 167.72 (!::'=O), 167 90 ~=O), 

170.69 (C'=O), 170.76 (C=O); mlz (El) 413 ~, 31%), 368 (20), 269 (27), 254 

(46), 184 (47), 152 (50), 123 (76),95 (28), 84 (90),49 (100); Accurate mass for 

C23H:MNOsF - 413.1638, fuund - 413.1632. 
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N-(4-Methoxy-pbenyI}-2-thiopben-3-yl-S-vinyl-pyrroJidine-3,3-dicarboxylic 

acid dimethyl ester (88) 

~ ~ ,C02Me 

'"'5\ 3'f-.co2Me 

ON~ 
MeO 

2·1 

Prepared following 1he general thermal procedure for compound (81), N-(4-

me1hoxy-phenyl)-2-thiophen-3-yl-5-vinyl pyrrohdine-3,3-dicarboxylic acid dime1hyl 

ester (88) (0.120 g, 29%) was prepared as a yellow oil using N-{4-me1hoxy-phenyl)

(3-thiophene) imine (0.220 g, 1.00 mrnol); vmax(film)/cm·1 292lm (CH str), 2353w 

(CH str), 1734s (C=O), 1612w, 151Om, 1432m, 1242s, 1038m, 930w, 816w, 704W; 

/)H(250 MHz; CDCh) 2.18 (HI, dd, 1=5.8 and 13.3, C4-CH(H), 2 46 IH, dd, J=5 8 

and 13.3, C4'-CH'(H), 2 69 (IH, dd, 1=10.4 and 13.3, C4'-CHili'», 2.99 (IH, dd, 

J=IO 4 and 13.3, C4-CH(H», 3.31 (3H, s, Ar-O-CH'3), 3.44 (3H, s, Ar-O-C!b), 

3.63 (3H, s, O-C!b), 3 55 (3H, s, 0-CH'3), 3.67 (3H, s, O-C!b), 374 (3H, s, 0-

CH'3), 388 (IH, m, C5-N-CH), 4.31 (IH, m, C5'-N-CH'), 4.95-5.17 (2H, rn, 

CH=Cfu), 5.33-5.29 (2H, rn, CH=CH'2), 5.51 (IH, s, C2-N-CH), 5.72 (IH, m, 

CH=CH2), 5.88 (IH, s, C2'-N-CH'), 5.93 (IH, m, CH'=CH2), 6.58-719 (14H, m, 4 

x Ar-CH, 4 x Ar-CH', 3 x thiophene-CH, 3 x thiophene-CH'); Bc (101 MHz; 

CDCh) 3937 (C4'-c.'H2), 3968 (C4-CH2), 52.52 (C2'-C'H), 5290 (C2-CH), 

53.12 (C5'-C'H), 53.28 (C5-CH), 62.99 (Ar 0-CH3), 64 47 (Ar 0-C'H3), 79 41 (0-

C'H3), 79.55 (0-CH3), 80.44 (0-CH3), 86.56 (0-C'H3), 116.13 (kH~H), 117.82 

(C'H:z=CH), 124.39 (Ar-C'H), 124.88 (Ar-C'H), 12525 (Ar-CH), 12334 (Ar-C'H), 

12544 (Ar-C'H), 125.46 (Ar-CH), 126.28 (Ar-CH), 12641 (Ar-CH), 126.52 (Ar

CH), 126.58 (Ar-C'H), 127.04 (Ar-e'H). 12~.31 (Ar-CH), 128.57 (Ar-CH), 128.96, 

(Ar-CH), 13791 (CH:z=CH), 13948 (CH:z=C'H), 141.06 (Ar-C'), 141.38 (Ar-C'), 

141 58 (Ar-C'), 167.43 (k'=0), 168.67 (k=0), 170.41 (k=0), 170.69 (k'=0); mlz 

(El) 401 (M'", 37"10), 296 (67), 257 (41), 184 (40), 152 (72), 121 (73), III (100),71 

(37),59 (63), Accurate mass for- C21HnNOsS - 401.1297, found - 401.1293. 
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N-( 4-Methoxybenzene )-2-butyl-S-vinyl-pYITOlidine-3,3-dicarboxylic acid 

dimethyl ester (89) 

~ :.. ,CO,Me 

~'\-
MeO 

Prepared following the general thellDaI procedure for compound (81), N-(4-

methoxybenzene)-2-butyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester 

(89) (0140 g, 34%) was prepared as a yellow-brown od using N-{4-methoxy 

benzene)-propane imine (0.190 g, 1.00 mrnol) for 48 hours; vmax(film)/cm-l 2953 m, 

2872w (CH str), 1736s (C=O), 1509s, 12395, 1180In, 1038m, 811 m, 788W; ~ (250 

MHz; CDCh) 0.77 (3H, 1, J=5 2, CIb), 1.18-1.38 (6H, In, 3 x Clli), 2.65 (Ill, dd, 

J=9.0 and 13.5, C4-CH(H), 2.71 (Ill, dcl,. J=9.0 and 11 0, C4-CH(H), 3.63 (3H, 5, 

Ar-OCH3),3 73 (3H, 5, O-CIb), 3.75 (3H, s, O-CIb), 3.87 (Ill, m, C5-CH), 4.55 

(Ill, In, C2-CH), 5.22 (2H, m, vinyl CH=Clli), 5.82 (Ill, In, vinyl CH=CH2), 6.65 

(2H, cl,. J=8.0, 2 x Ar-CH), 6.79 (2H, cl,. J=8 0, 2 x Ar-CH); Se (101 MHz; CDCh) 

13.97 ~H3), 23.11 ~H2), 28 62 ~H2), 33.39 ~H2), 3827 (C4-CH2), 52.69, 52.90 

(O-CH3), 55 69 (O-CH3), 60.79 (C2-CH), 62.5 (C3-g, 64.01 (C5-CH), 114.22 (Ar

CH), 114 80 (Ar-CH), 11641 (CH=CH2), 140.49 ~H=CH2), 142.74 (Ar-g, 151.34 

(Ar-C), 168 83 ~=O), 170.64 ~=O); m/z (El) 375 (Mt, 32%), 344 (4), 318 (100), 

259 (5), 200 (10), 145 (26), 134 (12), 108 (10), 85 (11), 69 (10); Accurate mass for 

C21H29NOs - 375.2046, found - 375 2051. 
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N-(2,4-Dimethoxy-pbenyl)-2-pbenyl-S-vinyl-pYlTolidine-3,3-dicarboxylic acid 

dimethyl ester (91) 

1 :1 

Prepared following the general thermal procedure for compound (81), N-(2,4-

dlmethoxy-phenyl)-2-phenyl-5-vinyl pyrrolidine-3,3-dicmboxylic 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 bours; vmax(film)/cm·1 2997m, 

2950s (CH str), 1733s (C=O), 15821D, 1507s, 1436s, 1236m, 1158s, 1031s, 915s, 

83Im,701m; 1)H (250 MHz; CDCh) 2.16 (Ill, dd, J=59 and 13 0, C4'-CH'(H), 

2.41 (Ill, dd, J=5.9 and 13.0, C4-CH(H), 2.72 (Ill, dd, J=10.8 and 13 1, C4-

CHaD), 3 03 (311, s, O-CHJ), 3.07 (Ill, dd, J=10 8 and 13.1, C4'-CH(H'», 3 44 

(311, s, O-CHJ), 3 52 (311, s, 0-CH'3), 3.57 (311, s, O-CHJ), 3 67 (311, s, 0-CH'3), 

367 (311, s, 0-CH'3), 3.68 (311, s, O-CHJ), 3 70 (311, s, 0-CH'3), 3.70-4 10 (211, m, 

C5-CH, C5'-CH'), 4.87-4.96 (211, ID, CHz=Cll, CH'rCH), 539 (211, s, C2-CH, 

C2'-CH'), 5 45-5 60 (211, rn, CHrCH, CHrCH'), 5 83-5 86 (211, rn, 2 x Ar-CH'), 

614-6.17 (211, ID, 2 x Ar-CH), 6.58 (Ill, d, J=8 6, Ar-CH'), 6 86 (Ill, d, J=8.6, Ar

CH), 7.01-7.17 (lOll, ID, 5 x Ar-CH', 5 x Ar-CH); 1>c (101 MHz; CDCb) 3891 

(C4-CH2), 38.95 (C4'-C'H2), 52.38 (C2-CH), 52.47 (C2'-C'H), 53.19 (C5-CH), 

5328 (C5'-C'H), 62.47 (0-CH3), 64.27 (0-C'H3), 64.83 (C3-Q, 65.23 (C3'-C'), 

6808 (0-CH3), 71.69 (0-C'H3), 100.07 (Ar 0-CH3), 10024 (Ar 0-C'H3), 10370 

(Ar 0-CH3), 104.06 (Ar 0-C'H3), 116.48 «';'H:z=CH), 116.90 «';"HrCH), 12734 

(Ar-CH), 12751 (Ar C-H), 127.62 (Ar-C'H), 127.71 (Ar-CH), 127.99 (Ar-CH), 

12857 (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:z=C.H), 14004 (CH:z=C.'H), 141.29 (Ar-C'), 

153.48 (C-OMe), 155.21 «';"'-OMe), 157.88 «.;..-OMe), 158.05 «';"-OMe), 16963 

«';"=0),17005 «';"'=0), 172.12 «';"=0), 172.14 «';"=0); m/z (El) 425 (M'", 100%), 
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366 (18),281 (78),241 (15),205 (32), 164 (12), 105 (12),84 (58); Accurate mass 

for C:zJIuN06- 426.1916, found - 426.1911. 
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Section 3.04 - Py"olidines Derived from N-Ben:;yl [mines 

N-BenzyI-2-phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (92) 

10"1 

Thermal Procedure 

Prepared following the general thennal procedure for compound (81), N-benzyl-2-

phenyl-5-vinyl pyrrolidine-3,3-dIcarboxylic acid dimethyl ester (92) (0.350 g, 93%) 

was prepared as a yellow-brown oil using N-benzyl-phenyl imine (0.200 g, 1 00 

mmol) for 48 hours; vmax(film)/cm·1 29515,28415 (CH str), 17365 (C=O), 1602ID, 

1585m, 1362m, 133Om, 12295,10645,10285, 993m, 957m, 9215, 810m, 7575, 700s, 

626w; SH (250 MHz; CDCb) 2 13 (UI, dd, J=6.4 and 13.2, C4-C(IDH», 2 21 (111, 

dd, J=6.4 and 13.2, C4'-C'(IDH», 2.52 (lH, dd, J=10.4 and 13.2, C4-C(H)ID), 2.72 

(IH, dd, J=IO 4 and 13 2, C4'-C'(H)ID), 3.05 (311, 5, O-C'HJ), 306 (311, s, O-CHJ), 

3.28 (2H, m, Ar-C'fu), 3.66 (311, 5, O-CHJ), 3.69 (311, 5, O-C'HJ), 3.77 (1H, ID, 

C5'-N-C'H), 4 15 (211, m, Ar-Cfu), 4.47 (IH, ID, C5-N-CH), 4.63 (111, 5, C2-N

CH). 4 95 (211, m, Cfu=CH), 5 12-529 (311, ID, C2'-N-C'H, C'fu=CH), 5.90 (1H, 

m, CHz=C'H), 6 12 (111, m, CHz=CID, 7.05-7.38 (2011, m, 10 x Ar-CH, 10 x Ar

C'ID; Se (101 MHz; CDCb) 38.34 (C4-CH2), 39.05 (C4'-C'H2), 51.15 (CH2), 

51 93 (C5'-C'H), 52.12 (C5-CH), 52.76 (C2'-C'H), 52.86 (C2-CH), 53 88 ~'H2), 

62.37 (C3'-C'), 64.06 (O-CH3), 64 35 (O-C'H3), 64.84 (C3-Q, 6961 (O-CH3), 

7041 (O-C'H3), 117.14 (!;.'Hz=CH), 117.92 (!;.Hz=CH), 126.59 (Ar-CH), 12674 

(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), 12803 (Ar-C'H), 128.37 (Ar-CH), 129.01 (Ar

C'H), 12989 (Ar-CH), 136.53 (Ar-C'), 13716 (CHz=CH), 138.16 (Ar-G, 13940 

(Ar-C), 139.47 (Ar-C'), 139.91 (CHz=C'H), 169.51 (C'=O), 169.70 (C.=O), 171.99 

(C'=O), 172 49 (!;.=O); mlz (El) 379 (M'", 13%),320 (14), 288 (64), 159 (18), 144 
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(43), 104 (19),91 (100),65 (ll); Accurate mass for C:zJlI2SN04 - 379.1784, found-

379.1777. 

M,crowave Procedure 

Prepared following the general microwave procedure for compolIDd (85); N-benzyl-

2-phenyl-5-vmyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (92) (0 320 g, 

85%) was prepared as a yelIow-brown oil using N-benzyl-phenyl imine (0.200 g, 

1.00 mmol); Data as above. 
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N-Benzyl-2-p-tolyl-5-vinyl-pYlTolidine-3,3-dicarboxylic acid dimethyl ester (93) 

l.",4 CO,Me 
5\ if..co,Me 

6~ 
12:1 

Prepared folloWIng 1he general1hennal procedure for compound (81), N-benzyl-2-p

tolyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dime1hyl 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; vmax(film)!cni1 2951s, 2843m (CH str), 1735s (C=O), 1605m, 1331m, 

1267s, 1200s, 1023m, 957m, 921 m, 843m, 808m, 747m; ()H(250 MHz; CDCh) 21 I 

(lH, 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 (3ll, s, 0-

CH'3), 3.69 (2ll, s, benzyl CH'2), 4.50 (Ill, s, C2-CH'), 5.03-5.18 (2ll, m, CH=C

H' 2), 5 74 (Ill, m, CH'=CH2), 6.97-7.21 (9ll, m, 9 x Ar CID; <>c (101 MHz; CDCh) 

21.16 (Ar-CH3), 3824 (hH2), 38.99 (h'H2), 5205 (C4-CH2), 51.99 (C5'-C'H), 

5218 (C5-CH), 52.73 (C2-CH), 5287 (C2'-C'H), 53.46 (C4'-C'H2), 62.38 (0-

CH3), 6387 (C3'-C'), 64.07 (O-C'H3), 64.68 (C3-g, 6930 (0-CH3), 7002 (0-

C'HJ), 11707 (h'H:z=CH), 117.80 (hH:z=CH), Il6.33 (Ar-C'H), 125.98 (Ar-C'H), 

12674 (Ar-C'H), 127.68 (Ar-C'H), 12802 (Ar-CH), 128.37 (Ar-C'H), 12848 (Ar

CH), 12867 (Ar-CH), 128.77 (Ar-CH), 12995 (Ar-CH), 13523 (Ar-C'), 136.16 

(Ar-C), 138.37 (CH:z=CH), 137.07 (Ar-C), 137.31 (Ar-C'), 137.41 (Ar-C'), 139,28 

(Ar-C), 14001 (CH:z=C'H), 169.68 ~=O), 169.76 (C'=O), 172.02 (k=O), 172 51 

(C'=O), mlz (El) 393 (W, 16%),334 (13), 302 (62), 249 (10), 208 (10), 158 (57), 

118 (15), 91 (100), 43 (13); Accurate mass for C2Ji27N04 - 393.1940, found -

393.1939 
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N-BenzyI-2-o-tolyl-5-vinyl-pYlTolidine-3,3-dicarboxylic acid dimethyl ester (95) 

Prepared following the general thermal procedure for compound (81), N-benzyl-2-o

tolyl-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (95) (0.230 g, 59%) 

was prepared as a yellow 011 usingN-benzyl-(2-tolyl) Ilnine (0 210 g, 100 mmol) for 

24 hours; vmax(film)!cm-1 3027s, 2811s (CH str), 1737s (C=O), 1603m, 1330m, 

1265s, 1228s, 1065s, 1009111, 992111, 955m, 912s, 755s, 726s, 700s; ~ (250 MHz; 

CDCh) 1.17 (Ar-CH3), 2.17 (Ill, m, C4-CH(H), 2.73 (llI, m, C4-CH(H),2.89 

(3H, s, Clli-O), 3.62 (3H, s, Clli-O), 4.14-4 42 (2H, m, C2-CH, C5-CH), 5.20-5.25 

(2H, m, CHt=CH), 5.72-5.91 (1H, m. CH:z=CH), 682-7.05 (9H, m. 9 x Ar-H), lie 

(101 MHz; CDCb) 1993 (Ar-CH3), 40.32 (C4-CH2), 52.09 (O-CH3), 5330 (0-

CH3), 55.18 ~H2), 64.36 (C3-g, 6H7 (C5-CH), 66.24 (C2-CH), 117.75 

(CH2=CH), 125.94 (Ar CH), 127.32 (Ar CH), 12764 (Ar CH), 12805 (Ar CH), 

12924 (Ar CH), 130.06 (Ar CH), 13030 (Ar CH), 13739 (Ar g, 13751 (Ar C), 

13866 (ArC), 140 17 (CH:z=CH), 169.61 (C=O), 172.55 (C=O); mlz (El) 393 (M'", 

12%),334 (18),302 (48), 208 (9), 158 (49), 118 (12), 91 (100),65 (10); Accurate 

mass for C2,JIZ7NO. - 393_1940, found - 393.1932. 
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N-Benzyl-2-pyridin-4-yl-S-vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester 

(96) 

~ ~ .COJloe 

7'1 -;-( 3r--co,Me . N-< 

62

Q 
Thermal Procedure 

Prepared following the general thermal procedure for compound (81), N-benzyl-2-

pyridm-4-yl-5-vinyl pyrrolidme-3,3-dicaIboxylic acid dimethyl ester-5-vmyl 

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; v...,.(film)!cm-I 2950m (CH 

str), 1734s (C=O), 1657m, 1602w, 1560w, 12645, 1227m, 1201m, 1064m, 1027m, 

921w, 807w, 750m, 699m; IlH (250 MHz; CDCh) 1.91 (Ill, dd, J=6 2 and 12 0, C4-

C(IDH),2 14 (Ill, dd, J=62 and 120, C4'-C'(IDH), 2.45 (Ill, dd, J=8 0 and 120, 

C4-C(H)H), 2.64 (111, dd, J=8 0 and 12.0, C4'-C'(H)H), 2.98 (311, s, 0-C'H3), 3 00 

(311, s, O-CH3), 3.20-3.30 (211, m, Ar-C'H2), 3.59 (311, s, O-CH3), 3 62 (311, s, 0-

C'H3), 3.70 (Ill, m, C5'-N-C'H), 3.96-3.90 (211, m. CH2), 4.41 (Ill, m, C5-N-CH). 

456 (lH, s, C2'-N-C'H), 4.92-4.98 (211, m, Clli=CH), 5.06-5.22 (311, m, C2-N

C'H, C'lli=CH), 5.73 (lH, m, CHrC'H), 6.03 (Ill, m, CHrCH), 6.99-7.34 (18H, 

m, 9 x Ar-CH, 9 x Ar-C'H); /le (101 MHz; CDCh) 38.02 (C4'-C'H2), 39.10 (C4-

CH2), 50.91 (C5'-C'H), 51.14 (CS-CH), 51.74 (C2-!::H), 51.95 (C2'-C'H), 52.40 

(!;,H2), 52.84 (!;,'H2), 62.13 (C3-c), 6303 (C3'-C'), 63.31 (0-C'H3), 6542 (0-

CH3), 68.92 (0-C'H3), 69.38 (0-CH3), 116.12 «;'HrCH), 11666 «;"HrCH), 

125.95 (Ar-C'H), 12664 (Ar-CH), 126.68 (Ar-CH), 126.79 (Ar-CH), 12685 (Ar

C'H), 12694 (Ar-C'H), 127.01 (Ar-CH), 12707 (Ar-C'H), 12784 (Ar-CH), 128.35 

(Ar-C'H), 135.49 (Ar-C'), 138.44 (CHrC'H), 138.88 (CHrCH), 141.93 (Ar-C'), 

16849 «;"=0),16981 (!;,=O), 170.12 (!;,=O), 170.97 (!;,'=O); mJz (El) 379 (M"-II, 

9%),320 (10),288 (46),236 (13),159 (16),144 (33),121 (24), 105 (28),91 (lOO), 

77 (19), Accurate mass for C22H2~,o4-379.1657, found- 379.1657. 

Microwave Procedure 
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Prepared following 1he general microwave procedure for compound (85), N-benzyl-

2-pyndin-4-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dime1hyl ester (96) (0380 

g, 86%) was prepared as a yellow oil using N-benzyJ..(4-pyridme) imine (0200 g, 

1.00 mmol); Data as above. 
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N-BenzyI-2-pyridin-3-yl-5-vinyl-pYlTOlidine-3,3-dicarboxylic acid dimethyl 

ester (97) 

Microwave Procedure 

Prepared following the general microwave procedure for compound (85), N-benzyl-

2-pyndm-3-yl)-5-vinyl pyrrolidine-3,3-dicarboxylic acid dimethyl ester (97) (0.310 

g, 82%) was prepared as a yellow-brown oil usmg N-benzyl-(pyndm-3-yl) \mme 

(0200 g, 1.00 mmol); vmax(film)/cm-l 3027w, 2951m (CH str), 2842w, 1731s 

(C=O), 1434s, 1199s, 1136m, 1067m, 1026m, 913m, 732m, 700m, 646w; BH (250 

MHz; CDCh) 2.22 (1H, dd, J=5.6 and 13.2, C4-CH(H), 2.62 (1H, dd. J=10.8 and 

13 2. C4-{;H(ID), 3.04 (2H, s. Ar-Cfu-N). 3.16 (1H, m. C5-N-CID. 3.67 (3H, s. 0-

Clli). 368 (3H, s. O-Clli). 4.60 (1H, s. C2-N-CID. 5.13-5.27 (2H, m, Cfu=CH), 

5.27 (1H, m. CHrCID, 6.93-7.04 (5H, m, 5 x Ar-CID, 7.19 (1H, s, Ar-CH 

pyridine), 7.57 (1H, m, Ar-CH pyridine), 8.31 (2H, m, 2 x Ar-CH pyridine); &;(101 

MHz; CDCh) 2598 (C4-{;H2), 52.51 (C5-CH-vinyl), 53.43 (C2-CH-Ar), 65.34 (0-

Ca), 68.33 (N-CH2), 68.77 (O-CII.3), 118.12 (!;.H:z=CH), 127.22 (Ar-CH), 128.18 

(Ar-CH), 13009 (Ar-CH), 13242 (Ar-CH pyridine), 13667 (Ar-g, 137.00 (Ar-CH 

pyridme), 139.71 (CH2=CH), 148.83 (Ar-CH=N), 15062 (Ar-CH=N), 16926 

(C=O), 171.94 (C=O); mlz (El) 379 CM'" -H, 6%), 321 (24),289 (82), 229 (7),159 

(17), 145 (39), 105 (19),91 (100); Accurate mass for C221hJ~204 - 379.1657, found 

-3791666. 
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N-BenzyI-2-furan-3-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimetbyl ester 

(99) 

~ ! .CO,Me 

l~' 4:1 

~ .! .CO,Me 

'"5( 3r-co Me 
N-< ' 62

'Co 
Prepared following 1he general1hermal procedure for compound (81), N-benzyl-2-

furan-3-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dime1hyl ester (99) (0.250 g, 

69%) was prepared as a yellow oil using N-benzyl 3-furan-3-yl imine (0.190 g, I 00 

mmol) for 24 hours; vmax(film)/cm-l 2928s (CH str), 2861m, 1740s (C=O), 1642m, 

1478m, 1260m, 1142m, 1063m, 999m, 952w, 901w, 829w, 781W; ~ (250 MHz; 

CDCh) 2.13 (111, dd, J=6.4 and 13.2, C4-CH(H), 2.45 (111, dd, J=64 and 13.2, 

C4'-CH'(H), 2 61 (111, dd, J=10 4 and 13.2, C4'-CHaf», 2.92 (IH, dd, J=10 4 

and 13 2, C4-CH(ID), 3.35 (2H, s, Ar-CH'2), 3.38 (2H, s, Ar-Cfu), 3 70 (3H, s, 0-

Cfu),3 74 (3H, s, 0-CH'3), 3.75 (3H, s, 0-CH'3), 3.83 (3H, s, 0-Cfu),4 29 (1H, m, 

C5'-N-CH'), 488 {lH, In, C5-N-Cm, 500-5.19 (4H, m, CH=CH'2, CH=Cfu), 

550 (lH, s, C2'-N-CH'), 5.57 (lH, s, C2-N-Cm, 5.78 (IH, In, CH=CH2), 5.95 

(1H, In, CH'=CH2), 628-6.39 (4H, m, 2 x Ar-CH-O, 2 x Ar-CH'-O,), 7.19-768 

(12H, In, 6 x Ar-CH, 6 x Ar-CH'); &: (\01 MHz; CDCh) 39.84 (C4'-C'H2), 39.93 

(C4-CH2), 4994 (Cfu), 52.40 (C5'-C'H), 52.53 (C5-CH), 52.80 (C2-CH), 5297 

(C2'-C'H), 53.17 (CH'2), 65.19 (C3'-C'), 65.28 (C3-C), 7761 (0-CH3), 78 04 (0-

C'H3), 79.14 (0-C'H3), 79.28 (O-CH3), 108.77 (furan CH), 108.77 (furan CH), 

10914 (furan C'H), 109.24 (furan C'H), 116.02 (Q'Hz=CH), 117.58 (QHz=CH), 

122.75 (Ar-C'), 12281 (Ar-Q, 123.23 (Ar-C'H), 125.63 (Ar-C'H), 125.76 (Ar

.c'H), 126.70 (Ar-C'H), 127.23 (Ar~'H), 128.72 (Ar~'H), 133.38 (Ar-CH), 

13665 (Ar-CH), 138.09 (Ar-CH), 140.51 (Ar-CH), 140.75 (CHz=C'H), 142.71 

(CHz=CH), 144.57 (Ar-Q, 146.87 (Ar-C'), 169.07 (Q'=O), 169.17 (Q=O), 170.16 

(C=O), 17086 (C'=O); mlz (El) 369 (M" 23%), 310 (12), 278 (62), 225 (19), 184 

(10), 159 (13), 134 (49), 91 (100), 65 (14); Accurate mass for - C2IH23NOS -

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) 

5:1 

Prepared following fue general thennal procedure for compound (81), N-benzyl-2-

furan-2-yl-5-vinyl pyrrolidine-3,3-dIcarboxylic acid d!mefuyl 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; vmax(film)/cm-I 2951w (CH str), 1735s (C=O), 1455m, 1433m, 

1265m, 1205m, 1144m, 1064m, 1010m, 923w, 884w, 764w, 698W; ~ (250 MHz; 

CDCh) 2 15 (IH, dd, J=6.1 and 13.2, C4'-CH'(H), 2.35 (IH, dd, J=IO.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'2), 321 

(IH, dd, J=10 5 and 13 2, C4-CH(H), 3.31 (3H, s, O-Clli), 3.31 (3H, s, O-Clli), 

3.32 (3H, s, 0-CH'3), 3 60 (IH, ID, C5'-N-CH'), 3.62 (3H, s, O-Clli), 3 69 (3H, s, 

0-CH'3), 3.73 (1H, ID, C5-N-CH), 462 (lH, s, C2-N-CID 4.79 (1H, S, C2'-N-CH') 

5.00-519 (2H, m, CH=Cfu) 566 (IH, m, CH'=CH2), 5.76 (lH, m, CH'=CH2), 

6.13-621 (2H, m, CH=CH'2), 7 06-7.30 (16H, m, 8 x Ar-CH, 8 x Ar-CH'); oc(101 

MHz, CDCh) 3726 (C4'-C'H2), 38.60 (C4-CH2), 51.38 (C.'H2), 52.58 (C5'-C'H), 

5263 (C5-CH), 52.93 (C2-CH), 52.96 (C2'-C'H), 54.55 (C.H2), 62.09 (0-C'H3), 

6253 (C3'-C'), 62 84 (0-CH3), 64 22 (0-C'H3), 64.47 (0-CH3), 10895 (furan CH), 

10987 (furan C'H), 11021 (furan C'H), 110.50 (furan CH), 116.72 (C.'H:z=CH), 

11739 (C.H2=CH), 126.70 (Ar-C'H), 126.79 (Ar-C'H), 127.78 (Ar-CH), 128.02 (Ar

C'H), 12825 (Ar-CH), 129.60 (Ar-CH), 139.35 (Ar-C'), 139.72 (Ar-£), 140.18 

(furan CH), 140.50 (furan C'H), 141.93 (CH:z=C'H), 142.48 (CH:z=CH), 151 65 (Ar

C'), 153.11 (Ar.g, 16866 (C'=O), 16917 (C.=O), 17097 (C.=O), 17143 (C.'=O), 

mlz (El) 369 (M" 20%), 310 (10),278 (78), 225 (18), 134 (72), 94 (11), 91 (100),59 

(6), Accurate mass for - C2IH23NO, - 369.1576, found - 369.1580. 
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N-BenzyI-2-thiophen-3-yl-5-vinyl-pYlToJidine-3,3-dicarboxyJic acid dimethyl 

ester (101) 

\l ...!., CO,Me 

J~ 
4:1 

Prepared following 1he general thermal procedure for compound (81), N-benzyl-2-

thiophen-3-yl-5-vinyl-pyrrolidme-3,3-dicarboxylic acid dime1hyl ester (101) (0240 

g, 62%) was prepared as a brown oil using N-benzyl1hiophen-3-yl imine (0200 g, 

1.00 mmol) for 48 hours; vm..{film)!cm-1 2949m (CH str), 2358w, 1732s (C=O), 

1433m, 1266s, 1200m, 1166m, 1076m, 991w, 955w, 923w, 690m; ~ (250 MHz; 

CDCh) 2.14 (1H, deI, J=6.4 and 13.3, C4-CH'(H), 2.19 (111, deI, J=6.4 and 13 3, 

C4-CH(H), 2.42 (lH, dd, J=10.5 and 13.3, C4-CH(H), 2 64 (lH, dd, J=10 5 and 

13.3, C4-CH{H'», 3.13 (3H, s, 0-CH'3), 3.18 (3H, s, O-CIL), 3.62 (3H, s, 0-CH'3), 

368 (3H, s, O-CIL), 3.69 (2H, s, benzyl CH'2), 3.70 (2H, s, benzyl Cfu),3 73 (1H, 

rn, C5-CH'), 3 82 (1H, m, C5-CID, 4.60 (lH, s, C2-CH'), 4.96 (IH, s, C2-CID, 

503-506 (2H, m, CH=CH'2), 529-5.38 (2H, m, CH=Cfu), 5.76 (1H, m, 

CH'=CH2), 6 00 (1H, m, CH=CH2), 6.95-7.17 (16H, m, 8 x Ar CH', 8 x Ar CH); lie 

(101 MHz; CDCh) 3779 (C4-CH2), 38.78 (C4'-c.'H2), 51.11 (C.H2), 52.21 (c"H), 

5240 (C5-CH), 52.76 (C5'-C'H), 52.90 (C2-c.H), 54.14 (C2'-C'H2), 6299 (C3-

g, 63.47 (0-CH3), 6390 (0-CH3), 64.48 (C3'-C'), 64.80 (0-C'H3), 6651 (0-

C'H3), 117.13 (~'H:z=CH), 117.48 (C.Ht=CH), 123.48 (Ar-C'H), 124.11 (Ar-C'H), 

12445 (Ar-C'H), 124.93 (Ar-C'H), 126.43 (Ar-CH), 12676 (Ar-C'H), 127.70 (Ar

CH), 12799 (Ar-C'H), 12906 (Ar-CH), 128.10 (Ar-C'H), 129.28 (Ar-CH), 129.78 

(Ar-CH), 136 68 (Ar-C'), 138.48 (Ar.g, 138.52 (CHt=C'H)' 139.24 (Ar-C'), 

13988 (CH2=CH), 141.03 (Ar-C'), 169.47 (h'=O), 169.64 (h'=O), 171 89 (h=0); 

mlz (El) 385 (W, 13%), 326 (7), 294 (28), 150 (31), 110 (9), 91 (100),65 (16), 59 

(9); Accurate mass for- C21HnN04S- 385.1347, found- 385.1344. 

177 



N-BenzyI-2-thiophen-2-yl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl 

ester (102) 

6:1 

Prepared following 1he general1hennal procedure for compOlmd (81), N-benzyl-2-

1hiophen-2-yl-5-vmyl-pyrrolidine-3,3-dIcarboxylic acid dJme1hyl ester (102) (0.130 

g, 34%) was prepared as a brown oil using N-benzyl thiophen-2-yl imine (0.200 g, 

1 00 mmol) for 48 hours; v....{film)/cm-l 2949w (CH str), 2355w, 1733s (C=O), 

1433m, 1265m, 1231m, 1197m, 1136m, 1064m, 923m, 883m, 698m, 667m; ~(250 

MHz; CDCh) 2.16 (Ill, dd, J=5.9 and 13 2, C4-CH'(H), 2.31 (Ill, dd, 10.9 and 

13 2, C4-CH(H), 2 64 (Ill, dd, J=5.9 and 13.2, C4-CHili'», 2.98 (HI, dd, 10.9 

and 13.2, C4-CHili'», 3.11 (Ill, m, C5-CH'), 3.22 (311, s, 0-CH'3), 324 (311, s, 0-

Cfu), 3.44 (Ill, m, C5-Cill, 3.63 (311, s, 0-CH'3), 369 (311, s, O-CHJ), 3 71 (211, s, 

CH'2),3 81 (211, s, Cfu), 4.91 (Ill, s, C2-CH'), 501-5.16 (511, m, C2-CH, CH=C

H'2, CH=CHz), 5.64-5.77 (211, m, CH'=CHz. CH=CH2), 6.78-680 (611, m, 3 x AI 

CH' (thiophene), 3 x AI CH (thiophene», 7.12 (lOll, m, 5 x AI CH' (benzyl), 5 x AI 

CH (benzyl», Oc (l01 MHz; CDCh) 36.95 (CH2),38.41 (C'H2), 50.97 (C4-CH2), 

5237 (C4'-C'H), 52.57 (C5'-CH), 52.97 (C5'-C'H), 53.05 (C2-CH), 54.72 (C2'

.c.'H2), 6287 (0-CH3), 6422 (C3'-C'), 6429 (C3-{;), 6448 (0-C'H3), 6467 (0-

CH3), 65.70 (0-C'H3), 117.11 (C'H:z=CH), 117.36 (CH:z=CH), 125.07 (AI-C'H), 

125.44 (Ar-C'H), 125.48 (AI-C'H), 126.27 (Ar-CH), 126.32 (AI-CH), 126.73 (AI

CH), 126.87 (Ar-C'H), 127.75 (AI-C'H), 12803 (AI-CH), 128.38 (AI-CH), 12991 

(Ar-{;H), 136.83 (AI-C'), 138.97 (AI-C'), 139.10 (CH:z=CH), 13963 (CH:z=.c.'H). 

145.52 (AI-g, 16882 (C=O), 16895 (C'=O), 171.41 (C=O), 171.61 (C'=O), mlz 

(El) 385 (M'", 35%),326 (18), 294 (69), 241 (14), 159 (26), 150 (62), 110 (12), 91 

(100),65 (11); Accurate mass fur- C21HnN04S - 385.1347, fuund - 385.1353 

178 



N-Benzyl-2-(4-bromo-phenyl)-5-vinyI-pyrrolidine-3,3-dic:arboxylic acid 

dimethyl ester (103) 

~ ~ ,CO,Me 

6~ 
Prepared following the genernJ thermal procedure fur compound (81), N-benzyl-2-

(4-bromo-benzene)-5-vinyl-pyrrolidine-3,3-dicmboxylic acid wmethyl 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, v....{film)!cm-1 2950s, 2842m (CH str), 1732s 

(C=O), 1201s, 1070s, 101Os, 9221D, 8451D, 739s, 700m; ~(250 MHz; CDCb) 2.13 

(IH, 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 (2Hs, benzyl Cfu), 3.10-3.17 (1H, ID, CS-CH), 3 62 (3ll, s, O-CIL), 368 (3ll, 

s, O-CIL), 4.49 (Ill, m, C2-CH), 5.07-522 (2H, m, Cfu=CH), 5 76 (Ill, ID, 

CH:z=CH), 6.93-7.33 (7ll, ID, 7 x Ar-CH), 7.59-7.41 (2ll, ID, 4 x Ar-CH), & (101 

MHz, CDCb) 38.30 (C4-cH2), 38.87 (C4-C'H2), 51.15 (benzyl CH2), 5208 (C5-

C'H), 52.28 (C5-CH). 52.87 (C2-C'H), 52.95 (C2-CH). 54.05 (benzyl C'H2), 62.30 

(0-CH3), 63.95 (C3--g, 64.39 (0-C'H3), 6470 (C3-C'), 69 06 (0-CH3), 69.81 (0-

C'H3), 117.44 (C'H:z=CH), 118.22 (CH:z=CH), 121.29 (C'-Br), 121.67 (~-Br), 

126.73 (Ar-CH), 12689 (Ar-C'H), 127.76 (Ar-CH), 128.31 (Ar-CH), 12845 (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'), 13630 (Ar-C), 136 78 (CH:z=~H), 

13872 (Ar-C'), 13962 (CH:z=C'H), 169.25 (C'=O), 171.77 (C'=O); mlz (El) 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 fur CnH2.tN0/'Br - 4570888, 

found - 457 0890 
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N-BenzyI-2-(4-methoxy-phenyl}-S-vinyl-pyrrolidine-3,3-ditarboxylic acid 

dimethyl ester (104) 

~ ~ ,CO,M. 

5):~ 3:1' CO,M. 

(] 

fj ~ 
9'1 
"" OM. 

Thermal Procedure 

Prepared following the general thermal procedure for compound (81), N-benzyl-2-

(4-methoxy-phenyl)-5-vinyl-pyrrolidme-3,3-dicarboxylic acid dimethyl ester (104) 

(0.320 g, 79%) was prepared as a yellow-brown oil using N-benzyl-(4-

methoxybenzene) imine (0 230 g, LOO mmol) for 48 hours; vm..(film)!cm·1 2950m, 

2836w (CH str), 17315 (C=O), 15105, 1432m, 12655, 11995, 11715, 1033m, 923w, 

845w, 745w, 701m, ~ (250 MHz; CDCh) 2 12 (HI, dd, J=6 4 and 13 2, C4-

CH(H), 2 61 (111, del, J=9 0 and 13 2, C4-CH(ID), 3.04 (311, 5, Ar-O-CHJ), 3.25 

(211, m, Ar-Cfu-N), 3.55 (111, rn, C2-N-CID, 3.66 (311, 5, O-CHJ), 3.72 (311, s,O

CHJ), 378 (111, ID, C5-N-CID, 5.04-5.19 (211, m, Cfu=CH), 5.78 (111, m, 

CH:z=CID, 6.74 (211, eI, J=8 8, 2 x Ar-CID, 698 (211, d, J=80, 2 x Ar-CID, 708-

725 (511, m, 5 x Ar-CID; &: (101 MHz; CDCh) 39.31 (C4-CH2), 53.10 (C2-CH), 

5394 (Ar-CH:z-N), 55.58 (C5-CH), 64.52 (0-CH3), 70.20 (O-CIIJ), 113 52 (AroO

CH3), 117.46 ~H:z=CH), 127.11 (Ar-CH), 127.89 (Ar-CH), 128.40 (Ar-CH), 12873 

(Ar-CH), 130.32 (Ar-CH), 131.66 (Ar-g, 136.85 (Ar:.C), 140.37 (CH:z=CH), 159.36 

(Ar-C-OMe), 17007 (C=O), 172.42 (C=O); mlz (El) 409 (M.., 17%),350 (16), 318 

(53),265 (21), 175 (100), 159(41), 134(19),91 (80); AccuraternassforC2Ji27NOs 

- 409.1889, found - 409.1892. 

MIcrowave Procedure 

Prepared following the general microwave procedure for compound (8S), N-benzyl-

2-{4-methoxy-phenyl)-5-vinyl-pyrrolidine-3,3-dicarooxylic acid chmethyl ester 

(104) (0.360 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,l-Dibenzyl-5-vinyl-pYlTolidine-3,3-dicarboxylic acid dimethyl ester (105) 

~e02Me 

6~ 
Prepared following the general thennal procedure for compound (81), N,2-dibenzyl-

5-vmyl-pyrrohdine-3,3-dicarboxylic acid dimethyl ester (105) (0.270 g, 69%) was 

prepared as a yellow oil using N-benzyl-benzyl imine (0210 g, 1.00 rnmol) for 48 

hours; vmax(film)/cm-t 2954m, 2852m (CH str), 1732s (C=O), 1667s, 1644m, 

1335m, 1264s, 1229s, 1076w, 920m, 873w, 753m, 699s; ~(250 MHz; CDCb) 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 (2H, s, benzyl Cfu), 3.61 (3H, s, CHJ-O), 3 67 (3H, s, CHJ-O), 3.69 (2H, m, 

Cfu), 4.55 (1H, m, C2-CID, 4.92 (1H, m, C5-CH), 5.04-5.08 (2H, m, Cfu=CH), 

585 (IH, m, CH:z=CID, 6.81-7.89 (10H, m, 10 x Ar-ID; oe (101 MHz; CDCb) 

3187 (QH2), 39.43 (C4-CH2), 52.32 (0-CH3), 52.98 (0-CH3), 53.15 (C5-CH), 

5425 (N-Bn C.H2), 64.43 (C2--c.H), 64.72 (C3--C), 117.52 (QH:z=CH), 127.84 (Ar 

CH), 128.54 (Ar CH), 128.75 (Ar CH), 129.25 (Ar CH), 129.36 (Ar CH), 13690 (Ar 

g, 13984 (Ar-g, 14029 (CH:z=CH), 169.89 (Q=O), 172.37 (Q=O); m/z (El) 393 

(W, 1%),379 (16), 320 (22), 288 (81), 236 (12),207 (83),144 (63),105 (lOO), 77 

(98),51 (24), Accurate mass for C:zJIZ7N04 - 393.1940, found - 393.1949. 
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N-BenzyI-2-phenylethyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl 

ester (106) 

10'1 

Prepared foIlowmg 1he general1hermal procedure for compound (81), N-benzyl-2-

phenyle1hyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dime1hyl ester (106) (0.180 g, 

43%) was prepared as a brown od using N-benzyl-(phenyl-e1hyl) imIne (0220 g, 

1.00 rnrnol) for 48 hours; vm..(film)!crn-I 2952rn (CH str), 2361w, 1732s (C=O), 

1651m, 1435s, 1267m, 1158m, 1096m, 1027w, 998w, 747m, 696s; IiH (250 MHz, 

CDCh) 1.26-1.33 (2H, rn, Ar-CH2-CH' 2), 1.34-1.39 (2H, rn, Ar-CH2-C!u), 1.98 

(lH, dd, J=6.5 and 13.1, C4-CH(H), 2.12 (lH, dd, J=11.1 and 13.1, C4-CH(ID)" 

2 39 (1H, dd, J=6 5 and 13.1, C4-CH'(H), 2 62 (2H, rn, Ar-CH':z-CH2), 2.79 (1H, 

m, C2-CH), 2 94 (Ill, dd, J=11.1 and 13.1, C4-CH(H'», 3.47 (2ll, s, benzyl CH'2), 

3.58 (2H, rn, Ar-Cfu-CH2), 3.60 (3ll, s. O-CH'3), 3.63 (2H, s, benzyl Cfu), 3.66 

(3ll, s, O-CH'3), 3 68 (Ill, rn, C2-CH'), 3.75 (3H, s, O-Clli), 3.78 (3ll, s, O-Clli), 

400 (1H, rn, C5-CH'), 4.29 (lH, m, C5-N-CH), 4.92-5.07 (2H, m, CH=CH'2), 

509-525 (2ll, rn, CH=Cfu), 5.62 (1H, m, CH'=CH2), 5.75 (Ill, m, CH=CH2), 7.01-

722 (20ll, rn, 10 x Ar CH', 10 x Ar CH); lie (101 MHz; CDCh) 2968 (Ar-CH2-

CH2), 31 07 (Ar-CH:z-CH2), 3205 (Ar-CH2-:C.'H2), 34.46 (C4-CH2), 36.09 (Ar

C'H2-CH2), 3927 (C4-C'H2), 50.85 (benzyl CH2), 52.52 (C5-C'H), 52.73 (C5-

CH), 52.75 (C2-CH), 53.02 (C2-C'H), 58.05 (benzyl C'H2), 62.78 (O-CH3), 63.13 

(C3-C'), 6403 (O-CH3), 6627 (O-C'H3), 66.51 (O-C'H3), 116.23 (C'HrCH), 

117.42 (CHrCH), 125.92 (Ar-CH), 12643 (Ar-CH), 127.00 (Ar-CH), 128.12 (Ar

CH), 12826 (Ar-C'H), 12836 (Ar-C'H), 12845 (Ar-C'H), 128.50 (Ar-CH), 12864 

(Ar-C'H), 128.90 (Ar-C'H)' 129.21 (Ar-C'H)' 12925 (Ar-CH)' 137.54 (Ar-g, 

139.11 (Ar-C), 139 88 (Ar-~'), 140.53 (CHr~'H), 142.21 (CHrCH), 142.69 (Ar

C'), 169.83 (C'=O), 170.17 (C=O), 172.12 (C'=O), 172.13 (C=O), mlz (El) 407 
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(W, 2%), 344 (10), 302 (61), 200 (38), 168 (84), 153 (99), 121 (86),91 (100),71 

(73), 59 (53); Accurate mass for - C25H~04 - 407.2096, found - 407 2106 
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N-BenzyI-2-ethyl-5-vinyI-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (107) 

l..,., 4 
CO,Me 

4.1 5~yCO,M. 6 2"~ 
Prepared following 1he general thermal procedure fur compound (81), N-benzyl-2-

e1hyl-5-vinyl-pyrrohdine-3,3-dicarboxylic acid dime1hyl ester (107) (0.180 g, 53%) 

was prepared as a yellow oil usingN-benzyl-e1hyl imine (0.150 g, 1.00 mmol) for 48 

hours; vmax(fiIrn)/crn'l 2951m, 2840w (CH str), 1734s (C=O), 1433m, 1262s, 

1196m, 1136rn, 1070m, 990w, 955w, 920w, 748W; ~ (250 MHz; CDCh) 062 

(3H, t, J=7.4, CH2-CH' 3),0.72 (3l1, t, J=7.4, CHz-Cfu), 1.05 (Ill, m, CH'(H)-CH3), 

117 (Ill, m, CH'(H)-CH3), 1.50 (Ill, m, CH(H)-CH3), 1.75 (Ill, m, CH(H)-CH3), 

2.24 (Ill, dd, J=6.0 and 13.1, C4-CH(H'», 2 36 (Ill, dd, J=I1.1 and 13.1, C4-

CH'(H), 2 51 (Ill, dd, J=I1.1 and 13.1, C4-CH(H), 2.65 (Ill, dd, J=6.0 and 13.1, 

C4-CH(H), 2.98 (Ill, m, C5-CH'), 3.53 (Ill, t, J=I2.1, C2-CH'), 3.55 (3H, s, 0-

CHJ), 3.59 (211, s, benzyl Clli), 3.61 (311, s, 0-CH'3), 3.66 (311, s, 0-CH'3), 3 68 

(2l1, s, benzyl CH' 2), 3.73 (3l1, s, O-CHJ), 3.96 (Ill, ID, C5-CID, 4.87-5.02 (2l1, m, 

CH=CH'2), 5.13-520 (2l1, m, CH=Cfu), 5.59 (Ill, ID, CH'=CH2), 566 (Ill, m, 

CH=CH2), 7 09-7.24 (1011, m, 5 x ArCH', 5 x Ar CID; ~(101 MHz; CDCh) 10.11 

(CH2-C'H3), 13.87 (CH:z-CH3), 21.07 (Cfu-CH3), 26.41 (CH'rCH3), 37.34 (C4-

CH2), 3921 (C4'-C'H2), 5226 (C5-CH), 52.49 (C5'-C'H), 52.79 (C2'-CH), 5292 

(C2'--c.'H), 5547 (CH2), 58.10 ~'Hz), 62.84 (C3'--c.'), 6400 (C3-,C,), 65.16 (0-

CH3), 6626 (0-CH3), 68.02 (0-C'H3), 70.31 (0-C'H3), 11591 (.c.'H:z=CH), 11650 

(.c.H:z=CH), 12678 (Ar-C'H), 127.73 (Ar-CH), 128.03 (Ar-C'H), 128.57 (Ar-CH), 

129.44 (Ar-CH), 129.91 (Ar-CH), 13847 (Ar-C), 139.90 (Ar-C'), 140.12 

(CH:z=CH), 140.65 (CH:z=C'H), 169.89 (.c.=0), 17013 (Q'=O), 172.19 (C'=O), 

172 32 (C=O); mlz (El) 331 ~, 2%), 302 (88), 272 (6), 240 (10), 145 (7), 91 

(100),65 (7), 55 (3); Accurate mass fur Cl~2sNO.- 331.1783, found - 331 1789 
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N-BenzyI-Z-butyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (108) 

8:1 

Thermal Procedure 

~ ! .CO,Me 

""5( 3r-co,Me 

O
N2"~ 

,:>'1 

"" 

Prepared following 1he general thermal procedure for compound (81), N-benzyl-2-

butyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (108) (0240 g, 68%) 

was prepared as a yellow 011 usingN-benzyl-butyl imine (0.180 g, 1.00 mmol) for 48 

hours; vmax(film)/cm-1 2953s, 2867m (CH str), 1734s (C=O), 1641w, 1453s, 1267s, 

1197s, 1137s, 1076m, 990m, 921 m, 749m; ~(250 MHz; CDCh) 0.64 (3H, t, J=7.5, 

aliphabc CH'3), 0.72 (3H, t, J=7.5, aliphatic Clli), 0.96-1.18 (12H, m, 3 x aliphatic 

CH'2,3 x aliphatic Clli), 224 (1H, dd, J=6.0 and 13.1, C4-CH(H'», 2 35 (1H, dd, 

J=11.1 and 13.1, C4-CH'(H), 2.68 (1H, dd, J=6 0 and 13 I, 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 Clli), 3.60 (3H, s, O-CH' 3), 3 63 (3H, s, 

O-Clli), 3 66 (3H, s, 0-CH'3), 3 67 (3H, s, O-Clli), 3 68 (2H, s, benzyl CH'2), 3 75 

(1H, m, C2-N-CH), 487-5.02 (2H, m, CH=CH'2), 5.08-5.23 (2H, m, CH=Cfu), 

5.59 (1H, In, CH'=CH2), 5.77 (1H, m, CH=CH2), 7.12-7.23 (10H, m, 5 x Ar CH', 5 

x Ar CH); Oe (101 MHz; CDCh) 13.92 «;"H3), 1568 «;'H3), 22.91 «;"H2), 2402 

(CH2), 27.78 (C'H2), 29.65 (CH2), 3027 «;'H2), 33.53 «;"H2), 37.24 (C4-CH2), 

3917 (C4'-C'H2), 5063 (benzyl CH2), 52.35 (C5'-{;,'H), 52.43 (C5-CH), 52.63 

(C2-CH), 52.78 (C2'-C'H), 57.96 (benzyl C'H2), 6287 (C3--C), 62.94 (C3'-C'), 

63.51 (0-CH3), 64.24 (0-CH3), 6621 (0-C'H3), 66.89 (0-C'H3), 11594 

(C'H:z=CH), 11647 «;'H:z=CH), 12664 (Ar-C'H), 12678 (Ar-C'H), 12789 (Ar

CH), 128.00 (Ar-C'H), 128.30 (Ar-CH), 129.47 (Ar-CH), 139.53 (Ar-C), 139.79 

(Ar-C'), 14016 (CH:z=CH), 140.66 (CH:z=C'H), 169.90 «;"=0), 172 04 (C=O), 

172 18 (C'=O), mlz (El) 359 (M", 2%), 328 (4), 303 (100), 268 (7), 174 (3), 145 

(7), 124 (5), 91 (81), 65 (5), 41 (5); Accurate mass for C21H2~04 - 3592096, 

found - 359 2099. 
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SIlica Procedure 

Formed following the general silica enhanced procedure for compound (85), N

benzyl-2-butyl-5-vmyl-pyrrolidme-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 
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N-BenzyI-2-bexyl-S-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (109) 

81 

Thermal Procedure 

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; vmax(film)/cm-1 2912s, 2857s (CH str), 17535 (C=O), 1720s, 14345, 

1335w, 1222s, 1195s, 1136m, 1075m; ~(250 MHz; CDCh) 076-1.71 (24H, m, 4 

x Clli, 1 x CH:! alkyl chain', 4 x Clli, 1 x CH:! alkyl chain), 1.99 (1H, dd, J=8 0 and 

13 0, C4-C(H)H), 2.35 (Ill, dd, J=8.0 and 13.0, C4'-C'(H)H), 2.86 (1H, dd, J=I1.5 

and 13 0, C4-C(H)H), 3.04 (1H, dd, J=I1.5 and 13.0, C4'-C'(H)H), 3 63 (3H, s, 0-

CH:!), 3.68 (3H, s, O-C'lli), 3.74 (3H, s, O-C'lli), 3.76 (3H, s, O-CH:!), 3.80 (2H, m, 

C5-CH, C5'-C'H), 3 82 (2H, ID, Cfu),4.29 (211, m, C'fu), 4.62 (Ill, s, C2-CH), 

494-5.11 (3H, m, Cfu=CH, C2' -C'H), 5.07-5 31 (Ill, rn, C'fu=CH), 5 64 (lH, m, 

CH:z=C'H), 5.92 (1H, m, CH:z=CH), 6.96-7.49 (10H, m, Ar-CH, Ar-C'H); &: (101 

MHz; CDCh) 1440 (C'H3), 15 01 (~H3), 21.17 ~H2), 22.70 (C'H2), 22.79 (~H2), 

24.22 (C'H2), 25 67 ~H2), 28.30 ~'H2), 28 83 (CH2), 30 16 (Q'H2), 31.69 (CH2), 

32.11 (C'H2), 3244 (QH2), 34.27 (Q'H2), 39.56 (CH2 benzyl), 41.26 (C'H2), 51.06 

(C4-CH2), 52.55 (C5'-C'H), 52.65 (C5-CH), 52.78 (C2-CH), 53.23 (C2'-C'H), 

58.45 (C4'-C'H2), 63.32 (C3-g, 64.71 (C3'-C'), 66.64 (0-C'H3), 6692 (0-CH3), 

67.13 (0-CH3), 67.38 (0-C'H3), 116.20 (Q'H:z=CH), 116.78 (CH:z=CH), 12713 (Ar

CH), 12803 (Ar-C'H), 128.25 (Ar-C'H), 12836 (Ar-CH), 129.84 (Ar-C'H), 13025 

(Ar-CH), 13994 (Ar-C), 140 25 (Ar-~'), 140.56 (CH:z=CH), 141.09 (CH:z=~'H), 

170 26 (Q'=O), 170 51 (Q=O), 172.42 ~=O), 172.56 (Q'=O); mlz (El) 387 (M., 

8%),342 (23), 328 (34), 303 (lOO), 282 (36), 138 (26),91 (97),65 (20), Accurate 

mass for CnH31N04 - 3872409 found - 387.2401. 
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Microwave Procedure 

Prepared following lhe general microwave procedure for compound (85), N-benzyl-

2-hexyl-5-vinyl-pyrrolidine-3,3-dicmboxylic acid dimelhyl ester (109) (0.270 g, 

72%) was prepared as a yellow oil using N-benzyl-hexyl imine (0 190 g, 1 00 

mmol), Data as above 
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N-BenzyI-2-(2,2-dimethyl-[I,3)dioxolan-4-yl)-S-vinyl-pyrrolidine-3,3-

dic:arboxylic acid dimethyl ester (112) 

1:1 

l.",4 C02Me 

5 \ irC-co
2
Me 

(;:tx: 
Prepared following the general thennal procedure fur compound (81), N-benzyl-2-

(2,2-dimethyl-[1,3)dioxolan-4-yl)-5-vtnyl-pyrrohdme-3,3-dicarboxylic acid 

dimethyl ester (112) (0 170 g, 42%) was prepared as a brown 011 using N-benzyl

(2,2-dimethyl-[1,3)dioxolan-4-yl) imine (0 220 g, 1.00 mmol) for 48 hours, 

v.....(film)/crn-1 3027m, 2952m (CH str), 1734s (C=O), 1643m, 1453m, 1370rn, 

1266s, 1154m, 1066m, 990w, 921w, 845w, 755w, (;H(250 MHz, CDCh) 1.07-1.20 

(6H, m, C(CH'3)CH3, C(CH3)CH'3), 1.25-1.32 (6H, rn, C(C!b)CH3, C(CH3)C!b), 

2.12 (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), 2.53 (1H, dd, J=I1.2 and 128, C4-CH(H'», 

2.76 (1H, dd, J=I1.2 and 128, C4-CH(H», 2.96-3.04 (2H, m, diol CH'rCH), 3.31-

3.35 (2H, m, ruol CHrCH), 3.39 (2H, s, benzyl Cfu), 3.42 (2H, m, diol CH:z-CH'), 

348 (2H, m, diol CHrCH), 3.57 (3H, s, O-CH'3), 3.71 (3H, s, O-Clli), 372 (3H, s, 

O-CH'3), 3.80 (3H, s, O-Clli), 3.84 (1H, rn, C5-CH'), 3.86 (1H, m, C5-CH), 3 92 

(1H, m, C2-CH'), 4.63 (1H, m, C2-CH), 480-502 (2H, rn, CH=CH'2), 5.05-5 19 

(2H, m, CH=Cfu), 5.50 (1H, rn, CH'=CH2), 5.75 (1H, m, CH=CH2), 7 13-723 

(10H, m, 5 x Ar CH', 5 x Ar CH); c5c(101 MHz; CDCh) 24.49 (CHJ), 24 71 (C'HJ), 

25.61 (CH3), 25.62 (c.'H3), 37.77 (C4'-C'H2), 38.59 (C4-CH2), 51.41 (C5'-C'H), 

51.44 (C5-CH), 52.04 (C2-CH), 52.11 (C2'-C'H), 5805 (benzyl CH2), 5904 

(benzyl C'H2), 61.04 (diol CH2), 61.65 (O-CH3), 64 86 (O-CH3), 65.02 (C3'-C'), 

6538 (dlOl C'H2), 65.93 (C3-Q, 66.55 (O-C'H3), 67.95 (O-C'H3), 75.76 (diol CH), 

76.13 (dlOl C'H), 10728 (diol g, 10794 (diol C'), 114.35 (c.'H:z=CH), 114.52 

(c.H:z=CH), 126.24 (Ar-CH), 126.64 (Ar-CH), 12687 (Ar-C'H), 127.02 (Ar-C'H), 

128 68 (Ar-c.H), 128 86 (Ar-CH), 13824 (Ar-C'), 13844 (Ar-O, 13927 

(CH:z=C'H), 139.42 (CH:z=CH), 16735 (c.=O), 167.66 (c.'=O), 170.60 (c.=O), 
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170 63 ~'=O), mlz (El) 403 (M.., 1%),388 (21),314 (18), 303 (100),242 (5),212 

(7),153 (7), 101 (27),91 (99),65 (15); Accurate mass for- C22H2gN06 - 403.1924, 

found - 403.1923. 
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Section 3.05 - Tetrahydrofurans Formed 

2-PheoyI-5-vioyl dihydro-furao-3,3-dicarboxylic acid dimethyl ester (239) 

General Procedure 

To a solution of benzaldehyde (0.110 g. l.00 mmol), zinc bronude (0460 g, 2.00 

mmol) and Pd(pPh3)4 (0.110 g. 0.100 mmol) in THF (10 mL) was added a 2-

vmylcyc1opropane-l,l-dicaiboxylic acid (62) (0.190 g, 100 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 disti\1ed water (30 mL). The organic layer 

was separated and washed with aq. 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 

MgSO", filtered and concentrated In vacuo to affurd the crude pyrrohdme product as 

a dark brown heavy oil. This was then purified using column chromatography (SiOz, 

EtOAc.P.E. 40-60, 1 :4, Rc - 0.35) to yield 2-phenyl-5-vinyl-dihydro-furan-3,3-

dicarboxylic acid dimethyl ester (240) (0 21 g. 72%) as a ye\1ow oil; vmax(filrn)!crn·1 

2951rn (CH str), 1732s (C=O), 1433rn, 1271s, 1206s, 1051 rn, 928rn, 752rn, 700rn; 

IiH (250 MHz; CDCh) 2.21 (1H, dd, J=6.0 and 13.3, C4-CH(H), 2.51 (1H, dd, J=6 0 

and 13 3, C4'--CH'(H), 2.77 (1H, 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',), 3.16 (3H, s, O-Cfu), 3.76 (3H, 

s, O-C.fu), 3 81 (3H, s, O-CH'3), 4.41 (lH, m, C5'--CH'), 488 (1H, In, C5-CH), 

5.19-529 (1H, m, CH':z=CH), 5.36-5.43 (1H, m, CHz=CH), 5.69 (1H, s, C2'--CH'), 

5.79 (1H, s, C2--CH), 5.89 (1H, rn, CH:z=CH'), 6.10 (1H, rn, CH:z=CH), 7.25-7.30 

(5H, m, 5 x Ar-CH), 7.39-741 (5H, rn, 5 x Ar-CH'), lie (101 MHz; CDCh) 40.35 

(C4'--C'H2), 40 52 (C4-CH2), 52.18 (C5'--C'H), 52.18 (CS-CH), 52.83 (C2'--C'H), 

5298 (C2-CH), 65.71 (C3-.G, 66.19 (C3'--C'), 7924 (O-C'H,), 7996 (O-CH,), 

83.49 (O-CH3), 84 22 (O-C'H3), 116.12 ~H:z=CH), 117.71 (C'Hz=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), 13646 (CH:z=C'H), 137.77 (CH:z=CH), 138.14 (Ar-C'), 13826 (Ar-g, 

16897 (C.'=O), 169.13 (~=O), 170.41 (C.=O), 171.22 (C.'=O); mlz (El) 290 (M', 

10%),236 (68), 230 (17), 184 (55), 152 (74),124 (55), 115 (42), 105 (100), 77 (42), 

59 (35); Accurate mass for CIJI180,- 290.1154, found - 290.1150. 
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5-Vinyl-dihydro-furan-2,3,3-tric:arbosylic acid 2-ethyJ ester 3,3-dimethyJ ester 

(241) 

~
4 CO,Me 

50 3 CO,Me 

2 OEI 

o 

l .:-... /CO,Me 

5b2'CO,Me 

2 "q-OEI 

o 

Prepared following the general thenna! procedure for compound (240), 5-vinyl

dlhydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (242) (0290 

g, 96%) was prepared as a yellow oil using ethyl g1yloxa!ate (0.100 g, 1.00 mmol) 

for 16 hours, vmax(fiIm)!cm-1 2957m, 2906m, 2341w (CH str), 1740s (C=O), 1646w, 

1436s, 1395m, 1373m, 1205s, Il15m, 1070m, 1025m, 934m, 848w, 784w, 755W; 

IiH (250 MHz; CDCh) 1.11-1.13 (3H, m, 0-CH:z-CH3), 1.14-1.15 (3H, m, 0-CH2-

C'H3), 2.20 (Ill, 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), 255 (1H, dd, J=7.6 and 13.2, C4'-C'(H)ID, 2.82 (IH, dd, J=7 6 and 

13 2, C4-C(H)ID, 3.37 (2H, m, 0-CHrCH3), 3.58 (3H, s, O-Clli), 3.59 (3H, s, 0-

C'lli), 3.65 (3H, s, O-C'lli), 3 69 (3H, s, O-Clli), 4.01-4.07 (2H, m, 0-C'Hz-CH3), 

440 (1H, m, C5'-O-C'ID, 4.86 (1H, m, C5-0-CID, 4.88 (1H, s, C2-O-CID, 4.99-

507 (3H, m, C'H:z=CH, C2'-O-C'ID, 5.13-5.18 (2H, m, CH:z=CH), 562 (1H, m, 

CHz=C'ID, 567 (1H, m, CH2=CID; lic (101 MHz; CDCh) 1436 (O-CH2-C'H3), 

1439 (0-CH2-CH3), 3948 (C4'-C'H2), 39.94 (C4-CH2), 5344 (C5'-C'H), 5350 

(C5-CH), 53.71 (C2-CH), 53.87 (C2'-C'H), 61.79 (0-CH2-CH3), 61 83 (0-C'H2-

CH3), 64.45 (C3'-C'), 64.80 (C3-Q, 80.93 (0-C'H3), 81.35 (0-CH3), 81.42 (0-

CH3), 8164 (0-C'H3), Il7.19 (k'Hz=CH), ll8.30 (kHz=CH), 137.26 (CHz=CH), 

137.30 (CHz=C'H), 168.22 (k=O), 168.70 (k'=O), 169.80 (C.=O), 16982 (k'=O), 

170.06 (k=O), 170.14 (k'=O), mlz (El) 286 (M', 1%),227 (18), 181 (20), 153 

(100), 145 (Il), 121 (58),84 (37), 59 (32), 49 (32), Accurate mass for CIJH1807-

2861053, found - 286.1048. 
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2-Pentyl-S-vinyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester (243) 

~ .: ,CO,Me 

~~ 3:1 

\\ ~ .CO,Me 

"";( 3'f..co Me 

02 .... ~ 

Prepared followmg the general thennal procedure fur compound (240), 2-pentyl-5-

vmyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester (244) (0.210 g, 72%) was 

prepared as a yellow oil using hexanal (0.1 00 g, LOO mmol) fur 48 hours; 

vmax(fiIm)/cm-l 2953m (CH str), 2859m, 1736s (C=O), 1434m, 1264s, 1204m, 

1159m, 1076m, 1026m, 925w, 811w, 677W; ~(250MHz; CDCh) 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), 2.36-244 (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, O-Clli), 3.67 (3H, s, O-CH'3), 3.67 (3H, s, O-Clli), 

369 (3H, s, O-CH'3), 4.17-427 (4H, m, CH=Cfu, C5-CH, C2-CH), 438 (1H, m, 

C2'-CH'), 4.63 (1H, m, C5'-CH'), 5.04-5.23 (2H, m, CH=CH'2), 5.77 (1H, m, 

CH=CH2), 588 (1H, m, CH'=CH2); 5c (101 MHz; CDCh) 13.86 ~H3), 13.98 

(Q'H3), 22 27 (Q'H2), 22.38 (Q'H2), 26.41 ~'H2)' 26.51 (C.H2), 28 24 ~'H2), 29 54 

(CH2), 30 29 ~H2), 30.59 ~H2), 3148 (C4-CH2), 4020 (C4'-C'H2), 45 09 (C5'

C'H), 52.46 (C5-CH), 52.61 (C2'~'H), 52.70 (C2~H), 63.44 (C3-C), 63.50 

(C3'-C'), 78 12 (O-CH3), 78 86 (O-C'H3), 81 97 (O-CH3), 8286 (O-C'H3), 11540 

~HrCH), 117.17 ~'HrCH), 137.46 (CHrC'H), 138.51 (CHrCH), 169.72 

(C=O), 169.94 (C'=O), 170.37 (C=O), 170.97 (C'=O); m/z (En 284 (M'", 8%), 225 

(29),215 (65), 183 (52), 174 (76), 153 (100), 132 (42), 121 (59),99 (27),59 (37), 

Accurate mass for C1sH240 S - 284.1623, fuund - 284.1621. 
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5-VinyJ-4,5-dibydro-(2.l'lhifuranyI-3,3-dicarboxyJic acid dimethyl ester (245) 

\\. ~ ,CO,Me 

-;-( 3{--cO,Me 

O~ 
o 

1 :1 

Prepared following 1he general thennal procedure for compound (240), 5-vinyl-4,5-

dIhydro-[2,3']bifuranyl-3,3-dicarboxylic acid dime1hyl ester (246) (0150 g, 54%) 

was prepared as a yellow oil using 3-furaldehyde (0.100 g, 1.00 mmol) for 48 hours, 

vmax(film)/cm-I 2921m (CH str), 2849m, 1733s (C=O), 1653m, 1436m, 1261m, 

1159m, 1068m, 1018m, 920w, 873w, 700W; ~ (250 MHz; CDCh) 2_16 (\H, dd, 

J=64 and 13.2, C4'-CH'(H), 2.42 (lH, 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, del, J=6.4 and 13.2, C4-CH(H), 3 09 

(1H, m, C5'-O-CH'), 3.29 (3H, s, O-CH'3), 3.31 (3H, s, O-Clli), 349 (1H, m, C5-

O-CH), 3.63 (3H, s, O-CH'3), 3.70 (3H, s, O-Clli), 4.44 (1H, s, C2'-CH'), 4.77 (1H, 

s, C2-CH), 5.02-531 (4H, m, CH=CH'2, CH=Clli), 5.69 (1H, m, CH'=CH2), 5 95 

(1H, m, CH=CH2), 7.05-7.28 (6H, m, 3 x Ar-CH, 3 x Ar-CH'); lic (101 MHz; 

CDCh) 49.94 (C4'-C'H2), 51.19 (C5-CH), 51.46 (C2-CH), 51.74 (C5'-C'H), 5188 

(C2'-C'H), 53.17 (C4-CH2), 59.51 (O-CH3), 61.84 (O-C'H3), 62.18 (O-C'H3), 

62.26 (C3-g, 62.47 (C3'-C'), 63.53 (O-CH3), 11601 (k'H:z=CH), 116.14 

(~H2=CH), 123 23 (Ar~'), 125.63 (Ar-C'H), 125.76 (Ar-C'H), 12670 (Ar-CH), 

12704 (Ar-C'H), 127.23 (Ar-CH), 128.72 (Ar-CH), 135.92 (Ar-g, 13822 

(CH2=CH), 13883 (CH:z=C'H), 168.18 (k'=O), 16869 (k=O), 170.47 (k'=O), 

17079 (C=O); mlz (El) 280 (M'",64%), 194 (14), 184 (34), 152 (69), 124 (61), 108 

(58),95 (100),71 (62), 59 (85), 41 (38); Accurate mass for ClJil606 - 2800947, 

found - 280.0948. 
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5-Vinyl-4,5-dihydro-[2,2'\biruranyI-3,3-dicarboxylic acid dimethyl ester (246) 

1.1 

Prepared following the general thermal procedure for compound (240), 5-vmyl-4,5-

dIhydro-[2,2']bifuran-3,3-dlcarboxylic acid dimethyl ester (247) (0.080g, 27%) was 

prepared as a yellow 011 using 2-furaldehyde (0.1 00 g, 1.00 mmol) for 48 hours, 

vmax(film)/cm-I 2952m (CH str), 1733s (C=O), 150lw, 1434m, 1273s, 1160m, 

1048m, 1019m, 930w, 874w, 795W; ~(250 MHz; CDCh) 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 (Ill, 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, 0-

CH'3), 3.40 (3H, s, O-Clli), 3.70 (3H, s, O-CH'3), 3.73 (JR, s, O-Clli), 4 27 (1H, m, 

C5-CB),4 89 (lH, m, C5'-CH'), 5.15-5.30 (4H, m, CH=CH'2, CH=Cfu), 5 49 (1H, 

s, C2'-CH'), 5 61 (1H, s, C2-CB), 5.79 (1H, ID, CH=CH2), 5.95 (1H, m, CH'=CH2), 

628-630 (2H, m, Ar-O-CR, Ar-O-CH'), 7.19-7.37 (4H, m, 2 x Ar-CR, 2 x Ar

CH'); lie (101 MHz; CDCh) 38 66 (C4-CH2), 39.92 (C4'-C'H2), 5235 (C5-CH), 

5240 (C5'-C'H), 52.79 (C2'-C'H), 52.96 (C2-CH), 65.18 (C3-g, 65.27 (C3'-C'), 

7761 (0-CH3), 78.03 (0-C'H3), 79.13 (0-C'H3), 79.28 (0-CH3), 11601 

(~'H:z=CH), 117.78 (~HroCH), 122.75 (Ar-C'), 122.81 (Ar-C), 136.65 (CHroC'H), 

138 09 (CH~H), 139.53 (Ar-c.'H), 140.50 (Ar-C'H), 140.75 (Ar-c.H), 141.67 (Ar

C'H), 142.46 (Ar-CH), 142.71 (Ar-CH), 16907 ~'=O), 16917 ~=O), 17016 

(C=O), 17085 (C'=O); mlz (E1) 280 ~, 100%), 194 (16),184 (39),152 (77),124 

(58), 108 (59),95 (82),71 (44), 59 (47); Accurate mass for C1JII606 - 280.0947, 

found - 280 0947. 
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2-Thiophen-3-yI-5-vinyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester 

(247) 

~ ~ .CO,Me 

51' 3'f..co Me 

O~' 
S 

4:1 

~ ~ .CO,Me 

51' 3f'eoMe 
0-' , 

2~ o 
S 

Prepared following the general thermal procedure for compound (240), 2-thlOphen-

3-yl-5-vinyl-dihydro-furan-3,3-dicarboxylic acid dimethyl ester (248) (0.150 g, 

49%) was prepared as a yellow od using thiophene-3-carboxaldehyde (0 110 g, 1 00 

mmol) for 48 hours; v....(film)'cm-I 2950m (CH str), 1731s (C=O), 1434s, 1271s, 

1205s, 1135m, 1050s, 928m, 868w, 815w, 784m; ~(250 MHz; CDCh) 2.13 (1H, 

dd, J=6.4 and 13 6, C4-CH(H», 2.44 (lH, 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, J=10.0 and 13 6, C4-CH(H), 

3.19 (3H, s, 0-CH'3), 3.23 (3H, s, O-Cfu), 3.70 (3H, s, O-Cfu), 3.73 (3H, s, 0-

CH'3), 4 31 (lH, m, C5'-CH'), 4.92 (1H, ID, C5-CH), 5.17-5.33 (4H, ID, CH=CH'2, 

CH=Cfu), 564 (1H, s, C2'-CH'), 5.72 (1H, s, C2-CH), 5.87 (lH, ID, CH=CH2), 

5 99 (1H, m, CH'=CH2), 6.99-723 (6H, m, 3 x Ar-CH, 3 x Ar-CH'), /le (101 MHz; 

CDCh) 3880 (C4'-C'H2), 40.19 (C4-CH2), 52.39 (C5'-C'H), 52.48 (C5-CH), 

52.80 (C2-CH),52.95 (C2'-C'H)' 56.39 (C3-g, 63.99 (C3'-C'), 7918 (0-C'H3), 

79.51 (0-CH3), 8054 (0-CH3), 81.07 (0-C'H3), 11602 (CHz=CH), 117.59 

(C'Hz=CH), 122.70 (Ar-C'H), 12340 (Ar-C'H), 124.47 (Ar-C'H), 124.96 (Ar-CH), 

125.02 (Ar-CH), 126.53 (Ar-CH), 127.93 (CHz=C'H), 13662 (Ar-C'), 138 13 

(CH2=CH)' 138.94 (Ar..g, 169.04 (Q'=O), 169.16 (Q=O), 170.24 (Q=O), l7l 00 

(Q'=O), mlz (El) 296 (M', 100%),276 (10), 210 (22),184 (32),152 (74),124 (70), 

III (84), 93 (23), 71 (46), 59 (43); Accurate mass for C1Jil60SS - 296.0718, 

found - 296 0719. 
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Section 3.06 - Pyn-olitlines Derivedfrom Ethyl CarbolUlte lmines 

N-( 4-Metboxy-pbenyl)-5-vinyJ-pyrro6dine-2,3,3-tricarboxyJic acid 2-etbyl ester 

3,3-dimetbyl ester (122) 

Thermal Procedure 

l.A./co,Me 
5l..Jf'co,Me 

;=( 2'}-OEt 

)J0 
MeO 

Prepared following 1he general thenna! procedure for compound (81), N-(4-

Me1hoxy-phenyl)-5-vmyl-pyrrolidine-2,3,3-tricarboxylic acid 2-e1hyl ester 3,3-

dlme1hyl ester (122) (0.380 g, 97%) was prepared as a orange-brown crystalline 

solId usmg N-(4-me1hoxybenzene)-e1hyl ester imine (0,210 g, 100 rnmol) for 16 

hours, vm..(filmycm·1 2954ID, 2836w (CH str), 1741s (C=O), 1513s, 1354m, 1257s, 

1178s, lO72m, 1036m, 994w, 973w. 931w, 865w. 816w. 783m; fu. (250 MHz; 

CDCh) 076-125 (3H, ID, O-CH:z-CHJ). 2.44 (IH, dd, J=I.2 and 13.2. C4-CH(H». 

3 12 (1H, dd, J=9 6 and 12.8, C4-CH(H), 3.62 (3H, s. O-CHJ), 3.63 (3H, s, 0-

ClL), 3.64 (3H, s, O-CHJ). 3.89-4.03 (3H, m. 0-Clli-CH3). 4 37 (1H, m, C5-CH), 

435-5 18 (2H, m. CHz=CH), 521 (1H, s. C2-CH), 561 (lH, m, CHz=CH), 651 

(2H, d. J=9.0, 2 x AI CH), 667 (2H, d, J=9 0,2 x AI CH); Qc (101 MHz; CDCh) 

1442 (0-CH2-CH3). 37.55 (C4-CH2). 53.50 (C5-CH), 53.55 (C2-CH), 5588 (0-

QlI:J), 60.25 (O-c.HJ), 61 62 (0-c.H:z-CH3). 62.01 (C3-C). 67.26 (0-CH3), 114.85 

(AI-CH), II5.39 (AI-CH). II569 (c.Hz=CH), 139.15 (CHz=CH), 13982 (AI-g, 

15248 (AI-g, 16842 (C=O). 16986 (c.=0), 171 13 (c.=0); mlz (El) 391 (M., 

93%).332 (31), 318 (100).259 (43). 200 (29). 134 (49).108 (23), 84 (53). 49 (62). 

Accurate mass for C2oH25N07 - 391.I63 I, found - 391.I633. 

Microwave Procedure 

Prepared following 1he general microwave procedure fur compound (85), N-(4-

me1hoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-e1hyl ester 3,3-
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dimethyl ester (122) (0.360 g, 91%) was prepared as a orange-broWll crystalhne 

sohd usmg N-(4-methoxybenzene)-ethyl ester imine (0 210 g, 1.00 mmol), Data as 

above 

SIlica Procedure 

Formed followmg the general silica enhanced procedure for compound (85), N-(4-

methoxy-phenyl)-5-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 crystallme 

sohd usmg N-(4-methoxybenzene)-ethyl ester imine (0210 g, 1 00 mmol) for 45 

minutes; Data as above. 
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N-(2,4-Dimetboxy-pbeoyl}-5-vioyJ-pyrroJidioe-2,3,3-tricarboxyJic acid 2-etbyl 

ester 3,3-dimetbyl ester (123) 

l ~/co2Me 
MetJ0 ~...:tco,Me 

2);-OEI 

~;; 0 

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 broWII oil using N-(2,4-

dimethoxybenzene)-ethyl ester imine (0.240 g, 1.00 mmol) for 48 hours; 

vmax(film)/cm-1 2955s, 2838m, 2365w (CH str), 1740s (C=O), 1611s, 1586m, 1508s, 

1437s, 1208s, 1159s, 1031s, 926m, 834m, 731m; IlH (250 MHz; CDCb) 0 89 (311, t, 

J=7.1, 0-CH2Clli), 2.37 (Ih, dd, J=5.5 and 13.3, C4-C(H)ID, 3.00 (Ill, dd, J=89 

and 13.3, C4-C(IDH), 3.62 (311, s, O-Clli), 365 (311, s, O-Clli), 3.73 (311, s, 0-

Clli), 3 76 (311, s, O-Clli), 3.79 (2H, m, 0-ClliCH3), 4.90 (Ill, m, C5-CID, 4.93-

5 12 (2H, m, Clli=CH), 5 42 (Ill, s, C2-CID, 5.52 (Ill, m, CHrCID, 6.27 (Ill, dd, 

J=2.7 and 8.7, AT-ID, 6.34 (Ill, d, J=2.7, AT-ID, 6.71 (Ill, d, J=8.8, AT-ID; /le (101 

MHz; CDCb) 13.96 (0-CHrCH3), 37.18 (C4-CH2), 5264 (C5-CH), 5320 (C2-

CH), 5501 (0-CH3), 5566 (0-CH3), 60.28 (0-CHrCH3), 6062 (0-CH3), 6164 

(C3-{;), 67.70 (0-CH3), 99 90 (AT-CH), 103.39 (AT-CH), 116.71 «:;HrCH), 12461 

(AT-CH), 127.24 (AT-O, 139.26 (CHz=CH), 153.73 (AT-o, 156.02 (AT-G, 16902 

~=O), 170.09 ~=O), 170.11 «:;=0), m/z (El) 421 (M'", 16%),362 (6), 348 (100), 

213 (14), 153 (41), 138 (29), 121 (15), 84 (16), 59 (13); Accurate mass for 

C21H27NOs-421.1737, found-421.1730. 
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N-(I-Phenyl-ethyl)-S-vinyl-pyrro6dine-Z,3,3-tricarboxy6c acid 2-ethyl ester 3,3-

dimethyl ester (139) 

l. A/co.jloe ~4 CO,Me 

(H~S'co.jloe 9:1 (H5 N 3 CO.jloe 
~ ~ 2>. OEI ~ 2 OEI 
- 7r -o 0 

Prepared following the general thennal procedure for compound (81), N-(1-phenyl

ethyl)-5-vmyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester 

(139) (0 070 g, 18%) was prepared as a yellow-brown oil using N-(l-phenyl ethyl)

ethyl ester imine (0.210 g, 1.00 nunol) for 48 hours; vmax(filmycm-I 2979m, 2955m 

(CH str), 1963w, 1738s (C=O), 1643w, 1602w, 1453s, 1372m, 1266s, 1236s, 

1196m, 1095m, 1074m, 1029m, 962m, 838w, 765w; OH (250 MHz; CDCb) 1.21 

(3H, m, C'lli), 1 26 (3H, ID, Clli), 2.31 (IH, dd, J=6 0 and 12.8, C4-C(IDH), 246 

(1H, dd, J=60 and 12.8, C4' -C'(IDH), 248 (IH, dd, J=9 8 and 128, C4' -C'(H)H), 

290 (1H, dd, J=9 8 and 12.8, C4-C(H)ID, 3.42 (IH, ID, C5'-C'ID, 3.52 (3H, s, 0-

C'lli),3 54 (3H, s, O-Clli), 3.55 (3H, s, O-Clli), 3.57 (3H, s, O-C'lli), 3 66 (2H, m, 

0-C'Hz-CH3), 3.69 (lH, m, C'H), 3.96 (2H. ID, 0-CH2-CH3), 4.23 (lH, s, C2-CH), 

4.27 (1H, s, C2'-C'H), 4.52 (1H, m, C'H), 4.56-4.78 (2H, m, Cfu=CH), 4.96-5 08 

(2H, m, C'fu=CH), 545 (IH, ID, CHrCID, 5.76 (IH, m, CHrC'ID, 714-723 

(IOH, m, 5 x Ar-CH, 5 x Ar-C'ID; oc (101 MHz; CDCb) 1504 (C'H3), 1768 

(CH3), 22.25 (0-CH;d:;'H3), 24.23 (0-CHz-CH3), 39.42 (C4'-C'H2), 44.51 (C4-

C'H2), 53.11 (C5'-C'H), 53.15 (C5-CH), 53.59 (C2-CH), 53 66 (C2'-C'H), 5546 

(CH), 5652 (c"H), 60.96 (0-C'Hz-CH3), 61.19 (0-CHz-CH3), 6287 (C3'-C'), 

63 00 (C3-g, 63 68 (0-CH3), 63 99 (0-C'H3), 65.18 (0-CH3), 67.42 (0-C'H3), 

11626 (c"HrCH), 11687 (C.HrCH), 127.22 (Ar-CH), 12737 (Ar-C'H), 12783 

(Ar-C'H), 128.11 (Ar-CH), 128.18 (Ar-C'H), 128.50 (Ar-CH), 141.29 (CHrCH), 

14199 (CHrC'H), 143.31 (Ar-c), 143.55 (Ar-c.'), 16901 (C.=O), 169.08 (C'=O), 

17041 (C.=O), 170.72 (C.'=O), 172.93 ~=O), 173.38 (C.'=O); mlz (El) 389 (M+, 

1%),316 (64), 212 (56), 153 (8), 105 (100),91 (10),77 (9); Accurate mass for 

C21H27N06 - 389.1838, found- 389.1841. 
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5-VinyI-pyrrolidine-I,2,3,3-tetracarboxylic acid N-tert-butyl ester 2-etbyl ester 

3,3-dimethyl ester (126) 

lAPo
2
Me 

f1,.::J"C02Me 
~ N. 
y-O~ 2}-OEt 

o 0 

1:1 ~
4 C02Me 

5 3 C02Me 

-rO~N 2 OEI 
o 0 

Prepared following the general thermal procedure for compound (81), 5-vrnyl

pyrrolidine-I,2,3,3-tetracarboxylic acid N-tert-butyl ester 2-ethyl ester 3,3-dimethyl 

ester (126) (0180 g, 47%) was prepared as a yellow od usingN-tert-butyl ester ethyl 

ester imine (0200 g, 1.00 mmol) for 48 hours; v....{filrn)/crn-1 3369s, 29785 (CH 

str), 17455 (C=O), 1682s, 1509s, 1367s, 1245s, 1212s, 1154s, 1060s, 1025s, 985m, 

I)H(250 MHz; CDCb) 1.25 (6H, rn, 0-CH:z-CH'3, O-CHz-Cfu), 1.40 (18H, In, 9 x 

C(CH' 3)3, 9 x QCfu)3), 2.29 (IH, dd, J=6.4 and 13.2, C4CH(H), 2 49-2.72 (2H, In, 

C4'-CH'(H), C4'-CHffi'», 2 99 (IH, dd, J=IO.O and 13 2, C4-CH(H), 3 68 (3H, 5, 

0-CH'3), 3.70 (3H, s, 0-CH'3), 3.71 (3H, s, O-Cfu), 3.75 (3H, s, O-Cfu), 4 08-4.33 

(4H rn, 0-CIb-CH3, O-CH'2-CH3), 445 (IH, In, C5-CH), 4.83 (IH, rn, C5'-CH'), 

5.01 (111, 5, C2-CH), 5.20 (2H, rn, CH=CH'2), 5.27 (111, s, C2'-N-CH'), 5 34-5 50 

(2H, In, CH=CIb), 5.74 (1H, In, CH=CH2), 5.97 (IH, rn, CH'=CH2); 1>c(101 MHz; 

CDCb) 13.99 (0-CH2-C'H3), 14.97 (0-CH2-CH3), 28.19 (C(C.H3)J), 39.10 (C4'

C'H2), 39.54 (C4-:C.H2), 52.50 (C5--:C.H), 52.99 (C2-~H), 53.05 (C5'-C'H), 5343 

(C2'-C'H), 61.39 (0-CH:z-CH3), 62.13 (0-C'Hz-CH3), 64.08 (C3...g, 64.43 (C3'

C'), 8036 (C.(CH3)3), 8052 (0-CH3), 80.98 (0-C'H3), 81.01 (0-C'H3), 8127 (0-

CH3), 88.90 (C.'(CH3)3), 117.80 (C.H:z=CH), 118.61 (c"HrCH), 132.92 (CHr~H), 

13693 (CH2=C'H), 167.71 (C.=O), 16780 (C.'=O), 168.29 (C.=O), 168.48 ~'=O), 

16941 (C'=O), 169,65 ~'=O), 16973 (C.=O), 169.93 (C.=O), mlz (El) 385 (M'", 

1%), 284 (10), 213 (21), 189 (25), 153 (33), 133 (33), 89 (30) 57 (100) 41 (20); 

AccuratemassforC1sHnN04 -385.1736, found-385 1747. 
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N-(2-Cyano-pbenyl)-5-vinyl-PYlTOlidine-2,3,3-tric:arboxylic: acid 2-etbyl ester 

3,3-dimetbyl ester (127) 

~
4 CO,Me 

1:1 NC 5 N 3 CO,Me 

b 2 OEI 

~ U 0 

Prepared following the general thermal procedure for compound (81), N-(2-cyano

phenyl) -5-vinyl-pyrrohdine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-chmethyl ester 

(127) (0.230 g, 58%) was prepared as a yellow oil using N-(2-c:yano-phenyl)-ethyl 

ester imine (0.200 g, 1.00 mrnol) for 48 hours; vmax(fiIm)/cm·t 2983w (CH str), 

2342m (C=N), 1740s (C=O), 1629m, 1604m, I 577m, 1371w, 1314m, 1282s, 

1231m, 1088, 1020m, 848w, 75201, 668W; ~(250MHz; CDCh) 117-122 (6H, m, 

0-CH2-C'IIJ, 0-CH2-CIIJ), 2.34 (1H, dd, J=68 and 13.2, C4'-C'(H)H), 2.55 (1H, 

dd, J=6 8 and 13.2, C4-C(H)H), 267 (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'lli), 3.68 (3H, s, O-C'lli), 

3.72 (3H, s, O-Clli). 3.76 (3H, s, O-Clli), 4.15 (lH, m, C5'-C'H). 408-416 (2H, 

m, 0-C'H2-CH3), 421-4.26 (2H, m, 0-CHz-CH3), 476 (lH, m, C5-CH), 4.96 (1H, 

s, C2-CH), 5.07-5.14 (3H, m, CHt=CH, C2'-C'H), 5.20-5.26 (2H, m, C'Ht=CH), 

571 (lH, m, CHrC'H), 5.92 (1H, m, CHrCH), 6.65-6.81 (4H, m, 4 x Ar-CH), 

720-741 (4H, m, 4 x Ar-C'H); &: (101 MHz; CDCh) 12.99 (0-CH2-klI.J), 13 05 

(0-CH:z-C'H3), 38.17 (C4-C'H2), 38.61 (C4-CH2), 52.06 (C5'-C'H), 52.13 (C5-

CH), 5234 (C2-CH), 52.49 (C2'-C'H), 60.47 (0-CHz-CH3), 6206 (0-C'H2-CH3), 

6330 (C3'-C'), 65 86 (C3-C), 111.38 (C=N), 114.15 (C'=N), 11584 (Ar-C'-C=N), 

116.02 (Ar-C-C=N), 116.98 (C'Ht=CH), 117.25 (C'Ht=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 (CHt=C'H), 135.96 (CHt=CH), 145.93 (Ar-g, 167.39 (C'=O), 16849 

(C'=O), 168.78 (C'=O); mlz (El) 286 (M'", 6%), 227 (63),213 (25), 181 (62),153 

(100), 118 (99), 91 (78),59 (99); Accurate mass for C201InN206 - 386.1478, found 

-3861487. 
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N-(Toluene-4-sulfonyl)-S-vinyl-pyrrolidine-Z,3,3-tricarboxylic acid Z-etbyl ester 

3,3-dimethyl ester (128) 

4 CO,Me 

5 3 CO,Me 
o N 

,'" 2 OEt S, P'OO 
Thermal Procedure 

Prepared followmg the general thermal procedure for compound (81), N-(toluene-4-

sulfonyl)-5-vmyl-pyrrohdine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester 

(128) (0.250 g, 56%) was prepared as a white crystalline sohd using N-tosyl-ethyl 

ester imine (0.260 g, 1.00 mmol) for 96 hours; vmax(film)!cm-1 2955m (CH str), 

1742s (C=O), 1436s, 1350s, 1267s, 1166s, 1093s, 1028m, 931m, 815m, 664s, (iH 

(250 MHz; CDCh) US (3H, t, J=7.3, 0-CH2-Clli), 2.34 (3H, s,Ar-Clli), 2.54 (1H, 

dd, J=10 0 and 13.2, C4-CH(H), 2.67 (1H, dd, J=6.8 and 13.2, C4-CH<ID), 3 61 

(3H, s, O-Clli), 3 64 (3H, s, O-Clli), 4.05-4.15 (2H, ID, 0-Clli-CH3), 4 14 (1H, m, 

CS-CID, 5.00-5.17 (3H, m, C2-CH, CHr-CH), 5.74 {lH, ID, CHrCID,7.21 (2H, d, 

2 x J=8.3, AT-CID, 7.63 (2H, d, J=8 3, 2 x Ar-CID; (ic (1 01 MHz; CDCh) 14.27 (0-

CH:z-CHJ), 21 88 (Ar-CHJ), 39.02 (C4-C.H2), 5356 (C5-{;H), 53.97 (C2-C.H), 

6232 (0-CH2-CH3), 62.40 (C3-C), 62.48, 65.59 (0-CH3), 11786 (CHrCH), 

128.22 (Ar-CH), 129.66 (Ar-CH), 136.92 (Ar-C), 138.12 (CHrCH), 143 93 (Ar-C), 

16751 (C=O), 16867 (C=O), 169.78 (C=O); mlz (El) 440 (M'" +H, 29%), 366 

(100), 155 (25), 109 (20), 91 (55), 81 (43), 69 (61), 43 (65), Accurate mass for 

C:zoH2SNOSS - 439 1301, fuund - 439.1304. 

M,crowave Procedure 

Prepared fullowing the general microwave procedure for compOlmd (81), N

(toluene-4-sulfonyl)-5-vmyl-pyrrolidine-2,3,3-tricarboxyhc 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 mmol); Data as above. 
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Silica Procedure 

Prepared following the general silica enhanced procedure for compound (85), N

(toluene-4-sulfonyl)-2-ethyl ester-3,3-dicarboxylic acid dimethyl ester-5-Vlnyl 

pyrrolidme (128) (0260 g, 57"10) was prepared as a white crystalline solid using N

tosyl-ethyl ester imme (0.26 g, 1.00 mmol); Data as above. 
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N-(I-MethyI-3-pbenyl-propyl)-5-vinyl-pyrrolidine-2,3,3-tritarboxylit add 2. 

ethyl ester 3,3-dimetbyl ester (130) 

~:..-..jO,Me 
~2'co,Me 

A r-< 2}-OEt 
\J-" ~ 0 

1.5:1 

\\ ;. ,CO,M. 

""'5( 3r-co.Jloe 

ey-()-oa 
Prepared following the general thenna! procedure for compound (81), N-(l-methyl-

3-phenyl propyl)-5-vinyl-pyrrolidme-2,3,3-tricarboxyhc acid 2-ethyl ester 3,3-

dimethyl ester (130) (0.180 g, 44%) was prepared as a yellow oil usingN-(I-methyl-

3-phenyl propyl)-ethyl ester imine (0220 g, 1.00 mmol) for 48 hours; 

vmax(film)/cm-I 2954m (CH str), 17365 (C=O), 1654m, 14361D, 12715, 1156m, 

1060w, 1028w, 975w, 929w, 748m; 5u (250 MHz; CDCh) 1.10-1.24 (6H, ID, 0-

CH:z-CH'3,0-CH2-Cfu), 1.45-1.49 (2H, ID, Cfu), 1 64 (1H, ID, CH(H), 1.73 (1H, 

m, CH(H), 2.39 (IH, dd, ]=6.8 and 13.6, C4-CH(H), 2.39-2.56 (2H, m, C4'

CH(H), C4'--CHili'», 2.83 (1H, dd, ]=6.8 and 13.6, C4-CH'(H), 3.32 (1H, m, C5-

CH), 3 44 (IH, m, C5'--CH'), 3.59 (3H, 5, 0-CH'3), 3.60 (3H, 5, O-Cfu), 3 66 (3H, 

5, O-CH' 3),3 69 (3H, 5, O-Cfu), 3.98-4.07 (4H, ID, 0-Cfu-CH3, O-CH' :z-CH3), 4.25 

(1H, 5, C2'--CH'), 4.31 (1H, 5, C2--CH), 4.89-5.06 (2H, m, CH=CH'2), 507-528 

(2H, m, CH=Cfu), 566 (lH, m, CH'=CH2), 5.93 (lH, ID, CH=CH2), 7.04-7.18 

(1 OH, ID, 5 xAr-CH, 5 x Ar-CH'); oc(101 MHz; CDCh) 13.79 (0-CH2-CH3), 13 97 

(0-CH:z-C'H3), 14.07 (CH-CH3), 14.64 (CH-C'H3), 17.69 (rH-CH3), 3245 (C4-

CH2), 32.79 (C4'-C'H2), 32 89 (rH2), 3763 (r'H2), 38.53 (0-CH:z-CH3), 39.33 (0-

C'H2-CH3), 5328 (C5'--C'H), 52.78 (C5--CH), 5328 (C2'--C'H), 5387 (C2--CH), 

6084 (CH2), 60 88 (r'H2), 61.56 (O-C'H3), 62.54 (0-CH3), 63.17 (C3'-C'), 63 43 

(C3--C), 6383 (0-CH3), 67.19 (0-C'H3), 115.93 (r'H:z=CH), 116.72 (CH:z=CH), 

12550 (Ar-C'H), 12560 (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:z=CH), 14263 (CH2=C'H), 

142.71 (Ar-C'), 168.79 (r'=O), 168.85 (C=O), 170.08 (C=O), 17034 (C'=O), 

172 98 (C'=O), 173 26 (r=O); mlz (El) 417 (M'", 2%), 344 (100), 312 (41), 284 (4), 

212 (16), 153 (6),91 (41),49 (121); Accurate mass for - C~31N06 - 417.2151, 

found-417.2158. 
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N-CycIohexyl-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-

dimethyl ester (131) 

LA /CO,Me ~4 CO,Me 

~S'CO,Me 10:1 5 N 3 CO,Me d 2rEI 0 20 OEI 

Prepared following the general thenna! procedure for compmmd (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; vm..{film)!cm·1 2929s, 2854m (CH str), 1740s 

(C=O), 1654w, 1436m, 1370m, 1263s, 1201m, 1201m, 1182m, 1070m, 1030m, 

891w, OH (250 MHz, CDCh) 1.01-1.66 (26H, m, 0-CH2-C'H3, 0-CH2-CH3, 5 x 

CIn', 5 x CIn), 2.40-2.51 (3H, m, C4-C'(H)H, C4-C'(H)H, C4-C(H)H), 2.92 (1H, 

dd, J=6 4 and 13.2, C4-C(H)ID, 3.40-3.48 (2H, m, 0-C'H~H3), 3.59 (3H, s, 0-

C'lli), 3.60 (3H, s, O-Clli), 3.67 (3H, s, O-Clli), 3.71 (3H, s, O-C'lli), 3.82-3.95 

(2H, m, 0-CHr CH3), 403 (1H, m, C5'-C'ID, 4.08 (1H, m, C5-CID, 4.32 (1H, s, 

C2'-C'ID, 4.46 (1H, s, C2-CID, 4.92-5.09 (4H, m, C'fu=CH, Cfu=CH), 5.32 (1H, 

m, CH:z=CID, 5 66 (1H, m, CH:z=C'ID; Oc(101 MHz; CDCh) 1440 (0-CHrC'H3), 

14.50 (0-CHz-CH3), 2586 (C'H2), 2599 «;'H2), 26.21 «;"H2), 26.50 (CH2), 26.60 

(CH2), 2778 «;"H2), 2962 «;"H2), 32.66 «;.H2), 3336 «;"H2), 37.89 (CH2), 53 13 

(C4-CH2), 53.16 (C4'-C'H2), 53.53 (C5-CH), 53.63 (C5'-C'H), 5662 (C2-CH), 

57.83 (C2'-C'H), 60.92 (0-CH~H3), 60.94 (0-C'H2-CH3), 61.17 (0-CH3), 6242 

(C3-g, 6262 (C3'-C'), 63.17 (0-C'H3), 65.65 (0-CH3), 66.24 (0-C'H3), 115.25 

(CH:z=CH), 11626 «;"H:z=CH), 141.79 (CH:z={;H), 143.07 (CH:z=C'H), 16923 

(C'=O), 169.41 «;'=0), 17048 «;'=0), 170.61 cc.'=0), 172.92 cc.=0), 17374 

(C'=O), mlz (El) 367 (M., 1%), 308 (4), 294 (100), 212 (20), 153 (4), 84 (6), 

Accurate mass for C19H29N06 - 367.1995, found - 367.2003. 
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N-Hydroxy-S-vinyl-pYlTOlidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-

dimethyl ester (132) 

L~/cOjloe 
5\.3'cojloe N • 

Ho' 2);-OEl 
o 
~

4 cojlo. 

1:1 5
N 

3 COjloe 

HO' 2 OEI 

o 

Prepared following the general thermal procedure for compOlmd (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 usmg N-hydroxy-ethyl ester imme 

(0120 g, 1.00 mrnol) for 48 hours; vmax(filrn)!crn·1 3373br m (H-O), 2959rn (CH 

str), 1748s (C=O), 1437m, 1371m, 1261s, 1205s, 1033s, 856W; ~ (250 MHz; 

CDCh) 1.20 (311, t, J=7 2, O-CHr CH3 ester), 1.25 (311, t, J=7.2, O-CHrC'H3 ester), 

226 (Ill, dd, J=6 8 and 132. C4-C(IDH), 2.52 (Ill, dd, J=9.6 and 13.2, C4-

C(H)H), 2.65 (Ill, dd, J=6.8 and 13.2, C4'-C'(IDH), 2.88 (Ill, dd, J=9 6 and 13 2, 

C4'-C'(H)H), 3 65 (311, s, 0-CH3), 3.67 (311, s, O-C'H3), 3.72 (311, s, O-CH3), 3.76 

(311, s, O-C'H3), 409-416 (411, m, 0-CH':z-CH3, 0-Cfu-CH3), 445 (Ill, m, C5-

CH'), 482 (Ill, rn, C5-CH), 4.95 (Ill, s, C2-CH'), 5.06-5.10 (211, m, Cfu=CH), 

5.11 (lH, s, C2-CH), 5.19-5.25 (2H, ID, C'fu=CH), 5.72 (Ill, rn, CHrCH), 586 

(Ill, m, CHrC'H), 1032 (211, s, H'O-N, HO-N); Se (101 MHz; CDCh) 14.28 (0-

CHrCH3), 1435 (O-CH:!"C'H3), 39.47 (C4-CH2), 39.94 (C4'-C'H2), 53.18 (C5-

CH), 53.51 (C5'-C'H), 53.77 (C2-CH), 53.92 (C2'-C'H), 61.95 (0-CH2), 62.17 (0-

C'H2), 6444 (C3-C), 64.73 (C3'-C'), 77.89 (0-CH3), 8094 (0-C'H3), 8129 (0-

CH3), 81.40 (0-C'H3), 117.27 (C.HrCH), 118.38 (c"HrCH), 137.11 (CH~'H), 

142.31 (CHrCH), 162.51 (C.'=O), 162.86 (C.=O), 168.31 (C.=O), 168.77 (C.'=O), 

169.85 (C.=O), 170.26 (C.'=O); mlz (El) 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 DerivedfromN-Olejinlmines 

N-AIIy1-2-phenyl-S-vinyl PYlTolidine-3,3-dicarboxylic acid dimethyl ester (161) 

Thermal Procedure 

Prepared followmg the general thermal procedure for compound (81), N-allyl-2-

phenyl-5-vmyl-pyrrolidine-3,3-dlcarboxylic acid dimethyl ester (161) (0.270 g, 

81%) was prepared as a yellow-brown oil usingN-allyl-phenyl imme (0.150 g, 1 00 

mmol) for 48 hours, vm..(film)/cm-1 2950m (CH str), 2812w, 1731s (C=O), 1454s, 

1434s, 1265s, 1197s, 1138s, 1063s, 920s, 753m, 701s; ~(250 MHz; CDCb) 1.18 

(2H, m, N-CH(H), N-CHCID), 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, O-Clli), 3.13 (1H, m, C5-CID, 3 18 

(1H, m, C2-CID, 3 69 (3H, s, O-Clli), 4.88-4.95 (2H, m, vinyl Cfu=CH), 5 09-5 20 

(2H, m, allyl Cfu=CH), 5.67 (1H, m, vinyl CUz=CID, 5.73 (1H, m, allyl CHz=CID, 

714-7.31 (5H, ID, 5 x Ar-CID; Se (101 MHz; CDCh) 39.40 (C4-CH2), 52.30 (0-

CH3), 5269 (N-CH2), 53 24 (0-CH3), 64.30 (C5-CH), 64.63 (C3-C), 70.34 (C2-

CH), 11781 (vinyl CH:z=CH), 11820 (allyl CH:z=CH), 127.90 (Ar-CH), 12805 (Ar

CH), 129 16 (Ar-CH), 133 86 (vinyl CH:z=CH), 139.96 (allyl CH:z=CH), 140.35 (Ar

C), 16975 (C=O), 172.51 (C=O); mlz (El) 329 (W, 16%),288 (89), 270 (72), 252 

(17),210 (18), 185 (21), 144 (100), 109 (56), 91 (20); Accurate mass for C1g}l23N04 

- 329.1627, fuund- 329.1629. 

Microwave Procedure 

Prepared following the general microwave procedure for compound (85), N-a11yl-2-

phenyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (161) (0.230 g, 

71%) was prepared as ayellow-brown oIl usingN-allyl-phenyl imine (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 rumethyl ester (161) (0260 

g, 79%) was prepared as a yellow-brown oil using N-allyl-phenyl imine (0.150 g, 

1.00 mmol), Data as above. 
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N-AIIy1-2-p-tolyl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (174) 

\\ .! W 2Mo 

1:5 "'5( 3f..C02Mo 

rN1~ 
Prepared following the general thennal procedure fur compound (81), N-allyl-2-p

tolyl-5-vinyl-pyrrohdme-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) fur 48 hours; vmax(fiIm)/cm-1 29S0m (CH str), 281210, 1733s (C=O), ISllm, 

1433s, 1267s, 1187s, 1137m, 1065m, 99310, 920m, 838w, 799W; 5r! (250 MHz; 

CDCb) 2.17 (HI, dd, J=6.0 and 13 2, C4-CH(H'», 2 22 (3H, 5, Ar-CH'3), 2.30 (3H, 

s, Ar-C.HJ), 2.41 (Ill, del, J=6.0 and 13.2, C4-CH(H», 2 60 (Ill, dd, J=IO 8 and 

13.2, C4-CH'(H), 2 67 (Ill, dd, J=10.8 and 13.2, C4-CH(H), 3 03 (3H, s, 0-

CH' 3), 3.07 (3H, s, O-C.HJ), 3 13 (2H, ID, N-CH' 2), 3.43 (2H, m, N-Cfu), 3 68 (3H, 

s,0-CH'3), 3.72 (3H, s, O-C.HJ), 4.31 (Ill, s, C5-CH), 4.35 (Ill, m, C5-CH'), 464 

(Ill, s, C2-CH'), 4.85 (Ill, s, C2-CH), 4.92-4.94 (2H, rn, allyl CH=CH'2), 497-

499 (2H, rn, allyl CH=Cfu), 5.08-5 21 (2H, m, vinyl CH=CH'2), 5.31-5 38 (2H, rn, 

vrnyl CH=Cfu), 5.65 (Ill, ID, allyl CH'=CH2), 5.78 (Ill, m, vinyl CH'=CH2), 5.83 

(Ill, rn, allyl CH=CH2), 6.00 (Ill, m, vinyl CH=CH2), 6.98 (2H, d, J=76, 2 x Ar

CH), 700 (2H, d, J=7 6,2 x Ar-CH'), 7.17 (2H, d, J=7.6, 2 x Ar-CH), 718 (2H, d, 

J=7.6, 2 x Ar-CH'); lie (101 MHz; CDCb) 21.11 (Ar-C'H3), 21.24 (Ar-C.HJ),29.69 

(C4-CH2), 38.22 (C4-C'H2), 49.93 (N-CH2), 51.91 (C2-C'H), 52.15 (C5-CH), 

5223 (N-C'H2), 52.80 (C2-CH), 52.91 (C2-C'H), 55.89 (C3-g, 62.95 (0-CH3), 

64.17 (C3-C'), 69.32 (0-CH3), 79.12 (0-C'H3), 84.17 (0-C'H3), 117.30 (allyl 

C'HrCH), 11753 (allyl CHrCH), 117.54 (vinyl CHrCH), 117.74 (vinyl 

C'H2=CH), 12686 (Ar-CH), 128.36 (Ar-CH), 128.37 (Ar-C'H), 128.55 (Ar-C'H), 

133 54 (allyl CHrC'H), 133.56 (allyl CHrCH), 133.55 (allyl CH2=CH), 136.57 

(Ar..g, 136.84 (Ar-C'), 137.03 (Ar..g, 137.71 (Ar-C'), 141 91 (vinyl CH2=C'H), 

141.94 (vinyl CHrCH), 169 00 «;'=0), 169 44 (Q'=O), 171.24 (Q=O), 172 16 

(C'=O); mlz (El) 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 - C201bN04 - 343.1783, 

found - 343.1783. 
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N-AIIyJ..Z-o-tolyl-S-vinyl-pYlTolidine-3.J-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 yellow oll using N-allyl-(2-rnethyl phenyl) imine (0 160 g, 1.00 

mmol) for 48 hours; vm..(filrn)/crn-I 2949w (CH str), 17325 (C=O), 14345, 1267m, 

1096m, 1026w, 997w, 920w, 746m, 6945; ~ (250 MHz; CDCb) 215 (1H, dd, 

J=4.8 and 13.2, C4-CH(ID), 2.24 (3H, 5, Ar-CHJ), 2.73 (1H, dd, J=12 8 and 13.2, 

C4-CH(H), 2 93 (3H, 5, O-CHJ), 3.08 (2H, d, J=6.8, N-Cfu), 3.17 (1H, rn, C5-

CH), 3.70 (3H, 5, O-CHJ), 4 87-4.98 (2H, rn, vinyl CH=Cfu), 5 02 (1H, s, C2-CH), 

510-522 (2H, m, allyl CH=Cfu), 5.62 (lH, rn, vinyl CH=CHz), 5.71 (1H, rn, allyl 

CH=CHz), 6.94-7.46 (4H, m, 4 x Ar-CH); Se (101 MHz; CDCb) 19.66 (Ar-CH3), 

3979 (C4-CHz), 51.73 (C5-CH) 52.97 (C2-CH), 53.25 (N-CHz), 63.99 (0-CH3), 

6505 (O-CHJ), 117.11 (vinyl CH:z=CH), 11760 (allyl CH:z=CH), 125.42 (Ar-CH), 

127.01 (Ar-CH), 12883 (Ar-CH), 129.35 (Ar-CH), 134.41 (vinyl CH:z=CH), 13699 

(Ar..g, 138.89 (Ar-g, 139.47 (allyl CH:z=CH), 169.19 «;'=0), 172.30 «;'=0); mlz 

(El) 343 (M'", 24%), 284 (70), 252 (44), 198 (20), 184 (13), 158 (100), 118 (29), 109 

(63), 94 (14), 41 (20); Accurate mass for C:zoHzsN04 - 343 1783, found-

343 1788 
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N-AllyI-2-(4-methoxy-phenyl)-S-vinyI-pyrrolidine-3,3-dicarboxylic acid 

dimethyl ester (178) 

t. A/co,Me 

5\...!/'co,Me 1:1 3 N • 

r 2~~ 
OMe OMe 

Prepared followmg the general thennal procedure for compound (81), N-allyl-2-(4-

methoxy-phenyl)-5-vinyl-pyrrolidine-3,3-dtcarboxylic 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; v.....(filmycm-1 2950m (CH str), 1731s (C=O), 

1664m, 1510m, 1434s, 1250, 1178m, 1096m, 997w, 930w, 837w, 747m; OH (250 

MHz; CDCh) 1.35 (2H, m, N-Cfu), 1.73 (2H, m, N-CH'2), 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-Clli), 3.68 (3H, s, O-CH' 3), 3 69 (3H, s, O-Clli), 

3.71 (3H, s, O-Clli), 3.71 (3H, s, 0-CH'3), 3.72 (3H, s, 0-CH'3), 3.73 (IH, s, C2-

CH), 3.76 (1H, s, C2'-CH'), 4.18 (1H, ID, C5'-CH'), 4.29 (1H, m, C5-CH), 467 

(1H, m, allyl CH=CH2), 5.05-5.23 (8H, In, vinyl CH=Cfu, CH=CH'2, allyl CH=C

fu, CH=CH'2), 5.50 (1H, In, allyl CH'=CH2), 5.75 (1H, m, vinyl CH=CH2), 5.86 

(1H, m, vmyl CH'=CH2), 7.19-7.35 (4H, In, 2 x Ar-CH, 2 x Ar-CH'), 748-753 (4H, 

m, 2 x Ar-CH, 2 x Ar-CH'); Oc (101 MHz; CDCh) 28.50 (C4-CH2), 30 15 (C4'

C'H2), 5266 (C5-CH), 52.77 (C5'-C'H), 55.28 (C2'-C'H), 55.62 (C2-CH), 61.23 

(C3-g, 62.52 (C3'-C'), 63.42 (N-C'H2), 63.46 (N-CH2), 78 48 (0-CH3), 7904 (0-

C'H3), 8197 (0-CH3), 82.72 (0-C'H3), 114.40 (allyl C'H:z=CH), 117.51 (allyl 

CH:z=CH), 118.45 (vinyl C'H:z=CH), 11810 (vinyl CH2=CH), 12854 (Ar-C'H), 

128 64 (Ar-C'H), 13047 (Ar-C'H), 13050 (Ar-Q, 132.12 (Ar-C'), 132 53 (Ar-g, 

133.94 (Ar-C'), 13406 (Ar-CH), 134.71 (Ar-CH), 13482 (Ar-C'H), 135.04 (Ar

CH), 137.13 (Ar-CH), 169.59 (r.=0), 169.82 (C.'=O), 170.19 (C=O), 17086 

(C'=O), mlz (El) 359 (M'", 1%),277 (91), 200 (39), 168 (66), 153 (50), 121 (62), 

108 (30),71 (100),59 (43), 41 (58); Accurate mass for C:zolbNOs - 359.1732, 

found-359.1740. 
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N-AIIy1-2-(4-bromo-pbenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl 

ester (179) 

\)<4 CO-Jloe 

5 3 cO-Jloe 
N • 1:2 

r 2(~ 
Br Br 

Prepared following 1he general thel1DaI procedure for compound (81), N-allyl-2-(4-

bromo-phenyl)-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dIme1hyl ester (179) (0240 

g, 58%) was prepared as a yellow oil using N-allyl-(4-bromo-phenyl) imine (0220 

g, I 00 mmol) for 48 hours; vmax(fiIm)/cm-1 2950m (CH str), 2812m, 1733s (C=O), 

1485m, 1433rn, 1270s, 1200s, 1137m, 1010m, 921rn, 843m, 802rn, 712W; ~ (250 

MHz; CDCh) 2.10 (111, dd, J=5.9 and 13.2, C~H(H), 2.17 (1H, dd, J=59 and 

13 2, C4-CH'(H), 2 46 (lH, dd, J=9.0 and 13.2, C~H(H'», 2.57 (2H, m, N

CH'2), 2 91 (1H, dd, J=9 0 and 13.2, C~H(H), 3.09 (3H, s, O-CH'3), 3.15 (3H, s, 

O-Clli), 3 45 (2H, rn, N-Clli), 3.68 (3H, s, O-CH' 3), 3.72 (3H, s, O-Clli), 4 05 (1H, 

m, C5-CH), 438 (1H, ID, C5-CH'), 4.63 (1H, s, C2-CH'), 487 (111, s, C2-CH), 

487-4.93 (2H, m, vinyl CH=CH'2), 5.09-5.14 (2lJ, rn, allyl CH=CH'2), 5.15-5 19 

(4H, rn, allyl CH=Clli, vinyl CH=Clli), 5 62 (1 H, m, allyl CH'=CH2), 5 67 (1H, m, 

allyl CH=CH2), 5.86 (1H, rn, vinyl CH=CH2), 6 00 (1H, rn, vinyl CH'=CH2), 7.18-

736 (8H, ID, 4 x Ar CH', 4 x Ar CH); ~(101 MHz; CDCh) 3887 (N-CH2), 40 32 

(N-C'H2), 45 02 (C~H2), 5207 (C4'-C'H2), 5230 (C5'-C'H), 52.41 (C5-C.H), 

5294 (C2-CH), 5302 (C2'-C'H), 55.70 (C3-Q, 55.97 (C3'-C'), 79.31 (O-CH3), 

8000 (O-C'H3), 8281 (O-CH3), 83.55 (O-C.'HJ), 11629 (allyl CHz=CH), 11762 

(allyl C'Hz=CH), 117.84 (vinyl CHz=CH), 11803 (vinyl C'H2=CH), 121.38 (Ar

C'), 122.06 (Ar-D, 128.31 (Ar-CH), 12868 (Ar-C'H), 130.52 (Ar-C'H), 130.80 

(Ar-CH), 130.92 (Ar-C'), 130.95 (Ar-g, 13244 (allyl CHz=CH), 133.31 (allyl 

CHz=C'H), 136.78 (vinyl CHz=CH), 137.31 (vinyl CHz=c.'H), 16881 (c.=O), 

169.12 (c.'=O), 170.99 (c.=O), 171.87 (c.'=O); mlz (El) 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- CI~22'19srN04 -407.0732, found - 407.0731. 
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N-AllyI-2-furan-3-yl-5-vinyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester 

(181) 

Prepared following the geneml 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, 100 

mmol) for 48 hours; v.....{film)/cm·1 2951m (CH str), 17325 (C=O), 14345, 1269m, 

1162m, 1095m, 1025m, 997w, 872w, 797w, 694m; IlH (250 MHz, CDCh) 1.70 (2ll, 

m, N-Cfu), 2 44 (Ill, dd, J=8.8 and 160, C4-CH(H), 2 75 (Ill, dd, J=6 8 and 160, 

C4-CH(H), 3 67 (3ll, s, O-Cfu), 368 (3ll, s, O-Cfu), 4.16-432 (2ll, m, allyl 

CH=Cfu), 4 66 (Ill, m, CS-CID 5.10-5.23 (3ll, ID, vinyl CH=Cfu, C2-CH), 5 57 

(Ill, m, allyl CH=CH2), 5.86 (Ill, ID, vinyl CH=CH2), 7.19-7.54 (3ll, m, 3 x Ar

CID, /le (101 MHz; CDCh) 28.42 (N-CH2), 30.15 (C4-CH2), 52.66 (C5-CH), 52.86 

(C2-CH), 63.42 (C3-g, 79.05 (O-CH3), 82.72 (O-CH3), 117.52 (vinyl CHr=CH), 

11805 (allyl ~Hr=CH), 128.54 (Ar-CH), 130.49 (Ar-CH), 132.53 (Ar-.!;.), 13406 

(Ar-CH), 134.80 (vinyl CHr=CH), 135.10 (allyl CHr=CH), 169.82 (C=O), 17086 

(C=O), mlz (En 319 (M+, 3%), 277 (71), 261 (60),183 (100), 153 (22),121 (18), 

108 (36), 71 (27), 59 (15); Accurate mass for C17H2INOS - 319.1419, found-

319.1414 
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N-(2-Isopropenyl-phenyl)-S-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl 

ester 3,3-dimethyl ester (162) 

L),jO,Me 

=s' 5\-=ZCO,Me 
_ 2 rOEI 

~ b 0 

~
4 CO,Me 

10.1 b N 3 CO,Me 
_ 2 OEI 

~ b ° 
Thermal Procedure 

Prepared fullowing the general thermal procedure for compound (81), N-(2-

isopropenyl-phenyl)-5-vinyl-pyrrolidine-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, I 00 mmol) for 48 hours; 

vmax(film)/cmo1 2930m (CH str), 2851w, 1740s (C=O), 1434m, 1269s, 1232s, 

1114m, 1070m, 1024m, 967w, 848w, 755W; ~ (250 MHz; CDCh) 1.14-1.22 (6H, 

m, 0-CH2-CH' 3, O-CHrCIL), 1.96 (3H, s, Ar-C-CIL), 1.99 (3H, s, Ar-C-CH' 3), 

2.28 (1H, dd, J=6 8 and 13.2, C4'-CH(H'», 2.55 (IH, dd, J=7.5 and 13 2, C4-

CH(H), 2.62 (IH, dd, J=6 8 and 13 2, C4-CH(H), 2.89 (lH, dd, J=7.5 and 13 2, 

C4'-CH'(H),3 65 (3H, s, O-Cfu), 3.70 (3H, s, O-CIL), 3.72 (3H, s, 0-CH'3), 3.75 

(3H, s, 0-CH'3), 4.08-4.14 (4H, In, O-Cfu-CH3, 0-CH':z-CH3), 4.41 (1H, In, C5-

CH), 482 (1H, In, C5'-CH'), 4.95 (IH, s, C2-CH), 506-5.21 (5H, m, C=CH'2, 

C=CRz, C2'-N-CH'), 5.24-525 (4H, In, CH=CH'z, CH=Cfu), 5.72 (1H, m, vinyl 

CH'=CH2), 5.91 (IH, m, vinyl CH=CH2), 6.63-6 65 (2H, In, Ar CH', Ar CH), 6.96-

671 (2H, m, Ar CH', ArCH), 7.30-7.32 (2H, m, ArCH', Ar CH), 7 62-7 64 (2H, m, 

Ar CH', Ar CH), ~ (101 MHz; CDCh) 14.07 (0-CHr C'H3), 14.20 (0-CH&H3), 

23 89 (Ar-C-C'H3), 2407 (Ar-C-CH3), 39.15 (C4'-C'H2), 3961 (C4-CH2), 53 11 

(C5-Cm, 53.18 (C5'-C'H), 53.38 (C2-.c.H), 53.54 (C5'-.c.'H), 61.47 (O-C'Hr 

CH3), 61.51 (0-CH2-CIiJ), 64.12 (C3-.c.), 64.46 (C3'-C'), 80.59 (O-CIiJ), 81.02 (0-

C'H3), 81 09 (0-C'H3), 81.30 (O-CH3), 116.66 (.cHz=C), 116.90 (.c.'Hz=C), 11802 

(CHz=CH), 118.11 (.c'Hz=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), 13508 (Ar-CH), 135.14 

(Ar-CH), 13690 (CH2=C'H), 136.94 (CHz=CH), 142.84 (Ar-C'), 143.42 (Ar-C'), 

16789 (.c.=0), 168 37 (.c=0), 169.47 (.c=0), 169.49 (.c.'=0), 169.72 (C'=O), 16981 
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(C'=O); mlz (El) 401 (M+, 3%), 213 (12), 153 (18), 144 (61), 132 (100), 121 (11), 

117 (9), 59 (9); Accurate mass fur C22IInN06 - 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 Oil using N-(2-

isopropenyl-phenyl)-ethyl ester imine (0 220 g, 1.00 mmol); Data as above. 

SIlica Procedure 

Prepared followmg the general silica enhanced procedure fur compound (85), N-(2-

Isopropenyl-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-

dimethyl ester (162) (0230 g, 58%) was prepared as a yellow Oil usmg N-(2-

Isopropenyl-phenyl)-ethyl ester imine (0.220 g, 1.00 mmol); Data as above. 
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N-AIIy1-5-vinyl-pyrrolidine-2,3,3-tric:arboxylic: ac:id 2-etbyl ester 3,3-dimethyl 

ester (IS3) 

~ :-"'/co~e 
5\,.2'co~e N • r 2)rOEt 

f 0 

Prepared following the general thermal procedure fur compound (SI), N-a1lyl-5-

vmyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (IS3) 

(0.200 g, 61%) was prepared as a yellow oil using N-a1lyl-ethyl carbonate imine 

(0 140 g, 1 00 mmol) for 48 hours, v....{film)/cm-I 2954m (CH str), 1740s (C=O), 

1434m, 1371w, 1267s, 1203s, 1114m, 1070m, 932w, 848w, 752W; ~(250 MHz; 

CDCh) 1.18 (3H, t, J=7.4, CHrClL ester), 2.55 (Ill, dd J=6.8 and 128, C4-

C(H)ID, 291 (1H, dd J=10 0 and 12 8, C4-C(H)ID, 3.65 (3H, s, O-ClL), 3.76 (3H, 

s, O-ClL), 4.05-4.15 (2H, m, O-Cfu-CH3). 4.43 (Ill, m, C5-CID, 482 (Ill, m, C2-

CID, 5 06-5 13 (2H, m, Cfu=CH vinyl), 5 20-5.26 (2H, m, Cfu=CH allyl), 5 71 

(IH, m, CHrCH vinyl), 5.91 (Ill, In, CHrCH allyl); &; (101 MHz; CDCh) 1453 

(O-CHz-CH3), 39.47 (C4-CH2), 39.94 (CH2 allyl), 53 43 (C2-CH-ester), 53.88 (C5-

CH), 61.83 (O-CH2), 64.78 (C3...g, 80.92 (O-CH3), 81.34 (O-CH3), 8141 (vinyl 

CHrCH), 81 63 (allyl CHrCH), 117.20 (vinyl CHrCID, 118 33 (allyl CHrCID, 

168 21 ~=O), 168.69 (C=O), 17005 (C=O); m/z (El) 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 C1Jl23N06 - 326.1603, found - 326.1597. 
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N-But-4-enyl-S-vinyl-pyrrolidine-2,3,3-tricarboxy6c acid 2-ethyl ester 3,3-

dimethyl ester (184) 

Thermal Procedure 

t.~/CO,M' 
5\3'co,Me 
~ 2}-OEt 

o 

Prepared following the general thenna! procedure for compound (81), N-but-4-enyl-

5-vinyl-pyrrolidine-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (184) 

(0280 g, 82%) was prepared as a yellow-brown oil using N-but-4-enyl-ethyl ester 

Imine (0 160 g, 1.00 mmol) for 48 hours; vm..(film)!cm-1 2955m (CH str), 1737s 

(C=O), 1434s, 1270s, 11541D, 1070s, 1025s, 933m; 5H(250 MHz; CDCh) 1.07 (31l, 

t, J=4.7 CH2-C.HJ ester), 2.13 (Ill, dd, J=6 8 and 128, C4-C(H)H), 2.41 (lH, dd, 

J=16 and 10.0, CH:z=CH-C(H)ID, 249 (Ill, dd, J=1.6 and 7.0, CH:z=CH-C(H)H), 

2.77 (Ill, dd, J=7.6 and 13.2, C4-C(H)ID, 3.51-3.53, (2H, d, J=5.0, N-CH2), 3 59 

(3H, s, O-C.HJ), 3.63 (3H, s, O-C.HJ), 3.96-401 (2H, ID, 0-Cfu-CH3), 427 (Ill, s, 

N-CID,4.63 (Ill, m, CS-CID, 4.93-5.00 (2H, ID, CHz=CH vinyl), 5 06-5.12 (2H, m, 

CHz=CH butyl), 5.59 (Ill, ID, CH:z=CH vinyl), 5.78 (Ill, m, CH2=CH butyl), 5c 

(101 MHz; CDCh) 1439 (0-CH:z-CH3), 39.46 (N-CH:z-CH2), 39.92 (C4-CH2), 

5344 (C5-CH), 5371 (C2-CH), 61.77 (N-CHrCH2), 6181 (0-CHr-CH3), 64.76 

(C3-Q, 80.91 (CH:z=CH vinyl), 81 32 (CH:z=CH butyl), 81.39 (0-CH3), 81 61 (0-

CH3), 117.18 (hH:z=CH vinyl), 118.31 (hH:z=CH butyl), 168.20 (h=0), 168.67 

(C=O), 169.79 (~=O); mlz (El) 339 (M', 1%) 227 (48), 213 (100), 181 (50), 153 

(99), 145 (33), 121 (99), 94 (44), 65 (45), 59 (99); Accurnte mass for CI7H2SN06 -

339.1126, found - 339 1097. 

SIlica Procedure 

Prepared following the general silica enhanced procedure for compound (85), N-but-

3-enyl-5-vinyl-pyrrohdme-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-chmethyl 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-EthyJ-3,3-dimetbyl-5-( (E)-2-{ 5' -[ethyloIylcarbonyl)-3' ,3' -di [( methoxy) 

carbonyl) THF-2-yl}etb-l-enyl)tetrahydroruran-2',3' ,3'-tri-carboxylate (192) 

4 

o MIXture of Isomers 

General Procedure 

To a solution of de-gassed DCM (100 mL) and 2-Ethyl caIbonylate-5-(vinyl-THF)-

3,3-dicaIboxylic acid dimethyl ester (242) (0.570 g, 2.00 mmol) ID a 250 mL round 

bottomed flask was added the Grubbs first generation catalyst (0.100 g, 0.100 

mmol). The solution was 1he stirred positive under nitrogen at RT for 16 hOUTS. After 

thIS time 1he reaction was 1hen filtered 1hrough a plug of cotton wool and then 

concentrated m vacuo to afford the crude product as a brown heavy oil. This mixture 

was then punfied using column chromatography (Si<h, EtOAc P E. 40-60; 1'2, Rf -

030) to afford 2-e1hyl-3,3-dime1hyl-5-«E)-2-{5'-[e1hyloxylcarbonyl]-3',3'

di[(methoxy)caIbonyl] tetra hydrofuran-2-yl} eth-l-enyl) tetrahydrofuran-2' ,3',3'

tricarboxylate (192) (0 170 g, 31%) as a brown oil; vmax(fiIm)/cm-l 2955ID, 2357m 

(CH str), 1736s (C=O), 1436ID, 12675, 1232s, 1172ID, 1068m; ~ (250 MHz; 

CDCI3) 1.03-110 (12H, ID, 2x O-CH:z-Clli, 2 x 0-CH:z-CH'3,), 2.09 (2ll, ID, C4-

Cfu), 2.37 (2H, ID, C4'--CH'2), 2.48 (2ll, m, C4"-Cfu), 2.73 (2ll, ID, C4'''--CH'2), 

3 50 (3ll, s, O-Clli), 3.50 (3ll, s, O-Clli), 3.51 (3ll, 5, O-Clli), 3 51 (3H, s, O-Clli), 

357 (3ll, 5, 0-CH'3), 3.60 (3ll, s, 0-CH'3), 3.60 (3ll, 5, 0-CH'3), 3.60 (3H, S, 0-

CH'3), 3.92-3.99 (8ll, m, 2 x 0-Cfu-CH3• 2 x 0-CH':z-CH3), 4.24-4.68 (2ll, m, 2 x 

C5'-CH'), 4 66 (2ll, ID, 2 x C5-CH), 4.78 (Ill, 50 C2--CH), 4.79 (Ill, s, C2"-CH), 

4 93 (Ill, s, C2'--CH'), 4.93 (Ill, s, C2'''--CH'). 5.47-5.50 (2ll, ID, CH=Cll, 

CH=CH.), 5.67-5.69 (2ll, ID, C'H=CH, CH=C'H.); &:(101 MHz; CDCh) 1444 (2 x 

0-CHrCH3, 2 x 0-CH:z-C'H3), 39.51 (C4--CH2), 39.58 (C4'--C'H2), 40 01 (2 x C4"

CH2), 53.54 (C5--CH.), 53.58 (C5'--C'H.), 53.84 (C2"--CH.), 53.94 (C2"'--C'H.), 61 89 
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(0-CH:z-CH3. 0-C·H2-CH3). 61.94 (0-C"H:z-CH3. 0-C"·H2-CH3). 6449 (C3' -e'). 

64.53 (C3-Q. 64 81 (C3"·-e·"). 64.87 (C3"-e"). 79.96 (0-CH3). 80.08 (0-C·H3). 

80.25 (0-CH3• 0-C'H3), 80.36 (0-C"H3). 81.39 (0-C·"H3). 81.44 (0-C"H3). 81 72 

(O-C'''HJ). 131.96 (C.H=CH). 132.29 (C·H=CH). 133.00 (CH=CH). 133 38 

(CH=C·H). 168.14 (C=O. C·=O). 168.67 (Q=O. C·=O). 169.73 (C'·=O). 169.77 

«;'=0. C·=O). 169.83 «;. ... =0). 17001 a;."=0). 170.07 (Q"=O. C"'=O). 17016 

(C ... =O). mlz (En 544 (M'". 6%). 467 (16), 421 (19).409 (34). 311 (lOO). 237 (22). 

214 (20). 179 (14). 141 (16). 113 (19).59 (18); Accurate mass for C:WI3~14-

544.1792. foWld - 544.1780. 
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3-EtbyI-Z,2-dimetbyl-Z,3;;,7a-tetrabydro-IH-pyrrolizine-Z,2,3-tricarboxylate 

(185) 

6 5 4 

(J;yCOzMe 
7 3 

N C02Me 
8 2~ 

o.?-OEt 

To a solution of de-gassed DCM (100 mL) and N-allyl-2-ethyl cmbonate-5-

vinylpyrrolidine-3,3-dicmboxylic 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 hOUlS. 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 (Si02, EtOAc.P.E. 

40-60; 1'2, Rf - 0.30) to afford 3-ethyl-2,2-dimethyl-2,3,5,7a-tetrahydro-lH

pyrrolizine-2,2,3-tricarboxylate (185) (0. I 70 g, 3 I %) as a brown oil; vm..(film)!cm·1 

2952m (CH str), 2358w, 1737s (C=O), 1434m, 1372w, 1261s, 1203s, 1028m, 948w, 

845w, 793w, 709W; IIH (250 MHz; CDCb) 1.15-1.21 (3H, rn, O-CHrClli), 2.14 

(1H, dd, J=72 and 124, C4-C(H)H), 2.88 (1H, dd, J=7.6 and 128, C4-C(H)H), 

3 43 (1H, m, C5-CH), 3.62 (3H, s, O-Clli), 3.70 (3H, s, O-Clli), 3.91 (Ill, m, C7-

CH=CH), 4.07-4.18 (3H, rn, O-CHrCH" C2-CH), 4.37 (1H, ID, C6-CH=CH), 5 65 

(2H, s, C8-Cfu), 1Ic(101 MHz; CDCb) 14.46 (0-CH:z-CH3 ester), 21.46 (CS-CH), 

3938 (C4-CH2), 53.46 (C2-CH), 6149 (C8-CH2) 62.62 (0-CH2 ester), 6379 (C3-

g, 7061 (0-CH3), 7454 (0-CH3), 127.67 (C6-CH=CH), 130.51 (C7-CH:z=CH), 

16934 (Q=O), 17042 (Q=O), 171.29 «;'=0); mlz (El) 297 (M'", 9%), 238 (28), 224 

(100), 164 (13), 106 (15), 81 (29), 59 (9); Accurate mass for ClJil9N06 -

2971212, found-297.1208. 
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3-EthyI-2,2-dimethyl-2,3,5,7a-tetrahydro-lH-pyrrolizine-2,2,3-tricarboxylate 

(186) 

Prepared following the general RCM procedure for compound (185), 3-ethyl-2,2-

dlmethyl-2,3,5,7a-tetrahydro-IH-pyrrolizine-2,2,3-tricarboxylate (186) (0250 g, 

86%) was prepared as a brown oil using N-a1lyl-2-ethyl crubonate-5-

vinylpyrrohdme-3,3-dicarboxylic acid dimethyl ester (183) (0330 g, 1.00 mmol), 

vmax(film)!cm-I 2923m (CHstr), 1740s (C=O), 1437m, 1375m, 1272s, 1022m, 967w, 

809W; ~(250 MHz; CDCh) 1.15-1.21 (3H, m, O-CH2-C!JJ), I 52 (IH, s, C2-CIJ), 

338 (2H, m, C4-Cfu), 3.69 (3H, s, O-C!JJ), 3.70 (3H, s, O-C!JJ), 4.02-4.09 (2H, m, 

O-Cfu-CH3), 5.23 (IH, s, pyrrole), 6.15 (IH, s, pyrrole), 6.59 (IH, s, pyrrole), l)c 

(101 MHz; CDCh) 14.69 (O-CHrClIJ), 21.42 (C2~H), 32.58 (C4--CH2), 53.56 

(O-CH3), 5379 (C3-g, 5412 (O-CH3), 6466 (O-CHrCH3), 101.14 (Ar-CH), 

113.84 (Ar-CH), 114.67 (Ar-CH), 133.50 (Ar..g, 168.42 ~=O), 169.72 ~=O), 

17151 (C=O), mlz (El) 295 (M", 5%), 238 (12), 224 (22), 178 (14), 146 (11),125 

(15), III (27),97 (50), 71 (69),57 (100), 43 (57); Accurate mass for ClJiI7N06-

2951056, found-295.1049. 
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2-EthyI-3,3-dimethyl-4,5,6,7 ,8,9-hexahydroindolizine-2,3,3-tricarhoxylate (187) 

6 4 

7~/co2Me 
8~N..../'C02Me 

9 2' 
o.?-OEt 

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-dlcarboxyhc acid dimethyl ester (165) (0.340 g, 1.00 mmol), vmax(film)/cm·1 

2956w (CH str), 1739s (C=O), 14361ll, 1374w, I 269s, 1235s, llllm, I0681ll, 

10231ll, 971W; ~ (250 MHz; CDCb) 1.19-1.23 (3H, t, J=7.2, O-CH:z-Clli), 227 

(Ill, m, C8-CH(H), 2.53 (Ill, m, C8-CH(H), 2.62 (Ill, m, C4-CH(H), 2.89 (Ill, 

m, C4-CH(H), 3.67 (3H, s, O-Clli), 3.74 (3H, s, O-Clli), 4.09-4.14 (3H, m, 0-

Clli-CH3), 442 (Ill, m, C9-CH(H), 4.81 (Ill, m, C9-CH(H), 4.94 (Ill, s, C2-

CID, 5.08 (Ill, m, C5-CID, 5 63 (C6-CH=CH), 5.84 (C7-CH=CH), Iic(IOl MHz; 

CDCb) 1441 (O-CH:z-CIIJ), 39.54 (C~H2), 39.98 (C8-c.H2), 53.56 (C5-c.H), 

61.86 (C9-CH2), 61.91 (0-CHrCH3), 6483 (C3-c.), 80.21 (C2-CH), 81.40 (0-

CH3), 81.68 (0-CH3), 131.92 (C6-CH=CH), 132.95 (C7-CH=CH), 16862 (C=O), 

169.79 (C=O), 170.09 (C=O); mlz(EI) 311 <M'. 11%),201 (52), l7l (44), 157 (35), 

145 (76), 127 (20), 113 (100), 84 (39), 59 (44); Accurate mass for ClsH21N06 -

311 1368, found - 311.1364. 

M,crowave Procedure 

To a solution of de-gassed DCM (5 mL) and N-butene-2-ethyl carbonate-5-

vmylpyrrohdtne-3,3-dicarboxylic acid dimethyl ester (165) (0.340 g, 1.00 mmol) in 

a 10 mL tube was added the Grubbs first generation catalyst (0.1 00 g, 0.1 00 mmol) 

The tube was sealed and then placed in the CEM discoveIY 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 In vacuo to afford the product This mixture was then punfied using 

225 



column chromatography (SI02, EtOAc:P.E. 40-60; 1:4, Rc - 0.35) to afford 1he 

deslfed bi-cyclic product (187) as a brown 011 (0.240 g, 76%); Data as above 
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Section 3.09 -- Pyrrolidines and tetrahydrofurans derivedfrom aromatic 

cyclopropanes 

N-(4-Metboxy-phenyI)-5-naptbalen-2-yl-pYlTolidine-2,3,3-tricarboxylic acid 2-

etbyl ester 3,3-dimetbyl ester (203) 

rA .!.co#e 
~~co#e 

N-;=< 2,#-OEt 
~O 

MeO 

General Procedure 

10:1 

rA .!.CO,Me 
~~co#e 

;=<N"""i);-OEt 
~O 

MeD 

N-( 4-Mefuoxy-phenyl) efuyl ester imine (0.210 g, 1.00 mmol), ZInC brollllde (0 460 

g 2 00 mmol) and Pdidbah (0.100 g, 0 100 mmol) were added 10 a stirred solution 

of2-naphfualen-2-yl-cydopropane-l,l-dicarboxylic acid dimefuyl ester (197) (0.280 

g, I 00 mmol) in 10Iuene (10 mL). This mix1ure was stirred for 14 days at 50 ·C, fue 

solvent was evaporated in vacuo and fue residue partitioned between EtOAc (30 mL) 

and distIlled water (30 mL). The organic layers were separated and washed W1fu aq 

HCI (IM 2 x 30 mL), NaHC03 (30 mL), and brine solution (2 x 30 mL). The 

organic layer was dried W1fu MgS04, filtered and concentrated m vacuo 10 give fue 

crude pyrrolidme product as a brown heavy oil. This was purified usmg colunm 

chromatography (SI02, EtOAc:P.E. 40-60; 1 :4, Rr - 0.20) to yield fue N-{4-mefuoxy

phenyl)-5-napfualen-2-yl-pyrrolidine-2,3,3 -tricarooxylic acid 2-efuyl ester 3,3-

dlmefuyl ester (203) (0250 g, 51 %) as a yellow oil; Vmax (film)/cm·1 2952w (CH 

str), 1738s (C=O), 1512s, 1434ID, 1245s, 1179ID, 1037m, 973w, 859w, 817m, 751w, 

()H (250 MHz, CDCh) 1.20 (311, t, J=7.5, 0-CH2-CHJ), 1.34 (311, t, J=7.5, 0-CH2-

CH'3), 2 65 (111, dd, J=1.5 and 13 1, C4-CH(H), 2.99 (111, dd, J=4.2 and 13.1, C4-

CHaD), 3 00 (111, dd, J=4 2 and 13.1, C4'-CHar», 3.33 (311, s, O-CHJ), 3 55 (111, 

dd, J=1.5 and 13.1, C4'-CH'(H), 3.62 (311, s, O-CHJ), 3.63 (311, s, O-CHJ), 3.72 

(311, s, 0-CH'3), 3.73 (311, s, 0-CH'3), 3.77 (311, s, 0-CH'3), 4.13-4.18 (211, ID, 0-

Clli-CH3), 4 29-4 32 (211, ID, 0-CH'rCH3), 4.80 (111, ID, C5-CH), 5.05 (111, s, C2-

CH), 5.24 (111, m, C5'-CH'), 5.58 (111, s, C2'-CH'), 6 52-6 69 (811, m, 8 x 4-PMB 

227 



CH and CH'), 7.25-7.88 (14H, ID, 14 xnapthyl CH and CH'); ~(101 MHz; CDCh) 

1418 (O-CH2-CH3), 14.28 (O-CHrCH'3), 4009 (C4-CH2), 42.27 (C4'-C'H2), 

5305 (C2-C;H), 53.35 (C2'-C'H), 53.64 (C5-CH), 55.55 (C5'-C'H), 6143 (0-

.c.HrCIiJ), 61.66 (0-C'HrCH3), 61.74 (0-CH3), 62.11 (C3-.c.), 62.41 (C3'-C'), 

63.57 (0-C'H3), 67.43 (0-CH3), 68 94 (0-C'H3), 114.50 (PMB Ar-C'H), 114 56 

(PMB Ar-C'H), 11463 (PMB Ar-CH), 115.47 (PMB Ar-CH), 12425 (naphthalene 

Ar-CH), 12434 (naphthalene Ar-C.'H), 124.48 (naphthalene Ar-C'H), 12509 

(naphthalene Ar-CH), 12565 (naphthalene Ar-C'H), 12571 (naphthalene Ar-C'H), 

12607 (naphthalene Ar-CH), 126.13 (naphthalene Ar-CH), 12767 (naphthalene Ar

C'H), 127.77 (naphthalene Ar-C'H), 127.83 (naphthalene Ar-C'H), 127.91 

(naphthalene Ar-CH), 128.51 (naphthalene Ar-CH), 12882 (naphthalene Ar-CH), 

132.70 (Ar-C'), 133.44 (Ar-C), 139.38 (Ar-g, 139.91 (Ar-C'), 140.42 (Ar-C'), 

152.28 (Ar-g, 152.36 (Ar-C), 168.08 (.c.'=O), 169.40 (.c.=O), 169.51 (.c.'=O), 

170.83 (C=O), 170.90 (C.'=O), 171.44 (.c.=0); mlz (El) 491 (M'", 25%), 418 (100), 

359 (7),326 (9),253 (6), 165 (19), 155 (12), 134 (13), 77 (6); Accurate mass for

CzsH~07- 491.1944, found-491.1941. 
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5-Napthalen-2-yl-dibydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3. 

dimethyl ester (204) 

~
P' I 4 COp,e 

::,... ::,... 
5 3 COp,. 

0-< 
2}-OEI 
o 

1:1.2 
I 4 CO,Me WVP' 

::,... ::,... 5 '3-/-cop,e 
0-' 

2}-OEI 
o 

Prepared following the general thennal procedure for compound (203), 5-napthalen-

2-yl-dIhydro-furan-2,3,3-tricarboxylic aCId 2-ethyl ester 3,3-dimethyl ester (204) 

(0210 g, 55%) was prepared as a brown oil using 2-naphthalen-2-yl-cyclopropane-

1,1-dicarboxylic acid dimethyl ester (197) (0280 g, 1 00 mrnol) and ethyl 

glyloxaIate (0100 g, 1.00 mrnol); vm.,,(film)!cm-I 2953m (CH str), 1750s (C=O), 

145610, 1435m, 1270s, 1233s, 111610, 109710, 1067m, 966w, 933w, 859m, 751m, 

IlH (250 MHz; CDCh) 1.20-1.34 (6H, m, 0-CH2-CH'3, O-CH:z-Clli), 2 55 (HI, dd, 

J=71 and 13.2, C4-CH(H), 2.95 (2H, m, C4'-CH'(H), CHar», 3.32 (1H, dd, 

J=7.7 and 13 2, C4- CH(H), 3 68 (3H, s, 0-CH'3), 3.71 (3H, s, O-Clli), 3.78 (3H, s, 

0-CH'3), 3 89 (3H, s, O-Clli), 4.22-429 (4H ID, 0-Cfu-CH3, 0-CH':z-CH3), 5.24 

(1H, m, C5'-CH'), 5.29 (1H, s, C3'-CH'), 5.46 (1H, s, C3-CH), 5.65 (1H, s, C5-

CH), 7.38-767 (14H, m, 14 x Ar CH' Ar CH); /le (101 MHz; CDCh) 14.10 (0-

CH:z-CH3), 14.12 (O-CH:z-C'IIJ), 41.95 (C4-CH2), 42.35 (C4'-C'H2), 53.11 (C2-

CH), 53.23 (C2'-C'H), 53.33 (C5'-C'H), 53.63 (C5-CH), 61.56 (0-C'H:z-CH3), 

61.60 (0-CH2-CH3), 6442 (C3'-C'), 64.81 (C3-C), 81.31 (0-CH3), 8145 (0-

C'H3), 81.74 (0-CH3), 81 89 (0-C'H3), 123.53 (Ar-C'H), 124.20 (Ar-C'H), 12450 

(Ar-C'H), 125.58 (Ar-CH), 126.01 (Ar-CH), 12605 (Ar-C'H), 126.14 (Ar-C'H), 

12624 (Ar-CH), 127.67 (Ar-C'H), 127.70 (Ar-C'H), 12801 (Ar-CH), 12804 (Ar

CH), 128.38 (Ar-CH), 13302 (Ar-C'), 133.15 (Ar-C'), 133.17 (Ar-g, 133.28 (Ar

C'), 137.11 (Ar-g, 138.10 (Ar-g, 168.03 «:;'=0), 168.48 «:;'=0), 169.52 (C'=O), 

16970 «:;"=0), 169.79 «:;,=0),169.82 «:;"=0); m/z (El) 386 (M\ 15%),312 (28), 

253 (44), 221 (28), 193 (19), 170 (100) 155 (66), 127 (15); Accurate mass for 

C21HnOs - 3861365, found - 386.1363. 
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N-(4-Methoxy-phenyl)-5-phenyl-pyrrolidine-2,3,3-trit:arboxylit: add 2-ethyl 

ester 3,3-dimethyl ester (205) 

A ~ .CO,Me 

~!fco,Me 
N • 1:1 ;=\ 2}-OEt 

~O 
MeO 

5 3 CO,Me 
N 2 ;=\ OEl )JO 

MeO 

Prepared following the general thennal procedure for compound (203), N-(4-

methoxy-phenyl)-phenyl-pyrrolidine-2,3,3-tricmboxylic acid 2-ethyl ester 3,3-

dimethyl ester (205) (0.190 g, 43%) was prepared as a yellow oIl using 2-phenyl

cyclopropane-I,I-dicmboxylic acid dimethyl ester (196) (0280 g, 1.00 mmol) and 

N-(4-methoxy-phenyl) ethyl ester imine (0.210 g, 1.00 mmol); vmax(film)/cm-1 

2952m (CH str), 1737s (C=O), 1512s, 1450m, 1353m, 1254s, 1178s, 1029s, 978w, 

817m, 761w, 702m; ~(250 MHz; CDCh) 1.10 (3H, t, J=7.1, O-CHrCH'3), 121 

(3H, t, J=7 I, O-CH:z-Clli), 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, C4-CH'(H), 2.63 (1H, dd, 

J=3.6 and 5 2, C4-CH(H), 3.36 (3H, s, Ar O-CH'3), 3.37 (3H, s, Ar O-Clli), 3.60 

(3H, s, O-CH'3), 367 (3H, s, O-CH'3), 3.68 (3H, s, O-Clli), 3.69 (3H, s, O-ClL), 

3.72-3.80 (2H, m, O-CH':z-CH3), 3.96-4 00 (2H, m, O-Cfu-CH3), 4.96 (1H, t, J=5 4, 

C5-CH'), 5.1 0 (1H, d, J=5.4, C5-CID, 5.38 (1H, s, C2-CID, 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-CID, 6 62 (2H, d, J=9 I, 

2 x Ar-CH'), 6.72 (2H, d, J=9.1, 2 x Ar-CID, 7 06-7.31 (IOH, m, 5 x Ar CH', 5 x Ar 

CID, Oc (101 MHz; CDCh) 14.11 (O-CH2-C'H3), 14.17 (O-CH:z-CH3), 4224 (C4'

C'H2), 44 13 (C4-CH2), 52.84 (C2'-C'H), 52.94 (C5'-C'H), 53.22 (C2-CH), 53.55 

(C5-CH), 61.21 (O-C'H2-CH3), 61.33 (O-CHrCH3), 61.60 (C3-g, 62 34 (C3'-C'), 

63.30 (O-C'H3), 67 27 (O-C'H3), 68 80 (O-C'H3), 11440 (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), 12687 (Ar

C'H), 128.45 (Ar-C'H), 128.91 (Ar-CH), 128.95 (Ar-.c.H), 139.30 (Ar-C'), 14070 

(Ar-C'), 142.18 (Ar-C'), 142.77 (Ar-Q .. 152.20 (Ar-Q .. 15228 (Ar-g, 167.97 

(C'=O), 168.04 (C.=O), 16938 (Q'=O), 169.61 (C=O), 17083 (C'=O), 
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17l.37(C.=O); mJz (El) 441 (M.., 20%), 368 (91),309 (10), 209 (25), 150 (48), 136 

(100), 105 (23), 77 (21), 55 (IS); Accurate m~s for - C2Ji27N07 - 441.1787, 

found-4411780 
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5-Phenyl-dihydro-furan-2,3,3-tricarboxylic acid 2-etbyl ester 3,3-dimetbyl ester 

(206) 

A J... ,C02Me 

~.!fcop.e 4 1 
o '. 

2 r OEI 

o o 

C02Me 

OEl 

Prepared following the general thermal procedure for compoWld (203), 5-phenyl

dlhydro-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-l,l-dicarboxyhc 

acid dimethyl ester (196) (0.240 g, 1.00 mmol) and ethyl glyloxalate (0.100 g, 1.00 

mmol); vm .. (film)! cm-l 2953m (CH str), 1739s (C=O), 1434s, 1271s, 1235s, 1116s, 

1069s, 1026m, 970w, 945w, 863w, 759m, 700s, 668w; ~ (250 MHz; CDCh) 1 13 

(3H, t, J=5 4, O-CH:z-Clli), 1.22 (3H, t, J=5.4, O-CH:z-CH' 3), 2.39 (1H, dd, J=7.2 

and 13 1, C4-CH'(H), 2.71 (1H, dd, J=72 and 13.l, C4-CH(H), 2 83 (111, dd, 

J=10 4 and 13.1, C4-CH(H), 3.l6 (1H, dd, J=10 4 and 13.1, C4-CH(H'», 3 62 (3H, 

s, O-CIb), 3 67 (3H, s, 0-CH'3), 3.68 (3H, s, 0-CH'3), 3.79 (3H, s, O-Clli), 4.09-

4.19 (4H, m, O-CHrCH3, 0-CH':z-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); oc (101 MHz; CDCh) 1405 (0-CHr:C'H3), 14.09 (0-

CH:z-CH3), 4l.98 (C4'-C'H2), 42 40 (C4'-C'H2), 53 07 (C2-CH), 53.19 (C2'-C'H), , 

53.30 (C5'-C'H), 53.60 (C5-CH), 61.51 (0-C'H:z-CH3), 62.13 (0-CH:z-CH3),64.38 

(C3'-C'), 64.75 (C3-Q, 81.18 (0-CH3), 81.32 (O-C'H3), 81.58 (0-C'H3), 8l.76 (0-

CHl ), 12648 (Ar-C'H), 126.72 (Ar-CH), 128.13 (Ar-C'H), 128.38 (Ar-CH), 12844 

(Ar-C'H), 12883 (Ar-CH), 12929 (Ar-CH), 139.69 (Ar-g, 140.60 (Ar-C'), 16802 

(C=O), 168.50 (C=O), 169.52 (C'=O), 169.69 ~'=O), 16978 ~=O), 17417 

(C'=O), m/z (El) 336 (M+, 5%), 277 (34), 231 (60), 171 (78), 121 (78), 105 (100), 

91 (41), 77 (34), 59 (20); Accurate mass for - C17H2007 - 336.1209, fOWld -

336.1202 
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5-Napthalen-l-yl-dihydro-furan-2,3,3-tric:arbosy6c: add 2-etbyl ester 3,3. 

dimetbyl ester (208) 

R 4 CO,Me 3'1 

~CO'Me o . 
2}-OEt 
o o 

Prepared following the general thennal procedure for compound (203), 5-napthalen

l-yl-dlhydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-dimethyl ester (208) 

(0240 g, 62%) was prepared as a brown oil using 2-naphthalen-l-yl-c:ycJopropane-

1,I-dlcarboxylic acid dimethyl ester (198) (0.280 g, 100 mmol) and ethyl 

glyloxalate (0.100 g, 1.00 mmol); vmax(filmycm-1 2952m (CH sir), 1734s (C=O), 

1435rn, 1264s, 1112m, 1071m, 1022m, 970w, 939w, 802m, 761m; ~ (250 MHz; 

CDCh) 1.13 (3H. t. J=7 2, O-CHrClli), 1.25 (3H, t. J=7.2, O-CHrCH' 3), 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-Clli), 3.66 (3H. S, 0-CH'3), 3 82 (3H. s, 0-

Clli), 4 02-4.12 (2H. rn, 0-Clli-CH3), 4.15-4.21 (2H. ID, 0-CH'rCH3), 5.28 (1H. s, 

C2-CH), 5.47 (1H. s, C2'-CH'), 5.72 (IH. t. J=70, C5-CH), 6.14 (1H. t. J=70, 

C5'-CH'), 7.04-7.77 (14H. ID, 14 x Ar-CH, Ar-CH'); lie (101 MHz; CDCh) 14.02 

(0-CHrCH3), 14.15 (0-CHr C'H3), 41.23 (C4'-C'H2), 41.46 (C4'-CH2), 53.01 

(C2'--!,;.H), 53.25 (C2'--!,;.'H), 53.28 (C5'-C.'H), 53.65 (C5-CH), 61.62 (O-CHr 

CH3), 62.14 (0-C'HrCH3), 64.31 (C3-g, 64.52 (C3'-C'), 78.16 (0-CH3), 7860 

(0-C'H3), 81.36 (0-CH3), 81.54 (0-C'H3), 125.37 (Ar-C'H), 12564 (Ar-CH), 

126.21 (Ar-C'H), 12624 (Ar-CH), 126.48 (Ar-CH), 126.74 (Ar-CH), 128.44 (Ar

C'H), 128.51 (Ar-CH), 128.83 (Ar-CH), 128.90 (Ar-C'H), 129.27 (Ar-CH), 12930 

(Ar-CH), 129.49 (Ar-C.H), 129 84 (Ar-C.H), (Ar-C'H), 13233 (Ar-C), 133 68 (Ar

C'), 135.43 (Ar-g, 136.40 (Ar-C'), 13652 (Ar-g, 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 

(El) 386 (W, 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 - C21H22N07 - 386.1365, found -

386.1373. 
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5-Anthracen-9-yl-dihydro-furan-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-

dimethyl ester (210) 

4:1 

Prepared folloWIng the general thennal procedure for compound (203), 5-anthracen-

9-yl-dthydro-furan-2,3,3-tricruboxylic acid 2-ethyl ester 3,3-dlmethyl ester (210) 

(0180 g, 42%) was prepared as a brown oil using 2-anthracen-9-yl-cyclopropane-

1,I-dicarboxylic acid dimethyl ester (199) (0.330 g, 1.00 mmol) and ethyl 

glyloxalate (0.100 g, 1 00 mmol); v ..... (film)fcm-1 2924w (CH str), 17395 (C=O), 

17005, 1444m, 1351m, 1264m, 1218m, 1160m, 1078m, 932w, 760m, 6995; ~(250 

MHz; CDCh) 1.13 (3H, t, J=6.7, 0-CH:z-CH'3), 1.20 (3H, t, J=6.7, 0-CH2-CHJ), 

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'», 

2 99 (1H, dd, J=2.7 and 5 2, C4-CH'(H), 3.05 (1H, dd, J=2.7 and 52, C4-CH(H), 

3.50 (3H, 5, 0-CH'3), 3.64 (3H, s, 0-CH'3), 3.67 (3H, 5, O-CHJ), 3.73 (3H, 5, 0-

CHJ), 4.07-4.10 (2H m, 0-CH'2-CH3), 4.13-4.19 (2H m, 0-Cfu-CH3), 4.55 (1H, 5, 

C5-CH'), 4.92 (1H, 5, C2-CH'), 5.07 (111, 5, C5-CID, 5.21 (1H, 5, C2-CID, 7.12-

746 (I8H, m, 9 x Ar CH', 9 x Ar CID; lie (IOl MHz; CDCh) 14.10 (0-CHz-CH3), 

14.18 (0-CH2-C'IIJ), 34.65 (C4-CH2), 34.83 (C4'--!:;.'H2), 51.45 (C2-CH), 5209 

(C2'-C'H), 52.48 (C5'-C'H), 53.03 (C5-CH), 53.27 (C3'-C'), 53.97 (C3-g, 61.03 

(O-CHz-CH3), 61.67 (O-C'Hz-CH3), 70.42 (O-C'IIJ), 7084 (O-C'H3), 72.76 (0-

CH3), 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), 12859 (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'), 135.71 (Ar-C), 138.27 (Ar-C'), 

13840 (Ar-g, 139.95 (Ar-g, 142.44 (Ar-g, 169.09 (Q'=O), 16809 (C'=O), 

173 42 «;"=0); mlz (El) 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 C2sH2407 - 436 1522, 

found-436.l531. 
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N,5-(4-Methoxy-phenyl)-pYlTolidine-2,3,3-tric:arboxylic: add 2-ethyl ester 3,3-

dimethyl ester (211) 

M.O~\1 4 \ COpe 

"- 5 3 COpe 
N " ;=\ 2rOEI 

~O 
MeO 

MeC 

5 3 CO Me 
N ' ;=\ 2 OEI 

~O 
MeC 

1.3:1 

Prepared followmg the general thennal 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-I,I-dlcarboxylic acid dimethyl ester (201) (0.260 g, LOO mmol) and 

N-(4-methoxy-phenyl) ethyl ester imine (0.210 g, 1.00 mmol); vmax(film)!cm-1 

2952m (CH str), 1737s (C=O), 161010, 1512s, 1437m, 1246s, 1175m, 1072m, 

1033m, 987w, 832m, 817m, 783W; ~ (250 MHz; CDCh) LII (3H, t, J=7.1, 0-

CHz-CH' 3), 1.26 (3H, t, J=7.1, O-CHz-Clli), 2.33 (IH, dd, J=2.5 and 6.1, C4-

CH(H), 2.50 (IH, dd, J=4.7 and 6.1, C4'-CH(H'», 2.81 (IH, dd, J=2.5 and 6.1, 

C4'-CH'(H), 3.14 (lH, dd, J=4.7 and 6.1, C4-CH(H), 3 41 (3H, s, O-Clli), 3.41 

(3H, s, O-CH' 3), 3 60 (3H, s, O-Clli), 3.66 (3H, s, O-CH' 3), 3 67 (3H, s, O-Clli), 

368 (3H, s, 0-CH'3), 3 68 (3H, s, 0-CH'3), 3 69 (3H, s, O-Clli), 3 87-422 (4H, m, 

0-CH'Z-CH3, 0-CHz-CH3), 4.51 (IH, ID, C5-CH), 4.88 (IH, s, C2-CID, 4 95 (IH, 

m, C5'-CH'), 540 (IH, s, C2'-CH'), 640 (2H, d, J=9.I, 2 x Ar-CH'), 649 (2H, d, 

J=9 1,2 x Ar-CH), 6 62 (2H, d, J=9.I, 2 x Ar-CH'), 6 64 (2H, d, J=9.I, 2 x Ar-CID, 

6.72 (2H, d, J=8.7, 2 x Ar-CH'), 6.77 (2H, d, J=8.7, 2 x Ar-CID, 6.99 (2H, d, J=8 7, 

2 x Ar-CH'), 7.30 (2H, d, J=8.7, 2 x Ar-CID; Oc (101 MHz; CDCh) 14.10 (O-CHz

CH3), 14.18 (0-CH2-C'H3), 40.32 (C4'-C'H2), 42.35 (C4-CH2), 52.95 (C2-CH), 

53.04 (C2'-C'H), 53.21 (C5'-c.'H), 53.52 (C5-c.H), 55.19 (O-C'IIJ), 5527 (0-

C'H3), 55 53 (0-CH3), 55 57 (0-C'H3), 61.22 (0-CH3), 61 31 (O-CH' Z-CH3), 61 58 

(C3-g, 6161 (2H m, 0-CHz-CH3), 62.29 (C3'-C'), 62.73 (O-Clli), 67.25 (0-

C'H3), 68.73 (3H, S, 0-CH3), 114.15 (Ar-CH), 11455 (Ar-C'H), 114.96 (Ar-CH), 

115.43 (Ar-C'H), 123 68 (Ar-CH), 12697 (Ar-C'H), 127.18 (Ar-CH), 12735 (Ar

C'H), 134.14 (Ar-C'), 134.78 (Ar-{;), 139.36 (Ar-C'), 140.75 (Ar-{;), 152.16 (Ar-
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C'), 152.23 (Ar-G, 158.43 (Ar-C'), 158.84 (Ar-O, 168.03 (Q'=O), 16809 (Q=O), 

169.51 (Q'=O), 169.64 (Q=O), 170.84 (Q'=O), 171.48 (Q=O); mlz (El) 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 C2SH~08 - 471.1843, found-

4711889 
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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) 

A J... ,CO,Me 

o,N~-1'CO,Me 3.1 O,N 
;=\ 2}-OEt 

~O 
MeO 

Prepared following the general thermal procedure for compound (203), N-(4-

methoxy-phenyl)-5-(3-nitro-phenyl)-pyrrolidine-2,3,3-tricarboxyhc acid 2-ethyl 

ester 3,3-dimethyl ester (213) (0 220 g, 45%) was prepared as a brown 011 usmg 2-

(3-nitro-phenyl)-cyclopropane-I,I-dicarboxylic acid dimethyl ester (202) (0.280 g, 

I 00 mmol) and N-(4-methoxy-phenyl) ethyl ester imme (0210 g, 1.00 mmol), 

vmax(fiIm)/cm·1 2953m (CH str) 1738s (C=O), 1529s, 1435m, 1348s, 1255s, 1179s, 

1072m, 1036m, 972w, 911w, 816m, 785rn; ~ (250 MHz; CDCh) 1.12 (3H, t, 

J=71,O-CH:z-CH'3), 1.29 (3H, t, J=7.1, O-CHrClli), 251 (Ill, dd, J=28 and 7.4, 

C4'-CH'(H), 2.80 (Ill, dd, J=5.5 and 7.4, C4-CH(H), 2.91 (Ill, dcl, J=2.8 and 7.4, 

C4-CH(H), 3.43 (Ill, dcl, J=5.5 and 7.4, C4'-CH(R'», 3.48 (3H, s, O-Clli), 3.60 

(3H, s, O-CH'3), 3.67 (3H, s, O-Clli), 3.68 (3H, S, O-CH'3), 3.70 (3H, s, O-CH'3), 

3.75 (3H, s, O-Clli), 3.98-4.06 (2H, m, O-CH'rCH3), 4.20-4.31 (2H, m, O-Cfu

CH3), 4.65 (Ill, m, C5-CH), 4.92 (Ill, S, C2-CH), 5.07 (Ill, m, C5'-CH'), 545 

(Ill, s, C2'-CH'), 6.39 (2H, cl, J=9.1, 2 x Ar-CH'), 6.44 (2H, cl, J=9.I, 2 x Ar-CH), 

663 (2H, d, J=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'); lie (101 MHz; CDCh) 14.11 (O-CH2-C'H3), 14.17 (O-CHr 

CH3), 39.88 (C4'-C'H2), 41.94 (C4-CH2), 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-CH3), 61.23 (O-C'H3), 6147 

(O-C'H2-CHJ), 61.54 (C3'-C'), 61.01(O-CH2-CHJ), 6236 (C3-C), 6248 (O-CHJ), 

67.47 (O-C'H3), 68.88 (O-CH3), 114.45 (Ar-C'H), 114.66 (Ar-C'H), 114.71 (Ar

C'H), 115.75 (Ar-C'H), 120.99 (Ar-CH), 121.47 (Ar-CH), 12228 (Ar-C'H), 

122.64 (Ar-CH), 129.58 (Ar-CH), 129.94 (Ar-CH), 13220 (Ar-CH), 13262 (Ar

CH), 138.52 (Ar-C), 139.83 (Ar-g, 144.79 (Ar.g, 145.52 (Ar-C'), 14865 (Ar

C'), 148.69 (Ar-C), 152.69 (Ar-g, 152.78 (Ar-C'), 167.63 (C'=O), 167.69 (C.=O), 
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169.31 ~'=O), 170.43 ~'=O), 171.33 ~=O); mlz (El) 486 (W, 18%),413 (100), 

383 (8), 354 (10), 255 (5), 150 (5), 134 (10), 84 (22), 59 (6); Accurate mass for 

C:WI26N209-4861638, found-4861632. 
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5-(3-Nitro-phenyl)-dihydro-ruran-2,3,3-tricarboxylic acid 2-ethyl ester 3,3-

dimethyl ester (214) 

~ 
,p 

I 4 CO,M. I 4 CO,M. 
::". ::". 

O,N 5 3 CO,M. 1.1:1 O,N 5 3 CO,M. 
o . 0 

2}-OEI 2 OEI 

o 0 

Prepared following 1he general1hennal procedure fur compound (203), 5-(3-Nltro

phenyl)-dIhydro-furan-2,3,3-tricaIboxylic acid 2-e1hyl ester 3,3-dime1hyl ester (214) 

(0.190 g, 49%) was prepared as a brown od using 2-(3 -mtro-phenyl)-cyclopropane-

1,I-dicaIboxylic acid dime1hyl ester (202) (0.280 g, 1 00 rnmol) and ethyl 

glyloxalate (0 100 g, 100 rnmol); vmax(fiIm)!cm-1 2955m (CH str), 1736s (C=O), 

1531s, 1436m, 1349s, 1270s, 1233s, 1067m, 1023m, 961w, 896w, 737m; ~ (250 

MHz; CDCb) 122-1.26 (6H, m, 0-CH2-CH'3, 0-CH2-Clli), 2.41 (IH, 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, 

J=5.8 and 13.0, C4'-CH(H'», 3.23 (IH, del, J=10.5 and 13.0, C4-CH(H», 3.65 (3H, 

s, 0-CH'3), 3 66 (3H, s, O-Clli), 3.70 (3H, s, O-Clli), 3.82 (3H, s, 0-CH'3), 4.14-

4.22 (4H, m, O-Cfu-CHJ, 0-CH'2-CHJ), 5.07 (1H, t, J=5.8, C5'-CH'), 516 (1H, s, 

C2'-CH'), 5.34 (1H, s, C2-CH), 5.51 (1H, t, J=5 8, C5-cH), 7.19 (1H, s, AI CH'), 

7.49 (2H, q, J=7.7, 2 x AI CH'), 7.80 (1H, eI, J=76, AI CH'), 7 82 (1H, d, J=7.6, AI 

CH), 8.10 (2H, q, J=7.7, 2 x AT CH), 8.30 (1H, S, Ar CH), .se (101 MHz; CDCh) 

1405 (0-CH2-C'H3), 14.10 (0-CHrCH3), 41.65 (C4'-C'H2), 42.02 (C4-CH2), 

53.31 (C2'-C'H), 53.40 (C2-CH), 53.67 (C5-cH), 53.82 (C5'-C'H), 61.77 (0-

CHrCH3), 61.90 (0-C'H2-CH3), 64.16 (C3-g, 64.76 (C3'-C'), 80.12 (0-CH3), 

8045 (0-C'H3), 81.27 (0-C'H3), 81.84 (0-CH3), 120.63 (AI-C'H), 121.49 (AI

C'H), 12284 (Ar-C'H), 12306 (AI-C'H), 128.82 (AI-CH), 129.53 (AI-C.H), 131.77 

(AI-CH), 132.52 (AI-CH), 13706 (AI-C'), 142.35 (AI..g, 143.10 (AI-C'), 148.31 

(AT-C), 167.50 (C.=O), 168.09 (!:;=O), 16922 (!:;'=O), 16926 (!:;=O), 16948 

(C'=O), 16968 (c.'=0); mlz (El) 381 (M.., 1%),322 (58),276 (68), 248 (100) 201 

(9), 195 (59), 150 (46), Il5 (67), 59 (73), Accurate mass fur C17Hl~09 -

381 1060, found - 381.I066. 
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,..-------- - - -----------------------

Section 3.10 - Py"olidines Formed as an Intermediate on Route to Natural 

Products 

2-Ethyl-2-pentyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (230) 

L :... ,CO,Me 

'""5( 3[--co,Me 8:1 
N-< 

H' 2~ 
Y¥ CO,Me 

5\ 3 CO,Me 
N-< 

H' n~ 

To a solution of N-benzyl-2-pentyl-5-vinyl-pyrrohdme-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 

flushed five times with hydrogen, was added the palladium on actlvated carbon 10 

mol% (0.1 00 g, 1.00 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 evaporated in vacuo to afford 2-ethyl-5-

pentyl-pyrrolidme-3,3-dicarboxylic acid dimethyl ester (230) (0.260 g, 97%); 

v..,..(film)/cm·1 2954s (CH str), 1734s (C=O), 1436m, 1269m, 1211m, 1095w, 

1051 w, 963W; fuI (250 MHz; CDCh) 0.77-0.84 (6H m, CH'3, CHJ), 0.88-0.94 (6H 

m, CH'3, CHJ), 1.13-124 (16H, m, 4 x CH':z, 4 x Clli), 1.41 (1H, m, br, N-H'), 

1.60-1.75 (4H, ID, CH'2, Clli), 1.91 (1H, dd, J=9.3 and 14.2, C4'-CH'(H), 2 35 

(IH, dd, J=83 and 14.1, C4-CH(H), 2.45 (1H, dd, J=9.3 and 14.2, C4-CH(H), 

2 71 (1H, dd, J=8.3 and 141, C4'-CH(If», 3.31 (IH, ID, br, N-H'), 3.68 (1H, m, 

C2'-CH'), 3.71 (3H, s, O-CHJ), 3.72 (3H, s, 0-CH'3), 3.75 (3H, s, 0-CH'3), 3.76 

(3H, s, O-CHJ), 3 81 (1H, m, C2'-CH), 3.91 (IH, m, C5-CH), 4 06 (1H, m, C5'-N

CH'); ~(101 MHz; CDCh) 10.74 (CIIJ), 11.09 (~'H3), 13.93 (~IIJ), 1407 (C'IIJ), 

2226 (C'H2), 22.34 ~'H2), 25.86 ~H2)' 26.17 ~H2), 26.65 ~'H2), 26 85 (C'H2), 

29 33 ~H2), 29 63 ~'H2), 31.19 ~H2), 31.48 ~H2)' 38 42 (C4-CH2), 38 98 (C4'

C'H2), 53.13 (C5-CB), 53.17 (C5'-C'B), 53.22 (C2'~'B), 53.27 (C2-CB), 54.47 

(C3'-C'), 54 70 (C3-C), 59.87 (0-C'H3), 62.09 (0-CH3), 63.06 (0-C'H3), 64.43 (0-

CH3), 168 76 ~'=O), 169.24 ~'=O), 169 89 ~=O), 170 26 ~=O), mlz (El) 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 ClsH27N04 - 285.1940, found - 285.1936. 
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N-(4-Metboxy-phenyI)-5-vinyl-pyIT06dine-2,3-dicarboxy6c acid 2-etbyl ester 3. 

methyl ester (231) 

\&.4 CO,Me 
5\ 3 

N ;=< 2)-OEt 

yo 
MeO 

\&.
4 

CO,Me 

10 1 5~ 3 
;=< 2g--0Et 

yo 
MeO 

To a solution of the N-(4-methoxy-phenyl)-5-vinyl-pyrrolidine-2,3,3-tricarboxylic 

aCId 2-ethyl ester 3,3-dtmethyl 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 lOO 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 10 170 °C with stIrring 

at for 6 hours at the end of this time the heat was removed and the reaction ID1xture 

was allowed 10 cool 10 RT. The mixture was purified using column chroma1ography 

(Si02, EtOAc·P E. 40-60; I :4, Rc - 0.40) 10 yield the N-(4-methoxy-phenyl)-5-vinyl

pyrrolidine-2,3-dicarooxylic acid 2-ethyl ester 3-methyl ester (231) (0.240 g, 73%) 

as a brown od; v....(film)/cm·1 2951m (CH str), 1736s (C=O), 1512s, 1437m, 

1355m, 1242s, 1179s, 1039s, 925w, 814m, 783w; ~(250 MHz; CDCh) 1.01-111 

(3H m, 0-CH2-Clli), 1.17-122 (3H m, 0-CHrCH'3), 175-1.79 (Ill, rn, C4-

CH(H), 2.19-2.26 (111, ID, C4-CH(H'», 2.36-2.44 (1H, m, C4-CH(H), 2.52-260 

(1H, m, C4-CH'(H), 3 06 (1H, rn, C3'-CH'), 3.22 (111, m, C3-CID, 364 (3H, s, 0-

CH'3), 3 65 (3H, s, O-Clli), 366 (3H, s, O-Clli), 367 (3H, s, 0-CH'3), 4.00-406 

(2H, m, 0-CH'2-CHJ), 4.07-4 09 (2H, m, 0-Cfu-CH3), 4.10 (1H, m, C5'-CH'), 4 32 

(IH, ID, C5-CID, 4.90 (1H, d, J=2.2, C2-CID, 4.92 (1H, d, J=22, C2'-CID, 498-

5.04 (2H, rn, CH=CH'2), 5.14-5.22 (2H, ID, CH=Cfu), 5 63 (1H, ID, CH'=CH2), 5.79 

(IH, m, CH=CH2), 6.67-634 (4H, m, Ar-CH" Ar-CH'), 667-6.74 (4H, m, 2 x Ar

CH, 2 x Ar-CH'); &: (101 MHz; CDCh) 14.09 (0-CH2-CH3), 1418 (0-CH2-C'H3), 

34.17 (C4'-C'H2), 35.31 (C4-CH2), 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 (0-C'H2-CH3), 

61 29 (0-CH3), 61.37 (0-C'H3), 61.43 (0-CH2-CH3), 63.97 (0-CH3), 64 25 (0-

C'H3), 113.93 (Ar-C'H), 114.52 (Ar-CH), 114.64 (Ar-C'H), 114.68 (Ar-CH), 

244 



115.58 ~'Hz=CH), 116.29 ~Hz=CH), 139.31 (CHz=CH), 139.56 (CHz=C'H), 

151.87 (Ar-g, 151.91 (Ar-C'), 151.97 (Ar-C'), 152.11 (Ar-g, 172 60 ~=O), 

172 64 ~=O), 172.67 ~'=O), 173.12 ~'=O); mlz (El) 333 (M'", 15%),318 (10), 

274 (26), 260 (100),200 (14), 174 (6),134 (13),108 (6), 77 (7), Accurate mass for 

C18H23N04 - 333.1576, found- 333.1571. 
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N-BenzyI-Z-pentyl-5-vinyl-pyITOJidine-3-carboxyJic: acid methyl ester (23Z) 

8:1 

To a solution of the N-benzyl-2-pentyl-5-vinyl-pyrrolidine-3,3-dicmboxyJic acid 

dImethyl ester (109) (0 370 g, 1.00 mmol) and TIIF (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 QC 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 (SI02, EtOAc.P.E. 

40-60; 1'4, Rf - 0.40) to yield the N-benzyl-2-pentyl-5-vinyl-pyrrohdme-3-

carboxylic acid methyl ester (23Z) (0.240 g, 76%) as a brown oil; vmax(film)!cm·1 

2927s, 2857s (CH str), 1731s (C=O), 145510, 137710, 126610, 1167m, 1073w, 916w, 

728w, 699w, ~ (2S0 MHz; CDCh) 0.78-0.88 (6H, m, aliphatic CH'3, CHJ), 1.18-

1.23 (16H, m, aliphatic CH' 2, Cfu), 1.60 (2H, s, benzyl CH' 2), 2.02 (2H, s, benzyl 

Cfu), 2.17 (1H, m, C4-CH(H), 2.31 (1H, s, C3-CH), 2.46 (lH, s, C3'-CH'), 248 

(1H, m, C4'-CH(H'», 2 65 (1H, m, C4'-CH'(H), 2.99 (1H, ID, C4-CH(ID), 3.41 

(1H, m, C2-CH), 3.61 (3H, s, O-C.HJ), 3.63 (3H, s, O-CH'3), 3.71-3.91 (2H, m, 

C5'-CH', CS-CH), 4.14 (1H, m, C2'-CH'), 4.97-5.00 (4H, m, CH=CH'2, CH=C

fu),5 53-S.81 (2H, m, CH'=CH2, CH=CH2), 7.15-7.25 (10H, ID, 5 x Ar-CH, 5 x Ar

CH'); Oe (101 MHz; CDCh) 13.92 (QH3), 14.08 (C'H3), 22.69 (Q'H2), 2300 

(C'H2), 2963 (CH2), 29.71 (C'H2), 31.88 (CH2), 31.91 (QH2), 3209 (C'H2), 32 28 

(CH2)' 32 99 (C4-CH2), 33.38 (C4'-C'H2), 37.63 (CS'-C'H), 48 42 (C5-CH), 48.48 

(C2'-C'H), 4881 (C3'-C'H), 52.00 (C3-CH), 62.44 (benzyl C'H2), 6205 (benzyl 

CH2), 66.40 (O-CH3), 68.15 (O-C'H3), 114.54 (QHz=CH), 116.85 (Q'Hz=CH), 

128.48 (Ar-C'H), 12880 (Ar-C'H), 130.90 (Ar-C'H), 13623 (CH:z=C'H), 137.00 

(CHz=CH), 146.23 (Ar-C'), 167.79 (Q'=O); mlz (El) 314 (M'" -H, 10%), 300 (15), 
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260 (13), 232 (32), 218 (30), 205 (23), 190 (37), 163 (100), 149 (32), 91 (69), 73 

(69),55 (50); Accumte mass forC:zoH~02-314.21200, found- 314 21123 
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2-Pentane-3,3-dimetbyl-8-metbyl-4,6,7-trihydro-1H-pyrrolizine-3,3-

tricarboxylate (237) 

6 5 4 

'~ 
Prepared following the general RCM procedure for compound (165), 2-pentane-3,3-

dlmethyl-8-rnethyl-4,6,7-trihydro-lH-pyrrolizine-3,3-tricarooxylate (237) (0.080 g, 

24%) was prepared as a brown oil using To a solution of de-gassed DCM (100 mL), 

N-(1-methyl-a1lyl)-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), vmax(film)!cm·1 29245 (CH str), 17535 (C=O), 1598w, 1434m, 1386m, 

12635, 1177rn, I 073 ID, 969m; ~ (250 MHz; CDCh) 0.80 (3H, t, J=69, N-CH

CHJ), 1.18-1 28 (15H, m, 6 x Cfu and CHJ), 2.38 (IH, ID, C4-CH(H), 2.79 (IH, m, 

C4-CH(H), 3 66 (3H, s, O-CHJ), 3.67 (3H, 5, O-CHJ), 4.20 (1H, m, C8-CID, 4 36 

(IH, m, C5-CID, 4.65 (IH, m, C2-CID, 5.67 (IH, ID, CH=CH), 5.77 (1H, ID, 

CH=CID, ~ (101 MHz; CDCh) 14.05 (£H3), 14.07 (N-CH-CH3), 21.61 (£H2), 

26.77 (£H2), 29.16 (£H2), 29.25 (£H2), 2931 (£H2), 29.48 (£H2), 31 55 (C3-h), 

4029 (C4-CH2), 5228 (C5-N-CH), 52.67 (C2-N-CH), 53.15 (C8-N-C.H), 8285 

(0-CH3), 82.96 (0-CH3), 132.80 (CH=CH), 13387 (£H=CH), 169.95 (£=0), 

17035 (£=0), mlz (El) 337 (W, 25%), 311 (49),285 (58),239 (60), 201 (51),145 

(55), 113 (56), 91 (100), 69 (58), 57 (83); Accurate mass for C I gli31N04 -

3372253, found - 337 2248. 
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Section 3.11- Other Pyrrolidine Products 

N-(foluene-4-sulfonyl)-2-phenyl-5-vinyl-pYlTolidine-3,3-dicarboxylic acid 

dimethyl ester (113) 

101 

Prepared following the general thermal procedure for compOlmd (81), N-{Toluene-4-

sulfonyl)-2-phenyl-5-vinyl-pyrrolidine-3,3-<1icarlJoxylic acid chmethyl ester (113) 

(0280 g, 64%) was prepared as a yellow oil using N-(toluene-4-sulfonyl)-phenyl 

imine (0260 g, 1.00 mmol) for 96 hours; Vm..{fiIm)!cm-\ 3356m, 3259m (CH str), 

1735m (C=O), 1434w, 1304s, 1160s, 1095m, 1018w, 997w, 903w, 817m, 694; OH 

(250 MHz; CDCh) 2.27 (3H, s, Ar-Cfu), 2.38 (1H, dd, J=6.0 and 13.7, C4-CH(H), 

2 66 (1H, dd, J=11.7 and 13.7, C4-CH(H), 3.15 (3H, s, O-Cfu), 3.56 (3H, s, 0-

Cfu), 390 (1H, m, C5-CH), 5.10-5.25 (2H, rn, CH=Clli), 5.71 (1H, s, C2-CH), 

584 (1H, rn, CH=CH2), 4.91 (1H, s, C2-CH), 5.35 (2H, rn, CH=Clli), 5.74 (1H, rn, 

CH'=CH2), 5.82 (1H, m, CH'=CH2), 7.03-7 67 (18H, rn, 9 x Ar-CH); oc(101 MHz; 

CDCh) 14.91 (Ar-CH3), 21.56 (Ar-C'H3), 37.42 (C4-CH2), 37.80 (C4-C'H2), 52.70 

(C2-C'H), 52.82 (C2-CH), 53.61 (CS-CH), 53.85 (C5-C'H), 61.53 (C3-C'), 62.05 

(C3-g, 6380 (0-CH3), 64.38 (0-C'H3), 67.61 (0-CH3), 67.78 (0-C'H3), 11755 

(CHrCH), 118.49 (C'HrCH), 126.45 (Ar-C'H), 127.44 (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), 12909 

(Ar-CH), 129.24 (Ar-C'H), 129.75 (Ar-CH), 135.46 (Ar-C'), 136.70 (CHrC'H), 

137.41 (CHrCH), 137.47 (Ar-Q, 13825 (Ar-C'), 13840 (Ar-Q, 143.35 (Ar-g, 

143.73 (Ar-C'), 166.79 (C'=O), 166.85 «;=0), 170.02 «;'=0),17056 «:;=0); mlz 

(El) 443 (M'", 0.5%), 288 (92),228 (9), 185 (50), 171 (26), 153 (33), 121 (14),91 

(100),65 (26), Accurate mass for CnH25N06S - 443.1402, found- 443.1411. 
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N-(foluene-4-sulfonyl)-2-pentyI-5-vinyI-pyrrolidine-3,3-diOlrboxylic acid 

dimethyl ester (115) 

8:1 

Prepared following the general thermal procedure for compound (81), N-(toluene-4-

5ulfonyl)-2-pentyl-5-vinyl pyrrolidine-3,3-<1icarboxylic acid dimethyl ester (115) 

(0 330 g, 75%) was prepared as a yellow 011 using N-(toluene-4-sulfonyl)-pentyl 

hnme (0250 g, 1.00 mmol) for 96 hours; vm..(film)/cm-1 2933s (CH str), 17375 

(C=O), 1597w, 14345, 13415, 1264s, 1163s, 1091m, 924w, 815m, 666m; liH (250 

MHz; CDCh) 0.76-1.49 (22H m, 11 x alkane CH', 11 x alkane CH), 2.24 (Ill, dd, 

J=4 8 and 13 6, C4-CH(H), 2.30 (3H, s, Ar-Clb), 2.33 (3H, s, Ar-CH' 3), 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, dd, J=7.1 and 13.6, C4-CH(ID), 3.61 (3H, s, O-CH'3), 3.65 (3H, s, O-CH'3), 

367 (3H, s, O-Clb), 3.68 (3H, 5, O-Clb), 3.81 (IH, m, C2-CH'), 4.81 (1H, ID, C2-

CH), 4.90 (1H, m, C5-CH), 4.97 (1H, ID, C5-CH'), 5.04-507 (2H, m, CH=CH'2), 

521-524 (2H, m, CH=Clli), 5.67 (1H, ID, CH'=CH2), 5.88 (1H, m, CH=CH2), 721 

(2H, d, J=5 8, 2 x Ar-CH'), 7.46 (2H, d, J=5.8, 2 x Ar-CH), 7 62 (2H, d, J=5 8, 2 x 

Ar-CH'), 7.74 (2H, d, J=5.8, 2 x Ar-CH); lie (101 MHz; CDCh) 13.79 (alkane 

CH3), 13 98 (C'H3), 21.63 (Ar-C'H3), 21.76 (Ar-CH3), 22.25 ~'H2), 22.43 ~H2}, 

2512 (C'H2), 25 63 ~H2}, 29 25 ~'H2}, 31.13 ~H2), 31.73 ~'H2}, 32.83 ~H2}, 

38.37 (C4-CH2), 39.36 (C4'-C'H2), 52.57 (C2-CH), 52.78 (C5-CH), 52.93 (C2'

CH), 53 21 (C5'-C'H), 60.41 (O-CH3), 60.49 (O-C'H3), 62.34 (C3-g, 62.71 (C3'

C), 6467 (O-C'HJ), 64 85 (O-.c.HJ), 115 69 (CH:z=CH), 116.32 (C'H:z=CH), 12705 

(Ar-CH), 127.16 (Ar-CH), 127.49 (Ar-C'H), 12757 (Ar-CH), 12785 (Ar-C'H), 

12829 (Ar-CH), 128.95 (Ar-CH), 12915 (Ar-CH), (Ar-CH), 13584 (Ar-g, 

13589 (Ar-C'), 138 .. 92 (CH:z=C'H), 13981 (CH:z=.c.H), 141.92 (Ar-C), 142.31 (Ar

C'), 16940 ~'=O), 169.58 ~=O}, 17007 ~=O), 171.55 (C'=O); mlz (El) 438 
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(W, ll%), 366 (13), 254 (57), 185 (20), 155 (55), 121 (19),91 (100),69 (51), 55 

(77), Accurate mass for - C2:zH3IN06S - 438.2150, fOWld - 438.2147. 
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N-(4-Metboxy-pbenyI)-5-etbyJ..pyrrolidine-2,3,3-tricarboxylic acid Z-etbyl ester 

3,3-dimetbyl ester (133) n 

L )'.Jco2Me 

sr...yco2Me 
N • ;=\ 2}-OEt 

)J0 
MeO 

To a solutIon of the N-(4-Methoxy-phenyl)-5-vinyl-pyrrohdme-2,3,3-tricarboxylic 

aCid 2-ethyl ester 3,3-dimethyl ester (122) (0.390 g, 1.00 mmol) ID 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 ovemight under positive 

pressure of hydrogen with stirring to remove benzyl group and vmyl 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-pyrrohdine-2,3,3-tncarboxylic 

acid 2-ethyl ester 3,3-dtmethyl ester (133) as a colourless oil (0.390 g, 98%); 

v....x(film)/cm-l 29575, 2836m (CH str), 1735s (C=O), 1513s, 1436s, 1247s, 1I26s, 

1074s, 10365, 972m, 915m, 819s, 784m, 733m; ~ (250 MIJz; CDCh) 0 84 (2H, t, 

J=7.2, alkane CHrCH3), 1.00 (3H, t, J=7.2, O-CH:z-CH'3), 1.10 (3H, t, J=7.2, alkane 

CH:z-CHJ), 2.47 (IH, dd, J=1.6 and 152, C4-CH(H), 2.95 (IH, dd, J=7.5 and 15 2, 

C4-CH(H), 3.40 (IH, t, J=7.2, C5-CID, 3.64 (3H, 5, O-CHJ), 3 65 (3H, s, O-CHJ), 

3.72 (3H, s, O-CHJ), 3.84-3.93 (2H, m, O-Cfu-CH3), 5.17 (1H, s, C2-CID, 6.56 

(2H, d, J= 6 8, 2 x Ar CID, 6 72 (2H, d, J= 6.8, 2 x Ar CID; Se (101 MIJz; CDCI3) 

1088 (CHz-CH3), 1455 (O-CH:z-CH3), 26.34 ~H:z-CH3), 35.42 (C4-CH2), 52.97 

(C2-CH), 53.74 (C5--!;.H), 55.96 (O-CH3), 59.70 (O-CH:z-CH3), 61.35 (C3-C), 

6825 (O-CH3), 115 01 (Ar-CH), 116.76 (Ar-CH), 139.65 (Ar-CH), 152.91 (Ar-CH), 

16882 (C=O), 170.56 ~=O), 170.96 ~=O); mlz (El) 393 (M', 13%),364 (12), 

320 (100), 232 (11),200 (7), 134 (10), 113 (2), 77 (3), 59 (3); Accurate mass for

C:1OIbN07-393.1787, found-393 1787. 
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5-Ethyl-pyrrolidine-Z,3,J-tricarboxylie acid Z-etbyl ester 3,J-dimetbyl ester 

(134)811 

L ~/co.Me 
?{.!rco,Me 

N 2' 
H' )r-OEt 

o 

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) (0390 g 1.00 mmol) in acetomtrile (15 

mL) at 0 QC, in a 50 mL round bottomed flask equipped with a magnetIc stirrer bar, 

was added a solutIon of cerium ammonium nitrate (1.1 00 g, 2.00 mmol) in water (3 

mL) drop-wise over 5 minutes. This solution was allowed to stir for 20 nunutes 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 (SIO:z, 

EtOAc·P.E. 40-60; 1:2), to afford the 5-Ethyl-pyrrolidine-2,3,3-tricarooxylic acid 2-

ethyl ester 3,3-dimethyl ester (134) as a colourless oil (0.120 g, 42%); 

v",..(filmycm·1 2957m, 2880w (CH str), 1744s (C=O), 1434s, 1278s, 1239s, 1214s, 

1133m, 1023m, 969w; ~ (250 MHz; CDCh) 0.99-1.03 (3ll, m, CH-CH2-Clli), 

120 (3ll, t, J=7.1, O-CHz-Clli), 1.26 (Ill, ID, C4-CH(H), I 64 (Ill, m, CH-CH(H)

ClIJ), 2.20 (Ill, m, C4-CH(H), 3.03 (Ill, m, CH-CH(H)-ClIJ), 3.65 (3ll, s, 0-

Clli), 3 75 (3ll, s, O-Clli), 403-414 (2ll, ID, 0-Clli-CH3), 4 64 (Ill, m, C5-CH), 

536 (Ill, s, C2-CH); Bc (101 MHz; CDCh) 11.17 (CH-CHrCH3), 14.56 (O-CHr 

~lIJ), 27.71 (CH-CHz-ClIJ), 36.95 (C4-1::.H2), 53.85 (C5--CH), 54.12 (C2-~H), 

59.28 (C3-g, 62.50 (0-CH2-CH3), 62.85 (0-CH3), 64.67 (0-CH3), 165.97 (C=O), 

16576 (C=O), 16933 (C=O); mlz (El) 286 (M'" -ll, 60%), 243 (47),212 (55), 180 

(25),155 (44), 145 (39), 123 (31),113 (100),94 (18), 59 (41); Accurate mass for 

C13H21N06 - 286.1290, found - 286.1286 
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D-Glyceraldehyde acetonide (249)88 

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 

sodIUm periodate (10 mL) drop-wise with stimng, forming a flaky suspension. 

1,2 5,6-Dl-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-mannltol 

(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 vacua affords the D

glyceraldehyde acetonide as a colourless oil (1.260 g, 97%), vm..(film)!cm-I 2987s, 

2895m (CH str), 1735m (C=O), 1257s, 1213s, 1153s, 1072s, 920w, 848s, 794w; OH 

(250 MHz; CDCh) 1.38 (3H, s, CIb), 1.44 (3H, s, CIb), 407-4.13 (2H, m, C4-

Clli), 4.35 (Ill, m, C3-CID. 9.67 (Ill, s, CHO); Oe (101 MHz; CDCh) 25.43 

(CH3), 26.54 <C.H3), 53.78 (CI-g, 65.84 (C4-CH2), 80.15 (C3-CH), 20209 

(HC=O); mlz (El) l3l (M' +H, 24%),115 (13), 101 (53),89 (10), 59, (42) 43 (100), 

Accurate mass for Co;HIO03 - 131.0710, found - 131.0710; [a]20D = +65.120 lit = 

+64900 
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Section 3.12 - Other Reactions Performed 

Palladium Tetrakistriphenylphosphine (2SOr 

Cl, ,Cl + Ph'p .... Ph 
Pd I ~ 

Ph 

Ph3P, ... PPh3 
... Pet 

Ph3P PPh3 

A mixture of palladtum 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 IS minutes, hydrazine hydrate (2 mL) was rapidly added over I 

mmute. A vigorous reaction took place with the evolution of nitrogen. The dark 

solution was immediately cooled in a water bath until c'YstaIlization occurred (at 

-125°C), at this pamt ice bath was removed and the mixture was allowed to cool 

with out external 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(PPh3)4 (250) (10 420 g, 97% yield) as a bright yellow 

c'Ystallme material. 

Gabriel Synthesis (251 and 252t4 

o 

~Br + C<N-K 
o 

To potassium phthalimide (5650 g, 35.00 mmol) and 4-bromobut-I-ene (3780 g, 

35.000 mmol) or 5-bromopent-I-ene (5.210 g, 35 00 mmol) in dimethyl formamide 

(20 mL) in a stirred 100 mL round bottomed flask with nitrogen gas inlet, potassium 

Iodine (0.400 g) was added. The mixture was heated to 120°C With Stlrring for 30 

minutes and at 160°C for a further 30 minutes. The hot suspension was poured onto 

Ice (22 g) to form a creamy white solid and extracted with chloroform (4 x 10 mL) 

The combined extracts were shaken successively with I mol dm-3 potassium 
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hydroxide, water and hydrochloric acid (0.500 mol dro-3) 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 I hour and after cooling in an ice bath, treated slowly with 10 

mol dm-3 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 remammg 

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 011 (1660 g, 67%), or the l-aminopentane (252) 

(1.250 g, 42%) as a light yellow oil Crude NMR showed the desired products before 

they were used to prepare the imines. 

Mitsunobu coupling (253)90 

~OH + ~N-K + JN~& 
o 

To a solution ofpent-4-en-2-o1 (0.850 g, 10.00 mmol), triphenyl phosphine (2 650 g, 

10100 mmol), and phthalimide (1.870 g, 10100 mmol) in dry THF (100 mL) at 0 

·C under nitrogen was added DEAD (1.420 g, 10.00 mmol) drop-wise over 20 mm. 

After stirring for 24 hours saturated sodium chloride solution was added (50 mL) 

and the mixture was washed with ether (3 x 50 mL) The combined ether extracts 

were dried over MgS04 and the solvent removed in vacuo. The resultmg solId was 

punfied by colunm chromatography (SiCh, ether:PE. 40-60, I 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 HCI.90 
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Imines86 

4 A mol sIeves, 
X .... NH2 + O~ Y dlethyl 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 chy 

molecular sieves (S.OO 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 ID vacuo to 

afford the desired imine. 

Tosyl Azide (254)86 

+ Na-N3 

To a solution of tosyl chloride (7.00 g, 36.700 mmol) in 60 mL of acetone and 

dIstilled water (40 mL) in a 2S0 mL round bottom flask was added sodium azide 

(S.OO 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 organIc layer which was filtered and the filtrate concentrate in vacuo to afford 

the tosyl azide (254) (S.200 g, 77%) as an amorphous white solid. Crude NMR 

showed the desired product before it was used to prepare the dIazomalonate. 

Diazomalonate (255)74 

o 0 

( 
+ '--./N,-/","" 

o 0 MeoJl Jl oMe +~_-y.-
MeO OMe ~_ 

N 

2S7 



To a solutton of dime1hyl malonate (7.200 g, 45 00 mmol) and trie1hylanune (4 650 

g, 4600 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 Wl1h 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 wi1h sodium sulphate, and extracted With 

ether (100 mL). Acidification of the combined e1hereal 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 Aldehvdes 

It was observed on several occasions that lhere 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 lhe 

tetrahydrofuran product (Scheme 94). It was therefore necessary when lhis occurred 

to synlhesise the cyclic product, again using the corresponding aldehyde to 

determine if it was the hydrolysis product being formed or a secondary reaction 

(Table 62). 

Over lhe course of the project several tetrahydrofurans were synlheslzed and 

all of these have confirmed lhe presence of the hydrolysis product in the reaction 

mncture. The hydrolysis product seen in lhe reaction mixture was lhought to be 

caused by imines breaking down in lhe presence of small quantities of water to the 

reaction mixture. This caused lhe hydrolysis of the imine to lhe amine and aldehyde 

The aldehyde then reacted W1lh the vinyl cyclopropane to form the THF product 

Overall the tetrahydrofuran products have been prepared in good yield and in 

fast reaction times. All lhe tetrahydrofurans were synthesized in yields which were 

comparable to lhe corresponding benzyl irnines. The results shown lhat lhe simple 

phenyl and alkane chains react lhe best 

The only substrate which had different reaction conditions was elhyl 

glyloxalate (entry 3, Table 62) lhis had proven to be a highly reactive substrate and 

TLC of lhe reaction mixture showed lhat it had reached completion after only 16 

hours, and required no Lewis acid. 

264 



~COjl.e 
- V'CO,Me + 

O",.R THF, ZnBr, ~CO'Me 
'V'.. -_. 17 COjl.e 

Pd{PPh,), 0 
R 

Scheme 94 - Tetrahydrofuran fonnatlOn 

R Solvent Temple) TIme (h) Yield ("AI) Cis:Trans 

1 

'0 
THF 35 48 72 (239) 

2 

'0 
THF 35 48 0(240) 

",N 

3 0 THF 35 48 96 (241) 

)lOE! 

4 '(>< THF 35 48 0(242) 

0 

5 ~ THF 35 48 72 (243) 

6 ........". THF 35 48 0(244) 

7 "co THF 35 48 54 (245) 

8 

~o 
THF 35 48 30 (246) 

9 'cs THF 35 48 49 (247) 

1 mrnol scale and had 2 eq ofZnBr2 and 10 mol% Pd(pPh3)4 

Table 62 - Aldehyde cycilsatJon 
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Appendices 2 -

X-ray Crystal Data (or N-(4-methoxy-phenyl)-S-vinyl-py"olidine-
2.3.3-tricarboxvlic acid 2-ethvl ester 3.3-dimethvl ester 
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F. Ho:UliIanu-La Jlocbe AG 

cryStaL aata anct structure re:finement £or xl.2 69, 
PJ:Qbe. 1!ID'l'.20. Dr.A.'lb.omas 

Author lInd:re Aliter 
Phanna Research Basel 651310 
Pnone: 80935 
E:ma:1.l.. a:n.arEL.,Jlk .. a1k.er8roche .. cam. 

Data deposition Roche iutranet structure No. 1269 
liIiW address http://xt>awOl.bas. roche. COlD: 8080 lappsl axrayl sxray. html 
Date of data depositiou 20.10.2003 

Empirical fo%1lllll.a C20 H2S N 07 

Formula weight 391.41 

Temperature 293(2) It 

Wavel.ength 0.71073 A 

Orthoz::hOlllbic. Pna2 (l.) 

unit cell dimensious 

VO.Lume 

Z, calcu1ated density 

a = 40.279 (8) A 
b '" 8.0051(16) A 
c ~ 6.2460(12) A 

AJ)SOrptl.OD COe:fficlent 0.098 mmA-l 

FlOOD) 832 

alDha = 90 deg. 
beta = 90 <leg. 

gaDIIIIa = 90 deg. 

t.:rysta~ B1ze D.3 x 0 .. 1 x 0 .. 03 1lUll 

Theta range for data collection 2. S9 to 24.02 deg. 

Limiting indices -46<=h<=46. -9<=k<=9, -6<=1<=6 

Re~lectlons collected I uui~e 16200 I 3023 [R(iut) = 0.0866] 

comp.l.el:enass to theta - 24.02 95.9 % 

Re:fiuement method Full-matrix J.east-.&quares <>n FAl 

Data I restraints I parameters 3023 I 1 I 2S7 

GOOdness-ot-fit OIl FA2 0.856 

Final R indices (X>2sigma (X)) Rl = 0.0396, wRZ = 0.0746 

R indices (all data) ~ = 0.0702, WR2 0.0811 

Absolute structure parameter -1..2{U) 

Largest diU. peak and hole 0.153 and -0.137 e.AA -3 
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'ral>~e ;;to Al:omLc coomiIlates ( x 10~41 and eq,dvaJ.e:d: isotropic 
displacement parameters IAA:! x 10A3) for X1269. 
l1(eq) is defined as one tbil:d of the txace of the orthogaaal.ized 
U1J t:.ea.sor. 

x y Oleq) 

0(1) 937"1(1) 56J.0 13) 5034(4) 67 (1) 
0(2) 9683(11 49:a3 (3) 7857(4) 67 (1) 
0(3) 9525(1) 745(3) 7895(4) 7g(1) 
0(4) 9428(1) 15:15(3) 4554(4.) 61(1) 
0(5) 8559(1) 115:l(3) 7601(5) 92(1) 
0(6) 8670(1) 11{):l (3) 4146(5) 83(1) 
0(71 7454(1) 7150(3) 5S57(5) a3(1) 
N(8) 8705(1) 4U5(3) 7451(5) 47 (1) 
C(9) 8837(1) 4624.(4) 9659(5) 5011) 
C(10) 9116(1) 33:a3(4) 9606(6) 51(1) 
Clll) 9213(1) 3248(4) 7:l37(5) 42(1) 
C(U) 887:!(1} 3399(4} 6UO(5) U{l) 
C(13) 896:!ll) 6290(5) 10323(6) 65(1) 
C(14) 8985(1) 7621(5) 9203 (7) 74(1) 
C(lS) 8386(1) 5173(4) 6971 IS) 45(1) 
C(16) 8:l04(1) 6127(4) 8413(6) 55(1) 
C(17) 7896(1) 5749(4} 7878(6} 6:l (1) 
C(18} 7755(1) 64Q(4} 5904(7) 59(1) 
C (19) 7929(1) 5467 (4) 4475 (6) 57 (1) 
C (:l0) 8:z40(1) 4843(4} 5014(5) 50(1) 
C(21) 7309(1) 6950 (6) 3516(7) 9011) 
CI:l:l) 8689(11 1'755 (4) 6064 (6) 50 (1) 
C(23) 8475(1) -411(5) 3853(8) 102(2) 
C(24) 8170(1) -42(6) :l8G(11) 137(2) 
C(25) 9404(1) 1698(4) 6652(6) 46(1) 
C(26) 9588(1) 45(4) 37U(7) 76(1) 
C(27) 9G4(1) 4734 (4) 6558(5) 48(1) 
C(28) 9892(1) 6371(4) 7506(8) 85(1) 
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'!abl.e 3. Boud l.eugths m &Dd angles [<leg) for 21269. 

Olll-CrZll 
0(:2)-C(27) 
0(:2}-C(:28) 
O(3)-C(25) 
0(4)-C(25) 
0(4)-C(:26) 
0(5)-C(:22) 
O(61-t:(:221 
0{6}-CI:23) 
0(7)-C(18) 
Ol7)-C(:21) 
1!t(8)-C{lS) 
lIT(8)-CI12) 
1I(8)-C(9) 
C(9)-C(13) 
C(9)-C(10) 
C{lU)-C{l1) 
c (l.l.) -c (25) 
C(ll)-C(27) 
C(UJ-C{12) 
C(12)-C(22) 
C(13)-C(14) 
C(:I.5)-o(20) 

C(15)-CU6) 
C{16)-C(17) 
C(17)-C(18) 
C(18)-C(19) 
C(19J-C{20) 
C(D)-C(24) 

C(:27)-O(2)-C{2B) 
C(25)-O(4)-C(26) 
C(221-0(61-C(231 
C(18)-o(71-C(:21) 
C(l.5)-N(B)-C(1:2) 
C(15)-'B(8)-C(9) 
C(U)-N(B) -C(9) 
Jlf(8)-C(9)-C(13) 
N(8)-C{9)-C(10) 
C(13)-C(9)-C(10) 
C(11)-C(10)-C(9) 
C(25)-C(11)-C(21) 
C(25)-C(11)-C(lO) 
C(27)-C(11)-C(10) 
C(2S)-C(11)-C(1:2) 
C(27)-C(11)-C(12) 
C(lU)-C(l1)-C(12) 
1I(81-C(12I-C(22) 
lI(B)-C(12)-C(ll) 
C(22)-CI12)-C(11) 
C(141-C(13)-C(9) 
C{2D}-C(lS)-C(16) 
C{2U}-C(lS}-lIT(8) 
C (161-C(lS)-1!t (8) 
C(17)-C(1&)-C(15) 
C(16)-C(17)-C(lBI 
O(7)-C(18)-C(19) 
O(7}-C(181-C(17} 
C(19)-C(18)-C(17) 
C{18}-C(19I-C(20) 
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1.l.9'1 (3) 
1.328(41 
1. 450 (4} 
1.193 (4) 
1.321(4) 
1.&40 (4) 
1.195 (4) 
1.3(1g(4, 
1.455(4) 
1.353 (4) 
1.413 (5) 
1.393(3) 
1.446(4) 
1.477(4) 
1.485 (5) 
1.532 (4) 
1.531(4) 
1.507 (4) 
1.524(4) 
1.54.3 (4) 
1.510(4) 
1.278 (5) 
1.384(4) 
1.391(4) 
1.378 (4) 
1.380(5) 
1.378(5) 
1.389141 
1.U4(5} 

117.0(3) 
117.8(3) 
118.5(3) 
117.9(3) 
121.4(2) 
122.0(2) 
111.9(2) 
112.8(3) 
103.9(2) 
111.5(2) 
103.5(3) 
106.8(2) 
113.4(3) 
112.4(3) 
114.2(3) 
108.1(2) 
102.0(2) 
111.8(2) 
101.9(2) 
112.2 (2) 
128.3(4) 
116.8(3) 
121.5(3) 
121.6(3) 
121.1(3) 
121.6(3) 
126.1(4) 
llS.9(3} 
118.0(3) 
120.4(3} 



C(lS)-C(20)-C(19) 
O(S)-C(22)-o(6) 
O(5)-C(22)-C(12} 
O(6)-C(221-C(12) 
C(241-C(23)-O(6) 
O(3)-C{25)-o(4) 
O(3)-C(25)-C(11) 
O(4)-C(25)-C(11) 
O(1)-C(27)-o(2) 
O(1)-C(27)-C(11) 
O(2)-C(27)-C{11) 

122.0(3) 
123.3(3) 
123.3 (3) 
113.4(3) 
110.6(4) 
U3.3(3) 
U5.3(31 
111.4(3) 
122.8(3) 
126.2(3) 
110.9(3) 

Symmetry transformations used to genemte equival.ent atoms: 
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Appendices 3 -

X-ray Crystal Data fOr N-(toluene-4-sulf(myl)-5-vinyl-pv"olidine-
2.3.3-tricarhoxylic acid 2-ethyl ester 3.3-diinethvl ester 
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Ideotificatim code 

(hmic:al furmula 

l'IlIlDuIa weigllt 

Tempera1uIe 

KadIatioo,. wavc/algtb 

l.'Iystal systan. space groop 

lJDit c:eII paIlIIIIdI:IS 

Cell volume 

Z 

Cab!lated deosi1)' 

Absorption coefficient JJ. 

.l'lOOO} 

Qystal coImrand size 

.RefJedi+ "IS tor cell JefiielTlQll 

Data collection medJod 

1:1 nmge fur daIa c:oJIrdjog 

JDdexnmges 

Comp!delles9 10 9 =25.000 

Intensity decay 

Reflecdons coIIed!:d 

.IndepeDdeot refJe<:DwlS 

Reflections withF>2a 
./\bSorptIon tuteakJo 

Mm. aDd maL transnB"M ill 

SIIuclWe solulion 

Ret;. etllcut IlIdbod 

Weighting paian:tdtts a. b 
Data I lesbaiuls I pai&Dt:teas 

YmaI R. irHlices [P'>2a] 

R indices (aD data) 

Goodoess-offiton r 
AbsoIUIe S1:rUCIIIre Piij8 UW 'et 

Largest and mean otiftIsu 
l.aigestcHH: peak and bole 

gp3 

c,.H;,.NO.,s 

439.47 

l2Ot2)K 

MoKa. 0.71OTI A 

1I .. --Ij .. jc~Pn 

a=&.9899(9) A 
b = 8.4230(9) A 

c=28.777(3)A 

216S.7(4)A3 

4 

l.348g/m? 
o..l95mm-l 

928 

«=900 

11 = 96.354(5)° 

y=9O" 

colourless. 0.36 x 0.20 x 0.04 mm3 

4SBlJ (9nmse2.91 fD27.48") 

BmlteJ-.Nooius KappaCCD 
W at CD scans 
3.23 to 25.1lO" 

h-IOto lo.k-9 to 9. 1-34 to 34 
9lA% 

0% 

11465 

SSlO (R...=o..lSS6) 

4747 

!lelllHmpiric:al fium equivalents 

0.933 audO.992 

direct methods 

FuIl-matrix least-squares on pl 
0.1499.33182 -

5810/2/549 

RI = 0.0885. wR2 =0.2365 

RI =Q..J063. wR2=0.2S45 

1.1145 

-tl.l7(16) 

0..001 and 0.000 
0.661 and -tl.598 eA-3 
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Table2. A1OmicCXllJldioatesllDllequiitik:utisolropi::ctiy.''''''pai!i1detli(Ai 
fur gp3. U .. is defined as oue1hird of1he 1r.IIce af1he orlbotg·...mm U" tmsor. 

X- I z U .. 

N(1} '0.8705(8) O.s093(8} O.23S3(2) 0.0310(16) 
C(l) 0.8301(9) 0.42S6(l0) 0.1918(3) 0.D278(18) 
C(J) O.702S(l0) 03lS3(9) 0.2043(3) O.G29O(l8) 
C(4) 0..6'2T7(10) 0.4152(10) 0.2383(3} 0.G327(19} 
C(S) O.7S68{9} O.'l972(9} O.26ll9(3} 0.626{i(17) 
S(l} IJl46O(2} 05Sl3(2) 0.2S067(1) 0Jl292(S) 
0(1) 1.0490(7) o.6SlS(7) 0.2908(2) 0.D368(l4) 
0(2) l.lCl37(7} O.ti06O(1) 0.2090(2) O.0381{l4) 
C(6) 1.1393(9) n.m8(l0) 02676(3) 0.D298(l8) 

-.C(7) 1.1234(l1) 0..3069(11) 03112(3) O..Q38(2) 
C(8} 1.1961(10) 0.17OS(l0) 03234(3) 0.638(2) 
C(9} 1.2875(11) 0Jl918(11) 0.2946(3) 0JJ40(2) 

. C(lO) 1.3OO8(I1} 0.1601(11) 0.2511(3) 0JJ40(2) 
C(U) 1.2278(1.0) 03019{l0) 0.2378(3) 0..Q36(l) 
C(12) 1.36'31(12) -0000(12) 03079(4) O.tlS4(3) 
C(l3) 0-1812(9) 0.5430(10) 0.1S2J(3) 0..G284(18) 
0(3) 0.728S(9) .0.6J07(1) O.1S8O(2) O.oso](18) 
0(4) 0JI084(I) OAl106('7) 0.11171(19) 0.0426(16) 
C(14) 0-7663(12) 0S187(12) 0.0699(3) 0..044(2) 
C(lS) 0..8177(12) 0.4909(13) 0..0304(3) 0.649(3) 
C(l6) 0.7S9O(lO) O.1SSI{lO) 0..2265(3) 0..Q3l2(19) 
O(S) O.Q46(l) OJI&l7(1) 0.2S07(3) o.DS38(18) 
0(6) 0..8898(1) 0.1120(7} Q2I47(2.) D.0373(l4) 
C(l1) O.9403{l2) -oJI42A(IO) 0.2298(4) 0..647(3) 
C(l8) 0.5923(11} 0.2138(10) 0.lS9S(3) 0.836(2) 
0(1) OA716(9) 03394(9) 0.1491(2.) 0.060(2) 
0(8) 0.6Sl6(8) 0.1S88(8) O.l3S8(2,) 0J)492(17) 
C(l9) 0.56'Zl(I4) G.II4I{l4) OJl9l7(3) 0-051(3) 
C(2O) 03113(9) 06502(10) 0.2880(3) 0-0324(19) 
C(21) 0.707J.(11) O.6TTO(lI) 03330(3) 0.643(2) 
N{1') 03644(8) 02277(8) 0A634(2) 0..Q314(16) 
C(2') 0.7661(10) O.1447{lO) . 0.5076(3) O..o309{l9) 
C(3') 0..6'2.93(9) O.D30I{lO) OA99O(3) 0.G290(l8) 
C(4') O.s22S(IO) 0.l207(11) 0.4642(3) 0..Q35(2) 
C(S') O.&Z32(lO) 0.1992(11) 0.4306(3) 0..Q3S(2) 
8(1') O.923S(2) 0.2662(2) 0.44463(1) 0.D29S(5) 
0(1') l.QIS3('1) O.3389(7} 0.4830(2) 0..Q386(15) 
0(2') 0.8901(7) 03490(1) 0-40104(l8) 0.D326(l4) 
C(6') 1.D047(9) O.o&S2(lO) 0.4336(3) 0.63IS(l9} 
C{1') 1..I2S3(9) O.D2li8(9) 0.4647(3) 0.6285(18) 
C(8') U903(1I) -o.lISO(lI) 0.4559(3) 0.642(2) 
C(9') 1.1430(10) -0.2046(9) 0A1S7(3) 6.0306(19) 
C(l0') I.ll24O(IO) -0.1427(10) 0.38S3(3) 0-O329(l9} 
C(lJ'} 0.9575(10) -o.DQ27(9) 03940(3) 0.D292(J8} 
C(l2'} 1218S(12) -o3S66(I1) OAOS1(3) 0.642(2) 
C(l3'} 0.7447(10) O.2619(lI} 0.5472(2) 0.D276(18) 
0(3') 0.6893(8} 0.38SS(8) 0.5436(2) 0.6433(16) 
0(4'} 0..8109(7} 0.1976(1) 0.58784(19) 0..Q361(14) 
C(14') 0.1991(14) 02914(12) 0.6297(3) 0.0Sl(3) 

273 



C{lS') 0.8746(12) 0.1937(13) 0.6692(3) 0..048(3) 
C{l6') 0.6702(11) -6.1303(10} O.4784(3) 0.635(2) 
O(S') 0.5786(8) -6.2082(8) 0.4541(3) 0.0536(19) 
0(6') 0.8099(7) -6.1738(7) 0.491I(2) 0.6353(14) 
C(17') 0.8474(12) -63337(10) 0.4781(3) 0.D42(2) 
C{l3') 0.5S59(l2) -6JlO44(11) 0.54-34(4) 0.641(2) 
0(7') 0.4SlS(10) OJl602(lO) 0.5546(3) 0.068(2) 
0(8') 0.6265(1) -6.1240(8) 05613(2) 0.6496(17) 
C(19') 0.5697(lS) -6.1664(l61 0.6111(4) 0.068(4) 
C{20') 0.5580(11) 0342-Wl) 0.408S(4) 0.043(2) 
C{21') 0.5154(12) 03S04(lS) 03634(4) 0JlS7(3) 

Table 3. Bond Jeogtbs [A] and angles r] for gpJ. 

N(1)-C(2) 1.45O(lO} N(l}-qS) 1.485{l0) 
N(l}-S(I) 1.630(8) C(2}-C(l3) 1.537(10) 
C(2}-C(3) 1.549{l2) C(3)-C(4) 1.504{l2) 
C(3}-C(l6) 1533(11) C(3)-C(IB) 1576(11) C(4}-C(S) 154I{lI) C(5}C{20) 1.476(12) 
S(l}-O(l) 1.429(6) S(l}-O(2) 1.434(6) S(l)-C(6) I.77I(9) C(6)-C(lI) 1367(12) 
C(6}-C(7) 139O{l2) C(7)-C(8) 1349{l3) C(8}-C(9) I-"S{l4) C(9}-C(10) 1.394{l4) C(9}-C(12) 1.486{I4) C(IO}-C(ll) 139S{l3) C{l3}-0(3) 1.J9S{l0) C(I3}-O(4) 1.324(10) 0(4}-C(l4) lA74{lO} C(l4)-C(1S) 1.472(13) C(16)-O(S) 1.194(l0) C(ICi)-Ol6) 1319{l1) 0(6}-C(l7) 1.429(11) C(l8}-O(7) 1.179(11) C{l8}-0(8) 1330(11) 0(8}-C(19) 1.45O{l1) C{2O}-C(ll) 1318(J3) N(l'.)-C{Z) 1.451{lO) N(l ')-C(S') J.514{lO) N(I')-S(l"J 1.616(7) C{2')-C(l3') 1.s36(l1) C(2')-C(3') 1.561(12) C(3'}-C(4') 1.st4{lJ) C(3')-qI8") 1.529{l3) C(3')-C(l6') l.S3S(12) C(4'}-C(S') 1.545{l2) C(S'}-C(2O? JA56(l3) S(l')-<J(2'} 1.437(6) S(l')-O(l') lA39(6) S(l")-C(6') 1.735(9) C(6')-C(l1 ') 138S(lI) C(6'}-C(7') 1.414(12) C(7')-C(8') 1365(13) C(8'}<:(9') 1.408{l2) C(9')-C(l0') JAOS(I2) 

~ 1.497{l3) C(10')-C(l1') 13S8(12) 1.154(10) C(l3')-O(4') l364(I0} 0(4')-C(l4' 1.4SS{lO) C{l4'}-C(lS'} 1.502(14) C(l6'}-O(5') 1.212(11) C(16'}-O(6') 1320(11) 0(6'}-C(l7') 1.448(11) C(18'}-()(7') 1.I6O(l1) C(l8'}-O(8') 1340{l2) 0(8'}-C(l9') JAS7(I2) C(:ZO')-C(2I, J314(1S) 

C(2)-N{l}-C(S) 113.90) C(2}-N(J.)-$(l) 118.8(6) 
C(S)-N{l)-S{l) 123.6(5) N(l}-C(2}-C(l3) 1l0.6(7) 
N(J}-C(2)-C{3) 102.2(6) C(l3}-C(2)-C(J) 113.6(7) 
C(4)-C(3}-C(l6) 11130) C(4)-C(3}-C(2) 1023(6) 
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C{16}-C(3}C(2) 1133(1) C(4)-C(3}-C(l8) H1.7m 
C{16}-C(3)-C(l8) 107.4{7} C(2}-C(3)-C(l8} 110.9(6) 
C(3)-C(4~- 100.1l(7) C(2O}-qS)-N(l) 114.9(7) 
C(lO)-C(5)-C(4) 11l..4(7) N(1}-qS)-C(4) 100.8(6) 
O(l)-S(l}-O(2) - 120.7(4) O(l}-S(l)-N(l) 106J(4) 
O(l)-S(l}-N(l) 105.8(4) 0(l}-S(l}-q6) 108.4(4) 
0(l)-S(l)-C(6) 107.s(4) N{l}-S(l}-q6) 107.7(4) 
C(11)-C{6J-C(7) 121.5(8) C(ll}-q6)-S(l) 119.0(7) 
C(7)-C(~) 11'.5(1) C(8)-C(7}-C(6) 118.3(9) 
C(7)-C(8)-C(9) .I 1233(9) C{lO}-C(9)-C(8) 116.9(8) 
C(lO)-C(9}C(l2) l2O,SC)) C(S}-C(9)-C(l2) l22.6(9) 
C(9)-C(l0}C(l1) 121.0(8) C(6)-C(l1}-C(l0) 119.1(9) 
0(3)-C{l3}-O(4) 126..6(7) 0(3)-qI3)-q;l) 124.0(7) 

. 0(4)-C(l3}-e(2) 109.3(1) C(13}-O(4}-C(14) 116J(7) 
C(1S}-C(J4)-O(4) 106.0(8) 0(S)-ql6)-O(6) 124.7(8) 

. :0(S)-C(l6)-C(3) 12UI(8) 0(6)-C(l6}-C(3) 114.2(7) ; .' __ " C(J6}-()(6)-C(l1) 116.9(7) 0(7}-C(l8}-O(8) 126.9(8) :. ~. 0(7)-C(l8)-C(3) 123.8(8) 0(I)-C(J.8}-C(3) 1093(8) ~(" < . C(l8}-0(8)-C(l9) U43(8} C(21}-C(7D)-C(S) 123.7(8) t . 
C(2')-N(l.'}C(~ 1133(7) C(2')-N(l'}-S(l') 117.7(6) r 
C(S'}-N(l '}-8(1') J22A(S) N(l')-C(2')-C(J3') 110.5(6) 
N(1')-C(2')-C(3') 103.1(1) C{I3')-C(1;')-c 110.7(1) C(4')-C(3'}C(l8') 1103(1) C(4')-C(J?-C(I6') 110.5(7) C(l8')-C(J')-C(I6') 107.4(7} C(4')-C(3')-C(2') 102.9(7) C{18')-C(3')-C(2') 113.1l(7) C(I~ 112..8(7) 
C(3')-C(4'}-C(~ 104.9(7) C(2O'}-C(5'}:N(1') 114.2(7) 
C(2(r}-C(S')-C(4') 113.1(8) N(l'}-C(S'}-C(4') 100.8(6) O(l')-S(l'}-O(l ') 120.6(4) 0(2')-S(l'rN(l') 1063(3) O(l')-S(l')-N(l ') I06A(4) 0(2')-S(l'.)-C(6') 108.5{4} 0(1 ')-S(l')-C(6') 1073(4) N(I')-S{I'.)-C(6') 106.9(4) C(ll ')-C(6')-C(7") 118.S(8) C{l1'.)-C(6'}-S(l ') 121.5(6) C(7')-C(6'}-«l') 119.9(6) 

~ 12O.l(8) C(7'}-C(8')-C(9 121.6(B) 116.9(8) C(lO'}-C(9')-C(ll') 121A(8) C(I')-C(9'}-c(I') 121.6(8) C{11 ')-C(I0')-C(9') 121.8(8) C(lO'}-C(II'}.c(6') 121.D(8} 0(3')-C(I3')-0(4') mA(1) ()(3'}-C(I3')-c') 126.9(7) 0(4')-C(l3')-C(2') 107Ji(1) C(I3'}-()(4')-C(I4') IlSA(7) 0(4'}-C(I4'}-C(1S'} 105.1(1) <lOO-C(I6'}-O(6') 125.0(8) 0(S')-C(I6')-C(3'} 12l.5(9) 0(6')-C(l6')-CQ') 113.5(7) C(l6')-O(6')-C(l7') lIS.4(7} 0{r)-C(l1'}()(S') 124.1(10) 0(1')-C(l8')-C(3') m.s(9) 0{8')-C(l3')-C(3') 1l0A(8) C(l8')-O(8'}-C(19') 116.0(9) Ct.2I'}-C(2U')-C(S'} 122.3(10) 
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- - ---------------~ 

Table4. Au&Jti:opicdispla""c:nt 1""lIdHs ('\iiiJrll(il.. "lbeauisouopic 
dispJacement&clorecl-·enttakeslheibnn:-~l+ _+~ 

U" U"" UU un Ull un 

N(1) 0.037(4) 0.037(4) 0..017(3) ~) 4)JlO3(3) 0.010(3) 
C(l) 0,031(5) - 0.032(4) 0..019(4) 4).001(3) -aDIl3(3) 0.007(4) 
C(3) O,03S(S} O.fl3O(4) OJ)22{4) OJlO3(3) -O.OOJ(3) -C.ool(4) 
C(4) 0Jm(S) OJBO(S) 0.D34(4) -OJlO4(3) 0.000(4) OJlO4(4) 
C(5) , 0Jl2S(4) fUl2.9(4) OJJ27(4) 4).001(3) 0JI0S(3) -C.ool(3) 
S(l) 0,0311(11) O.Q303(lI) OJJ264(9) OJlOO4{8) 0.0035(8) -C,0020(9) 
0(1) 6.046(4) 0.D37(4) O.ll27O) -oJlO8(2) 0.001(3) -C.ool(3) 
O(l) - o.m9(4) 0.D44(4) Cl.034O) 0Jl03(3) 0.011(3) 0.001(3) 
C(6) 0.017(4) O.on(5) 0.036(4) 4)JlO3(3) 0.1102(3) -C.007(4) 

- C(7) OMI(6) O.on(5) 0Jl36(S) 4)JlOS{4) 0.001(4) 0.004(4) 
C(8) 0.D33(5) 0.1136(5) 0JM3(.S) 0Jl06(4) -0.005(4) 4).D05(4) -
C(9) 0,033(5) O.on(5) 0JI4.9(6) 0.004(4) 0.001(4) -C.D03(4) ,J 

- C(I0) 0.D3S(S} D.IM3(5) 0..IMJ(5) -o"ol9fI) 0.005(4) 0.D03(4) t--
C(ll) 0.D34{S) OJMO(S) 0.D33(S} -0.610(4) -0.001(4) 0.001(4) , 
C(I2) 0.D38(6) 0.D43(6) o..on(l) O.lJOS(5) O.l108(S) 0.000(5) 
C(I3) o..o32(S) 0.Q3S(5) 0..019(4) OJlOS(3) 0JI04(3) OJlO4(4) 
0(3) Il.073(S) 0.D37(4) 0JI39(4) OJlOS(3) 4).1102(3) 0.016(4) 
0(4) 0.064(4) O.GC2(4) 0JI'l1(3) OJlO4(,2) 0.600(3) 0.1)02(3) 
C(I4) 0.062(7) D.OS3(6) o..oU!(4) 0..011(4) O.0D7(4) 0.000(5) 
C(IS) D..OS7Q) D.06'2(6) 0Jl26(4) 4).DOl(4) Cl.OO2(4) O.D09(S) 
C(I6) 0.D3S(S} OJBO(S) 1l.O28(4) 0Jl00t(3) 0JXI0(4) ~JlO4(4) 
O(S) 0.D54(S) 0J)4f(4) 0JI61(5) 0.0170) 0Jl04(4) ~.D02(4) 
0(6) 0Jl36(4) 0JlZ7(3) Cl.Oa(-t) OJlCJ1(3) 0002(3) 0.000(3) 
C(11) 6.046(6) 0.017(5) 0JJ75(7) 0Jl04(4) 4).001(5) 0.000(4) 
C(I8) 0.047(6) D..03S(S) 0Jl26(4) -G.OO7(3) 0.005(4) ~.D03(4) 
0(7) Cl.OS6(S) 0Jr73(S) D..046(4) -0.013(3) 4)J)2)(4) 0..017(4) 
0(8) Cl.05S(4) o..osI(4) 0038(4) 4).014(3) -0..009(3) 0.D00(3) 
C(I9) 0JJ78(8) IJ.068(7) 0026(S} ~.oI4(S) -D.OO2(5) -C.D08(6) C(2O) otrnl(S) 0.D34(S) OJl3S(5} Cl1IM(3) 0.001(4) O.D04(4) 
C(2l) 0JM4(6) 0.042(5) OJl41(5) -CJI09(4) 0.001(4) O.D09(4) N(1') 0.640(4) 0.D44(4) 0.DI0(3) -O.D04{.3) 0.D05{3) 0.D08(3) 
C(2') D.036(S) Oml(5) OJJ27(4) -GJIOZt3) 0.007(4) O..D05(4) 
C(3') 0.D23(4) 0.D33(5) 0.630(4) 0.Il00(3) 0.DIl0(3) -C,002(4) 
C(4') 0:.03S(5) OJM.S(S) o.mti(4) -O.DOl(3) 8.003(4) OJlO6(4) 
C(S') O.D3O(S) 0.D46(S) 0.Q27(4) -G.D02(4) 4).1102(4) ~.608(4) S(l') 0..Q322(11) Om30(l1) CJ.0237l9) -C.lI02O(8) 0.0048(8) -C,0021(9) 0(1') 6.046(4) 0.0310) 0.IB7(3) -o"oIO(l) -0.008(3) -0..008(3) O(l') 0.D39(4) o.m9O) 0JJ20(3) OJlOS('.Z) 0.007(2) -C.D03(3) 
C(6') D..029(S) OJl42(5) O.ll2A(4) Cl.OOO(3) 0.001(3) -C.D06(4) 
C(7') 0,035(5) 0.D31(5) 0.620(4) 0.60J(3) 0.1104(:3) -0,002(4) 
C(8') 0.043(6) 0.1140(5) 0.1139(5) -OJI04(4) -O.D09(4) O.llO2(5) 
C(9') O,035(S) 0.D27(4) 0JD0(4) 0JlG2(3) 0.1102(4) -CJlO3(4) 
C(IO') 0..028(4) O.lM3(S) 0.6Z7(4) -0.0010) 0.D03(3) O.DOO(4) 
C(I1') O.D34(5) 0JJ26(4) 0.D27(4) -oJlOt(3) -0.001(3) -CJlO3(4) 
C{12') 0.046(6) 0JB6l5) 0JM3(S) -OJlO4(4) -0.001(4) 0.D07(4) 
C(J3') o.ml(4) 0.Q39(5) 0.DI4(4) 0.1103(3) 0.010(3) -CJlO4(4) 
0(3') 0.D67(S) omS(4) 0JJ29(J) 0.600(3) O.0D9(3) 0.010(3) 
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0(4') 0.054(4) O.D3S(3) 0.020(3) -0002(2) 0.008(3) 0.007(3) 
C(14') 0.678(8) 0.045(6) 0.G28(5) -0.003(4) O.G03(5) O.oos(5) 
C(15') 0.<160(7) O.onQ) 0.016(4) -0.001(4) 0.016(4) -0.011(6) 
C(16') 0.041(6) 0.D33(5) 0.031(4) 0.002(3) 0.005(4) -0.014(4) 
0(5') 0.052(4) 0.040(4) Q.06S(5) -O.D15(3) -0.011(4) -0.005(3) 
0(6') 0.043(4) 0.028(3) 0.034(3) 0.900(2) O.llO2(.3) O.006(3) 
C(11') O.os3(6) 0.D39(S) 0.D35(5) 0.003(4) 0.Q07(4) 0.009(5) 
C(18') 0.037(6) 0.D38(5) 0.048(6) -O.Q07(4) 0.013(5) -0.000(5) 
0(7') 0.074(6) 0.D'J8(6) 0JlS8(5) 0.015(4) 0.031(4) 0.030(5) 
0(8') 0.055(4) O.os5(4) 6.041(4) 0.015(3) 0.014(3) 0.003(3) 
C(19') 0.079(9) 0.D8s(9) 0.D39(6) 0.630(6) 0.011(6) -0.016(7) 
C(2O') 0.D32(5) 0.D39(S) 0.D59(6) 0008(4) 0.609(4) -o.oos(4) 
C(21') 0.040(6) 0JJ73(8) 0.D5S(6) 0.Gl3(S) -0.010(5) -O.Il22(S) 

Table 5. Hydrogen CXlO(dinates 8IId isoIropic dispm.....nent (JIII'lIIDI'tn' (Ai fur gp3. 

x y Z U 

H(2) 0.9167 0.3607 0.1836 0.033 
H(4A) 0.5682 03432 02576 0.039 
H(4B) 0.56fY1 0.4949 0.2215 0.039 
H(S) 0.7947 0.4252 02952 0.032 
H(7) UI630 03574 03319 0.G46 
H(8) lJ84S OJ2SS 03531 0.G46 
H(lO) 13605 O.l09S 02302 0.D48 
H(ll) 12394 03491 02085 0.D43 
H(l2A) 1.4497 -0.07« 02904 0.081 
H(12B) 12928 -0.1488 03007 0.081 
H(12C) 13966 -0.0604 03415 0.081 
H(14A) 0.6566 0.5942 0.06S0 0.053 
H(14B) 0.8153 0.6839 0.0733 0.053 
H(ISA) 0.7698 03863 0.0280 0.073 
H(ISB) 0.9266 0.4718 0.Q3S6 0.073 
H(lSC) 0.7910 0.5503 0.0014 0JJ73 
H(17A) 0.8712 -0.1227 02152 0.070 
H{l7B) 0.9436 -0.0496 02639 0.070 
H(17C) 1.D406 -O.D609 02206 0.070 
H(19A) 0.5531 02049 0.0713 0.087 
H(19B) 0.4623 0.0814 O.ll997 0.087 
H(19C) 0.6104 0.D2S6 0.D781 0.087 
H(2O) 0.6834 0.7339 02667 0.039 
H(21A) 0.7344 0.5955 03551 O.osI 
H(21B) 0.6768 0.7180 03433 0.051 
H(2') 0.8612 0.0834 0.5147 0.037 
H(4'1) 0.4673 0.2021 0.4803 0.043 
H(4'2) 0.4494 0.G479 0.4471 0.043 
11(5') 0.6444- 0.1212 0.4060 0.042 
HQ') 1.1610 0.0863 OA917 0.034 
H{8') 12694 -0.1541 0.4775 0.050 
H(10') 0.9891 -0.2003 03578 0.039 
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H(ll') 0.8773 0.0355 
H(12D) 1.1683 -0.4457 
H(12E) 13236 -03531 
H(l2F) 12130 -03707 
H(14C) 0.6930 03106 
H(14D) 0.8501 03950 
H(15D) 09785 0.1733 
H(1SE) 0.8216 O.ll92S 
H(lSF) 0.8728 02514 
H(17D) . 0.8292 -03453 
H(l7E) 0.7852 -0.4096 
H(17F) 09532 -03543 
H(19D) 0.4661 -02036 
H(19E) 0.5729 -0.6731 
H(19F) 0.6317 -02509 
H(2O') 05459 0.4331 
H(21C) 0.5268 02608 
H(2ID) 0.4733 0.4458 

Table 6. Torsion angles r] for gp3. 

C(5)-N{1)-C{2)-C(l3) 
C(5)-N(1)-C{2)-C(3) 
N(I)-C(2)-C(3)-C(4) 
N(l)-C(2)-C(3)-C(l6) 
N(I)-C(2)-C(3)-C(l8) 
C(16)-C(3}C(4)-C(5) 
C(lS)-C(3}C(4)-C(5) 
S(1)-N(1)-C(5}-C(lO) 
S(1)-N(1)-C(S}-C(4) 
C(3)-C(4)-C(S)-N(l) 
C(5)-N{I)-S(l}-O(l ) 
C(S)-N(I)-S(l)-0(2) 
C(S)-N(1)-S(l)-C(6) 
0(2)-S(l)-C(6)-C(11) 
0(1)-S(l)-C(6}-C(1) 
N(I)-S(l)-C(6}-C(1) 
S(1 )-C(6)-C('7)-C(8) 
C(7)-C(8)-C(9)-C(lO) 
C(8)-C(9)-C(l 0)-C(l1) 
C(7}-C(6)-C(11)-C(l0) 
C(9)-C(10}C(1l)-C(6) 
C(3)-C(2)-C(l3)-0(3) 
C(3)-C(2)-C(l3)-O(4) 
C(2)-C(l3)-O(4)-C(l4) 
C(4}-C(3)-C(l6)-O(5) 
C(l8)-C(3}C(l6)-O(5) 
C(2}-C(3)-C(l6)-O(6) 
0(5)-C(l6)-O(6)-C(17) 

105.1(8) 
-16.1(8) 

34.0(1) 
-85.9(8) 
1532(1) 
81.1(8) 

-158.9(1) 
72.8(8) 

-166.1(6) 
29.9(8) 

-30.8(1) 
-1602(6) 

8S.1Q) 
-9.5(8) 
372(8) 

-772(1) 
-179.7Q) 

-G.6(13) 
U(13) 
1.5(12) 

-1.6(13) 
87.5(10) 

-932(8) 
179.5Q) 
42.1(11) 

-80.5(10) 
-263(10) 

4.1(13) 

03"127 0.035 
0.4187 0.063 
0.4184 0.063 
03711 0.063 
0.6341 0.061 
0.6277 0.061 
0.6637 0.072 
0.6709 ODn 
0.6987 ODn 
0.4440 0.063 
0.4930 0.063 
0.4884 0.063 
0.6048 0.103 
0.6316 0.103 
0.6266 0.103 
0.4273 0.051 
03440 0.069 
03501 0.069 
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S(l)-N(1)-C(2)-C(13) 
SO)-N(1}-C(2)-C(3) 
C(l3}-C(2)-C(3)-C(4) 
C(13}-C(2)-C(3)-C(l6) 
C(13}-C(2)-C(3)-C(18) 
C(2)-C(3)-C(4)-C(5) 
q2)-N(l)-C(S)-C(20) 
C(2}-N(1)-C{S)-C(4} 
CQ)-C(4)-C(5}-C(20) 
C(2}-N(l)-S(l}-O(1 ) 
C(2)-N(l)-S(J. }-0(,2) 
C(2}-N(1)-S(J. }-C(6) 
0(1 }-S(l}-C(6)-C(lI) 
N(1}-S(l}-C(6)-C(1J} 
0(2}-S(l)-C(6)-C(7) 
C(11}-C(6)-C(7}-C(8) 
C(6}-C(1)-C(8)-C(9) 
C(7}-C(8)-C(9}-C(l2) 
C(12)-C(9)-C(l0)-C(11) 
SO)-C(6}-C(lI}-C(lO) 
N(1)-C(2)-C(l3}-0(3) 
N(1)-C(2)-C(l3)-O(4) 
0(3)-C(l3}-O(4)-ql4) 
C(l3}-O(4}-C(14)-C(l5) 
C(2)-C(3)-C(l6)-O(5) 
C(4}-C(3)-C(l6)-O(6) 
C(l8)-C(3)-ql6)-O(6) 
C(3)-C(I6)-O(6)-C(17) 

-95.6(7) 
143.1(6) 
-&52(8) 
154.9(7) 
34.0(9) 

-402(8) 
-129.1Q) 

-8.0(8) 
152.8(7) 
1"12.1(6) 
42.7(7) 

-72JJ(7) 
-141.5(7) 

104.1(7) 
169.2(7) 
-1.1(13) 

0.6(14) 
-178.1(9) 

178.7(9) 
-179.8(6) 

-26.8(12) 
152.6(7) 
-1.2(13) 

175.6(8) 
156.7(8) 

-140.9(7) 
96.5(9) 

-172.8(1) 



C(4)-C(3)-C(JS)-O(7} IS.1(13) C(J6)-C(3)-C(l8)-O(7} 137.4{l0) 

C(2)-C(3)-C(lS)-O(7} -983(11) C(4)-C(3)-C(l8)-0(8) -166.4(7) 
C(J6)-C(3)-C(lS)-0(8) -44.1(9) C(l)-C(3)-C(lS)-0(8) 80.2(9) 

0(7)-C(18)-0(8}C(l9) 0.4(14) C(3)-C(l8)-O(8)-C(19) -178.0(8) 
N(1}-C(S)-C(20)-C(21) -l3O.4(9) C(4)-C(S)-C(20)-C(21) m.o(10) 
C(S')-N{l ')-C(2'}-C(l3') -107.6(8) S(1')-N(1')-C(2'}-C(l3') 99.9(7) 
C(S')-N{l ')-C(2')-C{3') 10..8(9) S(1 ')-N(1')-C(2'}-C(3') -141.6(6) 

N{1')-C(2')-C(3')-4') -305(8) C(13')-C(2'}-C(3')-C(4') 81.8(8) 
N{l ')-C(2'}-C(3'}-C(l8') -149A(1) C(J3')-C(2')-C(3')-C(l8') -31.l{l0) 
N(1 ')-C(2')-C(3')-C(l6') 88.6(8) C(13')-C(2'}-C(3')-C(l6') -153J(7) 
C(lS')-C(3')-C(4')-C(S') l6OJ(1) C(16')-C(3')-C(4')-C(S') ~1.3(8) 
C(2')-C(3')-C(4')-C(S') 39.4(8) C(l'}N{l')-C(S')-C(2O') 134.3(8) 
S{1 ')-N(1 ')-C(S')-C(2O') -74.7(9) C(l'}N{l ')-C(S')-C(4') 12.7(9) 
S{l ')-N(1 ')-C(S')-C(4') 163.7(6) C(3')-C(4')-C(S')-C(20') -1543(8) 
C(3')-C(4')-C(S')-N(l') -31.9(8) C(l'}N{l')-S(l')-O(l') -179.5(6) 
C(S'}-N(l')-S(l'}:OCr) 30.7(1) C(l'}N{l ')-S(l')-O(l') -49.8(7) 
C(S')-N(1 ')-8(1 ')-O(l ') 160.5(6) C(l')-N(1 ')-S(l')-C(6') 64.7(6) 
C(S')-N(1 ')-8(1')-C(6') -as.IQ) 0(2')-S(1')-C(6')-C(l1 ') -37.6(8) 
0{1 ')-8(1 ')-C(6')-C(11 ') -169A(1) N(1')-S(l')-C(6')-C(l1 ') 76.7{S) 
0(2')-8(1 ')-C(6'}q7') 140.4(1) 0(l')-S(l')-C(6'}q7') 8.5(8) 
N(1 ')-S(l ')-C(6'}q7') -105.3(1) C(11 ')-C(6')-C(7')-C(8') -1A{l2) 
S{l ')-C(6')-C(7')-C(8') -179.5(1) C(6'}-C(7')-q8')- 1.6(13) 
C(7')-C(8')-C(96') -1.D(l4) C(7)-C(&')-C(9'') 177.4(9) 
C(8')-C{9')-C(lO')-C(II'J 0.1(13) C(l2')-C(9')-C( 0')-C(11 ') -178.2(8) 
C(9')-C(JO')-C(lI')-C(6') 0.D(l3) C(7')-C(6')-C(11')-C(l0') 0.6(12) 
S{1 ')-C(6'}-C(1J ')-C(l0') 178.6(6) N(1')-C(2')-C(13')-0(3') 23.2{l3) 
C(3')-C(2')-C(13'}()(3') -90.5(10) N(1')-C(2')-C(13'}-O(4') -153.5(1) 
C{3')-C(2'}-C(l3'}-O(4') 92.9(8) 0(3')-C(13'}-O(4')-C(l4') 4.5(13} 
C(2')-C(13'}-O(4')-C(l4') -178.8(8) C(l3'}-O(4'}-C(l4'}-C(1S') 178.0(8) 
C(4')-C(3')-C(l6'}-O(S') -37.7(11) C(18')-C(3'}-C(l6'}-O(S') B2.6(10) 
C(2')-C(3')-C(l6'}-O(S') -152.3(8) C(4')-C(3')-C(I6'}-O(6') 144.2(1) 
C(l8'}-C(3')-C(I6'}-O(6') ~5(8) C(l'}C(3')-C(I6')-0(6'} 29.6(9) 
0{S'}-C(J6'}-O(6')-C(17') -6.4(13) C(3')-C(16'}-O(6')-C(17') tn.6(1) 
C( 4')-C(3')-C(l8')-O(1') -18.1(13) C(16')-C(3')-C(l8')-()(7') -138.5(10) 
C(2')-C(3')-C(18')-O(1') 96.S(l2) C(4')-CQ')-C(l8')-O(8') 1603(8) 
C(J6')-C(3')-C(I8'}-O{8') 39.8(10) C{2')-C(3')-C(J8')-O(8') -85.1(9) 
0(7')-C(18'}-O(8')-C(19') -3.1(15) C(3')-C(18')-O(8')-C(I9') 178.6(8) 
N{1 ')-C(S')-C{2O')-C(2l ') 132.4(9) C(4')-C(5'.)-C(2O')-CQ1 ') -113.0(10) 
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